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ABSTRACT 

1 
The r e s p o n s i v i t y  Q of  s i l i c o n  p-n junc-  

t i o n  p h o t o d i o d e s  h a s  been  measured f rom 2000 

t o  5008 (hv  = 6 t o  25 eV). The v a l u e  of  Q' 

( e f f e c t i v e l y  t h e  p r o d u c t  o f  quantum y i e l d  Q 

and  p a i r  c o l l e c t i o n  e f f i c i e n c y  C )  f o r  a s h a l l o w  

j u n c t i o n  ( 0 . 3 ~ )  d iode  d e c r e a s e s  s l i g h t l y  from 

a v a l u e  of 0.4 t o  0.2 i n  t h e  r a n g e  6 t o  18 e V  

and  t h e n  r i s e s  s h a r p l y  t o  1 .4 a t  25 e V .  The 

use o f  t h e  device  as  a s o l l d  state detectcr 

i n  t h e  f a r  u l t r a v i o l e t  i s  d i s c u s s e d .  

-1 - 



I. INTRODUCTION 

The optical properties of semiconductors have been 

studied by various investigators in the middle and extreme 

UV Y and the connection between these measurements and 

the electron energy band structure has been extensively dis- 

cus sed . 5-8 Recently, Tuzzolino investigated the electrical 

consequences of high energy photon absorption from a device 

standpoint' and as part of a fundamental study of impact 

ionizationlo using a silicon surface-barrier diode. 

found internal quantum efficiencies in silicon of the order 

He 

'H. R. Philipp and E. A. Taft, Phys. Rev. - 120, 37 
(1960) 

L T. Sasaki and K. Ishiguro, Japan. J. Appl.  Phys. 2, 
289 (1963). 

30m P. Rustgi, J. S, Nodvik, and G, L. Weissler, Phys. 
Rev. - 122, 1131 (1961). 

4H. R. Philipp and H. Ehrenreich, Phys. Rev. - 129, 
15'5'0 (1963) 

'J. C. Phillips, Phys. Rev. 3, 1931 (1962). 
67, T I 7  ̂ - ^ - - ^ -  n Q  J L L J L - W L ~ ~ - ~ ~ C ~ I ,  E. E. PhLl ipp ,  2nd J, C =  Phillips, 

Phys. Rev. Letters - 8, 59 (1962). 
'E. Loh and J. C, Phillips, J. Chem. Phys. Solids 3, 

'J. C. Phillips, Phys. Rev. 133, A452 (1964). 
9A. J. Tuzzolino, Rev. Sci. Instr. 35, 1332 (1964). 

495' (1963). 

''A. J. Tuzzolino, Phys. Rev. &, A205 (1964). 
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of Q C  15 electrons per absorbed photon at LAv = 21.2 eV. The 

use of the surface-barrier diode either directly or in combina- 

tion with sodium salicylate as a vacuum uv detector was dis- 

cussed. 

flux to be N = 2 .5  x 10 photons per second. 

At 121 68 he computed the minimum detectable rms photon 
1 6 

In this paper, the responsivity of a p-n junction photo- 

diode in the vacuum ultraviolet is discussed. This device 

requires no external bias for operation, and it has a dark 

current lower than 10-I2A compared to about 

surface-barrier diode. Although the collection efficiency of 

the junction device turns out to be only about 5 to 1 0  per 

cent of a surface barrier configuration at 10008, the 'shot 

noise is roughly 100 times lower. It is estimated that the 

minimum detectable photon flux is about 10 

for the 

6 photons/sec. 



11. SPECTML RESPONSE OF J U N C T I O N  DEVICES 

A. Q u a l i t a t i v e  D i s c u s s i o n  

The wave leng th  dependence of t h e  r e s p o n s e  o f  p-n junc-  

t i o n  d e v i c e s  i s  de te rmined  b y  a n  i n t e r p l a y  o f  s e v e r a l  mechanisms. 

These i n v o l v e  p r i m a r i l y  

a )  t h e  a b s o r p t i o n  of t h e  i n c i d e n t  r a d i a t i o n  w i t h  t h e  

consequen t  g e n e r a t i o n  o f  h o l e - e l e c t r o n  p a i r s  f o r  t h e  c a s e  

where t h e  c o n d i t i o n  hv > E i s  met .  E i s  t h e  bandgap e n e r g y  

and v t h e  f r e q u e n c y  of  t h e  i n c i d e n t  r a d i a t i o n ;  
g g 

b )  t h e  t r a n s p o r t  of t h e  c a r r i e r s  t h u s  produced by means 

of d i f f u s i o n  and/or  d r i f t  i n  a n  e l e c t r i c  f i e l d  t o  a p-n junc-  

t i o n ,  where t h e y  are  s e p a r a t e d  by  t h e  j u n c t i o n  f i e l d  t o  

g e n e r a t e  a n  e x t e r n a l  v o l t a g e  o r  c u r r e n t .  E q u a t i o n s  g o v e r n i n g  

t h e  i n t e r p l a y  o f  such  mechanisms have been  developed  as p a r t  o f  

a g e n e r a l  a n a l y t i c  framework. A q u a l i t a t i v e  d i s c u s s i o n  f o l l o w s .  

Cons ide r  t h e  a b s o r p t i o n  c o e f f i c i e n t  as a f u n c t i o n  o f  

wave leng th  f o r  s i l i c o n '  shown i n  F i g .  1. The a b s o r p t i o n  

t h r e s h o l d  c o r r e s p o n d s  t o  a bandgap of 1 .1  e V .  A s i m p l i f i e d  

band s t r u c t u r e  of  s i l i c o n '  i s  shown i n  F i g .  2,  and t h e  phonon- 

a s s i s t e d  t r a n s i t i o n  co r re spond ing  t o  t h e  a b s o r p t i o n  t h r e s h o l d  

i s  l a b e l e d  Ti. S i l i c o n  is  a n  i n d i r e c t  semiconductor .  The 

t r a n s i t i o n  p r o b a b i l i t i e s  a re  l o w e r  f o r  t h e s e  i n d i r e c t  t r a n s i -  

t i o n s  of t y p e  Ti  t h a n  t h e y  a r e  f o r  a d i r e c t  t r a n s i t i o n  Td. 

