
                                                                                     

 
 
 

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/


• 

16158 
UlUTID llATlml'S 
I1'DUSTlIAL DEVELOl'IO!RT OllGAllU.ATIOR 

SOLAR CELL MATERIALS ARD FABRICATIOB TEalBOLOGIIS* 

prepared by 

K. w. B8er ** 

* this docUMnt ha• been reprocluced without formal editing. 

** Profu•or, Univer•ity of Delawar.,, .._rlt, Delawre 19716, USA 

v.87-82436 



,-_ 
--

- ii -

1 Abatract 

A NYiew it giftll of CG1111D1!1cia1J iatereAiag IOlar cella and Nch o&her cell8 which 
mq ecqain CXllllllBd.I iatens ia ti. w fatare. The rniew c:am.im a •mmal'J 
of the nlenm tbeorJ, the 1&ataa f1l • ,._, tecbaaloa with auentir'l to critical 
material perameten, cell wt pael procewing, .mined e8icimq and o&her pmcwmance 
~ eccmomical a.pecta ad .... of tbe pr•m mm""ft'iaJiutioa. a ... --
~ technologies and iwan:la and dnelopmem treads. a includea liltiap of a 
• D ceaten wt iadllllries ia the USA and leftral Giber COllll&riea. The iniew gives 
examples of camiaerc:ial-applica&iaa• mad wmmvises tbe nceat mubt deYelopmmL 

• 

" 

• 

• 



. • 

1 

2 

I 

' 

5 
I 
1 

- 111 -

Table of Contents 

•········••·•·•·•·······························•······· 
........... -......... -- .,. .... ' ........... . 

•• -••••••••••••• ·---· ••••••••••••• !" •••••••••• 

.••.••.....•...............•... 
l,w; Mw\ s- -· ~ ~ .:. .............................. . 

U.J Mil:t- Otniar CWltclitm ... .,.... ·····•·······•········· 
U.S Dliflltll.·1>••••.-I• ~ CJ.lllclilt1I -· - •••••••••••••••• ~ ••••••••• 
S.IA 
U.1 

- .......... - ....... ,_ .. ..,. o.lltdioa 
~ 'l'laa ....... c.u - .... _., .......... ~ ... ..... .., •..••....•..•.....•..•.•.•..............•......... 

U.1 l'iUeclerl.- •••....••......•..•........•.•....•.•.•....• 
Solar Cellil .... Modalea ............... •.• ........................... .. 
... ..... ~ .... lia.ltroA •.....•..•••..•.....•..•..........••.•• 

U.1 .. ....... .-•.............................................. 
U.t Ii O.,.a.1/111111& GNWlk 
•.1.a o.u • ....... , ... 

...••..........•.................... . ....••..••......................... 
·- ..... li-N 

.•.••....•.•...•••.......•................. 
U.1 ... W. CWI O,•litrt, ..._ _. ........ . ..........•.•. 
U.J .......... ., .. Otlt, ......... Amp.a. ..•..........•..••. 

... a...Pa fu ...... 06 ..•.••.•...•••...•...••............•.•. 
U 01 mWMa•111-6..._._. ·••·•••········••·•········•·•·• 
........ af 'l)piAIAp,lc ... •....•••••......••.•••........... 
i,.. .._ PwoJecllw_. .,...,. .. r. ~ 0oa11w ..... ........ ......•••..........•••..•..•.....•.• ~ .....•••..•••...•.•. 

I 

' 

1 

' 6 
6 

12 
20-
20 
21 
22 

29 
11 
11 
11 
16 

• 47 
u 
II 
11 

" 70 
IO 
12 

• 



... 

.. 

I 

l labedadlGia 
'Ii. 6-' www = ti Ilk .... rlnldt 11 uu •• II ,.,, .. ._ ...._ 

..... ._, 'naftd1•,__.._auraur•,•1 ·n.rs.m· .. .__.. 1citl ..-_., .. , ...... .._.,. 'iw4•---- ·p·•11E,r.)li•01S/Oa.S 
,_.. 1•P la 1111..a ...... nu ·ti lfltl s tla ···• •• .._... wkla 
Yr Plild I la mt. nil w ftD a.at. -..11tn11h• .... ..__. lupr, IMl1 
'wllikWf•mlfts.l)9-"e•1111.J._ll ..... ciJ1&iltWllla'11t1allJ-l9",._. 
eiid•q, wWda .,.cJWKhl ta 1111_.1 ' u1u•·1tt dlt lild •+ witll m& an 
~llnm .- U'J5. fte ....... -at., ............... ,._ >SOD l/W ill 
· 1- to -D l/W ill 1111 . 

.M tW dme time w li&de ca niin:ill lalntll& ac'f& ,_a_._ .,_. 
lftllmalN#•flf~-·Wh• .. ..., .......................... .. ....:.-... _ _._cu. ....... & •.. U.S.-·-.[ .... ..,..,~ ..... ~ ..... _.... .... ......... -7- "....... . . , ,• . ."'7 - ... . .· - . . . 
tM GIS/C.al pGIJUJlle&= gs • ... Mlirt i111l aal 'r ... Cleritc.p-.1• 

A-ntewiheo:f 11dtl91iit.rc.A9~--····•atartW1J
cxpwbe .._Si. '1'lle illilimltlii .. m1mt ti1Cll/Oit1"1 tllta..M~..,.. 
....... .._ .. alttp f lila .. fl81EiC11 fltl•_, I ...... 

.Aa a.-lllllcmaps. '••'11 .,,.,, .. ., .. _..RAIA_. l»Jdle-.,_.,.AI:_.. , ..................... 1111 ................... . 
........ cmt ........... /W ...... ._ .... tl•t•.., ..... .... •wt..,_..,.,_ ..... a, , ............... ._. ... ,...._ ......... , ..,..-&_.., ia ... USA; ........................... -·-.... wl 
__.....,. ............ ·-la Im ............... -•-"" (daba-&lm 
.elii.-:ienq 12'5 fer OIS/Qal.S.. .a ... far .S, ._,. GJll.a AMI 

0

6ieaq ta 
far Si ..... far /tJCaAa/o.A.; - • , .... 11•1:•11 ............ rn5 
aaftl8iaa •ci•t7)'. fte wmtnt ... (.,lm11t k , ... 1111 wlll die iDcr•••• 
electric •H&J ....... a9' .t Hmli•W, ...,., .. if•...._, - to H 
WitJaia IWla _. t.p •••ilMI .r ........... cwww11111J "' "'"6 lfW. fte •e 
expect..._ llllMnir ...... (c••• wdvillJ t11111l1t1a) ........... .,,. ,... • 

• Vp1e11r1.,,. ......... Ul ........... I:_ .. _,.. ... ~ .... .... . 
t .......... ., ......... £_ 

....... mt•rlfl!ilrlll .. JAI rthml•llf I rell ... te•WWu ..... 
.. aue•,•zrH11tllll11•._• .................... , ,, ... , ........ ..... 
..................... 'nlr.._ ... _. .. c_dllw .. I t1•l--r...1wc1e .-. . ...... . 

.Im 
................ .. ........ 

...... - Jll. tr ... -- Wle!lia &818 111 c..a.l"'I .. ,. .. , .... .... • •• ..,., ... , .. , ... , . ••a ... a.,.. ,,,. 
t.I ••• lttZ ... , .... ,,,, J.t .... INJ .., ... : . .,,. '·· ••• .... J.• ...... 

"" '·' .... Ult· • .. C..&.) 1.u1 



2 

• i 
~ 

• 

• 



.. 

, 

.. 

... 

•t-;...._,-E2H 
··.1 

•••. . -.: ·. 1 0 . .. • ,., . , .. , tlU ... 
y-

• ••• 111 a SC. II .... er,.... Si. flll .._ 
D ..,0, ,_, 51c.,. •it c:w.-... , ...,.. 

....... 2s .......... "' .6 ........ k ..... {SBal°ia .... , AfJlil •• 

Pta11aerpnjecliw...-li.pGJ9&816..a.ia.._af2* ef AIO w1 
aboft • •-•--. ~film .... cim >1:1". lfe ~ >25 ,_.. (fDr 
.uagle ~an.) ........... a.-Wowll/WIDrlill&leCIJllal·pwjswl l .. 

· 11/Wbddp-lle,...ia·t•...._. 

1115 [ 181 ~ 
- 11141 
'~ 

771 ~-
11131 851 ~~ 
1112 I . 871 ~ 
1H1 I en ~ 

Do-.r . L1A•1,,111•1 ..... 

At-• ........ -- ceD.,...... aDJ'de ..... ., witla ~ 
...... la ............ dou <-a.c.1.1). W'acla ............ projedirw lup 
Kale ternlkial .... -0 ~ iD CGDjaDdioD with ,_. ....... .,. 
nalittic potalW .. ,... tile pw...U, alrwlJ Mailable-•• wlllcla ._. .._W 

. ia excae ~ IOMW (r ... I) wt produu4 HYeDW iD IXctll ol 181 clurla1 ·tbe - I 



JWL Maet GI daia wle& w .applied wa. C1J81a11me Si.-..._.._,,.., with a 
~ iDcn.ma wllet .-. GI ..S (fis. I). 

la anler to -- ia ,iads-t of,_,. r.rdaer an~ we will .mt 
thia _.,, bJ a elaaR 1UD11U1J. of Ille &MorJ ol .._ alll.. 'J.'laaa a ian af neat 
~ ia tlae ........ ~of die -- plG'QilPc '1pa of -
alla it chm witla a •••in of tM pnlelll ....._ ... medaoclt aad deploJment 
eumphs or..rar celll, ...... wl----. .,.w-, iaclwling • enhmion of prwnt 
cma....,.ciehaties ad •MliD& of am.I.,......_ We willcme ta re-.inr witla 80llie 
......... forcleWIDpiaa .................. U.1\cat .... 

i Solar Cell '.rnJea and Materiala 

'!'tie ......... .-.c& ia ......... c6 it.._.• tlae ..,.ralioa f1l acm 
carrienia tlle ~Mil of a,.j-.d•---•••........._ (Pie. 4). '!'tie acm 
(ow,r dm..J ~ canien·~ c..-t ., ............. -udi&hL TWr RpU&tiaa 
c...tea. ,......_.,-................ eel Kl·• • ..._, wt permita tJoouch 
aa ataMI ciradt Ille exindiaa el....._ all GI dme exam carrien (&he c:oUection 
eliaeDcy .PP.wta. 1 in Wter c6). . 

- MFG STAIB 

....... ... ..... .,.,..J..._ ........ ~_., ... _. ....... ,,_. •• 

........ ,.,.. run. ............. ,. 

.. 
• 

• 



I 

DE• ... all tn-"99 ...... ; .. • I •• ., 

........ aillia ... 19111 .. 'tP'~- ...... -zd I ,•MMtlJ..n. ..,. 

....... ._ .......... (tlnd • ililliawd ...... ....-)i 

.... &Jpe .. the cell ..... (---·- '-k-1rmD, • lmlltijadiaa alla); 

.... crr.aaJ 9tate ellM Mice (liacle • ~ .......... ,i aad 

• nether .,m.t ..r.:e eoednc w •pi· (aatinleca.., &pt trappiac) electrodt
an.......- (lo ..ace Gp'kal abeorpticm or recomhia•t•) Ud caanecting 
IWelialt (taueljwtiw • ..,.-sica) an wd. 

•• 
. c ,,. • 

•• - ·" &..llP-£.lllT .. .. ~ 
--

-....,. 

