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ABSTRACT 

In the pres ent 8tud~ tho th eo ry o f ph o t ovo ltaic , n, rgy 

conv ersi on is pres ented . 8~ 8ic f actors affecting oonversion 

capability of phot ovolt ai c devic e s aro di8CU8 8 ~d . Goner l 

f ormula of the minority carri er distribution and curr ent 

density across p-n junctions are r e vis ed and fu rthe r deu,lo ped 

t o arri ve ~t the over a ll c olle ction effi ienoy expre ssion which 

is valid f or any thin f ilm phot ovo ltaic c e lls. P OCU8S is put on 

the main s o lar cell p~ram6 t er8 lik e conversion e fficienc y and 

spectral response . 

To thB end some exper imental works on a sing!, 

orystal solar cell (FD-K) a r~ made. EMphas is is put on 

establishing circuits capable of measuring various Bolar cell 

parameters r anging f r om Si - eingLe ~YDt a L c~LL o f tow efficiGncy. 

The resuLts of tho measu r ement ar e prasanted in tho fo r m of 

tabL e s and graphs . Conclusions ara als o ~ade on thG results 

obtained . 

- ix -
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Up to th~ prese nt tire~ tre~~ndous efforts h~ve been ~.dc 

by many scho l a rs involvt..:d in the field to improv~ solar­

photovolt~lc conversion eff i ciencies . Single cryst)l 801~r 

ce lls f o r which efficiency ~easurements in th~ ra~g e of 5\ 

to 18%, and thin film polycryst~ l linc solar colIs of 

efficiencies bet1"cen 5% to 9\ we r e r e norted upto the yea r 

1978 [9] . 

The e fficiencies r epor t ed cons i derably d€pand on the 

methods used during the proc~s5 ing of the devices end a lso 

on the types o f the m~terials used . ror ex~ple high 

eff icie ncy e lectroplated he t c r o juncti on thin film solar cel l 

(Cd s/CdTe ) .. las reported by [ulcnt H. P.a sol in 1 984 [10J while 

in the s ame year Cds/CdTe t hin film solar c~ ll fabricated by 

th~ close-sp3ced-sublimation (CCS) proc~ss h~d hi1he r 

e fficiency (>10%) [llJ. 

'l'he over-all e f fic i ency compdrisons betwt::.:n 51.ngle 

crystal sola r cells ~nd thin f ilm po lycrystal li n~ sol~r cells 

p l aces the former in the super ior position. Howcv ... r, th~re i s 

no fundamenta l barri~r to the 3ch l cvement of high~r 

e ffiCi e ncies in thin film cells ~nd , inde~d , their limitinq 

efficiency should i n prl.~cip le b~ cornpar~ble to the 

eff iCie ncie s achieved and 3chiavub10 in singl~ crys t al cells. 

Fr om t he econo~ic point of view the pr oduction of single 

crystal cells of th~ r~quircd purity involv~s ~n inherently 

e xpensive process whil..: thin fl:.m solar col I s could be pr oduc.:!d 
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a t a r e l a t i ve l y l ow~r cost ~chnology. Thus , the rc ~l futur e 

of photovolta i c ener gy conversion np a r s t o be c l ose ) y 

connected wi t h t he poss ibil i t y of pr oducing thin f ilm 

photovolta ic ce lls . 

The gEne ral ob jcctiv~ of t he pr e s ent th~sis wor k foc use s 

on studying the m~in char~ct~r s ti cs o f thin fi l m photovo lta i c 

ge nl:l r a tors and the f actor s which affect t he i r pe r fo r manca . To 

t his e nd, the pape r is org~nized in s uch ~ way that t he fir s t 

ch apte r e ntails the gen~ral th~ory of photovoltfl i c ef f ect in 

th i n film s olar ce ll s . In the s e cond chapte r , the va ri ous 

factors which a ffe ct photovolta ic s o l a r ene r gy conve r s i on 

performa nce are d iscuss~d . ',na lyticnl tre atmant o f t he 

tra nsport problem of e xc ess minority carrie r s i n s i nq l e 

c rysta l p-n junction is r evlSGd a nd ut i li zed for f urthe r 

d~veloping the over - a ll coll _~ti on ~fiicicncy (spec tr~l 

r e sponse ) e xpression i n t his chapt . r . The nc;;xt b /o chant e r s 

sumrr.arize the IM. in func t ions and cha r acte rs tic s of e l ectrica l 

connections a nd cnvironm.:.nt a l i nte r fl.ccls of a g.;no:: r o. lizc d 

thin film sola r Ce l ls nnd the des i gn options in ~1~ pres~nt 

time s o l a r cd ll pr oduct ion . The fi na l chapte r embodi es th~ 

axp~rim~ntnl measureme nts carried on 3 given s~molc colar 

ce ll (5i ) wh i c h was i n our disposa l . Its c f f iciLncy , "pec tra l 

r espons...;!, c urre nt-vol t -'lg.;, and capaci t ,:mc E:-vo l t ug.; r.lellSUr emcnts 

are g ive n, and calcu l~tions of the b~ rr ier-he ight , ~nd donor 

density in t he d.J.rk 'lnil under illuIT1 i nation ~rd made . 
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Th~ fab r icati on c f a thin 1 'l'fL r !lol~r c...: l l by electrool a ting 

met hod a cco r di ng t o B. H &'501 [ l O.! which was oriqinal ly ? l tl nned , 

coul d not be r eali zed, b~causc o f lack o f c~rt~ln ch~mlculs . An 

a tte mpt to produce a 9h~to£lectrochcmical c~ll according to 

Ki Hyun 'ioon [1 2J was r:ct :'!: lso Su.cc ... ssful b ... caus"" Titani ur.'l shee t 

wa s not avai labl e . The obstacl~s me ntione d abov~ l e d us t o 

perfor m a t hor ough th;ore tical a nd £xperimanta l study of the 

sol a r ce ll . 
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CHAPTER 1 

THE THEORY OF PF.OTOVOLTAIC EFFECT (PVE) 

IN T~ IN F IL~IS 

PVE 1s the gene ration of an electromotive for~e (EfW) by 

t he absor pt i on of light (or ionizing radiatio n ) 1n an inhomogeneous 

solid. It is distinguished from localized heating which can cause 

a n EMF vi a t hermoe l ectri c ef f ec t s or the Dember effect which 

r e s ults from non-uniform il l umination in a homogeneous solid . 

1 . 1 . Neces s ary condi t i ons for P~currance . 

In order for a PVE to occur in a system the fo l l owing 

cri teria must be f ulfil led. 

Li gh t mus t be absorbed i n the semiconductor and mobile excess 

carrie r s must be gene r ated as a r esult of the absorption: the 

l i gh t generdted e xcess carri e r s must be se~3r~Led by a built- in 

e l ec t ros tat ic fie l d (built- in poter~~al barrier). a nd the life t i me 

of the e xcess carr i e r s must be long enough to allow them to 

t r a v e l f r om the place s ~h~re they are gcnerate~ to th~ charge 

s eparatio n s i te . 

1 . 1 • 1. L~i"g"h-=t_~a-=b~s-=o",r ... r"t"i-=o",-n. 

Ab sor p t ion takes place whe n photons a r e incident on the 

sol a r cell p r ov ided t hat thei r e ne r gy 1s g r~at~r t h a n the band 

gap . 
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The abi lity of a mat~rial to absorb light of a given 

wavelength 1s measur~d quantitative ly by the absorption 

coefficient a , measured in units of reciprocal dis tance. 

Light at the surface of solar cells falls off in intensity, by 

a factor of lie for oach 1/0 distance into th~ ma t e rial . As 

a gen€.ral rule I the wi d e r th·,3 band gap, the smallEr the value 

of a for a gi ven wav~l~ngth. The absorption co~fficient also 

depends on the densitios of states in the conduction and 

vale nce bands 113 1 and the directness and indira ctness of the 

band gaps. 

1 . 1. 2. Charge Separation. 

As soon as absorption taxes place e lectrons a r e r a i sed in 

e ne r gy from the vale nce band to the conduction band, creating 

e lectr on-hole pairs . These light gener~ted carrie rs must then 

he s€parat~d by a built- in e l ~ctr05t~~ ic ( i a ld so that they 

can d i ff use t o the ~dges of th~ space -charge r~gion befor e 

they r ecombine . As a r esult of this field the y a r .? S\<1Cpt across 

th~ junction g i ving ise to a photocurrent, pho~ovoltage and 

power to a des ired load 

This barrier is mtrc ly a result of electron ic inhomogenei ty 

in the sys t~m; and is usua lly called the electronic junction . It 

i s th~ s ite of the potenti al barrie r which is ne cessur y for a 

pho tovol ta i c device . 

The junction can be 1) a p-n junction fuomojunction) made 

of one t ype o f semiconductor mate r ial with two op osits types 
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of conductivity ; 2) a hot(;rojunc tion composud of b ... o 

differ e nt s emiconductors , ) a Schottky barr e r which 1s a 

ma tal semiconductor (MS) junction or 4) a mctll!-insula tor­

semiconductor (MIS ) junction. 

1 . 1 .3 . Carrie r lifet ime . 

The excess carriers gene r ated ~s 3 r esult of the sorption 

of ionizing r adi a tion must enmin fre~ l ong enough to trave l 

fro~ the point of gener ation to the ch~rge Eeparation si t e. 

Once an e l e ctron has been optically ~xcitcd to the 

conduction band l e aving a hole i n the va l ence band , it may 

e ither r e combine with a ho l e o r mi gr ate to th~ edge of the 

semiconductor and be colle c t ed for useful work . The collection 

o f phot ogene r ated carri~rs acr oss the -n junction is in 

competition with the l oss of these ca rr ier s by bulk and 

surfa c e r ecombination b..;:. fora UH~Y can be coll~cted . Bulk 

recowhlna tlon cun occur by d i r ect mutual a nhlla tion of a free 

e l ectron and a fre e ho l t;! or by allhilation thl"Ough a n 

in~errn~diate r e combination cent e r . 

Th8 intermediat~ r acombina tion is usua lly the dominant 

rn~chanism . If the r e ar~ Nr recombination cen t ors located a t 

an ~ne rgy l e vel E and having captur~ c ross-G~ctions 0 , n r n p 

for an e l ectron whl::1n empty und (or a hole . \o,'hen fill ed, then 
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the hole-l ife time on t he n-sid~ of th~ junction can be described 

by [l3] . 

N 
T = p 

c 
nno 

E. -E c r 0 
0- ( -h-))+ (-") 

on 

N 
(~) 
nno 

r v a - (-li'r-- ) E -E ~ 

whe r e Nc , Nv are the numbe r of conduc tion a nd val ~ncc e l e ctro ns; 

nno i s t he fr ee e l ectron conce ntra tion on the n-type side a nd 

is e sse n t i a lly equal t o the doping level , v t h is the therma l 

ve loc i ty, K i s the Boltzman constant , a nd Ec a nd I'v are the 

conduc tion a nd va l e nce band e dges, r e spectivt:l ly . An analogous 

equat i o n ca n be ob t a i ned f or t he e l ect r on l ifc-tl~e i n p - type 

mat e ria l. The a ctual l i f~ t i mes a r e de t e r mln..::d by a mu l t i pl i ci ty 

o f s uch r e comb i na tion cantres at a number o f e ne r gy l evels . bu t 

qual ita tive ly , t his equation i ndicate s tha t t he life time will 

decr~ase wi th inc r eas ing dop ing l ~vel a nd s a tura t es a t a value 

e qua l t o 

(1. 2) 

In add i t i on t o a recomb in~tion i n th~ bu l k, a l oss of 

phot ogcner a t ed mi nority ca r r i e r s .). l s o t akes p l aCE: n t t he 

sur f ace of the ma t e r ial due to the presenc~ of surf ~ce stnt e s 

wh i ch ari s e f r om dangl i ng bond s , ch~mlca l r e sidues, meta l 

pr eci pita t e s, n.:1 tivd oxide s, a nd the like [13J • 

• 
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Th~ rate a t which carr i e r s ~rc lost at ~ sur face 1 5 

described by the surface r~comblna tion velocity S which 1s 

r e l a t ed with the minority- carrie r curre nt density towards the 

surface by 

(1. 3) 

for holes in an n-typE material a nd 

(1. 4 ) 

for e lectrons in a p- t ype wa t e ria l. n -p , n - n a r e t he 
0- n no p po 

e xce ss carrie rs in thd nand p type ma t erial r espec tive ly . 

