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ABSTRACT 

It  i s  wel l  known t h a t  a t  room temperature ohmic- 

behaving e l e c t r i c a l  contac ts  t o  CdS s i n g l e  c r y s t a l s  can 

e a s i l y  be a t t a i n e d .  However, a t  temperatures g r e a t e r  

than 100°C such con tac t s  e x h i b i t  i n s t a b i l i t y  ( e . g .  

fu s ion  o f  indium i n t o  the bulk o f  t h e  c r y s t a l  above 100°C 

where, a c t i n g  as a donor, i t  may dominate c r y s t a l  behavior ) .  

A mul t i l aye r  technique has  been developed which p e r m i t s  

evaporated e l e c t r o d e s  t o  perform ohmically up t o  3OO0C. 

This technique is charac te r ized  by t h e  usage of a pre-  

p a r a t i v e  metal  t o  "clean" t h e  s u r f a c e  o f  the c r y s t a l  t o  

be e l ec t roded ,  an a c t i v e  metal t o  se rve  a s  t h e  ohmic- 

behaving e l e c t r i c a l  contac t ,  and a covering metal t o  

c a r r y  cu r ren t  and a c t  as a d i f f u s i o n  s i n k .  Although i n  

h a l f  t h e  cases  a h e a t  treatment oi t h e  m u l t i l a y e r - c r y s t a l  

system i s  necessary t o  c r e a t e  an ohmic-behaving c o n t a c t ,  

t he  r e s u l t s  us ing  t i tanium as t h e  p repa ra t ive  metal  and 

aluminum as t h e  a c t i v e  m e t a l  have been completely 

s u c c e s s f u l .  

d i f -  



I .  INTRODUCTION 

4 
The t a s k  o f  c r e a t i n g  an e l e c t r i c a l  con tac t  on cadmium 

s u l f i d e  has  received much a t t e n t i o n .  Previous i n v e s t i g a t i o n s  
have shown t h a t  a t  room temperatures indium and gal l ium serve 
a s  ohmic con tac t s  t o  CdS and thereby a c t  a s  a r e s e r v o i r  o f  
e l e c t r o n s  t h a t  can be supplied t o  the  bulk c r y s t a l  a s  needed. 
I n  a few i n v e s t i g a t i o n s  aluminum has been used success fu l ly  
a s  an ohmic con tac t  - r e t a i n i n g  i t s  ohmicity without degrada- 
t i o n  a t  e leva ted  temperatures (up t o  350OC). 
such a s  gold and s i l v e r ,  having work func t ions  g r e a t e r  than 
t h a t  of  CdS, have been made t o  serve somewhat s a t i s f a c t o r i l y  
a s  ohmic behaving e l e c t r i c a l  con tac t s  t o  CdS under spec ia l i zed  
condi t ions .  

Also ,  metals  

With the  exception o f  aluminum, the  above mentioned 
meta ls  a r e  not  s t a b l e  a s  ohmic behaving e l e c t r i c a l  c o n t a c t s  
t o  cadmium s u l f i d e .  I n  the cases  when indium and gal l ium 
a r e  used, e l eva ted  temperatures (above 7OoC) r e s u l t  i n  
massive d i f f u s i o n  o f  the  e lec t rode  m a t e r i a l  i n t o  the  bulk 
where, a c t i n g  a s  donors, t hey  may dominate c r y s t a l  c h a r a c t e r -  
i s t i c s .  Gold, s i l v e r  and o t h e r  metals  g ive  ohmic c o n t a c t s  
on ly  a f t e r  a low pressure  gas d iscnarge ,  bu t  t he  ohmicity 
i s  usua l ly  annealed ou t  a t  e l eva ted  temperatures.  The 
d i f f i c u l t y  o f  degradat ion o f  the  ohmic e l e c t r o d e s  a t  
e l eva ted  temperatures due t o  e l e c t r o d e  d i f f u s i o n  o r  d i s -  
appearance of  ohmicity does no t  occur when aluminum serves  
a s  t he  ohmic con tac t .  However, s ince  oxygen on the  CdS 
sur face  r e a c t s  wi th  aluminum forming an i n s u l a t i n g  l a y e r ,  
i t  i s  d i f f i c u l t  t o  achieve ohmic behaving c o n t a c t s  with t h i s  
meta l .  Thus f a r  t he  only way t o  c o n s i s t e n t l y  achieve ohmic 
c o n t a c t s  using aluminum i s  by evaporat ion onto a vacuum 
cleaved c r y s t a l .  

1 
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It i s  proposed t h a t  a m u l t i l a y e r  technique ( i . e .  
coevaporation i n  vacuum of two o r  more metals)  would enable 
both aluminum and indium t o  a c t  a s  s t a b l e  ohmic c c n t a c t s .  
The p repa ra t ive  metal  (Au, P t ,  T i )  would serve t o  enhance 
impuri ty  desorp t ion ,  and then an a c t i v e  meta l  (Al, I n ,  Ga) 
wnrild make t h e  nhmic hehav ing  el_pctri_ca1_ c e E t a c t .  A f h a l  
covering metal  (Au, Ag, P t ,  ...) would supply the  bulk with 
e l e c t r o n s  v i a  the  a c t i v e  metal  con tac t  and a l s o  a c t  a s  a s i n k  
f o r  the  d i f f u s i o n  of  any excess  a c t i v e  meta l .  When aluminum 
i s  the a c t i v e  meta l ,  i t  i s  necessary t o  use a p repa ra t ive  
meta l  t o  "clean" the  CdS sur face .  I n  the  case  o f  indium 
where impuri ty  desorpt ion i s  no t  c r i t i c a l ,  t he  success  of  
t he  mul t i - l aye r  technique does not  depend on a p repa ra t ive  
meta l .  I n  t h i s  case it i s  reasoned t h a t  i f  t h e  depos i t  
o f  the a c t i v e  meta l ,  indium, i s  t h i n  enough ( i . e .  a mono- 

l a y e r ) ,  i t  w i l l  be trapped a t  the  sur face  and thus  w i l l  
no t  r e a d i l y  d i f f u s e  i n t o  the  bulk c r y s t a l  a t  e l eva ted  
temperatures.  



11. THEORETICAL CONSIDERATIONS 

A .  Defining terms, I n  d iscuss ing  the  b r ing ing  o f  a 
meta l  i n t o  in t ima te  contac t  forming a metal-semiconductor 
j u n c t i o n ,  s e v e r a l  q u a n t i t i e s  m u s t  be def ined.  F i r s t ,  a work 
f u n c t i o n , @ m , i s  defined a s  the  energy necessary t o  move an 
e l e c t r o n  from the Fermi l e v e l  i n  the  meta l  t o  the vacuum 
l e v e l .  
t he  energy necessary to  move an e l e c t r o n  from the  Fermi l e v e l  
i n  the  semiconductor t o  t h e  vacuum l e v e l .  However, f o r  a 
semiconductor t he  Fermi l e v e l  i s  dependent i n  any given 
semiconductor on concent ra t ion  and energy of  impuri ty  c e n t e r s .  
Also, l y ing  i n  the forbidden gap, the Fermi l e v e l  does not  
n e c e s s a r i l y  co inc ide  with a allowed l e v e l  t h e r e .  It i s  thus  
convenient t o  introduce a n q u a n t i t y  x, t he  e l e c t r o n  a f f i n i t y ,  
and def ine  i t  a s  the  energy necessary t o  move an e l e c t r o n  
from the  lowest energy l e v e l  i n  t he  conduction band o f  t he  
semiconductor t o  the  vacuum l e v e l .  Usage of these  terms 
w i l l  occur i n  the  development o f  t he  s impl i f i ed  junc t ion  theory. 
It i s  now s i g n i f i c a n t  t o  cons ider  two d i f f e r e n t  cases  of 
t h e  metal-semiconductor junc t ion :  * 
t h e  sake of  s i m p l i c i t y ,  i t  i s  assumed t h a t  i n  t h e  semicon- 
duc tor  t he re :  1) are no surface s t a t e s ,  2) e x i s t s  one we l l  
def ined donor l e v e l  ND a t  an energy ED (such t h a t  t he  semi- 
conductor i s  n- type) ,  and 3) a r e  no e f f e c t s  due t o  image 
f o r c e s .  These above condi t ions  descr ibe  the  assumptions f o r  
t h e  s impl i f i ed  theory.  

Second, a work funct ion,  * s, i s  l ikewise  def ined a s  

> * s  and @ s  > @,. Fo r 

B.  - The Simplif ied Junc t ion  Theory. F i r s t ,  cons ider  
. t h e  case where the  work func t ion ,  of  the meta l  i s  g r e a t e r  
than the  work func t ion ,  $ s ,  of  the  semiconductor. AS a 

3 
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consequence o f  forming a junc t ion  of  a metal  and a semicon- 
duc to r ,  t he re  w i l l  be a r e d i s t r i b u t i o n  o f  charges a t  the  
i n t e r f a c e  o f  the  two ma te r i a l s  i n  such a way t h a t  a t  thermal 
equi l ibr ium the Fermi l e v e l  has the  same value i n  the complete 
metal-semiconductor system. A s  a r e s u l t  o f  t h i s  charge exchange 

leaving  ionized donors i n  the  semiconductor. See Figure (1) and 
elec t~u i i s  i ~ u i u  the seiiiicoiidiic tuL- will f l u w  i ~ l t u  tlie i t i e t ~ l  

METAL 

Figure  (1). Energy level diagram of 
before  contact  f o r  case 

Cond. Band 

T T  ,I f 

'E f s  

I----- - - - - - _  

/ v  E 
'//// 

SEMICONDUCTOR 

a metal and semiconductor 
of Q > Q s .  m 

, C . B .  i 

METAL SEMICONDUCTOR 

F igure  ( 2 ) .  Energy l e v e l  diagram of metal-semiconductor 
j u n c t i o n  after con tac t  f o r  case of Qm > m s .  
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The q u a n t i t i e s  def ining the  c h a r a c t e r  of  t h i s  s impl i f i ed  
con tac t  j unc t ion  may be thought of  i n  the  following way, F i r s t ,  
f a r  i n  the bulk of  the  c r y s t a l ,  the  semiconductor system i s  not  
aware t h a t  a metal  has  been placed a t  the  su r face ;  thus  a t  
x = the  q u a n t i t y  @ s -  X i s  a boundary condi t ion .  Second, a t  

jiinctfon o f  LL- L--- - - - - A -  - --- 
LLLC LWU sysLeitia, fur iiii I S ! : ~ I S ! : C ~ L ~ U L I  t u  e i i i e r  

the  semiconductor a t  t h e  lowes t  s t a t e  i n  the  conduction band 
from the  Fermi l e v e l  i n  the meta l ,  i t  m u s t  overcome a b a r r i e r ,  
@ - X(the q u a n t i t y  G m  - Y from the  S impl i f ied  Junct ion  Theory 
i s  c a l l e d  the b a r r i e r  he igh t ) .  
boundaries Qm - x and @ 

@ 

m m  > Q s  t he  e l e c t r i c a l  contac t  a t  the  j u n c t i o n  of  the  two 
systems i s  considered "blocking". 

m 
I n  the  region between the  

- X l i e s  a region,  f o r  the case where 
S 

> H s ,  c a l l e d  the  deple t ion  region.  For the  case where m 

Second, cons ider  the case where @ > Q m  when the  semi- 
S 

conductor i s  n-type a s  shown i n  F igures  (3) and ( 4 ) .  I n  t h i s  
s i t u a t i o n ,  the  d i f f e r e n c e  i n  the  work func t ion  gives  r i s e  
t o  a flow of  e l e c t r o n s  from t he  meta l  i n t o  the  semiconductor. 
This  time the  region between the in te r face  and the  bulk semi- 
conductor i s  c a l l e d  the accumulation reg ion .  For the 
s impl i f i ed  j u n c t i o n  c a s e ,  where Q s  > G m  and f o r  an n-type 
semiconductor, the e l e c t r i c a l  con tac t  i s  considered " i n j e c t -  
i n g  11 [a1 

C .  - The Blocking Contact. For the  case  of  the blocking 
c o n t a c t  ( i . e .  where 
one f o r  the b a r r i e r  l a y e r  th ickness  being small  compared 
wi th  the mean f r e e  pa th  of t h e  e l e c t r o n  (diode theo ry ) ,  t he  
o t h e r  f o r  t he  b a r r i e r  thickness  be in  l a r g e  compared t o  the  

Q > G s )  two cons ide ra t ions  must be made: m -  

mean f r e e  pa th  ( d i f f u s i o n  theory) .  [ 17 

[a ]  N . B .  Actua l ly ,  a t h i r d  pure ly  mathematical  c a s e ,  f o r  
t he  s impl i f i ed  junc t ion  e x i s t s .  This occurs  when Qm = Qs. 
There then i s  no charge exchange and t h i s  j u n c t i o n  i s  r e f e r r e d  
t o  a s  a n e u t r a l  con tac t .  
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METAL 

I C _ . E f S  
I-- - -- - - - - / - - 

SEMICONDUCTOR ' ' 
Figure  ( 3 ) .  Energy l e v e l  diagram of  a metal  and a s e m i -  

conductor before  con tac t  f o r  case  of Qm < a s -  

Figure  ( 4 ) .  Energy l e v e l  diagram of a metal-semiconductor 
j u n c t i o n  a f t e r  con tac t  f o r  case of @m < a s .  