Thus, t h e  a b s o r p t i o n  c o e f f i c i e n t  between t h e  i n d i r e c t  t h r e s h o l d  

of 1 .I e V  and t h e  d i r e c t  t h r e s h o l d  o f  3.4 e V  r i s e s  a t  a much 

s lower  r a t e  t h a n  t h e  sha rp  i n c r e a s e  which o c c u r s  above 3.4 eV 

f o r  h .e 3600a.  It  i s  assumed th roughou t  t h i s  d i s c u s s i o n  t h a t  

7 
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Fig .  2. Energy  Band Structure o f  S i l i c o n  ( F o r  explanation of  
symbols not used in the text, see ref. 7). 
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t h e  quantum e f f i c i e n c y  f o r  p a i r  p r o d u c t i o n  i s  e f f e c t i v e l y  

u n i t y  a n d  wave leng th  independen t .  I t  w i l l  t u r n  o u t  t h a t  t h i s  

a s sumpt ion  b r e a k s  down a t  t h e  s h o r t e r  wave leng ths ,  where 

s e c o n d a r y  p a i r  p r o d u c t i o n  r e s u l t i n g  from t h e  g e n e r a t i o n  of  

s u f f i c i e n t l y  e n e r g e t i c  ca r r i e r s  may o c c u r  ( s e e  d i s c u s s i o n  i n  

S e c t i o n  V ) .  
LC 

The d e t e c t i v i t y ,  D i ,  o f  a t y p i c a l  p-n j u n c t i o n  d i o d e  

i s  shown i n  F i g .  3 ,  c u r v e  A. 

d e f i n e d  as 

The s p e c t r a l  d e t e c t i v i t y  D: i s  

where A i s  t h e  a r e a  of  t h e  d e v i c e ,  A f  i s  t h e  e l e c t r i c a l  band-  

wid th ,  a n d  NEP i s  t h e  n o i s e - e q u i v a l e n t  power. 

are t h u s  c m ( s e c ) z w a t t - ' .  

as t h e  r e c i p r o c a l  o f  t h e  s q u a r e  r o o t  of  t h e  d e v i c e  area, t h e  

DT p a r a m e t e r  i s  a r e a - i n s e n s i t i v e .  

can  b e  e x p l a i n e d  w i t h  r e f e r e n c e  t o  F i g .  4, which shows a p l a n e  

a t  t h e  mean d e p t h  o f  c a r r i e r  g e n e r a t i o n .  On t h i s  p l a n e  t h e  

The u n i t s  o f  DK 
-1 

If t h e  s i g n a l - t o - n o i s e  r a t i o  v a r i e s  

The v a r i a t i o n  i n  d e t e c t i v i t g  

r a d i a t i o n  iriteiislty 1-- Llda - u v b I v a D u u  = i - - . -A -"AA b > ~  8 ~ Z C ~ C Y  ~f 1 /e ~ P G E  its 
/ 

i n c i d e n t  v a l u e .  The g e n e r a l  d i s t a n c e ,  t h u s  d e f i n e d ,  i s  t h e  re-  

c i p r o c a l  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  a homogenous m a t e r i a l .  

The m a x i m u m  o f  t h e  d e t e c t i v i t y  c u r v e  ( r e g i o n  2 o f  F i g .  3 )  t h u s  

c o r r e s p o n d s  t o  a c o n d i t i o n  where  t h e  c a r r i e r  g e n e r a t i o n  d i s t a n c e  

and  d i f f u s i o n  l e n g t h  Ln a r e  such t h a t  a maximum number of 

c a r r i e r s  w i l l  r e a c h  t h e  j u n c t i o n .  A t  l o n g e r  wave leng ths ,  r e g i o n  

1 c o r r e s p o n d s  t o  t h e  c o n d i t i o n  where most  c a r r i e r s  a r e  produced  

d e e p  i n  t h e  b u l k  of  t h e  m a t e r i a l  ( l o w  a b s o r p t i o n  c o e f f i c i e n t )  a t  

d i s t a n c e s  i n  e x c e s s  of' t h e i r  d i f f u s i o n  l e n g t h .  On t h e  o t h e r  
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hand, the sharp drop-off in sensitivity for region 3 results 

from absorption of the photons very close to the surface. The 

surface acts as a recombination sink, with the lifetime of the 

carriers much less than that in the bulk. Correspondingly, a 

smaller fraction of the carriers that are generated will reach 

the junction before recombination occurs. The region of maxi- 

mum detectivity can be qualitatively stated by the expression 

It is apparent that the short wavelength response would be 

increased if shallower junctions than those shown were used 

(see, for example, curve B of Fig. 3). 

B. Mathematical Formulation 

The equation governing production, diffusion, and re- 

combination of minority carriers resulting from photon 

absorption is 
h 

D is the diffusion coefficient and n(x) is the excess minority 

carrier concentration produced by photon absorption in the 

p-region (correspondingly, p(x) is used in the n-region). 

The second term is the recombination rate determined by the 

minority carrier lifetime T .  The third term is the production 

rate, written for the general case of all wavelengths with 

distribution in photon flux N ( h )  and absorption coefficient 

d h ) .  
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For the case of monochromatic light incident on a junction 

diode, N ( h )  becomes Nh (the flux density in photons/(cm2 sec) 

at wavelength h o ) ,  yielding 

2 

dx 
D - - - + N a e  d n  n -ax = 0 

2 T  h h  

subject to the boundary conditions 

n(x,) = 0 

and 

n(=) = 0. 

The internal collection efficiency, C y  is defined to be 

the ratio of the number of carriers produced by the absorbed 

photons to the number separated at the junction. Van Roosbroeck 11 

has solved the small signal equation ( 3 )  for contributions from 

both sides of the junction and found that in the limit of  

where 

and Ls = the diffusion length corresponding to recombination 

in the surface layer, 

s = surface recombination velocity, and 

D = small signal ambipolar diffusivity. 
0 

No attempt has been made to match these solutions with the 

"W. G. Pfann and W. van Roosbroeck, J. Appl. Phys. 6, 
1422 (1954). 
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d a t a  on t h e  p h o t o d i o d e s  used  i n  t h e s e  e x p e r i m e n t s .  The re  i s  t o o  

much u n c e r t a i n t y  conce rn ing  t h e  magni tude  o f  such  p a r a m e t e r s  

as t h e  s u r f a c e  r ecombina t ion  v e l o c i t y ,  i n t e r n a l  e l e c t r i c  f i e l d  

p r o f i l e s  f rom t h e  surface t o  t h e  j u n c t i o n ,  d e v i c e  l i f e t i m e ,  e t c .  

Such a d i r e c t  comparison may be made a f t e r  c a r e f u l  study o f  

these q u e s t i o n s .  F o r  most  o f  t h e  p u r p o s e s  o f  t h i s  r e p o r t ,  i t  i s  

s u f f i c i e n t  t o  use t h e  q u a l i t a t i v e  model f o r  p r e d i c t i o n  and i n t e r -  

p r e t a t i o n  of t h e  o b s e r v e d  s p e c t r a l  r e s p o n s i v i t y .  