If the surface diffusion langth LS fo r holes a nd 
p,n 

e l e ctron i s known the ho l e and electr on lif~-tim~s and the 

corre sponding surface r ecor,lb ination veloei tie s S could b~ p,1l 

r e l a t ed a s 

T p ,n 

LS 
= -E.Ln 

S p,n 
(1. 5 ) 

For specime ns that have a high concentr ation of impuriti es , 

the scattering i s frequent , the mean fr ee paths a r e short, a nd 

the mobilities a r e l ow. Crys tals that are h€:3vily dop.=d usua l ly 

have low mobilities in the e xtrinsic temper~ture r a nge . ~rfections 

in the crystal a risa d~o to dopants, vaca ncies, d i slocations in 

the bulk. The s e toge the r with impe rfec tions on the sur f ace act as 

r ocombina tion ce nte r s a nd thus decrease the diff usion l~ng th and 

life- time s of the electron'-hol(;: ca rr iers . 
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As dec isive as thcso imperfections arc to th~ cause of 

recombina tion e f fects in single crystal s, th~ir effec ts nr c 

h i ghly pronounced in thin f ilms . Because , thin films usually 

contain fa r mor e bulk d~fects in singlu crysta ls made f r om . tho 

same semiconduc t or, and bacause r ecombination at the ora in 

boundaries can severely limit solar cell perfor mance. 

1 .2. The eff~cts of grain boundaries on the ca rridr life time 

in polycrystallin~ thin films 

A thor ough nnalysis o f g r ain boundar y effeces on both the 

photocurr ent and dark current in thin fi lm solar cells has 

never been carried out as far a s our knowledge of the pr ob l em 

is conce rned . A comple t e a nalys i s of this o r oblem e nta ils a 

t hrae dime nsional sol ution to the diffusion equation with eight 

bounda ry conditions . Partial solut i on for the Simpler case of 

un i fo r m gener a tio n o f minori t y carr i e rs chr oughou t a volume of 

r ectangular fil ament h 1 S been achieved by [l~J whe re he used 

his a nalys is t o define ~ Mfi lament life- rim~~ m~dc up partly o f 

th ~ bulk life time in the f ilament and partly of surface 

r ecomb ination life time in t he filament. Wh~n the f ilament 

dimanSio ns are small a nd the sur fa c e r ecombina tion velocities 

are high, the r ecombination in the filnment is dominat ed by the 

s urface t e r ms and the "f i larre nt life time ' is much slTk"l llc r than 

the bulk life time . Similar conside r a t ions appl y to p:>l ycrystalline 

film, which can be thought as many filame nts connected in parall c l 

and sometimes in serie s . 
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F:Lq . l . 1 . E:1eray p::-ofile in the vicinity cf grain 

boundar~es . 

If Figure 1 . 1, dn enerr:y nrc[ ... le at and around ~r(li" 

boundartes 15 show;!. Tn-...;oretlr:-ally. i~' appears t.hat ora in 

boundari.es act as minority carrie- sin~~ 

recombination 'Ielocityi and majority carrier b.13.rriers, thus 

reduce the phctccurrent, in~reas~ the ~drk current, dect ~3C 

the shunt resistance and increas.e: che ~c 1""~ resistOJ)("e. 

OnE~ possible cQ7T!J:;tnatior ~f g:r..,i!' !.:r "'<..~ar~~s lli where 

u randon~ orientatlon of r1-.~ cr.ai;:s plL·~(l.l) ·"s she ... n 'n F ... g.J.:? 

Fiy . l.2. ~ar.cor cr_cntation ~c g..- ""5 . 

1:'1 S'Jr!". situatior. only ':.~e tcp ;.Y s ... qrain Qr "''''C .,rdi .... ~ 

will he able ta contri u'~ -0 I ~ r'~ .... , , 



- 14 -

bounr.a~ics oove them. ~hl~ ;ivea ~ ser-J.cs corrhinatj r of 

grain boundaries .Ln wl"1h;tl He effe-tl' 

1n the fil~ wlll bp , ry 10· ... nd the devico ·Hi.ll bel'p,,,, 

very poorly. 

Anct.her possible ortentation ,. 'L.1C raJ.n& 15 a fU:-r· .... u_ 

epitaxl. ~ ty?C a-; shown in figure 1. 3. 

Fig.I.J. FiLrcus epitaxial orientation of grains 

In such t:lin ii1m st1:'"uctures, i':1i"1ority c)r:ci<:l:s withi" 

each filament can cross the Junction boundr.!ry ~H1d the 'Nholc 

layer thickness can coni "1t.lote to t::e out01...it.. rn ."c.cr. a 

sit1;.ation the OVEr all solal. cell can be t.h'-'utjrt of as ,,-

parallel combinatjorl. 'f fila;--,""ntary solar cells, each of 

which act in a normal manner exce~t th.:>!t li1 ncr ?-.- - j· ... !'"?r 

re~orbinatlo~ can t3ke place on the siees of the filaments 

as well as at t!'",o front surface anCi ,3 .... :,..,.., nt 1_ • 

P. s~;her:latic rap:L'€.sentation of 1r.divlduaj qr.~tn5 irt 

where the slJrfaces of the qrai n at'~ ch·;r •. ctC!r.i.l~! C\. ~Jrf~"'e 

reC;;nbinatioB v'~lvcJ,.li~s: .:~ for tne nlt[;~""n on Wh~f.:h th.} 

l i"h' ... 1'· -t:l .. , f l' 
-"3 --. -' ..... ' ""gb ,e 6~r! l;e cf t.ne crair, ct.:ndary. 
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c 
lUt 

r b 1 

Fi g.l . 4 . Shematic representation \.,of indivi dual grains 

of "';P type whicr,. could be er" :.n err" ~ 1il 

polycrys~alline solar cells . 

'The presonce of a grain boundary parallel to the r;;ajor 

surfa-:;e area of a grain as shown in f.lgure 1 . 4a reduces tI-.~ 

grain d1m('!nsi~ns anj thus carl ... ers ';l~ .. crated b:y photons 

absorbed ip th~ regio bel~d this gr. in boundary c;~ not 

migrate to th~ charge collertion b1rrier ecce) . 

As regards the vertical g'rain boundar i p. s and nO'ool they 

affect recomb.J.nall.v1. , ~hockley t:.reated t : tr~n5p:rt prabien 

of ITol.nor1ty carries injected l !1to a filament of rect"mJU], .. .. 

crcss - section~ 114!. He showed that thl,; efl'"ectl.ve Gi~f:.1s1on 

length of mir,t}rity carriers travers!"'" _he f11~rnr·n' O\I·:lS 

equal to trlJ bulk diffusion :'~ngth of the. fl1~er,t pro'll.oec 

that the fila;':"'.r t OLTenSl.Cns were equal to or grea t er t~·hl>' 

the bulk dlf~usion ler.gth :'B ' a'len if the reco{'"tbir.a~jor 

velocity .at the qralT: b ';.ncar!es, S ... ' is ir.fln.l~Y T""lis 
g~ 

selection of semiconductors for ~hin film rel1~ Stif .m.titlll 
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thinner f i l ms o f d i rect gap semiconductor s are ncc~cd to ~bsorb 

mos t of the l ight absorbable by the semiconductor and t his 

thickness is of t he or der of several mi cr ons . The value of La 

needed to collect most of these hotens is of the same magnitude 

as the effE!ctlve abso r ption depth Xeff • Since t he grain dLTeJ'lS1cns 

need only be approximat e ly equa l to LE, this me ans that g ra in 

s i ozes of s E! ve r al micr ons a re sufficien t to make th i n f ilm solar 

cells fr om direct gap semiconductor whose r e combinat i on ~ies 

should be comparab l e t o those of l a r ge single crystal cells made 

f rom the 5eLme semi conductor s . 

In t he! case o f an indirect gap semiconductor s like S1 , Ge , 

e tc . however, the ef f ective absorption depth i s of the o rde r 

of a hundre!d microns and r equi red gr ain dimenRions a re of this 

same order . 

Th is s impl e exami nation o f the or oblems associ a t ed with 

grain boundaries and the i r recombinat i on e ffec L illustra t e s the 

advantage o f direc t gap semi conductors for use in th i n film 

c e l ls . 

Surface r ecombina tion l osses could be minimize d by increasing 

the gra i n d ime nsio ns . Ot he r appr oaches involved application of 

appropriate chemi cals which al t er the defect structur e a t the 

surface. 
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A phe nome na lly success f ul appr oach 1s the one sugges t ed by 

J . J . Lo f e r ski [9J . I t invo lve s t he i ncor porati on of minority 

c a r rie r mirrors (HeM) 1. e . pot e ntia l ba rrie rs whic h dr i ve 

minority carr iers a"/ay f r om the surface t owards t he char g(,l 

collecti on harr i e r. 
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CH1.PTER 2 

THr: Fi",CTORS AFFECTING PHOTOVCLTAIC SC:.AR ENEz;,~l 

CONVERSION PERFOR.lo<j.}\CE 
• 

In this chapter the main factcrs which limit the 

photovolta~~ enerC'y converLEl 'I?rfo'l'"l!'an' wi!l .f' 

elaborated, and possibilities for the~r improve~ent will 

be d iscussed .. Throughout the dis" ~.;'")n ht.:' 

genera lized thin film solar cell 1,01111 be borne in mind . 

The generalized thin- film solar cell Cdn be tnought to 

consist of 1) an encapsuJi't!1t antirefl .... -t1,,' roat.l!vj. 

2) a transparent ohmic contact, 3) an absorber-generator 

semiconductor layer, 4) a collector- conver" f:>;"' ... ,=,~~ cond-.!ctc:.; 

layer, and 5) an opaque ohmic ~ontact 05 schematically 

shm;n in Figure :..! . 1 . 

E-.,...pS~I •• 1 Aft 
i""'l'I..f"IjJ.:o,..~t\t: (pttac. f 

,,, ,o('i.; '."" _ .o:-~~ '!. ,.. .... : •. , r 
~ 

CJ·~(..h1r-Cdnv( r I e. ... 
- ..)1',,- '1."'t:. €A;'''' "(.of 

Fig. 2 • L A f i'le layered 'J";:!'lel' .1j i7.f;!tj ttd:1 f il." SO!.il r 

Cell. 

2 . ]. Semiconouctcr L~iex~ ---"--, -.. -,- -

The essentlal feat~re5 of any solar cell ar~ ~~ 
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absorber- generator mate r i al 1n wh ich mobile carr! rs a r e 

generated by the abscr ptlou of light, and a bul1t ~ ln pot e ntial 

r eg ion which a llows the generated carriers t o be collected 

f rom the r egion in which they were gene r a t ed a nd converted t o 

majority carrie r s . This col l ector-conve rte r prevents the back 

f low of carrie r s . 

The absor ber-generator r eg i on de t e r mines the magnitude of 

t he current that is ge ner ated and the height of the potentia l 

battier dete rmines the voltage the cel l can produce . In some 

structur es the abs or ber - gener ator can be in t he r e gion where 

the t r ans ition to t he vo l tage dif f e r e ntial occur s, the space­

charge r egion. 

The pr oduct of vo l t age a nd c urre nt c r eate s the power 

which , whe n i ntegrated wi t h t ime , r epr e s e nts e ne r gy o f the 

sourc e whi c h is ab l e t o perfor m work . 

2.1 . 1. Selection o f opt i mum e ne rgy gap materia l s . 

The pho ton absor be r -ge ner a t o r r eg ion is char ac t e r ized by 

the following paramete rs . the e ne r gy gap, the absorptio n 

coe ff i cien t a nd the mi nority carrie r di f fus !.on l e ng th . 

The e ne r gy gap de t e r mine s the maximum e ffic i e ncy of 

the cel l that can be achi e ved u ti lizing a s ing l ~~ator . 

Inc iden t photons in the s olar spectrum with a n e ne r gy equa l to 

o r g r e ater than the e ne r gy gap excite f r e e ca r r i e rs 

~lectron-ho le pairs) a nd de t e rmine the maximum obta i nable 
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current th).l C';:T1 be generated . 7he m.:.:.xirnu."fl. '.roJ_tag .... 1,; 

also determined by the o:Inen;~ ,;;":;J.> <.: toe abGorber- gener;:-ltor 

a~d the characterstics of the junction fermed with th~ 

collect'.Jr-C0:1' c~rter. 

