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ABSTRACT

Ingots of the semiconducting compaund CulnSe, have been grown by the Bridgman

method using a single sealed quartz ampoule for both the compound synthesis. Irom start ing

eIements of coppel'. indium and selenium. and the subsequent crystal growth. The resulting

ingots. containing monocrystals of up to 2 centimetres in one dimension. were Iree of

microcracks. voids and free ofadhesion to the inner wall of the quartz ampoule. This \Vas

made possible by the unique use ofa eoating ofboron nitride deposited on the inner wall

of the ampoule prior to charging \Vith the elements. The boron nitride aeted as an elTee'ive

getter in redueing the oxygen content in the starting coppel'. thus cIiminating the udhesion

bet\Veen the ingot and the quartz. Reduction of the oxygen in the coppel'. by prinr heat­

treatment under high vacuum pumping. was found to be less effective than the boronnitride.

The one-ampoule method used. resulted always in ingots having a unifonn composition and

conductivity type. whieh was p-type for stoichiometric starting proportions of the clements.

ln ingots with non-stoichiometric starting compositions. the resulting conduetivity type. in

the main part of the ingot. was also uniform. either p-type or n-type, with a composition

close to stoichiometry. However. for non-stoichiometrie melts, the last region to l'l'ceze

eontained 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 coppel' or selenium content. The ingots were found to cleave, up to

1 cm' in area, in one of two principal cleavage planes, whieh are the {112} and {lOI}.



A third macroscopic c1eavage plane, the {II O}, was aIso observed in the ingots, although

!css frequently but was found 10 be made up of {111} microcleavages. Twinning was

pre'ienl in the grown crystals and was found to occur only in the {112} plane. Preliminary

photovoitaic cells of the structure CulnSe,(p)/CdO(n) were fabricated using monocrystalline

c1eaved CulnSe, substrates. In a cel! where the substrate was annealed at atmospheric

pressure. prior to the CdO deposition. a solar conversion efficiency of ovcr 6 % \Vas

obtained. despite a 23 % lattice mismatch between the CulnSe, and the CdO. Minority carrier

diffusion lengths were estimated in the CuInSe, substrates by the photocurrent-capacitance

method to be about 3 micrometers. which was about twice the value abtained for a high

efficiency polycrystalline commercial thin film CuInSe, cel!, using the same method.
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RÉSUMÉ

Des lingots du composé semi-conducteur CulnSe~ on été produits selon la méthode

de Bridgman dans une seule ampoule de quartz scellée. où sc sont déroulées tant la synthèse

du composé à panir des éléments de base (cuivre. indium ct sélénium) que la croissance du

cristal. Les lingots contenaient de~ monocristaux atteignant 2 centimètres dans une- -
dimension: ils étaient exempts de mierofractures et de cavités ct n'adhéraient pas ù la paroi

intérieure de l'ampoule. grâce à une solution unique qui a consisté ù déposer du nitrure de

bore sur cette paroi aVdnt d'introduire les éléments dans l'ampoule. Employé comme

dégazeur.le nitrure de bore s'est révélé etTieace pour réduire la concentration d'oxygène 'lue

produit dans le lingot le cuivre utilisé au départ et supprimer l'adhércncc du lingot il

l'ampoule de quartz. À cet égard. la réduction de la teneur en cuivre par préchauffage sous

vide poussé s'est révélée moins efficace que l'ajout de nitrure de bore. La mèthode il une

seule ampoule utilisée produits toujours des iingots unifonnes quant il la composition ct il

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 panie principale du lingot était uniformément de type p ou n. Dans la

panie principale du lingot. la composition déviait à peine de la stoechiométrie. même dans

les lingots produits à panir d'éléments en proportions non stoechiométriques. Dans ces

lingots. la dernière région à se solidifier contenait toutefois des composés binaires formés

à panir des éléments excédant les proportions stoechiométriques. Dans la principale région

uniphasée de chalcopyrite. on a constaté que la conductivité était généralement de lype n

lorsque la teneur en indium dépassait 25 % et de type p lorsqu'elle était inférieure à cette
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proportion. déterminée par micro-analyse à sonde électronique. Ce phénomène ne semblait

pas tributaire d" la teneur en cuivre ou en sélénium. Les lingots se clivaient en des surfaces

atteignant 1 cm' . selon un des deux plans de clivage principaux. soit les plans {112} et

{lOI}. Un troisième clivage macroscopique. le plan {lIa}. moins fréquent. était constitué

de microclivages {112}. 11 y a eu formation de macles dans les cristaux obtenus par

croissance mais seulement sur le plan {112}. Des cellules photovoltaïques préliminaires de

structure CulnSe,(p)/CrlO(n) ont été fabriquées à l'aide de substrats clivés d"

CulnSe, monocristallin. Dans une cellule dont le substrat avait été recuit à la pression

atmosphérique avant déposition du CdO. on a obtenu un rendement de conversion solaire

supérieur à 6 % malgré une erreur d'adaptation cristalline de 23 % entre le CulnSe, et le

CdO. À l'aIde de la méthode photocouranr-capacité, on a estimé que les longueurs de

diffusion des porteurs minoritaires étaient d'environ 3 micromètres dans les substrats de

CulnSe" eett.e valeur étant environ deux fois plus élevée que celle mesurée par la même

méthode dans une cellule commerciale à haut rendement faite de CulnSe2 polycristallin à

couche mince.
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CHAPTER 1

INTRODUCTION

The object of the work of this thesis is the growth of single crystals of the

chalcopyrite semiconductor Cu[nSe, in order to facilitate the use of this material in

photovoltaic solar cells. The provision ofsuch crystals will enable this and other laboratories

to obtain infonnation on fundamental properties of this material, which are difficult or in

sorne cases impossible, to obtain on polycrystalline thin films. Il 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 ofthis semiconductor.

ln respect of thin films, it is necessary to point out that photovoltaic cells should

ultimately be cheaper to make in thin film fonn than using single crystals, since less material

is used in the process. In present day single- and poly-crystalline silicon cells, a thickness

of sorne 50 to 100 micrometers is needed for the absorber layer. This is because the

absorption coefficient. lX, is not very large in crystalline silicon (x-Si) as compared with
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arnorphous silicon (a-Si). as indicated in Fig.!. I. and thus a larger absorber layer. with a

thickness ofthe order of lia.. is needed to convert most of the incident photons into dectron­

hole pairs, provided the minority carrier diffusion length is large enough. In the economics

ofsolar 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 spccial areas

on the chip, so that the silicon material cost by comparison is negligible. Thus. in a solar cd!.

if the absorber layer can be made thinner. there is a cost saving. The material CulnSe~ has

one of the highest values of a. arnong ail semiconductors over the main part of the solar

spectrum. For instance. Fig.I.I, shows that at a wavelength of about 550 nm. corrcspondillg

to the sun's maximum terrestrial energy, a. would be weil over 105 cm'! for CulnSe~. This

corresponds to a penetration depth for light of the order of 10,5 cm (or 0.1 micrometer)

which. in practice. means that a film of 1 micrometer would capture most of the SUIl'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, thesc

materials have given somewhat lower conversion efficiencies, in laboratory ceUs. as

compared with CulnSe~ and. furthermore. arnorphous 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.
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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 CulnSe,. Atthe

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 atthe 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-corner, and many of its fundamental physical properties

have not been determined. This is also true for the technology of its processing for devices,

involving heattreatment, doping, etching, etc. The effect of crystal orientation in thin film

polycrystaIline structures on the cell performance is also not known. There is consequently

a demand, in a number ofworld 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 ofStuttgart, in Germany and also to France.

One of the important and interesting aspects ofCulnSe, is its defect chemistry, since in this

temary 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 [I.l], photoluminescence [1.2],[1.3], extrinsic doping [1.4], ion implantation,

surtàce 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 ofCulnSe, [1.7] as weIl 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 specifie predetermined orientations.
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Up until recently, single crystals of CuInSe, ofgood quality have not been availablc.

Sorne frequent problems have been the presence of microcracks in the crystals and the non­

unifonnity in conductivity type, whereby sorne 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 ofmany fundamental

pararneters, single crystals are preferred not only because they are more handleable, but also

because they have precise crystallographic orientation, so that any anisotropie effects can be

detennined. ln 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. FurthemlOre, 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 ofCulnSe, and the present

thesis is an effort to begin supplying this necd.

In this work, crystals of CuInSe, were grown from the mclt, since this is more

convenient than from the vapour. Starting from the elements coppel', indium and selenium,

the compound was flfSt synthesized and then single crystals were growll in an ingot by slowly

freezing Iiquid material from one end using a vertical Bridgman process. Of the three

clements 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 eX.lernally 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
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present work, the synthesis and growth were earried 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 to non-uniforrnity in conductivity type duc to partial

loss ofselenium. 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 CuInSe, , at room temperature, is the chalcopyrite structure,

shown in Fig. 1.2. This structure is similar to zincblende in having Iwo interpenetrating face­

centered cubic sublattices (f.c.c.). Here, the selenium atoms are located on one f.c.c.

sublaltice 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 CuInSe"

like many other I-III-VI, compounds, has a cfa ratio of almost 2. In the case of CuInSe" the

ratio is 2.006 with a = 5.789 A and c = 11.612 A[l.I0] and it belongs to the space

group I42d ( D ;,~ Schoenflies notation). Above a temperature of 810 oC, 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,

CuInSe, has a direct energy gap ofEa = 1.02 eV and it can be made either n-type or p-type.

Like many other semiconductors, the electron mobility in CuInSe, 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 fumace, which is described in detail. The main

problem in the melt growth. which has been perhaps somewhat greater with the one-ampoule
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method. is the adherence of the grown ingot to the inner wall of the quartz ampoule. This

problem, however, was complete!y solved in the present work and how this was donc is a

major part of the present thesis. Besides work on stoichiometric material, efforts were made

to growand study material trom non-stoichiometric starting proportions of the clements. 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. Sincc a

principal objective of the growth of the crystals was to further the understanding of

photovoltaic eells using CulnSe,. a preliminary study was initiated to fabricme cells with

monocrystalline substrates. This work was earried out with photovoltaic eells having the

structure CulnSe, (p)/CdO(n), where the CdO was the window layer. The CdO matcrial.

while not the best choice for a solar ccli, is one where the techniques of deposition were weil

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 ofdevice quality and thus capable ofyielding even higher

effieieney 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 CulnSc,

by melt processes is first given in chapter 2. This is followed, in chapter 3, bya 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

resul ts of the determination of ail the principal cleavage planes in the CulnSe, crystals, along
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with the identification of its twinning plane. Work on preliminary CulnSe, /Cdü

photovoltaic cciis is described in chapter 7, together with estimates of the minority carrier

diffusion length in the substrates. FinaIly, in chapter 8, the results of the thesis as a whole are

discusscd and the main conclusions stated.
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CHAPTER 2

HISTOR/CAL SUR VEY OF MELT-GROWTH OF CU/IlSe2

2.1 INTRODUCTION

Copper indium diselenide has been preparcd In single crystal form. or in

multicrystalline form with large grains. in many ways. However, since the present thesis is

concemed with its preparation by the Bridgman method. it is of interest. for a historieal

survey. to concentrate on melt grown CuInSe,. Accordingly, this chapter attempts to dcseribe

the main contributions to bulk crystal growth of the compound !Tom 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 retè.ence to the synthesis ofCulnSe, was in 1953 by Hahn, Frank. Klinger,

Meyer and Stôrger [2.1 J, who prepared a number of I-III-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 CuInSe, was a fine-graincd

crystalline material, which like the other I-III-VI, compounds ( where 1was Cu or Ag, III was

10



• M. Ga. In or TI and VI was S. Se or Te J. gave a chalcopyrite lattice l'rom X-ray diffraction

studies.

ln 1956. CulnSe, . along with sorne other chalcopyrites. were prepared by Austin.

Goodman and Pengelly [2.2] by heating the starting elements in an evacuated sealed siliea

tube. followed by zone melting. The resulting ingots were ail polyerystalline with numerous

cracks. attributed by the aUlhors ta the difTerential thermal expansion between the a and e

directions of 3x 10.6 per oC tor CulnSe, .

Palatnik and Rogacheva [2.3]. in 1967. determined the phase diagram for the pseudo

binary system Cu,Se-In,Se). reprodueed for the approximate range of 20 ta 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 CulnSe, with a melting point of about 986 oc.

Between 1000 and 810 oc. there exsists a ô phase. which is a sphalerite structure, where the

Cu and ln atoms are randomly disposed on their face-eentered sublanice, sa that the material

has a cubic symmetry. Below 810 oc, there is the chalcopyrite structure (y-phase), whieh

near room temperature. extends l'rom 50 ta about 54 % indium. Thus, this phase diagram

indieates multi-phase material would be obtained for compositions with less than 50 % or

more than 54 % indium.In other words. the chalcopyrite phase can tolerate a 4 % excess of

indium but apparendy no exeess at ail of copper.
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2.3 1970-1978

Because ofperceived applications for non-tinenr oplical components and liber optie

infrared deteclors. inlerest grew in preparing I-III-VI, compounds and in 1973. improved

mell-grown CulnSe, was reporled by Shay. Tell. Kasper and Schiavone [2.41 of the Bell

Telephone Laboratories and by Parkes. Tomlinson and Hampshire [2.5] of the University of

Salford. Using stoichiometric proportions of the starting elemellls in an evacuah:d sealcd

silica ampoule. Shay el al [2.4] slowly raised the temperature to 1050 "C. Using gr:1Cliclll

freezing. the temperature was lowered at a rate of2 "C/ hr with crystallization raking pla<;e

at the end of the silica boat within the ampoule. Electroreflection measurements made onlhis

material indicated CulnSe, to have a direct energy gap of \;:, ~ 1.01 eV at 77K. The

preparations ofParkes el al [2.5]. were done in a two stage process. The compound CulnSe,

was first synthesized by pre-reacting the high purity starting elemcnts in an evacualed sealcd

quartz ampoule. where the temperature was raised to 1050 oC. ln the lirst stage. the heating

rate was 4-6 OC/min until a temperature of 200 "c was reaehed and was maintained at this

lemperature for 4 hours. so that the exothermic heat eould dissipate l'rom the reaction

belween the Se and the In. The heating was then continued at a rate of 2-3 OC/min up to

1050 "c. After cooling down to room temperature. the ingot was removed trom the ampoule

and found to have extensive micro-cracking and voids. The second stage was then begun.

whereby the ingot was powdered and introdueed into a long evacuated quartz tube and sealed

off. The tube was then made to traverse forwards and baekwards through a horizontal three­

zone fumaee. where the central zone was maintained at 1050 "C. After la zone passes at a

rate of 1.8 cm/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 ingols l'rom
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• stoichiomctric slarting proportio;ls were invariably n-type and yielded void-free cI)'slals with

a lypical size of 0.5 x 0.5 x 0.2 cm) but with sorne microcracks. The [221] direction was

round to be within a few degrees of the gro\\1h direction. Both Parkes el al [2.5] and Tell.

Shay and Kasper [2.6] found that p-type material could be obtained by heating these n-type

cryslals under excess selenium pressure.

ln 1974. \Vagner. Shay. Migliorato and Kasper [2.7] reported the lirst

CulnSe,(p):CdS(n) pholOvoltaic cell with a 5 % solar conversion efficiency. where they used.

as the substrate. their gradient-freeze material 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 Kasper

[2.8] reported their. now famous 12% efficiency CulnSe!CdS cell with an antiret1ection

coating for a small active area of about 0.8 mm2
• Withoutthe antiret1ection coating, the

el1iciency 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 re.produced in

Fig.2.2. lt is noted that at 1100 oC, the vapour pressure of selenium is more than 40

atmospheres and this is the reason for synthesis of CulnSe2 in thick sealed ampoules. Since

the boiling point of selenium is 685 oC, preparation of selenium compounds at Îemperatures

above this value in open crucibles will result in a considerable loss ofthis element. It should

he noted here that. since the boiling points of the copper and indium are respectively 2567

oC and 2080 oC, their saturated vapour pressures at 1100 oC would be very low.
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Crack·free single crystals ofCulnSe, w~re reported by Tell. \Vagner and 8ridenbaugh

[2.10] in 1976. using a zone melting teclmique !Tom stoichiometric starting proportions. ThL'

procedure consisted ofthree passes at 1 mm/hr through a zone with a ma.... imum tcmperaturc

ofabout 1015 oC and a temperature gradient ofabout 60 "C/cm. Thc crystals wcrc p·typc

with a room temperature hole concentration of 3' 10 17 cm') and a mobilitv of abllut

20 cm' / (volt.sec). Tell and Bridenbaugh [2.11] also used 2 % (by wcight) cxtra or Sc. as

weil as stoichiometric mixtures. to obtain p-typc material and madc pn-junctions \Vith Cd­

and Zn-plated p-type substrates.

Haupt and Hess [2.12] in 1977 grew CulnSe, ingots of 1 cm in diamctcr and up

10 5 cm in length using vertical Bridgman and Stockbarger methods: they also grcw crystal

platelets by an iodine transport technique. In their melt-growth work. they used the Iwo stage

proeess of pre-reaction of the high purity starting elements in one evacuated sealcd silica

ampoule. followed by removal and transfer of the polycrystalline compound into another

ampoule with a pointed end. After sealip.g this ampoule. it was heated to 1080 "c. maintaincd

at this temperature tor 24 hours and then either lowered through a temperature gradient 'JI'

5 -10 "C/cm al a rate of 0.5 - 2.5 mm/hr (Bridgman method) or altematively kept in a lixcd

position (Stockbarger method) in a temperature gradient and the temperature was slowly

decreased at 2 °C/hr !Tom 1020 to 750°C and at a t'aster rate of 100 C/hr below 750" C.

Haupt and Hess [2.12] in this work c1aimed that the use of already-reacted polycrystalline

compound as the starting materiai 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 crystaIs. implying that n-type material resulted l'rom their stoichiometric starting

proportions.

ln the sarne year of 1977. H6rig. Neumann. H6bler and Kühn [2.13] prepared melt­

grown CulnSe, ingots by slowly heating the starting elements in an evacuated sealed quartz

ampoule to 1100 oC, holding at this temperature for 15 hours and then cooling at the

relatively fast rate of 100 °C/hr. Their re5ulting material was invariably n-type with a

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

2.4 1979·1989

ln 1979. Irie, Endo and Kimura [2.14] prepared CulnSe, ingots by heating the

starting elements in an evacuated sealed quartz tube to about 1100 oC, 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 [2:15] in

1980. used a vertical Bridgman method to obtain p-type crystals with a hole concentration

of 6 xl 0'6 cm') and a mobility of about 20 cm' /(volt.sec). The temperature of the top hot

region of the fumace was 1040 oC and that of the cooler region 750° C with a 30 ° Clcm

lcmperature gradient; the lowering rate was 2 mm/hr with rotation of the ampoule. Prior to

descent. the ampoule was cooled l'rom a temperature or 1100 oC, at which the compound

synthesis had been carried out.
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Using a monocrystal!ine substrate. Arya. Warminsky. Beaulieu. Kwietniak and

Loferski in 1983 [2.16] fabricated a CulnSe,lCdS cel! yielding a solar conversion ellicicncy

of 10.6 % with an effective cel! area of about 0.8 mm~.thus matching the results ofShay el

al [2.8]. The smal! area was due to avoiding microcracks in the substrate. which was

obtained l'rom an ingot prepared by the two-stage Bridgman method. I-Iere. the fumace

temperature was stated to be 1000 oc. which is only just atthe meliing point of ClIlnSc~.

Prior to 1984. where experimental details were given, melt-growth of CulnSe~ \Vas

done using the two-stage process. In this, compound synthesis was done in one ampoule, the

pre-reacted materialtransfered to another ampoule and the crystal growth by a Bridgman or

Stockbarger method was carried out. To sorne extent, this avoided the problem of ingot

sticking to the inner wal! 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] reportcd

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 tirst 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 uniforrnly p-type. The one-ampoule method prevented

the loss of selenium, which otherwise led to n-type behaviour, and thus resulted in obtaining

uniforrn polype behaviour, which was a signiticant improvement. However, Shih el al [2.181,

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

successfui.

ln 1984, Bachmann, Fearheiley, Shing and Tran [2.19] reported further phase relation

work for the Cu, ln, Se system and found (in addition to CulnSe]) a compound of

composition CuslnSe" with a high melting point of943 oC. However, this compound, which

can be regarded as 5 Cu]Se + In]SeJ ,is unstable at room temperature. Bachmann et al [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 ofCulnSe], 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 in an open crucible of quartz or boron nitride using boric

oxide (B]OJ) 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. coiI

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 BPJ

to reach the CulnSe] surface and an ingot was pulled from the CulnSe] melt. Il 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 pronnsmg. with further

development.

