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CHAPTZR-T,

INTRODUCTTION

1.1 PHOTOVOLTAIC E¢rECT AND SOLAR CELL:

(1%86)

Photovoltaic effect constitutes a class of pheno-

mena in which generation of an electromotive force takes place
as a result of the absorption of light across a portion of the
material absorbing this light, In order for the photovoltaic
effect to exist in the system, the generated electrons and
holes must be separated by an internal field .created by some
inhomogeneéty in the system. This inhomogeneity can be due to

(4)

a metal-semiconductor contact or a Jjunction between two

regions of the same semiconductor having different types of
conductivities such as a p-n junction(s-é). This effect is

most pronounced in those semiconductors in which the forbidden
energy gap lies between 1.0 and 2.5 eV. An analysis of the
effect shows that in the wavelength range 0.40 /1m to 2.1 /um,
acceptable efficiency for conversion of sunlight into electricity
can occur only in such materials. Such a device, which converts
incident solar radiation into electricity, is known as a solar
cell, This effect has been known for many years, but it has
been only in the last 25 years that serious consideration has
been given for affecting considerable improvement in the perfor-

mance of solar cellsas well as to a clearer understanding of its



operation(}““i’. A high efficiency silicon solar cell was
first demonstrated in 1954 by the 3ell Telephone Laboratories.
It was then clear that direct conversion of solar radiation by
means of a solar cell into electricity would some day provef%e
a useful source of power. The successful flight of Vanguard

I and the numerocus spacz probes that have followed, have con-
firmed this speculation(32‘35). Now a days the use of solar
cell has becoms much more important for terrestrial uses(36’35)
on account of fast depleting conventional energy sources. The

major advantages of employing solar cells for powar generation

are.

{i) highest overall conversion efficiency of solar radiation
to electricity as compared to other devices such as ther-

moelectric solar energy converters
(ii) unlimited 1life
(iii) ease of fabrication and
(iv) high power output/weight ratio.

~

At the same time there are some disadvantages also.

These are

(1)  high cost to develop a solar cell}

(ii} the need of storage devices in most of the applications s
’



(iii) degradation in its performance when it is exposed to

a humid atnosphere and
(iv) radiation damage from high energy particlese.

The use of solar cells for direct conversion has been
largely confined to space applications. However, the increasing
need for alternative energy sources, ecological considerations
and fast eroding conventional energy sources have made solar
energy and photovoltaic conversion an active area of research.
The purpose of this chapter is to provide an understanding of
the physics of the photovoltaic effect and its application to
the conversion of soclar radiation to electrical energy by
means of a solgr cell. On illuminating a homogeneous piece
of semiconductor . with light, the 1light generated electrons
and holes,having no preferential direction of motion’diffuse
in all directions and there is recombination without develop-
mant of any photovoltage. Thz built-in £aternal electrical
field of the p-n junction or metal-semiconductor junction
causes the separation of photogenerated carriers of opposite
kind and photovoltage appears across the junction. This chapter
is confined to the discussion of the p-n junction solar cells
only. The case of metal semiconductor system will be taken up

in fourth chapter.



1.2 p-n JUJCTICN 3CLALL CELLS

1.2.%a)p-n JUICTICH DIODS OPZRATICH:

4s indicated zbove, in order for the electrons and holass,
generated internally by the absorption of light, to contribute
to the electrical output from the cell, they must be separated
from each other, The p-n junction is most suitable Ior this
purpose. In a p-n junction, the donor impurities on the n side
provide mobile electrons. The acceptor impurities on the p side
on the other hand can accept electrons from other covalent bends
and provide a mechanism for the movement of vacancies called
holes. The electrons on the n side constitute the majority
carriers while the holes on the n side are called the minority
carriers, The majority and minority carriers on the p side are
holes and electrons respectively. During the formation of the
p-n junction, the electrons duffuse from n side towards the
p side as a result of the concentration gradient, leaving the
donors positively charged. Similarly the holes diffuse from
p side towards the n side and leave behind negatively charged
acceptors. On the p side there is thus an excess of immobile
negative ions and on the n side that of the positive ions. 4in
electric field is thus established at the interface of the two
portions. The region consisting of immobile charges constitutes

the space charge region. The diffusion of electrons and holes



continues till the 2lectric field bacomes so strong that the
net flow of charge carriers on either side of the p-n junction
stops and an equilibriwm is set up. An internal electric field
is thereby established . Under thermal equilibrium , the net

flow of current across the Jjunction is zeroe.

