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1 . INTRODUCTIOP 

The photovoltaic solar cell is a semiconductor device which 

converts sunlight directly i n to electricity. The operation 

of this device is based on the photovoltaic effect which is 

the conversion of light energy (photons) to e lectrical energy 

in a semiconductor junction device. The photovoltaic effect 

has been ob served since 18 39 and the theory has been develop­

ed sinc e 1930. The importance of solar cells for the space 

p rogram has led to furthe r refinement of the analysis which 

allows the ir perfor~ance to be preoicted within 10 percent 

efficiency o 

Solar cel ls consist of thin sandwich of one or more semi­

conductors v with metal electrode s on eithe r side . A trans­

parent coating e nve lopes the device to shie ld it from harm­

ful effects of the atmosphere and to assist the absorption 

of ligh t . Cells made of ~onocrystalline semiconductors, 

although v e ry thiu ; are stiff and infle xible . Ce lls made of 

thin- film polycrystalline or amorphous semiconductors can 

be rolled and unrolle d like convent ional roofing mate rials. 

A photovoltaic e ffect in CdS was first obse rved by Reynolds 

made by depositin g a thin film o f c oppe r on a cadrr ium sulphide 

film/l/ . Later work es tabl ished that tf1.e actual junction was 
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betwE;~n 1 7/ . A Eubstantial number of r e s e arch 

e fforts have s i nce been conduc t ad on thi s he t e rojunction 

and a l t hough some variation ~xists 7 c e lls have gene rally 

been made by r eact in0. a vapour depositec cadmiuw sul phidt 

with a cuprous ion solution. 

The object of this study is t o p roduce thin films for 

CdS/Cu 2 S solar c e lls and to inve stiqate their crystall ine 

structur e by x- ray diffraction . 

2. OPERATION OF P.HOTOVOLTAIC CELLS /11 

The photovoltaic effect is the creation of an e l eetromo-

ti,ve force (EMF) by absorpt i on o f li9h t or af.\Y ionizing 

radiation i n an inhomogene ous solid . It i s distinguished 

from locali zed heating ",hieh can cause an EMF via thermo-

electric e ffects or f rom nonuniforw illuMination in a 

homoge neous s amp l e. 

In orde r for the photovoltaic e ff ect to exist in the system , 

the light must generate charge carrie r s , both electrons and 

hole s ; which must De separated by an e l ectric field cre ated 

by some e l e c tronic inhomogene i ty ~ojh ieh is generally called 

the e l e ctronic junction and is described hy a change in the 

e ne rgy l e ve l of the conduc tion band r e lative to the Fermi 

l eve L 
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The e l e c tronic junct ion , nec~ ssary for the photovoltaic 

device ; can b e the r egion b e tween two s emiconductors 

having dif fE'~ ren ·t tyP(~ S of conduct i vity h enc e corn~::::-ising 

a p ~ n junction whict. can b e :. 

a homo junction which has t h e sarr e s c~iconductor on 

both side s of the junction , 

a he t e rojunction corn~ose~ of two d i f f e r Gnt s emiconouc­

tors" 

a Schottky--barri(C} r :me tal" s e mi c onductor junction J 

a metal - insu lator-semiconductor (MI S ) junction . 

The e ssential f e atures of a s ol a r cell are an absorbe r 

mate rial i n which mobile carrie r s are gene rated by the 

absorption of light; and build'- in voltage region which 

allo\'75 the g e n e rated carriers to be colle cted from the 

r e gion in which they are gener a. t.ec. and converted to 

IT'.ajori ty carrie rs. The absorb.::: r r egion determine s thE: 

magnitud e of the curre nt that is g e n e rated and the he ight 

of the barrie r voltage de t e rmines the voltage that the 

cell can produce . Absorption of light by the s emiconduct­

ing absorber requires, tha t t h e light e nergy is at least 

equal in rragni tude to that of the ~ne rc;y ~ap separating the 

vale ncy band from the c onduction band (band gap) . A frac ­

t ion of li? ht having the prope r e n e rgy c a n b e lost if the 



s emicond uctor laye r is no t th ick enough to e ff e c t comple t e 

light absorption (i8 . thinne r than the optical absorption 

length of the s emiconductor) . 

2.1 Re combination Loss e s 

Losse s dUE~ to photogen e rClted el ectrons and hole s r e combin-

ing be f ore they are s e par a t e d i n the p -n junction a r e 

highly influence d by the mClte rial auality and de vice struc-... -. 

ture . Bulk r e combination take s place away from surfa ce s 

and interfaces and ge n e rally occurs a t impurity site s a nd 

structural de fects in the semico nductor. Since most carri -

e rs are generated in t he bulk , outs ide the junction , roini-

mizing bulk recorrh ination r e s ults in a big f raction of 

photoge nera t ed carrie r s migra ting to the junction so as to 

be separated. It me ans t he d iffusion l ength (the d istance 

photogenerated carriers dif ~use without r e combination) has 

to be long e nough to allow a l l carriers to r e ach the junc-

tion a In addition, we akly absorbing mate rials r e quire 

longe r diffus ion l ength for eff icient carrier collection. 

Other effective r e comb ination c e n t e rs arise due to unique 

electronic states which arise in the vicinity of composi­

tional and structural discontinuitie s in the solid s (or in 

all active and passive parts of the solar cell). Hence, 



surface s and inte rfaces are critica l r egions in tho solar 

ce ll o Surfacl:? r e combir:<1tion .i s :~articularly important in 

p-n homojunctions, whe r e many c arrie r s are Generate d in 

the front active e I8~ent. In this type of ce lls the effect 

c an be minimi zed by de creas i ng the thickness o~ the front 

acti ve e l ement or ae di tton of a cOIT:patible transparent 

semiconductor l aye r in front of the ce ll (he t e rostructure ). 

In he t e ro junction ce lls the front active e l ement can be 

wade of a s emiconductor with a wide ba nd gap which will 

only absorb the small fraction of the incide nt radiation 

of ene r gy large r than t he band gap . Hence , most c arrie rs 

are generatee in the back active e lement and thus are not 

susceptible to front surface recoIT~ ination. 

Re combinat ion at the bacy siele become s appreciable when 

the thickness of the back active e l ement is co~parable to 

both the optica l absorption lr:)ngt h of the s 8f1'l.iconduct.or 

and the carrier 8iffusion l ength " It is because an appre -

ciable number of carrie r s are generate d ne ar the hack 

surface? whe re the r e combination rate is high. This e ffect 

can be r educe d by using a back~surface fie ld structure , in 

which the r eaion of the ~ack active element adjace nt to 
I -

the e l e ctrodes is heavely doped. Consequently a fi e ld is 

produced t hat effectively confines the photocarriers to 
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the bulk of the ba ck ac t i ve a l ement an~ the photocarrie rs 

a r e kept away f rom t he n lector de . 

De f ects a ri sing at the i nt e rface 'bet ween t wo dis s i mi l a r 

ma t e rial s p r ovi de a nothe r i mportant re co~bina tion path . 

Inte rface r e combination i s an important l oss me c ha nism in 

he t e r o junctions and Schottky harrie rs and is r e duce d by 

matching ce rtain ke y p r opertie s of the mate rials envo lved 

such a s l a ttice parame t e r, the r mal e xpansion , e ne r gy of 

t he c onduction and valency band e dge s , tc . Anothe r inte r ­

face h i ghly a ffe cting e ff iciency is found at grain bounda­

rie s o f po lycrys t a llin mate ria l s . 

2.2 Curre nt '-Vo l t age Character! s tic / 3/ 0 

A s emioonductor j unction has the e lec trical characte risti c 

of a diode" i e . signi f icant current f lows only for one 

pola rity of applied voltage. Th i s f orwa rrl pola rity i s pre ­

cise l y the one appe aring a c r os s an illuminated ce ll conne c­

ted to a l oad. The current t hus p roduced , t he diode current, 

flows in t he direct i on opposite t o the pho t ogene r a t ed cur­

r e nt unde r short circuit condi t i ons. The ne t current f low 

is the r e f ore r e duce d f r om t ha t unde r s hort- circuit condi 

tions by t he ma gnitude of t his d i ode current and be come s 
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ze ro ',-\'hen. the load r c:; si s tanc£ be corre s infinity . Thi~, i s 

c a lle oo th8 0p(~n "-circlJi.t condltio n g an(\ the voltag Lea """ · 

ured unde r thi s cond ition i s the OP 0 c t wh ich the ~ i. o~e 

curre n t e xa ctly °alance s out the pho~ocurrcnt. Conse que nt 

l y higt ope n-circuit voltag e a r e ob t ai n ed for small di d 

curre nt " 

The magnitud n of t he d i od: c urren t fo r a give n v o l t ag b i as 

a nd po l arity 88~ends on the curre nt- c a rrying rn8 cha nism 

a cross the junction . When curre nt is carried only by dif­

f usion of e n e r a . tic carrie r s ov e r th top of the ote nti a l 

barri (.",l r a t th l2 juncti on r t he d i ode curre nt is a minimum 

and the ope n - circuit vo ltag ) is a max imum. Vo lta ge o f f or ­

wa rd polarity r eJuces the heiqtt of t h is barri8 r and i nc­

reases the d i o d e c urre nt a d i f it is lar~e e nough ; the 

barrie r v an i shes and the d i odo_ c urre nt can bal~nce any 

photo curre nt prod uced by the c e ll . 

For homo j unctions t h e maximum op e n circuit volt a g e a che i .. o 

v ahle is s lightly s ma ller than the band gap of the s e mi ­

conductor . He nce , the u s e of l arge band gap semicond'ctors 

produce high voltages. But such s e miconductors roduce 

small curre nt due t o the ir absor b ing l e ss radiation . 
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The powi:? r ce li.ve r ccl by a c e l l t o t h e l oae. is c o 1 to 

the product of the curr~nt a n t h o v Itagc across t he 

c . ll and therpfor e depe nrl s ( n the load . Wh .n t he loa 

is z ~ ro o r infinite t h e now ~_ ~~ ive r e d i s ze ro. For 

some finite l oa(l n O' s i stance th P O "o r r e achf" s a maximum. 

The e fficie ncy of s o l a r c e l ls i- inf lu~nce d by e l e ctor1e 

design J c ontact fabricati on a nd e l e ctrical s horts a cross 

active e l e mE-' nts. The se e f fecb'l c an he describ --d in t e rms 

of an adde d s e ries r e s istance b e t we e n c e ll and load v which 

has to b ~ minimi ze d or a shunt r o s i s tance across the c e ll 

t e rmina l s i-lhich has to h &; maximi z (~d for efficie nt c e ll 

ope ration . The fron t e lectrod e is e ithe r a trans are nt 

continuo us laye r or a fine grid structur8 with minimum 

shading so as to maxi mi ze the amount of solar rad iation 

r e aching the active e l e me nt . El e ctrode light trans mission 

is usu.a lly improved a t the e xpe nse of increas e o r e sistance , 

leading t o t he re~uction of e ff i c i e n cy . Increasing the 

con d uc tivi t y of transpa r e n t e l e ctrode or a ctive e l e ments , 

the r efor e; imp rove s de vice per f ormance . 

Another important r actor t o c e ll e ffici e ncy is c e ll stabi­

lity o v e r many year s of exposure to sunlight and o ther 

e nvironmental stre sse s . 
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2. 3 CdS/CuxS Thin Film So l ar CG ll ~ / 5 g 6/ . 

CdS/CuxS thin film solar cel l s are one of the most i nve s ­

tigat ed photovoltaic devices . The f irst t h in f ilm c e ll 

was deve l oped by Carlson / 4/ and , a fte r 19 60 , conv . rsion 

efficiences of gre a t e r than 1% we r e r eachee . Intensive 

develop~ent pr oduced ce lls of r e l a tive ly large are a ( 55 c~2) 

with mean e fficiencies of about C%" s ome ce lls of 4_ cm2 

having eff iciencie s of ove r 8%. 

Howeve r , s e ve ral ~rohlems aopear rd and the s e incre ased in 

numbe r as the e f fici e ncy of t.he ce lls incre ased. The main 

nroblr.:-}m l.vU S doe low yie ld of e,f fic i ent ce lls , and the 

dependencE.: of the p'-.; rforrrance 0 ::1 the preparation method. 

As the photovo ltai c me chani sm and the structure of the 

junct :L cns wer e not I.mde rsto()d l, the il!1p rovrnents rnade to the 

ce ll s we r e e sse ntially eMpi rical and a ll these ce lIE we r e 

very s ensi tive to ~ifferent ~egra~ atioD rncchanisms. 

