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ABSTRACT

Ingots of the semiconducting compound CulnSe, have been grown by the Bridgman
method using a single sealed quartz ampoule tor both the compound synthesis. from starting
elements of copper. indium and selenium. and the subsequent crystal growth. The resulting
ingots. containing monocrystals of up to 2 centimetres in one dimension, were tree of
microcracks. voids and free of adhesion to the inner wall of the quartz ampoule. This was
made possible by the unique use of a coating of boron nitride deposited on the inner wall
of the ampoule prior to charging with the elements. The boron nitride acted as an eftective
getter in reducing the oxygen content in the starting copper. thus climinating the adhesion
between the ingot and the quartz. Reduction of the oxygen in the copper. by prior heat-
treatment under high vacuum pumping, was found to be less effective than the boron nitride.
The one-ampoule method used, resulted al'ways in ingots having a uniform composition and
conductivity type, which was p-type for stoichiometric starting propertions of the elements.
In ingots with non-stoichiometric starting compositions. the resulting conductivity type, in
the main part of the ingot. was also uniform. either p-type or n-type, witha composition
close 1o stoichiometry. However, for non-stoichiometric melts, the last region to freeze
contained binary compound phases of the elements with an excess over stoichiometry. In the
main single phase chalcopyrite region. it was found that, generally speaking, n-type
conductivity prevailed when the indium content was greater than about 25 % and p-type
when it was less than this proportion, as determined by EPMA. This was apparently
irrespective of the copper or selenium content. The ingots were found to cleave, up to

1 em’ in area, in one of two principal cleavage planes, which are the {112} and {101},



A third macroscopic cleavage plane, the {110}, was also observed in the ingots, although
less frequently but was found to be made up of {112} microcleavages. Twinning was
present in the grown crystals and was found to occur only in the {112} plane. Preliminary
photovoltaic cells of the structure CulnSe,(p)/CdO(n) were fabricated using monocrystalline
cleaved CulnSe, substrates. In a cell where the substrate was annealed at atmospheric
pressure, prior to the CdO deposition. a solar conversion efficiency of over 6 % was
obtained, despite a 23 % lattice mismatch between the CuinSe, and the CdO. Minority carrier
diftusion lengths were estimated in the CulnSe, substrates by the photocurrent-capacitance
method to be about 3 micrometers, which was about twice the value cbtained for a high

efficiency polycrystalline commercial thin film CulnSe, cell, using the same method.
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RESUME

Des lingots du composé semi-conducteur CulnSe, on été produits selon la méthode
de Bridgman dans une seule ampoule de quartz scellée, ot se sont déroulées tant la synthase
du composé a partir des éléments de base (cuivre. indium et sélénium) que la croissance Jdu
cristzl. Les lingots contenaient des monocristaux atteignant 2 centimétres dans une
dimensicn: ils étaient exempts de microfractures et de cavités et n"adhéraient pas a la paroi
intérieure de |"ampoule, grace a une solution unique qui a consisté a déposer du nitrure de
bore sur cette paroi avant d'introduire les éléments dans I'ampoule. Employé  comme
dégazeur, le nitrure de bore s’est révélé efficace pour réduire a concentration d oxygéne que
produit dans le lingot le cuivre utilisé au départ et supprimer 1'adhérence du lingot i
I"ampoule de quartz. A cet égard. la réduction de la teneur en cuivre par préchauffage sous
vide poussé s est révélée moins efficace que 1"ajout de nitrure de bore. La méthode a une
seule ampoule utilisée produits toujours des iingots unifonnes quant 4 la composition ¢t &
la conductivité, qui est de type p lorsque les éléments de base sont en proportions
stoechiométriques. Dans les lingots de composition initiale non stoechiométriques. la
conductivité de la partie principale du lingot était uniformément de type p ou n. Dans la
partie principale du lingot. la composition déviait a peine de la stoechiométrie, méme dans
les lingots produits & partir d’éléments en proportions non stoechiométriques. Dans ces
lingots. la derniére région 4 se solidifier contenait toutefois des composés binaires formés
a partir des éléments excédant les proportions stoechiométriques. Dans la principale région
uniphasée de chalcopyrite. on a constaté que la conductivité était généralemcﬁt de type n

lorsque la teneur en indium dépassait 25 % et de type p lorsqu’elle était inférieure a cette
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proportion. déterminée par micro-analyse a sonde électronique. Ce phénoméne ne semblait
pas tributaire de la teneur en cuivre ou en sélénium. Les lingots se clivaient en des surfaces
atteignant | cm® . selon un des deux plans de clivage principaux. soit les plans {112} et
1101}. Un troisiéme clivage macroscopique. le plan {110}, moins fréquent . était constitué
de microclivages $112}. Il y a eu formation de macles dans les cristaux obtenus par
croissance mais seulement sur e plan {112}. Des cellules photovoltaiques préliminaires de
structure  CuinSe,(p)/CdO(n) ont été fabriquées a4 I'aide de substrats clivés de
CulnSe. monocristallin. Dans une cellule dont le substrat avait été€ recuit a la pression
atmosphérique avant déposition du CdO. on a obtenu un rendement de conversion solaire
supéricur @ 6 % malgré une erreur d’adaptation cristalline de 23 % entre le CulnSe, et le
CdO. A I'mide de la méthude photocourani-capacité, on a estimé que les longueurs de
diffusion des porteurs minoritaires étaient d’environ 3 microméires dans les substrats de
CulnSe,, cette valeur étant environ deux fois plus élevée que celle mesurée par la méme
méthode dans une cellule commerciale a haut rendement faite de CulnSe, polycristallin &

couche mince.



ACKNOWLEDGEMENTS

The author wishes to express his sincere gratitude to his supervisor professor
C.H. Champness for his continued guidance, constructive discussions and patient advice
throughout this work, without which this work would not have been possible.

The author would also like to thank further, the following people for their valuable
assistance: Mr. Joseph Mui for his kindly help and professional advice with photographic
work, Mr. Glenn Poirier for his assistance with the electron probe measurements and data
analyses, professor Robert Harris for supplying the oxygen-free copper and for his
discussion on gettering, Mr. Peter Noutsios for his assistance with the laser-goniometer setup
for angle measurements, Mr.Salah Shata for his help with the automated X-ray
diffractometry work, Dr. Isabella. Bassignana ( Bell Northern Research) for carrying out the
rocking curve measurements, Dr. Ishiang Shik and Mrs. Helen Campbell for their help with
SEM waork, the National Renewable Energy Laboratory (Golden, Co.) for testing and
calibration of the CdO/CulnSe, photovoltaic devices, the Noranda Technology Center
for supplying the high purity selenium, Mr. Galaly Ahmed for carrying out the Hall
measurements, Mr. Kezia Cheng for his maintenance of laboratory equipment and finally
Mr. Don Pavlasek, for his help in machining the various mechanical components.

The author would also like to acknowledge the financial support of this work by a
strategic grant from the Natural Sciences and Engineering Research Council of Canada
(NSERC). The author is in debt to his mother for her continued moral support,

encouragement and unconditional love throughout his life, to whom he dedicates this thesis.



(]

W o D —

el L2
b —

LY ]
|99

TABLE OF CONTENTS

ABSTRACT

RESUME
ACKNOWLEDGEMENTS
TABLE OF CONTENTS

INTRODUCTION

HISTORICAL SURVEY OF MELT-GROWTH OF CulnSe,

INTRODUCTION
1953-1970
1970-1978
1979-1989
1989-1992

VERTICAL BRIDGMAN GROWTH OF CulnSe, MONOCRYSTALS

INTRODUCTION
CRYSTAL GROWTH

(a) Crystal Growth Apparatus
(b) Ampoule Cieaning

(c) Boron Nitride Coating

{(d) Preparation of Charge

(¢) Reaction of Charge

(1) Crystal Growth Procedure

RESULTS ON CRYSTAL GROWTH
(a) Effect of Boron Nitride

(b) Ingot Characteristics

(¢} Crystal Structure

(d) Effect of Growth Rate

(e} Interrupted Growth Runs

() Surface Treatments

(g) Electrical Measurements

(h) Miscellaneous Experiments

DISCUSSION

vi

i
\f
vi

10

10
10
12

15
19

t-2
N

| I (N6 T (8 T O Ty NG Iy O J SN0 o (N6 |
QD =] Oy i W L

O 00 00 N WL e B e —

Ll Lo LI W L) W)L L Ll

-



4.1
4.2
4.3

i

U Lh e
LI 1) —

6.5
6.6

IDENTIFICATION OF THE SOURCE OF ADHESION IN
BRIDGMAN-GROWN CulnSe, INGOTS

INTRODUCTION

TREATMENT OF THE COPPER AND INDIUM
IDENTIFICATION OF THE AGENT CAUSING STICKING
DISCUSSION

COMPOSITIONAL MEASUREMENTS ON CulnSe, INGOTS

INTRODUCTION

SAMPLE PREPARATION
MEASUREMENTS TECHNIQUES

(a) EPMA Compositional Measurements
(b) Conductivity Type Determination

EXPERIMENTAL RESULTS
(a) Composition Versus Conductivity Type Measurements
(b) Compositional Uniformity
(c) Compositional Measurements in Multi-Phase Regions

DISCUSSION

CLEAVAGE AND TWINNING IN CulnSe, CRYSTALS

INTROGUCTION

CLEAVAGE PLANES

ANGLES MEASUREMENTS

TWINNING

(a) Twins observed with a {112} cleaved Surface
(b) Twins observed with a {110} cleaved Surface
{¢) Twins observed with a {101} cleaved Surface

TWINNING MODEL
DISCUSSION

vii

Oy

()
70
71

o
A

¥
82

83
84
84
86

86
86
88
9()

91

11

11
11
114
117
118
119
120

121
121



7.1
7.2

7.4

PHOTOVOLTAIC CELLS ON MONOCRYSTALLINE
CulnSe, SUBSTRATES

INTRODUCTION
FABRICATION PROCEDURE
(a) Sample Preparation

{b) Substrate Annealing

{(c) Back Contact

(d) CdO Window Layer

(e) Front Contacts

MEASUREMENTS TECHNIQUES

(a) Illuminated and Dark Current-Density-Voltage (j-V) Characteristics
(b) Current-Voltage under Actual Suniight

(¢) Spectral Response

(d) Capacitance-Voltage

(e) Estimation of Diffusion Length

EXPERIMENTAL RESULTS

(a) Results on Early Un-annealed CulnSe./CdS/CdO Cells

(b) Results on j-V Characteristics of Un-annealed CulnSe,/CdO Cells
(¢) Results on j-V Characteristics of Annealed CulnSe,/CdO Cells
(d) Results on j-V Characteristics of the Commercial CulnSe, Cells
{e) Results on Spectral Response of CulnSe,/CdO Cells

(f) Results on Estimates of Diffuston T .ength in CulnSe, Cells

(g) Results on Capacitance-Voltage Measurements

(h) Results on “Forming”™ of Un-annealed CulnSe,/CdO Cells

(I) Results on Aging in Un-annealed CulnSe,/CdO Cells

DISCUSSION

DISCUSSION AND CONCLUSIONS

INTRODUCTION
DISCUSSION OF RESULTS
CLAIMS TO ORIGINALITY
FUTURE WORK

viil

148

148
150
150
150
151
152
154

154
155
156
157
158
159

161
161
162
163
164
165
166
169
170
171

172

(]
o)
L)

{3 N LN N6 S ]
—_—— O
[P I O I S



Al
A2
A3
A4

REFERENCES

POWDER DIFFRACTION DATA OF CulnSe,

ORIENTATION OF CdO ON {112}-CLEAVED CulnSc, SUBSTRATES
SUMMARY OF THE PHOTOCURRENT-CAPACITANCE METHOD
RESULTS OF EARLY CulnSe,/CdS/CdO CELLS

X

I

AR

-t

AR

W"!h



CHAPTER 1

INTRODUCTION

The object of the work of this thesis is the growth of single crystals of the
chalcopyrite semiconductor CulnSe, in order to facilitate the use of this material in
photovoltaic solar cells. The provision of such crystals will enable this and other laboratories
to obtain information on fundamental properties of this material, which are difficult, or in
some cases impossible, to obtain on polycrystalline thin films. It will also enable
technologies to be developed and understood in using single crystals in laboratory cell
structures. This being so, the first question to be answered is why prepare CulnSe, and not
other solar cell materials and the second question is why work on single crystals, rather than

on the more economic polycrystalline thin films of this semiconductor.

In respect of thin films. it is necessary to point out that photovoltaic cells should
ultimately be cheaper to make in thin film form than using single crystals, since less material
is used in the process. In present day single- and poly-crystalline silicon cells, a thickness
of some 50 to 100 micrometers is needed for the absorber layer. This is because the

absorption coefficient, &, is not very large in crystalline silicon (x-Si) as compared with



amorphous silicon (a-Si). as indicated in Fig.1.1. and thus a larger absorber layer, with a
thickness of the order of 1/c . is needed to convert most of the incident photons into electron-
hole pairs, provided the minority carrier diffusion length is large enough. In the economics
of solar cell fabrication, the cost of the semiconductor absorber material is important because
of the essential lateral simplicity of the device. This is in contrast to an integrated circuit,
where the main cost is in the design and fabrication of the many junctions and special arcas
on the chip, so that the silicon material cost by comparison is negligible. Thus, in a solar cell,
if the absorber layer can be made thinner. there is a cost saving. The material CulnSe, has
one of the highest values of ¢ among all semiconductors over the main part of the solar
spectrum. For instance, Fig.1.1, shows that at a wavelength of about 550 nm, corresponding
to the sun’s maximum terrestrial energy, o would be well over 10° cm™ for CulnSe,. This
corresponds to a penetration depth for light of the order of 10° cm (or 0.1 micrometer)
which, in practice, means that a film of 1 micrometer would capture most of the sun’s
incident photon energy. Thus, CulnSe, is a very suitable material for the absorber layer of
a thin film solar cell. Other candidate materials, which have a high optical absorption
coefficient are cadmium telluride and hydrogenated amorphous silicon. However, these
materials have given somewhat lower conversion efficiencies, in laboratory cells, as
compared with CulnSe, and . furthermore. amorphous silicon solar cells suffer from a light-
induced degradation in performance, known as the Staebler-Wronski effect. For these
reasons it was decided to work on the material CuinSe, . This material has also attracted the
interest of the Noranda Technology Centre, a research division of an important Canadian

company, for its potential use of selenium.



At the present time, much work is under way in laboratories in Europe and the USA
on developing an efficient photovoltaic cell using thin film polycrystalline CuinSe,. At the
National Renewable Energy Laboratory (NREL), in Golden Colorado, a thin film cell has
been recently developed, using the basic structure Cu(In.Ga)Se,(p)/CdS(n)/ZnO(n+),
having a conversion efficiency of 17.7%, which at the present time is a world record for thin
film cells. However, compared to other semiconductors, such as silicon and gallium
arsenide, CulnSe, is relatively a new-comer. and many of its fundamental physical properties
have not been determined. This is also true for the technology of its processing for devices,
involving heat treatment, doping, etching, etc. The effect of crystal orientation in thin film
polycrystalline structures on the cell performance is also not known. There is consequently
a demand, in a number of world laboratories, for single crystals of the chalcopyrite CulnSe,
and indeed, monocrystals have been sent from our laboratory to the National Renewable
Energy Laboratory in the USA, the University of Stuttgart, in Germany and also to France.
One of the important and interesting aspects of CulnSe, is its defect chemistry, since in this
ternary material, there are many possibilities for defect centers to occur. There have been
numerous studies on single crystals of CulnSe, to investigate properties such as intrinsic
defects [1.1], photoluminescence [1.2],[1.3], extrinsic doping [1.4], ion implantation,
surface oxidation [1.5] chemical etching, transport measurements, DLTS [1.6] and energy
band offset determination. There has also been much interest to grow and study
homoepitaxial thin film layers of CulnSe, [1.7] as well as heteroexpitaxial films [1.8],[1.9].
For these studies, there is a need for high quality single crystal CulnSe, substrates large

enough to be cleaved or polished in specific predetermined orientations.



Up until recently, single crystals of CulnSe, of good quality have not been available.
Some frequent problems have been the presence of microcracks in the crystals and the non-
uniformity in conductivity type, whereby some parts of the ingot were n-type and other parts
p-type. Single crystals prepared in this laboratory, by contrast, have been microcrack-free
and the conductivity type has always been uniform. In the measurement of many fundamental
parameters, single crystals are preferred not only because they are more handieable, but also
because they have precise crystallographic orientation, so that any anisotropic effects can be
determined. In particular, it is not clear at the moment, if partial orientation of grains in a
polycrystalline film parallel to a [221] direction is optimal or not. Furthermore, studies of
laboratory cells fabricated with a monocrystalline absorber substrate are likely to shed more
light on the photovoltaic action in the cell and possibly lead to higher performance. It is
therefore clear that there is a need for high quality single crystals of CulnSe, and the present

thesis is an effort to begin supplying this need.

In this work, crystals of CulnSe, were grown from the melt, since this is more
convenient than from the vapour. Starting from the elements copper, indium and selenium,
the compound was first synthesized and then single crystals were grown in an ingot by slowly
freezing liquid material from one end using a vertical Bridgman process. Of the three
elements involved, selenium, by far, has the largest vapour pressure, so that if an open
crucible was used, most of this element would be lost. The synthesis and growth of the
compound must therefore be done under pressure. If the pressure is not externally applied,
say using argon, the process must be done in a closed vessel capable of withstanding the

selenium saturated vapour pressure at the highest operating temperature. Accordingly, in the



present work, the synthesis and growth were carried out in a single thick-walled sealed quartz
ampoule. In previous work. in other laboratories. the synthesis and growth were carried out
in separate sealed ampoules but this led 1o non-uniformity in conductivity type due to partial
loss of selenium. The author believes that the single ampoule method, using his boron nitride

procedure, as will be explained later. is a preferred process.

The crystal structure of CulnSe, , at room temperature, is the chalcopyrite structure,
shown in Fig.1.2. This structure is similar to zincblende in having two interpenetrating face-
centered cubic sublattices (f.c.c.). Here, the selenium atoms are located on one fic.c.
sublattice and the metal atoms on the other. However, the copper and indium atoms are
symmetrically arranged on this sublattice. as shown in the figure, The unit cell for CulnSe,,
like many other [-II[-V], compounds, has a ¢/a ratio of almost 2. In the case of CulnSe,, the
ratio is 2.006 with a=5.789 A and ¢=11.612 A[1.10] and it belongs to the space
group 142d ( D ;j Schoenflies notation). Above a temperature of 810 °C, the compound is
reported to have a sphalerite structure with the copper and indium atoms randomly arranged
on the f.c.c. sublattice so that this material has cubic symmetry. As a semiconductor,
CulnSe, has a direct energy gap of E; = 1.02 ¢V and it can be made either n-type or p-type.
Like many other semiconductors, the electron mobility in CulnSe, is much higher than the

mobility of the holes.

This thesis concentrates on the growth of the compound by the Bridgman method
using a two-section resistively-heated furnace, which is described in detail. The main

problem in the melt growth. which has been perhaps somewhat greater with the one-ampoule



method. is the adherence of the grown ingot to the inner wall of the quartz ampoule. This
problem, however, was completely solved in the present work and how this was done is a
major part of the present thesis, Besides work on stoichiometric material, efforts were made
to grow and study material from non-stoichiometric starting proportions of the elements. A
study was also made of the cleavage and twinning properties of CulnSe, crystals,
representing the first comprehensive investigation of this topic¢ for this material. Since a
principal objective of the growth of the crystals was to further the understanding of
photovoltaic cells using CulnSe.. a preliminary study was initiated to fabricawe cells with
monocrystalline substrates. This work was carried out with photovoltaic cells having the
structure CulnSe, (p)/CdO(n), where the CdO was the window layer. The CdO material,
while not the best choice for a solar cell, is one where the techniques of deposition were well
established in the author’s laboratory and this experience was extensively made use of in the
present work. As will be seen, the cells in fact gave better performance than expected and
demonstrated that the CulnSe, was of device quality and thus capable of yielding even higher

efficiency in a cell with a suitable lattice-matched window layer.

The structure of the thesis is as follows. A historical survey of the growth of CulnSe,
by melt processes is first given in chapter 2. This is followed, in chapter 3, by a description
of the vertical Bridgman method used, the steps taken to avoid ingot-ampoule sticking and
the results of the growth runs. In chapter 4, the investigation of the cause of ingot sticking
is described and the identification of the agent involved. Chapter 5, reports the results of
growth runs with non-stoichiometric proportions in the melt and chapter 6 presents the

results of the determination of all the principal cleavage planes in the CulnSe, crystals, along



with the identification of its twinning plane. Work on preliminary CulnSe, /CdO
photovoltaic cells is described in chapter 7, together with estimates of the minority carrier
diffusion length in the substrates. Finally, in chapter 8. the results of the thesis as a whole are

discussed and the main conclusions stated.
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Fig.1.1 . Plot of optical absorption coefTicient against incident photon energy
for selected semiconductor materials (Afier K. Mitchell and S,

Wagner, Tutorial Notebook, 20th /EEE Photovoltaics Specialists
Conf, 1988). S
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Fig.1.2 Schematic diagram of the chalcopyrite unit cell of CulnSe, ,where
the values of the lattice parameters a and ¢ are 5.789 and 11.612 A
respectively.



CHAPTER 2

HISTORICAL SURVEY OF MELT-GROWTH OF CulnSe,

2.1 INTRODUCTION
Copper indium diselenide has been prepared in single crystal form. or in
multicrystalline form with large grains. in many ways. However, since the present thesis is
concerned with its preparation by the Bridgman method, it is of interest. for a historical
survey. to concentrate on melt grown CulnSe,. Accordingly, this chapter attempts to describe
the main contributions to bulk crystal growth of the compound from the melt and hence work
on thin films and other techniques, such as iodine transport growth, are not surveyed. The

effect of dopants in CulnSe, is also not covered in this chapter.

2.2 1953-1970
An early reference to the synthesis of CulnSe, was in 1953 by Hahn, Frank, Klinger,
Meyer and Stérger {2.1], who prepared a number of I-II[-VI, compounds. Starting with a
mixture of the elements copper, indium and selenium in an evacuated sealed quartz ampoule,
they heated the contents at 900°C for 12 hours. The result for CulnSe, was a fine-grained

crystalline material, which like the other [-III-VI, compounds ( where [ was Cuor Ag, III was
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Af. Ga. In or T¢ and VI was S. Se or Te ). gave a chalcopyrite lattice from X-ray diffraction
studies.

In 1956, CulnSe, . along with some other chalcopyrites, were prepared by Austin.
Goodman and Pengelly [2.2] by heating the starting elements in an evacuated sealed silica
tube, followed by zone melting. The resulting ingots were all polycrystalline with numerous
cracks. attributed by the authors to the differential thermal expansion between the a and ¢

directions of 3x10°° per "C for CulnSe, .

Palatnik and Rogacheva [2.3]. in 1967, determined the phase diagram for the pseudo
binary system Cu.Se-In.Se;, reproduced for the approximate range of 20 to 70 % mole
In,Se,, in Fig.2.1. This shows a maximum in the liquidus curve at 50 mole % of
In,Se;, corresponding to the compound CuinSe, with a melting point of about 986 °C.
Between 1000 and 810 °C. there exsists a & phase, which is a sphalerite structure, where the
Cu and In atoms are randomly disposed on their face-centered sublattice, so that the material
has a cubic symmetry. Below 810 °C, there is the chalcopyrite structure (y-phase), which
near room temperature, extends from 50 to about 54 % indium. Thus, this phase diagram
indicates multi-phase material would be obtained for compositions with less than 50 % or
more than 54 % indium.In other werds, the chalcopyrite phase can tolerate a 4 % excess of

indium but apparently no excess at all of copper.
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2.3 1970-1978

Because of perceived applications for non-linear optical compenents and fiber optic
infrared detectors. interest grew in preparing I-1II-VL, compounds and in 1973, improved
melt-grown CulnSe, was reported by Shay. Tell. Kasper and Schiavone 12.4] of the Bell
Telephone Laboratories and by Parkes. Tomlinson and Hampshire {2.3] of the University of
Salford. Using stoichiometric proportions of the starting elements in an evacuaicd sealed
silica ampoule. Shay er af [2.4] slowly raised the temperature to 1050 "C. Using gradient
freezing. the temperature was lowered at a rate of 2°C/ hr wjth crystallization taking place
at the end of the silica boat within the ampoule. Electroreflection measurements made on this
material indicated CulnSe, to have a direct energy gap of E; = 1.0! eV at 77K. The
preparations of Parkes et af [2.5]. were done in a two stage process. The compouﬁd CulnSe,
was first synthesized by pre-reacting the high purity starting elements in an evacuated sealed
quartz ampoule, where the temperature was raised to 1050 °C. [n the first stage, the heating
rate was 4-6 °C/min until a temperature of 200 °C was reached and was maintained at this
temperature for 4 hours, so that the exothermic heat could dissipate from the reaction
between the Se and the In. The heating was then continued at a rate of 2-3 “C/min up to
1050 °C. After cooling down to room temperature, the ingot was removed from the ampoule
and found to have extensive micro-cracking and voids. The second stage was then begun,
whereby the ingot was powdered and introduced into a long evacuated quartz tube and seaicd
off. The tube was then made to traverse forwards and backwards through a horizontal three-
zone furnace. where the central zone was maintained at 1050 °C. After 10 zone passes at a
rate of 1.8 cmv/hr, and a final traverse at the slower rate of 0.18 cm/hr, the ampoule was

allowed to cool slowly over a period of two days. The resulting zone-grown ingots from
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stoichiometric starting proportioas were invariably n-type and yielded void-free crystals with
a typical size of 0.5 < 0.5 < 0.2 ¢cm’ but with some microcracks. The [221] direction was
found to be within a few degrees of the growth direction. Both Parkes et al [2.5] and Tell,
Shay and Kasper [2.6] found that p-type material could be obtained by heating these n-type

crystals under excess selenium pressure.

In 1974, Wagner. Shay, Migliorato and Kasper [2.7] reported the first
CulnSe,(p}/CdS(n) photovoltaic cell with a § % solar conversion efficiency, where they used.
as the substrate, their gradient-freeze maler.ial converted from n to p-type by annealing at
600°C for 24 hrs in a selenium atmosphere. About a year later, Shay, Wagner and Kaspar
[2.8] reported their, now famous 12% efficiency CulnSe,/CdS cell with an antireflection
coating for a small active area of about 0.8 mm’. Without the antireflection coating, the

efficiency was about 10.6 %.

