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The people that‘walkeﬁ in darkness have
seen a great light;. ﬁhey that dwell in
the land of the shadow of death, upon

them hath the light shined.

Isaiah 9.2
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Abstract

The cadmium sulphide solar cell is based on
the CdS—Cuzs heterojunction and is the dnly serious con-
tender to the established silicon cell for the conversion
of solar energy into electrfcal power. The celis can be
fabricated in thin film or single crystal form.

The first part of this thesis describes an
investigatidn into the electrical properties of vacuum
deposited CdS films as a function of various parameters
such as éﬁaporation rate, source temperatufe, substrate
temperature and film thickness. The Hall mobilities and

resistivities of the shmples have been measured. The main

object was to produce low resistivity films for use in
CdS solar cells. By evaporating CdS in a tbtally enclosed

system, films with resistivities less than 10 fcm were
produced. Much of the CdS film behaviour can be explained |
iﬁ terms of evaporation and condensation kinetics, in ”
particular the decrease in resistivity with increasing
thickness observed in all films evaporated from a single

' source can be attributed to the deviation from stoichiometry

of the source as the evaporation proceeds.

Some of the films were photoluminescent. -
Measurements of the spectral distribution of the. luminescence

enabled a correlation to be made between optical and o

$

electrical properties of the films. a ;

The second part of the thesis dealswith an

investigation of the photovoltaic properties of the

CdS-Cu,S heterojunction. Cells with efficiencies up to

2
3.3% were fabricated on thin films and single crystals.



The formation of a CuZS layer on CdS is exrlained in
terms of a simple diffusion model. The existence of a
photoconductive i-CdS region in the heat treated cells

1s demonstrated by the presence of long time constanté
and quenéhing effects. The importance of the preliminary
surface treatment given to the CdS layer and the

stoichiometry of the Cu,S is also demonstrated. An

2
attempt has been made to adjust the stoichiometry of the

CuZS layer by utilizing its electrochemical properties.
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CHAPTER 1

INTRODUCTION

During the past decade there has been great interest
in the cadmium sulphide-copper sulphide heterojunction
because of its possible application as a lightweight, flexible,
photovoltaic cell suitable for satellite power sources. 1Its
potential for terrestrial applications is also promising.
Applications to date, parﬁicularly for space use, have been
hindered by instabilities in the cell, which lead to a
degradation of the output on exposure to illumination or on
thermal cycling. A study of these pfoblems forms the basis
for the work described in this thesis. The ultimate aim is
to develop space qualified, stable, high efficiency, CdS
solar cells.

The work has been carried out under the Science
Research Council's C.A.P.S. scheme in co-operation with the
International Research and Development Company of Newcastle-
upon=-Tyne.

A schematic representation of the structure of a
typical CdS thin film cell is shown in Figure 1.1l. The
cell consists of a substrate, the CdS film, a "barrier layer”
of cuprous sulphide, a grid to reduce the sheet resistance
of the top contact and a protective plastic layer. A single
crystal version of the cell can also be made by forming the
barrier layer of cuprous sulphide on a single crystal slice
of CdS, the opposite side of which is in ohmic contact with
a metal base, usually copper.

Both these structures are of the heterojunction

type since cuprous sulphide is a degenerate p-type semi-

conductor while cadmium sulphide 1s n-type. The operation

(/@mqﬂﬁﬁmﬁh\
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of the photovoltaic cell is however not straightforward
and will be discussed later.

The CdS film has to be of low resistivity, to
minimize the series resistance of the device, (Clark et al
1970) and the Cuzs layer, which is chemically plated on top
of this film, has to be stoichiometric in order to increase
the efficiency and stability of the final cell*(Nakayama

et al 1971). The device once fabricated is then baked at

a temperature of about 200°c. for a few minutes in order to
form an intrinsic layer of CdS between the n-type CdS and
p-type Cu,S. This layer is essential for the photovoltaic
operation of the cell (Shiozawa et al 1969). These require-
ments will be discussed more fully in Chapter 3.

The work described in this thesis can be divided

into two parts.

(a) A study‘has been carried out into the electrical
properties of evaporated films of CdS in an attempt to grow

films with resistivities less than 100ficm and to determine

which parameters are important in controlling the resistivity
of the resultant films.
(b) - Solar cells in both single crystal and thin film

form have been fabricated. Performances were noted as a
function of heat treatment in different ambients to investi-

gate the formation of the i-Cds layer. The rate of formation

of the Cu,S layer was also studied in an attempt to elucidate

the diffusion mechanism which brings about this chemical

change. Finally attempts were made to form stoichiometric

Cuzs on CdS by applying potentials to the Cuzs surface during

formation.
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CHAPTER 2

PHOTO-EFFECTS AND II-VI COMPOUNDS

2.1 The Photovoltaic Effect

| The photovoltaic effect (P.V.E.) is one of the three
m;jor photoelectric effects which were discovered during the
nineteenth century.. In 1839 Bequerel discovered that if one
of two identical electrodes immersgd in an electrolyte was
illuminated, a potential difference was produced between
them. This effect occurs because incident photons liberate
electrons (or holes) near the junction of two dissimilar
materials and these electrons are then accelerated through
an external circuit by the electric field established at
the boundary of the two materials. The wet cell*afrangement
is inconvenient and no practical applications were found for
the P.V.E. until a similar effect was discovered in seleﬁium
(Adams and Day 1877). Later the effect was observed in
other semi-conducting materials, e.gq. Cu/Cu,0 (1927), AgS,

ZnS, PbS. Present day photovoltaic studies are based on

the newer materials, Si, CdS, CdTe, InP, GaAs which are more
suited to the generation of electrical power than Cu/Cuzo
and Se which are used mainly in light meters.

The Bequerel P.V.E. is difficult to explain fully.
Early models proposed by Frenkel (1933, 1935), Landau and
Lifshitz (1936), Davydov (1938) and Mott (1939) concluded
that the photo~- E.M.F. arose as a result of a non-equilibrium
of minority carriers. The most recent explanation of the
mechanism of the Bequerel type cell came from Williams (1960)
who described such a cell with CdS electrodes. Chopin et al
(1954) discovered P.V. action in p-n junctions of silicon

and used much of the then new p-n junction theory to explain



the operation of his device. An attempt by Reynolds et al

later that year to apply this theory to the Cu or Cuzs:CdS
cell was unsuccessful, as this cell is composed of a com-
plicated p-i-n junction. No model for this device has yet
beén universally accepted.

The second photoelectric process to be reported was
the photoconductive effect (P.C.E.) which was discovered in
selenium by Smith (1873). The resistivity of the sample
was reduced when the selenium was irradiated with light of
an appropriate wavelength; no photo-E.M.F. was generated
if identical electrodes were used. The photoconductivity
of most of the group II-group VI compounds has been studied.
In‘practical devices a compromise has to be reached between
the required speed of response and sensitivity (Rose 1963,
Bube 1955, 1960).

For completeness mention should be made of £he
third photoelectric process, namely the photoemissive effect
(P.E.E.) first reported by Hertz in 1887. This effect
however is not relevant to the present work.

A photovoltaic effect can be produced in a number
Oof different situations:-

(a) Bulk effects océur when the sample is illuminated
non-uniformly or when it has a non-uniform impurity distri-
bution.

Wallmark (1957) reported a transverse P.V. potential
which was developed in certain samples when they were

illuminated non-uniformly. Illumination perpendicular to

the junction gave rise to a potential difference parallel

to 1t.



(b) Barrier effects are obtained whenever an electro-

static barrier exists within the sample, which can cause
charge separation of optically created electron-hole pairs.
Illumination of the sample produces an E.M.F. perpendicular
to the barrier. This barrier may be a diffusion pétential
between P and n regions of a semiconductor homo 6r hetero-
junction, or between a metal and a semiconductor. The Cds
solar cell, which is essentially a n-CdS/p-CuZS heterojunction,
is a p-n junction with further complications arising from an
interposed compensated layer of Cds.

(c) Thin films of most II-VI compounds and certain
single crystai semi-conductors can develop a'photovoltage
larger than the forbidden gap. This can be several hundred

volts per cm. of sample length, (Goldstein and Pensak 1959,

Brandhorst et al 1968) and déﬁends on the sample perfection
or method of production of the thin film. It has been
suggested that this anomalous effect is associated with the
cubic/hexagonal stacking faults which are present in 2ZnS for
example, and that the stacking faults are the sources of the
potential barriers (Neumark 1962). The two phases have
slightly aifferent energy gaps and it is sugéested that the
potential discontinuities are additive and can therefore
give a total barrier of several hundred electron volts,
(Ogawa et al 1965, Gagliano et al 1967). fhe high impedance

of the materials involved precludes any useful application

being made.

2.2. Solar Cells

Initially semiconducting photovoltaic devices were

used only to detect or measure radiation, but over the past



decade improved technology has allowed the liberated electrons
to be collected more efficiently so that useful conversion

of solar energy into electrical power has been achieved.
On a cloudless summer day at latitude.55°N at sea

2

level about 800 watts m “ of solar enérgy fall on the earth.

To generate power it would seem more efficient to convert
this energy directly into elegtricity instead of bu#ning
fossil fuels etc. This is the hope for P.V. devices now
that materials with theoretically low conversion losses

- have been reborted.3 A 20% 'limit conversion efficiency'

was calculated‘fof p~-n junctions in silicon with hiéher
values. for GaAs, InP and AlSb (Cummerow 1954, Pfann and.
Roosbroeck 1954, Pittner 1954, Prince 1955, Rappaport 1959

and ﬁolf 1960). The greatest advance towards: achieving

these high efficiencies have been made as a reéult of the

U.S. space project. As the available solar energy beyond

the earth's atmosphere under conditions known as air mass zero
is 1400 watts mfz, an: acceptable sized afray of solar cells
even with a low conversion efficiency will provide adequate

power for a .communications satellite.

In choosing materials and arrays for solar cells

the following requirements have to be met:

(a) The cost must be low.

(b) The fabrication process should lend itself to
mass production.

(c) The absorption spectrum of the cell shoﬁld match,
as well as possible, the sun's spectral output.

- A cell should have: . |

(i) A high resistance to radiation (for space use).

(1i) A large area and -be flexible.



(iii) A high power to weight ratio.

(iv) Low reflection losses at its surfaces.

(v) A high efficiency for the production of e-h pairs
from the absorbed energy.

(vi) A high carrier collection efficiency.

(vii) A high voltage factor(V.F)*which ls the ratio of
the open circult voltage to the energy gap.

(viii) A low density of surface and interface states,

especially on large area cells,

(ix) A high curve factor|\C.F.) which is the ratio of the
maximum power to the product of open ciréuit voltage
énd sﬁoft circuit current, (also known as the £fill-
factor);

(x) A low internal series resistance, (partly overcome

by using gridded electrodes).