I n  the  diode theory the  p a r t i c l e  d e n s i t y  f r o m  the 
junc t ion  region i n  the  semiconductor t o  the  meta l  a t  t he  plane 
x = o i s :  
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wt;ei:e: Vth E thermal v e l o c i t y  

ng - = equi l ibr ium e l e c t r o n  concent ra t ion  i n  
bulk semiconductor 

V 
VD E d i f fus ion  vol tage.  

appl ied vo l t age  a t  t he  junc t ion  

The p a r t i c l e  c u r r e n t  dens i ty  i n  the  o t h e r  d i r e c t i o n  (metal t o  
j u n c t i o n  region i n  semiconductor) i s  given by 

By sub t r ac t ing  equation (1) from (2)  and mul t ip ly ing  by e 
g ives  f o r  t he  non-zero case a f t e r  extended mathematical 
development, 

-1) - + eV/kT eS = e ( i  - S> = j l  = jo  (e- 

eVth n~ * where: j: = 1 
76n 

When V i s  p lus  such t h a t  the junc t ion  i s  negat ive with 
r e spec t  t o  the  metal  then ,  

(3)  

and f o r  a l l  p l u s  va lues  of  V t h e  c u r r e n t  j i s  c a l l e d  the  

.. forward current ,  j for 1 

When V i s  negat ive such t h a t  the  j u n c t i o n  i s  p o s i t i v e  
wi th  r e spec t  t o  the  m e t a l  then,  

and f o r  a l l  negat ive values  of V t he  c u r r e n t  j '  i s  c a l l e d  
t h e  reverse  c u r r e n t .  I t  should be noted t h a t  i n  t h i s  case 
f o r  va lues  of  V > 4 7, kT j h e v  - - - j b  and the  c u r r e n t  s a t u r a t e s .  
Phys ica l ly ,  t h i s  s a t u r a t i o n  corresponds t o  the  maximum amount 
o f  c u r r e n t  t h a t  the  meta l  e l ec t rode  can supply t o  the  semi- 

conductor.  
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For the d i f f u s i o n  theory i t  i s  assumed t h a t  the  
e l e c t r o n s  s u f f e r  s u f f i c i e n t  c o l l i s i o n s  with phonons and 
imperfect ions while i n  the b a r r i e r  l a y e r  such t h a t  i t  i s  
now necessary t o  incorporate  a d i f f u s i o n  term. The c a l c u l a -  
t i o n  of  c u r r e n t  flow a t  t h e  j unc t ion  proceeds i n  the same 
manner a s  f o r  the diode theory only with new expressions f o r  
S and 's [See Table I ] .  Here then 
+ 

- 1) 
+ eV/kT e - #  

e S = e (S  - S) = j = j; (e- 

where; 

* = ePn noEo j 0  

where: cln = mobi l i ty  o f  e l e c t r o n .  

n 

E 1 i s  a l i n e a r i z e d  f i e l d  i n  the  dep le t ion  

E # e lec t rons  e x i s t i n g  i n  the semiconductor 
0 a t  x = 0 .  ( i . e .  r i g h t  a t  the  i n t e r f a c e ) .  

O region (an approximation) 

diode theory 

d i f f u s i o n  theory 

TABLE I 

ne t a  1- semiconductor 
s 

1 
J ~ T T  'th no 
- 

dn 
dx D -  

semiconductor-metal 
S 
+ 

dV 
'n dx 

A forward and reverse c u r r e n t  a r e  aga in  def ined a s  
they were f o r  the  diode theory model: 

-eV/kT 
j rev.  = jo* (e  -1). 

The j ' term t h a t  appears i n  equat ions  @)and (6)and the  jz 
0 
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t e r m  i n  equat ions (7 )  and (8) represent  t he  emission capac i ty  
o f  the  metal  and both depend on the q u a n t i t y , @ m  - x :  

.. 

where: 
n = N C e  - (mm-X) /kT 
0 . ( 9 )  

D. - The I n j e c t i n g  Contact. The case of  the i n j e c t i n g  
con tac t  ( a m  > @ S )  was considered by Mott and Gurney!” It 
i s  poss ib l e  now t o  use both the  Poisson and c u r r e n t  flow 
equat ion i n  the  same development: 

j = n(x)e PE - De dx dn (4 

- -  dE n (x>e  
dx - K e  . 

0 

Eliminat ing n ( x ) ,  

3 

dE - dLE 
1 = V E X  D--zz 

€0 

I n t e g r a t i n g ,  

1 go + cons t ,  = 7 

then s u b s t i t u t i n g  D = ep , 

PE2 

nd uming t h  t dE e E (where 
L i s  the  d i s t ance  between the  e l ec t rodes )  i t  i s  then p o s s i b l e  

the  case  i f  kT<<eFL, o r  t h a t  the  p o t e n t i a l  ac ross  the  c r y s t a l  
i s  l a r g e  compared with 25mv. Then equat ion (13) becomes, 

t o  neg lec t  the  l a s t  term ( i . e .  kT dE << eE 2 ) which w i l l  be 



E =,/sP (x 4- xo> 
0 
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- j K %  
where xo= 2pN' 2 e 2 which i s  evaluated a t  x = 0 ,  where n = no. 
A f t e r  mathematical manipulation where use i s  made o f  the 
assumption t h a t  xo<( L , i t  r e s u l t s  t h a t  

9 K c  V2 j = s +  

Thus the  very i n t e r e s t i n g  r e s u l t  f o r  the i n j e c t i n g  junc t ion  
i s  t h a t  the cu r ren t  i s  propor t iona l  t o  the square o f  the  
vo l t age .  This i s  the s o l i d  s t a t e  analog t o  space charge 
l i m i t e d  c u r r e n t s  i n  vacuum diodes /. 

E .  Junc t ion  - bulk c r y s t a l  I - V  C h a r a c t e r i s t i c s .  
_p - -  

Consider now poss ib l e  I-V c h a r a c t e r i s t i c s  f o r  a s ing le  block- 
i n g  con tac t  junc t ion  and the ad jacent  bulk r e s i s t a n c e  o f  
t h e  semiconductor. From equations (3a ) ,  (6,) and ( 9 )  i t  
t u r n s  ou t  t h a t  

Evaluat ing p a r t  o f  the  preceding c o e f f i c i e n t s  i n  (3b) and 
(6b) g ives ,  

When the values  o f  T ,  Pn,  and Eo a r e  put  i n t o  equat ions (16) 
and (17), the  s a t u r a t i o n  cu r ren t  o f  the reverse  b iased  
metal-semiconductor junc t ion  may be obta ined .  I t  i s  , f o r  



. 11 

example,)worthwhile t o  p l o t  j i e v  = jA(e-ev'kT-l) (the diode 
theory) f o r  var ious  assumed s a t u r a t i o n  va lues  of  j '  Then, 
i f  nne p l o t s  t he  assumed Ohm's Law c u r r e n t ,  johmic 
(where RB = L/ngePA2 i s  the bulk r e s i s t a n c e )  on the 
same graph, i t  i s  now poss ib le  t o  d i scuss  the  p r o f i l e  of the 
metal-semiconduc t o r  junc t ion-bulk s e r i e s  r e s i s t a n c e  c i r c u i t  

Graph (1) shows j k e v .  - j r e v .  and johmic = johmic (V) f o r  
va r ious  va lues  of RB and j l  For any choice of  RB and j: the  
c u r r e n t  w i l l  be f ixed  a t  a given vol tage  i n  such a way a s  t o  
a l low the  proper c u r r e n t  t o  flow through the  s e r i e s  r e s i s t a n c e  
o f  j unc t ion  p l u s  bulk.  
RB = 10 ohms, i t  can be seen t h a t  f o r  t h i s  j unc t ion  i n  the 
reverse  biased case ( i . e .  vo l tage  appl ied  such t h a t  bulk i s  
p o s i t i v e ,  the  meta l  e lec t rode  negat ive)  t h a t  a t  l o w  appl ied  
vo l t ages  (below 10 v o l t s )  the  I - V  p r o f i l e  w i l l  be l i n e a r .  
A t  vo l t ages  between 10' vo l t s  and 10 v o l t s  a t r a n s i t i o n  
occurs  i n  such a way t h a t  now the  p o t e n t i a l  d i s t r i b u t i o n  
changes, and f o r  vo l t ages  g r e a t e r  than 10 v o l t s  t he  s a t u r a -  
t i o n  l i m i t  of t he  junc t ion  dominates. This may be more 
q u a n t i t a t i v e l y  expressed i n  the  following manner: t he  
c u r r e n t  through the  junct ion-bulk semiconductor s e r i e s  i s  

V 
- 'B 

0 -  - 

- 1  

0' 

For example, i f  j; = 10-7amps/cm2 and 
7 

0 
2 

2 

where: VA 5 appl ied vol tage  
R E bulk r e s i s t a n c e  
R .  e f f e c t i v e  junc t ion  r e s i s t a n c e  

B 

J 
a l s o  , 

R B = &  1 
J rev 

j '  
} v A = v B + v  

V 
R =a 
j J rev 

The e f f e c t i v e  junc t ion  r e s i s t a n c e  i s  
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I n  V ( v o l t s )  - 
Graph (1). A family of s a t u r a t i o n  c u r r e n t s  j: - (diode theory) 

curves and bulk r e s i s t a n c e  curves .  For any choice 
of Rg and j &  the  c u r r e n t  w i l l  be f ixed  a t  a given 
vo l t age  i n  such a way as t o  a l low t h e  proper  
cu r ren t  t o  f l o w  through t h e  s e r i e s  r e s i s t a n c e  
of j unc t ion  plus bulk .  



p u t t i n g  equat ion (20) i n t o  (18) g ives  the cur ren t -vol tage  
exp r e  s s ion ,  

V .  

where: (r = - 'j such t h a t  0 5 CI 5 1 , 

- 1  (VA) curve w i l l  be - j r e v .  Equation (21) i n d i c a t e s  the jieve 
dominated by whichever o f  t he  two denominator terms i s  
l a r g e s t .  
cond i t ions  on RB and j;, RB>>R. and the  I - V  p r o f i l e  i s  l i n e a r ;  
f o r  high vol tages  RB<<R 
being dominated by the  junc t ion .  The t r a n s i t i o n  occurs  
when the  two terms, RB and R 
p r e c i s e  desc r ip t ion  o f  the I - V  p r o f i l e  i n  the t r a n s i t i o n  
canbe  e a s i l y  evaluated from equat ion (21) , knowing a. 

V 

For low appl ied  vo l t ages  and f o r  the  proper  i n i t i a l  

J 
then the I - V  p r o f i l e  i s  s a t u r a t e d ,  

j 

become approximately equal .  A 
j' 

Simi la r ly ,  r e s i s t a n c e  can be descr ibed f o r  t he  forward 
Here the  c u r r e n t  through the j u n c t i o n  - bulk b iased  junc t ion .  

semiconductor system follows from equat ion (21) wi th  the  sign 
change i n  the  exponent ia l ,  

Thus i n  equat ion (22) f o r  low appl ied  vo l t ages  and f o r  t h e  
proper  i n i t i a l  condi t ions  on RB and j:, RB<<R. and the  I - V  
p r o f i l e  i s  determined by the j unc t ion .  

J 
A t  high appl ied  
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voltages  R , > > R ~ ,  and t h e  bulk r e s i s t a n c e  dominates the I - V  
curve.  The t r a n s i t i o n  occurs when R - R * again knowing the  
value of  a, i t  i s  easy t o  eva lua te  p r e c i s e l y  the  t r a n s i t i o n  
using equat ion ( 2 2 ) .  

B -  j y  

Using equat ions ( 2 1 )  and (22), cons ider  f i r s t  the  
case  of  t h e  blocking contac t  i - v  p r o f i l e  a s  shown i n  Graph 

( 2 ) .  (Special  a t t e n t i o n  must  be paid t o  the o r i g i n  of t h i s  
graph and the  ones t o  follow s ince  they a r e  log- log  p l o t s ) ,  
The s o l i d  l i n e  i n  the f i r s t  and t h i r d  quadrant of  Graph (2) 

and RB = 10 ohms. Thus fo r  a blocking con tac t  w i th  a high 
bulk r e s i s t a n c e  the  I - V  p r o f i l e  i s  l i n e a r  i n  the  forward 
d i r e c t i o n ,  and i s  a l s o  l i n e a r  i n  the  reverse  d i r e c t i o n  u n t i l  
s a t u r a t i o n  i s  reached. 

g ives  the  r e s u l t i n g  I - V  curve p r o f i l e  f o r  j; = l o m 6  amps/cm 2 
7 

I 
I 

/ / 

/ / 
/ 
/ / 

/ / 
/ / 

/ /' 
/ 

/ 
// / 

/ t I / / 
7 Graph (2 ) .  S o l i d  l i n e  i n d i c a t e s  I-V p r o f i l e  f o r  RB=10 ohms 

and j;=10-6 amp/cmZ.  
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For the  case o f  a low bulk r e s i s t a n c e  (say RB = 10 3 ohms) 

then the s o l i d  l i n e  i n  Graph (3 )  i n d i c a t e s  the  r e s u l t i n g  
I - V  p r o f i l e .  Note t h a t  for  the  l o w  bulk r e s i s t a n c e  the 
j u n c t i o n  c h a r a c t e r i s t i c  dominates i n  the reverse  d i r e c t i o n ,  
and i n  the  forward d i r e c t i o n  up t o  about lo-'  v o l t s .  
C L l l O  y u I L L c  L L I L  v y L V L A I C .  U L L U L L L L O  U U L L \  U b C L L l l l l L l L U O  \ L L L & O  

p a r t i c u l a r  choice of  R 
c h a r a c t e r i s t i c s  of  the  junc t ion  - bulk semiconductor system). 

A t  
f T h 4  c t L < m  m n 4 - t  t h n  1 - 1 7  m r n F 4 1 n  1 , ~ n n - n m  1,..11* c l f i t r r - 4 . n r \ A  

and jd, l eads  t o  r e c t i f i e r - l i k e  B 

Reverse 

I 
1 1 1p0 1 1,0-2 , ' -+ 1,0-~ , Ip-l : 

/ I 

/ 

Graph ( 3 ) .  Sol id  l i n e  ind ica t e9  I - V  p r o f i l e  f o r  RB=10 3 ohms 
and jh=10-6 amps/cm . 
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Before extending any f u r t h e r  t h i s  type o f  graphic  
r ep resen ta t ion  of  junc t ion  c h a r a c t e r i s t i c s ,  i t  i s  necessary 
t o  include the  e f f e c t  of f i e l d  breakdown a t  the  cathode 
( reverse  b iased  j u n c t i o n ) .  A s  i t  tu rns  o u t ,  t he  width o f  
t h e  dep le t ion  l a y e r  f o r  the blocking con tac t  can be expressed 
using Poisson's equation; 

* 
d2V = eNd z KeO 

where: N+J number o f  uncompensated ion ized  donors 
i n  the dep le t ion  region. 

a t  x = w,. and T =  d@ 0 a t  x = w, 
I n t e g r a t i n g  twice and u s i n g  the  boundary condi t ions  t h a t  @=0 
a t  x = 0 ,  @ = gives  
the  deple t ion  l a y e r  width,  

- @ 
m S 

KC, [ (@m-@s/e) + Vj] 
eN6 w =  

where: V .  E appl ied vol tage  a t  the  junc t ion ,  
J 

Thus depending on the  values o f  Qm, Q s ,  and N*d the  width 
o f  the dep le t ion  l a y e r  can be (assuming O . l < @ m - @ s <  1.0 e V .  
and 10 < Ni < I O z o  from t o  c e n t i m e t e r s .  