111. D I O D E  FABRICATION AND STRUCTURE 

The f a b r i c a t i o n  t echno logy  u s e d  was a d a p t e d  f rom s t a n d a r d  

t r a n s  i s t o r  me t h o d s  12’13  o u t l i n e d  i n  T a b l e  I. 

s e p a r a t e  n - i m p u r i t y  d i f f u s i o n s .  Both t h e  g u a r d  r i n g  and  t h e  

deep  ( 2 . 5 ~ )  p e r i p h e r a l  r e g i o n s  a r e  formed d u r i n g  t h e  f i r s t  

h i g h e r  t e m p e r a t u r e  d i f f u s i o n .  The a c t i v e  r e g i o n  ( c e n t e r  a r e a )  

i s  formed d u r i n g  t h e  second d i f f u s i o n .  

T h e r e  a r e  two 

The S i 0 2  l a y e r  formed d u r i n g  t h e  d i f f u s i o n s  i s  s e l e c -  

t i v e l y  e t c h e d  away f rom the  p h o t o s e n s i t i v e  and  c o n t a c t  areas.  

The c o n t a c t  a r e a s  a re  c o a t e d  w i t h  a t h i n  l aye r  of 

aluminum t h a t  i s  p a r t i a l l y  a l l o y e d  i n t o  t h e  s i l i c o n .  

A f t e r  s c r i b i n g ,  the d i o d e s  a r e  e u t e c t i c a l l y  bonded o n t o  

a t r a n s i s t o r  h e a d e r .  Con tac t  i s  made b y  thermocompress ion ,  

bonding  0.001 i n c h  g o l d  w i r e  t o  t h e  a l u m i n i z e d  areas  and t o  t h e  

i n s u l a t e d  p i n s .  

F i g .  5 shows t o p  and c r o s s  s e c t i o n  v iews  of t h e  pho to -  

d i o d e s .  F i g .  6 i s  a photomicrograph  of a d i o d e  which  h a s  been  

b e v e l e d  and s t a i n e d  t o  make v i s u a l  t h e  r e l a t i v e  6ifl”uuleii d e p t h  

o f  t h e  p-n j u n c t i o n .  F i g .  7 shows a comple ted  d i o d e  mounted 

on a TO-5 t r a n s i s t o r  base .  

An i m p o r t a n t  pa rame te r  i n  d e t e r m i n i n g  D: and one which 

i s  a l s o  dependen t  on p r o c e s s i n g ,  i s  t h e  r e v e r s e  l e a k a g e  c u r r e n t .  

I 2 D .  B. Medved, F i n a l  R e p o r t  on C o n t r a c t  A F  33 (675) -29144 ,  
E l e c t r o - O p t i c a l  Sys tems,  I n c . ,  Pasadena ,  T e c h n i c a l  R e p o r t  No. 
4651 F, July 1964. 

I3L .  G a r a s i ,  S. Kaye, and D. B. Medved, E l e c t r o - O p t i c a l  
System, I n c . ,  Pasadena,  I n t e r n a l  R e p o r t ,  June 1964. 
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PROCEDURE FOR PHOTODIODE F A B R I C A T I O N  

1. 
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9. 

I O .  

1 1  0 

P o l i s h  e t c h  s i l i c o n  p - type  c r y s t a l .  

O x i d i z e .  

P h o t o r e s i s t  mask and e t c h  o x i d e  over  c o n t a c t  and  g u a r d  

r i n g  areas .  

Diffuse phosphorous  i n t o  c o n t a c t  and g u a r d  r i n g  areas 

t o  a d e p t h  of  2 . 5 ~ .  

P h o t o r e s i s t  mask a n d  e t c h  o x i d e  o v e r  l i g h t - s e n s i t i v e  

and c o n t a c t  a r e a s .  

Diffuse phosphorous  i n t o  p h o t o s e n s i t i v e  a rea  t o  a d e p t h  

of  O.$. 

P h o t o r e s i s t  mask and e t c h  o x i d e  o v e r  l i g h t - s e n s i t i v e  

and c o n t a c t  a r e a s .  

E v a p o r a t e  aluminum. 

P h o t o r e s i s t  mask and e t c h  aluminum o v e r  c o n t a c t  a reas .  

A l l o y  aluminum. 

Mount on h e a d e r  and a t t a c h  l e a d s ,  
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1 8  

U n f o r t u n a t e l y ,  a s  t h e  b a s e  r e s i s t i v i t y  i s  i n c r e a s e d ,  s u r f a c e  

l e a k a g e  a l s o  i n c r e a s e s .  The b e s t  s o l u t i o n  a p p e a r s  t o  be  t h e  

u s e  o f  a g u a r d  r i n g .  

The d i f f u s i o n  of phosphorous i n t o  a p - type  (boron-doped)  

b a s e  p roduces  a p r o f i l e  such  as shown i n  F i g .  8. 

The d i f f u s i o n  p r o f i l e s  a r e  d e s c r i b e d  by  t h e  complementary 

e r r o r  f u n c t i o n  

X 
ND(x) = ND(0) e r f c  - 3 

2 l .m  

where ND(0)  i s  t h e  s u r f a c e  c o n c e n t r a t i o n  a n d  t i s  t h e  t: 

d i f f u s i o n .  The d i f f u s i o n  c o e f f i c i e n t ,  D, i s  assumed t o  

i ndependen t  of c o n c e n t r a t i o n .  The d i s t r i b u t i o n  o f  Eq. 

r e su l t s  w i t h  d i f f u s i o n  o c c u r r i n g  u n d e r  c o n d i t i o n s  where 

( 7 )  

me of 

b e  

7 )  

ND(0) 

i s  h e l d  c o n s t a n t .  A Gaussian d i s t r i b u t i o n  r e s u l t s  if t h e  

t o t a l  i m p u r i t y  u s e d  i n  t h e  d i f f u s i o n  i s  k e p t  c o n s t a n t .  A 
- 

t a b u l a t i o n  of  the a v e r a g e  c o n d u c t i v i t y ,  o, a s  a f u n c t i o n  of  

s u r f a c e  c o n c e n t r a t i o n  w i t h  t h i c k n e s s  of t h e  d i f f u s e d  l aye r  

i s  g i v e n  by I r v i n ,  14 
FJ 

'4J. C .  I r v i n ;  B e l l  L a b o r a t o r i e s  Monograph 4092. 



LOG N, 

N* = 6 x IOl4 
0 3  

Fig. 8. D i f f u s i D n  P r D f i l e .  ND i s  t h e  donor  c o n c e n t r a t i o n ,  NA 
i s  t h e  a c c e p t e r  c o n c e n t r a t i o n ,  and xj i s  t h e  d e p t h  where 
t h e s e  two a re  e q u a l .  