The first cells to be fabricated were single crystal
cells of which the most efficient to date has been the p-n
junction silicon cell (Tudenberg_1960). More recently gallium
arsenide cells have been produced buf both Si and GaAs cells

necessitate the growth of large single crystals and the costly

|
machining of these into thin wafers. Moreover the size of each

cell is limited to a few square centimetres by the size of

the original crystal and by the fragility of the cut wéfer.
The present day conversion efficiencies of silicon cells are
at best 15% but more usualiy 12% - 13%. These values degrade
in satellite use to around 6% in a matter of a few months
when the cells are subjected to particle radiation in the

Van Allen belt. Brucker et al,rl966, and workers at R.C.A.
have suggested however that this démage can be minimized by

using silicone coatings or by doping the silicon with lithium.
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The power to welght ratios of single crystal cells are in
the region of 40 watts/lb.
The power level of tﬁe single crystal silicon solar
cells used on all the un-manned space missions flown to
date has been limited to powers of less than 1 KW. Future
‘missions may well require powers in the multl KW range,
and since the current solar cell systems may Aot be practical
fér such high powers considerable research ﬁas been devoted
‘to the development of a solar celi with a thin film structure.
.Thin film cells (Moss 1961) offer the advantages of cheapness,
light weight, mechanical flexibility, and a larger total
output power from a practical array. The design criteria
éﬁd goais relevant to the thin film solar cell programme are
‘showr in Table 2.1, and are due to Perkins (1967). Con-
siderable effort has been directed to the production of such
cells with cadmium telluride (Cdfe) and GaAs and with
cadmium sulphide in particular for which the spectral response
 with a peak at 0.5 uym is well matched to solar radiation.
Whilst some properties of the cells can be improved
with better technology others have a theoretical limit
controlled by the basic properties of the material concerned.
Consideration of these factors gives rise to a curve of
efficiency as a function of band gap. Lofexrski (1956) and
Wolf (1960) favour this as a means of determining a figure
of merit. The curve has a maximum around an energy gap of
1.6 eV for AMO sunlight illumination. Silicon (1.1l eV) .is
therefore seen to be worse than gallium'arseniae (1.34 éV)
or aluminium antimonide (1.52 eV). CdS cells were assumed
to be equélly bad (2.4 eV) but, as will be disqussed later,

they have an effective energy gap of about 1.3 eV.
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This suggests that the CdS/Cu.S cell may present

2
a strong challenge to the supremacy of Si cells. Theo-
retically CdTe (Vodakov et al 1960, Cusano 1963), AlSb
(Pitﬁner 1954) and InP should be better and devices using
these materials have been constructed, but low carrier

mobilities, difficulties of growth and high cost, make. them

economically unattractive.

2.3 II-VI Compounds

2.3.1 Preparation

By II-VI compounds we mean compounds formed between
elements of Grouﬁ IIb and Grbup VIb of the periodic table.

Crystals of all the II-QI'S have been grown both
from the melt and the vapour phése. The first report of
the growth of a II-VI crystal from the vapour phase was that
of Lorenz (1891). His technique was modified much later
by Frerichs (1946). Separate sources for the elements are
required with this dynamic method which employs a carrier
gas so that the system is in a continuous state of externally
induced flow. The basic requirement for groﬁth is a flow
of the group II and group VI elements in the vapour phase.
HThese elements can either be separate or formed from the
dissociation of a permanent compound. The gasedus species
diffﬁse or flow to a region where £hey become supersaturated
and growth takes place. |

Reynolds and Czyzak (1950) and Greene et al (1958)
developed a static method of crystal growth in which
transport occurs by diffusion through the gas phase. This
method requires the starting components in powder form.

Further modifications to it were carried out by Piper and
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Polich (1961) and since then the method has been used with

good results on several II-VI compounds.

Growth from the melt has many advantages in the
preparation of large volume single crystals. However the
required conditions of high temperatures and not insignifi-
cant pressures make the technique a difficult one.. Only
those compounds with relatively low melting points, e.q.
CdTe, CdSe, ZnTe can be fused without the need for a high
pressure autoclave or protective equipment (Lorenz 1962).
Cadmium sulphide has been successfully grown from the melt
by Medcalf and Fahrig (1958) and Fischer (1963), but it is
usually grown from the vapour phase by methods similar to
those of Pipefand Polich. At th¢ present time large single
crystals of CdS can be grown readily this way. The optimum
conditions are now well established and if there is.need

for improvement it is in the area of source purity.

2.3.2 Structure

The II-VI compounds crystallise in tw5 main modifica-
tions, namely the cubic zinc bl.ende (sphalerite) and the
hexagonal wurtzite. In addition closely related polytypes
may exist which have tetrahedraily co-ordinated arrangements
that are substantially derivative struétures of zinc p;énde
and wurtzite. ©Some compounds are transformed by pressure
into a rock salt structure in which the atoms have octahedral
co-ordination, and although these phases are unstable under
normal conditions they may sometimes be retained at low
temperatures. The compounds with a rock salt structure
appear to be typically ionic but in general the bonding in

II-VI's spans the complete range from ionic to covalent.



The crystals encountered in practice are usually
non-ideal and contain defects and imperfections which often
control the semiconducting properties. Crystals typically
contain point defects such as vacancies or impurity atoms,

line or plane defects, i.e. dislocations and stacking faults
and more complex defects resulting from the coalescence of
elementary qneé. Because of the extensive polytypism.of
some of these compounds such as 2ZnS, gross defect structures
associated with intergrowths of several crystal forms are

commonly encountered.

2.3.3 Bonding

The bonds fduhd in II-VI qompoﬁnds are not adequately
described by any one extreme Eype, but have characteristics
intermediate with those usuaiif“aééociatedwith ionic aﬂd
covalent bonéiné. The energy band gaps 6f the'compounds
are intermediate between those of metals and the elemental
semiconductors (Si and Ge). As stated previously, the
bonding is a mixture but no matter what the nature of the
bonding, ionic or covalent, the spins of the bonding electrons
are paired so that the net spin of the electrons is zero.
A perfect compound free of defects is therefore diamagnetic.
It is in fact the préséncé‘of defeéﬁs,rbr more often the
fabrication of material with control over thehnumbér.and*
nature of the defects that gives rise to the interesting
electrical, magnetic and optical properties of the II-VI

compounds.

2.3.4 ?Electrical Properties

Nearly all the II-VI compounds can be made photocon-

ducting. The predominant energy transfer process in these
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materials is brought about by the.charge carriers. The
exciting radlation creates free carriers of both polarities
in such quantities that all other transport mechanisms may
be obscured by ambipolar diffusion. ‘It appeéars possible
to achieve very high photosensitivity in all the' II-VI
compouhds and the range of bandgaps allows for a range in
response maxima from the near‘ultfa-violet to the near
infra-red. .

The phofoconductivity of II-VI compounds is.
characterised in the following ways:
(a) Electrons are thé majority contributors to the
photocurrent. Free electrons and holes are.created by the
absorption of radiation, the holes however are rapidly
capturéd at sites where recombination with free electrons
occurs at a later time.
(b) *The centres that give rise to the high?photosensitivity
are combensated acceptors. They have a capture cross éection

for holes 104-106

times larger than their subsequent capture
cross section for free electrons. These centres are
associated with intrinsic crystal defects or defect impurity
complexes.

(c) Many of the characteristic properties of a particular
II-VI photoconductor (e.g. the dependence of photocurrent

on intensity, photosensitivity on temperature, optical’
quenching, speed of response etc.) depend directly on the
location of the energy level of the sensitizing centres.
These sensitizing levels are about 1.1 eV above the valence

band in sulphides, 0.6 eV above in selenides and 0.3 eV

(predicted) in tellurides.
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2.4 Properties of Cadmium Sulphide
CdS is a IIb=-VIb semi-insulating compound which has

a direct band gap of 2.4 eV and normally crystallizes in
the hexagonal wurtzite structure. Under certain growth

conditions a meta-stable cubic sphalerite structure may

predominate. Thin films with a cubic structure can be
grown on cubic crystalline substrates with similar dimensions
of the unit cell (Wilcox and Holt  1969).

As ﬁhe energy gap is direct the optical absorption
coefficient changes as the sgquare of the incident photon
energy and has very high values for energies greater than
the band gap.

CdS starts to sublime at 700°C and melts under

several atmospheres pressure at 1500°cC. Consequently

crystals can be grown either from the vapour phase or from

the high pressure liquid phase.

Unlike group IV or III-V semiconductors the II-VI

compounds are not amphoteric and do not show intrinsic
behaviour at room temperature. C€dS can only be made n-type

and any attempt to diffuse in acceptor impurities results

in self compensation by vacancies to maintain charge
neutrality. Anderson and Mitchell (1968) and Chernow
et al (1968) thought they had obtained p-type CdS by ion
implantation techniques but Tell and Gibson (1969) showed
that this p-type conductivity was almost certainly due to

radiation damage rather than introduced chemical impurity.

Consequently in the CdS solar cell, Cuzs is used as the

p-type material of a heterojunction since it can be grown

epitaxially on n-type CdS by a method which will be described

later.
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Pure CdS crystals have a high resistivity of about

1012 Qcm which 1s lowered under illumination. The Hall

mobility may also be dependenﬁ on the light intensity. At
room temperature in the dark the Hall mobility of electrons
is around 300 cm2 v“l sec — in gobd single crystals whereas
the hole mobility is 0of the order of 10. 1In singlé crystals
it is possible that all the following processes limit the
carrier mobilities:- 1ionized impurity scattering, acoustic
mode scattering, polar optical mode‘scattering, piezo;
eléct;ic scattering. In films geometrical effects and
intergranular boundaries will also be important.

CdS has been studied extensively over the past -

twenty years (Aven and Pren ec -1967) mainly because of the

interest in its photoconductive and luminescent properties.
Since hexagonal CdS has no centre of inversion symmetry,

the material is piezoelectric and much interest has also
centred on acoustoelectric effects and CdS transducers.
Laser emission has been obtained under high energy density
excitations with an electron beam. A rather unusual
property of conductivity has also been discovered by

Wright et al, (1968)

2.5 Properties of Copper SulEhide

Cuprous sulphide (Cg S) exists in several different

2
crystalline structures and chemical formulae. A general

review of the electrical and optical properties of 'copper
sulphide' has been given by Abdullaev et al (1968) and

Vlasenko and Kononets (1971). By 'CuZS'we mean all

sulphides of monovalent copper represented by the general

formula Cu S where 1.8 ¢ x g 2.
(

)
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A layer of chalcocite (x=2) can be formed epitaxially

on CdS by dipping the latter into a hot solution of cu’ ions.

