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Abstract 

Electron energy states, localized within a few atomic 

layers of a semiconductor surface, may exist within the for- 

bidden gap; the energy band structure, over the resultant space- 

charge region, will be clisplaced relative to the Fermi level. 

When the thickness of such a thin film compares in magnitude 

to the extent of this space-charge region, marked variations 

in the expected conductivity will be observed. Relations are 

derived, expressing the conductance of thin film semi- 

conducting slabs as a function of film thickness; a method of 

interpretation of experimental data in terms of the theory is 

discussed, 

A technique is presented whereby the surface potential-- 

the amount by which the band structure is displaced between 

the surface and the bulk material--can be determined. Basic 

to this technique is the simultaneous evaporation of several 

thin film slabs, of varying thickness, on the same substrate. 

The theory was found capable of explaining dark con- 
0 

ductivity measurements on thin CdS films, ranging from 800 A 
0 

to 8000 A in thickness, at temperatures between - 20 • ‹C  and 6 0 • ‹ C .  

(iii) 
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1 . Introduction 

In a large semiconductor sample of uniform composition the 

conductivity (or, the conductivity tensor) may be considered 

independent of position; any effects ascribed to the surface 

will be negligible. However, when any sample dimension becomes 

very small--as is the case of thin films--surface effects will 

become more important. First, surface scattering may give rise 

to a reduced mobility near the surface; second, and more important 

to this study, there may be localized energy levels in the sur- 

face region--these, as will be seen, will cause local variations 

in the conductivity. 

This study, the;, is concerned with the theoretical and 

experimental effects of surface states on the conduction current 

in thin semiconducting films. 

1.1 Oriqin of the Space-Charqe Reqion 

The sample geometry utilized throughout most of this thesis 

is depicted in Fig. 1-1, wherein the resistance across the length 

R of the sample is being measured; the thickness X ,  is much less 

than either the length R or the width w. 

A possible energy structure for such an n-type semi- 

conducting film is shown in Fig. 1-2a, for the case of the 

surface having no effect on the band structure. This is not 

realistic; the surface atoms are in an obviously different 



Figure  1-1. Sample geometry 
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environment than the bulk atoms. There could be different 

chemical species adhered to the surface, or even if the surface 

is clean and exposed to a vacuum the sudden termination of the 
-+ 

lattice will cause a local variation in the wave function $(r). 

Suppose the effect of the surface (or interface between 

the semiconductor and surrounding species) is to introduce loca- 

lized acceptor-like energy levels within several atomic layers 

of the curface--f--ic is den+~tnA in Fig. 1-2b. since electrefis r-- '-- 

will tend to drop down from the conduction band and populate 

these levels, the Fermi level must shift so that it is nearer 

to these states, as in Fig. 1-2c. To end this progression, it 

is considered that the Fermi level must be constant throughout 

the sample in thermal equilibrium; the resultant energy structure 

is pictured in Fig. 1-2d, all bands bending to preserve both 

the constancy of the Fermi level, and the necessary variation at 

the surface of the relative position of the Fermi level. The 

region of the localized acceptor levels is the surface region; 

the region in which theenergybands bend is the space-charge 

region. 

Similar arguments will apply to p-type semiconductors, 

where holes are the majority carriers. 

A space-charge regionflike that in Fig. 1-2d, where there 

will be a shortage of majority-carriers, is termed a depletion 

region. Similarly, if the effect of surface states is to bend 

the bands in the opposite direction (that is, donor-like surface 



states), an accumulation region arises, where the number of 

majority carriers is increased. 

1.2 Historical Outline 

It is commonly accepted now that surface states give rise 

to a potential at the surface of semiconductors. This idea was 

first proposed by Bardeen in 1947, to explain certain data 

on the rectification characteristics of metal-semiconductor and 

semiconductor-semiconductor junctions. This superceded the 

previous explanation of potential barriers being due to the 

difference in contact potential of the two materials. Theo- 

retical models of surface states had been proposed earlier by 

T m  (2) and ~chockle~ ( 3 )  . More recent and detailed theoretical 

studies of these localized energy states include such work as 

that by Heine'l) , describing the derivation of the appropriate 

wave-functions. 

Among the earliest works confirming the existence of, and 

describing, the space-charge region are papers by Bardeen and 

Morrison (5) in 1954, and Statz :.nd DeMars (6) in 1958. In 

particular, Bardeen and Morrison were able to control the sur- 

face potential reproducibly by varying the gaseous ambient sur- 

rounding a semiconductor; the magnitudes of the surface po- 

tentials were determined by observing surface conductances, 

with an electric field applied normal to the surface. Further 



experimental techniques are described in the book by Many, 

(8) Goldstein and Grover(7), and in the article by Mark . 
Theoretical treatment of the space-charge region has kept 

pace with experimental work; the basic concern is the shape of 

the potential within the sample. Among the first papers pub- 

lished were those by Kingston and Ne~stadter(~)in 1955, and by 

Seiwatz and Green (lo) in 1958--the latter discuss the problem 

quite generally, allowing for partially ionized doncr and 

acceptor levels, and degeneracy in the conduction and valence 

bands. Later papers discuss various approximations, applicable 

in special circumstances, and the relationship between the sur- 

face potential and &he localized surface states. 

There has been similar work, both theoretical and experi- 

mental, on the mobility near the surface of semiconductors. As 

well as the contribution of surface scattering, the mobility 

will be influenced by the form of the surface potential. Sch- 

rief fer (11) in 1955 began the theoretical work on mobility in 

surface-space charge layers. 

Research at present is continuing along the same lines, 

desiring an accurate picture of how surface states modify the 

bulk properties of semiconductors. 

1.3 Origin of Surface States 

In this thesis the explicit nature and origin of surface 



s t a t e s  i s  n o t  considered i n  any d e t a i l - - r a t h e r ,  it i s  t h e  r e s u l -  

t a n t  space-charge region and i t s  e f f e c t  on conduction t h a t  is  

d e a l t  wi th .  Such re fe rences  as Many, Goldstein and Grover (7 

and ~ a v i s o n  and ~ e v i n e ' ' ~ )  d e s c r i b e  t h e  development of t h e  theory 

of  s u r f a c e  s t a t e s  q u i t e  we l l ;  some of t h e  b a s i c  ideas  a r e  pre- 

sented  i n  t h e  nex t  paragraphs.  

The band s t r u c t u r e  of a semiconductor i s  obta ined  from a 

s o l u t i o n  of ~ c h r 6 d i n g e r ' s  wave equat ion ,  a s  app l i ed  t o  an in-  

f i n i t e  l a t t i c e  (13) ; t h i s  w i l l  d e s c r i b e  t h e  i n t e r i o r  of a r e l a -  

t i v e l y  l a r g e  sample. However, t h e  atoms near  t h e  su r face  a r e  

obviously i n  an a l t e r e d  environment--new boundary cond i t ions  

apply t o  t h e  wave equat ion .  A s  a r e s u l t  of t h e  te rminat ion  of 

t h e  l a t t i c e ,  t h e  s u r f a c e  atoms w i l l  a l s o  be d i sp laced  from t h e i r  

expected l a t t i c e  sites. 
-+ 

I n  an i n f i n i t e  l a t t i c e ,  t h e  va lues  of  t h e  wavevector k 

a r e  by n e c e s s i t y  r e a l ;  when t h e  l a t t i c e  i s  te rminated ,  however, 
3 

complex va lues  of k a r e  a l lowable ,  such t h a t  t h e  corresponding 

wave func t ions  a r e  damped o u t s i d e  t h e  s u r f a c e  region .  From 

t h e o r e t i c a l  work, such a s  t h e  o r i g i n a l  proposals  by ~ a m m ' ~ )  , i t  

i s  known t h a t  quantum s t a t e s , l o c a l i z e d  near  t h e  s u r f a c e ,  can 

a r i s e ,  t h e i r  ene rg ies  f a l l i n g  wi th in  t h e  forbidden gap of t h e  
\ 

semiconductor considered.  

These "Tam s t a t e s "  may e x i s t  even on a p e r f e c t  c r y s t a l .  

I n  a d d i t i o n ,  t h e  s u r f a c e  w i l l  have l a y e r s  of o t h e r  adsorbed 

s p e c i e s ;  t h i s  w i l l  f u r t h e r  complicate t h e  i s s u e .  Addi t ional  



i n t e r f a c e  s t a t e s  due t o  t h e  i n t e r a c t i o n  of semiconductor s u r f a c e  

and adsorbed l a y e r s  may a r i s e .  

Allowing s u r f a c e  s t a t e s  (of e l e c t r o n s )  l o c a l i z e d  i n  t h e  

f i r s t  few atomic l a y e r s ,  t h e  curved band s t r u c t u r e s  descr ibed  i n  

s e c t i o n  1.1 a r e  p o s s i b l e .  

1 . 4  Objec t ives  of t h i s  Study 

I n  a semiconducting f i l m  whose th ickness  i s  of t h e  same 

o r d e r  a s  t h e  e x t e n t  of t h e  space-charge reg ion ,  t h e  e f f e c t i v e  

measured conduct iv i ty  w i l l  d i f f e r  from t h e  bulk va lue .  I n  a 

deplet ion-type space-charge reg ion ,  t h e  semiconductor can be 

assumed deple ted  of c a r r i e r s  w i t h i n  a d i s t a n c e  d of t h e  su r -  
0 

f a c e ;  a s  used by Haering and OtHanlon (I4) t h e  conductance w i l l  

have t h e  form 

where ob i s  t h e  bulk conduct iv i ty .  This equat ion  i s  a l s o  

a p p l i c a b l e  t o  accumulation l a y e r s ,  do being negat ive .  Whatever 

t h e  n a t u r e  of t h e  space-charge region ,  though, equat ion  (1-1) 

i s  an approximation. I n  t h e  fol lowing s tudy t h e  exac t  form of 

conductance dependence on sample th ickness  i s  determined. The 

e f f e c t  of t h e  s u r f a c e  s t a t e s  is charac te r i zed  by a s u r f a c e  po- 

t e n t i a l  Vs, t h e  amount by which t h e  energy bends a r e  s h i f t e d  



9 

in the space-charge region. 

