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ABSTRACT 

The cu r r e n t s a t u r a t i o n associated w i t h the a c o u s t o e l e c t r i c e f f e c t 

has been i n v e s t i g a t e d i n photoconducting c r y s t a l s of cadmium sulphide. 

Under normal band gap i r r a d i a t i o n the c u r r e n t - v o l t a g e c h a r a c t e r i s t i c 

measured under pulsed c o n d i t i o n s shows a departure from Ohm's law a t 
3 - 1 a c r i t i c a l f i e l d . E , of the order of 10 v cm . The current c 

s a t u r a t i o n i s associated w i t h the i n t e r n a l generation of acoustic 

f l u x which occurs when the e l e c t r o n d r i f t v e l o c i t y , v^, exceeds the 

v e l o c i t y of sound, v , i n the c r y s t a l . I n consequence the c r i t i c a l 

f i e l d f o r s a t u r a t i o n i s determined by the d r i f t m o b i l i t y n,=v/E. 
d s c 

The work described i n t h i s t h e s i s concerns the measurement of the 

d r i f t m o b i l i t y and i t s r e l a t i o n s h i p to the experimentally determined 

H a l l m o b i l i t y / i , as a f u n c t i o n of c o n d u c t i v i t y and temperature. 

I n uniform samples the c r i t i c a l f i e l d at room temperature was 
-4 -2 -1 - 1 independent of c o n d u c t i v i t y over the range 10 to 10 ohm cm 

2 - 1 -1 

The corresponding values of /J^ were a l l about 300 cm v sec i n most 

of the samples studied and agreed w e l l w i t h the measured values of 

the H a l l m o b i l i t y . With non-uniform samples, however, the c r i t i c a l 

f i e l d v a r i e d s t r o n g l y w i t h the i n t e n s i t y of i n c i d e n t i l l u m i n a t i o n . 

Under saturated c o n d i t i o n s p o t e n t i a l probe measurements on 

uniform samples revealed the presence of a s t a t i o n a r y high f i e l d 

domain near the p o s i t i v e e l e c t r o d e . 
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By measuring the d r i f t and H a l l m o b i l i t i e s over a range of 

temperature from 100 to 300°K, the e f f e c t of traps on the s a t u r a t i o n has 

been demonstrated. Trapped e l e c t r o n s can p a r t i c i p a t e i n p i e z o e l e c t r i c 

bunching provided the t r a p p i n g time i s short compared w i t h the period 

of the a c o u s t o e l e c t r i c a l l y a m p l i f i e d waves. Only the shallow traps 

s a t i s f y t h i s c r i t e r i o n . The work reported here shows th a t two such 

traps w i t h i o n i s a t i o n energies of 0'015 eV and 0*03 7 eV were operative 

i n the sample studied. The capture cross s e c t i o n of the shallower t r a p 
u t . c -.0-16 2 was estimated to be about 6 x 10 cm . 

F i n a l l y the c u r r e n t s a t u r a t i o n method has been extended to observe 

the a c o u s t o e l e c t r i c i n t e r a c t i o n of holes i n cadmium sulphide under 

i n f r a - r e d quenching c o n d i t i o n s , and a value of the hole m o b i l i t y of 
2 -1 -1 48 cm v sec has been determined. 
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INTRODUCTION 

Cadmium sulphide i s a m a t e r i a l which has many i n t e r e s t i n g 

p r o p e r t i e s and which has been studied e x t e n s i v e l y i n connection w i t h 

the phenomena of p h o t o c o n d u c t i v i t y and p i e z o e l e c t r i c i t y . 

The possible a p p l i c a t i o n s of CdS are also numerous and v a r i e d . 

The high p h o t o s e n s i t i v i t i e s t h a t can be achieved make the m a t e r i a l 

s u i t a b l e f o r use i n commercial p h o t o c e l l s and as a very s e n s i t i v e 

detector of electromagnetic r a d i a t i o n . Other possible devices based 

on photoconductive l a y e r s include t e l e v i s i o n camera tubes, e l e c t r o ­

s t a t i c photocopiers, l i g h t a m p l i f i e r s and solar b a t t e r i e s . 

U l t r a s o n i c a m p l i f i c a t i o n i s possible i n CdS because the 

m a t e r i a l i s photoconductive as w e l l as p i e z o e l e c t r i c . U l t r a s o n i c 

a m p l i f i c a t i o n was f i r s t discovered i n 1961, and t h i s was followed 

q u i t e r e c e n t l y by the c o n s t r u c t i o n of an a c o u s t o e l e c t r i c o s c i l l a t o r . 

Further a t t e n t i o n has been d i r e c t e d to other possible u l t r a s o n i c 

a p p l i c a t i o n s e.g. high frequency transducers, delay l i n e s , etc. 

Before a m a t e r i a l can f i n d wide-scale a p p l i c a t i o n i t i s u s u a l l y 

necessary f o r i t s p r e p a r a t i o n and p r o p e r t i e s t o be understood so t h a t 

i t can be prepared i n a reproducible manner. As w i t h a l l I I - V I 

compounds, cadmium sulphide i s d i f f i c u l t t o c o n t r o l and although 

reasonable c r y s t a l s can be grown t h e i r p r o p e r t i e s are not pr o p e r l y 



understood. Thus departure from sto i c h i o m e t r y and the presence of 

i m p u r i t i e s can have profound e f f e c t s on the e l e c t r i c a l and o p t i c a l 

p r o p e r t i e s . A measure of the f r e e c a r r i e r m o b i l i t y i s o f t e n taken as 

a c r i t e r i o n of the p u r i t y and p e r f e c t i o n of a m a t e r i a l . The work to 

be described i n t h i s t h e s i s i s concerned w i t h the measurements of 

H a l l and d r i f t m o b i l i t i e s i n CdS. The d r i f t m o b i l i t y can be determined 

from the curr e n t s a t u r a t i o n which occurs when the applied v o l t a g e i s 
3 

approximately 10 v/cm. This d e v i a t i o n from Ohm's law i s associated 

w i t h the a c o u s t o e l e c t r i c e f f e c t which i s caused by electron-phonon 

i n t e r a c t i o n i n a p i e z o e l e c t r i c photoconductor. McFee has shown t h a t 

c u r r e n t s a t u r a t i o n occurs when the d r i f t v e l o c i t y of e l e c t r o n s i s 

equal t o the v e l o c i t y of sound i n the c r y s t a l . The p r i n c i p a l 

q u a n t i t a t i v e measurement t h a t can be made from I-V curve i s t h a t of 

the d r i f t m o b i l i t y . 

I n order t o provide a reasonable background against which to 

consider the r e s u l t s of the various measurements reported i n t h i s t h e s i s , 

some general p r o p e r t i e s of cadmium sulphide are discussed i n Chaper I . 

F ollowing a b r i e f review of the general and e l e c t r i c a l p r o p e r t i e s i n 

Part A, the e f f e c t s of defect l e v e l s on the o p t i c a l p r o p e r t i e s of 

i n s u l a t i n g cadmium sulphide c r y s t a l s are discussed i n Part B. 

Chapter I I , Part A, provides a b r i e f i n t r o d u c t i o n to the acousto­

e l e c t r i c e f f e c t , acoustic wave a m p l i f i c a t i o n and the e f f e c t of traps 
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on a c o u s t o e l e c t r i c i n t e r a c t i o n . This i s f o l l o w e d i n Part B by a 

discussion of the phenomena ( a l l a c o u s t o e l e c t r i c i n o r i g i n ) a r i s i n g 

from u l t r a s o n i c a m p l i f i c a t i o n such as c u r r e n t s a t u r a t i o n . Current 

o s c i l l a t i o n s and h i g h f i e l d domain formation. F i n a l l y an acousto-

e l e c t r i c o s c i l l a t o r as an a c t i v e device i s described. 

The methods of growing s i n g l e c r y s t a l s of GdS and the p r e p a r a t i o n 

of the samples are described i n Part A, Chapter I I I , w h i l e the apparatu 

which was designed and b u i l t f o r the experimental i n v e s t i g a t i o n of the 

d r i f t and H a l l m o b i l i t i e s i s described i n Part B. 

Chapter IV i s concerned w i t h some t y p i c a l room temperature 

r e s u l t s on c u r r e n t s a t u r a t i o n and c u r r e n t o s c i l l a t i o n i n uniform as 

w e l l as non-uniform samples. The experimental r e s u l t s on the d r i f t 

and H a l l m o b i l i t i e s are reported f o r samples of d i f f e r e n t o r i e n t a t i o n s . 

The photo H a l l e f f e c t has been used to estimate the parameters of the 

a c t i v e traps i n one of the samples. 

The i n v e s t i g a t i o n of c u r r e n t s a t u r a t i o n , and the d r i f t and H a l l 

m o b i l i t i e s a t d i f f e r e n t temperatures i s presented i n Chapter V. From 

the theory of the trap c o n t r o l l e d a c o u s t o e l e c t r i c i n t e r a c t i o n at low 

temperature the operative traps and t h e i r t r a p p i n g parameters have 

been estimated. 
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F i n a l l y i n Chapter V I , the s a t u r a t i o n method has been extended 

to observe the a c o u s t o e l e c t r i c i n t e r a c t i o n w i t h holes under i n f r a - r e d 

quenching c o n d i t i o n s when the f r e e hole concentration can exceed the 

f r e e e l e c t r o n concentration. 
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CHAPTER I 

CADMIUM SULPHIDE AND ITS PROPERTIES 

PART A 

1.1 C r y s t a l S t r u c t u r e and P i e z o e l e c t r i c i t y 

Cadmium sulphide can c r y s t a l l i s e i n two possible t e t r a h e d r a l l y 
1 2 

co-ordinated s t r u c t u r e s . ' The phase i n which we are i n t e r e s t e d i s 

oc-CdS w i t h the Wur t z i t e s t r u c t u r e . This may be thoughtof as CdS^ or 

SCd^ tetrahedra stacked i n a close packed hexagonal s t r u c t u r e . I n t h i s 

arrangement each cadmium i o n i s bonded t o four sulphur ions, one a t 

each corner of a tetrahedron. S i m i l a r l y , each sulphur i o n i s bonded 

to f o u r cadmium ions which l i e at the corners of a tetrahedron. The 
in t e r a t o m i c distance between a cadmium atom and i t s nearest sulphur 

o 

neighbours i s 2*52A. The l a t t i c e parameters are a = 4'13 7A and c = 
o3 

6'716A . 

The W u r t z i t e s t r u c t u r e of CdS i s i l l u s t r a t e d i n Figure 1.1a. The 

lack of i n v e r s i o n symmetry i s apparent from Figure 1.1b. The opposite 

d i r e c t i o n s of the hexagonal axis are obviously not equivalent. A 

compressive s t r a i n along the hexagonal axis w i l l t h e r e f o r e cause the 

centres of p o s i t i v e and negative charge i n each tetrahedron t o move 

apart along the hexagonal a x i s . I n t h i s way i t i s seen that a long­

i t u d i n a l s t r a i n wave propagating down the hexagonal axis w i l l produce 

a l o n g i t u d i n a l p i e z o e l e c t r i c f i e l d . 



C d 

i 

(a) 

(b) 

Fig.1.1. ( a ) The arrangement of cadmium and sulphur atoms i n 
Wurtzite hexagonal form of CdS. 

(b) CdS looking along hexagonal a x i s . . 
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1.2 Band Structure. Energy Bands and Effective Mass 

The conduction band of cadmium sulphide originates from the 5s 

atomic levels of the cadmium ions. The valence band i s s p l i t into 

four sub-bands. The lowest band arises from the s-orbitals of the 

sulphur ions. The crystal f i e l d s p l i t t i n g of the 3p o r b i t a l s gives 

ri s e to the other two bands, the higher of which i s further s p l i t i n t o 
4 

two closely spaced bands, by spin-orbit coupling. Birman has given a 

picture of the position of the extrema of the valence and conduction 

bands at K = 0,0,0, which i s i l l u s t r a t e d i n Figure 1.2a. 

The separation of various energy bands i n CdS at 4*2°K are shown 

i n Figure 1.2b following Thomas and Hopfield. They provided 

experimental evidence for the v a l i d i t y of this model (Figure 1.2b) from 

their measurements of the r e f l e c t i v i t y and fluorescent spectra of 

hexagonal CdS. The band gap at 4*2°K i s shown to be 2*582 eV. 

Hopfield and Thomas determined an electron ef f e c t i v e mass value 

m* = (0*204 + 0*01 )n>e> from a study of the exciton absorption and 

r e f l e c t i o n spectra of CdS. Piper and Marple^ investigated the 

anisotropy of the absorption due to free carriers i n the infrared and 
* 8 

concluded that n ^ ] / " 1 ^ = 1*080 + 0*05. Boer and Dexter measured the 

anisotropy of the effective mass using a cyclotron resonance technique 

and found m ^ j / m 3 3 = 1*12. 

Hopfield and Thomas** obtained the value of the effective mass of 

holes i n the valence band as 
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(5 + 0*5)m 
— e 

(0*7 + 0'l)m 
— e 

1.3 E l e c t r i c a l Conductivity 

I n cadmium sulphide which i s always found to be n-type, the 

conductivity can be expressed as CT = n^/i where n i s the density and /J 

the mobility of electrons. 

At room temperature single crystals of CdS can have values of 
12 

r e s i s t i v i t y which vary by more than ten orders of magnitude, from 10 

to 10 ̂  ohm-cm, depending upon the deviation from stoichiometry and the 

pu r i t y of the samples. With large band gap materials l i k e CdS, the 

density of electrons i n thermal equilibrium w i l l be determined by the 

impurity content of the sample and by the activation energies of the 

impurities. 

Because of the high photoconductive s e n s i t i v i t y , the electron 

concentration and hence the conductivity can be varied by several 

orders of magnitude with photo-excitation. The mechanism of the photo-

conductive effe c t i s discussed l a t e r i n th i s chapter. 
1.4 Carrier M o b i l i t y and Scattering Processes 

The mobility of a current c a r r i e r can be defined i n such a way that 

o" = nqn and fi = qT/m* , t i s the relaxation or mean free time between 

m I I c-axis = h 

and m̂  _|_ c-axis = 
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c o l l i s i o n s . The mobility i n fact describes the contribution of the 

crystal l a t t i c e to the conductivity, since n can be variable, but T 

and m* depend upon the properties of the c r y s t a l . 

The processes that can scatter carriers and therefore a f f e c t the 

mobi l i t y , include: 

a) thermal l a t t i c e vibrations, 

b) ionised and neutral impurities, 

c) imperfections: dislocations, grain 

boundaries, etc., 

d) other c a r r i e r s . 

a) L a t t i c e Scattering: 

( i ) Deformation Potential Scattering -

Electrons or holes can be scattered by the deformation potential 

associated with the longitudinal acoustic l a t t i c e vibrations. The 

deformation potential i s proportional to the l a t t i c e d i l a t i o n . 

The e f f e c t i v e mass method extended to apply to gradual s h i f t s i n 

the energy bands resulting from the deformation of the crystal l a t t i c e , 

i s used to estimate the interaction between electrons of thermal 

energy and the acoustic modes of the l a t t i c e vibrations. Calculations 
9 

by Bardeen and Shockley show that the mobility i s given by 

where C.. i s the average longitudinal e l a s t i c constant and * i s the 

.5/, 3/ 3/ 
(8 i t ) 2 . h C. ./(3e ) T 1.1 
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s h i f t of the edge of the conduction band per un i t d i l a t i o n , 

( i i ) Piezoelectric Scattering -

Piezoelectric scattering arises from the interaction between 

electrons and the acoustical l a t t i c e vibrations via the piezoelectric 

polarisation f i e l d . Piezoelectric scattering can occur only i n 

crystals showing a piezoelectric e f f e c t . Hutson^ writes the piezo­

e l e c t r i c mobility as 

where A i s a constant, which i s determined by the piezoelectric and 
2 

the d i e l e c t r i c constants (~4*10 for CdS). K is the electromechanical 
2 

coupling factor, and K = e /keQC, where e i s an appropriate piezo­

e l e c t r i c constant and c i s the appropriate s t i f f n e s s c o e f f i c i e n t . 

( i i i ) Optical Mode Scattering -

The electrons are scattered by the e l e c t r i c potential associated 

with the polarisation associated with the l a t t i c e displacement due to 

the longitudinal optical phonons. The mobility l i m i t e d by optical mode 

scattering according to F r o h l i c h ^ can be written as 

t1 3/2 1/2 1*44 k (m/m ) ( I T ) (300/T) mode av 

= A (m /m*) 3 / 2(300/T) -1/2 cm /v.sec. 1.2 

» = ( 1 6 - 9 1 / 0 1 / 2 ) ( l / n 2 - l/eT^m /m* ) o e 
3/2 x (e /T - 1) cm /v.sec. 1.3 
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where * i s the d i e l e c t r i c constant, n i s the optical index of 

ref r a c t i o n , and 8 i s the characteristic temperature for longitudinal 

optical phonons. 

b) Impurity Scattering 

( i ) Ionised Impurities -

When the concentrations of ionised donors or acceptors are high, 

the electrons suffer Rutherford scattering due to the presence of ions. 
12 

According to Conwell and Weisskopf the magnitude of the mobility 

determined by this process i s 

3*2 1 0 " x Z 3/2 2. . . f i . = s— T cm /v.sec. 1.4 
1 N. l n ( l + x ) 

5 1/3 

where x = 1*8x10 /N̂  ; i s the number of ionised impurities per 

cubic meter ( i i ) Neutral impurities -

Neutral impurity scattering i s r e l a t i v e l y unimportant and i s found 
13 

to be almost independent of temperature, iirginsoy has calculated the 

mobility associated with this type of scattering alone and finds 
- m*q3 1 e 

n 20 N e t i 3 

where N n i s the density of neutral impurities and e i s the d i e l e c t r i c 

constant. 
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c) Scattering at Dislocations and Grain Boundaries 

The scattering caused by low densities of these defects i s 
14 

r e l a t i v e l y unimportant. Dexter and Seitz have concluded that, i f 
8 2 

the dislocation density were as high as 10 /cm , the effect on mobility 
11 2 

should be apparent, and with a density of 10 /cm dislocation 

scattering should be comparable to l a t t i c e scattering at room temperature. 

Read^ has considered the ef f e c t of charged dislocations and finds a 

linear v a r i a t i o n of mobility with temperature. 

d) Carrier-Carrier Scattering 

The scattering of charge carriers by other carriers i s d i f f i c u l t 

to analyse because of the screening effects that occur at the high 

current densities at which this process i s important. When the 

effective mass of holes i s larger than that of electrons, electron-hole 

c o l l i s i o n s can reduce the electron mobility. Electron-electron 

c o l l i s i o n s are more complex; but can generally be neglected. 

1.5 Hall Effect 

The measurement of the Hall c o e f f i c i e n t provides one of the best 

and most widely used methods of determining the i n t r i n s i c m o b i l i t i e s of 

the charge carriers i n s o l i d s . ^ Measurements of the Hall voltage and 

e l e c t r i c a l conductivity enable the values of the carrier density, n, 

and the mobility /J, to be determined and indicate whether electrons or 

holes are the dominant charge carriers. 



Electron 
flow Ey HZ 

7 

F i g . 1 . 3 . The geometry of the H a l l e f f e c t experiment. 
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Consider a rod shaped specimen i n a longitudinal e l e c t r i c f i e l d 

E and a transverse magnetic f i e l d H as i n Fig.1.3. An electron X z 
moving with a velocity v^ i s subjected to a downward thrust from the 

Lorentz force t) v
xH z« In the steady state, a transverse e l e c t r i c f i e l d 

Ey i s generated which balances the Lorentz force. Under these 

conditions 

qE = qv H 1.6 y x z 

Expressing v i n terms of current density J = nqv 
X X X 

J H x z 
y nq H x z 
E = - = R̂  J H 1.7 

This transverse e l e c t r i c f i e l d E y i s known as Hall f i e l d . The quantity 

X z 

i s called the Hall Constant. Since J = nq v 
n x x 

Rjj = -1/nq 1.9 

and i s negative for electrons. A measure of R i s a measure of the 
H 

:om carrier concentration n. This simple value of R̂  = 1/nq follows frc 

the assumption that a l l relaxation times are equal, independent of the 

velo c i t y of electron. A numerical factor of order of unity enters i f 

the relaxation time i s a function of velocity. 
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Hall mobility i n cadmium sulphide 

The electron mobility i n cadmium sulphide i s found to depend 

strongly upon the pur i t y of the sample, so that higher and higher values 

of mobility are continually being quoted, as i t becomes possible to 

produce purer speciments. 

The temperature dependence of the Hall mobility (R^ VCT) i n undoped 

n-type CdS i s shown i n Fig.1.4.^ The solid curve i s the theoretical 

i n t r i n s i c Hall mobility due to piezoelectric and optical mode scattering. 

I n calculating the effec t of the two simultaneous scattering mechanisms 
1 _ l _ 1 1 7 CuT = u ^ + U . ) Devlin took into account the temperature L opt piez r 

dependence of the s t a t i c d i e l e c t r i c constant which affects the optical 

mode scattering (Eqn.1.3) somewhat. He found that a value of m*/m = 

0*2 f i t t e d his data best. 
18 

F u j i t a et al measured the Hall mobility i n CdS under pulsed 

ill u m i n a t i o n conditions. Their results show no trace of impurity 

scattering and agreed well with the predicted combined effects of piezo­

e l e c t r i c scattering and optical mode scattering. The absence of impurity 

scattering might be due to the neutralisation of the compensated 
18 

acceptors by the trapped holes. 
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PART B 

PH0T0C0NDUCTIVE PROPERTIES OF CADMIUM SULPHIDE 

1.6 Photoconductivity i n CdS 

Cadmium sulphide i s an extremely sensitive photoconductor. The 

current flowing through a crystal can be increased by a factor of about 

10 under illu m i n a t i o n with l i g h t of 1 f t . candle i n t e n s i t y . 

The direct effect of illum i n a t i o n i s to increase the number of 

mobile charge carriers i n the c r y s t a l . I f the energy of the incident 

photon i s higher than the energy gap Eg, then each photon absorbed i n 

the crystal w i l l produce a free electron-hole pair. 

I n highly photosensitive I I - V I compounds l i k e CdS electrons are 

the majority contributors to the photoconductivity. Although electrons 

and holes are created by absorption of radiation, the holes are 

rapidly captured at sites where recombination with free electrons 

occurs at a lat e r time. 

1.7 Spectral response 

With a pure photoconducting c r y s t a l , the dependence of photo­

conductivity on wavelength w i l l be very similar to the dependence of 

absorption on wavelength at least on the low energy side of the band 

gap. Figure 1.5 shows typi c a l absorption spectra (a) and exci t a t i o n 

spectra (b) for photosensitive CdS crystals. When the spectral 
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response of photoconductivity (Fig.1.5b) i s measured , i t i s found 

that the s e n s i t i v i t y i s very high i n a narrow region of wavelength 

near the absorption edge. At shorter wavelengths the s e n s i t i v i t y 

drops to a constant value smaller than the peak by a few orders of 

magnitude and at longer wavelengths the s e n s i t i v i t y decreases rapidly 

to negligible values as the energy of the photons becomes much smaller 

than the band gap eV). 

The reason for the decrease i n photosensitivity with photon 

energies higher than the band gap i s at t r i b u t e d to the difference between 

surface s e n s i t i v i t y , (the important feature for these highly absorbed 

photons), and volume s e n s i t i v i t y , (the important feature for the 

longer wavelength photons which penetrate most of the crystal thickness). 

1.8 Free Carrier l i f e - t i m e 

The change i n conductivity, ACT, produced by photoexcitation i n n-

type CdS can be written 

ACT = q^3n + nq ofJ 1.10 

the second term on the r i g h t of the equation arises from the change i n 

mobility with level of photoexcitation (discussed i n section 1.14c). 

The change i n the carrier density 3h, can be expressed as 

9n = gr 1.11 

g i s the rate of excitation per unit volume and T i s the free electron 

l i f e time. Substitution of eqn. 1.11 into 1.10 yields (neglecting 3/i) 
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A<7 = <\%l*T 1.12 

The product of the mobility A* and majority carrier l i f e t i m e r, eqn. 

1.12, can be regarded as the 'figure of merit' for photosensitivity. 

I t i s essentially a material parameter. Since the mobility varies 

only s l i g h t l y , whereCas the l i f e t i m e may vary by many orders of 

magnitude the majority carrier l i f e t i m e i s essentially the key parameter 

for photoconductivity. I n pure and perfect CdS crystals, the electron 
—6 8 

and hole l i f e t i m e s are comparable and l i e i n the range from 10 to 10 
sec. Such a crystal would be an insensitive photoconductor. However 

-2 -3 
i t i s possible to change the electron l i f e t i m e to 10 to 10 sec. and 

—8 
reduce the hole l i f e t i m e to less than 10 sec. by incorporating 

suitable imperfection centres i n t o the c r y s t a l . 

1.9 Imperfections i n CdS 

The general pattern for imperfection behaviour i n CdS i s that 

group I I I and group V I I impurities and anion vacancies act as donors, 

while group I and group V impurities and cation vacancies act as 

acceptors. 
From the measurement of the self d i f f u s i o n of cadmium i n CdS 

20 
Woodbury proposed that i n a pure c r y s t a l l i n e material, the sulphur 
vacancy and cadmium vacancy are the primary defects (Schottky defects). 

23 
Recently Orr et al have concluded from a study of edge emission i n 

CdS that crystals grown i n high pressures of sulphur vapour contain 

a high concentration of cadmium vacancies (acceptors); and that the 
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acceptors are automatically compensated by the simultaneous introduction 

of shallow donors (probably sulphur vacancies) and hence the crystals 

were always found to be n-type and a p-type sample could not be 

produced. 

1.10 Impurity effects 

Many of the p o t e n t i a l l y important e l e c t r i c a l and optical properties 

of CdS are associated with the presence of impurities and imperfections. 

The introduction of imperfections may affec t one or more of the 

following properties of the c r y s t a l : 

a) Photosensitivity - Imperfections which act as recmobination centres 

decrease the s e n s i t i v i t y . Imperfections which have a high p r o b a b i l i t y 

of capturing a minority carrier with subsequent small probability of 

capturing a majority c a r r i e r , may increase the majority carrier l i f e ­

time and hence the s e n s i t i v i t y . 

b) Speed of response - Imperfections which act as trapping centres 

can influence the photoconductive speed of response. The speed of 

response decreases when imperfections trap the free c a r r i e r s , since 

the thermal process i s a slow process. Trapped carriers may also 

reduce the carrier mobility by introducing charged impurity scattering. 

c) Spectral response - Since direct excitation from an imperfection 

centre with a level l y i n g i n the forbidden gap requires less energy 

than excitation across the band gap, the spectral response may be 

extended to longer wavelengths. 
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d) Luminescence Emission Spectra - The i m p u r i t i e s may provide 

a d d i t i o n a l recombination paths. I f the recombination i s r a d i a t i v e the 

emission of photons w i t h energies less than the band gap becomes 

possible v i a recombination centres w i t h l e v e l s i n the forbidden gap. 

e) Dark c o n d u c t i v i t y - Donor imperfections increase the c o n d u c t i v i t y 

and acceptors decrease i t because a l l cadmium sulphide p r e s e n t l y 

a v a i l a b l e i s n-type. 

1.11 Fermi and Demarcation l e v e l s 

With the c r y s t a l under e x c i t a t i o n the distance of the steady s t a t e 

e l e c t r o n Fermi l e v e l from the conduction band may be c a l c u l a t e d from 

the c o n d u c t i v i t y and temperature according to the equation 
N q/J 

E = kT I n 1.13 
f n Q-

where T i s the absolute temperature, N £ i s the e f f e c t i v e d ensity of 

states i n the conduction band, and a i s the c o n d u c t i v i t y . A s i m i l a r 

hole Fermi l e v e l can be defined i n terms of the concentration of f r e e 

holes. 

A defect w i t h a l e v e l l y i n g i n the forbidden gap can act both as a 

trap and a recombination centre. The extent to which i t acts i n one 

capacity or the other depends on the p o s i t i o n of the steady s t a t e 

Fermi l e v e l s . Whether a defect acts predominantly as a tr a p or as a 

recombination centre depends on the p o s i t i o n of i t s energy l e v e l 

r e l a t i v e to the so c a l l e d 'demarcation' l e v e l r a t h e r than the steady 

s t a t e Fermi l e v e l . 
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An e l e c t r o n i n a defect l e v e l a t the e l e c t r o n demarcation l e v e l 

has equal p r o b a b i l i t y of being thermally e x c i t e d i n t o the conduction 

band and of recombining w i t h a hole i n the f i l l e d band. A hole at the 

hole demarcation l e v e l has equal p r o b a b i l i t i e s of being thermally 

e x c i t e d i n t o the f i l l e d band and of recombining w i t h an e l e c t r o n i n the 

conduction band. 

The demarcation l e v e l i s displaced from the corresponding Fermi 

l e v e l by an energy d i f f e r e n c e which i s u s u a l l y small. The f o l l o w i n g 

expressions r e l a t e the demarcation l e v e l s w i t h the steady s t a t e Fermi 

l e v e l s (E_ , E- ) f n fp 

E, = Ec + kT I n (N /N ) 1.14 dn f n p n 

E, = E £ - kT I n (N /N ) 1.15 dp fp p n 

where N i s the density of recombination centres f o r e l e c t r o n s , i . e . 
P 

the d e n s i t y of recombination centres which have captured a h o l e , and 

N i s the d e n s i t y of recombination centres f o r holes, n 

1.12 S e n s i t i z i n g Centres 

Three important phenomena which occur i n photoconducting CdS are 

discussed i n the f o l l o w i n g s e c t i o n . These are a) i m p u r i t y s e n s i t i z a t i o n , 

the increase i n p h o t o s e n s i t i v i t y produced by the i n c o r p o r a t i o n of 

i m p u r i t i e s ; b) superlinear p h o t o c o n d u c t i v i t y - the increase i n photo 

c u r r e n t w i t h a power of l i g h t i n t e n s i t y greater than u n i t y ; and c) 
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i n f r a r e d quenching of p h o t o c o n d u c t i v i t y - the r e d u c t i o n i n photo c u r r e n t 

w i t h secondary i n f r a r e d r a d i a t i o n . 

I n order to e x p l a i n these e f f e c t s i t i s necessary to p o s t u l a t e t h a t 

there are two d i f f e r e n t classes of recombination centres w i t h l e v e l s 
21 

d i s t r i b u t e d throughout the forbidden gap. They have the f o l l o w i n g 

p r o p e r t i e s : 

i ) Class I centres have a capture cross section f o r holes equal 

to or l e s s than t h a t of class I I centres f o r holes. 

i i ) Class I centres have a capture cross section f o r e l e c t r o n s 

many times ( 10"*) greater than t h a t of class I I centres, once a hole 

has been captured. 

i i i ) Class I I centres are f i l l e d w i t h e l e c t r o n s i n the dark. 

An i n s e n s i t i v e photoconductor contains only class I centres. I t 

can be converted i n t o a ' s e n s i t i v e ' conductor by the i n c o r p o r a t i o n of 

class I I centres c a l l e d s e n s i t i z i n g centres. 

S e n s i t i z i n g centres are expected to be associated w i t h i n t r i n s i c 

c r y s t a l d e f e cts. The simplest type of c r y s t a l defect w i t h the r e q u i r e d 

p r o p e r t i e s i s a compensated c a t i o n vacancy or a c a t i o n vacancy-impurity 

complex, e i t h e r without any trapped holes (doubly n e g a t i v e l y charged) or 

w i t h one trapped hole ( s i n g l y n e g a t i v e l y charged). 

a) I m p u r i t y S e n s i t i z a t i o n 

The process of s e n s i t i z a t i o n i s i l l u s t r a t e d i n Fig.1.6. The c r y s t a l 

i s i n a desensitized s t a t e when only class I centres are able to f u n c t i o n 
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as recombination centres. This i s the case i n a 'pure' i n s e n s i t i v e 

m a t e r i a l , shown i n Fig.1.6a, where the presence of the centre I leads 

to a small m a j o r i t y c a r r i e r l i f e t i m e f o r e l e c t r o n s . 

I f s e n s i t i z i n g centres of type I I are added, no e f f e c t on the l i f e 

time i s found, as shown i n Fig.1.6b, as long as thecentres l i e below 

the hole demarcation l e v e l . This i s the case at high temperatures and/ 

or low l i g h t i n t e n s i t i e s . The centres simply act as hole traps and do 

not s i g n i f i c a n t l y a f f e c t the photoconductive gain. 

The c r y s t a l becomes s e n s i t i z e d as class I I centres, are able to 

f u n c t i o n as recombination centres f o l l o w i n g a s h i f t i n the demarcation 

l e v e l . At low temperatures and/or high l i g h t i n t e n s i t i e s the 

s e n s i t i z i n g centres l i e above the hole demarcation l e v e l (Fig.1.6c). 

I n these s i t u a t i o n s holes captured by the s e n s i t i z i n g centres remain 

there longer before recombination than holes captured by class I centres, 

because of the small capture cross s e c t i o n of class I I centres 

c o n t a i n i n g holes f o r f r e e e l e c t r o n s . As a r e s u l t , the class I I centres 

become occupied p r i m a r i l y by holes, and i f the concentrations of class 

I and class I I centres are much l a r g e r than the d e n s i t y of f r e e 

c a r r i e r s , the e l e c t r o n s i n i t i a l l y i n the class I I centres w i l l be 

e f f e c t i v e l y t r a n s f e r r e d to the class I centres. Free e l e c t r o n s can then 

e s s e n t i a l l y only recombine w i t h holes a t centres which have a small 

capture cross s e c t i o n f o r e l e c t r o n s . Consequently the l i f e t i m e of the 

el e c t r o n s i s increased and the c r y s t a l becomes h i g h l y p h o t o s e n s i t i v e . 
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b) Superlinear Photoconductivity 

Samples c o n t a i n i n g class I I centres show a v a r i a t i o n ofi photo-

cur r e n t w i t h l i g h t i n t e n s i t y which i s more r a p i d than l i n e a r over a 

l i m i t e d range of l i g h t i n t e n s i t i e s . This i s r e f e r r e d to as super-

l i n e a r i t y . 

The occurrence of s u p e r l i n e a r i t y can be thought of i n terms of the 

f o l l o w i n g model. Consider the case i l l u s t r a t e d i n Fig.1.6b. When the 

i n t e n s i t y of i l l u m i n a t i o n i s increased, a t a constant temperature, the 

hole demarcation l e v e l moves downwards towards the top of the valence 

band, and as i t passes through the class I I l e v e l these centres become 

occupied by holes and s e n s i t i z a t i o n occurs. The sharp increase i n 

l i f e t i m e of the fr e e e l e c t r o n s which accompanies t h i s s e n s i t i z a t i o n 

r e s u l t s i n the s u p e r l i n e a r i t y of the measured photocurrent. Super-

l i n e a r i t y ends when the s e n s i t i z a t i o n process i s e s s e n t i a l l y complete, 

i . e . when the t r a n s f e r of holes from the class I to the class I I 

centres i s f i n i s h e d . 

c) Quenching of Photoconductivity 

( i ) Thermal quenching - i f the temperature of the c r y s t a l i s r a i s e d , 

while a constant i n t e n s i t y of i l l u m i n a t i o n i s maintained, then above a 

c e r t a i n temperature the photocurrent r a p i d l y decreases by several orders 

of magnitude. The threshold f o r t h i s e f f e c t of thermal quenching occurs 

a t p r o g r e s s i v e l y higher temperatures as the l i g h t i n t e n s i t y i s 

increased. 
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When the temperature i s increased, the hole demarcation l e v e l 

moves towards the centre of the band gap and quenching occurs when the 

hole demarcation l e v e l passes through the class I I l e v e l s . The centres 

then e f f e c t i v e l y come i n t o thermal e q u i l i b r i u m w i t h the valence band 

and begin to behave as hole t r a p s . 

( i i ) I n f r a r e d quenching - The phenomenon of i n f r a r e d quenching of 

the photocurrent i s o f t e n observed when a photoconductor i n the 

s e n s i t i z e d s t a t e i s i l l u m i n a t e d w i t h secondary r a d i a t i o n i n the i n f r a ­

red range (0*8 - 1*8 j^m). 

I n the temperature range below t h a t a t which thermal quenching 

of the p h o t o c o n d u c t i v i t y sets i n i n f r a r e d quenching of p h o t o c o n d u c t i v i t y 

can be caused by the o p t i c a l f r e e i n g of holes. 

The mechanism of i n f r a r e d quenching i s i l l u s t r a t e d i n Fig.1.7. 