The following substitution reaction takes place

cds + 2cuT —> Cu,S + catt

On heating gently in air some chalcocite forms djurleite
(x=1.96) and further heat treatment produces some digenite
(x=1.8). Further information on these phase changes 1is

given by Roseboom{(1966).'
Singer and Faeth (1967) and Cook (1970) reported
the complete transformation of a single crystal of CdS to

a cracked but single crystal'of Cu.S by a chemical plating

2
process. The cracks are formed by the strain present in

the Cu,S as a result of the volume mismatch between the
a tﬁoﬁsulphides.

Cu,S has an indirect band gap of 1.2 eV and a second

2
threshold. for direct transitions at 1.8 eV (Marshall and

Mitra 1965). Its optical absorption coefficient changes
slowly with photon energy up to 1.8 eV and then increases
more rapidly. Consequently high energy photons (hv > 1.8 eV)

are absorbed near the surface of the Cu,S when the cell 1is

2
illuminated from that side. This however leads to a poor

conversion efficlency for short wavelength illumination
as the electrons and holes are created close to surface
recombination centres. Some light of energy between 1.2 eV

and 2.4 eV will however pass through the Cu,S and be

2
absorbed in the i-CdS layer.,

Copper sulphide is a p-type semiconductor which has

2 1 -1

a hole mobility of about 10 cm® v = sec (Martinuzzi et al

1970). It shows appreciable ionic conduction at room



6 cmz/v sec, due to

temperature with a mobility of 3x10
the high diffusion rate of cu’ in Cuzs which increases with
tempefature (Hirahara 1951). 'When subjected to high
temperatures Cuzs loses copper by chemlical and structural
changes (Cook et al 1970). In vacuo copper whiskers are
formed on the surface. This process 1is reversible but on
heating in air the copper which migrates to the surface

is oxidised. ' This process is irreversible and leads to the
formation of Cu,0 on the surface whereas in the bulk heating
leads to a composition change as follows

S-—# Cu

Cu,S —>» Cu

2 S

1.96 l.8
This reaction 1is ¥e5ponsible for the degradation of
uneﬁcapsulated cells and will be discussed later. CdS
solar cells also have a high reéistance to radiation damage,
this 1is posgibly due to the high mobility of cu’ ionsin Cu,S
which permiﬁs rapid annealing of 'knock-bn' damage.

The interface region between the n-type CdS and the
p-type Cﬁésiis important. This is‘a 1 pm thick layer of
Cu compepsated Cds*known as the i1-CdS region. :It:is fofmed '1[
by heating a plated sample at 200°C forjéwfeﬁ minutes. Such
heat treatmenﬁ is an essential step in the preparatioh of

an efficient cell. By using tracer techniques it has been
shown (Clark 1959, Woodbury 1965, Szeta and Somorjai, 1966)
that the diffusion rate of Cu in CdS is anisotropic.
Diffusion proceeds more rapidly perpendicular to the c axis
than parallel to it. Purohit (1969) showed that these
diffusion rates were much slower when the copper ions
originated from Cuzs rather than elemental copper. This

therefore suggests that only prolonged heat treatment would
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cause the copper to penetrate right through the CdS to

the substrate and effect the shunt resistance. This 1is

found to be the case in practice.

2.6 Conclusions

| The heterojunction between CdS énd Cuzs'is
sufficiently promising to compete with other phoﬁovoltaic
celis and has the following advantages.
(a) It is - easy and potentially cheap to fabricate in
thin film form (Clark et al 1971).
(b) It has a high power to weight ratio in thin film
form (> 100 watts/lb).
(c) The celi has a high resistance to radiation damage
(Brucker et al 1966).

(d) It is flexible and easy to handle in store and has

a long operating lifetime.

(e) The spectral response is well matched to the solar
spectrum.

()  The cells I(v) characteristics display a large VF
and CF.

The major problem with the cells is the degradation
theyhsuffer'when subjected to thermal cycling and long term
simulated solar illumination tests. Degradation under long
term illumination has been identified as due to two
phenomena, darkening of the cover plastic under UV
irradiation and a loss in power output due to a more funda-
mental cell degradation mechanism known as load effect
degradation. The latter is manifested when cells are
exposed to sunlight under open circuit or near open circuit
conditions and will be discussed in more detail in a later

Chapter.



- 19 -

References .

Abdullev et al (1968), Phys. Stat. Solid 26 65

Adams and Pay (1877), Proc. Roy. Scc. A25 113

Anderson and Mitchell (1968), App. Phys. Lett. 12 334

Aven and Prener (1967), Physics and Chemistry of II-VI
compounds (editors) (North Holland)

Bequerel (1839), Compt. Rend. 9 145

Brandhorst et al (1968), J.A.P. 35 6071
Brucker et al (1966), Proc. I.E.E.E. 54 895
Bube (1955), Proc. I.R.E. Dec. 1836

Bube (1960), Photoconductivity of solids (Wiley)
Chernow et al (1968), Appl. Phys. Lett. 12 339
Chopin et al (1954), J.A.P. 25 676

Clark (1959), J.A.P. 30 957
Clark and Woods (1966), B.J.A.P. 17 319

Clark and Woods (1968), J. Cryst. Growth 3 126

Clark et al (1971), Proc. Brighton Power Conference 1971
Cook et al (1970), J.A.P. 41 3058

Cummerow (1954), Phys. Rev. 95 16

Cusano (1963), Solid State Electron.6 217

Davydov (1938), %Zn. Tekh. Fiz., 5 79

Fisher (1963), U.S.A.F. Contract Report No. AFl9 (604) 80 18
Frenkel (1933), Nature 132 312

Frenkel (1935), Physik 2. Sovietunion 8 185

Frerichs (1946), Naturwiss 33 387

Gagliano et al (1967), J. Phys. Chem. Sol. 28 737

Goldstein and Pensak (1959), J.A.P. 30 155

Greene et al (1958), J. Chem. Phys. 29 1375

Hertz (1887), Ann. Physik 31 421



_20—

Hertz (1887), Ann. Physik 31 983

Hirahara (1951), J. Phys. Soc. Jap. 6 422

Landau and Lifshitz (1936), Physik Z. Sovientunion

Loferski (1956), J.A.P. 27 777
Lorenz (1891), Chem. Ber. 29 1509
Lorenz (1962), J. Phys. Chem. Sol. 23 1449

Marshall and Mitra (1965), J.A.P. 36 3882

Martinuzzi et al (1970), Phys. Stat. Sol. (a) 2

Medcalf and Féhrig (1958), J. Electrochem. Soc.

Moss (1961), R.C.A. Review 22 29
Mott (1939), Proc. Roy. Soc. Al71 281
Neumark (1962), Phys. Rev. 36 533
Ogava et al (1965), Japén J.A.P. 4 948

Perkins (1967), Adv. Energy Cénv. 7 265

Pfann and Roosbroeck (1954), J. A P. 25 1422
Piper and Polich (1961), J.A.P, 32 1278
Pittner (1954), Phys. Rev. 96 1708

Prince (1955), J.A.P. 26 534

Purohit (1969), J.A.P. 40 4677

Rappaport (1959), R.C.A. Review 20 373
R.C.A. (1966), Direct Energy digest Aug 2
Reynolds et al (1954), Phys. Rev. 96 533

Reynolds and Czyzak (1950), Phys. Rev. 79 543

Rose (1963), 'Theory of Photoconductivity'

Roseboom (1966), Economic Geology 61 641

K9

105

8

185

719

Rudenberg (1960), Proc. l4th Annual Power Conf. Atlantic

City 1960 .
Singer and Faeth (1967), App. Phys. Lett. 11l

Smith (1873), Am. J. Sci. 5 307

130



- 21 -

Stanley (1956), J. Chem. Phys. 24 1279

Szeta and Somorjai (1966), J. Chem. Phys. 44 3490

Tell and Gibson (1969), J.A.P. 40 5320
Vlasenko and Kononets (1971), Ukr. Fiz. Zh. (USSR) 16 237
Vodakov et al (1960), Sov. Phys. Sol. St. 2 1

wallmark (1957), Proc. I.R.E. 45 474

-
- i~
e e e e R l.l-u-rh_h-l T T U W S J [T,

Wilcox and Holt (1969), J. Mat. Sci. 4 672

— !
5

williams (1960), J. Chem. Phys. 32 1505
Wolf (1960), Proc. I.R.E. 48 1246
Woodbury (1958), J.A.P. 36 2287

Wright et al (1968) B.J.A.P. 1 1593




- 22 =

CHAPTER 3

THE CdS SOLAR CELL

3.1 History
The discovery of the Cds photovoltaic cell is

attributed to Reynolds (1954) who while studying the
properties of various rectifving contacts on CdS observed
a strong photovoltaic‘effect. In direct sunlight vith“
copper contacts, Open circuit voltages (OCV) of 0.45 volts
and short circuit currents (SCC) of 15 m.Amps/cmzwere |
observed. An anomalous response of the cell to light with
wavelengths greater than the band gap of CdS was also noted.
By the end of 1954 single crystal cells 1% efficient and
0.5 cm2 in area were being produced Over the five years
that followed.a greater effort was'put into the under;t
'standing ofithe‘basic properties of the&CdS, elg{ electrical
and optical?prOPerties‘of doped andinnd0ped crystals} m
methods of cutting,:polishing etc; The first:report of
the preparation of althin?film.solar cell was that of
Nadjakov et al (1954) They evaporated a thin £ilm of CdS
on to comb like grids of aluminium.or gold on glass sub-
strates. Low photocurrents were observed. Had they tried
copper. electrodes they might have formed the Cuzs layer
which, as is now evident,gave Reynolds his high photocurrents.
Copper electrodes were later examined_by Fabricus (1962)
‘and found to beusuccessful:‘ o 1 | r

In 1962 Shirland et al formed thin film cells on
conducting'metal substrates. At the same time plastic_sub-
strates were investigated toﬁdetermine the viabilitv of
flexible cells. By the mid 1960's the objective offgrowing

thin films of CdS on metallised plastic substrates and

ER bt W Er R bR ot v B e o= g o TR o =
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plating the Cu,S layer chemically was well established. The

2
early thin film cells had been limited by a sheet resistance,

particularly that formed at the contact with the Cuzs.

If this contact was small, a large sheet resistance resulted:

however if it was large there was a masking of the Cu.S

2
which lowered the output of cell. This problem was overcome
by using gold plated copper grids to make the top contact

to the Cu,S layer. During this early period many different

2
arrays and constructions of solar cells were investigated,

i.e. backwall (illumination through Cds), frontwall
(1llumination through Cuzs), and various hybrids. These.
have been described in detail by many authors, see for
example Shirland (1966), McMahan (1967).

