AN EXPERIMENTAL INVESTIGATION INTO SCHOTTKY BARRIER AND

METAL-INSULATUR-SEMICONDUCTOR SOLAR CELLS

BY

ABUL ISLAM MD, NAZME RAHMANI KHDNDKER

¢ A THE3IS
SUBMITTzD 7O THE DEPARTMENT OF ELECTRICQQJENGINEERING
I PARTIAL FULFIULMENT DOF THE REQUIREHENTS FOR THE DEGREE

e /-':“.;"*{‘ )
at. " .‘,'._‘ vy
U\F A
-":‘. ,"'/' fu R .

MASTER OF SCIENCE \IN ‘ENGINEERING(ELECTRICAL)

DEPARTMENT OF ELECTRICAL ENGINEERING
BANGLADESH UNIVERSITY OF ENGINEKRING AND TECHNOLOGY,DACCA

AUGUST, 1980



CERTIFICATE

~ This is to certify that this wark Has ‘been done
by me and 1t hab not been submitted elsuwhere for the

award of any degree or diplama,

,q QC }’qﬁ 7?9
74D,
. 25?\\‘%5

Lountersigned:

O Pt 79@"’%@

" (Supervisar) ' ' (Sigrature of the’ candidate)
ithis 4 4 it Bk ; P drin
bay #l T atei ; 3 i . £ od Ihe 4
WA ;oo r i

T L .

Lourntoergion-d:



Accepted as satisféétbry for partial fulfilment of

the requirement far the Degres of M:SC.(Engg,) in Electrical

tngineering,

e
Examinersg:

1)

At . 6 X ™ D

‘ (Proféssor A,M,'Patwari)
Deptt. of Electrical Engineering
BUET! Dacca,

1

D b 1

(Dr. A, Sattor Syed
HCSIR Lahoratorias,-ﬂac;a,

3- wr———-—

(Professor AL, Zanddrul Huq)'
Head, Deptt, of Electrical Engg,,
BUET,. Dacca,

al. S A sd

(Professor Shamsuddin Ahmed)
Deptt, QF Electrical Enginezsring,
BUET, Dacca, .

L

CHAIRMAN

EXTERNAL MEMDBTR

MEMBER

MEMBER

fr

-



JV A

ACKNOWL EDGEMENT

The investigation. reported herein was carried‘out uﬁde;
the supervision of Prof., A.M, Patwari, Départment of Electrical
Engineering, BUET,.Dacca. The author wishes to express hisg
sincere and profound gratitude to him fqr his guidance,invaluable

suggestions and encouragement throughout the investigation,

Sincere gratitude is expressed to Prof, A.M, Zahoorul Hug,
Head of Electrical,Engineering Departrment, BUET, fbr‘his sugges-—
tions and encouragement at the various stéges of the study, His
efforts to help procure litersture from home and abroad is also

gratefully lauded,

The helr ;endered'by Mr, Md, Shahsul Alam and Mr, Md., Ali
Choudhury of Electrical Fngineering Department, BUET, at the

various’ stages of the work is gratefully acknowledged,

The name of Dr, w,A, Anderson of SUNY of Buffalo N,Y, USA
is expressed with deep acknowledgement, for his suggestions
throcugh correspondence and for the literature he send related

‘to this work.

" The author also wishes to take the previlege of thanking
his cousin, Mr, Yusuf Razee Billah, Lecturer, Civil Engineering
Department, BUET and the students of Architecture Faculty for

taking the trouble in the drawing and preparation of the figures,

The author also wishes to ekpress his indebtness to
Mr, M,A, Malek of fivil Engineering Uepartment for the help
rendered in typing the manuscript, and Md, Shamimul Islam for

final editing and binding,



v
ABSTRALT

Schottky barrier and Metal-Insulator-Semiconductor has C
been used as a possibie'low cost technique for the large scale
producticn of solar cells ﬁn thin film epitaxial silicon, These
solar cells have been fabricated on p-type silicen and their
physical behaviour has been derived from current-voltage {(I1-V)
measurements. Aluminium, Chromium/Copper were used as metal

contacts. Aluminium and gold were used as backside obmic contact,

Among the different variables that are responsible for
good performance, much attention was given toward the formation
of oxide insulating layer over the silicon because it results
in an enhancement of open circuit coltage which is essential
for higher conversion efficiency. Simple methods were tried to
foom reﬁroducible interfacial oxide iayer using heat-treatment
techniques, Investigations have also been carried'out on the
control of barrier heights, optical transmigsion and series

resistaoce,

Computer prograns were developed for theldeterminatinn
of the theoretical performance of the solar cells using
experimentally determined values as input data, Uptimisation
program was also develoﬁed for the determination of the struc-
ture of current collecting grids, Indigenous methods wers,

however, used to form these current collecting grids.

The ideality parasmeters was found to deviate largely from P
unity, This increased value of ideality parameter.was attributed
to the thick interfacial oxide layer. The resisfance values

obtained were higher than expected due to the oxide layer and

due to non optimisation of grid structures,
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CHAPTER I

INTRODUCTION



1,1 INTRODUCTION

The energy crisis began fc take effect from the last decade
as evidenced by fuel shaortage across the whole world, -Solution
to the e#nergy problem has gigen rise to an energy debate which
classifies the present technaiogies into twn major-typesf One
type inyalves huge, centralized and non-renewable sources such
as nuclear and coal fired plants, With increasing demand for
energy and with ever increasing cost of gmneraticn of electricity
through these conventional processes, it hés now become imperative
to study the possible alternate, diverae and renewable mnergy
sources, This growing demand for snergy throughout the world
has caused great importance to the exoloration to these enerqgy
sources, Among the unconventiconsl sources that have been studied,

solar energy naw holds out much promise_ -

The prospect of converting snergy inta & useful farm on
a large scale may somctimés seem an acologist's dream, incom-
patible with the negeds of modern civilization, Yet, until
comparatively rzcent times, man relied almast zntirely on the
sun for -his ensrgy derends, Only in the ninetsenth century the
extraction of fossil fuels became important when there was a
rapid growth Df industry in Western Zurape and the United
States of America. But today, man has become aware of the
increasing dangeis of pcllution and thes limited supplies af
his present non-renewable zNergy sources, lowards the end af-
this century, the& conventional fuel will.become scarce and

expensive, It has;, therzfore, become impnrtant to take the
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advantage of the remaining time to dzvslop solar gnargy system
to an economicg lével st which they could at least solve a subs-

tantial part of the energy problem,

In"this thesis consicerations were given toc a method that
does not involve heat but converis the solar radi=ztion directly
to electrical power, This method, known as photovsltaic convar-
sion, elim%nates the intermediate step of conversion to heat
and it byﬁésses the Carnot limitation of efficiency of heat
engiﬁe; For this reason photovoltéic conversion has hszld ocut

great promise in the fisld of direct en=rgy conversian,

About two hundrzd years ago, agricultural economics
utilized 'natural' soler zneray. The advanced industrial soci-
ties not only need devices using solar =nergy in its natural
state but also some apparatus to convert it into iartificual
useful form, capable of powering modern machingzs, and the means
to store this energy so as to.ensure a conﬁinuous supply, Solar
cells convert solar wnergy diresctly to the alesctrical ENETgY
which is a very useful form of energy, Solsr cells on a houss
rocf could produce 4000 Watts usiné 10% efficient cells on a
3Ux26 ft roof and air hasS 1 sunlight (lUD.mW/sz); The sun
supplies 106 times the cnergy of world's presesnt electric power
Capacity(39)_ Ten percent efficient solar cells on [0,5% of the
sahara desert could supply the electricity consume by theﬁentire

world,

Bangladesh is a devaloping country, The increase in the

price-of conventional fuel has adversely affectad its =zconomy,



The measure of development if the prasent world is the =znergy
utilized by any country, With world wide fuzsl shortage, it has
now become very egssential for this country to search for alter-
nate sources of energy; At present our country is spending ‘huge
amount of capital in installing centralized power system, Almost
all the geguipment and materials a2re imported from abroad, Also
we are to import the fuel and spares to keup the present system
running, At this stage we should compare the cost of linz caons-
truction and line loss to the cost of decentralized photovoltaic
systems, Using low cost photo-voltatic system many houses can

be self sufficient in energy. Also pumps; drisrs etec, can be
driven from small unit generating solar elsctricity, fApart from
slight inconsistency in rainy season in Bangladesh bright sufi-
light is available for most of the tim= of the year, But the

nther

o]

greatest advantage of photovoltaic system in.comparison t
system using solar znergy is that it is able to convert energy
even under diffused sunlight condition and it is possible to

use the solar cell throughout the whol:z year,

At present the cost of sclar cells is high for conventional
p-n junction Solar cells, Single crystzl silicon technﬁlugy may
siqnificantly reduce the solar cell cast, An wdge-defined
film-fed growth mzthod may lower silicon processing costs

300 falgt3Y)

. 3chottky barrier solar c=lls (5BS5C) and Metal-
Insulator-Semiconductor (MIS) solar czlls offer a possible

solution for future application, Reduced silicon processing

costs present a method forc conomical =nergy corvsarsion,




SCthfkyIBarrier snd MLS solar cells can be formed by:simply
deposiiing‘an Ohmic metal, depositing a transperent bérrier
metal and applyiﬁg contoncty All.nf thess could b;‘acccmﬁlished
iN a proper vacuum system with one pump-down, SBSC and MISSC
of fer design flexibility in the choicz of barrier metals or
allay, metal thickness, antireflscting coetings, SBESC theory
developed from work on single crystal can be extended to work

on polycrystalline silicon for future largs =rca SBSC(Sg},

1.2 HISTORY OF SOLAR ENERGY CELLS

Prior to 1953; selenium photocells were the most efficient
devices that could convert sclar encrgy directly into electrical
energy with a maximum efficiency of U.8 perccnt. Such a low
efﬁigien;y.és;a@un@tEaFor.Qhotographicﬂexposu;e.metgrsgmggg
éotﬂﬁqniaractigalggan&raticn gf.glfggrical.aqgggyhfrgmrégn%ight;
%@t;ithaqd@ﬁi;égélitynfora@ high &fficizncy !solar.-battsry';,
wasﬁfully.appreciataqget,thathtimﬁ..ﬁt.-gllpgabo:gtogiesgﬂgm.

Chapin."‘was anEStlgaulng electric:power sourges for. commynica-

tqﬁusg,sqlaruen@rgy,Chtvghqt“timg,.E,S‘,ﬁulleerBS;wchingpr
on thg develeopment of; ivarious -procgdures  for forming: piﬁfjunction-
by diffusion of dimpurizies, The seemlngiﬁy unrzlated activities

we Vbroyght together when G, L. . Pearson, who studied large

area pjn:junctiqngumadejby‘Fullerlmetqu; ubsarved that the

e - ' - Pl s . R I } oo -y

devzces were vnry Swnsltlvp to llght Pearson was aware of

, wl T

Lhapln s, =ffort5 and togwter thay tpqtcd PJarson s 'dlDdP' in

R



brlght sunllght and obscrved a corversion aff1c1any of 4 pprsent
The first devices tested by Chépih and Pearson were made

by lithium diffusion intao p-type silicon — &n 'n on p' solar

fl)

. But unfortunately these devides wers vary unstable
sven at ambient temperatures because of High diffusion coeffi-

cient of lithium,

fuller finally developed a boron 4iffusicn technology
with which large =zres 'p on n' solar cells were made that

showed efficiencies as high as 6 prrcent,

A dzmonstratian of the solar cells in Murray Hill on .
hpril 23, 1954 and at -he annual meeting of ths Netional
Academy of Scisnces in Washington DC, USA, on aApril 26 triggered

worldwide interest in the new development,

Y P P - P re . P - e
Lot e : - I O R

4 e ek

R Y ik

ThﬁD“Rilcal undersuandlng of salor ce lls fDllDWFd the

initisl announcnmunt rst of th& PDntrlbUtanb in the early

i-f R : ! N - - - . - H - 1
Lo "’ [— [EN] b (e N

hlstory of development in the thEDry of p -n Junctlun solar cells

- . Lo 1 . . S e- a |.‘
was uhat of R L Lummerowiz’. Cummerow mmployad thr CDHtlHUlty

Ak PR . . i

Lquntlon bas”d upan ahockley s cJa 51cel dlffuslon—recombinafipn.

N v
i

moda¢ odt é&neralized it by the addition of an optiecsl gLneratlon

LETT

C\pGWHH|LHlly oecreaﬁlng wi'th dlstance Equatlons were
df“lved for “the short c1rtu1t currﬂnt tok “maximum power outpuu

~nd the éf?iéiéndy.‘ThiS'fﬁlliléngth paqar'was then followed

by o lettor', applying,thqhtheory.to,alza%culatiun of:convarsion

LffiCiGn@yiijthahSiliZSQ anuiqnction;solarncall.h;,
+The. secong of the contributers was 2 letter by E,5,

Rittner. ',.The letier wes based upon .at.anslyticsl treatment



similaTr-to Cummerow but derived nesw numerical results for the

efficiency versus bandgep and doping ccaccrtration, It concluded

that the efficiency increases with doping concentration upto

the saturation solubility 1limit and th=z: for a loss free case

an optimum bandgég_of l,5§v. The
efficiency for silicon is twenty
promptly triggerzd a devzlopment
s0lar cells, [t was aléo printed

in efficiency may be realized by

there is @& maximum in the effici=ncy of twenty six percent at

corresponding convarsion

tharszt percznt, These results
(5)

affort on gallium arsenids

but ttat & furthesr i1ncrease

use of an optical collectiaon

system fD increase ths radiation intensity st the csll surface,
3 suggestion the practice of which has beccme feasible only very
.recently,

{6)

<21 M,B, Prince published,an amalyticsl:treatmest:in; 1955457

Tl om e
Haralsojzgcugnizadithat;ﬁheze s a- fundamental. relatien between.
bandgap. ofrthe; semicenducter and-thg meximum.achievable effi-

{7)

cisncy,. baterilofersky’ ’ showed the.optimum znergy gap to..be
close to0 l.6ev: _with abqutr2@;psrcent;advantagaiovgr~silicom
withLiﬁsJeﬁergy‘gap,DF,};DS'Ev% Lofersky also showed,that the
efficiency varied; for.different,atmospheric- conditions,; such. as

. . o
outer, space and terrestrial .locations.and’ thaet the;advantage . .

ofiotherimaterials ovir silicon is less far terrestrial . conditions,
"'Thi intereést inthighér ‘solsrcell africikncies and- the-

improved th'édoritical understanding increased? cohsidersble &ffort

in solar-cells utilizing materisls othe't than siliton, The groop

at  RCA" started and experimental programme to determipe solar



conversion sfficiehcics of variods semicondustnrs not only on .

