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AESTRACT

X-ray diffractornetery is used for studying the crystalline
structure of thin f£ilr CdS/Cu S (where x is slichtly less

than or ecual to 2) solar czll materials., The different films

5n0.. The CE8 filrs are prepared

£

prepared are

by:

a) screen printing of a mixture CAi%, Cr?,(;‘l7 (need as a £flux)

and propane 1 = 2 dicl (used as a binder) on a glass
b

slide and then sintering at a pressure of about %0 Pa at

a terperature of around 640°9;

b) evaporation of a rmixture of CJE and Cid(;l2 at a prassure
of about &0 Fa and deposition on glass substrates at

temperatures hetween 300 and 500°C;

c) chemical vapour depositicn of Cd0 on class slides and

conversion of this Cd0 filwr into C4E at a temperature of

500°C by an jicn exchange reaction on passing E,S.

Only in case (b) the desirable (00l1) textured (cld to subst-

rate surface) CdS layers are clhtained.

The Cux§ filws arc prepared by a solid state reaction. CuCl/

CuCl7 (rixture: CuCl oxidizes easily to C.uC:l2 unon exposura

]

to air) films were deposited on £ds £ilm by evaporation of
CuCl/CuClz (rixture) powder at vacuunr of &C Pa. For a substrate

temperature cof about 500°C the solid state reaction between



CuCl/CuCl2 (mixture) and CdS and the evaporation of produced
CdCl? occurs simultaneocusly. The obtained CuXS moc¢ifications

S and Cu,f£. The x-value in this modifica-

are Cu | [P
<

1,550 Cu

tions increases with decreasing of the arount of CuCl, in the

1,96

-~ g

rixture. Because of the hich reaction terperature the high
temperature modification of the Cul ocS—phase is produced.
The SnO? filme are prepared by cherical vapour deposition of
SnCl2 in air. The crystalline structure is as expected tet-

raconal,

The x-ray diffraction pattern (XRDP) are obtained by means
of a Norelco ¥ide Rancge Diffractometer coupled with a Phi-
lips x-ray cgenerator (XRG 3000) with a copper target tube.
The patterns are indexed by referred intensity and lattice
information. The nethod being nondestructive, has the advan-
tage of obtaining information at all stages of fabrication
of the thin filme, hence; the effects of nrocess pertubation
can be studied such that it is possible to suggest the best
method of obtaining desirable thin films for efficient solar

cells.



INTRODUCTION

The photovoltaic solar cell is a semiconductor device which
converts sunlight directly into electricity. The operation
of this device is based on the photovoltaic effect which is
the conversion of light energy (photons) to electrical energy
in a semiconductor junction device. The photovoltaic effect
has been observed since 1%3% and the theory has been develop-
ed since 1930. The importance of solar cells for the space
rrogram has led to further refinement of the analysis which
allows their performance to be predicted within 10 percent

efficiency.

Solar cells consist of thin sandwich of one or more semi-
conductors, with metal electrodes on either side. A trans-
parent coating envelopes the device to shield it from harm-
ful effects of the atmosphere and to assist the absorption
of light. Cells made of monocrystalline semiconductors,
although very thin, are stiff and inflexible. Cells made of
thin-~film polycrystalline or amorphous semiconductors can

be rolled and unrolled like conventional roofing materials.

A photovoltaic 2ffect in CAS was first observed by Reynolds
made by depositing a thin film of copper on a cadmium sulphide

film/1/. Later work estabhlished that the actual junction was



2

between Cdf and Cu,C /2/. A substantial number of research
efforts have since been conductaed on this heterojunction
and although some variation exists, cells have aqenerally
been made by reactina a vapour deposited cadmium sulphide

with a cuprous ion solution.
The object of this study is to produce thir films for

CdS/Cu?S solar cells and to investicate their crystalline

structure by x-ray diffraction.

OPERATION OF PHOTOVOLTAIC CELLS /3/

The photovoltaic effect is the creation of an elaectromo-
tive force (EMF) by absorption of licht or amy ionizing
radiation in an inbhomogencous solid. It is distinguished
from localized heating which can cause an EMF via thermo-
electric effects or from nonuniform illumination in a

homogeneous sarple,

In order for the photovoltaic effect to exist in the system,
the light must generate charge carriers, both electrons and
holes, which must be separated by an electric field created
by some electronic inhomogeneity which is generally called
the electrconic junction and is described bv a change in the
energy level of the conduction band relative to the Fermi

level.



The electronic junction, necassary for the photovoltaic
device, can be the recion between two semiconductors
having different types of conductivity hence comprising
a p-n junction which can Le:

a homojunction which has the same semiconductor on

both sides of the junction,

a heterojunction composed of two differcent semiconduc-

tors,
a Schottky-barrier metal--semiconductor junction,

a metal-insvlator-sermiconductor (MIS) junction.

The essential features of a solar cell are an absorber
material in which mobile carriasrs are agenerated by the
absorption of light, and build-in voltage region which
allows the geznerated carriers to be collected from the
region in which they are generated and converted to
majority carriers. The absorbcr recion determines the
magnitude of the current that is generated and the height
of the barrier voltace determines the voltage that the
cell can produce. Absorption of light by the semiconduct-
ing absorber requires, that the licht energy is at least
equal in magnitude to that of the energy cap separating the
valency band from the conduction band (band cap). A frac-

tion of light having the proper energy can be lost if the



semiconductor laver is not thick enouch to effect complete
licht absorption (ie. thinner than the optical absorption

length of the semiconductor).

Recombination Losses

Losses due to photogenerated elactrons and holes recombin-
ing before they are separated in the p-n junction are
highly influenced by the material guality and device struc-
ture. Bulk recombination takes place away from surfaces
and interfaces and generally occurs at impurity sites and
structural defects in the semiconductor. €ince most carri-
ers are generated in the bulk, outside the junction, mini-
mizing bulk recomhination results in a big fraction of
photogenerated carriers migrating to the junction sc as to
be separated. It means the diffusion length (the distance
photogenerated carriers diffuse without recombination) has
to be long enoucgh to allow 2ll carriers to reach the junc-
tion. In addition, weakly absorbing materials require

longer diffusion lenagth for efficient carrier collection.

Other effective recombination centers arise due to unigue
electronic states which arise in the vicinity of composi-
tional and structural discontinuities in the solids (or in

all active and passive parts of the solar cell). Hence,
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surfaces and interfaces are critical regions in the solar
cell. Surface recombination is particularly important in
p-n homojunctions, where many carriers are generated in
the front active element. In this type of cells the effect
can be minimized by decreasing the thickness of the front
active element or addition of a compatible transparent

semiconductor layer in front cf the cell (heterostructure).

In heterojunction cells the front active element can be
rade of a semiconductor with a wide band cap which will
only absorb the small fraction of the incident radiation
of energy larger than the band gap. Hence, most carriers
are generatecd in the back active element and thus are not

susceptible to front surface recomhination.

Recombination at the bacl side becomes appreciable when
the thickness of the back active element is comparable to
both the optical absorption length of the semiconductor
and the carrier diffusion length. It is because an appre-
ciable number of carriers are generated near the back
surface, where the recombination rate is high. This effect
can be reduced by using a back-surface field structure, in
which the region of the kack active element adjacent to
the slectrodes is heavely doped. Consequently a field is

produced that effectively confines the photocarriers to



the bulk of the back active z2lement and the photocarriers

are kept away from the clectorde.

Defects arising at the interface between two dissirilar
materials provide another important recombination path.
Interface recomhination is an important loss mechanism in
heterojunctions and Schottky barriers and is reduced by
matching certain key proverties of the materials envolved
such as lattice parameter, thermal expansion, energy of
the conduction and valency band edges,ctc. Another inter-
face highly affecting efficiency is found at grain bounda-

ries of polycrystalline materials.

Current-Voltage Characteristic /3/.

A semieonductor junction has the electrical characteristic
of a diode, ie. significant current flows only for one
polarity of applied voltage. This forward polarity is pre-
cisely the one appearing across an illuminated cell connec-
ted to a load. The current thus produced, the diode current,
flows in the direction opposite to the photogenerated cur-
rent under short circuit conditions. The net current flow
is therefore reduced from that under short-circuit condi-

tions by the magnitude of this diode current and becomes
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zero when the load resistance becomes infinity. This is
called the open-circuit condition, and the voltage meas-
ured under this condition is the one at which the diode
current @xactly balances out the photocurrent. Consequent-
ly hich opén~-circuit voltages are obtained for small diode

current,

The magnitucdc of the diode current for a given voltage bias
and polarity depends on the current-carrying mechanism
across the junction. When current is carried only by dif-
fusion of enercetic carriers over the top of the potential
barrizr at the juncticn, the diode current is a minimum
and the open-circuit voltage is a maximum. Voltage of for-
ward polarityv reduces the height of this barrier and inc
reases the diode current and if it is larce enough, the
barrier vanrishes and the diod: current can balance any

photocurrent produced by the cell.

For homcijunctions the maximum open circuit voltage achei-

vable . is slightly smaller *than the band cap of the semi-

conductor. Hence, the use of largc band cap semiconductors
produce high voltages. But such semiconductors produce

small current due to their abscrbing less radiation.
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The power delivered by a cell te the load is egual to
the product of the current ard the voltage across the
cell and therefore depends on the load. When the load

is zero or infinite the power Aclivered is zero. For

some firnite load resistance the »nower reaches a maximurm.

