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Stuàies bave been .. de on'grovth char.ct.risties of 

chalcopyrite CuInSe. aemiconductor using horizontal and/or 

vertical Bridgman and Stockbarger methods. The grovth 

procedure a~he essential stepa requir~d to optimize the 

grovth condiJio~s and to overcome the grovth difficultie. 

vere establish.d. A co~rison of the re.ults obtained 

uaing the improved conditions revealed that large 

.onocrystals of CulnSe z vith better quality could be 

obtained using the vertical Stockbarger method. 

The results of structure analysis (cell di .. nsi~ns, 

lattice type and symmetry) for CuInSe z based on single 

crystal ,x-ray .ethoda , for the firet tille, vere obtainect 

in the present study. Such data vere also obtain.d for 

CulnTe.. Povder diffractIon pattern of CuInSe. has been 

co.puted from the single crystal aata and va. found to be 

in go~ agree .. nt vith the experimental diffraction 

results. Coapositional uniformity of the ingots vaa a1.0 

examined by e1ectron microprobe analysis. 

AlI al-grovn samples vere p-type as determined by Hall 

. effect meaeurements, vith a typical effective carrier 

concentration of 10 1 '/cm' and Hall mobility upto 68 

cmllVsec at room temperature. The electrical properties of 

the monocrystalline CuInSe. samples after annealing in 

vacuum and after e.trinsic doping by Bi and Te diffusion 
f 

vere investigated. Studies vere also made on sample. 
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tre.ted in Se a~lIO.pbere. lt vas found tut p-type "alple. 

vere readily converted into n-type under .ini.~ Se vapor 

pressure vith a carrier concentration of about lOl'/ceS and 

e .. xi.ua roo. teaperature Hall mobillty of about 1050 

cm11V.ec. Tbe Hall mobility values for both p- and ~-type 
() . 

• amples obtained in the present vort are larget then thoae 

reported in the literature. Photocondyctivlty meâlur ... ntl 

for the. firlt time on p-type 

monocryltalline CulnSe s Tbe variation :of 

photoconductivity vith 'vavelength and intenait! .aa alao 

inve.tigated. 1 t va a f o uneS 
1 

tbat the photoconeSuctivity 

magnitude incree.ed after deep surface 
1 

etching tr •• t"ntl 

vhieh appeared to lover the surface recoabination velocity. 
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Des trayaui ont 't' faits lur.le. caractéti.tique. de 

la croissance du ... i-conducteur chalcopyrite ·CulnSe., 

utilisant les méthodes de Bridgaan et Stoebarger 
r , 

horizontales et/ou Yertlcal~s. Les conditions de crois.ance 

et les étapes essentielles 'pour sur~ont.r les probl .... de 

crois .. nce ont été établi ••• One comparaison avec lei 

résultats obtenus , utilisant les conditions opti .. l •• ,. 

révélé que de gros-~no-cry.taUi de ~ulnS.J de qualité 

sup6rieure pouvaient Itre obtenus utili .. nt 'la "thode de 

Stoc:kbarger verticale. " 

~.s ré.ultats de l'analf'. structuraleCdl.enlion de. 

· cellule., type de lattiee s""trie et intensit'.) du 
, 

CUlnSe~, basé. .ur' le.,) lIéthodes à rayonl Z pour de. 

lIono-crystaux ont été obtenus pour la pre.ière foil par ce 

. travail. De tell rélultats ont été aussi produits pour le 

CuInTe,.LeI patrons de diffraction de poudre de CulnSe. ont, 

été calculè. se basant sur des données mono-crystalline. et 

ont été cOllparéa avec succés'aux résultats expérimentaux de 

diffrac~ions. L'analyse de l'uniformité de la c~mposition a 

'té effectuée Iyec une micro-probe électronique. 

Tous les échantillons obtenus étaient de type p, tel 

que déterminé par des mesures d'effet Hall avec 

concentration effective de porteurs de lOl'/cm' et une 

mobilité Hall de 68 cm 2y- 1 sec- 1 à la température du 

laboratoire. Les propriétés électriques des échantillous 
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aono-crystall~~s ae'CuInSei, après t,cuit sous vide et 
" , 

---""-'--..ap,ré., dopage, .~trinsique per diffusion de aioute, ont été 

étudiés. 
~ 

Sn plu.. des, travaux ont· été effectvés sur' de. () 

échantillons traités sous atmosphire de Se. Il a été 

déltOntré que les ~chantillons de type ~ '~aient convertis 

en type n avec une pre.sion de vapeur aini .. l. de Se et une 

concentration de ,porteurs d'approai .. tiv ... nt lOlt/cm' avec 

une aobiliti Hail à teapér::at·ure du labOrat~ire dé 1050 

ca' v- 1s.c:-'1 LeI vat.url de mobilités Hall obtenue,_ pour des 
~, , ' 

, ' 

échantillons ttpé p ou n, se lont av'r'.~ s~~ieur'l • ce 

qui· .'It rapporté dans ia littérature. Dès, ... ure. de' 
, '. 

photoconductivité ont été faites à 77· K pour la pre.iir. 

foi •• ur des ~no-èr1.t.us de CuInSea type-p. La variation 
• " l 

" •• ~' para.tr,es ae photocondUc:tivité, '. aif,f'rente. 
, 

10ngU4lur. d'ond et intensité.". ét' obt.nue. Il a "t' 

trouvé' que Itaaplitudé de, la pbotoçonduetivit' etait 

augaent'. par l'érosion en profondeur de 1. surfaoe, ce quiu 
, 

...blait di.inuer la vit~ •• e de' recoabin •• ion de aurface • 
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CHAPI'IIR 1 

IftlODUC1'ICIf 

Ternary chalcopyrite semiconductor compounds of the 

type A 1 BIll C2 VI have been shown to be suited for a 

variety of opto-electronic applications ranging from light 

detecting and emitting devices to tunable radiation and 

solar cells. Because of these potential applications, the 

materials have attracted many researchers. During the last 

decade, a series of international conferences on the 

ternary compounds has been held. 

Among the ternary compounds studied, the semiconductor 

CulnSe 2 has received a considerable attention because of 

its exceptional opto-electronic properties [1.1-1.5}. The 

energy gap of this material is about 1 eV at room 

temperature, with direct band gap type [1.6, 1.7]. T~ 

band gap value of 1 eV is close to the optimum value 

required for photovoltaic applications [1.8, 1.9]. This 
• 

material a1so has extremely high optical absorption 

coefficients (of about 4xlO! C~l [1.10, 1.11) for photons 

with energy aaava the band gap. Therefore CuInSe 2 is an 

excellent absorber for solar cell applications. In 1975 a 

monocrystalline cell in the form CuInSe a (p)/CdS (n) with 

an energy conversion efficiency of 12' has been fabricated 

by Shay et al [1.12). The lattice misllâtch betveen Cul nSe 2 

and CdS (or Cd(zn)S) vas found to he small, minimizing 

interfacia1 states [1.13]. Recently, CuInSea thin fil. 

1 
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solar cells vith an efficiency greater than 10% have been 

reported [1.14, 1.15] using a three source evaporat ion 

technique. These thin film cells have been demonstrated to 

have a good lifetime stability. Because of these 

characteristics, CulnSe 2 has heen considered te be one of 

the most promising candidates for terrestral solar cell 

application. 

There are many 

done in order to 

research experiments reQuired to be 

determine and te' control the' 

opto-electronic properties of CulnSe, for high efficiency 

solar cell or device applications. For these experiments, 

large and good quality monocrystalline-samples are needed. 

Since the previous vork on CuInSe a crystal grovth bas not 

heen very extensive, therefore a crystal grovth program va. 

initiated in the present vork u8ing the Bridgaan and the 

Stockbarger methods. The main objectives of the gro.th 

experiments vere to investigate the grovth propertiea of 

CuInSe a and to prepare large void- and crack-free cryatala 

for opto-electronic property mea.ure .. nts and for device 

fabrication. 

Since the vork on crystal structure and par ... ter 

determinations of CuInSe a reported in the literatue ha. 

heen very limited, therefore x-ray diffraction experi .. nt. 

vere also performed in the present wort. The •• vere done on 

both single cry~tal and povdered aa.ples obtained froa the 

grovn ingots. Crystal structure and lattice perameters of 

crystalHne CulnSe a and CulnTe! vere deterained frOll the 

2 

.. 



( 

( 

..1 

x-ray experiments. 

Information on the effect of doping and annealing 

(vhich bas not been "ell knovn for CuInSe2) i8 very 

,important for CulnSe a in device application. Accordingly, 

annealing and diffusion experiments "ere performed on 

monocrystall ine CulnSe a samples. 'l'he se "ere done 

specifically to d~~ermine the effect . of annealing under 

maximwn and minimum selenium vapor pressure. Extrinsic 

doping experiments vere a1so carried out in an environment 

containing tellurium or bismuth vapor. Room temperature 

electricel properties of the treated samples vere then 

determined and compared vith those obtained from the 

as-grown samples. 

The measurements of photoconductivity 
, 

on 

monocrystalline p-type CulnSe 2 sa.ples "ere .. de for the 

first time at liquid nitrogen temperature for wavelengths 

in the optically sensitive region. An investigatioQ wa. 

a180 made to evaluate the influence of .urface tre.t .. nt 

and light intenaity. The photocon4uctivity resuit. 

obtained confirmed the energy gap value of CutnS., reported 

in the literature. 

The structure of the th.sis is a. folIo... A brief 

histori~al survey is fir.t given in cbapter 2. Chapter 3 

then describes the apparatul and the growth procedure. 

"hile the crystal gro"th results are 91ven in cbapter t. In 

cbapter 5, results on the structure anal,ais and the a-ra, 

diffraction data from tioth single crystal and po-dered 

3 
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sat'les are presented and discussed. Room temperature 

el ctrical properties and the anneeling / diffusion eft,cts 
'1 .. 

o. the semples are presented in chapter 6, folloved'by the 

photoconductivity results at 77°K. Finally, conclusions 

about the results obteined in the present york are 

summarized in chapter 7. 

• 
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2.1 Introduction 

CHAPl'D 2 

HII'l'ORICAL SOJtV&I 

In this chapter a brief historical survey of work done, 

on CulnSe a semiconducting compou~d i5 presented. Previous 

vork on crystalline ingot preparation and crystal structure 

determination is first described. Work on the 

opto-electronic properties of CulnSèa is' then brie,fly 

reviewed. The total number of papers publish~d i~ the la'st 
IJ " l) 

tbree decades on this co.pound material is finally giveq,'1 

2.2 Cr~stal Growth 

Altbougb many pepers on the compound CulnSea have bean 

publisbed in the last decadel, bovever, it appears tbat 

vork on crystal growth to prepare CulnSe a ha. not bean 

very extensive.' Ternary compounds of tbe A 1 8 III Ca VI 

type (A -Cu, Ag, B -Al, Ge, In; è -S, Se, Te) have firlt 

been Iyntbeliaed by Hahn et at (2.1] in 1953. Later in 

1956, Austin et al (2.2) reported gro.tb reaultl of CulnSea 

using a directional solidification and zone melting metbod 

vith quartz a.pouleaJ ~he grovn ingots vere polycrystalline 
... '..-"'\.'- vJ , 

and ~ontained cracks. Several otber ternary coapounds vere 

alao reported in tbe.... paper. In 1966, Lerner (2.3] 

reported grovth experi .. nts of CuGaSe a and AglnSe, 

e.ploying tbe zone levelin9 technique uling carbOn-coated 

,.-poul.a. Ca.pounds of CuAlSe. and CullS. vere grovn by 

5 
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HoneYllan [2.4] in 1969., employing chemical vapor depositiort 

\s1ng iodine as the transport element. Kasper [2.5} 

)

repared CulnS:a , CuGaSt and AgGaS:a compounds by using tbe' 

directional solidification ·with Si0 2 boats. A" more 

extensive growth st~dy vas reported in 1973 by Parkes et al 

[2.6] who prepared crystalline CulnSe:a samples also by the 

zone leveling technique. The as-grown samples were found to 

he n-type and vere converted to p-type by annea1ing in an 

envi ronment conta,ining Se vapor. Recently,' Haupt and Mes$ 

[2.7], ,Davis et al [2.8], Tomlinson [2.9] and Haworth et al 
" 

[2.101 have also contributed on these ternary compounds 

including CuI.nSe:a and various techniques have been us~d to 

'" prepare CulnSe:a thin films [2.11-2.161. 
11 11 ' 

'J 

palatnHt et: al, '[ 2 .. 17] determined the pseudo binary 

,," phaae diagra~ "of"th'. ~Dmpo~nd~ ,ith r'eference to the binary 
Il " jj (l l' Il 

" compounds 1. 2 Ill, t vI",.'and 'B j ~,I l" C,i ",~'l ,nd, di.cussed in 

detail the" SOli~'" s'~a~e" Pha~e ' tr~n.f~'rma~iOh ot "the 
'il '" • Il Il'1< 1 

-materials. lt has been Sh~vl'l tbat""there i~' a ran'ge 'of .o,~id 
Il ' 'III JI" Il II/il " 

lolubility close to stoichio.etriç ,~OJDpoIUtion fo,F" thi. 
Il "11 1 Il' 

type of structure. Il " 

JI 

In th,e, present work, a series of crystal 
, fr 

grDwth 
1. l, 

" e.periment'a 'was made to investigate the gro.th propertie. 
, " 

of Cul nSe, , 1 using two growth methods in two growth ayste.. " 

[2.18). The'se e.periments were made in order to obtain the 
" fi 

optimwn"growth proeesses to provide monocrY8ta11ine sample. 
" 

for el'~ctrieal, optieàl, atrueture analYlis and device 

fabri,c'ation experiments. 