Figt,;re 2 . 2 below shews the depend-:mce of cunver:r=ior, 

effici ency on the energy gap ;:~~ '~iven b} I g! . It gives a 

guidance as to the wide choice of materials fer utl cbsorber-

generator . On the same figun~, an approximate depenl'jence of 

the short-circu~t current and the 0PRn-circu~t volt?ge on 

the energy gap is s ..... o',<Tr:. 

I 
.... "', ... '-

/ 11 1 " . 
" " k , , ..it" 

!:c ! 
, 
/' . , , 

/ , , 
I i , , , 

" , 1 I t'i 
l ' ' _. J 

1" ~.S"' toG 

f: c:~vJ ....... ,. 
Fig.2. 2 . 'I'h(::, apprOX.l.iT[,3te cependence 0f Isc ' Vee and ~. 

on ener~y gap of the ~'?F'lr;or.ljl=ctor cornpris~ng 

the solar ce U . 

It is n·3cessary to ';e:'in€; L.e ... i;r,l ~_s of thicknes:i that 

qualify a ':"er.-::I.cond-,;c':ing ":'"Iateri:s-l as a t.h.!.:l fill':" solar -:::ell, 
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Conside r a beam of light having wave l ength ~ , normally 

incident on a semiconductor having an absorpt ion constant a (A) 

f or this pa rticular wave l e ngth. Then the flux of photons 

Nph( X) r emaining 1n the beam afte r it traverse s .3 t h ickness X 

of s eoi conductor is given by 

(2. 1) 

\<o'he r e Nph (0) is the no rmi'lily incident photon flu • 

The wavelength de pendence a (A) of t wo hypothetica l 

s e miconductors having the same e ner gy gap EG ar e shown in 

figure 2 . 3. One of them 1s a direct gap, the other an indi rect 

gap semiconductor . Sup a se photons having e ne r gy EG + AE be 

incident nor ma lly on each of these s emiconductors . If the 

r espective thickne s s of e~ch of them is Xd a nd Xi ' then 

according t o equa tion (2 . 1) 

-~ 
X 

d 
(2 • 2) 

d) • (i) where ~ a nd ~ are the absorption constants for photons 

of ener gy ~G + bE i n the dir ect nnd indirect gap na t e rials 

raspectively. 



• 
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(a ve rs us hv) for two semiconductors 

energy gap . 
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For illustration purposes, consider the di r~ct gap 

semiconductor GaAs ffiG = 1. 35 €V) and t he i ndirect gap 

semiconductor 51 (EG = 1. 1 ev ) . For E = 0.2 EG ' X
ef f 

1s 

about 7 J.l (1 4 lIm optical path length ) for GaAs and about 

500 J.lffi (1000 lIm optica l path l eng th) for 51 . The powe r 

output of a phot ovolta i c cell is pr oportio n31 to the pm~er 

absorbed in the ce ll f om the inCident light . Appr ox i ma t e ly 

the sarna f r action of photons having an energy i n e xce ss of 

their r eSfEctive band gaps is absorbed by 7 ~m of GaAs a nd 

50 lJ,ffi o f 81. Therefore, GaAs i s mo r e suited for thin film 

solar cells than S1 ; i .~., direct gap s emiconduct o rs have 

distinct a dvantage ove r indir ect gap semiconduc t ors as the 

b as is of t:hin film phot ovolta i c s o l a r cel l s . , 

In f igur e 2 . 4 be l cw absor pt ion constants f o r the materials 

pr e sently under s t udy a r e su perimpose d o n the phot on flux 

o f t he solar spectr um a s q i ven by [IS]. Convo l u ting t he 

spectr a l de nsity with absor ption coeffici e nt, one finds that 

the only ma t e rial wi th enE;l r gy gup be tween 1.0 and 1. 7 e V which 

can not ab sorb 90% of thE phot ons, say, i n a 5 ~m thick f ilm is 

c rysta lline s ilicon . Cr y!;ta lline silicon will abso rb 70% o f 

the phot ons in a 10 urn thi ckne s s and 90% of t he phot ons 1n a 

100 ~m thickness . 

In contrast t o s illcon, many of the mate r ials will abso rb 

90% of the avai l able sunlight in thickness 1 ~S5 than 

1 ~m, e.g ., Cop~r Sul phide will absorb 90t o f th is sunl i ght 

above its e nergy gap with a thickness of only 0.1 ~m . 
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F1q . 2.4 . Thir. f~l~ Golar cell ~ateri~ls ~b$or~~ic~ 

p!\otovolta1c energy crnv ... r .... ers "'or t"'lci r;J.ve-: loe -r.r ... l'.1e 

answe;.: ·.·.0 ec-:r.orr ic ccnc:;.rns. 
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2 . 2 . The tr~nsport pr obl em of the Qcncr ated minority carrie rs. 

Most of the c lectron-hol~ pairs croute d by hot on abso r ption 

a r e not ge ne r ated wi thin the s p3cc-cha r go r egion of the p-n 

junction . The r efor e, on the aver aqa onl y those e l e ctr o n-ho l e 

pair s which are within a diffusi o n l e ngth f r om the junc tion "1111 

be collect ed while the major ity of pa irs gene r a t ed 1n far away 

dista nces f rom the junctio n will suffe r r e combination, t hus 

causing the co llectio n ef f icie ncy t o f a ll be l ow I CC' . 

The colle ction process is deter mined by material constants : 

the l ocation o f the pair gene r a t e d by the absor ptio n mechanism, 

the dif fusion o f the pai r gener a t ed which i s de ter mined by 

mobility, and r e combi nati on which is dete rmined by minor ity 

carrier life time . 

In this section 3 gene r a l analytica l evaluati o n o f the 

collection pr ocess which wa s carr i ed by 1161 will be r evised in 

de t a il, and will be deve l oped t o ob t a in tha spectr a l resoonse 

exprQssions. 

The a ssumptions made a r e a unifor m n- p or p-n junctio n; 

cons tant mobility . lif~ time a nd do?ing . 

2 .2 . 1. Evaluation o f mi nor ity carrier distributio n 

A on~ d i me nsiona l mode l is consider ed throughout. The numbe r 

of phot ons absorb~d pe r unit tim~ in a unit are 3 of a laye r of 
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thickne ss dx a t a dlst:.ncv x below the sUr f)c£; 1s givc.n by 

Lambert's law of absor pt i o n as 

g (x)dx = - a x CINe dx (2 . 3) 

whe r e this gives th~ numb~r o f cl ~ctron-hole pa irs g~ncrated. 

The continuity e quation f or exce ss h0! e s c:tbovc the 

e quilibrium de nsity in an n-type material i s give n by 

whe r e 

~= at + - ax a Ne (2 . 4 ) 

it is the r a te of chango o f minority carrie r s fuo l e sl 

in the n- t ype ma t eria l 1 =2 is the r ecomb ination r a t e of 
T 

minority carrie rs in a xcess o f th~ equillihrium de nsity Pn' 

2 
o 1-£ is the di ffusion rat e into (out of) t he layer unde r 

p ox2 

considora tl.on . 

For s o l ar ene rgy c onvl;;! r sion , the steady s t a t a ca s e 1s o f 

inte r e st. Thus , one obt a ins fron (2 .4) 

+ aNa- a X = o (2.5) 

Using Einste in 's rel~tlon between diffusion l e ngth L, 

di ffusion c onstan t D, ~nd mino ri ty c~rr ier lifo t~e t i. e . 

L = (OT)\ (2 . 6) 

i n equation (2 .5 ) , th~ f o llowing e xpress i o :'!. is ob t <"l1ncd . 

d 2p 1 aN - ax 0 (2 .7 ) 
7 P + Ii e = 

dx2 
P 

P 
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So l ution o f this inhomogeneous dif f~r~n tlR l equation 1s 

e va l ua t ed as follows . Fi rst we fi nd the sol uti on for the 

homoge nous pa rt : 

1 -, !' = o (2 . S ) 
T • 
~p 

wh ich ha s a compl ement ary s o lutio n Pc g ive n by 

x 
Lp + (2 . 9) 

The partic ul a r so lut i on Pp wh i ch Nill sati s fy eaua t i on (2 . 7) 

i s 

Aa ax (2.10) 

whe r e A i s dete r mi ned by substituting equ a tion (2 . 10) ~nd i t s 

spat i a l ~iecond-der iv-'!t i v,,} i n t o equ:l. t ion (2 . 7) :!no Pp 1s f o und 

t o be 

N - a x 
Pp = e 

aDp (1- 1 ) 
~L? 

P 

(2 . 11 ) 

Thus r t he gene r :l l sol ut i o n t o the dif fa r a nt i 1 equ.:t t ion 

9 1 yen in (2.7) is 

(2 . 12) 
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i. e. 

(2 . 13) 

For t he minority ca~riers (electrons) 1n p-t ype mat e ria l, 

equiva l ent expression exi s ts 

n = 
-ax 

N c 
2 2 

n Dn (l- l/a Ln ) 
(2. 14) 

The constants PI ' P2 1 n1 , n2 a re de t e r mined f r om the 

following set of bounda ry conditions : 

1) At x = 0, surface recombination t akes p l ace wh ich 15 

give n by 

D 1n) = Snn (0) 
n x x=o 

(2.15) 

2 ) At x = Xj i s a p-n junction kent in the zero- bias 

cond i tion l ead i ng to short ·circuit c urren t so t hat a per fec t 

sink for minority carrie rs exist. This 1s 2xpressed as 

3) Surface recombination a l so takes p l ace t the back 

surface th~t 1s at x = d . This 1s expr e sse d as 

D @.p.) = S (d) 
p dx x::. d ? 

(2 .17) 

Frequently ohmic co~tacts arc appliad to t his su r fa ce so 

that in such cases & t Ends to i nfinity . 
? 
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Using the boundary conc='itions (1) tlnd (2) "3 fol lO' .... s . 

= (2.15 ) 

yields 

o 
(:E- + Sn) n2 = - N (1 1 
.... n - 1 

~ 2 
a n 

1 
+ 

(2. 18) 

and 

n (x
j

) = 0 (2 . 16) 

yiE:lds N c-Xj 
1 --x . 

Ln ) 
(e ) n

1 
+ 

1 r;-x , 
n ) 

(il )n
2 

= aDn (l-1/a2Ln 1 
(2.19 ) 

SOlving (2. 1 8 ) ~nd (2 19) simul taneously f o r n1 and " 2 we 

obtain t he following e xpress i ons 

t x . r- A+aD (1- rl~-n ) L n L 
-e N l/a n l/a n 

" 1 = -1 D ~ -"''-''-......:"-~r''''7x:-J.----------
[ x . (~ 5 )+(~ + s ) Ln 

e n) Ln r:: Ln n ,.) 

- QX' 
eN e J 

D 1 
<r. n -s ) aDn (1- ~) 

n f' l/a n 

(2 . 20) 
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s ) ~ 
n 

with the following r.~tatlons e mployed , 

x ' n y = n a = n 

(2 . 21 ) 

n = n{x ' , A) becomes as f o llows whe r e A-deoendcnce comes thro ugh 
n 

a and N . 

n (x' n ' 

-1 ) -

r -y.~ 

1° 

sinh (x~-Yn) 

cosh-Yn +onsinh 

(2 . 22) 

In a similar manne r , applying b0undary c ond itio ns (2) and (3) , 

o ne obta ir.s 

Ja--,p",+~l_ 
l~ 2_1 

P 

1 
:-2- e 
b -1 
" 

- x ' ' n 

(l - b ) (z-Yp ) 1 J 
(e P . - 1) - b+I p 

sinh 

cosh 

-b Z 
(x I ~ y) c P 

p " ) 

(2 . 23) 
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The no t a t i o n s uSed her L ar e 

x' x p:Z:: L; 
p 

T and T ar e th~ n p 

coe f fici e nts f or mi no r i ty 

r e s pE:ctiv·e l y . L = IOn Tn) n 

d 
L ' 

p 

l ife time s 

ca r rie rs 

'.ln d ° 
i n the 

• L = I DpT p ) ~ p 

n Dp t he diffusio n 

p - .:lnd n- l aye r 

a r ,,.;: t he d if f us i o n 

l e ng t hs and Sn ' S~ are the sur f~cc recomb in~tion ve l o c i t i e s o n 

the p- and n-type sur fa c e s . x i s the distance f rem t he ! i qht 

e xpo s ed p·-type s ur f a ce and Xj i s t he d i sta nc e from the surface 

t o the p - n j unctio n which is a s s ume d t o be inf init E. sima lly thin. 