I V .  APPARATUS 

A one-meter ,  normal i n c i d e n c e  vacuum monochromator' 

u s e d  t o  i r r a d i a t e  t h e  v a r i o u s  d e t e c t o r s  w i t h  monochromatic r a d i a -  

t i o n .  The i n s t r u m e n t ,  shown i n  F i g .  9, w a s  o r i g i n a l l y  a 

s p e c t r o g r a p h  b u t  was conve r t ed  t o  a monochromator by  mounting 

t h e  aluminum g r a t i n g  i n  a h o l d e r  which c o u l d  b e  r o t a t e d  about i t s  

v e r t i c a l  axis .  A s  t h e  g r a t i n g  t u r n e d ,  v a r i o u s  s p e c t r a l  l i n e s  

moved a c r o s s  t h e  e x i t  s l i t ,  c o v e r i n g  a s p e c t r a l  r e g i o n  f r o m  3500 

t o  4258 i n  t h e  f i r s t  o rde r .  

s e r i o u s  d e f o c u s i n g  when t h e  g r a t i n g  was t u r n e d  th rough  l a r g e  

a n g l e s ,  w h i l e  t h e  l o w e r  l i m i t  w a s  de t e rmined  b y  t h e  low r e f l e c -  

t a n c e  o f  aluminum n e a r  normal i n c i d e n c e .  

was 

The long  wave leng th  l i m i t  was due  t o  

Two l i g h t  s o u r c e s  w e r e  u s e d .  One, w i t h  a d c  v o l t a g e  o f  

7SOV and  a c u r r e n t  o f  O.@, was a t ime-con t inuous  glow d i s c h a r g e  

t h r o u g h  a w a t e r - j a c k e t e d  q u a r t z  c a p i l l a r y  t u b e .  A glow d i s c h a r g e  

t h r o u g h  a i r  a t  a p r e s s u r e  of about one t o r r  c r e a t e d  l i n e s  between 

3300  and 16008 which were t o o  weak t o  p r o v i d e  a c l e a r  s i g n a l  i n  

t h e  t h e r m o p i l e  r a d i a t i o n  d e t e c t o r ;  however, a t  l e a s t  15 of them 

were e a s i l y  d e t e c t e d  w i t h  t h e  s i l i c o n  pho tod iodes .  A hydrogen 

d i s c h a r g e  produced  t h e  s t r o n g e s t  s p e c t r a l  l i n e s  and cove red  the  

r e g i o n  f r o m  1624 t o  1 0 2 u .  

t o  25 l i n e s  i n  t h i s  r e g i o n ,  and twe lve  of them were  i n t e n s e  

enough t o  p r o v i d e  a s i g n a l  f rom t h e  t h e r m o p i l e .  Helium i n  t h e  

The p h o t o d i o d e s  gave  a good r e s p o n s e  

I -  

- &  

'G. L. W e i s s l e r ,  Handbuch d e r  Phgs ik  ( B e r l i n :  S p r i n g e r -  
V e r l a g ,  1956) ,  V o l .  XXI, p. 317 

2 0  



Fig .  9. One 
A :  
B: 
C :  
DH: 
=;: 
LA: 
11: 
P :  
Y: 

-Meter Normal I n c i d e n c e  Monochromator 
To r m g h i n z  pump f o r  l i z h t  s o u r c e ;  
T o  d i f f u s i m  pump f o r  main chamber; 
Mechanica l  light chopper ;  
D e t e c t o r  h o l d e r  and  e l e c t r o n  s u p p r e s s o r  p l a t e ;  
G r a t i n g  and  g r a t i n g  h o l d e r ;  
L i g h t  s o u r c e ;  
MDtor and g e a r  a s sembly  f o r  g r a t i n g  d r i v e ;  
S x t e n s i o n  D f  p i n i o n  t k r m 5 h  t h e  chamber wall; 
l 'zl  ve I 
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dc  d i s c h a r g e  gave  r i s e  t o  a s t r o n g  l i n e  a t  58@. 
The second  s o u r c e  was a condensed  s p a r k  d i s c h a r g e  t h r o u g h  

a ce ramic  c a p i l l a r y  f i l l e d  w i t h  a i r  a t  a b o u t  SCp. A t  8 kV 

t h e  a v e r a g e  d i s c h a r g e  c u r r e n t  was 32 mA. The d i s c h a r g e  c a p a c i t o r  

w a s  0.04 pF, and t h e  d i s c h a r g e  r a t e  w a s  90 s p a r k s / s e c .  S e v e r a l  

a i r  s p a r k  s p e c t r a  w i l l  be shown l a t e r .  

The r a d i a t i o n  f r o m  t h e  s o u r c e  w a s  chopped a t  11 cps  b y  

a r o t a t i n g  c y l i n d e r  p l a c e d  between t h e  l i g h t  s o u r c e  and t h e  

e n t r a n c e  s l i t .  The c y l i n d e r ,  which spun a b o u t  i t s  v e r t i c a l  

axis ,  had  a s l o t  i n  i t  which p a s s e d  r a d i a t i o n  t w i c e  e v e r y  

r e v o l u t i o n ,  and t h e  s i z e  of t h e  s l o t  was such  t h a t  t h e  l i g h t  

w a s  on and o f f  f o r  e q u a l  amounts of t h e  t i m e .  The c y l i n d e r  was 

c o u p l e d  m a g n e t i c a l l y  t o  a motor o u t s i d e  t h e  vacuum chamber. 

A Bausch and  Lomb, one-meter  r a d i u s  of c u r v a t u r e ,  concave,  

aluminum g r a t i n g  w a s  u s e d  to  d i s p e r s e  t h e  r a d i a t i o n .  I t  w a s  
2 r u l e d  w i t h  1440 grooves/mm o v e r  an a r e a  o f  5 x 3 cm 

s c a n n i n g  s p e e d  of a p p r o x i m a t e l y  7$/min was u s e d  w i t h  t h i s  

A normal  

g r a t i n g .  

The two s i l i c o n  pho tod iodes  e v a l u a t e d  i n  t h i s  work and a 
2'. 

t h e r m o p i l e  r a d i a t i o n  d e t e c t o r "  were mounted i n  a n  aluminum b l o c k  

which c o u l d  b e  moved v e r t i c a l l y  u p  and down b y  a r a c k  and  p i n i o n ,  

as  shown i n  F i g .  IO. The p i n i o n  was t u r n e d  by a s h a f t  which 

e x t e n d e d  through t h a  vacuum w a l l .  An e x i t  s l i t ,  mounted on a n  

i n s u l a t e d  e l e c t r o n  s u p p r e s s o r  p l a t e ,  was p l a c e d  i n  f r o n t  o f  t h e  

d e t e c t o r  h o l d e r .  Both t h e  e x i t  and e n t r a n c e  s l i t s  were 3 x 0.5 mm 
2 

2'. 

