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ABSTRACT

Large arc.a sprayed or silk screen printed CdS/CuZS solar cells
are potentially cheap and efficient devices for the direct conversion
of sunlight into electrical energy. They do not require the expend-
iture of large amounts of energy during fabrication as do silicon
cells.. There are, however, various degradation processes associated
with the operation of the cells and the major mechanism is thought to
be associated with a gradual oxidation of the copper sulphide. It is
clear therefore that the degradépion of single crystal and evaporated
thin film cells must be better understéod before the more difficult
problems associated witi the fabrication and operation of sprayed or
-printed layer cells can be solved. -

This thesis describes an investigation into the photovoltaic
properties of CdS/Cuzs heterojunctions. The cells were prepa;ed by

forming layers of Cu,S on single crystals and thin films of Cds.

2
Undoped crystals with both high and low resistivity have been used
as have low resistivity Eamples containing grown-in copper, indium
and chlorine impurities. A study of the spectral dependence of the
open clrcuit voltage and of the current-voltage characteristics, after
baking in air at 200°C,shows that the maximum épectral sensitivity
of the cells in the range 0.6 to 0.7 um is associated with a photo-
conductive region in the cadmium sulphide causea by a difquioﬁ of
copper into the cadmium sulphidé. Thé effects of forming the cuprous
sulphide layers on basal plénes of opposite polarity have also been
investigated. It was shown that the conversion of -cadmium sulphide

to cuprous sulphide proceeds 1.5 times faster on sulphur than on

cadmium planes and the photcvoltages of unbaked cells with the cuprous




sulphide formed on sulphur facecs are some 20% .larger than the photo-
voultages from cells in which the cuprous sulphide is formed on
cadmium faces. It was further shown that the plating temperature

must be carefully controlled at 90°C to ensure production of

stoichionztric CuZS.
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CHAPTER 1

INTRODUCTION

Since the late 1960's, there has been great interest in cadmium
sulphide/coppei sulphide heterojunction photovoltaic cells. Such
devices show promise for space and terrestrial use. Silicon cells are
at-present used as satellite power sources but they degrade severely
when exposea to.cosmic and other radiation. On earth, silicon solar
cells are used as power sources in remote places such as marker.buoys
but much electrical ernexrgy is consumed during their production. Cadmium
sulphide solar cells are known to be mé:e-radiation resistant than
siliéon solar cells and large area devices can be febricated in thin
film form. The production of such cells is inherently less energy
consuming than the silicon techgology. However, the power output of
cadmium sulphide/copper sulphide solar cells degradés during exposure
to illumination or on.thermal cycling. To compaﬁ these effects,

.better attempts wust be made to understand the operation of the device
so that more stable and efficient devices can be fabricated.

The work in this thesis has been carriéd out under theé Science
Research Council's C.A.S.E. award.Scheme in collaboration with the
International Research and Development Company of Newcastle upon Tyne.
This company has been involved in the research and development of thin
film solar cells since the middle of the last decade.

It is possible to fabricate thin film ahd single crystal cells.
The basic structure of both types of device consists of some sort of
substrate which serves as an ohmic contact to the CdS. A copper sulphide
'barrier' layer is formed on the Cds and finally an ohmic contact usually
in the form of a grid is formed on the copper sulphide. Such devices may

be encapsulated to retard the various degradation processes.




garlier work carried out at I.R.D. and Durham has been concerned mainly
with the properties of the Cds layei. Although the ultimate aim was to
produce evaporaied layers of CdS for eventuai device fabrication, work '
was carried out on single crystal material to give basic information
about the material. Evaporated layers of good quality and optimum
resistivity hﬁve been produced in these earlier studies.

More recently in the field of solar'cell research, attention has
been increasingly focused on changes which occur on the copper sulphide
side of the boundary. Thé Cu--S phase diagram is complex and ccveral
workers have explained the degradation_effects in terms of the gradwal
oxidation of the copper sulphide to a copber deficient phase.

The studies repcrted in this thesis aré all concerned with the

factors controlling the properties of Cds/Cu,S photovoltaic cells.

2
"Solar cells in both single crystal and +thin film form were fabricated
during this study. Chaptér 2 is a general review of photo-effects in
~group II - group VI compouqul The photovoltaic effect iﬁ the cadmium
sulphide/copper sulphide heterojunction is discussed in Chapter 3.

Since the aim is to produce large area devices, Chapters 4 and 5 are
concerned with general methods of production of thin films and the
particular érrangements used at Durham and I.R.D. The formation of
copper sulphide topotaxially on cadmium sulphide is described in Chapter
& together with a method for the direct ideatification of the phase of
copper sulphide produced by standard procedures in this laboratory. A
étudy was also made of the influence of the heat treatmenﬁ in air of
cells fabricated.on single crystal CdS of differxent resistivities and
dopants. This is described in Chapter 7. Photoconductive effects

associated with device characteristics are shown to be related to the

diffusion of copper from the copper sulphide into the cadmium sulphide.




Investigations of the effects of heat treatment are continued in
Chapter 8 when the effects of surface oxidation are discussed.
Attempts were made to produce stoichiometric mprous sulphide by

applying potentials to the Cu, S surface during its formation. The

2
importance of controlling the formation temperature is also reported
and cell spectral response characteristics are correlated with the

rhase of copper sulphide prasent as identified directly by techniques

discussed in earlier chapters.




CHAPTER 2

PHOTOEFFECTS AND II-VI COMPOUNDS

2.1 Photoelectric Effects

The three main photoeleciric effects were discovered in the
nineteenth céntury and have descriptive names in contrast to many con-
temporary physical effécts which were ramed after their discoverer or
a leading investigator. The photovoltaié effect (P.V.E.) forms the
basis of the work to be described ip this thesis, althouéh the other-
two main effacts of photoconduciion and photoemission have been in-
vestigated to a much greater extent by other workers and are exploited
in many applications.

The first of the photoelectric effects to be discovered was
the P.V.E. (Becquerel 1839). It reguired a wet cell comprising two
non-identical elecfrédes immersed in an electroiyte. When one electrode
was illuminated with photons of certain energies, a potential'difference
- developed between the-two electrodes and an connecting a locad, a current
was observed to fléw.