Around this time, in 1974, Rau [2.9] published more accurate values of the saturated

vapour pressure of selenium as a function of temperature and his data is reproduced in

atmospheres and this is the reason for synthesis of CulnSe, in thick sealed ampoules. Since
the boiling point of selenium is 685 °C, preparation of selenium compounds at femperatures
above this value in open crucibles will result in a considerable loss of this element. It should
be noted here that. since the boiling points of the copper and indium are respectively 2567

°C and 2080 °C, their saturated vapour pressures at 1100 °C would be very low.
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Crack-free single crystals of CulnSe, were reported by Tell. Wagner and Bridenbaugh
[2.10] in 1976. using a zone melting technique from stoichiometric starting proportions. The
procedure consisted of three passes at | mmvhr through a zone with a maximum temperature
of about 1015 °C and a temperature gradient of about 60*C/cm. The crystals were p-type
with a room temperature hole concentration of 3x10 ' ¢cm™ and a mobility of* about
20 cm’/ (volt.sec) . Tell and Bridenbaugh [2.11] also used 2 % (by weight) extra of Se. as
well as stoichiometric mixtures, to obtain p-type material and made pn-junctisas with C'd-

and Zn-plated p-type substrates.

Haupt and Hess [2.12] in 1977 grew CuinSe, ingots of | cm in diameter and up
to 5 cm in length using vertical Bridgman and Stockbarger methods: they also grew crysial
platelets by an iodine transport technique. In their melt-growth work. they used the two stage
process of pre-reaction of the high purity starting elements in one evacuated sealed silica
ampoule. followed by removal and transter of the polycrystalline compound into another
ampoule with a pointed end. After sealing this ampoule. it was heated to 1080 “C. maintained
at this temperature for 24 hours and then either lowered through a temperature gradient of
5-10°C/em atarate of 0.5 - 2.5 mmv/hr (Bridgman method) or alternatively kept in a fixed
position (Stockbarger method) in a temperature gradient and the temperature was stowly
decreased at 2 °C/hr from 1020 to 750°C and at a faster rate of 10° C/hr below 750° C.
Haupt and Hess [2.12] in this work claimed that the use of alrcady-reacted polycrystalline
compound as the starting material for the crystal growth stage was advantageous because it
avoided crystal cracking and voids. While they reported that their crystals were crack-free,

they found it was necessary to have a slight excess of selenium to obtain low resistivity p-
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type crystals. implying that n-type material resulted from their stoichiometric starting

proportions.

In the same year of 1977. Hérig, Neumann. Hébler and Kilhn [2.13] prepared meit-
grown CulnSe, ingots by slowly heating the starting elements in an evacuated sealed quartz
ampoule to 1100 °C, holding at this temperature for !5 hours and then cooling at the
relatively fast rate of 100 °C/hr. Their resulting material was invariably n-type with a

relatively low electron mobility of 100 cm*(volt.sec) or less.

2.4 1979-1989

In 1979, Irie, Endo and Kimura [2.14] prepared CulnSe, ingots by heating the
starting elements in an evacuated sealed quartz tube to about 1100 °C, maintaining this
temperature for 10 hours and then. with normal freezing, cooling to room temperature at a
rate of 10 °C/hr. With excess selenium over stoichiometry, they obtained p-type material and
with excess indium, n-type. Their hole mobilities in p-type material at room temperature
were in the range 10 to 20 cm*(volt.sec). Gonzalez, Rincon, Redondo and Negrete [2.'1 5]in
1980, used a vertical Bridgman method to obtain p-type crystals with a hole concentration
of 6 x10'® cm™ and a mobility of about 20 cm® /(volt.sec). The temperature of the top hot
region of the furnace was 1040 °C and that of the cooler region 750° C with a 30° C/cm
temperature gradient; the lowering rate was 2 mm/hr with rotation of the ampoule. Prior to
descent. the ampoule was cooled from a temperature or 1100 °C, at which the compound

synthesis had been carried out.
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Using a monocrystalline substrate, Arya. Warminsky, Beaulieu, Kwietniak and
Loferski in 1983 [2.16] fabricated a CulnSe,/CdS cell yielding a solar conversion efficiency
of 10.6 % with an effective cell area of about 0.8 mm?®, thus matching the results of Shay er
al [2.8]. The small area was due to avoiding microcracks in the substrate. which was
obtained from an ingot prepared by the two-stage Bridgman method. Here, the furnace

temperature was stated to be 1000 °C. which is only just at the meliing point of CulnSc..

Prior to 1984, where experimental details were given, melt-growth of CulnSe, was
done using the two-stage process. In this. compound synthesis was done in one ampoule, the
pre-reacted material transfered to another ampoule and the crystal growth by a Bridgman or
Stockbarger method was carried out. To some extent, this avoided the problem of ingot
sticking to the inner wall of the ampoule and, with good mixing, minimized voids in the
ingot. However, if stoichiometric starting proportions were used, the final ingot was either
n-type or n-type in one region and p-type in another. For instance, Tomlinson [2.17] reported
an ingot to be n-type in the first 3 cm from the end first-to-freeze and p-type in the last 1.5
cm. The first clearly stated use of a one-ampoule method, for both synthesis and crystal
growth was by Shih. Shahidi and Champness [2.18] in 1984. They used either a Bridgman
or a Stockbarger horizontal growth procedure and found that, for stoichiometric starting
proportions, the ingots were always uniformly p-type. The one-ampoule method prevented
the loss of selenium, which otherwise led to n-type behaviour, and thus resulted in obtaining
uniform p-type behaviour, which was a significant improvement. However, Shih et af [2.18],

found that ingot sticking to the ampoule often occurred and while grinding the inner surface
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of the quartz ampoule or depositing a thin carbon film helped somewhat, it was not always

successful.

In 1984, Bachmann. Fearheiley, Shing and Tran [2.19] reported further phase relation
work for the Cu, In, Se system and found (in addition to CulnSe,) a compound of
composition Cu;InSe,, with a high melting point of 943 °C. However, this compound , which
can be regarded as 5 Cu,Se + In,Se, ,is unstable at room temperature. Bachmann et a/ [2.19]
also prepared CulnSe, crystals by directional freezing but since the Se vapour pressure was
kept below 0.5 atmosphere during the growth, it is likely that their ingots were deficient in
Se because, at the melting point of CulnSe,, the saturated vapour pressure of this element is
more than 18 atmospheres. It is interesting to note that they found a pyrolitic boron nitride

crucible to be a most suitable material which did not adhere to the CulnSe,.

An important contribution to the melt-growth of CulnSe, was made in 1985 by
Ciszek [2.20]. He grew crystals lin an open crucible of quartz or boron nitride using boric
oxide (B,0;) as a liquid encapsulent under an argon pressure of 50 to 70 atmospheres.
Using a Bridgman / Stockbarger method, the crucible was either lowered through an r.f. coil
or kept stationary with slow reduction of the r.f. power. Using a Czochralski method, a
“seed" consisting of a quartz rod with a graphite core, was lowered through the liquid B,0O,
to reach the CulnSe, surface and an ingot was pulled from the CulnSe, melt. It was found
. in the case of the directionally frozen ingots that, cracks occurred if the cool-down rate was
too fast. Stoichiometric starting proportions yielded n-type material but p-type ingots were

obtained with excess initial selenium. A photograph of a Czochralski-grown ingot suggested
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the presence of many crystals but the method would seem promising, with further

development.

In the view of Tomlison, expressed in a paper in 1986 [2.21], the vertical Bridgman
method is superior to the zone growth procedure for obtaining larger CulnSe, crystals. In his
Bridgman setup, at the University of Salford, the firnace was moved over the ampoule at a
speed of 1 mm/hr. This may have advantages over the usual arrangement of keeping the

furnace fixed and moving the ampoule.

A revised phase diagram for the pseudo binary system Cu,Se-In,Se, was determined
by Fearheiley [2.22] in 1986 and is reproduced in Fig.2.3. This indicates that the highest
liquidus maximum is at a temperature of 1005 °C with a composition of Culn, ,,Se, ;5
(corresponding to CulnSe, + 11.1 % In,Se;} and not CulnSe, . This would apparently mean
that from a stoichiometric liquid, the first material to freeze would be CulnSe, with dissolved
excess In,Se;. Indeed, excess indium was found by Vahid Shahidi ¢ a/ [1.10] along the main
part of their ingots and Tomlinson [2.17] reported a significant build-up of copper close to
the last end-to-freeze in his ingots. In addition, the phase diagram of Fearheiley in Fig.2.3,
also shows a liquidus maximum at the composition Culn,Se;, as well as that previously
reported at Cu,InSe,. Becker and Wagner [2.23], from differential thermal analysis, reported
a phase transformation, not only at 810 °C, but also at 665 °C for CulnSe,. However, the

latter temperature has not been confirmed in later work and is not evident in Fig.2.3.
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2.5 1989 - 1992
In a review in 1989, Tomlinson [2.24] stated that the adhesion between CulnSe, and
the wall of the silica ampoule was promoted by the presence of water vapour. which
accelerated the devitrification of the quartz. He recommended as a remedy out-gassing of the
charged ampoule at 100 °C just prior to seal-off. However. use of this procedure in the
present author's laboratory was not found to eliminate the sticking problem. Tomlinson
[2.24], also stated that the presence of any undissolved Cu,Se (melting point above 1100 °C)-

in the melt could lead to cracking and voids in the ingot.

In the same year of 1989, using r.f. heating and a graphite susceptor, Weng, Yip, Shih
and Champness [2.25], with a vertical Bridgman method, grew ingots from stoichiometric
melts. They employed an accelerated crucible rotation technique to obtain better mixing but
the use of r.f. heating was found to be no better than resistance heating and more difficult to
control. In their one-ampoule procedure, with stoichiometric starting proportions, only p-type

material was obtained.

In 1990, Yip, Weng, Shih and Champness [2.26] reported on the preparation of
ingots from non-stoichiometric initial proportions. Despite strong deviations from initial
stoichiometry, they found the first part of every ingot to be single phase chalcopyrite, with
multi-phases only in the end part of the ingot - the last region to freeze. In this region, Cu,In
was identified {2.27] in material with excess copper and Cu,In, in material with excess
indium, along with an apparently undocumented compound of composition In,Se,. It is

interesting to note that the binary compounds Cu,Se and In,Se; were never observed in the
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multi-phase regions in these studies. In the single phase region of the ingots. the relation
between conductivity type. n or p. and composition was not simple [2.28] and did not
correlate well with the results of Neumann and Tomlinson [2.29] . However, therc was a

clear relation between s7arting composition and conductivity type.

After about 1991. CulnSe, ingots were prepared by Bridgman methods in the
laboratory of the author and in that of L,S. Yip, using resistance-heated furnaces rather than
an r.f. heated furnace. The problem of the adherence between the ingot and the quartz wall
of the ampoule remained. Then, in 1992, a breakthrough occurred and procedures for
obtaining completely adhesion-free ingots were obtained [2.30][2.31] by the inclusion of
sufficient graphite [2.32] or flamed-in boron nitride coating [2.33] into the ampoule, prior
to charging. The BN procedure is an essential part of this thesis and will be fully discussed
in the following chapters. Following this successful development, ingots {ree of microcracks

and voids and of uniform conductivity type became available for other studies.
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CHAPTER 3

VERTICAL BRIDGMAN GROWTH OF
CulnSe, MONOCRYSTALS

3.1 INTRODUCTION

The use of the one-ampoule method. pioneered mostly in this laboratory. and used
in the present work. has the advantage of minimizing the loss of selenium. This loss takes
place in the two-ampoule process. often used by previous workers and leads to
inhomogeneity of conductivity type. The one-ampoule method, by contrast, results in
uniformly p-type material if stoichiometric starting proportions of the elements are used.
However. the adhesion problem between the quartz and the CulnSe, charge seems o be
somewhat worse with the one-ampoule method, since the original charge is not broken-up
in any way. As will be seen in this chapter, this adhesion problem was completely solved
in the author’s work by the introduction of boron nitride into the ampoule, in the form of'a
powder coating on the ampoule wall, prior to charging with the elements. Hence, with this
solution, the one-arl}poule Bridgman method would seem to be a preferred process and this
is the one adopted by the author. Thus, in this chapter, the growth procedure is described in
detail together with the results of growth runs with variation of some of the parameters. As

will be seen. the use of the one-ampoule Bridgman procedure with boron nitride has resulted
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in obtaining single crystals of the chalcopyrite CulnSe, on a routine basis. which are large

enough for many studies.

3.2 CRYSTAL GROWTH
In this section. the details of the crystal growth procedure, including the preparation
of the ampoule using the boron nitride coating technique is presented. First, the growth

apparatus is described.

3.2 (a) Crystal Growth Apparatus
The crystal growth of CulnSe, in this work was carried out by a vertical Bridgman

method. using a resistively heated. 4600 watt. two-zone furnace (Thermcraft Inc. model

2]

3/238-24-2ZV-ST). The temperature of the two zones of the furnace was controlled with
a Honeywell programmable digital controller (model UDC 5000} with an accuracy of about
+ 0.1 degree. A schematic diagram of the setup is shown in Fig.3,1. along with an actual
measured temperature profile of the two zones. In order to obtain a high temperature gradient
for the crystal growth, a ceramic baffle was placed between the top and bottom zones, which
vielded a gradient of about 70 °C/cm. From the temperature profile, the solidification
position of the compound was estimated to be at a depth of some 43 to 45 cm below the top

surtace of the furnace.

3.2 (b) Ampoule Cleaning
[n this work. the CulnSe, charge synthesis and crystal growth were carried out in the

same ampoule. The ampoule was made from a quartz tube, having an inner diameter of 12
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mm and an outer diameter of 16 mm. It was shaped. using an oxygen-hydrogen Name, from
one end to obtain a pointed tip resembling the letter V. in order to facilitate nucleation
during early stages of the growth. The quartz tube, with only one end open. was cleaned with
a mixture of HNO, and HCI (1:1 by volume) for a period of about 24 hours and then rinsed
thoroughly in de-ionized {DI) water. The ampoule was then soaked in acetone for a similar
period of time to remove any organic contaminants. Finally, the ampoule was rinsed again
in DI water and dried. gently with the tlame. The ampoule was now ready for the BN

coating.

3.2 (¢) Boron Nitride Coating

The boron nitride coating process of the ampoule was found to be an important step
in the fabrication of adhesion- and void-free ingots of CulnSe,. It makes possible
employment of the same ampoule for both the synthesis and growth of the compound,
resulting in ingots which are uniform in conductivity type. Furthermore, it does not require
a supporting crucible within the ampoule. The boron nitride (BN) coating employed in this
work was deposited as follows [2.33]. Boron nitride was obtained either in the form of a
powder. of nominal purity 99.5%. from Johnson Matthey Ltd.. or in the form of BN slurry,
from Carborundum Company. The BN slurry was obtained in two types: V-BN. consisting
of BN mixed with silica, and S-BN, where the boron nitride was mixed with an alumina
phase. A small quantity (less than 5 gram} of the BN source was thoroughly mixed with
about 10 to 20 ml of acetone to create a suspension with a thick consistency. The mixture
was then transferred to the ampoule and given a manual agitation for some 2 to 3 minutes.

This action allowed the ampoule wall to be coated with BN particles. The excess quantity
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of the suspension was poured out of the ampoule. After introducing the BN, the coating was
made more uniform by spreading it out with a special brush until the desired thickness was
obtained on the wall. The coated area was localized at the bottom end of the ampoule by
rinsing away the excess coating elsewhere using DI water. After this. the ampoule, coated
with the appropriate amount of BN. was gently heated between 80 to 100 °C in a small oven
to drive out any residual acetone remaining behind. Fig.3.2(a) shows a photograph of an
ampoule indicating the appearance of the BN. At this stage, the BN particles were loosely
bound to the quartz and were eastly removed with rinsing. In order to harden the coating, it
was necessary to heat intensely. using a flame, both the quartz and the coating until the
quartz was almost white hot. [n the case of the 99.5% purity BN, the coating became fuily
transparent inside the ingot. as shown in Fig.3.2(b). in using the BN slurry as the source of
BN. the coating was not completely transparent after the flame treatment; however, it was
of superior hardness compared with powdered BN of equal thickness. In order to remove any
residual BN particles. the ampoule was given a final rinse with DI water and dried gently
with the flame. The intense flaming of the BN is an important step in the deposition of the
coating whereby, if it is not done, the BN particles would be washed away by the molten

charge and may cause contamination of the ingot.

3.2 (d) Preparation of Charge

In most of the growth runs carried out in this study, a stoichiometric charge of the
elements was used for the synthesis of the compound. The starting materials of copper.
indium and selenium were acquired in pellet form. each pellet with a diameter of about 3 to

5 mm, having a nominal purity of about 99.999%. The suppiiers for these materials were
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CERAC Coating Materials Inc. for the copper. Metal Specialties Inc. tor the indium and
Noranda Technology Center for the selenium. Stoichiometric proportions of the Cu, In and
Se were calculated from their respective atomic weights, and the elements were weighed
separately from a pre-etched supply of material. The pellets were ¢tched prior to the
weighing of the charge to avoid unwanted changes in the starting composition due to the
etching action. The chemical etching of the Cu was carried out in dilute HNO; (1:1¢in DI
water by volume), while the etching of the In and Se was done in dilute HCL (1:10 in DI
water by volume). The pellets were rinsed thoroughly in DI water and then dried in a ow
of nitrogen. Fig.3.3(a) shows a photograph of the etched and cleaned elemental pellets, prior
to introduction into the ampoule. After the etching, the charge was transferred to the BN-
coated quartz ampoule which was attached, in a vertical position. to a vacuum pumping
system (by Edwards Ltd.) equipped with a stainless steel manifold, having a 16 mm diameter
ampoule inlet port. The system. with the ampoule in place, was then evacuated down to a
pressure of about 4x107 Torr in some 2 to 3 hours. Using an oxygen-hydrogen flame, the
ampoule was then sealed under vacuum from a position some 10 cm above the elemental
charge pellets to avoid unwanted heating and possibly loss of selenium at this stage. As a
precaution, the tip of the ampoule was kept cool in a water-soaked cloth. Prior to loading the
ampoule for pumping, the position of sealing was marked and the quartz was thinned down
to facilitate its melting. Using the flame. the thinned wall of the ampoule was gently melted,
while the ampoule was rotated until the quartz wall had collapsed under the influence of
vacuum, forming a sealed neck. Extra care is needed in the sealing-off process, especially

in separating the umpoule from the remainder of the quartz tube, where the quartz may crack



if too much force is used. After the sealing was complete, the ready ampoule, some 15 to

20 cm in length was allowed to cool down prior to the beginning of the next step.

3.2 (¢) Reaction of Charge

The ampoule, with the charge inside, was placed in a horizontal position in a brick
furnace, where the initial reaction between the elements was carried out. Here. the
temperature was first raised slowly from room temperature to about 300°C, at about 2°C/min
to allow the exothermic reaction between the indium and the selenium, near the temperature
of 220°C, to take place. If the rise in temperature is too fast, an explosion would occur. To
ensure a complete reaction. the temperature was maintained at 300°C for some 24 hours. At
this stage, the only reactants were the In and the Se, while the Cu remained in pellet form.
This can be seen in Fig.3.3(b), where the contents of a run, interrupted at a temperature of
about 300°C, are shown, clearly indicating the presence of un-reacted elemental Cu. Next,
the same ampoule was transferred to the top zone of the vertical crystal growth furnace,
where the remainder of the reaction was carried out. To do this, the ampoule was attached,
from its top end. to a quartz rod some 60 cm in length. The rod was connected to the
mechanical lowering mechanism of the assembly and, with the furnace turned off, the
ampoule was positioned in the center of the top zone of the furnace, at a depth of about 35
cm. Next. the temperature was set to 300°C and the furnace was allowed to stabilize for
about 1 hour. The temperature was then raised at a rate of about 5°C/min up to 1100°C, that
is some 100° C above the melting point of CulnSe,. The reaction with the copper was
complete however, before the melting point of this element (of around 1080°C) was reached.

This is demonstrated in Fig3.3(c), where the contents of a run, interrupted at around 700°C,
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were powdered and are shown to reveal the absence of any Cu pellets, In order to ensure
homogenization of the melt, the ampoule was maintained at 1100°C typically for 24 to 48

hours and given a thorough manual agitation several times during this soaking period.

3.2 (D) Crystal Growth Procedure

After the reaction and soaking of the charge was complete in the top furnace zone,
the temperature of the lower zone was set to about 700 °C and the bottom furnace was
allowed to stabilize for about 1 to 2 hours. This resulted in a temperuwre gradient of about
70°C/cm between the top and { “:tom zones. The directional freezing of the melt was then
>begun. The ampoule, in the top zone, was slowly manually displaced downwards to a depth
of about 40 cm, nearer to the solidification position, where the temperature was still well
above the melting point of the compound. The motorized lowering mechanism was then
activated and the control was set to a lowering rate of 2 to 10 mm/hr. The growth was
continued for 24 to 48 hours until the ingot was completely solidified, well into the cooler
zone. The temperature of the top zone was then reduced to that of the bottom zone and the
entire furnace cooled at a rate of about 20 to 30°C/hr. The resulting ingot is shown in
Fig.3.4(a), where it is clearly seen to be loose inside the ampoule, due to the effect of the BN
coating and was thus easily extracted from the quartz ampoule. In contrast, an ingot
exhibiting severe adhesion and residue is shown in Fig.3.4(b) of this figure, for comparison,
where no BN was used. Here. the ingot contained voids and cracks, as will be later discussed
in this chapter. Table 3.1 summarizes all of the crystal growth runs reported in this thesis

with a few additional runs of special interest.
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3.3 RESULTS ON CRYSTAL GROWTH
In this section, the results of applying the procedure to grow Bridgman ingots of
CulnSe,, described in the previous section, are presented. Included here, are the effects of
the BN, ingot characteristics. monophase confirmation and the effects of growth rate

variation and of interrupted growth.

3.3 (a) Effect of Boron Nitride

The boron nitride coating was clearly found to eliminate the adhesion of the CuinSe,
ingot to the quartz ampoule. This was a major breakthrough in this work, where for the first
time in this laboratory, ampoules were routinely grown without any difficulties with cracking
or adhesion. It was also found to reduce signiﬁcantl}f the amount of voids in the interior of
the ingot. Because of this, the growth of larger monocrystals was made possible and crystals
with significant cleavage areas were obtained. This is demonstrated in Fig.3.5(a), where a
run using BN (run 64, Table 3.1) is shown to yield an ingot with a complete cleaved surface
of greater than 40 mm’ in area. This is compared with run 21 ( Table 3.1), where no BN
coating was used. and where the resulting ingot exhibited a large density of voids
{Fig.3.5(b)). Another beneficial aspect of the BN coating was that it allowed the ingot to
develop facets on the exterior wall. particularly when thicker BN coatings were used. In
some cases, this yielded information about the orientation of monocrystalline regions inside
the ingot. While this was useful from the point of view of crystal growth, it was found that
the BN did not have to be in physical contact with the melt to work. An experiment was

carried out whereby the BN was in the form of a block located inside the ampoule but well
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above the melt. The result was again an adhesion-free ingot. Thus, this showed clearly that

the BN did not act as a physical barrier.

3.3 (b) Ingot characteristics

The grown ingot was removed from the ampoule and observed under a light source
which revealed its exterior facetting. Tuis facetting was often an indication of regions of
monocrystalline habit which manifested itself externally by a singular reflection of light. It
was found that these facets corresponded almost always to the low index plane {112}. It was
also possible to use this information to cleave the ingot appropriately, so that an internal
{112} plane was obtained. This is indicated in Fig.3.6(a), where an ingot is shown, with its
exterior exhibiting a region some 3 cm in length having one common reflection. The ingot
was cleaved whereby, the cleavage plane, while not very large, had a reflection which
coincided with that seen from the rough exterior surface of the ingot, as shown in Fig.3.6(b})

and (c).

Table 3.2 lists all of the cleavage planes obtained on the ingots, including their
dimensions. Here, it is seen that the largest cleavage areas, and thus the largest confirmed
monocrystals, were those in ingots 86 and 91, with an area of about 2 em?. The general
location of the cleavage in the ingot is also indicated in the table, showing that the majority
of the larger monocrystals were located near the bottom end, which was the first region to
freeze. Fig.3.7 shows two such ingots, 119 and 125, exhibiting cleavages, where the largest

dimension was around 1.9 and 1.5 cm respectively, which were essentially parallel to the
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direction of the growth. This is different from earlier work [2.5]. where the growth axis was

said 10 be essentially along the [221] direction, perpendicular to the {112} plane.

In order to verify that these mirror-like planes did indeed correspond to one crystal,
multiple-exposure Laue photographs were taken at three different locations on the cleaved
plane of ingot 119 . Fig.3.8 shows a schematic diagram of the usual X-ray back-reflection
Laue setup used. The exposure time was about 45 minutes per location and the X-ray
generator current and voltage were 30 mA and 22 kV respectively. The three exposures were
obtained by moving the sample linearly, in the plane perpendicular to the incident beam. into
the three different positions. which are indicated in Fig.3.9(a). Fig.3.9(b) gives the resulting
polaroid picture showing the spot pattern indicative of a three fold symmetry. More
importantly, the three exposures reveal clear single circular spots of the three superimposed
images, which do not exhibit streaking or splitting, that otherwise is an indication of a

misorientation between adjacent grains.

Another measure of the crystalline quality of these cleaved ingots is shown in
Fig.3.10. Here, a rocking curve was obtained on 5x5 mm?® cleaved surface of ingot 125,
shown in Fig.3.10. The measurement was carried out by Dr. Isabella Bassignana at the
Advanced Technology Laboratory of Bell Northemn Research Ltd. In this measurement, the
cleaved sample was placed in an X-ray diffractometer with its cleavage parallel to the
surface of the mounting stage, making an equal angle with the incident and reflected beams.
The angle of incidence was then fixed at the Bragg angle corresponding to this plane and the

diffracted X-ray intensity was measured with small deviation from the Bragg angle. The
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rocking curve indicates a full width half maximum (FWHM) value of about 200 arc seconds
for this crystal. This is much smaller than the value of about 680 arc seconds, reported by
Tiwari et al [3.1] for their heteroepitaxially-grown thin film CulnSe, structures but larger
than the figure of some 70 arc seconds reported by Cheuvart e af for CdTe [3.2], and of
course larger than those observed for present-day high quality Si and GaAs single crystal

walfers.

