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( i i ) 
SEMICONDUCTORS 1833-1919; AN HISTORICAL STUDY OP 

SELjjiNlU^ and SOte RELATED MATERIALS. 
Abstract by C,A. Hempstead, (1977). 

The history of semiconductors began i n 1833 when 
Paraday noted that the conductivity of s'ilver sulphide 
increased with temperature. This study ends i n 1919 
when Pohl went to GOttingen. Pive periods are i d e n t i f i e d : 
1833-1895; ^ 1895-1919; 1919-1931; 1931-1948; 
1948-present, Only towards the close of the second 
period was the semiconductor 'class' recognised; u n t i l 
then researches on selenium did not interact with those 
on other materials, 

Paraday's discovery excited l i t t l e i n t e r e s t , but 
photoconductivity i n selenium, 1873, engendered considerable 
a c t i v i t y during which r e c t i f i c a t i o n and photovoltaicity were 
noted, Allotropic and e l e c t r o l y t i c theories were suggested, 
(by 1877), with the l a t t e r being extensively developed. 
Theories of e l e c t r i c i t y were i n s u f f i c i e n t l y agreed to form 
other than a q u a l i t a t i v e base for conduction i n sol i d s ; 
u n t i l the electron theory and Arrhenius's picture, 
e l e c t r o l y s i s was not an unsatisfactorj^ basis on which to 
construct an account of the properties of selenium, 

4 

The understanding of e l e c t r o l y s i s and the electron 
theory made an alterna t i v e description of the action of 
selenium desirable and a t t r a c t i v e . I n i t i a l l y , to cl912, an 
a l l o t r o p i c theory was developed to be replaced, by 1914, by 
an electron theory for there was no d i r e c t empirical 
evidence i n support of the former. With the adoption of an 
electron theory selenium was no longer unique and i t s 
properties were compared with those of other non-metallic, 
non-electrolytic conductors, (cl915)« With the electron 
at the root of a l l e l e c t r i c a l properties a new c l a s s of 
materials was defined, the h a l b l e i t e r , but at the same time 
the shortcomings of the 'electron gas' theory were 
highlighted, 

By 1919 work on polycrystalline selenium and naturally 
occurring materials had extended e l e c t r i c a l knowledge; but 
Pohl's work on single c r y s t a l s and the development of the 
quantum theory paved the way for the modern understanding; 
an understanding whose theoretical beginning was Wilson's 
theory of 1931. 
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CHAPTER 1. I n t r o d u c t i o n and Outline of Research. 
1. The Present S i g n i f i c a n c e of Semiconductors. 

I t i s not in a p p r o p r i a t e to hegin t h i s 

h i s t o r i c a l study w i t h a b r i e f c o n s i d e r a t i o n of the 

present s i t u a t i o n , although, as much work i s being 

a c t i v e l y pursued, i t i s impossible to include more 

than a sketchy and more or l e s s outdated p i c t u r e of 

modern developments. The study of semiconductors 

forms p a r t of the much wider f i e l d of the s o l i d s t a t e 

where the study of c r y s t a l l i n e m a t e r i a l s has been 

enlarged to in c l u d e i n v e s t i g a t i o n s i n t o the p r o p e r t i e s 

of g l a s s y materials''' and began to become part of the 

'establishment' of s c i e n c e i n the 1950's. The 

i n t e r e s t s of commercial concerns showed a s i m i l a r 

p a t t e r n i n the period^ with the spread of t r a n s i s t o r 

technology and the establishment and enlargement of 

r e s e a r c h and development l a b o r a t o r i e s . ^ One major 

source of impetus to the development of e f f e c t i v e 

semiconductor dev i c e s was the demands of the m i l i t a r y , 

p l a c i n g very d i f f i c u l t problems before engineers and 

s c i e n t i s t s , p a r t i c u l a r l y those working i n the areas 

of guided weapons and space technology. The expenditure 

of government money g r e a t l y encouraged the development 

of s o l i d s t a t e d e v i c e s and l e d , e v e n t u a l l y , to t h e i r 

spread i n t o the c i v i l f i e l d . ^ ( I n v e s t i g a t i o n s a t 

present being undertaken by a group a t the U n i v e r s i t y 

of Aston may throw some l i g h t on the determinants of 

1 I 

I • 
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in n o v a t i o n i n the semiconductor i n d u s t r y . I n 
p a r t i c u l a r they are examining the r e l a t i o n s h i p 
between expectations and achievements i n the 
s-emiconductor i n d u s t r y s i n c e the i n t r o d u c t i o n of 
the t r a n s i s t o r , ^ 0 The p a r t i c u l a r problems of 
m i s s i l e technology/, f o r example shortage of power, 
l a c k of space and the need f o r complex e l e c t r o n i c s 
f o r the purposes of information p r o c e s s i n g coupled 
w i t h s t r i n g e n t requirements f o r robustness, were 
ina d e q u a t e l y met bjy the m i n i a t u r i s e d v a l v e s of the 
earl;y 1950's. These d i f f i c u l t i e s were dramatically^ 
eased by the i n t r o d u c t i o n of the t r a n s i s t o r , and 
p a r t i c u l a r l y hyj the s i l i c o n t r a n s i s t o r i n the l a t e 
1950's. The advantages were so marked t h a t , i n the 
case of one B r i t i s h f i r m a t least;, c o n s iderable 
t r o u b l e and expense was undertaken to ensure the 
supply^ of s u i t a b l e d e v i c e s f o r i n c o r p o r a t i o n i n t o 
t h e i r guided m i s s i l e . ' ^ 

Under the a e g i s of government spending the 

t r a n s i s t o r r a p i d l y evolved from i t s o r i g i n a l r o l e as 

a s i n g l e component, to be compared w i t h a v a l v e i n 

the same s i t u a t i o n , to j u s t one member of a complete 

' s o l i d ' c i r c u i t . New production techniques allowed 

and encouraged the i n t r o d u c t i o n of i n t e g r a t e d c i r c u i t s 

w i t h concomitant decreases i n s i z e and i n c r e a s e s i n 

r e l i a b i l i t y r . I n r e c e n t y e a r s much has been w r i t t e n 

on the e v o l u t i o n of s o l i d s t a t e technology; and the 

technology changes so r a p i d l y that i t i s d i f f i c u l t to 

be completely up to date. T y p i c a l of many writings-
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and opinions a r e the thoughts expressed, i n a r e c e n t 
q 

a r t i c l e published i n S c i e n t i f i c American^, i n which 
the f o l l o w i n g passages appear. 

' I t : i s now about 15 y e a r s s i n c e the e l e c t r o n i c s 
i n d u s t r y l e a r n e d how to make miniature e l e c t r o n i c 
c i r c u i t s on a " c h i p " of s i l i c o n s u b s t r a t e by 
a l t e r n a t i n g processes of masked et c h i n g and 
diffusion.-'-'^ I n the e a r l y 1960's the commercially 
a v a i l a b l e i n t e g r a t e d c i r c u i t s incorporated a t most 
a score of components such as diodes, t r a n s i s t o r s 
and r e s i s t o r s . Production y i e l d s (the f r a c t i o n 
of c i r c u i t s t h a t worked) were low, and packaging 
technology d i d not a l l o w the r e a l i s a t i o n of 
p r a c t i c a l d e v i c e s w i t h more than a dossen l e a d s , or 
connections. The b a s i c technologjj^, however, was 
so amenable to improvement and the r i v a l r j ^ among 
manufacturers was so keen that every year s i n c e 
then the number of components t h a t could be 
economically placed on a s i n g l e c h i p has been 
doubled. Today c h i p s l e s s than a quarter of an 
i n c h on an edge can incorporate w e l l over 20,000 
components. As a r e s u l t the c o s t per component: 
has i n 10 y e a r s dropped by a f a c t o r of more than 100, 
from about 20 cents to a small f r a c t i o n of a cent. 
The steadjT^ i n c r e a s e i n component d e n s i t y , combined 
w i t h a p a r a l l e l advance i n c i r c u i t o r g a n i s a t i o n has 
l e d to the microcomputer, a f u l l fledged general 
purpose machine whose l o g i c and memory c i r c u i t s can 
be mounted on a s i n g l e p l a s t i c c a rd t h a t could f i t 
comfortably i n t o a c i g a r box. Where space i s a t a 
premium the complete m i c r o c i r c u i t can be squeezed 
onto a s u b s t r a t e two inches square.' 

The a r t i c l e ends:-

'Any attempt to s p e c u l a t e on the p o t e n t i a l 
a p p l i c a t i o n s of a new device as powerful and 
v e r s a t i l e as the microcomputer i s bound to appear 
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naive w i t h i n a v e r y few y e a r s . The e a r l y u s e r 
of a new t e c h n o l o ^ i s constrained by h i s past 
experiences to d i r e c t - h i s t h i n k i n g along f a m i l i a r 
channels. Moving beyond i t s c u r r e n t l y obvious 
a p p l i c a t i o n s (such as t r a f f i c c o n t r o l systems), 
the microcomputer w i l l soon be i n the hands of a 
new generation of d e s i g n e r s who w i l l be t r a i n e d to 
regard i t as a simple device, much as today's 
engineers look a t the t r a n s i s t o r or even 
moderately complex i n t e g r a t e d c i r c u i t s , ' ' 

These passages a r e i n t e r e s t i n g f o r s e v e r a l 

r e a s o n s . The f i r s t e x t r a c t encapsulates the v e r y 

r e c e n t h i s t o r y of semiconductor d e v i c e s , h i g h l i g h t i n g 

the c o s t and s i z e advantages of t r a n s i s t o r s , p a r t i c u l a r 

l y as d i f f u s i o n and masked etching techniques became 

a v a i l a b l e . The author of the a r t i c l e points out that 

the b a s i c technology Ti^as 'amenable to improvement' 

but does not i n d i c a t e the factors' t h a t made t h i s 

p o s s i b l e , A s i g n i f i c a n t f e a t u r e i n t h i s improvement 

was t h a t economic f a c t o r s were not the only determinants; 

the f a c t t h a t a w e l l understood theory e x i s t e d enabled 

the development of semiconductor devices to be under

taken w i t h a g r e a t e r degree of c e r t a i n t y than appears 

to have been p o s s i b l e i n the case of vacuum tub^s. 

Developments i n semiconductors could be guided 

t h e o r e t i c a l l y , w h i l e v a l v e design owed much to 'ad hoc' 

experimentation. 

The second eactract suggests t h a t f u r t h e r 

p o t e n t i a l i t i e s e x i s t i n the devices he d e s c r i b e s but 

t h a t a 'new generation of designers' w i l l be needed 
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to make the best use of them. This r a i s e s the 

g e n e r a l question, 'Do new d e v i c e s or ideas need new 

men to put them i n t o a c t i o n ? ' The i n t r o d u c t i o n of 

t r a n s i s t o r s seemed to c a t c h the imagination of 

d e s i g n e r s but found them caught i n t h e i r 'valve 

t r a i n i n g ' and t h i s presented them with design problems 

t h a t i n r e t r o s p e c t seem more imagined than r e a l ; the 

i n s i s t e n c e t h a t v a l v e s were voltage operated w h i l e 

t r a n s i s t o r s were c u r r e n t operated and the f a s c i n a t i o n 

w i t h the power gain given by a common base c i r c u i t 

are perhaps symptomatic of t h i s trouble."''"'• I n a 

sense the u n f a m i l i a r , or unfashionable, has been a 

continuous problem i n the study and a p p l i c a t i o n of 

semiconductors u n t i l r e c e n t times, although the 

problem area s h i f t e d from an academic to an i n d u s t r i a l 

environment as the s o l i d s t a t e gained r e s p e c t a b i l i t y 

i n p h y s i c s departments of u n i v e r s i t i e s , commercial 

prospects i n i n d u s t r y and u s e f u l n e s s i n defence systems. 

Summarising t h i s s e c t i o n i t can be r i g h t l y / 

claimed t h a t i n the l a s t 30 years the s u b j e c t s of the 

s o l i d s t a t e i n g e n e r a l and semiconductors' i n p a r t i c u l a r 

have witnessed a r a p i d growth of i n t e r e s t . Por 
12 

example i n P h y s i c s A b s t r a c t s of 1944 there f i r s U 

appeared a separate s e c t i o n f o r semiconductors, and 

there were j u s t t h ree papers c i t e d under t h a t heading. 

A measure of the i n c r e a s e of a c t i v i t y i s t h a t the 

proportion of papers c i t e d i n the A b s t r a c t s under 

•semiconductors' has i n c r e a s e d with a doubling period 
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of about three y e a r s up to 1960. There has s i n c e 
been a change i n the c l a s s i f i c a t i o n of papers t h a t 
makes a continuing comparison d i f f i c u l t . Indeed, 
t h e r e i s r e a l l y l i t t l e p o i n t i n attempting to quantifs' 
a growth t h a t i s r e a d i l y apparent. I t i s i n t e r e s t i n g 
to note t h a t the i n c r e a s i n g i n t e r e s t : of s c i e n t i s t s i n 
semiconductors as i n d i c a t e d by c i t a t i o n s i s p a r a l l e l e d 
by the i n t e r e s t demonstrated by engineers, f o r an 
examination of Engineering A b s t r a c t s i n d i c a t e s a l i k e 
p a t t e r n . 

The growth of i n t e r e s t followed the i n v e n t i o n 

and e x p l o i t a t i o n of the t r a n s i s t o r , t h i s i t s e l f being 

one of the t e c h n o l o g i c a l outcomes of the Second World 

War, The tremendous q u a n t i t y of work s i n c e has 

r e s t e d on c o n s i d e r a b l e commercial i n t e r e s t and the 

p o s s e s s i o n of an adequate theory; the commercial 

i n t e r e s t i s considered e l s e w h e r e ^ , t h i s t h e s i s w i l l 

i n c l u d e a very b r i e f examination of the genesis and 

development of the theory, which was published i n 1931. 

2, H i s t o r i c a l O u t l i n e , 

14 

Although the v a s t m a j o r i t y of the work 

c o n t r i b u t i n g to our understanding of semiconductors i s 

of comparatively r e c e n t o r i g i n , the h i s t o r y of the 

d i s c o v e r i e s and i n t e r e s t , i n the m a t e r i a l s i s of 

r e s p e c t a b l e length,. The e a r l y years saw the discover^' 

of many of the p r o p e r t i e s of semiconductors, although 

a c l e a r d e f i n i t i o n of the m a t e r i a l s and t h e i r naming 

was not p o s s i b l e u n t i l the theory of Wilson. I t 
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would be a n a c h r o n i s t i c to apply the modern sense of 
the term 'semiconductor' before about 1931 but s i n c e 
w i t h h i n d s i g h t we can see th a t many of these m a t e r i a l s 
were the s u b j e c t s of experimental and t h e o r e t i c a l 
i n v e s t i g a t i o n the term w i l l be a p p l i e d , where 
a p p r o p r i a t e , f o r i t s value as an exact d e f i n i t i o n . 
When a n a l y s i n g the work c a r r i e d out before 1931, and 
the attempts made to l i n k t h e o r e s u l t s of experiments 
w i t h the e x i s t i n g ' t h e o r i e s i t i s u s e f u l to have i n 
mind the modern accounts of the va r i o u s p r o p e r t i e s 
of semiconductors."''^ 

The semiconductor s t o r y , as normally t o l d , i s 

one of i r r e g u l a r p r o g r e s s i o n , sometimes awaiting 

experimental c l a r i f i c a t i o n , sometimes a t h e o r e t i c a l 

i n s i g h t ; sometimes r e s t i n g while i n t e r e s t was 

generated. Many 'pioneers' i n the f i e l d of s o l i d 

s t a t e p h y s i c s have committed to paper t h e i r v e r s i o n s 

of the h i s t o r y of semiconductors and i t i s t h i s h i s t o r y 

t h a t i s commonly known and accepted. While t h i s 

t h e s i s i s p r i m a r i l y concerned with the h i s t o r y of 

selenium between 1873 and 1919 i t i s important- to 

a p p r e c i a t e the broader context. 

D i s c u s s i n g the chronology of the d i s c o v e r i e s 

i n a sh o r t h i s t o r i c a l paper published i n 1955 Pearson 

and B r a t t a i n wrote 

*Thus by 1885 four of the fundamental p r o p e r t i e s 
of semiconductors - (1) negative temperature 
c o e f f i c i e n t of r e s i s t a n c e , (2) r e c t i f i c a t i o n . 
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(3) photo-conductivity and (4) photo-electromotive 
f o r c e - had been observed, although not i n the 
same m a t e r i a l . 

And i n a s i m i l a r v e i n Wilson i n h i s P r e s i d e n t i a l 

address to the I n s t i t u t e of P h y s i c s i n 1963 s t a t e d 

that-*-"^ 

'By the middle of the 1920's the e l e c t r i c a l and 
thermal c o n d u c t i v i t y of metals were to a c e r t a i n 
extent understood on the b a s i s of the Drude-
Lorentz theory which dated back to the t u r n of 
the century and which was one of the minor 
(minor because only p a r t i a l l y s u c c e s s f u l ) 
triumphs of the c l a s s i c a l k i n e t i c theory. 
Considerable progress had a l s o been made by 
Born and others i n i n v e s t i g a t i n g the cohesive 
p r o p e r t i e s of i n s u l a t o r s . The advent of the 
new quantum theory i n 1925 led to the 
r e c o g n i t i o n t h a t , i f f r e e e l e c t r o n s were 
present i n metals t h e i r d e n s i t y would be so 
high t h a t they must be described by P i r m i - D i r a c 
s t a t i s t i c s Progress i n the f i v e y e a r s 
1928-33 was extremely r a p i d , and by the end of 
t h i s period i t can be s a i d that, with the 
e x c eption of s u p e r c o n d u c t i v i t y , a l l the b a s i c 
p r i n c i p l e s concerning the s o l i d s t a t e had been 
e s t a b l i s h e d . ' 

Pearson and B r a t t a i n suggest that i n the 

e a r l y y e a r s there e x i s t e d some commercial p o s s i b i l i t i e s 

i n the p r o p e r t i e s of semiconductors. They suggest 
t h a t : - ^ ^ 

'The demonstration of the e x i s t e n c e of radio 
waves by H. Hertz i n 1888 created a demand f o r 
a s u i t a b l e d e t e c t o r , but i t was not r e a l i s e d 
u n t i l 1904 t h a t semiconductor r e c t i f i e r s were 
w e l l s u i t e d f o r t h i s purpose.' 

Yet, as they point out l a t e r , the p o t e n t i a l was not 
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r e a l i s e d and they suggest a reason. 

'The next period, beginning i n the 1920's, saw 
the development of b a r r i e r l a y e r r e c t i f i e r s 
and p h o t o - c e l l s as commercial d e v i c e s . Some 
good s c i e n c e and a l a r g e amount pf a r t was 
i n v o l v e d The r e a l understanding had 
to await the help of quantum mechanics and i t s 
a p p l i c a t i o n to the understanding of s o l i d s . ' 

Whether there was 'some good s c i e n c e and 

a l a r g e amount of a r t ' i s a matter of opinion. 

Per the moment i t i s s u f f i c i e n t to note t h a t 

Wilson does not t o t a l l y share t h i s opinion, f o r 
19 

i n the address c i t e d e a r l i e r he says 
'The i n s i g h t i n t o the behaviour of metals and 
more p a r t i c u l a r l y of semiconductors ought to 
have s t i m u l a t e d a l a r g e i n c r e a s e i n e x p e r i 
mental work, but i t did not, and no new l i n e s 
of work were opened up except i n the study of 
s u p e r c o n d u c t i v i t y . The reasons f o r t h i s a r e 
complex, but one s t u l t i f y i n g i n f l u e n c e was the 
e x i s t e n c e of two papers by H.J, Seeman i n the 
P h y s i k a l i s c h e Z e i t s c h r i f t i n 1928 
Seeman had purported to demonstrate that pure 
s i l i c o n was a m e t a l l i c conductor, and that 
impure s i l i c o n , l i k e impure tit a n i u m , owed i t s 
semiconducting p r o p e r t i e s to the e x i s t e n c e of 
oxide f i l m s . When pl e a s were made i n 
Cambridge f o r work to be c a r r i e d out on pure 
germanium i t was always pointed out that, 
s i n c e pure s i l i c o n , was known to be a metal, 
what p o s s i b l e i n t e r e s t could there be i n 
germanium?' 

Wilson i s perhaps being l e s s than f a i r , 

Por as w i l l be d i s c u s s e d l a t e r many formidable 
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problems e x i s t e d f o r the e a r l y e x p e r i m e n t a l i s t s , 

not the l e a s t being the l a c k of i n t e r e s t evinced 

by the t h e o r e t i c i a n s . Wilson expresses h i m s e l f 

on the s u b j e c t of the i n t e r r e l a t i o n s h i p between 
20 

t h e o r e t i c i a n s and experimenters:-
' T h i s unfortunate s e t of circumstances put back 
the work on semiconductors by about a decade, 
and, as you a l l know, the s i t u a t i o n was only 
r a d i c a l l y changed by the i n t e r e s t aroused 
during the war i n semiconductor d e v i c e s , 
which e v e n t u a l l y culminated i n the i n v e n t i o n 
of the t r a n s i s t o r i n 1948. I t i s , of course, 
the i n d u s t r i a l importance of s o l i d s t a t e 
d e v i c e s which has l e d to the g r e a t techno
l o g i c a l advances which i n t h e i r t r a i n have 
given such a great impetus to the b a s i c 
p h y s i c s of the s o l i d s t a t e . ' 

Wilson's comments and opinions i n t h i s 

paragraph give r i s e to three questions t h a t are 

worthy of a t t e n t i o n f o r they impinge upon some of 

the more obscure f e a t u r e s of s c i e n c e . F i r s t i s 

i t p o s s i b l e to a t t a c h any meaning to the c l a i m 

t h a t the work on semiconductors was put back about 

a decade? The second world war has been suggested 

as the cause of many s c i e n t i f i c and t e c h n o l o g i c a l 

advances, i s t h i s a l s o true of semiconductors? 

T h i r d l y Wilson argues t h a t i n d u s t r y ' s i n t e r e s t i n 

d e v i c e s s t i m u l a t e d both t e c h n o l o g i c a l and s c i e n t i f i c 

progress l e a d i n g to the question how important was 

i n d u s t r y ' s i n f l u e n c e and how was i t s i n t e r e s t 

communicated to r e s e a r c h workers? 
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These questions suggested by Wilson's 
address although:, important w i l l not form part of 
t h i s study; the Aston University group i s 
concerned with these externalities.^-^ I t i s 
the development of the theoretical understanding 
of semiconductors to which t h i s study w i l l be 
primarily/ directed; and then to a small part 
only. The glosses of the pioneers and the 
researches carried out f o r t h i s historyy indicate 
that w i t h i n the story of semiconductors four 
important factors determining, the growth of 
understanding can be i d e n t i f i e d . F i r s t that the 
appearance of a sa t i s f a c t o r y theory was essential 
to the prosecution of successful empirical 
understanding. Second that both theoreticians 
and experimentalists had to become interested 
together before r e a l and effe c t i v e progress could 
be made. Third that the involvement of eminent 
s c i e n t i s t s was v i t a l to the subject. For, i n 
t h i s h i s t o r y at least, i t appears that however 
important discoveries may be or may prove to be and 
however w e l l work based on the discoveries i s done 
they stand l i t t l e chance of being accepted into 
the 'establishment' of science i f f i r s t rate 
s c i e n t i s t s give l i t t l e support. Fourth that 
a researchi i n t e r e s t outside the 'mainstream' 
a c t i v i t y / w i l l f a l t e r and perhaps disappear unless 
the previous three factors conspire to reawaken 
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i n t e r e s t and to bring the 'new' subject into the 
o r b i t of 'mainstream' i n t e r e s t . 

The behaviour of semiconductors was 
peculiar, the name i t s e l f implying some i n t e r 
mediate state between metals and insulators. 
Beneath an apparently simple behaviour there i s 
a complexity of phenomena that were almost 

22 
t o t a l l y puzzling before the early 1930's. 

2'5 
Indeed review papers w r i t t e n as la t e as 1934 
underline the d i f f i c u l t i e s being encountered 
by the physicists who were struggling with 
problems of understanding and d e f i n i t i o n . 
Errors such as Wilson found i n Seeman's researches^'''' 
were by no means uncommon. Only when Wilson's 
theory became known and comprehended could a clear 
d e f i n i t i o n of semiconductors be given. Neverthe
less much experimental work, particularly, during 
the 1920's, greatly c l a r i f i e d the view and allowed 
some determining parameters of semiconductors to 
be defined. For example i t was shown, before the 
th e o r e t i c a l i n s i g h t given by Wilson, that f o r 
r e l i a b l e and repeatable results a high degree of 
chemical and physical p u r i t y was required. I t i s 
claimed by most w r i t e r s that the advent of quantum 
the03?37 and s t a t i s t i c a l mechanics was necessary 
before the properties of semiconductors ©rould be 
understood. Hmever from the beginnings i n 1873 
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serious attempts were made to apply the 
th e o r e t i c a l pictures of e l e c t r i c a l conduction 
to the phenomena i n semiconductors. Thus 
successively we f i n d appeal being made to 
e l e c t r o l y s i s , to variable chemical reaction 
rates, to electron theory, to the photoelectric 
e f f e c t , and so on. The aim was always to 
bring the theory of e l e c t r i c a l conduction i n 
sol i d s , and p a r t i c u l a r l y i n semiconductors, to 
the same l e v e l of understanding as f o r l i q u i d s 
and gases. Rarely do we f i n d the properties of 
semiconductors being studied as phenomena i n 
t h e i r own r i g h t without being conjoined to the 
properties of other materials be they s o l i d , 
l i q u i d or gaseous. One exception to t h i s i s 
found i n the work of Baedeker who i n a 

series of papers published i n the f i r s t decade 
of t h i s century uncovered many of the facts of 
semiconduction. He suggested mechanisms that 
might have led to an e a r l i e r understanding i f 
more i n t e r e s t had been aroused. However that 
was not to be, f o r u n t i l the t h i r t i e s no theory 
was found that was capable of providing a 
sat i s f a c t o r y explanation or of providing the 
means f o r f u r t h e r progress as the detailed 
discussions i n Chapters 2 to 5 w i l l indicate 
i n the case of selenium. 
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The i n t e r e s t i n semiconductors was l i m i t e d 
i n extent. For example, J.J. Thomson i n his 

27 
E l e c t r i c i t y and Magnetism ' gives very l i t t l e 
attenltion to the known properties of materials such 
as selenium and other writers,Lodge f o r instance, 
also aeemed no* to be f u l l y aware of these 
materials. Both Lodge and Thomson were concerned 
w i t h the 'mainstream' and 'important' topics of 
electromagnetism and e l e c t r o l y s i s . Research into 
the properties of semiconductors seems to have 
been carried out, i n the main, by men of the second 
rank. Thus we f i n d work being done by Fournier 
d'Albe i n Birmingham, Frances Wick^^ i n the Unitbed 
States and by Pohl i n GOttingen. I n t e r e s t i n g l y 
enough Pohl's account of his work at GOttingen-'^ 
serves to underline the claim that t h e o r e t i c a l 
physicists took very l i t t l e i nterest i n the 
e l e c t r i c a l properties of semiconductors, i n spite 
of, or perhaps because, there were some f i r s t rate 
thoeoretical physicists at GOttringen?^ I n 
Cambridge and Oxford i n England few men were 
concerned w i t h the special problems of s o l i d state 
physics u n t i l the 30's and even less were p u t t i n g 
t h e i r minds to a consideration of the narrower 
f i e l d of semiconductors. Thus although there was 
some i n t e r a c t i o n between theories and results up to 
1930, there was l i t t l e discussion between theoreticians 
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and experimentalists. Conversely a f t e r Wilson 
had published his papers^^ there then existed a 
sound t h e o r e t i c a l foundation f o r the study of 
semiconductors but experimentalists i n Cambridge 
could not, according to Wil'son^^ be interested i n 
studying the properties of the materials i n the 
d e t a i l and w i t h the understanding that was made 
possible by his i n s i g h t s . 

One problem, therefore, was the construction 
of l i n e s of communication between s c i e n t i s t s and 
the generation of interest;; here the r o l e of the 
s c i e n t i f i c 'establishment' i s important. This i s 
not easy to define butJthe acceptance of a f i e l d 
of study as a worthwhile research theme f o r 
students and professors rests heavily on the 
a t t i t u d e s of those who d i r e c t research and obtain 
funds f o r equipment and personnel. I t w i l l be 
argued l a t e r i n t h i s thesis that research int o the 
properties of semiconductors did not conform to the 
generally accepted ' f r o n t i e r of knowledge! Thus 
i n the early period, to c 1880, we f i n d that the 
conduction of e l e c t i i c i t y through gases and the 
extension of Maxwell's f i e l d theory dominated the 
work i n e^-ectricitj^. From here research led, 
through atomic phenomena to quantum theory, matrix 
and wave mechanics. With these theories the s o l i d 
state could be understood, but by then the i n t e r e s t 
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of physicists had s h i f t e d to the nucleus and 
studies i n the s o l i d state must have waned. 
Indeed i t has been argued that had i t not been 
f o r some commercial i n t e r e s t and the problem 
posed during warfare investigations i n t o the 
s o l i d state i n general and semiconductors i n 
p a r t i c u l a r would never have captured the minds 
of f i r s t rate s c i e n t i s t s . 

The study of semiconductors did not, of 
course, disappear. A series of 'chances' 
intervened to awaken and increase interest:. 
The appointment of Mott to the Chair of Physics 
at B r i s t o l U n i v e r s i t y t h e Second World War; 
B e l l Telephone Company's desire to develop a 
s o l i d state analogue 6f the triode valve; the 
r e a l i s a t i o n that a study of the s o l i d state could 
give information about intermolecular interactions; 
a l l contributed to the-^^esent large scale 
academic and commercial e x p l o i t a t i o n of so l i d 
state physics. 
3. Periods i n the History/ of Semiconductors'. 

The h i s t o r j ^ of semiconductors can be 
divided i n t o f i v e periods. The divisions are 
determined p a r t l y by genera-l?r'internal' 
considerations and p a r t l y by the his t o r y of 
selenium to which t h i s thesis i s , of course, 
mainly devoted. 
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a) . Irom_1833 to_189i:- selenium and semi
conductors beforer the electron theory. 

b) . 2,rom_1895 to_19,12:- Introduction of the 
electron theory i n t o theories of conduction 
i n non-metallic s o l i d s , 

c) . irom__1919 to_1931:"- the work of the 
GBttingen school under the leadership of 
Robert Pohl, 

d) . From__l£31 to_1948:- consolidation of the 
band theory, and technique before the 
t r a n s i s t o r . 

e) . E3̂ £ro_1948 io__presentj_;- the modern hi s t o r y . 

This thesis concentrates on the h i s t o r y 
of selenium during the f i r s t two periods. For 
while modern review a r t i c l e s and commonly known 
h i s t o r i e s indicate c o r r e c t l y that the majority 
of publications concerned with semiconductors 
have appeared since 1931, they convey a false 
impression of the quantity of work before then. 
While Faraday's discovery, i n 1833, of the 
p o s i t i v e temperature c o e f f i c i e n t of conductivity 
of s i l v e r sulphide^"^ was not followed up 
immediately, the discovery of the photoconductivity 
of s-eleniurâ ® generated great interest, that 
continued u n t i l at least the 1920's. The 
properties of other non-metallic substances were 
studied i n increasing d e t a i l from about 1873, but 
were investiga;ted largely, separated from work on 
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s^elenium. Thus while the sheer volume of 
source material available i n the period up to 
1919 precludes a detailed study of a l l the work 
on semiconductors the h i s t o r y of selenium can 
and has been investigated separately^. By 1919 
i t was realised that the properties of selenium, 
of s i l i c o n , copper iodide and so on possessed 
enough s i m i l a r i t i e s to define a new class of 
materials; the class we c a l l semiconductors. 
Hence 1919 represents a convenient stopping 
place i n the h i s t o r y and t h i s thesis, w i t h i t s 
examination of selenium, represents a f i r s t step 
towards a more general h i s t o r y of semiconductors. 
4. Historiography. 

The main body of material leading to the 
production of t h i s thesis has been drawn from the 
work published i n journals, a f u l l l i s t being given 
i n the bibliography. Crudely two broad classes 
can be defined. F i r s t the 'learned' journals 
such as those published by National Academies and 
Societies, f o r example Philosophical Transactions 
of The Royal Society and Comptes Rendus of the 
Academie des Sciences, Second the 'semi-learned' 
journals a much more amorphous c o l l e c t i o n including, 
f o r example. S c i e n t i f i c American, Nature, The 
Electrician-^-^ and so on. 

Without being too categoric the two types 
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have served d i f f e r e n t ends i n the research, 
'learned' journals carry up to date research 
w i t h l i t t l e or no e d i t o r i a l comment and r e f l e c t , 
the interests i n adademic c i r c l e s . 'Semi-
learned' while reporting and publishing con
temporary researchj in t e r e s t s have been found 
useful f o r two broader reasons. F i r s t they give 
some i n d i c a t i o n of how widely the discoveries of 
s c i e n t i s t s were disseminated, and accepted, out-

1 

side academic c i r c l e s ; f o r many of these journals 
saw themselves as f u l f i l l i n g an educative and an 
informative r o l e . Thus we f i n d that Fournier 
d'Albe contributed a series of a r t i c l e s i n The 
E l e c t r i c i a n e n t i t l e d Contemporary E l e c t r i c a l 
Science i n an almost unbroken run f o r nine years. 
Thus while 'learned' journals are the primary, 
sources f o r t h i s thesis, 'semi-learned' journals 
are secondary sources f o r the h i s t o r i c a l facts 
concerning fundamental research but primary sources, 
i n many cases, f o r the results of the applications 
of the outcomes of such research. 

Contemporary textbooks have proved to be 
valuable i n gi v i n g an understanding of e l e c t r i c a l 
theories that were being taught from time to time 
throughout the period 1870 - 1919. The work on 
selenium appears to have been carried out by workers 
who, although often very good experimentalists. 
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were not i n the f o r e f r o n t of t h e o r e t i c a l physics 
and did not contribute very much to the theories' 
of conduction. The theories they used were, 
ess e n t i a l l y , those that appeared i n textbooks. 
Conversely textbooks also contain what the w r i t e r 
thought was important; and hence we may assess 
the value given to discoveries associated with 
semiconductors. 

The early h i s t o r y of semiconductors i s 
marred by the complete absence of notebooks and 
l e t t e r s that have any import. These are often a 
r i c h source of comment and information both on the 
' i n t e r n a l ' h i s t o r y of a subject and on the 'external' 
f a c t o r s , such as f i n a n c i a l and establishment 
support, that may have affected the development 
of research. Now, on the whole, the work on 
selenium was performed by s c i e n t i s t s who were not 
p a r t i c u l a r l y eminent then and who did not become 
eminent i n t h e i r l a t e r y e a r s . O n l y eminent 
s c i e n t i s t s are honoured by collections of a l l t h e i r 
works while the unpublished work of lesser men 
disappears. This, then, i s a problem. I t would 
have been desirable i f the analysis of the h i s t o r y 
of selenium could have drawn on the unpublished 
works of the major workers; but t h i s has proved to 
be impossible. However an interview with Professor 
Robert Pohl^-^ and another w i t h Sir Alan Wilson^^ 
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provided some valuable information concerning 
the i n t e r n a l and unpublished influences on 
semiconductor experiment and theory. 

The study of review papers and a r t i c l e s 
has formed part of the methods of research; as 
i n the case of journals and textbooks the uses to 
which review a r t i c l e s have been put depend on 
when they were w r i t t e n and on the audience f o r 
whom they were intended. There has been a 
considerable number of reviews published, 
p a r t i c u l a r l y " i n recent years, and a f u l l l i s t , is-
included i n the bibliography. Early reviews can 
be considered as primary sources, l a t e r writings 
as secondary sources, very often including some 
h i s t o r i c a l material. Academically they can be 
divided i n t o three f a i r l y d i s t i n c t classes. A 
small, but very important group, explore the 
l i m i t s of known knowledge; indicating what had 
been achieved; what problems were important and 
possibly seminal f o r f u r t h e r progress; these 
reviews- were intended f o r an active and highly 
informed readership. (For excellent examples of 
reviews of t h i s type see those by Gudden^^ and 
Jiark-Horovitz^'^), A second group of review papers 
are directed at a readership which although f a i r l y 
w e l l informed i n the basic science of the s o l i d state 
or semiconductors does not necessarily possess the 
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deep understanding or i n t e r e s t of research 
workers i n the f i e l d . They often take the form 
of reminiscences by a pioneer of s o l i d state 
physics, and sometimes appear when the worker 
i s being honoured i n some way or another. 
(Wilson's p r e s i d e n t i a l address to the I n s t i t u t e 
of Physics' i s a f i n e example of t h i s type of 
a r t i c l e . F i n a l l y there exist many wri t i n g s 
of the 'semi-popular' type, intended f o r those 
who wish to be informed of the state of the semi
conductor ' a r t ' yet probably would not comprehend 
the theories. Articles' which f a l l into t h i s 
category frequently appear i n publications l i k e 
Wireless World and sometimes as general i n t e r e s t 
papers i n more learned journals, (For example 
the a r t i c l e by Pearson and Brattain formed part 
of the Proceedings of the I n s t i t u t i o n of Radio 
Engineers December 1955.) Various 'anniversaries' 
of the t r a n s i s t o r have been 'celebrated' i n the 
United States by the publication of these 'semi-
popular' reviews and potted h i s t o r i e s . The 
authors- of these are both famous and unknown, but 
regardless of authorship they merely mark the 
passage of time from the invention of the t r a n s i s t o r 
and add l i t t l e new to h i s t o r i c a l documentation or 
i n t e r p r e t a t i o n . 

Of great use have been those reviews which 
i n attempting to provide an accurate picture have 
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included some h i s t o r i c a l discussion. As was 
pointed out above the date of publication i s 
very important while of lesser significance i s 
the author. Substantial reviews of the q u a l i t y 
of that w r i t t e n by Lark-Horovitz^''^ have been of 
inestimable value; t h e i r extensive references, 
t h e i r h i s t o r i c a l framework and the knowledge of 
the w r i t e r s provided both the s t a r t i n g point and 
part of the structure of the researchi reported i n 
t h i s thesis. 
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CHAPTER 2. Semiconductors before the Electron 
Theory. 

Viewed with the perspective of hindsight the 
judgement can be made that the experimental 
investigations i n t o the e l e c t r i c a l properties of 
solids possessed a 'Baconian' character i n that 
the work progressed by the accumulation of data 
rather than under the guidance of a suitable 
theory. I t i s important to realise that t h i s i s 
a modern gloss, the workers themselves making no 
such claim; indeed many of them attempted to 
show that the experimental results accorded w i t h 
the t h e o r e t i c a l pictures of the mechanisms of 
current flow and of electro-magnetism i n favour 
during t h i s period.-*" However, as we know, 19th 
century theories are inadequate f o r the represent
a t i o n of the e l e c t r i c a l behaviour of solids. I n 
a sense then, as w i l l be argued l a t e r , the 
appl i c a t i o n of theories of e l e c t r i c i t y to the 
s o l i d state required a stretch of the imagination 
that gives them an 'ad hoc' appearance. 

I n most discussions of the history of physics 
during the past century an obvious and r e a l i s t i c 
separation between 'classical' and 'modern' i s 
marked by a clu t c h of discoveries at the end of the 
19th century. For example the discovery of X-Rays 
by ROntgen (1895); r a d i o a c t i v i t y by A.H. Becquerel 
(1896); the electron by J.J. Thomson (1897) can a l l 
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be seen as marking the end of one era and the 
beginning of another. Indeed, as f a r as atomic 
and nuclear physics i s concerned, t h i s i s so. I n 
the case of the e l e c t r i c a l properties of solids, 
and of semiconductor materials i n p a r t i c u l a r , 
although there was a s l i g h t change i n emphasis the 
main e f f e c t of the 'New Physics' was not to be 
f e l t u n t i l the 1920's. Hence t h i s chapter w i l l 
consider experimental work up to about 1900. For 
although with the electron theory, accurate quant-
at i v e accounts of e l e 6 t r i c a l conduction i n metals 
and semiconductors were s t i l l impossible, p i c t o r i a l 
representations were now clearer. 
1. The Work of Faraday. 

In 1833 Faraday published the following, 
2 

remarks. 
'The e f f e c t of heat i n increasing the conducting, 
power of many substances-, especially f o r 
e l e c t r i c i t y of high tension, i s we l l known. 
I have l a t e l y met w i t h an extraordinary case of 
t h i s kind, f o r e l e c t r i c i t y of low tension, or 
that of the v o l t a i c p i l e , and which i s i n 
d i r e c t contrast with the influence of heat 
upon metallic bodies, as observed and described 
by Sir Humphry- Davy. 
The substance presenting t h i s effect i s 
sujphuret of s i l v e r . ' 

As usual Faraday gave a description of the method of 
preparation of the substance and the experimental 
arrangement he used to obtain his res u l t s . His 
account of his observations was:-^ 
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'On applying the lamp under the sulphuret 
between the poles, [ o f the v o l t a i c battery^, 
the conducting power rose rapidly w i t h the 
heat, and at l a s t the galvanometer needle 
jumped into a fi x e d position, and the 
aulphuret was found conducting i n the manner 
of a metal. On removing the lamp and allow
ing the heat to f a l l , the effects were 
reversed. . . (|the needlej then gradually 
l e f t i t s transverse d i r e c t i o n , and at l a s t 
returned to a posit i o n very nearly that which 
i t would take when no current was passing 
through the galvanometer.' 

Faraday noted that occasionally the heat 
generated by the current i t s e l f was s u f f i c i e n t to 
produce the increase i n conduction.^ Later he 
made an i n t r i g u i n g remark.-^ 

'Occasionally, also, the effects would sink 
of themselves and could not be renewed u n t i l 
a fresh surface of the sulphurei; had been 
applied to the positive pole. This was i n 
consequence of peculiar results of decomposition, 
to which I s h a l l have occasion to revert i n the 
section on Electro-chemical Decomposition,*,.,,' 

At that time (1833) Faraday knew of no other 
substances that behaved i n that fashion^' but by 1838 
he had added one more compound to the class, f l u o r i d e 

7 
of lead,' His report of the properties of lead 
f l u o r i d e i n respect of i t s e l e c t r i c a l conduction was 
srimilar to that r e f e r r i n g to s i l v e r sulphide; but 
here he added some remarks on the p o s s i b i l i t y of 

p 
e l e c t r o l y t i c action. 

* My emphasis. 
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'During a l l the time,'(that i s during the 
passage of current^t there was scarcely/ a 
t r a c e of decomposing a c t i o n on the f l u o r i d e , 
and what d i d occur, seemed r e f e r a b l e to the 
a i r and moisture of the atmosphere, and not 
to e l e c t r o l y t i c a c t i o n . ' 

Faraday a l s o suggested that periodide of 

mercury, c o r r o s i v e sublimate and p o s s i b l y 

protoxide of antimony possessed s i m i l a r p r o p e r t i e s . 

He had no i n t e n t i o n then of examining the 

p a r t i c u l a r r e l a t i o n of heat and e l e c t r i c i t s p but he 

wrote^° 
' we may hope h e r e a f t e r to d i s c o v e r by 
experiment the law which probably holds a l l 
the above e f f e c t s w i t h those of the e v o l u t i o n 
and the disappearance of heat by the c u r r e n t , 
and the s t r i k i n g and b e a u t i f u l r e s u l t s of 
t h e r m o - e l e c t r i c i t y , i n one common bond,' 

Faraday was, of course, speaking h o p e f u l l y 

and p r o p h e t i c a l l y ; the s o l u t i o n was not to come 

f o r many y e a r s . Faraday, himself, d i d not devote 

much time to these phenomena and a f t e r a l l , h i s 

r e s e a r c h e s i n t o the fundamentals of e l e c t r o l y s i s 

and ele6tromagnetism provided most of the m a t e r i a l 

f o r the r e s t of the century. Faraday's r e s e a r c h e s 

impress us f o r many reasons, one being the h i g h l y 

organised and s y s t e m a t i c s t r u c t u r e they displajj'. 

Faraday always seemed to be f o l l o w i n g l i n e s of 

i n v e s t i g a t i o n s t r e t c h i n g across a number of y e a r s . 

His Experimental Researches i n E l e c t r i c i t y show t h a t 
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whatever Taraday d i d , what he did not do was to 
c o l l e c t f a c t s i n a random way. As f a r as 
e l e c t r i c a l conduction was concerned Faraday's aim 
was- to understand the means whereby e l e c t r i c i t y 
moved through e l e c t r o l y t e s ; he r a r e l y paid any 
a t t e n t i o n to metals, (or i s o l a t e d elements f o r t h a t 
m a t t e r ) . I t i s i n t e r e s t i n g , and admittedly a-
h i s t o r i c a l , to s p e c u l a t e on the outcome of h i s 
having been i n t e r e s t e d i n the s o l i d s t a t e : would 
he, f o r example, have d i s c l o s e d the properties- of 
s-elenium, the f i r s t elemental semiconductor to be 
s t u d i e d ? l a t e r discoverers- and i n v e s t i g a t o r s 
l a c k e d Faraday's supreme experimental s k i l l and 
i n t e r p r e t i v e genius' f o r t h e i r e x p l o i t a t i o n . 

2. Photoconductivity, R e c t i f i c a t i o n , P hotovoltaic E f f e c t s 

I n Lodge's book Electrons,"^''' w r i t t e n f o r an 

educated g e n e r a l p u b l i c , the f o l l o w i n g passage i s 
12 

of i n t e r e s t . 
' I n Maxwell's E l e c t r i c i t y " ^ ^ published i n 1875, 
s e c t i o n 57, the f o l l o w i n g sentence occurs i n 
connection w i t h the discharge of e l e c t r i c i t y 
through gas-es, e s p e c i a l l y r a r e f i e d gases-: 

"These and many other phenomena of 
e l e c t r i c a l d ischarge are exceedingly 
importanit, and when they a r e b e t t e r 
understood they w i l l probably throw 
grea t l i g h t on the nature of e l e c t r i c i t y 
as w e l l as on the nature of gases and of 
the medium pervading space," 

T h i s p r e d i c t i o n has been amply j u s t i f i e d by 
the progress of s c i e n c e , and, no doubt, s t i l l 
f u r t h e r p o s s i b i l i t i e s - of advance l i e i n the 
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same d i r e c t i o n . The study of conduction 
through l i q u i d s , f i r s t , and the study of 
conduction through gases, next, combined 
w i t h a study of the processes' involved i n 
r a d i a t i o n , have r e s u l t e d i n an immense 
a d d i t i o n to our knowledge of l a t e y e a r s , 
and have opened a new chapter, indeed a new 
volume, of p h y s i c s . ' 

lodge's g l o s s w r i t t e n i n 1905 i s a f a i r one. 

Faraday's i n v e s t i g a t i o n s and conclusions w i t h regard to 

the conduction of e l e c t r i c i t y i n l i q u i d s spawned a 

c o n s i d e r a b l e e f f o r t : and Maxwell's treatment of the 

phenomena of electro-magnetism provided the impulse and 

s t a r t i n g point; f o r some h i g h l y o r i g i n a l developments i n 

the 19th century."^^ Maxwell's remark concerning the 

s t u d i e s of gases was prophetic f o r t h i s l i n e of 

i n v e s t i g a t i o n provided one route int o modern quantum 

theory; the other s-temming from the problems r a i s e d 

by the r a d i a t i o n emitted by a hot solid."'•^ Yet. Lodge's' 

remarks quoted above underline, by omission, the l a c k of 

i n t e r e s t i n the problems of conduction i n the s o l i d 

s t a t e . Yet by a strange irony i n the very year that 

Maxwell's T r e a t i s e was published there appeared i n the 

J o u r n a l of the S o c i e t y of Telegraph Engineers a r e p o r t 

of the a c t i o n of l i g h t on selenium."'"^ T h i s , together 

w i t h the d i s c o v e r y of r e c t i f i c a t i o n (1874)'''''' and the 

p h o t o v o l t a i c e f f e c t (ISTS)-*-^ provided a t r i o of 

problems t h a t Maxwell's theory was powerless to 
s o l v e . 
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3. The D i s c o v e r y of Photoconductivity. 

Willoughby Smith's announcement of the 

d i s c o v e r y of photoconductivity was unremarkable y e t 

not unremarked. The r e p o r t was contained i n a 

l e t t e r read to the S o c i e t y of Telegraph Engineers on 

the 4th February 1873'''^. Smith's l e t t e r begins:-

'My Dear l a timer C l a r k , - Being des-irous of 
o b t a i n i n g a more s u i t a b l e r e s i s t a n c e f o r use 
a t the shore s t a t i o n i n connection with my 
system of t e s t i n g and s i g n a l l i n g during the 
submersion of long submarine c a b l e s , I was 
induced to experiment with bars of selenium - a 

20 
known metal of very high r e s i s t a n c e . * 
The e a r l y experiments d i d not place selenium i n 
a v e r y favourable l i g h t for the purpose r e q u i r e d , 
f o r although the r e s i s t a n c e was a l l t h a t could be 
d e s i r e d seldom did d i f f e r e n t operators 
o b t a i n the same r e s u l t . While i n v e s t i g a t i n g the 
cause of such g r e a t d i f f e r e n c e s i n the r e s i s t a n c e s 
of the b a r s , i t was found t h a t the r e s i s t a n c e 
a l t e r e d m a t e r i a l l y according to the i n t e n s i t y 
of l i g h t to which they were subjected.' 

Thus was the announcement of a new e f f e c t made. 

While s e a r c h i n g f o r a s u i t a b l e r e s i s t a n c e m a t e r i a l 

Smith had shown t h a t l i g h t could d i r e c t l y a f f e c t the 

conducting power of a m a t e r i a l , without, apparently, 

t h e r e being any p h y s i c a l or chemical change i n the 

s e n s i t i v e substance. He f i n i s h e d h i s l e t t e r w ith a 
promise i n these words-:-

' I hope before the c l o s e of the s e s s i o n t h a t I 
s h a l l have the opportunity of bringing the s u b j e c t 
more f u l l y before the S o c i e t y i n the shape of a 
paper, when I s h a l l be b e t t e r able to give them 
f u l l p a r t i c u l a r s of the r e s u l t s of the e x p e r i 
ments which we have made during the l a s t nine 
months.' 

*My emphasis 
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21 Apart from a paper published i n 1877 en
l a r g i n g upon h i s d i s c o v e r i e s Smith made no s u b s t a n t i a l 
c o n t r i b u t i o n to the study of selenium and the e f f e c t 
of l i g h t upon i t ; the s t o r y was taken up w i t h 
enthusiasm by o t h e r s . I t i s worth r e c o r d i n g the 

22 
remarks of the chairman of t h i s February meeting. 

'The Chairman remarked that he thought t h i s was 
a very i n t e r e s t i n g s c i e n t i f i c d i s c o v e r y , and one 
on which i t was probable they would hear a good 
d e a l i n f u t u r e I t s (selenium's^ 
s e n s i t i v i t y to l i g h t was extraordinary, that of 
a mere l u c i f e r matchi being s u f f i c i e n t to e f f e c t 
i t s conducting powers. For the experiments that 
would be c a r r i e d on i n f u t u r e , selenium, sulphur, 
and phosphorus, which belonged to the same group, 
would be experimented upon, as a l s o , he b e l i e v e d , 
t e l l u r i u m . He had heard of one i n s t a n c e i n 
which plumbago had shown s i m i l a r e f f e c t s . ^ ^ 
Selenium, he s a i d , e x i s t e d i n two forms, l i k e 
sulphur and phosphorus, Mr. Smith 
showed him some experiments, i n which he placed 
p i e c e s of rock s a l t , alum, and other substances 
before the selenium, which might have i n t e r c e p t e d 
the r a y s of heat; but the e f f e c t was as power
f u l through these as through the ordinary a i r . . . 
I t s-eemed to him |[_the chairman]| to a f f o r d a 
most r e l i a b l e means of measuring the i n t e n s i t y of 
l i g h t , and to c o n s t i t u t e a p e r f e c t photometer.' 

There i s evidence i n t h i s paragraph of 

conf u s i o n - the word i s used from a modern point of 

view - as to the pla c e of selenium i n i t s group and, 

more s i g n i f i c a n t l y , whether the observed e f f e c t was a 
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r e s u l t of heat or l i g h t . The d i s t i n c t i o n to be 
made here i s between the e f f e c t of d i r e c t temperature 
changes and the response to l i g h t or heat r a y s . 
Without doubt d i r e c t heat would modify the conduct
i v i t y of selenium; the problem seemed to be 
whether l i g h t , heat or a c t i n i c r a d i a t i o n produced 
the observed e f f e c t s . The e x i s t e n c e of the problem 
i m p l i e s t h a t the i d e n t i t y of l i g h t , heat and a c t i n i c 
r a y s was not recognised a t that time by those taking 
p a r t i n the S o c i e t y of Telegraph Engineers meeting. 

T h i s i s hard to c r e d i t , f o r eight y e a r s e a r l i e r 
27 

Maxwell had w r i t t e n : ' 
'The g e n e r a l equations are next a p p l i e d to the 
case of a magnetic disturbance propagated 
through a non-conducting f i e l d , and i t i s shown 
th a t the only d i s t u r b a n c e s which can be so 
propagated are those which are t r a n s v e r s e to the 
d i r e c t i o n of propagation, and t h a t the v e l o c i t y 
of propagation i s the v e l o c i t y 'v', found from 
experiments such as those of Weber, which ex
p r e s s e s the number of e l e c t r o s t a t i c u n i t s of 
e l e c t r i c i t y which are contained i n one e l e c t r o 
magnetic u n i t . 
T his v e l o c i t y i s so n e a r l y t h a t of l i g h t , that 
i t seems we have strong reason to conclude t h a t 
l i g h t i t s e l f ( i n c l u d i n g r a d i a n t heat, and other 
r a d i a t i o n s i f any) i s an electromagnetic 
d i s t u r b a n c e i n the form of waves propagated 
through the electromagnetic f i e l d according to 
the electromagnetic laws.' 

To-day t h i s i s a non-problem. The formal 

i d e n t i t y of the v a r i o u s electro-magnetic r a d i a t i o n s 
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i s f u l l y accepted; so much so that we o c c a s i o n a l l y 
q u a l i f y the noun ' l i g h t ' w i t h the a d j e c t i v e ' v i s i b l e ' . 
Had Maxwell's theory been the only i n d i c a t i o n of the 
i d e n t i t y of l i g h t and heat i t i s p o s s i b l e to under
stand the d i f f i c u l t y ; but t h i s was not the ca s e . 
The r e l a t i o n s h i p between l i g h t and r a d i a n t heat was 

considered by T y n d a l l i n a Royal I n s t i t u t i o n d i s c o u r s e 
28 

g i v e n i n 1872. That he should have d i s c u s s e d the 

s u b j e c t i n such a forum, t y p i c a l l y devoted to " f r o n t i e r " 

i s s u e s , i n d i c a t e s t h a t even he was not f u l l y convinced 

of the i d e n t i t y of r a d i a n t heat and l i g h t . He s a i d : - ^ 
' I t i s not so very long s i n c e the l a t e P r i n c i p a l 
Forbes was ea g e r l y engaged i n e s t a b l i s h i n g the 
important point t h a t r a d i a n t heat, l i k e l i g h t , i s 
capable of being p o l a r i s e d . Since that time 
Knoblauch, F o u c a l t , F i z e a u and Seebeck have 
a p p l i e d t h e i r r e f i n e d experimental s k i l l to t h i s 
q u e s t i o n of i d e n t i t y ; and those e x c e l l e n t 
i n v e s t i g a t o r s De l a Provostaye and Desains, 
pushed the analogy between l i g h t and heat so f a r 
as to prove t h a t the magnetisation of a ray of 
l i g h t , i n Faraday's sense of the term has i t s 
p a r a l l e l i n the magnetisation of a ray of heat. 

Recent d i s c o v e r i e s w i l l , I t r u s t , enable me to 
make evident to you tonight, e f f e c t s which have 
been h i t h e r t o confined to f a r more l i m i t e d 
c i r c l e s ; And i f those a c c i d e n t s t h a t 
o f t e n hold sway over lecture-experiments of a 
d e l i c a t e c h a r a c t e r should prove favourable, we 
may be a b l e to push the s u b j e c t a h a i r ' s breadth 
beyond the l i m i t s which observation has h i t h e r t o 
a ssigned to i t . ' 

T y n d a l l ' s d i s c o u r s e continued w i t h a r e p e t i t i o n 
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of the experiments t h a t demonstrated the a n a l o g i e s 

t h a t e x i s t e d between l i g h t and heat; but the 

pub l i s h e d v e r s i o n of h i s t a l k c o n t a i n s no c o n c l u s i o n . 

No doubt the l i s t e n e r s were expected to draw t h e i r 

own. But d i f f i d e n c e can be detected and i f T y n d a l l 

f e l t so i t i s not a l t o g e t h e r s u r p r i s i n g t h a t other, 

and perhaps l e s s e r , s c i e n t i s t s should be l e s s 

c o n f i d e n t ; (the observations could have been 

i n t e r p r e t e d as another p i e c e of evidence i n favour 

of the i d e n t i t y of heat and l i g h t f o r example.) 

There was thus promise of a s m a l l controversy. 

I t could be no more than t h a t f o r i t died away when 

the i d e n t i t y of the v a r i o u s forms of electromagnetic 

r a d i a t i o n was a c c e p t e d , T h e work of Sale^"*" and the 

E a r l of Rosse^^ (brother of C. Parsons) were d i r e c t e d 

to d e f i n i n g the type of ' r a y s ' t h a t produced the 

v a r i a t i o n i n c o n d u c t i v i t y ; but t h e i r d i f f e r e n t 

r e s u l t s can be seen as the e f f e c t of i n s t r u m e n t a l 
33 

e r r o r s . S a l e ' s c o n c l u s i o n s were. 
'( 1 ) That the r e s i s t a n c e of selenium i s l a r g e l y 
a f f e c t e d by exposure to l i g h t . 
(2) That the e f f e c t i s not produced by the a c t i n i c 
r a y s , but i s a t a maximum a t , or j u s t o u t s i d e the 
red r a y s , a t a place n e a r l y c o i n c i d e n t w i t h the 
l o c u s of the maximum of the heat r a y s . 
(3) That the e f f e c t of v a r y i n g r e s i s t a n c e s i s 
c e r t a i n l y not due to any change i n temperature 
i n the bar of selenium. 
( 4 ) That the e f f e c t produced on exposure to 
l i g h t i s s e n s i b l y instantaneous, but t h a t , on 
c u t t i n g o f f the l i g h t , the r e t u r n to the normal 
r e s i s t a n c e i s not so r a p i d . 
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I t would seem t h a t there e x i s t s a power i n r a y s 
n e a r l y c o i n c i d e n t w i t h the heat r a y s of high 
i n t e n s i t y , of a l t e r i n g instantaneously/ and 
without change of temperature the molecular 
c o n d i t i o n of t h i s p a r t i c u l a r element.' 

Thus were announced to the Royal S o c i e t y the 

most important r e s u l t s p e r t a i n i n g to the photoconduct

i v i t y of selenium; the f i r s t example of i t s kind. 

The E a r l of Rosse attempted to c l a r i f y the i d e n t i t y 

of the a c t i v e r a y s ; p r e s e n t i n g the r e s u l t s of h i s 

experiments i n March 1874. Quite r i g h t l y he pointed 

out t h a t S a l e ' s work was s u b j e c t to the o b j e c t i o n t h a t 

no precautions had been taken to c a l i b r a t e the 

i n t e n s i t i e s of the s p e c t r a l sources he had used. The 

E a r l d i d not agree w i t h S a l e on t h i s one point be

l i e v i n g t h a t he had shown selenium to be mainly 

s e n s i t i v e to l i g h t . He was s a t i s f i e d 'as to the 

comparative, i f not absolute i n s e n s i b i l i t y r of a bar of 

selenium to r a d i a n t heat of low r e f r a n g i b i l i t y . ' 

N either S a l e nor the E a r l gave any t h e o r e t i c a l 

e x p l a n a t i o n r o f photoconductivity. They do not appear 

to have r e - e n t e r e d the arena. 

4» Siemens' Theory. 

The d i r e c t i o n from which a t h e o r e t i c a l under

standing of photoconductivity could be expected was 

i n d i c a t e d by W i l l i a m Siemens i n February 1876. His 

F r i d a y d i s c o u r s e a t the Royal I n s t i t u t i o n was d i r e c t e d 

towards The A c t i o n of L i g h t on S e l e n i u m , a n d con

t a i n e d , besides some romantic imagery concerning the 
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nature of l i g h t , a d e s c r i p t i o n of a s e n s i t i v e 
c e l l c onstructed by h i s brother and an o u t l i n e of 
t h r e e t h e o r i e s d e c r i b i n g the l i g h t / s e l e n i u m i n t e r 
a c t i o n . One due to Werner Siemens was summarised 

37 
by W i l l i a m Siemens i n the f o l l o w i n g words.^' 

'My brother a r r i v e s a t the c o n c l u s i o n that the 
i n f l u e n c e of l i g h t upon selenium may be 
explained by a change of i t s molecular c o n d i t i o n 
near the s u r f a c e from the f i r s t or e l e c t r o l y t i c 
i n t o the second or m e t a l l i c m o d i f i c a t i o n , * or i n 
other words by a l i b e r a t i o n of s p e c i f i c heat upon 
the i l l u m i n a t e d s u r f a c e of c r y s t a l l i n e selenium,* 
which l i b e r a t e d heat i s reabsorbed when the 
l i b e r a t i n g cause has ceased to a c t . ' 

I n 'opposition' to t h i s Adams^^ had suggested 

two a l t e r n a t i v e s ; t h a t the e f f e c t of l i g h t may be to 

produce an electromotive f o r c e a c t i n g i n the same 

d i r e c t i o n as t h a t due to the battery, opposite to 

p o l a r i s a t i o n ; or t h a t the l i g h t produced a change 

on the s u r f a c e of the selenium 'akin to the change i t 

produces on the s u r f a c e of a phosphorescent body' 

t h i s change being supposed to allow the e a s i e r passage 

of an e l e c t r i c c u r r e n t . Siemens could not commit 

h i m s e l f to a d e c i s i o n between the competing views, 

but he had, he thought, adequate evidence i n support 

of h i s own, or r a t h e r h i s brother's, i n t e r p r e t a t i o n . 

Siemens' theory, c e r t a i n l y one of the f i r s t to 

be propounded, was to r e t u r n i n modified form, on and 

o f f f o r some f i f t y y e a r s , (A few l i n e s were given 

to an ' A l l o t r o p i c Theory' i n the 1925 e d i t i o n of 

*My emphasis 
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P h o t o - E l e c t r i c i t y by H.S. A l l e n ^ ^ . ) The 
v a l i d i t y of Siemens' theory r e s t e d on three e m p i r i c a l 
d i s c o v e r i e s ; t h a t there were a t l e a s t two types of 
selenium, ( i n f a c t t h ere were t h r e e ) ; t hat a t 
l e a s t one type of selenium had a good c o n d u c t i v i t y ; 
and t h a t a r e l e a s e of ' s p e c i f i c heat' occurred when 
a type of low c o n d u c t i v i t y changed into one of high 
c o n d u c t i v i t y . The a c c e p t a b i l i t y of the theory 
depended on the assumption that the e f f e c t of l i g h t 
was to r e l e a s e the ' s p e c i f i c heat' thus a l l o w i n g the 
a l l o t r o p i c m o d i f i c a t i o n to occur. 

Siemens knew t h a t selenium heated to i t s 

melting point then r a p i d l y cooled presented an 

amorphous mass to the observer; an a l l o t r o p e of 

v e r y low c o n d u c t i v i t y . A conducting form of selenium 

could be persuaded to appear, a l b e i t slowly, by 

a n n e a l i n g a t the temperature of b o i l i n g water.^"^ 

T h i s m o d i f i c a t i o n of selenium, defined as a 

c r y s t a l l i n e form, showed a p o s i t i v e temperature 

c o e f f i c i e n t of c o n d u c t i v i t y l i k e t h a t , as Siemens 

pointed out, of e l e c t r o l y t e s ^ , Siemens was a b l e 

to demonstrate, to h i s own s a t i s f a c t i o n a t l e a s t , 

t h a t molten selenium subjected to a slow c o o l i n g 

through to room temperature s o l i d i f i e d to a form 

t h a t had a high s e n s i t i v i t y to l i g h t and, l i k e metals, 

a negative c o r r e l a t i o n between temperature and 

c o n d u c t i v i t y . This l e d Siemens to h i s ' e l e c t r o l y t i c ' 

and ' m e t a l l i c ' selenium. Unfortunately the published 

account of Siemens' d i s c o u r s e gave very l i t t l e e x p e r i 

mental d e t a i l s ; one cannot, t h e r e f o r e , make a 
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r e a l i s t i c assessment of the p r e c i s i o n of h i s 

procedures. However, the measurements he made of 

c o n d u c t i v i t y v a r i a t i o n s as a f u n c t i o n of temperature 

seem unequivocal and are reproduced i n f i g u r e 1 below. 

1204 

S i n c e there i s no reason to doubt Siemens' 

v e r a c i t y , h i s c l a i m t h a t a m o d i f i c a t i o n of selenium 

i s produced by a slow c o o l i n g from the melt and t h a t 

t h i s i s demonstrated by the observed changes i n 

c o n d u c t i v i t y can be accepted. 

Whether the same can be s a i d of h i s apparent 

d i s c o v e r y t h a t selenium r e l e a s e s heat energy as^ i t 

changes from the amorphous v a r i e t y to the c r y s t a l l i n e , 

or e l e c t r o l y t i c , form i s more doubtful. P a r t of 

Siemens' F i g . 3^^ i s reproduced below i n f i g u r e 2. 

On t h i s graph r e s t e d the i n t e r p r e t a t i o n that heat 

would be evolved on a transformation from one a l l o -

trope to another. 
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AcTyflL 

H E A T i t J f t Tine 

F i g . 2 . 

The e f f e c t does not seem p a r t i c u l a r l y marked^^, 

and, as remarked e a r l i e r , too l i t t l e d e t a i l i s given 

of the experiment to al l o w any assessment to be made 

of h i s c l a i m . H i s r e s u l t s may have been due to 

i n s t r u m e n t a l l i m i t a t i o n s . Nevertheless i t would not 

have been unreasonable to expect such an energy change 

p a r t i c u l a r l y i f the c r y s t a l l i n e form was more s t a b l e 

than the amorphous; whether Siemens could r e a l l y 

have detected the e v o l u t i o n of the amounts present 

i s i m p o s s i b l e to t e l l . Neither i s i t made c l e a r 

t h a t the same energy exchange occurs between the 

second, m e t a l l i c , selenium and the e l e c t r o l y t i c v e r s i o n . 

That i t should be the case seems to be an important 

p a r t of h i s theory. He d i d , however, note the 

un s t a b l e nature of the second v a r i e t y , using the 

f o l l o w i n g words. 
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'Unfortunately, however, t h i s second m o d i f i c a t i o n 
i s not so s t a b l e as the f i r s t ; when lowered i n 
temperature p a r t s of i t change back i n t o the 
f i r s t or m e t a l l o i d m o d i f i c a t i o n by taking up 
s p e c i f i c heat, and i n watching t h i s e f f e c t a 
point i s dis c o v e r e d a t which the r a t i o of 
i n c r e a s e of c o n d u c t i v i t y with f a l l of temperature 
changes s i g n , or where the e l e c t r o l y t e substance 
begins to predominate over the m e t a l l i c selenium. 
I f cooled down to - 15°C the whole of the m e t a l l i c 
selenium i s g r a d u a l l y being converted back i n t o 
the f i r s t v a r i e t y , ' 

A simple i n t e r p r e t a t i o n of the change i n 

c o n d u c t i v i t y of selenium samples can be based on the 

r e l a t i v e abundance of e l e c t r o l y t i c and m e t a l l i c 

m o d i f i c a t i o n s . I f , and t h i s i s an important pre

p o s i t i o n , the r a t i o of the two forms i s a f f e c t e d by 

l i g h t then one has a ready explanation f o r the 

e x i s t e n c e of photoconductivity. T h i s Siemens assumed 

to be the c a s e , but he had no d i r e c t evidence t h a t the 

a c t i o n of l i g h t could c a t a l y s e such a d i r e c t a c t i o n i n 

selenium other than the change i n r e s i s t a n c e . With a 

strange c i r c u l a r i t y Siemens supported h i s own t h e s i s . 

T h i s i s the essence of Siemens f i r s t e xplanation of the 

e f f e c t of l i g h t on selenium, (quoted above p 36); i t -

i s by no means eq u i v a l e n t to h i s second mode of 

exp r e s s i o n , ( a l s o quoted on p 41 ) . Are we to see 

s p e c i f i c heat r e l e a s e as the cause of molecular change, 

the cause of c o n d u c t i v i t y change or merely a con

comitant of an a l l o t r o p i c m o d i f i c a t i o n ? Siemens i s 

not c l e a r . A c a u s a l l i n k between s p e c i f i c heat and 
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c o n d u c t i v i t y i s suggested with a r e f e r e n c e to 
Helmholtz' work.^^ 

'The p h y s i c a l c o n d i t i o n s here a r r i v e d a t may 
be s a i d to be an extension of Helmholtz' 
theory t h a t the c o n d u c t i v i t y of metals 
v a r i e s i n v e r s e l y as the t o t a l heat contained 
i n them.' 

There i s , t h e r e f o r e , a h i n t that the s p e c i f i c 

heat r e l e a s e may i t s e l f cause an a l t e r a t i o n i n 

c o n d u c t i v i t y but Siemens did not press t h i s point; 

r a t h e r he p r e f e r r e d to see the r e l e a s e of s p e c i f i c 

heat as a cause of m o d i f i c a t i o n of molecular 

c o n d i t i o n . He pointed out that the gradual r e d u c t i o n 

i n ^ s e n s i t i v i t y of selenium to l i g h t as the time of 

i r r a d i a t i o n i n c r e a s e d could be due to a 'readjustment 

of s p e c i f i c heat throughout the mass, notwithstanding 

a continuance of the d i s t u r b i n g cause.'^^ 

His second statement can be rephrased thus. 

L i g h t impinging on the selenium s u r f a c e causes 

a r e l e a s e of s p e c i f i c heat. Thence a m o d i f i c a t i o n of 

the s u r f a c e m a t e r i a l occurs g i v i n g r i s e to the m e t a l l i c 

form. On removing the l i g h t the l i b e r a t e d heat i s 

reabsorbed and the substance r e t u r n s to i t s i n i t i a l 

c o n d i t i o n . One g r e a t d i f f i c u l t y was present i n 

Siemens' i n i t i a l proposal, and one t h a t was to remain 

i n a l l t h e o r i e s of t h i s type. I t was soon observed 

t h a t the a c t i o n of l i g h t was instantaneous i n producing 

an i n c r e a s e i n c o n d u c t i v i t y . Yet removal of the 

s t i m u l u s was not immediately followed by an i n c r e a s e 
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i n r e s i s t a n c e . Furthermore d i f f e r e n t specimens, 
indeed c e l l s made of the same m a t e r i a l , reacted very 
d i f f e r e n t l y i n t h e i r recovery from i l l u m i n a t i o n , 
Siemens-' s o l u t i o n was to assume t h a t the mo d i f i c a t i o n 
of the c o n d i t i o n of the surface was immediately 
consequent on i r r a d i a t i o n but that the reforming, of 
the e l e c t r o l y t i c m o d i f i c a t i o n took time. There was 
no j u s t i f i c a t i o n f o r t h i s or f o r the assumption t h a t 
the r e l e a s e of s p e c i f i c heat was instantaneous and 
i t s r e a b s o r b t i o n slow. 

However i t i s easy to be o v e r c r i t i c a l . There 

were many problems a s s o c i a t e d with the study of 

selenium, and l a t e r other semiconductor m a t e r i a l s ; 

not a l l of which were a f u n c t i o n of t h e o r e c t i c a l s h o r t 

comings. The manufacture of s u i t a b l e devices r.elied 

very much on the s k i l l of the experimenter; he who 

could c o n s t r u c t r e l i a b l e c e l l s could produce r e l i a b l e 

r e s u l t s . The performance of selenium i s so dependent 

on v a r i o u s p h y s i c a l f a c t o r s - i t s c r y s t a l l i n e s t a t e , 

i t s i mpurity content, the e f f i c i e n c y of the contact 

made between the selenium and the connecting l e a d s , 

the ambient temperature- and so on - that these had 

to be recognised and 'sorted out' before any r e a l under

standing could be obtained. 

5,0, The Researches of Adams and Day. 

An e a r l y attempt to do t h i s i s represented i n 

the work reported i n a paper by Adams and Day 

published i n P h i l o s o p h i c a l Transactions^'^ of 1877, 

read i n May the previous y e a r . 



- 43 " 

These workers recognised that there was not one 
i n t e r e s t i n g e l e c t r i c a l phenomenon to be studied but 
four, possibly competing, e f f e c t s . 

a) Photoconductivity. 
b) R e c t i f i c a t i o n . 
c) Photovoltaic action. 
d) The marked e f f e c t of temperature change on the 
resistance of selenium. 
While not the f i r s t men to report the existence of 
these facts they appear to have been the f i r s t to 
recognise a l l of them i n the same material.'''"^ 

Adams and Day set out t h e i r aims very c l e a r l y , 
and ambitiously.^^ They intended:-

' ( l ) to determine whether t h i s change i n the 
resistance of selenium i s the d i r e c t r e s u l t 
of r a d i ations, and i f so, whether the dark 
heat rays, the luminous rays, or the chemically 
active rays produce the greatest changes. 
(2) To compare the changes of resistance i n the 
selenium due to exposure to l i g h t from 
d i f f e r e n t sources and also to l i g h t which has 
passed through various absorbing media, 
(5) To determine whether the action i s 
instantaneous or gradual, and to measure as 
f a r as possible the i n t e n s i t y of the action. 
(4) To examine i n t o the character of the 
e l e c t r i c a l conductivity of selenium when kept 
I n the dark. 
(5) To determine whether l i g h t could ac t u a l l y 
generate an e l e c t r i c a l current i n the selenium. 

Had i t been possible to complete t h i s programme 
successfully then much would have been learned about 
the d i f f e r e n t phenomena; but the character of the 
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material was against d e f i n i t e conclusions. The 
v a r i a l D i l i t y found i s w e l l i l l u s t r a t e d i n a t a b l e 
which appeared i n an appendix to the published 
version of the t a l k . ^ ^ 

Cell No. Resistance May 76.. Resistance May 77^ 
7 1525000 3950 
8 6)12500 5000 
10 7600000 745 
11 14900 19000 
14 460000 207000 
21 120000 1123 
22 570 272 
24 55 60 
25 68 28.5 

The v a r i a b i l i t y of the properties of selenium 
continued to dog the work. Adams and Day had no 
method whereby s t r i c t l y similar specimens of selenium 
could be prepared; neither could they guarantee tbaU 
the same specimen would y i e l d similar r e s u l t s through
out i t s l i f e . Eor example on resistance they stated 
t h a t ^ l 

'The resistance of any particular bar of selenium 
i s so constantly a l t e r i n g , owing to the action of 
any currents th&t may be sent through i t , that 
measurements of the resistance of the same piece, 
at the same temperature and with the same battery-
power, made on two consecutive days, w i l l hardly 
ever be found to give exactly the same r e s u l t s . ' 

Beginning w i t h a continuation of the work of 
Smith^^ and Sale^^ Adams and Day confirmed that l i g h t 
interacted d i r e c t l y w i t h selenium to produce a lowering 
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of resistance; that t h i s effect was not due to the 
action of heat or a c t i n i c rays neither could an a l t e r 
a t i o n of temperature have confused the r e s u l t s , (They 
were of the opinion that temperature rises would 
increase the resistance of selenium.) However the 
discovery of the property of r e c t i f i c a t i o n caused them 
to t u r n t h e i r a t t e n t i o n to this phenomenon. There can 
be no doubt that they realised the significance of t h i s 
e f f e c t , f o r they w r o t e ^ 

' I f the e l e c t r i c a l conductivity of selenium 
followed the ordinary laws of metallic conduction, 
t h i s difference would not e x i s t ; and as i t 
s-eemed probable that a careful investigation of 
these phenomena might afford some clue to the 
causes of the peculiar behaviour of selenium 
under c e r t a i n conditions, we have of l a t e been 
devoting especial at t e n t i o n to t h i s branch of 
inq u i r y . ' 

The discovery of the r e c t i f y i n g action of 
selenium was a matter of some importance f o r Adams and 
Day, f o r i t gave them, and l a t e r workers', a possible 
means to explain the properties of selenium. They 
carried out a long series of investigations on the 
flow of current through various specimens of selenium 
kept i n the dark and at constant temperature and 
concluded t-"^-"^ 

'(1) That, on the whole, there i s a general 
diminution of resistance as the battery-power 
i s increased, 
(2) That the f i r s t current sent through the 
selenium causes a more or less permanent 'set' 
of the molecules, i n consequence of which the 
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passage of the current, during the remainder 
of the experiments i s more resisted i n that 
d i r e c t i o n than i t i s i n the opposite one. 

