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ABSTRACT

Schottky barrier and Metal-Insulator-Semiconductor has

been used as a possible low cost technique for the large scale

production of solar cells on thin film epitaxial silicon. These

solar cells have been fabricated on p-type silicon and their

physical behaviour has been derived from current-voltage (I-V)

measurements. Aluminium, Chromium/Copper were used as metal

contacts. Aluminium and gold were used as backside ohmic contact.

Among the different variables that are responsible for

good perform ance, much attention ••as given toward the formatio n

of oxide insulating layer over the silicon because it results

in an enh.ancement of open circuit coltage which is essential

for higher conversion efficiency. Simple methods were tried to

form reproducible interfacial oxide layer using heat-treatment

techniques. Investigations have also been carried out on the

control of barrier heights, optical transmission and series

resistaDCB.

Computer programs were developed for the determination

of the theoretical performance of the salar cells using

experimentally determined valUes as input data. Optimisation

program was alsa developed for the determination of the struc-

ture of current collecting grids. Indigenous methods were,

however, used to form these current collecting grids.

The ideality parameters was found to deviate largely from

unity. This increased value of ideality parameter was attributed

to the thick interfacial oxide layer. The resistance values

obteined were higher than expected due to the oxide layer

due to non optimisation of grid structures.
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1.1 IrHRODUCTIOI~

The energy crisis began to take effect from the last decade

as evidenced by fuel shortage across the whole world. Solution

to the energi problem has gi.ven rise to an energy debate which,
classifies the present technologies into two major types. One

type involves huge, cf'ntralized and non-renewable sOUrces such

as nuclear and coal fired plants~ With increasing demand for

energy and with aver increasing cost of gc,neration of electricity

through these conventional processes, it has now become imperative

to study the possible alternate, diverse and renBwablte rmergy

sources. This growing demand for energy throughout the world

has ca~sed great importance to the exploration to these energy

sources, Among the unconventional sources that have been studied,
solar energy now holds out much promise~

The prospect of converting f.,nergy into or USEful form on

a large scale may somG~im~s seem an ecologist's dream, incom-
patible with the nec:ds of mod,ern civilization. Yet, until

comparatively recent times, man relied almost entirely on the

sun for. his enargy d2c.ands. Only in the nineteenth century the

extraction of fa ssil fuels became important when ther8 was a

rapid growth of industry in Western Europe and the United

States of America. But today, man hCls become aware of the

increasing dangers of pollution and the limited supplies of

his present non-renewable energy sources. Towards the end of-

this century, the conv~ntional fuel will become scarce and

"xpens~ve. I t has, therefore, become important to take the
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advantage of th~ romaining time to d3vslop sola~ ~n8rgy system

to an economic level at which they could at least solve a subs-
tantial part of the energy problem.

In this thesis consi~erations ware given to a method that
does not involve heat but converts the solar radiation directly

to electrical power. This method, known as ph6tovoltaic conver-

sion, eliminates the, intl~rmediate StBP of conversion to heat

and it bypasses the Carnot limitation of efficiency of heat

engine~ For this reason photovoltaic conversion has held out

great promise in the field of direct en'.'rgyconversion.

About two hundr'"d years ago., agricultural economics

utilized I natural' solar cnergy. The advi3nced industrial soci-

ties not only need devices using solar snergy in its natural

state but also some apparatus to conve'rt it into I artificual

useful formt capable (J f powerJ.:ng mod[:rn machines, and the means

to ~tore this energy so as to ensure a con~inuous supply. Solar

cells convert solar l;1le:rgy directly to thl-, alt~ctrical energy

which is a very Useful form of anergy. Solar ceils on a house

roof could producc 4000 \letts using liJ% efficient calls on e

20x20 ft roof end air mass 1 sunlight (100mW/cm2). The sun

supplies 106 times the energy of world's prBS80t electri.c pow"r

capacity(39l. Ten percent efficient solar cells on 0.5% of the

~ahara desert could supply the electricity consum~ by the 8ntira
world.

Bangladesh is a developing country. ThB increase in the

priceef conventional fuel has edversely effBcted its economy.



The measure of devslopment in the present world is the energy

utilized by any country. With world wide fuel shortage, it has

now become very e'ssentiol for this coulltry to s'earch for alter-

nate sources of energy. At present our country is spending 'huge

amount of capital in installing centralized power system. Almost

all the equipment and materials are imported from abroad. Also

we are to import the fuel and spares to keep tho present system

running. At this stage we should compare the cost of line cons-

truction and line loss to the cost of de.centralized photovoltaic

systems. Using low cost photo-voltatic system many houses can

be self sufficient in energy. Also pumps; driers etc. can be

~riven from small unit generating solar electricity. Apart from

slight inconsistency in rainy season in Bangladesh bright surr-

light is available for most of the tim,"of th" yc'ar. But the

greatest a~yantage of photovoltaic system in comparison to other

system using solar snelegy is thi3tit is able to convert energy

even und8r,~iffusad sunlight condition and it is possible to

use the solar call throughout the whols year.

At present the cost of solar co,1:.sis high for conventional

p-n junction iolar cells. Single crystal silicon technology may

significantly reduce the solar cell cost. An edge-defined

film-fed growth method may lower ~ilicon processing costs

300 foldl391_Schottky barrier solar cells (SESC) and Metal-

Insulator-Semi.conductor (1"115) solar cells offer a possible

/, ..

solution for future application. Heduced silicon processing

costs present a method for c.conomical :.,nergycon'J"'l'sion.



Schoitky barrier Gnd MIS solar ccils can be fbrmed by simply

depositing an Ohmic metal, depositing a transperent barrier

metal and applyirig ccntnctl All of th8s~ cDuld b~ accom~li8h8d

in a proper vacuum system with one pump-down. SBSe and NIS~C

offer design flexibility in the choic~ of barrier metals or

alloy, metal thicknGss, antirefL,cting coatings. SBSC theory

developed from work On single crystal can be ~x~8nded to work
( 59 )on polycrystalline silicon for future largs 2r~~ SBSC •

1.2 HISTORY OF SOLAR Ei~ERGY CELLS

Prior to 1953, selenium photocells wers the most f,i'ficient

devices that could convert solar energy diroctly into elect"ical

energy with a maximum efficiency Df O.B percent. Such Blow

efifi~i ency ,;"8, a',hqua,tEO, fa r ,I"hotogr"ph ic ,',e?<pDsu+e met er 51',,',b,,!t
. - -'.' )

not" 13qr]prac ti 9131 ::,9"n",raHon '? f.~1" "i ~ric alC'rJ,[E9Y",frpmr,;;L!,nlight;

t,\'j; 'Jth \",,;d,,~i.~Cl9.i,lity ,:fo r c c: hi gh ." f fiel,""9Y', sola r .b"ttqy '","

was"fullY,appraG~ated~etthati,tim8 ..At 3all,~a~or~to~i8s[D~~.

C~,pin(l)w,~ i.~ves~igattng"Bl~ctricpowcr sou~~a, for.fommynica-

to",use sQlar,8n~.rgy. "A'L'j;h,9ttime, ,C,5., ~uller ,was ,werking, ~::

0':" thEl. del{8,10;:>m«ntof:Lvariou5Pr,oc!3~ures ,fcrfarming'p'::ri. junction.

by diffusion of 'impuri'Cies. The se8ming~y unl-Bla'!:edactivities

w ",;r:8,~::':1:l'1h !,:,l(J98,:th"r wh en, G ~ L '"' P 8a rso n, v;ho stu di ed la rg e

area p~njunctiqn~made,bY,Fullermethcdj ubssrv8d that the
,:,r. -'; .,- L.:' i ''-:':''"''"'.' f"' ,,',.,;" ';~:., I" "_)~.

gevices were vary sensitive to light. Pearson was aware,of
, , - l:' ,~: 1 ( 1.I :. r .-

Chapin's efforts and, together they t8sted Pearson's 'diode' in
" "";.t:- .r' ._~.'- n, ~C:.,

, .,.

,( • 1"1 '.

\ ~.

, ,~:

.~1.

., ,



bright sunlight and observed a conversi6n e~ficiency ,of 4 persent.

Th", first d8vices tEsted by Chapin and Pearson were made

by lithium diffusioll illto fJ-tYPB silicon _ an I n on p' solar
til ' ,cell • But unfortunately these devices wer", very unstable

sven at ambient temperatures because of high diffusion c08ffi-
cient of iithium.

Fuller finally dsv81,oped a boron jiffusion tE'chnDlogy

"lith which lcirge;c;rea I p on n' sDlar c"lls wsro made that

shc1wed Efficiencies as high as 6 p8rcent~

A dEmonstration Df the solar c~lls in Murray Hill on

i,pril 23, 1954 and at,hs annual meeting Df th" i\;atiDnal

~cademy Df Sciences in ~ashingtDn DC, USA, on April 26 triggered
wo~l~wide interest in tho new development.

,.,1-
" t., •.-' \ I .". 4 '.,.,.1

,.- ," -'-'

Theort-t'icelunderstanding of solar c"lls followed the
.:..

. '~,.~_'.-j':" ._- ',"i 1:, ('n .,1'
theory ofp-n junction solar cells

i..

Cummerow employed th~ continuity

'. c, "...:-1 ".:' r I :: ~.:" d ' I' ~

"'irst of the contributions in the early
~ . '.~initial announcemont.

" ~:t.. , ~;~.,' ":".n \. 1";_

equation basod upon Shockley's classical diffusion-recombination

,~ • 'j', '.~ ._ ~ L

histo~y of dev'elopment in the
- ' ( 2 'was that of R.Le Cummerow J.

I "';.'

m~dG{ cut'~;n~;aiiz8d it by the addition of an optical generation

'i..c:.r,:! c;'~P:~~lf.::nt{d-i'l'ydecrE~asin9" 'Alfth d.:tst3'nce~' Equ"atto'ris" we're

d~iived '-fer ":th"a short ~iI'ttiit'; ctirr!Jri~, t,'~~-:maxi'murn 'pow~~ '~-utput

-nd the cilfidicindy.fhis:fGlllength p903r was thsn followed

by G lettLr~~)apP1Yi~g:th~,th8orytDSl:a~culation Df1cronv8rsion

c:'ftcienl;'y:iof:the,sili ::8nP;7"nj,unction,-sole,r,.0211.;'

<fhe-, s~conGi,,-.of thi;; cont.:~:Aq.uters .. wa3 ~ letter by'[.S~.. :r'

ihttn,G,,(4);, rhe lettGr we,sbased upo,na:l,,an11yticc)1 treatment
, .

.- '. _'i -',
,; I



similar.,'to Cummerow but derived ne"J numerical results for the

efficiency versus bandgap and doping concentration, It concluded

that the efficiancy incrboses with doping concentration upto

the saturation solubility limit and th2c for a loss free case

the~e is a maximum in the efficiency of twenty six percent at

an optimum bandgap of 1.5ev. The corresponding conversion

"fficiFlncy for silicon is twenty thor.,," percent, These results

tl t' d d 1 ff t (5) , 1 ' , dpromp Y rlggera asv~ opment 2 or on pa~ lum arsenl B

solar cells. It was also pointed out t~at B furth~r increase

in efficiency may be realized by use of an eptical collection

system to increase the radiation intens{ty at th8 cell surface~

a suggestion the practice of which has becomo foasibie only very

recently,

1;'l,B, F'.);.i,nce pubJ,ishefl~an aFlalyticaltrEatmao:t.in, 1~55,(6),

b'andgap. of.tha semlccnductQr ang ..the mexlmum,.achicwable .e.ff,i-

(7)
ciency.c. Later"Lofersky', .sI;1OvJed.the, optimum 2nergy gap to ..be

clo se 1;0 1.6ev; .'with abou:t. 20, f'lsr<;:ent. aqvantage, ov.8r.silico",

withi~senargygapof,~~O~. ev, Lofersky al$o showed,tha~ the

sffi;;:ipncy v,rieqjfordiff8rent0atmcsph8ric,con~itions,r such as

oute,r, ?paC;t3 "I)d t5rrcstrial.loc;ations:and! tli,at the;i~dvantaga:

iinptoved 'thr~orit.i:cal undE';sta~ding-in'cr;"as8dr cbi\sider~b18 ~,ffort

in' 801ar-c'8118 utilizing materials oth[/t th-an silib'on. Th~ ' group

~t RCA'started and experimental programme to determine solar

. i,T .";'

.,il



ccinvsrsion effici~hcic5 of various

Galls
(8
) but also in InP, CdTe; ahd

semiconductors not only on

Cd - ( 9) H '. • t f::J •• OW8vF_r, :Ln, sp~ e a

excellent developm,mt ,dfort in these Cln,as; until now,all

significant practical applications for solar calls utilizG

silicon devices, In another 5 to 15 yeGrs this picture may be

different, but to date, the history of practical solar cells

t .' t' t d '1' d' (1).mus rema.1n res r.1C e to S~ l.eon 8V1C8S ~

In 1957 some problems of sol,n CElls "lsr8 better und8r-

stood and efficiencies above 10 percsnt were reported by
(10 )

Pearson. The first experim8ntal applicr,tion of silicon solar

cell was its use DS e primary PO"."J8r SOl!TC8 for;] Tep;';8ter of

the Bell system rural cB"rriGr .. i-.\n grri'3Y of 432 silicon sQ18r

cells capable of delivr ..ring 9' Watt in brig:,t sunlight was

'!1ou"t.;;dj,at tt,e, topr,of ,1. pole "j;.,ilm"ricus, . [,,,0 ""g:i" f0t: a .period

of li~'mpn~hs beginning"October4~ ~95~.TlnsDlar.gene~ated, ,

p'OW8r:,s,Hy.ed a?,ata:icklechargeJ; for a:,22-Y niy~d:".<;admium

~t~a:ag~ battery~ Duringtbe:8ntia:~ period,the

BIP.!j;~r.op'erat~d,without failurell).

"'!

ri6t c6~p~ti ~ithb6riv~ntion~1IpoQei ~~urc~s: .• Had it not been

the spaG,eiage, .the solor cells might hEve just b,,:come just.~.

c'.'..r •....os.t. y.ll, )"".'I'd h 'I" 1 1"'.. ,.t',"J8"LsGlJn~eaI1z8 t~t S1',1con ?Q pI?: cel s

.are,.~ig~ly.cos:t "ffective as.a11ongteI?O "power ,'source for

sptellites,si')ce "Eight. to be; Ipunched?8r ~att of c0l1tii(u0';lsly

.,1. J

+ -, .., ,

: : l "



On March 17, 1958 silicon sol~r c81~s ~8re first used

in ail orbiting space siJteilite (Vangu,nd :Il.. f\ radio transmitter

was jJowBred by the sC1L~r crells. It op'.JJ:2.ted for about eight years

before radiation diJm3ge caused it to f",il (1\ .•

As space technolDgy advanced, a rrajor new factor entered

the solar cell technology; the need fDr satellites to operi'lte

at altitudes where thoy are exposed to significent levels of

readiation. At RCALabar6tories research continued in this
( 11)

regard • It was discoverod that electron radiation damages

in p-type silicon was considerably less than in n-type silicon.

I\S the dsvolopment of communication satellites commAnced,

the radiation hardness become a crucial importance. 5ince the

Van Allen Belt contains iJ significant flux of high Bnorgy protons,

th e ra8r a'tio ni'.:d1~ag ~)~ nd e:t :_p lCi" t'o fi"~;kxpo su t~'wa S.i: ev 8~i.t]'at3d !:;b9 a

a few Mev, to 0ysr,.lOO r~8V•. qV.el: th8',mtirl" pnsrgyra(lge ...tt,Y"Ps

fpurid,.::!:hat n:Lpn.pcso&"" c\'l1:s cpuld ':JithstoD?:a factor"pfT:t~:re8

the level,of.p on.h sclarcBlls,~a~-, .'.' -. "- •.. _.. . . -. '_. ,.' . '. '.~. . - ~,

f l' 't" (11,14) Th' f"d'.o~,. ~.:ec r7'np,. . ,,,,' . ;ts, ~n. ~ng

fac::to r. much,1e.ss, :~h~f): found

c;ar;ri '?f, 1i.f et .~me" uqd8r" p,I'D etc!n, r3 ~i Clti 0 D d1c,:gJ;asJ,eS'"E,; t,. th ":.s ame

rate in pandn type material, butth3t the factor of thre8
:h ,-~ '~,' . •,'-!.'.' )r.l.:~l:'" (","i:':" ";'.:,"~

higher mobility of o18ctron minority cClrriers in
t '"' 1~ ; l '. _, '. . !' , "".

compared to holes in n type. material p~rmitBth~
,: ," ", . ,1' 7: . . - . ": T -

p-type material
~ :.'.1 ~: ""., ~;

minority carrier
'. : ,~ .' [[, ! .. n "."

, ..,,!:

I, ..

. '



lifetime in n on p cells to degrado a fact"r of three mario
before 'equal diffusion lengths arB athiaved,

SincB short-wave length light 1.s absorbed close to the

surface of the solar cells, and since only the colla~tion of

carriers from the bulk are affectBd by rAdiation damage,. furthet

improvemsnts in radiation hardnBss were achieved by the develop-

ment of 'blue' s'"nsitivllsolar cells r8quiring very shallow

diffused n layer with good surface properties and carefully
d . d . fl' t . (1)eS1gne ant1re ect10n coa 1ngs •

The first sat811ite equipped with such improved n on p

solar cells was the Telstar satellite launched on July 10, 1962(15).

It changed tha ~irecticn in soiar cell technolugy to n on p solar

cells for all space applications. Many sat~11it~s since then

~avl3"i)~ed:'radiation t61erent' cens arid'have 'operated for'long

befJ.ods of 'hlii~;"~lonj"ret:entlyeffott~'at 'CQlvlSATLaboratories

led to>~~crease,.iQ,fficiencyt~~~ugh ~~edey~10Rm8nt,~f~p

\V~Qlet cell!, wrJich has: '!'iTy"high,short',",av",len,gthCQ,j.lec.ti'on

",ffi<;:iencyby e!"ploy.j,ngt,: f' ,diffused Jl",yerand, TEl205.a,:,t~'T'!;C

tef+",ction;;coql;l;ir.lgs~~6)• .Further imprqv,'ments .1.\3d, to .cells.

wi~h near zero refl?ctivity,(black cellJ,increasiryg eff~~~ency

abowt15 percent in quterspaqe(l!l. The same,c811s,givBc~~_

ver?~oo .efficiency "Gf17p8rcent;~19 p~rcBnt on the surface. . - . '- . . .
of earth.