"Manufac tured  b y  C h a r l e s  M. Reader and Co., D e t r o i t ,  Mich.,  
Model N O .  R W - 8 V C .  
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I 
i i I  

hv  

Fig. 10.  De tec t9 r  H o l d e r  and E l e c t r o n  S u p p r e s s o r  P l a t e  
TP: Thermopi le ;  
RP: Rack and p i n i o n  u s e d  t o  r a i s e  and lower t h e  d e t e c t o r s  
P I :  P l a s t i c  i n s u l a t o r s  be tween t h e  d i o d e s  a n d  the h o l d e r ;  
SP: S i l i c o n  p h o t o d i o d e s ;  
ES: E l e c t r o n  s u p p r e s s o r  p l a t e .  
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i n  a r e a .  A w i d t h  o f  0.5 mm co r re sponded  t o  a r a d i a t i o n  bandwidth  

o f  88. 
A s  seen  i n  F ig .  11 , t h e r e  were t h r e e  l e a d s  f r o m  each  

Z L  

d i o d e , "  One was connec ted  t o  t h e  n - s i d e  o f  t h e  j u n c t i o n  which 

w a s  exposed t o  t h e  r a d i a t i o n .  The l e a d  t o  t h e  unexposed p-  

s i d e  o f  t h e  j u n c t i o n  w a s  a l s o  connec ted  t o  t h e  m e t a l  c a s e  of  

t h e  d iode .  To p e r m i t  t h e  p - s i d e  t o  be i s o l a t e d  f r o m  ground,  i t  

was n e c e s s a r y  t o  use a p l a s t i c  i n s u l a t o r  between t h e  c a s e  and  

t h e  grounded aluminum holdep .  The l e a d  marked G was connec ted  

t o  t h e  g u a r d  r i n g .  

F i g .  1 2 ( a )  shows t h e  c i r c u i t  u s e d  t o  measure Ii, t h e  

i n t e r n a l  p h o t o v o l t a i c  c u r r e n t  which i s  u s e d  t o  d e t e r m i n e  Q ' .  

The e l e c t r o n  s u p p r e s s o r  p l a t e  w a s  b i a s e d  4sV n e g a t i v e  t o  r educe  

p h o t o e l e c t r i c  e m i s s i o n  f r o m  t h e  exposed n - s i d e  of  t h e  j u n c t i o n .  

The p h o t o e l e c t r o n s  which were n o t  s u p p r e s s e d  were e v e n t u a l l y  

c o l l e c t e d  a t  some o t h e r  s u r f a c e  of t h e  grounded monochromator. 

S i n c e  t h e s e  e l e c t r o n s  c i r c u l a t e d  i n  a l o o p ,  which d i d  n o t  i n -  

c lude  t h e  meter,  t h e y  d i d  n o t  c o n t r i b u t e  t o  t h e  s i g n a l .  A small 

p a r t  nf t h e  d i n d - e  case w a s  a l s o  exposed t o  t h e  i n c i d e n t  pho ton  

flux, b u t  t h e  e l e c t r o n  s u p p r e s s o r  p l a t e  e l i m i n a t e d  any  s i g n i f i c a n t  

p h o t o e l e c t r i c  e m i s s i o n  f r o m  i t .  

With t h e  d i o d e  connec ted  as shown i n  F i g .  1 2 ( b ) ,  I i  - Iq 
w a s  measured.  The n - l e a d  was i s o l a t e d  f rom ground,  and t h e r e f o r e  

t h e  p h o t o e l e c t r o n s  e m i t t e d  f r o m  the  d i o d e  s u r f a c e  f lowed t h r o u g h  

t h e  m e t e r .  The p - s i d e  of t h e  j u n c t i o n  was connec ted  t o  ground 

- -  
"See a l s o  F i g .  7 .  



1 -  

A 

F i g .  11. 

A 

E S  

ES 

E l e c t r i c a l  Connec t i sns  t 9  Diode. The d imens ions  of t h e  
d i o d e  have  been  e x a g g e r a t e d ,  and t h e  r e l a t i v e  p o s i t i o n s  
Df t h e  l e a d s  have been chanSed from t h e  a c t u a l  geometry 
i n d i c a t e d  i n  F i z .  7 t o  a rcore c o n v e n i e n t  one t o  improve 
c l a r i t y .  
A: Aluminum d e t e c t o r  h o l d e r ;  
P I :  P l a s t i c  i n s u l a t o r  between d i o d e  and t h e  h o l d e r f  
ES: E l e c t r o n  suppressDr  p l a t e ;  
GR:  Lead t o  t h e  gua rd  r i n g  o f  t h e  d i o d e ;  
C :  Metal h e a d e r ;  
p :  Lead t o  t h e  p - s ide  o f  t h e  d i o d e  ( a l s o  i n d i c a t e s  p- type  S i ) ;  
n: Lead t o  t h e  n - s i d e  o f  t h e  d i o d e  (als: ,  i n d i c a t e s  n- type  Si); 
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E S  

ES 

. 

r A 
I -- 
'I, 

I t 
I - ----c 

F i g .  12 .  E l e c t r i c a l  C i r c u i t s  Used t:, Make V a r i o u s  Measurements 
( a ) :  measured I . ,  the  i n t e r n a l  p h o t o v o l t a i c  c u r r e n t ;  
( b ) :  measured t h e  d i f f e r e n c e  be tween I i  and  t h e  e x t e r n a l  

GR: Lead t o  t h e  guard r i n g ;  ES: E l e c t r o n  s u p p r e s s o r  p l a t e ;  
p :  Lead t o  the p - s i d e  o f  d i o d e ;  n:  Lead t o  n - s i d e  of d i o d e ;  
e :  p h o t o e l e c t r o n s  e m i t t e d  from n - s i d e  o f  t h e  j u n c t i o n  

p h o t o v o l t a i c  c u r r e n t ,  Iq; I 

and c o l l e c t e d  a t  ground p o t e n t i a l  (dashed  a r row 
i n d i c a t e s  t r a j e c t o r y  o f  e l e c t r o n ) .  
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c a u s i n g  t h e  i n t e r n a l l y  g e n e r a t e d  c u r r e n t  t o  f l o w  through t h e  

m e t e r  and b e  d e t e c t e d .  P h o t o e l e c t r o r s e m i t t e d  f rom t h e  c a s e  o f  

the d i o d e  were n o t  d e t e c t e d  s i n c e  t h e y  c i r c u l a t e d  i n  a l o o p  t h a t  

d i d  n o t  i n c l u d e  t h e  m e t e r .  