(8)

GéAs but also in InP, CdTe; ahd CdS(g); However, in, spite of
excellent development effort in these areas; until now,,all'
significant practical applications for solar cells utilize
siliconm devices, In ancther 5 to 15 yeers this picture may be
dif ferent, but to date, the history of practitai sélar cells

' (1)

must remain restricted to silicon devices N

In 1957 some problems of solar cells were batter under-
stood and efficienciss zbove 10 percent were reported by

(14) .
Pearson, The first experimental applicrstion of silicon solar
cell was its use ne # primary pewer savrce far = repeater of
the Bell system rural cerrier, An array of 437 silicon solar
cells capable of delivering 9 Watt in brig:t sunlight was
mounted;at the top:.of - pole at, Americus, . taeovgia faxr a;pafiad
of six months béginning,Dgtob@r.Qf 1955;fTﬁﬁEsglaI,gana;atédhs
powg;lse;vad,ag;g‘t;icklexcha:ge;-fo: a?ZZ_y nickul=cadmium
storege battery, Luring ths.entire period. the sclar power

E?ngterKDQE;at?d;withﬂutffailure(;).r,;\

YR Intspitk of these techirical®sucdcdess, thy appraach’ could
fint compets With'ééhvéntimnélﬁpaﬁefrédurcégi-"Had it not been
the space;age, .ths soclar cells might hzve just bscome just a
cgriosity"(;?;¢r¢;wasnsaan-pééli;ed,thgt,s@liccn selar: cells
ﬁ:efhigblygcosﬁ—e fective as a:longtern .power source for - .
sagtellites. since weight tec be l§u5ched ser watt of continuously
availabie power is sicnificantly less with & power:- source. that

doeps-net .require any ful-or other source: of stocred enargy.

T

"t
'
o



On March 17, 1958 gilicon solar cells were first used
in ah orbiting space satellite {Vangu=rd I), A radio transmitter
was powered by thz sclzr colls, It opurated for about eight years

before radistion damzge caused it to fail(lx,

As space technology advanced, 3 major new factor entered
the solav cezll techmology; the neesd for satellites to operate
at altitudes where thay are exposed to significent levels of
readistion, At RCA-taberétDries_rasaarch cmntiﬁued in thié

{11)

rzgard . It was discovered that electron radistion damages

in p-type silicon was éonsidefabiy less than in n~-type silicon,

As the development of communication satellites commenced,
the radiation hardness become a crucial importsnce, Since the
Van Allen Belt contains o significant flux of high =nergy protons,

the radiatiofi"damage’under pm tofitekposute wasievaliatetsby a
g F

§rolp ?fﬁﬁtééll~taboratdfié§‘and:a'gfdug frem Space-Téehnalogy =
Eéﬁoféfofiés&}aiga); Selar tells were exposcd on Vériétyﬁof“fﬁ

y
TR

Eyéiétréhéiaﬁd'Eyhchrdcyclitrdné?cﬁvefiﬁ@'fﬁe energy range from
a few Mgu:,tq_oygr%;DD Msv{;Qvg;:thE_antirﬁ gnergy. .rapge it _was

found..that n;en.p.. solﬂr cells could withstan nd.=z. factor,.of. threw

mere radia t} Dwd@mageLbEfera-th@éxﬁpé:fofmaﬂgﬂwwas degreded:to

the level.of.p en.n sclar. cells,.a. factor much. lcss than, found

(11, 14)

fogrgiebtfons . This, finding implied, that; F@gﬁmigorityL

Garxiex;lifEtémenundﬁr;ﬂIDF?n;raﬁiﬂtiqn druradgs.at the.same. .

rate 1n p and n typ& naturlal but that thﬂ factor of threu

S I - ~ ERAE T [ E LRV

hlghEI moblllty DF F;actron mlnorlty Cﬁrrlers 1n p- type materlal

compared to holes 1n n tvpe.mat-rlal pﬁrmlts.thg mlnorlty carrier
[ LI N R : Jwo TR e e N S AP S KT



lifetime in n on p cells to dpgradn G} fact»r of three more

befDre ‘equal diffusion lengths are ach1LVGd

Since short~wave length light is absorbed close to the
sur%ace of the solar cells, and since only the collaétiﬁn of
carrigrs from the bulk are affected by radiation démaéé;<Further
_ improvemsnts in radiation hardness wére achiszved by the devzlop-
ment of *blue' sensitive solar cells requiring very shallow
diffused n layer with gocd surfacc propzrties and carefully

1)

designed antireflection coatings( .

The first satellit& equipped with such improved n on p
solar cells was the Telstar satellite launched on July 10, 1962(15).
It changed th= Qirectian in solar cell techdslogy to n on p solar
cells for all space applications. Many satw«llites since then
havelhsed  radiation télerent’ €2I1§ ard haveropératsd for' long
ﬁéfiédé'6f‘%iﬁéf;Méré“ré6énﬁiy afforfa~at COMSAT Laborstories
“wiolet gell!, which has;qgrymhlghwshortgyavslength_gq}Laction
efficiency.by employing - p:diffused layer and. ‘Ta,l S‘Bﬁtiﬁri? -
reflection; coatlngss%é),,Further.imprqvemants.Lad;po-sells.,1~w
with near. zerg geflgctivity;(blacg.qell},ginereaSiqg efficiency
about 15 percsnt in quterspa;e(;y), fhe same .cells.give con-

vergiqq:éffipiengy‘@f_lT-pE:centil'l9 pircznt on the surface

of earth, depending on zir mass and matiorologiceal condi%ionsﬁ



1,3 BRIEF LITERATUARE REVIEW

The advent df the energy crisis developed a renewed
interest in terrestrial épplicatibn of solar cells, For this
energy to be economically viable, the cost of solar cells will
have to be reduced by at least = factor of 100 bzlow the cost
for solar cells used in space applications, Meétal-semiconductor
junction or Schottky barrier silicon solar cells {585C) offer
a8 possible solution for future applications, Reduced silicon
processing costs present a method for aconomicgl cnergy convérsion.
The Schottky barrier solar cells are, however, primarily

schottky barrier diecdes Using optical biasing,

The metal semiconductor rectifisr or diode is known to
be the oldest sglid state device usad in Llectronics, Hraun(lB)
in 1874 first reported the asymmetrical naturc of conduction

between metal point and crystal like 1:zad sulphide, In 1906

. 19 o . o
Plckard( ) took a2 patent for silicon point contact rectifier

(20)

~and in 1907 Pierce febricated "dicdss hy sputtering metal

1)

: . . 2
to different semiconductors, In 1931 W1lson( formulated +he

transport theory;but the correct physical model was forwarded

(22)

by Schottky in 1938 and hence the name SChottky diode, In

(23)

the same year Mott devised an apprcpriate model fof sweptout
metal semiconductor known as Mott barrier, Bardesn in 194?(24)
showed that if a contact is made betwz.t metal and semiconductor,
the differ=nce in work funétion betwezn thz two is compensated

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

was originally assumed, so that the space charge layer is



In 1966 Crowell =nd 528(29) cembined tHa thermionic

emission theory (T) and Schottky di#FJSidH Eﬁj fheory into

a sihgie thermionic diffusion thaory'tTéDJ wHich includad the
image force barrier lowering efFeb£$ At the Sémé time Mead(au)
published a review paper on Schottky bafrisrs; A ﬁdalitétive

explanatian ﬁF the type of contact to be expzcted at an arbi-

trary metal-semconductor interface was prosented in His paper,

In 1968 Tufner and Rhoderick' Y found ‘the bsrrier height
0of a number of meta2l conducts to n-typz silicon, They showed
that initial valueshof barrier heights depusnd upon the methods
of surface preparation and these values changed slightly with
time. They showed that the final value of barrier height was
indebendent of surface preparatiocn and depended mainly updn
the mpmal;wgrk,functiﬁn, ﬂpwévé%,ﬁinuyhe case of diodes. where
depdsitions were medeon cleaved surfaces; the baxrier: height

didifot show.sny ageings .. - . . .. - . . AL

IR 219717 Shith and Rhbderitk P%) found thet bbrriers Gith’
patype silicon wers ¢ :nerdlly 16wetr thahtthése wiﬁhuhakyﬁe:'
GEld Barrisrs’ were 567 1ow thaE it why Apperently Ohmic, Tha' -
ideality‘paradmetst Was" folhd t6 Ba aﬁcuffl;ljiThafva&iéticﬁgr-
of barrxiersheight. with metal.wg;kf?b%ctign‘indiCthdgthat the-
surface states parametamsﬁwﬁre-@rim@:ily:requngibie: trowell
and;nggwpla(aq),gaLgulatedithe!ideality parameteryn;yand. o - .
short; circuit current density,..dsc;.ysiag parabolic-band. ..
bending, It wasdfound1tha; the.guasi-Fermilevel in both. forward

and rgverse bias, was discontinuous at the interface, Under,-

. . ST L A . - | . R SN
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miderate bias the zlectron imref was nearly constant throughout
the depletion region, Hut in the case of reverse biass the imref
deviates from constancy for applied biss in excess of KT/q. In

(34)

1971 Card and Rhodzrick made a theoreticel and experimenfal

study of silicon Schottky diodes in which the metal and semi-
conductor are separatzd by a thin interfacial oxide Film{ A
generalized approach was taken towards the interface states

which considers their communication with both the metal apd.the
semiconductor, Amount of current was expiained by a transﬁission
coefficient which was also a function of thickness of interfacial
-layer. In the same year Card and Hhoderick(as) established
restriction upon the interfacial oxide thicknsss for which
thermal equilibrium in the semiconductor is a valid approximation

under the application of reverse hias,

(36)

In 1974 Patwari and Hartnagel studied damaged surface

Schottky barriers, Their aim was to find whether any wconomy
could be achieved with surfacas Dfﬂsemiconductof-whose sur faces

were slightly damaged, Result: showed that damage reduced the

barrier hegight along with slight increase aof ideality parameter,

37 . ; .
Alam( ). in 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 aluminium

and gold in succession on;-silicon, Freshly preparcd barrier

showed different @%luas_under different conditions which revealead

#

that fixed positive CHBfgés were present at metal-semiconductor

interface. o




.

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

. ' | | ; -
In 1972 W,A, Anderson and AL, Delahmy( 5) fabricated

Sschottky barrier solar cells (SESC) by =vaporation and sputter-
ing of Al, Cr, .or Aulr alloy barrier metals on p-type silicon,
Efficiency of 4.8 to 12 percent was repor*t=z=d, They also carrieg
out some computer studies on the optical transmission problem
and suggested that the barrler metal thickness should be Kept
between 275 to 100 H, In 1973 Anderson and Delahuy( 39) studied
the theorétical and experimental coﬁsiderations qF the proce-~
ssing steps, and reflectiaon coating and contact design to
fabricate an efficient and ecanamical SBSC,

Minority carrier metal Insulator-Semiconductor (MIS)
diodes were studied by Gfeen et el(dD), It was shown that such
minority carrier MI5 tunnel diode with vieTy thin insulatiﬁg
layers posseéses propsrties similar to p-n junction diedse
inciuding expanential current voltage characteristics which -
approach the'ideal diode' law of pP-n junction theory, It was
_also indicated that thesc diodes have application as energy

dﬁhyersion devices emploving photovoltaic gffects,

(41)

Pulfrey and McQuat calculated the maximum theoretical
solar conversion efficiency of Schottky barrier solar cells and
showed that the sfficiency of SBSE is very similar to that aof
convensional thGJUHCtan solar cells, e.g, values of 22-24%

apply to SlllCDn and 25% to semicaonductors having a band gap

between 1.4 and 1,6 ev, With p-type gilicon the .maximum



efficiency can be 24,4%, In the above calculation the effective

. - -2
Richardson constant A7% was taken = 30 A em 2 DK . Im 1974

(42)

- C 2 '
Anderson et el fabricsated an B.1% efficient l-cm Schottky

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

silicon, This layered concept produces high conversion efficiency

by permitting independent control of barrier height, obtical

N . . . . 43
transmission and series resistance, They have also lnvestlgateé )
the effect of series resistance on fill factors, Their experiment
showed a significant increase in open circuit voltage with diode

quality factor but with no appreciable influsnce on fillfactor,

[n these works the Schootky metal was a film of chromium, A

thin layer of Cu and Cr decreased the resistance of the cells,

UPen circuit voltages VDC = 0,52 volts and Short circuit current
density Jsc = 30 mA/cm2 was obtained, =
! . : \ S itgs
In the early days of 1970's it was thought that SBSE\, %

energy converter, However, it was éoon realized-that the per-
formance of MIS cells is batter because by introducing an
oxide interfacial layer it is possible to obtain higher open
circuit voltage, In 1975, Fonash(dd) made a theoretical study
on the role of.interfacial layeér in metal-semiconductor solar
cells., It was shown that the interfacial layar can enhance the
performanée and an outline for optimizing that snhancement was
preséntéd,

Stern and Yr;'sh(aS

i

coated metal—oxide-semiconductor (AMUS) solar cells. They

. By
would offer a possible solution for cost effective photovoltaic

fabriﬁated a 19% efficient antireflection

72 ~.
"H@f;_: \



developed a new effect; a marked incresse in open circuit voltage,

by addition of an oxic: layer to the semicohduator,

Charlson and Lien(a6) reported a: MUS photovoltaic diode,
consisting of aluminium an p~type silicon, In this device a
very thin 5102 insulator of thg’drder of 20-40 2 was grown on
the surfacec of p-type silicon.'ﬁrior to deposition of an Al
.metal, The efficizncy was 8% and height of the barrier was as
highras U.85 ev, epproximately twice as large as that for the
normal Al p-type silicon diode, High r=sflection loss‘of alumi-
nium wag aveided by applying a double-layer'ccatiﬁg of zinc
sulphide and silicon monoxide,

. (47)

Lillington 2nd fTownsznd carried out mesesurements of

the electrical and opticel properties of Au-n-type silicon

'SCHb%tkytbaffiér EéléffC%lléfﬁhijﬁch the metal ‘and semiconduttor

are sepbrated by &' thin inderfacial oxide™layer; 10-23 R thick,
Measungmaq¢5naf¢thaﬁMﬁlithéra;ig;istigs,shqwaqmiha¢=gmg?qg;qg‘
efropen eircuit voliags is increased by up to 30% and. the

maximum conyersion efficiency by asmuch: as 35% when. compared,

8
with, cells haying: no g:pyn.pﬁ;qQﬂ;aye;.‘Eulfgﬁygiﬁhypq@san¢ed

c@l;y}atdonsvwh;phnipdicgted ﬁhat_th&wbarriﬁr_heigh¢,wamgta};
thin insy}atorrp—g;liCop_dipdeéVCﬁp bge greatly. enhanced. by the
presence of. positive charge in the. int 'rfecial layer.. He, »lso.
5hpwed.ihatrjhi5jpositiyagcharga adwapﬁagﬁpuslyamogifieshthe
b@;ﬁigr.haight{ﬁor pP-type material and for this reason solar

han

1

cells utilizing p-typec meterigls are more ssucc:ssful t
those which utilizs n-type materizl,

. - X ¢ -~ IR I ]



{49)

Eafd and Yang have shown that the increasess in Dpén
circuit voltage of MIS Schottky barrier solar cells due to the
interfacial layer con only be undarstood by taking.proper

account of the behavisr of the interface states under illuminated
conditions of the cell, lnterface states in the solar cell
communicate most readily with the minority carriers and as a
rezult act to feduca the potential droo in the interfacial
layer,.in contrast to their effect in dark forward biased diodes,
"hey suggested that the increase in open circuit valtage cannot
be explained in terms of an increased value of ideality parameter
'n' for the dark current; It can be explainsd from the effect of
interfacial layer on the tunnel coafficient for the majority
carriars, JThe theary predicts an oﬁtimum thickness for the inter-
facial layer above which the short circuit current (minority
carrier current) decreases, and thz officiency (fillfactor) is

degraded.

