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GENERAL INTRODUCTION




The phenomenon of photoconductivity, i.e., the
enhancement of the electrical conductivity of a material
by the absorption of suitable photons, although discovered
more than hundred years ago by W. Smith, still continues to
attract a great dezl of attention as is evident from the
growing number of papers devoted t> all the facets of this
subject. Solid state research in the past three decades
has greatly improved our understanding of this phenomenon
which has culminated in the development of highly sensitive
materials for use in electronic devices. There are several
excellent contributions to this subject in the form of

1-4 5,6

books y Proceedings of conferences and review

articles —10,

(1) THEORETICAL BACKGROUND OF
PHOTOCONDUCTIVITY PHENOMENONY?Zs3378

[A] General Mechanism

Generally speaking, every insulator and semi-
conductor should exhibit photoconductivity when illuminated

by a suitable radiation,

The expression for electrical conductivity (o ) of
a material (semiconductor/insulator), in which one type of
charge carriers is considered to dominate (for the sake

of simplicity) is given below:



6 = ne u e v (l)

where n, e and u are the density, charge and mobility of the

free carriers respectively.

A change in conductivity (Ag ) with illumination
may arise from either (i) a change in the density of free
carriers (an), or (ii) a change in their mobility (au).

Thus,A6'= ey An + e n Ay ees (2)

(for small values of An and Ap).

The term *'n' is directly related to the intensity
of excitation 'f' through the free carrier lifetime‘T”,

perhaps the key parameter in photoconductivity, by the

expression
n=fT o0 (3)

This expression implies that a change in free
carrier density (an) can be caused either (i) by a change
in the rate of photoexcitation (Af) or (ii) by a change in

free carrier lifetime (ao7), i.e.

An = 7TAF +f AT ees (4)

By substituting the value of An from expression
(4) in expression (2), we get

A6 = euTAf+euf A7y neasypy eee (8)



Bach of the terms involved in expression (5) represent
atleast one and in some cases more than one mechanism

respensible for photoconductivity.

[B] Dependence of the photoconductivity on the
lifetime and the mobility of free carriers

Let us consider an n-type of semiconducting
material for the sake of simplicity. Fig. (I) shows a
unit cross-sectional area of the insulator exposed ﬁo a
uniform volume excitation which generates free electrons
at the total rate of 'f' per second. The total number of
photogenerated (free) electrons, in the steady state, will

be given by;

n=f7 eee(3)
[Here'7”? counts only the time spent by an electron in the
conduction band. If the electron is trapped and thermally
re-emitted to the conduction band, the time spent in traps

is not included in‘77.

From the simple definition of current, expression

for the photocurrent can be written as,

e
I, = — .o (6)
Tr
where I_ = magnitude of the photocurrent,

n = total number of the photogenerated electrons,

e = the electronic charge,

T.. = transit time of free electrons in moving from
cathode to anode under the influence of the
applied electrical field.
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Transit time (Tr) can be written in terms of the drift
velocity (Vd) of free electrons and inter-electrode

spacing (L), as

L
T = e— e e 7
r =i (7)
and Vq = uB cee (8)
= M !
L
where i = mobility of free electrons,
E = applied electrical field =% ,
V = applied voltage.

Combining expressions (7) and (8), we get

L _L 2
T = -_—= = P—. oo 9
T Vd —E‘u T ( )

By substituting the expression (9) for g o in expression

(6), we get

or, on rearranging

1.5 ‘e—E'gl‘(p,T) eee (10)
Bxpression (10) indicates that under constant conditions
of f, v and L, photoconductivity is directly proportional
to the product of mobility and lifetime of free carriers
(7)) which, therefore, is used as the "figure of merit"



for photosensitivity. The mobility varies only slightly
between different II-VI materisls, whereas the lifetime
may vary by many orders of magnitude. Majority carrier
lifetime (77) 1is, therefore, the key parameter in photo-
conductivity. It is associsted predominantly with the
specific compensated acceptor type of imperfections added
and/or formed in the photoconducting material. These
imperfections, for example in n-type of photoconductor,
possess a large capture cross-scction for photoexecited
holes and small capture cross-scction for photoexcited
electrons thereby increasing lifetime of the photoexcited
electrons. According to expression (10), this situation
results in high photosensitivity. An energy level
representation of the sensitization process is given in

Fig. (II).

(C) Eerformance Criteria

In order to compare and evaluate different photo-
conductors, it is necessary to have a detailed information

of the following properties:

(a) Photosensitivity,
(b) Speed of response,

(¢) Region of spectral sensitivity, i.e.
spectral response.

t
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a: Photosensitivity

The value assigned to the photosensitivity
of a photaconductor should express how efficient the
photoconductor is, in converting photon flux into the
electrical current. It can be defined in various ways
as given below:

(1) Photoconductivity gain (G)

It is the ratio of the number of charge

carriers passing between the electrodes per unit time to

the number of photons absorbed in an electron-hole creation

process per unit time which can be given by the expression,

¢ =1

Tr

(ii) Specific sensitivity/photo-
response (S)

It is given by the expression

2

s - IE/V-L
p

where Ip = photocurrent,

cee

L = interelectrode spacing,
V = applied voltage,
p

= absorbed radistion power.

(iii) often photosensitivity is defined as

(11)

(12)

the ratio of photoconductivity to dark conductivity, i.e.

Photosensitivity
Dark current

Dark resistance
Photoresistance

Fhotocurrent (13)



b : Speed of Response

4 finite time is required for a photoconductor
to adjust to an abrupt change in the intensity of photo-
excitation. It is called recsponse time. The shortest
possible adjustment time can be the majority carrier
lifetime. Frequently, the required adjustment time (rise
or decay) 1s longer than the lifetime by many orders of
magnitude. These long adjustment times are caused by the
presence of trapping centers. When a photoconductor is
being used as a light detector, its performance is judged
by the dual criteria of photosensitivity and speed of

rEsponse.

¢ : Spectral Response

Spectral response is the variation in the photo-
conductivity with the wavelength of excitation. It gets
modified according to absorption characteristics because
that component with higher X (absorption constant) gets
absorbed near the surface, whereas that with lower X goes
deep into the bulk. Since the surface lifetime is consi-
derably shorter than the volume lifetime, the photosensitivity
of a material for surface-absorbed light is usually less than
that for volume-absorbed light. A maximum response is
‘usually found at the wavelength for which the absorption
constant is zpproximately equal to the reciproczl of the

crystal thickness. Light with wavelengths longer than that



corresponding to the photoconductivity maximum is only
partially absorbed and hence the photosensitivity is also
less. The presence of imperfection centers extends the
spectral response to longer wavelengths because »f the
direct excitation of carriers from the imperfection levels

into the conduction band.

The photosensitivity, the speed of response and
the spectral response depend upon (i) the material used,
(i1) the method of preparation, (iii) the impurities
introduced, (iv) the nature of the electrical contacts made
to the photoconductor and (v) the ambient atmosphere and

temperature.

(D) Basic electronic processes
in a photocohductor

Fig. (III) shows the basic electronic processes in
a photoconductor shown specifically for an n-type photo-

conductor like CdS. The processes are:

(L) Excitation of the host crystal by
absorption of light with energy equal to or greater than
the band gap.

(3) Excitation of a bound electron at an
imperfection level.

(3) Capture of a2 photoexcited hole by an
imperfection center.

(4) Capture of a photoexcited electron,
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by a center which has previously captured s photoexcited
hole, resulting in recombination of the carriers.

(5) Capture of a photoexcited electron by an
electron trapping center,

(6) Thermal freeing of a trapped electron.

(7) Optical freeing of a trapped electron.

(8) Optical freeing of a captured hole.
(9) Thermal freeing of a captured hole.

Processes (1) and (2) determine the spectral response;
(3) and (4) determine free-electron lifetime and through it
the photosensitivity; (5) and (6) frequently determine the
speed of response; (7) causes stimulation of conductivity;
(8) and (9) correspond to optical and thermal quenching of
photoconductivity. Transitions (2) and (4) may be either
radiative (i.e., give rise to luminescence emission) or non-

radiative (i.e., dissipate the heast energy).

(E) A Photoconductor in Operation

A typical n-type photoconductor in operation is
depicted in Figs (IV). Two ohmic contacts to the photo-
conductor are shown. These contacts are assumed to supply the
free carriers required by the photoconductivity process. The

processes are:

(1) Absorption of 2 photon forms a free

electron-hole pair.
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(2) Under the applied electric field, the

photoexcited electron moves towsrds the anode.

(3) Photoexcited hole moves towards the cathode.
(4) The hole is captured =t an imperfection center.
(8) After the initial electron has left the photo-
conductor at the anode, the residual positive charge left
in the material leads to the entrance of another electron
into the phbtoconductor from the cathode. Photocurrent
continues until a free electron recombines with the captured

hole.

(I1) SCOFE AND OBJECTIVES OF THE PRESENT WORK

Commercial photoconductors of today are based
almost exclusively on germanium (Ge), silicon (Si), cadmium
sulphide (CdS), cadmium selenide (CdSe), cadmium telluride
(CdTe), lead sulphide (PbS), lead selenide (PbSe) and lead
telluride (PbTe).

CdS possesses most »f the desirable properties of

an ideal photoconductor namely:

(1) It has sufficiently large band gap to provide
the required high value of dark resistivity and in turn, high

photosensitivity.



spectral range i.e. visible.

(ii) It possesses response in the desired

(iii) A small density of trapping states in CdS

permits the theoretical speed of response to be obtained

at low intensities,

CdS, therefore, meets the needs of various opto-

electronic devices and finds a variety of applications as

listed in Table I.

2.

TABLE - I

APPLICATIONS OF PHOTOCONDUCTING CdS CELLS

Analog devices

Aut>-bright-control
circuits in TV sets

Auto-gain-control in
transceivers

Exposure meters of
cameras

Expression circuits
of electronic organs

Automatic light
controls of digital
watches

Smoke detectors

Densitometers

Digital devices Large-arca
evices

Automatic switch- Electro-
ing of out-door photography
electric lamps

Optical encoders Picture
reproduction
and display

Card readers Image inten-
sifiers

Contactless meter

relays

Electronic

camera-shutters

Pulse meters



In view of these wide-ranging applications, CdS
photoconductors have received immense attention particularly

in the last three decades. They have been studied in the

31

form of single crystals and in the form of thin films or

layers prepared by various techniques like sinteringlz’la,

vacuum-deposition /evaporati'ml‘l'16 17’18,

1e-21

s Sputtering

spraying 22-24

s chemical deposition y €tc. Efforts are
still being made all over the world (i) to get a better
characterised material with improved performance and (ii) to
develop a simple and economical method for commercial

fabrication.

Thick film technology, which is essentially a
screen-printing and firing process, is comparatively less
known in the field of photoconducting materials. It is
of recent origin, relatively simple, less expensive and has
become an extremely versatile and flexible method in the
field of hybrid microelectronicszs’zs. It is also quite
amenable for large-area fabrication. 1In spite of all
these advantages, this method is not seriously tried so far
for the preparation of CdS photoconductor527’28. An attempt
has, thercfore, been made (i) to prepare thick films of
Photoconducting CdS and (ii) to study the relevant

characteristics.

The immensely complex issues of the surface states

originating through physisorption and chemisorption of

16



17

various gases which play a key role in the photoconductivity
phenomenon are important areas of investigation which have
received renewed impetus through advances in surface-sensitive
techniques like X-ray =nd Ultra-violet photoelectron
spectroscopy (XPS and UPS), auger electron spectroscopy (AES),
etc. An XPS examination of oxygen-chemisorption on thick

films of CdS forms a salient feature of our work.

The highlights of the present investigation are

as follows:

(i) CdS films with superior photosensitivity and
acceptable shelf-life have been successfully fabricated using
the thick film technique. Photosensitivity of the order of
109 associated with these films is the highest reported so

far for CdS photoconductors.

(ii) A strong chemisorption of oxygen is found to
be responsible for the high photosensitivity.

(iii) XPS examination of such films shows that
chemisorbed oxygen is preferentially bonded to sulphur sites

in 804  and S0, type configurations on the surface.

(iv) X-ray diffraction (XRD) studies reveal the
occurrence of cubic dominated mixed (cubicshexagonal) phase
in undoped film and only hexagonal phase in doped film.

Predominance of cubic phase in photoconducting CdS is an

621382 ;541 6(3)

rﬁ!l !\_.«[ ,“
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(v) Undoped film shows an anomalous spectral

response behaviour at 300°K.

(I111) OUTLINE OF THE THESIS

An account of the prepsration and characterisation
of CdAS thick films is given in the present thesis comprising

of four chapters.

Chapter 1 is the historical survey in which physical,
electrical, optical and photoconducting properties of single
crystals, powder layers, sintered layers and thin films of
CdS have been chronologically reviewed. Oxygen chemisorption
on CdS, which is of basic importance in the photoconductive

processes;is also covered separately in the same chapter.

Chapter 2 describes the detailed preparation
procedure based on the standard screen-printing and firing
processes. It also deals with some experimental techniques
and methods of measurements chosen to characterise the

photoconducting films.

The experimental results are presented and discussed

in Chapter 3.

A concise summary of this work is given in Chapter 4.

A complete bibliography is provided at the end of each chapter.
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CHAPTER — 1
HISTORICAL SURVEY




1.0. Before embarking on the actual literature survey,
let us make a note of some general features of CdSl:
(A) Cds crystellises in two forms;
(1) Wurtzite or hexagonal structure (X)
(ii) Zinc blende or cubic structure (8).
(B) It is generally 'n' type.
(C) The band gap of CdS has been estimated mainly
from the optical absorption data. Though the values reported
in the literature vary from 2.4 to 2.7 eV, 2.4 eV is the

generally accepted value.

(D) The absorption edge is found at k::&lOOR with
a sharp cut-off. The spectral response of CAdS has the peak
sensitivity in the visible region.

(E) 1 typical room temperature value for electron

mobility in CdS in dark is 200 em2/volt sec.

A great deal of work has been done on the electrical,
optical and photoconducting properties of CdS in the form
of single crystals, powder layers, sintered layers and thin
films. Since a comprehensive review (of these studies) is
not availasble in the literature, an attempt is made to review
the photoconducting and related properties of CdS in each of

the above mentioned forms.
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l.1. STUDIES ON_SINGLE CRYSTALS OF CdS

l.1.1. Methods for growing single crystals

Single crystals of CdS are mainly grown from the
vapour—~phase technique. This technique can be separated
into two main types : (i) reaction of the elemental consti-
tuents of the material followed by immediate crystal growth
e.g. Frerichs method2(1947) and (ii) sublimation of the
compound with subsequent recrystallisation e.g. Reynolds

method > (1952, 1958).

The important requirements like reproducibility and
uniformity in the properties and large-area applications
have led to the developments in the vapour-phase techniques.
Notable contributions are due to Beun et al}4,(1962), Clark

36,37

and Woods (1966, 1968), etc.

l.1.2. Photoconductivity and associated properties

Since the revival of Lorenz method (1891) of
growing CdS single crystals by Frerichs (1947), the photo-
conducting properties of this material have been extensively
investigated. The first thorough attempt goes to the credit
of Bube and Thomsen4 (1955). They have studied photo-
conductivity and crystal imperfections in CdS crystals which
were grown by the modified Frerichs technique and activated
by copper and chlorine impurities. This study is in two

4a,4b

parts Part I deals with the effect of impurities and



their role in the enhancement of the photosensitivity.

Part II deals with the determination of characteristic
photoconductivity quantities from various photoconducting
measurements such as (1) spectrsl response, (2) thermally
stimulated current, (3) conductivity as a function of
temperature, (4) photocurrent as a function of light
intensity at various temperatures, (§) photocurrent decay
time as a function of light intensity at various temperatures.
Bube5 (1955) further presented infrared quenching and a
unified description of photoconductivity phenomenon in CdS
single crystals. He (1956) has also determined rise and
decay times of photoconductivity in CdS single crystals under
high intensity of excitation®.

Almost in the same period, Reynolds et all (1955)
have reported optical absorption, refraction, spectral
response, response time, current-voltage characteristics,
photovoltaic and rectification effects in CdS single crystals

which were grown by the sublimation mecthod.

WOods8 (1957) suggested an alternative way of
activating CdS crystals grown by Frerichs technique. It
involves heat treatment in vacuum or in air. He (1958) has
further inves tigated the effects of heat treatment in oxygen
on the photoconductivity of a number of differently activated

CdS crystals with particular reference to shallow electron



trapping effectsg. Kitamuralo (1961) specified the ionization
energies and the electron trap-depths in CdS single crystals
which were heat-treated in vacuum or in oxygen. He noticed
an increase in photosensitivity in the longer wavelength

region.

Bube and Barton11

(1959) have demonstrated that highly
photosensitive crystals of CdS can be grown by introducing a
trace of halogen impurity such as iodine during the prepara-
tion. Bubel® (1959) reported the existence of relatively
shallow acceptor levels with ionization energy in the range
of 0.1 to 0.3 eV in certein CdS crystals annealed in sulphur
atmosphere., According to him, the reversible variations »f
photosensitivity in these crystals can be caused by making
the shallow levels effective or by removing their effective-
ness. Bube13 (1960) has investigated saturation of photo-
conductivity due to photoexcited emptying of sensitizing

centers in CdS crystals.

