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ABSTRACT

The effect of temperature on the photocurrent in
CdS fillms has been used as a tool to establish that the
current saturation observed at high field is due to
acdustoelectric effect. The films were prepared by vaéuum
_ eévaporation and subsequently heat-treated in order to com-
pensate for the native astoichiometricities.

The effect of fadiation has also been studied.
Results show that the saturation current decreases with

increasing doses of radiation.
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CHAPTER 1

INTRODUCTION

Cadmium Sulphide is one of the most imporbtant

compound semiconduc tors. It has been studied extensively

and has been cousidered as a special material for advancing

the understanding of the physics and chemistry of wide band-
gap solids. This‘material exhibits many interesting electro-
optical phenomena on which many electronic devices such as
field—éffect transistors, "image intensifiers and storage
devices are bésed. |

In 1957 Paramenter predicted the existence of tne
acousoelectric effect in piezoelectric semiconductors, and in
1958 Kromer proposed that the negative differential conduc-
tivity'in solids at high field can be used for amplification

in pfactical'devices. In 1960 Nine reported the observation

of longitudinal and shear ultrasonic waves'travelling
respectively parallel to and normal to the hexagonal axis of
single crystals of CdS, but he failed to consider piezoelectricv

interactions as a possible mechanism for his observation.

Shortly afterwards, Hutson (1960) measured the electro-
- mechanical coupling constants of both CdS and Zn0 and realized

that coupling between phonons and electrons could cause the
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type of acoustic attenuation and dispersion observed by
Nine (1960). Two fundamentally important phenomena emerged

from the study undertaken by Hutsou (1961), of the photo-

sensitive ultrasonic attenuation 1n CdS as a function of

applied electric field. 'The first confirmed the earlier
prediction of White (1962) that wheu the velocity of elec-

trons exceeded the velocity of sosund, the sign of acoustic

attenuation reversed. The second showed that there was no
need for an input R. F. signal which was previously thought
to be‘necessary to produce sufficient acoustic noise input
signal for amplification. . The thermal noise generated in
the crystal is sufficient to builild the acoustic flux up to a
level required to cause current saturation or oscillations
in it. These researches culminated in the observations of
"high field domains" which formed near an electrode ang

travelled through the sample at a velocity of the order of

10° cm/sec. (Haydl et al. 1965).

The interest in the study of thin films has grown

‘considerably after the introduction of integrated circuits.

" Butler and Sandbank (1967) have discussed the possibility of

using the travelling domains for integrated.circuits. It is

possible to produce a circuit using only one bulk effect
which would normally réquire a large assembly of active and
passive components. The domains generated in a piezoelectric

material due to acoustoelectric effect travel at the velocity



of sound (5 X 102 cm/sec.),while those produced due to

other effects such as the Gunn effect travel at about
107 cm/sec. The former is more useful than the latter

because .the latter produces an embarrassingly high bit

rate for use in digital mode systems. Moreover, the do-
main formation in piezoelectric-semiconductors such as CdS -
and ZnO can be controlled by means of visible light while

for the high velocity domains infra-red light has to be

used which may limit their application. There are also
many potentlial applications of piezoelectric effects in
semliconductors such as optical scanning, visual display,
synthesis of complex electronic functions by geometric or
electronic field profile shaping, and transducers, etc.

Thin films can be deposited either on conducting'
metal substrates or on dielectric substrates. For the former;
the substrate may act as heat sink for the thin film circuits
operated at lower power levels as compared to their bulk

counterparts. Thus thin film acoustoelectric devices have cer-

tain advantages over the crystals for mass production, low

production cost and microelectronics.

CdS films were chosen for the present investigation

because of their unique properties of piezoelectricity and

photoconductivity, and the easiness in obtaining the material
of high purity and in fabricating epitaxial layers.
The current saturation in crystals has been at-

tributed to two possible mechanisms, namely field enhanced




trapplng and acoustoelectric effect. In the present inves-

tigation, we study this phenomenon at various temperatures

and 1lluminations in the hope that the mechanisms responsibie
for current saturation in CdS films can be identified. The
effects of gamma-ray radiation and thermal annealing have

also been iavestigated.
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CHAPTER 2

REVIEW OF PREVIOUS WORK RELATED
TO THE SUBJECT

The potential use of C4&s films in phntocells was
recognized quite eafly in 1940. The first known method
employed by Jacob and Hart (1955) for making photocells is
based on an epitaxial vapour carrying process in accordance
with the following formula: “

HoS - Cd {vapour)= Cas - Ho
A similar process has been adopted recently
for producing epitaxial thin films of CdS. which follows

| EpS + CdClp = CdS+ 2HCL

Major research efforts on CdS date back from 1946
when Frerich (1946) worked on the prepafation and properties
of high-purity,single crystal CdS films. Lorens (1962) ex-
tended the work to produce crystals of sufficient perfection
by vapour synthesis technique. 1Inspite of its potential to be
useful in industry, the thin film preparation technique is
still in its infancy. T 1s well known that the defect centefs

and secondary phase effects, play a very important role in the

rom
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conductlon process. The density of such defects varies
sample to sample, and this causes the dilscrepancy of experi-
mental results.