When the e l e c t r o n hole p a i r s are created by band gap r a d i a t i o n (Fig.1.7a) 

the photoexcited holes are r a p i d l y captured by the s e n s i t i z i n g centres 

(Fig.1.7b) because of t h e i r l a r g e capture cross s e c t i o n f o r holes. 

O p t i c a l quenching of p h o t o c o n d u c t i v i t y occurs: 

1 T.TK o n -J i-» 4--y n>»or1 n H-i n r i o v r t i I - Q O r»or**-iiT-p/1 V i n l Q p frnm t - Vi o p i a c q • i - . ** n. L i JL J. c*J- \- v* i . ( i u x u v ^ i ^ ^ -L w u fc-C — u J>J- ^ l u l - ' " — 

I I centres i n t o the valence band. The r e s u l t a n t f r e e holes i n the 

valance band are then captured by class I centres (Fig.1.7c) w i t h a 

l a r g e r subsequent capture cross-section f o r f r e e e l e c t r o n s . 

2. When i n f r a r e d r a d i a t i o n e x c i t e s a captured photoexcited hole from 

the upper l e v e l to the lower l e v e l of the s e n s i t i z i n g centres, and t h i s 

hole i s then released thermally to the valence band. 
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Fig.1.7. I n f r a - r e d quenching. 
( a ) Band t o band r a d i a t i o n creates e l e c t r o n - h o l e p a i r s 
( b ) hole captured by s e n s i t i z i n g centres l e a v i n g e l e c t r o n s 

f r e e t o give p h o t o c o n d u c t i v i t y 
( c ) hole released by i n f r a - r e d r a d i a t i o n to recombine w i t h 

and hence remove f r e e e l e c t r o n s , thereby quenching the 
ph o t o c o n d u c t i v i t y . 
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1.13 Recombination Processes 

a) Edge emission 

The e x c i t a t i o n event which leads to the change i n c o n d u c t i v i t y i s 

terminated by the recombination of the photoexcited e l e c t r o n s and holes 

I n CdS, although d i r e c t recombination between f r e e e l e c t r o n s and holes 

i s possible f o r high c a r r i e r d e n s i t i e s , i t i s recombination through an 

i m p e r f e c t i o n which always dominates. 

The term edge emission i s g e n e r a l l y employed to r e f e r to the 

r a d i a t i v e recombination processes which lead to the emission of photons 

w i t h energies w i t h i n several tenths of an e l e c t r o n v o l t of the band gap 

I n general an edge emission process i s observed as a set of l i n e s or 

bands separated by equal energy increments. 

The edge emission of cadmium sulphide e x c i t e d by mercury r a d i a t i o n 
o 

(3650A) a t l i q u i d helium temperatures consists of two regions described 
22 

as the 'green' and 'blue' emissions. The green emission contains a 

series of overlapping bands, the maxima of which are e q u a l l y spaced by 

some 300 cm ^ (0*033 eV). apart. A t y p i c a l example of the emission 
d i s t r i b u t i o n of the photoluminescence of a CdS c r y s t a l i s shown i n 

23 
Fig.1.8. The green emission can c o n t a i n two phonon a s s i s t e d s e r i e s . 
The higher energy series has i t s zero order phonon component centred 

o 
on 5140A. The lower energy series has i t s zero order component located 

o 
a t 5170A. The series have been estimated as being associated w i t h 
recombination which occurs w i t h the co-operation of 0,1,2 ....n long-

22 i t u d i n a l o p t i c a l phonons. 
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24 Thomas and H o p f i e l d have i n d i c a t e d t h a t the low energy green 
emission process which i s dominant at 4°K i s associated w i t h the 
recombination of bound e l e c t r o n s and bound holes. The high energy 
se r i e s which i s dominant a t higher temperature (77°K) was assigned to 

recombination between f r e e e l e c t r o n s and holes trapped at an acceptor 
25 24 l e v e l . P e d r o t t i and Reynolds confirmed t h i s explanation by studying 

the s p e c t r a l p o s i t i o n and i n t e n s i t y of the emission as the temperature was 

changed from4"2°K to 77°K. 
26 2 7 

Thomas and H o p f i e l d ' have ascribed the blue emission to the 
recombination of excitons bound to various c r y s t a l defects. 

23 
Recently Orr e t a l have measured the green and blue emission at 

l i q u i d helium temperatures f o r a number of CdS c r y s t a l s grown i n t h i s 
28 

department under c o n t r o l l e d p a r t i a l pressures of cadmium and sulphur. 

Orr e t a l have concluded t h a t the 1^ and T.^ bound e x c i t o n l i n e s which 

dominate the blue emission are associated w i t h e x c i t o n recombination 

at n e u t r a l acceptors (cadmium vacancies) and n e u t r a l donors (sulphur 

v a c a n c i e s ) r e s p e c t i v e l y . The two phonon a s s i s t e d series which 

c o n s t i t u t e the green, emission give an i n d i c a t i o n of the r e l a t i v e 

c o n c e n t r a t i o n of the same donors and acceptors which are i n v o l v e d i n 
23 

the blue emission. 

b ) I n f r a r e d emission 

The edge emission i s associated w i t h l e v e l s close to the band edges. 

However, luminescence processes i n v o l v i n g l e v e l s i n the middle of the 
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forbidden gap can occur and give r i s e to i n f r a r e d emission. 
29 

I n a study of thftemission spectra Browne observed banded emission 

i n the range 1*5 to 2*3 /im w i t h three bands centred at 1'65, 1*85 and 

2*05 /jm i n copper doped CdS at 80°K. Bryant and Cox^ have observed 

0*78 /jm and 1*06 jjm i n f r a r e d emission bands i n undoped and copper-doped 

cadmium sulphide powders at 90°K. 

Potter e t a l * ^ t r i e d to account f o r the corresponding e x c i t a t i o n 

spectra i n terms of two l e v e l s which they ascribed to the ground and 

f i r s t e x c i t e d s t a t e of a hole bound t o uncompensated, s u b s t i t u t i o n a l 

copper acceptor i m p u r i t y . 
31 

Bryant and Cox proposed a d i f f e r e n t model f o r the i n f r a r e d 

luminescence and absorption. They consider t h a t s u b s t i t u t i o n a l copper 

gives r i s e to a s i n g l e l e v e l w i t h i n the band gap. The i n f r a r e d emission 

and e x c i t a t i o n observed by them at 90°K was a t t r i b u t e d to e l e c t r o n i c 

t r a n s i t i o n s between a s i n g l e l e v e l , and the various branches of the 

valence band. They were able to e x p l a i n t h e i r r e s u l t s and most of the 

other published work w i t h t h i s model. 
1.14 Detection of Traps i n CdS 

There are at l e a s t s i x to e i g h t d i f f e r e n t t r a p p i n g l e v e l s which are 

prominent i n CdS c r y s t a l s . This has been demonstrated by Nicholas and 
32 

Woods. The d e n s i t y , and i n some cases even the existence, of some of 
the traps i s determined by the prep a r a t i v e c o n d i t i o n s , p h y s i c a l h i s t o r y 

33 
and p o s s i b l y photochemical r e a c t i o n s which may occur, see Woods e t a l . 



-23-

The f o l l o w i n g measurements are u s e f u l , i n p r o v i d i n g i n f o r m a t i o n 

about t r a p p i n g : 

a) V a r i a t i o n of response time w i t h l i g h t i n t e n s i t y 

One major e f f e c t of tra p p i n g i s to make the experimentally observed 

decay time of the photocurrent much l a r g e r than the f r e e c a r r i e r l i f e t i m e . 

I f no tra p p i n g centres are present, then the observed photocurrent w i l l 

decay i n the same way as the f r e e c a r r i e r c o n c e n t r a t i o n , and the 

observed decay time w i l l be equal t o the c a r r i e r l i f e t i m e . I f tra p p i n g 

centres are present and the density of f r e e c a r r i e r s i s comparable or 

less than the density of trapped c a r r i e r s , the thermal f r e e i n g of 

trapped c a r r i e r s during the course of the decay can sust a i n the f r e e 

c a r r i e r concentration so t h a t the observed decay time becomes longer 

than the l i f e t i m e of a f r e e c a r r i e r . 

Any analysis of experimental response curves r e q u i r e s an 

appropriate model. The simplest model assumes a s i n g l e t r a p p i n g l e v e l 

f o r which r e t r a p p i n g e i t h e r i s or i s not important. The decay of photo­

c o n d u c t i v i t y i s exponential f o r a model w i t h a s i n g l e t r a p l e v e l w i t h o u t 
32 

r e t r a p p i n g . Using t h i s model Nicholas and Woods examined up to s i x 

d i s c r e t e sets of traps i n CdS w i t h t r a p depths ranging from 0*05 eV t o 

0*83 eV below the conduction band. 

b) Thermally s t i m u l a t e d c u r r e n t (TSC) 

An important method of d e t e c t i n g and studying trapping i n CdS i s 

t h a t of measuring the thermally s t i m u l a t e d c u r r e n t (TSC). 
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To make TSC measurements the c r y s t a l i B cooled to l i q u i d n i t r o g e n 

tenperatures and exposed to i l l u m i n a t i o n which w i l l e x c i t e the c r y s t a l 

homogeneously. The r a d i a t i o n i s then removed, and the c r y s t a l heated 

a t a l i n e a r r a t e i n the dark. The magnitude of the ther m a l l y 

s t i m u l a t e d current i s p r o p o r t i o n a l to the r a t e of t r a p emptying 

m u l t i p l i e d by the appropriate l i f e t i m e f o r recombination. 

The traps may also be detected by studying any luminescence t h a t 

may be emitted as the e l e c t r o n s r e t u r n to the valence band v i a the 

recombination centres (known as the thermal glow method). 

The e v a l u a t i o n of tr a p p i n g parameters from experimental TSC curve 
32 

i s not s t r a i g h t f o r w a r d . Nicholas and Woods have given a c r i t i c a l 

account of ten methods which have been proposed f o r the e v a l u a t i o n of 
3; 

e l e c t r o n t r a p p i n g parameters from experimental TSC curves. They found 

t h a t a t l e a s t s i x major t r a p p i n g l e v e l s are common i n CdS c r y s t a l s , 

although each does not occur i n every sample. The l e v e l s together w i t h 

t h e i r t e n t a t i v e i d e n t i f i c a t i o n s are as f o l l o w s : 

1. 0*05 eV, double n e g a t i v e l y charged sulphur vacancy, 

2. 0*14 eV, also associated w i t h sulphur vacancies, 

3. 0*25 eV, s i n g l y charged sulphur vacancy, 

4. 0*41 eV, an u n i d e n t i f i e d n e u t r a l l e v e l , 

5. 0*63 eV, a s i n g l e p o s i t i v e l y charged Cd vacancy, 

6. 0*83 eV, i s the a c t i v a t i o n energy f o r the d e s t r u c t i o n 

of a t r a p complex. 
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c ) Photo-Hall e f f e c t 

Experiment shows t h a t the magnitude of the H a l l m o b i l i t y can v a r y 

with the i n t e n s i t y of p h o t o e x c i t a t i o n . T h i s e f f e c t can be used to 

determine the charge s t a t e of t r a p s and to e v a l u a t e other trapping 
34 

parameters. I f i o n i s e d i m p u r i t y s c a t t e r i n g i s dominant, the m o b i l i t y 

i s i n v e r s e l y p r o p o r t i o n a l to the d e n s i t y of charged s c a t t e r i n g c e n t r e s . 

Hence i t i s expected t h a t a change i n the d e n s i t y of such c e n t r e s w i l l 

l e a d to a change i n m o b i l i t y . One method of changing the d e n s i t y of 

s c a t t e r i n g c e n t r e s i s to change t h e i r e f f e c t i v e charge by adding or 

removing an e l e c t r o n from t h e i r environment. P h o t o e x c i t a t i o n , with i t s 

e f f e c t on the Fermi l e v e l , i s one of the means by which changes i n the 

e f f e c t i v e charge s t a t e of a c e n t r e can be achieved. 

Consider a donor l e v e l l y i n g above the thermal e q u i l i b r i u m Fermi 

l e v e l . I t w i l l be i o n i s e d a t low l i g h t i n t e n s i t i e s and w i l l have a 

l a r g e s c a t t e r i n g c r o s s s e c t i o n . As the e l e c t r o n Fermi l e v e l r i s e s with 

i n c r e a s i n g l i g h t i n t e n s i t y the donors w i l l becomej occupied, and t h e i r 

charge w i l l be removed so that t h e i r s c a t t e r i n g decreases markedly. 
, ,34 

The e x p r e s s i o n d e r i v e d by Bube and Macdonald to d e s c r i b e t h i s process 

i s * 

1_ - i _ +
 p v t h s A 

J- R Ua 1 + 2 e x p [ ( E t - E f n ) / R T ] 1.16 

where \i i s the H a l l m o b i l i t y with a l l donors occupied ( i . e . under 

strong i l l u m i n a t i o n ) , p i s the proportionality f a c t o r between m o b i l i t y 



U H 

S N 

fn <n 

Fig.1.9. Theoretical curve for the dependence of 1 / /J„ on the 
location of the electron Fermi l e v e l . 
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6 2 2 
and r e l a x a t i o n time which i s equal i n magnitude to 5*7 x 10 v sec /cm , 

v i s the thermal v e l o c i t y of the f r e e e l e c t r o n s , S, i s the donor th J 5 + 
s c a t t e r i n g c r o s s s e c t i o n when i o n i s e d , N + i s the d e n s i t y of donors, E t 

i s the depth of the donor l e v e l s below the conduction band and E., i s the 
fn 

e l e c t r o n Fermi l e v e l . Eqn. 1.16 g i v e s — as a f u n c t i o n of E , E , can 
/ J H t ' f n 

be c a l c u l a t e d from the measured c o n d u c t i v i t y using the r e l a t i o n 

— = n = N exp[E- /kT] 1.17 /iq c r L fn 

* e r e N - 21 2 ™ ' M V / 2 

I f — i s p l o t t e d as a f u n c t i o n of E r , a curve of the type shown i n 
\i

 r f n ' 
1 1 

Fig.1.9 i s obtained. When E_ i s much l e s s than E , we have — = — 

When E ^ n i s much l a r g e r than E t > a l l the s c a t t e r i n g terms of Eqn. 1.16 

ar e e f f e c t i v e . The d i f f e r e n c e between — f o r small E , and l a r g e E -
fn fn 

H 

gi v e s P v
t ^ S + N + d i r e c t l y . I f N + i s known from an independent measurement, 

f o r example from thermally s t i m u l a t e d c u r r e n t data, the v a l u e of the 

s c a t t e r i n g c r o s s s e c t i o n S + can be c a l c u l a t e d . At E ^ n = E t , ^— ̂  = 

( p v t ^ S + N + / 3 ) , t h i s r e l a t i o n a l l o w s a val u e f o r E t to be determined. 1.15 T h e r m o e l e c t r i c Power Measurements i n CdS 

Measurements of t h e r m o e l e c t r i c power can be used to i n v e s t i g a t e 

the p h o t o e l e c t r o n i c p r o p e r t i e s of semiconducting c r y s t a l s . I n CdS both 

e l e c t r o n i c and phonon drag components c o n t r i b u t e to the Seebeck 
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c o e f f i c i e n t . 3 L i k e the H a l l e f f e c t , the s i g n of the Seebeck e f f e c t 

i s an i n d i c a t i o n of the type of charge c a r r i e r dominating the conduction 

mechanism. 

The d e n s i t y of c u r r e n t c a r r i e r s i n the conduction band ( e l e c t r o n s ) 

or v a l e n c e band ( h o l e s ) can be i n c r e a s e d by e x t r i n s i c p h o t o e x c i t a t i o n , 
3 6 

depending on the nature of the t r a n s i t i o n s i n v o l v e d . Lawrence and Bube 

have r e c e n t l y measured the t h e r m o e l e c t r i c power i n cadmium sulphide as a 

f u n c t i o n of photon energy of the e x c i t i n g r a d i a t i o n . The spectrum at 

room temperature i s shown i n Fig.1.10. I t can be seen ( F i g . l . l O ) t h a t 

for photon e n e r g i e s s m a l l e r than h a l f the band gap the t h e r m o e l e c t r i c 

e.m.f. i s p o s i t i v e , whereas fo r photon e n e r g i e s l a r g e r than h a l f the 
36 

band gap the t h e r m o e l e c t r i c e.m.f. i s n e g a t i v e . Lawrence and Bube 

concluded t h a t the change from p o s i t i v e to negative t h e r m o e l e c t r i c e.m.f. 

s t a r t e d a t 1*03 eV, which suggests a t r a n s i t i o n to the conduction band. 

The abrupt r e v e r s a l a t 1*47 eV, suggests a t r a n s i t i o n from the v a l e n c e 

band. 

1.16 Con c l u s i o n 

Cadmium sulphide has always been found to be n-type, and i t i s not 

y e t p o s s i b l e to dope CdS i n such a way that i t becomes p-type. However, 

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

h o l e s i n the v a l e n c e band and decrease the c o n c e n t r a t i o n of f r e e e l e c t r o n s 

i n the conduction band, thereby l e a d i n g to a preponderance of h o l e s . T h i s 

e f f e c t i s used i n some of the work to be d e s c r i b e d l a t e r i n the t h e s i s . 
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CHAPTER I I 

THE ACOUSTOELECTRIC EFFECT IN 

CADMIUM SULPHIDE 

INTRODUCTION 

The i n t e r a c t i o n of charged p a r t i c l e s , such as e l e c t r o n s , with 

waves i n s o l i d s has been a s u b j e c t of great i n t e r e s t f o r the l a s t 

decade. F u r t h e r i n t e r e s t has been c r e a t e d by the ob s e r v a t i o n t h a t , 

under s u i t a b l e c o n d i t i o n s , sound waves i n p i e z o e l e c t r i c semiconductors 

could be a m p l i f i e d . ^ The a c o u s t i c wave produces an 1 a c o u s t o e l e c t r i c 

f i e l d 1 by means of the p i e z o e l e c t r i c e f f e c t and t h i s a c t u a t e s the 

motion of e l e c t r o n s i n the c r y s t a l . When the d r i f t v e l o c i t y of the 

e l e c t r o n s i s small compared with the v e l o c i t y of the sound waves, the 

coupling between the wave and the e l e c t r o n s produces an a d d i t i o n a l 

a t t e n u a t i o n . However, i f a s t a t i c f i e l d i s a p p l i e d to the semi­

conductor w i t h a v a l u e l a r g e enough to produce a d r i f t v e l o c i t y g r e a t e r 

than the a c o u s t i c v e l o c i t y , the e l e c t r o n s can give up energy to the 

sound wave and a c o u s t i c a m p l i f i c a t i o n o c c u r s . ^ 

An important m a n i f e s t a t i o n of the strong e l e c t r o - a c o u s t i c i n t e r ­

a c t i o n , under the a m p l i f y i n g c o n d i t i o n i s the 'spontaneous' build-up of 

a c o u s t i c f l u x , ^ even i n the absence of e x t e r n a l l y induced a c o u s t i c waves. 

I t i s t h i s spontaneous b u i l d up of a c o u s t i c f l u x and the accompanying 

' a c o u s t o e l e c t r i c c u r r e n t ' which l e a d s to the w e l l known e l e c t r i c a l 



14 phenomena of a c o u s t o e l e c t r i c i n t e r a c t i o n s , such as c u r r e n t s a t u r a t i o n , 
14 1 c u r r e n t o s c i l l a t i o n s , and the so c a l l e d h i g h - f i e l d 'domain' formation. 

Hexagonal I I - V I compounds, and cadmium sulphide i n p a r t i c u l a r a r e 
14 15 

u s e f u l f o r examining these e f f e c t s . ' Cadmium sulphide has l a r g e 

p i e z o e l e c t r i c coupling constants** together with a reasonable e l e c t r o n 

m o b i l i t y , so th a t strong a c o u s t o e l e c t r i c e f f e c t s occur a t e a s i l y 
3 -1 a t t a i n a b l e f i e l d s ( ~ 1 0 v o l t s cm ) . 

Another advantage of using CdS l i e s i n i t s photoconducting property. 

I t has been noted that specimen c o n d u c t i v i t i e s higher than about 

10 ~* ohm ^ cm ^ are nec e s s a r y to observe the e f f e c t s of e l e c t r o a c o u s t i c 
14 15 

i n t e r a c t i o n s . ' I n CdS the e l e c t r o n c o n c e n t r a t i o n can be a d j u s t e d by 

i l l u m i n a t i o n of the c r y s t a l r a t h e r than r e s o r t i n g to doping with 

i m p u r i t i e s to achieve the d e s i r e d c o n d u c t i v i t i e s . 
14 14 1 Current s a t u r a t i o n , c u r r e n t o s c i l l a t i o n s , and domain formation, 

which are a l l a c o u s t o e l e c t r i c i n o r i g i n a r e d i s c u s s e d i n p a r t B 

fo l l o w i n g the i n t r o d u c t i o n of the a c o u s t o e l e c t r i c e f f e c t and a c o u s t i c 

wave a m p l i f i c a t i o n i n p a r t A. 



PART A 

2.1 D e f i n i t i o n 

The a c o u s t i c e f f e c t s i n semiconductors, which d i f f e r from those i n 

i n s u l a t o r s , a r e the r e s u l t of the i n t e r a c t i o n of sound waves w i t h the 

conduction e l e c t r o n s . 

I n cadmium sulphide the most important phenomenon of t h i s type i£ 

the a c o u s t o e l e c t r i c e f f e c t , ^ which depends on the d e n s i t y of conduction 

e l e c t r o n s , which can e a s i l y be a l t e r e d by v a r y i n g the i n t e n s i t y of 

i l l u m i n a t i o n . 

The term acoustoelectric''' e f f e c t r e f e r s to the appearance of a dc 

e l e c t r i c f i e l d along the d i r e c t i o n of propagation of a t r a v e l l i n g 

a c o u s t i c wave i n a medium c o n t a i n i n g mobile charges. 

When a t r a v e l l i n g a c o u s t i c wave propagates through a semiconductor, 

a t r a n s f e r of momentum from the wave to the f r e e c a r r i e r s can occur. 

The net momentum i s i n the d i r e c t i o n of propagation of the e l a s t i c wave 

and i s balanced by an induced e l e c t r o m o t i v e f o r c e . I f the ends of the 

sample a r e i n s u l a t e d , an e l e c t r i c f i e l d "the a c o u s t o e l e c t r i c f i e l d ' i s 

maintained. I f the ends of the sam$e.are connected e x t e r n a l l y through a 

conductor, a c u r r e n t w i l l flow; such an e l e c t r i c c u r r e n t i s c a l l e d an 

' a c o u s t o e l e c t r i c c u r r e n t ' . 

I t i s worthwhile mentioning i n p a s s i n g the phenomenon of 'phonon-drag 

( q u a l i t a t i v e l y e q u i v a l e n t to the a c o u s t o e l e c t r i c e f f e c t ) which i s the 

c o n t r i b u t i o n to the t h e r m o e l e c t r i c power due to the momentum t r a n s f e r to 
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e l e c t r o n s from thermal phonons which are streaming down a temperature 

g r a d i e n t . 

2.2 A c o u s t o e l e c t r i c coupling 

For the a c o u s t o e l e c t r i c e f f e c t to occur there must be an i n t e r ­

a c t i o n between the s t r e s s wave and the c u r r e n t c a r r i e r s and a mechanism 

for momentum absor p t i o n and energy l o s s must e x i s t . 

I n what f o l l o w s we s h a l l u s u a l l y r e f e r to e l e c t r o n s , but s i m i l a r 

remarks apply to h o l e s . 

The two p r i n c i p a l kinds of coupling between u.s. ( u l t r a s o u n d ) and 

f r e e c a r r i e r s are ( a ) d e f o r m a t i o n - p o t e n t i a l coupling and ( b ) p i e z o e l e c t r i c 

coupling. There i s a l s o a t h i r d coupling mechanism v i a p o l a r modes. 

i ) Deformation P o t e n t i a l Coupling 

N o n - p i e z o e l e c t r i c semiconductors r e a c t with e l e c t r o n s through the 

deformation p o t e n t i a l . The e l a s t i c wave which passes through the 

c r y s t a l produces s t r a i n i n the l a t t i c e . T h i s s t r a i n changes the energy 

of the e l e c t r o n i n the conduction band as a r e s u l t of the p e r t u r b a t i o n 

i n the l a t t i c e and hence the p o t e n t i a l changes. T h i s p e r t u r b a t i o n i s 
2 

known as the deformation p o t e n t i a l and can be w r i t t e n as 

U d = CdS 2.1 

where U, i s the p o t e n t i a l of the e l e c t r o n and C, i s the deformation d d 
p o t e n t i a l c o n s t a n t . 
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i i ) P i e z o e l e c t r i c Coupling 

I n p i e z o e l e c t r i c m a t e r i a l s the propagation of an e l a s t i c wave i s 

accompanied by an electr££ic f i e l d . I n t e r a c t i o n between t h i s e l e c t r i c 

f i e l d and the e l e c t r o n s i n t r o d u c e s a coupling between the e l e c t r o n s 

and u l t r a s o u n d . 

The b a s i c equations of s t a t e which d e s c r i b e a p i e z o e l e c t r i c c r y s t a 

i n the one-dimensional case are 

T = cS - eE 2.2 

and D = eS + eE 2.3 

The f i r s t equation d e s c r i b e s the s t r e s s T, i n terms of s t r a i n , S, 

and the e l e c t r i c f i e l d , E. c i s the e l a s t i c s t i f f n e s s c o n s t a n t f o r 

constant e l e c t r i c f i e l d , and e i s the p i e z o e l e c t r i c c o nstant. The 

second equation g i v e s the e l e c t r i c displacement, D, i n terms of the 

s t r a i n and the e l e c t r i c f i e l d , e i s the d i e c t r i c constant. 

For an o p e n - c i r c u i t e d p i e z o e l e c t r i c s o l i d with low c a r r i e r 

c o n c e n t r a t i o n D~ 0 and hence according to the second equation the 

magnitude of the e l e c t r i c f i e l d produced i n a p i e z o e l e c t r i c i n s u l a t o r 

by a s t r a i n S i s 

E = - S 2.4 

When S r e p r e s e n t s a s i n u s o i d a l a c o u s t i c wave [aexpj(kgX-wt)], 

t h i s f i e l d corresponds to a change i n the p o t e n t i a l energy of an 

e l e c t r o n given by 
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where q i s e l e c t r o n i c charge and kg = w and are the angular 
s 

frequency and v e l o c i t y of the a c o u s t i c wave i n the c r y s t a l , i s the 

electron-phonon coupling constant. 

Comparison of P i e z o e l e c t r i c and Deformation-Potential Coupling 

A measure of the r e l a t i v e s t r e n g t h s of the e f f e c t s a s s o c i a t e d w i t h the 

two types of coupling mechanisms i s given by the r a t i o (Eqns.2.1 and 

2.5) 
C.N.2 / e C ,2 

d ^ - ' d ^ a 2 2.6 
C p J \ *evs 

I f we compare the p i e z o e l e c t r i c semiconductor cadmium sulp h i d e 

with the n o n p i e z o e l e c t r i c germanium u s i n g t h i s r a t i o and the 

f o l l o w i n g v a l u e s f o r the q u a n t i t i e s i n Eqn.2.6, 

18 
C d (Ge) - 10 eV 5 1'6 10 j o u l e 
e (CdS) — 0*2 coulomb meter" 1 

3 -1 v 4*10 meter sec 

e ^ 1 0 ~ 1 0 f a r a d m e t e r - 1 

-19 
q = 1*6 x 1.0 coulomb 

then 
C j x Z , -24 2 10 <" u > p 

At an u l t r a s o n i c frequency of 100 GHZ the two types of e f f e c t s a r e 

about equal, but the deformation p o t e n t i a l e f f e c t s i n germanium a r e very 

small compared with the corresponding p i e z o e l e c t r i c e f f e c t s i n CdS a t 

lower f r e q u e n c i e s . 
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i i i ) P o l a r Mode Coupling 

L o n g i t u d i n a l o p t i c a l v i b r a t i o n s of the atoms r e l a t i v e to one 

another (when there are more than one) i n a u n i t c e l l c o n s t i t u t e the 
3 

p o l a r modes; t r a n s v e r s e motion does not produce e l e c t r i c f i e l d s . The 

c u r r e n t d e n s i t i e s r e q u i r e d to ob t a i n a s u b s t a n t i a l e f f e c t ( a m p l i f i c a t i o n 
4 6 2 of sound) were estimated to be of the order of 10 amp/cm i n p o l a r 

c r y s t a l s . However the a m p l i f i c a t i o n of ul t r a s o u n d by o p t i c a l 

v i b r a t i o n s has not y e t been observed e x p e r i m e n t a l l y . 

2.3 C a r r i e r Bunching (an e f f e c t of c o u p l i n g ) 

The e f f e c t s of the coupling of the ult r a s o u n d to the e l e c t r o n s 

are m u l t i f o l d . We w i l l d i s c u s s b r i e f l y the e f f e c t s to be expected 

before summarising the theory and the r e s u l t a n t experimental work. 

We have seen that e l a s t i c waves propagate i n a s o l i d accompanied 

e i t h e r by a deformation p o t e n t i a l , or by the p i e z o e l e c t r i c e f f e c t , the 

net r e s u l t i s an e l e c t r i c wave(with i t s accompanying p o t e n t i a l ) a c t i n g 

on the e l e c t r o n s . I f the p o t e n t i a l wave was f i x e d i n space and time, 

the e l e c t r o n s would congregate i n the energy 'hollows' corresponding 

to the minima of p o t e n t i a l energy. The e l e c t r o n s would t h e r e f o r e form 

i n t o 'bunches' along the leng t h of the p o t e n t i a l wave separated by 

d i s t a n c e s of one wavelength A ( F i g . 2 . 1 ) and would tend to di m i n i s h the 

amplitude of the p o t e n t i a l i n these r e g i o n s . The accumulation of 

e l e c t r o n s would stop when the p o t e n t i a l became uniform. 



Fig.2.1 THE ACOUSTOELECTRIC E F F E C T 

Potential Potential 
r s 7 

Electron 
Density 

A 

(a) 
cor« I 

Electron 
De islty 

(b) 
COT »*l 

Potential Potential 

W W W W 

Electron 
Density 

(c) Intermediate 
case. 

Electron 
Density 

eor«l /iE^>Vs 
(d) Electrons subjected 

to an electric field. 



-37-

The bunching or rearrangement of the e l e c t r o n s needs a c e r t a i n 

time t to occur, and s i n c e the wave i s i n f a c t a p r o g r e s s i v e wave 

moving along the sample with the v e l o c i t y of sound, the maxima i n the 

e l e c t r o n c o n c e n t r a t i o n are not l o c a t e d e x a c t l y a t the minima i f 

p o t e n t i a l u n l e s s the e n t i r e e l e c t r o n population moves with p r e c i s e l y 

the v e l o c i t y of sound under the i n f l u e n c e of an a p p l i e d d r i f t f i e l d . 

Four c a s e s a r e i l l u s t r a t e d i n F i g . 2 . 1 . I n the f i r s t three no e l e c t r i c 

f i e l d i s a p p l i e d . 

a ) o)T << 1, i . e . when the period of the a c o u s t i c wave i s much l a r g e r 

than the bunching time r , (or r 0 ) . The d i s t r i b u t i o n of the 

e l e c t r o n s i s symmetric w i t h r e s p e c t to a b s c i s s a of minimum energy and 

the e l e c t r o n s congregate a t the p o t e n t i a l minima ( F i g . 2 . l a ) . 

b) When tar >> 1, the e l e c t r o n s cannot f o l l o w the v a r i a t i o n s i n 

p o t e n t i a l and pr e s e r v e a uniform d i s t r i b u t i o n ( F i g . 2 . l b ) . 

c ) I n the intermediate range, the e l e c t r o n d i s t r i b u t i o n w i l l l a g 

behind the p o t e n t i a l wave and hence w i l l be dragged along by the wave 

( F i g . 2 . 1 c ) . T h i s means t h a t energy w i l l be t r a n s f e r r e d from the wave to 

the e l e c t r o n s . Consequently the wave l o s e s energy ( i s a t t e n u a t e d ) and 

the e l e c t r o n s gain k i n e t i c energy. The e l e c t r i c c u r r e n t produced i s 

H 

the a c o u s t o e l e c t r i c c u r r e n t . 

d) Suppose now that an e x t e r n a l e l e c t r i c f i e l d i s a p p l i e d such as to 

give the e l e c t r o n s an average d r i f t v e l o c i t y = ME^ i n the d i r e c t i o n of 

the wave propagation (M i s the e l e c t r o n m o b i l i t y ) . 
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I f v > v (v i s the sound v e l o c i t y ) , the e l e c t r o n s have a a s s 

tendency to move more r a p i d l y than the wave and are r e t a r d e d by the 

p o t e n t i a l wave. T h i s r e s u l t s i n an accumulation of e l e c t r o n s on the 

fr o n t of the p o t e n t i a l hollows ( F i g . 2 . I d ) , and the a c o u s t o e l e c t r i c 

c u r r e n t changes s i g n . The average power t r a n s f e r r e d from the wave w i l l 

be n e g a t i v e i n s i g n , i n d i c a t i n g t h a t a m p l i f i c a t i o n w i l l now occur. 

2.4 Experimental Observation of E l e c t r o n - A c o u s t i c I n t e r a c t i o n i n 

Cadmium Sulphide 

I n 1960, Nine"* reported the o b s e r v a t i o n of u l t r a s o n i c a t t e n u a t i o n 

i n hexagonal CdS c r y s t a l s which was v e r y s e n s i t i v e to changes i n the 

e l e c t r i c a l c o n d u c t i v i t y . S h o r t l y a f t e r Nine's r e s u l t Hutson^ showed 

tha t cadmium sulphide i s more p i e z o e l e c t r i c than quartz and e x p l a i n e d 

Nine's r e s u l t on the b a s i s of the coupling of the photoconduction 

e l e c t r o n s with the a c o u s t i c waves. Hutson, MeFee and White^ (1961) 

then used the strong p i e z o e l e c t r i c coupling i n CdS to obtain u l t r a ­

s o n i c a m p l i f i c a t i o n i n the presence of an e x t e r n a l l y a p p l i e d d r i f t f i e l d . 

The experimental arrangement of Hutson e t a l ^ i s shown i n F i g . 2 . 2 . 

One microsecond p u l s e s of 15 Mc/j(or 45 Me/J produced shear waves i n the 

upper y- c u t quartz transducer which passed down through the CdS c r y s t a l 

and were de t e c t e d a t the lower t r a n s d u c e r . The CdS c r y s t a l was 

o r i e n t e d so t h a t the shear wave was p i e z o e l e c t r i c a l l y a c t i v e , i . e . 

the shear wave propagated i n a plane p e r p e n d i c u l a r to the CdS hexagonal 

a x i s w i t h p a r t i c l e displacement along the hexagonal a x i s . Conduction 
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e l e c t r o n s were produced i n the sample by i l l u m i n a t i o n w i t h y e l l o w 
o 

l i g h t (5770A) from a high pressure mercury arc. Under i l l u m i n a t i o n 
4 5 

the sample r e s i s t i v i t y was i n the range of 10 to 10 ohm cm. I n the 

'dark' the sample was e s s e n t i a l l y i n s u l a t i n g . D i f f u s e d indium contacts 

were made over the whole of the top and bottom surfaces of the CdS. 

A d r i f t v oltage pulse of approximately 5 microsecond d u r a t i o n was 

app l i e d between these contacts during the time of t r a n s i t (~4 V sec) of 

the s i g n a l through the CdS. 

The observed e f f e c t s of the e l e c t r o n d r i f t on the u l t r a s o n i c 

a t t e n u a t i o n i s shown i n Fig.2.3a. P o s i t i v e values of the d r i f t f i e l d 

mean t h a t the el e c t r o n s are d r i f t i n g i n the d i r e c t i o n of sound 

propagation. For d r i f t f i e l d s greater than 700 volts/cm the u l t r a ­

sonic a t t e n u a t i o n becomes negative, i . e . the output s i g n a l i s l a r g e r 

than the s i g n a l obtained i n the dark. Zero dB represents the 

a t t e n u a t i o n i n the dark. Maximum gains of 25 dB/cm at 15 Mc/s and 55 
4 

dB/cm at 45 Mc/s were obtained w i t h a r e s i s t i v i t y of 10 ohm-cm. 