Beun et 31%4 (1962) have analysed photoconductivity
in CdS single crystals which were grown from the vapour
phase by the method of chemical transport with iodine as a
carrier. They have found that annealing of such crystals in
various atmospheres (sulphur, cadmium and potassium vapour )
causes large changes in the optical and electrical
properties although iodine content could not be altered

by any of these treatments. Bube15 (1261) reported monotonic
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trap distributions for such crystals. Additionally, he and
his co-workers16 (1962) have described the photoelectronic
properties of CdS single crystals grown by chemical trgnsport
method and containing high proportions of incorporated
impurities. According to their hypothesis, the electrical
and luminescent properties are to bc ascociated with the
specific acceptor impurity, whereas the photoscnsitivity is
to be associated with the other defects such as cation
vacancies. Bube and Young17 (1964) have presented the
detailed measurements on the photoconductivity gain as a
function of photon energy over the entire range of

intrinsic absorption, copper impurity asbsorption and crystal
defect absorption in such crystals providing an additional
evidence for this hypothesis. Bube and Hemila18 (1967)

have discussed the problems related to the distinction
between the intrinsic defects and copper impurity defects.
Cardon and Bube19 (1964) have published the theory of
superlinear photoconductivity in CdS and related materials.
They have developed several theoretical considerations in
order to make the treatment of this phenomenon more
consistent with the experimental data on CdS single crystals

grown by the chemical transport method.

Cranda112¢(1967) presented the results of low
temperature photocurrent measurements on Cu-doped CdS

crystals grown by the vapour-phase method. He observed a
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decrease in the photocurrent by several orders of magnitude
below 30°K and explained it on the basis of an exponential

distribution of electron traps.

1.1.3. Optical properties

Duttonzl (1958) has studied the absorption and
reflection spectra of CdS single crystals and reported the
value of the fundamental absorption edge. Balkanski and
Waldron22 (1958) have studied the absorption spectra and the
photoconductivity produced by illumination at a distance
from the electrodes to determine the mechanisms of photon-
electron interactions and the energy transport in CdS single

crystals.

1l.1.4. Thermally stimulated conductivity
and photochemical phenomena

Trofimenko et alZ® (1960) have studied the photo-
sensitivity of variously treated CdS single crystals and
their corresponding thermally induced conductivity.

The results on the pulse excitation studies of gain and
trapping in photoconducting CdS crystals have been presented
by Bubez4 (1963). He has indicated that how a simple model
of photoconductivity transients based on the concept of a
quasi-uniform trap distribution can be used to give a
quantitative correlation between pulse or transient data

at a fixed temperature and thermally stimulated conductivity.
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Nicholas and WOods25 (1964) have made an extensive examination
of the conductivity glow curves obtained for a variety of CdS
crystals. They have computed six discrete sets of traps at
depths of 0.05, 0.14, 0.25, 0.41, 0.63 and 0.83 eV. They have
also pointed out that the concentration of these traps strongly
depends on the preparation conditions and physical history of
the crystals. They (1964) have further reported the number
of photochemical phenomena in CdS single crystals which lead
to the disappearance of some peaks from glow curves and
appearance of othersze. An excellent summary of the
photochemical phenomena in CdS single crystals is offered
by Tscholl®? (1968). Im et 212 (1970) have provided and
discussed the actual evidence for the photochemical changes

in traps in CdS crystals.

1.1.5. Hall-effect, Thermoelectric
effect, Field effect, etc.

The importance of techniques like Hall effect and
photo-Hall effect in understanding the photoconductive
processes has been illustrated by Bube and MacDonald29 (1961)
with the example of CdS crystals. They have pointed out that
the suitable use of photo-Hall effect can lead (i) to the
knowledge about type, density and mobility of charge carriers,
as well as, about the charge on imperfection centers, and
(ii) to 2n independent determination of the various capture

cross~-sections.
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Thermoelectric and photothermoelectric effects,
having applications similar to Hall effect and photo-Hall
effect, have been systematically investigated in case of
CdS crystals by Birkholz et al%o (1968), Weichmann et al?1

(1968) and Kwok and Bube°2 (1973).

Tyagai et al.a3 (1967) have shown that how the
field effect measurements can be used to obtain quantitative
information on the principal photoconductivity parameters
of CdS single crystals., Similar measurements were also

presented by Sawamatoo® (1965) and WeberS® (1969).

l1.1.6. Miscellaneous

A new method of growing single crystals of CdS in
the controlled atmospheres »f the constituent clements is

described by Clark and Woods<0137 38

(1966, 1968). Patil
(19723) has carried out extensive measurements of photo-
conductivity response, infrared quenching, trapping
parameters and photochemical effects in CdS crystals
prepared by this method. Similarly, Carter and W00d539
(1973) have examined spectral response z2nd infrared quenching
of the photocurrent of such crystals having different

stoichiometry.

Recently, Manshadi and WOOdS4o (1977) have described
the results »f their investigation dealing with the stability

of photosensitivity of CdS crystals doped with chlorine and
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counterdoped with cuprous and cupric ions. It has been
found that photosensitivity of crystals doped with cuprous

ions is much more stable under illumination than that of

crystals doped with cupric ions.

Table 1.1 presents some important results on
photoconducting properties of CdS single crystals grown by

various methods.

1.2, STUDIES ON POWDER LAYERS OF CdS

l.2.1l. Preparative techniques

Before techniques for the preparation of other types
of layers or singlé crystals had been developed, powder was
the normal form with which photoconductors were made.
Eventhough highly photosensitive single crystals of CdS
were known in the latter years, considerable interest still
remained in preparing phontosensitive powder layers of CdS

because of the ease of large-area fabrication.

Kolomiets®! (1952) attributed an early failure in
obtaining a photosensitive CdS powder to high resistance
between the grains. In latter years, several standard
techniques have been developed to prepare powder-binder

42-45

type layers of CdS ., General method of the preparation

can be divided into three steps:
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(1) Activation of pure CdS powder with suitable
impurities (e.g. Cu and Cl) by the standard phosphor
technique.

(ii) Application of the mixture contzining the
activated CdS powder and a plastic binder in some volatile
solvent onto substrates by conventional technigues such as

painting, spraying, silk-screening or simply spreading.

(1i1) Drying to harden the layer.

1.2.2. Photoconducting and related properties

Highly rhotosensitive powder layers of CdS with
most of the equivalent characteristics of single crystals
have been reported by Thomsen and Bube43 (1955). They
have studied properties such as photosensitivity, speed of
response, spectral response, dependence of the photocurrent
on the applied voltage and light intensity of these layers.
In the same period, Nicoll and Kazan44 (1955) have presented
the characteristics of large-area high current photo-
conductive cells made by embeding CdS powder in the plastic
binder. They have also emphasised the usefulness of the
powder layer techniques in designing photoconductive cells
of CdS having any arbitrary area and desired photosensitivity
at almost any specified illumination without using lenses or
other 1light concentrating means. Rothschild46 (1956)

studied the variations in spectral response of CdS powder



layers occurring as a result of partial substitution of
Zn for Cd =nd »f Se for 5. Bube and Drecben?’ (1959) have
performed photoconductivity measurements on a series of
CdS:Cu:Ga powder layers to study the variation in the hole
ionization energy of imperfection centers as a function of

impurity concentration.

A different mechanism of photoconductivity
phenomenon in powder layers of CAS has been proposed by
Bube?® (1960). Using the large amount of data obtained
from the measurements on a variety of CdS powder-binder
layers, he showcd that there are four different regions
encountered as the applied voltage is varied. He has also
proposed a model to explain several observations such as
current-voltage curves, photocurrent lag after periods of
no applied voltage or of opposite polarity applied voltage,
the existence >f 2 semi-permanent polarised set, a.c.
properties of the powders and the hysteresis or storage

effects.

1.2,3. Miscellaneous

Lind and Bube49 (1962) have reported photoelectronic
properties of cubic CdS in the form of powder-binder layer.

Smith and BehringerC (1965) have studied the powder-
binder layers of CdS with the objectives of examining and
interpreting the photoinduced discharge characteristics of

such layers in xerographic mode.
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Miyake (1971) investigated a.c. and d.c.

photoconductivities of CdS powdered layers. Misra et al?z
(1971) have presented the preparation and performance
characteristics of luminescent and photoconducting layers

of CdS powder.,

1.2.4. Pellets

Another form in which the powder can be used is
the pellet. It is prepared by press-moulding the activated
CdS powder with a small quantity of binder. Angelov and
Milyashev53 (1972) have reported photoconductivity and
electrically stimulated currents in pressed specimens of
CdS. However, very soon the powder-binder type of layers

have been replaced by the more attractive sintered layers.

Table 1.2 presents some important results on the

photoconducting properties of powder-binder layers of CdS.

1l.3. STUDIES ON SINTERED FILMS OR LAYERS OF CdS

4 slight variation in the finel treatment of the
powder-binder layer produces a sintered laycr. 1Its

properties approach closer to those of single crystals.

1.3.1. Preparative technique

A general method for the preparation of sintered

CdS layers can be described as follows:
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b
(1) Highly pure CdS is activated with some

suitable impurities by the standard phosphor technique.

(ii) The mixture of this activated CdS powder
along with a binder in some volatile solvent in the form
of slurry, ink or paste is applied onto the substrates by
any one of the conventional techniques such as spraying,
painting, mechanically spreading, silk-screening, flow-on

and doctor blade.

(iii) The resulting powder layer is sintered at a
sufficiently high temperature in a suitable atmosphere to

yield a polycrystalline photoconductor.

1.3.2. Photoconducting and related properties

There exists a voluminous literature on the photo-
conducting properties of CdS sintered layers. The extensive
investigation of the sintered layers of photoconducting CdS
dates back to the report of Thomsen and Bube43 (1955). They
have reported prepsration and properties such as photo-
sensitivity, speed of response, spectral response,
dependence of the photocurrent on the applied voltage and
on the light intensity. This report has proved to be of
unique importance as it initiated many investigators to

work in this field in subsequent years.
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Thomas and Zdanuk54 (1959) have set forth the
preparation and performance characteristics of sintered
photoconductors of CdS. Although the photoconducting
properties are dircctly dependent on the composition, the
layer preparative techniques and the geometry of the unitg
they have shown that these parameters can be predicted and
controlled to obtain reproducible layers of the desired

electrical and photoconducting properties.

Billups et a1.55 (1959) have presented the dependence
of electrical and optical properties of CdS sintered layers
on the variations (i) in activators and (ii) in sintering
parameters such as atmosphere, temperature, time of
sintering and method of cooling. Kitamura et al56 (1960)
have prepared highly sensitive and stable films of CdS by
sintering on a fused quartz plate and simultaneously adding
impurities (e.g. Cu) with Cd012 flux. They have also
investigated the effect of impurities on the optical and
electrical properties of these films. In a separate note,
Kitamura57 (1960) has dealt with some consequences of the
heat-treatment subjected to these films. Kitamura and his
coworkers58 (1960) have further examined the spectral
response, rise and decay and the temperature dependence of

the photocurrent of such films.

The effect of doping with In, Ga and also with InCl,,

GaCla on the photoconductivity of sintered CdS layers is



reported by Z0116159 (1966). Baczynski and Czajkowskieo

(1962) have determined the spectral scnsitivity and the
photocurrent decay curves »f sintcrcd CAS layers as a
function of sintering temperature and time. Denga et al61
(1966) have investigated the effect of sintering temperature
and time on the photocurrent as well as on the dark current
of the sintered CdS films containing different Cu concen-
trations. They have reported stable and high photo-

sensitivity in the ultra-viole t region (350-420 nm).

Goldbach62 (1968) fabricated large-area photo-
conductive films by spraying water suspension of CdS with
CuClz on a suitable substrate and sintering the dry films
obtained under the action of HCl. He characterised such
films by studying the dependence of photosensitivity on
the tempering time and temperature, HCl concentration and
degree of doping. He also presented the results on the
dependence of resistance on the illumination intensity,
growth and decay times, partial sensitivity and temperature

coefficient of photoconductivity.

A new process for sintering photoconductive CdS
layers without any pinholes and cracks has been developed

by Yamashita et al.63

(1969) with which they have succeeded
in designing sandwich type of photocells with high
photoconducting gain (,.105). Main features of these

cells are (i) high sensitivity for a very small active area,



(ii) Peasibility of high degree integration, (iii) possibility
of mass production and (iv) applications in pattern recogniza-

tion systems, exposure meters for cameras, etc.

The principal‘preparation parameters of the sintered-
cdS based-photoconductor for use in exposure meters have
been optimised by Glukhova et al®® (1972). They have investi-
gated spectral sensitivity, lux-ohm characteristics, current-
voltage characteristics, time lag, temperature effects,

fatigue and the light stability of such layers.

Pavelets et aL65 (1973) have employed spray technique
to prepare photosensitive sintered layers of CdS having high
electron mobility values. He and his coworkerse6 (1974) have
further investigated electrical, photoconducting and
lJuminescent properties of sintered CdS:Cu:Cl layers as a

function of Cu concentration.

Islam et 31?7 (1977) have reported photoconducting
properties of sintered layers prepared by painting a slurry
of CdS:Cu:Cl on ceramic substrates. The photosensitivity
is ~10° for Cl doped CdS and ~~10° for Cu and Cl doped
cds layers.

1.3.3. Miscellaneous

201118 (1971) studied the silver sensitization of

sintered photoresistors prepared from colloidal CdS solution.

59
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Chokalingam et al.69 (1970) have reported current-
voltage characteristics and spectral response of photo-
conducting CdS layers prepared by the sintering technique.
They have also analysed the effect of post-preparation
treatments of these layers with the solution and the vapour

of CdI2.

Jakimavicius et al?o (1971) have examined micro-
structure of sintered CdS layers by determining the
crystallite size, regions of coherent scattering and micro-
deformations by the analysis of X-ray diffraction lines.

They have observed 2 cubic to hexszonal phase transformation.

Jakimavicius and his coworkers71

(1974) have deduced
the dependence of the photocurrent relaxation time on the
impurity concentration and on the layer recrystallisation
methods for sintered CAS layers. They (1976) have further
investigated charge-carrier mobilities in sintered CdS
layers as a function of Cu012 concentration and illumination72.
Variation in mobility with change in CuCl2 concentration has
been related to complex defects introduced by CuCer
Recently, Jakimavicius et allC (1978) have discussed the
distribution of energy levels associated with local centers
in CdS:Cu:Cl sintered layers. They have also given the
dependence »f the trap levels upon sample illumination and

the changes in defect parameters during photochemical

rcaction processes,
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1.3.4. Sintered pellets/tablets

Sintered photnconductors cen also be obtained in
the form of pellets or tablets which actuslly bridge the
gap between microcrystalline powders and single crystals.
Yoshimatsu et 31?4 (1955) described sintered pellets of
cdS made by presc-moulding the powder with suitable binder
followed by sintering. In the subscquent years, several
reports dealing with various photyconducting properties of
sintered CdS pellets have appeared in the literature.
Important contributions are due to Bissinger75 (1962),

77,78 79

Wendland C (1962), Varvas et al’ '’ o(1965, 1968), Ott

(1968) and Bunget et al>l (1979).

For most »f the commercial applications, the
sintered photoconductors are preferable because of certain
advantages like large-area fabrication, uniformity, high
mechanical strength and ease of impurity incorporation.

As a result, the preparation techniques for sintcred
layers/films or pellets of CdS have become a matter of
81-92

numerous patents which were filed from time to time

(1949-1975).

Table 1.3 presents some important results on the
photoconducting properties of sintered layers/pellets of

cds.



42

(g2-0=U)
UoIDIJDA JDaU!QNS 0811w 02 wu 029 XDw Y - ANwmwu
o : o - paiosuadwod 19 - J— pucipusm
(0L6})
_ _ WU Op9 = XOW Y o—ul._nﬁ n _ 10 42
wu 02¢ = XDW X € o& BaOssdde: 1 Euoc_moxocu
(69)
ap n) (096})
— nw —_ _— — =
2estlw Ol O = 55 paiosusdwios 19 10713 DinWOIIN
(9%)
("saho] ayi jo ssauNdIy
PUD JUJUOD ND ‘UOHIDNIIXD
)0 apow ayi uodn bBuipuadep) :
T~ wu 00L — WU g29 ap (6G6})
UDIDIIOA JD3UIT it :“_:Mvooﬂ.._l os|o puo so_ﬂ.u..vW o —_ ynuDpzZ puo
ol a g2 pajosuadwod | sowoyl
WU §29 = XOWY (v6) =
Tjuaued N
ybwy yim siakof
Y| JO; UOHDUDA '
1DaVI| Jadng i
‘WaUod N Mol (uanmB jou saNPA ) ap (6661
upm si2kD| 2y 0 siako| s9puiq — O = 5y nd - aqng puo
UOIIDLIDA  JD3UI|QNS | ~Japmod uDyYl $S37 pajosuadwod |2 (gy) UIswWoul
AN3¥3¥ND
/ AINVLSIS3H | (vd3a/ 3S1¥) A8 aun1onu1s | S caonsan
40 3ON3AN3d30 3ISNOJS3Y TV¥1I3dS ALIAILISNISOLOHd / SQOHL3N
3WIL 3SNOJLS3N NOILVAILOV IVLISAND ANVLHOJN!