Some experimental results obtained were analyzed in terms 

of the theory developed. This was done, not so much to study 

surface states or a particular semiconductor, but as a check on 

the theory of the space-charge region. These results are des- 

cribed in Chapter 4. 

In Chapter 5 the capability of the theory to describe 

experimental results is discussed, and other conclusions pre- 

sented. 



2. Theory of Conduction in Thin Semiconducting Films 

2.1 Introduction 

In the previous chapter a potential at the surface of 

a semiconductor was seen to arise with the introduction of 

surface/interface states. This chapter will assume the surface 

potential is known and deduce, from this, the effects on con- 

duction measurements in thin films. The form of the potential 

is determined, from which can be obtained the dependence of 

conductance (parallel to the plane of the film) on the film 

thickness. A method of analysis of such experimental results 

is introduced to allow the determination of various surface and 

bulk properties. In particular, a method, unmentioned in the 

literature, is described which allows the surface potential Vs 

to be measured. 

The geometry of Fig. 1-1 again applies, current flow 

being in the x-y plane. The details of the energy structure 

are shown in Fig. 2-1. Ec and Ev are the~ergies corresponding 

to the conduction and valence band edges, respectively: EF is 

the Fermi energy of the system, with Ei being the corresponding 

intrinsic Fermi energy. The energies EDk and E refer, 
A j 

respectively, to the tth donor level and the jth acceptor level. 

The potential q V  is introduced as a measure of 

the bending of the energy bands, with q being the magnitude 

of the electron charge; V may then be defined through 



Surface/interface region 

space-charge region 

Figure 2-1. Energy structure of the thin film semi- 

conductor 



Here, as in the remainder of this study, the subscript b 

refers to the value of the parameter being discussed in the 

bulk material. Note that qV is negative when the energy 

bands bend in the direction of positive electron energy. 

It is convenient to work with dimensionless variables; 

hence, a reduced pctential L7 is i n t rcduced:  

with T being the absolute temperature of the sample, k being 

Boltzmann's constant. 

This study will be concerned with n-type semiconducting 

thin films; the extension to p-type material does not involve 

any new principles and is not included. The temperatures 

being considered range between -20•‹C and 60•‹C. 
// 

2.2. Application of Poisson's Equation to Semiconductor 

Statistics 

The shape of the electric potential throughout the sample 

is obtained from a solution of Poisson's equation. For the 

geometry shown in Fig. 1-1, and assuming the sample has a 

uniform chemical composition, Poisson's equation takes the 



form 

where K i s  t h e  d i e l e c t r i c  cons tan t  and E i s  t h e  p e r m i t t i v i t y  
0 

of f r e e  space; p ( z )  i s  t h e  f r e e  charge d e n s i t y ,  which w i l l  

inc lude  both f r e e  c a r r i e r s  and ionized  donor and acceptor  

atoms. 

I n  t h i s  s e c t i o n  of theory p ( z )  w i l l  be expressed i n  terms 

of t h e  p o t e n t i a l  V(z) and s e v e r a l  bulk parameters,  

t hus  al lowing equat ion (2-3) t o  be i n t e g r a t e d .  This  calcu-  

l a t i o n  has been done ( see ,  f o r  example, Kingston and 

Neustadter  o r  keiwatz and ~reen( 'O))  previous ly  i n  

t h e  l i t e r a t u r e  under varying boundary cond i t ions ,  and vary- 

ing  degrees  of donor l e v e l  i o n i z a t i o n .  s i n c e  t h e  combination 

of incomplete donor l e v e l  i o n i x a t i o n  and t h i n  ( i n  t h e  z -  

d i r e c t i o n )  semiconducting f i l m s  i s  no t  d e a l t  wi th  i n  t h e  

l i t e r a t u r e ,  a  complete p r e s e n t a t i o n  w i l l  be given here .  

I f  n  and p  r e p r e s e n t  t h e  d e n s i t i e s ,  r e s p e c t i v e l y ,  of 

e l e c t r o n s  i n  t h e  conduction band and ho les  i n  t h e  valence 

+ band, and i f  NDe and N- r e p r e s e n t  t h e  d e n s i t i e s ,  r e s p e c t i v e l y ,  
Aj 

of ionized  donor s i t e s  with energy EDe and ionized acceptor  

sites with energy E 
A j  

then p ( z )  may be expressed a s  



For t h e  case  of non-degenerate s t a t i s t i c s ,  where both 

(Ec-EFI and I E ~ - E ~ I  exceed 3 k ~ ,  t h e  f r e e  c a r r i e r  d e n s i t i e s  

may be represented  by (15) 

n = Nc 
E EF 

exp - [CiT~ , and p = N~ exp - [--I 

where, 

he re ,  h i s  P lanck ' s  c o n s t a n t ,  and mn and m a r e  t h e  e f f e c t i v e  
P 

masses of e l e c t r o n s  i n  t h e  conduction band and ho les  i n  t h e  

va lence  band. I m p l i c i t  i n  equat ions  (2-5) and (2-6) i s  

t h e  assumption t h a t  t h e  semiconductor bas s p h e r i c a l  o r  

(10) 1, 

e l l i p t i c a l  energy s u r f a c e s  

S i m i l a r l y ,  t h e  d e n s i t i e s  of ionized  donors and accep to r s  

a r e  given by (16) 

- N~~ 'Dl' N~~ 1 1 + - exp EDR - EF 
kT 

(2-7a) 
~ D R  

- nJ 

and N = N  - 
A j  Aj + gAj  ex^ E~ - E ~ j ,  (2-7b) 

kT 

where NDR and N a r e  t h e  d e n s i t i e s  of donor and acceptor  
Aj 

s i t e s ,  and gDR and g a r e  t h e  degeneracies  of t h e  energy 
~j 

l e v e l s  EDe 
AND E ~ j  

Combining equat ions  (2-2)  t o  (2-7) , 

Poisson ' s  equat ion becomes 



q2 
KE: o kT  {Nc exp - IST - EF] Nv exp - 

kT 

Equation ( 2 - 8 ) ,  as it now stands, could be used to cal- 

culate the potential for n-type, p-type or compensated 

semiconducting films. This study, however, is concerned solely 

with n-type semiconductors; this restriction allows equation 

(2 -8 )  to be simplified. For n-type material the Fermi level 

will be sufficient19 far removed from the acceptor bands that 

they will be completely ionized; as well, there may be some 

donor Pevels (particularly those near the conduction band) 
\ 
i 

which may also be very nearly completely ionized. In equation 

(2 -8 )  allow the summation over l to be separated into a 

summation over R' for those donor levels fully ionized, and 

a summation over i for the Pevels of incomplete ionization; 

this gives 

Equation (2 -9 )  is still not in a form suitable for integra- 

tion since both (Ec-EF) and (E -E are dependent on v; further F v 

manipulation of equation (2-8)  follows in the next section of theory. 



2.3 The Determination of the Potential 

  qua ti on (2-9) can be further simplified if written in 

terms of certain bulk parameters. Suppose the surface states 

were such that the energy bands of Fig. 2-1 extended to the 

surface without being bent up or down; equation (2-9) would 

still be applicable, with all parameters referring to the 

bulk material--the semiconductor would be essentially bulk 

material right up to the surface, Now, though, the term 

d2v 
ax" would be zero. Hence, a subsidiary equation to (2-9) is 

where again the subscript b refers to that parameter in the 

bulk. Substituting this back into equation (2-9) to remove 

the terms (I: NDgl) and ( 7  N . ) ,  and utilizing equations (2-1) 
R ' J A3 

and (2-2), it is found that 

r 



where xi i s  def ined  by 

I f  no donors o r  accep to r s  

(2-12) 

were p resen t  t h e  Fermi energy would 

have an i n t r i n s i c  va lue  given by (15) 

t y p i c a l l y ,  Ei i s  l o c a t e d  near  t h e  middle of t h e  band gap. I t  

i s  now convenient  t o  d e f i n e  a bulk p o t e n t i a l  ub a s  

Equation (2-14) can be used t o  re-express  equat ion (2-11) i n  

a more convenient foAm. ~ h u s ,  

d 2 v  - P s i n h  (ub+v) -s inh ub 
+C 1 1 

C O S ~  Ub i - 1 d z 2  L~ I.+- e x i  
g ~ i  

where 

The parameter L i s  t h e  e f f e c t i v e  Debye l eng th ;  

i t  i s  a d i r e c t  measure of t h e  e x t e n t  of t h e  space-charge 

region") .  I n  t h i s  s tudy a t y p i c a l  va lue  f o r  L would be 



Poisson's equation has now been expressed in a form 

suitable for integration. 

It will be assumed that the semiconducting film 

(Fig. 1-1) is symmetric about z = 0; this is not un- 

reasonable since the physical environments of the opposite 

surfaces, z = + - x/2, can be made quite similar. Hence at 

dv z = 0 it follows that = 0; further, define vo as the 

value of the potential at z = 0, Carrying through one inte- 

gration of equation (2-15) it is obtained that 

where the function, F (v ,vo) is given by 
I 

cosh (ub+v) -cosh (u +v 
F~(V,V~) - (v-v ) tanh ub 

cosh ub 0 

In equation (2-17) the assigning of the + or - depends 
on the sign of z and the sign of vo; since, in the following 

work, it will be obvious which sign to choose, the conditions 

determining the sign in equation (2-17) will not be detailed. 

The effective Debye length, L, which characterizes the bending 

of the energy bands is seen to enter equation (2-17) quite 

simply. 