, , "

,'".

on air mass and met '~orologic81 conditions.
: ..:. <,'
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be thE oldest

1.3 BRIEF LITERATURE RE~

The advent of the energy crisis devSioped a renewed

interest in terrestrial application 0 f solar cells. For thi s

energy to be economically viable, the cost of solar cells will

have to be reduced by at least a factor of 100 b,elow the cost

for solar cells used in space applications. Metal-semiconductor

junction or Schottky barrier silicon sole'T cells (SBSe) offer

a possible solution for future applications. Reduced silicon

processing costs present a method for economical energy conversion.

The Schottky barrier solar cells Bre, however, primarily

Schottky barrier diodes using optical biasing.

The metal semiconductor recti.fie]. or diode ~s known to

l.d t d. d. -1 t . B (18)s9:'~ sate eV1Ce use J"n t. E.C ronlcS. raun

in 1874 first reported the asymmetricac. natur,? of conduction

between metal point and crystal like lead sulphide. In 1906

P - k d ( 19) k __
~c ar too a patent for silicon po~nt contact rect~fier

and in 190.7 Pierc8(20) fabricated'diod8s by sputtering metal

to different semiconductors,-. In 1931 Ihlso,,(21) formulated -I;h,"

transport theory;but the correct physical model was forwarded

by Schottky( 22) in 1938 and hence the name SChottky diode. In
( 23)

the same year Mott devised an apprcpriate model for sweptout

metal semiconductor known as Mott barrier. Bar.deen in 194 7( 24)

showed that if a contact is made betw8,.n metal and semiconductor.

the difference in work function betweer; th" two is compensated

by the surface states charge, rather than by a space charge as

was originally assumed, so that the spiCce charge layer is



In 1966 Crowell and 5ze(29) combined the thermionic

emission theory (T) and Schottky diffusion in) theory into
. .

a single thermionic diffusion th,c';ory (T..:D) which included the

. . f b . 1 . ff" t' At .t., .•.. Aa'm'e t'me ul~ad(30)~mage orce arr~er ower~ng e ec i ,~ ~ • ,. c,

published a review pB~er on 5chottky bcitri8r~; A q~alitative

expianation of the type of cohtact to be expected at an arbi-

trary metal-semcanductor interface was presented in his paper.

In 1968 Turner and Rhoderick(31) found'the barrier height

of a number of metal conducts to n-type silicon. They showed

that initial values of barri8r heights depc.nd upon the methods

of surface preparation and these values changed slightly with

time. They showed that the final value of barrier height was

independent of surface preparation and depended ma~nly upon

the riJ.e,tal,work •.function. HQwev~r,,,in'.:th,, ca,se of.~i,?d,f)s. where

dep,,!S.~,:t;i,or.s ,were med""on cLeav,£i)d surfaces •• the b,errier; height

dirt,rir?t shpw, any" age,;,n\),

-Foune
., .

th,,,t' barriers with

G61dtlBrrii,;r's' we're scFJlo'w' thci'£"ii'wa's cippEii:ent1yOhmic'; Thei.

iaeaU'tytp1rEimete'rwas' 'i'ouh8 tel' be "'boutl.1;' Th,,; valticitidn's'"

of barJ;'i!,r.'heigh.t with met"l, wgrk' f~l,cti9rl indic,et"d,th",t the .

.su r fac"".f>'\;ate s pa ram et,e,rs, WfJ:8' ,prilIl.,r ily "re SP9'1?i b;l.e. C:,r9well

<l!1d; B !lg!,'••a1 a ( 33) . ,:al.",u la tedjt he, i d 8ali t~ p airamet en .•.n", ,and ,.' ,_ .

,sho.rt:,circui'\; current densit.y, .Jsc; ,!Jsi~g pi;'ri'lboliC1"tJ.and ..::

g<3nd~ng,•. It w,jlS fownd, tha.t t~.'i. quasi-FBrmileyel in bO,th. forward

j3D.d r.ever-58 ~ia:s ,-was dis.cO.r:1tinL/pus art the interface.

r-: i' ..1'

Und,er.I .,. - ,

'.1, i

,.\.. '. ,.



made a theorEtical and experimental

~bderate bias the glectron imref was nearly constant throughout

the depletion r,egion, But in the case of reverse bias the imref

deviates from constancy for appli8d bi3s in excess of KT/q, In
1971 Card and Rhodsrick(34)

study of silicon Schottky diodes in which the metal and semi-

conductor are separatsd by a thin interfacial oxide film. A

generalized approach was taken towards the interface sta~es

which considers their communication with both the metal and the

semiconductor, Amount of current was explained by a transmission

coefficient which was also a function of thickness of intfclrfacial
layer. In the same year Card and Rhoderick(35) established

restriction upon theinterfBcial oxi'de thickness for which

thermal equilibrium in the semiconductor is a valid approximation
under the application of revsrse bias,

" ( 36)In 1974 Patwari and Hartnagel studied damaged surface

Schottky barriers. Their aim was to find whether any economy

could be achieved with surfaces of"semiconductor whose surfaces

were slightly damaged. R~sultshowed that damage reduced the

barrier haight along with slight increasa of ideality parameter.
( 37) , ,

Alam • 1n 1978 developed methods to control the barrier
height by heat-treatment techniques. Control of barrier height

in higher range was also obtained by deposition of alumini~m

and gold in succession onl~{licon. Freshly preparad barrier

showed different v:alu",sunder differ,ent conditions which revealed
7:"-

that fiXEd positive ~ha~~.6 were present at metal-saffiiconductor •
in t ar facB.•



Schottky barrier devices were first used as solar cells in the
early 70's.

I 1972 W A A d A E - l' (38)n •• n erSDn and •• lJe ahDY fabricated
SchDttky barrier sDla,' cells (SESC) by evaporatiDn and sputter-

ing of AI, Cr, .Dr liuCr alloy barrier metals on p-type silicon.

Efficiency of 4.8 to 12 percent was reported. They alsD carr~e~

out SDme computer studies on the optical transmission problem

and suggested that the barrier metal thickness should be kept
between 21'S to 100 g. ( 39 )In 1973 Anderson and Delahoy studied
the theDr.etical and experimental consid,~ratiDns Df the prDce-

ssing steps, and reflection coating and contact design to
fabricate an efficient and economical SESC.

Minority carrier metal Insulator-SemiconductDr (MIS)
d. d d' d" t 1(40) I h th t h10 es were stu 1e oy Green e e • twas s own a suc

minority carrier i'US tunnel diDoe with very "thin insulating

layers possesses properties similar to p-n junctiDn diode

including exponential current vDltage characteristics which

approach the'ideal diode' law of p-n junction theory. It was

alSD indicated that these diodes have application as energy

conl/ersion devices employing. phDtovoltaic effects.

P 1 f d . (41)u rey an McQuat calculated the maximum theoretical
solar cDnversion efficiency of Schottky barrier solar cells and

sh.owed that the efficiency of SESe is very similar to that of

convensional homojunction solar cells, e.g, valUes of 22-24%

apply to silicon and 2S% to semicDnductDrs having a band gap

between 1.4 and 1.6 ev. With p-type silicon the maximum



efficiency can be 24.4~. In the above calculation the effective
~~ -2 0 -2Richardson constant A was taken = 30 i\ cm K. In 1974

( 42)Anderson et el fabric'3t"d an 8.1% efficient 1~cm2 Schottky

barrier solar cell using a layerd Schottky barrier on p-type

silicon. This layered concept produces high conversion efficiency

by permitting indep,mdent control of barrier height, optical

transmission and series resistance. They have also investigat~b43)

the effect of series rc;sistance on fill factors. Their experiment'

showed a significant increase in open circuit voltage with diode

quality factor but with no appreciable influence on fillfactor.

In these works the Schootky metal was a film of chro~ium. A

thin layer of Cu and Cr decreased the rcesistance of the cells.

In the early days of 1970's it was

0.52 volts. and Short circuit current

would offer a possible solution for cost

OPen circuit voltages V =
oc

density J = 30 mA/cm2 wassc obtained. r~
( ~1,'9.(~ "",

\ ' ii!'~lil1'l-thought that SBSC~ ~
~F<;;J

effectiv8 photovoltaic~"---:

circuit voltage. In 1975,

energy converter. However, it was soon realized that the per-

formance of 1'115 cells is b8tter because by introducing an

oxide interfacial laY8r it is possible to obtain higher open
( 44)

Fonash m"de a theoretical study

on the role of interfacial layer in metal-semiconductor solar

cells. It was shown that"the interfacial layer can enhance the

performance and an outline for optimiZing that enhancement

presented.
was

"

Stern and Yeh(45) fabricated a 15% sfficient antireflection

coated metal-oxide-semiconductor (!,i'iOS)solcH c811s. They



developed a new effact, a marked increjse in open circuit voltage,

by addition of an oxi~, layei to the semiconductor.

Charlson and Lien(46) reported a' MOS photo voltaic diode~

consisting 0 f 81uminium on p-type silicon. In this device 'a

vary thin Si02 insulator of th",'order of 20-40 ~ was grown on

the surface of p-type silicon. prior to deposition of an Al

metal. The efficiency was 8% and height of the barrier was as

high as 0.85 av, approximately twice as large as that for the

normsl Al p-type silicon diode. High reflection lossiof alumi-

nium was avoided by applying a double-layer coating of zinc

sulphide and silicon monoxide.

Lillington and Townsend(47) cerri8d out m,'2surements of

the electrical and optico,l properties of Au-n-type silicon

'Schottk'y;bar'r'ier 's6l'a;,' cSlTs"'ln iwh'ich the ;n'st31andi's'emi'condLict'6'i-,

are "sepj.,'ra'ted'by" a'th:,,',!Fnt'e'i:facial o'xidkel'ayer;' 10-23 R thick.

m,a,ximYm'con;ys,rsi",nef,fi,ci en cy, b y,asm,wc/:1; a,s.3 57; 'whl3n"cOmp,ecTed,

( 4 8)
""ith',,!,;811,s, ha,vin,g::\'o gro"wn o,:,~d:eI ;J,'i"ye~. ITul,f,r;ey; .. , G pr,8,se,p;!;ed

ba'I;I)-i,er, he,ight, ifor p-ty,pe .mat.crial and for this rLason solar

CElls utilizing p-typo mBteri~l~ are more sBucc~ssful then
'..... • • -. ", -j , . -" ".! .• ' (,'; r

those which utilize n-type material.
I:~ I ~. .r,

l"'
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( 49 ) '. 'Card and Yang have shown that the ~ncreaS8S ~n open

circuit voltage of MIS Schottky barrier solar cells due to the

interfacial layer C8n only be und2rstood by taking proper

account of the behavior of the interface states under illuminated

conditions of the cell. Interface states in the solar cell

communicate most readily with the minority carriErs and as a
result act to reduce the potential drop in the int~rfacial

layer, in contrast to their effect in dark forward biased diodes.

They suggested that the increase in open circuit voltage cannot

be explained in terms of an increased value of idsality parameter

'n' for the dark current, It can be explained 'from the, 8ffect of

intErfacial layer on the tunnel c08fficient for th" majority

carriers. The theory predicts an optimum thickn"ss for th,.,,inter-

facial layer above which the short circuit curr"nt (minority

carrier current) decreases, and ths efficiency (fill factor) ~s

dsgraded.

silicon which produced a
~,nderson et • ( 5U)

Sol fabricated jBSC on 10,20,30 urn epitaxial

current density ranging from 10-22 mA/cm2

depending on Silicon thickness and orientation which is in close

ogreem2nt with theoretically predicted data. Data reported

herein predicted that 10% efficient Schottky solar calls could

be produced by using about 20 u of silicon on a suitable subs-

trato. A 7.6% afficier" Schottky solar cellon epitaxial silicon

;lad been fabricated and was tested using i\i'H sunlight.

Anderson, . ( 51 jK~m and Delahoy reported that analysis of

data on many different solar calls shows that opsn circuit

,
G'"



voltage may be controllEd by chromium deposition rate which

modifies the sheet resistance of the Cr 5chottky metnl. This

result suggested n change in basic structure of the Cr which

leads to an apparent lowered work function ill• A lowered ill is
m m

attributed to slow deposition of Cr on an oxide substrate. It

was predicted that with decreased 0 and incr~asod tHickness of
m

oxide layer d V will increase. It was however; assumed thatoc
o is larga to cau s e the lowered 0 •m Experimental data 6n Cr-oxide_

p-5i device violate the theory of Lillington and Townsend(4TI

in that

voltage

a low n-value device may still have a high open circuit

V '. The theory of Card and Yang(49lpredicts that Voc " oc
increases wi~h increased d. Fonash predicts an effective reduc-
'tion of 0 due in part to fixed charge in the oxide. i\n appli-m

cation of his theory
\J ::.-:J , ", -"J C :~;"' -,' ~_")t: .: ,.::': :, ,_

efficiency values 0 f
~rC -I_ I':' ''::'' :... '

2on,l-2 cm cells.
J>'::',~I -:-. ::,....;,.~,-~...:.:t.:.1

agreed in principle with the result. AMI
~', I •••• -.~" -"'~'J~tl"'_J! t-~~.:L':>

these solar cells were 6-9.5% measured
"-, ~'C 1'" '.. , ~:.I::-i'::.:' .' J, Tr";

5hang 5•."Li" (~21 mad",cp toporeticeJ, ,st!J,~Yf01',no,,[Ol/

A~~@~r~~a~s5c~9~tky.bp~ri~r~sole~ccells~ T~8resul~Srs~~w ~~at

:thebpr~~?~"he~ght e,gualto,the, an,ergyC'bafl"'~gap9f8a~~~l;;ap"b'i';'- -- . ".- - -. -.

th~Edppant ~Bnsity 0~th8oP~~~8s~~Fe~p~op~rly~c~00sen.c,

AntJ'ersbh'etEl1(53)report'8~ ,th~t:tr':'r~15'solar"i::81is

f,i3vihg"s2"cm2'ares'have been fabrit~\;ecl'to produce'12'~2%' 'C",,;;

1110e" sili'coif~fn 8'depend'ence"df','the'stlort-circuit current

density on minotity'cinHer f:!iffl./sibnlength,; 'shdonthe' ,';
': .~.c' ,"

;_'f, ~ J '

,: i"; .; .

- "
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thickness of the Cr-Sc:'ottky layer was also investigated.

Surface-state data werd used to preditt O~8n circuit voltages

of o,6d and 0.50 volts for sing12 crystal ~nd poJ.ycrystalline
Si respectively. Spectral response measurements and Cr metal

thickness confirm differences in short circuitcurrent,d8rs~ty

using th"se two type,Df silic,,",

( 54)
'Lue and Hong studi ad the ,'depc,ndcince o'f photcurTent.

of :~II5 solar cells on the thickness'of Schottky ,barrier metals.

A theoretical study wes done to calculEta short circuiteurrent.

B . F h ~ dh' I (55,56)y uS1ng uc s-~on 81m8r s theory to calculate,the

electrical resistivity in thin metal films and Handy's(57),

.approach to calculate the saries resistance on a given configu~

ration of the contact grids, it wa~ shown that the optimum

thj.eknesswriCh ,9i\18S: th8, fllBx;l,!,um,shO:rt~irc\Jit, c~:rr8~t .;:losely

s.erij"s,'re.sist;"np', pf: tr18.devf,<;:,.e, Til!3 op'\':i-mum.thickne~,g. sl;1;i.f,ts

;r;esis,tal)e sincr 'las e.p': FBn,ri CBt~D n. of I:ha spd pvic 813 O:n.~u5,. solar

ce,lls i,ndicat,,? t"'9t",th:B,mo,nitor.e~ optimum thicknDSS agreed

satisfactorily with th.sorotical vc)lue.
'.'.: '. , ". .'.(

P If ( 58) d . h' ., hu, . ray" ',: ,p,r;ese'nt8 "c,alculatJ.ons w'l.ch, J.'Od1Ci3t", ,t ..8.t~ ..

for a; gi\! en .seri es ra.sis t,a,nc aj f~ll fac-cor i,s, p rii1c:ip 19;1) y, ,d",te':r7.

min,?d, by the" s.atu,rati9,n dark curtent., rather than,..the di.ode

.fac,to,r;." It was,cl,33rly ;;howni ,that for', giv"Hi dio,d ffi fad:o'r n,

incJ;'aa;;ing, s,eri.es- ,rasis:tance- R,s shortsns the 1;10 riz", ntal s,egm.')'D_t

of, Ciu,tput I-,V curve but does'n, "t. eff,ee","\\! j thendore; fillfactor, a c'~ ,_.

.f
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decreases. It was also shown that "ccra constant value of n

and for any value of R less than resistive ~imits increasings

10 decreases both I} e;nd the horizontal sGgment of the I-I}oc

curve and so the fill factor decr"ases r"pidly.
( 59 )

Pulfrey in his review paper presented an excellent

discussion on ~IIS solen cdls. ThE) efficiency of the solar" cell

~s a function of short circuit current I open circuit voltage
sc

I} •and fill factor, FF. Thin oxide layer enhances the openoc

circuit voltage and the maximum value was 0.83 volts, o~iained

for GaAs cell and the maximum value of I = 28.3 ma/cm2 was
Sc

achieved for silicon ccll. A comparison of porformance of GaAs

and 5i MIS cell are given in his papor. The ~ffect of different

thickness of barriermatals on the porformance of cells and

their properties were also tabulated. All the factors affecting

these properties are explained along with suggestion for

improvement of perform,,,ncelimiting parameters.

RajKanan and Anderson(60) inVEstigated the current conduc-

tion mechani sm in Cr-SiO -(p-Si) I'll 5 solar cell s. Their studyx

demonstrated that majority-carrier tunneling over the combined

barrier due to intsrfacial oxide layer and the spacs charge

region dominates the I-I} characteristics at room temperature.

Majority carriers tunneling via interface states control the

characteristics at higher temperatura f~r theBs devicos.
" ( 61)RaJKanan at al studied the ultra thin interfacial

layor betwecn a semiconductor and a metal contact in details.