The s i g n a l s  f r o m  t h e  t h e r m o p i l e  and t h e  s i l i c o n  j u n c t i o n  

p h o t o d i o d e s  were a l l  a n a l y z e d  by t h e  same synchronous  a m p l i f i e r -  

r e c o r d e r  system," which c o n s i s t e d  o f  f i v e  main p a r t s :  a mechani-  

c a l  l i g h t  s o u r c e  chopper ;  a low n o i s e ,  h i g h  g a i n  a c  a m p l i f i e r ;  

a t w i n - t e e  na r row band f i l t e r ;  a synchronous  d e t e c t o r ;  and a s t r i p  

c h a r t  r e c o r d e r .  Th i s  i n s t r u m e n t  c o u l d  be o p e r a t e d  a t  chop- 

p i n g  f r e q u e n c i e s  f rom 5 t o  200 cps ,  b u t  all measurements  were 

made w i t h  a f i x e d  chopping  f r e q u e n c y  o f  11 c p s  o v e r  an  e l e c t r i -  

c a l  bandwidth  of  1 o r  1/3 cps .  The re  was a l s o  4 b u i l t - i n  

c a l i b r a t i o n  s i g n a l  which a p p l i e d  a known v o l t a g e  a c r o s s  t h e  

- c 

- v  eb;oLurr P.-?e<nn :nn,, rrrywt r e s i s t o r s ;  T h i s  f e a t u r e  g u a r a n t e e d  a n  o v e r - a l l  

a c c u r a c y  of 2 p e r  c e n t  a n  any  s c a l e .  A b u i l t - i n  o s c i l l o s c o p e  

m o n i t o r e d  t h e  p h a s e  between t h e  i n p u t  a n d  r e c t i f i c a t i o n  s i g n a l s .  

The d e t e c t o r s  were  c o n n e c t e d  t o  v a r i o u s  r e s i s t o r s  i n  

+L- b L 1 U  :n-ll+ L L l p U U  6 A  m n ; A  A- 0 ~ ~ 0 1 1 i t  V I A  " _ A "  n r r n r d i n g  - - - _ _  t o  t h e i r  i n p u t  impedance. 

The t h e r m o p i l e ,  which had  a low impedance o f  a b o u t  20 ohms, 

w a s  c o n n e c t e d  t o  a 1 : I O 0  s t ep -up  t r a n s f o r m e r ,  and t h e  h i g h -  

r e s i s t a n c e  s i l i c o n  pho tod iodes  a c r o s s  1 megohm. The t h e r m o p i l e  

w a s  c a l i b r a t e d  u s i n g  an  N.B.S.  i r r a d i a n c e  s t a n d a r d  i n  t h e  usua l  

way. 1 6  

- -  
"Manufac tured  by Brower L a b o r a t o r i e s ,  Westboro, Mass. 

Model No. 103M0 

Quant .  S p e c t r o s c .  R a d i a t .  T r a n s f e r  5, 3 2 9  (1965). 
'%. Watanabe, F. M, Matsunaga, and R.  S .  Jackson ,  J. 
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All a b s o l u t e  measurements were made by  r o t a t i n g  t h e  

g r a t i n g  u n t i l  a s t r o n g  s p e c t r a l  l i n e  w a s  i n c i d e n t  on t h e  thermo- 

p i l e .  I t s  o u t p u t  gave the  i n t e n s i t y  o f  t h e  l i n e  i n  terms o f  

pho tons / sec .  The t w o  d i o d e s  were t h e n  moved i n  t u r n  b e h i n d  t h e  

e x i t  s l i t  and t h e i r  r e s p o n s e  n o t e d .  The t h e r m o p i l e  w a s  a g a i n  

moved beh ind  t h e  e x i t  s l i t  and i t s  second r e s p o n s e  compared 

w i t h  i t s  i n i t i a l  r e s p o n s e  as  a check on t h e  s t a b i l i t y  of t h e  

l i g h t  s o u r c e .  Then t h e  g r a t i n g  was r o t a t e d  and t h e  p r o c e d u r e  

r e p e a t e d  w i t h  a new l i n e .  



V .  RESULTS 

Over one hundred  s p e c t r a l  l i n e s ,  f rom 3000 t o  4008, 

were obse rved  w i t h  t h e  s i l i c o n  j u n c t i o n  p h o t o d i o d e s .  However, 

o n l y  a b o u t  25 of  t h e s e  were i n t e n s e  enough f o r  r e l i a b l e  

a b s o l u t e  photon  flux measurements.  The r e s u l t s  of  t h e s e  

measurements  f o r  1 3  p o i n t s  f rom 584 t o  16088  a re  g i v e n  i n  

F i g .  13. A q u a l i t a t i v e  a n a l y s i s  of t h e  s p e c t r a  o b t a i n e d  w i t h  

t h e s e  d i o d e s  i n d i c a t e d  no d r a s t i c  changes  i n  r e s p o n s e  a t  wave- 

l e n g t h s  g r e a t e r  t h a n  85'08. Below 8508 t h e  r e s p o n s e  a p p a r e n t l y  

i n c r e a s e d  s h a r p l y .  

Q u a n t i t a t i v e  measurements were l i m i t e d  b y  t h e  r e l a t i v e l y  

low s e n s i t i v i t y  or" t h e  c a l i b r a t e d  t h e r m o p i l e .  Many l i n e s  

which r e g i s t e r e d  c l e a r l y  w i t h  t h e  d i o d e  d e t e c t o r s ,  g i v i n g  t h e i r  

r e l a t i v e  s e n s i t i v i t y ,  were u n d e t e c t a b i e  w i t h  t h e  t h e r m o p i l e .  

I n  p a r t i c u l a r ,  many l i n e d  i n  t h e  a i r  s p a r k  s p e c t r u m  i n  t h e  

600 t o  4,008 r e g i o n  were e a s i l y  d e t e c t e d  b y  t h e  d i o d e s ,  F i g .  I.!+, 

b u t  cou ld  n o t  b e  obse rved  a t  a l l  w i t h  t h e  t h e r m o p i l e .  T h i s  

i n d i c a t e d  t h a t  t h e y  were a c t u a l l y  weak l i n e s  &[id t h a t  t h e  s t r o n g  

s i g n a l s  t h e y  produced  i n  t h e  d i o d e s  were i n d i c a t i v e  o f  t h e  h i g h  

s e n s i t i v i t y  of  t h e  d i o d e  i n  t h i s  r e g i o n .  The d i o d e  r e s p o n s e  

measurements  were  made wi th  t h e  d i o d e  connec ted  as shown i n  

F i g .  1 2 ( a ) .  With t h i s  connec t ion ,  o n l y  t h e  i n t e r n a l  p h o t o c u r r e n t  

c o n t r i b u t e d  t o  t h e  d i o d e  s i g n a l .  