Anderson et El( W) fabricated SB5C on 10,20,30 um epitaxial
silicon which produced a current density ranging from 10-22 mr’l/crn2
cdepending on Silicon thickness and orientation which is in ciase
agreem=nt with thzorctically predicted data, b&ta reported
herein predicted that 10% efficient Schottky soler cells could
be produced by using about 20 u of silicon an a suitable subs—
trate, A 7.6% efficient Schottky solar cell on epitaxial silicon !
had bsen fabricated and was tested using Al sunlight,

(51)

Andersan, Kim and Delshoy reported that analysis of

data on many differznt solar cells shows that open circuit



voltage may be controllad by chromium dgposition rate which
modifies the sheet resistance of the Cr Schottky metal. This

result suggested a change in basic structurs of the Cr which

-

leads to an apparant lowsred work function ﬂm, A lowered ﬂm is

attributed to slow deposition of Cr on an oxide'subsfrate, It

i

was predicted that with decreased ﬂm and incroased tHickness of
oxide layer o VDc will increase, It was however;,; assumed that

8 is large to cause the lowered Em. Exparimental data on Cr-oxide-

{47)

'p-5i device violate the theory of Lillington and Tawnsend
in that a low n-value device may sfill have a high open circuit
-voltagé Voo The theory of Card and Yang(ag)predicts that Voc

increasés with increaszd o, Fonaéh predicts an effective redu;-

“tion of @, due En part to fixed charge in the oxide, An appli-

catlun Df hls th;ory agretd 1n prlnc1pl= with the result, AM1
\J\ o - N “ud 4 gL T IR ",-_.- r-l T b
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eff1c1ency values of these solar cells wWere 6 9 50 muasured

T
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on,172 cm cells.
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. (52)

=z Shang 9,,Li'5" " :made_.a theoretical .study forgnovel ; ..

1.

Ays-p=n-GaAs. 5Chettky barrigr.solar .cells, ThEuIESUItSnShOW that

obtained in the qupgﬁeﬁnFﬁ;l_SFIUCtUI? if the th¥9knE55 and.

SO

thezdepant density of the.p~-Gafs:are properly:choosen, s i -y iy, -

{_53)."‘ - o T + s S 1o e -,:’"’r

‘Andersoh’ et al reported that Cr-MIS solar cells

F-’i’;"-’r-‘i*;’;":;!"“'":1.2'ﬂCTle"'TEi'i'eé"'ha\}e been’ fabricated to produge’ 12772% *7u7 %
af?itiénéycnn”éingie“try%%al énd*B?B%:%f¥£éi@hcyiﬁﬁ'péiyérygﬁa_
11ihe silicomy Tha' dependénce 6 fithe’ shott-circuit current - -
&énsit§ on miho}ityﬁéérfiei'Hi?fﬂ%ibhiléhgiﬁa Ahd on the' !
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thickness of the Cr-Schottky layer was alsc investigated,
Surface~state data wers used to predict open circuit voltages
of 0,60 2nd C,50 volts for eingle crystal =nd poiycrystalline
o1 respectively, 598?t¥al rcsponse megasurements and £r metal
th%cknegs Configmfdiffgpanceg in ;hortrcirpuit_:ur:enﬁjdehsity_

using these two types of silicon, .

54 , _ -
‘Lue and Hong{ ) studied the dependsnce of photcurrent.
aof MI5 swlar cells on the thickness'of Schottky bzrrier metals,
A - theoretical study was done to calculzte short circuit-current!:

(55, 56)

Ey using Fuchs-3ondhaimer!'s thecry to calculate. the

electrical resistivity in thin metal films and Handy's(S??_
-approach to calculate the series resistsnce on & given configu=-
ration of the contact grids, it was shown that the Dpfimum
thickness which gives. the maximum, short eircuit, currept.closely
depends._an. the intensi:y of the illuminaticn light; and on-thg
.senigsgresistpnpe,pf:thejdevgggyfThg optimum- thickness. shifts
towards, thicker film. as.the illuminating.light. or the,ssries

resistance imcreasgs,: Fabricatien of these degvices.on.MIS.solar

cells iﬂdi@atgfthqt,&h&-mqnitq:&ﬁ optimum thickncss agreed

Lokt

satisfactor;;y.w}th'thac;atical Y51937 o o
Gy Pulfrey{?ﬁg,pmﬂsEntﬁd c@lculatiqns which, indicate thet;.
for & giyen scries resistance; fillfacwor is.principsldy. deters
mined, by the: saturatign derk Eurfént, rather thgn,the diode
facior;nlt was, clearly shown;that for -: given diode fab%&i n,

imc;eaging;seriestresiatancg18E shortens the horizental segment

of,output [-V curve but ﬂagﬁqut‘affeqtlyoc,th;raforeiLfillfactor

, .
. . 34 . . .
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decreases, It was alsc shown that Tor a constant value of n
and for any value of RS less than resistive limits increasing
ID decreases both Uoc and theg horizontal sizgmant of thg I-V

Curve and so the fill factor decreases rapidly,

PUlfrEy(Sg) in his review paper presented an sxcellent
discussion on MIS solar cells., The efficiency of the solar cell
is a function of short circuit current ISC open circuit voltage
Voc,and fill Factor; FF, Thimn oxide lays=r enhances the open
circuit voltage and the maximum value was 0,83 volts; optained
for GaAs cell and ths maximum value of Isc: 28,3 ma/:m2 wasg
achieved for silicon cell, A comparison of pzrformance of Gahs
and 5i MIS Cell arz givan in his paper. The cffect of different
thickness of barrier metals on the performance of cells and
their properties were also tabulated. All tﬁe factors affecting
these properties arec explained along with suggestion for

improvement of performznce limiting parameters,

: - (6D) . .
RajKanan and Anderson ) investigated the current conduc-

tion mechanism in Cr-5i0 -(p-5i) MIS solar cells. Their study
demonstrated that majority-carrier tunneling over the combined
barrier due to intarfaciasl oxide layer-and the space charge
region dominates the I-V characteristics at room temperature,
Majority carriers tunneling via interface states control the
characteristics at higher temperature far tﬁesa devices,

RajKanan et 51(61) studied the ulsra thin interfacial

layer between a semiconductar and a metal contact in details,

They found that since the oxide layer thickness is comparable



to the nonstoichiometric transition layer; the pin-hole asso-
ciated with the ultrathin layer will affect £he pzrformance
of MOS solar cell., Th: experimental rasults of open circuit
voltage as a function of oxide thickness for Al-5i0 -(p-type)
51 solar cells have been explained by & composite modei-which

treats the pinhole aress as Schottky junctions and assumes a

T
ah‘-’rﬁ\\'*.
NS € £ A

. - b3y -
1.4 SCOPE OF THE THESIS =

Gaussian distribution of pin holes,

The purpose of this thesis is to invsstigato the fabrica-
tion ﬁrocess of bSchottky barrier and Metal-Insulator-Semiconductor
Solar cells, 5Schootky barrier énd M1S solar cells zre bzing
studied as a possible low cast technigques for producing thin
film solar cells, Investigations were carried out on the
control of barrier %eighti optical transmission and series
resistance of these cells. Among different variables that are
responsible for good per?ormance, much attention was given
towards the formation of oxide layer over the silicon because
it results in an esnhancement of open cichit vol tage Uoc which

is essential for higher conversion efficiency,

50 far; MIS solar cell has emphasized =mnhancement of UDC
but attéinment of high value of short circuit current density
was by no means‘obvious,Simplg methods wer: tried to form
reproducible interfacial oxide layef using heat treatment
techniques, Investigations were also carried out to form thin

insulating layer so that photocurrent suppression =ffects



(i.e, decreasing tunnel transmission coefficient or increasing

séries resistance) are avoided,.

A theoretical formulation on this subject is givgn within
the first three chapters ——of which Chapter-1 deals with the
brief account of some of the works donme in the field of Schottky
barrier diodes and solar cells, Chapter-2 gives ansintroductimn
to photovoltaics, It also deals with tie theoretical considera-
tion for the fabrication of Séhottky barrier and M1S solar cells,
Theory of Schottky barrier and MIS solaf cells are included
in Chapter-3, Fabrication process and measurements are given
in Chapter-4, All the results are summarized in Chapter-5,

This chapter also includes a discussio~ on all the important
and related factors governing the.peffnrmance of the fabripated
salar CELlS»,QﬂﬂclusiDWSi@HdﬁI@CQWmthﬂtiDQQiQHtfutu%ﬁurﬂs%érch

in:this field .has, been given,in Chapter-6,



CHAPTER II

THEORETICAL CONSIDERATIONS
4

FOR THE FABRICATION OF SOLAR CELL



2,1 PRELIMINARIES

fhe photovoltaic'effaét is a pracess by which a voltage
is produced at the junction of two differert materials; e,qi,
a metal-semiconductox ccntact or & p-n junction, thrnugh an
incident pheton fiux, In this chapter the production of elegc-
trical power by exposing to electromagnetic radiation has been
discussed, A review of radiation pripciples has been presented,
The prccess of converzion has been discussed =nd a simple equi-
valent Qiagram has been derived. A calculation of solar cell
performance on the basis of this equivalent circuit has alsu
been included; A brief theoreticai consideration on the power
output and efficiency has been given, A detailed’expression for
different contributions to the series resistance has been shown,
A_comggﬁggtpEQQQQm for the optimization of grid structure has

been developed,

' SN . - -~

-2,2 PHOTOVOLTAIGS

the direct conversion of. sunlight into zloctrical engrgy
'iS‘achieved_byjmgapsgofu'sgla: batterizs' mades of solar cells,
The Prucess which, is fesbopsiple for,.this conyérsiqn is known,.
as:phptgyoltaicleffect;;Iheﬁtermfwas“adogted to..differentiatg; _
between therphotoyoltaic,effect‘and_thglphatp;ondugtéxg effect,
bpth_of_whicﬁﬁaré,photgele;trig:effgpt51which occur in semi-
péhﬁUcﬁgf matter, In thg;photo;condg;;iyg‘gffect,,free_cha:ges
a#g ggﬁq;atqd.by‘intgrnal iDnizgpion‘Df the atoms . or ions which

cpﬁs@ithe.the;s§micunductor crystal.when: photons of light are.



ihcident upan the matter, Thé new robile chargss increass
conductivity of ths substantce But this effect does not gsnerate
power because electric power is the product of voltage and
current. The photovoltaic effect, aon the cther hand, can otcur
only when a potential barrier exiast in ths 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 elecfric
charges created by light through the photo conductive effsct

will be sepafated by the barrier into positive charges on one
side and negative charges on the other, This is the photovoltaic
effect by which an electric power is génerated. It should be
noted that this kind of conversion process does not at all depend
'gﬁ heat. In fact; the eff1c1ency of th= solar cpll dev1ce drops
;hén 1ts tempmratu e rlses Thp fact thjt the photons Gf solar
llght transfPr thelr Lnbrgy dlractlv ta e] ctrons w1thout an
}npermcdlate thermal step has mads solar ce lls not Dnly ‘appro-
ﬁfivaté-in sunny ra giongrbut seem prDmlsng for areas in which
othgr.kiﬁd of solar éngréy syste@é appear completgly pope;?ss;
QHQer_ove; éaét ékiééi-conEentrétién dayices suéh as are utiliZEd

fnr the thermndynamlc conversion of solar encrgy can not work

and the eff1c1ency Df flat plate he at ccllnctors falla to very

low values, Solars cells, hDWEVLr, Dperatb at th& same ufFICancy

under cloudy skles as they do in brlqht sunshlne

- The phgtovqltaic conversion effect is generally. achievad
'in,all,semicopduetors. Insulators are unsuitable because-of

their high resistivity and metals.are insensitive to lighti



because of their high electron .concentration in the dark,

Jolar cell ressarch and development has been esxpanding
rééidly'iﬁ the past few years spurred on mainly by the potential
use of these cells for large scale terrestrial solar enérgy'
apﬁiicatiuns, The semiconductors which ars best suited to the
VEDnQersion of sunlight are the most sensitive ongs, that is
which give the highest current-voltage product for the visible
light. In fact the largsst amount of energy transmittzd by the
sun's rays is within the visible light parts of the spectrum,
lSEmiconductors like Pbs are sensitive to infra~red light are
therefore unéuitable for enmergy conversion, ZnS have maximum
-sensitivity in the ultraveoilet part of ths sclar radiation
spectrum and is elso unsuitable, At prosent silicon is the most
;mpg;ﬁgnjfsemippndggio:Lm@tg;ial.fcr.Phctpy@lpaicuenargy_conver*

sion and today a2ll the cclls are manufacturzd from monocrystalline
. % IR W b . .. e .. ,w.m:,.:':

o L B St

materiel although th:ire are some reswarch going-on polycrysta=-

R T . : oL - R

(SRS

L

llinehstfucturé,i . .
; 1.r Al the solar cells:. have, several .thingsin common.. There
ig-a semiconducting layer kmown as.thg base. It has,an.ohmic or
.injgeting contact . on,the one side:and an.electrpstatic potential

Bnergy barriesr on the.cther side. formed by . a:p-n. junction, e.
$pinamgtailfilﬁ;5chg£;ky b??FiEI!LEFc?thﬁ?roiP”ptioh;HﬁmpPﬂFaCt
grid or.finger pattern is applied to provide.a_ low serdes Igsis-
tancerand an antireflection coating is applied to. reduce the
reflection loss.of sun.light.. Encapsulation.may be added.to

protect the cell from environment,. Jifferent solar,cells may. .
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have some variations to thess badic feetures,