They found thatsinct" the: oxide layer tc,ickne-ssis comparable



to the nor>stoichiometric transition layer, the pin-hole asso-

ciated with the ultrathin layer will affect the performance

of 1''IOSsolar cell. rho 'Jxpsrimental r'3sults of open circuit

voltage as a function of oxide thicknes's for AI-SiO
x
-( p-type)

Si solar cells hav8 be8n explained by' c' composit8 model which

treats the pinho18 areas as Schottky junc~iOnB ~hd assumes a

Gaussian distribution of pin holES.

1.4 SCOPE OF THE THESIS

The purpose of this th"sis is to invc,sti,gatco the fabtica-

tien process of Schottky barrier and ~letal-Insulator-S8miconductor

Solar cells. 5chootky barrier and MIS solar cells are baing

studied as a possible low cost techniques for producing thin

film solar cells. Investigations were carried out on the

control of barrier height, optical transmission and series

resistance of these CEdIs. Among diffGrent v'lriables that are

responsible for good performance, much attention was given

towards the formation of oxide layer over the; silicon because

it results in an 8nhancem8nt of .open circuit voltege V whichoc
is essential for highrcr conv8rsion efficiency.

So L3r, MIS saleH cell has emphasized ,enhancement of V
Oc

but attainment of high value of short circuit current density

was by no means obvious. Simpl,s methods W8F: tried to form

reproducible interfacial oxide lay(~r using heat -treatm",nt

techniques. Investigations ware also carried out to form thin

insulating layer so thet photo current suppression effects



(i.e. decreasing tunnel transmission coefficient or increasing
series resistance) are avoided.

A theoretical formulation on this subject is given within

the first three chapters -'-oT which Chapttn-l deals with the

brief account of some of the works done in the field of Schottky

barrier diodes and ~olar c~lls. Chapter-2 gives an introduction

to photovoltaics. It also deals with t,e theoretical considera-

tion for the fabrication of Schottky barrier and MiS solar cells.

Theory of Schottky barrier and MIS solar cells are included

in Chapter-3. Fabrica,;ion process and ,neasur8ments are given

in Chapter-4. All the results are summarizsd in Chaptat-5.

This chapter also includes a discussio, on all tho important

and related factors governing the perfJrmance of the fabricated

-.L

, hi :1

,",,::"1.':;' '.- i:

, r: C :' f . c.

'-, :..

",

,r-. t ,. ".-.-

, - ".:i. '.

C :: •.

:' I

.-..r

.i :.i

I" ; J 1 ~ I ;. , -r

-..;.-:

',-;'

..•r~:

~.,-. . .
[ '-,1

,. '.

. L '. i , '

; -; J ' .•

,.
1_:;



CHAP TEH II
THEORETICAL CONSIDEHATION5

•FOR THE FABHICATlbN OF SOLAR. CELL



2.1 PRELIMINARIES

The photovoltaic effect is a process by which a voltage

is produced at tho junction of two different materii3lSj e,gj,

a metal-semiconductor contact or a p-n junction, through an

incident photon flux .. In .this chaptc;JJ: The production of elec-

trical power by exposing to electromagnetic radiation has been

discussed, A review of radiation principles has been presented,

The process of conversion has been discussed 2nd a simple equi-

valent diagram has been derived. A calculation of solar cell

performanc~ on the basis of this equivalent circuit has also

been included, A brief theoretical consideration on the power

output and efficiericy has been given, A detailed expression for

different contributioris to the series resistance has been shown.

f\.comJ:-,,:,t.e,:::p.,:o~,:r~mfor the optimization of grid structure has

been developed •
• t.,.,

", :.',

" ,."
'....

2.2 PHOTDVOLTAICS
J;'

The direct conversion of sunlight into eloctrical e~~rgy

i;s' aC;:~.1e\led by ,means. or, I sqlar batteries' mad.8 of sQla;r ce~ls,.,. ~. " .

T~e procf':>s which. is respollsiblB fOJ:'r.thiscOI),version i,s known,.

as" ph~,tCl.vo1 tai c effect •..The,teTm wa s ado frt ad to,,di ff ergnti at,<;",_

be~ween the photovoltaic. effect. aqd th8.pbJtoeonductfN8 eff~ct,

poth, of .i"hich.,arephot,?electr;l~effects' which occur in semi-

,c()r;',duc,t;"J:'mat~er. In the. photo, conduc,ti,,!,eeffect,free,charges

ai~ g~~~:rated b~ internal ionization.of the a~oms,or ior! whi~~

c9rs~itlJ:t2 the. semiconductor crystaL,when pha.tons of ,light are ....



incident upon the matter: The new mobile charges increase

conductivity of the substance but this effect does not geherate

power because "lectric power is the ;Jruduct of voltage and

current. The photovoltaic effect, dn the othai hand, can otcur

only when a potential barrier exist in the unilluminated semi-

conductor. Such a barrier is found, for example; at the inter~

face between two areas of different doping, metal and semicon-

ductor junction,. If this material is illuminated,. the electric

charges created by light through the photo conductive effect

will be separated by the barrier into positive charges on <:ne

side and negative charges on the other. This is the photovoltaic

effect by which an electric power is generated. It should be

noted that this kind of conversion process does not at all depend

on heat, In fact; the efficiency of the, solar cell device drops
l ~

when its temperature rises. The fact that the photons of solar

light transfer their anergy directly to electrons without an

intermediate thermal step has made solar cells not only appro-
i.,

private in sunny regionsibut seem promising for areas in whi:h

other kind of sola! energy systems appear completely hopeless,
j . ";.. ..

Under over cast skies; concentration devices such as are utilized

for the thermodynamic conversion of soler energy can not work

and the efficiency of flat plate heat collectors fall~ to very

low values. Solars cells; however, operata at the same efficiency

under cloudy skies as they do in bright sunshine,

The photovoltaic conversion effect is generally.achiBved

in all semiconductors. Insulators are unsuitable. because'of

their high resistivity and metals are insensitive to light

,.,
!



because of their high electrDncpncentration in the dark.

Solar cell research and devlolopm8nt hes b'2en expanding

rapidly in the past few years spurred on mainly by the potential

use of these cells for large scale terrestrial solar energy

applications. The semiconductors which ar" best suited to the

conversion of sunlight are the most sensitive ones,that is

which give the highest current-voltage product for the visible

light. In fact the largest amount of energy transmitted by the

sun's rays is within the visible light parts of the spectrum,

Semiconductors like Pbs are sensitive to infra-red light are

therefore unsuitable for energy conver"ion. ZnS have maximum

sensitivity in the ultravoilet part of the solar radiation

spectrum and is elso unsuitable, At prasent silicon is the most

important,semiconduc~or,m8terial for photovoltsic, energy conver-
• '., •• ~,,~ "_'. ~ '.' A,. , , • • '. ._ _... , - ,' .••• " " • • •

sion and today al~ the cells are manufactured from mono crystallin a
:> :. . -~- ~_' ';.;:.;' . I: i .. , ' , . 1 .;: . '. ~'; :. n.;

mat.er;i.al. although th.;:rc-J

. .• ~'. !. r~, _ '.

llina _s\I:"ucture,
are sam e
\: I.'

going .on
:' '.'

polycrysta:-
,~. , . l

.thin metal film Schottky b.arricr,.or.a he;t8rdj~Jn".tion,...A.,,,0,ntatt
_ ~. .; ~'. .._ ,:..'" ; i '" .~, ,. . ,,'._ .' ~ _.' ',' ., . ,.... _, ~

g.rid._0rcfing 8r p}'ltternis ,appliedto p iCOvic;lf'c E3_1p,wpa):i'"s.J,esis-

". !

.' ;'

•. ,::' i. . :- • J ' ,,;~._
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have some variations to these basic f8aturl.;S.

Because of the barrier layer which is essentiill far photo-

voltaic effect; solar cells have diode characteristics in dark,

The I-V charact~'ristics of a typical solar cell is shown in

Fig. 2,1, A illuminatEd solar ceil connected to a load develops

a photocurrent; and a photovoltage in the forward biased mode,

Under light, the I-V curve keeps nearly the same shape but

shifts along the negative current axis. As a result, an open

circuit voltaga appeilrs on the positive: voltage] axis and a short

circuit current on the nsgative current axis; The diode currsnt

normally present at this forward bia5 \'oltage opposes the photo-

current gen~rated by ihe light and the maximum power from the

solar cell can be obtained by optimizing the pmduct of I "nd \/,

~,,- .. Sfwo rectangles are'm'srked arouhd tHe I-V characteristics,

The ra,tipof.t,he sm"lLcr,tocthel;'HgsI'tectangl,E. i,s.fal1",d, ,the._

f,iiLJ.fpctpr. ;rh,e sh,?rt cir"uit,,,cur,I1,?nt .Ls'c;",tho'.9peC'i ,circuit ....,

)'Ioltage ,Vbi;;' and the , squareness': oJ: tn.", 17V..cl;1"r.~sti,.,:tis.ti:::s

( fi~l f!"lC,tor) :,un.9,8;r"il1Hmi D!ltiona re, 9,J:',ten .ci ted ij s, ,fi,gu.J;'e/ill.,'

me.riLor a" so!ar.cell ,Blthough the ,?ve:c,ridi'?9 fi,gu,r,!3,p f.,m,B.ritj

. ; ~

, ,'~ ..n -

". In the' early y"ars of,.thp prese'n':; ce'ntury"f0ax: Plank.fsuqge-

'stE,d.'t'hat 8lectrcmagn'etic radiation is emitted discbntii'luo\)sly

as; li''t'He Durst'of em."rgy' wnich"'an,'eallEc1' quanta', Ligl'it., b'eing

8'1Be t rotn.agneti c 'energy • it s qua.nta' is:'. 'kno\in EJspho ton. ,-Plank'

.' .

, '.

. : I .. ;, 1.

'.
'.'

- . ~: .

.. '" ..



found that the quanta Gssociated with a particular frequency f

of light all have thE same energy and

proportional to f. ThL1t is

E = hf
P

',hi s energy E is directly
p

2.3, •.1

5':JLJr radiacion 1.S the enf]rgy sourcs which is utilized in

photovoltaic devices. The spectral dis~ribution of su~light

depends on many factcL'S, including the three sources of atmos-
(68)

pheric absorption, namely

(a) atmosphetic gases (02, 1\!2 anoJ so on)

(b) water vapour

(c) dust,

In each of the absorption proc[csses the ultravoilet is

i;;U?pi8c'teD'iirt a p'rEif'eren'tiai; manner. i:rhe 'ef'f'Jc''t;' 0 f:' th:",s',.j"'dEisorS-

,t'hrciughi'whi'chi th',,- ligh't p'ass,cs, and by means of the number of

cr--ntimetGrs of pI't::cioitablp. watiJT \I:1pcur VI/ in
"

the atmosphere, '
;.• ~J•. ~ .

The quantity m is defined by the r81ation m = l/[os z,where Z

is the ang1e'- be'tween the l'inedrawn through 'th~ obser'iie'r: and j,

tlie'''tours''e of'th'e 'd'a)' z- va'ri:es',;n~om '90°t'0 'a rni'nimum Z ,: "whichm1.n

DecuYs at' noon "B'nd :~,Jhich is a function of the s'~ason of the year.

\The photon -flu'x is 'a c{uan'ti ty w~:ich is':very useful in the

calcul'i-itiO"l'l of solar 'cell performance., I t is defined as the

number of ~hotons crossing a unit aree perpendicular to the

light b,,,am per- sB,c,?nd.

1'.
"

; .'. ,..
.r' ."

,
"



Table 2 below s~ves some indication of the variation of

solar intensity and photon density Nph (Nu~bEr/sec. cm2) for

various values of m ~nd w. Th 8 total number of solar photons

Nph covers a range of energy from zero to " maximum anergy

found in tha solar spsctrum.

Table 2 Parameter of the Solar Spectrum as e Function of

A b . C .. (<Of Isorpt~oll olld~t~on '

m

o

1

w

o

o

Commcmts

ou t sid a etmc stph ere
(Air mess 0)

Sea level; sun at
zenith(Air mass 1)

0" 2
w/cm

0.135

0.106

Average photon
energy E (ev)

ev

1.4B

1.32

N .Dn
(ND./Sec.

2 '
cm)

5.Bxlo17

5.0xlo17

" i.'

2 0 Sea level; sun at
,600, froll)., '; 8,ni tb, .

::J.:'c,:I]: Sea level; sun ,at
"70.50 from' , zenith'

(J.OBB

p.075 '0

1.28
,- t ,

, ' " "17" 4.3xlO
/

, .

2
". ,
About 5Ci%
~umi di ty:

releti ve 1:~'i,:

5 Extreme conditicn

-~-'

0; 059 1.lB

2 •.4 THE P-f~ JUf~CTION AND METAL-?EMICONDUCfOR JLJNCTIOf'~
APHOTOVOl:.TAI C Cm,VERTER " "

. ~~2.~..~..,2. ~.El, iJn_e.::'.,:~,Sl!,..':'.~~?. di ag ri'lil1 .?.!.. "..p - n,).~n c:.-t:!:~~I:'~!"P.._...
MS junction under the action of, ~ight. ',Ihan th:" junctions, ,?r~,"

. .. L .~'". .
illuminated with light having sufficient energy to excite an

electron frolTlc,the, valence band 'to' c~nducti.on band a hole is'

.'. -

.



created in the valancl3 band. In the junction there is an built-in

electric field and the resulting 31ectron-hole pair move in the

directions shown in the diagram. These charges att to charge

p-type (or metal for MS junction) region positiVeiy and the

n-type region negatively, Thus if there is no extarnal connections

to the junction, the resulting forward bias caU~e~ a forward

current to flow. Undar these condition the fbt0ard current is

just equal to the optically generated curr8ntj Vlhen the p (or

metal for MS junction) and n-type sides are tbhnected through

an extarnal load, a pat of the generated cJ~r8nt flows in it,

sO that the junction acts as a conv8rb.,r 0 f light enE'rgy. In

this conversion there no intermediate step of conversion to heat

and the Carnot cycle limitation on efficiency of conversion is

bypassed. For this reason photvoltaic conversion has shown a

great promise to those who have worked in direct energy conver-
S10n.

From the above discussion a simplified equivalent circuit

Fig. 2.3 of an illuminated photovoltaic c811 or solar cell can

be drawn. \lith the help of this simplified but realistic model

the operation of the soler cells, which involve microscopic action,

can b8 described in terms ofa macroscopic device that yields

an equivalent result. The equivalent circuit consists of a

constant-current generator delivering a current IL into a network,

which include ihG nonlinear impedance of the junction R., and
J

intrinsic series resi stance Rs' an intrinsic shunt resistance

Rsh and the load resistance RL.This equivalent circuit diagram



is adequate for technological and physi~.l appi~cations of all

types of solar cells. The difference lies mainly in the proper-

ties of the junction.

2.5 SOLAR CfLL CALCULATION

The current-voltage (I-V) characteristics of a solar cell

can be expressed as

I = IL - I r- exp( qV/KT)- 1.-) 2.5.1o __

where V is the voltage across .the junc:ion. Here the value of

Rs is assumed to b8 negligible and Rsh is assumed to have a

large valua. under open circuit condition (1=0) the voltage

across the call would be

V KT In r ~ 11= I -oc q I
0

The power output of tl-cedevice would b"'-

2.5.2

P = IV =
r"
I I - IL L 0 K~ ) - 1~ j V

~j -
2.5.3

Taking derivative of ~his equation wit~ resp8ct to V and setting

the rssult equal to zero yields an implicit equation for the

voltage that maximizes power.

2.5.4

From equations 2.5.1 and 2.5 ..4 we obtain the current that
maximized the,'power.



Imp 2,5,5

The maxJ:mum power' is .then given by

P = I V.max mp mp 2,5,6

But since

p
max

The efficiency of the solar cell is obtaineD if the solar power

density P. is kno.m, Thus the maximum efficiency of the solar~n

cell is given by

"" 2"'L qV I( KTl'J' ILmp
1+ qV !(KTlmp

,
(P. A)-'<'

~n 2,5.8

,area. J

i ,:. ..;.i.' '. ,\j, ~-
l
'1 -.- ,-

where A is,the solaricell
"_ . -~. ,;.'JL_ ~.~ ...

?~~IHEORETICALCONSIDERATIONS0 .V

1heor.o;ti,cal.,pow5r output and efficiency can be easi~y~
I:' :.< ;-:'c, ,'f.:.

calculated based on AMI sunlight of 103 mW/cm2(39', Maximum

from

f' ",' ,. (; r r' ::,', '('." ,- _ .', ,'!... 17 .:;""-;.~.':'. .:.i7 ~_:. 2 :;r... ,'](J .'.f' I

For"AMI" ilunlight only 2.6xlO photons/sec,_cm have energies
ciL;:'!~'.~ ;;',' r .:;.", \.:v. --'. _, -")" ,.':'i:'\ ... ~~. ~ .. :.-,c .•J ._~y

in excess-of the silicon energy gap, Eg =' i,i ev; This produces

~8~~xi;u~'~~rrent density J = 41,6 mA/cm2, An open circuit
m

voltageoL 0~6.'I6it~i. I:-V curve f~llfactor FF = 0.7, transmitt-
,,-.,,-< .•--- ..•-----. __ .• _" .~_.. - ~, r: ,

- ",'; .~,-, 2 • ).
ance T = 0.9.producis a power output P = 15.7 mW/cmfor an

o

i-,
. ".'

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



efficiency of l5~ 1'7', This simplified celculation has negl'ected

recombination and series resistance losses and involves t~e

formula

J V
FF =

mp mp 2,6,2Jsc
V
oc

J = T' J 2,6,3sc c m

p = FF J V 2,6,4sc oc

This calculation shows that a 15% eff.iciency should be

realized using a Schottky structure for solar energy conversion.