The ~rincipal difficulty in achie ving highe r efficiencies 

seems to lie in r educing su )stancial Cd S/CuxS inte rface 

r e combination. The analysis of the chemistry of this inte r -

face e na."b l e s one to estimatc· the r e coTIlb inatio!1 ve locity a t 

the CdS/ Cu 8 he tero;unction and t o s ee ,,1h ich othe r conse-x oJ 

quence s for t he ban~ s tructur e .ear the inte rface r esult. ~ 

This ana l ys is is based on t he l a ttice misma tch (a t the 

junctio ) and r elated spa ce charges. 
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Coppe r s ulphi .2 ca e ist i n a l a r ge nurrb r of p h ases 

(see Tab l e 1 an Ch apte r 3 .2 ) , but a us fu l h tovoltaic 

ef fect h as been observ .d f or th chalcoci t e phase (Cu
2

, ) . 

Cu 2 S i s usual l y produced on tor of th CdS laye r by a 

tODotaxial r eaction r that i s, r e l ac i ng a cud rriurr ion by 

two coppe r ions 7 .ut l eavin g the sulphur s u b lattice es sen~ 

ti a lly i n t act . 'T'he lattice s tructure chan<;es sli ghtly fro 
A • 

the hexagonal CdS with a - 4. 1 3 6 8 1\ n.nd c = 6. 7162 A to t he 

orthorho rrbi c ClJ.~ >~ with 2 = 11.97 
L, .., 

1\ 

b = / 7 . 6 40 A, 

c = 1 3 . 48R A. Gene ra lly th lattices a r .acrosco )ically 

conne cted in a p lane pe r pendicular to c ( e Cha . tcr 4) . 

Fi g. l shows a cu t throu gh a suI hur l a y e r a t the CdS/Cu 2S 

int e r fa c e perpendicula r to the c a} ' s (of both CdS and 

The mismatch b e t T'leen the chalcocite a n d the CdS l attice 

shown which is the s IPa lle s:t for all of the . os~ible crys-

t a l lo graph l.c phase s of Cu .S r (mabIe 2. ) ;:,roduces a cH sloca~ 

tion network \'Ji th an exce ss su I phu r laye r in the eu xS a t 

a distance of 5?.9 u 96,7 and 808 . in he a,b and c 

di r e ction respectiv e ly . This e xtra l ayer p rovides a line 

ne twork o f dangling h ond s wit. a dens i t of 3 . 4 4 x 10 13
, 

-- 2 6 ,2 5 X 10 1 3 and 1 , 07 x 10 14 CIP r perpendicular to the 

band c di r e ction u r e s pectively , 
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I t is e p c t e d that 11 of h _so j ngling n~ ns r G 

(ro lati v ~ to t ho 1 ttiee ) n ng t iv _1y char . , nd attr c t 

compen s at i ng ch.:t r g s (dono r s ) in t h e cj co t Cd and 

Cu ,. 
1; h i ghe r dono r d nsi t y is (;! " . et d in Cu 5 x. 1I 

X ' 

by Cd i nt. .. r st i ti '" Is trarP d d ur i th t opo x ial Cu S x 

f o r n tiona The s donors provi r c I h i h nsi t y of . or -

a cce n t o r pf irs wi th e n ane ~ r .Jo~bination and e r e s_ 

the _ffiei c ncy of th hotovo t i e e 11 ( ~ Chapt e r :.1 ) . 

Tabl8 1 Sy mmetry and l att i c e c ons nts o f C 

coppe r s uI hi e e s / 1 5/ . 

and v .:J. rio u 

co~poundlcry . t a 
b 

I 

CdS He xa gon 1 I il , 137 
I 

6 , 71 

Cu 2S Orthor ombi c /11, 9 76 27 , 640 , 1 3 p 4M~ 

CU., S H xagonal 
I 

v 961 6 3 722 ... 

Cul. 96 5 Orthorhombic 15 , 71 13 ,56 

Cu1 . 96S Te tragonal 1 00 

i Cul . 91S Hexagon· 1 11 , 355 , 

CUI. 8'-' I 
! 

Pse do c u i c 5 , 56 

CuS I H xagonal 3 , 79 . I f) , 332 

I 
.-~--------
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Cu 2 S CdS 
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.a.. ,-.-. 
I r ,~ <;'-, 

,/ 

i , / 

! / 

1/ 
i .. -
t 
!\ 

I 
I , 
I 

, 
, 

\ 

,I 

j 
. It-

.. ';..' -~-"-"'" ,._ .. ..--.... /, 
, 

\ / 

\ 

\, 

\ 
\ 

/ 

i- - .. 
j 

/- .... 
/ 

l.-
I 

~ ~.~--J 

! 

-- -.1111.-' 

I ,'1 ~, 
d(210) =3 . 583A 

(CdS) 

.-.1..-I -. ~- ..... 
i 

I 
! 

i I 
f I 

)- -------_.-<' - --f- - - ---
i ' I \ 

.I \ 
~t \ 

! j l 

· u i K 
i l \'\ 

I 

, , ; . , 
,i-._ -_. _ _ ... -"'-"---' i 

, I 
/ 

i I \ 

.4
i ! / i 

I . / I 
f \. ./ f 
1 •• _ ___ -"-_ ... ___ •. ___ :..._ •• ___ •••• _ . __ .... . -.1 

b 
!I/i.---- ----. a:=ll. 976A 

Cu S 
2 

• 0 d [08dJ =-3. 455A 

(Cu
2

S) 

-~-.. -

Fig.l. Cu
2

S eleIrentary cell..L c cut (approxiwate). Sulphur 

layer depict.eel. Lattice TI'islT'atches to CdS latt i ce 

indicated . 
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Lattice naramete rs o f CdS and Cu~S 151 

" Lat tice c onstants /A 

Cdfi (hexagona l) CU2S (orthorhombic ) 

(l00) 4 p 13 68 (100) 11 , 97 6 

(001) 6 , 716 2 (010 ) 2 7 ;> 640 

(001) 13 ,488 

(; 

Latt i ce spac i ng as aligned (A) 

CdS Cu2S 

d [110] 2 , 06 8 d [600J 1 , 996 

d (OlOJ 3 1 583 d [080J 3 ; 455 

d [002] 3 : 358 d [004J 3 , 372 

Lattice mismatches 

" ( 100) 0 1 07 2 A 3.5% 
tJ 

(010) 0 , 13 8 A 0 .2% 
f' 

(001) O , Ol lli\ o . . 1% 

Structure and phase studies o f topotaxial l y grown CUxS on 

orie nted polycrysta lline CdS f ilms have, therefore , direct 

i mpa c t on t he pe rformance c har acteristic o f CuxS/CdS solar 

ce l ls , Structure evaluat ion of CUxS i nvolves phase identi ­

fication and lattice parameter and orientation relations 

to ge t a meaningful inte r p r eta. t i on of s toichiometry . 
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3. THIN FIL1\1. DEPOSITION 'rECHN I QUES 

3 . 1 The Production of Layers of CdS 

CdS layers are invari.ably n ·~ · type as a conseque nce of t he 

presence of a large density of native de f ects (su lphur 

vacanci(:! s a.nd e xce ss cadmium) which act as donors . 

3.1.1 Ther~al Evaporation /7/ . 

One of the most cornrnon techniques for the deposition of 

CdS t h i n fi lms is the ther~al evaporation. The obta i n e d 

polyc r ys talline laye rs show a col umnar structure t;dth t he 

c a x i s perpendicular to the snbstrate s urface i f. the 

s ubstrat e is heated at 200°C during deposition. Th8 se 

laye r s exhibit a large numb(~r of r. inhole s and nee d a thick-' 

n e s s of uE" to a fe\'1 tens of microns to avoid short c i r '" 

cuits i n the comple t e c(~ ll. ThE s i ze of crystallite s i n 

about . 1 llm, dnd their c axis j.s approximately normal to 

the s ubstr a t e . To p roduce 1m" res ista.nce f ilms (wh i ch are 

needGd for solar cells) the eas i e st way is to introduce 

donor nat i ve de f ects (sulphur vacanci(.?s) or donor impuri ·· 

ties (ind ium). 

The main d isadvantage of this me t hod is that 80% of t he 

e vaporated material i s lost . 
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3. 1. 2 §putte ring /7 ,8,9 / . 

By using sputtering f over ~O % of the mate ri a l sputte r ed 

from the target can be de po 't 1 t h tt l . _ Sl.sa on 0 a su s r a e, tlG 

uniformity of the orientation of the c axis is great ly 

improved, and the density of pinhole s is considerably 

r e duced. 

The prope rties of the sputtered layers a re qui t e s imilar 

to thos e of the e vaporated f ilms s xcept fo r the r e sisti-

vity which is typ ica lly 1 M n cm for laye r s condense d on 

substrates he a t ed at 200 0 C1 pr obabl y as a r esult of be tte r 

stoichiometry. 

The main disadvantage of this me thod is the difficulty of 

doping and the low deposition ra t e (about .7. ].l In /h) . 

3.1 .3 Scre e n=Printed anc Sinte r e d Laye r s /10/. 

CdS f ilms of low resistivity a r e pr epared by screen'-print-

ing a CdS paste on a glass s ubstrate and then s inte r eCl. in 

N2 gas atmosnhe r e including a sma ll a:r.ount of Cd vapour . 

The CdS paste is prepared by mixi ng 100 q Cdr powder and 

7 9 CdC12 powder (flux) with propyl e ne g lyco l (binder) . The 

print e d paste is the n sintered at 6~OoC fo r one h . The 
_J 2 

r esistivity of these films is 10 n cm with grain s i ze s 

of 5 e. 10 ].lIn for a thicknes s of a. 'out 50 ].lfl1. 



= 16 .. 

3 . 1 .4 Spray ed Layers /7!11 , 1 ~ / 

An aque ous solution of a cadY1'Iinm salt nne. a sulpho~.organic 

compound i s sprayed onto a h ;:~ ated s ubst.rab~ whos e tempt~ra ­

t u r e i s abDv e 250°C . The r e a c tion which de ve lops on the 

hot s ubstrate p rodude s a CdS l ay e r and volatile pr oducts . 

With t h e commonly us e d CdC1 2 and t b i ori a 

globa l r eaction is 

+ 

The s p r ay can be r e alized in NZ a tmosphere and the sprayed 

laye r s are more compact and s t o ichiometric than the e va -

porate d films I so the CdS th ickn~3 s s way bp. r educe d b", l ow 

10 l1m Q Th e de position rate s are rathe r low TNi th vall,le s 

aroun d a f e y! microns pe r hour . Fo!.' s ubstrate te rr.p~~rature s 

l e ss tha n about 300°C , the lay(~ r s are ve ry r ouqh p with 

small disoriented crystallitie s . AboVA 350°C the layers 

rese mble e vaporate d laye rs in many aspe cts ~ the y a r e smoo-

thor , with a crystallite siz i'3 of aron t 0.1 l1m , have an 

acce ptable c axis alignment n ormal to tr e s ubstrate and 

are optically transparent. 



3 . 1 05 Electroph0y :~ti(': Dl~posH: io!1 _1.].1/ 0 

The p r e p aration o f pinho l e-frae thin films of CdS by t he 

above m~:.:nt. ion .. j (l ml2 t hods has a lways bc'en a problem. El e ct-

r ophor 2s i s from a CdS sol off e rs an alte rnatiw"! t 0chnique . 

Provi d,,~a the parti c l (;'! si ze is small "l ' h 1 f cnoug.ll" PUl D e~· n ?e 

films 1<) 11m thick can be pr cpan,d on L 'tr gco-area substrates. 

The- Sf) } was p r epan.-;d by buhl ' lih.g H"S :Lnt:.o a solution of 
I. 

cadmi um ?cs tRt e and wate r . Ii particle size of a,hont 100 A 
was us e d s o that no addi t i ve s we r e r equired to prevent the 

s ol f locking out . The sol was s tab le fo r periods of many 

w2ek s wh8n kf'~~) t i n darkness a 'rhis particle si ze a lso meant 

that pinhole - fr,O)s films 1 ].lm th i ck could be prepare(L 

3 . 1 . 6 Chemica l Spray Depos ition-Ion Exchange /1 5/. 

F irst fi lms of CdO \"h ich are 1· 3 11 Ir: thick are d(-~positec. 

by spray pyr o lysis of cadmium acetate or cadmium nitr ::lt e 

on SnG
2 

o r In
2
0, coated glass slidAs ; rna i n.t.a ined at t empe-· 

r a tur2s het.ween 450 and 550°C 0 The se films are subject ed 

to an i on e xchange procedure i n a flowi n9 sulphide ambient 

~ t t f '00 ~ OOo~ Thr->s e films are comple te ly a.... empe r a ure s 0 ' q -J ,~> -

conv ~rt ~ 0 ~ C~c The Cd~S ... films] now 2- 6 ].lm thick ; have - .". e\.l, ln 1_0 0 ... ; • .. _ . . 

grain d i ame ters of 1- 3 m. It is important to note t hat 

h hav,~ s.~qnificantly diffe r ent e ven though the t wo p a s e s - ~ ~ 

densiti es a nd crystal structur es , the converted CdS films 
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re rrai n i n t a c t and adhe r e nt to the subs tra t e . Specificall y u 

CdO c !."ys t a l l i ze s in t he cubic rock salt s t ru c ture with a 

densi ty of 8 . 1 5 g/ crr 3 
p while CdS h a s the he xa gon a l wurtzite 

s t ruc t u r e with a de nsity of 4.82 q/crr. 3 • The total nurobe r 

of r:-ole cu l ee p Y'e s2n t i n t he f iln'" r e mains constant durin g 

the t ran sforrr.a. t ion p an d the rrole cula r we i gh t i ncre ase s by 

only 1 2 % r but the dens i ty decre ases b y a l rros t a f actor of 2 . 