In the view of TomJison, expressed in a paper in 1986 [2.21 J, the vertical Bridgman

method is superior to the zone growth procedure for obtaining larger CuInSe2 crystals. ln his

Bridgman setup, at the University of Salford, the jilrnace 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 Cu2Se-In2SeJ was determincd

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 oC with a composition of Culn,nSew

(corresponding to CuInSe2 + 11.1 % In2SeJ) and not CuInSe2 • This would apparently mean

that from a stoichiometric liquid, the first material to freeze would be CuInSe2 with dissolved

excess In2SeJ. Indeed, excess indium was found by Vahid Shahidi el al [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 CuInJSes, as well as that previously

reported at CusInSe•. Becker and Wagner [2.23], from differential thermal analysis, reported

a phase transformation, not only at 810 oC, but also at 665 °C for CuInSe2• However, thc

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

accclerated the devitrification of the quartz. He recommended as a remedy out-gassing of the

charged ampoule at 100 oC 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 Cu2Se (melting point above 1100 oC)

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

In the same year of 1989, using rJ. heating and a graphite susceptor, Weng, Vip, Shih

and Champness [2.25], with a vertical Bridgman method, grew ingots from stoichiometric

mclts. They employed an accelerated crucible rotation technique to obtain better mixing but

the I,Ise of r.f. heating was found to be no better than resistance heating and more difficultto

control. In their one-ampoule procedure, with stoichiometric starting proportions, only polype

material was obtained.

ln 1990, Vip, 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 tirst 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,ln

\Vas identitied [2.27] in material with excess copper and Cu,In. in materiaI with excess

indium, along with an apparently undocumented compound of composition In)Se2• It is

interesting to note that the binary compounds Cu2Se and In2Se) 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 weil with the results of Neumann and Tomlinson [2.29] . I-Iowever. there was a

clear relation between starting composition and conductivity type.

After about 1991. CulnSe, ingots were prepared by Bridgman methoùs in the

laboratory of the author and in that ofL.S. Yip, using resistance-heated fumaces 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 eoating [2.33] into the ampoule, prior

to charging. The BN procedure is an essential part of this thesis and will be t'ully disellssed

in the following chapters. Following this sllccessful development, ingots fi'ee ofmierocraeks

and voids and of uniforrn condllctivity type became available for other studies.
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CHAPTER3

VERTICAL BRIDGMAN GROWTH OF
CuInSe2 MONOCRYSTALS

3.1 INTRODUCTION

The use of the one-ampoule method. pioneered mostly in this laboratory. and llscd

in the present work. has the advantage of minimizing the loss of selenium. This loss takcs

place in the two-ampoule process. often llsed by previous workers and leads 10

inhomogeneity of conductivity type. The one-ampoule method, by contrast, resllits in

uniformly p-type material if stoichiometric starting proportions of the elements arc llscd.

However. the adhesion problem between the quartz and the CulnSe, charge seems to 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 completcly solvcd

in the author's work by the introduction ofboron nitride into the ampoule, in the lorm ofa

powder coating on the ampoule wall, prior to charging with the clements. Hence, with this

solution. the one-ampoule 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 describcd in

detail together with the results of growth runs with variation of sorne of the parameters. As

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

cnough for many studies.

3.2 CRYSTAL GROWTH

ln this section. the details of the crystal growth procedure. including the preparation

of the ampoule using the baron nitride coating technique is presented. First. the growth

apparatus is described.

3.2 (a) Crystal Growth Apparatus

The crystal growth of CuInSe, in this work was carried out by a vertical Bridgman

method. using a resistively heated. 4600 watt. two-zone fumace (Therrncraft Inc. model

23/238-24-2ZY-ST). The temperature of the two zones of the fumace 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 shawn 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 bame was placed between the top and bottom zones, which

yielded a gradient of about 70 oC/cm. From the temperature profile, the solidification

position of the compound was estimated to be at a depth ofsome 43 to 45 cm below the top

surtàce of the fumace.

3.2 (b) Ampoule Cleaning

In this work. the CuInSe, charge synthesis and crystal gro....th 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 \Vas shaped. using an oxygen-hydrogen tlame. from

one end to obtain a pointed tip resembling the letter V. in order to faeilitate nucleation

during early stages of the gro\Vth. The quartz nlbe. \Vith only one end open. \Vas c1e,med \Vith

a mixture of HNO, and HCI (1: 1 by volume) for a period of about 24 hours and then rinsed

thoroughly in de-ionized (01) water. The ampoule \Vas then soaked in acetonc loI' a similar

period oftime to remove any organic contaminants. Finally. the ampoule was rinsed again

in 01 \Vatel' and dried. gently \Vith the !lame. The ampoule was now rcady for the I3N

coating.

3.2 (c) Boron Nitride Coating

The boron nitride coating process of the ampoule was found to bc an important step

III the fabrication of adhesion- and void-Iree ingots of CulnSe,. It mukcs possible

employment of the same ampoule for both the synthesis and growth of thc compound.

resulting in ingots which are uniform in conductivity type. Furthermore. it does not requirc

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 lorm of a

powder. of nominal purity 99.5%. Irom Johnson Matthey Ltd.. or in the form ofBN slurry.

Irom Carborundum Company. The BN slurry was obtained in two types: V-BN. consisling

of SN 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 SN source was thoroughly mixcd with

about lOto 20 ml of acetone to create a suspension with a thick consistency. Thc mixture

was then transferred to the ampoule and given a manual agitation for sorne 2 to 3 minutes.

This action allowed the ampoule wall to be coated with SN particles. Thc cxcess quantity
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of the suspension was poured out of the ampoule. After introducing the BN, the coating was

made more unifonn by spreading it out with a special brush until the desired thickness was

obtaincd on the wall. The coated area was localized at the boltom end of the ampoule by

rinsing away the excess coating elsewhere using DI water. After this. the ampoule. coated

with the appropriate amount ofBN. was gently heated between 80 to 100 oC in a small oYen

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 easily 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. In the case of the 99.5% purity BN, the coating becanle tùlly

transparent inside the ingot. as shown in Fig.3.2(b). In using the BN slurry as the source of

EN. the coating was not completely transparent after the flame treatment; however. it was

of superior hardness compared with powdered BN ofequal 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

dcmcnts was used for the synthesis of the compound. The starting materials of copper.

indium and selenium were acquired in pellet fonn. each pellet with a diameter of about 3 to

5 mm. having a nominal purity of about 99.999%. The suppliers for these materials were
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CERAC Coating Materials lnc. for the coppel'. Metal Specialties lne. 101' the indium and

Noranda Technology Center for the selenium. Stoichiometric proportions of the Cu. ln and

Se were calculated l'rom their respective atomie weights. and the elements \Vere \\'eighell

separately from a pre-etched supply of material. The pellets were etched prior to the

weighing of the charge to avoict unwanted changes in the starting composition duc tll the

etching action. The chemieal etching of the Cu was earried out in dilute HNO, (1: III in DI

water by volume). while the etching of the ln and Se was done in dilute HCI (1: lOin DI

water by volume). The pellets were rinsed thoroughly in Dl watcr and thcn dried in a Ilo\\'

of nitrogen. Fig.3.3(a) shows a photograph of the etched and cleaned elcmental pellets. prim

to introduction into the ampoule. After the etching, the charge was transfcITcd to the I3N­

coatcd quartz ampoulc which was attached. in a vertical position. to a vacuum pumping

systcm (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 evacuatcd down tu a

prcssure of about 4x 10.7 TOIT in sorne :2 to 3 hours. Using an oxygen-hydrogcn flame. the

ampoule was then sealed under vacuum trom a position sorne 10 cm above the cIemental

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 clotho Priar to loading the

ampoule for pumping, the position of sealing was marked and the quartz was thinned down

to faeilitate 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. forrning a sealed neck. Extra care is needed in the sealing-off proccss. especially

in separating the ..mpoule trom the remainder of the quartz tube, where the quartz may crack
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if too much force is used. After the sealing was complete, the ready ampoule, sorne 15 to

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

3.2 (e) Reaction of Charge

The ampoule, with the charge inside, was placed in a horizontal position in a brick

fumace. where the initial reaction between the elements was carried out. Here. the

temperature was tirst 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

of220'C, to take place. [l'the rise in temperature is too fast, an explosion would OCCUT. To

ensure a complete reaction. the temperature was maintained at 300°C for sorne 24 hours. At

this stage, the only reactants were the [n and the Se, while the Cu remained in pellet form.

This can be seen in FigJJ(b), where the contents of a run. interrupted at a temperature of

about 300°C, are shown, clearly indicating the presence of u!l-reacted elemental Cu. Next,

the same ampoule was transferred to the top zone of the vertical crystal growth fumace,

where the remainder of the reaction was carried out. To do this, the ampoule was attached,

l'rom its top end. to a quartz rod sorne 60 cm in length. The rod was connected to the

mechanical lowering mechanism of the assembly and, with the furnace tumed off, the

ampoule was positioned in the center of the top zone of the fumace, at a depth of about 35

cm. Next. the temperature was set to 300°C and the fumace was allowed to stabilize for

about 1 hour. The temperature was then raised at a rate of about 5°C/min up to II OO°C, that

is sorne 100° C above the melting point of CulnSe2• The reaction with the copper was

complete however, before the melting point ofthis element (ofaround 1OSO°C) was reached.

This is demonstrated in Fig3J(c), where the contents ofa 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 ensurc

homogenization of the melt, the ampoule was maintained at lJOO°C typically for 24 to 48

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

3.2 (t) Crystal Growth Procedure

After the reaction and soaking of the charge was complete in the top tùrnuce zone.

the temperature of the lower zone \Vas set to about 700 oC and the botlom fumace \Vas

allowed to stabilize for about 1 to 2 hours. This resulted in a temperalure gradient of about

70·C/cm between the top and i .. :.tom zones. The directional freezing of the melt was then

begun. The ampoule, in the top zone, was slowly manually displaced downwards to a deplh

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 meehanism was Ihen

activated and the control was set to a lowering rate of 2 to JO mm/hr. The groWlh was

continued for 24 to 48 hours until the ingot was completely solidified, weil inlo the cooler

Zone. The temperature of the top zone was then reduced to that of the botlom zone and Ihe

entire fumace cooled at a rate of about 20 to 30·C/hr. The resulting ingot is shown in

Fig.3A(a), where it is clearly seen to be loose inside the ampoule, due to the cffl'ct 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 A(b) of this figure, for comparison,

where no BN was used. Here. the ingot contained voids and cracks, as will be later discusscd

in this chapter. Table 3.1 summarizes all of the crystal groWlh mns reported in this thcsis

with a few additional mns of special intercsl.
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3.3 RESULTS ON CRYSTAL GROWTH

[n 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 cIearly found to eliminate the adhesion of the CulnSe,

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 significantly the amount of voids in the interior of

the ingol. Because of this, the growth oflarger monocrystals was made possible and crystals

with significant cIeavage areas were obtained. This is demonstrated in Fig.3.5{a), where a

run using BN (run 64, Table 3.1) is shown to yie[d an ingot with a complete cIeaved 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

sorne cases, this yielded information about the orientation of monocrystalline regions inside

the ingol. 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 weI!
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above the melt. The result was again an adhesion-free ingot. Thus. this showed clearly that

the BN did not aet as a physieal barrier.

3.3 (b) Ingot eharacteristics

The grown ingot was removed from the ampoule and observed under a light source

which revealed its exterior facetting. 1 .Iis facetting was often an indication ofregions of

monocrystalline habit whicn manifested itself externally by a singular retleetion of light. lt

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 internai

{112} plane was obtained. This is indicated in Fig.3.6(a), where an ingot is shown. with ils

exterior exhibiting a region sorne 3 cm in length having one cornmon retlection. The ingot

was cleaved whereby, the cleavage plane, while not very large. had a retleGtion 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 ail of the cleavage planes obtained on the ingots. including their

dimensions. Here, it is seen that the largest cleavage areas. and thus the largest eontirmed

monocrystals, were those in ingots 86 and 91, with an area of about 2 cm2
• 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 botlom end, which was the tirsl 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 parallcl to the
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direction of the growth. This is different from earlier work [2.5], where the growth axis was

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

In order to veriIY that these mirror-like planes did indeed correspond to one crystal,

multiple-cxposure 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. Bere, a rocking curve was obtained on 5x5 mm1 cleaved surface ofingot 125,

shown in Fig.3.10. The measurement was carried out by Dr. Isabella Bassignana at the

Advanced Technology Laboratory of Bell Northern 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 !bis plane and the

diftracted X-ray intensity was measured with small deviation from the Bragg angle. The
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rocking curve indicates a full width halfmaximum (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 el al [3.1] for their heteroepitaxially-grown thin film CulnSe, structures but larger

than the figure of sorne 70 arc seconds reported by Cheuvart el al for CdTe [3.2]. and of

course larger than those observed for present-day high quality Si nnd GaAs single crystal

wafers.

3.3 ( c) Crystal Structure

The crystal structure of CulnSe, ingots having a nominal stoichiometric starting

composition. has been deterrnined by powder X-ray diffraction using a Rigaku

diffractometer (model O/Max -2400). a schematic of which is shown in Fig.3.II. Pieccs

were extracted from the ingot and crushed to a fine powder. The CulnSe, powdcr was

transferred on to a special glass slide which fits into the sarnple holder of the diffraclometcr.

X-ray scans were then taken from lOto 100 degrees 01'28, at a rate 01'6 degrees per minute.

The incident X-ray wavelength was I.S40SÂ obtained from a Cu targel. The actual measured

diffraction peaks for a specimen from a typical ingot growth run are given in Fig.3.12. Thc

diffraction pattern is consistent with the JCPOS data for the reflections of the chalcopyrite

structure for this compound. given in Appendix A.I. Unlike the standard specimen. the

intensity of the 220 peak measured here, was slightly greater than that for the 112 peak.

The presence ofreflections from {hk QI planes where the value of the index Q is odd, such

as 101, 103 and 105. is consistent with the presence of the chalcopyrite phasc [3.3].
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3.3 (d) Effeet of Growth Rate

As indicated in Table 3.1. the crystal growth ofmost of the ingots was carried out

using a lowering rate ofless 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 carried out, whereby several ingots were grown mostly under similar conditions with

the lowcring rate varied weil over two orders of magnitude from about 700 mm/hr down

to 2 mmlhr. Pieces were then extracted from the ingots and polished first with sand paper and

then with 0.3 /lm alumina powder. to obtain flat surfaces. The grains of the ingot were then

rcvealed by etching the sample in a 5% brome-methanol solution and an estimate for the size

of the grains was obtained.

The results ofthe 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 mmlhr 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. ln 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 soml.' 2 mm. At the slower growth rate of 18 mm/hr, shown in

Fig.3.l3(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 sampies 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 diamcter of thc

ampoule and in the ease of the 2 mm/hr sanlple. the entire pieee was onc grain. as cvidcnecd

by the presence of only one tàeet. revealed by the etehing. The straight dark lines secn in

Figs.3. 13(d) and (e) indieate twin boundaries in these samples. The results ofthis cxpcrimcnt

are summarized in Table 3.3. The average grain size ofthese samples is plotted in Fig.3.14

against ampoule lowering rate on double logarithmie seales. Here. the trend of thc points

appears to be a general deerease in grain size with inereasing lowering rate. as would be

expeeted. The error bars in this figure were obtained for eaeh sampie by taking thc

minimum and maximum estimates for the size of the grains.

3.3 (e) lnterrupted Growth Runs

An important parameter in the growth of crystals trom the mclt. is thc solid-liquid

interface shape. Several teehniques have been used in the past to visualize this interface

during or after the growth [3.4], [3.5], [3,6], [3.7]. Arising l'rom the result 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 diffcrcnl

positions along the ingot as the soliditication progressed. To delineate the solid-liquid

interface. about 3 extra grams of copper were added ta a typical stoichiometric clemcnlal

charge mixture 01'20 grams. A set ofthree ampoules was then prepared. runs 155. 156. and

157. which were grown under nominaIly similar conditions but which were interrupted at

different stages of the lowering of the ingol. The soaking of the melt at 1100 ne was carried

out for 48 hours or more. for aIl 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

36



cntire ampoule quenched ID room temperature. The ingot was then extracted !Tom the quartz

ampoule and eut, using a diamond saw, along its axis. The eut surface was then polished

using 0.3 J.lm alumina powder to obtain a fine finish. It was found that the rapidly quenched

matcrial contained prccipitated 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 ofthe ingot. Table 3.1 gives the fabrication

conditions ofthese runs.

Fig.3.l5 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 c1early seen here, in ail cases, the shape of the interface was concave in respect of the

monocrystaIIine material. The degree of concavity, however, appeared to increase with

growth distance !Tom the tip. Near the tip, the concavity was small, while near the top end

the concavity was very large and aiso severely distorted, which if il is a true indication of

the interface shape. would suggest excessive nucleation from the ampoule walis. 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 !Tom 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 mmlhr. 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

138. 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 ingol. This suggests that the method

used to "freeze-in" the solid-liquid intertàce may affect its shape if carried out under thennal

non-equilibrium conditions. Table 3.4 summarizes the results ofthis experiment. The lines

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

3.3 (1) Surface Treatments

Two types ofsurface treatment, carried out on mechanically polished surtàces. were

chemical etching and thermal etching. Fig3.17(a) shows a photograph of a sample surltlee

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 oC 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 polishcd

{ 112} surràce. annealed in vacuum at 300°C, are shown. In Fig.3 .18(b), the annealing was

carried out at 600°C for a period ofsome 4 hours, showing better. the triangular shape of the

etch pits.

3.3 (g) Electrical Measurements

Little work was done on the electrical evaluation of the grown ingots but sorne Hall

effect and conductivity measurements at room temperature were carried out with the help

of G. Ahmed on filamentary sampies 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 of30 cm2/(voll.see), 5 ohm.cm and
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10" cm" respectively. The Hall coefficient indicated p-type conductivity, which was

consistent with thennoelectric hot point probe detenninations on these sampies. The

conductivity type of ail stoichiometric runs. as detennined by hot probing, was unifonnly

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 pU11icular runs. a review ofthem is helpful since

the techniques employed yielded improved crystal quality in other materials. For example.

an attempt was made to incorporate a seed inside the tip of the ampoule. With seeding. the

yield of single crystals could be increased. Heterogeneous seeding of CuGaSe, was reported

by Miyake el al [3.8]. using a travelling heater method. while homogeneous seeding of

Bridgman-grown !\gGaSe, was reported by Feigelson and Route [3.9]. In the present work,

on CulnSe,. three growth runs were carried out using a sapphire, Alp, single crystal seed,

a SiG, single crystal seed and a seed taken l'rom a commercial silicon single crystal wafer.

ln 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
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seed. it was completely dissolved by the molten CulnSe,. during the soaking. at the

temperature of II OO°C.

Attempts were also made to study the eftèct of ampoule taper angle on the

monocrystallinity within the ingot. which was also reported to have'ill effeet on tilt'

structural integrity of ingots ofAgGaSe, [3.9]. However. due to the small diameter orthe

ampoules used in this work, of about 12 mm. the length ofa grown ingot with a large laper

angle would have been too short to reveallong range order and therefore. a larger dimneler

quartz ampoule was needed. This, however. necessitated a seale-up of the ampoule

fabrication process. which was beyond the resources available.

Finally, two runs were attempted. whereby an inverted Bridgman growth was earried

out. Here. the ingot was pulled upwards from the bottom zone, set at ils maximum

temperature of 1000°C to the upper zone set at 80(') C. Unlike the conventional vertical

Bridgman used, where the tip promoted the nucleation, in the inverted method, the free

surface of the melt soliditied tirst. 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 eneountered when the upper part of the

ampoule cooled tirst, as it entered the top zone, leading to condensation of vapour l'rom the

melt. The results of these runs indieated that more work was needed lo 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 tirst time, the

cleavage of surfaces of area greater than 1 cm! to be obtained on CulnSe!. The inclusion

ofgraphite in the ampoule, in the work of L.S. Vip [3.11], was found to be equally effective

in eliminating the adhesion problem. However, he reported that the graphite, when deposited

as a tilm on the inside of the ampoule wall, flaked-off and was invariably incorporated into

the melt. 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 he in the form of a crucible, which alone, without a containing quartz

ampoule, would be more difficult 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. ln the work

of Bachmann et al [2.19] on CulnSe2, Yasuda et al [3.12] on CdTe and Omino and Suzuki

[3.13] on ZnSe, using apre-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. lt 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. [t is thus, speculaled

that the boron nitride (or graphite) acts as a getter ofsome gaseou5 agent. lt will be shown

in chapter 4. that this was indeed the case.