2.1 PREPARATION OF CdS FILMS

There are a number of techniques for fabricating

CdS films which are discussed below along with their advan-
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tages and disadvantages. Dresner and Shallcross (1562)
analyzed films deposited by vacuum evaporation on glass
substrates at 170°C under a residual gas pressure > ap-
proximately 10'5 Torr. The filﬁs were found to be poorly

oriented and nonstoichiometric with mobilities of the order

of 1-5 cm2/b—sec} As cadmium and éulphur have different va-

pour pressures, the use of cadmium sulphide powder alone as a -

source material results in an undesirable vapour pressure

fratio,,éhdfhence'prevents the deposition of films of good

stoichiometry. This difficulty can be overcome either by
simultaneously vaporizing CdS and S, or by simultaneously
vepopizing Cd and S from separate crucibles. The latter
method gives reproducible results, It is ah'interesting fact
that sulphur deposits on substrates at temperatures less than
5OOC while cadmium would debdsit only at temperatures greater
than.200°C. At temeratures between 50 Cand 200°C neither
cadmium nor sulphuf_alone would.deposit from the vapour unless
the other is present to combine to form CdS on the substrate |
surface. DeKlerk and Kelly (1964) deposited films using two
Separate baffled sources of cadmium and sulphur and found

that the deposited films @ere highly oriented and stoichio-
metric. Pizzarello (1964) élso deposited £ilms by.the method
of co-evaboration and confirmed the results of DeKlerk and
Kelly. 'Hudock (1967) deposited CAdS film under residual gas
pressures of the oydqr of 10-10 Torr and found them to be

stoichiometric when the substrate temperature was 450°C and
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the source ftemperature was 47000. Ultrahigh vacuum
(10_10 Torr) is essential to get films »f considerably
high mobility (50 em®/v-sec). Foster (1968) deposited
CdS films using the technique of the co-evaporatiosn of
Cds and Sp on substrates heated at 180°C - 190°C, and
the films produced by this method Were c-axis oriented
and of high resistiviﬁy which could be used in trans-

ducers without any further treatment.

2.2 DEFECTS IN C3S FILMS

It is well kaown that almost all elements are
soluable to a certain extent in C4S. At ordinary tempera—
tures, CdS reacts with the firing environment, and the
Gibb's phase diagram.shows a small regidn of existence of
compound Cds.

‘ These dissolved elements act as foreign point
defects in the film in addition to the native point defects
and other thermodynamically unstable defects such as dis-
locations, internal surféces.and graln boundaries, etc. Even
in the absence of foreign defects, the properties of CdS are
sensitive to thermai'history~and the partial pfessure of the
firing enviﬁonment; Wnen an undoped CdS crystal is exposed.
to Cd vapogr'af high temperatures, excess Cd is incorporated
into it interstitially (Boyn 1965). These effects can be
considerably reduced by post-evaporation heat treatments

(Thermodynamiq stabilization). Albers (1967) has classified




them into Cd, S (interstitial), Vg, VEd (vacancies), and
Cdg, Std (substitutional). The first of each of these pairs
actvs as a donor and the other as an acceptor. Because of

neir influence on the electronic conductivity of CdsS films,

ct

these defects have to be eliminated or minimizegd by heat-
treatment, |
Amongst the foreign defects the impurities H,0,

0, C1, in, Ag, Cﬁ and Au are of particular importance. Cu,
Ag and Au diffuse extremely rapidly as interstitialslin cdas
but they can also substitute for Cd. The presence of donors
(such as excess Cd in CdS filmé) enhances the solubillity of
Cu and keeps Cu in solution at low temperatures. Cu and Ag
act as acceptors electronically. They also precipitate
readily to cause imperfections and lattice disorder. In and
Ga locate substitutionally at Cd sltes, they diffuse rapidly
and are highly soluable. Both act as donors and this is the
reason why these mate:ials are used for making ohmic contacts
on n-type CdS films.

| Oxygen would prbduce a shift'in the band gap and
energy level of defects (Woodbury 1967). Chemisorbed oxygen
acts as an acceptor (Woodbury 1967). Cl acts as a co-
activator with Cu "in the heat-treatment of ¢3S films. It may
substitute for S.and is thought to associate with Cd'vacancies
during firing (Woodbury 1967).’ It is well known that water
vapour, even a small amount in vacuum deposition chamber, ﬁay

produce harmful effects on films. Faeth (1967) has suggested




that the vresence of (H20)~ ion is responsible for the coulomb
repulsive traps located between 0.73ev and 0.83ev below the

conduction band of C4d5.

2.3 ACOUSTORLECTRIC REFFECTS

2.3.1 EXPERIMENTAL WORK

With a Cé@8 crystal sandwiched between two tras-
ducers and a d.c. drift field applied across the sample Fig.2
Hutson,McFee and White (1961) observed substantial amplification
oflultrasonic waves in photoconductive CdS in the vresence of
an input R.F. signal. Based on this phenomenon, White (1962)
predicted that if the applied d.c. field is sufficient to cause
the charge carriers to drift in the direction of ultrasonig wave
propagation faster than the velocity of sound, these carriers
will react with the sound wave in such a way that the sound
wave will be amplified. Anothér striking observation was the
amplification of the ultrasonic wave even in the absence of
an input signal (White 1962)..

Smith (1962) observed current saturation in CdS crystals
There are several explanations of this phenomenon. Rose (1966) has
proposed that when the drift velocity of eleétrons exceeds'thé
velocity of sound a hypersonic wave is generated, and when the
amplitude of the wave is large the electrons will be bunched
resulting in potential domains. An increase of the electric field.
at this point would cause the electrons to be pushed against
the walls of the pdtential wells and would not inecrease the

effective drift field, thus causing saturation. They, however,
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failed to fdetnct the presence of hvpersonic waves or electro-

magnatic radiation from bunched electrons.

Hutson (1962) proposed that the current satura-

tion should be fegarded as due to the transfer of energy

from the drifting electrons to the acoustic waves when
their velocity exceeds the velocity of sound. Wang (1962)
confirmed this hypothesis by an experiment similar to that

of Hutson, McFee and White (1961). Using the same experi-

mental set-up as used by Hutson et al (1961), McFee (1963)
observed that in the absence of an input signal, the ap-
plication of a drift voltage in the direction of the wave
propagation changes the attenuation of the ultrasonic wave
in CdS and Zn0 crystals. This experiment shows that the
flux build-up occurs over many round trips of the sound wave
in the crystal. It i1s also shown that the drift current in-
creaées abruptl& to an initial maximum and then decays to a
steady state value which has a striking similarity to the

acoustic flux which builds up till 1t reaches the steady state.

Shortening the pulse duration returns the I-V curve to its
ohmic behaviour. This verifies that before the ultrasonic
flux has4time to build up, the current follows the ohm's law.