The Becquerel type P.V.E. is oue of the most difficult photo-
effects to explain fully and not many theories were put forward until
the work-on Cu/CuéO photocouples had been performed. Early models
proppsed by Frenkel (1933,1935), Lanaau and Lifshitz (1936), Davydov
(1938) and Mott (1939) concluded correctly that the photo-emf arose as
a consequence of the production of a.non—equilibrium concentration of
minority carriers. A more recent exposition of the Becquerel P.V.E.
was given by Williams (1960) . Both cadmium sulphide (CdS) and gallium
arsenide (GaAs) wére ipvestigated as glectrode materials, but this wet .

cell arrangement does not appear to have any applications or particular




advantage. When Chapin et al (1954) discoveféd the photovoltaic effect
. in p-n homojunctions in siliéoﬁ, muéh of the then recently developed
semiconductor device theory was used to explain the processes involved.
However, attempts by Reynolds et al (1954) to apply this theory to the
Cu/Cds ;r CuZS/CdS héterojunction cell, which had glso been reported by
them at about the same time, were not so successful, -and even now no
model for this device is universally accepted.

The second photoelectriq phenomenon discovered was the photo-

. conductive effect (P.C.E.s. It was first observed in selenium by

Smith (1873). The resistivity of a bulk sample decreased when it was
illuminaﬁed with light of the appropriate photon eneréy. Identical
glecérodes were used and no photOrem§ was genérated. Consequehtly a
power source was needed to»operafe the device. Most pf the compounds
‘formed from the elements of groups II and VI of the périodié table have
large photdconductive effécts. Caamium sulphide in particula:~has high
dark resistivity and good sensitivity and'CdS?photoconductiye cells are
used in the ekposure metérs of many cameras. In many'practicél devices,
a compromise has to be re;ched between the speed of response and sen-
sitivity (Rose 1563, Bube 1955,1960).

The third major'photoelgctric process is the phctoemissive
effect which Hertz (1837) first observed during his series of-expériments
on electric induction. It was found'that o spark in a'secondary circuit-
passed more easily across a gap when the gap wag illﬁminated-wifh the
light from the‘primary spark (which was a source of ultra-violet 1ight§.
Hallwachs (1888) corroborated these results and conciudéd that negative
charge was emitted from the cathode under excitation from high énergy

photons.




Elster and Geitel (1895) discovered that the electron emission
was much larger from the electrochemically positive metals such as
sodium or cesiun:. This eventually led to the development of present

.Sb and Cs-0-Ag which are used in the first

day photocathodes such as Cs3

stage of modern photomultipliers fdr example.

For completeness, other relatively minor photoelgctric phen-
omena should be mentioned although at present they do not form the basis
of any practical devices nor have they been investigated in this present
work. They are however uéed in the determination of material parameters

such as carrier mobility for example. These are:

(a) . The Dember effeét in whicﬁ a voltage is produced in a sample
in a direction parallel to that éf illumination by incident photens.
The voltage is produceé as a result of the different recombination
rates of electrons ahd holes which do not possess the same mobilities

and therefore diffuse at different rates.

(b) The photopiezoelectric effect which arises from a small local
change in energy gap of a semiconductor when the bulk material between
two opposite contacts is compressed and the sample is illuminated.

This phenomenongives rise to a small photovoltage.

(c) The photoelectromagnetic effect which is analogous to the Hall
effect. When a magnetic field is applied to a sample which is being
illuminated in a direction perpendicular to the field, a potential dif-
ference appears across the crystal in the third orthogonal direction.
The electrons and holes which are created by the absorption of photons
are separated by the magnetic field and a potential difference is

developed across the sample.




All of these effects are discussed in Tauc's book (1962) but
£he detailed theory may require modificétion in the light of more recent
developments. |

A photovoltaic effect can be pioduced in several differerit

situations:-

(1) A bulk effect may occur if a sample is illuminated non—unifo?mly
or if it has a non-uniform impurity distribution contained within it.
This effect was reported by Wallmark (1957) who observed a
transverse photovoltaic éffect in certain materials when they were
.illuminated non-uniformly. A potential difference parallel to a junction
just below the surface was produced when the junctior was illuminated
perpendicularly to the surface. The magnitude and sign of the voltage
produced wes very gensitive to the location of thé focusad spot of

incident light. The effect could be exploited in a position indicator.

(2) Barrier effects arise whenever an electroétatic‘barrier is
present in a samplé{ These effects cause charge separation of the
-optically created electron-hole pairs. BAs a result of which, an electro-
static potential difference occurs across tie barrier. The barrier may
arise in several different ways. It may be due to a diffusion potential
between an n-type and a p-type region, or to';n interface region between
semiconductors with differeht-bgnd gaps or gimply to a blocking contact
between a metal and a semiconductor. The CdS solar cell which is so
called for historical reasons, but which is reﬁlly a heterojunction
between p-type copper sulphide and n-type cadmium éulphide falls into
the first'bateéory. Further complications arise from the probable
existence of a‘copper compensated cadmium sulphide interface region

which is present in at least some CdS solar cells.




(3) A photovoltage many times larger than the energy gap may arise
in single crystals of certain group II -group VI compounds. The poten-
tial gradient may be several hundred volts per centimetre of length
(GoldéteinandPensak-1959,.Brandhorst et al 1968) and depends on sample
perfectién or the method of production of the thin films. One explanation
of. the effect suggests that the cubic/hexagonal stacking fgults which are
present in some group II -group VI compounds (especially zinc sulphide)
are in effect potential barriers (Ellis et al 1958). It is further
suggested that the differeﬁt band gaps.of the cubic and hexagonal materials
cause a series of discontinuities in potential energy which is additive,
hence a total barrier of several hundred electron volts is formed (Cutter
and Wéods 1975). However the high_impedance of samples which show this .,

" effect has prevented any useful abplication up to the present time.