I f  now the  I - V  p r o f i l e  becomes dominated by the  blocking 

con tac t  such t h a t  e s s e n t i a l l y  a l l  the  vol tage ,  , i s  appl ied  
a t  the  dep le t ion  region,  then a f i e l d  of  v A / ( l o Q k  t o  
v o l t s  pe r  cent imeter  e x i s t s  a t  t h e  b a r r i e r  l a y e r .  Thus any 
t i m e  the  I - V  p r o f i l e  becomes determined by the  reverse  
b iased  blocking junc t ion ,  f i e l d  breakdown w i l l  occur a t  the 
app l i ed  vol tage  VA = 

volts /cm.  
down i s  no t  known except t h a t  t he  c u r r e n t  depends on some 
f a i r l y  l a r g e  power of  t h e  vol tage .  

13 

o r  when VA = Vj/(10-4 t o  >lo6 'br, 
What e x a c t l y  happens a t  t he  junc t ion  a f t e r  break- 

The I - V  p r o f i l e  i n  Graph ( 4 )  shows t h a t  i n  the case 
when RB = 10 
by t h e  cathode s a t u r a t i o n  region. A t  vo l t ages  g r e a t e r  than 

5 ohms t h e r e  i s  a d e f i n i t e  l i n e a r  p o r t i o n  followed 
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the  s t eep  j q n  increase begins  and cont inues u n t i l  once 'br 
aga in  the  c u r r e n t  becomes determined by the  ohmic r e s i s t a n c e ,  

RB 

I n  j 

'"; / / I a V  

10 

I 
7 RB=lO ohms 

I 

I 
I -8r/ I /  

~ / / 1 Yir 
10 -3 I n  V- 10-1 l o o  10 i  

~ 

2 Graph ( 4 ) .  I - V  p r o f i l e  f o r  j; amps/cm , assuming t h a t  
b a r r i e r  thickness  i s  cm, shown f o r  cases when 
bulk r e s i s t a n c e  i s  105ohms and 107ohms. 

7 The I - V  p r o f i l e  for  RB = 10 ohms i n  Graph ( 4 )  
shows l i n e a r i t y  f o r  a l l  vo l tages .  However, the  c u r r e n t  
s a t u r a t i o n  curve i s  crossed,  bu t  i n  t h i s  case the  c rossover  
p o i n t  i s  a t  a vo l tage  10Vbr. Thus the  b a r r i e r  would break-  
down almost without giving a n y , i n d i c a t i o n s  i n  the  I - V  
p r o f i l e .  
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equat ion f o r  the  case where @s - > f y i e l d s ,  according t o  
Mott and Gurney, j aV . I n  t h e i r  development, however, 

t h e  bulk c r y s t a l  was already incorpora ted ,  t he re fo re  when 
cons t ruc t ing  the  I-V p r o f i l e  i t  i s  not necessary t o  p l o t  a 
bulk r e s i s t a n c e .  The r e s u l t i n g  I-V p r o f i l e  f o r  the  i d e a l i z e d  
i n j e c t i n g  junc t ion  i s  shown i n  Graph ( 5 ) .  

2 

/ 

l o +  

Graph (5) .  I - V  p r o f i l e  f o r  i n j e c t i n g  con tac t ,  assuming no 
t rapping e f f e c t s  i n  t h e  bulk c r y s t a l .  
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I n  r e a l i t y  the  ex is tence  o f  t r a p s  mus t  be accounted 
f o r .  Rose c31 took i n t o  account shallow t r a p s ,  f ind ing  the  
t r a p - f r e e  equat ion t o  be reduced by a f a c t o r  8, such t h a t  

,-i 

9 VL 
;T3 j = pKc0 0 

where 8 r ep resen t s  t he  f r a c t i o n  of  i n j e c t e d  charge t h a t  
remains f r e e .  

E t ,  

I f  the  number of t r a p s  i s  N a t  an energy, t 
from the conduction band then 

Lampert 1 4 ]  developed a genera l  theory f o r  the  i n j e c t -  
i n g  con tac t  wi th  t r a p s  i n  the bulk semiconductor. 
concluded t h a t  the  I - V  p r o f i l e  had t o  l i e  between t h r e e  
curves:  147 , 147, and the  t r a p  f i l l e d  l imi t ed  curve.  See 

Lampert 

2 

Graph(6). A t  low appl ied  vol tages  
i s  n e g l i g i b l e ,  thus  I q .  
A t  i nc reas ing  vo l t ages  
charge i s  i n j e c t e d  but  
trapped - hence I a V n  
(1 n) A t  a critical 
vo l t age ,  V T m Y  a l l  t r a p s  
a r e  f i l l e d ;  then the I - V  
p r o f i l e  r a i s e s  s t e e p l y  
and approaches the  I a V  . 2 

I n  any event due 
t o  the  small magnitude o f  
t h e  q u a n t i t y  (Qm -x), t he  
i n j e c t i n g  con tac t  w i l l  
probably not  reach s a t u r a -  
t i o n  - a t  l e a s t  not  wi th-  
i n  the  power d i s s i p a t i o n  
l i m i t s  of  the bulk 
c r y s t a l .  

i n j e c t i o n  of  excess charge 

/ I 
, YTFL 
Id 

7 

In V 
Graph ( 6 ) .  The "Lampert 

Triangle". 



20 

F. Junction - bulk c r y s t a l  - j u n c t i o n  I - V  Character-  - --  
i s t i c s .  The next  s t e p  i s  t o  consider  the  more r e a l i s t i c  
I - V  p r o f i l e  of  a j unc t ion  - bulk - j unc t ion  s e r i e s  c i r c u i t .  
Three cases  w i l l  be considered: same con tac t s  (both block- 
ing)  p lus  bulk,  d i f f e r e n t  con tac t s  (both blocking) p lus  
bulk,  and one i n j e c t i o n  and one blocking con tac t  p l u s  bulk.  
(The case f o r  two i n j e c t i n g  con tac t s  i s  e s s e n t i a l l y  a s  was 
discussed f o r  one i n j e c t i n g  con tac t .  This  i s  so s ince  an 
i n j e c t i o n  con tac t  serving a s  an anode may be neglected a s  
far  a s  i t s  s ign i f i cance  on the space charge l i m i t e d  c u r r e n t s  
i s  concerned.) 

1. For the two d i s s i m i l a r  blocking c o n t a c t s  the  
c u r r e n t  i s  given a s  

where: 

2 R,, = 

and 

The I - V  p r o f i l e  i s  determined using equat ion ( 2 7 ) .  The 
7 -6 2 case shown i s  f o r  RB = 10 ohms, jo, = 10 amps/cm . The 

p r o f i l e s  a s  drawn i n  t h e  f i r s t  and t h i r d  quadrants  o f  Graph 
(7) a r e  i d e n t i c a l .  The r e s u l t i n g  curve ( s o l i d  l i n e )  g ives  
a l i n e a r  I a V  Ohm’s law type region t h a t  s a t u r a t e s  a t  t he  
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same c u r r e n t  l e v e l  and a t  the same vol tage  f o r  e i t h e r  

d i r e c t i o n  o f  c u r r e n t  flow, I 
I, - . I I L D  ' 
t 

10-51 
I 

/ 
1 1 

/ 

: -t 0 LO 

1 

1 
I 

/' 
/ 

/ 
/ 

/ 
/ 

121; 

,' I31 

1 r 

I [ 5 ] ,  [6] RB=lOohms 
/[41 

/ 

I 
I 

Graph ( 7 ) .  So l id  l i n e  i n d i c a t e s  I - V  p r o f i l e  f o  "matchingf 
junc t ions  when j01=j02=10-6 amps/cm$ and Rg=lO7ohm. 

For the  case when jol - 
3 - jo, = amps/cm2 and 

ohms, the  I - V  p r o f i l e  takes  on the  c h a r a c t e r  Rg = 10 
a s  ind ica t ed  by the s o l i d  l i n e  i n  Graph (8) .  It can be seen 
t h a t  t he  I - V  p r o f i l e  i s  the same f o r  e i t h e r  d i r e c t i o n  o f  
c u r r e n t  flow. Considering f o r  example quadrant I ,  t h e  I - V  
c u r r e n t  p r o f i l e  goes from a l i n e a r  I a V  a t  low vo l t ages  
(where [e + ----+(-1)-- - eV ) ,  through a 

kT 
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t r a n s i s t i o n  region,  and then t o  a s a t u r a t i o n  reg ion , I  = Io 
( a  cons tan t )  a t  high vol tages .  However, i t  can be noted 
t h a t  the  l i n e a r  p a r t  occurs f o r  a much smaller  range when the 
bulk r e s i s t a n c e  i s  smaller.  

10- 41 In j 
/ !// 

/ 4 i _ _ _  ' ,f21 
/ 

/' '"I barr ier  
breakdown 

/ 

I n  V 

€51, 161 RB=1030hms 

Graph (8) .  So l id  l i n e  i n d i c a t e s  t h e  I-V p r o f i l e  f o r  "matching" 
junc t ion  when j&l=j&2=10-6 amps/cm2 and Rg=lO3ohrns. 
Note t h a t  b a r r i e r  breakdown w i l l  probably occur 
i f  the  b a r r i e r  th ickness  i s  10-5-10-6cm. 
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2 .  For two d i s s i m i l a r  con tac t s  ( i . e .  one of  say 

gold,  the  o t h e r  o f  s i l ve r , such  t h a t  the  work func t ions  of  
the  two a r e  d i f f e r e n t )  equation (26) can be used t o  give 
I - V  c h a r a c t e r i s t i c s .  It  m u s t  be noted t h a t  t h i s  time 

[4)’ 
/ 
/ 

f 
I 

I n  V 

151, [61 RB=lO’ohms 

Graph (9 ) .  The do t t ed  curves [l] and [ 4 ]  r ep resen t ,  
r e spec t ive ly ,  t he  case when t h e  high work func t ion  
j u n c t i o n  (j&l=l0-7amps/cm2) i s  reverse b ia sed  and 
t h e  low work func t ion  (j&2=10’5am s/cm2) ‘unct ion 
forward biased.  Dotted curves [2p and [3i  repre-  
s e n t ,  r e spec t ive ly  the  high work func t ion  forward 
b iased  and the  low work func t ion  j u n c t i o n  r e v e r s e  
b i a sed .  
f i l e  when t h e  bulk r e s i s t a n c e  i s  107ohms. 

The s o l i d  l i n e  r e p r e s e n t s  t h e  I - V  pro- 



j =  

and 

vA 428) 
J L  

Graph (9)  shows, us ing  equation (28) ,  the case  f o r  jo, = 

10 amps/cm , jO2 = 10 amps/cm and RB = 10 ohms. Note 
t h a t  t he  r e s u l t i n g  I - V  p r o f i l e  i s  l i n e a r  f o r  awhile i n  
both d i r e c t i o n s .  For one d i r e c t i o n  the  s a t u r a t i o n  occurs  
a t  a h igher  c u r r e n t  value than f o r  the o t h e r  d i r e c t i o n ;  
t h i s  i s  because o f  the  d i f fe rence  of  t he  work func t ions  o f  
t he  meta ls  a t  t he  two junc t ions .  

-7 2 -5 2 7 

Graph (10) descr ibes  the  case of  low bulk r e s i s t a n c e  
3 (RB = 10 ohms) and d i s s i m i l a r  j unc t ions .  Note t h a t  the  

r e s u l t i n g  I - V  p r o f i l e  shows r e c t i f i c a t i o n  e f f e c t s ;  t he  
r e c t i f i c a t i o n  r a t i o  a t  high vo l t ages  (above 1 v o l t  f o r  
t he  case descr ibed)  being t h a t  of the  two s a t u r a t i o n  
c u r r e n t s  jo, and jo2.  
be obtairied by zhoosliig the  e l e c t r o d e  metals  such t L q t  L L l U  L 

t h e  work func t ions  a r e  qu i t e  d i f f e r e n t .  Also f o r  t h i s  
ca se ,  t he  r e s u l t a n t  p r o f i l e  i s  almost the same a s  a 
s i n g l e  junc t ion  and bulk i n  s e r i e s .  I n  t h e  reverse  b iased  
case  ( i . e .  low work funct ion meta l  p o s i t i v e )  the  c u r r e n t  
s a t u r a t e s  almost immediately. I n  the forward case ( i . e .  
low work func t ion  metal  negative) the  c u r r e n t  i n c r e a s e s  
exponent ia l ly  with the  appl ied vol tage  a t  t he  high work 
func t ion  junc t ion .  
t h i s  p a r t i c u l a r  example) the lower work func t ion  junc t ion  
s a t u r a t e s  and i n  so doing dominates the  I - V  p r o f i l e .  