This efficiency depends on maximizing solar energy transmission

into the device,

2,7 SERIES RESISTANCE
1 "

maximum 13va.i"I'ablei' power
" . -,-'J'.. '".,

L.j.ke any energy ,-ource, internal resistance ~s a parasitic,
.' r: c, :.~: .l.'. c:l \. 1..:' : . ". _" . ~;" 'T. :. :'>

power,~onsuming facto,- in diodes end solar cells that can degrade
, -'.

the device performance, Because of this series resistance, the

output is decreased and this is j,e-f;L~cted

h
(62)in the current volt-age characteristics. I t has been sown _

I ~

...- ,_:
that in normal sunlight conditions, abou t 10-20% 0 f the originally

availablec p60er)s '~pst ju st from an addi tional incrpase~,,'f. bne

p~rame~.rs.in,sRIB~ _c811_fabr~c~tion,tec~n~logy.. - - - ...' ,

It-has been -focindthatto improlisthe' collectio/l"'eff.i.t:i1e'h'Cy

thk"ac'tivf3 laye<: on the top of the junction has to be reduced

in thickness because of the larger pho'i;on absorption. But this

'/ -; ~ - -i : .

cBus-e.s ..an'i-",'evitab.l.8 rise in resistance values, The older deeper

".:.: I r: 1

. l..



diffused cell resistances were, limited by contact resistances.

The present day solar cells with current ~ollecting grid lines

on the top, hovJever, arE usually lir"i'>,cIby the resiiitance in

the active sheet region due to the very smail cross-sectional

area which the carriers in this region traverse, while the

contact resistance has been made negligible, for the most part,.

by the technology of the contact fabrication, This has been

discussed in some detail in section 4,;2,2.

The serie,s resie:;ance of a Schottl,y barrier solar cell ~s

mainly due to metal-semiconductor contacts at the bac'k, bulk

semiconductor resistance, transverse sheet resistance of the

barrier metal, and the resi,stance of the grid structure,

The conducting grids on the activ3 surface of the present

day sol~r c~ll re~uc~s the average ~ath length ofacarrie~ in.

the activ0'regiDn ~hich g~~atly minimizes the resistance of the

.ttive r~gion. Since, however, the areB under the grid itself

cDntributes nothing to' current generation due to' the fact that

all ,the usable light ~s absorbed by th~ ~etBl currentcDllecting

grid 'lines, there is an Llpper limit toth", nweber and size Df .the

'griefsvJhich can be depDsitei::i'fDroptimum performance of the solar

cell in any given eniJironm'ent'ana fDr.a.given valUes of the solar'

cell parameter except the a~tireflection coating. By using tbe

detailed analysis ,Df series resistance developed by HandylS7l,- . "'. .

th,eloss due to resis.tance can be included i,n the I,-V relation-

,ship and the equivalent di~gram,of the solarcsll.
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The equivalent rc jistanc8 circuit of the solar cell is

shown in Fig. 2.4. Th" series resistancE' of the solar cell ara

of two distinct types, ndmely'

(1) rssistance of thE' active regicn which is a distributed

resistance determined by a nonuniform current distri-

bution; and

(2) othsr resistance which can be lumped' as they are

uniformly traversed by the cu::rent passing through the

cell.

Resistances R4 and RS fall in the first category. Determi-

nation of the"s" resistances presents a different problem than

the other resistances in the equivalc.:n- circuit; since these

resistances are not p lysically sep3rBb:,e for individual measure-

ment be~au~e'oi'the ~ACt"t~~~ c~~rent denaity in i~is region is
,~-. :"J .••:. )'" >". .~. '. _ ,. _ ~ y

not uniform as currsn"C gEneration occurs over th~ entire-' rsgion.
_ ~ ~ . 1 .

The'activ2' r'egion of the solar cell call bs brokfjn up into iden-

tical' parts which - cor~'espond'!;, to '"unit' fi'lHd" Fig.' 2;5.' Wi'thin"

one unit fi'eld .,there 'are 'two 'ar'eas"wf\'i"h'are': symmetrital-3bci8t

the grid iiri~' and h~ve dimensions +SxW, The rBsistBnce contributed

the two region from which th", curr0nt ,olows to the contact

The ,t"tal current f10vJing t~wards the-,')rid.strip th,rougb".the

- '-

:- .

, .



area A~ is given by

2j1.l

wh~ra

t = thi'Ckness of media

r2 tan',~.1'= length of th8 rectangular area Ar

J = current density through A
r r

From continuity equation

= i r

where in = current produced by photon absorption in the area An;

If J is the generat8d current density in th", normal directionn

to A , it can bs writ ;en in the following form,n

...:: ,.
'J '\

..
" " ..

J" A J t(.. = r2n n r
tan iL/)

I
2.7.3

_ i) i.. ",

From Fig"~ 2.'6 'w[j' have

I;;

A n
\.

( I :tah'l' 2.7.4

, ,

.'':'"["r1!-f we ,h,?:yce.f

2-rr ;)
2. 7, 5

using the above rdlations. Putting equation 2,7.5 into 2.7.1

one obtains

i -+['~n.(..r'2~'~r., " -, ,:'1 ..•••. ).
, ;.

._, ")
, ,.

, (
:'t = J pr r

" 2.7.7
7



.. : .

where E = Electric fisld
.r

p'= resistivity of metal

Putting equation 2.7.5 in 2.7.7 we have

E
r =

The potential that is produced by an electric field may be

calculated from

Iil' = J E.dr
path

2.7.9

where dr represents the path over which tha field exists. Thus

we can calculate the potential that ,,,illc.xist in the media due

to the field produced by light g2neratJd charges.

The potential is given by

2.7.10

In the determination of the resistance R5, rl is constant,r2 is

the variabla of integration. Thus it can be written in the

following form:

p'J ( r2 2.
r2

=r JOR
n l' J rdr J= 2t - r15 rl rl',-

Similarly we have

P'JnJ
r3

OR = rdr
4 2t 0

S(vi - r3)
~where r. = 2r3

and r2 = 21'3.L

2.7.11

2.7.12. _



Assuming 0R and 0 equal at point P and guranteeing that
4 I1S

thare is no currant flow across the line CD W5 have

2r3 2
(-)

5
2-1) In (-, '-'-)

V'J-r] 2.7,13

The solution of the above equation gives the value of r] for a

given configuration.

The total current flowing through RS is giv2n by

2.7.14

From Ohm's law, th8 value of liS is givell as

Sin :cdr

.. --.-. ".'..

:oimilarly

" ;~ .

, "

"

2.7.1S

"

"'. J

R
;l,,"', ,4 rdr

•• , < .- •.••• , > , ,
t., .J •

2.7.16

fhe sin 8. and .cos 8,.. , ti=pms are,introduced to,r,':cog,ni"se the fact' l'" 'l '

~hat the electric fiald Er not in the direction of the path.

Fig. 2.7 shows the representation of a n-unit field solar
"("' :;" : 1 ,

cell. 'Th~ tot~l series resistan~e R; b3twean points A and G can

be rep:resant,s<;iby ..the fol;Lowing squat! Jp"

R =T 2.7.17

". ' .



whe r-e

II Rl RL 7 ( R+ R )--+
t'R

_ ..+
R R \R~L+ + R) . H+ + 2 42 S .....1 __ 2 .:A,/. 2.7.18Re =

Rl + R.+ R42 2 ..........+ R3 .;\-(R2+RS)+

and
2R (RC + Rl)R C

2.4.19= .(n-l)(2RC R )-p + 1

2.8 OPTIMIZING GRID,SPACING

For low series rc.sistances the I-V cheractc:ristics of the

solar cell can be expressed as

I = I
a 2.8.1

But for high values of series resistance the effect of the

r-ii'si'stancemust be considered and the following equation is

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

I = I. I exp .5' '~'T'..,(.V...:;;....IR_,y -
o,~ ' (nr-..; ).{ ;' ,,",.s: '

• !

, .
2.8,2

",

'i' .

By'utilizingeqyation 2.7.17 it is possible to optimiz8 the
/' .. ,-

_. _ '.1.'
grid speCing-'j;o''':"'ciGtai'j-j'-"j;h-emost advantageous configuratio'",;~.l'J

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

But unfortunately it is not only enQugh to simply minimize RT
a~,t~:i..s.._~.?~1d,,_.r?su1t.;in..,a..~s.ell which had llJO percent of its

surface covered by grijcontacts. An optimum between n,inimum
,r .. '. ~ ,',

resistance and maximum current generation must be calculated.
", ~ ,;' r: 1"," )<':'

A computer prog~am has bean developed which obtains RT as a

functio~ of ~rid ~~~trng"and finds the optimum value of gri~i
-- • L.

spacing for the maximum value of short circuit current of a
j' ._'." " ... ' ; '-, .. . ,~) ~ !-' :j '. j :,

solar cell of a given dimension. The dimension ofthR cell was
! j"



1,5 em x lJ.9 em; resistivity of m2tal p~ = 200/,-SL-cm. the

2
generated current d,,'nsity Jm = 40 mA/cm ; dark saturation current

-610 for cell was assumE'J to be lxlO ampere, I t was assumed that

all other resistance contributions are zero and the only contri-

bution to r,esistanC,3 is from the activO' sheet resistancE', The

width of tha grid was (1) ,0025 cm and (2) 0.5 cm respectively,

The cell was then subdivided into sevaral unit-fields and thn

corresponding short circuit current and int8rnsl s'eries r.l3sis-

tances are calculated, The theory of resis~ance calculation

has been discuss8d in section 2.7. The results obtained are

shown graphically in Fig, 2,6, Subscript (1) and (2) denotes

the two cases. It 1S clearly shown in ~h8 figure thBt if the

grid line width is larg8; with the increase in number of grid

v8ry fast,
\ -, '-', "".."

seri,e~h];i3sisti3nCe ,is ,d8sircd;:th"hunit fiuld.width cOln be "".':'

dec re:8 sed ,widthout '.app r8 ci aqle .. 10 s s' pJ shent, cirC(ji t. cur ;ren.t.

Du,t. oin.,the" second case, if m'aximum. short cir.cui t .currEnt,. is.
• .• T' _. ..'" ,- - '" • , f-' .

desired', the resist;:mc8 will have high value" 8n>J. as.f.l C,Q,I'ls",.q.uence

thl"', fillfec,tor will d"terioretB,

. .J /

~-;.

'\ .

... '

" '1 .
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3 < 1 'p'REJ}J~I i~ARI ES

In this chapter Schottky barrier and Metal-Insulator-

Semiconductor (r'IIS)solar cells have been discussed in details.

A theoretical discussion on the interface effects in MIS solar

cells hes been presented together with the expression of current

sf t:lE s,")larcell for illuminated condition. A derivation of

::.::-,::)res;::,.i.O:lof forw8.rd tunnel currl'.~nt in the presence of an

in3ulot~n~ layer has been shown Bnd an expression of tunneling

transmics~on probability has been presented, It has also been

shown in these derivations that the oxide interfacial laY8r
~esults in an enhance" ent of open circuit voltagE? V

oc which is
ere" 0 f the major factors in obtaining high:r convE,rsion effi-

CJ.cncy.

3.2 [CI-'OTTKY SARU.I..s!:L2L,LAR CELLS
. ; r.

,901ar-calls util~.?il1g.homoj f' rctip ns in. Si .and .h~trojuncti,;,n

~}hotovoltaics ill, to. emeo:ge.as a meth~d capsbla of.PFo~~.ding ..

,su .tim~s or,IT.l9HJmust be achiev'ed.in the solar c.811s (.qr,spla,r

l~conc8ntr3ted sunlight systems):.
• • I •

On~ o~ ihe poeeibiliti~s fo~~co~t rBdu~tio~ 'lies in the

'~c~hod of"junctijn f2~ricatioh'and ~heidea ofa sim~le- d~~o~ited

;'~ecal':"Semicondui:tor-(H5) junction is, at the .first:sight very
i~~~~ctive~ Metal deposition method are consistent with high

". '", '

(,



yield, fast processing, and also involve low temperature!. The

M5 solar cell would appear to be Very promising c~ account of

the simplicity of fabrication arld the fact that with ~. sui~ab18

antireflectibn coating and barrier metal thickness, highly

efficient cdupling of ambient photon energy to the metal-semi-

ccnductor interface is possible. Also, in these cells~ the sBmi~

coriductor dBplBition layer begin~ at this latter interface and

thus, when compered to the.bulk junction devices, incrpased

short-wave length r3sponse should r8sult.

Thus these metal~semiconductor solar cells offer a possible

solution for future opplications. R'3ducad silicon processing

costs prGsent a method for economical ecnergy conv~rsion. 5chottky

barrier diodes con be formed by simply depositing an ohmic metal;

tr,an.sr:'ar8~t ,barriG:r m<o:,J1., and, applying .col}tqt;:,ts, .This".,cp-iJ.ld

ell bE),ac,"omp,lisheq' with0'1e ;.py,mp-down o.f.,pl1oper "vacuu.m ,syqtem,

metalthicknE'ss •...and .,anti",. - , -. ,.' "." .
T2f'lect:j..o.n:coatings. ,585C ..theory developed fro']1 work onsing.18,

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

cr,ys.tal silicon c;an be ext,endScl,t.o ."",ork,on ,pp.lycrystallipe sJlicon

- ;1-

3,3 MIS SQL~ELLS
, '- .. ' :, '. : -',-1 .••

5Ese ,',
• -' '.J ,

r:': . ':'

.l :

..In prac.tice; .hpw(','Jer. inti.mate contactrnetal-semi-:-condu.ctor

so'.,ar cells',exhibit a, se;rious d.E\fi,ci~ncy i," the.form;o,f.ve,J;.y ROO;

photovoltEJic response. This stems,from t,he fact ..that, tJ;1e usual

" ".! :;

. ~.
\ I

. t..
. i" C
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thermionic dark current in Schottky barrier junction leads to

a considerably high.er dark current than many homojunction end

heterojunction s~ructures. Theoretical and practical work indi-

cated that it i,s'po$sible to overcome this disadvantage, yet

still preserve the attractive Schottky barrier t~chnology, by

allowing a very thin insulating layer to sep.arate the metal

and semicon.ductor. The deliberate introduction of such a layer

yields a l~etal-Insulator-5emiconductor U'iI5) solar cells and.

hEmce can not be class;3d as ideal Schottky barripr. The

principle beneficial effect of the thin insulating layer is

the increasing of the photo001tage,brcught about by either

(or both) control of the current transport through the diode or.

an incrsase in diode ideality factor n. As incrl~aS8s i~ n_

(particularly n/2) can bo detrimen'Cal to thej fill factor,

control of diode curr,:.nt transport properties becomes importance.

In MI5 structure the thermionic emission dark current can be

reduced by either incr88sing the effective metal-semiconductor

barrier height; decreasing the probability of majority carrier

tunneling, encouraging interface states with large capture cross-

section for majority carriers, or reducing the number of majority

carriers at the semiconductor surface.

3.4 INTERFACE EFFECT5 IN MIS SOLARCELLS

It is well known that when a metal contact ~s Gvaporated

onto a chemically prepared silicon surface the metal and semi-

conductor are not in intimate contact. An interfacial film of

of atomic dimentions inevitably separates the ~wo. This metal-



1
INTERFACIAL
lAYER

.JRE 3.1 ENERGY BAND DIAGRAM FOR ANTIREFLECTION
COATED -MIS CEll UNDER IllUMINATION

~E3.2
~AM ILLUSTRATING
~GE CONSERVATION

h'£.. V
T

FIGURE 3.3
ENERGY 8.C\ND DIAGRAM OF THE
CHEMICAllY PREPARED MIS CONTACT
( AT ZERO BIAS -- UNDER
AN APPl lED ( FORWARD) BIAS)
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insulator-semiconduttor (MIS) o~ metal-oxid8~semiconductor (MOS)

diode is the'most USE'ful device in the study of semiconductor

surfaces, S,inc8 the reliability and stability of all semiconduc-

tor devices are intimately related to their surface conditions,

and understanding of surface physics with the help of MIS diodes

is of great importance to device operations,

The energy band diagram for antireflection-cbated metal~

oxide-semiconductor (AMOS) solar cells is given in Fig" 3,1

for illuminated conditions. It may be SE'8n that whc'n the device

is developing a voltsge V, V is developed across the semiconduc-s

tor and Vi is developed across the int",rfacial oxide layer sO
that( 27)

v V. + V
~ s

At this volt'3ge, we now seek to find thB contribution to 'the

total current due to light induced photocurrent and recombination

current within the transition region, By conservation of charge

Fig, 3,2 and taking the curr2nt density 3S positive wh"n it is

flowing to the left l,e in the reverse direction, the net

recombination rate is (U-F).

The number of excess electrons lost due to r8combination

rate in element ox is given by

(U-F)ox

dx ,.3.4, 2

3.4,1Ox

[ Je( x +

dJ (x)
e
dx

_1_
= -q
=__1_

q

d J (x)
e

= -or q( U-F)



Similarly for hole current density Jh( x).

q(U-F) = + 3,4,3

The se equa ti0 ns gi ve

3,4,4

The total current density J flowing through the junction under

illuminated condition is given by

J = J ( 0 ) + Jh(O) 3,4,5e
\1

= J (0) + Jh(VI) - q J ( U-F) dx 3,4,6e
0

I f Schottky b3rrier lowering effects are neglected and if the

transmission probability for electrons tunneling through the

interfacial layer is Bssumed to be unity, it follows that

e A'l< T2 -qGB/KT -qV./KT
J J.= e ems

and
A*T2 -q0n/U qV /KT

J e s= e esm

Thus J ( 0 ) J.s gi vcn bye

J (0) J e
J e= -e ms sm

The current density Jh(W) is found from

3.4,7

3,4,8

3,4.9

qD
p 3,4,10

where p(x) is the hole concentration in semiconductor valence

b d h. h t' f' th . (63)an W J.e sa J. S' '18S e equat"iOn

,.

'{
~ r r'L, I I

(
P:) ,

'1
\ ....



P-Pno
DP '-. P

+ rw.D ~ 0
P

where F ( x)
/\, -o:x -1-2

!a{J)e d/, sec m,
/\) ..

( 64 )

where >..," >..( ~ hc/qE indicate the wave length limits for the
g

incident solar spectrum. rhe generation rate F has been modelled

as shown with eJ:) as the photon flux incident to the semiconduc tor

and 0: as the absorption coc:fficient as a function of wavelength.

