
                                                                                     

 
 
 

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION  
Vienna International Centre, P.O. Box 300, 1400 Vienna, Austria 

Tel: (+43-1) 26026-0 · www.unido.org · unido@unido.org 

 

 

 

 

OCCASION 

 

This publication has been made available to the public on the occasion of the 50
th

 anniversary of the 

United Nations Industrial Development Organisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCLAIMER 

 

This document has been produced without formal United Nations editing. The designations 

employed and the presentation of the material in this document do not imply the expression of any 

opinion whatsoever on the part of the Secretariat of the United Nations Industrial Development 

Organization (UNIDO) concerning the legal status of any country, territory, city or area or of its 

authorities, or concerning the delimitation of its frontiers or boundaries, or its economic system or 

degree of development. Designations such as  “developed”, “industrialized” and “developing” are 

intended for statistical convenience and do not necessarily express a judgment about the stage 

reached by a particular country or area in the development process. Mention of firm names or 

commercial products does not constitute an endorsement by UNIDO. 

 

 

 

FAIR USE POLICY 

 

Any part of this publication may be quoted and referenced for educational and research purposes 

without additional permission from UNIDO. However, those who make use of quoting and 

referencing this publication are requested to follow the Fair Use Policy of giving due credit to 

UNIDO. 

 

 

CONTACT 

 

Please contact publications@unido.org for further information concerning UNIDO publications. 

 

For more information about UNIDO, please visit us at www.unido.org  

mailto:publications@unido.org
http://www.unido.org/


I 6l~1-
.. 

URITED RATIOllS 
DDUSTIIAL DEVELOPHDIT OBGANIZATiott 

A REVIEW OF ECORCllIC ARD TEaDlOLOGICAL REQUillEKEMTS OF SOI.All CELLS: 

STATUS ARD RESF.ARCll DIRECTIONS OF POLYCllYSTALLIR! 'l'RI1f nLM DMCES* 

Prepared by: 

T. J. Coutt8"* 

18 

• 

. " 

* Thi• doc:uaat ha• been prepared without fomal eclitma. 

** Principal Scienti•t, SDI, 1617 Cole Blvd., Golden, CO. 80401, USA. 

V.87-12434 



- ii -

.. 
CONTENTS 

Page 

.Aba~ract l 

Introduction 2 

the ecOGomics of thin fila solar cells 3 

What are the qualities requi.recl of thin f il.a solar cells 8 

Efficiency 8 

Production of large area thin film solar cells 12 

Production rates 12 

Potential problems 13 

Methods presently under investigation 14 

Device atabiliq 15 

. 
Probl• areas and •jor research diractiona 16 

Coacluaiou 19 

lef ereacu 20 
• 

riguru 1 - 1 21 - 25 



.. 

.. 

- l -

In this paper, tne author discusses the arguments in faYOr ot develo .. ent 

ot thin tila solar cells, and the areas which poae problem to their develop­

aent. or the any uterials coabinations inYestigated, only CdS/C"2S, 

C~CutnSe2 and CdS/CdTe polycr79talline ~hin tila polycrystalline cells have 

dellonstrated erriciencies greater than 10s. or these the first has 

ettectively been abandoned, at least in the USA and discussion vlll be Ualted 

to these latter tw. 

The key ractors go~rnlng the auccea ot .all solar cell• are the!r coat, 

their etficiency and their stability. The o.>:";,; ot cells ls .govern'4 by 

sewral tactors, probably the llOet iaportant ut vbich is the capital equi .. ent 

inYOlftd in their production. Exaplee are given ot equl .. ent in use at 

present and the potential tor scale-up is discussed. The ertioiency ot cells 

can be described by rairly siaple ttii-nry involving basic aaterial and device 

par•etera. Although the above material~ largely aeet the criteria, the 

devioea theaaelves depend on other t•ctors and it is pointet. out that major 

iaprov•ent in the CdS/CuinSe2 cells depend on reductio.1 or the reverse 

saturation cu-rent. In the case ot the CdS/CdTe cells, proepective 

iaprov•enta depend on iaproved contacting to· the CdTe. The long tera 

eleatrical stability or cells is governed by the physical and chmlcal 

stability or the various components involved in the device construction. 

There la llalted experience in thla area; laboratory cells appear not to have 

a stability probl•, vbereu tleld teated cells have shoVn degradation ot A.R. 

coatings and electrical contacts. 

Finally, the probl .. areas relating to theae cells, and proaiaing future 

reaearch direot!.ona ar• 1nd1oatld. Th• latter include the probl• (tf lov open 

11 I 
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clrouit ~tage in CclS/CuI~, contacts to p-tne CdTe, the deftlo .. ent or p­

type vlndov l&J91"8~ and reeearoh on cucaded thin tila denoee. 

For sol_. oella to _. a llirge iapaot on tbe pronsion or el~rioity 
tor t.-r•trial commption, it Seta ineTitable that the thin tila dence 

vill_ need to .,. suooeaatullJ developed. Tbe relati ftl.J higb ~t ot ainsle 

«rJStal silicon llitipt• qalmt its eY.- achle'Yinl ooat ccmpetltinneu vitb 

coimmtlonal.ly generated electricity, exoept perbape ln r.aote ..... vbm"e tm 

omparlaon wou.1d be vltb dlael gen_.atore. In the aecllm tel'll futUN, it ls 

also poealble tbat •JSttma ttuecl on optloal oonoentratlon or tm soi .. tlax 

onto blgbly etfloient cacade cells ut111z1ng eopb1.at1oated t.......-y and/or 

quaternary III-Y "1.loy atmlconduatora, wlll •" a sube~tlal lapaot. 