2.2 Solar Cells

Semiconducting phgtoQoltaic devices were initially used only
to detect or measure radigtion in such applications as photographic
exposure meters, light actuated switches and light detectors with lower
noise and faster response than photoconductive devices. However, during
the past two decades, technological improvements have led to photovoltaic
cells in which the electrons and holes can be collected much more
efficiently, and useful conversion of'solar energy into electrical power
has been achieved. | | |

On a cloudless sunny day at latitude 55°N at sea-level, aboﬁt‘
800 w m-2 of solar energy falls on the earth's surface. At present, most |
6f our power is generated from the burning of fossil fuels such as coal
and oil. These were produced indireétly by the sun in the first place

by photosynthesis. This is an inhérently inefficient and time consuming




procéss and i; would cléa?ly be better to convert the sun's energy
directly into elec;ricity. Solar cells were recognised to have great
potential as energy. converters as silicon techislogy developed and other'
matecisls with low conversion losses were found. A 20% #limiting éon—
version efficiency" was calculated for silicon p-n junctions and even
higher values for materials such as aluminium antimonide, gallium arsenide
and iﬂdium phosphide (Cummerow 1954, Pfann and Roosbroek 1954, Rittner
1954, Prince 1955, Rappaport 1959 and Wolf 1960). Much recent work has
been directed towards realising these efficiencies and the greatest
advancés have been mads as a result of the U.S.A. space projects. Beyond
the earth's atmosphere, the available solér energy is '§1.4 kW m_2. A
commonly occurring term used to describe the relative power falling on

a solar cell is that of relative air mass. The opﬁical air mass is a
function of height ;bove sea level, i.e. atmospheric pressure and the
length of path in the atmosphere through which the sﬁnrays must pass.

and hence the globa; pésition of the‘c;ll is important. A power of

1.4 kW m'-2 is receivéd at the equator at midday outside the earth's
atmosphere and these are air ﬁéss zero conditions (A.M.0Q). The A,M.l-
‘condition occurs cn a cleudless day at sea level at the equator and
corresponds to a received power density of 1 kW m_2. Equivalent A.M.O
or A.M.1 conditions assume that the power soﬁrce has the same spectral
response as that of the sun. Since such a large amounf of solqr bower
is available in space, even assuming a low power conversion efficiency
of say 10%, communication satellites can be powered from a solar cell
array of acceptable dimensions (several tens of square metres in area).

When solar cell materials and array designs are chosen, the

following criteria must be considered.
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(1) The cost of materials should be low.
(ii) The processes used in making the materials and the devices
should aot consume excessive amounts of energy.

(iii) The method of fabrication should lend itself to mass production.

'In addition the solar cell should be designed to fulfil the following

conditions:-
| (a) It should have a highlradiation resistance especially for space
‘ use.

(b) It should have a large area to reduce cell interconnection

problems.

) (c) | The cells should be flexiblg.

(@) They should have a high-power to weight ratio.

(ei There should be low reflection losses at the surface.

(£) The cell must héve a high efficiency for production_éf

electron-hole pairs from absorbed photons.

(g) The carrier mobilities should be high to reduce recombination
losses.
(h) - R celi shiould have a high fill factor (ratio of maximum power

rectangle to product of open circuit voltage and short circuit
current).
(i) The internal series resistance shculd be low (this has been

partly solved by better grid design).

The first devices to be fabricated were based on single crystals.
Although silicon solar cells were the most efficient for a long time,
géllium arsenide cells and cadmium sulphide/indium phosphide have been

reported more recently as having higher efficiencies (Wagner and Shay 1975).
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All of these cells howevef are fabricated from thin slices of matérial
cut from singie crystals which have.to be grown at high temperatures.
Not only is this process wasteful of materials. it is also wasteful of
energy. Moreover the areas of the cells are limited to a few squafe
centimetres by the crystal growth processes and the thin wafers are
exceedingly fragile.

| Prgsen; day efficiencies of silicon cells are quoted as '§15§
but 12 to 13% is more typical. Most of the present applications of
silizon cells are in space environmeﬁts ana the cells degrade to an
efficiency of about 6% in a ﬁew months pecausé they are subjected to
particle and cosmic radiétion in space. It has been suggested (Brucker

et al 1966) that this damage can be minimised by usina a silicone coating

" or by heavily doping the silicon with lithium. This latter modification

is thought to promote a self repairing mechanism.
Up to the present time, the power level requirement of the

single crystal silicon’cells used in unmanned space missions has been

less than 1 kW. Futuie missions will probably require power levels of

several kilowatts and it will not be possible to meet this using bzdy
mounted devices. A space deployable array will be required and much -
research sponsored by N.A.S.A. has.been done on a flexible thin £ilm
cell for use in such an array. Thin film celis (Moss 1961) offer the
advantages of potential cheapress, light weight, mechaﬁical flexibility
and a large total output power level from an array of practical size. A
comparison between the parameters of silicon single crystal solar cells
and cadmium sulphide thin film cells is given in Table 2.1 which is
taken from Mytton, 1973.

Although some of the production problems can be overcome using

more advanced technology, the basic properties of the materials which



Cds Roll up Si Roll up
Parameter Array Array
150 um cells
Efficiency when first
fabricated 7% 11%
Efficiency after 5 years
in synchronous orbit 5.9% 9.6%
Power to weight ratio .
W kg ! 82.1 71.2
Cost per watt
"In- 1973 £30 £120
Table 2.1: Comparison between CdS and Si solar

cells (mainly for space applications).
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make up tﬁe heterojunctions are the real limiting factors of tﬁe cadmium
sulphide/copper sulphide cell. -A curve of efficiency as a function of
energy gap has been deduced theoretically (Loferski 1956, Wolf 1960)
and this suggests that a maximum performance should be attained with an
energy g;p of 1.6 eV when A.M.0O. illumination is employed. On this basis
silicon (energy gap 1.1 eV) is worse than gallium arséni@e (1.34 eV)
or aluminium arsenide (1.52 eV). Indium phosphide (1.27 eV) ought to be
slightly better than silicon and this has recently been demonstrated to
.be true (Wagner and Shay 1§75). Froﬁ 2nergy gap considerations, it was
originally assumed that CA4S solar cells would be very poor, but the band
| gap of cadmium sulphide of 2.4 eV shoulé,‘from this point of view, be
replaéed by an effectivi band gap of 1.2 eV which is attributable to the
copper sulphide layer.