Si nce e quati ons (2 . 22) and (2 . 23 ) a r e inde t e r mina t e f o r the 

case b ( = aLl = 1, t he ir f orms for thi s case ~re obt a i ned by 

t aking ttl~e l i mi t as b -I- 1 and f o und t o be as f o llo\.o!s . 

+ [(a n+l) yn+l] 
. . 

12 . 24 ) 

and 
-x , 

= 'a 'a ) TpNla ) ( I x~-yp) e P 

- z 
s inh ( x~-Yo) . e 
cosh (z-y )-, s i nh (z - YpJ ) r p 

12.25) 
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Equatio ns (2.22 ) , (2 .2 3), (2. t'4) nnd (2.25 ) can b e i! '/a lu1.ted 

~ fter the mate rial constants and ciMe nsions 3r e de t e rmined , whlc~ 

can be r e adily done on pr e pa red s o l a r cells f o r .. ~ll o f the s e 

qua nt ities except Tn and Tp' 

2.2 . 2. ~valuation of the rho t ocurrent de ns ity 

Th~ gr ad i e nt of the minority carrier distributio ns ne~r the 

junction due to photon ~bsorption giv~s ris~ to a curre nt flow 

a cro ss the j unction . The magnitude o f this curra nts c :m be 

evaluated from equations 2. 23 and 2 . 24 5 f ollows . 

The electron current de nsity, j (A), f ~om t he ~- layc r is r. 

ob t a ined by 

J
O

n
(,) ~ D (~) 
II n oX x=x . 

J 

which y i e lds 

1 
:---r b 00 1 

n 

(2 026 ) 

(2 0 27) 
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-y 
= "qN(AI Ie n_ 

l+(1+,ly 
n n 

c')sh Y + i} sinh y-} 
n n n 

(2.28) 

The c o r r e s nding ho le c urrent density, j (X) , fran the 

n-lay e r is obtained by 

which yie l ds 

a nd 

- q N(A )bp IE 1+1 e 
. p 

-b y 
p r + 

-b z e P 
b 2_1 

P 

- (l- b ) 
e P 

(z-y ) - (l-b ) (z - y ) 
P-b + (e P °-1) P ~p 

----.----------------------} 

f or b
p 

t 1 

-~ sinh (z -Yp ) 
!' 

- Yo -z = -,a N (AI I~ --e 

!?7.9) 

(2 . 30) 

(2 . 31) 

Equations (2 . 30) a nd (2.31) r od ucu, for the C:160 of ohmic 

contact covering the back s.urfilco o f the wnf€r (S .... OIl ) t o the p 

follow ing e xpre ssions . 
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- b z 
f;.. P 

b 2_1 
p 

for b '" 1 P 

1 
{1i+I 

p 

-b Y 
a P P 

-{ I-b ) (z-y ) 
e P P - 1 

sinh (z-Yp) 

-y z-y 
j ().) a +m= -'sN ()') (e P­
P P 

-z e p ) 
sinh (z-y ) 

p 

f o r bp = 1 

(2. 32) 

(2 . 33) 

The t o t al light genernt ed curr~nt density jL is the n 

g ive n a s 

(2 . 34) 

2.2.3. Coll ectio n e ffici e ncy (s~ctra l response) 

The co ll~ction afficie ncy Hnich is define d a s the r atio o f 

e l ectr on-hole pa irs se?a rated by th~ electric f i eld o f t he p-n 

junction t o the t o t a l numbe r of elcctron-hol~ nn irs genera t ed 

and d e signated as 11 c o l I i s qiven ~s 

1 c o ll (I.) (2 . 35) 

where the terrr. in parenthesis in the denomin~tor t3kcs account 

o f the f ractio n o f ho t on transmitted throu~h th£ wafer. 
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1h is collection e fficiency takES int~ ~cc~unt only the 

incompl ete col lection of the e lectron-hole p~irs by diffusion 

to th~ p-n junction . 

The ov~r-all coll~cticn e fficiency r(A) which take s care 

of t he r e flecti on l osses on the sur facQ, the incomplete 

absor p tion of photons (hw< Ego) a nd the incom~l~t c o llect i on 

of the e lectron-ho l e pairs by diffusi~n to the ~'n junction 

CQuld be def ined as 

r (A) = (2 . 36 ) 
qN 1nc 

The r e l a tio nship between the photon flux in the ligh t be~w, 

Ninc(A), and tha t actual ly ent ering the semiC0nducto r, N(A), 

i s deter mined ~ the r ef l ec t ion coefficient r(A) as follows 

Inser ting (2 . 37) into (?: . 35 ) we obta in 

jn(A) + jp(A) 

'1 col I = -a (A) d 
qN

inc 
(l-r (A)) (l-e ) 

comb ining (2.36) .nd (2.18) 

(2 . 37) 

(2 . 38) 

j (A) + j (Al (A)d 
r(A)=-"' r = (l - r(Al(l-e ,a )~ coll(2 . 39) 

qN1nc 
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Impr overr.ant in collectlon efficiency fC'lr a ny g iven materiill 

coul d be achieved by increasing the minority c~rrie r life time 

in the p- and n-mater i a ls , b,y using materials with higher elect r o n 

and hole mobili t ies o r by uslnq ma t eri,'11s with SOlt'2 \.,.h a t smaller 

a bsor ption coefficients in t .he pe'lk r ea i on o f the s o l J. r s!>cctrum. 

I 
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2 . 3 Los ses due t o the I- V cha r a c t e r s ies 

2 . 3 . 1 . The vo l t .J.gd f ac t o r (V . F . ) 

The amount of en~rgy util i zed in the gcnerotl on o f e l e c tron­

ho l e pairs is equn l t o the pot e nt i a l d iffer~nce bQtween the t o 

o f the va l e nce bDnd ~nd t he conduc tion ba nd. The l a r aest ~able 

volte ge is however t he open- c i r cuit vo l t a ge whi ch is l e sse r tha n 

the e ne rgy gap , ~inly du~ t o th~ f o llowinq two r Eas ons . 

F i rst l y, the barriEr he ight is de ter mined by the diffe r e nce 

i n Fe r mi l eve l s in the n- ~nd p- t ype m~ terial on bo t h s i de s o f t he 

j unction . The s e Fe r mi l eve l s a r c depe ndent on t emper a t ure and 

impur i t y conc e ntrat i on , and a r e norm~ lly locat~ wit hin th~ 

f orbidden ga p i n t he cas~ of non-degene r a t e se mi conducto r s . Thus , 

t he barrie r he i gh t (Vb ) is l ess th~n t he ene r gy gap (Eg ). 

Ano the r r eas on i s th~ fact tha t a vol tag~ ~qu 1 t o Vb wi l l 

on l y be obt~ ined a t extrem~ly h igh in j ection l evu l s which a r e 

no t rea ched by pho t on ~bsorpt ion ( ro~ direct sunligh t . 

Fr om the I - V cha r acte r s tics o f ~ p- n j uncti on the maximun 

open-circuit vo l t age (Voc ) is q iv&n as 

V. F . ART 
q 

+ 1) 
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where 10 1s satu r ation current. It is the light generated 

current or the short · clrcuit current (1 ) ~nd A is the 90 
sc 

called perfection constant of the I-V characterstic. 

The voltaqe factor (V .F,) is then defined as 
/ . 

V.F . z::: I n + 1) (2 . 41) 

Fr om di ff usion theor y of p-n junctions as given by 1171 

A = 1 

and 

(2. 42) 

whe r e A and 10 a r e exclusively determined by material constants 

a nd temper ature . Nd • Na a r e t:he donor and acceptor densltle9 ~ 

\.In r \.I p a r e electr on and holE! mobi litios' and Tn' T are elec t ron 

and hole life times 

2.3.2. The curve factor (C . F.) 

The maximum powe r can bE! extracted fron a phot ovoltalc 

device at that point f or which tho largest r c ctanqle can be 

inscr i bed into tho I-V characters tics (curves). This ooin t 1s 

given by 

p ... V ! max max may. (2.43) 
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and the curve factor 1s given by 

C.F. = 

where Voe is given by equation (2.40), and 

C·, 

r n:· 
ChF' 

V 
m 

1·0 

0·9 

0·' 

0·, 

0·' 

0 

• 

= 

= 

exp 

Vsc 
+ 1 

Io 
qV 

exp (-2£) 
AKr 

ill 

~------
(~) 

os 10 IS 

(2.44) 

(2.45) 

Fig.2.S. V.1:'., C.F., and Ch.P. versus width of energy 

gap. Published data by wolf 1161. 
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The curve factor as w 11 as the voltage factor ar determined 

by the saturation current I . Petter values of v F. and CoF. o 

ar~ obtai ned at la r ger energy ga~s as can b~ seon from fi~ 2 . 5. 

The cha r acters t ic facto r (CH.F.l which is dafined as t he 

produc t of V. F. and C.F. 1s given by 

CHoP. ~ V.F x CoF = Vm1m 
E I 

9 se 
(2 . 46) 

The charac t e rs t i c fac t or coul d be i mpr oved by proper cho i ce of 

material s with suitabl e ener gy gap and select ion of p r ooer 

doping l eve l s . 

2.3.3 . Se ries r es istance los ses 

The out put current from a solar cell 1s giv~n by 

- T_ ,~_9.-
" ,> ART 

If BI R < 1 , a f irst-order approximation in t he e xpo-te rm s 

y i e l ds 

I (2 .48) 

where 1:= ~ (Rs := 0) 

Fol lowing ~ol f and Princ~, the power obtainatl~ from a solar 

CE. l l is 

.,. 1) + r 2R 
R s 

(2 . 49) 
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where IR2Rs is tho pow~r desslp~ted diroctly 1n the ~criCB 

rasistance Rs ' The first term also bears dlsS1p3tlon due to 

variation of the I-V curv~ He nce it could ~ imagined a total 

power dissipation Pp' to exist. 
s 

2.t:. Conv€~rsion efficl'·:mcy (11) and limit conve rsio n e ffici e ncy 

(" tlIT~) 

Camblning al l tlH~ loss f.lctors so fnr discussed we reach 

u t the so called conversion e fficie ncy, which i s the one 

obta inable! in practice 

(V . F . ) (e .F .) (l-P R ) ~c 
s 

r;; [l-r O.l] 

whe r e Pin 0.) is the light power incident on tho.. solar cell 

surface in a narrow rangll dA arround th\.! w'lve!cnath ).; the 

fi rs t inte:gr al is thl.! t o tal short-ci r cuit current d.:,msity and 

the second integral in L'~ denominator is the t otal li~ht input . 

Tha limit conv~rsi~n e fficie ncy 't1 ' is ~n idQ~ liz ed 
Ir. 

effic i e ncy. It dcscr1b~a a theor~tic"ll eff iciency which is 

dictated o nly by ba siC phenomena ~nd not by t~chni~e factors . 



Th i s idealized e ffici~ncy can never be reach~~, but i s a ~ost 

importan t too l for the cV31ua tion of di ffe r ent mat e rial s or 

a ppr oache s. 

The limi t conve rsion e f ficie ncy r'lt irn i s der ived based on 

the as sumptions that the r e i s no r e f l ec tion loss, and no Rs 

l oss . Assume d a lso a r e compl e t e absorption o f pho t ons , 100\ 

colle c t i on of ge ne r ated e l ectr on-ho l e pa irs. r'l1 im i s give n as 

(V .F.) (e. F . ) 

r'l l im = 

~. 

he (2 . 51) 

o ff n 
Pin (A ) d>c, 
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CHAPTER 3 

CHARACTERST ICS OF ELECTR lCAL CON~ECT IONS A~D 

ENVIRONI'.ENTAL INTERF~CES 

Experimenters usually adhere to two dire ctions o( phi l osophy 

in reporting calculated e fficiencies, i . e. , s omd r eport value s 

corre cted f or the cont~ct a r ea losse s and othe rs do not. 

Uncorrec t ed values a r e r eported on philosophy that these dc scrlb3 

what t he cel l can actual l y deliver , while effici ency values 

correc t ed f or t he cont~ct ar~a l osses ~rc raported on the basis 

that these a r e the inher e nt effic i e ncies of the d ..::-vices without 

t he human facto rs of contact design a nu proces s t echno l oqy. 

llctually, it s eems r e asonable that hoth Vc1.!u.as should b e r eoorted 

a t the same t i me which would elimin~tc ambi uity. 