Indeed, sUOh •JSt .. •7 veil proYe to .,. the long tera preferred option 

prondecl that aatlataotor7 aolutlona can .,. found to tbe 11aDJ fmuaental 111d 

enp.neer1111 probl-. BOIMYer, tm poulbl• auoo .. ot ta oonoentratcr 

aJSt .. doe8 not aolud• otmr pbotO'fOltalc ..-ratara Ulll .. tbeJ prow to 

baft a a1plf1oant eoonamo aclftlltap. Since • ... certainly not pr .. tlJ 

in a poeition to dlaonatrat• vlth any degree or otrtalntJ vbataoeYer tbat tbla 

vtU Jll'Oft to .,. tba cue, tb• sensible atratta-. tor th• t1ae belna, la to 

pursue all praotloable opt.1oaa. Tb1n tu.a polJOl'"Jatallim aol .. oella baft 

act• aipltloant prosr.. ln recent ,.., ~ 111d tlrH ut .. 1w cmb1nat1om 

haft aoffded oon'ftralon ltfioltnol• (vbeneYOr tbla ura 1• mecs, 1t oan be 

pr•mecl tbat ..... ...,.ta haft beeA made at 280c, ua1111 tbe 1111.5 dlreot 

apeotrm, narulluct to 100.lllfcm-2 ; llld un~ tm atM9pmr1o o0Dd1tiona 

cletlned ln USA TM 73102 (1) t;I 10I. Tbe tlr• de'ft.:099 we CdSICUz-xS, 

CdS/CuI~ · and CdS1•.:crre1 md ot tbea• r• .... ab on tbe tirat Cat 1-t. ln tba 

USA) baa lerplJ tMlm dlaoontln..cl Hoa... cl obdurate probl- cl 

• 

atab111tJ. ot oo .... e, t~ ettlol•OJ ot aell• tlUed on •-Shi bU al.so • 

exnecled 1 OS (2) INt tblS• v1U not .,. d1ao111Md btr• alnoe 1 t la tm 

1at.at1oa to oonoentrate on· pol,_.,.tai11ne clnioea mcl, in partloul .. , on 

tJION NMcl OD CdS/Cuil:le2 mcl OD Cdl/Cd'fe. In tact, ve •ball .,. •191111111 

tbe ftl'lom ar1 ttrla tor n•llltJ ot Wn tlla oell• in llft•al bUt vlll 
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att•pt to illustrate tbe points by reference to tbeSe particular . deYices. 

rirstly, ve shall exaaine the offrall case tor the expenditure ot large sms 

ot aoney on tbe clefflopaent ot thin til• solar cells in teras or their 

econoal.c prospecu, next ve shall discuss what properties are required ot the . 
materials and dences, thirdly ve shall discuss tbe present status or 

CdS/CuinSe2 and CdS/CdTe ~ls, and rinallJ, we shall point out those probl•s 

vbicll presentlj appear to be the 11111 ting tactors and the research directions 

vbich are being tolloved in the hope ot overcolling the problem and realizing 

tbe objective or technically and econcaictllJ viable polycrystalline solar 

cells tor large scale terrestrial utilization. 

1111 ._.. •• Tbla rua SGl.• c.ua 

Thin tUA solar cells haYe several econalilo strengths and weaknesses 

vhlcb are generally balanced against each other in a costa/benetita analysis 

to show that the technology eitber ls, or 1.s not, likely to actlieve _ooat­

cmpetlti·;eness with either aetho,~-· ot generating electricity. We :shall 

briefly eomlne these argments. 

Tbe argments are usually based on a ccmparison vi th the coats associated 

with the production ot sinste crystal cells. The actual cost or an 1nd1Yidual 

cell depends on a nmber or tactora, acme or vhlcll can be estiaated vi th 

reasonable accuracy. For ex•ple, baring decided on the particular 

tabrication t~ahnique, one •i&ht then estiaate the throughput ot cells, 

(aetere2 per year), the ·capital ®St and .uretiae or the equipaent, the 

ettioiency ot the cells, the labor coat, and whet.her single or double shirt 

operation would be required. In addition to these more or less well known 

nmbers, would be l•a taq1ble taotora such aa the prevailing discount rate 

(which la subject to large nuctuatior::l, whether or not the cap1t191 was to be 

t>orrowed and the durat .. on or the loan, aaintenanc.'8 coats, and the coat or the 

factory (and vh•tber it would be rented or purchased). Furthermore, the total 

aize ot the ••ket and the eatiut<rd share . likely to be acquired by an 

1nd1Y1dual cmpany, plus their required return on inYeataent, would attect the 

deolaion whether or not to ccmpete in ttw tf eld. Deapite these •any compli­

cated taotora, ttw olaia la usually mado that thin tila production techniques 

are capable ot y1eld1q deYicea at a coat which will ulti•t•lY uncser-cut the 
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ooet ot ~.A·wtr1·· 1t1 generated' bJ a111oon aolr cells. Mare illpol'tant la 

vbethr Of f..t'~ '"'...te tbin tlla cells will Ullder-GUt the coet ot OOn'NlltionallJ 

or d1•&1 Jeft\·~·g· .. ed eleatrlolt!f and~ again~ to predict tbe coat ot en_.11 trca 
~· 

these &.:'~-.:ra~ a:· acme date 1n:-~the tutre la iapoaalble~ Prey1oua oaloul.atlc:.na 

tan oft• ~:ta•ed ~ dltt .. eet rate ot 1ntlat1on ot enera to tmt ot mone1 

C 3) ~ W'• a)_ J .;£- r.he tol'Mr being· asauaect greater than the latter. In recent 

fears: 'r ... .!9eve!"se ~ been tbe .ae, and tbia quirk or international eoona1c 

torCMe 1l·~• wuld·,bau IMMn sutt1o1ent to spoil uny a bitherto prcm1.a1ng 

lOOki.~ ~ta/Nntd'~f.L\ · . .inaij.1s. Passibl.J e.en acre laportant tban all tbe 

non .-asm•, i~-::\M 1nt1umoe ot political pol101; 1.e., grants, tu­

crflC.1. t11 ~o. . ,._~ ~aan abanp not onlJ tbe ooet proJ ectloae but 118.J ban tbe 

ettes ~r i:at111utat.1ng a urket. A~ l1oUlb lt 1a perteot.11 re980Dable tor a 

~111~1 ~l*\1 ot- a oomm .. to. speoitJ Vbat tbe mit ooet sbOuld be (beoauae 

lt t bat t'{lure 1•: not attained, tbe product 1.e., the electrloltJ, will r•aln . /. 

nor xaplttit1M} it la llUOb acre dittioult tor a unutactrrer, potetlal er ,,. ; - ... 