" , 
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2. 3 Cry~tal St·ructure 

Tbe ternary compound CulnSea v.. among the twenty 

compounds studied by Hahn et al (2.1) in 1953 using x-ray 

ptvder diffraction technique. • Crystal data of CulnSe a 

semiconductor vas ~riefly reported and vas foun~ to have a 

chalcopyrite 'structure with (81) international space group 

notation of li2d. The conventional unit cell of the 

chalcopyrite A 1 ~ Il,1 Ca' VI compounds can be regarded as a 

zinc-blende type one doubled in height. A prototype form of 

the chalcopyrite compounds vas considered to be the mineraI 

copper iron disu)phur. As shown in Fig. 2.1, each A- and 
t !>" 

B- atom is tetrahedrally coordinated to four c- atoms, 

while e_ch c- atom ls tetrahedrally coordinated to tvo A

and tvo B- atoms in an order manner. Povder x-ray data of 

CulnSe z vaS also reported br Parkes et al [2.19J. Valuel of 

the cell constants (a and c) of the compound vere 

determined from the povder z-ray data. Kazmerski et al 

[2.20} alao reported the" calculated and the experimental 

povaer diffraction reluits of thin film sa.ples. 

It appeara that the above-described peperl are the 

only reported work in the literature [2.21, 2.22) on 

CUlnSe z ' crystal st~cture determination. Tberefore, 

CulnS~s samples in monocrystalline form vere studied in the 

present york using Buerger precession and weilsenberg 

methods (to be described in chapter 5). Thil independent 

experiment was done to conf irm the lpece group and to. 

obtain more precise lattice para ... ter values for the 

7 
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crYBtalline semiconductor CulnSe a (and CulnTe a ). Re.ults, on 

grovth plane and solidification direction determination 

will be given [2.23]. Diffraction results obtained from 

different lattice <1 planes of monocrysta1lirie samples uBecf 

for structure analysis vill be presented. Povder 

diffraction patterns vere ,a1so obtained for samples 

prepared from monocrystalline ingots and compered vith the 

calculated ones obtained in the present work. 

2.' Opto-elect~onic Properties 

Electrical and optical propertie. of the ternary 

compounds of the form A 1 B JII Ca .1 have heen reportea 

[2.2&-2.27}. In 1972, Tell ~t al [2.29) reported the roo. 
. 

·te.perature electrical properties of ten A 1 B III Ca VI 

type (A -Cu, AgI B -Al, Ga, In, C -S, Se) compoundB, and it 

ha. bee~~nd that aIl of the.e co.pound., includin9 

CuInSea , have direct ~nd gap •• They al.o reported that 

bath p- and n-type CutnSea can be .. 4e under a condition 

with maximum and mini.ua Se vapor pre •• ure. In 1973, 

Parkes et al (2.6, 2.29) al.o report.a the conductivity 
;li 

type change under si.ilar conditions. More cletailed,' 

electrical mea.ure.\nt. vere report.d by Neuaann et al i~ 

1978 {2.30] and Irie et al in 1979 [2.31]. rra. 

temperature dependenc. me •• urement., the, report.a 

possible Bcattering mechani •••• 

Photoconductivity of CulnSea wa. fir.t reported 

Ihuae et al [2.32] uBing polycry.talline ..-.pl ••• 
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photoconductlve ... i~tim wa. found to locate at a wevelength 
'J No"; , 
of about, l ~!J' l'II. Phot'oeonduct'i vi ty ezper i~nts ~ere alao 

, .-
_de b~' Abdinov., .~d ~~dov '[2.331 on n-type CuInSe. 

samples et ~llper.t>uteB below 260 oK. ..
ê 

Beceuae the reported vork in the 'literature on the 

,elec~rical properties of CulnSe u especially the effect of 

annealing and doping, has not been 

th,refore BlDre .. 
requir-ed [2.341. 

studies on CulnSe, 

Homodiodes of these ternery 

very eltensive, 

semiconductor ere 

fabricated employing dit.ferent methods. The diodes were 

'fabricated by diffus,ion of Cu [2.36), Cd [2~37J and In

[2 ... 6) into p-CulnSe p Such diodel were allo ~repared bj' 

implantation of Zn, Cl and Br [2.38]. Recently, In-diffuled 

CulnSe, homojunctions were also inveatigated al a funetion 

of electrical and photovoltaic propertiel [2.39}. 

2.5 Swmnary 

As a su.mary, resultl of the lit.rature ••• rch on 

CulnSe, obtained using a computer data-baie and fre. a 

previoua compilation ~.ported by Draper and Miller [2.35) 

are pr.sented. Pige 2.'2 show. the, total naber of papers 

published on eulnS •••• cb y.ar tNa.ed on the abov.-Mntion.d 

two sources. lt is seen that tb.re is a conliderable 

iner.a.e from .arly 1970'1. A Ili.ilar tena.ncy i. allo 
, 

.bown in rig. 2.3 whicb Ihows th. total nuaber of paper. 

published .ach y.ar on crYltal growth, .lectrical, optical 

9 . 
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PRBPARATION AllI) GROWTH OP CRYSTALLID CuInSe. AIID CulnTe. 

3.1 Introduction 

Large good quality crystalline CulnSe 2 /CuInTe a ingots 

are required for reliable measurements of the electrical 

and optical properties of these materials. Large samples 

are also needed for substrates in fabrication of devices 

such as solar cells or detectors. In order to prepare these 

samples, different crystal growth methods were employed in 

the present work. In this chapter, information on crystal 

growth procedure and growth system are briefly described. 
,f 

Phase diagram of the CulnSe a and CulnTe a systems are first 

given in sectipn 3.2. In section 3.3, two crystal growth 

systems used in the experiments are described, one for 

,vertical growth and Ufte other for horizont~l grovth. These 

systems have been prepared and used in growth experiment, 

for comparison of the results. Crystal grovth methods are 

then briefly described in section 3.4. The growth procedure 

is finally given in sect;on 3.5. 

-"--(t 
3.2 Phase Dia9ram and Phase Transition 

The phase relations in the systems CuaC-InaC a (C-Se, 
-" 

Te) vere first iftvestigated and established by Palatnik and 

Rogacheva [2.17] in 1967 from various methods for 

14 
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physicochemical analysis, such as thermographic, X-ray 

di ft ract ion, microstructure and microhardness methods. 
. 

Later in 1973, Parkes et al. [2.6] reported and confirmed 

the essential features of the CulnSe:z phase diagram. The 

pseudo binary phase dia~ram of CulnSe:z and CulnTe 2 with 

reference to the binary compounds Cu 2 C and In 2 C, are shown 

in Fig. 3.1. The melting point is about 986 DC [2.17, 3.1} 

for CulnSe 2 and is 785 DC [2.17, 3.1} for CulnTe 2 • There 

are two solid state phase transition temperatures, as shown 

in Table 3.1, T prlt~land T ordrlng ,for each compound 

material. Because of these, the cooling rate after the 

crystal growth must be slow to al10w for an appropriate 

phase transformation. 

Table 3.1 Phase Transition Temperature measured by 

DifferentiaI Thermal Analysis. 

Compound 

CulnSe 

CulnTe 

986 

987 

789 

785+2 

* Non-stoichiometric 

T (prite) T (ordring) Ref. 
(OC) (OC) 

665 

349* 

810 

810 

[2.17] 

[3.1] 

672 [2.17) 

665+2 [3.1] 

These pseudo binary phase diagrams show that CuInC a 

(C-Se, Te) compounds are associated with a range of solid 

solubility çlose to 50 mole' of In.C,. The homogeneity 

15 
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region is near to the solidus line and vith about 2.5 mole 

'of excess In 2 Se, and 3.5 mole' of excess In 2Te, for 

CulnSe 2 and CulnTe 2 compounds respectively [2.17]. 

3.3 Melt Grovth Systems 

Tvo experimental melt gro_th systems vere designed and 

constructed in the present work. One system was constructed 

for horizontal growth and the other for vertical grovth . 
• 

Fig. 3.2(a) shows a block· diagram of the horizontal growth 

system vhich consists of a resistively-heated furnace 

(Thermco Mini-Brute model NB 71 vith vater cooling) vith a 

three-action temperature controller, an ampoule driving 

unit and a temperature control unit. The driving unit is 

used to drive the· ampoule in or out of the furnace at a 

rate bet_een 0.2 and 3.4 cmlhr and the temperature control 

unit is dsed to increase/decrease the furnace temperature 

at a rate betveen land 80 oC /br. For the initial loading 

of the ampoule, a high speed gear hal been added to the 

drive unit for an efficient operation. 

A block diagram of the grôvtn system designed and 

constructed for the vertical gro_th is shovn in Pige 

3.2(b). This system consists of a transformer, an S.C.R. 

power unit ( LZF2 model, Helmer Electronics, 
1 

Inc ), a 

digital temperature controller (Leeds and Northrup Ltd., 

Electromax v Microprocessor mode l 6001), a remote 

temperature control unit, a resistivell'-heated furnace and 

16 
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a drive unit. The remote te.perature control unit provides 

a stable increase/decrease rate of the temperature setting 

ot the turnace. The performance requirement for this unit 

is a linear and continuous variation of temperatur. with 
il 

respect to time. The driving unit consists of three 

different dc geared motors to provide three different speed 

ranges. The combined speed range is from 0.05 to 2 cm/hr. 

Apart from the ampoule traveling speed, the 

temperature gradient is one of the most important 

parameters for crystal gro"th. The actual' temperature in 

the furnaces has been measured for the two systems. The 

measurements were done using a type ~ thermocouple (Therao 

Electric Ltd.). Fig. 3.3 shows the measured te.perature, 

T, plotted against the distance x (measured from the front 

end of the furnace, see Fig. 3.5). It is seen from thi. 

figure that the temperature gradient of the vertical 

turnace is greater than that for the horizontal one. 

3.4 Methods of êrystal Growth 

In order to minimize thermal decomposition and 

oxidation at an elevated teaperature, it is required to 

grow CuInSe. or CulnTe a ingots in a closed tube syste •• In 

the present work,. both the Bridgman and the Stockbarge~ 

method' were used. These two methods were employed in bath 

the horizontal and the vertical systems. For the Bridgman 

growth, where the ampoule was moving out of the furnace 

17 
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during the process, the temperatur.e distribution of the 

furnacè "as kept uncnanged. For the directional freezing 

growth, the a.poule w.s kept stationary while the furnaae 

te.perature was lowered gradual1y during the growth. These 

two methods vere found to be useful for the present, 

compound material preparation. 

In crYll'tal growth experillents from a aae1t, it is 

important to ~intain a stable solid-liquid interface. The 

stable interface can he obtained by" a large furnace 

temperature gradient. If the gradient near the solid-liquid 

interface ia less then the liquidus temperature gradient 
. 

then there is a super-cooled liqui~ zone near the interface 
" . 

(arising froll a les5 than unit y solute distribution 

coefficient, see Fig. 3.6). Randoll nueleation of the 

material will take place at this unstable interface to 

result in a polycrystalline ingot. This effect has heen 

studied by Tiller et al. [3.2] and the required condition 

for a stable interface ( Le. without supercooling) is, ' 

V G D l 
< 

G L m(C • - C l 

where V G is the gro"th rate, G L is the ,teaperature 

gradient in the liqui~ at the interface, D l i. the solute 

diffusion coefficient in the liquid, Il is the .lope of 

liquidus in the phase ~iagra., C • and Clare the ~olute 

concentration in the .oli~ and the liquid respective1}. 
" 

• .low 

ln the 

Froll,this reiation, it is required to bave eitber 

groitb" rate or a large teolperature gradient. 

/~' 18 
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present experiments, the maximum temperature gra~ient 
o 

aehievable in the system is about '0 ·C/cm. This gradient 

value va. considerad to be large enough for crystal grovth 

at a rate of about 1 cm/hr. 

3.5 Grovth Procedure 

3.5.1 Ampoule preparation 

Quartz tubes (one end .ealed) vith an I.D. of 1.0 cm 

and an O.D. of 1.3 em were used to prepare ampoules for the 

crystal grovth experiment •• The inner surface of the tube. 

va. first ground using alumina po.der solution (diamater '0 

~) by a quartz grinding rad (dia.eter 6 .. ,. The grinding 

rod .as attached to an ae .etor and rotated at 173 rpm. The 

ground tube .as va shed u.ing D.I. .ater end cleaned in a 

ultra.onie c1.ening .bath (D.I. .eter) for fe. minutes. 
o 

After theae, the tube w.a i ... rsed in a el.en.er solution 

for degre •• ing and then rinaed thorougbly vith D.I •• ater. 

The tube wa. then i ... raed in a aeturated solution of ~OH . . 
, 

in alcohol for 24 houra to remove orgente iapurities and 

follo •• d by a mixture of Hel and HNO, (3,1 b7 volume) for 

2. bours to r .. ove inorganic i.puriti.a. After th. cheaical 

cl •• ning the tube .a •••• h.d tboroughly with D.I ••• ter end 

then evacuated using a diffusion puap unit. The evacuatea 

tube ••• then inaerted into a furnace at a t.~ratur.·of 
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" .. abeut 800 oC. Thi. baking treatment wa. carried out for a 

'. " " ~rlod of at le.st 5 hours. After the baking, the tube wa. 