'I'hus p t he volu rre of t he f il re is d ouble d . The late ral exp2m-

s i on i s t~ken up by t he fillin g of v oi ds be t ween the ori -

gi n a l CdO cry s t all i tes I whi l e the u pwa r d e xpansion acu a lly 

serve s to i n c rea s e the f ilm thick ness. 

3. 1 . 7 Conc lu s ion s 

Al l t he rre t h ods de s c rib e d are ab l e t o p roduce suitab l e CdS 

l aye rs f o r s o l a r ce l l prep a ration . The r e a r e preparation 

t e ch niqu e s s uch as o r qanoI'retalli c che roica l vapor de position 

/13 / , so lu t i oD grovl th /16/ , howev e r" on l y p r e linL1,nary 

r esults a r e cu r r e n t ly avai lable. 

3 .2 The For rra t ion of e u S Layers. 
x-

Severa l coppe r sulph i d$are known 12 , Tab le 1/. Crysta l 

struc tures of s ev e r al of the phases have be en stu d i e d ; 

, .... h loca.+ions of the s ulphur 1 5 a gene r a. l a gree rre nt on ~ , e ~ 

the r e 

~ t o d l' v i de i nto t \vO group s p a .:OIT5 . The s tructu r e: s appe a rs 
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tha t based u p on he xa~onal arran geI:l2nt of sulphur atoros 

such as f our. d in hexa gonal CU 2S and CdS (Fi g . 1), and that 

based u p on a cubic clos ely packed arran gerr<E-:mt of the 

sulphe r atOIT'S such as is found in diginite and cubic CdS. 

The diff e rent c r y s tallographic phases of CUxS are chalco·' 

ci te (Cu 2S) v which tra nsforIT's from orthorhombic pseudo­

hexa00nal to hexago n al at 103°C and to cubic at 435°C ; 

djurile i te (Cu l o96 8 ), which is orthorhombic and appears to 

t ransfor:r. s l u g-gishly to a meta::=table t etragonal for l'.1, above 

93 "C ; d i gi ni tE: (Cn 1. 855 ) v which i s pseudo·~ cubic below 

and cubic a bove 80°C , and covel l i te (eu S ) ,1 which deco It:'"' 

pose s above 507°C r and of these crystallo0I'aphic phases 

only the ch~lcocite phase has p roved to tbe the optimal 

cOI~ositio ~or h igh photoe l e ctric conve rs ion efficiency 

i n CdS/Cu 2S photovoltaic e cells. 

CU
2

S is genera lly a p-type degenera t e material due to 

copper vacancies~ ... l ith an ener0Y gap of 1. 2 eVe It has a 

v e ry rrarked op tical absorption espe cially a long the c a xis . 

Di f f usi on length f or e l e ctrons of about 0.3 \.lIT' are 

usaully fou nd o A gene r a l p!"'oblen~ connecte d with the various 

rne t hods of f orlI'ati on of this Cu xS laye r i s the stoichio~' 

n-;.-, t ' ( 2 ) . In study l.' ng the eff ect of aging 
m::: rlC composi t i oD x:= -

on C S . L (/ ~ / th t the cr.~stals t e nd to u 2 1 t was SHown ·,- a . 



-. 20 ~ 

shi f t t o l ower c oppe r content. The mobil~ copper atoms 

mi gr ate t o t he s ur fac e o f the crysta l s and oxi dize t he r e . 

Thi s sug98st sthe nece s sit y of r i g i d l y controlling the 

s u l ph i de s ,. 

3 . 2.1 Ch~miplatinq Proc~ss (Di P. p i nc.· .. , Dr W(.~ t P r" 0.CY.-SR ', / ~I 17 l ~/ • • •• J • ~ 7 __ ~_I _'_J _' 

A f i lm of C~ S is dip~E~ i n a hot (about 90°C) so l ution of 

CuC l wi t h a care fu l ly controlled pF va l ue (of about ~ ) and 

the globa~ r e act i on i s 

CdS + ?CuC l => Cu2S + CdC12 

The r ~ a.ct ion p r oce e ds qui ck l y " p r oduc ing about 0 .3 11m of 

Cu~S in a f e w s e conds . 
.t.. 

The CdS surfa c e is etched with BCl aci~ be fore dipping in 

or cte r t o pro s e nt a c l e an fre sh CdS surface to the Cu Cl 

s o l ution o Apar t fr om pr e s entJ..na <?- fre sh CdS surface i the 

etch i ng a l s o incre as es the are a of the junction be tween 

t he CdS an~ the Cu S and enhances t he pene tration of t he 
x 

Cu S i n t o t he CdS gra in boundaries . 
x 
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In order t o i mprove the stoich i amatr y of t he Cu S , a~~ i -x ... , ~,~ 

tioDa.l t r e a tment i s done t o obtain the eu ~ comnos ; = 
1.995 '-- -,t: ~~ 

tiorl;. which is f ound t o give useful photovoltaic e ffect . 

Thi s me t hod n r oe uces oriented l aye r s s uitable for cell 

pr eparat ion be c ause 3 t opot 3xi a l g rc"wth occurs during the 

excha.nge r e a ction . 

A CdS l aye r is e t che d with HCl " and then immersed g together 

with a coppe r p late , in an aque ous solution of CuS04 . A 

direct c urrEnt vo ltage is applied beh-leen the copper plate 

(anode ) and t he CdS film (cathod2 ) within the deposition 

po t enti al o f me t a llic copper at 20 0 C for 1 hour. A CUxS 

l aye r i s f ormed on t he surface and along the grain bounda-

ries ne a r t he surface of the CdS film according t o the 

f o llotNi ng r e actions ~ 

Cu++ + C0S => Cus + ca++ 

CuS ++ c + (x-l)Cu + 2(x- l) 6 => CUx~ 

Hera Cu S r epre s e nts the mixtur e o f cu2S x .' 

CUl oSS phas e s . Thus , a film o f CUxS is formec on the 

surf a c e of the CdS film. 
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3. 2. 3 Va cuum D2pC~ s it i on Techniqu~~~ 

Al l vacuum ~epos it iop t e chniques p roauce Cu S laye rs 
x 

i ndepende n tly of the CdS subs t r a te v but t he i r ma in disad-

vanta.q.::: l i e s in the I:) i sori ent a tion o f the films be cause 

o f the abse n c e o f topot axy . 'The f irs t b :mtativt? r e s ults 

we r e l aY'~rs of poor s t o ich i ome t r y because of dissocia tion 

of t he compo un c1. F l a s h e vapor at i on gives bette r r e sults . 

Dur ing the l a st ~ years , s put t e ring has been used success-

f ully fo r t h e p r epa r a tion o f CUxS l aye rs / 8 ,9/. Thin films 

of Cu S (0 . 3 0 . 5 ~rn t h ick ) wer e p roduced by r . f. sputte r­x 

i ng u s i ng h y droqen a n d H S as addi tives to the sputter gas 

a r gon . The e l e c t ri c a l r e sis t i v i ty and the optical proper -

t i es o f tht:-: fi l t:!1s s how mar ked change s whe n the concent· .. 

r ati on o f the r eac t i v e part of the sputter gas excee d 1%. 

The s e changes correspon ~ t o a variation in the chemical 

c ompos i tion. o f the Cu S laye r s,· The films are polycrysta-. x 

line a nd c ons i s t o f a mi x tur e of c rystallographic phases 

tha t :l. r e not i n t h .::: r mo dynamic e quilibrium in all of the 

s p u t t e r ed. Jayer s . 

1'. newt2chn iq~e n arne 1y o r ga nome t a llic chemical vapour 

d,s pos i t i on / 1 3/ r has b(:'(~ :1 de velc)pec .. This me t hod can depo-

s ' t a b.·~ tter control OVe r the c u?S 1 e CU
2

S l a y e r s an d ha s _ ~ 

stoich i Gffis t .r y , and it c an al s o p rovice a precise me ans in 
/' 

the l:-;v e 1 a nd type of dopants . c on t r o l o f the cop i n g , 
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The rr ?i~'. c c nsice J:'a tion i :r~ the cJ..' c I' C - of _. ". ' . ~ i:.~ • _. copper compounds 

,:' S so J,rc~s fo r t he CVD pr oCEs s i s t heir va.:ro\1r pressure. 

Suf f. i c i .~ 1J.t vape r r r essur€:'s of the s f;; c ompounds at r Eo' l ati-

ve l y law t Grne r aturt S a r e r e?uired for the nroce s s to suc-

ces c'" 0 'J"h t::: r '2 a r 8 ver y fev.7 copr.:~0 r corrp01.mds that fit such 

r ?qu i !. crn.~Dt: . In thJs vTork 1 vaD011r cf [CUCI (NCCH 1n ',vas 
~ ~ n 

US PC~ as +:h e co:r;:>er sourc >:~ 1 Tf.7h ich ~~1as generClt<::c1 by J:rl.1bk·linq 

nitrocr~~ thro~ ~~ the sourc~ s s i n wh ic~ acetonitride was 

us(~ c: as C', "'01 ve l _ a nd the f ol lowi ng r eD.etion is he la ~ 

For th~ sLlph~r sourc , fr y H~S gas vas use~o 
", 

A h0ri 7c n t al heatinq r e actor sys t e rr is use~o Growth of 

Cu
2
s i ~ obta ine d ve r a wi~e r~.ge of te~Feratures and 

SF:'S \x'~!,0si tiOl1S , Tr e r eactor t emperatur e was s e t bet\'7een 

6 00~ c) OO OC a n? the c2.rrie r -·ga.c;<· f l o'ill (N? ) wa s ~et between 
.' ,.. 

In ~l l cases; d e g r owth rate of f il~s w~s found t o increa-

, t the qrmvth rate was . s e wl th the s u strate t emper a_ure, ," 

trre was ?coGe a nd 
s~all ~he~ the r eactor te~pera • ~ 

T,<l'hen t h i s t emper ature 
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The a s growl. laye r s a r e b l ack i n co lor , anf the surfaces 

are rr'irror~ likG 0 X- r ay cUff .raction tvas u s ec1 to exa rrine t he 

phase s o f the f il ~s . Fro ~ thi s it wa s coc c luded that the 

p r oduced e u xS - p h ? sE:: is chal cocite . 

Since the abov e n~nt ioDed deposi tion t e chni ques a r e in the 

p r eli r inary s t a se I' fu r ther i nves ti s a t i on a long these lines 

i s ne ce s s a r y 0 

3 .2 . 4 So l id Stat"" heaction /1 9/ . 

This rrethod co.·-bines t he advan t ages of vacuu rr depos ition 

and of t h e exchan <?"e r e action t o p r odu ce t opot a xial f il rrs 

of Cu S on CdS l aye r s . The junction deve lops i n the CdS as x 

f or t h e vJei.: F.t'oces s , and does no t r esu l t f ro IT the s tick i ng 

of two dif ferent r a. t e rials as f or vc_cuurr deposition. The 

rre thod consiste. in the ev a.p oration of t he Cue l ont o a CdS 

laye r i t h s u t se ql..E.~ nt heat t r 0atr;e nt to proCluce the sarre 

cherrtca.l exch=- t ' or t l-.. at f or thi:.1 cherri p lating .' ("A.ng~ r eac lon _ 11 

p r ocess. The t wo f i 1 ITS are t hen b a cke(l. i n an ine rt or 

reduci ns; a.trrosoh e r e a t abou t l 80- 200 oC for a f ew seconds . 

The unre acted 0 J Cl and t he CdC 1
2 

9rodu c8d a r e was hed off 

t he free surf ace us inS a l co hol , 
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Structural data sugges t a to otaxia l arowtl of C, S , anr 
- x 

the reaction is limited to fe y tenths of a micro without 

deep pene tration i nto the grain ~oundaries of the C 

laye r. 

The main p roblem is the evaporation of care fully ur ifi ,0 

CuCl (without Cuel ) and the l i mite : thickness o~ th CUx 

Hh i ch occur '::; probably becaus::; of the f orf:lation of an 

impe rmeable layer or Cc.Cl/. during t he exchan~e r eactio /7 / . 

3.3 °r be POLmation of , Sn0 2 Layer s / 20 7 21/. 

Tin oxide f ilms have been reporte~ hy ~an' inves t i , ators as 

t ranspar ent c oncuctinq f ilms . Sn<? 2 is an ext r insic 

n-s~miconductoro Sn0
2 

films were deposit Qd for s veral 

minutes onto a surf ace of a preheated ( A500" ) las sli~e 

by chemical vapour derosition of :nC1 2 i n a ir. 