otbl.Mda&~ to .~ct. with an1 oertaintJ vbetber (or vbm) that target will be 
- -- ' --

aabi-wed;. ~1~•, t.t...e •utic..-1 ~•ts, tbere are aan1 eampl.n ot low 

OOflt" llli'p :~~ tb1n tila Jl*"Oduction lln•, and it .... acre llkelJ than 

not· tba~ .the_ ~get tlpr• baaed on the eoonmio aomtralnts, will be 

ao~•ftd. .-'tr- -1~• is a liaitatlon, it is the obnoua one Ot ·aobienna a 
s\'1'f.t'11ent.i-i~~~-:.err1oleDOJ aoinoldent with low pre>eluatian ooets. Prenoua 

scout.\~ nit~-:-t~~a that unl .. a particular ·.in111~ ett1o1mo1 1• e:lfoeecled, 
-._ r-- --··· : - -

Ct,,. •btY-~ii~ !1Jlue ot wbloh -rarl• trca tlae-to-tl•) tbe oells t ..... elYeS 
'.. ·-~: ~ ;~-·(-_ ..... ; 

CQuld ·t>\ ~ .... ,,,..,.~, but tbe •JBt• u a wbole vould rtaain non-ntible beoauae 
. - _,._ . - ""' . . ·--. ~'" .. •'\ 

o! ~~~/-~· related, bal.anoe-ot-a19tm ooata. 
- .- .:__.: --

Ir=~: \~-~ list ot p1raeters intluenoina cell ooete, we ha•• not 

1nal.~~'~{:oon.;:'tbut1on trca the ooat ot tbe ut•1als. GenerallJ, ~. utilise 
tiaa ~~-~-:rlii:.on11 ot the order ot one or tvo mcrcaet ... thick ao that eftll 

"ttJt'J :.~J. ~~. Wbictl would be required to pnerate sipitlcant •oun\;s ot 

tJ .otr~~ty'., d_t not repr•ent a larp Part ot the total 009t. PoulblJ .,,. • 

. MPCJ1·i~. ~ ~~. ia the actual amlab111tJ ot acme ot tbe aat .. ial• 

\MJ. ·111:·:~e l, we •bow an •••••t ot ••••al tJpe9 ot aoler oell, 

11:'Jlll('l!J'll -~ -~ . .ro we baft uited u beiftl ot apeo1al intc-ut here, ~ bav·• 
-· - -

~:•lc:: ... .;.aucs tl\t · ,, ... ot ta. 11111 .. alolopoallJ •oroe el.at reql.dred, per \II.tit 

'.•...-

• 7' 

I II 
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generating capacity, per llicraaet .. thickness. The calculation is based, very 

siaply, -on the approxiaate aaxiam etticiency ot tbe particular deYice, 

obs .... a to date at the laboratory leftl (It). 

W t - Pw-tncle!! Sol_. Cells Under hYelo1a1nt 

s.&1xtn11P(e) TJ'9., .... -'-'!J ......a.a. _ _, .... a~ ...... ., 
1...a ... Cell a~ 

, ___ ) ....... __ ........... Operatl• 
llrfl•l~ ,.._11d_ 

''-> 
11 alncle 20 20.7 nat plate 

arJU1 or lOll ......... n 
eoncen~,.atlon 

12.0 
t1a1n ru. 

~ Wn tll• Cd 8650 10 60 s nat plate 

CclS/lnP . stncl• Cd 1650 15 62.1 ClftlJ reaslbb 
C!"Jnal Md Vlt" concen-

lnP tratton 

all thlr. In 7310 5 57.6 
tll• 

rro•11a1 tlftCl• In 7310 16 50-' ClftlJ teatlDl• 
cr1atal .,I th concen-

InP, tlltn tr•tlon 
tll• 110 

CdSICullllez t1a1n tll• Cd 8650 1; 36.7 i'lat plate 
Ia 7310 13.6 • s.· 12.3 

Cdlled• Uttn rua Cd 1650 " sa.a "lat plat.~ 
Te 62'0 18.1 

GIAe/~1-aAe· •11111• Ga 6095 23 31.1 ,.,., hllft 
Cl"f8tal concentratlort 

thin tll• 5 tlat plate 

•rro • 111111• Tin Oslde co.2 .. t1a1otnea rua, 200 .... W01cM11 GrJ•&.al aullMCI) 
•• tall• .. 0.2 
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Tl8LB 2 - World Mineral Statistics (5) 

Si unlimited unliiilted 

• 
7511•• Cd 18.142 

Se 168 1161 

Te 39 109 

In 2 2 

Ga 110 55 

. 

Anmal 

Produotlap cap.cl tJ 

(1980) (tonnes) 

24?9. 

29510 

25il7 

1106 

65 

29 

• Thia Ngure ls t.he actual 1980 production level ot polycrytalline silicon 

(source Monegon (6)). The r•IJ.nil)I va.l"*' in eolian II ot tbe table are the 

predicted 1980 refinery capacities, the data being extracated rra1 several 
• articles in (5). 

· . 
•• Aa an indication ot tne uncertainties in aineral torecuting see (7). 

In Table II we show a s~ary ot aineral reserYes, resow-ca and refinery 

capacity to.· the varioua scarce •l•enta itmized in Table I. Althouatl the 

techniques ot predictina the extent or r•erY• are notorioualt prone to 

inaocuraoi• Cauch l•• tho9e or pr9diotina r•ourcea), the9e data at leut 

pve m an idea ot potential probl• areu. Clearly, the •tl•a.t• ot the 

total world r•erY• ot 1ridim and tellrim, auaut that the lillited -·-availability ot th•• togethW, with a fairly re8tr1cted refinery capacity, 
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aay vell constitute a prol>l• it the CdS/CuinSe2 and CdS/CclTe cells are ever 

to be produced in large volme. With tellurha. the probl• is les~ seYere 

because much ot the resources could be converted into reserves. given the 

necessary econamic stiaulus. With indim. however. ve have a much 11ore severe 

probl• since both the resources and the annual world refinery capacity are 

extr•ely liaited. 

There is considerable contention in the photovoltaic comaunity about the 

acc\l"acy ot these esti•ates and it is not our purp.ose here to ~ent on 

this. As vith the tinancial argW1ents presented earlier, they are intended to 

be cautionary only. It indeed they vere proved in time to be accw-ate, then 

undoubtedly they vould constitute a moat iaportant econcmic argW1ent tor saae 

and against other cells. Hence. the coat ot the el•ents involved in the tvo 

moat successful pol1cr19tall1ne solar cells uy vell be Uiaited to 1-21 ot the 

total cell coat. but their availability uy prove the daminant decisive factor 

in the long tera. 