In a current saturation condition, the entire

crystal can be regarded as a resonant cavity supporting
coherent standing waves. The oscillations observed during
the decay of current from its ohmic value to its saturated

value can be attributed to such a coherent acoustic wave
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system (McFee 1963).

Okada (1963) on the other hand, observed contin-
uous oscillations by non-uniformly illuminating the crystal.
The flux build-up 1s amplified linearly in the nighly 11-
luminated region and it reduces the drift current by non-
linear loss mechanism in the low conductivity region. The
build—up of flux in ‘the high conductivity region is damped
ouﬁ in the low conductivity region where the amplification
of random acoustic flux is not enough to make up for the loss
, in the opposite direction.

A great deal of experimental work on continuous

current oscillation has been published in the past ten years.
In 1963 Kikuchi has reported that continuous current oscii-
lations require the light to be shined only on one single
spot on the specimen:, which corresponds'to the photoresponse
maximum of the specimen. Reversing the polarity of the bias
voltagelchanges the continuous osclillations to slowly decaying
oscillations. The oscillation appears sinusoidal in nature
and their period depends on the distance between the electrodes.

Stanley (1967) observed sustained current oscillations
in cadmium sulphide crystals in a limited range of volatages.
The crystal used was found to ke non-uniformly conductive.

Yee et al (1969)'reported that the ‘acoustoelectric
saturation current in CdSe crystals.decreases wlth decreasing
temperatures, while Mason (1968) observed that the saturation

current decreases with decreasing illumination in CdS thin films.
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2.3.2 THEORY

To interpret the phenomenon of acoustcelectric
interaction,‘it 1s convenient to use the phenomenological
model developed by Rose (1966) as shown in Fig . 1.
In these figures Vd represents the drift velocity of elec-
trons relatiee to the static lattice; Vg, ﬁhe velocity of
sound; F;, the force of 1nteraction of electrons with the
;lattlce, Fo, the frictional force between electrons and
active phonons; and F3, the force representing phonon-
phonon scattering. To simplify the model, let us neglect'the”
forces Fl and F3. Consildering that electrons are drifting
at a counstant velocity Vd, the system reduces to a system
in which only electrons and phonons move parallel ﬁo each
other as shown in,Fig; 3. The power utilized in moving the
electrons at a velocity Vg is

e = F2Va - (2.1)

and the power utilized in moving the phonons at a velocity
Vg is |

o= R (2.2)

Since the electrone are not acclerated, the power given to
the electron stream must be passed on to increasing the
momentum of phonons and since all the power given to elec-
trone cannot go into increasing the momentum of phonons, the
difference in power | )

Waf— F%-'PP | (2.3)
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must be dissipated by the system.

Consider an acoustic wave having associated with
it an electric field which changes sinusoidally in space énd
time as does the sound wave. If an acoustic wave is incident
to a material in which free carriers drift with the same
velocity as the sound wave, there will be no exchange of
'energy between the electrons and phonons (except the izR loss)
beéause there 1is no relative motion of electrons and phonons,
i.e. Fo= 0. 1In this case, the electrons bunched in the
positive troughs of the wave will move with the phase'velocity
of the wave. But if the drifst velocity of electrons is in-
creased by the applied field above the phase velocity of the
sound wave, the free electrons will see an alternating electric
fleld due to the sound wave, and tﬁis alternating field will
increase the dissipative power above that necessary to kéep.
| the drift velocity éf electrons greéter than,ﬁhe phase velocity
of the sound wave. Thué the apﬁlied field, E, will coﬁsi T of
two parts:

Va2

(2.4)

wnere EE 1s the acoustoelectric field generally denoted by
Ea. M 1is the mobility of electrons; and /7 is the resistivit

of the material., Eqn. (2.4) can be written as

E =.\% +Ea | (2.5)
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the current through the sample in the presence of an

acoustoelectric field is therefore given by:

J= & (E-Ea) (2.6)
where ¢ is the conductivity of the sample.. Differentiation
of Egn.  (2.6) gives:

3—% =q (“% | (é.7>

aE
Therefore the minimum threshold field for a negative dif-

It can be seen that é%_ becomes negative when S L -

ferential'conductivity willl be given by:

dBa ¢ (2.8)

dE
‘Since the acoustoelectric field depends on the magnitude of
the flux at a point along the crystal, it should be a func-

tion of the distance from the cathode, the rate of acoustic

gain and the magnitude of applied field. Using the attenuation

constant &4 derived by White (1962), which is given by:

o X W s (5.0)
- 4 V. 2, 1T o~ wwma . 2.9
B e

where
bW Lo
5=+ el 1]
We = <

€
VZ
Wwm = (UJQUJD) z
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2
Vg
Wp = ——
D
5 = KT 2.10
e

€, 1s the permittivity .of the material; D, the diffusion
constant; K, the Boltzmann constant; T, the absolute tem-
perature. An implicit expression for the distance (o s
from the cathode to which electrons must travel under small
signal gain conditions prior to the onset of acoustically
induced negative differential conductivity, is given oy

Haydl (1967):

Y. gﬂsé WT o _
(2em o)~ exp (2o Lo) ={—-gztgf:<ﬂ axp (241to) (2.11)

where oAw is the rate of acoustic gain of the favoured bang
- of random acoustic noise and Ky 1s the corresponding lat-
tice attenuation constant. The distribution of eléctric
field as a function of distance, ] , is shown in Fig. 4. It
should be noted, however, that if the‘sample length 1s less
than Eo » The domain formation will not occur.
What has béen discussed so far applies only to
small signal case. If an acoustic wave of large amplitude is
.present, all of the carriers are bunched in the troughs of the
sound wave and are locked to the velocity of sound. The con-
diﬁions given in Eqn. (2.10) cannot be satisfied. It is
clear that once a significant number of carriers are locked.
in the potential well, the rate of doing work by the carriers

on such a potential well is (Rose 1968):
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%%‘-‘?-ﬂ@ (E‘Ed)\fs (2.12) «

where £ 1is the energy density of the sound wave and
in which small signal approximation has not been used. The
force neE tends to make the bunched carriers drift at the
velocity of sound and the force ne(E-Ey) is traunsmitted by
the carriers to the potential well when their velocity ex-
ceeds the velocity of sound. Space charge bunching in it-
self causes a further decrease in local resistivity and an
increase in the local'field exterﬁal to the potential well.
As a result, there is an increase in g% resulting in further
carrier bunching. A collective feedback process, terminated
elther by well collapsevor by exhaustion of local carrier
supply, 1s set in action.