The increase in efficiency of CdS cells over the

last ten years as reported in the literature and at con-
ferences is shown in Fig. 3.1. In 1967 attempts were made
to improve (1) the protection'aéainst atmospheric humidity,
and (2) the stability of cells against thermal cycling, by
packaging them in ep:oxy cements with transparent plastic
covers, (Hietaneﬁ énd Shirland; Spakovski, Bowmaﬁ et al).
Degradation of the cells then emerged as an important dis-
advantage especially the process known as load-effect -
degradation. This was traced (1968) to the electrolytic

deposition of copper in microscopic Cu,S fingers penetrating

2
as far as the rear surface of the cell. This plating out

of copper eventually short-circuited the cell. However
the effect only occurred above a threshold of 390 mv at
25°C, which is approximately equal to or slightly above
the normal operating point of the cell. Furthermore, this

degradation was found to be reversible (Palz et al, 1968)
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and the output was recovered when the cell potential was

lowered below the threshold. However there still remains
the problem that when operated in temperatures greater than
60°C as required in sun orientated arrays, the cells degrade
significantly when illuminated.

Recently the stability and effiéiency of the cells
has been improved. Bogus and Mattes, Palz et al, and
Mytfon et al (1972) working independently identified the
problem as being associated with the oxidation of cuprous
sulphide. This 1s a reaction which appears to be accelerated
under illumination and which proceeds at an increasing rate
with increasing temperature. The preferred way of minimiz-
ing the rate of the reaction which occurs when cells are
tested in air or poor vacuum is to ensure exact .stoichiometry
in the Cuzs layer. Palz reported no degradation at 60°C for

such cells tested in vacuum conditibns as experienced in
space. A bonus which bas resulted from ensuring exact

stoichiometry of the Cuzs layer has been é small rise in
cell efficiencies. At the present time therefore work on

the cell is devoted to methods of measuring and controlling

the Cu.S stoichiometry.

2

3.2 Other II-VI Photovoltaic devices
Whilst progress was being made with the thin film,

CdS-Cu.S solar cell, other modifications and materials were

2
Being investigated. Brockemuehl (1961) and later Bugatti

and Muller (1963) developed Reynolds' ideas of a photo-
voltaic effect at a rectifying junction using aluminium,

copper and gold on CdS. They produced devices giving
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photovoltages which increased linearly with light intensity.

By evaporating CdS on selenium Kunicka and Sakai (1965)
formed a photovoltaic cell with a spectral sensitivity
close to that of the eye. Photovoltages of up to 0.2 V
were obtained by Goryuonva et al (1969) with a thin film

of Cu,S formed on top of CdsSnP; single crystals. Philips

2
(1971) produced a junction between sintered CdS and copper
which had an efficiency of 8%. Photovoltalc measurements
have also been made on heterojunctions of CdS-5nS

(Stoyanov 1971), Cu,Te-CdTe (Cusano 1963), Cu,S-CdSe

2 2

(Otake 1971), and CdS-PbS (Watanabe and Mitra 1972).
Recently Bonnet and Rabenhorst (1972) have reported effic-
iencies of 6% from CdTe~CdS abrupt juﬂctions and are now
seeking to make a graded heterojunction from the same
materials to improve the cell performance. The CdS-Cu,S-

heterojunction however is still thought to offer the best

possibilities for commercial applications.

3.3 Suggested mechanisms at the CdS-Cuzs junction

Many models have been put forward to explain the
experimental observations made on CdS solar energy converters.
Initially a variety of processes were suggested according

to the construction involved. Some of the models suggested

are listed below:

(a) Electrons are emitted photoelectrically from the

plated copper into n-CdS (Williams and Bube 1960).
(b) Two junctions exist in series, i.e. metal/n+—CdS

cdsS/n-Cds (Bockemuehl et al 1961) for cells formed by

diffusing copper into high resistivity Cds.



- 26 =

(c) A nCdS/pCdS homojunction is formed with a copper

impurity band which gives p-type conduction. (Reynolds
and Czyzak 1954, Woods and Champion 1959, Grimmeis and

Memming 1962, Fabricus 1962).

(d) A pCuzTe/n—CdTe heterojunction is produced in which
the p layer'plays only a minor role in the light absorption
and energy conversion (Cusano 1963), (the theory extended

to CuZS/CdS cells).

(e) A heterojunctiéﬁ in szTe/CdTe and CuZS/CdS cells

can be deduced from theoretical ca;culatibns (Keating 1965).
(£) A severly localised P.V.E. at'interface states between
pCuzs and nCdS,Which'results in electrons being emitted

from these states into the CdS. The long wavelength

response of such a cell is due to absorption by impurities

in the CdS (Balkanski and Chone 1966);

(g) An impurity P.V.E. at copper centres in CdS (Duc
Cuong and Blair 1966)‘15 attributed to the creation of
additional minority carriers by electron transitions. from
the valence band to the 1mpﬁ£ity levels.

(h) An impurity P.V.E. arises at copper centres in Cds.
A surface barrier is also created by a copper contact
(Shitaya and Sato 1968).

(1) An impurity P.V.E. occurs in addition to a

- p+-Cu28/n-CdS heterojunction process. Light absorption
occurs in the Cu2$ iayer for a Mott-barrier type of cell.
This structure also includes an i layer formed after heat

treatment (Nakayama 1969).

(3) Impurity P.V.E. (1.8 eV response) and photoemission

from the Cu,S (1.2 eV response) are the dominant processes.

2
(G111l et al 1968).
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(k) A p-n heterojunction (Chamberlain and Skarman 1966,
Pavelets and Fedorous 1966).

(1) Keating (1963) reported electroluminescence in
Cuzs/CdS which was attributed po hole injection from CuZS
into Cds. |

Further models have been suggested by Potter aﬁd Schalla,
1967, (Lewis model), Hill and Keramidas, 1966, (Harshaw
model), Shiozawa et a1_1966 (Clevite model) and Van Aerschot
et al 1968 (E.S.R.O. model). All contain some common
features but differ about the details of the variation of
the potential energy with distance from the CuZS/CdS coptact.
The Clevite model 1s commonly agreed to be the most satis-
factory, particularly as i1t has been amended to confofm
with most of the experimental data.

Any satisfactory model must explain the following
observations: . |
(a) The barrier height is reduced under illumination,
as evidenced by a cross over of the dark and illuminated
I(v) curves, (Fig. 3.2.)
(b) The enhancement and quenching effects which occur

under illumination with light of particular wavelengths,

when superimposed on steady 'white' illumination.

(c) The wide spectral response with low energy threshold
at 1.2 eV,
(d) The slow response times to certain wavelengths of

heat treated cells.

(e) 'The slow drift of cell characteristics under forward-

bias conditions.

(f) The sharp dip in the spectral response of the
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photocurrent at the band gap of CdS when the Cuzs layer

is thin.

(g) The reduction in junction capacitance on heating.
(h) The improved 'squé;eﬁéss' of the I(v) curves after
heating.

(i) The highest observed OCV is 800 mv at 4 K with the
equivalent of five suns illumination.

(5) ‘The effects of doping the CdS with donors, e.g.

the enhancement spectrum moves to longer wavelengths when

indium is introduced.

(k) Radiation resistance, module growth, and effects
associated with high Cu+mobility.
(1) Degradation after heating for several minutes, which

is connecﬁéd with a composition change in the CuZS-layer.

3.4 ~ :Clevite Model for Solar Cell
The Clevite model suggested by Sﬁiozawa et al can
explain most of the features listed above. HFigure 3.3 Shows
" the enefgy“band diagram according to their model under
illumination and short-circuit conditions. The cell is
considered to be a p~i-n heterojunction between p;type Cuzs,
intrinsic CdS and n-type CdS. In the intrinsic region the
CdS donors are compénsated by copper acceptors diffused in
--from the~Cu§S during the heat” treatments given to the cell
in the course of'processing. The n-type CdS has a carrier

16 18 -3

concentration in the range 10 to 10 cm which 1s

obtained by controlling the non-stoichiometry during the

deposition of the film. Ohmic contact to the nCdS is

provided by the ZnAg alloy which férms on the surface of
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the metallized substrate. Almost all of the light is

absorbed in the p-CuZS'which has a rough surface and there-
fore assists absorption by means of multiple reflections.
A small proportion of the incident light passes through
the Cuzs to the i-Cds and increases its conductivity by

a photoconductive process. Hence the quasi-Fermi level
for electrons in the i-CdS moves upward under illumination
toward the conduction band giving the band configuration
shown in Fig. 3.3. The situation in the dark is showﬁ by
the dashed lines. This‘Qariation in the height of the
barrier with intensity of illumination and the higher series
resistance presented by the i-~CdS region in the dark,
account for the ﬁnusualicroés over which occurs in the
first quadrant of the I(v) characteristics measured under
dark and illuminated conditions, (Fig. 3.2). When the .
cell is illuminated the principal photojunction is at fhe
p-CuZS/i-Cdé interface with a barrier height of 0.85 eV,
and when the cell is in darkness the barrier is at the
i-CdS/n-CdS interface with a height of 1.2 eV. There is
also a small reverse-biased junction between the p-Cuzs
and i1-CdS with a barrier height of 0.35 eV. Hence the CdS
acts mainly as an n-type host on which an efficient photo-
voltaic p-n junction can be formed, and the majdrity of
the absorption and photogeneration- of the carriers takes
place in the Cuzs where the band gap of 1.2 eV is close

to the optimum band gap of 1.4 eV for efficient solar

energy conversion (Loferski 1956).

A slightly different energy band diagram has been
suggested by Gill et al (1968). They place the conduction

band of CdS 0.1 eV mbave the bottom of the conduction band



of CuZS instead of 0.35 eV below. This would form a narrow

energy spike which would permit electrons to tunnel through
it. Using this model an electrostatic barrier of 1.2 eV is
obtained - far greater than the maximum observed OCV.
Whether or not the model is feasible depends on the width

of the spike. Gill assumed a value of 1017 crn-m3 for the net
donor concentration in the CdS. This is too high for heat-
treated cells, but seems reasonable for unheated cells where

tunnelling is a likely cause of the unstable and poorly

shaped I(v) characteristics.

3.5 CdS layer

The normal operation of the photovoltaic junction
is in reverse bias. Consequently the minority carriers

(electrons) constitute the photocurrent and the photo-
junction aids their motion from the Cuzs to the CdS. The
diffusion potential presents a barrier only for majority
carrier motion_across it. The current delivered by the

cell in reverse bias therefore is

I = Io (exp (eV/AKT)=1l) - I

L
where I, = 1light generated current,
V = potential across junction,
I = reverse leakage current,
A = diode factor, ‘
T = operating temperature.
If the shunt and series resistances are taken into account
the equivalent circuit is as shown in Fig. 3.4. The

.series resistance of the cell is governed by the resistance

of the various layers of the cell in the direction of

R S o e e g L e A B R B R T R eyt S R R NPT R



O.C.V.