The efficiency of solar cells is influenced by electorde
design, contact fabrication and electrical shorts across
active elements. These effects can be described in terms
of an added series resistance between cell and load, which
has tc be minimized or a shunt resistance across the cell
terminals which has to b¢ maximized for efficient cell
operation. The front electrode is either a transparent
continuous layer or a fine grid structure with minimum
shading so as to maximize the amount of solar radiation
reaching the active element. Elecctrode light transmission
is usually improved at the exvense of increased resistance,
leading tc the recduction of efficiency. Increasing the
conductivity of transparent electrode or active elements,

therefore, improves device performance.

Another important factor to cell efficiency is cell stabi-
lity over many vears of exnosure to sunlight and other

environmental stresses.
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CdS/CuxS Thin Film Solar Cells /5,6&/.

CdS/CuXS thin film solar cells are one of the most inves-
ticated photovoltaic devices. The first thin film cell

was developed by Carlson /4/ and, after 1960, conversion
efficiences of greater than 1% were reached. Intensivec
development produced cells of relatively large area (55cm?)
with mean efficiencies of about ¢%, some cells of 4 cm?

having efficiencies of over £%.

However, several problems avpeared and these increased in
number as the efficiency of the cells increased. The main
problem was chke low vyield of efficient cells, and the
dependence of the performance on the preparation method.
As the photoveoltaic mechanism and the structure cof the
junctions were not understood, the improvments made to the
cells were essentially empirical and all these cells were

very sensitive to different dzgradation mechanisms.,

The principal difficulty in achieving hicher efficiencies
seems to lie in reducing substancial CdS/CuxS interface
recombination. The analysis of the chemistry of this inter-
face enables one to estimats the recombination velocity at
the CdS/CuXS heteroiunction and to see which other conse-
guences for the band structurzs n=zar the interface result.

This analysis is based on the lattice mismatch (at the

junction} and related space charges.
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Copper sulphide can exist in a large number of phases

(see Table 1 and Chapter 3.2), but a useful phtovoltaic
effect has been observed for the chalcocite phase (CUZS).
CuZS is usually produced on top of the CdS layer by a
topvotaxial reaction,; that is, replacing a cadriur ion by
two copper ions, hut leaving the sulphur sublattice essen-
tially intact. The lattice structure chances slightly from
the hexaconal CdS€ with a = 4,1368 5 and ¢ = €.7162 A to the
orthorhorbic Cu,S with a = 11.976 X, b = 27.640C A,

c = 13.488 ga Generally the lattices are racroscopically
connected in a plane perpendicular to ¢ (see Chapter 4).
Fio.l shows a cut throuoch a sulphur layer at the CdS/CuZS

interface perpendicular to the c axis (of both CdS and

CuZS) as an exarmple.

The mismatch between the chalcocite and the CdS€ lattice
shown which is the smallest for all of the possible crys-
tallographic phases of CuxS, Table 2) n»roduces a disloca-
tion network with an excess sulphur layer in the CuyS at

a distance of 52.9, 96.7 and £08.8 A in the a,b and c
direction respectively. This extra layer provides a line
network of dancgling bonds with a density of 3.44 x 10'?,
6.25 x 10'3 and 1.07 ¥ 10'* cm °, perpendicular to the a,

1.

b and c¢ direction, respectively.
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It is expected that all of thesc dangling bodns arc

(relative to the lattice) negatively charged, and attract

compensatinge charges (donors) in the adjacent CdAs

Cu. 8.,
X

A higher donor density is ecxpected in CuxS,

by Cd interstitials trapped during the topotarial

formation. These donors providc

a high density of

and

caused

donoyxy -

acceptor pairs with enhanced recombination and decrease

the efficiency of the photovoltaic cell

Table 1

(see Chapter 2.1).

Symmetry and lattice constants of CdS and various

copper sulphides /2,5/.

TR RCI———

Crystals Structure{Lattice Constants /A

Compound
. a b c
cds Hexagonal ! 4,137 6,716
Cuzs Orthorhombic 11,976(27,640 | 13,48R
Cuzs Hexagonal ' 3,961 6,722
|
Cul 965 Orthorhombic 15,71 (13,56 26,84
Cu1 968 Tetragonal 4,008 11,26°
Cu S Hexagonal 11,355! 13,50¢
1.91 |
Cu, ¢S Pseudocubic 5,56 l |
Cus Hexagonal 3,794' § 16,332
A !
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cds Cu,S
" i I : 2‘ [
df010]=2.068A  d{s500] =1.996A

P e e e

i
)

o6~ i N\
S
h=27,640A | ) S e U S
f k.‘ | ? &
d[210] =3.583A
(Cas)

% Rl stel i i

Pzt LA A 7 WL il o i

e | T3
" afosd] =3.4553
(Cu,S)

2

'

!

A o s 8 A Y PSS A 588 W k.
e S

et ettt i it e e A 55 g i i o s o .v__.j

M—ma=11,976A B
Cu,S

Figul. CuZS elementary cell L ¢ cut (approximate). Sulphur
layer depicted. Lattice mismatches to CdS lattice

indicated.
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Table 2 Lattice parameters of Cds and Cu,S /5/

i =4
g Lattice constants /i
Cds (hexaaonal) Cqu (orthorhombic)
(100) 4,1368 (1c0) 11,97€
(001) 6,7162 (010) 27,640
(001) 13,488

Lattice spacing as aligned (i)

S :

cds Cu

2 |

a [110] 2,068 da [600] 1,996
a[ow] 3,583 d [03s0] 3,455 g
a [oc2] 3,352 a [ooz] B a72 |
!

Lattice mismatches

"y

(100) 0,072 A 3.5% !
(010) 0,138 A A.2% ’
(001) 0,014 & 0.3 ;

Structure and phase studies of topotaxially grown CuxS on

oriented polycrystalline Cd€ films have, therefore, direct
impact on the performance characteristic of CuXS/CdS solar
cells. &tructure evaluation of Cuxs involves phase identi-
fication and lattice parameter and orientation relations

to get a meanincful interpretation of stoichiometry.



THIN FILM DEPCSITION TECHNIOQUES

The Production of Layers of C4S

Cds layers are invariably n-type ac a consequence of the
presence of a large density of native defects (sulphur

vacancies and excess cadmium} which act as donors.

3.1.1 Thermal Evaporation /7/.

One of the most common techniques for the deposition of
Cde thin films is the thermal evaporation. The obtained
polycrystalline layers show a columnar structure with the
¢ axis perpendicular to the substrate surface 1if the
substrate is heated at 200°C during depcsition. Thase
layers exhibit a large number of pinholes and need a thick-
ness of up to a few tens of microns to avoid short cir-
cuits in the complete cell. The size of crystallites is
about 1 um, and their c axis is appreoximately normal to
the substrate. To produce low resistance films (which are
needod for solar cells) the easiest way is to introduce

donor native defects (sulphur vacancies) or donor impuri-

ties (indium).

The main disadvantage of this method is that 80% of the

evaporated material is lost.



3.1.2 Sputtering /7,8,9/.

By using sputtering, over 20% of the material sputtered
from the target can be depositad onto a substrate, the
uniformity of the orientation of the C axis is greatly
improved, and the density of pinholes is considerably

reduced,

The properties of the sputtered layers are quite similar
to those of the evaporated films except for the resisti-
vity which is typically 1 M Q em for layers condensed on
substrates heated at 200°C, probably as a result of better

stoichiometry.

The main disadvantage of this method is the difficulty of

doping and the low deposition rate (about 2 um/h).

3.1.3 Screen-Printed anéd Sintered Layers /10/.

CdS films of low resistivity are prepared by screen-print-
ing a CdS paste on a glass substrate and then sintered in
N, gas atmosnhere including a small armount of Cd vapour.
The Cd8 paste is prepared by miving 100 ¢ CdS powder and

7 g €4Cl., prowder (flux) with propylene glyccl (binder). The

P
&L

printed paste is then sintered at 640°C for one h. The

-2 . . .
resistivity of these films is 10O Q cm with grain sizes

of 5 - 10 um for a thickness of about 50 um.
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3.1.4 Sprayed Layers /7,11,12/

An aquaous solution of a cadmium salt and a sulpho-organic
compound is sprayed onto a haated substrate whose tempera-
ture is above 250°C. The reaction which develops on the
hot substrate produces a CdS layer and volatile oproducts.

)., the

With the commonly used CdCl, and thioria SC(NH o

2

global reaction is

CdCl. %

9 + SC(NH2)2 + ?FQO > Cﬂ5-+2HH4C1+ + CO

2
The spray can be realized in NE atmosphere and the sprayed
layers are more compact and stoichiometric than the eva-
porated films, so the CdS thickness may be reduced beclow
10 ym. The deposition rates are rather low with values
around a few microns per hour. For substrate temperatures
less than about 300°C, the layers are very rouch, with
small disoriented crystallities. Above 350°C the layers
resemble evarorated layers in many aspects: they are smoo-
ther, with a crystallite size of about 0.1 um, have an

acceptable ¢ axis alignment normal to the substrate and

are optically transparent.
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3.1.5 Electropheoretic Deposition /14/.

2

The preparation of pinhole~frae thin films of CdS by the
above mentioned methods has always been a problem. Flect-
rophorasis from a CdS sol offecrs an alternative techniqgue.
Providad the particle size is small enouch, pinhole-~free
films 1-=2 um thick can he preparad on laroo--area substrates.
The gol was prepared by bubbling H?S irto a solution of
cadmium acctate and water. A particle size of about 100 3
was us24 sc that no additivas were reguired to prevent the
sol flocking out. The sol was stable for periods of many

weeks whan keot in darkness. This particle size also meant

that pinhole-free films 1 um thick could be prenared.