Egn. (2.11) is based on the assumption of a single
coherent sound wave. In practice, however, a large number of
frequencies exist, which form a noisy sound flux. In the case

of sound waves with frequencies WB the electron density which

is modulated by each wave can be expressed as:

et

W
n= no-’:-zt_me + Gy (2.13)

and the corresponding drift velocity is:

jwgt ,
Va4 =.V°+ZL'VQQ + Co (2.14)
and the current denslty is:
J = nevy - (2.15)

where Ny ng are the steady state component and varying
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component of electron density, respectively; C1 and C2 are
arbitrary ccnstants. Substitution of Eguns (2.13) and (2.14)

into Egqn. (2.15) gives:

+ (Z evyhy eiwat é‘wd:,... >+(2 C N Vim ¢
t

T=Jo +3(w0) +77(0) +1"(we) |
(2.16)

Prohofsky (1966) has shown that the piezbelectric non-linear
interaction, represented by the third term in Equ. (2.16) in
the form of mixing currents at various frequencies, is quite
strong in the usual crystals.

The approximate field-independent mean-life-time,
tm, of a potential domain (or well, as referred to in the
previous discussion) should be expected fto be equal té the

sum of the mean incubation time, ti; the mean collapse time

t. ;5 and the mean-life-time in a saturated condition, t

co sc*

Tm = ¥ +1sc +teo (2.17)

. By analyzing Egn. (2.17) two different non-linear effects

due to electronus drifting through a homogeneous and infinite
piezoelectric semiconductor become apparent. They are: (a)
current saturation caused by the internal generation of acousto-

electric current as a direct result of acoustic flux growth, o
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in this case t;> tg, and (b) negative differential conduc-

tivity caused by large carrier trapping in which ti<'t°c'

2.4 THE EFFECT OF TRAPS

Traps play a very important role in acoustoelec-
tric current saturation in CdS. The condition for acous-

toelectric current is:

E Ma =7Vs (2.18)

in which the mobility Mg can be interpreted as an

effective drift mobility which is equal to %ONM, where fo is
called the "trapping factor" taking into account the division
of écoustically produced space charge between the conduction
band and the bound states in the forbidden gap. Although the
space charge bunching due to the presence of an acoustic wave
can be neutralized by both bound and free charge, the resulting

conductlvity modulation which enables the d.c. field to feed

energy into the sound wave (White 1962) can be effected only

by free charge. Therefore, in the presence of traps, the ap-
plied field has to be increased to bring the free carrier con-v‘
centration to equal that for the trap-free case, before the
acoustoelectric effect can be observed.

In the presence of traps, the trap controlled drift

mobility M4 and hall mobility M4 are related as:

= h ' 2.1.‘
Mdf M " ( 9)'




2C

where n, 1s the density of free carriers and N the density
of trapped carriers. The acoustically produced space charge
may be expected to divide in the same way between free and

trapped states. Therefore: _

'(;Q Mg

——r Sm—nm—

M

1+ Nt
n

i | | (2.20)

L+ T/
where T@ 1s the time during which the:electron is free to

move in the conduction band and  1is the.time the electron
spends in a trap.
Assuming that there is a single trap level only

as shown 1n Fig. 5, then £ can be expressed as (Moore 1964):

_ -1
o =[x+(§%) eEt/V\T] | (2.21)

where Ny 1s the deunsity of trapped carriers; NC, the density
of carriers in the conduction band; and Et,‘the energy of
the trapping level below the conduction band. The carrier

velocity and current are given by:
Vs = MdEc =4 NnEc (2.22)
and J = NRV = neEMy

= B_%FEE_G‘_ = (N+ny) eEMa
o




The saturation current is therefore:

v
T e = m;. - = (rene)evs (2.24)
[

If the relaxation time U is assumed to be almost equal to

é; where @ 1s the frequency of the sound wave (This means
that the bound space charge produced by the acoustic wave
equilibrateé with the conduction band carriers in a time
comparable to the period of the sound wave); there is a

phase difference developed between the mobile and bound

portions of the acoustically produced space charge and then
fo becomes a complex quantity f. Putting the total charge
N as:

f can be expressed as:

N _n 5
i = A i S | o 1 - (2.26)
' _ hx .
i-{ = ~ , (2.27)

in whichXL = the charge set free per second.

T
Nt - the charge trapped per second
T
NN = rate or change of trapped charge
T T -
= dn (2.28)
at :

Assuming that the total charge varies sinusoidally

jwt
N = Noe (2.29) -
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then from Eqn. (2.28) f can be written in the form:

oo QeiwTe) | (2.30)
‘myn+wnﬁ
Setting ,
T - Tﬁ T{
Equn. (2.30) becomes: T+ T
§ = detioT (2.31)
|+ jwT '
or 1 = bfe
I—4Q
where a = U=fodwT
fo + w2T>
and o — 134 w2T*

to (fot w?c2)
By neglecting:carrier diffusion due to space charge bunching

- the current density in a piezoelectrical semiconductor can be

expressed as:
3= qMane) +Ersa]- [E“"“‘E“"’] (2.32)

where E1 is the alternating component of the electric f“eld
EO, the steady state component of the electric field; ang Ny
the density of carriers in the space charge. The steady
state componeht in Egn. (2.32) is given by:
* ) :
Tac. = QMaNGI ER) +qMa -5 Re (FNsEV) (2.33)

the second term is the acoustoelectric'current,

Ta= qMa- & Re (415 EF) " (2.34)
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Since f 1s a complex gquantity, it can be expressed as:

= tx-ifg (2.35)
Thus Eqn. (2.34) becomes:

Jo = QNd--‘—iRe[{.R.nsE?‘_HI “SE;*]
= q,}“d 'gR'\?e “SE‘*)"{‘Z ‘H‘*d {'1Im (hS'Elx)

| (2.36)
At the threshold field for saturation, the first term on

L
2

the right-hand side of Eqn. (2;36) can be expressed as:

| T, B
L Qla-fg-Re (e B = & GMa Fr- Re (- L5 )

}

-—%R(%)-%Re(&ﬁ) (2.37)

since J, = -9 Vs g . Under this condition, the power
absorbed or delivered by the carriers is equal to the rate

at which acoustic energy decreases (or‘increases).- Tnerefore,

# — du .
‘12" Re (LE ) = 2o = 2 (2,38)

where U 1s the acoustic energy deunsity, and 4D,the acoustic

flux. Introducing these in Eqn. (2.3%4) Jy is gilven by:

Ja= -fe(&2) 240~ S qNaty I%(“SE?() (2.39)

From th. (2.31) fR and £, can be expressed as:

= =.b+o/<\+q;>

f1 =’""“'b_'§°/(\+a2) (2.40)
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Of course, if f is a real quantity, Eqn. (2.39) vecomes:

.Sq=—'{'R(B.\—%>(20()-C§3 . (2.41).

This equation is known as Weinreich's relation (McFee,1966).

Substituting the results for ns'and E, in Eqn (2.41)
(McFee, 1966), we get '

= - (Ud ﬂ = .
a [r Q(wr_)?- (w )_\_,k.‘:‘_-);,\.\.q] .
Where y'—_—; H—(b{cpd Edc/vs) » 81 1s a constant.

The attenuation constang A 1in the presence of trapping

becomes
e ot Y'+o. [®/wg) +a )

A= g 2ce (‘“‘/w)] +Bw°)+{ D)"“'"‘}-& (2.%3)

This can dompare with Eqn. (2.9) for the trap-free case.

2.5 THE EFFECT OF NON-HOMOGENEITY '

All samples prepared for the study of acousto-~
electric interactions are, to a certain extent, non-homo-
geneous. However, 1n here we discuss two possible cases

as follows:

(A) HOMOGENEOUS SAMPLES:

The attenuation constant o of an acoustic
wave in a pilezoelectric material can also be written as

(White 1962, see also Equ. 2.18)

v K= We/yw

Y?—w'l ( 1+ wc_wD>




The maximum gain occurs when

We W . e w %= .
—Y':'-"'{_;‘"_—C:)—D - w L\-“ Wc“-’D] (2.45)
w= Om = (o&cuop)/i
2 We
-Y = y
(wc‘*’D) 2
we \Ya. (2.46)
= 2'( “’D}
Substituting Eqn. (2.45) in Equ. (2.4%4) we get
Ame =% XD T T Y= L (2.47)
w We,

Where cxgiis the value of & for maximum gain condition

substituting Eqn. (2.46) into the above Eqgn.gives

o Vo = K L _ &
w T2 2 (Le\Va (wcwoda T 4
“p el
or |
\ 2
KE w KT (wewp) > o> E S :
Am = —A_— Vs & Vs 4CE D2 Vg
2 Vo, |
_ e g e L S (2.48)
C4ce* (pxTY2 Vs MY : -

Therefore oh“axis directly proportional to j%; . This
2

implies that if the conductivity is low, it will take a longer
time (i.e. ti:> tsc) for domain to build up and a convective:
bunching may wnot take place, thus hindering the occurrence

of acoustoelectric instability. On'the other hand, if the

conductivity 1s high, there may be oscillation in the crystal.
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(B) NON-HOMOGENEOUS SAMPLES: |
| Suppose that a sample of low gain 1s compozed of

two homogeneous portions 1 and 2‘to form an inhomogeneous sample
Fig.6; the carrier concentration in portion 1 being greater
than that in portion 2; When a voltage V is applied- to such
a sample, the field in portion 1 will exceed'that in portion
2. At a critical field when there is an acoustic gain in
poftion 1 and an acoustic attenuation in portion 2, there will
be a growth of acoustic waves in the high field region and an
elecﬁronic damping of acoustic waves in the low field region.
Thus, in portion 1, the acoustoelectric field is opposite to
the drift curreunt and in portion 2, 1t is in the direction of
the drift curreﬁt. By assuming that all the acoustic energy
build—up in portion 1 is taken away by the electronic sysﬁem
in portion 2, the current through the sample can be written as:

J= Mg ua Er(x)— Tay (2.49) )

1 = Nhaq g Eald = Jaa - (2.50)
Where Jg, is the acoustoelectric current in portion 1 and Ja,
1s the acoustoelectric current in portion 2, ny and Ny are the
densities of carriers in pqrtion 1 and portion 2, respectively.

From Weinreich's relation (Eqn. 2.41)
— % (Ma — ¢ (Mdy au
Ja = 'Y'R(‘-\';;)Q“'q)" {'R Vs) ac (2.51)

By substituting Eqn. (2.51) into Zqns. (2.49) and (2.50) ang

integrating over each part of the sample, we obtain
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4
Mg av
Jy= =G MaEl = (“vg)j el
Md P,
= - - f (5T) 45 (2.52)
and Q.‘*"QZ
av
g, = — Sz Vo — 1 Md)[ XQ a4t dl]
i
MNdy dP 2.
= —ax V2 +tg ( 'Vs) = (2.53)

where ﬁl and iz are the 1engths'ef portion 1 and portion 2,
respectively. Thus the applied voltage Vo is

Vo=V,+Va = *RMd ( ' c;;_) (Q\ %5;_> (2.54)

and the total,oﬁrrent 1s_

o Ma [ ‘o""”“ K )
T= AT = - + - (2.55)
_ R+ R Ridv R2

- where & is the area of the electrode since Sy L &2 D)

Thus when déﬁ S o l1.e. there is a growth flux, \I\| will be

at

reduced below its ohmic value and acoustoelectric saturation

will result. The inhomogenity in the sample helps the. growth

of the acoustoelectric effect.
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"CHAPTER 3

FABRICATION OF CdS FILMS AND
EXPERIMENTAL TECHNIQUES

There are at least four very important factors

for which care must be taken in the deposition of thin

films:
(1) Residual gas pressure.
(2) Substrate temperature.
(3) Evaporation rate.