'-. 
l•P • 

" • ~ 

II' ~ 

. ~ 

-- Ii/ ' t I " ·I ·-- J ' I ... 

-J J 
I /._ ..... 1.1a1 

-
l ~ ,,,.-- "' -· IA ~ -I " .. 

-- I ~ 
i/ . ' 

- - ··- - - . ~. . . -
~. • .. ... •• ... .. .. • • ,, .. .. .. ,, •• I.I ....... , .... 



~".,,,.,. .. ~.·-;-" ... -....,_,. ...... ,....-... -,,..,., 

. 

i •i• If ' f ·1··1: 1. • •·n l.lJ .. f 'I tUlJ 
l ~ ~ ;J; , 1 i ~ ~ · •. ( ~ tr I &' 1 ~ .... ~ UJ r Ju, 

~ • .. •. .. . · t E r if I l ~• . t . .1. ( ~ t l 

'1 J •. ; r ·J t · 1: · 1 f · · . ~ iJ s l 
.. , - f • . '° I t ·i 1 · f 1. ~. 

il~.!g_ !I ! .. i ·~ JlfJ' ! i · i ii !I.e ••• 

• 1.I ~ f. ~ ! rJ. ! l :} l. ·1J.l . ·,.j.1~ Jr 
~ ·=~ ~.- l J t : I 

11

• t l •. f 1· ! · r ~ . J ·! ~' 1 
a. ( :h l s ! f (hf I ~•I id · JU ~·ill 

• • • • 



r 
r-

~ . 

, 

7 

(2) 

Under certain simplifying conditions there is jmti&cation15 for s 1da a ehift which is · 
9ometimes refeind to as auperpoeition prindple, but ri.relJ holdafor actual IOlu cells18• 

Eftll for better ceDs then are mght defmtioas of tile jV characteristic from the 
shifted jV cune (Eq. (2)) which will be diac:Ulltd belc-w in more tktail. Such a '1pical 
characteristic is mown in Fig. 6. . 

-The V-axis • ao11lil at tliae opaa circuit Toltap v_ ucl the i -- is croaed 
at the aort cimli\ aura\ ;., i.e., at a C1111em that tlowa wm both eledmda are 
directl1 coueded wida w:h oUaer. 
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(maA/ca') 
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' as .. ,, .. 
Plcv• • Curaa~nl&-s• cUnc&ai8&ic ,_ a lane&IM&ical .._.jadiola ..,._ ed. Tiie 
4ulaed arYe npraeab &Jae Weal..._ danderil&ic MiW ., ;. =- .,_.,,..•. 

Tbisclmce iaable todeliwrelectral ,.,.,_ ..... opaated ia •~ .....,_ 
of &be jV-charakriltic. W... ........ to ...&pt,~ coaftll9 a frstioA of iU --o 
into eledric mer17. TM mni••• atrectaYe ,.._ hlD IKla a tliode ii pm i,, 
tbe maximum imcribable rectmacle witaa. &M ~ ....-.- wi6 wordia-. of the 
.-.....,.. ,..,., ,_, v ... .-;,.. (r .. 1). TM ratio et 11iie v..;... prN.a te v..;. 
is called the /ill /utw. 

,F= V_,j, v..; •. 
'-- Topiber with v • ... ;., •• ,... ........ of tM ..... all......... Tiie 

ratio of atndUle MUical ,._to a..,._. .,_,... 19 Ahl die -.r cd 
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Sunlight at AMI (Fig. 7) nm at dt.ar Weather da19 ii iD-de&aed and, depending 
on ozone and water upor c:antat ad OD the turbi&y changa to 80IDe degree17• It bu 
an optiul power density of appmximatel7: 

" 
. P ... (AJ11) ~ UX>111W/cm1• (5) 

. For predical purpcaa a lipectrum u ._ b AMI ill Fig. 7 'Wida _P=lOO mW /cm.2 

ii usumecl for llM.t c:amp11tatiom Bow, .a, ·• artaiD fndima of dae impingiDg 
photanllu caa be ........., tlependini • tlt,e ha'l!p al U.. RIDiconduc&or (Pig. 8). 

- The computed electric:.J powr daat c:U be ~hm dae 1aJP011aetica1 dmce at the 
maxinnunpowerpOiat (Fig.6)ildaeproduttafV ... = 0.525V wt;_.= 45.6mA/cm2, 

7ielding a maximum elicieDCJ for um hJpodaecical IOlar ceB of 

l.llr--:-...... -----..--..---
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.. 
... u 

I 
1.2 

u 
I.I 

u 
t 
1.2 

l'lpn fs Tlte duaia& 10lar tptetnm wi&la Ult ailmaa • (amilJ puame&er. The air mut 
-ii clducl u .& .. nl8&1Ye __. lea&&Ja &Jaroap &h ~\ a&mo9plaan compued &o iMna at 
&lie Rd•: AM• 1/w.(•• - ,.) "~ _. &M IOlu . .-.ioa .-. , .. Mrisoa. 

Siace Iba dark ..taratima currem;. ii ....U, Mglicible compced to;. aacl tince 
for j = 0 OM U. V = V ., OM CU mrrik Bq. (2) 1'J eliminatiDg j. 

. . { (•I! - v.J) •} , ::; ,_ upU' - .• (6) 
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Pipre I: P.hotoa lax for AMl, illtearaiM fiom A = 0 lo th dw9 w&v'elagth. Tile pllo&on 
lwt al. wavelen&1.hs •horter dtU I.Jae bu1! else for C41Se, o.A., -• Si are idenli&ed u a, I>, 
ud c respec&ivelJi cl i9 \Ile photoa lu io. &k •tire IOlu .,.ctnm to l - oo. 

The maximum power point cu be ob&ained hm Eq. (6) by Rtting d(JV)/ds = O, 
yielding an implicit equation_ far v .... : 

iT In ( cV,..,) v.,. = v. - -;- 1 + lcT • 

v •• ~v.- ~1n(~ -2). 
By introducing Eq. (10) into Eq. (6), cme obtaim: 

.which can be a.,Proximated u 

cv., 
. . iT ,,,., = ,_ . CV. • 

1 + :=!.!!!! 
iT 

• A reuoaable &pproximatioa it ob&aia.t bf lkdn1 V.,. =r v. -UT. 

(7) 

(8) 

(0) 

(10) 
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(11) 

wlaidl • platted - a fudiail al v_ .• Pia- •• a ii tJpicallJ ... 8095 wt incnues 
~ witla iacrnainc v41!C. 

-:-~ 

,, .. 

J'lcare • Pill fador for u w.t pllo&o .._ • fudioa fll v ... 

ID mmt .aual deYicea dae U fKtar ii-~ lllllller, mua11J be&weea 80 
. and 75" aacl OD17 mp e8idDcJ tleric:m aceedl '°"- Then ue 8ewral reuoaa for dais 
dniatioa: 

• a aetwark al parui&ic WliRon (11e Pig. 10), 

·• .Seep trap lnel deplelim 1..,_."ble far a IDfedcJr mludioa1
"

1
', 

• the ncombiDaticm ~ dilalwd iD Sec. 1.1 • .. 
;. 

..... 10s Simple ......... lo apW. - MriadDDt ..... die w..i pM&o 6c1e 
Hllaftor. 
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:tlpn Ila Jalacace ol ..n.. llllilluce, .... , .. 11&-. ... tlWe .-Jil7 .r.dor • u 
o&laenriH Wal pllo&.diocle clauac&eril&ic. 

The par,,.;&ic ae&wmt tJ/ ....-.. iD • K&..i erice ii c:ampwd of IUia 
raidaaca, wlaich are due to imulicieat c:andadift .... to die extmaal circuit•, and 
llauat reaia&imca, wlaic:la are due to IDKnllCGpit &Wecu bridciDc die diodef. Such a 
..-,,k i8 --U, sepraaa&ed br a lillg1e ..-wl .tmm nliRw:e (Pie. 10). 

Boda nlidaDcel came a nclactioa iD .._ ID r.a.. Tiie ..- raiRuce B. 
reduca Ille II.ope cl &he char.:teri8tim·--v., wl • a1mat ..-... .a.. iDcnua tiae.,. pndamiaaatlJ Dear;., - .......... 11. 

A mluctioa liom die ideal .... wr dMI muia1wm ponr paim of dae charac-
terittic ii aaaa1JJ iDUoduced bJ a diode·.-U. fector A > 'L 1rdla &he introduction of 
B., S.., ad A iDto dae diode ........ 

(12) 

• s.a • •••dtM coaclwc&ldr trl&M ... -..... .,... 1o..,.,. Ille ,a..&ocuna& '° 
ill• &op._,.U (Ml..s oa &ic &Ju..•---,_.._ ......... laat111 .a, MP airat 
clasl&ltt wr &1ae cledrec1c pW laa),., •99d• ....... fll Ille~ • 

t Tllac Uec1t an mon proW.11 la.~ llllr ·au. at. paia ......... °' 
a&aul nd-MWsinl & .. j.ac&loa. .· 
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_ ...... -v.1.w.,..... hnia•lll qttoltapah ........ 'Dleinlmsace .,..., r•.._..._,.sr ........ ,vcMndeiilllkil..._iaJ'i&.11 • 

............... .--...... ·&.-. .............. 
r••-fnr •---fna ..._ i•na, ii time lllnlit aat.n, nhtinc to .. 
~·•••••,. ... ,. twoo·1 111&. 

All at ... ....,. " ......... C8WI ... -..,...&, ,..--,, .. 
P.i11•..,..._ .................. __.ia+npfllcane ...... mnlated ..-c:e1 ......... .-& ' .. 

A-till I Jt ·-1Jn9 f ....... 6e ctl • l•l•8d Gf• . far-, ~li-i&J 
W Pat ·• •Hiinr;-jha ......,, an· .... , ..... •nt=riar II Ila......_ 
alne.. ............... ,_ .. 

-. ;.-.;..., 
• = 11alfl' (13) 

(1•) 

(15} 

(16) 

(17) 

(11) 

{11) 

(20) 

(21} 

• n.. ................ .., ...... 1-...... ~-............ curiea 
.,._ _....._...., - ..._ _. 111111er ...... • .............. fll N., N,, Nr ...... ,. ,,.. ..... _ _., ............................... ..., ... ...... ........ ,, ...................... ~ 
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~=-F • 
~-B, 

Iii =ta.a.la IT 

witll the nluant ............. Si &tedia ~ 2. 

. 
'nalllll Ir P...-- u..i ,_the Silicoa Diode. 

~ ......... N. N,,. . 
..Nr1 Nrt N._ 

vai-.- 1011 ioi• ..,., 10i• - .2JN•l018 

-· . an-• afl-a ala-• an-• m;a-'1 -

Parametm •11 . ..... ... PIO ,,.. 
Vahaea 2.2 1011 101• 220 IGO 

-· . cm-• cm-1 an-• an-• cm'/V• 
P•ameten Es Ba-& er. =c. =e •:=•! ~ 

Values 1.12 0.15 10-• I.,· 10- 11.8 
-· . eV eV cm•a-k cm/•. -
Parameters 41 

,,, £.{p) L.(n) L0p 
Valaa 1-10-• 10-1 1.13· lO-• S.8· I0-1 C.14· lO-' 

-· . 
CID CID cm cm cm 

P•ameten ·•D• "D• Vo •' • r. 
Values 1.11·10' S.56·108 OA67 2.2· 1011 10-• 

n· . cm/• cm/a v cm-• • 
Panmnen ........ m. ... ....... .... .. n• I 

Values 0.118 o.a 0.21 0.2' 
'"" • 10

11 

-· . cm-• .... .... .... m. 