3.1.6 Chemical Spray Deposition-Ion Exchance /15/.

First films of CA0 which are 1-3 um thick are deposited
by epray pyrolysis of cadmium acetate or cadmium nitrate

on SnO., or In,0, coated glass slides, maintained at tempe-
& < %

raturas between 450 and 550°C. These films are subjected

to an ion exchange procedure in a flowina sulphide ambient
at temperatures of 400-500°C. These films are complately

convaerted into CAS. The CAS films, now 2-6 um thick, have

grain diameters of 1-2 m. It is importart to note that

ever. though the two phases have significantly different

o aa i
densities and crystal structures, the converted Cds films
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rerain intact and adherent to the substrate. Specifically,
CdO crystallizes in the cubic rock salt structure with a
density of 8.15 ¢g/cr®, while CAS has the hevagonal wurtzite
structure with a density of 4.82 g/cr?. The total number
of rolecules present in the filr remains constant during
the transformation, and the rolecular weight increases by
only 12%, but the density decreases by almost a factor of 2.
Thus, the volume of the filr is doubled. The lateral expan=~
@ion 1is teaken up by the filling of voids between the ori-
cginal CdC crvstallites, while the upward sxpansion acually

serves to increase the film thickness.

3:1:7 Conclusions

(#9]

All the methods described are able to produce suitable CdS
layers for solar cell preparation. There are preparation
techniques such as orcanoretallic chemical vapor deposition
/13/, solution crowth /16/; however, only preliminary

results are currently available.

The Forration of Cu_S Layers.

Several copper sulphidesare known /2, T2ble 1/. Crystal

structures of several of the phases have been studied; there

L : ¥
is a general acreerent on the locations of the sulphur

atoms, The structurcs appears to divide into two grcups,
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that based upon hexacoral arrancement of sulphur atoms
such as found in hexaconal CuZS and CdS (Fig. 1), and that
based uvon z cukic closely packed arrancement of the
sulpher atoms such as is found in diginite and cubic Cds.

3

ferent crystallographic phases of Cuys are chalco-

(1}
©

The di

cite (Cu,S), which transforms from orthorhorbic pseudo-

N

hexaconal to hexacgonal at 103°C and to cubic at 435°C;
diurileite (Cul¢96s)’ which is orthorhombic and appears to
transforr sluocishly to a metastable tetragonal form, above
83°C ; dicinite (Cul.SSS)’ which is pseudo-cubic below

and cubic above . 80°C: and covellite (CuS), which decom-
poses above 507°9C: and of these crystallocraphic chases
only the chalcocite phase has proved to tbe the optimal
corposition for hicgh photoelectric conversion efficiency

in CdS/CuZS rhotovoltaic ecells.

Cu,S is cenerally a p-type decenerate material due to

25
covper vacancies, with an eneroy gap of 1.2 eV. It has a

very marked optical absorption especially along the c axis.

Diffusion length for electrons of about 0.3 ur are

usaully found. A ceneral problem connected with the various

methods of formation of this Cu S layer is the stoichio-

metric composition (x = 2). In studying the effect i

on Cu,S it was shown (/2/ that the crystals tend to
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shift to lower copper content. The mobile copper atoms
migrate to the surface of the crvstals and oxidize therec.
This sugoeasts the necessity of rigidly contrelling the

rrenaration conditions when one is working with copper

sulnhides.

3.2.1 Cheniplating Process (Dipping nr Wet Process) /7,17,1%8/.

-

A film of CZS is dipned in a hot (about 90°C) sclution of

CcuCl with a carefully controlled pF value (of about 4) and

the globkal reaction is

cads + 2CuCl => Cu,S& + “dC17

The reaction proceads quickly, producing about 0.3 ym of
Cuzs in a fow seconds.

The CAS surface is etched with EC1l acid before dipping in
order to present a clean fresh rac surface to the Cu Cl
solution. Apart from presenting a fresh C38 surface, the
etching also increases the area of the junction between

the CAS and the Cu S and enhances the penetration of the

CuXS into the CAS grain boundaries.
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In orcder to improve the stoichiometry of the Cu S addi-
" %77

treatment is don: tain i
reatment is done to obtain the Cul ogrS composi-

ot
e
Q
o
D
-
(1

tion, which is found tc give useful photovoltaic effect
This method nroduces oriented layers suitable for cell

preparation because a3 topotaxial growth occurs during the

exchange reaction.

. i e Gt e B IE RS e o5 - F e~
3.2.2 Blectronlating Procass /10/.

A CdS laver is etched with HC1l, and then immersed, together
with a copper plate, in an agusous solution of CuSO/_1° A
direct current voltage is applied between the copper plate
(anodz2) and the €4S film (cathode) within the deposition
potential of metallic copner at 20° for 1 hour. A Cuxs

layer is formed on the surface and along the grain bounda-

ries near the surface of the Cd§ film according to the

e

fcllowing reactions:

++
cutt + cas => CuS + Cé

n

n

Cus + (x-—l)Cu++ + 2(x-l)e => Cug

_ : ¥ S and
Her: CuXS represents the mixture of CuZS ' C“1096

Cul oS phases. Thus, a film of Cuxs is formed cn the

surface of the CAds film.
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5.3 Vacuum Deposition Techniques

All vacuuin deposition technigues produce Cuxs layers
independently of the €4S substrate, but their main disad-
vantacge lies in the misorientation of the films because
of the absence cof topotaxy. The first tentative results
were lay-rs of pcor stoichiomstry because of dissociation

of the compound. Flash evaporation gives better results.

During the last 4 years, sputtering has been used success-

fully for the preparation of CuXS layers /8,%/. Thin films

of Cu,S (0.3-0.5 urm thick) were produced by r.f. sputter-

P,

ing using hydrogen and E,S as additives to the sputter gas

arcon., The electrical resistivity and the ootical proper-
ties of the films show marked changes when the concent-

ration of the reactive part of the sputter cgas exceed 1%.
These changes correspond tc a variation in the chemical

composition of the Cu S layers. The films are polycrysta-
line and consist of a mixture of crystallographic phases
that =re not in thermodynamic equilibrium in all of the

sputtered layers.

; ; vapour
A new tachnique , namely organometallic chemical var

3 s red. Thi thod can depe-
deposition /13/, has been developed. This me e

i e e Cu,S
Site Cu,¢ layers and has a better control over th 9

. A means in
stoichiometry, and it can alsoc provide a precise T

nts.
the centrol of the doping level and type of dopa



The rz2in ccnsicderation in the choice of conper compounds

~

as scurczs for the CVD  process is their vanour pressure.
sufficiant vapour pressures of these compounds at relati-
vely low tarneratures are reguired for the nrocess to suc-
ceed . Thers are very few coprmer corpounds that fit such

rzquirement. In this werk, vancur cof CuCl(ECCHQ71 WAS
' ’ 840088 2 1

I

used as the corper source, which was generated by bubhlina
nitrooen throvcoh the souvrcas,; in which acetonitride was

used as a solvent and the fcllowing reaction is held:

6(Cu,Cl,) + n(cH,on) => [ (cuct(veeny)|

For the sulphur souvrce, dry E,S gas was used.

A horizental heatinc reactor systsm is used. Growth of

Cu,& ic cbtained over a wide range of temperatures and

¢as compositions. The reactor temperature was set between
800--900°C an® the Carrier'-ﬁa:-«flow (N,)) was set hetween

0.05-0.2 cw3/min: the H,& aas Flow was set between 0,01~

C.03 cm3¥/min.

& : increa-
In all cases, the growth rate of films was found to inc §

te wa
se with the substrate temperature, the agrowth rate was

ag 700°C and
neclicihlv small when the reactor temnerature was 700 £

when thiec temperature

reasonat 1o crcwth rate was chtained

S

was f00°C,




- ?4 -
The as crown layars are black in color, anéd the surfaces
are mirror-like. X-ray diffraction was used to exarine the

phases of the filws. Fror this it was concluded that the

produced Cuxgﬁ;has& is chalcocite.
gince the akbove mentioned deposition techrniques are in the

prelirinary stace, further investication alono these lines

is necessary.

3J.2.4 Solid State Reaction /19/.

This rethod corbines the advantaces of vacuur deposition
and of the exchanoce rcaction to produce topotaxial f£ilrs
of Cu S on Cdf layers. Thejunction develops in the CdS as
for the wet process, and does not result fror the sticking
of two different raterials as for vacuur deposition. The
rethod consiste in the evaporation of the CuCl onto a CdS
layer with suksequent heat treatrent to produce the sare
cherical exchange reaction of that for the cheriplating
Process, The two filrs are then backed in an inert or
reducing atmosvhere at about 180-202°C for a few seconds.

- d off
The unreacted cuCl and the €dCl, produced are washed

the free surface usinc alcohol,
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Structural cdata suggest a tonotaxnial arowth of Cuxs, and
the reaction is limited to few tenths of a micron without
ceep penetration into the qrain roundaries of the Cdas

laver.

The main problem is the evanoration of carefully purified
CuCl (without CuCl,) and the limited thickness of the Cu S
which occurs probably because of the formation of an

impermeable layer or CACl, during the exchance reaction/7/.

The Formaticn of £n0,, Layers 720,21/ 4

Tin oxide films hgve been reported by many investicgators as
transparent conducting films. Sn(}2 is ar extrinsic
n-~-samiconductor. Sno2 filme were deposited for several
minutes onto a surface of a preheated (450°C) glass slice

by chemical vapour devosition of #nCl, in air.
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X-RAY STRUCTURF ANALYSIS /22, 23, 24/,

¥-rays are electromaagnetic radiation which have wavelenocths
comparahle with the interatomic spacinos within the crystal.
Then ¥»--rays strike a crystal, sore of the incominc radia-

tion is scattered by electrons of the atoms in the crygfal.
The radiation scattered from neriodicallv snaced atoms adds
coherently to produce diffracted beams for certain incident

directions.