In terms ot materials costs, that ot the substrates vould be expected to 

daminate over that ot the selliconductors.(6) r.r, tor example, ve consider an 

array generating 1 GVp vith a conversion etticiency or 1os. then the required 

area vould be 101112. Clearly, 1t the substrates tor this vere to be glass, 
, 

the coat and production probl•s would be severe. Hence there ia an active 

ettort to develop low coat substrates. However, encapsulation will inevitably 

be required and since glaas haa been the most successful material used to date 

tor this p\l"poee, it ·may be ditticult to tind a replac•ent. Possibly, thin 

glass ruu could prove to be successful in this context, and these have been 

successfully deposited by RF sputtering lrl' the past. 

ThiS concludes our d!acuaaion ot the econcmic cue tor solar cells. It is 

apparent that the cue ia not aa clear as acae ot the protaaoni•t• ot this 

technOlogy imply. Futw-e tuel prices will dertermine what the proper tarpts 

should be tor production coats, and production experience will deteraine 

ffhether they can be •et. Since the long term solution to enero 1h0rtap 

probl .. ls likely to 1nvcilve & mix ot teohnOlogi•, it la only prudent to 

continue development even ot those which, lik• phOtovoltaloa are a\l"romded by 

econoaic unoertainti•. To some extent, I believe, that the •OQnoa108 will 

take care or ttwmaelvee; it 11 tar •or• important, tor the tl•, to 
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concentrate on improving device etticiencies. This will be the subject or the 

next section. 

mat &re tbe Qumlltl• l!Cf!.lred ot Tbln Fila Sol.- Cella? 

To make this technology a success, there aust be several requir•ents 

rultllled which, in the last analysis, all aount to reducing the cost or the 

energy generated over the Utetime or the cells. In one sense this is simply 

a detailed extension ot the economic discussion or the previous section but 

here ve identity tlree key topics which are presently being attackK. These 

are cell etticiency, the ability to produce large areas with a high 

tlrougbput, and cell stability. All the economics ot the cells are inherent 

1n these three tact.ors but rather than dlscussing these, which as has already 

been explained involves auch gazing into crystal balls, ve shall concentrate 

on what is needed to ensure hi&h etticiency and what the Ullitatic1m are, on 

what development ot high ttroughput techniques is being undertaken and what 

special probl.s need to be addressed, and tinal.ly on what practical 

experience.is available ot the stability ot the two devices or int .... t. 

&ttlolmg 

The atriciency or a solar cell(9) is dependent on the properti• ot the 

abeorber, or the window layer, or the junction between th•, on losses at the 

external electrical contacts and on optical losses. Aaauains that vi th 

careful desisn the latter t.,o losses can be made v_.y mall, ve shall 

concentrate on the properties required or the two s•iconductora and on their 

interface. 

In brief, the properties required or the abaorber ... that it abOuld 

(10): 

1) haYe a bandpp aoawhere around 1 • 5 •V since this i• near the opti•• tor 
pbotoYolta1c oonfft'aion. 

11) haft a l•p optical abaorpti'lft ooettloient tor all vavelenatm l•• than 

that oorr•pond1n1 to that ot the band-pp; this ••ar• that •1n11Ul. 

thlOlal••• ... required wh10h •1n1ai_. the aat_.iala requ1r•Mt. 
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iii) have as long a minority carrier di!tusion length as possible; this 

ens~ea that the photogenerated carriers dittuse to the junction and are 

swept across it by the .internal tield betore reco11binatton can occur. 

Similarly, the properties ot the window layer (ass\aing that we ar-e 

dealing with heterojunctions) 11\a that it should: 

i) have as large a band-pp as pos&i ble so that it transmits rreely across 

·the solar spectrm. Typical window layers are indi\11 tin oxide {with a 

band-gap ot about 3.1 eV) and CdS (with a band-gap or about 2.!12 eV). 

Clearly, the latt_. cuts otr at a longer wavelength than desirable. 

11} have as low a resistivity as possi~e. This enables the thickness to be 

reduced without the -til• presenting a large resistance to the lateral 

rlov or current to the grid lines. Also, the spacing or the grid lines 

can be increased tor low resistivity window layers, which reduces the 

shading losses. 

111) be straistittorvard to torm otmic contacts. 

iY) have large di•eter, vertical, grains, or have passi'l8 grain bound-

aries. In this way~ 1 t is possible that the perrormance or poly- . 

crystalline devices can approach that or single crystal cells • 

. Figures 1 and 2 · show the at>aorption spectra or several saa!conductors 

including those under special consideration here. As regards the intert'ace, 

there are again several criteria which should be used to guide the choice or 

the two materials. C 11) These are aa rollows: 

1) there shOuld not be a severe mismatch or the electron attinities or the 

window and abeorber layer&. Such a mismatch can lead to a discontinuity 

in the edges or the conduction and/or valence bands and this can impede 

the mov•ent or photogenerated carriers across the J 1.llCtion. 
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11) there should not be a large crystallograpl'lic mi•atch between the two 

tilu. The presence ot misaatch causes recaabination centers which lead 

to increased reverse saturation current, and a reduced r111-ractor and 

open circuit voltage. 