(3) That the passage of the current i n any 
d i r e c t i o n , at any period of the series of 
observations, produces a s l i g h t 'set' of the 
molecules, which tends to f a c i l i t a t e the 
subsequent passage of a current i n the opposite, 
but obstructs one i n the same d i r e c t i o n . ' 

Without doubt Adams and Day l a i d bare some 
r e a l e f f e c t s , although t h e i r explanation was premature. 
The f i r s t conclusion can be explained i n terms of 
the properties^ of an i n e f f i c i e n t , r e c t i f y i n g contact; 
as a surface e f f e c t or as- a r e s u l t of high i n t e r n a l 
f i e l d strength.5^ 

The discovery that the resistance of selenium 
depended on the i n i t i a l d i r e c t i o n of the current flow 
i s the f i r s t example of 'forming' : a process that 
was to enter l a t e r i n t o the commercial manufacture of 
selenium r e c t i f i e r s . I t was i n use, c e r t a i n l y , as 
l a t e as 1949; an account of the process being given 

57 
i n Henisch's Metal Rectifiers.*^' Their explanation 
i n terms of a 'set' was--, of course, premature, f o r 
r e c t i f y i n g action i s a property of surfaces, or 
junctions, rather than volumes. Adams and Day seem 
to have been unaware of the work of Braun who had 
demonstrated that the r e c t i f i c a t i o n at point contacts 
on metallic sulphides was a property of the contact 
rather than the body of the material. I t i s not at 
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a l l clear what was meant by 'permanent "set" of the 
molecules-,' the point was not taken up l a t e r i n the 
paper; perhaps they were thinking of an analogy 
w i t h magnetic or e l e c t r i c dipoles. 

They were faced, therefore, with a rather 
puzzling asymmetric phenomenon and wi t h l i t t l e 
previous experience to go on turned to e l e c t r o l y t i c 
e f f e c t s f o r an explanation. I t i s i n t e r e s t i n g to 
compare t h i s with the work of Braun who was convinced 
that electrolys-is did not occur and pointed out some 
conjunction between the conduction of e l e c t r i c i t y at 
point contact junctions and i n e l e c t r i c arcs. (See 
f o r example Thomson J,J, and Thomson G-.P. Conduction 
of E l e c t r i c i t y through Gases). 

Since under certain conditions the process of 
e l e c t r o l y s i s can be considered to be an asymmetric 
one i t was not unreasonable f o r Adams and Day to turn 
to t h i s f o r an explanation. They wrote 

'The experiments. . , . seemed to indicate that the 
e l e c t r i c a l conductivity of selenium i s e l e c t r o l y t i c . 
I t was therefore important to discover whether, a f t e r 
the passage of an e l e c t r i c a l current through a piece 
of s-elenium, any d i s t i n c t characteristic of polar
i s a t i o n could be detected. The existence of 
po l a r i s a t i o n may be considered to be established iC, 
a f t e r the current from a vo l t a i c battery has been 
passed f o r some time through the selenium, and then 
the electrodes have been disengaged from the 
battery and connected with a galvanometer, a 
current i n the opposite d i r e c t i o n to that of the 
battery i s found to pass through the galvanometer.' 
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I t i s true, of course, that i n many cases 
the action of e l e c t r o l y s i s produces po l a r i s a t i o n 
or a 'back e.m.f,' but i t i s not a necessary 
conclusion that i f p o l a r i s a t i o n effects can be 
detected then e l e c t r o l y s i s has occurred. As- l a r k -
Horovitz points out the best test of e l e c t r o l y t i c 
conduction i s the s t r i c t application of I'araday'ff 
laws of e l e c t r o l y s i s . Nevertheless Adams and Day 
did not use t h i s c r i t e r i o n , r e l y i n g solely on the 
presence of p o l a r i s a t i o n . They were not out of 
step i n t h i s b e l i e f , f o r i n 1885 Lodge i n a report, 
f o r the B r i t i s h Association e n t i t l e d On El e c t r o l y s i s ' 
gave four defining properties of e l e c t r o l y t i c action; 
v i s i b l e decomposition; polarisation; non-agreement 
w i t h Volta's series law; transparency.^^ 

They succeeded i n measuring some very small 
p o l a r i s a t i o n currents and demonstrating that these 
were not thermoelectric effects,^''^ but as normal 
w i t h selenium, t h e i r r e s u l t s were characterised by 
the usual lack of good r e p e a t a b i l i t y . Adams and Day 
interpreted t h e i r r e s u l t s as polarisation due to 
e l e c t r o l y t i c a c t i o n ; h o w e v e r , t h i s would seem to 
be a doubtful conclusion, f o r they did not detect any 
products of e l e c t r o l y s i s ; although i n fairness i t . 
must be pointed out that these might have been too 
small i n magnitude f o r t h e i r a n a l y t i c a l techniques. 
More s i g n i f i c a n t l y the r e l a t i v e l y high conductivity 
of selenium compared w i t h that of known electrolytes 
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would seem to preclude the p o s s i b i l i t y that a 
sim i l a r action was taking place here. Por example 
Eark-Horovitz makes bhe following points 

'Since the conductivity of s i l v e r s u l f i d e and 
cuprous s u l f i d e i s f a r larger that the maximum 
conductivity expected f o r any e l e c t r o l y t e ( f o r 
instance the conductivity of molten s i l v e r 
chloride i s only 5 mho/cm while that of molten 
copper s u l f i d e at i t s melting point i s 1,3 x 
10^ mho/cm), i t i s un l i k e l y that these high 
conductivity materials are ele c t r o l y t e s , ' 

Later i n the same paragraph he opines that 
from the ca l c u l a t i o n of mob i l i t i e s s i m i l a r con
clusions may be drawn and,,following Lark-Horovitz's 
lead,the conductivity of Willoughby Smith's sample 
was 2,0 X 10""̂  mho/cm to be compared with 10""mho/cm 
f o r s-ilver chloride at a similar temperature,^"^ 
There may have been a small amount of e l e c t r o l y t i c 
conduction, but i t was not l i k e l y to have been sub
s t a n t i a l . 

Sensibly, Adams and Day had carried out these 
p o l a r i s a t i o n experiments while the selenium was kept 
i n the dark. As l i g h t affected the resistance of 
selenium i t was conceivable that i l l u m i n a t i o n might 
a f f e c t t h e i r r e s u l t s ; they therefore determined to 
t r y exposing t h e i r selenium specimens to l i g h t while 
a p o l a r i s a t i o n current was being measured. They 
stated t h a t : - ^ ^ 

', , , there appeared to be a s l i g h t increase i n 
the i n t e n s i t y of the polarisation current during 
exposure, and a decrease i n the i n t e n s i t y on 
shutting o f f the l i g h t , ' 

This modification of the magnitude of the pol a r i s a t i o n 
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current was a property of a l l the specimens they 
examined and they were led to conclude 

'Here, then, seemed to be a case i n which l i g h t 
a c t u a l l y produced an electromotive force w i t h i n 
the selenium which was, i n t h i s case, opposed 
to and could overbalance the electromotive force 
due to p o l a r i s a t i o n . ' 

I f , they wondered, l i g h t could a f f e c t the 
polarisation''current, could i t also produce a current 
i n the selenium acting on i t s own? 'In answering 
t h i s question they found, f o r the f i r s t time, the 
d i r e c t production of e l e c t r i c i t y "6y the action of 
l i g h t . T h e y wrote 

'The question of course at once presented i t s e l f 
as to whether i t would be possible to s t a r t a 
current i n the selenium merely by the action of 
l i g h t . 
Accordingly, the next morning the same tube, 
No. 15, was placed on the commutator and i t s 
electrodes were connected through the galvan
ometer. While unexposed there was no action 
whatever. On exposing the selenium to the l i g h t 
of a candle at a distance of about an inch from 
i t , there was at once a deflection of 150 scale-
d i v i s i o n s . On screening o f f the l i g h t the 
d e f l e c t i o n came back at once to zero. Hence 
i t was clear that a current could be started i n 
the selenium by the action of l i g h t alone,' 

This quiet pronouncement was l a t e r (1885) seen 
by William Siemens as 'a completely new physical 
phenomenon of great s c i e n t i f i c importance; the 
d i r e c t transformation of l i g h t energy into e l e c t r i c a l 

72 
energy.'' 
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A l l the specimens they examined i n t h i s manner, 
wi t h a l l the selenium surface being exposed to the 
l i g h t , showed some s e n s i t i v i t y ; i n that t h e i r 
r e s u l t s were consistent. Once again, however, t h e i r 
u nreliable specimens gave them, and can give us, no 
confidence i n the quantitative results they obtained. 
Even i f sensitive devices were made from the same bar 
of selenium t h i s was no guarantee that the same 
values of current would be recorded under simila r 
l i g h t i n g conditions. A forming process seemed to 
be necessary f o r on i l l u m i n a t i n g three specimens 
prepared from the same piece of selenium through 
which no current had been passed, one gave no 
de f l e c t i o n at a l l when illuminated by a burning 
magnesium ribbon; one a s l i g h t d eflection of 3 
di v i s i o n s ; and one a def l e c t i o n of 40 divisions. 
They suggested a reason f o r this difference:-'^ 

'Hence i t appears that three pieces of the same 
length, which were made from the same rod of 
selenium, and which were annealed together, may, 
owing to some s l i g h t difference i n t h e i r 
molecular condition, be very d i f f e r e n t as to 
t h e i r r e l a t i v e sensitiveness to l i g h t . ' 

The meaning of ' s l i g h t difference i n t h e i r 
molecular condition' i s obscure; unfortunately 
they neither expanded nor explained t h i s statement. 
Possibly as they were acquainted with the work of 
Siemens and his method of producing sensitive cells"^^ 
they were r e f e r r i n g to the existence of allotropes 
and postulating that minute differences' i n the 
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quantity of the various forms of selenium would 
account f o r the observed variations i n s e n s i t i v i t y 
to l i g h t , although they gave no mechanism whereby 
t h i s difference would be manifested. 

There remained one important investigation 
to do; to examine the many specimens f o r any 
variat i o n s i n l o n g i t u d i n a l s e n s i t i v i t y to l i g h t , and 
to d i s t i n g u i s h effects due to ra d i a t i o n from possible 
thermoelectric currents. Accordingly they arranged 
t h e i r apparatus so that small areas of the selenium 
plates could be illuminated. They were interested 
both i n the strength of any current and i n i t s 
d i r e c t i o n . The res u l t s they obtained were important 
to them, and are important h i s t o r i c a l l y f o r , as 
mentioned above, they represent the publication of 
the discovery of what i s now called 'the photovoltaic 
e f f e c t ' , (called by Adams and Day 'photo-electric' 
c u r r e n t s ) a n d demonstrated to t h e i r s a t i s f a c t i o n 
that thermoelectricity played no part i n the 
production of e l e c t r i c i t y . On page 53 below, Adams' 
and Day's discursive account is reproduced i n 
tabular form where the numbers refer to galvanometer 
deflections.'^^ '̂'̂  

These resul t s together with observations taken 
while a current was passed through the specimens'̂ ® 
were interpreted as evidence i n favour of the d i r e c t 
production of e l e c t r i c currents by the action of l i g h t , 
the existence of thermoelectricity being discounted. 
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Specimen Marked End Unmarked End Centre 

W.S,* 40, 
Pt.- Se 

0 0 

11 6 
Se - Pt-

15 
Pt - Se Variable 

7 7 
Pt - Se 

4 
Pt - Se 

Not given 

25(1) 6 
Se - Pt 

11 
Se - Pt 

Not given 

25(2)** 25 
Se - Pt 

30 
Se - Pt. 

Not given 

23 9 
Se - Pt 

16 
Se - Pt 

22 
UM - M 

24 12 
Se - Pt 

42 
Se - Pt 

6 
UM - M 

21 75 
Se - Pt 

21 
Se - Pt 

0 

14 Record of t l 
t h i s specim 

tie r e s u l t s obta 
sn are unclear. 

ined with 
see ref.(75) 

10 
Se - Pt 

50 

* ¥.S, = Willoughby Smith's sample, 
** Two sets of measurements under d i f f e r e n t l i g h t i n g 

conditions. 
The d i r e c t i o n of the current obtained when the l i g h t 

illuminated the centre portion i s not c l e a r l y stated; 
there was, however, quite a d e f i n i t e and d i s t i n c t 
difference i n the value of the photocurrent. This 
was a p a r t i c u l a r l y sensitive specimen. 
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Evidently candle and gas flames would not be 
expected to produce much heating, but i n a l a t e r 
experiment when focused sunlight was employed 
heating could have been a problem. As i n most 
cases the photocurrent was i n the d i r e c t i o n Selenium 
to Platinum and Adams and Day assumed that platinum 
stood above selenium i n the thermoelectric series, 
then any thermocurrent would be i n the opposite 
d i r e c t i o n . At the time of t h e i r o r i g i n a l public
a t i o n , (received May 18, 1876), they cited the work 
of Matthiessen who, i n 1858, had published a paper 
dealing with the thermo-electric series.' 
Matthiessen's researches provided data f o r some 
three dozen materials compared with s i l v e r and 
copper, but were generally l i m i t e d i n temperature 
range, and i n the case of selenium seem to have 
concerned one specimen only. I n retrospect t h i s 
might have been important, f o r , as we know the 
properties of selenium depend strongly on the micro-
structure of a p a r t i c u l a r sample, as w e l l as on the 
p u r i t y of the material. However Adams and Day were 
aware that the manufacture of t h e i r c e l l s involved 
modifying the structure of the material and hence, 
possibly, i t s thermoelectric behaviour; t h e i r own 
words indicate that they realised t h i s p o s s i b i l i t y 

O A 
quite c l e a r l y . 

' I t has been suggested that, considering the 
changes produced i n selenium by the process of 
annealing, i t would be well to t r y the thermo-
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e l e c t r i c properties of the several pieces used 
i n the above experiments-.' 

Unfortunately they were not able to obtain 
consistent r e s u l t s and could not, therefore, claim to 
have dispensed w i t h thermoelectricity as a source of 
the 'photocurrent'. The u n r e l i a b i l i t y of the 
r e s u l t s and t h e i r lack of weight can be put down to 
two f a c t o r s , one the v a r i a b i l i t y of selenium i t s e l f , 
(mainly, a r e s u l t of the manufacturing process), and 
two the doubtful experimental procedure they appear 
to have employed. Using focused sunlight as' a 
source they showed that the passage of a current was 
eased when the specimen was- illuminated; t h i s cannot 
be interpreted as the r e s u l t of a photovoltage being 
developed. Without the passage of a current the 
expected photocurrent was obtained. Por producing 
the thermal effects they employed the heat of the 
hand or of a minute a i r - b l a s t obtaining, by t h i s 
means, variable r e s u l t s . About one hal f of t h e i r 
specimens were above platinum, the remainder below 
platinum w i t h no s-ignificant correlation between thermo
e l e c t r i c measurements and the e a r l i e r determinations 
of the photocurrent d i r e c t i o n . A l l that can be 
derived from t h i s section of t h e i r paper i s that 
seleni-um l i v e d up to i t s v a r i a b i l i t y y and that Adams 
and Day thought that the diverse results had some
thing to do with the structure of the selenium 

p-i 
forming t h e i r specimens. 
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' I t - seems to be p r e t t y w e l l established by 
these experiments that the more complete the 
process of annealing, the higher selenium i s 
raised i n the thermoelectric scale; ' 

I t i s not poss-ible, then, to agree that Adams 
and Da37 had established, without doubt:, by these 
experiments that the photocurrent was due solely tbo 
the action of l i g h t ; but: an e a r l i e r inference is' 

op 
more convincing? 

'A thermoelectric current: does not usuallyy a t t a i n 
i t s maximum strength immediately, nor does i t 
cease altogether immediately, a f t e r the w i t b -
drawal of the source of heat. 
I n these experiments we have invariably found 
t h a t , on interposing a screen i n the path of 
the beam of l i g h t , the current immediately 
ceased, and on withdrawing the screen, the 
current was at once renewed i n i t s o r i g i n a l 
strength. The phenomena noticed are exactly 
s i m i l a r to those obs-erved when a tangent 
galvanometer and a galvanic c e l l are joined 
up by a key i n simple c i r c u i t . On closing the 
c i r c u i t , the needle swings at once up t o , and 
then o s c i l l a t e s about i t s ultimate position of 
r e s t , and stays there while the current i s 
passing. On breaking the c i r c u i t , the needle 
at once returns, osxiillates on either side of, 
and then stops at zero. 
During these experiments we were frequently 
struck by the analogy of the two cases, and 
impressed with the idea that c u t t i n g o f f the 
l i g h t was, i n point of f a c t , removing the 
electromotor of the current.' 

This was a f o r c e f u l phanase and a f o r c e f u l 
conclusion. We have alreadj^ remarked on Siemens' 
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response to the discovery which added another l i n k 
to the chain which, by then, had led to the 
formulation of the' law of conservation of energy. 

What i s i t about Adam's and Dayy's* work that 
i t warrants the detailed a t t e n t i o n that i t has been 
given? They proposed no major t h e o r e t i c a l i n 
sights and t h e i r r e s u l t s , often variable, can be 
summarised b r i e f l y i n the following terms, 
1) Selenium has a large positive temperature co

e f f i c i e n t of resistance. 
2) That increasing the current through selenium 

decreased i t s resistance, possibly as a r e s u l t 
of p o l a r i s a t i o n s i m i l a r to e l e c t r o l y t i c polar
i s a t i o n and the strengthj of the current depended 
on the d i r e c t i o n of flow, 

3) The action of l i g h t was to reduce the resistance 
of the selenium, 

4) Change i n e l e c t r i c a l res-istance was proportional 
to the square root of the Illumina t i n g power. 

5) The strength of the polarisation current was 
increased by exposure to l i g h t . 

6) A current was produced i n annealed selenium by the 
action of l i g h t which generated an electromotive 
force among the molecules. 

7) D i f f e r e n t parts of the selenium produced d i f f e r e n t 
e l e c t r i c r e s u l t s ^ 

8) That action of l i g h t alone resulted i n a current 
termed, by them, the photoelectric* current. 

An analysis of these results i s rendered 

* Not to be confused with the photoelectric e f f e c * 
found by Hertz. 
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d i f f i c u l t , f o r not only i s a complete theory of 
the materials they used not f u l l y d e v e l o p e d , b u t 
also precise information on t h e i r experiments and 
the p u r i t y of the selenium they used i s lacking. 
Neither Adams and Day, nor f o r that matter, any 
l a t e r worker u n t i l r e c e n t l y , c o n s i d e r e d i t 
necessary to u t i l i a e extremely pure material i n 
t h e i r researches. I t would be sheer guesswork i f 
an estimate of impurity levels were given, f o r no 
information has come to hand that i s of any d i r e c t 
help. Only i f t h e i r samples were of a p u r i t y 
orders of magnitude better that used by Bidwell, 
(see below), would they have avoided the masking of 
the r e a l properties of pure selenium by the effects 
of i m p u r i t i e s . Our modern theory informs us that 
to examine the properties of semiconductors, 
material of a p u r i t y greater than can be provided 
by chemical methods must be used; or at l e a s t the 
p u r i t y levels must be known to better than one part 
i n a few m i l l i o n . We know from Bidwell's work, 
discussed l a t e r , that a l l his selenium contained 
amounts of s i l v e r and lead, for he cited these as 
neees-sary f o r the formation of selenides; and thus 
one must expect that Adams' Day's samples were 
s i m i l a r l y contaminated. 

I t would be pleasant i f the analyses of t h e i r 
selenium were known, but that i s not the case. We 
can suggest, however, that many of t h e i r results may 
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iDe accounted f o r by the presence of i m p u r i t i e s i n 
t h e i r samples. Examining t h e i r r e s u l t s , one hy one, 
we can put forward possible explanations- f o r them. 

The temperature c o e f f i c i e n t of re s i s t a n c e of 
semiconductors, is, of cours'e, negative f o r i n t r i n s i c 
m a t e r i a l ; although t h i s can be complicated by the 
i n t e r a c t i o n of s c a t t e r i n g phenomena w i t h the thermal 
p r o d u c t i o n of cur r e n t c a r r i e r s . A simple ex
p l a n a t i o n would be t h a t t h e i r selenium was a c t i n g as 
an e x t r i n s i c semiconductor, which would displasy a 
p o s i t i v e temperature c o e f f i c i e n t of r e s i s t a n c e . We 
noted e a r l i e r t h a t there were reported' cases of the 
resistance^ of selenium decreasing w i t h increased 
temperature, and w i l l l a t e r take up t h i s question 
when the work of B i d w e l l i s considered. 

The r e l a t i o n s h i p between in c r e a s i n g cmrrent. and 
decreasing r e s i s t a n c e would be easy, to e x p l a i n i f Adams 
and Day had noted a negative temperature c o e f f i c i e n t 
o f r e s i s t a n c e ; we could simply postulate the d i r e c t 
e f f e c t of Joule h e a t i n g . Their explanation i n terms 
of p o l a r i s a t i o n cannot be accepted f o r reasons 
suggested above (p 49 ) and also i n l i g h t of the f a c t 
t h a t p o l a r i s a t i o n mightt be expected to decrease the 
c u r r e n t , ( i . e . increase the r e s i s t a n c e ) ; but i f we 
take t h i s observation together w i t h t h e i r c l e a r 
demonstration of r e c t i f y i n g a c t i o n then we can suggest 
t h a t they were, perhaps, observing the e f f e c t of 
s e q u e n t i a l breakdown w i t h i n the selenium. I t i s more" 
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l i k e l y t h a t the phenomenon was purely a surface 
e f f e c t , a p o i n t made hy Sraitili. Nevertheless 
i t i s impossible t o ignore t h e i r d e t e c t i o n o f , what 
f o r want of a b e t t e r term, can be r e f e r r e d to as 
' p o l a r i s a t i o n ' . Their r e s u l t s seem to i n d i c a t e , 
q u i t e c l e a r l y , t h a t a f t e r the passage of a current: 
i n one d i r e c t i o n through t h e i r samples, they could 
a f terwards o b t a i n a c u r r e n t i n the opposite d i r e c t i o n , 
which w h i l e was s m a l l , s u b s t a n t i a l enough f o r 
measurement.. We cannot r e j e c t p o l a r i s a t i o n e f f e c t s 
out o f hand but we can c l a i m t h a t i f p o l a r i s a t i o n 
e x i s t e d t h e i r demonstrations did not show, un
e q u i v o c a l l y , i t s presence. 

The existence of ph o t o c o n d u c t i v i t y i s simply 
understandable i n terras o f the generation of c u r r e n t 
c a r r i e r s w i t h i n the selenium; t h a t the change of 
r e s i s t a n c e should be p r o p o r t i o n a l to the square r o o t 
of the i n t e n s i t y of i l l u m i n a t i o n i s more d i f f i c u l t 
t o e x p l a i n . A l l t h a t can be said i s t h a t w i t h low 
l e v e l s of i l l u m i n a t i o n the resistance should change 
i n p r o p o r t i o n to the i l l u m i n a t i o n , but as a simple 
a n a l y s i s ignores- the complex e f f e c t s of recombination 
and t r a p s and l i f e t i m e s on the generated c a r r i e r s our 
e x p l a n a t i o n of t h i s i n t e r e s t i n g r e s u l t can only, be 
incomplete. 

The d i s c o v e r y j t h a t selenium i l l u m i n a t e d by 
l i g h t could generate an e l e c t r i c c u r r e n t was the 
f i r s t r e p o r t i n g of the p h o t o v o l t a i c e f f e c t . This, 
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now known to be due t© the production of electrons 
and holes near the r e g i o n of a j u n c t i o n , was another 
l i n k i n the chain of the conservation of energy, 
showing t h a t the d i r e c t conversion of l i g h t t o 
e l e c t r i c i t y was p o s s i b l e . Only Siemens®"^ appears 
t o have been s t r u c k by t h i s ; but the general 
acceptance of the law made such d i s c o v e r i e s l i k e l y 
r a t h e r than s u r p r i s i n g . Although there are h i n t s 
i n Adams' and Day's p u b l i c a t i o n t h a t the currents 
were, more o f t e n than not, produced i n the r e g i o n 
of the electrodes of t h e i r samples i t cannot be 
claimed t h a t they had demonstrated the importance 
of j u n c t i o n s . This reading of t h e i r discovery/ 
i s s l i g h t l y a t variance w i t h the manner i n which t h i s 

go 
r e s u l t i s r e p o r t e d by Lark-Horovitz. 

'The f i r s t photoelement of t h i s l a y e r type was 
the selenium c e l l produced by Adams and Day 
i n 1876. I n t h i s a l l e l e c t r o n i c c e l l a photo
v o l t a i c e.m.f, was observed; ' 

The d i f f e r e n c e , although one of emphasis, i s 
im p o r t a n t , Lark-Horovitz' choice of words im p l y a 
more or less determined attempt, on the p a r t of 
Adams, to produce' a b a r r i e r l ayer p h o t o v o l t a i c c e l l , 
whereas, i n f a c t , t h e i r discovery was ' a c c i d e n t a l ' . 

They expressed no awareness t h a t the e f f e c t 
was developed i n the b a r r i e r l ayer e i t h e r between 
the electrodes and the selenium or a t the surface o f 
the m a t e r i a l and only w i t h hindsight, can we a c c r e d i t 
them w i t h t h i s discovery. For. them the e f f e c t 
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remained t o be explained; they d i d not even put 
forward a t e n t a t i v e account i n terms of the 
e l e c t r o l y t i c mechanism they supposed was operating. 

Nevertheless i n s p i t e of the i r r e g u l a r nature 
of t h e i r r e s u l t s , and the inherent: weakness of t h e i r 
suggested e x p l a n a t i o n , t h e i r work i s important. I t s 
importance stems not only from e a r l y p u b l i c a t i o n and 
the existence of a c l e a r p r i o r i t y of discovery but; 
a l s o because the work they d i d was- r e f e r r e d t o by 
many of those who f o l l o w e d t h e i r lead. Their 
r e s u l t s were not s u b s t a n t i a l l y a l t e r e d and the 
e l e c t r o l y t i c hypothesis they h i n t e d a t formed the 
basis f o r some experimental and t h e o r e t i c a l work f o r 
a number of years. 

Por example i n an a r t i c l e published i n Wireless 
World (1915) concerned w i t h the p r o p e r t i e s of selenium 
the work of Adams and Day was r e f e r r e d to i n the 
f o l l o w i n g w o r d s ^ . 

•The most g e n e r a l l y accepted theory^ i s t h a t put 
forward by P r o f s . Adams and Day, i n 1877, the 
r e s u l t s of t h e i r exhaustive i n v e s t i g a t i o n s lead
i n g them t o suppose t h a t the " e l e c t r i c a l conduct
i v i t y of selenium i s e l e c t r o l y t i c , ' " 

Yet the e l e c t r o l y t i c idea was not the only one 
proposed by Adams and Day f o r i n a s l i g h t l y e a r l i e r , 

QQ 
and much s h o r t e r p u b l i c a t i o n they wrote. 

' L i g h t , as we know, i n the case of some bodies 
tends t o promote c r y s t a l l i s a t i o n , and when i t 
f a l l s upon a s t i c k of selenium tends to promote 
c r y s t a l l i s a t i o n i n the e x t e r i o r l a y e r , and 
t h e r e f o r e t o produce a flow of energy from 
w i t h i n outwards-, which under c e r t a i n circumstances 
appears i n the case of selenium to produce an 
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e l e c t r i c c u r r e n t . The c r y s t a l l i s a t i o n 
produced i n selenium by l i g h t may also account 
f o r the d i m i n u t i o n i n the r e s i s t a n c e o f the 
selenium when a c u r r e n t from a b a t t e r y i s 
passing through i t , f o r i n changing to the 
c r y s t a l l i n e s t a t e , selenium becomes a b e t t e r 
conductor.' 

However the mechanism of c u r r e n t f l o w remained 
e l e c t r o l y t i c . 

Hence by 1877 two t h e o r i e s were a v a i l a b l e 
t o account f o r the e l e c t r i c a l p r o p e r t i e s of selenium, 
a t l e a s t i n p a r t ; the proposals of Siemens (above 
p 41 ) used the known existence of several a l l o -
t r o p i c forms and t h e i r (supposed) i n t e r c o n v e r s i o n , 
w h i l e those of Adams and Day appealed to e l e c t r o l y s i s . 
The work of B i d w e l l , t o be described s h o r t l y , u t i l i s e d 
the l a t t e r theory, w h i l e the discovery of the e l e c t r o n 
and i t s use t o give a q u a l i t a t i v e account of the 
conduction of e l e c t r i c i t y through solids- was l a t e r 
t o be employed v i a m o d i f i c a t i o n s of Siemens' ideas. 

6. The Seat of R e c t i f i c a t i o n i n Selenium and the 
R e a l i t y of P h o t o c o n d u c t i v i t y . 

A year a f t e r the p u b l i c a t i o n of Adams' and 
Day's extensive researches (1877) Robert Sabine^-'' 
produced a paper^ d e t a i l i n g the r e s u l t s of e x p e r i 
ments which 'were undertaken w i t h the view of removing, 
i f p o s s i b l e , some of the d i f f i c u l t i e s which I had 
found i n the way of c o n s t r u c t i n g constant resistances 
of c r y s t a l l i n e selenium.'^^ Although he d i d not 
achieve h i s main aim, i t being 'evident t h a t selenium 
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is', from i t s p e c u l i a r nature, a very unsuitable 
m a t e r i a l ' ^ f he put forward the important conclusions 
t h a t the r e c t i f y i n g a c t i o n of selenium was an e f f e c t 
o f the electrode - selenium j u n c t i o n and t h a t the 
photoconductive p r o p e r t y o f selenium was a r e s u l t of 
a c t u a l r e s i s t a n c e changes r a t h e r than due to the 
pr o d u c t i o n of an electr o m o t i v e f o r c e . He agreed 
w i t h Adams and Day t h a t the pro p e r t i e s of selenium 
c o u l d , i n the main, be explained as surface effects-, 
but d i d not s p e c i f i c a l l y conclude t h a t the conductivits? 
o f selenium was e l e c t r o l y t i c . His explanations of 
the l i g h t s e n s i t i v e p r o p e r t i e s of selenium were, he 
admitted, t e n t a t i v e and were expressed i n extremely 
vague t e r m s . H e was content merely t o h i n t a t 
po s s i b l e mechanisms, re c o g n i s i n g , perhaps, t h a t the 
s t a t e of t h e o r e t i c a l and e m p i r i c a l knowledge was not 
s u f f i c i e n t l y advanced f o r d e f i n i t e conclusions to be 
advanced. Nevertheless the methods he used to 
s u b s t a n t i a t e h i s two major conclusions are i n t e r e s t i n g , 
enough t o warrant a s h o r t examination. 

He pointed out, q u i t e r i g h t l y , t h a t i t was noti 
known whether the r e s i s t a n c e of a selenium c e l l resided 
i n the junctions' w i t h the electrodes or i n the mass of 
the m a t e r i a l . He probably knew t h a t f o r some sub
stances, carbon f o r example,^'^ the res i s t a n c e t o the 
f l o w of e l e c t r i c a l c u r r e n t s was a f u n c t i o n of the 
mechanical p e r f e c t i o n of the contact between metal and 
carbon, and hence t h a t some j u n c t i o n e f f e c t might 
operate i n s-elenium r e s i s t a n c e s . Thus by employing 
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a multi-element^ connection he was able to 
measure the re s i s t a n c e s of the j u n c t i o n s and of the 
body of the selenium. He showed t h a t : - ^ ^ 

' a larger p o r t i o n of the observed 
r e s i s t a n c e of a so - c a l l e d selenium r e s i s t a n c e 
may, and f r e q u e n t l y does, re s i d e i n the 
j u n c t i o n s and not i n the selenium.' 

His r e s u l t s i n d i c a t e t h a t as much as a t h i r d of 
the r e s i s t a n c e of a bar of selenium might be due to 
the j u n c t i o n regions.''"^^ His i n t e r e s t then s h i f t e d 
t o determining the seat ( h i s word) of the change of 
r e s i s t a n c e when the d i r e c t i o n of c u r r e n t f l o w was 
reversed. Adams and Day had f i r s t reported t h i s 
phenomenon but d i d not i n v e s t i g a t e the r e l a t i v e 
c o n t r i b u t i o n s of j u n c t i o n s and mass of m a t e r i a l . 
Sabine's method was t o maintain a constant current-
through the selenium on r e v e r s a l of d i r e c t i o n hoping, 
thereby, to d i s t i n g u i s h between r e s i s t a n c e changes 
and p o l a r i s a t i o n e f f e c t s . This was an important 
d i s t i n c t i o n to attempt. Unfortunately i t f a i l e d 
f o r : - 1 0 1 

' the m a j o r i t y of specimens of 
c r y s t a l l i n e selenium d i d not a l t e r s u f f i c i e n t l y 
t o a f f o r d d e f i n i t e evidence; and those r e c e n t l y 
prepared specimens which showed a considerable 
change g e n e r a l l y gave unsteady readings,' 

He claimed more success i n determining the 
seat of r e c t i f i c a t i o n , c l e a r l y being of the op i n i o n 
t h a t i t occurred a t the j u n c t i o n . His measurements 
were d i r e c t determinations of the resistances of the 

j u n c t i o n s and the selenium. E f f e c t i v e l y he compared 
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the r e s i s t a n c e of h i s c e l l s and j u n c t i o n s w i t h 
two f i x e d values of the c u r r e n t f l o w i n g i n eachi 
d i r e c t i o n . His argument was t h a t a d i f f e r e n c e 
between the values of the resistances measured 
under opposite c o n d i t i o n s would i d e n t i f y the seat, 
of the e f f e c t . The discrepancies he found-^^^, 
though not l a r g e , were s u f f i c i e n t l y marked f o r him 
to c l a i m f o r the junctions"'"^^ ' t h a t i n them, and not 
i n the selenium, l i e s the change i n question', ( t h a t 
i s the dependence of the resistance of a selenium 
c e l l on the d i r e c t i o n of cu r r e n t f l o w . ) 

Sabine confirmed Adams' and Day's discovery'^^^ 
of the p h o t o - v o l t a i c e f f e c t and showed t h a t the 
th e r m o e l e c t r i c voltages were the same i n type and 

105 
d i r e c t i o n as those produced by l i g h t ; i n 
a d d i t i o n he devised an argument t h a t d i f f e r e n t i a t e d 
between the two p o s s i b i l i t i e s , as he saw i t , t h a t 
the l o w e r i n g of re s i s t a n c e was e i t h e r a d i r e c t 
e f f e c t or was due to the production of an e l e c t r o 
motive f o r c e i n the same d i r e c t i o n as the b a t t e r y 
c u r r e n t . His argument i s s u f f i c i e n t l y i n t e r e s t i n g 
to quote i n f u l l : - - ' - ^ ^ 

'Let the re s i s t a n c e between the wires of the 
selenium p l a t e and of the galvanometer be r , 
the e l e c t r o m o t i v e f o r c e of the measuring 
b a t t e r y be E, and the observed current c. 
On a d m i t t i n g l i g h t the current increases to c', 
and one of two things must have happened. 
E i t h e r (1) the increment of c u r r e n t be due to 
a decrement (x) of r e s i s t a n c e , i n which case 
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c = I has changed t o c' = ^ 

^ ' ^ ' - ^ • ( I ) 
or ( 2 ) the increment of cu r r e n t i s due t o a 
photo-electromotive f o r c e (y) i n the selenium, 
i n which case 

c = - has changed t o c' = ^ ^ 

J = E £ ^ _ £ 
With a s i n g l e measurement i t i s , of course, 
impossible to discriminate between the two 
cases: but by a known augmentation of b a t t e r y 
and of r e s i s t a n c e , i t i s easy to f i n d which 
s u p p o s i t i o n a f f o r d s the b e t t e r argument. 
I increased E t o 2E and i n s e r t e d a known 
r e s i s t a n c e (r-j^) as n e a r l y equal to r as I 
could make i t . The r e s u l t i n g c u r r e n t , when 
the selenium was i n the dark, was c-j^; and i t 
increased to Cg when subjected to the same 
source of l i g h t as before. Then e i t h e r 

2E 2E 
°1= r - T ~ - r ^ ^ °2 = r + r.,̂  - x"-

X = 2E " 
C2 ĉ ^ 

or 
c, changes to Cr, = ^ 

r + r ^ 
Co - c-,, 

y = 2E 1' ( I V ) 
°1 

I t i s p l a i n t h a t , i f the values of (x) c a l c u l a t e d 
by ( I ) and ( I I I ) agree b e t t e r than those of y 
c a l c u l a t e d by ( I I ) and ( I V ) , the change must be 
due t o r e s i s t a n c e , ' 

Sabine's experimental t e s t of t h i s theory^^''' 
showed f a i r l y c o n c l u s i v e l y t h a t a r e a l resistance 
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e f f e c t s of l i g h t ; thereby demonstrating t h a t the 
p h o t o - v o l t a i c and photo-conductive e f f e c t s were 
d i s t i n c t . Sabine's h i n t s t h a t p h o t o - v o l t a i c e f f e c t s 
and r e c t i f i c a t i o n were p r o p e r t i e s of the junction) 
r e g i o n r e i n f o r c e d the op i n i o n already proposed by 
Braun-*-^^ and noted by Schuster"'"^^ but were not t o be 
i n v e s t i g a t e d w i t h much thoroughness u n t i l the opening 
years of t h i s century f o r two reasons. F i r s t the 
photoconductive process was more i n t e r e s t i n g f o r 
p r a c t i c a l purposes, and secondly the main theory used 
to account f o r the p r o p e r t i e s of selenium, e l e c t r o l y 
s i s , although concerned w i t h the i n t e r a c t i o n s between 
e l e c t r o l y t e s and ele c t r o d e s , was not exclusively-
l i m i t e d t o the j u n c t i o n regions. 

7, The Researches of Shelford B i d w e l l . 
The main researcher i n t o the p r o p e r t i e s of 

selenium was Shelford Bidwell'^"^"'' who i n a series of 
papers published between 1881 and 1895 examined most 
of the d i s c o v e r i e s made by Adams and others. B i d w e l l 
was p r i m a r i l y i n t e r e s t e d i n the l i g h t s e n s i t i v e 
p r o p e r t i e s and paid l i t t l e a t t e n t i o n to the r e c t i f i 
c a t i o n t h a t occurred i n selenium. He became 
convinced e a r l y i n h i s work th a t the c o n d u c t i v i t y 
was not merely analogous to the process of e l e c t r o l y s i s 
but t h a t t h i s was, indeed the mechanism of charge f l o w . 

He commenced h i s researches when the process 
of e l e c t r o l y s i s was not a t a l l w e l l understood, but 
by the time of h i s f i n a l paper, t o which reference 
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w i l l be made l a t e r , the work of Arrhenius added 
to t h a t of e a r l i e r researches had f i x e d f a i r l y 
c o n c l u s i v e l y the processes o f e l e c t r o l y s i s ; from 
then the p o s s i b i l i t y o f marked e l e c t r o l y s i s occurr
i n g i n s o l i d s became extremely remote. However f o r 
n e a r l y f i f t e e n years B i d w e l l pursued the idea w i t h 
considerable single-mindedness, e v e n t u a l l y , however, 
being faced w i t h the conclusion t h a t the e f f e c t s he 
had found may have been due to the presence of 
moisture i n h i s samples. Although he added l i t t l e 
t o the knowledge o f the p r o p e r t i e s of selenium or 
other semiconductors', h i s experiments were i n 
geniously c o n s t r u c t e d , and were i n t e r p r e t e d by him 
d i r e c t l y as t e s t s of the existence of e l e c t r o l y s i s . 
Indeed he produced some remarkable r e s u l t s which 
only became c l e a r i f the presence of moisture i s 
assumed; f o r otherwise they suggest a considerable 
c o n t r i b u t i o n by e l e c t r o l y s i s to the e l e c t r i c a l 
c o n d u c t i v i t y of selenium. 

I n the 'Whiggish' sense the work of B i d w e l l 
can be dismissed; f o r the t h e o r e t i c a l constructs 
he produced were based on insecure foundations and 
they appear t o have l e d nowhere. However the work 
demonstrates w i t h great c l a r i t y , how the adoption of 
a p a r t i c u l a r p i c t u r e of conduction preformed both 
the d i r e c t i o n and the i n t e r p r e t a t i o n of research. 

W i t h i n h i s work there was one l o n g - l a s t i n g 
' c o r r e c t ' r e s u l t ; h i s c l a r i f i c a t i o n of the temp
er a t u r e dependence of the resistance of selenium. 



- 7/0 -
I n an e a r l y p u b l i c a t i o n l l ^ (1881) he had t h i s to say 

115 
on the r e s i s t a n c e of selenium. 

' I n t h i s matter, too, there i s a remarkable 
discrepancy between the a u t h o r i t i e s . Professor 
Adamsll^ says t h a t an increase of temperature 
increases the r e s i s t a n c e of selenium 

115 
Dr, G u t h r i e , Messrs, Draper and Moss ^ and 
others make the d i r e c t l y opposite assertions 
t h a t the r e s i s t a n c e of selenium diminishea 
w i t h heat,' 

B i d w e l l disposed o f t h i s discrepancy f a i r l y promptly 
although not w i t h o u t some, apparently random 
va r i a t i o n s - , f o r i n the same p u b l i c a t i o n he states-: 

' , i t seemed as i f the selenium was-
possessed by a demon which produced the 
v a r i a t i o n s i n accordance w i t h the caprices o f 
i t s own unaccountable w i l l . At l e n g t h , when 
the c onfusion was a t i t s height and the demon 
most b e w i l d e r i n g , the t r u e explanation was-
suddenly revealed, and so exceedingly simple i s 
i t t h a t now the only marvel i s t h a t i t should 
so long have eluded discovery. The secret of 
the matter" i s t h i s : and i t discloses one of the 
most remarkable p r o p e r t i e s of t h i s most remark
able substance. There i s a c e r t a i n degree of 
temperature a t which a piece of c r y s t a l l i n e 
selenium has a maximum r e s i s t a n c e . I f a piece 
of selenium a t t h i s temperature i s exposed to 
e i t h e r heat or c o l d , , i t s r e s i s t a n c e 
w i l l be a t once diminished; and extremes- of 
e i t h e r produce a f a r greater v a r i a t i o n than i s 
ever e f f e c t e d by the a c t i o n of l i g h t . ' 

B i d w e l l had demonstrated what i s now a w e l l 
known p r o p e r t y of s-emiconductors t h a t the te^aperature 
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c o e f f i c i e n t of r e s i s t a n c e a l t e r s i n s i g n from 
p o s i t i v e to negative as the temperature i s r a i s e d . 
His f i r s t experiments were followed two years- l a t e r 
by more c a r e f u l determinations and i n an 1883 papeir̂ ''"'̂ ' 
he determined the temperature a t which the maximum 
r e s i s t a n c e occurred; f o r eight c e l l s t h i s - p o i n t 
l a y between 13°C and 30°C. By- 1895 he had found 
t h a t the v a r i a t i o n of r e s i s t a n c e w i t h temperature 
was s e n s i t i v e t o the method of a t t a c h i n g electrodes. 
He r e p o r t e d t h a t : - ^ ^ ^ 

'On f u r t h e r i n v e s t i g a t i n g the subject I have 
tra c e d t h i s curious f a c t to the a c t i o n of the 
f u s e d - i n e l e c t r o d e s . So f a r as I know . . . 
a piece of c r y s t a l l i n e Se i n t o which wires' 
have been fused alwa;yss acquires a maximum, / 
res-istance a t a c e r t a i n temperature. On/the 
other hand, the r e s i s t a n c e of a piece h^Aring 
e x t e r n a l electrodes pressed i n t o c o n t a ^ w i t h 
i"'' i s always diminished by a r i s e of temperatures' 

B i d w e l l concluded t h a t the normal e f f e c t was 
the r e d u c t i o n of r e s i s t a n c e w i t h r i s i n g temperature; 
the i n i t i a l r i s e being caused by the d i f f e r e n t i a l 
expansion between the metal electrodes and the selenium. 

B i d w e l l ' s work on selenium was concerned w i t h 
the p r o d u c t i o n of repeatable r e s u l t s and w i t h the 
l i g h t s e n s i t i v e p r o p e r t i e s , p a r t i c u l a r l y photoconduct
i v i t y . I n h i s search f o r consistency he i n v e s t i g a t e d 
the e f f e c t s of i m p u r i t i e s and methods of manufacture. 
His s-tudy of the photoconductive phenomena, and other 
e l e c t r i c a l properties-, was governed by h i s e a r l y 



- 72 -

b e l i e f t h a t the e l e c t r i c a l p r o p e r t i e s of selenium 
could be accounted f o r by e l e c t r o l y s i s . During 
h i s f i f t e e n years of research- h i s work fo l l o w e d a 
c l e a r l y d i s c e r n i b l e p a t t e r n . Beginning by repeat
i n g the work of Adams and Day he adopted the 
e l e c t r o l y t i c hypothesis which he attempted to 
demonstrate by a se r i e s of experiments, t h a t were 
not r e s t r i c t e d t o selenium but encompassed e x p e r i 
ments on sulphur and carbon and various sulphides. 
F i n a l l y he showed t h a t many of the r e s u l t s he had 
discovered could be the secondary e f f e c t s of ad-
sorbed mois'fcure. ^ 

B i d w e l l was impressed, as were many others, 
by selenium's r e a c t i o n t o i l l u m i n a t i o n . He o f t e n 
r e f e r r e d t o the 'remarkable property' or the 
'curious- p r o p e r t y ' of selenium to lower i t s r e s i s t 
ance when i r r a d i a t e d by v i s i b l e l i g h t , B i d w e l l 
was a cautious reader of the l i t e r a t u r e a p p e r t a i n i n g 
t o h i s research and i n the f o l l o w i n g paragraphs h i s 
published papers w i l l be used not only to provide 
i n f o r m a t i o n o f h i s own f i n d i n g s but to introduce 
some experimental r e s u l t s t h a t were produced by 
other workers. 

I n an e a r l y publication-'-^°(1885) he opened 
the d i s c u s s i o n on the possible e l e c t r o l y t i c 
c haracter of c u r r e n t f l o w i n selenium w i t h a reference 
t o Adams and Daji?!^! w r i t i n g t h a t 'As the r e s u l t s of 
numerous experiments, these gentlemen were led t o 
form the o p i n i o n t h a t "the e l e c t r i c a l c o n d u c t i v i t y 
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of selenium i s e l e c t r o l y t i c " . B i d w e l l pointed 
out, q u i t e c o r r e c t l y , t h a t Adams and Day had not 
considered t h a t the a c t u a l behaviour of the selenium 
was' due to e l e c t r o l y s i s - , but 'rather t h a t the 
molecular s t r u c t u r e or c r y s t a l l i n e c o n d i t i o n of the 
substance was a l t e r e d or modified by the a c t i o n of a 
c u r r e n t of e l e c t r i c i t y i n such a manner as to 
produce e f f e c t s analogous- to those which would have 
occurred i f the selenium were an e l e c t r o l y t e and 

123 
actuall35'decomposed by the c u r r e n t . ' ^ B i d w e l l 
had i n mind, of course, an e l e c t r o l y t i c mechanism. 
His b e l i e f was supported, he thought, by a form of 
selenium c e l l described i n 1883 by C.E. F r i t t s of 
New York.-"-^^ -̂ ^̂  The e s s e n t i a l f e a t u r e s of F r i t t s ' 
c e l l were t h a t the s e n s i t i v e substance occupied the 
centre o f a sandwich whose extremities' were formed of 
a trans^parent e l e c t r o d e , a t h i n f i l m of gold l e a f f o r 
example, and a t h i c k base electrode w i t h which the 
selenium would combine. P r i t t s - ' reasons f o r t h i s 
method of cons-truction were d i c t a t e d by his- i n t e r 
p r e t a t i o n of the experimental s i t u a t i o n . He began 
one p u b l i c a t i o n w i t h the paragraph:-

' I n a l l previous c e l l s , so f a r as I am aware, 
the two p o r t i o n s or pa r t s of the selenium, a t 
which the c u r r e n t enters and leaves i t , have 
been i n s u b s t a n t i a l l y the same e l e c t r i c a l 
s t a t e or c o n d i t i o n . Furthermore, the paths 
of the c u r r e n t and of the l i g h t have been 
transverse t o each other, so t h a t the two 
for c e s p a r t i a l l y n e u t r a l i s e each other i n t h e i r 
a c t i o n upon the selenium. L a s t l y the cu r r e n t 
flows through not only the surface l a y e r which 
i s acted upon by the l i g h t , but also through the 
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p o r t i o n which i s underneath and not a f f e c t e d 
thereby, and which t h e r e f o r e d e t r a c t s from the 
a c t u a l e f f e c t of the l i g h t upon the selenium 
a t the surface,' 

This concept of a ' c o n f l i c t ' between two 
o'pposite 'forces' i s obscure i n meaning and c a r r i e s 
overtones- of Naturphi 1 osophie and was not f u r t h e r 
explained. Even i f based on f a l s e reasoning, h i s 
method of p r o d u c t i o n r e s u l t e d i n devices t h a t were 
r e l a t i v e l y r e l i a b l e and c e r t a i n l y extremely 
s e n s i t i v e to the a c t i o n of l i g h t . With them he 
confirmed most of Adams' and Day's r e s u l t s and 

127 
included two ex t r a f i n d i n g s . The c e l l s he made 
were extremely s e n s i t i v e ; he reported r e s i s t a n c e 
changes by factors- of up t b 337/'.5 between darkness 
and s u n l i g h t ; and he noted r e c t i f i c a t i o n w i t h 
forward/reverse res-istance r a t i o s up to 1/22; and 
the photo-voltages he detected were s u f f i c i e n t to 
a f f e c t a telephone d i r e c t l y , W i t h o u t doubt the 
su p e r i o r p r o p e r t i e s of h i s c e l l s were due to t h e i r 
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method o f c o n s t r u c t i o n . Yet what impressed 
B i d w e l l was not t h i s but the i n f e r e n t i a l support 
given t o h i s concept of e l e c t r o l y s i s , F r i t t s gave 
no d e s c r i p t i o n of the causes of the phenomena he 
i n v e s t i g a t e d , b u t t B i d w e l l w r o t e : - l ^ l 

' I t i s impossible tto read Mr. F r i t t i ' paper 
w i t h o u t being impressed by the resemblance 
of some of the phenomena which he describes 
to those of e l e c t r o l y s i s . The mere arrange
ment of the apparatus - two m e t a l l i c p l a t e s 
w i t h a t h i r d substance between them - i s i n 
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i t s e l f s t r o n g l y suggestive; while the un
equal r e s i s t a n c e o f f e r e d "by the two s u r f a c e s , 
and the generation of an independent e l e c t r o 
motive f o r c e , i n conjunction w i t h the 
p o l a r i s a t i o n - e f f e c t s above r e f e r r e d to, make 
i t hard to b e l i e v e t h a t the conduction of 
selenium ( i n the form used i n experiments) i s 
not t r u l y and l i t e r a l l y e l e c t r o l : ^ i c . 

Be t h a t as i t may there was one profound 

problem opposing t h i s suggestion; 'the only 

c o n s i d e r a b l e d i f f i c u l t y i n the way of t h i s 

h y pothesis a r i s e s from the f a c t t h a t s^elenium i s 

not. an e l e c t r o l y t e . • ^ B i d w e l l knew t h a t selenium 

was considered to be an element and i t seemed un

l i k e l y t h a t t h i s p o s i t i o n would be changed; but. 

he saw i n F r i t t s ' paper a way out of t h i s impasse; 

f o r " ' 

'He spreads the selenium upon a p l a t e of metal 
w i t h which i t w i l l form a chemical combination. 
Now selenium w i l l , I b e l i e v e , combine more or 
l e s s e a s i l y w i t h a l l metals, forming s e l e n i d e s ; 
and i n experiments upon the c o n d u c t i v i t y of 
selenium, i t has been usual to submit the 
substance to prolonged heating i n contact w i t h 
m e t a l l i c e l e c t r o d e s . ' 

Thus B i d w e l l ' s s t r u c t u r a l p i c t u r e began to 

emerge, and on t h i s he b u i l t up a theory of e l e c t r o 

l y t i c a c t i o n i n selenium. The e l e c t r o l y s i s was not 

to be found i n the selenium i t s e l f , f o r i t i s an 

element, but i n the i m p u r i t i e s present, p a r t i c u l a r l y 

selenides-; the c o n d u c t i v i t y was not a f u n c t i o n of 

the s e l e n i d e s alone but how they were incorporated i n 

•̂ My emphasis 
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the selenium. He supposed that there was a formal 

analogy between the p u t a t i v e s e l e n i d e s i n selenium 

and the a c t u a l behaviour of a mixture of carbon and 

sulphur. Sulphur i t s e l f was a non-conductor but a 

mixture of carbon and sulphur allowed a c u r r e n t of 

e l e c t r i c i t y to pass. B i d w e l l had c a r r i e d out some 
1 •54. 

i n v e s t i g a t i o n s on t h i s mixture -̂ ^ and quoted the 

r e s u l t s i n favour of h i s p i c t u r e of conduction i n 

selenium. He pointed out that w h i l e a mixture of 

sulphur and carbon conducted e l e c t r i c i t y , a s i m i l a r 

r e s u l t did not occur i f the sulphur was replaced by 

s h e l l a c . The d i f f e r e n c e was accounted f o r by a 

s t r u c t u r a l argument. -̂ ^ 
'The e x p l a n a t i o n which I have given of these 
f a c t s , and i n support of which'la number of 
experiments are quoted i s as f o l l o w s : -
The f i r s t mixture does not c o n s i s t of a 
uniform s t r u c t u r e l e s s mass of sulphur,. , . : 
i t i s i n f a c t an aggregation of l i t t l e c r y s t a l s 
of sulphur w i t h carbon packed between them 
l i k e mortar between b r i c k s . The conduction,, 
[ o c c u r s ] , , through the carbon p a r t i c l e s , which 
., [extend] . . , i n a s e r i e s of chains from 
end to end of the mass. I n the case of the 
s h e l l a c mixture, the r e s i s t a n c e - i s 
. . . . i n f i n i t e , because the s t r u c t u r e l e s s 
s h e l l a c penetrates between and completely 
surrounds the carbon p a r t i c l e s , ' 

Hence B i d w e l l could give a q u a l i t a t i v e account 

of the conduction by c r y s t a l l i n e s-elenium while the 

v i t r e o u s v a r i e t y remained an i n s u l a t o r . I n the 

former the s t r u c t u r e of the m a t e r i a l allowed the 
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'chains' of s-elenides to form, while i n the l a t t e r 

i t d i d not. That commercial selenium contained 
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many m e t a l l i c i m p u r i t i e s was w e l l known and these 

could have formed conducting s e l e n i d e s . Through

out a l l of B i d w e l l ' s work i t remained an open question 

as to whether s e l e n i d e s were, i n f a c t , formed; but 

he thought i n 1883'^^^ t h a t he had c i r c u m s t a n t i a l 

evidence t h a t the c o n d u c t i v i t y of selenium that had 

been i n c o n t a c t w i t h copper possessed a much lower 

r e s i s t i v i t y than 'pure-' selenium; the two d i f f e r i n g 

i n r e s i s t i v i t y by three orders of magnitude. He 

d i d not know whether p e r f e c t l y pure selenium would 

possess' an i n f i n i t e r e s i s t i v i t y , he only r e q u i r e d 

t h a t t h i s should be very high compared w i t h the 

v a l u e s f o r impure specimens. 

I f i t were granted, then, t h a t the' selenium i n 

use contained s e l e n i d e s which were conductors, and 

t h a t these compounds were embedded i n a matrix of 

c r y s t a l l i n e selenium then s e v e r a l e m p i r i c a l f a c t s 

could be accounted for."'"^^ 

1. The r e d u c t i o n of r e s i s t a n c e by annealing; a 

chemical and a s t r u c t u r a l e f f e c t , 

2. The r e s i s t a n c e of the c e l l s depending on the 

m a t e r i a l of the e l e c t r o d e s ; a matter of chemical 

a f f i n i t y . 

3. The dependence of r e s i s t a n c e on b a t t e r y power; 

the ' d i s r u p t i v e ' nature of the c u r r e n t flow."^'''^ 

4. The apparent ' s e t ' of the molecules as described 

by Adams and Day; a d e p o s i t i o n of selenium upon 

the anode. 
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5. E l e c t r o l y s - i s ; r e s u l t i n g i n p o l a r i s a t i o n e f f e c t s , 
6. The v a r i a t i o n of the r e s i s t a n c e of selenium with 

temperature; the r e s u l t of two competing processes. 

F i r s t the mechanical c o n t a c t between the s e l e n i d e s 

would, due to d i f f e r e n t i a l expansion, become l e s s 

sure as the temperature rose r e s u l t i n g i n an i n 

c r e a s e of r e s i s t a n c e ; second the s p e c i f i c r e s i s t a n c e 

of the s e l e n i d e s was supposed to possess a negative 

temperature c o e f f i c i e n t of r e s i s t a n c e ; t a k i n g the 

two together would produce the observed v a r i a t i o n of 

r e s i s t a n c e w i t h temperature. 

7. The d i m i n i s h i n g of the r e s i s t a n c e of Adams' and 

Day's c e l l s w i t h time; a t t r i b u t e d to the slow 

formation of s e l e n i d e by combination with the f r e e 

selenium assumed to have been produced by e l e c t r o l y s i s . 

I t was l a t e r to emerge that he envisaged the 

e f f e c t of l i g h t on selenium as a photo-chemical a c t i o n ; 

the q u a n t i t y of s e l e n i d e s i n the selenium would be 

i n c r e a s e d by l i g h t , thus a l l o w i n g an i n c r e a s e d 

e l e c t r o l y t i c c u r r e n t to be maintained. But i n 1885 

he had no c e r t a i n evidence that s e l e n i d e s e x i s t e d i n 

selenium; t h i s was a question that was 'only to be 

s e t t l e d by the a i d of r e f i n e d chemical operations 
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which I am incompetent to undertake; ' However the 

ready account of the e f f e c t s t h at could be given by 

h i s s p e c u l a t i v e p i c t u r e was obviously appealing; i t 

was based on accepted modes of c u r r e n t t r a n s p o r t , and 

known chemical f a c t s . We have al r e a d y suggested 
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(p 7'6 above) t h a t the evidence he held was c i r 
c u m s t a n t i a l and i n d i r e c t but B i d w e l l added more 
ob s e r v a t i o n s , which by analogy, were to be read as 
c o n f i r m a t i o n of h i s theory. 

The chemical and p h y s i c a l s i m i l a r i t y between 

selenium and sulphur had l e d to attempts to produce 

a sulphur c e l l which would a l s o be s e n s i t i v e to 

l i g h t , although, as- B i d w e l l reported,"''^^ such 

attempts- had f a i l e d . D r i v e n by h i s picture' of 

the e l e c t r i c a l c o n d u c t i v i t y of selenium he was' l e d 

to suggest t h a t ' i f t h i s property of selenium were 

r e a l l y due to the a c c i d e n t a l existence of m e t a l l i c 

s e l e n i d e s , then the admixture with sulphur of 

m e t a l l i c s ulphides might be expected to lead to 

s i m i l a r effects'."'"'^^ T h i s l i n e of a n a l o g i c a l 

r e a s o n i n g makes c o n s i d e r a b l e sense. For i t i s 

not a t a l l unreasonable to compare the p r o p e r t i e s 

of s i m i l a r elements and chemical compounds. I t was 

not p o s s i b l e to prepare a sulphur c e l l i n the manner 

of selenium c e l l s ' ^ f o r sulphur did not perform 

i d e n t i c a l l y w i t h selenium 'but i f i t i s true that the 
14.5 

v i r t u e of annealing '̂̂  r e a l l y l i e s i n the f a c t t h a t a 

chemical union of the two elements i s promoted by the 

a c t i o n of heat, i t i s c l e a r l y immaterial whether the 

substances are heated together before or a f t e r the 

formation of the c e l l . * " ^ ^ ^ Thus i f sulphur mixed 

w i t h m e t a l l i c s u l p h i d e s was used i n place of annealed 

selenium to f a b r i c a t e a c e l l , he expected that t h i s 
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would prove to be s e n s i t i v e to l i g h t , and i n 

g e n e r a l to d i s p l a y p r o p e r t i e s s i m i l a r to selenium 

c e l l s . S a t i s f a c t o r i l y ' t h i s turned out to be 

a c t u a l l y the case,'"^^"^ 

Since the behaviour of h i s sulphur c e l l was 

i n t e r p r e t e d by B i d w e l l as i n d i r e c t evidence i n 

favour of h i s theory of conduction i n selenium -

and hence h i s theory of the l i g h t s e n s i t i v e n e s s -

the whole of the d e s c r i p t i o n of the manufacture of 

h i s ' C e l l No. 1' i s quoted below.-^^^ The method 

he used was as f o r selenium c e l l s , but a s i g n i f i c a n t 

departure must be noted. He found i t necessary, 

a f t e r the f i r s i ; formation, to add f u r t h e r s i l v e r , 

which was probably converted to s u l p h i d e , to 

reduce the r e s i s t a n c e of the device to measurable 

values^; but i n doing so he destroyed the analogy 

he was attempting to demonstrate. 

•Pive p a r t s of sxiblimed sulphur and one p a r t of 
p r e c i p i t a t e d s i l v e r were heated together i n a 
p o r c e l a i n c r u c i b l e f o r about two hours'. The 
mixture was from time to time s t i r r e d with a 
g l a s s rod and was f i n a l l y allowed to s e t t l e , 
so t h a t the bulk of the sulphide and any f r e e 
s i l v e r which might remain f e l l to the bottom 
of the c r u c i b l e . When the temperature was 
fflightly above the melting point the l i q u i d 
sulphur, which was p e r f e c t l y mobile, though 
b l a c k w i t h minute suspended p a r t i c l e s of 
sulphide was poured o f f f o r use. Two w i r e s of 
f i n e s i l v e r were then c o i l e d s i d e by s i d e 
around a s t r i p of mica 50 mm long and 27 mm 
wide; the w i r e s were about 1 mm a p a r t , and 
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care was taken t h a t they did not touch each other 
a t any po i n t . Some of the melted sulphur was 
spread evenly over one surf a c e of the mica, the 
two w i r e s being thus connected w i t h each other 
through h a l f t h e i r e n t i r e l e n g t h by a t h i n l a y e r 
of the prepared sulphur. When cold , t h i s c e l l 
was' connected i n c i r c u i t w i th a b a t t e r y and a 
galvanometer. I t was found to conduct 
e l e c t r i c i t y , but i t s r e s i s t a n c e was very high, 
being probably between 20 and 30 megohms. With 
the o b j e c t of p a r t i a l l y b r i d g i n g over the i n t e r v a l s 
between the w i r e s , the sulphur was melted by 
l a y i n g the c e l l upon a hot p l a t e , and a piece 
of v e r y t h i n s i l v e r - f o i l , measuring 25 mm by 10 mm, 
was l a i d upon i t s - s u r f a c e : t h i s was probablj^-
e n t i r e l y converted i n t o sulphide before the c e l l 
was a g a i n c o l d , ' 

I t seems almost c e r t a i n t h at B i d w e l l had 

prepared what was, e s s e n t i a l l y , a c e l l of s i l v e r 

s u l p h i d e , now a w e l l known semi-conductor,and t h a t 

the e f f e c t s he discovered with t h i s were no more than 

an e x h i b i t i o n of the p r o p e r t i e s of t h i s type of 
ISO 

m a t e r i a l , Had he worked with pure s i l v e r 

s u l p h i d e , r a t h e r than mixing i t w i t h s u l p h u r , h i s 

theory on the s t r u c t u r a l importance of c r y s t a l l i n e 

selenium i n determining the performance of selenium 

c e l l s would have been d i f f i c u l t to maintain. Pre

occupied, a s he seemed to be, w i t h an e l e c t r o l y t i c 

mechanism, he never seems to have wondered whether 

pure s u l p h i d e s or pure s e l e n i d e s would have e x h i b i t e d 

the same p r o p e r t i e s as selenium. 

Summarising h i s theory we note t h a t the e s s e n t i a l 

p a r t s were t h a t a mixture of a r e l a t i v e l y poor conductor 
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(selenium or sulphur) and an assumed e l e c t r o l y t i c 

conductor, ( s e l e n i d e s or s u l p h i d e s ) , could account 

f o r the observed f a c t s ; the mixture was e s s e n t i a l 

to h i s d e s c r i p t i o n . Consider h i s explanation of 

the photoconductive e f f e c t i n h i s s i l v e r - s u l p h u r 

c e l l f o r example. 

The conduction of e l e c t r i c i t y through such a 

c e l l was presumed to be e l e c t r o l y t i c , hence i n 

common w i t h a l l e l e c t r o l y t i c processes, a s e p a r a t i o n 

of m a t e r i a l would occur; i n t h i s case s i l v e r being 

deposited on the cathode and sulphur on the anode. 

The d e p o s i t i o n of s i l v e r on the cathode would not 

a f f e c t the r e s i s t a n c e of the c e l l s - , but i f the 

sulphur d i d not combine w i t h the m a t e r i a l of the 

anode the a c t i o n of the c e l l would g r a d u a l l y stop. 

With a s l i v e r anode the c u r r e n t would continue due 
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to the formation of more s i l v e r s ulphide, ^ The 

c u r r e n t c a r r y i n g c a p a b i l i t y r e s t e d , then, on the 

p o s - s i b i l i t y of combination between s-ulphur and the 

m a t e r i a l of the anode, B i d w e l l changed one e l e c t r o d e 

from s i l v e r to i r o n and showed that the r e s i s t a n c e 
152 

of the c e l l was now d i s t i n c t l y asymmetric; the 
r a t i o of the 'forward to r e v e r s e ' r e s i s t a n c e being 

15'5 
about 30, This asymmetr57 l e d him to conclude 

t h a t the e f f e c t was- not due to bad contact between 

the i r o n and the sulphur, but 'rather i t seems t h a t 

the r e s i s t a n c e of the two anodea a f f o r d data f o r 

measuring the r e l a t i v e f a c i l i t i e s w i th which sulphur 

combines w i t h i r o n and s i l v e r . ' " ' " ^ ^ 
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His e x p l a n a t i o n of the photoconductive process 

was completed when he demonstrated t h a t the r e a c t i o n 

between s i l v e r and sulphur was enhanced by the a c t i o n 

of l i g h t ; thereby e a s i n g the movement of e l e c t r i c i t y 
ISS 

by e l e c t r o l y s i s and reducing the r e s i s t a n c e . "̂̂  Hence 

he was- able to account f o r the behaviour of a sulphur-

s i l v e r sulphide c e l l by means of a theory which he had 

suggested f o r the d e s c r i p t i o n of the p r o p e r t i e s of 

selenium c e l l s ' . Thus he could conclude h i s a r t i c l e 

w i t h the words:-"^^^ 
'So f a r as regards the explanation of the e f f e c t 
of l i g h t upon the r e s i s t a n c e of selenium, I am 
aware t h a t t h i s paper contains l i t t l e more than 
s p e c u l a t i v e suggestions, which are a t present 
almost; e n t i r e l y unsupported by experimental 
evidence. I t i s , however noteworthy that these 
s-peculations l e d to the c o n s t r u c t i o n of a c e l l 
which, without c o n t a i n i n g a p a r t i c l e of selenium, 
behaved almost exactly, a s i f i t were composed 
of t h a t substance. How f a r t h i s may be considered 
to prove anything w i t h regard to selenium I do 
not know; but i n any case the d i s c o v e r y of 
another substance possessing the same remarkable 
property seems i n i t s e l f to be a matter of some 
i n t e r e s t , ' 

B i d w e l l ' s theory was not without opposition; 

but when he was acquainted with t h i s he was able to 

d i s p o s e of c o n t r a r y opinions f a i r l y easily,"^^'^ The 

most common a l t e r n a t i v e p i c t u r e was one that a s c r i b e d 

the phenomena to be found i n selenium, and other 

substances producing s i m i l a r e f f e c t s , to the d i r e c t or 

i n d i r e c t a c t i o n of heat. The d i r e c t a c t i o n was 
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envisaged as some form of t h e r m o e l e c t r i c phenomenon 
and was to be used i n the opening y e a r s of the 20th 
century to give an account of r e c t i f i c a t i o n . The 
i n d i r e c t a c t i o n was i n t e r p r e t e d , a t l e a s t f o r some 
of the p r o p e r t i e s of selenium c e l l s , i n terms of 
d i f f e r e n t i a l expansion between the v a r i o u s component, 
p a r t s of the c e l l . We have already/ noted (p ?8 ) 
t h a t B i d w e l l i n 1895 had used t h i s argument to 
account f o r the i n c r e a s e of r e s i s t a n c e of selenium 
w i t h temperature. I n 1885, however, h i s thoughts 
were turned towards the a c t i o n of l i g h t on chemical 
change, i . e . the formation of s i l v e r sulphide from 
s i l v e r and sulphur, r a t h e r than towards mechanical 
e x p l a n a t i o n s . 

I n a paper read to the Royal S o c i e t y i n June 

1881 Dr, James Moser"^^^ had attempted to account f o r 

the 'microphonic' property of selenium c e l l s i n terms 

of v a r y i n g p e r f e c t i o n of contact between selenium, 

i t s s e l e n i d e s , and the e l e c t r o d e s of h i s c e l l s . As 

B i d w e l l was to use the concept of e l e c t r o l y s i s to 

form h i s t h e o r i e s , so Moser wished to use a s i n g l e 
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idea as the b a s i s of h i s explanation, -̂ ^ He, l i k e 

o t h e r s , had noted t h a t the incidence of i n t e r m i t t e n t 

l i g h t on a few samples produced a s i n g i n g tone; and 

by analogy w i t h carbon microphones"''^^ suggested t h a t 

the a c t i o n was due to the c l o s e r or more d i s t a n t 

c o n t a c t between selenium and e l e c t r o d e s and that the 

a c t i o n of l i g h t l a y i n t h i s e f f e c t , B i d w e l l 
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considered t h a t a l l the e f f e c t s he i n v e s t i g a t e d could 
be subsumed under the same explanation and supposed 
t h a t l i g h t produced a d i r e c t a c t i o n on s e l e n i d e s and 
su l p h i d e s ; indeed he s a t i s f a c t o r i l y explained photo
c o n d u c t i v i t y , r e c t i f i c a t i o n and p o l a r i s a t i o n i n h i s 
account, and i n the same year (1885) he d e t a i l e d some 
experiments t h a t would al l o w a d e s c r i p t i o n to be 
giv e n of the pho t o - v o l t a i c effect,•'•^•'• 

Although B i d w e l l never express-ed h i s work i n 

terms of the c o r r e l a t i o n of l i g h t and e l e c t r i c i t y , 

Siemens a p p r e c i a t e d t h i s p o s s i b i l i t y (p 61 above) 

as d i d Moser f o r he began h i s paper w i t h the s e n t e n i i ? -

'When I began these res-earches on the Transform
a t i o n of L i g h t i n t o t h a t of Sound by the Photo-
phone, I held the opinion which i s s t i l l common, 
th a t there are two kinds of photophone and three 
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forms of l i g h t r a y s , ' •'̂  

I n f a c t he began h i s work believing, 'that the 

photophone could inform us as to the d i r e c t c o r r e l a t i o n 

between l i g h t and e l e c t r i c i t y , ' "''̂ ^ However he became 

convinced by h i s work t h a t the experimental r e s u l t s -

could be explained by the w e l l known and accepted 

c o r r e l a t i o n s ; i , e , , between l i g h t and heat and 

between l i g h t and chemical a c t i o n . He experienced 

c o n s i d e r a b l e d i f f i c u l t y i n producing selenium c e l l s , 

p a r t i c u l a r l y when copper was used as an e l e c t r o d e . 

He took g r e a t care to ensure a good copper-selenium 

c o n t a c t but found ' i t was not p o s s i b l e to f i x the 
165 

selenium on the copper p l a t e , ' •'̂  e v e n t u a l l y being 

f o r c E e d to conclude 'that between the copper and 
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the selenium, or r a t h e r the cuprous s e l e n i d e , 
there i s only a s l i g h t and imperfect c o n t a c t , ' 

Armed w i t h t h i s experimental f a c t , the use 

of a mechanical p i c t u r e to account f o r the observed 

behaviour of selenium c e l l s ' becomes obvious: a 

r e s u l t of the h e a t i n g of the selenium by the a c t i o n 

of l i g h t , a l l o w i n g f o r a b e t t e r e l e c t r i c a l c ontact 

and hence a lowering of r e s i s t a n c e . 

Moser appealed to the a l l o t r o p i c forms of 

selenium to account f o r the 'photo-effect' of Adams 

and Day; he simply assumed that the e f f e c t of 

l i g h t was to i n i t i a t e a transformation from one 

a l l o t r o p i c form to another with a consequent r e l e a s e 

or a b s o r p t i o n of energy which, under s u i t a b l e 

circumstances could generate a n - e l e c t r i c c u r r e n t , 

Moser wrote :-"'"̂''' 

'When, now, we no longer consider the selenium 
c e l l s e s p e c i a l l y , but selenium i n general, we 
f i n d t h a t l i g h t can produce i n i t , i f the 

1 68 
selenium i s an element and pure, no other 
chemical changes than those which induce the 
t r a n s f o r m a t i o n of one of the a l l o t r o p i c mod
i f i c a t i o n s ' i n t o another one."'"^^ But such a 
t r a n s f o r m a t i o n i s connected w i t h development 
of energy; , , , With a proper arrangement 
( t h a t i s i n a c l o s e d c i r c u i t ) we s h a l l get, 
i n s t e a d of the development of heat, an e l e c t r i c 
c u r r e n t - j u s t a s , f o r instance two s o l u t i o n s 
of the same s a l t , but of d i f f e r e n t c o n c e n t r a t i o n , 
on being mixed together, give a development 
of heat, but, when brought into a c i r c u i t i n 
a proper manner, produce e l e c t r i c i t y e q u i v a l e n t 
to t h i s heat,' 
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F i n a l l y Moser concluded t h a t , •̂ '̂ ^ 

' there are two d i f f e r e n t e f f e c t s which 
l i g h t may have on selenium and on selenium c e l l s . 
The one i s more of a chemical, the other more of 
a p h y s i c a l c h a r a c t e r . The one i s a changing of 
m o d i f i c a t i o n , * and i s not e s s e n t i a l to the 
e f f i c i e n c y of the selenium photophone. I n t h i s 
l a t t e r we have to d e a l e s s e n t i a l l y w i t h a heat
i n g e f f e c t , changing volume and contact - i n 
b r i e f w i t h a microphonic a c t i o n . ; 
and I no longer b e l i e v e that there i s any/ 
prospect of f i n d i n g an unknown power or a new 
r e l a t i o n of f o r c e s i n t h i s substance,' 

This work of Moser's, which predated the f i r s t 
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e x t e n s i v e paper of B i d w e l l ' s ' by some four y e a r s , 
r e i n t r o d u c e d the thought t h a t the ' p e c u l i a r ' p r o p e r t i e s 

of selenium might be a s c r i b e d to the a c t i o n of heat, 
172 

Adams and Day ' had considered t h i s p o s s i b i l i t y , but 

had been l e d to r e j e c t the idea. The p o s s i b i l i t y 

t h a t thermal e f f e c t s were re s p o n s i b l e f o r r e c t i f i c 

a t i o n was the s u b j e c t of some d i s c u s s i o n i n t o the 

20th century. The work of Flowers (1909-14)"'"'^^ 

e f f e c t i v e l y r e f u t e d t h i s i d e a . Bidwell-'^'^^ examined 

Moser's ex p l a n a t i o n of photoconductivity and showed 

t h a t i t foundered on two important p o i n t s . Heating 

d i d not, i n general lower the r e s i s t a n c e of selenium, 

a t l e a s t i n i t i a l l y ; and more importantly the e f f e c t s 

of heat are never instantaneous, n e i t h e r i n growth nor 
decay. On the s u b j e c t of p o l a r i s a t i o n Adams and Day 

17S 
had w r i t t e n : - '-"̂  

'That t h i s i s not due to a current a r i s i n g from 
t h e r m o e l e c t r i c a c t i o n i n consequence of the 

* i . e . transformation from one a l l o t r o p e to another 
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could be no doubt, a s Adams and Day and Sabine 
had shown,that,"'•^^ 

'I n i t s p e c u l i a r s e n s i t i v e n e s s to the v i s i b l e 
p a r t of the spectrum selenium seems, so f a r 
as our present knowledge goes, to stand almost, 
i f not q u i t e , alone,' 

Thus B i d w e l l was f r e e to e s t a b l i s h f i r m l y the 

l i n k s i n h i s argument t h a t the p r o p e r t i e s of selenium 

could be understood on the b a s i s of e l e c t r o l y s i s . 

The paper i n which h i s views were f i r s t formulated"'"®^ 

was read to the P h y s i c a l S o c i e t y on May 23 and June 

13, 1885 and waa followed on June 27, 1885, by a 

second paper 'On the Generation of E l e c t r i c Currents 

by Sulphur Cells-' published i n P h i l o s o p h i c a l 
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Magazine. The experiments d i s c u s s e d by him were 

d e t a i l e d and l e d to the conclusion that under 

s u i t a b l e circumstances an e l e c t r i c battery"'"®'̂  could 

be c o n s t r u c t e d completely from s o l i d m a t e r i a l ; 

B i d w e l l announced h i s discovery to a wider p u b l i c i n 

Nature. August, 1885. He considered t h a t the c e l l , 

h a ving s i l v e r and copper e l e c t r o d e s and an ' e l e c t r o l y t e ' 

c o n s i s t i n g of a mixture of copper and copper sulphide 

i n the r a t i o of 1 to 5» was 'exactly analogous i n i t s 

a c t i o n to a D a n i e l l cell.*^®^ Although the e f f e c t of 

i l l u m i n a t i o n was, g e n e r a l l y , to decrease the e l e c t r o 

motive f o r c e of the c e l l , the evidence was, on the 

whole, a support f o r h i s theory of the e l e c t r o l y t i c 

conduction i n sulphur-sulphide c e l l s and i n selenium."'"^^ 

B i d w e l l stands alone, i n t h i s period, i n 

attempting to produce a coherent d e s c r i p t i o n of the 
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behaviour of selenium; h i s was a very p l a u s i b l e 
e x p l a n a t i o n u s i n g , as i t did a w e l l e s t a b l i s h e d 
mode of e l e c t r i c a l conduction as i t s base; and 
was ve r y hard to r e f u t e without c a r e f u l measurements 
of the assumed ' e l e c t r o l y t i c ' parameters of s u l 
phides and s e l e n i d e s . Bidwell'isr f i n a l paper on 
'The E l e c t r i c a l P r o p e r t i e s of Selenium' appeared i n 
P h i l o s o p h i c a l Magazine of September 1895 and was 

l a r g e l y a r e i t e r a t i o n and reinforcement of h i s 
1Q2 

e a r l i e r work. As he. had promised i n 1885 he 

reported s-ome r e s e a r c h e s i n t o two problem are a s -

the presumed e l e c t r o l y t i c c o n d u c t i v i t y of s e l e n i d e s 

and the e f f e c t of l i g h t on the formation of m e t a l l i c 

s e l e n i d e s . I t was v i t a l to h i s case that p o s i t i v e 

answers should be given to these questions. 