. L, Bragg was able to account for the ancles at which the
diffracted beams are observed., His analvsis showed that the
diffracted beam and the incident beam make the same anale
with a set of ecually spaced parallel planes of the crys-
tal atoms. The different planes of the crystal then act

as a kin? of nartially reflecting ‘mirrors’.

The condition which must be mst in order that th= ‘reflec-

ted’ heams add constructively to vield an intense diffrac-

¢t

ed heam is that they all be in phase. This condition, known

2

s Pragg's Law, is expresser hy:

o1}

89

2d sin ® = n A n % ) adyidae o (1)

- 4 & i = anol
where ¢ is the spacing hetween the planes, @ is the ang:e

i < A +h
which the incident beam makes with the planes and X the
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wavelanagth of the electromagnetic radiation. As the index
cf refraction of x-rays is essentially unity, ths trans--
mitted beam therefore nasses throuch the crystal unrefrac-

tad.

.1 The Geomctry of Crystals

4.1.1 Crystals

A crystal may ke defined as a solid composed of atom=z
arranged in a pattern neriodic in three dimension. As such,
crystals differ in a fundamcental wav from gases and liquids
because: of the atomic arrancements in the latter which do
not nosses the essential reguirements of periocicity. Not
all solide are crystalline, however; some are amorphous,

i range-
like glase and do not have anv regular interior arrang

ment of atoms.

“.1.2 Lattices

In thinking about crystals it is often convenient to

: d their
irnore the actual atoms composing the crystal an

3 ink i cad of a
periodic arrangement in space; and to think inste

" g ' re on in
set of imacinary points which have fived relati
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space to the atoms of the crystal and may be recarded as
a sort of frame work or skeletor on which the actual

crystal is bullt up.

These points can ke formed by intersection of three paral-
lel and equidistant sets of planes. The set of points so
formed has an important property; it constitutes what is
called a point lattice, which is defined as an array of

points in space so arranged that each point has identical

surrounding.

By identical surrounding it is meant that the lattice of
noints, when viewed in a particular direction fror one
lattice point, would have exactly the came appearance

when viewed in the same direction fror any other lattice

h

noint. The set of cells produced by the intersection of
the above planes are identical (in shape and size) and

one of ther is called & unit cell.
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Fig. 2 A point lattice

The size and shape of a unit cell in turn can be
described by three vectors 3, B and ¢ drawn from
one corner of the cell taken as the origin. These
vectors define the cell and are called the crystal-
lographic axes of the cell. They may also be descri-

bed in terms of their lengths (a, b, ¢c) and the
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the angles between them (ayB,Y) which are collecti-
vely called lattice parameter of the unit cell. The
vectors 3, E, 3, in addition to defining the unit
?ell define the whole point lattice which is produ-
- ced by their repeated action 6n-one lattice point

located at the origin.

Fig.B' A unit cell

4.1.3 Crystal" Systéms

In dividing space by three sets of parallel planes,
one can 6f course produce unit cells of various
shapes, depending on how the planes are arranged.

By giving special values to the axial lengths and
angles to the so produced unit cells one comes up
with units cells of various kinds of point léttices,

since the points of the lattice are located at the
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ceil corners. It turns out that only seven diffe-
rent kinds of cells are hecessary to include all
the possible point lattices. These correspond to
seven crystal system into which all crystals can

be classified. These systems are listed in Table 3

Table 3. Crystal systems and Bravais lattices/24/.

Bravais Lattice
System Axisle fengthe ond angles lettice. symbol
These equol at Ighunola S :
5 oxes of ¢
i [
Thees axes of right angles, two squal Simple
Tetragenal a=buwc, .:g-ys#. X Body-centersd 1
\ w.' [ 4
entered i
3 Three unaqual axes ai right angles Body <
. w: avbec, ..p.y'.ﬂ'f " :u-anhnd E
3 iy inclined . N
4 « | Thees equol axes, equally »
Bhombohedral amb=c, o=fuy W Ty
Tws equal ceplonar oxas ot 120°, ?
#hird axls ot right ongles Simple
Hexaganal 5.54“,.5"9&,7—]]?
MW“, w. 4
" < ir not of right angles | Bose-centorad [
e :.:"bo#c, esy=9° = ;
Three unequal axes, unequally inclined ’
ond none of right angles Sumpie
Trickinic asbdc, arBry «9%°
@ Also cailed trigonal.

In addition to producing the seven different point
lattices by simply putting points at the corners of

a unit cell of the seven crystal systems, there are
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other arrancerent of points which fulfill the recuire~
rents of the point lattice (rarely that each poirt has
identical surroundings). The French crystallographer
Bravais worked out the protlem and in 1848 demonstrated
that there ara fourteern possible lattices and no more.
The fourteen point latticescr Bravais lattices are descri-
bed in Table 3. The syrbols P,F,I, etc. have the follow-
ing mearings. P stands for the so called priritive cell
wvhere the unit cell has only one lattice point pver cell.
F,I etc. which stand for non primitive unit cells and
have more than one lattice point per cell. A lattice
point in the interior or a cell "belongs” to that cell,
while one in a cell face is shared by two cells and one

at the corner is shared by eight cells.

4.1,4 Priritive and Won-Priritive Cells

In any point lattice a unit cell ray be chosen in an infi-
nite nurber of ways and may contain one Or rore lattice
points per ccll. It is irmortant to note that unit cells
do not "exist” as such in a lattice; they are a rental

construct and can accordincly be chosen at ones convenience.
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Any of the fourteen Bravais lattices may be refe-

red to a primitive unit cell.

“"
R_-“ 7
4 '
wl 4
y 7 s !
¢ ) . 4 /
H" PR i U /
»’ C' _a—"-l:‘
2z V.1 i
& ” U
/{”:’ . ’
v
/
i ’—,—“‘D
A -

Fig.4 Face~centered cubic point lattice referred

to cubic and rhombohedral cells.

For example, the face-centered cubic lattice shown
in Fig.4 may be referred to the primitive cell indi-
cated by the dashed lines. The lattice cell is rhom-
bohedral; its axial angle o is 60°; and each of
its axis is 1//2 times the length of the axes of the
cubic cell. Each cubic cell has four lattice points
associated with it each rhombohedral cell has one
and the former has correspondingly four times the
volume of the latter. Neverthless it is usually more
convenient to use the cubic cell rather than the
rhombohedral one because the former immediately sugge-

sts the cubic symmetry (which is higher than that of
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the rhomhohedral) which the lattice actuallv nossesses.
Similarly. the other centered ron-primitive cell listed

on Table 3 are preferred to the nrimitive cells nossi-

ble in their resvective lattices,

If non nrimitive cells are used the vector from the
crigion to any point in the lattice will now have comno-
nents which are non integral multiples of the unit cell

3 g, ¢. The prosition of any lattice noint in

vectors,
a cell may be given in terms of its co-ordinates; if

the vector from the oricin of the unit cell to the civen
peint has components u;g vg, wé where u,v and w are
fractions then the coordinates of the point are uvw.
Thus. noint A in Fig.4 taken as the oriain, has coordi-
nates 000 while point B, C and D, when referred to

¥ 0 k¥ and@ %%*0 respec

cubic axes, have coordinates 00%,

tively.

4.1.5 Lattice Direction and Planes.

The direction of any line in a lattice may be descrihed

by first drawing a line through the origin paralicl to

; iving 0 dinates of any
the aiven line and then giving the coor ;

noirt on the line throuch the origin. Let the A bans

2 i avina
throuch the oricin of the unit cell and any point having
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coordinates xyz where this numbers are not neces-
sarily integers. (This line also passes through the
points 2x 2y 2z, 3x,3y,3z, etc). Then [xyz] written
in square brackets, are the indices of the direc~-
tion of the line. They are alsoc indices of any line
parallel to the given line, since the lattice is
infinite and the origin may be taken at any point.
Whatever the values of X,v.2, they are always conve-
rted to a set of smallest integers by multiplication

or division throughoﬁt. Negative indices are written

with a bar over the number.

" {233}
* log ¥~;11 A9
{ i
o1} .
\ por
{100]
4 loiﬁ! “Z): E‘ s
Wb [
1}
Yy (100}
{1204

Fig.5 Indices of directions

The orientation of planes in a lattice may also be
represented symbolically according to a system
popularized by the English crystallographer Miller.

A workable symbolism thus arrived at for the
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orientation of a plane in a lattice, the Miller
indices, which are defined as the reciprocals of
the fractional intercepts which the plane makes
with the cystallographic axes. For example, if
the Miller indices of a plane are (hkl) written in
paranthesis, then the plane makes fractional inter-

cepts of l/h g l/k » 1/, with the axes, and if the

2
axial lengths are a,b,c, the plane makes actual
intercepts of a/h ; a/k, c:/2 , as shown in Fig.6.
Parallel to any plane in any lattice, there is a
whole set of parallel equidistant planes, one of
which passes through the origin; the Miller indi-
ces (hkf} usually refer to that plane in the set
which is nearest to the origin, although they may

be taken as referring to any other plane in the

set or to the whole set taken together. If a plane

(643)
A

4 &
0™="1A 2A 3A 4A

(b)

{&)

Fig.6 Plane designation by Miller indices
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cuts a negative axes the corresponding index is
negative and is written with a bar over it. The

planes (rh nk nf) are parallel to the plane (hk{)

and have 1/n the spacing.