Consideration of all of these factors suggests that the flexible

thin film €dS/Cu_ S cells méy present a strong challenge to the overall

2
supremacy of silicon. 1In theéry and in practice, heterojunctions fab-
ricated from cadmium telluride (CdTe) (Vodakov et al 1960, Cusano 1963),
aluminium arsenide (AlSb) (Rittner 1954), and indium phosphide (InP)
(Wagner and Shaf 12775) are better thén either cadmium sulphide or siliicon.
However in practice, difficulties in growing single crystals rule out

most of these materials. In contrast CdS/Cu.S solar cells can easily

2
ke prepared in thin film form and efforts to produce a sprayed solar

cell are continuing in this laboratory.

2.3 II-VI Compounds

We shall define II-VI compounds as the compounds formed between

elements from groups IIb and VIb of the periodic table.
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Crystals of all of the II-VI compounds have been grown from
the melt and by vapour phase growth. The growth of a II-VI compound from
the vapour phase was first reported by Lorenz -(1891). The technique was
usea much later in a mod;fied form by Frerichs (1947); In this latter
dynamic method, separate sources of the elements were required with a
carrier gas supplied externally. The basic requirement for growth is
simély that of the provisiocn of a vapour containing the group II and
group VI eleﬁenté. This can be achieved either by the dissociation of
a permanent compound (e.g. CdS) or by the vapourisation of the separate
elements. The gas molecules diffuse or flow to a region where super-
saturation occurs and growth follows. |

A static method of crystal growth was developed later by

" Reynolds and Czyzak (1950) and Greene et al (1958) in which transport

occurs by diffusion within the gas phase. In this method, the starting
materials are required to be in powder form. Further modifications to
the technique were carried out by Piper and Polich (1961) and since tlen,

this method has been used with good results to grow crystals of several

II-VI compounds.

Growth from the melt has many advartages in the preparation of
large single crystals. Only certain II-VI compounds which havé a relatively
low melting point such as cadmium telluride, cadmium selenide and zinc

telluride can be melted without a high pressure being applied (Lorenz 1962).

The II-VI compounds crystallize in two main forms, namely the
cubic zinc blende (sphalerite) structure and the.hexagonal wurtzite
structures. Although cadmium sﬁlphide and cadmium selenide are dimorphic,
they normally crystallize in the hexagonal form whereas cadmium telluride
crystallizes with the cubic sphalerite structure. Polytypes may also

exist hut they are essentially derived from the sphalerite or wurtzite
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structures. Some II-VI compounds (e.g. CdS) exist in the more stable
wurtzite form at room temperature. .However by meahs of external con-
straints it is pcssible to produce the less séable sphalerite form.
Co-ordination is tetrahedral in both cases. The more covalentlyv bonded
I1-VI compounds form the sphalerite structure, but es ionicity increases,
there is a tendency to form the wurtzite structure.

Both the wurtzite and sphalerite.crystal structures of II-VI
and III-V compounds are characterized‘by a tetrahedral Sp3 bond con-
figuration of the component elements. The ~lements are arranged in
double layers perpendicular .to the <111> directions of the zincblende
structures or the [b001J direction of the Qurtzite strueture (Fig. 2.1).
As a ¥esult of the greater bond density between the close packed layers
and the lack of inversion symmetr&, both of these-structures possess a
¢rystallographic polarity. The {111} faces of the zincblende structhre
and the (0001) face of the wurtzite structure terminate with cations,
i.e. ions from groups Ii or .ITII, while the {ITI} faces of the zincblende
structure and ehe (0001) face of the wurtzite structure are coméosed of
anions, i.e. ions from groups VI or V. The polar nature leads to
different etch rates for different faces of these crystals.

Crystals of II-VI compounds grown in practice arc usual;y_non—
ideal and contain many defects which often control their semiconducting
properties. Typically, point defects such as vacancies or impurity atoms
are present as well as line or plane defects such as dislocations or
. stacking faults. The cooling of the crystal growth capsule and the sub-
sequent slicing of bou;es produces strain which is relaxed mainly by the
formation of dislocations. More complex defects can arise from combina-
tions of these elementary ones. Some II-VI compounds such as zinc
eulphide are prone to the intergrowth of both crystal forms, there are

then gross defect structures associated with this polytypism.
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FIG. 2.1 ALTERNATE LAYERS OF GROUP II AND VI ATOMS PERPENDICULAR
TO THE [0001] DIRECTION OF A WURTZITE II-VI COMPOUND.
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As ig well known, the group IV elemental semiconductors all
crystallize with the diamond structure in which each atom is in tetra-
hedral co-ordination with four like atoms. The interatomic bending is
predominantly covalent. In the II-VI compounds, the bonding canno£
adeqdately be aescribed as of any one extréme, but is intermediate between
ionic and covalent. Regardless of whether the bonding is predominantly
mofe ionic or covalent, the spins of the bonding electrons are paired and
the net electron sp;n is zero. A perfect defect frée crystal is there-
fores diamagnetic. 1In fact the interesting.electrical, magnetic and
optical effects of the II-VX compounds arise from the number and natuie
of defects incorporated during growth.

Most of the fI—VI compounds can be made photoconductive. This

" photoelectronic process is controlled by charge carriers. Both free

electrons and holes are generated by the exciting radiation and it is
the increase in free ‘carrier concentration which is responsible for the

photoconductivity. It'is possible to reduce the resistivity by many

orders of magnitude when the crystals are illuminated. Furthermore the

large range of »v;lueS' of bandgaps from zinc sulphide ('§3;7 eV) to cadmium
telluride (v1.45 ﬁV) allows for a wide fange in the wavelenéth of maximum
reéponse from the ultraviolet to the infrared with direct band gap
transitions.