B i d w e l l ' s b e l i e f i n the e l e c t r o l y t i c a c t i o n 

i n selenium r e s t e d on Adams' and Day's n o t i c e of the 

p o l a r i s a t i o n c u r r e n t s t h a t could be detected i n 

t h e i r c e l l s , I t has alre a d y been pointed out 

(p 48 above) t h a t p o l a r i s a t i o n i s not, i n i t s e l f , 

c o n c l u s i v e proof of the e x i s t e n c e of e l e c t r o l y s i s 

and, as B i d w e l l was able to demonstrate, the p o l a r 

i s a t i o n c u r r e n t s were almost c e r t a i n l y due to the 

presence of moisture. His report of the e x p e r i -

ments were unequivocal, ^ 
•The e l e c t r o d e s of a Se d e l l were connected 
f i r s t w i t h the poles of a b a t t e r y , and then 
, , , . w i t h a galvanometer: , , , , i n d i c a t i n g 
an e.m.f. of r a t h e r more than 1/100 v o l t . The 
c e l l was then placed i n a g l a s s r e c e i v e r over 
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st r o n g s u l p h u r i c a c i d , . . . . (The experiments 
were repeated)•'«• A f t e r 18 hours the d e f l e x i o n 
was only 3 d i v i s i o n s . The a i r was then ex
hausted . . . . 24 hours l a t e r no p o l a r i s a t i o n 
c u r r e n t whatever could be detected, even a f t e r 
prolonged connexion w i t h the b a t t e r y . 

The c e l l was afterwards suspended f o r an hour i n 
a r e c e i v e r over a b a s i n of water and then t e s t e d 
f o r p o l a r i s a t i o n . The spot of l i g h t was 
immediately d e f l e c t e d f a r beyond the l i m i t s of 
the s c a l e . 

Probably t h e r e f o r e the p o l a r i s a t i o n r e s u l t s 
merely from the e l e c t r o l y s i s of water; i n 
any case the presence of water seems to be 
r e q u i s i t e f o r i t s production,' 

These r e s u l t s did not mean, of course, that 

e l e c t r o l y s i s did not occur; the c o n d u c t i v i t y of 

s e l e n i d e s might y e t have been due to t h i s cause, 

B i d w e l l t r i e d to determine the c h a r a c t e r of e l e c t r i c a l 

conduction i n s e l e n i d e s , but while he was able to 

produce some apparent, e f f e c t with moist s e l e n i d e s 

he was t o t a l l y unable to d i s c o v e r any e l e c t r o l y s i s 

i n the absence of water. He wrote:-"'"^^ 

'Many a b o r t i v e attempts were made to a s c e r t a i n 
whether cuprous s e l e n i d e conducts e l e c t r i c i t y 
e n t i r e l y l i k e a metal, as i s g e n e r a l l y 
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b e l i e v e d , or l i k e an e l e c t r o l y t e , ' as 
r e q u i r e d by my hypothesise The experiments.. 
. . show t h a t i f the conduction i s not a l t o g e t h e r 
e l e c t r o l y t i c , i t i s under c e r t a i n c o n d i t i o n s , 
a t l e a s t p a r t l y so . . . . the r e s u l t s . , , , 
cannot be regarded as c o n c l u s i v e . ' 

Thus the s e a r c h f o r e l e c t r o l y t i c a c t i o n was 

rendered inconclusive}^® s i m i l a r l y attempts to 

* My p a r e n t h e s i s 
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demonstrate t h a t the formation of m e t a l l i c selenides 
was enhanced by i l l u m i n a t i o n proved d i s a p p o i n t i n g . 
B i d w e l l had to r e s t content w i t h experiments g i v i n g 

199 
inferences only, not d i r e c t evidence. 

One can only sympathise w i t h B i d w e l l , f o r 
a f t e r f i f t e e n years he s t i l l p e r s i s t e d w i t h a 
d e s c r i p t i o n t h a t r e s t e d on ghostly/, or r a t h e r 
vaporous, foundations, - the e l e c t r o l y t i c conduct
i v i t y of m e t a l l i c s-elenides and the increased 
p r o d u c t i o n of these compounds under the i n f l u e n c e 
of l i g h t . I n 1895 he knew l i t t l e more than Adams 
and Day i n 1877; he had added some knowledge of 
the manufacture of r e l a t i v e l y r e l i a b l e devices and 
had shown the i n f l u e n c e of moisture on the a c t i o n of 
selenium c e l l s ; he had shown t h a t the temperature 
dependence of r e s i s t a n c e was not the s i n g l e f u n c t i o n 
t h a t Adams and Day had thought, being complicated, 
f o r example by the m a t e r i a l of the electrodes. Yiet 
the summary of the r e s u l t s discussed i n h i s 1895 
paper^^^ show t h a t he s t i l l held to an e l e c t r o l y t i c 
theory. He d i d not a l t e r h i s e a r l i e r conclusions 
i n the l i g h t of h i s discovery of the r o l e s of 
moisturer; u s i n g t h i s only when d e s c r i b i n g e f f e c t s 

201 
p r e v i o u s l y unconsidered by him. 

Bidwell's r e s u l t s d i d not go completely 
unnoticed, but d i d not, i n general a t t r a c t much 
a t t e n t i o n . The summary of h i s r e s u l t s i n d i c a t e 
t h a t i f they were not exactly/ c o n t r a d i c t o r y , they 
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were, a t l e a s t very i n c o n c l u s i v e . Thus on the 
subject of the e l e c t r o l y t i c c o n d u c t i v i t y of 

202 
s-elenium he wrote 

•The c o n d u c t i v i t y o f c r y s t a l l i n e Se appears 
to depend p r i n c i p a l l y upon the i m p u r i t i e s 
which i t contains^ i n the form of m e t a l l i c 
selenides. I t i s suggested t h a t the selenides 
conduct e l e c t r o l y t i c a l l y • 

But l a t e r we read. 
' C r y s t a l l i n e selenium i s porous and ahsorhs 
moisture from the a i r . 
The p o l a r i s a t i o n of Se a f t e r being traversed 
hy a c u r r e n t i s due to absorbed moisture. 
The p h o t o - e l e c t r i c currents sometimes set up 
when l i g h t f a l l s upon Se are dependent upon 
the presence of mois-ture.' 

I n s p i t e , t h e r e f o r e , of p r o v i d i n g f a i r l y 
c l e a r e m p i r i c a l evidence t h a t the o v e r t ' e l e c t r o 
l y t i c ' e f f e c t s , p o l a r i s a t i o n f o r example, were 
dependent on the presence of moisture, B i d w e l l was 
not prepared t o concede t h a t h i s t h e o r e t i c a l 
d e s c r i p t i o n of the l i g h t sensitiveness of selenium 
was inadequately based. I t i s an i n t e r e s t i n g 
anomaly t h a t he allowed the p o s s i b i l i t y t h a t the 
' p h o t o - e l e c t r i c ' c u r r e n t s may be due to the presence 
of moisture. Yet h i s experiments leading to t h i s 
conclusion were, perhaps, even less convincing than 
those which he thought supported h i s c l a i m t h a t 
selenides were e l e c t r o l y t i c conductors and t h a t a 
metal - selenium r e a c t i o n was enhanced by the d i r e c t 
a c t i o n of l i g h t . Our v e r d i c t on Bidwell's theory 
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must be 'Not proven' and, of cours-e, i t never was; 
n e i t h e r , i n a sense, was i t disproved, merely d i s 
placed by ' b e t t e r ' t h e o r i e s . Indeed, even when 
the theory of the s o l i d s t a t e became established i n 
device d e s c r i p t i o n s , o l d e r e l e c t r o l y t i c ideas s t i l l 
r e t a i n e d some use. For example i n Henisch'a 
R e c t i f y i n g Semi-Conductor Contacts (1957)^°^ a 
sh o r t d i s c u s s i o n of the r o l e of e l e c t r o l y s i s i n 
r e c t i f i e r s ^ i s given. Henisch wrote:-^^^ 

'. . . . i o n i s e d centres w i t h i n the b a r r i e r 
r e g i o n are i n a s-trong e l e c t r i c f i e l d which 
tends- t o move them towards the metal e l e c t r o d e , 
. . . . E l e c t r o l y t i c processes of t h i s k i n d 
must be responsible - a t any r a t e i n large 
p a r t - f o r the r e v e r s i b l e changes which are 
associated w i t h c u r r e n t creep phenomena and 
f o r the much less r e v e r s i b l e processes which 
we c a l l forming,' 

And on the subject of p o l a r i s a t i o n e f f e c t s i n 
selenium r e c t i f i e r s 

•The study of creep and forming processes has 
revealed new aspects of r e c t i f i e r behaviour 
which, among a l l the phenomena discussed, are 
l e a s t s a t i s f a c t o r i l y understood 
The r e s u l t s show some measure of agreement 
w i t h the dry e l e c t r o l y t i c model of the forming 
procesa . . . 
Any p o l a r i s a t i o n e f f e c t due t o the movement 
of charged i m p u r i t y centres would be expected 
to r e s u l t i n a back e.m.f. which should show 
i t s e l f immediately a f t e r removal of the 
e x t e r n a l forming voltage . . . . t h i s c u r r e n t 
cannot be d i s t i n g u i s h e d from the the r m o - e l e c t r i c 
c u r r e n t which i s expected to a r i s e from s e l f - h e a t i n g 
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'during forming. . .The p o l a r i s a t i o n e f f e c t . . . 
i s b e l i e v e d t o be associated w i t h the f o r m a t i o n of 
cadmium sel e n i d e * a t t h e counter e l e c t r o d e i n t e r f a c e . ' 

These remarks are not included to j u s t i f y 
B i d w e l l ' s f i n d i n g s and t h e o r i e s f o r t h i s they do not, do. 
Rather they i l l u s t r a t e the f a c t t h a t selenium i s a 
complex m a t e r i a l and the devices made from i t were 
not a t a l l easy t o understand t h e o r e t i c a l l y . Indeed, 
i n r e t r o s p e c t , t h a t B i d w e l l should have been able to 
achieve what he d i d , and t h a t F r i t t s could produce a 
reasonably r e l i a b l e r e c t i f i e r i s a matter for- admir
a t i o n . F i n a l l y to conclude t h i s discussion of 
B i d w e l l ' s work we quote the words of J. Reyval who i n 
1896 wrote 

•La curieuse p r o p r i e t e que I'une des v a r i e t e s du 
selenium d'augmenter de resistance sous 1'influence 
de l a lumiere a provoque de norabreuses recherches 
sur l e s p r o p r i e t e s e l e c t r i q u e s de ce corps'. Parmi 
ces recherches, c e l l e s M. Shelford B i d w e l l , qui 
depuis 1881 etudie ce s u j e t , sent des plus 
importantes.' 

We agree w i t h t h i s contemporary assessment of 
B i d w e l l ' s work; i t i s also possible to accept Reyval's 
judgement of the status' and achievements of Bidwell's 

207 
researches and conclusions. ' 

'On v o i t que l e s experiences de M. B i d w e l l , bien 
q u ' e l l e s ne demontrent pas completement l a justesse 
de 1 ' e x p l i c a t i o n propos-ee par I'auteur,** apportent 
un grand nombre de preuves^ en faveur de c e t t e 
hypothese. E l l e s marquent une etape dans I ' h i s t o i r e 
des nombreuseff recherches f a i t e s sur l e s proprietes-
electriques- du selenium et pour c e t t e r a i s o n 
m e r i t a i e n t d'etre exposees avec quelques d e t a i l s . ' 

And f o r these reasons a d e t a i l e d discussion of 
B i d w e l l ' s work has been included i n t h i s t h e s i s . 

*My emphasis. i . e . B i d w e l l , 



- 96. -

CHAPTER 3. Some Technological and T h e o r e t i c a l 
Considerations t o the end of the~T9th Century. 

The discovery of the l i g h t s e n s i t i v i t y of 
selenium occurred when Smith was u t i l i s i n g the high 
e l e c t r i c a l r e s i s t a n c e of the m a t e r i a l i n a measuring 
system and from t h a t date p r a c t i c a l devices were 
suggested or constructed using the 'new' property l a i d 
bare by Smith. The bars of selenium used by him were 
not designed t o demonstrate the r e s u l t s of i l l u m i n a t i n g 
selenium but the workers who became i n t e r e s t e d i n t h a t 
p r o p e r t y attempted to produce r e l i a b l e and s e n s i t i v e 
devices' t h a t would s u i t t h e i r purposes; i n the 
process they added knowledge to the technology of 
s-elenium. Some i n v e n t o r s , Alexander Graham B e l l i n 
p a r t i c u l a r , patented devices i n which selenium photo
c e l l s were important components. The property of 
r e c t i f i c a t i o n does not appear to have been incorporated, 
i n t e n t i o n a l l y , i n u s e f u l a p p l i c a t i o n s during t h i s 
p e r i o d . As the p r o p e r t i e s of selenium were found 
to be very dependent on methods of preparation of the 
selenium and of manufacture, a b r i e f c o n s i d e r a t i o n of 
the technology of selenium c e l l s i s included i n t h i s 
chapter. 

The t h e o r e t i c a l accounts of e l e c t r i c a l phenomena 
foxm. a background t o the experimental work on selenium. 
Yet, as we w i l l see, the power of the e x i s t i n g t h e o r i e s 
was l i m i t e d , w i t h only Maxwell's electrodynamics being 
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more or l e s s f u l l y formed. I n other areas, 
e l e c t r o l y s i s , contact f o r c e s , t h e r m o e l e c t r i c i t y and 
v o l t a i c f o r c e s , agreement between various a u t h o r i t i e s 
was by no means present i n the c l o s i n g years of the 
19th century. The major p a r t of t h i s chapter w i l l 
be devoted t o a study of the e l e c t r i c a l t h e o r i e s 
c u r r e n t between cl875 and 1895; and an attempt 
w i l l be made to assess the a p p l i c a b i l i t y of them to 
the phenomena found i n semiconductors i n general and, 
i n p a r t i c u l a r t o those i n selenium. 
1, Technology, 

I t was r e a l i s e d very e a r l y t h a t selenium i n its 
grey a l l o t r o p i c form was the conductor of e l e c t r i c i t y ; 
but t h a t the s p e c i f i c r e sistance of even t h i s m o d i f i c 
a t i o n was, i n general, very l a r g e . W h e n i t was 
desired t o c o n s t r u c t l i g h t s e n s i t i v e c e l l s of h i g h 
s e n s i t i v i t y , l a r g e area, t h i n devices were r e q u i r e d . 
Thus methods of manufacture had to be adopted t h a t 
would provide the c e l l s w i t h a lowish r e s i s t a n c e i n 
order t h a t galvanometers could be a f f e c t e d ; w i t h 
good contact between electrodes and selenium - note 
t h a t w i t h t h i s p o i n t Moser had dissentexi; w i t h 
l a r g e areas- exposed t o the e f f e c t s of l i g h t and, 
f i n a l l y , u s i n g selenium of the c o r r e c t a l l o t r o p i c form. 

Evidently, the requirements t o o b t a i n c e l l s of 
low r e s i s t a n c e y e t t h i n and having a larg e surface 
area could be contradictoryr; and hence c e l l designs 
were d i c t a t e d by these considerations. Producing the 
c o r r e c t a l l o t r o p e of selenium was merely a matter of 
determining the best annealing process t o apply; 
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h e a t i n g v i t r e o u s selenium a t any temperature 
between about 100°C and the m e l t i n g p o i n t of 
c r y s t a l l i n e selenium, 217°C, followed by a slow 
c o o l i n g would permit the growth of the c r y s t a l l i n e 
m o d i f i c a t i o n . I t t r a n s p i r e d , as was noted by 
Werner Siemens-,that both the r e s i s t i v i t y and the 
l i g h t s e n s i t i v i t y of c r y s t a l l i n e selenium were 
dependent on the temperature and d u r a t i o n of the 
annealing process. Werner Siemens' note i n Philosoph
i c a l Magazine and the r e p o r t of h i s f i n d i n g s to the 
Royal I n s t i t u t i o n by h i s brother W i l l i a m ^ i n d i c a t e 
t h a t he considered he had produced a t h i r d form of 
c r y s t a l l i n e selenium by the methods he employed; i t . 
i s u n l i k e l y t h a t t h i s was the case. Moss i n 
P h o t o c o n d u c t i v i t y i n the Elements"^ points out t h a t , 
a lthough there i s a t h i r d c r y s t a l l i n e form of 
selenium, i t s e l e c t r i c a l p r o p e r t i e s are more a k i n 
t o those o f an i n s u l a t o r . ^ 

The Siemens brothers d i d not, u n f o r t u n a t e l y , 
provide many d e t a i l s of t h e i r production procedures; 
the annealing was c a r r i e d out a t 210°C ' f o r several 
hours' and then the selenium allowed to c o o l slowly. 
Adams and Day adopted s i m i l a r temperatures, but d i d 
not see f i t to i nclude d e t a i l s of t h e i r methods. 
They describe t h e i r technique of annealing c e l l s i n 

g 
the f o l l o w i n g terms:- , 

'The pieces . . . . were e i t h e r annealed i n a sand 
bath or i n a h o t - a i r bath. The former has been 
found to give the best r e s u l t s . . . . A l a r g e 



- 99 -
i r o n b a l l i s heated t o a b r i g h t red-heat i n the 
f i r e and then placed i n a l a r g e i r o n bowl f i l l e d 
w i t h sand, which i s heaped up a l l over the b a l l , 
and then l e f t f o r an hour. The b a l l i s then 
taken out and the pieces of selenium, wrapped up 
i n paper, are put i n t o the hot sand, and l e f t 
there f o r twenty-four hours. On removing the 
s-elenium from the sand, i t s appearance is' a sure 
i n d i c a t i o n whether or not the annealing has been 
successful; f o r , i n the former case, the b r i g h t 
and g-lossy appearance of the amorphous selenium 
w i l l have changed t o a d u l l s l a t e - c o l o u r e d one, 
and when t h i s i s the case the c o n d u c t i v i t y of the 
specimen w i l l , i n general, be found to be very 
good.' 

This, e v i d e n t l y r a t h e r i d i o s y n c r a t i c process, 
begged several questions of q u a l i t y c o n t r o l ^ temper
a t u r e , p u r i t y and so on, and i t i s not t h e r e f o r e 
s u r p r i s i n g t h a t Adams and Day found i t d i f f i c u l t t o 
produce t o t a l l y r e l i a b l e r e s u l t s . Henisch made the 

q 
p o i n t very c l e a r , i n 1957, w r i t i n g t h a t ' i n view 
of the complicated r e l a t i o n between r a t e of growth, 
n u c l e a t i o n r a t e , and temperature, the p r o p e r t i e s of 
mi c i p o - c r y s t a l l i n e S'pecimens- depend s e n s i t i v e l y on 
t h e i r thermal h i s t o r y . ' 

I n the absence of accurate methods' of temper
a t u r e c o n t r o l v i s u a l judgement of the s t a t e of 
c r y s t a l l i s a t i o n was probably a not t o t a l l y u n r e l i a b l e 
technique. B i d w e l l , w h i l e e x e r c i s i n g greater care 
over the temperature and d u r a t i o n of annealing, 
continued to r e l y on the appearance of the selenium 
f o r the det e r m i n a t i o n of the optimum e f f e c t . He 
used e s s e n t i a l l y the same method of production"^^ 
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throughout h i s period of experimentation; g i v i n g 
d e t a i l e d i n s t r u c t i o n s i n h i s 1895 p a p e r . T h e 
substrate used by B i d w e l l i n h i s work was i n v a r i a b l y 
mica; the o p e r a t i o n of producing s u f f i c i e n t l y 
s e n s i t i v e selenium being i n two p a r t s . At a 
temperature j u s t above the m e l t i n g p o i n t of selenium, 
217°C according t o him, the selenium could be e a s i l y 

12 
a p p l i e d to the mica; the a p p l i c a t i o n was immediately 
f o l l o w e d by r a p i d c o o l i n g producing a l a y e r of 
e f f e c t i v e l y i n f i n i t e r e s istance and having a 'black 
and l u s t r o u s ' appearance; p a t i e n t and c a r e f u l 
annealing then produced c e l l s of the r i g h t character
i s t i c s . B i d w e ll's d e s c r i p t i o n of h i s method was 
p e r f e c t l y clear."^^ 

'The Bunsen flame having been turned down 
s u f f i c i e n t l y t o lower the temperature to about 
120°, the c e l l i s replaced upon the hot p l a t e . 
I n a few minutes p a r t s of i t s b r i g h t surface 
become dimmed, and s h o r t l y afterwards the 
whole t u r n s a d u l l grey colour. The 
temperature i s then c a u t i o u s l y r a i s e d u n t i l 
signs of m e l t i n g j u s t begins to appear, 
g e n e r a l l y near one of the edges. When t h i s 
occurs the burner i s i n s t a n t l y withdrawn and 
the flame s l i g h t l y lowered. The darkened spot 
r e c r y s t a l l i z e s i n the course of a few seconds, 
and the burner i s then replaced and l e f t f o r 
f o u r or f i v e hours, during which time the 
temperature of the Se should be only a few 
degrees below the m e l t i n g p o i n t . Another hour 
i s occupied i n slo w l y c o o l i n g the c e l l , the 
flame being lowered and f i n a l l y extinguished. 
This process of long heating and slow c o o l i n g 
is- g e n e r a l l y spoken of as "annealing",' 
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The m a t e r i a l of the electrodes and t h e i r form 

v a r i e d from worker to worker as d i c t a t e d by p r a c t i c a l 
requirements. One common c o n s t r a i n t was the desire 
to produce c e l l s of low e l e c t r i c a l res-istance and 
la r g e surface area; and i n Bidwell's case t o use 
electrode m a t e r i a l s t h a t would combine w i t h selenium 
producing s-elenides. Most c e l l s were v a r i a n t s of a 
basic form:- w i r e electrodes wound i n f l a t 
double s p i r a l s or h e l i c e s ; Siemens made use of the 
former, B i d w e l l the l a t t e r , there being no p a r t i c u l a r 
advantage i n e i t h e r save t h a t Bidwell's c e l l s may 
have been easier t o construct."''^ Siemens' c e l l s 
had an e f f e c t i v e electrode separation of 0.25 cms 

2 
and a s e n s i t i v e surface area of approximately 1.0 cm 
w i t h a thickness of selenium of perhaps ,2 mm. The 
corresponding dimensions of Bidwell's c e l l s were, 
0.06' cm, ,1 cm and ,2 mm. The methods of c o n s t r u c t i o n 
used by B i d w e l l , and Siemens allowed the r e s i s t a n c e of 
selenium c e l l s t o be reduced from several megohms t o 
few tens o f thousands of ohms, making the measurement 
of r e s i s t a n c e much more s t r a i g h t f o r w a r d . I t was 
e s s e n t i a l to prepare specimens c o r r e c t l y i n order to 
produce any re s u l t s - a t a l l as evidenced by a l e t t e r 
t o Nature by Draper (March, 6, 1873)."*"^ The c a r e f u l 
e m p i r i c a l approach of men l i k e Siemens and B i d w e l l 
played an important, although h a r d l y dramatic, p a r t 
i n the growth of i n t e r e s t and understanding of selenium 
c e l l s . 

A s t r i k i n g - c o n t r a s t t o the types of c e l l o u t 
l i n e d above i s a f f o r d e d by those made by P r i t t s i n 



- 102 -

1883"'"̂  t o which we have already a l l u d e d . Un
f o r t u n a t e l y we can add very l i t t l e to t h a t which has 
already been w r i t t e n f o r P r i t t s gave very few d e t a i l s 
of the methods of c o n s t r u c t i o n and production. I n 
c o n t r a s t t o the devices used by Siemens and B i d w e l l , 
P r i t t s ' c e l l s were very much more s e n s i t i v e t o the 
a c t i o n of l i g h t ; t h e i r performance being a r e s u l t 
of t h e i r l a r g e surface area, (35 cm ) , and the very 
t h i n selenium l a y e r s employed, (,003 to .015 cm); 
where B i d w e l l and Siemens were f i n d i n g r e s i s t a n c e 
changes on i l l u m i n a t i o n by s u n l i g h t of no more than 
f i f t e e n ' times, P r i t t s ' c e l l s decreased t h e i r 
r e s i s t a n c e by between f a c t o r s of 80 to 340. 

I t would be very agreeable to know the p u r i t y 
of the selenium used by the various workers, but, 
however, beyond making reference to the presence of 
m e t a l l i c i m p u r i t i e s i n h i s samples B i d w e l l d i d not 
submit them t o extensive chemical a n a l y s i s , except 
i n one case; but d i d remark t h a t 'selenium as 
sup p l i e d commercially i s never f r e e from i m p u r i t i e s , 
and indeed I have l a t e l y been informed by a 
d i s t i n g u i s h e d chemist, who has given some a t t e n t i o n 
t o the s u b j e c t , t h a t p e r f e c t l y pure selenium has not 

18 
y e t been obtained.' Sadly he gave no values f o r 
the l e v e l s of i m p u r i t y t h a t might be expected, n e i t h e r 
d i d he quote h i s source of i n f o r m a t i o n . B i d w e l l , of 
course, r e q u i r e d t h a t m e t a l l i c i m p u r i t i e s be present 
i n h i s selenium i n order t h a t the conducting selenide 
be formed; and i n support of h i s theory he d i d on 
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one or two occasions add known amounts of selenide 
to h i s c e l l s . This process which he e n t i t l e d 
' S e n s i t i z i n g I n s e n s i t i v e Selenium' was re p o r t e d i n 
h i s 1895 pa per. 

The Siemens brothers d i d not seem to be 
concerned w i t h the p u r i t y of the selenium they used 
being content to accept the commercial m a t e r i a l , 
P r i t t s , by c o n t r a s t , attempted to p u r i f y the selenium 
he used d i s c o v e r i n g t h a t the product would separate 
' i n t o a number o f p o r t i o n s , having very, p e r c e p t i b l e 
differences- of behaviour, both i n m e l t i n g and 

20 
annealing,' He pointed out t h a t t h i s behaviour 
was l i n k e d w i t h m a t e r i a l t h a t was supposed to be the 
same chemical substance and a b s o l u t e l y pure. He 
concluded t h a t 'commercial selenium i s a mixture, 
c o n s i s t i n g of several d i s t i n c t p o r t i o n s , which must 
e i t h e r be d i f f e r e n t a l i o t r o p i c forms of the element 
or new elements', s i m i l a r i n appearance, chemical 
r e a c t i o n s and p h y s i c a l p r o p e r t i e s , y e t d i s t i n c t l y 
d i f f e r e n t i n many respects.' Again, sadly, h i s 
work d i d not include an account of the chemical 
c o n s t i t u e n t s off the eelenium he used. 

The p o s s i b i l i t y t h a t the l i g h t s e n s i t i v e 
p r o p e r t i e s of selenium could be u t i l i s e d i n p r a c t i c a l 
engineering devices was too obvious t o be missed and 
many suggestions were put forward. Thus on the 
occasion of the announcement of the p h o t o c o n d u c t i v i t y 
o f selenium (1873) Latimer Clark remarked t h a t t h i s 
p r o p e r t y of selenium 'seemed to him t o a f f o r d a most 
r e l i a b l e means of measuring the i n t e n s i t y of l i g h t . 
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21 and to c o n s t i t u t e a p e r f e c t photometer'. Werner 
Siemens i n h i s communication to the Royal Society 
(1875) concluded t h a t he hoped 'to be able to u t i l i s e 
them [ t h e p r o p e r t i e s J f o r the c o n s t r u c t i o n of a 

22 
r e l i a b l e photometer'. The very s e n s i t i v e 
dependence of selenium's res i s t a n c e on temperature 
allowed Adams and Day to suggest t h a t 'a very d e l i c a t e 
d i f f e r e n t i a l thermometer may be formed w i t h two pieces 
of selenium balanced against one another' (1877).^^ 
B i d w e l l , i n h i s l e c t u r e to the Royal I n s t i t u t i o n (1881)^^ 
gave d e t a i l s o f a mechanism he had developed f o r the 
trans m i s s i o n o f p i c t u r e s by telephone or telegraph 
w i r e s . His suggestion was to scan the p i c t u r e to be 
t r a n s m i t t e d by a small r o t a t i n g - a p e r t u r e ; allow the 
l i g h t to a f f e c t the resi s t a n c e of a selenium c e l l 
which formed on h a l f of a bridge c i r c u i t the other par-t 
of which consisted of a detector where s i l v e r i o d i d e 
was e l e c t r o l y t i c a l l y decomposed by the c u r r e n t s of 
v a r y i n g s t r e n g t h . The p i c t u r e would thus be r e 
c o n s t i t u t e d i n continuously changing d e n s i t i e s of 
s i l v e r . B i d w ell's scanning p r i n c i p l e was l a t e r 

2*5 
introduced by Nipkow •'̂  i n h i s e a r l y attempts a t 
developing t e l e v i s i o n . 

Pew, i f any, of these e a r l y suggestions came 
t o r a p i d f r u i t i o n , the problems not being those of 
conception but of op e r a t i o n and production. Thus 
Adams' and Day's suggestion could not be r e a l i s e d when 
the thermal p r o p e r t i e s of selenium proved to be r a t h e r 
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more complex than thought a t f i r s t . Werner Siemens 
overcame, t o a c e r t a i n e xtent, the v a r i a b l e q u a l i t i e s 
of selenium photoconductive c e l l s i n the design of a 
photometer using comparison techniques; but the 
scheme he produced had no advantages over e x i s t i n g 
instruments. B i dwell's ' p i c t u r e t r a n s m i t t e r ' , 
although p e r f e c t l y f e a s i b l e i n p r i n c i p l e and on a 
small scale, r e l i e d h e a v i l y on the p o s s i b i l i t y of 
m a i n t a i n i n g mechanical s y c h r o n i s a t i o n between sending 
and r e c e i v i n g s t a t i o n s ; t h i s problem wae not solved 
by B i d w e l l who, nevertheless, maintained i n t e r e s t i n 
the s u b j e c t e v e n t u a l l y suggesting the use of 90,000 

27 
eelenium c e l l s i n a t r a n s m i t t i n g device. ' Alexander 
Graham B e l l ' s photophone, f i r s t suggested i n England 

28 
i n 1878 a t a meeting a t the Royal I n s t i t u t i o n , and 

2 or 
the s u b j e c t o f patents i n 1880, ^ was t e c h n o l o g i c a l l y 
f e a s i b l e b u t , r e l y i n g , as i t d i d , on the passage of 
l i g h t through the atmosphere could not hope to r i v a l 
the t r ansmission of telephonic signals along wires-. 
I t i s not my i n t e n t i o n to discuss the d e t a i l s of 
B e l l ' s i n v e n t i o n f o r t h a t would take us too f a r from 
the general course of t h i s t h e s i s ; but the method 
he chose t o announce h i s work and the r e c e p t i o n t h i s 
r eceived i s of some i n t e r e s t f o r p r i o r i t y claims were 
i n v o l v e d ; a s h o r t d i s c u s s i o n being engendered i n the 
pages of Nature d u r i n g 1880-81. 

A note i n Nature o f A p r i l , 15, 1880, i n t i m a t e d 
t h a t B e l l produced a new i n v e n t i o n 'worthy t o stand 
beside the telephone or the phonograph i n p o i n t of 
i n t e r e s t • . ^ ^ This 'rumour' of which Nature had 



- 10& -

' a u t h o r i t a t i v e i n f o r m a t i o n ' had behind i t the f a c t 
t h a t B e l l had deposited a sealed package a t the 
Smithsonian I n s t i t u t i o n c o n t a i n i n g a d e s c r i p t i o n of 
a 'new and very remarkable instrument f i r s t conceived 
by him d u r i n g h i s sojourn i n England i n 1878.' A 
week l a t e r , A p r i l , 22, 1880, Ayrton and Perry, per
haps sensing a p r i o r i t y dispute and, p o s s i b l y , patent 

r i g h t s had a l e t t e r published e n t i t l e d 'Seeing by 
'SI 

E l e c t r i c i t y ' . - ^ They began t h e i r l e t t e r by p o i n t i n g 
out t h a t they were i n complete ignorance of B e l l ' s 
i n v e n t i o n but t h a t 'complete means f o r seeing by 
telegraphy have been known f o r some time by s - c i e n t i f i c 
men'. They gave sho r t d e t a i l s of an extremely 
elaborate scheme t h a t , by u t i l i s i n g the photoconductive 
p r o p e r t y o f selenium, could, i n theory a t l e a s t , allow 
p i c t u r e s t o be t r a n s m i t t e d along wires. They admitted 
t h a t the 'elaborate nature' of the scheme and i t s 
'expensive character' d i d not allow i t s use i n the 
form they suggested; 'but i f the new American 
i n v e n t i o n . . . . should t u r n out t o be some pl a n of 
t h i s k i n d , then t h i s l e t t e r may do good i n preventing 
monopoly i n an i n v e n t i o n which r e a l l y i s the j o i n t 
p r o p e r t y of Willoughby Smith, Sabine and other 
s c i e n t i f i c men, r a t h e r than of a p a r t i c u l a r man who 
has had s u f f i c i e n t money and l e i s u r e to c a r r y out the 
id e a ' . They had, i n f a c t , guessed wrongly; B e l l 
was i n t e r e s t e d i n e l i m i n a t i n g wires from h i s telephone 
system r a t h e r than using them to carry v i s u a l i n f o r m 
a t i o n . P urther, h i s device d i d not r e l y e x c l u s i v e l y 
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32 on the use of l i g h t s e n s i t i v e selenium c e l l s . 

However Ayrton and Perry considered t h a t even i f 
B e l l ' s plan was' much simpler than theirs-, (and i t 
w a s l ) , ' i t i s w e l l t o show t h a t the discovery of 
the l i g h t e f f e c t on selenium c a r r i e s w i t h i t the 
p r i n c i p l e of a p l a n f o r seeing by e l e c t r i c i t y ' . 
However, as B e l l probably appreciated, the movement 
from p r i n c i p l e to p r a c t i c e i s hard and complex, 
i n v o l v i n g r a t h e r more than mere knowledge; he 
was a t t e m p t i n g t o achieve something v a s t l y more 
s t r a i g h t f o r w a r d than 'seeing at a distance.' 

A few months l a t e r , Nature, September 23, 
1880, S.P. Thompson and B e l l himself i n the same 
issue gave more and d e t a i l e d i n f o r m a t i o n on 'The 
Photophone'. Thompson repeated the content of the 
i n i t i a l n ote and r e f e r r i n g , p o s s i b l y , t o Ayrton and 
Perry remarked: ' I n s p i t e of•those who ingenuously 
attempted a t the time of our announcement to f o r e s t a l l 
Prof. B e l l and t o d i s c r e d i t the idea t h a t he had done 
any t h i n g new, the discovery. . . . i s a s t a r t l i n g 

33 
n o v e l t y ' . I n Thompson's opinion the photophone 
bore 'the same r e l a t i o n t o the telephone as the 

34. 
h e l i o g r a p h bears to the telegraph'.^^ Although the 
distances over which s i g n a l s had been t r a n s m i t t e d were 
r a t h e r s h o r t Thompson d i d not see t h a t t h i s would be 
a permanent disadvantage; signals could f o l l o w where 
a beam of l i g h t could go, and he expected t h a t 'the 
slow s p e l l i n g out of words i n the f l a s h i n g s i g n a l s of 
the h e l i o g r a p h to be superseded by the more expeditious 
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whispers of the Photophone,' •̂•'̂  B e l l was- t o he 
congratulated 'on this- a d d i t i o n to h i s well-won 
l a u r e l s ' and, mayhe, h i s photophone would have 'a 
g r e a t , i f not w i d e l y extended, f u t u r e of usefulness,'"^ 

B e l l ' s r e p o r t , i n i t i a l l y d e l i v e r e d as a l e c t u r e 
to the American A s s o c i a t i o n , o u t l i n e d the h i s t o r y of 
selenium, and the developments t h a t B e l l and h i s 
a s s i s t a n t T a i n t e r pursued to produce the photophone 
as a p r a c t i c a l p r o p o s i t i o n . His s h o r t paper only 
h i n t s , of course, a t the d i f f i c u l t i e s he must have met 
and overcome; but i t leaves us i n no doubt t h a t he 
was the f i r s - t t o produce a p r a c t i c a l device -to 
e l i m i n a t e wires from telephony. Whether or not h i s 
f i n a l comment was d i r e c t e d a t Ayrton and Perry cannot 
be known; but t a l k i n g of the telephone and i t s 
development as a p r a c t i c a l p r o p o s i t i o n he concluded 
h i s l e c t u r e by saying:-^® 

' I t i s not only pleasant to remember these t h i n g s , 
and to speak of them, but i t i s a duty to repeat 
them, as they give a p r a c t i c a l r e f u t a t i o n to the 
o f t e n repeated s t o r i e s of the blindness of 
s c i e n t i f i c men t o unaccredited n o v e l t i e s , and of 
t h e i r jealousy of unknown inventors who dare t o 
enter the charmed c i r c l e of science, I t r u s t 
t h a t the s c i e n t i f i c favour which was so r e a d i l y 
accorded to the telephone may be extended by you 
to t h i s new claimant;. • 

B e l l ' s photophone was given greater coverage 
i n Nature of November 4» 1880 when a f o u r page 
a r t i c l e was given t o a d e s c r i p t i o n of the device. 
I t i s evident from t h i s d e s c r i p t i o n t h a t B e l l and 
T a i n t e r had invested considerable labour i n developing 
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t h e i r machine, which owed less to anjj' ' s c i e n t i f i c * 
knowledge of the p r o p e r t i e s of selenium than t o 
t h e i r own a p p r e c i a t i o n of the p r a c t i c a l d i f f i c u l t i e s , 
and t h e i r d e s i r e t o produce a working instrument, 

S h e l f o r d B i d w e l l follov/ed up the p u b l i c a t i o n 
of B e l l ' s work w i t h a s h o r t a r t i c l e ^ ^ i l l u s t r a t i n g 
the means whereby a photophone, of s o r t s , could he 
constructed by anyone w i t h access to selenium and a 
few instruments'. Needless to say Bidwell'& photo-
phone bore no comparison w i t h B e l l ' s f o r p r a c t i c a l i t y . 

A r e p o r t of s u f f i c i e n t f i n a l i t y f o r t h i s 
b r i e f d i s c u s s i o n appeared on March 3, 1881,^"'" i n 
which a s h o r t account of Perry and Ayrton's excursions 
i n t o the p r o d u c t i o n of a photophone. I t i s evident 
t h a t they had not succeeded, as B e l l had, i n overcoming 
the formidable p r a c t i c a l obstacles i n the way of 
t u r n i n g an idea i n t o p r a c t i c e . 

Even t h i s short c o n s i d e r a t i o n of the t e c h n o l o g i c a l 
factors' i n v o l v e d i n the i n v e s t i g a t i o n s of the p r o p e r t i e s 
of selenium i s s u f f i c i e n t t o underline the importance 
of developing e f f e c t i v e devices on which measurements 
could be made. The o r i g i n a l 'bars' used by Smith were 
q u i c k l y superaeded by the more c a r e f u l l y manufactured 
c e l l s of Siemens, Adams and Day, Bi d w e l l and others. 
The work involved, i n producing r e l i a b l e devices 
i n d i c a t e d the need f o r understanding the p r o p e r t i e s 
of the m a t e r i a l ; and the f a c t o r s i n f l u e n c i n g these 
p r o p e r t i e s , c r y s t a l l i n e form, p u r i t y , electrode 
m a t e r i a l s , and so on. I n general, attempts t o apply 
the p r o p e r t i e s of selenium i n u s e f u l instruments were 
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not s u c c e s s f u l , mainly f o r t e c h n i c a l reasons; the 
on l y 'successful' i n n o v a t i o n being the photophone of 
B e l l , the main shortcomings of t h i s device being the 
tra n s m i s s i o n of l i g h t through the atmosphere. 

The a c t i o n of r e c t i f i c a t i o n by selenium or 
ot h e r m a t e r i a l s d i d not r e s u l t i n any t e c h n o l o g i c a l 
output d u r i n g the 19th century.* R e c t i f y i n g 
'devices' using s o l i d s d i d not appear u n t i l the 
e a r l y years of the 20th century f o r by then there was 
beginning t o be a demand f o r the r e c t i f i c a t i o n of 
a l t e r n a t i n g c u r r e n t at' a v a r i e t y of frequencies and 
powers. Only F r i t t s produced selenium r e c t i f i e r s 
of marked reverse/forward r a t i o s ; w h i l e Braun 
d i d not use manufactured 'devices', r a t h e r arrangements 
t h a t r e f l e c t e d the d i f f e r e n t requirements of 'pure' 
research. 
2j. Theory. 

There e x i s t s a l a r g e amount of primary source 
m a t e r i a l t h a t could allow a d e t a i l e d h i s t o r y of the 
developments i n the understanding of e l e c t r i c i t y and 
magnetism t h a t took place i n the l a s t quarter of the 
19th century to be w r i t t e n . U n f o r t u n a t e l y there are 
no recent c a r e f u l studies of t h i s period t h a t can 
serve as a u t h o r i t a t i v e sources f o r t h i s s e c t i o n . 
Hence the d i s c u s s i o n which i s given i n the f o l l o w i n g 
pages has- been based mainly on various secondary sources 
contemporary w i t h the work t h a t was being c a r r i e d out on 
selenium and other m a t e r i a l s of t h i s s o r t . 

* and tteere seems l i t t l e reason to doubt t h a t t h i s 
was due to lac k of demand. 
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These s-ources ranging from a r t i c l e s i n j o u r n a l s such 
as- Modern Views of E l e c t r i c i t y ^ ^ by 0. Lodge, 
s e r i a l i s e d by Nature i n 188T-89, through various 
B r i t i s h A s s o c i a t i o n Reports, Lodge's On E l e c t r o l y s i s ^ ' ^ 
of 1885 f o r example, t o textbooks. I n the l a t t e r 
category J.J. Thomson's Recent Researches i n 
E l e c t r i c i t y and Magnetism^^ of 1893 and the f i r s t 
e d i t i o n of E.T. Whittaker's H i s t o r y o f the Theories 
of Aether and E l e c t r i c i t y ^ ^ have proved p a r t i c u l a r l y 
i n f o r m a t i v e . Indeed the former volume has been used 
t o d e f i n e the t e r m i n a t i o n of the period i n which t h e o r e t i c a l 
c o n s i d e r a t i o n s w i l l be discussed. Studying such 
secondary sources- as these allows' us to give the 
answers' t o three questions t h a t have bearing on the 
va r i o u s i n t e r p r e t a t i o n s given to the experimental 
f i n d i n g s discussed e a r l i e r i n t h i s Chapter. The 
pre c i s e r o l e of Thomson's and Lodge's w r i t i n g s ' i s not 
easy to d e f i n e . Although, to a h i s t o r y of e l e c t r i c i t y 
per ae they are secondary sources, i n t h a t t h e i r 
contents were e d i t e d and presented a selected view of 
the f i e l d , f o r the purposes of t h i s chapter they 
f u l f i l the primary r o l e of sTirveying the s t a t e of 
knowledge and the areas of controversy. I n t h i s they 
have proved i n v a l u a b l e . For t h i s chapter i s not 
concerned w i t h the h i s t o r y of e l e c t r i c i t y but w i t h 
assessing how the p r o p e r t i e s of selenium, and other 
non-metallic conductors', were received by s c i e n t i s t s 
of note. Also w i t h What confidence the e x i s t i n g 
t h e o r i e s could be a p p l i e d t o discoveries not^ immediately 
contained w i t h i n e x i s t i n g areas of knowledge. The 
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r o l e s and values of Thomson's and lodge's w r i t i n g s 
i n the above sources i s discussed more f u l l y when 
they are considered i n d e t a i l below. 

I t was not, u n t i l 1931 t h a t a t h e o r e t i c a l 
S'tudy of the conduction of e l e c t r i c i t y through semi
conducting m a t e r i a l s shed l i g h t upon wider problems 
of the e l e c t r i c a l p r o p e r t i e s of s o l i d s i n general, 
U n t i l then researchers who devoted t h e i r energies 
t o i n v e s t i g a t i o n s of non-metallic s o l i d s were compelled 
to apply d e s c r i p t i v e mechanisms t h a t were developed 
from d i f f e r e n t bases' and f o r other purposes. I t i s 
nec^essary, then, to attempt an answer to the question, 
•What was the contemporary "received" t h e o r e t i c a l 
o p i n i o n about the nature of e l e c t r i c i t y when the 
d i s c o v e r i e s , discussed e a r l i e r , were made?' together 
w i t h i t s s u b s i d i a r y 'What, e f f e c t , i f any, d i d the 
d i s c o v e r i e s themselves have on c u r r e n t e l e c t r i c a l 
t h e o r i e s ? ' 

I n s p i t e of the great 'advances' i n e l e c t r i c a l 
knowledge achieved by the beginning of the 1870's i t 
must not be assumed t h a t the explanations of e l e c t r o 
l y s i s , of the v o l t a i c e f f e c t , or indeed of e l e c t r o -
magnetism were t o t a l l y s a t i s f a c t o r y . There 
remained, even as l a t e as 1885, problems t h a t were 
s t i l l the subject o f , i f not controversy, then c e r t a i n 
l y f r i e n d l y d i s p u t e . We must t h e r e f o r e consider the 
query, 'What were the problem areas i n the e x i s t i n g 
t h e o r i e s and, more^ i m p o r t a n t l y , those associated w i t h 
d e s c r i p t i o n s used t o account f o r the p r o p e r t i e s of 
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S'elenium, m e t a l l i c oxides and sulphides and so on?' 
Although we cannot know, w i t h any c e r t a i n t y , 

the depth of e l e c t r i c a l knowledge possessed by the 
workers we have r e f e r r e d to e a r l i e r , i n the case of 
one w r i t e r , a t l e a s t , we can make a reasonable guess 
a t h i s knowledge o f up t o date e l e c t r i c a l researches. 
Here, i n the example o f B i d w e l l , we have i n published 
work,a h i n t of h i s knowledge of e l e c t r o l y s i s and we 
know from the work of others^^ t h a t he was i n a 
p o s i t i o n t o be acquainted w i t h up t o date researches, 
nh a l i m i t e d sense, then, we can assess the question, 
'Hbw good was the use made of e x i s t i n g t h e o r i e s and 
to what extent d i d the explanations given of photo
c o n d u c t i v i t y , r e c t i f i c a t i o n , and so on, u t i l i s e very 
new ideas?' 

3*0. Thomson's 'Recent Researches.' 

The date of p u b l i c a t i o n of Thomson's book, 
Recent Researches,* 1893, i s a u s e f u l p o i n t beyond 
which we need not look f o r the t h e o r e t i c a l background 
to the work on p h o t o c o n d u c t i v i t y , p h o t o e l e c t r i c i t y 
and r e c t i f i c a t i o n considered so f a r . I n t h i s 
p u b l i c a t i o n Thomson a t t h a t time Cavendish Professor 
of Physics a t Cambridge, included a comprehensive 
s e l e c t i o n of the f a c t s of e l e c t r i c i t y and magnetism, 
and, wherever p o s s i b l e , wove them together w i t h the 
a i d of Maxwell's Elec.trodynamics. The general tenor-
of h i s w r i t i n g s i s mathematical although 'a method of 
re g a r d i n g the E l e c t r i c F i e l d , which i s geometrical 
and p h y s i c a l r a t h e r than a n a l y t i c a l ' ^ - ^ was introduced, 

*This shortened t i t l e w i l l be used i n f u t u r e . 
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An i n t e r e s t i n g f e a t u r e of t h i s approach was t h a t 
Thomson was able t o discuss the e f f e c t s and 
phenomena of e l e c t r i c c u r r e n t s w i t h o u t i n t r o d u c i n g 
the concept o f moving charges; using Faraday 
tubes as e x p l i c a t i v e devices, and, of course Maxwell's 
equations as the mathematical t o o l s . Over h a l f the 
book i s devoted to a more or less mathematical 
e x p o s i t i o n of the phenomena of e l e c t r i c i t y -
Chapters I I I t o V I ; a t h i r d i s concerned w i t h the 
passage of e l e c t r i c i t y through gases; w h i l e the 
remainder, mainly co n s i d e r i n g the p h y s i c a l d e s c r i p t i o n 
of tubes of f o r c e , deals w i t h a l l other 'recent 
researches'. I n t h i s l a t t e r p a r t three pages only 
are devoted t o m e t a l l i c and e l e c t r o l y t i c conduction 
per se; i t i s t h i s area which i s of consequence 
i n our study of the h i s t o r y of semiconductors. 
Recent Researches contained no mention o f the various 
d i s c o v e r i e s of Adams and Day, B i d w e l l and others; 
which suggests e i t h e r t h a t Thomson had no knowledge 
of the r e s u l t s , or he considered them not s i g n i f i c a n t 
enough t o i n c l u d e . The former suggestions seems 
u n l i k e l y f o r the d i s c o v e r i e s had a wide currency when 
they were made;-̂  i t i s more probable t h a t Thomson 
considered t h a t the then present theories would 
e v e n t u a l l y prove s u f f i c i e n t f o r a complete exp l a n a t i o n 
o f m e t a l l i c conduction. 

JFor example i n Chapter I of Recent Researches'^"^ 
he gave a d e s c r i p t i o n of the use of Paraday tubes i n 
accounting f o r conduction of e l e c t r i c i t y through gases 
and e l e c t r o l y t e s and f o r the a c t i o n of a galvanic c e l l . 
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He shows how the c o n t r a c t i o n of Paraday tubes can be 
used t o express the r e s i s t a n c e of conductor, r e l a t i n g 
the average l i f e of a tube i n the conductor to the 
r e l a x a t i o n time of the medium as defined by Maxwell. 
There seems to be no doubt t h a t a t t h i s stage and i n 
t h i s p u b l i c a t i o n Paraday's tubes had a r e a l i t y f o r 
Thomson and t h a t e l e c t r i f i c a t i o n e f f e c t s were second
ary to the motion and presence of the tubes; f o r 

when t a l k i n g about Faraday's conception of the tubes 
52 

he wrote:-
'Although the language which Faraday used about 
l i n e s of f o r c e leaves the impression t h a t he 
u s u a l l y regarded them as chains of p o l a r i s e d 
p a r t i c l e s i n the d i e l e c t r i c , yet there seem to be 
i n d i c a t i o n s t h a t he occasionally regarded them 
from another aspect; i . e . as something having 
an existence apart from the molecules of the d i 
e l e c t r i c , though these were p o l a r i s e d by the 
tubes when they passed through the d i e l e c t r i c . 
Thus . . . . he seems to regard these tubes as 
s t r e t c h i n g across a vacuum. I t i s t h i s l a t t e r 
view of the tubes of e l e c t r o s t a t i c i n d u c t i o n 
which we s h a l l adopt, we s h a l l regard them as 
having t h e i r seat i n the ether, the p o l a r i s a t i o n 
o f the p a r t i c l e s which accompanies t h e i r passage 
through a d i e l e c t r i c being a secondary, phenomenon.' 

I t i s not my i n t e n t i o n t o analyse the found
a t i o n and e v o l u t i o n of Thomson's p i c t u r e of 
e l e c t r i c i t y , t h i s has been attempted by others, 
bu t i t seems t h a t a t t h i s stage (1893) Thomson was 
i d e n t i f y i n g the ether and the processes w i t h i n i t as 
the 'cause' of e l e c t r i c a l phenomena. Whether or not 
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t h i s o p i n i o n represents Thomson's inner thoughts 
on the nature of e l e c t r i c i t y must remain, f o r my 
t h e s i s , a matter of conjecture. I n any case what 
i s of r e a l importance are the thoughts t h a t Thomson 
was t r a n s m i t t i n g i n Recent Researches; f o r i t i s 
these t h a t are l i k e l y t o have a f f e c t e d workers 
researching i n t o areas t h a t were not l i n k e d d i r e c t l y 
w i t h the fundamentals of e l e c t r i c a l t h e o r y . A n d 
from these we perceive the cl e a r view t h a t , e s s e n t i a l l y , 
m e t a l l i c conduction was not u n l i k e e l e c t r o l y t i c ; and 
t h a t f i e l d theory, p i c t o r i a l l y represented by Faraday 
tubes, could be expected t o give an account of the 
conduction of e l e c t r i c i t y i n m e t a l l i c s o l i d s , 

Thomson pointed out (p 51 of Recent Researches) 
t h a t w h i l e there were obvious d i f f e r e n c e s between 
e l e c t r o l y t i c conduction (where the processes could be 
described by Faraday tubes w i t h some c l a r i t y ) and 
m e t a l l i c conduction (where d e s c r i p t i o n was more 
d i f f i c u l t ) , the discrepancies were not s u f f i c i e n t 'to 
make i t necessary to seek an e n t i r e l y d i f f e r e n t 
e x p l a n a t i o n f o r m e t a l l i c conduction. '•̂•'̂  

Thomson c i t e d three major d i f f e r e n c e s between 
metals and e l e c t r o l y t e s . 
1. The c o n d u c t i v i t y of metals i s very much greater 

than e l e c t r o l y t e s , 
2, The temperature c o e f f i c i e n t of c o n d u c t i v i t y i s of 

opposite s i g n ; p o s i t i v e f o r e l e c t r o l y t e s , negative 
f o r metals. 
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5, There i s chemical decomposition i n e l e c t r o l y t i c 
conduction. 

While not i g n o r i n g e m p i r i c a l evidence Thomson 
pointed out t h a t possession of a p a r t i c u l a r set of 
p r o p e r t i e s d i d not n e c e s s a r i l y place a m a t e r i a l i n 
one c l a s s or another; carbon, although not an 
e l e c t r o l y t e had a negative temperature c o e f f i c i e n t 
o f r e s i s t a n c e f o r example, and there were s i m i l a r i t i e s 
i n the behaviour of metals and e l e c t r o l y t e s to l i g h t , 
Thomson d i d not attempt any theory of the c o n s t i t u t i o n 
of Faraday tubes, although 'the.analogies which e x i s t 
between t h e i r p r o p e r t i e s and those of tubes of vo r t e x 
motion i r r e s i s t i b l y suggest t h a t we should look to a 
r o t a t o r y motion i n the ether f o r t h e i r explanation',"^ 
Although Thomson d i d not e x p l i c i t l y claim t h a t the 
tubes were the ' r e a l i t y ' behind e l e c t r i c a l e f f e c t s , 

•57 
he ended h i s f i r s t chapter thus:--^' 

•Taking however these tubes f o r granted, they 
a f f o r d , I t h i n k , a convenient means of g e t t i n g 
a v i v i d p i c t u r e o f the processes o c c u r r i n g i n 
the electro-magnetic f i e l d , and are e s p e c i a l l y 
s u i t a b l e f o r expressing the r e l a t i o n s which 
e x i s t between chemical change and e l e c t r i c a l 
a c t i o n , • 

Thomson's book leaves the strong impression 
t h a t the main immediate research programme i n t o 
e l e c t r i c a l matters should be the i n v e s t i g a t i o n of gases, 
and t h a t much of the r e s t would be subsiimed under 
Maxwell's electrodynamics. Hie made very l i t t l e 
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comment on the nature of e l e c t r i c c u r r e n t s , and 
said n o t h i n g about the p o s s i b i l i t y t h a t e l e c t r i c i t y 
might be an 'atomic' phenomenon. The d i s c o v e r i e s 
made i n t o the conduction of e l e c t r i c i t y through 
s o l i d s and a t the p o i n t s of contact between s o l i d s 
found no place i n Recent Researches. 

Thomson's view of e l e c t r o l y s i s was conventional. 
By which I mean, he took no account of Arrheniua's 
r e c e n t l y published^^ suggestion t h a t d i s s o c i a t i o n of 
ions took place i n e l e c t r o l y t e s , and hence, t h a t the 
e l e c t r i c a l , and other, p r o p e r t i e s of i o n i c s o l u t i o n s 
could be explained by an a c t u a l motion of charged atoms, 
each c a r r y i n g a d i s t i n c t q u a n t i t y of e l e c t r i c i t y . 
There was, of course, considerable controversy 

59 
surrounding Arrhenius's ideas controversy which 
continued f o r much o f the remainder of the 19th century; 
and, by and l a r g e , Thomson's w r i t i n g s i n Recent 
Researches avoided the discussion of disagreement. 
To o b t a i n r e l i a b l e r e s u l t s on e l e c t r o l y s i s was d i f f i c u l t ; , 
complicated, as i t was, by the i n e v i t a b l e chemical 
r e a c t i o n s t h a t occurred when electrodes were i n s e r t e d 
i n t o r e a c t i v e s o l u t i o n s . However the way around t h i s 
d i f f i c u l t y had been found by Kohlrausch i n 1879 
u t i l i s i n g a l t e r n a t i n g c u r r e n t s i n h i s work. I t may 
have been t h a t the ' i o n i c d i s s o c i a t i o n ' p r i n c i p l e 
suggested by Arrhenius was not acceptable to Thomson 
i n 1893 f o r i n c l u s i o n i n a d i d a c t i c work,^^ Whatever 
may have been Thomson's opiMon of Arrhenius' t h e o r i e s 
i n 1893 the published work .we are discussing contains 
a view i n which e l e c t r o l y t e s are s o l u t i o n s of p o l a r i s e d 
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molecules, d i s s o c i a t e d , one by one, by the i n t e r 
a c t i o n s of Faraday tubes; r e s u l t i n g , e v e n t u a l l y , 
i n e l e c t r o l y t i c decomposition, Thomson's geometric 
d e s c r i p t i o n of e l e c t r o l y s i s d i d not r e q u i r e separation 
of ions i n s o l u t i o n ; nor d i d i t envisage ions 
moving f r e e l y i n the e l e c t r o l y t e . Thus Thomson's 
p i c t u r e o f e l e c t r o l y s i s was i n terms of 'Grotthus' 
chains described by the i n t e r a c t i o n o f Faraday tubes 
which could c o l l a p s e or grow, thereby g i v i n g r i s e t o 
the chemical a c t i o n i n e l e c t r o l y s i s , or conversely, 
galvanic c e l l s , E v i d e n t l y such a v i s u a l i s a t i o n 
c o u l d , i n p r i n c i p l e be a p p l i e d to s o l i d s , p a r t i c u l a r l y 
compound s o l i d s ; B i d w e l l was not, t h e r e f o r e , out of 
step w i t h 'received' o p i n i o n . 

Beyond suggesting t h a t . e l e c t r i c currents may be 
represented by r o t a t i o n s o f Faraday tubes, t h a t i s as 
i n t e r a c t i o n s between f i e l d s of f o r c e , Thomson d i d not 
f u r t h e r i l l u m i n a t e the question of the nature of 
e l e c t r i c c u r r e n t or charges, 
is. The H a l l E f f e c t , 

Yet a paper published by H a l l i n 1879 introduced 
a phenomenon t h a t was claimed to be a t variance w i t h 
Maxwell's views and was l a t e r to Toe used, to great 
e f f e c t , i n e l u c i d a t i n g the f a c t s concerning conduction 
i n the s o l i d s t a t e . 

The ' H a l l E f f e c t ' was simply t h a t i f a conductor 
through which a c u r r e n t was passing had a magnetic 
f i e l d a p p l i e d t o i t a t r i g h t angles t o the d i r e c t i o n of 
the c u r r e n t then an electromotive force was developed 
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mutual l y a t r i g h t angles to the d i r e c t i o n s of the 
c u r r e n t and the magnetic f i e l d . H a l l ' s own account 
begins w i t h the c o n s i d e r a t i o n of a problem, as he 
saw i t , i n Maxwell's i n t e r p r e t a t i o n of the e f f e c t t h a t 
a magnetic f i e l d had on a conductor c a r r y i n g a c u r r e n t . 
H a l l quoted from Maxwell's E l e c t r i c i t y and Magnetism, 

' I t must be c a r e f u l l y remembered, t h a t the 
mechanical f o r c e which urges a conductor 
c a r r y i n g a c u r r e n t across the l i n e s of 
magnetic f o r c e , a c t s , not on the e l e c t r i c 
c u r r e n t , but on the conductor which c a r r i e s 
i t . I f the conductor be a r o t a t i n g d i s c , . , 
i t w i l l move i n obedience t o t h i s f o r c e ; and 
t h i s motion may or may not be accompanied w i t h 
a change o f p o s i t i o n of the e l e c t r i c c u r r e n t 
which i t c a r r i e s . But' i f the c u r r e n t i t s e l f 
be f r e e to choose any path through a f i x e d 
s o l i d conductor. , , , , then, , , , , a f t e r 
c e r t a i n t r a n s i e n t phenonema, c a l l e d i n d u c t i o n -
c u r r e n t s , have subsided, the d i s t r i b u t i o n of 
the c u r r e n t w i l l be found to be the same as i f 
no magnetic f o r c e were i n a c t i o n . The only 
f o r c e which acts on e l e c t r i c currents i s 
el e c t r o m o t i v e f o r c e , which must be d i s t i n g u i s h e d 
from the mechanical force which i s the subject 
o f t h i s chapter.' 

H a l l found t h i s r a t h e r p u z z l i n g , f o r as he pointed 
out the mechanical forces which were developed were 
t o t a l l y independent of the m a t e r i a l c a r r y i n g the 
c u r r e n t s . He reasoned t h a t i f the f o r c e acted on the 
conductor then the substance of the conductor might be 
expected t o a f f e c t the magnitude of the f o r c e ; but 
t h i s was not the case. Furthermore there were variances 
between a u t h o r i t i e s on t h i s p o i n t . Suspecting t h a t 
t h e r e was a f o r c e between.the c u r r e n t and the magnetic 
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f i e l d he f i r s t essayed t o detect a r e s i s t a n c e 
change when a magnetic f i e l d acted on a c u r r e n t 
c a r r y i n g conductor. He found no e f f e c t , the 
c u r r e n t was no t , apparently forced t o one side of the 
conductor. He a l t e r e d h i s approach and assumed t h a t 
e l e c t r i c i t y was an incompressible f l u i d r e t u r n i n g , 
thereby, t o a much e a r l i e r concept. From t h i s 
premise about the nature of e l e c t r i c i t y i t s e l f , he 
argued t h a t w h i l e there may be no a c t u a l motion of 
the e l e c t r i c a l f l u i d there may w e l l be a tendency 
to motion, when there would ' e x i s t a s t a t e of stress 
i n the conductor, the e l e c t r i c i t y pressing, as i t . 
were, toward one side of the w i r e , ' Acceptance-
of the basic assumption concerning the nature of 
e l e c t r i c i t y allowed H a l l to c a l c u l a t e the v e l o c i t y 
of the e l e c t r i c c u r r e n t i n conductors and e v e n t u a l l y , 
to determine i t s s i g n . H a l l d i d not commit himself 
on t h i s , but pointed out t h a t i f the fo r c e between two 
cur r e n t s was as the f o r c e between two cur r e n t c a r r y i n g 
conductors then the c u r r e n t , i n gold a t l e a s t , moved 
from the negative to the p o s i t i v e pole i n the gol d , 
( i , e , the s i g n of the c u r r e n t c a r r i e r s was negative,) 

6S 
Thomson's di s c u s s i o n of the H a l l e f f e c t i s combined 
w i t h a c o n s i d e r a t i o n of the r o t a t i o n of the plane of 
p o l a r i s e d l i g h t when i t i s r e f l e c t e d from the face of 
a magnet, and beyond remarking t h a t the two need not 
n e c e s s a r i l y be connected, had very l i t t l e t o say. 
He c e r t a i n l y d i d not t r e a t H a l l ' s discovery as i f i t 
were due t o the a c t i o n of magnetic f o r c e s on the 
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c u r r e n t s i n the conductors; he d i d not r e f u t e 
the argument, he merely d i d not r e f e r to i t . Again 
wê  are l e f t w i t h the impression t h a t , sooner or 
l a t e r , electrodynamics would prove f u l l y e f f e c t i v e 
i n d e s c r i b i n g H a l l ' s discovery. I n f a c t . H a l l ' s 
basic assumption t h a t e l e c t r i c i t y was an incompressible 
f l u i d , was a t variance w i t h Thomson's p i c t u r e t h a t 
e l e c t r i c charges were -the terminations of Faraday 
tubes. 

I t i s not my purpose to f o l l o w the e a r l y h i s t o r y 
of the H a l l e f f e c t ; and were i t not f o r the h i s t o r i c a l 
f a c t t h a t the main character i n the selenium s t o r y 
became i n t e r e s t e d i n r e f u t i n g H a l l ' s explanation the 
disc o v e r y could be ' l e f t i n the a i r ' , as i t were, 
u n t i l i t became of i n s t r u m e n t a l use i n d e f i n i n g the 
p r o p e r t i e s of s o l i d conduction during the opening 
years of t h i s century. I n Bidwell's work on the 
H a l l e f f e c t we see t h a t he d i d know of some up to date 
researches and t h a t he was u n w i l l i n g to accept the 
t h e o r e t i c a l consequences suggested by H a l l , There 
were, of course, experimental inaccuracies i n H a l l ' s 
work, i t would be s u r p r i s i n g i f i n the f i r s t instance 
of any 'discovery', there were not; there were also 
a l t e r n a t i v e d e s c r i p t i o n s p o s s i b l e , and Bidwell's was 
p a r t i c u l a r l y ingenious. Some of H a l l ' s r e s u l t s 
appeared t o be wrong or r e v e r s i b l e but once the 
existence of the e l e c t r o n was accepted the H a l l e f f e c t 
became a necessary consequence of the proposed mechanism 
of charge t r a n s p o r t i n a l l types of conductor; a 
minor example of the e f f e c t of a Kuhnian paradigm s h i f t . 
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B i d w e l l showed, q u a l i t a t i v e l y only, t h a t the 
H a l l e f f e c t could be i n t e r p r e t e d as th e r m o e l e c t r i c 
e,m,f.'s developed between v a r i o u s l y s t r a i n e d p o r t i o n s 
o f the conductor; the s t r a i n s produced by the 
magnetic f o r c e on the conductor, temperature d i f f e r e n c e 
by the c u r r e n t f l o w , and the transverse voltages by 
t h e d i f f e r e n t i a l h e a t i n g of the s t r a i n e d m a t e r i a l 
r e s u l t i n g i n inhomogeneity of r e s i s t a n c e . 

S h o r t l y a f t e r H a l l ' s p u b l i c a t i o n of h i s i n i t i a l 
r e s u l t s Rowland produced a short note on the new 
e f f e c t , ^ ' ^ E'e suggested t h a t H a l l ' s f i n d i n g s i m p l i e d 
t h a t the electro-magnetic equations then i n use were 
'only approximate, , . . applying only to some i d e a l 
substance which may or may not e x i s t i n nature, but 

70 
which c e r t a i n l y does not include the or d i n a r y metals,' 
I t a lso seemed t o Rowland t h a t the e f f e c t would 
' c o n s t i t u t e a very important proof of Maxwell's theory 
of l i g h t ' , R o w l a n d hoped, as d i d others,"^^ to 
demons-trate t h a t the H a l l e f f e c t was s i m i l a r i n 
character t o the r o t a t i o n of the plane of p o l a r i s e d 
l i g h t when the l i g h t i n t e r a c t e d w i t h a magnetic i f i e l d ; 
but we have already seen t h a t Thomson, i n Recent 
Researches, could not g i v e , ( i n 1893), a s a t i s f a c t o r y 
d e r i v a t i o n of the H a l l e f f e c t . Rowland produced an 

7̂ 5 
elaborate argument i n a se r i e s of papers, •'̂  whereby 
assuming t h a t magnetism was the r e s u l t of the motion 
of an incompressible f l u i d , he was able t o deduce the 
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r o t a t i o n of the plane of p o l a r i s a t i o n l i g h t . I l i s ' 
r e s u l t , according t o Thomson,'^^ was i d e n t i c a l to 
t h a t given by Maxwell, hut was obtained by i n c l u d i n g 
the H a l l e f f e c t as a new axiom i n t o h i s theory. 

B i d w e l l and the H a l l E f f e c t . 

B i d w e l l produced three papers on the H a l l 
e f f e c t . On February 14, 1884, a p u b l i c a t i o n 'On an 
Explanation of H a l l ' s Phenomenon' was communicated to 
the Royal Society and published i n Proceedings of the 
Royal Society on February 24, 1884. A more 
extensive paper 'On some Experiments i l l u s t r a t i n g an 
Explanation of H a l l ' s Phenomenon' was read to the 
Phy s i c a l Society on March 8, 1884; l a t e r published 
i n t h e i r Proceedings'^^ and noted i n Nature^'^''^ A 
sh o r t note i n Nature of March 27, 1884,'''^ i l l u s - b r a t e d 
'The Reversal of H a l l ' s Phenomenon'. A l l these 
w r i t i n g s were aimed a t the same p o i n t : namely to 
show t h a t the H a l l e f f e c t was a r e s u l t of thermo
e l e c t r i c phenomena. I n a sense Bidwell's opinions 
represented a challenge to the proposed method of 
i n t e r p r e t a t i o n i n terms of Maxwell's theory. His 
was not a deep challenge, i . e . a t the fundamental 
assumptions, but o f f e r e d an a l t e r n a t i v e on e q u a l l y 
acceptable basic grounds. The b r i e f examination of 

79 
h i s second p a p e r w h i c h f o l l o w s i s not intended t o 
i l l u m i n a t e the h i s t o r y of the H a l l e f f e c t but to throw 
some l i g h t on the questions posed a t the beginning 
of t h i s s e c t i o n , 

80 
1. The H a l l e f f e c t as a 'problem area', not 
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n e c e s s a r i l y i n i t s own r i g h t , which i t was, but as 
one more puzzle i n the conduction of e l e c t r i c i t y ; 
through solids', 

2. B i d w e l l ' s knowledge of 'up-to-date' researches 
i n e l e c t r i c a l science. 
3. Bidwell's approach to research. 

Of Bidwell's' papers only the second need 
concern us here; i t was an enlargement of the 
f i r s t and not s u b s t a n t i a l l y d i f f e r e n t from i t : ; 
w h i l e the note i n Nature added a small piece of 
c o n f i r m a t o r y evidence, a t l e a s t according to B i d w e l l . 

We have seen p r e v i o u s l y t h a t i n h i s work on 
selenium B i d w e l l was a c a r e f u l and d e t a i l e d observer; 
e f f e c t s he discovered he attempted to confirm not 
simply by r e p e t i t i o n , but by analogy and extension, 
(His work on e s t a b l i s h i n g h i s b e l i e f i n the e l e c t r o 
l y t i c nature of conduction i n selenium i s the pre
eminent example i n t h i s r e s p e c t . ) He applied the 
same techniques t o h i s support of h i s b e l i e f t h a t 
the H a l l e f f e c t was e x p l i c a b l e i n the terms o u t l i n e d 
above. 

B i d w e l l began h i s paper w i t h a mixture of 
confidence and d i f f i d e n c e . He considered t h a t the 
H a l l e f f e c t 'might be completely explained by the 
o p e r a t i o n o f mechanical s t r a i n and c e r t a i n P e l t i e r 

81 
e f f e c t s ' and t h a t t o h i s mind 'saturated as- i t 
was w i t h the matter, i t appeared t h a t such a s t a t e 
ment a f f o r d e d i n i t s e l f overwhelming evidence i n 
favour of the viewa which (he) had been l e d to adopt; 
and (he) b e l i e v e d t h a t when once set f o r t h , , 
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they could not f a i l t o meet w i t h immediate 
82 

acceptance'. However B i d w e l l was r e l u c t a n t tLo 
pursue the matter w i t h o u t due c a u t i o n f o r the ex
p l a n a t i o n of the phenomenon 'seemed to be i n complete 
harmony w i t h the views of Clerk Maxwell as- to the 
existence of a r o t a t o r y c o e f f i c i e n t of r e s i s t a n c e ' 
furthermore ' i t j t h e H a l l e f f e c t ^ was believed t o 
p o i n t to an i n t i m a t e r e l a t i o n between e l e c t r i c i t y 
and l i g h t ' , ( W h e t h e r t h i s comment was intended to 
u n d e r l i n e the H a l l e f f e c t as confirming Maxwell's 
theory or to suggest another c o r r e l a t i o n between the 
fo r c e s of nature i s not c l e a r . R e c a l l i n g the 
d i s c u s s i o n of h i s work on selenium we w i l l remember 
t h a t he d i d not i n t e r p r e t h i s work on the l i g h t 
s ' e n s l t i v i t y as indica'tilng a d i r e c t a c t i o n between 
l i g h t and e l e c t r i c i t y , although others d i d . ) 

B i d w e l l gave d e t a i l s - of h i s experimental 
arrangements and how he had overcome one or two 
i n s t r u m e n t a l d i f f i c u l t i e s i n order to make h i s 
measurements. Having, apparently, reached the 
concl u s i o n t h a t H a l l ' s explanation o f t h i s e f f e c t was-
not c o r r e c t , B i d w e l l turned to other a l t e r n a t i v e s . 
F i r s t there was the p o s s i b i l i t y t h a t the e f f e c t of the 
magnetic f i e l d on the j u n c t i o n s between connecting 
wires and the t h i n specimens used was to modify the 
t h e r m o e l e c t r i c behaviour from whence a transverse 
v o l t a g e would be developed. This' explanation proved 
i n e f f e c t i v e . His thoughts then turned to the e f f e c t 
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o f a mechanical s t r a i n i n the conductors; i f 
a d i r e c t ' s t r e s s could produce e.ra.f.'s i n a t h i n 
metal sample then he had a possible explanation of 
the H a l l e f f e c t . He was' able t o show the existence 
o f the r e q u i r e d e l e c t r o m o t i v e f o r c e , B i d w e l l 
was aware t h a t thermo-couples could be f a b r i c a t e d 
between the same m a t e r i a l s t h a t had had d i f f e r e n t 
mechanical histories;®*^ a th e r m o e l e c t r i c v o l t a g e could 
be developed a t the j u n c t i o n of an unstrained copper 
w i r e and a st r e t c h e d copper w i r e , f o r example. He 
now proceeded t o the account to which h i s experiments 

88 
were proceeding. He provided a d e s c r i p t i v e p i c t u r e 
onlyr,, unsupported w i t h numerical c a l c u l a t i o n s , but 
was able t o i n d i c a t e a c o r r e l a t i o n between the 
d i r e c t i o n s of the c u r r e n t between s t r e t c h e d and un-
s t r e t c h e d p o r t i o n s and the sign of the H a l l e f f e c t . 

Although Bidwell's work on the H a l l e f f e c t has-
been given a very short treatment only, the disc u s s i o n , 
together w i t h the extensive footnotes, serve t o 
i l l u s t r a t e the care t h a t he took. Indeed he was so 
convinced by h i s experimental argument t h a t he con-

qn 
eluded h i s paper w i t h the words 

'Though i t may not impossibly t u r n out, on f u r t h e r 
i n v e s t i g a t i o n , t h a t the d e t a i l s of the a c t i o n 
d i f f e r i n some respects from those which I have 
auggesfced, I t h i n k no reasonable doubt can remain 
t h a t H a l l ' s phenomenon i s simply a consequence of 
mechanical a c t i o n combined w i t h P e l t i e r e f f e c t s . 
. . . Having regard to the great importance of 
the s u b j e c t , i t seemed desirable t h a t i t should 
r e c e i v e the most thorough and exhaus'tive treatment 
p o s s i b l e , ' 
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This s h o r t c o n s i d e r a t i o n of Bidwell's paper 
serves t o i n d i c a t e t h a t the H a l l e f f e c t was a problem 
area, as Thomson was t a c i t l y to acknowledge i n 
Recent Researches and t h a t although B i d w e l l describes, 
w i t h o u t magnitudes, how explanations might be given, 
h i s own conclusions were inadequate. He could have 
r e j e c t e d them on the same grounds t h a t he had r e j e c t e d 
thermal e f f e c t s i n selenium, namely t h a t no thermal 
e f f e c t was known t o take place instantaneously, w h i l e 
the H a l l e f f e c t made an immediate appearance once the 
c u r r e n t s were s t a r t e d . Again, although he took care 
t o be q u a l i t a t i v e l y c o r r e c t , he made no attempt t o 
produce r e l i a b l e q u a n t i t a t i v e r e s u l t s ; f o r example 
the magnitude of stres s e s , the amount of heat 
generated a t the j u n c t i o n s , the thermal e.m.f.'s and 
so on. However we must acknowledge t h a t he appears 
t o have been informed about very recent developments 
i n e l e c t r i c a l research and t o be able to l i n k these 
w i t h e a r l i e r d i s c o v e r i e s . This i s c e r t a i n l y t r u e 

91 
of experimental work, f o r he quoted h i s sources; 
but we cannot be so sure when t h e o r e t i c a l matters- are 
considered, f o r here, i n c o n t r a s t , he provided no 
i n d i c a t i o n of the basis of h i s knowledge and in f o r m a t i o n , 

I n h i s work on the H a l l e f f e c t , as f o r selenium, 
B i d w e l l t r i e d t o give support t o t h e o r i e s t h a t he formed 
f a i r l y e a r l y i n h i s work; and was constrained by h i s 
e a r l y opinions t o i n t e r p r e t h i s f i n d i n g s r a t h e r r i g i d l y . 
Although h i s work on the H a l l e f f e c t was not nearly, as 
extensive as t h a t on selenium the same a t t e n t i o n t o 
d e t a i l can be seen but h i s dependence on d e s c r i p t i v e 
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t h e o r i e s , l e d him to q u a l i t a t i v e r a t h e r than 
q u a n t i t a t i v e measurements, and to some r a t h e r complex 

92 
mechanisms, 
6-. E l e c t r i c a l Theory i n the l a t e Nineteenth Century, 

Four aspects of e l e c t r i c a l theory impinged on 
the research i n t o the p r o p e r t i e s of selenium and of 
r e c t i f y i n g j u n c t i o n s , namely:-
1) M e t a l l i c conduction, 
2) E l e c t r o l y s i s , 
3) J u n c t i o n phenomena, 
4) Electro-magnetism, 

of which f o u r only the l a t t e r could be said t o have 
reached a s a t i s f a c t o r y s t a t e by 1893; and even t h a t 
could not account f o r the H a l l e f f e c t . I n the other 
cases-, although some e m p i r i c a l r u l e s were w e l l 
e s t a b l i s h e d and accepted, considerable controversy 
raged around the i n t e r p r e t a t i o n and understanding of 
the various phenomena,for a s u i t a b l e model was l a c k i n g . 