For e nhanc ing the corrected-v'lluc line o f thought it is 

es se nt i al t o assess t he characters tics of each o f the comoonent 

l a yer s of a ge ne r a lized thin film 6ol~r cell . Thw two s~~uc~ 

laye t·s have bea n discussed in t he p r e vious chapter . In this ch:lpt e r 

the laye rs \·,h i ch sarve .... s i:i: l cctrlc.J.l conn~ctions 1.nd e nvironMe ntal 

i nta rfaces wil l be d i scus sed. 
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3. 1 . ~trical contacts 

3. 1.1. ~he transpar~n~ electrical contacts 

Th~ on siu~ of th~ ~~ll which 1s thought t~ receive 

illumination is nade up of optic~lly tr~nsn~rent materia l which 

must provide an ohmic contact . At the ~a."':le time it shall h.lve a 

curre nt carryinq capability so as t o mini~i2u tho se r ies 

r esistanco of tho t otal s tructure . 

Generally I there a r e t wo basic types of transpar e nt contacts: 

1) conducting o xide s such ~s tin oxide (TO) a nd mixture o f indium 

and tin oxide (ITO) , 2) epen me t a llic grid such.:1G silver I 

s ilve r- tltanium-paladium mixtures, gold, gr anh i ta coppe r, nicke l 

and chrornil.il'!!. 

The tr ,1.nsparo:!nt c ontact s l.! rvcs also as a s ubstrate in the 

case of glass "'lhich is e ither cover ed with a c onducting oxide o r 

a meta l-grid pattern . In this case the l ight wi ll r3SS th r ouqh 

t he s Ubstrate e ither dir~ct1y fa lling on the absorbor-9cner~tor 

o r going through the collec tor-conve rte r t o th~ absorbe r-gene r ator . 

3 . 1 .2. Op~gue e l~ct r ical contacts 

This e lectrica l contact is meant t o provld~ an e l ectrical 

connecti on t o the sid~ of the s ol a r cel l opposite the tr~t 

contact. It must be ohmic und 10"'" in resistivity. Henca, thin 

meta l substra t es such ~s copner , stee l ar~ usu~lly nre e rred . 
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The copper lay~r s ..... rvcs :"lso "\5 " substrat..,. for grO"Jlnq 

the s emiconductor l ay,rs. nnd also ~s ~n enc"lpsu13nt fo r one 

sid~ of th~ d~vice which has been dcv~lopcd. Wh ..... n g~rvln9 a s 

a substra t e, it must h v~ 3 coefficient o f e xpansion th~t 

matche s reasonably t o its neighbouring sEIl"iccnduc t { r layer3 [11] . 

Another i mpor t a nt char acter stic i s the optical r ef lectivity of 

the contact t o al l O ... l multip l e passes o f light thrc uqh the 

absorber-generator . 

3 &2 . The enc apsu lant 

Solar cells must ~ protected from hostil e e nvironment b 

a n encapsulant. At thz same time reflection V ,s sc s introducec 

by this l ayer must be control led . Henca. aryolica tion of 

transparent encc'lpsul ants on one sid~ of the sO'l~r cell meet 

this demand of r e fl ec tion l oss ~inimization . 

In the case whare the encapSU l ant is applied OVer the 

transpare nt contact , g l asses have p r oven to be ~ost successful. 

These g l asses c~n be f or med from a br oad range of compounds 

based on sil icon , oxygen; and o ther ~ lcments . In systems 

commonly us~d today , tha s a glasses a r e bond~d to a s o lar cell 

after fabrication . But deve l opment o f inteqr.)l e:ncar-sulants in 

the range of 5 ~m th ick directly appli~d co thL s o lar ce ll 

is al s o taking place. 

In the case of C! 91a ss substrate which ."Iso s~rves as a 

transpa r e nt contac t , the e ncapsulant can be un oraou~ layer 
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or laye r s o f metal, such ~5 ccp~r and lu~d, with the primary 

pur pose of r cventinq envir~ n~nta l dco cad3t l ,0 

3.3. Anti r e fl ec t i on coatings 

3.3 .1. ~na lysis of r ef l ecti on l oss from 3cmiconduct~r Laye rs . 

The fracti on o f e ne r gy r ef l ected o n a bounda r y o f a 

s e miconducting m~terla l is det e rmined by t he r efl actlon f acto r r 

g ive n as 

= r e flect eu light intensity 
r Incide nt 11g t inte nsity 

while the r ema ining 

-a X 
J( x) = J

o 
(l - r )e 

(3 .1 ) 

(3 .2) 

is tra nsmitte d t o a di~tance x in the given mat~r ia l whe r e 

r = r ( ~ ) or r {w ) una a = a (A) o r a~) arc the ref l ection a nd 

abs or pt i on spectrums of th~ ma t e r iJ l. 

Th& J b s o rpt ion coeff icie nt a is r e l ated to the ~bsor pt lon 

i n dex n K' by the e xpr css i 0n 

o = (3 . 3) 

n stand s ( o r rcf r ~ctive index . 

From the c lectrom~gnatic t heory of light t.r. .. r ef l ec t ivity 

for nor mal incide nc~ can b~ exrres sed i n te~s c~ ref r ac tien 

and a bsorption i nd l cGG uS follows. 
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(n- l) 2 + n2 K2 

(n+l ) 2 + n2 )(2 

combining equation { 3 3) ~nd eau3ti on (3. 4) , w_ ~btnin 

r = 

() • l) 

( 3 . 5) 

As 1s mani f e sted in e quation (3 . 5) the n dl lact ivity r 

depe nds o n the absor pti o n coeff i c i ont a such that the reflectivity 

increases with the incre ase in the abs~rptlon coeffici e nt. r ~ 1, 

f o r I( » 1; the inc i oe nt l i ght is a lnsC't cOmr'lcte ly reflected . 

This e xplains good light r e flecti on by MCuls (~tallic lustor ) . 

He nce, if a substanc~ absor bs light intensivdly 1n so~o spectr~l 

interval it will a lso intensively r~ flec t in the same s pec tra l 

inte rva l . Howeve r. it f ollows fr om the s~e &quatlon that 

r e flection could a l so take pluc~ in the absence o f absor ption; 

i .e . , r # 0 for a = 0 , yie lding the f o llowing explicit depende nce 

o f r e fl ectivity on r e fr e ctive index . 

2 
r = (n-l) 

a=O (n+l ) 2 
() • E ) 

The maj ority of s~m1conductor m~tarials under study for 

s o lar ce lls have high i ndices of re(r~ction of the order o( three 

t o f our a s a r e sho",n in T!!bl e (3 .1) b,-:low [18J 
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TT.BLE 3.1 

Refr~ct1vc 1nj~x of som~ s~micQnduct~ r8 

substance n subst ?!. nce n 

c( d ial':1ond) 2.11 7 InSb 3. 9"-8 

5i 3.~ ~ 6 GaP 2 no 
Ge 4. 006 G<li\s 3 3·. 9 

InP 3 . 370 GaSh ). 7 'B 

Inlls 3 .· 28 A1Sb 1 18" 

This high o r de r or r e fract i on ind~x r esults in r e fle ction 

f r om a pl.l n.:lr sur f a c & in thu r ,:mge o f 25 t o 35 \. In o rde r t o 

mi nimize this high r,,~ fl ~c tlon l oss, antlre fl ... ctL;n laye rs :tre 

nec essary. 

3.3 .2 . Reduct i on o f Re flecti on 

Then): nre two primary appro "lche s 1n lttdmrting n r e duce 

thes.a reflec tion loss ~;l5 . 

The firs t tochniqu~ is t e xtur ing the surf 'c~ c f the 

semiconducto r s o as t o cause multin l c rcfl~ctlons fn r incominq 

phot ons, r educing th<3 n..:t phot on l oss . The second techniquo is 

t o use mul t ilaye r antir&flcctl on cc~ti ngs s~ "\5 t o r educe 

r e fl e ction by both i nd .;x rrn. tchlng .:md intc r f .... r c:nc..., ef fects . 

A comb inat: i on o f th ..:: two t .)chniquE. 3 h:w u a ls .... b~\,; n succ ss(ully 
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utilized . I t invo lvws t Ext ur i ng the scmlc~nduct r l~yc r ~nd 

pr o v i d inq a n an tlro f l ~cticn l ay~ r o n t o n o f t~ ls mat e ria l . 

The depos it ion o f s cv~r~l l a ye rs o ~ ,npr orri , t c i nd ice s 

o f r e f r ac tion and thickn~ss c~n e xt e nd the width of the 

r e f l ect i on minimum t o near ze r o ove r u wi de r egion, thc refor~ 

l ead i ng t o a hi ghly minimized r e f l e ction l oss . 

The five es scnti~ l l ayer s o f a s o l ar ce l l d~scrlbed ~ve 

p r ovide a ll the ncc~s sary f unctio ns f o r the dir ~ct c o nv e r s i o n 

o f sun l ight t o e l ect r ici ty utiliz ing t he ph~tovoltalc e f fe c t. 
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CP_'\PTER 

DESIGN' OPTIONS 

Any ho t ovoltaic sol~r cLll basic~lly consists of the ~ 

ge ne r a tor a nd tha coll~ctor-convertcr lav~rs. On this basis, the r~ 

a r e three des i gn ootions f or ~ singl e system cl~vlc~ ; n~mel y 

1) The homo junct i on so l a r c l3 l1 : \.,h er~ th..: collec t or -

convart0r is a semiconductor mc~ terial which i s o f the saMu ty e 

a s the absorbe r -generator , 

2) The he t e r o junct i on sol a r cell wh~ru the coll~ctor -

converte r is a s~miconductor material d i ( fer~nt f r~ t ho ~bsorber­

gene rator laye r , and 

3) The Schottky- barrie r s olar cull. wh~r the absorbe r -

g~nerator i s a semiconductor laYdr and th~ coll~ctor-convartdr 

is a combinati on of a met~l and an insulator or si~nlv m~tul . Th~ 

e ne rgy band diagr ams for thesu desions ar c shown in figur~ ~ . l . 

Th e s e three des i gn options e nable us t· n r oc.uc u at l eas t 

f our d i st inc t so l a r ce lls wher e each of thum kick t he advant3qc 

of a soecific ma t eria l o r c!="c:: rty D.nd/or r E:50lvv "1 s:r'.::!:c iflc ratcrial 

pr obl em. 

1. 1 . Char~ctLrstics of ho~ojunction sol~r c~ ll s 

In such tyncs of sol ::!r cC! lls , the 1.bsorb\;;tr-q~nera or Cl nd tho.: 

collec t or-convertor a r c m1dc un of the s.~e mat~rl~l ex cent th~t 

the co llector-conv~rt~r wust be of onoositc conductiv ity to th3t 
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o f the absorber-g~narator thus rovid in~ tha barri~ r ~tcntlal 

for hoto vol t aic cn~r9Y . This b~ rrle r 1s l C1 1SS 1C~1 n/n 

homo j unctlon a s 1n th~ cas~ o f th~ COMmOn oilicon s inol e 

c rysta l cells. The n~~~r of s~~lconduct~rs 1n whic h o/ n 

hornoj unctions c a n bd fabric at ed is limitc0 t o 5il icon, MOst 

A IIIBV 1 d t C" s em con uc e r s, <..ATe , 20'£(,:: , CUInS
2

, CUlnSl;:.2 n nd a f o..!w 

othe rs . 

The homoj unction ha s t he advantaqc that th~ theor y is 

quite well unde r stood a nd som€! of the mctallurqlc~l ~nd c!odbxrUc 

p r oble ws such a s th~rrnal coefficie n t o f cx~an81on ~a tchlng, 

l a ttice ma tching nnd el~ctron af fini t n~tching ~r~ oVe rcome . 