Ipn = Recombination Current

Diode Effective Resistance [ Voltage Dependent )

Rp =

Ry = i1-Cd5S Resistance

Ro = Shunt  Resistance

Ry = Lumped Series Resistance

Figure 3.4

CdS Solar Cell Equivalent Circuit
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current flow. The series resistance of the i-cds and

n-CdS layers can be kept to negligible proportions by
reduciqg the resistivity of the basic n-type Cds layer to
values less than 100 Q9cm. The series resistance of the
Cuzs contact is kept to around Soimn/cm2 by using a grid
which allows 90-95% éptical transmission. The ohmic con-
tact to the CdS is méde as thick as weight considerations
allow. The shunt resistance of the cell is determined

by the thickness of the CdS layer because Cu,S is plated
down grain boundaries during the plating process and will
therefore reach the substrate more':eadily in thinner
films. At present a thickness of 20 um is reéuired to
ensure that the shunt resistance remains greater than 1009
for a 50 cm2 cell. éhﬁnt resiétances of less than 100Q
lead to a reduction in fill factor and efficiency. How-

ever since the density of Cds is 'high (4.8 grm/cc), the
layer should not be too thick otherwise the weight of

the cell will be unnecessarily increased.

The structure of the film is also important. Films

with crystallites ranging from 1-3 um in diameter are

required. The crystals should be elongated to the full
thickness of the film and highly orientated with the

c~axis perpendicular to the substrate. When such films

are etched in HCl some of the surface is removed and its
uneveness 1s exaggerated'by preferential etching down the
grain boundaries. When the films are then dipped in the
cuprous ion solution to form a thin layer of Cuzs on the
surface, the Cuzsipartially penefrates the grain boundaries
thus providing a larger surface area at which the incident

radiation may be absorbed. This feature is essential if

I-"‘F.‘*'UT. H“'qu'\-ﬂh‘x .r.n.r'lﬁ-"u‘ o _'-L —_—] ﬂ":‘..
- u
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high conversion efficiencies are to be obtained.

3.6 The copper sulphide layver

A copper sulphide layer approximately O.3u thick
is formed by immersing the CdS film in a hot bath (90°C)
of cuprous ions buffered at a pH of 2.5. Although the
solution is stabilized by the addition of a reducing
agent, it is still possible that cupric ions may exist in
the solution resulting in the possibility of forming
CuxS'where l<x<2. Generally x is very close to 2, but
the Cu S phase diagram is so complex that very small
changes in x can result in large changes in the properties
of the resultant layers. Electrochemical studies by

Rickert and Matthieu (1969) have shown that by controlling

the potential of the Cu S as 1; is being formed, it is
possible to prevent anything but stoichiometric Cuzs being
formed in the plating bath.

The importance of achieving strict stoichiometry

in the Cu,S layer 1is evidenced by the dependence of both

2
the SCC and OCV on the composition of the CuxS'(Palz et al,

1972). Similar results have also been obtained by

Te Velde (1970), with Cuxs layers grown topotaxially on
CdS single crystals. The higher‘fhe SCC and OCV the
higher the maximum power, Pm, provided the fill factor
(FM/scc.ocv) is not adversely affected by an improvement

in Cu,S stoichiometry. I(There is a possibility this might

2
happen because the sheet resistance of stoichiometric CuZS

is higher and hence the series resistance of the cell is

increased). A major advantage however is that the stability

of the cell increases as x —» 2, for two reasons:
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(1)  The critical potential at which copper will plate

out of CuxS increases as X —> 2. In fact the rate of

deposition of copper.is proportional to § in the formula

C S (Mytton, 1972). Thus more stoichiometrfc Cu.S

H2-5 2
leads to a highéf critical pétential and a slower rate of

degradation when the cell is operated above that potential.

(2) It has already been mehtioned that degradation

under illumination is also accéleratéd at GOOC and above

by the oxidation 6f Cu,S. Bogus and Mathes (1972) and

2
Palz (1972) showed that this effect was smaller in more

stoichiometric Cu,S layers.

» - 2 .
if a reasonable efficient cell (n>6%) with an acceptable

A stoichiometric Cu,S layer is therefore essential

lifetime (five years or more) is to be produced.
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CHAPTER 4

CdS THIN FILMS

Thin films of II-VI compounds have provoked much
interest recently particularly because ot the demand for
smaller and lighter devices.‘ Although films of compounds
such as ZnS have been studied for many years in the past,
the requirements of high crystallinity have not been too
important in most applications. Modern developments how-
ever have led to an increasing interest in the crystalline
character of thin films and the requirement that their ‘
physical properties should approximate as closely as
possible to those of the bulk material.

In addition to photovoltaic heterojunctions CdS
thin films have been used as (l) ultrasonic transducers
(Curtis 1969), (2) photoresistors, (3) phosphors, (4)
electro-luminescent layers (Andrews and Haden 1969), (5)
evaporated triodes and diodes (Dresner and Shallcross 1962),

(6) heterojunction diodes (Aven and Cook 1961) and (7)
insulated gate T.F.T's (Haering 1964).
In this section some of the methods used to

fabricate thin films of II-VI compounds are reviewed with

speclal reference to Cds.

4.1 The Preparation of C4dS Thin Films
The method employed to grow a thin f£ilm can have

a very strong influence on its final properties and con-

sequently films suitable for different devices are often

grown by completely different methods. A crude technique

may be adequate if polycrystalline films are required, but



it 1s necessary to resort to more elaborate technology for

the productioa of single crystal films. Reviews of the

various methods in common use are given in the books by
Anderson (1966) and Chopra (1969). Some of the methods

reported for the successful production of CdS thin films are
described below.

(a) Sintered layers of CdS powder were prepared
by Micheietti and Mark (1968). They doped the layers with
chloriné and sometimes copper in an attempt to increase the
photosensitivity of their films., By painting a slurry of
CdS and CdCl2 on to a ceramic substrate Chockalingham et ;1
(1970) produced photoconductive cells with a spectral
response ‘extending from 0.63 to 1.12 ym. Nakayama (1968)
fabricated solar cells based on ceramic plates. Such cells
were betﬁeen 63 and 9% efficient. This method provides
cheap bﬁt heavy devices.

(b) Micheletti and Mark (1967) formed Cds layers
3000-5000R8 thick using a chemical spray technique. Cadﬁium
chloride and thiourea in aqueous solution was sprayed on to
a heated ceramic substrate. Further heating brought about
the chemical decomposition ofdeC12 and a polycrystalline
film of CdS was formed, the other components escaped as
vapour. Imaoka (1972) concluded that the orientation and
Hall mobility of such layers depended on the actual chemicals
used. Carrjier mobilities for these films of a few thousandths
csz“]‘secml were calculated by Wu et al- (1972) from thermo-
electric power measurements.‘

A chemical spray technique was also used by

Chamberlin and-Skarman (1966) to form a CdS/Cu28 photovoltaic

junction which produced an OCV of 1.04 volts and an SCC of
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2

2mA/cm? when illﬁminated with 100 mW/cm®™ of visible

radiation. Laurance (1959) also used a spray technique
for fabricating photoconduétive‘cells. decomposing the
CdCl, in the presence of st; Marchenko et al (1970)
formed solar cells on films prepared in this way. Un-
fortunately all these metﬁoqg"preseﬁt‘large'problems of
film contamination.

(c) ‘Vapour phase reacﬁion is a technique used for

single-crystal growth which has been successfully adapted

;fo the growth of thin films. The vapours of the constituent
elements of the compound are allowed to react and form a

film on a heated substrate. Films of CdS l-2um thick have
been- formed by Ratcheva et al (1972) using this method.
‘Heyraud and Coquella (1968) produced films 15-25um thick

in the same way on substrates such as*NaC1, KBr, KCl, CaF2
'and*muscoﬁite. They reéorted that the optical and photo-
electric properties of such films were comparable to those

of the bulk matefial.' The method produces high quality films
but is not praétical for depositions on large amorphous

- substrates.

(d) Thick film technology based on 'silk-=screened’
layers is mainly concerned with the deposition of conductors
and insqlators. Witt et él'(1966) have used silk-screened
cds layérs'in insulated gate thin film transistors (TFT's).
The main problem'wiﬁh this technology is that the composition
of the existing conductor inks is an industrial secret and
the problems cf the conduction mechahigm in glassy solids
have not been solved. |

(e) Vacuum evaporation is an established technique
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for the production of both thick and thin films., The
major consideration in such methods is the choice of an

optimum methcd of supplying energy to the source such that

the vapour beam produced condenses on the substrate to
form the film.

Sputtering methods utilize several different electrode
and source arrangements. In sputtering the target surface
i.e. the cathode, is bombarded by energetic particles which
leads to the ejection of surface atoms. The ejected atcus

can then be condensed in a similar way to evaporated ones.
Litchensteiger (1969) reported p type conduction of CdS

- films sputtered in the presence of phosphine. Reactive
spuﬁteripg of Cd in st (Durand 1971)'has'been used to
produce phétoconducting layers and Honda et al (1971) have
formed,stoichiometfic layers with excellent photoconductive |

properties by R.F. sputtering. However the process is
difficult to control and the high electric fields present

can affect the structure of the film.

Thermal evaporation of either CdS or a mixture of:

CdS and an excess Of one component has been the most

popular technique of thin £ilm production. . (Nelson 1955,
Wendland 1962 and Bleha 1969). Bujatti (1968) used a

modified vacuum furnace to grow CdS thin films aﬁd,by con-
trolling the ?emperature gradient at the substrate,obtained
well orientated films of high resisfivity. A close spaced
sublimation technigue where a ;ingle'crystal or poly-
crystalline slice of starting mﬁterial'was sublimed from

a position parallel and close to the substrate (sapphire)
‘was described by Tyagi (1571); According to Tyagi the

close juxtaposition of the source and substrate mean that
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only a small temperature difference exists between them

and therefore the evaporation proceeds under equilibrium
conditions giving stoichiometric films with - a large grain
 size. This method'has*the advantages that (l) it is
economical (the material is only deposited where it is
needed), (2) at a given temberatureJit produces a higher
deposition rate than any other method and (3) it is possible
to do a series of depositions on differeﬁt substrates
‘during one 'pump-down.'* Such a method lends itself to the
production of integrated circuits but cannot be used to

form £ilms on large amorphous substrates.

Co-evaporation of CdS and S was used by Pizzarello
(1964) .and Suzanne and Malé (1970) to ensure that stoichio-
metric'prOportions of the constituent elenents arrived at
the substrate. This seems a complex way of controlling
the film properties. It is simpler to control the stoi-
chiometry of the films by varying the evaporation rate of
the CdS and the substrate temperature. (Dresner and
shallcross 1962, Sakal and Okimura 1964).