The boundary 'conditions are (1) p( x) ____. p • the unillu-
, no

minated hole concentration far from the junct:;,on as x~~ ce.
*(2) p(vJ) ~ p + P ;no *where p is, given by the expression

if(
p

The: value of Fermi. le'vel EFp(\.J) dependr: on the details of

prOC2sses occuring at this boundary including hole transport

across the intE:rf2::;i~~1 layer. In t~;:;;cas!? of Gxcellent communi-

cation betw8snthe metal and valence bend of semiconductor

EFp(vJ) ::::~'"Fp(O) ~ EFm" ,Jith the aouve assumptions of a

quasi-Fermi level through the'depletion r~gion, p* in

case J.S gJ.ven by

flat

thi s

*p ,- ~
~ p J' exp(qV/KT)-l/no . r~ - 3.4..14

Consequently it is found th"t

-'- -o:viqo:yLp e

l+Lo:
p

di\
qV/KT

D (c -1)
p 3.4.15

The contribution' of current density frcm the: depletion region is



givEn by

J D
T

vi
= qJ (F -U) d x

o
3,4,16

w
d/l dx - qJ Udx

o

Again

.~I W
= J qep(l - e-aW)d;\ - qJ Udx
~. 0

3,4,17

3.4,18

Thus the

J -". t
i

cUTrent..".~~'. dEnsity flowing through the device is given by

3.4.19

e

The total light current is given from equations 3.4.15 and

3.4.17,
), -
/f(qachL
J -' ~ p

JL = I_.1 + L a
:>, ' : p~ 0

qq,
1 +

-avl
e

tL a d)\
p , 3,4.20

I f recombination in t:..,e surface region (0 ~ x':::,I'I) and surface

recombination at x = 0 are neglected. the total current is

given by



/1/ d) -exW
I qA [1{q " d;\= 1 L ex J

-- /1,-;, P
("

)! exp( - ',xp(-

-0)
The effects of the interface may be summarized by noting that

for a given bias V the' largest current will b8 produced if the

interfacial laY8r is such that the equation 3.4.14 is valid.

Further, with an inte.rfacial layer equation 3.4.21 can be written

qAr
)'/( - q} exp(- avJ) ~I = 1-'q, e d),

I- I .~ 1 + L 0: )
/'c.'- \.~ P .-

A*T2 qfZB qV. V
8Xp(- exp(- ~) '~)

""
--) i<'T'" exp\ KTKT

Pno D \'

2 j{ VP 2~p( i(r ) 1 3.4.22L
, ,
I

P - ../

Where the saturation current is neglected in comparison with
(44)other terms. For ~his interfacial layer V. has the range .~

C
(l+qDssil/r;.i') - (V . -b~

1
7'

V) I~\/.
s ..J • ~

ilqD V
''is' s

"< Ei
+ C 3.4.23

i. e o and since equation 3.4.14 is valid if no interfacial

layer existed, it is S8Bn that for a voltage V a larger current

is produced than would be if there were no interfacial layer.

That is,it can be seen that the fill factor has been improved.



. :~ It may also be noticed from equation 3,4,22 that the open clrcuit

voltage has been enhanced by the presenca ofthi~ interfac1al

layer. An even further advantage could be achieved if the inter-

facial layer is designed such that it is not as efficient in

the transport of conduction band electrons' i. e if the tunneling

of conduction band electrons through the insulator is entirely

negligible equation 2.4,23 reduces to

- 7'5 q' exp ( -ex~l) (
I = qA I' I,I i? - 1 + L ex \

- /'Ie- ,__ p ~
d),

PnoD
p

L
p

(
-; exp

<-
3.4.24

Among effects omitted in the above theory we have the following:

(aJ Tha light current has been cal'culatad on the basis
( 44 Jemployed by Fonash ,The holes and electronS"are generated

in the depletion regie': and they tend to move to right and left

respectively on Fig, 3.1 without recombination giving J
DL

e

The remaining photons generate carriers in the bulk region and

they are subject to recombination (first term of equation', 3~A.15)'.

The corresponding result without recombination is obtained if L
, p

is imagined to become very large. The reduction of light curren~'

due to electrons tunneling from ~he metal has not been included,

This causes JL and J to be overestimated.

(b) Another caUSE of an ovarostimati6n of J arises from ~n
underEstimation of J e due to tha neglect of image force low8Fingsm

J mson

of the potential near" = U., The effect of image force lowering
e

is likely to be rather small.



( 34)
3.5 THE FOR\vARD (TUNNEL) CURRENT

Barden has written the probability per unit time of the

transition of an 81ectron in a state a on one side of tunneling

region to a state b on the othersid".

3.5.1

where r~ab 'lS the matrix element far th" transition, Pb is the

density of states at b, and fa and fb are the probabilities

of Occupation of the states a and b, respectively. This isa

direct application of the' golden rule' of time-d8pendent per-

tUrbation theory.

Mab vanishes unless the transverse wave number is the

se,me for the initial and final states (spiJcular transmission);

thus Pb is a densi.ty of states for fixad kt• Iv," sum over all

states a for fixc:d Kti sum over Kt, multiply by 2 for spin and

multiply by th" electron charge q t~ obtain the total current

to the right, Subtracting the current to the left, we finally

h (65)ave

J = """'-:.~:;.i

<::'.--' f
a 3.5.2 •

It will be assumod throughout that Kt is conserved in each

transition, although it is clear that scattering by phonons and

defects will permit viol"tion of this restric'cion. The sum over

. ( 66)Kt may be converted to an lntegral
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and the limits on Et must depend on configuration. For IVIIS
diode the;above uxprassion is

J x
~mtq

=
_113

r E
0./ .1lBX,

r I Ii'! Ib 0 . 8m I

2
p . p (f - f )dEtdE
s m. s m x a.5.5

This exp~ession deals with the forward current and assumes that

tunneling through Schottky barrier is negligible (for moderate

levels). The 10",.E'" limit on these integrals (the zero of energy)

cantherefora be chosen as the semiconductor conductio~ band
at the surface. This gives

E.:..(., max

II
o 0

dE
t

dE-- I
x 0

E -E
max x

I
o

Emax
dE

x 3. 5.6

Since thE Fermi functions in this relationship t8~d to zeto'~ith

increasing energy. the upper limits on the ihtegretidn are taken
to b 8

Using the WKB (Wentzel-Kramers-Brilloeen) method fot the
transm'ission coeffid ..,nt

2
1M!
I sml

2
= (-1:_)2m

(K ) .
x s
L
s

(K )x m
L
m

f . xm
expo -2J I
I x, s

k i
,Ii! J

dX f
x \

.. ,J

3.5.7



and the one-dimensional density of states factor

m-L
80m

11112 (K )
x s;-m

3.5.8

where K is the component of momi2ntum in the x direction. L
x s, m

ere the lengths of t.he semiconductor and metal. r8spectively,

and x and x are the classical turning points~ loading tos m

)I kidxl x

1
x

m
( 2~) 2 exp (- 2 J

x
s

Ii rectangular barri8r is assumed of height irJ independent of x.

(W - [ ) ';;: c/o the distance from the conduction band edge of- x ('--

the sami-conductor to. that of the insulator. I f follows that

K
x =

2m
'1l2

1
(vl~[»~

x 3. 5.10

--.
/Uso X - x = 0, the film thickness. Thusm x

1
=

1-'-'._-
2(211)

exp ( -

=
1

2
p P (211)s m

1
"2

exp(-l.Ol)'_ 0) 3.5.11

where X is expressed in electron volts and d in angstroms. For

forward bias. fm -~ 0 end

f .-:;
s -

<::
exp 1 -( E

( x
+ E -t 3.5,12

the Boltzmann approximation for non-degensrate metsrials. E
fs

is the energy of the semiconductor Fermi-level (relative to

the zero of energy, which is 'the conduction band at the surface),



Thu s we havE;

mt q
)c , E +E -F

J ff exp ( _ )C'Z o)exp(- x t -fs) dE dE=
2 113x KT x t21t -- _- 0 0

41tmtq
.1. 1::':2

exp( - ,X 0) exp ( fs )X= -IJ3 KT

,-x::; ':>G~ E E
f f exp ( - K~ ) 8XP( - --L) dE dE

KTxt
0 0

4mt1t q (KT)2 E;Xp(
Efs ) exp

>,t
0) 3.5.13= 113 KT ( -/:,..

where Efs is negative since the Fermi lavel in the semiconductor

is at a lowE;r energy than the conduction band edge at the surface

and is described by

3,5.14

•
Therefore,

J x =
.),

. ? . "-
( K T) '- 8Xp ( - ,X- o)exp( - -K-~('jb'+ 0 »

, J. n 3,5:15

Ir"here Vbi repres~nts the surface potential in th E~ s amiconductor,

which -is --ittJ'e di'ffer,mce in potsr1'~ial beb"een th e conduction

band edge at the surface and in-the bulk. 0 is the F",rmi~' , n

potential relative to the conduction band edge in the bulk

semiconductor.

The zero-'-bias valUe 0 f the surface potential. Vb' _- is better
- J.o

_known as the diffusion potential .• Provided that contribution to

n-value from other mechanisms (~uch as recommination currents)

are very small. the change in the surface potenticJlmay be rolated

to the applied voltage by



where ~£::' V, .; is the eh8ngs in sL.~rf'ecE':-potential as a result0_

of the "pplied bias V; Thi s Ii"-valu" applies for a current-

voltage plot which is truly exponential;

i'iaking use of the zero-bias condition

Vb' +'0 = 0B1.0 n

Thus

3.5.17

where lOB 1.S the b8rri8r h8ight prQS',3nted to the: electrons in

the metal by tha semiconductor alone, equation 3,5.15 becomes

where

J
x " T

2
(='1 exp"-

1
I

):' 0) e xp ( ) exp (-9.L)
nKT 3.5.19

The eqUE,tion 3.5;19 1.s valid only for for\,Jard b'ias V>3KT/q

since the reverse cu:t::ont contribution ( due to metal electrons

tunneling into semiconductor) has been neglected.

3.6 EXPRtSSION FOR CURRENT IN MIS SOLAR CELLS

The total current density produc.d by p-type MIS diode"
•

at e voltage V is given by an equ~va18nt ~xpression as

equation 3.4.22~



-qaBp
KT

r
),x',lexp

oV
(_'_s_) _
KT

::-qV i )'1
exp ( K T

.__ .J

- Tc
~exp ( KT ) - 3.6.1

The tunneling transmission probabilities ere obtained in the

previous section from WKB method and is approximated by

T v

"

1"\.,1 "" 2
~ exp (-J il)

p

where!: is' the mean barrier height pr'?sentsd by ths oxidep

layer for p-type material,

In short circuit condiction V ~ I A and the thicknessBe s
dependence of I can be visualized throurJh finding the rootsc

of the equation 3,6.1,

In the Schottky barrier analysis the minority diffusion

current can be neglected but it can be enhanced in the MIS diode

due to accumulation of minority carrier in the interfacial layer.

However, n'cglecting the voltage built in the insulating layer,

equation 3,6,1 can be reducad toi. 8', V. ';:(0,
J.

,
(_ X '2, P

-q0'Bp ,,"
iJ)exp(' KI ))"

exp (-£l.!L)
KT

qV
KT 3, 6-: 3

3,.6,4

The open circuit voltage is obtained by putting J ~ 0 and with

JL ~ J ,we hevesc



.i<T U'in
J -1 +.7'. t 0Voc '" ~ 3.6-. 5q , J / PL. no -1

where J
-l(
T2 (

q0Bp 3.6~ 6= II l:..:Xpno KT

is the thermionic emission currant density. The lost tl~rm is

. l 1 f h' . d" t f .'1 '1' .. (54)reSpOnS1J B or t S lncrease 1n V , Us ~o ln~8r OC1~' ayer,DC

, ~1',',:

nl.' ._'

~_ i...
;,' .•..r',

.. ' r: J~. ''- ",



--".~/ ~I~~.~)
( , ""~rq~T ,)
~ .'>fl..P

-'. - -~----_.- .

CHAPTER IV
FABRICATION OF SOLAR CELLS AND MEASUREMENTS
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4.1 PRELIMINARIES

In this chapter the process of fabrication of Schottky

barrier and Metal-Oxide-Semiconductor solar cells hae been

described. All of them were fabricated in Edwards-306 vacuum

system coating unit fitted with a film thickness monitor having

an accuracy of one angstrom •.1"letalsand antiref1.ecting coatings

were deposited on cleaned surfaces of doped semiconductor wafer
-5at a residual pressure of about 10 torr. P-type monocrystalline

silicons of Monsanto Monex having resistivity of 1.5-3.5 ohm em

were used in the fabrication of solar cells. Fabrication of solar

cells started with chemical cleaning of the silicon substrates

having doped epitaxial layer. The current-voltage (I-V) measure-

ments in dark and under illuminated conditions were performed._

A X-V plotter, oscilloscope, oscillator, power supply, digital
multimeter were uflGd in the measurement."

4.2 FABRICATION PROCeSS

In the fabrication process the f'Jllowing steps were followed. 'r ,
(1) Chemical cleaning of the substrate

(2) Preparation of ohmic contact

(3) Preparation of barrier m8tal contact

(4) PrE,;parationof current collecting grids Or fingers

(5) Deposition of anti~eflection coating

(6) 1"lountingand Lead connection.

. ,
",

",--
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4.2,1 Chemical Cleanir,!].

The epitaxial layer side of the silicon substrates was
originally polished, These were cleaned chemically where some

variations were made e.g. some of thornweT'S slightly etched

and some of them were not, We devide this cleaning step into
two ca"tegories.

(a) --- Degr8Elsing the substrate J.n methanol, acetone

and ethyl alcohol,

Cleaning Ultrasonically in the same solution for

5 minutes.

Rinsing J.n distilled water for 15 minutes.

Rinsing J.n ethyl alcohol.

Drawing at BOoC in a drier,

(b) --- Dagreas~ng the subs~rats in methanol, acetone

and ethyl alcohol.

Ultrasonic cleaning.

Rinsing in distilled water for 15 minutes.

Ultrasonic cleaning in sthyl alcohol for 3 minutes.

Drying at BOaC;
I.

•
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4,2,2 Ohmic Contact

The silicon substractes were all p-typa. The ohmic contact

was obtained by depositing gold or aluminium on the rough side

-5of the substrate at a residual pressure of BxlO torr at a rate

of 40-50 Rlsec. The samples were then heated in an open furnace

fo r 5 minutes at 5500C for gold contact and at 6100C for 20

minutes "for aluminium cuntect.

4.2.3 Deposition of Berrier ~]etal, Grid and ;intireflection
Coating

The g8n'8ral structure of thco 5chDttky barrier and MIS

solar cdl fabricatICo is shDwn in Fig~ tl.1(a,b), I\fter alloying

of the ohmic contact, the samples were fur'th2r cl'eancd in a

solution of aC8tone'nd ethyl alcohol to r>cmove dirt particles

from the polished Bctivc side. The silicon is supposed to contain

a naturally grown oxide layer and alloying process further adds.

to its thickness, I\lso that in ths clcoaning process by aqueous

solution the oxide furmation continu,"s. In the CElse of SChottky

bElrrier this cle8ning prOCGSS 1S d,'Jne fo r '" veery short period

of time and the sample is put in the vacuum system to prevent

further oxidation and to deposit thre barrie,r me,tal. For metal-

oxide-semiconductor (~IOS) solar cell ths samples were heated at

different tampsratures for. different period of tima and they

were th~n rinsed in athyl alcohol and acetone followed by drying

at BOaC before metal deposition.

Now a mask 0 f aluminium foil was pl"ced Dn the active

surface keeping a wi~dDW fDr deposition of barrier metal contact.

'I;;;,.



This was done in order to prevent any deposition of metal on

the edge of the silicon substrate, other-wise edge leakage

current vJDuld worsen the valuD of shunt rl"sistsnce Rsh' then

thee desired metal/metals of appropriClt!e thicknes's was deposited
-5at a residual preSSUrf] of 4xlO . t'Jrr.

I\bov8 the Schottky metal contact, "lluminium fingers or

current collecting grids were deoosited by the holp of another

mask made of aluminium foil, thick plastic, ccmb etc. Finally an

antireflection (tiR) coating of ZnS v'as dsposit8d throughout

the surface of the d8vice leaving a very small area of aluminium

grid exposed, which is required for the ccnnodtion of external

leads. The list of solar cc,lls fabricated ar'c,given in Table 4.

in which every details of fabrication have be~n shown.

4.2.4 Mounting and Lead Connection

The solar cells fabricated were then attached to copper

plates by silv~:r conducting past8S. l'Jires wert': also connected

to tho top aluminium grid,

4.3 1"1E i\ SU REHi:. N T

Current~voltage measurements (I-V) were performed on the

Schottky barrier diodE in order to find out the.parameters e.g.

barrier height, 0B, derk saturation current I , ideality para-o
meter 0, series resistance R ,, s short circuit current I ,open

sc
circuit voltage V and fill factor FF. Thesb measurements wereoc

done in dark and also in illuminated conditions. The value of



TABLE 4

"., .

51. Devi c e A rea CleaningOhmic o xi da- Barrier _ Finger AR Type ofI~o• I~o• Actual to ffec ti vemetho d co ntact tio n metal Spacing! Thick- Coa~ing cell2 2
~ t ~mp.

o~
~ wi d thcm cm ~ ness

-hr. cm Q

"-<._,~_._-
1 51 0.8 O. 3 a Au x Cr/ Cu 0.1/0.1 500 1000 Schottky

1000 550/500

2 52 0.9 0.3 a Au x Cr/Cu 0.1/0.1 500 650 Scho ttky
1000 60/60

3 53 0.7 0.4 b Al 150/48 .4l 0,1/0.1 1000 650 ~1IS
1000 120

4 54 0.9 0.4 b .4l 150/96 Cr/Cu 0.2/0.1 1000 650 ~II 5
1000 60/50

5 S5 1.0 0.5 b Al 150/144 Cr/Cu 0,1/0.1 1000 650 MIS
1000 60/50

6 ,- ..-
0.95 0.4 Al 150/48 Cr/Cu 0.1/0.1 1000 650 ~HS

,"J'; a
1000 35/50

7 57 0.9 0, 7 a Al 150/72 Al 0.2/0.1 1000 650 fIIi I 5
1000 130

8 58 0.95 O. 3 b Al x Al 0.1/0,1 1000 650 Schottky
_ 1000 120

9 59 0.6 D,S b Au 150/96 Cr/Cu 0.2/0,05 1000 650 MIS
1000 35/50

10 510 0.9 0,7 a Au 150/144 Cr/Cu 0.2/0.1 1000 600 MIS
1000 60/50--'-'. --_._-'_ .. -_. ._-- ._-~.~_ .. - -_._---~----~._._---



barrier height 0g and ideality parameter, n can be obtained

from the plot of Log I Vs V in forward direction according to

the following equation 4.3.1. Log I Vs. V plots w~re straight

lines.