Greater  r e c t i f i c a t i o n  r a t i o s  can 

A t  higher vo l t ages  (>lo-' v o l t s  i n  



25 

Graph (10).  So l id  l i n e  ind ica t e s  the I-V p r o f i l e  f o r  ca se  
&1=10-7 amps/cm2, j&2=10-5 amps/cm2 and 

$~O~ohms.  (Note t h e  dev ia t ion  from c u r r e n t  
s a t u r a t i o n  when b a r r i e r  breakdown occurs)  e 

3 .  The case o f  one i n j e c t i n g  and one blocking 
con tac t  p lus  bulk (see Graph 11) y i e l d s  the  r e c t i f i c a t i o n  
e f f e c t  a s  described previously.  I n  the  reverse  b iased  
o r i e n t a t i o n  (blocking contact  metal  nega t ive ,  i n j e c t i n g  
con tac t  metal  p o s i t i v e )  the c u r r e n t  s a t u r a t e s  a s  determined 
by the blocking con tac t  junc t ion .  I n  the forward b iased  
o r i e n t a t i o n  (blocking contact  metal  p o s i t i v e  , i n j e c t i n g  
con tac t  metal  negat ive)  the  curve a t  low vo l t ages  may (depend- 
i n g  on the  t rapping  t h a t  occurs) i nc rease  exponent ia l ly  a s  
the  vol tage  a t  the  blocking con tac t .  A t  h igher  vo l t ages  the  
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t h e o r e t i c a l  Mott and Gurney square law dependence i s  expect-  

ed.  

Graph (11). So l id  l i n e  represents  I-V p r o f i l e  f o r  case  one 
blocking junc t ion  (j'=10'6 amps/cm2) as done i n  
junc t ion  contac t .  
r ep resen t s  SCLC f o r  d i f f e r e n t  va lues  of 8 .  

7 

&e series of  I = V ~  curves 

I n  conclusion it  can be seen t h a t  a high r e s i s t -  
ance bulk (10 ohms i n  the examples c i t e d  above) e f f e c t s  
t h e  junc t ion  - bulk and junc t ion  - bulk - j unc t ion  c i r c u i t s  
i n  such a way a s  t o  permit t he  I - V  p r o f i l e  t o  have a l i n e a r  
region a t  low appl ied  vol tages  which extends above the  
l i n e a r  kT equiva len t  vol tage range ( i . e .  where e - eV/kT - L- 
eV 
T). When i n  the  same c i r c u i t  the  bulk r e s i s t a n c e  i s  
small  (10 onms i n  the  examples c i t e d  abovej ,  t he  i - V  3 
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p r o f i l e  i s  almost f u l l y  determined by the  junc t ion  up u n t i l  
t h e  t i m e  when the  breakdown vol tage  a t  t he  b a r r i e r  i s  
reached. 

I n  the  CdS-metal junc t ion , the  CdS, which i s  the  
bulk r e s i s t a n c e ,  can experimentally be va r i ed  s ince  i t  i s  
pho tosens i t i ve .  Thus i t  should be poss ib l e  t o  observe both 
l i n e a r  and bulk determined 1 - V  curves a s  w e l l  a s  j u n c t i o n  
determined curves by changing the  l i g h t  i n t e n s i t y ,  
indeed the  case a s  w a s  demonstrated by R ~ p p e l ‘ ~ ’ .  
family o f  curves ,  however, a l s o  tended t o  s a t u r a t e  a t  
h ighe r  c u r r e n t  l e v e l s  f o r  high l i g h t  i n t e n s i t i e s .  This  
would correspond t o  a lowering of  the  b a r r i e r  o r  r e s i s t a n c e  
a t  t he  junc t ion  which could q u i t e  conceivably a l s o  be l i g h t  
dependent. 

This i s  
H i s  



111. EXPERIMENTAL CONSIDERATIONS 

A .  Previous Work. Ln t r y i n g  t o  experimental ly  achieve 
an ohmic con tac t  t o  CdS ( i . e .  a low e l e c t r i c a l  r e s i s t a n c e  con- 
t a c t  which a c t s  a s  a r e se rvo i r  f o r  e l e c t r o n s )  t h e r e  has  been 
done an ex tens ive  amount of work. From cons ider ing  the  s i m p l i -  
f i e d  junc t ion  model, the  obvious choice would be metals  which 
have a lower work func t ion  than the  work func t ion  t h a t  would 
reasonably e x i s t  on cadmium s u l f i d e .  [bl For CdS t h i s  kind of 
approach leads  t o  a choice of  I n ,  Ga and poss ib ly  A 1  a s  having 
t h e  proper ty  o f  f < G S .  This approach, i t  must Le emphasized, 
can only serve t o  i n d i c a t e  p o s s i b l e  c h o i c e o f  a metal  t o  serve 
a s  e f f i c i e n t l y  performing e l e c t r i c a l  c o n t a c t s .  The f a c t o r s  o f  
su r f ace  s t a t e s ,  sur face  contamination, and change i n  p r o p e r t i e s  
o f  the  two systems when they a r e  brought i n t o  in t ima te  c o n t a c t ,  
a l l  p lay  a c r u c i a l  p a r t  i n  t he  experimental ly  observed c o n t a c t .  

- 

I n i t i a l  a t tempts  t o  c r e a t e  ohmic c o n t a c t s  include the  
approact., o f  ~ u t l e r  and ~ u s c h e ~ d [ ' ] ~ ~ h e  feund t h i t  t r e i t m e n t  

o f  the CdS c r y s t a l s  with a low pressure  gas discharge before  
a p p l i c a t i o n  of  the  contac t  y ie lded  ohmic behaving e l e c t r o d e s -  
even f o r  meta ls  f o r  which by work func t ion  cons ide ra t ions  
should not  have worked. However, the  ohmic behavior e f f e c t s  
disappeajyed wi th  hea t  treatment a t  2OO0C o r  f o r  extended 
pe r iods  o f  t i m e .  
w h o  reasoned t h a t  the  i n i t i a l  gas discharge c rea t ed  donor 
l e v e l s  on the  sur face  o f  the c r y s t a l .  However, w i th  time-or 

This  occurence was explained by Fassbender [7  I 

[b] It  must be remembered t h a t  t he  work func t ion  i n  a 
semiconductor, because o f  i t s  d e f i n i t i o n  i n  terms of  the  Fermi 
l e v e l ,  v a r i e s  s i g n i f i c a n t l y  with degree of  impuri ty  concentra-  
t i o n  and temperature.  

28 
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heat ing- the  donor l e v e l s  would anneal o u t  and what had been 
ohmic con tac t s  became current-determining-blocking con tac t s  .I 

SmithL8] demonstrated by var ious  measuring techniques 
t h a t  I n  and Ga d i d  make ohmic behaving con tac t s  t o  CdS a s  was 

Also,  i n  agreement with the s impl i f i ed  theory ,  i t  was found 
t h a t  such metals  a s  Au, Cu, Ag, and P t ,  which have l a r g e r  
work func t ions  than the  work func t ion  f o r  s t rong ly  n-type CdS, 

A . - L - 1  L-- ----2 il-.--J-: -- - c  LL- -2--12 c2 - 2 
pLcuiL Lcu uy LuiiaLucLaLLuii u L  ~ i i c  a ~ i i i p i i ~ ~ e u  jiiiictioii theui-y.  

exh ib i t ed  blocking con tac t  behavior .  19,  101 

Sihvonen and Boyd'''] i nves t iga t ed  con tac t  c h a r a c t e r i s -  
t i c s  f o r  t e n  meta ls  which work function-wise bracketed cadmium 
s u l f i d e .  They used one evaporated I n  p l a t e  con tac t  and one 
p o i n t  c o n t a c t ,  being made of t he  p a r t i c u l a r  metal  being 
i n v e s t i g a t e d .  They found t h a t  by passing a moderately 
i n t e n s e  e l e c t r i c  cu r ren t  pu lse ,  the  po in t  c o n t a c t ,  which was 
previous ly  cha rac t e r i zed  by blocking behavior and e x h i b i t i n g  
d iod ic  performance, became ohmic. They reasoned t h a t  the 
c u r r e n t  pu lse  punctured the dep le t ion  b a r r i e r ,  which permit ted 
e l e c t r o n s  t o  tunnel  more f r e e l y  and i n  g r e a t e r  numbers, 

s u b s t a n t i a t e d  i 1 2 j  The work done by Bser and Lubitz 
e a r l i e r  f i nd ings  concerning the  behavior o f  var ious  metals  
a s  c o n t a c t s  using the  method of  evaporat ion.  They found t h a t  
hea t ing  the  CdS c r y s t a l  before evaporat ing on the  e l e c t r o d e  
increased  the  chances f o r  a t t a i n i n g  ohmic behaving e l e c t r o d e s .  
Heating o f  the  CdS c r y s t a l  while i n  the  vacuum desorbed some 
o f  the  phys ica l ly  adsorbed i m p u r i t y  l a y e r s  (oxygen, n i t rogen ,  
e t c . )  t h a t  e x i s t e d  on the  CdS su r face .  They c i t e d  the 
d i f f i c u l t y  of  using indium a s  e l e c t r o d e s  t o  CdS a t  high 
temperature (>lOO°C), s ince a t  these  temperatures ,  massive 
d i f f u s i o n  o f  the  indium occurs .  The d i f fused  indium a c t s  
a s  a donor r131which, o f  course,  may mask the  o t h e r  c h a r a c t e r -  
i s t i c s  o f  the c r y s t a l .  

Boer and Lubitz f e i r  A i  would s e r v e  ohmicaiiy on CdS,The 
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subsequent experiments showed t h a t  t h i s  indeed was t r u e ,  i n  
about 50% o f  the i n v e s t i g a t i o n s ,  but  only i f  the  CdS c r y s t a l s  
were hea t  t r e a t e d  i n  a very high vacuum before  the  aluminum 
e l e c t r o d e  was deposi ted.  I t  was a l s o  determined t h a t  f u r t h e r  
h e a t  t reatment  o f  the aluminum on the CdS c r y s t a l  d i d  n o t  
r e s u l t  i n  any de tec tab le  d i f fus ion  of  aluminum i n t o  the  c r y s t a l  
up t o  350OC. 

S p i t z e r  and Mead [14' s tudied  con tac t  behavior i n  terms 
o f  b a r r i e r  he igh t s .  Generally,  they found t h a t  meta ls  having 
work func t ions  g r e a t e r  than CdS were blocking,  while those 
wi th  work func t ion  l e s s  than CdS were i n j e c t i n g  o r  n e u t r a l ,  
They prepared t h e i r  contac ts  by "vacuum cleaving" the CdS 
c r y s t a l  before  depos i t ing  by evaporat ion the  metal  t o  be used 
a s  the e l ec t rode .  This procedure enabled s t u d i e s  t o  be made 
f o r  metabsemiconductor junc t ions  which were a s  i n t ima te  
a s  p o s s i b l e ,  i n  t h a t  by cleaving the  c r y s t a l ,  a r e l a t i v e l y  
pure CdS sur face  would e x i s t  f o r  the depos i t i on  o f  the 
e l e c t r o d e  f i lm.  

B e  - -  A New Approach. Unfortunately,  none of  t he  above 
procedures (with the poss ib le  except ion o f  Bzer and L u b i t z ' s  
p a r t i a l  success with aluminum) permit t reatment  o f  the  e n t i r e  
j u n c t i o n  system a t  temperatures > l O O ° C  without  t he re  being 
s i g n i f i c a n t  e l ec t rode  d i f fus ion  i n t o  the CdS o r  d e s t r u c t i o n  
o f  the  ohmicity of  the  contac t .  
Sihvonen permit u s e  o f  o ther  meta ls  bes ides  I n  t o  be used 
a s  ohmic c o n t a c t s ,  but  t he  e l e c t r o d e  conf igu ra t ion  (one p o i n t  
c o n t a c t ,  one p l a t e  con tac t )  i s  unwieldly. It becomes d i f f i c u l t  
t o  i n t e r p r e t  da ta  with any accuracy because of t he  complicated 
e l e c t r i c  f i e l d  t h a t  would e x i s t  between a p o i n t  and a p l a t e .  
Thus, f u r t h e r  i n v e s t i g a t i o n  i n t o  the  problem of  c r e a t i n g  

"heat r e s i s t e n t  ohmic contacts ' '  (HROC) t o  cadmium s u l f i d e  

The method of  Boyd and 

seems d e s i r a b l e .  

[c ]  The expression heat r e s i s t a n t  ohmic c o n t a c t  (HROC) i s  
used t o  denote a con tac t  which remains ohmic when heated up 
t o  a t  l e a s t  300OC.  
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A s  i nd ica t ed  by Bzer and Lubitz and s u b s t a n t i a t e d  by 
Goodman 'I5] the d i f f i c u l t y  with using aluminum i s  the ex i s t ence  
o f  an i n t e r f a c i a l  l aye r  between the  aluminum and the cadmium 
s u l f i d e .  It  i s  a f a i r  assumption t o  say t h a t  the component 
o f  the  i n t e r f a c i a l  which causes the  problems i s  oxygen. 

r e a c t  with any oxygen impur i t ies  p re sen t  on the  CdS su r face .  
It  i s  we l l  known t h a t  aluminum oxide i s  an e x c e l l e n t  i n s u l a t o r ,  
t hus  i t s  presence on the  surface of  CdS w i l l  c r e a t e  non-ohmic 
behavior .  However, the f a c t  t h a t  aluminum can serve a s  a 
good ohmic con tac t  was e f f e c t i v e l y  demonstrated by S p i t z e r  
and Mead'14]who evaporated metals  onto vacuum cleaved CdS 
c r y s t a l s ,  

n rjecduse aiuminuru has such 5 liigh aLPLCliiiiy IUL uxygezi, ii will 

It was with t h i s  view i n  mind t h a t  Bger[ l6Isuggested 
a mul t i l aye r  technique wherein aluminum and indium could 
serve a s  HROCs t o  CdS s ing le  c r y s t a l s .  This e l ec t rod ing  
technique c a l l e d  f o r  an evaporation i n  vacuum of  a monolayer 
of  a p repa ra t ive  meta l ,  followed by s e v e r a l  l a y e r s  of an 
a c t i v e  metal  and f i n a l l y  many l a y e r s  of  a covering meta l .  
The purpose of  the  prepara t ive  metal  was t o  enhance impuri ty  
desorp t ion  from the  cadmium s u l f i d e  su r face ;  the  a c t i v e  
meta l  would a c t  a s  the  ohmic behaving e l e c t r i c a l  con tac t  t o  
the  bulk.  The covering metal would serve not  on ly  a s  a 
means by which c u r r e n t  can be c a r r i e d  t o  the  bulk v i a  the  
a c t i v e  meta l ,  but  a l s o  as a s ink  f o r  any excess  a c t i v e  
meta l  which might d i f f u s e .  