ALISNILNI-1HOIT

§137713d /SH3AVI-A343ILNIS 40 S31L¥3d0¥d ONILINANOIOLOHM 3HL NO S17nsS3¥ LNVLIYOdWI

SPY 40

€+—-378VL

3JN0S




l.4. STUDIES ON THIN FILMS OF
PHOTOCONDUCTING CdS

Thin films of photoconducting CdS can be obtained

mainly by the following techniques:

(1) Evaporation in vacuum.
(ii) Sputtering.
(iii) Chemical deposition,

The preparative techniques, being well established,
will not be discussed in detail.

l.4.1. STUDIES ON VACUUM-EVAPORATED FILMS OF CdS

l.4.1.1. Photoconductivity and related properties

Extensive literature has grown on the preparation
and properties of vacuum-evaporated films of Photoconducting
CdS. Such films are being studied since 1940s and the work
upto 1955 has been reviewed by Bubel (1960). It begins
with the work of Schwartz93 (1948) who suggested several
variations in the evaporation procedure including cathode
sputtering, low-voltage arc and molecular beam techniques.

Afterwards, investigations of Veith94’95

(1950, 1955) dealt
with techniques for (1) increasing photosensitivity by

heating the films in Cd vapour, (ii) decreasing photosensitivity
by heating in S vepour, and (iii) affecting sensitivity,
spectral response and speed of response by evaporating Cu on

the films. Almost in the same period, Aitchison®® (1951)



established the vacuum-evaporation conditions t» get the
photosensitive films »f CdS having equivalent propertics
of single crystals. His results were repeated by Nelson97
(1985) who pointed out the influence of the chemical purity
of the starting material. Experimente of Bramley98 (1955)
have indicated the strong dependcnce of photoscnsitivity on

the details of evaporation technique.

Kuwabara99 (1954) has done a systematic study of
the properties such as conductivity, photosensitivity and
their temperature dependence for the evesporated films of
cds. w1erickloo (1954) determined photoconductivity as a
function of illumination and discussed the role of traps in

the conduction mechanism in CdS thin films.

Variations in performance characteristics such as
sensitivity, spectral response and time constants of the
CdS phntoconductive layers prepared by (a) vacuum-evaporation,
(b) sputtering =nd (c¢) chemical deposition from various
cadmium salts have been investigated and discussed by

Lawrancelol (1959).

Shalimova et a1%0% (1961) have deposited thin films

of CdS under various ambients such as vacuum, argon, hydrogen
sulphide ctec. and at different substrate temperatures. They
have shown that the magnitude and the spectral distribution
of photosensitivity are independent of the film thickness.
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They 2lso reported that the spectral distribution is
independent of the substrate temperature and the ambient

atmosphere,

Kaganovich et al.lo3

(1968) h~ve determined the
parameters (like capture cross-sections, energy levels =nd
the concentration) of the two types >f recombination centers

in the evaporatcd films of photoconducting CdS.

104 1973) have investigated

Woods and his coworkers
variations in electrical properties with the variations in

thickness of the evaporated CdS films.

Photoconducting propertiecs »>f evaporated films of
CdS doped with Cu 2nd Cl have been investigated with

respect to (i) the intensity of illumination and (ii) the

frequency of applied voltage by Porada et 81}05

106

(1980).
Porada and Schabowska (1980) have performed measurements
on the surface 2nd bulk photoconductivities »f these films
using the gap type and sandwich typec of cells. They have
found that the spectral response behaviour and the frequency

dependence of photoconductivity differ for the surface cells

and bulk cells.

Porada and Schabowskalo7 (1980) have compared
photoconductivity growth and decay time of vacuum-evaporated
and screen-printed CdS:Cu:Cl films. In conclusion, they have
emphasised the importance of vacuum-evaporation methods in

the technology of short-decay time devices.
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1l.4.1.2., Optical properties

Kuwabara99 (1954) studied the optical properties
such as absorption edge, spectral sensitivity and their

temperature dependence for evaporated CdS films.

Nptical properties of evaporated thin films of

CdS have been described by Gottesman and Ferguson108(1954)

109

and later by Hall and Ferguson (1958). Gottesman and

Fergusonlo8 have calculated the refractive index and the

extinction coefficient of these films from the measurements
of the film thickness and the reflectivity as 2 function

of wavelength. éall and F‘erguson109 have determined the
refractive index and the absorption coefficient of these
films by using spectrophotometric ‘reflectance and
transmittance measurements.

Shalimova et al}lo (1961) have reported the
optical absorption in CdS thin films. Bujatti and
Marceljalll (1972) have studied optical absorption in

thin films of CdS evaporated under controlled conditions.

112

Khawaja and Tomlin (1975) have applied their thickness

variational technique to determine optical constants

(refractive and absorption indices) of the evaporated films

113

of CdS. Wohlgemuth et als (1976) have compared optical

properties such as reflection and transmission of the

vacuum-evaporated films of polyecrystalline and amorphous

n;12

CdS. The studies of Khawaja and Tomli and also of
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Wohlgemuth et al];13 along with the recent one made by Cook

114 1980) on the optical properties of CdS thin

and Christy
films showed how the properties of these films differed from
those of the single crystals.

l.4.1.3. Electrical, optical, photoconducting
properties and crystel structure

1

Gilles and Cakenberghe 16 (1958) have pointed out
the dependence »f the photosensitivity on the crystal size
and hence on the crystallization conditions in the evaporated

116 (1962) exemined properties such

layers of CdS. Wendland
as crystalline structure, ekectrical resistivity and optical
transmission of the evaporated CdS films as a function of

the substrate and source temperature. He noticed that slight
changes in the evaporation conditions over certain ranges

can markedly alter the optical and electrical properties of
the films. The effects of several post-evaporation processing
treatments on the crystallinity and electronic properties of
evaporated CdS films have been investigated by Dresner and

1

Shallerossit’ (1963).

X~ray diffraction study of the evaporated CdS films

is presented by Behringer and Corrsin118

1

(1963). Sakai and
Okimura 19 (1964) have studied photoconductivity in evaporated
Cde films and reported gnod photosensitivity for the hexagonal

CdS. Aramu et 31}20

(1965) have compared rise and decay
curves of photoconductivity in cubic anéd hexagonsl CdS thin

films.
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The effect of a preferred orientation of the
crystallites on the electrical properties of evaporated CdS
films is established by Dresner and (;‘-hallcrossll'7 (1963) and

LES (1964). Afterwards, Vergunas et al}21

by Sakai and Okimura
(1966) have verified the effect of substrate temperature on
the structural formation of evaporated CdS films. They have
deduced a correlation between the value of the clectrical
conductivity and the degree of crystal orientation in the

photosensitive films,

122 (1975) have described the

Tyagi and Kumar
structural and electro-optical properties of the evaporated
Cds films which were treated with thiourea to compensate

the sulphur deficiency.

l.4.1.4. Hall-effect, Field-effect, etc.

Waxman et al]:23 (1965) have carried out Hall-effect

and field-effect measurements to determine the surface
mobility of electrons in evaporated films of CdS. TPField-
effect measurements on the evaporated €dS films have been

presented also by Leviadi et al.ld4 (1968) and Giraev et al.l25

(1965).

Table 1.4 presents some important results on the
photoconducting properties of vacuum-evaporated films of

cds.
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l.4.2. STUDIES ON SPUTTERED (SPUTTER-
DEPOSITED )FILMS OF Cds

In contrast to evaporation techniques, very few
references exist in regard to the sputter-deposition of
CdS. The first sputter-deposited films of CdS were obtained
by Helwig and Konigl®® (1955) who used €d tergets and AT-H,S
mixtures. They have observed pPhotoconductivity in the plane
of the films with dark to light resistance ratio equal to

10%-105.

Sputter-deposition from bulk CdS targets using
ultrapure argon has been described by Lagnado and

127

Lichtensteiger (1970). But these films displayed very

little photoconductivity.

128 (1972) have reported photo-

Fraser and Melchior
conductivity through the thickness of the sputter-deposited
cds films. They have studied structural, mechanical,
optical and photoconducting propertics of such films. High
photosensitivity (,-alos) and fast response without
activation or any other post-dcposition treatment are the
important characteristics of their films. Leightonlz9
(1973) made exhaustive studies on the cleetrical properties
of photoconducting CdS films which were prepared by d.c.
sputter-deposition method without the use of post-deposition

heat treatments.



By maiing use of Auger electron spectroscopy,

13

Takagl et a1290 (1978) have investigated the influence

of non-stoichiometric surface layer on the photocurrent,

dark current and decay time of sputter-deposited CdS films.

Table 1.5 presents some important results on the

photoconducting properties of sputter-deposited films of CdS.

1.4.3. STUDIES ON CHEMICALLY DEPOSITED CdS FILMS

Among the established methods of chemical deposition
of thin filmsj; the solution-spray, the dip »snd the rotating

substrate technique are well-known for CdS.

1.4.3.1. Chemical spraying/spray-pyrolysis

Chamberlin and Skarmanlal (1966) have developed a
method of producing large-area thin films of CdS by the
solution-spraying technique. It basically consists of
spraying a solution which produces the desired material on

has
a heated substrate. However, this technique/not been

seriously attempted until 1974, when Wu and Bubelaz have
published the photoconducting and related properties of
solution-sprayed films of CdS. They have used thermoelectric
and photothermoclectric data to analyse the electrical
transport properties and have suggested that photoconductivity

of solution-sprayed films is caused primarily by an increasec

in electron mobility.
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Investigation by Ma and Bubela” (1977) showed thot

the optical and e¢lectrical properties of these films can be
strongly influenced by the nature of the substrate and its
temperature, cooling rate, spraying rate and post-deposition
heat treatments. They have stressed the essentiality of
having careful control on the precparation conditions in order

to get reproducible and high qu2lity films.

The use of solution-spray technique for commercial
production of CdS photocells of high photoconductive gain

(,v106) has been described by Gogna et 31}34

(1977). They
have optimised dcposition paraneters (viz. substrate
temperature, solution concentration and spray rate) to

yleld high photosensitivity. They have also rcported results
on current-voltage characteristics, spectral response, rise
and decay timecs and the intensity dependence »f resistance

for such cells.

136 (1978) have presented an

Gupta and coworkers
exhaustive data on the electrical and photoconducting
properties such as current-voltage characteristics, temperature
dependence of resistance and spectral response of chemically
sprayed CAS films having different cadmium to sulphur ionic
ratios. They have also reported high photosensitivity
(»«106). The effect of cation to anion ratio on the
crystallinity and optical properties of such‘films has ‘becn

1

investigated by Gupta and Agnihotrit>® (1977). They (1978)



have also done structural analysis of solution-sprayed

films of CdS when doped with Cu, In and Ga137.

138

Berg et al, (1978) have studied structure and

surface morphology of spray-deposited CAS films. Alace

and Rouhan1139

(1979) have examined physical and chemical
properties of CAS films - sprayed at a relatively low
temperature - by using techniques like XRD, AES, SEM and

optical absorption measurements.

Recently, Chow et gl

(1981) have carried out
a fairly comprehensive study of the surface morphology

and electronic behaviour of chemically sprayed CdS films.

Table 1.6A presents some important results on
the photoconducting properties of chemically spray-

deposited films of CdS.

1.4.3.2. Chemical bath deposition technique(s)

Chemical bath deposition technique involves a
slow film forma2tion from a solution containing cadmium in
a complex form ~nd an orgenic-sulphur containing reducing
agent which react to give CdS in thin film form. Very thin
films of CdS have been chemically deposited by Mokrushin

141

and Tkachev (1961) from an aqgucous solution containing

a cadmium salt, thiourea and ammonia. With a slight
modification in Mokrushin's method, Nagao and Watanabe142

(1968) have obtained thick CdS films which were cubic in

b
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nature. They have reported photosensitivity, photo-
conductivity excitation spectra and the dependence of
photocurrent on the intensity of illuminstion for these

films.

A new chemical bath deposition technique for
the preparation »f CAdS thin films is described by

Pavaskar et all.43

(1977?). In this method, films were
formed on rotating substrates from a bath containing
cadmium sa2lt in 2 complex form. They have studied
current-voltage characteristics, decay of photocurrent,
spectral response and optical absorption of these films.
Studies on field-effect, photo-field effect and photo-

Hall effect also constitute important part of their work.

1.4.3.3. Miscellaneous

144 (1976) have reported a2 novel

Sathaye and Sinha
method of chemical doposiﬁion to o2bt2in thin films »f
photoconducting CdS. It consists »f the formation of CdS
thin films at the interface of a solution (containing a
cation) and a gas (containing an anion). They have deter-
mined structural, electrical, optical and photoconducting

properties of these films. The cubic nature of the films is
the special feature of theip work.

[y |

gt



145 (1979) have reported the

Croitoru =nd Jakobson
chemical printing method to prepare CdS films having good

photosensitivity.

Table 1.6B presents some important results on the
photoconducting properties »f thin films of CdS prepared
by chemical bath deposition and other techniques.

1.5, STUDIES ON THICK FILMS OF Cds

Thick film technique is the latest innovation in
the microelectronics circuitry. In the thick film technology,
specially formulated pastes are screen-printed (silk-
screening) onto the suitable substrates and the wet films

arc subsequently fired at sufficiently high temperature146’l47.

There is not much literature on the preparation and
properties of Cds thick films. Nicoll and Kazan®? (1955)
had earlier used the process of silk-screening to prepare
powder-binder typc layers of CdS. Micheletti and Markio?
(1968) have demonstrated the consequences >f the oxygen
chemisorption on the equilibrium conductivity =nd the
transient photoconductivity of sintered CdS layers prepared
by silk-screening method. In these investigations, however,
silk-screening was used only as a conventional tool/

technique for producing powdered or sintered layers of CdS
without paying much attention to the optimisation of
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typical thick film parameters. Recently, Moriwak192

(1975) has filed a patent on the preparation of the
screen-printed films of photoconducting CdS. Porada

and SchabowskalO7

(1980) have obtained thick films of

CdS by silk-screening process. They have used a low
alkali content glaze as a2 bindcr in the form of 2 fine-
grained powder with the addition of solvents like terpinol
and amyl alcohol. They have reportcd higher magnitude of
growth and decay times of photoconductivity for such films
in comparison to that of vacuum-evaporated films of CdS
and explained it on the basis of high trap-density in
screen-printed films. But the dctails of the preparation
technique, particularly about the firing process, are not
adequately prescnted by them and some ambiguity, therefore,

remains in their interpretation.

1.6. SUMMARY AND CONCLUSIONS

With this background we can summarise as follows:

(1) For most of the investigations dealing with the
basic photoconductivity processes, single crystals of
CdS have been preferred because of the relative ease of

defining the pertinent variables.

(2) For most of the commercial applications, sintered

layers of CAS have been preferred because of certain



advantages like large-area fabrication, uniformity, high

mechanical strength and simplicity.

(3) Thin films have been used for both the purposes -
the basic investigations of the phcenomenon and the

commercial applications.

After having done an extensive literature survey
of CdS photoconductors in various forms, we can conclude

that:

(1) CdS photoconductors prepared by different

techniques generally show different behaviour.

(2) A slight variation »f conditions in a method of

preparation sometimes changes the properties considerably.

(3) A complete report on the preparation and properties

of Cds thick films is not yet available,

In view of this current status, it has been felt
necessary to prepare and charocterise thick films of

photoconducting Cds.
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la7. CHEMISORPTION OF OXYGEN ON CdS

Chemisorption is the formation of adsorbed ions
by the exchange of clectrons between gn adsorbate and an
adsorbent. It plays 2 significant role in the photo-
conductive processes of II-VI compounds. The presence of
adsorbed ions is beneficial and in many cases essential
to the appearance of the desired photoconducting proper-
ties. On the other hand, it is detrimental as it leads
to instabilities and deterioration in the properties of
photocells.

From an electronic view point, the adsorbate
usually provides at least one electronic state within
the band gap of the adsorbent at the surface. This
surfacc state, induced due to chemisorption, strongly
influences the electrical propertieszgge adsorbent
directly through new electronic transitions involving
this state and also through changes in the surface
potential of the adsorbent. The study of the chemi-
sorption of various gases on the photoconducting
material is, therefore, indispensable for a better
understanding of the photoconductivity mechanism. As
a2 matter of fact, chemisorption of oxygen on CdS has
been the subject of an extensive research for the past

two decades.



Mark148-150

(1964-65) has given a thorough report

on the kinetics and energetics of the oxygen chemisorption
on CAS crystals. He (1964) observed considerable reversible
changes in photoconductive gain and response time of

certain insulating CdS ecrystzls =s 2 result »f the variation
in oxygen partinl pressurel48. It wos further found that
the rate of oxygen-adsorption follows the Elcovich rate
equation. He (1965) glso studied the dependence of photo-
current on the illumination intensity in attempting a

closer examination of oxygen chemisorption and subsequently
proposed a semi-quantitative model for photoinduced chemi-
sorption149. The thermal desorptiontime datz and the
activation energy data of his work offer a self-consistent
substantistion of the earlier model}®C. wWith these results,
he has located the energy level associated with the
chemisorbed oxygen at 0.91 eV below the conduction band in

cas.