The s e n s i t i v i t y  d e c r e a s e d  s l i g h t l y  f rom 

8508 a n d  t h e n  i n c r e a s e d  r a p i d l y .  The r e s p o n s e  

d i o d e  A was I .4 e l e c t r o n s  p e r  i n c i d e n t  photon .  

2 9  

16088 t o  a b o u t  

a t  5848 f o r  

T h i s  was a 
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t e n  f o l d  i n c r e a s e  o v e r  i t s  r e sponse  a t  1 0 8 0 .  Diode B showed 

a t h i r t y  f o l d  i n c r e a s e  over  t h e  same r e g i o n ,  f rom 0.04 t o  1 .2 

e l e c t r o n s  p e r  i n c i d e n t  photon.  

If t h e  d i o d e  i s  connec ted  as shown i n  F i g .  1 2 ( b ) ,  t h e  

i n t e r n a l  p h o t o c u r r e n t ,  Ii, measured a b o v e ,  i s  opposed b y  t h e  

e x t e r n a l  p h o t o e l e c t r i c  c u r r e n t ,  I 

s p a r k  t r a c e  of  a d i o d e ' s  r e s p o n s e  i n  t h i s  c o n f i g u r a t i o n .  A t  

wave leng ths  g r e a t e r  t h a n  12008, t h e  i n t e r n a l  p h o t o c u r r e n t ,  Ii ,  

was l a r g e r  t h a n  t h e  e x t e r n a l  p h o t o e l e c t r i c  c u r r e n t ,  Iq, and  

t h e r e f o r e  t h e  n e t  s i g n a l  was i n  t h e  n e g a t i v e  d i r e c t i o n .  T h i s  

c r o s s o v e r  p o i n t  i s  s e e n  c l e a r l y  w i t h  a hydrogen  d i s c h a r g e  which 

has many l i n e s  n e a r  12008. Between 1200 a n d  7008, I was 

grea te r  t h a n  I;, and t h e  n e t  s i g n a l  was i n  t h e  p o s i t i v e  

d i r e c t i o n .  

Ii i n c r e a s e d  r a p i d l y  and became g r e a t e r  t h a n  I 

F ig .  15 shows an a i r  
9' 

cp 

* 

The s i g n a l  became n e g a t i v e  a g a i n  below 7008, where 

( P -  

These  p o l a r i t y  r e v e r s a l s  may be of c o n s i d e r a b l e  a i d  

when i d e n t i f y i n g  u n f a m i l i a r  s p e c t r a ,  s i n c e  second o r d e r  l i n e s  

a r e  e a s i l y  d i s t i n g u i s h e d  from f i r s t  o r d e r  ones  between 2400 

and 7008. 

a p o s i t i v e  s i g n a l  i n  a r e g i o n  where a l l  f i r s t  o rde r  l i n e s  were 

n e g a t i v e ,  and  5102 i n  t h e  second o r d e r  a p p e a r e d  as  a n e g a t i v e  

s i g n a l  i n  a r e g i o n  where a l l  t h e  f i r s t  o r d e r  l i n e s  were p o s i t i v e .  

F o r  example, 8358 i n  t h e  second o r d e r  appea red  as 
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VI. DISCUSSION 

The r e s u l t s  of t h i s  work  a r e  of  i n t e r e s t  f rom s e v e r a l  

p o i n t s  o f  view. A s  new d e t e c t o r s  o f  ex t reme u v  and s o f t  x r a y s ,  

t h e  s i l i c o n  j u n c t i o n  pho tod iodes  s h o u l d  p l a y  a n  i m p o r t a n t  r o l e  

i n  fu ture  r e s e a r c h  i n  t h i s  f i e l d ,  b o t h  i n  t h e  l a b o r a t o r y  and  

i n  space s c i e n c e  a p p l i c a t i o n s .  The d e v i c e  r e q u i r e s  no e x t e r n a l  

power s u p p l y ,  e x h i b i t s  no s i g n i f i c a n t  f a t i g u e  p r o p e r t i e s ,  can 

be c y c l e d  between vacuum and a i r  r e p e a t e d l y ,  and p o s s e s s e s  a l l  

t h e  obvious  a d v a n t a g e s  of a s o l i d  s t a t e  s e n s o r .  High d e n s i t y  

l i n e a r  arrays and mosa ic s  o f  t h e s e  d e t e c t o r s  m y  be r e a d i l y  

f a b r i c a t e d ,  u s i n g  t h e  s t a t e - o f - t h e - a r t  p l a n a r  t echno logy .  The 

r e s p o n s i v i t y  i s  i n t e r m d i a t e  t o  t ha t  o f  t 'ner i i iopl ls  r a d l a t i o r ,  

d e t e c t o r s  and sodium s a l i c y l a t e  c o n v e r s i o n  combined w i t h  a pho to -  

m d t i p l i e r .  I n  a d d i t i o n ,  when employed i n  t h e  p r o p e r  mode, t h e  

pho tod iode  i s  a c o n v e n i e n t  o r d e r - s o r t e r .  

The e l e c t r o n - h o l e  p a i r s  g e n e r a t e d  and s e p a r a t e d  by t h e s e  

j u n c t i o n  d e v i c e s  a s  a f u n c t i o n  of photon  e n e r g y  i s  a matter o f  

f u n d a m e n t a l  i n t e r e s t .  One can w r i t e  

Q' = ( 1  - R ) C Q y  ( 9 )  

where R i s  t h e  r e f l e c t a n c e ,  Q t h e  quantum e f f i c i e n c y  of 

i n t e r n a l  p a i r  p r o d u c t i o n ,  and C t h e  c o l l e c t i o n  e f f i c i e n c y  

d i s c u s s e d  e a r l i e r  i n  connec t ion  w i t h  E q . ( 6 ) .  I t  i s  o n l y  f o r  

wave leng ths  l e s s  t h a n  13008 t h a t  t he  r e f l e c t i v i t y  c o r r e c t i o n  

( 1  - R )  i s  s i g n i f i c a n t  t o  a d e t e r m i n a t i o n  o f  Q '  ( F i g .  1 3 ) .  