" wi'thdrawn from the furnace and 8lowly cooled down. Pig. 
I! Il • 

Il 

3.7 sho1ls" ail ph~tCl)g,raph ~f , quartz ampoule under evacuation 
" Il 

during the ba~~,n~ pr9Ce88. " ," 
Il 01 

High purity Cu, l'n," Se and 'Te (nominal purity 69's, 
" 

69'8, 59's and 69's respectively) were weighed to a 
Il 

" .toichiometric ratio for both CulnSe , /CulnTe 2 to an 

accuracy of ±l mg using a balance. The total weight for 

each growth run was 12 grams. The weighed high purity 

materials vere introduced into the cleaned ampoule which 

.as then evacuated using the diffusion pump unit to a 

pressure of less than lO~· torr. After the tube had be.n 

evacuated, it was sealed off using an ozyg.n-acetylene 

torch to obtain an ampoule vith a length of .bout 12 cm. 

One end of the ampoule was finally joined to a quartz pull 

tube with a diameter of 6 mm. Pig. 3.t show. tbe 

arrangement of the ampoule-pull tube as.eably in the gro_tb 

systeDls. 

3.5.2 Crystal growth 

. 
Initial reaction of the raw .. terial •• a. ~on ••• 

folIo ••• The furnace temperature vas set to a value batveen 

,tOO-t80 oC and the ampoule vas brought manually to a 

position about 6 cm into the furnace. The driving motor .a. 

then turned on and the rotation speed was adjusted 80 that 
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the a.poule waa traveling at a apeed of about 1-2 cmlhr 

into the furnace. A period of about 6-8 hours waa required 

for thia initial slow heating for the a.poule temperature 

to reach about 400-t80 ·C. Thia alow heating waa very 

important and vas neceaaary to minimiae the excess ampoule 

heating due to reaction between the constituent elementa. 

The excesa heat released during the reaction could lead to 

a dra.tic increaae in vapor pres.ure inside the ampoule and 

result in an explosion. Such drastical reaction was 

observed in the initial stages of the present experi.enta. 

After the initial reaction had completed, the ,.poule was 

brought manually to the central region of furnace and the 

furnace temperature was further increas~ at a higher rate 
~ 

between 60-80 ·C/br to a value of about 1100 ·C (above the 

aelting point of CulnSe,). The' a.poule wa. then rot.ted by 

an ac aotor at a rate of 10 rpm.for .bout 2-' hours for a 

'. proper mixing of the atarting materiala. After the 81xing, 

the rotating ac motor waa turned off and the~orientation of 

tbe ampoule waa adjusted so that the tip of the .~ul, v.s 

pointing dovnward. The ampoule with the .. lt in it waa kept 

atationary for 12-2' houra to allow for atabilization. 

After the atabilizAtion, crystal grovth v.s Itarted either 

by reducing the furnace teaperature vith a.poule kept 

Itationary (Stockberger method), or by witbdr •• ing Ilowly 

the ampoule trom the central region of the furnace while 

the temperature profile maintained uncbanged (Bridgman 

..thod). por the Stockbarger grovth, the ~e.perature 
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decre.sing rate vas fram • to 6 °Clbr.'The rate .as 

increased to 10 ·Clhr once the ampoule teaperature had been 

redueed to belov th. lov phase· transfor .. tion teaperature. 
\ 

ror the B~idgma~ growth, the ampoule puiling rate wa. in a 

r.nge from\ 0.1 to 1.0. cmlhr. The furnlce te.per.tur •••• 

then decr,ased at a rate of about 10 DC/hr after the 

ampoule te.peratur. had reached a v.lue below the lov. phase 

transformation temperature. For both grovth methods, it vas 

arranged so' that erystallization started from the tip of 

the aapoule. In order to obtain ingot. "ith good 

crystallin. quality, all the ampoules ,u.ed for the growth 

.ere specially prepared so that they had a conie~I-.hape 

tip. The conical tip was found to be usefui in obtaining 

ingots vith large monocry.talline grains. 
',. 

Fig. 3.8 sho"s photographs of an ampoule containin; 

the starting .. terials before the growth and two •• poul •• 

eontaining ingots after the grovth l'uns. 

3.6 Gro"th Rate Optimisation 

In the initial stages of tbe present work,'sost of the 

gro"th runs vere made using the horizontal Bridgman aetbod. 

Nain difficulties in these stage. "ere the occurrence of 

surface or bulk voids in the grovn ingot. and the oaidation 
. 'il 

of ingot material. resulting from a eracked a.pou~ •• Tb ••• 

difficulties vere overeome br a nu.ber of steps taken 

during tbe experi_nte. '!'he atepa included the aapoule 

14 e 'il <l 4 • 
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cleaning /preparation procedure described in section 3.5.1 

and an addition.l fla .. polishing of the ampoules. The 

a.poule fla .. poli.hin9 vas done using the oaygen-acetylene 

torch before intro4ucing the startinq materialB. The 

Burface and bulk voids vere alBO observed in the ingots 

grovn using the Stockbarger method in the initial stages of 

present grovth program. 

Different grovth-rates vere tried in order to obtain 

9004 quality ingotB vith large grains. The quality and 

grain Bize- of the grovn ingot. vere examined by visual 

inspection and by Laue X-ray diffraction. Prom theBe 

reBults, it vas e~tabliahed that the optimum grovth rate 

va. about 0.2 cm/hr for both the Bridgman method the· 

Stockbarger metboda •. It vould appear that a gro.th rate 
~ 

les. than the above mentioned value could he benefieial in 

obtaining good quality inqot.. Ho.ever, these vere limited 

by the stability of the pulling system and the t.~rature 

.yste. uaea in the pre.ent eaperi.enta. ) 
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Fig. 3.5 PhQtograph of (a) the horizontal and (b) the 
vertical growth systems. 
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Fig. 3.7 A photograph sho~ing an ampoule being baked 
unde r vac uum. 
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CHAP1'BR , 

UPBlUNDTAL RBSUL'l'S or CRYSTAL GROWftJ 

4.1 Introduction 

As discussed in the last chapter, two methods of 

crystal growth, the Bridgman and Stockbarger methods were 

employed using both the vertical and horizontal growth 

systems. Growth exper iments using each system vere first 

star~.ed by employing the Br idgman technique. In later 
./ ,-

s,tages, the Sock-barger method vas added in order to obtain 
1 
1 

r~sul ts for comparison. Results from these experiments _de 

. it possible to select Il better method for large good 

quality monocrystalline samples. In section '.2, the 

crystal grovth results of CulnSe z and CulnTe a baled on the 

tvo methods are presented. 

4.2 Growth Results 

In this section, cryltal growth re.ulta of CulnSe, 

using the horizontal and vertical growth systeal will be 

described. Soae results on CulnTe, using the la .. syste. 

also will be presented. Since the study of ingot gro_th of 

CuInSe z and CulnTe z reported in the literature bal not been 

very extenlive, there vere leveral 

difficulties remained to be lolved. The difficulti •• for 

the ternary compound growth are 1 • 
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(a) Homogenei ty, 

(b) Voids, 

(c) Twins and cracks, 

(d) Oxidation and 

(e) Adhesion of the compound materialf)he 

ampoule. . 

In the present vork, a series of investigations has 

been made to eliminate or to reduce the above difficulties. 

As a result of these investigations, an improved crystal 

gro"th procedure has been establ i shed. Thi s ~ocedure vas 
1 . 

found to be sat i sfactory in producing good quality 

monocrystalline samples for X-ray studies, electrical 

measurements and for device fabrication. Initial gro"th 

results are first described in section '.2.1. In section 

4.2.2, the improved resu1ts are then given. Conclusions for 

the grovth are finally presented in section 4.3 • 

4.2.1 1 ni tial grovth resul tl 

Prelilllinary gro"th eaperimentl "ere carried out 

using the Bridgman gro"th technique "ith a fiaed furnace 

te.perature setting. The initial ingotl obtained shov.a 

several types of defect. The .ost •• rious on •• · "ere the 

formation of voids and cracks in the gro"n ingota and 

oxidation during the gro.th. Fig. 4.1 illustrates a crack 

developed in a quartz ampoule dur ing tbe grovth, leading to 
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the ingot oxidation. Fig. 4.2 is a photograph ahoving 

surface and bulk voids in ingots obtained from initial 

experiments. The grovn ingots vith these defecte vere not 

useful in reliable electricel measurements and in device 

fabrication. The above mentioned defects vere also found in 

ingots grovn in the initial experiments by the horizontal 

Stockbarger method. Fig. 4.3 shovs tvo CulnSe a wafers, one 
.... r ...... , 

eut perpendicular and the other parallel to the grovth 

direction from an ingot grovn in the early stages of the 

work. Both bulk and surface voids are clearly visible in 

the sample eut perpendieular to the grovth direction. The 

other ia an ox~dized sample, vhere it can he seen there are 

green spots on the sample lurface. Photographl of nor .. l 

sample. vere also obtained al shovn in Fig. 4.6 a and b for 

cOllpar i 80n • 

The sample Qxidation va. due to a cracked ampoule 

resulting either trom an exces. vapor pres.ure inside the 

ampoule in the initial heafting proces. or fro. the ther .. l 

espansion coefficient difference (bet •• en the ingot and the 

quartz ampoule) during the ingot ,cooling process. The 

~ule br.akage phenomenon, vhich ha. been obaer •• d in the 

initial stages of the experi .. nta, va. eliainated b, 

adopting the b.ating procedure described in .ection 3.5.2. 

This va. done b, increasing very .lowl, tbe .-poUle 

temperature up to a value above the Mlting point of . . 
selenium/tell.riua thus alloving a .low re.ction blt ••• n 

indium and seleniualteleriua to teke plac. during the 
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. heating process. Another cause for the cracked ampoule, as 

mentioned betore, vaa 

difference between the 

effect vas improved by 

th, thermal expansion coefficient 

ingbt and the ampoule material. This 
\, 

rough~9 the 1nner surface of !hé 

ampoule before the growth. The ampoule breakage problem 

was found to be eliminated for the Stockbarger grovth. 

Mixing of the atarting mat~ials for the horizontal 

growth was achieved by rotating the ampoule using an ac 

motor directly connected to one end\of the quartz pull 

tube. The ampoule was attached to the other end of ~he pul~ 

tube in such a vay that the angle bet" •• n the ampoule axis 

and the pull tube axis was about 20·. The arrang •• ent 

enabled the melt to flov back and forth inside the ampoule 

by the rotational action and ensured a proper mixing of the 

materials. For the vertical growth .y.t •• , tbi. .ixing 

action relied only on convection of the ... lt and 

inter-dtffusion of the material.. The .izing for ;the 

vertical growth required longer ti .. and wai r.ga!ded to be 

1 ••• effective co.pared to the rotational .ixin9 for the 

horizontal grovth sf.te •• 

&.2.2 I.prov.a gro.th r.a~lt. 

The initial gro.th r •• ult. cJeseri.., ln .ection 

&.2.1 ".re not •• tiafactory in prov,iding ~l.a for botb 

electrical and optical ... ure .. nts. In order to produce 

large, void- and cr.ck-fr •• aonocry.t.lline ..-pl.. for t~ 

.... ur ... nt. and device fabrication, illproved 
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preparation conditions de.cribed in section 3.6 vere used. 

This procedure vas found to be suitable for producing good 

quality ingots containing grains vhich vere large enough 

for the measurements and device ,pplications. 
, 

As mentioned before, the main difficulties for the 

grovth vere the formation of voids and cracks, and the 

ozidation problems. It vas observed in the present vork 

that these difficulties could be eliminated or improved by 

adopting the improved procedure. Aaong the various 
-proces.es in the procedure the a.poule preparation and 

cleaning proce •• (including the fl... poli.hing and 

prebaking under vacuum), the ampoule inn.r .urface grinding 

procea. and the grovth rate control vere found to he the 

mo.t i.port.nt one. in producing good quality ingota. The 

che.ieal cleaning, fI... poli.hing and vacu~ pr.~king 

proc ••• es vere observed to be effecti.e in reducing the 

void formation problelll. The .apoule )P'inding "'proc ••• 

adopted appeared to he appropriate in r~ucing the adbe.ion 

bltveen the ingot and a.poule, thu. a.01din9 both .-;oule 

br.akage problem (vhich reaulted in th. un-anted ingot 

oaidation) and cracks in the grovn ingot.. Furth.r 

i~rove .. nt in ,the grovth r •• ult. va. achi •• ed by u.ing 

quartz ampoules vith • vall thichn ••• of 1.5 .. (original . 
thichne.. v.s 1.0 .. > vhich •••• nti.ll' cOIIPlet.ly 

eliminated the aapoul. br •• kage probl ••• 

It vas found frOta the pr •• ent vork, the lover the 

grovth rate, the better the qualitf of th. grovn 1ngot •• 

3. 
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Howevet, the gro_th rate limit for the grovtb ayatems va. 

found to be Abo~t 0.2 cm/hr. Therefore, the improved grovth 

reaults were obtained for the gro_th rate range bet_een 0.2 

and 0.3 cm/hr. A photograph of one of the grown ingot. 

using the Bridgman method ia shown in ~ig. 4.4. A typical 

dimension for single crystal samples eut along the ingot 

grovn by the Stockbarger method was 2x5x15 mm'. These vere 

large enougb for the electrical and optical measurements as 

vell al device fabrication., Fig.. '.5 (a) and (b) show 

respectively aeveral CulnSe~ and CulnTe! aamples ~btained 

uaing Stoekbarger method. Also, so.e CuInSe. samples about 

2 mm thick eut vith a diamond diak from the ingota obtained ... 
uaing the vertical and horizontal Stockbarger methoda are 

ahown in Pig. 4.6 (a) and (b) reapectively. 