A numerical i n t e g r a t i o n  of equat ion (2-17) could be made 

t o  o b t a i n  t h e  shape of t h e  p o t e n t i a l  v ( z ) .  Since t h e  a c t u a l  

v a r i a t i o n  of v ( z )  i s  n o t  e s s e n t i a l  t o  t h e  f u t u r e  s e c t i o n s  of 

theory and t h u s ,  only  of i n c i d e n t a l  i n t e r e s t ,  examples of 

such curves a r e  n o t  displayed.  They appear ,  q u a l i t a t i v e l y ,  

a s  depic ted  i n  Figure 2-1;  a c t u a l  examples may be seen i n  

such re fe rences  a s  Dousmanis and Duncan (17) 

2.4 T h e o r e t i c a l  Dependence of Conductance on Thickness 

This  s tudy i s  d i r e c t e d  toward ob ta in ing  t h e  expected 

modif ica t ion  of sample conductance caused by changes i n  c a r r i e r  

d e n s i t y  near t h e  su f face  of t h e  m a t e r i a l .  

Consider a  sample a s  i n  Fig.  1-1, where 

c u r r e n t  flows i n  t h e  x -d i rec t ion .  For a sample with l e n g t h  R, 

width w and th ickness  It, wi th  both w and R being much l a r g e r  

than  L o r  It, t h e  measured conductance, G I  i s  

It  w i l l  now be assumed t h a t  t h e  e l e c t r o n s ,  t h e  ma jo r i ty  c a r r i e r s ,  

w i l l  completely dominate t h e  ho les  i n  making up t h e  conductance; 

it i s  then necessary t o  r e s t r i c t  t h e  range of v s i n c e  va lues  

t o o  s t r o n g l y  nega t ive  w i l l  r e s u l t  i n  a  g r e a t e r  domination by 

v  t h e  ho les  (not ing  t h a t  n  = nbe , p = Pbe-v) . Also, t h e  mobi l i ty  



P i s  assumed t o  be cons tan t  throughout t h e  semiconductor; t h i s  

i s  t e n a b l e  when it i s  considered t h a t  t h e  thermal mean f r e e  
3- 0 

path  (7) (h=u/q  [3mnkT] 4 f o r  CdS i s  l e s s  than  90 A a t  room 
0 

temperature--in f a c t ,  va lues  of h < 10 A were found f o r  t h e  

samples beingworked wi th  i n  theexper imen ta l  chap te r ;  hence,  

w i l l  be  about t h e  same t o  wi th in  t e n  Angstroms of t h e  su r face .  

The conduc t iv i ty  can then  be expressed a s  

U t i l i z i n g  t h e  f a c t  t h a t  n ( z )  = nb e , and t h a t  (nbm ) i s  

t h e  bulk conduc t iv i ty  o b r  then  equat ions  (2-19) and (2-20) 

g i v e  

where t h e  symmetry of t h e  sample has  been incorpora ted .  Con- 

v e r t i n g  equat ion  (2-21) t o  an i n t e g r a l  over  v--using 

dz dv dz = (-)dv and t h e  express ion  f o r  (-) i n  equat ion (2-17) dv dz 

it i s  found t h a t  

where t h e  s i g n  i s  chosen unambiguously t o  g i v e  a p o s i t i v e  

conductance. 



A numerical integration of equation (2-22) results in 

the theoretical determination of the conductance. In such a 

calculation vS, the reduced potential at the surface, 

would be assumed known--it can, under appropriate conditions, 

be determined experimentally. vo, the potential at z = 0, 

is not arbitrary but determined by the thickness R of the sample. 

This is seen by a rearrangement of equation (2-17) to give 

where the sign is chosen to make X positive. 

An experimental approach to the measurement of surface 

potentials is now evident. If several samples of identical 

chemical composition and preparation, but with different thick- 

nesses are prepared, a plot of - ' - versus X/L can be con- w ObL 

structed experimentally; a comparison with similar theoretical 

curves can then be made, and information about the surface 

obtained. The appropriate tools necessary to enact this com- 

parison are developed in the following section of theory. 

Concerning the above discussion it is expected that the 

surface potential Vs will be the same for the samples of dif- 

ferent thicknesses. The potential will be dependent upon the 

density of surface states and their occupation statistics: it 

is the surface region which determines Vs, the rest of the sample 



22 

merely adjusting its electron distribution to satisfy Poisson's 

equation and semiconductor statistics. 

In Fig. 2-2 are shown examples of the theoretical vari- 

ation of - " - with Z/L; for these it was assumed that the w ObL 

donor levels were completely ionized, with ub = 10. Several 

features are evident which are shared by all such curves: the 

curves are approximately linear for both t<<L and t>>L; the 

transition between these two occurs near t = L. 

The space-charge region is an accumulation layer when 

Vs>O, and a depletion layer when Vs<O. The measured con- 

ductivities will not conform to the relation o = , but 55 z 
will be larger (fox accumulation layers) or smaller (for 

depletion layers) . 
The slope of the - " - versus t/L curve is 1 at large 

w obL 

values of X I  which is the expected bulk behaviour. A correct 

determination of conductivity requires knowing the rate change 

of conductance with thickness whent>>L. When the sample thick- 

ness is comparable with L it is essential to form a G versus 

Z curve and deduce ob from this. 

2.5 The Parameterization of Conductance-thickness Curves 

Rather than attempting to match experimental and theo- 

retical conductance-thickness curves point for point, it is 

by far more convenient to characterize such curves by appropri- 

ate parameters, and then to match these parameters. 



5.0 10.0 

Sample thickness : A/L a-3 

Figure 2-2. Theoretically predicted dependence of conductance 

on sample thickness. 
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R 
Consider a plot of ;; G against 2. The first obvious 

parameter is ob, the slope of the curve at large sample thick- 

nesses. A second parameter is the slope of the curve near 

.t = 0--this, as will be seen, is most useful: consider a sample 

whose thickness 2' is approaching zero--simultaneously, v 
0 

will be approaching vs, so that Av vs - v is approaching 
0 

zero. Then, 

v 
In equation (2-22) the integrand e may be expanded into 

F (vlvo) 

powers of (v-vo) --a 

values of (vs - vo)' 
may be found: 

Taylor series expansion--and for small 

an approximate solution to the integral 

where a. is a constant dependent upon v -%i-- , u or nD+pb '~i' b1 
L 

and xi. A similar expansion and integration can be performed 

using equation (2-23) to give 

.t1/~=ca0 (vs - v 2'+ 0, (2-26) 

where this a. is identical to that in equation (2-24); hence, 

from equation (2-24) noting that v + v  as 2'+ 0, 
0 S 



This result might be expected 

the electron concentration will be 

by (see equation 2-5) n = N exp - 
C 

intuitively: as 2 '  + 0, 

almost uniform, being given 

(Ec b-qVs-EF 
kT I ; equation 

(2-279 follows from this almost immediately. 

The reduced surface potential vs is an easily determined 

vs R parameter: e is the ratio of the slopes (of an ;; G versus t 

curve) at very small and very large sample thicknesses. 

Experimentally, several samples of identical chemical compo- 

sition but varying thicknesses are prepared--presumably (as 

discussed in the previous section of theory) vs will be the 

same for each. By constructing a plot of conductance versus 

thickness, the surfhce potential vs is then easily found. 

Results obtained using this technique are discussed later. 

Although the technique described above is very useful, 

it should be noted that the curves have not yet been uniquely 

specified. Complete specification would require quite a few 

more characterizing parameters, and the increased knowledge 

(of only bulk parameters) would not be worth the increased 

work. Only one more parameter will be introduced; in this 

study, this parameter's main use will be to develop an experi- 

mental check on the developed theory. 

For large thicknesses the conductance varies linearly 

with sample thickness, having the form 

R - G =  ob (t-2do) , t>>L. (2-28) 
W 

The asymptotic intercept, 2dor is the third parameter used 

to characterize the conductance-thickness curves. It may be 



defined ,as 

~ealizing that vo tends to zero when t+m , and using equations 
(2-22) and (2-23) one obtains the expression 

d 
where the sign of O/L is chosen to be opposite that of v s f  

and where the function F(v,O) is the value of F(v,v ) evalu- 
0 

ated at vo = 0; from equation (2-18) it is seen that 

cosh(u +v)-cosh ub 
F~ (v,O)= b - v tanh ub cosh ub 

The three parameters, ob, vs and 2d0, may be used to 

describe theoretical and observed curves of G versus t; their 

origins are summarized in Figure 2-3. The only information, 
- 

using these techniques, about the surface states that can be 

obtained is the height of the surface barrier vs; the detailed 

energy structure of the surface states must be deduced using 

other techniques (7,8,12) The technique presented in this 

study, although not providing specific details about the sur- 

face, has the utility of predicting several bulk properties by 

an appropriate analysis of d and vs. This aspect is developed 
0 

in the following section. 



2d0 
sample thickness, 2 

Figure 2-3. Summary showing, schematically, the origin 

of the para meters:^ 2d0 and vs. 
b P  



2.6 Temperature Dependence 

In a typical set of samples only one set of values--Ob, 

v and 2do--can be deduced, at a particular temperature. 
S 

This, in itself, would not be sufficient to provide a com- 

parison with the theory developed. On the other hand, if 

several different sets of samples were made up (that is, by 

- -- - - - - L  - ------.-- seyala~t: evayu~ati~il~j there ~ ~ i i l i " l  "uz: iie SSSiirCiiCe that 

they had identical physical make-ups. 

To properly check the theory developed it is desirable 

to have several values of vs available to work with, all for 

the same sample. The reduced potential,vs, can be varied 

(after the sample preparation) by several means: variations 

in the ambient atmosphere (5), or the application of an 

electric field normal to the surface ( ) However, in the 

experimental portion of this study, v was easily varied by 
s 

changing the temperature--in equation (2-2), if the surface po- 

tential Vs is roughly constant then vs will vary inversely 

with temperature. This section of theory discusses, then, 

the temperature dependence of the characterizing parameters. 