3.3 (c¢) Crystal Structure

The crystal structure of CulnSe, ingots having a nominal stoichiometric starting
composition. has been determined by powder X-ray diffraction using a Rigaku
diffractometer (model D/Max -2400), a schematic of which is shown in Fig.3.11. Pijcces
were extracted from the ingot and crushed to a fine powder. The CuinSe, powder was
transferred on to a special glass slide which fits into the sample holder of the diffractometer.
X-ray scans were then taken from 10 to 100 degrees of 26, at a rate of 6 degrees per minute.
The incident X-ray wavelength was 1.5405A obtained from a Cu target. The actual measured
diffraction peaks for a specimen from a typical ingot growth run are given in Fig.3.12, The
diffraction pattern is consistent with the JCPDS data for the reflections of the chalcopyrite
structure for this compound, given in Appendix A.l. Unlike the standard specimen, the
intensity of the 220 peak measured here, was slightly greater than that for the 112 peak.
The presence of reflections from {hk ¢} planes where the value of the index ¢ is odd, such

as 101, 103 and 1035, is consistent with the presence of the chalcopyrite phase [3.3].
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3.3 (d) Effect of Growth Rate

As indicated in Table 3.1, the crystal growth of most of the ingots was carried out
using a lowering rate of less than 10 mm/hr. In this range, the size of the grains in the ingots
did not seem to vary significantly. In quenched samples, however, very fine grains were
observed. Thercfore. in order to establish an upper limit for the growth rate, an experiment
was carrted out, whereby several ingots were grown mostly under similar conditions with
the lowering rate varied well over two orders of magnitude from about 700 mm/hr down
to 2 mm/hr. Pieces were then extracted from the ingots and polished first with sand paper and
then with 0.3 pm alumina powder. to obtain flat surfaces. The grains of the ingot were then
revealed by etching the sample in a 5% brome-methanol solution and an estimate for the size

of the grains was obtained.

The results of the etching are shown in Fig.3.13. A total of five stoichiometric ingots
were prepared, runs 101, 151, 43, 63 and 137, with solidification rates of 700, 277, 18, 10
and 2 mm/hr respectively (Table 3.1). Fig.3.13(a) shows a sample from ingot 101 grown at
700 mm/hr. Here, the grain structure is seen to be very fine. where the grain size is estimated
to be around 0.3 mm. These grains appeared to grow radially, possibly due to the lateral heat
loss during the quenching action. In Fig.3.13(b), where the growth rate was 277 mm/hr, the
grains were slightly larger, but still relatively small in comparison with the ingot dimensions,
with an average grain size of some 2 mm. At the slower growth rate of 18 mm/hr, shown in
Fig.3.13(c). the grains exhibited a greater size, where the average dimension was about 5
mm. The size of the grains. however. was largest at growth rates of 10 mm/hr or below.

This is seen in Figs.3.13(d) and (e), where samples from the ingots grown at 10 and 2 mm/hr
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respectively, are shown. In both figures. the grain size was comparable to the diameter of the
ampoule and in the case of the 2 mmv/hr sample. the entire piece was one grain, as evidenced
by the presence of only one facet. revealed by the etching. The stratght dark lines seen in
Figs.3.13(d) and (e) indicate twin boundaries in these samples. The results of this experiment
are summarized in Table 3.3. The average grain size of these samples is plotted in Fig.3.14
against ampoule lowering rate on double logarithmic scales. Here. the trend of the points
appears to be a general decrease in grain size with increasing lowering rate, as would be
expected. The error bars in this figure were obtained for each sample by taking the

minimum and maximum estimates for the size of the grains.

3.3 (e} Interrupted Growth Runs

An important parameter in the growth of crystals from the melt, is the solid-liquid
interface shape. Several techniques have been used in the past to visualize this intertace
during or after the growth [3.4], [3.5], [3.6], [3.7]. Arising from the resuit of section 3.3(c),
where most of the grown ingots exhibited cleavage near the tip of the ampoule, a preliminary
attempt was made, in this study, to look at the solid-liquid interface shape at diflcrent
positions along the ingot as the solidification progressed. To delineate the solid-liquid
interface. about 3 extra grams of copper were added 1o a typical stoichiometric elemental
charge mixture of 20 grams. A set of three ampoules was then prepared, runs 155, 156, and
157, which were grown under nominally similar conditions but which were interrupted at
different stages of the lowering of the ingot. The soaking of the melt at 1100 °C was carried
out for 48 hours or more, for all three runs and the growth rate was about 6 mm/hr. The

growth of the ingot was then interrupted at a given position during the solidification and the



entire ampoule quenched to room temperature. The ingot was then extracted from the quartz
ampoule and cut, using a diamond saw, along its axis. The cut surface was then polished
using 0.3 um alumina powder to obtain a fine finish. It was found that the rapidly quenched
material contained precipitated copper (or a copper compound) but with none visible in the
slowly grown portion. Thus, an interface was apparent between the copper-containing
quenched material and the slowly grown portion of the ingot. Table 3.1 gives the fabrication

conditions of these runs.

Fig.3.15 shows the resuit of the three runs, interrupted at successively higher
positions along the growth direction. The segregated copper is seen as the greyish area in the
upper portion of the ingots. A schematic is also given to highlight the interface shape. As
is clearly seen here, in all cases, the shape of the interface was concave in respect of the
monocrystalline material. The degree of concavity, however, appeared to increase with
growth distance from the tip. Near the tip, the concavity was small, while near the top end
the concavity was very large and also severely distorted, which if it is a true indication of
the interface shape. would suggest excessive nucleation from the ampoule walls. In these
ingots, it is also seen that, in the grown lower region, a significant density of macro-cracks
was apparent. This is due to the quenching action, since such cracks were not observed in
regular unquenched ingots. This is clear from Fig.3.16, which shows a comparison between
a quenched run 157 and another run 138, also using excess copper, but one which was fully
grown at a rate of 3 mm/hr. As opposed to the quenched run, ingot 138 was cooled after
solidification at the much slower rate of about 28°C/hr. Here, the interface shape of ingot

{ 38. while still concave. was nearer to a flat interface than that of the quenched run 157,
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even though the interface was at a higher position in the ingot. This suggests that the method
used to “freeze-in” the solid-liquid intertace may affect its shape if carried out under thermal
non-equilibrium conditions. Table 3.4 summarizes the results of this experiment. The lines

seen on the section of ingot 138 arose from the cutting action of the diamond saw.

3.3 (f) Surface Treatments

Two types of surface treatment, carried out on mechanically polished surfaces, were
chemical etching and thermal etching. Fig3.17(a} shows a photograph of a sample surface
etched in a 5% brome-methanol solution, which. as shown earlier, revealed grain boundaries
and as shown here, twinning lines. Twinning was also revealed by thermal etching in
vacuum, as indicated in Fig.3.17(b), showing a sample with multiple twin bands, where a
sample was annealed at a temperature of 300 °C for about 2 hours. Thermal etching also
revealed etch pits. as shown in Fig.3.18. In Fig.3.18(a), near triangular pits on a polished
{112} surface. annealed in vacuum at 300°C, are shown. In Fig.3.18(b), the annealing was
carried out at 600°C for a period of some 4 hours, showing better, the triangular shape of the

etch pits.

33 (g) Electrical Measurements

Little work was done on the electrical evaluation of the grown ingots but some Hall
effect and conductivity measurements at room temperature were carried out with the help
of G. Ahmed on filamentary samples cut from stoichiometric ingots. The measurements
were done using a magnetic field of about 10kG and values obtained for Hall mobility,

resistivity and carrier concentration were of the order of 30 ¢m*(volt.sec), 5 ohm.cm and



10'7 cm” respectively. The Hall coefficient indicated p-type conductivity, which was
consistent with thermoelectric hot point probe determinations on these samples. The
conductivity type of all stoichiometric runs. as determined by hot probing, was uniformly
p-type throughout the ingot., without exception. including the last region to freeze. In non-
stoichiometric growth runs. however. n-type conductivity was obtained in ingots with
controlled deviations from stoichiometry, which will be reported on, in more detail. in

chapter 5.

3.3 (h) Miscellaneous Experiments

Several preliminary attempts were made in this work, other than those already
discussed earlier, to improve the size of monocrystals in the ingot. However, while no
immediate success was obtained in these particular runs, a review of t'hé_m is helpful since
the techniques employed vielded improved crystal quality in other materials. For example,
an attempt was made to incorporate 2 seed inside the tip of the ampoule. With seeding, the
yield of single crystals could be increased. Heterogeneous seeding of CuGaSe, was reported
by Mivake et @/ [3.8). using a travelling heater method, while homogeneous seeding of
Bridgman-grown ApGaSe, was reported by Feigelson and Route [3.9]. In the present work,
on CulnSe,. three growth runs were carried out using a sapphire, Al,O, single crystal seed,
a Si0, single crystal seed and a seed taken from a commercial silicon single crystal wafer.
[n each case. the seed was locked-into‘the quartz ampoule tip, by gentle flaming under
vacuum. The growth of’ CulnSe, was carried out under the usual conditions. However, the

seeding experiments did not yield a significant increase in monocrystallinity, perhaps due to

the fact that the growth parameters were not yet fully optimized . In the case of the silicon



seed. 1t was compietely dissolved by the moiten CulnSe,. during the soaking. at the

temperature of 1100°C.

Attempts were also made to study the effect of ampoule taper angle on the
monocrystallinity within the ingot. which was also reported to have an ettect on the
structural integrity of ingots of AgGaSe, [3.9]. However, due to the small diameter of the
ampoules used in this work, of about 12 mm, the length of a grown ingot with a large taper
angle would have been too short to reveal long range order and therefore, a larger diameter
quartz ampoule was needed. This, however, necessitated a scale-up of the ampoule

fabrication process. which was beyond the resources available.

Finally, two runs were attempted. whereby an inverted Bridgman growth was carried
out. Here, the ingot was pulled upwards from the bottom zone, sct at its maximum
temperature of 1000°C to the upper zone set at 800 C. Unlike the conventional vertical
Bridgman used, where the tip promoted the nucleation, in the inverted method, the free
surface of the melt solidified first. Here, it was hoped that such surfaces might promote
self-seeding of the ingot. This is because these free surfaces were observed to grow only
along {112} planes. However, difficulties were encountered when the upper part of the
ampoule cooled first, as it entered the top zone, leading to condensation of vapour from the
melt. The resuits of these runs indicated that more work was needed to establish the
appropriate growth conditions for such a technique. An inverted Bridgman technique was

used by Grasza and Jedrzejczak to study heat convection in the material PbSnTe [3.10].
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3.4 DISCUSSION

The main obstacle in the growth of CulnSe, by the Bridgman method, in this work,
has been the adhesion problem. To a considerable extent, this prevented large monocrystals
from being obtained and used for other studies. The boron nitride coating method, developed
in this study, was successful in eliminating the adhesion completely and enabling adhesion-
free and void-free ingots to be obtained routinely. This also allowed, for the first time, the
cleavage of surfaces of area greater than 1 cm® to be obtained on CulnSe,. The inclusion
of graphite in the ampoule, in the work of L.S. Yip [3. 11], was found to be equally effective
in eliminating the adhesion problem. However, he reported that the graphite, when deposited
as a film on the inside of the ampoule wall, flaked-off and was invariably incorporated into
the meit. This did not occur with the boron nitride coating used in this work, since the
intense flaming step carried out, caused a hardening of the BN layer. Thus, no BN was
observed to be incorporated, macroscopically, into the melt. The BN coating method does
not require the BN to be in the form of a crucible, which alone, without a containing quartz
ampoule, would be more difficuit to seal off. Since the BN coating can be deposited to a
controlled thickness onto the ampoule wall, it eliminates the need for a crucible. In the work
of Bachmann er @/ [2.19] on CulnSe,, Yasuda er a/ [3.12] on CdTe and Omino and Suzuki
{3.13] on ZnSe, using a pre-reacted charge, a BN crucible was employed inside a quartz
ampoule. In the one ampoule method adopted in this work, where an elemental charge was
used. a BN crucible can sometimes crack inside the quartz ampoule due to accumulation of
reaction products between the crucible and ampoule walls, Thus, the coating method offers
a less troublesome alternative for using the BN for the crystal growth, if the one ampoule

technique is used. As far as adhesion goes, the BN does not have to be in contact with the
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melt in order to prevent the sticking. It has been shown that the use of a block of BN inside
the ampoule, away from the charge, has a similar action. This is consistent with the results
of L.S.Yip [3.11] with the use of graphite inside the quartz ampoule. It is thus. speculated
that the boron nitride (or graphite) acts as a getter of some gaseous agent. It will be shown

in chapter 4. that this was indeed the case.

While the advantage of having BN in the quartz ampoule is clear, it posed. never-
the-less, a possible risk of microscopic contamination of the CulnSe, charge. No analysis.
in this work however, was done to see if significant traces of boron were present in the
CulnSe, ingot after the growth. In the work of Yasuda ef a/ on CdTe [3.12] and Omino and
Suzuki [3.13] on ZnSe, where BN crucibles were used, no measurable amount of boron was
found in the ingots. In the work of Ciszek [3.14], on solid solution growth of Culn,Ga,_,Se,
crystals, where a B,O; encapsulent was used. the boron trace was below the detection limit
of 30 ppm (by weight). However, boron contamination was reported by Yoshida er af |3.15]
for ZnSe if unpurified BN crucibles were used. In any case, such analysis for CulnSe,

would be required, especially if boron is shown to have a doping role in CulnSe,.

The BN method made possible the growth of ingots with large monocrystals having
dimensions comparable to the size of the containing quartz ampoule. However, the vertical
Bridgman crystal growth procedure. in this laboratory, was by no means fully optimized and
many parameters still need to be carefully studied in order to understand their effect on the
ingot solidification. These include: the soaking temperature above the melting point of

CulnSe, . the temperature of the bottom zone and also the temperature gradient at the
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freezing mark. In this work, the gradient of temperature was fixed at about 7(‘)‘°C/cm. which
was bel?‘zeved to be high enough to avoid constitutional supercooling. However, this needs
to be verified by experiment. The absence of ampoule rotation during the soaking and the
growth did not seem to hinder severely the growth of large monocrystals; however, it would
appear to be beneficial from the point of view of thermal homogenization of the ingot,
particularly during the solidification stage. In the work of Weng et a/ [2.25], an accelerated
crucible rotation technique (ACRT) was employed for the vertical Bridgman growth of

CulnSe,.

The upper furnace zone temperature, in this work, was kept at 1100 °C in almost all
the runs. While this parameter may not seem to be critical , it was reported [3.16] that, such
.an elevated temperature, above the melting point of the compound during the growth, may
cause the solid-liquid interface shape to become concave, as viewed from the solid, which
is undesirable, The interrupted growth experiments showed that the apparent solid-liquid
interface shape in these ingot was concave with respect to the solid. However, it is possible
that the quenching action itself influences the concavity and thus, the surface indicated
misrepresents the actual shape of the interface. This is because heat is lost more rapidly
from the walls than from the interior of the ingot, which in turn causes the copper to
segregate in the central part of the ingot as the walls solidify first. Be this as it may, the
relative degree of concavity could indeed increase with growth, as evidenced by the presence
of larger monocrystals near the bottom of the ingot compared with those in the last region

to freeze.
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The results of the experiment on the variation of growth rate are not surprising. Here,
it would appear that a growth rate of some 10 mmv/hr or less is sufficient for obtaining i-ngot-
sized monocrystals, at least using the present growth conditions of temperature gradient and
ampoule size. For example, using a larger diameter ampoule may require a much slower
growth rate in order to maintain the thermal equilibrium needed. The quartz ampoule used.
had a v;rall thickness of about 2 mm, which seemed to be strong enough to withstand the very
high saturated vapour pressure of the selenium of more that 40 atmospheres at the soaking
temperature of 1100 °C. Thi. soaking temperature was also apparently high enough to
synthesize completely the CulnSe, compound, since no other elemental or binary phases
were observed in the ingots, after the growth. While the X-ray diffraction pattern on a
powdered sample indicated only the presence of the chalcopyrite phase, the presence of the
sphalerite phase of Culr:Se, cannot be completely ruled out [2.20], particularly since the
second zone temperature of the furnace was set io about 600 ‘o 70G°C, in order to obtain a
high gradient at the freezing mark, which was less than the 810°C sphalerite-to-chalcopyrite
transition temperature. This could have hindered the phase transformation, rendering it
incomplete. A more careful study is therefore needed to verify if the sphalerite phase was
indeed present in these ingots. While no microscopic cracks were observed in any of the
ingots, very limited macroscopic cracking was observed in some runs where the cooling rate
was too fast and particularly evidenced in the quenched ingots. Thus, slower cooling rates
below those used in th{.:"gtudy, of around 25 to 30 °C/hr, may be recommended to reducé the

-1

possible incidence of cracks in these crystals [2.20].
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Table 3.1

Summary of Bridgman Growth Conditions for Ingots Reported in this Work

Run  Starting BN Soaktime’ T*  Loweringrate  Cooling rate Comments

No. charge' coating’ (hr) (*C) (mm/r) (*C/r)

21 Stoich None 72 650 2 27 Sticking and voids present

36 Stoich Pwdr 48 600 2 25

41 Stoich Pwdr 48 600 ] 25

43 Stoich Pwdr 24 650 18 25 Intermediate growth rate

55 Stoich Pwdr 48 700 3 19

63 Stoich Pwdr 24 650 10 27

64 Stoich S-BN 24 560 k) 23 Large {101} cleavage

76 Stoich Pwdr 48 550 2 22

83 Stoich Pw::lr 96 520 7 22 Large {112} cleavage

36 Stoich Pwdr 20 520 2 2

91 Stoich V-BN 10 850 4 18 Large {110} cleavage

95 Stoich V-BN 22 850 4 11

101 Stoich V-BN 48 RT 700 Quench Fast growth rate

105 Stoich V-BN 68 350 6 20

107 Stoich Pwdr 2 600 - - Si seed dissolved during soaking
10 Stoich 5-BN 24 620 6 26

111 Stoich Pwdr 48 660 5 25 Al,O, single crystal seed used
112 Stoich S-BN 24 650 7 25 Si0, single crystal seed used
113 Stoich Pwdr 26 660 ) k]| Quartz ampoule diameter was 2.5 cm

L

Elemental charge used at the start of the growth ( Stoich = stoichiometric).
Type of boron nitride used for the ampoule coating, Pwdr= powdered boron nitride of 99.5% purity obtained from Johnson
Matthey Ltd., V-BN = slurry of boron nitride and silica obtained from Carborundum, S-BN slurry of boron nitride and alumina

obtained from the Carborundum Company and Block = Block of pyrolytic boron nitride.

Time zllowed for homogenization of the molten charge at a soaking temperature of 1100°C.
Temperature of the second cooler zone of the fumace.
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Table 3.1 (cont'd)

Surmamary of Bridgman Growth Conditions for Ingots Reported in this Work

Run  Starting BN Soak time® T  Loweringrate  Cooling rate Comments
No. charge' coating? ¢hr) (*C) {mm/hr) ("Cthr}
115 Stoich V-BN i2 800 7 27 Inverted growth’
116 Stioch V-BN 12 900 8 30 Inverted growth?
119 Stoich V-BN 48 680 2 28 Large monocrystal
125 Stoich S-BN 68 670 2 27
137 Stoich Block 48 600 2 25 Slow growth rate
138 Cu excess  V-BN 47 610 3 28
140  Se deficient  Pwdr 24 670 3 28
141 Inexcess  Pwdr’ 20 670 3 28
142 Se excess Pwdr 24 640 3 53
143 Cuexcess Pwdr 21 670 3 50 EPMA
pra—  growth
144 Stoich Pwdr 28 900 3 37 runs
145 Indeficient Pwdr 48 900 6 30
146  Inexcess Block 43 800 3 n
149 Stoich Pwdr 24 700 6 30
151 Stoich S-BN 24 700 2 50
155  Cuexcess S-BN 72 700 6 Quench
Interrupted
156  Cu excess S-BN 48 700 7 Quench growth
runs
157  Cuexcess S-BN 48 700 T Quench
1. Elemental charge used at the start of the growth ( Steich = stoichiometric).
2. Type of boron nitride used for the ampoule coating, Pwdr= powdered boron nitride of 99.5% purity obtained from Johnson

Matthey Ltd., V-BN = slurry of boron nitride and silica obtained from Carborundum, S-BN slurry of boron nitride and alumina
obtained from the Carborundum Compary and Block = Block of pyrolytic boron nitride.

Time allowed for homogenization of the molten charge at a soaking temperature of 1100°C.

Temperature of the second cooler zone of the fumace,

Soaking temperature was 1000°C

o

46



Table 3.2
Summary of Cleavage in Bridgman-Grown CulnSe, Ingots'

Largest {101} cleavage.

Largest {112} cleavage.

Only ingot with {110}

Run  Location {hkl} Area’ Max, dim.* Comments
No. in ingot® plane (em?) (cm)

36 L 112 0.3 0.6

4] C 101 04 0.8

55 C 112 0.6 1.2

63 C 112 0.8 1.5

64 L 101 0.5 1.2

76 U 112 0.1 04

83 L 112 1.0 1.3

86 L 112 1.9 22

91 L 110 2.0 2.0

Cleavage plane.

95 L 101 0.8 1.0

105 L 112 0.3 1.1

110 L 101 0.1 0.6

119 L 112 1.3 1.9

125 L 112 0.7 1.5

149 L 101 0.7 1.0

1. Summary of cleavage planes observed in ali the ingots prepared in this work.
2. Location of the cleavage in the ingot: L=lower region, C= central region and
U=upper region. Total length of a typical ingot was 4 cm.

3. Estimate of the area of the cleavage plane.
4. Length of maximum dimension of cleaved region.
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Table 3.3 Effect of Variation of Ampoule Lowering Rate

Run  Loweringrate  Average grain size' Comments

No. {em/hr) (mmj

101 70 =03 Ingot quenched from
1100 to 500 *C.

151 28 = 2.0 Ingot contained some
voids,

43 1.8 = 5.0

63 1.0 2 9.0 Large cleavage.

137 02 211.0 ingot-wide grains,

1. Average width of grains revealed by polishing and stching the CulnSe, substrate with 5% brome in

methanol solution.
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Table 3.4 Interrupted Growth Runs'

Run Lowering rate Interface Cooling Degree of Polished grown

No. (mnvhr) position?  rate concavity’ region after cooling
155 6 0.25 Quench* 0.2 Some cracking

156 6 0.50 Quench 0.5 Significant cracking
157 7 0.65 Quench 0.9 Significant cracking
138 3 0.90 25°Cher 0.2 Little ot no cracks

Ingots of CulnSe, with excess copper grown partially, at the given growth rate and quenched
at a given stage of the growth 1o “freeze-in" the solid liquid interface, except for the last run
which was grown completely.

Interface position along the ingot axis given as a fraction of the total ingot length as
measured from the tip.

Ratio of the amount of central depression in the solid-liquid interface, below its level at the ingot edge,
to the diameter of the ingot.

Quenching was carried out by manually lowering the ampoule from near the solidification temperarure
of CulnSe, of about 980 °C to a position outside the furnace,
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Fig.3.1 Schematic diagram of the vertical Bridgman growth setup , showing

also the temperature profile of the furnace.
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BN powder coaiing

(b)

Fig.3.2 Photographs of the quartz ampoule used for the crystal growth,
showing (a) the powdered boron nitride coating as deposited on its
wall and (b) the ampoule transparent after the intense flaming

treatment.
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(43

Starting Ingot contents Powdered ingot
elemental after interruption contents after
charge at 300 °C interruption at 700°C

(b) (c)

Fig.3.3 Photographs showing (a) the elemental charge before loading into
the ampoule , (b) the charge after treatment at about 300°C, showing
residual copper peliets and (c) the charge reacted at a temperature

near 700 °C, after povrdering.



CulnSe, ingot completely loose after growth

Without BN

CulnSe, ingot stuck inside quartz ampoule after growth

Fig3.4 Photographs showing (a) ampoule pre-treated with BN, yielding an
ingot completely loose inside and (b) ampoule without BN, where
the ingot exhibited adhesion, cracks and residue on the quartz wall.
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(b)

Fig3.5 Photographs showing the interior of ingots (a} a run where boron
nitride was used in the growth revealing the two halves of a cleaved
single crystal and (b) a run where BN was not used , showing high
void density.
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Fig3.6

(a)

(b)

(c)

Photographs showing (a) facetting on the ingot exterior having the
same orientation as (b) an internal cleavage plane, shown in a close-
up view in (c).
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(1)

Fig.3.7 Representative samples showing (a) the bottom haif of ingot 119,
exhibiting a {112} cleavage plane of over | em? in area and (b) ingot
125, where the {112} cleavage at the bottom was some 70 mm? in
area.
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Fig.3.8 Schematic diagram showing the Laue X-ray back-reflection method

used in this study.
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Fig.3.9

beam
positions

%‘-“

(b)

{a) Photograph sht;i'ving the positions of three Laue X-ray exposures
on the cleaved {112} plane of ingot 119 and (b) the resulting
superimposed image indicating the region to be one crystal.
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Rocking curve on a {112} cleaved sample of ingot 125, indicating
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Fig.3.11 Schematic diagram of the X-ray diffraction setup.
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X-ray diffraction peaks of a powder sample of CulnSe, obtained

from a stoichiometric growth run, showing the presence of all of the
chalcopyrite structure peaks as listed in Appendix A.1.



Fig.3.13 Photographs of samples with variation of growth rate at (a) 700
mm/hr, (b) 280 mun/hr, (c) 18 mun/hr, where, the samples were
pelished and etched to reveal grain boundaries,
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(d)

Fig.3.13 Photographs of samples with variation of growth rate at (d) 10
{cont'd) mm/hr and (¢) 2 mm/hr.
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the minimum and maximum grain size estimates obtained for each
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Fig.3.15 Photograph of the three interrupted growth runs (a) 153, (b) 156
and (c) 157, all prepared with excess Cu. The shaded areas on the
schematic represent the directly quenched regions in the ingots,
while the plane areas indicate the directionally grown portions.
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Fig.3.16

Photograph showing a comparison between 1wo ingots (a)
interrupted and quenched growth run 157, showing a severely
concave dontarcation line and (b) a fully grown ingol, run 138,
exhibiting a less concave interface, both with prepared with excess
Cu.