Almost in the same period, Reed 2=nd Scottol

(1964)
have investigated the effects of various ambient treatments
on the surfaces of CdS single crystals by using photo-
conductivity measurements sch as spectral response, decay
rate of photoconductivity and thermally stimulated

conductivity. From the temperature dependence of these

effects, they have postulated the presence of two sets of
surface states : (1) a set lying near the Fermi level



(intrinsic states) and (ii) a deeper lying set due to
adsorbed oxygen (extrinsic states). They (1965) have also
observed the variations in photoconducting properties of
CdS single crystals with the changes in the light intensity
and the ambient conditionslsz. These results were inter-
preted in terms of surface states and s surface barrier

153 (1966) have done a

region. Sebenne and Balkanski
quantitative evaluation of the donor densities near the
surface and their distribution in the space-charge region
by measuring conductivity changes of low resistivity single
crystals of CdS under oxygen adsorption. They have used

computerised calculations for this purpose.

154 (1966) set forth the basic significance of

Bube
oxygen chemisorption in the photoelectronic behaviour of
CdS single crystals. He insists that due to universal
presence of oxygen chemisorption effects, every experiment
in which the effect of heat, vacuum or photoexcitation are
investigated towards understandingz the nature of photochemical

changes, must be ihterpreted in the light of the significant

effects associasted with the simple desorption of oxygen.

By various photoconductivity measurements, Shear
et all®® (1965) have shown that the sintered layers of CdS
are particularly sensitive to oxygen adsorption-desorption
processes. According to them, the properties such as

instability, non-reproducibility, variability through low



temperature annealing and long term drifts of sintered
CdS-CdSe photoconductors may all be attributed to the

effects of oxygen adsorption-desorption, 1In order to

clarify the mechanism of the processes involved,

Robinson and Bube156

(1965) have performed photo-Hall
measurements »n such layers as a function of photoexcita-
tion intensity, temperature and ambient atmosphere. They
have observed a reduction in the electron density and the
electron mobility of these layers by oxygen adsorption.
They further reported that the change in electron mobility

due to oxygen adsorption contributes significantly to the

total photoconductivity change »f such layers. An

exhaustive treatment of the ambient sensitive photo-
electronic behaviour of the sintered CdS layers is
presented by Michelletti and Mark157 (1968). They have
demonstrated and explained the consequences of oxygen
chemisorption on the equilibrium conductivity and on the

transient photoconductivity of these layers.

Thin films are also sensitive to oxygen chemi-
sorption., Micheletti and Markl58 (1967) have reported that
both the Hall-mobility and the conduction electron concen-
tration of spray-deposited CdS films are reduced by
chemisorbed oxygen, the former by a larger factor than the
later. The effects of oxygen adsorption and low-energy ion

bombardment on the electrical properties of vacuum-



evaporated CdS films have been investigated by Hughes and
169 160

Carter (1968). The work of Legre and Martinuzzi
(1970) is also concerned with the effect of chemisorbed
oxygen on the dark current and on an anomalous photovoltaic
effect in evaporated layers of CdS. Thomas et aL}Gl (1970)
have studied the influence of oxygen on the electrical
properties of CdS thin films in the ultra high vacuum
system where the samples had been prepared by evaporation.
They have observed that uponboxygen admission, there is an
increase in resistivity due to a decrease of both the free
electron density and mobility. The decrease of the free
electron density is shown to be associated with a surface
trapping in decp oxygen acceptor lecvels. The mobility
decrecase is explained to be the result of an interaction
between oxygen and the potential barriers at the grain

boundaries.

In due course of time, oxygen chemisorption on CdS
has been probed by a variety >f experimental techniques such
as field effect, oxygen partial precssure measurements,
low-energy-electron diffraction (LEED), mass-spectrometry,
surface photovoltage spectroscopy (SPS), Auger-electron
spectroscopy (AES), electron spin resonance (ESR), etc. by

many research workers.

Sawamatole2 (1965) studied the surface states in CdS

single crystals by using transverse field effect method under



illumination. He estimated the energy levels of the

surface states, the capture cross-scction for free electrons
and the densities of the surface states. However, a quanti-
tative interpretation of the field-effect datz under
illumination is difficult because the light affects the
occupation of the surface states as well as their interaction
time with semiconducting bulk. Many et 31}63’ 164 (1967,
1969) have, therefore, performed ficld effect measurements in
dark - at different ambient air pressures - to provide a
deeper insight to the mechanism of oxygen chemisorption on
¢dS. Their analysis implied that at any given pressure the
conduction electrons interact with a fixed density of
physically adsorbed oxygen molecules throughout the

relaxation process.

165 (1962) carried out surface photovoltage

Williams
measurements on CdS single crystals and showed that there
is a potential difference of 0.2 to 0.3 eV, at equilibrium,
between the bulk and the surface. Haas et all®® (1965)
have also employed surface photovoltage techniques to study
the interactions of oxygen with surfaces of CdS single
crystals. Shappir and Many167 (1969) have presented the
detail measurements on the surface photovoltage of CdS
single crystals under different conditions of ambient

pressure and light intensity. Their results support the

conclusions drawn in the earlier work and, in addition,



67

shed further light on the oxygen adsorption-desorption
processes. Many et a1.163’l64’167 (1967-69) have indicated
that the combined measurements of the field-effect and the
surface photovoltage provide a fairly detailed and self-
consistent picture of oxygen adsorption-desorption

processes in CdS.

Campbell and Farnsworthl©®®

(1968) have determined
the effect of oxygen exposures on the work function and
surface photovoltage of CdS single crystals. They have
also made the direct observation of photoadsorption and

desorption of oxygen by using the LEED technique.

Weber169 (1968) developed a method to test the
properties of space-charge layers at the surface of CdsS.
For thispurpose, he assumed the direct capture of electrons
and holes by the neutral and negatively charged oxygen as
the rate limiting steps for the chemisorption and desorption
processex respectively. Theoretical calculations based on
this model exhibited qualitative agreement with the
experimental results. In an excellent article, Weber170
(1970) reported the room temperature chemisorption mechanism
of ox&gen at CdS surfaces. He established kinetics of
photoconductivity during chemisorption at various oxygen
pressures. His results suggest that (i) oxygen does not

dissociate into atoms upon physical adsorption, (ii) chemi-

sorption is a two-step process involving a precursor state,



(iii) photodesorption is also a two-step process consisting
of a normal photodesorption followed by a thermally activated
step and (iv) oxygen in the reversible low temperature

chemisorption participates as 05.

Schubert and B'o'er171

(1971) have detected the
thermally stimulated desorption of oxygen in ultra high
vacuum utilising Joule's heating of CdS crystal and monitoring

the desorption with a mass-spectrometer.

There are numerous experiments which provide indirect
evidence fot the oxygen chemisorption through changes in

148-171

electronic properties as investigated by many authors

in various ways. The first direct measurement of the
adsorbed ambient species is presented by Baidyaroy et 81}72
(1971). They have done the mass-spectrometric analysis of
the ambient-surrounding the powdered samples of CdS = ‘to
elucidate the mechanism underlying photodesorption. From
the illumination intensity and the wavelength dependence of
desorption, they have concluded that the neutralization of
the negative surface charge by photoexcited holes is the
dominant photodesorption mechanism in CdS. 1In a separate
study, Baidyaroy et 31}73 (1972) have found that atomically
ordered surfaces of CdS single crystals are relatively
insensitive to oxygen chemisorption. An analytical and
experimental invéstigation of the effects of oxygen
chemisorption on the electrical conductivity of CdS thin
films is also reported by Baidyaroy and Mark174 (1972).

o)
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Weltzel end Monteithl’® (1973) have studied the
effect of oxygen chemisorption on the photocurrent flowing
parallel to the surface in thé sputtered thin films of Cds.
They have used 2 model based on Wolkensteins theory of
nyeak" and "strong" chemisorption to derive an expression
for the varistion in the photocurrent as a function of time

and oxygen partial pressures.

The chemisorption of oxygen on n-type CdS is
critically reviewed by Many176 (1974). Peshev177 (1978)
reinterpreted the available experimentel data on oxygen-
adsorption in case of CdS to avoid the necessity of dealing
with low values of the capture cross-section for electrons
of neutrally adsorbed oxygen. In another article, he (1978)
has discussed the coexistence of physical and chemical
adsorption on semiconductors by considering the example of

02/n~CdS systeml78.

A thorough study »f the mechanism and kinetics of
oxygen chemisorption on thin evaporated films of CdS is

done by Bhide et all’® (1977).

The entire range of the experimental observations
of the well-known phenomenon of oxygen chemisorption on CdS
suggests that the existence and distribution of surface
states are strongly influenced by the chemical compositionof
the CdS surface. In most of the experiments, however, the

chemical composition of the CdS surface was never monitored



until Br'illsonlso’181

(1975) who carried out the surface
photovoltage and Auger electron spectroscopic (SFS and AES)
studies of (1120) CdS surface. In his work, modifications
»f the electronic structure of (1150) CdS surfaces (as
determined by SPS) are shown to be associated with changes
in their atomic compositions (as monitored by AES). He
employed AES and LEED techniques to separate the effects of
chemical contamination, non-stoichiometry and lattice

disorder on the surface electronic properties of air-exposed,

ion-bombarded, annealed, cleaved and adsorbate-covered surfaces.

Lagowski et aL182 (1979) have noted that electron
beam irradiation in AES causes a significant decrcase in
surface concentration of oxygen chemisorbed on CdS. They
have indicated that this electron beam induced desorption
exhibits a logarithmic dependence >n time and czan be
explained on the basis of the interaction of excess holes,
generated by electron beam, with chemisorbed oxygen species.

He and his coworkersl83

(1980) have also reported XPS and
AES studies of surface compositional changes involved in
¢lectron stimulated adsorption which occurs on clean CdS
surfaces under UHV conditions. It has been shown that the
electron stimulated adsorption on CdS occurs due to a local
activation of the surface rather than the dissociation of

previously adsorbed species assumed in earlier studies.

70



Sootha et all.:.L&l (1980) have studied the ESR
absorption in CdS powder after grinding single crystals
at room temperature in air. ESR studies have also been
made after heating these powders in different atmospheres.
Different types of oxygen radicals have been detected in

these powders under different experimental conditions.
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CHAPTER -2
EXPERIMENTAL




2.1. PREPARATION

General procedure for the preparation of thick films

of photoconducting CdS can be described in four steps:

(1) Activation or doping of pure CdS

Highly pure CdS made by Koch-Light and Co., U.X.,
was used as the starting material for this work. For

activation, the mixtures tabulated below (Table 2.1) were

prepared.
TABLE 2.1
MIXTURES FOR ACTIVATION
Sr.No. Material Function Quality Quantity
- - parts by wt.
1. cds Basic photo-  99.999% 100
conductor pure
matrix
2. CdClz.z.SHéJ Flux A.R. grade 10
3. CuClz.2H20 Activator A.R. grade 0,05-1

Mixtures containing the above nentioned components
were ballmilled in acetone for two hours and subjected to
initial bulk-firing at 500°C for two hours in air. This
initial firing achieves the preliminary incorporation of
activator components into the CdS matrix. The resulting
mass in the form of lumps was thoroughly powdered by using
double distilled acetone to ensure a sufficiently fine
particle size. The activated powders thus obtained (the

colour of which varies from yellow to blackish-brown



depending upon the activator concentration) were kept ready

for the paste formulations.

(2) Formulation of the paste

The paste wes prepared by mixing the activated
Cds:Cu:Cl powder with a solution »f ethyl cellulose in a
mixture of solvents consisting of butyl cellosolve, butyl
carbitol acetate and terpineol in the proportion 30:30:40.

The mixing was carried out in a clean agate mortor pestle.

Fluidity of the paste depends upon the extent of
organic part which goes in its formulation, i.e., on solid
to liquid ratio. Pastes must exhibit a certain degree of
yield such that after the flow occurs under squeegee
pressure, it should stiffen and remain in position. 1In
other words, it should exhibit thixotropic properties.

Too much flow gives rise to smearing and poor line-
definition of the prints; too little flow results in the
retention of screen-pattern on the prints. Several
formulations with different ratios were tried, the

results of which are presented in Table 2.2.

8D



TABLE 2.2

Kb

EFFECT OF DIFFERENT RATIOS FOR PASTE

FORMULATION ON SCREcN-PRINTING

Sr.No. Ratio of activated CdS Effect on screen-printing

powder to the solution
of a binder in a
solvent mixture

2)
3)
4)

3. 70:30 1)
2)
3)

Very thick paste.
Screen-clogging.

Foor adhesion to the
substrates.

Faint-like in
consistency.

Easy to print.

Good line definition.
Good adhesion to the
substrate.

Very fluid paste.
Foor line definition.
Smearing of the

substrates with the
paste.

- —— - ———————— - - _~———

In the light of these observations,
at 76:25 in formulating the pastes.

formulation is given in Table 2,3.

the ratio was kept
A typical 75:25
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TABLE 2.3

A TYPICAL 75:25 FORMULATION OF THE PASTE

-

2.

Material Function Quantity
CdS:Cu:Cl Basic paste 1l gm
(activated) ingredient
Ethyl cellulose Filler i.e. 0.0266 gm
temporary
binder
A mixture of Vehicle 0.32 ml

solvents (butyl
cellosolve +
butyl carbitol
acetate +
terpineol)

- ——— - - —————

(3) Screen-printing

Silk-bolting cloth (160 mesh), with appropriate

apergtures blocked to form the desired pattern, mounted on

a rigid frame was used as the screen (Fig. 2.1). Screen-

printing was accomplished by a flexible squeegee stroking

the paste across the screen surface onto ceramic slumina

substrates (Fig. 2.2). The substrates (M/s. Electronic

Slicing and Dicing 1Inc., USA) had the following

specifications:

Material 96% A1 04 2s fired

Length and width : + 1% NLT # 0.005 in
tolerance

Thickness tolerance: # 12% NLT # 0.0015 in
Camber : 0.004 in/in

.



RS

/ .
L'lj..,....um %, / ss Py /

CC —'C' CLAMP

S — SUBSTRATE

SF == SCREEN FRAME
55 — SCREEN STENCIL
PB — PRINTING BASE

FIG. 2-1 SCREEN-PRINTING BOARD



PASTE QY
SQUEEGEE

SCREEN OPENING

///~SUBSTRATE

{ ]

1. START

SQUEEGEE MOTION

2. DURING STROKE

3. SNAP BACK

FIG. 2-2 SCREEN-PRINTING CYCLE



90

(4) Drying and firing

The 'wet' or t!green! films obtained by the screen-
printing process were dried at IOOOC for 20 minutes,
preferably under IRl radiations. IR radiations penetrate
the films and permit drying without entrapping the vehicle
due to crust formation over the surface which would subse-
quently blister during firing to form voids. Dry films were
fired afterwards at the desired temperature for 10 minutes
in nearly oxygen-free nitrogen atmosphere. Firing was
carried out in a specially designed silica container with
the provisions: (i) to hold sample films, (ii) to maintain
dynamic atmosphere of nitrogen and (iii) to position thermo-
couple junction for recording the firing temperature. This
high temperature firing matures the thick film elements and

bonds them integrally to the substrates.

Fig. 2.3 presents the flow chart for the preparation
of thick films of photoconducting CdS. Thick films of
CdS, prepared in this way, were found to be well-adherent

to the substrates.

2.2. PREPARATION OF THE TEST SAMPLES

For investigating the effect of preparation
conditions, particularly firing temperature and activator
concentration, on the photoconducting properties of these

filmsj a stepwise variation of these parameters was
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conducted at each part of the process (see Tgble 2.4).

TABLE 2.4

VARIATION IN THE PREFARATION PARAMETERS

Sr. Variable Range of Fixed

No. parameter variation parameter

1. Firing 400-800 Cu concen-
temperature (°C) tration.

2. Concentration of 0.,06-1 Firing
Cu added as temperature.
CuCl, (% by wt
of Cds)

- —— -~ - - ———————

In addition to this, thick films of pure i.e. undoped
CdS were also processed. Details of the preparation were, by
and large, the same as described in Section 2.1. except some
minor modifications of the paste-formulation composition

whenever needed.

Using this technique, it is possible to prepare

photoconducting films of CdS of any desirable dimensions.

Films of particular size were preferably used for
specific investigations (see Table 2.,5). Criteria for
this was based on the sample holder and instrumental

prerequisites.
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TABLE 2.5

SIZE OF THE THICK FILMS FOR DIFFERENT

INVESTIGATIONS
Sr. Size
No. Particulars cm X cm
1. Physical Surface morpho 0.8 x 0.4
properties -logy
Structure 2.5 x 2.5
2. Electrical 2nd 0.8 x 0.4
photoconducting
properties
3. ESCA studies 1 x 0.5

R e - T - - - S - = -

2.3. SURFACE MORPHOLOGY

The surface morphology »f these films was examined
by Scanning Elcctron Microscope (SEM - Maodel Cambridge
Stereo Scan 150). Prior to scanning, samples were coated

with thin metallic films to prevent the charging effects.

2.4. STRUCTURE

Structural investigations were performed on the thick
film samples by employing X-ray powder diffraction techniques.
Diffractograms (i.e. intensity versus 28 curves) were record-
ed on a X-ray diffractometer (Model-Philips PW 1730) using

Cu-Ky radiation.
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2.5. ELECTRICAL CONTACTS

For the mecasurements of the clectrical properties,
an ideal contact to the photoconductor surface is absolutely

necessary having the following properties:

(a) It should be highly conducting.