Compo.it~onal uniformity waa al.o e.amine4 by electron 

microprobe. Quantitative eleetron miéroprobe analyai. " •• 

ude on the grovn CulnSe z ingota bot!? on the graina and the 

grain boundarie., (Table '.1). The coapo.ition analy.ia " •• 

al.o .. de both a10ng and acroa. the •• -grow~ ingot •• The 

re.ulta obtainea are abovn in Pig.. '.7(8) .nd (b) 

re.pectively. Prom tbe phale diagra. of CulnSeal In-rich 

_terial i. predicted in chalcopyrite .01i4 fOB,. ,.. 9iven 

in Table t.l , Pig. '.7(a) and (b), coapo.itional r •• ult • 

• how an In/Cu ratio of gr.ater then one. Thi. fact 

.ugg •• ta that In ha. a larger .egregation coefficient tban 

'" copper. Th •• e r •• ultl are el_11ar to th •. on. ~epo~ted fOD 

sone gro"n cuGeSe.· ('.1). 

35 
Ri 



.\ , 
1 

i 
l' 
1 

1 , 
1 
• 1 , , 
! 
! 
" 

c __ \ 

(--
'j 

4.3 Discussion and Conclusions 

Crystal growth of a compound involving several elements 

usually is more difficult then that for the elemental 

grovth. In the presen~ study for CulnSe a and CulnTe a • 

several difficulties such as the initial reaction betveen 

elements, the ampoule breakage and oxidation problem have 

~en encountered. These difficulties have been overcome in 

the preaent work by adopting the improved growth procedure 

developed for theae materiala. Cract- and void-free ingota 

eontaining large size monocrystall ine grains vere 

suceessfully prepared. These samples were u.ed in the 

electrical measurements and X-ra! studies and device 

fabrication (Iee Fig. ,. 8 ) • 

From \ the supercooling criteria d •• ë:ribed in •• ction 

3.f, it i. expected that the higher th. tftlPltrature 

gradient at the sOlid-liquid interface the better th. 

growth results "'i 11 be. Therefore, in the pre.ent 

experiments, it was atteapt.d to apply the highe.t 

te.perature gradient possible for both horizontal and 

vertical growth syate.s. The temperature gradient .a. 25 

and 37 ·C/cm for the horizontal and the vertical ay.t •• 

re.pectivel!. Be.ide the large te.perature gradient value., 

the growth rate wa ... intained to be about 0.2 calhr. Tbi • 

• alue "a. obtalned frOSl th. .-poule pulling rat. (.itb a 

fiaed teaperature profile) or the furnac. t.-parature 

d.cr .... lng rate (vith tb. a.pou~. .tationary) Il or the 

ari4v-n _thod or the Stockbar,.r _tbod.. 
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The ampoule vall thichness of 1.5 mm vas found 

esperimentally to be sufficient to overcome the ampoule 

breakage problem. A smaller thickness of 1.0 mm, hovever, 

vas found to he not sufficient to stand the vapar pressure 

in th. ampoule. Rotational mixing of the melt appeared to 

be efficient in obtaining homogeneous materials. The 24 

hours inter-diffusion procels at a temperature above the 

melting point further ensured the homogeneity of the 

compound. This inter-diffusion proce •• val believed ta be 
• 

important and nece~lary in obtaining good quality 

,.emiconductor compouds. 

Special attentation was given to the effect of gro.th 

rate on the quality of the ingots. It ha. been found that 

the quality of the ingots grown hy the Stockblrger method 

wa8 ~tt.r than that by the Bridgman method. The effect 

vas conlidered to be due to the exce.. aapoule vibration 

re.ulting from tbe ipatability of the pulling .y.te •• 

The occurrence of micro-crack. in the grown ingot. in 

the initial .tage. of the experi .. nta va. found t~ De du • 
.1 

ta the .dhesion of the compound material to the inner 

.urface of the ampoul~. Bse'live .train could be induced in 

ingot. during the cooling proc... vhich r'lulted in 

micro-crack.. The ingot quality va. further i-,proved by 

u.ing the ground a~ule. 

The for_tion of voids allo appeared to be due to an 

incomplet. miaing of the con.~ituent el ... ntl in th ... lt. 

The ~ncoapl.t. .i~lng l.~ to bubble nuel •• tion. Tbe .. 

J _______ ........-... 
$. _** Pi., "",_ ......... ---.; ___ .~-____ ........... _____________ _ 
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undesired voids finally formed in the grown ingots. 

Strel'chenko et al. [4.2, 4.3) have studied the CuInSe 2 

and CulnTe 2 systems and reported the existence of 

considerable vapor pressure for InSe 2 (InTe 2 ) and Se 2 (Te 2 ) 

in these compounds. The ingots grown using the improved 

procedure dia not show any voids. It vas therefore believed 

that the combinat ion of the rotational mixing, 

inter-diffusion and the gro.th rate used vas adequate to 

avoid these voids. 

In s~ry, the conditions for good quality CulnSe 2 
.P 

and CulnTe 2 ingot gro.th using the Stockbarger method are 

given belov 1 " , 
J 

! 
...-/ 

(a) Application of the cylindrical quartz ampo~with 

e conical tip,' 

(b) Grinding the inner surface of the a.poule, 

(c) Appropriate cleaning of the ampoule, 

. (d) Mi~ing and inter-diffusion of the lIelt et a high 

te.perature, and 

(e) Cooling very slowly· to a teaperature below the 

solid phase tranaition pointa. 

The average di .. nsion of the aonocrystalline grains 

grown hy the Stockbarger .. thod wa. larger tban that hl' the .. 
Bridg.an method. Th ••• grain. were found to be large enou9h 

to prepare a.apl.. for the electricel and optical 

.... ur ... nt., and for d.vice fabric.tion. Monocryltalline 
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semples vith a typical size of 2x5x15 mm' vere readily 

obtained from the ingots gfown in the present exper~ents. 

39 
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Table 4.1 Quantitative electron microprobe results for 

different CulnSe z growth runs. 

Semple No. Cu 

83-VPI0-ES/1 24.84 

83-VPI6-ES/l 22.74 

84-l:IF65-ES/1 23.81 

. 8t-HF65-ES/2 23.39 

8t-HF72-ES/1 22.65 

83-VPI0-ES/2 29.16 

83-VPI6-ES/2 22.11 

8t-HF65-ES/2 25.83 

8t-HF72-ES/2 22.06 

In 

(et. %) 

25.30 

24.87 

25.16 

25.32 

26.38 

20.70 

25.32 

25.02 

26.38 

40 

Se Location 

49.87 Grain 

52.38 Grain 

51.04 Grain 

51.28 Grain 

50.88 Grain 

S{) .14 Grain Boundary 

52.57 Grain Boundary 

49.15 Grain Boundary 

51.56 Grain Boundary 

a 
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Fig. 4.1 A photograph showing a cracked quartz ampoule 

L 1 

1Cm 

Fig. 4.~. A_pnotograph showing surface and bulk voids 
in the initial grown results. 
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Fig. 4.3 A photograph shoving a circular sample (cut 
perpendicular to the growth direction) vith 
voids and sample a ( cut parallel to 
grovth direction) vith both voids and 
oxidation. 

Fig. 4.4 A photograph shoving a complete as-grovn 
ingot in the ampoule. 

---~---------------j 
COLOURED PICTURES 
Images en couleur 
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Fig. 4.5 

(a) 

( b) 
Photographs of void- and crack-free saaples 
of (a) CUlnSe z and (b) CulnTe z (obtained using 
Stockbarger method). 

----------------~---

COLOURED PICTURES j .3 
Images en couleur j 
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(a) 

(b) 
Pig_ '.6 Photographs showing unpolished CulnSe a 

slices obtained using <a) vertical and 
(b) horizontal Stockbarger .. thoda. 

COLOURED PICTURES JI 
Images en couleur Il 
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Fig. 4.8 A photograph of CulnSe a single crystal 
saaples used for carrier transport 
studies. 
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CIIAPrD 5 

Z-DY AllALDII AIID CftI'fAL DA'lA 

5.l Introducton 

In a study 
l '\.!O. 

on crystal structure of compound 

semiconductor using povder x-ray method, Hahn et al. [2.1) 

reported in 1953 that the ternary compound CulnSe, 

crystalized in a chalcopyrite foçm. Later in 1973, Parkes 

et al. [2.19] presented data on crystalline CulnSe, based 

on x-ray powder diffraction results using the 

Debye-Scherrer technique. They a180 reported unit cell 

parameters obtained from an approximation method involving 

the Nelson and Riley's extrapolation function [5.1). 

Hovever, the unit cell parameters and structure analysis 

for CuInSe, based on single crystal data have not been' 

reported in the literature. Accordingly, in the present 

vork, z-ray experiments vere performed on monocrystalline 

CuInS., samples using Laue back r.flection method, Buerger 

preceslion method and Weissenberg method. The resultl vere 

used to determine the cell par.~ters and crystal 

structure. The cell parameters vere then uaed to compute 

the theoretical povder pattern and finally coapared vith 

the experi.ental povder diffraction re.ult. obt.ined fra. 

po.der CuInSe, &amples. 

5.2 Laue Back Refleetion Pattern. 

One of the IIOst conv.nient _tbods to .uaine tb. 
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quality of a grown ingot is the Laue back reflection 

technique. Patterns obtained from this technique a1so can 

be used for crystal orientation determination. Fig. 5.1 

shows a schematic diagram of the experimental arrangement. 

The x-ray heam (Cu or Ag radiation) from a source is 

collimated and directed onto a CulnSe 2 sample mounted in a 

sample holder. Diameter of the beam is about l mm. The 

reflected beams are detected by a polaroid film inserted in 

the film casette. The sample under the test is stationary, 

therefore the orientation of each l~~tice plane is fixed 

vi th respect, to the x-ray beam and the reflection beam from 

lattice plane in accordance with the Bragg condition is 

given by, 

n~ • 2d bkl sin t (5.1) 

vhere the reflection angle. is fiaed for each set of 

planes so that the plane spacing d .kl is deter.inea for a 

given hkl and the inlY variables are n and ~. H.re n is an 

integer and ~ is the x-ra, vavelength. Both Cu and Ag white 

radiation vere used in the present experi .. nts. 

In the initial stage of the pr •• ent eaperi .. nts, .ost 

of the grovn ingot ••• re polyerystallin •• ith .. nf grains. 

Dia .. ters of th... grains .ere usuall~ ... 11 and the Laue 

refleetion patterns .ere not singl.. Pige 5.2 .how. a Laue 

back refleet~n photograph taken fra. on. of th. '.arly 

ingots, indicating the fine grain polycrJ.talline nature. 

t8 
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Using this method, samples prepared under different 

conditions were examined until a procedure for large grain 

growth waS established (described in chapter 4). 

Fig. 5.3 shows a Laue back refleetion photograph 

obtained from an ingot prepared using the improved 

procedure. ln order to determine the grain size, large 

grains were seleeted from the grown ingots and mounted in 

the sample holder. A multiple-exposure experiment was then 

performed on the seleeted samples. This was done by first 

taking a Laue reflection pattern from one spot and the 

sample was then moved along the plane perpendicular to the 

x-ray beam to a new position. A s~cond pattern was then 

ta ken on the same photographie film. Monoerystallinity of 

the sample was determined by exallining the 

multiple-exposure patterns. Fig. 5.' shows the reaults 

obtained from a monoerystalline a •• ple before and after 

moving the aa~ple. 

The Laue baek refleetion aethod ia • eon.enient vay in 

obtaining the crystallinity infor .. tion. Hovever, in the 
~ 

present work, attempt. have not been ... de to deteraine . 
lattice par~.eters and .a.ple orientation 'uaing thi. 

technique. The.e were done uaing .ore aopbiaticated x-ray 

.. thOda invo~ving alnglè 
r 

cryatal and.povder ..-.pl.. to be 
• 

d.acribed in the folloving aection •• 

,5'.3 Single Cry.tal Cryatallogr.hpy Methoda . . 
!Wo c~nly u •• d x-ray .. tb04. for'.ln91. cry.tal 

.g 

au tA ;t 
L 



1 

. ~ 

structural and lattice parameters determination are the 

Buerger precession method [5.2] and the Weisenberg method 

[5.3]. These methods provide complementary inforaatiqn of 

lattice type, lattice parameters and structural symmetry 

for a single crystal sample. The data for CulnSe
" 

ta ken 
1 

using the single crystal techniques, have not been reported 

before in the literature. In thil section, a brief 

description of the two methods is first given. Resultl 

obtained from several monocryltalline CuInSe , samples 

prepared in the present work are then described. Lettice 

parameters 

presentea. 

structural results are finally 

5.3.1 Buerger prece •• ion method 

The Bu.rger prece •• ion method il a . .oving cry.tal

moving film technique vhich can fecord an undistorted 

reciprocal lattice level onto a photographic film. Fig. 5.5 

shows a schematic diagram of the prec ••• ion ca .. ra used in 

the present work. The cryltal il oriented on th. device 

vith a delired reciprocal plane nor .. l to the incident 

x-ray bea •• The motion of the crystal is arranged so that 

it 

~rpendicu1ar zone 

~ i. nor .. 1 to 

two .utually 

ax •• , and the direction of th. x-ray 

the vertical axi.. Wb.n th ••• two 

oscillation., vhich are .,...trical vith r •• pect to the 

z-ray beam, are coabined, having the ...... gnitude but 90 

out of phal., th.n the cry.tal aais •••• pe out • CODe whicb 
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is coaxial vith the beam and makes a constant angle ~ to 

the x-ray beam throughout its motion. The rotations of the 

film holder and reciprocal level are synchronized by a 

linkage connecting L to L'and U to U' for vertical and 

horizontal oscillations and the crystal-to-film distance 

remains unchanged. Insertion of the layer line screen 

. between crystal and film allovs the reflections from only 

one reciprocal plane'to reach the film. By a proper setting 

of the layer line screen, it is possible to have the 

diffracted beams from the different reciprocal lattice 

levels. 