2.5 Theory of U l t r a s o n i c A m p l i f i c a t i o n ( s m a l l - s i g n a l ) 

The i n t e r a c t i o n of acoustic waves w i t h mobile c a r r i e r s w i l l be 

discussed f o r the case where k 1 « 1 (k = 2TT/A, where A i s the 
s s 

acoustic wavelength, and 1 i s the mean f r e e path of the c a r r i e r s ) . 

At u l t r a s o n i c frequencies, A i s u s u a l l y l a r g e compared w i t h 1 so t h a t 

k g l i s considerably less than u n i t y . I n t h i s case the theory was 
g 

developed by Hutson and White and extended to the case where e x t e r n a l 
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e l e c t r i c f i e l d s are a p p l i e d by White. 

The main o b j e c t of the c a l c u l a t i o n s was to f i n d the modified 

e l a s t i c constant, which because of i n t e r a c t i o n w i t h the e l e c t r o n s , w i l l 
ou 

b e / f u n c t i o n of the p r o p e r t i e s of the charge c a r r i e r s ( c a r r i e r d e n s i t y , 

m o b i l i t y and d r i f t v e l o c i t y ) . 

[For d e f i n i t e n e s s the c a r r i e r s w i l l be r e f e r r e d to as ' e l e c t r o n s ' . 

The theory however, a p p l i e s e q u a l l y w e l l to mobile h o l e s . ] 

Consider a p i e z o e l e c t r i c semiconductor under an a p p l i e d e l e c t r i c 

f i e l d E^, i n which only c u r r e n t s and l o n g i t u d i n a l a c o u s t i c t r a v e l l i n g 

waves i n the x d i r e c t i o n are taken i n t o account (t h e one-dimensional 

c a s e ) . 

The c u r r e n t d e n s i t y ( f o r e x t r i n s i c n-type m a t e r i a l ) can be 

w r i t t e n as 
9n 

J = Mq(n + n ) ( E + E j + qD -g-^ 2.7 s d ox 

where /J i s the m o b i l i t y and q the charge of an e l e c t r o n ; n i s the mean 

c a r r i e r c o n c e n t r a t i o n , D i s the c a r r i e r d i f f u s i o n c o n s t a n t , E i s the 

wave-periodic l o n g i t u d i n a l e l e c t r i c f i e l d accompanying a t r a v e l l i n g 

wave due to the p i e z o e l e c t r i c e f f e c t , and n i s the v a r i a t i o n i n the r ' s 

d e n s i t y of conduction e l e c t r o n s caused by the a c o u s t i c wave. 

The small s i g n a l theory of a c o u s t i c l o s s or gain was developed 

u s i n g 

3D / 9 X = -qn, Poisson's equation 
9n 

and 9 j / 9 x = q -=— the c o n t i n u i t y equation 
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t o o b t a i n the displacement D i n terms of E from eqn. 2.7. This was 

then s u b s t i t u t e d i n the p i e z o e l e c t r i c equation 

D = 6E + eS 

to f i n d E(S). This s e l f c o n s i s t e n t f i e l d was then s u b s t i t u t e d i n 

T = cS - eE 

to o b t a i n a complex e l a s t i c constant c*, which describes the anomolous 

d i s p e r s i o n of the acoustic wave. 

Neglecting the term n gE i n the l i n e a r (small s i g n a l ) treatment the 

a t t e n u a t i o n ( a m p l i f i c a t i o n ) f a c t o r becomes 

a _ R °. 2.8 
2. V V 1 + ( " c / y u ) 2 ( l +w2/uc W D ) 2 

s 

2 2 
where K = e / c f i s the electromechanical coupling constant 

QT 
to = — cr i s the e l e c t r i c a l c o n d u c t i v i t y , to t h a t u i s c e

 J ' c 
the c o n d u c t i v i t y r e l a x a t i o n frequency. 

2 
v 

a = i s the ' d i f f u s i o n ' frequency; D i s d i f f u s i o n 
D D 

constant 

v d y = 1 i s the d r i f t parameter and v, = /̂ E, the v a . d s 

Ohmic d r i f t v e l o c i t y of the c a r r i e r s . 

Note a changes sign when y changes sign which occurs when v > v . 
Q S 

Since a i s an a t t e n u a t i o n f a c t o r , a negative a describes the 

a m p l i f i c a t i o n of a propagating acoustic wave.when the c a r r i e r s are 
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d r i f t i n g i n the d i r e c t i o n of propagation w i t h a v e l o c i t y greater than 

the sound v e l o c i t y . 

I t should be noted i n the experimental data shown i n Fig.2.3a^ 

t h a t negative a t t e n u a t i o n ( a m p l i f i c a t i o n ) occurs at d r i f t f i e l d s greater 

than 700 volts/cm. I f / J ~ 300,700 v/cm corresponds to a d r i f t v e l o c i t y 

of 2 x 10"* cm/sec, which i s greater than the shear-wave v e l o c i t y of 

1*75 x 10^ cm/sec i n CdS. The curves i n Fig.2.3b show the u l t r a s o n i c 

a t t e n u a t i o n versus d r i f t f i e l d as c a l c u l a t e d from eqn.2.8. 

The agreement between the t h e o r e t i c a l curves of Fig.2.3b and 

experimental curves of F i g . 2.3a i s f a r from p e r f e c t . The t h e o r e t i c a l 

curves are symmetrical about the cross-over f i e l d i . e . theory p r e d i c t s 

t h a t the maximum gain should be equal t o the maximum a t t e n u a t i o n . On 

the other hand, experi m e n t a l l y the maximum gain i s found t o be 

considerably less than the maximum a t t e n u a t i o n . The discrepancy 

becomes more marked as the c o n d u c t i v i t y i s decreased (smaller 
14 7 Ele c t r o n t r a p p i n g and c r y s t a l inhomogeneity can lead t o reduced gain 

and cause considerable asymmetry i n the gain versus d r i f t f i e l d 

c h a r a c t e r i s t i c ( t r a p p i n g e f f e c t s are discussed i n Section 2.7). 

2.6 Experimental Observation of A c o u s t o e l e c t r i c c u r r e n t i n Cadmium 

Sulphide 

Using a general argument based on conservation of energy and 

momentum between t r a v e l l i n g u l t r a s o n i c waves and conduction e l e c t r o n s , 
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12 Weinreich showed t h a t the l o c a l e l e c t r i c f i e l d produced by a sound 

wave i s given by 

ae qnv 

where E i s the a c o u s t o e l e c t r i c field.oc i s the u l t r a s o n i c a t t e n u a t i o n ae * 
due to conduction e l e c t r o n s , q i s the e l e c t r o n i c charge, n the density 

of conduction e l e c t r o n s and <f) i s the energy d e n s i t y of the u l t r a s o n i c 

wave. 

Eqn. 2.9 can be expressed i n terms of a c u r r e n t density by 

m u l t i p l y i n g by the c o n d u c t i v i t y of the sample t o give 

J = CTE = 2.10 ae ae v s 

\i i s the e l e c t r o n m o b i l i t y . 

Wang's exper imen t 

Wang^ has measured the a c o u s t o e l e c t r i c c u r r e n t (Eqn. 2.10) 

produced i n a photoconductive CdS c r y s t a l . Wang's experimental 

arrangement consisted of a shear wave u l t r a s o n i c a m p l i f i e r b u i l t i n 

the c o n f i g u r a t i o n described by Hutsou et a l ^ and e s s e n t i a l l y i d e n t i c a l 

w i t h t h a t shown i n F i g . 2.2. 33 Mc^ultrasonic waves of known 

amplitude were ap p l i e d i n pulses of 10-^ sec d u r a t i o n . Synchronised 

d r i f t - v o l t a g e pulses of 100- U sec d u r a t i o n and v a r i a b l e amplitude 

could be app l i e d across the CdS c r y s t a l . Figure 2.4a shows the 

c i r c u i t c o n f i g u r a t i o n and the equivalent c i r c u i t f o r the measurement 



( uio-sasdau) ucrpcnus^qv 

CM t-H 

in m 

31? 

T J « 

O" 

U 
T J 

> 

cu 

1 
3 
O 

> 

IW 

a) 
eo 

Q) at 1 
•> CO 4J o T J 
0) o r-l •a <U 
cB I-I O > •rl 

|H U > •-I 
C T J a 

•a <u at c p. iH rt cd 4J CM 
•rt o 0) X) 1 
IW f-l CO at rH £ 4-1 •rl > cu u U rl •rl 1 
•i-l o 4J •4-1 4J U PU: 3 • 4-1 4-1 O 4J u rt 
o > 3 
0) O r-< .G 
at 
o 

3 
ca 
rt 
ai 
e 
o 

m 

C o •rl 4J rt 
rl 
3 
00 •H M-l 
c 
o 
u 
•u 
•rl 
3 
U 
U 

u 
CU 
CU 
a 

00 4-1 
a o ai 

id 
G 
rl 

v O 

CO CU CU •rl cu II 
3 r-l >M i-4 4-1 
o IW CU .̂ u t-H CU o Cu CU 4-1 
rt rt 

4-1 
a 

14-1 rt •rl 
CO CU (0 •H T J T J o C 

00 M 0) 1-1 CU 
rt rl 4-1 > cu c T J 
rl CJ o U •rl o 
cu cu CU • >44 •rl u 
> a> I-l CO >> 4J 1-1 rt rti cu rQ •-4 u O 4J 

4-1 o o CU •a c CO 
<4-l u > 3 3 
o CO to •rt rH >44 O •rl 3 u 4J rt U 
4-1 o & U c rt rt c rJ u CU rl 
cu A o CU CU 10 T J 
E rJ CO 4-1 rt c cu • u cu rt rl T J 0 u CU T J 

cu •rl f-l 
CU 
CU 
rt 
CO •rl 
|J 

U 
T J 

H 

CU 
00 
rt 
4-J 

•rl 
3 
o 
rl 
•rl 
O 

o 
> 
u 

T J 

rt 
c rl 
CU 
4-i 

cu 

•cu 

c 
cu 

cu 
rt 

c 
a) r-i rt 
•S 
3 
cr 
cu 
cu 
4J 

(0 
cu e •f-l 

cu r* 
o rl 

•a 

rO 

rl 
o 4J 
CO 
•rl 
CO 
CU 
rl 4-1 
C 
CU 
E 
cu u 
3 (fl rt 
cu 6 
cu 
rG 

10 CO 
o u 
o 
rt 

a 
o 
rl 

T J 

u 
T J w 

T J 
C 
rt 

cu 
. * 
IW 
rS 

T J 
CU 
CO 
3 
rt 
u 

a 
o u 

T J 

cu 
oo 
rt 

o > 
cu 
J3 
01 
u rt 

•4-1 
o 
c 
o •rl 
4-1 
u 

4-1 

to 
rt 

C 
o •rl 4-1 
n 
3 
3 
CU 

CU 

3 

u 

14-1 O 
u o 
•rl -,e 
H E 
4-1 m 
U I 
cu o cu 
o 4-1 CO 
3 
O 
U 
rt 

oo 

oo a> 
rt u 
cu 
> 
rt 

cu 
> u 
3 
U 

A ! 
rt 
cu 
U O 

CO 
cu 
> 
rl 
3 
O 

00 
c n 

rl 
CU 

O 

oo •rl fa 



-44-

of the average a c o u s t o e l e c t r i c f i e l d E i n CdS. Wang also measured 

acoustic a t t e n u a t i o n and the average a c o u s t o e l e c t r i c f i e l d as a f u n c t i o n 

of d r i f t f i e l d and obtained the r e s u l t s shown i n F i g . 2.4b. 

When the d r i f t v o l t a g e was zero Wang found t h a t an acoustic i n p u t 
2 

i n t e n s i t y of 1 Watt/cm produced an average a c o u s t o e l e c t r i c f i e l d of 

approximately 1 volt/cm ( F i g . 2.4b) across the c r y s t a l . This i s to be 

compared w i t h a c o u s t o e l e c t r i c f i e l d s i n the m i c r o v o l t range produced 

i n germanium'''''" by u l t r a s o n i c waves of the same i n t e n s i t y . Wang's 

experiments demonstrate d i r e c t l y t h a t a c o u s t o e l e c t r i c e f f e c t s i n CdS 

at u l t r a s o n i c frequencies are many orders of magnitude l a r g e r than i n 

no n - p i e z o e l e c t r i c semiconductors l i k e germanium. The important p o i n t 

to n o t i c e i s t h a t , the u l t r a s o n i c a t t e n u a t i o n changes sign ( t o 

a m p l i f i c a t i o n ) f o r s u f f i c i e n t l y l a r g e d r i f t f i e l d s and so does the 

average a c o u s t o e l e c t r i c f i e l d . This behaviour i s to be expected from 

Weinreich's r e l a t i o n (Eqn. 2.9), which states t h a t the a c o u s t o e l e c t r i c 

f i e l d i s p r o p o r t i o n a l to acoustic a t t e n u a t i o n . 

2.7 E f f e c t of Bound E l e c t r o n States (Traps) 

i ) On a c o u s t o e l e c t r i c c u r r e n t 

I n Wang's^ experiment ( F i g . 2.4b) the measured a c o u s t o e l e c t r i c 

f i e l d was not zero, when the acoustic a t t e n u a t i o n was zero, as would 

have been expected i f Weinreich's r e l a t i o n (Eqn. 2.9) were s t r i c t l y 

obeyed. The discrepancy should not necessarily be i n t e r p r e t e d as 
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evidence t h a t the r e l a t i o n i s not v a l i d when d r i f ^ i i e l d s are a p p l i e d . 
13 

According to Southgate and Spector the anomalous behaviour of the 

a c o u s t o e l e c t r i c f i e l d observed by Wang was caused by c a r r i e r t r a p p i n g . 

They have shown th a t the u l t i m a t e e f f e c t of c a r r i e r t r a p p i n g i s t o 

cause the a c o u s t o e l e c t r i c c u r r e n t to change sign at a d r i f t f i e l d lower 

than t h a t at which the acoustic a t t e n u a t i o n changes sign. 

I n d e r i v i n g the a t t e n u a t i o n ( a m p l i f i c a t i o n ) parameter a (Eqn. 

2.8), i t was assumed t h a t the only p e r t u r b i n g e f f e c t of the acoustic 

wave was t o produce a v a r i a t i o n , n g , i n the e q u i l i b r i u m density of 
g 

conduction e l e c t r o n s . As pointed out by Hutson and White, the acoustic 

wave w i l l also d i s t u r b the e q u i l i b r i u m p o p u l a t i o n of e l e c t r o n s r e s i d i n g 

i n bound states ( e i t h e r donors or acceptors) i n the energy gap. Hence, 

i n general, only a f r a c t i o n / o f the a c o u s t i c a l l y produced space charge, 
n exp j ( k x- w t ) , w i l l be mobile, s & f r a c t i o n ( 1 - f ) w i l l be trapped, s s * 
Hutson and White d i d not take account of any phase r e l a t i o n s h i p 
between the mobile and f r e e charge. The phase r e l a t i o n s h i p can be 

13 
taken i n t o account by considering the f r a c t i o n f to be complex, i . e . 

f = f + i f . r I 

Weinreich's r e l a t i o n (Eqn. 2.9) then becomes 
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E 2ct<ft ( u > / % ) f r - ( v D / v s ) f . 
2.11 ae nqv l - ( v D / v s ) f r - ( « / . D ) f l 

2 where v, = / J E , and the d i f f u s i o n frequency w„ = v /D, E i s the d d D s ae 
ac o u s t o e l e c t r i c f i e l d . 

I n the absence of t r a p p i n g , the r e a l p a r t of f = f = 1 and the 

imaginary p a r t of f = f ^ = 0 and eqn. 2.11 reduces to the ord i n a r y 

Weinreich r e l a t i o n . When trapping occurs the c o e f f i c i e n t of 

p r o p o r t i o n a l i t y between a and E & E becomes dependent on both the 

frequency u and the e l e c t r o n d r i f t v e l o c i t y v^. This i s because both 

the f r e e and the trapped space charge c o n t r i b u t e to the a m p l i f i c a t i o n 

c o e f f i c i e n t a, while only the f r e e space charge c o n t r i b u t e s t o the 

a c o u s t o e l e c t r i c f i e l d . Since only a f r a c t i o n f of the space charge 

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

depends upon f . 

I t f o l l o w s t h e r e f o r e t h a t when tra p p i n g occurs, the f i e l d s a t 

which a and E pass through zero ( t h e cross-over p o i n t ) w i l l not be 

i d e n t i c a l . The absorption c o e f f i c i e n t passes through zero, when 
ae 

( V J V ) • n = [ i - ( a / O f • ] / f d s oc=0 D l r 

while the a c o u s t o e l e c t r i c f i e l d passes through zero when 

ae 
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when f . = 0 . the a and E c r o s s - o v e r p o i n t s c o i n c i d e . When f . j* 0 l ' ae i 
they a r e d i s p l a c e d from one another. 

i i ) On a c o u s t i c a t t e n u a t i o n ( a m p l i f i c a t i o n ) 

The agreement between the u l t r a s o n i c a t t e n u a t i o n as a f u n c t i o n of 

d r i f t f i e l d observed by Hutson e t a l ^ ( F i g . 2.3a) and the t h e o r e t i c a l 
g 

u l t r a s o n i c a t t e n u a t i o n curves c a l c u l a t e d from Eqn. 2.8 ( F i g . 2.3b) i s 
g 

f a r from p e r f e c t . According to White's theory the maximum u l t r a s o n i c 

gain, a , should be equal to the maximum u l t r a s o n i c a t t e n u a t i o n , ' max ' 
a . i . e . the a t t e n u a t i o n v e r s u s d r i f t f i e l d curves should be mm 
symmetrical about the Cross-over f i e l d . Experimental o b s e r v a t i o n ^ on 

the other hand shows that a i s c o n s i d e r a b l y l e s s than a . and a l s o 
max ' min 

l e s s than p r e d i c t e d gain. The dis c r e p a n c y g e n e r a l l y becomes more pro­

nounced . as the i l l u m i n a t i o n l e v e l of the c r y s t a l i s decreased. 

E l e c t r o n trapping can l e a d to reduced gain and c o n s i d e r a b l e asymmetry 
13 

of the ga i n v e r s u s d r i f t f i e l d c h a r a c t e r i s t i c s . Uchida e t a l have 
g 

g e n e r a l i z e d the l i n e a r theory, to i n c l u d e a f i n i t e r e l a x a t i o n time, r , 

f o r the trapping of the e l e c t r o n s i n t o bound s t a t e s . 

Hutson and White amended the e x p r e s s i o n 2.7 to read 

9 n s 
J = q/j (n + fn ) ( E + E . ) + q D f - r - ^ 2.12 s d o x 

where f i s the f r a c t i o n of the space charge which i s mobile. They 

con s i d e r e d only those bound s t a t e s which could a t t a i n e q u i l i b r i u m with 

the conduction band i n times s h o r t compared with the p e r i o d of the 
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acoustic wave. I n t h i s case f i s a r e a l number between 0 and 1. As 

can be seen from the expression f o r cu r r e n t d e n s i t y , 2.12, the d r i f t 

parameter y has to be re d e f i n e d as 

y = 1 -
v 
s 

v , ( e f f . ) 
- 1 - ^ 4 2.13 

s 

and the d i f f u s i o n frequency as 
2 

v 
s 

- » " V 
The e f f e c t i v e d r i f t m o b i l i t y i s now f ^ . I f f << 1, w i l l have 

to be made q u i t e l a r g e compared w i t h v / f i i n order to achieve 
s 

a m p l i f i c a t i o n (y < 0 ) . 
13 8 Uchida e t a l have extended the treatment of Hutson and White 

by assuming an a r b i t r a r y bound s t a t e e q u i l i b r a t i o n time T. They show 

that f should have the form 

f - J«T 
f = 

1 - jWT 

bf 

1 + i j a 

where a i s Imf/Ref, and i s a measure of the phase d i f f e r e n c e between 

the t o t a l space-charge bunching and the bound-state bunching; a as 

w e l l as b, i s frequency dependent. 
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S u b s t i t u t i n g f i n t o eqn. 2.8, the modified t r a p - c o n t r o l l e d 

a m p l i f i c a t i o n f a c t o r becomes 

0) , / ft>2 , (0 \ _ -=- + a 1 a I 2 i ft) V ft) ft) ft) / 
a- = c J 2.14 

S/
rJL. a Y + ( 1 + J L + JL a) 

w
c / V W c W d o)c / 

Here V = 1 -
bf *iE J o d 

and b f D o 

I f a = 0 a' becomes equal t o a. The r a t i o of maximum a m p l i f i c a t i o n to 

the maximum a t t e n u a t i o n as c a l c u l a t e d from eqn. 2.13 i s 

a max 
a . 

m m 

^ 1 + a 2 - a 
T/ 1 1 + a 2 + a 

2.15 

and the asymmetry r e f e r r e d t o above i s apparent. 

The parameter a i s a measure of the phase angle between the 

bunches of electrons i n the conduction band and the bunching of elec t r o n s 
13 

i n the bound s t a t e s . Uchida e t a l showed t h a t a tends to become la r g e 

when the concentration of conduction ele c t r o n s i s small (low l i g h t 

i n t e n s i t y ) . Their measurements of u l t r a s o n i c gain as a f u n c t i o n of 
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d r i f t f i e l d are shown i n F i g . 2.5b. The l a r g e s t gain and the most 

symmetric curve correspond to the highest c o n d u c t i v i t y . 

For comparison w i t h these data F i g . 2.5a shows curves c a l c u l a t e d 

from eqn. 2.14, which includes the e f f e c t of t r a p p i n g . 

The agreement between theory and experiment shows t h a t e l e c t r o n 

t r a p p i n g i s a major cause of the redu c t i o n i n the gain and the 

asymmetry at low c a r r i e r concentrations. Trapping also causes the 

'cross-over' d r i f t f i e l d to increase as c a r r i e r concentration 

decreases ( F i g . 2.5a). 
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PART B 

PHENOMENA ARISING FROM ULTRASONIC AMPLIFICATION 

Subsequent to the discovery of u l t r a s o n i c a m p l i f i c a t i o n 

(discussed i n Part A ) , several new phenomena were observed which are 

r e l a t e d to a c o u s t o e l e c t r i c p r o p e r t i e s of p i e z o e l e c t r i c semi­

conductors. These i n c l u d e : 

16 18 
i ) Non-linear e l e c t r o n - l a t t i c e i n t e r a c t i o n 

. . v „ . „. 19-21 n ) Harmonic generation 
14 

i i i ) Non-Ohmic behaviour 

i v ) Current o s c i l l a t i o n s ^ 

v ) H i g h - f i e l d domains''""' 

2.8 Non-linear E f f e c t s 

Experimental i n v e s t i g a t i o n o f the a m p l i f i c a t i o n o f ultrasound by 

supersonic e l e c t r o n s i n semiconductors has shown t h a t i f the 

a m p l i f i c a t i o n i s l a r g e enough c e r t a i n non-linear phenomena appear. I n 

Part A acoustic wave propagation was solved i n a l i n e a r approximation 

(Eqn. 2.8). The l i n e a r case << 1, applies i n the case of small 

acoustic wave amplitudes. I n the process of a m p l i f i c a t i o n the 

amplitude of the sound increases by many orders of magnitudes, so th a t 
16 

non-linear i n t e r a c t i o n becomes important. 

The source of non-linear i n t e r a c t i o n i n p i e z o e l e c t r i c d i e l e c t r i c s 

i s the non-linear dependence of stress on s t r a i n and on e l e c t r i c f i e l d , 
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i . e . the v i o l a t i o n of Hookd's law. I n semiconductors u l t r a s o n i c waves 

i n t e r a c t s t r o n g l y w i t h the c a r r i e r s and n o n - l i n e a r i t i e s of pure 

e l e c t r o n i c o r i g i n are u s u a l l y more important. 

w i t h acoustic waves i n p i e z o e l e c t r i c semiconductors. According to 

Gurevich''"^ the non-linear a m p l i f i c a t i o n f a c t o r a can be expressed 

(WT >> 1) as, 

where oĉ  i s c a l l e d the l o c a l a m p l i f i c a t i o n f a c t o r , which i s dependent 

on the l o c a l sound i n t e n s i t y only, i s the non-local a m p l i f i c a t i o n 

f a c t o r . I t depends on the magnitude of the sound i n the other p a r t s 

of the c r y s t a l , owing to the a c o u s t o e l e c t r i c e f f e c t and corresponding 

r e d i s t r i b u t i o n of the e l e c t r i c f i e l d along the sample. (<f> i s sound 

i n t e n s i t y and L i s the le n g t h of the c r y s t a l ) . 

Non-linear i n t e r a c t i o n s lead to a r e s t r i c t i o n on the maximum 

value of the absolute a m p l i f i c a t i o n of ultrasound. Harmonic generation 
15 14 formation of h i g h - f i e l d domains and i n s t a b i l i t y i n the c u r r e n t are 

a l l associated w i t h the e f f e c t s of non-linear e l e c t r o n - a c o u s t i c i n t e r ­

a c t i o n s . 

2.9 Harmonic Generation 

Harmonic generation v i a the e l e c t r o n sound wave i n t e r a c t i o n has 
19-21 19 been observed by several authors. ~ I t has been shown (Kroger ) 

A number of authors 16-18 have given non-linear theories d e a l i n g 

a = a. £ ( x ) + oc0 =- / 0 ( x ) dx 
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t h a t the strong acoustic harmonics produced i n photoconductive cadmium 

sulphide are the r e s u l t of n o n - l i n e a r i t i e s i n the e l e c t r o n - l a t t i c e 

i n t e r a c t i o n . The amplitude of the second harmonic was observed to be 

dependent on the e l e c t r o n d e n s i t y and the a p p l i e d e l e c t r i c f i e l d . The 

harmonic amplitude was found to increase r a p i d l y as the e l e c t r o n 

d r i f t v e l o c i t y exceeded the v e l o c i t y of sound. 

I n d i e l e c t r i c s ( p i e z o e l e c t r i c ) the n o n - l i n e a r i t y of the e l a s t i c 

p r o p e r t i e s appears i n the form of d e v i a t i o n s from Hook^fe law. The non-

l i n e a r i t y produces higher harmonics during the propagation of sound and 

i t may generate 'shock-waves'. Also as the power i n the second 

harmonic i s b u i l t up, the second harmonic w i l l i n t e r a c t w i t h the 
22 

fundamental t o produce t h i r d harmonics, and so on (Hutson ) . 
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2.10 Non-Ohmic Behaviour 

The observation of c u r r e n t s a t u r a t i o n i n CdS was f i r s t reported by 
14 

Smith. I n general, s a t u r a t i o n i s observed when a rectangular pulse i s 

a p p l i e d to the c r y s t a l and the s e r i e s c u r r e n t i s monitored on an 

o s c i l l o s c o p e . With low pulsed voltages the c u r r e n t i s p r o p o r t i o n a l t o 

the v o l t a g e , so t h a t the sample i s Ohmic i n behaviour. As the voltage 

i s r a i s e d , and provided the e l e c t r i c a l f i e l d i s greater than a c r i t i c a l 

v a lue, the c u r r e n t pulse i s observed to decay i n an o s c i l l a t o r y fashion to 

i t s saturated value. A t y p i c a l decaying o s c i l l a t o r y pulsed c u r r e n t 

under saturated c o n d i t i o n s i s shown i n F i g . 2.7. Fig.2.6 i l l u s t r a t e s a 

t y p i c a l set of c u r r e n t - v o l t a g e curves under the s a t u r a t i o n c o n d i t i o n s . 

These measurements were made i n the course of the work described i n 

t h i s t h e s i s . 

The time necessary f o r the onset of c u r r e n t s a t u r a t i o n a f t e r 

a p p l i c a t i o n of the f i e l d pulse depends on the magnitude of the 
23 

c o n d u c t i v i t y of the specimen and the r i s e time of the i n p u t pulse. 

I n general, the b u i l d up time i s longer f o r smaller c o n d u c t i v i t i e s and 

long r i s e times. 

The i n i t i a t i o n of c u r r e n t s a t u r a t i o n and the accompanying 

i n s t a b i l i t y i n the c u r r e n t are b u l k e f f e c t s , which are independent of 

contact c o n d i t i o n s . This can be deduced from the f o l l o w i n g f a c t s : 

a) changing the e l e c t r o n d e n s i t y w i l l change the t o t a l amount of 

c u r r e n t , but the c r i t i c a l f i e l d f o r c u r r e n t s a t u r a t i o n remains constant; 
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b) Changing the duty cycle e i t h e r by changing the pulse l e n g t h or 

the r e p e t i t i o n r a t e of both has no e f f e c t on the c r i t i c a l f i e l d . 

This e l i m i n a t e s any possible c o n t r i b u t i o n from thermal heating to the 

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

c) A. comparison of the estimated e l e c t r o n d r i f t v e l o c i t y a t the 

c r i t i c a l f i e l d f o r s a t u r a t i o n w i t h the v e l o c i t y of the acoustic waves 

i n the c r y s t a l provides strong evidence t h a t the s a t u r a t i o n e f f e c t i s 

acoustic i n o r i g i n . 

The existence of s a t u r a t i o n i n the c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s 

of semiconductors i s not a new phenomenon, and has been explored 
24 25 

p r e v i o u s l y . ' However, the e f f e c t r e p orted p r e v i o u s l y occurred 

w i t h e l e c t r o n d r i f t v e l o c i t i e s of the order of the thermal v e l o c i t i e s 

of the e l e c t r o n s i n the l a t t i c e and hence, are r e f e r r e d to as 'hot-

e l e c t r o n e f f e c t s ' . They are, i n f a c t , due to e l e c t r o n h e a t i n g , which 

i s caused by the i n s t a b i l i t y of the r e l a x a t i o n processes t o c a r r y 

away the energy which the e l e c t r o n s receive from the e l e c t r i c f i e l d . 

Such hot e l e c t r o n e f f e c t s r e q u i r e higher f i e l d s than those observed 

i n cadmium sulphide. 
Features which d i s t i n g u i s h the phonon b u i l d up i n CdS from 'hot-

24 25 
e l e c t r o n e f f e c t s ' ' can be described as ( 1 ) a d i s t i n c t i v e t h r e s h o l d 

14 
d r i f t v e l o c i t y , above which the c u r r e n t i s less than the Ohmic value 

26 

( 2 ) a marked s e n s i t i v i t y t o c a r r i e r c o n c e n t r a t i o n , ( 3 ) a response 

time of the c u r r e n t to the ap p l i e d voltage (about s i x orders of 
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magnitude slower than hot e l e c t r o n phenomena) due to the long b u i l d up 

time of phonons and a m p l i f i c a t i o n ( 4 ) s e l f - g e n e r a t i o n of non uniform 

e l e c t r i c fields*'"' (domain f o r m a t i o n ) . 

i ) A c o u s t o e l e c t r i c Explanation of Non-Ohmic Behaviour 

Current s a t u r a t i o n can be explained i n terms of a general discussion 

of the a c o u s t o e l e c t r i c e f f e c t under the con d i t i o n s where the d r i f t 
22 

v e l o c i t y of the el e c t r o n s exceeds the v e l o c i t y of sound. 

I n p i e z o e l e c t r i c c r y s t a l s l i k e cadmium sulphide the electrons and 

the acoustic waves are the two i n t e r a c t i n g systems which exchange 

energy and momentum. When the e l e c t r o n d r i f t v e l o c i t y i s greater than 

the v e l o c i t y of sound, the el e c t r o n s feed energy i n t o the acoustic 

waves, and the forward momentum of the e l e c t r o n d i s t r i b u t i o n i s thereby 

depleted. .This loss of forward momentum represents an e l e c t r o n f l o w 

( t h e a c o u s t o e l e c t r i c c u r r e n t ) which i s counter to the d i r e c t i o n of 

d r i f t . 
22 

Hutson has explained c u r r e n t s a t u r a t i o n as due to the 

exaggerated a c o u s t o e l e c t r i c c u r r e n t ^ accompanying the u l t r a s o n i c f l u x 

b u i l d up under a m p l i f y i n g c o n d i t i o n s . This turns out to be u s e f u l since 

i t can also e x p l a i n a more complicated and outwardly d i f f e r e n t e f f e c t 
27 28 noted by Esaki i n bismuth. Moore has shown experimentally t h a t both 14 27 Smith-type cur r e n t s a t u r a t i o n and the Esaki e f f e c t (which might be 

termed voltage s a t u r a t i o n ) can be observed i n the same CdS c r y s t a l . 

Moore's experiment provides evidence f o r the b a s i c a l l y s i m i l a r nature 
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of the two phenomena. The a c o u s t o e l e c t r i c explanation of the non-Ohmic 

behaviour of p i e z o e l e c t r i c semiconductors w i l l be discussed f u r t h e r 

below. 

Wang^ has measured the a c o u s t o e l e c t r i c currents produced i n a 

photoconductive c r y s t a l of CdS ( F i g . 2 . 4 ) . His experiments demonstrate 

d i r e c t l y t h a t the a c o u s t o e l e c t r i c e f f e c t s i n CdS at u l t r a s o n i c 

frequencies are many orders of magnitude l a r g e r than i n n o n - p i e z o e l e c t r i c 

semiconductors. The measured average a c o u s t o e l e c t r i c f i e l d as a 

f u n c t i o n of d r i f t f i e l d shows t h a t the u l t r a s o n i c a t t e n t u a t i o n changes 

sign ( a m p l i f i c a t i o n occurs) f o r s u f f i c i e n t l y l a r g e d r i f t f i e l d s as does 

the average a c o u s t o e l e c t r i c f i e l d . 

According to Weinreich's r e l a t i o n (Eqn. 2.9) the a c o u s t o e l e c t r i c 

f i e l d i s p r o p o r t i o n a l to the acoustic a t t e n u a t i o n and acoustic f l u x 

d e n s i t y . The spontaneous growth of acoustic energy i n CdS under 

a m p l i f y i n g conditions has been noted by Hutson et a l ^ i n t h e i r o r i g i n a l 

a m p l i f i c a t i o n experiment. 

One process by which the pulse of acoustic f l u x may be generated i s 

v i a an abrupt a p p l i c a t i o n of a dc f i e l d . The f l u x d e n s i t y increases as 
22 

i t moves through the c r y s t a l . A three phonon process i n v o l v i n g the 

non l i n e a r i n t e r a c t i o n of acoustic waves w i t h electrons (harmonic 

generation) may be responsible f o r the establishment of a steady s t a t e 

d i s t r i b u t i o n of sound waves. The e f f e c t of the process i s t h a t a p a i r 

of a m p l i f i e d waves produce a t h i r d wave at sum frequency, such t h a t the 
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sum frequency i s higher than the highest frequency f o r which a l i n e a r 

gain exceeds a l i n e a r l o s s . 

The f l u x may also b u i l d up during the process of a m p l i f i c a t i o n of 

the thermal l a t t i c e v i b r a t i o n s (phonons) which must be present. The 

growth of acoustic f l u x w i l l continue u n t i l a non-linear loss mechanism 
22 

sets i n t o d i s s i p a t e the acoustic energy as f a s t as i t i s generated. 

I n view of Wang's measurements, i t would be expected t h a t 

spontaneously generated acoustic waves should be accompanied by 
23 

measurable a c o u s t o e l e c t r i c c u r r e n t s . I n v e s t i g a t i o n s by McFee have 

shown t h a t the a c o u s t o e l e c t r i c c u r r e n t accompanying the spontaneously 

generated acoustic waves can be comparable to the d r i f t c u r r e n t . I n 

other words, the d r i f t c u r r e n t s a t u r a t i o n was found to accompany the 
spontaneous growth of acoustic energy. 

23 

McFee has also shown t h a t c u r r e n t s a t u r a t i o n and growth of 

acoustic energy are s t r o n g l y c o r r e l a t e d . This observation confirms 

t h a t acoustic wave a m p l i f i c a t i o n and b u i l d up of acoustic f l u x are 

responsible f o r the c u r r e n t s a t u r a t i o n . Figure 2.7 shows, the d r i f t 

v o l t a g e , d r i f t c u r r e n t and the accompanying b u i l d up of acoustic waves 

(as a f u n c t i o n of time) i n a CdS c r y s t a l under a m p l i f y i n g c o n d i t i o n s . 

The strong s i m i l a r i t y between the growth of the u l t r a s o n i c f l u x and 

the decay of the d r i f t c u r r e n t i s evident. 

The c u r r e n t density i n a p i e z o e l e c t r i c c r y s t a l i n terms of the 

a p p l i e d d r i f t f i e l d E, and the a c o u s t o e l e c t r i c f i e l d E i s (Eqn. 2.7) 
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on 
J = |jq(n + n g ) ( E d + E) + qD ^ 

where n i s the average e l e c t r i c c o n c e n t r a t i o n , n g i s the v a r i a t i o n i n 

the d e n s i t y of conduction e l e c t r o n s caused by the acoustic waves. 