The prima ry nr ob l ems wi t h hono junctlon t e nds t~ be surfac e 

recombinatio n a t the most h~Zlvi ly dopeo sur f .1.ce 1'1hich f a c t:! s t he 

sunl i ght. Good thin film ca ll s of th.:! homojunction tyoe hrwc yet 

to be f abr icated from Dny ot he r semiconductor bvc~usa the 

d i ffus i on pr ocass commonl y used t o f o r m o/n homojunction doe s 

no t wo r k vle ll for th i n fi l ms. Di ffusion down gr a i n b('lundaries 

is difficult t o cont r o l . In addition, in~xp~ns1v~ thin film 

de pos ition techniqUeS like vacuu~ ~vaporation ro no t a s ~ rul e 

a llow da positio n of f ilms o f both conductivity ty~s 1n which 

resistivity a nd oth~r im~rtant nhot ovo l a i c ~~r~~ters c~n bo 

r e adily control l ed t o the dLgrcE r~quirad for f f lcic nt sola r 

c e lls . 
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All solar c lIs can b~ d~scribce by thu foIl ln~ ~ou~tlon 

/19/. 

Genera lly for a 

whe r e q is the 

av 
n i KT 

(~ -1) - j L(v). 

homojuncti('n, "1 = 1 and jo 

j = '1 
On ~ 

(Ln non + Pon ) 0 , L 

m.-1gnituda o f the e l ectronic 

(1. 1 ) 

is c.:r iv'-"n as 

(1. 2) 

charg.J , 0 n the 

e l e ctronic diffusion coefficient, and Ln the diffusion l e nath 

o f e ! o;.ctro ns in the p-·typ~ 

quantities f o r ho l es in the n-tyoc mate rial , non ~nd P
o n 

a r e the 

equillibr ium dens ity o f ~lectrons and hol es in ~-typc and n-type 

m~teriu l, respectlval y. jL is tha light qQn~rcted current , and 

may be vo ltage dependent. 

Th e diffusio n co~ffici€nts and lenq th~ arc re lated t o bas i c 

material pronertie s thr uugh the equati on 

o = 

KTU T = DT 
q 

(1 . 3 ) 

(4 . 1 ) 

wh f; r e lJ 1s the mobility anc T the r~corT'\blnation life t i rl"e of 

the mi no rity c a rriers 

Another mechaniSM which can occur is S"J~C~ ch.:l r ga r egi o n 

-Fq/21"r r ecombin.J.tion with ni = 2 and jo'" e . '!h~ ni "" 1 case 

dominate s the most ef fici ent s o l ar c~lls. 
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Ano ther advan t age o f a homo junctlon 1s th~t the d~gradltion 

mech~nism due t o inte r dlffusio n of c l~mcn ts 1s r~duc~ . 

4.2 . Char 3ctcr stics of heter ojunctio n solar ce lls 

In ~ he te roj uncti~n so l a r cell, the c011ec t~r-c~nve rtcr is 

chemically diffe rent f r om the s emiconductor l'l'J.tar ial of the 

absor ber-gener a t or . One of the se m<l tcr iQ ls is n-typE) a nd the 

other is p- type p r oducing the necessa ry barrier voltage . 

Most successful th in f i lm cell s a r e of the heter oj unctlon 

typa because they a r e ~asier t o fabrica t~ using thin fi l n 

deposition t echniques (Pr ocedur e s) a nd ther~ ara many serni~ 

pairs which can, in ';>rincip l e, or nduca qood solar c e lls. Usua lly, 

the ba nd gaps for th~se two mate ria ls di ffe r significantly . 

In the fr ont-wal l c ')nfic;rur ation , t he small l'I:~nd gap m'3. t e rial 

is illumina t ed first . Si ncb most of the ubs ~rption wil l take 

pl a c e in th i s ma t eria l i t will con tro l t he curr~nt col l ected and 

the max imum vol t~ge a chievable . Put so~~timds ill~ir.a tion i s 

a l s o carried th r ough the 1arcrer band qar m4t~r i ~1, celled the 

back-wall configuration. 

The p r ima r y advanta~c of the hcter ojunction struc urc is that 

i t a l1m-Is ma t e rin1s which can not be do. ed both T"" ty~ bu t h)vv 

o the r outstanding f ea t ur o5 t o b~ util ized tor ve r y high ene r av 

co nvers i o n e fficienci~s. mo6t of which aro o~~situ conductivity 

type, ma t ching e l e c tron affini tie s and ~tching of thu l a ttic Q 

constants. 
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The he t er o junction c.qua tion hilS bc: .... n d<.lscrlb .... ~ by Rothwo rf 

1201 and the dominant t ... r m 1n (lnUJ.tion (~ . 1) has the BI1.""i! f o rm 

a s th2 homo junction equation with "1 = 1 ~nd jo g ive n by 

J" = q~'5 _¢/KT 
ocr 

whe r e $I is t he inh.rfaco recorninatlon vc l f')clty 1nd 

5
1

:1 V (J 6a 
th 3 a 

(4 " 5) 

(~ . 6) 

wher e V t h i s t he th~ rmal v-.l !ocit y o f -=! c c tro ns (or ho l e s) • 1 is 

the captur e cross- s ectio n, Aa i s t he differ~nc& in lattice 

co nstant be tween tha two rn~ terials . a is th~ ~v~ragc l a ttice 

constant i n the pl an~ c f th junctio n, a nd ~ is a n activa tio n 

e ne r gy g i ven b y the re l~tion 

(l .7) 

whe re Xl and X2 a r e the e l ec tron a[[ln i ti~s of th r e spectivo 

semiconductor s, ~ 1 the 5:.;pa r a tlon betwe~n tha v<\h.nc e band .:md 

ther fe r mi - l evel in tho:' .... -type mate ria l, :lnd Vd l the d iffus ion 

volt~ge in that ma t e ria l . 

The ma in disadventag0 of ho t e roj unc ti on structure is tha t, 

in contras t t o tho homo juncti on ono, it shows deqradatlon 

me chanism due t o dif fus i on of the comroncnt mat~ri315. hnothcr 

disadvantage 1s revealtid in the anc r qy band d i~gr ~m Ghown in 

f i gure (4 . lb) . Tho I.. h..ctrcn affinities of the two semiconductors 
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a r e such thtlt a soUa .. t.I~pu!'\ r8 1n thu cond ucti c!' b'.nd . This 1s 

an uncQsiruble situatlcn becdusc th~ 8niko r~rr~.6nt8 a b~rri~r 

t o the flow o f mi nority ,"= L ... ctro ns from the p-ai1e to tho n- Sida . 

The re a ra a vuriety of hcter ojunctions und~r c ritical 

inv<::;l s tiga tion today . To mention a f ew o f th\,;lzu, lor", hctcrojunc~lons 

s uch a s CdS/Cu 2s, CdTe /Cds , CdS/CuInSc , InP/CdS, CuTe/CdTo. a nd 

znCdS/Cu2S . 

~. 3 . Scho ttky-barri~r sol a r c e lls 

Scho ttky- barr h :r s o l n r cel l s cons i s t o f :\ m,-,til il l c collec t o r ­

converter on a s emi C0nductor absorbcr-g~ne r ltor . Th is met a llic 

co ntac t can be on ~l thcr. n D-typc or an n-ty !;;( mlconductor. In 

such cells the magnitudt.° of the dif fusion ontt!nti,l o r ba rrier 

h€!ight is deter ro ined by the diffe r e nco bc tw _ n rh· work function 

nf the moa t a l a nd of th 5 (, miconductor. Now i h.J.P' _ns tha t tho 

magni tude o f the d i ffusi cn pot en tia l cncoun t: o..c r. ; ~ in tT'etn l ­

semi conductor (M-S) c~lls is not hiQh enouoh t~ rr' v1de the 

voltages needed t o cxtr ~ct ortimum s o lar on .rny cnnvcr s i on 

pcrf0 rmancu from th~ scmicrnductor. 

1'-5 ce lls can be i llumin.lted thro ugh the m ~t~l. In such a 

case the me t a l must b~ ver y thin 1n ord~r t~ ~v~i~ roth ~1<1on 

and heavy r ef l ec t i on lOS 9~8. rut if such cells ~ r~ t o be 

illuminat ed through th~ s~miconductor side hn mvt~ l shcu ld be 

o f high r ef l ecti vity s o '9 to refl~ct back into tha semiconduc tor 

all owing thinne r absorb~r-gcner~tor lay~r8. 
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Schottky-b",rri .... r sol 3r cel l i a mo r a<"/3n~9 oua th n 

a ithe r the homo j unc t lcn o r hc:te r oj unc tl on slne-\. it 18 CXI"IO~y 

3 simp l e de vice sys tum, ~r~ ly a semi conduc r t~r t ha bsor bcr-

9~nera tor a nd .:t me t al b3r r i e r . How~v~r , tho much~ni8~. which 

contro l the beha viour of th~ Schottky b.:t rr i~r e~l' r c~ l l ara no t 

as we l l unde rstood ~s thG ho j unction . 

The ma in consider a tion is the condition of thE; s urface o f 

the s emi conductor , the pr ese nce or abscenco of ~n oxide nr o the r 

l ayer be tween the metal ~nd the se~iconduc tor Unlos s extreme 

pr ec autions a r c tak~n , co~pounc f o rma tion b tw ~n the ~t31 nnd 

semiconductor f o rms a j uncti on, and th·) or opc..: r t i as of the device 

a r e l a rge ly controlled by the r r opert1€s of this l~ycr. 

The Scho t tky-barriar so l a r cell s 19 fa irly desc ribed by the 

equa tion: 

j ~ n*T2 -o~ , /KT 
e 

_qvj 

(e 
n 1 KT 

1 ) (4 .8 ) 

• - O$ a / KT 
with i o "" H* • e 

where A* = 120 is Ri(' l.. ·ud~on cons t a nt 

i~ r.oQd ified by optical t. "'mc, n s ca tt(. ring quantum c hllniC.:t1 

r -.:. fl ection, and tunm ... l i ng (, f carrie r s at th·~ r.' .ta l serniconduc t o r 

inte rfa ce , and m* is thu ffcct i ve mas s tensor f~r th~ r elevant 
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ene r gy bands in the semi conductor. "1 18 the r action factor 

of the j-v cha r acterstlc of Schot t ky-barrIer cells, and ia 

usual l y greater than unity. 

In genera l, Schottky ba rrier ce l l efficiencies a r e very 

much l ower than the maximum values achieved for he tero - or 

homoj unctlon cel l s of the same ma ter ial. 

4.4. Metal- insulat or - semiconduc t or cells 

One of the pr oblems of the Scho ttky-barriers , the reduced 

open- circuit voltage, can be e liminated b using an insulator 

layer between the absorber-generator seniconductor and the 

metallic collector-converter. This insula t or an1 metal structure 

serves as the collector- converter and qenerally le!ds higher 

open- circuit voltage than the s i mpl e Schottky configuration. 

In 197 4 , Shewchun et al. [21 described a m~tal-insulator­

s emi conductor (N-I- S) cell consistinq of a t hin (=60 R) transoarent 

layer of Aluminium deposlt~d over a s i l i con singln crystal wafer 

on whose surface an e ven t hi nner (:20 R) layer o~ natural silicon 

oxide had been grown pr ior to deposition of Aluminium . Tha oxide 

suppresses emission of e l ectrons f r om the mutal 1n~0 tho 

semiconductor but it is thin enough so that ltaht qenera ad 

minori y carrie r s can flow f r om the semiconductor into the meta l 

by tunne ling. 
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The insu l a t or , 3 9 Mentioned above, can bu an oxide or 

another i nsulating material such as a cOl"lpound formed bctwe\,:n 

the me t al and the absorbcr-~cncrator semiconductor. Those 

devi ces a r e descrlb(;:d as ."'- I-5 o r M-o-S de~nd1ng on whethe r 

t he i ns u l a t o r i s a n oxide or any ot he r i nsulator . 

A s ignificant improv~mant over t he ~-I-S cell was ~~ 

in 197 6 b y Dubow e t a 1 [1 2J who r eplaced the t r anspar ent motal 

fi lm with a conduc t i ng transpar e nt me t a l film wi th a conduc ting 

transpa r ent semi conduc t or was a mixtur e o f il'.dlum a nd Tin ox ide 

(rrO ) • 
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CHAP'J'PR 5 

SOLAR CELL MEASUREMENTS 

The purpose of this chapter 1s t o describe circuits and 

experiment a l set-ups for solar cell pa r ameters determination. 

Re sults obta i ned in measurement of various parameter s o f FD-Y 

S1 o f Soviet ori g in sol a r cell are p r e se nted 1n f or m of tables 

and graphs a nd conclusions a r e being dr awn. Attention has been 

pa id i norder t o establish the circuits which a r e able t o 

me asur e parame ters of differ ent solar cells, f r om 51-sing l e 

c rysta l c e l l o f high effi ciency to thin film l ow cost cells of 

e fficiency. The r anqe of par ameters which a r e cove r ed by the 

circuits i s given by the instruments availatlc. Thus , for e 

example , the freque.cy response measurement is conf ined to the 

visihle spectr um range o nly instead o f the infrar ~d and 

ultr avi olet ones. 