The setting up of the built-in electric fizld of the p-n
junction can also be explainad on the basis of elsctron energy
band diagrams of p and n types of semiconductors as shown in
Tigures 1.1(a) and (b). When the p-n junction is formed, the
condition of tharmal equilibrium requires levelling of the
Fermi levels throughout the system as shown in Figure 1.1(c).

This realignment brings about setting up of a built-in potential

Vi as shown in figure 1.1(c).

-

1.2.1(b) DIODE ZQUATION:

The internal field in the transition region ( space
charge region ) is direscted from the n side to the p side .
This means that n side is at a higher potential than the p side
In thermal equilibrium the net flow of carriers of any one type
should be zeroe From n side only those electrons (majority
carriers ) whose energy is higher than or equal to the barrier
height wiil cross the barrier by diffusion., These constitute
the electron diffusion flux J,3 « The thermally generated

minority carrier elactrons on the p side move "down hill" of

-~
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ths potential barrier towards the n side. Whese carriers
constitute the renaration flux Jn"’ Similarliy holes from

p side will diffuse to n side and constitute the diffusion
flux de and holes from n side constitute the Zensesration flux

Jpgo In thermal equilibrium

(Jpgs = C dpp) and (Fpgdg = (dp)ye (1.1)

The basis for the operation of p-n junction diode under
raverse and forward bias conditions is as foliows: Under reverse
bias conditions, the height of the potential barrier at the
junction increases by an amount V, wherzs v is the applied
voltage. It therefore becomes difiicult for majority carriers
to surmount the barrier by diffusion, and thus Jl_l,'1 and Jpg
become small. The generation fluxes (Jn?>o and (Jpg)o’ however,
depend only upon the temperature and therefore remain unallected.
As the reverse bias V is increased, the current density across
the Jjunction approaches a constant small value, called the

saturation current density. The physical situation is shown

in Figure (1.2a).

When a forward bias voltage V is applied, the barrier
height is reduced by an amount V and then it becomes easier for
thg majority carriers on either side to diffuse over the barrier to

the opposite sides. This increases the electron and hole particle

BV /LT Sy,
f e T L; / = ":IV, 15,!.
luxes J_ . and « k6 (Jng)o e and (Jpg)o it 4

ng il
L

respectively,



At the same tire the neretion of ~1 ctron and hole flukes
(dpg)o and ( J':}o reieing the szues, In other words the number

of minority carrizr el_clrons on p side ( coning {rom the n side)
snd the number of minority carricr holes on n side(coming from
the p siue) incresses under forward conditicn. we say that

the Jjunction injzcts minority carriesrs into p and n sides
respectively. The forward bias condition is illustrated in
Fizure (1.2b). The particle fluxes for a p-n Jjunction under

forward bizs are ~iven by

eV /KT oV /KT
JPd:(Jpg)o = » Ina={dpglo @
: ( eV/kT
J = F . «=Td = e s K
| g~ Wged FA ;
eV/kT
J o= - Jnd+(Jng)o=-(Jng)O (e -1)

where J represents the net hole flux from p to n side and J_,
o o4

the net electron flux from n to p side.