= -.IS.L In (
q 4. 3 •.1

and n = 2JV
2J(ln I) 4.3.2

The effective Richardson's constant A~~ is function of

electric field at the interface. In th" range of electric field

of 104 to 2xl05V/cm; A*~ 1S given by

2 2
= 115 amp/cm /oK

202= 30 amp/cm / K

for

for

elect rons

dlLJles

4.3.1 Current Voltagf.'r'leasurement

I-V measurements wes performed on the diode both in the

forward and reverse Girections. These wer~ obtained by x~y
plotter or digital multimeter. The forward charClcteristics were

drawn in dark and illuminated condition. The value 0 f thf?

barrier hf?ight 0B, ideality parameter n and the value of dark

saturation current was obtained from the flot of log I Vs. V in

the forward direction with the help of equations 4.3.1 and
4.3.2.

Three types of I-V characteristics can be obtained from
the solar cells (~pp~ndix-B) They ara

i) Photo-voltaic output characteristics.



ii) Diode forwGrd characteristics

iii) p-n junction characteristics.

The diode forward characteristics was obtained for all

the cells. The photo voltaic characteristic '"as howevlor useful

to find the internal series resistance. From the knowledge of

this int~rnal series rosistance the actual diode characteristic

was obtained from the diode characteristic by using the follow-

ing equation 4.3.3. ~t any currant, the voltage across the
diode is given by

V'~V-IR
s 4.3,3

For easy ,,-:!ndf.'lCCurat8 mcasU~8ment 0 f internal SErles
. ( 67)reSJ.stance of the solar cell photovoltaic output chari3cter-

istic is measured at two different light intensities, the

magnitudes of which are not very importance. The two character-

istics are translatGd againsts each other by the amount L'l IL
andDIL Rs in y-and' x-directions, respectively (Appendix-C).

Two cDrresponding point on the two characteristic show a

displacoment with respect to each other which same as the two

translation of coordinate system, The displacement p8rallel to

the ordinati2 givccs the value of,,:iI and thE; dispJ.;3cement
L

parallel to the abscissa equals L6 ILRs from which thp value
of R 1S roadily obt2ined.s



In this mGthod an arbitrary int6rv,61 ~-,I from th" short

circuit current I is chosen on both the characteristics.sc
This methods locatES the corresponding points on the two curves.

It is convGnient to chooscL'; I so as to obtain a point in or

near the kneG of the characteristic •• In illustration of th"

procGdurG is shown in Fig. 4.2.
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Rf5ULT5 AND DI5CU5JION5

Two types of solar cells were fabricated in the mlcro-

electronics laboratory of Electrical Engineering Department,

BUET -Schottky barrier (51,52.58) and metal-oxide samiconduc-

tor (53.54.55.56,57.59.510) solar cells. The metal contacts

were aluminium and chromium/copper. The backside Ohmic contact

was gold or aluminium. The current voltage (I-V) curves of the

devices fabricated are given in Figs~ 5.1 to 5.9. These curves

are derived in dark and also under illuminated conditions.

Barrier height, 0B ideality parameter. n. dark saturation

current, 10' open circuit voltage, Vae' short circuit current,

I and value of series resistance, 11 can bfeobt"in"d fromsc s
these plots. The intercepts and slope of the straight line

extrapolation of the ;olot of Log I Vs. V (Fig. 5.10. 5.11)

in the forward direction determine the dark saturation cur~ent

,andideality param3ter. The various r,'sul,tsobt"ined for the
cells are tabulated in Tabla 5.

Device 51 is a Schottky barrier solar call. The metal

contact is very high (5501500 ~) ~ridtherafore, it showed a

~ery small vcilue of short circuit current density (0;83 mA/cm2).

Device S2 is also a Schottky barrier solar cell. The increased

current (8;34 mA/cm2) may be explained as a consequence of

decreasing the barrier metal thickness (60/60 ~); The open

circuit voltage is compi3ratively larg'3 (0.368 volts). This

sample was clean ad by method a) and there was probably an

interfacial oxide layer already pr8se~t on its surface.

, ,
, ,

!



TABL E 5

51. D evi ce Dark Dark Bsrriar Ideality 5"rias ::Jhort 5ho rt Opan i'1 eximum Fill
No. No. 5etura- 5etura- height parame- resist- circuit circuit circuit effici- factortion tion vol t s t e-r ance current cu rrent vol ta ga ancy

current current Ohm mk density %ue densit~ mA/em 2
u a/ cm

1 51 279 34B O. 5B6 2.03 12 0.25 0.B3 0.139

2 52 232 257 0.601 2. 3 20 2. 5 B,34 O. 36 B 1.15 0.3B

3 53 32 45.7 0.652 2.14 19 4.0 10.0 0.27 1.0 0.3B

4 54 237 263 0.6 3.03 27 3.6 9.0 0.3B 1.2 0,36

5 55 63;2 63.2 0.638 3, B7 70 2.5 3.5 0.467 0.77 0.34

6 56 236 24B 0,602 3,01 25 4.0 10,0 0.49 2.3B 0.39

7 57 35 39 0.65 2,61 25 4,5 6.4 0.371 1.03 0,,445

B 5B 151 215 0,606 2.42 12 2.0 6,7 0.23B 0.62 0.40

9 59 157 252 0,601 3.3B 17 6.0 1?0 0,,421 2.17 0.39
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Devices 53 and j7 are aluminium MIS solar cells. 53 was

heated at 150
0C for 48 hours and 57 was heated for 72 hou~s.

There is a rJ.se in th" value of open circuit .voltage (0.371

volts for 57). Al~hough the effective aree for 57 is higher

chan that of 53, the resistance value for 57 was higher. As

a result the short circuit current density for 57 is lower

(6.4 mA/cm2) in comparison ,with th", current of devicE 53

(10.0 mA/cm2). This d"crLCasad current density is dUB to an,

increased oxide thickness and increased resistance value.

Also device 57 was cleaned by method a). The high value of

rEosistance (25 ohm) may be duo to the incrf.'ased spacing

b,'!tvJeen the grids.

Devices54 and 55 ar8 also ~1I5 cells'. 55 shows a very

high value of internal saries r'3sistanc,'O (7U ohm)'. 54 and 55

a
was oxidezed at 150 C for 4 days and 6 days respectively.

The barrier height fc:c 55 is large (0.638 volt) but there is

a photocurrent suppression and as a consequance the short

2circuit current is smaller (3.5 mA/cm ) than th8t of 54

2
(9.0 mA/cm ). The op8n circuit voltage was, hOlvever. large

for 55. (0.467 volts).

The device 56 was heated for 48 hours at 1500C and the

obarrier metal thickness was also d'"crsased (35/50 A). The

short circuit current density increased (10 mA/cm2) and the

open circuit volt3gc also showed a high value (0.49 volts).

The cleaning was don8 by method a).

Device 58 is an aluminium Schttky solar c~~l. It was
• .Leaned by method b). The resistance valus is smal18:r(12 ohm)

"

"



in comparison with that devices 53 (19 ohm) and 57 (25 ohm) •

The high value of rcsistance for 53 and 57 may be attributed

to high valuc of interfacial laycr thickness.

It has been found that if the samples are cleaned by

method b) the initial oxide layer is removed. This gives a

greaten control in the fabrication of cell if raproducable

cells are to be made. Device S9 was cleaned by method b) but
oheated for 4 days at 150 C. This cell the has shown almost the

same performance as cell 56 although it had higher grid

spacing. This cell was reproduciable and two more cells were

fabricated which almost showed similar results. But device

56 was not strictly reproducible. The variation in performance

was greater in comparison to those of devices 59.

In order to obtain high value of open circuit voltage

V a thin insulating oxide layer was grown on the siliconoc

substrates. fhe fact that successful silicon cells utilize

p-type meterial and not n-type for which the barrier heights

are generally higher can be explained when the presence of

interfacial layer is recognized, This layer contains positive

charge which incr,,,asesbarrier height for p-type material. In

order to fabricate IVII5solar cells, simple heat treatment
techniques were used.

In general, the insulator growth method used in MIS solar
cell fabrication must provide in a reproducible, thin, stable
insulating layer. In the fabrication proc"ss this was done by

heating the substrates at 1500C in air for 24 to 120 hours



in an oven. In th8se rCJsults the short circuit curr"nt density
i>

J ~s also an important quantity in determining the performancesc
of the cell. J depends upon the thickness and type of anti-sc
reflection coating, thickness of oxide interfacial layer and

reflection properties of thE barrifOr matal. It also depends on

the thickness of barrier metal, value of ideality perameter,

dark saturation current alongwith the barrier height and also

on the value of saries resistance. In order to obtain higher

efficiencies in MIS cells it is also important to have high

value of short circuit current density. The first rc,quirement

to obtain high current is to use thin insulating lay'cr so that

photo current suppression effects are avoided. For silicon oxide,

thickness less than 25 ~ are required. In our precess it was

not, how8ver. possible to determine the thickness of oxide

interfacial layer. Therefore, strictly sp'csking it was not

•possible to have a complete control on the formation of oxide

layer by simple heat treatment technique.

A f d" I" t (61)s Dun In ltera ure the interface of thermaly

grown silicon rav'3al s the 8xistance of a tr,ansition region

with composition of 5iox' where x varies from one to two in

the transition layer. This nonstoicniometric region extends

to about o
20 A from the interface. SincG the MI5 so15:,' cell

involves ultrathin oxides (10 - 20 ~), th8 oxide thickness is

comparable to the non stoichiometric transition region. Therefore,

the devica performance is expected to be dep,mdent on th5

composition of the oxide '31so. In addition, as the ultrathin



oxide of 10 - 20 ;:(cc'-'sistsof cnly few --Jtomiclayers, it is

expected to be heavily defected with a large pinhola density,

therefore, the device p8rformance will also depend on the

quality of this oxide. Tha cells fabricated in OUr laboratory

varified the fact that oxide,layer grown in this technique was

not uniform over the whole area. Solar cell 510 was fabricated
using the same MIS tcchnique. The "lre,"of the cell 2

wa sO. 7 em '.

The shot circuit current was only 50 microamperes. Th,B solar

cell Was then cut into ~iffcrent small pieces. One of the

plEces having an area of 0.04 cm2 showed a short circuit current
of 220 microamperes while another having '3narea of 0.06 2cm

shovJed 155 microamperes. The opEn circuit voltages of th'3

pieces ~ere 0.3 and 0.17 volts respectively, while the open

circuit voltage of the cell SIC was only 0.23 volts. The above

situatiorl =an be visu21ized as if there are s8vsral solar
cells in parallel combin~tionj 80me of th~m ~aving 8 large
barrier height and others a smaller bar'ti'crheight. Thus the

region with minimum pinholes shows MIS st=uctur~ while the

region where pinhole density is so large that there is virtually

no oxide can be considEred as a Schottky structure. The fnrallel

combination of'ideal HIS Clnd Schottky cells th';,refore,givB8 'a

low open circuit voltage end a considerable ~mount of photo-

generated current is lost as internal diode current in the

region of Schottky barri8r.

The ideality parameter h of the calls were highsr than

that of near ideal valUES. (Table 5). This increased value.



",'.

of n is attributed to fixed chargcs in ths Dxide thickness.

The ideality paramet"r is also a function of oxide thicknE1SS

a and surface statG density D •
. s

The conversion efficiency of thc solar cell is given

by

=
J IJ FF
se DC

P .
. J.n

where FF is given by the ratio V I Iv I From the I-Vmp mp oc sc
curves it is evident that the horizontal segment of the curves

is very small. put this decrease in.horizontal segment did not

affect the open circuit voltage, therefore, the FF decreases

with a subsequi3nt dCcH:",;e in efficilincy. The fill factors

FF shown in Table 5 is a con~eqIJ~nCe of high value of sErie~

resi stance.

There are various reasons for this hig!l valu8 of series
resistance. One<'of thDse is the back sidt.::J ohmic contact.

Hluminium ohmic contacts WEre selected Mith an aim to fabri-

cate low-cost solar cells. The ohmic contact was annealed in
. b "d of 1.0-2air or In a cham l;r at a r~Sl ual pressuro torr.

Ohmic contacts made.of aluminium on ptype silicon with hcat

treatment gives low valua of b"rrier height •.But in the presence

of oxide layer which normally contains positively charged

sodium (r"a+) and potassium (K+) ions, the" barrL,r height s wsre

not low enough not to be distinguishable from B truly ohmic

contact with no potential barriGr at the intsrfec8. Moreover,
haat treatment of this contact oxidized the aluminium which

increased the resistivity of the metal contact. Heat treatment



-2in vacuum. at a pressure of 10 torr and a temperature of

o300 C for a time of 5 minutes gives good results for aluminium

contacts,

Another important contribution to the S8r~8S resistance

~s from the transverse sheet recsistance of th,e active metal

"contact on the top, Proper design of arid structure can theo-

retically reduce its value to e very low figure. Grids were

made by evaporating aluminium through ,""lsks made of, combs and

aluminium foil. These masks were pri3pi'lrEd by cutting the foil

with a pair of scissors. The width of the grid lines'could not .-;.'

however, be. made les3 theJn 0,05 - 0,1 cm. Th,,, distCJncE' betw88n
..~.-

the grid lines or fingers was varied from 0,1 cm to 0.5 cm.

For smaller distance -the value of the rssist2nc~ contributed

by the metal sheet decreascs very rapidly but th? effective

area also decr,wsed. thus decreasing the value Gf photogenerated

current.\hth graat2r distanc8 b8tween the grids linE;S t,h"

resistance showed a very high value(S4.S7). DUE to transv8r~8

current flow there is a voltage gradient existing between the

grid lines, Under short circuit conditions regions of cell

away from the contact strips remain under forward bias, Thus

a considerable amoun't of current g5nerated is lost as is evident
from the equivaL,nt circuit. For a pi'1J:ticul ar dimension of

cell if the separation of grids were decreas~d smallEr amount
of current of one unit field would have flowed through a much

decreased resistancE and as a- conssqUEncc th~ for~ard bias
voltage of the diod" would be decredsed, Gut this improvem'ent



was no.t fully achieved because it rGduced the sffactive area

causing decrease in short circuit curnent density. 1\ computer

program has been run (5ec. 2.8) "hich vsrifiGs the above results.

In eddition to these resist~nc8S th8rc WeTG othEr factors
which contribute to the total resistance. These include conduc-

ting p8ints used for connecting electrodes, leads, copper plate

on which cells were attached and the resistances of the

m8asuring instrument (milliammeter). It has b8c~n d",tprmined

that these resistances are approximately 4-5 ohm.

I-\nother important factor which daterrninas the value of '_','

J (or JL) is the antireflection coating. Aluminium is well'sc
known for its high n,flectivity in the optical spectrum. Thus

to m3ke 3n efficient light con'Jl')rsion devl cs soms msthods of

maximizing the film transmittance had to be donc. The same

situation [Jxists in the cas,' of Cr/Cu solsr CElls. To d8crsase

the reflection 10ss8s; antireflf?ction coatings W8I8 usr:.d. The

coating m"terial was Zinc sulphide. ;\ thicknbSS of 600-700 1\
showed good results for both type of solar cells. However, a

simple inspection shows that there was still considerable loss

from reflection at the top as is evident oy its shining surface.

The efficiency calculetions were dona by assuming that

the imput power density is 0.103 watts/cm~ However, dota

obtained from Department 0 f i~Echanica1 Enginscring showed tha"t

it varied from 0.92 to 0.101 Watts/cm2 during that time. The

efficiancy calculations are tabulated so that an approximate

idea about the performance of these c',,11s can be mede.
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CONCLUSIONS AND RECOMMENDATIONS



CONCLUSIO~~~ND RECOMM£NDATIONS

The fabrication of Schottky barrier and MIS photovoltaic

cEdIs is a very sophisticated proccess which involvtes accurate

control over all parameters if reproducible c811s of good

performance are to be madf,. In Our fabrication process it WelS

possible to obtain precise controlled thickness 'of diffBrent

deposited layers on the silicon substrate. But thE'rB was

vircually no control on the thickness of oxide interfacial

layer on silicon. Oxide layur grown by our tEchnique was not

uniform as discussed in Chapter-5. This rssulted in a dscrease

in short circuit currant for cells having larger dimensions.

Besides, the cells were not strictly reproducible,.

In the process of fabrication aluminium masks or combs

were used to fabricots the grids lines. ThE' gf,:ometry 0 f this

grid is very important as discussed earlier. It is, therefore,

essential to have masks which have been SO made that the grid

structures have very small width, so th,at the effective area

is not decreased.

From the results obtained so far, it Celn be suggested

that if the f'3cilities of photolithography, photoresist prbcess,

oxide thickness measuring instrument, standard lamp sources

and furnace with controllable environment were uS8d, solar

cells with higher efficiencies could be made.

It is also sugg8sted that research Bnd development should

be continued and significant improvements can be done if

/



elaborate computer study for the ~Dtimiz8tiDn of all parameters

is done. This should be followed by fabrication with accurate

control of the process, We have used mono crystalline silicon

in our cells. But monocrystalline silic.cn substl-atcs are mare _,,_._,,__

Expensive than amorphDus silicon, In order to make (3 cost

effective solar csll works shDuld also be dDne with amorphDus

Dr polycrystslline silicDn. Besides silicon, investigation

shDuld be carried out with Cadmium sulphide, Golium Arsenipe
etc.