5 . 1 . Efficiency measurement 

Efficie ncy , n I of a sola r ce l l is defined as the r atio of 

the maxi mum e lectrica l powor ou tput, Pmax of tho col I to the 

inCident sola r power , I , on the ce ll . 

Pmax 
I 

(5 .1) 

wher e Pmax and I are d~termined by the fo llowing procod ures . 
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5.1.1. ~lectrlcal pq~er output determinatl n 

Efficiency, ernonq all oth r par ~er., 1s the moet 

important q.lantity of a solar cell. Hence eatablh;hlnq way. 

and means of measuring this quantity exper IlllHltally 1. 

vital. To this end the circuit dl -r 0 shu~ 1n figure 5.1 

was set up to mea ur U.e e l ectrlt.:al power output of the 

cell. 

V-G,V l G 

I v (o-soo ... V) 

Fig.S.l. Circuit d 4gram for determination of 

electrical power out?Ut of a solar colI. 

Current versus voltage readings were taken at three 

different levels of 111ucinatlon. Illumination on the Bolar 

cell was varied by ~ean6 of neutral spectral density grey 

filters. Results obtained from the experlalent are shown in 

tables 5.1, S.2.dnd 5.3 whpre the corresponding I-V curves 

are depicted in figure ~.2. 

As cal ulated from the I-V d~ta, the maximum power 

output of the cell for the correspond1n1 level. of solar 

illumination 1s 1.43 mw, 0.61 m~, 0.14 mW. 
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Table 5.1 I-V characterstlc mea .ur nt of 51-solar 

V [mii] 

0 

-'0 

56 

72 

87 

58 

121 

133 

150 

16J 

179 

200 

221 

237 

251 

260 

276 

291 

303 

313 

c 11 (Fd R 51) dlr~ct ounl1oh t 1l1u:dnaUan. 

Time "as (10.20-10.)0 n ",.) 

r[mA] P[f>1ti 

10.50 0. 00 

10.50 O. 2 

10 12 0. 57 

9 . 78 0. 70 

9.45 0 "2 

9 . 00 0 52 

8.70 0 10 

8.43 011 

8 . 10 0 . 17 

7.76 1. 27 

7.45 1. 1.1 

7 . 00 1 ,to 

6.40 1.11 

6.05 1 4? 

5.70 1. 13 

5 . 19 1. 42 

5.10 1. 11 

4.7:! 1. ) 7 

4 . 40 1.3 3 

3.11 1 <9 
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T ble 5 . 1 (continued) 

v [m'Z) r[mJ\) p [j.~J 

330 3 . 65 1. ?O 

351 3.02 1. 06 

338 2.48 0 '1 

385 2.00 0 76 

393 1. 70 0.67 

402 1. 40 O. ';6 

408 1.20 " 9 

411 1.00 0.41 

416 0. 80 o '3 

435 0.00 0.00 
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Table 5. 2 I V charactc r s tlc tlSUlrcm....n t o f 51- s o l a r 

V [mv] 

10 

30 

72 

112 

135 

153 

172 

190 

24 1 

280 

301 

307 

320 

35 1 

34 1 

335 

380 

c e ll (Fd-K 51) unde r sunlight Ulll1linatiao 

(Int=nsity reduced by one~ fourth ) . Time 

was 10 .30-10. 35 a .m. 

I [Il'.A] P mf'] 

3 .06 0. 31 

3 . 0 4 0.9 1 

3.02 0 . 22 

3 .01 0 . 31 

3 . 00 O. U 

2.99 0.46 

2 . 94 o 51 

2.86 0. 54 

2. 10 0 . 59 

2 .17 0. 61 

1. 85 0 . 56 

1. 67 0 . 51 

1. 52 0 . 4 9 

1. 28 0.4 5 

1.10 0 . 3 6 

0 . 90 0 . 30 

0 . 00 0 00 
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Table 5 .3 I- V characterstlc mca9ur~~~nt of S1- so l ar 

cell (Fd-~ 51 ) undo r sunlight 11ll>'11nat1on 

(Intensity reduced by on~ sixteenth). 

(Time was 10. 10 -10. 5 r.m ). 

V[m\l] lemA] P emIYJ 

0 0 . 75 n. OO 
30 0 . 7 1 0. 02 

72 0.73 o 05 

113 0 .73 0.08 

144 0.72 0. 10 

175 0 . 72 0. 13 

191 0 .71 0. 14 

196 0.71 0. 14 

3 43 0.00 0.00 



- l 

v (mv) 

0 .. u~ , 
~r- .L, 

~ !.. .~ • . 

-.- 4;- ~(~. .. ~ .--
I 

I • 

I 
li, •• '1"...,,, , ,-

~ 

i-- , .. •• -. • } .--L 

L 
,.., 
'" f 
'-' 

'" G -

ll, ')..5 .... A 
7 " 

, J 

t ·I.D ...... 
" . .6.l- 0( ... /1 

Wt 1: r 

.' i<.1 5 2 Phot ,"-0 i . 
'- • tic 
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5 . 1.2. Incident solar I~er deterwination 

The esti mate of the incident solar lrradl'lnca at tho ea rth' s 
? 

surface is 95 . 6 m\oJ/cm" for the s un directly Qvc:rhl)ad . The suns's 

irradiance var y due to the fo llowing main f ctors 

1) The geographica l location of the place nmln ly the 

lat i tude, 

2) Seasona l var i ation, i. e . , whether the sun is overhead in 

the tropics o r a t the e quat()r a nd 

3) The time of the day. 

To take care of all these factors, we mak~ usc of the air 

mass O\M) concept which is defined as the path l eng th of r adiation 

through the atmosphe r e cons i de ring the vertlc~l oath at sea l evel 

as unity. The air mass is given by 

AM= 1 = cos L cos D cos H 
1 

cos z + sin L sIn 0 
(5 . 2) 

whe re z 1s the ang l e between a line vertical to the observer and 

a line through t he obser ver and the sun. L is lhe latitude of 

the p l ace, 0 is the day's declination and H i s th hour angle . 

1) The local latitude (L) f or Addis Ababa is qO 

2) The day's dec lination of the sun (0) i & given b 

o n. 
0= 23.5 sin (~) (5.3) 
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whe r e n is the numbor of d.ays from ve rnal equinox measured plus 

or minus according t o whJthc r the sun 1s north or south of the 

equator, r espectively . On June 7 , n K 79 days 

Thus, o = 23.5° sin 79. 
!OS" 

3 ) The ho ur angle H 1s dete rmined by taki~g t he a rctangent 

of th~ ratio of t he he i ght , h, o f a qlvcn object to the a ve rage 

l ength of its shadow 1 I . 

whar e h = 12 . 0 em , 

The r afor e, 

- J h H ~ tan (_) 
I 

1= 9 . 75 em a nd H 

cos z = c os L CO:3 D cos H + s1n L sin D 

(5. l) 

50.9°. 

= cos 9 cos 1 4 . 8 cos 50 . 9 + s1n 9 s1n 1 .8 

AM= 1 
c os z = 1.6 , 

The so l a r irradiancQ for the above c alculat_d a ir mass 

can be obtaine d f r om t ha g r a _h shown 1n figur e ~.3 which is 

found in a ny standa r d book o f as tronomy, 
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~ • 
~ to" 
>e c.;., 

'lO 
, ... 
, &J 
~ 
v 
< 10 -.~ .. .. 60 
~ 
~ 
.~ 

SO 
~ 
~ 
~ 

0 ·0 

'" 0 L 2 J • ., & 7 f 

AirMaSS} A"'" 

Fig.5.3. Solar irradlance versus Air Mass 
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5.1 . 3 . Ca lc ulation of cfflcienc~ 

Once the e l ectrical power outout 0 th~ c. l1 nd the aolar 

irradiance on the cell Wgr ~ determined its conv_r aion efficiency 

CQuid be obtained as f ollows. 

_ max. Powe r output/unit area 
n - SO l a r - lrr acHrmce x 100 a x 100. 

Di ameter of t he so lar cell, d=l . l em hLncE haa a ot a! 

area A = n~2 = 0.95 cm
2

• The maximum powe r gener a ted unde r 

vis i b l e light i l l ~~in~t ion is P
max 

= 1 . 4 mW . Thu8 

p 

" = 
max % 
IiI = 1. a, 

~b~n t he 111umi na t i cn was r educed by one-fourth P~Qx . 0.61 m~ 

and 
Pmax 

" = (IiI %)4 = 3 .0% • 

i>.'hen t he i l luminat i on t"as 39ain r educed by on ... - slxtecn th 

Pmax '" 0. 14 mW 

and 

Such a low e ff iciency is a t trlbu cd to the inte rnal s eries 

resista nc e of the c e ll From the I-V cha ract,~r8tlc shown in 

figur e 5 . 2 an easy and accur ate determination o f this in t c r nn l 

r e s i s t ance could be madE;: a ccording to the m~thoo mploycd bv 

Hartin lolf nd Hans Rausche nbach 12 J I 
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The t wo pho t ovoltaic outnut cha r ac t c r stiC8 rc ransl'ltcd 

agains t each othe r by the awount s 6IL (Light gunur atcd current) 

and 6 ~ RS (pot enti al drop acr oss a i nter n'll r l<.sistance) in the 

y and x- d i rections: r espectivel y. Two corr~8ponAing ooin t s on 

t he t wo char acte r s t ics show a d is pl acement wlth r 9spcc t to each 

other , whi ch i s i dentical to t he t wo translations of the coord inat~ 

s ys t ems. The d i spl acc.:m(;nt par al le l to the ordlnat ... gives t he va lue 

()f !J. ~ . Since t he C l $pl a c (:.Jllcnt pa ra l l e l t o the ,waci s s a e ua l s 

AILRs' the va l ue of t he i nter na l r e s i s t ance RS is readi ly obt a ined. 

One pract i ca l a pr oach t o thi s r ac edur c 1s t o choose an 

a r bitr a ry i n t e r val 6 I f r om t he shor t - c i r cui t curr e nt ·..,h i ch determines 

the f i rst char ac t e r s tic . It i s f r equently found convinie nt t o choose 

6 1 so a s t o obt a i n a pelnt in or ncar t he kneo of t he cha r ac t e rst i c . 

Th~ same 6 1 va l ue i s used fo r f inding a s econd cor r e s and i ng point 

on the s e cond char act8r s tic curve . 

Apply i n3 this method o f corr e l a t ion a shift o( 6I = 0 . 6 rnA is 

made from th~ s hor t cur rent I = 10 . 5 rnA and I = 3 . 1 nA of c urves s c sc 

(1) and (2 ) corre s ponding vo ltilge shi fts 6Ir,P.r- 0:: 185 rot F a nd 

I!. T_ R = 80 mV (l r e obt.Jint;:d f r om the curv~s . Th ... chanC'lc in the -r .. S 

light gene r a t ed curr e nt b~eween char ac t e r s t ic cur ve s (1) and (2) is 

7.5 rnA . Hence t he i nternal r es istance of t he cell which o(cou r se 

i ncludes t ha t of t he ~neter i s obt a ined t o b~ RS-6ILRS/6~ _ 24.60 . 

If cor r e c t i on of t he i r.ter na l r es i stance of t hd amr.e t c r (~-4 . 130) 

i s made t he inte rna l r e s i stnnce of the cel l alonu becomes R
S
.20.10 
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~ lmilarly p~r formin9 the s~ tra nsla t ion on curV~8 (2) 

and (3) , and e f f ecti ng th~ corr~ction du 
o the "'''''' ' t E: r tho 

inte r nal r e s istance of the cell hanoens t o bu 29 . 20 . 

Th~ curves 1n figure 5 . 2 i ndicate tha t th~ inte rna l 

r es is t a nce c an sever~ ly affect the pc r formnnc~ of photovo lt~lc 

ce lls a s so l a r e ner qy conve rte r s The ~axlmurn prn~~r outout o f 

a s o l a r ce ll 1s g i ve n by th~ a r e a o f the largcst r~ctan~ ld th~t 

can be dr awn ins id~ t he phot ovolta ic outnut cha r actorsttc . The 

a r ea o f such a r ectangl e incr e ase s with Incre~s lnq shar pne ss nf 

the knee i n the pho t ovo l t a i c ou t put charact~rstic . Inte rna l 

serie s r e s i sta nce caus~s a s ucce s sive l y la r go r r ounc i nq o f the 

curve a t i ncr easing light in t ens itie s . 

