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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




- 24 -

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




- 29 -

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
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of phbtons pass into the i-layex. These may be absorbed there and
-induce  a substantial photoconductivity in the i-region.
Most of the electron-hole pairs are generated in the Cuzs with’

the most energetic photons being absorbed close to the itluminated

T+
surface. Since the electrons are minority carriers in the p Cu,S,

2

.thgy must diffuse to the CuZS-CdS:Cu interface. Diffusion without recom-
.bination is aided b§ the apparently long minority carrxier liretime in
Cuzs (Shiozawa et ai'1969). The electrons pass through the interface
region and are collected into the n-CdS region where they become majority
carriers. Eventually, the carriers are gathered by the ohmic contact.
Assuming that the p and n sides are connected to an external load, the
‘ 'elecfrons flow round the circuit and annihilate the photogenerated holes
a£ the ohmic gold contact.

This model explaiﬁs quite well the cross—over-of current-voltage
'qgrves measured in the dark and under illumination for heat treated cells.
It also explains wh§ the effective band gap of the 'CdS' cell is 1.2 eV
which is quite close to the optimum band gap of ~1.4 eV for solar
energy conversion (Loferski 1956). Theimprovedsquareness of the current-
~ voltage curves after heating can also be explained by the p-i-n structure.
-Tunnelling can occur in the abrupt p-n junction but after the heat
treatment stéges, the 1 layer would minimize tﬁese effects. Moreover,
the formatioii of an i layer indicates high copper mobility which may
éccount for the slow displacement of the current-voltage curves during
constant current or voltage measurements. The high radiation resistance
may also be associated with the high Cu+ ion mobility.

A slightly different energy band diagram was suggested by

Gill et al (1968). " In their scheme the conduction band of CdS was

placed 0.1 eV above the bottom of the Cu,S band instead of 0.3 eV below
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it. This gives rise to a narrow energy spike which woﬁld permit
electrons to tuﬁnel through it. Wifh éhis model,'the effective energy
~gap would be 1.2 &V which is much larger than the maximum observed
0.C.V. at liquid helium temperatures. The feasibility of the argument
depends on the width of the spike. Gill et al-(1968) proposed that
the net donor concentration was about 1017'cm-3. This is . probably too

" high for heat treated cells but could be reasonable for unheat—treated

cells and the tunnelling effects observed would support this argument.

3.6 Equivalent circuit of CdS cell

Iﬁ this following section, refefence should be made to Figure
.3.5. " The constant current generator. represeﬁts the optical generation
of electron hole pairs in the cobper suiphide la&erw Current flqw
-through the effective shunt diode represents that part of the photo—
éenerated current which is lost due to recombination in the copper
sulphide layer and atlv;rious interface states. An effective resistance
R_ can be ascribed to the diode but it should be noted that it is a

d

strongly non-linear function of the voltage appearing across it. Rd

is the reciprocal of the differential slope of the true cur;ent—voltage
curve of the CuZS-CdS:Cu junction. This latter curve is the oﬁe which
would predominate in the dark if all other resistive elements were
absent and if the barrier height remained constant. It is broadly the
same as the current-voltage curve of the photovoltaic device measured

at high light intensities with the origin displaced by the short circﬁit

current, Ri is the resistance of the copper compensated layer and is

approximately inversely proportional to the light intensity. Rser is

a combined resistance which corresponds to the Cu,S layer, grid contact

2

resistance, n-type CdS layer and metallic substrate. For most cells,
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Rser is small and may be neglected under certain conditions. Rsh is

the lumped shunt resistance of the distributed shorting paths which
occur between grid and substrate, copper sulphide layer and substrate
and goldgrid and substrate. For a particular cell at a specific stage

of heat treatment, R, and Rser are constant and not significantly

sh

dependent on wavelength. R._ depends con the voltage across it which in

d

" turn depends on the light intensity, hence Rd is indirectly dependent

on the light intensity. In this model the -unction capacitance has
not been alowed for, so that this scheme cannot be used to explain

transient effects.

3.7 Cell parameters

In this section, reference shovid be made to Figure 3.6. This
diagram shows the current voltage curves measured with the cell in the
dark and under illuminétion. The four main parameters which can be
derived from this typé of diagram are:(l)-The open circuit voltage
(0.C.V.) which is the voltage developed across the cell under no load
conditions. This parameter can be measured directly with a: very high
input impedance voltieter. It is typically of the order of 400 mV
under f&irly_intense illumination. (2) The short c¢ircuit current
(S.Q.C.). This is the current which flows when the p and n regions
are connected externally through a 'load' of zexo resistance. This
parameter may be measured using a véry low.impedance ammeter but may
have to be measured using a low resistance connected in parallel with
the cell so that it is then necessary to measure the voltage across
this resisto?. An al;ernative method.of measuring short circuit currents
using operatidnal amplifier techniqués has been developed here and will

be discussed later in greater detail. At both the S§.C.C. and 0.C.V.
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points, the output powér obtainable from the cell is zero, but at a
point intermediate between 0.C.V. and S,C.C,, there exists a maximum
power point (H.P.P.). This point defines the third parameter. (3)

Fill or cur;e factor (F.F. or C.F.). This is defined as the ratia of

" the area under the curve at the maximum power point to the product of
0.C.V. an? S.C.C. It is usually quoted as a percenﬁage and is measurgd
directly from the current-voltage curve. The parameter really defines
the degree of squareness of the I (V) characteristics and is at best of
the order of 60 to 70%. (4) The efficiency is perhaps the most important
paraméter. It depends on the series and shunt resistance present in the
cell, the fraction of the incidént light thch passes throﬁgh any cover
and the grid and the perceﬁtage of this light which is absorbed with

the vseful generat;on of current carriers within a diffusion length of
the collécting junctidﬂ. The éfficiency is defined as the ratio of
power generated at éhe m.p.p. to the power of the light incideént on.the

cell.

3.8 Calculation of parameters

Let PMAx'De the output power of the device, ;mp the current
drawn from the device at the maximum power point and Vmp the voltage

across the device at M.P.P.

Then P = I xV

§.C.C. x 0.C.V.

P
MAX

Pin

X 100%

Efficiency, n

where Pin is the power of the light incident on the cell.
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For the solar spectrum, there are two defined incident power

densities. They are:

. . . . -2
Air mass zero (A.M.0.) which is equivalent to 140 mW cm -

Air mass one (A.M.1) which is equivalent to 100 mW cm—2

Using the equivalent circuit in Figure 3.5, it can be deduced
for short circuit conditions, i.e. RL = 0, that the short circuit current

(ISC) is given by

R_R

I =
+ R
SC © Rd (Rser sh:) + ngr Rsh + Ri (Rsef Rsh)

For most devices, Rser<k: Rsh so the expression redures to

- igh siti R + R R
Furthermore at low light intensities, (R___ i) << Ry

Hence

I
ISC ~ (o)

where Io is directly proportional to light intensit&.

Similarly under open circuit conditions, i.e. RL-= « and

ISC = 0, it can be shown that the open circuit voltage (VOC) is given
by:
R
v = I Rsh d
oC o R, + Rsh+ Ri

d
making a similar approximation for low light levels, i.e.

(Ri + Rsh) << R_, the expression reduces to

d

V(x: ~ IO . RSh
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Furthermore I6 is directly proportional to light intensity Lo

and Rsh is a constant so at low light levels:

Voo « Isc

| and 0.C.V. spectral distributions of cells obtained using low intensity
monochromatic radiation from the exit siit of a monochromator should

"have the same shape as the S.C.C. spectral response curves.

3.9 . Opiimisation of Parameters

3.9.1 1Influence of cadmium sﬁlphide

It is clearly important to reduce the series resistance associated
with the i-Cds and n-Cds layeis to a minimum and this may be done by
-réducing the resistiyity of the n-type CdS layer to values less than
1000 Qcm. With thin fiim cells, the shunt resistance is determined
indirectly by the thickness of the CdS layer since the CUZS is formed -
down grain boundaries duriﬁg plaving and will therefore reach the sub-
strate more readily in thinner samples. This criterion explains why
the CdS must be at least 15 to 20 um thick so that the shunt resistance
is greater than 100 Q@ for a 50 cm2 cell. Shunt resistances less than
100 Q lead to reductions in efficiency and fill factor. However in the
interests of power to weight ratio for space applications, the layers of
Cds must not be too thick in view of the high dénsity of CdS of about
4.8 gm/cc. | -

The structure of the thin films also plays a significant pait.

Films with crystallites of diameter 1 to 3 pum are required. They should

be of a long needle shape with a high degree of orientation with the

crystallographic 'c' axis perpendicular to the substrate. Preferential
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etching at the grain boundaries occurs when such films are etched in
a K.I. solution. This produces a large surface area but etching must
be contrclled to keep the shunt resistance high. When the films are

4
dipped in a hot solution of Cu ions, the Cu,S layer is formed all over

2
the exposed surface including part of the way down the grain boundaries
and so a relatively large amount of light is absorbed. This feature is
essential for high efficiency devices and explains why the short circuit

current and efficiency of single crystal devices is less than for thin

film ones.

3.9.2 Cuzs layer influence

It has been found possible to reduce the series resistance of

2
95% optical transmission (Clark et al 1971). This Cu

_the Cu,S contact to about 30 mQ by using a gold grid which allows 9C -
2S layer whicﬁ is
‘approximately 0.3 pm thiék is formed in a chemical exchange réaction
by immersing the CAdS in a bath of copper ions at 90°C after the pH
value haé been set at 2.5. Although precautions are taken to ensure
that the solulion contains only cuprous ions, some cupric ions do cc-
exist in the solution and there is a possibility of forming Cuxs where
1< x< 2. Normally x is very close to 2, but in view of the
exceedingly complex phase diagram of the Cu-S system, a very small
change in x can result in a_large change in the properties of the
copper sulphide layer. Rickert and Mathieu (1969) have shown that it
is possible to control the stoichiometry by applying a potential to the

Cds/Cu,.S as it is being formed.

2

The actual stoichiometry of the copper sulphide controls

several parameters, It is known that the heterojunction between the
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) .chalc;cite (éuzs) phase and st produces the most efficient CdS/CuxS
devices (Nakayama et al 1971). The open circuit region and short circuit
current depend strongly on the stoichiometry of the copper sulphide

(Palz et al 1972). The higher the 0.C.V. and:S.C.C., the higher is the
maximum power output provided that the fill factdr is not adversely

affected. The sheet resistance of Cu_S is higher than for other phases

2

“(Palz 1972, Ellis 1967) and consequently the series resistance is higher
than for lower phase CuxS cells. This disadvantage is compensated by

thé increased overall efficiency of Cu S[CdS cells and two other factors

2

associated with stability. These are:

(1) The threshold potential at which the CuxS dissociates to form
copper nodules increases as x—-2. The rate of deposition of copper is
proportional to the deficienty § in the formula Cu;, S (Mytton 1972).
Hence a more stoichiométric copper sulphide leads to a higher threshold

potential and a slower rate of degradation when the cell is operated

above this point.

(2) It is known that degradation under illumination is accelerated

at 60°C and above due to oxidaticn of CuZS. Palz (1972) and Bogus and

Mattes (1972) have shown that the rate of degradation is slower for more
nearly stoichiometric layers. It is therefore essential that the
physical and chemical properties of the copper sulphides be invesfigated

so that a means of producing a stable, stoichiometric form of CuZS is

found. The Cuzs should not be affected by the fabrication process. The

target is to produce CdS/Cu,S solar cells with lifetimes of five years

2
or more and conversion efficiencies of 6-7%. This can only be achieved
by a better understanding of the processes involved in the fabrication

and production of such devices.
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3.10 Conclu§igg-

Over the last two decades, many models have been put forward
to explain the uperation of the CAS photovoltaic éell. However, the
Clevite model, which was discusséd earlier in this chapter, appears to
explaih.most of the optoelectronic properties of this type of cell.

The Clevite model émphasizes the properties of the-cadmium
sulphide side of the heterojunction and attributes the changes in
spectral response and efficiency of a cell during optimisatién‘heat
treatments to the formation of a pho£oconductive copper.compengéted
i—iayer between the cadmium sulphide ;nd the chalcocite;

| More recently, éttentidn has been increasingly focuséd on.
_chanées which may occur on the copper sulphidé side of the junction
during fabrication and-subsequenf operation, For example, changes in
- efficiency and spectral respdnse are now thought to be due to oxidation
of the chalcocite or a cobper deficient phase.

It can be.seén f;pm‘the equivalent gircuit of the photovoltaic
cell which was describedlearlier that the prdperties of a cell are
influenced by the series and shunt resistances as well as by a 1ight
dependent resistance which may be'pfesent. The work ir this thesis
partly concerns the effect of varying the résistivity and dopants of
the cadmium sulphide base material. However the principal objective
was to discover if the changes in séectral response and 0.C.V. during

heat treatment are due mainly to the formation of the i-layer or the

oxidation of the copper sulphide.
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CHAPTER 4

Cds THIN FILMS

4.1 Introduction

Most of the receﬁt developments reported at the 9th and 10th
Photovoltaic Specialists Conferences have been centred around solar
cells fabricated on flexible thin film bases. These typeé of solar
cell produce high current densities and have higher power to weight
ratios than devicgs formed on single crystal material. However, interes:
has beeﬁ awakened in cells produced on powdered layers of Cds, but the
relevant work is in the early developmenp stage.

Thin films of'II—VI compounds have. been invéstigated exten-
'siveiy in'récent years because éf the demand for smaller and lighter
photo-detectors étc. Much work has been carried out on ZnS thin films
%n the past, but for the applications epvisaged at that time a'ﬁigh
degree of crystallini;y was not required. However, modern deQelopments
have led to an increasing'interest in the crystalline structure of thin
films ana many aprlications require ﬁhat their physical properties are
as close to those of the bulk material as poésible. Films of II-V£
compounds in general and CAdS in'particular, have been used as:

(1) ultrasonic transducers kCurtis 1969), (2) photoresistors, (3)
phosphors, (4) electroluminescent layers (Andrews and Haden 1969),

(5) evaporated triodes and diodes (Dresner and Shallcross 1962), (6)
heterojunction diodes (Aveh and Cook 1961) and (7) insulated gate thin
film transistors (Haering 1964). |

Some of the techniques of fabricating tﬁin films of II-VI

compounds are reviewed in this chapter with special reference to Cds.
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4.2 Preparation of Thin Films

The particular method used to produce a.thin £ilm can have
a strong influence-on its cp#oelectronic propexties and devices for
different applications may require different methods of productioﬁ.
Relatively crude techniques may be adequate for applications in which
a polycrystalline structure is acceptable, but it is necessary to resort
to morevelaborate methods if a single crystal film or even just a higﬁly
§rientated film is required. Reviews of various growth methods .in common
use are given in the books by'Anderson {(1966) and Chopra (1969). Some
of tﬂe methods successfully used for the production of CAS thin layers

are descrined below.

(a) Sintered randomly orientated layers of CdS in powder form

were prepared by Thomsen.and Bupe (1955), Kitamura (1960) and Micheletti -
and Mark (1968). Dopants such as chlorine and copper were sometimes used
to increaée the photosensitivity of the layers. Chockalinghaﬁ (1970)
produced photoconductive devices with a spectral response extending irom‘
0.63 to 1.12 pm. Nakayama (1969) repprted a 6--9% efficient Cds_solar
cgll based on a ceramic substrate. This mcde cf fabrication could bé
used to produce cheap but heavy devices. Their low power .to weight ratio
would make them useless for space applications, but suitable for texr-

restrial applications.

(b) By using a chemical spray technique, Micheletti and Mark (1967)
were able to prepare CdS layers 3000 to 5000 R thick. In order tc achieve
this, cadmium chloride and thiourea in aqueous solution were sprayed on
to a heated ceramic substrate. The cadmium chloride and thiourea were
decomposed by further heating and subsequently formed a polycrystalline

layer of Cds. The other components escaped in vapour form, but there
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was a strong possibility of chlorine contamination of the film. Imaoka
(1972) concluded that the orientation and Hall mobility of such layers
depended on the actual chemicals used.

Chamberlin and Skarman (1966a,b) also employed a chemical

spray technique to form a CdS/Cu,S photovoltaic junction which produced

2
an 0.C.V. of 1.04 V and a S.C.C. of 2 mA/cm> when illuminated by

100 mW/cm2 of visible radiation. Lawrance (1959) studied similax layers
for photoconductive applications. In his technique, the cadmium chloride
was decomposed in the présence of hyérogen sulphide. Marcherko et al
(1970) prepared films in this way and fabricated them into solar cells.

However in all of these methods, there are many problems associated

with contamination.

(c) - Vapour phaée epitaxy as used for silicqn and III-V compcund
devices has been used to grow films of II-VI compounds on single

crystal substrates. The vapours of the constituent elements aie allowed
to react and form a film on the heated crystalline substrates. By

using this method, Ratcheva et al (1972) produced films of CdS 1 -2 pm
in thickness. HKeyraud and Capella (1968) also'produced films 15 to

25 pm thick in much the same way on substrates such as the alkali halides
or Muscovite (mica). They reported that the photoelectronic properties
of such films were comparable to those of the bulk material. Unfor-
tunately althouéh the method produced high quality films, it waé not

practicable for deposition on large area amorphous substrates.

(d@) Present thick film technology based on silk screen.printing
is mainly concerned with the selective deposition of conductors and
insulators. Much work has been done on semiconducting "inks", but very

little of it has been reported. Silk screening techniques using CdS ink
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for fabricating field effect transistors (Witt et al, 1966) and large

area photoconduétive cells (Nicoll énd Kazan, 1955).havé however been

reported. Progress in this area is held back since the composition of
the semiconducting inks are industrial secrets and the bonding of con-
ductive material to glassy or ceramic substrates is not fully understood.
However, Vojdani et al (1975a,1973b) have succeeded in printing a Cds )
ink on tc a cexramic substrate to produce a 20 pm thick CdS layer. A

heterojunction between CAdS/Cu_.S was formed by dipping the layer in a

2

hot acidified copper chloride solution. A solar cell with an C.C.V.

of 460 mV and an S.C.C. of 22 pa was produced. This achievement is of

great importance since ultimately silk séreening techniques offer the

.advantage of simplified fabrication., Moreover, this process is not

expensive in terms of energy.

(e) The firmly established process for producing both thin and
thick films of CéS is that of vacuum evaporation. The major éonsidera—
tion in such methods is thé choice of supplying energy to-the sourcé
such thaé the vapour is.able to condense on a substrate to form the

f£film.

Vacuum sputtering methods utilize several different electrode
and source arrangements. Durxing sputtering, the target surface, i.e.
the cathode, is bombarded by energefic ions which leads to the ejection
of surface atoms. These ejected atoms are theﬁ condensed in a similar
way to thermally evaporated ones. R;f. sputtering has been used to
produce CdS layers as well as argon ion sputtering (Comas and Cooper
1966). Honda et al, 1972, have formed stoichiometric layers with
excellent photoconductive properties using the latter method. Reactive

28 (Durand 1972, Lakshmanen and Mitchell 1963)
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has been used to forﬁ photoconducting layers. This type of process,
however, is difficult to contreol and the high eleétric fields present
can affect the structure of the film.

Thermal evaporation 6f CdS on CdS and an excess of either Cd
or S has been the most popular technique for production of CdS films
(Nelson 1955, Wendland 1962 and Bleha 1969i. A modified vacuum £furnace
has also been used (Bujatti 1968) to grow CdS thin films. Well orien-

tated layers of high resistivity CdS have been produced by controlling

the temperature gradient at the substrate. Tyagi (1971) sublimed Cds

frbm a single or polyérystal,line slice of starting material on to a closely
spaced sapphire substraté. The close spacing_of séurce and substrate
meant that only a small temperat@re difference existed between them and
hence the evaporation procee@ed under equilibrium conditions'tc give e
large grain size stoichiometric film. This particular method has two

main advantages. These are:

(1) It is economical since material is only deposited where it is
needed,
(2) At a given temperature, it produces a higher deposition rate

than other methods.

The main disadvantage is that although this method may be used success-
fully to produce integrated circuits, it cannof easily be used to
deposit films on large area émorphoué substrates.

‘Co-evaporation of Cds and S haé been carried out by Pizzorello

(1964) and Suzanne and Male (1971) in order to ensure that the resultant

_film is stoichiometric.  Similaxr co-evaporation of Cd and S has been

carried out by de Klerk and Kelly (1965) and King (1969). This type of
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process seems a_compiex way of controlling the film properties since
the stoichiometry may be determined by the substr%te temperature and
the source evaporation rate (Dresner and Shallcross 1962, Sakai and
Okimura -1964). It is of note,‘however, that co-evaporation can yield
films with very high resistivities nf101° Qcm.

In order to obtain reproducible ;ésults, it is beneficial
to reduce the number of variébles involved in the evaporation of Cds
by supplying energy in one of the following forms, i.e. laser beam,
R.F. field, electron beam, thermal radiati.on or electrical ccnduction
in a resistively heatéd filament., Most workers in this field, in
common with ourselves, uée resistively heated_or electron beam bom-
barded sources in vacua approachihg 10-6 torr.

In theory, aﬁ ultra high vacuum of better than 10“8 torr is
thé only environment in which to prepare and investigate.thin films in
.order to ensure a low iﬁpurity content. Commercially this is'impossible
to achieve because of the expense and the long duty cycles of U.K.V.
systems.' It would be of greater comﬁercial use if reproducible films
could be produced in normal high vacuum ( ~ 10—6 torr) systems. Further-
more it would be better if evaporation techniques could be discarded
-altogether in favour of sprayed or silk screen printed methods, but

these techniques are still at an early stage of investigation at the

moment.

4.3 Properties of CdS thin Films

The first researchers in this field did not realise the
importance of controlling as many parameters as possible during the
~growth of a thin film, One of the main problems was that the source

material was of dubious and variable quality and post deposition
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treatments were necessary to ‘activate' the films. The most éommon
impurities_weré chlorine and varioﬁs metals (Nelson 1955).
| Veith {(1950), Aitchson (1951) and Bramley (1955), who investi-

gated tpe photosensitivity of evaporated Cds layers,demonstrated'the
importance of controlling the pressure, substrate temperature and
impurity content. It is noﬁ realised that'equally important are para-
meters such as the evaporation rate, sourée temperature, film thickness,
together with the compos;tion of the'residual gas in the vacuum chamber
and the surface finish and properties of the substrate. (Shalimova et al
1964, Thomas et al 1970 and K;tada.etgl 1972) . The £ilm structure may
however be modified by post evaporation ﬁeat treatment to override some
.of the constraints introduced by these parameters.