(n) 

(23) 

{24) 

N. 
·&.M·1011 
·-

cm-• ,... -cm'/V• 
7' 

300 
•x 
Lo.. 

'·1' -10-• 
CID 

r• 
10-s 

• 
"'. 

1.48· lo' 
cm-• . 

Tiie 'Jpical let of •hide. canes for a rMber daia dnice (in order &o emphuize 
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I . 
[ . 

.. _ ... •• ~ •• •• Jfr1 ....... Jf .a .. 

v.-. 1017 ... 1017 1017. ..T 1017 

Dim a1ilm1 cm-a CIR-a. cm-a cm-a cm-• CID-a .......... .... _ ••• ... .... .. •• 
v.i.. 6·10-1 101' 1·10 ... 10•• l·tr• 101' 

Di1maliau Clll-'I cm-1 cm-1. cm-1 cm-1 cm-1 

P..meten Ne N. r -: ... Iii 
v .. - 2.1·1019 1~•· io•• .., L2·l09 7.1·10' 1.1· 10' Di---· .aa~• 

_""'.'._ •g . CID-•• cm-I cm-• ._ __ .. -.--~ c-=c..-=c r.=r., .... ,.,.r. 
Valm 1.7 0 10-• 10-• 2·10'' 2·10u 

Dil r1111 .v eV C1D11 -1 • cm':"'S.-• aa-• ........ ... ... ,, • • • • .. . '• v ...... IOO I.I· l0-1 IOO 11.7 2.7· 10-' I· 10-
Dimmlm. CID CID cm - cm/• cm/• 
Panmeten ,, .. ,... ,,._ .... nlp..a. ..... ...... 
v ...... 1 0.1 1 o.8 1 0.8 

Dillllll .. 1 cm'/V• cm'/V-• .... .... .... .... 
P•ameten -L.(p) £.(iJ £.(n) Lo., £,,. -Lo. 

Valaa 1,600 1,600 510 130 1,300 130 

Dimeuiau A A A A A. A 

is. iteratiYelJ ..tjlll&ed• • &bat &be curraa& demi&io fuWl &Jae appropriate coadidoa at 
bo&b oakr llalfeca~ 

rw IOlutioa curYtl ol FAp. (U) - (2'), we will dilcw &Jae .. of n(s), l'(s), - -
F(x), &he potatials E.(s), E.!z), B1.(z) ad s,.(z), die cuneot. j.(s) ad .i.,(s), acl 
the pa..m aad recombiDMiola rate didriba&iom 1(s) ad r(s). 8pecik •ariatioD tJl 
thae clinributioat are iDlmactift_for ~DI the 1peci&c operatia~ moda f1l dm 
.... cell. 

11a r11- 21 a famllJ • lolatioD cum.• p1o&ted ah die-.. .sa.m, m 111e balk 
(i-layer) •family pcuaecer. Al Jai&her dopiag demicie1 the balk npa ii tlaick aoasJt 
lo proricle a .... &utial nPa a wlau n 2 N,, ad CODllqUady I= O; llere '(•) 1111 

• Tll• kuaiioa Kl..U, IWYolv• all , .. , .. fr• Y&l'iabla, n(cl,), "4,), u41 F(4J, w~ 
ti m.....,- IMcl 8' ~'9) • 0 (w._ l&U&ims , .. compatasloa 8' 4 _..,,., ..... lllto ...._fl..._x.._). 



detr1wd to~ low -1w: 'bo&h judioa n&iaa8 me •puated from wh a&her bf a 
mbnantial cater ngiaa witlaiD the ~ngiClll of wnWainc Wei (Fig. 21, cane Ill 1). 
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~,. .,. I 

I -I.IT • ,_ .. , ..,., 
..... • .,., • -·· ... . ... 

• • -OAD 

• •• 0 .. -I.II 
6 
-I.I _., 
(I\") .. ,.,_ -·· -11 
_,,. ... 

• t • • I ' • • ••••• . .. , 
J'lpr• llr Soha&loa canw compa'*' for opea dmd& coadkiou for u •Si ceD (OM ,,,.. 
~ick), wlSlt I• • 2·1011 cm·•.-• aH ,.,.....,.111&..s ID Table S. FemllJ puuae&er 11 &M 
--.... , ia &M CCIHr ..pa; N, - 10"' 101

•' 10"' ... 101
• for anti 1-4 :apec&'"1J. 
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Bpn:Dc ~~••1ir.-&1ielolllilllnnakllidlaa,.. 
ldioa ..... ia Pis-12 ... ,_ & -- 9d CWIWJI•' .... le Iii. ........... (YJS. M) ,_ 
nrwa I ... t nlpeclift!J. 

In ..tdition. dae decrwe of a below N• ia dae i-Ja,er w tile ~judima 
prorida u ataaded region of cauta:at ipace claarce ( .. b&pie F) ad permita die me 
of dae SdaaUky apprmdmalicm (linear leld diatribatima) ...._ wlaidl an be emplOJed to 
Wjme&e IJae minjmgm DICl•U'J lliu to·iacJa aaftat-----

Jntrimic -.. ia 1eldiaa to opaa circai& ,.._.re mare dilicak to ...ipe. 
Prmoaa attempt. ban ...._. to the diode .....-.. -·mini • .n..11 lai&hl1 
limpli&ecl model. Onb naad111 w. a RlicieadJ acarate aamerial _..,..al lhe 
c:omple&e •t f1l VU8pOR9 cmtiaaitJ, a P--. eqaalioa daroashout die ati:e ceD 
pafarmN to permit •me cateprilins MICh ....._ We baYe &iftD - keJ elemeas. Gl • 
Ille ana1,- ia tbe pNYiom w:t.iml. Tllq can ben be..._..._ plo&tin1 dae bwt 
model wida ampate4 ..... Femai lnels •--ia die pntiaua lprea .._ neglectiag 
.m.c. aeccimbinadoa (.U aampla ..11111a1 ;. = ;, = 0 at bolla ...me..). Tiie 
ncombinalion OYenboo& idaali&ed tbere aa... dae low f1l paeratiaa/ncGlllbiaation 
currmt., Mace -.. f1l V .: tlae CGaapated v. ii ._ dau tM me calculated from dae 
timple moc1e1 &Wea ia F.q. (21). 

SUda NCGmbinalioa ~ ii c....a bJ dae &d daat Ila, miaori'J carrier 
clistributiaa iD the jaadioa ii ccm&rolled bJ die majoriiJ carrier, i.e., bJ tlle buiJt. 
in &eJcl cnatec1 from tJae •ace daarp which ii produced bJ Ille _.oritJ Airier. Jn 
thennodJDUDic equilibrbam, Gift ad Mmioa ameatl f1l ach anier are eqaal to eecla 
ocher (ud baTe oppmite llipl) at aclt poiat f1l dae derice; lane paeratioa is equal to 
recombination at each point. In 1Cead7 9'6te (with light) ud opea circuit condition, 
W. ii DO JoD&er ful&IW. Tlae --.,, ol mblosity carriea ii 1U.?;.iocia111 .a.cn..d 
(wida 1ua. c..., fll-.lari&J canien), tlaerebJ ~ • sr.titat ol tlae lllillod'J 
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Plcve II: A: Cnu 1ec&ioa; B: But! model fll a ,.,,,• Si 10lar cell af'hr Faluubna ud 
Babe11

• 

(mmc a Al beck CGDtact with ~a into a thin layer during a 15 minute heat 
veatmeat at 500-800°0} aae obtaiu allo hich curreat colledioa elicieacies and achines 
_cell etlicieacia ol tJPicall7 l'"" • 

87 reducing the tbicb- ol tbe hat a-la7er ad the demitJ of recombination 
eaten there ad in the pa juadioD, the blae/'fiolet ntpame is nailed ad the eiicimcy 
improncl befcmcl 15",.. PmlJaer •bnutial impnwemta ol the cunmt wu Khined 
b7 etching the fn>Dt IUfKe to nduce nlediYitJ ad create light vappmg (Yelvet 
etfect'') widl elicieade8 iD exam ol 17". 

After .Jmoet a me.de wisla litde fanber pNFW, Gnea and coworken" laan 
puthed t11e didwy ol die liD&le e11IAI Si-cell wwll abcwe 20% bJ funber nduciag 
the ncambiDatioa • tlae 6om llllff.a (bJ intnHladag a daermal1y pan Si01 laJer 
(Fil- 27.A)}, bJ llpUMilll tlae fn»Dt tlectnHfe tbraap a tlaiD SiOt Ja7er (Pic, 278), or 
bJ mlacin& tlae ccmtm mir.ce daroagh IUda a laJa (Pie. 27C), thereby iDcreaaiDg the 
ope circuit yolhp to IN mV (A.MO, a•C). Wbea .ma ddw11 ii allo applied to 
reduce 1eledioll u came &pt trappi111 (Fie- 21), Gsea" mdained 20.9% elidenc7 
n AMI wisla iDdicatm ti.- lliJI Jai&la• 6itaCia can be apected realistically wnh 
dail tJpe ol .wrice daip. 
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Pica" 27: Tile ue el a &Ilia Si<» Ja,v t. _._. ..,_ nrr.ice .-Waalioa (A) ud 
ncombiaatiDa at &lae 6-t eledtode (B aa4I C) after 0... e& al.• 

finger 

A • 
~Ill mp .-..C, Sl..._alll wkla puinlecl ..a llnda ... ndMe to ...tacenir.ce 
ncomWulioa wt .a-. DP&,,., ..... Deep, ftrtical eoatacU (B) na ....... ..... 

VGJ nceatl7 a ....ell sroap a& dae l>eputmeDt Gf Ma&erial Scimce a& Staafard 
UDiTenkJ -- SWUIOD" .... fardler tlnelopecl ... idea of - illledigila&ecl ... 
coatact• aacl bu beaa IUUlllful to further iDcrew dae cmTenioD elicieDCJ of S. 
110lar cellt 1>J. a lipi&ca& .aep to 2a after ndaipiac tbe cell pometrJ rac1ica11J. 
Jn_ CODTalicmal ceDa a lradioD of apprmdmdel7 I" of &pt ii la9' becaw of sricl 
lbadiDc fnm &be top elearode. Another, aot Jet lpecilecl fradiOD ia b& because 
cl recombiDalioD at tbe awac1ed t.ck ccdact. Ba&lt .._ aa be elimiDatecl or 
IUN&aati.UJ Ndaced bJ altenaa&iD&IJ pnwilliag carrier colJectioD Tia llDall D+ ad p+. 
&Jpe •dote• at cbe Mck..W. of die dnice11 wi&Ja aJMnaaliDc metal CODUC&I, M Uowll 

ICbematic.U, iD r •. 20•. '!'be maal ...-, cl tlae ......_"'"am be ob&aiDed from 
Fag. ao (&be cell ii -- annmcl; IP& impia1• Isom below) • 

• Wk• COKID&ratioa "- celll Mft acWn..i 21" coannloa efldaq M 110 1.,..U 
... ncatlJ "'5 ••nu'. 
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TM ,,,___.&mi& IDr die MtlliDeble llldmq ill Si •lar ceD. .,.._ ma a 
..., el fldaD, mcla. 

• t11e .,.aral 61DbatiaD el••IP* n;m ..-wi&la t11e .1ar tlnalioa wt Ille 
campcllitioa Gf tlle _.. __, ..... 