Neglecting the d i f f u s i o n term, i . e . the second term i n the r i g h t hand 

side , the dc a c o u s t o e l e c t r i c c u r r e n t accompanying the steady s t a t e 

acoustic f l u x a r i s e s simply from the term n gE. The cu r r e n t d e n s i t y 

can be w r i t t e n 

J = J + J A 1 7 o AE 

where J = MqngE i s the a c o u s t o e l e c t r i c component of the c u r r e n t . 

When the applied f i e l d E^ exceeds the threshold value r e q u i r e d f o r 

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

to the Ohmic c u r r e n t J q = fiqnE^ and subt r a c t s from J q t o produce the 

'kink' i n the c u r r e n t - v o l t a g e curve. 

i i ) Threshold d r i f t f i e l d and C r y s t a l O r i e n t a t i o n 
23 

I t has been shown t h a t i n CdS the threshold d r i f t f i e l d f o r 
a m p l i f i c a t i o n of a l o n g i t u d i n a l wave equals the c a l c u l a t e d value v I'A 

s H 

when i s the l o n g i t u d i n a l sound v e l o c i t y . However, non-Ohmic 

behaviour and a b u i l d up of u l t r a s o n i c f l u x f o r the same sample begin 

to appear a t d r i f t f i e l d which i s only about one-half of t h a t a t the 

a m p l i f i c a t i o n t h r e s h o l d . 
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McFee , f o l l o w i n g an idea of Hutson, put forward the f o l l o w i n g 

suggestion to e x p l a i n the apparently c o n t r a d i c t o r y r e s u l t s : 

The departure from Ohmic behaviour which i s observed iS brought 

about by the a m p l i f i c a t i o n of shear-waves i n s t e a d of l o n g i t u d i n a l 

sound-waves. Although shear waves propagating along the hexagonal a x i s 

do not couple w i t h the d r i f t i n g c a r r i e r s , " o f f - a x i s ' shear waves whose 

wave vectors make f i n i t e angles w i t h the hexagonal a x i s , w i l l have a 

f i n i t e coupling w i t h the c a r r i e r s . 

Conclusion 

McFee's experimental evidence, taken together w i t h Wang's 

observations, seem to lead q u i t e n a t u r a l l y to the conclusion, t h a t the 

decay of the d r i f t c u r r e n t under pulsed c o n d i t i o n s i s simply caused by 

the a c o u s t o e l e c t r i c c u r r e n t which accompanies the b u i l d up of the 

u l t r a s o n i c f l u x . 
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2.11 Other possible explanations 
29 30 

Tsu and Ashley have suggested that 'Cerenkov' r a d i a t i o n w i l l 

provide an a d d i t i o n a l mechanism f o r the loss of momentum of the e l e c t r o n s 

when the d r i f t v e l o c i t y exceeds the v e l o c i t y of sound. This c o n d i t i o n 

would be s u f f i c i e n t f o r a 'kink' to occur. However, a q u a n t i t a t i v e 

e v a l u a t i o n of the i n t e n s i t y of 'Cerenkov' r a d i a t i o n i n d i c a t e s t h a t i t 

i s too small to account f o r the observed change i n the apparent 
resistance by several orders of magnitude. 

31 

Prohofsky has put forward a theory of non-Ohmic behaviour t h a t 

involves the a m p l i f i c a t i o n and non-linear p i e z o e l e c t r i c i n t e r a c t i o n of 

high-frequency acoustic phonons (WT > 1 ) . The theory r e q u i r e s t h a t 

there be a net gain a t room temperature f o r phonon modes w i t h 

frequencies i n the range 1 0 ^ - 1 0 ^ cycle/sec. Because of the r a p i d 

increase of phonon losses w i t h i n c r e a s i n g frequency, i t appears 

d o u b t f u l whether net gain could be r e a l i s e d a t these high frequencies. 

On the other hand, net gain has been observed at u l t r a s o n i c frequencies.^ 

Experimental evidence would t h e r e f o r e seem to favour a theory i n v o l v i n g 

low frequency acoustic waves. 
32 

A q u a n t i t a t i v e s o l u t i o n has been attempted by Grinberg . He 

assumed i n d e r i v i n g the formula f o r c u r r e n t voltage c h a r a c t e r i s t i c 

t h a t the a m p l i f i c a t i o n of ultrasound i s r e s t r i c t e d by the s a t u r a t i o n 

i n the d r i f t v e l o c i t y and the excess power developed i n the specimen 

f o r v > v goes to produce heat, not t o produce ultrasound. 
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One reason t h a t a complete s o l u t i o n has not been obtained i s t h a t 

waves over a band of frequencies w i l l be involved. Each wave 

experiences a s l i g h t l y d i f f e r e n t gain and has a d i f f e r e n t r e f l e c t i o n 

c o e f f i c i e n t a t the c r y s t a l boundaries. 

2.12 The Second Current Satu r a t i o n 
35 36 Rannestad and Uchida et a l have observed two l e v e l s of c u r r e n t 

s a t u r a t i o n . The second s a t u r a t i o n has been a t t r i b u t e d t o the o f f - a x i a l 

a m p l i f i c a t i o n of sound waves. I f the o f f - a x i a l mode of a m p l i f i c a t i o n 

were o p e r a t i v e , there would probably not be two d i s t i n c t l e v e l s of 

c u r r e n t s a t u r a t i o n . Since the v e l o c i t y of sound would then vary mono-

t o n i c a l l y from the value corresponding to shear waves to t h a t of 

l o n g i t u d i n a l waves and the threshold f o r c u r r e n t s a t u r a t i o n would vary 

monotonically. 
33 

Diakonov and I l i s a v s k y are of the o p i n i o n t h a t two l e v e l s of 

c u r r e n t s a t u r a t i o n are t o be expected i f the r e f l e c t e d waves are taken 

i n t o c o n s i d e r a t i o n . A f t e r the forward f l u x has grown s u f f i c i e n t l y , the 

amplitude of the r e f l e c t e d waves achieves such a magnitude t h a t the 

accompanying a c o u s t o e l e c t r i c c u r r e n t begins to play a s i g n i f i c a n t r o l e . 

The c u r r e n t would have to be subtracted from the f i r s t s a t u r a t i o n 

c u r r e n t . The second l e v e l of c u r r e n t s a t u r a t i o n would then be observed. 
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2.13 Current O s c i l l a t i o n s 

I n some CdS c r y s t a l s fax&tte a m p l i f y i n g s t a t e , the i n i t i a l decay 

i n the cu r r e n t from the Ohmic value t o a saturated value reverses and 
as 14 undergo/several or even continuous o s c i l l a t i o n s i n time. This 

s i t u a t i o n i s i l l u s t r a t e d i n Fig . 2.7. The succeeding c u r r e n t peaks 

are u s u a l l y lower than the i n i t i a l peak, which a t t a i n s the Ohmic value. 

The amplitude of the o s c i l l a t i o n s has been observed to decay w i t h time 

or remain constant, depending on the magnitude of the d r i f t v o l t a g e , 

the l e v e l of i l l u m i n a t i o n , the u n i f o r m i t y of i l l u m i n a t i o n , and the 

homogeneity of the c r y s t a l . The o s c i l l a t i o n s are d i r e c t l y r e l a t e d 

t o the b u i l d up of acoustic f l u x i n the c r y s t a l and the accompanying 

a c o u s t o e l e c t r i c c u r r e n t . 

S i m i l a r types of c u r r e n t o s c i l l a t i o n have been observed i n non-

p i e z o e l e c t r i c c r y s t a l s of n-type GaAs or InP under e l e c t r i c f i e l d s of 

a few thousand v o l t s cm ^. The d r i f t v e l o c i t y i n these m a t e r i a l s 
7 -1 

becomes about 10 cm sec f o r t h i s a p p l i e d f i e l d , which i s much f a s t e r 

than the v e l o c i t y of sound. The d r i f t v e l o c i t y i s comparable t o the 

zero f i e l d thermal v e l o c i t y of 2*5 x 10^ cm sec ^ so t h a t the e l e c t r o n 

system w i l l be i n a hot e l e c t r o n s t a t e . 

I n p i e z o e l e c t r i c c r y s t a l s l i k e CdS, the magnitude of the acousto-
12 

e l e c t r i c f i e l d i s p r o p o r t i o n a l to the l o c a l acoustic f l u x d e n s i t y . 

The magnitude of the f l u x a t a given p o i n t w i t h i n the c r y s t a l i s 

determined by the acoustic g a i n , so th a t there are regions w i t h i n the 
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c r y s t a l where the incremental increase i n the a c o u s t o e l e c t r i c f i e l d w i l l 

be greater than the incremental increase i n the a p p l i e d f i e l d . I n such 

a s i t u a t i o n the average c u r r e n t i n a p i e z o e l e c t r i c c r y s t a l can be 

expressed i n terms of both applied f i e l d and the a c o u s t o e l e c t r i c 
~ , , „ 37 f i e l d E as 

J = CT(E, - E) 2.16 d 

The q u a n t i t y a i s the low f i e l d c o n d u c t i v i t y . The d i f f e r e n t i a l 

c o n d u c t i v i t y of the m a t e r i a l (slope of the J - E^ curve) i s given by 

d j / d E j = CT(1 - dE/dE J) a a 

The threshold f o r t h e / d i f f e r e n t i a l c o n d u c t i v i t y i s given by 

dE/dEj > 1 d 

Therefore, the onset of c u r r e n t o s c i l l a t i o n s can occur a t the p o i n t 

where the r e s u l t a n t change i n a c o u s t o e l e c t r i c c u r r e n t i s large enough 

to produce a negative d i f f e r e n t i a l c o n d u c t i v i t y w i t h i n the sample. The 

major consequence of the appearance of a d i f f e r e n t i a l resistance i n the 

c u r r e n t - v o l t a g e curve i s to render the m a t e r i a l e l e c t r i c a l l y u n s t ^ t a b l e . 

As a r e s u l t the m a t e r i a l , i n i t i a l l y homogeneous, becomes e l e c t r i c a l l y 
38 

heterogeneous i n an attempt to reach i n s t a b i l i t y . 
Current o s c i l l a t i o n s are a t t r i b u t e d to the f o r mation, propagation 

37 
and d e s t r u c t i o n of a c o u s t o e l e c t r i c domains. 
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2.14 High F i e l d Domain and Current I n s t a b i l i t y 

The formation of a high f i e l d "domain 1 and i t s movement through 

the c r y s t a l i s one of the most i n t e r e s t i n g phenomenon i n the phonon 
„. 15,37,39,40 „ • j . a m p l i f i c a t i o n process. ' ' By acoustic domain one means a 

r e l a t i v e l y narrow region i n the c r y s t a l w i t h a high l o c a l i s e d e l e c t r i c 

f i e l d and elevated i n t e n s i t y of acoustic f l u x . The i n i t i a l c u r r e n t 

decay i n CdS followed by c u r r e n t o s c i l l a t i o n s i s r e l a t e d to the 

formation of h i g h - f i e l d domains. 
38 

I t i s known from the work of Ridley t h a t domains may be formed 

i n those m a t e r i a l s which e x h i b i t a ' d i f f e r e n t i a l negative c o n d u c t i v i t y 1 

He has shown from thermodynamic p r i n c i p l e s t h a t the f i e l d i n s i d e a 

m a t e r i a l w i t h d i f f e r e n t i a l negative c o n d u c t i v i t y w i l l break i n t o h i g h 

and low f i e l d regions. 

I n semiconducting c r y s t a l s , w i t h r e s i s t i v i t i e s of the order of 

1 ~ 10 Ohm-cm. hi g h f i e l d domains are formed near the negative 

electrode and t r a v e l i . w i t h the v e l o c i t y of sound through the sample. 

When the domain reaches the anode, the phonon f l u x i n the domain and 

the space charge on the edges of the domain are absorbed by the anode 

and the sample r e t u r n s to the s t a t e which e x i s t e d when the voltage was 

j u s t a p p l i e d . The e n t i r e process then repeats i n a c y c l i c manner. 

The p e r i o d of c u r r e n t o s c i l l a t i o n i s given by the sum of the domain 
41 

formation time and domain t r a n s i t time. 
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Some^titnes the domain i s a l s o formed a t the non-u n i f o r m i t i e s due 
42 

to changes i n r e s i s t i v i t y along the c r y s t a l . I n these c a s e s , 

something e l e c t r i c i n o r i g i n can be regarded as the domain source, 

s i n c e the domain formation s i t e i s independent of any v a r i a t i o n of 

a p p l i e d f i e l d . The l o c a l a m p l i f i c a t i o n u s u a l l y occurs i n the non­

uniform r e g i o n s . Domain b u i l d up i s a t t r i b u t e d to the non-uniform 

d i s t r i b u t i o n of the a c o u s t o e l e c t r i c c u r r e n t due to l o c a l a m p l i f i c a t i o n 
40 

of thermal phonons by supersonic c a r r i e r s . 
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2.15 A c t i v e A c o u s t o e l e c t r i c O s c i l l a t o r 
43 

R e c e n t l y White and Wang observed t h a t an u l t r a s o n i c a m p l i f i e r 

d r i v e n under d.c. c o n d i t i o n s c o u l d o s c i l l a t e i n a s t a b l e high frequency 

mode. The o s c i l l a t i o n corresponded to a very high overtone of the 

fundamental a c o u s t i c resonance of the t h i n CdS p l a t e ( i . e . the 100th 

harmonic or g r e a t e r ) . The o s c i l l a t i o n i s d i s t i n c t l y d i f f e r e n t from the 

o s c i l l a t i o n s i n c u r r e n t which occur i n a high g a i n u l t r a s o n i c 

a m p l i f i e r with a per i o d corresponding to an e l e c t r o n t r a n s i t time, and 

i s due to a b u i l d up of a c o u s t i c f l u x . T h i s new o s c i l l a t i o n has very 

pure p e r i o d i c waves which c o n t a i n e i t h e r one frequency or s e v e r a l 

h a r m o n i c a l l y r e l a t e d f r e q u e n c i e s . 
43 

I n White and Wang's experiment two opposite f a c e s of a t h i n 

(0*1 mm) p l a t e of CdS c r y s t a l with the c - a x i s l y i n g i n the plane of the 

p l a t e were p o l i s h e d o p t i c a l l y f l a t and p a r a l l e l . Very t h i n indium 

l a y e r s were d i f f u s e d to provide e l e c t r i c a l c o n t a c t s . B a t t e r i e s were 

used as the d.c. source. The o s c i l l a t i o n s were detected by monitoring 

the r - f component of the c u r r e n t p a s s i n g through the c r y s t a l . 

When a d.c. v o l t a g e i s a p p l i e d , a l a r g e number of f r e q u e n c i e s grow 

i n amplitude. A f t e r a p e r i o d of mode competition, l a s t i n g t y p i c a l l y 

1 m.sec, one mode dominates and s t a b i l i s e s . Under i d e n t i c a l s e t t i n g 

of v o l t a g e s and r e s i s t i v i t y the c r y s t a l can be made to o s c i l l a t e i n the 

same mode. I n a t y p i c a l c r y s t a l with CT = 1*5 x 10 ̂ Ohm ^cm ^ and 0*1 

mm t h i c k , coherent o s c i l l a t i o n s have been observed with f r e q u e n c i e s up 
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to 900 Mc/s. The frequency was found to be s t a b l e to s e v e r a l p a r t s 

per m i l l i o n . L i n e width was c o n s i d e r a b l y l e s s than one p a r t per 

m i l l i o n . 

I f we imagine t h a t a standing wave i s a s u p e r p o s i t i o n of two waves 

t r a v e l l i n g i n opposite d i r e c t i o n then the wave propagating i n the 

d i r e c t i o n of the d r i f t v e l o c i t y = fiE w i l l be a m p l i f i e d , w h i l e the 

wave propagating i n the opposite d i r e c t i o n i s attenuated. The 
44 

c o n d i t i o n s of a m p l i f i c a t i o n a r e th a t ( 1 ) the energy r e q u i r e d by the 

wave during i t s forward passage exceeds the l o s s during i t s passage i n 

the opposite d i r e c t i o n and th a t ( 2 ) during i t s passage i n both 

d i r e c t i o n s the phase should change by a m u l t i p l e of 2jr. I f both these 

c o n d i t i o n s are f u l f i l l e d , the wave a m p l i f i e d i n c r e a s e s u n t i l the non­

l i n e a r e f f e c t s ( S e c t i o n 2.9) prevent i t s f u r t h e r growth. 

Device P o t e n t i a l i t i e s 

The frequency of the steady s t a t e o s c i l l a t i o n s depends on the 

a p p l i e d v o l t a g e and sample c o n d u c t i v i t y and can t h e r e f o r e be changed 

simply by superimposing the modulating v o l t a g e on the b i a s v o l t a g e . 

P o s s i b l e use of t h i s property i n gen e r a t i n g frequency modulated s i g n a l s 
45 

has been d i s c u s s e d by Maines and Paige. The frequency s h i f t w ith the 
45 

b i a s v o l t a g e , a t a f i x e d c o n d u c t i v i t y , i s observed t y p i c a l l y to be of 

the order of 10 kc v o l t ^. 

I n such an o s c i l l a t i n g c r y s t a l , the c u r r e n t o s c i l l a t e s and the 

c r y s t a l generates a.c. e l e c t r i c a l energy. A s i g n i f i c a n t p a r t of the 
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energy s u p p l i e d by the d r i v i n g source i s converted i n t o a c o u s t i c 

v i b r a t i o n s . The device may, t h e r e f o r e , f i n d a p p l i c a t i o n as an 

e l e c t r i c a l o s c i l l a t o r as w e l l as an a c o u s t i c generator. Both these 

forms of output can be s u b j e c t to frequency modulation. 

Through the c o n d u c t i v i t y the frequency a l s o depends upon the 

i n c i d e n t l i g h t i n t e n s i t y . Because of the high Q f a c t o r of the modes, 

extremely small frequency s h i f t s can be measured. One can, t h e r e f o r e , 

use the a c o u s t o e l e c t r i c o s c i l l a t o r as a transducer f o r monitoring 

such s h i f t s . 

S i n g l e frequency mode of o p e r a t i o n a t f r e q u e n c i e s up to 500 Mc/s has 
45 8 been observed by Maines and Paige. Round-trip gain i s p r e d i c t e d to 

be p o s s i b l e a t a frequency up to 3 Gc/s f o r CdS and 14 Gc/s f o r ZnO. 

A c t i v e Device - Audio s i g n a l s have been t r a n s m i t t e d on a 100 Mc/s 

c a r r i e r wave generated by a CdS o s c i l l a t o r and r e c e i v e d on a 
. 46 

con v e n t i o n a l r e c e i v e r . 
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CHAPTER I I I 

EXPERIMENTAL PRELIMINARIES 

INTRODUCTION 

The c u r r e n t v o l t a g e c h a r a c t e r i s t i c s of a p i e z o e l e c t r i c semi­

conductor show a departure from Ohm's Law a t a c e r t a i n c r i t i c a l f i e l d 
2 

( S e c t i o n 2.10* McFee has shown that c u r r e n t s a t u r a t i o n i n cadmium 

sulphi d e occurs under the c o n d i t i o n v, = u E = v , where v,. V,, E 
d d c s d* d' e 

and are the e l e c t r o n d r i f t v e l o c i t y , the e l e c t r o n d r i f t m o b i l i t y , 

the t h r e s h o l d d r i f t f i e l d and the ap p r o p r i a t e v e l o c i t y of sound, 

r e s p e c t i v e l y . 
2 -1 -1 

Since the e l e c t r o n m o b i l i t y i n CdS i s about 250 cm V sec , 

whi l e the shear wave v e l o c i t y i s 1*75 x 10^ cm sec \ and the long­

i t u d i n a l v e l o c i t y i s 4*4 x 10"* cm sec ̂ , a d r i f t f i e l d g r e a t e r than 

700 V cm ^ must be a p p l i e d a c r o s s the c r y s t a l to obtain a 'kink' i n 

the c u r r e n t v o l t a g e c h a r a c t e r i s t i c s . 

The c u r r e n t s a t u r a t i o n i n CdS has been a s c r i b e d to the coupling 
1 2 

between d r i f t i n g e l e c t r o n s and u l t r a s o n i c waves. ' I f strong 

coupling i s to be observed between the e l e c t r o n s and the waves, then 

the e l e c t r o n c o n c e n t r a t i o n must be hig h . The d r i f t f i e l d a c r o s s the 

c r y s t a l t h e r e f o r e should be i n the form of a low duty c y c l e pulsed 

v o l t a g e , i f undue h e a t i n g i s to be avoided. Because the maximum 
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v o l t a g e output from the p u l s e generator a v a i l a b l e i n the Department 

was 100 V o l t s , i t was n e c e s s a r y to b u i l d a p u l s e generator. 

The d r i f t m o b i l i t y obtained from a measurement for t h r e s h o l d 

f i e l d for s a t u r a t i o n i s a measure of the d r i f t v e l o c i t y under u n i t 

a p p l i e d e l e c t r i c f i e l d and i s trap c o n t r o l l e d . The e l e c t r o n m o b i l i t y 

w i l l be reduced i f the e l e c t r o n s spend an a p p r e c i a b l e time i n t r a p s . 

The H a l l m o b i l i t y H = R^CT and the corresponding H a l l d r i f t v e l o c i t y 

VdH = ^H^' ° n t* 1 6 o t ' i e r h a n d , a r e thermal e q u i l i b r i u m q u a n t i t i e s and 

are independent of trapping e f f e c t s . 

One of the main o b j e c t s of the work d e s c r i b e d i n t h i s t h e s i s was 

to compare the measured H a l l and d r i f t m o b i l i t i e s of CdS over the 

temperature range from 90 to 300°K. T h i s should i n p r i n c i p l e y i e l d 

i n formation about the e l e c t r o n trapping p r o c e s s e s which l i m i t the 

d r i f t m o b i l i t y . The p r e p a r a t i o n of the samples and apparatus used 

to o b t a i n the r e q u i r e d i n f o r m a t i o n i s d e s c r i b e d below. 
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PART A 

CRYSTAL GROWTH AND SPECIMEN PREPARATION 

3.1 The C r y s t a l s 

Most of the samples i n v e s t i g a t e d i n t h i s work were obtained from 

c r y s t a l s grown i n t h i s l a b o r a t o r y by D.L. C l a r k and K.F. Bwirr/fy The 

samples were c u t and ground from l a r g e undoped boules of CdS, u n l e s s 

otherwise s t a t e d . 

A few AEI c r y s t a l s were a l s o i n v e s t i g a t e d . 

C r y s t a l Growth 

The method o r i g i n a l l y employed i n t h i s department to grow l a r g e 
3 

CdS c r y s t a l s u t i l i s e d a modified P i p e r P o l i c h technique as d e s c r i b e d 
4 

by C l a r k and Woods. I n essence the c r y s t a l i s grown from the vapour 

phase i n an ampoule which communicates v i a a c o n s t r i c t i o n or o r i f i c e 

w i t h an outer argon f i l l e d j a c k e t . 
4 

As i n d i c a t e d by C l a r k and Woods, nonstoichiometry i n the 

s t a r t i n g charge dominates the growth mechanism i n CdS i n s e a l e d 

evacuated tubes, making c o n t r o l l e d growth d i f f i c u l t . To overcome these 

problems C l a r k and Woods'* developed a vacuum growth technique where 

the vapour p r e s s u r e of one of the components can be c o n t r o l l e d 

independently of the growth temperature. I n t h i s method"* the growth 

ampoule i s provided w i t h a t a i l which c o n t a i n s a r e s e r v o i r of e i t h e r 

cadmium or sulphur which can be h e l d a t a f i x e d temperature throughout 
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the growth c y c l e . Thus r a t h e r than a l l o w i n g the system to e s t a b l i s h 

the p a r t i a l p r e s s u r e c o n d i t i o n s determined l a r g e l y by the nature of 

the charge, a known p a r t i a l p r e s s u r e i s obtained. The temperature of 

the r e s e r v o i r c o n t a i n i n g cadmium or sulphur i s c o n t r o l l e d u s i n g a 

thermocouple attached to the t a i l . The furnace p r o f i l e s are such that 

the bottom of the r e s e r v o i r t a i l i s the c o l d e s t p a r t of the whole 

e n c l o s u r e . The growth tube i s drawn upwards by a rack and p i n i o n 

d r i v e . During the i n i t i a l stages of p u l l i n g , e x c e s s cadmium or sulphur 

which was added to the charge of CdS sublimes i n t o the t a i l forming 

the r e s e r v o i r from which the r e q u i r e d p a r t i a l p r e s s u r e can be 

e s t a b l i s h e d . ( F o r a d e t a i l e d d e s c r i p t i o n of the method the reader i s 

r e f e r r e d to r e f e r e n c e 5 . ) . 

Boules produced by t h i s method"* are u s u a l l y y e l l o w i n c o l o u r , 

although those grown i n the h i g h e s t p r e s s u r e s of cadmium are s l i g h t l y 

darker. C l a r k and Woods have shown that c r y s t a l s grown under high 

p a r t i a l p r e s s u r e s of cadmium are semiconducting a t room temperature 

w i t h r e s i s t i v i t i e s of the order of 1 10 Ohm-cm. C r y s t a l s grown i n 

the lower p r e s s u r e s of cadmium are p h o t o s e n s i t i v e s e m i - i n s u l a t o r s . 

Two p h o t o s e n s i t i v e c r y s t a l s Nos. 78 and 116, which were chosen f o r the 

d r i f t and H a l l m o b i l i t y measurements, d e s c r i b e d i n t h i s t h e s i s , were 

grown i n atmospheres where the sulphur p r e s s u r e was much higher than 

the cadmium (th e sulphur p r e s s u r e s were 98 t o r r and one atmosphere 

r e s p e c t i v e l y ) . 
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3.2 Sample P r e p a r a t i o n 

The boules were cut i n t o t h i c k s l i c e s c o n t a i n i n g the c - a x i s , and 

then i n t o b a r s with the long dimension e i t h e r p a r a l l e l or p e r p e n d i c u l a r 

to the c - a x i s . 

i ) C r y s t a l O r i e n t a t i o n (X-ray method) 

P r e l i m i n a r y examination of the c r y s t a l o r i e n t a t i o n was c a r r i e d out 

u s i n g the Laue back r e f l e c t i o n X-ray technique. T h i s method was a l s o 

u s e f u l i n a s s e s s i n g the degree of p o l y c r y s t a l l i n i t y of the samples. 

Many c r y s t a l s could be c l e a v e d along (1210) p l a n e s , when t h i s d i d not 

occur a face which was a l i g n e d p a r a l l e l to an (0001) b a s a l plane was 

i d e n t i f i e d by the back r e f l e c t i o n method. F i g . 3.1 shows a t y p i c a l 

back r e f l e c t i o n photograph of a CdS c r y s t a l w i t h the i n c i d e n t X-ray 

beam p a r a l l e l to the c - a x i s . 

i i ) C r y s t a l C u t t i n g 

The c u t t i n g of the p r e l i m i n a r y o r i e n t e d c r y s t a l i n t o s l i c e s was 

c a r r i e d out a t 6000 r.p.m. with a 5" diameter (0*015" t h i c k ) diamond 

impregnated d i s c cooled i n a j e t of s o l u b l e o i l . The boule was 

mounted on a b r a s s block with L a k e s i d e 70C cement; the block being 

gripped i n the r o t a t a b l e chuck of the automatic c u t t i n g machine. Two 

planes a t r i g h t angles were then c u t through. 

i i i ) O p t i c a l O r i e n t a t i o n 

A f i n a l check on the o r i e n t a t i o n of the sample was c a r r i e d out 

with the a i d of a p o l a r i s i n g microscope. I n hexagonal CdS the o p t i c 
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a x i s c o i n c i d e s w i t h the c - a x i s . The sample was pl a c e d on the stage of 

the p o l a r i s i n g microscope, between c r o s s e d p o l a r o i d s . The i n t e r f e r e n c e 

f i g u r e was observed when h i g h i j convergent i l l u m i n a t i o n was used. 

F i g . 3.2 shows t y p i c a l i n t e r f e r e n c e f i g u r e when the o p t i c a x i s of 

a CdS c r y s t a l i s p a r a l l e l to the a x i s of the microscope. ( F o r a 

d e t a i l e d d e s c r i p t i o n of the theory the reader i s r e f e r r e d to r e f e r e n c e 

6 ) . The ce n t r e of the i s o g y r e ( c r o s s ) i n the i n t e r f e r e n c e f i g u r e marks 

the p o s i t i o n of the o p t i c a x i s . When the o p t i c a x i s c o i n c i d e s with t h a t 

of the microscope, the c e n t r e of the i s o g y r e w i l l c o i n c i d e with the 

i n t e r s e c t i o n of the c r o s s w i r e s i n the eye piece ( F i g . 3.2a). 

However, i f the o p t i c a x i s i s i n c l i n e d to the a x i s of the 

microscope, the c e n t r e of the is o g y r e w i l l be d i s p l a c e d from the 

i n t e r s e c t i o n of the c r o s s wires ( F i g . 3 . 2 b ) . I f the ce n t r e of the 

is o g y r e does not c o i n c i d e w i t h the c e n t r e of the f i e l d , the point of 

i n t e r s e c t i o n of the arms of the c r o s s w i l l move around the c e n t r e of 

the f i e l d of view when the stage i s r o t a t e d and d e s c r i b e a c i r c l e 

before r e t u r n i n g to i t s o r i g i n a l p o s i t i o n . The i n t e r s e c t i o n of the c r o s s 

marks the point of emergence of the o p t i c a x i s , and i t s d e v i a t i o n from 

the c e n t r e of the f i e l d i s a measure of the angle between the o p t i c 

a x i s and the a x i s of the microscope. 

I f the c e n t r e of the i s o g y r e d i d not c o i n c i d e w i t h the c r o s s w i r e 

of the microscope, the lower s u r f a c e of the c r y s t a l was ground o f f 

u n t i l the ce n t r e of the c r o s s d i d c o i n c i d e w i t h the c r o s s w i r e s . The 
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upper s u r f a c e of the c r y s t a l was made p a r a l l e l by mounting and p o l i s h i n g 

the sample i n an a c c u r a t e l y machined s t e e l j i g . 

i v ) Lapping and P o l i s h i n g 

The o r i e n t e d s l i c e s were cut i n t o b a r s w i t h t h e i r long dimension 

p a r a l l e l or p e r p e n d i c u l a r to the c - a x i s . These r e c t a n g u l a r b a r s were 
3 

then lapped to f i n a l dimensions which were t y p i c a l l y 8 x 2 x 2 mm . 

With two f a c e s cut a t r i g h t a n g l e s , the sample was then mounted i n 

an a c c u r a t e l y machined s t e e l j i g ( u s i n g D u r o f i x ) which allowed the 

other f a c e s of the r e c t a n g u l a r p a r a l l e l e p i p e d to be ground. L a t e r the 

o r i g i n a l f a c e s were a l s o ground to remove damage caused during c u t t i n g . 

The g r i n d i n g was done with a paste of 800 grade carborundum powder on 

a f l a t g l a s s p l a t e . F i n a l l y the s u r f a c e s were p o l i s h e d on a Hyprocel 

s e l f adhesive d i s c l a p w i t h d i f f e r e n t hyprez diamond compounds 

c o n t a i n i n g 6,3,1 and l a s t l y 1/4 m i c r o s i z e diamond p a r t i c l e s . 

3.3 E t c h i n g 

I t i s w e l l known t h a t mechanical p o l i s h i n g produces damage i n the 

c r y s t a l s t r u c t u r e of CdS a t the s u r f a c e so t h a t a chemical e t c h i s 

e s s e n t i a l . P r i o r to e t c h i n g the samples were r i n s e d i n i s o p r o p y l 

a l c o h o l to remove any p o l i s h i n g s o l u t i o n . 

A range of e t c h i n g s o l u t i o n s was i n v e s t i g a t e d to determine which 

was the most s u i t a b l e . The s o l u t i o n s t r i e d i n c l u d e d ( a ) orthophosphoric 

a c i d of v a r y i n g c o n c e n t r a t i o n s a t d i f f e r e n t temperatures, ( b ) a 
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suj»phuric a c i d potassium permanganate s o l u t i o n a t room temperature 
. . 8 and ( c ) chromic a c i d . 

The most s u c c e s s f u l s o l u t i o n ( i n c i d e n t a l l y i t a l s o produced w e l l 

defined e t c h p i t s ) was chromic a c i d a t 70°C for about 3-5 minutes. The 

chromic a c i d was prepared by d i s s o l v i n g 700 grams of chromic oxide i n 

two l i t r e s of d i s t i l l e d water and adding 100 c c . of concentrated 

s u l p h u r i c a c i d to the s o l u t i o n . A f t e r c o o l i n g , a small q u a n t i t y of 

t h i s s o l u t i o n was d i l u t e d three times to ob t a i n the r e q u i r e d e t c h a n t . 

The hot s o l u t i o n was p r o g r e s s i v e l y d i l u t e d before the c r y s t a l was 

removed. 

Handling the specimen a f t e r e t c h i n g was reduced to a minimum. 

The use of tweezers i s apt to l e a d to contamination and s i g n i f i c a n t 

s u r f a c e damage. 

3.4 Ohmic Contacts 
9 

I t i s w e l l known t h a t indium forms Ohmic c o n t a c t s on CdS c r y s t a l s . 

The b a s i s of the method of applying Ohmic c o n t a c t s was to evaporate a 

l a y e r of indium on to the c r y s t a l i n a vacuum of 10 t o r r . I t was 

found t h a t indium does indeed form an e l e c t r o n i n j e c t i n g c o n t a c t , 

provided that indium i s a p p l i e d i n a c a r e f u l l y c o n t r o l l e d manner. 

H a l l Contacts 

Conventional H a l l e f f e c t measurements on a r e c t a n g u l a r p a r a l l e l e p i p e d 
3 

H a l l sample (dimensions 8 x 2 x 1*5 mm ) r e q u i r e s i x Ohmic c o n t a c t s . 
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The contact a r e a s were f i r s t coated with evaporated indium l a y e r s 

approximately 1 /jm t h i c k u s i n g high vacuum techniques. Indium was 

i n i t i a l l y outgassed before being evaporated from a molybdenum s t r i p on 

to the sample v i a a s u i t a b l e copper mask. Two small a r e a c o n t a c t s 

(about 0*5 mm diameter) were used as H a l l v o l t a g e and p o t e n t i a l probes 

(spaced 2 mm a p a r t ) a t each s i d e of the sample. Two c u r r e n t c o n t a c t s 

covered the e n t i r e end f a c e s of the sample. 

Small d i s c s of indium (0*5 mm diameter) were p r e s s e d on to the 
3 

s i d e c o n t a c t s while an L-shaped indium s t r i p (~ 5*0 x 2*0 x 0*5 mm ) 

was pressed to each end face of the sample. Then the f r e e ends of 

the L-shaped s t r i p s were pressed a g a i n s t a (0*3 mm t h i c k ) pyrex cover 

s l i p to provide a f i r m mount fo r the sample. Wedge shaped indium 

s t r i p s (about 3 mm long) were pressed on to the c o v e r s l i p w i t h the apex 

of the wedge j u s t touching the s i d e c o n t a c t s . 

A f t e r that the sample with indium c o n t a c t s was heated i n an 

atmosphere of dry n i t r o g e n on a molybdenum s t r i p h e a t e r at about 165°C, 

j u s t over the m e l t i n g point of indium, f o r 1-2 mins. P r i o r to t h i s 

the cover s l i p was cleaned by hydrogen bombardment fo r about 5 minutes 

to ensure a good bond with the indium. The net r e s u l t was a mounted 

sample with s i x ohmic c o n t a c t s . A photograph of a mounted sample i s 

shown i n F i g . 5.3a. Enamelled copper wire (35 gauge) was soldered to 

the ends of the indium s t r i p s u sing a m i n i a t u r e i r o n . I n F i g . 5.3a, 

the t e r m i n a l s marked I - I were f o r the a p p l i e d v o l t a g e , v -v f o r the 
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measurement of c o n d u c t i v i t y and v - v f o r the H a l l voltage. Also shown 
H H 

are two spare terminals and an indium dot f o r soldering one of the 

two copper-constant thermocouples. 

The technique described above r e s u l t s i n good Ohmic contacts. 