When CdS films are deéosited in a beaﬁ which is perpendicular
" to a heated suSstrate, they fake the hexagonal wurtzite structgre with
-é fibre axis orientation of microcrystailites. The films axe poly-
crystalline with the individual & axes roughly aligned perpendicular.
to the substrate surface (Rozgonyi and Foster 1967, Shallcrpss.1967).
However with films deposited with the beam incident obliquely on the
substrate, the ¢ axes of the crystallites tend to align themselves
parallel to the vapour beam (Foster 1967). The effect may be erhanced
by increasing the deposition rate (Fukunishi_and Niizeki 1969) and is
employed in making CdS ultrasonic transducers. The crystallite size
is a function of both film thickness and deposition rate ana may be
several microns across for a 20 um thick film (Addiss 1963, Shallcrosé
1967, Berger et al 1968). _ ‘

The substrate temperature hés a c6nsiderable influence on
the sﬁructure of a film since at law temperature, i.e. below 150°C,

the cubic sphalerite modification predominates. Film stoichiometry
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is determined 5y the substrate temperature and it manifests itself in

the colour of the film. CdS deposited on to a substrate at room tém—
perature is quite Elack in colour since it contains so much excess
cadmium. As the substrate temperature is increased above 150°C, the

film becomes orange in colour and then changes to yellow above 250°C.

The structure therefore is predominantly hexagonal wurtzite (Bujatti
1967,1968, Galkin et al 1968). A; the substrate temperature is increased
beyond 400°C, re—e&aporation from the substrate occurs and it.becomes
difficult to form a deposif (Wendland 1962). Any deposit which does
.form is yellow in colour.

In ordexr to produce reproducible films, attention ﬁas to be
paid to the surface finish and cleanliness of the substrate. This is
especially important with single crystals where freshly cleaved surfaces -
often provide the best substrates. Under these conditions it is possible
ta grow eéitaxial cub;g or hexagonal CAS layers depending upo# the
evaporating conditions and substrate temperature (Holloway and Wilkes
1968, Wilcox and Holt 1969). If the vacuum system is relatively_uncon-
taminated, a better vacuum is produced and the epitaxial limits are iess
constrained. This leads to films with a lower defect content (Holt and
Wilcox 1971). Chopra and Khan 1967, produced both cubic and hexagonal
CdS films on mica and rock salt substrates by altering the film thick-
ness and the substrate temperaturés.

The dark resistivity of polycrystalline CdS films changes
with the deposition conditions but there are conflicting reports on the
variation of dark resistivity with substrate temperature and evaporation
rate. It is however generally accepted that the resistivity increases

with increasing substrate temperature, but decreases with increasing
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evaporation rate. Variations in the dark resistiyity as a function of
£ilm thickness has also been reported by Bleha et al (1969), Wilson and.
Woods (1973) and Buckley and Woods (1973). The photosensitivity
changes’ in the predicted manner; the higher the resistivity, the higher
is the photosensitivity (Shalimova et al 1961).
Another important parameter, the electrical Hall mobility pH,
is also affected by the deposition conditions which detexrmine the
: crystal structure. The mobility is lower for polycrysialline films than
for singlie crystal ones, but much lower tihan for bulk CdS. Typical
values of about 10 cm2 V_1 secm1 (Mankarious 1964) have been observed
and can be showﬁ to be cénsistent with the Petritzmodel (1956) which was
first demonstrated for polycrystéllihe films of PbE, PbSe and PbTe.
_ According to this modei the carriers are scattered and trapped bv the
intercrystalline boundaries and hence “H is an exponential functioﬁ of
temperature and barrier height according to the following equétion.

By = K exp (= A /KT) (Berger 1961)

%

However ionized iwmpurity scattering leads to a variation of g as T
and the two mechanisms are difficult to distinguish experimentally
(Shallcross i967). Many workers however favour the Petritz inter-
crystalline barrier model (Shallcross 1966, Neugebauer 1968) since the
existence of intercrystalline barriers is suppdrted by measurements of
the drift mobility in CdSs films (Waxﬁan et al 1965).
Photoluminescent effects have been observed in normally

evaporated CdS films (Bleha and Peacock 1970) and also in thin films

evaporated in an enclosed vacuum system (Buckley and Woods 1973).

It has been reported that post deposition heat treatment in




- 50 -

a variety of gas ambients including vacuum, air, H_S and Ar (Berger

2
et al 1964, Sakéi and Okimura 1964 énd-Esbitt 1965) can increase or
decrease the dark resistivity depending on the substrate temperature
used during the initial prepardation (Wendland 1962). These effects may
be explained by (1) substantial recrystallisation, or (2) reaction with
oxygen which is known to change the photosensitivity of CAS (Kuwabara
1954) .

The recrystallisation phenomenon which is observed when CdS
films are heated in contact with a thin metal layer has been investigated
by many workers. Addiss (1963) increased the Hall mobility of films

2 V_l sec2 (cf the bulk value

from values near 1 to between 20 and 70 cm
of 250) by evaporating & thin layer of silver-on Cds and then annealing-
it in an inert atmosphere at SOOdC to 600°C. Siﬁilar experiments have

‘been carried out more recently by Kahle and Bexrger (1970). The activa-

tion and re-crystallisation of evaporated layers of II-VI compound

layers has been reviewed by Vecht (1966).

4.4 Conclusion

Much work on CdS thin films has been published because of £heir
numerous applications. However many of the early results are conflictiﬂg
because of lack of control over the parameters during evaporation.
Absolute cleanliness of the evaporating system and source wmaterial is
essential. By controlling the evaporation rate and substrate temperature
it is possible to produce films with low resistivity ( N103 Q cm) and.
of a thickness (= 20 um) suitable for the fabrication of thin film
photovoltaic devices. The following chapter gives a description of the
apparatus used to produce - such filmé for use in fabricating thin film

CdS/Cuzs photovoltaic cells.
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CHAPTER 5

PREPARATION dF CdS THIN FILMS

5.1 Vacuum Systehs

Figure 5.1 is a schematic diagram of the vacuum system uséd when
films were evaporatéd from the resistively heated source. This arrange~
meﬁt was used for thé deposition of most of the thin filme produced at
burham which were later fabricated into soiar cells. The pressure in;the
bell jar was measured witn a thermocouple gauge (A.E.I. type V.C.12) for
pressures above 10—2 torr and a Penning gauge (Edwards Speedivac Type 5A)
for pressureé in the range 10—2 to 10_5.torr. The lowest pressure obtain-
able from this sytem u#ed Silicone 705 pump oil in éhe 3" diffusion pﬁmp
and either liquid air or nitrogen in the cold trap was better than 10_5
torrxr. However, most of the evapcratiocns were carried out at pressureé
of about 2 x 10—5 tor?.- .

A large system.USing Edwards components and an electron beam

'evaporator unit was'used for a few evaporations, but the high quality
films produced were generally too thin for fabrication into solar cells.

A third system manufactured by ~.V.C. was used at I.R;D. Ltd.

This system had an 18" diameter bell-jar and incorporated an oil diffusion
pump and cold trap. The system was cqntrolled by an automatic valve
sequence switching unit. Within 30 minutes of £he sysfem beiﬁg started
up, a vacuum of about 10—7 torr could be obtained.- A Sloan deposition
confrol meter (type OMNI 11) was installed to monitor both film thickness

and deposition rate. The complete evaporation cycle could be controlled

by means of an oscillating crystal detector and relays.
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5.2 Vacuum Chamber Fixtures

Figure 5.2 shows the arrangement of fiitings in the bell jar of
the 3" pump-system.used for the resistively heated source. Several shapes
of silica crucible were employed but a simple straight sided type is shown
in the diagram. The crucibles were wound spirally with molybdenum wire.
This filament was prepared in the following way: two strands of 0.5 mm
diameter moiybdénum wire were twisted together, one end being clamped in
a vice and the othe¥ in the chuck of a hand-drill. This technique pro-
duced a two strand twisted filament which was less. prone to deform at
high temperatures so that the possibility of shorting between turns was
reduced. Tungsten wire was also used but generally proved unsatisfactory.
The filament was of sufficiently low resistivity (at the evaporation tem-
perature used) to énable all of thegooV.A. (30 V, 30 A) available from
the transformer to he dissipated if necessary. A high evaporation rate
of severai théusand X/minute could be obtained in this system. The sub-

strate and mask were clamped to a stainless steel block containing an

insulated tungsten heating element supplied by a 12 V 20 A transformer.

The subsirate temperature was -controlled by an ether 'mini' controller
with a NiCr/NiAl thermocouplé clamped to the substrate surface.

The VOluﬁe between thne source and the substrate was surrounded
by an 8.5 cm I/D pyrex cylinder which was usually heated by radiation
from the source. However,-a cylindrically wound heater was made to fit
round this "hot wall" chimney for use during sohe of the evaporations.
The heater was wound from Kanthal resistance wire and was supplied by a
12 V 20 A transformer unit. The glass chimney was included in the sygtcm
in an attempt to retain bpth components of the vapour in the viciniﬁy

of the substrate, and to increase the stoichicmetry of the resulting
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films by preventing preferential condensation of one of the components
. on the cold walls of the bell jar.

2 stainless steel shutter operated through a rotary seal was
positioned immediately below the substrate so that the source could be
outgassed before evaporation on to the substrate began.

Facilities for evaporation from conventional molybaenum boats

-and baskets were also available inside the bell jar, but they were only
used for the preparation ‘of conducting films of gold ca chromium on

glass.

5.3 The I.R.D. System

The source in the I.R.D. ﬁtd.'evaporation system is shown in
Figure 5.3. This was ; directly heated tantalum crucible which contained
40 gms qf éowder when full. Evaporation rates faster than 1 um/miﬁute
were obtained and it was possible for layers of CAS 25 um thiék to be
deposited on substrates u§ to approximately 8 x 8 cm in area. A silica
"hot wali" chimney was also used with the source and substrate 36 cm

apart and a shutter and radiant heater were incorporated in the chamber.

5.4 Source Material

Commercially produced CdS (B.D.H. Optran grade polycrystalline
lump) was purified by sublimation in a manner similar to that described
by Stanley (1956). The 601gm charge was heated to'1150°C in a long
silica tube and a stream of 0.2 £ rx'l:i.n—1 of argon was passed over it.
Rods and platelets of yellow crystalline CAdS were deposited downstream
in a cooler part of the tube. Mass spectroscopic analysis of the

starting material showed that the major impurities present were Se, Zn,
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Fe, Mn and Si, but only in quantities less than 2 p.p.m. After flow run
purification, éome of the selenium'would be carried to exhaust by the
argon and some of the less volatile Zn, Fe and Mn would be left in the‘
charge as the ‘'heavy' residue.” However the Si content would pi-obably
increase because of the silica glassware used. The sublimed CdS pro-
duced in this so called 'fléw run' process was then crushed into fine
povwder and used as the source material fof the evaporations carried out
at Durham. The I.R.D. evaporation sources were filled with CdS powder

supplied by Leuchstoffurer.

5.5 Substrates
‘ There are many suitable substrates available for the deposition -

of CdS, all with contrasting proéerties. They réquire different cleaning
"and handling techniques beforé successful film deposition is possible.
Some of the substrates uséd included molybdenum, soda glass, tin-oxide
coated glass. BAu/Cr on glass and metallised Kapton (a polyimide plastic).

Only Au/Cr on glass substrates were fabricated by us. Successive
layers of Au and Cr were deposited on to the glass substrates after a

cleaning process similar to one described below.

5.5.1 Cleaning Procedures

Much work has been carried out to optimise the cleaning processes
of glass substrates. Undoubtedly one of the most efficient methods is
to immerse the glass in a glow_discharge, and much of the work on this
subject has been reviewed by Holland (1958). However glow discharge
cleaning cannot remove gross contaminants from a surface, so thick con-
taminant layers are normally removeé by chemical methods before glaw

' discharge cleaning. Putner (1959) however .came to the conclusion that
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under certain condiﬁions, glass surfaces could be cleaned equally well by
chemical methods.

Chemical methods qf cleaning glass with detergents, hydrocarbon
solvents and acids are well déscribed in.the literature (see for example
Strong 1944). One of the simplest methods is to wash the surface with
a detergent {such as teepol or quadralene)-and water, and then polish
with a lint free cloth steeped in a solvent such as isopropyl alcohol
(propan 2-01). Another and more effective process for removing molecular
contamination from glass surfaces is by vipour degreasing using an alcohol.
This is a method which has become fairly well established in the lens
coating industry. Ultrasonic agitation of cleaning fluids has also bezen
used successfully for removing g?oss'contaminat;on such as pitch and
jewellers rouge from the surfaces of optical components (Manufacturing
Optician 1958). With_our substrates the best way of remcving gross con-
éamination was by ultrasonic agitation in a detergent type soivent
followed by degreasing in propan-2-ol vapour. For the plain glass sub-
étrates,'a short Immersion of the degreased substrate in cold concentrated
hydrofluoric acid often proved beneficial. It was unnecessary to pesriorm
glow discharge cleaning after this. The metallised Kapton substrates
used mainly at I.R.D. were gently swabbed with cotton wool soaked in

acetone.

5.5.2 Production of Au/Cr on Glass Substrates

Although it is unlikely that‘a gold-chromium contact with Cds
forms an ohmic contact, this substrate is used in several industrial
applications (see for example Pinder and Clark 1974). Chromium adheres
very wéll to glass and goid-clings well to chromium. Gold does not

adhere very well to glass and rubs off during cleaning processes. The
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most important advantage of this multilayer substrate is that CdS films
adhere tenanciously to gold. Since problems with adherence are exper--
ienced with thick films ( > 10 um); the reduced tendency cof the thi.cker
films to peel off the Au-Cr substrates was a great advantage.
After.degreasing by the method described in Section 5.5.1, Iarge

area glass plates 8,7.cm X 6.25 cm x 1 mm thick, were mounted in the
"evaporating chamber of the 12" bell jar éystem. The glass sheets used
were electron microscope plates ma@e of green soda—lime'glass, which had
had the photographic emulsion removed. The phromium prlated tungsten
basket and a molybdenum strip boat were suitably positioned in the vacuum
chamber. Gold wiré was placed in the mclybdenum boat and small pieces
of resublimed chromium were placed in the chromium plated tungsten
basket. The chromium was first evaporat-d un£11 it was thick enough
to obscure the incandescent basket. Gold was then evaporated on to the
Cr £film. After coo;ing to room temperature, the metallised sﬁbstrates

- were removed from the‘chamber. The gold éop layer was quite soft and
could be partially removed by rubbing, consequently it was cleaned by

a simple swabbing with propan-2-ol.

5.6 ‘The CdS Evaporation Cycle

This section describes the sequence of steps in the evaporation
of CdS on tc tin-oxide or Au/Cr coated glass using the resistively

heated source system.

(1) The glass or SnOx/glass (1 < x {_2) substrates were cleaned by
ultrasonié agitation in a 10% w.w. solution of "quadralene Q;I.C."
inétrument cleaner, then rinsgd in distilled water and washed in
propan—?—ol and finally suspended in proﬁan—2—6l vapour for several

minutes to ensure that no stains persisted on the dry surface.
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(2) The subgtratés were clamped_to the substrate heater by the

2% om sq mask and were mounted horizontally above the source and 'hot—.
wall' chimney. Other piecesof Snox/glass or Au/Cr/glass were bonded
to glass microscope slides and were mounted vertically on the inside

ot the 'hot-wall' chimney. The sovurce crucible was filled with crushed

Cds powder.

(3) The system was evacuated to a pressure of z1o'5 torr and the

substrate was preheated to 200°C for an hour before evaporation commenced.

(4) The filament current was increased gradually to outgas the Cds
powder. Too rapid an increase in temperature simply caused the contents

of the crucible to spatter out.

: o
- (5) The substrate temperature was set to 200 C and the shutter was

opened when steady state conditions had been attained.

(6) After the evaporation on to the gubstrate (usﬁally % hr) or when

the substrate temwerature rose above 220°C or the pressure to 10"4 torr,

the substrate and source heaters were switched off.

(7) The substrate was allowed to cool down to room temperature and
was removed from the vacuum system. It was then usually stored in a

vacuum dessicator.

5.7 The Totally Enclosed System

Since the method of enclosing the space between the source and
substrate with a'hot-wall' chimney proved successful, a totally enclosed
system was used for some evaporations. In this technique (Buckley and

" Woods 1973), the evaporation chamber is not pumped during the formation
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of the film thus 2llowing evaporation to be carried out under equilibrium
condiiions. Furthermore, none of the constituents in the vapour phase;
are lost preferentially to exhaust;

The 10 gm charge of crushed flow-run, purified CdS powder was
placed at tﬁe bottom of a vertical 12 mm bore silica glass tube of 25 cm
length, Figure 5.4.. A 2.5 cm sq. glass substrate coated with tin oxide
" which had previously been cleaned in thé manner described in Secfioq 5.6,
was supported on an inner cylinder_of silica as near as possible to the
top of the iarge diameter tube, with the tin oxide coating facing down-
wards. The wide bore silica tube was‘rognded at the top and joined to
a 5 mm bore silica tube through which it was connected to a high vacuum
system pumped by a mercury in.glass diffusion pump via a liguid nitrogen
cold trap. Evacuation of the tube was carried out overnight after it
had been mounted horizontally in a furnace with a hot zone at 250°C.

This procedpre was galculated to outgas the powder and glass éomponents
before beginning the évaporation. After pumping on the hot tube, a
vacuum of 2 x 10“6 torr was obtained. After cooling, the tube was sealed
off from the vacuum system.

Evaporation was carried out by placing the tube in a vertical
furnace similar to those used by Clark and Woods (1968) to grow single
crystals. It was possible to maintain some degree of control over the
spbstrate and source temperature by adjusting the position of the tube
in ‘the vertical'furnace. Using this.method it was possible to grow thin
polycrystalline films up to a few micrometers thick.

The source and substrate temperatures wére measured with Pt-PtRh
thermocouples in éontagt with the outside tube adjacent to source and
substrates. Tﬁis was not an ideal situation but it was not possible to

measure substrate temperature directly.
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5.8 Measurement of Film Thickness

Chopra (1969) has reviewed the various methods used to measure
the thiclkness of films. Since the films prepared by us lay in two ranges
of thickness, (a) less than 10 pm and (b) 10 to 20 pm, two different
techniques were used. For the thinner films it was necessary to use a
"Watson Interference objective'. However with this methoa, a metallised
layer over the film edge was essential since evaporated CJdS layers are
much more absorbent to light than is'ﬁlass. Indium elzctrical contacts
proved idzal for this purpose provided that high evaporation rates and
low pressure were used. Unfortunately'this is a destructive technique
as far as eventual solar.cell production from- thin CdS films is concerned.

This optical technique of meaéuring film thickness employed double
beam interferometry with monochromatic illumination from a scdiw lamp
to produce Fizeau interference fringes.from the metallised areas. With-
out the metallisation,contrast of the fringes across the step was very
pooxr. The film thickness was calculated from the fringe displacement
across tﬁe step which arose from the path difference of the reflected
beams since the separation of like intensity fringes is equal to half
the wavelength of the illuminating light.

In the case of films greater than 10 pum thick, the large numbers
of displacement fringes were difficult to count and a Moore and Wright
dial indicator was used in conjunction with an Eclipse type 104 surface
gauge positioned on an engineers marking off table to measure the step-
height directly. This technique wag non-destructive so that after
measurement these thick films could be fabricated into thin film solar
cells._ The I.R.D. films with thicknesses greatér than 20 pm were
measured using a calibratéd microscope stage by focusing successively
on the film and adjacent substrate or by fhe use of a Talystep thickness

scanning machine.
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5.9 Conclusion

A number of samples wexe prepared using the following methods:
(1) electron beam evaporator, (2) resistively heated evaporators and
(3) furnace evaporators (enclosed system). The films were grown with
low resistivity, <1103 Qcm, and with thicknesses up to 25 jim. However
most of these films were thinner than 15 um and therefore unsuitablg
for solar cell fabrication. 1In aédition, many of the films produced in
the enclosed zystem were of higher resistivities. One of the ﬁain
prob;ems in preparing thick f£ilms was the great tendency for them to
peel off the substrates. However using substrates of gold on chromium

on glass seemed to solve this problem.
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CHAPTER 6

. GROWTH OF Cuzs ON Cds

6.1 Introduction

In the past, much work has been carried out to study how single
crystal cadmium sulphide can be converted intc single crystal copper
éulphide with one or more phases present. The most detailed investiéa—
tions were carried out by Cook et al {1970) but other workers have
endeavoured tc produce the chalcocite phase of copper sulphide on its own
(Mulder 1972). In this chapter, the techniques used in the bresent work
to examine the composition and structure qf copper sulphide produced on
various crystal plahes of cadmium sulphidé are descrilbed, togéther wiﬁh

the results of the investigations.

6.2 Mechanism of Dispiacemenf Reaction

It was menti;ned earlier in Chapter 2 that the copper éulphide/
cadmium sulphide heterojunction is produced as a result of a chemical
- displacement reaction between the cuprous and cadmium ions acccrding to
the equation,

2 cu’ + cas — Cu,S + ca®t

Once the initial monolayer of Cu,S has been formed on the Cds, the rate

2

of formation of further CuZS is determined by the difrusion of Cu+ ions

+
S and the out-diffusion of Cd2 ions through the growing

through the Cu,

layer into solution. This process is similar in many respects to the
oxidation of a metal surface for which a parabol;c rate of formation has
been observed by several workers (Pilling and Bedworth1923, and Hirashima
1955). Singer and Faeth 1967 and Sregdhar et al (1970) reported that the.

increase in weight of undoped CdS immersed in a solution containing
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cupréus ions obeyed a parabolic relationsip with time. Conversely,
Shiozawa et al, 1969, concluded that the rate of fecrmation of CuZS was
linear with time. Buckley and Woods (1974) however showed that_a singlé
parabolic law could be used to describe the rate of formation of Cuzs
on copper doped CAS whereas the growth of Cuzs on indium or gallium
doped samples was governed by two varabolic laws.