Combining equations (2-30 ) and (2-16) it is 

Assuming nb >> pb, and substituting for n from b 

found that 

(2-32) 

equation 



The effective density of states Nc also has some temperature 

dependence, as seen in equation (2-6); it is convenient to 
8 

define a temperature independent parameter, Nc , by 

L d 

For CdS, with mn = 0.165 me, Nc = 4.05 x lo2' (e~)-"~ ~ m - ~ .  

(2-33) becomes 

This equation is quite useful in the analysis of experimental 

data Assuming some particular energy-band structure, 

do2 

( 2 s  - v  - 1 may be calculated theoretically; this term, as 
S 

a function of temperature., may be compared directly with 

experiment. The reason for the particular form of equation 

(2-35) becomes apparent when the limit of complete ionization 

1 s (1 - eV)dvl2 is considered: in this case, the term h 
F (v, 0) 

eVs - v - 1 
S 

approaches a value of 1; as well, for a one donor system 

n N  D *D. Under these conditions, as will be shown in section 



d: is linear with temperature; any deviations 
eVs - v - 1 

S 

from linearity can be ascribed to the effects of the donor 

levels. 

The theory being presented here does not attempt to obtain 

the form of vs (T) . Rather, the experiiientally-determined 

values will be used in equation (2-35) to form theoretical 

curves. This gap between theory and experiment cannot be 

avoided unless the nature of the surface states is well known. 

In Fig. 2-4 is seen the effect of partially ionized 

( ) versus KT donor levels. For this plot of e ~ S  - - 
S 

a bandgap of E - E ' =  2.42 eV was assumed, with single donor 
C v 

and acceptor levels located at E - E~ 
= 0.03 eV and 

6 

EA - Ev = 0.01 eV, respectively; values of gD = 2, gA - - 2 

and u = m were also used. The values of vs(T) used were 
b 

given by v = 0.66 - 
S 

OZTeV, the exact position of EF was 

determined numerically using equation (2-10). This plot is 

relatively insensitive to the values selected for gA and NA. 

A comparison of these results with experiment appears 

in Chapter 4. 

2.7 Van der Pauw Method of Conductivity Measurement 

The measurement procedure thus far has been a two-probe 

technique; experimentally there is the possibility of contact 



Figure 2-4. Theoretical variation of di with 
eVs-v -1 

S 
temperature. 



resistances developing between the sample itself and the 

attached contacts. A different set-up--a four-probe tech- 

nique--can be used which eliminates this problem: this is 

the so-called Van der Pauw technique (18) Other four-probe 

methods are described in the paper by Kataev, et al. (19) 

The basis for this method is the following theorem. Con- 

sider a thin (two-dimensional), homogeneous, and simply 

connected sample of arbitrary shape, as shown in Fig. 2-5a; 

it is allowed to have an arbitrary small thickness d, and 

a constant conductivity a. A, B, C and D are point contacts 

on the circumfererice of the sample. A resistance R AB I CD is 

defined as the ratio of the voltage drop VD - VC between 
contacts D and C, to the current IAB flowing from A to B; 

a resistance R BC , DA is similarly defined. Van der Pauw 

shows that 

where the function f depends only on the ratko of R AB , CD to 

R ~ ~ , ~ ~ l  
and is a solution of 



Figure 2-5. The geometries used for Van der Pauw's 

theorem for (a) the two-dimensional case, 

and (b) the extension to three dimensions. 



The function f equals one when R - - AB , CD R ~ ~ ,  DA, and other- 

wise is less than one; it is essentially a geometric factor. 

Thus far, only a two-dimensional analysis has been 

given. This will now be extended to the three-dimensional 

sample sketched in Figure 2-5b; to allow for space-charge 

conditions the conductivity is a function of position, a ( z ) ,  

and the sample is considered to be a pile of infinitessimally 

thin layers, of thickness dz. The current flow (except for 

a negligible edge effect within a distance L of the circum- 

ference) will be parallel to tkseplanes: equations (2-36) 

and (2-37) will hold for each of the planes, with d replaced 
.I 

by dz, a replaced by a ( z ) ,  and replaced by the 
%I, JK 

infinitessimal d 

The function f, being geometric in nature, will be the 

same for each layer; likewise, the ratio of d 
c 

same in each layer. It follows then that 

where R AB , CD and R 
BC , DA are now the total measured 'resistances' 

of the sample. An alternate treatment of this problem may be 

found in the paper by Pavlov ( 20) 

If the function y l(t) is introduced through 



then equation (2-38) becomes 

Referring to equation (2-19), it is seen that the term 

Rn 2 
yl(t) from a Van der Pauw measurement, is equivalent to 

7T 

R - G in the previous two-probe arrangement. Hence, if both 
W 

&I*- rr rr byyea ~f measureinents are performed on samples with the same 

composition and thickness, a comparison between the two ma1 

be made. 

The analysis in the previous sections of theory applies 

equally well to both methods of conductivity measurement. 

The Van der Pauw measurements have the advantage that 

measurements are not affected by contact resistances (I8). As 

well, such samples can be readily adapted to the study of the 

Hall effect in thin film semiconductors. 

In the preceding discussion it was assumed that the four 

contacts were point-contacts. Realistically, the contacts 

must be of finite size. To reduce errors arising from 

this source the shape of the Van der Pauw units was chosen, 

experimentally, to resemble clover-leafs (see, for example, 

Fig. 3-4); the wedges removed from the originally circular 

shape will tend to make the contact region less important. 



2.8 Approximate Solutions 

2.8.1 

Before considering some approximations of the previous 

equations it is convenient to collect the several assumptions 

already made in the theory, either implicitly or explicitly. 

a.) Essential in the theoretical development are 

equations (2-5) , (2-6) and (2-7) , describing the statistics 
of semiconductors. It has been assumed that the Fermi level 

is sufficiently far removed from conduction and valence bands 

that the carriers may be represented by Boltzmann statistics; 

the case of degenerate free carrier distributions is analyzed 

and discussed by Seiwatz and Green (10) 

b.) The region between the space-charge region and the 

surface proper, where the surface charge excess accumulates, 

is assumed to contribute little to condu~tion. Since most of 

the surface charge is effectively irnrnob-l 2 ,  trapped in surface 

states, and since the surface layer is only Angstroms thick, 

this assumption seems appropriate. The surface potential, 

Vs, is the potential at the boundary between the surface and 

space-charge layers. 

c.) The bulk energy-band structure, except for the 

location of EFI is taken to be temperature independent, although 

allowance for variations could be made. 



Other less fundamental assumptions include: 

d.) The sample (see Fig. 1-11 is symmetric about z = 0. 

e.) The mobility, p, is assumed constant throughout the 

sample. This is discussed in section 2.4, and in other 

references such as Schrieffer (11) and Greene, Frank1 and 

Zemel (21) 

f.) The semiconductor described was n-type, only electrons 

contributing to conduction. This disallows values of the 

potential, v, too strongly negative since an inversion layer 

would result wherein hole conduction becomes dominant. 

g.) A somewhat arbitrary division of donor levels into 

ionized and unionized classes was made. It is always pos- 

sible to consider all donor levels as unionized, and hence 

increase accuracy. 

h.) The surface potential,Vs, was assumed to be inde- 

pendent of sample thickness. 

In strongly n-type semiconductors like CdS at room 

1 temperatures, where kTz- eV and (EF - 40 Ei)bE 1.0 eV, 

the bulk potential ub is effectively infinite. More speci- 

fically, when ub + v, 3 in n-type semiconductors, equation(2-18) 



reduces to 

and equation (2-31) reduces to 

numerical calcu- 

'Bi 

This approximation, although simplifying 

lations, does not yield an analytic expression for 2do--a 

further assumption can do this. 

2.8.3 

If all the donors in the n-type semiconductor are 

completely ionized increased simplification of the previous 

formulae results. Under these conditions, the charge neu- 

trality condition in the bulk (see equation 2-4) may be 



w r i t t e n  

I n  CdS, however, wi th  i t s  l a r g e  band-gap, t h e  bulk ho le  

d e n s i t y  i s  n e g l i g i b l e ,  s o  t h a t  

nb = L NDL - I: N 
A j 

(2-44) 
R j 

-,-- - _._... 2 'I - - - -  1 l r l e  seriru Level is u l t a i n e i i  from t h i s  using equat ion (2 -5 j  : 

Equation (2-42) may now be s i m p l i f i e d ;  each donor l e v e l  i s  

r e l a t i v e l y  near  t h e  conduction band, s o  i f  Nc - I N  1 
j A j 

t h e n  e x i  becomes l a r g e ,  and equat ion (2-42) becomes 

Equation (2-30) i s  now e a s i l y  i n t e g r a t e d  t o  g ive  

and combining equations (2 -47)  , (2-33) and (2-44) , then 



Thus, under the appropriate approximations, the term ,. 
proportional to the temperature; these conditions 

include nearly complete donor ionization, large ub, and 

an effective density of conduction states Nc much greater 

than ( C  NDQ - I: N 1 It is noted that complete donor 
E j Aj 

ionization is not sufficient to give equation (2-48). 

section 2.6, and in particular, the use of the term 

to evaluate experimental data. 
eVs-v -1 

S 



3. Experimental Technique 

3.1 Introduction 

To observe the conductance versus thickness curves de- 

scribed in the theory it is necessary to have several semi- 

conducting films of the same composition but with varying 

thicknesses. This was achieved by evaporating, in vacuum, 

cadmium sulphide onto a prepared glass slide: suitable masks 

allowed several samples to form on the same slide, while a 

moving shutter enabled the thicknesses to be varied in a 

uniform manner. Both two-probe units, as in Fig. 1-1 (hence- 

forth termed 'conductance units'), and Van der Pauw units were 

produced on the same slide. Suitable surrounding layers of 

insulators, and the necessary electrical contacts, were also 

vacuum evaporated onto the slide. 