" 
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X···P,IlCY S 'I' .~~UCTU~F A.t ALY8 lS / 2:'.. . 2 2.1/ • _ • • 7 __ " _ ' 

X- rays are ele ctromagnetic rad iation which have ~av l e ng ths 

coropara!:., l G y,7i th the inte r atomi c '.,;pa r::in? ",,-1 t i th cr s tal. 

~Jhen x -'rays strike a crystal , SOrT'e of 'he incolT'i!1g r ,:l ifl -

tion is scattered by ele ctrons of the atoMs in the cry tal. 

The rad iation scattered from r-e r io ~ ic al1y s y:.'aceCl ato s ac.cs 

cohe r e nt l y to produce d iffracte~ L ~a~s for c rta i inc i ~nt 

rJi r ect ions 0 

1i~. L 0 Braqg \I.Tas able to accou.nt fo r the" a11C"les t wh ich t e 

d iffr a c ted bea,ms are OhSf)rVeo . His a.nalysi s showe d t:hat the 

d if fracte~ beam and the incident be am ~ake the same ang le 

with a set of equally space~ paral lel planes o f th crys-

t al atoms. The diffe r ent planes of the crystal th _n a c t 

as a kin~ of ~artially r eflecting ; ~ irrors ' . 

The c on(;!. i·tion ~~7hich mus t b e T.i' .~t i n o r der that the ' r f1 c-

t ed \ beaIT's a d c3 cons tructi ve l y to yie lc. an intense (' i ff rac -

ted bf.::a IT' is that they all r.e i n phase . This cond i t iol1 , k. O\offi 

as B:cagg i s T.a\.T ; is e xpre sse r1 by ~ 

28 s in e = 11 A n == 1, 2/ , .. .. 1) 

where a is the soacin(} behle '.n the la.n~s , e is t 
a ncrle 

~ 'Th ich the incice n t beam muke s with th~ I'll "['\. - 5 a ~ A t he 
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wavs l e i.1q t h of the s l e ctromag n8ti c r ar:.i a tion. A. t h i r .. ~_ x 

o f r e fraction of Y *' !:"i'tys is 2f-3s 2n-c. ially U!1i t y , the tra n s --

I'l i t t:c:d b e aE' t .h Gr e fore ') a 5 ses t1.. h l l!roug. t .le c r stal unr e :rac 

( . 1 The Ge ome t ry of Crystals 

!,. 1. 1 Crvs ta. ls 

A cry stal may b e d.e fine(~ as a s olic COJ'T'3!osc rl. 0 A. ~ , ; 

arranged in a patte rn ~eriodic i n three d ime nsion . As sue y 

crystals <i i f fE'; r in a ft'ndam(~nta l way from gase s and liquiCls 

bec aus ,= o f the a t .omie arrangements in the latte r which do 

not p osse s the esse ntial r eqnin-:!P.'.e nts of pe riodicity . Not 

all s olids are cr~lstalline;. howe ve r; sowe are arn.orphous v 

like glas s and d o not have any r egular interior a r range -

ment. of atoms. 

!1. . L 2 Lattices - _. 

In t h i nki n q about crystals it is ofte n conve nie nt to 

iqnore the actual atoms compo s ing the crystal an ~ t he ir 

, DC to think inst ad of a p e ri.odic a rrangement ln space , a . -

h h ~ f' e r e lation i n set o f i rr.aq1nary points w ic.. 1 a ve · l X . 
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s pace to t he atoms of the crys t al and lJla.y he r e("'- r dco a " 
. -

a s ort of f r arre vwrL or ske l etol'. on \., ich t h ~ a ctual 

crystal is built u p . 

These point.s can be f or rr.e d by i ntersect i on of t hree a r l ~' 

l e 1 and equic')i s t ant s e t s of p lanes . The s t of p Oin t s so 

f orrred has an ir p ortar. t p rope rty r it co s t i tu t e s wha i s 

c a l led a point latt ice, whi ch i s def i ne d a s an a r ray of 

po i nts i r. space so arranged that each poin t h as i dent ical 

sur r ound i n g . 

By i den tical surr ounding it i s rre a n t t h at t he l a ttice of 

poin.ts i whe n viev?ed i n a p arU .cu l ar fU r .. ctioD. f ro P.' one 

l a ttice p o in.t i wou l d hav e exac t l y the :J arre anpe a r an c 

when v im'Te d. in the sa.roe dire c ti.on f roIT' any o t he r l attice 

pOi n t. The S .t of ce lls p rodu ced by the int e r s c t ion of 

the above p lane~ are i dentical (in shape a nd s i ze ) and 

one of t h err is c al l e d a unit c e l l. 

• 
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Fig . 2 A poi nt l a t t i c e 

The s ize a nd s h ape of a unit cell in turn c an be 

+ + 
de s cri. b e d by t .hre e vectors a I b a nd c drawn f ro rr: 

o ne co:r-ne r of the cell taken a s the ori gin . These 

vectors define the ce l l and are c alled the c r ystal-

l o grap hic a yes of the cel l. They may al so be de scri-

b e d in t erms of t h e i r len gths ( a I b r c) and the 
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-the angles between them (~,a,y) which are coll ec i-

vely called lattice parameter of the unit cell. The 
-r :or -r 

vectors a, h, c, in addi ion to defining the unit 

~ell define the whole po nt lattice which is produ 

, ced by their repeated action on· one lat ice po nt 

located at the origin. 

Fig.3 A unit cell 

4.1 . 3 ~rtstal' SIstema 

In dividing space hy hree sets of parallel planes , 

one can of course produce un1t cells of various 

shapes, depending on how the pI n s are arran ed. 

By giving special 1. lengths and 

angles to the so produced unit cell one comes up 

with units cells of var ou kinds 0 pOint lat ice -, 

since the points of the lattice are loc ted t th 
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cel l cor ners . It turns 0 t that only s ven diffe-

rent k inds of cells are necessary to i nclude all 

the possible point latt i ces . ~hese correspond to 

seven crystal system i nto which all crystals can 

be c lassified. These sys t ems are listed in Table 3. 

Table 3. Crystal :Systems and Bravais lattices/~4-/. 

... -
" r 1to¥oI. Lettice S,... Aaiol, ~tfw and ""81. 

&.rttice IJ'IIIboI I 
r 

SI.pI. , I Cvbtc . nw.. *I'JOI _ at right '""81. 
Wre_erwd 1 a .. b. -~. .., ~ ,. . ., ,. 9(f' 
Focot-C*'ltwed F -

ThrM ex .. of rltht ai'\!IIt., two equal Siapk , 
T~ a. - b • t: . 0 '" fi .. y .. 9(/'. ~ I 

, 
~.' 

, 
I Thres ~I CDCti at rJght ~I. lady-c~ecI I ·~c 
. a 'fI. b ,. ( 0'" ~ ,. ., '" 9(f> ... ""C., .... ed C .. -I ~ . . ' .. , 

Fce--c~ .. F b-
l three equal ox .. , ..,.,11" lftelinM 

~I. Iftctnbofwchl* 
a- b- c, " c~"7"9C1' 

T_ ~I ~I_ ax. of 1211', s..,.. , "-,,,..,.001 thIn! 01. at rigM onel. ~ 
a -b,lc • • -Il.",9(f1, Y-I 

Thr .. unequol ax., s ... , 
L-!I~ 

_ pair not o!' rlgM ongl • • 
... "'C ....... C 

/I " . b "c, CJ·)'. ~ .. J. -
Tine ~I_ .. , ~II,. irocU"" 

S .... 
, 

end none of t ight 0"'111. ' ,kIW", a ~ /) 'I- c, • ~ Ii ~ '1 ,. 9(f> 

. • Also called trigonAl. 

In addit i on to producing the seven different point 

latt ices by simply putting points at the corners of 

a unit cell of the seven crystal systems, there are 
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o ther a r r a n gerrent of PO i EtS v:hich f " 1£ ill the reQuir _ 

f. .ents of the pOint lattice (narrely tha t each polrt has 

i dentica l s urroundi ngs) . 'The FrGnch c r ystallo . r aphe r 

Bravais worked out. the p rot .le ID and in 1 4 8 demonstrClted 

that the r e a.re f ou rteen p os Ei t l e l atti.ces a nd no roor . 

The fourteen p Oint lattices ('r Br avais l atticffi a re descri -

bed in Table 3 0 The sy r:bol s P, F, I ~ etc . hav e th .. £ollol~ -

ing rreanings , P stands for the so ca.lled pri rri tiv cell 

where the unit ca ll has only one l at t ice point pe r c e ll . 

F,I etc. whic} .!. s tand f er non nri roi tive un it cells and 

have rrore than one lattice point pe r c 11, /I. l a ttic 

p Oint in t he interior or a c e ll "be lon gs " to that cell, 

while one in a cel l face is shared Ly tvlO ce ll s and one 

at the corne r i s s hared ty e ight c e lls. 

4, 1.4 Prirri t ive and Non·~ Prif.'itive Cells 

I n any p Oint latti ce a unit ce ll f"ay b~~ chos · n in a inf i -

ni t e nurrber of way s and Jray contain one or rrore lattice 

pai nts pe r c e ll . It i s i rr~ortant to note that unit c e ll s 

do not "e xist ;; as such in a lattice , they are a rren t al 

- ~. 1 b ' c 'nosen a t ones conven i ence. construct and can acconllng y E; . 
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Any of the f t o u r een Bravai s lattices may b refe-

red to a primitive unit cell . 

" 
; --

c , , 
,', _" "'II 

, . - -, I 8, --- _J 
If ' - - ?" 

I C _ - - 1" ' 
I :,Ir-- I , ' 

I , , 

A ..... - ____ ....... .. 

Fig.4 Face-centered cubic paint latt ice refer ed 

to c ubi c and rhombohedral cells. 

For example, the face-centered cubic lattice shown 

in Fig.4 may be referred to t he primitive cell indi-

cated b y the dashed lines. The lattice cell is rhom-

bohedral; its a x ial angle a is 60°; and each of 

its axis i s 1/ 1'2 times the length of the axes of th 

cubic cell . Each c ubic cell has fo ur lat ice points 

associated with it each rhombohedral cell has one 

and the former has correspondingly four times the 

volume o f the l atte r. Neverthle ss it is usually more 

c onvenie nt to use the cubic cell rather than the 

rhombohedral one becau e the former immediately sugge -

sts the c ubic s ymmetry (which is h igher than tha of 
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the rhombohedra]) which the lattice actual ly osseSS8S . 

Si milarly : the other centered non' pri~itiv cel l l ister:' 

on ~~ble 3 are preferre~ to the primitive cells 

b le i n the ir respective lattice s , 

If non primitive ce lls are used the vec tor from t he 

orisrion to any point in the lattice will now have co . po" 

nents ~l1hi,ch are non i!ltegra l raul t ip' le~' of the \ ni t · ce l. 
-+- ,+ -+ 

ve c tors. a , b, c . The position of any latt ice 90 i t i 

a ce ll ma y be g iven in terms of its co- ordinates , i f 

t he vec tor frow the oriain o f the unit cell to the a' ven 

-+ '* -+ po i nt has cornponentR ua ? vb , we where u , v an ware 

fractions then the coordinate r o f the point are uv . 

Thus ; point A in Fig .4 taken as the orig in , has coor~ ' -

nates 000 '('.1hile point B, C a nd! , when r - ferre (l to 

cubic axes 1 have coor~inates OO~ . ~ 0 ~ an d ~~O r~ spec< 

tivel:y , 

4 . 1 . 5 Lattice Direction and Planes . 

'r h e. (':1,i rec,tion of any line in a lat tice may e ce s cri 

b f ' ~' line throurh the or ! in paral l~ l t o _y :lrst vrawlng a 

the '} ive n l ine and then givL 9 the coordinates of any 

h J the origin. Let U 'e Ii e , s s 
poi~t on the line t rou0 1 -

throuah t he oriqin of the un i t c ,II a any point ha i a 
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coordinates xyz where this numbers are not neces~ 

sarily integers. (This line also passes through the 

points 2x 2y 2z, 3x,3y,3z, etc). Then (xy~ written 

in square brackets, are the i nd ices 0 t he di ec-

tion of the line . They are also indices o f any line 

paralle l to the g iven l i ne , since the lattice is 

infinite and the origin may be taken at any point . 

Nhatever the va lues of x,y,z, they are a l ways con e-

rted to a set of ~mallest integers by multiplication 

or division throughout. Negative i ndices are wri t ten 

with a bar over the number. 

t --

11201 
Fig.S Indices of dj:rections 

The orientation of planes in a 1 ttice may also be 

represented symbolically according to a system 

~y t he English crystallographer Miller. popularized .u 

A workable symbolism thus arriv d at for the 



- 36 ... 

orientation of a p lane in a lattice, the Miller 

indices, ~vhicb are def i ned as the reciprocals of 

the fractional intercepts which the plane makes 

with the cystallographi c axes. For example, if 

the Miller indices of a plane are (hkl) written in 

paranthesis , then the plane makes fractional inter ­

cepts o f lib. ' 11k , 1/ Z with the axes, and if th 

axia l lengths are a,b , c, the plane makes actual 

intercepts o f a / h , a/k' c/~ , as shown in Fig.6. 