Beécause bf the barrier layer thch is essential for photo-
voltaic effzct, solar CEll§ have diode characteristics in dark,
The I~V ﬁharﬁcteristics of a typical sclar cell is shown in.
Fig., 2.1, A illuminsated solar ceil_connectad tc 3 load develbps
a photocurrent; =z2nd a photovoltage in the forward biased mode,
Under light, the 1-V curve keeps ngarlv tHa saﬁershape.but
shifts along the nzgative current axis, As a reéult; an oﬁen
cirﬁuit voltage appears cn the positive voltage axis and a short
circuit current on the nzgative current éxis; The diode currsnt
normally present at ?his forward hias voltage proses the photo=-
current genzrated by the light and the maximum power from the

solar cell can be obtained by optimizing the product of 1 and V,

Yoo

“Two faé%angléélarethérked arfound thHe 1~V charactsristics,
The raﬁip,gfhthé smaller, to-the largser .rectangle is gallsd the |
fildfactor. Ihe shert ci;guit,pur;antJIéE,rthg?qpsggpirpuit
valtoge V... and the 'squareness! of: the; I+V.cheractaristics
(fi}lfggpor)Lupgﬁgniilymingt;on.ﬁrer9ﬁ¢ep.cited as;, figure .of . .

merit. of, a,solar.cell although the ovenriding figure of merit,

of eourge,. is.the. efficigncy, - . . . - i .- Pl ey
I S L T SR S N e T R A ' i

2.3 A, REVIEW OF RADIATION.PRINCIPLES:

PA7% 0 Ine the @srly years of the presens century Max' Plank-alggée-
st&d thst electromagnetic radiation is emitted discontimuouBly -
as’ 1ittle burst-of En&&gyfwhiéh“ére‘éélléd‘quanta} Light, being

N - 1 - . e . w = e = T . - ] N
electromagnetic encergy, its quanta is known ss photon,’ Plankd .



found that the quanta mgssociated with & particular frequency f
of light a2ll Have the same energy and :his energy Ep is directly

proportional to f, That is

E = hf 2,3
p

1
Solar radiac¢ion is the ensrgy source which is utilized in
photoveltaic devicwes, The. spectral dissribution of sunlight

depends on mahy facto:~s, including the thrze sources of atmos-

. R -7
pheric absorption; namely

N, and so on)

(a) atmosphetic gases (DZ, 5

(b} water vapour

(C) dl—isti

In 2ach of the sbsorption proczsses the ultravoilet is
Géplected i a priferential’ manhet.t The ©FF9ct b f these' dbsorh-
”t&oh”gbhrtB%'is“degbriaéaéuy‘m%ans-a? 5ﬁioptifal*péthiiahb%hfmie
through® which the 1igh't passes, 3nd by means of the number of
centimeters of pragipitgb}e watsr vapcur W in the atmoéphefawl
The quantity m is defined by the rzlation m = 1/Cos z,whe;e.;
is thé-ahgle*bekweuh the line @rawn-thribugh ‘the observer and *°
tﬁe*tmufgé of’ this ddy z vearies -from ‘90° to 'a minimum Zﬁi;PWHith

‘Gccurs at noon ‘and which is a function of the scason of the year,

The phaton flux is ‘s quantity which ig very useful in the
calculidtion of solar cell performance, [t is defined as the
number of phatuns crossing a8 unit arez perpendicular to the

light beam. per second, ... .. .. . ... : _ I

“ty
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Table 2 below gives some indication of the variation of
sclar intensity and photon density Nph (Numibzr/sec, Cmé) for
various values of m gnd w, Ihe total number of solar photons
Nph covers a range of energy from zero to a maximum =nergy

found in the solar spesctrum,

Table 2 Parametzr of the Solar 3pactrum as a fFunction of

Absorption Eclnda.t:l.cm(ﬁj
m w Comments @ Average photan N
w/cm2 energy E_ {av) pn
av {No./Sec,
: 2
cm..)
. ) 17
a 0 Cutside =ztmcstphere 0.135 1.48 5.8x10
{Air mass 0)
. 17
1 0 S5za level; sun at 0.106 1,32 5.0x10
zanith{Aiyr mass 1) .
2 0 Ses level, sun at . G.088 1lza 7 74 axiol”
... ¢+ .60, from. ALnl*h e
: 2 17
3 .;.0.. .83 level, sun at . 0,675 . . = . },2y . 3,9x10
70, B0 from zanith® o o ' '
Do 2 bl 6% rhtetive 0,63 7T LET Y U sl
e Ao '.?Wid,ity;r Tare T
3 5 Cxtreme conditicn 0.059 i.18 3.2xlDlT

2.4 THE P-N JUNCTION AND METAL - :LMICDRDUCTUR JUNCTIDN A:‘ T
' A PAGTQVOLTATC CONVERTER - T T \

[

Fig. 2.2 is an ensrgy band diagram of a p-n junction. and

M9 junctign_under the action of light, when the,junctions @rg,&:
A T

illuminated with ligh% having sufficient energy tc excite an

electron f;q@#ihéfﬁalencéEband to conduction bAnd a hole is



created in the valance band, In the junction there is an built-in
electric fieid and the regsulting =lectron-hole pair move in the
directions shown in the diagram, Thase charges ast to charge
p-type (or metal for MS junction) region posiﬁiUéiy and the
n-type région négatively, Thus if there is no éxéernal connections
to the junction, the resulting forward bias cadéeé alforward
current to flow., Under these condition the %Urﬁard current 1is
Just equal to the optically generated current: When the p (or
metal for MS junction) and n-type sides are Edﬁnected through

an external load; a pat of the gznerated cdffént flows in it,

so that the junction acts as a converter of light energy. In

this ﬁonvarsion there no intermediate step of conversion to heat
and fhe Carnot cycle iimitation on-efficiancy of cenversion 1is
bypassed, for this reason photvoltaic canversion has shown a
great promise to those who have workad in dirsct energy conver-

sion,

From the abovs discussion a simplified equivalent circuit

" Fig, 2.3 of an illuminated photovoltaié cell or solar cell can

be drawn, With the help of this simplified but rcalistic model

the operation of the solar cells, which involve microscopic actian,
can be described in tesmms of a macroscopic device that yields

an equivalent r=zsult, The equivalent circuit consists of a
‘Eonstént—current gencrator delivering & current IL into a network,
thch include ths nonlinear impedance cf the junction Rj’ aﬁd
intrinsic series resistance RS, an intrinsic shunt resistance

Rsh and the load resistance RL,‘This gegquivalent circuit diagram

il

L



is adequate for technological and physic®l applications of all
types of solar cells. The difference lies mainly in the proper-

ties af the junctiaon,

2.5 S0LAR CELL CALCULATION.

The current-voltage (I-V) characferistics of a solar call

can be expressed as

I =1 =11 a_xp(qv/i(r)— ;j 2.5.1

where V is the voltage across -the junczion, Here the value af
Rs is assumid to be negligible and Rsh ig assumed to have a
large value, UPder apen circuit condition {I=0) the voltage

across the cell would be

) 'd e '
P:I\/:!I—I%ew(%ﬂ—)-luv 2.5.3

; ( KT .
Taking derivative of this equation with respect te V and setting
the r=sult =qual to zerxo yields an implicit equation for the
vaoltage that maximizes power,

- “7[ I

) l+qup/(KT)] 14

I

L
)
a

;

exp/ qvmp/(KT

)

= exp;":”q‘JDC/(KT)Hf ) 2,5,4_

-

From equations 2,5,1 and 2,5.4 we obtain the current tHat

maximized the power,



, quv /(KT) I [ I ?
1 = = 14 —2- 2.5,5
mp 1+ qup/(KT) ,IL B
The maximum power  is -then given by
P = 1 v , o 2.5,6
max mp mp
But §ipce V{ij> I0 |
{qve /(kT)!1
p 'XL D 7L 2.5.7
max l+qup/(KT)

The efficiency of the solar cell is obtained:if:the solar power
déﬁ;ity Pin is known, Thus the maximum efficiency of the solar

cell is given by

_ ,qu (VT[)I .
Zmax - 1+ qV /(KT) (PiﬁA) Z'Sfa
mp :
where A is'the solar cell area, ; -
i - l"__.,-:i.l‘..‘_... © b e eriem b " ._.._-:W i - R
™ e T T Lo : s

2.6 IHEGRETICAL COMSIDERATIONS,

Theoretzcal ;powsr output and efficiency can be easily- .

o 2(39)

calculated based en AM1 sunlight of 103 mW/cm . Maximum

. . - ‘-.
P o

current generatlan is calculated from

L' v . . N
P VL
Loyl ‘.E.,

uﬁag"ﬁ“w;fffmf;fP#f | 2:6:1
Ve i e 17 =0 - ar wss .5"" PUpoanl s e
For AMl sunllght only 20 leD photons/sec,cm” have pnergles
r-§<{'..r~3 Y 3 oo - R VO e L R T B

in excess Gf the 5111c0n enprgy gap, Eg ='1.iev] This prnduces

! s~ . et
ol s

a maximum current density J = 41,6 mAfcmz_ An open circuit

voltage ofi O, 6 volts) 1-V curve fillfactor FF = 0.7, transmitt-

Ve At o ity s 4 ot 4 H 1 ~ ; L3,

ance T = 0,9 produceg‘a power 0utpu+ P = 15,7 mW/cm - for an .




efficiency of 15,75, This simplified calculation has neglected

recombination and seriss resistance losses and involves the

formula

J v

FF = jﬂE—vﬂE' 2.6,2
sC ocC

J =T 4 2.6,3

sC [ m
P = FF J v «  2.6.4

5C ocC

This calculation shows that a 15% efficiency should be
realized using a Schottky structure for solar energy conversion.
This efficiency depends on maximizing solar energy transmission

" inta the device.

2.7 SERIES RESISTANCE

A A A T R R N T R 2L N E RO I L R Y o
Like any energy -ource, internal resistance is a parasitic,
L S L 17 t‘j’-'j“" Lo A . TR : .- N o T s s * v P R

power consuming facto: in diodes and solar cells that can degrade

the device performance, Because of this ssries resistance, the

maximiim évaiTébléapnwer output is decreased and this is reflected
syt Pt (62)

in the current voltage charscteristics, It has been shown
that in normal sunlight conditions, about 10-20% of the originally
availéble*pé@efJ;s{;gst just from an additional increase“e¥.one

ohm of.resistance.;In fact, series resistance.is one of_.the key

parameters.in, splar cell fabrigcation, techrnology.. ., - w o v ;- s

"L 1t has bEen”fDuhd-that1toiihp}ﬁve-%hefcoliéctiﬁh*%f?iﬁiéﬁty
the“active layer on the top of the junction has to bes reduced
in thickness because of the larger photon abscrption, But'this
taltgestan inevitable rise in resistance values, The older deeper

1

< R oL | o Siaoniar,



diffused cell resistarces were, limited by contact resis%ances.
The present day solar cells with current collecting grid lines
on the top, however; are usually limited by thérresiétance in
the active sheet region due to the very small crbss-sétﬁional
area which the carriers in this region traverses, whilé 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 series resistance of a Schottiy barrier solar cell is
mainly due to metal-semiconductor coantacts at the back, bulk
semiconductor resistance, transverse shaeet resistance of the

barrier metal, and the resistance of the grid structure,

The conducting grids on the activ: surfacsz of the presenf
day solar cell reducés the aVezrage path length of-a carrier in.
the activé'region &hich greatly minimizes the resistance of the
active region, Since; however; the area under fhe'grid itself
contributes nothing %o current Jeneration dus tn' the fact that
all ‘the usable light is absorbed by the metal current -collecting
grid‘lines, thetre is an upper limit +o thz nusber and si%e of -the
grids which can.be deposited for cptimum performance of the salar
6éll.in any'given environment and for-a-given values of the solar -
cell parameter except the antireflection coating, By using tha

(57)

detailed analysis of series resistance developed by Handy " ,

the loss due ta resistance can be included in the I-V relation-

:ship- and the equivalent diagram.aof the solar . cell, ..
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The equivalent re¢ sistance circuit of the solar cell is
shown in Fig, 2.4, The gseries resistance of the solar cell are

of two distinct types, namely:

(1) rssistance of the active regivn which is a distributed
resistance determined by a nonuniform current distri-

bution; and

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

uniformly traversed by the cuirent passing through the

i

cell,

Resistances R, and R5 fail in the first category, DEétermi-

4

nation of these resistances presents a differsnt problem than
the other resistances in the equivalwn: circuit; since these

resistanczs are not paysically separabl.z for individual measure-
ment because of the fmact that current density in this region is
T S I .ot R T R T : AT S SR S

not unifoxrm as currsnc¢ generation accurs cver the entire region,

: L co L )
The active region of the solar cell can be broken up into iden-
tical' parts which corvespends-to -z unit figld Fig,:216, wWithin’

one unit fikld -thete are twb areds which dré” symhetsi&al about

thé grid lin& and ®aEve dimensions +5xW,. The resistsnce contributed

by the.regigns f,and B sre A, and Rg.r:spectively.

The line CD'is &n srtificial ‘bouniary which’ sépelrates’
the two region fram which the currant “lows to the contact
strip and from which pﬁrrent¢?10w$ ga] ;he;érid,stgip,.Thettpa+h
pezoidel region Tepresenting resistanpg‘RS,is shown in-fig;Z,G,
The total current flowing. towsrds thg.grid.strip through the

R AP . ; R



area Ai: is given by

i_= (__11_)(]:2 tan‘(zb)'t 31?.1
whers
t = thickness of media
T, tan®/ = length of thz rectangular area Ar
Jr = cuxrent density thxough Ar

From continuity equation

i_= 1 . 2:,7,2

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

if Jn is the generatsd current density in thz normal direction

to An’ it can be writ:en in the following form,

tan g[") 207.3

Fromlkij: ZLE:Uc"héUQ-T
) tan i 2.7.4

pgd;ﬁipce h = =& ;ﬂ”nfi:W@“h@MEEJu_:f.,u

! = Jn(;rZ?- rl?’) Lo e

J_ = ' < 2,7.5
r _ 2r2t

2

using the above relations, Putting &quation 2,7,5 inta 2,7,1

ona obtains *. = - . S

. ] 2 2 r / 7 ' ' .
l:If’: T [E]h(“r'? TS & ). tan HL_/ S oo i n Zada By .