If the reaction is taken to its limits, a cracked but single
‘crystal of orthorhombic chalcocite (Cuzs) may be obtained (Cook et al

2

place topotaxially (Te Velde and Dieleman 1973). 3Since CdS has a mole-

1970, Singer and Faeth 1967). The transformation of CAS into Cu,S takes

cular weight of 144.46 compared with Cu)é with a molecular weight of.
159;&4, conversion must be accompanied by a change. in weight of the
sample. For cémplete transformation, the samplé must undergo a weight
increase of 10.1%. Furthefmore,.becauée of lattice constaht mismatch,
strain will be set up in the sample which is eventually released by
cracking. .These chénges will be discussed later in connection with thé

results from optical microscopy studies.

6.3 ~ Preparation of the cuprous Ion Bath

The cuprous (Cu+) ion plating bath used to form the p-type Cuzs'
layers on boﬁh single crystal and thin film CdS was prepareé in the
follbwing way. -

(a) 75 ml of distilled water was heated in a closed reaction vessel
and then oxygen free nitrogen gas was bubbled through'the'liquid to :
remove any dissolved oxygen. . |

(b) lé ml of concentrated Hydrochloric acid was added to the water i

and the heating and nitrogen gas flow-was continued.
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(c) 1 gm of cuprous chloride was added when the temperature was

approximately 60°c.

(&) Approximately 7.5 ml of hydrazine hydrate solution was added
to the solution to produce a resultant pH of 2 to 3 as measured by

indicator papers.

(e) After heating the solution to 90°C; the pH was measured again
and corrected to 2.5 using.a small amqunt of hydrochloric acid or hydra-
zine hydrate. The solution was made up to 100 ml by the additicn of a
little deoxygenated distilled water. During preparation and while using
the bath, a constant flow of oxygen free ﬂitrogén was maintained through
the solution. The purpose of this was to keep'as much oxygen avay from -
the solution as possible and to kéep tﬁe so;ution-fully mixed. Plating
of Cu,.S on to CdS occurred immédiately tne CAdS crystals orx films were

2
dibped into the hot solution.

6.3.1 Oxidation of the Plating Solution

The flow of nitrogen gas through the solution during preparation
and use, and the strong reducing agent, hydrazine hydrate, present in the
solution had the effect of slowing down the oxidation of cclourless
cuprous (Cu+) ions to the blue coloured cupric (Cu2+) ions. Displacemnent
of CdS by cupric ions would produce copper deficien£ phases of copper
sulphide aﬁd this was clearly not desirable. Even when the solution was
left for a short time with a gas flow maintained through it, a deep blué
precipitate formed on the surface of the solution. The compound was a
complex between copper, nitrogen and oxygen, similar to the cuprammonium
ion. If the solution was reheated aﬁd the pH corrected to 2.5 using

hydrazine hydrate, the deep blue precipitate could be made to redissolve.
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On the other hand, if the solution was left for a long time without a
continqous flow of nitrogen gas through it, th= solution itself developed
a blue/green colour which could not_be easily removed. The change in
colour was due to the oxidation of Cu+ to Cu2+. When a solution was
cooled to room temperature with oxygen being kept away as much as possible,
thin white needles of cuprous chloride were precipitated from the
safurated solufion.
| A short invéstigation of the effects of oxidation in the plating
bath was carried out where the solution was prepared in a nitrogen filled

glove box. C€dS/Cu_S heterojunctions were prepared in this box and tie

2
solution was cooled and stored in an afmosphere of nitrogen.

No blue precipitate was formed even after several days and‘thé
solution remained colourless. 'White needle shaped crystals of-cuprous
chloride were hcwever precipitated. The devices prepared using this
method were not any bétter than those prepared using the conventional
mefhod, so it was decided that plating experiments could be carried out

‘without the aid of the glove box. This more controlled environment was
of course a very inconvenient constraint in the preparation of devices.

To reduce the effects of oxidation, fresh plating solutions were made

up on each occasion.

6.4 X-ray Orientation of Crystals

As mentioned in Chapter 2, cadmium sulphide displays polar
properties in the [OOOi] direction. It was decided to orientate all of
the boules so that thin slices Eould be cut perpendicular to the 'c! axis
direction. Since the growth axis of the cadmium sulphide bouleé did not
usuélly lie parallel to the 'c' axis of the single crystal, it was not |

possible to determine the orientation of the crystal by simple inspection.
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However it was feasiﬁle to identify the six-fold symmetry axis of the
bazsal plane of the crystal by taking a series of x;ray back reflection
photographs and re-aligning the sample by means of information obtained
from fhe.photographs using a Gréninger Chart. After this alignment

process the boule was ready for sectioning.

6.5 Sample Preparation

The orientated boules were cut into 2 mm thick slices using a
diamond impregnated cutting wheel. This process left deep cutting marks
on the surfaces of the‘slices which were later removed by grinding the
(0001) cadmium and (OOOI)'sulphur faces using a slurry of 1200 grade
carborundum paste on a lapping Qléte.' The slices were then furthex
polished with diamond péste down to a grit size of 1 um. For the series
bf experiments concerned with thickness measurements, énd electron micro-
séope studies of the copper sulphide layers formed on both (0601) and
(0001) faces, further sectioning was carried out to produce cuboids of
size 5x 5 x 2 mm. The two large area faces were the polar faces of the
cadmium sulphide. Both the cutting and polishing processes led to work
damage of the crystal surface layers. Some of this damage was removed
by lightly etching the samples in cold concentrated hydrochloric acid.
The other purpose of the etching was to identify the (0001) and (0001)
faces. Etching in hydrochloric acid produced an optically matt finish
on the (OOOI) sulphur faces while the cadmium faces became highly
reflective. The polished samples were not etched for long enough to

reveal many hexagonal etch features on the (0001) face.

6.6 " Thickness of the Plated Layer

In order to investigate the relative thicknesses of the copper
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sulphide layers_forméd on both the (0001) and (OOOI) faces, the lightly
eched samples were placed in the hot Cu+ ion bath at a temperature of
90°c for 45 minutes. The converted (0001) and (0001) faces were examined
using an optical microscope ana photographs of the faces were taken. It
was possible to identify the (000i) and (0001) planes since the copper
sulphide formed on the matt finish sulphur plane was similarly highly
light absorbing, in contrast to the highly reflective layer formed on

the (0001) cadmium plane.. The partially converted samrles weie embadded
in a clear resin with the 'c¢' axis of the €dS parallel to the surface

and the (0001) and (OdOT) faces marked. Sectioning of the embedded
samples was carried out uéing yrade 600 carborundum paste followed by
1200 grade paste and finally by a.sefies of polishes using diamond pasté .
down-to a l um grit sizé. This process removed approximately half of
‘the sample in all. Photomicrographs of the sections were obtained and

are discussed in the next section.

6.6.1 Experimental Results

The lightly etched sulphur plane of the cadmium sulphide was
very light absorbing and no etch features could be detected on this face.
In contrast the cadmium plane was highly reflective and several hexagonal
etch features were present, but the etch pits were not present in great
numbers. It was assumed that the etch features would produce local
perturbations in the_thickness'of the copper sulphide layers produced
on this face and this was the reason.why only a short etch treatment
was given. After the plating process, the copper sulphide layers
retained the surface finishes of the cadmium and sulphur planes on
which they were formed. it was not possible to detect any features on

the (0001) sulphur face layer but in contrast, the copper sulphidé surface
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on the (0001) fgce cﬁntained numerous cracks lying in three directions

at 120o to each other (Figure-6.1). The micrographs in Figures 6.2

and 6.3 show typical copper sulphide layers formed on (0001) and (0001)
planes of the same crystal. Iﬁ these photographs the coppef sulphide
layers may be identified as the regions of lighter contrast. Copper sul-
phide layers on both planes exhibit cracks as dark lines which should not
be confused with the micro-scratch marks caused by polishing. The most
obvious feature of these two sections.is that the copper sﬁlphide 1ayer
on the.sulphur face is significantly thickwr than that formed on the
corresponding cadmium face of the same'sample. It was noticeable that
the copper sulphide was lﬁcally thicker in the vicinity of a crack on
either face. The highly light reflecting cadmium plaue had a relative1§ |
flat surface compared tb the rough sulphur plane which was highly light
-absorbing as indicated by the boundary between the very dark resin and
tﬁe copper sulphide layers. It can be seen by Eomparing Figurés 6.2 and
6.3 that the thickness of copper sulphids formed on a sulphur plane was
abproximately 1.5 times greater than fhat formed on the corresponding

cadmium plane.

6.7 Electron Microscope Examinatién of tﬂe Copper Sulphide Layers
Several samples of equal size to the oﬁes used for thickness
measurements were cut from the same polished slices and were treated in
the same plating solution for equal lengths ofAtime. They were then
bonded to a reflection electron difffaction mounting stud using 'durofix’'
adhesive. These samples were mounted off centre on the stud so that it
was possible to diffract the eleétron beam from layers formed on either
the sulphur or cadmium faées by a simple translation of the-stud within

the microscope itself. The technique of reflection electron diffraction

is discussed in the next section.
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6.8 Reflection Eiectron Diffraction

Reflection electron diffraction (R.E.D.) was used in preference
to methods employing X-rays to investigate the structure of the copper
sulphide. layer for several reaséns. It is known that the depth of pene-
tration of X-ray beams into the suiface of a material under inves£igation
is of the order of hundreds of micrometers Qnd the thicknesé of the copper
sulphide layers produced by the methods used was of that order. This
would imply that diffraction from the .underlying CAS might be produced
-as well as the desired patterns from the ccpper sulphide layers. ﬁy
contrast, the depth of penetration of the electron beam at glancing
incidence is only of the 6rder of 100 2 for very flat surfaces. Thus
no problems associated with diffréctibn from the st were encountered.
A further advantage of the R.EfD. technique was that the diffraction
battern could be studied while the sample orientation was altered.

. Each real space plane (h,k,£) produces a reciprocal 1a£tice
point which is given the same set of indices as the corresponding plane.
Tﬁe reciprocal lattice point lies on é line perpendicular to the real
space planes and passing through the origin. It is situated at a
distance from the origin which is inversely proportional to the inter-
planar spacing, dhkﬂ' The condition for Bragg reflection of the electron
beam may be considered in the following gecmetrical way. It is assumed
that the crystal under investigation is located at the edge of the
reflecting sphere (or circle if simplified to 2 dimensions) of radius
1/X where A = wavelength of the eléétron beam, which is 0.037 R for
100 KeV electrons. Diffraction only occurs when a reciprocal lattice
point arising from the ieal space planes téuches the circle. This con-
dition is illustrated in Figure 6.4. The geometrical representation of

the Bragg condition is called the Ewald Construction. Examination of
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the diffractioq patéern obtained f;om a series of real space planes
enables the lattice parameters of samples to be calculated. It should

be noted that certain crystal orientations lead to standard, easily
recognisable patterns which eﬁable easier calculation of the unit cell
dimensions. Before any measurements of the lattice parameters of crystal-
line materials can be made, the camera cop;tant (A.L) for the partienlar
electron microscope used must be evaluated (Barrett and Massalski (1966)).
This was carried out using a gold polycrystalline layer and was found

to be

AL = 4.1220.05 87 e

6.9 Examination of CdS Single Crystals

In order that later comparison between the R.E.D. patterus of
cadmium sulphide and copper sulphide could be carried out, a pattern
was obtained from the .sulphur plane of etched CdS. The sample was
rotated and tilted until én easily reqognisable symmetrical pattern was
obtained'(Figure ©.5). This was indexed (Figure 6.6} using the informa-
tion presenteld in Hirsch et al (1965).

For the hexagonal crystal system:-

: 2
. A i+t + £
2 2 2

) . 3a C
il (o) . o

where a and C° are the lattice paraﬁeters of the hexagonal unit cell -
and dhkl is the interplanar spacing. If the (0002) planes are con-

"sidered, the above equation simplifies to:-

1 4
3 p
90002 S
or C = 2
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4

Thus the Co pérameter can be directly calculated from the
measured interplanar spacing of the (0002) planes. By measurement of
the distance between the origin and (0002) point on an enlargement of
Figure 6.5 and a knowledge of the camera constant, it was possiblé to

deduce a value of the Co parameter as

It can similarly be shown that for (2110) planes ,

2110
This led to a value of ao of

4.2 + 2% R

a
o}

‘these values compared quite well with the lattice parameteré of
cas of a_ = 4.1367 & and c_ = 6.7161 R as measured by ¥-ray diffraction
(Cook et al 1970);

The purpose of examining the CdS was to confixm that the gold
calibration was correct and to givé an indication of the errors incurred

using this R.E.D. technique.

6.10 Examination of Copper Sulphide formed on Cds

A number of copper sulphide R.E.D. patterns were obtained from
the cadmium and sulphur planes of CdS crystals which had been immersed
in a solution of cuprous ions at 90°C for 45 minutes to ensure no
diffraction from the underlying CdsS, particularly on rough sulphur
surfaces. It was only possible to take accurate measurements from copper

sulphide layers formed on the sulphur planes of the CdS. R.E.D. patterns
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originating from copper sulphide layers formed on the cadmium planes
are discussed igter. A photograph of the R.E.D..pattern of a particular
orientation of the sample is shown in Figure 6.7. Measurements of the'
distance between the intense |'spots' and the origin from the enlarge-
ment of this photograph enabled interplanar spacings characterised by
the intense reflections to be calculated. -By reference to the A.S.T.M.
index for the copper sulphides, it was poésible to say that the layer
had the Ehalcocite structure and it was élso possible to index some of
the diffraction spots. The indexed points are shown in Figuxec 6.8

By measuring ;he distances between the diffraction 'spots' and the
origin in the [10d] direétion and using éhe camera constant it was
péssible to calculate the ao pa?ameter of the orthorhombic chalcocite
unit cell as a, = 12.03 * 2% 8. Since the axis perpendicular to the
[;Ob] direction was not [910] or [001] but intermediate, it was not
éossible to calculate the bo and co parameters directly. However two
simultaneous equationé in-b° and 5 could be written down in terms of

the calculated value of a, using the relationship:-

2 2 2
1 h k £
_— = + + {(for orthorhombic
2 2 2 2 :
a b c
o o o crystals)

There was also evidence of £he existence of Laue zones (Hirsch
et al 1965, pg. 112) which can be seen in Figures 6.7 and 6.8 as the
regularly spaced brightened up zones running parallel to the [100]
direction. This meant that measurements from the (0812) point to the
(000) point (Figures 6.7 and 6.8) would be inaccurate.-

The sample was orientated ahd tilted so that another type of
regular pattern was observed (Figure 6.9). . This pattern was indexed

(Figure 6.10). in a similar way to that used previously. The intensities
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of aiternate diffraction spots observed in the [001] direction did not
match exactly with those given in the A.S.T.M. index for chalcocite

(but the positions did correspond). According to the tables given in

the A.S.T.M. index for the various copper sulphides, it would not be
expected that (00£) type planes would produce intense diff;action maxima.
However it should bg noted that the A.S.T.M. intensity data refers
-specifically to X-ray diffraction and does not always correlate exéctly
with electron diffraction intensities (see for instance.Hirsch et al;

" pg.91). The diffraction spots not‘along_the 'e! axis e.g. (082) (084)
were intense as predicted for chalcocite according to the A.S.T.M. index.
Calculation of the bo and co values frcm £he photograph (Figure 6.9) gave

values of

b = 27.74%2% 2 ana c, = 13.59 t 23R

Comparison of the ar bo and c° parameters for the material
_ topotaxially formed on the CAS surface with the lattice parameter con-
firmed that the material was orthorhombic copper 1 sulphide (form 3)

or chalcocite

a_ = 11.881 & b_ = 27.323 & c =13.497 X (a.5.T.M. index
for CuZS)
a;=12.03*2%8 b =27.74% 288 c =13.59 + 28 B (calculated

from RE D patterns).

In similar experiments reported by Caswell et al (1975) it was suggested
that the material formed was o (low) chalcocite. This form is orthorhombic
and very éimilar to chalcocite but with a slightly smaller bo para-
metér of 27.05 8. 1In fact c (low) chalcocite is a rare geological form

of chalcpcite.
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Other polished slices of CdS which had been immersed in the hot
solution of cuprous ions were mounted on an R.E.D. mounting stud iﬂ
such a way that R.E.D. patterns could be obtained from both Cd and S
plane sides of the CdS by simple translation of the sample inside the
electron microscope. Figure 6.11 shows a typical diffraction pattern
obtained from a layer formed on an S plane whereas Figufe 6.12 shows . a
£ypical diffraction pattern from é layer on the ccrresponding Cd plane
of the same crystal. The pattern shown in Figure 6.11 could be obtained
over the whole area of the S surface, whereas the pattern shown in
Figure 6.12 could only be observed in'ce;tain places on the Cd plane.
Measurement of the distances in the [plO] and [pOlj directiohs in |

Figure 6.11 gave values of bo and c, directly:-

b, = 27.69 + 2% § c_ = 13.48 £ 23 §

It was impossible to calculate ao from this orientation of thé
sample. The R.E.p. éattern shown ih.Figure 6.12 had a similarly distorted
. hexagonal array of £he intense spots but because of the smeared out
appearance of these diffraction maxima, it was not possible to make
accurate measuremznts, but the layer was almost certainly chalcocite.
The large number of closely spaced reflections observed with the layer
formed on the S plane of CdS were absent from the R.E.D. pattern from
the corresponding Cd plane. These close reflections indicate gocd long
range order on the S plane side and it is likely that extensive micro
cracking of the layer formed on Cd faces had removed this oxrder and
with it the weak reflections. The streaked appearance of the spots from
the Cd plane layers was due to the very flat surface of the layer which

gives rise to the relaxation of the Laue conditions for the set of
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planes parallel to the surface and hence causes streaks perpendicular

to the surface (Thomson and Cochrane 1939).

6.11 Examination of Copper Sulphide phaée formed at low temperatures

Later in this thesis (Chapter 8), work is reported concerning
the 0.C.V. spectral responses of devices fabricated at 45°C. Indirecﬁ
evidence of. the formation of a copper deficient phase at this temperature
is given and so R.E.D. was carried out to attempt to identify the phase
directly. A temperature of 45°%C was employed for reasons discussed in
Chapter 8,

Poiished undoped cadmium gulphidé cuboids were dippad in the
copper ion plating solution at 450C for 45 minutes. A typical R.E.D.
pattern obilained from the layer of copper sulphide formed on the sulphur.
(0001) plane of the sample is shown in Figure 6.13. This pattern should
be compared with thét shown in Figure 6.11 which was obtained from én
identical sample Qrep;red at 90°C. -If can be seen that there are rows
-of closely spaced diffraction spots running parallel to the 'c! axis.
From measurements made on this patterh is was possible, using thé

camera constant, to calculate b° and co directly. These were found to be

b, = 13.73 £ 23 R and c, = 26.84 t 2% R .

In the particular orientation from which the pattern was obtained it
was not possible to calculate a, but the bO and co parameters matched

6S) i.e.

those of orthorhombic Djurleite (Cu1 9

a =15.71 & b = 13.56 & c = 26.84 8
o] [o] (o]

obtained from the A.S.T.M. index., Further R.E.D. patterns taken from

the layers in different orientation would have been necessary to evaluate
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a, and to confirm the identification of the layer more accurately.

6.12- Examination of CdS thnin films

Thin films of cadmium sulphide were evaporated in high vacuum
using a resistively heated source as discussed in Chapter 5. A sub-
strate temperature of approximately 300°C was employed. Figure 6.14.
shows a typical R.E.D. pattern obtained from a film 10 pm thick (as
measured by interﬁérometry techniques). The pattern shows character-
istics of a film Qith a fibre axis and also contains extra reflections
which may be attributed to pseudo-double_positioning which is described
below. Siwilar patterns have been obtained by Wilsou (1971).in an |
investigation of the degree of preferred orientation of crystallites as
a function of f£ilm thickness and deposition rate. Such patterns have
not been indexed when préviousiy reported.

Examination.of the reciprocal lattice pattern of the ﬁost densely
populated reciprocal lattice planes of face centred cubic and hexagonal

"crystal structures (Hirsch 1965), shows that for crystallites with a
fibre axis in a {111) type direction for the cubic phase, or for a
[0001] direction in the case of hexagonal crystallites, there are
two low index directions in the plane perpendicular to the fibre axis
for each crystal type. The two lowest index directions for the‘cubic
phase are the {110) and {211) directions and the {1230) and {1010) for
the hexagonal form. These four directions can be identified as zone
axes in Figure 6.15, From calculations using the lattice parameters of
cadmium sulphide in the cubic and hexagonal phases as given in the
A.S.T.M. index, it can be seen that refyections from the [211] {(cubic)
coincide with those from the E12§0] zone within the accuracy of the

measuring techniques employed. Perhaps the most interesting features
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of the pattern shown in Figure 6.14 are the spots which exhibited
'streak' effects perpendicular to the sample surface. The indexed
pattern shows that crystallites with two different {110 type zone
axes are mainly responsible for this. The reflection from the two
sets of crystallites are not symmetrical about the fibre axes. One
set is a nirror image about the fibre axis of the other. This effect
may be considered as being analogohs to the 'double' positioning‘of
grains of wurtzite material in a sphalerite structure (Woodcock and

Holt 1969).

6.13 R.5.D. Examination of Converted Thin Films

Some of the cadmium sulphide thin films oﬁ the type discussed
in the previous section were dipped in the solution of cuprous ions at
90°c for 5 to 10 seconds. This-is the time used in the preparation of
thin film CdS/CuZS solar cells. A lopger immersion time causéd the film

to peel off the substrate because of the combination of cracks in it

‘and the action of surface tension of the solutiun. As can be seen from

Figure 6.16, the cadmium.sulphide subétratecnlwhich the copper sulphide
was formed gave rise to extra reflections. The copper sulphide 1aye¥
was approximately 0.1 um thick. Weak reflecticns due to the copper
sulphide can be seen as a series of lines in the fibre axis direction.
The results obtained from such partially converted thin f£ilms
of cadmium sulphide showed that coppef sulphide'layérs under investiga-
tion should be at least several microns thick in order to avoid confusing
reflections from the under-lying cadmium sulphide. It was for this
reason that most experiments on the éonversion of cadmium sulphide were
carried out on single cryétal samples and why long dip times were

employed.
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6.14 Investigation of Surface ‘Layers using E.S.C.A.