• ... .._el--u ._to IP* wldl Av> B,; 

• IPt llG& ..._._. to ,.ct ..... ._./JIOle ,U.. '1r lw < B,; 

• •ratio el Ille......_.,.... eltbe ...-.rami •• (V .. ) to• 1-dpp; 

• •at.sor, 

• 
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• • cal1ct• • ·,. J, 

.............. 11••-· .... 

Factor 

-43· 
C.F. (l»osic!_ 

37
_
9 

Y.f • 

.... =:: 
~.f. -12• 

Add L,C.f.(~ ll·J 
~-Ill, -11·0 

Rtfllct'n - I0-6 
o-

Losi 

0·57 

0·17 

n.-. •11 ., au&., ........ ....., ............ 1171-4i ............ 
,.. ............... Ii ..... -·....., ..... . 
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prodacias IOl.r pMle Si (a a.taW with .uptlJ JUPer impad&J CC111Ca1tntiaa, bat 
capable lo Jield ......._ elidmq _...alb)• a~ ot • daaD '20/kc. 

0... • tbft "°"'- ii b....t - ... nctllcatiaD ........ , ...... 
tlaroucJa pilot (100 a/1) _. pnMluctiGD plat (1,200 •/1) bJ die Union CubWe 
Corp. AaotJaer 1,200 'IM/1 pl&nt ii iD CGHUUcti~ aad a 3,000 mt/1 plant ii m daip. 
n. 1ow ..., ... ti die .._,.... • 111on 1&a r.._ ai; 1i ii capable oi prodam1 tom all p.S. lilicoa Ill a cOI& Wow 20 I/kc. 

.. 
. .-... 
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.. 



ADoUaer pmcw ii beiDc ...,...,_ I>)' tM llmllod Semic:oncluctor Corparaticm 
in dae USA wt h..t cm &Jae didllo...ow proam ...._ ia a low m.pam ia fie. SS. 
Tlae ft 1MitJ el Wt ,.- .._ al80 bem demilll&rated in a pl'OaD denlopment 
oil. '!'he ..--. howeftr, ii ..mnate.t to he lliPdJ mare _,..-... {35 I/kc) than 
&be lilw pncem wl mbjecl to tome autoignition a..w.I, wlaicla can he minimised bJ 
proper fKtolJ .te.ip {aYGiding die •race ti didalaraliJane). 

MITAL~ COllCl111MTIOlt__. .. .. .. .. ., ,. 
I .... 
Ju 
I .. 
& eA 

I " , - ""llUCOlll 
u 

u 
,,·~------~~---=~~--~~--~ I 
~u 

I 
... 
.. • 

I • -""llUCO" 

I : .............. ....._...._ ........ __ _...,.__._ ........ ___ ._.. ___ ....... __ ............. 
•" 

Flpn Ns SeuiHYky fll. ~. Nldiw cell etlcieaq ia raped &o co1&cutralioa fll. typical 
impurities ia a- ud p-t,,e JDaLeriU ued ia cell pnM)ac&ioll. 

Tbe ratiaaaJe beJaiDd die dnelopmmt of IDlar lfD ti1icclD ii tJie imelllitiYitJ 
c-f medium didaq •llr ceD. ("b..U.• ceD) ba napect to •me iJpical impuitia. 
Fig. U iadicatel daat certaiD impuritia, e.a., Cu aacl Al iD a-type wt P mu! Cu ill 
p-t,,e material, CaD be &citrated m acem of 1 ppm without major cell degr..S.tioa. 
Ocber elemeau ._. to • uoided much mon carefall1 (e.g., trwition llllGU). 
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Ji ia expeded daa\ _.. crD Si will hcmm ...aUh ia die w &aw1e ud, 
he .... of dae 1Dwer paMl1ldiaa all, price +etiritJ cm • apeded ia d• caane. 

LI.I Sl Crptal/Slaeet GJOWtla•. ...._.. nilactima ia proftdiaa cm\ cu he 
Dined ., impmriac ..... CIJ-.l pMr&la ........ 

.....a.cae1:11•· .... ..... _... ....... 
~ .... ·--- ......... ......, ----------.J ...... ...... ----- .. --_ ....... _ 

----.-·~ ------__,, ..... ewe..---

Flsur• 15: Csochralski srowtla &echaiq•e ud advanced Csodarabki-srowa Si by the Hamco 
Divilioa of Kayr.a Corp. 

HEAT EXCHANGER METHOD 

• Exampla lilted bere COD&aiD ODIJ makrial ...U.W. ba &Jae opea literature. 



Pipre 17: SemiU71talliae •iP elicieaq Si eolu cell 10 x 10 aa•. (Solarex). 
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Plcare Gs Aa&omatioa ol wefer &reatmeat bJ TRW. 

. ... . . 

·high packiug density and imprOYed edge to edge eflicieaq (praently up to 12.6%). 
O.erall fW'ther development. i.1 in procras and a -Strawman• proceu analysis predicts 
feuibilit.1 el a 21/W low can ceD Ud module fabricat.icm, ad, wbea fully automated, 
a po11ible O.T5S/W cast (in 1986 dollar1). 

Tbe updat.ed goals atablithed iD 1983 of bilJa elicieaq 15" Si modules at a 
C09t. of D/m' Willa 30 1ear1 deployed panel &fe - le be rea&.dc, akbough DOt 

wit.Jaoa& lldcficiolllll •on iD iaarda - deftlopmeat, at. - nquiriD& a &edmoloa 
breakt.hrousJa. 

Tbe tread iD she deYelopmt. of commerdallJ awilable ~-- cell puelt ii 
tbowa ia Fi&- 4t which dearlJ 8ow &he major • .,..., Klained claria& die lut. cleade, 
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most lipi&caot!J ia ala price from aa &ftAP fJl M/W ia 1975 &o 51/W in 198& (all 
ia 1980 dollar), module elicieac)' (edge to_tdae) Ina"' &o 10% average, andcp.cking 
!actor· from 55% to 8$%. Sipiicant fiudler psogn11 ii expected wbea high diciency 
cellt will be uecl !or production uniu, bOOltillg the pentnt anrage 11% encapsulated 
cell ef5cleac1 poten&ial17 well aboYe 15". A YasidJ ol 1Dlar all motlula • they became 
commerciAl!1 available duriac the laA 10 Je&rl • abowa ia r11 .•. 

ha sun&mary, Uiere it DO ®ubi. tbat che prtmat Khlnemmu iA thick aheei Si-: 
tola: panel tecbolog7 will 111 major iqr~emlzau during the aext few Jean iD termt 
ol pue1 diciencia ucl fartber lignilcaot --- m puel cod. Aa idea about a· 
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ftpn IOs A~ Eu1J St.mocl.i. - •pper lift ilual (mW 70) u; B: a.cat Si-m.Ula (a-Si: 
ARCO, Scwoaica ucl Sujo; ribboa: Mobil-T,co; Pot,: Solua; ucl Csomuki: ARCO.) 



pcmible price dnelopmmt far larp Kale procuremeat (1 megawatt) ma1 be obtaiaecl 
from '1W>Je .,.1. 

-..We Ta 

1984 1986 1990 
Modules 6.00 4.00 1.50 
Balance of system: 
~conditioning -0.50 0.30 0.20 
Racks/moun~ 1.00 0.50 0.40 
Wiring 0.20 0.10 0.10 

. lnst.allation 1.00 0.$0 0.40 
Engineering/profit 1.30 0.70 ~ 

Installed $Y5lem 1000 6.10 J.10 

1.5 20 . 2 5 3.0 
Phoean C..-gy 1"" (•VJ 

l'IPJ'.• 11: Op,ical ab.orptioa codlciaat of cr Si in comp.riloa witla miuocry1r.alline and 
1ingle cry1&al Si After Ramabwa". 



A ....... .,...,."ell\ of dae c:DA elkie1117 of--celll is expected bJ miDg 
........... ~ • _..... Si • dae 8dift ceD-materiaJU.". It hu a 
much deeper oplical Uwptiolll eclae (Waawiag lib a .ma\ ~ material) at an 
&ergy (-1.7 eV) which ia better matched to the op&ical mpedl1llD of tunlight, as shcnrn 
ia Fig. 51. 

Tlae.amorphoua eilicOa ..,_ caa be euilJ ~ - a luge arietJ or materials 
ectinc • the .._ electrode. Sudi materials caa be dWa laJen or nainless ateel or 
pol;rimide &hm, coded ar cW witla dlin metal 1aJaa (~ •bmate tlaickn .. 15 - -'° ,,m)· aacl ID&J be uled -to fahriCate (kibie) wrJ &pt weiitat '.DoDOlytic photenoltaic -
D.;)dulell with tlae bat auimt1J lldaiefttCl power-to-~ ratio al 2.4 kg/kW." 

The depo.itioa is daae in-• pm cJilchu&e wl ,.mm Yia daanga in tlae ps 
compaei&ioa a rather ·limple-change ia ...... wl claemjc .. campoiiitlan Clf t\e depmited 
Ja,er. It recauira iwical deposition leiDpeniura af ~.-c, i.e., temper&tureS which 
are low ea0ugh lor ;':e ue f1l iDapemiye ~ Tlae had pp cu be changed 
betweea - £wl 2.1 eV LJ dt...p.g the Lcilt ~&om Si to SiC, SiGe or SiSn, using 
minmea ol Silane amt Metlaane, Gellt ar SD(CBs)c, or .uDilar luorinated compounds 
with pow"bilit.iea to produce n.cbd aDI, •Per Jauica• ar window laJUS with relatiYe 

- ea9e. 

OD11 ta ,_,a ago_&be. w el amorphou Si ol el&cient (>&%) •lar cells was 
ahown bJ C.J.cm ad Wroaski'7• Comequeat11, the clnelopment. of nch cells with 
higher elicienc:ia proceeded rapidly (P-11. 52). . 

The ammphO'B lilicoa cu be mllde •- and p-t,pe by doping, aimilarJy to cys
talline Si. Howuez, the a-Si IOlar cell is diatinguiahecl by WYeral priacipal features from 
the cry9talliDe Si cell: . 

• it is about· 1000 tbw tlainoer iriDce its u.arplioa coelicieat is 111bnaatially 
higher, -

• its mam recion ol caeratins miDoritJ carrien c.ontaim • 11111-tanUal electric fielJ 
(-10' V /cm) to Ulist collectioD, 

• iu band pp &e. cloler to &Jae optimum ftlue (i.e., aeu 1.5 e V) for 10lar energy 
CODYeniOD, 

• boa-eYer, the carrier mobility b !. 1 cm1 /V•. i.e., ODIJ -1/1000 of the carrier 
· mobility iD ~Si, and 

• there is all decradatjoa which nquina Qfe!u1 dn~t ol commerciall1 Yiable 
•larcellpanela. 

• Al&eraa&laa ~ ..,.._ (',,SC.DJ 10.IO.l) of .ulera& compotk»a. >.. u cwnple of 
nc• a.l&enaadaa ..,_ .. , hfPer ud lower .... pp •Si wu clepoti& .. u , .. '°' layer of u 
•Si IOlu ceU, .. &Mr.., men..-.• d.c&iYe ._.pp lo I eV _.ill colMl•CtMt7, cauia1 
u iacr.M la Y • ., IO-'iO .v. 

• j 
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Pl&m"• 52: ~dopmeal or &Jae •Si eolar cell •uiaa &Jae lut, 12 7Mft· 

c 
._pre lls Bud model or a MPIJ elldat, &"9·11m piD amorpboa1 Si •lar cell (A) wid. 
splace charse (B) ancl leld clittribat,ioa (C). 