Measurements of the various resistances were then made 

in a prepared measurement chamber, under a rough vacuum. 

The experiment may be broken into three stages. 

The first is the preparation of the glass slides; 

this is followed by the vacuum deposition of CdS and other 

materials onto the slides; this is followed by the various 

measurements on tke completed device in the measurement chamber. 

Further discussion of each of these steps follows. 



Prepara t ion  of S u b s t r a t e s  

Type 7059  Corning g l a s s  s l i d e s  were used f o r  t h e  sub- 

s t r a t e s ;  t h e s e  a r e  two inches  square and 1/32" t h i c k .  This  g l a s s  

i s  an a lumino-boros i l ica te ,  being v i r t u a l l y  sodium free--  

i t s  r e s i s t i v i t y  i s  g r e a t e r  than  1012 Q c m  a t  300•‹C. 

The g l a s s  s l i d e s  were u l t r a s o n i c a l l y  cleaned i n  a  de te rgen t  

s o l u t i o n  ( u s u a l l y  Sparkleen) f o r  f i v e  minutes,  then  r i n s e d  

i n  h o t  running water f o r  15 minutes.  Four more u l t r a s o n i c  

washes, each f o r  f i v e  minutes ,  followed, t h e  f i r s t  two i n  

ace tone ,  t h e  l a s t  i n  e thano l .  Af te r  dry ing  i n  running n i t r o g e n  

gas t h e  s l i d e s  were clamped toge the r  i n  p a i r s  (us ing  smal l  

metal  c l i p s )  and s t o r e d  i n  a  d e s s i c a t o r .  

To allow t h e  s u b s t r a t e  temperature t o  be c o n t r o l l e d  during 
0 

t h e  CdS evapora t ion  a  nichrome f i l m ,  approximately 800 A t h i c k ,  

was f i r s t  evaporated on to  t h e  back f a c e  of t h e  g l a s s  s l i d e  

( t h e  good s i d e  of t h e  g l a s s  s l i d e  s t i l l  being p ro tec ted  by t h e  

o t h e r  s l i d e  clamped t o  i t ) ;  c u r r e n t  passing through t h i s  r e -  

s i s t a n c e  f i l m  would h e a t  t h e  s u b s t r a t e  q u i t e  uniformly ( v a r i -  

a t i o n s  wi th in  a  spread of 5OC a r e  e s t i m a t e d ) .  The nichrome 
5 

evaporat ion was done wi th  a  p ressu re  of 10- t o r r ,  a  boule  

formed from nichrome w i r e  being heated t o  evaporat ion tempera- 

t u r e  wi th  an e l e c t r o n  beam gun (powered by a  Sloan s i x / t e n  

e l e c t r o n  beam power supp ly ) .  E l e c t r i c a l  con tac t s  were made 

t o  t h e  nichrome f i l m  by evaporat ing on to  two opposing edges 



0 0 

an 80 A layer of chromium, followed by a 1000 A protective 

covering of gold. Fig. 3-1 shows the back face of such a 

prepared slide. 

A chromel-alumel thermocouple (made from #50 wires spot- 

welded together at their ends) was attached with torr-seal 

epoxy onto the nichrome film; the amount of epoxy used was 

minimal so thermal contact with the substrate was as good as 

possible, and m t h a t  tzmpzrzture grad ients  i n  the iifchrvme 

film were minimized. 

The voltage output of the thermocouple was used in a 

feedback circuit to drive the nichrome current source. In this 

study, substrate temperatures of 70•‹C up to 170•‹C were used. 

3.3 The Vacuum Deposition of Thin Films 

3 . 3 . 1  The Vacuum Svstem 

Fig. 3-2 shows the arrangement of the essential device 

within the evaporator/vacuum system. The type 3176 NRC vacuum 

system and evaporator was capable of achieving lo-' torr. 

The substrate is mounted in place at the top of the assembly, 

being held by four plastic screws; the gold strips on the 

nichrome film make contact with two spring-loaded mounts. The 

thermocouple leads are spot-welded onto larger, permanent con- 

nectors within the assembly. All sets of electrical leads leave 

the assembly through hermetic seals within the vacuum collar. 



Figure 3-1. Reverse face of substrate after nichrome 
evaporation. 
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Figure 3-2 .  Details of the evaporator assembly. 
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Mounted just beside the substrate is a quartz crystal used 

to monitor the aggregate thickness of the films being evaporated. 

The resonant frequency of the crystal decreases approximately 

linearly with the added mass of the upward-streaming evaporant (22)  

Knowing the calibration factors--a partial list of which appears 

in QIHanlonls 

and thickness 

be controlled 

thesis '22)  --between change in resonant frequency 

of film deposited, the thickness evaporated can 

Each of six different masks can be swivelled into position 

directly beneath the substrate; they are mounted on a plate 

which is rotated using controls outside the system. The masks 

themselves were madq from 0.005" beryllium-copper foil by an 

etching technique described elsewhere ( 2 2 ) .  The mask plate it- 

to allow easy swivelling, or raised self could be dropped 

to within l rnm of the substrate; guidepins ensured repro- 

ducible aligning of the substrate to within 0.001". 

Below this is a movable shutter which can be pulled 

slowly across the face of the substrate--this is used to 

vary the thicknesses of the different samples. It is operated 

by a six revolutions/hour synchronous motor situated outside 

the vacuum assembly. A second shutter set so as to rotate 

about the vertical axis, could be swung between the substrate 

and evaporator sources whenever called for. 



3 . 3 . 2  The Evaporator  Sources  and M a t e r i a l s  

The v a r i o u s  c r u c i b l e s ,  ho ld ing  t h e  m a t e r i a l s  t o  be  eva- 

p o r a t e d ,  a r e  l o c a t e d  a t  t h e  bottom of t h e  b e l l  j a r .  They 

are hea ted  e i t h e r  by t h e  passage  o f  c u r r e n t  through a 

tan ta lum h e a t e r ,  or wi th  an e l e c t r o n  beam gun. 

The p r i n c i p a l  m a t e r i a l  be ing  i n v e s t i g a t e d  i n  t h i s  s tudy  

was cadmium su lph ide .  High-pur i ty  Grade A c r y s t a l s  s u p p l i e d  

by Eagle-Picher  w e r e  ground up i n t o  chunks having dimensions 

less t h a n  0 . 1  i nches ,  and p l aced  i n t o  a  c y l i n d r i c a l  boron 

n i t r i d e  c r u c i b l e ;  t h i s ,  i n  t u r n ,  w a s  set  up i n  a  t an ta lum 

h e a t e r .  A s k e t c h  d f  t h i s  assembly i s  shown i n  F ig .  3 - 3 .  

Shown a l s o  i s  t h e  boron n i t r i d e  cap  and b a f f l e  used t o  

p reven t  t h e  e j e c t i o n  of s o l i d  CdS p a r t i c l e s  from t h e  c r u c i b l e ;  

an  a l t e r n a t i v e  t o  t h i s  i s  t o  u s e  a  g l a s s  wool p lug .  

The a c t u a l  form of  t h e  d e p o s i t e d  CdS f i l m  i s  s t r o n g l y  

dependent upon evapora t ion  c o n d i t i o n s .  The CdS f i l m  may be 

d e f i c i e n t  i n  su lphur  due t o  t h e  d i f f e r e n t  c o e f f i c i e n t s  of  

adhes ion  of su lphur  and cadmium t o  t h e  s u b s t r a t e  ( 2 2 ) .  A s  

shown by Shalimova, e t  a l .  (23)  , both  t h e  hexagonal ( w u r t z i t e )  

and cub ic  c r y s t a l  s t r u c t u r e s  of  CdS may appear  w i t h  s u b s t r a t e  

t empera tures  l e s s  t h a n  200•‹C; t h e  o r i e n t a t i o n  o f  t h e  c r y s -  

t a l l i t e s  making up t h e  f i l m  i s  a l s o  dependent upon s u b s t r a t e  

t empera ture ,  and vacuum p r e s s u r e .  Hence, t h e  r e p r o d u c i b i l i t y  

of r e s u l t s  between d i f f e r e n t p r e p a r e d  s u b s t r a t e s  may n o t  be 
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Figure 3-3. Details of the heater used for the evaporation 

of CdS. 



good. However, t h e  CdS f i l m s  are be ing  s t u d i e d  as a  

check on t h e  t heo ry ,  n o t  t o  e x t r a c t  p a r t i c u l a r  in format ion  

abou t  CdS. A l l  t h a t  i s  r e q u i r e d  i s  t h a t  t h e  v a r i o u s  u n i t s  

evapora ted  o n t o  a  s i n g l e  s u b s t r a t e  be uniform i n  composi t ion 

and s t r u c t u r e .  

The d i f f e r e n t  u n i t s  of  CdS f i l m  on a s u b s t r a t e  t y p i c a l l y  
0 0 

v a r i e d  from 1000 A t o  6000 A i n  t h i c k n e s s .  