To prepare for a photograph, various settin9s are 

required for the Buerger precession camera. These ~re the 

inclination of crystal translation to x-ray beam, ji, the 

radius of the reciprocal level Bcreen, r • , the 

sçreen-to-ërystal distance, s, the crystal-to-film 

diatance, P, and the uJfer level he.ight, d·. These are 

conliietent vith international notation and are related by 

the •• pre,sion 

s • r • cotcoS-l(COS~ - d*) (5.2) 

for the ca •• of zero-level photography wbere d* i. equai to 

Il I •• ro , ttqu'tion (5.2) beCOlWI, 

Il 1 • r • cot;;: (5.3) 

(1 

r 

/111 
51 

-l----______ " •• __ 4 __ --__ --------~----~----------------------------------------

l' .. ----------------------------~--------------------~.~ 



( 

There are tables available from ~International Tables 

for z-ray crystallography· which gives the trigonometric 

part of equation (5.2) and the Icreen settings for 
/ 
~ , 

zero-level photOgraphs as given by equation (5.3). Another 

useful equation which relates d* to ~ and ~, the halt-apex 

angle of the first level reflection cone is given by, 

d* - cos~ - cos~ (5.4) 
where, 

tan; -r • /s 

therefore equation (5.4) becomes, 

d* • cos~ - costan-1r • /8 

Prom equation (5.2) all the .etting values can be 

deterained from a noaogr4m given in ref.[S.']. 
o 

A Zr-filtered Molo radiation source (~-0.71069 A) 

operated at 10 KV and 12 mA was used. The required 

exposure ti .. varied fra. several to 30 hours. 

Sa.ple preparation 

Sinee the z-ray absorption coefficient for Se i. high , 

tberefore a ... 11 sample dia .. ter of 0.2 ..... adopted to 

miniaize the ab.orption effact • Pour .anocry.tallina 

• aaple •• ere first selected from four dilferent •• -grovn 

ingot.~ Tbe cry.tal speci .. n ••• glued to a fine gla •• 

fiber and tben att.ched to a gonia.eter be.d, baving t.o 

perpendicular .ets of ~r rotating and t.o 
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perpendicular slides for lateral motion of the crystal. 
-. 

Adjustments of the arcs and slides enabled one to set a 

desired recipro~~l plane perpendicular to the incident 

z-ray beam vith the principal axis paraI leI to the 

horizontal rotation axis of the precession camera. 

Results • 
Several preliminary diffraction photographs vere ta ken 

for crystal orientation. Zero level diffraction patterns 

vere obtained from the (hOI), (Okl), (hhl) and (hhl) 

reciprocal planes, as illustrated in rigs. 5.6 and 5.7. 

ror some of these planes higher level photographs were also 

taken. 

A z&r&- level photograph in a certain direction ta ken 

from the sample No. 83-HF43-x/2 is shown in rig. 5.8(a) 

vhere a hexagonal characteristic appeara to he present. To 

determine the symmetry nature of crysta11ine CulnSe a, a 

higher level photograph vas taken and shown in Fig. 5.8(b). 

The results sU9gest that the structure of CuInSea is pseudo 

cubic and pseudo hexagonal rather than hexagonal. 

Precesaion photographa vere a1so taken froll the 

83-HP42-&/1, 83-HF43-&/1 and 83-VPl'-1/2 samples. These 

r.sults shoved the same symmetry nature for CulnSe a• 

Similer experiments vere a180 perfor .. d for CulnTe a and the 

zero level pattern fram the ChOl) and (hk2h) are pr •• ented 

in rigs. 5.9(a) and 5.9(b) respectively. 
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5.3.2 Weisenberg method 

In arder to avoid ambiguity in the structural 

determination, photographs vere also taken using the 

Weisenberg method from the set of samples used in the 

previous Buerger experiments. The Weisenberg method 

provides a distorted projection of the reciprocal level on 

a film which, although not very convenient, can be used in 

the structural determination. This method was used in order 

to get diffraction patterns from (hkO) leve!. The result is 

shown in Fig. 5.10. 

Fig. 5.11 shows a schematic diagram of the Weisenberg 

camera used in the present experiments. The filtered and 

collimated Cu Km radiation is incident on a crystal 

(incident beam normal to the rotational axis of the 

crystal) mounted on a goniometer head. The diffracted x-ray 

beams are colle~ted by a film held against the inner 

surface of the cylindrical film casette. A cylindrica! 

layer line screen, vhich is cORcentric vith the crystal 

rotational axis, i8 used for ~ level selection. During the 

exposure, the crystal oscillation and the film movemënt are 

achieved by a motor in a synchronized mechanism so that the 

angle ol oscillation is linearly proportional to the 

di~nce traveled by the film casette. Diffraction beams 

are eceived vherever a reciprocal lattice point passes 

throug ~~ere of reflection. 
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5.4 Space Group Determination 

Srace group of the 

prepa~in the present 

semiconducting compound CulnSe 2 

experiments was determined using 

the diffracted patterns taken by the Buerger precession and 

the Weisenberg methods. with the aid of these x-ray 

diffraction patterns, systematic absences due to lattice 

centering and the presence of space group symmetry elements 

were determined and classified systematically. The 

information led to a choice from a limited number of space 

-groups~ and finally taking geometrical structure factor 

into consideration, the correct space group was found. 

To perform the space group determination, a knowledge 

of the number of formula weight per unit cell of the 

CulnSea crystal is needed. Thi~'s number, z, can be found 

using the follow~ng expression, 

G V 
z = 

1. 660 M 

where M is the total mass of a unit of CulnSe a , v~is the 

volume of the unit cell and G i5 the density (measured 

value i5 

[2.19]). 

5.13 fO.Dl and calculated value is 5.75 gmcm- J 

The calculated values of V Ind Mare determined 

from the cel1 dimensions and the atomic weights 

respectively. From the cel1 dimension values obtained in 

the present study (see section 5.5), the value of kwas 

found to be 4. 

From the photographs obtained for (hOl) and (Okl) 
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planes, Figs. 5.6 (a) and (bl, the folloving condition vas 

found to satisfy, 

h+k+l • 2n 
~. , 

vhere n ls an integer. ThIS conditionJsuggests that the 

CulnSe z lattice lS body-centered (1) wIth the centering 

pOInt Iles mldvayon the body dIagonal. From the absence 

due to space group symmetry elements using the (hhl) plane, 

as shown in FIg. 5.7(a), It has been deduced and found 

that, 

2h+l E 4n, 1-2n 

is the possible condItIon. It follovs then there exist a 

diamond glide (d) for this structure. Results from the 

deduced presence and orIentation of space group symmetry 

elements in turn leads to three choices of space groups for 

this tetrsgonal system, namely, 14 1 /amd, Ii2d and 14 1 md. 

Another projectIon of reciprocal lattice plane, (hkO), 

obtained by the Weisenberg method, as shovn in Fig. 5.9(a) 

was examined for possible condition of indices, vhere both 

h and k are even, 

h • 2n, k -2n only 

(h - 2n+1 and k - 2n+1 aIl missing) 

It leads to perfectly missing if the space group wou1d be 

14 1 /amd, and possibi1ity of 142d and It 1 md if these are 

missing due to accidentally veak intensities. Also, we can 

have from atom position assignment for z • 4, or, 

4Cu 42m, tIn 42m and aSe et 2/m or mm 
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in 14 1 /amd. This does not explaln the Intesitles of (200), 

and (600) planes. The possibillty of 14 1 md lS also 

ellminated. In other words, in general for spece groups 

14 1 /amd and 14 1 md the folloving conditlons eXlst, 

200 4 f + 4 f 
600 Cu In 

400 4 f + 4 f + 8 f 
800 Cu In Se 

It shows at least medium intenslties but from the 

Precession films there exist very weak intensitie5, 

therefore, the space group 14 l /amd and 14 l md are rejected. 

Then it i5 evident that the space group of CulnSe a 

semiconducting compound is 142d -witn a principal axis of 

four fold inversion and a tvo fold axis perpendicular to 

the principal axis. 

5.5 Determination of Unit Cell Parameters 

The unit cell parameters of the semiconducting CulnSe 2 

vere obtained from the precession photographs taken from 

two single crystal samples. Four independent measurements 

vere made for each of the unit cell of each single crystal 

sample using the photographs taken for (hOl) and (Okl) 

planes. Similar measurements vere carried out for CulnTe a • 

To improve the parameter accuracy, measurements vere made 

for 16 and 32 lattice spacings for both a- and c-azis. 

After these measurements, the direct lattice perameters 

57 



( 

vere determined uSlng the folloving expression, 

d • 
t 

o 
vhere d is the direct lattice parameter in A , ~ is the 

o 
x-ray vavelength (0.70926 A, MoRa ), t 15 the measured 

spacing ln 1IlIII, and the number 60 is the magnification 

factor. The average lattlce parameter results for tvo 

semples vere flnally obtained and these are shovn in Table 

5.1. Parame ter values reported in the li terature us i n9 

povder x-ray data are also included in the table for 

comparison. A lattice distortion value, vhich is defined as 

2 - c/a, vas found to he equal to - 0.006 for CulnSe 2 from 

the present vork. 

5,6 Crystal Orientation 

The orientation of a crystalline sample can be 

determined from the Buerger precession photographe This 

method therefore vas used to examine the crystal 

solidification direction and grovth plane of CulnSe 2 ingots 

prepared in the present experiments. The information is 

useful for further grovth experiments and for device 

fabricat ions. 

Eight samples vere· prepered for the orientation 

examination. Six of these vere eut vith their l.r~e surface 

perpendicular te the solidification direction and the other 

twe vith the large surface parallel te the solidification 

direction. Among the eight samples six of th.. .ere eut 
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from ingots grown by the horizontal method and the r~t two 

samples from those by the vertical method. The eut samples 

vere then polished using Al a0 2 povder to a final thiekness 
f 

of about 0.1 ~. This thichness vas chosen to minimize the 

absorption of the x-ray radiaton. 

Di ff rac t ion patterns vere obtained using the 

precess ion camera w i th the Mo KG radiation. AlI the films 

vere then indexed through the interplanar spacing in order 

to identify the plane. Zone direction vas obtained using 

the perpendicularity condition which is given by, 

V" -v 
k 1 

fpr this tetragonal system, vhere plane (hkl) is 

perpendicular to line [uvv] and ia related to the cell 

parameters a and -c. The results obtai~d for the 

solidification direction and growth plane are shown in 

Table 5.2. 

5.7 Povder Diffraction 

To examine the phase of a material, the povder 

diffraction method is frequently used. In the present vork, 

powder diffraction patterns vere obtained for povder 

samples prepared from crystalline CuInS.. • The measured 

po_der diffraction results vere then compared to the 

results calculated from the lattice parameter values 

obtained in the previous sections. The single phase nature 
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of the semiconducting CulnSe a prepared in the present .ork 

was finally confirmed from these results. 

5.7.1 Sample preparation 

A. fine powder materia 1, wi th an average s ize of about 

20 "m, was first prepared from the grown CuInSe, ingots. A. 

mixture was then made by mixing the po.der materia1 in a 

solution containing a plastic cement and acetone (1:20 by 

volume). CulnSe 2 powder sample (randomly oriented) was then 

prepared by spraying the mixture enta a glass slide. The 

plastic cement is an ideal binder for the' powder sample 

because i t does not absorb x-rays, does not produce 

diffraction pattetn, dries rapidlyand produce a flat 

powder layer. 

Three CulnSe2 povder samples vere prepared using the 

above-described procedure. Two of the samples vere prepared 

using crystalline ingot material obtained f rom the 

horizontal growth method and the other from the vertical 

growth method. It is seen that the solïdification 

direction and gowth plane are random. This il5 consiàered to 

be due to the fact there was no seed involved during 

growth. 

5.7.2 X-ray diffraction system 

The' x-ray diffractolDeter system u •• d'in the pre.ent 

experiments consisted of a SIBMBNS .odel·805 x-ray source, 

a D500 diffractometer and an M73922 gr.ph unit. A nickel 

,-
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filtered Cu Ka a-ray radiation, having the mean wavelength 
o 

value of 1.54178 A was used. The Cu KG radiation lource was 

selected because the wavelength was different fram the K 

absorption edge of Cu, In and Se. 