The photoconductivity process in II-VI compoﬁnds can be
characterized in the follo@ing manner. -
(a) Electrons provide the main contribution to the photocurrent..
Although free electrons and holes are created by the absorption of photons,
the holes are fapidly captured at sites when recombination with free

electrons occurs at a later time.
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{2) The centres which give rise to!the high pﬁotosensitivity are
compensated acceﬁtors. They‘have a.capture Ccross éection for holes
which is 104 to 1@6 times larger than their subsequent cross section

for free electrons. These centres are usually associated with defect

. impurity comélexes or intrinsic crystal defects.

(3) The location of the energy levels of the sensitizing centres
in the forbidden gap determines many of the-characteristic properties of

particular II-VI photoconductors such as the dependence of photocurrent

on intensity, optical quenching and speed of response.

2.4 Properties of Cadmium Sulphide

Cadmium sulphiGae is a IIb-VIb semi-insulating compound which
crystallizes normally in the hexaéonal wurtzite f;rm and has a direct
band gap of about 2.4 eV. Undér certain growth conditions, a metastable
cubic sphalerite structure may predominate. Thin films with a cubic
structure can be grown én cubic crystal substrates such as sodium chloride
if the unit cell is similar to that of cadmium sulphide (Wilcox and Holt
1969).

Since the energy gap is direct, the optical absorption co-
efficient changes as the square of the incident photo energy and haé a
very large magnitude for photon energies just greatér than the enexgy gap.

Cadmium sulphide begins to sublime at about 700°¢ and melts »
at about 1750°C, but only under many atmospheres pressure. It is possible
to grow. cadmium sulphide from the melt using a high pressure autoclave
(Fischer 1963, Medcalf and Fahrig 1958), but it is much easier to grow
crystals from the vapour pﬁase. In fact such was the method employed in

this labbratory.
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It is only possible to prepare n-type samples of cadium sulphide.
Pure crystals_of‘cadmium sulphide of cadmium sulphide containing acceptor
like impurities wre essentially insulators in the dark with resistivitie;
of approximately 1012 f2cm. Any attempt to incorporate acceptor impurities
such as copper results in self compensatiocn by vacancies of metal (A) and
non-metal (B) vacancies, i.e. Schottky defects. During cooling to room
temperature, some of the high temperature vécancy concentration is frozen
in. If an undoped crystal is fired under conditions which promote the
formation of one type of vacancy over the other, a non-stoichiometry is
produced which leadé to self-doped conductivity as it were. Cadmium
sulphide for instance may be made n-type b& heating in cadmium vapour.
However firing in the vagpour of the non-metal éonstituent does not pro-
" duce p-type conductivity. The raﬁio of cation raéius (rc) to anion
radius (ra) describes the expefimentally observed limitations. If
rc/ra > 1, then n-type coﬂductivity occurs and if rc/ra < ;, p-type
conductivity arises. For crystals in which rC/ra & 1, amphoteric con-
duction occurs as in the case of cadmium telluride. A more detailed
account of self compensation in wide energy gap semiconductors may be
found in Fischer 1966.

At one time it was thought that p-type cadmium sulphide had
been formed using bismuth and phosphorous ion implantation techniques
(knderson and Mitchell- 1968,Chernow et al 1968), but the radiation damage
produced is now thought to explain the p-type behaviour observed (fell
and Gibson 1969). Because of the impossibility of producing p-type
cadmium sulphide, copper sulphide in the chalcocite phase (Cuzs) has been
used to form the p-type side of the heterojunction in the CdS solar cell.
The chalcocite can be grown-topotaxiaily on the n-type cadmium sulphide

using a chemical exchange reaction which will be described later.
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The high resistivity of pure érystalé of cadmium sulphide
hakes measurements of transpért properties quite difficult. Not only
does the resistivity decrease as a function of light intensity, but
the Hall mobility may be dependent. on it also. 1In the dark and at room
temperature, the Hall mobility of electrons is approximately

2 - -
300 cm Vv 1 sec 1 in good single crystals, whereas the hole mobility

is only about 20 cm2 V_'1 sec—l. In single crystals, the mobility is
limited by ionised impurity scattering at low temperaturés and polar-
-optical mode scattering at higher témperatures. In thin films there may
be additional geometrical effects limitiné mobilifies and the inter-
granular boundaries will also be importanﬁ.

Cadmium sulphide has been extensively studied over the last

" two decades and has been found to exhibit many interesting phenomena.

Some of the more important properﬁies are listed below:

(1) High ﬁhotoconductivity.

(2) A iarge piezdelectric effect (sinée thexe is no centre of
inversion symmetry) .

(3) Acoustoelectric amplification.

(4) Luminescence (thermo-, photo-, tribo-, cathodo- and
‘electroluminescence) .

(5) Laser emission.

(6) | Electrical conductivity storage (Wright ot al 1968).

Fo¥ more information.and reference to-original papers, Aven and Prener

(1967) or Ray (1969) should be consulted.

2.5 Propertiés of Copper Sulphide
Chalcocite (Cuzs) which is used as the p-type layer in the

Cds solar cell is one of the many stable phases of copper sulphide.
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A géneral review of the electrical and optical properties of the copper
sulphides has been given by Abdullaev et al (1968) and Vlasenko and

Kononets (1971). The performance of the CdS/Cu_ S photovoltaic cell is

2
verv dependent on the stoichiometry of the copper sulphide formed during
the fabrication of the device and it is relatively easy to produce a
copper deficient phase. As a consequence, the copper sqlphide is ofteh
referred to as Cpxs with 1.8 ¢ x £ 2.

A layer of chalcocite can be formed topotaxially on cadmium
sulphide by dipping the cell, either in thin film or single crystal foznm,

. + |
into a hot solution of Cu 3ions. The following chemical substitution

reaction then takes place:

+ +
Ccds + 2Cu —= Cuzs + Cd+

On heatiné in éir, chalcocite is partially converted to
djurleite,_Cul'QGS. ‘Further heating in air produces some digenite;
Cul.as. More detailed'discussiog on'tﬁe phase diagram of the Cu—S§
system and phase tranéformations will be given later.