(%) Cleanliness of the substrate and the purity

of the material. |
’ In the present investigation, the residual gas
pressure at the time of evaporation was maintained bétween
L x 10"6 - 1075 Torr., with the substrate temperature of |
200°C = 3°C. It was found that C4S dissociated into its
constituent elements at its evaporation temperature
2CdS —— 2Cd «+ Sp

If CdS Iilm 1s fabricated By evaporation in vacuum in an ideal
system in which there i1s a finite distance between thg sourée
and the substrate, a film would contain not just €4S, but
also Cd and S. To minimize the content of Cd and S, the
.evaporation rate is a very importani factor which depends upon

the source temperature, the residual gas pressure and.the type
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of source. A slower evaporation rate or lower source Serm- .
perature would reduce. the possibility of dissociation of cas,
so that the source temperature used was 500°C (The temperature
for dissociation of CdS at a pressure of 10'6 torr 1is

750°C (Deklerk and Kelly 19659) - The films so produced were
then heat-treated to minimize any non-homogenlties in it.

The reaction of CdS with other active elements
present .in the system during evaporation was avoided by
cleaning the system properly and flushing it with Argon gas
before pumping the system. The substrate holder, the cylindeﬁ
through which the CdS vapour passed through before depositing
on the substrate and the source material were degasséd for 20
minutes at about:3OOPC under vacuum. A residual gas pressure
of 4 X 10"6 torr was then maintained before evaporation of
- Cas.
| The substrates were cleaned Qsing the following.'
procedure:

(1) Cleaning in concentratéd HC1l for 5 min.

(2) Ultrasonic cleaning in Alconox for 3 min.

(3) Washing with hot chromic acid.

The substrate was rinsed with delonized water between each
stage. The clean substrates were stored in an isopropyl

alcohol vapour bath.

3.1 FABRICATION TECHNIQUE

The substrates were baked at 300°C for at least one

hour in vacuum before deposition and then cleaned by ion




bombardment for 10 minutes. A baffled source was used for

evaporation in order to avoid any foreign particles to be
thermally ejected to reach the substrate. Deposition was
carried on for 45 minutes on sabphire substrates wnich were .
kept at a temperature of 200°C == 3°C. A continuous evapora-
tion for 45 minutes vielded a film of thickness of 1 micron.
When the system cooled down to 30°C, i1t was exposed to at-
mosphere. The evenly deposited films were taken out 'and
stored in a dessicator for heat-treatment.

The films deposited by the above technique showed
low mobility (1-30 em2/v sec.) as compared to 200-250 cmz/v'sec
in bulk crystals and low photoéonductivity (i.e. low photo- |
current to dark current ratio).In order to compensate Tor the
astoichiometricity and to recrystallize the structure, The
films were heat-treated using the method of Baér eﬁ.ai.(1965)
at 620°C in the presence of CAS powder, Cu, HC1 vapour and O,
each of which having a majof role to play in improviﬁg the

~mobility and photoelectric properties of the film.

A3.2 POST-EVAPORATION HEAT-TREATMENT OF CdS FILMS

Various methods (Berger, 1961 and Dresner, 1963 etc.)
. have been used to improve and to control the properties of

evaporated CdS films. For obtaining c-axis oriented films of

high mobility, the films have been doped with a range of dopants.

Some experimenters (DeKlerk 1965, Foster 1966, etc.) have tried

to add a desired amount of dopant to the €3S powder used for

evaporation or to coat the deposited films with a dopant film




(such as In on CdS) and then to allow sufficient time for the

dopant to diffuse into the CdS film. But none of these methods
have been adequately standardized and then remain as an art
with the experimenters.

Gilles and Van Cakenberghe (1963) used Ag and Cu as
dopants and found that the presence of oxygen in the firing
environment increased the crystallization rate and size of the
crystalline portions 3 to 4 times. Dresner and Shallcross
(1963) treated the films with Cu, Ag, In and Ga, and confirmed
that the-presence of oxygen acclerated the crystallization. in“
an aﬁtempt to remove the sulphur vacancies, they ahnealed the
films in sulphur vapour with a fair amount of success.

Sohe post-evaporation heat—tfeatments seem to con-
tribute significantly to crystalline growth and reducing the
lattice strains. Berger et.al- (1963) have reported that heat-
treatments in vacuum of in different gas atmospheres as Argon,

Nitrogen and Oxygen resulted in crystalline growth.

3.2.1 METHOD OF HEAT-TREATMENT

Bohr's method for post-evaporation heat-treatment
‘was found to be the most promising one for the facilities
available in our laboratory. This method was designed to:
(1) reduce the native astoichiometricity in the
C£ilm. |
(2) compensate for the sulphur vacancies with Cu
and Cl. |

(3) 1increase the rate of recrystallization in

the presence of oxygen.
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(4) release the lattice strains by thermal annealing.
The set-up used for heat-treatment is shown in Fig.7 . 15 grams
of CdS powder mixed with 2.0 grams of copper powder (99.999%
pure) were kept.in a quartz boat and 3 films of CdS deposited on
sapphire substrate were placed one ﬁext to the other along its
length. All the glass tubings used in the set-up were thor-
oughly cleaned with chromic acid and acetone before heat-
tréatment. The furnace temperature was maintained at 630°t10%c
which was constantly checked using a Cromel Alumel thermocouple.
The boat was placed in the middle of the qdartz tube. Aftger
closing the end of the tube with a ceramic cork, 1t was placed
in tﬁe furnace and immediately connected to the nitrogen sup-
ply. A flow rate of about 3600 c.c./min. was maintained for
about 10 minutes when the HCl and oxygen supplies for
250:t.50 c.c./min. and 10 c.c./min. respectively were connectéd.
The heat-treatment was gérried out for about 40 minutes. Then
the oxygen and HCl supplies were turned off and the quartz tube
was allowed to cool down to 150°C under a nitrogen atmosphere.
Further cooling to room temperature was done outside the
furnace in nitrogen atmosphere. The heat-treated films were
inspected, and those with signs of peeling off, and discoloura-
tion were discarded. Good samplés were. stored in a chamber
under a vacuum of 103 torr. The thickness of the film used
for_the present investigation was found to be 1.2 micron. Tne
thickness was estimated by weighing the substrate with a micro-