The i n i t i a l  choice was t o  use indium o r  aluminum a s  
the  a c t i v e  meta l ,  and gold a s  the  covering meta l .  When 
aluminum was used, the  gold was a l s o  t o  func t ion  a s  t he  
p repa ra t ive  metal  s ince  i t  was f e l t  t h a t  gold would 
s u f f i c i e n t l y  enhance impurity desorp t ion  from the  CdS s u r -  
face  by the phys ica l  mechanism of c o l l i s i o n .  Af te r  the  
c r y s t a l  sur face  had been "cleaned" i n  t h i s  manner, i t  would 
be p o s s i b l e  t o  have r e l a t i v e l y  in t ima te  c o n t a c t  between the  
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aluminum l a y e r s  and the  CdS; such a CdS-aluminum con tac t  
should then perform ohmically. I n  the  case of indium, 
i t  was reasoned t h a t  i f  only a monolayer of  the  indium was 
depos i ted ,  i t  could be trapped a t  the  CdS sur face  and thus 
might not  r e a d i l y  d i f f u s e  i n t o  t h e  bulk.  

A s  a r e s u l t  of a suggestion t o  BGer by Diemer, 
t i t an ium was used a s  the prepara t ive  metal  i n  the  m u l t i -  
l a y e r  technique. Since t i tanium has a s t ronge r  a f f i n i t y  
f o r  oxygen than aluminum, deposit  of a monolayer o f  t i t an ium 
would enhance a "pseudo-desorption" of  oxygen from the sur face  
by a chemical r eac t ion  mechanism t h a t  reduces the aluminum 
oxide and forms a t i t an ium oxide.  
w i l l  have the  opportuni ty  to make r e l a t i v e l y  in t ima te  
c o n t a c t  with the  "pure" CdS. The b e n e f i t  o f  t h i s  choice of  
e l e c t r o d e  m a t e r i a l  would continue even a f t e r  the  i n i t i a l  
evaporat ion.  For i f  aluminum oxide were t o  form i n  some 
manner, t he  excess T i  e x i s t i n g  on top o f  the  i n i t i a l  l a y e r s  
o f  A 1  and T i  would serve t o  reduce the  aluminum oxide by 

Thus, an aluminum l a y e r  

2A1203 + 3Ti 4 3Ti02 + 4A1 b 

The o t h e r  cons idera t ion  i n  experimental ly  c r e a t i n g  - 
t h e  e l e c t r i c a l  con tac t s  using the mul t i - l aye r  technique was 
the  vacuum environment. High vacuum condi t ions  alone w i l l  
n o t  s u b s t a n t i a l l y  c o r r e c t  the s i t u a t i o n  by r idd ing  the 
su r face  of  oxygen, but they w i l l  prevent  f u r t h e r  ox ida t ion  
from occuring during evaporation o f  t he  e l e c t r o d e  m a t e r i a l .  
This r e s u l t  t u rns  out  a s  a consequence of  cons ider ing  k i n e t i c  
theory.  I n  k i n e t i c  theory, the number of gas molecules a t  a 
p re s su re ,  P ,  and absolu te  temperature, T ,  s t r i k i n g  the  u n i t  
a r e a  of  a plane sur face  i n  u n i t  time i s  given by: 

0 
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Thus, f o r  an oxygen pressure  o f  10-5m. Hg a t  room temper- 
a t u r e ,  N = 5.2 x a t .  cm sec.". Then tak ing  the  a rea  
occupied by a s ing le  adsorbed atom o f  oxygen on the  sur face  
t o  be 1.4E2, i t  i s  seen t h a t  a t  t h i s  pressure  of  oxygen t h e  
rate a t  which the  r e s i d u a l  atoms s t r i k e  the  t a r g e t  i s  such 
a s  t o  form a monolayer i n  about one second. Since the  r a t e  
o f  depos i t ion  o f ' t h e  e l ec t rode  metal  i s  l a rge  compared wi th  
t h a t  f o r  t he  condensing oxygen under evaporat ion condi t ions ,  
i n  o rde r  t o  avoid in t e r f e rence  by r e s i d u a l  gas ,  t h e  evaporat ion 
must be c a r r i e d  ou t  a t  p ressure  much lower than 10 mm. 
I n  o t h e r  words, i f  the  depos i t  o f  a monolayer o f  t i t an ium 
t akes  5 seconds and the  oxygen pressure  i s  10-5mm., then the re  
would be s u f f i c i e n t  t i m e  f o r  another  oxygen l a y e r  t o  form 
on top  o f  the  T i  l a y e r .  

-2 

-5 [17] 

With the  above cons idera t ion  i n  mind,evaporation o f  
t h e  meta l  e l ec t rodes  was hopeful ly  t o  be performed a t  p re s su res  
less  than 10-6mm. 
t he  oxygen p a r t i a l  p ressure  by f l u s h i n g  the  vacuum s y s t e m  
wi th  n i t rogen  o r  argon before  vacuum take down. 

An a d d i t i o n a l  e f f o r t  was made t o  reduce 



I V .  APPARATUS AND PROCEDURE 

A .  P repar ing  7 t h e  contac ts .  The c r y s t a l s  chosen 
f o r  con tac t  study were supposedly non-doped. The photosensi-  
t i v i t y  va r i ed  from c r y s t a i  t o  c r y s t a i ,  a s  d i d  t h e i r  dark 
c u r r e n t s .  There was no q u a n t i t a t i v e  e f f o r t  t o  determine 
any 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  on the  c r y s t a l s  t h a t  were 
t o  be e lec t roded .  

It must  be emphasized t h a t  t he  whole experimental  
procedure of e l e c t r o d i n g  the CdS c r y s t a l s  was c a r r i e d  
o u t  with utmost c l ean l ines s .  
i n t e r i o r  element o f  the  vacuum sys t em i n  which the  e l e c t r o d i n g  
took p lace  were touched with ungloved hands. 

Nei ther  the  c r y s t a l s  nor any 

The c r y s t a l s  t o  be e lec t roded  were placed i n  the  
c r y s t a l  ho lder  a s  shown i n  Figure ( 5 ) .  The c r y s t a l  was he ld  
i n  p lace  by a mask of aluminum f o i l  which was l a r g e r  i n  a rea  
than the  c r y s t a l .  

Clamps 

Figure ( 5 ) .  The c r y s t a l  ho lder .  
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The overhang of  the  masking f o i l  was clamped t o  the c r y s t a l  
ho lder  a s  shown i n  Figure (6 ) .  An opening was c u t  i n  the  
f o i l  t o  a l low the  evaporated m a t e r i a l  t o  reach the  c r y s t a l .  
A metal  s t r i p  .7mm wide was used  t o  c r e a t e  two separa te  
e l e c t r o d e s  each being approximately 10-1 cm. 2 . 

SIDE VIEW 

aluminum f o i l  

/ 
Clamps - / c r y s t a l  ho lde r  

TOP VIEW 

Iclamp metal s t r i p  

CdS c r y s t a l  ‘aluminum f o i l  

F igure  (6 ) .  Top and s i d e  view of c r y s t a l  as i t  i s  pos i t i oned  
on t h e  c r y s t a l  ho lde r .  
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The c r y s t a l  ho lder  with the  c r y s t a l s  mounted was 
placed i n  the  b e l l  j a r  of a d i f f u s i o n  pump vacuum system 
a s  shown i n  Figure ( 7 ) .  A model 1 4 1 5  Welsh mechanical pump 
was used with Dow Corning 7 0 4  o i l .  Cold t r a p  #l between the  
forepump and the d i f f u s i o n  pump, which used l i q u i d  n i t rogen  
a s  a coolan t ,  avoided backstreaming o f  the  forepump o i l  i n t o  
t h e  high vacuum s i d e .  The d i f fus ion  pump w a s  the  Heraeus 
wi th  a fou r  inch t h r o a t  using Dow Corning 7 0 5  o i l .  Cold t r a p  
#2 between the  d i f f u s i o n  pump and the  b e l l  j a r  minimized o i l  

t i t an ium 

;x?:anical 

A i o n i z a t i o n  
gauge 

co ld  t r a p  2 

o i l  d i f f u s i o n  
Pump t 

Figure  ( 7 ) .  Schematic of the vacuum system i n  which e l ec t rodes  
were evaporated onto t h e  CdS c r y s t a l s .  
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backstreaming and a l s o  functioned a s  a cryogenic pump. 
incorporated i n  the  system was a t i t an ium sublimation pump 
which used a Varian t i tanium f i lament  t h a t  had been wrapped 
wi th  a d d i t i o n a l  windings of tungsten t o  give b e t t e r  sublimation 
r a t e s  and longer f i lament  l i f e t i m e .  

Also 

Two gauges were used t o  measure the  system p res su re .  
A CVC P i r a n i  Gauge type GP 110 was used t o  measure the  high 
p res su re  s i d e ;  t h i s  pressure s tayed below 5 microns a f t e r  
t h e  i n i t i a l  takedown. A Varian i o n i z a t i o n  gauge and c o n t r o l  
u n i t  (model 971-0003) was used  t o  determine the  low pressure  
s i d e ;  t h i s  b e l l  j a r  system was always l e s s  than 5 x 1 0 - 7 m  
p r i o r  t o  evaporat ion.  

Figure (8) shows schematically the conf igu ra t ion  o f  
t he  var ious  components i n  the b e l l  j a r  sys t em.  Each h igh  

c r y s t a l  holder  

I 
9.5cm. eva\p* basket evap. basket  2 

/ moveable 
s h u t t e r  , \ ground \ 

I I  _-.- 
t 

high c u r r e n t  e l e c t r o d e s  

Figure (8) .  Schematic of components used f o r  evaporat ion.  
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c u r r e n t  e l ec t rode  was connected t o  a tungsten evaporat ion 
baske t  conta in ing  the  var ious e l ec t rode  metals  and was 
regula ted  by a separa te  con t ro l  u n i t .  Over the  two baske ts  
t h e r e  was a magnet ical ly  cont ro l led  movable s h u t t e r  which, 
when pos i t ioned  c o r r e c t l y ,  prevented a d i r e c t  o p t i c a l  pa th  
f r n m  p i t h e r  hasket  t o  the c r y s t a l  ho lder .  A t  a d i s t ance  of 
9 .5  cm. from the  baske ts ,  the c r y s t a l  ho lder  was pos i t i oned ,  
F i n a l l y ,  i n  an at tempt  t o  determine the  e f f e c t  o f  var ious  
ambient gases  on e l ec t rode  performance, t he  b e l l  j a r  system 
w a s  f lushed with n i t rogen ,  argon, o r  oxygen before  the  
evaporat ion was begun. 

During the  system take down the  con ten t s  of the 
evaporat ion baske ts  were outgassed. To make sure  none o f  the  
baske t  con ten t s  reached t h e  CdS s u b s t r a t e s  during outgassing,  
t h i s  procedure was done using the  movable s h u t t e r .  When the  
evaporat ion was t o  be performed, both baske ts  were f i r e d  such 
t h a t  the  con ten t s  o f  t he  baskets  were i n i t i a l l y  depos i t ing  
l a y e r s  on the  movable s h u t t e r .  Then the  s h u t t e r  was moved 
so t h a t  t he re  was a deposi t ion on the  CdS s u b s t r a t e  only 
from the  basket  containing the  p repa ra t ive  metal .  Af te r  a 
predetermined t i m e  t h e  s h u t t e r  was moved froin i t s  p o s i t i o n  
over  the  basket  containing the  a c t i v e  meta l ,  and i t s  con ten t s  
were deposi ted simultaneously wi th  the p repa ra t ive  metal  on 
t h e  CdS s u b s t r a t e .  
i n g  s e v e r a l  l a y e r s  of  a covering metal .  
o f  the  evaporat ion the  pressure  i n  the  b e l l  j a r  system 
s t e a d i l y  increased reaching a peak which was dependent on 
the  metal  being evaporated. This  peak p res su re ,  however, 
never went above 6 x 10 t o r r .  

The procedure was terminated by depos i t -  
During the  course 

-6 

B .  Measuring t h e  Contact P r o p e r t i e s .  The e lec t roded  - 
c r y s t a l  
t a b l e  as shown i n  F igure  (9). 
which w a s  used t o  maintain s t a b i l i z e d  temperatures a t  t h e  

t o  be inves t iga t ed  w a s  placed on t h e  c r y r o s t a t  
The t a b l e  and a lrheatfr  cover 
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c r y s t a l ,  were placed i n  the c r y r o s t a t  system. This system 

SIDE VIEW 

t o  exf; c i r c u i t  

7 7 :  
windZow f o r  

i n c  iden t 1 igh t 
l a \  

I 
' -%fopper wire ' % ,gold w i r e  

therm6Loupl e CdS ' c rys ta l  
s t i c  base 

F igure  (9 ) .  Schematic of c r y r o s t a t  t a b l e  and "heat" cover .  

L l e Q  L 

cover 

could be evacuated t o  a pressure of 
equipped such t h a t  t he  c r y r o s t a t  temperature could be va r i ed  
over t he  range from -190°C t o  30OoC. 

t o r r  and was 

The method of i nves t iga t ing  con tac t  p r o p e r t i e s  w a s  
low frequency n o i s e  measurements and c u r r e n t  versus  vo l t age  
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curves (henceforth c a l l e d  I-V curves) .  A t  t he  low frequency 
end of t h e  noise  spectrum of CdS, t h e r e  i s  a l a r g e  component 
of  n o i s e  t h a t  increases  as l / f .  A s  t h e  e l e c t r i c a l  c h a r a c t e r  
of  t h e  con tac t s  improve, t h i s  component of t h e  no i se  decreases .  
A more ex tens ive  t reatment  of the  t h e o r e t i c a l  a spec t s  of t h i s  
phennmennn can he fnijnd In the wcrk nf Y a ~ F a r l a r . J ? ~ f i e  methed 

of  us ing  I - V  curves t o  determine junc t ion  p rope r t i e s  follows 
from t h e  d iscuss ion  i n  Chapter 11. 