(b) Contact material should not react with the
photoconducting material.

(c) Contact properties should not change with
variztions in temperature, illumination,

electrical field and ambient conditions.

Barriers at the contact between a metzl and a
photoconductor generally arise due to (i) either, improper
matching of the work functions between the metal and the
photoconductor, (ii) or, the presence of surface states,
(iii) or, the precsence of a thin laycr of oxide. A con-
tact between a metal and a photoconductor will be proper
when no such barriers exist. The ohmic contact satisfies

most of the needs of an ideal contact.

It is reported that indium, gellium and indium-
gallium eutectic mixtures make good ohmic contacts to Cds.

Indium was, therefore, evaporated in vacuum (10-5

mm of Hg)
onto the masked (interelectrode spacing ~ 1 mm) thick film
samples. Silver was then vacuum-deposited over indium to

enable easy soldering of the lead wires.
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Leads of 46 gauge silver-copper wires were soldered
directly to the silver deposit. The ohmic nature of contacts
was checked by measuring current-voltage characteristics

(for a number of samples) in the dark as well as in the light.

2,6. MEASUREMENTS ON ELECTRICAL

AND PHOTOCONDUCTING PROPERTIES

In this section, the description of sample-holders,
the list of instruments used and the particulars of the

experimentation are given.

2.6.1. Sample holders

Two types of sample holders were used to perform

the measurements:

(1) Thermally insulated and shielded dark box
with 1lid.

(2) A specially constructed all-metal vacuum
cryostat (Fig. 2.4). This metal cryostat consists of
two parts (A and B) made up of nickel plated copper.
Part A is made up of two concentric cylinders 1 and 2, which
are brazed at one end. The other end of the outer cylinder
1 has a flange in which holes are provided for bolting. The
inner cylinder 2 is closed at the lower end and has a flat
portion to mount the sample. A mini-heater (H),for heating
the sample, is fixed at the base of inner cylinder. Direct
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cooling may be achieved by pouring liquid nitrogen in the
cylinder 2. The cryostat can be evacuated through tube 3
(vacuum 10_5 mm of Hg). Heater leads, thermocouple and

shielded measuring leads are brought out through a 9-pin-

glass-metal-vacuum-lead-through sealed in tube 4.

Part B consists of a tube closed at one end and a
flange fixed to this tube. A glass window is provided to
this tube for illuminating the sample. Parts A and B, when

bolted together, form the vacuum cryostat.

The temperature gradient between the metal base and
the sample as well as thermocouple is minimised by means of

a silicone based thermal compound which acts as a heat sink.

In view of the very high dark resistance of these
films, special precautions were taxen in earthing the equip-
ment to avoid pick-up of a.c. signals lcading to spurious

measurements.

2.6.2. Instruments used

Instruments involved in these measurements are

enlisted in Table 2.6.

97
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TABLE 2.6

INSTRUMENTS USED FOR THE MEASUREMENTS

Sr.

No. Measurements Instrument/s used Model

1. Current Electrometer amplifier Trombay EA 810
Electrometer amplifier EA 814 of ECIL

(India)

Philips VTVM GM 6009/90

2 Volt age D.. regulated Aplaeb Model 7122
variable voltage
power supply

3. Intensity of Lux-meter Aplab type

illumination ML 4420.

2.6.3 Particulars of the experimentation

Particulars of the experimentation pertaining to the
electrical and photoconducting properties of these films are
presented in Table 2,.7.

—_—

2.7, CHEMISORFTION OF OXYGEN

As indicated in Chapter 1, chemisorption of oxygen is
of fundamental importance in understanding the photoconducti-
vity processes in CdS. It was, therefore, imperative to
examine oxygen-chemisorption on thick films of photoconduct-
ing CdS. We studied this phenomenon indirectly by dark
current versus temperature measurements and directly by X-ray

photoelectron spectroscopic examination.
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2.7.1. Dark conductivity versus temperature

Dark conductivity of the samples was determined as
a function of temperature during the oxygen adsorption-
desorption cyclcs. These cycles include:
(i) Heating of the virgin films upto 200°C in
dark under vacuum (desorption).

(ii) Heating of these vacuum-treated films upto
200°C in dark and in air (adsorption).

All these cxperiments were performed in the same vacuum-
cryostat described earlier. Current measurements were
carried out with clectrometer amplifiers by applying a d.c.

potential of 50 V.

2.7.2, X-ray photoelectron spectroscopy (XPS) studies

X-ray photoelectron spectra were recorded on
ESCA-3Mk(II) [VG Scientific, UK] instrument operated at a
base pressure of 1078 to 1072 m of Hg. The photon beam
usedwas the Ky line¢ from a magnesium anode. All spectra
were recorded at 80 eV analyser pass energy and 4 mm
entrance slit width. The spectrometer was calibrated using
a Au4f7/2 linc (84.0 eV) and Cls as an internal reference
(285.0 eV). Initially, full scans (1000 eV) were recorded
to ensure the presence of all appropriate peaks corresponding
to the expected chemical composition of the surface. Subse-
quently, high rcsolution scans (30 €V) were acquired over a

narrower energy scale to locate binding energies zaccurately.
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3.1. EFFECT OF PREPARATION CONDI-
TIONS ON PHOTOSENSITIVITY

It has been demonstrated that photosensitivity
of CdS thick films can be greatly modified by preparation
conditions particularly the firing temperature and impurity

concentration.

3.1.1. Effect of firing temperature

The effect of firing temperature on the dark
current and on the photocurrent is illustrated in Fig. 3.1.
These two curves reveal that the dark current and the
photocurrent increase with increase in firing temperature
upto 600°C and decrease afterwards with further increase
in the temperature. It is also noticed that adherence of
the film to the substrate becomes poorer with an increase
in firing temperature above 600°C. It is observed that
photosensitivity 1is the highest for the films fired at 65OOC.
However, because of the adherence problem a2t this temperature,

firing at 600°C is preferred.

The firing process proceeds through a complex

mechanism in which:

(1) The organic binder and solvents are burnt

off, initially, below 300°C.
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(i1) Sintering, by which the intercrystallite
barriers are reduced, is achieved. Sintering above 600°C
is not advisable, as it leads to the poor adherence of

the films.

(1ii) TIncorporation of chloride centers required
for the charge compensation >f copper centers in the CdS
lattice is controlledl. This is the consequence of
volatilization of Cd012.2.5 H20 which starts at a tempera-
ture just above its melting point (568°C) during the firing
process. It becomes more significant at still higher firing
temperatures which ultimately results in less number of
chloride centers to compensate copper centers. However,
because >f the large amount »f CdCl2 added as a flux in the
prefiring formulation and relatively short firing time, some
concentration of chloride centers can be reasonably assumed
to be present at all firing temperatures chosen for this
study. Since CuClz.,2H20 is not volatile in this temperature
range, its equilibrium concentration remains unchanged
during this process. Thus difference in the relative
concentration of chloride centers to compensate copper is
established with the firing temperature which in turn,
modifies the photosensitivity. From this discussion, it is
clear that the maturity of the films is dominated by the
effects (i) and (ii),while the photosensitivity of the
films is dependent on the effect (iii).
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3.1.2. Effect of copper concentration

The effect of Cu concentration on the photocurrent
of the films is plotted in Fig. 3.2. The curve obtained
shows a decrease in photocurrent with increase in Cu concen-
tration. Further, it is found that these films do not show
an appreciable change in the magnitude of dark current with

the increcase in Cu concentration.

It has been well established by Bube and Dreeben2
that beyond a critical impurity concentration, the room
temperature photosensitivity decreases rapidly. This de-
sensitization effect can be explained on the basis of the
mechanism originally offered by Bube and his coworkers3
while discussing high impurity concentration effects.
According to them, it would be a direct result of the
imperfection interactions that reduce the thermal hole-
ionization energy of the sensitizing centers, either,
through electrostatic interactions, or, by impurity
banding. With the decreased hole-ionization energy,
occupancy of the impurity states would be governed more
by thermal behaviour (traps) than by recombination
kinetics even at room temperature under the conditions
of constant illumina£1on. This condition as proposed by

Rose4 is not favourable for photosensitivity.
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All these observations have resulted in adopting
(i) an optimum firing temperature of 600°C and (1ii) an
optimum copper concentration - 0.05% (added as CuCly, by wt.

of CdS) to obtain the best and reproducible photosensitivity.

3.2, STRUCTURE

Since it has been commonly observed that the
structure of CdS depends upon the method of preparation, it
was thought that it would be of interest to examine the
crystal structure of thick films of CdS.

J.2:14 Analysis of X-ray diffraction (XRD) data

A typical X-ray diffractogram »f the undoped film
is shown in Fig. 3.3. Corresponding XRD data i.e., the 'dt
values and the relative intensities are presented in Table
3.1 along with the standard powder diffraction file data®?®
for the cubic and the hexagonal structures. A comparison
between the observed and the reported data shows that
althgough 2t 2 number of places the diffraction peaks due to
the cubic and hexagonal phascs overlapj; there are some

distinctive peaks to clearly indicate that both the phases
are present in the undoped thick film of C4S.

It is known that in case of totally randomly
oriented polycrystalline hexagonal CdS, (101) is the strongest

diffraction whereas that in case of the cubic phase it is the
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TABLE 3.1

X-RAY DIFFRACTION DATA FOR THE
UNDOPED THICK FILM OF CdS

d Value R Relative intensity hkl
Observed Reported i.e. I/Inax.
Hex. Cubic Nbserved Reported Hex. Cubic

3.5728 3.583 - 22 75 - 100 -
3.3606 3.357 3.36 100 &9 100 002 111
3.1863 3.160 - 20 100 - 101 -
2.9143 - 2.90 14 - 20 - 200
2.4466 2.450 - 4 25 - 102 -
2.0629 2.068 2.06 56 57 100 110 220
1.8974 1.898 - 7 42 - 103 -
1.7924 1.791 - 3 17 - 20C -
1.7602 1.761 1.76 40 45 20 112 311
1.7293 1.731 - 2 18 - 201 -
1.6851 1.679 1.68 4 4 10 004 222
1.5109 1.5820 - > 1 2 - 104 -
1.4596 - 1.45 3 - 10 ~ 400
1.3992 1.398 - 2 15 - 203 -
1.3739 1.3536 - 2 6 - 210 -
1.3387 - 1.340 G, - 30 - 331
1.3280 1.3271 - 2.5 11 - 211 -
1.3042 1.3032 1.230 4.5 7 20 114 420

1.1916 1.1940 1.19 7
1.15684 1.1585 - 3 12 - 213 -
1.1241 1.1249 1.12 5

- —— = = = " - - - > " W T m G - W = S e e e S Gm G Seee S G G e SO Gp e Ge e e SR S s e e e e e
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(111) diffraction. In the present case the strongest
diffraction peak is observed at d = 3.368 which ordinarily
can be indexed as cubic (111). However, if the hexagonal
phase is present with 2 strong basal plane orientation

[i.e. (0001) plane parallel t» the substrate] then the

(002) diffraction from the hexagonal phasc (2t d = 3.362)
can get substantially enhonced in intensity [the c-axis
orientation pointed by Foster7 and Escofferyg]. In such

a case, it is difficult to determine whether the crystallites
are of cubic or hexagonal form. However, similar intensity
pattern is 2lso observed in the X-ray diffractogram of
original CdS powder (to be presented afterwards) used 2s

a starting material in the preparation of thick films. Since
one cannot expect any degree of preferred orientation in

the polycrystalline powder, the possibility of any preferred
orientation in the thick film can 2lso be ruled out. If
that assumption is accepted, then the pattern can be taken

to Indicate 2 mixture with the cubic phase predominating.

Quantitative an2lysis of a mixture of cubic and
hexagonal phases is not very easy, because the main XRD
peaks of cubic phase overlzp entirely on those of hexagonal
phase5’6. For the practical purposes, the ratio of the
observed intensities of the peaks with 'd! values corres-
ponding to cubic (111) 2nd hexagonal (101) plsnes [i. €.

I cub (111)/1 hex (101)] in the same diffractogram can be
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used as a rough measure to estimate the percentage of cubic
and hexagonal phases in a given sample. This type of
estimation shows that the undoped film consists of a mixture
of approximately 85% cubic and 15% hexagonal form. A typical
X-ray diffractogram of the doped film with optimum Cu concen-
tration is shown in Fig. 3.4. Corresponding 'd' values,
relative intensities and their literature values for the
hexagonal and cubic structures are provided in Table 3.2.

An examination of this data shows that:

(i) Observed 'd' values and relative intensities
match with their literature values for the hexagonal

structure.

(ii) The peaks with 'dt values corresponding
to characteristically cubic (200), (400) and (331) planes

are totally absent.

Owing to these observations, it is unlikely that
the doped sample contains any notable percentage of cubic
phase which can be detected by XRD. The doped film with
optimum Cu concentration thus reveals the existence of only
hexagonal phase. Similar studies of the doped samples with
other Cu concentrations (viz. 0.1 to 1.00 % by wt of CdS)

also revezl the occurrence of only hexagonal phase.

The lattice parameters 'at! and 'c!' for the

hexagonal structure and 'a!' for the cubic structure were
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TABLE 3.2

X-RAY DIFFRACTION DATA FOR THE DOPED

THICK FILM OF CdsS

- ] - —— - ———— = - —— - = - -

d Value R Relative intensity hk1l
Observed Reported i.e. I/Imax.
At Hex. Cubic
Bes., Qubic Nbserved Reported

3.6870 3.583 - 60 75 - 100 -
3.3668 3.387 3.36 44 59 100 002 111
3.1639 3.160 - 100 100 - 101 -
- - 2.90 - - 20 - 200
2.4531 2.450 - 28 25 - 102 -
2.0696 2.068 2.06 42 &7 100 110 220
1.8993 1.898 - 50 42 - 103 -
1.7924 1.7901 - 8 17 - 200 -
1.7634 1.761 1.76 37 45 20 112 311
1.7323 1.731 - 16.5 18 - 201 -
1.6808 1.679 1.68 3 4 10 004 222
1.5813 1.881 - 7 7 - 202 -
1.8210 1.520 - 2.5 2 - 104 -
- - 1.456 - - 10 - 400
1.3992 1.398 - 18 15 - 203 -
1.3547 1.3536 - 5 6 - 210 -
- - 1.340 - - 30 - 231
1.3280 1.3271 - 12 11 - 211 -
1.3042 1.3032 1.30 5 7 20 114 420
1.2581 1.2572 - 10 11 - 105 -
1.1946 1.1940 1.19 6 8 40 300 422
1.1890 1.1885 - 13 12 - 213 -

1.1252 1.1249 1.12 & 8 40 302 333



computed from the observed 'd!' values by the method of

successive refinements.

Formulae used were:
For the hexagonal system:
L = é'hzi- K?""hlg +£

For the cubic system:

2

1 he + k? + £
d a2
where, d = interplanar spacing, 'a' and 'c' = lattice
parameters. Mean values »f the lattice parameters are

given in Table 3.3.

TABLE 3,3
LATTICE PARAMETERS FOR THE THICK FILMS OF CdS

IR

Sr. Concen- Structure Lattice parameters X
No. Sample tration of Cubic Hexagonal
CuClg(% by Ta't 1gt et c/a
wt )
1. OUndoped - Cubic(85%) 5.8343 4.1295 6.7324 1.6303
+ Hexagonal
(15%)
2. Doped 0.05 Hexagonal - 4,1388 6.7337 1.6245
0.15 Hexagonal - 4,1388 6,7192 1.6234
0.30 Hexagonal - 4,1403 6.7257 1.6244
1.00 Hexagonal - 4,1441 6,7194 1.6214
5,6
3. Reportéd - Cubic 5.82 - - -
- Hexagonal - 4,136 6.713 1.6230

4,142 6,724 1.6233



362,20 Ezgdominance of cubic phase in undoped films

The cubic phase is less common in the single
crystals, sintered layers and thin films of photoconducting
CcdS. For example, Lind and Bube9 have reported photo-
conductivity measurements on a cubic CdS powder-binder layer
prepared by the precipitation of cadmium methyl mercaptide
followed by sufficient heasting to decompose the mercaptide.
Nagao and watanabelo have produced cubic CdS films by
chemical deposition technique. Escoffery8 observed the cubic
phase in CdS films only under the controlled conditions of

11

vapour deposition. Sathaye and Sinha have investigated

cubic phase in Cds films which were prepared by a novel

12 have

method of chemical deposition. Favaskar et al.
obtained a cubic dominated mixed phase [cubic (90%) + hexa-
gonal (10%)] in the structural analysis of the undoped CdS
films prepared by the chemical bath deposition technique.

Ma and Bube13 have identified cubic dominated mixed phase

in CdS layers spray-deposited at lower temperatures.

Chopra and Khan14 have observed epitaxial growth of cubic

cdS only in a limited range of substrate temperatures and
£ilm thickness and also under applied lateral electric field.
Simov15 and many other workers have reported that epitaxially
grown layers of (dS can contain the cubic phase, instead of,
or together with the more common hexagonal phase. The

preparation methods in most of these references, however,

maintain the conditions in such a way that either no heating

is involved or low-temperature heating is regquired.