balance before and after the deposition of €3S and by measuring
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the area of the deposit. The thickness of the film wasg then
confirmed using an interferrometer. To use this method, &
layer of a metal (such as silver) was deposited on one of the
four sides of the film so as to form a sStep with the substrate
Fig. 9 . The interferrometer measures the height of this step
which is eqdal to the thickness of the film. These two methods

give closely agreeable results on film thickness measurement.

3.2.1 EFFECTS OF HEAT-TREATMENT

The heat-treatment increased the size of the
crystallites and the pﬁoté-conductivity of the films. The
c-axis of the film is perpendicular to the substréte whose
¢c-axils is also perpendicular to its surface. Published liter-
ature on the structure and orientiation of CdS films reveals &
that the films are polycrystalline, predominantly hexagonal in

phase and are c-axis oriented. The post-evaporation heat-

treatments show tilts of up to 25° in the c-axis of the

crystallites (Foster, 1966) which is thought to be their mini-

mum energy configuration. Since the post~-evaporation heat-
treatment increases the mobility of carriers consilderably, the
€ilt in the c-axis does not affect the acoustoelectric inter-

actlions in the film very much. X-ray diffraction studies show

that the crystallites are oriented in one direction Fig. 8.

'Since-the films may contain a considerable amount of cubic

phase which cannot be detectedAby x-ray or electron diffraction

techniques, therefqré 1t 1s difficult to define the orientation

of films.
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It can be concluded that the heat-treatment does

anneal out ceftain structural defects which get stabilized

in the film .due to the rapid diffusion of impurities in-
corporated during firing. A considerable number of
astiocnhiometricities can be expected in the neighbourhood of
these structural defects. The thermodynamically unstabilized
film can be viewed upon as a complex mesh structure of
resistors and junctious that can short circult, open circuit
or forbid conduction in certain directions .of the film, which
may giveurise to a2 low carrier mobility. Heat-treatments

loosen (anneal out) these structural disorders (Thermodynamic

- stabilization).

'3.2.2 OHMIC CONTACTS

The successfully heat-treated films were mounted in
the sample‘holder. High purity.Indium metal was then deposited
on the film at a temperature of 100°C in a ﬁitrogen atmosphere
at a pressure of 4 X 10-6 torr. 90% of the contacts made this
way were found to be ohmic. However, post-e&aporation neat-
treatment in air at 70°C for 10 minutes improved further the
ohmic behaviour, and sometimes could make thé other 1od

Whlch are not quite ohmic before, ohmic.
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CHAPTER &

EXPERIMENTAL RESULTS AND DISCUSSION

ol The unavoidable level of native énd foreign defects
play a dominent role in the condﬁction process in a CdS film
at high fields. The high resistivity CdS acts as a dielec-
tric between two neighbouring impurities and the electrons
travel from.one impurity site to the other causing a break-
down which shows up in the form of scratches oﬁ the film at
high fields Fig.10., As a precaution against surface break-
down, the width of the film was reduced to 2mm. The break-
down was attributed to the surface impurities and occurred in
many of the good heat-treated films. After reducing the widtn
and shining light of high intensity on the film, the break-
down voltage increased considerably.

The sample was mounted in a holder specially
designed for low temperature experimehts, as shown in Pig.l12.
The sample was partially shaded by a 50% transmission Kodzk
wratten fllter to make the carrier concentration non-uniformly
distributed (or non-uniformly resistive). To avoid heating
the sample, rectangulér pulses of 50M5Sec.duration (The_design
"of the ﬁulse generator is gilven in Appendix) were used to
measure the V-I characteristics. The circuit used is shown in
Fig. 11. Under very strong illumination, the photocurrent is

about three orders of magnitude higher than the dark current

as shown in Fig. 18.
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In one good sample the current saturation occdrs at a fielﬁ of
about 5.0 kV/cm. The saturation current increases with in-
creasing illumination, but the threshold field for current
saturation decreéses with increasing illumination as shown in
Fig. 13.
In order to study the effect of gamma-ray radiation
on the acoustoelectric current saturation in CdS films, a
sample was irradiated with gamma-rays for 10 min. and its V-T
characteristics were measured. The above procedure was
repeated till there was no current saturation observed. In-
creasing the voltage to make sure that there was no satura-
tion at higher fields caused surface breakdown. Fig. 1¥
shows a plot of photocurrent ét five radiation doses. "It
could be seen that:
(1) The photocurrent decreases with increasing the %ime
for Which the sample was irradiated with gamma-rays.
(11) The threshold field for current saturation increases
with increasing the time of irradiation.
The irradiator used for the above study was a Cobalt
60 irradiator with a dose rate of 1.6x 106 rads/hr. measursd
Wwith ferrous sulphate on May 6th 1966. The dose rate at the
time of the experiment was 0.9028 rads/hr. ( calculated by
using the table provided with the abave equipiient ). The

radiation dose for each‘t’min.'would then be equal to O.9028x10§§21
‘ : 60
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4,9 DISCUSSION

Current saturation and oscillation in bulk piezo-
electric semiconductors have been discussed at length by

many investigators. However, little has been reported on

the same phenomenon in films.