S a s a k i  and Ish iguro '  have ex tended  t h e  measurements 

o f  P h i l i p p  and Tart' on t h e  a b s o r p t i o n  o f  s i l i c o n  t o  photon  

34 
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e n e r g y  o f  20 e V  ( F i g .  1 6 ) .  From 5 e V  t o  20 e V ,  the e x t i n c t i o n  

c o e f f i c i e n t ,  k, shows a monotonic d e c r e a s e  s o  t h a t  one would 

e x p e c t  p a i r  g e n e r a t i o n  t o  occur  c l o s e r  t o  t h e  j u n c t i o n  p l a n e  

a s  one p roceeds  t o  s h o r t e r  wave leng ths  f rom t h e  peak  a b s o r p t i o n s  

a t  4.5 t o  6 e V .  I n t u i t i v e l y ,  and  a n a l y t i c a l l y  f rom Eq.(6), 

one  might  e x p e c t  a c o r r e s p o n d i n g  i n c r e a s e  i n  C .  However, i t  

is  a l s o  n e c e s s a r y ,  even  i n  the s i m p l e  model l e a d i n g  t o  Eq. (6), 

t o  t a k e  i n t o  a c c o u n t  t h e  v a r i a t i o n  o f  Ls and s w i t h  photon  ene rgy ,  

i . e . ,  t he  e l e c t r o n  m o b i l i t y  may be a s t r o n g  f u n c t i o n  of  t h e  

c o n d u c t i o n  band b ranch .  

such  a p o s s i b i l i t y  i n  d i s c u s s i n g  t h e  r e s u l t s  of  LohI7 i n  t h e  

Loh and P h i l l i p s 7  have c o n s i d e r e d  

n e a r  uv .  

The i n t e r n a l  quantum e f f i c i e n c y  of s i l i c o n  h a s  been  

s tudied b y  V a v i l o v q 8  i n  t h e  photon  e n e r g y  r a n g e  f rom 1 .5 t o  

4 .9  eV, shown i n  F i g .  17 .  The v a l u e  o f  Q i s  u n i t y  up  t o  3.4 e V  

and t h e n  r a p i d l y  i n c r e a s e s  t o  a va lue  o f  Q = 2.1 a t  hv = 4.9 e V ,  

which he a t t r i b u t e d  t o  impact  i o n i z a t i o n  by t h e  e n e r g e t i c  

ca r r ie rs .  

m i i t I p l i c i 7 . t I c ~  e r f e c t  ha e s t i m a t e d  f r o m  t h i s  r e s u l t  i s  

The t h r e s h o l d  k i n e t i c  e n e r g y  E t  f o r  t h i s  s econdary  

. 

f o r  E = 1 . I  e V .  

s e c o n d a r y  p a i r  p r o d u c t i o n  shou ld  be a b o u t  2 .2  e V  r a t h e r  t h a n  

1 . I  e V  s i n c e  t h e  m o s t  l i k e l y  impact  i o n i z a t i o n  e v e n t  ( g r e a t e s t  

c r o s s  s e c t i o n )  o c c u r s  when t h e  a v a i l a b l e  k i n e t i c  ene rgy  i s  

According t o  Shockley” t h e  t h r e s h o l d  f o r  g 

1 

4 

I7E. Loh, J. Phys. Chem. S o l i d s  3, 493 (1963). 

I 8 V .  S. Vavi lov ,  J. Chem. Phys.  g ,  223 (1959). 

I9W. Shockley ,  Czech. J. Phys. 11, 81 (1961 ) .  
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e q u a l l y  p a r t i t i o n e d  between t h e  h o l e  and t h e  e l e c t r o n .  

Using a s u r f a c e - b a r r i e r  d i o d e  c o n f i g u r a t i o n  i n  t h e  

r e v e r s e  b i a s  mode, T u z z o l i n o  9 y 1  

Q t o  21 .2 e V .  H i s  r e s u l t s  a r e  shown i n  F i g .  18. 

ex tended  t h e  measurements  of 

The d a t a  p r e s e n t e d  i n  Fig.  13 a re  n o t  c o n s i s t e n t  w i t h  

t h e  d a t a  of Tuzzo l ino  and the  model d e s c r i b e d  e a r l i e r .  H i s  

p r e d i c t e d  l a r g e  enhancement i n  QC does n o t  a p p e a r  i n  t h i s  work 

u n t i l  pho ton  e n e r g i e s  of 1 8  e V  a r e  r eached ,  w h i l e  i n  h i s  work 

t h e  r i s e  s t a r t s  a t  6 eV.  A l s o ,  the  a p p a r e n t  d r o p  i n  QC obse rved  

f r o m  6 e V  t o  1 0  e V  

b o t h  Q and C .  I t  i s  p o s s i b l e  b u t  n o t  l i k e l y  t h a t  t h e  a b s o r p t i o n  

c h a r a c t e r i s t i c s  of a h i g h l y  doped n- type  l a y e r  may d i f f e r  con- 

i s  i n c o n s i s t e n t  w i t h  t h e  e x p e c t e d  i n c r e a s e  i n  

! -  

. 
s i d e r a b l y  f rom the  d a t a  o b t a i n e d  by  S a s a k i  and  I sh igu ro '  i n  

t h e i r  p- type  50 ohm-cm sample ." A measurement o f  t he  o p t i c a l  

c o n s t a n t s  f o r  d e g e n e r a t e  s u r f a c e  l a y e r s  i n  S i  s h o u l d  r e s o l v e  

t h i s  q u e s t i o n .  The o the r  p o s s i b i l i t y  i n v o l v e s  q u e s t i o n s  o f  

b o t h  m o b i l i t y  and l i f e t i m e  of c a r r i e r s  as  a f u n c t i o n  of t h e  

pho ton  e n e r g y .  F i n a l l y ,  t h e  measurement of  s p e c t r a l  respon-  

s l v l t g  as a f 'unct lcr ,  of app l i ed .  b i a s  s h o u l d  be c a r r i e d  o u t  i n  

o r d e r  t o  d e f i n e  t h e  c o n t r i b u t i o n ,  if  any ,  of t h e  d i o d e  b a s e  ( p -  

l a y e r ) .  

e v e n t s  of i n t e r e s t  occu r  i n  t h e  d i f f u s e d  l a y e r  0 

pho ton  e n e r g i e s  i n  e x c e s s  o f  6 e V .  

- -  

I n  t h i s  a n a l y s i s ,  i t  h a s  been  i m p l i c i t l y  assumed t h a t  a l l  

x < xJ f o r  

* 
3- 

" " R e f l e c t a n c e  Measurements f rom S t r o n g l y  Doped n- and p= 
Type S i l i c o n  C r y s t a l s  i n  t h e  Extreme Vacuum U l t r a v i o l e t , "  J. E a r l  
R u d i s i l l ,  M.S. T h e s i s ,  U.S.C., May 1965. 
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