It is "lIsa suggested th"t fresh silicon substrates th"t

are suitable for solar csll should be used for producing soler

cells, otherwise, there will be virtually no control on the
thickness of oxide l"yar Dn its surface,
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APPEf~DIX-A

A H::VI E:'i, .IJF ,SCHOTT-i<Y BAR:ni;:R

intimate contact, a pot'.':.:ntial berril.';r aris:..~'s, (p":~) qecBuse of

the diffl~rGnCe in thermionic work function of th;.: sl;.r:liconducto'r

and m8tal or (b) from the existance of localized electron states

on the surface of the semiconductor. The energy oand relation

at metal semiconductor contact is shown in Fi~~ A.I •.
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Figure A.I( a) sho"Js the relations at an id'?al contact between

a metal and an n-type semiccnductor in the abssnce of surface

states. If the s~miconductor and m2tal ars connGctad by a
conducting ,,,ire, charge will flcw from the sEmiconductor to

the metal. Thus eL,ctronic equilibrium i's established and

Fermi .lev8ls on beth sides' com~ into cainci-dBncB.' The Fermi

level in the semiconductor is lowerod by an amount equal to the

difference between ti-e two "Jork functions, with respect to the

Fermi level in the matal. This potential diffan-ncel

q0- q(;(+ V ), is called contact poten tial wh, re q J. is them n
electron affinity measur8d from the bottom of th" conductiGn

band to th eC vacuum level and qV is a measur" of internal work
n

function which is the difference betwe8n the F~rmi level and

the bottom of the conduction band. An electric field would

then result in the gap becauSE there nlust b8 negative charges
on the metal side balf.".nced by positivs eharge"s on the Sf~mi-'

conductor side. In th" case of metals, largcc fic,lds can be

6ccounted for at a surface by only smaller variations of

charge: density: Hemct'; a large field intensity may terminate

at the metal '2urface in only a single lattice spacing or so.

Because the concentretion of donors is many order less in

magnitude than the concentration of electrons depletion

~egion occupy an appreciable thickness into the surfacs. In

'ehe metal, then, the abrupt termination of thE field causes a

break to appear in the potential curv~, while in a semiconductor

potential curve is smoother and the band in semiconductor is

bent upward as shown in Fig. A.l(b).

"



As metal. and sC."cconductor approach each other the drop
in electrostatic potential ( U. associated with the field

gap tends to b," zero if the field is to r,'main at a, finit.e

value. Finally when ~ becom~s small enough to be comparable

with interatomic distances, the gap becomes transperent to
electrons and ths potential across the thin layer separating

them disappears altogether leaving behind th9 barrier arising

from band bending (Fig. A.l(d»).

tvidantly the limiting value 'of the barrier height q0Bn
(neglacting5chottky biJrrier lowcering) i.s g~Vf3n by

The semiconductor in Fig. A.l pOSSSS8S no net charge at ths
surface. Itis, howevc'r, gsnterally agr8ed that chemically

etched semiconductor surfaces are covered with thin layers of
oxides. Because of the; mismatch of thE crystal.lographic

structures and dimension at the semiconductor oxide interface

boundary, impsrfactions in the structure are lik~ly to exist

and to create energy lev~ls within forbidden gap. The extra

energy levels ~reated atscmiconductor surface are commoAly
call ed surface ( 24 \states~ Bradeen ' pointed out thE sffett of

surface states on the hEight~of the potential barrier. ~urface

states are usually continuously distributed in energy within

forbidden bend and are characterised by a neutral level q0
. 0

(which was the Energy difference between the Fermi level and

the valc,nc3 band edge] at the surface b.,fore th ro metal semi--

conductor was formed). It spcci fi"d tha If.:v"lbelow which all



the surface states must be filled felr th,o condition of neutrality

of charge at the surface,. "hen q0
0
? EF, ther'3 is a nr,t positive

chaige at the surface s~ates and the depletion region is not

as wide as where there: is no surfaCE' statEls and th~~barrier

height is reduced. But if q0
0
<~EF th"re is a net negativf'

charge at the surface states and th~ barrier height is increased.

In a p-type s8miconductor th" pDsi tion is rCV8rs'c and for

ideal contact, th8 b".rrier height is give,,"by

E
= --'L - (0

q '"
A.2

Schottky barrier formation with surface states is

shown in Fig. A.2 and a mors detailed energy band diagram

of a met0l n-type semiconductor contact is shown in Fig.A.3.
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the s.urfac8 stat8s must be filled for the;- cQndi'tion of .neutrality

of charge at the -SIJ:!,f.'3C8 .• ~'Jh8n a lRrgi..'" density of surface

stEites ia prl.,:s3nt on the 3t:;,,:iccn-ducto r sur-F"acG a se.co-nd

Fig. /~.2( a} shows th::; sq~ilibrium bl.;t~'iI~-:;,ensurfac'.:1 states and
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FIGURE A.3 ENERGY BAND DIAGR~~i OF A MET~L-n-TYPE SEMICUNDUCTOR
WITH AN OXIDE INTERFACIRL LAYER.



APP£NDIX-E

CURRENT-VULTAGE CHARACTERISTICS GF SOLAR CELLS

can

Current-voltage (I-V) characteristics for

be obtained by threc different m~thods!67)
a solar cells

(1) Photovoltaic cutput charact,ristics:- This mEthod

applies a fixed illumination, usually 0 f known intl.msity and

a variable resistance load Fig. 8,1. Voltage and currents are

measured while the load resistance is vari8J.
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FIGURE E,l PHOTOVOLTAIC OUTPUT CHARACTEriISTICS
(CONcii"iH ILLU~IINi"TIOi'J)i'ic.A5UREr~,::IH

The current voltage characteristic thus optained is known as

'photovoltaic output characteristic'.

(2) Diode forward characteristics:- This mcthod tests

the solar cell likes diode without application of cny illumina-

tion. A dc power supply is used to obtain a curr,nt voltage

characteristics as shown in Fig, B,2. The characteristic

obtained by this method is known as 'diode forward charactsr-

istics' .
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( 3 )

DIODE FDRW"iID CHAR~CTERI5TIC5 (WITHOUT ILLUMINATION)
~1EA 5U R E~1ENT

Junction cnBractBristics:~ In this mEthod the solar

cl'll is illuminatud VJith a vsri2ble light int,':nsity. The amount

of illumination does not h2Vc~ to be known, if ths viJ1ue of

light generated currc,nt IL can be d8t:~rminf.Jd. The measuring

cir.ell-it .is shown in f".ig. 8.,.3.
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i\PPENDIX-C

The basic equation describing the I-V characteristic of

a solar cell consid~:ring she ~ffsct of sorics r2sistance is

eI = Io

B(V-IR)
s C.l

where B =
q

riK T and V - IR = V' 1S the voltage across the
.s

junction which is larger than the terminal voltage V by the

voltage drop in saries resistance Note th",t I <0 for

photovoltaic outputcharacbcristics) r8sulting in V' ./- V.

for power generation in thE solar cell (4th quadrant op"r8tion).

Introducing two light levels I and 2, one obtains two

characteri sti cs gi v [jn by

BV'
II I (e 1 1) III= - -0

BVI

and 12 I ( a 2 1) IL2= - -0

Since VI is an indcp~~ndent v-:::riable, Dne can choose

V' = V I1 2

and obtain.

C.2

C. 3

C.4

C.5

C. 6

[.7The equation V' = V-IR
s

however,results in two different terminal voltages VI and

V2 for two currants II and 12" From equation [.4; C.7, and C.6,



follows

VI - II Rs = V2 - II Rs +/\IL Rs C,8

'-,',' ,

which dc,scribes a constant relationship between VI and V
2

for any choice of VI' The constant of this relationship

1S proportional to the serios resistance R and ~"o the change. s

of light intensity. Equation C,8 thus describ8s a second

translation of the coordinate axis, this one parallel to the

voltage axis by th8 8mount

C,9



A comput~r programme has been developed to find the

equivalent circuit 0 f the; solar c['lls fabric8ted and based on

this data the current 2nd voltages at the maxim~m power points

are calculated. Efficiency of the solar cell is also obtain"d

at this maximum po\tJcr point.

I-V characL'ristics of the cull J.s Clbtained in the da.rk

condition. The intDrnal SEries resistance is 8150 measured as
diSCUSSEd in Chapter-4. With th& hplp of this dota tho actual

diode char~ctEristic is obtained. The diode charactGristic-s
for higher valUe of voltages is approximated by

faking natUral logarithms on both sides

,, , ; ,-' ~.. , f' D.2

\Jya st.r:aight ~in8 ,us~ng 1bast-square 'error m8thod, by i;ho;"

following 8qu,ation

( ;"

"

:~.. '-.

I '" e and

~.. ~'._~".

n '" D;4



AftEr obtaining the diode equation the photogenerated

current is obtained by using the value of short circuit current

and the fOllowing equation

IL = 1
0

(exp (....!L.1(T (I I,) - 1) + In se s sc

The maximum power point is obtained by solving

D,5

D.6

for differEnt values of load r',sistanc2 f1L. From tho knClwledgr,

of Brca of the solar cell, power input density the efficiency

:J~,~the solar cell. th" fill factor is obtain,,,d.

Th2 'computer programme, run on DUET IBM 370/115



JlA! \joG\-; 23/06/F10 Tl"lr
. -

15oe46.00

--_._--_.

Ot::T=:.:\1[I\lt\rION r'=- lH': CUi:rf.lC:l"-,"Jr~3 err TI"H." i'tJLY~~ur"'IAL'

V(I)=VtJLTI\;';E :ll;!'~1St\I(1)=CUP!.'~:"'.JrStC(I,J)=<.;L\T~-:;IX FUR Lr-.:A~3T-S()J.l\r~L CURVE
I-I-T' T""j~;-;::~r~,J)::~"( I • .J ) ~'U ( J t J) ::;:) t;-S r PI-:.,~) C;',jJ T~'~~/\T') 1 X, K fTj ;';'Cli'f~F F] C .1[':'J T MA TR IX

;'/=14(1.• Df- Of!,.TA p'llr.;T:>. ~},=r)~-(~h.rF or- Dr1LY;'JrY'-1I'\1..

c
c
C
'C~C..~

v'{ () Ij-J ••...lILLIVf)~ T'-';, I\} (I) li'j ~lCqU,l\;H-,r:.hc;s •.

i)!J U 3 L r:- ,J '-.'r: C I -S , ~ \J V ( 1 ,)} ,t, I ( .1 ,) ) • C ( 7 , 7) , 1 ( r , 1 ) ,l)( -, ., 7) .) ( 7 ) •. \ I< ( "l ) , 'j') { 7

'} ., 7 ) • C C ( 7 , l ) t II ( "7 ) , !,L , :': S .~) t , ') 1 r J , ~,\L • A J 1 t ,~ , C?-J ., '\ V I ,A A , E F F , A t..J , /. I I ( 7 t 7 ) .•
1 A~,Y,Y~',A~O,VOC
!-'£-, AI) ( l' ~"-rOf 'r:[~',j

5 0,.. FU;~>~f\:[" (:-::~12)
--. - _.~- ;;',:rJ IT [( 3, 65 ,.::i) N t V,

553 r:UH'., "-I T ( / /20 X , • !'-);:: , J :-:: , ,~ 0 >< " t ,Vj -= f I ::':/ / ,):~y~:.66 (; i{!::;\ _.1 ( 1 • ') 1 ') (V { 1 ) • I .-::;1 ,;..j ) , ( A I (1 J I ::=.; 1 ,:--J )
I, ~ ! l' r= '( .3 t :1 2.) {V ( I ) , ! '';::1 , N )

~"---'-~~r~I.':(r:::{~}.-S:~{A I ( -I") , I ::::i--,-N')
~~ FrJI1~41"//tOx,701S.S/l

,.1'555 ,-<:CAr:~1,(00) A!...,,:<C;.PLI.P!l\;.AF'r:l-\~I\CPl.~/\
~.C;O FUi-<!!AT(t>DIO.:3)

.;,.;PIT~::( J,5Sr::;6) A~ ,n3,I---?Ll,!-"I N,J\PCA.,ACl{[.\

5556 FOR~~r(24XtlA_=tOlO.J.2X,.RS=~OlO.3t2X,iPI_I='DlO.3,2x.
,..---- 2 X~~?-E~,\-.;:;~ [) 1-0-:-3- ~-',.1\. c. HE A";'"'-D 10 ;'3/ )

00 7t~,'..1 1=: 1 ,N
'~~'i~-'V( 1 )-=V( 1 )-AI {J ):i'P:;:;O;l .0-03

;')LJ "7 'l 7 I = 1 t N

'''7 '\ I ( )}.=,)i.O.C.CA 1 ( I) )
'hRlrl.~( J,~2) (v'( r.) ,1'=l,N,)

--..-.-----\.;-h: f'rT::.("J--;-S2>TA'(Cr) ~!::: i ~NT
Sl FO'~~AT(ROI0.5}

D.....l 707 J= 1 ,M
((".\1,J).:::J.O

707 CII.J)=O.O
C(I.I)='J

..,----- DCr"2 5- ~l-,-!Vl
'20 D( 1 ) ~o.0

1'\2=,'<1-2
no lQ .).:;::1,"'1

0-. X=J-I

'PIN=' D1 O. :~,

Y-::'.H. "-1?
.----~--.n.O-l0 - .i';1-" ,~-

IF(X} 400,400,/.181
~bo 0(1)=011 )+AIIII

GU T [) 10

".:iil O(,))=DL1)+AI(I )"('VII",*xI
50; UI • .JI=C(I • .l)+V(IH'*X
--'-f{ M .•.•i)":;:-C.C.l. Jfi:vI -I ) "* y
1.0 ,cot.J 1 r t'HJ~:

( ( :'1, 1 ) =c ( 1 , M )

rJll =',1-1
l)(J- ).3 l=;? .""'.1
DO I" J= 1 • r~

T-'~~--rf~J'-:-.1 )-1'2 0 ~'-:i,i'.t 2 I

120 C(I,J)=C(J-l,J+l
GO TO 13

~~i ( I f J ) =C ( ~!, I )

------ .. - ._._----

~-~..•_--- ...•..•-_._---

IOJt;t~,; ~ "'..-...- ,, _

'"



. - - - -~v 360N-~O-479 1-q P'\TE" T'lt'l,F.:

-----1 3--Ct)N i-I NU['
wf< 1 T ,'( j. -j)

•

1 )', I )

i "--

-----1

3 f~Qf~'1P1 A T (/ ;~:;'3'7-;,I l;~ :.' '.11 ,) "'1/ •.1\ ] 'I.:"'C { I ;-J} f / .>

wi';' I 1 !-=:. ( :--:I. 1 ) ( { I , J • C ( 1 , J) t ,):::. t .~..;) , r = 1 • ",)

FLJP"1;\l (/13('-;X,1C{ T1l, ~,t 11. t )_~tf)l.-:~ .• '~,)

\'•.l~I 1[: ( 3. f:, () J. )
FOP\~'\T(//'j .\''',1 r .;~"/d':) "l'\Ti. I '{-,if

tVf('11~~(3.2)(1.J(l ,1=1,'.t.)
2 ~UP\lAi-(/'5(l-X','I:'( I'!.t)=t()1;2 .• c:)

D(1)':::().J,..
~-'''--'-'--T. t)U i r.;', f -= 1 , '\

P ( 1 ) ~P ( 1 ) '-c ( I • r )
DC; 1 u 1::: 1 t "

')f} 1 6 J::: 1 t <,'
"-"-~'~-T6--Ct:~(~l,J )~C ('f ,-J)

Of) 17 K---.:2,-l
DO 1 n I::: 1 , V1
o [) 1 ~S J = 1 , 'v1

-':r'-ff3 HUtllJ)-:-:CC{I,J}

DC 1 Ii 1 = 1, '"
"~"-lC)l~:fl(i .-i ) :::'3:':~( I ,1 )~i') (f<- 1)

')0 q~"") 1":::-1, •.1
O,J S;,:~J ,),::1, '-1
(C(} • .J)=~) .•U

1)0 Q ':'.) L.:.:. 1 , '.1

9?:O CC( f.J )::(C( I,J)~'(:( 1 ,L)*~'FqL • .J)

----~-\:~ ',= ~) - .• J

f) II (~ ...•I 1 = t ,",1

)~:'ll O={)."CC (1, I )

I I :'J V I~1) ~.;L: 11\ A T P! .'(- t:o I I { I • J} , / )

( (.\ 1 I ( I , J ) , J:::: 1 , :>1\) , I ;= 1 ,"1\ J

17 P(t<.):;:}h~

. DIJ ? i I::: 1 • '-1
------{)i,} "2 .~.- J:::: I, ..,

2 J A I r ( r, .1):::: HH I, J ) /;~ (~ )
t','!.! I TC{~, (:,')

() l'=-UP\i,A.T{/'):;;{,

\.,'p IT': ( 3, ~2?.)
222 fU~~:\T(IX,6n?o.n)

-.-.--- .. -D-r'j---i 01-Y-:;;T~ 1-.1

dc: 1I) 1 J:.= 1 .~-1
_101 U( I.JJ={).O

DU 1;) 0 l:;:; 1 , '.1

1)( I 1 I) 0 J:::: 1 ,'~

!)Ij 100 ;-(=I,M
--Ii) (), t)( J', .Jj =0(f ~J )+ C"( I ~ K ) '1,( 1\ ! [ (!< ,J )

\.,!...•IT r:: ( ""., f~\()r;)

(~O~) i~l)r\.i.\T(/~)?V;, 'f)F~_; fPL:) ~,"lI.Tf~,1>:-(j( 1,..J) f/)

'Il. j.: 1 T C ( .~l,2. 2 "3) ( ( U ( I • J) t J ::::1 ,1-1 } • I ~ 1 , I~ }

2;~3 FORMA1-{1/4SXt20~O.!5)
[)U ~"J:-j';) T= 1 t M

.._...._--(~':~~.~AK:~(1~);'lJ-:-0-- .-
[), 1 ::-'\) j) 1;= 1 , t'i
{)(] ~ 00 K = 1 ,~

5 'J {) AS ( 1 ) = Ai< ( , I" ( " 1 1 ( 1 • K ) * I) ( 10

- --..•••._- . ,} \



Il \ T '~ p: ~(I, ?3/0t"l/f'O In ••4,6.0D

o.
--.1---,

He 1GHT=:' t}1

J fJN CUHiH;.f\J1

.l5 .•ffV'~)
VOC=(;)1.lj-':';~(AL./~\b) )-/:\K (/)

Wf'::I TE( 3,.? 1 0) AD, vue
/i0- ---f;: ('] k \1 AT { ? '3 x t t r) fI. r.::K ~-;~\ rtJ h /\ '1

ITJ\GI': VOC::::':)10.5l

wR IT F::( 3, ? 7 ) ( j , A r~( 1 l --= : , ."'~ )

Wr.: J T E { ,3 t (, (, 7 )
~--"'-i'7-'F(J'~\'ll\ 'r-(7; ~:<-~.?;-( " /I,K ( I 1.-', I )::: ,"i-:I'1 :1'. ~h 1X) }

/\(1.::DE X~",(/,\( ( 1 l)

"'-A'~~=1./(2b.*AI-(?} )
PH 1'-1=. 02 f~,* I)L r:,c ( 6,.C~'f'.,,",,' J2 •. :;' { ,30 I).;' :;: ':) / (1\ n~~'I .• ')-0f}) )

'SliL:JT T lIN f-=-(lP '~~.AX. ~.)\ ••.~'_F !IUT~:IUT J~- SOLI\P C::l.l_
t.,L;:::D HO r~Jl;f~:'l~:f.'':"T rue dHl" F:-,:' .•I\O=i-j ,'u-,:K SA 1ur< t\, T I O:-~ cur{:~ENT

,~ ",,~"'-'- A~,~~IO~-;';':I~'(-r'y !.'id...•t>. ;.If--l EU, D~';~S[R 1 L'; l---::':', ~ "<31Ao\Ju:.:.~.,').1N';;-I ~HSiJT PUV,FI.J/:; O. C'''I

',l\L -;::.~L + i'\ U :.;< ( I")f X0 ( (",'\ l ~,;< 5 ) / ( !\ "J ~. ~l/, :l I) I) •• ) ) - 1 .• 0 )
. '. f

\I/!'" i 1 t: ( '3, (, L r)

wr~rTF ,( j, ~\(~j-~'l) I.d., ill-! I I)

;;',";:";:i[) FOR\1I\T (J:.'X , f F-'HOl C'.,lr~:--JL:'-; ,"..1r:) CUf':':f~;::i'-JT =:;' 01 (j" '-;, /; "( , 'nA R;! P.:P

'.. Ci\LC','Ci\TIO!\! til': Ci)f.'::..r7~-l1 (\1 :,\'\Xl;""d{\: f\J.vi"\ .•

'-;,~::7FU~ "'1/\ r {l '\,131 (' -,»)
. -'-'~;'~;;-Ji c"f :},' t:~()?)