The total current ID is then given by
eV/kT

E)o][e -1]

j=he [(4. L) +{y
S <Y ] n

eV/kT
I,=I L= el 1 o2

where Io=eA((JPg)O+

A the area of cross section of the junction., Equation 1.2 is

(Jng)o), e being the electronic charge and

the ideal diode equation in which the recombination generation

in the depletion region has not been taken into account.
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1e201({e) RICOLSIWNATION GiiSRATION CUnkZHT IN SPACS CUARGE ReGION

In acddition to the ideal diode current iven by edquation
(1.2), there is a recombination gensration current in the device
ari sing from recomoin: tion processes occuring in the space charpge
reion. Recombination and _eneration currents in the space
charge region are a consequence of deep levels which serve as
recombination centers for electrons and holes. In thermal equi-
libriwa there is g traffic through these centers, Electrons are
thermally exXcited from the valence band into these centers,
leaving holes in the valence band and then the elccironscan be
exXcited from such a center to the conduction band. The inverse
of this process, by which, slectrons from conduction band first
fall into the recombination centers and then recombine with
the holes in the valence band, also occurg . Processes of this
type can provide the mechanism for maintaining thermal equili-

brium throughout the Jjunction region.

Under forward bias condition, the electrons going f{rom
n side to p side and holes from p side to n side through the
space charge region recombine there due to the fact that the
exXcess density of carriers in the space charge region causes
increzsed recombination of the carriers in the space charge

region as the recombination density increases with carrier
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ansity of zach kind. Similarly the zlectrons going from
n side to p side and holes joing from p side to n side throuch
Lhe space char-e re_ion recombine there due to the fact that
the deficit density of carriers in the space charge layer causcs
ecreased recombination of the carrisrs in the space charge
re;ion in the r: erse bias condition. At forward bias, the
mazjor recombinstion _eneration process in the depletion re_ion
are the capture processes. On the other hand, under the reverse-
bias condition the dominant recombination _eneration processes

in the depletion region are those of emission.

The various steps that occur in the recombination and
generation process through intermediate Trapping levels are
shown in figure 1.3. The arrows in the figure show the transi-
tion of the electrons during the particular process., Process(a)
is the capture of an electron from the conduction band by the
center. Process(b) is the reverse process-the emission of an
electron irom the center into the conduction band. Process(c)
is the capture of a hole from the valence band by a center.
This process can zlso be described as the btransition of an
electron from the center into the valence band. Finally,
process{d) is the emission of a hole from a center into the
Valence band and this can 2lso be described as the transition
of an electron from the valence band to the center, leaving

behind a hole in the valence band. The recombination rate of
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lactrons and hol for a single level trap centres is given
J},(!uﬂv
2
( pn - ng )» o B Vop, T i o
~{B -3,.)/kT ~{&4-2.) /KT

+ prll ¢
) U-H(l b )

Where G'H’p is the cross section for the czpture of an slectron
(hole) by a recombination center located with2in the band gap

at energy &, , N 1is the density of such centers, N, is the
density of states in the conduction band, N 1o Tne onuily of
states in the valence band, V., is the tharmal velocity, p and

n are excess carrier density in n and p regions respectively

and n. is the intrinsic carrier density.
The recombination current is given by

I = el J/ U( x) dx g
ree¢ - Junc ) Vil «iry

For a single level trap centers the recombination generation

: . L)
current in the space charge region can be expressed ng'™

e n; W eeV/ZkT

- R [:
(t% -cb )1/4

1) (1.5)

rec-gen

Where A is the area of the device,tjn and T are the minority
carrier life times for electrons and holes respectively and W

is the width of the space charge region.
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The reconbination generation current increases in the
forward direction as exp ( eV/ZkT) whereas the ideal diffusion
(injection) current increases in the forward direction as

exp ( eV/kT). In general the actual current can be expressed as

:Diode = IO [exp ( eV/nkT ) - 1 ] (1 -6)

Where n is known as the diode quality factor which determines

the current voltage characteristics in the diode. In addition

to the diffusion current and the recombination generation current
in the space charge region, the presence of surface channels in
the device leads to leakage current resulting in the values of
the diode quality factor n greater than Z‘Li). The p-n Jjunction

diode current-voltage characteristics is shown in Figure (1.4).

1e2.2 p-n JUNCTTION AS SOLAR CELL

The purpose of this article is to give an expression
for the current-voltage characteristics of a p-n junction unger
6 |

illumination. We consider the model presented by Cummerow'

which is based upon the following assumptions:

Too The thickness of the p-n junction region is small compared
to the extent of the p or n regions and the diffusion length

of the minority carriers.