As a check I-V c h a r a c t e r i s t i c s were measured w i t h the samples under 

i l l u m i n a t i o n . A l i n e a r r e l a t i o n s h i p was g e n e r a l l y found w i t h e i t h e r 

p o l a r i t y of the a p p l i e d voltage (maximum 10 V d . c ) . Although not 

conclusive these measurements suggested t h a t the contacts were 

reasonably Ohmic. 

Contacts f o r c u r r e n t voltage measurements 

The d r i f t v oltage f o r c u r r e n t voltage c h a r a c t e r i s t i c s measurements 

was a p p l i e d between the large area end contacts of a t y p i c a l sample 
3 

dimensions 7 x 2 x 1*5 mm . The d r i f t c u r r e n t was t h e r e f o r e p a r a l l e l 

to the l a r g e s t dimension. 

Contacts f o r P o t e n t i a l D i s t r i b u t i o n Measurements 

I n order t o probe the f i e l d d i s t r i b u t i o n along the le n g t h of the 

sample, a row of equally spaced ( 1 mmapart) small c i r c u l a r l a y e r s of 

evaporated indium dots (about 0*15 nun diameter) was deposited along 

the l e n g t h of the sample. A l l these contacts were made by vapour 

d e p o s i t i o n of indium. The c r y s t a l was then heated i n an atmosphere of 

dry n i t r o g e n on a tungsten s t r i p heater. The sample was he l d a t about 

165°C f o r 1-2 minutes. The evaporated indium then wetted the sample 

and d i f f u s e d i n t o the c r y s t a l s l i g h t l y . 
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PART B 

APPARATUS AND EXPERIMENTAL ARRANGEMENT 

3.5 D r i f t - f i e l d Pulse Generator 

The high voltage pulse generator which was b u i l t i s b a s i c a l l y a 

simple e l e c t r o n i c s w i t c h . ^ This switch could be operated up to 4*5 kv 

d.c. by a low voltage S o l a r t r o n pulse generator (type G01101). This 

l a t t e r pulse generator has a continuously v a r i a b l e pulse d e v i a t i o n 

from ly«,sec to 100 msec a t a r e p e t i t i o n r a t e between 10 and 5 x 10^ 

pulses per second w i t h an amplitude from +0*5 v o l t to + 100 v o l t s . 

A M u l l a r d pentode type EL360 was s e l e c t e d ^ as the s w i t c h i n g 

valve. This has maximum operating parameters of i = 4*0A; P = 1 0 
cL cL 

watts; v = 5 kv: v = 500 v w i t h a 6'3 v o l t 1*27 ampere heater, 
a g 2 

The c i r c u i t diagram of the high voltage pulse generator i s shown i n 

F i g . 3.4. The designed r e p e t i t i o n r a t e was 50 p.p.s. w i t h a pulse 

d u r a t i o n o f lOO^sec, i . e . a duty cycle of 0*005. Two 0*1 A'F, 8 kv 

d.c. working capacitors were used i n s e r i e s to p r o t e c t the S o l a r t r o n 

pulse generator. A negative high voltage bias supply ( F i g . 3.5b) was 

used to o b t a i n a negative going pulse across the anode load ( t h e CdS 

c r y s t a l ) so tha t the load c u r r e n t could be displayed conveniently on 

an o s c i l l o s c o p e . The voltage devloped across the series r e s i s t o r R 

by the load c u r r e n t was the q u a n t i t y a c t u a l l y displayed. The negative 

high v o l t a g e power u n i t (Fig.3.5b) was capable of d e l i v e r i n g 4*5 kv at 

10 mA d.c. 
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The c o n t r o l g r i d and the screen g r i d bias supply c i r c u i t s of the 

EL360 are shown i n Fig.3.5a. The g r i d and screen biases were made 

adjustable so t h a t the operating c h a r a c t e r i s t i c s could be changed f o r 

very h i g h v o l t a g e pulses. I n operation the pentode was biased beyond 

c u t - o f f w i t h 75 v o l t s negative between g r i d and cathode. The valve 

was switched on w i t h 100 v o l t p o s i t i v e pulses a p p l i e d to the c o n t r o l 

g r i d . The screen g r i d b ias was adjusted between 100 and 250 v o l t s 

depending on the load c u r r e n t . 

The maximum pulse output was 4*0 kv at a maximum cu r r e n t of 2 

amperes w i t h a duty cycle of less than 0*001. With a load of 100 k 

ohms the pulse r i s e time was b e t t e r than 0*2/*sec and the decay time 

was of the order of l0/>sec. 

3.6 Experimental arrangement to measure the c u r r e n t - v o l t a g e 

c h a r a c t e r i s t i c s 

The experimental arrangement used to measure the c u r r e n t - v o l t a g e 

c h a r a c t e r i s t i c s i n cadmium sulphide i s shown i n block diagram form i n 

Fig.3.6. A. r e s i s t o r was connected i n series w i t h the GdS on the 

earthy side and the voltage developed across i t by the series c u r r e n t 

i n the c r y s t a l was measured on a T e k t r o n i x 545A os c i l l o s c o p e w i t h a 

type l A l d ual-trace plug i n u n i t . The CdS c r y s t a l and the series 

r e s i s t o r were connected across the output of the p u l s e r , and the 

magnitude of the voltage pulse across the combination was measured on 

the o s c i l l o s c o p e v i a an a t t e n u a t o r ( F i g . 3 . 4 ) . 
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Between 10 and 50 lOOv pulses per second w i t h width between 5 and 

lOOjusec were fed to the i n p u t of the pulser and the t r i g g e r i n g c i r c u i t 

of the o s c i l l o s c o p e ( F i g . 3 . 6 ) . 

A s u i t a b l y f i l t e r e d tungsten lamp was used to i l l u m i n a t e the 

c r y s t a l w i t h v i s i b l e r a d i a t i o n . The o p t i c a l system i s described i n 

Section 3.8. 

3.7 The Cryostat 

An a l l metal c r y o s t a t f o r photo H a l l and d r i f t m o b i l i t y 

measurements was designed and b u i l t i n t h i s l a b o r a t o r y . The c r y o s t a t 

was designed so t h a t the H a l l sample could be provided w i t h s i x 

e l e c t r i c a l leads and h e l d a t a known temperature i n the range 77°K to 

400°K, i n a magnetic f i e l d and under i l l u m i n a t i o n . 

A diagram of the c r y o s t a t i s shown i n Fig.3.7. The upper p a r t of 

the c r y o s t a t consists of a n i t r o g e n container N and an i n s u l a t i o n space 

separating the n i t r o g e n container from the outside w a l l . A n i c k e l 

s i l v e r tube, T , runs through the n i t r o g e n container and contains the 

exchange gas tube. A m u l t i p i n socket has been provided on the top of 

the c r y o s t a t f o r e l e c t r i c a l and thermocouple leads to the sample 

holders. The bottom of the n i t r o g e n container i s attached to a n i c k e l 

s i l v e r tube v i a a copper block C. The lower end of the n i c k e l s i l v e r 

tube i s connected to the sample holder. The sample holder can be 

i s o l a t e d from the l i q u i d n i t r o g e n container by evacuating the exchange 

space. I n order t o heat the sample a nichrome heater H i s provided 
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which i s wound round the s h a f t of the sample support. The sample 

holder i s surrounded by a detachable copper r a d i a t i o n s h i e l d which i s 

connected to the n i t r o g e n container at C. The t a i l of the c r y o s t a t 

has been f i t t e d w i t h a po l i s h e d s i l i c a window and the inner r a d i a t i o n 

s h i e l d contains a hole t o admit l i g h t t o the sample. 

The m u l t i p i n socket f i t t e d on the top of the c r y o s t a t has 12 

p i n p o i n t s . Six of these were used f o r p r o v i d i n g e l e c t r i c a l leads to 

the H a l l sample, two f o r the heater (24 V d.c.), and four f o r 2 

copper-constantan (40 gauge) thermocouples. Enamelled copper (35 

gauge) wire was used f o r the e l e c t r i c a l leads to the H a l l sample. 

One of the two cu r r e n t leads was i n s u l a t e d w i t h R e f r a s i l and provided 

w i t h high voltage d r i f t f i e l d lead. The junctions of the copper-

constantan thermocouples were prepared by spot welding. Two couples 

were used t o monitor the temperature of the sample holder and that of 

the pyrex cover s l i p near the sample.2 thermocouples were used to 

e s t a b l i s h the e f f i c i e n c y of the thermal contact between the block and 

the specimen. 

The sample was i l l u m i n a t e d w i t h v i s i b l e and i n f r a r e d r a d i a t i o n by 

r e f l e c t i o n from a s i l v e r e d m i r r o r placed on the face of one pole of 

the magnet adjacent to the polished s i l i c a window. 

Operation - The cryostat.:! was evacuated t o about 10 t o r r using an 

o i l d i f f u s i o n pump backed by a conventional r o t a r y pump. The n i t r o g e n 

container was f i l l e d w i t h l i q u i d n i t r o g e n and the exchange tube was 
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f i l l e d w i t h dry n i t r o g e n . When the desired temperature was reached 

the exchange gas space was evacuated, thereby reducing the thermal 

contact and i s o l a t i n g the sample thermally. A heater wound round the 

copper block enabled any desired temperature t o be reached w i t h i n 5 

10 minutes. The r a t e of temperature change a f t e r reaching the 

re q u i r e d temperature was such t h a t the reading could be taken w i t h no 

more than 0*5°C change i n the sample temperature over a p e r i o d of 5 

minutes. There was l i t t l e or no temperature g r a d i e n t along the 

specimen because of the l a r g e thermal c o n d u c t i v i t y of the copper 

support block. 

3.8 The Magnet and the O p t i c a l System 

The magnet was a medium size a i r cooled electromagnet (2" core 

d i a . tapered to 1") which provided a magnetic i n d u c t i o n of about 2,500 

gauss a t a gap of 5 cm w i t h a c u r r e n t of 2 amperes. The c u r r e n t was 

supplied to the magnet from a 200 v o l t d.c. source i n series w i t h a 

s u i t a b l e r h e o s t a t . The magnetic f i e l d was measured w i t h Newport 

(type H) H a l l e f f e c t magnetometer accurate to 2 per cent. 

The o p t i c a l system i s i l l u s t r a t e d i n F i g . 3.7. The glass lens L 

allowed the source t o be placed w e l l outside the f i e l d of the 

electromagnet M. The m i r r o r R was used to r e f l e c t the r a d i a t i o n 

through a r i g h t angle on to the CdS specimen. 

To i l l u m i n a t e the sample w i t h band gap r a d i a t i o n a f i l t e r e d 

6V 48 Watt tungsten lamp was used. The specimen was u n i f o r m l y 
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i l l u m i n a t e d by a d j u s t i n g the focus of the lamp. L i g h t from the lamp 

was passed through a condenser l e n s , a 0*52 /Jm wide band i n t e r f e r e n c e 

f i l t e r and a 1*0/ path of 107, s o l u t i o n of copper sulphate. The 

i n t e n s i t y was v a r i e d by 3 orders of magnitude using n e u t r a l d ensity 

f i l t e r s ( m a x . i n t e n s i t y of f i l t e r e d l i g h t ~ 120 f t . c ) . 

To make the measurements under i n f r a r e d quenching c o n d i t i o n s the 

sample was i l l u m i n a t e d w i t h l i g h t from a second 48W tungsten lamp 

which passed through an 0X2 chance glass f i l t e r ( t r a n s m i s s i o n 0*75 to 

4*5 A'm). 240 V ac passed through a constant voltage harmonic 

f i l t e r e d transformer (type CVH125A) was used as a s t a b i l i s e d power 

source to the lamp transformers. 

3.9 The Photo-Hall Measuring C i r c u i t 

H a l l e f f e c t measurements i n photoconductors such as cadmium 

sulphide which are i n s u l a t i n g i n the dark are d i f f i c u l t to make because 

of the high impedance and any space charge there may be near non-

Ohmic c u r r e n t electrodes. However, i n photoconducting samples the 

c a r r i e r c o n c entration can be increased by i l l u m i n a t i o n and the H a l l 

v o l t a g e i s correspondingly simpler t o measure. 

F i g . 3.8 shows a schematic diagram of the switching arrangements 

employed i n the photo-Hall measuring c i r c u i t . Current from a b a t t e r y 

B was fed v i a the r e v e r s i n g switch R and a c a l i b r a t e d r e s i s t o r through 

the specimen ( F i g . 3.8a). By a d j u s t i n g the tappings of the b a t t e r y 

and the p o t e n t i a l d i v i d e r , i t was possible to adj u s t the p o t e n t i a l 
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a p p l i e d t o the specimen from 100 v o l t s to a few m i l l i v o l t s . The 

cu r r e n t passing through the specimen was determined by measuring the 

voltage (V"i) across a c a l i b r a t e d r e s i s t o r . 

The c o n d u c t i v i t y of the specimen was found by measuring the 

p o t e n t i a l drop across the outer p a i r of the p o t e n t i a l contacts. I n 

p r a c t i c e a p o t e n t i a l d i v i d e r w i t h a t o t a l resistance of l O ^ Q 

( r a t i o 100:1) was employed ( F i g . 3.8b). The p o t e n t i a l d i v i d e r was 

necessary as the Vibron electrometer has a maximum i n p u t range of 

1 v o l t only. 

The c e n t r a l p a i r of p o t e n t i a l contacts woes-., used t o measure the 

H a l l v o l t a g e V„. During the specimen p r e p a r a t i o n the two H a l l contacts 

could not be accurately p o s i t i o n e d on an e q u i p o t e n t i a l l i n e opposite 

to one another, and an appreciable out-of-balance voltage appeared a t 

these contacts w i t h normal c u r r e n t f l o w i n zero magnetic f i e l d . This 

voltage was bucked o f f w i t h the separate c i r c u i t arrangement shown i n 

F i g . 3.8c. 

The measurements were made by switching the appropriate voltages 
14 

to the i n p u t of the Vibron electruiueter (model 333-2) w i t h ~10 

ohms i n p u t r e s i s t a n c e . The electrometer has f i v e ranges to cover i n p u t 

voltages between 0*2 mV and 1000 mV of e i t h e r p o l a r i t y . The accuracy 

of the i n d i c a t i n g meter i s b e t t e r than +¥/„ of f u l l scale. The same 

Vibron was used a l t e r n a t e l y w i t h s u i t a b l e switching arrangements t o 
measure V , V and V . I t was possible t o measure H a l l voltages f o r I c tl 

9 
specimens w i t h resistance up to 10 ohms w i t h t h i s arrangement. 



-90-

References 

1. R.U. Smith, Phys. Rev. L e t t e r s , 9, 87, 1962. 

2. J.K. McFee, J. Appl. Phys., 34, 1548, 1963. 

3. wiwi Piper and S.J. P o l i c h , J. Appl. Phys., 32, 1278, 1961. 

4. L. Clark and J. Woods, B r i t . j'. Appl. Phys., 17, 319, 1966. 

5. L. Clark and J. Woods, J. C r y s t a l Growth, 3/4, 126, 1968. 

6. P.F. Kerr, " O p t i c a l Mineralogy", M c G r a w H i l l , 3rd E d i c t i o n , p.86. 

7. J.E. Rowe and R.A. Foreman, J. Appl. Phys., 39, 1917, 1968. 

8. L. Clark and Woods, J. Sc. I n s t . , 42, 51, 1965. 

9. F.A. Kroger, G. Deimer and H.Â  Klasens, Phys. Rev., 103, 279, 1956 

10. N.B. Snyder, M.Sc. Thesis, U n i v e r s i t y of St. Andrews, 1966. 



-91-

CHAPTER IV 

NON-OHMIC BEHAVIOUR AND DRIFT MOBILITY 

IN CdS AT ROOM TEMPERATURE 

INTRODUCTION 

The experimental work on which t h i s t h e s i s i s based i s reported 

i n t h i s and the f o l l o w i n g two chapters. Before discussing the 

experiments conducted over a range of temperatures which were designed 

to e l u c i d a t e / t r a p p i n g processes i n v o l v e d , a v a r i e t y of e f f e c t s 

observed at room temperature w i l l be described. 

I n the f i r s t place the non-Ohmic behaviour and the H a l l c o e f f i c i e n t 

i n photoconducting cadmium sulphide were measured a t room 

temperature. The cu r r e n t - v o l t a g e c h a r a c t e r i s t i c s of CdS c r y s t a l s w i t h 

r e s i s t i v i t i e s l e ss than 10"* Ohm-cm. show a departure from Ohm's law 

a t a c e r t a i n c r i t i c a l f i e l d . I t has been shown''' t h a t c u r r e n t 

s a t u r a t i o n occurs under the c o n d i t i o n v . = M,E = v . where v,, u,, E 
d d c s d' d c 

and v are the e l e c t r o n d r i f t v e l o c i t y , the e l e c t r o n d r i f t m o b i l i t y , s 
the threshold d r i f t f i e l d and v e l o c i t y of sound r e s p e c t i v e l y . 

The e l e c t r o n d r i f t m o b i l i t y l*^ was estimated from the threshold 

d r i f t f i e l d , using the r e l a t i o n M(jEc = v g . The experiment was 

performed a t d i f f e r e n t c o n d u c t i v i t i e s which were produced by changing 

the i n t e n s i t y o f the l i g h t f a l l i n g on the sample. The photo-Hall 
m o b i l i t y R, was measured using the conventional dc method and i t s 
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magnitude was compared w i t h f o r d i f f e r e n t c r y s t a l o r i e n t a t i o n s and 

c o n d u c t i v i t i e s . 

The s p a t i a l d i s t r i b u t i o n of the e l e c t r i c f i e l d i n the photo-

conductive samples was also measured i n order to i n v e s t i g a t e the 

u n i f o r m i t y of the c r y s t a l s . The e f f e c t s of inhomogeneities on c u r r e n t 

s a t u r a t i o n and c u r r e n t o s c i l l a t i o n s have been i n v e s t i g a t e d and are 

q u i t e important. 

This chapter i s d i v i d e d i n t o three p a r t s : i n Part A, some t y p i c a l 

r e s u l t s of c u r r e n t s a t u r a t i o n and o s c i l l a t i o n s i n uniform as w e l l as 

non-uniform samples are described. Part B, deals w i t h the e f f e c t s of 

sample inhomogeneity or c u r r e n t s a t u r a t i o n and o s c i l l a t i o n s , and Part 

C, i s concerned w i t h measurements of the H a l l and d r i f t m o b i l i t i e s as 

a f u n c t i o n of c o n d u c t i v i t y . 
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PART A 

CURRENT SATURATION AND OSCILLATIONS 

4.1 Current s a t u r a t i o n 

The v a r i o u s e f f e c t s which accompany a c o u s t o e l e c t r i c s a t u r a t i o n 

i n CdS are best i l l u s t r a t e d by d e s c r i b i n g the r e s u l t s obtained i n one 
-9 -1 -1 

p a r t i c u l a r c r y s t a l - D116 (dark c o n d u c t i v i t y < 10 ohm cm ) i n 

which c u r r e n t s a t u r a t i o n was observed. 
3 

The sample w i t h dimensions 3*35 x 2*25 x 1*65 mm , was cut from 

the boule w i t h i t s long dimension i n the d i r e c t i o n of c a r r i e r 

propagation. The c-axis was at r i g h t angles to the long dimension of 

the sample. Large area ohmic contacts of indium were made to the 

o p t i c a l l y f l a t small ends and the d r i f t v o l t a g e was a p p l i e d t o these 

i n 10 ~ 100 fisec pulses a t a duty cycle low enough to avoid heating 

(about 25-10 cps). 

When a pulsed voltage greater than t h r e s h o l d was a p p l i e d ( > 850 

v o l t s cm ^) to the u n i f o r m l y i l l u m i n a t e d c r y s t a l the t r a n s i e n t 

behaviour was as depicted i n F i g . 4 . l a ( a t c r ~ 4 , 0 x 10 ohm ^cm ~ ) . 

The lower trace shows the waveform of the v o l t a g e a p p l i e d to the CdS 

c r y s t a l and the upper trace the r e s u l t i n g d r i f t c u r r e n t . With 

voltages less than the threshold (< 300 v o l t s ) the c u r r e n t waveform 

was s i m i l a r to the voltage waveform, but as the applied voltage was 

increased, the c u r r e n t waveform became p r o g r e s s i v e l y more deformed. 
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On a p p l i c a t i o n of the voltage pulse the r e s u l t i n g d r i f t c u r r e n t 

( F i g . 4 . l a , upper t r a c e ) i n i t i a l l y increased a b r u p t l y t o a maximum value 

(Ohm's Law value) and then decayed i n about 5 /isec toward a f i n a l 

steady s t a t e value, a f t e r several cycles of damping o s c i l l a t i o n s . 

F i g . 4 . l b i l l u s t r a t e s the e f f e c t on c u r r e n t s a t u r a t i o n of changing 
-4 -4 -1 -1 the sample c o n d u c t i v i t y from (6'0 x 10 t o 3*0 x 10 ohm cm ). 

With inc r e a s i n g c o n d u c t i v i t y , the b u i l d up time, i . e . the time 

r e q u i r e d f o r the cu r r e n t to reach a steady s t a t e , decreased from ~40 

/ J s e c to 15 / J s e c . 

I n Fig.4.1c ( f i f t h t r a c e from the bottom) an exaggerated b u i l d up 

time i s shown which was l a r g e r than 70 Usee at cr ~ 5*0 x 10~^ohm ^cm ^. 

The lowest traces do not show any s a t u r a t i o n because the applied f i e l d 

was less than c r i t i c a l (400 v o l t s ) . With i n c r e a s i n g applied v o l t a g e to 

600 v o l t s (~ 1*5 thr e s h o l d v o l t a g e ) the b u i l d up time f o r c u r r e n t 

s a t u r a t i o n decreased t o less than 10 j^sec, showing a two step c u r r e n t 
i 

s a t u r a t i o n i n the upper two curves. 
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4.2 Current O s c i l l a t i o n s 

During the experiments on curr e n t s a t u r a t i o n c u r r e n t o s c i l l a t i o n s 

have been observed i n many c r y s t a l s , 

( i ) Damped O s c i l l a t i o n s 

The c u r r e n t o s c i l l a t i o n s i n c r y s t a l D l l 6 ( 2 ) which can be seen i n 

Fi g s . 4 . l a and 4.1b are damped o s c i l l a t i o n s . I n the i l l u m i n a t e d c r y s t a l , 

the c u r r e n t begins to saturate a t a c e r t a i n threshold f i e l d and the 

o s c i l l a t i o n s are damped w i t h i n a few (2-3) cycles. The damping of the 

o s c i l l a t i o n s can be seen more c l e a r l y i n Fig.4.2a when the c o n d u c t i v i t y 
-4 -1 -1 

cr > 3*0 x 10 ohm cm . Upon a p p l i c a t i o n of a pulse voltage (25 Msec 

25 cps) higher than 300 v o l t s the curr e n t r a p i d l y rose to the ohmic 

value (see the four lower curves of Fig.4.2a) and was maintained f o r 

about 1 Msec. The c u r r e n t then f e l l r a p i d l y to a saturated value. 

Approximately 3 Msec a f t e r the beginning of the pulse, the cu r r e n t had 

r i s e n t o a second maximum, but d i d not regain the o r i g i n a l value. The 

cu r r e n t o s c i l l a t e d i n t h i s attenuated fashion w i t h each succeeding 

maximum smaller than i t s predecessor. The curr e n t e v e n t u a l l y s e t t l e d 

down to a steady s t a t e value i n 10 ~ 15/*sec. 

The Period T of the c u r r e n t o s c i l l a t i o n was found to be 
1 21 

approximately equal to — or — (where 1 i s the l e n g t h of the c r y s t a l 
s s 

and v g = 1*75 x 10 cm/sec) depending on the c o n d u c t i v i t y of the sample. 
-4 -1 -1 

At c o n d u c t i v i t i e s greater than 3*0 x 10 ohm cm o s c i l l a t i o n s w i t h 
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a period about 2 microsec (~ 500 kc/s) were observed ( f o u r lower-curves 

of Fig.4.2a). This was the time r e q u i r e d f o r the sound wave to 

propagate from one end of the 3*35 mm long sample to the other. 

A second mode of o s c i l l a t i o n w i t h a p e r i o d d i f f e r e n t from the 
21 

f i r s t by a f a c t o r of two ( — — ) was also observed and became i n c r e a s i n g l y 
s 

apparent, as shown i n the upper four curves of Fig.4.2a as the 
-4 -1 -1 -4 -1 -c o n d u c t i v i t y decreased from 3*0 x 10 ohm cm to 1 *0 x 10 ohm cm 

A l l the curves were obtained w i t h a f i x e d b i as voltage of 400 v o l t s . 

( i i ) Undamped O s c i l l a t i o n s 

/ P e r s i s t e n t c u r r e n t o s c i l l a t i o n s were observed w i t h a p p l i e d f i e l d 

strengths higher than threshold. The CdS c r y s t a l examined was another 

piece from the same boule D116 [sample D l l 6 ( 3 ) ] , w i t h dimensions 
3 

6'7 x 2*2 x 1*2 mm . The e l e c t r i c f i e l d was applied along the long 

dimension which i n t h i s sample was perpendicular t o the c-axis. Ohmic 

contact was made w i t h indium to the p a r a l l e l polished faces of the 

c r y s t a l . 

Upon a p p l i c a t i o n of a pulsed voltage (40 /Jsec 25 cps) greater than 
-4 -1 -1 

500 v o l t s (CT = 4*0 x 10 ohm cm ) the o s c i l l a t o r y behaviour of the 

cur r e n t was as shown i n Fig.4.2b. The amplitude of the o s c i l l a t i o n 

was found to increase w i t h i n c r e a s i n g f i e l d (Fig.4.2b) and reached a 

maximum value of about 40% of the t o t a l c u r r e n t (Fig.4.2c) a t 800 v o l t s . 

Further increase i n the d r i f t v o l tage l e d to a decrease i n the 

amplitude of o s c i l l a t i o n s . The period was 3*3 ^sec, which i s 
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approximately equal to the shear wave t r a n s i t time between electrodes 

spaced at 6*7 mm apart. 

The p o t e n t i a l d i s t r i b u t i o n under uniform band gap i l l u m i n a t i o n 

(tungsten l i g h t passing through a 0*52 /im i n t e r f e r e n c e f i l t e r ) i s shown 

i n Fig.4.7a (t h e technique of measurements i s described i n sec.4.6). 

The curve (Fig.4.7a) i l l u s t r a t e s t h a t there was a continuous v a r i a t i o n of 

r e s i s t i v i t y along the l e n g t h of the sample. When the p o l a r i t y of the 

a p p l i e d voltage was such th a t e l e c t r o n s d r i f t e d from the low r e s i s t i v e 

to the high r e s i s t i v e end of the bar, continuous o s c i l l a t i o n s were 

observed as shown i n Fig.4.2c. However, on re v e r s i n g the p o l a r i t y 

(low r e s i s t i v e end p o s i t i v e ) no o s c i l l a t i o n s occurred. 
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4.3 Observation of acoustic f l u x under s a t u r a t i o n c o n d i t i o n s 

Current s a t u r a t i o n has been observed when the d r i f t v e l o c i t y 
2 

exceeds the v e l o c i t y of sound. Hutson has shown by an extension of 
3 

the small s i g n a l theory of acoustic wave a m p l i f i c a t i o n that c u r r e n t 
s a t u r a t i o n may be i n t e r p r e t e d i n terms of the a c o u s t o e l e c t r i c c u r r e n t 

4 

accompanying the u l t r a s o n i c f l u x . The a c o u s t o e l e c t r i c c u r r e n t flows 

i n the reverse d i r e c t i o n " ' to the d r i f t c a r r i e r c u r r e n t (ohmic c u r r e n t ) . 

The generation of acoustic f l u x has been observed under s a t u r a t i o n 

c o n d i t i o n s i n our c r y s t a l s . The experimental c o n f i g u r a t i o n used was 
4 

s i m i l a r t o t h a t of Hutson e t a l (as shown i n Fig.2.2, Chapter Two), 

w i t h the exception that no input transducer was used. C r y s t a l D i l l 

(dark r e s i s t i v i t y 10^ ohm cm) was selected f o r t h i s experiment as a 
sample w i t h a reasonably large c r o s s - s e c t i o n and good p h o t o c o n d u c t i v i t y 

-3 -1 -1 
(cr —10 ohm cm w i t h max l i g h t ) could be obtained from the boule. 

3 
The c r y s t a l , w i t h dimensions, 10 x 10 x 2 mm , was o r i e n t e d f o r 
l o n g i t u d i n a l wave propagation. The c-axis of the c r y s t a l was 

2 

perpendicular to the 10x10 mm faces of the c r y s t a l which were polished 

f l a t and p a r a l l e l . Evaporated indium (about 2 nm t h i c k ) was used to 

bond a fused s i l i c a disc (5 mm diameter and 2mm t h i c k ) on to each face. 

A fused s i l i c a b u f f e r was used to provide e l e c t r i c a l i n s u l a t i o n between 

the d r i f t v o l tage and transducer output. An x-cut 1*0 cm d i a . quartz 

transducer (20 Mc/s l o n g i t u d i n a l wave) was bonded w i t h s a l o l (phenyl-

s a l i c y l a t e ) on to the top of the s i l i c a d i s c . The p r i n c i p a l advantage 
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of s a l o l i s t h a t a very good u l t r a s o n i c bond can be obtained at room 

temperature. S a l o l i s a h i g h l y s u i t a b l e bonding m a t e r i a l f o r both 

shear and l o n g i t u d i n a l waves at room temperature.^ Two indium contacts 

were provided f o r the a p p l i c a t i o n of d r i f t f i e l d . The transducer out­

put was l e d away v i a t h i n (35 gauge) enamelled copper wires connected 

to each surface of the transducer by a small dot (0*2 mm d i a . ) of 

s i l v e r dag. 

The c r y s t a l was u n i f o r m l y i l l u m i n a t e d w i t h l i g h t from a tungsten 
o 

lamp passing through 5200A f i l t e r ( t o reduce the r e s i s t i v i t y to about 
3 

10 ohm cm). A pulsed d r i f t f i e l d (30 /isec, 25 cps) w i t h p o s i t i v e 

p o l a r i t y toward the transducer end was a p p l i e d between the indium 

contacts, and the c u r r e n t was monitored across a series of r e s i s t a n c e . 

The output of the transducer was connected to a 545 A T e k t r o n i x 

o s c i l l o s c o p e . 

At zero f i e l d the transducer output was about 5 mv. On i n c r e a s i n g 

the a p p l i e d f i e l d (below threshold) the c u r r e n t through the c r y s t a l 

increased, but the transducer output remained unchanged at about 5 mv. 

On i n c r e a s i n g the d r i f t f i e l d beyond 200 v o l t s (~ lOOOv cm "*"), the 

cu r r e n t pulse increased a b r u p t l y to an i n i t i a l maximum value, and then 

decayed toward a f i n a l steady s t a t e value w i t h i n a few cycles of 

damped o s c i l l a t i o n s . At the same time the output from the transducer 

showed a sudden r i s e i n amplitude to about 100 mv. The nature of the 

output f l u x was s i m i l a r to those observed by McFee^" (see bottom trace 
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of Fig.2.7, Chapter Two). As the transducer used i n our experiment 

was tuned to 20 Mc/s, only a narrow p o r t i o n of the complete spectrum 

was observed. No correspondence between the observed f l u x and 

o s c i l l a t i o n i n the c u r r e n t could be detected. 

On r e v e r s i n g the p o l a r i t y of the d r i f t f i e l d so t h a t the 

transducer side of the c r y s t a l was negative no f l u x was observed under 

c u r r e n t s a t u r a t i o n c o n d i t i o n s . 

The f e a t u r e to be emphasized i s t h a t the acoustic f l u x b u i l d s up 

only under c u r r e n t saturated c o n d i t i o n s and only i n the d i r e c t i o n of 

the d r i f t i n g e l e c t r o n s . 
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4.4 Discussion 

When the i l l u m i n a t e d photoconducting c r y s t a l s were subjected to 

e l e c t r i c f i e l d s beyond a c r i t i c a l value two prominent e f f e c t s were 

observed i n the e x t e r n a l c i r c u i t . ^ ( 1 ) The curr e n t departed markedly 

from Ohm's law and saturated almost completely and ( 2 ) low frequency 

c u r r e n t o s c i l l a t i o n s which were e i t h e r damped or continuous appeared. 

Acoustic f l u x has been observed under curr e n t s a t u r a t i o n 

c o n d i t i o n s (Sec.4.3). The mechanism of c u r r e n t s a t u r a t i o n and 

o s c i l l a t i o n s may be understood i n terms of the generation and 
4 

a m p l i f i c a t i o n of acoustic f l u x and the accompanying a c o u s t o e l e c t r i c 

c u r r e n t f l o w i n g i n the reverse d i r e c t i o n . " * 

Damped O s c i l l a t i o n s - The c u r r e n t saturates a f t e r several cycles of 

damped o s c i l l a t i o n s as shown i n F i g . 4 . l a , 4.1b and 4.2a. The time to 

reach the s a t u r a t i o n l e v e l ( t h e b u i l d up time) i s found to be 

dependent on the c o n d u c t i v i t y and ap p l i e d e l e c t r i c f i e l d . 

Immediately a f t e r applying the e x t e r n a l v o l t a g e , f l u x i s u n i f o r m l y 

generated across the c r y s t a l . The f l u x propagating i n the d i r e c t i o n 
3 

of e l e c t r o n flow w i l l be a m p l i f i e d " and on reaching the anode w i l l be 

r e f l e c t e d and move against the e l e c t r o n d r i f t . I f the a m p l i f i c a t i o n 

of the f l u x during i t s t r a v e l w i t h the d r i f t s u b s t a n t i a l l y exceeds the 

a t t e n u a t i o n s u f f e r e d during i t s t r a v e l against the d r i f t plus the losses 

i n c u r r e d upon r e f l e c t i o n a t the c r y s t a l boundaries, a b u i l d up of u l t r a ­

sonic f l u x w i l l occur and the f l u x w i l l reach i t s saturated value a f t e r 
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several round t r i p s through the c r y s t a l . 

At higher c o n d u c t i v i t i e s and/or a p p l i e d f i e l d s the a m p l i f i c a t i o n 
3 

i s higher and the b u i l d up of acoustic f l u x w i l l be completed i n a 

shorter ( b u i l d up) time (upper curves, Fig.4.1c). 

Undamped O s c i l l a t i o n s - P e r s i s t e n t c u r r e n t o s c i l l a t i o n s as shown 

i n Fig.4.2b and 4.2c were obtained w i t h c r y s t a l D l l 6 ( 3 ) . The 

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

i n Fig.4.7a. The curve demonstrates t h a t the c r y s t a l has a 

continuous v a r i a t i o n of r e s i s t i v i t y along the le n g t h . The pe r i o d of 

the o s c i l l a t i o n s (3*3 fisec) i s approximately equal to the time f o r a 

s i n g l e t r a n s i t between the electrodes (6*7 mm) f o r shear waves 
(v = 1*75 x 10"* cm sec ^ ) . s 

When the high c o n d u c t i v i t y end ( l e f t i n Fig.4.7a) was made 

negative and f i e l d s beyond threshold were a p p l i e d , the f l u x a t the 

cathode re g i o n moves w i t h the a c c e l e r a t i n g e l e c t r o n s (due t o increased 

f i e l d i n t e n s i t y ) and i s a m p l i f i e d . The f l u x build-up w i l l then be 

complete on reaching the anode. 

On re v e r s i n g the p o l a r i t y , the f l u x i n the cathode region (now a t 

the h i g h f i e l d r e g i o n ) moves i n t o a reg i o n of d e c e l e r a t i n g f i e l d and 

reaches a p o i n t where the f i e l d s t r e n g t h i s lower than threshold. 

From t h i s p o i n t onward the f l u x i s attenuated instead of being 

a m p l i f i e d and no f l u x b u i l d up can occur. 