111) the coetticients ot thermal expansion or the two aaterials should be as 

nearly equal as possible. Since deposition ot one selliconductor onto the 

other is at elevated t•perature (e.g. a substrate t•perature ot a~ut 

22o<>c is used tor the deposition or c~ onto Cuin&J2> strain can be 

caused upon cooling, and this again causes interrace states which 

increase the reverse satw-ation current. 

iv) the two aaterials should ideally be non-reactive. This means that they 

should not react cheaically, and should not interdittuse. llthOugh such 

etf'ects are nearly impossible to avnid on an ata11ir. scale, they are 

actually \Sldesirable because they negate, or at least reduce, the value 

or design criteria • 

. 
In principle, there are many materials combinations Which meet these 

criteria both individually and as a caabination but in practice, very rev 

yield erticient devices. Other guidelines can be used to define the necessary 

optical and electrical properties ot the caapunents or a window layer 

heteroj unction solar cell. Tne monochraaati c photocurrent or such a device 

can readily be sbovn to be (to a good first approximat1on) 

J • K (1 - exp C-~W)) 
L 1+csL · (1) 

where K is a constant dependent on the photon tlux at the Junction, ~ ~s the 

optical absorption coetricient tor the particular wavelength radiatio!"• W is 

the width ot the depletion region between the two semiconductors, and L is the 

minority carrier diffusion length (in general, tor electrons, since we 

virtually always consider p-type at>oorbers and n·type windOw layers). To 

ensure n - 1, we simply requir-1 that the products aW and/or '1L are large tor -
the absorb... Since the flux generat• exc•• electron/hole pairs in the 

I ' 
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absorber, 1t rollows that ve vish aa much or the depletion tield to be located 

therein aa possible. Hence, a rw-ther design requ1r•ent is that the absorber 

be auch less hearily doped than the v1nclov layer. The actual width or the 

cletletion la1er (and hence the required doping ot the absorber) should be ot 

the order ot 1 /m. For typical absorbers and usetul wavelengths this quantity 

ls - 0.3 ..-; and to obtain Yalu• or v ot this magnitude or greater requires 

the doping density or tbe absorber to be 1016-1011ca-3. Although Yaluea less 

than this range lead to larpr Yalu• ot V and, theoretically, higher collec­

tion etriciency, in practice tbey can also lead to the probl• ot excessive 

aeries resistance losses. Since ve vlsh eost ot the depletion t'ielcl to appear 

across tbe absorber, to increaae the drirt component ot the collected 

pbotucurrent, ve can also spec1r1 the 1•pw-1ty concentration ot the window 

layer. It is also poaaible to 1•ove tbe deelp by creating graded impurity 

proriles vhich baYe the etrect ot extending the depletion region.(11) 

Aasming that the simple photo-diode equation can be applied, the open­

c1rcu1t voltage ot a solar cell can be vritten, to a good approximation, aa 

. J 
V • ~ !.n(~) oc e J 

0 

(2) 

where A is the diode ideality factor, k, T and e are respectively Boltmann•s 

constant, abaolute t•pe~ature and electronic charge, and J0 ia the reverse 

saturation current. It tollows trc:a this equation that the ratio (JL/J0 } 

should be as large as possible. The etticiency ot a cell is given by 

( 3) 

where r ia the r111-ractor or the cell. F alao depends on maximizing (JL/J0 ), 

in the absence or losses due to seriu and shunt resistance, and hence on 

minimizing J0 • Th•:a, the latter quantity closely intluencea two or the three 

parMetera governing device ett1ciency. Since tor many devices, JL approaches 

the theoretical Umi t !or the particular absorber/window layer combination, 

much ot the r•aining potential ror etrtoienoy iaprov•ent lie• in reducing 

J 0 • TMre are nine possible contrii>utiona to J 0 (11) but, tor 
heteroj unctions, the moat aignitioant ia orten towid to be due to 
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recoabinatlon Yla intertace states. In tact, the reftrse saturation current 

(or rather its reduction) is probablJ the single aost important target tor 

dence l•onamt. To ainialze J 0 requires that the 10lme ot the tlla is 

tree ot an excess! ve density ot reccabination centr•, that the intertace is 

as tree ot detect states a possible, and that: the contacts are not 

probl•atlc. Also, it ls neceeaary to e•ure that interdittuslon and chea1cal 

reactions at the interface are llin11Ul. A large ftriet1 ot analytical 

techniques is used to investigate these· problema and these will be discussed 

in the next pa.,er. 

Pro4mt1ca al L!!"p .INa Tbta FU. SGl_. Cella 

So tar we haft dlsouasect conaiderationa relating to the possible 

coapetitiYaness ot solar cells, the anilability ot 11aterials, and the 

tmcianntal physical design criteria. In this section we shail return partly 

to the econc:mio aspects in the ~ense that we shall consider what aeana are 

being euained tor large scale production ot devices. Howeyer, the need to 

deposit large areas or til• with very specir!c properties, very quickly, 

raises a nmber or sep .. ate probl- which are not ot an econOllic nature. 

CdS/CuI~e2 cells are usually fabricated entirely by vacum _deposition the 

moat well tried having been dereloped by the Boeing Corporation C 12). This 

technique consists ot three-source deposition ot the CuI~e2 and a single 

source tor the CdS, as seen in Fig. 3. The substrat9S are usually or very 

11111 ted area and depoai tion ts usually quite slow. The cormtruct1on or a 

typical cell is shown in Fig. II. Although etrtciencies have reached 11 S tor 

these small area cells, to C01111erciallze them will re~uire rapid throughput ot 
large areas, whilst still maintaining high e!ticiencies. Exactly the s•e 

C011111ents can be aade ot the CdS/Ccrre cells; these have also exceeded 10s 

conversion etticiency and show great potential. 

We shall now consider what the requir•ents are or the large area 

processes and s~l then mention a rev or the techniquee being examined. 

Procluo'i1oa a-. 
For photovoltaioa to make a aignitioant iape.,t on _tleotrioity supply in 

th• USA it would appear that they eventually nee6 to be introduced at a rate 

• 
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ot .. ound, 10 GV ot gen_.ating capacitJ per 19r. Thla •eena thl&t there 

should probably be aromd tvent1 such &chines each vi.th a capacity ot about 

~ Mii. ( 13) For a device etficlenCJ ot 151 and an area utlllzatlon ot 801, 

this would :"equire on output at ,.2xH>5 .i2 per jev. b'R..-1.ng 5000 botra ot 
· operation per year, this corresponds to 80 ••t•2 per hour, or 2. 2clllsec tor a 

vldtb ot 1 •· It tbe lengtb ot the depositior. re11on ls 100 ca Cass.ins a 

batab coater>, then the coatl ng duration vlll be abOut 50 seconds, so tbat it 

tbe required thickness ot tbe absort,er la 5000 A, the deposition rate vlll be 

Hout 5500 A/aln. Altbougtl this ls readily attainable, 1 t aust be r••berecl 

that all the required tll• properties aust be •alntalned tlroulbout the 

production sobedule. 