Thus f o r metals, beyond the knowledge t h a t Ohm's 
law was obeyed t o a h i g h degree of accuracy over a wide 
range of c u r r e n t d e n s i t i e s and t h a t there was no sensible 
t r a n s p o r t of matter there was' no more t h a t could be sa i d . 
The e l e c t r i c a l c h a r a c t e r i s t i c s of d i f f e r e n t m a t e r i a l s 
were a matter of measurement r a t h e r than calcula:fcion 
bas'ed on a common set of assumptions; even such a 
s t a r t l i n g g e n e r a l i s a t i o n as the Wiedemann-Franz law 
could not be der i v e d t h e o r e t i c a l l y . 

I n the case of e l e c t r o l y s i s - Faraday's laws were 
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w e l l founded and confirmed but were not f i r m l y based 
on g e n e r a l l y agreed foundations. I t was not u n t i l 
1902 t h a t Whetham could w r i t e about Arrhenius' 
d i s s o c i a t i o n theory of 1887?^ 

'The theory of e l e c t r o l y s i s described i n t h i s 
chapter has proved one of the most s t i m u l a t i n g 
hypotheses i n the recent h i s t o r y of p h y s i c a l 
science. At the outset i t met w i t h much 
o p p o s i t i o n , c h i e f l y from chemists who he l d t h a t 
i t s fundamental demands were i n c o n s i s t e n t w i t h 
w e l l - e s t a b l i s h e d chemical conclusions, , , . As 
experimental arrangements approximate to i d e a l 
c o n d i t i o n s the correspondence between theory and 
observation increases. . . . Some form of d i s 
s o c i a t i o n theory seems to be c l e a r l y i n d i c a t e d 
by the e l e c t r i c a l p r o p e r t i e s of s o l u t i o n s , and, 
as a t present formulated w i l l be a guide i n 
f u r t h e r i n v e s t i g a t i o n s , , , . The complete theory 
o f e l e c t r o l y s i s needs f u r t h e r experimental data 
upon which t o b u i l d , but the fundamental con
c e p t i o n of i o n i c d i s s o c i a t i o n seems t o secure a 
fo u n d a t i o n f o r f u r t h e r development,' 

However when B i d w e l l produced h i s 1895 paper^^ 
he could opine t h a t the a c t i o n o f l i g h t on selenium 
'would occur not only a t the anode, but throughout the 
body of the Se, the recombination of the separated 
molecules o f Se and the metal (forming the "Grotthuss 
chain") being ( s i m i l a r l y ) a s s i s t e d . ' ^ ^ At t h a t time, 
although, as we s h a l l see below, Lodge queried the 
p o s s i b i l i t y of e l e c t r o l y s i s i n s o l i d s , the mechanisms 
i n v o l v e d i n the conduction of e l e c t r i c i t y i n e l e c t r o 
l y t e s were open t o d i s p u t e . Ten years l a t e r mobile 
atoms i n s o l i d m a t e r i a l s seemed extremely u n l i k e l y , 
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a t leas-t a t o r d i n a r y temperatures. I n 1880, however, 
e l e c t r o l y t i c a c t i o n was a l i k e l y candidate to accountb 
f o r the p r o p e r t i e s of selenium, f o r the performance 
o f selenium c e l l s had much t h a t was q u a l i t a t i v e l y i n 
common w i t h e l e c t r o l y t i c c e l l s . 

J u n c t i o n phenomena were also w i t h i n the scope 
of e l e c t r o l y s i s f o r d i r e c t i o n a l c h a r a c t e r i s t i c s ' and 
the g eneration of e.m.f.'s were w e l l known p r o p e r t i e s 
of e l e c t r o l y t e s ; but t h e r m o e l e c t r i c i t y , (the Seebeck 
and P e l t i e r e f f e c t s ) and contact e l e c t r i c i t y , (the w e l l 
e s t a b l i s h e d r e s u l t t h a t the contact and l a t e r separation 
of d i f f e r e n t m a t e r i a l s produced a, sometimes very l a r g e , 
p o t e n t i a l d i f f e r e n c e ) were possible competitors f o r 
e l e c t r o c h e m i c a l processes. Yet again although o l d 
and w e l l known e m p i r i c a l knowledge exi s t e d there was 
n e i t h e r a s a t i s f a c t o r y t h e o r e t i c a l d e s c r i p t i o n of the 
phenomena, nor a g e n e r a l l y agreed mechanism r e l a t i n g 
to t h e r m o e l e c t r i c i t y , the contact forces and Volta 
f o r c e s . 

C o n sideration of the various problems associated 
w i t h e l e c t r o l y s i s and j u n c t i o n phenomena aroused, on 
occas-ions, considerable heat and d i f f e r e n c e s of o p i n i o n ; 
g i v i n g the impression of a si;ate of knowledge t h a t was 
extremely f l u i d , a f e r t i l e ground f o r experiment and 
theory;and a n a l o g i c a l arguments, such as B i d w e l l used, 
could not be s t r u c k out of court very r e a d i l y , l i k e 
the H a l l e f f e c t , the e f f o r t s devoted to the understanding 
o f these aspects of e l e c t r i c i t y are, i n themselves, 
worthy of an extended piece of h i s t o r i c a l research. 
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I n t h i s t h e s i s I can only i n d i c a t e the areas of 
controversy which w i l l serve to show t h a t the lac k 
of a s u i t a b l e model of cur r e n t e l e c t r i c i t y and a 
co n c e n t r a t i o n on f i e l d s of force were the c o n s t r a i n t s 
which l i m i t e d t h e o r e t i c a l understanding of those 
phenomena which would have aided research i n t o the 
p r o p e r t i e s of s o l i d s and the ju n c t i o n s between s o l i d s . 

Berkson i n F i e l d s of Force^^ and Nye i n 
Molecular Reality^'^ provide us w i t h e x c e l l e n t analyses 
of two problem regions i n the h i s t o r y of 19th century 
physics. Berkson argues t h a t Maxwell beginning from 
Faraday's i n t u i t i v e conceptions of the nature of 
e l e c t r i c a l a c t i o n s tended to i n t e r p r e t e l e c t r i c i t y as 
the r e s u l t of m o d i f i c a t i o n s and i n t e r a c t i o n s of f i e l d s 
of f o r c e i n the 'ether'; charge i t s e l f being a 
secondary property» Berkson puts the s i t u a t i o n r a t h e r 

98 
n e a t l y i n the f o l l o w i n g words:-

'Up to 't h i s p o i n t r Maxwell had not considered 
the connection between electromotive f o r c e and 
charge. This may seem strange, since i t would 
be supposed t h a t a theory of charge would be the 
s t a r t i n g p o i n t of any theory of electromagnetism. 
But Maxwell had avoided introducing^ charge i n t o 
h i s model, and ins t e a d had made c u r r e n t and i t s 
r e l a t i o n t o the magnetic f i e l d fundamental. 
Although t h i s enabled him to develop a u n i f i e d 
theory of magnetism and cu r r e n t , he was unable 
to make charge an i n t e g r a l p a r t of h i s modelo 
Charge i s a cause of displacement of the e l e c t r i c a l 
p a r t i c l e outside the mechanism i t s e l f . To f i n d 
the connection between charge and e l e c t r i c f o r c e 
Maxwell had t o use a roundabout, deduction, i n v o l v i n g 
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a l l of the previous assumptions about the model.' 
I n h i s book Berkson r e t u r n s several times to the 

concept of charge i n Maxwell's theory"^*^^ u n d e r l i n i n g , 
thereby, the l i m i t a t i o n s of h i s theory i n t h i s respect. 
Maxwell's r e d u c t i o n of e l e c t r i c i t y to the i n t e r a c t i o n s 
between f i e l d s of f o r c e and h i s view of e l e c t r i c charge 
as a 'secondary' phenomenon i s , p a r a d o x i c a l l y , a t 
once understandable and strange. Understandable i n 
t h a t charge i m p l i e s a t o m i c i t y w h i l e Maxwell followed 
Faraday who d i d not accept t h a t f o r e l e c t r i c i t y : 
strange i n t h a t Maxwell's work on k i n e t i c theory was 
based on an atomic conception. I t may be t h a t i n 
the case of atomic e l e c t r i c i t y and atomic matter the 
fundamental problem was not whether e i t h e r hypothesis 
could give an account of observed phenomena, but 
whether the t h e o r e t i c a l expression i n d i c a t e d the a c t u a l 
r e a l i t y w i t h i n the basic assumptions. As Nye expresses 
i t i n the i n t r o d u c t i o n to her book:-"̂ '̂ "'" 

' I n a t t e m p t i n g to understand the chemistry and 
physics of the nineteenth and t w e n t i e t h c e n t u r i e s , 
i t i s r e a d i l y apparent t h a t a watershed of fund
amental s i g n i f i c a n c e marks the years- leading i n t o 
our present epoch. 

Iffet something i s missing i n many ( o f th e s e ) * h i s t o r i e s , 
or perhaps too much i s assumed. (There i s a ) * 
tendency to assume what so many of the p h y s i c a l 
s c i e n t i s t s of t h i s p i v o t a l period d i d not f o r one 
minute assume - the d i s c o n t i n u i t y of the matter 
which u n d e r l i e s v i s i b l e r e a l i t y , 
one perhaps f a i l s to r e a l i s e t h a t the focus was 

•'̂•My parenthesis 
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not simply^ upon the nature of the molecules, 
ions and atoms, but upon the very f a c t of t h e i r 
existence. The a l t e r n a t i v e t o a wave conception 
of cathode rays, f o r example, could not be couched 
i n simple ' e i t h e r - or' terminology, f o r the 'or' 
was not recognised by a aizeable segment of the 
s c i e n t i f i c group as even a possible a l t e r n a t i v e . ' 

I f Nye i s c o r r e c t , and she makes out a very good 
case f o r t h i s view i n her book, then as the study of 
e l e c t r i c i t y and an understanding of the phenomena were 
deeply woven i n t o the p i c t u r e of the microscopic 
p r o p e r t i e s o f matter i t i s not s u r p r i s i n g t h a t agreed 
knowledge about e l e c t r o l y s i s and j u n c t i o n phenomena 
was confined to the experimental r e s u l t s . Conversely, 
i f the molecular view of matter was f i r m l y based by 
the l a t e 1870's then Helmholtz's famous l e c t u r e of 

102 
1881 would have been superfluous. 
7» lodge's Reviews and Views. 

As was i n d i c a t e d above (p m) contemporary 
10^ 

review type papers w i l l be used to i n d i c a t e the 
range of the problems f o r a d e t a i l e d examination of 
the primary sources would take me too f a r from the 
main purposes of t h i s t h e s i s , i . e . the e a r l y h i s t o r y 
o f semiconductors. I t i s f o r t u n a t e t h a t O l i v e r Lodge 
produced a s e r i e s of p u b l i c a t i o n s which not only give 
us some i n d i c a t i o n of h i s i n t e r p r e t a t i o n s of the 
v a r i o u s e l e c t r i c a l t h e o r i e s between 1885 and 1900; 
but i n c l u d e h i s summaries of the c o n t r o v e r s i e s , 
developments and p r e d i c t i o n s e x i s t i n g w i t h i n the s u b j e c t . 
Of p a r t i c u l a r i n t e r e s t i s h i s Modern Views of E l e c t r i c i t y ' ^ ^ ^ 



- 135 -
f o r here he attempted a survey of the t o t a l f i e l d ; 
v e n t u r i n g i n t o areas' of s p e c u l a t i o n which i n other 
p u b l i c a t i o n s might have been avoided. His r e p o r t s 
t o the B r i t i s h A s s o c i a t i o n on E l e c t r o l y s i s and t o 
the I n s t i t u t i o n of E l e c t r i c a l Engineers when he wrote 
On the Seat of the Electromotive Forces i n a V o l t a i c 
Gell"*"^^ were w r i t t e n i n an almost polemical s t y l e 
t h a t serves t o accentuate the problem areas. The 
d i f f i c u l t i e s were discussed u n t i l the close of the 
n i n e t e e n t h century, before the e l e c t r o n theory provided 
a common ground f o r a l l e l e c t r i c a l phenomenon. Almost 
the f i n a l "shots" i n the argument were presented i n a 
s e r i e s o f papers by Lodge"'"*̂ '̂  (1900) and a work of 
K e l v i n ' s (1898).-'-̂ ® Both works discussed contact 
e l e c t r i f i c a t i o n and v o l t a i c electromotive f o r c e s . 

Lodge's o v e r a l l d e s c r i p t i o n of e l e c t r i c i t y and . 
the phenomenon associated w i t h i t i s b r i e f l y given i n 
Modern Vlews^; much of which gives substance t o 
Duhem's o f t quoted remark 'We thought we were e n t e r i n g 
the t r a n q u i l and n e a t l y ordered abode of reason, but 

109 
f i n d ourselves i n a f a c t o r y , ' ^ Mechanical models 
abound f o r the d e s c r i p t i o n of purely e l e c t r i c a l 
phenomena; the mechanical representations being 
analogies f o r the Maxwellian the o r i e s t h a t Lodge 
assumed accounted f o r e l e c t r i c a l p r o p e r t i e s of 
m a t e r i a l s . Lodge was c a r e f u l t o emphasise t h a t the 
use o f mechanical models must be tempered w i t h c a u t i o n 
f o r the r e a l nature of e l e c t r i c i t y d i d not n e c e s s a r i l y 
r e f l e c t the p r o p e r t i e s of the assumed model. For 
example when he introduced the idea t h a t e l e c t r i c i t y 

* T h i s shortened t i t l e w i l l be used i n f u t u r e . 
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could be t r e a t e d as an incompressible f l u i d he 
wrote :-"'"'̂^ 

', . . . i t i s n a t u r a l to express the phenomenon"̂ "̂ "*" 
by saying t h a t the e l e c t r i c i t y behaves i t s e l f l i k e 
a p e r f e c t l y incompressible substance or f l u i d , of 
which a l l of space i s completely f u l l . That i s t o 
say i t behaves l i k e a p e r f e c t and a l l permeating^ 
l i q u i d . Understand, I by no means assert t h a t 
e l e c t r i c i t y i s such a f l u i d or l i q u i d ; I o n l y 
a s s e r t the undoubted f a c t t h a t i t behaves' l i k e 
one; i . e . , i t obeys- the same laws. 

I t may be advisable c a r e f u l l y to guard one's s e l f 
against becoming too s t r o n g l y imbued w i t h the 
n o t i o n t h a t because e l e c t r i c i t y oUieys the laws 
of a l i q u i d i t t h e r e f o r e i s one. One must always 
be keenly on the look-out f o r any discrepancy 
between the behaviour of the two t h i n g s , and a 
s i n g l e c e r t a i n discrepancy w i l l be s u f f i c i e n t 
t o overthrow the fancy t h a t they may r e a l l y be 
i d e n t i c a l , ' 

Lodge does not make i t too c l e a r what t h i s 
l i q u i d was intended Mo describe; i n some cases' he 
seems to be i d e n t i f y i n g i t w i t h the ether, w h i l e i n 
other cases^ w i t h e l e c t r i c i t y i t s e l f , which he seems 
to envisage as something embedded i n the ether. The 
models he described were, as might be expected 
mechanical r e p r e s e n t a t i o n s of Maxwell's imaginary wheels 

112 
and v o r t i c e s ; but he was less than c l e a r : -

•We have nowhere asserted t h a t e l e c t r i c i t y and the 
ethrer are i d e n t i c a l . I f they are, we are bound 
to admit t h a t ether, although f l u i d i n the sense 
of enabling masses to move f r e e l y through i t , has a 
c e r t a i n amount of r i g i d i t y I f they are not 
i d e n t i c a l , we can more vaguely say t h a t ether 
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contains e l e c t r i c i t y as a j e l l y contains water, 
but t h a t the r i g i d i t y concerned i n the transverse 
v i b r a t i o n s belongs not to the water i n the j e l l y 
but to the mode i n which i t i s entangled i n the 

11'5 
water. However a l l t h i s i s a great and 
d i f f i c u l t question i n t o which we s h a l l be able to 
enter w i t h more s a t i s f a c t i o n twenty years hence.'"'•''"̂  

The somewhat indeterminate nature of Lodge's 
f l u i d analogy d i d not r e s t r i c t h i s d e s c r i p t i o n of 
e l e c t r o s t a t i c s ; which he i n t e r p r e t e d as s t r a i n s i n 
the a l l - p e r v a d i n g f l u i d or i n the ' j e l l y ' i n which the 
f l u i d was embedded. However the p a r t i c u l a r model 
he chose d i d not a f f e c t the issue g r e a t l y , f o r as 
B'erkson shows the phenomena of e l e c t r o s t a t i c s are 
independent of the model chosen t o represent e l e c t r i c i t y ; 

11^ 
indeed a model i s h a r d l y necessary a t a l l . Where 
i n t e r a c t i o n s between s t a t i c c o l l e c t i o n s o f e l e c t r i c i t y 
were being considered Lodge's model was n e i t h e r more 
nor less s a t i s f a c t o r y than other r e p r e s e n t a t i o n s . 

Throughout Modern Views Lodge was c a r e f u l to 
st r e s s t h a t h i s p i c t o r i a l representations were merely 
analogies and only served as aids to e s t a b l i s h the 
mathematical r e l a t i o n s h i p s ; nevertheless he was able 
to provide graphic, i f somewhat c l u t t e r e d and u n l i k e l y , 
mechanical models of the electromagnetic f i e l d and i t s 
m a n i f e s t a t i o n s . He was r e l a t i v e l y successful here, 
of course, f o r there i s a formal analogy between the 
f i e l d equations of Maxwell and the a c t u a l performance 
of the systems Lodge used as i l l u s t r a t i o n s . Where 
no fo r m a l analogy e x i s t e d or where Maxwell's theory 
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included no basic assumptions Lodge was t o t a l l y 
unable t o provide a p l a u s i b l e d e s c r i p t i o n ; and 
t h i s a p p l i e s t o those p r o p e r t i e s possessed by 
semiconductors, ( p h o t c o n d u c t i v i t y , r e c t i f i c a t i o n , 
development of p h o t o v o l t a i c electromotive forces 
and so on) -Ito m e t a l l i c conduction and, of course, -tto 
the H a l l e f f e c t . He devoted very l i t t l e a t t e n t i o n 
t o j u n c t i o n problems i n the v e r s i o n of Modern Views 
published i n Nature, although the l a t e r book e d i t i o n 

117 
included some a d d i t i o n a l m a t e r i a l on that s u b j e c t , ' 
Only two columns of Na t u r e were devoted to the subject 
of m e t a l l i c conduction a f t e r which Lodge was content 

119 
t o leave 'the obscure s u b j e c t of conduction i n metals' 
and t o pass 'to the c o n s i d e r a t i o n of the way i n which 

120 
e l e c t r i c i t y flows through l i q u i d s , ' I n h i s t r e a t 
ment of e l e c t r o l y t i c conduction Lodge dispensed w i t b 
a mechanical model i n h i s d e t a i l e d c o n s i d e r a t i o n and 
closed h i s sections on l i q u i d and gaseous conduction 
w i t h the thought t h a t e l e c t r i c c u r r e n t may very w e l l 
be an a c t u a l f l o w o f charged p a r t i c l e s . For as he 
wrote 'a c u r r e n t , being merely e l e c t r i c i t y / i n motion, 
need c o n s i s t of nothing but a charged body borne 

121 
r a p i d l y along,' Such bodies could describe the 
responses of d i e l e c t r i c and e l e c t r o l y t e s to e l e c t r i c 
f o r c e s but l e f t the behaviour of metals and s o l i d s 

122 
unexplained. For as Lodge wrote:-

'Locomotive c a r r i a g e i s not to thought of i n them; 
but, inasmuch as no new phenomenon appears i n t h e i r 
case, i t i s n a t u r a l to t r y and p i c t u r e the process 
as one not w h o l l y d i s s i m i l a r ; and t h i s i s what i n 
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one place we have t r i e d to do; w i t h , however, 
but poor success,' 

I n f a c t m e t a l l i c conduction was a mystery, 
and was t o remain w i t h o u t a s a t i s f a c t o r y explanation 
f o r some years. Lodge's treatment of j u n c t i o n 
phenomena and e l e c t r o l y s i s i n Modern Views was scarcely 
more extensive, although they were considered a t 
g r e a t e r l e n g t h i n the book v e r s i o n . However the 

12'5 
papers already mentioned are of greater weight and 
consequence; and these have been used i n preference 
to the i n t e r e s t i n g , but l i g h t e r approach i n Modern 
Views. 

The l a r g e r p a r t of Modern Views considers the 
phenomena of electromagnetism;"*"^^ but towards the end 

125 
of the work Lodge i n d i c a t e s the existence of some 
problems t h a t , as y e t , had no explanation. Among 
these were the H a l l e f f e c t and the a c t i o n of l i g h t on 
the c o n d u c t i v i t y of selenium. He, l i k e Thomson i n 
Recent Researches, accepted t h a t the H a l l e f f e c t was 
i n t i m a t e l y connected w i t h the Faraday r o t a t i o n of 
l i g h t , which i t was not. He knew t h a t there was 
no s a t i s f a c t o r y Maxwellian explanation of the H a l l 
e f f e c t and leaves us ' i n the a i r ' as f a r as h i s own 
i n t e r p r e t a t i o n i s concerned. However he pointed out 
t h a t the H a l l e f f e c t was d i f f i c u l t to observe and as 
the i n t e r a c t i o n between magnetism and the r e s i s t a n c e 
of m a t e r i a l s was r a t h e r complex and s t r a i n i n g m a t e r i a l s 
could a f f e c t t h e i r t h e r m o e l e c t r i c p r o p e r t i e s the H a l l 
e f f e c t might be a thermal e f f e c t . He wrote 



-140-

•Now a metal eonveying a current i n a magnetic 
f i e l d i s c e r t a i n l y more or less strained 'by 
mechanical forces, and hence heat w i l l be 
developed unequally i n d i f f e r e n t parts, by a 
sort of P e l t i e r e f f e c t ; and the r e s u l t of 
t h i s w i l l be to modify the resistance i n patches 
and so produce a disturbance of the flow which 
may easily result- p a r t l y i n a transverse e.m.f. 
This has been pointed out by Mr. Shelford Bidwell,• 

The p o s s i b i l i t y that the H a l l e f f e c t might be 
explained by a heating e f f e c t led Lodge tLo suggest that 
there might be 'r e a l ' and 'spurious' H a l l effects-^; 
i . e . that there might occur an actual r o t a t i o n of the 
l i n e s of e l e c t r i c p o t e n t i a l as a d i r e c t r e s u l t of the 
action of magnetic f i e l d s on currents which i s masked 
by resistance e f f e c t s . But as distinguishing 
between some effects as r e a l and others as spurious 
i s hardly allowable then i t may be, argued Lodge, that 
a l l actions between l i g h t and e l e c t r i c i t y i n materials 
might be the r e s u l t of thermal effects. This would, 
at l e a s t , add new expressions to the idea of the 

129 
conservation of energy and forces. ^ Left as a 
question i n the conclusion of Modern Views- was the 
photoconductivity of selenium. Lodge wondered whether 
i t was a property of selenium alone or possessed by a l l 
matter to a greater or lesser extent. Lodge did not 
know, but he had s l i g h t evidence to suggest that glass 
conducted e l e c t r i c i t y better when illuminated by l i g h t , •'̂  

We may summarise Modern Views by commenting that 
as Thomson i n Recent Researches shows how the mathematical 
theory of Maxwell could give an excellent account of 
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magnetism and electrodynamics, tut metallic 
conduction, the properties of electrolytes and 
junctions were l i t t l e understood^so Lodge demonstrated, 
wi t h his mechanical models, that p i c t o r i a l represent
ations of Maxwell's equations could be given hut -the 
mechanisms did not f i t metallic conduction and junction 
properties w i t h the same ease. ¥e can only t r u s t that 
lodge's s t r i c t u r e s ' on the use of his ideas were adhered 
to f o r i f read u n c r i t i c a l l y his models could he too 
convincing. 

Modern Views was intended as a 'popular' 
1'51 

exposition, a l b e i t f o r the 'higher class of students'.-^ 
Where ex i s t i n g problems were touched upon there lay 
behind them the b e l i e f that the explanations were to be 
sought i n terms of the ethereal conception of e l e c t r i c i t y . 
For Lodge the ether was not a viewpoint but a 'conviction' 
and f o r him the r e a l pressing question was, 'What i s 

1̂ 3 
ether?' However we have seen i n Lodge's work and 
i n Thomson's Recent Researches that i n spite of t h e i r 
o v e r t l y d i f f e r e n t approaches neither provided a 
s a t i s f a c t o r y account of the phenomena that appeared 
i n the early experiments- w i t h semicondticting materials. 
8. Problems w i t h E l e c t r o l y s i s . 

By f a r the most common and important description 
of the behaviour of semiconductors' i n general and 
selenium i n p a r t i c u l a r was i n terms of e l e c t r o l y s i s , 
which, s u p e r f i c i a l l y , could provide a framework f o r 
photoconductivity, r e c t i f i c a t i o n and photoelectric 
e f f e c t s . Occasionally thermoelectric properties^ were 
appealed to as w e l l as various other contact forces. 
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I n f a c t , scattered through the papers published 
during the 1870's and 1880's there existed f a i r l y 
clear 'proofs' that these experimental facts 
could not give adequate and t o t a l accounts of the 
new properties. Thus while Bidwell"'"^^ and Adams 
and Day "̂̂  were demonstrating that thermal causes, 
were u n l i k e l y , Uraunj"*"^^ showed, w i t h some experi
mental s k i l l , that r e c t i f i c a t i o n was not a r e s u l t of 
e l e c t r o l y t i c action. However i t i s a f a c t that the 
r e s u l t s obtained, often on a v a r i e t y of materials, 
were not brought together; and only Bidwell had 
s u f f i c i e n t tenacity of purpose, f o r whatever reason, 
to hold to a p a r t i c u l a r theory and to work out, 
q u a l i t a t i v e l y at least, the consequences of his 
b e l i e f s . I n retrospect, e l e c t r o l y s i s seems an un
l i k e l y candidate to explain the conductivity of 
s o l i d s , that i s at the magnitude required, but even 
by 1890, although the facts of e l e c t r o l y s i s were we l l 
known the underlying mechanisms were the subject 
of, i f not mystery, then c e r t a i n l y dispute. Since 
we know that Bidwell did not subscribe to Arrhenius• 
theory"^^^ the question i s whether the existing theories 
of e l e c t r o l y s i s allowed f o r the uses to which they 
were put by Bidwell. Although, as we s h a l l see, the 
answer i s that they probably did not, the state of 
agreement was such that a categoric denial of the 
v a l i d i t y of Bidwell's argument was not possible. 

Not only was the nature of e l e c t r i c i t y a matter 
of some doubt but the nature of e l e c t r o l y s i s was not 
clear. Although Helmholtz had suggested that 
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e l e c t r i c i t y was an atomic phenomenon the majority 
opinion was i n favour of the ethereal view; and 
while some suggested t h a t , i n solution, electrolytes 
might be dissociated, the general tenor of opinion 
was not i n favour of t h i s i n t e r p r e t a t i o n . Lodge's 
1885 report On Electrolysis-*-^^ to the B r i t i s h 
Association makes the problems and d i f f i c u l t i e s of 
i n t e r p r e t a t i o n extremely clear, and serves as an 
excellent source f o r the 'state of the e l e c t r o l y s i s 
a r t ' i n the 1880's. 

Lodge did not l i k e the subject of e l e c t r o l y s i s , 
f o r although he saw i t as immensely important he was 
'to a great extent deterred by the immense area i t 
covered, and by the somewhat repulsive character 
attaching to any borderland branch of science - i n 
t h i s case not wholly physics nor wholly chemistry -
a repulsiveness perhaps only subjective, and probably 
to be a t t r i b u t e d to a f e e l i n g of incapacity f o r 
grasping both aspects of the subject with equal 
completeness.'-^^-^ I n spite of his apparent reluctance 
to consider the subject Lodge produced a f i f t y page 
paper that highlighted the controversies w i t h i n the 
subject of e l e c t r o l y s i s and, occasionally, strayed 
i n t o more general f i e l d s . I t appeared to Lodge that 
much remained to be determined f o r , to him, the 
t h e o r e t i c a l p o s i t i o n was f a r from clear. He decided 
to 'direct a t t e n t i o n to certain theoretical points 
which are undoubtedly of i n t e r e s t and importance. 



- 144 -

and to suggest the answers . . . . to debatable 
questions which b r i s t l e round even the most elementary 
f a c t s ; i n the hope th a t , attention being thus 
directed to them, success i n f i n a l l y solving some of 
them may be attained by a more competent hand.'"*"̂ ^ 
I t i s i n t e r e s t i n g to read that even the d e f i n i t i o n 
of an e l e c t r o l y t e posed some d i f f i c u l t i e s and i t 
was' by no means ce r t a i n that e l e c t r o l y t i c action was 

14'5 
not accompanied by metallic conduction. Lodge's 
statement that 'an el e c t r o l y t e i s a substance which 
conducts electroly/tically'"''^^ could encompass many 
substances, even so l i d s , although Lodge was careful 
to w r i t e that:-"^^^ 

'Electrolytes seem necessarily f l u i d , and i t i s 
d i f f i c u l t - to imagine the locomotion of atoms 
which accompanies e l e c t r o l y s i s to go on i n a 
s o l i d body.' 

He was aware of Bidwell's claim that he had 
found s o l i d e l e c t r o l y t e s but exhorted his readers to 
be wary of accepting such an idea f o r 'extreme 
v i s c o s i t y there may be, as i n hot glass, but not the 
true r i g i d i t y of a s o l i d , unless ce r t a i n proof i s 
forthcoming.'•'"'''•^ Much of the report i s concerned 
w i t h the various theories of el e c t r o l y s i s and the 
empirical r e s u l t s supporting them; and i n section V 
of the report Lodge summarises the various suggestions^'^''' 
Three competing views were current, according to Lodge; 
the molecular chain of Grotthus, molecular dissociation 
ascribable to Clausius, and supported by Maxwell and 
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f i n a l l y the e l e c t r o s t a t i c theory of Helraholtz. ^ 
Lodge considered each of these theories i n turn. 

The chain theory of Grotthus he considered 
too f a m i l i a r to require r e i t e r a t i o n . He pointed out 
that some form of dissociation hypothesis was needed, 
f o r the chain theory necessitated a correspondence 
between the strength of chemical binding and the 
ease wi t h which e l e c t r o l y s i s occurred; but no such 
re l a t i o n s h i p could be found.•'-^^ However complete 
and permanent dis s o c i a t i o n of the atoms of the 
e l e c t r o l y t e was not necessary, 'a momentary dissociation 
would be s u f f i c i e n t , but no hypothesis which involves' 
a tearing asunder of molecules i n the i n t e r i o r of a 
homogeneous e l e c t r o l y t e can be permitted.'"^^^ Herein, 
said Lodge, lay the d i s t i n c t i o n between electrolytes 
and d i e l e c t r i c s . 

The disso c i a t i o n theories, surveyed by Lodge, 
did not require permanent separation either. I t 
being only necessary to assume a short l i v e d parting; 
the process being seen as a dynamic equilibrium, where 
the l i f e t i m e of separated atoms could be as short as 

151 
one thousandth of a second, Interpretations as 
to the action of e l e c t r i c f i e l d s on the dissociated 
ions d i f f e r e d . Some assumed that a l l the ions were 
subjected to a t t r a c t i v e forces while others considered 
the action to take place i n the neighbourhood of the 

-I C O 

electrodes. Lodge discussed three variants of the 
di s s o c i a t i o n hypothesis; those due to Quincke, Wiedemann 
and Kohlrausch. The f i r s ^ t of these he treated w i t h some 



- 146 -

disrespect. Quincke had assumed that the components 
of the e l e c t r o l y t e possessed charges of opposite sign 
and of unequal magnitude; t h i s theory, although i t 
could account f o r dissociation,migration of ions and 

1̂5 "5 
e l e c t r i c a l endomose, "̂•'̂  was not one f o r which Lodge 
had much l i k i n g . His opinion was f i r m . -̂^ 

'Evidently the hypothesis i s very e l a s t i c , and, i f 
granted, explains the facts; but 1 must confess 
to an i n v i n c i b l e repugnance to the idea of 
numerically unequal charges e x i s t i n g i n the d i s -
ffociated atoms of a molecule, as we l l as to the 
corresponding idea of a l l the molecules of an 
e l e c t r o l y t e being s i m i l a r l y charged.' 

Quincke's hypothesis was based solely on the 
requirement to account f o r the d i f f e r e n t rate of 
migration of the ions i n solutions but 'the f a c t a of 
migration Ccl-idJ not necessitate such inequality'."^^^ 

Wiedemann's and Kohlrausch's description were 
very s i m i l a r ; both presumed that ions carried 
charges of equal magnitude and opposite signs; both 
considered the facts of e l e c t r o l y s i s to be accounted 
f o r by diss o c i a t i o n . They d i f f e r e d when the source 
of the charge was introduced; f o r Wiedemann the 
charge was induced by contact between the atoms;"'"̂ ^ 
f o r Kohlrausch Lodge implied that molecules were 
composed of charged atoms which became dissociated 
i n t o ions. The v e l o c i t y of ions presented a problem 
which Wiedemann solved by suggesting that the rate of 
d i f f u s i o n was a phenomena connected with the ions and 
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the v i s c o s i t y of the medium through which they 
moved; Kohlrausch attached a specific v e l o c i t y 

n eg 

to an ion i n a given f l u ; i d . ^ Although Lodge 
considered Kohlrausch's theory to be ' be a u t i f u l "-̂ ^̂  
he was able to show, to his own s a t i s f a c t i o n , that 
contrary to Kohlrausch's hopes the ionic v e l o c i t i e a 
could not be calculated from the data already t© 
hand. 

• f i n a l l y Lodge examined Helmholtzfe theory 
1 fin 

summarised by him i n one paragraph. 
'The root idea of t h i s theory i s that each kind 
of matter has a specific a t t r a c t i o n f o r 
e l e c t r i c i t y , some kinds f o r po s i t i v e , other 
kinds f o r negative; that, accordingly, work 
must be done to separate an atom from i t s 
e l e c t r i c a l charge, or to remove e l e c t r i c i t y 
from an atom of high specific a t t r a c t i o n and 
give i t to another lower i n the scale, Further, 
that chemical a f f i n i t y i s mainly due to the 
e l e c t r i c a l a t t r a c t i o n of oppositely charged 
atoms, and that when such atoms combine i n t o a 
compound molecule they do not discharge i n t o 
each other but r e t a i n t h e i r charge,' 

Lodge, borrowing heavily from Helmholtzfe 1881 
162 

l e c t u r e , shows how his ideas can be applied to 
many of the facts of electrochemistry; both i n the 
production of e l e c t r i c i t y i n c e l l s and i n e l e c t r o l y s i s . 
He takes issue w i t h Helmholtzte claim that contact 
e l e c t r i c i t y , thermal e.m.f.'s and f r i c t i o n a l e l e c t 
r i c i t y could be accounted f o r by the same mechanlsms-^^^ 
and he had the autho r i t y to express doubt."^^^ He 
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pointed out that Helmholtzfe ideas might be f r u i t f u l 
i n producing a theory of chemistry s t a t i n g that they 

165 
implied 'a theory of chemistry; i n the form of a 
sort of k i n e t i c theory of gases with e l e c t r i f i e d atoms.' 
While Lodge was impressed by Helmholtzb views he 
could not accept the idea of atomic e l e c t r i c i t y 
however much the facts of e l e c t r o l y s i s demanded i t . 
Indeed he wrote that 'the notion i s repugnant-, but 
i t j u s t wants considering-; though I should hardly 
have ventured to suggest i t but f o r the support, 
Helmholtz has given to the idea;* Here Lodge waa 
being conservative; f o r Helmholtzfetheory a l l i e d 
to d i s s o c i a t i o n i s not f a r o f f the ideas that Arrhenius 
waff working on i n 1885; but we have already seen"*"̂ ^ 
that f o r Lodge the ether was the r e a l substance of 
e l e c t r i c i t y . 

This b r i e f analysis of On Elec t r o l y s i s would 
be s u f f i c i e n t to show that while there were many 
facts concerning e l e c t r o l y s i s there was not one 
theory more acceptable than another; and t h i s i s 
confirmed by a series of questions and problems which 
Lodge appended to his report, some of them so apparently 
elementary that i t i s clear that much of the mechanism 
of e l e c t r o l y s i s was open to doubt. The l i s t that 
follows- speaks f o r itself."'•^''^ 
'1. l a Ohm's- law exactly true f o r electrolysis? 
2, Is Ohm's law obeyed by very bad conductors? 
3. Are e l e c t r o l y t i c and metallic conduction thoroughly 

d i s t i n c t , so that no substance has a trace of both 
conductivities at once? Can any metallic alloys 
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conduct e l e c t r o l y t i c a l l y ? 
4. Is there any r e l a t i o n between o p t i c a l opacity 

and e l e c t r o l y t i c conductivity? 
5, Under what circumstances i s s o l i d matter 

deposited i n the path of a current? 
6, Is i t possible f o r opposite corresponding ions 

to t r a v e l a t d i f f e r e n t rates? 
7. On the apparent r e l a t i v e v e l o c i t y of opposite ions. 
8, How much of the current i s conveyed by the water 

and how much by the dissolved s a l t i n any given 
case? 

9. Is" any quasi-electrolysis possible across an 
a i r space? 

10, Does the energy of secondary action contribute 
to e,m,f, i n a c e l l j u s t as much as the energy 
of primary action, or do secondary actions 
d i r e c t l y generate heat?' 

ISlectrolysis, then, unlike electrodynamics, 
was not a 'well formed' science i n 1885, Although 
there were constraints on i t s invrocation, (to account 
f o r conduction of e l e c t r i c i t y by elements, f o r 
example), s u f f i c i e n t haziness and disagreement existed 
that allowed i t to be used i n situations that, today, 
seem u n l i k e l y . No one could be sure that solids d id 
not conduct e l e c t r o l y t i c a l l y ; and u n t i l they were 
Bidwell, and others, could describe t h e i r results i n 
electrochemical terms. 

Because of a lack of a clear and accepted 
picture of e l e c t r o l y s i s i t could be employed i n 
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describing the action of selenium, which, as we 
have remarked on several occasions possessed a l l the 
properties- that are now associated w i t h semiconductors; 
and although there were other contenders that might 
have been employed only e l e c t r o l y t i c explanations 
were used w i t h any consistency, notably by Bidwell, 
Siemens had suggested chemical effects but no one 
had followed t h i s up: Moser put forward a mechanical 
explanation but Bidwell had shown t h i s to be untenable. 

9. Junction Phenomena. 

I n spite of the clear indications that r e c t 
i f i c a t i o n , and the development of photovoltages were 
properties associated with the junctions between 
materials, no one appears to have attempted to r e 
concile these phenomena w i t h known thermoelectric 

168 
properties or with the development of p o t e n t i a l 
differences i n v o l t a i c piles or batteries. Of course 
the application of e l e c t r o l y t i c descriptions Implied 
the production of p o l a r i s a t i o n effects and the 
developments of voltages; but as i s clear from 
Lodge's paper 'On the Seat of the Electromotive Forces 
i n a Voltaic Cell'"^^^ and the subsequent discussion 
of that work the underlying cause of the action was 
the subject of much dispute. As the lack of use of 
a model that was to hand i s as i n t e r e s t i n g as the 
employment; of an a l t e r n a t i v e , t h i s chapter w i l l be 
closed w i t h a b r i e f discussion of Lodge's summary 
of the knowledge concerning junction phenomena,and 
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an assessment of the r o l e of the various theories 
i n developing an understanding of semiconductors i n 
general and selenium i n p a r t i c u l a r , 

Prom the beginning of the 19th century, when 
Volta had demonstrated the existence of e l e c t r i c 
p o t e n t i a l differences between both wet and dry 
metals, a considerable amount of work had been under
taken i n order that the discovery might be understood, 
and possibly reduced to the same basic explanation. 
Even by 1885 i t was s t i l l not clear whether the 
action of a pair of dry metals was the same as that 
when the metals were s-eparated by an e l e c t r o l y t e . 
I n a d d i t i o n the thermoelectric properties of junctions 
the Seebeck and P e l t i e r effects - compounded the 
d i f f i c u l t i e s . There were, therefore three experi
mental discoveries to be considered, 
1. The 'Contact' force between dry materials. 
2. The 'Volta' force as developed between wetted 

metals. 1'̂ ° 
3. The 'Thermoelectric' effects - the Seebeck and 

P e l t i e r e f f e c t s being recognised as complementary. 
There was r e a l l y no disagreement but that the 

Volta force was the product of chemical action; 
neither was there any doubt that where a current was 

171 
produced some other action had previously occurred, ' 
A l l knew that an electromotive force could be produced 
where d i s s i m i l a r materials were i n contact; but, 
according to Lodge, there existed doubt about where i n 
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172 a c i r c u i t the major part of the e.m.f, resided, ' 

For Lodge t h i s was the only question: i n a zinc -
acid - copper - zinc c i r c u i t which junction con
t r i b u t e d most to the e.m.f? Lodge contrary to 
'most physicists- (who would)* say . . . . that the 
major part of the e.m.f. of the c e l l resides at the 
zinc - copper junction,' "̂"̂^ thought the zinc - acid 
junction the most suitable candidate f o r t h i s honour. 
He pointed out that there existed some r e a l experi
mental d i f f i c u l t i e s i n the determination of the 
various components of the t o t a l e.m.f. j " * " " ^ ^ and that 
some s c i e n t i s t s had been g u i l t y of gross errors of 
I n t e r p r e t a t i o n . He wrote t h i s of the views of 
Pe l l a t and Ayrton:--'-'^^ 

'Pel l a t , however considers the P e l t i e r e f f e c t to 
be quite d i s t i n c t from and have no r e l a t i o n to 
the true e.m.f. of contact. I n explaining t h i s 
he makes use of a piece of unpleasantly plausible 
reasoning, which I myself have heard Professor 
Ayrton use, and which, when unexpectedly/ 
suggested i s so p a i n f u l l y benumbing that i t i s 
worth while to quote i t and to indicate i t s 
weak point.' 

Lodge proceeded to expound his version of 
Pellat's and Ayrton's opinions and to demolish them. 
Lodge concluded that 'the existence or non-existence 
of a P e l t i e r effecrt has everything to do with the 

1 76 
existence or non-existence of an e.m.f.' ' His 
i d e n t i f i c a t i o n of thermal effects w i t h true differences 
of p o t e n t i a l at the junction between metals enabled him 
to point out that the contact forces between substances 

% y parenthesis. 
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gave r i s e to much greater effect© than those of 
th e r m o - e l e c t r i c i t y ; the cause he ascribed to 
actual or p o t e n t i a l chemical action. His account 
i s reminiscent of Helmholtz' ideas of a t t r a c t i o n 
between electrodes and the atoms of a d i e l e c t r i c . 
Hence the p o t e n t i a l difference detectable between, 
say, copper and zinc was not a measure of an inherent 
difference between them, but represented the r e s u l t 
of the d i f f e r e n t a f f i n i t i e s they f e l t f o r oxygen. 
The weakness of Lodge's argument, which Perry 
g l e e f u l l y exploited i n the subsequent discussion, 
was the requirement that a t h i r d substance be 
present between the copper and the zinc i f a large 
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difference of p o t e n t i a l was to be observed. '' I 
do not intend to argue the merits of Lodge's case or 
of Perry's r e b u t t a l of i t f o r the discussion I give 
i s simply to underline the f l u i d state of much 
e l e c t r i c a l theory i n the 1880'a; but the extensive 
quotation of Perry's remarks that follows i l l u s t r a t e s , 
c l e a r l y , the magnitude of the differences and the, 
somewhat, p a r t i a l tone i n which they were expressed.'^'^^ 

'Dr. Lodge's paper d i f f e r s from those usually read 
at t h i s Society i n that i t opens a debate; and 
my answer can hardly be regarded as merely a 
c r i t i c i s m of an ordinary s c i e n t i f i c paper, but 
as' opening the debate on the other side. Dr. Lodge 
(supports) Clerk Maxwell and other philosophers- . . . 
I want to put before the Society . . . . what may be 

179 
called the Thomson side . . . . My strongest 
f e e l i n g j u s t now i s one of gratitude to Dr. Lodge; 
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he has treated us me r c i f u l l y on the whole. 
When one mounts the steed of physico-chemical 
speculation as to what i s going on i n a v o l t a i c 
c i r c u i t there i s no reason f o r drawing r e i n at 
one place rather than another. Why should he 
stop anywhere i n particular? I t i s only en
joyment to him t h i s careering about i n a new 
world where there i s neither north nor south, 
where one p l a i n f a c t i s an enchanted giant error, 
that must be borne down by the spear of downright 
denial, and another p l a i n f a c t i s simply a p l a i n 
f a c t with no enchantment about i t . I say again 
that I f e e l g r a t e f u l to Br. Lodge, because there 
i s no doubt that he has the power of speculating 
f o r years and years on a subject of such in t e r e s t 
as t h i s . He accepts the contact theory of 
v o l t a i c action; he acknowledges that the electro
motive force of a v o l t a i c c i r c u i t i s equal to the 
sum of the contact-forces, as measured electro
s t a t i c a l l y , of the various substances. These are 
the p l a i n f a c t s ; now for the enchantment. He 
says i t i s absurd to Imagine that there i s a 
considerable difference of p o t e n t i a l between two 
metals, say zinc and copper, i n contact w i t h one 
another. He says, "Yes; experimenters have 
c e r t a i n l y found an apparent difference of p o t e n t i a l ; 
they have measured apparent differences of p o t e n t i a l 
i n a i r , and they are due to a i r e f f e c t . " Xet they 
have measured these differences of p o t e n t i a l , when, 
instead of a i r being the d i e l e c t r i c , there has- been 
no a i r , and there have been other gases quite 
d i f f e r e n t from a i r , but s t i l l he says t h e i r results 
are due to an a i r e f f e c t . They have even measured 
these differences of p o t e n t i a l i n f a i r l y good vacua, 
but s t i l l Dr. Lodge says they are a i r e f f e c t s . Not 
only does he say that t h i s i s the case, but that i f 
you could experiment i n as perfect a vacuum as has 
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been obtained by Mr. Crookes and obtained the 
same r e s u l t , as we might suppose you might, 
s t i l l he says i t would be due to an a i r e f f e c t . 
Now, when Dr. Lodge makes a s-tatement of that 
kind, i t i s quite obvious that there must be some 
very strong reason f o r his discarding evidence; 
. . . . and I assume that i f we can show Dr. Lodge 
that t h i s strong reason is baseless - has no 
existence - then he w i l l probably be w i l l i n g to 
leave again t h i s region of speculation to the 
sole enjoyment of the leader from whom he already 
d i f f e r s a l i t t l e . Dr. Exner.' 

Perry's c r i t i c i s m of Lodge's views continued 
i n a l i k e vein f o r some time; an approach excused 
i n the opening remark by pointing out that Lodge was 
opening a debate; by his acceptance of the challenge 
and taking an opposing stance he acknowledged that a 
r e a l debate existed. The main substance of Perry's 
c r i t i c i s m lay i n a matter of d e f i n i t i o n ; that i s the 
d i s t i n c t i o n between e.m.f. and p o t e n t i a l difference; 
and the existence of the l a t t e r , implied Perry, did 
not necessarily e n t a i l the production of the former. 
Thus i t could be that contact forces, although producing 
large p o t e n t i a l differences, did not contribute greatly 
to the production of the e.m.f. i n a v o l t a i c c i r c u i t . 
Hopkinson agreed that the 'question i s one very largely 

"1 80 

of d e f i n i t i o n , ' although he preferred Lodge's manner 
of i n t e r p r e t a t i o n , and thought that, on the whole, 
the experimental data supported Lodge. Fleming 
suggested new experiments to test the importance of the 
medium i n the phenomenon of contact e l e c t r i c i t y , but 
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f o r b e s considered the question t o hold no more 
i n t e r e s t than 'metaphysical speculations as "How many 

n ft? 

angels can stand on the p o i n t of a needle?" 
Forbes r e g r e t t e d t h a t Lodge had provided no new e x p e r i 
ments, w h i l e r e j e c t i n g the i n t e r p r e t a t i o n s of the o l d 
ones, and suspected t h a t Lodge would not accept the 
r e s u l t s o f new experiments as conclusive. Others 
entered the arena. Ayrton, w i t h some experiments, 
supported Perry, as might be expected"*-^^ and Swinburne 
attacked some of Lodge's conclusions based on the heat 
of f o r m a t i o n of m e t a l l i c oxides,''"^^ and so the debate 
continued, S.P, Thompson supported Lodge, and was, 
i n t u r n , c r i t i c i s e d by Ayrton. Lodge, as i n any 
good debate, was given the op p o r t u n i t y of summing up,"^^^ 
( t h e r e were a couple of w r i t t e n communications t h a t 
were included i n the published v e r s i o n ) . He 
attempted to demolish h i s opponents' arguments and 
concluded h i s discourse w i t h a p i c t u r e of the a c t i o n 
i n a v o l t a i c c i r c u i t i n terms of l i n e s of e l e c t r o s t a t i c 
f o r c e . This perhaps i s the key t o Lodge's opinions. 
His i n t e r p r e t a t i o n of the contact force as being a 
chemical a c t i o n was p a r t i c u l a r l y s u i t e d to the i n t r o 
d u c t i o n of these concepts and i t may be t h a t h i s 
opinions were more d i r e c t e d by h i s adherence to the 
ether and s t r a i n s i n t h a t 'medium' than by a d e s i r e 
to be t r u l y r e c e p t i v e to opposing opinion.•'"^^ 

However t h a t i s not the p o i n t I wish to 
i n v e s t i g a t e , however i n t e r e s t i n g i t might be. I began 
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t h i s s e c t i o n on j u n c t i o n phenomena by suggesting 
t h a t the known, and accepted, experimental r e s u l t s 
were not explained by a g e n e r a l l y agreed model. This 
p o i n t has been made by the i n t r o d u c t i o n and acceptance 
of a debate concerning the nature of a l l contact 
e l e c t r i c i t y , " ' " ^ ' ^ The lengthy e x t r a c t of Perry's 
words has served t o i l l u s t r a t e not only t h a t the 
d i f f e r e n c e s of o p i n i o n were r e a l , and p o s s i b l y 
profound, but also t h a t the discussion was conducted 
i n a manner t y p i c a l more of a debating chamber than 
a s c i e n t i f i c d i s p u t e , 

10, The R e l a t i o n between Experimental Discoveries 
and Theories, 

Most of the discoveries associated w i t h semi
conducting m a t e r i a l s were made while Maxwell's theory 
of the electro-magnetic f i e l d was being established 
as the prime, and perhaps the only, theory of 
e l e c t r i c i t y . I t cannot be doubted t h a t the e f f e c t 
of t h i s theory was notable as, one by one, r i v a l 
c o n s t r u c t s were abandoned as inadequate; i n p a r t -
i c u l a r , as Berkson i n d i c a t e s , Hertzb demonstration 
t h a t electro-magnetic energy could be r a d i a t e d i n the 
form of transverse waves i d e n t i f i a b l e w i t h l i g h t 
f i n a l l y confirmed the s t r e n g t h of Maxwell's approach. 
Thus w h i l e J.J. Thompson i n h i s r e p o r t to the B r i t i s h 
A s s o c i a t i o n on E l e c t r i c a l Theories,''"^^ presented i n 
1885, considered i t necessary t o compare Maxwell's 
f i e l d theory w i t h a l t e r n a t i v e d e s c r i p t i o n s , by 1893 i n 
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Recent Researches ^ he 'adopted e x c l u s i v e l y 
Maxwell's theory' and d i d not attempt 'to discuss 
the consequences which would f o l l o w from any other 
view of e l e c t r i c a l a c t i o n , ' Indeed t h i s i s under
standable; f o r Maxwell's theory not only encom
passed a l l the experimental observations of s t a t i c 
magnetism and e l e c t r i c i t y but also made p r e d i c t i o n s , 
l a t e r confirmed, about r a d i a t i o n , a b s o r p t i o n of l i g h t , 
r e f l e c t i o n of l i g h t and so on. I t was e n t i r e l y 
n a t u r a l t o apply Maxwell's theory to a l l e l e c t r i c a l 
phenomena, although some were i l l s u i t e d to t h i s 
purpose, and we f i n d Thomson, Lodge and others"''^'^ 
a t t e m p t i n g t o describe m e t a l l i c conduction and 
e l e c t r o l y s i s i n f i e l d - t h e o r e t i c terms. let, perhaps 
because the a c t i o n of e l e c t r i c i t y i n closed c i r c u i t s 
and i n chemical r e a c t i o n s was r a t h e r complex, Maxwell's 
theory was not a p p l i e d s u c c e s s f u l l y i n these areas. 

More i m p o r t a n t l y the 'hidden' assumptions of Maxwell's 
192 

theory ^ - absolute space, the ether, mechanical 
forms, charges the m a n i f e s t a t i o n of et h e r e a l s t r a i n s -
m i l i t a t e d a g a i n s t a successful d e s c r i p t i o n of conduction 
processes themselves. For i n f i e l d theory a t t e n t i o n 
was focused on the processes i n the f i e l d i t s e l f ; 
y i e l d i n g a paradigm t h a t was not a p p l i c a b l e to phenomena 
i n v o l v i n g knowledge of the mechanisms of cur r e n t f l o w . 
We have seen how the H a l l e f f e c t was not amenable t o 
treatment by Maxwell's theory, i n s p i t e of several 
attempts t o achieve a successful solution;"^^^ 
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although, on the face o f i t , r e p r e s e n t i n g , as i t 
d i d , an i n t e r a c t i o n between magnetism and e l e c t r i c i t y 
electromagnetic f i e l d theory should have y i e l d e d an 
answer. Rowland's i n c l u s i o n of the H a l l e f f e c t as 
an a d d i t i o n a l e m p i r i c a l 'axiom' i n f i e l d theory was' 
not accepted; f o r t h i s step was not seen as 

194 
necessary, -̂ ^ 

Acceptance of the Maxwellian model and i t s 
c o r o l l a r y , r e j e c t i o n of the atomic nature of 
e l e c t r i c i t y , p a r t i c u l a r l y by Lodge,"^^^ opened areas 
of debate, such as t h a t on e l e c t r o l y s i s and the 
s-ources of v o l t a i c e.m.f's,"*"^^ The discussion 
on these t o p i c s has i l l u s t r a t e d t h a t d i f f e r e n c e s of 
o p i n i o n e x i s t e d i n these f i e l d s , not so much concerned 
w i t h experimental data, but w i t h the i n t e r p r e t a t i o n 
of t h i s i n f o r m a t i o n . 

I t i s thus easy t o appreciate why the d i s -
»coveries of Smith, Adams and Day, Siemens and others 
were something of a by-way i n e l e c t r i c a l researches 
i n the 19th century and why B i d w e l l was able to 
m a i n t a i n h i s e l e c t r o l y t i c theory of the a c t i o n of 
selenium. I t remained a by-way f o r i t included some 
complex i n t e r a c t i o n s and, moreover, the e f f e c t s were 
not t o t a l l y unexpected; a t l e a s t i n the r e t r o s p e c t 
of the times. The major research e f f o r t was devoted 
to the study of conduction i n gases, i n h e r e n t l y much 
simpler, and t o the extension of Maxwell's theory;''"^'^ 
no major f i g u r e appears t o have c o n t r i b u t e d anything 
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to the study of semiconducting m a t e r i a l s a t t h i s 
stage i n t h e i r history"*"̂ ® thus emphasising the 
' f r i n g e ' nature o f the research. H i g h l i g h t i n g t h i s 
p o i n t s t i l l f u r t h e r we f i n d no mention of selenium 
and i t s p r o p e r t i e s i n Recent Researches and there i s 
only passing comment on the phenomena i n Modern Views; 
and Whittaker i n the f i r s t e d i t i o n of A H i s t o r y of 
the Theories of Aether and E l e c t r i c i t y ignored the 
f i e l d e n t i r e l y . 

Of those who i n v e s t i g a t e d selenium, and other 
substances ^ only Shelford B i d w e l l maintained a 
c o n s i s t e n t a t t i t u d e and i n t e r e s t ; as was d e t a i l e d 
i n Chapter 2, His attachment to e l e c t r o l y s i s i n 
selenium becomes cogent when the t h e o r e t i c a l p o i n t s 
discussed i n t h i s chapter are remembered. Q u a l i t a t 
i v e l y a t l e a s t e l e c t r o l y t i c a c t i o n accounted f o r the 
p r o p e r t i e s of selenium; and B i d w e l l i s t o be con
g r a t u l a t e d , i n r e t r o s p e c t , f o r h i s persistence w i t h 
h i s ideas, For him they seemed t o possess a l l the 
q u a l i t i e s o f a d e f i n i t e research programme; lead i n g 
him t o i n v e s t i g a t e s o l i d e l e c t r o l y t e s , the r a t e s of 
r e a c t i o n under the i n f l u e n c e of l i g h t ; and i n h i s 
w r i t i n g s h i s t h e o r i e s appear respectable and p l a u s i b l e . 
Without exception, however, they were not q u a n t i t a t i v i ? ^ 
he d i d not attempt to check whether Faraday's laws of 
e l e c t r o l y s i s were obeyed, n e i t h e r d i d he t r y t o 
determine the l e v e l of i m p u r i t i e s , p a r t i c u l a r l y the 
presence of selenides, i n h i s samples. So enamoured 
was he of e l e c t r o l y s i s t h a t he maintained h i s stance 
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even i n h i s l a s t paper on the subject where he 
showed the importance of water i f the i)henomena 

201 
were to be obtained. Why, we must ask, d i d he 
s e l e c t e l e c t r o l y s i s ? There i s , I t h i n k , a simple 
answer; no other theory was as s a t i s f a c t o r y and 
B i d w e l l was unable or u n w i l l i n g to i n v e n t a new 
t h e o r e t i c a l c o n s t r u c t . No blame or c r i t i c i s m can 
be attached to him f o r t h i s f o r we have seen how 
e x i s t i n g t h e o r i e s of conduction were unable to account 
f o r even the simplest of experimental f a c t s . Ohm's law. 
We have seen how the e m p i r i c a l statements r e l a t i n g to 
e l e c t r o l y s i s and t o the a c t i o n of b a t t e r i e s and t o 
thermal e f f e c t s were hedged around by controversy; 
t h i s s i t u a t i o n was both s a t i s f a c t o r y and u n s a t i s f a c t o r y , 
S a t i s f a c t o r y i n t h a t w i t h o u t a c l e a r p i c t u r e of the 
mechanisms of e l e c t r o l y s i s the ideas could be applied 
t o selenium, whereas by 1900 the concept of mobile 
p o s i t i v e and negative ions i n s o l i d s appeared to be 
u n l i k e l y . U n s a t i s f a c t o r y i n t h a t w i t h o u t a c l e a r 
p i c t u r e of e l e c t r o l y s i s or j u n c t i o n phenomena the 
experimental phenomena discovered by Smith et a l 
and Braun were not i n t e r p r e t e d as problems outside the 
scope of accepted explanations; there were none. 
B i d w e l l , having r e j e c t e d t h e r m o e l e c t r i c i t y , had to 
accept e l e c t r o l y s i s unaware t h a t Braun had shown, i n 
a r e s t r i c t e d case a t l e a s t , t h a t t h i s was not good 
enough. 

To the f a m i l i a r 'breakdowns' of c l a s s i c a l 
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physics we can add those of r e c t i f i c a t i o n , photo
c o n d u c t i v i t y , p h o t o v o l t a i c e f f e c t s and the H a l l e f f e c t ; 
problems whose s o l u t i o n s were t o l i e i n the already? 
nascent e l e c t r o n theory and quantum theory. At the 
time these d i f f i c u l t i e s were expected t o be r e 
solvable w i t h i n the e x i s t i n g framework, but no such 
expla n a t i o n was ever given. 
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CHAPTER 4, Experimental Work to 1920, 

The f i r s t two decades of t h i s century witnessed 
an i n c r e a s i n g i n t e r e s t i n the p r o p e r t i e s of s o l i d s . 
Although, as i n the previous p e r i o d , very few workers 
appear t o have been s u f f i c i e n t l y motivated to devote 
t h e i r main and c o n t i n u i n g e f f o r t t o the s t o r y i n 
which I am i n t e r e s t e d . A m a j o r i t y of the work on 
semiconductors, b u i l d i n g on the foundations l a i d i n 
the n i n e t e e n t h century, was d i r e c t e d a t a deeper 
understanding of the p r o p e r t i e s of selenium. By 
the end of the 1900's a few German researchers were 
beginning t o i n v e s t i g a t e the p r o p e r t i e s of a large 
number of non-met a l l i c s o l i d s ; t o such e f f e c t t h a t 
by the end of the next decade a new class of 
m a t e r i a l s could be d e f i n e d . The class we c a l l 
'semiconductors' ."̂  

The volume of primary m a t e r i a l from which a 
h i s t o r y of semiconductors could be w r i t t e n begins to 
assume vast p r o p o r t i o n s and as l i t t l e of i t has 
been examined h i s t o r i c a l l y the problems o f s e l e c t i o n , 
both of sources and su b j e c t s , becomes d i f f i c u l t . 
However, as the work on selenium was divorced from 
t h a t on other m a t e r i a l s , i t has proved possible t o 
disentangle the important parts of the s t o r y of 
selenium as i t developed between 1900 and cl920; 
w i t h only occasional references to other m a t e r i a l s . 

As i n the previous period the h i s t o r y of 
selenium was examined through the work of a few men, 
so i n t h i s chapter the work of an American, Brown, 
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has served as the core around which the s t o r y has 
been w r i t t e n ; f o r between 1905 and 1917 Brown 
authored, or co-authored, a score of papers con
cerned w i t h the e l e c t r i c a l and o p t i c a l p r o p e r t i e s 
of selenium. The main content of the chapter w i l l 
be a discussion of the experimental work c a r r i e d o ut 
on selenium. 

1. Selenium - An Overview. 

I t was- suggested e a r l i e r t h a t the approach to 
selenium possessed a Baconian character i n the nine
t e e n t h century; e v e r y t h i n g t h a t might have had an 
e f f e c t was t r i e d . To some extent t h i s was also t r u e 
d u r i n g the f i r s t twenty years of t h i s century. I t 
seems as i f a l l p h y s i c a l causes were i n v e s t i g a t e d f o r 
t h e i r e f f e c t on selenium; radium rays,^ X-rays-^ 
and N-rays''^ were h u r l e d a t the element; i t s surface 
was abraded;^ i t was subjected to the infl u e n c e s 
of mercury vapour; '' and the e f f e c t of hi g h pressures 
was i n v e s t i g a t e d . Pew workers indicaited the ends 
to which t h i s experimental a c t i v i t y was d i r e c t e d , 

q 
although, as we s h a l l see l a t e r , Brown d i d a t l e a s t 
make some attempt to co d i f j y h i s r e s u l t s . The 
Baconian character of some of the work i s w e l l 
i l l u s t r a t e d by a s e r i e s o f papers produced by 
McDowell-'-̂ '-'-̂ *-'-̂  I n Physical Review (1909, 1910). 
By c o n t r a s t two papers by Pfund i n 1904"*'̂  and 1909"''̂  
i n d i c a t e how e f f e c t i v e l y experimental work may be 
combined w i t h t h e o r e t i c a l considerations e i t h e r f o r 
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the purposes of c o n f i r m a t i o n or d e n i a l , Bidwell's 
e l e c t r o l y t i c theory of the a c t i o n of selenium d i d 
not s u r v i v e long i n t o the 20th century. Although 
M a r t i n i n a review a r t i c l e i n Wireless World of 1915 
wrote t h a t 'the mos-t g e n e r a l l y accepted theory i s t h a t 
put forward by Professors Adams and Day, i n 1877, the 
r e s u l t s of t h e i r exhaustive i n v e s t i g a t i o n s l e a d i n g 
them to suppose t h a t the " e l e c t r i c a l c o n d u c t i v i t y of 

17 
selenium i s e l e c t r o l y t i c " ' he was not, i n f a c t , 
r e p o r t i n g a c o r r e c t s t a t e of a f f a i r s f o r by 1915 the 
most acceptable account was based on the e l e c t r o n i c 
t h e o r i e s of Lorentz'''^ and Thomson."'"̂  The concepts 
of the e l e c t r o n theory were not applied immediately 
to the problems of selenium, and f o r a time two 
competing t h e o r i e s e x i s t e d side by s i d e . Brown 

20 
devoted considerable e f f o r t , t h e o r e t i c a l and 
p r a c t i c a l , t o a chemical i n t e r p r e t a t i o n . I n a 

21 
manner reminiscent of Siemens' suggestions he 
p i c t u r e d the p r o p e r t i e s of selenium as a r e s u l t of the 
e q u i l i b r i u m between the various a l l o t r o p i c forms i n 
which i t could e x i s t . As we s h a l l see h i s experiments 
c o n s t r a i n e d him t o r e j e c t h i s i n t e r p r e t a t i o n and adopt 
an e l e c t r o n i c d e s c r i p t i o n which was more, although 

22 
not completely, successful. While Brown was-
developing h i s ' a l l o t r o p i c m o d i f i c a t i o n theory' others, 

23 
Pfund f o r example, ^ were suggesting t h a t e l e c t r o n i c 
t h e o r i e s would serve and w h i l e the concept of the 
e l e c t r o n i c theory of s o l i d conduction began t o produce 
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a u n i f i c a t i o n w i t h i n the study of the e l e c t r i c a l 
p r o p e r t i e s of s o l i d s , (a p o i n t of view which w i l l 
be considered i n Chapter 5 ) , i t i s t r u e to say t h a t 
no attempt t o work out f u l l y the consequences v i s a 
v i s selenium was made.^^ ( I n f a c t p a r t i a l success 
was only achieved when the e a r l y e l e c t r o n theories-
were ap p l i e d t o metals or to simpler m a t e r i a l s than 
m i c r o c r y s t a l l i n e selenium). The e l e c t r o n i c and 
chemical t h e o r i e s were not mutually, incompatible. 
Por what was a t issue was not whether the e l e c t r i c a l 
p r o p e r t i e s o f selenium were due t o the presence of 
e l e c t r o n s but whether the a c t i o n of l i g h t , f o r 
example, was manifested as a d i r e c t a c t i o n on the 
e l e c t r o n s or whether the e q u i l i b r i u m between the 
v a r i o u s a l l o t r o p i c m o d i f i c a t i o n s was d i s t u r b e d . 
E l e c t r o n i c t h e o r i e s could then, p o s s i b l y , account f o r 
the e l e c t r i c a l d i f f e r e n c e s observed, 

2^ The Demise of Bidwell's Theory. 

26 
We have seen i n an e a r l i e r chapter how 

27 
B i d w e l l enlarged the work of Adams and Day ' and 
t a k i n g t h e i r suggestion t h a t the e l e c t r i c a l and 
e l e c t r o - o p t i c a l p r o p e r t i e s o f selenium might be 
e l e c t r o l y t i c phenomena produced a convincing 
q u a l i t a t i v e theory. We showed t h a t h i s theory 
depended on f o u r assumptions; t h a t selenides were 
always present i n selenium; t h a t the e l e c t r i c a l 
p r o p e r t i e s of selenium c e l l s were dependent on the 
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p r o p e r t i e s of the selenides; t h a t selenides were 
e l e c t r o l y t i c i n nature; and t h a t the concentration 
of selenides i n selenium c e l l s could be a l t e r e d by 
the a c t i o n of l i g h t . I t was argued t h a t i n s p i t e 
of much e f f o r t B i d w ^ l l was unable to provide 
conclusive experimental evidence f o r h i s theory and 
f u r t h e r t h a t h i s l a s t paper (1895)^® i n d i c a t e d t h a t 
h i s evidence f o r e l e c t r o l y s i s was based on the 
presence of moisture i n h i s c e l l s , although he d i d 
not f u l l y take t h i s p o i n t . 

The r e p u d i a t i o n of Bidwell's theory was not, 
of course, immediate, but, by 1911, Brown, when 
proposing h i s own theory of the a c t i o n of l i g h t i n 
s e l e n i u m , c o u l d w r i t e 

'That the e f f e c t of i l l u m i n a t i o n on c e r t a i n 
"51 

v a r i e t i e s of l i g h t - p o s i t i v e " ^ selenium i s to 
produce a genuine change i n the selenium i t s e l f 

•52 
has not been questioned since Pfund-^ and 

"53 
Berndt showed t h a t selenium c e l l s made by 
using selenium of the highest puri t y ' ^ ^ and 
carbon electrodes were s e n s i t i v e to l i g h t . ' 

This passage from Brown's w r i t i n g s i n d i c a t e s , 
c o r r e c t l y , t h a t Pfund and Berndt attacked what waa 
the weakest l i n k i n Bidwell's chain of argument: 
namely the e s s e n t i a l presence of selenides i n selenium 
c e l l s . I t i s evident t h a t i f selenides were shown 
to be unimportant t o the operation of a selenium c e l l 
then the chances of the a c t i o n being e l e c t r o l y t i c , or 
due to the f o r m a t i o n of chemical compounds, would be 
minimal. 
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Pfund d i r e c t e d h i s researches to two questions, 
both contained i n Bidwell's theory, P i r s t could the 
necess i t y f o r the presence of selenides be sustained 
and s-econd was there any evidence f o r a chemical 
change or molecular rearrangement a t or near the 
surface of the selenium? 

Pfund pointed out t h a t i n the accepted theory 
'the phenomenon i s ascribed e n t i r e l y to the selenide, 
i t seemed worthy of i n t e r e s t t o undertake experiments 
w i t h c e l l s c o n t a i n i n g d i f f e r e n t selenides', Noting 
t h a t the maximum s e n s i t i v i t y of the c e l l s f e l l i n the 
v i s i b l e p o r t i o n of the spectrum Pfund decided to see 
whether 'the p o s i t i o n of the maximum might be a 
f u n c t i o n of the metal i n the s e l e n i d e ' , P f u n d 
was c a r e f u l t o produce selenium t h a t was as pure as 
po s s i b l e and remarking t h a t ' d i s t i l l a t i o n does not 
e f f e c t i v e l y remove i m p u r i t i e s ' selected a chemical 
technique which, he claimed, y i e l d e d a product 
' s u f f i c i e n t l y / pure f o r atomic and molecular weightt 
determinations.''^^ To minimise indeterminate 
contamination w i t h selenides- he, l i k e Berndt, 
used c e l l s w i t h carbon electrodes. Before adding 
the selenium to the electrodes a d e f i n i t e q u a n t i t y 
of s e l e n i d e ^ ^ was- added. Spectroscopic measurements 
were made w i t h the a i d of a normal spectroscope and 
great care was taken to standardise the amount of 
energy f a l l i n g on the c e l l a t d i f f e r e n t wavelengths, 

Pfund was also c a r e f u l t o unde r l i n e the speed 
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of response of various c e l l s , being the f i r s t 
worker t o emphasise t h i s p o i n t ; although others, 
Adams and Bay f o r example,^'^ had pointed out t h a t 
w h i l e there was an immediate response to i l l u m i n 
a t i o n , a steady r e s i s t a n c e was reached only a f t e r a 

43 
r e l a t i v e l y long time had elapsed,^-^ The performance 
of a p a r t i c u l a r c e l l determined the exact e x p e r i 
mental procedure Pfund adopted,'^^ 

His e a r l y i n v e s t i g a t i o n s i n t o the wavelength 
s e n s i t i v i t y of selenium, had demonstrated the 

45 
presence of a 'prominent maximum'^-^ at, .7Jk, 
Thinking t h a t the p o s i t i o n of the maximum might have 
been a f u n c t i o n of the metal of the selenide he 
repeated h i s measurements w i t h c e l l s of d i f f e r e n t 
e l e ctrodes and c o n t a i n i n g known selenides. 'However 

46 
the maximum of the curve was not s h i f t e d , ' I n 
the conclusion t o t h i s set of experiments he wrotei-^''' 

' I n these experiments the only substance present 
i n every case was selenium, and i t appears to 
me t h a t , a f t e r a l l , t h i s i s probably the 
determining f a c t o r r a t h e r than the selenide. 
I n view of the f a c t t h a t the amount of selenide 
added t o the c e l l was approximately/ t h a t 
necessary t o produce highest sensibility,^® 
the c o n d i t i o n s favourable to a s h i f t i n the 
maximum could not have been b e t t e r . The per
sist e n c e of the maximum i n the same p o s i t i o n 
i n d i c a t e s t h a t the nature of the metal i n the 
selenide does not c o n t r o l the s e l e c t i v e s e n s i b i l i t y 
o f the c e l l , ' 

Of course, Pfund had not: demonstrated t h a t the 
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pres-ence of selenides was unnecessary to the 
p r o d u c t i o n of l i g h t s e n s i t i v i t y i n selenium, as 

49 
Brown was t o c l a i m , but he was t o suggest t h a t 
the a c t i o n of l i g h t was on the selenium r a t h e r 
than the selenides; a step away from Bidwell's 
i n t e r p r e t a t i o n . Attempts to l i n k the e l e c t r o -
o p t i c a l p r o p e r t i e s of selenium w i t h o p t i c a l ab
s o r p t i o n measurements proved unsuccessful; 
although Pfund had good reason t o b e l i e v e t h a t such 

50 
a r e l a t i o n should have e x i s t e d . 

His experiments on the s e n s i b i l i t y cjf 
selenium c e l l s thus gave him reasons to believe 
t h a t the f u n c t i o n of the selenides was riot primary 
to the a c t i o n of a selenium c e l l ; although t h e i r 
presence was assumed by him to be necessary. 

Turning t o B i d w e l l ' s theory as expressed 
i n an 1885 paper"^ Pfund pointed out a weakness:--^ 

' I n Bidwell's theory the phenomenon i s explained 
by assuming t h a t l i g h t f a c i l i t a t e s the molecular 
rearrangement i n ; t h e surface l a y e r of a selenide 
"through which an e l e c t r i c c u r r e n t i s passing,"* 
The experiments j u s t described show t h a t 
apparently the changes i n r e s i s t a n c e occur 
independently of the f l o w of c u r r e n t , ' 

Pfund had made use of the f a c t t h a t a selenium 
c e l l took some time t o recover from i l l u m i n a t i o n , and 
had shown t h a t the behaviour of a c e l l a f t e r 
i l l u m i n a t i o n was the same whether or not a c u r r e n t 
had passed through i t . This was an important 

•'̂ •Pfund's emphasis and parenthesis. 
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conclusion; but more i m p o r t a n t l y Pfund r a i s e d 
a gr e a t e r d i f f i c u l t y . For as he i n d i c a t e d , Bidwell's 
theory found i t 'most d i f f i c u l t to account f o r the 
r o l e played by the l a r g e excess of f r e e selenium, 
whose presence i s a b s o l u t e l y necessary to the 
development of s e n s i b i l i t y i n a c e l l , ' ^ ^ We have 
already discussed B i d w e l l ' s p i c t u r e and have noted 
t h a t selenium played a s t r u c t u r a l and a chemical 
r o l e but Pfund was q u i t e r i g h t , such a large excess 
was h a r d l y necessary. Yet B i d w e l l had show^^and 
Pfund had confirmed"^"^ t h a t maximum s e n s i t i v i t y was 
obtained w i t h a selenide content of about 3?̂ ; 
Pfund t h e r e f o r e found i t e s s e n t i a l to r e t h i n k the 
theory of the a c t i o n of l i g h t on selenium, (The 
r o l e of selenides i n producing high s e n s i t i v i t y 
was not discovered^, 

Pfund's development of h i s ideas gives us a 
glimpse of a 'halfway house' between Bidwell's 
e l e c t r o l y t i c theory and Brown's extension of a 
d e s c r i p t i o n based on a l l o t r o p e s , Pfund assumed 
t h a t e l e c t r o l y t i c conduction i n selenides provided 
the c u r r e n t path; ascribed a d e f i n i t e r o l e to the 
selenium; accounted f o r the f a c t t h a t the a c t i o n 
of l i g h t produced a change i n the c e l l whether or 
not a c u r r e n t was passing; and gave a possible 
e x p l a n a t i o n of the independence of the p o s i t i o n 
of maximum s e n s i h i l i t y w i t h respect to the metal 
of the selenide. Pfund couched h i s explanation 
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i n the f o l l o w i n g terms-:-^^ 

'Granting t h a t i n a selenium c e l l most, i f not 
a l l , of the conduction i s e l e c t r o l y t i c i n 
c h a r a c t e r , due to the presence of a s e l e n i d e , 
i t f o l l o w s t h a t there i s an a c t u a l motion of 
the components of the s e l e n i d e towards the 
e l e c t r o d e s of the c e l l . 
Any cause which w i l l i n c r e a s e the v e l o c i t y 
of these components w i l l decrease the 
r e s i s t a n c e of the c e l l . Selenium i s known 
to e x i s t i n a t l e a s t four a l l o t r o p i c mod-
i f i c a t i o n s , - ^ ' the m e t a l l i c or c r y s t a l l i n e 
form heing represented i n the selenium c e l l . 
As . . . . l i g h t a f f e c t f f the c h a r a c t e r of 
c e r t a i n c r y s t a l l i n e compounds . . . . l i g h t , 
i n f a l l i n g upon selenium, might a l s o change 
i t s c r y s t a l l i n e c h a r a c t e r , and that t h i s new 
m o d i f i c a t i o n might o f f e r l e s s r e s i s t a n c e to 
the components of the s e l e n i d e as they wander 
towards the electrodes-, thereby producing 
i n d i r e c t l y an i n c r e a s e i n . t h e i r v e l o c i t i e s , 
which i s e q u i v a l e n t to a decrease i n the 
r e s i s t a n c e of the c e l l . T h i s view gains i n 
p l a u s i b i l i t y ^ i f , w i t h B i d w e l l , we think of the 
p a r t i c l e s of s e l e n i d e being packed i n between 
the p a r t i c l e s of selenium. Assuming t h a t 
t h i s new m o d i f i c a t i o n of selenium i s s t a b l e 
only i n l i g h t , i t would r e v e r t to i t s o r i g i n a l 
c o n d i t i o n when l i g h t i s cut o f f , the change 
t a k i n g p l a c e more r a p i d l y a t f i r s t and more 
sl o w l y afterwards (comparable perhaps to the 
molecular changes i n s o f t i r o n when the magnet
i z i n g f o r c e has been withdrawn). This would 
decrease the v e l o c i t y of the components of the 
s e l e n i d e , which would mean e v e n t u a l l y b r i n g i n g 
the r e s i s t a n c e of the c e l l back to i t s o r i g i n a l 
v a l u e , ' 
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Pfund's theory l i i g h l i g h t e d s e r i o u s d i f f i c u l t i e s 
i n B i d w e l l ' s , namely the importance of s e l e n i d e s and 
the r o l e of selenium; but he s t i l l r e t a i n e d the 
fundamental assumption t h a t e l e c t r o l y s i s was the 
s e a t of the e l e c t r i c a l p r o p e r t i e s of selenium. How
ever h i s re-emphasis of the importance of the 

CO 

v a r i o u s allotropes"^ pointed the way to an a l t e r 

n a t i v e theory of the e l e c t r i c a l and e l e c t r o - o p t i c a l 

p r o p e r t i e s of selenium. Although i n 1909 Pfund was' 

to w r i t e , •'̂  'At the present time i t i s quite g e n e r a l l y 

acknowledged t h a t the conduction i n selenium i s 

e l e c t r o n i c and not e l e c t r o l y t i c i n c h a r a c t e r , ' i n 

1904 the e l e c t r o n theory of s o l i d s was not s u f f i c i e n t l y , 

developed, and perhaps not s u f f i c i e n t l y w e l l known 

f o r i t to be a p p l i e d , even t e n t a t i v e l y , to the case 

of selenium. 