Another technique whicﬁ was used to provide information about
the layers of copper sulphide topotaxially formed on cadmium sulphide was
that of E.S.C.A. This is an abbreviation for 'Electron Spectroscopy for
Chemical Analysis'. The E.S.C.A. technique relies upcn X-rays interacting
with deep core electrons. Electrons are emitted and materials may be
énalysed by counting the number and measuring the velocity of the various
photo-electrons emitted. The technique is a very sensitive one but can
be used to probe the first rfew X of the surface. As a consequence, the
effects of surface contamination are very important. Elements and mole-
cules detectad in the surface layers of a converted Cds layex by means.of
_this technique were:- carbon, water and cadmium. No significant identi-
fication of ~opper could be shown in what was supposed to be a copper
sulphide layer. The conclusion réached was that the technique was too
sensitive for our pui?oses and is much better suited to the identification
of complex organic molécules. More ihformation would have been provided
-1f an ultra high vacuum chamber had been available. It was, hcwever,
interesting to note that cadmium ions wére present in the copper sﬁlphide
layér and it was likely that they were in the process of diffusing ouf
through the copper sulphide when the sampleslwere removea from the plating.
solution. Flow run purified cadmium sulphide cfystals were also partially
converted and investigated using E.S.C.A. but no meaningful results were

obtained since a very flat surface is éssential_for this technique.

6.15 Orientation Effects of Cadmium Sulphide £1lms

It is a well known phenomenonthat when thin films of cadmium
sulphide are evaporated on to hot glass substrates, the first crystallites

deposited are in random orientation, but as evaporation proceeds, the
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crystallites tend to line up with the 'c' axis of hexagonal cadmium
sulphide grains approximately normal to the substraté. See for instance
Wilson and VWoods (1973). A piece of evaporated cadmium sulphide film of
thickness greater than =15 pm was removed from the substrate and wés
mounted on a R.E.D. mounting stud with the side of the film which had
grown first,bonded to the stud. 1Inside the electron micréscope, the
stud was orientated such that the electrcn beam could impinge on the edge
of the film. The R.E.D. pattern obtained is shown in Figure 6.17. There
are two different halves to this pattern. The side of the film which grew
first gives rise to a polycrystalline ring pattern whereas the opposite
side shows evidence of fibre axis orientation. It is not possible to
identify the axis, probably because of the buckled nature of the film.
This experiment shoyed that for a cadmium sulphide film thicker than a
few microns, the crystallites are beginning to orientate themselves with

the 'c' axis normal to the substrate.

-6.16 Evaporation of Cadmium Sulphide on to single crystal. substrates

Cadmium sulphide films were eVaporated on to freshly cleaved
{100} surfaces of rocksalt held at various temperatures between 150° aﬁd
325o using the resistively heated source system. The films were floated
off the NaCl in water and were examined in transmission in the electron
microscope. A T.E.M. diffraction pattern from a CdS film deposited at
30006 is shown in Figure 6.18. The evaporation rate was too high to
permit good epitaxy but the film contained a large préportion of the
sphalerite phase. Figure 6.18 has been indexed in Figure 6.19 (see Wilcox
and Holt 1969, Holt 1969). The pattérn is a composite one which arises
from a sphalerite structure with a <100> type zone axis and a hexagonal

one which is present in two preferred orientations. These are such that
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‘the 'c' axis is parallel to the electron beam for each direction. The
(1100) pianes of one orientation are parallel to the (220) plares of the
cubic lattice and the (1010) planes §f the other orientation aire parallel
to the (220) planes of the cubic lattice. These two hexagonal patterns
arise from dougly positioned wurtzite grains of CdS as discussed by
Wilcox and Holt (1969}.. In addition there are four satellite spots present
afound each sphalerite reflection. It is broposed that these afe partly
due to wurtzite grains orientated with basal rlanes paraliel to the {111}
£ype planes oi the matrix. The remainder of the spots iﬁ satellite
positions are thought to be due to double Qiffraction processes. While
it is possible tha£ the satellite reflections could be attributable to’
_twins on the {111} planes of the sphalerite matrix, (Holt 1969), the
asymmetric disposition of the reflgction about the main sphalerite matrix
spots would suggest thét this is less likely, especially since the films
were of poor epitaxy in any case.

The film was ?e—examined,after it had been stored in the
laboratory for two ﬁonths (Figure 6.20). Comparison of the intensities
of the reflections from the sphalerite structure with those from the
wurtzite structure in both patterns shows that in two months the prominent
reflections have changed fram those of the sphalerite to those of the.
wurtzite phase. Wilson (1971) reportéd a similar effect and attributed
this intensity reversal to a relaxation of the crystallites from the
cubic phase, in which they were const?ained to grow by the rocksalt sub-

strate to the more energetically favourable hexagonal phase.

6.17 Summary of Conclusions

The etch rate of the'(OOOI)'S face of CdS is greater than that

of the (6001) Cd face and so during the etching process, the Cd plane is
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.chemically polished and the S plane is etched. It is possible therefore
to identify each face from the great difference in reflectivity of light.
When Cuzs is topotaxially grown on both Cd and S planes of orientated.Cds;
the surface morpbology of the black Cuzs takes the same form as the under-
lying ©d or S faces. 1In the tépotaxial growth prccess, elastic strain

is developed, since althéugh the Co parameters of CdS and Cuzs match to
within 0.4% there are mismatches of about 5% in each of the othexr
parameters. The mismatch causes cracks running at 120o to each other to
be formed on the Cd and S planes. Bécause of the highly absorbent nature
of the Cuzs layer formed on the S plane, it was only ncssible to obsexve
the cracks directly 6n the highly reflectiﬁg Cd plane.

By taking sections th;ough partially converted single crystals
of CdS, it was demonstrated that the rate ~f conversion to cuprous sulphide
proceeded 1.5 times faster on suiphur faces than on the corresponding
cadmium plane. Local perturbations in thickness in the vicinity of cracks
were observed on both.faées.

The R.E.D. patterns obtained from layers formed on both faces
vwere quite different. With Cuzs formed on an S plane, there was a single
crystal pattern containing a distorted hexagonal array of intense spots
with a iafge number of weaker closely spaced reflections. This type of
pattern was obtained over the whole S plane indicating good long-range
order;, The diffraction pattern was positively identified as that arising
from orthorhombic chalcocite (CuZS). ‘In contrast, the R.E.D. pattern
obtained from the layer formed on the Cd plane contained only the
distorted hexagonal array with the individual reflections smeared out due
to the very sﬁoothssurface. " The close spaced weaker spéts which depend-

on Bragg reflection from widely spaced planes in real space were not

observed. It is proposed that it is easier to relieve the mismatch strain




- 81 -

on the relatively rough S plane than on the smooth Cd plane. In the
latter case, it is suggested that numerous microcracks are formed which
destroy the long range order. Furthermore, the pattern arising from the
layer formed on a Cd plane could only be obtained from a limited number
of regions on that plane,

7n each experiment where the single crystal Cds was dipped in
the Cu+ ion solution at 90°C, the resulting topotaxial layer was of
chalcocite. However when experiments were carried out involving the
standard solution at the lower temperature of 45°C, a different R.E.D.

5)

pattern was observed: The layers were identified as djurleite (Cu1 %

which is a copper deficient phase.

It proved impossible to identify the phases of copper sulphide
formed on thin f;hm; of CdS since the Cuzs layers were so thin. that the
reflections from the CdS base material obscured the reflection from the
copper sulphide laye?. The attempts to identify the layers using the
E.S.C.A. technique were unsuccessful 5écause of surface contamination
-and the greater sensitivity of the technique to carbon atoms.

Thin £films of Cds evaborated bn to glass showed evidence-of a
fibre axis and in addition showed extra reflections which were attribﬁted
to pseudo double positioning. Low quality epitaxial films of CdS were
also evaporated on to {100} faces of rocksalt and true double positioning
was observed. Films which contained a large proportion of sphalerite
~grains immediately after déposition relaxed to a lower energy form con-
taining a higher proportion of wurtzite grains when left for several

months in the laboratory.
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CHAPTER 7

PHOTOVOLTAIC AND PHOTOCONDUCTIVE SPECTRAL RESPONSE

7.1 Introduction .

I1f, as it has been'proposeé,the optimiéed CdS/Cu2S solar cell
is & p-i-n sﬁructure, the dependenée of the C.C.V. on incident photon
wavelength will be modified by the photoconductive behaviour of the
'copper compensated region between the p and n type materials. The
extent of the contribution of the photoconductive i—region may be
reversed by comparison with deviceé prepared on highly photoconductive
base material, where the as-prepared spectral distrikution (i.e. prior
to baking) should be at least partly deﬁermined by the phctoconductive
response of the bulk material. In view of the fact that Cuzs grows
faster on a CdS single crystal sulphur (DOOI) surface than a cadmium
plane, it was decided to investiéate whether there is a difference in
output and spectral response «f these two types of device. The effects
of.differenﬁ dopant; and resistivities of the base material on the

spectral distribution, especially as a function of bake time, were

investiguted.

7.2 Ohmic Contacts

In oxder to investigate thé photoconductive properties of the
cadﬁium sulphide single crystals and to fabricate CdS/Cu25 solar célls,
it was necessary to make good electrical contacts. With bulk CdS samples,
good ohmic contact can be made between a metal and the n-type CdS if
the work.function, ¢, of the metal is less than that of the n-type

s, it

semiconductor. . Similarly when contact was required top-type Cu2
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is necessary to use a metal with a larger work fugction. Both of these
cases.are examples of 'ohmic' contact where no barrier exists for the
flow of electrons in either direction for n-type material or for holes
in p-type specimens. If Ehese constraints had not been considered, then
rectifying cbntacts between metal and semiconductor would have existed
and the photoconducti&e properties of the bulk CdS or the photovbltaic

" behaviour of the CdS/CuZS junction would have been modified by the
potential barriers produced. Oxide layers between metai and semi-
cénductor would also cause strongly non-ohmic behaviour te be observed.
The work functions of most materials and substrates encountered in the
investigations are.given in Table 7.1. it is well known (Smith 1955)
that indium makeé an excellent ohmic contact to cadmium sulphide whereas
. gold does not. Inspection of Tabie 7.1 and the criteria mentioned
earlier show that this is to be éxpected. However with.heavily doped
n—-type CdS as produced by evaporaticn in the resistively heatéd.system,
both gold and tinloxiae coated glass were-found to be satisfactory
ohnic substrates, whereas indium could nct be used because of the high
temperatures employed. An intermediate alloy of silver and zinc is also
reported to be a good ohmic contact and substrate for evaporated films
of cds, (Shipzawa et al 1969). Unfortunately, thick f£ilms of CdS did
not adhere to this type of substrate as well as they did to gold or

.tin oxide ccated glass. Indium was used as a contact with all of the

single crystal samples.

7.3 Measurement of Spectral Response

7.3.1 General description
All of the spectral response measurements were made over the

wavelength range from 0.35 to 1.5 um, using a Barr and Stroud type



Table 7.1

‘Work functions of various materials

Material ¢ ev
Ag .31
Riviere
-5.4
Au 4.90 5.38-5.45 Sacher et al{1966) 4.7 (1957)
cu 4.4 | . . 4.52
In 3.8
SnO2 4.7
Cuz_xS 5.4 4.25
] Shiozawa et al
{
cds 5.4 4.6 (1969) 4.2 Smith
—
[~
Werring (1973) (1955)
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VL2 ﬁonochromator fitted with Spectrosil 'A' prisms. The light source
used in all of ‘the experimeﬂts was a 250 w tungsten lamp which was
powered by a 200 v gtabilised d.c. supply. The energy Gistribution of
the source is given in Appendix 1. Relatively large moncchromator slit
widths of ~1 mm were employed. These were necessary because some of

the devices produced very low 0.C.V's. when illuminated by light from

. the exit ;lit of thé monochromator. The large slit widths reduced the
resolution of the instrument and since the monochromator was a prism
instrument, the dispersion variad with the wavelength of light. For

the particular experimental arrangemeqt employed, the bandwidth decreased

from 760 8 at 1.15 pm to 140 & at 0.5 pm.

7.3.2 Setting up Procedure

Before each set of spectral response measurements was obtained
the monochromator was calibrated in the following manner. A sodium
line source instead:of the white light source was positioned at L

1

(Figure 7.1). Mirrors M1 and M2 were adjusted until a sharp image of

the light source was focused on the entrance slit S A low power

1
microscope was focused on the exit slit S3 and the wavelength drum D

was rotated until the image of the sodium line was observed. Narrow
entrance and exit slit widths were gmployed to obfain maximum resolution.
A sensitive light detector which was contained in a metal tube with
variable aperture and a shutter assembly was coupled to the exit slit.
Thé detector was an E.M.I. photomultiplier type 9558 with a trialkali
520 photocathode. A Brandenburg power supply unit type 472R was used

to provide the 200 v supply to the photomultiplier. The output from

the collector electrode of the PM was: earthed via a 10 kQ load resistor

and the voltage developed across this was measured using a Philips




Philips
_ Valve
Voltmeter

FI1G.71 MONOCHROMATOR AND O.CV MEASUREMENT APPARATUS
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valve voltmeter typé G.M. 2440. The wavelength drum was adjusted
rranually for maximum signal across the load. Froﬁ the manufacturers
calibration chart for spectrosil type 'A' prisms, it was found that a
drum reading of 22o 35 should correspond to a wavelength of .5895 um
(sodium Di line). Slight adjustmznts were made to the coupling on the
spindle (Al) linking the worm drive and wgvelength drum. - The mono-
chromator was now calibrated for use. In order that the same amount of
light would fall on each sample investigated,adjustments to the mirrors
and light source were carried out. This -ras done in the following
manner. A standard éilicon solar cell was mounted in a light proot
container at the exit slit and the waveléngth was adjusted to that of
the cells maximum sensitivity. IThe'anode and cathode of the cell were
connected via a 1 Q standard resistor and the voltage developed across
this was measured. This was in effect a measurement of the S.C.C. of
éhe cell. The S.C.C. of a silicon cell is a highly dependent function
of incident light inténsity. |

7.4 Bulk Photoconductive Behaviour

7.4.1 Photoconductivity

When certain bulk materials, which are usually insulators or
semiconductors, are irradiated with light, their electrical conductivity
is found to increase. This phenomenon is termed photoconductivity.

The photoconductive gain of a bulk sample may be defined as the number
of charge carriers passing between the electrodes per photon absorbedt
A gain of less than one means that the electron recombines with a hole
before it has reached the anode. The case in which the electron
passes through the sample but is'nqt replaced at the negétive contact
which.does not inject another electron to maintain charge neutrality,

corresponds to a gain of one. However the best situation for sensitive
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photoresponse is when the gain is greater than cne. The two main con-
ditions for high gain are (1) the cathode contact must be ohmic and
(2) the electron lifetime in the conduction band must bé greater_than
the transit time. The mechanism for high photoconductive gain is as
' follows. A photon is absorbed and an electron-hole pair is created.
Since tliz electron is more mobile than the hole, at least in II-VI

compounds such as CdS, it reaches the anode before the hole has time

to reach the cathode. Furthermore, free hole lifetimes are short so
that holes are usually trapped very rapidly. Another electron must be
injected from the cathode to conserve charge neutrality. It is iméossible
to producie a fast, sensitive photoconductor since a constaat gain,
(response time)_1 product exists. Long electron lifetime is reguired
for high photosensitivity and this may be achieved by incorporating
certain recombination centres into fhe photoconductor. These defegts
are called sensiti;ing centres. The capture cross section, é, of
recombination centres for electrons and holes may differ widely.
Conventionally there are two types of centre in CdS: Class 1 where

Se @ 5, and Class 2 where S, g’Sh.. Where the material contaiﬂs only
class 1 centres short electron lifetime occurs and poox photoresponge
is obtained. However if both class 1 and class 2 centres are present,
free holes become localised at the latter sites and electrons océupy
the class 1 centres. The fast recombination route is effectively
blockeé and free electrons have iong.lifetimes. For a much more
detailed discussion on phétoconductivity, reference_should be made to

Bube (19€0).

7.4.2 Photoconductive Sample Preparations

Most of the single crystal boules from which devices were
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fabricgted were not photoconductive. This was especially true of low
resistivity, cadmium rich, indium or chlorine doped samples. However,
high resistivity cadmium sulphide either undoped or confaining copper
showed substantial bulk photoconductivity.

Specimens from the boules were prepared in the followin3 manner.
Several slices 2 mm thick were cut perpendicular to the 'c' axis and
after mechanically polishing the cadmium and sulphur faces, the slices
were further sectioned into cubes of side 2 mm. After a light etch
for 30 s to 120 s in cold concentrated hydrochloric acid, the cubes
were washed in distilled water and dried in a stream of nitrogen gas.
The purpose of the etch was to remove the oxidised and work damaged-
surface layers which would otherwise.produce non-ohmic contacts.

Ohmic contacts to two opposite cubelfaces were made using indium. This
was effected by pressing small-slices of 1 mm diameter indium wire on
to the appropriate.faces and then hgatiné at 200°C for 15 mins in an
inert argon atmosphé;e. -

The specimens of high resistivity (~106 Q@ cm) undoped CAS and
low resistivity (fVSxKﬂncnﬂcopper doéed Cds were then placed in.a dark
enclosure and the forward and reverse current-voltage characteristics
were plotted to confirm ohmic behaviour. This was done using a standard
power supply and measuring instruments and typical rgcokder traces
for the two typeé of boule shown in Figure 7.2. It should be noted
that pressed/alloyed indium contacté were utilised rather than evaporated
indium contacts because the latter occasionally gave rise to non ohmic

behaviour, whereas consistent results were obtained using the alloying

method.
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7.4.3 Photoconductive Spectral Distribution

The photoconductive spectral responses of various samples of
cadmium sulphide were measured using the Barr and Stroud type VL2 prism
monochromator discussed earlier in this chapter. Photoconductive fesponsé
curves were obtained by applying a constant voltage across the sample
.énd measuring the current flowing through a sensitive microammeter as
the wavelength of the radiation falling on the sample container was
scanned manually from high to low wavelengths. Some crystals had very
long photoconductive response times of up to several minutes and measure-
ments were therefore taken under steady state conditions. None of the
samples with resistivity less than 5 Q cm (i.e. Cds:Cd, Cds:Cl and -
CdS:In) showed any photoconductive behaviour. On the other hand the
undoped Cds and CAS containing copper or chlorine and copper showed
sensitive photocanductive behaviour. Consequently, response curves
were obtained from undoped CdS and CdS:Cu samples. Typical respohse
curves are shown in Figure 7.3. Thése curves have not been corrected
for the energy disfribution of the light source or the varying dispersion
of the monochromator. Response curves of .both C4dS and CdS:Cu hiave been
normalised on the same graph and each curve is a relative response.
The relative change in resistivity as a function of wavelength was
much greater for the undoped cds samples tﬁan for the copper doped

material.

7.4.4 Discussion of Photoconductive Responses

The spectral response of the photocurrent from the undoped Cds
was very narrow (bandwidth ~ 1000 g) and was centred at approximately
0.53 um. This would correspond to the bandgap excitation of intrinsic

CdS. On the other hand, the response of the copper doped CdS was very
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broad. The bandwidth was approximately 3000 g and was centred at about
0.67 pm. In addition there was an unresolved peak in the vicinity of
0.51 pm. Copper impurities produde deep acceptor levels and in most
crystals there are also small anounts of chlorine donor impurities.

The coppex ievels are distributed over a rangz of energies ahout 1 eV
above the valence baﬁd, and the response associated with transitions
between these levels and the conduction band is broad. It is worth
noting that the response of the copper doped Cds samplés was similaf

to that of a commercially obtainable ORP 12 photoconductive cell which

is fairly heavily doped with copper. .

7.5 Fabrication of CdS/Cuzs Solar Cells (Single Crystal)

brientated single crystel slices of cadmium sulphide were cut
from the doped and ﬁndoped boules using a diamond impregnated saw and
the cédmium and sulphur planes ware polished to remove cuttiﬁg marks
as described in Chapter 6. Further sectioning of these polished slices
was carried out to produce many 2 mn cubes. Indium contacts were
formed on the cadmium or sulphur planes as required and the dice were
bonded_to a microscope slide, eight at a time, with the cube faces to
receive the copper sulphide layers uppermost. After bonding, the four
unpolished faces were coated with én acid resistant lacquer and the
.simple exposed faces of the cubes were etched lightly in hydrochloric
5cid to remove any oxide layeré. The cubes were then piated with copper
sulphide under nearly identical conditions by immersing the slide in the
standard cqpper:ion plating bath as discussed earlier. A plating tem-
perature of 90°C was.empicyed and all of the devices were dipped for .

10 seconds. This dip time was known to produce a copper sulphide layer
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~ 0.1 pm thick. After removal from thé plating béth, the slides were
rinsed in distilled water and then dipped in acetone to remove the
bonding agent and lacquer. Each individual cube was mounted on a copper
disc by embedding tﬁe indium contact in Johnson Matthey silver paste
type FSP 51.. The devices were stored in a vacuum dessicator away from
light until required for evaluation. Storage times of less than three

~days were usually eﬁployed. A very simple approximate evaluation of
the 0.C.V. of a deQice was carried out by placing it under a high
intensity light source and measuring the 0.C.V. by means of a high
impedance voltmeter.

%_ Various parameters of the devices were measured including the

O.C.V., S.Cc.C., 0.C.V. vs A and O.C.V. vs light intensity. Several
parameters were also investigéted as a function of the heat treatment

to which the device was subjected.

7.6 Dependence of 0.C.V. on junction polarity

To investigate the effects of preparing 1ayeré of copper sulphide
on cadmium and sulphur planes of the cadmium sulphide cubes, a number
of samples of both polarities were irradiated with light from a 1.5 Kw
tungsten halogen strip lamp (colour temperature ~3200 K) filtered by_
1 cm of water to remove some of the infra-red r%diation. This source
gave a power density ~100 mw/cm2 over a small area, but the spectral
distribution was not very close to that of the sun. The 0.C.V's. of all
the cells were measured under the same intensity of illumination. It
was not possible to measure S.C.C. accurateiy because its value was very
sensitive to the.size and guality of the contact to the copper sulphide
layer. A spring loadéd phosphor bronze probe was used as a contact to

the p-type copper sulphide. The 0.C.V. could be measured with much greater
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reproducibility. Under illumination with light from the 1.5 Kw lamp,
the 0.C.V's. of the as-prepared sulphur plane cells were on average some

20% 1afger than the 0.C.V's. of cells formed on cadmium faces.