16

Instability of the cubic phase at the
temperatures sufficiently high to make single crystals or
even photoconducting powders or layers by conventional
techniques is the real hurdle in getting cubic CdS photo-
conductors. Recurrence of cubic phase in undoped films
of CdS - prcsently being reported - is an interesting
observation since these films undergo firing at 600°C for
10 minutes during preparation. It can perhaps be explained
on the basis of the experiments in which powders were
converted to hexagonal CAS leading to the conclusion that

16
cubic CdS is metastable in the temperature range 20-900°C .

3.2.3. Cubic to hexagonal phase transformation

An important featurc of the structural investiga-
tions is the cubic (dominated) - hexagonal phase transforma-
tion which occurred as a result of doping (Figs. 3.3 and 3.4).
Earlier, Jakimavicius et a1.17 have reported cubic to
hexagonal phase transformation in sintered CdS:Cu:Cl layers
which occurred at 450-600°C. But the detailed experimental

results and adequate explanations are not easily available.

By considering various stages of doping (see
preparation section 2.1) cecrtain ¥RD studies have been
performed to pinpoint the origin of this phase transformation.

The results so obtained are presented in Table 3.4.
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TABLE 3.4

OBSERVATIONS TO PINPOINT THE ORIGIN OF
CUBIC -~ HEXAGONAL PHASE TRANSFORMATION

Obs.
No. Description Structure Ref.

1. Pure CdS powder (99.999%) used Cubic (904) + Fig.3.5(A)
as a starting material in the Hexagonal
preparation of the thick films. (10%)

2. Pure CdS powder is heated at Cubic(87%) + Fig.3.5(B)
500°C for 2 hours in air. Hexagonal
113%)
3. Pure CdS powder is mixed with Cubic(87%) + Fig.3.5(C)
CuC12 (0.05% by wt) and the Hexagonal

mixture is heated at 500°C for (13%)
2 hours in air.

4, Pure CdS powder is mixed with Hexagonal Fig.3.5(D)
CdCl, (10% by wt) and the
mixture is heated at 500°C
for 2 hours in air.

From these results, it is clear that such a phase transformation
is aided by the action of chlg. We have further used the
differential thermal analysis (DTA) technique t» provide deeper
insight into the mechanism underlying CdCl2 aided phase trans-
formation. To countercheck the earlier results, DTA studies

were performed on cubic dominated CdS powder prepared in our
laboratory. A thermal analyser (Netzsch Garatebau GmbH) was

used to record DTA and TG curves. A dynamic atmosphere of N2
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was maintained through the DTA furnace in order to avoid the
possible oxidation of CdS at high temperatures. (Since a
crystalline phase transformation of this type does not involve
the evolution or absorption of a gaseous component, the shape
of a DTA pezk and its temperature will not be affected by the

gas pressure of the system)ls.

DTA curves and the corresponding thermograms (TG)

are shown in Figs. 3.6 [(A), (B), (C) and (D)]. The important

observations are as follows:

(1) DTA curve of pure CdS powder [Fig. 3.6(A)]

gives an endothermic peak at 555°¢ (AT min.) and there is

no weight loss in the corresponding TG. This endothermic
peak, therefore, must have been caused by a cubic -~ hexagonal
phase transformation. The initial temperature of this change
(i.e. ATy) is about 400°C. This is in agreement with the XRD
studies »f Andrushko19 who showed that annealing in air at
temperatures higher than 550°C converts all CdS powders into

hexagonal form.

(2) DTA curve of pure CdCl,.2.5 Hy0 [Fig.3.6(B)]
indicates the melting transition at 568°C (AT min.).

(8) DTA curve of pure CdS powder mixed with
CdCly, (10% by wt) and heated at 500°C for some time shows a
small peak corresponding to the melting transition at 568°C

Fig-. 3.6(C)]. It can be ascribed to a small amount of CaCl,
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which is still present as a result of incomplete volatili-
zation. The absence of a peak corresponding to crystalline
phase transformation clearly implies the presence of only
oneé phase in the mixturec and it is hexagonal as can be
identified from the X-ray diffractogram »f 2 similar mixture

[Fig. 3.5(D)].

(4) DTA of the CdS powder which is mechanically
mixed with CdCl, (10% by wt) without any prefiring shows a
shift in the initial temperature of phase transformation
(ATi) to SEOOC, although it covers approximately the same
area under the peak as that >f pure CdS [Fig. 3.6(D)].
This type of thermal behaviour suggests that the process
of CdCl2 alded phase transformation starts at a temperature
which is considerably lower than the melting point of CdClz.
This result is further confirmed by the following observations:
(1) X-ray diffractogram of the mixture of
CdS and CdCl2 which is heated at 300°C for 2 hours reveals

a significant increase in the percentage of hexagonal phase.

(ii) X~-ray diffractogram »f only CdS powder
which is heated at BOOOC for the same time could not show

any increase in the percentage of hexagonal phase.

It was thought carlier that during the flux-action
of CdClzg its moltenmass might be facilitating the recrystal-

lisation »f cubic CdS in hexagonal formzo. But our DTA results
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(particularly 4) are not in favour of this flux-action
mechanism. Such a phése transformation perhaps could be
attributed to the incorporatiosn of €1~ ions in CdAS matrix
in the process of doping. Experiments with ZnSZl’22
powders have shown that both the rate and temperature for
the hexagonal/cubic phase transformation can be greatly
affected by impurities such as iron and chloride. It is
interesting to note that Kremheller22 observed cubic to
hexagonal phase transition »f 2zns at 975°C in presence of
chlorides but no transformation even at 1175°C in the
absence of chlorides. Observations made by Behringer and
Corrsin23 in their XRD study of evaporated CdS films are
also interesting. They have shown that the pyrolytic
treatment to the films in contact with CdCly containing
CdS powder modifies the orientation from preferred to

random.

To understand the role of chloride ions in
bringing about the phase transformztion, it would be
appropriate to consider the difference between these two
polymorphs of CdS. Actually both in cubic and hexagonal
modifications of CdS, Cd atoms (also S atoms) are related
one to other as are lattice points of close packed structures
and a Cd atom is tetrahedrally surrounded by four S atoms and
vice-versa. The only difference exists in the stacking
sequences of close packed planes of Cd and S sub-lattices

(Fig. 3.7). The phase transforusation would therefore be
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FIG. 3-7 (B) THE STACKING SEQUENCE :

(a) ABABA ------ OF HEXAGONAL CLOSE
PACKING
(b) ABCABCA ----- -OF FACE-CENTERED CUBIC

STRUCTURE
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possible only when there is a change in the stacking

sequence by atomic rearrangements which may advance

through certain vacancies.

It is well-known that there is 2 creation of
cd vacancies by the incorporation of Cl~ ions in CdS
lattice in order to maintain the overall charge neutra-
lity. These vacancies may bring about rearrangements
of atoms in such a way that the stacking seqguence
ABCABCA ... of the face-centered cubic structure changes
to more stable stacking sequence ABABA ... of hexagonal
close-packing [Fig. 3.7(B)]. Atomic rearrangements in
the absence of vacancies may not be easily possible in
the close packed structure, if we consider atoms as hard

spheres touching each other.

3.3. SURFACE MORPHOLOGY

Scanning Electron Micrographs (SEM photographs)
of the undoped and doped (Cu concentration = 0.05 by wt)
thick films of CdS are presented in Figs. 3.8 (A) and

3.8(B) respectively. It is clearly seen that:

(1) Undoped film consists of uniform grains of

average grain size equal to ~1 u [Fig. 3.8(A)]

(2) Doped film consists of large but non-
‘uniform grains; size of which varies from ~4 p to 10 u

and all the crystallites arc interconnected [Fig .3.8(B)].
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FIG. 3-8 (A) SCANNING ELECTRON MICROGRAPH
OF THE UNDOPED THICK FILM OF CdS

4 N

S 4

FIG. 3-8 (B) SCANNING ELECTRON MICROGRAPH
OF THE DOPED THICK FILM OF CdS

((LOPTIMUM Cu CONCENTRATION)



Scanning electron micrographs of the doped films
with other Cu concentrations (e.g. 0.1 to 1% by wt of CdS)
were also taken. These photomicrographs (not shown here)

indicate that:

(1) Grain-size does not change apireciably with

variation in Cu concentration.

(2) No systematic differences in the surface

morphology »f these films are observed.

By comparing the electron diffraction patterns
of the evaporated CdAS films to XRD patterns of the same
samples, Shalimova et al.z4 and Galkin et al.25 have
discovered that the larger grains were hexagonal, whereas
the smaller grains were a2 mixture of cubic and hexagonal
phases. While investigating the properties of spray-
deposited Cds films, Ma and Bubela have actually pointed
out the dependence of surface morphology on structure.
Their observations are similar to those reported by

Shalimova et al.2? and Galkin et al.Zo.

It has been already discussed that cubic dominated
mixed phase exists in undoped thick films, whereas purely
hexagonal phase exists in doped thick films of CdS (see
previous section). In this way, our structural and surface
morphological investigations confirm and provide an
additional support to the results obtained by Shalimova

et al.%%) Galkin et 21.25 and Ma and Bubel3,
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3.4. ELECTRICAL CONTACTS AND
CURRENT VOLTAGE CHARCTLLISTICS

The performance »>f photoconductors in various
devices depends upon an ohmic contzct applied to the
photoconductor. An ohmic contact is one that can replenish
charge carriers drawn out of one electrode under the
influence of the applied electric field in order to keep
the electrical neutrality. The presence of ohmic contacts
assures that flow of current initiated by photo-
excitation will be terminated only by the recombination
processes occurring in the photoconductor and not by the

depletion of majority carriers by the applied field®.

To verify the ohmic nature of the evaporated
indium contacts made to these films, we have determined
current-voltage [I-V] relationships for the d.c. applied
field of 0-60 volts. I-V characteristics of undoped films,
in dark and in light, are plotted in Fig. 2.9. These
plots show a slight devistion from the linearity

indicating a departure from the perfect ohmic behaviour.

I-V characteristics of the film doped with
optimum Cu concentration are presented in Fig. 3.10. It
is found that the dark current as well as photocurrent
vary 1ineqr1y [i.e. ohmically] with the applied voltage.
This ohmie-dependence of the current (dark and light) on the

applied voltage is also confirmed for the doped films with
other Cu
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concentrations. All these results confirm -n ohmic nature
of the vacuum-dvaporated indium contacts mede to the thick

films of Cds.

The linear behaviour of the photocurrent (Ip) with

the applied voltage (V) is consistent with the relation27,

e ’
Ip = —;L"'V
L
where e = -electron charge,

T and p = lifetime and mobility of free electrons,
L = 1interelectrode spacing,
f = rate at which free electrons are generatcd
as a result of photoexcitation.

According to this equation, the photocurrent should increasc
linearly with the applied voltage assuming that neither the
lifetime nor the mobility of electrons are voltage dependent.
In principle, photocurrent can be made indefinitely large
either by increasing the voltage or by decreasing the inter-
electrode spacing at a specific illumination level. The
need of an ohmic contact, however, sets an upier limit to
the maximum electric field applicable to the photoconductor26.
If the field is increased beyond a critical value, the
injection of charge carriers from the ohmic cathode will
dominate the conductivity process in the material, rather
than the photoexcitation of carriers. 1In view of this
possible problem, all the electrical and photoconducting
measurements have been carried out by applying 2 d.c.

potential which falls in the ohmic range of variation.



3.6. DARK CONDUCTIVITY AS A
FUNCTION OF TEMPERATURE

The deliberate incorporation of impurities in a
photoconducting material (semiconductor or insulator) always
affects its dark conductivity. For example, donor impurities
in n-type material/acceptor impurities in p-type material
increase the dark conductivity. Donor impurities in p-type
material/acceptor impurities in n-type material decrease

the dark conductivity.

Quantitatively the location and density of
imperfection levels can be determined by several methodsza.
Variation »f the free carrier density with the temperature
is the most convenient method often used for this purpose.

Experimentslly, it involves the measurement of dark

conductivity as a function of temperature.

For the n-type of semiconductor, electrical

conductivity (¢ ) can be expressed as

= ney
where n and py = density and mobility of free electrons
respectively,
e = electronic charge.

L. The conductivity (¢¥) is generally controlled by
thermal raising of electrons from the levels present in the

forbidden gsp to the conduction band and by the capture of



free electrons by these levels. It varies with temperature

according to Wilson's expression:

S = Go exp (-AE/KT)

where (50= pre-exponential factor (mho.-cm"l

)y
OE = energy of activation (eV),
k = Boltgman constant (eV/%k),

T = absolute temperature (°K).

A plot of 1n @ against 1/T yields a straightline having

a negative slope of -AE/k and an intereept equal to 1ln@Ge.
Such a plot slso takes into account of the variation in
electron mobility (u) with the temperature. However,

-3/2 44 cas

since (i) p is approximately proportional to T
and (ii) the density of states term in the expression for
electrical conductivity (¢ ) involves a factor Te/z,cj
should be directly proportional to the density o»f free
electrons. Figs. 3.11 and 2.12 are the plots of log (Ig)
versus 103/T (where Iq = thc magnitude of cark current
and T = absolute temperature) over the temperature range

of 150-370°% for the undoped and doped thick films of

CdS respectively.

As perceptible from Fig. 3.11; I of the undoped
film is such that:
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(1) It remains unchanged over the temperature

range of 150-230%K.

(2) It increases very slowly over the temperature

range of 2230-260°X (slope I).

(8) It increases steeply over the temperature

range of 270-370°K (slope II).

Similarly, ag depicted in Fig. 3.12, I4 of the
doped film (with optimum Cu concentration) is such that:

(1) It remains unchanged over the temperature
ranges of 150-200°K, 220-250°K and 290-320°K. (This is a
typlcal behaviour suggesting the discrete nature of the

imperfection centers).
(2) It increases gradually over the temperature

ranges of 200-220°K (slope I)and 250-290°K (slope II).

(3) It increases steeply over the temperature

range of 290-370°K (slope III).

The activation energy values as determined from
the slopes of these plots send the reported values are

presented in Table 3.5 for the sake of comparison.
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TABLE 3.5

ACTIVATION ENERGY VALUES AND NATURE

OF THE IMPERFECTION CENTERS

Sr. Activation energy ev Nature of the
No. Sample i
Present Reported z?gigfection
study
1. Undoped 0.138 0.14a Donor
i.e. pure
cds film  0.85 0.83% Acceptor
2. Doped, i.e. 0.059 0.052 Donor
Ccds:Cu:Cl
film 0.087 - Donor
1.05 1.00° Acceptor
a = See references 29, 30.
b = See references 28, 3l.

As indicated in Table 3.5, there are two principal ionization

energies >f imperfections for undoped films:

(1) A level at 0.138 €V may bc the same shallow
trap (0.14 eV) reported by Woods and Nicholaszg’ao. Such
a level is characteristic »f Cd rich crystals and has been
attributed to individual S vacancies in the charge

20
configuration™".

(2) A level at 0.85 ¢V can be compared with the
defect at 0.83 eV reported by Woods and Nicholas29 in their

conductivity glow curve measurements on CdS single crystals.



This trap center is generally formed by photochemical
reactions. §Since it is found in both S rich and Cd rich

30 suggested that it may be a

crystals, Woods and Nicholas
complex of Cd and S vacancies associated in nearest
neighbour sites. A level at 0.85 eV, in the present case,

can glso be interpreted on similar lines.

There are three principal ionization energies

of imperfections for doped thick films of CdS:

(1) A level at 0.059 eV, when compared with
the reported data, appears to be a donor level associated

with chloride centerszg’ao.

(2) A level at 0.087 eV can be assumed to be
an additional donor level formed by either chloride
impurity, individual S vacancies or their complex

association.

(3) 1In view of the known data for CdS crystals,
a level at 1.05 eV may be attributed to a compensated
acceptor type of sensitizing center528’3l. The physical
and chemiczl identity of such centers - which give rise
to photosensitivityz’7 - has not yet been rigorously

determined. It can be associated with either Cu impurity

2
or Cd'wacancy/Cu impurity - Cd vacancy complex3 .
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3.6. PHOTOSENSITIVITY

The representative values of photosensitivity
of CdS photoconductors prepared by various techniques are
presented in Table 3.6. It reveals the superior sensiti-

vity of our films.

PHOTOSENSITIVITY VALUES OF CdS PHOTO-
CONDUCTORS PREPARED BY VARIOUS TECHNIQUES

sr. Photosensitivity Ref.
No. Method »f preparation = Photocurrent No.

Dark current

i Single crystal techniques 10 - 10 33
2. Sintered layer techniques 10 - 10

3. Thin film techniques

a: Evaporation in vacuum 10 - 10 35

b: Sputtering 105 36

c: Chemical bath deposition 8T 12

d: Chemical spray deposition  10° 37,38
(spray pyrolysis)

e: Chemical printing# 104 39

4. Thick film technique

a: Undoped% 102 — Present

| ¥ 8 9 investi-

b: Doped with optimum 10 - 10 gation
Cu concentration

c: Heavily doped with Cu 104 _

- - T

® Thesc techniques do not involve any impurity
incorporation for sensitization.