Parallel to any plane in any lattice, there is a 

whole s et of parallel equidis tant planes, one of 

which passes thr"ough the origin; the Miller indi­

c es (hkl) u sually refer to that plane in the s et 

which is nearest to the origin , although they may 

be taken as referring to any other plane in the 

set or to t h e who l e set taken together . If a plane 

~-a!h--l 

(&) 

iA 

, 0 k::.. ...... -lIi--""':-""':': 
lA 

(b) 

Fig.6 P l a ne designation by Miller indices 
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cuts a ne gati ve axes the c rresp onc1ing index is 

negative a nd is written wit a bar over it. The 

pla nes (nh nk n l ) a r e pa ra l l el to t e plane (hk l ) 

a nd have lin the spacing. 

A slightly different system of plale ~ndexing is 

used in the hexagonal sy~tem. The uni t cell of a 

hexagonal lattice is defined by two qual and co-

planar vector 
-}- -}-

a
1 

and a 2 at 120 0 to one another 

-to 
and a t h ird axis c at right angles (r i g.7). The 

comple t e latt.i c e is bull t up, as u sua l by repeat d 

{{lllli 

. 11)WiiE:p.4.yI-........... 

{s) 

(WOl ~/ , !llHI 
(1111 !) 

(t. ) 

Fig.7 (a) The hexagonal unit cell and 

(b) indices of planes and directions 

translat i o n s of the points t tho unit cell corners 
-t • • 

+ + ~. The third axi s a 3 lYlng 1n by the vector a 1 d 2 
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the basal plane of a hexagonal pris , i s so 

i + + symme.tr cally related to a l and a
2 

that is often 

used in conjunction with t he other two. Thus, he 

indices of a plane in he hexagonal system, cal led 

Miller-Baravai s indices, r e fer 0 four ax s and are 

wri tten (hkH,l. The i ndex i is the t'i i :rocal of he 

fractional intercept on the a 3 axis. 

h + k = ~ i 

Since i is determined by hand k , it is sometimes 

replaced by a dot and the plane symbol is wr itten 

(hk. t) • 

Direct ion in a hexagonal lattice are expressed in 
-+ + + 

terms of the thre e basic vectors aI ' a 2 and c (see 

Fig.7 ). 

Fig .8 

! .. " • • 
(10) - " 

.. 
• - • ........ -- ---

--4 
(ll) , 

A.. 1 ' 

1 1 tt " e showing that lines Two-dimensiona a lC, 
~ h e he greatest s acing of lowest indIces av 

and' the greatest density of la tice poin s . 

(2) 
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The var ious s ets of p lanes in a lattice have var ious 

va lue s o f interplanar sp?cings u The planes of larq 

snacing have low indices and pas s th r oucrh a hi ~h c1 n " 

si t y of lat.tice Doints ? where as the r e verse 's t . U' 

for o f p lane s o f small spacings (see Fig . q). The i te r " 

pla ner s pacing chk £ measured a.t right angle to the 

p lane s , is a f unction both of t he p lane inClice s (hk Q. ) 

and t.he l attice cons tant (a ,. b ;.c , a .. i3, y) . The exact r el;;i· · 

tion depe nds on the crystals 'yste m involved and fo r 

the cuh ic s ystem takes on tht~ r e latively s i mp l e fon'll , 

Cub ic 

Inte r p lanar spacing equation for the other sys t ems are ~ 

TE:tragonal ~ 

Hexagonal ~' 

Rhombor.eoral :. 

(}-;2+ k 2+ Q.i)sin2 a +.? (hk + kQ. + h9. ) (cos
2
a · cos a ) 

a 2 (1 - 3 cos 2 a + 2 cos 3 a ) 

( 2 ) 

( 5 ) 



nrthorhorrbic ' 

1 
2 ' 2:::: 

"'(onoclinic ; 

a.nd 

T' r i cliI'!. ic ;: 

h 2 

a: 2 -:-

1 -----z­sin p 

k 2 Q. 7.. 

[2 + c2 ( 7) 

U~ ) 

1. ( s ' \.. 2 + c 1, 2 .L C n 2 '. 'I c: }. 1 +? c k n +'"\ C' h n ) ('l2 .. - '12 lr~ - '- '2:'1' r '-' 3 3 ~o 't '(' '' 12 1K . .... 23 ·N -:u13 Yo r 
1 

' '- - . 

( 9 ) 

wh e r 0 , in t he eauation for tric1inc crystals 

\T -. volume of unit ce ll 

8 11 = b2~2 . '-' 8i)12 CI. 

S') ":I 
~ " ' . 

-- a 2 c 7. sin 2 B 

S33 a 2 h 2 . 2 
Y -- SJ.n 

C' = abc 2 (cos CI. cos Q .. cos y) I ';>1 2 ~ , 

5"3 = a 2 tc (c o s S cos y •. cos a ) I 

tf., " 

S13 
_. ab 2 c (cos .r cos a - cos S) . 

-.. 

"-

,. 
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fl .2. The Intensities of Diffracte~ Beams 

The r es:'l l tant wave scattered i n a ce rtain directio y 

all the a t orrs of the unit ce ll i s calle~ the ~eometri ca l 

structur e factor and ~s " rlesignated by the sywhol f . It 

is or.,t. a,ineo by simply a d0 ing together all the ' waves 

scatte r e rl by the inr:dvldual atoms . I f a unit cell ('..! onta"· 

ins atoms 1 ,2,3 , .. . . • . vN , with ~ractional c00r~ ina ~8 , 

cri ven i n t.:~ rms of the magnitude o f the crystal a . es 

UlV1W1 , U2V2W2y . ... .. ut-tNwN an r:". a tomic scatt ring 

factor ( the resultant wave scatt ere d in a c@rtain ir ' c ~ 

tion t>y all the electrons pn:sent in an atom) 

the hk £ reflection is given hy 

N 
t"hkl == r. fn~xp i TTi (hun +kvn + ,£ w.p) ( 10) 

1 ~ 1't p.xpre s es Since F is in general a comp ex. nUID J..Je r , -

both 'C.he arapli tude and the . phas ·~ of the resultar t wave. 

Its abs o lute value ! F I g ives the amplitude of t he ' 

resu1ta.nt wave in terms of t he amp lituc1e o f. .the wave 

s catt e r ed by a single electron . 

The inte nsity of the bea~~iffracte8 by al l the a t oMS of 

t he uTd t c e ll ina ciirection pr"'clicte (~ by the F, ra 

i s simply p roportional to !F!2 , the square of th 

tude s of the resultant beam . 

' s Law 

am I i 



Since F depends on the Miller i ndices an~ th coor~ inAt~s 

o f t.he atoms in the unit c <;ll , (as s een from Eq . (10) 

there \<1i11 be c e rtain r efl ections "l:vhich are ar s nt even 

though Bragq's Law is satisfie~ . ThE condi tions for 

gene ral reflections hkl to be pr~sent or absent are given 

in 'rabh-:: 4:, 

Tab~e 4 . Condition fo r r ef l e ction and extinct ion for 

diffe r ent lattice types 

G~~tti.CC 
I 

tyne Refl'3cti. on pref~ent Refle ction abs _n 

simDl e al l non 

bass 'centred h and k u:l:,m i :x:e 0, h and k mix _ . 
( oni.'? even rl an.,c 
othe r odd ) 

bodY'~· cen tre(!, (h+k+l ) eve1. 
" 

(h+kt1 ) odd 

fa ce c'c(mtred lt g k and 1 h, k and 1 wi xe 
, r1 unml,XB ._ 

all o(~,d or a ll 
even 

4 .3 . Dete rminat ion of CrystalBfructur~ / 23/ . 

--

, , ~t uctur e de t e rwinatio The basic p r i ncip l e involve d I n 0 r -- : 

h following ~ The crystal struc'ture of a is bas E.,d on t e 

" the di ff ract ion substancE de t e tmlne s ' pattern -of···that 

subs ta!:lce .' an d. siz6 of. the unit c 11 i e. the shape • 



de t e r mi nes the a nqular ~osition of t he ~ i ffra cteA l'ne s 

and the arrange~ent of the a t oms witlin the unit cell 

a~ .. :::>t -"' '''''''1-1 ri cH' the .... .- 1 t" " .< •• _l_.L .cl._\' _.c ~, .!.. '-~ a lve lr't- ''' '''Sli- 1 E' S of the l' I L_C"d. - _. . 1. e s . n 

o f the above, in an indirect roa nner , the structure i s 

(lete r mi n.e,7. froIT' the diffract ion patte rn. 

'The de t e rmination of an unknmvn s t ructure r)rocec c1 s in 

thre e major ste ps : 

1 . The sh e.p c and the size of t un it ce ll r e d rluce 

fro~ the angular position of t he d i f fraction lin ,s . 

Ar!. assumT"'ltion is .--f irst mac E, a s t o wh ich of t he c ry'""ta J 

sys t e ms t he unknown structuH': b"" .1.ongs to , and th n on 

the b a s :i.s of this ass1..1mp t .Lon the corre ct tA ilL:lr in ar 

a.ss.iane~ to e ach r e fl e ction 0 'J'h is step .is calle Cl 

dGxing of patte rn' an~ i s on l y possible whe n t he corre ct 

choice of crystal syste m ha s bee n made. Once t i s is 

clone; t he sb ape of t he unit ce ll is knmvn (fr-om the 

c rysta l syste m) , and its s i ze is calcu1ahle f ro th 
/ ' 

po s i.tion of th(~ Hiller indice s of the c1.i f fraot'ion line s . 

2 v 'r he n Umb.e-r <of the atoms pe r unit ce ll is the n coroput e 

~ d ' o f t he unit ce ll , the ch mi ca l ~ rom t he shape an Slze 

and l'ts m aS l r . d 8- nsit . composi·tion ,of the s pecimen -

' -. 
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3 . Fi nal ly , the pos ition of the atoms within tho unit 
/ ' 

ce l l Clre de duceC'. from the n'.= lative intensitie s of t he"'/ 

diffra c tion lines . 

On l y when t hes e t.hre e steps h a,,;!e been nccorrnli shed is 

t hR s truct ur e comple t ely det e r mine d . Th e third step i s 

ge ne r a l l y t he most difficult . N"~ve !"the less the shape 

and the sizf; o f the unit cell y without any know18dqe of 

atom positions 1 is in itse l f of ve ry gr eat va lue i n 

many app l ications. The proc f..? dures aiven below for in-· 

dcxinq patt e rns are applicab l e whethe r the structur e i s 

known ~ot but t hey are of course very much easie r to 

app l y i f the s tructure is k nown before han~. 

For t h is work it suff ices to mention the procedures .or 

indE.::x i ng c ubic
r 

t e tragona l and hexagonal sys ter.1s by t he 

g r aphical method . 

4.30 1 Jnde xing Patte r n of Cubi.c Cr ys tals / 23 /. 

The . f or a cuhic system i s interpl a nar s pacing equat l on 

( 11) 



Now t he sum of the three integer s s quared can o . l y have 

the va lues 1 ~ ? ; 3 v 4 1 5 v 6,8f9i 000 or in otherwords , all 

inte ger values e xcept 4P (8n + 7 ) " where p ..:I , _ anu n can 

have all i n t eger v a lues , includ i ng zero. 

Thi s me ans that the above equation (Eg. 11) pr e ·-

diets the same s e t. of d values .for all cubic crystals y 

excep t f o r a scale factor , namely , the cell edge a o 

It i s simp le an~ convenient , the r e fore to construct a 

.< graph on ~,'7h ich the above relRtion is p lottcd for .ac 

possib l e cOIr'h ination of h, k and L Such a graph is 

shown in Fig. 1 0 To us e it , the observe0 n val .e s are 

marked on a strip of paper us ing the scale of the 

bottom o f the graph and, kee ping d = 0 on the ordinate , 

t.he s t.rip 1s placed horizontally across the a ppror riate 

a value (structure is known be forehand and r e f e r-re'd" 

from e a rlier work) . The' hkl values of each reflection 
.,._.-

a r e then re ~(l off directly. This procedure can ' a-l:~~'be- ' 

used witr. equal ease when the magnitude of the lattice 

constant a is not -·-known before hand . . -.,~. 