2 The electrostatic field is confined to the junction region,
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3w The cerrier densities are small enough so that Boltzmann

statistics can De usad.

The junction is represented as a resion of width W at x = 0
(See Figure 1.5 ). The carrier concentrations on opposite

sides of the junction barrier are related as follows -/

Pro = Py, eXP ( -eVy,/kT ) for x 70 (1.7)

where p,. and p. are the equilibrium hole concentrations in
¢ 5

9]
n and p regions respectively, e is the electronic charge and k
is the Boltzmann's constant and T is the operating temperaiture
of the cell, On.illumination of a solar cell the generation

of electron hole pairs takes place and this creates a nonequi-
librium situation. The creation of excess carrier concentration
due to incident photons and their subsequent separation by the
built in electric field results in a net decrease in the charge
density in the depletion layer, This in turn lpwersthe electric
Iield.s This is equivalent to s forward bié%?lméhus the quasi-
equilibrium equations may be written as

Pn(O} =p exXp [ —e( Vbi -V )/kT] (198)

po

where p (0) is the value of p, at x = 6r or x, = 0, therefore

pnO(O) = pno exp ( eV/kT } (1-9)
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end similarly for electrons on p side}

n (0O)=n  exp( eV/kT} at x = - or x, = 0, 1.10
L0)= 0 exp( eV/kT) & ¢ (1.10)
Let Ep» the rate of thermally gencrated holes in the n region,

be given by €= pno/'[ . The recombination rate r, under

non equilibrium condition is iven by Pf'tya where Ty is the
hole 1ife time and p is the nonequilibrium hole concentration,
On illuminstion the electron and hole pairs will be generated
due to absorption of incident photons with energy greater than
or equal to the energy gap of the semiconductor. Let the gen-
eration rate of electron hole pairs due to such incident photons

be represented by g{x). The net hole generation is then given

by

p—-—-
gP+g(}C)———_E- (1.11)
D .
which must equal the net rate at which the holes are leaving the
volume under consideration
p s AJ
gp+g(x)-—--—-~ = e — (1.12)

. tp 3 x

where JP is the diffusion current densit§ caused by the

diffusion of holes and is given by

. or
J = <8 D i (1613)

b v d «
<

— s ——

# in article 1.2.1(a) the symboles J_ and J have been used for
particle fluxes) -~ P n



shere D is the diffusion coefficient of holes. Let the electrom
hole ﬁqir reneration rate in the junction layer ( from

x = - tox=+ 63) be uniform and let it Dbe denoted by g, .

The -eneration in the n material { to the risht oi the junction)
is

gl =8 exp (-0 x ) (1.14)

while the generation rats in the p material ( to the left of

the junction } is

g ( ) =g, e ( ocxg ) (1 %15)

where x, = -( x +§, } and is vaken positive towards the left. The
zeneration rate on the surface on which the photons are incident
is

g, =8, exp (o dg ) (1.16)

Combining the equations {1.12) and (1.13) the differentizl

equation for the holes in the n region becomes

- O — ( g+ go Qe r } (1.17}

For a finite p-n junction the solution of the equation (1,17}

can be obtained using the following boundary conditions,

(i} p=p__ exp ( eV/KT) for x,=0 (1.18a)

(i1) dp/3x=0 for x, = d (1.18b)
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The second boundary condition shows that p becomes Poss in the
nautral region. In the above eXpressions dg and d, represent
the width of the rerions on the p and n sides respectively.

The solution of the differential equabtion is then given by

we T E'_' : ee., . :-_;" _%'22_ _} ) . _E.tl.l_.—."._..), ) _go 'C.
\ =311) I.'_.

;-1

.[_ap-e- A i i S _"':"""‘AJ, G (139)

——— ¢r o ) = D
[ u_rl*’_'o e O (1 D~\.')