·--

4.2.1 o-Sl Solar Cell Op.atlon, Lw• &lld DepadatlaL Tlae JUc1aer ellicieat 
o-Si ~ .. pia , ....... ft ....... HePa iaterr.dq 6e .. jwticlll. Mast 
GI dae 1icJat ii .-.W widaia &M k.P. (ris. SS). 'fte cm.ut.- elicieac.7 GI w:h 
alla ....t .. 18'5ia lm(Ce*e,.,oet .a.•) wl ..-'17 .. in die 11-12" range far 

_a pia-a SiC/o Si laeteioj1l8diaa cdl GI I ma1 .. • (dae .SC 8o Kia .a wiadow). 50 

-Man recad7 ECD KIUeftd 13" dicienq a& iL triple laJft-cel (11ee below). 

Tlae IDw carrier inDbilitJ C,.. < 1c:aa1 JV-, h < 10-1Cllla JV•) requires ~&eld 
.-....ce· to aUect ...- GI die llliwi&J anim ftick me pwa&ecl iD dae device GI 
a daidmew GI G.5 pna, liJace tnical-&feti- are < 10-'• fGr elediom aad < 10-5• for 
holes, indic:atiac • dilfuaiOR lengda GI mbstaatiall71as tlaa the width GI &he i-part of the 
cell (5 -10-1cm). -W'ltll F ~ lot V /cm iD a laigher campemated i-regioo Gile estimates a 
Sclmbwec r ... eJectnaa. 

L. =11aFr., (36) 

which exceeda 10-• cm for r. > 10-1 -, _. thenlore protidu a means fGr auch carrier 
callectioa ( .. Sec. u~s). 

p " - p n 
J Dark 

0.rlt 

"o 

v 1 v 
J,•Const JdVI 

Jlumin•1ed I .. , Crystal Sollr Cell (bJ Amorohous S.r Cell 

Pip.re 14: Cuna&-Yoltqe dar.aeri.&ia for a ap&alliae (A) ud uaorplaou (B) Si aolar 
cell. 

Tbe paalt7 for IUCb d.rif~&eld it a 11opiDg curren'-•oltage charaderistic with 
reduced &ll feccor (Fie. 54). The oblened bishelt •atue. GI v. ~ 0.81 V, ;. = 
19 mA/cm1, ud FF ::= 0.7 are rapectable in dae licht of &bit ditcuaiou. Typical 
macerial ud dcpoeiciOD pvamekn or o-S"a:B cell9 are mled in F'ag. 55 (af &er Sabiski11 ). 
For major further imprOYemeDU iD cell-elkiaacy a ndaip or &he cell ia iDdkated, u 
indica&ed below. 

PraeDclJ two •ecu .. m to coma&eraci wb otber. iacn•ed campeatatioa iD 
the i-layer produc:a a Jaicber &eld rau!&iDg in u abuced coDediaa elidaacy, but 

- probably mluca die miDority carrier lifecime du lo all1aced ncombiDa&ioD by clODOr 
tceeplor pair• (compellH&ioD etrect). Ala iDcre11e ia mbaori&J carrier lifdime, bowner, 
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collection elicicncy or o-Sj ceU. . 
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litieap1..__ecc1I_ .............. _. ...... aC11111pC1111• timnc• 111111i~el 
tM tlep falil• •17' 5 ft. IHJbti• f/6 • .... tlpiillle ~ npnmi• ,_... 
peia •-•· ttf/6119)61: ... WRe. 

Pl-' ......... -· • ., ............................ , .... 
...... , __ ._ _ ........... - ........ IP& (.Mler'8). 'llme .... 
IGdmllil: .. ae8diw a:• 11111..a, mat&' .... _. eccqllunf iato m:Gllll:·r 1tiaa·cm-
-., tJ.etebf --a.a am. (wl • ID\J anier) ............. -...... ...... 
~._.,..._at ·:we ......... tlle ulnlialt e&:imq. ftia aai9ea Im a 
mhadiDa ia-die •.-, lilace w Vec die i-laJw lelcl ia-' lllbo!lg --c'a to~ 
a adicimt Sclllll•el-· Willliitim•• .., .... W... ..-. na witla ~ nduced 
miDaritJ airier lie, mt fll dae ............. ..- carriers an be ednded; law:e 
the atara&iea amet ia tlDl~ .lptlJ na-... · · 

Wit.la•~ ..._... ....... fll t.bc ...._Fermi lnels, a las mewae 
mliatdkm. f1l csn.. ocaDi dmefme ......... al aacm.. ate mt..I llDd 
degr.datioa ii 111!18ft&e..· ftil _.to be - t6 Ille rH••• tM& ptewat u•m•eGal 
an. (med - ..-- .... lar ~ ....... ete.) .. .,. eati6ct.oly life -- -
expciaed iatamitmatly ... _.,. melJ to iaatmw wplighL 

Pip.re 51s S&acbd •Si eolar cell will ftl'Jial HM sap (Jarsa' IOnrdt &lae lislat) edaieved 
bJ alloJial Si wkll C or Ge; a+ p + &•uelia1 ia&eftoaa.U &Jae .~ c.U. • 

• Bat aot aecaeariJJ lu1er .Sqrada&ioa •iace &Jae uaealia1 it aJ.o aalauced at elevat'.d 
kmpera&.•r•. 

t Oae &llenfon alto •'*"- a ndactioa la &Ile .Suk coDductivi'J· 
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~...--.war to...-. 6e ...- el...-. .... Inds iD w1a iadi
m..ice1i9die .. el1h Wala {DIW'9) (fie. II). ..._., ~ implon:1nads 

el Be apect..O. aw.._ ........ ia wla ........ ~-·•. A larp ~el 
~ ............ ia Ille nam& ,.._, • ., 6e-lm PlioeoNltaic Specie&rt. 
c.mwe•-n, 'lllUda iwlireta ia .-n. te &11!11 ·liwi&J to..tophtc,, tempera'1lle and 
&pt leftl mo a ..mhii, 1o rrt NI .....,_ 65+-, • caa he apeded fram the 
-... ia defed ltmctme dmiac .a.. ............. ial nK&iaas, lamce ilMluciag changes 
iatlae.,.edaup~,ce-iwcia madtsttpsia die........,... ..... dmelaleia 
tile all pedmrmace b mw•· ti,."* I !Hth I willir a& (wee Sec. UC. Fig. 2C). 

"l'lae neat ,. • ., ia die -....... fJI l&acW, ...J&i.pp c:els bl apuW 
aaewm optimilm r. U. .S _...all wida 61nllililiel to lwll 6iencia ill excess 
ell5'5ucllilt~iaaa9"GC-10JW8ialeW~"- : 

Gonrmmat .,....Dr.I frlwnmtll 1-.da Kliwim. IDr fmdMr deftJopmeat~ 
el die .S ..._ a11.- 6e ia...._. ~ ...._ ia die USA ue listed. ia Table I. 
Spedlc iad98lrial -~ .-........ ......--......... is listed iD Tabk 9 
(pRpued by s.wa, et ... bmd!J") . 
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U.2 Plohc&laa °' o-Sl CeDa, .._..llcal .AqlectL 'fte pmductiaa ol the 
o-Si cell• a tlaia-&lm eel ii ndm mulllithe to die ·..i.trate mudate .ct ca. he fuD1 
aut«wmtecl. A tJpic.I ceD aom Hctiaa ol ada aD ii •owa .dtematicaD7 in Pig. 59. 

Ii 

.......... c.- .. c&ioa ..... p 
a &Jpbl .S...., all. 

A ..-.tic ol a psodactiaa liDe ii llaowD iD r •. 80, ad for a pw&ial new of 

a Ktual liDe iD Fie. 11. Ulliac a •uietJ ol •bllr-.., from l&aial- 8'eel to pol7mide 
lllm11 to la7bri6atioa • .Jrad1 formea ui• lllCla • JOGf llaiqlu (Pis. 62), bu the 
potmtial to Ndace die Mlwe o1.,11aa a.& to IUPIJ aUndiYe left&. 
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.Spare el: AclHI prod•ctioa liae Npna&a ol a roD lo nD fabrica&ioD at Sovoaia. 
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..,_. Ua V.n.&7 el au.- applla&lom ... ...,.._ 8i IOlar C.U. (S..10 Electric 
Co. J.&41.).-

Prata'.,..._ fll prCMludiaD liw la ...... comp•ia hM aterecl a lwaiDg 
cane Ricla ....... •laiP,......... ,_ ..._.am11111ew-.1ma after haiD1 or 
- a&lndift ....... peclWJ cell .... ,.. .... _ ...... ieaq (-10%). 



Plpre M: Amorploa Si puela for comnterdal appliaciom. (Sonaica) 

It is therefore expected that the o-Si r.ell producticm line will swiftly expand 
from the praaat comumer application market {Fig. 63) to the larger acale 90Jar market 
(Fig. 6') which ii pnsently domiaa&ed by the e17•11ine Si dar puels. 

It is mo expected that the production coet of these eolar cells can be reduced to 

below 0.5 S/W (1985 doll~s}. . 

LI Other PromlaiD1 Solar Cella. 

Some of the inherent limitation in the presaat generation of cryltalline and 
unorphoue Si cells juetifies Yigoroua further development of alternative mak-rials '11lese 
limitatiou relate to 

• a too-low band gap in Si, limiting its maximum diciaacy, 

• the indirect gap optical ab.orption, requiring a rather thick uyltal sheet of Si, 

• the low mobility of both carnen in a-Si, and. 

• photochemical reactiou at room temperature iD a-Si. 

Other materialt, tuch .. Ga.\9 and CdTe,, bave MVUltagH in respect to the 
above U.ted limitations, 1Uggesting the potmtial of higher e&kienciea and extended life 
expectancy for Jaomojwac&iim 10lar cell. ...Se from thae lllDicoDdudon. Bawner, both 
compouucll contain .Jematl of very limited 111pply (Ga uul Te). 
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ne ,,_, .,.,._., o1 c:... • j1llllil.r ac:. 1t a. ..,. operated • bicher 
temperatmw ...i lli&la &pi int1mlilill -•1 tlae cell al&nctne • • nceinr ia caa
c:eatntan wida caaratntim ....... to 1GDO (V.n.a) - - Pie- 15. Prwatl7 beet 
G&Aa an. -=laine a caftllim .. iaq tJl D.1'5 a& D ..... " aad m 9'5 at 'IU 
w 11

• A --' CGlll.pmiloa,. ...... dad ... CaAa cell9 wida - elicimq • 25" CAD 

C09t be-...11.IO wt '10 ps aa1 to mpsMld • _,., <mt tJl L•fW, while far lhe 
ame arra1 con• price '11 Ii c-c-trator c.n. tJl 20'A elicimq 111111t be ndaced bJ 
a &dor of 12 Wow tlae ~projected c.t fGr G&Aa. Tlae psaeat 8'ate m dae art 
permita aa m.t.11ec1 arra1 leld -.,._ CG9i wr 71/W ah appraximMelJ 17-" of 
dae IUNJ.&aa cGd elJocMecl far tile ... eeUft • 

'De wp..t pr•IDllJ Khieftd tlaeaq far a liDcle t.fc-doped AlGU./GaA. 
cell ia nporW bJ Jlamllk• e& .a."•• ia ~ cwentatar deploJmem. 