A schematic of t h e  e n t i r e  system used f o r  t h e  measure- 
ment of I-V curves i s  shown i n  Figure (10) * A u n i t r a n  l i g h t  
source operated a t  4 v o l t s ,  g iv ing  a c o l o r  temperature of  
2520°K, w a s  used i n  conjunction with a 517 y b a n d  pass f i l t e r  
(half-width 190A) t o  uniformly i r r a d i a t e  t he  CdS c r y s t a l ,  
The l i g h t  i n t e n s i t y ,  Io, was c a l c u l a t e d  f o r  t h e  o p t i c a l  set- 
up and w a s  found t o  e x c i t e ,  assuming a quantum e f f i c i e n c y  
of one, about 6 x e lectrons/cm s e c .  A series of Kodak 
grey f i l t e rs  were a v a i l a b l e  t o  vary t h e  i n t e n s i t y  of  t h e  
i r r a d i a t i n g  l i g h t  by as l i t t l e  as a t e n t h  of an o rde r  of 
magnitude. 

0 

3 

Figure  (11) show the e lectr ical  c i r c u i t  used f o r  t he  
- I-V measurements. A vol tage  divider used i n  conjunct ion 
wi th  a Heathki t  power supply app l i ed  a vo l t age  i n  t h e  range 
from 1 m v .  t o  400 v o l t s  t o  t h e  c r y s t a l .  
t h e  c r y s t a l  was de tec ted  by a Kei th ley  4 1 7  l i n e a r  micro- 
micro ammeter. Because of  grounding requirements i t  w a s  
necessary  t o  use  two e lec t rometers ,  a t t a c h i n g  one t o  each 
e l e c t r o d e .  

The c u r r e n t  through 

A schematic f o r  the n o i s e  measurements i s  shown i n  
F igure  (12 ) .  Since the  amplitude o f  t h e  con tac t  no i se  was 
so  low and would be d i s t o r t e d  by the  presence of an a .c . ,  
i t  w a s  necessary t o  e l imina te  a l l  components using a . c .  
Thus a s e p a r a t e  vo l t age  supply and l i g h t  source t h a t  d id  n o t  



41 

bandpass 
filter 

I 

Unitron Light 
Source 

IT] I 

Grey 
Filters crys 

\I cold&hea<‘ finger 

cryrostat 

mechanical pump 

Voltage 
Divider 

i 

Power Keithley 
Supply Electrom. 

c 

Keithley 
Electrom. 

micro- 
micro- 
ammeter 

Figure (10). Schematic of apparatus used to measure I-V 
curves. 
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w r 

- e lec t rometer  

.- I 1 

- e lec t rometer  4 

Figure  (11). Electrical  c i r c u i t  used i n  I-V measurements. 

I '  

u t i l i z e  a . c .  were incorporated i n t o  t h e  c i r c u i t .  A v a r i a b l e  
r e s i s t a n c e  box, which w a s  i n  series wi th  t h e  c r y s t a l ,  w a s  
used i n  conjunction with the Kei th ley  a m p l i f i e r  - frequency 

s e l e c t o r  and a Tektronix Type 543A o s c i l l i s c o p e .  Two 
frequency ranges,  10 - lOOcps and 100 - 3OOcps, were 
s e l e c t e d  f o r  t h e  ca l cu la t ion  of t h e  l / f  no i se .  
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I 

d . c .  l i g h t  source 

Amplif iek 

Se lec to r  

I 

I 

I Variab le  

L 

c r y r o s t a t  

mechanical Pump - 

\ 
CdS 

c r y s t a l  

Voltage 
Divider 

I 

Voltage 
Supply 

I 

I 

Figure (12).  Schematic of appara tus  used t o  measure con tac t  
no i se .  



V. EXPERIMENTAL RESULTS 

A.  Single l aye r  e l ec t rodes .  Several  c r y s t a l s  were 
e l ec t roded  using j u s t  a s ing le  metal .  General ly ,  the f ind -  

ing s s *db 2 t 2';i t t e  2 p re\- ioi; s da  t a -u 8 'ig i b i s  approach. i n  
a l l  cases  an at tempt  was made t o  make the  con tac t s  opaque 
t o  l i g h t  i n  order  t o  avoid pho toe f fec t s  due t o  photoemission 

i r r a d i a t i o n  was done wi th  green l i g h t .  

- 

of  e l e c t r o n s  from the metal i n t o  the  CdS bulk.  [%u 

1. Gold. The three  samples with gold a s  the 
e l e c t r o d e s  a l l  exhib i ted  non-ohmic c h a r a c t e r i s t i c s  a t  low 
vo l t ages  and cu r ren t  s a t u r a t i o n  a t  high vo l t ages  i n d i c a t i n g  
blocking con tac t s .  Figure (13)  shows the I - V  curve f o r  a 
s i n g l e  l aye r  gold e lec t rode  
evaporated i n  an oxygen 
ambient. I n  t h i s  c r y s t a l  
w i th  no appl ied  vol tage  
t h e r e  was a very marked 
photo cu r ren t -o r  photo- 
v o l t a g e .  [d3At zero appl ied _ _  
vo l t age  and a l i g h t  
i n t e n s i t y  of  .lIo, a 
c u r r e n t  was r e g i s t e r e d  
on the  micro-micro 
ammeter. When the  l i g h t  
w a s  turned o f f  the 
c u r r e n t  went t o  zero.  
Then i f  the  l i g h t  was 
turned on a t  l i g h t  i n t e n -  
s i t y  . O O I I o ,  the  photo- 

lo-!/ 
I n  i 

t 

Figure  (13). 
I n  V 
I-V curve 
f o r  gold 
e l e c t r o d e s .  

[d] The observance o f  a photovoltage would occur  i f  
t h e  l eads  t o  the  e x t e r n a l  c i r c u i t  were i n f i n i t e ;  i f  the 
l eads  (of the  two e l ec t rodes )  were shorted, a photo c u r r e n t  
would be read.  

44 
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c u r r e n t  re turned but  i t s  magnitude was not  a s  g r e a t  a s  f o r  
t h e  case of .1I0 l i g h t  i n t e n s i t y .  When low vol tages  ( l e s s  
than 10mv) were appl ied  t o  the  c r y s t a l  a t  a given l i g h t  
i n t e n s i t y ,  t he  c u r r e n t  would decrease o r  increase  depending 
on the p o l a r i t y  of t he  appl ied vo l t age .  I n  the case o f  
decreasing: c u r r e n t  with increas ing  low appl ied  vo l t ages ,  
t h e  c u r r e n t  would pass  through "zero cur ren t"  and then s t a r t  
i nc reas ing  i n  the  opposi te  d i r e c t i o n  wi th  f u r t h e r  appl ied  
vo l t age .  See Figure (13). 

- - 

I n  i 

Figure 04)  shows the I-V curve f o r  one o f  the  two 
c r y s t a l s  with gold e l ec t rodes  evaporated i n  n i t rogen  ambient. 
I n  t h i s  case the  I-V 
curves showed a d e f i n i t e  
s a t u r a t i o n  region 
followed by a g r e a t e r  
than l i n e a r  increase  
o f  cu r ren t  a s  a 
func t ion  vo l t age .  
Subsequent hea t  t r e a t -  
ment a t  100°C and 200°C 
r e s u l t e d  i n  l i t t l e ,  i f  
any,  change i n  the I-V 
curves .  This  would seem 
t o  i n d i c a t e  t h a t  t he re  
w a s  no d i f f u s i o n  o f  the 
gold i n t o  t h e  CdS. A 
s p e c t r a l  response (photo- 
c u r r e n t  versus  wavelength 
of  i r r a d i a t i n g  l i g h t )  
curve was run on t h i s  
c r y s t a l  and showed a 
marked peak a t  517 W 

(bandgap) f o r  appl ied  
vo l t ages  a t  the c r y s t a l  

t 
I b 

l o o  ' d2 L 10 I 

I n  V 
F igure  (14). I - V  curve f o r  

gold e l e c t r o d e s .  
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which were before  and a f t e r  t he  s a t u r a t i o n  region.  
s p e c t r a l  response curve run a t  an appl ied  vo l t age  chosen 
i n  the  s a t u r a t i o n  region showed l i t t l e  response a t  5 1 7 ~ .  

The 

2 .  Indium. Two c r y s t a l s  were e lec t roded  i n  a 
n i t rogen  ambient wi th  indium a s  the  con tac t .  
showed ohmic behavior i n  t h a t  the  I - V  curves  were l i n e a r  
and the  contac t  
no ise  was f a i r l y  

They both 

t 
low. See Figure 
(15) .  P r i o r  t o  
h e a t  t reatment ,  
rough photo- 
response measure- 
ments showed t h a t  
f o r  l i g h t  i n t e n -  
s i t y  .lIo the  
c u r r e n t  would, 
when the  l i g h t  
w a s  turned o f f ,  
f a l l  t o  .2 of  
i t s  i n i t i a l  value 
i n  a time of  10 
seconds. A hea t  

I n  i 

e f o r e  h e a t  
t reatment  

t reatment  

l o b  ' LO2 
I n  V 

Figure (15). I - V  curve f o r  an 
indium e l e c t r o d e .  

t reatment  f o r  15 
minutes with the  
c r y s t a l  system a t  100°C was done. 
(about 4OC/min) the  subsequent I - V  curve f o r  l i g h t  i n t e n s i t y  
.lIo s h i f t e d  up more than an o rde r  of magnitude and was s t i l l  
very l i n e a r .  The response i n  10 seconds from an i n i t i a l  
l i g h t  l e v e l  of  .lIo was t o  a value of  much less  than .1 of  
t h e  i n i t i a l  c u r r e n t  va lue ,  
. O O I I o  t he  c u r r e n t  f e l l  t o  .2 i t s  i n i t i a l  va lue  i n  t e n  
seconds a f t e r  the  l i g h t  had been shut  o f f .  Also the  I - V  
p r o f i l e  f o r  . O O I I o  l i g h t  i n t e n s i t y  a f t e r  h e a t  t reatment  

Upon cool ing  slowly 

For an i n i t i a l  l i g h t  l e v e l  of  
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. 

was approximately the  same a s  the  p r o f i l e  f o r  t he  . lIo l i g h t  
i n t e n s i t y  before  hea t  treatment.  This would i n d i c a t e  t h a t  
t h e r e  was poss ib ly  a d i f fus ion  of  the  indium i n t o  the  CdS 

c r y s t a l ,  where a c t i n g  a s  a donor, ‘I3]it would r a i s e  the  
Fermi l e v e l  and s teady cu r ren t  a t  a given l i g h t  l e v e l .  
This  explana t ion  o f  I n  ac t ing  a s  a donor and changing 
t h e  Fermi l e v e l  a l s o  would r e s u l t  i n  some kind o f  change 
i n  the  response time as  was observed. 

3 .  Copper. A c r y s t a l  with copper e l e c t r o d e s  
evaporated i n  n i t rogen  ambient was inves t iga t ed  and showed 
high con tac t  noise  and cu r ren t  s a t u r a t i o n  a t  high app l i ed  
vo l t ages .  See Figure (16) .  
occured a t  h igher  
c u r r e n t s  f o r  h igher  
l i g h t  i n t e n s i t i e s .  
This phenomena was 
a l s o  observed by 
Ruppel 151 . 

4. Aluminum, 
Five c r y s t a l s  were 
e lec t roded  i n  an 
a i r  ambient with 
j u s t  a s ing le  deposi-  
t i o n  l a y e r  of  alum- 
inum a s  the  con tac t .  
I n  two cases  the  
e l e c t r i c a l  con tac t s  
were a c t u a l l y  very 
good, showing no 
apprec iab le  con tac t  
no ise  and e x c e l l e n t  

This tendancy toward s a t u r a t i o n  

In 

I 
I I I 

LO0 LO2 
I n  V 

copper e l e c t r o d e .  
Figure (16) .  I-V curve f o r  a 

I-V c h a r a c t e r i s t i c s .  One c r y s t a l  showed no c u r r e n t  response 
a s  a func t ion  of  vo l t age ;  i t  was a l s o  not  pho tosens i t i ve .  
Another non-ohmic behaving c r y s t a l  shown i n  Figure (17) gave 
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an  I m V n  curve but  did 
no t  have any photo- 
response a t  a l i g h t  
i n t e n s i t y  of Io u n t i l  
h igh  appl ied  vol tages  

2 (average f i e l d  a t  10 
vo 1 t s / c m  . ). 

On the  o t h e r  
hand, two o f  the  
c r y s t a l s  using the  
aluminum e l e c  t rode  s 
showed, bes ides  l o w  
c o n t a c t  no ise  l e v e l s  , 
e x c e l l e n t  I -V 
c h a r a c t e r i s t i c s .  See 
Figure 08). The 
c r y s t a l s  were extremely 
pho tosens i t i ve ,  r e a c t -  
i n g  t o  l i g h t  l e v e l s  a s  

low a s  10 Io(an e l e c t r o n  
e x c i t a t i o n  r a t e  of 
-10 cm s e c - I ) .  Both 
c r y s t a l s  gave t h e  space 
charge l imi t ed  c u r r e n t  
e f f e c t  (SCLCE) i n  t h a t  
they would give a s t eep  
i n i t i a l  increase  ( g r e a t e r  

2 than  IV ) of cu r ren t  
f o r  an increase  of 
vo l t age  and then s e t t l e  
down t o  a s teady s t a t e  
c u r r e n t  value.  [20 For 
l i g h t  i n t e n s i t i e s  f r o m  
10-710 t o  10-310 the  I - V  
p r o f i l e  was l i n e a r  from 

-7 

9 -3 

\JphO t o  - 
I vocnnnco 
I --- r ---- - 

10-11 lc; response pho;;; 

F igure  ( 1 7 ) .  I - V  curve f o r  non- 
ohmic aluminum 
e l e c t r o d e s  . 