I n the same year as Pfund's paper, (1904), 

Berndt a l s o produced the r e s u l t s of h i s experiments 

on selenium c e l l s ; ^ " ^ and he r e j e c t e d the explan-

a t i o n i n terms of S'elenides and e l e c t r o l y s i s - . 

Beginning w i t h pure selenium^^ he showed t h a t i t 

s t i l l r e t a i n e d i t s s e n s i t i v i t y to l i g h t ; thus 
b r i n g i n g i n t o s t a r k r e l i e f the r o l e of s e l e n i d e s . 

He, l i k e Pfund, r e f e r r e d to B i d w e l l ' s theory, w r i t i n g 
i n h i s i n t r o d u c t i o n ? - ^ ^ 

• S e i t den HlntersTichungen von B i d w e l l ^ ^ war man 
meist der A n s i c h t , dass die Widerstandsabnahme 
von Seieazellen b e i B e l i c h t u n g auf chemische 
Prozesse zurttckzufuhren s e i . ' 
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Berndt pointed out that B i d w e l l ' s c e l l s 
i n c l u d e d m a t e r i a l s t h a t combined w i t h selenium 
and t h a t i f a c e l l was made using components t h a t 
d i d not r e a c t w i t h selenium and i f the selenium 
were as- pure as p o s s i b l e , then one could determine 
whether or not s e l e n i d e s were v i t a l to the a c t i o n 
of c e l l s . S i n c e he knew that carbon d i d not 
r e a c t w i t h selenium^"^ a selenium c e l l w i t h carbon 
e l e c t r o d e s would t e s t B i d w e l l ' s theory f o r 'der 
Theorie von B i d w e l l d u r f t e n a l s o S e l e n z e l l e n a u l 
Kohle keine L i c h t e m p f i n d l i c h k e i t zeigen'.^^ He 
employed c e l l s w i t h carbon as e l e c t r o d e s and g l a s s 
s u b s t r a t e s on which h i s pure selenium was deposited^^ 
and was able to demonstrate that these behaved i n 

70 

s u b s t a n t i a l l y r i t h e same manner as B i d w e l l ' s c e l l s . ' 

I g n o r i n g f o r a moment the p o s s i b i l i t y of i m p u r i t i e s 

a l r e a d y present i n h i s s e l e n i u m , i t can be seen that 

he was d r i v e n to the con c l u s i o n that s e l e n i d e s were 

not necessary to the development of the llg h t t -

s e n s i t i v e property of selenium; although he did 

not r u l e out the p o s s i b i l i t y that o xidation processes 
71 

might be enhanced by the a c t i o n of l i g h t . ' Never

t h e l e s s i n h i s c o n c l u s i o n he claimed that the e f f e c t 

of l i g h t on the c o n d u c t i v i t y of selenium was no* a 
chemical process and f i n i s h e d h i s paper with the 

72 
words:-' 

'Da d i e Abnahme des Widerstandes b e i Be l i c h t u n g 
durch chemische VorgSlize n i c h t zu e r k l S r e n i s t ; 
habe i c h d i e folgende Hypothese g e b i l d e t : I c h 
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Vermute, dass k r y s t a l l i n i s c h e S e l e n i n zwei 
Moifikationen e x i s t i e r t , welche i n dynamischen 
Gleichgewicht miteinander stehen; durch 
B e l i c h t u n g wird d i e s e s a l l m a h l i c h verschoben, 
nach AufhOrer der B e l i c h t u n g k e h r t der 
u h r s p r l i n g l i c h e Zustand allgemeinen a l l m S h l i c h 
wieder zilruck. Wird die Z e l l e , aber irgendwie 
s t r a p a z i e r t , so b i l d e t s i c h von der einen 
M o d i f i k a t i o n s o v i e l , dass e i n T e i l derselben 
einen s t a b i l e n Gleichgewichts-zustand annimmt 
und an dem dynamischen Gleichgewicht n i c h t mehr 
teilnimmt, oder - wenn die Bfelichtung weniger 
s-tark war, dass das Gleichgewicht e r s t nach 
l a n g e r e r Z e i t wieder e i n t r i t t . - E i n e 
Ents'cheidung ttber d i e R i c h t i g k e i t d i e s e r Hypothese 
i s t v i e l l e i c h t durch Untersuchungen der 
Empf i n d l i c h k e i t ; b e i mOglichs* zvu erwarten, d i e 
i c h , sobald i c h durch andere A r b e i t e n n i c h t 
mehr v e r h i n d e r t bin, i n A n g r i f f nehmen werde.' 

Pfund's- and Berndt's papers although not 

c o n t a i n i n g d e f i n i t e r e f u t a t i o n s of B i d w e l l ' s theory, 

f o r there were too many unknowns i n t h e i r e x p e r i 

mental equations, began to amass c i r c u m s t a n t i a l 

evidence a g a i n s t i t , Berndt was 'bolder* than 

Pfund. However both suggested f u r t h e r work: Pfund 

pointed to the need to examine the absorption 

spectrum of selenium to e s t a b l i s h , i f p o s s i b l e , a 

l i n k with, the s e n s i b i l i t y curves; and Berndt put 

forward a more s i g n i f i c a n t t e s t - the measurement 

of the s e n s i t i v i t y of selenium over a wide temperature 

range. E v i d e n t l y i f considerable s e n s i t i v i t y 

remained a t low temperatures then considerable doubt 

would be c a s t on a chemical hypothesis; f o r the 
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r a t e of chemical r e a c t i o n decreases r a p i d l y w i t h 
d e c r e a s i n g temperature. 

73 

Thus, i n s p i t e of Martin's comment, i t i s 

evident t h a t i f B i d w e l l ' s theory was not e n t i r e l y 

dead by 1904 i t was, a t l e a s t , breathing i t s l a s t 

b r eath. 
3. The Work of Brown - A Methodological View. 

As has been mentioned above (p 164) Brown"^^ 

sometimes alone and sometimes w i t h a co-worker 

produced a s e r i e s of papers concerned w i t h the 

e l e c t r i c a l p r o p e r t i e s of selenium. The m a j o r i t y 

of h i s works were b r i e f , although o c c a s i o n a l l y a 

longer p u b l i c a t i o n appeared i n which the work of 

previous papers was summarised and c o l l a t e d . Eor 

example a paper of 1908'^ contained work of the 

previous t h r e e y e a r s and an extensive q u a s i -
7fi 

t h e o r e t i c a l paper published i n 1911 developed 

a p i c t u r e he had o u t l i n e d p r e v i o u s l y . This method 

of r e p o r t i n g g i v e s h i s r e s e a r c h e s a c e r t a i n coherence; 

but i t i s impossible to decide, however, whether the 

coherence d e r i v e d from an i n d u c t i v i s t approach or 

whether he subscribed to a t h e o r e t i c a l framework 

which c o n t r o l l e d the course of h i s experimental work. 

Without unpublished m a t e r i a l , apparently non-existent, 

only a study of p u b l i c sources can provide us w i t h a 

p i c t u r e of h i s methodology. Prom t h i s i t can be 

seen t h a t Brown's approach changed sometime around 
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1914 - 1915 when he began to i n v e s t i g a t e the 

o p t i c a l p r o p e r t i e s of s i n g l e c r y s t a l s of selenium. 

Upon f i n d i n g t h a t these behaved s i m i l a r l y to 

m i c r o c r y s t a l l i n e m a t e r i a l he abandoned h i s f i r s t 

theory and s u b s t i t u t e d one based on bhe e l e c t r o n 

theory of conduction. The former theory seems on 

the f a c e of i t to be purely Baconian i n o r i g i n i n 

th a t he moved from observation to t h e o r e t i c a l 

g e n e r a l i s a t i o n ; while the l a t t e r experiments he 

did were d i r e c t e d a t v e r i f y i n g a p r e v i o u s l y adopted 

theory. H i s l a t e r papers, t h e r e f o r e , present a 

d i f f e r e n t a s p e c t to us, than do h i s e a r l i e r w r i t i n g s . 

I t i s p o s s i b l e , however, to o f f e r an i n t e r p r e t a t i o n 

of Brown's methodology t h a t puts a l l h i s work i n t o 

s i m i l a r s t r u c t u r a l form. 

Brown's longer papers were f a i t h f u l r e f l e c t i o n s 

of the matter i n h i s s h o r t e r works - indeed the 

s u s p i c i o n s cannot be avoided t h a t a s s e r t i n g p r i o r i t y 

of p u b l i c a t i o n formed a l a r g e p a r t of h i s chosen 
77 

method of p r e s e n t a t i o n ' ' - and they are good sources 

f o r an examination of the development of h i s e x p e r i 

mental and t h e o r e t i c a l i d e a s and w i l l , t h e r e f o r e , be 

used as such. 

A l l of Brown's work on selenium to 1911 can be 

seen as being i n support of the theory that he 

publishe d i n t h a t y e a r . I t was w e l l known that 
78 

t h r e e or p o s s i b l y four a l l o t r o p e s of selenium e x i s t e d ' 

and t h a t under some circumstances they appeared capable 
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of changing one to another; temperature c e r t a i n l y 
and p r e s s u r e p o s s i b l y could produce t h i s e f f e c t . 

The r e s i s t a n c e of the a l l o t r o p e s d i f f e r e d markedly; 
79 80 a f a c t t h a t f i r s t Siemens'^ and then Berndt and 

Marc used i n t h e i r accounts of photoconductivity. 

I f we assume Brown was acquainted with these 

i d e a s , then h i s r e s e a r c h e s take on an ordered aspect, 

l e a d i n g smoothly to the establishment of h i s f i r s t 

theory. Although there i s no d i r e c t evidence i n 

support of t h i s assumption we know from a comment i n 
op 

a 1905 paper t h a t he had made a s e a r c h of the 

l i t e r a t u r e connected w i t h selenium and must s u r e l y 

have read the a l l o t r o p i c theory. The a t t r a c t i v e 

ness of t h i s idea had been enhanced by the r e f u t a t i o n 

of the e l e c t r o l y t i c theory. 

However there were severe problems to s o l v e . 

There was l i t t l e evidence t h a t l i g h t could a c t 

d i r e c t l y on selenium to produce any changes, v i s i b l e 

or otherwise, i n i t s p h y s i c a l and chemical condition. 

B i d w e l l ' s attempts to d e t e c t such a l t e r a t i o n s had not 

been s u c c e s s f u l . Brown a t no stage published any 

work connected w i t h t h i s problem but appears tr) have 

u t i l i s e d a roundabout l i n e of reasoning to support 

h i s own theory. We can express h i s presumed reasoning 

s y m b o l i c a l l y . 
I f A — ^ B and A-^0 then (maybe) A—••B-^0 and 

i f B — t h e n (perhaps) D — • • G 

I f 'C i s i d e n t i f i e d w i t h change of r e s i s t a n c e ; 

'B' w i t h m o d i f i c a t i o n of a l l o t r o p i c form; 'D' wi t h 
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i l l u m i n a t i o n ; and 'A' w i t h any e f f e c t t h a t 
changes the r e s i s t a n c e of selenium: then i f i n 
'A' we have any e f f e c t s t h a t can be shown to 
produce a l l o t r o p i c transformation then, maybe, we 
have c i r c u m s t a n t i a l evidence i n support of an 
a l l o t r o p i c theory. 

Applying t h i s type of reasoning to Brown's 

experimental papers a l l o w s us to present h i s work 

i n more sympathetic l i g h t than merely d i s m i s s i n g 

them as 'Baconian'; although the published works 

themselves c o n t a i n no overt statement of t h e o r e t i c a l 

i n t e n t u n t i l 1911 and could be l a i d a s i d e as 

'Natural H i s t o r y ' . Thus h i s 1908 paper c o n t a i n s 

a l i s t of experimental s i t u a t i o n s which, i n the 

l i g h t of the above argument, are arranged to provide 

the c i r c u m s t a n t i a l supports f o r the a l l o t r o p i c 

theory. Brown there reported the r e s u l t s of apply

ing s i x agencies to selenium c e l l s : ^ ^ pressure 

and l i g h t s e n s i t i v i t y as a f u n c t i o n of pressure; 

temperature and l i g h t s e n s i t i v i t y as a f u n c t i o n of 

temperature; hydrogen peroxide and radium r a y s . 

Brown's expressed reasons f o r t e s t i n g a l l 

these agencies and combinations of them do not 

support the assumptions we have made concerning 

h i s methodology; but i f the only purpose of the 

experiments was 'to examine the e f f e c t s of v a r i o u s 

agencies- t h a t change the r e s i s t a n c e of the selenium 

c e l l and to c o r r e l a t e them i n so f a r as p o s s i b l e ' ^ ^ 
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why should he have l i m i t e d h imself to merely a 

few p o s s i b i l i t i e s ? We cannot but express reasonable 

doubt but t h a t he was sear c h i n g f o r , ̂or thought he 

a l r e a d y had, a c o n s i s t e n t , general explanation f o r 

the e l e c t r i c a l and o p t i c a l p r o p e r t i e s of selenium. 

For he wondered whether a l l the r e s i s t a n c e changes' 

noted were due to the same cause but cautioned 'we 

cannot completely c o r r e l a t e our r e s u l t s but we 

hope t h a t i n the near f u t u r e an hypothesis may be 

s e t up which w i l l s a t i s f a c t o r i l y and completely 
8^ 

e x p l a i n a l l the v a r i o u s selenium phenomena'. 

That he was c o n s i d e r i n g a general theory, perhaps 

based on a l l o t r o p e s , i s suggested by the f i n a l 

sentence i n h i s 1908 paper. T h a t , i n so f a r as 

e l e c t r i c a l c o n d u c t i v i t y i s concerned, ' a l l these 

c o n d i t i o n s seem to take the selenium to a c e r t a i n 
86i 

e q u i l i b r i u m s t a t e ' . ' I t seems not unreasonable 

then t h a t h i s work was c o n t r o l l e d by an assumed 

theory, and t h a t the methodology o u t l i n e d i s 

a p p l i c a b l e to Brown's r e s e a r c h e s where he lacked 

d i r e c t evidence f o r h i s assumptions. 
4. Brown's A l l o t r o p i c Theory. 

I n the previous s e c t i o n we have seen t h a t i f 

we make an assumption about Brown's knowledge and 

h i s methodology then h i s experimental work to 1908 

was concerned w i t h providing, i n an oblique f a s h i o n , 

the f a c t u a l b a s i s f o r an a l l o t r o p i c theory. The 

methodological assumptions were based on Brown's 
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presumed knowledge of the l i t e r a t u r e and a l s o 

on the doubt t h a t the r e l a t i o n s h i p s examined 

were chosen without the b e n e f i t of some s o r t of 

t h e o r e t i c a l framework. 

While i t i s d i f f i c u l t to b e l i e v e t h a t a 

Baconian approach would allow the examination of 

j u s t those p r o p e r t i e s necessary f o r the support 

of an a l l o t r o p i c theory of e l e c t r i c a l conduction. 

Brown's own i n t r o d u c t i o n to h i s extensive paper of 

1911^''' i n d i c a t e s an i n d u c t i v e approach, 
88 

' I n a paper by Brown and Stebbins i t was 
shown t h a t the l i g h t s e n s i t i v e n e s s of a 
c e r t a i n selenium c e l l was a f u n c t i o n of i t s 
r e s i s t a n c e whether t h a t r e s i s t a n c e was 
conditioned by temperature, p r e s s u r e , l i g h t 
or other a g e n c i e s . This c o n c l u s i o n , together 
w i t h the r e s u l t s of recent i n v e s t i g a t i o n s , has 
l e d me to formulate an hypothesis f o r e x p l a i n 
ing the changes i n the e l e c t r i c a l c o n d u c t i v i t y 
o c c u r r i n g i n l i g h t s e n s i t i v e selenium. 
The hypothesis i s t h a t a l l l i g h t - p o s i t i v e and 

89 
l i g h t negative v a r i e t i e s c o n s i s t of v a r i o u s 
mixtures of three kinds of selenium which we 
w i l l c a l l A, B and G, and that under the a c t i o n 
of l i g h t A i s changed into B and B i s changed 
i n t o G according to the r e a c t i o n 

A's:^=id=r®:5^=2r G 
and that the changes i n both d i r e c t i o n s are 
p r o p o r t i o n a l a t a l l times to the amount of 
the changing m a t e r i a l , ' 

The b a s i c assumption that selenium contained 

t h r e e a l l o t r o p e s t h a t were i n mutual e q u i l i b r i u m was 
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founded not on d i r e c t evidence^^ but by analogy 

w i t h the p r o p e r t i e s of sulphur. Brown wrote that 

as there were three components i n sulphur which 

were mutually/ i n e q u i l i b r i u m under the e f f e c t s of 

pressure and temperature, then ' i t would not be 

s u r p r i s i n g to f i n d l a t e r that the three components 

of l i g h t s e n s i t i v e selenium may be i d e n t i f i e d and 
91 

s t u d i e d as separate a l l o t r o p i c forms.' 
I n a d d i t i o n to t h i s fundamental assumption 

Brown introduced f o u r more, f o r some of which there 

was- scant j u s t i f i c a t i o n . The assumptions were:-

1. That the s e n s i t i v e l a y e r of selenium was t h i n 

enough f o r there to be a uniform i n t e n s i t y of l i g h t 
92 

throughout the l a y e r . ^ 
2. That the c o n d u c t i v i t y of A kind approached zero, 

t h a t of Bj metals and t h a t of C was very much l e s s 

than t h a t of B.^^ 

5, That i f <?Cj and a r e the r a t e s of change of A 

i n t o Bi and B i n t o 0 and oCj^ and a r e the 

corresponding r e v e r s e changes of 0 i n t o B and E. i n t o 

A then ''̂ •/otx ^'l^x should be expected always 
94. 

to be i n c r e a s e d by the a c t i o n of l i g h t . 

4. That the c o n d u c t i v i t y of the selenium depended on 

the amount of B only and that the homogeneity and 

u n i f o r m i t y of the mixture of the three kinds should 

not a f f e c t the c o n d u c t i v i t y which would be given by 

Prom t h i s r e l a t i o n and f i v e f u r t h e r equations Brown 
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could d e r i v e an e x p r e s s i o n f o r the quantity of B 

as a f u n c t i o n of time, and hence that the c u r r e n t 

would be represented by ' 

96 i = + c ^ , exp(m^t) + Cg • exp(m2t)j' 
While i n p r i n c i p l e the parameters^ i n the 

equation were capable of independent measurement and 

hence the form of the current-time curves were 

d e r i v a b l e from a base not w i t h i n the theory itsel£>, 

i n p r a c t i c e Brown was d r i v e n to choosing the values 

of the constants to give r e s u l t s that agreed with 
97 

e x p e r i m e n t a l l y determined r e l a t i o n s h i p s , ^ ' He was, 

t h e r e f o r e , f o r c e d to adopt what was, i n e f f e c t , an 
98 

e l a b o r a t e ' c u r v e - f i t t i n g ' e x e r c i s e . As he wrote:-
99 

'By a method of approximations^^ and guesses I 
have found specimen a r b i t r a r y values f o r the 
r a t e s of change, which when taken with 
appropriate v a l u e s of the other constants 
w i l l e s t a b l i s h the c h a r a c t e r i s t i c ways i n 
which the c o n d u c t i v i t y i , w i l l vary w i t h the 
time of exposure to l i g h t , ' 

Reproduced below i s Brown's P i g , 1,"'"*̂ ^ 

i l l u s t r a t i n g t h a t s-everal types of response could 

be represented by h i s formula, Gase 2 he r e j e c t e d 

on t h e o r e t i c a l grounds"'"^"^ while the others were 

considered to r e p r e s e n t a c t u a l p o s s i b i l i t i e s . 

The form of the curves cannot be compared i n any 

simple f a s h i o n , f o r although they depended e n t i r e l y 

on the v a l u e s of the constants mentioned above, these 

were themselves f u n c t i o n s of a number of v a r i a b l e s 
102 

and c o n s t a n t s , 18 i n a l l . 
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COMDUCriVITV 

EXPOSURE TIME (AHl i ra^ (Inih) 

P i g . 3. T y p i c a l Responses of Selenium C e l l s : 
Brown's Theory. 

Brown was l a t e r , (see s e c t i o n 5 below), to 

pr e s e n t e m p i r i c a l r e l a t i o n s h i p s between c o n d u c t i v i t y 

and time which by t h e i r correspondence w i t h the 

t h e o r e t i c a l l y d e r i v e d curves were adduced as 

confirmatory evidence f o r h i s theory. He f e l t able 

to give a conf i d e n t i n t e r p r e t a t i o n of h i s mathematics. 

However even i f the fundamental assumption was c o r r e c t , 

the a d d i t i o n a l assumptions he introduced rendered the 
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f i n a l e x e r c i s e 'ad hoc', Por without the e s s e n t i a l , 
independent v e r i f i c a t i o n s of the assumptions h i s 
theory became a c o n j u n c t i o n of c o n d i t i o n a l s t a t e 
ments-; r e n d e r i n g h i s argument c i r c u l a r . The 
f i n a l ' t r u t h ' was i n t e r p r e t e d as supporting the 
assumptions. 

However notwithstanding the l o g i c a l weaknesses 

of h i s argument Brown claimed that:-"*"*^^ 

'The theory proposed i s simple and a t t r a c t i v e i n 
so much as i t r a t h e r i m p l i e s t h a t a l l the 
agencies t h a t a f f e c t the c o n d u c t i v i t y of 
selenium produce the same kind of change i n 
the selenium, namely a v a r i a t i o n i n the r a t e s 
of interchange. Or s t a t e d i n other words the 
selenium i s i n e q u i l i b r i u m under a v a r i e t y of 
c o n d i t i o n s . Each agency merely a c t s i n a 
way to a l t e r the e q u i l i b r i u m by changing the 
r a t e s , ' 

Brown was, of course, o v e r s t a t i n g h i s case. Since 

h i s theory did not examine the underlying mechanisms 

of conduction i n selenium g e n e r a l i s a t i o n s to a 

v a r i e t y of phenomena were out of order. 

However t h i s c r i t i c i s m i s perhaps a l i t t l e 

unkind. Brown di d not c l a i m to examine the e l e c t r i c a l 

behaviour of selenium per se; he was, i n e f f e c t 

u s i n g e l e c t r i c a l measurements to i n v e s t i g a t e what he 

saw as the fundamental property of selenium; namely 

t h a t the c o n c e n t r a t i o n s of i t s three a l l o t r o p e s were 

s e n s i t i v e to the a c t i o n s of various p h y s i c a l agents. 

He was simply s e a r c h i n g f o r a 'mechanical i n t e r p r e t a t i o n 
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of the theory'•'•^^ and viewed the changing conditions 

of e q u i l i b r i u m as due to a ' d i s t o r t i o n ' of the 

selenium. Hence the study of the change of 

c o n d u c t i v i t y could be regarded 'as mereljp- a study 

of one of the processes taking place while the new 

e q u i l i b r i u m i s being e s t a b l i s h e d .'̂ ^̂  I n s p i t e of 

h i s d e t a i l e d treatment and the confidence he 

expressed, he, i n f a c t , added l i t t l e to the under-

s-tanding of the b a s i c property of photoconductivity 

i n selenium. H i s p i c t u r e remained d i f f u s e and 

i l l - f o u n d e d ; a view i l l u s t r a t e d p e r f e c t l y by h i s 

v e r b a l d e s c r i p t i o n of h i s theory. He wrote:-"'"°''̂  

'Suppos-e a selenium c e l l i n e q u i l i b r i u m i n the 
dark i n a c o n d i t i o n which we w i l l c a l l ^ . 
Next expose i t to i n t e n s e l i g h t and as a 
r e s u l t of the e x i s t i n g d i s t o r t i o n i t changes 
according to c e r t a i n laws^ toward a new 
e q u i l i b r i u m c o n d i t i o n which we may c a l l Q , 
The changes can be shown by curves. P i n a l l y 
remove the selenium to the dark and again due 
to the d i s t o r t e d c o n d i t i o n of the selenium i t 
w i l l r e t u r n to i t s former dark c o n d i t i o n 
. . . . The g e n e r a l movement of the change i n 
the f i r s t case may be s a i d to be i n the 
p o s i t i v e d i r e c t i o n and i n the second case i t 
may be s a i d to be i n the negative d i r e c t i o n . 
The changes i n the negative d i r e c t i o n , , , , 
may be s a i d to be the r e c i p r o c a l of the changes 
i n the p o s i t i v e d i r e c t i o n and the time taken 
f o r the selenium to go from Q to should be 
of the same order of magnitude as the time 
r e q u i r e d f o r the selenium to go from ^ to d'. 

* My emphasis 
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T h i s account i s , of course, an a l t e r n a t i v e s t a t e 

ment of the mathematical formulation and conforms 

w i t h i t ; f o r the words and the mathematics a r e 

complementary modes of e x p r e s s i o n . The d e s c r i p t i o n 

does not r e p r e s e n t , i n any r e a l sense, an explan

a t i o n of the l i g h t s e n s i t i v e p r o p e r t i e s of selenium, 

indeed i t i s d i f f i c u l t to understand the r a t i o n a l e 

behind some of the phrases. Why should changes 

i n the 'negative d i r e c t i o n ' proceed a t the same 

r a t e as those i n the ' p o s i t i v e d i r e c t i o n ' ? There 

i s no compelling reason f o r t h i s assumption, only 

t h a t he found i t necessary i n order that he could 

' f i t ' h i s t h e o r e t i c a l curves to the experimental 

examples. 

Brown suggested experimental t e s t s of h i s 

theory. I f , f o r example, the l i g h t s e n s i t i v e 

p r o p e r t i e s were as i n Curve 4, above, then other 

a g e n c i e s than l i g h t 'should i n a l l p r o b a b i l i t y show 

the same two changes'. Indeed i f the changes 

i n c o n d u c t i v i t y were to be explained by the same 

mechanisms i n a l l c a s e s then t h i s would seem to be 

a n e c e s s a r y c o n c l u s i o n ; but Brown went on to 
109 

w r i t e t h a t ' t h i s c o n c l u s i o n i s c l e a r l y not r e q u i r e d ' . 

Whether he was r e f e r r i n g to an experimental or a 

t h e o r e t i c a l s i t u a t i o n he d i d not make c l e a r , but 

the tone of h i s words i n d i c a t e t h a t he recognised 

the shortcomings of h i s theory. Por he suggested 
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t h a t the changes produced by l i g h t could be 
reproduced mechanically ' i f there were a sudden 
a p p l i c a t i o n of mechanical pressure of the r i g h t 
a m o u n t ' a n d t h a t 'the same argument would 
apply to the agencies of temperature and d i f f e r e n c e s 
of e l e c t r i c p o t e n t i a l . ' Implying, thereby, a 
c r i t i c a l t e s t of h i s theory?; a t e s t which when 
c a r r i e d out c a s t doubt on h i s theory, (see below 
p 200 ) . 

5. Experimental J u s t i f i c a t i o n s f o r the A l l o t r o p e 
Theory. 

Prom a p u r e l y mathematical approach Brown now 

turned to the experimental j u s t i f i c a t i o n of h i s 

theory; or a t l e a s t , t h a t i s how h i s paper was 

organised. He was strongly/ a t t r a c t e d to a property 

of selenium t h a t was not w i t h i n the confines of 

h i s theory; t h a t i s the marked dependence of 

s e n s i t i v i t y on r e s i s t a n c e . He was impressed w i t h 

the ' s t r i k i n g r e l a t i o n between the r e s i s t a n c e of 
112 

selenium and i t s s e n s i b i l i t y ^ t o l i g h t ' and quoted 
11'5 

a s e r i e s of r e s u l t s ^ t h a t i n d i c a t e d such a 

r e l a t i o n s h i p q u i t e c l e a r l y , even though t h a t was not 

the i n t e n t i o n a l outcome of the measurements."'""^^ 

However, l i k e previous workers. Brown was c a r e f u l 

to point out t h a t the p r o p e r t i e s of selenium were 

v a r i a b l e and recorded some e m p i r i c a l r e l a t i o n s t h a t 

had been found l i n k i n g s e n s i t i v i t y w ith r e s i s t a n c e 

a s examples of 'diverse f a c t s concerning selenium 
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which do not seem to J l e a d J to any conclusion'.'^"'•^ 
The v a r i a b i l i t y , he thought, could be due to many 
reasons; d i f f e r e n t types of selenium; non-
comparable experimental c o n d i t i o n s ; c o n s t r u c t i o n 
of the c e l l s and so on.'̂ "'"̂  Also divergent 
p r o p e r t i e s could have been a r e s u l t of i m p u r i t i e s 
present i n the selenium and, what was f o r him an 

important question, how deep was the p e n e t r a t i o n of 
117 

selenium by l i g h t , ' The l a s t he was to answer 
118 

e v e n t u a l l y a t the same time c a s t i n g doubt on h i s 

own theory. He considered t h a t the v a r i a b i l i t y 

i n the c o n d u c t i v i t y / i l l u m i n a t i o n r e l a t i o n s h i p s , found 
119 

by d i f f e r e n t workers ^ demons-trated the ' f u t i l i t y ' 

of |[thej s e a r c h f o r a simple u n i v e r s a l law 

connecting the c o n d u c t i v i t y of a selenium and the 
120 

i n t e n s i t y of i l l u m i n a t i o n ' and thus i t was 

'necessary to look to other r e l a t i o n s h i p s . . . . 

to connect the f a c t s by simple laws'. I n 

accordance w i t h h i s theory these 'other r e l a t i o n s h i p s ' 

were to be the time dependences of the s e n s i t i v e n e s s 

of v a r i o u s c e l l s and f o r the time being the ' s t r i k i n g 

r e l a t i o n ' was ignored. 

The experimental r e s u l t s occupied some dozen 

pages- of the 1911 paper and were mainly concerned 

w i t h e s t a b l i s h i n g the form of the c o n d u c t i v i t y versus 

time curves f o r d i f f e r e n t l e v e l s of i l l u m i n a t i o n and 

f o r v a r i o u s types of c e l l . Brown's concern was to 

demonstrate t h a t h i s t h e o r e t i c a l curves a c c u r a t e l y 
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reproduced the experimental ones and i n t h i s he 
was not u n s u c c e s s f u l . He discovered c e l l s whose 
c h a r a c t e r i s t i c s were mirrored by each of the curves 

122 given on p 184 above, and i n h i s d i s c u s s i o n wrote 

' I may s t a t e t h a t I found data f o r curves of no 
other c h a r a c t e r to be obtained, e i t h e r from the 
theory or from any v a r i e t y of selenium t h a t has 
come to my n o t i c e . I regard the s t r i k i n g 
s i m i l a r i t y between these experimental and 
t h e o r e t i c a l curves as important evidence i n 
favour of the proposed theory. I t seems a 
waste of time to t r y to f i t the comparison 
curves more a c c u r a t e l y u n t i l f u r t h e r inform
a t i o n i s obtained concerning the depth of 
p e n e t r a t i o n of selenium by l i g h t . ' 

Three p o i n t s of importance are contained i n t h i s 
e x t r a c t . 

F i r s t i n s p i t e of h i s confident c l a i m t h a t 

the evidence was s t r o n g l y i n support of h i s theory 

i t must be emphasised that h i s t h e o r e t i c a l s t r u c t u r e 

taught nothing new, and, i n i t s e l f , suggested no 

experiments- other than those needed to e s t a b l i s h the 

assumptions. As the theory developed int o a 'curve 

f i t t i n g ' e x e r c i s e i t i s evident t h a t the choice of 

constants was made to produce curves t h a t f i t t e d the 

e m p i r i c a l f i n d i n g s . Brown was not unaware of the 

d i f f i c u l t i e s i n h e r e n t i n h i s theory but he tended 

to underplay the problems a t t h i s stage i n h i s work. 

That a l l causes produced s i m i l a r e f f e c t s 

implied a s i n g l e e x p l a n a t i o n , but Brown noted t h a t the 
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e f f e c t s of other agencies was not i n v a r i a b l y 

a k i n to those of l i g h t . He wrote 

'There a r e some i n s t a n c e s where no r e l a t i o n 
can be t r a c e d between theory and experiment. 
The o r d i n a r y e f f e c t of a r i s e of temperature 
i s to produce a change i n the c o n d u c t i v i t y i n 
the same d i r e c t i o n as that by l i g h t . But i n 
the h i g h s e n s i b i l i t y c e l l the change by 
temperature i s opposite to t h a t of l i g h t . 
But s i n c e the temperature e f f e c t i s i n the 
same d i r e c t i o n as i n the pure metals and of 
aboub the same magnitude, we may say t h a t the 
temperature e f f e c t i s m e t a l l i c i n nature and 
r e f u s e to e x p l a i n i t f u r t h e r . • 

Well t h a t was a novel way to overcome a 

f a i r l y important d e t a i l l I t i s d i f f i c u l t to 

b e l i e v e t h a t he held the opinion that under these 

circumstances selenium had a m e t a l l i c c h a r a c t e r 

f o r w h i l e the temperature c o e f f i c i e n t of r e s i s t a n c e 

may v e r y w e l l have been s i m i l a r to those of metals 

the r e s i s t i v i t y c e r t a i n l y was not. High s e n s i b i l i t y 

c e l l s were equated w i t h high r e s i s t a n c e s and r e s - i s t -

i v i t i e s , many orders of magnitude g r e a t e r than those 

of metals. However w h i l e t h i s discrepancy was an 

i s o l a t e d i n s t a n c e i n the case of l i g h t - p o s i t i v e 

selenium,"'•^^ i t s t i l l represented a s e r i o u s blow to 

h i s aim f o r a s i n g l e g e n e r a l theory. Confirmation 

or r e f u t a t i o n of h i s i d e a s was not forthcoming from 

observations on the e f f e c t s of pressure f o r the 

r e s u l t s were too i n c o n c l u s i v e to allow any comparison 
w i t h theory. 
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Brown conceded t h a t even i f the theory 
s a t i s f a c t o r i l y explained a l l the observed phenomena, 
which indeed i t d i d not, i t s a i d nothing about why 
the r a t e s of change of the d i f f e r e n t v a r i e t i e s were 
v a r i a b l e . While he suggested p o s s i b l e causes f o r 
the v a r i a t i o n s , e v i d e n c e was l a c k i n g . I n h i s own 
words r-"''^^ 

' I t w i l l s t i l l remain to be explained why 
d i f f e r e n t v a r i e t i e s should have d i f f e r e n t 
r a t e s of change. Itt may t u r n out t h a t these 
d i f f e r e n t i n i t i a l r a t e s of change may a r i s e 
from i m p u r i t i e s ' which a c t as c a t a l y t i c agents, 
or i t may be i f p e c u l i a r i n i t i a l arrangements 
of the components are once e s t a b l i s h e d i n the 
process of making, t h a t there i s an accompany
ing p r e s s u r e or p o t e n t i a l e f f e c t which maintains 
t h a t p e c u l i a r arrangement.' 

The s'econd point of i n t e r e s t i s the suggestion 

made f o r f u r t h e r measurement, on which we have a l r e a d y 

remarked.-^^"^ That i s t h a t the e f f e c t i v e depth of 

p e n e t r a t i o n of selenium by l i g h t should be determined. 

Brown gave as h i s reasons f o r t h i s measurement t h a t 

a b s o r p t i o n of l i g h t by selenium would confound h i s 
128 

theory, although he gave no reasons f o r t h i s . 

That t h i s was' the case u n d e r l i n e s the f a c t t h a t the 

mechanism of the i n t e r a c t i o n of l i g h t w i t h selenium, 

t h a t i s i n the a l l o t r o p i c theory the e f f e c t of l i g h t 

on the change r a t e s , was a mystery. He e v i d e n t l y 

di d not b e l i e v e t h a t l i g h t acted d i r e c t l y to produce 

i t s e l e c t r i c a l e f f e c t but, as i n B i d w e l l ' s e l e c t r o 

l y t i c theory, modified the p h y s i c a l s t r u c t u r e of the 
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selenium. Brown's s u s p i c i o n that the a c t i o n of 
l i g h t was on the outermost l a y e r of the selenium, 
as i n d i c a t e d by the mechanical s t r u c t u r e of the 
c e l l s , was l a t e r confirmed. The thought does not 
seem to have s t r u c k him t h a t the absorption of 
l i g h t by selenium could produce a d i r e c t e l e c t r i c a l 
e f f e c t and t h a t t h i s was a l e s s oblique assumption 
than any he had made. 

The t h i r d point of i n t e r e s t i s not contained 

o v e r t l y i n the passage quoted on p 190, but l i e s 

hidden i n the phrase ' I regard the s t r i k i n g s i m i l a r 

i t y . . . . i n favour of the theory'. While 

curves 1, 2 and 3 presented no problems and 5 was 

not too s e r i o u s to d e a l with, curve 4 could be given 

an i n t e r p r e t a t i o n t h a t included p o l a r i s a t i o n e f f e c t s . 

(Such i n t e r p r e t a t i o n s had been suggested e a r l i e r . )"'"^^ 

Brown was Impressed w i t h 'the remarkable decrease 
130 

i n the c o n d u c t i v i t y ' which was '^ust as remarkable 
131 

as~ i s the enormous i n c r e a s e at f i r s t ' , and 
suggested t h a t t h i s had an important bearing on h i s 

132 
theory. I n h i s opinion:- ^ 

t . . i t i s q u i t e necessary to know i f t h i s 
decreas-e i n the c o n d u c t i v i t y r e p r e s e n t s a 
genuine change i n the selenium or i f i t i s a 
p o l a r i s a t i o n phenomenon. Th i s question i s a 
p a r t i c u l a r l y l e g i t i m a t e one i n view of the 
f a c t t h a t many selenium c e l l s show extreme 
p o l a r i s a t i o n under the a c t i o n of l i g h t and the 
e l e c t r i c c u r r e n t . ' 

Brown's experiments' s e t t l e d t h i s question 

c o n c l u s i v e l y f o r h i s c e l l s f o r he demonstrated t h a t 
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the a c t i o n of l i g h t or e l e c t r i c i t y did not r e s u l t 

i n any polarisation."''^^ While t h i s r e s u l t did not, 

of i t s e l f , r e f u t e the e l e c t r o l y t i c hypothesis, taken 
154 

together w i t h the previous work of Pfund and Berndt ^ 

the idea t h a t such a c t i o n could account f o r the 

behaviour of selenium became more and more untenable. 
6. The A l l o t r o p i c Theory - A Summary. 

I t has been argued that Brown's work d i s p l a y s 

a p a t t e r n of thought t h a t goes counter to the apparent

l y Baconian s-tructure of h i s r e s e a r c h e s . The e x p e r i 

ments he chose to do seem almost random u n l e s s we 

assume he was- i n t e r e s t e d i n e s t a b l i s h i n g the a l l o 

t r o p i c theory of the l i g h t s e n s i t i v i t y of selenium 

on a f i r m foundation. We have demonstrated some 

reason to b e l i e v e t h a t he knew of the theory w e l l 

before he produced h i s own v e r s i o n , probably before 

he began h i s own experiments. Being unable to f i n d 

f i r m independent evidence f o r the assumptions he 

made he was f o r c e d to invoke a r a t h e r complex l i n e 

of reasoning to 'prove' h i s theory; compelled, 

thereby, to r e l y on c i r c u l a r arguments and to 

c a r r y out a curve f i t t i n g e x e r c i s e r a t h e r than r e l y i n g 

on c a l c u l a t i o n s from f i r s t p r i n c i p l e s . 

He r e l i e d on c i r c u m s t a n t i a l evidence to 

e s t a b l i s h the r e l i a b i l i t y of h i s assumptions and the 

accuracy of h i s theory; even the manner of t e s t i n g 

used by Brown never removed the ' i n s u b s t a n t i a l ' 

q u a l i t y from the theory. While the b a s i c tenets 
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of h i s arguments r e s t e d on p h y s i c a l assumptions 
t h a t were, i n p r i n c i p l e a t l e a s t , measurable, no 
one c a r r i e d out the obvious i n v e s t i g a t i o n s ; f o r 
example to determine independently the values of 
the r a t e cons'tants, or the q u a n t i t i e s of the v a r i o u s 
a l l o t r o p e f f present i n l i g h t - s e n s i t i v e selenium. 
While he s u b s c r i b e d to the a l l o t r o p i c theory. Brown 
always r e l i e d on i n d i r e c t v e r i f i c a t i o n s of h i s 
i d e a s , o f t e n w i t h an inherent c i r c u l a r i t y . 

F o r example, s h o r t l y a f t e r h i s major t h e o r e t i c a l 

paper was published, he produced another work"^^^ 

i n which he claimed: t h a t only one a l l o t r o p e 

conducted; t h a t the change i n c o n d u c t i v i t y was 

p r o p o r t i o n a l to the amount of changing m a t e r i a l ; 

and t h a t the a c t i o n of heat was e s s e n t i a l l y the same 

as t h a t of l i g h t but not i d e n t i c a l to i t . " ^ ^ ^ But 

again, these c o n c l u s i o n s were not based on d i r e c t 
137 

measurements, but on the shape of recovery curves, 

( i . e . the form of the c o n d u c t i v i t y / t i m e graph a f t e r 

the removal of i l l u m i n a t i o n ) . Even though t h i s 

paper was c l o s e i n time to the major t h e o r e t i c a l 

work, i t contained strong h i n t s that the a l l o t r o p i c 

theory was u n s a t i s f a c t o r y . The work on the recovery 

c u r v e s i n d i c a t e d that the r a t e s of change i n the 

p o s i t i v e d i r e c t i o n only were a f f e c t e d by light,'''^^ 

a c o n c l u s i o n c o n t r a r y to the assumptions he had 
139 

o r i g i n a l l y made. "̂ ^ He found that the r e c o v e r y 

curves were s e n s i t i v e to the i n i t i a l q u a n t i t i e s of 
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i l l u m i n a t i o n , l e a d i n g him to the suggestion t h a t 
only a s m a l l proportion of the selenium was 
a f f e c t e d by l i g h t a t low i n t e n s i t i e s and t h a t , 
maybe, 'the amounts... [[of the a l l o t r o p e s j . . . a r e 
p a r t i a l l y f i c t i t i o u s ' 

To summarise Brown's a l l o t r o p i c theory we 

may remark t h a t had i t been based on c l e a r l y 

d e f i n e d and measured parameters, i t would, indeed 

have presented a p l a u s i b l e a s p e c t . I t went through 

a l i t t l e development by others but did not s u r v i v e 

long past 1913. Although c a r e f u l l y developed i t 

was, i n f a c t no more than an ad hoc theory, i n 

c o n t r a s t to B i d w e l l ' s e l e c t r o l y t i c hypothesis 

which was, a t l e a s t based on independent observations 

of the fundamental assumptions; Brown's theory 

never broke out of i t s own c o n f i n e s . 

7. Movement from the A l l o t r o p i c Theory. 

Whatever may be the v e r d i c t on Brown's 

methodology, whether he was l e d to h i s ideas 

i n d u c t i v e l y as he suggested or whether he was 

guided by t h e o r e t i c a l c o n s i d e r a t i o n s , there can be 

no doubt t h a t a f t e r 1911 h i s work l e d inexorably 

towards an e l e c t r o n i c theory of photoconductivity. 

That i s towards a d e s c r i p t i o n t h a t involved a d i r e c t 

i n t e r a c t i o n between l i g h t and e l e c t r o n s r a t h e r than 

by changing the q u a n t i t y of the conducting component 

of selenium. 

The path Brown followed to an e l e c t r o n theory 
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i s c l e a r l y d i s c e r n i b l e . He began by measuring 

the depth of p e n e t r a t i o n of selenium by l i g h t ; 

a measurement t h a t followed h i s d i s c o v e r y that the 

e f f e c t s of l i g h t and heat on the r e s i s t a n c e were 

s l i g h t l y different.•'•^^ He had maintained t h a t the 

t h i c k n e s s of the s e n s i t i v e l a y e r would be important 

i n h i s theory an idea he may have drawn from Pfund 

who i n 1909 had remarked on the s i g n i f i c a n c e of 

abs^orption f o r a 'resonance' theory."^^^ Pfund had 

pointed out t h a t the depth of p e n e t r a t i o n may w e l l 

be a f u n c t i o n of the wavelength of l i g h t , and had 

made some t e n t a t i v e measurements of absorption, as 

we have a l r e a d y no ted. "''̂ ^ As Brown had ignored 

the p o s s i b l e c o m p l i c a t i o n s of absorption i n the 

selenium when he developed the a l l o t r o p i c theory, 

he and a colleague i n 1913, commenced measurement 

on the dependence of the s e n s i t i v i t y of selenium 
145 

on the wavelength of l i g h U , intending to provide 

an e x p l a n a t i o n i n Brown's terms. F i n a l l y h i s 

s u b s t i t u t i o n of s i n g l e c r y s t a l s of selenium f o r 

the p o l y c r y s t a l l i n e m a t e r i a l commonly i n use, and 

h i s demonstration t h a t these behaved i n i d e n t i c a l 

f a s h i o n a dministered the coup de grace to the a l l o 

t r o p i c theory. His r e j e c t i o n of the a l l o t r o p i c 

theory was c o v e r t , i t was completely ignored f o r 

example i n a paper of 1915.'''^^ We cannot know 

why he delayed so long before i n t r o d u c i n g a d i r e c t 
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i n t e r a c t i o n e l e c t r o n theory, f o r h i s a s s o c i a t i o n 
w i t h Richardson-'-^''^ and Pfund""-^® i n d i c a t e s that 
he was w e l l acquainted w i t h the Lorentz e l e c t r o n 
theory. However wh i l e the e l e c t r o n s were v i s u a l 
i s e d as ' f r e e ' w i t h i n a conductor i t was d i f f i c u l t 

to account f o r many of the f a c t s of conduction i n 
149 

selenium. Meanwhile the a l l o t r o p i c theory 
served a purpose; perhaps as a model, perhaps as 

150 
a l e a r n i n g d e v i c e ; but with the d i s c o v e r y of 

the photoconductivity of s i n g l e c r y s t a l s and that 

the r e d u c t i o n of r e s i s t a n c e was not r e s t r i c t e d to 

the point a t which l i g h t was i n c i d e n t , the idea of 

a s h i f t i n g e q u i l i b r i u m between d i f f e r e n t a l l o t r o p e s 

became l e s s a c c e p t a b l e . H i s t o r i c a l l y , although work 

on s i n g l e c r y s t a l s c l i n c h e d the matter, Brown began 

to s h i f t from h i s e a r l i e r theory f o l l o w i n g h i s and 

S i e g ' s i n v e s t i g a t i o n s ' of the wavelength s e n s i t i v i t y 
151 

of selenium a l r e a d y r e f e r r e d t o . ^ 
His f i r s t lengthy paper (1913)"'"^^ on t h i s 

s u b j e c t was c o n t r o l l e d by h i s 1911 theory but i n 
153 

h i s second paper •̂'̂  he was e v i d e n t l y moving towards 

a f u l l y fledged e l e c t r o n theory of the photoconductive 

e f f e c t . Brown and S i e g demonstrated that the 

s e n s i t i v i t y of selenium was a complicated f u n c t i o n of 
154. 

wavelength and not comparable from c e l l to c e l l . "̂ ^ 

T h e i r measurements and Brown's t h e o r e t i c a l i n s i g h t s 

allowed them to separate out the e f f e c t s of time l a g s 

i n the responses and r e c o v e r i e s of selenium c e l l s and 
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thereby suggest a t e s t f o r a theory of selenium 
a c t i o n based on the e l e c t r o n theory of another 
r e s e a r c h e r . -̂"̂  

The c o n c l u s i o n s to the second paper (1914) 

r e p r e s e n t a s i g n i f i c a n t move towards an e l e c t r o n 

theory; from no mention of the mechanism of 

conduction i n the 1911 paper to a p o s s i b i l i t y t h at 

maybe the change of c o n d u c t i v i t y under the a c t i o n 

of l i g h t could be accompanied by e l e c t r o n r e l e a s e , 

( w i t h i n the m a t e r i a l t h a t i s ) . Prom h i s e a r l i e r 

theory Brown had concluded that there were two 

s o r t s of change, r a p i d and slow, and that the balance 

between them produced a l l the experimental curves.'''^^ 

More importantly he b e l i e v e d that both changes were 

due to the same cause, t h a t i s a l t e r a t i o n of the 

change r a t e s . î ow he was not so sure. Por while 

he b e l i e v e d t h a t the slow changes i n c o n d u c t i v i t y 

were due to s h i f t s i n c r y s t a l s t r u c t u r e ( i . e . 

A to B, C to B and v i c e v e r s a ) he was now prepared 

to e n t e r t a i n the idea t h a t the r a p i d changes were 

the r e s u l t of e l e c t r o n r e l e a s e during these s t r u c t u r a l 

a l t e r a t i o n s ; a dual theory: The r e s u l t s of h i s 

measurements- on the wavelength s e n s i b i l i t y proved 

impossible to r e p r e s e n t by a simple s e t of mathematical 

p o s t u l a t e s . Moreover the s t r u c t u r e and p r o p e r t i e s 

of selenium seemed more complex than b e f o r ^ ^ ^ f o r h i s 

a n a l y s i s now seemed to r e q u i r e 'at l e a s t two separate 

l i g h t a c t i o n s i n the selenium'.-^^^ While 'the slow 
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changes accompanying the l i g h t - a c t i o n were the 
r e s u l t of c r y s t a l changes . . [there was] , . doubt 
concerning the r a p i d changes. [ i t was coneededj that 
perhaps l i g h t might expel e l e c t r o n s from the atoms 
i n the transformation of one component to another,'"'"^^ 
His b e l i e f t h a t changes i n c r y s t a l form were 
a s s o c i a t e d w i t h conduction changes i n selenium l e d 
him almost to an adumbration of the r o l e of non-
l o c a l i s e d although bound e l e c t r o n s . For we f i n d 
the f o l l o w i n g passage:-

'But i f there i s one s i g n i f i c a n t c o n c l u s i o n that 
can be accepted as a r e s u l t of the v a r i a t i o n of 
the s e n s i b i l i t y c u r ves, i t i s that l i g h t does 
not a c t on the atoms as u n i t s . Rather a l a r g e r 
u n i t , no doubt of the order of a c r y s t a l u n i t , 
i s the s e a t of the disturbance by l i g h t a c t i o n . ' 

•We a r e compelled to recognise c r y s t a l boundaries' 
when d e a l i n g w i t h the flow of e l e c t r o n s i n 
selenium, p o s s i b l y a l s o i n other elements. 
Otherwise there i s no apparent b a s i s f o r the 
u n i f i c a t i o n of our knowledge.' 

Here f o r the f i r s t time we f i n d c l e a r l y s t a t e d 

the importance of the boundaries between c r y s t a l s ; 

and, of course, w i t h t h i s r e c o g n i t i o n the p o s s i b i l i t y 

t h a t experiments could be devised to d i s t i n g u i s h 

between bulk and s u r f a c e properties."'"^^ (A problem 

which was s u c c e s s f u l l y t a c k l e d i n the 1920's by 

Gudden and Pohl."^^^) Recognising t h a t 'the phenomena 

of l i g h t a c t i o n a r e almost unique' he pointed out i n h i s 
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c o n c l u s i o n t h a t ' u n i f i c a t i o n of knowledge' r e q u i r e s 
a non-generalised s o l u t i o n to the problems. Perhaps 
he r e a l i s e d t h a t h i s approach and that of others to 
selenium and r e l a t e d m a t e r i a l s was u n s a t i s f a c t o r y 
and t h a t a f r e s h examination of the t h e o r e t i c a l base 
was needed, 

8. S i n g l e C r y s t a l s , 

I n a s-eries of papers published i n 1914 and 

1915 Brown completely undermined h i s o r i g i n a l theory 

and r e p l a c e d i t w i t h one based on the theory of 

e l e c t r o n s . Of h i s papers published i n these years 

f o u r a r e of importance: 'The Seat of L i g h t A c t i o n 

i n C e r t a i n C r y s t a l s of M e t a l l i c Selenium'"^^^ i n 

P h i l o s o p h i c a l Magazine. (1914); 'The E l e c t r i c a l 

and P h o t o - e l e c t r i c a l and the Elec t r o - m e c h a n i c a l 

P r o p e r t i e s of C e r t a i n C r y s t a l s of M e t a l l i c Selenium' 

'The Nature of E l e c t r i c a l Conduction i n Selenium to 

E x p l a i n the Recovery Curves,'"'•^'^' and 'Some Experiments 

on the Nature of Transmitted Light A c t i o n i n C r y s t a l s 

of M e t a l l i c S e l e n i u m ' i n P h y s i c a l Review. (1915). 

H i s use of s i n g l e c r y s t a l s enabled him to make something 

of a breakthrough i n understanding the p r o p e r t i e s of 

s-elenium; f o r whi l e he faced some hard t e c h n i c a l 

problems, (growing c r y s t a l s d e s i g n i n g apparatus 

and so on), he was- no longer t i e d to the use of ver y 

v a r i a b l e m i c a r o c r y s t a l l i n e d e v i c e s . As he put i t i n 
170 

P h i l o s o p h i c a l Magazine:-

'The advantages of a s i n g l e c r y s t a l . . . . are 
perhaps obvious. The contact r e s i s t a n c e s are 
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l i m i t e d to the e l e c t r o d e s , and knowing t h i s f a c t , 
the magnitude of such r e s i s t a n c e s can be determined. 
Also i t makes i t p o s s i b l e to l o c a t e the 
s e a t of l i g h t a c t i o n as w e l l as something 
concerning the nature of l i g h t a c t i o n . ' 

I n r e t r o s p e c t , of course, the advantages' are 

indeed obvious, but Brown was the f i r s t to r e a l i s e 

t h a t t h i s was the c a s e . Other r e s e a r c h e r s were 

fo r c e d to 'make do' w i t h n a t u r a l l y o c c u r r i n g 

m a t e r i a l s or w i t h d e v i c e s constructed according to 

methods more r e m i n i s c e n t of the k i t c h e n than the 
l a b o r a t o r y . 

The s e q u e n t i a l nature of Brown's approach to 

h i s s u b j e c t a l l o w s us to give a c h r o n o l o g i c a l t r e a t 

ment of these papers. I n v e s t i g a t i n g the r e l a t i v e 

s i g n i f i c a n c e of the e l e c t r o d e s and the bulk of the 

m a t e r i a l Brown concluded 'that the l i g h t a c t s through

out the c r y s t a l , and t h a t the c o n d u c t i v i t y i s almost 
171 

uniform throughout the c r y s t a l . ' As i r r a d i a t i n g 

the specimen from the s i d e on which the e l e c t r o d e s 

were s i t u a t e d or from the remote s i d e made l i t t l e 

d i f f e r e n c e to the c o n d u c t i v i t y change he was l e d to 

suggest ' e i t h e r t h a t the l i g h t penetrates the c r y s t a l 

without absorption, or t h a t l i g h t on e n t e r i n g the 

c r y s t a l operates a meahanism which c o n t r o l s by 
172 

s-econdary a c t i o n the conductance of the e n t i r e c r y s t a l . ' 

However not only i s i t d i f f i c u l t to understand how 

l i g h t could a c t without being absorbed w i t h i n the 

c r y s t a l i t was a l s o f a i r l y obvious that the c r y s t a l 
173 

was not t r a n s p a r e n t . Hence the second c o n c l u s i o n 
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should be the c o r r e c t one."'"'̂ ^ Brown's use of the 

term 'secondary a c t i o n ' remains obscure f o r he did 

not e x p l a i n the term s a t i s f a c t o r i l y . Taking the 

work to be d i s c u s s e d l a t e r and h i s e a r l i e r r e s e a r c h e s 

together i t seems t h a t primary a c t i o n was the 

m o d i f i c a t i o n of the c r y s t a l s t r u c t u r e of selenium 

w h i l e secondary a c t i o n was the l i b e r a t i o n of f r e e 

e l e c t r o n s ; but i t i s not p o s s i b l e to be sure. 
17S 

H i s own c o n c l u s i o n was:- '-̂  
'The f a c t t h a t no l i g h t goes through the c r y s t a l 
compels us to b e l i e v e that the c r y s t a l conduct
i v i t y i s c o n t r o l l e d by sympathetic ce n t r e s 
l o c a t e d throughout the c r y s t a l . • 

I n t h i s work as i n others. Brown discovered 

a new f a c t , one t h a t he was to i n v e s t i g a t e f u r t h e r . 

He noted t h a t the a c t i o n of l i g h t i n a c r y s t a l was 
lift 

t r a n s m i t t e d to a d i s t a n c e . This 'amazing r e s u l t ' 
was without any known explanation. Heat e f f e c t s 

177 
could not a c t q u i c k l y enough '' and Brown thought 

t h a t not only did s i n g l e c r y s t a l s d i s p l a y the same 

l i g h t s e n s i t i v e p r o p e r t i e s as selenium c e l l s but 

a l s o they possessed 'a p e c u l i a r sympathetic s t r u c t u r e 
1 'JO 

l i m i t e d a p parently only by the c r y s t a l s u r f a c e s , ' 

He saw i n the t r a n s m i s s i o n of the l i g h t e f f e c t along 

a s i n g l e c r y s t a l a 'new "Action a t a d i s t a n c e " ' "̂ '̂ ^ 

as always he h i n t e d a t f u r t h e r experiments. Measure

ment of the r a t e of t r a n s m i s s i o n of the e f f e c t should 

y i e l d i nformation concerning the mechanisms of 

t r a n s p o r t : e l e c t r o n i c t r a n s m i s s i o n ; e l a s t i c 
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v i b r a t i o n s ; or by 'the i n t e r a c t i o n of parts of 
the atoms moving w i t h v e l o c i t i e s approaching that 
of l i g h t . ' A c r u c i a l test would be, Brown 

thought, to determine whether the e f f e c t could be 
transmitted from one c r y s t a l to another. 

Brown returned to the question i n some l a t e r 
papers and was able to show that the l i g h t e f f e c t 
waa transmitted across c r y s t a l boundaries, (provided, 
that i s , that the crystals were grown i n contact 

1 0"| 

rather than put i n contact.) But however 
i n t e r e s t i n g t h i s may have been what was important 
was his report that the effects of pressure and 
e l e c t r i c f i e l d s were not transmitted either along 
a single c r y s t a l or between crystals. For him, 
and f o r me, t h i s s i g n i f i c a n t discovery refuted a 
claim of his e a r l i e r theory that a l l conductivity 
e f f e c t s were, i n p r i n c i p l e at least, reducible to 
the same set of t h e o r e t i c a l assumptions. His use 
of the known presence of allotropes i n selenium was 
all-embracing; f o r i t was possible to imagine that 
the actions of l i g h t , pressure, r a d i o a c t i v i t y and so 
on would a l l produce changes i n the e q u i l i b r i a 
between the various components. Of course, when 
the l i g h t - e f f e c t was shown to be d i f f e r e n t i n 
p r i n c i p l e then t h i s p a r t i c u l a r stretch of the 
imagination was unnecessary. Brown's reaction was 
admirable. He q u i e t l y revoked his own interpretations 
and turned to the electron theory of e l e c t r i c i t y f o r 
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explanations. This theory and i t s relevance to 
the properties of selenium i n p a r t i c u l a r and 
semiconductors i n general at t h i s time w i l l be 
discussed i n the fo l l o w i n g chapter, 

I w i l l close t h i s discussion of the experi
mental work of Brown and his colleagues with a 
b r i e f analysis of the f o u r t h paper referred to 
above (p 201 ).-^^^ I n t h i s work Brown took up 
the question of the transmitted effects i n single 
crystals of selenium and was able to state some 
s t a r t l i n g , and advanced, conclusions. His- deter
mination of the v e l o c i t y of the new ef f e c t at not 
less than 2cm/s was s u f f i c i e n t f o r him to conclude 
tha t i t could not 'be transmission of a temperature 
change along the crystal',"'*^^ By the same token 
neither could i t be ascribed to the 'equalization 
of electronic pressures throughout the c r y s t a l ' . 
I f neither heat nor electrons were responsible f o r 
the transmitted e f f e c t Brown considered that only 
a 'mechanical' cause could be invoked. (Here 
mechanical i s to be interpreted as that which was 
not due to the action of heat or e l e c t r i c a l forces.) 
He saw two a l t e r n a t i v e s . Either the l i g h t acts 
d i r e c t l y on the electrons tearing them free from the 
atomic structures thereby making them available f o r 
conduction or the l i g h t acts to create 'a certain 
i n s t a b i l i t y throughout the cr y s t a l structure' 
I n the f i r s t case eit h e r the electrons would disperse 
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to a l l parts of the c r y s t a l or the increased 
concentration at the point of incidence would 
produce an e f f e c t analogous to that of increasing 

1 oo 

the quantity of gas at one part of a container. 
I n the second case the increased conductivity, 
could r e s u l t from 'an increased number of free 
electrons or a greater i n s t a b i l i t y of the fixed 
electrons.' ^ Brown saw a d i s t i n c t difference 
between the two p o s s i b i l i t i e s . The f i r s t waŝ  
l a r g e l y independent of the c r y s t a l structure, while 
the second involved something akin to propagation 

IQO 
through an elas'tic medium.^ His experiments 
w i t h l i g h t , mechanical pressure and e l e c t r i c f i e l d s 
led to conclusions which he regarded as notable. 
Indeed they were the only ones which he i t a l i c i s e d . 
F i r s t 

'Thus we have the clear cut r e s u l t that l i g h t action 
i s transmitted along the c r y s t a l , but the pressure 
effects and the e l e c t r i c a l p o t e n t i a l e f f e c t , 
are not transmitted.'-^ 

Second 
'The increase of pressure increases the l i g h t 
s e n s i b i l i t y ( i . e . . the change of conductivity 
due to constant i l l u m i n a t i o n ) only when the 
pressure i s applied to the part of the c r y s t a l 
where the conductivity i s being measured.'* 

Brown was impressed with these conclusions not 
f o r t h e i r own sake but f o r the deductions which he 
was able to draw from them. For him the f a c t that 
the e f f e c t of pressure was not transmitted implied 

* Brown's emphasis. 
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that the enhanced conductivity that occurred at 
the point of application could not be due to free 
electrons, Prom t h i s he was led to doubt that 
'at atmos-pheric pressure' the conduction was due to 

IQ^ 
free electrons. Now while there was no r e a l 
reason f o r t h i s b e l i e f Brown was being driven by 
a re d u c t i o n i s t argument leading him to the conclusion 
'that e l e c t r i c a l conduction i n crystals of metallic 
s-elenium can not be due to the t r a d i t i o n a l free 
electron' "̂ ^̂  

This surprising, and essentially correct, 
conclusion he saw as i n no way opposed to the notion 
that i n a metal the electrons were free as i n 'the 
sense of the k i n e t i c theory of gases,'"'"^^ and he 
suggested that conduction i n a l l non-metals was 
l i k e that i n selenium."''^^ In t h i s he was moving 
towards the same conclusion that was being reached 
i n Germany, (see p 262), 

Brown closed t h i s paper with an outline 
theory of the conduction of e l e c t r i c i t y and the 
action of l i g h t on non-metallic crystals; basing 
his ideas on his experiences of selenium. He 
considered t h a t , q u a l i t a t i v e l y , at least, the picture 
he drew could account f o r the known fa c t s , including 
the non-Ohmic behaviour of selenium. He wrote t--^^''^ 

'The most s a t i s f y i n g u n i f i c a t i o n of the experi
ments related that I have been able to conceive 
rests upon the hypothesis of conduction by 
electrons i n semi-stable equilibrium. Scattered 

* Brown's emphasis. 
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throughout the c r y s t a l structure are centers, 
. . . . i n which are associated charges of 
e l e c t r i c i t y / i n almost: unstable equilibrium. 
Electrons free to move about i n the structure 
as gas molecules do not e x i s t . True the 
electrons are fi x e d i n number and pos i t i o n 
i n the c r y s t a l structure, but the degree of 
t h e i r s t a b i l i t y w i l l vary w i t h the agencies 
acting on the c r y s t a l . E l e c t r i c a l conduction 
consists essentially of a p u l l i n g out of these 
electrons from t h e i r moorings i n the d i r e c t i o n 
of the e l e c t r i c a l stress. While out of 
po s i t i o n an electron might behave temporarily 
as a free electron i n equilibrium with the heat 
and e l e c t r i c a l forcea about i t . . . . 

The f a c t that Ohm's law does not hold f o r these 
crystals or metallic selenium generally i s 
against the free electron hypothesis. The 
conductivity increases very greatly as the 
e l e c t r i c a l forces i n the l i n e of conduction 
increase, u n t i l a saturation value of the 
conductivity i s reached. 
On t h i s view increased pressure or tension on 
the selenium reduces the electrons to an average 
lower degree of s t a b i l i t y . Thus a given f a l l 
of p o t e n t i a l across the cr y s t a l w i l l be able to 
dislocate a larger number of electrons from 
t h e i r f i x e d positions, or w i l l be able to use 
them on an average a longer time before they 
recombine. 
S i m i l a r l y , l i g h t by some mechanism yet undiscovered 
lowers the degree of s t a b i l i t y of the electrons 
throughout the c r y s t a l or further the mechanism 
controlled by l i g h t frees- the most unstable 
electrons throughout the selenium.' 

Thus by d i n t of an e f f o r t that continued f o r a 
decade, together w i t h a close knowledge of metallic 
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conduction Brown gave a picture of the e l e c t r i c a l 
properties of selenium that was' remarkably close 
to a modern i n t e r p r e t a t i o n . He noted the f a c t 
that an app l i c a t i o n of Maxwell-Bolt25mann s t a t i s t i c s 
to the electrons i n selenium led to contradictions;"''^^ 
and, i f we replace- 'lower the s t a b i l i t y ' by 'raise 
the energy' we can approximate the current view by 
Brown's words. F i n a l l y , unlike Bidwell, Brown 
changed his mind when experiments demanded i t . 

9. Brown's Use of Sources. 

I n the course of his publications on selenium 
Brown mentioned the work of some three dozen other 
researchers. From these he obtained a spectrum of 
ideas; from the s t a r t i n g point of theories to the 
processes required to construct r e l i a b l e c e l l s . Thus 
from Bidwell's work he learned how to construct good, 
sensitive c e l l s ;-'-̂^ from Marc's^^^ and Kruyt's^^^^ 
publications he brought evidence f o r his a l i o t r o p i c 
theory; while from Richardson^^^ and Nicholson^*^^ 
he derived an electron theory of the l i g h t - e f f e c t i n 
S'elenium,. There were, of course, many papers to 
which he made no reference either because they were 
unknown to him or because they gave him no new or 
useful information; i n the absence of sources other 
than published work the question of his breadth of 
knowledge cannot be solved. While we can perhaps 
assume that he read much that was w r i t t e n on selenium 
he appears to have been ignorant of the work carried 
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out by Koenigsberger^^^ and Baedeker^^^ on the 
conduction of e l e c t r i c i t y through solids. I n a 
sense t h i s i s surprising, f o r Richardson, with whom 
Btown worked, thought the work of these men 
S T i f f i c i e n t l y important to give them some space i n 
his book The Electron Theory of Matter, (1916).^°^ 
However we have seen only i n his l a t e r papers did 
he begin to r e a l i s e that the mechanisms that he used 
to account f o r the e l e c t r i c a l properties of selenium 
should also be applied i n the case of other s o l i d 

V non-metals. Brown's concentration on the photo-
conductive properties of selenium and his neglect 
of r e c t i f i c a t i o n and photo-voltaic effects delayed 
his r e a l i s a t i o n that the properties of non-metallic 
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and Saunders gave Brown his j u s t i f i c a t i o n f o r using 
allotropes of selenium and t h e i r r e l a t i v e importance 
i n the l i g h t s e n s i t i v i t y . Strangely an extensive 
piece of work by Schrott, ( l a r g e l y duplicating and 
extending the work of Marc and Saunders), was 
apparently unknown to Brown. The papers of these 
men, i f put together, would constitute a sizeable 
publication, but f o r me, i t i s enough that they 
showed that an e l e c t r o l y t i c theory was inadequate to 
account f o r a l l the effects of temperature and 
r a d i a t i o n on selenium. Schrott's i n t e r p r e t a t i o n 
did not agree w i t h Brown's i n i t i a l assumptions f o r he 
concluded that only the 'B>' form acted as a conductor 
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and was a l i g h t sensitive allotrope i n i t s own 
r i g h t . He did not believe that any equilibrium, 
of the sort postulated by Brown, existed between 
the three allotropes but suggested that the l i g h t 
s e n s i t i v i t y of selenium was a purely e l e c t r i c a l 

212 
phenomenon. 

'Die Lichtwirkung dttrfte i n einer l o n i s a t i o n 
des Selens B bestehen, welches bis zu einer 
Sattigung f o r t s c h r e i t e t . Das Anwachsen des 
Widerstandes nach e r f o l g t e r SSttigung kOnnte 
v i e l l e i c h t auf eine gleichzeitige 
Photopolymerisation ztirilckfllhren sein.' 

Schrott's suggestion of a saturation effect 
together w i t h a reverse photopolymerisation has a 
flavour of electro-chemistry but was not worked out 
i n d e t a i l . Marc's opinion, that the conductivity 
of selenium could be accounted f o r by two allotropes 
i n equilibrium, was not s u f f i c i e n t f o r Brown; f o r 
he required two competing processes f o r his explan
a t i o n . He appealed to analogy f o r more than two 
allotropes i n equilibrium, comparing selenium w i t h 
sulphur. 

Brown's observations on the response of 
selenium c e l l s to temperature, l i g h t and X-rays was 

214. PI'S 
confirmed by the work of McDowell, ^ Crum and 
many others. Thus he could assert as experimental 
facts the various relationships expressing the 
v a r i a t i o n of the resistance of selenium with 
temperature, l i g h t , time, r a d i a t i o n etc.; r e l a t i o n 
ships which he was able to reproduce with his f i r s t 
theory. 
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His work w i t h single crystals was spurred 
216 o f f by some experimental investigations by White. 

White, working w i t h blocks of selenium rather than 
t h i n cells,reached a conclusion that Brown found 
unacceptable, namely that 'the action of l i g h t on 
a l l selenium bridges* i s to a large extent, but 
not wholly, to e f f e c t a change of resistance at the 

217 
electrode contact,' ' We recognise th a t , once 
again, the problem of bulk versus surface phenomena 
was r a i s i n g i t s head, but while we recognise t h i s 
nowJ Brown's theory depended on bulk properties. 
Thus to obviate contact problems-, not only at 
electrodes but between microcrystals, Brown turned 
to single crystals and i n so doing not only under
mined h i s own theory but also pioneered the use of 
a r t i f i c i a l single crystals of known composition and 

218 
c r y s t a l s^tructure. 

With the evidence of single crystals m i l i t a t i n g 
against an a l i o t r o p i c theory Brown was forced t̂ o 
consider an a l t e r n a t i v e . The electron 'respnanofe' 
theory, suggested by Pfund and Ries, although 
a t t r a c t i v e had not been put into clear mathematical 
form; but i n the year that Brown published his 
f i r s i ; work on the properties of single crystals 
Nicholson wrote a paper i n which the theory was given 

221 
a clear mathematical expression. Brown 
acknowledged his debt to the work of Nicholson p r i o r 
to introducing his own modification of the theory 

* selenium bridges = selenium c e l l s . 
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222 i n 1915. ( I t i s i n t e r e s t i n g to note that the 

ideas- of Nicholson were introduced to Brown by Pfun^^^ 
The relationships between Brown's and Nicholson's 
theories and w i t h the electron theory of conduction 
i n general w i l l be discussed i n the next chapter. 

I t i s evident from the bibliography that a 
great deal of experimental work was carried out on 
selenium; the vast majority of i t concerned w i t h 
the o p t i c a l properties of the material. Much of 
the work was known to Brown or repeated by him; 
his own r e a l l y o r i g i n a l contributions being the 
worked out a l i o t r o p e theory and the use of single 
c r y s t a l s . 

While an examination of Brown's sources t e l l s 
us c l e a r l y those which he knew; we cannot i n f e r 
that the omission of a source implies ignorance of 
i t . I t i s d i f f i c u l t to countenance the b e l i e f that 
a researcher, as indefatigable as Brown appears to 
have been, would have seen only those works that 
agreed w i t h Hie own theory. Without more information 
than i s contained i n the published papers one cannot 
but suggest the,admittedly uncharitable, opinion that 
adverse theories were ignored by Brown; perhaps 
because he was so fond of his own. I n one case at 
least he seems to have begun some work suggested by 
the researches of Pfund, without acknowledging the 

Towards the middle of the second decade of the 
century Brown began to remark on the generality of 
his work. At about that time the rediscovery of 
e a r l i e r r e s u l t s on other photo-conductive materials 
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and a reawakening of int e r e s t i n r e c t i f i c a t i o n under
l i n e d the importance of Brown's thoughts, Some of 
t h i s work w i l l be discussed i n the next section; mean
while i t can be noted that there are a great many 
questions posed but not answered i n t h i s thesis, f o r i t 
may be that the answers to them represent substantial 
researches i n t h e i r own r i g h t , 

P i r s t the chemistry of selenium; how important 
and ^ t i f f i c u l t was the p u r i f i c a t i o n of selenium f o r the 
researchers i n the early 20th century? Brown remarked 
on questions of impurities i n several of his papers but 
while r e f e r r i n g to sources, gave l i t t l e d e t a i l s of his 

225 
own methods. Was there ever any attempt to deter
mine the r e a l i t y of the e q u i l i b r i a between the three 
allotropes? That i s did anyone ever attempt to deter
mine the rate constants? Brown did not indicate any 
work i n t h i s area and did not carry out any himself. 
( I have not concentrated on Chemical or Physical Chemical 
sources i n my research, i n them may l i e the answer). 

I n the physical area the most i n t e r e s t i n g question, 
and one that has been ignored i n favour of a detailed 
study of Brown's work i s the genesis and development of 
the '6'lectron resonance' theory. This w i l l be d i s 
cussed b r i e f l y i n the next chapter but i t i s worth a 
long study. As noted above Brown eventually came round 
to t h i s theory and, i n the long run, the explanation of 
a l l the properties of conductors were seen to be red
ucible to the motion of electrons. This theory was 
rooted i n the electron theory of metals and possibljy 
i n phenomena such as fluorescence but a study of t h i s 
theory, which i s contained i n many scattered papers, 
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and sources i s one f o r another worker i n the history of 
semiconductors. I t i s probably on the 'direct t r a i l ' 
to band theory but Brown's work, which largely vanished, 
was always ingenious, occasionally o r i g i n a l but, above 
a l l , represented continuous work over a long time scale 
and led him to the threshold of the modern view. 

Selenium was not the only non-metallic conductor 
examined i n t h i s period. We f i n d work being carried out 
on silicon?^'^'^^®»^^^»^^° galena,^^•'- bismuth and t e l l u r i u m f 
c a r b o n , < i o p p e r i o d i d e , a n d a multitude of other 
s o l i d s . However l i t t l e of t h i s work was collated at 
the time and only towards the middle of the 1910's do 
we come across suggestions that a l l these substances 
had properties i n common that could be explained by a 
single theory. Eventually i t emerged that while 
meta l l i c conduction could be accounted f o r more or 
less precisely by the Drude-Lorentz theory, a l b e i t 
w i t h some apparently minor shortcomings, the simple 
electron theory was a very inadequate t o o l to explain 
the properties of non-metallic, s o l i d conductors-. 