The solution or this equation {1.,20)} can also be oblained

using the boundary conditions

. 2V /Il "

(i) n = nfno - for xp= 9 (1:.212a)
: & dn ;

(ii) —g;- = 0 iorlﬁ = dl (1.2lb)

This gives
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Hence, the

written as

total current in p-n junction solar cell can be

(1,22
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d
L' = L tanh —— , L' = L_ tanh dy /L

P P L i . 2

p

S - {a - e'd"/")‘ sech d_/Ly -tanh d./L ]

1 a _1 p = r ) r -p ,

Lp

L, = e { = J{'stech dg, -~~~ tanh dg/Inl

I

oy = 1/c  and a, = b/l w &, = LP/LA
and @ is the absorption coefficient of the semiconducvor,

The current voltage characteristics of a solar cell
under illumination lies in the fourth quadrant for which the
current flowing through the device is - I'. The product of
cuwrrent and voltage is negative hence the.current flowing

a £
through the device is,power gensrating current andhgiven by

~ eV/kT .
I;Iph—IO l_e —1] ) \1.4.4)

where Eoq is the photogenerated current and the second term is
the diode current, also known as dark current in an ideal p-n
Junction diode, The current veltage characteristics of a solar

cell is shown in Figure 1.7.
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The simplest equivalent circuit of a solar cell in
the operating mode is shown in figure (l.o). The photo
cenerated current is represented by a constant current genera-
ting source Iph: the dark current of thz diode is represented
by I, in opposite direction to the photogensrated current, the
shunt resistance is represented by Rsh and.the series resistance

by R_., The origin and the nature of Ry and R, will be discussed

in the next chapter.

1.3 AFFICIENCY AND LIVITING EBFFICISNCY OF A SOLAR CALL :

Before going into the details of the working of a solar
cell we introduce and define a number of terms at this stage

which will be in common usaze throughout hereafter.

1.3.1 (a) ABSORPTION COEFFICIENT:

The ability of a material to absorb light of a given
wavelength is measured quantitatively by the absorption coeffi-
cient o& which is measured in units of reciprocal distance.

By definition, the light incident at the surface falls off in
intensity by a factor of 1/e for each }¢ distance in the
material. The incident photons, having energy greater than or
equal to the energy gap of the semiconductor material, are
eligible to create electron hole pairs on absorption, The

absorption coefficient rises more steeply with increasing photon
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snercy for direct band Jap material than for an indirect gap
material, since the later requires an additional scattering
event to accompany ths photon absorption., Tie direct and

indirsct trensitions are sihown in Iigure (1.9).

1.3.1(b) SCLAR RADIATION AND PHOTON FLUX :

The spectral distribution of the radiation reaching the
earth from the sun depends on various sources ol atmospheric
absorption namely (a) atmospheric gases ( Ozone, nitroszen,
oxyzen and so on ) (b) water vapor and {c) dust. sach of
these absorption mechanisms tends to deplete the ultraveilet
radiation from thz sun in a preferential manner. The efiect of
these sources of absorption can be desceribed by mesans of an
optical path length m through which the light passes, and by
means of the number of centimeters of condensed water droplets
w in the atmosphere, The angle which the sun makes with the
zenith determines the path length of the light through the
atmosphere. The eptical path length is defined vy the airmass,
For outer space it is represented by AMO ( air mass zero } and
for terrestrial cases the air mass 1s represented by AM1, AM2,,,
AL, etce m is a number defined by m = —%33-5' , where @ is

the angle made by the position of the sun from the observer with

zenith. This is shown in figure (1.10).
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. & 0
Tn the coupse of the day © varies irom 90" to a b ..

that occures at noon . ©pin is also @ function of the season
of the year between the limits = ;4 = latitude o 23,5+ Ll
simplest case is when = . = 0 anu m = 1.