I n  

I I b I 

l o o  l d 2  
I n  V 

I - V  curve f o r  ohmic 
aluminum e l e c t r o d e s .  

F igure  (18). 
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lOmv t o  400 v o l t s .  For a l i g h t  l e v e l  of .lIo the  cu r ren t  
began t o  s a t u r a t e  a t  about 10-3amps a t  an appl ied vol tage 
of  100 v o l t s .  
us ing  the  d i f f u s i o n  theory a b a r r i e r  height  of  .36ev. 

This would i n d i c a t e  from jo c a l c u l a t i o n s  

5.  Titanium. 
Two c r y s t a l s  with 
t i t an ium e lec t rodes  
evaporated i n  n i t rogen  
ambient gave f a i r l y  
h igh  contac t  no ise ,  
non-ohmic cu r ren t  
behavior .  As shown 
i n  Figure (19) the  
curve reached a 
s a t u r a t i o n  f o r  l i g h t  
i n t e n s i t y  Io a t  about 
10 -4amp s /cm2, 

t 

10-4 

I n  i 

Figure (19).  I-V curve f o r  
t i t an ium e lec t rodes .  
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B. Mult i - layer  e l ec t rodes .  When mul t i -hye  . e l e c t r o d e s  
were evaporated,  i t  was again attempted t o  make t he  con tac t s  
opaque t o  l i g h t  i n  o rde r  t o  avoid photo-emission e f f e c t s .  

1. In-Au. Several  c r y s t a l s  were e lec t roded  using 
indium a s  the  a c t i v e  metal  and gold a s  the covering metal .  
About 80% of  these cases  gave i n i t i a l l y  ohmic I - V  curves  
wi th  r e l a t i v e l y  low contac t  no i se .  Of those ohmic c r y s t a l s  
t h a t  were hea t  t r e a t e d ,  none appeared t o  remain s t a b l e  
( t h a t  i s  t h e i r  I-V curves changed markedly, and i n  some 
cases  con tac t  no ise  increased.)  For example, some c r y s t a l s  
aZte: h e s t  treatment yielded a p a r a l l e l  s h i f t  i n  the  I-V 
curve a s  shown i n  Figure (20). Other c r y s t a l s  y ie lded  I - V  
curves  a f t e r  hea t  treatment which were gene ra l ly  lower 
than  the  preheated curves and which showed a d e f i n i t e  
s a t u r a t i o n  range. See Figure (21) .  

2 .  A u / A l .  Several  mu l t i - l aye r  e l e c t r o d e s  were t r i e d  
us ing  gold a s  t he  prepara t ive  metal  and AI a s  the  a c t i v e  
meta l .  The r e s u l t s  were only f a i r l y  s a t i s f a c t o r y .  Three 
o f  the  e i g h t  a s  shown i n  Figure (22) gave f a i r l y  low con- 
t a c t  no i se  l e v e l s ,  and l i n e a r  I - V  p r o f i l e .  Two of the 
remaining f i v e  t h a t  were heat  t r e a t e d  a t  luu-C showed 
d e f i n i t e  improvement from s a t u r a t i n g  I-V curves t o  f a i r l y  
l i n e a r  c h a r a c t e r i s t i c s .  See Figure (23).  Fur ther  i n v e s t i -  
g a t i o n  i n t o  using these  two meta ls  turned ou t  no t  t o  be 
b e n e f i c i a l .  It was learned t h a t  between the  simultaneous 
evaporat ion of  gold and aluminum and the  subsequent coo l -  
i ng  o f  the  metals  on t h e  CdS s u b s t r a t e ,  t h e r e  was a phase 
t r a n s i t i o n .  ["I This would c r e a t e  a d d i t i o n a l  mechanical 
s t r a i n  on the CdS c r y s t a l s  which 
c h a r a c t e r  i n  an undetermined fash ion .  

- -n  

would e f f e c t  the  c r y s t a l  
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t a f t e r  h e a t  7 

7 

l o - '  
I n  i 

before  h e a t  
treatment 

10 -1 j/ 
I fi I 

lo -2  . l o o  ' i o 2  In v 
Figure (20).  I-V curve f o r  In-Au. 

before  h e a t  
t reatment  

In  i 

h e a t  t rea tmen t 

f i g u r e  (21 ) .  I-V curve f o r  In-Au. 
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I n  i 

ure (22). I-V curve f o r  ohmic A u / A 1  
e l ec t rodes .  

a f t e r  hea t  treatment 10-5 t 
10” 

 IO-^ 

In i 

heat  t r e a t -  

. 
( 2 3 ) .  I - V  curve f o r  hea t  t r e a t e d  

Au/Al e l ec t rode .  
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. 

i n d i c a t e d .  I n  Figure (24) 
having T i - A 1  e l ec t rodes  
before  h e a t  t reatment .  
Note t h a t  f o r  two d i f f e r -  
e n t  l i g h t  i n t e n s i t i e s  
t he  c u r r e n t  shows a 
d e f i n i t e  c u r r e n t  s a t u -  
r a t i o n .  Upon hea t  t r e a t  
t o  200°C and subsequent 
I - V  measurements, the 
curve l i n e a r i z e s  , and 
f o r  the  same l i g h t  
i n t e n s i t y  s h i f t s  t o  
h igher  cu r ren t  va lues-  
i n d i c a t i n g  a lower 
series bulk p lus  con tac t  
r e s i s t a n c e .  Also,  a f t e r  
t he  c r y s t a l  has been hea t  
t r e a t e d  the re  i s  no s a t u -  
r a t i o n  observed i n d i c a t i n g  
a poss ib l e  covering o f  the 
b a r r i e r  he ight .  

3 .  T i / A 1 .  The resu l t s  using T i  and A 1  a s  the  metals  
i n  the dua l  evaporat ion technique were the  most s a t i s f a c t o r y .  
A l l  con tac t s  using A 1  and t i t an ium a s  the  e l ec t rodes  wi th  
A r  o r  N a s  the  ambient turned out  t o  behave ohmically.  I n  
about h a l f  the cases  where A r  o r  N ambient gas was used i n  
t h e  evaporat ion procedure, h e a t  t reatment  of  the  r e s u l t i n g  
electrodes-CdS c r y s t a l  system was necessary.  It  was a s  a 
r e s u l t  o f  these  c r y s t a l s  which needed hea t  treatment t h a t  
t he  a c t u a l  success o f  t h e  dua l  evaporat ion procedure was 

i s  shown I - V  curves  run o n c r y s t a l s  

I 

a f t e r  h e a t  
treatment 10-6 1' '0 

-4 

\ 

tw 2,' before  h e a t  
1 J/'" 0 t reatment  

''10before h e a t  
t reatment  

F inure  ( 2 4 ) .  

I n  the cases  when t i t an ium and aluminum 

I - V  curve f o r  
h e a t  t r e a t e d  
T i / A 1  e l e c t r o d e s  
evaporated i n  
n i t rogen  ambien tm 

were 
evaporated a s  mul t i - l aye r  e l e c t r o d e s  i n  an oxygen ambient, 

t he  I - V  curves were not  ohmic. The I - V  curves  shown i n  
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. 

Figure (25) i n d i c a t e s  the  nonohmic behavior of t he  e l e c t r o d e  
before  and a f t e r  hea t  treatment.  It  should be noted t h a t  
while  t he re  i s  a change i n  the  curves a s  a r e s u l t  of  hea t  
t rea tment ,  the e l ec t rode  s t i l l  does no t  behave ohmically. 

be fo re  h e a t  t reatment  
A 

\ 

10- l2l p/l 
t t r e a  

In  V 

, tmen t 

F j p u  (25) .  I - V  curve f o r  non-ohmic 
T i / A 1  e l ec t rodes  i n  oxygen 
ambient. 

. 



I V .  DISCUSSION AND CONCLUSION 

A .  Discussion of Experimental Resul t s  ~ I n  analyzing 

It i s  

- 
the experimentally obtained I - V  curves ,  use  is  made of t h e  
t h e o r e c i c a i  I - V  p r o f i l e s  developed i n  Chapter 11. 
assumed t h a t  t he  f i e l d  a t  the  b a r r i e r  i s  given by t h e  l i n e a r  
approximation, 

V 
(31) =i 

W 

where: V = t h e  vol tage  a t  t he  cathode junc t ion  
w j -  = t h e  e f f e c t i v e  b a r r i e r  width (from con- 

s i d e r a t i o n  of Poisson equat ion) .  See 
equation ( 2 3 ) .  

The p o t e n t i a l  d i f f e r e n c e  a t  t h e  cathode i s  

where: V E t h a t  p a r t  of t he  app l i ed  vol tage ,  VA, 
which appears a t  t h e  cathode j u n c t i o n .  

A j 

Two sunn lamqta ry  r r * c o d i t i m s  that cari be zlpplied are: 

1) i f  E > 10 6 volts/cm. then b a r r i e r  breakdown 

2) if w < 5 x 10-6cm. then diode theory must be 

occuBs. 

used. 

When the  breakdown vol tage ,  Vbr, i s  reached, then 
= 10 6 vol ts /cm,  (by assumption) and from equat ion (31)  

EB 

(33 

I f ,  f o r  example, b a r r i e r  breakdown occurs when t h e  cathode 
i s  c u r r e n t  s a t u r a t e d  as shown i n  F igure  (26) then VA'vAj'VAbr 

55 
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and equat ion (32) becomes 
6 m 

. 

'm - I s  v =  e i- 'Abr = Vbr 
j 

( 3 4 )  

- 
= that app l i ed  vo l t age  a t  which t i m e  

h 2 r r i e r  hrea-lrdow- ocr1_!rs : 
'Abr where : 

Note t h a t ,  

@m - @ s  
e 1) if VAbr < lOOmv then V E 

j 

Thus equat ion (34) may 
be  used i n  equation (33) 
t o  eva lua te  N3. Using 
NJ;, w can be ca l cu la t ed  
from equat ion (23) .  Then 
depending on whether w 
i s  g r e a t e r  than o r  less 
than 5 x loo6 c m .  , t h e  
va lue  of io i n  t h e  I - V  
curve may be used i n  
equat ion (3b) o r  (6b) 
t o  eva lua te  the  b a r r i e r  
h e i g h t ,  O m  - X. 

d e  

I f  on t h e  o t h e r  
hand t h e r e  i s  no VAbr 
a t t a i n e d  wi th in  t h e  

I n  i 

0 
i 

'sat. 'Abr 
In  V 

F igure  (26 ) .  A t h e o r e t i c a l  I - V  
curve showing 
c u r r e n t  s a t u r a t i o n  
and b a r r i e r  break- 
down. 

power d i s s i p a t i o n  l i m i t s  o f  t he  c r y s t a l ,  i t  i s  s t i l l  p o s s i b l e  
t o  g e t  an i n d i c a t i o n  of some of t he  j u n c t i o n  q u a n t i t i e s .  
F i r s t ,  i f  Vsat > 100 m v ,  then t h e  I - V  curve i s  bulk determined 
i n  t h e  range of 1 mv.,' VA $ 1 O O m v .  Second, by us ing  t h e  
l a r g e s t  va lue  of VA which n e i t h e r  exceeds t h e  power d i s s i p a t i o n  
l i m i t s  of t h e  c r y s t a l ,  nor causes a phys ica l  e l e c t r o d e  
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breakdown, values  of what N* must be l e s s  than can be obtained 
from 

d 

From t h i s  value of NJc it  i s  poss ib le  t o  ob ta in  values  which 
w must be g r e a t e r  Khan. d [e] 

For example, consider  t he  case  of gold contac ts  which 
s a t u r a t e s  a t  5 x 

'sat 

amps/cm*, have Vbr = 100 v o l t s ,  and 
occurs  a t  10" v o l t s :  from equat ion (33) one ob ta ins ,  

lo6 = \/10-6Ni 

o r  N* = 10 cm 17 -3 
d 

Then from equat ion (23) i t  follows 

10' 
0 =/T 

Thus s i n c e  xo > 5 x 
t o  c a l c u l a t e  ern - x 
This  leads  t o  

-5 o r  xo = 10 cm. 

cm, the  d i f f u s i o n  theory i s  used 
from jo = epEB Nc exp (- ( ern- x)/kT) . 

and i t  turns  ou t  t h a t :  Gm - x = .747 ev. which i s  i n  e x c e l l e n t  
agreement with o t h e r  experimental ly  obta ined  va lues .  D 4 ,  151 

An a d d i t i o n a l  ana lys i s  of an I - V  curve f o r  a c r y s t a l  
wi th  gold e l ec t rodes  was provided by cons idera t ion  of  t h e  
s p e c t r a l  response curve.  The s p e c t r a l s  A) and D) as shown 

lejIn eva lua t ing  w, i t  i s  the  va lue  w , t he  d i s t a n c e  t h a t  
an e l e c t r o n  must go t o  ge t  from the  FeTmi l e v e l  of t he  
metal i n t o  the  conduction band of t he  semiconductor, t h a t  
determines which theory - diode o r  d i f f u s i o n - i s  t o  be used.  
The value of 5 - J2e/eN3. 
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I n  

. 

\ breakdown 

1. s a t u r a t i o n  

- - 

\ bulk range 

-- I 

520 800 
1 ("r> 

q e  (27) .  Spec t ra l  response curves such as a 
funct ion of appl ied  vol tage .  

i n  Figure (27),  which were obtained f o r  appl ied  vol tages  
occurr ing  before  and a f t e r  the  s a t u r a t i o n  region of t he  I-V 
curve,  show a pronounced peak a t  520 W .  

curves B) and C) t he  vol tages  chosen were i n  the  s a t u r a t i o n  
region;  no te  t h a t  t he  peak a t  520 W i s  markedly reduced. 
This e f f e c t  occurs s i n c e  during the  cur ren t  s a t u r a t i o n  region,  
p r a c t i c a l l y  a l l  the  appl ied vol tage  e x i s t s  a t  the  junc t ion ,  
thus prevent ing a bulk response t o  the  bandgap l i g h t .  