Sinc e (! = 0 is fixed to lie alona the ordinate 1 and _. 

since t he s ea 1e alon~t which 0 is measured must r ema i 

par alle l to the abscissa p a paper strip on which the 

d l'S moved". upv-lard until a match value s have beenplotte 



'." <16 -

of a theh can be re~d ,on the ordinate, and the 

indJC(;~s C<:l.1') b 3 ass1 gncd t ,Q ev.ch reflecU.on as 

:! 2 
, .c .;i .% (1'1 ' 4- k + 

P'llPt 0 ~ "'hkl 

possible Gornbination o~ 
" 1 h t k, una ... . 
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4 . 3.2 Inde x ina Pattern o f Te tr:"S'on ~ l (- Y .. 'I ' .. '·t.a l :- ('-' h ' ~ , "I.·r i".p . l eal 

The plan~;~ spaci n q e quation f or t he tetra~!ona l syst(' P~ 

inv o l v e s t wo unknown par a rre t e r s ~ C'l. and c ~ 

Thi s ma y b e rewritten in the f orm 

~ , r,' (h 2 2 Q, 2 ] 
/, ~ oq d = /. loga ~ 1 0 0.' \.. + h ) + (c7a) 2J 

s uppo se .",,'l e nov,T v,Tri te E('f. (1 4 ) f or cny two planes of 

tetragonal cry stal , \'3 istincmishing the two r lanes by 

suhscr i p its 1 and 2, and then suhs tract the two 

e qua tions . ~e obtain 
2 

2 l o "c1
1
-2 loqd2~ ~. log [(h i +k1') + ~~7aT" ~ + 

_ Q, 2 

I, 2 ? 1 + log 0h~ 2+ k2 ) + 1c7ar~ . 

(13 ) 

(H) 

(15) 

This equations sho\'!S tha t the d i ff erence bet\Jeen t he 

2 lo~d values for 
t wo planes is j n~e:.ennent of a and 
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f e oc nds only on the axial rat i o cia and t he indices 

hk l o f oac h p lane. . Thts fact \-V'as used ry ;'\2 11 and 

Dave y as the basis for a sraDhical ~Ft a d of in - xi g 

t he powder r att2rns of t e trasonal crysta ls. 

The construction of Full - Davey chart is i11ustra t r d i n 

Fi0. clO , First ; the variation of the quantity 

«h 2 + ]( 2) + 1 'l(c/a) 2) wi-th cia i s rlatt:l~ d on two- -r an ;J e 

s cmilog paper for particular value s hkl. Each s ·t o f 

ind ices hk£ , as long as they corros pond to plan~ of 

d i f f e r e nt spacing , produce a di ff ~ r nt curVH, and when 

1 = 0 ths curVE is straight line par -_Il e l to th~ cia 

a x is . Plane s of differ ent indice s but the same soac in 

such as (100) and (010), are r epr e sented hy th sam " 

c urVE:; on the chart , \vhich is the n rr.arkEY~ ,d th t e incUc s 

of e ithe r one of the~ in this case (100). (Th chart 

shown is for_ a sirrple t e tragonal 1a ttice s ,onE: f a 

hody"· centerpc~ tetragonal latt icE: i s j ian.e sin TO , it 

ting a l l cnrvc s for. which (h+k+ 9J i s a od-3 number). 

A single~ranqE logarithroic d - scale i F th~n con s t ~uctLd 
• 

it exten~~ ~ver two range of the (h 2+ k
2

) +12 t 2 /(c/a 2) 

s calE a nd r\lns in the oppo-sit directior: I sinc t co f-

(l A) , 2 t' 8 '"' th coc'f fi c i - -~ f ie :i.e:nt o f -i~ i n E g . I.} ~s ·~, lI'1 - ~, 

f 2 2 2/, / ) 2 -i'hi c rn ens that th it o . log (h + ~ ) + 1 \ c a . 
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values of two-planes for a given cia ra io, are 

separated by the same d istanc on the sc Ie as 

"! .. 

Fig.lO 

.1 

co 
OJ 

h t for a simple Partial Hull-Davey c ar 

tetragonal system. 
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the horizontal ~ena-at ion at ~h / ,-, t. -'. . . . ,., L. • • 8 same c a ratio , o f 

~' e two correspondinc curves on t~e chart. 

The chart and scale are used. f.or . " . . Inr.·2y.l.ng in the £ 0110\>1'-

ing manner. The snacinq d of t he reflecting planes cor ­

respond i ng to each line on the diffraction nattern is 

calcvlate.d :t suppose >chat the fir s t se'len of these 'V. lUGS 

for a particular pat tern are 6 . 00 ; 4 .00, 3.33, 3.00 , 

2'l 5 5 ancl 20 4 ()l-~ () J'. st ... · · i th ] id 1 rt . '- l.p paper s . en .a a 0 q'-

side the scale in posi.tion 1 of F i g . 10, an(l the ob"' erved 

d valu8s a r e markG~ off on its edge with a pencil . he 

The ~aper s trip is the~ place~ on the chart and moved 

about r both vertically an ~ horizontally, until a os itio 

is found where each ll.;ark on the strip coincides wi t}-1 a 

line on the chart. Vertical and horr1zontal noveme ts 

correspond to trying various cia an~ a values , respec-

tivelYJ an~ the only r estriction on these movements i 

that the ed~e of the s t rip roust always bA hori zontal . 

Ph cm :'1 corre ct fit has beem obtainec1 , as shown by osi -

tioD lJ. of F 19 .10 v the i nd i ces of ea ch line are simply 

read frOl::l t~he corresponding curV0S v and the anr-roxiIPa t e 

value of c /c:. from the vertical position of the r aoer 

th / ratio i s 1 . 5 and strip 0 Tr. the present example / - e c a 

( c ' b l an8s of s .. ac -the f i rst line on the pattern ~orme0. Y 

ing 6000p,1 :i.s a 001 line ] the second a JOe 1i"'.e , t e 

thin~ a 10]· line e t y , After 03.11 the line have bes n inn xed 
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in t h i s ,way 9 the: c: va lues of t he twn hiqhest '-anqle 
'I '~ ~ 

linE:s a r e us ed t o set ur two equations of the f orm of 

ECJ:' (13) 7 a.nc. the!:3e are so~ved simultaneously to yie l d 

the values of a a nd c.Prom, t hese values , the axial 

r at i o cia may t hen be calculatec-] l . .,rith more precision 

than i t ca n be f ound graphically . 

4 . 3 . 3 Inde xinq Pattenl of Eexar.-onal Crystals (Graphical .Me thod) / 24 / 

Patter ns of he xaqonal crystal systems can also be inde-

xed by gr aphica.l l'T'.e t hods since the. hexaqonal unit ce ll 

like the t e traqonal r is characterised by two variable 

paramet e r s a and co The plane--spacinq equation is ~ 

= 3 
(16) 

or 

which i s f~xac': ly the SaI!1.0 f orm as Eg o (14) for the tetra­

gonal system . A Hull- Davey chart for the hexagonal 

system can t heref ore be constructed by plotting the varia­

tion of log j(h 2 +hk+k 2 )+ .Q, 2/(c/ a) 2 with cia. Special charts 

for hexagonal c l ose-packed lattices may also be prepared 

by omi t ting all curves for which (h+2k) is an integral 

multiple o f b an(~ .Q, is odd . 



-- 52 -

Indexing and the de term inat ion of the cia ratio, 

here, is done in a simi l ar way as that for th te­

ragonaJ .. sys t em . Ftg.ll is a IJull - Davey cha t a Jong 

with the d scale for t J1 e hexagonal system. 

'--~------;~' --_._---:- ~ 

r--'-- 0 , 2 .J..d_S_Co_:_,,-~_e __ (~_m)~ \ L ' 0 .,5 ' \)l~_,.<!.~~~J h~_1 ___ -L.... __ .l ___ __ j_ 

(110) 

1s 'pa . i a l) f hexagona l crys a \ . Pig.11 Hull-Davey cha r t .. or 
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4 04 X-Ra y Diffracti01!. __ 

4.4 . 1 Counter Di f frac t ometer .... --~ .. -

The most efficie nt and accurate way of measuring and 

interpreting x - r ay diffraction is by using counter dif­

f ractometer . 

4 . 4. 1.1 Dif f ractometer Geometry 

The e s s e ntial fe a tures of a diffractometer are shown in 

Fig 0 120 A p owder (generally) specimen Q) ¥ in the form 

of a f lat p late j. s supported. on a disc (near point (2) 

in t h e f igure ), \..,hich can rotate about an- axis (E) per--

pend icular to the plane m.ade by the primary and diffrac· 

ted beam. The x - ray source is (1) g the line f ocal spot 

on the target (anode) of the x=ray tube ; the line focal 

spot is a lso normal to .the plane made by the primary 

and d iffracted beam and therefore parallel to the dif­

f ract __ me ter axis (Fig .12- @ ) 0 X··-rays diverge f rom this 

source and are diffracted by· .. the...:.specimen to form a 

conve r gent diffracted be?'ID wh i ch90mes to a f ocus at the 

slit CD and then enters the counter (Ge.i q·' r tube ) G. The 

"', r e c e iving par a lle l slit a9s e rrbJ.~ and dive r gence pa ralle l 

slit asse mbly a r e specialsli t.s -which defin 

t he incident and diffracted beams ~ . 

nd coll irrat e 

/ 
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The receiving slits and counters are supported on a 

c"arriage which may be rotated about the diffractometer 

axis and whose ansular position 2 e may be read on a 

graduated scale placed along the diffractometer circle . 

The s upport of the receiving slit (or counter) and 

specime n are mechanically coupled so that a rotation of 

the counter through 2X degrees is automatically accom­

panied by rotation of the specimen through X degrees . 

This coupling insures that the angles of incidence on 7 

and reflection from, the flat specimen will always be 

equal to one another and equal to half the total angl 

of diffraction , an arrangement which is necessary to 

prese rve f ocusing conditions 0 The counter may be power ~' 

driven at a constant angular velocity about the diffrac 

tomete r axis or moved by hand tc any desired angular 

position o 

4.4.1.2 Specimen 

The kind of specimen used depend on the form and amount 

of material available. For this work the specimen were 

adhere d to the surface of a glass slide. 
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4.4. 1 .3 X~ray ?Ptics 

The chie f reason for using a flat . spec1men is to take 

advantage o f the focusing action . For any position of 

the counte r the receiving slits G.) and the x-ray 

s ource CD c3.r.e a l ways located on the diffractomete r 

circle g which means that the f ace of the specimen, 

because o f its me chanical coupling with the counter u 

is a l ways tangent to a focus i ng circle centered on the 

norma l to the sp~cimen and passinq throuqh CD, W and 

CD P The f ocusing circle is not of constant size but 

increases i n radius as the angle 2 e decreases, as can 

be infe r red f rom the Fi <; .12 . Perfect f ocusing at (D 
requi r es that t hE: specimen be curved to fit the focusing 

c irc le~ but that is not practical because of the chang­

ing radius of curvature of the circle. This inevitably 

causes some b roacU ning of the diffracted beam at Q) 

but not to any objectionable degree , so long as the 

d iver gence of the incident be am is not too large . 

The extended line source A emits radiation in all direc­

tion, but the focusing described above requires that all 

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

("'" 12) Thl.· s condition i s r ea.lized as close ly upper drawing E1g. . • 

as poss ible experimentally by passing the incident beam 

through a Soller slit, slit B which contains a se t of 
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close ly spa.oe d; t h i n ~tal p lates pa r a lle l to the pl an 

of t he d i f f r acto ,-:.e t e r circle . These plat e s re IroVC a 

l a r ge propor t ion of rays inclined to t he p l ane of th 

d if f ract o me t e r circle and still allow the use of line 

sou r ce of conside rab l e length. Typ ical d i n~nsions of 

Solle r 81 i t a r e ~ l e ngth of p l a t es 32 rrr. , thicknes a of 

p l a te s 0005 I!1TI 9 c l e ar dis tance beb Jeen p lates 0 . 43 !T ID. 

At e ithe r Gnd of the slit asse mbly a r c:: r e ctangu lar s li ts 

G a n d H f o r s li t as se nbly F and C for s lit as s elt'bly B. 

The c o rr-bina t ion of s lits and p l a t c::s b r e aks u the inci" 

den t beam i nto a se t of tri a~gu l a r wedge s of radi ation. 

There are f of CO.lrse ; sorre rays u not s hown in the dr awin g g 

whi ch diver 9"~ i n p l a nes per pendicu l a r to the p lane of 

plate s (of the Solle r slit) , and t hese r ays cau se t he 

wedge s of r adi a t.ion t o rre r ge int o one anothe r a s hort 

d i sta n ce away f rom t he d ive r gence s li t , Howeve r p the 

long g c lose ly space d p lat e s do r estr ict thi s u nwant e ::1 

d i ve r gence: t o a n angl e of abou t 10 5 ° . The s lits cO lT'rron l 

available hav e divergence an gles r an gi ng f ro!!' v e r y s ma ll 

v a lues u p t o abou t 4 ° • I n the fonvar d refle ction re ~ion ; 

d ' lor" 1 ° 1' S suff].' cie nt because of t h , low a .l.v e r ge nce a nq e -

i nc lin a t ion of t he s peci rren su rf ace to t he i nc i dent t e " 

but i n the back reflection a n increase i n t he dive r genc . 

a n gl es to 3 or 4 ° will i nc re a se t he diffra cted intens i t . 