While the advantage ofhaving BN in the quartz ampoule is c1ear, il poscâ. 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 lhe

CuInSe, ingot after the growth. In the work of Yasuda el al on CdTe [3.12] and Omino and

Suzuki [3.[3] on ZnSe, where BN crucibles were used, no measurable amount ofborŒl \Vas

found in the ingots. In the work ofCiszek [3.14], on solid solution growth ofCuln,Ga,.,Se,

crystals, where a B,oJ encapsulent was used. the boron trace was below the detcction Iimit

ono ppm (by weight). However, boron contamination was reported by Yoshida el al[3.ISI

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 am poule. However, the vertical

Bridgman crystal growth procedure. in this laboratory, was by no means fully optimized and

many parameiers still need to be carefully studied in order to understand their effect on the

ingot soliditication. These include: the soaking temperature above the melting point of

Cu[nSe, ' the temperature of the bottom zone and also the temperature gradient at the
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freezing mark. In this work, the gradient oftemperature was fixed at about 70oe/cm, which

was beEeved 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 ofWeng et al [2.25], an accelerated

crucible rotation technique (ACRT) was employed for the vertical Bridgman growth of

CulnSe2•

The upper furnace zone temperature, in this work, was kept at 1100 oC in almost al!

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 ofconcavity could indeed increase with growth, as evidenced by the presence

of larger monocrysrals near the bottom of the ingot compared with those in the last region

to freeze.
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The results ofthe experiment on the variation ofgrowth rate are not surprising. Here.

it would appear that a growth rate ofsorne 10 mmlhr or less is sufficient for obtaining ingot­

sized monocrystals. at least using the present growth conditions oftemperature 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 wall thickness ofabout 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 oC. ThL 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 '.b 7Ü()OC. in order to obtain a

high gradient al the freezing mark, which was less than the 810°C sphalerite-to-chalcopyritc

transition temperature. This could have hindered the phase transformation, rendering it

incomplete. A more careful study is therefore needed to veri/)' if the sphalerite phase was

indeed present in these ingots. While no microscopie cracks were observed in any of the

ingots, very limited macroscopic cracking was observed in sorne runs where the cooling rate

was too fast and particularly evidenced in the quenched ingots. Thus, slower cooling rates

below those used in th:.:~tudy, ofaround 25 to 30 °C/hr, may be recommended to reduce the

possible incidence of ('~acks in these crystals [2.20].
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Table 3.1

Summary of Bridgman Growtb Conditions for Ingots Reported in tbis Work

Run Starling BN SOU lime) Tc' Lowering rate Cooling rate Conunents
No. charge' coating' (br) ('C) (1IlIllI1lr) ('CJhr)

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 lntermediate growth rate

55 Stoich Pwdr 48 700 3 19

63 Stoich Pwdr 24 650 10 27

64 Stoich S-BN 24 560 3 23 Large {lOI} cltavage

76 Sioich i'wdr 48 550 2 22

•
83 Sioich Pwdr 96 520 7 22 Large {1I2} cltavage

86 Stoicb Pwdr 20 520 2 22

91 Stoich Y-BN 10 850 4 18 Larae {IIO} cltavage

95 Stoich Y-BN 22 850 4 Il

101 Stoich Y-BN 48 RT 700 Quench Fast growth raIe

105 Stoich Y-BN 68 850 6 20

107 Stoich Pwdr 2 600 Si seed dissolved during soaking

110 Stoich S-BN 24 620 6 26

III Stoich Pwdr 48 660 5 25 Alp, single crystal seed used

112 Sioich 5-BN 24 650 7 25 SiO, single crystal seed used

113 Stoich Pwdr 26 660 6 31 Quartz ampoule diameter was 2.5 cm

1. Elemental charge used a. the stan of the growtb (Stoich = stoichiomebic).
2. Type ofboron nilride used for the ampoule coating, Pwdr= powdered boron nibide of 99.5% purity obtained from Johnson

Ma1they Ltd., Y·BN = signy ofboron nilride and silica obtained from Carborundum, S-BN slurT)' ofboron nibide and alumina
obtained ITom the c..borundum Company and Black =Black ofpyrolytic boron nibide.

3. Time dlowed for homogenizalion ofthe mollen charge Il a soaking temperature of Il OO·C.
4. Temperature ofthe second cooler zone of the fuma...
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Table 3.1 (cont'd)

Summary of Bridgman Growtb Conditions for Ingots Reported in tbis Work

Run Starling BN Soak. lime) Tc' Lowering rate Cooling rate Comments
No. charge l coalmgl (br) ('C) (rnm/hr) ('CJhr)

115 Stoich Y-BN 12 800 7 27 lnvened growth'

116 Stioch Y-BN 12 900 8 30 Invcned growth'

119 Stoich Y-BN 48 680 2 28 Large monocrystal

125 Stoich S-BN 6g 670 2 27

137 Stoich Block 48 600 2 25 Slow growth rate

138 Cu exccss Y-BN 47 670 3 28

140 Se deficient Pwdr 24 670 3 28

141 ln eXtess Pwdr • 20 670 3 28

142 Se excess Pwdr 24 640 3 53

143 Cu exteSS Pwdr 21 670 3 50 EPMA
growth

144 Stoich Pwdr 28 900 3 37 runs

145 ln deficienl Pwdr 48 900 6 30

146 ln excess Block 43 800 3 33

149 Stoich Pwdr 24 700 6 30

151 Sloich S-BN 24 700 277 50

155 Cu excess S-BN 72 700 6 Quench

}- Inlerrupted
156 Cu excess S-BN 48 700 7 Quench growth

run.
157 Cu excess S-BN 48 700 7 Quench

1. Elemental charge u.ed at the starl of the growth (Sloich = stoichiometric).
2. Type ofboron nitride used for the ampoule coating, Pwdr= powdered boron nitride of 99.5% puricy obtained from Johnson

Matthey LId., Y-BN = slwty ofboron nitride and .ilica ohtained from Carborundum, S-BN .Iwty ofboron nitride and alumina
ohtained from the Carborundum Company and Block = Block ofpyrolytic boron nitride.

3. Time aJlowed for homogenization orthe mollen charge al a soaking temperarure of 1100·C.
4. Temperature orthe second ,ooler OORe orthe fumllce.
5. Soaking temperature was 1000'C
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Table 3.2
Summary of Cleavage in Bridgman-Grown CulnSez Ingots·

Run Location
No. in ingot'

{hkl}
plane

Area3

(cm')
Max.dim.'

(cm)
Comments

36 L 112 0.3 0.6

41 C lOI 0.4 0.8

55 C 112 0.6 1.2

63 C 112 0.8 1.5

64 L lOI 0.5 1.2 Largest {lOI} cleavage.

76 U 112 0.1 0.4

83 L 112 1.0 1.3

86 L 112 1.9 2.2 Largest {112} cleavage.

91 L 110 2.0 2.0 Only ingot with {I ID}
Cleavage plane.

95 L 101 0.8 1.0

105 L 112 0.8 I.1

110 L 101 0.1 0.6

119 L 112 I.3 1.9

125 L 112 0.7 1.5

149 L 101 0.7 1.0

1. Summary of cleavage planes observed in ail the ingots prepared in this work.
2. Location of the cleavage in the ingot: L=lower region. C= central region and

U=upper region. TOlallength ofa typical ingot was 4 cm.
3. Estimale of the area of the cleavage plane.
4. Length of maximum dimension ofcleaved region.
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Table 3.3 Effect of Variation of Ampoule Lowering Rate

Run
No.

Lowering rate
(cmlhr)

Average grain sizel
(mm)

Comments

101 70 = 0.3 Ingol quenched from
1\00 ta 900 ·C.

IS1 28 =2.0 Ingot contained sorne
'laids.

43 1.8 = S.O

63 1.0 ,9.0 Large c1eavage.

137 0.2 ,11.0 Ingot-wide grains.

1. Average width of grains revealed by polishing and etching the CulnSe, substrate with S% brome in
methanol solution.
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Table 3.4 Interrupted Growtb Runs l

Run
No.

Lowering rate Interface
(mmIhr) posilioo '

eooling
rate

Oegrccof
ccncavit)"

Polished grown
region after cooHng

155

156

157

138

6

6

7

3

0.25

0.50

0.65

0.90

Quench

Quench

25°C/hr

0.2

0.5

0.9

0.2

Sorne cracking

Significant cracking

Signiticant cracking

Linle or no cracks

1. Jogors ofCulnSczwith excess copper grO\m partially, al the given groWlh rate and quenched
al a given stage orthe growth 10 ··freezc·in" the salid Iiquid interface, except for the last run
which was grown completely.

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

3. Ratio orthe amount ofcentral depression in the solid·Uquid interface, below its level al the ingot edge,
to the diamcler of the ingor.

4. Quenching was carried oui by manually lowering the ampoule from ncar the solidification temperature
ofCulnSe, ofaboul980 oC to a position outside the fumacc.
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Fig.3.l Schemalic diagram of the vertical Bridgman growth setup •showing
also the temperature profile of the fumace.
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BN powder coating

Ampoule transparent after flaming-in of BN

(a)

(b)

Fig.3.2 Photographs of the quartz ampoule used for the crystal growth.
showing (al the powdered baron nitride coating as deposited on its
wall and (bl the ampoule transparent after the intense tlarning
treatmen!.
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Starting
elemental

charge

Ingot contents
aCter interruption

at300°C

Powdered ingot
contents aCter

interruption at 700°C

i-..

C:'::~~tl

,

V>
IV

(a) (b) (c)

Fig.3.3 Photographs ,howing (a) the elemental charge before loading ioto
the ampoule, (b) the charge after treatment at about 300'C, showing
residual copper pellets and (c) the charge reacted at 0 temperature
near 700 'C, ofier powdering.



• With BN

CulnSe2 ingot completely loose after growth

Without BN

(a)

CulnSe2 ingot stuck inside quartz ampoule after growth

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

(li)

Without BN

(b)

Fig,] .5

5mm

Photographs showing lhe inlerior ofingots (a) a run ",here boron
nitride 'l'as used in the growth revealing the two halves ofa cleaved
single crystal and (b) a rlln where BN 'l'as not lIsed •showing high
void density.
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(a)

lem

(b)

(e)

Fig.3.6 Photographs showing (a) facelting on the ingot exterior having the
saille orientation as (b) an internai c1eavage plane, shown in a close·
up view in (c).
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(al

1 cm

(b)

Fig.3.7 Representative samples showing (a) the botlom half of ingot 119,
exhibiting a {112} cleavage plane ofover 1cm' in area and (b) ingot
125, where the {112} cleavagc at the bollom was some 70 mm' in
area.
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Single
crystal

Photographie
firm

Incident
beam

X-ray
source

Fig.3.8 Schematic diagram showing the Laue X-ray back-reflection method
used in this study.
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(a)

(b)

Fig.3.9 (a) Photograph sl.o\ving the positions ofthree Laue X-ray exposures
on the cleaved {l12} plane of ingo! 119 and (h) the resulting
superimposed image indicating the region to he one crystal.
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Fig.3.IO Rocking curve on a {112} cleaved sample of ingol 125, indicaling
a full widlh half maximum ofaboul 200 arc seconds (taken al Bell
Northem Research Lld.).



X-ray
source

Incident
beam

Single crystal or
powder CulnSe2

sample

Detector

Diffracted
beam

Fig.3.ll Schematic diagram of the X-ray diffraction setup.
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Fig.3.12 X-ray diffraction peaks of a powder 82mple of CulnSe, obtained
from a stoichiometric growth run, showing the presence ofal! ofthe
chalcopyrite structure peaks as Iisted in Appendix A.l.



(a)

(b)

(c)

Fig.3.13 Photographs of samples with variation of growth rate at (a) 700
mm/hr, (b) 280 mm/hr, (e) 18 mmlhr, where, the samples wcrc
polished and ctched to reveal grain boundaries.
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(d)

(e)

Fig.3.13
(cont'd)

Photographs of samples with variation of growth rate al (d) 10
mmlhr and (e) 2 mmlhr.
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Effect of Variation of Growth Rate
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1

1
1
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100

Fig.3.14

Ampoule lowering rate (cm/hr)

Double logarithmic plot of average grain size against ampoule
lowering rate for the samples of Fig.3.l3. The error bars represent
the minimum and maximum grain size estimates obtained for each
sample.
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•

lem

a b c

Fig.].15 Photograph of the throe intcrrupted growth runs (a) 155, (b) 156
and (c) 157. ail preparod with excess Cu. The shaded areas on the
schemntic represent the directl)' quenched regions in the ingots.
while the plane areas indicnte the directionally grown portions.
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lem

Fig.3.16

a b

Phowgraph showing a cOlllparisoll bet\vccll IWo illgut~; (a)
interruptecf il l1d quenchcd gro\.... lh run 157, sk':Hving a sevcrcly
concave d.... l.larcatioll line and (b) a l'ully grO\vlI Îllg(ll, rUIl l ]X,
e,xhibiting a les5 callcave interface, bath with prepared \Vith excc",

Cu.
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(a)

(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 vacuum at a temperature of about 300'C for 2 hours.
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Thermal Etch Pits

{al

Fig.3.18

10/-lm

Thermal etch pits obtained on polished {112} surfaces,lreated
under vacuum, showing triangular features. (a) Sampic hcalcd al

300'C for 2 hours and (b) sample annealed at 600'C for 4 hOllrs.
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• CHAPTER4

IDENTIFICATION OF THE SOURCE OF
ADHESION IN 13RIDGMAN-GROWN CuInSe2 INGOTS

4.1 INTRODUCTION

As discussed in chapter 3, in the ear1.y stages of the growth of CuInSe, from its

starting elements in a quartz ampoule, the resulting ingot adhered strongly to the inner

wall of the quartz tube. This was detrimental te 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 ofadhesion 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 \Vere already exonerated as the possihle sources

of the sticking agent gas . efforts \Vere directed al pre-treatment of the indium and copper

starting elements, \Vhich \Vere supplied as nominally of five nines purity. Table 4.1

summarizes the experiments that \Vere carried out. In these experiments. the Cu and ln

metaIs \Vere individually treated prior to the synthesis of the compound. First. the indium

\Vas heated at 1100 oC in an evacuated sealed quartz ampoule \Vith boron nitride for 48

hours. The indium was then reacted for a periad of about 48 hours with the untreated high

purity copper and selenium ta form the CulnSe, compound. This lime period was long

enough for the sticking 10 occur. sa that the Bridgman-growth step was not carried out.

Using this indium, the resulting ingOl showed the undesired properties of ampoule stieking,

quartz cracking, mm deposition and residual material, as indicated in the first raw of Table

4.1 and also as shawn earlier in Fig.3.4(b). Next, the high purity copper was similarly

heated with baron 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 lloo"C in a vacuum of about 2 x 10.7 IOrr wililoU! the boron

nitride but with continuous pumping for a period of 24 hours. This produccd a CulnSe,

ingot with sorne sticking, cracking, deposit and residue but on a reduced scale. A repeat

of [his (row 5, Table 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 ta a gaseaus agent in the starting copper as the cause of ingot

sticking.

4.3 IDENTIFICATION OF THE AGENT CAUSING STICKING

ln order ta determine more precisely the gaseous agent present in the five nines

capper pellets, a quadrupole gas ana!yzer (Spectramass Inc.. mode! SMIOO) was aitached

ta the pumping system in which the Cu treatment was carried out, as shown schematically

in FigA.I., 50 as ta 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 ampouk was heated at a

temperature of about 1000 oC for a perioc; of about 2 hours and a scan was then taken

between about 2 and 50 alomic mass units (AMU). FigA.2(a) shows gas analyzer partial

pressure peaks as a function of mass number where. it is seen that, the largest peaks

consisted ofwater vapour peaks at 17 and 18 AMUs. as weil 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

cJear here, that at a temperalUre of about 1000 oC, there was significant enhancement of

the two oxygen peaks at 16 and 32 AMUs (corresponding to its ionization 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 oC corresponding (with a room-temperalUre correction

of the cold junction) to the melting point of copper at 1083 oC , and diminished quickly
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with further increase of temperature. This is exhibited in Fig.4.3 which shows three seans

Ehortly after the initial detection of the oxygen. taken at successively higher temperatures.

It is evident here that the oxygen level was at its peak near the melting point of the Cu and

was almost undetectable at the higher temperature of abolit 1200 oC. However. this

process was found to be reversible and the oxygen peaks re-appeared upon decreasing the

temperature from 1200°C back 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 !o80°C and scans were taken at regular intervals over an extcnded period

of abolit 4 days. Fig.4.4 shows scans taken at three times during this period. whcre it is

evident that the IWO 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.

ln order to verify the effect of the "de-oxygenation" of the Cu on the ingol

adhesion, copper treated in this way was reacted in the form of a lump with the untreateè

indium and selenium pellets. as shown in Fig.4.5(a). After the compound synthesis. the

ingot was heat-soaked at 1iOO°C for a longer than usual period of sorne 72 hours. The

resulting ingot is shown in Fig.4.5(b), yielding a c1ean CulnSe2 ingot with no sticking or

residue what-so-ever. Finally, instead of the five nines copper, sorne commercial vertically

cast, oxygen-free copper (from Otokumpo Ltd) was reacted, without any heat-treatmcnt.

72



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 CulnSe2 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 concemed, 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 sorne 10·b 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 oC, 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. FigA.6 shows photographs of two segments of the

portion of the tube outside the fumace (weIl away from the Cu pellets), where

condensation of Cu vapour occurred. In FigA.6(a) the segment closest to the fumace
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shows a reddish deposit. which is likely to be an oxide of copper. while in Fig.4.6(h),

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 wouId suggest that at the higher

temperatures, the oxygen is in fact removed and possibly at a higher rate but it is nol

detected due ta its reaction with the Cu vapour.
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Table 4.1 Effect of~...treatment of Copper and Indium

Prc-treabnent of Cu and In S 3ltÏDlt Mel:!ls'. Svnthesis of Imto!."-
Sook Adbesion C.....b Deposit Residue

Metal' Pllrity' Treal." Temp. lime Resull ing0110 in on abave Comments
(CI' (br) ampoule ampoule ampoule ingDl

ln ligbdy attacbes 10 quutz BN does DOl affecl
ln SN BN 1100 48 ampoule wall. ves ves ves ves the ln.

Cu sticb 10 the quartz. very BN affects the Cu markcdly.
Cu SN BN 1100 24 Amp-.JU1e 'wall cncb. no no Iillle no IngDl 'tickingelimina!ed.

Cu beromes 1... adberent. very IDiot .tickina eliminaled.

Cu SN BN 1100 45 Quartz does 001 crsek. no no lillle no SolDe voids present in ingoc.

aboul Cu smllers quutz boat. 24 br pumping is însufficient
Cu SN Vac 1100 24 Reddish deposil accurs ves yes ves vos to eliminate sticking.

aboul Pumping does r<duce ,tieking
Cu SN Vac 1100 44 ume as Aboye no DO yes yes bul ,Iower !han BN.

about Pumping for 4 days reduces
Cu SN Vac 1080 98 sameulbove no no DO no considerablv the oxv~oo in Cu

Oxygen·reduced Cu gives DO

Cu vcoFC' - - - no pre-tteabnent no no lillle ves ,tieking.

Notes:
1. Earlier resulll excluded the selenium as the ClIUSO of sticlting [51. lberefore. no pre-treabnenl was given 10 the high purily selonium use<!.
2. Pre-eU:bing of the molli pellets wu carried OUI using HNO, for Cu and HCI for ln.
3. SN: 99.999" nominal purily as supplied from Melal Specialists Inc., for ln and Corac Inc., for Cu.
4. BN: trealment of the metal wilb • boron nitride block included separsrely in the evacualed ampoule. Vac: bealed while pumping under vacuum.
S. VCOFC: Vertically ClISI oxygoo-free copper, oblained from OIOkumpo Ltd., Finland.
6. Synthesis of CuInSe, al • lemperature of 1100 'C with. soak tirne of~5 bours, withoul BN in the ampoule. Bridgman growth s!age nol carried OUI.
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FigA.1 Schematic diagram of the arrang~menl used fo. the vacuum-melting treatment
of the copper.
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Fig.4.2 Gas analyser partial pressure peaks as a funclion of molecular mass number recorded
during pumping and heating al aboul 1000 oC of (a) a.'!lpoule containing only quartz
crucible, (b) ampoule comaining quartz crucib!e plus five nines purity copper.
(DPO: Diffusion Pump Oil.)
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Fig.4.3 Gas analyser partial pressure peaks as a function of molecular mass number recorded
during a raise in the copper soaking temperature fmm about 1080"C to about 1200
'C, showing (a) oxygen peaks near their maximum at the melting point of Cu, (b)
1eve! flf the oxygen peaks drops just above the melting point, and (c) oxygen peaks
~lmost disappearing at a temperature of about 1200·C. (DPO: Diffusion Pump Oil.)
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Fig.4.4 Gas analyser partial pressure peaks as a function of molecular mass number for
ampoule containing live nines copper pumped-on at about the melting point of
copper. Scans were taken after l, 2 and 3 days ofpumping.
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•
(b)

Fig.4.5 Photographs showing (a) the 98 hr-vacuum-treated Cu (row 6. table 4.1) cumbillcd
with untreated ln abd Se in an ampoule. where no BN was used (b) the rcsuhillg
ingot after a 72 hour soak at 1lOO"C. showing a c1ean ingot with no signs of
adhesion. no cracking in the quartz and no residue at ail.
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(a) (b)

Fig.4.6 Photographs of the quartz tube used for the vacuum melting of the Cu, taken on
the part of the ampoule oustside the fumace, showing condensation of material (a)
r;gion adjacent to the fumace, where a reddish-coloured deposit occured and (b)
region away from the fumace, showing only Cu deposil.