I n the follo w i n g sections an outline i s given of 
some of the work that was' done on effects other than the 
photo-conductivity, of selenium. The materials invest
igated were, generally, naturally, occurring crystals^ 
that we now recognise as semiconductors, (galena, s i l v e r 
sulphide and so on); the properties studied were r e c t 
i f i c a t i o n , thermoelectric power and l a t e r photo-effects. 
A v a r i e t y of measurement techniques were employed 
including the Hal l e f f e c t . 
10. R e c t i f i c a t i o n . 

The r e c t i f i c a t i o n properties of ce r t a i n crystals 
continued to evoke i n t e r e s t throughout the period 



- 216 -

under discussion; w i t h a considerable number of 
materials added to the l i s t . The researches not 
only increased the known r e c t i f i e r s but eliminated 
explanations other than purely e l e c t r i c a l ones from 
the f i e l d . Although there was not a complete con
census, 19th century, descriptions of r e c t i f i c a t i o n 
f e l l w i t h i n three categories; v i z : e l e c t r o l y s i s , 
e l e c t r i c arc analogies and the effects of thermo-
e l e c t r i c i t y , -̂-̂  While there were strong suggestions 
that r e c t i f i c a t i o n was a surface property complete 
agreement was not present, ( I do not wish to imply 
that disagreements were voiced, f o r as was suggested 
i n Chapter 2 the various researchers do not appear 
to have been f a m i l i a r w i t h each other's work), Lark-
Horovitz claims that early investigations in t o the 
properties of 'many semiconductor - metal combinations 
, . , , as detectors, , . , [ r h e j action of the 
detector was not completely understood and, w i t h 
the mass production of radio tubes, i n t e r e s t i n 
c r y s t a l detectors increased,*^^^ However, be that 
as i t may, an important step towards the reduction 
of the phenomena of semiconductors to a common theory 
was taken when i t was demonstrated that r e c t i f i c a t i o n 
was a property of the materials and t h e i r contacts; 
and was, therefore, a property i n i t s own r i g h t as 
was high thermo-electric power. Given that recognition, 
the observation could be made 'that high thermo
e l e c t r i c e,m,f,, r e c t i f i c a t i o n , and photoconductivity 
are found together,' A l i n k that Lark-Horovitz 
ascribes- to Coblentz, 
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The work of two men, p r i o r to 1915» 
established many of the properties of c r y s t a l 
r e c t i f i e r s ; two men whose work was both t y p i c a l 
of the investigations done and whose results were 
important i n establishing the r e a l i t y of a 
r e c t i f i c a t i o n e f f e c t d i s t i n c t from thermoelectricity. 

The work of Pierce i s one of the few i n the 
f i r s t decade of the 20th century singled out by 
iiark-Horovitz f o r a m e n t i o n . W i t h a small 
number of other workers operating independently 
of each other^^^ the properties of c r y s t a l r e c t 
i f i e r s were standardised. To a great extent each 
researcher seemed to be largely unaware of other 
work, although many mentioned the pioneering work 
of Braun.^^"'' I f they understood his paper, and 
there i s no reason to believe that they did not, 
then they would have known of his demonstration that 
r e c t i f i c a t i o n was not an e l e c t r o l y t i c phenomena and 
also his less clear demonstration that thermal 
effects had no part to plgiy. Nevertheless several 
pieces of research were concerned w i t h r e f u t i n g the 
thermoelectric theory as w e l l as widening the l i s t 
of known r e c t i f i e r s - and there was much, apparently 
un i n t e n t i o n a l , duplication of e f f o r t . The work of 
Pierce i s t y p i c a l of that which was done. 

He produced three papers on the subject of 
r e c t i f i c a t i o n by c r y s t a l s , a l l carrying the t i t l e 
'Crystal R e c t i f i e r s f o r E l e c t r i c Currents and 
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El e c t r i c O s c i l l a t i o n s ' and a l l published i n 
Physical Review between 1907 and 1909.^*2,243,244 
Pierce was pr i m a r i l y concerned with the search f o r 
r e c t i f i e r s rather than attempting bo explain t h e i r 
a c t i o n but i n the course of his work he was able 
to r efute the thermal theories of r e c t i f i c a t i o n . 
Thus i n his f i r s t paper, concerned with the properties 
of carborundum,with the aid of some ef f e c t i v e but 
unrefined experiments^^^ he showed that thermo
e l e c t r i c effects were not the cause of r e c t i f i c a t i o n . 
I n the same paper differences of resistance as a 
r e s u l t of thermal gradients were shown to be i n 
s u f f i c i e n t to account f o r r e c t i f y i n g action, 
Investigations on molybdenite, reported i n his 
second paper, were even more conclusive f o r he 
found that r e c t i f i c a t i o n and thermoelectricity were i n 
opposite senses and 'the opposition of the r e c t i f i e d 
current and the thermal current renders the thermo
e l e c t r i c explanation of the phenomenon of r e c t i f i c a t i o n 

247 
highly improbable,' ^' Admittedly he was not too 
clear what he meant by 'opposition' of the two eff e c t s . 
His t h i r d paper concerned with i r o n pyrites assumed 
the r e f u t a t i o n of thermal effects as the cause of 
r e c t i f i c a t i o n . Recognising that his own work and 

248 
that of another researcher showed that there was 
great s i m i l a r i t y between d i f f e r e n t materials he 
concluded:- ^ 

'We are apparently dealing with the same kind of 
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phenomenon i n the case of a l l the c r y s t a l l i n e 
substances used as detectors f o r e l e c t r i c 
waves. The f a c t that a l l the c r y s t a l 
r e c t i f i e r s have also large thermoelectromotive 
forces- against the common metals may be due 
to the f a c t that r e c t i f i c a t i o n and thermo
e l e c t r i c i t y have a common basis . . ... i f we 
suppose that the surface of separation of two 
conductors has such a character as to permit 
the passage of electrons more easily i n one 
d i r e c t i o n than i n the opposite. . . . the 
boundary w i l l act as a r e c t i f i e r . . . .; i t 
w i l l also give r i s e to a thermoelectric force 
when heat i s applied to the boundary, provided 
the v e l o c i t y of the electrons i s increased by 
an increase of temperature.' 

Thus Pierce recognised the existence of a 
class of materials defined, i n a manner l i k e 
m e t a l l i c conductors, by t h e i r e l e c t r i c a l properties; 
but by properties which were rather more complex than 
simple resistance. The second part of the extract, 
while hardly a theory, was the closest he got to a 
th e o r e t i c a l description of r e c t i f i e r action. 

I n 'Crystal and Solid Contact Rectifiers'(1909)^ 
Flowers offers some i n t r i g u i n g r e s u l t s , more i n t r i g u i n g 

2 51 
now than then. With some neat experiments he 
showed that r e c t i f i c a t i o n was a surface action, either 
at the surface i t s e l f or i n a f i l m , and was independent 
of the material of the contact i t s shape or size. 
R e c t i f i c a t i o n could be destroyed by high revers-e 
voltages, ( i n his case high was about 15 volts-) w i t h 
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apparent d e s t r u c t i o n o f the f i l m ; and i n t r i g u i n g l y 
'The r e c t i f y i n g f i l m can be produced a r t i f i c i a l l y 

252 
"by e l e c t r o c h e m i c a l treatment w i t h amorphous sulphur.' 

The l a s t i s a f a s c i n a t i n g p o i n t . He had 
attempted t o produce r e c t i f i c a t i o n i n a n o n - r e c t i f y i n g 
galena c r y s t a l by various forms of chemical treatment. 
He r e p o r t e d t h a t a copper p o i n t c a r r y i n g amorphous 

2 5 3 
sulphur 'when set on a galena c r y s t a l bhat 
p r e v i o u s l y showed no r e c t i f y i n g p r o p e r t i e s would a t 
f i r s t show l i t t l e c o n d u c t i v i t y , but the passage of 
c u r r e n t f i r s t i n one d i r e c t i o n and then i n the other 
produced i n a few minutes a very f a i r degree of 
r e c t i f i c a t i o n but i n the opposite d i r e c t i o n to t h a t 
formed i n n a t i v e c r y s t a l s ^ ' . Could he have been 
on the way t o d i s c o v e r i n g the e f f e c t of v a r i a t i o n 
from s t o i c h o i m e t r y on the e l e c t r i c a l p r o p e r t i e s of 

254 
semiconductors? U n f o r t u n a t e l y he was more 
i n t e r e s t e d i n the a p p l i c a t i o n s of c r y s t a l r e c t i f i e r s 
t o p r a c t i c a l problems than i n i n v e s t i g a t i n g the 

255 
physics o f the devices as h i s 1914 paper i n d i c a t e d . 

Thus the c o n t r o l l i n g f eatures o f r e c t i f i c a t i o n 
were e s t a b l i s h e d by workers such as Pierce and Flowers. 
R e c t i f i c a t i o n was a marked property of c e r t a i n 
c r y s t a l l i n e substances-, g e n e r a l l y compounds, although 

256 
s' i l i c o n had been shown t o be a r e c t i f i e r . 
R e c t i f i c a t i o n was shown t o be a surface property and 
w h i l e dependent on the s t a t e o f the surface was 
g e n e r a l l y independent of the contacts used. From the 
* Flowers'emphasis. 
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s i m i l a r i t y of r e s u l t s from many d i f f e r e n t m a t e r i a l s 
Pierce had suggested t h a t the same mechanisms operated 
i n a l l cases; and f u r t h e r t h a t r e c t i f y i n g a c t i o n 
was a r e s u l t of harri e r s - a t the surface, a suggestion 
supported by Flowers. F i n a l l y while t h e r m o e l e c t r i c i t y 
was shown not t o he the cause of r e c t i f i c a t i o n both 
phenomena should be e x p l i c a b l e by the e l e c t r o n theory, 
f o r w i t h good r e c t i f i c a t i o n went l a r g e t h e r m o e l e c t r i c 
e l e c t r o m o t i v e forces-, an inescapable l i n k . 

11. P h o t o c o n d u c t i v i t y i n M a t e r i a l s other than Selenium. 

There was i n t h i s area a considerable e f f o r t 
made. Lark-Horovitz r e f e r s to the work of h a l f a 

2157 

dozen researchers, ' who c o n t r i b u t e d a l i t t l e know
ledge, but no one man concentrated h i s e f f o r t s i n t h i s 
d i r e c t i o n . Some of the e a r l y work by J o f f e and 
ROntgen was, according to l a r k - H o r o v i t z , of 
g r e a t s i g n i f i c a n c e t o the l a t e r work of G-udden and 
Pohl, a c l a i m t h a t was confirmed by Pohl, The 
metal halogens were p a r t i c u l a r l y important t o Gudden 
and Pohl who were systemisers as w e l l as f i r s t class 
researchers but d u r i n g the period to 1920 Case 
and Coblentz began t o search f o r p h o t o c o n d u c t i v i t y . 
They began t h e i r work i n the second decade of t h i s 
century and continued past the end of the period to 
which t h i s t h e s i s i s devoted. They both went some 
way t o r e c o g n i s i n g the common q u a l i t y of the property 
of p h o t o c o n d u c t i v i t y i n m a t e r i a l s d e f i n a b l e as semi
conductors, but were more i n t e r e s t e d i n the i d e n t i f i c 
a t i o n o f photoconductive m a t e r i a l s ; they added 
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not h i n g a t t h i s time to theory, (Case's paper of 
1917 i s a good i l l u s t r a t i o n of h i s i n t e r e s t s . ) 
The f u l l value of t h e i r work does not become evident 
u n t i l the 1920's, when the o p t i c a l p r o p e r t i e s of 
s-olids were used to great e f f e c t by Gudden and Pohl. 

12. The H a l l E f f e c t , 
262 

As has been discussed the H a l l e f f e c t was 
not immediately e x p l i c a b l e i n the 19th century. How
ever the i n t r o d u c t i o n and ready acceptance of the 
e l e c t r o n theory provided a simple explanation. While 
the account was, i n p r i n c i p l e s t r a i g h t f o r w a r d , the 
p r o p e r t i e s of semiconductors were not so e a s i l y 
understood. A few workers-^^'^*^^^*^^^ used the 
H a l l e f f e c t as an a n a l y t i c a l t o o l i n studies of the 
e l e c t r i c a l p r o p e r t i e s of s o l i d s ; but reported 
considerable v a r i a t i o n s i n t h e i r r e s u l t s . Baedeker 
suggested t h a t i m p u r i t i e s and c r y s t a l l i n e imperfections 

266 
were responsible and l a r k - H o r o v i t z considers t h a t 
f o r t h i s reason r e l a t i v e l y l i t t l e use was made of the 
H a l l e f f e c t . I n a sense l a r k - H o r o v i t z i s a t once 
r i g h t and wrong. I f he i s r e s t r i c t i n g h i s statement 
on'the H a l l e f f e c t t o measurements t h a t c o n t r i b u t e d 
t o an understanding of e l e c t r i c a l phenomena i n semi
conductors then he i s r i g h t . I f , however, a l l the 
work on the H a l l e f f e c t , regardless of i t s t h e o r e t i c a l 
import or not i s considered then he i s wrong. For a 
great number of papers were published concerning 
res-earches i n which the H a l l e f f e c t was employed; 
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but by f a r the l a r g e r p r o p o r t i o n of them being of 
no s i g n i f i c a n c e t o a modern s c i e n t i s t . Lark-Horovitz, 
as might be expected i n a 1954 review paper, displays 
a Whiggish tendency. 

I t was made immediately evident t h a t some sub
stances, those we c a l l semiconductors, gave r i s e to 
anomalous e f f e c t s . Sometimes opposite t o m e t a l l i c 
conduction, sometimes the same; and some ma t e r i a l s 
could be made, a t w i l l to produce e i t h e r s i g n of the 
H a l l e f f e c t . Baedeker, i n p a r t i c u l a r , , 'used the H a l l 
e f f e c t to show that,, i n c o n t r a s t to metals, the number 
of e l e c t r o n s , ( o r r a t h e r c u r r e n t c a r r i e r s ) v a r i e d 
rapid13^ w i t h temperature change; an important r e s u l t 
f o r semiconductors and the e l e c t r o n theory. The 
existence of a H a l l e f f e c t opposite to t h a t i n metals 
made i t d i f f i c u l t t o avoid the i m p l i c a t i o n t h a t , i n some 
circumstances, f r e e p o s i t i v e c a r r i e r s were present. 

SUMMARY. 

Brown's work has been s i n g l e d out f o r a d e t a i l e d 
study not because he was the f i r s t t o discover and 
r e p o r t new phenomena nor because h i s theo r i e s were 
t o t a l l y o r i g i n a l . But w h i l e others were content to 
produce one or two papers, Brown devoted considerable 
time and e f f o r t t o h i s attempt to understand selenium. 
I n the course of h i s work he achieved considerable 
i n s i g h t i n t o i t s behaviour; pioneered the use of s i n g l e 
c r y s t a l s and pointed c l e a r l y to the shortcomings of 
the simple e l e c t r o n theory as ap p l i e d to selenium. 

For most of the decade d u r i n g which he researched 
i n t o the p r o p e r t i e s of selenium he t r e a t e d selenium as 
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a unique substance; indeed i t was one of a very 
small class of m a t e r i a l s t h a t possessed the property 

26ft 
of p h o t o c o n d u c t i v i t y . ISet p h o t o c o n d u c t i v i t y i s 
but one o f the e l e c t r i c a l p r o p e r t i e s t h a t c h a r a c t e r i s e 
a semiconductor; r e c t i f i c a t i o n , p o s i t i v e temperature 
c o e f f i c i e n t of c o n d u c t i v i t y , p h o t o v o l t a i c p r o p e r t i e s 
being the others. Brown's f a i l u r e , and t h a t of 
other workers, to i n v e s t i g a t e r e c t i f i c a t i o n i n 
selenium c o n t r i b u t e d to the delay i n p l a c i n g i t i n 
a class w i t h other non-metallic s o l i d conductors t h a t 
were being i n v e s t i g a t e d . 

We may t h e r e f o r e e x p l a i n the h i s t o r i c a l f a c t 
t h a t Brown's work vanished i n t o the unremembered past. 
The ro u t e t o modern knowledge of semiconductors was 
to lead through the use of pure s i n g l e c r y s t a l 
m a t e r i a l s , p a r t i c u l a r l y the a l k a l i halogens, enabling 
an important separation to be made between those 
p r o p e r t i e s o f semiconductors t h a t were associated w i t h 
the bulk of the m a t e r i a l and those which were dependent 
on surface and j u n c t i o n c o n d i t i o n s . Such i n v e s t i g a t i o n s 
were taken up by Pohl and Gudden i n GOttingen d u r i n g 
the t w e n t i e s , and they appear to have been ignorant 

269 
of Brown's work; ^ so although Brown introduced the 
use of s i n g l e c r y s t a l s t o e l i m i n a t e surface and j u n c t i o n 
e f f e c t s , w i t h the cessation of h i s work on selenium 
i n 1917, Brown's i n f l u e n c e i n the f i e l d disappeared. 

As Btown was l e d t o an e l e c t r o n theory of 
selenium which pointed t o the inadequacies of the 
s-imple theory, so, p a r t i c u l a r l y i n Germany, the same 

270 
view had been reached ' from studies' of the e l e c t r i c a l 
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behaviour of various compound conductors. By the 
end of the second decade of t h i s century a new 
c l a s s of m a t e r i a l s could be defined; one whose 
p r o p e r t i e s were, e s s e n t i a l l y , determined by those 
r e f e r r e d to above. This c l a s s i f i c a t i o n , which we 
discuss b r i e f l y i n the next chapter, was to include 
selenium, and presented Pohl and Gudden w i t h a c l e a r l y 
d e f i n e d area t o examine. 

There e x i s t e d i n the German sources alone a l l 
the necessary i n f o r m a t i o n t o define the class of 

271 
semiconductors. ' Questions of p u r i t y had been 

272 
considered and techniques of measurement r a t h e r 
more r e l i a b l e than Brown's, and of more g e n e r a l i t y , 

273 
had been developed. '-̂  The m a t e r i a l s , i n v e s t i g a t e d 
by the German workers, although, i n the main compounds, 
were, i n f a c t , p h y s i c a l l y simpler than the p o l y -
c r y s t a l l i n e forms of selenium; and t h e i r p r o p e r t i e s 
were more constant than the extreme v a r i a b i l i t y t h a t 
a l l too o f t e n was displayed by selenium c e l l s . I t 
seems p l a u s i b l e , t h e r e f o r e , to conclude t h a t once a 
new class of m a t e r i a l s had been defined, then e x p e r i 
mental work would be devoted to members of the class 
t h a t had the simplest s t r u c t u r e s and the most r e l i a b l e 
p r o p e r t i e s : and t h a t selenium was not such a m a t e r i a l . 

Thus Brown's work vanished because he 
i n v e s t i g a t e d too few p r o p e r t i e s of the wrong m a t e r i a l , 
and because he was, apparently, unacquainted w i t h 
German researches. 

The fame of a s c i e n t i s t seems to depend on 
very shaky foundations. 
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This chapter has examined but a very small 
p a r t of the semiconductor s t o r y ; the h i s t o r y of 
semiconductors i s as y e t a l a r g e l y unexplored area. 
We have here o u t l i n e d one thread i n the h i s t o r y , 
a thread which, a t the moment, seems to have been 
e-eparate from the main f l o w of development; but 
which, n e v e r t h e l e s s * i s p a r t of the whole p i c t u r e . 
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CHAPTER 5. The Theory of Electrons and Semiconductors. 

I n h i s paper"*" on the o r i g i n s of l o r e n t z ' s 
theory of el e c t r o n s H i r o s i g e i d e n t i f i e s f o u r aspects 
i n which the theory of electrons was h i s t o r i c a l l y 
s i g n i f i c a n t . From the Zeeman e f f e c t i t allowed 
development o f a f i r m foundation f o r atomic physics; 
the d i s c u s s i o n o f the electromagnetic p r o p e r t i e s of 
fundamental p a r t i c l e s , f o r exariiple the electromagnetic 
mass of the e l e c t r o n , generated the theory of element
ary p a r t i c l e s ; i t s completion of the p r e - r e l a t i v i s t i c 
theory of the electromagnetic f i e l d prepared the 
ground f o r the theory of r e l a t i v i t y ; l a s t l y , 
and most i m p o r t a n t l y from my p o i n t of view, some of 
the o r i g i n s of s o l i d - s t a t e physics can be found i n 
Iiorentz's theory of the conduction of e l e c t r i c i t y 
through metals by e l e c t r o n s . I t i s w e l l known t h a t 
the e l e c t r o n theory was able to give a convincimig 
account of e l e c t r i c a l conduction through metals, but 
agreement between theory and experiment was, a t best, 
only a good approximation. I n the case of semi
conducting m a t e r i a l s the 'free gas' e l e c t r o n theor35r 
was i n s u f f i c i e n t l y precise f o r a good ' f i t ' between 

2 
theory and experiment. I t was evident to Pfund 
and l a t e r t o Brown-^ t h a t , i n selenium a t l e a s t , the 
el e c t r o n s could not b̂ e considered as completely f r e e ; 
w h i l e some were, the number being r e f l e c t e d i n the 
c o n d u c t i v i t y of a p a r t i c u l a r sample, others were 
'bound' to atoms to be f r e e d by the a c t i o n of l i g h r t 
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or by heat or by radium r a y s . I n p r i n c i p l e t h i s 
account possessed elements' of ' t r u t h ' , but foundered 
on the experimental f a c t t h a t , i n ffemiconductorff, 
the c u r r e n t c a r r i e r s could be of e i t h e r s i g n . The 
e m p i r i c a l v a l i d i t y ^ of t h i s knowledge was provided 
by the H a l l e f f e c t measurements. M o d i f i c a t i o n of 
the ' E l e c t r o n gas' theory by Sommerfeld^ and others 
i n the 20's allowed an accurate d e s c r i p t i o n of 
m e t a l l i c conduction, but the u n i f i c a t i o n of a l l types 
o f s o l i d s t a t e conduction was^ not possible u n t i l the 
band theory of semiconductors was proposed by Wilson 
i n 1931.^'^ 

I n r e t r o s p e c t i t i s easy to understand t h a t 
quantum mechanics- had t o be invented and developed 
before the p r o p e r t i e s of semiconductors could be 
described, even i n p r i n c i p l e ; but those who were 
i n t e r e s t e d i n these m a t e r i a l s made v a l i a n t attempts 
t o provide t h e o r e t i c a l accounts of t h e i r p r o p e r t i e s . 

This chapter, then, w i l l consider, i n o u t l i n e , 
the development of the e l e c t r o n theory of conduction 
and i t s r e l a t i o n s h i p w i t h the few attempts to provide 
a mathematical background t o the experimental r e s u l t s 
oMained w i t h selenium and other semiconductors. 

1. E l e c t r o n Theory - Sources, 

The problem remarked upon i n Chapter 3, t h a t 
t h e r e was no d e t a i l e d , extensive history/ of e l e c t r i c a l 
t h e o r i e s i n the 19th century which could have provided 
an a u t h o r i t a t i v e a n a l y s i s w i t h i n which the d e s c r i p t i o n s 
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of p h o t o c o n d u c t i v i t y , r e c t i f i c a t i o n , e t c . , could 
have been in c l u d e d , reappears; f o r the conduction 
of e l e c t r i c i t y through s o l i d s has been ignored by 
recent h i s t o r i a n s . While modern p u b l i c a t i o n s 
concerned w i t h semiconductors and other s o l i d s 
i n c l u d e h i s t o r i c a l m a t e r i a l , t h i s i s arranged and 
se l e c t e d f o r d i d a c t i c purposes and has been of 
l i t t l e use here. As f o r the 19th century-, the 
problem has not been t o f i n d sources but to s e l e c t 
those t h a t would a l l o w the background t o the t h e o r i e s 
t o be explored and would i l l u m i n a t e the controversies 
t h a t e x i s t e d . Location of sources presented no 
d i f f i c u l t i e s whatsoever, f o r even a cursory search 
demonstrated t h a t the theory of el e c t r o n s aroused 
immense i n t e r e s t . A l a r g e number of workers wrote 
a l a r g e number of papers on the subject and many 
books appeared i n which the ideas were expounded. 
Indeed there i s enough m a t e r i a l a v a i l a b l e to provide 
not one but several researchers w i t h theses. The 
problem was m i t i g a t e d i f not solved, by using 
Richardson's The E l e c t r o n Theory of Matter*' and 
Thomson's The Corpuscular Theory of Matter*-^ as' 
a u t h o r i t a t i v e secondary sources^ contemporary w i t h 
the work on semiconductors t h a t has been discussed. 
The f a c t t h a t Brown, the main character o f the l a s t 
chapter, r e f e r r e d s everal times to Thomson's work 
and c o l l a b o r a t e d w i t h Richardson renders the choice 
of sources s e n s i b l e , r a t h e r than exhaustive. Recent 
h i s t o r i a n s of e l e c t r i c i t y , f o r example Whittaker,"'"^ 

* I n f u t u r e w i l l be r e f e r r e d to as The E l e c t r o n Theory. 
I n f u t u r e w i l l be r e f e r r e d to as The C o r p u R n n l f l r Theory. 
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have made l i t t l e or no mention of the s o l i d s t a t e 
and t h e i r w r i t i n g s are of no use f o r an overview of 
the development of the e l e c t r o n theory. F o r t u n a t e l y , 
Hume-Rothery's The M e t a l l i c Stabe}-^ (1931), included 
a review of the competing forms of the e l e c t r o n theory 
which, w h i l e l i m i t e d i n scope, proved a u s e f u l 
i n t r o d u c t i o n to an understanding of the pre-quantum 
mechanical e l e c t r o n t h e o r i e s . A d d i t i o n a l l y the 
t h e o r e t i c a l d i f f i c u l t i e s have been examined through 
a r e s t r i c t e d number of primary sources, produced 
mainly d u r i n g the second decade of t h i s century. 

12 13 
T y p i c a l o f these are papers by Lindemann, Thomson, 
and Livens,•^^''^^'•^^ The contents o f these sources 
r e f l e c t contemporary concerns w i t h the general tenets 
of the e l e c t r o n theory and w i t h i t s a p p l i c a t i o n to 
s p e c i a l areas, f o r example t h e r m o e l e c t r i c i t y and 
su p e r c o n d u c t i v i t y . 
2. The E l e c t r o n Theory. 

Regardless o f the accuracy of the d e s c r i p t i o n s 
or p r e d i c t i o n s a f f o r d e d by the e l e c t r o n theory, as a 
h e u r i s t i c device i t focused a t t e n t i o n on the common 
r o o t of a l l e l e c t r i c a l phenomena. With the e l e c t r o n 
a t the seat of e l e c t r i c i t y apparently diverse phenomena, 
such as those discussed i n Chapter 3, were conjoined 
and c o n t r o v e r s i e s t h a t had produced considerable heat 
d u r i n g the l a s t q u a r t e r of the 19th century ceased to 
have any r e a l meaning. Almost the ' l a s t shots' i n 

17 
the arguments' were f i r e d by Lodge i n 1900, from then 
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on t h e o r i e s , apart from electro-magnetism, ceased 
to d i s p l a y a phenomenological character becoming 
u n i f i e d by the e l e c t r o n theory. This 'reductionism' 
i s f o r me, the most important i n f l u e n c e of the 

x 
\ 

e l e c t r o n theory, EFo longer were there separate 
t h e o r i e s of e l e c t r o l y s i s , contact e l e c t r i c i t y , v o l t a i c 
f o r c e s and so on; the e l e c t r o n was the basis of a l l 
these f a c t s . I t now became a matter of how, i n 
p a r t i c u l a r circumstances, electrons would behave to 
d i f f e r e n t d i s t u r b i n g i n f l u e n c e s . 

As H i r o s i g e informs us Lorentz's o r i g i n a l 
e f f o r t was t o de r i v e Maxwell's equations from the 
concept of an 'atomic' charge. Maxwell's own theory 

19 
was^ n o t i c e a b l y s i l e n t on the nature of e l e c t r i c i t y 
suggesting the pre-eminent s i g n i f i c a n c e of the ether, 
Lorentz's i n d i c a t i o n , t h a t Maxwell's equations were 
recoverable from an a l t e r n a t i v e base, a t l e a s t r a i s e d 

20 
the p o s s i b i l i t y of e l e c t r i c a l p a r t i c l e s - , Thomson's 
demonstration of the atomic nature of e l e c t r i c i t y 
added powerful e m p i r i c a l evidence to Lorentz's theory, 
which u n t i l then was merely another viewpoint. With 
the e l e c t r o n e s t a b l i s h e d as a c o n s t i t u e n t of matter 
i t was p o s s i b l e , i n p r i n c i p l e a t l e a s t , t o search f o r 
an e x p l a n a t i o n of two h i g h l y s i g n i f i c a n t 'laws' of 
e l e c t r i c a l conduction i n s o l i d s ; Ohm's law and 
the Wiedemann-Franz law. The v a l i d i t y of Ohm's law 
was not s e r i o u s l y questioned f o r m e t a l l i c conductors-
a f t e r the c a r e f u l and very accurate experimental work 
c a r r i e d i n the Cavendish l a b o r a t o r y i n the l a t e 19th 
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century but the Wiedemann-Franz law was never more 
21 

than approximately t r u e . 
A 'simple' theory assuming only a 'free 

e l e c t r o n gas' obeying the laws of Maxwell - Boltzmann 
s t a t i s t i c s , w h i l e capable of g i v i n g a f a i r l y , good 
account of Ohm's and Wiedemann-Franz's laws, could 
not be r e a d i l y a p p l i e d to more complex e l e c t r i c a l 
phenomena; t h e r m o e l e c t r i c i t y or su p e r c o n d u c t i v i t y 
f o r example. I n the former case the methods of 
k i n e t i c theory y i e l d e d several s i m i l a r forms of 

22 
equations, d i f f e r i n g only i n m u l t i p l y i n g constants 
and according t o M'Whan:-^^ 

'The formulae so der i v e d are not open t o t e s t as 
against experimental r e s u l t s , c o n t a i n i n g as they 
do the r a t i o of the e l e c t r o n i c d e n s i t i e s i n the 
two metals forming the couple: they have been 
shown, i n a d d i t i o n , t o be i n c o n s i s t e n t w i t h some 
of the known f a c t s . ' 

M'Whan, f o l l o w i n g Baedeker^^ and ot h e r s , 
a p p l i e d thermodynamical arguments to th e r m o e l e c t r i c 
processes and demonstrated t h a t the theory was 
' e s s e n t i a l l y r e c o n c i l a b l e w i t h the standard K e l v i n 
equations' but pointed out t h a t h i s treatment would 
not necessarily/ produce more i n f o r m a t i o n about the 

27 
p h y s i c a l processes i n v o l v e d i n t h e r m o e l e c t r i c i t y , 
Leaving aside the question whether thermodynamics can, 
i n f a c t , give any i n f o r m a t i o n about processes r a t h e r 
than systems, the conduction o f e l e c t r i c i t y was, l i k e 
o t h e r p r o p e r t i e s of s o l i d s , an i n s o l u b l e problem f o r 
c l a s s i c a l physics; a p o i n t e l e g a n t l y made by Jammer 
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28 
i n The Conceptual Development of Quantum Mechanics. 
The r o o t s o f the d i f f i c u l t i e s were, of course, i n the 
s e t of assumptions a p p l i e d to the e l e c t r o n s i n s o l i d s , 
and the r e l a t i o n s h i p between the energy of the 

29' 
e l e c t r o n s and the atomic centres. Jammer ^ has 
t r a c e d the development of q u a n t i s a t i o n of e l e c t r o n 
energies and the t h e o r e t i c a l s t r u c t u r e s i n h i s book, 
and has shown t h a t , as f a r as s p e c i f i c heat was 
concerned, the quantum theory was being a p p l i e d to 
s o l i d s from about 1907; but t h i s d i d not impinge 
on studies of e l e c t r i c a l conduction, d i r e c t l y , u n t i l 

30 
1928. The basic tenets were only r a r e l y attacked, 
most workers being s a t i s f i e d w i t h m o d i f i c a t i o n s , 
o f t e n very e l a b o r a t e , of the assumptions and mathemat
i c a l f o r m u l a t i o n s of the Lorentz theory. 

At about the same time as Brown was concluding 
t h a t the e l e c t r o n s i n selenium d i d not obey Maxwell -

31 
Boltzmann s t a t i s t i c s , ^ Lindemann published a short 

32 
paper^ on the e l e c t r o n theory of metals i n which the 
shortcomings of the e x i s t i n g s t r u c t u r e were pointed 
out, f a i r l y f o r c i b l y . He agreed t h a t the 'free 
e l e c t r o n ' hypothesis could 'be made to e x p l a i n most 

33 
e l e c t r i c a l phenomena i n metals w i t h f a i r accuracy.' 
He o u t l i n e d the d e s c r i p t i o n of e l e c t r i c a l and thermal 
conduction i n metals according t o the theory but 
deemed i t unnecessary to repeat the accounts of 
t h e r m o e l e c t r i c i t y , the H a l l e f f e c t and so on. Each 
r e q u i r e d secondary hypotheses none of which'he found 
convincing; indeed he considered t h a t the main p o i n t s 
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derived from the theory were ' i n absolute c o n t r a 
d i c t i o n w i t h one another or w i t h the f a c t s , ' ^ ^ I n 
Lindemann's o p i n i o n the expression 'free e l e c t r o n ' 
'suggesting, and i n t e n d i n g to suggest, an e l e c t r o n 
normally not under the a c t i o n of any f o r c e , l i k e 
an atom i n a monatomic gas, might almost be termed 
a c o n t r a d i c t i o n i n t e r m s ' , H e r e j e c t e d the 
concept o f an e l e c t r o n gas and suggested t h a t 'the 
f r e e e l e c t r o n s form a space l a t t i c e , which corresponds 
to a c r y s t a l a t a very low temperature',-^^ That 
Lindemann should seek to r e f u t e the basic assumptions 
of the e l e c t r o n i c theory of m e t a l l i c conduction i s 
evidence f o r the uns a t i s f a c t o r y / s t a t e of the theory; 
but that he should replace i t w i t h a suggestion 
drawing an analogy between the electrons and a 
c r y s t a l a t low temperature i s extremely i n t e r e s t i n g . 
For by 1915 the low temperature c h a r a c t e r i s t i c s of 
c r y s t a l s were known not t o be represented adequately 

37 
by 19th century k i n e t i c theory,-'^' 

The c o n f l i c t between explanations of d i f f e r e n t 
e l e c t r i c a l phenomena was considered by H a l l i n 1914.^^ 
I n a paper presented t o the American A s s o c i a t i o n f o r thie 
Advancement of Science he pointed out t h a t w h i l e 
m e t a l l i c conduction, p a r t i c u l a r l y a t low temperatures, 
necessitated the conduction of e l e c t r i c i t y by electrons 
not subject to the gas laws, t h e r m o e l e c t r i c i t y appeared 

39 'to r e q u i r e the presence of f r e e electrons w i t h i n metals'. 
H a l l ' s s o l u t i o n was to elaborate the c o n t r i b u t i o n t o 
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the process of two forms of m e t a l l i c conduction; 
one borrowed from Thomson envisaging conduction by 
the d i r e c t t r a n s f e r of an e l e c t r o n between neighbour
i n g atoms;^^ the other the r e s u l t of the motion of 
e l e c t r o n s i n thermal e q u i l i b r i u m w i t h t h e i r surround
ings,^"^ H a l l concluded t h a t there was some, although 
not t o t a l , agreement between h i s form of the e l e c t r o n 
theory and experimental r e s u l t s , 

Thomson, to whom the 'doublet' theory of 
e l e c t r i c a l conduction was due, examined the problem 
of s u p e r c o n d u c t i v i t y i n 1915. These phenomena which 
were 'of v i t a l importance i n the theory of m e t a l l i c 

43 
c o n d u c t i o n ' c o n s t i t u t e d 'another, and f a t a l , ob
j e c t i o n t o the theory t h a t m e t a l l i c conduction i s due 
t o the presence i n the metal of f r e e electrons which 
d r i f t under the e l e c t r i c a l f o r c e , f o r no permissible 
increase i n the number of f r e e electrons or i n the 
mean f r e e path would exp3.ain the d i f f e r e n c e between 
the o r d i n a r y and superconducting s t a t e , T h o m s o n 
sought h i s explanation i n c l a s s i c a l terms, indeed he 

J . 45 wrote 
' I t i s the o b j e c t of t h i s paper t o show t h a t the 
e f f e c t s discovered by Kammerlingh Onnes are i n 
accordance w i t h the theory of M e t a l l i c Conduction 
which I gave i n The Corpuscular Theory of Matter 
and which, w i t h the s u b s t i t u t i o n of an e l e c t r o n 
f o r a charged atom, i s s u b s t a n t i a l l y the same 
as t h a t given i n my A p p l i c a t i o n s of Dynamics 
to Physics and Chemistry, 1888,' 

While some were i n v e s t i g a t i n g the e l e c t r i c a l 
p r o p e r t i e s of metals others attempted to examine the 
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i n t e r a c t i o n between l i g h t and e l e c t r o n s , Koenigsberger 
and K i l c h i n g ^ ^ and Houston^'''' f o r example. Although 
they were to suggest t h a t some form of 'resonance' 
occurred, a p o i n t taken up by Pfund^^ no e f f e c t i v e 
d e s c r i p t i o n was to emerge. 

This b r i e f , and ne c e s s a r i l y , inadequate, account-
of the e l e c t r o n theory i s s u f f i c i e n t to make two points. 
F i r s t t h a t the form o f the theory a v a i l a b l e i n the 
f i r s t twenty years of t h i s century w h i l e able t o give 
more or less s a t i s f a c t o r j / ^ d e s c r i p t i o n s of thermo-
e l e c t r i c i t y s r and the Wiedemann-Pranz law, was q u i t e 
incapable of subsuming the phenomenon of superconduct
i v i t y w i t h i n i t s s t r u c t u r e . There were many attempts 
to produce conformity between theory and p r a c t i c e but 
they a l l foundered i n one way or another. I n con
sequence v a r i a t i o n s o f the theory were produced, by 
Thomson, H a l l , Mndemann and others, which i b was 
hoped, would be more general i n a p p l i c a t i o n . A 
h i s t o r y of the e l e c t r o n theory w i l l , of course, 
examine the d e t a i l e d r e l a t i o n s h i p s between the many 
m o d i f i c a t i o n s t h a t arose; meanwhile i t i s s u f f i c i e n t 
t o note t h a t the 'simple', ̂ ree e l e c t r o n ' , form o f the 
theory was but one approach t h a t was ap p l i e d t o 
e l e c t r i c a l conduction i n s o l i d s . I t was not possible 
to be completely sanguine about any one f o r m u l a t i o n 
f o r w h i l e Livens opened one paper'with the words:-^-^ 

'One of the g r e a t e s t successes achieved by the so-
c a l l e d theory of electrons has been i n i t s 
a p p l i c a t i o n s to the explanation of the d e t a i l s 
of the conduction of e l e c t r i c i t y i n metals.' 
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And continued:--'^ 
'Many of the more fundamental r e s u l t s i n the 
theory have , . . , received v e r i f i c a t i o n and 
j u s t i f i c a t i o n from several independent i n v e s t 
i g a t i o n s , ' 

he was f o r c e d to q u a l i f y the Buccesses 

', , . , i t must he admitted t h a t some of the 
r e s u l t s of these i n v e s t i g a t i o n s have not 
always been so h a p p i l y c o i n c i d e n t as one 
might d e s i r e . ' 

Livens was concerned w i t h numerical d i f f e r e n c e s 
between formulae and seemed less i n t e r e s t e d i n the 
basic assumptions; and h i s approach demonstrates 
the f i n a l i n t r i c a c y of the theory w h i l e i g n o r i n g i t s 
fundamental weaknesses. 

Second, and perhaps most i m p o r t a n t l y , the 
existence of the e l e c t r o n theory allowed a general
is e d approach t o understanding conduction phenomena 
i n s o l i d s . This p o i n t was made e a r l i e r , but i t 
i s v i t a l to s t r e s s t h a t the adoption of a widely 
a p p l i c a b l e hypothesis u n i f i e d e l e c t r i c a l researches 
and generalised p o s s i b i l i t i e s . Unique, ad hoc, 
t h e o r i e s were no longer necessary i f an e l e c t r o n 
hypothesis could serve; and m a t e r i a l s would no 
longer be unique i f t h e i r p r o p e r t i e s could be 
described by an e l e c t r o n theory. Thus i f the 
p h o t o c o n d u c t i v i t y of selenium could be i n t e r p r e t e d 
by means of the theory, then p h o t o c o n d u c t i v i t y 
i t s e l f could be seen as a necessary consequence not 
of selenium, but of the electrons i n selenium; and 
t h a t was a s i g n i f i c a n t change of viewpoint. 
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3. Pfund's E l e c t r o n i c Theory of Photoconductivity. 
CO 

Pfund accepted"^ t h a t conduction i n selenium 
was e l e c t r o n i c and not e l e c t r o l y t i c i n character. I t 
was noted i n the preceding chapter t h a t he had, as 
e a r l y as 1904, cast considerable doubt on Bidwell's 
theory and by 1909 he possessed f u r t h e r c o n t r a r y 
evidence. Experiments w i t h pure selenium, deposited 
on glass under vacutun, made i t l i k e l y t h a t photoconduct
i v i t y was 'due to the selenium i t s e l f and not to the 
selenides, which are present as i m p u r i t i e s ' . ^ ^ The 
increased number of electrons c o n t r i b u t i n g to reduced 
r e s i s t a n c e were supplied by the selenium i t s e l f . ^ - ^ 
Pfund considered t h a t the emission was the r e s u l t of 
a resonance set up i n the atoms of selenium by the 
a c t i o n o f l i g h t ; an ' i n t e r n a l ' photoeffect."^ His 
t h i n k i n g was i n ' c l a s s i c a l ' terms f o r when discussing 
the e f f e c t i v e depth of p e n e t r a t i o n of selenium by 
l i g h t he wrote z-"̂ ' 

' I n u sing the term "depth of p e n e t r a t i o n " i t i s 
t a c i t l y assumed t h a t the l i g h t i s e f f e c t i v e i n 
producing changes i n resistance only u n t i l the 
amplitude has died down to a c e r t a i n minimum 
value, below which i t s e f f e c t i v e n e s s i s l o s t . 
This f i t s i n w i t h the resonance theory, f o r the 
increased amplitude due to resonance must exceed 
a d e f i n i t e minimum value before electrons are 
expelled from the atom.' 

Pfund had shown i n h i s 1904 paper, and had 
confirmed h i s observations i n 1909,that the s e n s i t i v i t y 
o f selenium demonstrated a pronounced maximum a t about 

0 
7000 A; and t h a t the absorption f e l l from a l a r g e 
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value a t 5000 A t o a much smaller one a t 9000 A, 
0 

w i t h a p a r t i c u l a r l y r a p i d change between 6000 A 
0 

and 7000 A. Modern theory suggests t h a t there 
should indeed be a stro n g a s s o c i a t i o n between an 
a b s o r p t i o n edge and s e n s i t i v i t y but to Pfund the 
experimental r e s u l t s were a t odds w i t h t h e o r e t i c a l 
deductions. Quite r i g h t l y Pfund pointed out t h a t 
a b s o r p t i o n and resonance go together, but a continuous 
increase i n s e n s i t i v i t y from red t o blue was not 
observed.-^ To o b t a i n , a t l e a s t a q u a l i t a t i v e , ' 
correspondence between h i s ideas and the r e s u l t s of 
h i s observations he c i t e d the apparent ' c r i t i c a l ' 
t h ickness of conducting m e t a l l i c f i l m s . C i t i n g the 
r e s u l t s of Longden, Vincent and Patterson and the 
t h e o r e t i c a l work of Thomson,'̂ "̂  Pfund showed t h a t i f 
the c o n d u c t i v i t y of selenium was r e s t r i c t e d t o a t h i n 
l a y e r a t the surface and i f i n f r a - r e d penetrated 
selenium more r e a d i l y than blue l i g h t , which i t d i d , 
then since the thickness of the selenium i n h i s c e l l s 
was much gre a t e r than the ' c r i t i c a l ' thickness, 
the experimental r e s u l t s could be ' f i t t e d ' by the 
theory. I n h i s words 

'Now then, beginning i n the i n f r a - r e d , where the 
depth of p e n e t r a t i o n of r a d i a t i o n i s greater than 
the " c r i t i c a l " t hickness, i t i s observed t h a t 
the c o n d u c t i v i t y increases r a p i d l y w i t h increased 
a b s o r p t i o n . However, i n passing through the 
r e g i o n of X = 7000 A where the absorption 
increases very r a p i d l y , the depth of p e n e t r a t i o n 
and hence, the thickness of current c a r r y i n g l a y e r 
becomes equal t o , and then l e s s , than the c r i t i c a l 
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thickness. I t i s i n t h i s r e g i o n t h a t the 
enormous decrease i n c o n d u c t i v i t y w i t h thickness 
makes i t s e l f f e l t and not only n e u t r a l i s e s the 
e f f e c t s due t o abso r p t i o n , but a c t u a l l y causes 
a sharp drop i n c o n d u c t i v i t y . ' 

Pfund thus accounted f o r the form o f the 
ab s o r p t i o n and s e n s i t i v i t y curves, and f u r t h e r con
f i r m e d h i s p r e d i c t i o n t h a t increase i n i n t e n s i t y of 
i l l u m i n a t i o n would produce a s h i f t i n the s e n s i t i v i t y 
maximum t o s h o r t e r wavelengths. 

4,» F i r s t Steps to an E l e c t r o n Theory. 

The f i r s t movement towards a mathematical 
theory of p h o t o c o n d u c t i v i t y was taken not where • 
the m a j o r i t y of the experimental work was done but 
i n A u s t r a l i a . I t was claimed by Barnard i n 1931^"'' 
t h a t i n 1910 a paper by Vo n w i l l e r published i n the 
Royal Society of New South Wales Journal and 
Proceedings contained the ' f i r s t d e f i n i t e mathematical 
expression of the e l e c t r o n theory . . of photo
c o n d u c t i v i t y , .',^^ and there seems t o be no reason 
to r e f u t e h i s c o n t e n t i o n , Vonwiller's work escaped 
the a t t e n t i o n of the researchers i n America and England, 
a t l e a s t they made no mention of him, but since h i s 
theo r y was seen by Barnard as an adumbration of the 
'modern theory ' ^ ^ (1931), and because i t has the 
m e r i t of s i m p l i c i t y , u n l i k e some t h a t followed, we w i l l 
g i ve i t some a t t e n t i o n . 

The primary aim of Vonwiller's work was to ex
p l a i n the discrepancy between maximum s e n s i t i v i t y and 
maximum ab s o r p t i o n . He l i k e Pfund appealed t o the e f f e c t of 
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l i g h t p e n e t r a t i o n . Unlike Pfund, however, 
V o n w i l l e r attempted t o measure the depth of 
p e n e t r a t i o n o f selenium; a n t i c i p a t i n g Brown^^ 
and using an experimental technique r a t h e r more 
elegant i n d e s i g n . V o n w i l l e r and Brown showed 
t h a t l i g h t penetrated to a depth of the order of 
a few hundredths of a m i l l i m e t r e ; r a t h e r greater 
than the depth r e q u i r e d by Pfund, rendering h i s 
d e t a i l e d suggestions d o u b t f u l . Vonwiller showed 
t h a t the e l e c t r o n theory could be employed to provide 
a d e s c r i p t i o n of the v a r i a t i o n of s e n s i t i v i t y w i t h 
wavelength. 

V o n w i l l e r assumed t h a t some selenium atoms 
had l o s t an e l e c t r o n , the loss being temporary and 
there being no more electrons than these. Re
combination occurred c o n t i n u a l l y and electrons were 
produced by the a c t i o n of heat or l i g h t or any other 
agency t h a t could supply energy to the selenium atoms. 
Assuming t h a t the r a t e of recombination was p r o p o r t i o n a l 

2 
to n , where n was the number of e l e c t r o n s , then i f b 
i s the r a t e of p r o d u c t i o n he could w r i t e , 

67 

H = ̂  - an2 (1) 

I n a steady s t a t e , | ^ = 0, and b = an^ . .(2) 

I n the dark, b was given the value 

\ = ^1^0 • • 

V o n w i l l e r had shown, experimentally, t h a t the 
r a t e s of change of c o n d u c t i v i t y d u r i n g i r r a d i a t i o n were 

go 

a f u n c t i o n of the i n t e n s i t y of the i n c i d e n t l i g h t , 
again a n t i c i p a t i n g Brown by two y e a r s . T h e o r e t i c a l l y 
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the e m p i r i c a l f a c t was expressed by a l l o w i n g '"to' t o 
be a v a r i a b l e constant. The dependence of the r a t e 
of recombination on 'n ' was decided by analogy w i t h 
the s i t u a t i o n i n i o n i s e d gases, where i t had been 
shown t h a t the r a t e of recombination was p r o p o r t i o n a l 
t o the numbers of p o s i t i v e and negative ions. The 
d i f f e r e n t i a l equation expressed the e m p i r i c a l f a c t 
s y m b o l i c a l l y . 

He t a c k l e d the problem t h a t Pfund had discussed, 
namely t h a t the peak of s e n s i t i v i t y d i d not coincide 
w i t h the maximum ab s o r p t i o n , which might have been 
expected. His mathematical approach was not d i s 
s i m i l a r to Pfund's d e s c r i p t i v e one, i n t h a t both 
depended on the v a r i a t i o n of absorption w i t h wavelength 
of i n c i d e n t l i g h t . However, whereas Pfund introduced 
the idea of a ' c r i t i c a l ' thickness, of the order of 

—6 
lO" cm, V o n w i l l e r demonstrated, i n conformity w i t h 
h i s experimental r e s u l t s , t h a t t h i s assumption was 
not r e q u i r e d . 

I f IQ i s the i n c i d e n t i n t e n s i t y , and a the 
c o e f f i c i e n t of ab s o r p t i o n then the energy absorbed 
a t a depth x i n the selenium i s given by/ alQer^"^dx, 
The exact form of the r e l a t i o n s h i p between absorbed 
energy and e l e c t r i c a l e f f e c t was unknown, despite 
t h i r t y years' experimental work and much t h e o r e t i c a l 

70 
e f f o r t . ' V o n w i l l e r was compelled, t h e r e f o r e , t o 
w r i t e the e f f e c t as an unknown f u n c t i o n of the absorbed 
energy; g i v i n g a t a depth 'x' 

®x = ^ ( a l ^ e " ^ ^ ) . . . . (4) 
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Hence the t o t a l e f f e c t i n a l a y e r of thickness X 
would be, 

E = f (al^e"®^) dx . , . . (5) 

71 
I n general, as- he knew,' the e f f e c t of l i g h t 

was not p r o p o r t i o n a l t o the energy absorbed, f o r the 
c o n d u c t i v i t y changes were less r a p i d than changes i n 
i n t e n s i t y . An n t h power law could be assumed f o r the 
f u n c t i o n i n (4) and (5) w i t h n ^ 1 a l l o w i n g (5) t o 
be r e w r i t t e n as-, 

E = a IQ, . e dx . . . (6) (p g constant) 

which on i n t e g r a t i o n y i e l d s ' 

E = p a ^ ' ^ I ^ ( 1 - e""^^^) . . . (7) 

Two extreme cases-, X very small or X very lar g e 
r e s u l t e d i n 

E = p a ^ I ^ X , . . . (8) 

and 

E = p a ^ " ^ I ^ . . . . (90 
n 

From equation (8) i t could be i n f e r r e d t h a t as the 
a b s o r p t i o n c o e f f i c i e n t 'a' increases then the e l e c t r i c a l 
e f f e c t becomes more marked, whereas the reverse i s 
i l l u s t r a t e d i n equation ( 9 ) . Thus- f o r p r a c t i c a l l y ^ r e a l 
i s a b l e thickness-es- and v a r i a t i o n i n 'a' w i t h wave-
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l e n g t h i t could be understood how the s e n s i t i v i t y 
maximum d i d not coincide w i t h maximum absorption. 

The importance of Vonw i l l e r ' s theory l i e s not 
in', the i n f l u e n c e i t had on l a t e r workers, f o r i t 
appeared to have none; nor on i t s inherent ' t r u t h ' ; 
f o r although i t contained an explanation of one 
e m p i r i c a l f a c t , V o n w i l l e r pointed out t h a t i t s c o r r e c t -

72 
ness could not be assumed,' H i s t o r i c a l l y i t i s 
s i g n i f i c a n t only as the f i r s t attempt to produce a 
mathematical theory o f p h o t o c o n d u c t i v i t y , t h a t d i d 
not depend on the p a r t i c u l a r , and p o s s i b l y unique, 
p h y s i c a l p r o p e r t i e s o f selenium. The assumptions 
adopted by V o n w i l l e r were w e l l a t t e s t e d by independent 
observations, the existence of electrons was not doubted 
i n 1910, and the law o f absorption of l i g h t was w e l l 
e s t a b l i s h e d . V o n w i l l e r ' s pioneering e f f o r t , p r e - d a ting 
others by some years, thus represents a move towards 
g e n e r a l i t y based on an e l e c t r o n theory which was to 
c o n t r i b u t e to the r e c o g n i t i o n of a new class of 
m a t e r i a l s , a l l the members of which possessed s i m i l a r 
p h y s i c a l p r o p e r t i e s , 

V o n w i l l e r ' s approach possessed two main weak
nesses. F i r s t he d i d not take i n t o account any quantum 
e f f e c t s and second h i s assumption of the dependence of 
the t o t a l e f f e c t on the i n t e n s i t y of l i g h t was by no 
means w e l l e s t a b l i s h e d . The f i r s t omission i s p e r f e c t l y 
understandable. I t was not gene r a l l y agreed i n 1910 
t h a t energy exchanges between l i g h t and ele c t r o n s 
r e q u i r e d a quantum-theoretical approach f o r a complete 
d e s c r i p t i o n . E i n s t e i n ' s work on the p h o t o - e l e c t r i c 
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e f f e c t w h i l e published i n 1905'''̂  was s t i l l being 
t r e a t e d w i t h s u s p i c i o n i n 1913,'''^ and i t i s f a i r t o 
say t h a t the l i b e r a t i o n of electrons by l i g h t was, i n 
the main, t r e a t e d by the electromagnetic theory i n i t s 
l a t e r m o d i f i c a t i o n s . The marriage between the quantum 
theory of l i g h t and p h o t o c o n d u c t i v i t y was e f f e c t e d by 
the work of Gudden and Pohl i n the 1920's."^^ The 
second p o i n t of c r i t i c i s m i s also bound up w i t h the 
f i r s t . I n Chapter 2 reference was made to recent 
work on selenium'^^ where i t was pointed out t h a t the 
behaviour of selenium was not completely understood i n 
the 1950's; selenium, even though an element possesses 
some r a t h e r complex o p t i c a l and e l e c t r i c a l p r o p e r t i e s 
t h a t were beyond the theory and the experiments of the 
f i r s t two decades of t h i s century, 

5» Nicholson's Theory. 

Nicholson's e l a b o r a t i o n of the e l e c t r o n i c theory 
of the p h o t o c o n d u c t i v i t y of selenium was u n f a i r l y 
t r e a t e d i n Barnard's The Selenium C e l l of 1931. His 

77 
s h o r t d i s m i s s a l of Nicholson's ideas, ' w h i l e understand
able i n a work t h a t was not intended to be h i s t o r i c a l , 
underrated the laudable impulse to understand the v a r i e d 
p r o p e r t i e s of selenium t h a t were known. (Barnard was 
w r i t i n g , of course, as i f the researchers of the 1910's 
were conscious of what would be known i n the l a t e 1920's). 

Many e f f e c t s t h a t were l a t e r shown to be due to 
contact pressures, absorbed moisture, and so on, were,in 
1914, considered to be r e a l p r o p e r t i e s of selenium. Further
more as many of the f a c t o r s t h a t a f f e c t e d the c o n d u c t i v i t y 
o f selenium d i d so i n analogous ways s i n g l e explanations 



- 24 6 -

were sought. (Brown's attempt to s a t i s f y t h i s desire 
w i t h h i s a l l o t r o p i c theory had already been discussed 
i n some d e t a i l i n Chapter 4.) Hence wh i l e Barnard 
could view V o n w i l l e r ' s theory as very s i m i l a r to t h a t 
of 1927 and could pass by Nicholson's as i n c l u d i n g 'a ' 

78 
somewhat i n v o l v e d i n t e r n a l p h o t o e l e c t r i c hypothesis'' 
Nicholson was t r y i n g t o account f o r more e m p i r i c a l l y 
d e f i n e d phenomena than could be encompassed by, V o n w i l l e r ' s 
t h e o r y . However i t must not be thought t h a t Nicholson's 
approach d e r i v e d from t h a t of V o n w i l l e r ' s ; he made no 
reference t o the e a r l i e r work, and t r i e d to reach a much 
more fundamental l e v e l of understanding i n h i s own des
c r i p t i o n s . 

Nicholson recognised t h a t the i n t e r a c t i o n between 
l i g h t and selenium was enormously complex and f u l l y 

79 
accepted t h a t o n l y approximate answers would be given. 
Indeed he considered i t necessary t o omit many mechanisms 
t h a t conceivably operated i n selenium. His omissions 
were seven i n a l l . 
1. V a r i a t i o n i n the c o e f f i c i e n t of recombination w i t h 
s t r e n g t h of i l l u m i n a t i o n ; a p o i n t t a c i t l y made by 
V o n w i l l e r . 
2. D i f f u s i o n of electrons from t h e i r p o i n t of production. 
Nicholson, c i t i n g the r e s u l t s of Pfund and Brown pointed 
out t h a t the e f f e c t i v e depth of p e n e t r a t i o n was ftj 10 "̂ cms 
w h i l e the i n t e n s i t y o f l i g h t would have f a l l e n t o one-
thousandth of i t s i n c i d e n t value i n a depth of about 
10~^cms. D i f f u s i o n was, t h e r e f o r e , p ossibly 'a l a r g e 
f a c t o r ' . ^ ^ 
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3. I f l i g h t acted very close to the surface of the 
selenium bhen a ' s k i n effect'®^ might e x i s t . Nicholson 
considered t h a t i f such an e f f e c t e xisted then i t would 
merely enter a constant m u l t i p l y i n g f a c t o r i n t o the 
expression f o r the number of electrons present and the 
magnitude of the c u r r e n t f l o w i n g , 

4. V a r i a t i o n of the a b s o r p t i o n c o e f f i c i e n t w i t h conduct
i v i t y . The e l e c t r o n theory suggested t h a t such an e f f e c t 
might e x i s t and i t had long been known t h a t good conductors, 
metals f o r example, were opaque to l i g h t , w h i l e bad 
conductors o f t e n were transparent to much of the e l e c t r o 
magnetic spectrum. However experiments had shown t h a t 
such an e f f e c t was p o s s i b l y very s m a l l , ^ ^ 

5. Non-uniform d i s t r i b u t i o n of the e l e c t r o n s , most 
l i k e l y near the e l e c t r o d e s , but an e f f e c t which, thought 
Nicholson, would not be important. 
6. Loss of e l e c t r o n s by the e x t e r n a l p h o t o - e l e c t r i c 
e f f e c t , which was probably unimportant a t v i s i b l e 
wavelengths. ^ 

7. Secondary i o n i s a t i o n , Nicholson d i d not make t h i s 
p o i n t c l e a r , but presumably was r e f e r r i n g to i o n i s a t i o n 
by c o l l i s i o n , a phenomenon f a m i l i a r i n gases and one 
t h a t Brown used to account f o r non-Ohmic behaviour. 

He pointed out t h a t h i s theory might not be 
fundamentally d i f f e r e n t 'from t h a t which assumes chemical 
e f f e c t s as the cause of transformations; f o r such t r a n s 
f o r m a t i o n s , which i n so f a r as they cause an increase of 
c o n d u c t i v i t y , mean simply a l i b e r a t i o n of e l e c t r o n s ' .̂ '̂  
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Nicholson may have been preparing to meet c r i t i c i s m , 
perhaps from Brown, but, on the c o n t r a r y Brown was to 
accept an e l e c t r o n i c theory of p h o t o c o n d u c t i v i t y . (The 
chemical a l l o t r o p i c theory was s t i l l s u f f i c i e n t l y known 
i n 1931 f o r Barnard t o include a s h o r t discussion of i t 

op 
i n h i s book. However the f a c t t h a t considerable 
l i g h t s e n s i t i v i t y was e x h i b i t e d by selenium a t the 

89 
temperature of l i q u i d a i r was a powerful r e f u t a t i o n of 
a chemical h y p o t h e s i s ) . 

Beginning w i t h assumption very s i m i l a r to 
V o n w i l l e r ' s except t h a t the e f f e c t s of l i g h t and other 
agencies were separated, Nicholson wrote a d i f f e r e n t i a l 
equation, 

^ ink dx) = AM̂  dx + yUAI . e'-'̂ d̂x -OCVA dx. .(1) 

Where n = d e n s i t y of e l e c t r o n s i n a c t i v e l a y e r . 
A = area of selenium 
I = i n c i d e n t i n t e n s i t y / u n i t area 2 
M = number of e l e c t r o n s produced/sec i n u n i t volume 2 
oC = recombination c o e f f i c i e n t 
k = a b s o r p t i o n c o e f f i c i e n t \ 
X = distance from top 
jji= a p r o p o r t i o n a l i t y constant expressing the number 

of e l e c t r o n s expelled by resonance due to the 
a b s o r p t i o n of l i g h t . 

Nicholson solved t h i s equation f o r n, a t a depth 
X, and i n t r o d u c i n g the t o t a l number of electrons present, 
m, he performed the 'integration,^"^ 

m = 1 An dxjwhere s = thickness of selenium. . ( 2 ) , 
U n f o r t u n a t e l y n was a r a t h e r complex f u n c t i o n of 

2 2 2 —kx a new v a r i a b l e , q, given by q = M + c e i n which 
2 92 

c was a constant equal to (/* k l ) * 
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A f t e r what was no doubt considerable algebraic 
manipulation he produced an expression t h a t included the 
e f f e c t of i l l u m i n a t i o n imposed on the dark c o n d u c t i v i t y . 
His t o t a l expression was the sum of three parts such t h a t ; 

T o t a l number of electrons = number i n dark -i-
number due to i l l u m i n a t i o n when co n d i t i o n s are steady -
t r a n s i e n t terms,•^'^ Making s u i t a b l e assumptions and 
r e a l i s t i c approximations'^^ he demonstrated t h a t the 
increase i n the number of e l e c t r o n s , and hence the 
c o n d u c t i v i t y under an i l l u m i n a t i o n I was given by. 

m - m. 0 2A r s i " 
ot y nr" • • • • (3) 

i , e , t h a t the change i n c o n d u c t i v i t y was p r o p o r t i o n a l 
to the square r o o t of the i l l u m i n a t i o n . Now there was 
some di s p u t e as' t o the correctness of t h i s 'law'. Some 
workers, Nicholson c i t e d Rosse, Pfund, Adams and Berndt, 
had claimed such a r e l a t i o n s h i p ; others disputed i t s 
a c c u r a c y . N i c h o l s o n suggested t h a t any discrepancies 
could be r e a d i l y accounted f o r ; the absorption co
e f f i c i e n t and the recombination c o e f f i c i e n t were both 

96 
f u n c t i o n s of the wavelength and hence 

' I n order to o b t a i n a complete expression connecting 
change of c o n d u c t i v i t y , i n t e n s i t y of i l l u m i n a t i o n 
and wavelength, i t i s necessary only t o express 
^ ^ a n d k as f u n c t i o n s of the wavelength, c o r r e c t 
I f o r losB of r e f l e c t i o n , and i n s e r t i t s value i n 
the equation. This problem does not a t a l l seem 
hopeless.' 

The l a s t sentence expres-sed an optimism t h a t had 
t o await many years f o r i t s j u s t i f i c a t i o n ; and the r o u t e 
taken, as w i l l be b r i e f l y discussed i n the epilogue, was 
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not t o be v i a selenium, 

Nicholson turned h i s a t t e n t i o n t o several f a c e t s 
of the p r o p e r t i e s of selenium; the dependence of 
e n s i b i l i t y ? on dark conductivity;^''' l i g h t negative 
lenium;^^ the ' i n e r t i a ' ^ ^ of selenium cells;-'-°^ the 

e f f e c t of steady monochromatic r a d i a t i o n on s e n s i b i l i t y ; "̂ -̂̂  
the i n i t i a l r a t e of change of conductivity;-'-'^^ the 
recovery from i l l u m i n a t i o n and the time taken t o reach 

10^ 
a steady s t a t e . ^ I n the main h i s theory was success
f u l , i n t h a t i t could give p l a u s i b l e accounts of the 
observed e f f e c t s ; i t however f a i l e d completely to 
e x p l a i n the long time r e q u i r e d f o r selenium to reach a 
steady s t a t e . His i n c l u s i o n of d i f f u s i o n of electrons 
i n h i s theory d i d not lead to a good s o l u t i o n . 

While, i n a sense, h i s theory was l i k e Brown's 
i n t h a t he was f o r c e d t o choose ad hoc values of the 
parameters he used, he had much more independent evidence 
f o r the fundamental assumptions he made. And i n 
p r i n c i p l e a l l the v a r i a b l e s and constants he used could 
be subjected to independent measurements,''"^^ As we 
have remarked Brown's theory included assumptions t h a t 
had d o u b t f u l v a l i d i t y , such as the existence of three 
a l l o t r o p e a whose r a t e of exchange could be a f f e c t e d 
d i r e c t l y by l i g h t , maybe Brown f e l t unhappy about t h i s , 
p a r t i c u l a r l y a f t e r h i s work on s i n g l e c r y s t a l s , f o r he 
was s w i f t t o adopt the e l e c t r o n theory of p h o t o c o n d u c t i v i t y 
a f t e r becoming acquainted w i t h Nicholson's approach. 
Nicholson summed up h i s own work i n these words."'"^^ 

'The f a c t s accounted f o r are as f o l l o w s : 
(a) V a r i a t i o n of change i n c o n d u c t i v i t y w i t h square 
r o o t of i n t e n s i t y f o r long exposures. 
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Cb) V a r i a t i o n of change i n c o n d u c t i v i t y d i r e c t l y 
w i t h the i n t e n s i t y when the time of i l l u m i n a t i o n 
i s short compared w i t h t h a t r e q u i r e d to reach a 
steady s t a t e . 

( c ) High s e n s i b i l i t y of c e l l s of h i g h r e s i s t a n c e . 
(d) Decrease o f i n e r t i a w i t h i n c r e a s i n g i n t e n s i t y 
of i l l u m i n a t i o n , a b s o r p t i o n c o e f f i c i e n t , and "dark 
c o n d u c t i v i t y " . This also explains v a r i a t i o n of 
s e n s i b i l i t y w i t h temperature and other d i s t u r b i n g 
f a c t o r s . 
(e) Dependence of r a t e o f recovery upon the same 
causes, 
( f ) Change i n s e n s i b i l i t y when c e l l i s i l l u m i n a t e d 
continuously w i t h a beam of l i g h t f o r whose 
c o n s t i t u e n t s k i s n e a r l y constant. 
(g) Decrease i n i n e r t i a when t h i s beam i s r e d , or 
i n f r a - r e d , 
(h) Possible e x p l a n a t i o n of " l i g h t - n e g a t i v e " 
selenium and anomolous e f f e c t s . 

P i n a l l y Nicholson closed h i s wide ranging paper 
w i t h an acknowledgment to Pfund/who suggested the work 
and spared no pains i n a i d i n g me i n every possible way}*^^ 

6. Brown's E l e c t r o n i c Theory of Photoconductivity. 

Brown introduced h i s own v e r s i o n of the e l e c t r o n i c 
theory of p h o t o c o n d u c t i v i t y i n 1915,'''̂ ''̂  f o l l o w i n g 'the 
l i n e of a t t a c k made by J.W. Nicholson.'"'•^^ While 
Nicholson was i n t e r e s t e d i n d e s c r i b i n g the performance 
o f selenium under the a c t i o n of l i g h t , and developed 
an a l g e b r a i c a l l y complex theory. Brown saw h i s own more 
s t r a i g h t f o r w a r d account as serving a more general purpose. 
That selenium was one of a separate class of m a t e r i a l s 
was not recognised by Brown; f o r him the a l l o t r o p e s 
of selenium could be c l a s s i f i e d as m e t a l l i c or non-metallic -
i . e . as conductors or non-conductors. He noted t h a t there 
were s e v e r a l t h e o r i e s , a l l m o d i f i c a t i o n s of a basic 
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ele c t r o n — t h e o r y , that were competitors i n the 
explanation of the e l e c t r i c a l properties of solids. 
Metals, however, had not proved p a r t i c u l a r l y f r - u i t f u l 
i n resolving the problems. For while 'the i l l u m i n a t i n g 
experiments of Richardson and his students and also the 
consistent agreement of theory and experiment involving 
the r a t i o of the e l e c t r i c a l to the thermal conductivity 
of metals j|hadj made various modifications of the 
dynamical theory very popular' the low value of the 
spec i f i c heat of a l l metals was a strong argument against 
the concept of electrons i n thermal equlihrium with the 
molecules of the metal.'̂ "'•'̂  His writings c l e a r l y 
indicate that'''"̂ "'" he contemplated the p o s s i b i l i t y of 
deciding between two forms of electron theory: the 
'electron-gas' concept and the 'doublet' theory of 

112 
Thomson. G-iven that the conductivity of selenium 
could be 'varied by so many physical conditions'"^"'•^ Brown 
thought that i t would be possible to make a 'very d e f i n i t e 
choice'"^"'"^ as to which theory best applied. His results 
were, he considered, support f o r a theory of the 'doublet' 
type. 

This theory i s l i t t l e known today, although 
according to Hume-Rothery, w r i t i n g i n 1951,"'"'̂ ^ i t 
'aroused great a t t e n t i o n i n i t s time'«"̂ ""'"̂  I n The 

117 
M e t a l l i c State (1931) Hume-Rothery pointed out that 
there were d i f f i c u l t i e s inherent i n the 'electron-gas' 
theory; two being r e l a t i v e l y important. Super
conductivity being one area which was inexplicable and, 
as mentioned above, the problem of the specific heats 
of metals. Conductivity measurements suggested that 
i n a t y p i c a l metal the number of free electrons was a t 
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least as great as the number of atoms, and sometimes 
twice as great; yet i f the electrons were to be i n 
thermal equilibrium w i t h the surrounding atoms then 
the specific heat of metals should have been much 
greater than i t was. We have seen e a r l i e r that Lindemann's 
'cold' electron space l a t t i c e concept gave a q u a l i t a t i v e 
account of t h i s discrepancy and Thomson's doublet theory 
represented another approach to the same problem. 

Selenium's 'metallic' modification was responsible 
f o r photoconductivity and while, as i n Brown's a l l o t r o p i c 
theory, t h i s modification was considered to be one of 
three, two of which were non-conductors, then an 'electron 
gas' theory could be accepted, i n a descriptive sense, 
as s a t i s f a c t o r y , Por the in t e r a c t i o n of l i g h t with 
selenium produced no extra electrons d i r e c t l y , but 
acted to a l t e r the equilibrium of the allotropes i n the 
d i r e c t i o n of the 'metallic' modification r e s u l t i n g i n a 
greatly enhanced conductivity. Once i t had been 
demonstrated that single crystals of 'metallic' selenium 
possessed conductivity then neither the s h i f t i n g equilibrium 
of allotropes could be invoked nor was an electron theory 
any longer tenable. For i n the f i r s t case only one 
modification was present, and i n the second the additional 
electrons made available by the action of l i g h t must have 
been provided by an i o n i s a t i o n process; and the production 
of electrons would compete w i t h recombination. 

While the free electron theory did not, i n i t s e l f , 
contain any denial of the p o s s i b i l i t y of the production 
of extra electrons by the action of l i g h t , the doublet 
theory of Thomson contained an ionisation process as a 
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fundamental assumption. I n Thomson's theory, outlined 
118 

i n Corpuscular Theory, conduction electrons were 
continually being produced by dissociation of an electron 
and an associated positive centre, the two together 
c o n s t i t u t i n g a dipole. While there were no 'free' 
electrons i n the sense of an 'electron-gas' the conduction 
electrons were i n thermal equilibrium with the atomic 
dipoles, whose energy d i s t r i b u t i o n conformed to Maxwell-
Boltzmann s t a t i s t i c s . I n essence the doublet theory 
was s i m i l a r to e l e c t r o l y s i s with only the negative 
charges mobile; i n fact, as Thomson remarked, the r e 
action of the doublets to the action of an e l e c t r i c 
f i e l d took place 'much i n the same way as the G-rotthus 
chains i n the old theory of e l e c t r o l y s i s ' ."'••̂^ (Hall 
was to extend t h i s theory and combine i t with the 
'electron-gas' concept, giving a d e f i n i t e r o l e to the 
po s i t i v e e l e c t r i c i t y i n solids.) Evidently Thomson's 
suggestion that the process of e l e c t r i c a l conduction i n 
solids had a correspondence with the e a r l i e r dynamical 
equilibrium theory of Brown's; that is, i t possessed time 
dependent q u a l i t i e s , and could be moulded r e a d i l y into 
a pattern that would give a q u a l i t a t i v e account of the 
photoconductive properties of selenium. Thus the dark 
conductivity would depend on the number of electrons 
available f o r conduction at a particular temperature; 
allowing l i g h t , or temperature increase, or X-rays and 
so on, to enhance the rate of production of electrons. 
The recovery process,well recorded f o r selenium c e l l s , 
would then represent the time taken f o r the electrons 
to recombine with the doublets, or ionised atomic centres. 

Brown decided to attack what was, apparently, an 
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easy problem; namely the rate of recombination of 
electrons a f t e r the removal of the means of t h e i r 
e x c i t a t i o n . He hoped that measurements of the r e 
combination rate would 'enable . . £a] . . decision to 

121 
be made with a minimum number of assumptions,' Per-

122 
haps claiming a degree of p r i o r i t y he wrote:-

'The author i s not aware of any d i r e c t or i n d i r e c t 
measurements having been made which consider any 
p a r t i c u l a r value f o r the rate of recombination of 
electrons w i t h t h e i r positive residues-, except i n 
the conduction of e l e a t r i c i t y through a gas under 
the influence of an ion i z i n g agent,' 

Brown's choice of recombination f o r experimental 
purposes was a wise one. For not only did he possess-
a considerable quantity of data on the subject, but 
since only two processes were operating, ( i . e . dark 
production of electrons and the recombination of the 
excess- with the positi v e residues), the theory was, i n 
p r i n c i p l e , much simpler than Nicholson's. Again 
Brown's- approach was of the 'curve f i t t i n g v a r i e t y ' 
but t h i s time w i t h the additional and important aims, 
to determine some fundamental properties of electrons 
i n s o l i d s . 

Brown agreed that the electrons i n selenium were 
not f r e e , as- i n a gas, but were liberated by the action 
of l i g h t ; to recombine f a i r l y rapidly; w i t h the atomic 

123 
structure on removal of the i l l u m i n a t i o n , Assuming 
that the rate of recombination of electrons was given by 
a law s i m i l a r to that pertaining i n gases, and that the 
conductivity of selenium was proportional to the number of 
free electrons- he wrote the following equations,"'"^'^ 
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^ = - oCN . . . . Ci; 
i = k^N . , . . (2) 

11 = - = - . l 2 . . . . . (3) 
^1 

For equilibrium under i l l u m i n a t i o n , i f M i s the 
rate of production of electrons by l i g h t and q the 
production rate under dark conditions, then, 

dN 
d i = = M + q . . . . (4) 

and 11 = k^ (M ^ q) . . . . (5) 
Hence 

i = k- /M + 
/ 

Brown pointed out that equation (6) was eminently 
suitable f o r experimental v e r i f i c a t i o n but decided to 
defer that t e s t u n t i l , he had more data concerning the 
rate of production of electrons by l i g h t . " ^ ^ ^ For the 
moment he was content to check the accuracy of equation 
( 3 ) , i n i t s approximate form 

^ = - . . . . (7) 

Of course, a more usual course would have been to 
integrate equation (3) and v e r i f y the equation, 

^ - X = oCifc . . . .(8) 
0 

as Brown f u l l y r e a l i s e d ; but his theory was only 
t r u l y applicable when the d i s t r i b u t i o n of electrons was 
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f a i r l y uniform, and t h i s would not necessarily be the 
127 

case a f t e r a considerable time had elapsed. ' Using 
data from an e a r l i e r paper and applying t h i s to equation 
(7) he produced the e a r l i e s t measurements of the r e -

128 
combination c o e f f i c i e n t s f o r electrons i n selenium. 

Although he had by no means v e r i f i e d his p a r t i c u l a r 
form of the electron theory, he demonstrated that the 
properties of electrons i n solids and the i n t e r a c t i o n 
between them and the positive atomic residues were 
susceptible to measurement. His expression of the 
recovery of selenium from i l l u m i n a t i o n i n terms of a 
modified electron theory, possessed a p l a u s i b i l i t y that 
his e a r l i e r attempt lacked. The allotrope theory, 
while capable of y i e l d i n g expressions which could be 
made to agree w i t h experimental data, was based on assump
tions that breasted only mild support; and was a complex 
theory developed i n terms of parameters whose d i r e c t 
measurement was- either impossible or very d i f f i c u l t . 
As was discussed i n the previous chapter the presence 
of three forms of selenium was indispensable, yet the 
evidence f o r three d i s t i n c t forms of selenium i n t e r 
convertible by the action of l i g h t was not strong."^^^ 
Brown appears to have postulated the existence of three 

I'̂ O 
modifications by analogy with sulphur, •'̂  and assumed 
mutual i n t e r - c o n v e r t i b i l i t y under the action of l i g h t 

131 
from the observations of B i d w e l l . ^ Certainly he 
never attempted to determine the r e l a t i v e qjiantities 
of the three types, or the rates of conversion, other 
than by his 'curve f i t t i n g exercise', nor did he 
suggest independent methods of v e r i f i c a t i o n . His tests 
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of the a l i o t r o p i c theory were c i r c u l a r i n character, 
l y contrast a theory based on electrons, not only 
assumed the presence of a w e l l established e n t i t y and 
a generally agreed outline of conduction processes, 
but also, by i t s nature,was capable of independent 
v e r i f i c a t i o n . (The recombination rates of electrons 
were eventually to y i e l d to t h e o r e t i c a l analysis, and 
to be measured by a v a r i e t y of techniques). Further
more, while the exact form of the electron theory 
remained a mystery Brown's work on selenium indicated 
quite strongly, that i n that material at least, the 
assumptions of the 'simple' theory were inadequate to 
describe the properties of the element. 