A slightly different system of plane indexing is
used in the hexagonal system. The unit cell of a
hexagonal lattice is defined by two egual and co-
planar vector 31 and 32 at 120° to one another

and a third axis ¢ at right angles (Fig.7). The

complete lattice is built up, as usual by repeated

(it}

e = = == {H001) {611}
e LN W
&7 [ 51 [
L R ;
| “/ ) ' P t
1 1 L ]
t ' € '
i 1 -
i : . T 4/ 1 _4—-(1210)
: ’ X R o A \/
] R’{' N ) . ,.é‘ !
SN L e o fo10]
R = o , .,
s“ 1207 R
i ool * 7 Lo,
(i0ii) " ’
{&) (b

Fig.7 (a) The hexagonal unit cell and

(b) indices of planes and directions

translations of the points at the unit cell corners

a . »
by the vector 31 32 & . The third axis a; lying in
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the basal plane of a hexagonal prism, is so
symmetrically related to 31 and 32 that is often
used in conjunction with the other two. Thus, the
indices of a plane in the hexagonal system, called
Miller-Baravais indices, refer to four axes and are
written (hkit). The index i is the reciprocal of the
fractional intercept on the aq axis.
-3

rodd BE
By TRy

it

3 then

: (2)
h + k = « i

Since i is determined by h and k, it is sometimes

replaced by a dot and the plane symbol is written

(hk.2).

Direction in a hexagonal lattice are expressed in

- r
terms of the three basic vectors 31, a, and c (see

Fig.7).

Fig.8 Two-dimensional lattice, showing that lines

of lowest indices have the greatest spacing

and the greatest density of lattice points.
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The various sets of nlanes in a lattice have various
values of interplanar spacings. The planes of larce
spacing have low indices éhd pass throuch a hich den-
sity of lattice »oints, where as the reverse is true
for of planes of small spacings (see Fig.%). The inter-
planer spacing dhkﬁ measured at right ancgle to the
planes, is a function both of the plane indices (hk?)
and the lattice constant (a,b.c,a.P,y). The exact rela-
tion depends on the crystalssystem involved and for

the cuhic system takes on the relatively simple form.

il : = P e 3

Interplanar spacing equation for the other systems arc:

h2+ k2 22
Tetragonal: %2= ~—§7».+ =z (1)
4 h? + bk + ¥ L ®
Hexaconal: %2= §-( =7 Ll (5)
Rhombotedral:
1 (h2+ k2+2%)sin?a+2(bk + K+ h!) (cos?a-cos o)
gz=

a2(1 - 3 cos®a + 2 cos’a)
(F)



Orthorh

Monocli

whare

orbic:

l _ }’12 ; }":2 ,Q,?‘
d27 g2 gt 5e (7)
nids
1 =_1,_ (b ,Kksin’8  2° 27h cosp,
a2 in?f ‘a2 b c? Ll
(R)
ie:
1 2
T e S N Y b %5 [a] 2 c 20 a0
VZ( llh‘fhzjk +L332 +?»12hk+.b23k2 +2 l3h£),
(9)
in the ecquation for triclinc crystals
v = volume of unit cell
S = ' bPc* ain® a
,ll 5 o RN SR §
8., = @&‘c” 8in® 8
AR
24.2 o &
S?Q = a‘b® sin® vy
Sygqn ¥ akc? (cos a cos 3 - cos Y),
S, = a’kc (cos B cos Y . cos a),
& D
8 = ab?c (mos y cos a - cos B).
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The Intensities of Diffracted Beams

The resultant wave scattered in a certain direction by
all the ators of the unit cell is calle? the ceometrical
structure facter and is desicnated by the symhol 7. It
is oktained by simply adﬁing together all the' waves
scattered by the individual atoms. If a unit cell conta
ins atoms 1,2,3,......,N, with fractional cocrdinatas,
given in terms of the magnitude of the crystal aves
ulvlwl, u2V2w2’°'°‘°°uNVNwN and atomic scattering
factor ( the resultant wave scatterad in a certain direc-
tion bv all the electrons present in an atom)

£ ther the structure factor for

ﬁ'u..n..o;f.‘/
2" N

RV
£17

the hk reflection is given hy

N

7 = . 2 +kv (10)
Fypl ;4 fnexp i (hun kv, + an)

Since F is in general a complex number, it expresses
hoth the amplitude and the phase of the resultant wave.

Its absolute value |F| cives the amplitude of the

resultart wave in terms of the anplitude of the wave

escattered bv a single electron.

The intensity of the beam diffracted bv all the atoms oI

ok ‘ add 1 pv the Braaqg's Law
the unit cell in a direction predicted by

e ampli-
is simply proportional to |F|2 , the square of the amr

tudes of the resultant beam.
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Since F depends on the Miller indices and the coordinates
of the atoms in the unit cell, (as seen from Eq. (10))
therz will be certain reflections which are absent aven
though Brage's Law is satisfied. The conditions for

oeneral reflections hkl to be present or absent are given

in Table 4.

Table 4., Condition for reflection and extinction for

different lattice types

Lattice tyne{Reflaction present|Reflection absent

agimnle all non
hase centred| h and k uvnmixed h and k mixed

(one even and
other odd)

hody-centred| (h+k+l) even (h+k#1) odd
face-centred]| h, k and 1 h, k and 1 mixed
unmixed

all odd or all
even

Determination of Crystal €fructure /23/.

: L i 8 > inatior
The basic principle involved 1n structure déterm

i ing: e C tructure of a
is based on the following: The crystal s

: eevaction pattern-of-that
substance determines the diffraction pattern-o

s 3 adwms OF nit cell
substance . ie. the shape ancd sizié O the u
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determines the ancular rosition of the diffracted lines
and tho arrangement of the atoms within the unit cell

determines the relative intensities of the lines. In view

{23

of the above, in an indirect manner, the structure is

cetermined from the diffraction pattern.

ﬁ
o
3

The determination of an unknown structure procacds

three major steps:

1. The shapec and the size of t unit cell are deduced
from ths angular nosition of the 4iffraction 1iﬁcS“
Ar. assumntion is first made as to which of the crystal
svstems the unknown structure beléﬁgs to, and then omn
the basis of this assumption the correct Miller indices are
ascionad to each reflection. This step is callad 'in-
Sexing of pattern' and is only possible when the correct

choice of crystal system has been made. Once this is

done, the shape of the unit cell is known (from the

crystal syst@m)y and its sizs is calculable from the

nosition of the u1llc->r indices of the di‘fractlo lines.

= . s
2. The number of the atoms per unit cell is then compute

from the shape and size of the unit cell, the chemical

sl . i sured density.
composition of the specimen and its measur de .
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3. Finally, the position of the atoms within the unit
cell are deduced from the relative intensities of the”

diffraction linss.,

Only when these three stens have been accomplished is
the structure completely determired. The third step is
cenerally the most difficult. Nevertheless the shape

and the size of the unit cell, without any knowladae of

atom positions, is in itself of very crsat value in
many aprlications. The proczdures agiven below for in-
dexine patterns are apnlicable whether the structure is

known or not but they are of course very much easier to

apply if the structure is known before hana.
For this work it suffices to mention the procedures for

indexing cubic, tetragonal and hexaoonal systems by the

araphical methed.

-2.1 Indewine Pattern of Cubic Crystals /23/,

. " . i ) stem is
The interrvlanar spacing equation for 2 cubic sy

L (11)
) = 2 2 Wnidt)t .
d» K1 (h + k )



Now the sum of the three integers squared can only have
the values 1,2,3,4,5,6,8,9, ... or in otherwords, all

: n

integer values except 4" (8n + 7), where p and n can

have all integer values, including =zero.

This means that the above aquation (Eq. 11) pre-
dicts the same set of @ values for all cubic crystals,
excert for a scale factor, namely, the cell edge a.

It is simple and convenient, theraefore to construct a
. graph on which the above relation is nlotted for each
possible combination of h, k and 1. Such a gravh is
shown in Fig. 1. To use it, the observed 4 values are
marked on a strip of paper using the scale of the
bottom of the coraph and, keeping & = O on the ordinate,
the strip is placed horizontally across the appropriate
a value (structure is known beforchand and referred
from earlier work);NThé hkl values of each reflectinn
are then rééé.;ff directly. This procedure can -also-be-

used with mqual ease when the magnitude of the lattice

constant a is not-known hefore hand.

Since @ = 0 is fixed to lie alonc the ordinate, and.

: e i ,d must remain
since the scale along which 4 is measured

he @&
parallel +o the abscissa, a paper strip on which the

: ) i1 a match
values have been plotted is moved upward until
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s

bétween the lines on the graph and the marks on k

the paper sirip are obtalned. The unknown value
of a thern can be read on the ordinate, and the

indices cav be assigned to each reflection as

before,
{
|
{40 - hag
505 b
b
&l
wos}-
4
o
soop-
! |
3 i —— Z00
. 1200 7
" 500 .k

; = (R* 2y-9%9 “;Ea for each

, A1
pogsible combination of b, k, and 1.
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Indexing Pattern of Tetraconal Cry tals (Crophical

Methods) /24/

The planc-spacing equation for the tetraconal system

involves twe unknown parameters, a and c:@

1 h? + h? 22
¢ * (13)

This may ke rewritten in the form

U A 7 02
g25 32 1._(h2+ h2) + _(_67_3_)_{‘

o R
2 loc @ = 2 loga - log [(h? + h2)+(6%)2] (14)

suppose .we now write Feo. (14) for eny two rlanes of

tetragonal crystal, distinauishing the two rlanes by

subscririts 1 and 2, and then suhstract the two

equations. Ve okbtain

R s
P 1
2 1og11-2 logd,= = log Ufi +k12)+737572j'+

bt 0,2

+ log l}h72+ Ko L 75737%}- (15)

Tris ecuations shows that the difference between the
jnderendent of a and

load valves for any rwo vplanes is
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c¢ezponds only on the axial ratio ¢/a and the indices
hkl of each plane. This fact was used by ¥ull and
Davey as the basis for a crarhical rethod of indexing

the powder pattarns of tetraconal crystals.