CHAPTER5

COMPOSITIONAL MEASUREMENTS 011 CulllSe2 1NGOTS

5.1 INTRODUCTION

One of the primary objectives of this work was to grow ingols of unifonll

composition and conductivity type. This is especially important when monocryslals arc uscd

as substrates in device work or as filaments in carrying out electricalmeasurcmcnls. Il \Vas

therefore necessUl)' to carry out compositional measuremenls on our stoichiomclrically-

grown material to verify its uniformity. While stoichiomctric CulnSc, was thc main subjcel

of study in this thesis. it \Vas also ofinteresl to carry oul eompositionalmeasurcments on

non-stoichiometric material and study the effect on conductivity typc. espedally when the

BN coating was used for the crystal growth. This is because the BN was shown lo aet as a

getter during the growth of the compound. where it removes the oxygen l'rom the starting

copper. as demonstrated by the work presented in chapter 4. It has becn reported in the..
literature [5.1] that, oxygen aets as an acceptor in CulnSe, and lhus, ils presence may

affect the studyof conductivity type with change in intrinsic composition. Accordingly.

work is reported in this chapter. on the compositional studies using clectron probe miero-

analysis (EPMA) both on stoichiometric and non-stoichiometrie runs. where the BN

coating was used in the ingot preparation. The objective here, is to determine a rclationship
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bctwcen composition and electrical propertie~, for the single phase chalcopyrite CulnSe,

reglDn.

5.2 SAMPLE PREPARATION

ln this work, a total of eight runs were prepared for compositional measurements.

Ofthese runs. seven had non-stoichiometric starting compositions and are runs 138, 140.

14I. 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

Culin 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.

ln almost aH 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. usmg

Quickmount resin . inside a ring-shaped brass holder used for the EPMA. ln the 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

~m foHowed by 0.05 ~m alumina powder until a mirror-like finish was obtained. After the

polishing was complete. the ready surfaces were c1eaned 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 examinalion.

5.3 MEASUREMENT TECHNIQUES

The ingots with variation of slOichiometry were investigated in two ways. Firs!.

EPMA measurements were carried out to determine the composition at dirrerel11 locations

on the polished ingot surface. Then, hot probe measurements wcrc taken at the same

locations, to determine the conductivity type ofeach region. The measurements were carricd

out as follows.

5.3 (a) EPMA Compositional Mcasurcmcnts

EPMA measurements were carried out with a JEüL electron superprobc (modcl

JXA-8900L), using wavelength dispersive spectroscopy (WDS). The samplcs werc loaded

on a mounting stage 'Ind pumped down to a pressure of less than 10.6 Torr. The probe

eleetron CUITent was preset at30 nA while the aecelerating voltage was about 15 kY. Fig.5.1

shows a schematic diagram of the electron probe measuremenl. In order ta measure

quantitatively the elemental compositions in the ingots, a standard was needed for eaeh or

the three constituent elements Cu, ln and Se. Therefore, a polished reference specimen was

prepared using the high purity five nines Cu, ln and Se. The elcctron beam was posilioned

on selected spots on the surface of each element and the intensities of the cmilled

eharacteristie X-rays were registeret! l'rom sorne six locations. An average or these

measurements was taken which determined a reference intensity for eaeh or the elcmcras.

Having done this, the Unknowll composition of the ingots could now be detcrmincd. The
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sample was then moved into position and several points were sdeeted on the main bOl1\- l,f

the ingot for compositional measurements along the gro\\1h axis as weil as in a transverse
~ ~ ~

direction. The compositional data was analysed using two different correction schemes

employed by the EPMA. a ZAF method [5.2] and a cn ZAF scl1(~mc [5.3]. whieh yiclded

compositional values \Vhich were similar but \Vith a slight differcnce in value. A

representative ingot is ShO\\11 schel11atically in Fig.5.2 (ingot 141 \. where the exact locations

of the electron beam \Vere recorded and are indicated in the figure. This \Vas donc by

photographing the ingot during the measurements. using an ill-silll thennal image camera.

and marking the exact position of the beam on the photograph. By p!acing ail the pietures

together, a l11ap \Vas obtained, \Vhich indicated the measurement locations preciscly. l'or

eaeh of the ingots.

In the runs containing a non-stoiehiometric 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 sehel11atic ofFig.5.2. As indicated in this figure, compositional

measurements were also taken on these secondary phases besides the main single phase

region of the ingol. Unlike the single phase region, which exhibited no special features, the

secondary phases were quite apparent, partieularly when observed using the backscattcred

eleetron image. This is because the baekseattered eleetron image is more sensitive to the

atomie weight of the different elements as eompared with the seeondary eleetron image.
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5.3 (b) Conductivity Type Determination

The conductivity type was detennined by hot point probe measuremcnts on ail 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 thennoelectric 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 under a microscope set to the same 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 ofeight ingots were measured in terms of composition

and conductivity type. Composition~measurements were carried out on each ingot, where

sorne 60 data points (e.g. Fig.5.2) were taken on different regions of the ingot surface. The

conductivity type was then detennined at the same locations for ail of the eight ingots. The

results of ail of these measurements are plotted in Fig.5.4, on temary composition

diagrams. In Fig.5.4(a), the compositional values obtained using the lAF correction scheme

are shown and in Fig.5.4(b), those for the CIT lAF 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 lAF method, the
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measured compositions were not very differem from those deler.nined by the en 7.:\\

scheme. whereby the compositions corresponded to a narrow region on the diagram. In

Fig.S.4(a). n-type conductivity was obtained for atomic compositions in the rcgion where

indium was greater than about 26 % and copper less than 24 %. The apex of this region

corresponded to a selenium concentration of about SO%. In the region where the copper \Vas

more than about 26%. and the indium was less than 2S%. the resulting conductivity \Vas

p-type. For interrnediate Cu and In compositions. both n and p type conductivity \Vas

found. ln Fig.S.4(b). the n and p regions were not very different from those in Fig.SA(a)

although the selenium concentration. as weil as the Cu/ln ratio was somcwhat higher. The

data points shown in Fig.S.4. exhibited scatler corresponding to the error involved in Ihis

method estimated to be about ± O.S %.

The compositional data points obtaincd in this study and shown in Fig.S.4(a). are also

plotted. on a larger scale, in Fig.S.S along with the data of Neumann and Tomlinson 12.291.

who studied deviations from stoiehiometry in CulnSel 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 conduetivity is observed in the region corresponding to indium

concentrations greater than about 2S%, 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. Vip el al [2.26)[2.28]. who found p-type conductivity in the n­

region ofFig.5.S, where indium was in excess of25%. In their work, un-Irealed copper of

nominal five nines purity was used in the synthesis of the ingots.

87



f'ig.5.6 shows a plot. on a temary composition diagram. of the staning and final

compositions of ail 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. It is seen

here that. there was a shift in the final composition away from that at the stan in ail ingots.

in a direction generally towards the stoichiometric area. This tendency for stoichiometric

"correclion" is also indicated in Table 5.1. where the CulIn ratio of the final composition

tended to be doser to 1 than that at the star!. It is imponant to note here that. while sorne

scatter was observed in the compositions at different points on the same ingot. the

conduclivity type of ail regions measured on the same ingot was uni formly 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 /rom slOichiometry 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

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

5.4 (b) Compositional Uniformity

The compositional measurements given above were taken on the main pan 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 ln 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 slightly below the SO% mark. was ais,)

essentially constant \Vith distance along the ingot. The sarne may be s~id about F:g.S.7(b).

where the concentration across the im!Ot is civen for the clements in the same ingot.- - -
exhibiting little or no variation \Vith distance. \Vhich conlimled that the composition was

essentially uniforrn throughoUl the ingot.

Fig.5.8. shows a plot of atomic concentration versus distance along the ingot f"r l'lm

141. where excess indium was used in the starting composition of 20 % Cu. 30% ln and

50% Se. In this figure. it is clear that. in the main part of the ingot. the concentration of the

indium \Vas noticeably higher than that of the copper. Near the top end however. wherc other

phases existed. the concentration of the Cu and In in the single phase CuInSe~ arcas 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 trom that of the stoichiometric run and did not seem to

be affected bythe addition of the excess selenium. 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 thcir cqual starting

compositions.
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A plot showing the composition, against distance, for an excess copper run 143

(31 %Cu, 23% ln, 46% Se), is given in Fig,5, 1O. Here it is apparentthat there was excess

copper in the bulk of the single phase region of the ingot as weil as in the last region ta

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 (c) Compositional Mcasurements in Multi-Phase Regions

Compositional measurements were also carried out on phases, other than the main

CulnSe, phase, which precipitated in the last region to freeze. These are summarized in Table

5.2. ln Table 5.2(a), ail of the observed Cu-In phases are given, while in Table 5.2(b), the

selenium and selenide phases are indicated. The table gives the nominal compositions

measured, and also the runs in which they were present. Sorne examples ofthese phases are

shO\\11 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,ln. and CUoln. were

identified, and appeared to be in the shape of "fish" in a "sea" of CulnSe,. Fig.5.ll (b)

shows second phases of Cu and Cu)n, 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.II(c). In this figure, the CulnSe, single phase, in the

top end of the i'ngot, developed a dendritic shape, as seen pointing downwards. The excess

indium run, 146, exhibited the secondary phase InSe, sho\\TI in Fig.5.11 (d), and Cu,In. as

weil as the undocumented phase !n,Se, , bath shown in Figs.5.I I(e) and (f). It is noted here,

that no other phases such as Cu,Se and !n ,Se 3 ' which are encountered in thin film work

were observed in this study.
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• 5.5 DISCUSSION

The resuhs in this chapter !irstly confiml that. with stoichiometric staning

proponions. uniformly p-type ingots with unifoml composition art' obta.:ned by thc

Bridgman process used. The fact that a significantly higher proponiûn of indium was not

observed :llong the ingots in the present work disagrees \Vith the carly wurk ofTomlinson

[2.17] and ofVahid Shahidi el al [1.10] . Thus. the present results arc also at variance with

the phase diagram ofFearheiley [2.22]. which predicts that a gradient l'l'ceze should yidd a

CulnSe, chalcopyrite phase with more than 10% of dissolved In,Se). For non-stnichiometric

proponions. Fig.5.8 indicates that in the main par~ of the ingot. the chakopyrite cano as a

single phase. contain a fe\V percent of excess indium. in confomlity \Vith :he phase diagrams

ofPalatnik and Rogaeheva [2.3] and that of Fearheiley [2.22]. Howeve r • Fig.5.! 0 indicates

that the chalcopyrite can also tolerate 1 or 2 percent of excess coppel' without precipitating

a second phase in the main pan of the ingot. which is not in accord with the phase diagrams

of Palatnik and Rogacheva [2.3] and Fearheiley [2.22]. ln facl, in ail the runs with non­

stoichiometric starting proportions. the tirst 80% or so of the ingots was al ways single phase

chalcopyrite having a composition fairly close to stoichiometry. ln other words. the gradient

freezing process is "forgiving" in that it automatically results in a movement cfcomposition.

towards stoichiometry in the main pan of the ingot. no maller how far the original

proportions di l'fer away l'rom the stoichiometry.

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

the deviation l'rom stoichiometry in the starting proportions was large; the l'est of the ingol

was always single phase chalcopyrite and always uniformly n-type or p-type.

91



In the multi-phase regions. the following phases. besides the chalcopyrite. were

observed: Cu,ln,. Cu,In,. Cu,!n. Cu. Se. CuSe and InSe. Other undocumented apparent

compounds found were: Cu,In) . Cu)n) and also In,Se" where the last named was similar

:0 In,Se, reported by Vip. Weng. Shih and Champness [2.27]. It is significant that the well­

known compounds Cu,Se and In,Se). reported in thin film work, were not observed at ail.

due probably due to the higher tempe.ature used in the synthesis of the CuInSe,.

ln respect of the relation between composition and conductivity type for the single

phase chalcopyrite material. the present results are somewhat cIearer than those reported

earlier by Vip. Weng, Shukri. Shih and Champness [2.28]. This is probably because the

present data was obtained on material free of oxygen. which is reported to act as an acceptor

in CuInSe, [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 to 26.5 % In region (ZAF-corrected results), both n-type

and p-type conductivity was ob!ained, arising possibly from the ± 0.5 % error in the

composition deterrnination by the EPMA. Il is interesting to note here that, the copper and

selenium proportions are apparently not directly involved in deterrnining the conductivity

type. Thus the chalcopyrite can have an excess ofSe and still be n-type if the indium content

is sufficiently high. Comparison ofthe present results with those ofNeumann and TomIinson

[2.29]. indicates a rather better agreement than for the earlier results of Vip et 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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type is obtained for [In] > 25 % :lnd p-type for [ln] < 25%. As an eX~l.mpk. cllnsicicr a

change of composition from Cu",ln"Se'(1 to Cu",ln)(ISe,,, representing a loss of Se but no

change in the CulIn ratio. The initial material would be p-type because [In] < 25 % and the

final material n-type since [In] > 25 %. Thus. therc is a type change arising apparently Irol11

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 relevantto this criterion. This is consistent \Vith the 1~lct that

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

The present results also confirm a phenomenon previously reported by Yip el al

[2.28] . that the conductivity type is decided. not so mt:ch by the final composition of the

single phase region, but by the composition of the mel!. Thus if the original starting

proportion \Vas rich in eopper or rich in selenium. the final crystal \Vas p-type; if it \Vas 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 Icss

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

•

S.artlnl Composilion Final Composltlon l

Run Cu ln Se Culin MeuVS. Cu ln s. Culin M...VSe Conducl. CommenlSJ

No. (Atomic percent) Ratio Ratio (Alomie percent) Ratio Ratio type'

\0....
138 2B.S 23.8 47.7 1.20 1.09 26.2 25.1 48.7 1.04 1.05 P Cu exccss

140 27.0 27.0 46.0 1.00 1.17 25.1 25.4 49.5 0.99 1.02 n Se dcficiency

141 20.0 30.0 50.0 0.67 1.00 22.6 27.1 50.3 0.83 0.99 n ln exccss, Cu deficiency

142 24.0 24.0 52.0 1.00 0.92 25.0 26.0 49.0 0.96 1.04 P Se cxcess

143 31.0 23.0 46.0 1.J5 1.17 26.5 25.2 48.3 1.05 1.07 P Cu exu~:;

144 25.0 25.0 50.0 1.00 1.00 24.6 25.9 49.5 0.95 1.02 p Stoichiomctric

145 28.0 21.0 51.0 1.J3 0.96 25.5 25.4 49.1 1.01 1.04 P Cu and Sc: excess. In dc:ficiency

146 22.0 J 1.0 41.0 0.71 1.13 245 25.8 49.7 0.95 1.01 n ln cxcess, Cu and Se defici.:ncy

1. Representative average: compositiOl15 orthe data points for cath ingot ,as delcnnined by EPMA. for the homogcneous single phase region.
2. Conduclivjty type as delermined from lhe hot point probe melhod.
3. Elemcnlll cxcess or deficicncy in lhe staI1ing composilion with referencc 10 proportions 25,,"0, 25% and 500.... for Cu, ln and Sc respectively.



Table 5.l:(3) Copper a!ld Copper-Indium Pbases '

(Atomic Cone. %}I

Cu ln

Element,: ':Jtio

Culin
Possible

composition~

CornJXIund
known

Present in
run no.

63.1 36.3 1.75 Cu,ln. Ves 140,141.146

68.9 31.1 2.22 Cu,ln, Ves 140

79.7 20.3 3.93 Cu.In Ves 143

62.7 37.3 1.68 Cu~ln) No 146

56.S 43.5 1.3 Cu.ln) No 146

.90.0 <10.0 .9.0 Cu + Cu.In ? Ves 138.143

1. Atomic concentrations, detennined by EPMA. averaged over severa! data points and roundcd-off.
The selenium concentration was below the dctcction limit of the clcenon micro probe, whcre the
resolution was about::t: 0.5%.

2. Chemical fannula having the nearest clemental ratio.

95



Table 5.2(b) Selenium and Selenide Phases

(Alomic Conc. %)1 Elemental ratio

Cu

50.8

BD

BD

BD

ln

BD

51.0

58.2

BD

Se

49.2

49.0

41.8

99.9

In/Se Cu/Se

1.03

1.04

1.39

Possible
composition:

CuSe

lnSe

Se

Compound
knO\lrll

Yes

Yes

No

Yes

Present in
run no.

142,145

140,141,146

141,146

142,145

1. A;omic concentr&tions, determined by EPMA. averaged over several data points and rounded-off.
BD indicates concentrations below the detcetioR limit of the elcetTOR micro probe. The error in the
measurements is estimated II,) he about ± 0.50/0.

2. Chernieal fonnula having the nearest elemcntal ratio.
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Fig.5.l
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Culn5e 2 substrate

­,

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.

98



Heated
metal
probe

Fig.53

CulnSeasubstrate

Schematic diagram of the hot point probe setup used for
conductivity type detennination.
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Fig.5.4(a) Temary composition diagram showing the compositional
measurements taken on ail eight ingots using the ZAF
correction scheme.
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Fig.5.4(b) Temary composition diagram showing the compositional
measurements taken on ail eight ingots using the CIT ZAF
correction method.
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Fig.5.5 Ternary composition diagram shown the present results
(circles) ploned a10ng with those ofNeumann and Tomlinson
(triangles).

102



19

39

1921

polype

23

............ a·l)'p.

252729313335

ln

1 -k-_*---':;f-~r:-~27 \ (al. %)

'52

54

29

37

• SlIrtiag proportioa

o IDeot composition

39

Se

(al. %)

•

Cu

(al. %)

Fig.5.6 Temary composition diagram showing a plot of the starting
compositions of the ingots used in this slUdy along with their
final compositions, as measured after growlh.

103



•
70 ~---'-----'--"'--....,...--..----..----,-----,

Stoichiometric run 144
~ 60 Concentration along ingot axis

l5 50

~ 40
CIl
uc:8 30

.2E 20

~..... 10

88000 06000 0 0 = 0 600 60600600 C 8

Se

Cu P)

10 20 30
Distance along ingot (mm)

40

(a)

70 ....--.---,----.---.----,r--r--.---,----.---.----,r---r--r---.--,
Stoichiometric run 144

~ 60 Concentration across Ingot

Se 0 0 0 8

(b)

In (.:::.)
~ é é G

Cu(o)

c: 500:=
~ 40c:
CIluc: 300u
.2 20E
0
<ë 10

0
0 2 4 6 8 10 12

Distance across ingot (mm)
14

Fig.5.7 Plot of elemental atomic concentration in the stoichiometric
ingot 144 (a) against distance along ingot and (b) against
distance across ingot.
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Fig.5.S Plot of elemental concentration against distance along ingot
on the single phase region of ingot 141, with excess indium.
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Fig.5.10 Plot of elemental concentration against distance along ingot
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(a)

(b)

Fig.5.11 Pholographs of secondary phases observed in the last region
10 freeze in (a) ingot \40 with a selenium deficiency, (b) ingot
\43 with excess copper.
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Fig.5.1l
(cont'd)

Photographs of secondary phases observed in the last rcgion
to freeze in (c) ingot 145 with an indium deficicncy, (d) ingot
146 with indium excess.
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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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• CHAPTER6

CLEAVAGE AND TWINNING IN CuInSe~ CRYSTALS

6.1 INTRODUCTION

In earlier work. it was reported that CulnSe2 single crystals could be easily c1eavell

along the {11O} plane [6.1). but more recent results have shown that cleavage along the

{1l2} and {lOI} planes also occurred in CulnSe2 [6.2]. In any case. a detailed slUdy of

occurrence and characterization of these planes has not previously been malle.