",•.:] fl-'.J, ~~(6)
',,;6-i;-- FDFi,t\A r (:: '1.'(. I C~),J-'-'.':- '.T I t 1 t.\' t I r,'''' (} 1S 1 }\....JC~ f , 1 3>\ , .•~'O~ER 112'< t t F:FFI (1 i:-'::i'jCY t

l.l?l.,' \/OLTj~.G;:"'/)

"- -- W f~"r T r-: '" :;, r... I-~? )

GS T(l 7777

~; f(L =() ••I)

'--/f~ r 1-~') ~U

'{=() ••O
X=,\ll-,\_f-l'd}:,'r,(r)I:\'-'{'\ll;,,( ')+iLl/{I\'1;~';~1 ;)r.

ll.'(y~r:.}.) •.n) ~l 1 \)U

IF(,.\r-1 ..~(X).''-:'l~I)'\:I.-,(Y)} "";1'''' To" 1\)1

ROO Y=X
-----"Av 1"',\ I

';:w 1" 1\11=:\11+''; •.
l,c-( ..\It .LT.J\l.

) ) - 1 • -, )

. ,---"--

1\/\=( J\V i/ lJ~:*-6)
1\:'= ( \ fl. ::•.* 2,) ::,li;h(L

VOl..= I\L\ ;~~~L
-'---"-.~~- t7;-(:r-f-:;-;TT--)'Tr~n"';'A-l~f~A) );~100.

\I,Flllf:{ -'! .• t'<02) AV1,f.,'L,AP, FFt,VCL
~~02 r-:'-;P.•..1,'\'T(i~}X,5f':?O.tl.)

----------------"'. _ .. --------_._-

(,0 TO ,IF' (!'."\. • Lf. ~L 'I
(in T:) (:;666

-';r6-(- liIT--r.x"'-'Of----
f:"\IP



1, 5mi t s, F, i'~,

2. Cummerow, R.L.

3, Cummarow, R,L,

~. Rittner, [.:3.

5, Gr emmelm ai r, R,

6, Prince, M,B,

7, Lofersky, J,J,

8, Jenny, 0,1\,

, "

9, Rappaport, P: and
Lo fer ski , J ',J,

19; Pearson, G,L,

II, Loferski, J.J and
Rappaport; :,P,

H~~RoseT1Zw,eig,' W"
Smits, f.M.,and
Brown, i:J.L.

BIBLIOGRAPHY

"History of ::iilic:Jn S'JL"r C"lls", IEEE
Trans;, Electron 'u""vicGs, Vol, ED-23,
NO,7, July 1976, pp 640-643,

"Photovoltaic Effoctin p~n Junction",
Physical Rtoviaw, I/ol. .95, PP. 16~21,'
July, 1954,

"Use of p-n Junction for L'converting Solar
C:nergy to EL,ctrical Energy", Phys, .. Rev;,
Vol, 95, pp 561-562, July 1954,

IIU38 of p-n Junction fQr Solar E~8rgy
Convc,rsionil

., Phys. RE~V., Veil .•' 96,
pp 1701l'-1709" D8c, 1954, '

llGarls-Photoelementlt, Z~ N.aturforschg,
1/01, lOa" pp 501-502, 1955,

/iSilicon Solar Energy Convsr-tersif,

J, Appl, Phys., Vol, 26, pp, 534-540,
I\:lay 1955,.

"Theo~8tical Considerations Gov'<:"rning
t,h~',Chbis8~.of the OPtimum Semiconductor
for Photovoltaic Solar Energy Conversion",
J. 'Ippl, i'hys. Vol; 27, pp, 777-784,
July 1956.' , , "

;'Ph6tovoitaic'Lffact in"l;aI1S p-n Junction
and S~lar Energy Conv8rsion11, Phys." Rev.
Vbl."lO~~!~p. 1208-1209, feb~ 1956.

.~.'

lINew.sblai.Convert"er Materials", Proc •.6f
11th Annual Battery R 3nd D Confer~nce
(U.S.' Army sighal Engcj;:'Lab~ •. Fbir-t, _~ .. '
~Ibnmouth, i{J, filay'195T;'ti"p;'96-99." ,"

, .
"Conversion of ~olar Enprgy to El~ctrical
Energy"" Ameri:c31l Jour'nal-of Phy'sics,
Vol. 25, p~,~91-598 •. De6.'1957.. ,-,. . . .-..
"The t.ffect of Radi'8tion on 5ilicon Solar
t:nergy 'Converters", FlEA, Reli,~' Vol". , il.9,
pp 535-554. Dec. '1958.'
"Ene:rgy'Depi?nden'c8' of Pr'btor, Irradiation
Damage in Silicon". J. Appl. ~hys •• ,
Vol. 35" pp, 2707-2711, 1954.



13. Denney, J.M.,and
Downing, R.G.

14. Rosenzweig, \~.,
Gummei,H.K. and
5mits,F.I~.

15 •. Childester, L.G,

16. Lindmayer,J. and
Allison, J.F.

17. Haynon. et al

18. B rau n, F.

19. Pickard, G. \Pi •

20. Pierce, G.vJ.

21. Wilson, .i\ • H •

22. ;:,chottky, .W

23. Mot t, N,F •

24. Bardeen, J.

25. Ar~her, R.T~ and
Atalla

26. Goodman, A.I~.M.

27. Cowley, A.M. and
5ze, 5.M. .

28. Crowell, C.R.

"Proton Radiation Damage in 5ilicon 501ar
Cells", TRVI System Reports. 8653-6026,
KV-OOO. 1963.

"501ar [,,11. D8gradation under 1 Mev
Electron Bombard", Bell Syst. Tech.,
Journal, Vol. 42, pp 399'-414, 1963.

"Progress REport - Space Station Solar
Array Program", Proc. of 7th Intersociety
Energy Conversion Engineering Confarence".
PP. 409-419, Sept. 1972.

"Violet Cells: An Improved Silicon Solar
Cells", COW3AT, Tech. Rev. Vol. 3,
.PP 1-22, 1973.

"The COM5ATNonreflective Silicon Solar
Ctells", Proc. I nternat.ional Conference
Photovoltaic Power Gc,neration (Germ'ariy.J...
pp 487-500, Sept. 1974. .

Am•. Physik Chem, Vol. 153, pp 556-562.

U.S. Pate'nt !~o. 836531, 1906.

.Phys. Rev., Vol. 25, pp 31-32, 19rrt.

Proc. Royal 50ciety, A 133, P. 45'8,1931.

NatarwiE;s, Vol. 26, PP. 843-853,1938 •.

"Not~s on Contact Between a Metal and
an Insulator Or 5emiconductor", Proc.
Comb. Phil. Soc •• 34. p 568, 1938.

"Surface Sta~8S and Rectification at
a Metal SUmiconductor Contact". Phys.
Rev. Vol. 71-, pp 717-727, 1947.

Am. N. Y. Acad. Sci., 101. p. 697, 1963.

J. App •. Phys., Vol. 34. ND.2. pp.329." 1963.

"Surface St.,tes ;Jnd Barrier Height of
r'i at 81 Sami CD ndu c to r Sy st em", J •."Appl' •.
Phys •• Vol. 36, PP. 3212,,3220, 1965'.;

"The Richardson Constant for Thermionic
Emission in SChottky BaI'ri8r Diode", Solid
State Electronics, Ilol. 18, pp.395-399,
1965.



,'2,9,. CrDwell, C.R. and
5ze. S.M.

30. iVlead,. C.A,

31. Turner, M.J. and
Rhoderick, E.H.

32, Smith, B.L. and
RhDderick, c.H.

33. CrDweld, C. R. and
Begul'ala, M.

34. Card, H. C and
RhDderick,E.H.

~5. Card, H. C., and
RhDderick, E.H.

36. Patl'ari,A.I"I. "nd
Hartnagel, H.L.

37, Illam, I"ld. 5.

38. Anderson,W.A.,and
Dtolahoy, A.E.

39. Anderson, "'.A. and
'Deli3hoy, A. £.

40, Green,M.A.,
King, F;D. and
Shewchun,J

"Current Transport TheDry in Metal
SEmiconductor Barriers", Solid State
Electron., Vo],. 19, PP. 1035-1048,1966.

"['I",tal Semiconductor Surface Barriers",
Sclid State electron., Vol. 9,
PP. 1023-1033, 1966.

"M8tal Silicon ,Schottky Barrier", Solid
State Electron., 'lol.ll, pp 291-300,1968.

"SChottky Barrier on p-type Silicon",
Solid State Electron. Vol. 14, pp 71"'-7S,
1971.

"RBcombinatiDn V~lD~ity Effect Dn Curren~
Diffusion and Imr,ef in 'jchottky Barri8r",
Solid State Electron. Vol.14,p-1149,1971.

"Studies of Tunneli'lOS Diodes
I. I nterfac" EffGcts in Silicon Schottky
DiodEs", J. Phys. D, Appl. phys., VDl.4,
pp 1569-1601, 1971.

"Studies of Tunnel :'/!05 Diodes,
II. Thermal Equilibrium ConsideratiDns",
J. Phys. D., Appl. Phys. Vol.4,
pp 1602-1611, 1971.

"t::ffect Df Surf~ce Properties Dn n-Type
GaAs-Ni and GaAS-Al Schcttky DiDdes",
Phys; Stat. Sol. (a) 26, 469, 1974,
Dep2rtment of , electrical and Electronic
EngineGring, M2rz Lab~ratories,University
of New Castle Up~n Tyne.

n;\n InVEstigation into some fV1etal-Silicon
Schottky Barrier Diode;s", fv!;S'c.Engg;
ThE'sis, Deptt, of Electrical Engineering,
BUET, 1978.

"Schottky Barrier Diodes fDr Enf3rgy
Confsrsion", Proc; IEEE, 1972, Vol.60,
pp 1457-1458.

"Advances in Schottky Barrier Solar Cell
T",chnoiogy", Proc. 8th IECEC, 1973,
August, pp 326-330.

"Minority Carrier fv!IS Tunnsl Diodes and
fh"ir Application to tlectron'-and Photo-
voltaic Enargy Conv~rston,~ I,Theory",
Solid State Electronics, 1974, Vol.17, p .551.



41, Pulfrey,D.L and
~1cQuat, R.F.

42. Anderson,W.A.,
Delahay, A. E. and
Milano, R,A.

43, Anderso.n, vl,A"
r~ilano, R,A.

44, Fonash, S,J,

45, Stirn H,J,and
Yeh, Y,C,I"I,

46. Charlson, E,J ••
and Lien J, C•

47, Lillington,D,R.and
Townsend, VJ ~ G.

48, Pulfrey,D,L.

49, Card,H,C,and
Yang, t.. S.

i\ Schottky Barrier Sellar C'Jll CalcuLati:o'fT'"~.'
Appl. Phys, Lotts. Vol. 24, No.4, Feb:., 19T4 ,,'

"An 8% Efficient Layered Schottky Barrier
llolar Cdl", Journal of ('pp, Phys, Vol,45,
NO,9, Sept. 1974.

"I-V CharactGristics for Schottky Barrier
Sola r Cell s", Pro c • lEE E, Jan, 19 75,
pp 206-208,

"Tho Role of th,o Intorfacial Layer in
~letal semiconductor Solar Cells",
J, Appl, Phys, Vol. 46, l'h,3, ~Iarch 1975,

"A 15% lfficient Antireflection Coated
jVletal-Oxida-5emi-conductor Solar Lell",
Appl, Phys. L6tts, Vc,127, I'Jo,2; 15 July,1975.,

"An Al-p-5ilicon ~1OS Photovoltaic: Call"
J, App, Phys. Vol, 46, NO,9. 5ept,,1975,
pp, 3982-3987,

"Effects of Interfacial Layer on the
P'c'rformance 0 f o,ilicon SChottky Barrier
Solar Cells", Appl. Phys, Letts.Vol,28,
NO,2, 15 Jan, 1976, PP. 97-98.

"Borri ar Height Enhanc<3m8nt in P-Silicon
i''lIS Solar Cells", IeEE Trans, On t.lectron
Devices, Jun". 1976, pp 587-589,

"MIS Schottky Theory und8r Conditions
of Optical Carrier G2n8r~tion in Solar
Cells", Appl. Phys, Letts, VOl.29, NO,l,
July 1976, pp, 51-53.

50, Anderson,vi,A. ,
Vernon, 5.1\-'1."
~lathe, P, and
Lelevic, B.

" .sChottky
5ili conn;
Vol. 19,

Solar Cells on Thin Epitaxial
Solid St~to Electronics,1976,
p, 973.

51, An'derso.n, vl,.,A",
Kim, J, K." a.(lel".
Delahoy, A, E.

52, Li, Sheng,S,

"Barrier Height Modification in Silicon
Schottky (I'IIS) Solar cells", IEEE Trans.
on Electron DGvices. Vol, ED-24, r"0.4,
pp, 453-457, April 1977,

"Theoretical Analysis of a Novel ~\PN
Galium ArsenidoSchottky Barrier Solar
Cell", :Jolid State Electron •. 1978, 'Jol.21,
pp 435-438,



53. Anderson, \~.A.,
Delahoy, A. E.,
Kim,J.K. and
Hyland, 5.H.

, .
54. Lue, J.T; and

Hong, Y.D.

55. Fuchs,' K.

56, 50ndheimer,F.H,

57, Handy, R,J,

.

'58, Pulfrey, D.L,

'59. Pul frey, D.L.

"60 ... Rajkanan, K, and
And e r SCi n , vJ •• A ~

'6i. RajKannan.K,
5ing, R, an,j
5hewchun, J:

62. RajKannan, K and
5hewchun,J.

63. Gartner, vi,W.
°0• ,

64. L'andsberg,P,T.and
Klimpke, C, ' -,

65. Harrison,vi,A.

66. Gray,P,V.,

"High Efficinncy Cr- MIS - 501ar Cells
on 5ingle and Polycrystalline 5ilicon",
Appl. Phys. Lstts, 33( 7), 1 Oct. 1978,
pp. 588-590.

"The Dependence of the ?hotocurrcnt of
the f"iI5501ar Cells on Thicknsss of
Schottky Barrier Metals", Solid 5tate ",
ElEctron., Vol, 21, 1978, I1p,1213-1218,

Proceedings Cambridge Phil, 50c., 34,
100, 1938.

Advanced Physics, I, 1(1952).

"Theoretical Analysis of the 5eries
R"'sistance of A 501ar Cell", 501id 5tate
Electron" lU, pp.765-775; 1967.

"On the Fill factor of Sola1:cclls",
Solid State '-lectron •• 1978, Vol,21,
pp, 519~520,

"MIS 501ar Cells: A Rbview". IEEE Trans"
on t.lectron Devices, \fol, ED-25,' i'Jo.ll,
f~ov, 1978;

"Current Conduction in Cr-MIS 501ar Cells
on Single Crystal P-Silicon", Appl, phys.
Lotts, 35( 5) 1 Sc:pt •• 1979,

"OPen Circuit Voltage and Interface
5tudy of Silicon [vi05 Solar C',"lls", IEEE
Trans. on Electron Devic8s9Vol.ED-27,
[~o,l; Jan. 1980, ""

"A Better Approach to the Evalua~ion of
thr3 Sari8s R8sistancB of Solar Cells",
Solid 5tate Electron,. Feb, 1979.
pp, 193-197.

Phys. REV•• 116, 84, 1959,

Proc, R, Soc, Lond, A 354, 101-118,1977.

Physical Rev., 1961, 123, 85-89,

"Tunn81ing from Metal to 5emiconductor",
Physical R"v, 5C:pt.•'-Oct, 1965. 140,
A 179-186. '



!

67,Vliolf, r~,and
Rau~,ch8nbach, H,

•
68. Angrist,S,W.

tt5~:::ri8s Rt:;sistancB Cfff~cts on Solar Cell
fl/ieasurementsll, Adv .. ;:.nergy Conv. Vol,3,
Apr.-June, 1963. ,

Direct ~nergy Conversi6n, Allyn and
Becon, Inc.-, BDston, 1965.


	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131