14 
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Period of O s c i l l a t i o n s - Two modes of o s c i l l a t i o n could be 

obtained i n sample D l l 6 ( 2 ) as shown i n Fig.4.2a. O s c i l l a t i o n s w i t h the 

longer p e r i o d (upper curves) were obtained on decreasing the c r y s t a l 
-4 -1 -1 -4 -1 -1 c o n d u c t i v i t y from about 3'0 x 10 ohm cm to 1»0 x 10 ohm cm 

The c r y s t a l which was 3*35 mm long was o r i e n t e d f o r shear waves and 

the periods obtained were approximately 2 and 4 /isec. This demonstrates 

c l e a r l y t h a t a t higher c o n d u c t i v i t y ( b u t w i t h f i x e d f i e l d i n t e n s i t y ) 

the f l u x b u i l d up takes place i n a s i n g l e t r a n s i t (due t o higher 

a m p l i f i c a t i o n ) and at lower c o n d u c t i v i t y (lower a m p l i f i c a t i o n ) the 

f l u x b u i l d s up over a round t r i p . S i m i l a r r e s u l t s were obtained on 

changing the f i e l d only ( w i t h f i x e d l i g h t i n t e n s i t y ) . 
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PART B 

EFFECTS OF CRYSTAL INHOMOGENEITY 

4.5 Threshold f i e l d f o r c u r r e n t s a t u r a t i o n 

D e t a i l s of some of the c r y s t a l s used to make the experimental 

observations of non-ohmic behaviour are summarised i n Table 1. The 

o r i e n t a t i o n and the c o n d u c t i v i t y of a sample i n the dark and under 

i l l u m i n a t i o n are included. 

TABLE 4.1 

D e t a i l s of the CdS c r y s t a l s used 

Dimensions mm Co n d u c t i v i t y 
-1 -1 C r y s t a l O r i e n t a t i o n ohm cm 

No. 
t h i c k ­ m a x . i l l u m i n a t i o n 

l e n g t h w i d t h ness dark 120 f t - c 

D 7 8 ( l ) 8*77 2*57 1*66 ~ 20° o f f c-axis < i o " 9 
_3 

~ 10 
D116(1) 7*3 2*1 1-25 II < i o - 1 0 - i o " 2 

D i l i 7*2 2 "0 1 *5 j . r J.VJ - i o - 3 

D116(2) 3-35 2-25 1*65 J.r < I D " 9 - i o - 3 

D116(3) 6*7 2*2 1*2 < I D " 1 0 
-3 

~ 10 



a 
C r y s t a l . D 7 8 ( 1 ) 

<5 e 2 .3x10 

in hqht 100V in 
in 

<3c 1.2x10 

50*/ 6 * 9.5x10 

3 0 V 

6* 4 . 7 x 1 0 

15 V 
1 

<5"- 1.9x10 
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i 
8 10 

A P P L I E D VOLTAGE P U L S E (10 v o l t s ) 

Fig.4.3. Current-voltage c h a r a c t e r i s t i c s o f photoconducting 
cadmium sulphide as a f u n c t i o n of l i g h t i n t e n s i t y 
f o r c r y s t a l D 7 8 ( l ) . 
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Fig.4.3 shows the d r i f t c u r r e n t as a f u n c t i o n of d r i f t v o l tage f o r 

c r y s t a l D 7 8 ( l ) . The d r i f t voltage was applied ( i n 30 fisec pulses) along 

the l e n g t h (8*77 mm) of the sample. With d r i f t voltages less than 700 
-3 -1 -1 

v o l t s ( d r i f t f i e l d ~ 800 v/cm) and a = 2*3 x 10 ohm cm f o r example 

the d r i f t c u r r e n t was a l i n e a r f u n c t i o n of the d r i f t v o l tage (ohmic 

r e g i o n ) . A departure from ohmic behaviour was evident a t d r i f t voltages 

greater than 700 v o l t s . Figure 4.3 shows the I-V curves obtained f o r 

pulse widths between 20 and 60 |isec w i t h the i n t e n s i t y of i l l u m i n a t i o n 

as a parameter. The threshold d r i f t f i e l d s E c measured a t the 'kink' 

i n the curr e n t voltage c h a r a c t e r i s t i c s were somewhat dependent on the 

photo induced c o n d u c t i v i t y CT. increased w i t h decreasing c o n d u c t i v i t y 

as d i d the b u i l d up time. Below a = 5*0 x 10 "*ohm '''cm \ cu r r e n t 

s a t u r a t i o n was not observed w i t h i n p u t voltages up t o 2500 v o l t s . No 

s a t u r a t i o n was obtained at any c o n d u c t i v i t y when the width of the 

voltage pulse was less than the b u i l d up time. At low c o n d u c t i v i t i e s 

no appreciable f l u x b u i l d up can occur because of the low a c o u s t o e l e c t r i c 

i n t e r a c t i o n when so few charge c a r r i e r s are present, then no cu r r e n t 

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

4.6 The e f f e c t of c r y s t a l inhomogeneity 

The v a r i a t i o n of the thr e s h o l d f i e l d w i t h photo induced c o n d u c t i v i t y 

and the production of cu r r e n t o s c i l l a t i o n s are s t r o n g l y i n f l u e n c e d by 

non u n i f o r m i t i e s i n the sample. Inhomogeneous c r y s t a l s have been 

studied to e l u c i d a t e some of the e f f e c t s . 
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Fig.4.4. ( a ) Experimental arrangements f o r measuring p o t e n t i a l 
d i s t r i b u t i o n by pulsed method, 

( b ) P o t e n t i a l d i s t r i b u t i o n i n ( 1 ) non-uniform and ( 2 ) 
i n uniform sample, r e s p e c t i v e l y , f o r c r y s t a l D l l 6 ( l ) . 
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The u n i f o r m i t y of our samples was measured w i t h a p o t e n t i a l 

d i s t r i b u t i o n technique. InyOrder t o probe the p o t e n t i a l d i s t r i b u t i o n , 

indium contacts were placed at 1 mm i n t e r v a l s along the len g t h of the 

sample. A l l the contacts were made by vapour d e p o s i t i o n of indium 

f o l l o w e d by a short heat treatment t o d i f f u s e the indium i n t o the 

surface as described e a r l i e r . 

The measurements of the e l e c t r i c f i e l d d i s t r i b u t i o n at room 

temperature, were c a r r i e d out using an indium t i p p e d tungsten probe 

mounted on a micromanipulator. The arrangement shown i n Fig.4.4a 

allowed the vol t a g e d i f f e r e n c e between any two contacts t o be displayed 

on the os c i l l o s c o p e ( t h e pulsed method) or measured w i t h a P h i l i p s 

PM2440 microvoltmeter ( t h e dc method). 

From a knowledge of the p o t e n t i a l d i s t r i b u t i o n i n a sample one can 

determine whether non-ohmic behaviour i s c o n t r o l l e d by the bulk m a t e r i a l 

or by the e l e c t r i c a l contacts. Moreover, even i f the s a t u r a t i o n i s 

c o n t r o l l e d by the bu l k , i t i s important t o know whether there i s an 

anomalous p o t e n t i a l d i s t r i b u t i o n i n the sample or not. A s p a t i a l 

inhoinogeneity of the e l s c t r x c f i e l d i n some of the sample was formed, 

even i n the conduction r e g i o n where Ohm's law was obeyed f o r e i t h e r 

p o l a r i t y of the applied voltage. 

( i ) The e f f e c t on threshold f i e l d ( a t d i f f e r e n t c o n d u c t i v i t i e s ) 

The e f f e c t of c r y s t a l inhomogeneity on the threshold f i e l d has been 

studied, p a r t i c u l a r l y i n sample D116(1). The sample, w i t h dimensions of 
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F i g . 4 . 5 . 1-V curve c h a r a c t e r i s t i c s 
( 1 ) f o r non-uniform sample and ( 2 ) f o r uniform 
sample D l l 6 ( l ) . 
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3 8*3 x 2*1 x 1*25 mm was uniformly i l l u m i n a t e d with l i g h t from a tungsten 
lamp p a s s i n g through a wide band 0'52 fjm i n t e r f e r e n c e f i l t e r . A 
p o t e n t i a l of 10 vdc was a p p l i e d along the long dimension (8*3 mm) which 
was a l s o the c - a x i s of the c r y s t a l . Fig.4.4b curve 1 shows the 
measured e l e c t r i c f i e l d d i s t r i b u t i o n as a f u n c t i o n of d i s t a n c e from one 
end of the sample. R e v e r s a l of the f i e l d d i r e c t i o n and v a r y i n g the 
i n t e n s i t y of i l l u m i n a t i o n d i d not change the p o t e n t i a l d i s t r i b u t i o n 

a p p r e c i a b l y . The measurements showed that a 1 mm length of one end of 

the sample had a high r e s i s t i v i t y . 

F i g.4.5 curve 1 shows the c u r r e n t - v o l t a g e c h a r a c t e r i s t i c f o r t h i s 

(non-uniform) c r y s t a l measured with the maximum i n t e n s i t y of 

i l l u m i n a t i o n a v a i l a b l e . Curve 1, Fig.4.6 shows the c r i t i c a l d r i f t f i e l d s 

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

f i e l d E i n c r e a s e d s t e a d i l y throughout the range of de c r e a s i n g 
-1 -3 c o n d u c t i v i t y . The v a l u e of E i n c r e a s e d from 780 v cm at o = 1*8 x 10 c 

ohm ^cm to 1150 v cm ^ at CT = 4 *0 x 10 "'ohm ^cm ^. 

At t h i s stage, 0*3 mm was removed from the inhomogeneous end (1 mm) 

of the sample and the co n t a c t s r e a p p l i e d . Under maximum i l l u m i n a t i o n E c 

-1 -3 -1 -1 was found to be reduced to 750 v cm (CT = 2*3 x 10 ohm cm ) . E c 
-4 -1 -1 

remained f a i r l y constant f o r v a l u e s of a up to 2 x 10 ohm cm and 

then i n c r e a s e d to 1000 v cm * a t a = 3 '2 x l0~"'ohm~̂ "cm~''". The sample 

was s t i l l inhomogeneous. 

Next a f u r t h e r 0*7 mm was removed from the non-homogeneous end of 

the sample to reduce the t o t a l l e n g t h to 7*3 mm. E x c e l l e n t s a t u r a t i o n 
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was then observed. A t y p i c a l example i s shown i n curve 2, Fig.4.5 

which was obtained with the sample i l l u m i n a t e d with h a l f the maximum 

a v a i l a b l e l i g h t i n t e n s i t y . Curve 2, F i g . 4 . 6 , shows that the v a l u e of 

E c at high l i g h t i n t e n s i t i e s was now reduced to 700 v cm \ and that E ( 

-4 -1 -1 

remained constant as the c o n d u c t i v i t y was decreased to 10 ohm cm 

Under these c o n d i t i o n s the p o t e n t i a l d i s t r i b u t i o n along the length of 

the specimen was almost uniform as i n d i c a t e d by curve 2, Fig.4.5. 

( i i ) E f f e c t on c u r r e n t o s c i l l a t i o n s 

The curve i n F i g . 4 . 7 a shows the p o t e n t i a l d i s t r i b u t i o n of c r y s t a l 

D116(3) under uniform i l l u m i n a t i o n ( t u n g s t e n l i g h t passed through a 

0*52 /Jm i n t e r f e r e n c e f i l t e r ) . The curve i l l u s t r a t e s t h a t there was a 

continuous v a r i a t i o n of r e s i s t i v i t y along the length of the sample. 

With the p o l a r i t y of the a p p l i e d v o l t a g e , such t h a t e l e c t r o n s d r i f t e d 

from the low r e s i s t i v e end (cathode) to the high r e s i s t i v e end of the 

bar (6'7 mm long) continuous o s c i l l a t i o n s were observed ( a s shown i n 

F i g s . 4.2b, 4.2c) a t an a p p l i e d v o l t a g e g r e a t e r than 500 v o l t s (700 v 
-1 -4 -1 -1 cm ) when CT = 4*0 x 10 ohm cm . No o s c i l l a t i o n was observed on 

r e v e r s i n g the p o l a r i t y of the a p p l i e d f i e l d . T h i s r e s u l t i s d i s c u s s e d 

i n S e c t i o n 4.4. 

( i i i ) Inhomogeneity above the t h r e s h o l d 

The p o t e n t i a l d i s t r i b u t i o n above t h r e s h o l d was measured under 

pulsed c o n d i t i o n s only to avoid undue h e a t i n g of the c r y s t a l . The 
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C r y s t a l 0 1 1 6 ( 3 ) 
ffi Dim. 6.7A 2.2 xl .2 mm 

3L-1—-1 < ~ 1 . 5 xlOSi'cm 

D is tance F r o m C a t h o d e (mm) 

8 0 0 b 

s a t u r a t i n g 8 5 0 v 

6 0 0 

C r y s t a l s D116 
Dim. 7.3 x2.1 x l . 2 5 mm Saturat ing 

1.0x103c1cm"1 

6 5 0 v 
400 

ohmic 

4 5 0 v 

200 
ohmic 

2 2 5 v 

i 
8 6 

D i s t a n c e From Cathode ( m m ) 

F i g . 4 . 7 . ( a ) P o t e n t i a l d i s t r i b u t i o n i n a non-uniform sample D l l 6 ( 3 ) 
( b ) P o t e n t i a l d i s t r i b u t i o n i n a uniform sample i n ohmic and 

s a t u r a t i n g c o n d i t i o n s f o r c r y s t a l D l l 6 ( ' l ) . 
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arrangement used i s shown i n Fig.4.3a. The p o t e n t i a l d i s t r i b u t i o n was 

measured i n both the ohmic and s a t u r a t i o n regions of the I-V 

c h a r a c t e r i s t i c s . 

Fig.4.7b shows the measured e l e c t r i c f i e l d d i s t r i b u t i o n i n sample 

D116(1) as a f u n c t i o n of d i s t a n c e from the cathode. The d i r e c t i o n of 

e l e c t r o n d r i f t was from l e f t to r i g h t . The sample was uniformly 

i l l u m i n a t e d and the c u r r e n t s a t u r a t e d above 550 v o l t s . The lower two 

curves ( F i g . 4 . 7 b ) , corresponding to 225 v o l t s and 400 v o l t s a p p l i e d 

r e p r e s e n t the f i e l d d i s t r i b u t i o n i n the sample under ohmic c o n d i t i o n s . 

The upper two c u r v e s , corresponding to 650 v o l t s and 800 v o l t s 

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

c o n d i t i o n s . The f i e l d near the p o s i t i v e e l e c t r o d e becomes higher as 

the a p p l i e d f i e l d i n c r e a s e s above the t h r e s h o l d as demonstrated by the 

upper two curves i n Fig.4.7b. 
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4. 7 D i s c u s s i o n 

A t y p i c a l c u r r e n t - v o l t a g e c h a r a c t e r i c i n photoconducting CdS 

( c r y s t a l D 7 8 ( l ) ) i s shown i n Fig.4.3. The c o n d u c t i v i t y was v a r i e d by 

v a r y i n g the i n t e n s i t y of i l l u m i n a t i o n . The s i g n i f i c a n t f a c t common to 

a l l these I-V curves i s the abrupt d i s c o n t i n u i t y i n slope at a c r i t i c a l 

f i e l d E c < The change i n c r y s t a l c o n d u c t i v i t y only changes the s a t u r a t e d 

photocurrent but the f i e l d f o r s a t u r a t i o n re?mci.ns almost u n a l t e r e d . At 

lower c o n d u c t i v i t i e s (lower two c u r v e s , F i g . 4 . 3 ) the c u r r e n t s a t u r a t i o n 

i s r a t h e r weak, ('kink 1 i n the 1-V c u r v e ) . T h i s demonstrates weak 

c a r r i e r - a c o u s t i c wave i n t e r a c t i o n s a t lower c o n d u c t i v i t y . 

The p r i n c i p a l q u a n t i t a t i v e measurementfj which can be made from a-n. 

1-V curve i s th a t of the d r i f t m o b i l i t y . T h i s i s found from the 

c r i t i c a l f i e l d showing the onset of c u r r e n t s a t u r a t i o n . 

( i ) E f f e c t of inhomogeneity 

The method of c a l c u l a t i n g the d r i f t m o b i l i t y assumes t h a t the 

p o t e n t i a l d i s t r i b u t i o n along the specimen i s uniform. Non u n i f o r m i t y 

i n the sample l e a d s to a higher c r i t i c a l f i e l d (and lower apparent 

d r i f t m o b i l i t y ) as shown i n Fig.4.6 . 

The v a r i a t i o n of E c > w i t h the c o n d u c t i v i t y for c r y s t a l D116(1) i s 

shown i n curve 1, F i g . 4 . 6 . Curve 2, shows the v a r i a t i o n of E c f o r the 

same c r y s t a l a f t e r removing 1 mm from the inhomogeneous end ( s e e 

S e c t i o n 4 . 6 ( i ) ) . 
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A v a r i a t i o n of E c with c o n d u c t i v i t y has been reported by I s h i d a 
g 

e t a l . who a t t r i b u t e d the changes i n E c to ( a ) e l e c t r o n t r a p p i n g 

e f f e c t s and ( b ) an i n c r e a s e i n m o b i l i t y a t high/light i n t e n s i t i e s which 
9 

i s caused by a r e d u c t i o n i n i o n i s e d impurity s c a t t e r i n g . However, 

present o b s e r v a t i o n s ( F i g . 4 . 6 ) demonstrate t h a t a v a r i a t i o n i n E £ with 

c o n d u c t i v i t y can be caused by inhomogeneity i n the sample. 
( i i ) T h r e s h o l d f i e l d a t low c o n d u c t i v i t y 

Even i n the homogeneous sample, the t h r e s h o l d f i e l d i n c r e a s e d 
-4 

r a p i d l y ( c u r v e 2, F i g . 4 . 6 ) f o r v a l u e s of c o n d u c t i v i t y below 10 mho cm 

and s a t u r a t i o n became p r o g r e s s i v e l y l e s s pronounced. The p o t e n t i a l 

d i s t r i b u t i o n was s t i l l s u b s t a n t i a l l y uniform. At c o n d u c t i v i t i e s below 

10 "\nho cm ^ no s a t u r a t i o n was observed at a l l . 

C u r r e n t s a t u r a t i o n due to the b u i l d up of a c o u s t i c f l u x occurs 

when the a m p l i f i c a t i o n i n the d r i f t d i r e c t i o n exceeds the l o s s i n the 

opposite d i r e c t i o n . I t can be shown''' (from the l i n e a r theory of 
3 

u l t r a s o n i c a m p l i f i c a t i o n ) th a t the t h r e s h o l d c o n d i t i o n f o r net round 

t r i p g a i n ( n e g l e c t i n g l o s s e s due to r e f l e c t i o n a t the sample 

boundaries, and trapping e f f e c t s ) i s 
d d c 

v w j_ 
E = — f l + 4( —^ ) 1 2 4.1 
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2 where = ( c r / O , W
D = ( v g /D), <r, e, and D are the d i e l e c t r i c 

tab 

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

constant and d i f f u s i o n constant r e s p e c t i v e l y . I n the sample ( D l l 6 ( l ) ) 

used, v = 2*0 x 10"* cm sec \ w = 1*2 x I O ^ C T sec ^ and u = ' s ' c D 
6*0 x 10^ sec ̂ , = 300 cm^v'^cm"^ a t 300°K. Thus eqn. 4.1 becomes 

E = ^ [1 + 8-0 x 10 cx] 2 

C JUL) 

= 700[1 + 8*0 x 10 2CT]^ 4.2 

The t h e o r e t i c a l t h r e s h o l d f i e l d s E c p r e d i c t e d by eqn.4.2 would be 
_2 

expected to remain constant as the c o n d u c t i v i t y i s reduced below 10 

mho cm ^. According to eqn.4.2 E c should i n c r e a s e for v a l u e s of a 
-2 -1 

higher than 10 mho cm . T h i s i s the r e v e r s e of what we have 

observed. Hence there would appear to be a di s c r e p a n c y between the 

present o b s e r v a t i o n and theory. I n our experiments no change i n photo 

H a l l m o b i l i t y was observed i n c r y s t a l D116(1) even at 10 ^ mho cm ^ 

( F i g . 4 . 8 ) . I n our experience (based on the measurements made on a 

number of d i f f e r e n t c r y s t a l s ) i t would seem t h a t the i n c r e a s e i n E a t 
c 

-4 -1 

lower c o n d u c t i v i t i e s (< 10 mho cm ) i s a b a s i c f e a t u r e of the 

a c o u s t o e l e c t r i c i n t e r a c t i o n which i s not taken i n t o account i n the 

argument which l e a d s to eqn.4.2. The f o l l o w i n g i n t e r p r e t a t i o n i s 

proposed to e x p l a i n the e f f e c t . 
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Current s a t u r a t i o n occurs as long as there i s a net round t r i p 

gain. The a c o u s t i c wave a m p l i f i c a t i o n i n c r e a s e s with i n c r e a s i n g 

e l e c t r o n d r i f t v e l o c i t y i . e . with a p p l i e d f i e l d ( v , > v ) u n t i l the gain 
a s 

reaches a maximum a t about twice the v e l o c i t y of sound ( v , — 2v ) . 
d s 

F u r t h e r i n c r e a s e i n e l e c t r o n d r i f t v e l o c i t y decreases the a m p l i f i c a t i o n 

f a c t o r . The a m p l i f i c a t i o n a l s o decreases with d e c r e a s i n g c o n d u c t i v i t y 
-4 -1 12 -4 (CT < 10 mho cm ) . At lower c o n d u c t i v i t i e s (below about 10 mho cm 

the low a m p l i f i c a t i o n can be compensated by a gradual i n c r e a s e i n the 

e l e c t r o n d r i f t v e l o c i t y which i s achieved by i n c r e a s i n g the a p p l i e d 

f i e l d (hence a high E ) . However, at s t i l l lower c o n d u c t i v i t i e s 
c 

(o < 10 mho cm f u r t h e r i n c r e a s e i n e l e c t r o n d r i f t v e l o c i t y (beyond 

about twice the v e l o c i t y of sound, corresponding to 1400 v cm ^ i n 

F i g . 4 . 6 ) would l e a d to a r e d u c t i o n i n the a m p l i f i c a t i o n f a c t o r (and the 

net round t r i p gain n e c e s s a r y for c u r r e n t s a t u r a t i o n could not be 

achieved. 

( i i i ) Non u n i f o r m i t y under s a t u r a t e d c o n d i t i o n s 

Voltage probe measurements on a uniform sample D116(1) under 

s a t u r a t i o n c o n d i t i o n s (upper two cu r v e s , Fig.4.7b) show a s t a t i o n a r y 

high e l e c t r i c f i e l d ( h i g h f i e l d d o m a i n ) ^ near the anode, w h i l e over the 

remainder of the sample, the f i e l d d i s t r i b u t i o n i s f a i r l y uniform. 

T h i s demonstrates t h a t the. a c o u s t i c f l u x grows along the length of the 

specimen and becomes maximum at the anode end. I n t h i s way a high 
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r e s i s t i v i t y region i s formed because of the l a r g e r e v e r s e a c o u s t o e l e c t r i c 

c u r r e n t a s s o c i a t e d with the flux."* 

Comparison ofyupper two curves ( F i g . 4 . 7 b ) shows t h a t r a i s i n g the 

a p p l i e d v o l t a g e f u r t h e r beyond the t h r e s h o l d v o l t a g e mainly s e r v e s to 

i n c r e a s e the f i e l d i n the high f i e l d domain. When the d i r e c t i o n of the 

d r i f t was r e v e r s e d so that e l e c t r o n s flowed from r i g h t to l e f t , i n 

Fig.4.7b, i t was found that the high f i e l d appeared near the l e f t hand 

end of the sample. With t h i s type of non u n i f o r m i t y near the anode 

the c u r r e n t s a t u r a t e d a f t e r 2-3 c y c l e s of damped o s c i l l a t i o n s . 



PART C 

ELECTRON DRIFT MOBILITY AT ROOM TEMPERATURE 

4.8 Photo H a l l m o b i l i t y 

The photo H a l l m o b i l i t y was measured u s i n g the c i r c u i t arrangement 

shown i n Fig.3.8 (Chapter I I I ) . The specimens No. D 7 8 ( l ) , D l l 6 ( l ) and 

D i l l ( s e e Table 1, S e c t i o n 4.5) were provided with three p a i r s of 

c o n t a c t s , one p a i r a t the ends to enable c u r r e n t to be passed, a p a i r 

of p o t e n t i a l probes along the specimen and a t r a n s v e r s e p a i r near the 

cen t r e to measure the H a l l v o l t a g e . A d i r e c t c u r r e n t ( a few micro-

amp to a few mA) was passed through the specimen and the r e s i s t a n c e 

and hence the c o n d u c t i v i t y was found by measuring the c u r r e n t , and the 

v o l t a g e between the p o t e n t i a l probes. A l l the measurements were made 
14 

w i t h a high impedance Vibron electrometer ( i n p u t r e s i s t a n c e ">» 10 ohms). 

A magnetic f i e l d of 2*4KG with a gap of 5 cm between the pole 

pieces was used. Two s e t s of rea d i n g s were made f o r e i t h e r d i r e c t i o n 

of the magnetic f i e l d and with e i t h e r d i r e c t i o n of the e l e c t r i c f i e l d . 

The r e s u l t a n t readings were averaged to e l i m i n a t e p o s s i b l e sources of 

e r r o r ^ from t h e r m o e l e c t r i c and thermomagnetic e f f e c t s . 
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Experimental r e s u l t s 

The measured photo H a l l m o b i l i t y / J ^ as a f u n c t i o n of c o n d u c t i v i t y a 

f o r three swfK^*ta&> i s shown i n Fig. 4 . 8 . Curve 1, obtained from c r y s t a l 
2 - 1 -1 

D 7 8 ( l ) , shows a steady decrease i n the H a l l m o b i l i t y from 360 cm v sec 
-3 -1 2 -1 -1 -5 -1 at o = 4*0 x 10 mho cm to 240 cm v sec at a = 10 mho cm 

Curves 2 and 3, f o r samples D l l 6 ( l ) and D i l l r e s p e c t i v e l y show that the 

H a l l m o b i l i t y M was independent of c o n d u c t i v i t y , n 

V a r i a t i o n of JJT i n C r y s t a l D 7 8 ( l ) 

The observed decrease i n e l e c t r o n m o b i l i t y M with d e c r e a s i n g 
n 

c o n d u c t i v i t y for sample D 7 8 ( l ) can be i n t e r p r e t e d i n the manner proposed 
9 

by Bube and MacDonald. 
Measurements made on c r y s t a l D 7 8 ( l ) a t room temperature showed a 

-3 -7 -1 v a r i a t i o n i n c o n d u c t i v i t y from 6*2 x 10 to 6*1 x 10 mho cm when 

the i n t e n s i t y of p h o t o e x c i t a t i o n was reduced from a maximum (100%) to 
_4 

5 x 10 ( 0 T 0 $ 0 5 % ) of the h i g h e s t l i g h t i n t e n s i t y a v a i l a b l e (120 f t - c ) . 
2 - 1 - 1 2 -1 -1 The H a l l m o b i l i t y i n c r e a s e d from 180 cm v sec to 3 70 cm v sec as 

the e l e c t r o n c o n c e n t r a t i o n n i n c r e a s e d from 2*1 x 1 0 ^ to 1*0 x 1 0 ^ cm "V 

Bube and MacDonald have shown that a v a r i a t i o n i n H a l l m o b i l i t y 

can be i n t e r p r e t e d i n terms of a change i n the occupancy of the 

iin p e r f e e t i o n c e n t r e s . The occupancy of the i m p e r f e c t i o n c e n t r e s i s 

determined by the l o c a t i o n of the quasi Fermi l e v e l . The e l e c t r o n 

Fermi l e v e l E , can be c a l c u l a t e d from the e x p r e s s i o n rn 
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n = N exp — 
c r kT 

N 
or E c = kT I n — fn n 

18 where N i s the d e n s i t y of s t a t e s i n the conduction band = 2*14 x 10 cm c J 

f o r CdS at room temperature (300°K, m* = 0*2 Me). 

The e l e c t r o n Fermi l e v e l l i e s between 0*249 ev to 0*46 ev f o r 

e l e c t r o n c o n c e n t r a t i o n s between 1 »0 x 1 0 ^ and 2*1 x 1 0 ^ cm~^. 

The i m p e r f e c t i o n c e n t r e s r e s p o n s i b l e f o r the observed v a r i a t i o n i n 

e l e c t r o n m o b i l i t y with photo e x c i t a t i o n are p o s i t i v e l y charged c e n t r e s 

( i o n i s e d donors) which l i e above the e l e c t r o n Fermi l e v e l i n the dark. 

As the Fermi l e v e l r i s e s with i n c r e a s i n g photo e x c i t a t i o n , these c e n t r e s 

become f i l l e d with e l e c t r o n s , t h e i r charge i s removed and t h e i r 

s c a t t e r i n g decreases s t r o n g l y . The e f f e c t of the p h o t o e x c i t a t i o n on the 
9 

e l e c t r o n m o b i l i t y i s d e s c r i b e d by the equation 

I _ = J L + S v S + N + [ l + 2 exp [ < E + - E f n ) / k T } ] 
H o 

where P/ T
D r e p r e s e n t s the s c a t t e r i n g due to a l l p r o c e s s e s other than 

i o n i s e d impurity s c a t t e r i n g , v i s the thermal v e l o c i t y of an e l e c t r o n , 

S + i s the s c a t t e r i n g c r o s s s e c t i o n of the p o s i t i v e l y charged donor, N + 

i s the d e n s i t y of donors and E + i s the depth of the donor l e v e l below 

the conduction band. 
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According to the above equation, a p l o t of l/l* against E should 
H f n 

lead t o an S-shaped curve from which the energy l e v e l of the s c a t t e r i n g 

centres can be c a l c u l a t e d by determining the p o i n t at which 1/M changes 
H 

by one t h i r d of the d i f f e r e n c e between the values of 1/^ at the extreme 
H 

l i m i t s of the S-shaped curve. 

Fig.4.9 shows a p l o t of l//i„ as a f u n c t i o n of E,. . Two almost S-
H i n 

shaped curves i n agreement w i t h the p r e d i c t i o n of above equation were 

obtained. The curves can be i n t e r p r e t e d i n terms of the existence of 

two traps w i t h depths of 0*281 and 0*362 ev. The shape of the curve 

shows t h a t the two traps were p o s i t i v e l y charged i n the dark. 

4.9 Comparison of the D r i f t and H a l l m o b i l i t i e s 

When non-ohmic e f f e c t s caused by the a c o u s t o e l e c t r i c i n t e r a c t i o n 

are observed, the c a r r i e r d r i f t v e l o c i t y at tb.e onset of the non-ohmic 

conduction i s equal to the v e l o c i t y of sound ( v . = v ). 
d s 

The threshold f i e l d f o r c u r r e n t s a t u r a t i o n E as a f u n c t i o n of 
c 

-5 -2 -1 c o n d u c t i v i t y i n the range 3 x 10 t o about 10 mho cm i s shown i n 

Fig.4.10 (lower two curves) f o r two uniform samples D78(l) and D i l l . 

C r y s t a l D i l l was o r i e n t e d perpendicular to c-axis while c r y s t a l D78(l) 

was randomly o r i e n t e d . The threshold f i e l d f o r c u r r e n t s a t u r a t i o n E as J c 
-5 -2 -1 a f u n c t i o n of c o n d u c t i v i t y a between 2*5 x 10 and 10 mho cm f o r 

c r y s t a l D l l 6 ( l ) i s shown i n curve 2, Fig.4.6. 
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The values of e l e c t r o n d r i f t m o b i l i t y estimated from the c o n d i t i o n 

of e q u a l i t y of the appropriate v e l o c i t y of sound are shown i n Fig.4.10 
2 -1 -1 

f o r c r y s t a l D i l l . The e l e c t r o n d r i f t m o b i l i t y of 258 cm v sec i n 
c r y s t a l D i l l ( o r i e n t e d perpendicular t o c-axis) was obtained by using 

5 - 1 2 a shear wave v e l o c i t y of v = 1*75 x 10 cm sec . The value of 258 cm s 
-1 -1 2 v sec i s i n good agreement w i t h the measured H a l l m o b i l i t y of 272 cm 

v '''sec ^ (see Fig.4.8) f o r c o n d u c t i v i t i e s between 10~^ and 4 x l0~^mho cm ^ 

The value of e l e c t r o n d r i f t m o b i l i t y f o r sample D l l 6 ( l ) , ( o r i e n t e d 

f o r l o n g i t u d i n a l sound waves) estimated from E c (curve2, Fig.4.6) was 
2 -1 -1 

about 630 cm v sec i f the l o n g i t u d i n a l sound wave v e l o c i t y (v = 
s 

4 *4 x lO^cm sec "'') was used. This value of d r i f t m o b i l i t y was about twice 
2 -1 -1 

the value obtained from the measured H a l l m o b i l i t y of 300 cm v sec 

(see curve 2, Fig.4.8). This discrepancy between the H a l l and d r i f t 

m o b i l i t y can be resolved i f the i n t e r a c t i o n w i t h o f f axis shear waves 

i s considered. I f the e l e c t r o n s couple w i t h o f f a x i s shear waves, as 

pointed out by McFee^ departures from ohmic behaviour begin t o appear 

at a d r i f t f i e l d smaller than the t h r e s h o l d f i e l d f o r a m p l i f i c a t i o n f o r 

l o n g i t u d i n a l waves because the v e l o c i t y of o f f axis shear waves i s 

smaller than t h a t of l o n g i t u d i n a l wave. Therefore i f a value of the 

v e l o c i t y of sound of 2*0 x 10"* cm sec ^ was used the e l e c t r o n d r i f t 

m o b i l i t y obtained would agree w e l l w i t h the H a l l m o b i l i t y data i n 
-4 -2 -1 the c o n d u c t i v i t y range between 10 to 10 mho cm 

Using o f f a x i s shear wave v e l o c i t y of 2*2 x 10"* cm sec ^, i n the 

case of unoriented sample D78(l) (about 20° o f f from c - a x i s ) , the 
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estimated d r i f t m o b i l i t y and H a l l m o b i l i t y were found to be i n 

reasonably good agreement. The d r i f t m o b i l i t y v a r i e d between 300 and 
2 1 1 3 4 220 cm v sec over a range of c o n d u c t i v i t i e s from 3 x 10 t o 10 

mho cm ^. Over the same range of c o n d u c t i v i t i e s the H a l l m o b i l i t y 
2 -1 -1 

v a r i e d between 360 and 300 cm v sec . The lower values of d r i f t 
g 

m o b i l i t y can be ascribed t o trap p i n g e f f e c t s . The e f f e c t of traps i n 

reducing the d r i f t m o b i l i t y a t d i f f e r e n t temperatures forms the subject 

of Chapter V. 

4.10 Discussion 

The measured values of e l e c t r o n d r i f t m o b i l i t y i n CdS showed good 

agreement w i t h the values of H a l l m o b i l i t y . The e l e c t r o n m o b i l i t y i n 

semiconductors i s u s u a l l y measured experimentally by determining the 

H a l l c o e f f i c i e n t . However, strong a c o u s t o e l e c t r i c i n t e r a c t i o n s i n 

p i e z o e l e c t r i c semiconductors l i k e CdS, makes i t possible to determine 

the d r i f t m o b i l i t y of c a r r i e r s . The c u r r e n t v oltage c h a r a c t e r i s t i c s 

can be used as a p r a c t i c a l method of determining the m o b i l i t y i n photo 

conducting CdS c r y s t a l s . The technique can be used i n the range of 
-4 -2 -1 c o n d u c t i v i t i e s between 10 to 10 mho cm . I r r e s p e c t i v e of the 

o r i e n t a t i o n of a c r y s t a l = V
s / E c > when V g i s the appropriate v e l o c i t y 

of sound. The d r i f t m o b i l i t y has been measured along the c ax i s 

( D l l 6 ( l ) ) , perpendicular to the c axis ( D i l l ) and at an angle ( ~20° o f f 

from the c-axis) to the c-axis ( D 7 8 ( l ) ) . 
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No acoustic contacts are r e q u i r e d by the method and t h e r e f o r e , i t 

i s convenient t o use t h i s technique i n the i n v e s t i g a t i o n of the 

temperature dependence of d r i f t m o b i l i t y (see Chapter V). 
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CHAPTER V 

TEMPERATURE DEPENDENCE OF THE DRIFT MOBILITY 

AND THE EFFECT OF TRAPS 

INTRODUCTION 

At room temperature the e l e c t r o n d r i f t m o b i l i t i e s c a l c u l a t e d from 

equating the d r i f t v e l o c i t y and the v e l o c i t y of sound ( v , = v ) agreed 
d s 

wi t h the measured H a l l m o b i l i t i e s . (Chapter I V ) . Since the v e l o c i t y 

of sound i s independent of temperature^ (< 77°K), the temperature 

dependences of the c r i t i c a l f i e l d E c and the r e c i p r o c a l of the d r i f t 

m o b i l i t y , which are r e l a t e d to the sound v e l o c i t y by the equation 
v = E //J ,, should be s i m i l a r . The e l e c t r o n m o b i l i t y i n CdS changes s c d J O 

2 

r a p i d l y w i t h temperature, so t h a t the c r i t i c a l d r i f t f i e l d E £ should 

vary w i t h temperature. The observation of the temperature dependence 

of E c should t h e r e f o r e provide another check on the i n t e r p r e t a t i o n of 

the s a t u r a t i o n e f f e c t . 