Accordingly. a need arose to confirm these results and obtain a more comprehensive

specification of ail of the common cleavage planes in single crystals of CulnSe2 • Work is

therefore described, in the first part of this chapter, on the characterizaticm of ail of the

cleavage planes found in this semiconductor and, in the second part, on the measurement

of ail 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 CulnS~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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c1eavage planes ranging from 5 to 100 mm! in area. In sorne 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 c1eaved into

two pieces, each revealing a macroscopically fiat plane.

While many c1eaved samples were obtained, only three distinct c1eavage planes

were identified in the CulnSe2 crystals, namely the {II2}, {lOI} and {110} planes. These

planes are shown schematically in the chalcopyrite unit celI, as shaded areas, in Fig.6. 1.

The chalcopyrite description of the planes assumes 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 c1eavage 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 fiat but exhibits terraces with edges that define angles of 60 or 120° between

them. These characteristics are typical of tlIe three-fold symmetry of this plane. The {IO1}

plane, shown in Fig.6.2(b), also exhibits sorne terracing and is less planar than the {112}

surface. The curved nature of the edge of the terraces on the {lOI} plane distinguishes it

from the {112} and {IIO} planes. The {IIO} plane, however. has a completely different

appearance, as shown in Fig.6.2(c). Here, the clearly visible straight and parallel striations

represent parallei 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 fiat and have a constant angle

between them, which was measured, as described in the next section, and found to be

about 700. This indicates that the side planes are in fact {112} micro-planes, for which the

calculated angle would 70.53°,
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Confinnation of the crystallographic orientation of the planes was carried out using

X-ray diffractametry, in a Rigal-.:u diffractometer model D/Max-24oo using a copper

target. Fig.6.4 shows X-ray diffractograms of the three distinct cleavage planes scanned

between 10 and 100° of28, where 8 is the Bragg angle. The {1l2} cleaved sample shows

a principal peak (Fig.6.4(a)) at a 28 value of about 26.51°, corresponding ta a lanice d­

spacing of 3.359À, which is in accord with that from powder diffraction data (Appendix

A.1). Less intense second and third order reflections from the parallel {224} and {336}

planes, with nominal d-spacings of respectively Ih and % that of the {112} plane, t;re 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 panern of a

powdered sample of this material. Fig.6.4(b) shows similarly the peaks of the cleaved

{llO} plane. In this trace, the strongest peak corresponds to the {220} plane at a 28 of

44.18°. The nominal d-spacings of the {220} and {440} planes are respectively 'h and lA

that of the {llO} 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 ail the atoms were

identical, as in a diamond structure. The diffraction pattern from a cleaved {lOI} plane is

given in Fig.6.4(c). Here, the {lOI}, {303}, {404} and {50S} 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 {50S} is dut to the CUK~1 and

CuK~2lines 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 !O 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 {lOI} onlyone

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

6.3 ANGLE MEASUREMENTS

The c1eaved CuInSt::! samples exhibited angles where two or three c1eavage 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 c1eavage 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 CuInSe2 crystals

grown by the Bridgman method, angles were measured on sorne 11 separate samples

obtained from ingots, having sorne 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 (Le. 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 aprropriate angle between the two crystal planes. The distance berween

the sample and the laser beam was chosen to be sorne 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 ail the angles measured on ail the crystal sampIes using this method.

In colurnn 1 of the table, the measured angles are shawn. 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 colurnn 2, where it is evident that there is agreement ta within

± 0.1". The crystal planes that define the individual angles are given in column 3 of the

table. In ail 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 n

angle, it was necessary ta identify the crystal planes using a Laue photograph as weil as

X-ray diffractometry (colurnns 4 and 5). This is because, a 90" angle also occurs between

two {11O} planes or between two {lOI} planes. This can be seen in Table 6.2, where ail

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 bath were {lOI} planes. While this was puzzling

at tirst, since there is no such angle between two {lOI} planes in one crystal, it was later

found that this angle occurred frequently between {lOI} planes involving a crystal and its

twin. This will be described in more detail in the next section. The frequency of

occurrence of ail the observed angles is shawn 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 tha! sorne 20% of these measured crystal samples contained lWinning, as

evidenced by the frequency of occurrence of the 1500 angle. It is also evident in these

results that, occasionally it was necessary to rely on X-ray diffraction to contirm the

orientation of the c1eavage 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 0 angle belWeen two {IIO}

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

Fig.6.7 presents a photograph and a schematic of a representative sample exhibiting

a well-detined angle of about 900. This is the same sample Iisted in row 7 of Table 6.1.

The planes defming the angle are the {HO} and {H2} planes indicated on the schematic

in Fig.6.7(a). The {IIO} plane, on the top side, is seen to be dark, while the {H2} plane

on the right hand side is shiny. This is due to the effect of Iighting on the sample. The

angle itself is better seen in Fig.6.7(b), where a view of the same sample from a

perspective parailel to bath c1eavage 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

ln this section, resuIts are reported specifically on the observation of a twinning

plane in crystals of CulnSe2 • Three single crystal sarnples with cleavages along the {112}.

{1JO} and {lOI} 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 thesc CulnSe,

samples, was in fact a {I 12} plane. No other twinning plane was found in this study.

Twinning was detected visuaIly, in this study, by properly orienting the cleaved or

poIished sample under a collimated Iight source, revealing shiny and dark regions

exhibiting straight edges. Fig.6.8, shows two photographs of the samplc 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 {lOI} plane. In tact, the

crystal exhibits two cleavages on either of its sides. The darker surface of the twinned

region is also cleaved in a {JO1} plane and makes an angle of 150" with that of the main

crystal. A side view of this sample reveals how this 1500 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

ln order to revealthe 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 slladed area in the schematic of Fig.6.9(b), while the upper portion, crystal

A, is shawn 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 reflection of

lighl. Crystal Bexhibits 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

shawn 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 shawn in Fig.6.1O. 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 ta the page, of 180°. This is emphasized by the large arrows on the two schematics.

This shows thattwinning in this crystal occurs parallelto 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 parallelto a c1eaved {112} plane in that sample.
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6.4 (h) Twins Observed with a {HO} Cleayed Surface

Fig.6.1I(a) shows a photograph of a sample with a {lIO} 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 {l12}

twinning planes oriented perpendicular to the page. The orientation of the {IIO} 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 (6, and 62 respectively) are the same, and have

a value of about 55°. This angle occurs between a {l12} 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 55° with the {112} twinning plane, perpendicular to the plane of

the page.
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6.4 (c) Twins Observed with a {lOI} Cleaved Surface

Fig.6.14, shows a sectional view of a twinned sarnple. 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} plane is also quite evident, as the oblique straight line.

again perpendicular to the plane of the page. The top edge of the sarnple represents the

location of the cleavage planes. In this case, both crystals were cleaved along the {lOI}

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 cornes about. The twin plane, being a {112} plane makes an angle of75.04°

with each of the {lOI} cleavage planes. Therefore, the total angle is twice that, giving a

value of 150.08°. Laue photographs were taken on the cleaved {lOI} 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 bearn normal to the sample

surface in each Laue exposure, the sarnple had to be rotated by sorne 30° about an axis (not

shown) parallel to the Hne of intersection of the {lOI} 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°, confinning that the two regions are indeed twinned crystals. The angles, 6,

and 62, between the rotation axis and the symmetry axis of each pattern are again cqual.
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6.5 TWINNING MODEL

Fig.6.15 shows a photograph of a baU and stick crystal model of a twin in a

CuInSe2 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°. Il is seen here that, in going across the twinning plane. from crystal A to

cryswl 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

CuInSe2 are the {1I2}. {lOI} and {1I0}. While the {1I2} and {lOI} cleavage surfaces

appeared mirror-like and were essentiaUy flat. the physical surface of the {11O} plane. by

contrast. consisted of V -shaped ridges or grooves. where the planes on each side of the

ridge are {1l2} planes. The {lOI} planes showed paraUel terracing with edges having no

special direction, while the {1I2} planes, on the other hand, showed less paraUel 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 {IOO},

{Ill} or {22I} planes were not observed. The fact that two expected angles were not

observed (Table 6.2) must he due to the relative infrequency of the {11O} cleavage plane.
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ln silicon and germanium. having the diamond structure. the {Iii} plane is the

predominant cleavage plane [6.4],[6.5], due most !ikely ta its low density of bonds. By

contrast. for III-V compounds such as GaAs [6.4],[6.6],[6.7],[6.8] and CdTe [6.4],[6.9],

[6.10], a II-VI compound, aIl crystallizing in the zincblende structure, the most common

cleavage plane is not the {III}, but the {I JO} plane. In these compounds, the bonds across

the {III} 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 ta a coulombic attraction in addition to covalent bonding between consecutive {III}

planes. This renders cleavage along this plane less !ikely than in the diamond structures.

ln the chalcopyrite CulnSe2, the {I 12} plane layers consist of alternating Se (group VI)

layers and metallic layers of Cu and ln (groups 1 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 {1I2} cleavage in the chalcopyrite occurs more readily. The

opposite may be true however, for the case of the {lIO} 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 ln atornic positions alternate across this plane (Fig.6.I7(b» and hence

there would still be sorne localized coulombic attraction between consecutive {IIO} planes.

The observed ridged structure of the {IIO} surface in this chalcopyrite material is due to

small zig zag {1I2} rnicro-cleavages, cutting across the tetrahedral bonds as shown by the

lower dashed !ine in Fig.6. 17(b). As a result, in the CuInSe2 crystals, the {llO} "cleavage"
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may not be a true cleavage. but one where the real surface consists of ridged {II:!}

microcleavages.

The {lOI} plane has been previously reported to be a cleavage plane in natural

crystals of the chalcopyrite minerai CuFeS, [6.4],[6.11] as weil 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 {20l}. Accordingly, the question is raised: why is the {lOI} plane li

predominant cleavage plane in the chalcopyrite structure and, furthennore, why is it even

more evident than the {112} plane in the CulnSe, crystals? Fig.6.18 shows a view of a

CulnSe, lanice, where the {lOI} planes are perpendicular to the paper. Shown also are the

depth layers of the atoms below the lOlO} 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 {lOI} plane, perpendicular ta the paper has been

marked by the broken hne between the Se and the ln atoms. Counting the number of bonds

involved, indicates that a cut along this plane has ta break eight of the short tetrahedral

bonds ta 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 diatamic molecule) than the Se­

Cu bond (70 kcal/mole) [6.12], such a eut wouId require less energy per unit area than a

parallel eut between the Se and Cu atams. In comparison with the {I 12} plane, cleavage

along this {lOI} 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 involved is needed.

In the case of the zincblende lanice. however. a corresponding {20I} cut would

also require the breaking of 8 bonds per cell but here, the bonds would be of equal

strength. so that there would not be a weaker l;nk involved. As a consequence. the easier

splitting between the neutral {llO} 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 calculations lie outside the scope of this study.

Regarding the X-ray diffractograrns. besides confirming the orientation and yielding

the correct d-spacing for the different planes. the results also indicated that cenain

reflections. which are absent in polycrystalline sarnples. were present in the single crystal

sarnples and these were the {224} reflection from the {l12} cleavage plane, the {11O} and

{440} from the {110} c1eavage plane and the {303} and {404} reflections from the {lOI}

plane. In the last two cleavage planes. two reflections were missing and these were the

{330} from the {11O} c1eavage and the {202} from the {lOI} sarnple. It is possible that the

intensities of these reflections were too weak to detect. panicularly since the {202}

reflection has been observed on sarnples. not presented in this study. In the case of silicon,

cerrain reflections are expected to be missing because they are "forbidden", since they have

a zero geometrical scanering factor. However. unlike the diarnond structure, where ail the

atoms are identical. the chalcopyrite structure has three different atom types with different
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atomic scanering factors (due to the different alOmic numbers of 29. 49 and 34 for Cu. In

and Se respectively), and therefore weak reflections might be expected. As a result. the

{11O} reflection. forbidden in diamond. was detected as a weak line in thcse CulnSc,

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 {III} plane in

these materials. In the chalcopyrite material AgGa~.. twinning was also reported along the

{i12} plane [3.9]. This cornes back 10 the face-centred-cubic lallice. on which the

diamond. zincblende and the chalcopyrite structures are based. where twinning occurs

along the {lU} plane. However. it is reported thattwinning is also possible along the

{i12} cubic plane. at least in silicon [6.13] but it is thermodynamically less favourable.

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

Angle Measurements belween Oeavage Planes in CulnSez Crystals 1

Angle (deg.)
MeasuredJ CalculatedJ

Defining Planes
{hkI} - {hkl}

Plane ldencification· Angle
Laue XRD froquency ,

Comments

39.4 39.23 {l121-1101) on bath on bath 2
planes planes

50.8 50.77 {IIOI-IIOI } {110) (1I0) 2

53.3 53.14 (1011-1101 ) botb bath 2

70.5 70.53 {l12}-{ 112} bath bath

75.0 75.04 {l12)-{ 101) (112) botb 3

78.6 78.46 {lOI }-(IOII botb bath 3

9().1 90.0 (112)-(1101 botb IIIO) 2 A 90' angle was nOl
oblaved belweal(1I0}
planes.

180.1 IgO.O (112)-(112) botb Parallel (1I2) cleav"80.

180.2 180.0 1101)-( 1011 botb ParalleI(IOI) cleav"80.

------------------------------------------------------

ISO.3 None! (1011-1101 ) botb bath 5 Angle between twin
crystals.

1. Only those angles belWeen planes hlving a comman cdge are included. Total number of angles (cdges)
measured WIS 22. TOla1 number of samples was Il.

2. Accuracy of measuremenl is aboul :1: 0.1 deg....
3. Assuming the chalcopyrite unil cen has 1 cil = 2.
4. Measuremenl WIS carricd ouI la confirm the crystallographic plane provided the clcavage was large enough.
S. Number of samples measured with Ihis panicular angle.
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Table 6.2

Calculated Angles between Principal Cleavage Planes ln CuInSe,

Cleavage Planes'
{hkl}-{hkl}

Calculated Angle(s)'
(degrees)

Observed'
(YIN)

{ll2}·{112} 70.53 Y

{1I2}-{101} 39.23 y
75.04 Y

{1I2}-{lI0} 35.26 Y'
90.00 Y

{101}-{10I} 53.13 Y
7S.46 y

{101}-{1I0} 50.77 y

{llO}-{lIO} 90.00 N

1. OnIy lhe {1I2}1101} and {1I0} chalcnpyrite crystal planes are listed here.
2. Assumins the c/a ralio to be exacUy 2 in rhe chalcopyrite unit cell for CulnSe,.
3. (ndicates whether or nol the ansle was observed in rhis study.

(Y: observed; N: not observed).
4. Observed belween rhe {1I0} surface and the {1I2} microcleavase ridses.
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(a)

(b)

(c)

Fig.6.2 Photomicrographs of c1eavage planes in Cu[nSe, crystals revealing surface
features of the planes (a) {112}, (b) {lOI} and (c) (110).
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Fig.fI,) SEM photograph of the III () J plane. showing the parallel ridges painting in a
< Il 0> direction.
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bctween c1eaved planes in CuInSc:z single crystals.
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(a)

(b)

Fig.6.8 Two photographs of a represenlalive CuJnSe, sample. c1eaved in the 110 Il plane.
exhibiting:1 twinned rcgion. (a) A top view and (b) a section:!1 vicw showÎng a
twinning band.
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Fig.6.9

(a)

H2} Cleavage
Plane

(b)

(al Photograph of a twinned CulnSe, sample cieavcd in the 1112) plane. (bl
Schematic showing the twinned region in this sample and the position of the two
Laue pictures of Fig.6.! O.
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~
{HO} Cleavage Plane

(a)

(b)

Fig.6.11 (al Photograph of a tlVinned CulnSe, sample c1eaved in the {IIO) plane. (h)
Schematic showing the Iwinned region in Ihis sample and the position of the Iwo
Laue pictures or Fig.6.12.
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Fig.6.12
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X-ray Laue photographs on lhe twinned {I 101-cleaved sample of Fig.6.11. (a)
Pallern of crystal A (Laue A). (b) pallern of the twinned crystal B (Laue B). The
sehemalics show coincidence of tile SpOI pallerns by a rotation of 180", ahoui an
axis indicaled by the chain line. The broken lines in (a) and (b) indicale Ihe
<110> direction in each cryslal. The angles e, and e, arc equal.
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Fig.6.13

Crystal A

{lU}
-----+~--Twin plane

Crystal B

<110>

Photomicrograph showing the (112) twinning plane boundary between two
crystals having a {IIO} cleavage plane. The ridges. in the photograph point in
the < Il 0> 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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(a)

TwiD plane

(b)

Crystal A
7se

{lOI} Cleavage Plane

Laüë--~ /r---_ 1_ ;Laue A

......"'-150"

Fig.6.14 (a) Pholograph of a lwinned CulnSe, sampie c1eaved in the {I 0 Il plane. (b)
Schematic showing the twinned region in this smnple and the position of the Iwo

Laue pictures of Fig.6.IS.
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Fig.6.15 X-ray Laue photographs on the twinned {IOII-cleaved sample of Fig.6.14. (a)
Pallern of crystal A (Laue Al, (b) pallern of the twinned crystal B (Laue 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 Iines in (a) and (b)
indicate the symmetry axis of each crystal. The angles a, and a, are equal.

144



(010) plane

(a)

(b)

( 11%)

nnlne plane

D- o. n. 0... 0.. 0-

<110>" •
"""(! .... ""Ci ""1 """(! ""1

\
~ !)o..,

Cryslll! A
\ .1 ').. ...l).. )..

4 \ .... ..... ..... If ... "'li ...... ~
\

\
~'\. ~!)... J).. l.. '). ).. ..... )..~4 ""'lI \..... ""'4 ... "li ""1

\

).""1 ')..\ ').. ').. :). !).. ).. )... :)
4 ... \\ "'Il ""1, "'"'(j .... -u

\ l .......c~/..11 ....à. ..11 ....cl ..11 ). Iwl
~ /U'" 1,... 1I~ lt"" 1'- ,.. ~

1
!l). -'~I l l -Il ..11 l

V / ... 1 11 .. ~ .....
1

Il,.." l ..1"\. "1 :)
,'liT ... V 1 1 .. ..... ..-

1
<110> 1

~ 11 ~)
Cryslal B

l
T ......

Cu • In (!) Se 0

Fig.6.16 (a) Photograph of a "bail" and "stick" cryslal model and (b) a schcmatic diagrnm
showing lwinning in the chalcopyrite struclUre. where the {I 10} plane;'; the plane
of the page. The schematic shows the 1112}twinning plane perpendicular ta the
page and makes equal angles (54.74") with the indicated <Il 0> directions (broken
arrows) on the two crystals.
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Fig.6.17

(110) plane

~-v..,.,V"""'-......-'-'~..................-~ ,,--..............,. { 1ï 2}
2
- cleavage plane

(a)

(110) plane

-{IlO}
- c1eavage plane

~ (ÏI2)
't:..cIeavage ridge

(112)
c1eavage ridge

(b)

Cu. In@ SeO

Schematic diagram of atomic layers of the (110) plane of the chalcopyrite
structure, viewed with the {lï2} plane (a) horizontal and (b) rotaled by aboui 35'.
Possible cleavage planes normal 10 the page, are indicated by the broken lines
for (a) a {1ï2} cleavage and (b) a {ïlO} cleavage. The chain line represenls the
unil cell in each plane. The labels 1and 2 refer 10 conseculive depth layers of the
atoms.
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(010) plane

{lOt}
cleavage plane

Fig.6.l8

Cu. InC!> SeO

Scbemaûc diagram of alomic layers of the (010) plane of the chalcopyrite
structure sbowing a possible {lOI} cieavage plane, normal lo the page, as
indicaled by the broken line, predominantly between ln and Se aloms. The chain
line represenlS the unit cell. The labels 1,2,3 and 4 refer to consecutive
depth layers of the atoms.
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CHAPTER 7

PHOTOVOL TAlC CELLS ON MONOCRYSTALLINE
CuInSe2 SUBSTRATES

7.1 INTRODUCTION

The main objective of the work in this thesis. as stated in chapter l, is to obtain more

information on CulnSe2 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 CuInSe2 taken from the grown

ingots. The cells fabricated, consisted of CulnSelp)/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 CulnSe2 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 CuInSe2(P)/CdS(n)/ZnO(n+), described 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 lnO

layers and was therefore. not attempted in this thesis work. However, in earlier studies [7.8].