7.7 Effect of Crystallographic Polarity on Spectral Response

The photovoltaic spectral responses cf devices formed on both
cadmium and sulphur planes were investigated using the monochromator
and tungsten light source. For the reason given in the previous section
it was decided to measure 0.C.V. as a function of wavelehgth rather than
" §.C.C. 0.C.V's. were measured usiné a high impedance (108 Q) volt-
meter (Philips type GM 6020) except for devices made on material with
& resistivity in exéess of 106 Q cm when éither a buffer amplifier or.
a Vibron electrometer model 33? was used. This was only necessary for
investigations on devices formed on high resistivity undoped material.
After measurements of- the séectrai response, the devices formed on the
cadmium and sulphur planes of undoped material were heated in air at
_200°C for varying pe;ibds of time up to 20 mins. Spectral distributians
were re-—assessed after each heat treatment. The variation in spectral
response as a function of heat treatment is shown in Figures 7.4 and
7.5 for typical devices formed on cadmium and sulphur planes. The
curves have not been corrected for the distribution of energy with wave-
length of the'source, or the varying ‘dispersion of the prism mono-
chromator.

There was little discernible'difference between the spectral
distributions of the 0.C.V's. of cells prepared on cadmium or sulphur
faces; in both devices three major peaks were okserved in the vicinity
of 0.5, 0.68 and 0;9 um. Their spectral location was not apparently

affected by the polar faces on which the junction had been prepared.
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What was apparent was tﬁat baking at 200°¢ for 2 min greatly enhanced
the response in the bands at 0.68 and 0.9 pm. However prolonged baking
led to a small reduction in the photovoltaic sensitivity at 0.68 um
and a larger reduction at 0.9 pm. The only difference between caamium
and sulphur piane devices subjected to the same 20 min bake in air
at 200°C was that there was a larger relative depression of the 0.9 pm
band for the sulphur plane device. |
Following these experiments, it was decided that all fuﬁure
devices would be prepared on sulphur planes of the doped and undoped
cadmium sulphide; Thé‘main reason for this was the slightly larger

0.C.V. produced by sulphur plane junctioﬁs.

7.8 0.C.V. Spectral response as a function of cds doping and

resistiviél |

Wilson and Woods (1972) showed that for optimum photovoltaié
_efficiency, the resisfivity of the bgse cadmium sulphide should be
_~102 Qcm. However; in the investigations described here, fivg types
of cadmium sulphide single crystal were investigated. The range of
resistivity and dopants used were chosen not to give cptimum efficiency
bﬁt to investigate the depehdence of spectral response on resistivity
and dopant oﬁ the base material. All of the-boules had been grown .

using techniques described by Clark and Woods (1968).

7.8.1 Low resistivity undoped Cds

The uncorrected spectral response of the 0.C.V. of a typical
cell formed on the sulphur plane of a low resistivity sample of undoped
cadmium sulphide is shown in Figure 7.5. There are four curves showing

“ how the spectral distribution varied as a function of bake time in air
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at 200°C. The curves are uncorrected since it is easier to distinguish
the salient features before correction (but see Apﬁendix 1) . There are
three main peaks in the curves of Figure 7.5 at wavelengths of 0.92,
0.68 and 0.49 um. With the as-plated cell, the maximum O.C.V. océurred
at 0.92 um while there was slight evidence of a peak in the vicinity

of 0.5 pm. Following the heat treatment at 200°C (a bake in air at
200°C for approximately 2 mins is normally administered to achieve
optimum efficiency), the 0.C.V. clearly increased in magnitude- initially,
before decreasing slowly aé the baking was prolonged. At the same time,
the reséonse became larger in the band at 0.68 pym than in that at
0.92_um-and the peak at 0.49 um became qﬁite apparent,

It should be recorded that when spectral response measurements
were being made, @he waveleﬁgth was always scanned manually from long
to short wavelengihs. With the as-plated undoped low resistivity
devicé, tﬁe responée of the 0.C.V. tq incident monochromatic radiaéion
was faster than tha;.of the associétéd instrumentation which was
- approximately 10 seconds. However after a cell had been baked, the
0.C.V. increésed rapidly for a few seconds following exposure to-mono—
chroma£ic radiation and then changed slowly over a period of the order
of several minutes before reaching a steady.state-value. Generally,
the longer the heat treatment, the slower was the response time. The
curves shown in these investigations were obtained by waiting for

steady state conditions to be obtained at each wavelength measured.

7.8.2 High resistivity undoped CAS

The spectral distribution of the 0.C.V. of a typical cell
formed on high resistivity undoped cadmium sulphide is depicted in

the curves in Figure 7.6. .In contrast with cells discussed in the
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previbus section (7.8.1), which had ver& little response near the band-
gap of CdS immediately after.plating, these cells had a sharp and narroy
response at 0.52 pm. There was no evidence at all of a band in the
range 0.6 - 0.7 pm, but there was a small feature at about 0.92 pm
which suggested some selective response at this wavelength at least.
After the cell had been baked at 200°C for 2 min. in air, the

-0.C.V. increased substantially and the spectral response now extended
over a wider range.of wavelengths leading to a broad band with a maximum
near 0.6 jm. Following further heét treatment, the 0.C.V. fell in magni--
tude and the spectral response indicatgd two bands with maxima at.
0.49 pm and 0.6 pm.

| The 0.C.V. of this type of cell was relatively iarge, i.e. it
exceeded 150 mv when the illumination was provided by ambient daylight.
The response time was very.long,'being of the order of several minutes.
Since the internal impedances of these particular cells were very high,
care had to be takeﬁ to ensure that the instruments used to measure the

0.C.V. offered negligible load to the devices.

7.8.3 Copper doped low resistivity crystals

‘Curves illustrating the spectral distri?ution of the 0.C.V. of
cells prepafed on low resistivity crystals doped with copper are shown
in_Figure 7.7. There are clearly certain similarities with the curves
6f_Figures 7.4 and 7.5 which are for the cells formed on low resistivity
undoped crystals. However there is one notable difference, namely
Ithat the photovoltaic output from an unbaked cell on a copper doped
crystal i; much higher than that from an unbaked cell on an undoped
cr&stal. Furthermore.the relative reéponse in the range 0.7 - 0.8 um

is enhanced. After baking, the spectral peaks at 0.7 and 0.49 pm
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incieased in magnitude whereas that at 0.9 pm eventually decreased
slightly.

With the as plated device, the responze to monochromatic radia-
ticon was not immediate. Steady state conditions occurred afterx about

one minute. The response times lengthened as the cell was heat treated.

7.8.4 Indium doped very low resistivity Cds

The set of curves showing the spectral distribution of.the 0.C.V.
of cells heavily doped with indium is shown in Figure 7.8. None of the
devices produced on this very low resistivity ('-«10-2 to 1071 Q2 cm)
cadmium sulphide produced very high O.C:V's. even under the Airect
illumination from the 1.5 Kw lamp. The voltages obtained using mono-
chromatic illumination were correspondingly lower. Consequently the
'various peaks are ﬁore distinguishable if the 0.C.V. is plotted as a
relative percentage. The spectral distribution curve of the as-prebared-
cell shows close similarity in shapé; if not in magnitude, to the curve
 for an as plated de&ice fabricated on low resistivity undoped cadmium
sulphide. Clearly the main peak is in the vicinity of .93 um but there
is evidence of an unresolved peak of lower magnitude in the region of

0.7 to 0.8 pm. Following a 2 min bake in air, the 0.C.V. increased in
magnitude but the shape of the curve did nétlaiter. Further heating
caused an overall decrease in sensitivity. After a 16 minute bake in

air at 200°C, the peak had shifted to the shorter wavelength of .87 pm
and after a total heat treatment of 20 mins, to 0.85 um. The_sensitivity
of the device was now less than that of the as-prepared cell.

There was no evidence at any stage of the treatment of any

' peak in the vicinity of 0.5 um. Another feature of this cell was that

the response time of this device even after prolonged heat treatment
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was faster than any of the cells previously investigated.

7.8.5 Chlorine doped CdS

Curves showing the 0.C.V. spectral response as a function.of
heat treatment of devices formed on chlorine doped crystals with very
low resistivity (10—2 to 10_1 ohms cm) are shown in Figure 7.9. Theée
cells have-lpw 0.C.V. ( ~mV) undér high light intensities ( ~ 100 ﬁw cm-z)
like those discussed in the previoﬁs section (7.8.4). The as prepared
device showed a main peak at 0.94 pm with an unresolved 'shoulder' in
the vicinity of 0.7 to 0.8 pm.' After a 2 min heat treatment in air,
the 0.C.V. had increased and the main pe;k was still at 0.94 um. Further
heating caused an overall decrease in sensitivity but a small peak in
the vicinity of 0775 pm appeared. Prolonged heating produced a still
lower sensitivity but the 0.75 um péak broadened significantly.

Devices forﬁed on very low resistivity ( ~10—2 to 10‘“1 Qcﬁ)

Cds, which was heaviiy doped with inaium or chlorine, showed no evidence
- of a pesak in O.C.V. épectral response in the vicinity of 0.5 pm even
after continued heat treatmeﬁt. The response times for both typés of

device were fast (less than 30 seconds).

7.9 Fabrication of Thin Film Cells

The thin f£ilm cells were all prepared from layers of cadmium
sulphide evaporated on to different substrates as discussed in‘éhapter
5. Many such evaporated layers were produced in the 12" vacuum system
with a resistively heated source, but this led to a poor quality of
film with visible pinholes. It waé also very difficult to produce

layers more than a few micrometres thick without them beginning to peel
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from the substrate. The thicknesses of the evaporated layers were
measufed using the interferometer and mechanical gauge methods discussed
in Chapter 5. It was found that photovoltaic devices could only be
fabricated on films produced using the Durham 12" vacuum system, which
werc thicker than about 15 pm. The I.R.D. thin films were generally
thicker than this.

The edges'of the evaporated films were painted with an acid
resistant lacquer to prevent the plated copper sulphide.from shortiné
directly to the substrate. The laoquer also served to prevent the film
from peeling at its edges when it was immersed in the agqueous plating
bath. As with the.single crystal cells,.it was necessary to etch the
film surface lightly before plating, for two reascns, (1) to remove
any oxide layers before conversioii to copper sulphide, and (2) to etch
down the grain boundaries to provide a larger surface area junction.
This latter process leads to higher short circuit currents. It was not
poésible to use hydrochloric acid as an efchant since it was too |
efficient. Instead a strong solution (1N) of potassium iodide was
employed. A dip of several minutes roughéned the film surface adequately.
After the etching, the cells were washed thoroughly in distilled water.

'To form a layer of copper sulphide, the film was immersed in the
standard plating solution for 5 secs at 90°C. After a short rinse in
disoilled water, the cell was dried io a stream of dry nitrogen. Prioxr
to evaluation, or gridding and encaﬁsulation, the thin film cells were
stored in the dark in a vacuum dessicator.

Thin film cells for commercial use would normally be gridded to
reduce serieo reéiotance to the copper. sulphide layer. Finally to

reduce oxidation, a permanent encapsulation process would be carried out.
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It was not possible to do this for cells with which various pro-
perties were to be investigated as a function of bake time in various
ambients, so methods had to be devised of producing a temporary, removaﬁle
- grid which could be reapplied after each treatment. |

A compressed air jig was therefore designed. This is shown in
Figure 7.10. With this techpique a goid plated grid with 90% trans-
mission was made to contact the copper sulphide layer by applying com-
pressed air to the-flexible transparent membrane. This method- worked
very well and the cell could be removed for subsequent treatments.

In preliminary trials, gold grids were evaporated on to the
copper sulohide surface but appeared to ﬁave the disadvantege that this
caused some degree of heating which changed the cell properties.

Relatively permanent encapsulation and fi#ing of the grid in
contact with the copper sulphide layer was achieved using self adhesive
'Melinex'. This me£hod was convenient and simple but the adhesive
weakened with time aﬁd contact to tﬁé copper sulphide became unreliable.

The standard method of permanent encapsulation and gridding in
a clean room was carried out on a number of thin film cells prepéred at
I.R.D. Ltd. Celis which had been subjected to an optimum heat treatment
in air at 200°C were bonded to a molybdenum sheet using silicone adhesive
tape. Areas of 1 cm2 were cut from 90% transmission gold grid (20 lines/
cm) and the grid lines were coated with gold filled epoxy cement. Cover
pieces'were cut from 25 pum thick Melinex coated with a 10 um layer of
transparent epoxy adhesive. The thin film cell was held to a hot plate/
metal base using vacuum suction and the grid and cover plastic were
clamped in place using an over preséure of 60 P.S.I., nitrogen acting on

a P.T.F.E. disc. The epoxy adhesive was cured by heating to 200°C for
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several minutes. After cooling to room temperature, the cells were

removed and stored in a vacuum dessicator in the dark.

7.10 Spectral Response of Thin Film Cells

The uncorrected spectral distribution of the 0.C.V. of a typical
thin film cell produced at I.R.D. in the 18" vacuum system ig shown
in Figure 7.11. Four curves are included to show how the 0.C.V. spectral
response varied as.a function of bake time in air at 200°C. There are
two main peaks at 0.92 um and in the region from 0.6 to 0.7 pm. For tb2
as-plated cell, the main peak is at 0.92 pm and there is evidence of an
unresolved peak in the region 0.6 to 0.7'um. Following heat treatment
at 200°C for two minutes in air, the 0.C.V. increased greatly in magni-
tude with the main peak in the vicinity of 0.9 um-and a second unresolved
peak in the regioﬁ of 0.7 pm. Further heating caused an overall de-
crease inlsensitivify and after a total of 16 mins heating in'air,.the
‘main peak was at 0.63 um with a secbﬁd resolved peak at 0.92 pm.

The responsé time of the unbaked cell was quite fast (~ 15 secs)-
but as heat treatment was prolonged, the response time at certaiﬂ wave-
lengths (0.6 to 0.7 pm) lengthened to one of two minutes.

Most films evaporated on to tin oxide coéted glass in the 12"
vacuum system were too thin to enable devices to be prepared, but
several did lead to devices with low outputs for which a spectral
distribution could be obtained as a function af bake times in air at
200%. a typical set of curves for such a cell is shown in Figure 7.12.
Here the main peak is at 0.9 pm, but an unresolved 'shoulder' in the
vicinity of 0.7_to 0.8 pm is clearly visible. Baking for'2 minutes in
air led to an overall improﬁement and it was then possible to resolve

both peaks in the region 0.9 ym and 0.72 pm. Heat treatment for 8 minutes
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prod;ced the optimum response for this device when the two peaks were
at 0.71 and 0.9 pum with that at 0.9 pm being the higher. Prolonged
heat treatment for a total of 15 mins caused an overall decrease in
sensitivity, but the 0.68 pm pesk became dominant.

Altlicugh these cells had a low ocutput, the response times even
after several minutgs heat treatment were relatively fast (less than a
- minute). Prolonged heat treatment caused the partially converted films
to peel off the tin oxide coated substrates. The peak in the vicinity
of 0.5 um bacame fully resolved oniy after 15 mins baking, but was in
evidence after a 2 min.bake.

Several enélosed thin films werc-produced on tin cxide coated
glass substrates using the mthod discussed in Chapter 5. These films
were quite fellow in colour and up to 5 !'m thick, but appeared to be of
better uniformity than thoge prebared in the convenfional system. Short
dip timesof 1 to 2 secs were employed with these films since ho devices
could be foimed usiﬁg'longer immersion times. Large open circuit voltages
were produced with the as-plated cells, but the short circuit currents
were small. It was interesting to observe that the cells were photo-
luminescent at liquid-nitrogen temperature; when irradiated with ultra-
violet light. The variation of 0.C.V. with wavelength as a function of
bake time waé not investigated as thoroughly as previous devices since
these devices were investigated only when a system failure cauged a
érolonged disruption in the supply of thin films evaporated in a con-
ventional system. However the spectral response of a device baked for
2 mins is shown in Figure 7.13. There are two peaks, one in the vicinity
of .48 pm.and anoéher broader peak of higher intensity near 0.67 um.

“No éeak in the'vicinit§ of 0.9 um is'Qisible. ?he response time of the

cell was several minutes. In many aspects the properties resembled
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those of the device formed on single crystal high resistivity cadmium

sulphide.

7.11 Measurement of Current-Voltage (I-V)Characteristics

The "light source used was a 1.5 kW quartz halogen stxrip lamp
with a parabolic rgflector housing. The lamp was mounted in a levelled
- metal frame which contained a 2 cm deep tray of flowing water. Under-
neath the tray was a table of adjustable height on whiéh the sample-and
heat sink/contact unit was mounted; The intensity of illumination at
the surface of the sample was adjusted by altering the table height
while monitoring the short-circuit currcﬁt of a calibrated siiicon solar
cell until A.M.1 conditions (intensity ~ 160 mwW cm—z) were obtained.
This illumination intensity was used for all of the experiments with
this light source.

| The open circuit voltage of each cell was measured directly by
connecting a Philipg GM 2440 (Zin m'108 Qi valve voltmeter in parallei
with the cell. It was generally not possible to measure short circuit
currents by the conventional method of determining the voltage devel-
oped across a low resistance in parallel with %the cell.

Since it was decided to record I-V characteristics directly
rathe; than ﬁake point by point plots, a circuit was designed to allow
I-V'plots to be recorded across high impedance samples up to 108 Q.
ﬁeference should be made to Figure 7.14. A cell bias unit was con-
structed using two separate batteries connected in series with a helical
potentiometer. It was possible to produce a véltage between the slider
and the battéry mid point which was continuously variable between
-1.5 and +1.5 volts. fhe voltage soufce was connected in series with

the cell under test and a standard current sensing resistor. To ensure
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thac the X-Y recorder did not introduce any loading effects, buffer
amplifiers were connécted between the cell and the associated current
sensing resistor and the X-Y recorder. These were F.E.T. input opera-
tional amplifiers with input impedances in excess of 1011 Q, connected
in voltage follower mode. The outputs were connected to the X and Y
channels of a Bryans 21001 X-Y plotter. When the potentiometer spindle
. was rotated the current-voltage characteristics of a device was
plotted. With the arrangement used, it was possible to-ipvestigate‘
the forward and reverse bias anc pcwer production quadrants of the
device characteristics.

Measurements of the current—voltcge characteristic in forward
bias-in the dark and under il}umination would be expected to deﬁon- _
strate whether.any photoconductive effects occurred. It was with this
in mind that the forward bias cﬁaracteristics of cells formed on low
resistivity undoped Cds, low sesistivity copper'doped CdS and high
resistivity.undoped.CaS were recorded. With the dé&ices on undoped
low resistivity bases, the as prepared (prior to baking) cells showed
that the I-V characteristics measufed in the light (A.Mil) and in the
dark, converged but did not cross (Figure 7.15a). After only 2 mins
heat treatment ip air, the characteristics did intexrsect but this will
be discuséed-in the next chapter. As-plated cells formed on the copper
doped crystals showed the cross-over effect (i.e. intersecting character-
ictics) before heat treatment. Typical I-V characteristics from this
type of device are shown in Figure 7.15b. The crossover effect was very
pronounced in cells formed on high resistivity undoped material. WwWith
these lasc déviceé, the I-V. characteristic in the dark was almost
coiccident with the voitage axis becacse of the_high resistivity of the

base material (Figure 7.15c).
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Many I.R.D. thin film devices were investigated in a similar manner and
the I~V characteristics were similar to those of the undoped low resis-
tivity cells and did not show the cross-over effect. Some of the devicés'
prepafed<n1enclosed thin £films however did show noticeable photoconductive
behaviour but to a lessexr degree than the devices formed on high resis-
tivity single crystals. The low resistivity cells which had been heavily
- doped with indium and chlorine did not show a cross-over even after
several minutes baking in air at 200°C. Further experiﬁents were cérried
out in which the I-V characteristiés were determined as a function of

bake time at 200°C in air. These will be described¢ in the next chapter.

7.12 Measurement of the S.C.C.

7.12.1 Introduction

It is generally éccepted that measurements of the short circuit
current are more imgortant and sensitive than those of open circuit
voltage. For instaﬁcé, measurements of sﬁort circuit current as a
function of wavelength gives information about the quantum efficiency
at different photon energies which is vital if a more fundamental
interpretation of cell operation is to be attempted. However, the small
area (4 mm2)lof most §f our de&icés and the fact that-the magnitude of
the short circuit current was a funcfion of the quality and size of the
contact (i.e. a spring loaded phoé;hor bronze prcbe) led to very low
currents being observed. At the exi£ s)it of the monochromator, the
intensity of the radiation was exceedingly low ( ~ 100 uw qm_z) and the
resultant maximum short. circuit current was of the value of 1 pA or less.
The method of meaéuring the short circuit current by measuring the

voltage across a low value standard resistor was clearly impracticable

because with a 10 Q load, the load voltage would be 10 uV for a short
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circuilt current of 1 pA. Towards the finish of the experimental work
an electronic circuit was designed to enable small short circuit
currents to be measured reliably. This is described in the next

section.

7.12.2 Design of Current to Voltage Converter

fhg circuit to enable low short circuit currents to be measured
Wwas essentially a current to voltage converter. Figure 7.16 shows a
standard inverting amplifier circuit. in a slightly modified form
it may be used to 'convert' current iﬁto‘voltage. The output voltage
is proportional to the current flowinyg into the input. To demonstrate
this, it is easiest to assume.that the operational amplifier is ideai.
No appreciable currept flows into the inverting input éo the source

‘current is which flows out through R, must flow in through R_. Since

1 F

the voltage at the inverting terminal v(_’ = 0, Output voltage

=i R_.
Vout s F

The input resistance to the circuit is R, and since it does not

1

play any part in the converter, it may be allowed to tend to zero, in
which case the input resistance tends to 0 also. However, even if

R1 = 0, which is unlikely, because of lead resistance etc., the

actual input resistance will not be zero.

To determine its magnitude, a simple operational amplifier

model is used (Figure 7.17). Assume that a current ITest flows into

the circuit, if V ‘can be determined using circuit laws, then it is

Test

possible to evaluate the r;tlo VTest/ITest which is equal to circuit

input resistance Ri' B Writing Kirchoffs equation at the inverting

riode
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v -A -
S R G 5 A 1 W
Test R, R, + R /
i F [o]
where Ri = operational amplifier input resistance = 10" @
A = operational amplifier open loop gain = 100 4B for F.E.T.
. 3 O.P.A. used

Ro = operational amplifier output resistance = 10~ @

RF = Feeback resistor

and solving for v, /I

r

(=) "Test
R' = v'I‘est - v(—) 1
i I I A+ 1 1
Test Test RFi-R + R
o i
But since A >> 1,

Ri'- ~ (RF + Ro)__/A

Assume a value of 1 kf for feedback resistor RF '

R,' ~ 20 mQ
i

In theory the circuit should be suitable for measuring short circuit'
currents down to 10_8 A or even less. |
The actual circuit used is shown in Figure 7.18, Tﬁe.power
supplies and voltage offset adjustment network are omitted for clarity.
In order to measure S.C.C., the device would be connected across the
input and the voltage across the outpﬁt was measured. The value of the

current was calculated from the relationship

When the sbectral response of the S.C.C. was plotted using this

circuit, the shape of the curve was similar to that of the corresponding
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0.C.V. distribution but with slight differences in magnitudes when

plotted as relative percentage responses.