But if line in·tensi ties are to be corrpar ed ove r t h 
hol e 

rust he us d throu ghou t 
range of 2 e e t he sam=: dive r gence 



and thE:: sp0c irren IlUst be wide r than thE be al:' at ::11 

an <; l e s o 

The beam diffrac1:ed by the specimen passes through 

another Solle r slit assembly and a receiving slit (3) 

before entering the ·counter o Since the receiving slit 

defines the widtt,. of the beam adroJ.ttec to the counter .' 

an increase in its width \'/ill incre ase the maximum 

intensity of any diffraction line being measured but at 

the e xpense of scroe loss of resolution. 

Because of the focusing of the diffracted rays and the 

r e lati vely large radius of the di ff ract.ometer circ18 i 

a.bout 15 cm in commercial instruments r a diffractometer 

can . ..re~olve ver:, closely spaced di ffraction lines . Such 

high r esolution can only be achie ved \>1i th a correctly 

adj usb?d instrUlYl.ent i and it is nec0ssary to so al.tgn 

the component par ts that the following conditions are 

satisfied f or all diffraction angles . 

. '.0 ' surface , and divergence slit Line source, spec1men 

are all parallel, 

'd 'th the diffracto-the specimen surface colnc1 _es W1 . 

mei::er axis v and 

3 and r e ce iving slit both lie on the I • the line source 

dlffractome"CE.r circle. 



_. S9 ., 

4.4.I. A Becor~ing Di f fracted Radiation 

The intensity of the diffra.cted beam is measured directl 

in terms of the rate at which the oiffracted photons 

trigge r the counting device. The counting device, which 

may be the Geigel· , the proportional or the scintillation 

type 1 depends on the ionization produced by the incid nt 

photons and scans the circumfer ence of the circle which 

would. have carried the photographic filJTl in a DOW r 

came ra , A proportional or scintillation counter used 

to r e cord the x-ray intensities has the a~vanta~e that 

the pulse=he ight analyser can be adjusted to e liminate 

most of the whitE radiation although at the same time 

it allows through a large proportion of the higher inten-

sity characteristic radiation . 

5. EXPERIMENTAL PROCEDURE 

5. 1 Apparatus Used for X-ray Diffract i on 

X- ray for diffraction vlOrk is produced by bOlT'bardi 

a sui tab le m2ta llic surf ace with e l ectrons which have 
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been acce le r a ted toward the tar c;;::·t unde r a potential 

d iff e rence which pay li8 J:e twGen 20 and 90 kV. 

XRG 300 X- raY Generator (Philips) was used with a 

coppf~r c·target tube i so that the wavelen';1th for the inv s-

tigat i ons was the CuK - rad iation ( = O. lS d nm) . The 

CuR -, r adiation is filtered out by yneans of a Ni - fil t er, 

the white radiation is filtered out by means of the ulse-

he i ght analyser of the detector c ircuit . ~ Norelco Wi d 

Range Diffractometer (Type 150 y lOO . 00) was usee f or the 

struct ure analysis of the t hin- f ilm so lar cell ~ateria1s . 

5.2 Preparation of Thin Films 

5.2.1 CdS Films 

CdS films were preparec by screen printing and sinte ring 

(3 . 1 . 3) 7 by evaporation (3.1 . 1) , and by conversion of 
; 

cdo to CdS (3 . 1.6). 
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C0.S paste f or screen printing wa s r r enar_ . hy mixin~ 

1 g CdS powde r a nd 0.1 g CdC1 2 t. \<7Ger v,r ith pro ne 1·· 

diol (binoer) in an agate mortar . The CdC1
2 was us s 

a flux . Th e CdS paste was ~ri.nt d on a c1 e n or Sn0
2 -

coated g l ass substrate by a scree n printin<: J1'ethor'l , nd 

then sintered at a teJllperature of 600 - 650°C in . v -

cuum of 80 - 100 Pa for 30 minutes usinq a f urn2c v 

shown in Fig.13 . 

·lli--v- acu U]r 

rr ter furn.ace 
--------.~ , 

J" uyr e r ala " 

i _ __ . / tu / r ('---' --------- ---- -'- JZ&'2I , 
I I l Z=7 J1j~l ---J ~ -

I I ~-·-·-F-- -I - - - -----'-

I 
L _____ . ___ -+-~-~ 

s ere.n ') rinted c 
CdS f il rr on gl nss 
substr a t e 

I 
::~ 
~ool '\ 

200 _ __ ~ 
Fig. 13 . Experiment al arrangement 

vacuu 
pu IT{) 

f the f urnace u e 

for sintering and its t ern . rature r ofi I e . 
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The tempe rature profile of the furnace \Jas measure by 

a CufFe the rmocouple. 

During the sintering of the scr een printed CdS films a 

CdS deposition on the glass tube was observed. By pla­

cing glas s sli0e (as substrate) in the qlass tube ~ 

vapour deposited CdS films for different substrat e t em" 

peratures were obtained. The reason for the evaporation 

r
-_... ~rnace I v~~~ I --1 .1-

I I 
i I~ I \ ,-------------"jv-;-/~/)·j 

I, 'll---;- --;r;--:;- "7 I'//rll 

l----~-U l I' ] ' / I ! J:cu~ 
gl ass slides l~~p_u_r~ ___ , 

t for the vapour de os i Fig . 1 ~. Experimental arrangemen 

tion of CdS films. 

of CdB at low temperature is due to the action of th 

the surface mobility and flux CdC12 7 which increase 

therefore 3 the evaporation rate of CdS. 
A bigger amount 

f screen printing was used 
of CdS paste prepared as .or 

f the deposite fi lms . 
to increase the thickness 0 
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It is also found , that with increase of the percenta . 

of CdC12 in the CdS/CdC12 mixture the amount of o-

rated CdS increases .. 

For conversion of CdO ~ilms t o CdS ~ Cd films we r e d 
. t 

sited by e vaporation of Dure Cd onto a glass suhstrat 

in an ap~aratus similar to that used for sintering n 

evaporation of CdP. (see Fig . 14) . During the ~epositi n 

the Cd film was partly oxidized . Total oxidation oc urr d 

after heat treatment of the s e films at OOoC in ir . 

The conve rsion of CdO to CdS was carrien out in the tub , 

f urnace 
..... ----.---=:..~-~. ---. ---

F · It:: R .. . x'"' ..... 8.rimental arrangemfmt for sulphidation 0 19 o :>. - " 

CdO films. 

. 15) t a t emne r a ture of inse rte d in the furnace (F1go a -

about 4S0oC, with flowing H2S from a Ki 's a . a r us 
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in wh ich r e action betwep.n .. Fef::
2 _ rJnc. HCl is goin9 on . 

5.2 . 2 Cu S Fl ims x 

CUxS l ayers were p repared by SOll'a state r eaction of 

scre enprinted CdS f ilms with e vaporat8d CuCl/ CuC12 

fil IT in vaCUUF (see 3 . 2 . 4 . Q Pig . 16). rri xture 

furna c e 

I 
. _____ J 

vacuum 
mate r 

C ----- f7 litl 
'\..,;r I - . "-~~ - $1 1111 - - ] 

I CdS f iln 

I -
vacuuF 

pu rrp 

cu el/ cuel x 

Fiq ol6 o Experimenta l setup for solid sta t e r eacti on . 

Because of the geometry of the a pparatus, the de pos i -

tion of CuCl / Cu Cl
2 

fi1txturc and t he s olid stc:. t ·· r e act i on 

bet\<H::~ c;n Cur:l / Cu C1
2 

rrixture: and C S IJh s t akin g 
lace 

s ir.ultane ously c 'if.7hc n thE: CdS fil r.- \-\1 " 3 p l a ced whr: r ::; t -

t e rrperatur.:-.: i n the Sl ass tube vlas a round 500 °C . 
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.~ 
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Sn02 layer was rre!,ared hv chemical vapour d i epos tion 

of snC12 in ~ir on a 0lass slide kept at a temperature 

greate r than 150°C. 

5 . 3 Analysis of the Structure of Thin FilMS Prenare . 

The c rystalline structure of the prepared films wer e 

analysed hy means of an X- ray diffracto~eter ( ~ . • ) . The 

coate d glass substrats were fi xed to the sneci~en he l . r 

of th e; d i ff ractome ter ana. tho x··' r 2.Y c:Hffractlon ;) tt rn 

were r e corded and compared with x- ray noweer dat from 

Ii t eruturc Eor the different materials. If x- ray 

powde r d:tta ~rE not available 7 observed d values a r e com-

par e0 with calculated d values of expected reflect i on 

once t he system is determined. The c1 va lues of exp cted 

refle ctions for a certain material can be calculated i f 

its c rys tal system and l a ttics par ameters are known . h 

crystal system and lattice pararoeters fo r the differ e t 

mate rials a re referred from lite r ature whenever ?ossible. 
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5.4 Exnerimental Results and Discussion. 

5.4.1 CdS Films 

5. (. 1.1 Screen~Printed Films. 

Table 5 shows the x-· ray powder data for CoS. An x- r ay 

dif f racti on pattern (XRDP) of a screen- printed CdS 

l aye r v afte r sintering at 640°C in vacuum of ~O Pa for 

20 minutes v is shown in Fig . 17 . COJ11.~arison of this 

patte rn with diffraction ~ ata of the (polycrys t allin 

CdS"-'powder 7 the film was found wi t h the saTt'e hexa na l 

structure 0 'P. comparison of intens ities of the r e _ le c ~ 

tions s hows a preferred orientation of this film in t he 

(010) and (110) (li!rection nE;r pendicular to the subst 

rate surface . 

Since Matsumoto et al /10/ have not analysed the crys ­

t a lline s tructure of their screen- printed and sinte r ed 

films
1 

comparison interms of structure ano preparation 

condition of their film with the one pr epared her e , s 

not poss ible . 
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Table c:: X-ray p o,"lcer data f or cadIl'.h Ii' sulnh ice / 25/ J o 

CdS. 

0 0 

Hexa<?ona1 a = t},13 2 A ::;: 6 , 737 A 

Relative 0 

intensity e (CuKet) o./!\. hkR. 

8 12 04 3 . :- g 010 

7 13 02 5 ) ,:17 002 

10 140 05 3.15 011 

3 18 , 35 /. 11 5 012 

7 21,,[.:5 2.07 110 

6 23 095 1.90 01 

1 25 05 1. 79 020 

5 26 1. 76 112 

2 26 05 1. 73 021 

~ 27 035 1. n~ 00 

1 29 02 1. 5? 07.2 

~ 30 04 1. 52 (I ll! 

4 33 01.\ 5 1. t1 0 023 

1 .3 40 75 1. 35 1~0 

4 35 05 L33 121 

~ 36 035 1. 31 12 , 
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5 . 4.1. 2 ~vaporated Films 

A mixture of CdS and CdCl was heat~d J.·n 2 ~ the horizonta l 

g las s tube (Fig . 1Ll ) at fi tt OOC i n a vacuum of RO Pa D The 

evaporated CdS and CdC12 were the n d it d epos e on glass 

slides at temperatures b\etwee n 300 an0 SOcoC. The (00l) 

oriented texture of Ce.s \oJaS , obtained for vapour de 0 " 

~ . s ows a RDP of a CdS sited films (Fig . 19 -2 3). Fi g 19 h X 

oF' ] ~, 1 .m on a Sn02- coate d glass slide deposited at a subs '" 

trate temperature of 300°C. The relatively hiqh i nten­

sity of (OO~ ) and (004 ) Bragg r e flections of the hexa 

gonal CdS layer can be ascribe~ to the pre f erre d orien- ' 

t ation of thG crys tallites with the i.r c ?xis er~en i .. 

culc.r t o the substrate surfa ce . 

Hence , the crystallites preferred growing with th - ir 

axis pe r pe ndicular to the s u.bstra t e surface . ' 'The t c t · r~ 

i s improved for substrate temper atures of around SOO OC 

(Fig .23 ) o The improvement of the (001) texture wi th 

higher t emperature of the subs trate is known for CdS 
._ 3 _4 

films deposited in high vacuum (10 - 10 Pa) / 7 , 9/ , too. 