Brown was not content to rest with an outline 
explanation of the photoconductivity of selenium, he 

132 
extended his description to i t s non-Ohmic behaviour. 
Adams and Day had shown that Ohmr's law was not 
obeyed i n selenium, the current r i s i n g more r a p i d l y 
than the voltage. While they had no explanation f o r 
t h e i r observation, Brown, by s p l i t t i n g the current in t o 
two parts, suggested a possible mechanism. Supposing 
that the increase of current to s a t i s f y the law arose 

133 
'from increased v e l o c i t y of d r i f t of the electrons'^-^ 
and that the excess current was due to 'additional 
electrons i n the conducting state,'"'"^^ he pointed out 
that there were two possible causes of the excess. 
'Either a magnified rate of production or . . . . a 

13'5 
diminished rate of recombination' -̂^ would y i e l d the 
necessary increase i n the number of electrons available 
f o r conduction. His explanation of the two p o s s i h i l i t i e s 
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was not unreasonable:-"'"^^ 
•The increased rate of production might be expected 
because of bombardment of semi-fixed electrons 
by the fa s t e r moving ones or the greater e l e c t r i c 
i n t e n s i t y might be considered as lowering the 
degree of s t a b i l i t y of a l l the electrons of 
a c e r t a i n class' i n the atomic structure. Con
s i s t e n t w i t h either of these views, i t would be 
reasonable to expect a diminished rate of recom
binat i o n as the voltage i s increased. An increased 
v e l o c i t y of d r i f t would lessen somewhat the chance 
of an atom to capture an electron and also a lower 
s t a b i l i t y of the atom would indicate a smaller 
a t t r a c t i v e force f o r the electron.' 

While Brown's account i s not completely out of 
place, f o r modern theory has room f o r a sim i l a r picture, 
thre departure from Ohm's law i s rather more complex than 
he could imagine,"'"̂ ® Indeed at the levels of f i e l d 
strength at which he was working, the departure from Ohm's 
law was more l i k e l y to have been a surface phenomenon 
than an i n t r i n s i c property of selenium;''"^^ but, never
theless, the explicative power pf the electron theory i s 
underlined by Brown's w r i t i n g s . His acceptance of the 
electron theory and his application of i t to selenium 
showed how a basic a l l y uncomplicated structure could 
provide a very understandable picture of some of i t s 
e l e c t r i c a l properties; and i l l u s t r a t e d that experiments 
on selenium had an importance that was f a r more general 
than simply understanding the properties- of one element., 

7« The Class of Semiconductors. 

While metals presented a few problems f o r the 
early theory of conduction the major d i f f i c u l t i e s were 
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offered by those materials which we now c l a s s i f y as 
semiconductors. We have investigated i n d e t a i l how 
the properties of one material were examined; and, 
i n p a r t i c u l a r , how the phenomenon of photoconductivity 
did not admit of a ready explanation. We have remarked 
that while t h i s property exercised the thoughts of 
several workers other equally remarkable properties were 
ignored,•'•^^ The t y p i c a l characteristics of semi
conductors had been noted i n selenium c e l l s as early as 
1880;"̂ "̂'' that i s , photoconductivity, r e c t i f i c a t i o n , 
photo-voltaic e f f e c t s , negative temperature c o e f f i c i e n t 
of resistance, and high thermo-electric power. Brown's 
work and theories had been directed towards i n t e r n a l 
phenomena of selenium, while r e c t i f i c a t i o n and photo
v o l t a i c effects were properties of surfaces and junctions. 
Even though Brown had recognised some s i m i l a r i t i e s 
between the e l e c t r i c a l properties of selenium and those 
of c r y s t a l contacts as- early as 1913, he did not extend 
his own work to cover t h i s area and i n his l a t e r work"^^^ 
went to considerable trouble to avoid the interference 
of junction phenomena with his observations on photo
conductivity. Goblentz's recognition that t||^ akoy^ 
properties were found together i n ce r t a i n materials, 
a point he made i n 1916, may have paved the way f o r a 
conjunction of ideas, that seemed to have occurred i n 
work of Gudden and Pohl, (a point we w i l l r e t u r n to i n 
the Epilogue); but during the larger part of the f i r s t 
two decades of t h i s century those who investigated the 
e l e c t r i c a l properties of non-metallic solids did not 
seem f u l l y cognisant of the work being carried out on 
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the o p t i c a l properties of selenium, and vice-versa. 
A notable exception can be found i n Das' elektrische 
Verhalten der variablen l e i t e r und der Bessiehungen 
zur Elektronentheorie a paper w r i t t e n i n 1914,"'"̂ ^ i n 
which Koenigsberger reviewed the state of knowledge 
concerning the e l e c t r i c a l properties of non-metallic 
s o l i d conductors. Koenigsberger was himself responsible 
f o r many researches i n t o the properties of substances 
of t h i s s o r t , and his r e s u l t s , together with those of 
Baedeker, figured i n the i n i t i a l e f f o r t s of Gudden and 
Pohl,'^'^^ While he referred to the photoconductive 

24.(5 

properties of selenium,^-"^ his treatment of the Effect 
was very short and his c i t a t i o n s limited."'"^^ His own 
w r i t i n g s , and those to which he referred, (mainly of 
German o r i g i n ) , i l l u s t r a t e d the e f f e c t i v e use to which 
the H a l l e f f e c t was being put tto i d e n t i f y the s i g n i f i c a n t 
properties- of semiconductors. 

Koenigsberger suggested a three-fold c l a s s i f i c a t i o n 
of electronic s o l i d conductors; m e t a l l i c , a l l o y , and 
variable c o n d u c t o r s . R e f e r r i n g to Baedeker's pioneer
ing work i n 1907,"'"̂ ^ he suggested that,-*"^^ 

'Seitdem haben die Ergebnisse v i e l e r Beobachtungen 
de u t l i c h auf Notwendigkeit hingewiesen, eine 
Klasse metallischer l e i t e r , die variablen L e i t e r , 
von den eigentlichen Metallen und von den festen 
E l e k t r o l y t e n zu trennen.' 

I n Koenigsberger's opinion the arrangement of 
' m e t a l l i c - l i k e ' conductors' into a l l o y s , true metals and 
variable conductors, was made possible by the electron 

1^0 
theory. As Brown had used his own work on selenium 
to examine the v a l i d i t y of the simple electron theory of 
metals, so Koenigsberger wrote that the existence of 
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'eine besondere Klasse von Xeitern, die f t t r die 
1'51 

Elektronentheorie der Metalle von Bedeutung i s t ; ' , ^ 
For, as he remarked, the properties of these conductors 
could be tested against the electron-theoretical 

•1 CO 
predictions. •'̂  The studies of Brown and others on 

1S3 
selenium -̂-̂  had indicated, quite c l e a r l y , that the 
electron theory, while r e l a t i v e l y successful f o r metals, 
was i n s u f f i c i e n t l y detailed f o r d i r e c t application to 
the phenomenon of photoconductivity. S i m i l a r l y , 
according to Koenigsberger, the empirical work on 
•variabien L e i t e r ' demonstrated similar shortcomings 

154 
i n the electron theory. For:-

'Die Experiments zeigen . . . , , dass die 
einfache kinetische Theorie zwar kein getreues 
Abbild der Nature, doch eine v o r l l l u f i g brauchbare 
Skizze i s t . ' 

For Koenigsberger the Hall e f f e c t , resistance 
and thermoelectric power were p a r t i c u l a r l y s i g n i f i c a n t 
features' f o r study. These offered c l e a r l y defined 
problems to the electronj^for they were described simply 
i n pl^ysical terms and t h e i r mathematical expression was 
precise."^^^ 

The H a l l e f f e c t , thermoelectric properties and 
the v a r i a t i o n of resistance w i t h temperature formed the 
major part of Koenigsberger'a review.''"^^ The H a l l e f f e c t 
and t h e r m o e l e c t r i c i t y together yielded information on 

157 
the number of current c a r r i e r s available f o r conduction 
while the resistance variations provided some knowledge 
of the strength of the binding between electrons and 
res i d u a l atoms, or, i n other words, the a c t i v a t i o n 
energy of the electrons. 
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I n t h i s 1914 paper Koenigsberger made occasional 
use of the term ' h a l b l e i t e r ' which today i s trans
lated as^ 'semiconductor' w i t h a l l i t s attendant operational 
meanings."'•^^ Smith i n h i s book Semiconductors claimed 
that Koenigsberger f u l l y appreciated the d i s t i n c t i o n 
between metals and semiconductors."^^^ Certainly he 
appreciated the d i s t i n c t i o n between metals and 'variablen 
L e i t e r ' , but considerably more h i s t o r i c a l research i n t o 
the work of Koenigsberger and his German contemporaries, 
i s required before a confident assessment of t h e i r 
understanding can be given. I t i s the case that the 
materials discussed by him f a l l i n t o our class of 'semi
conductors'; but. Koenigsberger's ' h a l b l e i t e r ' formed a 
sub-class of his 'variablen l e i t e r ' . This i s quite 
clear i n his paper''"̂ "'" and was confirmed by Gudden i n 
1931."'"^^ Gudden stated Koenigsberger's d e f i n i t i o n of 
' h a l b l e i t e r ' as:-"'"^^ 

'Elements, die bei gewOhnlicher Temperatur nicht 
s-tark e l e k t r o p o s i t i v und daher elektroylisch 
abscheidbar sind, ferner die VerMndungen, von 
denen ein Bestandteil elektronegativ? oder doch 
weniger e l e k t r o p o s i t i v i s t , ' 

Thus copper oxide was i n Koenigsberger's 
' h a l b l e i t e r ' class, while s i l i c o n was not. Koenigsberger's 
'variablen l e i t e r ' c l a s s i f i c a t i o n was useful although not 
a l l that accurate f o r although by 1920 he had widened 
the l i s t to include several elements and t h e i r oxides and 
sulphides only selenium, s i l i c o n , and t e l l u r i u m are now 
accepted as elemental semiconductors.'''^^ 

Without the detailed research and analysis which 
Koenigsberger's work demands, but which i s , unfortunately, 
too extensive to be included i n t h i s thesis, to pronounce 
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on his d e f i n i t i o n s and understanding i s perhaps somewhat 
premature. Nevertheless i t i s a l i t t l e strong to 
suggest that Koenigsberger ' f u l l y appreciated' the 
d i s t i n c t i o n between metals and semiconductors. His 
appli c a t i o n of the terra was a r e s t r i c t e d one, when 
compared to the modern sense: and his methods of 
c l a s s i f i c a t i o n led to the inclusion of materials i n the 
class of 'variabien l e i t e r n ' which are not semiconductors. 
While he recognised that the materials he considered had 
properties s u f f i c i e n t l y d i s t i n c t to render them a 
separate class from the true (eigentlichen) metals, 
t h e i r e l e c t r i c a l properties, were, f o r him, to be ex
plained i n terms of an electron theory. 

Hence while the modern class of semiconductors 
was not recognised by Koenigsberger i n 1914, or i n 1920 
f o r that matter, he, l i k e Brown, f u l l y appreciated that 
there were some substances whose properties were s u f f i c i e n t 
l y d i s t i n c t : from those of other s o l i d conductors to 
conclude that e x i s t i n g theories of metallic conduction 
were inadequate descriptive tools. With the recognition 
that photoconductivity was not a property unique to 
selenium and w i t h the inclusion of r e c t i f i c a t i o n the 
i d e n t i f i c a t i o n marks of semiconductors were widened."^^^ 
However even with an extended range of tests unequivocal 
d e f i n i t i o n of semiconductors was not possible u n t i l 1931. 
For Wilson's band theory of conduction was an essential 

1 /To 
ingredient of such a de f i n i t i o n . - ^ " 

8, Effect of Work on Semiconductors on the Electron Theory. 

The basic tenet of the electron theory, that 
conduction i n non-electrolytic solids was a r e s u l t of 
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the motion of electrons and only electrons, was not 
seriously doubted a f t e r Drude's extension of the 
o r i g i n a l idea of Lorentz."''^^ We have seen that while 
there were i n t r a c t a b l e problems posed f o r the theory, 
superconductivity and the specific heat of metals, on 
the whole the electron theory was reasonably successful 
when applied to conduction i n metals; f o r semi
conductors i t s shortcomings were obvious. 

Those who devoted t h e i r a t t e n t i o n to the properties 
of non-metallic s o l i d conductors accepted the electron 
theory while recognising i t s l i m i t a t i o n s ; and suggested 
various modifications to produce a more equable agreement 
between theory and practice. The electron theory had 
an undoubted influence on the descriptions of photo
conductivity, f o r example, but one might w e l l ask 'What 
ef f e c t did the work on semiconductors have on the 
refinements of the electron theory per se?' 

Without doubt t h i s question w i l l prove of some 
significance i n the as-yet-unwritten h i s t o r y of the 
electron theory of conduction, but w i t h i n t h i s thesis 
only a t e n t a t i v e , p a r t i a l answer can be given. Even a 
s u p e r f i c i a l search of the sources yields a vast quantity 
of work devoted to the electron theory of metallic 
conduction, most of which has never formed the subject of 
an h i s t o r i c a l study; and suggests that there were two 
main streams of a c t i v i t y . The f i r s i ; , comprising mainly 
American and English s-ources, moved along the route of 
increasing mathematical complexity, with the arguments 
concerned w i t h the magnitude of multiplying constants. 
The second, mainly German, while less detailed mathematically, 
was, unlike the former, apparently cognisant of the facts 
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that Baedeker and others had l a i d bare. But, by and 
large, the movement of ideas and knowledge was i n one 
d i r e c t i o n : from the electron theory to the properties 
of semiconductors. 

Thus i n The Corpuscular Theory'̂ ''̂ ^ (1907) Thomson 
made nothing whatsoever of r e c t i f i c a t i o n or photoconduct
i v i t y . He was, however, forced to face the unpleasant 
facts of the H a l l e f f e c t . I f the conduction i n non-
e l e c t r o l y t i c solids were due to electron flow then the 
H a l l e f f e c t should always have the same d i r e c t i o n . But 
i t was w e l l known that i n some materials the sign of the 

171 
H a l l e f f e c t was opposite to that i n metals. ' An 
obvious explanation would be that the current was carried 
by p o s i t i v e and negative p a r t i c l e s and the sign of the 
H a l l e f f e c t would be rela t e d to that of the predominant 
c a r r i e r s , but t h i s Thomson was not prepared to accept. 
The most serious objection to th i s hypothesis, as Thomson 
•pointed out, was that there was 'no evidence of the 
existence of p o s i t i v e l y charged carriers able to thread 

172 
t h e i r way w i t h f a c i l i t y through metals.' ' Thomson, 
provided a q u a l i t a t i v e description of the H a l l e f f e c t 
that was more complicated, though more soundly based on 
experimental evidence, than the alt e r n a t i v e of positive 
c a r r i e r s . He pointed out that the simple theory of the 
H a l l e f f e c t ignored the e f f e c t that the external magnetic 
f i e l d might have on the c o l l i s i o n s between the electrons 
and the molecules of the metal. He argued that i t was 
easy to see how"'-'̂  ̂  

'a magnetic f i e l d might make suitable molecules 
arrange themselves so that they produce a ro t a t o r y 
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eff e c t on the motion of a corpuscle when the 
corpuscle came into c o l l i s i o n w i t h the molecule, 
and that the sign of t h i s effect might i n some 
cases be the same as, i n others opposite t o , the 
r o t a t i o n produced by the magnetic f i e l d when the 
corpuscle was t r a v e l l i n g over i t s free path.' 

Arguing that the molecules might be considered as 
magnetic dipoles, he showed how, i n p r i n c i p l e , the sign 
of the H a l l e f f e c t might be recovered."'•''^^ The H a l l 
e f f e c t was' described by two components 'one a r i s i n g from 
the free path, the other from the c o l l i s i o n s , and these 

l ? ^ 
terms would be of opposite signs.' Thomson demonstrated 
that his doublet theory could, i n p r i n c i p l e , account f o r 
the d i r e c t i o n of the Ha l l e f f e c t , but he appears not to 
have pursued t h i s theory to any extent."'"'^^ Thomson's 
suggestion that the H a l l e f f e c t was a r e s u l t of the 
combination of a d i r e c t action of an external magnetic 
f i e l d on the electrons and an i n d i r e c t action via the 
i n t e r a c t i o n between the external f i e l d and i n t e r n a l f i e l d s 
was taken up some years l a t e r by a number of workers; 
of whom Livens> was typical."'"''''^ Livens (1915) developed 
Thomson's ideaff mathematically, at some length, and was 
at pains to show that the H a l l effect and various linked 
phenomena were amenable to theo r e t i c a l i n t e r p r e t a t i o n i n 
terms of a modified 'free-electron' hypothesis. Livens' 
findings were quickly shown to be untenable i n the l i g h t 
of a l l the experimental f a c t s ; and there the matter 
rested. 

While r e c t i f i c a t i o n was largely ignored by theorists 
i n t h i s period, the other junction phenomenon, thermo
e l e c t r i c i t y , was the source of i n s p i r a t i o n f o r a large 
number of papers. Far fewer d i f f i c u l t i e s were present 
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i n t h i s f i e l d ; and a two-pronged attack promised 
consideralDle success. The Maxwell-Boltzmann based 
electron gas theory, and the thermodynamics of Baedeker"'"'̂ ® 
were applicable to metals; and thermodynamics found 
some degree of success when applied to 'variablen 
I f i i t e r ' . However i t seems to have been the case that 
i n English sources, and Richardson's The Electron Theory 
supports t h i s claim,"^''^^ the properties of semiconductors 
were of l i t t l e significance at that time i n the develop
ment of the electron theory. 

Why Thomson and Richardson should have ignored the 
t r u l y remarkable properties of semiconductors remains 
a subject f o r speculation. Although i t i s possible to 
understand t h e i r reluctance to include positive carriers 
i n t h e i r theories and to search, instead, f o r an ex
planation i n terms of electrons, i t i s much more d i f f i c u l t 
to comprehend t h e i r reasons f o r ignoring such collocation 
of properties as the magnitude of the H a l l c o e f f i c i e n t 

1 80 
and thermoelectric power. From as early as 1896 
experimental work had c l e a r l y demonstrated that with a 
large H a l l e f f e c t went a correspondingly great value of 

181 
the thermoelectric power. Of these the size of the 
H a l l c o e f f i c i e n t was the more s i g n i f i c a n t ; f o r i t 
implied that the number of electrons available f o r con
duction was many orders of magnitude smaller than was the 
case i n metals; a r a d i c a l l y d i f f e r e n t s i t u a t i o n . Further
more, as Richardson acknowledged, i t was possible to vary 
the number of current c a r r i e r s at w i l l i n c e r t a i n materials 
a state of a f f a i r s at odds w i t h the properties of metallic 
conductors. There were, however, too many questions i n 
the theory of electrons f o r the phenomena of semiconductors 
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to be p a r t i c u l a r l y important; they were, a f t e r a l l , 
a small and not very -well defined class at the time. 
As Richardson wrote, rather than introduce additional 
assumptions i n t o the electron theory i t was more l i k e l y 
t hat the e f f e c t s were ' a l l due to negative electrons, 
but that the theory only takes^ account of part of the 
phenomena', "̂ ^̂  

Thus we can close t h i s chapter w i t h one d e f i n i t e 
although somewhat negative conclusion; and can include 
a t e n t a t i v e statement concerning the relationship between 
the state of knowledge of semiconductors and the develop
ment of the electron theory up to about 1919. 

Por those properties that were investigated, with, 
the exception of the H a l l e f f e c t , the electron theory 
permitted a sensible, though mainly q u a l i t a t i v e explan
a t i o n . Further as i n the nineteenth century, the ex i s t i n g 
theories of e l e c t r i c i t y were inadequate f o r a t o t a l des
c r i p t i o n , the electron theory was presented with more 
serious problems by semiconductors than by metals. Such 
i s the d e f i n i t e conclusion. 

Tentatively we may say that, i n general, the 
'peculiar' properties of semiconductors did not produce 
a reaction on the development of the electron theory 
during the f i r s t twenty years of t h i s century. The 
facts were too variable and too l i t t l e known f o r them 
to impinge seriously on the fundamental assumptions of 
the electron theory. 
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CHAPTER 6. Recapitulations, Conclusions, Epilogue. 
1. Recapitulations and Conclusions. 

This thesis has been mainly occupied with the 
story of selenium from 1873 to about 1919 and, although 
concerned w i t h but a minute part of the h i s t o r y of semi
conductors,represents an attempt to add some substance tjo 
the o u t l i n e account of the h i s t o r y as i s commonly known 
and normally p r e s e n t e d . S e l e n i u m , while not the most 
important material of i t s class today, was the f i r s t 
semiconductor whose properties excited the a t t e n t i o n of 
many res^earch workers. For most of these men and women 
by f a r the most i n t r i g u i n g property was the a b i l i t y of 
s-elenium to respond to i r r a d i a t i o n by l i g h t w i t h a remark
able reduction i n i t s e l e c t r i c a l resistance. Besides t h i s 
i t s other, equally remarkable, properties' receded into the 
background. Thus while photoconductivity appeared as the 
subject i n many experimental and a few th e o r e t i c a l papers, 
r e c t i f i c a t i o n and photovoltaic effects- were largely ignored 
a f t e r the early work i n the 1870's and 1880's,^ 

Throughout the period we have studied empirical 
discoveries were f i t t e d i n t o t h e o r e t i c a l frameworks 
based on accepted pictureig; but i n general bhe theories 
were found wanting. The e l e c t r o l y t i c theory, o r i g i n a t i n g 
i n the work of Adams and Day was developed by Bidwell 
over a period of f i f t e e n years^ and had the obvious 
a t t r a c t i o n that the gross properties of selenium could 
be described i n terms of e l e c t r o l y s i s . Bidwell found i t 
necessary to assume the presence of selenides, presumed 
e l e c t r o l y t i c , i n selenium, although he l a t e r found^ that 
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most of the phenomena he ascribed to selenides could 
be accounted f o r %' the presence of moisture. Electro
l y t i c theories could, i n p r i n c i p l e , encompass s e n s i t i v i t y 
to l i g h t , f o r chemical reactions were known to be enhanced 
by illumination;^^ could account f o r pol a r i s a t i o n and 
r e c t i f i c a t i o n f o r some e l e c t r o l y t i c processes were known 
to be assrpnetric i n t h e i r reaction to the passage of an 
e l e c t r i c current;' and reacted to temperature changes 
i n a manner s i m i l a r to that found i n most selenium c e l l s . 
The existence of a l l o t r o p i c forms of selenium suggested 
to Siemens^^ that t r a n s i t i o n s from one allotrope to another, 
catalyvsed by the action of l i g h t , could provide a des
c r i p t i o n of photoconductivity. Demonstrations that 
e l e c t r o l y s i s was u n l i k e l y to occur i n selenium or to 
s a t i s f y the experimental findings"̂ ŵer© followed by the 
development of the a l l o t r o p i c theory, p a r t i c u l a r l y ' by 
Br own, •'"•'̂  I n his hands i t attained the form of a mathemat
i c a l theory, but was s w i f t l y replaced by an electron theory 

12 
when work at low temperatures and on single crystals 
showed that chemical theories or transformation theories 
were u n l i k e l y to be correct. 

While the early work on selenium was rendered un
r e l i a b l e by the problems of forming selenium cells"''^ the 
l a t e r i n v e s t i g a t i o n s were not troubled i n t h i s way; f o r 
while Barnard may have been r i g h t to claim that 'much of 
the time spent i n the study of selenium c e l l s was devoted 
to the devising of instruments which f i n a l l y proved i n 
efficient'"'"^ t h i s a c t i v i t y d i d , at least, lead to satis'-
factory and repeatable methods of producing selenium c e l l s . 
Thus while we considered the technology of selenium i n the 
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nineteenth century the subject forms a d i f f e r e n t type 
of study i n t h i s ; one devoted to technology per se 
rather than to the 'internal'"'"^ h i s t o r y of selenium. 

The e l e c t r i c a l properties of other non-metallic 
conductors were also investigated from an early date,"*"^ 
but, w i t h the exception of Bidwell's atibempt to v e r i f y 
h i s selenium - selenide e l e c t r o l y t i c theory by analogy 

17 
w i t h anilphur - s i l v e r sulphide c e l l s , ' the work on 
selenium carried on largely separated from that on other 
substances. Consequently the suggestions advanced to 
account f o r r e c t i f i c a t i o n i n ir o n sulphide, by Bcaun 

1 8 
f o r example, went unheeded by the investigators of 
selenium. His clear demonstration that e l e c t r o l y t i c 
a c t i o n did not accompany r e c t i f i c a t i o n by crystals had 
no e f f e c t on the e l e c t r o l y t i c interpretations offered 
f o r seleniuiifs properties. 

The separation between selenium and comparable 
materials continued into the opening years of t h i s 
century but i t seems that convergent paths were being 
followed, to meet eventually, i n the wr i t i n g s of 
Koenigsberger. ^ The confluence of the l i n e s of 
research occurred when electronic theories of conduction 
were applied to selenium and non-metallic compounds. 
For the q u a l i t a t i v e , i f not quantitative, power of the 
electron theory was enough to suggest that the phenomena 
of e l e c t r i c a l conduction i n d i f f e r e n t types of solids 
could be conjoined and generalised. Prom the conjunction 
of research and theory there arose a new c l a s s i f i c a t i o n 
of s o l i d conductors'. Within the broad group of s o l i d 
conductors- Koenigsberger recognised two main sub-groups: 
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e l e c t r o l y t i c solids and metallic conductors, the 
decision r e s t i n g on whether or not the conduction was 

20 
wholly electronic. His own work, and his knowledge 
of that of others, allowed him to separate metallic 
conductors i n t o three d i s t i n c t suh-sets: true metals, 

21 
alloys and variable conductors; the l a t t e r i s now 
our modern class of semiconductors. Koenigsberger's 
c l a s s i f i c a t i o n rested not on the o r e t i c a l distinctions' 
but on the comparison and c o d i f i c a t i o n of observed 
properties: high thermoelectric power, positive 
temperature c o e f f i c i e n t of conduction, large Hall co-

22 
e f f i c i e n t s and, to a lesser extent, photoconductivity. 

This h i s t o r y has been w r i t t e n around the work of 
f i v e men who made special contributions to the study of 
selenium; Adams, Day, Bidwell, Pfund and Brown. None 
are remembered today but i n t h e i r own time achieved a 
l i t t l e fame^ and a l l are referenced i n the standard 
works of s c i e n t i f i c b i o g r a p h y . A d a m s and Day were 
the f i r s t to subject selenium to a detailed study and 
to the already established property of photoconductivity 
they added r e c t i f i c a t i o n and photovoltaic effects'. Their 
suggestion that e l e c t r o l y t i c action was at the root of 
selenium's behaviour was taken up by Bidwell who, i n the 
course of f i f t e e n year's work, attempted to develop a 
coherent theory based on that i d e a , ^ Bidwell's develop
ment of manufacturing techniques largely removed problems 
associated w i t h technology and allowed research to 

26 
continue more or less unhindered by technical considerations. 
From 1900 t h i s h i s t o r y has been centred on the work of 
Pfund and Brown w i t h the l a t t e r being p a r t i c u l a r l y 
s i g n i f i c a n t . Although Pfund generated many ideas,^''^ 
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often to be extended by others. Brown displayed a 
co n t i n u i t y of purpose a l l i e d to a f l e x i b i l i t y of mind 
that led him to the threshold of r e a l i s i n g that the 
special properties of selenium were representative of 
a wide class of substances; a point to be f u l l y 
taken by Koenigsberger, 

To the conclusions that have been drawn from 
time to time throughout t h i s thesis the most important 
can be added: that much more h i s t o r i c a l research i s 
required before the h i s t o r y of semiconductors between 
1833 and 1919 w i l l be f u l l y known and understood. 

The present study has demonstrated that while the 
28 

ou t l i n e h i s t o r y i s f a i r l y w e l l known det a i l s are sparse; 
and t h i s thesis has attempted to provide the d e t a i l s i n 
the case of selenium. 

There i s a need f o r an extensive, detailed study 
of the development of theories of s o l i d state e l e c t r i c a l 
conduction between 187̂ 3 and 1919. For the whole of 
t h i s period the problems presented by solids were treated 
as appendages of other areas; they were set aside as 
d i f f i c u l t i e s to be overcome by developments of the more 
or less established theories. Thus up to the introduction 
of electron theories i n the closing years of the Nineteenth 
century Maxwell's- electro-dynamics was expected to provide 
the answers to the problems-; a view taken confidently 

30 
by lodge. S i m i l a r l y during the twentieth century the 
Drude-Lorentz formulation of the electron theory formed 
the basis f o r explaining the conduction of e l e c t r i c i t y 
through s o l i d s . There was, however, a contrast; f o r 
the simple electron theory was never more than an 
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approximation to a t o t a l explanation; i t was never 
able to account f o r a l l the phenomena of metallic 
conduction l e t alone the rather more complex situations 
pertaining i n semiconductors. Maxwell's theory was 
never put to the t e s t w ith respect to the conduction of 
e l e c t r i c i t y through solids f o r the theorems of electro-
magnetism were recoverable w i t h i n a structure i n which 
the presence of mobile charges was assumed,-^ Witlii 
the discovery of the electron the properties of solids 

"52 
were explicable, i n p r i n c i p l e , i n straightforward terms, 
Consequently a great amount of theoretical a c t i v i t y was 
devoted to the electron theory; directed towards 
modifications' that would f i t more accurately to experi
mental r e s u l t s . 

The study reported i n these pages, that i s the 
h i s t o r y of selenium, w i l l be complemented when the work 
put i n t o other materials has been researched. Even 
the b r i e f consideration devoted to these substances i n 
t h i s thesis has uncovered a vast amount of source 
miaterial concerned with other solids. There i s a 
pressing need to examine the history of materials akin 
to selenium, p a r t i c u l a r l y the researches carried out by 
the German workers who have been mentioned here and there. 
Their work led them to a c l a s s i f i c a t i o n of semiconductors 
by 1920 and deserves considerable examination. 

A confluence of research eventually occurred, 
outside the time period we have considered; although, 
h i n t s of an i n t e r s e c t i o n between various lines of work 
were evident as early as 1914. Some of the work carried 
out f o r t h i s thesis, although not discussed I n the 
substantive chapters, suggests that G-udden and Pohl were 
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mainly responsible f o r the c o l l i g a t i o n of the diverse 
r e s u l t s and substances, 

We can summarise the areas- i n which much f r u i t f u l 
h i s t o r i c a l research can be done thus:-
1. Theories of e l e c t r i c i t y and the s o l i d state before 
the electron theory; electrolys-is", Volta forces, 
contact forces and conduction. 
2. The introduction of the electron theory; i t s 
influence on descriptions of s o l i d state conduction 
and the modifications that were suggested to produce 
an accurate picture of the phenomena. 
3. Experimental and t h e o r e t i c a l work on other semi
conductors; p a r t i c u l a r l y those researches that c u l 
minated i n the threefold c l a s s i f i c a t i o n of s o l i d 
e l e c t r i c a l conductors i n t o e l e c t r o l y t i c , pure metallic 
and variable conductors, 
4. The confluence of r e s u l t s i n the 1920's; particular
l y to assess the significance of the work of Gudden and 
Pohl who devoted much of t h e i r e f f o r t to e l e c t r i c a l 
conduction i n nom-metallic crystals and published a 

33 
considerable number of papers. 

I f t h i s research programme i s ever completed the 
h i s t o r y w i l l be w r i t t e n up to the introduction of the 
band theory of solids i n 1931,^^'^^ Then w i l l the 
path be open to examinations of the u l t r a - f i n e structure 
of the h i s t o r y of semiconductors. 
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At the moment of conception of t h i s thesis the 
end of the research was anticipated to be a study of 
semiconductors from 1853 to 1948; from the discovery 
of the pos i t i v e temperature c o e f f i c i e n t of conductivity 
to the invention of the t r a n s i s t o r . Like many plans, 
perhaps l i k e a l l plans, t h i s hope was not to be realised. 
The o r i g i n a l expectations were based on h i s t o r i c a l 
information i n review a r t i c l e s and textbooks, which, 
although presumably not i n t e n t i o n a l l y , are misleading 
i n t h e i r treatment of the early period. For however 
good such w r i t i n g s may be they are concerned not w i t h 
developments i n and as h i s t o r y but with discoveries, 
adumbrations and ' f r u i t f u l ' lines of research; t h e i r 
content and method i s 'Whiggish', As research progressed 
i t became increasingly evident that f a r too much material 
existed f o r detailed treatment i n one thesis; and that 
the problems and investigations i n the f i f t y years 
between 1870 and 1920 presented s u f f i c i e n t i n t e r e s t and 
import to demand a study i n t h e i r own r i g h t . Eventually 
a h i s t o r y of selenium between 1873 and 1919 was w r i t t e n . 

Yet the story lacks 'human i n t e r e s t ' ; the main 
characters, Adams, Bidwell, Brown, remain shadowy figures. 
For beyond published works, obituaries and short 
biographies, there i s l i t t l e to connect us with the men 
themselves. Some l e t t e r ; ^ of Bidwell's exist i n the 
l i b r a r y of the Royal Society i n London, but of Adams 
and Brown there seems to be nothing. We can only 
guess at the motivations and minds that l i e behind the 
facade of the formal papers. Surprisingly Pohl was 
s t i l l l i v i n g when the research for t h i s thesis began 
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and was kind enough to consent to an interview;^^ 
during which he provided some fascinating glimpses 
in t o h is work during the 1920's and into his methods' 
and motivations. 

Pohl straddled the old and the new. He began 
his researches' j u s t as the quantum theory of heat 
r a d i a t i o n was emerging and before Einstein's theories 
of r e l a t i v i t y and the photoelectric effect were widely, 
known; and his active work continued u n t i l what we 
class as 'modern physics' was completely established. 
P a r t i c u l a r l y , i n the t h i r t i e s , he saw his experimental 
work, and that of others, i n which many of the properties 
of semiconductors were established rendered clear, i f 
not obsolete, by the band theory of semiconductors. 

The word 'obsolete' has been chosen with care, 
f o r , i n a sense, a l l experimental work that predates 
a comprehensive theory i s obsolete; but i n the case 
of the band theory i t seems as i f previous experimental 
work had l i t t l e or no ef f e c t on i t s invention. Yet 
a f t e r i t s formulation a vast proportion of obscure 
experimental d e t a i l s f e l l i n t o place, even though Wilson, 
the proposer of the band theory, had almost no knowledge 
of the work i n semiconductors. This i s Wilson's own 

37 
opinion given to me i n a d e l i g h t f u l interview i n 1974. 
Sir Alan Wilson exuded a confidence i n his memory of the 
events' of the l a t e 1920's and early 1930's that added 
©olour to the researches; the accuracy of his memory 
and i n t e r p r e t a t i o n requires more independent confirmation 
than i t has so f a r received. ( P a r t i a l confirmation came 
i n an interview with Sir N e v i l l Motti of Cambridge 
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University and by l e t t e r from Sir Rudolf Peierls 
of Oxford). 

This epilogue represents my thanks to these 
gentlemen, p a r t i c u l a r l y Robert Pohl and Alan Wilson, 
who k i n d l y spared time to answer my questions con
cerning t h e i r work, motivations and successes. What 
follows i s a precis of t h e i r v i s i o n of the past and 
t h e i r own early associations with semiconductors. 

Neither Pohl nor Wilson intended to contribute 
to the s o l i d state i n the manner that they eventually 
d i d . Pohl's researches stimulated many others'^ and 
Wilson's l a i d the foundations of the modern theory of 
the s o l i d state; but t h e i r entries in t o t h i s f i e l d 
possessed those elements of chance that applied i n the 

39 
early h i s t o r y of selenium,^•'^ 

Pohl had begun h i s postgraduate work i n 1906, 
i n v e s t i g a t i n g the external photoelectric e f f e c t ^ ^ while 
at the Uhiversity of B e r l i n , and carried out researches 
on X-raj^ d i f f r a c t i o n during his vacations i n Hamburg, 
He published a number of papers before the F i r s t World 
War̂ "*" and while on m i l i t a r y service was called to the 
chair of Experimental Physics at GOttingen; a post he 
held from 1919 u n t i l h is retirement i n 1943. He had 
intended to extend his work on the external photoelectric 
e f f e c t , but found the a u s t e r i t i e s of post-war l i f e pre
cluded t h i s aim. Peace time shortages were not l i m i t e d 
to the necessities of l i f e , but affected Physics Depart
ments, and, according to Pohl, turned his thoughts 
towards so l i d s , Successfulljy^ to prosecute a research 
programme in t o the photoelectric e f f e c t required the 
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production and maintenance of extremely high vacua; 
to which end l i q u i d a i r was essential; but l i q u i d 
a i r was unobtainable i n GOttingen i n 1919. I n Pohl's 
worda, ' I was h a l f annoyed, and suggested, ha l f jokingly, 
that we should take the exact opposite of a vacuum, that 
i s a S'olid bodyi ' Thus he began h i s reswearches i n t o 
the s o l i d state. 

His aim was to reproduce i n solids the effects he 
had noted during his early research into the photoelectric 
e f f e c t ; that the emission of electrons from the a l k a l i 
metals was markedly dependent on the cleanliness of the 
surface. He suspected that the presence of small amounts 
of impurity i n a ' c a r r i e r ' material would, on i r r a d i a t i o n 
by l i g h t , emit electrons and display the r e s u l t as- an 
increase i n the d i e l e c t r i c constant of the 'carrier' 
material, 

Pohl's suspicions were correct; the d i e l e c t r i c 
constant of zinc sulphide i n which a small amount of 
copper had been introduced was increased by the action 
of l i g h t , Pohl had demonstrated that electrons were 
libe r a t e d by the action of l i g h t w i t h i n s o l i d materials. 
As Pohl's ideas- f o r research stemmed from his pre-war 
i n t e r e s t s , so did his wartime work present him w i t h 
measurement:'techniques that were adaptable to his work 
at GOttingen. His main task during the F i r s t World War 
was to produce continuous radio waves; no doubt f o r 
commmiication purposes. At GOttingen he employed 
continuous electromagnetic waves as the measuring t o o l 
to detect the s h i f t i n g d i e l e c t r i c constants- by a beat 

42 
frequency method.^ 
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Other phosphors did not possess the same 
properties as zinc sulphide. Pohl realised, as had 
Brown ten years e a r l i e r , that the properties of 
phosphors were dependent on t h e i r physical form; i n 
p a r t i c u l a r t h e i r existence as powders. I t appeared 
essential that single crystals be used and to that end 
a diamond was s-elected as t h e i r working substance. 
Pohl, joined now by Gudden, soon showed that 'a battery 
of a few hundred v o l t s and a single match were s u f f i c i e n t 
to show photoconductivity,' 

A notable p e c u l i a r i t y of the experimental work 
of the Gbttingen researchers i n the 1920's i s the lack 
of use of the H a l l e f f e c t by then a f a i r l y w e l l established 

43 
technique^"^ and the abrupt end to the researches on 
diamond f o r the majority of the work carried out by 
Pohl and others was concerned with the alkali-halogens,^^ 
Now, while as Pohl pointed out the alkali-halogens could 
be made a r t i f i c i a l l y i n a very pure state, and were 
cheap, there was, i n f a c t , nothing s c i e n t i f i c about the 
decision to use alkali-halogens and to make l i t t l e use 
of the H a l l e f f e c t ; and the two decisions were linked. 

The work on the single diamond possessed by the 
laboratory at GOttingen promised to be extremely f r u i t f u l 
but required confirmation w i t h other specimens. However, 
a f t e r much searching around the diamond merchants of 
Germany the GOttingen diamond proved unique. So work 
continued w i t h i t . Gudden suggested that the Ha l l 
e f f e c t i n diamond should be measured using t h e i r one 
useful specimen. The H a l l measurement with the diamond 
ruined both the specimen and Pohl's opinion of the Ha l l 
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ef f e c t as a measuring technique. 
•We positioned the diamond between the poles of 
a large electromagnet. However we forgot to 
fasten down the poles of the magnet; they 
were att r a c t e d together and, immediately, our 
one useable diamond had been pulverised,' 

This experience appears to have had a considerable 
e f f e c t on Pohl, f o r he accompanied the story w i t h a 
smack of f i s t upon palm when saying 'Diamenten p u l v e r l ' 
A f t e r t h a t r e s u l t he wished, 'To hear no more of the 
H a l l e f f e c t , ' A decision, which i n view of his opinion 
of l a t e r American work, he considered to have been mis
taken. 

From the experimenters i n Pohl's laboratory there 
issued a stream of papers concerned with the e l e c t r i c a l 
and o p t i c a l properties of solids. Between them they 
established the significance of the impurities i n these 
properties and the work done i n GOttingen attracted the 

4.C5 

a t t e n t i o n f i r s t of MottT"^ and then of a group of American 
workers among whom Pohl referred to Shockley, ('With his 
f a s t c a r s i ' ) , Bardeen and Brat t a i n . These men, w i t h the 
aid of Wilson's band theory were to extend Pohl's work 
gr e a t l y . Yet while Pohl influenced the f i e l d of the 
s o l i d state, either d i r e c t l y , or through his pupils' 
many of whom became Professors of Physics, he, himself, 
did not essay any t h e o r e t i c a l interpretations. I n 1974 
Pohl's view of himself was as an experimenter interested 
i n f a c t s , f o r as he t o l d me:-

' I t has become very common, nowadays, to represent 
a l l these developments s t a r t i n g from a p a r t i c u l a r 
theory, I always proceeded i n a d i f f e r e n t way. I 
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was always more interested i n the f a c t s . 
Facts, a f t e r a l l remain, but theories 
explaining them come and go,' 

Indeed Pohl i s r i g h t . A l l modern textbooks 
concerned with.solids begin with a statement of Wilson's 
band theory of semiconductors and i t s subsequent modif
i c a t i o n s ; f o r the theory i s general. The genesis of 
his theory and i t s immediate reception i s only r a r e l y 
considered; and seems never to have been examined 
w i t h i n a h i s t o r i c a l framework. This part of the 
epilogue, while making no attempt to provide an h i s t o r 
i c a l analysis, w i l l record a few of Wilson's own memories 
of the conception of his ideas, and the ef f e c t they 
engendered. 

I n January 1931 Wilson was i n Leip25ig on a 
Rockefeller Foundation S c h o l a r s h i p . He had chosen 
Iieipzig i n preference to Copenhagen p r i m a r i l y because of 
the presence of Heisenberg and Bloch, Wilson had grad
uated from Cambridge i n 1926 and, l i k e many theoreticians 
there, had done a l i t t l e work i n nuclear physics. By 
1929, when a research fellow at Emmanuel, Sommerfeld's 
theory and Kapitza's work^^^ turned his i n t e r e s t , and 
that of a few others, towards the s o l i d state. He saw 
hi s Rockefeller Scholarship as an 'escape' from Cambridge 
'which was highly concerned with nuclear physics', and his 
choice of Leipzig r e f l e c t e d his desire to extend his work 
i n the s o l i d state.^'^ He did not expect to investigate 
the properties of semiconductors at a l l , f o r as he said:-

'So I went there i n January 1931, Without any 
specif i c problem to deal with, f o r one dealt w i t h 
a number of problems, would t r y anything. You 
worked f o r a month or two, i f you got a lead on 
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i t you went on, i f not then . . . . I was-
t r y i n g to get an explanation of Kapitza's 
r e s u l t s , as were many people at the time too, 
Now the specific way i n which I came to d i s 
cover the theory of semiconductors was, of 
cours-e, not working on semiconductors at a l l . 
Not many were at that time. Most that waŝ  
known were variable current conductors',^^ 

Research workers at Leipzig were expected to 
read seminar papers and Wilson was asked by Heisenherg 
to present an appreciation of some work by Peierls^^ 
who had arrived at puzzling results concerned with the 
motion of electrons w i t h i n certain types of s o l i d ; 
they appeared to move i n the wrong d i r e c t i o n , Wilson 
was- concerned to understand the papers f u l l y f o r , 'to 
give a seminar i n German at which I would be cross-
examined back and f o r t h would be a b i t of an ordeal, 
and therefore one had to understand someone else's work 
more thoroughly than i f one was t a l k i n g about one's own', 
i t was t h i s e f f o r t and Heisenberg's demand that explan
ations should be made physically i n t u i t i v e that led him 
to his band theory of semiconductors, Wilson realised 
that i f bound electrons and energy gaps were used as the 
s t a r t i n g point of the explanation then the anomalous 
r e s u l t s were explicable i n terms of vacancies i n the 
valence bands- of cry s t a l s and elements. i t was t h i s 
physical picture that gave him his theory. 

Thus Wilson, who had intended to examine magneto-
resistance, ins-feead illuminated a much more general f i e l d 
A f t e r some i n i t i a l resistance from Bloch the ideas were 
accepted and discussed at a colloquium i n Leipzig, This 
event, according to Wilson, was when he began to acquire 
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aome knowledge of semiconductors, and was the explan-
a t i o n f o r his two papers to the Royal Society. I t 
was evident that the theory was i n t u i t i v e l y a t t r a c t i v e , 
hut there remained many areas of disagreement hetween 
experimentalists,^"^ There was a need f o r new experi
ments and f o r the confirmation or denial of e a r l i e r 
knowledge. Yet, apparently, Wilson found i t almost 
impossible to persuade any of his Cambridge contemporaries 

CO 

to carry out the necessary work,^ Thus hy 1936, 
Wilson ceased doing work i n the s o l i d state 'because of 
the complete indifference of anybody i n Cambridge to 
the subject.' The development of his theory, f o r 
which he was awarded the Adams Prize 'was to be largely 
i n the hands of Mott when he went to B r i s t o l University.'-^ 

Thus there i s a f i n a l irony i n the fa c t that MotU 
l e f t Cambridge and e f f e c t i v e l y founded a school of 
s o l i d state physics, while Wilson, the man mainly res
ponsible f o r the gigantic developments i n the f i e l d i n 
the l a s t f o r t y years turned away from the subject. As 
he remarked:-

'There was no school; and, t h i s i s rather odd, 
Mott started o f f working on c o l l i s i o n s . Then he 
l e f t and went to B r i s t o l and then took up my 
subject, s o l i d state physics. I stayed i n 
Cambridge and took up his subject, c o l l i s i o n s . 
Because i t i s very d i f f i c u l t working i n a vacuum 
and the only way to go i s to t a l k about things 
that you work on. So I turned over to deal w i t h 
mesons and so on, there were people you could 
t a l k t o , ' 

f u r t h e r h i s t o r i c a l research may substantiate 
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Wilson's claim, i n which he was not being arrogant, 
that 

' I t . couldn't have been done without me, because 
i t was such a mucky subject you could never see 
your way through. Once you'd got the band 
theory and the acceptor and donors the need 
f o r pure material was demonstrated. The way 
to go was clear,' 



- 287 

R E F E R E N C E S 

and 

N O T E S 



- 288 -

References and Notes. CHAPTER 1. 

1. See, f o r example, Mott, N.F, i n 'Theory and 
Experiment since SchrBdinger's Equation', 
I n s t . Phys. B u l l e t i n . 25,(1974)» PP 448-451. 
The a r t i c l e i s l a r g e l y concerned with the 
author's experience and interest i n the s o l i d 
state and i n the l a t e r paragraphs makes the point 
that glassy solids have become a subject of study. 
Sir N e v i l l Mott made similar statements i n an 
interview on the 1st November 1974 at the 
Cavendish Laboratories. 

2'. I t i s a l i t t l e d i f f i c u l t to determine when a 
branch of science becomes part of the 'establishment', 
or, indeed, what the 'establishment' i s , but 
without entering i n t o a controversy on t h i s point 
i t i s i n t e r e s t i n g to note that the I n s t i t u t e of 
Physics set up a 'Solid State Sub-Committee' i n 
May - June 1965 and i n I n s t . Phys. B u l l e t i n . 13, 
(1962), pp. 255-257 a report on a 'Conference on "The 
Teaching of Solid State Physics" ', can be found. 
Of p a r t i c u l a r i n t e r e s t i n that report i s the 
following paragraph. 
'Beth Mr. Gibbs and Mr. Jones' drew att e n t i o n to 
the rate at which semiconducting devices were 
superseding vacuum electronic devices i n most 
f i e l d s of app l i c a t i o n , and predicted the time was 
not f a r d i s t a n t when vacuum devices would be 
obsolete except f o r a few special applications. 
This change would r a d i c a l l y a l t e r the nature of a 
course on 'Electronics' whether taught as a small 
part of a degree course i n pure physics, or a rather 
larger part of a course i n applied physics. The 
l i k e l y development of the 's o l i d c i r c u i t ' w i l l 
bring about even more profound changes i n these 
branches, although the basic c i r c u i t theory w i l l , 
of course, s t i l l be applicable. These changes may 
w e l l have repercussions i n H.N.C. and 'A' l e v e l 
teaching. Even i f thermionic emission, as such 
retains i t s place i n the syllabus, i t w i l l be 
d i f f i c u l t to j u s t i f y the inclusion of thermionic 
diodes and trio d e s . Already some schoolteachers 
are pointing out that the kind of question which 
r e a l l y i n t e r e s t s t h e i r pupils i s how a pocket 
t r a n s i s t o r works.' 

Thus by 1965 the subject of s o l i d state physics had 
become s u f f i c i e n t l y w e l l 'established' to be 
incorporated i n the sub-committee structure of the 
I n s t i t u t e of Physics and to have been the subject of 
at least one Teaching conference i n which the 
inclusion of the study of solid state devices i n »A' 
l e v e l courses was considered to be a p o s s i b i l i t y . 



- 289 -

3. T i l t o n , J.E., D i f f u s i o n of Semiconductor 
Technology. (Washington, I;.C. 197i;. 

4. Referring to B r i t a i n only, many firms concerned 
with electronics and vacuum tube devices began 
to expand t h e i r a c t i v i t i e s i n the s o l i d state 
by s e t t i n g up factories^ whose main concern was 
w i t h research, development and production i n the 
f i e l d of s o l i d state devices. Thus from 1952-
1958 companies such as STC, Ccl953), Mullards 
(cl955)» Texas Instruments (cl956), and Gr,E,C, 
(cl952) a l l made special e f f o r t s to move into 
the market that was beginning to emerge with the 
improvement i n t r a n s i s t o r technology, 

5. T i l t o n , J.E., o p . c i t . , (3),(1971),Chapter 4. 
6. Aston University has recently set up, under the 

d i r e c t i o n of Professor Ernest Braun,a Technology 
Policy a n i t , and i n a l e t t e r Dr. Stuart Macdonald 
of that u n i t wrote, 
'The Technology Policy Unit at Aston has recently 
embarked on a study of some of the socio-economic 
implications of semiconductor innovation, basically 
since the introduction of the t r a n s i s t o r . We are. 
r e a l l y concerned w i t h the main developments, co*n^riivg 
the opinions of those most concerned with the 
main developments at that time with what eventually 
transpired,' 
Dated 23.1.74. 

7. The f i r m referred to i s Hawker Siddeley Dynamics, 
then De Havilland Propellers, which was engaged i n 
the design and development of an a i r - t o - a i r guided 
missile activated by the infra-red emission from the 
exhausts of j e t engines. Thus to the common 
environmental problems of a i r - t o - a i r missiles, 
v i b r a t i o n , high acceleration forces and great 
extremes of temperature were added those of low 
signal l e v e l s , necessitating, at that time, extremely 
sensitive detectors and high gain low noise 
am p l i f i e r s . Transistors appeared to solve many 
of these problems. They are robust, need l i t t l e 
current f o r t h e i r operation, have a low noise, yet 
a lack of understanding i n the manner of t h e i r 
operation gave r i s e to design problems that were 
d i f f i c u l t and expensive to solve. For example, 
see r e f . 11, below^ there was' a tendency to use 
them i n common base configuration which was i l l 
suited to accepting the high output impedances of 
the sensitive c e l l s then i n use, (the author remembers 
a suggestion that a cathode follower should be used 
between the high resistance sensitive c e l l s and the 
f i r s t stage of the t r a n s i s t o r a m p l i f i e r s ! ) . The 
adoption of an indium antimonide c e l l solved the 
problems of impedance matching but raised new ones of 
s e n s i t i v i t y and temperature control of the c e l l s , 
problems that were overcome but only at the expense 
of much time and money. 



- 290 -

8, The adoption of s i l i c o n transistors by Le Havilland 
Propellers' engineers i n 1956 highlighted the fact 
that the 's-tate of the t r a n s i s t o r a r t ' was at a 
f a i r l y p r i m i t i v e stage. I t was- imperative that 
low noise, high gain elements' be used i n the 
amplifiers- and i t was obvious that although some 
commercial transistors s a t i s f i e d the stringent 
specifications demanded most did not and a rather 
complicated agreement was entered into between the 
development laboratories of De Havillands and i t s 
main supplier, then Texas Instruments of Bediford, 
that resulted i n sati s f a c t o r y yet expensive transistors, 
At least one r e j e c t batch i s believed to have formed 
part of the foundations of the Texas Instrument 
factory at Bedford, 
( I am indebted to John Lee, Managing Director of 
Hawker Siddeley Engineering and Lionel Thompson, 
Chief Systems Engineer of the same company, f o r 
confirmation of the points made i n footnotes 7,8 
and 11), 

9, Vacroux, A,G,, 'Microcomputers', Sci, Amer.. 232. 
(1975),PP 52-40, 

10, D i f f u s i o n and masked etching were techniques' that 
were introduced i n t o the manufacture of s o l i d state 
devices i n the early SO's", and allowed the cons'truction 
of r e l i a b l e and complex devices. D i f f u s i o n i s the 
production of a junction i n a substrate of a p a r t i c u l a r 
type of semiconductor by the process of thermal 
d i f f u s i o n . Junctions produced i n t h i s manner are 
r e l i a b l e geometrically and e l e c t r i c a l l y . Masked 
etching i s the production of a p a r t i c u l a r shape on 
the surface of a c r y s t a l by the generation and 
controlled removal of oxide layers thereby allowing 
several junctions' to be produced i n the same device. 
The twin methods allowed very muc|i better q u a l i t y 
c o n t r o l and very much more v e r s a t i l e elements to be 
manufactured. 

11, An interview w i t h Lionel Thompson of Hawker Siddeley 
Engineering, who during the 1950's' was' one of the 
engineers responsible f o r the introduction of trans
i s t o r c i r c u i t r y i n t o the then missile electronics, 
confirmed an impression that at t h i s time the be
haviour of t r a n s i s t o r s was not well understood. He 
detailed a case when he had 'discovered' a new 
t r a n s i s t o r e f f e c t , A c i r c u i t was- producing pulses 
of a regular sort and a l l e f f o r t s to locate the source 
of these unwanted signals proved f r u i t l e s s , although 
they were a l l based on w e l l t r i e d methods. Event
u a l l y the interference was traced to an external 
a i r f i e l d radar transmitter the signalls of whichi 
were being 'detected' i n an altogether unexpected 
fashion. I n Thompson's opinion t h e i r f a i l u r e to 
make an early diagnosis- of the problem was e n t i r e l y 
connected w i t h t h e i r lack of appreciation of the 
behaviour of c i r c u i t s using t r a n s i s t o r i n place of 
valves. 



1944 3 1954 257 
1946 8 1956 427 
1948 19 1958 569 
1950 126 196̂ 0 1350 
1952 105 1962 1840 

- 291 -

However a l o t of confusion seemed to arise from 
the f a c t that t r a n s i s t o r s , i n contrast to vacuum 
tubes, operated at low voltages and comparatively 
high currents. Prom t h i s si;emmed the notion that 
tr a n s i s t o r s were 'current operated' while vacuum 
tubes were 'voltage operated' although Ohm's law 
would seem to imply d e f i n i t e r elationship between 
current and voltage. Yet from the early days 
t r a n s i s t o r c h a r a c t e r i s t i c s have been expressed i n 
terms of operating currents and t h i s seems to have 
caused i n i t i a l d i f f i c u l t i e s . 

12. The following are the numbers of papers quoted i n 
Physics Abstracts r e f e r r i n g to semiconduction. 
They are a guide only f o r there were several a l t e r 
ations to the publication, f o r example a change i n 
indexing system i n 1958 and 1965 and the i n t r o 
duction of semiconductor abstracts i n 1959. How
ever the few years quoted indicate a trend. 

In the same period 
the t o t a l number 
of papers cited rose 
from 2688 to 24,000. 

13. See the work of the Technology Policy Unit at 
Aston University, Ref. (6)), above. 

14. Wilson, A.H., 'The Theory of Electronic Semi
conductors - I«, Proc. Roy. Soc. (A), 133.(1931) 
pp 458-491 and ' I I ' Proc. Roy. Soc. (ATri34, (1931) 
pp 377-387'. 

15. Smith, R.A., Semiconductors, (Cambridge, 1959 and 
l a t e r editionsTl 

16), Pearson, G.l. and Brattain, W.H., 'History of Semi
conductor research', Proc. I.R.E.. 43, (1955), pp 17'94-
1806.. 

17. Wilson, A.H., 'Theory and Experiment i n Solid State 
Physics', I n s t . Phys. B u l l e t i n . 1^, (1963), p 173. 

18. Pearson, G.L. and Brat t a i n , W.H,, op.cit..(16), 
(1955), pl794. 

19. Wilson, A.H., op.cit..(17). (1963), p 174. 
20. I b i d . , p 174. 
21. See note (s),-
22. Wilson, A.H., op. c i t . , (17), (1963). 
23. Gudden, B. 'Elektrische l e i t f S g h i g k e i t elektonischer 

H a l b l e i t e r . ' Erg. Exat. Wat.. 13, (1934), P 223. 
24. WilsxDn, A.H., op.cit.. (17), (1963). 
25. Baedeker, K., 'fjfber die elektrische L e i t f f l h i g k e i t 

und die thermoelektrische Kraft einiger Schwermetall-
verbindungen.' Ann.d.Phys.. 22, (1909), pp 749-766;. 



- 292 -
26, Baedeker, K,, 'Ktinstliche metallische Leiter', 

Phys, Zeits,. 15, (1912), pp 1080-1082, 
2'7. See f o r example Thomson, J,J,, 'Recent Researches 

i n E l e c t r i c i t y and Ma^etism' (Oxford, 1895), 
This work makes mention, i n passing of the wayward 
conduction characteristics of carbon, and refers to 
the H a l l e f f e c t once on p 486, 

28. Lodge, 0,, 'Electrons'. (London, 1906^, pays l i t t l e 
a t t e n t i o n to the conduction properties of solids 
i n general or semiconductors i n p a r t i c u l a r , 

29. Fournier d'Albe, best known f o r his biography of 
Crookes, became interested i n the photoconductivity 
of selenium and published several papers concerned 
w i t h t h i s question. Fournier d'Albe appears to 
have been f u l l y i n touch with the science of 
e l e c t r i c i t y during the l a t t e r years of the 19th 
century and the early years of the 20th, f o r he was 
a regular contributor to 'The E l e c t r i c i a n ' . He 
also published several books on the fringes of 
science concerned w i t h matters more s p i r i t u a l than 
physical. He retained an i n t e r e s t i n the properties 
of selenium and published The Moon Element i n 1918, 
p r i m a r i l y to publicise the Optophone a device 
intended to aid the b l i n d i n reading. 

30. Wick, F.G., wrote a series of papers i n Phys,Rev,,27. 
(1908), concerned w i t h the e l e c t r i c a l properties of 
s i l i c o n ; f u r t h e r reference to t h i s work w i l l be 
made i n a l a t e r chapter, 

31. Pohl, R., interview at Krefeld, 25th July 1974. 
32. The q u a l i t y of the theoreticians at GOttingen i s 

indicated by the presence of Born and H i l b e r t , f o r 
example, yet i t appeared from the interview w i t h 
Professor Pohl, (31) that there was scant i n t e r e s t 
i n his work on the e l e c t r i c a l properties of crystals. 
I n Pohl's opinion t h i s was a r e s u l t of the over-riding 
influence of the i n t e r e s t i n atomic and nuclear 
physics and the development of quantum theory, which 
at that time was not applicable to the problems he 
was i n v e s t i g a t i n g . 

33. Wilson, A.H,, o p . c i t . , (14), (1951). 
34. Wilson, A.M., Interview at the Athenaeum 9th 

November 1974 and Private communication. 
35. See, f o r example, T i l t o n , J.E,, o p , c i t , . ( 3 ) . U971). 
36. Mott., N.F,, see Ref, ( l ) . 
37 • ? Expgc-imental Researches i n E l e c t r i c i t y 

Series« IV, ( A p r i l , 1853), paras. 432-453 (pp 122-124, 
Dover e d i t i o n . New York, 19,65), ' 



- 293 -

38. Smith, W., 'The Action of i i g h t on Selenium', 
Soc. Tel. Eng. J . . 2', (1873), pp 31-33. 

3'9. The E l e c t r i c i a n was mainly concerned with topics 
of i n t e r e s t to pr a c t i s i n g e l e c t r i c a l engineers, 
yet included i n i t s pages a r t i c l e s concerned with 
up to date researches i n e l e c t r i c i t y . 

40. The significance of t h i s sentence revolves around 
the d e f i n i t i o n of 'eminence'. Attempting to 
c l a r i f y t h i s r e s u l t s i n a c i r c u l a r argument. 

41. Ref. (31) above. 
42. Ref. (34) above. 
43. Gudden, 15., op.cit.. (23) , (1934). 

44. Lark-Horovitz, K., The New Electronics i n The 
Present State of Physics. (AAAS 1954). 

45. Wilson, A.H,, op.c i t , . (17) , (1963). 

46). Pearson and Br a t t a i n , op.cit.. (16) , (1955). 

47'. Lark-Horovitz, K . , op.cit., (44) , (1954). 



- 294 

References and Notes./ CHAPTER 2. 

1. See f o r example Thomson, J.J., Recent Researches i n 
E l e c t r i c i t y and Magnetism. (Oxford, 1893). 

2. Earaday, M., Experimental Researches i n E l e c t r i c i t y . 
Series- IV, ( A p r i l l 6 3 3 ) , t e a s . 432-433. 

3. I b i d . , Series IV, ( A p r i l 1833)iPara. 434. 

4. IMd., Series I V , ( A p r i l 1833),Para. 435. 

5. I b i d . , Series I V , ( A p r i l 1833),Para. 436. 

6. I b i d . , Series I V , ( A p r i l 1833), Para. 439. 
7. Ib)id., Series XII,(Jan. 1838), Para. 1340. 
8. See Ref. ( 7 ) . 
9. I h i d . , Series X I I , (Jan. 1838), Para. 1341. 
10. I b i d . , Series XII,(Jan. 1858), Para. 1342. 
11. Lodge, 0., Electrons, (London, 1906). 
12. IMd., Introduction p x i i i . 
13. Maxwell, J.C., Treatise on E l e c t r i c i t y and 

Magnetism, (London, 1873). 
14. See f o r example Topper, D.R., J.J. Thomson and 

Maxwell's Electromagnetic Theory, Case Western 
Reserve UJiiversity, Ph.D., (1970), or Thomson, 
J.J., Report on E l e c t r i c a l Theories, B*.A. Report, 
(1885)o 

15. The o r i g i n s of quantum theory are discussed i n 
d e t a i l i n Jammer, M., The Conceptual Development 
of Quantum Mechanics, (New York, 1966;). 

16. Smith, W., 'The Action of Light on Selenium'., 
Soc.Tel. Eng.J.,.2. (1873), pp 31-33. 

17. Braun, P., 'Itber die Stromleitung durch 
Schwefelmetalle', Ann.d.Phys. (Pogg.). 153, 
(1874), pp 556-563"^ 

18. Adams, W.G., and Day, R.E,, 'The Action of Light 
on Selenium', PMl, Trans.. 167. (1877), pp 313-
349. 

19. Smith, W,, op. c i t . , (16), (1873), pp 31-32, 



- 295 -

20. The nature of selenium, i . e . metal or non-metal, 
was not established i n 1873. Siemens-, C.W., 
( r e f . (35), below), was not prepare(^ to place 
s-elenium i n either category withi c e r t a i n t y . 
For he wrote:- '(Selenium) i s f u s i b l e , combustible, 
and s i m i l a r i n many other respects to sulphur, 
phosphorous, and t e l l u r i u m . I t i s i n f a c t one 
of those substances which are placed by chemists 
upon the border between metals and metalloids, and, 
l i k e a true borderer, selenium refus-es to be 
amenable to the laws governing either of these 
natural groups.' 

21. Smith, W., 'Selenium, i t s E l e c t r i c a l Properties and 
the E f f e c t of Light thereon', Soc.Tel.Eng,J,. 6, 
(1877), pp 425-448. 

22. Smith, W., op . c i t . . (16),(1875)» P 35. 
25. I t i s unlikely? that 'group' i s being used here i n 

i t s modern sense; that i s r e f e r r i n g to the 
periodic table. Of course, i n t h i s sense, selenium 
i s not i n the same group as a l l the other elements 
mentioned. Probably an e a r l i e r c r i t e r i o n was-
being used, f o r although Mendeleef had produced 
his idea by 1873 i t was not beimig used as a means 
of c l a s s i f y i n g the elements. 

24. No reference was supplied by the Chairman and none 
has been found i n which an effect of l i g h t on 
plumbago, ( i . e . graphite), was shown. 

2'5. That i s amorphous and c r y s t a l l i n e . This had been 
known f o r a number of years. 

260 That Smith should have used rock s a l t to stop heat 
rays reaching his selenium i s remarkable. The f a c t 
that rock s a l t transmitted heat was w e l l known. 

27/. Maxwell, J.C., 'A Dynamical Theory of the Electro
magnetic F i e l d ' , P h i l , Trans.. 155,(1865), pp 459-512. 
Introduction reprinted i n A Source Book i n Physics, 
(Cambridge, Mass. 1965),edited by Magie, W. 

28. Tyndall, J., On -the I d e n t i t y of Light and Radiant 
Heat, a lecture- delivered at the Royal I n s t i t u t i o n 
on Friday, February 2, (1872). Printed i n Royal 
I n s t i t u t i o n Library of Science. ( P l ^ s i c a l Sciences), 
2, pp 330-334, Oiondon, 1970?. 

29. I b i d . , p 351. 

50. Hertz's experiments of 1887-1890 may be considered 
to have 'clinched' the issue. 

31. Sale, W., 'The Action of Light on the E l e c t r i c a l 
Resistance of Selenium', Proc.Roy.Soc.. 21, (187/3), 
pp 285-285. 



- 296 -

32. Rosse, the Earl of, 'On the E l e c t r i c Resistance 
of Selenium', P h i l . Mag.. (4th Series), 47, (1874), 
pp 161-164. 

33. Sale, W., o p . c i t . . (31), (1873), P 285. 
Sale appears to have moved s w i f t l y o f f the mark. 
Willoughby-Smithi presented his l e t t e r to the Society 
of Telegraph Engineers on 4th February 187^, the 
reading taking place on the 12th of the same month. 
A week l a t e r Nature carried a precis of the l e t t e r . 
The issue of Nature f o r M&rch 6, 1873 carried a request 
from Lieut. Sale, R.E. asking f o r methods of 
measuring high resistances. He received no 
r e p l y through the columns of Nature but must have 
managed f o r his report, reached the Royal Society on 
March 28th, 187-3. Evidently the Royal Engineers 
did not believe i n a slow approach! 

34. Rosse, the Earl of, (1874), op.cit.. (32), p 16;3. 

35. Siemens, C.W., 'The Action of Light on Selenium', 
Proc.Roy.Inst.. 8, (1875-1878), pp 68-79. Also 
i n The Royal I n s t i t u t i o n Librar:w of Science, 2, 
PP 466-477. 

36. Siemens waxed almost poetic. 'Amongst the powers 
of nature, l i g h t seems to be the one which enters 
leasts i n t o the composition of matter. The beam 
of l i g h t f a l l i n g upon the landscape, or upon a work 
of art., reveals i n s t a n t l y i t s form to our minds, 
but with the disappearance of the l i g h t i t s effects 
seem to vanish e n t i r e l y : .... there seems to be 
no permanent e f f e c t produced i n the material 
condition of the objects before us. Shall we 
wonder, then, that the true nature of l i g h t has 
remained a mystery more profound than that of the 
other forces of nature, and that Newton himself 
exclaimed, i n desponding mood, the memorable words, 
" N i l luce obscuriuB." ' Siemens was impressed by 
Smith's discovery indicating his feelings i n a 
question l a t e r i n the lecture. 'Could i t be 
possible that the mere s u p e r f i c i a l action of l i g h t 
upon a s o l i d substance could so change instantaneously 
i t s i n t e r n a l condition as to open amongst i t s 
p a r t i c l e s flood-gates f o r the passage of the e l e c t r i c 
current, to close again upon the removal of the 
l i g h t ? ' . 

37. Siemens, C.W., op . c i t . . (1876), (35), pp 75-76. 

38. Adams, W.©., 'The Action of Light on Selenium', 
Proc.Roy.Soc.. 24, (1875), pp 535-539. 



- 297 -

59\ Siemens, C.W., op.c i t . . (187'6), (35) , p 76. 

40. Allen, H.S., Phot o - e l e c t r i c i t y . The Liberation 
of Electrons by Light, 2nd Ed. (London, 1925). 

41. Siemens, C.W., op.cit.. (1876), (35) , P 70. 

42. I b i d . , p 72. 

43. Later workers, Saunders f o r example (see b i b l i o 
graphy), showed that the heat evolved was easily 
measurable. 

44. I b i d . , p 75. 

4&. Ebid., p 75. 

45. I b i d . , p 76., 
47̂ . Adams, W,G, and Day, R,E., op, c i t . , (18) , (1877). 

48. Lark-Horovitz i n h i s review The New Electronics i n 
The Present State of Physics.AAAS, 1954, credits E. 
Bfecquerel w i t h the discovery of the photovoltaic 
e f f e c t . Certainly i n a paper e n t i t l e d Sur Les 
Effets- Electriques- gui se Produisent sous les 
Influences Solaire i t i s shown that a voltage i s 
produced when l i g h t i s incident on electrodes i n 
an e l e c t r o l y t e . Adams and Day were the f i r s t to 
notice and report the effect i n solids. Becquerel's 
paper appeared i n Comp. Rend.. 9, (1839), pp 711-714. 

49. Adams, W,G. and Day, R.E., op.cit. (18) , (1877), p 313. 

50. IMd., p 348. 

51. I b i d . , p 322, 

52. Smith, W,, op , c i t , . (16) , (1875). 

55. Sale, W., op.c i t . . (51) , (1873). 

54. Adams, W.Go and Day, K.E., op.cit. (18) , (1877), 
p 319. 

55. I b i d . , p 328. 

56i. See Smith, R.A., Semiconductors, (Cambridge, 1959), f o r example, 
57. Henisch, H.K., Metal R e c t i f i e r s . (Oxford, 1949), 

On pages 8 - 1 3 Henisch describes the mamufacture 
of selenium r e c t i f i e r s ' where a f t e r the production 
of a layer of selenium on a metal substrate has 
been achieved he outlines the 'forming' process 
necessary to achieve a satisfactory r e c t i f i e r , 
'AU the conclusion of the processes described above 
the e l e c t r i c a l characteristics of the disks are 
s t i l l unsatisfactory, and i n p a r t i c u l a r the reverse 
resistance i s low. I n order to improve the 
characteristics- the disks are subjected to an 
e l e c t r i c a l 'forming' process-, .... 



- 298 -

The d e t a i l s of t h i s process can d i f f e r considerably 
f o r r e c t i f i e r s of d i f f e r e n t manufacture. Sometimes 
a current of 50 mA/cm̂  i s passed through the disk 
i n the reverse d i r e c t i o n f o r a few minutes. I n 
other cases between 10 and 20 v o l t s are applied f o r 
24 hours, the voltage being increased as the 
reverse resistance rises'. 

Before the forming process very considerable 
va r i a t i o n s are observed between i n d i v i d u a l disks. 
A f t e r forming, the disks- are much more comparable. 
Between 25 and 30 per cent of the unformed disks 
do not show any asymmetric conduction at a l l . This 
i s thought to be due to short c i r c u i t s between the 
electrodes. The f a u l t can usually be remedied by 
passing a heavy current through the disk and thus 
"burning the weak spot out".' 

58. Bi-aun, P., 'fiber unipolare E l e k t r i c i t a t s l e i t u n g ' , 
Ann.d.Phys. (Wied). £, (1875), pp 476-484. 

5'9» Thomson, J.J, and Thomson, G,P., Conduction of 
E l e c t r i c i t y through Gases. 2, (3rd e d i t i o n ) , 
CCambridge, 1933), p 429. " 

60. Adams, W.G., and Day, R.E., op.cit.. (18), (1877), 
P 328. 

61. Lark-Horovitz, K., op.cit.. (48), (1954), 
On p 58 of his paper he puts the s i t u a t i o n 
succinctly and w e l l . 
'The f i r s t step i n the investigation of the 
e l e c t r i c a l properties of any non-metallic sub>-
stance must be the c l a r i f i c a t i o n of the type of 
conductivity, whether e l e c t r o l y t i c or m e t a l l i c . 
One usually concludes that e l e c t r o l y t i c conductivity 
exists i f Faraday's law of e l e c t r o l y s i s i s f u l f i l l e d 
and the transport number, the f r a c t i o n of the t o t a l 
charge carried by any one ion corresponds to the 
value expected f o r e l e c t r o l y t i c conductivity. One 
must also compare the measured conductivitjy- with 
the maximum conductivity which can be expected f o r 
an e l e c t r o l y t e . ' 

62. Lodge, 0., On E l e c t r o l y s i s , B.A. Report, (1885), 
p 723-772. 
This' report i s a masterly summary of the state of 
knowledge i n 1885 and i s completed with a set of 
problems t h a t , i n Lodge's opinion, demanded 
solutions. This paper w i l l be used i n the next 
chapter when a discussion of various theories 
w i l l be made. 

6)3'. I b i d . , p 727. 



- 299 -

64. Adams, W.G., and Day, R.E., op.cit.. (18) , (1877), 
p 529. 'That t h i s i s not due to a current a r i s i n g 
from thermoelectric action i n consequence of the 
junctions where the current enters and leaves the 
selenium being unequally heated i s evident, since 
a current may be obtained from the selenium a 
considerable time a f t e r the battery-current has 
been interrupted, so long as the selenium electrodes 
have not been connected i n the i n t e r v a l . ' 

65. I t i s i n t e r e s t i n g to note that Adams and Day do not 
e x p l i c i t l y conclude that an e l e c t r o l y t i c i n t e r p r e t 
a t i o n i s the correct one. We are l e f t w i t h an 
unfinished syllogism. I f the conduction i s 
e l e c t r o l y t i c , then there w i l l be po l a r i s a t i o n . 
There i s p o l a r i s a t i o n , hence . . . . 

66. Lark-Horovitz, K., op.cit., (48) , (1954), p 58. 

67. The value f o r the conductivity of s i l v e r chloride 
was obtained from Mott, N.F. and Gurney, R.W., 
Electronic Processes i n Ionic Crystals. (Oxford, imr. 

68. Adams, W.G. and Day, R.E., op.ciU.. (18) , (1877), 
p 352. 

69. m d . , p 555. 

70. Note (48) above refers to the work of E. Becquerel 
who, i n the opinion of Lark-Horovitz discovered a 
photo-voltaic e f f e c t i n electrolytes, or rather at 
the electrodes i n electrolytes-. Hut t h i s was by 
no means unequivocally an example of the d i r e c t 
conversion of l i g h t i n t o e l e c t r i c i t y nor was i t 
accepted as such; the effect could have been due, 
for- example, to chemical reactions i n i t i a t e d by 
the action of l i g h t . However, i f p r i o r i t y of 
publication i s thought important Adams and Daŷ  
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heat, but cannot do so d i r e c t l y ; he therefore 
appeals to some kind of sympathetic resonance 
phenomenon allowing the rays of l i g h t *o produce 
the e f f e c t of heat. Apart firom showing that 
under suitable conditions the effects of heat and 
l i g h t could be the same his ground was not very 
strong. 

I t i s d i f f i c u l t tto be positive of the exact, date 
at which the resistance of carbon was known to 
vary w i t h pressure. Bidwell's 
admiUtedly l a t e r , assumes t h i s to be w e l l known. 
Sabine, I I . , o p . c i t . , (92). 
I b i d . , p 404. 
The re s u l t s he gave f o r one 
Junction Kes=istance of 
number .iunction 

2 .0333 M 
5 .0553 M 
4 .032B Mi 
5 .0199 M 
6 .0285 M 

I b i d . , p 405. 

Resistance of selenium 
between .junctions. 

0.19:14 M 
0.1045 M 
0.1233 M 
0.1084 M 

102. I b i d . , p 407. U^ing currents of 2.9 and 0,42; 
/twebers he found a maximum of 8% v a r i a t i o n i n 
the resistance of the junction regions on® 
specimen, and a difference of less than 0,1% i n 
the body of the material. 

103. I b i d , , p 407. 
104. I b i d , , pp 409-410. 
105, IMd,, p 412. 
106, I b i d . , PP 412, 413. 
107. I b i d . , p 413. 
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108. Ubing three c e l l s Sabine measured the following values of x and y, 

I I I I I I IV 
5.68 MA 5.56 MA 4.89 V 3.57 V 
6.39 Mil. 6.43 MA 5.76 V 3.86 V 

55.2 M/X 53.0 MSI 0.75 V 0.53 V 
These r e s u l t s , though somewhat circumstantial, 
seemed to Sabine, conclusive enough. 