3.6.1. Photosensitivity and oxygen chemisorption

As reviewed in Chapter (1), the chemisorption
of oxygen is of basic importance in understanding the
photoconductivity processes in Cds. It was, therefore,
anticipated that oxygen chemisorption could play an
important role in the overall photoelectronic behaviour
of our films. As described in Chapter (1), 2 variety of
experimental techniques have been employed to probe oxygen
chemisorption in CdS indirectly. The most convenient
method used for this purpose involves the measurement of
electrical conductivity (dark as well as light) as a
function of temperature in the presence (adsorption) and

absence (desorption) of oxygen.‘

We preferred to carry out dark conductivity
measurements as a funation of temierature during the
oxygen adsorption-desorption cycles. Plots of dark
current versus temperature date corresponding to a
doped film with optimum Cu concentration arc shown in

Figs. 3.13 and 3.14.

The curve in Fig. 3.13 indicates the clectrical
conductivity behaviour of an as-prepared (virgin) film
duriﬂg the desorption run in which it is heated upto 200°C
in th; dark under vacuum. As evident from this curve:

(1) I (magnitude of the dark current) increases gradually
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in the beginning upto lOOoc, (ii) I3 rises steeply from
10722 (at 100°%C) to 1072 A (at 200°C), (iii) on cooling
the sample from 200°C to room temperature without break-
ing the vacuum, I4 observed is of the order of 1074 a

and sample cxhibits no photoscasitivity.

The curve in Fig. 2.14 illustratcs the clectrical
conductivity behaviour of the same vacuum-trecated film
during the adsorption run in which it is heated upto 200°C
in air and in the dark. As evident from this curvej
(1) Id increases gradually in the beginning from 10—4 A
(at room temperature) to 1073 4 (at 110°C), (ii) I; falls
off rapidly sbove 110°C from 107° A to 10~° 4, (iii) on
cooling the sample from 200°C to room temperature in air,

1

attains the value of the order of 10~ 2 A and the

Iq
sample exhibits the original high photosensitivity.

Similar type of measurements were also performed
on the doped samples with different Cu concentrations. The
data given in Teble 3.7 summarises the experimental results
of oxygen chemisorption on thick {ilms of CdS with various

Cu concentrations.
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TABLE 3.7

SUMMARY OF THE EXPERIMENTAL RESULTS OF
OXYGEN -CHEMISORPTION ON THE THICK FILMS
OF CdS

Sr. Concentration of Dark current at room temperature A
No. Cu added as CuClg

As On On re-

(by wt of CdS) prepared desorption  adsorption

1. 0.05 3.0 x 1072 4.5 x 107% 7.0 x 107*%
2. 0.10 4.0 x 10722 2,5 x 102 5.0 x 1072
3. 0.20 4.5 x 1002 5,0 x 107° 6.0 x 1072
4. 0.30 3.0 x 10012 1.5 x 1073 2.0 x 107°
-12 1.5 x 10710 4.0 x 107%°

5. 1.00 4.0 x 10

There are some quantitative discrepancies regard-
ing the values of electrical conductivity of these films
although subjected to similar ambient treatments. Since
the data prescnted in Table 3,7 deals with a adsorption-
desorption period of only 15-20 minutesj there is a lack of
complete experimental data with respect to the kinetics of
chemisorption (to be discussed afterwards) for each Cu
concentration, which may apparently give rise to such
discrepancies, The data presented in Table 3.7, however,
satisfies the restricted intention of showing the complete
reveMsibility of chemisorption effects on electrical

conductivity.



Although it is difficult to separate true
thermal changes in dark conductivity from chemisorption
effects in case of semiconductors, we have drawn certain

meaningful conclusions from thesc results:

[A] An initial gradusl increase in I [observation
(i) of Rigs. 3.13 and 3.14] is attributed to the thermal
ionization »f impurity centers availing more number of

free electrons for conduction (see Section 3.8).

[B] The high dark conductivity at 200°C [observation
(ii) of Figs. 2.13 and 3.14] is consistent with the typical
thermal behsviour of a semiconductor in which electrons are

thermally excited from valence band to conduction band.

[c] The observations (iii) (of Figs. 3.123 and 3.14)
indicate the phenomenal reversible variation (8 orders of
magnitude) in the room temperature dark conductivity. Such
variations in dark conductivity can be discussed on the
basis »f a following phenomenological model proposed earlier

by Micheletti and Mark40.

Fig. 3.15 is the band model for thin photo-
conductor under illumination. From an electronic view point,
chemisorbed oxygen introduces extrinsic surface states in
the pﬁ%nciple band gap of Cds. These chemisorbate surface
states‘of concentration Ny are shown to be acceptorlike

state at 0.9 eV below the bottom-edge of the conduction band.
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In addition, there are donor levels of concentration Ny
(probably due to chloride) and recombination centers of
concentration Nr (probably due to copper). The quasi-
Fermi level for electron, (Efn) ie raised at the right
side of the figure which corresponds to illumination
incident from the right. This is in accordance with a
greater population of the surface states and consequently
a larger electrostatic surface barrier on the illuminated
surface compared to the unilluminated one. The processes

to be considered are labelled in Fig. 3.16 as:

(1) optical generation of carriers by band gap
excitation, (2) capture of photoexcited holes by the re-
combination centers, (3) bulk-rccombination,(4) photo-
desorption in which photoexcited holes can reccombine with
electrons at the surface (i.ec. with chemisorbed ions), if
their transit time to the surface is shorter than their
lifetime, (&) chemisorption in which electrons from the
conductiosn band are captured by the physically adsorbed
oxygen at the surface, (6) thermal desorption in which
electrons are thermally released from the surface into the
conduction band, (7) physical adsorption and desorption of

uncharged oxygen between the surface and the ambient.

Y.  With this model, it is possible to explein 8 to
10 orders increase in Iy, the magnitude of room temperature

dark current (Fig. 3.13) in terms of thermal desorption of



154

oxygen indicated by process (6). The thermally released
electrons by process (6) contribute significantly to the
electrical conductivity in the dark even at room temperature.
Similarly, decrease in Id by same¢ orders »f magnitude (Fig.
3.14) can be associated with the chemisorption of oxygen
indicated by process (5). This process reduces the density
of conduction clectrons thereby causing decrease in dark

conductivity.

As stated earlier, we report 8 to 9 orders change
in the magnitude of room temperature dark conductivity as a
fesult of adsorption-desorption ambient treatments. Micheletti
and Mark4o have reported 6 to 7 orders change in the magnitude
of the same for the screen-printed films of CdS treated under
similar ambient conditions. Our photoconductivity values,
however, are quite comparable with their data. This leads
to the conclusion that chemisorption of oxygen 1s more
effective in lowering the darx current (while photocurrent
remains unaltered) which ultimatily incrcascs photosensitivity
in the present case. This strong oxygen-chemisorption perhaps
could be related to the larger thickness (—-20u) and bigger
grain size (~4-10 u) of our doped samples, compared to the
thickness (—3-5 p) and grain size (-1 u) of the films used
by Micheletti and Mark®C., This along with the typical surface
morpholsgy of the films might have offered a high surface to
volume ratio for the fused intergranular contacts or !'necks!
which are supposed to be responsible for the chemisorption

in the sintered films.



Finally, it should be noted that:
(1) In sbsence of chemisorbed oxygen, our films
exhibit very high dark conductivity and with photoexcitation,

they do not show any change in conductivity.

(2) In presence of chemisorbed oxygen, these films in
contrast exhibit very low dark conductivity and with photo-

excitation, they exhibit manyfold change in conductivity.

The high photosensitivity of the as-prepared thick
films of CdS, therefore, indicates that these have already
passed through a process of chemisorption in the preparation

procedure.,

We have used a mechanism proposed by Micheletti and
Mark4o (MM) to account for the zey role of chemisorbed oxygen
in enhancing the photosensitivity of CAS films. It is
applicable t» a case in which strongly absorbed light is used
with a thicker sample so that thc conducting channel is
narrow and ncar the surface. According to MM model, chemi-
sorbed oxygen induces the surface state in the bandgap of CdS.
Like a bulk defect state, this extrinsic surface state may
function either as a trap when it is in communication with
only one band or a recombination center when it is in
communication with both the bands. Unlike the bulk defect

states,fthe surface states are usually associated with a

space-charge layer that strongly influences the transition



rate of bulk carriers to surface. In this way, there are

three dominant charge quantities open to consideration:

(1) the negative charge ot the surface in the
adsorbate state,
(2) compensating positive charge in the bulk

consisting of ionised donors,

(3) photoexcited holes captured by the recombination

centers (Fig. . 2.15).

The accumulation of negative charge in the chemi-
sorbate states exerts a considerable surface potential
repulsive for electrons. Thus, the free electrons are conccen-
trated in a channel through the center of the sample. On th
other hand, the holes captured in the recombination centers
get accumulated near the surface in the space-charge regions
because of the small concentration of free electrons
available for recombination in this region. The physical
separation »f the free electrons from the majority of the
holes captured in the recombination centers causes the
centers in the space-charge region to have a very small

effective capture cross-section for elcctrons.

Rcferring to Fig. 3.15, the recombination centers

now can be divided roughly int> two classes:
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(I) Those in space-charge region having a
high concentration of holes and 2 small effective capture

cross-section for electrons.

(II) Those in the center of the sample having
high concentration »>f e€lectrons but a small effective

capture cross-section for holes.

A small capture cross-section for electrons of
the class (I) centers leads to an increase in the lifetime
of photoexcited electrons in t he conduction band at the
surface and hence to high surface phot:oconduc‘t:ivit‘.y4’40
(since photoconductivity «Clifetime of majority carriers).
Exactly reverse situation »f the class (II) centers gives

rise to sma2ll bulk photoconductivity4’4o.

3.6.2. Kinetics of oxygen-chemisorption

Curves in Fig. 2.16 illustrate the variation in
dark conductivity as a function of time for a2 previously
vacuum-treated sample (i.c. frece from chemisorbed oxygen)
exposed to air at six different temperatures. Since the
measurements have to be performed on the same sample of a
specific dop=ant concentration, it was necessary to heat the
sample at 200°¢C under vacuum for some¢ time after each
readsorption treatment at a given temperature. The data
plotted in Fig. 3.16 corresponds to a doped film with Cu
concentration of 0.1% by wt of CdS. The important

observations are:
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(1) Plot (a) is a straight-line parallel to X-axis,
showing no change in Id even after 12 hours exposure to

air at room temperature,

(2) Curve (b) indicates that although Id decreases
gradually with time, there is no significant change in its
room temperature value even after 10 hours exposure to air

at 100°C.

(3) Curves (c¢), (d), (e) and (f) indicate that I3
falls off rapidly with time and there is a decrease in its
room temperature value by 9 orders of magnitude as a result
of:

(1) 8 hrs exposurc to air at 12500,

(ii) 5 hrs exposurc to air at 150°C,

(iii) 2.5 hrs exposvre to air at 175°C, and

(iv) 1.5 hrs exposure to air at 200°C
respectively.

With these observations, it can be pointed out
that the chsrecteristic time required for the chemi-
sorption to cause significant changes in the room temperature
dark conductivity decrecases with increase in temperature.
L o

This is in =greement with the rcsults of Bhide et al.4 n

the kinetics of oxygen-chemisorption on thin films of Cds.

We have chosen the values of dark current (Id)

corresponding to a adsorption period of 2 hrs at the
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temperatures 12500, 150°C, 175°C and 200°C from the curves
of Fig. 3.16. Corresponding values of log Gd)are then
plotted against 103/T (where, T = temperature in OK) in
Fig. 3417. The activation encrgy veluc as csleulated from
the slope of this plot is —~— 0.90 eV. Tt is in good
agreement with the value 0.91 ¢V reported by Nark42 who
assoclated it with an energy level induced by chemisorbed

oxygen below the bottom edge of the conductiop band in CdS.

Deeper insight could be provided into the
kinetics of chemisorption only when it is studied with
respect to various dopant concentrations, applied field and

illumination 1ntensities41

which has not been possible during
this study. However, the data presented in Fig. 3.16 are
useful to demonstrate that the changes due to chemisorption,
which otherwise may require several days to take place at-
room temperature, can be brought about just by heating for

few hours at c¢levated temperatures.

3.6.3. X-ray photoelectron spectroscopic (XPS)

studies of oxygen-chemisorption

As the adsorption > oxygen on the surface of CdS
is in the form of radica1s43, modern surface sensitive
techniquif such as XPS, AES, SIMS are expected to give some
direct evidence in support of the formation of chemical bonds

at the active sites on the surfsce of CdS.
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We have carried out XPS examination of our films

mainly with the objectives:

(1) To monitor the chemical composition of the

surface at a microscopic level,

(2) To extract informstion regarding the chemical

bonding of an adsorbate with the adsorbent.

Necessary XPS spectra have been reproduced in
Figs. 3.18 and 3.19. Fig. 3.18 (a) presents the high
resolution scan of an as-prepared highly photosensitive
(Ip/Id = 108-109) thick film of CdS. A careful examination
of the spectrum reveals the presence of a triplet structure
of S2p spread over about 20 eV with the peaks centered at
162.6 + 0.2 eV, 172.8 + 0.2 eV and 179.7 * 0.2 eV. On
comparing systematically with the binding energies reported
on a variety of sulphur complexes44, it is possible to
assign the 162.6 eV peak to S~ ions in CdS. As the
spin-orbit splitting (8223/2 - 8231/2) of S2p level is 2 eV,
the higher binding energy (BE) peaks (172-179 eV) have to
be assigned to the species of different chemical composition
present on the surface of CdS thick films. The higher BE
peaks are not secondary peaks due to Auger transitions
because Auger electrons are of lower energy than the XPS
electroqé. This film also gives an Ols peak in the XPS

high resolution scan thereby offering a direct evidence for

the presence of chemisorbed oxygen [Fig. 3.19(a) - Ols levell]
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discussed so far. It is broad and centered at 532.4 ev,
indicating a change in chemical bonding and/or coordination
for chemisorbed oxygen species on CdS thick film as the
reported BE values for the adsorbed oxygen species on the

[~
metallic systems is around 520.0 eV4”.

It may be possible to identify these higher BE
peaks of S2p level by using the finger-print analysis of the
available XFS shifts data for a variety of S-0 complexes46'49.
Recently, Lichtensteiger et al.47 have reported the presence
of 80, species (~~169 eV) in their XPS studies of electron
stimulated oxygen adsorption on single crystals of CdS.

Their results also show the absence of the secondary peak
around 169 eV from the clean surface of CdS, indicating
that the adsorbed oxygen is totally responsible for the
formation of 804" like species on the surface. Tt is
interesting to note that there is no ESR signal from the
clean surface of CdS single crystals43. Lichtman et 31.48
have also reported the formation of thin sulphate layer
(peak at 169-170 eV) in their exhaustive XPS studies on
twenty four sulphides. A peak at the very similar BE
position (~~ 172 eV) is observed for S2p level in poly-
crystalline CdS0,. Using these data, the second peak at
172.8 eV is attributed to the formation of S04 like
specf%s by the preferential bonding of chemisorbed oxygen
with '8! sites on the surface of CdS thick film.
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The appearance of the third peak (179.7 eV) is
still striking. The 52p BE has been found to decrease in
the expected fashion in series such as SF > 82Flo > SOFZ >
805 > 80,77 > 804" > Sg > 87 [see reference 44, p, 184].
Since the pezk at 172.8 eV is assigned to the formation
of 80,  1like species, the third peak on higher BE side
may be attributed to the formation of 802 like species
according to the reported BE series. Infact, Furuyama

et al.49

have observed a S2p, peak at 176.6 eV in their

S0o adsorption studies and assigned it to 802 species in
condensed state., The third pe2k at 179.7 eV in the
present case may be indicative of bonding of chemisorbed
oxygen with 'S' sites in S0, like configuration. However,
these peaks are always present together in the XPS spectra
of the as-prepared films. It is interesting to note that ;

Barber et 31.50

have also reported SIMS studies of SOg
adsorption on silver at 620°K and have found S, S04 and

902 species as SIMS clusters.

Significant appearance of these additional
peaks with intensities almost equal to that of 162.6 eV
peak in the XPS spectrum of an as-prepared film suggests
a strong oxygen chemisorption; chemisorbed oxygen being
preferegfially bonded to S sites in 80,  and SO, like
configurations. This interpretation is further substantiated

by the appearance of a relatively strong peak at 162.6 + 0.2 eV
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(with considerable intensity reduction of other two peaks)
in the XPS spectrum of vacuum-treated film [Fig. 3.18(b)]
which exhibits no photosensitivity. This[iz accordance
with the thcrmal desorption during vacuum-heating which
leaves hardly any oxygen to be chemisorbed on CdS to form
S04 and S0, like species. However, these additional
peaks do not disappear even after rrolonged thermal
desorption treatment. Such a situation probably may not
be encountered since the original CdS powder used to
prepare thick films also shows similar triplet structure

[Fig. 2.18 (c)].

The Ols peak centered at 634.6 eV is also
present in the XPS spectrum of the vacuum-trezted film
[Fig. 3.19(b)]. This higher BE peak (shift = 2.3 ev) is
assigned to the adsorption »>f water vapour45 which is
most likely to take place during the transfer of the
vacuum-treated film to the UHV chamber of the spectrometer.
Pure CdS powder used as 2 starting material also indicates
similar adsorption of water vapour (Fig. 3.19(b) and (c) -

Ols level].