On e i t h e r  s i d e  of  t h e  CdS f i l m  i s  evapora ted  a  l a y e r  of  
0 

i n s u l a t o r ,  u s u a l l y  about  3000 A t h i c k ;  an a t t e m p t  i s  made 

t o  make t h e s e  two l a y e r s  a s  s i m i l a r  as p o s s i b l e ,  s o  t h a t  

t h e  s u r f a c e  p o t e n t i a l  Vs w i l l  b e  n e a r l y  t h e  same on e i t h e r  s i d e  

of t h e  sample. Two d i f f e r e n t  i n s u l a t o r s  w e r e  used,  CaF2 and 

SiOx. CaF2 i s  evaporated s imply from an  open b o a t  of t an ta lum,  

and g i v e s  r e l i a b l e  f i l m s .  The SiOx f i l m s  r e q u i r e d  a  p a r t i a l  

p r e s s m e o f  t o r r  o f  oxygen d u r i n g  t h e  evapora t ion ;  t hey  

had a  tendency t o  s h a t t e r  i f  exposed t o  t h e  atmosphere f o r  

more t h a n  a few weeks. SiO p e l l e t s  a r e  evapora ted  from a 

d e v i c e  s i m i l a r  i n  c o n s t r u c t i o n  t o  t h a t  used f o r  t h e  CdS 

(a l though  SiO i s  evapora ted ,  t h e  r e s u l t a n t  f i l m  c o n t a i n s  

many s p e c i e s  (22  such a s  S i02 ,  S i ,  and S i 2 0 3 ) .  

The e l e c t r i c a l  l e a d s  from t h e  CdS u n i t s  o u t  t o  t h e  
0 

edge of t h e  s u b s t r a t e  were 1000 A of  aluminum; a f u r t h e r  
0 0 

3000 A of  aluminum and 2000 A of  s i l v e r  w e r e  added on t h e  

ends  of  t h e s e  evaporated l e a d s  f o r  s t r e n g t h - - t h i s  i s  where 

e x t e r n a l  connec t ions  a r e  t o  be  made. The s i l v e r  was 



evaporated from an open tantalum boat, while the aluminum 

was evaporated from a large solid boule using an electron 

beam gun. 

The substrate temperature was held at 170•‹C for the 

evaporation, except for the CdS film, for which the temperature 

was varied, values between 90•‹C and 170•‹C being used. 

A completed substrate is shown in Fig. 3-4. The twenty 

darkish rectangles are the conductance samples, while the 

six clover-leaf patches are units for Van der Pauw measure- 

ments. The brighter lines leading out from these are the 

electrical contacts. There are forty external connections. 

3.3.3 Associated Electrical System 

The change in resonant frequency of the quartz monitor 

is measured with a frequency meter; an output from this is 

plotted on an X-Y recorder (Moseley 7001 AR Autograf) using 

a constant time sweep on the y-axis. The rate of evaporation 

can be controlled by observing the time rate change of 

frequency on this plot, or by using a Keithley  electrometer^ 

connected through a differentiating circuit with the 

frequency meter output. 



Figure 3-4. Front face of substrate after evaporation. 



3.4 The Measurement Apparatus 

A separate chamber is used for making resistance/con- 

ductance measurements on the prepared sample; it is pictured 

in Fig. 3-5. The temperature of the substrate is controlled 

with a thermo-electric module (Temptronix Model G9-65) - -  

current applied to this Peltier-effect device causes a tempera- 

ture drop across the module; it was possible to vary the sample 

temperature from -20•‹C up to 60•‹C. The thermo-electric module 

is powered by a Kepco 15v/20 a. bipolar operational power 

supply/arnplifier, utilizing a 200052 thermistor imbedded 

in the copper between the module and the substrate. 

Also in the copper plating is a copper-constantan thermo- 

couple used to measure the sample temperature; it is connected 

externally to a Moseley 7100B strip chart recorder, so that 

the approach to thermal equilibrium can be observed. 

The copper plates had been affixed to the thermo- 

electric module with a conducting epoxy, ar2'3 the substrate 

mounted on the copper plating with thermal conducting grease. 

Two twenty-contact connectors clip onto either side of the 

substrate, matching the external contacts on the substrate; 

leads from these go to the measurement electronics. In 

Fig. 3-6 is shown the measurement chamber with a substrate 

mounted in position. When the cover plate is in place, the 

sample holder is virtually light-tight. 



Magnet Poles  

F i g u r e  3-5. The measurement chamber. 



Figure 3-6. Measurement Chamber, showing positioning 

of the substrate. 



The entire sample holder is mounted between the poles 

of a Cenco 4" electromagnet; Hall measurements on the Van 

der Pauw samples may be made when desired. Fig. 3-7 shows 

the measurement chamber in place in the magnet, and the 

associated electronics. The system is evacuated by a small 

roughing pump, pressures of about one torr being reached. 

The forty leads from the substrate contacts enter a 

switchboard which can select the necessary leads for a 

particular measurement. In this way the resistances of the 

twenty conductance units on the substrate can be measured 

in succession; as well, current can be directed between two 

contacts of any of 'the six Van der Pauw units, with the 

voltage being measured simultaneously across the other two 

contacts. 

The measurements of resistance, voltage and current 

are performed using type 602 and 610C Keithley electro- 

meters; these devices are quite adequate for resistive 

measurements on samples having resistances up to 10~~fi. 

3.5 Experimental Procedurr2s - 
As mentioned previously, the freshly cleaned glass 

slides are clipped face-to-face to avoid contamination; 
Y 

they remain like this during the nichrome evaporation, 

and while the thermocouple is being attached. They are 

separated only when the slide being used is placed in the 



F i g u r e  3 - 7 .  Measurement Chamber i n  place i n  t he  magnet .  



vacuum system prior to the CdS evaporation. 

Before evaporation, the substrate is baked at 200•‹C 

and lom6 torr for an hour, to remove adsorbed gases. At 

the same time, the other crucibles are heated at temperatures 

just insufficient for evaporation--these bake-outs last for 

five or ten minutes each. 

After the deposition has been completed and the sub- 

strate cooled, the substrate is transported to the measure- 

ment chamber under a flood of helium gas. 

Because CdS is photoconducting (so time must be 

allowed for recombination), and because the measurement system 

is slow to stabilize thermally, the substrate is left un- 

disturbed for at least a day before the resistance measure- 

ments are made; similarly, a wait of at least two hours is 

necessary each time the substrate temperature is altered. 

Finally, when all electrical measurements are complete, 

the thickness of the CdS units on the substrate are determined 

using a Talysurf (Rank Organization) contacting-s-tylus, in 

which a diamond stylus is pulled across the units. Measure- 
0 

ments are believed accurate to 300 A. 



4. Experimental Results 

4.1 Introduction 

In the course of this study, some twenty-one different 

substrates were prepared for measurement (labelled RH-3 up 

through RH-23). Some were made for comparison with the 

theory previously presented, while the others were used to 

explore the effects of varying certain evaporation para- 

meters. 

Two of the samples prepared for comparison with theory 

are discussed in sections 4.2 and 4.3, one of which shows an 

accumulation-type space-charge region, the other a depletion 

region. The ability of the theory to fit the experimental 

data is illustrated; the actual information concerning the 

CdS is incidental since the exact composition of the CdS 

film was not determined. Other samples, prepared for the 

same purpose, do not match with the theory--these will be 

discussed later in relation to the importance of various 

deposition conditions. 

4.2 Films with Depletion Reaions 

In the prepared substrate, RH-13, an analysis of the 

conductance measurements showed a depletion layer to exist 

at the surface of the CdS films. 



RH-13 was prepared by evaporating CdS onto the sub- 
0 

strate at about 12 A/second; the travelling shutter pro- 

vided a gradient in thickness, the values ranging from 
0 0 0 

1000 A to 6660 A (an error of 300 A, using the Talysurf 

contact-stylus, is estimated). The substrate temperature 

was lEO•‹C during the CdS evaporation, and 170•‹C for the 

evaporation of the other materials. 

On either side of the CdS film a layer of SiOx approxi- 
0 

mately 3000 A thick was evaporated; this deposition pro- 
0 

ceeded at 10 A/second. Oxygen, with a partial pressure of 

lo-' torr, was present during the evaporation of the SiO 

material. 

Measurements of the conductance of 

tangular units were made, and the values 

.he twenty rec- 

R of - G (see 
W 

equation 2-22) calculated and plotted against the measured 

thicknesses. For this study, R/w was equal to 3.35. A few 

of the resultant conductance-thickness curves are shown in 

Fig. 4-1; one such curve is obtained for each of eleven dif- 

ferent temperatures, ranging from -22.3OC to 61.0•‹C. Van der 

Pauw results were obtained only for a temperature of 16.8OC; 

these are included in Fig. 4-1,althouqha more thorough com- 

parison of Van der Pauw and conductance techniques follows 

in section 4.6. 



Q T = 61.0•‹C 
0: Conductance data 
b: Van der Pauw data 

(16.8OC) 0 

0 

Sample thickness ( A )  --> 
Figure 4-1. Conductance curves for RH-13, showing depletion 



The conductance curves  can be analyzed t o  o b t a i n  t h e  

parameters  ob,  v  and 2do. A l ea s t - squa res  f i t  was made, 
S 

us ing  t h e  d a t a  p o i n t s  corresponding t o  th i cknesses  g r e a t e r  
0 

t han  4600 A: t h e  va lues  ob ta ined  f o r  ob and 2do a r e  tabu- 

l a t e d  i n  Table 4-1 .  Also l i s t e d  a r e  measured va lues  of vs: 

by equat ion  (2-27) t h e  conductance a t  smal l  t h i cknesses  i s  

R V 
-= G = {oh c ') t: hcncc, using thc first thrce dntn points of 
W 

each curve ,  t h e  i n i t i a l  s l o p e  ob eVs, and then  vs, can be 

determined. 

For comparison, a  s i m i l a r  a n a l y s i s  of t h e  Van d e r  Pauw 

curve  g i v e s  0 = (1.q47 + 0.30) x 10-~52-l b  - cm-' and 2do = 

A s  seen i n  t h e  graph of % n o b  ve r sus  l /kT, i n  Fig.  