L S S TR S P PR S SRR P M
For ‘one-dimensional linear homogeneous current flow we have

ES=d 0 T S 2.7.7

i



Electric ficld

where L
. i T

p' = résistivity of metal

Putting equation 2,7,5 in 2,7.7 we have

J (r22 - r 2)p’
E = D 1 2.7.8

r . 2r2t

The potential that is produced by an electric field may be
calculatéd from
¢ =[ E.dr 2.7.9
path o
:where dr represents theg path over which the fiszld exists, Thus
we can calculate the potential that will wuxist in.the media_due

to the field produced by light gs=neratzd charges,

The potential is given by

T2 Jn(rzz - rlz)p’
g = f 55— dr, : | 2.7.10
rl 2 .

In the determination cf the resistance R

g+ Ty is constant,r2 is
the variable of integration, Thus it can bz written in the
following form:
T r
pJ { 2 2
g = =2+ [ pdr - 2 9z 2.7.11
RS 2t / r 1 - T S
" 1 1
Similarly we have
pu, 13
g = J  rdr : 2, 7.12.
Ra 2t o : .
- SU - xy) S
where r. = and r, = ==
2r3 2 2r3




Assuming MR and ﬁF gqual at point P and gﬁranfeeing that
. 4 1 5 X

there is no current flow across the line CD we have

2r, 2 ) .
(=D = H et 2 g (o 2.7,13
Tq g o Werg
The solution of ths above equation gives the value of T, for a
given configuration,
The total current flewing through RS is givon by
i = LS{ 2w
lr = Jn -A_—’(Z- I'3) 2.7,14
From Ohn's law, the value of H5 is given as
' 20 - - BW/2r,
R, = = 5in 9.5’ f sdr
5 St(ZW—ra) lLAS(W—r )
2r3_
SZ(W - r3)2 »uh/2r3 d P '
' e i "f I e L L St ol 2 7,15
ar.° 5("imr,) S |
Tq Slli-ry4 X
: ; :2r3 ,
similarly ; '
N T "*""-rB L IS ST
—_ ——E—-2 i _ )
';J.-.,.r-ﬂR,a' :f'ﬁt?.g;{‘:?sr:?i Ef,‘ rdx 2.7.16

The sin Bi_and 505'Bﬁ.tgrmsra:eﬁintroduced to. rzcagnise the fact

that the eleciric field Er not in the direction of the path.
- T e V:' ) . - 4 * s ’ . "
" Fig., 2,7 shows the representation of a n-unit field solar

<+

cell. The fﬁfélléeriéé resistance ﬁ%ubat;éﬁn points A and G can

be repressntad by.-the following ehﬁéfi:gf

R T . -
C =
RT = l+(RE RP) + Rl + Rﬁ,f H? + RB 2.7.17



gl *RLs E%R" TR YR -;Ré- TR ((Rg+R,)
RC_='.WN_MW3; VT2 SEA S qu:mdﬁﬁw”‘wn 2.7.18
5 Ry +-52ffm54
Ry + 2(Ry+Rg)
‘and \ -
oo 2l bR v Ry 2.4,19
p {n=1){2R~. + Ry :

C 1

2.8 OPTIMIZING GRID SPACING

For low series rosistances the I-V charactsristics of the

solar cell can be expressed as

v T ' .
I = ID [jexp(;%T—) - l’j - IL 2.8.1

But for high values of series resistance the affect of the
rési'stance must be considered and the following equation is

ap p ]. i Caib ]: e .,’. — -:.,-. —— ,:‘ S _l.w_.:.... '..:.L_..;.. - P, »..‘..\_...:"._:..._._...-_..:.a.. v ‘

_ - R T A T
I =1, ! xp ] TRt LR o= I . 2.8.2

BY UtlllZlng Bquatl“ﬂ 2 7.17 it is possible to DptlleP the
grid specing’ to ﬂbtalr Ehe most advantageous cﬁnflguratlon
But unfortunately it is not anly enough to simply minimize RT

asy thls would result 1n a cell which bad 1U0 percent of its

surface covsred by grid'contatts An aptlmum bptwnvn nlnlmum

resistance and maximum current generation must bE calculat 2d,

e A N L PR T

A computer program has been developed whicih obtains RT Aas a
. . . : .

function of d;idﬁéﬁgéfﬁg“and;fihdg the optimum value of grid-

spacing for the maximum value of short circuit current of a
T R ST oo ! O L
solar cell of a given dimension, The dimension of the cell was

R S T SR



1.5 cm x U,9 cm; resistivity of m=atal p; = 2UD/QJL—cm. the
generatgd current density Jo = 4G mA/cmz, dark_éaturation current
IU for cell was assumed to be lxlD“6 amperz, 1% waslaséumed that
all other resistance contributions are zero and the only coantri-
bution to rssistancs is from the aﬁtiue sheet resistance, The
width of the grid was (1) ,0025 cm and (2) G.5 cm respectively,
The cell wés theﬁ subdivided into‘sevgral unit—fields;and the
cbrrespanding short circuit current and iﬁtufnal serigs resis-
tances are calculated, The theory of resisténce calculation

has been discussed in sactiunVZ.T. The rssults obtained are
shown graphically in Fig. 2,8, Subscript {1) and (2) dendtes

the th cases, It is clesrly shown in she figure that if the

grid line width is large, with the increase in number of grid

]

lines, the short circuit- current velue decreases vzry fast,

T T
y

[f.the grid lin;srwiﬁﬁhzisfUﬁry@ﬂégrow,it.afdgcrgaﬁe; s
ip currentiis negligitle; Aﬁ,a;cmngéquencg if smell value-of - .. -
serigs- resistance isvdesircd;tthﬁﬁunit field-width can be .., <.
decreased widthout appreciable. loss:aof short:; circuit.current,
Du¢-inﬁ¢hE3secgnd case: if maximumrshgrt:circyit_cu;reptwis. ;

desired, the resistanci will have high value: and as .z eppseguence

ihe_fillfactor will deterierate. - . .., .. . < | aq
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CHAPTER III

THEORY OF SCHOTTKY BARRIER AND MIS SOLAR CELLS

T -



3.1 PRELIMINARIES

In this chapter Schottky barrier and Metal-Insulator-
Semiconductar (MIS) solar cells have been discussed in detail s,
A theorétical discussion on the interface effects in MIG soléf‘
cells haé-been presented together with the expression of current

sT the snlar cell for illuminated condition, A derivation of
avnressicn of forward tumnel current in the presence of an
inzulatine layer has been shown and an expressiocn of tunheling
transmics.on probability has been presaented, It has also been
shown in these dsriveticns that the oxide interfacial layer
restlts in an enhance.ent of open circuit voltage VDC which isg
zrx of the hajor Tactors in obtaining high:r conversion effi-

riency.

3.2 SCPGTTKY BARHTER SULAR CELLS

§qla:-c@lls.gtiligipg.thqjypctioqs,in.Si_aquhgtrqjuncti?n
with GaAs and GdS have already. demonstratsd the.effectiveness.
of-photovoltaics,in generating.electricity on ga;tb,thwevgy,iif
nhotevoltaics ig; to, emerge. as a method capable of providing.:
large-sc~ie elgectric .power, theh. s cost Of_feduqt;pn of around
oU .times. or,mgre must be achiev=d.in the salar cells {gx solar
-qmiis_plua copcentrgiz#s :iﬁ‘cnnCentrated sunlight systems).

One 6F the ncssibilitiks ¥oi cost redudtion ‘lies in- the
‘method of junctisn fetrication and the idea of 8 simple deposited

“ecal-Cemiconductor (MS) junction is, at the fiTstisight very

cstréctive, Metal deposition method are consistent with high



yield, fast processing, and also involve low temperaturer The

MS solar cell would appear to be very promising cr a;couﬁt of
the simplicity of fabrication add the fact that with a suitable
aﬁtireflectibn coating and barrier metai thickness, highly
efficient codupling of ambient pﬁoton gherdy to the metal-semi-
ccnductor intercface is possible, Also, in these cells, the semi ~
conductor deplefdtion layer begins at this latter interface and
thus, when compared <o the _bulk juncticn devices, incrrased

short-wave length rzsponse should rssult,

Thus these metal-semiconductor solar cells offer a possible
solution for futurs spplications, Reduced silicon processing
costs present a method for econgmical energy conv=rsiaon, Schottky

barrier diodes can be formed by.simply depositing an ohmic metal,

‘('I

heat treatment CHT}:to,fo$m.ohmic<cgntactf depositing ja .semi-
transparent :barrier m&:;lﬁ-and;applying.contqgﬁs.-Ihisﬁppuld_-
all bgﬂgcqomp;ished-wi;huonarpgmp—down-uﬂ+proparmgacuum system,
Schottky barrier solar ceslls LSQSCJ.offar.designnflexiQLI%ty

in :chaice of. alloy and_purermﬁta}s,.metal1thicknessruanqmgqt§:
xeflect;an:;aatingg.iSB?Cﬁth@ory developed from work qn.singlei”

ctystal silicom can bs extendeq\to,wopkjon;gp;yqrystalline.silicon

for future lsrge area 5BSC,

L L3 ’ PSR I

3.3 MIS SCLAR CELLS _ *

P .o N e ce - - . . . PR
A . T 4 7

. -En practice, hpwuveg,rintimate coentact metval-semi-conductor
solar cells.exhibit g serious dafigigncy“in_thg;fmrm1qf VELY POOT

photovoltaic response.‘Thi5.stemsjfrqm the fact.that the usual .



thermionic dark current in schottky barrier junction leads to

a considerably higher dark currént than many homojunction and _
freterojunction siructures. Thsoret;cal and practical work indi-
cated that it iﬁbppSSible to overcome this disadvantage, yet
still preserve the attractive S;hottky barrier tgchjology, by
allowing a very thin insulating layer to separate the metal

and éemiconductor, The deliberate introduction of such a layer
ylelds a Metal-Insulator-Semiconductor (MIS) =nlar ceils‘and
hence can not be classad as ideal Schottkylbarripr. The
principle beneficial effect of the thin insulating layer is

the increasing of the photovoltage,_bruught'about by either

(or both} contfol of the current tramsport through the diode Df;
an incrsase in diode ideality factor n; As ihcruases in n.
{particularly n;>2) can b detrimeﬁtal to the fill factor,
control of diode currt:nt transport properties becomes impertance,
In MIS structure the thermionic emission dark current can be
reduced by either increasing the effactivé metal-semiconductor
barrier height; decressing the probability of majority éarrier
tunneling, encouraging interface states with largercapture Cross=-
section for majority carriers, or reducing.the number of majority

carriers at the semiconductor surface,

3.4 INTERFACE EFFECTS IN MIS SOLAR CELLS
It is well known that when a matal contact is evaporated
onto a chemically prepared silicon surface the metal and semi-

conductor are not in intimatz contact., An intuerfacial film of

of atomic dimentions inesvitably sepsarates the two, This metal-
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insulator-semiconductor (MIS) or metal;oxidé:3emiconducfor {MOS)
diode is the most useful device in the study of semiconductor
_surfaﬁes, Qinca tﬁe reliability and stability of all semicanduc-
tor devices are intimately related to their surface condifioﬁs,
and understanding of surfzce physics with the help of MIS diodes

is of great importence to device operaticns,

The energy band diagram for antirﬁfleétion—ccated metal;
oxide-semiconductor {(AMOS) solar cells is givenlin Fig; 3.1
for illuminated conditions. It may be seen that when therdevice
is developing a veltage V, Vs is developed apros; the s?miéoﬁduc—
tor and V; is developad across the interfacisl oxide layér 50

that(ZT)

At this voltage, we now seek to find the contribution to the
total current due to :ight inducasd photocurrent and r&combinétion
current within the t;ansition region, By consarvation of charge
Fig, 3.2 and taking thc currznt density as positive when it is
flowing to the left i.e in the reverse dirsction, the net

recombination rate is (U-F),

The number of excess slectrons lost duc to rceccombination

rate in element Ox is given by

(U-F)ox = :i“ [HJE(X + Ox) - JE(X)J

;:J.J {x}.
— - B x 3.4.1
q dx
d J (XJ ".-|
aor q(U-F) = - di 3.4,2 ‘)



Similarly for hole current density Jp(x)s

g Jh(g)

dx
These equationsqgive

o= d0x) 4 dx)

The total current density J Flo&ing through the junction undar

illuminated condition is given by

Jd = JB(D) + ._Jh([])
W
Jl0) + J (W) - q [ (U-F) dx

Q

il

3,4,3

3.4.4

If Sthottky barrier lowering effects are neglected and if the

transmission probability for electrons tunneling through the

interfacial layer is assumed to be uﬁity, it follows that

o x 2 -q@B/KT —gVi/KT

J = A T e 2
ms

and 5 =gl /KT gV /KT
JSmE A*TZ e 4 e °

H

Thulee(D) is given by

The current density Jh(W) is found from

) _ dp(xj
Jh(w) aD dx

P x=W

3.4.7

3,4,8

3,4,10

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

(63)

band which satisfies the gguation



2 - : .
do. _ PRy, L H g 3.4,11
2 - D - Rt -
d X D i p .
p o |
A —ax -1 -2 {64)
where Fix) & [ w gbe dA  sec m 3.4,12

where M., A, = hc/qu indicate the wave length limits for the
incident solar spectrum, The generation rate f has been modelled
as shown with(ib as tihe photon flux incident to the semicqndﬁctor

and o as the absorption cosfficient as a function of wavealeng th,

The boundary conditions are (1) p(x) - Pho+ the unillu-

minated hole conccntration far from fhu junction as x— o,

(2) p{W) = p*e + ani where p¥ is given by the expression
. . ~
«_ oS - . 2 |
= P ] exp(q/KT) [ﬁFS EFp(w{] 1 3.4.13

The value of Fermi level EFp(H) depends on the detailé of
proczssas occuring at this boundary including hole transport
across the interfacicl layer. In ths case of excellent communi-
cation betwesn the metal and valence bznd of semiconductor
EFp(W)Sﬁ,EFp(U) = EFm' with the aoove assumptions of a flat
quasi-Fermi lovel through the depletion rzgion, p® in this

case 1s given by

r- -
nD} exp(qV/KT)—%} | ’ 3.4,14

—

k1
P- = p

Consequently it is found that

g

J(wy = f
h >

The contribution of current density frcm tha depletion region is

4]
E

|D
l + L o A -
8]

({5 4 -
qaloL P g . ;qU/RT

[

-1) 3.4.15 .

o p

P}



given by

D W 7
J:7 = af (F-U)dx ' 3,4,16
o ' .
W ax W
= qf S aje dA dx - qf Udx
Il S o
N - W
= a1 - e )ap - qf Udx
. P
= JDLE - Jp 3.4.17
rec i
Again
J = J + J | 3.4,18
prec ifr- DUnav '

5 D
:

. 4 )
Thus tha_Eyf}ent density flowing thraough the device is given by

e - e s .