The construction of Full-Pavey chart is illustratcd in
Fig.lC. First, the variation of the quantity

((h*+ ¥2) + 1%/(c/a)?) with c/a is rlottid on two-range
semilog paper for particular values hkg. Each sct of
indices hki, as long as they corrocsvond to planes of

different spacing, produce a different curve, and when

™~

(

g = 0 the curve is straicht line parallel to the c/a

axi Plancs of different indices but the same spacinc

O]

such as (100) and (010), are represented by the same
curve on the chart, which is then marked with the indices
of either ore of therm in this case (100). (The chart
shown is for a simple tetraconal lattices, one for a
hody-centered tetragonal lattice is rade simple by orit-
ting all curves for which (h+k+g) is an odd number) .
A single-rance locarithmic d scale is then constructed

.
it ewxtends-over two rance of the (h2+ k?)+1% 92/(c/a?)

scale and runs in the opposite direction, since the coef-

ficicnt of-1eed in Eq. (14) is 2 times the coefficient
a

7 B s 3 y S the
of lou (12+ k2) + Qz/(c/a)z . This means tha
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values of two-planes for a given c¢/a ratio, are

separated by the same distance on the scale as

2 k] i
] =] -
o
Ay
& b~ - o
kg 3
JEE
-
® r
7 8 "3 S
o & o
: i-c
t -
& @ o) :
5 - RO |
=
4
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% | |
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Fig.10 Partial Hull-Davey chart for a simple

tetragonal system.



the horizontal separation, at the same ¢/a ratio, of
- 24 N ? -

tre twe correspondinc curves on the chart.

The chart and scale are used for indeying in the follow-
ing manner. The sracinc ¢ of the reflecting planes cor-
responding to each line on the diffraction nattern is

calculated, suppose that the first sewven of these values

-~

for a particular pattern are .00, 4,00, 3.33, 3.00,

2,23  2.3% and 2.402. A strip paper is then laid along-

-

side the scale in position 1 of Fig. 10, and the obserwved
d valuzs are merked off on its edge with a pencil. The
The paper strip is ther placed on the chart and moved
about, both vertically and horizontally, until a position
is found whers each mark on the strip coincides with a
line on tha chart. Vertical and horrizontal movements
corresnond to trying various c/a and a values, respec-
tively. and the only restriction on these movements is

that the edoe of the strin must always be horizontal.

. R 5% & 5 LR S~

When o correct fit has been obtained, as shown by posi-

tion 11 of Fig.l0, the indices of each line are simply

. ] ny X roximate
read from the corresponding curves, and the approxima

: iti per
value of ./, from the vertical position ol it

strip. T1r the present example, the c/a ratio 1€ T

’ 3 en =
the firet line on the pattern {formec by nlanes of snac
£.008) is a 00l line, the second a 100 line, the

[
Q

n

a i ave bean indexed
third a 101 line etg. After 211 the line h
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in this way, the ¢ values of the two highest-angle
lines are used to set up two equations of the form of
Eq. (13}, and these are so}ved simultaneously to yield
the values of a and c..Fiﬁm,these values, the axial
ratio c/a may then be calchlated with more rrecision

than it can be found graprhically.

4.3.3 Indexing Pattern of Ilexaconal Crystals (Graphical Method) /24/

Patterns of hexaconal crystal systems can also ke inde~-
xed hy graphical'ﬁethods since the. hexagonal unit cell
like the tetracgonal, is characterised by two variable

parameters a and c. The plane-spacing equation is:

. 2 2
g=4 hitBerk g (16)
or
2 : [4(n24x? 22/(c/a)?] (17)
2 log & = 2 log a-log|z(h*+k®+ hk) + /(c/a

which is exac:lv the same form as Eg. (14) for the tetra-

gonél system . A Hull-Davey chart for the hexaconal

system can therefore be constructed by plotting the varia-

tion of lou +(h®+hk+k?)+1%/(c/a)? with c/a. Special charts

for hexagonal close-packed lattices may also be prepared

by omitting all curves for which (h+2k) is an integral

multiple of b anc ¢ . is odd.



ST
Indexing and the determination of the c¢/a ratio,

here, is done in a similar way as that for the tet-
ragonal system. Fig.11 is a Hull-Davey chart along

with the d scale for the hexagonal system.,

: d scale (nm)
b

0.2 0,3 - 4. ,"0.5.0,6 0,7 0,80.9

| s : 001
A 1 J'l 005
GO8% 6 5 & 2 2 »

| 2
1/3(h2ehkek?) + §5/(2/8)

8 t.lal)
Fig.11 Hull-pavey chart for hexagonal crystals (par
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4.4 X-Ray Diffraction

o

4.4.1 Counter Diffract:ometer

The most efficignt and accurate way of measuring and

interpreting x-ray diffraction is by using counter dif-

fractometer.

4.4.1.1 Diffractometer Geometry

The essential features of a diffractometer are shown in .

Fig. 12. A powder (generally) specimen (2), in the form
of a flat plate is supported on a disc (near point (2) ;
in the figure), which can rotate about an axis (E) per- {
pendicular to the plane made by the primary and diffrac-

ted beam. The x-ray source is (:), the line focal spot |
on the target (anode) of the x-ray tube: the line focal i
spot is also normal to the plane made by the primary |
and diffracted beam and therefore parallel to the dif- ,
fract_meter axis (Fig.12-(2)). X-rays diverge from this

source and are diffracted by-the specimen to form a

convergent diffracted beam which comes to a focus at the

slit (3) and then enters the counter (Geiccr tube) G. The

receiving parallel slit assembly and divergence parallel

slit assembly are special slits -which define and collirate

the incident and diffracted beams.
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The receiving slits and counters are supported on a
carriage which may be rotated about the diffractometer
axis and whose ancular position 2 @ may be read on a
graduated sqale placed along the diffractometer circle.
The support of the receiving slit (or counter) and
specimen are mechanically coupled sc that a rotation of
the counter through 2X degrees is autormatically accom-~
panied by rotation of the specimen throuah X degrees.
This coupling insures that the angles of incidence on,
and reflection from, the flat specimen will always be
equal to one another and equal to half the total angle
of diffraction, an arranagement which is necessary to

preserve focusing conditions. The counter may be power-

driven at a constant angular velocity about the diffrac-

tometer axis or moved by hand tc any desired angular

position.

4.4.1.2 Specimen

The kind of specimen used depend on the form and amount

of material available. For this work the specimen were

adhered to the surface of a glass slide.
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4.4.1.3 X-ray Optics

The chief reason for using a flat specimen is to take

advantage of the focusing action. For any position of

the counter the receibing slits Cﬂ and the x-ray

source (i) arz always located on the diffractometer

circle, which means that the face of the specimen,

because of its mechanical coupling with the counter,

is always tangent to a focusing circle centered on the

normal to the specimen and passing throuch (1), (2) and

(3). The focusing circle is not of constant size but |
increases in radius as the angle 2 © decreases, as can

be inferred from the Fic.l2.Perfect focusing at (3) |
requires that the specimen be curved to fit the focusing ‘
circle, but that is not practical because of the chang-
ing radius of curvature of the circle. This inevitably
céuses some broadining of the diffracted beam at (3)
but not to any objectionable degree, SO long as the

divergence of the incident beam is not too large.

The extended line source A emits radiation in all direc-

tion, but the focusing described above requires that all

the
rays in the incident beam be parallel to the plane of

upper drawing (Fig.12) .This condition is realized as closely

i inci t beam
as possible experimentally by passing the inciden

i i t of
through a Soller slit, slit B which contains a seé
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closely spaced, thin metal plates parallel to the plane

of the diffractometer circle. These plates remove a
larcge proportion of rays inclined to the plane of the
diffractormeter circle and still allow the use of a line
source of ccnsiderable lencth. Typical dirensions of
Soller slit are: lencgth of plates 32 rr, thickness of
plates 0.05 mm, clear distance between plates 0.43 mm.
At either end of the slit assembly are rectancular slits
G and H for slit asserbly F and C for slit asserbly B.

The corbination of slits and plates breaks up the inci-

dent beam into a set of triancular wedges of radiation.

There are, of coirse, some rays, not shown in the drawing,

which diverce in planes perpendicular to the plane of
plates (of the Soller slit), and these rays cause the
wedges of radiation to merge into one another a short
distance away fror the divergence slit. However, the

long, closely spaced plates dc restrict this unwanted

divercgence tc an angle of about 1.5° The slits comronly

. ] . 3
available have divergence angles ranging from very small

. 1 r acti reaion,
values upto about 4° . In the forward reflection C

‘ ; icie use of the low
a divergence ancle of 1° is sufficient becaus

1 i - cal ;
inclination of the speciren surface to the incident bean;

: . : i ence
but in the back reflection an increase in the diverge

: 3 intensity.
ancles to 3 or 4° will increase the diffracted

5 the whole
But if line intensities are to be compared over

oughout
range of 2 €, tha same divergence mist be used throud

¢
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and the spocimen rust be wider than the Leap at 211

ancles.

The beam diffracted by the specimen passes through
another Soller slit assembly and a receiving slit (3)
hbefore entering the counter. Since the receiving slit
defines the width of the beam admitted to the counter
an increase in it's width will increase the maximum
intensity of any diffraction line beino measured but at

the expense of some loss of resolution.