In order to reduce the number of controllabie
narameters in a CdS evaporation, it .is necessary to evaporate
the compound by supplying energy in some way for example
in the form of a laser beam, an R.J.field, an electron beam
or by thermal radiation or conduction from a resistively
heated filament. Most workers in common with ourselves
have used resistively heated or electron beam heated sources
in vacua of about 10-6 torr. To ensure a low impurity

8

content a U.H.V. environment of less then 10 ° torr is

essential. This is impractical_commerciall§ owing to
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expense and the long duty cycle of U.H.V. rigs. It would

be of greater commercial use if reproducible devices could

be fabricated in a high vacuum of about 10"6 torr.t‘

)

4.2 The Properties of CdS Films

In the early work which was reported in the late
1950's the‘importance of contrdlling the magnitude of the
various parameters when preparing a CdS thin film was not
fully appreciated. .The source material was often of
dﬁbious quality and post-deposition treatments were
necessary to produce reasonable photoboﬁductive propertieas.
This resulted in the publication of many conflicting
| reports (Nelson 1955).

Veith (1950), Aitchson (1951) and Bramley (1955)
who worked on photoconductive layers deronstrated the
importance of controlling the pressure in the evaporation
system, the substrate temperature and the purity of the
charge. More recently it has been shown that the evapora-
tion rate, the temperature of the source, the thickness
of the deposited film, the nature of the sﬁﬁétrate and
the composition of the residual gas in the vacuum are all
important parameters in detérmining the properties of a
film. (Shalimova et al 1964, Thomas et al 1970, South 1971,
Kamoshita 1972). Post-evaporation treatments of the film
may override the importance of some of these by changing
the structure of a film. ‘1 | *

When films of CdS are deposited normally on to a
heated substrate they have a hexagonal wurtzite structure
with a fibre axis orientation. The films are polycrystalline

with the individual c-axes aligned approximately
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perpendicular to the substrate surface. (Shallcross

1967, Beringer and Corrsin 1963). 'Wiﬁh films deposited
with the beam incident‘obiiquely on the substrate the c¢c-
axes of the crystallites tend to align themselves parallel
to the Qapour beam (Forster 1967). This effect can be
enhanced by increasinglthe deposition rate (Fukurushi

and Niizeki 1969) and is of vital importance when Cds
films are used as ultrasonic‘tfansducers. Both the sub-
strate temperature ana the thickness of the film influence
the crystallite size, but for a film 20y thick the
crystallites may“be sefera} microns across (Berger et al
1968).

The substrate temperature also has a great influence
on the structure‘of.thé £ilm. Aﬁztemperétures lower than
150°C" a cubic sphalérite mbdificatibn predominates. Films
evaporated on t6 a substrateﬁat room temperature contain
so much excess cadmium that ﬁhey are black in colour.: As
the substrate temperature increases ﬁbove 150°C_the films
become orange, changing to yellow;one 200°C where the
structure is then heiaéonai*wuftiite. :(Bujatti 1967, 1968,
Galkin et al 1968). At témperatures*above 400°C the sub-
strate is hot enough for considerable re¥ev£ppration to
occur and it becomgé increasinély difficult to form a
deposit (ﬁendland'L962). h

Using a freshly cleaféd 81ng1e crystal substrate
and the correct evaporatioﬁ'conditions'it is possible to
grow epitaxial layers of either cubic of hexagonai Cds
(Escofferey1964, Holloway and Wilkes 1968, Wilcox and

Holt 1969). Chopra and Kahn  (1962) were able to pfoduce
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differently orientated cubic and hexagonal f£ilms on
different polished and cleaved faces of NaCl by controlling
the evaporation rate and substrate temperature. The

~ cleaner the system the less stringent are the epitaxial
limits and the lower the defect content of the films.

(Holt and Wilcox 1971).

The dark resistivity of the films changes with
evaporating conditions. Although there are many con-
flicting reports it is generally agreed that the resistivity
increases with inc:easing substrate temperature but de-
creases as. the eyaporation rate is increased. Variations
in the dark resistivity with £film thickness have also been
reported by Bleha (1968), Wilson and Woods (1973) and
Buckley and Woods (1973). The photosensitivity changes
as expected increasing with the dark resistivity.

The electron Hall mobility.(un) is also affected
by the evaporation conditions and crystallite size; being
lower in polycrystalline films than in single crystal ones.

1

A typical value of 10 cm2V- sec-lﬁ(Mankarious 1964) can

be explained in terms of the Petritz model (19565 for

polycrystalline films of PbS, PbSe, PbTe. The model assumes
that the carriers are scattered and trapped by inter-

crystalline boundaries and this therefore leads to an

exponential dependence of vy on temperature and barrier

height.

Wiy », exp -(E/kT)ﬂ | (Berger 1961)

Unfortunately ionized impurity scattering leads to a

3
/2 and the two mechanisms are difficult

dependence on u as T
tao distinguish experimentally (Shallcross 1967). Most

workers however favour the Petritz model e.g. Neugebauer (1968)
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and the existence of intercrystalline boundaries is

supported by the measurements of Waxman et al (1965) on
drift mobilities in CdS f£films.

Photoluminescence has Seen observed in CdS thin
films by Bleha and Peacock (1970).
| The photosensitivity and carrier mobility in Cds
films have been increased by a post=-evaporation bake in
oﬂe 6f a varlety of ambients viz. air, vacuunm, st, AY
(Berger et al 1964, Sakali and Okimura 1964, Esbitt 1965).
Both increases and decreases in the dark resistivity of
films treated in this way have been reported depending on
the substrate temperature during the initial preparation
(Wendland 1962). The effects can be explained as a result
of (i) substantial recrystallization 6:*(ii) a reaction
between the CdS and 02, as 1t is known oxygen is an active

element which promotes chaﬁges in the photosensitivity of
cds (Kuwabara 1954).

Many workers have investigated the recrvstallization
of CdS films, which can be brought about by heating a £film
in contact with a thin metal layer. By evaporating a layer
of silver on CdS and then annealing in an inert atmosphere
at 500°-600°C,Addis (1963) increased the Hall mobility in

2‘V-l sec-l. (c/f

his films from 1 to between 20 and 70 cm
bulk value of 250). ‘More recently similar experiments
have been carried out by Kahle and Berger (1970).

A general review of the. activation apd recrystalliza-

tion of II-VI compound layers is given by Vech¥ (1966).

4,3 Conclusion

In the preparation of thin films of CdS cleanliness
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of the system and source material 1s very important.

- By controlling the evaporation parameters it is possible
+o0 produce films with a wide range of structures and
properties. The followling chapter gives a description

of the apparatus used to prepare the thin films used in

the present work.
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CHAPTER 5

THE PREPARATION OF CdS THIN FILMS

5.1 . Vacuum Systems

Figure 5.1 is a schematic diagram showing the valves

and pumps on the vacuum system used with an electron gun to
produce some of the films to be discussed. Two gauges were

used to measure pressure, an Edwards Series 70 Piranil II

3 torr and an Edwards

IG5 ionization gauge for pressures below 10"'3 torr. The

gauge for pressures between 3 and 10

lowest pressure obtainable using Silicone 705 pump fluid in
-the diffusion pump and liquid N, in the cold trap was 10°°
torr. Most of the evaporations were carried out at pressures

S torr.

below 10
A smaller system using A.E.I. components and built

round a 3" diffusion pump was used to evaporate films from

a resistively heated source.

A third system made bf C.V;C. with an 18" bell jar
was used at I.R.D. This system incorporated ‘an oil diffusion
pump and a cold trap and an automatic switching facility for

+he valves. Pressures of 10-7 torr were obtained within 30

minutes of the system starting. A Sloan deposit control
meter (OMNI II) was installed to monitor the f£ilm thickness
and deposition rate. A complete evaporation cycle could be

controlled with the oscillaﬁing quartz crystal detector and

relays.

5.2 Vacuum Chamber Fixtures

5.2.1 The System with a Resistively Heateé Source
Figure 5.2 shows the arrangement of fittings in the
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bell jar for the resistively heated source pumped by the

3" o0il diffusion pump. A silica crucible wound with
molybdenum wire was used. This heating element was matched
to a L.T. transformer enabling 30A at 30V to be drawn if
required. A quartz wool baffle was mounted in the mouth

of the crucible to prevent the spattering of CdS at high
evaporation rates. A deposition rate of several thousand
angstroms per minute was easily obtained.

The suBstrate and mask were clamped to a stailnless
steel block containing an insulated tungsten heating
element. The temperature ofjthe substrate was controlled
by an Ether "mini controller" with a NiCr/NiAl thermocouple
in contact with the substrate surface. 7Two substrates
could be mounted on the block at one time enabling f£ilms
to be evaporated consecutively. The volume between the
source and the substrate was surrounded by a 9 cm diameter
silica cylinder which was heated by radiation from the
source. This was done in an attempt to retain both com-
ponents of the vapour within the vicinity of the substrate
and to increase the stoichiometry of the resultant films by
preventing the preferential condensation of one of the
elements on the cold walls of the bell jar. This "hot-wall’
was found to be essential for reproducible ;esults.

The quartz crystal of a Genevac (D.T.M.l) deposit
thickness monitor was placed close to the substrate. The

instrument was calibrated against the optical measurement

of film thickness made after evaporation. This monitor
enabled the growth rate of the film to be measured 'in-situ’
so that the evaporation could be stopped when the required

'thickngss had been deposited. A stainless steel shutter

!

Ll'
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operated through a rotary seal was situated immediately
below the substrate and D.T.M. crystal. Either the crystal
alone or the crystal and either one of the substrates could
be exposed to the CdS vapour. Thus the sulstrates could be
masked until outgassing had been coupleted and a steady
evaporation rate attained. The substrates could then be

exposed to the CdS vapour either simultaneously or

consecutively.

5¢2.2 The Electron Gun System

Figure 5.3 shows the lay-out of the components in
the bell jar of the 4" pﬁmp sysiem. The masks and sub-
strates were mountediin a recess in a stainless steel disc
25 cm in diameter and 8 mm thick which was placed 10 cm
above the electron gun. The substrate was heated by a

750 watt tungsten-halogen lamp. The temperature of the

substrate was controlled by a Eurotherm “Phase Angle" con-
troller and a NiCr/NiAl thermocouple in contact with the

substrate. The Eurotherm was fitted with a current limit
facility to prevent current surges during the initial
switching due to the low "cold" resistance of the lamp.

A stainless steel shutter which could be operated magneti-

cally was placed immediately below the substrate.