But under high vacuum conditions an excellent texture is 

possib le f or substrate temperature of about 200° . Under 

the 10Yl vacuum conditions I' attaine d here (80 Pa' , the 

inf lue nce on 
the textured growth by t he hi~her air 

pressure in the glass tube, mus t be compensa ed f or by a 
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higher mobility of deposited atoms and roleculcs This 

highe r mobility of the atoms or molecules increases 

\oJi th increase in substrate temperature. If the percen­

tage of CdC12 - in the evaporated mixture is around 

50% : then it is f ound , that ref lections of CdC! in the 

XRDP of t he deposited film appear for substrate 

t o rrperature < ~OO °c (Fig. 20) 0 These reflections are 

found to disappear after a heat trea.tment at about a 

temperature of 500°C for 10 m 20 minutes (Fig .21 and 2 ), 

ne ve r theless , there appear othe r r ef lections which spoil 

the texture of the CdS layers o This underlines that a heat 

treatme nt of the CdS/CdCl 2 vapor .:leposited layer ooes 

not improv.:~ the quality of the (001) t exture of t he C 

layer ~ if it is done in a vacuum of r..O, pa. 
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5. 4 .1 03 Convers i on of Cd O i n to CdS 

Another poss i h il j.ty for the fahri c a tion of Cd. filrs is 

the comple te convenlion of CdO to CdS y an ion exchan g 

p roce s s involving £ lowin g H2S in the gl ass tube i nsert d 

in the f urnac e (Fi g .lS). The fre e ener~y of formation of 

H')O is l ;:rqe c o ft'p a r e d to t hat of H S 
.!.. 

nd thi s i s th 

d riving force f o r the ion excha I. ge 0 Fi g . 26 sho 5 the 

of a CdS f ilm p reparec by corrp l e t e conversion of CdO into 

CdS for s ubs trat e te mper a ture of about 450°(, . A co ... a i -· 

son of the XRDP with 'I'able 5 s hows t he tota l unt -xture . 

structu r e of ·thi s CdS f il IT' t e cau s e of tl e unt xtu r e d CdO 

f il l as t h e s t a rtin g materia l. The CdO filrr s .Je r e 

~roduced by a he a t tn:;at rrent of v apour e o"'it Cd laye rs 

( 5 .1 . 1) a t about 400 °C i n a ir . 

Th e XRDP of Cd and CdO (Fig. 24 r 25 g 2 7 ; 28 ) 'ere inde :r.:e d 

b y neans of the p rocedure r e f e r r ed i n cha t e r 4.3.3 . n 

II 

4 . 3 .1. Cd h a s a hexagona l structure with a = 2 . 9 79 A n 

u 
C = 5016 8 A./26 / 0 

Because of the c/a r a tio of 1. 73 th fir s t r ef l e ctio 

has to b e inde xe d as (002) i n aceor an c e \" i t 

Dav ey chart for a hexagona l sys t e rr (Fi g . II) . 

t he Hull -
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(1 1 ) 

(2 .0) 

, , 

29 
Fig.28. XRDP of a v apuu r deposi ted CdO filrr: by evapora­

tion of cadrniu rr. ace t a t e on a heated gl ass s lide 

5ubtra t e temperatu r e of 450 °C . 
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CdO has a cubic face - centered structure with a ~ ~.' 11 A 

/ 26/ 0 Taking into consideration the extinction r ules 

(Table 4 ) ;, the XRDP (Fia. 2 11 25 27 2 8 ) i d 
;.J ... y • v, are n exed in 

accordance with Fig.~. 

The process of oxidation of the Cd layers is visibl e in 

Fig .24 and 25. In Fig.25 the oxidat ion is more or 1 5 

complete hecause the crystalline structure of cadmium i s 

changed i n comparison to Fiq .2 ~. The peak s with que s i n 

roarks are not in total agreement with the peaks for or di -

nary Cd or C(JO. Th is may be due to transition nha"' es 

be t ween Cd and CdO. 

A poss ibility to improve the e xpected (111) t extur of 

the CdO layers is to deposit it hy the cheMical v apou r 

deposition of cadmium acetate 0 Fi g . ?7 sho~'s the X 

an untextured CdO film, depos ited at a substrate 

rature of around 300°C. Fio .28 S10WS the XRDP of CdO 

layer deposited a t about 500°C . ornparing the r ti o 

inten"'itie s 1ll1/1;WO in Fi g . ?7 and 2. , it is faun . th t 

fo r higher substrate temperatures the (111) text e i 

roves . 

Maruska et al /15/ have prepared the ir (111) t e xt r e 

layer s by spray ~yrolysis ont o glas s subs rat s ke 
h 0 ch i c 

t empe rature s of about 500~C •. In t e case . 

C C 
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deposi tion in a vacuu n1 of 80 P d a u one he r e , a hi ghe r 

substrate teroperilture is necessary for getting (111) 

textured CdO layers . 

5 . 4.2 Cu S - Fil ITS 
X 

The solid state ~eaction was sued for the 

of CUxS layers on CdS layers (3 .2.4 . an 

r e aration 

5 .1. 2). cue 1/ 

CuCl
2 

( mi xture ) f iln1s "re re deposited on CdP y evapor 

tion of CUCl/CuC 1
2 

(mixture) powder in the ? l ass tu 

at a vacuum of 80 Pa. If the substrate t e r-perature w 

aroun d 500 0 C p the solid state r eaction bet~ een Cu 1/ 

CuC1
2 

( rri xture) and CdS and the evapora tion of the pro-' 

duced CdC l :;> occurs siJ.1Ul taneous ly 0 Fi 029 5ho\,'5 the 

resu 1 t of the s olid state reactior, 0 I n corrpa rison \ 'i t 

x- ray data for different crystallographic phas 5 of 

Cu S/ 25
p 

27/ t h e stDlcture was foun to be that of 
x 

pseu d ocub ic d i aeni te (,r ab le 6), which i s not the ff i 

cient composition for CdS/CuxS photovoltaic ce lls . 

An XPDP of the CuC l/CuC1
2 

( rrixture ) powde r used a5 n 

evaporant for t he CuCl 'filIT' deposition shows (Fi cr.30) 

tha t thi s powde r is infact a mi xture of Cu 1 a nd cu 1 2 , 

d 1 tt ' c structur \ i h 
Cue l has a cubic face - centere a 1 

a = 5.406 ~ (/26/, Tab. 7). cuC I ? i s rronoclinic 
i 

o 

a = 6 , 70 Ae b =-= 5 , 30 A, c == 6 , 85 P. and 

Tab 08 ) • 
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The evapora t ed - l ayer of this powder showed a hi ghe r 

percentage of Cu e l (Fig.3l) f and CuC1
2 

as the reraining 

part which only a llows the growth of digenite (C ul,SS , 

Fi~ .• 29) . 

A che n:ical purification of the CUC1/CuC1
2 

(rrixtur 

powder was necessary in decreasing the percentage of 

CuCl
2 

in the d eposited filrrs (Fig.32 ) . ~ith this Cu 1/ 

CuC 1
2 

layer the solid state reaction produces a eu xS , 

in which the rna.in part is the tetragonal Cl ,9 S (Tab. 9 ) 

but a c e rtain ar.Dunt of the orthorhombic CU 2 (Tab .10) 

is present u too. Because of the hi gh terrp r Rture soli 

state r e action CuCl/cuCl
2 

(r.ixtur ) an CdS, high t c mp - ­

rature !rodif i c a tion of the t e tra qonal eu 1, 96 5 

(/2/ , Tab. l) . :For conve rsion of CdS i n to CUxS at low 

teIl'p eratu r e rood if ication of Cu 1 g 96S ' djurle i t I has 

found / 28/ 0 
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Table 6 0 X '~' ray powder data for digenite /25/ 
~ 

Cu7S4 v Pseudocuhic, J a = 5.1)7 1 po 

CJ 

r elative intensity 8 (CuKa) d/A hkl 

~ 13 09 3. 22 555 

, 14 065 3.06 119 .J.. 

1 1600.5 2 079 0.0.10 

~ 17 075 ;' .51 1.1.11 

J,. HL 7 2. ·13 . • <1 .10 

1 20 0 .,5 2.18 1. 99 

10 23 00 1. 97 0.10.10 

~ 24 . 25 

~ 25.6 5 1. 79 999 

., 27 . 2 1. 68 5.5 . 15 

.... 

1 33.5 1. 39 0 . 0 .20 

Table 7 0 Xr~ray powder data for CuCl / 27/. 
~ 

cuhic a = 5. 406 A 

relative intensity e(C Ked 9,./A hk1 
1] 

10 14 . 30 3.13 111 

1 16 . 60 2 .71 200 

6 23 . 84 1. 92 220 

28. 30 1. 63 311 
3 



Table 8. X~ray p owde r data for CUC 1
2

/ 26 / 

monocli'nic 

a = 6,70 K, b ~ 5.30 £, c = 6. 85 i s = 121 
0 r e lat i ve "intensity 8 (CuF'a) ~ 

10 7 ,80 5.7 

1 lL 13 .01 

~ 1.'2 • ~ ('I 3 • .16 

7 15 . 50 2.90 

1 Vi.90 2.66 

7 19 . 1·1 2 . 36 , 

'I'able 9 . X·'·ray powder d ata for cU1 , 96S/?7/ 
~ 0 

Tetragonal, a = 3, 99A J C = 11,2?7 
., 

r e l a tive intens i ty e (Cuka) d/ A h 1 

1 11. 3.77 101 

/ 13 . 6 3.27 102 

2 15 .. 2 . ~3 110 

1 15.9 2.81 00 

10 16 .3 2 . 74 111 , 103 

g 19.5 2.30 10 . 

4 .2. 7 1. 99 I I. 
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Fig.30. XRDP of the CUCl/CUC12 powder, which has been 

u sed as evaporant for CuCl layer depos i tion 

(see Fi g.l6 ) . 
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.' 

CuCl ' 

Fi g .31. XRDP of the CuCl/ CuC 12 l ayer for s olid state 

r eaction (see Fig.29 ) . 
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F i g . 32 . XRDP of the CuCl/CuC1 2 l ayer for Solid Sta e 

r eaction after r educ t ion of the evapo r a n t 

, . 
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Fig.33. XRDP of a scr~an-printed CdS layer, 

par t ly converted to Cn xS by soli.d sta t.e 

re <.:. c tion with an evapo:t'ab~d CUC1/CuC1 2 
(see Fig. 1 9). 
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Table 10 0 

5·4·3. Sn02 Films 

- 93 -

X-ray powdor data f or chalcoci te / 5/ 
Cu2s 

Orthorhombic o 
a = 11 08 2 A, h = o 

/.7.05 A, 

c = 13. 

Eelative i nt ens ity 0 (CuKa ) C / f. hkl 

3 13. 15 {3. 0 340 
3 . 38 o 0 

/ . ,.10 3 2 
7 18. 75 { /.3 4tJ 

7..3 8 OB it 

R 23. 05 1. 97 600 

10 23 0 35 { 1. 88 . 12 .. 
1. 7 3 6 

-1 27. 05 {1.70 0. 16 . 0 
1. 70 601 

1. 65 6 32 
? /. 7 . 95 {1.f; 5 61 ~ 

1. 6~ 0 .16 .2 

Sn02 films a r e used as transpar ent contacts for ho 

taic cells. As nor~al the ch8mi cal vapotr e osit· o 

air \vas used for t he prepara t ion of Sn02 il~s . Fig. l n 

ShO\;TS the XPDP of a Sn0
2 

cootcc. on r cd !:,l[,' slide . Th-- c r stal~ 

line structur e of these f ilms is tetra~ona l "ith a = ~.7 3 

t> 

and c = 3. 18 A (/25/ , Tab le II) . 

o 
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Table 11 . X-ray powder data for cassiterite / 25/ 

iJ <:> 

Tetragonal a = d 0 73 A v C = 3. 18 A 

r 

relative intensity e (CuKa ) d/ ll h 1 

8 13025 ~ .36 110 

7 17 00 2. 'i 011 

3 1900 2 . 7 0 

~ 19 , 55 ~~. 30 III 

10 25 . 95 1. 76 1/, 1 

-1 :n ,4 5 1. 672 220 
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6. CONCLUS I ONS Arm OUTLOOK 

The ob j ect of this study was to nro~uce thin filmo for 

C~S/CuxS solar cells and to inventiaate th iT cr 

line s truc ture by x-ray diffraction . 

t al-

It was found that the x- ray diff raction can be a va l u ­

a b l e tool for the nondestructive characterization of 

both the CdS and Cu S films for CdS ICu solar ce l ls . x y. 

Mea sur ereents of the degree of pre f errerl ori nt nf 

the CdS l ayers an ,;:'l of the CUxS stoichi ol'!'ctry a s e 

structurA c an all be ~ade on t he sa~e smaple in r 1 t' n 

to t he preparation and treatment conditions. 

Further i mprovement of stoichiometry and struc t r e of 

thin f ilm CdS-base~ solar c 115 are expected b the u 

of othe r preparation conc itions (h i ah v cuum , h i h pur ' . 

mate rials) ,and by the use of ot her materia l s (re 1 ce ­

ment of CuCl by CuI , repl acement of C XC t- C T 17 I ). 

An i nt e resting roethod for t he pr e a ~ ti n 0 hin An 

p inhole f ree CdS films for t he i u ure i t e conve r i o 

of CdO films to CdS 115/ , especi 11 ' t e 

(Ill) textured CdO films at l ow te~nerat r e s sta 

ing material. 
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For the product ion of thin fil P1 solar cells "lith hiqh 

e ff iciencies I' the investi gations by :KG' ray s tructur _ 

a na l ys i s have t o b e acconpanied 1: y rre a sureIl1E!nt s of 

e l e ctrical p ararreters of the films (r e sistivity, charg 

c arrie r rrobility, photoconductivity e tc.). 
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