7.i3 Discussion of Results

The magnitudes of the 0.C.V's. of the as-prepared devices
dgpended significantly on which plane of the orientated single crystals
the junction was foxrmed. With the junction on sulphur planes the 0.C.V's.:
were on average some 20% higher than those for junctions on cadmium faces.
This would probably explain the discrepancies which were often observed
betwéen early devices fabricated from the same crystal boule under
apparently the same conditions. The work describad in the previous
chapter suggests that there are possibly two main reasons for this,
namcly (1) the greater thickness of copper sulphide formed on the S planes
thch would mean éhat more light could be absorbed on the § side,

(2) the copper sulphide formed on an etched S plane takes the'morpﬁology
~of the rough S plgne‘and is highly iight absorbent. However copper
. sulphide formed on fhe smooth Cd plane reflects much of the incident
;adiation. Another contributory factor: could be associated with the
existence of microcracks on the Cd plane which could &add to the inter-
face states present and thus enhance the free carriér recombination.

e Velde (1973) independently has reported that 0.C.V's. from
S plane junctions are greater than those from Cd plane junctioné but
he did not give any more information than that. On the other hand,

Miya (1970) reported that higher 0.C.V's. are obtained with Cd plane
devices. On closer examination of his work, it appears that he

identified his Cd and S planes incorrectly by referring to an early
paper of Warekois et al (1962). However Warekois et al subsequently

published an erratum in 1966 which explained that their original paper
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' cohtained an error. This may well have led to confusion in Mivyas
results which apart from the possible wrong identification of the
polarity, looked similar to those obtained in this present investi-
gation.

Miya further suggested that copper atoms diffuse more readily
“into junctions formed on cadmium plapnes and this would obviously affect
the spectral response observed after prolonged heat treatment. Apart
from the slightly larger overall magnitude of as prepéred S plane'
‘devices, -no overall difference iﬁ the spectral distributions of the
0.C.V's. of our devices was disceriiible. After prolonged heating in
air for 20 mins at 200°C, it was apparént that copper diffusion had
préceeded more rapidly on S.plane junctions. This again would agree
with Miya's work if his identific#tior of the polarity of the basal
plane had been in erxorg. The évidence for the rate of in-diffusion
~of copper is simply based cn the relative magnitudes of the photo-
voltaic péak at 0;9'pm in the two typeé of device . It is proposed
- that this band is associated with indirect optical absorption in the
copper sulphide layer. In junctions formed on cadmium planas this
particular band decreases slowly in magnitudez as the baking at 200°C
is continued. With junctions formed on the sulphur planes, prolenged
baking at éOOOC causes a much more’dramétic decrease in the relative
magnitude of the 0.9 pm bandq while the other features follow the same
. trends exhibited by cadmium plane devices. It is likely that the
thickness of the copper sulphide layer ig reduced more rapidly during
baking when the junction has been prepared on a sulphur face.

éevéral Authors have demonstrated that the efficiency and
épability of a CdS—Cﬁzs thtovoltaié cell can be improved by baking

in air for a short period following the formation of the copper sulphide
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layeé (see for example Wilson and Woods 1972, Te Velde 1973). The
baking treatment usually leads to changes in spectral response such as.
those illustrated in Fiqgures 7.4 and 7.5. It is suggested here that
these changes are strong evidencz of the formation of a photoconductive
i-layer in the CdS during the heat treatment. Consider first the
devices formed on lgw'resistivity undoped material (Figure 7.5). An un-
- baked cell showed no significant response at tﬁe band gap energy of Cds
and relatively little at 0.68 pym. The major sensitivit§ occurred neér
0;92 Mm when the incident light is.absorbed in CuZS which has an indirect
absorption edge at 1.2 eV (Marshall and Mitra 1965). After baking at
200°C for 2 min invair, the dominant speétral feature was the broad band
at 0;68 um which is attributaple to the photoconductive i-layer of- Cds
i.e. n-type CdS compensated by diffusing copper. This conclusion is
supported by the curves of'Figuré 7.7 which show that an unbaked device
fabricated on a copper-doped hase, had properties and an output which
~ were almost-identicél'with those of a device formed on an undoped base
which had however been baked. The suggestion here is that fhe copper
doped base material alrea&y contained a copper compensated layer so no
baking was necessary to produce an i~layer. The spectral sensitiviéy
of this i-layer is revealed by the curve in Figure 7.2 showing the
spectral dis£ribution of bulk photoconductive sensitivity lying in a
broad band centred at 0.7 um.

The studies of cells formed on undoped high resistivity Cds
(p ~—106 0 cm) (Figure 7.6) also reinforced the argument. In this
case, an unbaked cell already contained a bulk photoconductive layer in
close-juxﬁapositidﬁ with the topotaxial layer of copper sulphidé. How-
eve¥ the spectral respénse of the O.C;V. showed_a narrow band at the

" band gép.energy of CdS. It was only after baking for two minutes at
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ZOOOC that the broader band at 0.58 um appeared, i.e. heat treatment
was necessary to causes some copper to diffusg into the junction region
of the CdS. The conclusion is therefore thai the band of sensitivity
with its maximum lying variably in the wavelength range from 0.56 Mm
to 0.7 pm is caused by optical absorption of copper acceptor centres
in an i-layer of CdS neighbouring the copper sulphide.
| With devices formed on base material heavily doped with indium
or chlorine, the cell output remained low, even after heat treatment.
The main response was at the indirect absorption edge of chalcocite in
the region of 0.92 pm:. Even after heat treatment the main peak was ét
0.92 pym. Presumably this was so because-of relatjve difficulty of
, compénsating the indium in the heavily doped lattice. It would be much
more difficult to produce an i-layer in such a lattice so that the
response in the région 076 um to 0.7 um would be suppressed.
Further subporé for the existence of photoconductive‘procésses

in CdS-CuZS photovoltaic cells is pfdvided by the long time constants cf
~all the héat treatea devices examined and some of the as-prepared devices.
Long time constants are a feature of photoconductivity in Cds. Fur'ther-
more.the existence of a cross-over between the current voltage curves
measured in the dark and under illumination is usually taken as evidence
of the existence of a photoconductive i-laye?. It is also significant
that unbaked cells fermed on photoconductive dice sthed a cross;over
effect (Figures 7.15 a,b,c? whéreas the unbaked cells formed on undoped
low resistivity CdS did not. After two minutes heat treatment the
cross-over effect was observed on this latter type of device. No cross-
over was observed in devices fabricated on very low resistivity'indium
or chlorine doped CdS even after seve;al miﬁutés heat treatment. This
would impiy that these types of device did not show any photoconductive

behaviour.
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The proposal that the large spectral peak in the wavelength
range 0.58 um to 0.7 um is largely due to photoconductive effeéts,
appears to contradict the suggestion (Palz et al i972, Massicot 1972)
that the phase of the copper sulphide may dominate tﬁe spéctral Yesponses
of some devices. This situation does in all probability apply to un-
baked cells formed on low resistivity CdS and will be discussed in
. greatex dgtail in the néxt chapter. Massicot suggests that the heat
treatment oxidises CuZS to the lower copper sulphide phése Cu1.96S
(djurleite) which is reported to héve a bandgap of about 1.8 eV. It
is however obvious that the diffusion of copper ou: of the copper
sulphide and into the CdS to form a phot5conductive i-layer will auto-
matiéally require a reduction.in the copper content of the CuxS layer
at the junction. Nevertheless, the close similarity betweeén the measured
photovoltaic and photocondﬁctive.response shows that photoconductive
processes in these types of device had a dominating influence:

With regard to the photoconductiﬁe i-layer it is noticeable
that the maximum spectral regponse occurs at slightly different wavelengths
in différent devices. It is proposed that an increase in copper concen--
tration in the i-layer leads to the formation of acceptors with slightly
1argér hole ionization energies. This means that the maximum of the
spectral bané in question shifts from 0.58 um to longe; wavelengths as
a cell is baked for- increasingly longer times. However this-process
appears to saturate when the maximum response reaches 0.7 um.

After prolonged heat treatment in air at 200°C, the overall
magnitude of the 0.C.V. integrated over all wavelengths decreased sig-
nificantlf for all-types of device.. This was probably due to oxidation

of the copper sulphide surface and preliminary work involving different
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gaé ambients such as hydrogen or nitrogen showed a reduction in this
effect. '
With several thin film devices, the spectral responses of the.

0.C.V. and S.C.C. were obtained using the current to voltage con?erter
which had been designed and constructed. At the low light levels

obteined from the exit slit of the monochromator, the 0.C.V. and s.C.C.
responses showed the same general features with slight variation in
_magnitude throughout the wavelength range employed. This behaviour was
pradicted using the equivalent circuit for the solar cell discussed in
Chapfer 3. It was decided to measure 0.C.V's. of the cells rather than
S.C.C's.since great difficulty was experienced in ensuring a good contact
to the copper sulphide layexr. Furthermore, the form of spectral response
of the 0.C.V. of an optimised low resistivity undoped CdS cell matched
closely that repofted by Konstantinova and Kanev (1973) in which they

investigated the dependence of short circuit current on wavelength.
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CHAPTER 8

OPTIMISATION AND DEGRADATION OF SOIAR CELLS

8.1 Introduction

In general, as prepared CdS/Cuzs photovoltaic cells do not
exhibit high 0.C.V's. and S.C.C's. or stable device parameters. How-
ever after a éhort‘heat treatment in air at 200°C, the jproperties éf
the cell are reported to be optimised (Shiozawa et al 1969). During
this heat treatment it is likely that copper diffusion takes place;
Since the most efficient heterojunction is between CAdS and chalcocite,
Cuzs,it'may be advantageous to have an excess of copper presént to
counteréct the inevitablé deficiency caused by'aiffusion. To test this
idea, attempts have heen made to influence the stoichidmetry of the
copper sulphide layers by-g}ectrochemical means and simple life-tests
were carried out on'some samples. Other possible degradation mechanisms
W¢re investigated further by treating the cells with oxidising and
reducing agents ét room temperature and monitoring thé_spectrai
response of the 0.C.V. as a function of this treatment. The effects
of varying the plating temperature on the properties of the cells have

also been investigated.

8.2 Heat Treatment of Devices

8.2.1 Experimental

The effects of heat treatment in air at 200°C on' the current-
‘voltaée chardcte;istics were studied using the semi-automatic plotter
(7.11) and a small héating apparatus (Fig. B.i). It was possible to
bake the deviqés in different gases, e.g. air, nitrogen and hydrogen.

Short circuit currents were derived from the current-voltage plots
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since the current to voltage converter had not then been constructed.
The characteristics of the as-prepared cells were determined using
equivalent AM! illumination and an‘independent measurement of 0.C.V.
was made using a hiéh impedance meter. Each sample was heated in air
in the following manner. The glass cover slide (Fig. 8.1) was preheated
to 200°C while a gés flow was maintained through the apparatus. Samples
were introduced individually into the heating chamber for the time
required and the device was then placed in a stream of cool‘gas. The
. current-voltage characteristics were again measured under the same con-
ditions as 5efore. Heat treatments were carried out for periods up to
20 minuteé and the current-voltage meaéurements vwere made periodically.
With small area single crystal cells, temporary contact was made to £he
copper sulphide layer by mean$ of a phosphox bronze spring. The tem-
porary gridding jig was used to make a good contact to thin film cells.

8.2.2 Results

Typical current-voltage characteristics plotted as a function of
bake time in air are shown for some of the devices investigated in
Figs. 8.2a to e. Only the portion of the characteristic in the power
productipn quadrant is shown, but investigations were also carried out
in forward and reverse bias.

Devices formed on low Fesistivity undoped CdSs (p'ﬁlo-1 Qcm) had poor
power conversion characteristics in the as-prepared state. However a
shdrt (2lmin) heat treatment in air at 200°C led to a great improvement
in 0.C.Vv. and §.C.C. The area under the curve increased to produce a
much larger £ill ﬁactor. Prolonged heat treatment caused a slight
decrease in 0.C.V. and.a 1a¥ger decrease in S.C.C.

~ With devices formed on low resistivity copper doped CdS, p'V5x1d%2cm,
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thg 0.C.V. of as plated cells was high (greater than 300 mV) and the
S.C.C. densit§ was also quite large (J . n 2.2 ma/cmz) in view of the
relatively poor top contact. A short heat treatment of 2 mins in air
led to an improvement in O.C.V. but cnly a small increase in S.C.C. The
curve shape had improved to produce a reasonable £ill factor of about
60%. Prolonged baking in air caused a slight‘decrease in O0.C.V. and

a. greatex decrease in S.C.C.

Cells formed on high resisfivity undoped CdS ( p n 106 cm) had
current-voltage characteristics with a reasonable shape but thé main
feature was their high 0.C.V. This type of device also had the lowest
S.C.C. of all. Heat treatment initiaIly_produced a large improvemen;
in 0.C.V. and a lesser improvement in S.C.C., but prolonged baking caused
degradation of cell parameters.

As-prepared devices formed on indium or chlorine doped crystals
with very low resistivity ( p& 10—2 to 10—1s2cm) had similar very poor
current-voltage characteristics. Bp;h the 0.C.V. and S.C.C. Qere low
and the characteristics were straight lines rather than smooth curves.
"The devices developed their maximum O.C.V. ;nd S.C.C. values aftgr heat
treatment for 2 to 4 minutes, but proionged baking caused degradatioﬁ.
Even after 20 mins heat treatment, the characteristics remained almost
straight lines and the fill factors did not improve significantly.
Devices formed on CdS which had been heated in molten. cadmium using a
process to be described later in this chapter showed many similar
features to those of devices formed oﬁ indium and chlorine doped Cds.

Of the three types of thin film device investigated, the ones
fabricated on I.R.D. films proved to be the most potentially useful.
However the as-prepared devices gave-almost zero 0.C.V's. and S.C.C's.

and exhibited straight lihe charact eristics. A short (2 minute) heat
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treatment caused a great improvement and prolonged heat treatment caused
the usual degradation in cell properties. Devices formed on films
evaporated in an enclosed system and the 12" Durham evaporation unit

were also investigated. These devices gave poor current-voltage charac-

teristics initially which improved after a short heat treatment. Durham

thia film (ﬁ.T.F.) devices gave lower 0.C.V's. than enclosed thin film
(E.T.F.) devices andlprolonged baking ~aused the usual degradation. The
current voltage characteristics remainea as straight lines throughogt
the baking treatments.

| Vaiues of S.C.C. and 0.C.V. as functions of bake time in air
at 200°C are shown in Figs. B.3 and 8;4.‘ The curves are from typical
devices of various.types. Since the thin film devices were 1 cm2 in
area, while the single crystal cells were 4 mm2 in area, S.C.C. den-
sities are plotted to allow direct comparison between thin film and

single crystal devices.

8.?.3 Heat treatment of thin films in different ambients

It is considered by some workers (e.g. Te Velde, 1973) that
heat treatment in an atmosphere containing oxygen is essential for the
optimisation of a device. From the results described in the previous

sectibn,'it is indisputable that a short heat treatment in air improves

the 0.C.V. and S.C.C. of devices formed on CAdS of different resistivities,

containing various dopants. It is however likely that surface oxidation

of,the copper sulphide iayer will also take place.

To investigate the effect of heat treatment in ambients con-
taining little oxygen, thin film devices wre baked in nitrogen and
hydrogen using the same heat treatment apparatus as before. A typical

set of current voltage characteristics for a thin film cell baked in
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hydrogen is shown in Fig. 8.2(f). Low 0.C.V. and S.C.C's. were observed
for the as-plated devices but a short heat treatment of 2 to 4 minutes
caused the usual improvements. However as baking was continued, the
rate of degradation of 0.C.V. and S.C.C. was lower than that for cells
baked in air. Devices were also heated in dry ox&gen—free nitrogen and
features similar to those of hydrogen treated éells were observed.
Pfeliminary investigations showed a degradation behaviour intermediate
between that of devices treated in air énd hydrogen. The O0.C.V. spgctral
. response of thin film cells measured as functions of bake time in hydro-
gen and nitrogen were not fully investigated but. the position of the
maximum shifted to lower wavelengths aftgr a short bake in either gas.
Observation of the current-voltage characteristics in forward bias in
the dark and under A.M.l illumination for these types of thin film device
showed that there was a crossover after a short heat treatment, in the

same way as for devices baked in air.

8.3 Oxidation and Reduction of Cells

-One process which may be at least partly responsible for cell
degradation is simple oxidation of the copper sulphide layer, which is
accentuated by prolonged heating in an atmosphere containing oxygen.
Devices may be degraded as a result of atmospheric oxidation under
illumination or simply in storage. 'To investigate the effect of surface
oxidation on degradation and on the spectral responses, the followiﬂg
exberiments were carried out.

Freshly prepared cells which had been fabricated using the wet
barrier methpd were wrapped loosely in aluminium foil to keep light out,
but to allow air to reach fhe surface of a cell. The cells were kept

in the laboratory for six weeks and the 0.C.V. spectral responses were
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- measured at the end of this time. Their 0.C.¥'s. had degraded to 10%
-of the original value and the maximum in the spectral response had
shifted to lower wavelengths, see.Figure.B.S. A small peak was visibie
at 0.49 pm, but the main sensitivity was at 0.67 pm and there was
.evidence of an unresolved peak in the vicinity of 0.9 um.

Hydraziné hydrate, which is a very strong reducing agent in
liguid form, is used in the preparation of the standard plating solution.
Its purpose is to ensure that the copper ions present in the bath remain
iﬁltheir un-oxidised cuprous ions form. It was thought that a strong
reducing aéent might have some effect on any oxidised surface layer of

-copper sulphide present in the deviceé. . The degraded devices were
therefore "dipped fo? 5 mins at room temperature in undiluted liquid
hydrazine hydrate solution. ‘After this treatment the cells were removed,
rinsed in distilled water and dried in a stream of oxy-free nitrogen.

The spec£ral responge of the 0.C.V. was re-measured {(Fig. 8.5?. The

peak whiph had previously been centred at 0.48 pm had decreased in magni-
tude while the major response at 0.67 jpm had shifted to larger wavelengths
at 0.72 pm and the existence of an unresolved peak at 0.9 um was con-
firmed. There had also been an overall increase in magnitude (by a
factor of two).

The cells were then dipped_in the hydrazine hydrate for a
further 50 hours to see if any additional improvement could be obtained.
Following this it was necessary to remount the cells on to new base-
plétes since hydrazine hfdrate dissolved the silver cement between ohmic
céntact and baseplate. After the long treatment in hydraziné hydrate,
the séectral_dist;ibution of the 0.C.V. was measured again. Now the
pgak at 0.49 pm had disappéared completely and thé dominant response was -

at 0.94 pm. Further, the originai peak in the vicinity of 0.7 pm could
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not be fully resolved. The magnitude of the maximum O.C.V. had increased
some 20 times compared with that of the degraded cell.

Experience shows that cells represented by curveé in Fig. 8.5
oxidise slowly if left in the open‘laboratoryq Rather than having tea
wait several weeks to allow the atmosphere to oxidise the solar cells,
it was decided to perform this artificially by using a strong oxidising
agent in liquid form.- Most of the agents considered attacked the copper
" sulphide layer or substrates, but 100 vol. hydrogen peroxide showed'
promising results. Single crystal qells were prepared in the usual way
together wiih thin film cells which had been fabricated on Bu-Cr-glass
substrates. The spectral distributions of the 0.C.V's. were measured
and showed the usuél features, i.e. a main peak at 0.92 um with an
unresolved peak in the region.of 0.7 pm. The cells were then immersed
in_100 vol. hydrogen peroxide for periods of up to 45 minutes at room
temperature to ensure that oxidation would be significant. Attempts
were then mgde to deterhine the spectral response of the O.C.V;, but no
response could be detécted above the noisé level of the measuring
apparatus (Fig. 8.6). Bowever, after a sbort (5 min.) dip in hydrazine
hydrate at room temperature, it was possible to detect a response. Peaks
at 0.7 and 0.85 pm were visible and a further 15 hours dip in the strong
reducing‘ageﬁt gave rise to an 0.C.V. response curve which'was similar
in shape to the one measured for the-freshly prepared cells. The curves
showﬁ (Fig. 6.6) are for a thin film cell but similar results were
obtained for devices forméd on low résistivity undoped Cds.

Thin films of chalcocite have also been converted to digenite
(Cui.BS) by exposgre to ammonium sulphide fumes (Ellis 1967). Ellis
reported that chaicocite films 0.25 um thick evaporated on to glass

were converted in 45 seconds and the effects of ammonium sulphide on
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our solar celle have been investigated. The spectral responses of the
0.C.V. of single cystal and thin film cells were measured in the usual
way (Fig. 8.7). Devices were then held over some ammonium sulphide inl
a fume cupboard for about 15 secoﬂds. The spectral responses of the
0.C.V's. were then re-measured. Cell outputs had degraded to a very
large exten£ to about the noise level of the measuring equipment. There
was, however, evidenée of a peak in the vicinity of 6.75 um. A five
" minute dip in hydrazine hydrate at room'temperature produced a dramgtic
recovery. The overall shape of thg response curve was again similar to
tﬁat of an #s prepared device but the magnitude of the response was only
half tha; of the original.

These oxiéation and recovery processes were carried out on
single crystal and thin f£film devices and so long as the resistivities
of the base CdS were of the same order, =nalcgous effects were observed.
With thin film devices, it was necessary to investigate those formed
on Au-Cr-glass subsFrates since the flexible substrates of Zn;Ag alloy
on yellow Kapton dissblved in hydrazine h&drate. The devices prepared
on tin oxide coatea glass were of generally poor quality, but gimilar

oxidation and recovery cycles could be performed.