66



(b)

Fig.3.17 Twin bands seen in polished samples as revealed by (a) chemical
etching in 5% brome - methanol solution and (b) thermal etching
under vacuunt at a temperature of about 300°C for 2 hours.
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Thermal Etch Pits

{it)

(b)

Fig.3.18 Thermal etch pits obtained on polished {112} surfaces, treuted
under vacuum, showing triangular features. (a) Sample heated ar
300°C for 2 hours and (b) sample annealed at 600°C for 4 hours.
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CHAPTER 4

IDENTIFICATION OF THE SOURCE OF
ADHESION IN BRIDGMAN-GROWN CulnSe, INGOTS

4.1 INTRODUCTION

As discussed in chapter 3, in the early stages of the growth of CulnSe, from its
starting elements in a quartz ampoule, the resulting ingot adhered strongly to the inner
wall of the quartz tube. This was detrimental tc the mechanical properties of the grown
crystal and also prevented the extraction of the ingot from the ampoule. The problem was
avoided by using a getter, such as boron nitride, in the ampoule as was shown earlier in
chapter 3. It was also found, in earlier studies [2.31], that the agent causing the adhesion
originated from the starting elements and not from the quartz ampoule. The starting
element selenium. was also exonorated as the source of adhesion of the ingot[2.31]. Thus,
the source of the problem was either the starting, so-called high purity, copper or the high
purity indium. Furthermore, the identity of the gaseous agent involved was not known.
Accordingly, in the present chapter, work is reported first on the isolation of the elemental

source metal causing the sticking, and then on the identification of the gaseous agent itself.
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4.2 TREATMENT OF THE COPPER AND INDIUM

Since the quartz and the selenium were already exonerated as the possible sources
of the sticking agent gas , efforts were directed at pre-treatment of the indium and copper
starting elements, which were supplied as nominally of five nines purity. Table 4.1
summarizes the experiments that were carried out. In these experiments, the Cu and In
metals were individually treated prior to the synthesis of the compound. First, the indium
was heated at 1100 °C in an evacuated sealed quartz ampoule with boron nitride for 48
hours. The indium was then reacted for a period of about 48 hours with the untreated high
purity copper and selenium to form the CulnSe, compound. This time period was long
enough for the sticking to occur, so that the Bridgman-growth Step was not carried out.
Using this indium, the resulting ingot showed the undesired properties of ampoule sticking,
quartz cracking, film deposition and residual material, as indicated in the first row of Table
4.1 and also as shown earlier in Fig.3.4(b). Next, the high purity copper was similarly
heated with boron nitride for 24 hours but this time, upon combining with the indium and
selenium, the resulting ingot showed no sticking or quartz cracking, no residue and only
a slight film deposit on the ampoule wall. A repeat of this run, carried out with the longer
treatment of 45 hours for the copper, produced essentially the same result. Arising from
this, the copper was heated at 1100°C in a vacuum of about 2 x 107 torr without the boron
nitride but with continuous pumping for a period of 24 hours. This produced a CulnSe,
ingot with some sticking, cracking, deposit and residue but on a reduced scale. A repeat
of ihis (row 5, Tabie 4.1) for a longer heat-treatment time of 44 hours, however, resulted

in an ingot without any sticking or cracking but with some wall deposit and residue. These
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experiments thus pointed to a gaseous agent in the starting copper as the cause of ingot

sticking.

4.3 IDENTIFICATION OF THE AGENT CAUSING STICKING

In order to determine more precisely the gaseous ag‘eht present in the five nines
copper pellets, a quadrupole gas analyzer (Spectramass Inc., model SM100) was attached
to the pumping sysiem in which the Cu treatment was carried out, as shown schematically
in Fig.4.1., so as to record the gaseous emissions from the Cu pellets during heating. In
order to do this, is was necessary at first to measure the residual vapour content of the
vacuum system without the Cu pellets. Therefore, the system was first pumped down with
the quartz ampoule containing an empty quartz boat. The ampoule was heated at a
temperature of about 1000 °C for a perio¢ of about 2 hours and a scan was then taken
between about 2 and 50 atomic mass units (AMU). Fig.4.2(a) shows gas analyzer partial
pressure peaks as a function of mass number where, it is seen that, the largest peaks
consisted of water vapour peaks at 17 and 18 AMUs, as well as a peak at about 28 AMUs
correspoding to both nitrogen and carbon monoxide. After this, the experiment was
repeated but this time with the addition of about 10 grams of the 5 nines Cu pellets heated
under the same conditions. The result of this analysis is given in Fig.4.2(b). It is quite
clear here, that at a temperature of about 1000 °C, there was significant enhancement of
the two oxygen peaks at 16 and 32 AMUs (corresponding to its jonization states of -2 and
-1 respectively) . In this run . it was also found that the oxygen peaks were at a maximum
at the thermocouple reading of 1030 °C corresponding (with a room-temperature correction

of the cold junction) to the melting point of copper at 1083 °C , and diminished quickly
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with further increase of temperature. This is exhibited in Fig.4.3 which shows three scans
chortly after the initial detection of the oxygen. taken at successively higher temperatures.
It is evident here that the oxvgen level was at its peak near the melting point of the Cu and
was almost undetectable at the higher temperature of about 1200 °C. However, this
process was found 1o be reversible and the oxygen peaks re-appeared upon decreasing the

temperature from 1200°C bzck to about the melting point of Cu.

The oxygen content in the Cu , however, was found to decrease irreversibly with
continued pumping and heating. This was evident when the Cu was maintained at a
temperature near 1080°C and scans were taken at regular intervals over an exiended period
of about 4 days. Fig.4.4 shows scans taken at three times during this period, where it is
evident that the two oxygen peaks progressively decreased with pumping and heating time
and after some 72 hours of treatment, the oxygen levels were reduced to the background

level of the vacuum system.

In order to verify the effect of the "de-oxygenation" of the Cu on the ingot
adhesion, copper treated in this way was reacted in the form of a lump with the untreated.
indium and selenium pellets, as shown in Fig.4.5(a). After the compound synthesis, the
ingot was heat-soaked at 1i00°C for a longer than usual period of some 72 hours. The
resulting ingot is shown in Fig.4.5(b), yielding a clean CulnSe, ingot with no sticking or
residue what-so-ever. Finally, instead of the five nines copper, some commercial vertically

cast, oxygen-free copper (from Otokumpo Ltd) was reacted, without any heat-treatment,
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with the indium and selenium, yielding a synthesized compound ingot with essentially no

sticking or cracking.

4.4 DISCUSSION

The experiments carried out in this study clearly demonstrate that oxygen in the
copper is the source of the sticking problem of CulnSe, ingots to the quartz ampoule. The
earlier report by Tomlinson [2.24] that water vapour from the ampoule was the culprit was
not confirmed in the present results.  An ideal solution would appear to be the use
oxygen-free copper as a starting material. However, using a gettering agent , such as BN,
along with the five nines Cu has essentially the same outcome and might even be the
preferred process if the presence of BN was in the form of a coating. This is because this
coating was shown to have a beneficial effect on the crystal growth. As far as removing
the oxygen from the copper is concerned, the gettering action of the BN is apparently far
more efficient in extracting the oxygen than simply pumping and heating the copper under
a vacuum of some 10 ® Torr [4.1]. While it was understandable for the oxygen levels
to decrease with continued pumping and heating, it was not clear why this element was
essentially undetectable at the elevated temperature near about 1200 °C, above the melting
point of the Cu. One explanation could be that, at these higher temperatures, where
copper vapour becomes more pronounced, the oxygen removed from the copper reacts
with the Cu vapour to form CuO, which condenses onto the cooler portion of the quartz
tube wall before reaching the detector. Fig.4.6 shows photographs of two segments of the
portion of the tube outside the furnace (well away from the Cu peliets), where

condensation of Cu vapour occurred. In Fig.4.6(a; the segment closest to the furnace
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shows a reddish deposit, which is likely to be an oxide of copper. while in Fig.4.6(b),
which shows the cooler tube part nearer to the mass detector, the deposit appears to be
mostly elemental copper. If this was indeed the case. it would suggest that at the higher
temperatures, the oxygen is in fact removed and possibly at a higher rate but it is not

detected due to its reaction with the Cu vapour.
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Table 4.1 Effect of Pre-treatment of Copper and Indium

Pre-treatment of Cu and in Starting Meuals'. Synthesis of CulnSe, Ingot.*
Scak Adbesion | Crarks Deposit Residue
Meul® | Puriy’ Treat.* | Temp. | time Result ingot to in on abave Comments
(C) {hr) ampoule 1 ampoule | ampoule | ingot
In lightly attaches to quarnz BN does not affect
In SN BN | 1100 | 48 | ampoule wall. yes yes yes yes the ln.
Cu sticks to the quartz. very BN affects the Cu markedly.
Cu SN BN 1100 24 | Ampoule wall cracks. no no little e Ingot sticking eliminated.
Cu becomes less adherent, very Ingot sticking eliminated.
Cu SN BN 1100 45 Quartz does not crack. 0o Do little no Some voids present in ingot.
about Cu shatters quartz boat. 24 hr pumping is insufficient
Cu SN Vac_{ 1100 | 24 | Reddish deposit occurs yes yes yes yes | toeliminate sticking.
about Pumping does reduce sticking
Cu SN Vac | 1100 | 44 same as above no no yes yes but slower than BN.
about Pumping for 4 days reduces
Cu 5N Vac | 1080 | 98 same as above no no no no considerably the oxyrzen in Cu
Oxygen-reduced Cu gives no
Cu | VCOFC’ | - - - no pre-treatment no no litle yes | sticking.
Notes:
1. Earlier results excluded the selenium as the cause of sticking [5]). Therefore, no pre-treatment was given to the high purity selenium used.
2. Pre-ctching of the metal pellets was carried out using HNO, for Cu and HCI for In.
3. 5N: 99.999% nominal purity as supplied from Metal Specialists Inc_, for In and Cerac Inc., for Cu.
4. BN: treatment of the metal with a boron nitride block included separately in the evacuated ampoule. Vac: heated while pumping under vacuum.
5. VCOFC: Vertically cast oxygen-free copper, obtained from Otokumpo Ltd., Finland.
6. Synthesis of CulnSe, at a temperature of 1100 °C with a soak time of 40-65 hours, without BN in the ampoule. Bridgman growth stage not carried out.
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Gas analyser partial pressure peaks as a function of melecular mass number recorded
during pumping and heating at about 1000 °C of (s} ampoule containing only quartz
crucible, (b) ampoule containing quartz crucible plus five nines purity copper.

(DPO: Diffusion Pump Oil.)
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Fig.4.3
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Gas analyser partial pressure peaks as a function of molecular mass number recorded
during a raise in the copper soaking temperature from about 1080 °C  to about 1200
°C, showing (a) oxygen peaks near their maximum at the melting point of Cu, (b)
level of the oxygen peaks drops just above the melting point, and (c) oxygen peaks
aimost disappearing at a temperature of about 1205 °C. (DPQ: Diffusion Pump Oil.)
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Gas analyser partial pressure peaks as a function of molecular mass number for
ampoule containing five nines copper pumped-on at about the melting point of
copper. Scans were taken after 1, 2 and 3 days of pumping.
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Fig.4.5

Photographs showing (a) the 98 hr-vacuum-treated Cu (row 6, table 4.1) combined
with untreated In abd Se in an ampoule, where no BN was used (b) the resulting
ingot after a 72 hour soak at 1100°C, showing a clean ingot with no signs of

adhesion, no cracking in the guartz and no residue at all.
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Fig.4.6

(a) (b)

Photographs of the quartz tube used for the vacuum melting of the Cu, taken on
the part of the ampoule oustside the furnace, showing condensation of material (a)
rcgion adjacent to the furnace, where a reddish-coloured deposit occured and (b)
region away from the furnace, showing only Cu deposit.



CHAPTER 5

COMPOSITIONAL MEASUREMENTS on CulnSe, INGOTS

5.1 INTRODUCTION

One of the primary objectives of this work was to grow ingots of unilorm
composition and conductivity type. This is especially important when monocrystals are used
as substrates in device work or as filaments in carrying out electrical measurements, It was
therefore necessary to carry out compositional measurements on our stoichiometrically-
grown material to verify its uniformity. While stoichiometric CulnSe, was the main subject
of study in this thesis, it was also of interest to carry out compositional measurements on
non-stoichiometric material and study the effect on conductivity type, especially when the
BN coating was used for the crystal growth. This is because the BN was shown to act as a
getter during the growth of the compound, where it removes the oxygen from the starting
copper, as demon_itrated by the work presented in chapter 4. It has been reported in the
literature [5.1] that, oxygen acts as an acceptor in CulnSe, and thus, its presence may
affect the study of conductivity type with change in intrinsic composition. Accordingly,
work is reported in this chapter, on the compositional studies using electron probe micro-
analysis (EPMA) both on stoichiometric and non-stoichiometric runs, where the BN

coating was used in the ingot preparation. The objective here, is to determine a relationship
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between composition and electrical properties. for the single phase chalcopyrite CulnSe,

region.

5.2 SAMPLE PREPARATION

In this work, a total of eight runs were prepared for compositional measurements.
Of these runs, seven had non-stoichiometric starting compositions and are runs 138, 140.
141, 142, 143, 145 and 146. while one run, No. 144, was a stoichiometric growth run. The
starting compositions of these runs are indicated in Table 5.1, which also gives the starting
Cw/In and metal/Se ratios for each individual run. Here. the synthesis of the compound and
subsequent crystal growth of the ingots was carried out as described earlier in chapter 3.
In almost all of the runs, the powder BN, with 99.5 % nominal purity, was used as the
source for the BN coating , as indicated in Table 3.1 of chapter 3, which also summarizes
the crystal growth conditions. After the crystal growth, the ingot was extracted from the
ampoule and cut into two halves along the growth axis, using a diamond saw. One half of
the ingot was then used for compositional analysis. Since the length of the ingot was larger
than the diameter of the mounting holder on the stage of the electron microprobe unit, the
ingot-half was further cut into two pieces which were mounted separately, using
Quickmount resin , inside a ring-shaped brass holder used for the EPMA. Inthe EPMA
analysis, it is essential that the surface under examination be extremely flat to minimize
error during the measurement. Therefore the cut and mounted pieces were polished using 1
pum followed by 0.05 um alumina powder until a mirror-like finish was obtained. After the
polishing was complete, the ready surfaces were cleaned thoroughly with DI water and dried

with nitrogen. The samples were then ready to be coated with a thin layer of carbon which
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. was evaporated onto the exposed polished surface of each sample., serving as a conducting

layer which prevents charge build-up on the sample surface during the EPMA examination.

5.3 MEASUREMENT TECHNIQUES
The ingots with variation of stoichiometry were investigated in two ways, First,
EPMA measurements were carried out to determine the composition at different locations
on the polished ingot surface. Then, hot probe measurements were taken at the same
locations, to determine the conductivity type of each region. The measurements were carried

-out as follows.

5.3 (a) EPMA Compositional Measurements

EPMA measurements were carried out with a JEOL electron superprobe (model
JXA-8900L), using wavelength dispersive spectroscopy (WDS). The samples were loaded
ona mounting stage and pumped down to a pressure of less than 10® Torr. The probe
electron current was preset at 30 nA, while the accelerating voltage was about 15 kV. Fig.5.1
shows a schematic diagram of the electron probe measurement. In order to measure
quantitatively the elemental compositions in the ingots, a standard was needed for each of
the three constituent elements Cu. In and Se. Therefore, a polished reference specimen was
prepared using the high purity five nines Cu, In and Se . The electron beam was positioned
on selected spots on the surface of each element and the intensities of the emitted
characteristic X-rays were registered {rom some six locations. An average of these
measurements was taken which determined a reference intensity for each of the elemernits.

. Having done this, the unknown composition of the ingots could now be determined. The
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sample was then moved into position and several points were selected on the main body of
the ingot for compositional measurements along the growth axis as well as in a transverse
direction. The compositional data was analysed using two different correction schemes
emploved by the EPMA. a ZAF method [5.2] and a CIT ZAF scheme [5.3]. which vielded
compositional values which were similar but with a slight differcnce in value. A
representative ingot is shown schematically in Fig.5.2 (ingot 141). where the exact locations
of the electron beam were recorded and are indicated in the figure. This was done by
photographing the ingot during the measurements. using an in-situ thermal image camera.
and marking the exact position of the beam on the photograph. By placing all the pictures
together, a map was obtained, which indicated the measurement locations precisely, for

each of the ingots.

In the runs containing a non-stoichiometric starting charge, an excess of one of the
elements, or related compounds. appeared in the last region to freeze. This is indicated by
the multi-phase region in the schematic of Fig.5.2. As indicated in this figure, compositional
measurements were also taken on these secondary phases besides the main single phase
region of the ingot. Unlike the single phase region, which exhibited no special features, the
secondary phases were quite apparent, particularly when observed using the backscattered
electron image. This is because the backscattered electron image is more sensitive 10 the

atomic weight of the different elements as compared with the secondary electron image.
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5.3 (b) Conductivity Type Determination

The conductivity type was determined by hot point probe measurements on all of the
locations examined by the electron probe. Fig.5.3 shows a schematic of this method. where
the back of the sample was in contact with a brass block and its front surface probed with
a heated tip of metal. The thermoelectric voltage was then monitored and its sign was an
indication of type: positive indicated n-type while negative indicated p-type. By using the
constructed map for each ingot showing the location of the compositional measurements,
conductivity type determinations were carried out at the same locations where the probing
was done Qnder a microscope set to the éérﬁe magnification as that used to obtain the ingot
photographic map. This allowed the composition and the conductivity type to be measured

on essentially the same location on the ingot surface.

5.4 EXPERIMENTAL RESULTS

5.4 (a) Composition versus Conductivity-Type Measurements

As mentioned earlier, a total of eight ingots were measured in terms of composition
and conductivity type. Compositional measurements were carried out on each ingot, where
some 60 data points (e.g. Fig.5.2) were taken on different regions of the ingot surface. The
conductivity type was then determined at the same locations for all of the eight ingots. The
results of all of these measurements are plotted in Fig.5.4, on ternary composition
diagrams. In Fig.5.4(a), the compositional values obtained using the ZAF correction sc.heme
are shown and in Fig.5.4(b), those for the CIT ZAF scheme are given. The compositions
corresponding to n-type regions are represented by solid circles, while p-type compositions

are shown in open circles. It is seen, in Fig.5.4(a) and (b) that, using the ZAF method, the
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measured compositions were not very different from those determined by the CIT ZAF
scheme. whereby the compositions corresponded to a rarrow region on the diagram. In
Fig.5.4(a). n-type conductivity was obtained for atomic compositions in the region where
indium was greater than about 26 % and copper less than 24 %. The apex of this region
corresponded to a selenium concentration of about 50%. in the region where the copper was
more than about 26%, and the indium was less than 25%. the resulting conductivity was
p-type. For intermediate Cu and In compositions. both n and p type conductivity was
found. In Fig.5.4(b). the n and p regions were not very different from those in Fig.5.d{a)
although the selenium concentration. as well as the Cw/In ratio was somewhat higher. The
data points shown in Fig.5.4. exhibited scatter corresponding to the error involved in this

method estimated to be about 0.5 %.

The compositional data points obtained in this study and shown in Fig.5.4(a), are also
plotted, on a larger scale, in Fig.5.5 along with the data of Neumann and Tomlinson [2.29],
who studied deviations from stoichiometry in CulnSe, by annealing their samples under
minimum and maximum selenium pressure. Here, it is seen that. on the larger compositional
range, the present results seem to follow the general trend of those by Neumann and
Tomlinson, whereby n-type conductivity is observed in the region corresponding to indium
concentrations greater than about 25%, while p-type behaviour is observed for smaller
indium concentrations, regardless of the selenium or copper concentration. This was not the
case in the results of L.S. Yip er a/ [2.26][2.28]. who found p-type conductivity in the n-
region of Fig.5.5, where indiumn was in excess of 25%. In their work, un-treated copper of

nominal five nines purity was used in the synthesis of the ingots.
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Fig.5.6 shows a plot. on a ternary composition diagram. of the starting and final
compositions of all the eight runs. The final composition in each case. was obtained by
taking an average of the measurements on the single phase region for the ingot. Itis seen
here that. there was a shifi in the final composition away from that at the start in all ingots.
in a direction generally towards the stoichiometric area. This tendency for stoichiometric
"correction” is also indicated in Table 5.1, where the Cw/In ratio of the final composition
tended to be closer to ] than that at the start. It is important to note here that, while some
scatter was observed in the compositions at different points on the same ingot. the
conductivity type of all regtons measured on the same ingot was uniformly either p-type or
n-type. This is indicated in Fig.5.6. where n-type ingots are represented by the broken lines
and p-type by the solid-lines. Thus, this suggested that, the deviation from stoichiomeiry in
the starting composition controlled the final conductivity type of the entire single phase
region of the ingot. For example. ingots with excess indium or a large deficiency of
selenium in the starting composition always exhibited n-type conductivity, while runs with

starting excess copper or excess selenium exhibited p-type conductivity.

5.4 (b) Compositional Uniformity

The compositional measurements given above were taken on the main part of the
ingot where the material was single phase. The measurements were taken both along the
ingot axis and also in a transverse direction. Fig.5.7(a) shows a plot of elemental
concentration verses distance along the ingot for the stoichiometric run 144. Here, it is seen
that the concentration of the Cu and In were essentially the same in the main part of the

ingot. with no significant excess indium over the copper observed, as was reported by
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Tomlinson [2.17] for his ingots . The selenium, while stightly below the 50% mark. was also
essentially constant with distance along the ingot. The same may be said about Fig.3.7(b).
where thie concentration across the ingot is given for the elements in the same ingot.
exhibiting little or no variation with distance. which confirmed that the composition was

essentiatly uniform throughout the ingot.

Fig.5.8. shows a plot of atoniic concentration versus distance along the ingot for run
141, where excess indium was used in the starting composition of 20 % Cu. 30% In and
50% Se. In this figure, it is clear that, in the main part of the ingot, the concentration of the
indium was noticeably higher than that of the copper. Near the top end however. where other
phases existed. the concentration of the Cu and In in the single phase CulnSe, areas within
the multi-phase region were not very different. In this multi-phase region. the selenium

concentration exhibited a slight decrease below the 50 % level.

Fig.5.9 shows a similar plot for run 142 with 24% Cu, 24% In and 52% Se starting
compositions. Here, the selenium concentration, throughout the ingot, in the single phase
region, did not appear to be different from that of the stoichiometric run and did not secem to
be affected by the addition of the excess selentum. The selenium in this run did precipitate,
however, as a second phase in the last region to freeze. The In concentration was slightly
above that of the copper in the main part of the ingot, despite their equal starting

compositions.
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A plot showing the composition, against distance, for an excess copper run 143
(31%Cu, 23% In, 46% Se), is given in Fig.5.10. Here it is apparent that there was excess
copper in the bulk of the single phase region of the ingot as well as in the last region to
freeze. Here, the observed departure from stoichiometry in the single phase region. for the

copper and the selenium, was far more pronounced than in any of the earlier runs.

5.4 (¢) Compositional Mecasurements in Multi-Phase Regions

Compositional measurements were also carried out on phases, other than the main
CulnSe, phase, which precipitated in the lasi region to freeze. These are summarized in Table
5.2, In Table 5.2(a), all of the observed Cu-In phases are given, while in Table 3.2(b), the
selenium and selenide phases are indicated. The table gives the nominal compositions
measured, and also the runs in which they were present. Some examples of these phases are
shown in the photographs of Fig.5.11. Fig.5.11(a) shows a photograph of the second phase
region in run 140 with a deficiency of selenium, where the phases Cu,In, and Cugln, were
identified, and appeared to be in the shape of “fish” in a “sea” of CulnSe,. Fig.5.11(b)
shows second phases of Cu and Cu,In, in the excess Cu run 143, precipitated in the form of
globules. In run 145, with a starting deficiency of indium, the secondary phases observed
were CuSe and Se, as shown in Fig.5.11(c). In this figure, the CulnSe, single phase, in the
top end of the ingot, developed a dendritic shape, as seen pointing downwards. The excess
indium run, 146, exhibited the secondary phase InSe, shown in Fig.5.11(d), and Cu,ln, as
well as the undocumented phase In,Se; , both shown in Figs.5.11(e) and (f). Itis noted here,
that no other phases such as Cu,Se and In ,Se ; , which are encountered in thin film work

were observed in this study.
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5.5 DISCUSSION

The results in this chapter firstly confirm that. with stoichiometric starting
proportions, uniformly p-type ingots with uniform composition are obtained by the
Bridgman process used. The fact that a significantly higher proportion of indium was not
observed along the ingots in the present work disagrees with the early work of Tomlinson
[2.17] and of Vahid Shahidi er «/ [1.10] . Thus. the present results are also at variance with
the phase diagram of Fearheiley [2.22]. which predicts that a gradient freeze should yield a
CulnSe, chalcopyrite phase with more than 10% of dissolved In,Se,. For non-stoichiometric
proportions. Fig.5.8 indicates that in the main par! of the ingot. the chalcopyrite can, as a
single phase. contain a few percent of excess indium. in conformity with the phase diagrams
of Palatnik and Rogacheva [2.3] and that of Fearheiley [2.22]. However, Fig.3.10 indicates
that the chalcopyrite can also tolerate | or 2 percent of excess copper without precipitating
a second phase in the main part of the ingot. which is not in accord with the phase diagrams
of Palatnik and Rogacheva [2.3] and Fearheiley [2.22]. In fact. in all the runs with non-
stoichiometric starting proportions. the first 80% or so of the ingots was always single phase
chalcopyrite having a composition fairly close to stoichiometry. In other words, the gradient
freezing process is “forgiving™ in that it automatically results in a movement ¢f composition,
towards stoichiometry in the main part of the ingol, no matter how far the original
proportions differ away from the stoichiometry.

A multi-phase region was only found. in the last portion to freeze of the ingot, where

the deviation from stoichiometry in the starting proportions was large; the rest of the ingot

was always single phase chalcopyrite and always uniformly n-type or p-type.
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In the multi-phase regions. the following phases. besides the chalcopyrite. were
observed: Cusln,. Culn,. Cu,ln, Cu. Se, CuSe and InSe. Other undocumented apparent
compounds found were: Cugln; . Cu,ln; and also In,Se;, where the last named was similar
io In,Se, reported by Yip. Weng. Shih and Champness {2.27]. It is significant that the wel}-
known compounds Cu,Se and In,Se;. reported in thin film work, were not observed at all.

due probably due to the higher tempesature used in the synthesis of the CulnSe,.

In respect of the relation between composition and conductivity type for the single
phase chalcopyrite material. the present results are somewhat clearer than those reported
carlier by Yip. Weng, Shukri, Shih and Champness [2.28]. This is probably because the
present data was ohtained on material free of oxygen. which is reported to act as an acceptor
in CulnSe, [5.1]. With the ZAF-corrected EPMA results, it was found that n-type
conductivity was obtained with an In content greater than about 26.5 % and p-type with it
less than about 25%. With the CIT ZAF correction, these two percentages are respectively
26.2 and 25.2 %. Within the 25 10 26.5 % In region {ZAF-corrected results), both n-type
and p-type conductivity was obtained, arising possibly from the + 0.5 % error in the
composition determination by the EPMA. It is interesting to note here that, the copper and
selenium proportions are apparently not directly involved in determining the conductivity
type. Thus the chalcopyrite can have an excess of Se and still be n-type if the indium content
is sufficiently high. Comparison of the present results with those of Neumann and Tomlinson
[2.29]. indicates a rather better agreement than for the earlier results of Yip er al [2.28].
Thus, here it would seem that the demarcation line between n- and p-type material is a line

drawn on the composition diagram corresponding approximately to [In] = 25%, whereby, n-
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tvpe is obtained for [In] > 25 %% and p-type for [In] < 25%. As an exomple. consider a
change of composition from Cumlnm.Seoﬂ to Cu,ln,,Se,, representing a loss of Se but no
change in the Cw/ln ratio. The initial material would be p-tyvpe because [In] < 23 % and the
final material n-type since {In] > 25 %. Thus. there is a type change arising apparently from
a loss of selenium. although the critical factor is the relative proportion of indium. Note that
the Cu,Se-In,Se; tie line is not relevant to this criterion. This is consistent with the fact that

these binary compounds have never been observed in melt-grown CulnSe, crystals.