De denloJM11111t ol Jtia..llaa Ga.t. ia aotlaer pcmibili&J if llUdKe and pain 
bCKUM1uJ pwivatiGD em be......._ A JaicJa ncombiutioD Yelocit) al tllele ..n.c. 
is a lmjar drafteck ti. tile GaA8. 'fti8 19 cirCCUDAYiptecl bJ -iac a AJ.G•1-..b 
wiDdow OD top tJl Wch1J ellci•t liqJe crJ..a cellL A ftlJ iateriAiD& apprOlda ii the 
double~ fll '1roJJGaA./OaAll cell8 •top tJl acla olbeJ,,. wbicla KbieYed 
~ e!liciaaq at AMI wida ; .. = 21.S mA/em1, v. = 1.CJI V ..S a lllfKtar Of 1796. 
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Preeeotl1 tbia-&Jm polJCIJdalline ceDa bawe a diappaintiagl7 low ellicieac1 while thin 
llPt 1iniJe C1J8ta1 ceUa nill require a GaAa ....._ (epitaq), Jielding • eliciat 
eel! .. or, beiag tbianed bJ etdWag, require a d.il:bw of -10 fin& with eliciencies in the 
11·~ rabp. 

Plpn 86: S?emaLic diacrAm or 
dae CLEFT plOCelS illu.:tratiag the 
1eparaLion or &he 1.hin lop all fro!» 
i&a reu1&ble aubstral.e Jc.u Fu"' 
al.". 

A potentially interesting ,~prmcb ill a process bowD u CLEFT (cleavage for 
lat.eral epit.axial &lm uamfer). Ben Ja&eral gl'OIRh OD a proped1 oriented, moet.11 masked 
GaA.e nbltrate can be U8eci to form G&A. lingle ayltal lheeta which cau eMily be cleaved 
from the 1uhltrate (Fig. 66) after k i9 bonded to glus, and celll of 17% eflicieac1 with 
only 5 pm thickness have been produced71• 

R:cently 1tudiu becun of• G&Ato.nPo.15 101ar cell, trhicb c,,uld become an 
interesting partner in a aiacbd multijunction cell. The achieved'° 15% ~lfidency is 
encouraging. 

A. a direct band-gap material with a high elettron mobility, GaAs and aome 
otbt:: III IV compound materials have 1ullicient potential to warruat further raearch and 
development (1ee the numeroua papen in tbe ProceediDp of the 11th IEEE Photovoltaic 
Speciali1t Conference). 

Tbe CdTe «IW ceJl ii uotbcr, potentiallJ biplJ dicieat cell whicb, u linpe 
cry1tal cell, bu already 1hawa in exc:e11 of 13% e8icieacy. Tbe Kodak group bu reported 
10.9% etlidacy for a polycry1talline tbin-llm 00/CclTe dnice at AM2 1Vhile, for a 
1ligbtly thicker, 1intered CdS/CdTe Jaet.-ojuDdiaD cell, &M MMlulhita groupll reporta 
an active area efliciency of 12.1%. (See alla nL N). PHblemt wWa a rapid development 
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of du. all nlate to tbe dilicultiee to mUe a laiPIJ p-&Jpe _...._.to ...... aood 
alamic aatlda• die~ 

~ D VI .... cell ii 6e Bci-aOlaTa all wlaida ._ nceadJ ...._ a 
promilinc. elidaq• • 

_..r.a..._ __________ s.o. •c..""8 

MrPel .,.,... Depu...,euao•c 

O~ 15,_ D!leo!!!•120D"C 

I 1~3,,.. Dtp114d450"C 

Ulldlllled ...... Ill •• .., CdlnS 

-~_ 
,_,,,.. D11111 .... 350"C ..__.,....,., CuMSe, 

O.J-UUilfldlUIUUPUlltttlllU* ................. WllKI 

Oeler poni6ilitie1 inclufle lderojsnctioa cclll, nc:l u C4S/c.InSe;. Such a cell 
WU developed by Michel!IOD et al. at Boeing Aerospace Co. and Jielded 11 % conversion 
efliciency. It w depoeited by evaporation of the components in a multi-layer thin-film 
aructun (Fig. 67). 

Thia .tructUR bu the potential of obtaining cell efliciencia in exceu of 15% and 
excellent long-term lltability11• 

Other materiala which have been ltudied to IOllle extent in rapect to their 
photcnokaic capabiJitiee and have lhOWD cmvenioa eliciencia iD exc:e11of1% iDdude 
Zn1P2 1 Cu201 CdSiAa, CdSe 11eYeral copper-tenaaria and a number of heterojuact.iom, 
including CdS/Cu1S ud CdS/JnP. 

A lilt of US government 1pomond NHarch projecu ia the leld of polycryaalline 
thin film 10lar ceDa given in Table 10 i.Ddicatiag a wide variety of activitia14• 

By far the mo8t attention received the CdS/Cu2S beterojunctioo iD the recent 
put. TIW lOr good reuc>DI: the topotaxial growth of the Cu1S into the 8Urface layer 
of CdS provida the ID08t intimate CJlDtld ucl parantees a compatible cryRallite 
ltructun. The &eld limitation iD illumiala&ed CdS due to leld-quenchbag" prevents 
tUDDeliDg even for relative high demity of impuritiea iD CdS. The almmt liquid Cu 
111blauice in C>.i2S perriu aaaealiag nm in cald whiter llighta of clefect. iD Cu2S 
created b1 ioa ditfutioa during WuminatiOD. Ample availability of raw materialt and the 
NH of fabrication indicate feuibllity for very low COit production. The pa.ibility fo: 
puUYatiOA indicate fcuibility to permit inapemiYe eac:aplUlatioa. Jaitial baiiation to 
ratad further iDtemive research uad dnelopmeat wu OYercome wbea cell degradation 
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could be CGDkolled by aYoicliDC copper pheH megregatioo &om the Cu,S. Thia wu 
achieved ming a graphite in&erlayer, and by aYoiding needle-like protrusions of Cu2S 
(hence exce11in &elda) hJ • modification of &be ekhing process of CdS before eu,s 
formation''· 

The nuoo for the moat recent m.co.tmuatioa of the CdS /Cu2S cdl development 
(SES, Inc. in 1982) wu the selatively high interface recombination which 1eems to 
prevent CODTenion etliciencies much in ace11 ol '10%. 

It it, however, DOt impo11ible hJ a redaign of this cell to reduce the interface 
recombination and comequently arrive at a potentially very attractive thin-&lm 90Jar 
cell. 

Finally, &be wend to dnelop bighef elicient cells bu 11parked 1everaJ rau.rch 
ef(orts to .ead ulJ8 of di/lueac t.a4..,,. OD &op of uch othe;r •ith the goal to approach 
30% connnion eliciacies. Eva though &be Det beDefil from the added cell is expected '° be of &be order or only 10% or ._, ••inp in &be deployment atructure could make the 
effort eo1H&dive. Careful matcbia& of curreau ucl of c:ert.m intriuic cell parameten, 
such u the lattice comtut (Fi&- 68) ucl the electroD affinitJ limit a two CermmaJ device 
in material ..Jeclioa. Four letmiJJal dmc• tte moie lexible iD daip and may be 
more prombiD& &o 1mpu1 tiap cell dkiadea, bowner, baYe other problems in array 
iniercomaectioD. 
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Stac:kiag of AJGaA./GaA. cm top of Si hu raulted iD 22% COGYenion el6ciency. 
The progress is 8low u tU combinatioa of two ceDa po9e9 many &edmology problems 
due to interrelation of treatment.". The most promising multijunction IOlar cell com
binations are listed in ~le 11. 
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.M dae Int iatlodwm ~ a.u.we .._ ,_., tbe Si pmela laan 
...... dae ...... wida., ,_ • .._ ..... al,....., ....,,.._t.. la dae fallowing 
actioD we will lid a nUJDher f1l en ..... far -.cla ..._,mt.. 

A target Kale far a t.uk--nea cad al dilrereat ~ modules is given in 
Fig. 19 iadic.atiDc dilrenm iaterim ---wl -.a. ftl7 lmge ICale applc;aticms A.a 
imtnadiwe and tJPica1 mtrJ wrio ii -.. ia Pie- 10 far a linble iaterim mul:et 
for ..a. panels nplacing diael driYeD ~ It iadicata a ams Dftr in the 5 to 
11 S/Wa1t ~ depadmt ca imt.o.tiGD and fuel caat-4ala°"' a at&radin marl:et 
potential for psaaMa.1 tedaaolao. 

Plsve et: Brealt-eveD cost• for 
various plaolovoltaic applicaliou". 
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an .,. Jiil am .- ..., . 
... ... ... a. ...... , .......... ... .....,,... ... 

l'lpre 'IOc Eaeru price cam,.n.o. .. Mt... l kW ,.o&owokaic co•lmaou power .,.tan 
ucl UHi tlma 1aenton nledia1 fael plias fll llO/pl ucl ll.I0/1al (lower -• •pper 
nne). 

The markn deYeloped rapidl7 from oaly a few kW deployed in 1974 to shipments 
of more &ha 25MW ~ 19" with lhe following diltribu&iom: 

Remo&e Deployment BMW 

Comamer Prodadl 7MW 

Ulilit7 Grid Power SMW 
<>fr-Grid Powv 3MW 

Gcwemmeat U• 2MW 

Pre1end7 a to&al ia excem al lOOMW 'Ol Si-Solar cell panels are iutallecl, providing 
ample expaieace al marketabilit7 ad pedoraumce ud otferiag the buia far a broader 
public awara ... 

A rec.eat 1Ummar7 al dae pruent pbotcwoltaic tecbooloa and a breakclOWD or thr 
1985 pnductiaD lgure9 w• ulelllblecl bJ Marcock uad StriYewald (Table 12). 

A mt of tbe pram& mift pbo&cwal&aic cell muaufactunn i8 given ia Table 13 
(repriated from AlteraatiYe Sourcet al F.aero, Mar 1986, Vol. 81). 

Other iadusuial 6rm1 uad imtitutiou actinly iDYolYed ia photovoltaic raearch, 
deveJopmmt or commerdalisatioG are me.du ia Table 14. 
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Table 111 Iadulr7 WcirldwWe JaYahecl ia Solar Ce1 Dnelopmaa& 
wt Oammerrielratioa., 

.ciQllp. fll&a•· ••·c:as.A. ... t"rti Ellcllic Sal- -,,_. 

.... 22 POlllllDS C..,ll'llion •• •re Plr Liii.. 
So111•W11e.. NJcm76 01051 590 P.- · SA llllniWbllS 151 ~olllQ Oluln 
AEG-......... Brazil 1-1 ...... dltffolWIKlll $inglpai9. 1155 
M7. 2UDO Wlldll ....... ~ a.ow. AnMlg:.. _,..,_ 

SelMMlm Inc. a..., 2 Nistt: 1-Chorne. Hwago.161 1315A&Jllle 
ARCO Sollr Inc. 1<8311> 

....,._ 
Siver Spring llC>. 20910 

1351 Deenng -
0-.0.iiu. Slpporo 060 .flhDtlD .. Solawall a.. Diil. CA 91311 
.....,. .... ...-..s.A. ........... 

Acul9a ColpDraliDla ........ P!Mer 
131RDUleDe POBoa293C 
~ "'5Dwdelwe CorporabDn Ruel Malrnaisofl 

........ AZ.85062-
......., View. CA 94042 '1901 w cemr ,.,. France SOI.EC lnllfnltlCNI 
... SalM:io Uhl DCXI. CO IOi228 

PftDIDnTer:hilDIDgr 
12S33~A.te 
... .....__CAIQ250 101' ""1e St . ._....SA Hed!weld 1 

S..2530 Olcrm Colllme 8-1511 tfdlZingen ..... Corp. 
ClnDnnara. OH 45202 eom.ncs.r. Zorta 13 France 171 MemmKSl 
Applied~ Celller Mmrid20 .....,naline Wbburn. MA 01801 
HJO.~ $peirl Sowa111ics Solar ~ T9ClklDlagr Corp. 
~Osaka J.WV... 1819 s. Dobsol'I Ro .. &,.-
Jlpan ......... Dlsign l)Qbsara~ 6180 Cochran Ro. 
A;lp5ed Solar 273 Thclnlpsuo\ Ille Mesa. AZ 85202 P0~39&08 

EnlrllJ Corp. ~CA91311 ftqgmaSptt 
SOion. OllO 44139 

15251 E Don Julian Rd. KMepfuclli a.ma Via Manno Gheraldi 64 Spectrdab Inc. 
Cly al lnduslry. CA 91790 tlllklay Co .• Lid. HJ0143Rome 12500 GladslDrw ,,,. 