Patmtlal. Probl-

1) Pinholes 

Ta. tll• aust be pinhOle tree otherwise shorts vlll be toraecl vhiell 

can seTerely desrade device performance. T'1e orllln ot pinholes ls 

usually particulate aatter and this can be due to inadequate substrate 

clean1n1 or to falling debris rraa within the deposltlon syst•. Hence, 

sreat care vill need to be paid to the cleanliness ot the subStrates and 

the interior or the deposition syst..a and this will need to be 

incorporated on a routine basis to avoid loes or yield. 

ii) Thickness Non-Unitorml ti es 

Whatever the method or deposition med, there ia ine'lltably a 

distribution ot the material emitted trCll the source(s) and hence or tlla 

thlckn•s. For the absorber layer ;;".u could be an laportant 

conalderatlon since l t is not only necessary to ensure the thlckneaa is 

sreater than saae •ini•m value, but also ·that it ls not exceaalvely 

thick which would result in material• waatap and loea or t1M. 

iii) Ccapotitlonal Non·Unitormitits 

Vor oompound s•iconductor1 it 1• neceaaary to aaintain the required 

QCllpo91 tlon aoroaa the entire sub9tr.te area to emure conaistency ot 
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eleotrlcal Ind optical properties. When two or aore el•ents are being 

enporatecl, lt ur be possible to reduce departures tram s~olchlcaetrr by 

uai111 sewral caretullJ distributed sources ot •Cb aaterlal. In the 

c•e ot sputt .. cleposi.t1on, the probl• •r be lessened bJ using large 

area t .. gets. 

1Y) enee ot lnCidlllce Eftects 

It ls knoVn tor evaporation tbat ta. grains ot a polycrJStalUne 

tu.a tend to align tb.ael ns tcw .. da the -.,apor stre•. In the cue ot 
enporation rrcm- sewral spatlallJ clistr1bute4 sources, the probl• can 

be expected to be aore ccmpl1oated. It is not olttioult to see that the 

properti• or ru.. or ftrJilll grain aliam•t lftd surface tenure would 

be YWJ mpredictable. In all the aboft caes, tbe etrecta would be to 

lead to a d1str1bUt1on or ru.a and, hence. or ce~l properties. It ls not 

41tt1cult to show that the etreot ot this ls to degrade the onrall -

pertor11ance to that or tbe poorest areas. YlrtuallJ nothing ls knoWn 

about tbese etteots in i.-ge scale production. Although the aboYe 

~•ta baYe been &l•ed specitlcallJ at vacum depoaltlon, it h certain 

that tbe s_. problma vlll arise in all ••thOds. 

llltbodl Pr••Blf Vadlr IaweU.•l• 

The probl• ot large area rapid deposition, ls alreadJ being inYeStigated 

and sevral •ethoda are being consid .. ed. For evaporation or CuinSev Cueing 

open boat:s and Knudsen ettuaion cells) thorou&b studies have been made or the 

probl- arising in scaling up tram laboratory scale. The probl.a are not 

s1aply onecs ot scale bUt inYOlve non-linear dlttrential equationa.(1') The 

dlttlcultiee or scale-up haYe been usefully illustrated by analogJ with 

laboratory and production scale genetic enpneering. Reacti Ye •aanetron 

•putterin1 is also und_. consid .. ation. C 13) Thia method !.nvol Yes sputtering 

rrm two aetal targets (copper and 1nd1m) in a partial preesure or ffiSe. 
Other aethoda with the potential tor l .. p .. ea coat1n1 er CuinSe2 include 

alloy plating, cloee spaced ffpo'8" tranaport, and electrodepoeition. In the 

cue ot ccrre depoa1tion the aethOde be1ftl 1n••t11ated include ch-.lcal vapour 

tranaport, eleotrodepoeit1on, and hot-wall evaporation. Althouatl subatantlal 

• 

• 
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provess hU bMll Hde. r•..-cil bU bHll too lialted to uplolt the potctial 

tullJ. In tern ot 1rea the l .. pst sunc•stul CclSICuinSe2 cells tabricat~d 

so r ..... approD..atelJ 100 • 2 vltll a ettlcl•CJ ot 6.2S; tor CclS/Cclfe • 

deri.ces ot up to 'OOO ca2 baft been produced with a ettlclencJ ot 51. A 

s....-1 ot tbeae ls sbc>wn in Fig. 5. lltbou&b these results are ezt.-.elJ 

promlsing. auch aore effort needs to be •de. Cretul stuclles ot tbe pllJsics 
-

ot ll"Olltb ot tbo tll• baft ln pn_.al not been Ude ancl certainly ta. 

r~atlomblp ot the ll"ovtb p.-•eters to the deri.ce phJSl(ll. ls an .nexplored 

area. 

1tr11• a.ldlttz 

It la ot sreat lmportaace tbat aol .. cells •a1ata1D t .. 1r electrical 

output. without c1earac11ng. tor abOut twent.1 JUl'll. 1t tbe a19t• econmlca are 

to stay eo11petitlft. MmlJ •eobanlw ot dearadation can oocur. Sl!IC9 aneral 
. . 

iatertacee are inYOlftcl in the dence sgouct ... e, abml.cal reatlom o. 

iat .. ditt•ion can take place and tbese Vill certainlJ attect dence 

pertonaance. !loweffl". cle11"&dat1on ot tu ext .. nal contacts appears to be the 

ca•• ot such imtabilitles as haft been obserftd. C_ul~ deYices baS shown 

excellent· stabllltJ art.. expcs ... e to si•ulated sunlight tor oy.. 9000 hours 

in a controlled enri.rom•t. iloweftr, ctevadation or the tront contact& ot 

un•capeulatecl cells has been obs .. ftd during outdOOr testinc, and this 

appears to De d• to attack ot the almlmm ll"lda bJ vat.. vapor and 

Chlorine. The Solution to tblS probl• probably lies ln the deYelOJ8eftt ~ 

adequate encapeulatlon. or ot aore sopllistlcated grid struct ... es. Aa yet, no 

studies on the . stablllty or ccrre baaed cells haft been •ponsored bJ 

DOE/SERI. Howner, tvo ot the cc.panies inYOlftd in aanutact ... ins deYices 

(Kodak, Mata•talta) haft pertol'Md preUmnry studies. The ror11.. haa 

obtained acme endence ot oontact aaradation vbllat the latt.. hU not 

oba .. ved any asradation or pertor11ance on their screen printed cells. W• may 

oonclud• trca thla that probl .. ot atabUitJ appe_. to be ainlll&l ooaper9d 

with other cell•: tor ex•ple CdS/C"2S• Md that· such imtabilitJ a.a is 

niclent la due to deVadation or •pecta ot the cell other than ta. two 

amooncluotors. Thia ia ~t encoW"•llnc, alnce th• latt_. probl .. tend to 

be 1nher•t, wbilat the torar ... tecllnolopaal Md dO not pr•eilt a 
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tuncllMatal llal. tatl on. 