O.28eV 4-2, t h e  bulk c o n d u c t i v i t y  i s  desc r ibed  by ob (T)a  e x p [ -  kT 1 ;  

a donor l e v e l  a t  Ec - ED - > 0.56eV could account  f o r  t h i s  

r e l a t i o n s h i p ,  b u t  such a  deep l e v e l  i s  d iscounted .  More 

l i k e l y  t h e  form of ob i s  dependent upon g r a i n  boundary e f f e c t s  (24) 
I 

whereby a  boundary between two c r y s t a l l i t e s  of t h e  f i l m  

r e s u l t s  i n  a p o t e n t i a l  b a r r i e r - - t h i s  would cause  an expo- 

n e n t i a l  dependence of t h e  m o b i l i t y  wi th  temperature .  

F ig .  4-3 shows t h e  temperature  dependence of  vs. 

The b e s t  f i t  of t h e  d a t a  i s  vs = (0.66 + 0.10) - (0.  O ~ O O & O .  004)ev. 
I - kT 



0 
Sample Temperature b - 2do 

( " C )  -1 - 
(n cm 'XI.O-~) & I  

-22.3 0.516 3040 -1.670 

TABLE 4-1. Bulk conductivity, 2do, and the reduced surface 

potential of RH-13 units at various temperatures. 



l / k T  (eV-l) ---------j 

Figure 4-2. Bulk conductivity vs - inverse temperature for 

Figure 4 - 3 .  Reduced potential vs. - inverse temperature 

for RH-13. 



in the experiment, the errors due to conductance and tempera- 
0 

ture measurements are swamped by the + 300 A error in - 
thickness measurements. It is found by error analysis that 

the uncertainties in thicknesses will affect only the inter- 

cept, and not the slope, of the vs versus l/kT graph: it is 

for this reason that error bars are not included for the 

ordinate. 

d2 
The dependence of 0 on temperature is shown in 

eVs-v -1 
S 

Fig. 4-4. As with the vs data, the dominant source of error 

is the thickness measurements; however, since each data point 

of Fig. 4-4 (corresponding to the same set of conductance 

units, but at a different temperature) is affected by the 

errors in thickness in a related fashion, the use of error 

bars is ambiguous. That is, variations in the set of thick- 

ness measurements for the substrate samples may cause the 

curve of Fig. 4-4 to move by large amounts, but always so 

that the basic shape is relatively unchanged. The error 

bars used, then, show the estimated variation in each data 

point relative to the others; the subsidiary curves, labelled 

1A and 1B, show the extremes in the behaviour of the entire 

curve as allowed by the errors in the thickness measure- 

ments. 
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E ~ T ,  fo r  RH-13. 
e s-vc-1 



A s  seen i n  s e c t i o n  2.8.3, a t  s u f f i c i e n t l y  high tempera- 

t u r e s  (bu t  n o t  s o  high t h a t  t h e  semiconductor becomes 

i n t r i n s i c )  t h e  term a is  expected t o  become l i n e a r  
vs e -v -1 

S 2Kc0 

wi th  temperature,  wi th  a  s l o p e  [XNDL-IN ]q2 
R Aj 

From Fig .  4-4 t hen ,  it i s  found t h a t  t h e  n e t  donor concen- 

t r a t i o n  i s  given by [ B  NDL - L N  . ]  = ( 9  + 2) x 1 0 1 4  cmm3 
R j A 1  

A s  w e l l ,  t h e  donor l e v e l  cannot be s i t u a t e d  too  f a r  from 

t h e  conduction band, s i n c e  e f f e c t s  due t o  incomplete 

i o n i z a t i o n  would betome apparent ;  a  comparison of theo- 

r e t i c a l  curves ( a s  i n  Fig.  2-4) wi th  t h e  experimental  

d a t a  sugges ts  an upper bound of EC - ED 5 0.08 e V .  

The s o l i d  l i n e  on Fig .  4-4 i s  a t h e o r e t i c a l  curve using 

ND = 9 x 10' '  cmm3 ( f o r  a  one donor model) and EC-ED= 0.03 e V .  

- Other va lues  used were gD= 2 ,  ub - K = 10 and EC-EV= 2.42 e V ;  

t h e  l a s t  two a r e  va lues  t y p i c a l  of CdS. The assumed form 

of t h e  s u r f a c e  p o t e n t i a l  was t h e  experimental ly  der ived  

vs = 0 .66  - O 5  eV The va lues  of  EA-EV = 0.01 e V  and kT 

g~ = 2 used have a  n e g l i g i b l e  e f f e c t  on t h e  t h e o r e t i c a l  

curves.  



4.3 Films with ~ccumulation Reqions 

The substrate RH-3 was prepared in much the same fashion 

as the previously-discussed RH-13, except that a substrate 

temperature of 170•‹C was used during the CdS evaporation. 

Pig. 4-5 shows the variation of conductance with 

sample thickness. The form of these curves is indicative of 

an accumulation-type space-charge region, and hence, a down- 

ward bending of the energy bands at the surface (refer back 

to Fig. 1-2). An analysis of these curves, for the ten 

temperatures used, completes Table 4-2. 

As with RH-13, the bulk conductivity depends exponentially 

on l/kT, having the form ob (T) a exp [- 0*26 eV1i this kT 

activation energy is again attributed to grain boundaries. 

The reduced surface potential, vs, is shown in Fig. 4-6; 
(0.0204 + 0.0008eV) 

the best linear fit is vs = (1.48 + 0.10) - - kT 

Finally, Fig. 4-7 shows u~ plotted against tempera- 
evs-vs-1 

ture; an analysis similar to that made for RH-13 has been per- 

formed. Curves 2A and 2B show the approximate limits of the 

experimental curve, as determined by the error in the thicknesses; 

the error bars show the estimated error of one data point relative 

to the curve. 

Analysis of the data on Fig. 4-7 gives estimates of 
- 3 

N~ = (8 + 2) x 10" cm and Ec - ED 50.05 eV, for an assumed 

one donor model. 
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Sample thickness (A) ----------+ 
P i m i r e  4-5. Conductance curves for RH-3. showinu accumulation. 



(J Sample Temperature b - 2do 
E•‹C) - 1  - 1  

(n cm x l o - '  &I 

TABLE 4-2. Bulk conductivity, 2do, and the reduced surface 

potential of RH-3 units at various temperatures. 



Figure 4-6. Reduced potential vs - inverse temperature 

for RH-3. 
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Figure  4-7. The t e r m  

d:, 
vs. k ~ ,  for RH-3. - 
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For a comparison with theory, Fig. 4-7 

a predicted curve (solid line) for which it 

ND = 8 x 1014 cm-l, Ec - ED = 0.03 eV, gD = 

a dielectric constant of K = 10 and bandgap 

also includes 

was assumed that 

2 and ub = m; 

of 2.42 eV 

4.4 Discussion of the Data 

Figures 4-4 and 4-7 illustrate the capability of the 

derived theory to explain the experimental data; unfortunately, 

the large errors asso,ciated with the thickness measurements 

of thin films disallow a more precise comparison. As well, 

the material (CdS) and temperature range used tested only a 

small p~rtion of the applicable theory. Using a conlbination 

of smaller band-gap material, lower temperatures and deeper- 

lying donor levels, future experiment may check the realm of 

incomplete donor level ionization. 

A further experimental problem, discussed in section 4.5, 

is the variation in bulk conductivity over the units of 

the prepared substrate; this would also tend to increase errors 

for the parameters 2do and vs. 

The exponential variation of the bulk conductivity with 

l/kT, as demonstrated in Fig. 4-2, has been attributed to grain- 

boundary effects; the boundary between two crystallites 
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is  t h e  s e a t  of  a  p o t e n t i a l  b a r r i e r ,  t h e  energy bands s h i f t i n g  

i n  a  s i m i l a r  f a sh ion  a s  t h a t  f o r  s u r f a c e  s t a t e s .  Each g r a i n  

boundary w i l l  be surrounded on e i t h e r  s i d e  by an appropr ia t e  

space-charge region.  The s i z e  of c r y s t a l l i t e s  i n  evaporated 

CdS f i l m s  i s  s t r o n g l y  dependent upon evaporat ion ~ o n d i t i o n s  (25) 

(26) o and s u b s t r a t e  t r ea tmen t  ; values  of 2000 A ,  could be 

expected. Since t h i s  i s  of t h e  o rde r  of t h e  e x t e n t  of t h e  

LL- -7-1 - 3 -  n G  h q - 1  b n f i n A ~ ~ n + i  T T ~  + T T  space-charge regioii , L , LIIE; aIC*F; VL uurJx uvrruuu r A  - rl 
measured cannot be expected t o  coinc ide  wi th  t h e  s i n g l e  

c r y s t a l  va lue .  Also,  t h e  a c t u a l  conduc t iv i ty  w i l l  be a  

func t ion  of depos i t ion  cond i t ions  (27) ; hence, t h e  d i f f e r i n g  

of obr  f o r  RH-13 and RH-3, by a  f a c t o r  of f i v e  is  e a s i l y  

accepted.  

The form of t h e  s u r f a c e  b a r r i e r ,  f o r  both accumulation 

and d e p l e t i o n  space-charge reg ions ,  was v = I A ~  - S 
I B I  /kT. 

This  sugges ts  t h a t  a  semiconductor wi th  a  d e p l e t i o n  l a y e r  may 

become an accumulation l a y e r  a t  s u f f i c i e n t l y  l a r g e  tempera- 

t u r e s  ( f o r  example, an e x t r a p o l a t i o n  of F ig .  4-3 sugges ts  

t h a t  RH-13 has an accumulation l a y e r  f o r  T > 1000•‹K); more 
N 

l i k e l y ,  however, t h e  l i n e a r  form of vs a s  a  func t ion  of l/kT 

i s  only  approximate. More work experimental ly  and, e s p e c i a l l y ,  

t h e o r e t i c a l l y ,  must be performed before  any conclusions may 

be drawn: throughout t h i s  t h e s i s  a  cons ide ra t ion  of t h e  exact  

n a t u r e  and behaviour of su r face  s t a t e s  has  been omit ted.  