The present results also confirm a phenomenon previously reported by Yip er af
[2.28] . that the conductivity type is decided, not so much by the final composition of the
single phase region, but by the composition of the melt. Thus if the original starting
proportion was rich in copper or rich in selenium. the final crystal was p-type: if it was rich
in In, it was n-type. However, this result actually fits in with the criterion mentioned above,
namely that it is the indium concentration that determines the conductivity type. Examination
of Fig.5.6 shows that, the original compositions yielding n-type conductivity started out
from an area on the diagram where the indium concentration was greater than 26 % and the
compositions yielding p-type conductivity started out from areas where it was less
than 25 %. It is important to point out that this does not contradict earlier reports involving

conductivity-type control by the selenium.
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Table 5.1

EPMA Results from Single Phase Region of Runs
with Deviation from Stoichiometry

Starting Composition Final Composition'
Run Cu In Se Cw/iln  Metal/Se Cu In Se Cuwin  Metal/Se  Conduct. Commean"
No. (Atomic percent) Ratio Ratio {Atomic percent) Ratio Ratio type!
i38 285 238 417 1.20 1.09 26.2 25.1 487 1.04 1.05 p Cu excess
140 270 270 460 1.00 117 25.1 254 4935 0.99 1.02 n Se deficiency
14] 200 300 500 .67 1.00 226 2.1 503 0.83 0.99 n In excess, Cu defliciency
142 240 240 520 [ X5,1] 0.92 25.0 260 490 0.96 1.04 p Seexcess
143 310 230 460 1.35 1.i7 26.5 252 483 1.05 1.07 p Cu excezs
144 250 250 500 1.00 1.00 246 259 495 0.95 1.02 P Stoichiometric
145 280 210 510 1.33 0.96 25.5 254 49.1 1.0l .04 » Cu and Se excess, In deficiency
146 220 310 470 07 .13 245 258 497 0.95 1.01 n In excess, Cu and Se deficiency

l. Representative average compositions of the dats points for each ingot ,as determined by EPMA | for the homogeneous single phase region.

2. Conductivity type as determined from the hot point probe method.
3. Elemental excess or deficiency in the starting composition with reference to proportions 25%, 25% and 50% for Cu, In and Se respectively.



Table 5.Z(a) Copper and Copper-Indium Phases -

(Atomic Cone. %)’ Element.. -atio

Possibie Compound Present in
Cu In Cuwlin composition® known un no.
63.7 36.3 1.75 Cu,ln, Yes 140, 141, 146
689 311 222 Cugln, Yes 40
76.7 203 3.93 Cu,ln Yes 143
62.7 373 1.68 Cu,ln, Ne 146
565 435 13 Cu,In, No 146
290.0 <100 29.0 Cu+Culn? Yes 138, 143

t2

. Atomic concentrations, determined by EPMA, averaged over several data points and rounded-oft.
The selenium concentration was below the detection limit of the electron micro probe, where the
resolution was about + 0.5%.

Chemical formula having the nearest clemental ratio.
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Table 5.2(b} Selenium and Selenide Phases

{Atomic Conc. %)'  Elemental ratio

Possible Compound Present in
Cu In Se In/Se Cu/Se composition® known run no.
508 BD 492 - 103 CuSe Yes 142, 145
BD 510 490 1.04 - InSe Yes 140, 141, 146
BD 582 4.8 13% - In,Se, No 141, 146
BD BD 99.9 - - Se Yes 142, 145

1. Aiomic concentrations, determined by EPMA, averaged over several data points and rounded-off.
BD indicates concentrations below the detection limit of the electron micro probe. The error in the
measurements is estimated to be about + 0.5%.

2. Chemical formula having the nearest elemental ratio.
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Fig.5.1
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Schematic diagram of the electron probe micro-analysis
(EPMA) measurement setup.
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Fig.5.2 Schematic diagram of ingot 141, showing the location of the

compositional measurements on the single phase and multi-
phase regions of the ingot.
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Fig.5.3 Schematic diagram of the hot point probe setup used for
conductivity type determination.
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Fig.5.4(a)

Temary composition diagram showing the compositional
measurements taken on all eight ingots using the ZAF
correction scheme.
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Fig.5.4(b) Ternary composition diagram showing the compositional
measurements taken on all eight ingots using the CIT ZAF
correction method.
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compositions of the ingots used in this study along with their
final compositions, as measured after growth.
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(b)

Fig.5.11 Photographs of secondary phases observed in the last region
to freeze in () ingot 140 with a selenium deficiency, (b) ingot
143 with excess copper.
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(d)

Fig.5.11 Photographs of secondary phases observed in the last region
(cont’d) to freeze in (c) ingot 145 with an indium deficiency, (d) ingot
146 with indium excess.

109



Fig.5.11
(cont’d)

Photographs (e) and (f) of secondary phases observed in the
last region to freeze in ingot 146 with an excess of indium.
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CHAPTER 6

CLEAVAGE AND TWINNING IN CulnSe, CRYSTALS

6.1 INTRODUCTION

In earlier work. it was reported that CulnSe, single crystals could be easily cleaved
along the {110} plane [6.1], but more recent results have shown that cleavage along the
{112} and {101} planes also occurred in CulnSe, [6.2]. In any case, a detailed study of
occurrence and characterization of these planes has not previously been made.
Accordingly, a need arose to confirm these results and obtain a more comprehensive
specification of all of the common cleavage planes in single crystals of CulnSe,. Work is
therefore described, in the first part of this chapter, on the characterizaticn of all of the
cleavage planes found in this semiconductor and, in the second part, on the measurement
of all of the angles between the cleaved planes. In the final section, work on identification

of the twinning plane, commonly occurring in our crystals, is presented.

6.2 CLEAVAGE PLANES
Single crystal samples of CulnSe, were cleaved by applying gentle pressure at room
temperature on opposite ends of a grown ingot, without a particular orientation, using a

sharp cutting blade. While this technique was rather primitive, it was possible to obtain
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cleavage planes ranging from 5 to 100 mm” in area. In some of the samples. the applied
pressure also resulted in a conchoidal, almost glass- like, fracture which was not helpful
for the purpose of this study. Frequently, however, the single crystal ingot cleaved into

two pieces, each revealing a macroscopically flat plane.

While many cleaved samples were obtained, only three distinct cleavage planes
were identified in the CulnSe, crystais, namely the {112}, {101} and {110} planes. These
planes are shown schematically in the chalcopyrite unit cell, as shaded areas, in Fig.6.1.
The chalcopyrite description of the planes assumnes a unit cell with a c/a ratio of 2, which
is very close to the actual value of 2.006 [1.10]. A photograph showing a top view for each
of the three cleavage planes on actual samples is given in Fig.6.2, as observed under an
optical microscope. In Fig.6.2(a), it is seen that the cleavage in the {112} plane is
essentially flat but exhibits terraces with edges that define angles of 60 or 120° between
them. These characteristics are typical of the three-fold symmetry of this plane. The {101}
plane, shown in Fig.6.2(b), also exhibits some terracing and is less planar than the {112}
surface. The curved nature of the edge of the terraces on the {101} plane distinguishes it
from the {112} and {110} planes. The {110} plane, however, has a completely different
appearance, as shown in Fig.6.2(c). Here, the clearly visible straight and parallel striations
represent parallel V-shaped ridges, as revealed by the SEM photograph in Fig.6.3. It is
seen here, that the planes on either side of a ridge are flat and have a constant angle
between them, which was measured, as described in the next section, and found to be
about 70°. This indicates that the side planes are in fact {112} micro-pianes, for which the

calculated angle would 70.53°,
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Confirmation of the crystallographic orientation of the planes was carried out using
X-ray diffractometry, in a Rigaku diffractometer model D/Max-2400 using a copper
target. Fig.6.4 shows X-ray diffractograms of the three distinct cleavage planes scanned
between 10 and 100° of 26, where 0 is the Bragg angle. The {112} cleaved sample shows
a principal peak (Fig.6.4(a)) at a 26 value of about 26.51°, corresponding to a latiice d-
spacing of 3.359A, which is in accord with that from powder diffraction data (Appendix
A.l1). Less intense second and third order reflections from the parallel {224} and {336}
planes, with nominal d-spacings of respectively 2 and Vs that of the {112} plane, dre also
observed, where the Bragg condition is also satisfied. It is noted here, that the weak {224}
peak, measured on a single crystal surface, is not observed in the diffraction pattern of a
powdered sample of this material. Fig.6.4(b) shows similarly the peaks of the cleaved
{110} plane. In this trace, the strongest peak corresponds to the {220} plane at a 20 of
44.18°. The nominal d-spacings of the {220} and {440} planes are respectively ' and %
that of the {110} plane. It is noted that the third order reflection, from the {330} plane, is
not apparent in this figure. This is only what would be expected if all the atoms were
identical, as in a diamond structure. The diffraction pattern from a cleaved {101} plane is
given in Fig.6.4(c). Here, the {101}, {303}, {404} and {505} reflections are observed,
with the second order {202} reflection not present. The peaks of this cleavage plane are
less intense, by about one order of magnitude, than those of the other two cleavage planes.
The splitting of the higher order peaks {336}, {440} and {505} is due to the CuKe, and
CuKa, lines in the incident X-ray beam. Fig.6.5 shows characteristic Laue X-ray reflection
photographs of the three cleavage planes, along with schematic diagrams of the

corresponding spot patterns. Shown also are the axes of symmetry in each case. Here, it
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is easy to see that the {112} plane has three such symmetry axes, as indicated by the
broken lines in Fig.6.5(a), while the {110} has two (Fig.6.5(b)) and the {101} only one

axis of symmetry (Fig.6.5(c)).

6.3 ANGLE MEASUREMENTS

The cleaved CulnSe, samples exhibited angles where two or three cleavage planes
intersected. Since in any known crystal structure, the angles between any two
crystallographic planes can be calculated [6.3], a measurement of these angles on actual
crystals can be used as a means of identifying the cleavage planes in that crystal system.
This assumes, of course, that the angles measured belong to one crystal and also that the
method of measurement has sufficient accuracy. Accordingly, on the CulnSe, crystals
grown by the Bridgman method, angles were measured on some 11 separate samples
obtained from ingots, having some 22 different angles (edges). In order to measure the
angles with sufficient accuracy, a high precision goniometer was used for this purpose,
with a He-Ne laser, having a beam width of about 1 mm, as the light source. The
arrangement is shown schematically in Fig.6.6. The sample was mounted on the
goniometer with the intersection edge of the two cleaved planes in a direction initially
perpendicular approximately to the plane of rotation (i.e. in the plane of the page). The
sample mounting was then finely-adjusted so that both cleaved planes were aligned
perpendicular to the incident laser beam. This was done by continuously adjusting the
sample until the light spots of the incident and reflected beams on a glass plate (points A
and B respectively) coincided. After this was done on both planes, the angle between them

could be properly measured. The measurement was carried out by simply rotating, into
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position, the first plane so that a reflection was obtained and taking a reading from the
goniometer. Then, the goniometer was rotated so that the second plane was brought into
position and a second reading was obtained. The difference between the two goniometer
readings gave the appropriate angle between the two crystal planes. The distance between
the sample and the laser beam was chosen to be some 60 cm, which was iarge enough so
that the reflected beam at B could be accurately adjusted, but at the same time not too large
to avoid the spreading out of the reflected spot at B. With this arrangement, an accuracy
of about + 0.1 of a degree in the measured angle was possible. Table 6.1 gives a

summary of all the angles measured on all the crystal samples using this method.

In column 1 of the table, the measured angles are shown. As can be seen, only
eight unique angles were found from these measurements on the samples (excluding the
two 180° between parallel cleavages). The measured angles are compared with their
calculated values, given in column 2, where it is evident that there is agreement to within
+ 0.1°. The crystal planes that define the individual angles are given in column 3 of the
table. In all but one of the cases, the planes defining the angle were identified easily, by
comparing the measured angle values with the calculated ones. In the case of the 90.1°
angle, it was necessary to identify the crystal planes using a Laue photograph as well as
X-ray diffractometry (columns 4 and 5). This is because, a 90° angle also occurs between
two {110} planes or between two {101} planes. This can be seen in Table 6.2, where all
the possible calculated angles, between the three main cleavage planes, are tabulated. In
the case of the 150.3° angle (last row of Table 6.1), no match was found with any

calculated crystal angle. A Laue and an X-ray diffraction scan were taken on both planes
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of this sample and it was revealed that both were {101} planes. While this was puzzling
at first, since there is no such angle between two {101} planes in one crystal, it was later
found that this angle occurred frequently between {101} planes involving a crystal and its
twin, This will be described in more detail in the next section. The frequency of
occurrence of all the observed angles is shown in column 6 of Table 6.1. While the total
number of samples measured was not large enough to draw any statistical conclusions, it
does appear that some 20% of these measured crystal samples contained twinning, as
evidenced by the frequency of occurrence of the 150° angle. It is also evident in these
results that, occasionally it was necessary to rely on X-ray diffraction to confirm the
orientation of the cleavage planes. This, however, should not detract from the usefulness
of the measurement of angles for identifying crystal planes, particularly if a large number
of samples is involved. Given that there are just the three sets of cleavage planes, the only
angle that was not observed in these measurements was the 90° angle between two {110}

planes, as indicated in Table 6.2, since only one {110} cleavage plane was obtained.

Fig.6.7 presents a photograph and a schematic of a representative sample exhibiting
a well-defined angle of about 90°. This is the same sample listed in row 7 of Table 6.1.
The planes defining the angle are the {110} and {112} planes indicated on the schematic
in Fig.6.7(a). The {110} plane, on the top side, is seen to be dark, while the {112} plane
on the right hand side is shiny. This is due to the effect of lighting on the sample. The
angle itself is better seen in Fig.6.7(b), where a view of the same sample from a

perspective parallel to both cleavage planes is shown. Here, the reader may use a
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protractor to verify the 90° value of the angle. In the next section. results specifically on

twinning are presented.

6.4 TWINNING
In this section, results are reported specifically on the observation of a twinning
plane in crystals of CulnSe, . Three single crystal samples with cleavages along the {112},
{110} and {101} planes were studied and found to reveal twinning. laue photographs
were used to examine the orientation of twinned regions in these crystals. From these
measurements, it was determined that the twinning plane observed in these CulnSe,

samples, was in fact a {112} plane. No other twinning plane was found in this study.

Twinning was detected visually, in this study, by propetly orienting the cleaved or
polished sample under a collimated light source, revealing shiny and dark regions
exhibiting straight edges. Fig.6.8, shows two photographs of the samplie indicated in the
last row of Table 6.1. This sample exhibited a twin, which is seen clearly in Fig.6.8(a),
as a dark band in the central part of the crystal. The main crystal appears bright due to
light reflecting from the cleaved plane, which happens to be a {101} plane. In fact, the
crystal exhibits two cleavages on either of its sides. The darker surface of the twinned
region is also cleaved in a {101} plane and makes an angle of 150" with that of the main
crystal. A side view of this sample reveals how this 150° angle occurs, as shown in

Fig.6.8(b). It is seen that by proper lighting, twins in crystals can be detected easily.
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6.4 (a) Twins Observed with a {112} Cleaved Surface

In order to reveal the crystallographic orientation of the twinned crystals, the X-ray
back-reflection Laue method was used for this purpose. Fig.6.9 shows a photograph of
a crystal with a large {112} cleavage plane. The cleavage plane consists of two regions
separated by a ridge, a larger upper region, called crystal A, and a smaller lower region.
crystal B. The lower portion of the cleavage plane represents a twinned crystal and is
shown as the shaded area in the schematic of Fig.6.9(b), while the upper portion, crystal
A, is shown unshaded. In the photograph, while the {112} cleavage planes of crystals A
and B appear similar, the exterior surfaces of the crystals show a different refiection of
light. Crystal B exhibits a shiny narrow band which stretches along the entire ingot exterior
parallel to the cleavage plane, while crystal A has a darker appearance. This is also
shown schematically in Fig.6.9(b). The orientation of the {112} cleavages of crystals A
and B are different. Two Laue photographs were taken on the {112} cleavage, as shown
on the schematic, as Laue A and Laue B. The Laue pictures are shown in Fig.6.10. with
a schematics of the spot patterns. A close examination of the two schematics reveals that
the spot pattern of Laue B can be generated by a rotation of that of Laue A, about an axis
normal to the page, of 180°. This is emphasized by the large arrows on the two schematics.
This shows that twinning in this crystal occurs parallel to the {112} plane. This fact was
also evident in Fig.6.7(b), shown earlier, where a twin plane indicated on the schematic

is also shown to be parallel to a cleaved {112} plane in that sample.
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6.4 (b) Twins Observed with a {110} Cleaved Surface

Fig.6.11(a) shows a photograph of a sample with a {110} cleaved plane. This
sample also exhibits twinning as shown in the photograph and indicated schematically by
the shaded and unshaded areas in Fig.6.11(b). The main part of the crystal. labelled crystal
A, appears bright in the photograph. The twinned crystal, labelled crystal B, consists of
a horizontal slice seen at the upper part of the sample with a darker appearance. This is the
shaded region in the schematic. The twinning {112} plane, in this case, is perpendicular
to the plane of the page. In the middle part of the sample, a second twinned region is seen
as a narrow line segment, which makes an angle of about 70° with the horizontal edge of
the twinned crystal at the top of the sample. This is an angle between the two {i12}
twinning planes oriented perpendicular to the page. The orientation of the {110} cleavages,
in the plane of the page, of crystals A and B is shown by the two Laue photographs given
in Fig.6.12. Here, it is seen that, in going from Laue A to Laue B, the twinning has
resulted in a rotation of the projection plane of the spots. This rotation is about an axis
indicated on the two schematics by the chain lines. The angles between this axis and the
axes of symmetry of both crystal A and B (B, and 8, respectively) are the same, and have
a value of about 55°. This angle occurs between a {112} plane and a < 110> direction.
A closer look at the actual interface between the two twins (Fig.6.13), shown by the
photomicrograph, indicates that the < 110> direction of the ridges in each crystal makes
the same angle of about §5° with the {112} twinning plane, perpendicular to the plane of

the page.
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6.4 (c) Twins Observed with a {101} Cieaved Surface

Fig.6.14, shows a sectional view of a twinned sample. The view here shows clearly
the two crystal regions. These regions are labelled crystal A and crystal B in the schematic.
The boundary of the twinning {112} piane is also quite evident, as the oblique straight line.
again perpendicular to the plane of the page. The top edge of the sample represents the
location of the cleavage planes. In this case, both crystals were cleaved along the {101}
plane, as indicated by the schematic, perpendicular to the page. Resulting from the
twinning, the cleaved planes make an obtuse angle of about 150° between them. This is the
same anomalous angle mentioned earlier in Table 6.1. However, it is easy to understand
here, how this comes about. The twin plane, being a {112} plane makes an angle of 75.04°
with each of the {101} cleavage planes. Therefore, the total angle is twice that, giving a
value of 150.08°. Laue photographs were taken on the cleaved {101} planes of both
crystals A and B, as indicated by the arrows in the schematic of Fig.6.14(b), to reveal their
respective orientations. Here, in order to have the X-ray beam normal to the sample
surface in each Laue exposure, the sample had to be rotated by some 30° about an axis (not
shown) paraliel to the line of intersection of the {101} cleavage planes. The resulting spot
patterns are shown in Fig.6.15(a) and (b). Again it is seen here that, the pattern of Laue
B can be obtained from that of Laue A by a simple rotation about the indicated horizontal
axis by 180°, confirming that the two regions are indeed twinned crystals. The angles, 6,

and 0,, between the rotation axis and the symmetry axis of each pattern are again cqual.

120



6.5 TWINNING MODEL

Fig.6.15 shows a photograph of a ball and stick crystal model of a twin in a
CulnSe, crystal along with its schematic. Here, the solid line on the schematic indicates
where the twinning plane occurs. The dashed arrows in each of the two crystals, are the
< 110> directions and the angle between either of these directions and the {112} twinning
plane is 54.74°. It is seen here that, in going across the twinning plane, from crystal A to
crystal B, the order of the apparent "long” and "short" bonds reverses. If the two crystals
were separated at the twin plane, and one was rotated by 180° about an axis perpendicular

to the twinning plane, the twinning would be eliminated.

6.6 DISCUSSION

The work in this chapter clearly confirms that the principal cleavage planes in
CulnSe, are the {112}, {101} and {110}. While the {112} and {101} cleavage surfaces
appeared mirror-like and were essentiaily flat, the physical surface of the {110} plane, by
contrast, consisted of V-shaped ridges or grooves, where the planes on each side of the
ridge are {112} planes. The {101} planes showed parallel terracing with edges having no
special direction, while the {112} planes, on the other hand, showed less parallel terracing
but with edges exhibiting triangular patterns having 60° angles between them. It is
important to point out that these planes were the only cleavage planes found in these
Bridgman-grown crystals and that other low index planes, such as for example the {100},
{111} or {221} planes were not observed. The fact that two expected angles were not

observed (Table 6.2) must be due to the relative infrequency of the {110} cleavage piane.
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In silicon and germanium, having the diamond structure, the {111} plane is the
predominant cleavage plane [6.4],[6.5], due most likely to its low density of bonds. By
contrast, for III-V compounds such as GaAs [6.41,[6.6],[6.7],[6.8] and CdTe [6.4],[6.9],
[6.10], a II-V]I compound, all crystallizing in the zincblende structure, the most common
cleavage plane is not the {111}, but the {110} plane. In these compounds, the bonds across
the {111} plane are not purely covalent but have also an ionic character due, in the case
of GaAs for example, to opposite ionic charges on the Ga and the As atoms, thereby giving
rise to a coulombic attraction in addition to covalent bonding between consecutive {111}
planes. This renders cleavage along this plane less likely than in the diamond structures.
In the chalcopyrite CulnSe,, the {112} plane layers consist of alternating Se (group VI)
layers and metallic layers of Cu and In (groups I and III respectively), as indicated in
Fig.6.17(a). The extent of the ionic nature of the bonds between the metal and Se layers
in this plane, averaged over a large area, could be less effective than in the case of the
zincblende and thus, the {112} cleavage in the chalcopyrite occurs more readily. The
opposite may be true however, for the case of the {110} plane. In this plane for the
zincblende materials, there are equal numbers of Ga and As atoms (in GaAs for example),
making this plane on the average electrically neutral. In the case of the chalcopyrite lattice
however, the Cu and In atomic positions alternate across this plane (Fig.6.17(b)) and hence
there would still be some localized coulombic attraction between consecutive {110} planes.
The observed ridged structure of the {110} surface in this chalcopyrite material is due to
small zig zag {112} micro-cleavages, cutting across the tetrahedral bonds as shown by the

lower dashed line in Fig.6.17(b). As a result, in the CulnSe, crystals, the {110} "cleavage"
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may not be a true cleavage, but one where the real surface consists of ridged {112}
microcleavages.

The {101} plane has been previously reported to be a cleavage plane in natural
crystals of the chalcopyrite mineral CuFeS, [6.4],[6.11] as well as in CulnSe,. However,
to the author's knowledge, there are no reports of such a cleavage plane in either the
diamond or the zincblende structures, where the corresponding cubic description of this
plane would be {201}. Accordingly, the question is raised: why is the {101} plane a
predominant cleavage plane in the chalcopyrite structure and, furthermore, why is it even
more evident than the {112} plane in the CulnSe, crystals? Fig.6.18 shows a view of a
CulnSe, lattice, where the {101} planes are perpendicular to the paper. Shown aiso are the
depth layers of the atoms below the {010} plane of the page, where the surface atoms are
vertically above those in the 4th layer. Within the unit cell of size a x a x 2a, where a is
the length of the cell smaller side, a {101} plane, perpendicular to the paper has been
marked by the broken line between the Se and the In atoms. Counting the number of bonds
involved, indicates that a cut along this plane has to break eight of the short tetrahedral
bonds to separate the cell into two parts; six of these are Se-In bonds, while two are Se-Cu
bonds. Since the Se-In bond is weaker (59 kcal/mole in a diatomic molecule) than the Se-
Cu bond (70 kcal/mole) [6.12], such a cut would require less energy per unit area than a
paraliel cut between the Se and Cu atoms. In comparison with the {112} plane, cleavage
along this {101} plane would at first seem more favourable, since this cleavage encounters
75% of the weaker Se-in bonds, while a {112} cleavage encounters only 50% of these

bonds. However, the density of bonds per a* is greater by 55% than that in the {112}
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plane, which reverses the total energy ratio in favour of a {112} cleavage. Therefore a

more detailed calculation of the energies invoived is needed.

In the case of the zincblende lattice, however, a corresponding {201} cut would
also require the breaking of 8 bonds ver cell but here, the bonds would be of equal
strength, so that there would not be a weaker Lk involved. As a consequence, the easier
splitting between the neutral {110} planes would be preferred. It should be pointed out
here, that these qualitative considerations are purely speculative and in no way can they
substitute for detailed quantitative calculations of least energies between parallel planes of

the atoms involved. Such caiculations lie outside the scope of this study.

Regarding the X-ray diffractograms, besides confirming the orientation and yielding
the correct d-spacing for the different planes, the results also indicated that certain
reflections, which are absent in polycrystalline samples, were present in the single crystal
samples and these were the {224} reflection from the {112} cleavage plane, the {110} and
{440} from the {110} cleavage plane and the {303} and {404} reflections from the {101}
plane. In the last two cleavage planes, two reflections were missing and these were the
{330} from the {110} cleavage and the {202} from the {101} sample. It is possible that the
intensities of these reflections were too weak to detect, particularly since the {202}
reflection has been observed on samples, not presented in this study. In the case of silicon,
certain reflections are expected to be missing because they are "forbidden", since they have
a zero geometrical scattering factor. However, unlike the diamond structure, where all the

atoms are identical, the chalcopyrite structure has three different atom types with different
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atomic scattering factors (due to the different atomic numbers of 29, 49 and 34 for Cu. In
and Se respectively), and therefore weak reflections might be expected. As a result, the
{110} reflection, forbidden in diamond. was detected as a weak line in these CulnSe,

crystals.