Typical setting& of the system < duri ng the 

measurements are listed below 

-App1ied voltage and current 40 KV and 20 IlIA 

-Aperture of Divergence 8 Scatter Slits (1811) : 1 

-Aperture of ReceivifJg Slit (III) : 1 

-Aperture of Detector Slit (IV) 0.15 

-Speed (scanning), 2 : 2 /min 

-Chart speed : 2cm/min 

-Detector type, KV : 1.200 

-Base 1ine : 2.0 

-Gain : 16 

Several preliminary runs vere made to determine the 

required time constant and the rate meter sensitivity 

values. POl' the present -eaperiments, the values of 2 

seconds and 10 counts/sec vere found to be appropri.te. 

The scanning 28 range was between 10° and 1'.°. 

5.7.3 Ex~rimental and ca1culated results 
r 

X-ray diffr.ction patterns vere obtained from the 

three s •• plea. AlI of the results shoved the .... 

characteristics which vere similar to tho.e reported by 

Parkes et al. [2.19], vho reported their resulta for a 
" 

\~ ...,/. 
sc.nnlng range upto 90°. In the present vork, the .canning 
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range is between 10· and 144°. Table 5.3 gives the observed 

relative intensities, the correlponding interplanar sp8cing 

d hkl and 2. valuel. the relative intenlities were ta ken 

from the normalized average value of the three readings 

(determined by the enclosed area of each peak). 

According to the Bragg law, the reflection angle 8 is 

dependent on the incident x-ray wavelength and the 

interplanar spacing d The relative intenaity of the 

reflected beam is determined by the crystal structure, 

geometrical factors and the multiplicity due to the 

symmetry of the planes. Therefore, a set of theoreticsl 

diffraction intensities (versus 2') can he calculated if 

the crystal structure and the lattiee patameters are known. 
<!" 

The crystal structure and parameter resulta obtained 

ln sections 5.4 and ~5.5 were uled for the prelent 
,;;.,/' 

calculation. This calculation wal done by uling a computer 

program CALPOW [5.5]. Values of hkl and d were determined 

baled on a relation for the tetragonal IYltem which is 

given by, 

1 -. ( ---- + -
d 

where a and c !Ilre the aeasured uni,t cell par ... terl. 

Table 5.1 show. the calcul.ted .nd .... ur.d relative 

intensities. x-Lay diffraction patterns of th. pre •• nt 

mealured and calculated result' are .hown in Fig •• 5.12 .nd 

5.13 relpectively for the Icanning r.nge trom 10° to 1"-. 
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Any contribution of . other phases in the x-ray diffraction 

data wal not found. These resu~ts thus confirmed the 

single-phase quality of the as-grown ingots. 

5.8 Conclusions 

Work has been, sU,cceafully performed on X-ray 

dit fraction experialenta for CulnSe a , vhich have not been 

very extensive as reported in literature. Laue back 

reflection method was used to determine the crystalline 

guality of the ingot in order to establish the best grovth 

conditions for CulnSe a • From the r.sults obtained for 

single crystal Weisenberg and Precession methods, both 

CulnSe a and CulnTe a have been confirmed to have a apace 
1 

group of Ii2d. Unit cell perameters for CulnSe a vere allo 

determined from these single .cryltal data. ror _the ingots 

prepared in the present atudy, the growth plane and 

solidification direction appeared ~o he random, as rev.aled 

by the X-ray diffraction result.. The random plane and 

direction vere believed to be due the gro_th •• thod UI.d in 

the present study, where a ae.d hal not been eaployed for 

the growth experimenta. 

Powder diffraction data of CulnSe J allo have IMen 

computed from tbe single crYltal diffraction resultl. Thele 

have heen found to be in very good agr.e.nt vi th the 

eaperiaaental povder diffraction data obtained for CulnSe J • 

'l'heser.sulta thua confir .. d tbat th. prepared in90tl .ere 

aingle phale vith thé chalcopyrite Itructure. 
1 
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Table 5.1 (a) Chalcopyrite lattice para.eterl. 

Compound 

CUl nSe', 

CulnS., 

CulnTe, 

CulnTe, 

• a (A) 

5.789 

5.782 

6.180 

6.179 

o 
c (A) 

11.612 

11.620 

12.366 

12.36 

2"'c/a 

-0.006 

0.01 

0.001 

0.00 

Ref. 

Present Itudy 

(2.19) 

Present Itudy 

(2.11 

(bl Calculated lat ti.ce conatant and atoll\ic distances. 

l, 

2, 

J., 

Compound 

CulnSej 

Cul nTe, 

l 
x 

0.2485 

0.2498 

1/2 

2 
'[A;C 1 

(Il ) 

2.50.3 

2.6756 ,. 

lE • 
1/2 - (c'/32a' - 1/16) 

1/2 
(A-CJ • (a'a" + ('a l ... ca )/'4 ) 

~ 2 1/2 < 

[B-C 1 • (a' (l/-2 - a) + ('al + (:')/6'] 
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Table 5.2, The growth plane and the solidification 

direction. 

Sample No. Zone Sol id. Growth Real Angle 

Direct. Direct. Plane betw. Solide and 

[uvw] (hkl) Grovth Plane 

83-HF26-x/1 [221] [122] ( 128) 89.86 

83-HF55-x/2 [221] [122 ] ( 128) 89.86 

83-HF55-x/l [221] [221 ] (112 ) 89.84 

83-VP11-x/l [021] [0211 (024 ) 89.83 

83-HF62-x/1 [Ill] [Ill] (114) 89.84 

83-HP'62-x/2 [112] [112 ] (118) 89.89 

83-VPl'-x/2 [Ill] [Ill] (114) 89.8' 

83-HF63-X/l [112] [112 ) (118) 89.89 

11 Large face (alice) parallel ta lolidification 

direction. 

2: Large face <Blice) perpendicular ta solidification 

direc:t ion. 
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Table 5.3 I-ray diffraction data using Cu KG radiation 

for a single-crystal Cu1nSe J povder semple. 

hkl 
o 

d (A) Measured I/1* 29 (degree) 

101 17.04 5.2033 4.5 

112 26.61 3.3497 100 

103 27.67 3.2238 2.2 

211 35.56 2.5245 3.7 

105 41.91 2.1555 1.4 

-213 

204 44.19 2.0495 , 69.1 

220 

301 47.81 1.9024 1.1 

116 52.39 1.7464 40.3 

312 

305 62.65 1.4828 1.0 

323 

008 ' 64.41 1.4465 7.8 ( 400 

217 67.12 1.3945 0.9 

411 
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• hkl 2. (degree) d (A) Measured 1/1* 

316 70.95 1.3283 11.5 

332 

325 71.40 1.3211 0.7 

413 

228 81.34 1.1829 11.8 

424 
r 

327 83.9-5 1.1526 0.9 

431 
.. 

501 

Il,10 87.30 1.1168 1.2 

336 87.58 1.1140 5.5 / 

512 

417 92.16 1.0702 .0.7 

521 , 1 
\ 

408 97.56. 1.0249 3.5 
a 

440 1 
Ù 

31,10 103.50 0.9806 2.2 t 

l 
516 103.87 0.9791 4.6 l 

532 

419 108.78 0.9482 0.6 

507 t 437 

611 

604 Il'.71 0.9155 4.8 

620 

67 



hkl • 2e (degree) d (A) Measured 1/1 * 

33.10 121.54 0.8834 3.3 
, 

536 j , , 
~ 

21,13 132.4Y 0.8425 0.7 

41,11 

545 

633 

448 

712 144.12 0.BI03 3.5 

552 
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Table 5.4 Calculated and measured x-ray powder diffraction 

of CulnSe 2 using Cu Ka radiation. 

hkl Calculated Measured 
o 

d (A) 29(degree) 1/1* 1/1* 

101 6.35 5.1809 17.11 6.9 4.5 • 

112 2.31][10 2 3.3455 26.64 100 100 
, 

103 5.83 3.2177 27.7-2 2.3 2.2 
-J'-

1 211 5.15 0, 2.5269 35.~5 2.4 3.7 

105 4.64 2.15-54 41. 93 1.7 1.4 

213 4.31 2.1519 42.01 1.7 1.4 

204 2.20xl0 2 2.0497 - 44.20 69.0 69.1 

220 2.19xl0 2 2.0467 44.27 

301 4.53 1.9036 47.80~ 0.6 1.1 \ '-'-~116 1.36xl0 2 1. 7496 52.31 39.8 40.3 
~ 

312 1.36xl0 2 1. 7459 52.43 

305 2.93 1. 4842, 62.61 0.7 1.0. • 
.) 

323 3.62 1.4831 62.66 

008 2.;1.1xl0 1 1. 4515 64.19 9.7 7.8 " , 

40~,\ 2.10x10 1 1.4473 64.40 ~ 
i 

217 3.18 1.3967 67.03 0.7 0.9 t 
1 411 2.97 1. 3939 67.19 

316 9.26x10 1. 3299 
( 

70.88 14.0 11.5 

325 3.19 1"1 3207 71. 45 0.6 0.7 

413 3.00 1.,3199 71. 50 

tl 
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hkl Calculated Measured . 
F Z xl0 l d (A) 26 (degree) l /I. I/1* 

~. 

109 2.64 1.2593 75.49 0.3 

307 3.02 1. 2579 75.62 
~ 

415 2.69 1. 2015 79.86 o . 3 

228 1.50110 z;, 1.1840 Bl.29 17.6 11. 8 

424 1.49xl0 2 1.1823 Bl.44 

327 2.23 1.1537 83.91 0.5 0.9 
~. 

431 2.72 1.1521 84.03 

501 2.07 1.1521 84.03 

Il,10 6.70110 1.1171 87.32 2.4 1.2 

336 6.68xl0 1.1152 87.51 7.2 5.5 

512 6.66xl0 1.1142 87.61 

417 2.17 1.0717 92.04 0.4 0.7 

521 2.61 1.0704 92.19 

505 2.49 1. 0362 96.20 0.2 

435 1.95 1.0362 96.20 

408 1.12xl0 2 1. 0249 97.62 5.6 3.5 

440 1.10xl0 2 1. 0234 97.81 

31,10 5.01xl0 0.9806 103.72 3.3 3.2 ~ 

1 516 4.99xl0 0.9793 103.88 6.8 4.6 

532 4.98xl0 0.9786 104.04 

" 
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hkl Calculated Measured 
o 

d (~) 2e (degree) I/1* 1/1* 

419 1. 84 0.9500 108.54 0.5 0.6 

507 1. 61 0.9494 108.64 

'437 2.07 0.9494 108.64 

611 1. 96 0.9485 108.79 

20,12 8.44xl0 0.9177 114.35 3.2 1.7 

604 8.38xl~ 0.9156 114.77 6.4 4.8 

620 8.38xl0 0.9153 114.82 

33,10 3.84xl0 0.8843 121.41 4.8 3.3 

536 3.82xl0 0.8834 121.63 

32,11 1.83 0.8821 121. 94 0.2 

453 1. 94 0.8804 122.32 0.2 

509 1. 39 0.8617 127.01 0.2 

439 1. 77 0.8617 127.32 

21,13 1. 52 0.8444 131. 94 0.7 0.7 

41,11 1.61 0.8438 132.13 

545 1. 79 0.8425 132.52 

633 l. 71 0.8423 132.59 
-, 

448 6.52xl0 0.8364 134.47 3.7 3.6 

1 529 1. 73 0.8259 138.07 0.2 
~ 
,1 
> , 
~ 
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hltl Calculated Measured 

• 
d (A) 2e (degcee) 1/1* 1/1* 

617 1. 56 0.8255 13&.21 0.3 

701 1.81 0.8244 138.43 

11,14 3.01xl0 0.8129 143.04 2.1 1.6 

51,10 3.00z10 0.8118 143.62 4.3 3.2 

712 2.98z10 0.8107 144.10 6.6 4.7 

635 1. 59 0.8089 144.87 0.2 

1 

1 
J 

/ 

( 
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Coln'ator 

PoIaroid cas.ne 

-'----,- Scampl. 

Fig. 5.1 A leh.matie diagram of the Laue back refl,ction 
apparatul. 

) 

Fig. 5.2 A back-reflection Laue photogr taken from 
a randomly oriented CUlnSe 2 , ingot, showing 
multiple spots. 
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Fig. 5.3 A back-reflection Laue photo9raph taken from 
a randomly oriented CulnSe z ingot. 

Fig. 5.4 A back-reflection Laue pattern, taken from a 
monocrystalline semple for a tvo-spot expoure. 
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Fig_ S.S A .chematie diagram of the Buerger precession 
ca_era. 
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(a) 

• 

(b) 
~ig. 5.6 Diffraction pattern of (a), (hol) and (b), 

(Okl) reciproeal planes of a lingle crystal 
CulnSea sample. 
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(b) 
Fig. 5.7 Diffraction pattern of (a), (hhl) and (b), 

(hhl) reciprocal planes of single crystal 
CulnSe J ••• ple. 