8P SDlar SrSlemS 2-80 Y05hldacha ...,, s,tmar. CA 91342 
~,v.e 1.Cftome Sanro EleClric ~ Industrial .,.. Hwcoc>lw. Kobe 652 Colftllllnr Lid. Lmar ...... lnc. 
farmbDJOugh Close. Jmpan .....,~ &1191d. CT 06082 

. SIDcNllle 
Koru1su Electranic ~- Amonon Ce;;; S-"#1/im ev. ... 

G8 f¥esbury. 
Melals Co .• Lid. 2612 222· 1 Kamnaizen. P.O. Boa 1396 

lkaclungNrnsrwe 
Sninomiva SurnDD-shi Hwago CartJonolle. co 81623 Enga.no 
HlralSulla Japan Sunflanicls-r 

Bc:.ng~Co. ~ ... CorparatiDn EIK'nllic P.O. Boa 3999. M588-43 JapM Photovalaa OMsiol1 P.O. Boa 60 53 44 Seaale. M 98124 
Kyocera 212·1 Hlflialni 0.2 HMC1urg eo 

Clwanar Corp. lnl9maliDnal Inc. ~ WlslGemllny 
PO. Boa 177 8611 8llbol ,,,. ~ Tideland Enefgr Priaton. NJ 08540 San Diego. CA 12123 Nara 1»21 Jlpan Ply. Lid. 
Elec:lnllab Inc. K,ocera Corporation ... ... 100 Clio PiawMer Ro. 
21m Mannix a.ba·Sakur• An 5e1Uru,U. B:CIOkwale. N.S.W 21110 
San Antonio. TX 75222 ~a0..3Kogro 7·3. 2 Chome. Matuno Australia 
Ener1rt Conwenian o.ncn. ~Ku.TOkyo Ulil"Y Power Group 
Dewas Os.aku 1-Cnome Japan 9410 De SOio Awe .• 
1675 \'( Maple Ad s.kufHho SiemlnaAG. UMG 
Trar. Mt 4'80IM Chm·Pr.r. 285. Paldacrl 103 CnalswwaM. CA 91311 
ElllKh lne. ~ 0-8000. Mufll;Ch 1, Varian Auocialet 
1015 Royal LAne Maltin Mariena Colp Wiii Germany l11~-JK219 
P.O Boa 112246 Solar Energy Sysiems Silcon Seniors Inc Pak> Ano. CA 94303 
DFW Airpot1. TX 75261 PO Bo11179. Highway 18 EaSI Wntinghoule 
E·Splem1 M.S 6CM50 Dadgevile. WI 53533 EleclrC Corpora~ 
P.O Boa 226118 DenVlf. co 80201 lilanell Inc. Advanc:.d Enerll'f 
Dallu TX 75266 MallUlhila lanety 331 Cor,_. SI .,..... Divilian 
Fr• Energy Sp1em1 1ne lndullrial Co., Lid. Plauburgn. NY 12901 P.O. Bo111CllM 
Mo.mt & Red H• ROIOI Sola· hflerr Plan: Solar C.- Lid. Plnltlurg. PA 15236 
P.O. Boa 3030 21. Mallulhlla-Cno 3327 0 Mainway Z..CBV 
Unni. PA 19052 Monguc:no. a.a 570 PO. Boa 1025 Lage °"" 21 
Fu; Electric Co., I.rd. 

,,.,.,, 
lklflinglon. OrariO NL.·5700 AA Helmond 

New YurMIUC:ftO Bldg. MallillOlar Clnldl. L70 3S8 lllgii#n 
12-t Yur.iwc:hO 1.0-. .... Corp. .... Corp. Z,....lnc . 
~ku ,. HtCllOry Dr. 1335 PICIC*d Dr. 33 Chlrry ~ Dr1119 
Tok,o.too.-.i Mllhlm. MA 0226' Aoc*Vlle. llC> 20860 o.n..t. MA 01123 



USA 

AAJc.p. 
PO&a.1711 

_.., sn.MD llD 
(IOl)m.Mll 

AJ.aaec..~-. 
PO&a.83 
._, .. NJ •1• 
(201)-..10 

AFG Wutriee, IK. 
PO&a.129 
Kinptm. TN 17112 
(111)-.m11 

Americu Powu Coawrlioa Corp. 
• c.mbaid&e SL . . 
Burllactm. MA. 01103 
{117) 273-1510 

AmicCoJd 
3 Old W-uad.or Rd. 
Bloom&eW, er 08002 
{203) 2'2-2211 

Anlaur D. LiUle 
AcaraP•k 
Cambrid1e, MA.. 02140 
{117) IM-$710 

A. Y. Mc:Donald 
'800 ClaaYaaelle Rd. 
PO BoxlOI 
Dubuque, IA 52001 
(119) 583-TSll, Ext 227 

a.lace ol S71tem Specialil&e (BOSS) 
na s. Redleld Rd. 
Scottadale, AZ 85260 
(I02) ta.9809 

...... ., s,... 

._..t.POBaa• ......... • 
(a)~TD 

......... " Metal Psoad., lac. 
I08-a7 
S- A111 1· , TX 11281 
(112) 1M-ll• 

C Is D Bll&tm. 
.a ........ 
Pl1__.. lhttWa. PA 19112 
(211) 111--. En. -

CrJ9lal s,.m., Jae. 
•eo..-SL 
s.tem, MA 01970 
(117) 7'5-CJOll 

DelcoBany 
2'01 Colambaa An. 
hdenoa, IN 811 
(S17)1&6-7G 

O,umote Carp. 

1200 ·-N".US-ttle, WA •111 
(20&) 283-1000 

•av MateriU Corp. 
PO BoxlU 
A7re Rd. 
Banud, MA 01051 
(117) 451-1707 

Exide Corp. 
101 CibraJt.r Rd. 
Bortbam, PA 19CM4 
(215) "l-7'80 
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o... •au .... _.. 
IOIOS........, 
O..nr,CO mn 
(I03)7tttam 

Gewal Eledric 
PO Box at, Rm llt 
PIUW ...... M ·19101- ·• 
(215) 162-1135 

Giob.UlliDa, r.c. 
&.tterJ ·--1717 Nadia Gna Ba1 An. 
Mil ....... WI 11201 
(t1') 221-2$11 

Ban llaterf1a 
1126 S. Uhl& Pl. 
Pederal Wa7, WA 98003 
(206) 131-'29$ 

lleliODetict 
Del&a £tedraaic Control DiY. 
17312 Eettma SL 
lniu, CA 1271' 
(71') 54M7S1 

B1drocap Carp. 
171 N.W. lltla SL 
PO Box llOlll 
Miami, FL UUI 
(305) 196-250& 

IMa •siDeeria1. llac. 
4700 S. Pvk .\ye. 
Sake I 
1\aclcD,AZ 11714 
(802) 211-3292 

Mucla U...r.ctuiaa 
1111 PidnrD Aft. 
en..-..... 
(112) 72N3GO ......... 
lSlO,.. •• nSL 
Sidaq, OB Ga15 
(IU) 81--llll 

N0ta Dectric .,_ar.ctmbac Co. 
263 llilllide A-. 
N11tlq, NJ 01110 
(201) •t-KM 

Opto .... .......,, IDc. 
sm.r s,.....1ac. 
167' S. Wolf Rd. · 
........ u. I0090 
(112) U7-G77 

Parker McCrGrJ 
Panmk DiriliOll 
2IOOO Farell SL 
Kaaw ai1, MO M108 
(111) 221-2000 

PlaotoYolUic a-11 S19t.esm, Jae. 
2'010aildlLmae 
Aleundda, VA 22308 
(703) 780-9231 
(703) 780-9'A 

Polar Producta 
UO S&Olle C..JOD Rel. 
Loa ADplll, CA 90077 
(213) 471-00n 



Palueilla.p. 
DOMaiaS&. 
CanPWae, MA 02139 
(117) 1n-n11 

Powu SGDic Colp. . 
roa..ua 
IUIO SpriDc SL 
a.twood QtJ, CA MOU 
('15) a&t IOOl 

Palltar Corp. 
a.mt Ceater 
111-P S. Maia SL 
Gaianille. FL l2&01 
(ICM) 173-5707 

Roser Dbier Alloc. 
205 Pruklia St. 
AJeuDdria, VA 2231' 
(703} IU-2657 

Silicm Ma&eriall, Inc. 
199 £. Arq1lla A•e. 
SmmJYale, CA N>86 
(408) m-71CIO 

Silicm Sa.on, hac. 
BiPwarllEu& 
Do4prille, WI 13533 
(IOI) m.2101 
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Solar Colatractoa " Bailden, IDc. 
I Chulu Piasa #105 
a.Jtdaare, MD 21201 
(ICU) 721-6740 

Solar Daip Alloc. 
PO BoxlH 
LiDcolD, MA 01771 
(117) 2ft.N26 

SalK U-ae Now, lac. ... 
- £. 1'Ulba St. 
B• m,OB '"809 
(Cll) 117-2221 

SolsweaElectric 
212 Aucapa St. 
S-ta &.rbara, CA 93101 
(ICJ5) IU-9667 

Solec IDtenaational, IDc. 
12533 OwlroD SL 
llawtllame, CA 90250 
(213) 970-0065 

Solmero Corp. 
171 Merrimac St. 
1Vobura,?dA 01801 
(117) 938-0563 

Salb, hac. 
1511 Colll9toek Ave. 
Lm Aapla, CA 90024 
{213) 120.5181 

SpecialtJ Coocepa 
9025 DOD A•e., Suite D 
Cuoaa Perk, CA 9130& 
{213) 198-5238 

Spin Carp. 
Patriota Park 
Bedford, MA 01730 
(117) 27i-«>OO, Exi. 223 

Surntte Stor-ce Battery Co. 
PO Box 3027 
Salem, MA 01970 
(117) 7'1-"" 
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TeW1•1aet 
nso w. Lami&a m..s. 
1'0rrace, CA IOI09 
(213) 325-5040 

auc.p. 
IMCeater 
St. Paul.MN 5514' 
(112). 733-1110 

'l'Welud Sipal Corp. 
4110 Diredcn Row 
Bc.a52UO 
llaaatma, TX 77052 
(713) 681-6101 

"Ibpu, IDc. 
Powenmrk Diwilba 
1192 'lbpaa Wa1 
S.. Diego, CA 92123 
(119) 279-0831 