A diagram of the Genevac E.B.U.l electron beam
evaporatof is shown in Fig. 5.4. The molybdenum filament
was cptically screeneé from both source and substrate by
a negatively biased focussing cage and washer. The electrons
were focussed on to the surface of the evaporant which was
contained in one of the four crucibles in the water cooled

hearth. Each crucible could be positioned below the emitter
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by moving the bellows seal through a stainless steel
collar between the bell jar and baseplate.

A 10 kV, 20A at 7V variable power supply was
constructed in the department to provide both the filament
power and accelerating potential (Maitin 1970). The supply
incorporated safety interlocks to protect both the equip-
ment and the operator. A stabilized maximum beam power of
150mA 10kV was available. Both ﬁhe current and EHT were
independently variable between these limits.

The combination of the electron gun and the
"tdtally enclosed” substrate heater meant there were fewer
sources 0f contamination in this system than in the resis-

tively heated one.

5¢2¢3 I.R.D. System

The I.R.D. Co. system used a source as shown in
Fig. 5.5 in an 18" bell-jar. This was a directly heated
tantalum crucible containing 40 grms of powdered CdS when
full. Evaporation rates greater than luym a minute were
attained and it was possible for layers of CdS 20um thick
to be grown on substrates 8 cm square. A ‘'hotwall' was
used with the source and substrate 36 cm apart. A shutter

and substrate heater similar to those in our own resistively-

heated system were incorporated in the chamber.

5e¢3 Source Material
Commercially produced CdS powder (B.D.H. Optran
grade) was purified by resublimation in a flow of argon

(Stanley 1956) to give rods and platelets of light yellow CdS.
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Mass spectrographic analysis of these crystals showed most

impurities were present in quantities less than 0.1 ppm.
The crystals were crushed and used as the source material

for the vacuum eVaporation. The I.R.D. sources werec £filled

with "Leuchstoffurer" CdS powder.

5.4 Masks

Evaporation masks for the delineation of
electrical contacts and samples on which th; Hall coefficient
coﬁld be measured were manufactured from 0.005" thick copper
sheet by phofochémical etching. Lessicoﬁplex patterns were
machined from copper and duralumin sheet. . The copper masks

were cleaned in chromic acid before being placed in the

vacuum chamber.

5.5 - Substrates

There are many suiltable substrate materials with
contrasting properties. Those ‘used included glass, NaCl,
‘and metallised kapton (a polyimide plastic). The different
substrates required different cleaning and handling
techniques before film deposition was possible.

Much work has been done on the cleaning of glass
substrates for vacuum.eyaporation. The most‘common methods
used are; a serles of chemical rinses, glow discharge
cleaning (Holland 1955) and alcohol vapour degreasing

(Putner 1959). Holland (1966) camélto the conclusion that
a thorough chemical wash was at least as good as ion bombard-
ment. The best way to remove gross contamination is by

ultrasonic agitation in a detergent type solvent followed

by 'a degrease in propan-2-ol vapour. .
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Single cryvstal substrates required cleaving
before the deposition of phe*film. The crystals were
cleaved }ﬂ air, immediately before being loaded into the
system.'by a cleaver of the type described by harris (1969).

The metallised kapton substrates were cleanad

by a gentle swabbing with acetone followcd by propan=2-0l.

5.6 - The Evaporation Cycle
' |

The series of sfeps in the evaporation of a CdS
film on. to glass using the systems descrilied is outlined
below, |

. (a) "fhe substrate'was'cleﬁned by ultrasonic
agitation in "éuadrélene”-ﬁ817 instrument cleaner, rinsed
in distilled water, washing in propan-2-ol and then'suspended
in'prdpan-z-olivapour for several minutes to ensure that
no stains‘persisted on'the dry surface.

(b) ' The substrate and mask were placed on the
substrate heater and the source crucible filled with

crushed CdS flow crystals.

(c) The system was evacuated to .a pressure less

S torr and the suhstrate heated to 50°C above its

than 10
required temperature for one hour.
 (d) The CdS‘waS“outg&ascd gradually by increasing

the source power. |

. (e) The evaporation rate and substrate temperature
were set to the required value and the shutter opened when
the stéady state condition had been attained.

(£) The evaporation r#tewas monitored by the

D.T.M]1 until the film had grown to the desired thickness

when the shutter was closed. The source and substrate
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heaters were then switched off.

(g) The substrate was allowed to cool to room
temperature before the system was let up to air.
(h) Electrical contacts when desired were

evaporated on to the CdS from a molybdenum boat in a

separate glass vacuum system pumped by a small mercury

diffusion pump and a cold trap.

5.7 - A Tbtallz Enclosed System
‘'Following the success of the 'hot-wall' method

a totally enclosed systeﬁ*was designed for the evéporation
of CdS thin films. With this technique, which is described
below, the evaporation chamber was not pumped during. the
formatioﬁfofﬁthe film, thus allowing the evaporation to
proceediunder equilibrium conditions and ensuring that

none of the constituents of the vapour were lost preferen-
;E§a11y=tq exhaust.

The charge of crushed flow=run crystals was
placed at ﬁhe bottom of a vertical silica glass tuﬁe, with
12 mm bore and 25 cm long. The 1 cmhsquaré glass substrate
was supportgd'on small silica projections from the wall
as near to$the top of the silica tube as possible. The
tube was rounded at the top end and joined to a 5 mm bore

silica tube with which it was connected to a high vacuum

system pumped by a mercury in glass diffusion pump and a
cold trap. The whole tubewaéfthen heated to a temperature
of 200°C until outgassing was complete when:the pressure
lay in the range 9x10-7 to 4310'6 torr. After cooling, the

tube was sealed from the vacuum system leaving a volume of

about 1 cma above the glass substrate (see Figure 5.6):
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The evaporation was carried out by placing the

tube in a vertical furnace similar to that used to grow
single crystals (Clark and woods 1968). By adjusting the
position of the tube in the furnace some degree of control
over the source and substrate temperatures was obtained.
Using this system it was possible to grow £ilms from 0.2 um
to 2 um thick at a mean deposition rate of 40-503 min-l.

The source and substrate temperatures were
measured with Pt, Pt/Rh thermocouples in contact with the
outside of the tube. No direét monitoring o% the deposition
rate was possible and the mean rate was calculated by
dividing the ultimate’thickness of the film (measured using
interference microscopy) by the total length of time the

deposition had been in progress.

5.8 . The Measurement of Film Thickness

The various methods used to measure f£ilm thickness
are reviewed by Chopra (1969). ‘

The thickness of the filmswasﬁme%sured optically
with a Watson interference objective. A reflecting metallised
layer over the film edge is desirable with this method and
the indium electrical contacts proved ideal for this purpose

provided they were evaporated at a high rate in pressures

below 10"° torr.

With the interference head and a monochromatic
source double beam Fizeau fringes were obtained by
reflection from the metaliised.film.and substrate. The
metallic layer increases the fringe contrast and eliminates
errors assocliated with bhase changes which o;cur 6n

reflection from dielectrics. The £film thickness was cal-

culated from the fringe diéplacement across the'step,

&
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see Fig. 5.7, which arose from the path differences of

the reflected beams. This thickness is simply

. DA
t =3
where t = film thickness
n = number of fringes displacement

A = wavelength of illumination.

The thicker films ( « 20um) prepared at I.R.D.
were measured directly using a calibrated microscope stage

by focussing successively on the film and the adjacent

substrate.

5.9 Conclusions

Samples were pfepared in the systems described
to determine the effects of the type of system and
evaporation parameters on the resistivity oflthe CdS films.
We were particularly interested in the conditions required
to grow low resistivity films for use in photovoltaic
junctions. The results are presented in the next

chapter.
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CHAPTER 6

THE ELECTRICAL PROPERTIES OF CdS THIN FILMS

6.1 Introduction

It was mentioned in Chapfer 3 that the electrical
resist;vity of the underlying CdS thin £film is an important
parameter in controlling the properties of, a P.V. hetero-
junction. An examination of the conditions required to

produce CdS films of the correct resistivity is therefore

of great imbortance. Low resistivity films are essential

to ensure that the cell has a low series resistance thus

enabling maximum power to be extracted. The low resistivity

must be achieved without departing from the optimum composi-
tion at which tﬁe heterojundtion can be formed. The effects
on the dark resistivity of varying the film thickness,
deposition rate and substrate temperature of CdS films
deposited on glass by the different methodg described in
Chapter 5, have been investigated and are described below.

| A large number of samples would have been necessary
to cover the complete range of.interest of all the parameters
(substrate temperature from 20 to 350°C, deposition rates
from 10 - l0,000R/min, and thicknesses from .1l = 10 um).

For example Davey (1963) working on germanium £ilms found

it necessary to produce twelve hundred samples. Operations
on such a scale were beyond our scope so that the work was
restricted to substrate temperatures between 200 and 220°¢C
where previous experiments have shown (Wilson and Wqods 1973)
that f£ilms of acceptable composition and resistivity were

most likely to be produced.
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6.2 Electrical Contacts

Mention should be made at this stage of the

materials which form ohmic contacts with CdS which has

an electron affinity of 4.22 eV. The most commonly used

contact is indium which has a work function of 3.8 eV
(Smith 1955, Schulman 1955) but silver (4.21 eV), zinc,
aluminium (4.20 eV) and chromium (4.21 eV) also have
suitable work functions (Learn et al 1966, Bujati 1968).
Gold (¢ = 4.46 eV) might be éxpected to fogﬁa blocking
contact because its work function is so high. However
when a CdS film is evaporéted on to gold an ohmic contact
is produced. This 1s attributed to the formation of a

Au/Cd intermetallic compound in the surface regions of the

Cds.

Gold contacts are more durable than those of the
other materials. They have a high resistance to oxidation

and gold does not diffuse into CdS as readily as indium.
However the sticking coefficient of C4dS on gold is higher
than that of CdS on glass. Films on gold are therefore

more non-uniform and consequently it was decided to use

evaporated indium contacts in this work.

6.3 Apparatus

The electrical clrcuit used for the measurements
is shown diagrammatically in Flgure 6.1 while a scale
drawing of the thin film sample and contacts is illustrated

in Figure 6.2. | :

The current flowing along the sample was derived

from a dry battery and monltored by a sensitive mirror
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galvanometer (2,400 mms/ A). A field of 5 kG was obtained
from an electromagnet. The field was uniform over the
sample area across a gap of 2 cm in which the light tight
sample holder was supported. Non-microphonic, co-axial,
screened cable was used between the sample, meters and

power supply since the high resistivity of a number of the

samples made the use of an E.I.L. Vibron 33B Electrometer
essential for the measurement of some Hall .voltages. 1In
order to off-set the out-of-balance voltage across the

Hall probes, which was present in zero magnetic field
because of slight contact misalignment, a variable backing-
off battery supply was inserted into the Hall voltage
measuring circuit. Since the length to width ratio of the
thin films was greater than three no end effect corrections
to the Hall voltagg*were necessary to compenéate for

possible short circulting effects of large current contacts

(Isenberg et al 1948).
When the photoconductivity was to be measured
illumination was provided by the radiation from a tungsten-

halogen lamp filtered by a 1 cm path of water. The

intensity of the radiation was maintained at lSOmW/cm? as
determined by a callbrated Si photovoltaic cell. This

apparatus will be described in more detail in Chapter 9.