Because of the focusing of the diffracted rays and the
relatively large fadius of the diffractometer circfé,
about 15 em in commercial instruments, a diffractometer
can resolva verv closely spaced diffraction lines. Such
high resolution can only be achieved with a correctly
adjusted instrument, and it is necessary to so align
the component parts that the following conditions are

satisfied for all diffraction ancles.

1. Line source, specimen surface, and divergence slit

are all parallel,

2. the specimen surface coincides with the diffracto-

mater axis, and

iviz i i ie on the
3. the line source and receiving slit both lie :

diffractometer circle.
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4,4.1.4 Recording Diffracted Radiation

w
o

The intensity of the diffracted beam is measured directly
in terme of the rate at which the diffracted photons
trigger the counting device. The counting device, which
may be the Gaiger, the proportiocnal or the scintillation
type, depends on the ionization produced by the incident
photons and scans the circumference of the circle which
would have carried the photographic filg in a oowder
camera. A proportional or scintillation\éounter usad

to record the x-ray intensities has the advantace that
the pulse-height analyser can be adjusted to eliminate
most of the white radiation although at the same time

it allows through a large proportion of the higher inten-

sity characteristic radiation.

EX¥PERIMENTAL PROCEDURE

Apparatus Used for X-ray Riffraction

X-ray for diffraction work is produced by borbarding

a suitable metallic surface with electrons which have
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been accelerated toward the tarc-t under a potential

difference which ray lie betwcen 20 and 90 kV.

XRG 300 X-rav Generator (Philips) was used with a
coprer—target tube, so that the wavelength for the inves-
tications was the CuK - radiation ( = 0.154 nm). The
CukK -~ radiation is filtered out by means of a Ni~filter,
the white radiation is filtered out by means of the pulse-
height analyser of the detector circuit. A Norelco Wide
Rance Diffractometer (Type 150,100.00) was used for the

structure analysis of the thin-film sclar cell materials.

5.2 Preparation of Thin Films

5.2.1 CdS Films

Cds films were prepared by screen nrinting and sintering

(3.1.3), by evaporation (3.1.1), and by conversion of

Cd0 to Cds (3.1.6).
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CAds paste for screen printing was nrenared hy mixing

1 g CdS powder and 0.1 o CdCl7 powder with pronane 1-2

diol (binder) in an agate mortar. The CdCl? was used as

a flux. The CdS raste was printed on a clean or SnO

-

coated glags substrate bv a screén printinc method, and

then sintered at a temperature of 600 - 650°C in a va-

cuum of 80 ~ 100 Pa for 30 minutes using a furnace,

shown in Fig.13.

furnace

S S S— ....._,..__________»,__,‘ V

pyrer alass

/ tube

vacuum
reter

— YLl

2

| |

screen nrinted c
cds filr on glass
substrate

foo
(e _\

tan/ o0 e \\

2004

:
< i R N A

SRR s | AR |

vacuur
pump

e ——————————,

Fig.1l3. Experiment

al arrangement of the furnace used

for sintering and its temperature profile.
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The temperature profile of the furnace was measured by

a Cu/Fez thermocouple.

Durinag the sintering of the screen orinted Cds films a
Cds deposition on the class tube was observed. By pla-
cing cglass slide (as substrate) in the colass tube,

vapour deposited CAdS films for different substrate tem-

peratures were obtained. The reason for the evaporation

vacuum
furnace meter
P :
1
l |
i
|
[ ‘//';"/:.1
K‘T ',:; i s L y////|
et ; /‘
i " / /
| i ¢ /
!
B,
i % L o
fovd L /
- / vacuur
glass slides parp

Fig.14. Experimental arrangement for the vapour deposi-

tion of Cds films.

of CdS at low temperature is due to the action of the

: . mobility and
flux CdClzy which increase the surface mobility

Y , o
therefore, the evaporation rate of cds. A bigoer amoun

g was used

of CAas paste prepared as for screen printin

to increase the thickness of the deposited films.
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It is also found, that with increase of the percentage

of CdCl2 in the CdS/CdCl2 mixture the amount of evapo-

rated CdS increases., .

For conversion of CA0 films to C?Sa Cé films were depo-~
sited by evaporation of pure Cd onto a alass subs;rate
in an apraratus similar to that used for sintering and
evaporation of Cdf. (see Fiq.14). durina the @enosition
the Cd film was partly oxidized. Total oxidation ocurred
after heat treatment of these films at 400°C in air.

The conversion of CdO to CdS was carried out in the tube

furnace
pyrex class
J tube
P . Mm 14— E.S
i 1 o s s e et Vrosrid A ‘2
\\k, > 7T

|

idation of
Fig.15. Experimental arrangement for sulph

Cdo films.

e of
inserted in the furnace (Fig.15) at a temperature

" : a Kipp's apparatus
about 450°C, with flowing HZS from a pP
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. L. 2 5 L ) 5
in which reaction between Fes? and HC1 is going on.

5:2«2 Cuxs Flims

CuXS layers were prepared by solid state reaction of

screenprinted CéS films with evaporated CuCl CuCl,

rixture filrp in vacuur (see 3. 24d vy Figelé).

furnace
!
vacuum
meter

G m )|

' \\\ oy Vi szl
cdg £iln ] it
i punrp

.

CuCl/ﬁuClx
Fic.l6. Experimental setup for solid state reaction.

Because of the geometry of the apparatus, the deposi-

tion of CuCl/CuCl, mixture and the solid state reaction

- =l 4 y ol
betwaon Cuffl/(:fu(:l2 rixturc and CoS was tzking place

: ros aced whers the
sirultaneously, when the Cas filr was place

d 500°C.
temperatur: in the class tube wag aroun



Deled SnO; Films

SnO2 layer was prerared by chemical vapour deposition
of SnCl2 in air on a olass slide kept at a temperature

greatar than 450°C,

Analysis of the Structure of Thin Films Prenared.

The crystalline structure of the preparedé films wcre
analysed by means of an X-ray diffractometer (4.4). The
coated class substrats were fixed to the specimen hclder
of the diffractometer and the x-ray diffraction natterns
were recorded and compared with x-ray nowder data from
literaturc for the different materials. If x-ray
powder data were not available, observed d values are com-
pared with calculated & values of expected reflection
once the system is determined. The @ values of expected
reflections for a certain material can be calculated if

its crystal system and lattics parameters are known. The

crystal system and lattice parameters for the different

4 whenever possible.
materials are referred from literature
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5.4 Exnerimental Results and Discussion.

5.4.1 CAS8 Films

5.4.1.1 Screen—Printed Films.

Table 5 shows the x-ray powder data for CdS. An x-~ray
diffraction pattern (XRDP) of a screen-printed Cd4S
layer, after sintering at 640°C in vacuum of 20 Pa for
20 minutes, is shown in Fia.l7. Comparison of this
pattern with diffraction Aata of the (polycrystalline)
CdS~powder, the film was found with the same hexagonal
structure. A comparison of intensities of the reflec-
tions shows a preferred crientation of this film in the

(010) and (110) direction nermendicular to the subst-

rate surface.

Since Matsuroto et al /10/ have not analysed the crys-
talline structure of their screen-printed and sintered
films, comparison interms of structure and preparation

condition of their film with the one prepared here, was

not possible.




?able 5. X-ray powcCer data for cadmium Sulvhide /25/

cas.
Hexaconal a= 4,132 A = 6,737 A
?iigﬁigiy o (Cuka)  a/f hkg
) 12,4 3.58 010
7 V13,95 3,37 002
10 14,05 3.16 011
3 . 18.35 2.45 012
7 21,85 2,07 110
6 23.95 1.90 013
1 25.5 1.79 020
5 26 1.7€ 112
2 26.5 1.73 021
L 27.35 1.68 004
1 29.2 1.58 022
X 30.4 1.52 014
4 33.45 1.40 023
1 34.75 1.35 120
1 35.5 1.33 121
L 36.35 3.31 124
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(01C)
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Fig.17. XRDP of a screen-printed CdS film on SnO,

coated glass slide.
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5.4,1.2 Evaporated Films

A mixture of CdS and CdCl2 was heated in the horizontal
glass tube (Fig.14) at 640°C in a vacuum of 80 Pa. The
evaporated CdS and CdCl2 were then deposited on glass
slides at temperatures hgtween 300 and 500°C. The (001)
oriented texture of CA€ was obtained for vapour depo-
sited films (Fig. 19-23). Fig.l9 shows a XRDP of a CdS

film on a Sn0,-coated glass slide deposited at a subs-

2
trate temperature of 300°C. The relatively hich inten-

sity of (00?) and (004) Braagg reflections of the hexa:
gonal CdS layer can be ascribed to the nraferred crien--
tation of the crystallites with their ¢ axis perpendi-

cular to the substrate surface.