Again, r e fe rence  t o  Mark ( * )  o r  Heine ( 4 )  might be i n  o rde r .  



4.5 V a r i a t i o n  i n  Bulk Conduct iv i ty  a c r o s s  t h e  S u b s t r a t e  

It has  been presumed t h a t  t h e  twenty conductance and 

s i x  Van d e r  Pauw u n i t s ,  depos i t ed  on a s i n g l e  s u b s t r a t e ,  have 

t h e  same bulk conduc t iv i ty .  To check t h i s ,  RH-18 was pre- 

pared i n  a  f a sh ion  s i m i l a r  t o  t h a t  of  RH-3 and RH-13, b u t  

w i thou t  t h e  use  of t h e  movable s h u t t e r :  hence,  a l l  t h e  u n i t s  

have t h e  same th i ckness .  The CdS, depos i t ed  a t  a  s u b s t r a t e  
0 

temperature  of 150•‹C, was surrounded by 3000 A l a y e r s  o f  

SiOx. 

F ig .  4-8 shows t h e  r e s u l t a n t  measured conductances 

f o r  t h e  va r ious  u n i t g .  The conductance u n i t s  a r e  numbered 

1 through 20, w i th  t h e  Van d e r  Pauw u n i t s  numbered 

3 ,  6 ,  9 ,  1 2 ,  1 5 ,  1 8  ( t h i s  d e s i g n a t e s  t h e i r  r e l a t i v e  pos i t ions- -  

R see F i g .  3 - 4 ) .  For t h e  conductance u n i t s  t h e  t e r m  G was 

p l o t t e d  on t h e  o r d i n a t e ;  f o r  t h e  Van d e r  Pauw u n i t s ,  t h e  

I n  2  e q u i v a l e n t  (compare equat ion  2-1 and 2-40) t e r m  - 
IT Y 1  

was used; t h e  u n i t  number appears  on t h e  a b s c i s s a .  

~ l t h o u g h  a l l  samples a r e  approximately t h e  same th i ck -  
0 

ness  ( 5 0 0 0  A + 6 % ) ,  t h e  c o n d u c t i v i t i e s  may d i f f e r  by a s  much - 

a s  50% a c r o s s  t h e  s u b s t r a t e .  Unless t h i s  v a r i a t i o n  can be 

a c c u r a t e l y  and c o n s i s t e n t l y  al lowed f o r ,  t h e  e r r o r s  i n  t h e  
d 2  
0 : kT curves  w i l l  be  inc reased .  

eVs-v -1 s 
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Figure 4-8. Variation in bulk conductivity over substrate 



This local variation in conductivity can be explained 

by considering the manner in which CdS evaporates (22) 

1 
CdS (solid) + Cd (vapour) + 2 S (vapour) . (4-1) 

The separate existence of both Cd and S 2  in the vapour 

stream and their differing coefficients of adhesion to the 

substrate allow for a non-stoichiometric formation of CdS. 

As well, varying degrees of reflection off the baffles (see 

Fig. 3 - 2 )  can account for the position-dependent stoichio- 

metry (or bulk conductivity) evidenced in Fig. 4-8. 

4.6 The Use of Four-Probe Conductivity Measurements 

Two-probe conductivity measurements, discussed pre- 

viously, are susceptible to errors due to contact resistances 

between the semiconductor film and the evaporated connections. 

This will tend to decrease the measured conductances, the 

effect being more dominant at the high conductance/large 

thickness portions of the G versus t curves. 

The Van der Pauw technique, utilizing four probes, will 

eliminate this difficulty (18). In the experiments the 

necessary size of the Van der Pauw units allowed only six 

such units to be constructed with each evaporation. 

The experimental data of Fig. 4-8, presented previously, 

might suggest contact resistances developing in the two-probe 

units. However, the results of Fig. 4-9 show the opposite 



4 8 12 16 20 

Sample Number _II, 

Figure 4-9. Comparison of Conductance and Van der Pauw 

measurements for RH-15. 



7 8  

In 2 effect--the Van der Pauw curves (plotting --;i-- yl) are not 

above the conductance curves as would be expected. Fig. 4-9 

is obtained from RH-15, prepared in the same fashion as RH-13 

except for a substrate temperature of 90•‹C during the CdS 

deposition. 

No conclusive evidence was found to suggest the for- 

mation of contact resistances in the two-probe conductance 

units. As weii, t h e  aciiial resfs"lazces befx j  mzasured are 

relatively large--ranging from 10 'Q to 10 9fi--so any contact 

resistances might be swamped. In this study, then, the ob- 

served difference between the two and four-probe measurements 

was assumed to be due to variations in bulk conductivity over 

the substrate. 

In these experiments, more two-probe than four-probe 

units could be deposited on a single substrate; the determi- 

nation of vs, 2do, and Ob was then more accurate for the two- 

probe units. 



5. Conclusion 

En the theoretical portions of this study the effect of 

surface states on conduction in thin semiconducting films 

was described. The work of Kingston and 

Neustadter Seiwatz and Green (lo) and Mark ( 8 )  has 

been extended to include both the effect of incomplete 

donor level ionization, and the use of films of finite 

thjckness (as opposed to the thick, or semi-infinite, 

models of most authors). The conductance of thin film 

slabs has been expressed theoretically as a function of 

film thickness, and a parameterization procedure intro- 

duced which allows an easy comparison with experimental 

data; the form of the theoretical relations also permits 

the determination of the degree of donor level ionization. 

The experi~ients described in Chapter 4 could be inter- 

preted quite well using the derived theory; the large 

errors associated with the measurement of film thickness, 

however, disallowed a more precise comparison. In future, 

related experiments, more simultaneous units must be con- 

structed, or the thickness errors reduced; the use of 

optical interference techniques might be practical; another 

possible technique, still being developed for thickness 

measurements, is the use of a non-contacting field-emission 



probe, as discussed by Young (28,291 

The precise nature of surface states was not considered; 

instead, their effects were characterized by a surface 

potential, Vs, the amount by which the energy bands 

are displaced, from their bulk locations, at the surface. 

The actual experimental determination of the surface states 

is a difficult problem at best (8 

Also arising out of the theory was a new method for 

measuring the surface potential, Vs, of thin film semi- 

conductors. For this technique--described in Section 2.5-- 

a number of conductgnce units, of varying thickness, are 

evaporatzd simultaneously on one substrate; the observed 

rate changes of conductance with thickness, for the limits 

of zero and infinite film thicknesses, can be used (via 

qvs equation 2-27) to obtain - kT' This technique was found to 

be practical experimentally and, with refinements in the 

determination of film thickness, should prove useful in the 

future. 



REFERENCES 

J. Bardeen, Phys. Rev., 71, 717 (1947). - 
I. E. Tamm, Z. Phys., 76, 849 (1932); Phys. Z .  Sowjet., 
1, 733 (1932) . - 

W. Shockley, Phys. Rev., - 56, 317 (1939). 

V. Heine, Phys. Rev., 138A, A1689 (1965). 

J. Bardeen and S. R. Morrison, Physica, 20, 873 (1954). - 

B. Statz and G. A. DeMars, Phys. Rev., 111, 169 (1958). - 

A. Many, Y. Goldstein, and N. B. Grover, Semiconductor 
Surfaces, (North-Holland Publishing Company, Amsterdam, 
1965). 

P, Mark, Surface Sci., 25, 192 (1971) . - 

R .  H. Kingston and S. F. Neustadter, J. Appl. Phys., 26, - 
718 (1955). 

R. Seiwatz and M. Green, J. Appl. Phys., 29, 1034 (1958). - 
J. R. Schrieffer, Phys. Rev., 97, 641 (19.55). 

S. G. Davison and J. D. Levine. "Surface States" in Solid 
State Physics, H. Ehrenreich, F. Seitz and D. Turnbull, 
Editors (Academic Press, 1970), Page 1. 
See for ex$3ple, C. Kittel, Introduction to Solid State 
Physics, 3 Edition (Wiley and Sons, 1966), Ch. 9. 

R. R. Haering and J. F. O'Hanlon, Proc. I.E.E.E., 55, - 
692 (1967). 

J. Blakemore, Semiconductor Statistics, (Pergamon Press, 
1962) , Ch. 2. 
S. M. Sze, Physics of Semiconductor Devices, (~iley- 
~nterscience, 1969) , Page 34. 

G. C. ~ousmanis and R. C. Duncan, Jr., J. Appl. Phys. 
29, 1627 (1958) . - 
L. J. Van der Pauw, Phillips Res. Repts., 13, 1 (1958). - 



19. Yu. G. Kataev, L. 6 .  Lavrent'eva, and I. P. Pogrebnyak, 
Sov. Phys. J., 12, 818 (1969) . 

20. N, 1, Pavlov, Sov. Phys. - Semiconductors, - 4, 1644 (1971). 
21. R. F. Greene, D. R. Frankl, J.  eme el, ~hys. Rev., 118, 

967 (1960). 

22. J. F. OtHanlon, Ph.D. Thesis, Simon Fraser university 
(1967). 

23. K, V. Shalimova, A. F. Andrushko, V. A. ~mitriev and L. P. 
~avlov, Sov. Phys. - Cryst. - 8, 618 (1964). 

24 .  J. C. Anderson; Advances in Phys = ; - 19 311 !19?0) . 

25. B.  D. Galkin, N. V. Troitskaya, and R. D. Ivanov, Sov. 
Phys. - Cryst., 12, 766 (1968) . - 

26. 3. Dresner and F. V. Shallcross, J. ~ppl. ~hys., - 34, 
2390 (1963). 

27. R. S. Muller and B. G. Watkins, Proc. I.E.E.E., - 52(I), 
425 (1964). 

28. R. D. Young, Rev. Sci. Pnstr., - 37, 275 (1966). 

29. R. D. Young, Physics Today, - 42 (Nov. 1971). 