= - W - - i
J Jms Jsm + Jh( ) o+ JDL JD' JD 3.4,19
1fr unav

The total light current is given from equations 3.4.15 and.

3-4017!
_ —- W
}fqa&xL e ' —old t
ol :‘f? 1 + E o + ad(1 -E )f d >
: />\D‘. - P ) .
A - ol
L 3gE- AP e _ '
=" {ag Y 3.4, 20
Ayt 1 + Lpa j .

1f recombination in the surface region (0 xZ.W) and surface
recombination at x = 0 =re neglected, the total current is

given by



- 2 —E 7
I = gA ,f/___j T e dA
")‘:} p

qlf . qV gV,

- A“Tzuxp(- i ); exp | KTS) - axpl=- K% ){
p | { \ yaar

SRLL 1= I R = S R ¢ .
1 exp{—5—) U/ . 3.4.21

The effects of the interface may be summarized by noting that
for a given bias V the largsst current will be produced if the
interfacial layer is such that the equation 3.4,14 is valid,

‘Further, with a2n interfacial layer equation 3,4,21 can be written

- ;’I/ ,
¢ - @ exp{- aW)
oh L Z < g
L= qA[: ii/ * N I.p « ) 4.
Z v
2 d 9 . _gV
= ATTS axp(- ETE') exp( - R-T——)PXD\—E?—)
o~ o
P D s p
- ~P-—E-—-P-9 exp () - 1 ¢ / 3.4.22
/ K i} .
p . - .

Where the saturation current is neglected in comparlison with

other terms, For this interfacial layer V; has the range(44)

1 1

C o )7 y ?Y . -

. _ _ _ _ <

(‘:-L+'.qDS E‘J/g: lx) L ( Vpl ( Ubl 5) J S: ul O
aql SV - L o
—85 S £ [ Y _ Y j

n €5 * V) =y = V) N : - 3.4.23

-
i.e Vicj- 0 and since equation 3,4,14 is valid if no interfacial
layer existed; it is seen that for a vaoltage V a larger current
is produced than would be if there wers no interfacial layer.

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

-



It may 2also be noticed from equation 3,4,22 that the open circuit
voltage has besn enhanced by the presencsa Df'thig‘interfacial
layer., An zven 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 el=ctrons through ths insulator is entirely

negligible equation 2.4,22 reduces to

— N2 T e (—aW)} -
] S ¢
I = oA ! S fl?" 1 + L0 = 4.2
Ny e ‘ P
Proly ¢ v ;77 |
- B 20 exp (X)) o1 - .42
p L -/

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

(a) The light current has bean calculated on the basis:

(a4)

employed by Fonash . The holes and electrons<are generated

in the depletion rzgic: and they t=nd to move to right and left
respectively an Fig, 3.1 without rzcombination giving JDLE'

The remaining photonslgenerate carriers in the bulk r=gion and
they are subject to recombination {first term of equation:3,4,15)
The corresponding rasult without recombinastion 1is Dbtained_if Lp
is imagined to become very large, The reduction of light current’

due to electrons tunnrieling fraom ﬁhe metal has not been included,

This causes JL and J to be overestimated,

(b) Ancther cause of an overestimation of J arises from an
underestimation of Jsﬁ due to the neglect of image force lowering
of the potential near x = (U, The effect of image force lowering

on Jmsg is likely to be rather small,



(34)
3.5 THE FORWARD (TUNNEL) CURRENT

Berden has written the probability per unit time of the
transition of 3n =lectiron in a state s on one side of tunneling

region to a statsz b on the otherside,

Pab = (%n/h)\Mabk Pb fa (1 - fb) 33,1

where Mab-is the matrix element for the transition! P is.fhe
density of states at b, and f, and fb are the probébilities
of occupation of the states a and b, respectively, This is‘a
direct application of the'golden ru;e' of time-deﬁendent p EE~-

turbatiaon thsory,

Mab vanishes unless the transverssz wavs number is the
szme for the initial snd final states (spzcular transmission);
thus Ph is a density of states for fixad Kt' Wi sum over all

states a for fixed th sum over Kt’ multiply by 2 for spin and

multiply-by the electron charge g to obtain the total chrent

to the right. Subtrabting the current to the left, we finally
(65) '

have

_ -2 -
dng s OC!U . X
J = . o= f {I]ab!papb ( f_ = f)dE 3,5.2

}E o

It will be assumed throughout that Ky is conserved in each
transition, although it is clear that scattering by phonons and
defects will permit violation of this restriction, The sum over

kt may be converted to an integral{66)




P s _I_ _— . s l
2 e [ Ak K e S K, d

2 t g
Ke. (2m)
m
- [ dr 3 5.3
21 ;ﬁz + |
#2 g 2
whe t om
t
Thus
Zmyq L 2
x T AL N L AL 3,54

i

and tte limits on Et must depend on configuration, for MIS

diode th= above zxpression is

Zmyq o7 Enax‘_ | 2.
[ Pg Pplfy ~ f )dE dE_ 4.5.5

J =

x ,53 o) I gm § s "m

“his expression deals with the forward current and assumes that
tunneiing through Schoftky .barrier is negligiblé (for moderate
levels), The lowser limit on these integrals (the zero ofvenefgyf
can therefore be chosun as the semiconductor conductioh band

at the surface. This gives |

= ax max x max

£
Zoom
S S dE, cf ~~ [ S di, df 3.5.6
o0
since the Fermi functicns in this rﬂlatinnship tend to zero with
increasing energy; the upper limits on theg intzgratidn are taken
to be

Using the wKB (Wentzel-Kramers-Brilloesn) method for the

transmission coeffici«nt

2 42 (K ) . (K - X -
stmf B A A x.m BXpér_zf k] g% ¢ 3.5.7
/ 9 3 x



and the one-dimensional density of states factor

J g m-Lé"m_ _
P = R 3.5.8
Ss nﬁz {K2)

X" s;m

where Kx 1s the component of momentum in the x dirzction; LS .
. b4

are the lsngths of the semiconductor and metal; respectively,
and X and X are the classical turning points, leading to

X
m

2 1 1 ' _

M = - - / :

}lism{ =i (5a)2 ©XP (-2 { /kx/ d. ) ~3.5.9
S

A rectangular barrizr is a2ssumed of height W indspendent of x,
- ~ . .
(W - tx) = /53 the distance from the conduction band edge of

the sami-conductor to that of the insulator, I1f follows that

— _ - ~ T r
K.o=( ,ﬁz (W - :x)) 3.5.10
Also x_ - X, = o, the film thickness, Thus
2 1
- 1 1 4z T
“ /. = e expl~ =% 2m X %)
[ e PsPm (2%)2 gy
T .
N 5 exp(-1,00 X ) 3.5.11
PP, i2m) :

where ;K.is expressezd in electron volts =nd d in angstroms, For

forward bias, fm'g 0 and

¢ '
= < (Lt £ =
f = exp<< ( ot Ey Efs)//KT

(AN,

3,5,12

the Boltzmann approximation for non-deganerate mzterials, Efs

is the enérgy of the semiconductor Fermi-level {relstive to

‘the zero of energy, which is the conduction banh at the sufface),



Thus we have

) i, g RO £ £, -F
J, = L JJ exp(=X% 3d)exp(- X—=2—T35y4r df
X 2 3 x t
2n° -h o O
4nm q -4
t fs
- ‘ﬁa exp(...x a)exp{ T )>(
S Ex Et -
£ £ exp( - T Yexp( - ET——}dE dtt
4dm ng E -%—
’ L 2 _2 -FS . _P\r“ -
= TE?—— (KT) " expf i Jexp (= AL 8) 3,5.13

where Efs is negative since the Fermi level in the semiconductor
is at a lower energy than the conduction band cdge at the surface

and is described by

Frs = 7 alVps+ B) 3.5.14
Therefore,
. dm, wq L + . _a . L .
N __.._ﬁ?_ (KT)° exp(=pC Obexpl = =0V e B 0) 3¢5:15

where VbireprESants the surface potesntizl in the s emiconductor,
which is -the di¥#ffersnce in potential betwesn the conduction
band edge at the surface and im the bulk, ﬁn ig the Fermi
potential relative to the conduction band cdge in the bulk

semiconductor,

The zero-bias value of the surface potential; Vhig is better
known as the'diffusiun potential, Provided that ?Dntribution %D
‘n—ualue-from other mechenisms (such as recombination curreﬁts)
are very smaLi, the change in the surface potentinsl may be related

to the applied voltege by



% m@taﬂ"*)
e

3.5.16

— o 3
n = J/Alvbi

o

where Vi 1s the charge in surface potsntial ds a result

of the epplied bias V: This rzvalue applies for a currenta

voltage plot which is truly exponential, Thus

-V

.- - N\ — -k - . 1
Yoi = Voio *A VL = Voo 0 35,17
Making use of the zero-biss condition
Ypio * wn = gB ' 3.5.18

where ﬁB is the barrizr height prasentsd to the electrons in

the metal by the semiconductor alone, equation 35,15 becomes

1 -
5 Lt -l
J = AT EXD(""‘ /I‘/ a) F,‘Xp( KTB

Vexp (=2l 3.5.19

X nkT

where

The equation 3,5;19 is valid gnly for forward bias V >>3KT/q
since the reverse cur-ent contribution { due tn métal clectrons

tunneling into semiconductor) has besn neglectad,

" 3.6 EXPRESSION FOR CURRENT IN MIS S0LAR CELLS

The total current density produc:=d by p-type MIS diode?

at a voltage V is given by an equivalent ﬁxpreséian-as

equation 3,4,22;‘



5 ~g# [ aV #qV '1
ST A% ol —Bp . s, . i
J = JL th T axpf T )xlaxp (KT } :xp(AKT {J
N0 v .
- Tc-w—EE—ﬂ exp( KT ) - 1 | 3.6.1

n

The tunneling transmission prob

previous section from WKB metho

where/ﬁ,p is the mean barrier h

layer for p-type material,

Inm short circuit condicti
dependence of Is: can beg visual

of the equation 3,6.1,

In the Schottky barrier a
current can bes negglected but it
due to accumulation of minority

However, nsglecting the voltage

i, E, Vi ¥ 0, equation 3,6,1 can
2 .

Jo=J - ATTT exp (u’lp
_ - o —av_y _

= JL Jai exp | KT )

The open circuit veltage is obtained by putting J

J we have
sc

abilities are obtained in thé

d and is approximated by
3.6,2 .-

right presznted by the oxide

1

b=

[m]
[

on Y and thz thickness

ized through finding tha root

Nalysis the minority diffusion
can be enhanced 'in the MIS diode
carrier in the interfacial layer,
built in the insulating layer,

be reduc=sd to

\ -l

O)EXD(“—E?—E))K

fexp( g¥ ) - {] 3,623
- :

L] 3.6.4

0 and with
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where JnD = A T exp

is the thermionic emission current density, The lzst term is

(5

responsible for the increase in UDC duz to interfacial layer,
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CHAPTER IV

FABRICATION OF SOLAR LELLS AND MEASUREMENTS

¥



4.1 PRELIMINARIES

In this chapfer the process of fabrication DflSCthtky
barrier and Metal-Oxide-Semiconductor solar cells has 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, Metals and antireflecting coatings
were deposited on cleaned surfaces of dpped semiconductor wafe;
at a residual pressure of about 10—5 torr, F-iype monocrystailine
silicons of Monsanto lonex having resigtivity of 1,5-3,5 ohm cm
were used 1n thé fabrication of solar cclls, Fabriﬁation of soiar
cells started with chemical cleaning of the siiiconvéubstrates
having doped epitaxia. layer, The current-voltage (I-V) measure-
ments in dark and under illuminated conditions were performed,_

A X-Y plotter; oscilloscope, oscillator, power supply, digital

multimeter were used in the measurament, -

4,2 FABRICATION PROQCESS
In the fabrication process the following steps were followsed,

(1) Chemical clessning of the substrate

{2) Preparaticn of ohmic contact

(3} Preparation of barrier metal contact

(4) Preparation Df current collecting grids or fingers
(5) Deposition of antireflection coating

(6) Mounting and Lead connectian,

-



4,2,1 Chemical (Ciganing

The epitaxial leyer side of the silicoh substrates was

originally polished, These were cleaned chemically whers some

variations wers medes e,g., some of them were slightly etched

and some of them were not., We devide this claahing step into

two categories.

Degreasing the substrate in methanol, acetone

and ethyl alcohal,

Cleaning Ultrasonically in the sami solution for

5 minutes,

Rinsing 1in di;tilled water for lS.minutes.
Rinsing in ethyl alcohol,

Urawing at 80°C in a drier,

Jegreasing thz substrate in methanol; acetone
and ethyl alcohol,

Ultrasonic Clganing;

Etching in the solution aof 1 .psrt hydrofloric
aciﬂ, 5 parts, nitric acid by volume for ;-3
minutes or, etching in a sclution of 48% hydro-

fleric acid for 1-3 minutes,

Rinsing 3in distilled water for 15 minutes,

Ultrascnic cleaning in sthyl alcohal far 3 minutas,

Drying at BDDC;



AR COATING

\[ ALUMINIUM ’
aunanarin | or { z e COPPER
FhET £ | " ?‘.f’i
qn E Ha, | ALUMINUM! CHROMI
,,g ) | | . ‘ I~
Inany B P-TYPE SILICON e n Sy
Bl ta : N MBI K
oo 1!.‘ ‘M&ﬁg@% sier A
ol ol l Lot Ll 2R | OHMIC S .=
CONTACT
FIGURE (4.18) FIGURE ( 41b)
SCHEMATIC DIAGRAM SECTIONAL VIEW
OF SCHOTTKY BARRIER THROUGH AA
SOLAR CELL
I
PN
>V
. /
6T //
/I\ _-?R- |
AILJL 2?‘
| 01
FIGURE (4.2) A METHOD FOR 1_2
THE DETERMINATION OF THE
INTERNAL  SERIES  RESISTANCES ¥



4,2,2 Dhmic Contact

The silicon substractes were all p-typs, The ohmic contact
was obtained by depusiting goldror aluminium on the rough side
of the substrate at o residual pressurs af Ble-S torr at a rats
of 40-~50 R/sac, The samples were than heated in an openifurnace
for 5 minutes at 550°C for gold contact and at 610°C for 20

minutes for aluminium cuntact,

4,2,3 Deposition of Barrier Metal, GTid and Antireflection

Loating :