The photon flux is a useful quentity in solar cell
calculations., It is defined as the number of photons crossing
unit area perpendicular to the 1icht beam per second. If P

denetes the intensity of tne licht in watls per square centi-

meter, then the number of photons . ; carrying that energy 1is
given by
P =N
phé

whare gf is the averape energy of the photons. The parametars

of the solar spectrwi as & function of absorption conditions

(14)

are shown in table 1.1

1.3.2 EFFICTENCY OF A SOLAt CSLL *

The maximum power oub put of the solar cell is determined
from the current voltage characteristics by finding the rectangle
with the largest area under the 1-V curve in the fourth quadrant,

The voltage V , and the current Ty, ot the maximum power point

P

give the maximum power Pmp = Imﬁ Vmp )+ The ratio of the maxi-

mum power out-pub to t he product of the open circuit voltage V
oc
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and the short circuit current I  1s called the fill factOf
kT fl . 5
praal 2 { Spead g I

e

IF = PmpAIsc° Voc} Lge © Iph when V = 0 and V=
ior I = Q.

The efficiency is defined as the ratio of the maximum

power delivered by ths solar cell to the power input.

P V L ] I
oC
Wz e R S (1.25)
P

in in

Vo represents the maximum voltzge that can be obtained from
thz cell when it is open circuited. Likewise ISC is the maxi-
mum attsinable current from the cell under short circuit

condition.

1.3.3 LIMITATIONS ON PHOTOVOLTAIC ENERGY CONVERTZRS :

In this artjcle some of the oasic ractors are described

in brief that prchibit the actual photovoltalc converters

-

irom achieving the maximum efficiencies predictad in table 1.2,

The major factors are

1. Reflection losses on the surface,
2. Incomplete absorption ,

3. Utilization of only a part of the photon energy for creation

of electron and hole pairs,
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., Incomplste collection of electron hole pairs ,
. woloa_e factor,
6. Curve factor related to the operating point at
nazimum power and
7. Additional degradation of the curve dua to internal

series resistance

These factors can be divicded into several groupg as
folloys: Factors 1, 2 end 4 can be combined and called the
overall collection efficiency. A1l these factors are related
to the absorption characteristics of the material. Jactors 1

through 4 determine the shor® cireuit current. The short cir-

(14)

CUit current I_. is given by

N = - 303 _“ﬁl" 3 I 1 BN
I:j(_‘": 'ylcol](‘l -1)[1 i I] b (1e20)

Where 116“1’ iz the collection efficiency, r is the reflection
Coefficiegt:.g'“ is the fraction of transmitted intemsity
at a distance £ , {4 1is the thickness of the absorbing material
and nph is the number of photons which are eligible to create

electron hole pairss

Factors 5 and 6 are related to the current voltage chara-
cteristics of the device. Factors 1, L and 7 are mainly determ-
mined by techniques and improvenents can be done in these areas,

Factors 2, 3, 5 and 6 however, have absolute physical limitations



beyond which improvement is not possible, These factors are

43 scussed here in brief,

REFLACTICN LOSSES:

The magnitude of the reflection losses can be estimzted

from the relation between the index of refraction 7 and the

14)
reflection coefficient r, namesly

R:iflaction losses have been considerably reduced by means of
Lransparent coatings having appropriate thickness and index of
refraction, Losses as low as 6% for silicon have been reported
in the 1iterature(;d'hnj. Thus reflection can be minimized

COHSiderably by the present day available techniques.

i—

=NCOMPLATHE ABSORPITON:

(46)
Figure (1.11} given by P. Moon 7" shows the energy

SPectrun of sunlight on a bright clear day on the earth's surface
=L the geg level and the maximwa amount of energy utiliéed in

the Eeneration of elsctron hole pairs in semiconducitors with
different band gaps. It is also observed that the amount of
Solar gpectrum utilized increases with decreasing eNnersy gap.

It appears from Figure (1.11) that only a part of energy spact-

rum of the sun can be utilized to generate electron hole pair
> SB



The , roblen of incomplete sLsorpbion can be mininized by

having the ..aterials that have absorption coefficients increa-~
sing very rapidly with photon energy. -igure {1.12) shows absor-
ption characteristics of some semiconductors of interest for
solar cell use. A rapid rising absorption coefficient, sitch as
that of Ga—-As meens that a larger fraction of the carriers gen-
erated oy the absorption of photons will be within a short dis-
tance of the surface of incidence. This means that less mabterial
will be needed in any solar cell since it will require a thinner

film to ensure effective zbsorption of the incident radiation.