8.4 -Control of stoichiometry by Electrochemical methods -

8.4.1 Introduction

Several workers have suggested that the stoichiometry of the
copper sulphide layer can be stabilised as chalcocite by controlling the
electro chemical potential of the cell during the plating process, see
for instance Aerschodt and Reinhartz (1970) and Rickert and Mathieu
(1969) . Aershodt and Reinhartz reported however that with Cds films

evaporated under different conditions, the optimum value of the potential
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to be applied to the cell surface during fabrication varied between
+ 100 mV and - 100 mV. The investigation carried out here was designed
to identify the optimum sign of electropotential to be applied to a

cell.

8.4.2 Device preparation

Investigations of the influence of plating potential on device
parameters were carried oui on large aréa (~1 cm2) devices with a base
_ Cds resistivity of appruximately 102 Q cm. The CdS slices were prepared
in the samé way as described in Chapter 6 and they werce clamped to a
strip of perspex using a molybdenum clip. Contact to the free surface
was made with a piece of 0.5 mm diameter platinum wire clamped undef
this clip. The other race and sides of the CAS had been coated with the
acid.resisting lacguer. Platinum, molybdenum and perspex were used
because thece materials did not precipitate copper from the solution.

A reference electrode of oxy-free copper was placed in the plating
solution which was held at 90°C. It was possible to control the potential
between the reference electrode and the CdS surface before introducing

the sample to the bath by means of a rotentiometer across a low voltage
d.c. supply.

It was decided to employ three voltages, namely'+ 100 mv; 0
.and ~ 100 mV with respect to the copper reference electrode. The poten-
tial between cell surface and copper‘electrode was set to the required
vaiue and the samples were introduced into the plating bath for 10 secs
at 90°C. Plated cells were rinsed in distilled water, acetone (to
remove the 1acqueg) and distilled water again. Finally they were dried
in a stream of nitrogen. The cells were then heated for 2 minutes in

air at 200°C, after which gold grids were flash evaporated on to the

copper sulphide layers in two stages.
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8.4.3 Measurement of Cell Degradation

Rather than simply determining the cell parameters such as
s.Cc.Cc., 0.C.V. and 0.C.V. spectral dist;ibution for the cells freshly
plated with different voltages applied, it was decided to monitor.
life-tests on these parameters as a function of time while under constant
illumination. To simplify the cdesign of the apparétus and to accel-
e;ate the degradation process, the life-test experiment was carried out
in air rather than in an inert atmosphere. If the cells had been left
in an unloaded condition and the light were of sufficient intensity to
produce 0.C.V's. in excess of 383 mV, then load effect degradation would
ﬁave bccurred. This type of behaviour has been investigated by
Spakowski and Forestieri (1968) and Stanléy (1968) and is ncw well
understood. The problem was avoided in the present set of investigations
by using a low power (100 W) tungsten lamp as a light source, but leaving.
the cells on open eircuit since the 0.C.V's. developed were lower than
the load effect threshold. Unfortunately the tungsten radiation con-
tained more infra—;ed'than the solar-épectrum. Thé power density at
~ the cell positions wés approximately 12.5 mW/cm2 so that with lamp and
cells enclosed in the light préof testing box the cell temperaturés were
raised to about 600C. To exercise more control over this temperature;
the cells were mounted on a water cooled aluminium plate {(Fig. 8.8).
This'arrangement kept the device surface temperature tg less than 30°C.
Contact to the cells was made by wires soldered to the copper base
plates and phosphor bronze spring contact to the gold grid evaporated'
on to the copper sulphide.

Spectral response curves for the three types of device (with
0 o¥ * 100 mV appliéd during plating)'were obtained after the evaporation

of the gold grid. Samples were mounted in the life-test box. Current-
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voltage characteristics were obtained in the usual way. Aftef 24 hours
illumination, the current-voltage characterisitics of these devices were
agaiﬁ plotted and the devices were removed from the box and spectral
responses of the O.C.V. were determined. The devices were replaced in
the box in their original positions and their current-voltage character-
istics were measured every 24 hours whenever possible up to a time of
about 1500 hours. At this point they were removed and the spectral

 distributions of the 0.C.V. were measured yet again.

8.4;4 Results

Over the ISQO hours period of the_investigation under open-
circuit conditions, the S.C.C's. of each type of device degraded sigﬁif—
icantly (Fig. B.9) regardless' of the electrode potential appiied during
plating. The S.C.C. of the cell te whicu + 100 mV had been applied with
respect to the coppef reference electrnde had degraded the most to about
30% of the original value. A degradation‘to akbout 42% of the initial .
- value had occurred fo¥ the cell to which no potential had been applied.
.The least degradation (about 57%) was suffered by the cell to which
- 100 mV had been applied.

Similarly the 0.C.V's. had all degraded to some extent (Fig.
8.10). Again the cell with + 100 mV applied had degraded by the iargest
amount (to about 35% of its original-value) whereas the cell with zero
pptential applied had degraded to 80% of its starting value. In con-
trast the cell to which - 100 mV had bzen applied had only degraded
slightly to about 95% of its initial value.

It was-not possible to monitor the spectral response of the
0.C.V's, continuo;sly since‘the devices had to be removed from the life-

test box for these measurements and could not be replaced in exactly the
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samé position. After the 2 min heat treatment in air at 200°C, and
the flash evaporation of the gold electrodes, all three types of
device had main resolved peaks at 0.75 pm and 0.48 um with evidence

of an unresolved feak of low magnitude in the vicinity of 0.9 um.

This type cf response was that expected for heat treated devices.
After 24 hours illumination, the peaks had shifted slightly to shorter
Qavelengths but_nb'significant differepce in the specﬁral distribution
of the 0.C.V. of ény of the three types of devi;e was discernible. -
However after 1500 hours illumination, the main peak-of the device -
with zero applied potential had éhifted-to 0.69 pm whereas that of the
device to which + 100 mV had been apﬁlied during plating had shifted
to about 0.67 pm. In contrast the main peak of the device with

- 100 mV applied had shifted to 0.7 Hm.

8.5 0.C.V. as a Function of the Intensity of Illuminstration

All current-voltage characteristics descri;ed in this thesis-
have been measured using a high illuminétion level of approximately
100 mw cm';'2 except for the lifetest investigations described in the
previous section. However for terrestrial use as photovoltaic energy
converters, it is unlikely that cells would be used at noon only.
Obviously the intensity of illumination would vary considerably and
would be lower than A.M.1 for most devices being used as splaf cells.
‘Furthermore, low light intensities only (approximately 100 uw cm—2) were
aQailable at the exit slit of the monochromator and this fact is
reflected in the low 0.C.V's. produced for most cells investigated.
One problem in measuring spectral response was that the intensity of

illumination‘was not ‘'uniform throughout the wavelength range investi-

_ gated (0.3 pm to 1.5 pm) because of the energy distribution of the
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tungsten lamp. It was possible to corxrect spectral responses for this
if required (Appendix 1) provided the response as a function of wave-
length was known. For all of these reasons it is clearly necessary

to investigate how.the cell 0.C.V. depends on the iptensity of illumin-
ation.

The steady state 0.C.V. as a function of the intensity of
illumination from a tungsten source was investigated over four oxrders
of magnitude from about 100 mW cm-2 down to 10 puw cm_2. A 1.5 kw
tungsten halogen lamp was used for this purpose with a 2 cm water tray
underneath it to remove some of the infra-red radiation. Each cell to
be investigated was placed in a Ligh£ tight container. Contact was
made to the layer of copper sulphide with a phosphor bronze spring for
the single crystal devices ahd the temporary gridding jig for the thin
film devices. Varipus combinations of neutral density filters were
placed between the de&ice and source and the 0.C.V. was moni;ored using
‘the Phiiips GM 6020 valve voltmeter with.108 Q input impedance.

The curves of 0.C.V. as a function pf intensity for thin film
cells produced in the I.R.D. and Durham 12" vacuum systems both have
similar forms but the overall magnitude of the 0.C.V. of the I.R.D. filus
was significantly higher. With these latter devices, low 0.C.V's.
were observed for as-plated cells (approximateiy 2.5 mv under_A-M-l
illumination).. The 0.C.V. was a linear function of intensity above
1 mW cm_2 (Fig. 8.11). At lower intensities the response was relatively
insensitive to light intensity. Response times were a few seconds for
this type of device. After a 1 min bake in air at 200°C, the 0.C.V.
had improved by two order; of magnitude and exhibited saturation effects
at high light levels. A further heat treatment of 1 min caused a sliéht

increase in 0.C.V. generally but the shape of the curve did not alter.
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Prolonged heat treatment caused an overall decrease in 0.C.V. but

that at low light levels was greater than that at levels near A.M.1
illumination intensity. Saturation of the 0.C.V. still occurred at tﬁe
high light levels.‘

Single crystal devices fabricated on low resistivity undoped
cadmium sulphide ( IE'INIO"2 Q cm ) were also investigated and the
épectral response of the 0.C.V. as a fgnction of intensity resembled
closely that of the I.R.D. thin film cells. The 0.C.V's. of as-
prepared cells were some 15 times larger {approximately 30 mV under
AiM.1 conditions) than the I.R.D. film dévices.

As-prepared devices formed oﬂ copper—doped single crystals
gave bigh 0.C.V's. (~60 mV) under A.M.1illumination and the response
was approximately linear (Fié. 8.12), After a very short heat treatment
for 1 min, high 0.C.V's. were produced at all levels of illumination.
Saturation of the O.C;V. was very markxed and several tens of.mV were
) éenerated at light'levels of G.1 mW cmﬁz. Response times of two or
three minutes were observed even in as-plated devices. The slow
response was particularly noticeable at low light levels. Prolonged
heat treatment led to an overall degiadation and longer response times.

. Cells prepared on indium and chlorine doped CdS had low 0.C.V's.
even with incident light intensities of 100 mW cm_z. A set of curves
for a typical indium doped cell is shown in Fig.8.13. The dependence
‘of 0.C.V. on intensity for the as-plated cell was linear at higher
light levels. Heat treatment prcduced a gradual improvement in 0.C.V.
at all levels and the response became substantially linear after
2 minutes heat treatment. The optimum O.C.V's. were reached after
baking for 4 minutes, but evidence pf saturation of the 0.C.V. at the

highest light levels was slight. Response times remained faster than
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one minute at all stages of treatment but wexe significantly longer at
low levels than at high.

Devices prepared on high resistivity undoped CdS gave very hiéh
0.C.V's. ( ~ 150 mV) even under the ambient lighting conditions in the
1aboratoryi The curves of 0.C.V. vs intensity closely resembled those
of heat treated dev;ces formed on photoconductive, copper-doped Cds.
The saturation of the 0.C.V. was very marked in the as-yrepared cell
and was ﬁresent down to 1 mW cm_2 level). Heat treatment caused a.

slight overall improvement.

8.6 Removal of Impurities by Solvent Extraction

Several devices were fabricated on dice cut from a single
crystal boule of Cds which had been grown in a capsule with a cadmium
reservoir and which was therefore expected to be of low resistivity.

The boule was dark.in.colour and showed a slight red photoluminescence
.at liquid nitrogen-;emperatures under excitation with ultra violet light.
The bulk resistiyity was significantly higher ( ~ 25 ficm) than for
similar boules prepared under supposedly identical conditions. Dice
were prepared in the usual way and the sulphur planes were plated for

10 secs at 90°C. The spectral response of the 0.C.V. showed two peaks;
the main one at 0.7 um and a smallgr one at 0.5 um. There was some
evidence of an unresolved peak between 0.8 and 1.0 pm (Fig. 8.14). These
-results were clearly surprising in view of the fact that the boule was
sﬁpposed to be undoped. A similar problem occurred with several other
boules grown using the standard procedures. These boules displayed an
anomalously high.resis£ivity (up to 106 ! cm) and exhibited photo-
conductive behaviour-in tﬁe region of 0.65 to 0.75 pm. One possible

impurity may have been copper.
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It has been shown (Aven and Woodbury 1962) that impurities
such as silver and copper can be removed frouw ZnSe by heating the
crystal in molten zinc. These impurities are more soluble in pure
zinc than the impﬁre ZnSe crystal and hence segregate cut into the zinc.
It was dec;ded that a similar procedure. might be suitable for removing
impurities which could be present in the Cds boules. A method was
fherefore devised to enable the crysta}s to be heated ii molten cadmium
metal té reduce the impurity content and alter the resistivity.

The treatment was carried out in a silica tube as shoﬁn in
Fig. 8.15. To remove grease etc. the éilica glass was washed in acetone
and then immersed. in freshly prepared aqua regia for a short time.
Finally the glassware was rinsed in distilled water. The tube Qas then
baked in an oven at 100°C for several hours to dry it. A short section
cut from a capillary tube was used to facilitate the separation of the
crystals from the molten metal after treatment. Several dicg were
vsealed in the rounded end of the tube and about 5 gm of 6 N cadmium
shot was sealed in at the oppogite side of the capillary. The impurity
extraction tube was evacuated and flushed with argon several times
" before being sealed off at a pressure of abcut 2 x 10‘“5 torr. After
attaching a clamping rod, the tube was suspended in a vertical furnace
aﬁd maintained at 650°C for severaL days. At the end of this time, the
tube was removed momentarily from the_furnace and inverted to sepafate
‘the molten cadmium from the crystals. The tube was then re-inserted,
ciystal end uppermost, into the furnace and allowed to cool down slowly
to room temperature.

The dice-which had been dark in colour and hardly photo-
luminescent bgfore heat treatment were not much lighter in body colouf.'

After a short 2 second etch in cold concentrated hydrochloric acid, a







- 128 -

strong green photoluminescence was observed at 77 K. The resistivity_
of the material had decreased to about 10."1 té 10..2 Q cm,

Devices were fabricated f;om the treated samples by plating aﬁ
90°C for ten seconds and the spectral response of the 0.C.V. was measured.
These deviqes produced low O0.C.V's. ( ~ few mV) in common with all othexr
low resistivity dev#ces, but the main response was ir a band at 0.94 Hm »
Qith an unresolved peak in the regioﬁ 6f 0.7 to 0.8 ym /Fig. 8.14).

'The spectral distributions of the 0.C.V. for typical devices formed

on as-grown and solvent extracted CdS have been plotted on the same
axes usiné relative percentage O.C.V. and wavelength axes since the
positions of the band maxima forméd the.main interest of the investiga-
tions. The magnitudes of the 0.C.V. of solvent extracted devices wére
much lower than for those devices prepared on the as-grown CdS. How-
ever, subsequent baking of such devices caused the usual improvement

in the magnitudes of the 0.C.V's.

8.7 Influence of Plating Tecmperature on the Properties of Cells

8.7.1 Introduction

Most workers who have investigatéd CdS/CuZS solar cells have
produced the topotaxial layer of copper sulphide by means of the iwet'
chemical méthod. A temperature of "96°% is usually employed (Shiozawa
et-al 1369) but very little work had been reported to justify that
'this is the optimum temperature to use. Bogus et al (1970) found that
properties of a cell were very dependent on the plating temperature in
the range 70 to 95°C. They showed that devices formed at 95°C gave
highex S.C.C's.'fhan those fabricated at 65°C, but they did not attempt

to explain these results in terms of the phase of copper sulphide

preéent. Other workers have shown that the most efficient phase of
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copper sulphide with which to form the heterojunction is chalcocite
(Cu2$) {(Nakayama et al 1971). Since the Cu-S system is of rather a
complex nature (Shiozawa et al, 1969), special precautions may be
necessary to ensure the reproducible production of chalcocite. It is
possible that strict temperature control cf the cuprous ion solution
is necéssary to pfoduce the desired phase of copper sulphide. The
spectral responses of the 0.C.V. of devices formed at two different
temperature (90°C-and 45°C) were obtainéd and attempts were made to
relate the responses tc the phases of copper sulphide present as

identified by the R.E.D. technique as discussed in Chapter 6.

8.7.2 Experimental Details

The preliminary investigations were carried out on 25 pm thick
evaporated layers of low resistivity Zds (p ~102 - 103 Q cm) which
had been prepared oﬁ flexible substrates (Clark et al, 197}). These
evaporated. layers were cut into 1 cm2 areas and the edges we¥e treated
with an acid resisting lacquer (Lacomit) to prevent the formation of
shorting paths when the topotaxial layer of copper sulphide was formed.
Each sample waé dipped in a 1 N potassium iodide solutioﬁ to roughen
the surface and remove oxide layers.

The plating solution was made up as described in Chapter 6
and was cooled slowly to. room tempe¥ature whilst maintaining a flow of
oxy—free nitrogen through the liquié. Several thin £ilm samplés were
dipped for periods of five seconds at varxious temperatures between 20
and 95°C as the plating solution was gradually heated. Care was taken
to ensure that the PH was 2.5 at each dip temperature. After dipping,
all the devices were washea in distilled water and dried in a stream

of nitrogen.
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Initial measurements using a high impedance voltmeter showed
that all of the cells gave low open circuit voltages (=a several mV)
even.under intense illumination. Thin film cells usually require an
optimisation heat treatment (Section 8.1) and so all of the devices
were heated under as near the same conditions as possible for 2 minutes
at 200°C in air.

Contact was ﬁade to the copper sulphide layers using a 90%
transmission,gold.plated copper grid énd the temporary gridding j;g
described in Chapter 7. The advantages of this ﬁype of contact were,
firstly tha£ it did not scratch through the 1ayér, and secondly that
it did not subject the Qevices to any further heat treatment as might
well be incurred by using an evaporated gold grid. After the tem-
porary contact had been made. to the copper sulphide layer, fhe cells
were illuminated in turn with a 1.5 Xw *tungsten halogen lamp under
approximatel\Jd-lcohditions and the 0.C.V's. were recorded.

Since the ;dea was to try and relate the spectral reééonses of
the 0.C.V. with the éhase of copper sulphide présent as identified
using reflectionlelectron diffraction techniques, it was necessary to
fabricate devices on single crystal (dS with the same resistiﬁity as
the thin films investigated above. Single crystal dice were plated
for 10'seconds at 45°% and 90°C i.e. the same temperatures used in the
R.E.D. studies. The spectral respénses of the 0.C.V's. of the devices

prepared at the two different temperatures were then determined.

8.7.3 Results
All of the thin film devices which had been prepared at tem-
peratures between ZO?C and 95°C improved after the short heat treat-

ment in air. The O0.C.V. after heat treatment is plotted as a function
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of p;ating temperature in Figure 8.16. Cells on which the copper
sulphide had been formed at low temperatures (betw=en 20°b and 70°C)
gave low 0.C.V's. (~ 1 mV). For samples dipped in the range from

75°C to SSOC, the 0.C.V's. increased sharply and then levelled off.
again at about 90 to 95°C. This behaviour was reproducible for several
sets of samples.

The spectral distributions of the 0.C.V's. of the devices
prepared at'90°C and 45°C are shown in Fig. 8.17. The devices prepared
at 45°C produced lower 0.C.V's. than those fabricated at 90°C but the
0.C.V's. are shown as normalised relative percentages since the investi-
gation was more concerned with the positions of the maxima than
absolute magnitudes. In the devices plated at 90°C, there was an
unresolved peak in the vicinity of 0.7 pm, but the usual main peak was
in the vicinity of 9.9 pm. However for the device; plated at 45°C, the
dominant peaks were at 0.7 M, ah650.52 um with an unresolved peak in
the vicinity of 0.9 ﬂm. Both types of_device responded within'séCOnds
to changing illuminati;n. .

Current-voltage characteristics were obtained from devices
produced at 45°C and 90°C undef approximate A.M.1 illumination and in
the dark. These curves measured in forward bias for illumination and

no illumination converged for each type of device, but did not cross.

8.8 Assessment of Stoichiometry by Observation of Phase

Transformation

Palz et al (1972) reported that the stoichiometry of copper
sulphide could be determined by studying the variation of the S.C.C.
with temperature. It is possible to assess the stoichiometry in this

way since the cell series.resistance (Chapter 3) is due mainly to the
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sheet resistance of the copper sulphide layer. It is well established
that Cu1 85 and Cu1 96S undergo phase transformations at 90°C and 93°C

. . . . o
respectively whereas the transition temperaturz of Cu,.S rises from 98 C,

2
to 108°C as the cémposition approaches the stoichiometric value
(Okamoto and Kawai, 1972).

Single crystal devices were positioned on a metal heating block
which was capable of fast heating to 150°C and fast cooling by means of
compressed-air; The small area dévices were illuminated using the
standard 1.5 kW liéht source. The S.C.C. was measured using tﬁe current
to voltage convertér, the output of which fed the Y amplifier of a
Bryans 21001 X-Y recorder. The tempefature was measured using a copper
constantan thermocouple clamped to the cell surface. The siénal was
amplified and fed into the other channel of the recorder. Thermocouple
voltage and S.C.C. were monitorgd as the cell was heated to 1SO°C and
then cocied quickly to room teﬁperature.

ﬁesults of these experiments on the small area ( 4 mm2) single
-crystal devices were not conclusive since the small area of the device
. and the spring contact did not lead tp high S.C.C's. The phase transi-
tion could be observed but it was not a well Jdefined parameter. The'heat
lésses from the sample did not help in this respect. It was possible to
observé the transition for large area thin film cells which had been
gridded and encapsulated several months before, but these devices were
at least partially degraded and did not give much information. This
technique may therefore give useful_informatioh concerning the copper
sulphide stoichiometry for large area (>1 cmz) evaporated £ilm or silk
screen printed cells but not for sipgle crystal cells employing the

particular geometry used in these investigations.
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8.9 Discussion of Results

As«prepafed single crystal or thin film solar cells did not
exhibit good device parameters; Theixr 0.C.V's. and S.C.C's. were
generall§ low and the current-voltége characteristics of illuminated
cells were not 'square'. This low curve factor was probably caused by

the existence of an abrupt CdS/Cu,.S junction in these as-plated cells

2
which may well have permitted tunnelling behaviour and shunting paths
" across the junction. Devices formed on.low resistivity_( P'~~»10_2 to
. 10_1 2 cm) CdS gave low 0.C.V's. This was almost certainly due to the
low shunt iesistance which the cells would possess. It has been rerorted
. that shunt'resistapces less than 10 @ result in significant loss of
curve factor and efficiency (Clark et al, 1971). Devices fabricated on
high fesistivity, undoped CA4AS ( p~106 i cm) gave high 0.C.V's. (tens
of mV) but such devices possessgd very Ligh series resistance. This
accounts for the low S.C.C's. which were obtained from these devices.
Cells produced on copper doped CdS exhibited properties interﬁediate
between those of the high and low resistivity devices. I.R.D. thin £ilm
devices gave lowef 0.C.V's. and curve factors than single crystal devices .
with similar resistivities. This was probably due to numerous shorting
paths between the CuZS and the bottom contact in the thin film devices.
Grain béundaxies and pinholes would increase the number of paths.