Thi genzral structure of the Schottky barrier andrMIS
solar cell fabricatead is shown in Fig, 4.1(a,b), After élloying
of the ohmic. contact; the samples were ?Urfher'cléaned in é
sclution of acztone =nd gthyl alcohnl to r=move dirt particies
from the polished sctive side, The siliccn is supposed to contain
-a naturally grown oxide layer énd 2lloying process further adds.
to its thickness, Also that in the cleaning process by agueous
sulution the nxidé formatieon continues, In the cose of Schottky
barrier this cleaning proéess 1s done for a very short period
of time and the sample is put in the vacuum system to prevent
further oxidation and %o deposit the barrier metal. for metal-
oxide~semiconductor (MUS) solar Eell the samples were heated at
different temper=ztures for,differeht period of time and they
were then rinsad in ethyl #lcohsl and acetone followed by drying

at BDDC before metal deposition,

Now a mask of aluminium foil was placed on the active

_surface keeping a window for deposition of barricr metal contact,



This was done in order to prevent any deposition aof metal on
the edge of the silicon substrats, octher-wiss edge leakage
current would worsen the value of shunt resistsnce Rsh' Then
the desired metal/metals of appropriate thicknéss was deposited

at a residual pressure of 4xLD“5 torr,

Above the Schottky metal coﬁfact, aluminium fingers or
current collecting grids were depesited by the help of another
mask made of aluminium foil; thick pléstic,.ccmb etc., Finally an
antireflection (AR) coating of Zn3 was dsposited throughout
the'surface of the device legaving a very small area of aluminium
grid exposed; which is rzquired for the ecnnaction Df'EXte;nal
lecads, Thé list of solar cells fabricated ares given in Table 4,

in which every deteils of fabrication have beien shown,

4,2.4 Mounting and Lesd Connectinn

The solar cells fabricated were then attached to copper
plates by silver conducting pastes, Wires were also connected

to the top aluminium grid,

4.3 HEASUREMENT

Current-voltage mzasurements (1-V) wers performed on the
Schottky barrier diode in order toc find out the parameters e.qg,
barrier height, ﬁB; dark saturation current IO, ideality para-
meter n, series reﬁistancg RS, short circuit zurrent Isc’ OpEn
circuit voltage Voc and fill factor FF, Thes2 measurements were

done in dark and also in illuminated conditions, The value of

M



TABLE 4

S1., Device Ar@ﬂ - CleaningUhmic Uxida- Barrier Finger . AR Type of
No, No, Act;al tffe;tlvemethud contact tion matal Spacing/ Thick: Coating cell
: cm cm R temp, C 9 width NESS A
‘ -br, cm ]
1 51 0.8 0.3 a AU v Cr/Cu  0,1/0,1 SO0 - 1000 Schottky
1000 550/500
2 52 0.9 0,3 a . Au X Cr/Cu 0,1/0.1 500 650 Schottky
1000 - 60/60
3 53 0.7 0.4 b Al 150/48 A1 0,1/0,1 1000 €50 MIS
o : 1000 120 _
4 54 0,9 0.4 b al 150/96 Cx/Cu  0,2/0,1 1000 650 MIS
. 1000 : 60/5G :
5 . S5 1.0 0.5 b Al 150/144 Crx/Cu 0,1/0.1 1000 650 MIS
‘ ' 1000 60/ 50
6 54 0,95 G, 4 a Al 150/48  ¢x/Cu 0,1/0,1 1000 650 M1 5
' 1000 ° i5/50 - 2 '
7 57 0.9 0,7 a Al 150/72 Al 0,2/0.1 1000 - 650 MIS
: 1000 130 .
8 58 0.95 0.3 b Al X Al ° 0,1/0.1 1000 650 Schottky
: ' - 1000 120 . .
9 59 0.6 0.5 b Au 150/96  €r/Cu 0,2/0,05 1000 650 MIS
. 1000 15/50
10 510 0.9 . 0.7 a Au 150/144 (Cr/Cu 0.2/0,1 100G 600 MIS

1000 60/50




barrier height QB,and.ideality paiamctar, n cgn be obtained
from the plot of Log I Vs V in forward direction according to
the following équatian 4,3,1, Log I Vs, V plots were straight
lines{ - )

By = —— 1n ) 4,3,1

_q oV . '
KT 3(1n 1) 4.3.2

and n =

- , LR .
.The effective Richardson's caonstant - is function of
electric field at the interface, In the range of electric field

of 10% to 2xlD5V/cm, ¥ g given by

. 5 o
o 115 amp/cm2/DK for electrons

A

30 amp/cmZ/OK2 for iholes

4{3.1 Lurrent Voltagy Measurement

-V megasurements was performed on the diode both in- the
fbrward and reverse cirections, These werz obtained by X~Y
plotter or digitsl multimeter, The forward characteristics were
drawn in dark and illuminated condition. The value of the
barrier height EB’ ideality parameter n and the value of dark
saturation current was obtained from the floct 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 (Appzndix-=3) They are

i} Photo-volteic autput characteristics,



'ii) Diode forwsrd characteristics
1ii) p=n junction characteristics,

The diodz forward characteristics was aobtained for all
the cells., The photoveltaic characteristic was however usgeful
to find.the internal series resistance, From the knowledge of
this internal series resistance the actual diode characteristic-
- was obtained from the diode characteristic by using the followe
ing eguation 4.3,3, At any current, ths voltage scross the

diode is given by

4.3,2 Internal Series Resistance Megsurement

For easy and accurate mecasurement of internal series

(67)

resistance of the soclar cell photovoltaeic output charactaer-
istic is mesasured at two different light inteznsities, the
megnitudes of which are not very importance, The two character-
istics are traﬁslat&d againsts each ather by the amount A\ I
andgﬁ&ILRs in y-and’' x-directions, respectively (Appencix-C),
Two corresponding point on the twé characteristic show a
diéplacement wi th respecf to each other which same as the two
translation of coordinate system. The displacement narallsl to
the ordinate gives the value DFLKEIL and the displacament

parallel to the abscissa Equals PANN from which the value

LRS
of RS 1s readily sbt:zined,



In tHis method an arbitrary interval AL from ths short
circuit current 1SC is chcsen on both thé characterigstics,
This methods locates the corresponding points on the two curveé.
[t is convenient to choasagﬁ I so as to nobtain a point in or

near the knee of the characteristic, .n illustration of the

2

- -

procedure is shown in Fig, 4

ol
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RESULTS AND DISCUS3IONS

Two types of solar cells were fabricated in ths micro-
electronics laboratory of flectrical Enginezring Department,
HUET — Sechottky barrier (51,52,58) and metal-oxide semiconduc-
tor (53,54,55,56,57,59,510) solar cells. Th2 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 Figsy 5.1 to 5.5, These curves
are derived in dark and alsc under illuminatsd conditions,
Barrier height, ﬁB ideality parameter, n, dark saturation
current, I,» open circuit voltage, Voc’ short circuit current,
Isc and value of s=2ries resistance, HS can be obtsinsd from
these plats., The intercepts and slope of the straight line
extrapolation of the plot of Log I vs, V (Fig. 5.10, 5.11)
in the forward dirszction determine the dark ssturation current
and ideality param=ter, The various resuits obtained for the

cells are tabulatad inm Tebl=z 5,

Device S1 is a Schottky barrier solar cell. The metal
con£act is very high (5507500 R) éhd'tﬁerefore,‘it sHowed a
very small value of ghort circuit current density {0:83 mA/cmZ).
Device 52 is also a Schottky barrier solar cell. Ths increased
current (8,34 mA/cmz) may be explainsd as achnsequence of
decreasing-the barrisr metal thickness (60/60 R). The open
circuit voltage is comparatively large (0,365 volts)., This

sample was cleaned by method a) and there was probably an

interfacial oxide layer already preseﬁt on its surface.



TABLE 5

157 252 0.601 3,38 17 6.0 12.0

S1 Davice Park Dark Barrier Ideality Series Short Short Open 'MaxiQOVFill
e TR satura~ Satura- bheight parame- resist- circuit circuit circuit effici- factor
No, Nag, ; : -

_ tion tion volts ter ance current current voltage ency
’ current current O hm mA density %

ua densit% - mi/cmé
ua/cm '

1 51 279 - 348 0,586 2,03 12 g.25 0,623 0,139 - -
2 52 232 257 0,601 2.3 20 2.5 .34 0,368 1,15 0,38
3 c3 32 45,7 0,652 2,14 19 4,0 10,0 0.27 1,0 0,38
4 54 237 263 0,6 3,03 27 3.6 5.0 0,38 1,2 G.36
5 55 63:2 63,2 0.638  3.87 7G 2.5. 3.5 0.467 0,77 0,34
6 56 236 248 0,602 3.01 25 4.0 10,0 0,49 2,38 0.39
7 ST 35 39 0,65 2,61 25 4,5 6.4 0,371 1,03 0.445
8 S8 151 215 0,606 2,42 12 2.0 5.7 0.238 0,62 0.40
9 59 0,421 2,17 C.39
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Devices 53 and j?‘are aluminium MI5 solar cells, 53 Qas
heated at 150°C for 48 hours and 57 was heated for 72 hqufsh
There is a rise in the value of open circﬁit-voltage Cd;371
volts for S57). Although th% effective arsa for ST‘isihighér
than that of 53, the resistance value for 57 was Highéf, As
@ result the short circuit current density for ST-is lower
(6.4 mA/cmz) in comparison yith th= current bf'deuice 53
(1G.0 mH/cmz), This dacr&agad curreﬁt density is due to an
increased oxide thickness and increassd resistance valdé_
Also device 57 was cleaned‘by msthod a)., Ths high value of

resiectance (25 obm) may be duc to the incrcased spacing

betwesn the grids,

Devices54 and S5 are also MIS cells, 55 shows a very
Figh value of internal series resistance (70 ohm), 54 and 55
was oxidezed at 150°C for 4 days anc 6 days respectively,
fhe barrier height for 595 is large (0,638 wolt) but there is
a photocurrent suppression ana as g consszgquence the short
circuit current is smeller (3,5 mA/cmz) than that of 54
(9,0 mA/cmz), The open circuit voltage was, however, large

for 35, (0,467 volts),

The device 56 was heated for 4B hours at 150°C and the
barrier metal thickness was also decreased (35/50 R). The
short circuit current density increas=zd {10 mﬁ/cmz) and the
spen circuit voltage also showed a high value (0,49 volts),

The cleaning was done by mesthod a).

Device 58 is an aluminium Schttky solar celtl, It was

m

~leaned by method b). The resistance value is smalleqfl12 ohm}



in comparison with. that devices 53 (19 ahm) and S7 (25 ohm),
The high value of resistance for 53 and S7 may be attributed

to high value of intsrfacial layer thickness,

It has been found that if the samples sre cleaned by
method b) the initial oxide layer is removed. This gives a
greater contronl in the fabrication of cell if rzproducable
cells are to be made, Device 59 was cleansd by method b) but
heated for 4 days at 150°C, This cell the has shown almost the
same performance as cell 56 althoggh it had higher grid
spacing, Thislcell was reproduciablz and two more cells were
fabricated which almost showed similar,results. But device

56 was not strictly reproducible., The variastion in performance

was greater in camparison to those of d=zvices 59,

In order to obtain high value of open circuit voltage
VDC a thin insulating oxiae layer was grown on the silicon
substrates, The fact that successful silicon cells utilize
P-type material and nut n-type for which the barrier heights
are generally highsr can be explained when the presence of
interfacial layer is recognized, This layer contains positive
éharge which increases barricr height for p-type material, In
order to fabricate MIS soler cells, simple hsat treatment

technigues were used,

In general, the inmsulator growth method used in MIS solar
cell fabrication must provide in & reproducible, +thin, stable
insulating layer, In the fabrication procsss this was daone by

heating the substrates at 150°C in air for 24 to 120 hours



in an oven, In these rzsults the short circuit current density
Jsc ig also an importani quantity in determining the performance
of the cell, Jsc depends upon the thickness and type of anti-
reflection coating, thickness of oxide interfacial layer and
reflection propertizs of the barrisr metal, It slso depends an
the thickness of barrier metal, value of ideality perameter,
dark saturation current alongwith the barrier height énd al so

on the value of series resistance. In order_to obtain higher
efficigncies in MIS cells it is also important to have high
value of short circuit current density, The first requirement

to obtain high currert is to use thin insulating layer so that
photocurrant_suppression zffects are avoided, For silicon oxide,
thickness less than 25 & are required, In our process it was
not, however, possible to determine the thickness of oxide
interfacial layer. Thersfore, strictly speaking it was not
possible to have a complege control on the formation of oxide

layer by simple heat trestment technique,

As found in literature(Gl) the intearface of thermaly

grown silicon revzals the existance of a transition region

with compositiaon of Slig where x varies from ons to two in

the transitien layer, Fhis nonstoichiometric region extends

to about 20 R from the interface, S5ince the MIS solsr cell
involves ultrathin oxides (10 -~ 20 E), the cxide thickness is
comparable to the nonstoichiometric transition regicn, Therefore,

the device performance is expected to be dependent on the

cemposition of the oxide =lso,. In additiaon, as the ultrathin



oxide of 10 - 20 A cecagists of enly few atomic layers, it is
expected to be hegavily defected wiih a-large pinhole density,
therefore, the davice pirformance will al so depand an the
quality of fhis oxide, Tha cells fabricatsd in cur laboratory
varified the fact thzt oxide layer grown in this technique was
not uniform over the whole area, Solar ceil-SlD was fTabricated
USihg the same MIS t&chnique,rThe area of ths cell was 0.7 cmz}
The shot circuit current was only 50 mi:roampéfus; Thﬁ snlar
cell was then cut info'diffarent small pieces, Unz of the

pieces having an arsa of 0,04 cm2 showed = shert circuit current
of 220 microamperas while another having =an arca of U,DG-Cm2
shawed 155 microamperzs, The open circuit voltages of the

pieces were 0,3 and G,17 velts respgctively, while the opan
circuit voltage of the cell S1C was only 0,23 velts, The above
situation can be visualized as if thero are ssveral solar

cells in parallel combination; some of thzm having = large
barrier height and oihers s smaller harrier height, Thus the
region with minimum pinholes shows MIS stzucturs while the
region where pinhole density is so largs that therc is virtually
no oxide can be cansideied as a Schottky structure, The parallel
combination thidgal MI5 and Schottky cells thsrefore,gives a
low open circuit voltage znd a coﬁsiderable amoﬁnt of photo-
generated current is lost as intsrnal dioede currsnt in the

region of 5Schottky barricr,

The ideslity parameter h of tha cells were higher than

that of near idesl values,. {(Table 5). This increased value

.



of n is attributed tu fixed charges in ths oxide thickness,
The ideality paramegter is also a function of oxide thickness

8 and surface stats density Ds'