In respect of the observed twinning in the {112} plane in CulnSe,, while it is the
first reported study on this material, the result is not different from the case of silicon
[6.13], GaAs or CdTe [6.9], where twinning occurs along the equivalent {111} plane in
these materials. In the chalcopyrite material AgGa$, , twinning was also reported along the
{112} plane [3.9]. This comes back to the face-centred-cubic lattice, on which the
diamond, zincblende and the chalcopyrite structures are based, where twinning occurs
along the {111} plane. However, it is reported that twinning is also possible along the
{112} cubic plane, at least in silicon [6.13] but it is thermodynamically less favourable,

compared with the {111} plane, for twinning.
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Table 6.1

Angle Measurements between Cleavage Planes in CulnSe, Crystals '

Angle (deg.) Defining Planes  Plane Identification *  Angle Comments
Measured®  Calculated? {hkl} - {hk!} Lave XRD frequency

194 39.23 {112)-{101} on both  on both 2
planes  planes

508 50.77 {110)-{101} {110) {110} 2

53.3 53.14 {101}-{ 101} both both 2

70.5 70.53 {112}-{112} both both 1

750 75.04 {112}-{101}) {112) both 3

78.6 78.46 {101}-{101} both both 3

o801 90.0 {112}-{110} both {110} 2 A 90° angle was not
observed between {110]
planes.

180.1 180.0 {112)-{112} both - 1 Paralle] {112} cleavage.

180.2 180.0 {10 )-{101} both - 1 Paralle] {101} cleavage.

1503 None! {101}-{101} both both 5 Angle between twin
crystals,

1. Only those angles between planes having a common edge are included. Total number of angles (edges)
measured was 22, Total number of samples was 11,

2. Accuracy of measurement is about = 0.1 degree.

3. Assuming the chalcopyrite unit cell has a c/a = 2,

4, Measurement was carmied out to confirm the crystallographic plane provided the cleavage was large enough.

5. Number of samples measured with this particular angle.
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Table 6.2

Calculated Angles between Principal Cleavage Planes in CulnSe,

Cleavage Planes' Calculated Angle(s)’ Observed’
{hk1}-{hk1} (degrees) (YN)
{112)-{112} 70.53 Y
{i12}-{101} 39.23 Y

75.04 Y
{112}-{110} 35.26 Y
90.00 Y
{101}-{101} 53.13 Y
78.46 Y
{101}-{110) 50.77 Y
{t10}-{110} 90.00 N

1. Only the {112} {101} and {110} chalcopyrite crystal planes are listed here.
2. Assuming the c/a ratio to be exactly 2 in the chalcopyrite unit cell for CulnSe,.
3. Indicates whether or not the angle was observed in this study.
(Y: observed; N: not observed).
4. Observed between the {110} surface and the {112} microcleavage ridges.
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Fig.6.2 Photomicrographs of cleavage planes in CulnSe, crystals revealing surface
features of the planes (a) {112}, (b) {101} and (c) {110).
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Fig.6.3 SEM photograph of the {110} plane, showing the parallel ridges pointing in a
<1 10> direction,
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Fig.6.4(a) X-ray diffraction scan of the {112) cleavage surface in CulnSe,, showing an
intense peak from the {112} plane and weaker peaks from the {224} and {336}
planes. Note that the ordinate is a square root scale.
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Fig.6.5 Characteristic Lave X-ray reflection photographs of the three cleavage planes in
CulnSe,, shown with schematic diagrams of the reflected spot patterns for (a) the
{112) plane, (b} {110} plane and (c) the { 101} plane. The dashed lines indicate
the axes of symmetry in the spot patterns. The smaller spots in the schematics
represent faint reflections in the photographs. '
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Fig.6.6 Schematic diagram of the amangement used in the measurement of angles

between cleaved planes in CulnSe, single crystals.



9¢l

Cleaved {110} plane

Cleaved {112} plune

-

Cleaved {112} plane -

View of (b)

(b)

(a)
Fig.6.7 Photographs and schematics of a representative sample of CulnSe,, exhibiting
{110} and {112} cleavage planes with a 90" between them. (a} A three-
dimensional perspective, and (b) a view parallel to both cleavage planes.



(a)

Fig.6.8 Two photographs of a representative CulnSe, sample, cleaved in the [ 101 plane,
exhibiting a twinned region. (a) A 10p view and (b) a sectional view showing a
twinning baad.
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(b)

Fig.69 (a) Photograph of a twinned CulnSe, sample cleaved in the {112} plane. (b)
Schematic showing the twinned region in this sample and the position of the two
Laue pictures of Fig.6.10.
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Laue A

(b)

Fig.6.10 X-ray Laue photographs on the twinned {112}-cleaved sample of Fig.6.9. (a)
Pattern of crystal A (Laue A), (b) pattern of the twinned crystal B (Lave B). The
schematics show coincidence of the spot pattern on rotation by 1807 about an
axis perpendicular to the page,
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(b)

A\

Fig.6.11 (a) Photograph of a twinned CulnSe, sample cleaved in the [110} plane. (b)
Scheiatic showing the twinned region in this sample and the pasition of the two
Laue pictures of Fig.6.12.
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Fig.6.12

{110}

~
Rotation axis
—

{110}

(b)

Rotation nx\ls

X-ray Laue photographs on the twinned {110}-cleaved sample of Fig.6.11. (a)
Pattern of crystal A (Laue A), (b} pattern of the twinned crystal B (Laue B). The
schematics show coincidence of the spot patterns by a rotation of 180", about an
axis indicated by the chain line. The broken lines in {a) and (b) indicate the

<110> direction in cach crystal. The angles 8, and 8, are equal,
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Fig.6.13

<110>

Crystal A

0, (112)
Twin plane (b)

Crystal B
<110>

Photomicrograph showing the {112] twinning plane boundury between two
crystals having a {110] cleavage plane. The ridges, in the photograph paint in
the <110> direction in both crystals and make an equal angle of about 55" with
the {112} twinning plane, as shown in the schematic.
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{101} Cleavage Plane

Laue B

(b)

Fig.6.14 (a) Photograph of a twinned CulnSe, sample cleaved in the {101} plane. (b)
Schematic showing the twinned region in this sample and the position of the two
Laue pictures of Fig.6.15.
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Fig.6.15 X-ray Laue photographs on the twinned {101 }-cleaved sample of Fig.6.14. (a)

Pattern of crystal A (Laue A), (b) pattern of the twinned crystal B {Lauve B). The
schematics show coincidence of the spot pattern by a rotation of 180", about an
axis indicated by the horizontal chain line. The broken lines in (u) and (b)
indicate the symmetry axis of each crystal. The angles 8, and 8, are equal.
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(010) plane

{112}

Fig.6.16

twinning plane

Cu® In® SeO

{a) Photograph of a "ball” and "stick” crystal model and (b) a scheminic diagram
showing twinning in the chalcopyrite structure, where the {1 18] plane s the plune
of the page. The schematic shows the {112} twinning plane perpendicular 1o the
page and makes equal angles (54.74") with the indicated <! 10> directions (broken
arrows) on the two crystals,
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{112}
— cleavage plane

(a)

(112)
cleavage ridge

(b)

Cu® In® SeO

Fig.6.17 Schematic diagram of atomic layers of the (110) plane of the chalcopyrite
structure, viewed with the {112} plane (a} horizontal and (b) rotated by about 35°.
Possible cleavage planes normal to_the page, are indicated by the broken lines
for (a) a {112} cleavage and (b) a {110} cleavage. The chain line represents the
unit cell in each plane. The labels | and 2 refer to consecutive depth layers of the
atoms.
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(010) plane

{101}
cleavage plane

Cu® In® SeO

Fig.6.18 Schematic diagram of atomic layers of the (010) plane of the chalcopyrite
structure showing a possible {101} cleavage plane, normal to the page, as
indicated by the broken line, predominantly between In and Se atoms. The chain
line represents the unit cell. The labels 1,2,3 and 4 refer 1o conseculive
depth layers of the atoms.
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CHAPTER 7

PHOTOVOLTAIC CELLS ON MONOCRYSTALLINE
CulnSe, SUBSTRATES

7.1 INTRORUCTION

The main objective of the work in this thesis, as stated in chapter 1, is to obtain more
information on CulnSe, in order to improve performance of solar cells made with this
material. Hence, it is necessary to determine if the single crystal material prepared in this
laboratory is of device quality. so that photovoltaic cells can be fabricated and tested for
performance evaluation. Therefore. the subject of this present chapter is to prepare
preliminary research cells using single crystal substrates of CulnSe, taken from the grown
ingots. The cells fabricated, consisted of CulnSe,(p)/CdO(n) structures, where the CdO was
deposited by d.c. reactive sputtering. While this was not the most efficient structure for a
high performance cell, it made use of the extensive experience in our laboratory with
deposition of CdO obtained over many years. The semiconductor CdO has a direct energy
gap of about 2.3 eV [7.1] and crystallizes in the rocksalt structure with a lattice constant of
4.689A. This results in a lattice mismatch between the CdO and the CulnSe, a-parameters
of about 23%. As will be seen later, despite the large mismatch between the two materials,
the above cell structure has given surprisingly good efficiencies. The higher efficiency cells

based on the structure CulnSe,(p)/CdS(n)/ZnO(n+), describeéi in the literature [7.2], [7.3],
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[7.4], [7.5]. [7.6]. [7.7]. would have required extensive optimization of the CdS and ZnQO
layers and was therefore, not attempted in this thesié work. However, in earlier studies [7.8].
[7.9]. a preliminary CulnSe,(p)/CdS(n)/CdO(n+) cell structure was made but this work is
Just touched upon hzre. In all of the cells reported here, the active surface of the CulnSe,
substrate was cleaved in either the {112} or {101} plane, rather than abrasively polished.
The use of cleaved planes in this study was not intended for lattice matching but rather for
consistency in substrate orientation. However, despite the large mismatch between the CdO
and the substrate, a hint of preferred orientation in the CdO layer was suggested. at least on
the {112} CulnSe, plane, which is reported in Appendix A.2. In the early phase of cell
fabrication, the substrates were not annealed prior to the deposition of the CdO layer and the
contacts. This yielded acceptable cells at that time. However, arising from the work of L.S.
Yip [7.10], [7.11] of this laboratory, on CulnSe,/CdS/ZnQ cells, an improvement in cell
performance was obtained by annealing the CulnSe, in argon prior to cell fabrication.
Therefore, in this chapter, results are presented for annealed and un-annealed cells with the
CulnSe,/CdO structure. It must be emphasized liere that, it was not the intent of this work
to develop the techniques for the highest efficiency cell, but rather to fabricate working
devices ‘with sufficient and reproducible performance to yield information about the CulnSe,
material. The organization of this chapter is as follows. In the first section, che fabrication
of the cells is presented .This is followed by a description of the measurement techniques
used to evaluate the cells in the second section. The measurements included dark and
illuminated current-voltage characteristics, photoresponse, capacitance-voltage

characteristics and diffusion length estimation using the photocurrent-capacitance
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method. In the third section, all the experimental results are presented on the cells and

this is followed by a discussion of the results.

7.2 FABRICATION PROCEDURE

7.2 (a) Sample Preparation

The CulnSe, cells fabricated in this study were prepared as follows. Monocrystalline
portions of CulnSe, were extracted from the cylindrical ingots by cleaving along either the
{112} or {101} planes. The cleavage was done by applying pressure along a predetermined
direction using a sharp-edged tool. The fracture frequently resulted in a cleavage of at least
a few square millimeters. The cleaved sample was then shaped into the form of a platelet
by thinning it down on the non-cleaved surface to a thickness of about 2 mm, using abrasive
polishing. The polishing was carried out under running water initially with coarse sand paper
(Diamond grit #400), followed by polishing with 1 um grit alumina powder. This provided
a flat surface for the back contact . In this step, the cleaved “top” surface was protected with
Apiezon wax to prevent the cleaved surface from being damaged. After the polishing, the
wax was removed by rinsing the sample with trichloroethylene (TCE) and then with acetone.

The sample was then thoroughly rinsed with DI water and dried under a flow of nitrogen.

7.2 (b) Substrate Annealing

The substrate annealing step was only carried out for three cells, which were samples
149-1, 149-2 and 125-3 (Table 7.1). The annealing was carried out, as shown schematically
in Fig.7.1, in a resistive furnace containing a quartz tube some 12 mm in diameter and 40

cm in length. The open-ended tube was connected at one end to an argon gas cylinder, so
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that a steady flow of argon gas was allowed to pass through the tube at atmospheric pressure.
The sample was inserted from the open end and a thermometer tip was also placed inside
the tube adjacent to the CulnSe, sample. The quartz tube. with the sample and thermometer
tip inside, was placed in a metal block having a cylindrical hole of the same diameter as the
quartz tube, so as to provide a thermal mass for temperature stability. The gas flow rate was
adjusted to be around 200 ml/min. and the temperature was slowly raised until the desired
set point, of around 320 to 360 °C, was reached. The annealing was continued for about 2 to
2%z hours and then the furnace was turned off and the sample allowed to cool down under

the flow of argon. The CulnSe, substrate was then removed and prepared for the back

contact deposition.

7.2 (¢) Back Contact

In this work, the first step in the cell fabrication process was tiic deposition of the
back contact. While the most popular metal used for the ohmic contact in thin film
polycrystalline CulnSe, cells is molybdenum, in this work ou single crystal cells, gold was
chosen instead. This is due to its lower melting point, its relatively high work function and
the fact that low resistance contacts to filamentary samples were obtained with it in this
laboratory [7.12]. The deposition of Au was carried out by evaporation in a high vacuum
system (Edwards model E306A) in the following manner. The pre-cleaned CulnSe,
substrate was mounted with its cleaved surface down on a glass slide containing a patch of
molten Apiezon wax. The wax held the sample in place, thus protecting the plane of
cleavage from damage during mounting and glso acted as a mask against any Au deposition

onto the front surface. The abrasively polished back surface was kept exposed . The sample
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was then mounted in the vacuum system some 10 cm above a Mo boat containing the source
material in the form of Au wire . The system was pumped down to a pressure of about
4x107 Torr and the evaporation was then begun. The current through the Mo boat was
slowly raised until the Au was molten and then maintained at about 80 amps for 2 to 3
minutes, which allowed most of the Au to evaporate. This gave a deposited film thickness
of about 1 um on the sample. The deposited Au layer was sufficiently adherent to the
CulnSe, back surface, since this surface was prepared with a rough finish by the abrasive
polishing. After the evaporation was complete, the sample was allowed to cool down for
about one hour before removing it from the vacuum system. After removal, the wax was
dissolved away in trichloroethylene and the sample cleaned in acetone followed by DI
water. Finally, a copper wire was soldered to the Au layer. forming the electrical back
contact, and .1he CulnSe, substrate was mounted on an aluminum stud, using Quickmount
resin . The Al stud acted only as a mechanical holder for the cell and had no electricai role.
With the top cleaved surface exposed. the sample was now ready for the CdO window

deposition.

7.2 (d) CdO Window Layer

The CulnSe, cells fabricated in this study., employed CdO as the transparent window
layer in the cell. The CdO layer was deposited directly onto the cleaved surface of the
CulnSe, sample without an interfacial layer in the main work to be described here. The
sample, with its cleaved plane exposed, was mounted in a special holder where an Al mask
was positioned in front of the cell. Depending on the cleavage area available, an aperture

of up to 12 mmn’ in area was defined with this mask for the CdO deposition. The CdO layer
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was then deposited by d.c. reactive sputtering - a method extensively emploved in this
laboratory [7.13], [7.14], [7.15]. [7.16]). Fig. 7.2 shows a plot of an important cell parameter
- short circuit current density against CdO film thickness obtained on cells in earlier work
[7.8] . While the data points show some scatter. the trend suggests that the optimum
thickness for this layer is between 0.7 and 0.8 pm in these cells. Accordingly, for the CdO
deposition in this study, the parameters of sputtering were chosen so as to vield film
thicknesses of this order for most of the cells. A glass slide was also included in the sample
holder to monitor the CdO film thickness during deposition. The masked sample was loaded
into a special vacuum system some 3 cm above a high purity cadmium metal target, which
was negatively biased, while the sample itself was connected to ground. The vacuum system
was then pumped down to a pressure of about 10 Torr and then the pressure was then raised
up to about 75 mTorr by admitting a gas mixture of argon with 1% oxygen. The total flow
rate was kept at about 20 ml/min. After the chamber pressure had stabilized, the sputtering
was begun by adjusting the sputtering current to about 15 to 20 mA. The negative potential
of the cadmium tarpet was about 700 volts. The deposition was done in a continuous
manner for a period of between 2 to 3 hours until the desired thickness was achieved. In
order to prevent excessive sample heating during the sputtering, a water-cooled sampic
holder arrangement was used. Surprisingly, however, it was found that, the deposited CdO
layer. at least on the cleaved {112} plane, was preferentially oriented as compared with that
deposited on glass. This is shown in Appendix A.2, where X-ray diffraction results
indicated a preferential {111} orientation for the CdO layer on the cleaved {112} planc of
CulnSe, , despite the large lattice mismatch of some 23 %, between the' two layers.

Following the CdO deposition, the sample holder was taken out of the vacuum system and,
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with the sample still in place, the CdO mask was replaced with another mask for the front
metal contacts.
7.2 (¢) Frent Contacts

After the CdO layer was sputtered onto the substrate, two Au contacts were
evaporated onto the CdO , to act as the front electrical contacts of the device. Here, the CdO
metal mask was replaced by one having two stripe-shaped openings, which defined two Au
stripes on the CdO layer. The sample was aligned and loaded into the vacuum system. The
Au was then evaporated in the same vacuum system as that used for the Au back contact
(Edwards model E306A) in a vacuum of about 4x10 7 Torr. The evaporation was carried
out for about 3 to 4 minutes and then the sample was allowed to cool down in vacuum for
about 1 hour. The sample was then removed from-the system and copper wires were soldered
to the Au regions for the external electrical contact. Fig. 7.3 shows a schematic diagram
of the final structure, indicating the different device layers. The fabrication conditions of all
of the devices presented in this study are summarized in Table 7.1, along with some of their

photovoltaic properties.

7.3 MEASUREMENT TECHNIQUES
Following the fabrication of each cell, certain measurements were carried out to
evaluate its photovoltaic performance. The measurements, as mentioned earlier, were
illuminated and dark current density-voltage characteristics, current-voltage under actual
sunlight, photoresponse, capacitance-voltage and estimation of the minority carrier

diffusion length in the single crystal CulnSe, cell. These measurements are described next.
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7.3 (a) llluminated and Dark Current-Density-Voltage (j-V) Characteristics
Measurements of illuminated and dark current-density -voltage (j-V) characteristics
reveal important photovoltaic parameters about a solar cell. The j-V characteristics were
obtained under simulated solar conditions using a xenon arc lamp solar simulator (Kratos
model LH 150/1), which was fitted with an AM]1 filter and adjusted to give about 100
mW/cm®.  This adjustment was done by first placing a silicon reference cell, calibrated to
give 3.1 mV under AM1 conditions for an illuminated area of 0.125 ¢cm’, on an adjustable
platform under the simulator beam. The cell was positioned in the center of the illuminated
area and the vertical position of the cetl was adjusted until a reading of 3.1 mV was obtained.
The separation between the top surface of the reference cell and the beam exit aperture of the
simulator was noted and the reference cell was replaced with the actual device to be tested.
The electrical circuit is shown in Fig.7.4. Bias was applied to the sample using a stabilized
power supply (Farnell model TSV 30/5CL) through a variable potentiometer . The voltage

drop across the cel! was measured using a Keithley electrometer model 610C, whilc the

current through the cell (up to 2 mA) was recorded with a Keithley model 485 picoammeter.

Larger current (above 2 mA), was measured with a multimeter (Fluke model 37). The bias
voltage was varied between --1.2 volts in the forward direction to -2.0 volts in the reverse
direction and current readings were taken at intervals of 0.05 volt. This gave the illuminated
current-voltage curve for the cell. The measurement was repeated in the same manner with
the simulator light blocked and the celt covered with a dark cloth to yield the dark
characteristics of the cell. The current density , j, was obtained for each reading by dividing

the measured current I, by the illuminated "active" CdO area, 4, , of the cell. The value of

~ the CdO area for each cell was determined by measuring it directly under a microscope
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having a built-in scale. In calculating the active area of the cell, it was verified using a He-Ne
laser, that regions outside the boundary of the CdO area did not contribute significantly to

the photovoltaic action of the cell.

7.3 (b) Current-Voltage under Actual Sunlight
In order to have confidence in the simulated illumination measurements,
performance of some cells was tested under actual sunlight. The electrical circuit used here,
shown in Fig.7.5 , was slightly different from that described earlier. Here, no bias was
applied to the cell. Instead. the cell output was connected to a variable load resistor R . A
separate sensing resistor with a value of 10Q, connected in series with R, was used to
indicate the output current. This was done by measuring the voltage drop, V,, across it with
a multimeter (Fluke model 37) and dividing the reading by 10€ . The voltage drop across
the cell itself was also registered with a second Fluke multimeter, The j-V measurement was
done in a point-by-point manner where the load resistor R, was varied between about 20Q
(short circuit condition) to about 25k (open circuit condition). The measurerﬁent was
typically done on a sunny day on a rooftop outdoors, in un-obscured sunlight in Montreal
near midday. The exact details of the measurements are noted on the plots shown. This
yielded the cell characteristics under the sun. The intensity of the solar radiation was
measured using three reference detectors: a pyroelectric detector (Molectron model PR
1200),a pyranometer {Eppley model PSP ) and a Solarex silicon cell; the average irradiation

of these was taken.
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7.3 (c) Spectral Response

Measurement of spectral response was carried out on the CulnSe,/CdO cells between
a wavelength (A) of 400 and 1300 nm. The measurement set-up is shown in Fig.7.6. Here,
the sample was illuminated with monochromatic light from a Photon Technology
International grat_ing monochromator (model L1), where the exit slit was set at 2 mm
(corresponding to a AA of about 8§ nm) and the sample was positioned at about 6 cm from the
exit slit. The incident light beam was chopped at a frequency of about 153 Hz using a
Stanford Research Systems light chopper (model SR 540). The photogenerated current signal
from the cell was converted into a voltage signal using a 10Q sensing resistor. The voltage
across the resistor was measured with a lock-in amplifier (EG&G model 5302), which was
set at the same frequency of 153 Hz using a reference signal from the chopper. A
preamplifier (model 5316) was used to increase the signal by a factor of 10. Measurements
were taken at wavelengths starting from 400 to 1100 nm in increments of 25 nm and also
at 1200 and 1300 nm. In the range between 600 to 1100 nm, a long pass filter ,with a cut-off -
wavelength of 610 nm was employed to reduce second order and higher harmonics. For the
wavelengths of 1200 and 1300 nm, corresponding band pass filters vere used (each having
a AA of about 50 nm) for the same pL;;pose. After the sample was measured at these
wavelengths, it was replaced with ﬁ pyroelectric radiometér (Molectron model PR 200) to
measure the light intensity, W(L), at each individual wavelength, in mW/cm’. The
photoresponse of a cell, P(A), in amps/watt, was then calculated for each wavelength as

follows:

Py=—13)_
4 xW(h)
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where: I(A) is the current from the cell in mA, A, is the cell area in cm?, W(A) is the detector
reading in mW/cm®. The quantum efficiency Q(A), was obtained for each wavelength A as

follows:
Q(1)=P(A)x%
q

where, h is Planck’s constant, ¢ is the speed of light and q is the electronic charge. Both the
photoresponse and the quantum efficiency curves were obtained by plotting P(A) and Q(A)

respectively against A.

7.3 (d) Capacitance-Voltage

Parallel mode differential capacitance, C,, was measured on the cells with variation
of reverse bias from 0 to 5.G volt in increments of 0.2 volt. In this measurement, a LF
Impedancé Analyzer {Hewlett Packard model 4192) was used to measure the capacitance
at a frequency of 10 kiHz with a test signal of 20 mV.: The bias source was internal. The
voltage across the sample was verified using a Keithley electrometer (model 610C). The
circuit diagram for this measurement is shown in Fig.7.7. Capacitance-voltage
measurements were used to obtain Mott-Schottky plots of (A/Cp)" against reverse voltage
bias, ¥, , where 4 is the cell junction area (noting that 4 > 4 ) . It is well known that in a pn+

junction, the concentration profile on the p-side, N ,, is given by:

NA = 2 X l
9e€, dl(4IC)]
av,

where, € is the permittivity of free space, €, is the relative dielectric constant of the p-side,
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and g is the electronic charge. Thus. by measureing the slope of the curve of (A4:C,)"

against reverse voltage, an estimate of the carrier concertration can be obtained.

7.3 (e} Estimation of Diffusion Length

The diffusion length of the electrons in the CulnSe, single crystal substrate of the
cells fabricated in this study , was estimated using the photocurrent-capacitance method.
The theoretical considerations of this method are discussed in detail by Champness and Chan
[7.18], [7.19] and a brief description of this treatment is presented in Appendix A.3. In this
section, only the experimental procedure is outlined. The method basically consisted of two
steps. First, a measurement of the illuminated-to-dark change in the short circuit current
(Al) of the cell at different reverse bias voltages and under long wavelength illumination
was carried out, and this was followed by the measurement of the junction parallel
capacitance, C,, for the same reverse bias values and illumination. The measurement
procedure was as follows. The sample was first placed in the path of the monochromatic
beam, 6 cm away from the exit slit of the monochromator (Photon Technology , model L1)
such that the whole of the sample area was illuminated. The radiation wavelength was first
varied between 0.9 and 1.3 pum with the slit width fixed at 4 mm; then the slit width was
changed between 2 and 5 mm, with the wavelength set to 1200 nm. The monochromatic
illumination was chopped at a frequency of about 153 Hz , as was done in the snectral
response measurement. The cell was connected to a stabilized power supply (Farnell model
TSV 30/5CL) which provided the reverse bias, while the voltage drop across the cell was
verified with an electrometer (Keithley model 610C). The cell was connected in series with

a sensing resistor of 10Q. The a.c. voltage drop across this resistor was measured with a
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lock-in amplifier (EG&G model 5302) to yield the cell photocurrent. The illuminated -to-dark
change in the output current of the cell ,Al, was measured for reverse bias voltages between
0 and 5.0 volts, in increments of 0.2 volt. This arrangement is shown in Fig. 7.8. In the
second part of this measurement, the capacitance was measured as a function of reverse bias
.as was described earlier. However here, the cell was illuminated with unchopped light at
tie same wavelength as that used for the photocurrent measurement. The capacitance was
again measured using the Hewlett Packard LF Impedance Analyzer (model 4192A), where
the test signal frequency was again set at 10 kHz and the test signal amplitude at 20 mV.
The reverse bias voltage across the cell, was again varied between 0 and 5.0 volts, in
increments of 0.2 volt. This set-up is shown in Fig.7.9. The values of Al and C, at each
reverse bias voltage were paired tggether and these values were used to plot Al against 1/C,.
One condition of using the photocurrent capacitance method is that ¢W should be much
smaller than unity [7.18], [7.19], which in practice means using monochromatic light of band
edge wavelength. In the case of Cl:JlnSez, this would correspond to a wavelength of about 1.2
to 1.3 um. Thus, if the wavelength is too short, the W condition is violated, while if it is too
long, the photocurrent is too small to measure accurately. Thus, although th.e Al
measurements were made from 0.9 to 1.3 pm, only those values at the longer wavelengths,

strictly speaking should be accepted, since they comply with the ¢W << 1 condition.
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7.4 EXPERIMENTAL RESULTS

In this section. experimental results are now presented on the single crystal
CulnSe,/CdO cells fabricated in this study. In the initial part of this work, cells were
fabricated where the CdO layer was deposited directly onto cleaved substrates of CulnSe,
with or without a CdS interfacial layer. These cells typically exhibited a poor fill factor,
However, upon adopting the pre-annealing step of the CulnSe, prior to the cell fabrication,
as already mentioned in the introduction of this chapter, a significant improvement in the fili
factor was attained in these cells. In the results to follow, first a brief presentation of results
on early CulnSe,/CdS/CdO cells is given. This is followed by the current-density-voltage
results for the initial CulnSe,/CdO cells where no annealing was done. Next, results on the
effect of annealing are presented, including results on the estimation of the (iiffusion length
in the these cells. The diffusion length measurements in the CulnSe./CdO cells in this study

were made possible by the use of the annealing process, as will be described in the sections

to follow.