By means of this chemical plating process, it is possiblé to
convert a single crystal of cadmium sulphide into a single but cracked
crystal of chalcocite (Singer and Faeth 1267, Cook i970). This process
will be discussed in greater detail later. |

Chalcocite has an inuirect band gap of 1.2 eQ and a second
threshold for direct transitions at about 1.8 eV (Marshall and Mitra
1965). The optical absorption coefficient changes slowly with increasing
photon energy up to 1.8 eV and then increases more rapidly. As a result,
high enexrgy photons with energies greater than 1.8 eV are absorbed close

to the surface of the chalcocite when the cell is used in the conventional

front wall mode. This leads to low conversion efficiencies for shorter
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wavelength illumination since ;he electrons and holes are then created
nearer to surface states which prométes rapid recohbination. Some of
the photons with energies between 1.2 eV and 2.4 eV will be allowed to
pass into the iﬁtermediate layers between the cadmium sulphide and
. copper sulphide, and then modify the electro-optic properties of the
device. |

Chalcocite is a heavily degenerafé p-type semiconductor which

2 1

_ has a hole mobility of about 10 cm v sec—1 (Martinuzzi et al 1970).

It shows appreciable ionic conduction at rcom temperature with a mobility
-6 2 -1 -1 . , . FoL

of ~3 x10 " em V = sec ~ due to the high diffusion rate of Cu ions

in chalcocite which increases with increasing temperature (Hirahara 1951).

When chalcocite is heated in a vacuum, copper whiskers grow on the

. surface, but when the heating is done in air, the copper which migrates

20). This is an irreversible

reaction. At the same time, the bulk undergoes a compositioral éhange as

to the surface is oxidised to copper oxide (Cu

follows:

EuZS — Cﬁlgés_—+cu1.85

It is this reaction which is thought to be responsibie for the
degradation in the efficiency of the CdS solar cell.

The high mobility of the Cu+ ions in chalcocite is thought
to account for the high resistance of CdS selar cells'to radiation damage.
This is a similar principle to that exploited in.silicén cells heavily
doped with lithium.
. The inﬁerface region between the n-type cadmium sulphide and
p-type chalcocite is very important. This region of copper compensated

cadmium sulphide is about 1 um thick. By using radioactive tracer

" techniques, it has been shown (Clarke 1959, Woodbury 1965, Szeto and
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Somorjai 1966) that the diffusion rate of copper in cadmium sulphide is
anisotropic. From these investigations it was found that copper diffused
more rapidly in a diréétisn perpendicular to the 'c¢c' axis than parallel'
to it. Purohit (1969) showed that the diffusion rate was much slower
when the‘diffusion coefficient of copper in cadmium sulphide was measured
using chalcocite as a source.of Cu+ ions. This would suggest that only
a very long heat treatment would cause copéer ions to penetrate to the
substrate and so alter the shunt resistance dramatically.

The effects of éuccessive périodscﬁfheat treatment ii air and
"other ambients on both-single crystal and thin film cells have been

investigated and are described in this thesis.

2.6 Conclusions

2S heterojunction solar cell appears

sufficiently promising to compete with other photovoltaic cells and has

At present, the CdS/Cu

‘the following advantages.

(é) It is easy and potentially cheap to fabricate in thin film form
{Clark et al 1971) and it may be possible to mass produce a sprayed

powder solar cell (Vojdani et al 1973).

(b) The power to weight ratio of thin film devices is very goéd

(~ 82 W Kgm 1).

(c) The cell has a high resistance to radiation damage which is

advantageous for space applications (Brucker et al 1966).
(d) It is flexible and easy to store in thin film form.

(e) The current-voltage characteristics display a large voltage

and curve factor.
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The main problem associated with the cells is the degradation
which they suffer when subjeéted to long term simulated solar illumina-
tion. Not only does_the cover plastic darken under ultra-violet irradia-
tion, but there is a loss of power output which is due to a fundamental
mechanism known as load effect degradation. This latter effect manifests
itself when the cell is exposed to sunlight under open circuit or near
open cirguit conditions and can be minimised. The greatest problem at
present is that the.chemistry of the copper sulphides is not totally.

- understood and neither is the Qay iﬁ which the copper/sulphur ratio

changes with time and cell treatment.
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CHAPTER 3

THE CdS SOLAR CELL

3.1 Brief history of CdS solar cell

The CdS solar cell was.discovered by Reynolds et al (1954) who
WereéEudyingthe properties of various rectifying contacts on CdS. Wwhen
copper contacts were employed and the deviqés were illuminated by an
intense source of visible light, open circuit voltages of 400 mV and
short circuit currents of 15 mA/cm2 were obtained. It was also reported
"that there was an anomalous response to wavelengths greater than‘the
band gap of Cds. Towafds the end of 1954, 1% efficient single crystal
cells of 0.5 cm2 area were being fabricated. At about this time, there
followed several years of research into the optoglectronic properties oé
doped and undoped Cds. ‘A cds pell in thin film form wés first reported
By Nadzhakov et al (1954). They used a thin £ilm of Cds evaporated-on
t6 a comb-like structure on aluminium or gold which had previoﬁsly been
.evaporated on to glass ;ubstrates. Relatively low photocurrents were
observed. " In retrospect it would appear that if they had investigated
copper comb patterns, they might have obtained high photocurrents simjlar
to those observed by Reynolds. Copper electrodes were later investigated
by Fabricus (1962) and found to produce reasonable results. It is now
fairly evident that the copper electrodes used by Reynolds and Fabricus
led to the formation of a layer of copper sulphide when the device was
heated and hence a copper sulphide/cadmium sulphide heterojunction had
been produced.