[7.9], a preliminary CuInSe,(p)/CdS(n)/CdO(n+) cell structure was made but this work is

just touched upon here. In aIl of the cells reported here, the active surface of the CulnS.:,

substrate was c1eaved in either the {112} or {lOI} plane, rather than abrasively polish.:d.

The use of c1eaved planes in this study was not intended for laltice matching but rather for

consistency in substrate orientation. However, despite the large mismatch betw.:.:n th.: CdO

and the substrate, a hint of preferred orientation in the CdO layer was suggest.:d, at lcast on

the {112} CuInSe, plane, which is reported in Appendix A.2. In the early phase of ccli

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 l'rom the work of L.S.

Vip [7.10], [7.11] ofthis laboratory, on CulnSe,ICdS/ZnO ceIls, an improvement in ccli

performance was obtained by annealing the CuInSe, in argon prior to cell fabrication.

Therefore, in this chapter, results are presented for aanealed and un-annealed cells with the

"CulnSe,lCdü structure. It must be emphasized here that, it was not the intent of this work

to develop the techniques for the highest efficiency ceIl, but rather to fabricatc 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, (he fàbrication

of the ceUs is presented .This is foUowed by a description of the measurement techniques

used to evaluate the ceUs in the second section. The measurements included dark and

iUuminated current-voltage characteristics, photoresponse, capacitancc-voltage

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

this is foIlowed by a discussion of the results.

7.2 FABRICATION PROCEDURE

7.2 (a) Sarnple Preparation

The CulnSezceIls fabricated in this study were prepared as foIlows. Monocrystalline

portions of CulnSezwere extracted from the cylindrical ingots by cleaving along either the

{112} or {lOI} 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 sarnple 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

(Diarnond grit #400), followed by polishing with 1 /lm 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 darnaged. After the polishing, the

wax was rernoved by rinsing the sarnple with trichloroethylene (TCE) and then with acetone.

The sarnple 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 sarnples

149-1, 149·2 and 125-3 (Table 7.1). The annealing was carried out, as shown schematically

in Fig.?.!, in a resistive fumace containing a quartz tube sorne 12 mm in diarr:eter 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 ofargon gas was allowed to pass through the tube at atmospheric pressure.

The sample was inserted l'rom the open end and a thermometer tip was also placed inside

the tube adjacent to the CuInSe~ sample. The quartz tube. with the sample and themlOmeter

tip inside, was placed in a metal block having a cylindrical hole of the same dianleter 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 oC, was reached. The armealing was continued for about 2 to

2Yz hours and then the furnace was tumed off and the sample allowed to cool down undcr

the flow of argon. The CuInSe~ substrate was then removed and prepared for the back

contact deposition.

7.2 (c) Back Contact

In this work, the first step in the cell fabrication process was the deposition of the

back contact. While the most popular metal used for the ohmic contact in thin film

polycrystalline CuInSe~ celis is molybdenum, in this work Oll 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 CulnSc~

substrate was mounted with ils 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 also 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 sorne 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

4x 1O" 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 Ilm on the sample. The deposited Au layer was sufficiendy 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. forrning the electrical back

contact, and the 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 electrical role.

With the top cleaved surface exposed, the sample was now ready for the Cdü 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 Cdü layer was deposited direcdy onto the cleaved surface of the

CulnSe, sample without an interfacial layer in the main w(lrk 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

ofup to 12 mm' in areawas defined with this mask for the Cdü deposition. The Cdü layer
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was then deposited by d.c. reactive sputtering - a method extensively employed in this

laboratory [7.13]. [7.14]. [7.15]. [7.16]. Fig. 7.'2 shows a plot ofan important ccli parametcr

- short circuit current densiry against CdO film thickness obtained on cells in earlier work

[7.8] . While the data points show sorne scatter. the trend suggests that the optimum

thickness for this layer is between 0.7 and 0.8 fun in these cells. Accordingly. for the l'dO

deposition in this study. the parameters of sputtering were chosen so as to yield film

thicknesses ofthis 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 sorne 3 cm above a high purity cadmium metaltarget. which

was negatively biased. while the sample itselfwas 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. Thc total flow

rate was kept at about 20 ml/min. After the chamber pressure had stabilized. the spullering

was begun by adjusting the sputtering current to about 15 to 20 mA. The negative potential

of the cadmium target was about 700 volts. The deposition was donc 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 samplc

holder arrangement was used. Surprisingly. however. it was found that. the depositcd CdO

layer. at least on the cleaved {112} plane. wa~ preferentially oriented as compared with thal

deposited on glass. This is shown in Appendix A.2. where X-ray diffraction results

indicated a preferential {III} orientation for the CdO layer on the c1eaved {112} plane of

CulnSez , despite the large lattice mismatch of sorne 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 (e) Front Contacts

After the CdO layer was sputtered onto the substrate, two Au contacts were

evaporated onto the CdO , to act as the front e1ectrical 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 extemal e1ectrical contact. Fig. 7.3 shows a schematic diagram

of the final structure, indicating the different device layers. The fabrication conditions of ail

of the devices presented in this study are surnmarized in Table 7.1, along with sorne oftheir

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 CuInSe2 cell. These measurements are described next.
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7.3 (a) IlIuminated and Dark Current-Density-Voltage (j-V) Charactcristics

Measurements of ilIuminated and dark cUITent-density -voltage G-V) characteristics

reveal important photovoltaic parameters about a solar cell. The j-V characteristics werc

obtained under simulated solar conditions using a xenon arc lamp solar simulator (Kratos

model LH 150/1), which was titted with an AM 1 tilter and adjusted to give about 100

mW/cm'. This adjustment was done by tirst placing a silicon reference cell. calibrated to

give 3.1 mV under AMI 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 ofthe cell was adjusted until a reading oD.1 mY was obtained.

The separation between the top surface ofthe reference cell and the beam exit aperture of the

simulator was noted and the reference cell was replaced with the actual device to be tcsted.

The electrical circuit is shown in Fig.7.4. Bias was applied to the sample !Ising a stabilized

power supply (Farnell model TSV 30/5CL) through a varhble potentiometer . The voltage

drop across the cell was measured using a Keithley electrometer model 61OC. while the

CUITent through the cell (up to 2 mA) was recorded with a Keithley model485 picoammcter.

Larger CUITent (above 2 mA), was measured with a multimeter (Fluke modeI37). The bias

voltage was varied between "1.2 volts in the forward direction to - 2.0 volts in the reverse

direction and ~uITent readings were taken at intervals of 0.05 volt. This gave the illuminated

cUITent-voltage curve for the cell. The measurement was repeated in the same manner with

the simulator light blocked and the cel! covered with a clark cloth to yicld the dark

characteristics ofthc cell. ne CUITent density ,j, w~.s obtained for each reading by dividing

the measured CUITent l, by the ilIuminated "active" CdO area, Au, of the cell. The value of

the CdO area for cach cell was determined by measuring it direcdy under a microscope
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having a built-in scale.ln calculating the active area of the cel!, it was verified using a He-Ne

laser, that regions outside the boundary of the Cdü area did not contribute significantly to

the photovoltaic action of the cell.

7.3 (b) Current-Voltage under Actual Sunlight

ln order to have confidence in the simulated illumination measurements,

performance of sorne cel!s 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 cel!. Instead, the cel! output was connected to a variable load resistor RL • A

separate sensing resistor with a value of IOn, connected in series with RL, was used to

indicate the output current. This was done by measuring the voltage drop, VJ' across it with

a multimeter (Fluke model 37) and dividing the reading by Ion. The voltage drop across

the cel! 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 RL was varied between about 20n

(short circuit condition) to about 25kn (open circuit condition). The measurement was

typically done on a sunny day on a rooftop outdoors, in un-obscmed sunlight in Montreal

near midday. The exact details of the measurements are noted on the plots shown. This

yielded the cel! characteristics under the sun. The intensity of the solar radiation was

measured using three reference detectors: a pyroelectric detector (Molectron model PR

. 200), 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 ceUs between

a wavelength (1..) of 400 and 1300 nm. The measurement set-up is shown in Fig.7.6. Herc.

the sample was illuminated with monochromatic light from a Photon Technology

International grating monochromator (model LI). where the exit slit was set at ~ mm

(corresponding to a ln ofabout 8 nrn) and the sample was positioned at about 6 cm from thc

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 ccII was converted into a voltage signal using a IOn sensing resistor. The voltage

across the resistor was measured \vith a lock-in amplifier (EG&G model 5302), whieh was

set at the same frequency of 153 Hz using a reference signal from the chopper. A

preamplifier (mode! 5316) was used to increase the signal by a factor of 10. Measurements

were taken at wavelengths starting from 400 to Il 00 nrn in increments of 25 nm and also

at 1200 and \300 nrn. In the range between 600 to 1100 nrn, a long pass tilter ,with a cut-off

wavelength of 61 0 nrn was employed to reduce second order and higher harmonics. For the

wavelengths of 1200 and \300 nrn, corresponding band pass tilters were used (each having .

a ~À. of about 50 nrn) for the same purpose. After the sample was measured at these

wavelengths, it was replaced with a pyroelectric radiometer (Molectron model PR 200) to

measure the Iight intensity, W(À.), at each individual wave1ength, in mW/cm l
. The

photoresponse of a ccII, P(À.), in amps/watt, was then calculated fûr each wavelength as

foUows:

P(À.) = /(1..)
AaxW(À.)
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where: I(À) is the CUITent from the cell in mA, Au is the cell area in cm2, W(À) is the detector

reading in mW/cm2• The quantum efficiency Q(À), was obtained for each wavelength Àas

follows:

Q(À)=P(À)X he
Àq

where, h is Planck's constant, c is the speed oflight and q is the electronic charge. Both the

photoresponse and the quantum efficiency curves were obtained by plotting P(À) and Q(À)

respectively against À.

7.3 (d) Capacitance-Voltage

Parallel mode differential capacitance, Cp, was measured on the ceIls with variation

of reverse bias from 0 to 5.0 volt in increments of 0.2 volt. In this measurement, a LF

Impedance Analyzer (Hewlett Packard model 4(92) was used to measure the capacitance

at a frequency cf 10kHz with a test signal of 20 mV. The bias source was internaI. The

voltage across the sample was verified using a Keithley electrometer (model 610C). The

circuit diagram for this measurement is shawn in Fig:!.7. Capacitance-voltage

measurements were used to obtain Mott-Schottky plots of (A/C/ against reverse voltage

bias, VR , where A is the cell junction area (noting that A > A J. It is well known that in a pn+

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

N =_2_x 1
A qEoE, d[(AIC/J

dVR

where, E. is the perrnittivity of free space, Er is the relative dielectric constant of the p-side,
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and q is the electronic charge. Thus. by rr.easureing the slope of the curve of (AiC,)'

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 CulnSe1 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 briefdescription ofthis treatment is presented in Appendix AJ. In this

section, only the experimental procedure is outHned. The method basically consisted of two

steps. First, a measurement of the illuminated-to-dark change in the short circuit currenl

(~I) 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. Cp, 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 sHt of the monochromator (Photon Technology , model LI)

such that the whole of the sample area was illuminated. The radiation '..,avelength was first

varied between 0.9 and IJ Ilm with the sHt 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 f,.pectral

response measurement. The ccll was connected to a stabilized power supply (Famell modcJ

TSV 30/5CL) which provided the reverse bias, while the voltage drop across the cell was

verified with an electrometer (Keithley model 61 OC). The ccll was connected in series with

a sensing resistor of IOn. The a.c. voltage drop across this resistor was measured with a
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lock-in amplifier (EG&G mode15302) to yield the cell photocurrent.The iIlwninated -to-dark

change in the output current of the cell ,t.I, was measured for reverse bias voltages between

oand 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

tÎie same wavelength as that used for the photocurrent measurement. The capacitance was

again measured using the Hewlett Packard LF Impedance Analyzer (modeI4192A), where

the test signal frequency was again set at 10kHz 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 t.I and Cp at each

reverse bias voltage were paired t?gether and these values were used to plot t.I against lICp'

One condition of using the photocurrent capacitance method is that aW should he much

smaller than unity [7.18], [7.19], which in practice means using monochromatic light ofhand

edge wavelength. ln the case ofCuInS~, this would correspond to a wavelength of about 1.2

to 1.3 Ilm. Thus, if the wavelength is too short, the aW condition is violated, while ifit is too

long, the photocurrent is too small to measure accurately. Thus, although the t.I

measurements were made from 0.9 to 1.3 Ilm, oruy those values at the longer wavelengths,

strictly speaking should he accepted, since they comply with the aW «1 condition.
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7.4 EXPERIMENTAL RESULTS

In this section. experimental results are now presented on the single crystal

CuInSe,fCdû cells fabrieated in this study. In the initial part of this work. cells were

fabricated where the Cdû layer was deposited directly onto cleaved substrates of CulnSe,

with or without a CdS interfacial layer. These cells typically exhibited a poor till factor.

However. upon adopting the pre-annealing step of the CuInSe,. prior ta the cell tàbrication,

as already mentioned in the introduction ofthis chapter, a signiticant improvement in the lill

factor was attained in these cells. In the results ta follow. tirst a brief presentation of resulls

on early CuInSe,/CdS/Cdû cells is given. This is followed by the current-density-voltage

results for the initial CuInSe,fCdû cells where no annealing was done. Next. results on the

effect of annealing are presented. including results on the estimation of the diffusion length

in the these cells. The diffusion length measurements in the CuInSe,fCdû cells in this study

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

ta follow.

7.4 (a) Results on Early Un-anneaIed CuInSe/CdS/CdO Cells

In an early phase of this work. sorne preliminary cells having the structure

CuInSe,lCdS/Cdû were fabricated. where the CdS layer betwef'n the CulnSe, and the Cdû

was deposited by a chemical bath method [7.17] and had a thickness of about 1oooA. The

illuminated measurements on these cells was made under a rather uncertain irradiation Icvel

ofabout ISO mW/cm' or more and for this reason are diffieult ta compare with more recent

results. Never-the-Iess, Appendix A.4 shows a table of results on these cells, where it is

seen that, the iIIuminated open circuit voltages (Voc) were generally up ta about 0.4 volt.
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The cUITent-voltage characteristics ofsorne of the cells was determined tmder actual sunlight

and Fig.7.10 shows an example oftwo ofthese ceHs. It is seen that the short circuit-current­

density was as much as 30 mNcm', although the fm factors were rather poor.

7.4 (b) Results on j-V Characteristics ofUn-annealed CulnSe,fCdO CeUs

The performance ofcells ofCulnSe, /CdO with no pre-annealing of the CuInSe ,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 CUITent density of sorne 20 mNcm'.

However, the fill factor, FF, and therefore the efficiency, 1], were somewhat low with values

ofOA3 and 4% respectively. The dark characteristics ofthis cell are shown in Fig.7.l1(b) in

the form of a CnU) - V plot. Here, it is seen that at a bias voltage of 1 volt, the rectification

ratio is about 2 orders ofmagnitude. Evidence of sorne shunt CUITent 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 CUITent 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 bothj,c and Voc were not very different from their values (Fig.7.l1(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 agreement 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 reduccd

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 voltuge,

corresponding approximately to a resistance of some 250 n. The dark charucteristics. 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 CeUs

The effect of annealing the CulnSe, substrate prior to the fabrication of the ccII on

the illuminated and dark j-V characteristics is treated here. A total of 3 cells were fubricutcd

with the annealing treatment, as described in section 7.2(b) ofthis chapter and thesc ure

cells 149-1,149-2 and 125-3. Figs.7.15(a) and (b) show thej-V curves for cell 149-1. This

J

cell was annealed for 2 hours at 320 oC (Table 7.1). It is also the cell'with the lurgesl uctive

CdO area of all the devices made in this study, annealed and un-annealed, of II mm'. It is

seell here thatj" was about 24 mA/cm', while V.c wasjust over 0.4 volt. However, the lill

factor and the efficiency , with values respectively of 0.5 and 5.0%, were slightly higher thull

those of the un-annealed cell 105-5. despite the slight excess in the shunt current at lowcr

voltages, indicated in Fig.7.lS{b) for this cell.

Cell 149-2 was also annealed but at a slightly higher temperature of about 360°C for

some 2\1, hours. The j-V characteristics, given in Fig.7.16(a), again show improvcd

performan",; over the unannealed cells, withj". V.c' FF and" having values of28 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-\, the efficiency of cell 149-2 was slightly higher due to its largcr j"
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value. The darkj-V characteristics ofthis cell, shown in Fig.7.l6(b), indicate a rectification

ratio of just over two orders of magnitude at 1 volt and a reduced shunt CUITent at lower

voltage. Evidence of sorne 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 125-3 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 CUITent density and open circuit voltage were not very different trom

the other annealed cells, the fill factor and efficiency values ofthis 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 CuInSe,lCdû cells, where no interfaciallayer, 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 CulnSe2 Cell

In order to establish sorne basis of comparison between the CuInSe,lCdû cells and

cells fabricated with the present thin film technology of CuInSe2, a commercial cell was

obtained from one of the leading photovoltaic companies, Siemens Solar Industries, of

Camarillo, Califomia. The original thin film polycrystalline cell was about 4 cm2 in 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 cm2, 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 CuInSe~-based alloy (including Ga and S)

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.I8(a) and (b). While the dark characteristics exhibit sOllle

shunt CUITent below 0.4 volt. values for j". V.c' FF and 11 of about 36 n: .Vcm~. 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 al50 noted that the ideality

factor. n, from Fig.7.1 8(b). is al50 slightly smaller for the commercial cell than for the

CulnSe/CdO cells of this study.

7.4 (e) Results on Spectral Response of CulnSe2/CdO Cells

Photoresponse measurements were carried out on 4 CulnSe~/CdO eells, namely one

un-annealed ce1l125-1 and three annealed cells 125-3, 149-1 and 149-2. The photoresponse

curves for ail 4 cells are shown in Fig.7.19. It is clearly seen in this figure that. the

photoresponse of ail of the cells has a peak in the wavelength range between 800 and 1000

nm. Il 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 highesl

photoresponse amongst ail the 4 cells. This is rather puzzling, since this cell al50 exhibited

the lowest short circuit CUITent density of ail, with u value of about 18 mAlcm2
, compared

with the highestj", value of28 mAlcm2 for ceIl149-2, 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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ta 1000 nm. Il is also noted here that the response of ail the cells at the longer wavelength

of 1300 nm is fairly smal!. This is a point relevant to the resuiis of the measurements of the

diffusion length in these cells, which are presented next.

7.4 (f) Results on Estimates of Diffusion Length in CuIuS!', CeUs

ln this study, using the photocurrent-capacitance method, the diffusion length Lofor

clectrons was estimated on 5 different sampies. Of the 5 samples tested, 3 were annealed

cells namely 149-1, 149-2, 125-3, while one sample was un-annealed (125-1) and another

sample was the commercial CulnSe,-based cel! (CIS-4). In this section, tirst the results of

L,,-estimations are presented for the annealed ceIls; then a comparison between one anr.~aled

and one un-annr.aled cell is given and tinally, the Lo-estimate for the commercial cdl is

glven.

Figs.7.21 (a) and (b) show two plots of 6.1 against I1Cp for annealed cell 149-2, where

straight lines through the experimental points have been extrapolated to the I1Cp axis.

Fig.7.21 (a) indicates I/Cp intercepts for three different slit widths, where the wavelength of

the incident monochromatic light beam was maintained at a value of 1.2 /lm. Here, it is seen

that, while the extrapolated intercepts were not exactly coincident, they agree with each other

ta within less than about 10%.The inset ta this figure shows a plot of the same experimental

points, where the llCp 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 ta 1.3 /lm for a fixed slit width of 4 mm. Here, the extrapolated IICp intercepts are

1

more spread out than those in Fig.7.21(a). However, the values for the wavelengths of 0.9

and 1.0 /lm should really be excluded, since the rxW condition is violated in this case. The

166



smaller intercept for the 1.3 !lm setting is due to the very lo\\". and thus less aeeurate.

measurement ofphotocurrent at this wavelength. The Lo value for this sample. obtained by

averaging out the intercepts of the measurements taken at a 4 mm slit width (Fig.7.:?I(a)) :U1d

at a 1.2 !lm wavelength setting (Fig.7.21(b)). was around 3.4!lm. as indicated in Table 7."2.

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

Figs.7.22(a) and (b) show similar plots for annealed cell 149-1. where the insels to

both figures again show more c1early lhe experimental points for these measuremenls. Bere.

the experimental values for 81. as plotted in the these two figures. show less linearity Illr the

same variation of 1/Cp (i.e. variation of reverse bias) compared with those of cell 149-2.