, 

77 

~---.... _ ... _--........ -~------~ ---,---' .... ".----------..... ''"''111'''1',--....... ''''-1-.-..,.,, __ 

1 
.. ~ 

~ 

" 
1 

~ 
:~ 

" " 



( 

( 

j 
1 

• 

- fi> - 'il 
/ 

. 
\ 

(, 
• , 4l, • 

V~ 
• • • 

~ 

(a) 
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( b) 
Fig. 5.8 Diffraction pattern of (a) zero level and (b) 

first level of a plane for single crystal 
CulnSe a semple. 
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(b) 
Fig. 5.9 Diffraction pattern of (a), (hOl) and (b), 

(hk2h) reciprocal planes of a single crYltal 
CulnTe. sample. 1 
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Fig. 5.10 Diffraction pattern of (hkO) reciprocal plane 
of a single crystal CulnSe 2 sample. 

Goniometer 

Sampll 
Layer line Cylindrical 

sereen Slit film holder 

X-ray 
beam 

Collimator 

Fig. 5.11 A schematic diagram of the Weisenberg cammera. 
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CHAPTD 6 

BLBC'l'RI CAL AIm OPl'I CAL PROPBR'l'I liS 

'. 

6.1 Introduction 

One of ~he m4in requirements for a material to bé used 

ln device applications is the ability to control its basic 

parameter s. Specifically, th'e" improvement and control of 

electrical properties of a semiconducting material are 

necessary for opto-electronic devices. Because the 
~ .. 

reported experiments in the litérature on electrical 

properties of CuI,nSe z espec ially the ef fect. of anneal,.}J1g· 

and extrinsic .... doping have not been very extensive, 

therefore mO['e etudies on annea1ing~and doping are required 

in order to improve and control the electrical properties 

In thi~ chapter, after introducing 
r , 
â sui table low 

of this material. 

resistance ohmic contact material found for p-ty~e CulnSe z 
)~~ t . 

, Hall effect results are presented. ~sul S obtalned from 
) 

the annealing and extrinsic~ doping experiments of 

monocrystalline CulnSe z samples are then followed. Finally, 

photoconductivity results obtained 
~ 

on 

f monocrystalline CulnSe z samples at 77°K will be presented. 

The photoconductive response has been determined as a 

'\.Junct ion of opt ical wav.elength, 1 ight intensi ~y ·and applied 

bias voltage. AIl of the· measurement results to be 

preseAted Bnd discussed in 
~ 

crystalline sampl~s taken 

'\ 

this ~h~~~e~~re m,Ade ~n_ ~il)g1-e 
either froID ingots grovn ~y the 

." , c.. .. 
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horizontal or vertical directional solidification method. 

6.2 Ohmic Contact 

In the initial stages of this vork, investigation vaB 

carried out in order to find an ohmlc contact material for 

p-type CulnSe l • Various metals, Au, Ag, In, Al, MO, Bi, 

Sn, Ag epoxy and a110ys Sn, Pb and In, Wood's 

either sputtered, evaporated or soldered 

samples. AlI of them vere found to shov a 

effect. However, a silver paint (EPO-TEK 

alloy vere 

cnte p-type 

rectifying 

H20E, Epoxy 

Technology Inc.) vas found to produce an ohmic contact for 

p-type CulnSe" as shovn in Fig. 6.1. For n-type CulnSe J 

samples, evaporated In vas used as the contact material 

[2.6] . 

6.3 Bulk Hall Measurements 

Thermal-probe testing indicated that aIl of the 

as-grovn crystalline ingots vere p-type. This vas confirmed 

1ater by Hall effect measurements on the monocrysta11ine 

samples eut from as-grovn CulnSe a ingots. The typical 

dimensions of the samples for these experiments vere about 

10x2.5x1 mm'. The samp1es vere po1ished by alumina povder 

vith a diameter of about Q.OS ~. Current contacts vere 

then made using the si1ver paint on the tvo ends of the 

samp1es, then heated at 100 DC for one hour. Fina11y, fine 

meta11ic vires vere soldered to the end contacts usin9. 

Wood's a110y. Wood's a110y was se1ected bec. use of it. 10v 

8' 
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melting point. Side contacts vere .. de vith four 

each side of the sample). spring-shaped gold vires (tvo on 

Soldered-contacts vere also tried for voltage contacts, but 

the pressure contacts vas found to give more accurate 

results because of the needle like tlp. 

As a try run, Hall effect measurements vere made on 

n-type Si (vith knovn resistivity and mobility) prior to 

the actual Hall effect measurements of the CulnSe z samples. 

The measured mobility and resistivity values of the Si 

sample vere consistent vith the nominal values. 

The Hall voltage values observed during e.perimenta on 

CulnSe z semples vere very small. Accordingly, a check on 

the linearity of the Hall voltage versus magnetic field and 

the current passlng througth the sample vere necessarr. 

This vas carried out on the samples and the experimental 

results obtained for one of the samples are shovn in Figs. 

6.2 and 6.3. As expected, Hall voltage varies linearly vith 

the magnetic field 

the measured values 

samples for Hall 

and the current changes vhich confirms 

to be Hall voltages. AlI the as-grown 

measurements vere p-type. The hole 

concentration, p, and Hall mobility, ~, vere obtained . The 

results of Hall mobility, specifie resistivity and 

effective concentration obtained for the single crystalline 

s •• ples obtained from different gro.th run. are given in 

Table 6.1. 
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6.' Annealing Bffect of Monocrystalline Samples in 

Oefficient Se 

The starting p-type single crystal samples and 

povderered CulnSe z vere vacuum sealed (better than 10-' 

torr) in a quartz ampoule. The purpose of the powder 

material in the ampoule vas to prevent excess sample 

decomposition during the annealing. Tvo sets of annealing 

experiment vere carried out. The first set was made at 

different temperatures for a fixed period of time. After 

the annealing, the sample was cooled slowly to room 

temperature. An automatic unit vas used for driving the 

ampoule in or out of the furnace (Fig. 6.4), in order to 

minimize stresses in the sample during the cooling process. 

The second set of experiment vas made at a fixed 

temperature but for different time and again cooled the 

.ample slovly to room temperature. As a result of Se out 

diffusion under minimum Se vapor pressure, resistivity of 

the samples varied. Figs. 6.5 and 6.6 shov the normalized 

resistivity measured using a four-point probe versus 

teaperature and time respectively. Normalized resistivity 

is defined as ~/p., vhere p is the resistivity after each 

t •• ting experiment and ~. is defined to be 5 and 10 ohm-cm 

re.pectively in Figs. 6.5 and 6.6. Room temperature 

resu1ts without intentional heating are inc1uded ~n the 

figures for comparison. 

Hall measurements vere a1.0 .. de on .a.. of th. 

ann •• led .amples and the re.ult. Ar. given in Table· 6.2. 
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Results obtained show that the conductivity type of the 

s •• ples was converted from p to n (with the effective 

concentration trom 10 11 cm- 1 to 10 1 ' cm- 1 ) after the 

annealing under minimum Se vapor pressure at 600·C for 

about 10 minutes. This change of concentration is due to 

out diffusion of Se. This further sU9gests that there is a 

compensation region near the peak for the conductivity type 

changes, see Figs. 6.5 and 6.6. The nature of the 

electronic properties can be 

of the diffused element in 

affected by the concentration 

this ternary compound. The 

tendency of the variation of the resistivity curves shown 

are the sa me under each experimental condition. The order 

of the variation changes vith respect to high temperature 

more rapidly than it does versus ti .. at relatively low 

temperature (160° C). 

6.5 Bxtrinsic Doping Effect of Monocrystal1ine Sa.pl.s in 

Excess Se, Bi and Te 

P-type monocrystalline CulnSe a samples were selected 

r fro. as-grovn ingots and the sample preparation proces. wa. 

carried out in the same manner as explained in the la.t 

section for the ann.aling experiaents. Diffusion 

e.periments under ezce.s Se, Bi and Te vapor pres.ure were 

.. de using methods d.scribed in the pepers reported br 

Parkes et al [2.6] and Migliorato [6.1). The p-type single 

crystal samples, powdered CulnSe l and the high purity 

.. terial were vacuua .e.led in a quartz a~ul •• Weigbe4 
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aaount of each el~ .. ntal dopant vas used in order to 

provide 8ufficient vapor pressure in the ampoule. AS shown 

in Fig. 6.7 Se has a high vapor pressure at relatively high 

te.perature [6.2]. This pressure value is expected to be 

greater than that for the CulnSe a compoud. This will then 

allov diffusion to take place in the samples under the 

.. ximum Se vapor pressure vith minimum loss of the compound 

material at a relatively high tempe~ature. AlI the samples 

in this experiment vere etched in a solution of HCI: HNO,: 

HIO (3: 3: 1 by volume) for about 12 minutes after each 

diffusion. 

Parites et al [2.6] have carried out diffusion 

experiments to convert n-type samples to p-type. In the 

pre.ent vorlt, similar diffusion vas done but on p-type 

... ples to reduce the resistivity. It was found that the 

re.iativity of aIl samples used in these experiments was 

changed. The norma1ized resistivity, ~/p. (po is the 

.... ured resistivity by four-point probe after each 

diffuaion experiment run and ~ ia defined to be 10 ohm-cm) 

ver.ua tempereture and time is shown in Fig. 6.8. The 

fin.l .. asured resistivity value of each diffused sample 

.a. found to he lower than the initial reaistivity value 

' .... ured at room temperature. Apart from Se, Bi (group V) 

and Te (group VI) vere a1so uaed as extrinsic dopants for 

the in-diffusion experiments. prior to Hall measurement, a 

check on linearity of the Hall voltage versus the current 

pa •• ing througth the 
'" 

.a.ple vaa carried out for n-type 

BB 
J 
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••• ple. and the result. .re shovn in Fig. 6.9. The Hall 

voltage obtained for n-type s •• ples vere found to he 

greater than that for p-type salllple. The effective 

concentrations of all the samples after the diffusion 

experiments under maximum vapor pressure of either Se, Bi 

or Te were found to be different from the original values, 

as determined by Hall effeet measurements. The measured 

values of mobility,~, and concentration, p/n, after the 

diffusion experiments are given in Table 6.3. As seen in 

the table, all of the samples after the Se and Te diffusion 

remained p-type. Hovever, after the Bi extrinsie diffusion, 

•• mples eonverted to n-type. In the case of such. . __ .1' 
in-diffusion under excess Se and Te vapor pressure, the 

.cceptor state density i8 increased (or the donor state 

density is redueed), resu1ting in an incre.se in -the 

effective carrier concentration. And vice v,r .. for tbe 

c.se of Bi in-diffusion. 

6.6 Photoconduetivity 

6.6.1 Theory 

When 1ight i. incident on tbe .urface of an infinit • 

• lab of p-type semiconductor vith a thichne •• of d and an 

equilibrium hole concentration of P., th. relative 

conductivity variation vith a photon flux den.ity D Pb i. 

9 i ven by [6. 3 ), 

A. (1+bh 
- - [1-e _.D Ph p.d (l-KJLJ) 

-Ile! +IU, 

89 

(KL-.). -Ile! - (IU,+.> 

-1-+-.c-o-t-h-(-d/-2-L-) ---] ( 6.1 ) 

( 
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where ~ i. lifeti~, b is the electron-to-hole mobility 

ratio, ~ is the absorption coefficient and L is the 

diffusion length, cs is defined as SL/D-ST 1/2 0 1/2 , where 

o i8 diffusion coefficient of electrons and s is the 

surface recombination velocity. Examining egu.tion (6.1), 

as the absorption coefficient K is increased, then Â_/ •• O 

Ph increases to a maximum value between Kd-l and 10, the 

values decrease as Kd further increased, 

A_ 

) Kd-f/1O-( _.0 
Pb 

In the case of 

the ... ple is much 

will reduce to[6 •• ] 

l+b T 

p.d 1+ GCoth (d/2L) 

a thick sample, where 

greater than 1/K and 

(6.2) 

the thickne •• of 

L, equation 

\ 

/ 

(6.1) 

(l+b)[l+G/(l+~»)T 

p.d(l+cs) 

~/ 

• (6.3) 

and for a thin sample, where the thichne •• is auch le •• 

then both l/.X and L, eguation (6.1) will reduce to, 

- (6.&> 

It is noted from eguetions (6.3) and (6 •• ) the 

photoconductivity 

re.pectively. 

ia proportional 

90 

to l/d and d 
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6.6.2 Saperiaent.l aethod and r •• ultl 
1 

Saaple preparation 

The monocrystalline CulnSe a .. apI.. prepared for thi • 

.... urements vere first abra.ively poliahed u.ing aluaina 

povder peste of diameter 0.05 ~, and then chemically 

polished using a solution of ~SO. : Kz.Cr
1

0 7 (2.331 in a 

ratio of 9:1 by volume. The final dimensions of the s.mples 

vere about 8 mm ln length, 2 mm in vidth and 0.2 to 2 mm in 

thickness. AlI the ohmic contacts (tvo for current and tvo 

for voltage) vere made using silver paint, fine capper 

vires vere soldered to the contacts by Wood's alloy 

(melting point about 74 ·C which 'llovs the lov temperatur. 

aoldering). Finally a thick rectangular black paper vith a 

vindov in the center .a. u.ed to cover .11 the contact. 

from incident light. 

Nea.ur.ment procedure 

The prepared .a.ple va • .ounted in the cool.d finger 

of a cryostat vith a ~odak IRTRAN 2 vindov (ZnS). Stead, 

current from a battery vas applied ta the •• mple and 

controlled by a potentiameter. Monochromatic radiation vas 

obtained from a Beckman model 2400 monochromator (chopped 

at 89 Hz) and focused onto the sample through an aperture. 