7.4 (a) Results on Early Un-annealed CulnSe,/CdS/CdO Cells

In an early phase of this work, some preliminary cells having the structure
CulnSe,/CdS/CdO were fabricated. where the CdS layer between the CulnSe, and the CdO
was deposited by a chemical bath method [7.17] and had a thickness of about 1000A. The
illuminated measﬁrements on these cells was made under a rather uncertain irradiation level
of about 150 mW/cm? or more and for this reason are difficult to compare with more recent
result;s. Never-the-less, Appendi;( A.4 shows a table of results on these ccllé, wh_crc it is

seen that, the illuminated open circuit voltages (V) were generally up to about 0.4 volt.
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The current-voltage characteristics of some of the cells was determined under actual sunlight
and Fig.7.10 shows an example of two of these cels. It is seen that the short circuit-current-

density was as much as 30 mA/cm’, although the fil! fuctors were rather poor.

7.4 (b) Results on j-V Characteristics of Un-annealed CulnSe,/CdO Cells

The performance of cells of CulnSe , /CdO with no pre-annealing of the CulnSe , was
Found to vary from device to device. The illuminated characteristics of a representative cell
105-5 is shown in Fig.7.11(a). It is seen here that, this cell exhibited a reasonably high open
circuit voltage of around 0.4 volt and a short circuit current density of some 20 mA/cm’.
However, the fill factor, FF, and therefore the efficiency, 1, were somewhat low with values
of 0.43 and 4% respectively. The dark charactenistics of this cell are shown in Fig.7.11(b) in
the form of a ¢n(j) - V plot. Here, it is seen that at a bias voltage of 1 volt, the rectification
ratio is about 2 orders of magnitude. Evidence of some shL;nt current can also be seen below
a forward voltage of 0.4 volt. The ideality factor {n) of this cell is slightly greater than 2.

suggesting that recombination current may be dominant.

The performance of this cell under actual sunlight is shown in Fig.7.12. The
measurement was performed outdoors under clear skies in Montreal in October, where it is
seen that both j,. and V,, were not very different from their values (Fig.7.11(a)) under the
solar simulator. The cell performance was also verified at the National Renewable Energy
Laboratory (NREL), of Golden, Colorado under the ASTM spectrum of AM1.5 Global, as
shown in Fig.7.13. Here, it is clear that there is reasonable agrecement between the

measurements taken at both laboratories. The above cell features were rather typical of the
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un-annealed cells, but. in some cases. significant series resistance was present. which reduced
the cell performance. This is shown. for instance. in Fig.7.14(a), where the illuminated
characteristic of cell 125-1 is given, exhibiting a slow rise in forward current with voltage.
corresponding approximately to a resistance of some 250 Q. The dark characteristics, shown

in Fig.7.14(b) indicate poor rectification and also significant shunt current.

7.4 (c) Results on j-V Characteristics of Annealed CulnSe,/CdO Cells

The effect of annealing the CulnSe, substrate prior to the fabrication of the cell on
the illuminated and dark j-V characteristics is treated here. A total of 3 cells were fabricated
with the annealing treatment, as described in section 7.2(b) of this chapter and these are
cells 149-1, 149-2 and 125-3. Figs.7.15(a) and (b) show the j-V curves for cell 149-1, This
cell was annealed for 2 hours at 320 °C (Table 7.1). It is also the cell with the largest active
CdO area of all the devices made in this study, annealed and un-annealed, of 11 mm?. It is
seen here that j,, was about 24 mA/cm?, while V, was just over 0.4 volt. However, the fil]
factor and the efficiency , with values respectively of 0.5 and 5.0%, were slightly higher than
those of the un-annealed cell 105-5, despite the slight excess in the shunt current at lower

voltages, indicated in Fig;7.15(b) for this cell.

Cell 149-2 was also annealed but at a slightly higher temperature of about 360°C for
sorhé | 2'/2 hours. The j-V characteristics, given in Fig.7.16(a), again show improved
performanc;: over the unannealed cells, with j,. V.., FF and 1 having values of 28 mA/cm?,
0.42 volt, 0.5 and 5.7% respectively. While the fill factor of this cell was comparable to that

of annealed cell 149-1, the efficiency of cell 149-2 was slightly higher due to its larger j,,
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value. The dark j-V characteristics of this cell, shown in Fig.7.16(b), indicate a rectification
ratio of just over two orders of magnitude at 1 volt and a reduced shunt current at lower
voitage. Evidence of some series resistance, in both figures 7.16(a) and (b), is apparent at a

forward voltage greater than 0.6 volt.

The j-V characteristics of annealed cell 123-3 are given in Figs.7.17(a) and (b). This
cell yielded the highest conversion efficiency and fill factor of all of the 3 annealed cells.
While the short circuit current density and open circuit voltage were not very different from
the other annealed cells, the fill facior and efficiency values of this cell were 0.63 and 6.2%
respectively, as shown in Fig.7.17(a). These were the highest reported values so far obtained
for these CulnSe,/CdO cells, where no interfacial layer, such as CdS was used. The steep rise
in the j-V curves of Fig.7.17(a) in the forward direction. indicates low series resistance. The
dark j-V curves of Fig.17(b) indicate a rectification ratio of almost 3 orders of magnitude at

a bias voltage of 0.7 volts.

7.4 (d) Results on j-V Characteristics of the Commercial CulnSe, Cell

In order to establish some basis of comparison between the CulnSe,/CdO cells and
cells fabricated with the present thin film technology of CulnSe,, a commercial cell was
obtained from one of the leading photovoltaic companies, Siemens Solar Industries, of
Camarillo, California. The original thin film polycrystalline cell was about 4 chﬁin area
which was too large to fit under the circular beam of the solar simulator. It was therefore,
scribed into several smaller pieces using a glass cutter. The actual cell tested had a total area

of about 0.6 cm?, where the edges, after scribing, were not treated in any special way. The
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structure of the cell is one where the substrate is a CulnSe.-based alloy (including Ga and §)

with CdS and ZnO deposited as window layers.

The illuminated and dark j-V characteristics of this cell. as measured in our
laboratory, are presented in Figs.7.18(a) and (b). While the dark characteristics exhibit some
shunt current below 0.4 volt, values for j_. V... FF and 1 of about 36 n A/em?, 0.48 volts,
0.68 and 12% respectively, were obtained. These values are of course substantially higher
than those obtained on our cells with a CdO window layer. It is also noted that the ideality

factor, n, from Fig.7.18(b), is also slightly smaller for the commercial celi than for the

CulnSe,/CdO cells of this study.

7.4 (e) Results on Spectral Response of CulnSe,/CdO Cells

Photoresponse measurements were carried out on 4 CulnSe,/CdO cells, namely one
un-annealed cell 125-1 and three annealed cells 125-3, 149-1 and 149-2. The photoresponse
curves for all 4 cells are shown in Fig.7.19. It is clearly seen in this figure that, the
photoresponse of all of the cells has a peak in the wav‘elength range between 800 and 1000
nm. It is also seen that the fall-off after the maximum is steeper than the rise below the peak.
From this figure, it is also noted that the un-annealed cell 125-1 exhibited the highest
photoresponse amongst all the 4 cells. This is rather puzzling, since this cell also exhibited
the lowest short circuit current density of all, with a value of about 18 mA/cm?, compared
with the highest j,, value of 28 mA/cm? for cell 149-2, which displayed the lowest response.
The same trend of course is also shown in the quantum efficiency plot for the 4 cells, given

in Fig,7.20. The peaks of the curves are somewhat broader here, extending from about 700
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to 1000 nm. It is also noted here that the response of all the cells at the longer wavelength
of 1300 nm is fairly small. This is a point relevant to the resuiiz of the measurements of the

diffusion length in these cells, which are presented next.

7.4 (f* Resuits on Estimates of Diffusion Length in CulpSe, Cells

In this study. using the photocurrent-capacitance method. the diffusion length L, for
clectrons was estimated on 5 different samples. Of the 5 samples tested, 3 were annealed
cells namely 149-1, 149-2, 125-3, while one sample was un-annealed (123-1) and another
sample was the commercial CulnSe,-based ce!l (CIS-4). In this section, first the results of
L -estimations are presented for the annealed cells; then a comparison between one anr;zaled
and one un-annealed cell is given and finally, the L -estimate for the commercial cell is
given.

Figs.7.21(a) and (b) show two plots of Al against 1/C,, for annealed cell 149-2, where
straight lines through the experimental points have been extrapolated to the 1/C, axis.
Fig.7.21(a) indicates 1/C, intercepts for three different slit widths, where the wavelength of
the incident monochromatic light beam was maintained at a value of 1.2 um. Here, it is seen
that, while the extrapolated intercepts were 1ot exactly coincident, they agree with each other
to within less than about 10%.The inset to this figure shows a plot of the same experimental
points, where the 1/C, axis is expanded between 0.2 and 0.7 nF *', indicating the linearity
of the points. Fig.7.21(b) shows results on the same sample with variation in wavelength
from 0.9 to 1.3 um for a fixed slit width of 4 mm. Here, the extrapolated 1/C, intercepts are
more spread out thar; those in Fig.7.21(a). However, the values for the wavelengths of 0.9

and 1.0 pm should really be excluded, since the «W condition is violated in this case. The
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smaller intercept for the 1.3 pum setting is due to the very low, and thus less accurate,
measurement of photocurrent at this wavelength. The L, value for this sample. obtained by
averaging out the intercepts of the measurements taken at a 4 mm slit width (Fig.7.2}a)) and
ata 1.2 pm wavelength setting (Fig.7.21(b)). was around 3.4um. as indicated in Table 7.2,

where the L, estimates on 4 of the cells are given.

Figs.7.22(a) and (b) show similar plots for annealed cell 149-1, where the inscts 1o
both figures again show more clearly the experimental points for these measurements. Here,
the experimental values for Al. as plotted in the these two figures, show less linearity lor the
same variation of 1/C; (i.e. variation of reverse bias) compared with those of cell 149-2,
However, in order to obtain L, estimates from this sample, straight lines were extrapolated
to the 1/C, axis from only the first 6 points in the lower reverse vollage range. It is noted
from Fig.7.22(a) that, despite this procedure of using only part of the observed Al variation,
the spread of intercept values in this sample with variation of slit width is not large. The
same may be said of the intercept values obtained through variation of wavelength in
Fig.7.22(b), except for the less accurate value corresponding to the 1.3 pm wavelength. The
L, value for this cell , again obtained from the averaged intercepts of the 1.2 pum wavelength
and the 4 mm slit width measurement, was about 2.7 um, which is of the same order as that

for cell 149-2 (Table 7.2).

The Al-1/C, variations for the third annealed sample 125-3 are shown in Figs.7.23(a)
and (b). Here, again, the experimental point variation exhibited some curvature and the

extrapolated straight lines were again drawn from the first 6 points at the lower reverse bias
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range. Unlike the results for the two previous cells, the intercepts for the slit width
measurements were somewhat spread out, as shown in Fig.7.23(a), while those for the
wavelength variation measurements given in Fig.7.23(b), were even more so. Furthermore.
the intercept of the 1.2 um measurement of Fig.7.23(b), where the slit width was 4 mm, did
not agree with that of the 4 mm slit width measurement (Fig.7.23(a)), corresponding to the
same conditions. With a difference of about 20%, the average value of L, was about 2.6 um
(Table 7.2).

Mecasurement of photocurrent-capacitance was also attempted on one un-annealed
cell, 125-1, with a similar variation of slit width and wavelength. However, the trend of the
Al experimental points, against 1/C,, did not yield a straight line at all under any of these
conditions. This is indicated in Fig.7.24(a), where a comparison is made between the results
on this un-annealed cell and cell 149-2, which was annealed. The comparison is made under
similar conditions uf wavelength and slit width settings. Here, it is clear that the data points
for the un-annealed cell could not be extrapolated in a meaningful way to the abscissa. By
contrast, those for annealed cell 149-2 do have a region of sufficient linearity for
extrapolation, resulting in a satisfactory negative 1/C, intercept. Fig.7.24(b) shows the
same experimental data, where the 1/C, range is plotted on a larger scale between 0.1 and
0.7 nF, with those for another wavelength of 1.0 pm. The difference between the

characteristics of the two cells is thus further emphasized.

In order to evaluate the performance of the CulnSe, /CdO cells relative to that of a
commercial ceil, an L -estimate was also carried out on the commercial cell CIS-4, whose

j-V characteristics were shown earlier in Fig.7.18. The photocurrent-capacitance
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measurements on this cell were similarly carried out as done in the CulnSe./CdO cells with
variation of slit width and incident wavelength and the results are shown in Figs.7.25(a) and
(b) respectively. Fig.7.25(a) shows that the extrapolated lines from the experimental points
converge, yielding an approximate L, value of the order of 1.3 pm. This value is of a similar

ragnitude to that from Fig.7.25(b) for ti wavelengths of 1.1 and 1.2 um.

7.4 (g) Results on Capacitance-Voltage Measurements

Capacitance-voltage characteristics of some of the cells are presented here. Fig.7.26
shows a Mott-Schottky plot of (/-\/Cp)2 against bias voltage for the three annealed cells 149-1,
149-2 and 125-3. The curve for the commercial cell is also shown for comparison. It is seen
here, that in the reverse direction, the slopes of the characteristics of the three annealed cells
are not very different from one another, yielding a corresponding slope-determined carrier
concentration in the bulk in the range of 5x10'® to about 10" cm >, It is apparent, however,
that near zero bias, the trend of the points exhibits a downward curvature for all the cells.
This is even more pronounced in the case of the commercial cell, shown by the solid circles,
suggesting that the doping profile of the absorber layer in tkese cells decreases as the
metallurgical junction is approached. The slope of the linear region of the characteristics of
the three annealed samples in the higher reverse bias region, if extrapolated, would yield an
intercept on the positive bias voltage axis of about 4.0 volt, which is rather large for these
cells. However, extrapolation from the curved region (not shown), at small reverse bias,
would yield a much smaller voltage intercept. Ideally, the intercept on the voltage bias axis

in such a plot would yield the value of the built-in potential for the junction.
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Fig.7.27 presents another Mott-Schottky plot, showing a comparison between the
characteristics of annealed cell 149-2 with that of un-annealed cell 125-1, The slopes of the
two curves appear similar at higher reverse bias; however, it is quite evident that the
behaviour of the two cells near zero bias is different. While the experimental points of the
annealed cell 149-2 exhibit some curvature between 0 and -1.0 volt, the points of the un-
annealed cell show a continuation of the same slope from the larger reverse bias region. The
intercept of the extrapolated line from the two curves is also different giving a value for the

annealed cell of some 4.0 volts, compared with that for the un-annealed cell of about 1.5 volt.

7.4 (h) Results on "Forming" of Un-annealed CulnSe,/CdO Cells

Frequently, the fabricated cells exhibited high reverse current, which it was found
could sometimes be reduced . By passing a large current for an extended period of time, not
only was the leakage current reduced, but also the illuminated characteristics were slightly
improved as well. This treatment, which may be called electrical “forming”, is indicated in
Figs.7.28(a) and (b), where the illuminated and dark characteristics are shown for cell 110-2.
In both figures, the characteristics are plotted before and after the forming treatment. The
forming was carried out for a period of about 40 hours in darkness, where the initial reverse
bias current density and voltage were set at about 50 mA/cm? and 10 volts respectively. After
some 40 hours, the reverse current decreased by more than one order of magnitude to about
1 mA/cm?® for the same applied reverse voltage. This is better seen in Fig.7.28(b), where the
improvement in rectification is evident. From Fig.7.28(a), it is seen that the forming also

increased slightly the open circuit voltage from about 0.33 to about 0.4 volt, the short circuit
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current from 25 to roughly 27 mA/cm’ and also the fill factor from a value of 0.335 to a value

of about 0.4.

7.4 (i) Results on Aging in Un-annealed CulnSe,/CdO Cells

Cells fabricated on un-annealed substrates often deteriorated with time. exhibiting
a reduction in their photovoltaic performance. This is shown here, in Fig.7.29(a), where the
j-V characteristics of CulnSe,/CdS/CdO cell 83-5 are presented, as measured just after the
cell was fabricated (open circles) and also following a period of about 2 weeks (solid circles).
During this time, the cell was stored in air at room temperature. As indicated in this figure,
the largest degradation in this cell was evidenced in its fill factor, where the reduction in this
parameter was about 20%. The reduction in V, of 10% was also significant. In contrast,
however, cells fabricated on pre-annealed CulnSe, substrates did not undergo any detectable
degradation at all and their characteristics remained essentially unchanged with time. This
is shown in Fig.7.29(b), where the j-V cﬁaracteristics of CulnSe,/CdO cell 125-3 are given
as measured just after cell fabrication (open circles) and following a period of over two
months (solid circles). It is clear from this figure that this annealed cell was far more stable
with time as compared with cell 83-5, shown in (a), which was not annealed. It is noted here
that both cells were fabricated on a {112} cleavage plane, and while cell 83-5 had an

intermediate CdS layer, they both had a comparable CdO film thickness.
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7.5 DISCUSSION

The intention of the work in this chapter was to test the grown single crystal material
of CulnSe, for device quality and not especially to develop techniques to make the most
highly efficient cell possible, since this would have involved changes in device structure and
much effort to obtain optimum fabrication processes. The CulnSe,/CdO structure turned out
to be sufficient for test purposes and made use of extensive experience in this laboratory
with the d.c. reactive sputtering of CdO. The conversion efficiency, reported here, of around
6%, without the use of a lattice matching interlayer is surprising, since the lattice mismatch
between the unrestructured {112} plane of CulnSe, and the {111} plane of cubic CdO is
some 23%. It should be pointed out here also that, an anti-reflection coating and an optimized
collecting grid were not used on cells fabricated in the present work. Some early cells were
indeed made with the structure of CulnSe,/CdS/CdO, that is with the CdS interface layer
present but the fabrication techniques were not very well developed at that time and pre-

annealing of the substrate was not done.

No claim is made here fo; high accuracy in the measurement of the illuminated cell
parameter values of j ., V., FF, and n, since the solar simulator used has not been directly
checked against precise standards. However, the measured values are probably accurate to
about 10 % , since agreement was obtained on one cell between our measurement and that
at NREL and because our simulator yielded 12% for the efficiency of the commercial cell,

for which Siemens Solar reported about 13%.
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The present results show that annealing of the CulnSe, substrate, prior to the
deposition of the CdQ is beneficial in increasing both the fill factor and the open circuit
voltage and hence also the conversion efficiency. The treatment for the single crystal CulnSe,
substrates was first developed by L.S. Yip [7.10], [7.11], for his abrasively polished and
etched surfaces. However, while the annealing was beneficial for his structures, which
involved a CdS interface layer with the CulnSe,, it was not clear at first, whether it would
be equally beneficial for the cleaved CulnSe, surfaces, used in this study, not subjected to
the abrasive polishing and its consequent microscopic damage to the lattice. Furthermore,
the present structure involved an interface with CdO, not CdS.‘ Never-the-less, the results in
this chapter, indicate that the beneficial consequences of the annealing process may in fact
apply generglly, whether the substrate surface is cleaved or aﬁrasively polished or interfaced
with CdS or CdO. The difference between the Mott-Schottky plots for an annealed and an
un-annealed cell, near zero bias, suggests that the acceptor concentration in the substrate near
the device j:unction was reduced from about 5 x10' to about 2 x 10'® cm” . The acceptor
concentration in the range of 5x10' to about 10" c¢mi® for the bulk material has been
confirmed by independent Hall effect measurements made on similar p-type
stoichiometrically prepared CulnSe, [7.12). Thus, it is speculated here that the annealing of
the substrate may cause a reduction in the carrier concentration near the sample surface,
possibly due to the loss of Se from the outer layer of the substrate during the heat-treatment;
this improves the junction integrity by increasing the internal shunt resistance. It is of course
well established that heating p-type CulnSe, material in vacuum at high enough temperature
for a prolonged period of time causes it to change its conductivity from p- to n-type. This has

also been demonstrated to occur at atmospheric pressure if sufficient annealing is used.
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While very little work on device aging was done in the present study, it appears that
the annealing process may help, here too, in stabilizing the cell against performance
degradation. While the un-annealed cells degraded with time, it was found that they could
also improve with electrical “forming”, that is the passage of a high reverse current through
the device for some time. This appears to be similar to what has been observed over many
decades with the selenium rectifiers, which are no longer used. The action is possibly due to
the drift ¢ € charged ions out of a layer close to the junction causing a depopulated zone of

acceptors near the junction just as has been speculated for the action of the annealing process.

The photocurrent-capacitance methe.! . employed by , C.H. Chan for thin film
Se/CdO cells in this laboratory [7.18], [7.19], [7.20], [7.21], was'used, for the first time, on
single crystal CulnSe,/CdO :devices as well as on a commercial thin film CulnSe,-based cell.
The method, in this work, yielded values of about 3 ur: for the diffusion length of electrons
for the CulnSe,/CdO cells and, in comparison,‘ about 1.3 pm for the commercial CulnSe, -
based thin film cell. This suggests that, cells with single crystal substrates should give highei
photovoltaic performance once the ceil fabrication techniques have been fully developed.
The error of the reported L, estimates is probably about 20% but the measurements were
very preliminary and the method could be developed further to obtain higher accuracy. This
is needed for the wavelength of 1.3 um, where aW is small as required by theory but where
the dark-to-illuminated change in phdzocurrent is weak relative to the background noise of
the measurement. The phOto-c.:urr-ént-capacitance method did not work for the un-annealed
CulnSe,/CdO cells because of the observed high shunt current in these devices. This is

because the method depends on a reverse current arising from carriers generated from
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the depletion and diffusion regions and not from current driven through an undesired paralle!
shunt path. On the other hand. the method is tolerent to series resistance in cells which is
consistent with results obtained by C.H. Chan in his work with Se/CdO thin film
structures [7.18], [7.19], [7.20]. Unlike the EBIC technique. however, the photocurrent-
capacitance method has the advantage of being a non-destructive technique which could be

developed as a diagnostic tool for in-line photovoltaic cell processing.

As a final note in this chapter, from the surprising efficiency of 6%, obtained on the
. CulnSe,/CdO cells with an apparent lattice mismatch of 23%, it is of interest to speculate
that the junction in such a cell may not be at the metailurgical boundary between the CdO
and the CulnSe,. The reason for this speculation arises from the result of an experiment not
so far reported in this chapter. Fig.7.30 shows the -V characteristics of annealed cetl 125-3
before and after complete removal of the active part of the CdO layer. This was done by
etching the CdO with a diluted solution of HCI in DI water (1:10 by volume), leaving the Au
front stripes intact. Here, it is seen that, despite the CdO removal, evidence. of residual
photovoltaic action remained, raising the possibility that the active junction may still very
well have been present. However, this is only a suggestion and further work is needed to

confirm the validity of this hypothesis.
Finally, it may be said that, the work of this chapter has shown that the Bridgman-

grown CulnSe, material of this laboratory has sufficient quality for potentially fabricating

photovoltaic cells of great interest to the semiconductor solar cell community.
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TaMle 7.1 Characteristics of CulnSe,/CdO Cells

Aonealing of
CulnSe, Substrate ! CdO Layer Characteristics " Iluminated Charseteristies

Cell  Cleavage Time Temp. Interference Thick*  Area* I, Ve FF n Comments

No. plane (hr) *C) colour (4m)}  (mm?) (mAfem’)  (voh) (%)

105-5 {112} - - 7th red 0.9t 10.0 21 0.43 042 40 Un-annealed
representative cell.

125-§ {112} - - 5th green 0.55 8.0 18 0.40 0.27 20 Un-annealed cell with
s thin CdO layer.

835 (12} - . 6th green 0.66 70 23 040 046 48 Un-annealed cell
degraded with time

Ho2 {101} - - 6th red 0.78 6.0 27 040 039 218 Un-anrealed cell
improved with forming.

149-1 {101} 2 320 Sth red 0.65 11.0 24 041 050 54 Anncaled cell having
largest active area.

1492 (101} 25 160 6th red 0.78 8.0 28 042 051 57 Annealed cell having
highest L_ estimate.

125-3 {112} 25 360 6th red 0.78 53 24 042 0.63 63 Annealed cell having
highest efficiency.

U cis4® - - - - - - 36 048 068 120 Active area = 0.54 cm’.

Window layer not CdO.

: 1. Annealing of cleaved suisstrate prior to deposition of CdO layer and electrical contacts.
_ 2. Nlumination level was about 100 mW/cm? under simulated sunlight using a xenon arc [amp. Calibration carried out using a silicon reference cell tested at the
", National Renewable Encrgy Laboratory (NREL) of Golden, Colorado.
3. Estimate of CdO layer thickness derived from interference colour using the formula: 2nd=NA, where n is the refractive index (2.5), d is the film thickness, N is the
i, interference order and A is the interference colour wavelength.
" Active area of the CdO layer.
. Commercial polycrystalline thin film cell believed to have the structure CulnSe,/CdS/ZnO, supplied by Siemens Solar Industries of Camarillo, Californin.