It is evident from these XPS results that the
strong chemisorption of oxygen on the surface of CdS thick
film, gxhibiting very high photoscnsitivity leads to the
formation of 80,  and S0, like species on the surface in

addition to 8™  configuration. After thermal desorption
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treatment, the characteristic S0,  and SO, peak intensities
decregse considerably and at the same time the film also

loses its high photosensitivity.

3.7, DEFENDENCE OF PHNTOCURRENT ON
THE INTENSITY OF ILLUMINATION

The dependence of photocurrent (Ip) on the
intensity »>f illumination (f) can be expressed by a simple
power law

I, <"
where, n = an exponent of variation. It implies that if
logarithmic values of photocurrent are plotted against
logarthmic values of illumination intensities, a straight-

line with slope equal to 'nm' will be obtained.

Figs. 2.20 (A) and 2.20 (B) show the dependence
of photocurrent on the intensity of illumination for the
undoped and doped thick films of CdS respectively. Figs.
3.21 (A), 2.21 (B) and 2.21 (C) are the plots of corres-

ponding log (Ip) versus log (f) date.

It is evident from these plots that:

(1) Undoped film shows a square-root variation

|
(n = 0.5) of the photocurrent with the intensity of illumi-
nation over the entire range »f measurements [Figs. 3.20(4)

and 3.21 (A)].
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(2) Doped films with lower Cu concentrations
(viz. 0.05 to 0.1% by wt) exhibit (i) a square-root
variation (n 0.5) of the photocurrent with relatively
lower illumination intensities and (ii) a linear
variation (n:=21.0) of the photocurrent with higher
illumination intensities [Figs. 3.20(B) - curve (a) and
3.21 (B)].

(3) Doped films with higher Cu concentration

(viz. > 0.3% by wt) show a superlinear variation (n:21.8)
of the photocurrent with the intensity of illumination
over the entire range of investigation [Figs. 3.20 (B) -
gurve (b) and 3.21 (C)].

These results are quite similar to those reported

51

for single crystals™, sintered 1ayers34 and thin films of

cas?oP,

According to Bubesl, a square-root variation of
the photocurrent with the light intensity is the familiar
case of bimolecular recombination and it results only when
the concentration of free electrons becomes equal to the
concentration of traps located between the corresponding

quasi-fermi level and the dark conductivity fermi level.

If the distribution »>f recombination states
(having preferential capture cross-section for photo-

excited holes) decreases towards the conduction band, one



observes the linear dependence of free electron density

(and hence photocurrent) on the light intensity4.

Superlinearity is 2 well-known phenomenon in
the photoconducting CdS doped with high impurity concen-
trationssz. As discussed earlier (section 2.1.2),
desensitization occurs at tne room temperature as a consequence
of high impurity concentration, particularly at low excitation
intensities. With increase in light intensity, however, the
two steady stete Fermi levels are moved farther apart which
embrace new states in the category of recombination centers
having large preferential capture cross-section for photo-
excited holes?. 1In other words, lifetime of the-photo-
excited electrons in the conduction band increases with a
power-exponent greater than unity with an increase in the
excitation intensity in case of heavily doped films. The
photocurrent, therefore, varies superlinearly with the

excitation intensity.

Supexrlinearity is 2 striking effect since most
of the changes that one expects to occur at higher light
intensities lead to sublinearity. Moreover, the super-
linearity can be experimentally observed even at
relativigly low light intensities, where saturation of

recombination centers is not likely to take place4.



3.8, SPECTRAL RESPONSE

Spectral response curves associated with the
undoped thick film of CdS at 200°K end 93°K are depicted
in Fig. 3.22. The curve (2) 32t 200°K shows a response
peak in the region of A = 555 nm which is followed by a
fairly constant response upto X\ = 690 nm. The shape of
spectral response curve at EOOOK appears to be different
from that rcported for undoped single crystals33 and thin
films of CdSll’lz’es. However, the spectral response
curve at 93°% [curve (b)] of the same undoped film indi-
cates a sharp peak at A = 615 nm. This curve at 93°K has
a close resemblence in shape and peak position with that
of undoped single crystals33 and thin films of CdSll’lZ’as
at SOOOK. This is a distinct feature of the present
investigation. We suggest two possibilities to account

for this anomalous spectral response behaviour:

(1) It can be associated with the localised defect
states which lie in the forbidden gap just above the
valence band [Fig. 3.23 (A)]. These acceptor-like states
are occupied by electrons at room temperature. If transi-
tions of electrons from these localised defect levels to
conducti®n band are to take place under illumination, then
such transitions will require relatively low excitation
energy than that of band to band transition. The spectral

response may, therefore, extend to relatively longer
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wavelengths characteristic of these defect excitation
energies. The shape of the response curve in such a

case will, of course, depend upon the actual transition
probabilitics. At 93°K, these localised defect levels
are depopulated and electronic transitions from them

are absent. At this temperature, the only possible
transition will be band to band transition [Fig. 3.23(B)].
The spectral response at 93°X corresponds to a wave-
length which is characteristic of bsnd to band transition.
The response peak at A = 515 nm [curve (b), Fig. 3.22]
corresponds to an excitation energy of 2.4 eV. It is the

generally accepted value for the band gap of CdS.

(2) The other possibility may be related to the
cubic dominated mixed phase in the undoped film, a5 the
exact band structure of the cubic nodification of CdS is

not yet detcrminedll. Although photoconductivity in thin

films and layers of cubic CdS has been reported earlierg'lz,
this will be the first indication of the photoelectronic
behaviour as a function of wavelength for cubic CdS photo-

conductor which involves high temperature firing in the

preparation procedure (see section 23.2.2).

Spectral response curves (at 300°K and 93°K) of
“the do%%d film with optimum Cu concentration are presented
in Fig. 2.24. The curve (a) at 200°K shows a relatively
broad response peak in the region of A = 660 nm. At 93°K,

response peak remains unchanged.
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For heavily doped films [Cu concentration
> 0.25% by wt], a2 fairly sharp rusponse peak is obscrved
in the region N = 690 nm at 300°% 2nd 2 = 645 nm at 930K
(Fig. 3.25).

It is 2ls» noticed that for doped films with
medium copper concentration (ranging from 0.1 to 0.25%
by wt), a fairly sharp responsc peak occurs in the region

of A = 645 nm at 300°K and A = 635 nm at 93°K.

Table 3.8 presents the dependence of spectral

response datz on the copper concentration of these films.

TABLE 3.8

EFFECT OF Cu CONCENTRATION ON SPECTRAL

RESPONSE

Concentration of Cu added Spectral responsc peak nm

as CuCl, (wt % of CdS) 2t 3000K at 939K
hil EE0-699 510-520
0.05 6E0-670 660-680
0.10 540-650 630-640
0.15 640-650 630-640
0.20 640-650 630-640
0.26 ©640-~650 630-640
0.230 680-690 640-650

1.00 690-700 640-650
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The highlights »f the spectral response study
on the doped thick films of CAS (Table 23.8) are:

(1) With impurity incorporation (doping), there is
a red shift in the spectral response pesk. This observa-
tion is consistent with the work reported for doped single

2
1,34 .nd thin £i1ms®® of cds.

crystalssa, sintered layers
When there is an apprecisble concentration of compensated
acceptor type of impurity, thc possibility of direct
electronic excitation from such impurity level lying in

the forbidden gap to the conduction band had been suggested
by Rose4 and Bube28. Since impurity state excitation
requires less energy than that of brnd gap excitation,
spectral response peak shows a shift t» longer wavelength
side (red shift). Purther red shift in the rcsponse peak
with increasing Cu concentration could be attributed to a
higher ratio of Cu t» Cl centersl. This increase in Cu
centers over Cl centers produces an observ-able decpening

in the colour of the films. A change in colour »f the

thick films (from yellow to blackish brown) with increase

in Cu concentration also indicates more efficient absorption
of longer wavelengthsl. An impurity-band broadening which
may oceur 2s a result of an increase in impurity-density can
also be expected to have some effecet on the observed red

shift.
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(2) It is observed that on lowering the temperature;
(a) there is no shift in response peak for the films doped
with optimum Cu concentration, (b) there is a negligible
blue shift in response peak for the films doped with medium
Cu concentrations and (c¢) there is an appreciable blue shift
in response peak for the films doped with high Cu concen-

trations.

An appreciable shift in the optical absorption
edge of CdS single crystals at low temperature (77°K) is
also presented by Lehmann54. He has reported the optical
absorption edge as a function >f impurity concentration for
indium doped CdS. He considered a tailing-off - of the
density of allowed states below the bottom edge of the
conduction band because of the crystal disorder. Our

observation, (c) in particular, can also be explained on

similar lines.

Temperature dependence of the photocurrent as
noticed during the spectral response measurements also
forms a salient aspect of our study. Under the same
conditions of spectral illumination, if the temperature

is lowered from 300 to 93°K, then

(i) undoped films show a marked decrease in

photocurrent (Fig. 3.22),
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(ii) doped films with optimum Cu concentration
show a little increase in the photocurrent (Fig. 3.24),

(iii) doped films with medium Cu concentration
(viz. 0.1-0.25% by wt) show an incremental increase in

the photocurrent,

(iv) highly doped films (Cu concentration >
0.3% by wt) show a remarkable increase in the photocurrent

(Fig. 3.25).

It is possible to explain the observation (i),
semiquantitatively, on the basis of the model consisting
of localised defect states described earlier. These states
when filled with electrons at room temperature possess
high capture cross-section for photoexcited holes. In other
words, these defect states behavec as sensitizing centers at
room temperature, thereby exhibiting relatively high photo-
conductivity. But with the electronic depopulation at 93°K,
these defect states do not behave as sensitizing centers,
thereby exhibiting low photoconductivity. Owing to the
complex nature of these defect states, the origin of which
is still unknown, this model alone may not provide a
satisfactory explanation.

LN
The observations (ii), (iii) and (iv) can be

regarded as the consequence of increasingly high impurity

concentration effects. It has been already discussed that
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beyond a critical impurity concentration, the photosensi-
tivity decrcases rapidly at room temperature and this
desensitization could be a direct result of the imperfection
interactions that reduce therm2l hole-ionization energy of

the sensitizing centersa’3

(see section 3.1.2). At low-
temperature (viz. 93°KD, however, quite a different type
of situation arises in the case of heavily doped films.

There might be two possibilities:

(1) Even with the decrecased hole ionization energy,
thermal excitation of holes from the impurity states to

valence band may not be possible at low temperatures.

(2) Under the conditions of constant illumination,
two steady state quasi-fermi levels shift towards the

respective band-edges on lowering the temperéture4. As a
result of this, more of the impurity states are embraced

between the two quasi-fermi levels4.

The possibilities (1) and (2) imply that the
occupancy of the impurity states is governed more by
recombination kinetics than by the thermal behaviour at
93°K. This condition as proposed by A. Rosc4 favours

high photoconductivity.
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During the course of this investigation, thick
films of CdS with superior photosensitivity and acceptable
shelf-life have been successfully prepared. The preparation
is based on the standard thick filr technology process
i. e. screen-printing and firing. It hass been demonstrated
that photosensitivity »f CdS thick films can be greatly
modified by preparation conditions, namely, the firing
temperature and impurity concentration. These parameters,
therefore, have been optimised to get the best and
reproducible photosensitivity. The optimum values are:

(i) Cu concentration = 0.05% by wt of CdS and
(ii) firing temperature = 600°C.

Structural, electrical and photoconducting
properties of these films have been studied by using
(1) the instrumental techniques like XRD, SEM, DTA-TG,
ESCA, etc. and (ii) methods of measurements of dark
conductivity versus temperature, dependence of photo-
current on the intensity of illumination and spectral

response.

Analysis of the XRD da@a shows that:
(1) There exists a2 cubic dominated mixed phase
[cubic (85%) + hexagonal (15%)] in undoped thick films
L
of Cds.
(ii) There exists a purely hexagonal phase in

doped thick films of CdS.
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Fredominance of cubic phase in undoped films is
an interesting observation, since there are scant literature
references related to the occurrence of cubic dominated/
cubic phase in photoconducting CdS. A characteristic
aspect of the structural investigations is the Cd012
assisted cubic to hexagonal phase transformation that
occurs during the process of doping. DTA studies support
the XRD results and have been used to shed further light

on the mechanism underlying such a phase transformation.

An examination of surface morphology of these

films with scanning electron microscopy indicates that:

(i) Undoped film consists of uniform grains of

average 1 p grain size and

(ii) Doped film consists of large but non-uniform

grains of size varying from 4 u to 12 u.

current-voltage (I-V) characteristics for
thick films of CAS have been established in the range of
0-60 V in dark as well as under illumination. 1I-V plots
exhibit an ohmic behaviour. All the electrical and photo-
conducting measurements have been performed by applying a

d.c. potential which falls in this ohmic range.

Dark conductivity of these films has been

studied as 2 function of temperature over the temperature



range of 150-370°K. Plots of log (Id) versus 103/T indicate
that:

(1) There are two principsl ionization energies
[0.138 and 0.85 eV] associated with the imperfection centers

in undoped film.

(i1) There are three principal ionization energies
[0.059, 0.087 =nd 1.05 eV] associ:ted with the imperfection

centers in doped film.

These values are quite comparable with the reported data.

The photonsensitivity of the order of 109

associated with the thick films of CdS doped with optimum
Cu concentration is the highest reported so far for cdas

photoconductors.

It was anticipated that oxygen chemisorption
could play a key role in the overall photoclectronic
behaviour of these films. We have, therefore, carried out
dark conductivity measurements as a function of temperature)
during the oxygen-adsorption-desorption cycles. These
cycles include :(1) heating »f the virgin films upto 200°¢c
in dark under vacuum and (ii) heating of these vacuum-
treated films upto 200°C in dark and in air. Tt has been
found tﬂ%t room temperature dark conductivity changes by
9 to 10 orders of magnitude as a result of the above

thermal treatments. With these results, it is concluded
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that a strong oxygen chemisorption is mainly responsible
for very low dark conductivity and,in turn, very high

photosensitivity of these films.

To investigate the kinetics of »xygen-chemi-
sorption, variation in dark conductivity »f a previously
vacuum-treated sample has been studied as a function of
time when it is exposed to air at a fixed temperature.

A plot of log (I4) versus 103/T is further drawn by using
the above kinetics data. It yields an activation energy
of 0.9 eV for the oxygen chemisorption process which is in

good agreement with the reported data.

Recently, the immensely complex issues of surlace
states originating through gaseous chemisorption on photo-
conductors have received renewed impetus through advances
in surface sensitive techniques like XPS, AES, SIMS etc.

We have carried out XPS examination of our films in order
to extract information regarding the chemical bonding of an
adsorbate with the adsorbent. Thec significant appearance of
a triplet structure of 52p level with the peaks centered at
BE values 162.6, 172.8 and 179.7 ¢V in the XPS spectrum of
an as-prepared highly photosensitive [Ip/Id = 109] film is
particular&y interesting. XPS spectrum also offers a direct
evidence f&r the presence of chemisorbed oxygen. By using

the finger-print analysis of the available XPS shifts dataj
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the S2p peak at 162.6 eV is interpreted to originate from
$™" ions, the one at 172.8 eV from the 80,  1like species

and that at 179.7 eV from SO, lixe specles, the latter

two being formed on the surface due to preferential bonding
of chemisorbed oxygen with sulphur. After thermal desorption,
the film exhibits no photosensitivity and there is a
substantial rcduction in the intensities of 172.8 and 179.7
eV peaks. A close link between the existence of S04 and

302 like spceies and photoconductivity is clearly manifested.

Depending upon Cu concentration, these films show
sublinear, linear and superlinear variation of the photo-

current with the intensity of illumination.

Spectr-l response measurcments on these films
have been conducted at 200°K and 93 °K. The highlights

of the spectr=l response data arec:

(A) Undoped film has a broad spectrsl response at
300°K ranging from A = 550 to 690 nm , unlike the thin
films, sintered layers and single crystals which gave a
sharp peak st A = 510-520 nm. However, the same film
exhibits a sharp peak at A = 515 nm at 93°K. This is a
quite distinct feature of the present investigation. It
can be 2%tributed to (1) the spectral excitation of the
localised defect states which lie = just above the
valence band in the forbidden gap and/or (ii) to the

prevalence of cubic dominated mixed phase.



(B) Doped films show a red shift [N = 640-650 nm]

in spectral response peak at 300°< which is similar to that
obtained for doped thin films, single crystals and sintered
layers of CdS.

(c) dn lowering the temperature, there is a notable
blue shift in response peak »>nly in case of heavily doped

films.

Temperature dependencce of the photocurrent as
noticed during the specctral response measurements also forms

a salient part of »ur study.

Apart from the basic studies, the following
features make this technique ~ttractive f£or the fabrication

>f photoconductor dcvices:

(1) It gives films with superior and reproducible
photoscnsitivity and reasonable shelf-life.

(2) It is simple and less expensive.

(3) It possesses most of the advantages of sintered
layers i.e. uniformity, high mechanical strength and ease

of impurity incorporation for the films.

196

(4) It offers a viable mecthod for large areca fabrication

and mass g:oductian which are the prime prerequisites of

commercial devices.
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