Iﬁ 1962, Shirland et al evaporated thin films of CdS on to
conducting metal substrates of molybdenum. Flexible, plastic substrates
which héd been metallised were also under investigation at this time for

possible future use in satellite arrays. The techniques of preparing
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thin films on fiexible metallised substrates, and the production of a
layexr of copper sulphide on top of them were well established by.the

mid 1960's. As a consequence of the high sheet resistance of thg copper
sulphide, the first thin film cells which were prepared had low effic-
iencies. A ccompromise had to be reached over this matter; if a small
contact to the copper sulphide layer was made, the sheet resistance Qas
high, whereas if a large contact was made, the sheet resistance waé
acceptable but a large area of the cell was masked from the incoming
radiation. The problem was largely solved by bonding a gold plated
coppér grid to the copper sulphide. In this arrangement, the optical
transmission was 80-90% and the sheet reéistance was acceptable. Muéh
othe? work was carried out during this early period on the subjects of
array desicn and the relative merits of front and.chkwall illumination.
Several authors di;cuss these modifications, see for instance Shirlgnd
(1966) and McMahan (1967). |

The efficiency.of the Cds soiai cell has increased gradually over

‘the past 10 years aﬁd the values quoted at varinus conferences are shown
in Figure 3.1. In the late 1960's, various improvements vere impieméntéd.
These vere (1) protection from atmospheric humidity and (2) better
stability of the cells against thermal cycliqg. Both of these criteria
were satisfied by packaging the cells in between epoxy coated covers
(Hietanen and Shirland 1967, Spakowski 1967, Bowman et al 1967). Evidence
of the next degradation mechanism then emerged.. This was called load
effect degradation since its observation depended strongly upon the
degree of circuit lvading of the cell. This type of degradation was
cbserved first by Spakowski and Forestieri (1968) and Stanley (1968).

It occurs when cells are exposed to sunlight under open circuit or near

open circuit conditions or when the cell output rises to a value greater
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than some threshold voltage. This was ascribed (ShiozaWa et al 1969)
to the fact that during formation of the copper sulphide layer, shorts
of this material to the substrate are formed ‘down cracks and grain
boundaries-in the cadmium sulphide film. Under the influence of the.
photovoltage which appears across these shorts, copper ions migrate
through the copper sulphide to the metallized substrate and metallic
copper iz deposited along the path length until it.reaches the top
surface. Nodules of copper attacﬁed to the shorting whiskers of copper
are often formed on the surface. The degradation associated with this
elec;rolytic process was found to be revexsible in the dark (Palz 1968).
Thermodypamically it can be shown that a potential of 390 mV is

required to dissociate Cu,S into Cu and CuS. The whole sequence can

2
be avoided by running the cell just below this threshold, at say 380 mV
which is ucually close to the maximum power point (see later). However

several degradation mechanisms still remain, especially for sun orien-

- . o s
tated arrays when the surface temperature can rise to 60 C. It is these

‘which are now being investigated. 1In recent photoveltaic conferences,

“improvements in both efficiency and stability of the cells have been

reported (Bogus and Mattes 1972, Palz:et al 1272, Mytton et al 1972,-
Palz et al 1974). These researchers, working independently, have
identified the major problem as being associated with continuous oxida-
tion of the copper sulphide. The reaction appears to be accelerated
under illumination and increases with temperature. Palz et al (1972)
reported no degradation at 60°C when cells were tested under high vacuum
conditions (which would be experiénced in space).

One method of reducing the rate of oxidation is to ensure exact
stoichiometry in the copper sulphide.layer especially if the cells are

going to be used in ambients containing quite small amounts of oxygen.
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It should also be emphasized that a stoichiometric copper sulphide phase
produces a more a2fficient cell than a copper deficient one. Much of the
work being done on CdS solar cells at the present is devoted to methods.
of measuring and éontrolling the stoichiometry of the copper sulphide

present.

3.2 dlternative II-VI photovoltaic devices

During the time that progfess was being made on CdS/Cuzs
solar cells, the possibility of using other heterojunctions waé alsoc
being investigated. Reynolds' idea of a P-+V effect at a rectifying
junction using copper, aluminium or goid on CdS was developed by
Bockermuehl (1961) and later by Bujatti and Muller (i965). ngices
were fabricated by them in which the photovoltage was a linear function
of light intensity. By evaporating CdS on to selenium, Kunioka
and Sakai (1965) formed alphoto§§1taic cell with a spectral response
close to that of the eye. Goryunova et al (1970) forﬁed a thin fiim

of Cu,S on top of single crystals of CdSnP, and obtained photovoltages

2

“up to 200 mV. The following heterojunctions have also been investigated:

2

Cds-SnS (Stoyanov =t al 1971), CuzTe—CdTe (Cvsano 1963), CuZS-CdSe
(Otake et al 1972), CdS-PbS (Watanabe and Mita 1972) and CAdS-InP
(Wagner and Shay 1975). BAn efficiency of 6% was reported by Bonnet

and Rabenhorst (1972) for a CdTe-CdS abrupt junction and efforts are
being made to produce a graded junction between these two materials.
However, the CdS/CuZS heterojunction is still thought to offer the best

possibility for commercial applications although the recent work on

InP-Cds devices, giving efficiencies of about 12%, is interesting.
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3.3 Formation of ‘a Photovoltage at a p-n Junction

Although the optimised CdS-Cu,S solar cell is a p-i-n structure,

2
it is easier in di;cussing the origin of the photovoltage to explain
first how the P-V effect arises in a straightforward p-n homojﬁnction.
In the bulk material, of either p or n type, absorbed photons with
sgitable wavelength impart sufficient'energy to raise electrons from

. the valen_ce to the conduction band. The electrons apd holes produced
within a diffusion.length of the junction, are swept to the n and p;

type regions respectively (Figurz 3.2) by the built-in electric field.

This charge separation of the electrcns and holes causes two effects:

(1) The p-~type region charges positively and n type region charges
negatively.
(2) A photogenerated current Ig flows across the junction. If there

are no external connections between the n and p layers, the cell is in

forward bias and a forward current I ust balances out Ig. When the

£ J
p and n regions are connected through an external load (Figure 3.3),
a fraction of the photogenerated current flows through the load and the

device acts as a solar energy converter.