Pralal• .,._ ... ll!Jcr •• , ... DlnaU«m 

1) Lov Y00 in CG/Cut•2 Cells 

DlpirlcallJ, it ma usuallJ been found that t .. open circuit woltage or 

cells ls ap_..onaatel.J 2/3 tile •era gap ot the atMscrt:r. Tbis ls the caae 

tcr llllOJ atMscrbers. but tbe rule certalnl.J does not applJ to Cul~ tcr vhicb 

tJplcall! Yoe • '00-'50 ai, 1.e., less tbaD 1/2 £c. The reason tor ttll.s ls 

mcertaln otber tball tlat it ls due to noeaslvelJ l_.ge 'Al... ot J 0 < 

Bowenr, a we bave alread.J pointed out, there re IUDJ possible causes ot 
Wa met t• pm-tlcul_. OOlltrl bution bu ..._,. bHll isol&ed. Since 1 t also 

llalta tile till-factor to i .. trtan TOS, it ls Yltall.J l9portant that tbla 

probl• be IMklr .. ed. lecentlJ, there bU bHD comielerable dlacualon uout 

tile natw-e and location ot t• acU ft electrical interface ln theee eel.la. 

DIC data lapl.J t•t t .. clertcea re actuallJ burled hmoJunctlons (altbou&b 

the •cbanl•(•) bJ Vblch type connrslon occurs la Care) still ..,.., aueb 

under dlacmaion. Spectral res~me data bovewer, tmd to contradict tbls 

tbearJ. It indeed t .. burled hmoJmctlon model la correct, then ve would 

expect v 00 to be subetantiallJ lawr than 1t t11e beteroJ mctlon a"Jdel 

appl1•. Since laprow•ent ot tbe dertce etticieacJ l .. lel.J dependa on 

laprortng Yoe, lt la arit1cal t~t tbls las• be r•olftcl~ It voe could be 

laproted to ne .. .- 600 av. then an ett1:lmc1 approaching 15S could be 

acbleftd. 

To reeol ft tbia probl• will neceaal tate iapronng o..- knoWledp or the 

detect chematry and the role ot e,Xtrinalc doplnc ot CuinSe2• These are 

tundlaental iN... Wblch are arialng at a ti•• vben the deYlce 1• already 

beina ~ .. clallzed. That tbeJ ha Ye not been reeol ved alreadJ 1• probably 

due to tvo r .. ons. F1ratl1. atratpttorward tech."IOlogy enabled relatinly 

hlsti ett1c1mc1ee to be achlend without there appearin1 to be a need to study 

the rut.erlala at the tundlatntal leftl. Seoondl.J, CuinS92 la muaual u an 
electron1c aaterlal, in that 1ta only ••id•~ appl1cat1Gn is in solar cells. 

Hence the wealth ot baeklromcl lntoraat1on &Yailable tor •an1 eaterlala do• 

~ •x1.•t tor CuinSe2• The t .atW"• ot thla aatertal probal>lJ dependa on this 

altatlon 1>e1nc r•edlecl. 

• 

• 

• 
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11) Controlled Contactl• to and Extrlmlc Doplna ot p=ccrre 

Single cr19tal.s ot Cell'• can be doped n-tne or p-type vtth an excess ot 
Cd or Te respecUftlJ. Ext .. inslc n-trpe doping vtth indim ot both single 

• cr19tals and tilas is also posalble. It is al.so possible to produce lOlll 

reststlrttr p-trpe crrstais, but extr•elr cllttlcul.t to produce h11hl1 

conductiw p-tne polrcrJa'-lllne thin ruaa. In gen .. al, tbe iapurities tend 

to searepte at ttN VelD bomclarl•. It appe.-s that ozrgen incorporation 

cbrlng processing or attr depaeltlon, iaprow tm concluct1Y1tJ. This 

OblMrYaUon ls rathel'" Slalla:" to tllat ot tbe effects ot Junction _,naent in 

CcB/CuinS92 cells._ To produce p-trfe tlln rellablf and reproduclblr requires 

•ucb acre ettort in tld.s ••· 

Tm contact1111 probl .. \o p-type ccrre can be ....... 1zec1 u tollowa: 

Loll reslstl ntr C< 1 o g m) n-trpe ruu ot ccrre can be procluc.cl and 

tbeae perait .,.., tbln tmmel Junctions ot lOlll contact reslatmce to 

be •d• with certain aetals. 

acllined tor p-trpe ruu. 

SUch lOlll resistiYities cannot be 

Tbe electron attin1tr or n-type Ccll'e is about 11.3 - 11.5 eY Wh1ch is 

alaost equal to its work function tor depn .. ate, low resistlYity 

aat .. ial. For p-tne aat .. ial, tbe wcr.k function is appronaately 6. o 
eY. 01111.c contact to n-type aaterial requires aetals with a work­

tunction around '·' eY, tor p-type •atrial a •etal w1 th work function 

sreater than atoub 5.8 eY is required. Many ot the ton1er are 

&Ya1lable, whilst there are none ot the latter. 