Hence, the crystallites preferred growing with their

i S St - . The texture
axis perpendicular to the substrate surface

(o]
is improved for substrate temperatures of around 500°C

(Fic.23). The improvement of the (0Cl) texture with

e substrate is known for CA4s

3_ 10" pPa) /7,9/, too.

higher temperature of th

films deposited in high vacuum (10

Rut under hich vacuum conditions an excellent texture is

200°C. Under
possible for substrate temperature of about 200

. o the
the low vacuum conditions, attained here (80 Pa),

n i r air
l'. nf lue o O the tex turec growth hV the hlqhe

by a
pressure in the glass tube, must be compensated for by



_,71 -
hicher mobility of deposited atoms and rolecules This
higher mobility of the atoms or molecules increases
with increasé in substrate temperature. If the percen-
tage of CSCl2 - in the evaporated mixture is around
50%: then it is found, that reflections of CdC12 in the
XRDP of the deposited film appear for substrate
terperature < 4C0°C (Fig.20). These reflections are
found to disappear after a heat treatment at about a
temperature of 500°C for 10 - 20 minutes (Fig.2l and 22),
nevertheless, there appear other reflections which spoil
the texture of the CdS layers. This underlines that a heat
treatment of the CdS/CdC12 vapor deposited layer Adoes

not improve the cquality of the (001) texture of the Cds

layer, if it is done in a vacuum of SO,Pa.
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5.4.1.3 Conversicn of Cd0 into Cds

Another poscsibility for the fabrication of Cds filrs is
the corplete conversion of Cd0 to C@S by an ion exchange
process involvinc flowing HZS in the cglass tube inserted
in the furnace (Fig.1l5). The free encrcy of formation of
sz ie larce corpared to that of H?S and this is the
driving force for the ion exchange. Fig.26 shows the XRDP
of a Cdf film prepared by corplete conversion of Cd0 into
Cds for substrate terperature of about 450°C. A corpari-
son of the XRDP with Tabkle 5 shows the total untextured
structure of this CdS film because of the untextured CdO
filr ag the starting material. The Cd0 £ilrs were

nroduced by a heat treatrent of vapour deposited Cd layers

(5.1.1) at about 400°C in air.

The XRDP of Cd and Cd0 (Fig.24, 25, 27, 28) were indexed

by nreans of the procedure referred in chapter 4.3.3. anc
o

4.3.1. c& has a hexagonal structure with a = 2.979 A and

9
C =5.168 A/26/.

Recause of the c/a ratio of 1.73 the first reflection

has to be indexed as (002) in accordance with the.Hull-

+ Fig.11)s
Davey chart for a hexagonal syster (Fig
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Fig.28. XRDP of a vapuur deposited CdO film by evapora-
ss slide

+ion of cadmium acetate on a heated gla

subtrate temperature of 450°C.
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Cd0 has a cubic face-centered structure with a = 4.811 A
/26/. Taking into consideration the extinction rules

(Table 4), the XRDP (Fig. 24, 25, 27, 28) are indexed in

'

accordance with Fig.9.

The process of oxidation of the Cd layers is visible in
Fig.24 and 25. In Fig.25 the oxidation is more or less
complete hecause the crystalline structure of cadmium is
changed in comparisor to Fig.24. The neaks with question
rarks are not in total agreement with the peaks for ordi-

nary Cd or CJ0. This may be due to transition phases

between Cd and Cdo.

A possibility to improve the expected (11l1) texture of

the CdO layers is to deposit it by the chemical vapour

deposition of cadmium acetate. Fig.?7 shows the XRDP of

an untextured Cd0 film, deposited at a substrate tempe-

rature of around 300°C. Fig.28 shows the ¥RDP of a Cdo

: £
layer deposited at about 500°C. Comparing the ratios o

: Q t is found that
intensities I;;1/Ty00 in Fig.27 and 29, 1

for higher substrate temperatures the (111) texture imp-

roves.

i ad CAC
Maruska et al /15/ have prepared their (111) texture

S kept at
layers by spray pyrolysis onto glass -+ g o be

In the case of chemical vapour

temperatures of about 500°C.
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deposition in a vacuur of 80 Pa, done here, a hicdher
substrate temperature is necessary for gettino (111)

textured CdO layers.

5.4.2 CuxS = Films

The solid state reaction was sued for the preparation
of CuxS layers on Cds layers (3.2.4. and 5.1.2)., CuCl/
CuCl2 (mixture) films were deposited on CdS by evapora-
tion of C‘L‘LCl/CuCl2 (rixture) powcer in the class tube
at a vacuum of 80 Pa. If the substrate terperature was
around 500°C, the solid state reaction between CuCl/

cuCl. (rixture) and CdS and the evaporation of the pro-

5
duced CdCl, occurs sirultaneously. Fig.29 shows the

result of the solid state reaction. In comparison with
x~ray data for different crystallographic phases of

Cu_§/25, 27/ the structure was found to be that of
X

pseudocubic dicenite (Table 6), which is not the effi

cells.
cient composition for Cds/Cu S photovoltaic

i used as an
An XPDP of the CuCl/CuCl, (rixture) powder

evaporant for the CuCl filr deposition shows (Fig.30)

i e d CUCl .
that this powder is infact a mixture of CuCl an 2

: ith
CuCl has a cubic face-centered ljattice structure w

- i h
a = 5, 406 X (/7€/, mab.7) . CuCl? ijs monoclinic wit

©C = o »
a=6,708, b=530K c&E585H and B = 121°(/26/

Tab.8).
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The evaporated layer of this powder showed a hicher

percentage of CuCl gFig.Bl) ;, and CuCl2 as the reraining

part which only allows the orowth of digenite (Cul 8S,
1

Fig.29) s

A chermical purification of the CuCl/CuCl2 (rixture)
powder was necessary in decreasing the percentace of

CuCl2 in the deposited films (Fig.32). With this CuCl/

CuCl, layer the solid state reaction produces a CuxS,

2
in which the mein part is the tetragonal CL%S (Tab.9)

but a certain armount of the orthorhombic CuZS (Tab.10)
is present, too. Because of the high terperature solid

state reaction CuCl/C.uCl2 (rixture) and CdS, hicgh tempe-

rature rodification of the tetraconal C‘ul'%s appears

(/2/, Tab.l). For conversion of CdSs into CuxS at low

3364 : j ~ite, has been
terperature modification of Culi%sp djurleite,

found /28/.
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Table 6. X-ray powder data for digenite /25/
Cu7S4 » Pseudocubic, , a = 5,574 K

relative intensity ©(C Ka) d/ﬁ hk1l

4 13.9 i 555

1 14.65 3.06 119

1 16.05 2.79 0.0.10
5 17.78" 2v83 1:3: 23
X 18.7 2.13 4.4.10
1 20.85 2.18 1.99

10 23.0 1.97 0.10.10

X 24.25 . . ‘
- 25.65 1.79 999

3 27.2 1.6° 5.5.15
1 33,5 1.39 0.0.20

Table 7. X-ray powder cata for CuCl /27/.
a = 5.406 A

e(Cc ko) d/A hkl
e, - ARSI

cubic

.

relative intensity

14.30 8.13 111

10
1 16.60 2.71 200
6 23,84 1.92 220

28,30 1.€3 311
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Table 8. X-ray powder data for CuC12/26/
monoclinic

— o X >
a=6,7 4, b=5,30 A, ¢ =6.85 A R= 121

relative intensity 6 (CuKa) d/i
10 7.80 S48
 § 11,13 4.01
4 12,90 3.46
T 15 /56 2.90
1 15.90 2.66
| 2.36

3
AT
0
[
-

Table 2. X-rav powder data for Cuy 965/77/
?

Tetragonal , a = 3,99£ 3 c = 11,287 A
relative intensity ©(Cuka) /A hk1
1 11.8 377 101

.6 827 Y0

N

15.8 283 110

N

15.9 2.81 004

1
10 16.3 2.74 111,103
! 19.5 2.30 101

57 L9 M
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(4]
s
o
i
o

28
which has been

XRDP of the CuCl/CuCl, powder,
position

F1g.30.
used as evaporant for cuCl layer de

(see Fig.l6).
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Table 10. X-ray powder data for chalcocite /2 5/

Cugs

?

Orthorhombic a = 11.82 R, b = 27.05
3

2% oo

Y a2

relative intensity ©(CukKa) ¢/~ hkl

3.40 340

3 13.15 {3.38 080

2.0 382

7 18.75 {2.39 344

2.38 o84

8 23,05 1.97 600
2L 08 e, 2

10 23.35 {1.37 346
1.:70. 0.15.0

A 27.05 {1.70 €04

1.65 682

? 27.95 {1.65 642

1.64 0.16.2

Selfn3s Sno2 Films
SnO, films are used as transparent contacts for photovol-
taic cells. As norrmal the chemical vapour deposition in
i n
air was used for the preparation cf SnO, films. Fig.1l8
o lace de. The crystal-
shows the XRDP of a SnOzcaﬂ;6 on 2 alace sli

o
= 4
line structure of these films is tetraconal with a = 4.73A

and ¢ = 3.18 A (/25/, Table 11).



Table 11,

_

X-ray powder data for cassiterite /25/

SnO2
Tetragonal a = 4,73 Xy 3.12 A
relative intensity © (CuFo) i/i hkl
e 13,29 3.36 110
7 17.0 2.64 011
3 19.0 Red] 020
% 19,55 2.30 111
10 25495 1.76 121
A 27.45 1.672 220



CONCLUSIONS AMD OUTLOOK

The ohject of this study was to procduce thin films for
CﬁS/CuXS solar cells and tn investicate their cryvstal-

line structure by x-ray ciffraction.

It was found that the X-ray diffraction can be a valu~
abkle tool for the nondestructive characterization of

hoth the €dg and Cuxs films for CdS/CuyS solar cells.,

Measurements of the deqree of praferred orientation of
the CdS layers and of the CuXS stoichiometry and nhase
structura can all be rade on the same smaple in relation

to the preparation and treatment conditions.

Further improvement of stoichiometry and structure of
thin film CéS-based solar cells are expectecd by the use

of other preparation conditions (hich vacuum, high purity

materials) ,and by the use of other materials (replace-

ment of CuCl by Cul, replacement of Cu S by CdTe /29/).

An interesting method for the prenaration of thin and

pinhole free CAS films for the future is the conversion
of CdO films to CdS /15/, especially the preparation of

(111) textured CA0 films at low temperatures as a start-

ing material.
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For the production of thin film solar cells with hich
efficiencies, the investications by x-ray structure
analysis have to be accorpanied by measurenments of
electrical parareters of the films (resistivity, charge

carrier robility, photoconductivity etc.).
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