A short (2 min) heat treatﬁent seems to have one main effect.
This is the growth of an i-type copper compensated layer between the

p-type Cu,S and n-type CdS. Evidence cf the formation of a photo-~

2
conductive i layer is supplied by the lengthening of device response
times as the heat treatment was extended. Differences in the current-

voltage characteristics gaVe additional support to this proposal. As--

prepared devices formed on low resistivity undoped Cds ( p~10-1 Q cm)
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showed that the curves measured in the dark and uhder illumination
conve;ged. .After a short heat treatment, the curves intersected showing
that photoconductive behaviour had_been induced by.the heat treatment -
process. Other workers (Shiozawa et al, 1969) have reperted that when
thin film cells are heated in vacuum or inert gas, there is a slow
irreversible incréasg in series resistance. They alsc proposed that
this increase was due to the growth of an i-layer by copper diffusion.

Te Velde (1973) alternatively suggested that the heat treatment
. must be carried 6ut in an atmosphere containing some oxygen to produce
higher efficiency cells. He proposed that after a sﬂort heat treatment
in air, oxygen is absorbed at the intérface of CAS and Cuzs and causes
an increase in barrier height between these two regions. The amount of
oxygen required for this process is too smail to determine. This model
for the modificatiun of cell propertics as a function of heat treatment
does not include the-effects of coppex diffusion at all.

The greatest_improvement in cell parameters after a 2 minute -
heat treatment in air was found with the I.R.D. thin film devices.
Apart from the improvement in curve factor which results from the forma-
tion of the i-layer, the effects of the shorting paths present would alss

have been decreased by the dissociation of Cu,S and diffusion of copper

2
from the grain boundaries and pinholgs. Cells produced on single crystal
CdS of similar resistivity showed smaller improvement since the number
of shorting paths would be fewer than in thin film devices.

Cells formed on low resistivity single crystal Cds ( p~10_2 Q cm)
did not improve on baking as much as the other types of device. This
was probably because the formation of a photocornductive 'i' layer was
more difficult to achieve iﬁ'heavily indium or chlorine-~doped Cds. These-

types of device all exhibited a low reverse breakdown voltage rather like

that of a Zener diode.
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Devices fabricated oﬁ the high resistivity undoped CdS
( pnleG @ cm) did not improve much on heat treatment either, but this
was because these devices had high built-in shunt and series resis-
tances. Cells formed on copper doped CdS behaved in a similar manner
in the sense that the as-prepared devices produced high 0.C.V's. because
the heterojunction'wag between Cuzs and CdS:Cu. The base starting
material of the cell was similar to the 'i' type layer normally produced
.after heat treatment. |

Te Velde (1973) also proposed that heat treatment in hydrogen
had the effect of reducing the barrier between the CdS and Cuzs and
presumably therefore did not lead to an improvement in the performance
of a device. However preliminary measuremeﬁts on our thin film devices
did not support this suggestion. Te.Velde has already suggested that
the amount of orygen involved in thz cptimisaiion process is very-small
(Te Velde, 19273) and'it is likely that fhe evaporated CdS layers con-
tained some oxygen.., Consequently, optimisation would still oécur if the
devices were heated in hydrogen and surface oxidation decreased.

It appears tﬁat surface oxidation of the CuZS occurs during
prolonged baking in air and leads to a loss in O0.C.V. and S.C.C. 1In the
investigations reported in this chapter it has been demonstratea that
this oxidation process is reversible to a great extent. Devices were
successfully rejuvenated by exposuré to a strong reducing agent after
oxidation in the laboratory atmosphere over a period of several weeks.
It.also proved possible to degr&de ceils at room temperature with

hydrogen peroxide liquid and ammonium sulphide vapour. In the latter

case it is probable that the following reaction occurred

CuZS + 0.111s - 1.111 Cul.SS
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Again it was possible to rejuvenate devices by dipping them -in the
strong reducing agent. |

| Aerschodt and Reinhartz (1970) showed theoretically, using
thermodynamic considerations, that-the most efficient CdS/Cuzs solar
cell could be obtained by applying a voltage of between + 0.2 and 0.25 V
to the coppe¥ sulphide surface during plating. Their experimental
observations did not égree with this however. The results presented in
this thesis suggest that thes use of a pofential of - 100 mV produces
~more stable devices than potentials of zero and + 100 mV. It is possible
to explain the results observed here in terms of a simple electrolytic
model. if a negative potential is appligd to the copper sulphide layer
with respect to a copper electrode simi;arly imnersed in a bath of
copper ions, it should be possible to produce a thin film of metallic
copper on the surface. Aftex hegt ftreatirent, the copper would diffuse
through the copper sﬁlphide and into the CdS and an 'i' layer would be
formed in the usual way without leaving a deficiency of coppef in the
copper sulphide. Bogﬁs and Mattes (1972).reportéd that more stable
devices could be produced by depositing an additional thin layer of
copper on to the chalcocite before heat treatment.

The S.C.C's. of all devices fabricated to investigate the
effects'of applied potentials degraded during the 1500 hours illumina-
tionf This degradation was most marked for devices prepared using a
positive applied potential during plating and it is proposed that these
devices had CuZS layers initially deficient in copper. It is likely
that surface oxidation aided the degradation but that diffusion of
copper into the 'i' layer occurred to some extent during the investiga-
tions. 0.C.V's, Qere ;imiiarly degraded but to a lesser extent. Devices

formed with a negative applied potenfial may have had a thin layer of

copper électroplated on to the copper sulphide and so the effects of
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oxidation would have been less than with the other two sets of cells.
The shifts in the spectral distrxibution of the 0.C.V. during the 1500
hours illumination time would support the suggestion that a gradual
oxidation causes a shift of maxima to lower wavelengths and that the
effect is slightly less if excess copper is present.

The examination of the influence of the intensity of illumina-
tion on the 0.C.V. gave some useful information concerning the operation
‘of the devices. I.R.D. thin film devices, when optimised, chowed a
saturation level at high intensities but at lower light ievels therel
'.waé a change of gradient below whicﬁla nearly linear dependence wvas
observed. This behaviour agrees with that predicted by the equivalent
circgit (Chapter 3).since at iow levels; éhe diode is for%ard biased by
a small voltage and the effective resistance Rd is large, such that

R_ > R, + R
i s

a h As the intensity of illumination is increased, the

value of Rd decreases relative to Rsh but eventuvally Rd tends to a
limiting value. This leads to a limiting value of 0.C.V. The as-plated
_devices exhibited a linear dependence of 0.C.V. on illumination intensity

since RS is low because of the shorting paths.

h
Devices produced on high resistivity (p ﬂ:106 Q cm) Cds

exhibited an anomalous variation of 0.C.V. with intensity of.illumination.
No lineaf dependence could be discerned even at low light levels. This
behaviour could be explained if the lumped shunting resistance Rsh is

largé compared with that in the I.R.D. thin film devices. Shiozawa

e£ al (1969) observed a similar effect in ceramic CdS solar cells.

Devices fabricated here on copper doped CdS single crystals displayed
similar effects but to a lesser extent.

The célls'fabricated on low resistivity ( p'\:10_2 to 10—1:0 cm) CAS

had a linear dependence of 0.C.V. on intensity of illumination over the

full'fange investigated. It is suggested that this is caused by the very
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low value of Rsh in such devices. Prolonged heat treatment of such
cells did not produce saturation presumably kecause of the difficulty

of producing an 'i' type laver. probably remained essentially

gsh
unchanged.

The main effect of heating pieces of CAS in molten cadmium
was to reduee the resistivity of about 10—1 Q cm. if the anomalous
behaviour of the as—érown material is due to inadvertent contamination
 with copper impufity, it is likely that-some of the impurity was removed
' during the heating, but there is no proof of this. Copper is certainly
removed by'this process in other II-VI compounds sucﬁ as ZnSe. The
resistivity of the treated CAds was too low to be useful for the
fabrication of devices which would produce reasonable 0.C.V's.

It seenms th;t the temperature of the plating solution uséd must
be controlled to produce reproducikle layers of copper sulphide of the
correct stoichiometr&. Devices produced by dipping for 5 secs at tem-
peratures below 70°¢ to BOQC gave consistgntly low 0.C.V's. e;eh after
heat treatment. Convérsely devices plated at témperatures above 85°C
producea high O.C.V's. In the region between these two temperatures,
the p}ating temperature had a strong influence on the 0.C.V. Devices
formed at 90°C had a maximum response at 6.9 pm which, it is suggested,
is due t§ the indirect optical absorption process in chalcocite. A
temperature of 45°C was chosen at which to study the low temperature
fprmation of copper sulphide since this temperature was in the plateau
region of the variation of O0.C.V. with plating temperature, and was
therefore far removed from the very temperature sensitive region. For
devices plated at 45°C, the dominant response was in the vicinity of
0.7 ym. It is suégestgd that this peak is associated with indirect

optical absorption in djurleite (Cu S).. Support for this proposal

1.96
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can be obtained from investigating the dependence of the spectral
response of the S§.C.C. on the stoichiometry of the copper sulphide
(Palz et al, 1972). 1In Palz's work it was reported that the peak S.C.C.

response for a CdS/Cu S heterojunction was at 0.69 pm. Direct

1.955
evidence of the phase of copper sulphide formed at 45°b has been -
described in Chapter 6. The layers formed after a long (45 min) dip
time were indeed identified as djurleite Cu1‘96S.

Finally iF should be noted that the response with a maximum
at 0.7 um for heat treated devices (Chapter 7) was attributed to
photoconductive effects in an i! £ype layer which had been formed by
diffusion of copper into CdS at the interface. It is obvious that the
diffusion process Will cause a copper deficient phase but it is proposed
that as-prepared devices formgd at 90°C are Cds/CuZS heterojunctions

o \
whereas those formed at 45 C are £dS/Cu S diodes.

1.96
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" 'CHAPTER 9

SUMMARY OF CONCLUSIONS

9.1 Cds Thin Films

During the three year period of investigation, many thin £ilms
of CdS have been prepared. Three evaporation systems were used. These
~were: (1) The I.R.b. resistively heated system, (2) the Durham
resistively heated.system and (3) the system utilising enclosed tubes.

" The first method produced 25 um thick evaporated 1ay9rs with a resis-
tivity in the range 102 to 103 Q cm and few visible defects. These
layers were successfully converted into solar cells. Evaporated laygrs
prodﬁced in the Durham resistively heated system in general were of
lowex res:i.stivity'IO_1 to 10;2cm,probably due to excess cadmium. The
films were up to about 15 um thick and contained some visible defects
such as pinholes. It would have been possible ﬁo produce layers of the
desired thickness with a more powerful heating source, but none was
available. The relatively low power source meant that the system became
too liot during the resultant very long evporation process and re-
evaporation occurred, thus reducing tne f£ilm thickness. The enclosed
tube method produced thin films of high resistivity(.>105!?cm)showing
'photoconducﬁive behaviour. It was only possible to produce thin.layers
( ~5 pm) kut the film quality seemed quite good. Althouch thin £film
ée;ls were eventually made from films evaporated using systems (2) and
(3), these did not exhibit desirable properties.

R.E.D. studies on 10 pum thick films of CdS demonstrated that
thexe was a considerable degree of orientation of the.crystallites as
reborted by other workers. Transmission electron microscope studies

showed that relatively expitaxial films of CdS could be grown on {100}
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faces of NaCl using the Durham resistively heated source. ‘These epi-
taxial layers relaxed from the cubic phase to the wurtzite phase after
storage in the laboratory for several months.

9.2 Cds/Cu,S Photovoltaic Cells

2

It was fouqd'that copper sulphide could be grown topotaxially

- on cadmium sulphidg but that the conversion proceeded 1.5 times faster

on sulphur faces than on cadmium planes. The crystal ofientation ana
féce on which the copper sulphide Qas formed also proved to be important.
The phétovoltages of unbaked cells with the cuprous sulphide formed on
sulphur planes weré some 20% larger than-those observed in devices formed
on cadmium planes.

The resistivity and dopants in the base CdS also had a great
influence on the properties of dévices. High resistivity CdS ( p ~»1(§ Q cm)
gave rise to devices with high 0.C.V's. and low S.C.C's. with the main
response for unbakeé devices in the regioﬁ of .53 pm. These devices |
had slow response times ( ~ minutes). In contrast, devices doped with
indium and chlorine and with very low rasistivity in the range 10-2 to
10_1 Q cm produced low OEC.V*s., S.C.C's., and curve factors. The main
response for such unbaked devices was in the vicinity of 0.9 um. Cells
fabricated on undoped low resistivity Cds ( p ~10_1 Q cm’and above)
prodﬁced similar characteristics to those of the indium and chlorine
doped devices, but higher outputs were observed. The best overall unbaked:
devices were produced using copper doped CdS and these devices resembled
the undoped CdS devices which had been subjected to a short heat
treatment. . |

The best thin.film devices wére produced on evaporated layers

from ﬁhe I.R.D., system, but gave low outputs until a short heat treatment
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had been performed. Thin films produced in the Durham resistively
heated system did not lead to very good devices.

Heat treatment of thin fi;m and single crystal devices for
2 to 4 minutes in air at 200°C led to great improvement in all devices
investigatedr This short heat treatment caused a shift downwards in the
spectral responses of_the 0.C.V. and caused a lengthening of the #esponse
tiﬁe. In addition,'the short heat treatment caused the current-voltage
'characteristics of thin film and undoped single crystal devices formed
.on low resistivity Cds ( » ~:10—1  em and upwards) measured undexr
illumination and in the dark to cross, whereas previously they had
converged. Crossover was observed oﬁ the as-plated devices formed
on photoconductive copper doped or undoped Cas, but was not observed.on
the indium or chlorina doped cells even after prolonged heat treatment.

It is proposed that the. short heat treatment had one overriding
effect. This was thé éissociation of some of the chalcocite into
cbpper which diffused_into the underlying cadmium sulphide. The copper
compensated CdS was photoconductive and modified the 0.C.V. spectral
response in most cases. It is suggested that the peak in the vicinity
of 0.7.um is due mainly to the 'i' layer. BHowever it is obvious that
copper diffusion will cause a copper deficient phase of copper sulphide
to be formed-at the interface. Prolpnged heat treatment caused overall
degradation of cell pa?ameters. It is suggested that the deterioration
is due mainly té surface oxidation. This process was shown to be
reﬁersible to a large extent by oxidising the cells at room temperature
to enhance degradation and by dipping in a strong reducing agent to
restore the original sensitivity.

Exper;ments invol&ing electrode potentials applied to the copper

sulphide surface during plating showed that the resultant stability
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of devices could be controlled to some extent. Devices to which
- 100'mv were applied during plating were found to be more stable
over a 1500 hour illumination period than cells prepared without appliéd .
potentials. In coﬁtrast, devices preparéd with a + ve potential were
less stable than conventional cells. It is suggested that the improved
stability is due éo the deposition of a thin layer of copper during the
piating process for - Ve applied potent;als.
The tempeiatu;e at which the plating is carried out is another

. important parameter. Temperatures: of 906C and above promotea the growth
ofnchalcocite (CuZS) as identified directly using R.E.D., and indirectly
by measurement of spectral responses.. The peak in the 0.C.V. response
in the vicinity of 0.9 um is associated with absorption processes in-
chalcocite. Devices produced at temperatures below 65°C gave low 0.C.V's.
and cells plated at 45°C we¥e subjected to more detailed examinations.
R.E.D. investigations showed that the formation of a copper dgficient phase,
ﬁjurleite, was promoted at this temperature. This correlated ﬁith changes'
' in the 0.C.V. spectral response which showed that the main peak for
unbaked devices is at 0.7 pm which may be associated with absorption
processes in Djurleite'(CuL96

~ Heat treafed devices prepared at 90°C show a main peak at
0.7 pm due to the formatiqn of a photoconductive 'i' layer, whereas the
unbaked devices prepared>at 45°C show a similar response, but.this is
maihly due to the formation of a copper deficient phase of copber

sulphide.

9.3 Suggestions for future work
The results described in this thesis indicate several interesiing

areas for future work. These are:
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(1) . The thin film and single crystal work should be extended to

a study of spfayed and sintered powder layers. Powdered CdS cells
would consume still less energy in production than evaporated layers
Much larger area dévices could also be fabricated. The author has only
carried out preliminary work on sintered CdS discs and the main problem
would appear to be that the resistivity of the sintered layers is much

too high or low.

(2) | The work concerning heat treatment of solar cells shoyld be
investigated much more fully in ambients other than air. Baking in:

hydrogen may produce more efficient solar cells. Specially prepared
thick layers of Cu,S (200 um or above) oﬁ CdS should be observed at

2
each stage of heat treatment using R.E.D.

(3) Investigations on the control of the stoichiometry of the copper
sulphide by applying electrode-potentialg during plating should be con-
tinued in'view of the discrepancy between theory and the obsegvations
reported here, andby other workers. R.E.D. investigations may prove-to
.be of use in monitoring the chemical phase of the copper sulphidg as a
functior of iilumination -time.
(4) Zinc should be introduced into the lattice of CdS using the
solvent extraction process described in Chap£er 8.l This will produce
a mixed crystal which would give rise to topotaxial cépper sulphide
layers under less strained conditions. There would be fewer interface
or xecémbination states and higher 0.C.V's. should be obtained.

Eventually this work could be extended to powdered solar cells.
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APPENDIX 1

CORRECTIONS TQO SPECTRAL RESPONSE CURVES

None of the spectral response curves pfesented so far in this
thesis have been corrected for the variation of energy with wavelength
of the light source or for the varying dispersion of the prism mono-
chromator. To make these corrections it was necessary to measure the
spectral distribution of the output of the tungsten lamp. This was.
done using a Hilger and Watts Schwartz Compensated Linear Vacuum
. Thermopile-Type_F.T. 16.301/60257 ét the exit slit cf the monochromator.
The input from the tungsten lamp at the entrance stit to the mono-
chromator was mechanically chopped at 10.Hz and the resulting output
of ﬁhe thexmopile was fed to a Barr and Stround Type E.L. 7921 tuned
amplifier. A moving coil meter in this amplifier gave a reading directly
proportiounal to the.energy.falling on the thermopile. The meter output
is plotted as a function of wavelength for the light source in Fig. a.1.
This calibration enébled the spectial response of the 0.C.V. to be
corrected for equal incident energy when required. However, although
simple, the correction process is laborious and so a computer program
was written to perform this more easily and plet the response automatically.
The flow chart énd program 1istinglare shown in Figs. A.2 and A.3. A
corrected cﬁrve is shown in Fig. A.4. This should be compared with the
uncorrected response shown in Fié.%ﬂz

The corrections of many 0.C.V. responses at various stages of
heat treatment were carried out, but the conclusion is that no additional
information is revealed after the correction prccess, but there is a
slight do%nward shift in wavelength of corrected peaks relative to
unéorrected responses; ~The main featﬁres can certainly always be

distinguished on the uncorrected responses. Furthermore, in the previous
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FIG. A1 ENERGY DISTRIBUTION OF TUNGSTEN LAMP RUN AT 200 V.DC.
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FIG. A2 FLOW CHART OF SPECTRAL RESPONSE CORRECTION PROGRAM

1

Max=A(LS)

A(L,6) =100+
A(LS)IMax

1F
X=A[,1)

B()= A(T,2) D(I)=A16)
- \ s
v A 4
A(1,4)=Y
\
. A15) =
N A(L,4)/A(L,3)




FIG. A3 LISTING OF SPECTRAL RESPONSE CORRECTION PROGRAM

SPEC:PRQOC OPTIONS(MAIN)
RCLIRyCoNe Iy JeKIFIXED BIN{31)yIXsY, MAX)FLDAT(Ib),A(?b 6)FLDATi
16).([1761.0(16))FLLAI(b).
UO R=1 TC 76
DO C=1 TC 63
GET.LISTLA(R,C} )
END;
END3
GET LISTI(NI):
START:GET LISTIXsY);
IF X=0 & Y=0 THKHEN GQ TC STQOP:
1=0;
CCNT:I=1+41;
If X=a(1,1) THEN DO;
B(IV1=A(I,2};
A(Io’f)=Y;
A(I5)=A(1441/7001,3);
CO TO START;
END
LLSE GO TO CCNTs
STUP:MAX=A({1+5):
DO I=2 BY 1 T 76;
IF A(LZS)I>HMAX THEN MAYX= A(I;D).
END
DO 1I=1 TQ 76, :
A{Lo6)=100%A{]+5)/MAX;
D(I)=A(1,6); '

END;J : :
. . PUT PAGE EDITI(" . DRUM READING WAVELERNGTH Ct
"RRECTYICN FACTOR OeCoVoe CORRECTED 0o.CoVe % 0sCeVoa

YA )
PUT SKIP(2);
DO J=1 TC 76; ]
PUT SKIP EDITCA(T LYo Alde2) s ACJe3) e ALJs4 ) ALJsS )AL 6)YIX(9),
FOT a3 0o X{12) s FUTa30 e X113 o FTe3) e XTU14) s F LT3 e XEL12)3F{T43)4X113),F{Ty2)
¥
CND
BEGINS
CALL PLTSIZ(7.874E-1); .
) DCL 1 DUMe2( 1 FIXED BIN{31),CHPAR CHAR(B0) VAR ),FPAR DEFINEC
CHPAK
CALL PLYOFS{QOe3EC+0.2E04+0.0EQ011e0EY1 41 SE0+05E0)
CHPAR="WAVELENGTH IN MICRGNS. ';
[==-22;
CALL PAXIS(1.5EQsCaSEQ¢FPARy I 46e5E0+0.0ED04043E04+0.2E040.5EC) S
CHPAR='PERCENTAGE N CeVae's
1=17;
CALL PAXIS(1o5EQyCaBSEQWFPAR) I 41.0E1+49.0E14+0.0E0+41.0EL1,y1., OEO).
K=13%
N=T63%
==13
R=43 ’ . v
CALL PLINE(B(Y)+D()L)sNyKoJIRy99,9EQ)
CALL PLTEND; :
END;
END SPEC;
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work reported from this laboratory, response curves have not been
corrected and hence it is easier to make comparisons between cells

produced in previous investigations and in the present series if no

corrections are made.
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