The conversion efficiency of the solar cell is given

by

where FF is given by the ratio V I /v I ., From the I-V
mp “mp’ oc ~scC

curves it is evideni that the horizontal segment of the curves

is very small, But this decrease in horizontal segment did not

affect the open circuit voltage, therefore, the Ff decreases

with a subsequent decresse in efficiency. The fill factors

FF shown in Table 5 is a coensequence of high value of serics

resistance,

There are various recasons for this high valuc of series
resistance, Dne‘ofﬂthese ig ths back side chmic contact,
Aluminium ohmic contascts were selected with an zim to fabri-
cate low-cost solar cells, The ohmic contact was anncaled in
air or in a chambur at a rssidual pressure of iD-Z torr,

Ohmic contacts made of aluminium on p type silicon with heat
treatment ines low value of barrier height, But in the prescnce
of oxide layer which noémally contains positively charged

sodium (Na+) and potassium (k%) ions, the barrizr heights wage
not low enough not to be distinguishable fram a truly ohmic
contact with no potential barrier at the intsrfoce. Moreover,

heat trestment of this contact oxidized the aluminium which

increased the resistivity of the metal contact, Hesst treatment



in vacuum, at a prassure of 10-2 torr and a tempasrature of
o - . - .
300°C for & time of 5 minutes gives good rssults for aluminium

contacts,

Another important contribution to the series resistance
is from the transverse shest resistance of the active metal
contact on the top, Proper design of qridkstructure can theo-~
retically reduce its value to 2 very low figure, Grids were
made by eveporating aluminium through wmasks made of combs and
aluminium focil, Thase masks were propared by cutting the foil
with a pair of scissors, The width of the grid linés'coﬁld not o
however, bz made less than 0.05 - 0,1 em, The distance bstween
the grid lines or fingers wss varied from 0,1 cm to 0.5 ecm,
For smaller distance the value of the resistencs contributed
by the metal sheet decreases very rapidly but ths effective
area also decrensed, thus deéreasing the value of phectogeneratead
current, With grezater distance betwsen ths grids lines the
resistance showed a very high value{54,57), Duc to transverse
current flow therz is = voltage gradient existing between the
grid lines, Under short circuit conditicns regions of cell
away from the contzct strips remain underlforward bias. Thus
a considerzble amount of current generated is lost as is evident
from the equivalent circuit, For a particular dim=nsion of
cell 1f the separation of grids wers decreassd smaller amount
of current of one unit field would have flowed through a much
decreased resistance and asva'CDHSunencc the forward bias

voltage of the diode would be decredsed, But this improvament



was not fully achieved becauss it rueduced the o ffective ares
causing decrease in short circuit current dznsity, A computer

program has been run (Sec, 2.8) which verifies thz above r85ult5.

In zddition to these resistances thers were other factors
which contributz to the tocteal rasistan&e. Thess include conduc-
ting paints used for connecting e=lectrodess, leads, ccppef plate
on which cells were attachzd and the resistances of the
measuring instrument (milliammetsr), It hes been determined

that these resistances are approximately 4-5 ghm,

anthér importent factor which deteminas ths valuec af &
Jsc (or JL) 1s the antireflection coating, Aluminium is well’
known for its high roflectivity in the optical spectrum; Thus
to make an efficieznt light conversion device some methods of
mgximizing the film transmittance had to b= dons. The same
situation exists in the cas: of Cr/Cu solar cells, To decrease
the reflection losses, antireflection coatings wers used, The
coating material was Zinc sulphides, A thickness of 600-700 R
showed good results for both tyce of solar cells, However, a
simple inspectian shows that there was still considerable loss

from reflection at the top as is evident oy its shining surface,

The efficiency calculations wers done by sssuming that
the imput power density is 0,103 watts/cm? However, data
obtained from Depzrtment of Machanibal‘Enginaering showed that
it veried from 0,92 to (,101 Watts/cm2 during that time, The_
efficiency celculations are tabulated so th=zt an approximate

idea about the performance of these cells can be made,
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CONCLUSIGNS "AND RECOMMENDATIONS

The fabrication of Schottky barrier and MIS photovoltaic
cells is a very sophisticated process which involves accurate
control over all parameters if reproducible cells of good.
performance are to be made, In our fabricaticn process:it was
possible to obtain precise controlled thickness of diffefent
depééited lsyers an the silicon substrate, But there was
vircually no control on the thickness of oxide interfacial
iayer on silicon, Oxide layer grown by our tschnique was not
uniform as discussed in Chapter-5, This r=ssulted in o decrease
in short circuit currsnt for cells having larger dimensions.

Besides, the cells were not strictly rezproducible,

Inrthe praocess of fabrication aluminium masks or combs
were used to fabricots the grids liﬁes. The geometry of this
grid is very iméértant as discussed earlier, It is, thgrefore,
essential to Have masks which have been so made that the grid
structures have vary small width, so that the sffective area

is not decreased,

From the rasults.obteined so far, it can bs suggested'
that if the fmcilities of photolithography, photoresist process,
cxide thickness measuring instrument, standard lamp sources
and furnace with controllable environment were used, solar

cells with higher efficiencies could be made,

It is also sugussted that ressarch and development should

be continued and significant improvements can bz done if



elaborate computér study for the nptimizetion of »ll paramaters
is done. This should be followed by fabrication with accurate
cﬁntrol of the process, we have used menocrystalline silicon

in our cells, But monocrys£alline silicon substratss are more
expansive than amorphous silicon, In order to make & cost
effective solar c=l1 warks should alss be done with amorphous
or polycrystsllineg silieun, Besides silicon, investigation
should be carried out with Cedmium sulphide; Galium Arsenide

etc,

It is also suggested that fresh silicon substrates that
are suitable for solar csll should be used for producing solar
cells, otherwise, there will be virtually no contrcl on the

thickness of oxide laysr an its surface,
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APPENDIX-A

A_EVIFw OF SCHOTTKY BARRIER

When o metsl z2nd a8 simiconductor oo brought into an
intimste cnntact,ra potzntial barrisr srises, (=) baeause of
the difference in thcfmionic wofk function of th: semiconductor
and metal or (b} from th:e existance of locelized clectrmn states
on the surface of the semiconductor, The e¢nergy cand relation

et metal semiconductcr contact is shaown in Fig, A.l.
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Figure A,l{a) shows the relations at an ideal contact between

a metal and an n-type semiccnductor in the abssnce of surface

ot

ctates. If the semiconductor and metal srz conncocted by a
conducting wire, charge will flcw from the semiconductor to
the metal, Thus electronic equilibrium is sstablished and
Fermi leva2ls on becth sidas come intm_cgincidance_‘ThE Fermi
level in the semiconductor ie lowerad by an amount =qual to thé
difference between tie two work functions, with respect to thé
fermi level in the matal, This potential diffarence,

qﬂm‘— q(}i+ Vn), is called contact potential whire q X is the
electron affinity measured from the bottom of the conductinn
baﬁd to ths vacuum level and an is a measure of internal work
function which is ths difference between the Fermi level and
the boftom of ths.caﬁduction bend. An electric field would
then result in the gap becauss there must be negative charges
cn the metal side bealeanced by positive charges an the sami -
conductor side. In th: case of metals. larges fislds can be
sccounted for at a curface by only smaller variations of
charge density, Hence a large field intensity may terminate

at the metal surface in only a single lattice spacihg or so,
Because the concentretion of donors is many order less in
magnitude than the concentration of electronsg depletion
“Bglon occupy an apprsciablea tﬁickness into the surface. In
the metal, then, the abrupt termination of the field céuses a
break to éppear in the potential curve,gwhil& in a semiconductor
potential curve is smoother and the band in semiconductor is

bant upward as shown in Fig, A,1l{b),



As metal and s:..iconductor approach each other the drap
in electrostatic potential f il') associataed with the field
gap tends to be zi:re if the field is fa rzmain at a finite
value, finally whan 3 becomecs small znsugh to be comparable
with interatomic distances, the gap becomes transperent to
electrons and thez potential acress the thin lay;r separating
them disappears altogether leaving 5;hind th=z barrier arising

from band bending (Fig, A,1{(d)}.

Evidently the limiting value cf the barrier beight ngn

(reglecting Schottky barrier lowaring) is givsn by

qi¥

’Bn = q(mm - }”) Al

The sezmiconductor in Fig. A.l1 posseses no net charge at ths
surface. It is, howevzr, generally agreed that chemically
etched semiconductor surfaces are covered with %hin layers of
oxides, Because of the mismatch of the crystallcgraphic
structures and dimengion at the semicoﬁductor oxide interface
boundary, impurfactions in the structure are likely to exist
and to create energy lsvels within forbidden gap. The extra
energy levels created ats&micondﬁctor surface zre commonly

(24}

called surface states; Zradeen pointad out the effect of
surface states on the height of the petential barrier., Surface
states are usually continuously distributsd in #nergy within
forbidden b=nd and are characterised by a neutreal lguel qﬁo
{which was thé Engrgy difference betwesn the Fermi levsl and

the valsncs band gdga a2t the surface bafare the mstal semi-—

conductor was formed), It spocified ths level below which all



the surface states must be filled for ths condition of neutraiity
of charge at the surface, When qﬁo:> EF’ thzrz is a net positivel
chafge at the surface sitates and the dzplziion region is not

as wide as where thoxre is no surfece states and thes barrier
height is raduced, But 1if qﬁ \\”F thers is a net nugetive

charge at the surface ststes and the barrizr hazight is increass=d,

In a p-type samiconductor the position is reverss and for

ideal contact, the barrizr height is givan by

£
_ -9 : . . \
tZIBp— - —(lzlm-)(_.) A2

achottky barrier formation with surface states is
shown in Fig, 4,2 and a more detailed zhergy band diagram

of a metal n-type semicanductor contact is shown in Fig.A.3,
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the surface statss must be filled for the condition of neutrality
of charge at the surface, when a large density of surface

statses 15 presznt on the semiconductor surfacs & seocond

Fig, A4,2{3) shows th: gguilibrium hatween surface ststas and

the bulk serizconductor,
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APPENDIX-B

CURRENT VUL TAGE CHARACTERISTICS GF SOLAR CELLS

Current-voltage (I-V) characteristics for a solar cells

(67)

can be obtainzd by thre:z different methods,

(1) Photoveltaic cutput charactsristics:- This method
appliges a fixed illumination, usually of known intensity and
8 variable resistance load Fig, B.1, Voltage and currents arte

measured while the load resistance is varisd,
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FIGURE B,1 PHOTOYOLTAIC OQUTPUT CHARACTERISTICS
(CONGTANT ILLUMINATION) MZASUREMENT
The current voltage characteristic thus obtained is known as

"photovoltaic output characteristic'.

{2) Diode forward characteristics:« This methcd tests
the solar cell likE,aAdiDdE without applicztion of any illumina-
tion, A dc paower supply is usad to obtainm s current voltage
characteristics a= shown in Fig, B.2. The characteristic
obtained by this method is kncwn #s 'diods forward cheracter-

istics',



A N A “] _____ N
f ! ! £ L i 4
K & VS H B - P =2
I v PrOwE kK
: ) ] i \"'"‘l""' Sl >/
} ! ' < —
ﬁ L L
. © ra ) P .
I = LD%’DXP LHKT (Vv - IRS)J ul% , 1;} o, V;} 0

FIGURE B,2 U EGB&*’D CHARACTERISTICS {(WITHOUT ILLUMINATION)
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(3) Junction characteristics:~ In this methed the solar
cell 1s illuminatud with a vasriable light intznsity. The amount
of i1llumination doszs not hzve to be known, if the valiue of

J”hf generatsd current IL can beo deatoerminadg, The mzasuring

circuikt is shown in_Fig, B,d,
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APPENDIX-C

The basic equation describing the I-V characteristic of
a solar cell considering she &ffect of sorics resistance is

B{v - IR )

s "
I = ID ( e - 1) - IL C.1

nkT 5

Junction which is larger than the terminal voltage V by the

where B = g and V = IR = V' ig the uoltagé across the

voltage drop in series resistance ( Note that I <iD for
photaovoltaic output charactzsristics) rzsulting in V";Z v,

for power generation in the snlar cell (4th guadrznt o zration),
q

Introdueing two light levels 1 and 2, one aobtering two

characteristics givuen by

EVi
Il = ID(E - l} - ILl ) E,2
_ gyt |
and I, = ID {e 2 _ 1) - IL2 .3

Since ¥' is an independent vzriable, ons can choose

VI
1

é c.4

and can s=t IL2 = ILl + élIL : C.5
and obtain.

I, = Il—ZL&IL . C.6

The equation V' = V-IHS : C.7

however, results in two different terminal voltagis Vl and

V2 for two currents Il and I From equation C,4, C,7, and LC.6,

2-



follows

which describes a corstant relationship bstween Ul and V2
for any choice of Ul. The constant of this relationship

is proportional to the seriecs resistanca‘ﬂs and %o the change
of light intensity, Eguation C.8 thus describes ahsecond

translation of the coordinate axis, this cne parallel to the

voltage axis by the amcunt



APPENDIX=D

A computer pragrsmme has been developed to find the
equivalent circuit of the solar cells fabricated and based on
this data the current end voltages at the maximum power points
are calculated, Efficiency of the solor cell is also ebtained

at this maximum power point,

I-VY charact:aristics of the cell is obteined in the dark
condition, The inturnal series resistance isg also.measured as
discusscrd in Chapter»d, With the help of this data the actual
diode characteristic is obtained, Ths diodsa chiaracteristics

for higher value of voltages is approximeted by

_ e GV
I = Itl (exp(nKT )7} D.1

F'aking natural logarithms on both cides

s R N . T : BEEIC I P SR ST Pl
log, I = leg I+ ( —d—7)Yy . D.2

The data for ths diodefatqh;gh@rtyglqu.;g 2pproximated.
by a straight line using luest~squars e2rror mgthod, by the. |

follewing equation

Y = al + a2V 0,3
From these resgilts we have”
al 1 ‘ . o
I = e and n = ( 4 ) D.4
. az KT

LA L TS



Afier obtaining the diode sguation the phaotogeneratad
current is obtained by using the value of short circuit current

ond the following equation

—
il

£ (I -
lD { exp (nI<T { c RS) 1)) + Isc - D43

The maximum power point is- obtzined by solving

_ _ \ -9 2 .8 V) =
I = IL= ID (exp { T (I(qs . nL}) 1)) p-5

for different values of load rssistancsz RL' From thec knowl edge

-+

i

#rza of the solar cell;, power input density the afficiency

27 the snlar cell, thg fill factor is obtasinad,

Thz ‘computer programmg, run on BUET IBM 370/115

computer, is given in thse next page,
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