109. liraun, P., op . c i t . . (17), (187^). 
110. Schuster, A., 'On Uni l a t e r a l Conductivity', 

P h i l , Mag.. (4th Series), ̂ 8, (1874) PP 251-278. 
Schuster had discovered, purely by chance, that 
poor contacts between copper wire and brass 
terminals possessed the property of conducting 
currents^ d i f f e r e n t l y i n opposite directions-. 
He suggested that oxide films were responsible 
f o r the property. 

111. A short biography of Bidwell can be found i n 
World's Who's Who i n Science p 17/3; and his 
obituary appeared i n Nature, 82, (1909), 
pp 252-253. 

112. Bidwell, S., 'Selenium and i t s Application to the 
Photophone and Telephotography.' Roy^al I n s t i t u t i o n 
Eriday Evening Discourse, March 11, (1881). 
Published i n Roy. I n s t . Lib. Sci. (Phys.). 3, (1970), 
London, pp 138-149. 

113. I b i d . , p 144. 
114. Adams, W.G., and Day, R;.E., op.cit.. (18), (1877). 
115. Draper, H.M., and Moss, R.J., 'On Some Eorms of 

Selenium and on the Influence of Light on the 
E l e c t r i c a l Conductivity of t h i s Element', Proc.Roy, 
I r i s h Acad.. 1, (1873-74), PP 529-533. 

116. Bidwell, S., op.c i t . . (112), (1881), p 144. 
117-. Bidwell, S., 'The E l e c t r i c a l Resistance of Selenium 

Cells', Phil.Mag.. (5th Series), 15, (1883), 
pp 31-35. 

118. Bidwell, S., 'The E l e c t r i c a l Properties of Selenium", 
Phil.Mag.. (40), (1895), p 242. 

119. I t i s i n t e r e s t i n g to record that when photoconductive 
c e l l s were manufactured for various uses- i n the years 
during and fol l o w i n g the second world war, i f these 
were of the microcrystalline type, protection against 
contamination was v i t a l i f they were to function at 
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a l l w e l l . Moisture and oxygen both produced 
deleterious e f f e c t s . We w i l l show l a t e r that 
some of the ef f e c t s described by Bidwell and 
others may be ascribed to the effects of moisture 
and other forms of contamination. 

120. Bidwell, S., 'On the Sensitiveness of Selenium to 
Light, and the Development of a Similar Property 
i n Sulphur', Proc. Phys. Soc, 2» (1885), pp 129-
145. ~ 

121. I b i d . , p 130. 
122. I b i d . , 
123. I b i d . 
124. F r i t t s , C.E., 'On a New Porm of Selenium Ce l l , and 

some E l e c t r i c a l Discoveries made by i t s use', 
Amer.J.Sci.. 26, (1883), pp 465-472. 

125. ., 'On the P r i t t s Selenium Cells and 
j j a t t e r i e s ' , .alectrical Review. 16, (1885), pp 208-211. 

126. I b i d . , p 208, 
127. These are not included i n the body of the thesis 

f o r no other worker seems to have reported them, 
and they have no d i r e c t bearing on the semiconductor 
story, however they are worth the at t e n t i o n of a 
footnote. P r i t t s reported that the kind of battery 
employed affected the l i g h t sensitiveness' of selenium 
c e l l s . He discovered that while some c e l l s operated 
p e r f e c t l y s a t i s f a c t o r i l y / with Leclanche c e l l s they 
refused to react to the action of l i g h t when bichromate 
batteries were used i n the c i r c u i t . This i s a most 
extraordinary,' r e s u l t . He found that an al t e r n a t i n g 
current passing through one of the selenium c e l l s he 
had made rewarded him with a 'singing' tone, he offered 
no explanation of t h i s e f f e c t , which i s indeed 
d i f f i c u l t to understand. The r e c t i f i c a t i o n could 
produce an unbalanced force on one or other of the 
electrodes which might then provide the source of 
sound; but i t i s hard to imagine how such a motion 
would gain s u f f i c i e n t energy to transmit a rea d i l y 
heard sound to the ear, 

128. F r i t t s , C.E., op , c i t . . (125), (1885), p 210. 
'This (photo-) current i s continuous, constant and 
of considerable electrombtive force, A number of 
c e l l s can be arranged i n multiple arc, or i n series, 
l i k e any other battery. The current appears 
i n s t a n t l y when the l i g h t i s thrown upon the cell , , 
and ceases i n s t a n t l y when the l i g h t i s shut o f f . 
I f the l i g h t i s varied properly by any suitable 
means, a telephonic or other corresponding current 
i s produced, whjch can be u t i l i s e d by any suitable 
apparatus-, thus requiring no battery but the selenium 
c e l l i t s e l f . ' 
This represented a considerable technological improvement over the type of c e l l used by Adams and Day; the currents from t h e i r c e l l s were quite small, and unable to a f f e c t a micarophone. 



- 305 -
129. The features of construction that contributed to 

the superior performance of f ' r i t t s ' c e l l s were the 
t h i n selenium layer, thicknesses of 1 to 5 thousandths 
of an inch were given by P r i t t s ; the large area of 
the electrodes, h is 'standard' size was 2 x 2^ inches; 
and possibly, a r e l a t i v e l y good 'ohmic' contact at 
one face, the opaque one, and a r e c t i f y i n g contact at 
the other, where gold f o i l was merely pressed against 
the selenium. 

130. He did comment on the p o s s i b i l i t i e s of investigations 
i n t o selenium; he had noted, as had others, that the 
resistance and s e n s i t i v i t y of his c e l l s depended 
occasionally, on the e l e c t r i c a l treatment they 
received. He was p a r t i c u l a r l y impressed that a few 
devices- altered t h e i r resistance remarkably under the 
influence of a l t e r n a t i n g currents. He wrote:-
'The spectacle of a l i t t l e selenium being stimulated, 
by a few interruptions of the current through i t , 
i n t o changing i t s resistance from a f r a c t i o n of an 
ohm up to a m i l l i o n or several m i l l i o n s of ohms, 
and repeatedly and i n s t a n t l y changing back and 
f o r t h , . . . . i s one which suggests some very 
far-reaching inquiries- to the e l e c t r i c i a n and the 
phy s i c i s t . What i s nature of e l e c t r i c a l conduct
i v i t y / or resistance, and how i s i t so greatly and 
so suddenly changed?'. 

131. Bidwell, S., op.c i t . . (120), (1885), p 131. 
132. I M d i , P 132. 
133. I b i d . , p 132. 
134. Bidwell, S., 'The Effect of Temperature on the 

E l e c t r i c a l Resistance of Mixtures of Sulphur and 
Carbon'. P h i l . Mag.. (5th Series), 13^ (1882), 
pp 347-353. 

135. Bidwell, S., op . c i t . , (120), (1885), p 133, and 
op. c i t . . (134), (1882), p 351. 

136. See, f o r example, a paper read to the National 
Academy of Sciences- by Alexander Graham B e l l on 
A p r i l 21, 1881. 

137. Many selenldes do conduct e l e c t r i c i t y , possibly 
w i t h a very small e l e c t r o l y t i c contribution, but 
they act mainly as semiconductors. 

138. Bidwell, S., op . c i t . . (120), (1885), p 134, where he wrote:-
'. . . .as the r e s u l t of a single rough experiment 
. . . . i t appears that the conductivity of 
selenium which has been annealed i n contact w i t h 
copper i s nearly 3000 times greater than that of 
selenium which has undergone similar treatment 
without the presence of a metal.' 
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139. The f u l l statement can be found i n op.cit.. (120), 

pp 134-136. 
140. Bidwell's words, on t h i s point, were:-

•The f a c t observed by Adams and Day that there i s 
generally a "dimunition of resistance i n selenium 
as the battery power i s increased," The same 
phenomenon occurs i n the mixtures of sulphur and 
carbon before referred to. I t points to the 
existence of imperfect contact between conducting 
p a r t i c l e s , the conduction partaking of the nature 
of a disruptive discharge, and i s consistent w i t h 
the supposition that the p a r t i c l e s of conducting 
selenide are imbedded i n the selenium,' 

141. Bidwell, S., op . c i t , . (120), (1885), p 136, 
142. I b i d . , p 136. 
143. I b i d , , p 137. 
144. Selenium could be annealed from a temperature 

of about 217°0 cooling through the melting point 
of the vitre-ous form, around 104°C, allowing 
the c r y s t a l l i n e v a r i e t y to appear. Sulphur, of 
course, does not behave l i k e t h i s , and annealing 
of t h i s sort was not possible. For Bidwell t h i s 
process was not one of true annealing, indeed i n 
the passage always i n parentheses, but a stage i n 
which the selenides could form around the selenium, 
and perhaps grow i n extent, 

145. See note (144). 
146. Again Bidwell appeared to be searching f o r i n d i r e c t evidence. 
147. Bidwell, S. op . c i t . , (120), (1885), p 137. 
148. Ibdd. 
149. I b i d . , pp 137-138. 
150. I t was l a t e r shown that sulphur was affected by 

l i g h t e x h i b i t i n g the property of photoconductivity. 
However, i t s r e s i s t i v i t y was f a r too high f o r 
Bidwell to have detected t h i s phenomena. Un-
illuminated the r e s i s t i v i t y of sulphur i s about 

18 
10 ohm—cms, decreasing by up to six orders of 
magnitude on i l l u m i n a t i o n by suitable sources, 

151. See Bidwell, S., o p . c i t . . (120), (1885), p 142. 
152. I b i d . , p 142. 
153. The resistance of the galvanometer used as a 

current meter was much lower than the lowest 
resistance of the sulphur - s i l v e r sulphide c e l l 
a t i t s minimum. 
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154. Bidwell, S., op . c i t . . (120), (1885), p 143. 
155. Note that i t had not been established whether 

s i l v e r sulphide was an e l e c t r o l y t i c conductor. 
156. Bidwell, S., op . c i t . . (120), (1885;, -p 145* - <-
157. I n spite of his apparent close reading of the 

l i t e r a t u r e the work of Braun, (170, (1884), 
s-eems to have esxjaped his a t t e n t i o n , as i t did 
that of most workers i n the l a t e 19th century. 

158. Moser, J,, 'The Microphonic Action of Selenium 
Cells' Proc. Phyg, Soc. 4, (1880-1881), 
pp 348-3W: 

159. I b i d . , p 357, f o r example. 
160. Microphones operating on the varying contact 

resistance of carbon granules with changing 
pressure had been introduced by B e l l i n the 
l a t e 1870's. 

161. Bidwell, S., 'On the Generation of E l e c t r i c 
Currents by Sulphur Cells', P h i l . Mag., (5th 
Series), 20, (1885) pp 328-35^^^ 

162. Moser, J., op . c i t . . (158),a880-1881), p 348. 
163. The two kinds of photophone were the mechanically 

operated v a r i e t y that might have operated by 
temperature e f f e c t s , and the purely e l e c t r i c a l l y 
operated v a r i e t y . The three forms of l i g h t rays, 
were, chemical, v i s i b l e and heat, 

164. Moser, J., op . c i t . . (158), (1880-1881), p 348. 
165. The f u l l description of th i s method of preparation 

of selenium c e l l s i s given i n Moser, J,, op, c i t . , 
(158), (1880-1881), pp 351-352. 

166. Moser, J., op.cit.. (158), (1880-1881), p 352. 
167. I b i d . , p 357. 
168. Moser's footnote on t h i s point was; 

'On melting selenium, a grey f i l m formed on the 
surface. This being removed by a platinum 
spatula, the amorphous selenium showed a b r i l l i a n t 
surface; and only such s-elenium was employed, 
i n order to get congruent r e s u l t s . ' 

169. I t i s questionable whether the a l l o t r o p i c mod
i f i c a t i o n s can be considered as chemical modifications, 
a reservation f u l l y shared by Moser, 

170. Moser, J., op . c i t . , (158), (1880-1881), p 360. 
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171. Bidwell, S., op. c i t . . (120), (1885). 
17'2. Adams, W.G., and Day, R.E., op. c i t . . (18), (1877). 
173-, Flowers, A.E,, 'Crystal and Solid Contact 

R e c t i f i e r s ' Phys. Rev.. 2^, (1909), pp 445-460. 
17^. Bidwell, S., 'The E l e c t r i c a l Resistance of 

Selenium Cells', P h i l . Mag.. (5th Series), 15, 
(1883), pp 31-35. 

175. Adams, W,G,, and Day, R,E., op, c i t . , (18), (1876), 
P 329. 

176. Bidwell, S., op. c i t . . (174), (1883), p 31. 
177. I b i d . 
178. I b i d . 
179. His words, to be found i n op. c i t . , ( 1 7 4 ) , (1883), 

p 31, were:-
'This theory can evidently be submitted to a very 
simple and concluusive test. I f i t i s true that 
the observed effects are due merely to a r i s e of 
temperature, then i t i s cle a r l y immaterial whether 
such a r i s e of temperature i s brought about by 
the heating action of l i g h t or by the d i r e c t 
a pplication of heat i n the ordinary way.• 

180. That i s while i n many/ cases the resistance increased 
withi temperature, often the reverse was true, 

181. See, f o r example, Bidwell, S., 'The Effect of 
Temperature upon the E l e c t r i c a l Resistance of 
Selenium', P h i l , Mag,. (5th Series), 11, (1881), 
p 302. "~ 

182. Adams, W,G., and Day, R.E., op. c i t , . (18), (1877). 
183. Sabine, R., op. c i t . . (92), (1878). 
184. Bidwell, S., op. c i t . . (174), (1883), p 35. 
185. Bidwell, S., op. c i t . . (120). 
186. Bidwell, S., 'On the Generation of El e c t r i c 

Currents by Sulphur Cells', P h i l . Mag.. (5th Series), 
20, (1885), pp 328-336. 

187'. The most important 'suitable' circumstance was 
that the free sulphur, presumably liberated by 
el e c t r o l y s i s from the sulphide, would combine w i t h 
the anode. Hence the general use of s i l v e r . 

188. Bidwell, S., 'A Voltaic Cell w i th a Solid E l e c t r o l y t e ' 
Nature, ^2, (1885), p 345. 
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189. I b i d . 
190. The pres-ence of an E.M.P. could be taken as 

'proof of chemical action producing e l e c t r i c i t y ; 
the reverse process of e l e c t r o l y s i s might then 
be expected. 

191. Bidwell, S., op.cit.. (118), (1895), pp 233-256. 
192. Bidwell, S., op.cit.. (120), footnote p 144. 

' I t i s especially des-irable to ascertain experi
mentally^ whether the combination of selenium 
wi t h metals use as electrodes i n selenium c e l l s 
i s assisted by l i g h t . ' 

193. Adams, W.G., and Day, R.E., op.cit.. (18), (1877), pp 328-332. 
194. Bidwell, S., o p . c i t . . (118), (1895), p 245. 
195. I b i d . , p 245. Bidwell claimed that a current 

'not greater than 1/300 part of that which 
occurred i n ordinary a i r would not have escaped 
detection.• He did not give the magnitude of 
t h i s current. 

196. Bidwell, S., op.cit.. (118), (1895), p 247. 

197. Bldwell's d e f i n i t i o n s of metallic and e l e c t r o l y t i c 
conduction were the commonly accepted ones; i n 
met§illic conduction there was no transport of 
material and the temperature c o e f f i c i e n t of 
resistance was p o s i t i v e ; electrolytes behaved 
i n the contrary s-ense. 

198. Bidwell could only demonstrate that i n the 
presence of moisture was es-sential to the 
assumed e l e c t r o l y t i c action i n cuprous selenide; 
also the weight, changes- that accompanied t h i s 
action were larger than was expected. The 
f u l l experimental d e t a i l s can be found i n 
Bidwell, S., op.cit,. (184), PP 247-251. 

199. Bidwell, S., op.cit.. (118), (1895), p 241. 
200. I b i d . , pp 254-256.. 
201. 17 conclusions were quoted i n his summary, 
202. Bidwell, S., op.cit.. (118), (1895), pp 254-256. 
2X)3. Henisch;, H.K., Rectifying Semiconductor Contacts 

(Oxford, 1957). 
2"04. I b i d . , p 265. The concept oif 'forming' expressed 

here i s not d i s s i m i l a r to the idea of 'set' 
proposed by Adams and Day to describe the e f f e c t 
of an i n i t i a l current passed through t h e i r c e l l s . 
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205. I b i d . , pp 340-341. 
206. Reyval, J., 'les Proprietes Electriques du 

Selenium', Eel. E l e c . 17, (1898), pp 311-316, 
207. I b i d . , p 316. 
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was read, 

22, Siemens, W,, op,cit;,. ( 3 ) , (1875), P 416, 
23. Siemens, C.W., op.cit.. ( 7 ) , (1876), p 77. 
2*4. Bidwell, S., op.cit.. (10), (1881), pp 145-149. 
23. Nipkow, P., (1884). 
26'. A comparison photometer using selenium c e l l s and 

i t s concomitant c i r c u i t r y might w e l l be more 
complicated, less accurate and more expensive than 
a simple v i s u a l photometer. 

27'. Bidwell, S., Letter to Nature, 78, (1908), pp 105-106-. 
28. B e l l , A.G,, Lecture to the Royal I n s t i t u t i o n May 17, 1878, 
29. B e l l , A.G,, and Tainter, S., 'Photophone Transmitter', 

U',S. Patent. 235,496, 25/9/1880. 
, U.S. Patent. 235,497, 25/9/1880. 

Berliner, E., 'Photophonic Transmitter', U.S.Patent, 235,120, 3/9/1880. 
30. Nature, 21, (1880), p 576. 
31. I b i d . , p 589. 
32. B e l l had found that t h i n sheets of various materials 

emitted sounds when illuminated by l i g h t of varying 
i n t e n s i t y . He discovered many substances that 
behaved i n t h i s fashion, glass, worsted, f i b r e s and 
so on. He reported a large number of investigations 
i n t o these phenomena i n Nature. 24, (1881), pp 42-44. 
His o r i g i n a l observations were discussed by other 
researchers and seem to have influenced Moser i n his 
work. Lord Rayleigh provided some calculations i n 
Nature. 2^, (1881), pp 274-275. 

33. Thompson, S.P., 'The Photophone', Nature, 22, (1880), p 481. 
34. I b i d . 
35. I b i d . , 
36. I b i d . 
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37. B e l l , A.G,, 'Selenium and the Photophone', Nature, 

22, (1880), pp 500-503. Abstract of Lecture 
delivered to the American Association f o r the 
Advancement of Science. 

38. I b i d . , p 503. 
39\ Nature. 23, (1881), pp 15-19. A r t i c l e unsigned. 
40. Bidwell, S., Nature. 'The Photophone', 23,, (1881), pp 58-59. 
41. Nature. 23, (1881), pp 423-424. Report of a paper 

delivered to The Physical Society, February 26, 
1881, by Ayrton and Perry. 

42. Lodge, 0., 'Modern Views of E l e c t r i c i t y ' , Nature, 
3 6 - 3 9 , (1887-1889). Serialised i n four parts. 
Later published i n book form 1889; 2nd Ed., 1892. 

43. ,, 'On Electrolysis-', B.A.A.S. Report. 
U885), pp 

44. Thomson, J.J., Notes on Recent Researches i n 
E l e c t r i c i t y and Magnetism. (Oxford. 1893J. 

45. Whittaker, E.T., History of the Theories of Aether 
and E l e c t r i c i t y / . (Dublin, 1910 

46. That i s , of course, w i t h the publication of A.H. 
Wilson's seminal papers i n Proc.Roy.Soc.. (A), 
133 and 134, (1931). 

47. This i s a necessary i n j u n c t i o n , f o r i t i s important 
to bear i n mind that the publication of Maxwell's 
work on electrodynamics did not immediately allow 
even electro-magnetism to be completely explained; 
and electrochemical problems had been the seat of 
almost continuous- debate and discovery since the 
i n i t i a l work i n the opening years of the 19th 
century. 

48. That i s Adams and Day, Siemens, Sabine, Bidwell, 
P r i t t s , Braun, Earl of Rosse, Moser. 

49. Thomson, J.J., op . c i t . . (H4), (1893), p.V, Preface. 
50. Several l e t t e r s were published i n Nature, f o r 

example} including one i n June 1875 from J.E.H. 
Gordon a student at The Cavendish under Maxwell, 

51. Thomson, J,J., op.cit.. ( 4 4 ) , (1893), pp 1-52. 
52. I b i d . , p 2. 
53. See, for example. Topper, D.R., J.J. Thomson and 

Maxwell's Electromagnetic Theoryv, Case Western 
Reserve University, Ph.D., U970). 
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54. To define 'fundamentals of e l e c t r i c a l theory' i s 
somewhat d i f f i c u l t without meeting' some c i r c u l a r i t y 
of argument. Perhaps to define 'fundamental' 
research as being that which aims to confirm or 
change the bases of ex i s t i n g theories; while 
non-fundamental i s that research which takes e x i s t i n g 
theories as given and then attbempts to describe 
new phenomena i n those terms, may be a passable 
approach to the problem. Maybe the term i s only 
definable w ith hindsight, 

55. Thomson, J.J., o p . c i t . . (44), (1893), p 50. 
56. I b i d . , p 52. 
57. I b i d . 
58. Arrhenius, S.A., 'On the Dissociation of Substances 

i n Aqueous Solution', Zelts.f.Phys.Chem., 1, (1887), 
pp 631-648. 
Translated paper published i n Hurd, D.L., and Ki p l i n g , 
J.J'., (eds.), The Origins and Growth of Physical 
Science. 2, pp 2P94-306, (London, 1964), (Pelican 
E d i t i o n ) , " 

59. Some h i n t s of the problems raised, and solved, by 
Arrhenius' theory are indicated i n Pledge, H.T., 
Science since 1500, 2nd. ed., (London, 1966), 
pp 208-212. 

60. That i s i n Recent Researches. I t may be arguable 
whether a compilation of up-to-date work i s didactic: 
but i t has been suggested to me, (by Dr. D.M. Knight), 
that a l l n o n - f i c t i o n books serve such a purpose. 

61. Thomson, J.J., o p . c i t . , (44), pp 43-52'. Some 
in t e r e s t i n g diagrams are given i l l u s t r a t i n g the 
i n t e r a c t i o n between tubes of force; showing them 
strained, growing, breaking, shrinking and so on. 
Thomson develops a mainly q u a l i t a t i v e description of 
various e l e c t r i c a l phenomena. 

62. H a l l , E,H,, 'On a New Action of the Magnet on 
El e c t r i c Currents', Amer,J,Math.. 2-, (187'9). 
pp 267-292, and Phil.Mag.. (5). ̂ ,""(1880), pp 225-230, 
reprinted i n Magie, W.F., Source Book i n Physics. 
Harvard, (1965), pp 542-5471 Future reference w i l l 
be to t h i s version; abbreviation w i l l be H a l l , E.H., 
(Magie), (62). 

63. H a l l , E.H., (Magie), (62), p 542. 
64o I b i d . , pp 543, '544. Hall's words were:-

'The statement seemed to me to be contrary to the 
most natural supposition i n the case considered, 
taking i n t o account the f a c t that a wire not bearing 
a current i s i n general not affected by a magnet. 
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and that a wire bearing a current i s affected 
exactly i n proportion to the strength of the 
current, while the size and, i n general, the 
material of the wire are matters of indifference. 
Moreover, i n explaining the phenomena of s t a t i c a l 
e l e c t r i c i t y , i t i s customary to say that charged 
hodies are attracted toward each other or the 
contrary solely by> the a t t r a c t i o n or repulsion 
of the charges f o r each other. 
'Soon a f t e r reading the above statement i n 
Maxwell I read an a r t i c l e by Prof. Edlund, 
e n t i t l e d "Unipolar Induction" ( P h i l . Mag., Oct. 
1878, or Annaler® de Chimie et de Phyaaque. Jan. 
1879), i n which the author evidently^ assumes^ that 
a magnet acts upon a current i n a f i x e d conductor 
jus't as i t acts upon the conductor i t s e l f when; 
free to move.' 

65. H a l l , E.H., (Magie), (62), pp 543-544. 
The resistance measurements were made on a f l a t 
s p i r a l of German-s^llver wire that could be placed 
between the pole® of an electromagnet; the magnet 
could produce a f i e l d of about 3000 Gausŝ . Ha l l 
detected no resistance change greater than one part 
i n one hundred and f i f t y thousand. 

66, He was content merely to indicate the d i r e c t i o n of 
the transverse e.m.f,; i n t h i s f i r s t paper, at 
l e a s t , he did not ascribe a sign to the current 
i t s - e l f . 

6̂ 7. H a l l , i-.H., (Magie), (62), p 545. 
6B. Thomson, J.J., op.cit.. (44), pp 484-509. Hall's 

e f f e c t i s given the equivalent of a page's discussion 
i n a more general treatment of the i n t e r a c t i o n between 
polarised l i g h t and i t s r e f l e c t i o n form magnetic pole 
pieces. I t i s i n t e r e s t i n g to note tha* i n the 
Index of Recent Regearcheg. the H a l l e f f e c t i s referred 
to on pp 484 and 486; i n f a c t two ftHall' effects 
are referenced. The f i r s t refers to a measurement 
Ha l l (presumably the same one) made on the r o t a t i o n 
of the plane? of p o l a r i s a t i o n when l i g h t is? r e f l e c t e d 
from^ n i c k e l and cobalt; the S'econd'refers- to our 
'Hall' e f f e c t ; i . e . the production of a transverse 
e,m.f, across- a t h i n conductor carrying a current 
and intersected by a magnetic f i e l d , 

69. Rowland, H.A. 'Preliminary iMoteŝ  on Mr. Hall's 
Recent Discovery', Proc. Roy. Soc. 4, (1880-81), 
pp 10-15. 

70. IMd., p 11. 
7a. I b i d . 
72. See f o r example Papers' l i s t e d i n McKay, T., 'The H a l l 

E f f e c t : - a bibliography', Proc. Amer. Acad.. 41, (1906), 
pp 385-395. • 
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?5. Thomson, (s^ee Ref. (74), below), wrote 'Prof. Rowland 
has- l a t e l y published i n the Amer. J.Math,. (2,, iMo,4; 
2,.» i'̂ ios, 1 and 2) a series of papers: on "The General 
Equations' of Electromagnetic Action w i t h Application 
to a New Theory of Magnetic A t t r a c t i o n s , and to the 
Theory of l i g h t . " The papers', i n addition to what 
i s s'tated i n t h e i r t i t l e , contain the mathematical 
consideration of that action of magnetism on e l e c t r i c 
currents which was l a t e l y discovered by Mr. H a l l , 
and i t i s proved i n them that, i f Maxwell's theory of 
l i g h t be true , t h i s action w i l l explain the magnetic 
r o t a t i o n of the plane of polarisation of l i g h t , ' 

74. Thomson, J.J,, 'Prof. Rowland's New Theory of 
Magnetic Action', Nature, 24, (1881), pp 204-206, 

7̂ 5. Bidwell, S., 'On an Explanation of Hall's Phenomenon', 
Proc,Roy,Soc., 36, (1884), pp 341-348. 

76. ,, 'On some Experiments i l l u s t r a t i n g an 
Explanation of Hall's Phenomenon', Proc, Phys, Soc, 
6, (1885), pp 29-47-. 

77. Nature. 2S, (1884), p 467. 
78. Bidwell, S., 'The Reversal of Hall's Phenomenon', 

Nature, 29, (1884), p 514. 
79. Bidwell, S., o p , c i t , , (76), (1884). 
80. The H a l l e f f e c t would be rewarding to study, both 

as a phenomenon i n i t s own r i g h t , and as a measiiring 
' t o o l ' . I t i s i n t e r e s t i n g to note that an elementary 
explanation of t h i s e f f e c t involves no more: C$) than 
an acceptance of the electron and a knowledge of the 
force between magnetic f i e l d s and moving charges. 
I t i s remarkable how the introduction of the 
elementary e l e c t r i c a l charge allowed the long mathe
matical 'unsuccessful' treatment by Thomson i n 
Recent Res-earches' to be replaced by a few lines of 
algelira, 

81. Eidwell, S., op . c i t , , (76), (1884), p 29, 
82. I b i d . 
83. I b i d , 
84. I b i d , , p 30. 
85. I b i d , , p 34. 
86), I b i d . , pp 35-"3̂ 6, Bidwell described his early tests 

i n these words 
'The idea of mechanical s t r a i n occurred to me; . . . 
I attached a s t r i n g by means of s«aling-wax across 
the middle of a t h i n sheet of i r o n , which was' 
cemented to glass and connected w i t h the battery 
and the galvanometer as usual. On p u l l i n g the 
s t r i n g i n a transverse d i r e c t i o n I found unmistakable 
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indications of a galavanometer-deflection i n 
the same d i r e c t i o n as i f the sheet of i r o n had 
been acted upon, not by a mechanical p u l l , but 
by the electromagnetic force. The effect was' 
small, but I have since greatly increased by the 
followi4'g' device:- A s t r i p of t h i n i r o n was 
cemented between two t h i n s l i p s of deal about 
20 cms long, forming a kind of sandwich. The 
sandwich was attached to a board by means of 
four s-crews", the distance between the middle 
screws being about 7 cm. The two ends' of the 
i r o n were connected with a battery, and the middle 
points- of i t s opposite edges with a galavanometer. 
On pressing w i t h the finger the middle of one edge 
of, the sandwich i n a d i r e c t i o n perpendicular to 
i t s length and i n the plane of the metal, though 
no appreciable d i s t o r t i o n was produced, the 
galvanometer was immediately deflected the 
d i r e c t i o n of the current from the s t r i p to the 
galvanometer being always the same as the d i r e c t i o n 
of the force.' 
Similar r e s u l t s were obtained with platinum f o i l 
although i n the opposite sense. 

87. Bidwell, S., op . c i t . . (76), (1884), p 36. 
88. I b i d , , pp 39-41. The whole of these pages i s 

reproduced. The te x t must be read i n conjunction 
w i t h the diagrams drawn below; 
are Bidwell's'. 

the figure numbers 
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'Suppose that a current i s passing through the 
plate from C to D, and that A and B are two points 
on the opposite edges, which, when the metal i s 
unstrained, are at the same p o t e n t i a l . Then the 
r a t i o of the resistances between the points C and 
A, and the points A and D, i s equal to that between 
the points, C, Bi and the points B,D, And so f a r 
as mechanical s t r a i n alone i s concerned, t h i s 
equality w i l l not be disturbed by placing the plate 
i n a magnetic f i e l d , the s t r a i n produced symmetrically 
d i s t r i b u t e d on both sides of the middle l i n e . At 
a l l events, no s t r a i n could occur which would i n 
i t s e l f a f f e c t the resistance of gold and i r o n i n 
opposite ways, f o r the resistance of both i s increased 
by extension, and (presximably) diminished by 
compression. But the currents from C to A and from 
B to D pass- from regions which) are compressed to 
regions which are stretched, while the opposite i s 
the case with currents passing- from C to B'. and from 
A to D, And here the thermoelectric ef f e c t comes 
int o playo 
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I t has already been mentioned that a thermoelectric 
current w i l l pass from a stretched copper wire to 
an unstretched copper wire i n contact w i t h i t , i f 
the junction i s heated. Prom t h i s i t might be 
i n f e r r e d , that a current would flow through the 
heated junction from an unstretched or free copper 
wire to a l o n g i t u d i n a l l y compressed copper wire. 
And I have proved by actual experiment that t h i s i s 
the case. A f o r t i o r i , therefore, a current would 
pas-s through the heated junction from a stretched 
copper wire to a compressed copper wire. For 
si m i l a r reasons the current would, i f the wires- were 
of i r o n , flow i n the opposite d i r e c t i o n , from the 
compressed wire to the stretched wire, across the 
hot junction. And the same effe c t s , so f a r as-
regards- currents between stretched and unstretched 
portions, occur, as I have proved experimentally, 
i f s t r i p s of f o i l are used instead of wires. I f , 
therefore, a battery-current i s passed from a 
stretched portion of a wire or f o i l to a compressed 
po r t i o n , heat w i l l (according to the laws of the 
P e l t i e r e f f e c t ) be absorbed at the junction i f the 
metal i s copper and be developed at the junction i f 
the metal i s i r o n . I n passing from compressed to 
stretched regions the converse w i l l occur. 
Let us imagine the metal plate to be divided into 
four equal regions A,B,C,D, as shown i n fig u r e 4. 
Let a current pass through the plate from E to P, 
and l e t a force (produced electromagnetically or 
otherwise) be applied i n the d i r e c t i o n HG. F i r s t , 
suppos-e that the plate i s of copper, then the current 
t r a v e l l i n g from E to the l i n e OG. pas-ses from a 
compressed to a stretched portion of the metal; 
heat w i l l therefore be developed i n the region A, 
Between the l i n e OG and the point P, the current 
passes from a stretched to a compressed portion of 
the metal; heat w i l l therefore be absorbed i n the 
region B'̂  Por l i k e reasons, heat w i l l be absorbed 
i n C and developed i n D. The temperature of the 
copper plate w i l l therefore not be uniform, the-
portions A and D bjeing on the whole hotter than the 
portions B* and G. BUt the resistance of A and D 
w i l l therefore be greater, and the resistance of B 
and 0 smaller, than before the plate was strained. 
I f therefore GH were o r i g i n a l l y an equipotential 
l i n e , i t i s clear that i t w i l l be so no longer. An 
equipotential l i n e through the point 0 w i l l now be 
in c l i n e d to GH i n the d i r e c t i o n KL, as shown i n the 
f i g u r e . ' 

89'. Bidwell, S., o p . c i t . , (76), (1884), P 42. 
Where there was no co r r e l a t i o n , i n the case of 
aluminium and one specimen of gold, Bidwell suggested 
that impurities or i r r e g u l a r i t i e s could be the 
cause of differences, 

90, I b i d , , p 47. 
91. I b i d . , p 47. Bidwell refers- to a paper by William 

Thomson published i n P h i l . Trans, i n which the thermo
e l e c t r i c e f f e c t between d i f f e r e n t l y treated copper 
wire i s announced. 
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I n o p , c i t . . (75), (1884), p 344, Bidwell references 
Thomson's Bakerian lecture of 1856 P h i l , Trans, 
(1856), p 711. 

92. See Ref. (88). 
93'. Whetham, W.C.D., A Treatise on the Theory of Solution 

including the Phenomena of E l e c t r o l y s i s , (Cambridge, 
1902), pp 367-368. 

94. Bidwell, S., op . c i t . . (11), (1895). 
95. I b i d , , p 236, 
9J6;, I'erkson, W,, Fields of Eorce; The Development of a 

World View from Earaday to Einstein. (London. 1974). 
91, Nye, M,J., Molecular Reality; A Pers-pective on the 

S c i e n t i f i c Work of Jean Perrin.(London, 1972). 
98. Bierkson, W., o p . c i t . . (96), (1974), p 161, 
99. The 'point' Berkson i s r e f e r r i n g to was Maxwell's 

successful incorporation of displacement current 
i n t o his expression f o r the magnetic f i e l d generated 
by a current; showing that both 'conduction' and 
•displacement' components had to be included. The 
equation given by Be^kson i s : -

/\.%2 + ^ = c u r l IL 

100. See, f o r example, Berkson, W., op.cit,. (96), p 145, 
p 271. On the l a t t e r page Berkson w r i t e s : -
'Thus Lorentz combined the old theories of Weber, etc., 
which assume that a l l e l e c t r i c i t y i s due to small 
charged p a r t i c l e s acting at a distance, w i t h 
Maxwell's theory which rejected action at a distance 
and considered the hypothesis of 'electrons' foreign 
•feo i t . Maxwell had kept to Faraday's idea that 
charge was an e f f e c t ofthe medium between bodies, 
and not a f l u i d . This marriage of the d i f f e r e n t 
schools was not comfortable, because the electron 
was hard to Incorporate into Maxwell's theory', 

101. Nye, M.J,, o p . c i t . , (97), Introduction, p i x . 
102. Helmholtss, H,, The Modern Development of Faraday's 

Conception of E l e c t r i c i t y , J.Ghem.Soc.. 39, (1881), 
pp 277-304. 

103. The term 'review type' i s , I recognise, somewhat 
vague. The works I refer to here and i n subsequent 
pages were rather more than the normal review paper 
where the 'state of the a r t ' i s reviewed w i t h l i t t l e 
polemic and less h i s t o r y . Rather, they were 
concerned w i t h a detailed analysis of a p a r t i c u l a r 
sutogect i n which comparisons and contrasts were 
drawn between various theories and experiments 
which were aimed at defining a l i n e of development 
rather than o u t l i n i n g the route to the then held 
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opinion. Like a l l review papers they included 
not only the work of the w r i t e r but that of major 
contributors to the f i e l d ; also the material 
included f o r discussion was i n e v i t a b l y selected 
and pre-digested. However although i t i s impossible 
to be sure i t i s probabljy t h i s sort, of information 
that would f i l t e r through to those who were not 
p r i m a r i l y concerned with understanding the 
processes of e l e c t r i c i t y per se. Whether these 
are primary or secondary material i s rather d i f f i c u l t 
to say; they are secondary i n that they represent , 
not o r i g i n a l work on the subject but glosses and 
discussions- of that work; they are primary i n 
that the gloss they give i s contemporary with the 
work that was- s t i l l being a c t i v e l y pursued and that 
they were w r i t t e n by a physicist of undoubted 
eminence whose opinions were taken seriously, (at 
leas-t i n physics ] ) 

104. Lodge, 0., o p . c i t . . (42), (1887-89). 
105. ,, o p . c i t . . (43), (1885). 
106. ,, 'On the Seat of the EMP's i n a Voltaic 

C e l l ' . J.IEE, 11, (1885), pp 187-223. 
Lodge's paper engendered considerable discussion 
reported i n the same volume on pp 22^4-298, 

10*7. ,, 'On the Controversy Surrounding Volta!:S 
Contact Porce, P h i l , Mag,. (5th Series), 49, (1900), 
pp 351-383, 

108. Kelvin, Lord, 'Contact E l e c t r i c i t y of Metals', 
P h i l . Mag.. (5th Series), 46, (1898), pp 82-120. 

109. Quoted i n Berkson, W., op.cit.. (96), p 155. Cites 
source as Duhem, P,, The Aim and Structure of 
Physical Theory, translated by P,P, Wiener, (New 
l o r k , 1962>), p 71. 

110. Lodge, 0,, .op,cit.. (42), (1887-89), p 533. 
111. I b i d . , Lodge i s r e f e r r i n g to the phenomenon of 

charging bodies w i t h e l e c t r i c i t y . 
112. I b i d , , p 533. 
113. I t i s almost impossible to understand what this' 

analogy meant precisely, for Lodge made no use of 
the p i c t u r e . He introduced i t to overcome the very 
r e a l d i f f i c u l t i e s that existed when the properties 
of a mechanical ether were used to explain e l e c t r i c a l 
phenomena, and at the same time to allow f o r the 
w e l l known mechanical movement of the planets, f o r 
example. I n any case the structure of j e l l i e s was 
no clearer than the structure of the ether; such 
an analogy only serves to confuse f u r t h e r and can 
be taken as another i l l u s t r a t i o n that the e t h e r i a l 
theory of e l e c t r i c i t y was not at i t s best when 
mechanical analogies were introduced. 
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114. Twenty years l a t e r takes us to the year 1908 by which 

time the dominant e l e c t r i c a l theory was that of 
Iiorentz and Drude, The fundamental basis had 
shif t e d from an e-ther whose modifications produced 
observable e l e c t r i c and magnetic phenomena to the 
as-sumption of an atomic e l e c t r i c i t y represented 
by the electron. Furthermore^ lorentzfei theory 
which resulted i n an unobservable eiiherial f l u i d 
was being replaced by Einstein's r e l a t i v i s t i c 
concepts whem an ether was unnecessary, 

115. This point, I confess, is not made e x p l i c i t i n 
Berkson's work; but I suggest that i t i s one 
of the threads i n the f i r s t chapters of the book 
where Bterkson leads us through the build up to 
Maxwell's theory of the electromagnetic f i e l d , 
Berkson views the work of Faraday and Maxwell as 
being, i n a sense, anti-Hewtonian and i n Chapter 
3 of h i s Fields of Force. (Ref. (96) above pp 74-103), 
the opinion can be cl e a r l y seen that electrostatics 
and the models used to develop the associated 
theories of stationary e l e c t r i c i t y , could not be 
used to examine the r e l a t i v e truths of r i v a l 
theories, 

116. This i s not a purely t r i v i a l point; f o r while i t 
i s evident that given a formal analogy between 
systems that obey the same equations a model of 
one may be made with the other i t i s , of course, 
not true that the performance of an analogy may 
be used to predict the action of the system i t i s 
modelling. There may be unknown effects that the 
model does not represent. I n the case of e l e c t r i c a l 
systems we may evidence the Ha l l effect which could 
not be modelled on Lodge's systems of pulleys, 
wires and beads. 

117. P a r t i c u l a r l y Chapter VI i n Lodge, 0,, Modern Views 
of E l e c t r i c i t y 2nd Ed., (London, 18927^ 

118. Lodge, 0., op.c i t . . (42), Nature. 36, (1887), 
pp 582-583. ~~ 

119. I b i d . , p 583. 
120. I b i d . 
121. Lodge, 0., op.cit.. (42), Nature. 32» (1887), p 12. 
122. I b i d . , pp 12-13. 
123. See, f o r example, Refs. (43), (106), (107). 
124. In the book version of Modern Views, f o r example, 

h a l f the w r i t i n g i s devoted to subjects that f a l l 
w i t h i n the scope of electrodynamics and magnetism. 

125. Lodge, 0., op.c i t . . (42), Nature. 39, (1888), 
pp 320-322. ~" 
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126, I b i d . , 
127. I b i d , 
128. I b i d , 
129. I b i d , 
130. I b i d . , 
131. Lodge, 
132. I b i d . , 

'Some 

p 321, 

p i x . Lodge wrote: 
^ )f the d e t a i l s of my explanations may be 

wrong (though I hope n o t ) , and a l l must be 
capable of ultimate improvement, but as to the 
main doctrine concerning the nature of e l e c t r i c i t y , 
though I c a l l i t a "view", i t i s to me no view 
but a conviction. Pew things i n physical science 
appear to me more certain than that has so long 
been called e l e c t r i c i t y i s a form, or rather a 
mode of manifestation, of the ether. Such words 
as " e l e c t r i c " , may remain; " e l e c t r i f i c a t i o n " 
may gradually have to go.' 

133. I b i d , , p X, 
134. P a r t i c u l a r l y see Bidwell's reply to Moser i n 

Bidwell, S., 'The E l e c t r i c a l Resistance of 
Selenium Cells-,' P h i l . Mag.. (5th Series-), 15, 
(1883), pp 31-35. 

135. Adams, W.G., and Day, R.E., 'The Action of Light 
on Selenium', P h i l . Trans.. 167, (1877), pp 313-349. 

136. Braun, P., 'ttber Uhipolare E l e k t r i c i t f l t s l e i t u n g ' , 
Ann.Phy^.(Wied.), 4. (18?8), pp 478-479. 

137. That i s , of course, Paraday's laws of e l e c t r o l y s i s , 
and the f a c t of chemical action. 

138. That i n an e l e c t r o l y t e there were at least some 
molecules dissociated i n solution, 

139. Helmholtz had suggested, r e f . (102), that, e l e c t r i c i t y 
might, i n f a c t be actually atomic, 

140. Lodge, 0., op.cit.. (43), (1885). 
141. I b i d . , p 723, 
142. I b i d . , p 723. 
143. I b i d , , p 725. Lodge, when discussing the 

p o s s i b i l i t y of detecting very small amounts of 
p o l a r i s a t i o n w i t h very delicate galvanometers, 
pointed out that ' t h i s test may also f a i l by 
reason of secondary actions. I t i s the merest 
commonplace that an ordinary voltameter behaves 
as a very leaky condens-or, A continual drain 
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of e l e c t r i c i t y goes through i t , however small 
the E.M.F, applied; and when charged, and 
l e f t , the charge i s found very rapidlyy to 
diminish. I t i s facts l i k e these which have 
so often suggested s l i g h t metallic conductivity. 
t h i s , ' 

144. I b i d , , P 727. 
145. I b i d , , p 727. 
146. I b i d , 
147. I b i d . , pp 749--762^ 
148, I b i d . , PP 749--750. 
149. I b i d . , P 750. Lodge's 

'The only objection that may be p l a i n l y stated 
against the theory i s that i t seems to require 
some small force able to eff e c t the necessary 
i n i t i a l decomposition, and i t suggests that 
conductivity and tenacity of composition are 
related to one another i n some opposing manner. 
Facts, however, f a i l to bear out any such idea; 
conductivity and chemical tenacity seem independent 
of one another; and, as has been ju s t said . . . ., 
no f i n i t e force, however small, has ever been found 
necessary to decompose an e l e c t r o l y t e when r e a l l y 
applied to i t . 
I n other words, no pol a r i s a t i o n exists inside a 
homogeneous e l e c t r o l y t e ; there i s no chemical 
c l i n g of the atoms there, but only a f ^ i c t i o n a l 
rum,' 

150. I b i d . 
151. I b i d . 
152. I b i d . 
153. I b i d . 
154. I b i d . 
155. I b i d . 

p 750. 
p 751. 
P 750, 
P 751. 
P 751. 

156, I b i d , , pp 751-757. Lodge describes Wiedemann's 
157. theory thus:-
^cq* 'He supposes the atoms charged by contact w i t h 

each other, and the molecule charged by contact 
w i t h the vessel; and, having thus obtained the 
needful e l e c t r i f i c a t i o n s , decomposition and endosmose 
na t u r a l l y f o l l o w . . . . the atoms i n a molecule, i f 
they e l e c t r i f y each other by contact, necessarily 
do so w i t h equal quantities; .... Wiedemann explains 
the unequal rate of t r a v e l . . . . by a difference 
i n the resistance met with . . . . a hydrogen atom 
s l i p s through the l i q u i d more easily than an oxygen 
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atom, and so gets along faster. 
Wiedemann's theory thus chimes i n b e a u t i f u l l y with-
that of Kohrausch, who postulates a specific 
v e l o c i t y f o r every ion; a v e l o c i t y which depends 
only on the nature of the l i q u i d i n which i t has 
to t r a v e l , and the dV/dx which drives i t . ' 
Introducing Kohlrausch's picture Lodge wrote:-
'The fundamental assumptions underlying the 
b e a u t i f u l theory of Kohlrausch are the same as 
those adopted by Wie-demann. He considers 
e l e c t r o l y t i c conduction performed by dissociated 
atoms, each of which carries the same numerical 
charge of e l e c t r i c i t y , one set positive the other 
negative,' 

160. I b i d , , pp 7/54-757. 
According to Lodge Kohlrausch considered that 
absolute ionic v e l o c i t i e s could be determined 
from conductivity data, (at least at low con
centrations). Lodge argued that t h i s may be 
true i f current was conveyed by the dissociated 
s a l t only, i f the solvent took part i n conduction 
then./03ily the product of concentration and 
v e l o c i t y could be determined. 

161. I b i d . , p 757. 
162. Helmholtz, H., op . c i t , . (102), (1881), 
163. Lodge, 0., o p . c i t . . ('43), (1885), p ?59. 
164. ., o p . c i t , . (106)), (1885), Lodge's 

extensive study of contact forces i n this-
p ublication showed that he had thought long and 
hard about t h i s proMem. 

165. ., o p . c i t . . (43), (1885), p 759. 
166.. ,, (132). 
167, ., op . c i t . . (43), (1885), pp 765-772. 
168, The known thermoelectric effects were the Seebeck 

ef f e c t - the development of an E,M.P. between 
junctions heated to d i f f e r e n t temperatures; the 
P e l t i e r e f f e c t - the heating or cooling produced 
when a steady current passed through a junction; 
and the Thomson e f f e c t - the generation of a 
current i n a conductor i n which there existed a 
temperature gradient. These e f f e c t s were very 
small i n magnitude - of the order of a few m i l l i v o l t s , 

169, Lodge, 0,, o p , c i t , . (106), (1885), 
170, I am using the term 'Volta' force i n a difference 

sense to that which seems to be employed by Lodge; 
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although he was not always d i r e c t i n i t s use. 
By Volta force here I mean that E,M,F, force 
whose presence i s t y p i f i e d by the action of 
batteries i n which chemical changes are used to 
produce e l e c t r i c a l energy. Some write r s of 
t h i s period (1880's) used the term '\roltaic' 
force to designate the contact p o t e n t i a l that 
could be developed between metals and other 
substances, between which there was no e l e c t r o l y t e . 
For Lodge, of course, with his chemical view of 
the nature of the contact force the two usages' 
were the same, 

171. Reflecting the acceptance of the law of 
conservation of energy. 

172. See, f o r example, the opening paragraphs i n 
Lodge, 0., op. c i t . . (106), pp 186-187. 

173. I b i d . , p 187. 
174. I b i d . , pp 187-190. 
175. I b i d . , p 190. 
176. I b i d . , p 192. 
177. See, f o r example. I b i d . , pp 218-219. 
178. I b i d . , pp 224-226. 
179. That i s William Thomson l a t e r Lord Kelvin. 
180. Lodge, 0., op. c i t . . (106), (1885), p 235. 
181. I b i d . , pp 236-237. Fleming suggested that the 

p o t e n t i a l s developed between perfe c t l y clean 
me t a l l i c sxirfaces 'immersed wholly i n a neutral 
non-conducting l i q u i d such as p a r a f f i n , and 
endeavour to ascertain i f the phenomena are 
affected.' 
Such experiments were carried out i n 1898 and 
reported i n Erskine-Murray, J., On Contact 
E l e c t r i c i t y of Metals, Proc.Roy.Soc.. 63, (1898), 
pp 113-146. This worker showed that "'^en two 
metals are coated w i t h the same non-conductor, 
such as wax or glass, t h e i r potentials are not 
sensibly d i f f e r e n t from that of the bare metals 
i n a i r ; . . . . These results seem to prove that 
gaseous f i l m s play no essential part i n the 
phenomenon.' 
However the debate lingered on into the twentieth 
century; f o r example i n Lodge, 0., On the 
Controversy Concerning Volta's contact Force, 
P h i l . Mag.. (5th Series), (1900), pp 351-3&3, 
the argument was continued. 

182. Lodge, 0., op. c i t . . (106), (1885), p 237. 
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183. I b i d , , p 258, 
184. I b i d , , p 247. Swinburne also remarked that 

neither theory, contact or chemical explained 
a l l the facts of e l e c t r o l y s i s , 

185. I b i d , , pp 254-267. 
186. Considerably more research concerning Lodge's 

picture of junction phenomena would be required 
before being categoric on t h i s point; but i t 
seems l i k e l y that since Lodge seemed so enamoured 
of an ' e t h e r i a l ' approach to the problems of 
e l e c t r i c i t y - compare, f o r example, the comments 
that have been made e a r l i e r on his 'Modern Views' 
- that he would prefer to seek f o r an explanation 
that would lend i t s e l f to a f i e l d i n t e r p r e t a t i o n . 
I t i s evident that a theory of s t r a i n and chemical 
a c t i o n would more easily be so adapted; alt e r n a t i v e 
theories would seem to presuppose a 'new' e l e c t r i c a l 
e f f e c t at boundaries, that was not catered f o r by 
Maxwell's electrodynamics, 

18T. That i s , i f no r e a l question existed Lodge's 
arguments could have been ignored or defeated 
r e a d i l y . I n f a c t they were not; s-ee note (181). 

188. Berkson, W,, op . c i t , . (96), (1974), p a r t i c u l a r l y Chapter 8, 
189. Thomson, J.J.,'Report on E l e c t r i c a l Theories', 

B.A. Report. (1885), pp 97-155. 
190. Thomson, J.J., op . c i t . . (44), (1893). 
191. That i s Thomson i n Recent Researches. Ref. (44), 

and Lodge i n Modern Views, r e f . (117). 
192. See, f o r example, the treatment of f i e l d theories 

i n Born, M., Einstein's Theory of R e l a t i v i t y , 
(Dover e d i t i o n ) , (Hew York, 1962), 

193. See, f o r example, the accounts given i n Recent 
Researches r e f . (44) and i n Whittaker's History 
of the Theories . . r e f , (45). 

194. Thomson, J, J., ,'op.cit., (74), (1881). 
195. Lodge, 0,, op. c i t . , (42), (1887-89), 
19'6.. ,, op, c i t . . (43), (1885), and o p . c i t . . 

(106.), (1885). 
197. Here I am not suggesting that Maxwell's theory and 

i t s ' development was i n t e l l e c t u a l l y simple but that 
i n c i r c u i t s containing chemicals, and various metals 
a l l which might develop pot e n t i a l differences one 
to the other the physical s i t u a t i o n was inherently 
a complex one. Wi-th respect to gases at least here 
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the interactions between atoms and molecules 
could be more closely controlle-d allowing an 
easier experimental s i t u a t i o n . 

198. The judgement 'major' i s a retrospective one. 
I t i s d i f f i c u l t to award the appellation without 
running the r i s k of being a h i s t o r i c a l . I n t h e i r 
time men such as' Adams and Day, Siemens and Braun 
were not minor figures i n the s c i e n t i f i c world 
and we must remember that Bidwell was a President 
of the Physical Society and a council member of the 
Royal Society; but by comparison w i t h Kelvin, 
Maxwell and Thomson t h e i r impact was not l a s t i n g 
and t h e i r work has not entered the general corpus 
of s c i e n t i f i c h i s t o r y , 

199. These other substances were, sulphur, t e l l u r i u m , 
various sulphides, carbon and some oxides. I n 
spite of the v a r i e t y t h e i r study added l i t t l e 
weight to either the experimental evidence or the 
th e o r e t i c a l i n t e r p r e t a t i o n s . 

200. Of course Bidwell measured currents and deflections, 
but he did not measure reaction rates, or amount 
of matter transported. By t h i s I mean his work 
was la r g e l y q u a l i t a t i v e . 

201. See, f o r example the discussion i n Chapter 2, 
pp 90-91. 
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seem to have been rather obvious. As I have said 
his 1908 paper, f o r example, was a summation of 
work he carried out over a period of some three 
four years. For instance he included the eff e c t 
of pressure on the resistance of selenium c e l l s a 
piece of work which he f i r s i ; reported to the 
(American) Physical Society i n February 1904. A 
year l a t e r t h i s preliminary note was' followed by 
a paper of which an abstract appeared i n Physical 
Review, 20, (1905), pp 185-186. Insofar as' 
a-n abstract of a paper can give a clue to motivation 
one paragraph of that abstract (p 186), contained 
the fol l o w i n g : 
'So f a r as I have been able to f i n d out, i n looking 
through Science Abstracts and BeiblStter there 
has been no work done on the conductivity of 
selenium under pressure'. 

Whether he was merely f i l l i n g i n an unexplored 
region or was driven by a t h e o r e t i c a l question 
i s not discussed. 

78. Ref. (57), above. 
79. Ref. (58), above. 
80. Bferndt, G., op . c i t . . (33), (1904). 
81. Marc, R., 'Uber das Verhalten des Selens gegen 

Licht und Temperatur', Zeits.f .Anorg.Ghem..(37). (1903). 
pp 459-474. Also two further works, see bibliography. 

82. Ref. (77), above. 
83. Brown, F.C., and Stebbins, J., op.cit.-. ( 9 ) , (1908), pp 273-298. 
84. I b i d . , pp 294-295. 
85. I b i d . , p 295. 
86. I b i d . , p 297. 
87. Btown, P.O., op. c i t . . (29), (1911), p 1. 
88. Brown, P.O., and Stebbins, J,, op.cit.. ( 9 ) , (1908). 
89. See Note (31), above. 
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90. Even the extensive work of Saunders (r e f . ( 5 7 ) ) or 
Marc ( r e f . (81)) had not provided the necessary-
d i r e c t evidence. 

91. Brown, P.O., o p . c i t . . (29), (1911), p 2. 
92. I b i d . , p 2. 
93. I b i d . 
94. I b i d . , p 5. Brown pointed out that t h i s implied 

that the amount of C always increased during 
i l l u m i n a t i o n while of the amount of A decreased. 
The quantity of B would evidently depend on the 
r e l a t i v e rates of change of A and 0. 

95. Iteid., p 3. 
96. I b i d . , p 5. 
97. The constants were rather complex, f o r example. 

0 

Where I = ySjoi| (A + B + C) 

and m̂  and mg were given by 

m̂  + mg = - (ot, + o i l + /3, + jSu ) 
and i s the i n i t i a l value of B. 
N.B, There i s a small error, probably a p r i n t i n g 

mistake, on p 3; ( «4| - /8i ) being w r i t t e n 
f o r iUx - Px) : The error was not propagated 
through the paper and was not, therefore 
s i g n i f i c a n t . 

98. Brown, P.O., op. c i t . . (76), (1911), p 5. 
99o Unfortunately Brown does not give us the method of 

approximations he used to obtain his r e s u l t s . One 
must suspect that 'guesses' were more the order of 
the day. 

100. Brown, P.O., op. c i t . . (76), (1911), p 5. 
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101. His words were: 
'Case 2 i s regarded as a highly improbable one 
i n that the rates of change between BJ and C 
compared to the reverse changes between C and B 
are greater before i l l u m i n a t i o n than afterwards.' 

He does- not elaborate t h i s point further,' which 
i s disappointing f o r there does not seem to be 
any compelling reason why t h i s claim should have 
been made. 

102. On p 4 Brown l i s t s a l l the factors that enter into 
h i s equations. They were:-
^ij'^-xt^ti^x *» before and a f t e r i l l u m i n a t i o n , 
m^ mg, A^, 3'^, Ĉ , the i n i t i a l quantities,A-j^,l^,C^ 
the steady state values of the quantites, K the 
t o t a l and L/N. Not a l l these factors were independent 
of each other. The values he chose were such as 
to i n some case s h i f t the equilibrium on i l l u m i n a t i o n 
i n the favour of B to produce l i g h t p o s i t i v e 
selenium; and i n other cases to arrange things 
such that l i g h t negative selenium could be produced. 
He was careful to reach values that seemed to him to 
be of reasonable physical magnitudes and r a t i o s . 

103. Brown, P.O., op.cit.. (76), (1911), p 6. 
104. I b i d . , p 7. 
105. I b i d . 
106.. I b i d . 
107. I b i d , 
108. I b i d , , p 6̂, 
109. I b i d , 
110. I b i d , , p 7. 
m . I b i d . , p 7. 
112. I b i d . , p 9. 
113. I b i d , Brown quoted the following; where 

s e n s i h i l i t y i s defined as the r a t i o of the 
conductivity i n the l i g h t to that i n the dark. 
Resistance. S e n s i b i l i t y . 

10^ 200/1 
400,000 30/1 
90,000 10/1 

100,000 10/1 
160,000 4/1 
30,000 2/1 
17,000 1.1/1 
12,000 1,0/1 
3,500 1.0/1 

400 -1.002/1 
20 -1.15/1 
1 -1.5/1 
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I n view of the v a r i a b i l i t y of selenium these 
r e s u l t s and the accuracies- quoted at the low end 
of the s e n s i b i l i t y scale are almost iJoo good to 
be true I 

114. I b i d . , p 9. 
115. I b i d . , p 10. The re s u l t s he gave were a few 

empirical relationships between l i g h t i n t e n s i t y and 
the conductivity v a r i a t i o n s . E.g:., 
i = cm^, i = cm^, i = m (m - a) b, i = bP - 1, 
\ / \ = ( b/a )®, i = cm. Where 'i' i s the 
l i g h t i n t e n s i t y , 'm' the change of conductivity, 'R' the resistance and 'a', 'b', and 'c' are constants. 
I t i s of interesi; to note that while working w i t h 
photoconductive c e l l s i n the l a t e 1950'a I found 
that the change of resistance of a wide v a r i e t y of 
materials under the influence of infr a - r e d was 
dependent on the cube of the resistance of a 
p a r t i c u l a r c e l l , no matter how that resistance was 
varied; i r r a d i a t i o n by an Intense constant source 
of l i g h t , by temperature etc., and that t h i s 
discovery did not have a theoretical explanation 
a t that time. This was provided i n 1960 by a 
the o r e t i c i a n at the Royal Radar Establishment. 
Even at that date there was no cor r e l a t i o n between 
d i f f e r e n t c e l l s , even made of the same material. 

116. I b i d . 
117. I b i d . , p 11. 
118. Brown, P.O., 'The Effective Depth of Penetration 

of Selenium by Light.' Phys. Rev.. 34, (1912), 
pp 201-204. 

119. See note ( 1 1 5 ) , above, 
120. Brown, P.O., op.cit.. (23), (1911), p 10, 
121. I b i d , 
122. I b i d , , p 23. 
123. I b i d . , p 2 4 . 

1 2 4 . I b i d , , pp 2 4 - 2 5 . 

1 2 5 . I b i d . , p 2 5 . 

126. I b i d . 
1 2 7 . p 176, above. 
128. Brown, P.O., op.c i t . . (76), (1911), p 23. 
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129. See discussion of Bidweil's work i n Chapter 3 . 

130. Brown, P.O., o p . c i t . . (23), (1911), p 13. 
131. I b i d . 
132. I b i d , , p 14. 
133. I b i d , , p 15. 
134. See t h i s Chapter p 164 f . 
135. Brown, P.O., 'The Recovery of the Giltay Selenium 

Cell and the Nature of l i g h t Action i n Selenium', 
Phys. Rev., 33, (1911), pp 403-420. 

136. I b i d . , p 420, 
137. I b i d . , pp 412-414. 
138. By positive d i r e c t i o n Brown meant A-*B, B-̂ C. 
139. See above, p 188, 
140. Brown, P,C,, o p , c i t , . (135), (1911), p 419. 
141. o p . c i t . . (118), (1912). 
142. o p . c i t . . (135), (1911). 
143. Pfund, A.H,, o p , c i t . . (14), (1909). 
144. o p . c i t . , (13), (1904). 
145. Brown, P.O., and Seig, L.P., 'Wavelength S e n s i b i l i t y 

Curves f o r Light Sensitive Selenium and Their 
Significance'. Phys. Rev.. (2nd Series), (1914), 
pp 48-61. On page 61 they wrote:-
'Previous r e s u l t s on the effect of abrasion and on 
the pressure e f f e c t on the e l e c t r i c a l conductivity 
indicated i n a very marked degree that the slow 
changes accompanying the l i g h t action were the 
r e s u l t s of c r y s t a l changes,' 

146. Brown, P.O., 'The Nature of E l e c t r i c Conduction as 
Required to Explain the Recovery of Resistance of 
Metallic Selenium Pollowing I l l u m i n a t i o n ' , Phys.Rev. 
(2nd Series), 5, (1915), pp 395-403. 

147. Bicown collaborated w i t h Richardson to investigate 
the emission of electrons from hot surfaces. See 
Richardson, 0.¥,. The Electron Theory of Matter. 
(Cambridge, 1916), p 6, 

148. See p 213, below, 
149. These points w i l l be discussed i n the next Chapter, 
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150. As a model the theory had a use i n that the 
action of the mathematical theory matched the 
performance of c e l l s ; as the action of rubber 
sheets can mirror the action of a radio valve. 
As a learning device i t had a use i n that i t 
pointed to t e s t s , whose r e s u l t s , negative or 
positive could be useful i n the search f o r an 
understanding, 

151. p 190, above. 
152. Brown, P.O., and Sieg, L.P., 'The S e n s i b i l i t y 

Curves f o r Selenium; A New Sensibility-Wavelengtht 
Maximum and a New Prin c i p l e ' , Phys. Rev., (2nd Series), 
2, (1913), pp 487M94. 

153. op.cit.. ( 1 4 5 ) , (1914). 
154. I b i d . , Pig.3, p 53. 
155. Nicholson, P.J,, 'Physical Properties of Selenium' 

Phys. Rev,, (2nd Series), 2» (1914), PP 1-24. 

156"., See discussion of Brown's 1911 papers above, 
1 5 7 . Brown, P.O., and Seig, L,P., op,cit,. (1 4 5 ), p 61. 
158. I b i d , , p 60. 
159. I b i d . 
160. I b i d . , p 61, 
161. I b i d , 
162. I b i d , 
1 6 3 . There had been some recognition of t h i s i n the 

work of Bidwell and l a t e r i n the researches of 
Baedeker, (of which a l i t t l e l a t e r ) , but Brown 
des-erves the c r e d i t f o r stating the f a c t c l e a r l y . 

164. See the epilogue f o r a short assessment of the work 
of Gudden and Pohl and also the Bibliography where 
a short l i s t of t h e i r work i s included. 

165. Brown, P.O., and Seig., L.P., 'The Seat of l i g h t 
Action i n Certain Crystals of Metallic Selenium, 
and some New Properties i n Matter.' P h i l . Mag.. 
(6th Series), 28, (1914), pp 497-508. 

166. Brown, P.O., 'The E l e c t r i c a l , The Photo-electrical 
and the Electromechanical Properties of Certain 
Crystals of Metal l i c Selenium, with certain 
Applications to Crystal Structure.' Phys. Rev., 
(2nd Series), ^, (1915), pp 167-175. 

1 6 7 . ., 'The Nature of E l e c t r i c Conduction 
as required to explain the Recovery of Resistance of 
Metallic Selenium following I l l u m i n a t i o n ' , Phys.Rev., 
(2nd Series), ^, (1915), PP 395-403. 
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168. Brown, P.O., 'Some Experiments on the Nature of 
Transmitted Light-action i n Crystals of Metallic 
Selenium', Phys, Rev,, (2nd Series), 5, (1915), 
pp 404-411. 

169. lifown, P.O., 'The Crystal Porms of Metallic 
Selenium and some of i t s Properties', Phys.Rev., 
(2nd Series), 4, (1914), pp 85-98, Description 
of the method of preparing single crystals of 
selenium i s given on pp 86-87. Also see a short 
note. Brown, P.O., 'Isolated Crystals of Selenium 
of the Second and P i f t h Systems, and the Physical 
Conditions determining t h e i r Production', Phys.Rev., 
(2nd Series), 5, (1915), pp 236-237. 

170. Brown, P.O., and Seig, L.P., op.cit.. (165), (1914), 
p 497. 

171. I b i d . , p 500. 
172. I b i d , , pp 501-502, 
173. I b i d . 
174. I b i d . 
175. I b i d . , p 504. 
176. I b i d . , p 505. 
17?. As an example of Brown's techniques I give without 

e d i t i n g h i s description of the method he employed 
to demonstrate that the eff e c t of l i g h t was 
transmitted along the c r y s t a l . I b i d . , pp 505-506. 

7 
'The above r e s u l t led d i r e c t l y to a peculiar 
experiment w i t h the amazing r e s u l t that l i g h t 
action may be transmitted l a t e r a l l y to a longer 
distance than 10 mm. i n an acicular hexagonal 
c r y s t a l of metallic selenium without any, at 
present known, apparent mechanism to carry the 
action. F i r s t a c r y s t a l of dimensions 10 x 
,12 X ,13 mm was placed with one end between 
s i l v e r electrodes, as shown i n Pig, 3. The 
conductance i n the dark wa^ 110. A beam of 
l i g h t was- focused f i r s t near the electrodes and 
then mpved out to the end step by step, and the 
fo l l o w i n g readings of the conductance were observed. 
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Location of Conductance Change i n Conductance 
l i g h t C Ac 

Off c r y s t a l 110 
Near electrodes 144 34 
On step 1 137 27 

2 117 7 
3 111 1 
4 124 14 
5 14& 36 
S 150 40 

On end of c r y s t a l 151 41 

This shows, as did also similar experiments' with 
other c r y s t a l s , that along the crystals there are 
l i g h t sensitive parts which control the conduct
i v i t y mechanism of the selenium. Por, strangely 
enough, the greatest e f f e c t was produced i n the 
c r y s t a l above when the i l l u m i n a t i o n was at the end 
of the c r y s t a l f a r t h e s t from the electrodes, a 
distance out of some 6 mm. I f the current had 
t r a v e l l e d the entire distance around by way of the 
illuminated end i t would have gone about 100 times 
the distance between the electrodes, and so i f the 
e f f e c t of the l i g h t had been confined to the neigh-
bxDurhood of the t i p of the c r y s t a l , t h i s great 
change i n the conductance could surely not have 
taken place, 

178. I b i d . , p 507. 
179. Ibido 
180. I b i d . 
181o See f o r example introduction i n Brown, P.O., op,cit,, 

( 2 0 3 ) , (1915), p 167. 
182', I M d , 
183. Brown, P.O., op. c i t . , (168), (1915). 
184. IMd., p 407. 
185. I M d . 
186. I b i d . , section headed 'The Action at a Mstance i s 

Propagated Mechanically.' 
187. I h i d , , p 407. 
188. I b i d . , p 408. 
189. Ib'id. 
190. I b i d . 
191. The meaning of ' e l e c t r i c a l p o t e n t i a l e f f e c t had 

been empirically defined i n Brown, P.O., op . c i t . , 
(203), (1915), PP 170-173. 
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192. Brown, P.O., op. c i t , . (268), (1915), P 408. 
193. i b i d . , p 409. 
194. i b i d . , p 410. 
195. I b i d . 
196. i b i d , 
197. I b i d . 
198. I b i d . , p 408, 
199. See discussion i n Chapter 3, Section 7. 
200. Marc, R., op. c i t . . (81), (1904). 
201. Kruyt, H.R., 'Die Dynamische A l l o t r o p i e des 

Selens', Zeits.f.aaorg.Chem.,64. (1909), 
pp 305-32^: 

202. Btown collaborated w i t h Richardson see note 
.̂147) above; ifc can be presumed, therefore, 

that t h i s would be one source, p a r t i c u l a r l y 
as Brown acknowledged his debt to Richardson. 

203. See Ref. (155), above. 
204. f o r example Koenigsberger produced an extensive 

review a r t i c l e 'Das Elektrische Verhalten der 
Yariablen Le i t e r und deren Beziehungen zur 
Elektronen Theorie', Jahr.d.Rad.u,Elek,. 11, 
(1914), PP 84-142. ~~ 

205. See, f o r example, Baedeker, K,, Die Elektrischen 
Ershiegungen i n Metallischen Leitern, (Braunschweig, 
1911). 

206. Richardson, O.W.. The Electron Theory of Matter. 
(Cambridge, 1916). 

207. Marc, R., op, c i t , . (81), (1903). 
208. ., 'libber der Verhalten des Selens gegen 

Licht und Temperatur,II', Zeits.f.anorg.Chem.. 
£8, (1906), pp 393-426. 

209. ., 't^ber der Verhalten des Selens gegen 
Licht und Temperatur,III', Zeits.f.anorg.Ghem,. 
^ , (1906), pp 446-464. 

210. Saunders, A.P,, o p , c i t , . (57), (1899-1900), 
2ai. Schrott, P, von,, 'Das Elektrische Verhalten der 

Alltro p e n Selenmodifikationen unter dem Einflusse 
von Warme und L i c h t , ' Akad,Wiss.Wien,. 115. 
(1906), pp 1081-1170, 

212. i b i d , , p 1169, 
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213. Translating t h i s phrase as 'The l i g h t e f f e c t 
i s produced by ion i s a t i o n of the B type selenium, 
which continues up to a saturation. The increase 
of resistance following saturation i s perhaps due 
to an opposing simultaneous photopoly^nerisation.' 

^14. McDowell, L., op . c i t . , (10), (11), (12), (1909), a910), (1910). 
215. Crum, L.B,, 'Certain Characteris-fcics of Light 

Negative Selenium', Phys, Rev,, (1911), 
PP 538-548, 

216. White, G',¥,, 'The Properties of Selenium Blocks', 
P h i l , Mag,. (6th Series), 29, (1914), PP 370-38,2 

217. I b i d . , p 381. 
218. See discussion of Brown's work, above. 
219. Pfund, A.H., op . c i t , . (14), (1909). 
220. Ries, C, 'Engegengesetztes Yerhalten des Selens' 

Phys. Zeits.. 9, (1908), pp 228-233, i s one 
example of his""works. 

221. Nicholson, P.J., 'The Physical Properties of 
^Selenium', op. c i t . . (155), (1914), pp 1-24. 

222. Btown, P.O., and Sieg., L.P., 'Wavelength 
S e n s i b i l i t y Curves f o r Selenium', Phys'. Rev., 4, 
(2nd Series), (1914), PP 48-61. On p 57 Brown 
wrote:-
•Quite recently Nicholson has made a very able 
analysis of c e r t a i n phenomena i n selenium on 
the basis of electron theory', 

223. ,, 'The S e n s i b i l i t y Curves 
f o r Selenium; A New Sensibility-wavelength, 
maximum and a New Prin c i p l e ' , Phys, Rev,, 2', 
(2nd Series), (1913), PP 487-494. On p 4^3 
we f i n d : -
'Dr. Pfund had had the kindness to communicate 
some very i n t e r e s t i n g and as yet unpublished 
resu l t s by Mr. P.J. Nicholson which are d i r e c t l y 
i n agreement w i t h out re s u l t s . ' 

Brown mad© no mention of Nicholson's theory at 
t h i s sta^e. Mayhe that information was not 
included. 

224. That i s his i n t e r e s t i n the depth of penetration 
may have been suggested by Pfund's work (see p 197 
above). 

225. Brown made many references to the effects of 
impurities' i n various papers, some of which have 
been noted previously. 
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226. Btown, P.O., op. c i t . . (206), (1914), pp 97-98, 
'The action of l i g h t seems to be i n centers 
inside the crystals and does not necessarily 
involve the existence of more than one complete 
c r y s t a l l i n e form. These^ centers inside the 
c r y s t a l resemble the so-called active centers 
i n zinc-S"ulphide as described by Rutherford.' 

227. Wick, P.ffi,, 'Some E l e c t r i c a l Properties' of 
S i l i c o n , I . Thermoelectric Behaviour', Phys.Rev., 
2^, (1907), pp 382-390. 

228. , 'Some E l e c t r i c a l Properties of 
Si l i c o n , I I . The E l e c t r i c a l Resistance of Si l i c o n 
at Various Temperatures', Phys. Rev.. 27, (1908), 
pp 11-17o ~" 

229. . ,'Some E l e c t r i c a l Properties of 
S i l i c o n , I I I . The H a l l Effect at Ordinary and 
Low Temperatures', Phys. Rev.. 2^, (1908), pp 76-86.. 

230. . ,'Some E l e c t r i c a l Properties of 
Si l i c o n , IV. The Electro-motice Porce of Cells 
i n which S i l i c o n forms one Electrode', Phys. Rev., 
22, (1908), pp 238-249. 

231. Audubert, R., 'Contribution a I'Etude des Contacts 
Solides - Sulfure de Plomb et Sulfure d'Argent', 
J o d e Phys.. 1 , (1917), pp 209-223. 

232. Wold, P.I., 'The Ha l l Effect and A l l i e d Phenomena 
i n Tellurium', Phys. Rev.. 7, (2nd Series), (1916), 
pp 169-193. 

233. Morris - Airey, H,, and Spencer, E.D., 'On the 
Temperature Coefficient of E l e c t r i c a l Resistance 
of Carbon at Low Temperatures', Mem.Man.Lit, and 
Phil.Soc. £9, (1905), pp 1-8. 

234. Baedeker, K,, ''Ober eine eigentttmliche Perm 
elektrischen LeitvermOgens bei festen KOrpern,' 
Ann.d,Phys,. 29, (1909), pp 566>-584. 

235. See discussion i n Chapter 3, sections' 8 & 9. 
236. Lark-Horovitz, K,, The New Electronics- i n The 

Present State of Physics. CAAASj. (1954). pT9. 
237. I b i d . , p 69. 
238. I b i d . , p S6. 
?39. See bibliography. 
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2 4 0 . I make t h i s observation from the lack of 
acknowledgements i n the papers referred to 
l a t e r . 

2 4 1 . Braun, P., 'tJber Unipolare E l e k t r i c i t a t s l e i t u n g ' , 
Ann.d.Phys.. 4 , (1878), pp 476 -484. 

2 4 2 . Pierce, G.W,, 'Crystal R e c t i f i e r s f o r E l e c t r i c 
Currents and E l e c t r i c Oscillations, I , 
Carborundum,'.Phys. Rev.. 2 ^ , ( 1 9 0 7 ) , pp 31-60. 

2 4 3 . ., 'Crystal R e c t i f i e r s f o r E l e c t r i c 
Currents and E l e c t r i c Oscillations, I I , 
Carborundum, Molybdenite, Ana tase, Brookite,' 
Phys. Rev.. 28, ( 1 9 0 9 ) , pp 153-187. 

Z 4 4 . Pierce, G.W., 'Crystal R e c t i f i e r s f o r E l e c t r i c 
Currents and E l e c t r i c Oscillations, I I I , I ron 
Pyrites', Phys. Rev.. 29, (1909), pp 4 7 8 - 4 8 4 . 

245. ^ ., op. c i t . , (242), ( 1 9 0 7 ) , p 5 0 . 
'. . , . a lig h t e d match held under the piece 
so as to heat i t c h i e f l y at one electrode does 
not, much change the r e c t i f i e d current. These 
facts seem to be inconsistent with the assumption 
that the d i r e c t electromotive force obtained w i t h 
an a l t e r n a t i n g current i s thermoelectric i n 
o r i g i n . • 

246j. I b i d . , p 5 6 , 

2 4 7 . Pierce, G,W,, op.c i t . . ( 2 4 3 ) , (1909), p 186., 
248. Austin, L.W., 'Some Contact Re c t i f i e r s of 

El e c t r i c Currents', Bull.Bur.Stan.. 5 , ( 1 9 0 8 ) , 
pp 133 -147 . 

2:49. Pierce, G.W., op.cit.. (286), (1909), p 4 8 4 . 

250. Flowers, A.E., 'Crystal and Solid Contact 
R e c t i f i e r s ' , Phys. Rev.. 2 9 , ( 1 9 0 9 ) , pp 445-460. 

251. That i s , of course, only with the modern concepts 
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