The incident light intensity vas measured by placing a 

calibrated 1nSb photovo1taic detector operating at 77 OK at 

the position of the sample and measuring its output. The 

photoconductive changes vere obtained fram the side-probes 

) 
J 

1 
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and •• re fed to a loct-in a.plifier (Princeton Applied 

•••• arch model 12'A) set at 'the chopped frequency. ~inally 

a digital voltmeter vas used to measure the dark steady 

voltage bet.een the probes • 

••• ults 

At roo. t.-peratur., the photoconductivity voltage 

c~nges .ere very s .. ll, in the range of fe. ~V, bu~ 

relatively l.rge sign.l vith better st.bilitYMfas observed 

a. the .... ple .as cooled to 77-f(. Prior to the 

photoconductivity measurellents of •• ch s.mple, the 
r 

linearity of the photoconductivity voltage versus the 

applied bias voltage va. established (at 77 -,t) .t 

cSifferent fixed vavelength. , as shovn in Fig. 6.10. The 

value of the current pa.aing through the -..pIe •• a tb.n 

.elected trom the linear region. 

Let R. and R he re.pectively th. dark and illuainated 

re.iatance of uncovered portion of the .. ~e and R _ be 

the .erie. reaistance including the coverecS portion of tbe 

auaple. and the tvo side contacts. Due to ligth 

illuaination the lalative conductivity change i. given by, 

A# (V.-V)(R • +R)R. 
-. (6.5) 
_. VR • R 

.here V and v. are the voltage. obtained for the uncovered 

portion of the sample for the dark and iluainated 

reapectively. In the c.se for the lov levels of ligth 

92 



( 

( } 

1 

illumin.tion where the value of ~VIV. i. • .. 11, the 

rel.tion is redueed to, 

M IJ.V R, IJ.V 
-. -- (1+ (6.6) 
'. V, R. V. 

Photocondutivity re.pon.e, A.I •• D Pb , (here ~ i. the 

eonductivity change, " is the de conductivity in darkne •• ) 

.er.u. optical wavelength between 0.4 and 1.6 ~ at 77 -K 

.a. .... ured. Re.ults obtained for four bulk 

8Oftocry.talline CuInSe a a.mples are ahown in Fig. 6.11. 

The ••• re the firat photoconductivity reault ..... ur.d and 

reported for p-type monocryatalline CuInSeà a.aple at 77-K. 

Tbe photoconductive voltage veraui the intenaity of 

the 8Onochro .. tic light wa. also deter.ined uaing ••• t of 

ca1ibrated tiltera. Such reaulta at different wav.l.ngtha 

are ahown in Fig. 6.12. The plot. illu.tr.te the lin.aritr 

relation between the photoconductivity volt.ge .nd the 

1igbt int.n.ity. It •• s found tbat the photoconductivitr 

... incr •••• d .fter the aurf.ee d.ep etching tr.at .. nta. It 

i. believed that the de.p etching alao give. better aurfac. 

etability and .a • re.ult lowera the .urface r.coabination 

9810city [2.331. The photoconductl.ity r.aulta obtained 

-confir.ed th •• nergy gap value of Culn". r.ported in tbe 

literature. 

, 

1_ ~~_ ... _. _ ........ _= ........ _-._--.._~----=--..~_ ~--
93 



\. 6.7 Conclusions 

In the present work, annealing experiments of CuInSe, 

under maximum and minimum selenium vapour pressure have 

been carried out. Extrinsic diffusion experiments of 

bismuth and tellurium into crystalline CulnSe l were also 

perfermed. Results obtained from four-point probe and Hall 

.ffect measurments indicated that aIl the as-grewn ingots 

were p-type. The results also showed that the electronic 

properties of the samples vere very sen.itive to the 

annealin9 and diffusion treatments. The originally P-type 

a.-gro.n CulnSe l samples were converted into n-type after 

tb. treatment under mini.u. .eleniua pre •• ure and after tbe 

bi .. uth diffusion. 

Tbe roo. teaperature Ha.ll .abilitf value ..... ureeS in 

th. present work for both p- and n-type ..-pIe. are 9~ater 

than those reported in the literature, .u9ge.ting that the 

grown ingot. have a better micro.copic quality. The low 

re.i.tance .i1ver point contacts to p-type CulnSe, were 

found to be ohaic. This contact .. terial i. believed to be 

u .. ful for future studies of tbe ca.pound CulnSe,. 
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Table 6.1 Roca t.-perature electrical r •• ult. on 

.onocryltalline CulnSe J • 

s..ple Mo. Cond. Resist. Hall Mobility Carrier Conca 

Type " (a-cm) 

83-HP'32-H/l P 4.6 

83-HP"6-H/1 P 0.4 

83-H1'39-H/1 P 4.1 

83-HP'39-H/2 P 4.7 

83-HF39-H/3 P '.8 

83-VP13-H/1 P 1.5 

83-VPIO-H/2 l P 3.8 

83-VPlO-H/2 J P 999.8 

11 Nealured at rooc te.perature 

2. Nea.ured at 77·C 

95 

11>, (Cil J /Vsec ) P, (l/cm' ) 

12.7 1.lz10 l ' 

".9 3.7z10 l ' 

69.' 2.2z10 l6 

68.1 2.0z10 l6 

66.' 2.lzl0 l ' 

57.7 7.lz10 l ' 

67.6 2.'zlOl' 

73.9 8.8.10 1 ' 

) 
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Table 6.2 Room temperature electrieal results of 

annealed monoc~ystalline CulnSe 2 samples. 

Sample No. Cond. Resist. Hall Mobility Carrier Conc. 

Ty~ P, (a-cm) ~,(cm2/Vsec) p/n, (l/cm l ) 

83-HF32-AS/7 2 n 1.8 1050 3.3xl01l 

83-HF37-AS/4 2 n 0.8 645.7 12.5x10 11 

83-HF39-AS/4 2 P 8.9 64.7 1.1x10 16 

83-VPI0-AS/l 1 P 13.3 33.3 1.4xl0 16 

83-VP10-AS/1 2 P 1.6 65.9 59.0xl0 11 

83-HF56-AS/l'" P 6.8 47.2 1.9x10 16 

83-HF56-AS/2 2 P 15.8 36 .. 9 1.1x10 1 ' 

Il 

1: Measured before annealing in minimum se/vapor pressure 

21 Measured after annea1ing in minimum,Se vapor pressure 

96 
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~ Table 6.3 Room temperature electrical results of Se-, 
Il 

Te- and Bi- diffused monocrystalline CulnSe 2 

samples. 

Sample No. Cond . Re sis t . Hall Mobility Carrier Cone. 

Type ',(O-cm) ~,(cm2/Vsec) p/n, (l/cm' ) 

84-HF71-DS/2 1 P 0.4 48.0 3.6x10 1 " 

83-HF39-DS/4 1 P 1.6 64.2 5.9xl0 1 ' 

8 3-HP'56-DS/3 2 n 3.6 975.4 1.8xl0 1 ' 

( 
84-HF72-DS/4 2 n 4.2 774.1 1.9x10 1 ' 

84-VF20-DS/1 l P 3.B 24.9 6.6x10 16 

84-HF83-DS/2 3 P 1.8 45.7 7.8x10 1 ' 

1 : After Se in-di f fusion 

2 : After Bi in-di f fusion 

3: After 'Pe in-diffusion 
1 

.. // ./ 
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useci for driving the sample. 
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In thi. chapter, final conclusion. of cry.t.l growth, 

structural analysis, diffusion and Hall effect .... ur ... nt. 

of CulnSe 3 are glven. 

7.1 Crystal Grovth 

Tvo methods of cry.t~~ grovth, the Brid~n and the 

5tockbarger methods have been eaployed using tvo grovth 

SJ.t •• s for both horizontal and vertical grovth. Several 

difficulties such as voids, cracks, oxidation and adhe.ion 

of the compound to the ampoule have been eneountered in the 

initial stages of the program. These difficulties have 

he.n overcome in the present vork by adopting the improved 

grovth procedure developed for this compound, as described 

in section '.3. Although it has heen a general belief that 

cry.tal grovth of a compound material involving aeveral 

ele.enta is more dificult than that for elemental 

_terials, hovever, good Quality CulnSe 2 ingots eontaining 

l.rge monoerystalline grains vere suceessfully grovn. 

Monocrystalline CulnSe 2 and CulnTe a vith a typical 

di .. nsions of 2x5xl5 mm 2 vere readily obtained from the 

ingots grovn in the pres.nt vork. Tb."', •• aples vere u.ed 
\ 

in the present study. 

A eomparison of the result. the 

improved conditions (from the Bridgaan 
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.. thodl), revealed that large aonocryltalline grainl of the 

ca.pound vith better quality can be obtained using the 

Stockbarger .ethod. These results further shoved that 

better results (in terms of size and quality) can be 

obtained using the vertical system. The formation of voids 

appeared to be due to incomplete mixing of the constituent 

elements ln the melt. The combination of rotational mixing, 

inter-diffusion and the slow growth rate used was found to 

be adequate to overcome these growth problems. From the 

phase diagram of CulnSe 2 system, In-rich material is 

predicted in the solid state form. Analysis has heen made 

uling a micro probe on the as-grovn ingots to confirm thil 

prediction and in addition, to determine the compositional 

uniformity of the material. Experimental results obtained 

fra. the micro probe analysis sho.ed an In/Cu ratio vhich 

va. greater than one. 

7.2 Cry.tal Structure Analylil 

Laue back reflection technique .al uaed to eaaaine tbe 

quality of the grown ingots in order to e.tablilh th. 

procedure for large grain growth. The structure analysis 

bas been carried out to determine cell di.enlions, lattice 

type, solidification direction and the gro.th plane for 

CulnSe J compound based on single cryltal x-ray .. thodl 

(Buerger precession and Weilenberg). These lingle cryltal 

r.lults have not been reported in the literature. Si.ilar 

ana11sil was allo .. de for CulnTe a • Tb.I. Z-ra, .. tbodl 
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also enabled one to determine the precise cell parameters. 

The ratio of c/a vas found to he 2.006 and 2.001 for 

CulnSe a and CulnTe 3 respective1y. The results further 

confirmed that th~ height of the unit cell vas almost 

double of its base axes. The crys~al orientation results 

shoved that the solidification direction vas random, 

although some ingots ver~ found to have a grovth direction 

of [221] which was normal to the (112) plane. This was 

considered to be due to the fact that there was no seed 

involved during the grovth. To det~rmine more precisely 

the growth direction, further X-ray experiments using 

co.plete monocrystalline ingots are needed. 

povder x-ray analysis has been made and the results 

shoved that the grovn crystals vere single phase with the 

chalcopyrite structure. From the observed relative 

intensities, the corresponding interplanar d h I!. l vere 

obtained for the scanning 26 range betveen 10° and 144°. 

Povder diffraction pattern of CulnSe 3 has been computed 

from the single crystal diffraction data and vas found to 

be in very good agree_ent vith the experimental diffraction 

results. 

7.3 Opto-elctronic Propertiel 

The studies have been _de prior to •• peri.ntal 

.... ure .. nts in order to develop ohmic contacts for p-type 

CulnSe l • As a resu1t of these etudies silver peint vas 

found to produce very good ohmic contacts vith p-type 
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CulnSe Z " The main advantage of the silver point contacts 

was the simplicity in processing. 

Room tem~erature specifie resistivity and Hall effect 

measurements have been carried out on single crystal 

CulnSe 2 samples prepared from the as-grown ingots. The 

results showed that aIl of these samples were p-type with a 

typical Hall mobility value of about 68 cm 2 V- 1 sec- 1 and an 

effective carrier concentration of about 

Studies were made on samples after the annealing and 

in-diffusion treatments under minimum and maximum Se vapor 

~ pressure and the extrinsic doping by Bi and Te diffusion. 
\ 

These vere performed on as-grown monocrsytalline CulnSe z 

samples and the results obtained have been given in this 

thesis. 

It has been shown that p-type CulnSe z semples vere 

converted into n-type by the annealing treatment under 

minimum Se vapor pressure. 1 t appeared that there 4" vat a 

compensation region seperating the p- and n-type semples. 

The typical value of carrier concentration was 101'cm- 3 and 

the maximum Hall mobility was 1050 cmZV-1sec- 1 for the 

n-type samples. For the annealed samples both resistivity 

and concentration va r ied, suggesting that selenium 

out-diffusion did occur during the process. The selenium 

out-diffusion led to a decrease in acceptor state density 

so that the resistivity of the samples increased before the 

compensation region and decreased after. For in-diffusion 

experiments under Se, Te and Bi vapor pressure, the 
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resistivity and the concentration of aIl the samples were 

found to vary as determined by Hall effect measurements. 

Xhe samples used in the Bi extrinsic dopIng investigation 

were also found to convert from p- to n-type. This effect 

was considered to be the result of Se out-dIffusion which 

was believed to be domInant during the process. The carrier 

concentrations of n-type samples after the annealing or 

Bi-diffusion process were found to be lower than their 

original p-type values. 

Photoconductlvity response results versus wavelength 

in the optically sensitive region at 77°C were measured and 

these are the first results to be reported for p-type 

monoc rysta Il i ne CulnSe 2 samples. The photoconduc t i ve 

voltage variation as a function of light intensity and 

applied voltage were also investigated. It was found that 

J~" the photoconductivity magnitude was increased after the 

-~rface deep etching treatments which appeared to lower the 
"-

surface recombination velocity. 

( 
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