/

Fig. 14 shows that the photocurrent decreases with
increasing temperature. On the assumption that the carrier
concentration remains constant, the carrier mobility can be

célculated using the method suggested by Hamaguchi et,al.
(1964).
| Ma Etn =Vs C(3.1)
 where Eiy, 1s the threshold field for current saturation and
\; 1s the velocity of sound (4.4 X 107 cm/sec.). Knowing
the threshold field for current saturation at 300°K and 1530K
and assuming that the velocity of sound does not change with
temperaturesf the carrier mobilities were calculated to be
80 cm?/v-sec at 300°K and 100 cm®/v-sec at 153°K. The low
mobility in filus explains why the threshold field for the
onset of current saturation in films is much higher than
that in crystals.
The photocurrent beyond the onset point still in-
creases very slowly with increaselof appliéd field; but when
the field is further increased, there is another onset point

At which the current suddenly changes very abruptly as shown

A general simple formula for the velocity of sound in a

material with modulus of elasticity Ejand density A is given

by ; Vs = 'E:!M
- /5
§ince the ratio;?—does not change very much with change in
3

temperatures the above assumption is fairly accurate.
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in Fig. 15. Thils may 1indicate that the field corresponding

to the second onset point approaches the breakdown strength
of the film.

There are two possible mechanisms which may give
rise to current saturation in C4dS films, and they are: (a)
field enhanced trapping, and (b) acoustic wave interaction
with free carriers. These two mechanisms have been distin-
gulshed in the light of the experimental facts as follows:

(1) The saturation photocurrent decay time was
measured to be 6f the order of 2—3/Asec. The decay time of

the pulse applied to the sample is of the order of 2fasec and

the decay time of the current pulse.observed below the thresnh-

old 1s of the grder of 2ﬁ;sec. . Above thelthreshold for cur-
rent saturation there Was no significant chaunge in the decay
Cime of the current pulse. This invalidates mechanism (a)

. Since the carrier de-trapping time would be of the order of

0.5 msec (Mason 1968, Moore 1964).

(i1) For mechanism (a) the higher the applied field,

the more would be the carriers trapped; and this trapping

process would be enhanced at low temperatures,and then the

photocurrent would be expected to decrease with decreasing

temperature. But this contradicts the results given in Fig.14.

(1i1) The threshold field for the onset of photo-
current saturation increases linearly with increasing tem-

peratures as shown in Fig. 16, indicating that the carrier

drift velocity is larger than the velocity of acoustic surface

waves, the latter is, in fact, the required condition for
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mechanism (b).
(iv) It was also observed that the threshold field

for the onset of current saturation decreases with increasing -

illuminétion intensity; and that the lower the temperature,

the more pronounced is the saturation. This phenomenon can

be explained by mechanism (b) as follows:

The condition for the amplification of acoustic waves 1is

given in Eqn. (4.1)
MNd B =Vs

Since (see Egn. 2.%)

Nd = "%o/u“‘
Iy can be expressed as
fom o |
= wni+n : (4.2)

. with Increasing illumination the number Qf free carriers
increases. ‘Therefore, Iy Increases with increasing illumi-
- nation. The hall mobility Mwis given by:

Mb= Rud | | (4.3)
wheré ¢ 1is the conductivity which increases with increasing
illumination. From Edn. (4.1) thé threshold field E, thus
should decrease with increasing illumihation for mechanism

(p).

Fig. 17’shOWS that the'photocurrent'decreaSes and
"the threshold field increases with anvincrease in the doses
of gamma-ray radiation in CdS films. This could be at- . -

tributed to the increase in the number of traps due to radi-
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ation. It increases the trapping factor fo (see Egn. 4.2)
and hence decreases the mobility Mg . It could be seen
from Egn. (2;4) that with decrease in the mobility, it
would réquire higher.field for the onset of acoustoelectric

current saturation and since: _

T = NeN4E (4.4)
where n is.the density of electrons; e, the charge of an
eiectron; E, the applied field; and I is the photocurrent,
therefore the photocurrent would decrease with decreasing

mobility.
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CHAPTER 5

CONCLUSION

When the velocity of electrons exceeds the velocity.
of sound, the coupling between phonons and electrons resulfs
in saturation or oscillation in bulk piezoelectric seﬁicon-
ductors. The inhomogegity in crystals tends to enhance the
acoustoelectric effect and this advantage has been used for
the present sﬁudy of this effect. The carrier mobility |
observed in films 1s conslderably lower than that in crystals
and this is attribﬁted to the presence of native and foreignA
defects. Post-evaporetion heat-treatment increases the
mobility in films and recryetallizes the structure. On the
besis of the analysis of the experimental results at varicus"
temperatures and illuminatiocs,‘the current saturation in Cds

fllms is attributed to acoustoelectric effect.
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APPENDIX

DESIGN OF PULSE GENERATOR

A pulse generator was designed'and built for the
present investigation of V-I characteristics of CdS films.
There were constraints on the pulse width and'the ghape of
the pulse which could be satisfied only by using the circuit
shown in Fig. 20. The pulse width had to be more than 5Msec
and varlable, the pulse rise time and fall times had to be
within a few microseconds and the top of the pulse was to be
fairly smooth.
| | The deéign had two hydrogen thyratrouns in parallel
with the maximum plate ratings of 9.0 kV and 125 ampers. The
capacitor dl 1s first charged to the supply voltage througnh
the resistance Rl’ then thyratron 1 is fired by the trigger -
pulse 1 and the supply voltage appearé across the load
resistor Ry. After a desired amount of delay, which could be
controlled by the trigger generator, thyratron 2 fired and
- put a short circult across the load resistor, Thus, by a
simple on-off sequenée of the thyratrons, rectangular pulses
of a desired width (from 5Msec to 150 pmsec) could be generated.
By using a demping resistor RD the top of the pulse was made
fairly smooth. The rise and decay times of the pulse were
found to be of ﬁhe.order of 2-3 M sec. The wave sha@es of

output pulses are shown in Fig.21 A&B.
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600 Volts M22

600 Volts 50 pmsec. .

OSCILLOSCOPE PHOTOGRAPHS OF THE OUTPUT ‘
PULSES OF THE GENERATOR.
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'Fige 21 B  OSCILLOCSOPE PHOTOGRAPHS OF THE OUTPUT \‘
' PULSES OF THE GENERATOR '