6.4 Current Characteratistics

6.4.1 In order to check that the evaporated indium con-
tacts were ohmic, a series of I(v) curves for ‘'forward' and

'reverse' voltages up to 100 volts were obtained for CdS
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films evaporated under a wide range of coaditions. Some

of the resultant curvesfafe shown in Figure 6.3. By
varying the method of evaporation, substrate temperature,
deposition rate and thickness it was possible to produce
films with resistivities varying from 2.0 to 2.0xld7 ohm cm.
Samples numberedf;ith the prefix G were evaporated

usipg the elecéronhguﬂ, ﬁwith the prefix R by a resistively
heated source and with the prefix E in a totally enclosed
system. This convention has been used throughout this
ﬁork.1

Hy,ﬂFigure 6:3”shows that the highér resistivity samples
were"élightlygnéh-ohmic. This is bécausé'the work function
of In matcﬂgé that of CdS less well as the Fermi level moves
downwa;ds from the conduction band. No difference was
noted in the current flowing in any sampie when the polarity
was revgrséé."ﬁﬁll the films in the lower resistivity
range i&héiones of most interest in the present investigation)
were ohmic. The values of resistivity quoted in Figure 6.3
were measured:atrsov. This*wa§ a suitable voltage to pro-
1auce afhéasﬁreable current‘wiihout introducing high field

effecté, and has been uséd as a standard bias.

6.4.2 The effect of illuminating a sample and changing
thé intensity of the whiteMIight;ﬁith”néutfélhdénélfy |
filters was to produce a non-linear variation of photo-
current with intensity as shown in Flgure 6.4. In this
diagram L = lOO%,correSpondsdto illunination with sunlight
aéha.m,o. f;ir mass zero). The samples were mounted on a

copper block which acted as a heatsink and thus ensured

isothermal conditions. *
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A typical spectral response of the photoconduc-

tivity of one of the more photosensitive enclosed films
is shown in Figure 6.5. There was a large peak in the
photoconductivity when the sample was illuminated with

light of wavelength O.Sﬁm,*which is at the optical

absorption edge of CdS at room temperature..:

6.5 Effect of Film Thickness on Electrical Resistivity
It has been shown by Addiss (1963) that the

thickness of a film is an important parameter determining

its structure. There 1s a pargilel degendence of the resis-
tivity, Hall mobility and photosensitivity on £ilm thickness.
Shallcross (1966).ind1cated that the resistivity
of his films might have been dependent on the thickness,
but did not pursue this suggestion. Wilson and Woods (1973)

however reported a non-uniform lowering of the resistivity

of CdS films with thickness and suggested this might be

due to an increasing deviation from stoichiometry of the

source as the evaporation proceeds.

6.5.1 Closed System

The films evaporated in closed systems were
evaporated at source temperatures of 800°c or 850°C. There
was a striking difference betweén.fhe resistivities of films
evaporated from sources at 800°C and those evaporated at
850°C. The curves in Figure 6.6 show the resistivities of
the two sets of films, deposited at Sogminrl as a function
of film thickness. Each point plotted represents the meén

of at least six films of the same thickness. Curve 'a‘
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shows that the resistivity of the films evaporated at 800°¢C

6 3

varied from 2x10 ohm

ohm cm at a thickness of 0.15 ﬁmto 10
cm at 1.47 ym. In contrast the films evaporated at 850°¢
ﬁad a constant resistivity of about 3 ohm cm regardless of
their thickness.

The way in which the Hall coefficient of the
different films varied with thickness is shown in Figure 6.7.

The Hall coefficient of the films evaporated at 800°¢ changed

6 3

from 3.6x10° to 5.5 x 10 cm; C-l as their thicknesses were

increased whereas the Hall coefficient of the. £11lmg evaporated

at 850°Clwas independent 0f thickness and had a value of

3 C-l. The similarity in the shape of.the

about 14.0 ‘cm
curves in Figures 6.6 and 6.7 is strikingly obvious.

The variation of the Hall mobility with thickness
for the two sets of films is shown in Figurg 6.8, where

reciprocal mobilities are plotted against tQickness. With
the films evaporated at 800°¢C the mobility increased by a

factor of 2.5 over the range of thicknesses investigated
and was clearly inadequgte to explain the thousandfold

increase in electrical conductivity observed. With the
thickest films the mobility tended to a conétant value of
3.7 cm® V'"l s"!. The mobilities of the films evaporated

at 850°C had values almost identical to this whatever their
tﬁickness.

The Hall measurements allow a dist}nction to*be
made between the contributions of the carrier concentration
and the mobility to changes in the resistivities of the
films. The obvious similarities betﬁeen fhe changés in the

Hall coefficient and the resistivity of the:filmafevéporated
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in the closed system from a source at 800°C demonstrates

that the change in resistivity is almost entirely due to
‘an increase in carrier concentration with thickness. In
fact the carrier concentration increased fromelOtho
8x1014 cme_as the thickness increased to 1.5 um. The
carrier concentration of the films evaporated at 850°¢c

was akout S.Oxlo17 cmf3.

The variation in the Hall mobility, u, with
thickness illustrated by curve 'a' in Figure 6.8 can ke
explained in terms of the moael put forﬁaré by Fleitner (1961)
which attributes the variation to diffpse’scattering of
the electrons at the surfaces of the films. According to

Tleitner's model
U = Hy (L - zl/t)

where u. is the bulkﬁobility of CdS modified by‘the effects
of grain boundary and impurity scattering,i t is the thick-
~ness of the film and ) is the effective nean free path
between surface collisions. A good fit was obtalned between
this equation and the experimental feéults*when values of

2 -1

Hg = 4 cm"v-l = and ) = SOOg.were used. The contin-

uous line in Figure 6.8a has been plotted using these values.

6.5.2  Open Systems

' Wilson and Woods (1973) have previously repdrted
similar variations in the resistivity of cés films with
thickness. Their samples were prepared in a conventional
‘open' vacuum system using a resistively heated source.

To check that the results £hey obtained could be reproduced
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using the starting material empléyed in the expefiments'
described above, some films were grown ﬁsfng the identical
open system, and identical source and substrate temperatures
they had worked with. Excellent agreement was obtained.

To extend their work and to test the idea that the
composition of the source varied with time, the following
experiment was performed. Two glass substrates were placed
sidé*by side on the substrate heater in the:vacuum;system.

A shutter was used to allow a film of CdS to be deposited

on one substrate for ten minutes, whereupon the shutter was

adjusted to stop the deposition on the first substrate and

allow a f£film to be forﬁed on the second substrate. This

second deposit}gnﬁé}so lasted for ten minutes. A substrate

temperature of 200°C and a source temperatufe of 720° were
- used. Throughout the ev&ﬁg;;ii;n the deposition rate was

"monitored and was approximately constant at SOOR/min.

.. The experiment was then repeatedwiththOMngw substrates

-fandmawnew charge. Once again a film was formed on substrate
1 for the first ten minutes. For the second ten minutes
'boﬁh substrates were obscured from the source and finally
for the third ten minutes a film was deposited on substrate
2. The source was heated for the whole 30 minutes duration
of the experiment. The experiment was then .repeated
increasing the interval between the first and second
depositions to 20 and then 30 minutes. Thelresults are
shown in Figure 6.9.

- The tops of the tall rectangles show.the resis-

tivities of the films evaporated fqrfthejfirgt ten miputes
in each of the four experiﬁgnts;n Thetheighﬁs of the dashed

}

rectangles show the resistiviﬁiesof the films deposited on

" . A& T w o
W T 3, 8 * " :":'"“
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the second substrates. The numbers on the abscissa

indicate the time in minutes between the first and second
depositions. The results demonstrate quite clearly that
rwith films of the same thickness the resistivity decreasés
with the length of time for which the source has been '

- heated to the evaporation temperature prior to the deposi-

tion occurring.

A similar experiment was then performed in which
the source was allowed to run for an increasing length of
time before two films were evaporated consecutively at
QOOR/seclfor iO minutes. The results afe shown in
Figure 6.10. 1In this'figure the ratio of two consecutively
evaporafed films (the resiétiéity of the film of substrate
1 : the resistivity of the film on substrate 2) is plotted
against the time the source'had been running prior to the
evaporation of the initial £film.

Theksmall size of the source meant it was impossible
to run it at the evaporation temperature for periods in
excess of 50 minutes. As a result the point where both
films would have the same.resistivity could not be reached
experimentally. However by extrapolating the curve we can
estimate that this would occur when the source was heated
to evaporation temperature for 50 minutes prior to the

deposition of the first film.

6.5.3 ' Electron beam evaporation

Further films were evaporated in an ‘open'
vacuum system using an electron beam to heat the source.

The variation in resistivity with thickness of these films
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is shown in Figqure 6.11. The resistivity of such films

falls from 1.6x105 Qcm at a thickness of 0.05um to
3.4x10° Qcm at O.6um, and thereafter appears to be
approximately constant up to a thickness of 4um. The Hall

coefficient (Figure 6.12) follows an identical pattern
éuggesting the decrease in resistivity is predominantly due

to an increase 1in carrier concentration as opposed to
carrier mobility. This is confirmed by the variation of

inverse Hall mobility with thickness shown in Figure 6.13.

6.6 Effect of Evaporation Parameters on Electrical
Resistivity ) |

6.6.1 So far the conditions required to produce a £film
of given resistivity havé not been discussed. It has merely

been stated that a variety of films with widely ranging
properties can be produced by varying the substrate

temperature and deposition rate. In this iﬁvestigafion
studies have been made on more than 100 films which were

deposited on glass from undoped resublimed Optran (B.D.H.)

Cds.
The black films which result from deposition on a

cold substrate were of'nque for photovolﬁaic purposes as
they were very rich in cadmium andg consequeﬁtly highly
conduétive (p = 809cm) and non-photoéensitive._ The
requirement to avoid such films set a lower limit on the
substrate temperature of around ISOOC. At the other
extreme great difficultywas experienced in depositing Cds
on to a substrate held at a temperature in excess of 350°C.

Near this temperature a thin pale yellow film was

fabricated. The minimum deposifion rate was limited by
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the time available for the cvaporation and the maxinum
rate governed by the total power that could b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>