Table 7.2 Estimates of L, for Annealed CulnSe,/CdO Cells'

Cell Area? L,
No. (mm?) (um)
149-2 9.0 34
149-1 12.0 2.7
125-3 6.3 26
CIs4? - 600 1.3

L Estimates detived from plots of Al vs. 1/C, for a slit width of 4 mm and wavelength of 1.2 pm,
according to the formula L, = - (1/C,), €€ A, where, (1/C), is the 1/C, axis inlercept, €, is the permittivity
of free space, €, is the relative permittivity, taken to be 10 and A, is the cell junction area,

2 Tota! junction arca of the cell,

kN Comriercial polycrystalline thin film cell believed to have the structure Cu(In,Ga)Se,/Cd5/2n0.

®
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Fig.7.1 Schematic diagram showing the set-up used for the annealing of the

CulnSe, substrates.
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Plot of short circuit current-density, j,., against CdO film thickness for the
early CulnSe,/CaS/CdO cells given in Appendix A.4.
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Fig.7.3 Schematic diagram of the CulnSe,/CdO cell structure used in this study,

showing the different device layers.
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Fig.7.4 Electrical circuit diagram of the arrangement used for the measurement
of the illuminated and dark current-density-voitage, j-V, characteristics of

the cells.
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Fig.7.5, Electrical circuit diagram of the arrangement used for the outdoors
measurement of the current-density-voltage, i-V, characteristics of the
cells, under actual sunlight.
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Schematic diagram of the experimental set-up used for the photoresponse
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voltage measurements of the cells.
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Fig.7.8 Schematic diagram of the experimental set-up used for the measurement
of the illuminated-to-dark change in current, Al, in the photocurrent-
capacitance method.
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Fig.7.9 Schematic diagram of the experimental set-up used for the measurement
of capacitance,C, , in the photocurrent-capacitance method.
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Fig.7.10
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Current-density-voltage characteristics of two early CulnSe,/CdS/CdO
cells, measured outdoors under actual solar illumination under the
conditions stated. The inset shows a schematic diagram of these early cells.
{Reference detector : Molectron madel PR-200).
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Fig.7.11
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cell 105-5 showing: {a} characteristics under simulated illumination of 100
mW/cm?and (b) dark characteristics exhibiting a rectification ratio of about
2 orders of magnitude. The broken line indicates an ideality factor of 2.
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Fig.7.12 Current-density-voltage characteristics of un-annealed cell 105-5 as

measured under actual solar illumination under the conditions indicated.
The intensity of solar irradiation, as measured with a reference detector,
was about 100 mW/cm?,
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McGill Univ. CulnSe,/CdO

Sample: 105-5 Temperature = 25.0°C
Oct 12, 1993 10:37 AM Area = 0.1010 cm?
Spectrum: ASTM E892-87 Global Irradiance: 1000.0 Wm-2
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Fig.7.13 Cuurent-density-voltage characteristics of un-annealed cell 105-5 as

measured at the National Renewable Energy Laboratory (NREL) under the
ASTM spectrum of AM1.5 Global. The photovoltaic cell parameters are
indicated in the figure.
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Fig.7.14
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cell 125-1, showing (a) characteristics under simulated illumination of 108
mW/cm?, indicating high series resistance in the forward bias region, and
(b) dark characteristics, exhibiting poor rectification as well as high shunt
current at lower voliage.
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Fig.7.16
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Fig.7.17
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Fig.7.18
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Fig.7.19 Plot of photoresponse against wavelength for the three annealed
CulnSe/CdO cells 149-1,149-2 and [25-3 and one un-annealed cell 125-1.
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both figures shows the experimental points on a larger 1/C, scale.
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measured before and after forming. (a) Linear plot of ifluminated and dark
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CHAPTER 8

DISCUSSION AND CONCLUSIONS

8.1 INTRODUCTION

The results of the studies in this thesis are now discussed collectively, covering the
topics CulnSe, crystal growth, ingot adhesion, non-stoichiometry, cleavage, twinning and
preliminary cell fabrication as reported in chapters 3 to 7. This is followed by a summary of
the main conclusions of this work arranged in the form of claims to originality. Finally,

some suggestions are made for future studies.

8.2 DISCUSSION OF RESULTS

It is clear from the present work that, the vertical Bridgman process, employing a

single sealed ampoule for synthesis and growth of monocrystals of CulnSe,, was very
successful. The crystals were limited in size only by the dimensions of the quartz ampoule
itself, so that by properly scaling up the dimensions of the crucible and suitably optimizing
the growth conditions, larger crystals could be obtained. The present results were obtained
in a relatively simple two-zone resistance-heated furnace without ampoule rotation during
the growth. It is possible that even better crystals could be obtained, with no twinning for

example, with ampoule rotation and improved contro! of the temperature profile using
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multiple heaters. However, the existence of twins, which in the present study were found to
occur only in the {112} planes. is not a serious crystal defect, as far as device work is
concerned. This is because the {112} twin merely involves a 180° (or 60 °) rotation about
an axis perpendicular to the {112} plane, so that transport properties should not be atfected.
However, since twinned crystals can readily be detected by etching or sometimes by simple

observation, they can be avoided, if need be, in the substrate preparation.

The success of the crystal growth work is due to the unique use of the boron nitride
coating technique, whereby this material is deposited as a film, from BN slurry, inside the
ampoule and flamed into the quartz to form a hardened layer, prior to the introduction of the
starting elements of copper, indium and selenium. The experiments carried out clearly
indicate that the action of the coating was not as a physicai barrier preventing the ingot from
making contact with the quartz ampoule, tut that it performed as a getter absorbing oxygen
present in the nominally 99.999% pure copper pellets, thus preventing the undesirable
adhesion of the ingot. Oxygen was positively identified to be present in the copper in
experiments carried out, using a mass spectrometer gas analyzer, on copper pellets hea;ted
under continuous vacuum-pumping. The quartz itself, the selenium and the indium were all
exonerated as the sources of the sticking agent - oxygen. Furthermore, no evidence was
found in the present work to support the suggestion of Tomlinson [2.24] that residual water
vapour was the source of the adhesion. Using either heated-pumped-on or commercial
oxygen-reduced copper for the compound synthesis, without the boron nitride, confirmed
that oxygen in the copper was the source of the ingot-ampoule sticking problem. It is

important to point out here, that the BN acted as a more effective getter in removing the

204



oxygen from the copper pellets as opposed to heating under vacuum-pumping and thus, the
latter technique was only used as a means of diagnosing the gas causing sticking rather than
as a method to eliminate the adhesion in the ingot. Needless to say that prior to the use of
boron nitride, when sticking occurred, the removal of the ingot from the ampoule after
growth resulted in its break-up, with the consequent creation of cracks and internal stresses
causing defects. Thus, it was not until the development of the boron nitride process had
resulted in free non-adherent ingots without microcracks and voids that serious
characterization work was done, such as the identification of the cleavage planes in CulnSe,.
Prior to this work, a thorough study of cleavage in this material was hampered by the fact
that only small monocrystals were available. The getter material graphite, as used by
Yip [7.11], also eliminated the sticking but, as a coating, the graphite tended to flake-off and
become incorporated into the melt, whereas in using the hardened boron nitride coating, this
does not happen. Thus, the BN process was preferred. While the boron nitride does not enter
the melt macroscopically, it is still conceivable to have microscopically absorbed boron in
the ingot. Evidence from work on other materials using BN crucibles suggests that boron is
not absorbed to any significant extent. However, if this element is shown to have a doping
role in CulnSe,, further testing is needed to determine if traces of it are present in the
chalcopyrite. It should be mentioned that, the use of BN crucibles in the past has required the
charge to be already pre-reacted, otherwise cracking of the crucible may occur, at least in
using sealed quartz ampoules.. The present BN process eliminates this problem by
eliminating the need for an extra crucible. Another advantage of the BN method is that it is
easier to scale up for use in larger ampoules which would involve less effort and would be

cheaper as opposed to using a BN crucible.
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The use of a BN coating. as developed by the author. is the first reported attempt 10
employ such a coating for the Bridgman growth of CulnSe. . This process has atiracted
interest from other laboratories. including the Center for Advanced Materials Processing
(CAMP) at Clarkson University. in Potsdam N.Y.. where a similar BN process was

adopted for the Bridgman growth of CdTe.

In the Bridgman-grown crystals of Parkes. Tomlinson and Hampshire {2.5]. it was
reported that the [221] direction was nearly parallel to the growth direction. meaning
presumably the direction of the travel. However, in the crystals arawn in the present work,
the {112} cleavages were often obtained nearly parallel to the ingot axis and thus the [221]
direction for such cleavages would be generally perpendicular to the long ingot axis (or ;rzlvcl
direction). However, since the angle between two {112} planes in the same crystal is 70.33°,
asecond {112} plane could be cleaved essentially perpendicular to the long axis of the ingot
and thus the growth direction of the present ingots may not be too far of from a [221]
direction.

Non-uniformity of conductivity type was never a problem in this work. In runs
prepared from stoichiometric starting proportions. the entire ingot was uniformly p-type and
single phase chalcopyrite. Even in the case of runs with non-stoichiometric starting
proportions, the first 80 % of the ingot was single phase chalcopyrite and uniformly n-type
or p-type. In this regicn. the composition was always near to stoichiometry, despite strong
deviation from stoichiometry in the melt. Thus, there was an automatic “self-correcting”

effect of moving the composition towards stoichiometry, even when the melt was strongly

non-stoichiometric. Hence. in the gradient freezing process, the excess elements were
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contained in the remaining liquid and precipitated as binary compounds or as the elements
only in the final zone of liquid to freeze at the end of the ingot. In this multi-phase region.
the following materials. besides the chalcopyrite. were identified: Cu,In,, Cuyln,, Cyln,
Cu. Se. CuSe and InSe. Present also were some other apparent compounds. which were not
documerited in the literature: these were Cu,ln,. Cu ln, and InSe.. The last named compound

may not be very different from In.Se, reported earlier [2.27].

It is interesting to note that the well known compounds Cu,Se and In, Se, . which
occur in thin film work. where the CulnSe, chalcopyrite phase formation was incomplete,
have never been observed in the multi-phase regions of Bridgman ingots grown from non-
stoichiometric melts. However, Matsushita, Jitsukawa and Takizawa [8.1] did observe In,Se,
at about 600 °C but not Cu,Se among other compounds, in heating the elements copper.

indium and selenium together to form CulnSe, at 1050 °C.

In the single phase part of each ingot, the conductivity was p-type if the starting
proportions were stoichiometric or had an excess of copper or selenium, while the region was
n-type with an excess of indium. It should be pointed out that, the words single phase
chalcopyrite mean the absence of the extra phases found at the end of nonstoichiometric
ingots but they do not rule out the presence of the sphalerite phase, which is reported to be
stable above 810 °C. This is because the X-ray diffraction lines of the sphalerite phase differ
from those of the chalcopyrite only by the absence of the lines (101), (103) and (103) etc.

However, the pattern with these missing lines, characteristic of the sphalerite, has never been
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observed in this laboratory. even in CulnSe, quenched from the meit. It is consequently

believed that there is a negligible presence of this cubic form in the grown ingots.

In the ternary diagram giving the compositions of crystals obtained from non-
stoichiometric melts, the division between n-type and p-type material turned out to be
remarkably simple, at least if oxygen was removed from the copper. Material with more than
about 26 % indium was n-type and with less than 25 % of this element, p-type, irrespective
of the copper or selenium proportions. Between these two values, n- and p-type material was
obtained but it should be realized that the error in the EPMA-determined compositions could
readily account for this apparent mixed region. This simple demarcation on the composition
diagram , based on the present results and those of Neumann and Tomlinson [2.29] , is even
consistent with the apparently conflicting result that excess initial selenium or copper yiclds
p-type conductivity in the ingot and a deficiency of these elements, n-type. Thus, for
example, keeping the Cu/In ratio constant and varying the Se content alone can chal;ge the
conductivity type, as explained in chapter 5. That such a simply stated criterion prevails,
involving the indium concentration alone, is remarkable, and on this account, it needs

thorough checking in future work to test its validity.

In the grown crystals, only two bona fide cleavage planes were found, namely the
{101} set and the {112} set. An apparent {110} cleavage surface was also found but
microscopic examination showed it to consist of small {112} planes in therfoml of triangular
parallel ridges. This cleavage character of CulnSe, is probably the same for all chalcopyrite

lattices and differs profoundly from the dominant {110} cleavage in zinc blende crystals.
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This is probably due to the difference in bond strengths of the two different Se-metal bonds
in the chalcopyrites. Thus, in cutting the Se-Cu and Se-In bonds in CulnSe, it takes more
energy 1o break these bonds for a {110} cut than fora {112} or {101} cuts. Furthelr more,
a particular {101} cut breaks half the number of the stronger Se-Cu bonds than a {112} cut.
which may be the reason for the dominant {101} cleavage. In any case , the clear {112} and
{101} cleavages enable devices to be made with precise crystallographically-oriented
substrates.

To test the device quality of CulnSe, monocrystals prepared in this work, preliminary
photovoltaic cells were fabricated with the basic structure of the form CulnSe,(p)/CdG(n),
where the CdO was deposited as a thin film on a cieaved substrate of the chalcopyrite. Such
a structure was not that of the most efficient cells reported in the literature but made effective
use of the extensive experience in our laboratory with d.c. reactive sputtering of CdO. Initial
cells gave a solar conversion efficiency of about 4 %, but if the CulnSe, substrate was
annealed at atmospheric pressure at a temperature of about 350 °C, prior to CdO deposition,
an efficiency of more than 6 % was obtained. This substrate annealing step was first
developed by L.S. Yip in our laboratory for a cell having the structure
CulnSe,(p)/CdS(nyZnO(n+), where the CulnSe, substrate was abrasively polished before the
annealing and CdS deposition. The fact that the annealing was also effective in the present
CulnSe,/CdO structures. where there was no abrasive polishing and no CdS interfacial layer,
indicates that the process does not only involve a decrease in surface defects. In fact, Mott-
Schottky plots from the capacitance measurements on the cells suggest that the annealing
results in a reduction of the acceptor concentration near the CulnSe, surface and other

evidence (not given here) indicates that this may be due to a loss of selenium from the
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surface laver of the substrate. The observed slight improvement in cell performance with
electrical “forming™ - that is the continuous application of reverse bias after fabrication. is
possibly due to a movement of charged acceptors by the electric field out of a layer in the
CulnSe, close to the active junction. Thus, like the annealing, this leads to a reduction in the
acceptor concentration at this location and could improve the junction integrity by increasing
the resistance of any microscopic shunting paths. In the fabricated cells. the 6 % efficiency
was obtained without an anti-reflective coating and without an optimized current collecting
grid. Thus in a cell where these particular improvements are added. the same device would
yield an efficiency of at least 7 %. This is a remarkable result considering the fact that there
is a 23 % mismatch between the corresponding lattice parameters of CulnSe, and CdO,
which according to conventional wisdom, should kill the illuminated short circuit current
through strong recombination at the metallurgical interface between the two layers. Even
more remarkable for the apparently large mismatch, is the fact that X-ray diffraction indicates
that some of the CdO grains appear to be partially oriented with their (111) planes parallel
to the cleaved (112) surface of the CulnSe, substrate. Added to this is the result that some
photovoltaic behaviour remained, even after the CdO was removed, suggesting that the rcal
photovoltaic action was located not at the CulnSe,/CdO interface but perhaps in a region

lying deeper within the substrate it self.

The photocurrent-capacitance method, applied to the CulnSe,/CdO cells with
annealed substrates, gave an estimate of about 3 micrometers for the electron diffusion length
in the monocrystalline material, assuming a relative dielectric constant of 10. This was more

than twice the value estimated for a Siemens Solar Industries cell with a reported efficiency
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. of some 13 %. Thus, these results suggest that a photovoltaic device with a monocrystalline
absorber, once the fabrication techniques have been fully mastered, could eventually yield

a performance superior to that of cells with polycrystalline substrates.
8.3 CLAIMS TO ORIGINALITY

As a summary of the main conclusions arising out of the work in this thesis, the
author makes the following claims for originality of ideas in respect of the crystal growth and

study of CulnSe,. Thus, the author:

(1)  developed the technique of deposition and flaming-in boron nitride to the inner wall
of the quartz ampoule, which enabled adhesion-free and void-free ingots to be

obtained,

(2)  determined that the adherence of the CulnSe, ingot to the quartz ampoule was due

to oxygen arising from the starting high purity copper,

(3)  confirmed that, with suitable arrangements, the vertical Bridgman method employing
one ampoule for the synthesis and growth of the compound, successfully yields

device-quality single crystals with centimeter dimensions,

(4)  showed that the only principal cleavage planes in CulnSe, were the {101} and {112},

. and that the {110} macroscopic cleavage consisted of {112} microcleavages,
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(3)

(6)

(7

(8)

9

showed that twinning in CulnSe, crystals only occurred along {112} planes,

showed that, in single phase material, the conductivity type was determined only by
whether the indium content was greater or less than about 25 %, thereby explaining

also, the type changes with excess of the other two elements over stoichiometry.

demonstrated that effective photovoltaic substrates can be successfuily fabricated

with cleaved monocrystalline substrates,

demonstrated, in a CulnSe,/CdO cell, that a large lattice mismatch between substrate

and window layer can be tolerated, without a complete loss of photovoltaic

performance.

demonstrated that the nondestructive photocurrent-capacitance method is a uscful,

technique for estimating the minority carrier diffusion length in a CulnSe,/CdO cell.

Finally, it may be said that, the results of this work will enable single crystals of

CulnSe, to be available free of microcracks and voids and of uniform conductivity type, so

that studies can now be carried out, in various laboratories throughout the world, which were

difficult to attempt before. This will also help the thin film photovoltaic research

community to develop higher performance cells based on this important chalcopyrite

material - CulnSe,.
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8.4 FUTURE WORK

Without major modification to the present growth furnace , the following are tasks

which could be undertaken to improve crystal quality:

(1

(2)

(3)

4)

(3)

(6)

the top zone temperature of the furnace should be reduced, during the crystal growth,

to just above the melting point, so as to minimize excessive heating of the melt.

the temperature of the bottom zone should be kept above 810 °C, and the ingot

cooled down slowly, so that sufficient time is given for the sphalerite-to- chalcopyrite

transition to take place.

lower cooling rates should be used to minimize defects in the ingot.

higher temperature gradients should employed by narrowing down the thickness of

the insulating baffle separating the upper and lower zones of the furnace.

ampoules using a uniformly tapered wall should be used for the crystal growth.

further attempts with seeding should be tried, perhaps using a higher melting point

chalcopyrite such as CuAlSe,.
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(7)  rotation should be incorporated in the crystal growth procedure.

If financial resources permit, 2 new Bridgman furnace should be acquired which will
enable a more suitable temperature profile to be obtained - that is an upper zone with a large
flat temperature profile above the melting point, followed by a region having a sharp
gradient near the solidification point and then a lower zone also with a flat temperature

profile. which can be independently controlled.
The Czochralski technique with liquid encapsulation under high pressure should be

examined, since this method has the great advantage of avoiding nucleation from the crucible

side wall. However, extensive resources would be needed for such work.
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APPENDIX A.l
POWDER DIFFRACTION DATA OF CulnSe,

Powder diffraction reflections for the chalcopyrite structure of CulnSe, reproduced
from the JCPDS data ', showing the relative intensities from the different reflecting planes
along with their d-spacing and corresponding Bragg angle.

No. d-spacing (A) Intensity(%) {hkt). 20

1 5.1700 3 101 17137

2 3.3510 100 112 26.579

3 3.2200 4 103 27.681

4 2.8940 1 200 30.873

5 2.5280 7 211 35.48)

6 2.1540 2 105 41.907

7 2.0510 41 204 44,119

B 2.0460 51 220 44233

9 1.9030 3 301 47.755

10 1.7500 9 116 52230

11 1.7450 25 312 52391

12 1.4820 k| 305 62.634

13 1.4520 1 008 64.080

14 1.4460 6 400 64.37%

15 1.3940 1 217 67.089

16 1.3300 6 316 70.785

17 13270 4 332 70.969
18 1.3200 2 325 71.403

19 1.2010 1 415 79.790
20 1.1840 3 228 BLAT2
21 1.1820 10 424 81,338
22 1.1520 ] 501 83.928
23 1.1180 1 1110 87.102
24 1.1150 2 336 87.395
25 1.1130 4 512 37.592
26 1.0690 1 417 92.205

27 1.0357 1 505 96.103

28 1.0253 2 408 97.405

29 1.0228 1 440 97,724

30 0.9809 1 3110 103.497
3 0.9789 3 516 103.794
32 0.9770 ] 5312 104.079
13 0.9482 ] 611 108.658
4 0.9184 1 2012 114.015
5 0.9145 3 604 114,771
16 0.8845 1 3310 121.124
7 0.8828 ] 536 121.516
18 0.8815 ] 320 121.818
39 0.8416 1 545 132.491
40 0.8363 1 4438 134.169
41 0.8255 1 529 137.856
42 0.8132 1 1114 142.612
43 0.8115 2 5110 143.328
44 0.8093 | 712 144,280
1 CuKa radiation, A=1.540598 A, JCPDS file No. 40-1487.

Ref: D. Surietal, J Appl. Crysiallogr., 22, 578 (1989).
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APPENDIX A.2
ORIENTATION OF CdO ON {112}-CLEAVED CulnSe, SUBSTRATES

X-ray diffraction scans taken on the CdO layer as deposited onto (a) CulnSe, single crystal cleaved along the {112} plane and (b)
onto a glass substrate. The scan in (a) shows a strong {112} CulnSe, reflection as well as a prominent {111} reflection from CdO layer.
‘The absence, in this scan, of {200}, {220} and {311} CdO reflections, present in the scan of the polycrystalline CdO film shown in (b),
indicates a preferred orientation of the CdO layer in the <111> (cubic) due to the {112}-cleaved CuinSe, substrate. This is dcspne a large
lattice mismatch, of some 23 %, between the CdO and the CulnSe,.
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APPENDIX A.3

SUMMARY OF THE PHOTOCURRENT-CAPACITANCE METHOD

A relatively simple way of determining the minority carrier diffusion length in the
semiconductor absorber layer of a photovoltaic Schottky junction is from the variation of
depletion capacitance and illuminated-to-dark current change with reverse bias. This method
has been used by Smith and Abbot [A.1] in GaP celis, by Yong and Rowland [A.2] and by
Dorantes-Davila, Lastras-Martinez and Raccah [A.3] in GaAs cells. It has also been used in

semiconductor-electrolyte cells by Tyagai for CdS [A.4] and by Lastras-Martinez er a/ for
CdTe [A.5].

The basis of the method is as follows. Consider a reverse bias applied to a metal p-
type semiconductor junction, where the metal is a film thin enough to transmit light through
it. Suppose this cell is illuminate: -~ith monochromatic light, such that &, << 1, where a,
is the optical absorption coefficient of the semiconductor, a condition corresponding to light
penetrating well beyond the width of the depletion layer W. In this case, the photocurrent,
I, ,can be shown to be given by:

Iph =KI(W+Ln) * (A l)
where L, is the diffusion length of the electrons in the p-type semiconductor and K, isa
coefficient independent of applied bias. An ideal cell may be considered to be a current

generator, giving the photocurrent / , , in parallel with a diode, carrying a current [ ,,,,, . If
an external reverse bias V,, is applied to the device under illumination, the net current /, is:

K

L=l L g =T =1 (e o1,
which becomes, if ¥, >> &T/q,
IL = ]Ph+10 .

Here, k is Plank's constant, 7 is absolute temperature and g is the electronic charge. In
darkness, [, is zero, so that the dark current /, is just [, = I, . Hence, the illuminated-to-
dark current change A/ is:

A] = -IL - ]D = Iph ]

so that equation (A.1) can be re-written as:

Al =K(W+L). (A2)
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Now the capacitance of the Schottky junction is given by C, = €, A/W, where ¢,
is the relative dielectric constant of the semiconductor, €, is the permittivity of a vacuum and
A is the area of the junction. Substitution for /¥ into equation (A.2) yields:

ALt (A3)
C. eeAd

j o

where K, = K,¢€,€, A.

From equation (A.3), it is seen that a plot of Al against 1/C,, as the reverse bias is
varied, should yield a straight line, with an extrapolated intercept on the 1/C, axis
of -L,/(€,€A). From this, the diffusion length L, can be determined. Linearity would not be
expected at low reverse and at forward bias because of violation of the inequality V, >> kT/q
and the deviation from depletion approximation and ideal diode behaviour.

Apart from the application of this method to Schottky junctions, it can also be applied
to pn+ homojunctions and heterojunctions. Here, one must consider collection of
photogenerated carriers, not only in the depletion region and the p-type semiconductor but
also in the n-type region close to the junction. However, if this layer acts as a window layer,
it is possible that this contribution could be small and, therefore ,might be neglected with a
small error.

[A.1] K.L.Smith and M. Abbot. Solid State Electronics, 15, 361 (1972).

[A.2) M.L. Young and M.C. Rowland. Phys. Status Solidi 4, 16, 603 (1973).

[A.3]) J.Dorantes-Davila, A. Lastras-Martinez and P.M. Raccah. Appl. Phys. Lett., 38, 442
(1981).

[A4] V.A. Tyagai. Soviet Phys. Solid State, 6, 1260 (1964). Translated from Fizika
Tverdogo Tela, 6, No. 6, 1602 (1984).

[A.5] A. Lastras-Martinez, P.M. Raccah and R. Triboulet. Appl. Phys. Lett., 36, 469
(1980).
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APPENDIX A4
RESULTS OF EARLY CulnSe,/CdS/CdO CELLS

Characteristics of early CdO/CdS/CulnSe, [7.8] measured under elevated
illumination levels above 150 mW/cm?, where the CdS was deposited by a dip coating

method and the CdO by d.c. reactive sputtering. The measurements were taken on freshly
made cells, where no annealing was carried out.

*

CulnSe, CdS layer CdO layer Itluminated characteristics
Cell Crystallographic Thick. Thick. Interference  Area Ju Vo FF  Eficiency
No. plane {pm} {(um) order, colour (mm’} (mA/em?) (volt) (%)
86-1 (101} 0.10 0.37 3rd red 125 4.5 0.30 - .
92.1 iy 0.;2 037 Ird red 6.3 128 035 - .
95.5 (1on 0.1¢ 0.43 dih green 6.7 R4 0.41 .
95.4 {101 0.10 0.62 Sth red 69 452 03 0.3 5.1
LA ; 12y 012 0,75 fith red 1.0 4.7 .41 0.5 | L]
63-1 (112} 0.24 0.87 Tth red 125 1.8 033 . -
63-2 (112 0.20 0.64 6th green 7.3 w2 037 63 3
95-3 (101) 0.10 0.75 6th red 67 46.8 037 04 63
96-1 (1on UAL)] 0.15 61lh red 8.0 MO 035 - -
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