The m o b i l i t y obtained from the curre n t s a t u r a t i o n break p o i n t w i l l 

be low i f the el e c t r o n s spend an appreciable time i n traps during t h e i r 

t r a n s i t through the c r y s t a l . I n t h i s circumstance the m o b i l i t y w i l l be 

tra p c o n t r o l l e d . On the other hand the H a l l m o b i l i t y H i s a thermal 
n 

e q u i l i b r i u m q u a n t i t y and i s unaffected by trap p i n g processes. 
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I t was decided, t h e r e f o r e , to i n v e s t i g a t e the low temperature 

v a r i a t i o n s of the H a l l and d r i f t m o b i l i t i e s to gain some i n f o r m a t i o n 

about the e f f e c t of traps on the d r i f t m o b i l i t y . 

Measurements were made over the range 100-300°K and are reported 

i n t h i s Chapter. Several i n t e n s i t i e s of i l l u m i n a t i o n were used since 

the threshold f i e l d and H a l l m o b i l i t y might depend on the l e v e l of 

p h o t o e x c i t a t i o n . 



-125-

5.1 Threshold f i e l d a t low temperature 

The threshold f i e l d f o r c u r r e n t s a t u r a t i o n i n c r y s t a l D 7 8 ( l) was 

measured at d i f f e r e n t temperatures between 100° and 300°K using the 

c r y o s t a t d e s c r i b e d i n Chapter I I I . The c r y s t a l was flooded w i t h 

i l l u m i n a t i o n from a tungsten lamp f i l t e r e d through a 0*54 Jim, wide band, 

i n t e r f e r e n c e f i l t e r and 1*5 cm path of 10% s o l u t i o n of copper sulphate. 

Some t y p i c a l c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s obtained i n c r y s t a l 

D 7 8 ( l ) at various temperatures are shown i n Fig.5.1. These measuresments 

were made using , i 20 Msec pulses at a r e p e t i t i o n frequency of 25 cps, 

and w i t h a constant i n t e n s i t y of i l l u m i n a t i o n of 15% of the maximum 

(120 f t - c ) . The corresponding c o n d u c t i v i t y at room temperature was 
-3 -1 

~1*34 x 10 mho cm . Each curve i n Fig.5.1 i s marked w i t h the 

temperature at which the c u r r e n t - v o l t a g e c h a r a c t e r i s t i c was measured. 

Although the c u r r e n t at which s a t u r a t i o n occurred remained f a i r l y 

constant between 300° and 200°K, the t h r e s h o l d f i e l d f o r current 

s a t u r a t i o n decreased r a p i d l y as the temperature was lowered. The 

t h r e s h o l d f i e l d s , E c > determined from the knee of the c u r r e n t - v o l t a g e 

c h a r a c t e r i s t i c s i as a f u n c t i o n of temperature i s shown i n curve 1, 
Fig.5.2. E decreased from 720 v.cm"1 at 300°K t o 170 v.cm - 1 at 120°K. c 
As the temperature was decreased below 200°K the magnitude of the 

c u r r e n t s a t u r a t i o n also decreased. 

A p l o t of the saturated c u r r e n t I _ , obtained from the 1-V v s a t ' 
c h a r a c t e r i s t i c s , as a f u n c t i o n of temperature i s shown i n curve 2, F i g . 

5.2 at a f i x e d i n t e n s i t y of i l l u m i n a t i o n (15% of the maximum). 
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The cu r r e n t d e n s i t y J at the knee of the 1-V curve can be 
S 3.1-

w r i t t e n as 

J = n'e^.E = n'ev, sat d c d 

= n 1ev 5.1 
s 

where n 1 i s the e l e c t r o n concentration ( d e f i n e d l a t e r i n Eqn.5.9). 

A q u a n t i t a t i v e estimate of the c a r r i e r c o n c e n t r a t i o n , n', can t h e r e f o r e 

be obtained from a measurement of J and E provided the appropriate 
S SLL. C 

v e l o c i t y of sound i s used i n Eq.5.1. Curve 3, Fig.5.2 shows such 

estimated values of n 1 as a f u n c t i o n of temperature. Using the o f f - a x i s 

shear wave v e l o c i t y v = 2*2 x 10"* cm sec ^, n 1 was found to be 
s 

2*3 x 10^ cm ^ at 300°K and remained f a i r l y constant down to 200°K X3 3 o before decreasing g r a d u a l l y t o 1*7 x 10 cm at 120 K. 

I t i s t o be expected t h a t , the c a r r i e r c o n c entration measured from 

J should have the same temperature dependence as the f r e e c a r r i e r 
S Si t 

concentration i n a t r a p f r e e m a t e r i a l . The temperature dependence of 

the f r e e c a r r i e r c o n c e n t r a t i o n , n, as deduced from the H a l l c o e f f i c i e i n t 

(n = — ̂ — ) i s presented i n curve 4, Fig.5.2. Both n and n' were 

measured w i t h the same i n t e n s i t y of i l l u m i n a t i o n ( 1 5 % ) . The magnitude 

of the c a r r i e r c o n c e n t r a t i o n n and n 1 are i n reasonably good agreement 

( n 1 s l i g h t l y bigger than n) w i t h one another at the higher temperatures 

( 240-300°K). However, at lower temperatures the c a r r i e r c o n c e n t r a t i o n , 

n, deduced from the H a l l measurements decreases more r a p i d l y than n 1 as 
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the temperature i s reduced. This suggests t h a t some trapping process 

becomes p r o g r e s s i v e l y more predominant as the temperature i s lowered. 

The higher values of n 1 can be accounted f o r i f the c o n t r i b u t i o n of 

both f r e e and trapped c a r r i e r s (n + n f c) towards the mechanism of 

c u r r e n t s a t u r a t i o n i s considered. 

[At temperatures above 240°K n' = n + n f c (according to eqn.5.9) 

when the t r a p p i n g time T << 1/w. n 1 = (n + n t ) / b (according t o Eqn. 

5.10) at temperatures below about 220°K when r 5 l/w, where u i s the 

dominant acoustic frequency and b i s a temperature dependent t r a p p i n g 

f a c t o r defined i n Eqn.5.6]. 

5.2 Current S a t u r a t i o n and Trap-Controlled E l e c t r o n D r i f t M o b i l i t y 

The d r i f t m o b i l i t y obtained from the break p o i n t f o r c u r r e n t 

s a t u r a t i o n i s a measure of the v e l o c i t y under u n i t e l e c t r i c f i e l d of the 

c a r r i e r s which are bunched i n the l o c a l p i e z o e l e c t r i c f i e l d of the 

i n t e r n a l l y generated and a m p l i f i e d acoustic f l u x . These bunched 

c a r r i e r s are i n excess of the l o c a l thermal e q u i l i b r i u m c o n c e n t r a t i o n 

and as such may be considered as e x c i t e d or i n j e c t e d c a r r i e r s . Their 

m o b i l i t y w i l l be reduced i f they spend appreciable time i n traps during 

t h e i r t r a n s i t through the c r y s t a l . 

On the other hand the H a l l m o b i l i t y , = R^y and the corresponding 

v e l o c i t y v ^ = R^J, are microscopic q u a n t i t i e s determined by the a c t i o n 

of the e l e c t r i c and magnetic f i e l d s on the f r e e c a r r i e r s . The H a l l 
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m o b i l i t y , t h e r e f o r e , i s a thermal e q u i l i b r i u m measurement not a f f e c t e d 

by the presence of tr a p s . 

I n the presence of a set of traps w i t h d e n s i t y N t > at a depth Efc 

below the conduction band, the t r a p c o n t r o l l e d d r i f t m o b i l i t y i s 

derived as f o l l o w s : 

I f n i s the H a l l m o b i l i t y ( i . e . l a t t i c e m o b i l i t y ) and n and n H t 
are the e l e c t r o n d e n s i t i e s i n the conduction band and t r a p l e v e l 

r e s p e c t i v e l y , then 
M d ( n + n t ) = V 

I f the c r y s t a l i s i n thermal e q u i l i b r i u m 

N t 
n f c/n = — exp E^kT 5.2 

c 
2jtm*kT 

where N c i s the e f f e c t i v e density of states 2( g — ) = 4*24 x 10 
3/2 h 

T ' f o r CdS w i t h m*/m = 0'2. 

From equations (5.1) and (5.2) 

N t E t -1 
rd'*"H l " ' IT = X F kT J 

c 
N t n E t n 

I f a d d i t i o n a l traps are a c t i v e f u r t h e r terms of the form — — exp 
c 

must be added t o the denominator. 
For a number of trap p i n g l e v e l s Eq.(5.3) can be w r i t t e n as 

(vd -0- Zvxp^G) 5A 

t 
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3/2 1 With a s i n g l e set of traps a p l o t of log(A* / / i , - l ) T versus — should H u T 
y i e l d the parameters of the t r a p p i n g system and N t as the slope and 

i n t e r c e p t r e s p e c t i v e l y of a s t r a i g h t l i n e . With more than one set of 

traps the corresponding number of s t r a i g h t l i n e s should be observed. 

F r a c t i o n of f r e e space charge, f 

The p e r i o d i c space charge which i s produced a c o u s t i c a l l y and which 

i s responsible f o r cur r e n t s a t u r a t i o n can be thought of as two streams 

of bunched charge, one mobile, the other bound to e l e c t r o n - t r a p p i n g 

centres. According t o Hutson and White a f r a c t i o n f of the t o t a l 
o 

space charge i s mobile i n the conduction band and hence the f a c t o r f 

i s j u s t U./ii.. (from Eqn.5.1), 

•"• f o = V MH 5 ' 5 

As long as the r e l a x a t i o n time r f o r trapping i s such t h a t T << 

1/w, where u i s the dominant acoustic frequency the two streams w i l l be 

co i n c i d e n t i n space and time and are i n phase and the r a t i o of the f r e e 

charge t o the t o t a l charge w i l l be given by f . However, when r ? 1/u 

a phase d i f f e r e n c e develops which i s best expressed by considering the 

two streams as i n dynamical e q u i l i b r i u m . I n t h i s s i t u a t i o n f becomes 

a complex q u a n t i t y f given by^ 
bf 

f = 
( 1 - i a ) 
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where the f u n c t i o n a i s simply the r a t i o of the imaginary t o the r e a l 

p a r t of f and measures the phase s h i f t , and 

f 2 + A 2 

b = ^ 5.6 
f ( f + <£r2) 
o o 

The value bf i s r e l a t e d t o the e f f e c t i v e d r i f t m o b i l i t y as o J d 
f o l l o w s . 

The c u r r e n t s a t u r a t i o n of the 1-V c h a r a c t e r i s t i c occurs at a 

c r i t i c a l f i e l d E such t h a t c 

f M„E = E = v (when U T « 1) 5.7 o H c d c s 

As long as the t r a p p i n g time T i s less than 1/w Eqn.5.7 holds. When r 

i s equal t o or greater than 1/w the d r i f t m o b i l i t y i s modified by 

bf and o 
v, = bf u E = v d o H c s 

v 
so t h a t M = bf % = / 5 . 7 ( i ) 

c 

Thus at ui T ~ 1 

o H d d 
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Current S a t u r a t i o n 

The s a t u r a t e d c u r r e n t d e n s i t y a t WT « ly j i s given by 
o 

J . neR,E sat H c o 

= n e / i d E c / f o [ u s i n g Eqn.(5.5)] 

= nev It 
s o 

(n + n t ) e v g [from Eqn.(5.1)] 5.9 

(n'ev ) s 

At itir 2 1 the s a t u r a t e d c u r r e n t d e n s i t y can be obtained simply by 
g 

r e p l a c i n g f Q by b f Q i n Eqn.5.9, and 

nev 
j = £ 
s a t bf 

o 

T e VsV 

= T /K s i n 
sat 

o 

The modified d r i f t m o b i l i t y /^* can then simply be w r i t t e n as 

= " d ( j s a t / J s a t > 5 - U 

o 
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5.3 V a r i a t i o n of e l e c t r o n D r i f t m o b i l i t y with Temperature 

Fig.5.3 shows the measured e l e c t r o n d r i f t m o b i l i t y M,( = v /E ) 
d s c 

as a f u n c t i o n of temperature from 100° to 300°K f o r c r y s t a l D 7 8 ( l ) . 

n was c a l c u l a t e d from the data shown i n curve 1 F i g . 5 . 2 . A l s o shown d 
i n Fig.5.3 a r e the e x p e r i m e n t a l l y determined v a l u e s of H a l l m o b i l i t y 

[i = R a over the same range of temperature and the same f i x e d H H 
i n t e n s i t y of i l l u m i n a t i o n of 15%. 

At higher temperatures \i almost c o i n c i d e s with \i and l e a d s to 
d H 

2 -1 -1 
an average v a l u e of m o b i l i t y of 300 cm v sec at room temperature. 
With d e c r e a s i n g temperature \x d i v e r g e s from u. 

a H 
The decreased d r i f t m o b i l i t y M, at lower temperature can be 

d 

ex p l a i n e d i n terms of a t r a n s i t i o n from a l a t t i c e c o n t r o l l e d to a trap 

c o n t r o l l e d d r i f t m o b i l i t y . 

For a number of trapping l e v e l s Eqn.5.4 can be r e w r i t t e n 

( V " d - 1 } = W 1 e x p k T + W 1 e x p " k f + 

c c 

N t E t 
or ( y , - 1 ) T 3 / 2 - H u exp ^ 1 . I 

4*24 x 10 

N E 

+ 14" e x P — T + 

4 «24 x 10 ' 
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80 160 240 

Temperature T °k 

320 

F i g . 5 . 3 . D r i f t m o b i l i t y M , = and fi„ = Ra as a f u n c t i o n of T for d E ' H c 
c r y s t a l D 7 8 ( l ) a t a f i x e d i n t e n s i t y of i l l u m i n a t i o n of 15% 

-3 -1 
of maximum (120 f t - c ) . Room Temp, u ~ 1*34 x 10 mho cm 
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N = 4*24 x 1 0 1 4 T 3 / 2 for CdS with m*/m = 0*2. c 
3/2 1 A p l o t of log(u / / i - 1)T v e r s u s — should y i e l d the parameters of H d T 

the trapping system E t and Nfc as the slope and i n t e r c e p t r e s p e c t i v e l y . 

I n order to f a c i l i t a t e the c a l c u l a t i o n of the trapping parameters 

(N , E ) , the r e s u l t s of Fig.5.3 are b e t t e r r epresented by a p l o t of u t t H 

and /J^ v e r s u s ^ as shown i n F i g . 5 . 4 . The t h r e e s e t s of curves ( a ) , 

( b ) and ( c ) were obtained at three i n t e n s i t i e s of i r r a d i a t i o n i . e . 

1*5, 5, and 15% r e s p e c t i v e l y . 

The s o l i d l i n e s i n F i g . 5 . 5 ( a ) , ( b ) and ( c ) are the corresponding 
_1 3/2 1 

p l o t s of l o g 0* //OT v s . — c a l c u l a t e d from curves ( 1 ) and ( 2 ) i n H d T 
F i g . 5 . 4 ( a ) , ( b ) and ( c ) r e s p e c t i v e l y . Values of E t of 0'0115 eV, 0*01 eV 

17 -3 

and 0*008 eV and a d e n s i t y N t of 1*3 x 10 cm were obtained f o r 1*5, 

5 and 157D of the maximum l i g h t i n t e n s i t y . The apparent decrease of the 

trap depth with i n c r e a s i n g i l l u m i n a t i o n i n d i c a t e s t h a t the elementary 

c o n s i d e r a t i o n s which r e q u i r e f Q to be r e a l are probably inadequate. 

I t was n e c e s s a r y to determine whether the apparent v a r i a t i o n i n E f c was 

a s s o c i a t e d with f becoming complex or whether some other f a c t o r was 

o p e r a t i v e . 

The above r e s u l t s were c a l c u l a t e d on the b a s i s that Eqn.5.7 

( M j = v g / E c ) i s v a l i d . T h i s i s t r u e as long as the trapping time T i s 

l e s s than 1/w, where a i s the dominant a m p l i f i e d frequency. I n the 

experiment under d i s c u s s i o n the temperature was v a r i e d and hence the 
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F i g . 5.4 Graph comparing the temperature dependence of the 
el e c t r o n d r i f t mobility with H a l l mobility Mh for 
c r y s t a l 078(1). (a) measurements were taken at 15% 
l i g h t i n t e n s i t y , u f l = V s / E c , and v* = v / 

where b = 
J s a t /J ' < b I < c ) a r e 8 8 l a> b u t at 5% and 15% o' s a t 
l i g h t i n t e n s i t y r e s p e c t i v e l y . 



Fig.4.2 ( a ) C u r r e n t s a t u r a t i o n w i t h damped o s c i l l a t i o n s i n c r y s t a l 
D l l 6 ( 2 ) . Upper t r a c e s are f o r d e c r e a s i n g c o n d u c t i v i t i e s 
( f r o m 3*0 x 10"^ t o 1-0 x 10 mho cm --). The p e r i o d o f 
o s c i l l a t i o n s changed from 2 /isec t o 4 usee. Hor. sca l e 
5 /usee p. l a r g e d i v . 
( b ) Continuous c u r r e n t o s c i l l a t i o n s i n c r y s t a l D l l 6 ( 3 ) . 
Dimensions 6° 7 x 2-2 x 1*2 mn?. I r c - a x i s . Upper t r a c e s 
f o r a p p l i e d v o l t a g e i n c r e a s i n g from 500 t o 600 v o l t s a t 
a = 4*0 x 10"^ mho cm . Hor. sc a l p 20 Msec. 
( c ) Same as ( a ) w i t h a p p l i e d v o l t a g e i n c r e a s i n g t o 800 v o l t s . 
V e r t i c a l s c a l e 10 v o l t s per l a r g e d i v . across 1 K 0. 



^ f c * * ' ,.mm 
amS 

( a ) 

( b ) 

( c ) 

F i g . 4 . 1 ( a ) C u r r e n t s a t u r a t i o n i n c r y s t a l D l l 6 ( ? V Sample dimensions 
3*3 5 x 2 = 25 x 1*65 mmJ , p e r p e n d i c u l a r t o c - a x i s . Lower t r a c e 
v o l t a g e p u l s e 500 v o l t s per l a r g e d i v . , 5 Usee per l a r g e d i v . 

Upper t r a c e , c u r r e n t p u l s e a ~ 4°0 x 10~3 mho c m - l . 
( b ) Same as ( a ) . Upper t r a c e s are f o r i n c r e a s i n g c o n d u c t i v i t y 
from 6*0 x 10"^ t o 3'0 x 10"^ mho c m _ l . The b u i l d - u p t i m e 
decreased from 40 jusec t o 15 /isec. Hor. s c a l e 10 |isec p. l a r g e d i v . 
Upper t r a c e , c u r r e n t p u l s e o ~ 4*0 x 10" J mho c m - l . 
( c ) Same as ( a ) . Exaggerated b u i l d - u p time ( f r o m 70 ̂ sec t o 10 
sec) a t o ~ 10-5 m h o cm-1. Upper t r a c e s show decreased b u i l d - u p 

time w i t h i n c r e a s e d a p p l i e d v o l t a g e ( f r o m 400 v o l t s t o 600 v o l t s ) . 
Hor. s c a l e 20 ^sec p. l a r g e d i v . 



F i g . 3 . 2 ( a ) A u n i a x i a l i n t e r f e r e n c e f i g u r e l o o k i n g down the o p t i 
( h e x a g o n a l ) a x i s o f a CdS c r y s t a l , 

( b ) o p t i c a x i s i n c l i n e d t o t h e a x i s o f the microscope. 



V V 
H 

p a r e 

s p a r e r \ 
H 

Fig.3.3 ( a ) Photograph of a mounted CdS H a l l sample. 1-1 are 
cu r r e n t c o n t a c t s ; V -V are f o r c o n d u c t i v i t y and ' c c J 

V -V for H a l l voltage measurements. H H 
(b) Shows l a r g e area contacts covering the ends for 

I-V c h a r a c t e r i s t i c s and evaporated dots along 
the length (1 mm a p a r t ) for p o t e n t i a l d i s t r i b u t i o n 
measurements. 

/ 



F i g . 3 . 1 Back r e f l e c t i o n X-ray photograph o f a CdS c r y s t a l w i t h 
i n c i d e n t beam p a r a l l e l no the hexagonal a x i s . 
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temperature dependence of f must be considered i n c a l c u l a t i n g the 

d r i f t m o b i l i t y . 

I t was observed ( s e e curve 2, F i g . 5 . 2 ) t h a t at temperatures below 

about 200°K the s a t u r a t e d c u r r e n t J ^ was l e s s than J ( t h e room 
sa t s a t 

o 

temperature v a l u e ) , which i n d i c a t e s a t r a n s i t i o n from < 1 to WT > \. 

According to Eqn.5.10, at t h i s point the v a l u e of b ( j / J ) 
SSL t S £L t 

o 
changes from b = 1 to b > 1, and hence the v a l u e s of /J^ i n curve ( 2 ) F i g . 5.4 
should be modified f u r t h e r to u* = /J,/b according to Eqn.5.11. The 

d d 

dashed curves ( 3 ) , Fig.5.4 show such c o r r e c t e d d r i f t m o b i l i t y v a l u e s 

^* = n^fo- The d r i f t m o b i l i t y H decreased (below 200°K) i n the same 

r a t i o as the s a t u r a t i o n c u r r e n t J decreased from J 
sat s a t 

o 
F i n a l l y when the c o r r e c t e d d r i f t m o b i l i t y v a l u e s ( t h e dashed curves 

3/2 1 

( 3 ) , F i g . 5 . 4 ) are u t i l i s e d , a p l o t of l o g ( ^ / / J d * - 1)T v e r s u s — 

d i s p l a y s two s t r a i g h t l i n e s as shown by the dashed curves i n F i g . 5 . 5 . 

F i g . 5 . 5 ( a ) , ( b ) and ( c ) show the p l o t s for the data obtained from 

F i g s . 4 ( a ) , ( b ) and ( c ) r e s p e c t i v e l y . 

From the slope of the higher temperature l i n e an average v a l u e of 
E = 0*037 + 0*002 eV was obtained. The c a l c u l a t e d trap d e n s i t y was 

i 
16 —3 

N = 3*1 x 10 cm . From the lower temperature l i n e average v a l u e s 
tl 1 7 - 3 of E = 0*015 + 0*001 eV and N = 1*35 x 10 cm were obtained. t 2 t 2 Thus the d i f f e r e n c e s between the measured v a l u e s of \i , and A1 can be 

a n 
accounted for i n terms of the presence of two s e t s of s h a l l o w t r a p s . 
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t i 
The broken line demonstrates 

t»o sets of trapping paraaeters E - t , and n 
*1 *2 V 



-135-

( i ) Capture c r o s s s e c t i o n f o r e l e c t r o n s 

The f o l l o w i n g procedure i s adopted to estimate the capture c r o s s 

s e c t i o n S of the shallower trapping l e v e l . 

The e q u i l i b r i u m of the conduction band e l e c t r o n s i n the presence 

of a given type of trapping c e n t r e w i l l depend upon the capture c r o s s 

s e c t i o n S of the c e n t r e s , the d e n s i t y of s t a t e s N and the mean thermal 
' J c 

v e l o c i t y of the e l e c t r o n s v ^. The trapping time T can be expressed as 

— = N v S exp (-E /kT) 5.13 
T c t n t 

when b d e v i a t e s from u n i t y i t can be assumed that cur — 1• T h i s occurs 
o 6 at ~200 K. w i s the dominant a c o u s t i c frequency and i s given by 

1 2 ^ d k T 

(i) = (a) u ' )2. u) (= o - /e) , u (= v /D), a, € and D (= ) are the 
C D C D S 6 

d i e l e c t r i c r e l a x a t i o n frequency, d i f f u s i o n frequency, e l e c t r i c a l 

c o n d u c t i v i t y , d i e l e c t r i c constant and d i f f u s i o n constant r e s p e c t i v e l y . 

For the CdS sample D 7 8 ( l ) the f o l l o w i n g numerical v a l u e s were 

used to c a l c u l a t e S. 
v = 2*2 x lO^cm sec ^ ( o f f a x i s shear wave) s 

TO 9 - 1 - 3 - 1 
u = 1*25 x 1 0 i i x a = 3*75 x 10 s e c " ( a t a = 3 x 10 mho cm ) c 

9 -1 = 7*6 x 10 sec 

Thus 
1 JL 9 - 1 

u = - = (id oi )2 = 5*34 x 10 sec T c D 
v u (at 200°K) = I — = 1-74 x 1 0 7 

m 
-1 

cm sec 
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N = 4*24 x 1 0 1 4 T 3 / 2 = 1*2 x 1 0 1 8 cm" 3 ( a t 200°K) c 

exp (- E t / k T ) = 0*427 a t 200°K and E f c = 0*015 eV 

The capture c r o s s s e c t i o n , S, t h e r e f o r e becomes 

S = w/N v , exp (-E /kT) e th t 

= 6*0 x 10 cm 

T h i s i s of the order of magnitude to be expected f o r a c e n t r e which i s 

s i n g l y p o s i t i v e l y charged when empty. 

5.4 D i s c u s s i o n 

Current v o l t a g e c h a r a c t e r i s t i c s have been measured over a range of 

temperature between 300 K and 110°K i n c r y s t a l D 7 8 ( l ) . With d e c r e a s i n g 

temperatures down to 200 K al t h o u g h / s a t u r a t e d c u r r e n t changed v e r y l i t t l e 

the c r i t i c a l f i e l d f o r s a t u r a t i o n E £ changed v e r y r a p i d l y ( F i g . 5 . 1 ) . 

The v a l u e of E c as a f u n c t i o n of temperature i s shown i n curve 1, Fig.5.2 

The c a r r i e r c o n c e n t r a t i o n estimated from the s a t u r a t e d c u r r e n t 

d e n s i t y n'(= ev / J , curve 3. F i g . 5 . 2 ) does not f o l l o w the f r e e s s a t 

c a r r i e r c o n c e n t r a t i o n n (curve 4, F i g . 5 . 2 ) obtained from the H a l l 

c o e f f i c i e n t ( a t temperatures below ~ 2 0 0 ° K ) . The e s s e n t i a l p o i n t of t h i s 

d i f f e r e n c e between n and n 1 i s th a t both trapped and f r e e c a r r i e r s are 

i n v o l v e d i n c u r r e n t s a t u r a t i o n . At lower temperatures ( a c c o r d i n g to 
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Eqns. 5.9 and 5.10) both f r e e and bound e l e c t r o n s (n + n t ) c o n t r i b u t e to 

the c u r r e n t s a t u r a t i o n . As long as the trapping time T < ~, Eq.5.9 

i s e f f e c t i v e , t h i s i s t r u e i n our experiments f o r temperatures down to 

200°K. However at s t i l l lower temperature T becomes g r e a t e r than ^ 

and s a t u r a t e d c u r r e n t i s modified by the f a c t o r b (Eqn.5.10) when the 

f r e e and trapped charge i s bunched out of phase. 

The v a l u e of d r i f t m o b i l i t y obtained from c u r r e n t s a t u r a t i o n due 

to the a c o u s t o e l e c t r i c e f f e c t does not agree with the H a l l m o b i l i t y 

measured a t lower temperatures (110-300°K). The s m a l l e r v a l u e s of 

d r i f t m o b i l i t y show th a t a t lower temperature the charge t r a n s p o r t i s 

c o n t r o l l e d by trapping s t a t e s c l o s e to the conduction band. I n i t i a l l y 

when the temperature v a r i a t i o n of (i)T was n e g l e c t e d the depth of the 

dominant t r a p appeared to v a r y from 0*0115 to 0*008 eV when the 

i n t e n s i t y of i l l u m i n a t i o n was i n c r e a s e d by one order of magnitude. 

However us i n g the c o r r e c t e d v a l u e s of d r i f t m o b i l i t y / i * = H^/b 

a c c o r d i n g to Eqn.5.10, two trapping l e v e l s of E = 0*037 eV and E = 
1 2 16 3 17 u 0*015 eV at d e n s i t i e s N = 3*1 x 10 cm" and N = 1*35 x 10 cm" 

ll fc2 
were c l e a r l y demonstrated to be r e s p o n s i b l e f o r the e f f e c t s observed. 

n 
Smith and Moore have made s i m i l a r measurements on a photoconducting 

CdS c r y s t a l . They analysed t h e i r r e s u l t s i n terms of a s i n g l e trapping 
17 -3 

l e v e l a t 0*025 eV with a d e n s i t y of 3*4 x 10 cm . However they d i d 

not c o n s i d e r the v a r i a t i o n of the f a c t o r b (Eqn.5.10) i n t h e i r 

c a l c u l a t i o n . 
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9 I t has been shown by Kroger et a l who measured the c o n d u c t i v i t y 
and H a l l c o e f f i c i e n t t h a t the a c t i v a t i o n e n e r g i e s a s s o c i a t e d both with 
donor i m p u r i t i e s and with s h a l l o w d e f e c t c e n t r e s i n CdS are at about 
0*03 eV. Using the simple hydrogen model approximation Kroger e t a l ^ 
e s t imated t h a t the i o n i s a t i o n energy of the s h a l l o w donors should be 
0*04 eV. 

I n an experiment i n v o l v i n g time r e s o l v e d photoluminescence s p e c t r a 

of green emission i n CdS Colbow^ obtained a vi.ue of the donor binding 
16 —3 

energy of 0*03 eV a t donor c o n c e n t r a t i o n of 10 cm 
12 

Spear and Mort measured the e l e c t r o n d r i f t m o b i l i t y by studying 
2 

charge t r a n s p o r t i n CdS c r y s t a l s and found t h a t high m o b i l i t y (~ 265 cm 

v ''sec CdS c r y s t a l s have a shallow trapping l e v e l w i t h a c t i v a t i o n 

energy t h a t d e c r e a s e s with i n c r e a s i n g t r a p d e n s i t y . The energy i s given 

by 
E = E - a N 1 / ^ t t t o 

-8 
where E t = 0*049 eV and a = 4*2 x 10~ eV cm. 

o 
I n s e r t i n g the present experimental v a l u e s of N and N i n the 

1 2 
above equation i o n i s a t i o n e n e r g i e s of the two s h a l l o w t r a p s i n our sample 

become E = 0*0358 eV and E = 0*027 eV. 
h C 2 

F u r t h e r i n order to provide a t e s t f o r the t r a p theory, we have 

estimated d i r e c t l y the magnitude of the capture c r o s s s e c t i o n f o r 

recombination of an e l e c t r o n with the t r a p p i n g c e n t r e . The v a l u e of 
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S = 6 x 10 cm was o b t a i n e d f o r t h e 0*015 eV t r a p . T h i s s uggests t h a t 

i o n i s e d donors a r e r e s p o n s i b l e f o r these s h a l l o w t r a p p i n g l e v e l s . The 

d r i f t m o b i l i t y e x p e r i m e n t s p e r f o r m e d a t lo w e r t e m p e r a t u r e s , t h e r e f o r e , 

can c l e a r l y p r o v i d e a s e n s i t i v e means o f s t u d y i n g s h a l l o w c e n t r e s . 

P h o t o - H a l l measurements made on t h e same c r y s t a l D 7 8 ( l ) i n d i c a t e d 

t h e presence o f two deeper t r a p p i n g l e v e l s w i t h a c t i v a t i o n e n e r g i e s o f 

0*281 eV and 0*362 eV ( s e e Chapter I V ) . These deeper t r a p s w o u ld have 

such l a r g e r v a l u e s o f T t h a t t h e e l e c t r o n s c a p t u r e d i n them would be 

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

( i . e . — ) . W i t h such t r a p s UT » 1 , and under t h i s c o n d i t i o n M , =U . 
u d H 

Thus t h e c u r r e n t s a t u r a t i o n e x p e r i m e n t can n o t p r o v i d e i n f o r m a t i o n 

about deep t r a p s . The d r i f t m o b i l i t y t e c h n i q u e , t h e r e f o r e , complements 
13 14 

t h e p h o t o - H a l l e f f e c t and TSC methods as a means o f d e t e r m i n i n g 

t r a p p a r a m e t e r s . 
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CHAPTER V I 

EFFECT OF INFRA-RED QUENCHING ON 

THE THRESHOLD FIELD FOR CURRENT SATURATION 

INTRODUCTION 

Cadmium s u l p h i d e c r y s t a l s have always been f o u n d t o be n - t y p e 
1 2 

a t room t e m p e r a t u r e . ' I t i s n o t y e t p o s s i b l e t o dope CdS i n such 

a way t h a t i t becomes p - t y p e . However, i t i s p o s s i b l e t o e x c i t e 
3 

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

i r r a d i a t i o n w i t h band gap and i n f r a - r e d r a d i a t i o n a t room 

t e m p e r a t u r e . The e f f e c t o f t h e i n f r a - r e d quenching r a d i a t i o n , on 

the one hand, i s t o reduce t h e d e n s i t y o f f r e e e l e c t r o n s , and on t h e 

o t h e r hand, i s t o i n c r e a s e t h e h o l e p o p u l a t i o n . I n v i e w o f t h i s 

d u a l e f f e c t o f i n f r a - r e d r a d i a t i o n , i t seemed w o r t h w h i l e t o examine 

the e f f e c t on t h e t h r e s h o l d f i e l d f o r c u r r e n t s a t u r a t i o n as t h e 

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

i n c r e a s e d . 



-142-

6.1 O p t i c a l Quenching i n CdS 

O p t i c a l quenching measurements were made on c r y s t a l D l l 6 ( l ) . The 

sample was s e l e c t e d because o f i t s v e r y h i g h p h o t o s e n s i t i v i t y and 

u n i f o r m p o t e n t i a l d i s t r i b u t i o n ( C h a p t e r I V , S e c t i o n 4 . 5 ) . 
3 

The sample w i t h dimensions 7*3 x 2*1 x 1*25 mm , was such t h a t 

i t s l o n g d i m e n s i o n c o i n c i d e d w i t h t h e c - a x i s . I t was p r o v i d e d w i t h i t s 

cathode by m e l t i n g i n d i u m on t o an e v a p o r a t e d l a y e r o f i n d i u m . The 

anode c o n t a c t was o f s i l v e r p a s t e (Johnson M a t t h e y grade FSP43) on 

e v a p o r a t e d g o l d . The purpose o f t h e g o l d c o n t a c t was t o promote 
4 

r e a s o n a b l e h o l e i n j e c t i o n a t t h e anode. 

To make t h e measurements under quenching c o n d i t i o n s , t h e sample 

was p l a c e d i n a T u f n o l box ( 5 " x 4" x 2-g" ) , w h i c h c o n t a i n e d a window 

(1-gr" x 1") t h r o u g h w h i c h t h e c r y s t a l c o u l d be s i m u l t a n e o u s l y 

i r r a d i a t e d w i t h band gap and i n f r a - r e d r a d i a t i o n . 

The band gap i l l u m i n a t i o n was p r o v i d e d by l i g h t f r o m a 48W 

t u n g s t e n lamp p a s s i n g t h r o u g h an 0*52 /Jm, wide band i n t e r f e r e n c e f i l t e r 

and a 1*5 cm p a t h o f a 10% s o l u t i o n o f copper s u l p h a t e . The i n t e n s i t y 

o f i l l u m i n a t i o n was v a r i e d u s i n g n e u t r a l d e n s i t y f i l t e r s . 

The i n f r a - r e d r a d i a t i o n was p r o v i d e d by a second 48W t u n g s t e n 

lamp w h i c h passed t h r o u g h an 0X2 Chance g l a s s f i l t e r ( t r a n s m i s s i o n 0*75 

t o 4*5 iim). B o t h t h e lamp t r a n s f o r m e r s were powered f r o m s t a b i l i s e d 

240 vac s u p p l i e s . The 0X2 Chance g l a s s f i l t e r spans the w a v e l e n g t h 
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F i g . 6 . 1 . Per c e n t q u e n c h i n g as a f u n c t i o n o f p r i m a r y (5200A) 
r a d i a t i o n i n c r y s t a l D l l 6 ( l ) . Curve A was o b t a i n e d a t 
f i x e d maximum i n t e n s i t y o f i . r . ( 0 x 2 f i l t e r ) r a d i a t i o n ; 
c u r v e B w i t h h a l f t h e maximum i . r . r a d i a t i o n . Per c e n t 
q u e n c h i n g decreases w i t h d e c r e a s i n g i n f r a - r e d and/or 
i n c r e a s i n g p r i m a r y r a d i a t i o n . 
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range o f t h e quenching spectrum o f p h o t o c o n d u c t i v i t y i n CdS w h i c h has 

two maxima a t 0'9 and 1*45 nm? a t room t e m p e r a t u r e . 