The knee o f e ach o f t he chDr acta r stic curv~B repr~scm t the 

maximum pow~ r point vo l t age . As reavcal~d in th~ curve s ob t ained, 

t his pO i nt decrea s~ s with i ncroas ing l i ght intunsi t y d u ... to tho 

f init~ inte rna l s e r i Qs r~s i s tancc of t he ce ll . 

'l'he ef f ect o f the i nt e rna l se r i e s r esis t anca on the short 

Circuit cur r e nt of the ce ll is a l so evidont . 10 actunl ity . the 

shor t c i r cui t curre nt must be d i r ectly pr oryortiona l t o the 

i nc r e as e in light int e ns i t y . But as shown in t he ~hotovol aic 

char acte r s t i c cur ve s , f or ~ constant incrc aRa o f illumination , 

t he inc r ease i n sho r t ci r cuit c urre nt dccr s3.SOS. fie nce , it l s 

no t corre c t to ass ume t hat the sho r t-Circuit curr~nt i& a lways 

e qua l t o the ligh t a~n~rat~c curre nt ~ t e vo r y lev~ l o f lll~~~. 
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5.2 . Spectra l r~SQonsc measure~nt 

Anot her Im?ort~nt par aretc r o f a 9n l~r c 11 1& its r es pon£e 

t o various wave l engt h r adia t i ons . Since the sol ar snc ctrum 

co nsists o f var i o us wav~len~ th radi~t lons it 1s ins t r ue ive t o 

study the be havio r o f s poctr a l r e s nonse of a s ol or ca ll . 

S ec tral r espons e i s defined as t ho short circuit current 

per inc ide nt l i ght power ve r sus wavc l onq th or ryhot on e ne rgy . 

Some a u t hor s like Cus a no [ 24J de fine t he s p ... ctr .:l l r espons e as 

the s ho r t-c ircui t cur r ent pcr nunber o f Incid~nt photons . 

As the l i gh t s our c e it t'Ta s use d a n incande scent t unqst en 

f ilame nt l amp operat in~ at S. 6v . The t ene r a ture of th~ 

filamen t wa s de t e r mi ned ear lie r by Lc t e l"Cs K..: l t o ~ 2.1 00K[25] . 

The spec tra l e mitta nce , M ( ~, ~ ) f o r tun9st~n is qive n by 

f o rmul a 

(5 . 5 ) 

whcr~ e (A, T) i s tungst~n s pectra l ~miss ivi y a 1\(~ , T)bb i. 

tha sp~ctra l ~mittancc of a b l nck body r adia t or . Th~ s nvc tra l 

d~p~nd~ncc of a (A, T) f o r T = 2~OOY is indlcnt~d in t i au r e 5 . 4 

acco r ding t o ''Ys zcchi and Shllc s [2~ . 

Gr a ting monochronat or (Cole~n 6A Junio r S~ctrophoto t e r ) 

was u sed f o r spectra l r u spo ns c meas ure me n t . Sho r -cir cul 
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photocurrent was measur ed at ciffc runt w)vul nqth. within th 

range o f 400 om to 700 nm . Photocur r ent al low ~~ le-leA 

could be ~casured wi th Griffin d-c a~llriur and Ql~c r Qmu t or 

available . Re sults obtOlinl.;(l arc tabula t od 1n tllbl 5 . 1 ~nd 

shown in flqura 5. 5. 

Th O' spe ctra l e ne r gy dil3tr i bu tlo n dorlvud f r of" flqure 5 . < 

was used t o no r mal i ze th ce l l pho tocurr~nt (Tablld 5 . . ~) and 

given in t able 5 . 5. Results of r a l a t i ve sD~ctr ~ l r :snonse 

~asurcmP.nts show tha t 51 s o l a r c e lls arc highly r""s"l()nslv~ 

within the vislbl~ s pectrum as shown 1n f iqurd S.Sb. 
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Table 5. 4 Sp~ctr ~l r~spons~ of Fd-K 1 ftol~r cell 

~ [nriJ Ia ~rbltrar~ r [!>v] unit 

400 0 . 60 J.l0 

410 O.RO J .02 

420 1.00 '.9~ 

~ 30 1. 10 2 . 89 

440 1. 60 ] . ~2 

450 2.00 2. 76 

460 2.60 2. 7<' 

· 70 7.80 2 .f'i ·" 

480 4 . 00 2 . 59 

190 5 . 00 2 . 5J 

500 6 .00 2 . 18 

510 6 . 80 2 . ' 3 

520 8.1'10 2 . J9 

5JO 10 . 0 :> .3 1 

5.0 1 2.0 2 . J(\ 

550 14 . 0 2 . 26 

560 17. 6 2 .22 

570 20.0 7 .1' 

580 21,.0 ' .1 4 

590 27.0 2 .10 

600 JO . • 7 . C'7 

10 1": . 0 . 01 

620 J6 .0 2 . 00 

6JO 'J.O 1.97 
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Tabl e 5 . 1 . (contlnu~d ) 

~ [nm] I a larbitr a rlJ 
unit E~ v] 

640 47 . 0 1 q 1 

650 51. 0 1 91 

660 56 . 0 1 e 
670 60 . 0 1.85 

680 6'-: ,0 1. ~3 

690 69 . 0 1. P. 0 

700 73 . 5 1.77 

• 
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Table 5.5 Normaliz~d s~ctral r .~n6~ ~t Fd~r SI 

solar ce ll 

"2-100 
loY J !::'rbitrarYJ la/loY y=log ( ) 

1300 a unit 

0 . 15 2.8 2 0.60 0.21 

0 . 65 ~.~ 7 1.00 0 . 22 

0.83 6 .69 1.60 0 . 2'" 

1.00 10 . CO 2.60 0 . 26 

1.13 13 . 34 ~ . . 00 0 . 30 

1. 27 18. e·; 6 . 00 0 . 32 

1. 38 23.71 8.10 0 . 35 

1. 18 29.65 12 . 00 O. ~ o 

1. 58 37.58 17.60 O. o! 7 

1. 65 41. 67 21 .00 O. S'" 

1. 7 3 53 . 09 lD.·W 0 . 57 

1. 80 63. 10 38 . 00 0.60 

1. 88 H . 99 47.00 0 . 63 

1.9 3 RI . l l 56 . 00 0 . 67 

1. 0 91.41 6!' .00 0.6A 

2.03 105.93 73 . 50 0 .69 
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Tab l e 5 . 6 I-V charac t o rstlc mca8ur~~nt o f 51-.olar 

ce l l (Fd- K 51 ) 1n the da k 

Forwar d bias Rov\·rs. bies 

V[volts] I[mA] - v [volts] r[nA] 

0 . 00 0 . 00 0 . 00 0 . 00 

0 . 35 0 .20 0 . 10 70 . 00 

0 . 40 0.90 0.20 100 

0. 16 1. 20 0 . 30 110 

0 .50 2.30 O . ~O 1 2C 

0. 64 9.Ca 0 . 50 1.0 

0. 70 12.0 0.60 150 

0.80 26.0 0 . 70 1£0 

0 .90 50.5 0.80 165 

1.00 82.5 0.90 170 

1.00 172 

1. 20 l PO 
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Fig. 5.7. I-V characterstlc curve of PO-X S1 lolar cell, 

in the dark. 



- 83 -

5 4. Capacitancc-voltag~ CUrve ~asur~nt 

The depl e tion lay~r o f a junction d~vlc. r~prc.on t. a 

capacitor whose capacitance 
r unit a re 18 qiv , n 0.1 

c = ~ (5 . 6) 

whore dr 1s t he inflnit~slm~l increas e 1n chargo ~r un! arOa 

upon an infinitesimal cha nge o f the applied vo lt ~qe dV. 

For a p lane abrupt junction the depI c tion layer capaci t a nce 

per unit ar2a is g iven by 

c = (5 . 7) 

where £ i s Dcrmitivity of a s emiconductor and W 1s the derylotlon s . 

l a ye r width . The width is g i ven by 

J<T 
q 

where Vbi 1s the built in pot entia l a nd Na, NA 'rQ tho donar and 

a cceptor densities r \;spe ctive ly [2 ~ • }(' 1s thl;. Boltzman CXIlStant, 

T is abso lu t e t empe r a tura and q 1s the e l c c t r nnic cha r ge. 

In tho case of u one-s ided ~brupt junction, the above 

expr ession reduces t o 

(5 . 9) 



= 

where NB 1s equal to the donor density h o or e accentor 
density NA depending on whe ther N » •. 

A ljO or vice v raa . 

Comb i ning eouations (5.7), (5. 8 ) and (5 9) ont! ob ai n8 

c = 
(5 .10) 

or 
(5 . 11 ) 

Equa t: l on (5.11 ) c an 1:1 used for the built · i n po ential 

(barrier height) determi nati o n . The term KT/q 1s neol lq lble 

(for 300 K, it i s equal to 26 mV) . 

Dif f e r ent iat i ng t:'q uation (5 .1 1) with r espect to V, onc 

obtains 

(5 . 12 ) 

It 1s c l ear f r om equation (5 . 11) that a C V curve ~t 

furnishes a lot of L l;x>rtant data of the junction Hence , 

measur ement was performee wi th an impedance rldqL (16So-A 

Genera l Radio Cor porat i on) The measurement fr~quuncy was 1 .00 

l~Z Reverse cell bius was within th r ange of 0 to 6 volts . The 

circuit diag r am is shown in figure 5 .8. 
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Table 5.7 C-V characterstlc r->easurco8nt: of Fd-Y S1 Golar 
cell i n the dark 

2 -
! 1"",2JnF12 -vlvo1tsl Cl nFI 

clnFjCm I 

(c=C I A) c 2 

0 .50 1 79 1.88 O. 2~ 

1.00 1. 49 1. 57 0.'1 

1.50 1. 32 1. 39 0 .52 

2.00 1.19 1. 25 0.64 

2.50 1.10 1.16 0.75 

3 .00 1.02 1.07 o A7 

3 . 50 0 .96 1.01 O.Q~ 

4.00 0 .94 0.99 1. 02 

4 . 50 

5.00 0 .8f 0.89 1.22 

5 . 50 

6 .00 O. 7S 0 . 82 1. 4 ~ 



- 87 -

Table S . B C- V characterstic neasur nt of Pd-Y 51 

solar ce ll under illumination by Tuna8tcn 

fi l ament 

, 
··V[Yo1t~] c fr.~1 clnF/em" !.2Ie~2/nF I2 (e = c iA ) e --

2 . 50 1. 84 1. 9 4 0. 27 

3 . 00 i . 54 1.62 0.38 

3 . 50 1. 26 1.43 0.49 

4 . 00 1. 24 1. 30 0. 59 

4 . 50 

5.00 1.05 1.10 0.82 

5.50 

6 .00 0.94 0 . 99 1.02 
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CO 'CLUSION 

In t h is work t he e stablishment o f circui ta which r e abl e 

t o measure paramet e r s of di f ferent solar ce lla, fro~ S1-s1ng l e 

crystal ce ll o f i high e ffici ency t o t hin fil m l~w COl t cel lo 

of l ow e f f i c i ency was made possi ble . HowEver due to the 

i navailab illty of t hin f ilm sola r ce lls in t h coun t r y, i t wa s 

not possibl e t o appl y our c i r cuits fo r parAl'lot@r s rf'Ca8ur er'Qnt 

of these t ype s of cell s . Thus, measurements only on 01no l e 51 

sola r cell have been carr i ed , and t h r e sults obta i nod a r e 

acceptable . 

I n t he effici e ncy measureme nt . the dc oe ndRnce o f e fficiency 

on the inte rnal ser i e s res istance o f ce lls has be n observed 

to var y wi t h l i ght i nt enS ity . 

In the spec tra l r e sponse measurement, dus i t e tho limited 

range o f t he spec trophot~~stcr uscd , a oood in for ma t ion about 

the sampl e cell coul d be dr awn ; i . e . , the c~ l l s how8 a rapi d 

i ncr e as e in spectral r esponse upt o t he middle of th vis ible 

range , then the increas~ is gr adua l. 
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