'NSolar Corp. 
10 De.AageJo Dr. 
Bedford, MA 01730 
(117) 271-1200 

JAPAN 

Electro ~haicll Labaratori• 
1-1-4, UmellOllo, Salnua-mura, 

ShiDji-pD 
lbaraki-ken, Japan 

Hitachi Ud. 
Nippon BuUdiDc 
No. 1-2,2-Cbome, ObknNlcbi 
Cbiyocla.k?J, 
T~yo 100, Japu 

n 

Uaited r..., Carp. 
GO Liacola Ceater Dr. 
Falter <Jt7, CA Ma 
(•11) no.sou 

....... Lamb Co. 
Neria llDllJwood. CA 1Ui01 
{213) ll0-6248 

W"almoie Eledrcmic. Co. 
PO Box 1329 
llillab010ucbt NC 2'1278 
(111) ni.•11 

W"uadwmb 
BalLMA, Route 3 
Mabwongo, WI 531'9 
{'1') 38M088 . ........ 
PO Box 712 
Albuquerque, NM 17103 
(a) ui.uw 

New EDera Dnelopmea' Orpnil&tion (NEDO) 
SU.laiae Building 
1-1-1, Bipai lkebukuro, 
'hhi••ku 
Tok10,Japan 

N"appoo Electric Co. {NEC), Ltd. 
1711, SlaimoDumabe, 
Nakall••lna 
KaW...-;....hi 
Kanmpwa 211, JapaD 



... tit ... .rs,...
.A.traaautic.J Scimce 

1-1. ltomaba. t.Claame, Meaazo.b 
"lbkp 153, Japan 

Japan Solar ....., Compu1. Lt.d. 
11·17 Kaca.honmedai 
..... imi-ku 
Kpto 112, Japu 

K:roto Ceramic Co., Lt.d. (Krocera) 
52-11 IDoue-cho, lli&ubino 
Yamashina-ku 
K1oto 807, Japan 

Mini.try of International TAde 
and 1Dduatr1 (MJTJ) 

Sumhine Project lladquanen 
1-3·1 Kuumigueki, Oli1od.-ku 
Tokyo 100, Japu 
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0.U.u.helat, 
U.ch_Qrenqama, 'lbJou\...tai 
O.m,Japu 
Dr. Y•hihiro ............ Electrical Eng. Depl. 

~ Corporati~ 
1 Jtamnlrei, ~ 
IW.,._Ka 
lta...ui 210, Japaa 

"lbkp Denki Co., Ltd. 
1-1~10, Uchibnda, Chi1oda-ku 
Tok10 101, Japan 

"lbk10 ID.ltita&e of 1Kbolo17 
12-1, S.Oaome, ObbJUD& 
Me1m.ku 
"lbkyo 152, Japan 

• 
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ID Europe llae ...... 9nm .. llnalftd la ~a: 

Count'J' Comp.tnr ...... ....... 
(Wipiemmellt 
OlllMd) 
uu. 
ERlll)t Sauwlle .. 
111.W. EH Int 

E ....... L-=--IP 
(UK) Sc*rS,... 

Sal..-
~ 

Fr.nee Socilllt~ ........... ...... 
TolAIOil 

Germany w.clilrChemibonia 

AlC Telefunlien 
Siemens 

llaly Anuldo 
(10ot.~t 
owned) 
ENI 
(7SS~ 
owned) 
a)Solaris 

b)PNpna 

....... 
~ AlfiurtOft 

~ 

Celb/Modules 

~ 

~, .......... 
........ U.S.) 

w.. 

Modules ........ 
Cellt/MDdulls 5oilla 
5-entS ......fbwer 
~ No 
silicon •mint 
Moduln No 
Moduln No 

Cells/Modules 

a)SolarC.- SoLwx 
SilicoftAllc 
fumlee 

b)l..,cCMil'I 
SEMIX 

c)Celh/Mollules 
d)S,.... 
SollrC.- SolMa 
Silicon 

fully-lftllllalld fl\ll (hlly) 
PY Pladuaion Plant 5undard Oil 

(Sola•) 
~ SociettRonta 

d' fllctrict 
PMln.lnc 

.......................... ,.~Dr It • ....., .. "' ••.:.• ................... .... 
Mien• •0»Mk.,..._, 'lie....._,...., tmJ 
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5 IDustration of T:'P~~l Applications 

The following examples IDLJ ilb...--.ra.e IOIDe tJPical applicatioas for eolar cells. 
Mmt economical &oda1 ia the use in nmote .._ when preyioul1 batteries or diesel
powued pncratoca were employed. Examples artt llaowa in Pigs. 71 - 83. 

A B 

Figure 11: Agricultui~ irrigation, (Hdiodynamica) (A) and nral telephone (B) (Solavolt 
Internal ional). 

c 

Ficure 72; Military application (Integrated Powu Co.) for microwave transmiuen (Sole.rex) 
(A} and cathodic protection of oil or gu pip• (Mobil Solar) {B). 

• 

• 

• 



• 

• 

• 

.tlsv• fas R.emoi• power ia alpiae 
lod1e (ARCO Solar) (A) ud uv
ipiion upi {Solanx) (B) • 
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A 

B 

.... •= ., .. 
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c 

Pi1m• '14; Remoce conunuDica&iou (SovoDicl (A) ucl Arco (B)); billboarcl li&hLing on free· 
ways (Kyocera) (C), el«Lric (euC't for farmers (Solaru) (D). 

-_/ 

• 

• 

• 



• 

• 



A 

-B 

c 

•· 

- ... 
' "'" . ~' _, 

Ftpre fl: Remote •M ill 1rnal1 viDa1a (Solua) rA uli B) ud remote li1hting (Mobile
Solar) (C). 

• 

• 

• 

• 
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A 

• ftpn fTs a..o&e llOlu .,._ "r Kpara la&ern&ioaal, lac. (A); ._11ia.&ioa &o produe 
driUias wa&er la .J ..... , s.Ml ArUia, uiq MoWJ. Solar Ribbou, (B), ud CarliDs Boue 
ia Mwaaue&U •1&• 7.1 •• IOlu Nfll ,..., f ... m1 acw power ia&o &Jae ••1 picl. 

c 
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Ficure 'Jls SI.and alone power 11.&lioa by Solara. 

---~-

• 

• 

• 

• 
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• 

• 

l'lpre Tia Minor will .. I.I MW 
collec&loa .,._ for &lae S..&Mra 
~"' Zlliloa Co. ,.... uD-
1'7 a& c.n.., o.&ronaia, wl&la 11" .... .... .acs..q (AllCO Solar). 

17 
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Fifure 10: 1 megawau power utilir>· installation tor the Southern California Edison Cc.. in 
Lugo, Calilo:nia (A) (two axis tracking) and the ac>w operating 2 megawatt. plant. !or (},,. 
Sacramento Municipal Utility District (SMUD) (B), both by ARCO Solar. 

• 

.. 

• 
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........ Ila Bumple for a coacm&n&loa ... ..,_, a& &M Z..o rum la Bo,,.,. Spriap 
a.en (al.) PNridla& Ma& ... .-....,. for u ._., ,._ (UaW •era Corp.) 
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• 

figure 82: Allorton exp•ri..ntal housing (Japan). 
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.. 

• 

11 

:rlpre Ila Commercial t,ailclba1 iu&.-Jla&ioa a& Georse&owa UaiYenitJ, USA, uiag Solarex 
Moclala) • 
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8 ~ Term Projectiona and Proepecta for Developing 
~~~- . 

ha ................................. ,.mn .... t,itilerideRt 
tllat tbe......., ._ aaiw• 8' a paint ia tM Jevni•1 aane tW _._ii~ 
ced.m tlaat .._ witlaoat edmaal ,._.. tM ,._.... .ttenmiw lo larp It.ale 
eledaic tDlllJ prod.di• will beaae nalit;J ... campdiac wilh tile nq ... cmt 
cataal power •tiliJ maibt, ~ caawnli• ii ........ t.dar of 5 ..., 
6om • nu • &eel a&Q, c:ampared to a r.ctar m 100 a litde mme tlaala a decade ago. 

'.l'Mle .. mlicieat iaterim ........ to bridp tbe..., to the ......... ., that. 
nlalinlJ ...... ,..._ caald be pndidecl. la .................. ...... 
m. ••-••I..,_.., aaPI 6om ..._ lillia to 6e ...... DMCeptaWe 
..... of .......... ~ .cadml& of .r ............... will .... - to limit 
tbe ....... of fllllil .... witlaia. md -----

'Dae .--. _..., laoweftl, if •llcMet time ad ...__ are aftilabJe to ........... .....,wt...., .......... t oftbe ...... ......,. Compmd to tbe high 
•JanoLv of 6e .. 1.r .U _..dioclel w? tm-i+-. tile terltmlog ofJaiclalJ el&cient 
........ wl llm& heting iolar c6..., be ainecl ....... tceholon. With al' 
tbe bowled&• Kquiaecl we lliD ae WtiDc.,.. of tbe --' t..ic ,_.. ia the punle 
to pndid wi&1a -- cerWa'J wlaicla --- to ...... wlaicla proam to apply, which 
daip to .iect to pmduce mch a dainble eel far tlae _.. paela of the mxt c:enturJ •. 
We recopile IOllle m tlae lawtiQ119 '1l the,...., ttt•Mlou • IMiac .a:epW>le, ~ 
we ca he witb tbem, 'ba,, 'looking ...... oar awarda •an. aiinor the iateme desire --~ 
to KlaieYe am aodler lnaktluougla. 

a ii tlae lriape ,_ mda a --daroa&h wbidt. tbe ..... time imtillt -.. ii .oil 

far luge ia......,.ta iato aitical .U. fKtodea wbida lll&J be •Wated before amort" . 
ia tbe MC I llllilJ llow iaterim ..net.. 

·--
...... ce ii dlerelan -tial to proceed with n11•dl ...t deYelopmeD' 'l1aia 

........ if M& ,.,MW 8' ...aciaat lneJ., ca be cracW b pomiblJ fai1iD& ___ .orm 
the ... ,_a ..... , wadcl ec:GDGIDJ whida ii ..... to a larp mat Oil enero, and 
witllout doubt wiB Jaaye to be bwcl • •Jar ceD t«lnaolog ia tbe mat ceatuz:' 

'I1ul p to KbieYe tbe llltr)' into tbe IOJar ceD larp Kale eneru tecbnoJoey is 
a goal wbida ii eqaal17 important far all wioaa. Caatribatiam to Klaiewe dU8 goal can 
be made bJ m1 meant, whetbu it ii pwiye bJ Jeamiag 1aow to me W. teclmoloa u 
a caanmer, ar .-ctiYe bJ aaearcbin1 aew ceDt ar bJ eclucatJnc tlae llece.UJ c:adra. It 
will baYe to bee .. a political moTeme:= ~ w1aida will mYalft all of-, &he populatioa of 
&Ilia globe,• .....amen,• eclacaton, • ~. • teclnlOI.,.., • auurcben. It 
ii ..... too Jate llOWr, lilace we Dow that tJae iaa.cludiaa of a MW --sJ techDoloSJ 
uaacJo.etoWf acemv,. But bowhas ~• ...-•• udilpawad t1ae pallltia 
of Id ..-.. prampdJ will DO& -11 be YSIJ •ftN far oar clailclrm, 'but • 81Yere in oar 
ISfetime, 1N -" CODYIDce all mm to Mp fonranl aDd to llCCept tlae peatelt dulJlaap 
far lll11111N1k1Dd Jd, amel1 to briD1 ..n!tl1 to nalitJ the eeoaomic.J utilisation of 10lar 
cel1t far m&jar electric power paera&icm. 

• 

• 
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