For the  s p e c t r a l  

The two d i f f e r e n t  changes i n  the  In-Au I-V curves 
a f te r  hea t  t reatment  may probably both be a t t r i b u t e d  t o  indium 
d i f f u s i o n .  I n  the  cases  which a f t e r  hea t  t reatment  showed 
a paral le l  s h i f t  i n  t he  I-V curve,  i t  i s  very probable t h a t  
t he  a c t i v e  l a y e r  of indium w a s  too th i ck  ( i . e .  more than a 
monolayer) hence the  hea t  t reatment  enhanced d i f f u s i o n  of 
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t h e  excess indium i n t o  the  bulk.  I n  the  o t h e r  case a f t e r  
hea t  t reatment  t he  I-V curve s h i f t e d  down and showed a 
d e f i r , i t e  s a t u r a t i o n .  It seems t h a t  i n i t i a l l y  t h e  indium 
formed an ohmic contact  t o  the  CdS, however a f t e r  hea t  
t reatment  t he  indium a t  the CdS sur face  w a s  replaced by gold 
~ * 7 h i ~ h  lead +-c ;1 high  r e s i s t ance  contac t  t h a t  s a tu ra t ed  a t  
h igh  vol tages .  

The use of aluminum o r  t i t an ium as evaporated 
e l ec t rodes  proved general ly  unsuccessful ;  t h a t  is ,  none of 
t h e  evaporated T i  e lec t rodes  showed ohmic behavior,  and only 
two of t he  evaporated A 1  e lec t rodes  were ohmic. I n  one case  
i n  which an evaporated aluminum e lec t rode  turned out  t o  be 
non-ohmic, t he re  w a s  no photo-response a t  low vol tages  from 
1 mv t o  about 1 v o l t  using l i g h t  i n t e n s i t y ,  Io. 
a t  higher  appl ied  vol tages  (> 10 v o l t s )  t he re  w a s  a photo- 
response.  This would seem t o  i n d i c a t e  t h a t  t h e r e  w a s  a 
h igh  b a r r i e r  l a y e r  a t  t he  sur face  which a t  low vol tages  
dominated the  c i r c u i t ,  but  which a t  h igher  vol tages  "broke 
down" r e s u l t i n g  i n  I a V"(n>l); now the  bulk c r y s t a l  dom- 
i n a t e d  the  c i r c u i t  and a photoresponse w a s  measurable. 

However, 

The change i n  severa l  of the T i / A i  I - V  curves a t  
a given l i g h t  i n t e n s i t y  from low cu r ren t  values  and s a t u r a -  
t i o n  before  hea t  t reatment  t o  h igher  cu r ren t  values  and no 
s a t u r a t i o n  a f t e r  hea t  t reatment ,  l eads  t o  two poss ib l e  
explanat ions.  F i r s t ,  s ince  aluminum a c t s  as a donor i n  
CdS, d i f fus ion  of aluminum i n t o  the  c r y s t a l  would reduce 
the  contac t  r e s i s t a n c e  and cause an e f f e c t i v e  b a r r i e r  lower- 
i ng .  A second p o s s i b i l i t y  i s  t h a t  the  h e a t  t reatment  causes 
t h e  aluminum t o  make a r e l a t i v e l y  in t ima te  contac t  wi th  the  
CdS, thus c r e a t i n g  a low r e s i s t a n t  contac t .  

One i n t e r e s t i n g  phenomenon observed w a s  t he  v a r i a t i o n  
of c r y s t a l  response t i m e  as a funct ion of vo l tage .  Measure- 
ments on seve ra l  c r y s t a l s  having non-ohmic cu r ren t s  showed 
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that  an inc rease  i n  vol tage  l e d  t o  a decrease i n  response 
t i m e ,  T r .  

constant , response times as a func t ion  of vo l tage .  
I n  c o n t r a s t  c r y s t a l s  wi th  l i n e a r  I - V  curve y ie lded  

Since t h i s  phenomenon w a s  observed only on c r y s t a l s  
which exh ib i t ed  I - V  p r o f i l e s  where I a V n  (with n 5 l), i t  i s  
poss ib l e  t o  expla in  t h i s  e f f e c t  by cons ider ing  an i n j e c t e d  
charge a t  t he  cathode. Thus by us ing  an expression f o r  
response t i m e  given by [ 221 

(36) 
Nt 7 = -  r a 

where: N t  number of traps/cm3 e x i s t i n g  wi th in  a 
kT energy of t h e  quas i  Fermi l e v e l ,  E f n .  

a e x c i t a t i o n  ra te  of e l e c t r o n s ,  

i t  i s  seen t h a t  i f  some of t h e  i n j e c t e d  charge becomes 
trapped changing the quasi-Fermi level , then 

7 = -  Ntl 
r l  a 

7 = N t 2  r 2  - a 

(37) 

where: N t l  dens i ty  of t r a p s  e x i s t i n g  wi th in  a kT 
energy of t h e  quas i  Fermi level,  Efnl 

Nt2 E dens i ty  of t r a p s  e x i s t i n g  wi th in  a kT 
energy of t h e  quasi-Fermi level,  E f n 2 .  

If Nt2  > N t l ,  i t  would fol low t h a t  T~~ > T ~ ~ .  

i n  t h e  quasi-Fermi level due t o  the  trapped i n j e c t e d  charge 
Thus a change 

would g ive  r i se  t o  a vo l tage  dependent response.  [ f l  

[ f ]  The meaning of equation (36)  i s  as fol lows:  i f  t h e  
quasi-Fermi l e v e l  l i e s  a t  a l e v e l  of dens i ty  N t J  then when 
t h e  l i g h t  e x c i t a t i o n  i s  turned, the  photocurrent w i l l  f a l l  
t o  l / e  of i t s  i n i t i a l  i n  the t i m e  T ~ .  
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The e f f e c t  of f l u sh ing  t h e  vacuum system p r i o r  t o  
evaporat ion was q u i t e  marked. Flushing with n i t rogen  and 
argon enhanced the  sucess  of the mul t i - layer  technique 
re la t ive  t o  those t i m e s  when a i r  o r  oxygen were used. The 
exact mechanism by which the oxygen e f f e c t  i s  reduced as a 

understood. 
''air" present  i n  t h e  system, i t  would be expected t h a t ,  due 
t o  pumping rates,  the  e f f e c t s  of changing the  ambient would 
disappear  wi th in  minutes; t he  vacuum being determined by t h e  
outgassing of v i r t u a l  leaks. The f a c t  t h a t  t h e r e  i s  a d e f i n i t e  
i n f luence  seems t o  i n d i c a t e  some exchange tak ing  p lace  a t  t h e  
l a s t  few adsorbed layerson t h e  w a l l s  of t h e  vacuum system 
and on the su r face  of t h e  CdS c r y s t a l  (e .g .  n i t rogen  f o r  
oxygen). 

coiiscqcsiise of tlie i i i t~uge i i  UL aiguii Zlushitig is i iu t  ~uiupi t :  7 - L - ' 1 _ -  ~ e i y  

If the  gas used f o r  f lu sh ing  merely replaced the  

B .  General  Comments. I n  i n t e r p r e t i n g  t h e  r e s u l t s  
t h e r e  w a s  a c e r t a i n  amount of d i f f i c u l t y  encountered because 
of  t h e  e l e c t r o d e  conf igura t ion .  Figure (28) shows schemati- 
c a l l y  t h e  f i e l d  and equ ipo ten t i a l  l i n e s  of such an e l e c t r o d e  

1 
P 

e q u i p o t e n t i a l  
l i n e s  

Figure. (28,). Schematic of f i e l d  and e q u i p o t e n t i a l  curves for 
t h e  e l ec t rode  conf igura t ion  used i n  t h e  exper i -  
ments. 
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1 

m 

conf igu ra t ion .  As a r e s u l t  of p o t e n t i a l  cons idera t ions  the  
c u r r e n t  dens i ty  w i l l  be lower i n  region I V  than region I,  
thus making i t  d i f f i c u l t  t o  i d e n t i f y  and i n t e r p r e t  any space 

t h e  vol tage,d@ = - @ ,does not  depend on the  region being 

such t h a t  

charge l i m i t e d  c u r r e n t s  ( i . e .  V 2 3  / d  ) t h a t  might e x i s t .  Since 

4 
cunsi&i-ed, i-egion has a differer,t d asso.'lated it 

Thus, if i t  assumed t h a t  the cu r ren t  i s  c a r r i e d  through the  
bulk and no t  on t h e  sur face ,  any c u r r e n t  reading may be a 
combination of space charge l i m i t e d  c u r r e n t s  and ohmic 
c u r r e n t s .  

Also, due t o  t h e  e l ec t rode  conf igura t ion  i t  i s  d i f f i -  
c u l t  t o  p r e c i s e l y  determine cu r ren t  s a t u r a t i o n  s i n c e  cu r ren t  
requirements f o r  t h e  var ious regions are d i f f e r e n t ; t h u s  one 
region of t he  e l ec t rode  would tend t o  s a t u r a t e  before  another .  

A discuss ion  of e l e c t r i c a l  r e s i s t a n c e  i n  t h e  contac t  
region is  d i f f i c u l t  as w a s  demonstrated by Sal 'kov and 
Sheinkman. 1231They showed by us ing  p h o t o s e n s i t i v i t y  measure- 
ments t h a t  an inc rease  i n  p h o t o s e n s i t i v i t y  i n  the regions 
ad jacen t  t o  t h e  e l ec t rodes  was due t o  severe inhomogeneity 
of t h e  a c t u a l  con tac t  of  the metal t o  the  CdS. For t h e i r  
case then, t h e  e f f e c t i v e  c ross  s e c t i o n a l  area of t h e  s e m i -  
conductor a t  t h e  con tac t s  w a s  less than t h e  c ros s  s e c t i o n a l  
area i n  the  midportion. 
i n  Figure (28) t h i s  e f f e c t  would make t h e  e l e c t r o d e  "area" 
approximately equal  i n  magnitude t o  t h e  c ros s  s e c t i o n a l  area 
of  t h e  bulk c r y s t a l .  

In  t h e  e l e c t r o d e  conf igura t ion  shown 

The quest ion a l s o  a r i s e s  as t o  t h e  e f f e c t  a t  t he  
j u n c t i o n  a f te r  b a r r i e r  breakdown has occurred.  It i s  hard t o  
conceive t h a t  a f i e l d  breakdown e f f e c t  would be r e v e r s i b l e ,  
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y e t  a f t e r  an i n i t i a l  the  I - V  curve i s  run,  a l l  ensuing curves 
are  genera l ly  reproducible  - even the  I=Vn range t h a t  occurs 
a f t e r  the  s a t u r a t i o n .  It  seems l i k e l y ,  t he re fo re ,  t h a t  any 
phys ica l  change i n  the  junc t ion  would have t o  be  f o r  a very 
s m a l l  area of the  e l ec t rode  such t h a t  t h e  a c t u a l  r e s i s t a n c e  
u i  tiie a f fec ted  i-eg<sr* - - - . . l A  L- I n - n e  TI.<- t . 7 - n  

w v u l u  uc LaLsc. 1 i i A a  L y y L  of l o c a l i ~ e d  

region e f f e c t  could occur a t  a s e c t i o n  of the  metal-semiconduc- 
t o r  i n t e r f a c e  which had a higher  r e s i s t i v i t y .  A f t e r  breaking 
down, the  l o c a l i z e d  region would have a high conduct iv i ty ,  
permi t t ing  the  a d d i t i o n a l  e l ec t ron  flow from metal i n t o  t h e  
semiconductor. How t h i s  l o c a l i z e d  region breakdown e f f e c t  
would al low reproducible  I - V  curves ( i . e .  s t i l l  o v e r a l l  
blocking contac t  behavior a t  low vol tages)  i s  s t i l l  an open 
ques t ion .  

It i s  recommended t h a t  i n  the  f u t u r e  t h e  CdS s u b s t r a t e  

A s  Bger and Lubitz have discussed i n  t h e i r  paper,  
be  hea t  t r e a t e d  i n  vacuo before  depos i t ing  the  mul t i - layer  
e l e c t r o d e s .  
th is  procedure serves t o  enhance favorable  condi t ions  f o r  
c r e a t i n g  ohmic con tac t s .  c 81 

Generally , t h e  mul t i l aye r  technique suggested by 
Bger i s  successfu l  i n  c r e a t i n g  h e a t  r e s i s t i n g ,  ohmic behaving 
con tac t s  t o  CdS s i n g l e  ,crystals .  I n  t h e  experiments performed 

[g] A s  i t  tu rns  ou t ,  hea t ing  the  CdS s u b s t r a t e  n o t  only 
r i d s  the  su r face  of contaminants (oxygen, e t c . )  bu t  a l s o  
inf luences  t h e  ensuing metal l a y e r  d e p o s i t .  S tud ie s  have 
shown t h a t  condensing atoms (of the  metal)  tend t o  t ake  on 
the  s t r u c t u r e  type of t he  s u b s t r a t e ,  forming amorphous l a y e r s  
on amorphous s u b s t r a t e s  and s i n g l e  c r y s t a l  l a y e r s  on s i n g l e  
c r y s t a l  s u b s t r a t e s .  This  behavior i s  temperature dependent 
i n  such a way t h a t  a t  room temperatures the  f i lms  are  amorphous 
and a t  h igher  temperatures t h e  f i lms  tend toward being mono- 
c r y s t a l l i n e . ~ 1 7 ] T h u s J  s ince  t h e  emission energy i s  less f o r  t he  
amorphous c r y s t a l  than f o r  t h e  s i n g l e  c r y s t a l ,  i t  would be  
d e s i r a b l e  t o  cool  t h e  CdS s u b s t r a t e  be fo re  depos i t i ng  t h e  
e l e c t r o d e  l a y e r s .  
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b 

the greatest success was attained using Diemer's suggestion 
of titanium with aluminum; the key being to deposit only 
enough citanium (( 15 b )  such that its presence does not 
dominate the junction characteristics. 
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