3.4 Suggested Mechanisms at the_CdS/CuZS Junction

Since the CdS solar cell was first reported in 1954, many
mbdels have been put forward to explain the experimental observations.
In each model, account has to be taken of the particﬁlar method of
construction'used and such models have to explain the strong photo-
voltaic béhaviour'ét the band edge of Cds and the importance of heat
treétment in obtaining'optimum cell pefformance and its effect on
spectral response. Some of the many modeis put forward are Aentioned

below.
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The first devices were forxmed by evaporating copper on to
cadmium sulphide and Woods and Champion (1959) and Grimmeis and Memming
(1962) explained the P,.V.E. in photovoltaic cells on the basis oi a p-n
- homojunction of cadmium sulphide, i.e. a p~type CdS formed by copper
diffusion on ain n-type CdS substrate. The existence of an impurity band
ip the forbidden gap was earlier postulated by Reynolds and Czyzak (1954).
Later, Williams and Bube (1960) proposed that electrons are emitted
photoelectrically from the copper layer into the cadmium sulphide and
Boukenmuehl et al (1961) proposed a double junction mcdel of copper on
high.xesistivity coppcr deped cadmium sulphide on low resistivi@y
cadmium sulphide. |

Chamberlin and Skarman (1966) and Pavelots and Federous (1966)
both propon2d a straightforward heterojunction between the cadmium and
copper sulphides. It was suggested by Balkanski andChone (1966) that
there is a Qery locélised P.V.E. at igterface étates between é—type CuZS
and n-type Cd4ds whigh égsults in eleétionsbeingemitted from these states
into the Cas. The.authors further proposed that photon absorption by
impurities in the Cds influencés the lbng wavelength response of £hese
types of cell. |

The impurity P.V.E. at copper centres in CdS was attributed to
the creation of additional minority carriers by electronic transitions
from the valence band to these impurity levels (Puc Cuong and Blair
1966). Shitaya and Sato (1968) suggested further that the copper con-
tact creates a surface barrier.

The P.V.E. has also been attributed to photoemission from the
CuZS (Energy gap &~ 1.2 eV) and an impﬁrity P.V.E. (1.8 eV response) by

Gill et al (1968). Massicot (1972) suggested that the spectral
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sensitivity in the region of 1.8 eV is due to the formation of a thin

layer of djurleite (Cu Y.

1.96°

In addition, electroluminescence observed in scme CdS/CuZS
heterojunction devices is thoughi to be caused by hole injection from
the copper sulphide into the cadmium sulphide (Keating 1963).

Further mo@els have been éuggested by Potter and Schalla 1967
(Lewis model), Hill and Keramidas 1966 {Harshaw model), Shiozawa et al
1966 (Clevite model) and Van‘Aershodt et al 1968 (E.S.R;O. model) . &hese
models all contain certain common féatures but differ in the details of
the way in which the potential energy is supposed to vary with distanCe

from the CdS/Cuzs intexface. However, the Clevite model is currently

accepted to be the most satisfactory since it has undergone gradual

modification in the light of experimental evidence.

The experimental observations which must be explained by any

model are that:

(1) There is a crossover of the current-voltage characteristics
measured in the dark and under illumination with an apparent change in

the barrier height.

{2) ‘The low energy threshold of the photovoltaic response occurs
at 1.2 eV, but a sharp dip in the spectral response of the photocurrent
and ﬁhotovoltage'is observed when the device is irradiated by phbton

energies at 2.4 eV when the copper sﬁlphide layer is thin.

(3) Various enhancement and quenching effects are produced when

the cell is irradiated by an additional monochromatic source.

(4) The response time is .slow, of the order of seconds or more,

for heat.treated devices.
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(5) There is a slow shift of points on the current-voltage
characteristics curve during cnnstant current or voltage measurements
with the possible- formation of copper nodules under or near open circuit

voltage operation due to an electrodecomposition process.

(6) The squareness of the current-voltage characteristics improves
after heating and the junction capacitance decreases as a function of

heat treatment.

(7) Impurities such as indium when incorporated into the cadmium
sulphide cause a shift in the enhancement spectrum towards longex

wavelengths,

(8) The highest recorded open circuit voltage of a cell at 4.2 K

under an illumination intensity of several times AmO is about 800 mv.

(9N Cells have a high resistance to radiation damage but'degrada—

tion is rapid when a cell is heated to a temperature greater than 150°C.

3.5 The Clevite model for solar cell

It is possible, using the so-called Clevite model suggested
by Shiozawa et al (1969), to explain most of these‘experimental obéer—
vations. The energy band diagram is shown in Figure 3.4 for an optimised
cell under both dark and illuminated short circuit conditions. The
cell is regarded as a p-i-n heterojunétion between degenerate p-type
CuZS, copper compensated (intrinsic) CdS and n-type CdS. By varying
the stoichiometry'of the CdS layer, the carrier concentration can also

16 c 18

be altered, but values in the range of 10 o 10 cm—3 are usually

encountered. The model incorporates the following features.
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(1 The gold grid makes an ohmic contact to the p-type Cu,S, and

2
the Zn/Ag substrate makes a good ohmic contact to n-Cds.

(2) Most of the photons are absorbed in the thin layer of Cuzs.
Thin films usually have a highly non-planar topology and this aids

absorption.

(3 The copper'compensated i-layer results from diffusion of cbpper
into the CdSs duriné fabrication and is relatively insulating in the °
dark whilst being relatively conduéting under illuminated conditicns.
Tﬁis layer is thus photoconductive and behaves like weakly n-type CdS

under illumination.

(4) In the dark, the main junction occurs between the n-CdsS and
the i-CdS. Under these conditions, ar electrostatic barrier height
of 1.2 eV is encountéred. There is, however, a small reverse Jjunction

+ ° .
between the p Cu,S and i-CdS with a barrier height of 0.35 eV. This

2

disappears under illumination.

(5) Under illumination, the main p-v junction occurs between the

Cuzs and .i-CdS, when the barrier height is 0.85 eV.

All of the photons with energies less than 1.2 eV pass straight

through the Cu,S, i~Cds and CdS layers without appreciable absorption.

2

.They are reflected,or absorbed in the metallic substrate. Since Cuzs

has an indirect band gap (Vlasenko and Kononets 1971), the absorption
coefficient of photons with energies greater than 1.2 eV rises rather
slowly with increasing photon energy. Photons with energies between

1.2 and 2.4 eV are absorbed mainly in the Cu S but since the copper

2

sulphide layer is quite thin (0.3 pm), a small but significant number
































































































































































































































































































































































































































































































































