However. in order to obtain Lo estimates l'rom this sample. straight lines were extrapolaled

to the !lCp axis l'rom only the first 6 points in the lower reverse voltage range. It is noted

from Fig.7.22(a) that, despite this procedure ofusing only part of the observed 81 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 Ilm wavc1englh. The

Lo value for this cell . again obtained l'rom the averaged intercepts of the 1.2 ~lm wavclength

and the 4 mm slit width measurement, was about 2.7Ilm. which is of the same order as tHal

for cell 149-2 (Table 7.2).

The 81-I/Cp variations for the third annealed sample 125-3 arc shown in Figs.7.23(a)

and (b). Here, again, the experimental point variation exhibited sorne curvature and the

extrapolated straight lines were again drawn l'rom 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 slil width

measurements were somewhat spread out, as shown in Fig.7.23(a), while those for the

wavclenbrth variation measurements given in Fig.7.23(b), were even more 50. Furthermore.

the intercept of the 1.2 flm measurement ofFig.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 Ln was about 2.6 flm

(Table 7.2).

Measurement of photocurrent-capdcitance was also attempted on one un-annealed

ccli, 125-1, with a similar variation of slit width and wavelength. However, the trend of the

al experimental points, against IICp' did not yield a straight line at ail under any of these

conditions. This;s indicated in Fig.7.24(a), where a comparison is made between the results

on this un-annealed cell and cell 149-2, which \l'as annealed. The comparison is made under

similar conditions "fwavelength and slit width settings. Here, it is clear that the data points

for the un-annealed ccli 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/Cp intercept. Fig.7.24(b) shows the

same experimental data, where the 1IC p range is plotted on a larger scale between 0.1 and

0.7 nF- I
• with those for another wavelength of 1.0 flm. The difference between the

characteristics of the two cells is thus further emphasized.

ln order to evaluate the performance of the CulnSe, ICdü cells relative to that of a

commercial cell, an Ln-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/Cdü cdls \Vith

variation ofslit width and incident wavelength and the results arc 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 ~m. This value is of a similar

magnitude to that from Fig.7.25(b) for li•.: wavelengths of 1.1 and 1.2 ~m.

7.4 (g) Results on Capacitance-Voltagc Mcasuremcnts

Capacitance-voltage characteristics ofsome of the eells are presented herc·. Fig.7.26

shows a Mott-Schottky plot of (NCp)' against bias voltage for the three annealed eells 149-1.

149-2 and 125-3. The curve for the commercial cell is also shown for eomparison. It is seen

here, that in the reverse direction, the slopes of the eharaeteristics of the three annealed cells

are not very different from one another, yielding a eorresponding slope-deterrnined carrier

concentration in the bulk in the range of 5xl 016 to about 1017 cm .J. It is apparent, howcver,

that near zero bias, the trend of the points exhibits a downward curvature for ail the cclls.

This is even more pronounced in the case of the commercial cell, shown by the solid cirdes.

suggesting that the doping profile of the absorber layer in tt~se cells decreases as the

metallurgical junetion is approached. The slope of the linear region of the charactcristics of

the three annealed samples in the higher reverse bias region, if extrapolated, would yield an

interr:ept on the positive bias voltage axis of about 4.0 volt, which is rather large for these

cells. However, extrapolation from the eurved region (not shown), at small reverse bias,

would yield a mueh 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 siopes 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 sorne curvature between 0 and -1.0 volt, the points of the un­

annealed cell show a continuation of the same sIope 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 ofsorne 4.0 volts, compared with that for the un-annealed cell ofabout 1.5 volt.

7.4 (h) Results on "Forming" of Un-annealed CulnSe,lCdO CeUs

Frequently, the fabricated cells exhibited high reverse cUITent, which it was found

could sometimes be reduced . By passing a large CUITent for an extended period oftime, not

only was the leakage CUITent reduced, but also the illuminated characteristics were slightly

improved as weIl. This trealment, which may be called electrical "forrning", is indicated in

Figs.7.28(a) and (b), where the illurninated and dark characteristics are shown for ceIlIIO-2.

In both figures, the characteristics are plotted before and after the forrning treatment. The

forrning was carried out for a period of about 40 hours in darkness, where the initial reverse

bias CUITent density and voltage were set at about 50 mA/cm" and 10 volts respectively. After

sorne 40 hours, the reverse CUITent decreased by more than one order of magnitude to about

1 mAlcm2 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 forrning also

increased slightly the open circuit voltage from about 0.33 to about 0.4 volt, the short circllÏt
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CUITent from 25 to roughly 27 mA/cm' and also the fil! factor from a value of 0.35 10 a value

of about 0.4.

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

Cells fabricated on un-annealed subslrates often delerioraled with lime. exhibiting

a reduclion in their phOlovollaic performance. This is shown here. in Fig.7.29(a). where the

j-V characterislics of CulnSe/CdS/CdO cell 83-5 are presenled. as measured jusl afler the

cell was fabricaled (open circles) and also fol!owing a period ofaboul2 weeks (solid eirc1es).

During this time, the cel! was stored in air at room lemperature. As indicated in Ihis figure.

the largest degradation in this cel! was evidenced in ils fil! factor, where the reduclion in Ihis

parameter was about 20%. The reduction in V" of 10% was also significant. In conlrasl.

however. cells fabricated on pre-annealed CulnSe, substrales did not undergo any deteclable

degradation al all and their characteristics remained essenlially unchanged wilh limc. This

is shown in Fig.7.29(b), where Ihej-V characlerislics ofCtllnSe/CdO cel! 125-3 are given

as measured just after cell fabrication (open circles) and fol!owing a period of over Iwo

months (solid circles). Il is clear from this figure thal this annealed cel! was far more slable

with time as compared with cell 83-5, shown in (a), which was not annealed. Il is noted here

that both celis were fabricated on a {112} cleavage plane, and while cell 83-5 had an

inlermediate 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 CulnSe2 for device quality and not especial!y to develop techniques to make the most

highly efficient cel! possible, since this would have involved changes in device structure and

much effort to obtain optimum fabrication processes. The CuInSe,lCdO structure tumed out

to be sufficient for test purposes and made use of extensive experience in this laboratory

with the d.c. reactive sputtering ofCdO. The conversion efficiency, reported here, ofaround

6%, without the use of a lattice matching interlayer is surprising, since the lattice mismatch

between the unrestructured {l12} plane of CulnSe2 and the {III} plane of cubic CdO is

sorne 23%. It should be pointed out here also that, an anti-reflection coating and an optimized

col!ecting grid were not used on cel!s fabricated in the present work. Sorne early cel!s 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 wel! developed at that time and pre­

annealing of the substrate was not done.

No daim is made here for high accuracy in the measurement of the ilIuminated cel!

parameter values of j", Voc' FF, and 1], 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 cel! between our measurement and that

at NREL and because our simulator yielded 12% for the efficiency of the commercial cel!,

for which Siemens Solar reported about 13%.

172



The present results show that annealing of the CuInSe2 substrate, prior to the

deposition of the CdO 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 CuInSe2

substrates was first developed by L.S. Vip [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 CuInSe2, it was not clear at first, whether it would

be equally beneficial for the cleaved CuInSe2 surfaces, used in this study, not subjected to

the abrasive polishing and its consequent microscopie damage to the lattice. Furthermore,

the present structure involved an interface with CdO, not CdS.. Never-the-Iess, the resu1ts in

this chapter, indicate that the beneficial consequences of th,: annealing process may in fact

apply generally, whether the substrate surface is cleaved or abrasively polished or interfaced

with CdS or CdO. The difference between the Mott-Schottky plots for an annealed and an

un-annealed ccII, near zero bias, suggests that the acceptor concentration in the substrate near

the device junction was reduced from about 5 xl 0" to about 2 x 1016 cm'] . The acceptor

concentration in the range of 5xlOl6 to about 10" CITi] for the bulk material has been

confirmed by independent Hall effect measurements made on similar p-type

stoichiometrically prepared CuInSe2 [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 ofSe from the outer layer of the substrate- during the heat-treatment;

this improves the junction integrity by increasing the internai shunt resistance. It is ofcourse

weil established that heating p-lype CulnSe2 material in vacuum at high enough temperature

for a prolonged period oftime 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 sorne time. This appears to be similar to what has been "bserved over many

decades with the selenium rectifiers, which are no longer used. The action is possibly due to

the drift c ~ charged ions out of a layer close to the junction causing a depopulated zone of

acceptors near die junctionjust as has been speculated for the action of the annealing process.

The photocurrent-capacitance metho i : employed by C.H. Chan for thin film

Se/Cdû .;ells in this laboratory [7.18], [7.19], [7.20], [7.21], was used, for the first time, on

single crystal CuinSe/Cdû devices as weil as on a commercial thin film CuInSe2-based cell.

The method, in this work, yielded values of about 3 J.lr1 for the diffusion length of electrons

for the CulnSe2/Cdû cells and, in comparison, about 1.3 J.lm for the commercial CulnSC:!­

based thin film cel!. This suggests that, ceUs with single crystal substrates should give higher

photovoltaic performance once the ceiI 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 J.lm, where exW is smal1 as required by theory but where

the dark-to-illuminated change in phoïOcurrent is weak relative to the background noise of

the measurement. The photocurrent-capacitance method did not work for the un-annealed

CulnSe/Cdû cel1s because of the observed high shunt current in these devices. This is

because the method depends on a reverse CUITent arising from carriers generated from
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the depletion and diffusion regions and not from CUITent driven through an undesired parullel

shunt path. On the other hand. the method is tolerent to series resistance in cells which is

consistent with results obtained by CH. Chan in his work with Se/CdO thin film

structures [7.18]. [7.19]. [7.20]. Unlike the EBIC technique. however. the photocurrenl­

capacitance method has the advantage ofbeii1g a non-destructive technique whiéh could be

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

As a final note in this ehapter, from the surprising efficieney 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 metallurgicai 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 j-V characteristics of annealed cell 125-3

before and after camp/ete remova/ of the act.ive part of the CdO layer. This was done by

etching the CdO with a diluted solution ofHClin 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 vcry

w~1I have been present. However, this is only a suggestion and further work is needed lD

confirm the validity ofthis hypothesis.

Finally, it may he said that, the work ofthis chapter has shown that the Bridgman­

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

photovoitaic cells of great interest to the semiconductor solar cclI community.
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T.'l'e 7.1 Characteristics ofCulnSe;CdO Cells

A••mltalof
C.laSea SlIbltnte 1 CdO Layer Cllaracteriltia 1lI.1II1••lcd Cbanclerbtia l

CcII Cleo... Time Temp. Interference Thick) /Uea' J. v. FF Il Comment5
No. p.... (br) ('C) colour (pm) (mm') (mA/cm') (volt) (%)

10S-S {112} - - 7th red 0.91 10.0 21 0.43 0.42 4.0 Un-annealed
representative ccli.

12S-1 {112} - - Sth......, O.SS 8.0 18 0.40 0.27 2.0 Un-annealcd ccII wilh
• thin CdO layer.

83-S {1I21 - - 6th......, 0.66 7.0 23 0.40 0.46 4.8 Un·annealed «II

- degraded with lime

......
0- 110-2 {lOI' - - 6th red 0.78 6.0 27 0.40 0.39 3.8 Un-lMcaled «II

improved wiL..'! forming.

149-1 ( lOI) 2 320 Sth red 0.6S 11.0 2' 0.41 O.SO S.4 Annealed «II having
largest Klive II'U.

149-2 ( lOI) 2.S 360 6th red 0.78 8.0 28 0.42 O.SI S.7 AnneaIed «II having
highest L. eslimale.

12S-3 {1I2} 2.S 360 6th red 0.78 S.3 24 0.42 0.63 6.3 Annealed «II having
highesl elflCicncy.

CI5-4 ' - - - - 36 0.48 0.68 12.0 Active uea - 0.'4 cm',
Window layer .... CclO.

1. AnneaIÏ!lI ofclellved suh!trate prior to deposition ofCdO layer and electrical contacts.
2. lIIumÎnllion Revel W~ about 100 mW/mal under simulated sunlight using a xenon arc lamp. Calibration canied out using. silicon reference ccII tested lit the

National Kencwable Energy l.aboratory (NREL.) ofOoldcn. ColOl1ldo.
3'. Estimale ofCdO layer thic:kness derived ftom interference colour using the fonnula: 2od-NA. where ft is the refrKtive index (2.5), d is the film thicJcness. N il the

interference onIer and À is the interference colour wavelength.
4.' Active ua orthe CdO layer.
S: Commcn:ial polycrystalline thin film «II believed to have the structure Culn5c,lCdSlZnO. supplied by Siemens Solulndusbics ofcamarillo. Califomi•.



Table 7.2 Estimates of L. for Anoealed CuInSe/CdO CeIls 1

CeU Area l L.
No. (mm') (llm)

149-2 9.0 3.4

149-1 12.0 2.7

125·3 6.3 2.6

CIS-4 l 60.0 1.3

1. Estimates derived tram plots of 6.1 vs. Ile, for a slil width of4 mm and wavelength of 1.2 ..ro.
according to the fonnula L. =. (IIC,), EoE,A, where, (IICJ, is the I/e, axis inlercept,"E. is the pennittivity
offree space, E, is the relative pcrminivity,laken 10 be 10 and A, is the celljunction aIC~a.

2. TOlaljunction area orthe cell.

J. CJmr;..rcial pol)'tl)'Stalline thin mm cell believed 10 have the structure Cu(1n,Ga)Se,tCdSlZnO.
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Fig.?l Schemat;c diagram showing the set-up used for the annealing of the
CulnSe, substrates.
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Fig.7.2 Plol of short circuit currenl-density.j~ againsl CdO film !hiclmess for the
early CulnSe,fCèS/CdO cells given in Appendix A.4.
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0.7 J.lm

T
2mm

t

Au front contacts

~~CdOlayer
r--........,;.................................~--, -Cleavage

plane

CulnSe 2

single crystal

~AU back contact

Fig.?3 Schematic diagram of the CulnSe,lCdO cell structure used in this slUdy,
showing the differenl device layers.
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power
supply cell

Fig.7.4 Electrical circuit diagram of the arrangement used for the measurement
of the iIIuminated and dark currcnt-density-voltage. j-V, characteristics of
the cells.

./ "-..
/ 1 \

\\
v

1

(Oohm

Fig.7.S. Electrical circuit diagram of the arrangement used for the outdoors
measurement of the cWTent~density-volta6e •. .i-V. characteristics of the
cells, under aclUal sunlight.
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chopper

1monochromator 1~

ref. signal

10 n

cell

Lock-in
amplifier

Fig.?6

Fig.??

Schematic diagram of the experimental set-up used for the photoresponse
measurement of the cells.

-
LCR meter

V with int. bias

-:-- cell

Electrical circuit diagram of the arrangement used for the capacilance­
voltage measurements of the cells.
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power
supply

cell

10. n

Lock-in
amplifier

.y

Fig.7.8 Schematic diagram of the experimental set-up used for the measurement
of the ilIurninated-to-dark change in current, dl, in the photocurrent­
capacirance method.

1 1 hvmonochromator~

.--

LCR meter
y with int. bias

""'--
cell

Fig.7.9 Schematic diagram of the experimental set-up used for the measurernent
of capacirance,C, ' in the photocurrent-capacirance rnethod.
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Solar measurement
Clear day in Montreal
March 18,1993, 1:30 pm
Ref. Del. = 90 mW/crr{l

0.1 0.2 0.3

Ouput Voltage (volt)
0.4

Fig.7.IO Currenl·density·voltage characlerislics of IWo early CulnSe,/CdS/CdO
cells, measured oUldoors under aclUal solar illumination under the
conditions staled. The insel shows a schemalic diagram ofthese early cells.
(Reference deleclor: Moleclron model PR·200).
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Dark

40
CeIl10S-S

(a)

J"" ~, 21 mAlcm 2

V.. =0.43 volt

FF =0.42
El'I. =4%

Area = 0.10 cm2

­CIl

E
tJ

<- 20.s
~
"iiic:O... ...__.......~+----1

~
ë
ê -20::J .... ...~

() lIIuminaled

-0.8 -0.4 0 0.4

Bias Voltage (volt)
0.8

Ce1l105-5

F~d

,,,,,,,
" n. 2,,,,,,,,,,

(b)

0.01 0:-~-=:;-"-;'-:-'"-:'::-'--='::~7-'"""--:"
0.2 0.4 0.6 0.6 1.2

Bias Voltage (volt)

Fig.?11 IIIuminaled and dari< currenl-density-voltage characteristics ofun-annealed
celllOS-S showing: (a) charaeteristics under simulated illumination of 100
mWIcrn'and (b) dari< characteristics exhibiting a rectification ratio ofabout
2 order.: ofmagnilUde. The broken line indicales an ideality factor of2.
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Solar measurement on
a clear day in Montreal
Oct. 25, 1993, 1 pm
Ref. Det. = 98 mW/cm2

_30 rr-.,-.,.."""Tïr-r-.,-,-...........,-,.........."T"'"'T~~.,-,-...,.....,-.-,....,
C\J

E Cell 105-5
~25
E-
~20"'""
c
Q)

015-c
Q)

t:: 10
:J

Ü-5.5
'So

J = 20mNcm 2
le

Voc = 0.44 volt

FF = 0.45

Et!. =3.9%
Area = 0.10 cm 2

0.1 0.2 0.3 0.4

Ouput Voltage (volt)
0.5

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 ofsolar irradiation. as measured with a reference detector.
was about 100 mW/cm'.
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McGiIl Univ. CulnSeZ/CdO

Temperature = 25.0'C

Area '" 0.1010 cm2

Irradiance: 1000.0 Wm-2

2..5

Sample: 105-5
Oct 12, 1993 10:37 AM
Spectrum: ASTM E892-87 Global..

~ .'t. .I!Il-_-I_'":.. ~ l' '1: X-25 System•
CeIl10S-S

2.0

1.5
~

<
.§.- \.0c
~=U

0..5

0.0

-0.5 -9
Voltage (V)

V".:: 0.4290 V

loc = 2.020 mA

Joc =19.99 mAcm-2

Fill Factor = 45.59 %

Vmu = 0.2675 V
I mll =1.476 mA
Pmu =0.3949mW
Efficiency = 3.91 %

Fig.?13 Cuurenl.density-voltage characlerislics of un·annealed cell 105-5 as
measured at the National Renewable Energy Laboralory (NREL) under the
A5TM spectrum of AMI.5 Global. The phOlovoltaic cell paramelers are
indicated in the figure.
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1 1

Cali 125-1
1-

Jo< = 16 mA/cm'
-

v.. = 0.4 VO~

FF = 0.27 ....1- Area = 6 mm'

.l'....:e
Dari< ••,.

•••1- ..- -
Illuminaterf .....
.• , , •

40­N
E
-S?..... 20
E-
~
fil 0c:
al

Cl

ë
~ -20...
~

()

-40
-0.6 -0.4 0 0.4

Bias Voltage (volt)

0.6

(a)

Ce1l125-1 (Un-anneaJed)

0.01

F..-d-

(b)

0.001 0 0.2 0.4 0.8 0.8

Bias Vo~ge (volt)
1.2

Fig.7.14 II1uminated and dark cUlTent-density-voltage characteristics ofun-annealed
cell 125-1, showing (al characteristics under simulated illumination of 1(){)
mW/cm', indicating high series resistance in the forward bias region, and
(b) dark characteristics, exhibiting poor rectification as weil as high shunt
CUlTent atlower voltage.
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1 ,Cell 149-1
1-

J.. = 24 mA/cm'

V.. = 0.41 volt

FF = 0.50 :1- Eff. = 5.0%
Ivea = 11 mm' ~

J,'... i,
Dari< 1

/
- ..... -

lIIuminated
1 ,

• 40-N
E
(.)