The contact resistance between a aetal and a semconduct.or ia governed by the 

hellbt and the width ot the potential barrier between the two. Aa explaned, 

it la ditticul.t to aake either •all tor p-type ccrre. Since there are quite 

aenre loes• associated with poor quality contacts, ap.i.n this is an area 

which will certainly reoei ve "°naiderable attention • 

111) Denlopaent ot p-trpe WindOW Layer• 

All window-layers pr•ently available _.. n-type and certainly there 
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h r.o ~~IP' 3moonductor vi th a brmct-gap approaching that ot uterlals 

Ukc rtotzi! ZnO. This ls a smewhat Ualtlng situation sinca lt reaoyes 
·- • J 

tb9 ~l_·'iUitJ Gt upl!'rlng the potential otvlndOw layer het.-ojwactlom 

~ii.:g · fi·~riwe absorbers. Both CdTe and CuinSe2 are anlla'ble in n-type 

tt'f'tl ~/- liar haft . adftlltaps onr the p-type abSorbers. KoweYer, tt-.e 

1.er.terl~t- •,hich can be ude p-type, highly conductive and tranamissins, 

ha•• a ~.ad-pp l•s than enn that ot CdS ( - 2. 5 eY) so that abSorption 

lcS$ .... ~.:r the llUiam ot the solar spectr• would be probi.bitift. It is 

poss~bl~··:tl".at aat .. lals such as CuGaS2 wt.th. lts band-pp or ·2.8 eY uy be 

sultibie or, indeed, otber alloy sptms could be deYelopecl. Howeft!9, to 

date little ettort bu been deYOted to this topic. 

h) Reaearch Into Cascade Cells 

Thin ·ru.a cells have Jmt the s•e poulbilltJ or being grown in 

tand• or cascade tora as do the ternary III-V alloJ devic•. Optiam 

deYices, theOretically, would utlllze a top-cell with an abSorber band-pp 

or about 1.6-1.8 eV and a bottm cell with an at>sorb.- band-pp ot 0.9 -

1. 1 eV. This is shown diagr..atical.ly ln Fig. 6. Senral •t.-lals 

possibilities exist including CuinSe2, a-Si:H, KgCdTe, ror the lover 

absorber, and a-Si:~:H, CdTe tor the upper absorber. Also, the :aat.-ial 

CuGaSe2 should be nearly ideal particularly rraa the point-or-new ot 

ccmpatibllity in CuinSe2• There are also other alloys baaed on Cclfe which 

haft great potential. With any or these systems the procsuctlon probl_. 

are severe since it is necessary to maintain high quality aaterials 

properties ttroughout the deposl tion ot many layers and over tairly wide 

t•perature ranps. However, the very high potential efficiencies are 

attractive and cucaded thin rum syst .. have much to orrer. Research in 

this area is eo11parat1 vel.r limited at present and erticiencies appear to 

be limited by poor quality contacts to ccrre (ln a CdS/CulnSe2: CdS/CdTe 

cell). A typical device conatruotion is shown in Fig. 1 and, in thio 

oonti11ration, etriciencles or several percent have been recorded l15). 

v) _!!vanoed Depo11 ti on Researon 

The •IJor obetacle to investigating larp scale production teohnolopts 

• 
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ls tbelr cost. Bmce. r .. acre el'fcrt baa been de'WOted to 1-iron111 the 

ettlciencr ot •all area deric• t.'Wl to studfing the hoet ot problms 

uaoclated w1 tll lrge .. .. depoai tlon. 

el't~clencles and tbe prospects tcr ~_.clallzatlon laprow. acre attention 

vtll be glftll to scale-up probleu. Perllape tbe aaln point to be r••bered 

ls that tm ettlclmo1 ot large area will alvap be 1 as.s then that ot •all 

..... and so tm aat .. lals qual.UJ aust be s.......-1cr tor ta. rora... it 

el'tlclecl• are to be aal.ntalned. YlrtuallJ no raerch baa been clone on the 

nuuleatlon ancl arowth or tbe absorber ru.aa Cul~ and Cell'• and. not 

s..-prlsingl.J. tile tlla and cells tend to be scaevbat lll-detlnecl. Tills 

situation aust obange betcre lrge area depoeltlon can be ude practicable. 

lltllOup aany econalc studies haft bem •ade or ta. probable coet­

ccapetltl ftll_. ot solr cellS, lt ls o..- bellet tbat tblre _.. too MDJ 

Yarial>les rcr tbeae calculations to be reliable. It indeed there ls an 

econaalo restrlctlon. tor the tllln tlla dericn based on CuinSe2 and Ccll'e. lt 

would be ta. aftllab111ty or In and Te. 

Staple theoretical conslderatlone indicate that the •aJor iaproqaents to 

be aacle with CuinSe2 cells are with Y00 and the r111-tactor, both ot which 

depend on reductns J 0 • With tile Ccll'e cell llUCh or ta. potential lllprOY•ent 

in pert'ol"Mllce Will rely on iapro'f'lng the contact to the p-typ.1 aaterlal. 

For the caecade cells, operational. devica uve already been demonstrated 

but there are conalderable prob!... Contacting the CdTe ls again 

probl•atic, but tt.re la the addi tlonal dltrloul ty or a'WOidlng int .. c11rrusion 

at the various ru.aa and ot providing transpm"ent tunnel JW1ctlone. 

Optill1zat1on or either the two or to..- contact technique euat be aahined. 

Finally, auch .ore detailed studl• or tlla and device properti• need to b9 
Ude, •Yen at the laborat.ory scale, 1t the A.arp area hllh ttroupput 

production teehnf.quee are ever to be aucc•etul • 
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FlguN 1. Thin-Fiim Heterotunctlon Solar Cells: OptllMI Use of 
the Sol• sr-:trum. 

i 
I 
J. 

i 
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I 
I 

Shown are the absorption coefficients of CdTe and 
CulnSe2: transmission curves for various heterojunction 
partners (window materials) under study: and photon 
flux density (linear in energy, eV) for ttre AM 1.5 Global 
Spectrum. 
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Figure 2. Ablorpllon Coefficients of v.nous Thin-Fiim Semi­
conductors. 
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Figure 3. Three Source De?Otltlon of CulnS.2 • 
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Figure 4. CdS/CulnSe2 Cell Structure Showing Deposition 
Temperatures and the Relative Composition of 
Elementa During Deposition (Boeing) • 
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Figure S. Large-Are• Polycrystalline Thin-Fiim CdTe and 
CulnS.z Cells. .... , ... , .......... 
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Figure 6. lso-Efflclency Curves for Two-Cell, Four Terminal Cell. 
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Figure 7. Two-Junction, Four-Terminal Optic.Hy Stacked Poly­
crystalline CdTe/CulnSez Solar Cell. 
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