As a measure o f t h e quenched p h o t o c u r r e n t , t h e q u a n t i t y 'per c e n t 

q u e n c h i n g 1 Q i s used. Per c e n t quenching r e f e r s t o t h e r a t i o o f t h e 

d i f f e r e n c e between t h e quenched e q u i l i b r i u m c u r r e n t , 1 ^ , and t h e 

maximum unquenched c u r r e n t , I ^ 

Q = V " I I R
 X 100 6.1 

V 

The magnitude o f t h e quenching e f f e c t as a f u n c t i o n o f t h e 

i n t e n s i t y o f t h e p r i m a r y r a d i a t i o n (0*52 ̂ m) a t two f i x e d i n t e n s i t i e s 

o f t h e i n f r a - r e d r a d i a t i o n i s shown i n F i g . 6 . 1 . 

The r a t i o o f t h e c u r r e n t s ( I , / I . ) i s t h e i n v e r s e r a t i o o f t h e 
ph l r 

sample r e s i s t a n c e s (R ,/R. ) . Curve A, F i g . 6 . 1 , shows t h a t t h e per 
ph l r 

c e n t q u enching decreased f r o m 94% t o 77% as t h e i n t e n s i t y o f p r i m a r y 

r a d i a t i o n was i n c r e a s e d f r o m 15% t o t h e maximum a v a i l a b l e . The 

m a g n i t u d e o f t h e q u e n c h i n g , however, decreased f r o m 867„ t o 6 1 % ( c u r v e 

fO - over t h e same ranee o f p r i m a r y r a d i a t i o n h u t w i t h h a l f t h e 

i n t e n s i t y o f i n f r a - r e d i n t e n s i t y used t o o b t a i n c u r v e A. 

There a r e , t h e r e f o r e , two ways t o decrease t h e e f f e c t i v e per c e n t 

q u e n c h i n g i n CdS: ( 1 ) t o decrease t h e i n t e n s i t y o f i n f r a - r e d r a d i a t i o n 

and ( 2 ) t o i n c r e a s e t h e i n t e n s i t y o f p r i m a r y r a d i a t i o n . 
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6.2 E f f e c t o f i n f r a - r e d q u e n ching on p h o t o - H a l l m o b i l i t y 

I t i s w e l l known t h a t t h e r e a r e n e g a t i v e l y charged s e n s i t i z i n g 

c e n t r e s i n CdS, w i t h l e v e l s w h i c h l i e about l'O eV above t h e t o p o f t h e 

v a l e n c e band."* Under p h o t o e x c i t a t i o n these c e n t r e s c a p t u r e e x c i t e d 

h o l e s and become n e u t r a l . I n CdS t h e s e c a p t u r e d h o l e s a r e t h e r m a l l y 

s t a b l e a t room t e m p e r a t u r e , b u t t h e y can be i o n i s e d by t h e o p t i c a l 

e x c i t a t i o n o f e l e c t r o n s f r o m t h e v a l e n c e band, i . e . , by i n i t i a t i n g 

i n f r a - r e d q uenching o f p h o t o c o n d u c t i v i t y . 

The H a l l m o b i l i t y f o r two c a r r i e r c o n d u c t i v i t y can be e x p r e s s e d as' 

2 2 M„ = (p/J - n/i ) / ( p j ; + n/i ) 6.2 H p n p n 

where p and n a r e t h e c o n c e n t r a t i o n s o f h o l e s and e l e c t r o n s , and li 
P 

and V are t h e h o l e and e l e c t r o n m o b i l i t i e s . There i s t h e r e f o r e a n 

s t r o n g p o s s i b i l i t y o f o b s e r v i n g a change i n t h e H a l l m o b i l i t y under 

quenching c o n d i t i o n s as h o l e s p l a y a p r o g r e s s i v e l y more i m p o r t a n t r o l e 

i n t h e c o n d u c t i o n p r o c e s s as t h e per c e n t q u enching i n c r e a s e s . 

I n o r d e r t o g a i n some i n f o r m a t i o n about t h e e f f e c t s o f i n f r a - r e d 

q uenching t h e m o b i l i t y o f sample D l l o ( l ) was measured under quenching 

c o n d i t i o n s . The r e s u l t s a r e shown i n T a b l e 6.1. The magnitude o f t h e 

q uenching was v a r i e d by c h a n g i n g t h e i n t e n s i t y o f p r i m a r y r a d i a t i o n 

o n l y w h i l e t h e i n t e n s i t y o f t h e i n f r a - r e d was m a i n t a i n e d a t a maximum. 

The t a b l e shows t h e H a l l d a t a o b t a i n e d a t t h r e e d i f f e r e n t l e v e l s o f 

quenching. 
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The H a l l m o b i l i t y under i n f r a - r e d quenching ( t w o c a r r i e r m o b i l i t y ) i s 

shown i n column 1 1 1 ( b ) . The f o l l o w i n g method was used t o c a l c u l a t e t h e 

e l e c t r o n and h o l e c o n c e n t r a t i o n s shown i n column V ( a ) and V ( b ) . 

( 1 ) The r a t i o o f p/n was f i r s t e s t i m a t e d f r o m eqn.6.2 aoouming 
2 - 1 - 1 2 assuming v a l u e s o f yt = 300 cm v sec and H = 48 cm n p 

v '''sec ^ (see S e c t i o n 6.4). 

( 2 ) The c o n c e n t r a t i o n s o f e l e c t r o n s and h o l e s were t h e n o b t a i n e d 

by c o n s i d e r i n g t h e c o n t r i b u t i o n s o f b o t h e l e c t r o n s and h o l e s 

towards t h e c o n d u c t i v i t y under quenching c o n d i t i o n s 

(column 1 ( b ) ) . 

The d a t a i n column V ( a ) and V ( b ) i n d e e d show t h a t t h e i n f r a - r e d 

q u e n c hing r a d i a t i o n on t h e one hand reduced t h e d e n s i t y o f f r e e e l e c t r o n s , 

and on t h e o t h e r hand i n c r e a s e d t h e h o l e p o p u l a t i o n . W i t h 95% quenching 

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

6.3 C u r r e n t - v o l t a g e c h a r a c t e r i s t i c s under quenching c o n d i t i o n s 

I n o r d e r t o e x t e n d t h e i n f o r m a t i o n about t h e e f f e c t o f i n f r a - r e d 

e x c i t a t i o n ( i n c r e a s e d h o l e p o p u l a t i o n ) on t h e t h r e s h o l d f i e l d f o r 

c u r r e n t s a t u r a t i o n , c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s were o b t a i n e d under 

quenching c o n d i t i o n s . 

The d a t a p r e s e n t e d h e r e were o b t a i n e d f r o m c r y s t a l D l l 6 ( l ) . The 

c - a x i s was p a r a l l e l t o t h e l o n g d i m e n s i o n o f t h e sample. The sample 

c o n t a c t s and t h e method o f i l l u m i n a t i o n were the same as t h o s e 

d e s c r i b e d i n S e c t i o n 6.1. 
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The c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s were measured a t room 

t e m p e r a t u r e w i t h 30 A*sec p u l s e s a t a r e p e t i t i o n f r e q u e n c y o f 25 c o u n t s / 

sec and a r e shown i n F i g . 6 . 2 . The c h a r a c t e r i s t i c s were o b t a i n e d w i t h 

t h e f i x e d maximum i n t e n s i t y o f i . r . and d i f f e r e n t i n t e n s i t i e s o f band 

gap i r r a d i a t i o n . The l o w e r c u r v e s c o r r e s p o n d t o l o w e r i n t e n s i t i e s o f 

p r i m a r y r a d i a t i o n . Beside each c u r v e i n F i g . 6 . 2 t h e sample r e s i s t a n c e 

w i t h q u e n c h i n g , R, and w i t h o u t q u e n c h i n g , r , i s shown as w e l l as t h e 

pe r c e n t quenching Q. Each I-V c h a r a c t e r i s t i c shows d e p a r t u r e s f r o m 

l i n e a r i t y a t two d i f f e r e n t f i e l d s t r e n g t h s . 

I n a second e x p e r i m e n t the quenching r a d i a t i o n was t u r n e d o f f and 

c u r r e n t v o l t a g e c h a r a c t e r i s t i c s were measured w i t h band gap i l l u m i n a t i o n 

o n l y . The c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s o b t a i n e d a r e shown i n F i g . 6 . 3 . 

These c u r v e s show t h a t as t h e r e s i s t i v i t y o f t h e sample was reduced by 

i n c r e a s i n g t h e e x c i t a t i o n i n t e n s i t y , t h e s a t u r a t i o n became more 

pronounced. The c r i t i c a l f i e l d i s denoted by t h e arrow, on each c u r v e 

and can be seen t o have remained s u b s t a n t i a l l y unchanged w h i l e t h e 

r e s i s t a n c e o f t h e sample was reduced f r o m 1*2 M f l - 4*2 K f l However, 

t h e l o w e r f o u r c u r v e s o b t a i n e d a t low c o n d u c t i v i t i e s show t h a t t h e 

c u r r e n t r e t u r n e d t o t h e ohmic v a l u e ( w i t h an accompanying i n c r e a s e i n 

b u i l d up t i m e ) a t f i e l d i n t e n s i t i e s more t h a n about t w i c e t h e c r i t i c a l 

f i e l d f o r s a t u r a t i o n (1400 v cm ^ ) . C u r r e n t s a t u r a t i o n c o u l d n o t be 

d e t e c t e d when t h e c o n d u c t i v i t y was reduced below 10 ^ mho cm ^. 
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A t the l o w e r c o n d u c t i v i t i e s t h e a c o u s t i c wave a m p l i f i c a t i o n would 

be low because o f t h e weak a c o u s t o e l e c t r i c i n t e r a c t i o n . ^ A t t h e 

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

o > 10 ~* mho cm ^ ) o f t h e a c o u s t i c wave was l a r g e enough t o o b t a i n a 

n e t r ound t r i p g a i n and f l u x b u i l d up was p o s s i b l e w i t h l a r g e b u i l d up 

t i m e s . However, a t f i e l d i n t e n s i t i e s more t h a n t w i c e t h e c r i t i c a l 

f i e l d , t h e a m p l i f i c a t i o n f a i l e d t o produce a n e t g a i n due t o t h e l o w e r 
18 

a c o u s t i c wave a m p l i f i c a t i o n and on f u r t h e r i n c r e a s e i n a p p l i e d f i e l d 

t h e c u r r e n t g r a d u a l l y r e t u r n e d t o ohmic v a l u e . The shape o f t h e 

c h a r a c t e r i s t i c s i n F i g . 6 . 3 i s e n t i r e l y i n agreement w i t h t h e p r e d i c t i o n 

o f t h e s m a l l s i g n a l t h e o r y o f Hutson and W h i t e . ^ 

( i ) Comparison o f F i g . 6 . 2 and F i g.6.3 

I t i s i m m e d i a t e l y a p p a r e n t t h a t t h e c u r v e s shown i n F i g . 6 . 2 a r e 

s u b s t a n t i a l l y d i f f e r e n t f r o m t hose shown i n F i g . 6 . 3 . For example, t h e 

m agnitude o f t h e c r i t i c a l f i e l d E c a t w h i c h t h e c h a r a c t e r i s t i c s f i r s t 

d e p a r t e d f r o m l i n e a r i t y under quenching c o n d i t i o n s i n c r e a s e d by a f a c t o r 

o f two ( f r o m 1100 v/cm t o 2000 v/cm) as t h e p e r c e n t quenching was 

i n c r e a s e d f r o m 87 t o 98*7%. I n c o n t r a s t when p r i m a r y r a d i a t i o n o n l y 

was used, F i g . 6 . 3 , t h e t h r e s h o l d f i e l d remained s u b s t a n t i a l l y c o n s t a n t . 

The i n t e r e s t i n g p o i n t t o n o t e i n F i g . 6 . 2 i s t h a t t h e c h a r a c t e r i s t i c s 

under t h e q u e n c h i n g c o n d i t i o n s e x h i b i t a second s a t u r a t i o n a t about 

3*0 kv w h i c h i t t o t a l l y absent from c u r v e s o f F i g . 6 . 3 . 
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( i i ) The d r i f t m o b i l i t y o f e l e c t r o n s 

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

o f f a x i s shear anodes,^ t h e n v = 2*0 x 10"* cm sec ^ and t h e v a l u e o f 

' s 
t h e e l e c t r o n d r i f t m o b i l i t y c a l c u l a t e d f r o m t h e c u r v e s o f F i g.6.3 l i e s 

2 - 1 - 1 
between 295 and 303 cm v sec ( i . e . E l i e s between 650 and 700 v/cm). 

c 
2 

The measured H a l l m o b i l i t y was f o u n d t o have a s i m i l a r v a l u e o f 300 cm 

v ^"sec ^ (se e s u r v e 2, F i g . 4 . 8 ) . 

T h i s method o f c a l c u l a t i n g d r i f t m o b i l i t i e s depends on t h e 

u n i f o r m i t y o f t h e sample ( S e c t i o n 4 . 4 ( i ) ) . The d i s t r i b u t i o n o f 

p o t e n t i a l ( u n i f o r m i t y ) was checked under p u l s e d c o n d i t i o n s i n b o t h t h e 

ohmic and t h e s a t u r a t i o n r e g i o n s o f t h e I-V c h a r a c t e r i s t i c w i t h band gap 

r a d i a t i o n ( s e e F i g . 4 . 7 , Chapter I V ) . No a p p r e c i a b l e n o n - u n i f o r m i t y was 

a p p a r e n t i n t h e ohmic r e g i o n . 

( i i i ) The d r i f t m o b i l i t y o f h o l e s 

The d r i f t m o b i l i t y under quenching c o n d i t i o n s c a l c u l a t e d f r o m t h e 

c u r v e s o f F i g . 6 . 2 was s m a l l e r t h a n t h e v a l u e f o u n d when band gap 

i r r a d i a t i o n o n l y was used. The d r i f t m o b i l i t y o b t a i n e d f r o m t h e f i r s t 
2 X 1 2 1 1 s a t u r a t i o n l a y between 185 cm v sec and 100 cm v sec 

( c o r r e s p o n d i n g t o f i e l d s between 1080 and 2000 v cm \ v g = 2*0 x 10"* cm 

sec "*" ) . The a p p a r e n t decrease i n t h e e l e c t r o n d r i f t m o b i l i t y by a 

f a c t o r o f 2 ~ 3 , d e m o n s t r a t e s an i n c r e a s e d p a r t i c i p a t i o n o f h o l e s i n t h e 

mechanism o f c u r r e n t s a t u r a t i o n as a r e s u l t o f i . r . q u e nching. The 
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m o b i l i t y measured i s i n f a c t an a m b i p o l a r mobility''""' ( see S e c t i o n 6.5) 

Not o n l y d i d t h e o p t i c a l f r e e i n g o f h o l e s have a d i s t i n c t e f f e c t 

on t h e f i r s t s a t u r a t i o n , b u t a second s a t u r a t i o n a t a f i e l d E 1 , much 
c 5 

g r e a t e r t h a n E c > was produced. T h i s second s a t u r a t i o n was t o t a l l y 

absent from t h e c u r v e s o f F i g . 6 . 3 . The second s a t u r a t i o n i s p r o b a b l y 

due t o an a c o u s t o e l e c t r i c i n t e r a c t i o n w i t h h o l e s ( d i s c u s s e d b e l o w ) , 

w h i c h o c c u r s when t h e d r i f t v e l o c i t y o f h o l e s e q u a l s the v e l o c i t y o f 

sound. I f t h i s i s c o r r e c t , a measurement o f E^ w i l l p r o v i d e a s i m p l e 

method o f d e t e r m i n i n g t h e d r i f t m o b i l i t y o f h o l e s . 

The c h a r a c t e r i s t i c s o f F i g . 6 . 2 e x h i b i t a second s a t u r a t i o n a t 

about 3*0 k v , i . e . a f i e l d o f 4*1 kv cm ^ w h i c h c o r r e s p o n d s t o a 

c a r r i e r m o b i l i t y o f 48 cm^ v ^ sec ^ ( v g = 2*0 x 10^ cm sec ^ ) , w h i c h 
8 9 

i s c l o s e t o v a l u e s r e p o r t e d p r e v i o u s l y f o r h o l e s i n CdS. 5 

U s i n g a c r y s t a l o f CdS w i t h a s u f f i c i e n t l y l o n g h o l e l i f e t i m e , 
g 

Le Comber e t a l have observed i n t e r a c t i o n between h o l e s and p i e z o ­

e l e c t r i c l a t t i c e modes i n a m o d i f i e d Haynes-Shockley p h o t o - i n j e c t i o n 

t i m e o f f l i g h t e x p e r i m e n t . ^ U s i n g a v e l o c i t y o f sound v g = 1*8 x 10"* 

cm sec ^ , w h i c h i s a p p r o p r i a t e f o r a c r y s t a l o r i e n t e d p e r p e n d i c u l a r t o 
2 - 1 -

th e c - a x i s , Le Comber e t a l o b t a i n e d a h o l e m o b i l i t y o f 23 cm v sec 

a t room t e m p e r a t u r e . 

W h i l e m e a s u r i n g t h e p h o t o - H a l l m o b i l i t y o f e l e c t r o n s i n CdS Onuki 
9 2 - 1 - 1 and Hase c a l c u l a t e d t h e h o l e m o b i l i t y t o be 38 cm v sec , t h e 



- 1 5 1 -

2 - 1 - 1 9 e l e c t r o n m o b i l i t y was 235 cm v sec . They a l s o e s t i m a t e d a h o l e 
2 - 1 - 1 

m o b i l i t y o f 48 cm v sec f o r a sample w i t h an e l e c t r o n m o b i l i t y o f 
2 - 1 - 1 

290 cm v sec 

The v a l u e o f h o l e m o b i l i t y d e t e r m i n e d f r o m t h e second s a t u r a t i o n 
2 - 1 - 1 

o f F i g . 6 . 2 was 48 cm v sec ( u s i n g an o f f a x i s shear wave v e l o c i t y 

v = 2*0 x 10^ cm sec ^ ) w h i l e t h e e l e c t r o n H a l l and d r i f t m o b i l i t y a t s 
2 - 1 - 1 

room t e m p e r a t u r e l a y between 295 and 303 cm v sec ( s e e S e c t i o n 4 . 8 ) , 
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6.4 D i s c u s s i o n 

Hutson and White''"*' have demonstrated t h a t u l t r a s o n i c t r a v e l l i n g 

wave a m p l i f i c a t i o n i s p o s s i b l e i n p i e z o e l e c t r i c semiconductors by 

d r i f t i n g m a j o r i t y c a r r i e r s ( e i t h e r e l e c t r o n s or h o l e s ) i n the same 

d i r e c t i o n as the sound waves. 

U l t r a s o n i c a m p l i f i c a t i o n and non-ohmic behaviour have been 
12 13 

observed by d r i f t i n g h o l e s i n t e l l u r i u m ' ( t h e sample was cooled to 

77°K, when conduction became p-type). I s h i g u r o e t a l ^ estimated the 

hole m o b i l i t y i n t e l l u r i u m from the onset of c u r r e n t s a t u r a t i o n and 

found good agreement with the H a l l m o b i l i t y . 
14 

Sommers et a l have reported p o s i t i v e evidence for s i g n i f i c a n t 

m i n o r i t y c a r r i e r d r i f t i n i n s u l a t i n g c r y s t a l s of CdS from the 

measurements of the short c i r c u i t e d p h o t o e l e c t r o magnetic (PEM) c u r r e n t . 

R e c e n t l y Greebe*"^ (1968) has shown that over a r e s t r i c t e d range of 

e l e c t r i c f i e l d , m i n o r i t y c a r r i e r s can amplify u l t r a s o u n d as e f f e c t i v e l y 

as m a j o r i t y c a r r i e r s . 

[Greebe*'^ has d i s c u s s e d the t h e o r e t i c a l c o n t r i b u t i o n of m i n o r i t y 

c a r r i e r s to the i n t e r a c t i o n between u l t r a s o u n d and charge c a r r i e r s i n 

p i e z o e l e c t r i c semiconductors. He has deduced an e x p r e s s i o n f o r the 

a m p l i f i c a t i o n f a c t o r a ( f o r d e t a i l s see r e f . 5 ) with the a i d of a some 

what more g e n e r a l formulation of the small s i g n a l theory of Hutson and 

White. ] 
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From the above d i s c u s s i o n i t appears most l i k e l y that the second 

s a t u r a t i o n observed i n Fig.6.2 i s due to the a m p l i f i c a t i o n of u l t r a ­

sound and the accompanying a c o u s t o e l e c t r i c i n t e r a c t i o n with d r i f t i n g 

h o l e s . The nature of the curves may be ex p l a i n e d as f o l l o w s : 

( 1 ) The second s a t u r a t i o n . E 1 , occurs a t a c r i t i c a l f i e l d about 
5 c ' 

s i x times g r e a t e r than the c r i t i c a l f i e l d f o r s a t u r a t i o n with the band 

gap i r r a d i a t i o n only E c -

( 2 ) A m p l i f i c a t i o n of ul t r a s o u n d occurs when the e l e c t r o n d r i f t 

v e l o c i t y exceeds the v e l o c i t y of sound ( v , S v ) i n C d S . ^ When the 
d s 

d r i f t f i e l d i n c r e a s e s beyond the c r i t i c a l v a l u e ( v , = v ) , the 
d s 

a m p l i f i c a t i o n decreases a f t e r reaching a maximum^ and becomes n e g l i g i b l e 

a t e l e c t r o n d r i f t v e l o c i t i e s more than three times the v e l o c i t y of 

sound ( v > 3v ) . 
s 

( 3 ) At a f i e l d i n t e n s i t y g r e a t e r than s i x times the c r i t i c a l f i e l d 

f o r s a t u r a t i o n ( t h e second s a t u r a t i o n i n F i g . 6 . 2 ) , the e l e c t r o n s 

c o n t r i b u t e v e r y l i t t l e f or the a m p l i f i c a t i o n of a c o u s t i c f l u x generated 

i n the c r y s t a l . 

( 4 ) C a r r i e r s r e s p o n s i b l e f o r a c o u s t o e i e c t r i c i n t e r a c t i o n and 

cu r r e n t s a t u r a t i o n a t such a high f i e l d t h e r e f o r e can only be h o l e s 

moving w i t h a v e l o c i t y equal to the v e l o c i t y of sound ( i . e . E^ = 

v /M,. , where M , i s the d r i f t m o b i l i t y of h o l e s ) . 
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On ambipolar d r i f t v e l o c i t y 

The change i n the f i e l d a t the f i r s t s a t u r a t i o n i n Fig.6.2 and the 

apparent decrease i n the e l e c t r o n d r i f t m o b i l i t y under i n c r e a s e d 

quenching would appear to be due to ambipolar e f f e c t s . ^ 

Under quenching c o n d i t i o n s comparable numbers of e l e c t r o n s and 

ho l e s a r e present i n a CdS c r y s t a l ( s e e S e c t i o n 6.2). I t i s t h e r e f o r e 

p o s s i b l e to produce a p p r e c i a b l e s p a t i a l 'bunching' of c a r r i e r s without 

a f f e c t i n g the net space charge as both s i g n s of c a r r i e r s are pres e n t . 

Due to the strong p i e z o e l e c t r i c property of the c r y s t a l the e l e c t r o n s 

and h o l e s bunch i n p o t e n t i a l minima and maxima producing a c o n d u c t i v i t y 

modulation along the c r y s t a l . 

The t o t a l f i e l d , E t , i n a c r y s t a l can be expressed as the sum of 

a p p l i e d f i e l d E and the i n t e r n a l f i e l d E.. The i n t e r n a l f i e l d a r i s e s a l 

i n CdS as the bunched e l e c t r o n s and holes t r y to d i f f u s e away with 

s i g n i f i c a n t l y d i f f e r e n t d i f f u s i o n c o e f f i c i e n t s D, D = /iKT/e. I f the 

e l e c t r o n s and ho l e s could move e n t i r e l y independently of each other, 

the e l e c t r o n s would tend to move f a s t e r than the h o l e s , l e a v i n g the 

holes behind a l t o g e t h e r . When t h i s a c t u a l l y begins to happen, however, 

s i n c e they are o p p o s i t e l y charged, t h e i r s e p a r a t i o n c r e a t e s an i n t e r n a l 

e l e c t r i c f i e l d E ^ which begins to r e t a r d the f a s t e r moving e l e c t r o n s 

and drags the slower moving ho l e s more s t r o n g l y . E v e n t u a l l y the 

i n t e r n a l f i e l d becomes l a r g e enough to coun t e r a c t any tendency f o r the 
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charges to separate f u r t h e r . Under t h i s c o n d i t i o n the e l e c t r o n s and 

holes d i f f u s e together and the e f f e c t i v e d i f f u s i o n c o e f f i c i e n t becomes 

l a r g e r than that f o r h o l e s , but s m a l l e r than that f o r e l e c t r o n s . When 

an e x t e r n a l f i e l d i s a p p l i e d t h i s phenomenon i s known as "ambipolar 
19 

d i f f u s i o n " , consequently i n an e x t e r n a l f i e l d an ambipolar d r i f t 

v e l o c i t y must be used. The ambipolar m o b i l i t y i s defined by the 

e x p r e s s i o n : 
( n - p ) M 

u = o o n p 
a n/J + pji n p 

(n - p )/J H 
= o o n p , _ 

(n + 8 )U + (p + 8 )/i o p n o P P 

where n and p are the e q u i l i b r i u m e l e c t r o n and hole c o n c e n t r a t i o n s , o o 

and 8^ i s the excess hole c o n c e n t r a t i o n for an n-type c r y s t a l . 

E quation 6.3 i s d e r i v e d from a c o n s i d e r a t i o n ef tho c o n s i d e r a t i o n 

of the c o n t i n u i t y equation a p p l i e d to semiconductor i n t o which a 

l o c a l i s e d c o n c e n t r a t i o n of m i n o r i t y c a r r i e r s i s i n j e c t e d . The m i n o r i t y 

c a r r i e r s are accompanied by an equal c o n c e n t r a t i o n of m a j o r i t y c a r r i e r s 

but the number of these l a t t e r i s v e r y small compared with the 

e q u i l i b r i u m d e n s i t y of m a j o r i t y c a r r i e r s n and p . 
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I n our problem the excess e l e c t r o n s and h o l e s are Oftot l o c a l i s e d 

when they are c r e a t e d by the i n t e r a c t i o n , but they are l o c a l i s e d by the 

a c o u s t o e l e c t r i c i n t e r a c t i o n i n s u f f i c i e n t l y high f i e l d s . I t i s t h i s 

l o c a l i s a t i o n which l e a d s to the ambipolar e f f e c t . The proper e x p r e s s i o n 

for the ambipolar m o b i l i t y i n a p i e z o e l e c t r i c semiconductor where 6p i s 

g r e a t e r than the e q u i l i b r i u m c o n c e n t r a t i o n p Q would seem to p r e s e n t a 

formidable mathematical problem. T h i s has not been attempted and i t i s 

not p o s s i b l e t h e r e f o r e to compute the v a l u e of the ambipolar m o b i l i t y 

ju i n terms of j\, p, /J and ^ . However i f the e x p r e s s i o n 6.3 i s used a ' n p 
11 3 

i t i s i n t e r e s t i n g to note that w i t h the v a l u e s n = 3*3 x 10 cm , 
12 -3 2 - 1 - 1 2 -1 -1 p = 2*97 x 10 cm , A1 = 300 cm v sec and M = 48 cm v sec f o r 

' n p 
2 -1 -1 sample D 1 1 6 ( l ) the v a l u e of M would be 157 cm v sec ( a t 957„ £1 

2 -1 -1 

quenching); the measured v a l u e was 146 cm v sec (from f o u r t h curve 

from bottom, F i g . 6 . 2 ) . 
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CHAPTER V I I 

SUMMARY AND CONCLUSIONS 

I n the l a s t three chapters v a r i o u s measurements on c u r r e n t 

s a t u r a t i o n i n photoconducting cadmium sulph i d e c r y s t a l s have been 

d e s c r i b e d . Attempts have been made to i n t e r p r e t the r e s u l t s of these 

measurements i n the appropriate c h a p t e r s . The purpose here i s to 

summarise b r i e f l y the i m p l i c a t i o n s of the work. 

Cu r r e n t S a t u r a t i o n 

When c r y s t a l s of CdS were s u b j e c t e d to pulsed e l e c t r i c f i e l d s with 
3 -1 

magnitudes above a c r i t i c a l v alue of the order of 10 v cm , c u r r e n t 

s a t u r a t i o n was observed. S a t u r a t i o n occurred i n c r y s t a l s with 

c o n d u c t i v i t i e s g r e a t e r than ~ 10 ~* mho cm ^. To observe the e f f e c t , 

t h e r e f o r e , s e m i - i n s u l a t i n g c r y s t a l s have to be i l l u m i n a t e d to reduce 

t h e i r r e s i s t i v i t i e s to the r e q u i r e d magnitude. The onset of c u r r e n t 

s a t u r a t i o n was found to be a s s o c i a t e d with a build-up of a c o u s t i c f l u x , 

which was det e c t e d a t an output t r a n s d u c e r . 

E f f e c t of C r y s t a l Inhoniogeneity 

The method of c a l c u l a t i n g the d r i f t m o b i l i t y from c u r r e n t 

s a t u r a t i o n r e q u i r e s t h a t the p o t e n t i a l d i s t r i b u t i o n along the specimen 

should be reasonably uniform. Non-uniformity i n the sample has been 

found to l e a d to a higher c r i t i c a l f i e l d E and lower apparent d r i f t 
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m o b i l i t y . A l s o the v a l u e s of E c i n non-uniform samples v a r i e d q u i t e 

s t r o n g l y with the i n t e n s i t y of i n c i d e n t i l l u m i n a t i o n . I n a uniform 

c r y s t a l , however, E £ remained constant i n the c o n d u c t i v i t y range from 

10 to 10 mho cm 

By removing the high r e s i s t i v e end of one of the non-uniform 

samples we have been able to demonstrate that the v a r i a t i o n of E £ with 

c o n d u c t i v i t y was caused by the inhomogeneity i n the sample. 

The D r i f t M o b i l i t y 

The measured v a l u e s of e l e c t r o n d r i f t m o b i l i t y a t room temperature 

showed good agreement with the v a l u e s of H a l l m o b i l i t y i n the 
-4 -2 -1 

c o n d u c t i v i t y range from 10 to 10 mho cm . I r r e s p e c t i v e of the 

o r i e n t a t i o n of the c r y s t a l the d r i f t m o b i l i t y fi , was equal to v /E , 
J d s c 

where v i s the a p p r o p r i a t e v e l o c i t y of sound, s 

The E f f e c t of Traps 

The d r i f t m o b i l i t y measured at lower temperatures was s m a l l e r than 

the H a l l m o b i l i t y . The s m a l l e r v a l u e s of d r i f t m o b i l i t y at lower 

temperatures have been i n t e r p r e t e d i n terms of a t r a p c o n t r o l l e d charge 

t r a n s p o r t p r o c e s s . Information about the p o s i t i o n and d e n s i t y of 

shallow trapping c e n t r e s has been obtained. 

I n i t i a l l y when the temperature v a r i a t i o n of UT was n e g l e c t e d the 

depth of the dominant trap appeared to v a r y from 0*0115 to 0*008 eV as 

the i n t e n s i t y of i l l u m i n a t i o n was i n c r e a s e d by an order of magnitude. 
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However, by c o n s i d e r i n g the temperature dependence of the trapping time 

T i n the a c o u s t o e l e c t r i c theory of c u r r e n t s a t u r a t i o n and by using the 

v a l u e s of d r i f t m o b i l i t y modified by the f a c t o r b, ( a c c o r d i n g to Eqn. 

5.10), the e x i s t e n c e of two trapping l e v e l s with i o n i s a t i o n e n e r g i e s of 
•1 fi o 1 7 n 

0*037 eV and 0*015 eV at d e n s i t i e s of 3*1 x 10 cm and 1*35 x 10 cm 

has been demonstrated. 

F u r t h e r , i n order to provide a t e s t f o r the trapping theory the 

magnitude of the capture c r o s s - s e c t i o n f o r e l e c t r o n s of the shallower 
16 2 

trap has been c a l c u l a t e d . The v a l u e obtained namely 6 x 10 cm 

v e r i f i e s the v a l i d i t y of the assumptions used i n the trapping theory. 

The magnitude of the c r o s s - s e c t i o n suggests t h a t s i n g l y i o n i s e d donors 

are r e s p o n s i b l e f o r these s h a l l o w c e n t r e s . 

I n our high r e s i s t i v i t y c r y s t a l s the s h a l l o w e l e c t r o n t r a p s are 

probably connected with an almost completely compensated se t of donors. 

These donors could be due to i m p u r i t i e s i n the s t a r t i n g m a t e r i a l s , or 

a l t e r n a t i v e l y , they might be a s s o c i a t e d w i t h a d e f i n i t e type of c r y s t a l 

d e f e c t caused by non-stoichiometry i n the composition of the c r y s t a l s . 

A s i n g l y i o n i s e d sulphur vacancy would be an example of t h i s second 

p o s s i b i l i t y . 

P h o t o i H a l l measurements made on the same sample i n d i c a t e d the 

presence of two deeper trapping l e v e l s w i t h a c t i v a t i o n e n e r g i e s of 

0*281 eV and 0*362 eV. These deeper t r a p s would have such l a r g e v a l u e s 

of T t h a t e l e c t r o n s captured i n them would be unable to bunch i n the 
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a c o u s t o e l e c t r i c f i e l d i n the time a v a i l a b l e ( i . e . — ) . With such t r a p s 
u 

UT » 1, and under t h i s c o n d i t i o n u = u. The c u r r e n t s a t u r a t i o n 
d H 

method, t h e r e f o r e i s unable to provide information about deep t r a p s . 

The d r i f t m o b i l i t y experiment at lower temperatures which provides 

a s e n s i t i v e means of studying shallow c e n t r e s , should be used, t h e r e f o r e , 

as a method complementary to the photo-Hall technique and the TSC method 

as a means of determining t r a p parameters. 

The Hole M o b i l i t y 

Cadmium sulphide has always been found to be n-type at room 

temperature. However the photo-Hall measurements under quenching 

c o n d i t i o n s have demonstrated that the f r e e hole c o n c e n t r a t i o n can exceed 

the f r e e e l e c t r o n c o n c e n t r a t i o n under these c o n d i t i o n s . 

The c u r r e n t v o l t a g e c h a r a c t e r i s t i c s measured under the same 

c o n d i t i o n s have e x h i b i t e d a second s a t u r a t i o n a t a f i e l d E 1 much higher 

than E c« Assuming t h a t the second s a t u r a t i o n was due to a c o u s t o e l e c t r i c 
2 

i n t e r a c t i o n with h o l e s a v a l u e of the hole d r i f t m o b i l i t y of 48 cm 

v ''"sec ^ was obtained. T h i s i s i n reasonable agreement with p r e v i o u s l y 

published v a l u e s . 
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Suggestions f o r F u r t h e r Work 

I n the l i g h t of the above r e s u l t s , the f o l l o w i n g suggestions f o r 

f u t u r e work are made. 

As d r i f t m o b i l i t y experiments a t low temperatures provide a 

s e n s i t i v e means f o r studying shallow c e n t r e s , i t would be i n t e r e s t i n g 

to extend these measurements to doped specimens or to c r y s t a l s grown 

under c o n d i t i o n s which produce a known type of d e f e c t . F u r t h e r 

measurements of s i m i l a r nature can be extended to other I I - V I p i e z o ­

e l e c t r i c c r y s t a l s l i k e CdSe, ZnSe, e t c . 

As the c u r r e n t s a t u r a t i o n experiment under quenching c o n d i t i o n s 

provide the f i r s t experimental evidence of the a c o u s t o e l e c t r i c i n t e r ­

a c t i o n w i t h m i n o r i t y c a r r i e r s ( h o l e s i n CdS), i t would be i n t e r e s t i n g 

to measure hole m o b i l i t y i n normally n-type I I - V I p i e z o e l e c t r i c 

c r y s t a l s . These measurements could a l s o be performed a t d i f f e r e n t 

temperatures. ( T h i s should provide information concerning the 

mechanism of hole s c a t t e r i n g and information about hole t r a p s ) . 