<- 20
E-
~
ëii
c: 0
8
1:
ê -20
::J
()
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-0.8 -0.4 0 0,4

Bias Voltage (volt)

0.8

(a)
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N'
E
.g
.... 10
§.
~
~

2l
ë
~
::l(.) 0.1

~
0.01

••••. ,

.. "1 ,:'
, _,~:..ne".~2~"''''''-J' ,, ,

l-'.
(b)

·Fig.7.15

0.001 0 0.2 0.4 0.6 0.8 1.2

Bias Voltage (volt)

lIIuminated and dark current-density-voltage characteristics of annealed
cell 149-1, showing (al characteristics under simulated illuminalUion of
100 mW/cm', exhibiting an improved fill factor, and (bl dark
characteristics exhibiting sorne shunt current.
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Cei1149-2 ••
1-

J .. =26 rnNcm2
.. -

.'-
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FF =0.50 •l- i .
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Fig.7.16

0.001 OL-~0:'-2~-,J0.-4 ~0-'.e~-0.l..e~---'-~...J1.2

Bias Vo"age (va")

lIluminated llI1d dark current-density.voltage characteristics of annealed
cell 149-2, showing (a) characteristics under simulated illumination of 1()()
mW/cm', exhibiting a conversion .mciency of about 5.7%, and (b) dark
characterist!~s with an ideality factor slightly greater than 2.
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Ce1l125-3
1-

J", = 24 mNcm'
l -
iV.. = 0.42 volt
iFF =0.63 ,1

1- Et!. = 6.2% • -

)JArea = 5.3 mm'
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1 .
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0.001 0 0.2 0.4 0.6 0.8 1.2
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Fig.?I? llIuminated '1I1d dark current-density-voltage characteristics ofannealed
cell 125-3, showing <al characteristics under simulaled solar illumination
of 100 mW/cm', exhibiting a conversion efliciency of over 6%, and (hl
dark characteristics with a rectification ratio of about 3 orders of
magnitude,
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Commercial

J- CulnSe2 cei!

Joc =36 mA/cm2

li_v.. =0.48 volt 1
1

~
-

FF '" 0.68
El!. = 12%

Area =0.54 cm2 .'•., ....

Dark 1
1
i
1

l- r,
~

l1!uminated •

40
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Fig.7.18 l1Iuminaled and dark currenl-density-voltage characterislics of the
CulnSe,-based commercial cell CIS-4 showing <al characteristics under
simulated illumination of 100 mW/cm' •exhibiting a conversion efliciency
ofabout 12%. and (hl dark characterislics having an ideality factor of less
than 2.
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Plot of photoresponse against wavelength for the three annealed
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Plot of quantum efficiency agains! wavelength for the three annealed
Cul~Se,lCdO cells 149·1,149·2 and 125·3 and oneun·annealed ceIl125·1.
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Fig.7.21 Plot of t.1 against IIC, for annealed sample 149-2 with variaI ion of
(al monoehromator slit width and (b) 'incident wavelength. The IIC,
intereepts ofthe extrapolaled broken lines yield an estimate ofthe diffusion
length. The inset in bath figures shows the experimental points on a larger
IIC, seale.
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Fig.7.22 Plot of tll against Ile, for annealed sample 149-\ with variation of
(a) monochromator slit width and (b) incident wavelength. The broken
lines were extrapolated from the flrst 6 experimental points. The inset in
both figures shows the experimental points on a larger Ile, scale.
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Fig.7.23 Plot of toi against IIC, for annealed sample 125·3 with variation of
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Fig.7.24 Plot of dl against Ile, showing a comparison belWeen the experimental
points of annealed cell 149-2 with un-annealed cell 125-1 at (a) a
wavelength of 1.2 l'm, together with their dark j-V characteristics, and (b)
at wavelengths of 1.0 and 1.2 l'm. Note that no meaningful extrapolation
is possible for the experimental points of the un·annealed cell.
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4, which shows greater curvature of the line through the experimental
points at low reverse voltage.
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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 CulnSe1 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 t!lis work arranged in the form of claims to originality. Finally,

sorne 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 symhesis and growth of monocrystals of CuInSe2, was very

successful. The crystals were limited in size only by the dimensions of the 1uartz 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 fumace without ampoule rotation during

the growth. It is possible that even better crystais could be obtained, with no twinning for

example, with ampoule rotation and improved control of the temperature profile using
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multiple heaters. However, the existence oftwins, which in the present study were \ound to

occur only in the {112} planes. is not a serious c~stal defect. as far as device work is

concemed. This is because the {112} twin merely involves a 1800 (or 60 0) rotation about

an axis perpendicular to the {112} plane, 50 that lT"aI1sport properties shou1d not be atTected.

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 e1ements of copper, indium and selenium. The experiments carried out clearly

indicate that the action of the coating was not as a physical barder preventing the ingot from

making contact with the quartz ampoule, but that it perÎormed as a getter ahsorbing oxygcn

present in the nominally 99.999% pure copper pellets, thus preventing the undesirablc

adhesion of the ingol. üxygen was positively identified to be present in the copper in

experiments carried.out, using a mass spectrometer gas analyzer, on copper pellets heated

under continuous vacuum-pumping. The quartz itse1f, the selenium and the indium werc ail

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. ft is

important to point out here, that the BN acted as a more effective getter in removingthe
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oxygen from the copper pellets as opposed to heating under vacuum-purnping 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 !Tom the ampoule aCter

gro\\1h resulted in its break-up, with the consequent creation ofcracks and internai 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 CuinSez.

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

Vip [7.11], a1so eliminated the sticking but, as a coating, the graphite tended to !lake-offand

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 macroscopical/y, 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

~ot absorhed 10 any significant extent. However, ifthis element is shown to have a doping

l'ole in CuInSez, further testing is needed to deterrnine if traces of it are present in the

chalcopyrite. It should he mentioned that, the use of BN crucibles in the past has required the

éharge 10 he already pre-reacted, otherwise cracking of the crucible may occur, at leasl 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 tirst rcporled attempl lo

employ such a coating for the Bridgman growth of CulnSe, . This process has attmet,'d

interest from other laboratories. including the Center for Advanced Materials Processin\:

(CAMP) al Clarkson University. in Potsdam N.Y.. where a similar BN proccss \Vas

adopted for the Bridgman gro\\1h ofCdTe.

In the Bridgman-grown crystal:> of Parkes. Tomlinson and Hampshire [2.51. it "as

reporled that the [221] direction was nearly parallel to the growth direction. meaning

presumably the direction of the trave!. However. in the crystal:: gr,.wn in the present work.

the {l I2} cleavages were often obtained nearly parallel to the ingot axis and thus the 12211

direction for such cleavages would be generally perpendicular to the long ingot axis (or tmvcl

direction). However, since the angle between two {112} planes in the sanle crystal is 70.53".

a second {I I2} plane could be cleaved essentially perpendicular to the long axis of the ingut

and thus the growth direction of the present ingot, may not be too far of lrom a 12211

direction.

Non-uniformity of conductivity type was never a problem in this work. In rUIlS

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-typc

or p-type. In this region. the composition was always near to stoichiometry. despite strang

deviation from stoichiometry in the mel!. Thus. there was an automatic "se/f-currecfing"

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

non-stoichiometric. Hence. in the gradient freezing process, the excess clements were
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cantained in the remaining liquid and precipitated as binary campaunds or as the elements

only in the final zone of liquid to freeze at the end of the ingol. In this multi-phase region.

the following materials. besides the chalcopyrite. were identified: Cu7ln" Cu,In" Cl.\, ln.

Cu. Sc. CuSe and InSe. Present also were sorne ather apparent compounds. which were not

documented in the literature: these were Cu,in,. CuJn; and In,se, The last named compound

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

Il is interesting to note that the weil known compounds Cu,Se and ln, S~. which

oœur in thin film work. where the CulnSe, chalcopyrite phase fonnation was incomplete.

have never been observed in the multi-phase regions of Bridgman ingots grown l'rom non­

staichiometric melts. However. Matsushita. Jitsukawa and Takizawa [8.1] did observe In,Se;

at about 600 oC but not Cu,Se among other compounds. in heating the elements copper.

indium and selenium together to fonn CulnSe, at 1050 oc.

ln the single phase part of each ingot. the conductivity was p-type if the starting

proportions were stoichiometric or had an excess ofcopper 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 butthey do not rule out the presence of the sphalerite phase, which is reported to be

stable above 810 oc. This is because the X-l1'.y diffraction lines of the sphaierite phase dil'fer

l'rom those of the chalcopyrite only by the absence of the !ines (101), (103) and (105) 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 l'rom the mel!. Il is conscqucntly

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

In the temary diagram giving the compositions of crystals obtained l'rom non­

stoichiometric melts. the division œtween n-type and p-type material tumed out to b.:

remarkably simple, at least ifoxygen was removed !Tom the copper. Malerial \\ith morc lhan

about 26 % indium was n-type and with less than 25 % of this element. p-type, irrespcctivc

of the copper or selenium proportions. Bel\veen these two values. n- and p-type matcrial was

oblained but it should œ realized that the error in the EPMA-dclermined compositions could

readily account for this apparent mixed region. This simple demarcation on the composition

diagrarn , based on the present results and those ofNeumann and Tomlinson [2.29], is even

consistent with the apparently conflicting result that excess iniliai selenium or copper yields

p-type conductivity in the ingot and a deficiency of these elements. n-type. Thus, for

exarnple, keeping the CulIn ratio constant and varying the Se content alone can change 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 IWo bonafide cleavage planes were found, namely the

{ lOI} set and the {112} set. An apparent {II O} cleavage surface was also found but

microscopic exarnination showed it to consist ofsmall {112} planes in the form of triangular

parallel ridges. This cleavage character of CulnSe2 is probably the sarne for ail chalcopyrite

lattices and differs profoundly l'rom the dominant {II O} 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 CulnSe2 it takes more

energy to break these bonds for a {I 10} cut than for a {I 12} or {lOI} cuts. Further more,
'~

a particular {lOI} cut breaks halfthe number of the stronger Se-Cu bonds than a {112} cut.

which may be the reason for the dominant {lOI} cleavage. In any case, the clear {112} and

{lOI} cleavages enable devices to be made with precise crystallographically-oriented

substrates.

To test the device quality ofCulnSe2 monocrystais prepared in this work, preliminary

photovoltaic cells were fabricated with the basic structure of the form CulnSe2(P)/CdO(n),

where the CdO was deposited as a thin film on a cIeaved substrate of the chalcopyrite. Such

a structure was not that ofthe most efficient cells reported in the literature but made effective

use of the extensive experience in our laboratory with d.c. reactive sputtering ofCdO. Initial

cells gave a solar conversion efticiency of about 4 %, but if the CulnSe2 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 tirst

developed by L.S. Vip in our laboratory for a cell having the structure

CulnSe2(P)/CdS(n)/ZnO(n+), where the CulnSe2substrate was abrasively polished before the

annealing and CdS deposition. The fact that the annealing was also effective in the present

CulnSe,lCdO structures, where there was no abrasive polishing and no CdS interfaciallayer,

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 CulnSe2 surface and other

evidence (not given here) indicates that this may be due to a Joss of selenium from the
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surface layer of the substrate. The observed slight improvement in cel1 performance \Vith

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

CuInSe, 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 cel1s. the 6 % efficiency

was obtained without an anti-reflective coating and without an optimized current col1ecting

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 thcre

is a 23 % mismatch between the corresponding lattice parameters of CulnSe, and Cdü.

which according to conventional wisdom, should kill the illuminated short circuit current

through strong recombination at the metallurgicaI interface between the two layers. Even

more remarkabIe for the apparently large mismatch, is the fact that X-ray diffraction indicates

that sorne of the Cdü grains appear to be partially oriented with their (III) planes paral1el

to the cleaved (I 12) surface of the CuInSe2 substrate. Added to this is the result that sorne

photovoltaic behaviour remained, even after the Cdü was removed, suggesting that the rcal

photovoItaic action was located not at the CuInSe/Cdü interface but perhaps in a region

lying deeper within the substrate it self.

The photocurrent-capacitance method, applied to the CuInSe/Cdü cel1s with

annealed substrates, gave an estimate ofabout 3 micrometers for the elet:tron diffusion length

in the monocrystalline material, assuming a relative dielectric constant of 10. This was more

than twice the value estimated for a Siemens So/ar Industries cell with a reported efficiency
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of sorne 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 Cu1nSe2• 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 CulnSe2 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 onlyprincipal cleavage planes in CuInSe2 were the {lOI} and {112},

and that the {II O} macroscopic cleavage consisted of {112} microcleavages,
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(5) showed that twinning in CulnSe, crystals only occurred along {112} planes.

(6) showed that, in single phase material. the conductivity type was detemlÎned only bl'

whether the indium content was greater or less than about 25 %. therebl' explaining

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

(7) demonstrated that effective photovoltaic substrates can be successfully fabricaled

with cleaved monocrystalline substrates.

(8) demonstrated, in a CulnSe,lCdü cell, that a large lattice mismatch between subslrale

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

performance.

(9) demonstrated that the nondestructive photocurrent-capacitance method is a useful,

technique for estimating the minority carrier diffusion length in a CulnSe,lCdü cciI.

Finally, il mal' be said that, the results of this work will enable single cryslals of

CuInSe, to be available free of microcracks and voids and of uniform conductivity lype, 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) the top zone temperature ofthe furnace should be reduced, during the crystal gl'Owth.

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

(2) 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.

(3) lower cooling rates should be used to minimize defects in the ingol.

(4) higher temperature gradients should employed by narrowing down the thickness of

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

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

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

chalcopyrite such as CuAlSe2•
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(7) rotation should be incorporated in the crystal growth procedure.

If financial resources pennit. a new Bridgman furnace should be acquircd which will

enable a more suitable temperature profile to be obtained - that is an upper zonc 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 rnethod has the great advantage ofavoiding nucleation from the crucible

side wall. However, extensive resources would be needed for such work.
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APPENDIX A.t

POWDER DlFFRo\CnON DATA OF CuloSe,

Powder diffraction reflections for the chalcopyrite structure of CulnSe, reproduced
from the JCPDS data 1. sho....ing the relative inlensilies from the dilTerenl reflecling planes
along mth their d-spacing and corresponding Bragg angle.

No. d.spaeing (À) InlensityW.) { h kil 26

1 5.1700 3 1 0 1 17.137
2 3.3510 100 1 1 2 26.579
3 3.2200 4 1 0 3 27.681
4 2.8940 1 200 30.873
5 2.5280 7 211 35.481
6 2.1540 2 1 0 5 41.907
7 2.0510 41 204 44.119
8 2.0460 51 220 44.233
9 1.9030 3 3 0 1 47.755
10 1.7500 9 1 1 6 52.230
Il 1.7450 25 3 1 2 52.391
12 1.4820 3 305 62.634
13 1.4520 1 008 64.080
14 1.4460 6 4 0 0 64.378
15 1.3940 1 2 1 7 67.089
16 1.3300 6 3 1 6 70.785
17 1.3270 4 3 3 2 70.969
18 1.3200 2 325 71.403
19 1.2010 1 415 79.790
20 1.1840 3 2 2 8 81.172
21 1.1820 10 424 81.338
22 1.1520 1 5 0 1 83.928
23 1.1180 1 1 1 10 87.102
24 1.1150 2 336 87.395
25 1.1130 4 512 87.592
26 1.0690 1 4 1 7 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 3 1 10 103.497
31 0.9789 3 5 1 6 103.794
32 0.9770 1 532 104.079
33 0.9482 1 6 1 1 108.658
34 0.9184 1 2 012 114.015
35 0.9145 3 604 114.771
36 0.8845 1 3 3 10 121.124
37 0.8828 1 5 3 6 12l.S16
38 0.8815 1 3 2 Il 121.818
39 0.8416 1 5 4 5 132.491
40 0.8363 1 448 134.169
41 0.8255 1 5 2 9 137.856
42 0.8132 1 1 1 14 142.612
43 0.8115 2 5 1 10 143.328
44 0.8093 1 7 1 2 144.280

CuKa fldillion, Â=l.S40598 A, lCPDS file No. 40-1487.
Rer: D. Suri el al. 1. Appl. Crysrallogr.• U. 578 (1989).
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APPENDIX A.2

ORIENTATION OF CdO ON {l12}-CLEAVED CulnSez SUBSTRATES

X-ray diffi'action scans taken on the Cdü layer as deposited onto (a) CulnS~ single crystal c1eaved along the {112} plane and (b)
onto a glass substrate. The scan in (a) shows a strong {112} CulnSe, reflection as weil as a prominent {III} reflection from Cdü layer.
The absence. in this scan. of {200}. {220} and {311} Cdü reflections. present in the scan of the polycrystalline Cdü film shown in (b).
indicates a preferred orientation of the Cdü layer in the <III> (cubic) due to the (112}-cleaved CuInS~ substrate. This is despite a large
lattice mismatch. ofsorne 23 %. between the Cdü 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
bas been used by Smith and Abbot [A.I] in GaP cel1s, by Yong and Rowland [A.2] and by
Dorantes-Davila, Lastras-Martinez and Raccah [A.3] in GaAs cel1s. It has also been used in
semiconductor-electrolyte cel1s by Tyagai for CdS [A.4] and by Lastras-Martinez el al for
CdTe [A.5].

The basis of the method is as fol1ows. Consider a reverse bias applied to a metal p­
type semiconductor junction, where the metal is a film thin enough to transmit light through
il. Suppose this cel1 is illuminatel ···,ith monochromatic light, such that 4'pW« l, where 4'p

is the optical absorption coefficient of the semiconductor, a condition corresponding to light
penetrating wel1 heyond the width of the depletion layer W. In this case, the photocurrent.
1ph ,can be shown to be given by:

(A.I)

where L. is the diffusion length of the electrons in the polype semiconductor and K, is a
coefficient independent of applied bias. An ideal cel1 may he considered to he a current
generator, giving the photocurrent 1ph' in parallel with a diode, carrying a current 1 0"01,, If
an extemal reverse bias VR is applied to the device under illumination, the net current 1J. is:

_qV.

IL=lph -IDi"",=lph-lo(e kT -1),

which becomes, if VR » kT/q,

Here, k is Plank's constant, T is absolute temperature and q is the electronic charge. In
darkness, 1ph is zero, so that the dark current ID is just ID =10 • Hence, the illuminated-to­
dark current change 1!J.1 is:

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

(A.2)
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Now the capacitance of the Schottky junction is given by CI = IE.IE, A/W, where lE,

is the relative dielectric constant of the serniconductor, lE. is the perrnittivity ofa vacuum and
A is the area of the junction. Substitution for W into equation (A.2) yields:

(A3)

From equati.on (A.3), it is seen that a plot of /1I against I1C)' as the reverse bias is
varied, should yield a straight line, with an extrapolated intercept on the I1~ axis
of -L)( IE.E,A). From this, the diffusion length Ln can he deterrnined. Linearity would not be
expected at low reverse and at forward bias because ofviolation ofthe inequality VR » kTlq
and the deviation from depletion approximation and ideal diode behaviour.

Apart from the application ofthis method to Schottky junctions, it can a1so he applied
to pn+ homojunctions and heterojunctions. Here, one must consider collection of
photogenerated carriers, not only in the depletion region and the polype semiconductor but
also in the n-type region close to the junction. However, ifthis 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.I] K.L. Smith and M. Abbot. SoUd State E/ectronics, 15, 361 (1972).
[A.2] M.L. Young and M.C. Rowland. Phys. Status SoUdi A, 16, 603 (1973).
[A.3] J. Dorantes-Davila, A Lastras-Martinez and P.M. Raccah. App/. Phys. Leu., 38, 442

(1981).
[A4] VA Tyagai. Soviet Phys. SoUd State, 6, 1260 (1964). Translated from Fizika

Tverdogo Te/a, 6, No. 6,1602 (1984).
[A.5] A. Lastras-Martinez, P.M. Raccah and R. Triboulet. App/. Phys. Leu., 36, 469

(1980).
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APPENDIX A.4

RESULTS OF EARLY CuIDS~/CdS/CdO CELLS

Characteristics of early Cdû/CdS/CuInSez . [7.8] measured onder elevated
illumination levels above 150 mW/cmz, where the CdS was deposited by a dip coating
method and the Cdû by d.c. reactive sputtering. The measurements were taken on freshly
made cells, where no annealing was carried out.

Culn..Cie1 CdS Ilyrr CelO layer lIIuminatftl chandtrislks

con Crystallographic T!lick. Thick. Inlerra-ence Area j. v. FF Emcieney
No. plant (~m) (~m) order, colour ~mmt) (mA/cm!) (vott) (11) )

116-1 (\01) 0.10 0.37 3rd rcd 12.5 4.5 0.30 ·
9Z·1 (\12) O.:~ 0.17 3rd red 6.3 IZJI 0.35 · .
95·5 (\01) 0.10 0.43 4th green 6.7 ZU 0.41 .
9504 (\01) 0.10 0.6Z 51h rod 6.9 45.2 0.37 0.3 5.1

8.1-1 OIZI IUZ 0.75 lllh ml 7.0 ....7 0.41 0.5 K.5

63·1 (IIZ) 0.24 0.87 71h rod 12.5 11.8 0.33 ·
6J-Z 11lZ) 0.20 0.64 6th crMI 7.3 010.2 0.37 0.3 4.1

95·3 (01) 0.10 0.75 6th rfd 6.7 46.11 0.37 004 6.J

96-1 (\01) 0.10 0.75 61h red K.O 30.0 0.35 · .
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