UTILIZATION OF OWLY PART OF THZ PHOTON ZNZRGY FOR CRZATION

OF ZLICTRON AND HOLz PAIRS :

Figure (1.11) shows that a lerge number of photons that
will be absorbed will have more energy than is required to
create an electron hole pair. Any photon that has energy
greater than or equal to the enerygy &ap ( hj"z- Eg) of the
material is eligible to create electron hole pairs. The photons
having energy in excess ( h)Y = 3‘;’. + AL ) of the energy gap
will contribute to the lattice vibrations of the material and
will eventually be dissipated as heat, Thus those photons
whose energy is less bhan the energy gap of the material do
not contribute at all to electron hole pair generation while

those photons whose energy exXceeds the energy gap of the material
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X

in creating an electron hole pair have their exXcess energy
dissipated as heat. The number of absorbed photons as a

function of cut off energy is shown in figure (1.13) .

TNCOIPLETS COLLICTION OF JLSCIRCI HOLS PAIRS:

the v
Ilost ofAelectron hole pairs ecreated oy photon avsorption

are not enerated within the space charce region of vhe p-n
Junction. Therefore, on the average only those electron -hole
pairs will be collected which are within a diffusion length

from the junction, The majority of pairs generated at greater
Cistances from the junction will recombine, causing the collectic
efficiency to fall below 100 percent. This collection effi-
ciency is defined as the ratio of the electron hole pairs

separated by the junction te the total number of electiron hole
(14)

pairs generated and is given by

ISC

'YLC‘.Oll = -o(l

(1-r).(1-e )eny,
The collection efficiency depends upon a number of physical
Parameters, These are the location whare charge carriers are
Eenerated, the diffusion length, the minority carrier life time,
absorption coefficient and the surface recombination velocity.
Improvement in 11coll for any given material can be obtained by

increasing the minority carrier life time in the P and n material
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Collection efficiency as a function of wavelength is shown
in figure (1.14) and as a funetion of surface recombination

velocity s, diffusion length L and absorption coefficient o<
(14)

is shown in table 1.3

VOLTAGE FACTCR

The largest recoverable voltage in a solar cell is the
bpen circuit voltage, The amount of energy utilized in the
generation of electron hole pairs is equal to the energy gap of
the materiai. The maximum value that the photovoltage can theo-
retically have is the built-in potential Vpi which is related

- (ﬁcc —.ﬁlfp)P - .- ,

(1,27}
Where ND and NA are the donor and acceptor densities respecti&ely.
This shows that the built-in potential is determined by difference
in Permi levels in the p and n type matetials on both sides of the
Junction, The Fermi levels are functions of impurity concentra-
tions gng temperature and are normally located within the forbi-
Qden gap for nonsdegenerate semiconductors. The net effect is
that the built in potential is less than the energy gap. The

Maximum open circuit voltage from the solar cell is equal to
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the built in potential and thus 1is less vhan Jg/e. ihe

voltage factor is defined as the ratio oi the open circuit

voltage V_ . and I /e where iy 15 the energy band gap and 1s
given by
B ( Syt 1) (1.28
" o er - P . 2 . + 1-
162 T3 f= — Ln = )
R o

E

The increase in voltage factor with energy gap is shown 1in
figure {1.1% ). Trom the above expression (1.28) it zppears
that a voltage equal to the built in potential will only be
obtained at extremely high injection levels which can never

be reached by photon absorption from direct sun,

CURVE OR TFILL FACTOR :

The maximum power that can be obtained from a solar
cell at that point for which the largest rectangle can be inscri-
bed into the current voltage characteristics is shown in
figure (1,7} . This point is the maximum power point (Vmp’Imp)°
The £i11 factor ( FF =(Vyp, I JAVoe- Igg)) and the voltage :
factor dependsupon the saturation curremt I, and the photo-
generated current Iph' The saturation current I, depends upon
the material properties and opersting temperature of the cell,
The product of curve and voltage factors is called the charac~

teristic. factor. All these factors increase on increasing

the hand gap of the material and are shown in figure (1.15).
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INTERNAL SERISS REISTISTANCE LOSSES:

It is found that in actual silicon solar cells a large
internal seriss resistance causes a deviation of the current volt
characteristics from its ideal curve ( Figure 1.16). This
deviation from its ideal curve results in a reduction in the
net nower output. t is found that if the doped layer of the
material on top of the junction was razduced in thickness, the
collection efficiency improved because of the large photon
absorption. This solution of improving the collection efficiency
conflicts with resistance requirernents, because as the layer is
reduced it increases the resistance due to the doped layer. The
ohmic contacts applied to the cell ¢lso cause an additional
increase to the internal series resistance. Improvements in the
techniques of applying contacts have helped in reducing this
resistance to neglijpgible valuss. This problem of internal series

resistance will be discussed in detail in the next chagpter,

The various energy loss mechanisms in solar cell are

shovm in table 1..4.

Vel RADTATION EFFECT :

The most important application of solar cell is in
Satellite and space vehicles. The high energy particles radia-

tion in outer space produces defects in semiconductors which
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causes a reduction in solar cell power output. 1t is most
important to assess the sipected usaful life oi the solar cell
poser plant. Its life time is the lensth of ths time the power
plant is capable of delivering the elsctrical power necessary for
sucecessful operation of th2 satellite, The life tims oi the
eXcess manority carrisrs at any point in the bombardment is

&N (' J

Ziven

1 ‘-
—l~ - K ¢Bomb \1.29)

T s

dhere T_ is the initial life time, k' is a constant and @z ..
is ths bogbardment flux. When these pérticles impinge on a solar
cell, they knock atoms from their normal position in a crystal
and a defact 1is produced. Such imperfections have marked eifect

on eXce ty carrier 1ife time as given above(Equation 1,29)

SS minori
and that miperity carrier life time in turn influences almost

all the important transport parameters. In the case of silicon,

it tuppg Ougiq% chenges much more slowly with radiation than

T+ TFor that ;eason silicon solar cells are now made with

a thin p layer on top of a p layer. Two things can be done

L0 allevyiagte this situation. One is to cover cthe solar cell

with g glass cover, such that most of the damage occurg; in the
£lass rather than in the cell. 1n. otherymore desirauvle cne, is

to add an impurity to the base material which has a great mobility,
and which will quickly ‘migrate to the defects in the crystal

and netralize the broken bonas.
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14 OTH2R SQLLR CELL DIVICES:

it present most of the solar cells are made with
p-n junctions using silicon as the host lattice. Thare are
also several other types of solar cells tnat coulad exhibit
mnique advantases of one kind or other, such as schottky
barriers, heterojunctions, vertical multijunctions, graving
cells and back surface fisld solar cells. these solar cells

are discussed only in brief in the presenv article.

Tohe1  SCHOTTKY BARRIER SOLAR CELLS:

A schottley diode solar cell is a metal semicon-
ductor contact. Wien a metal is brought in contact with a
Semiconductor, a readjustment of charge takes place and the
thermal equilibriwa gets established. This results in setting
Up of 3 built=-in potential. In these cells the light is
incident on 4 very bthin optically transparent meval £ilm and
transmitted through it to the adjacent semiconductor. This
results in the generation of electron hole pairs and gives
rise to photogenerated current. These cells are very simple
and ecconomical to fabricate. Their main advantaze 1s their
response to short wavelength light and high short circuit
CUurrent can be obtained. The dark currents are higher in

schottky barrier solar cells than in p-n Junctions and this
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lzzds to lower open circuit voltage. However, the open
circuit volta_e and conversion efficiency can be improved
by introducin; a thin interfacial o:iide layer between the

metal and senmiconductor.

14.2 HITEROJUHCTION SOLAR CELLS:

Haterojunction solar cells can be obtained by

Wnequal beznd saps. Heterojunction solar cells have many
similaprities and a few differences to schottky barriers cells ,
The most important similarity 1is that snort wavelength photons
can be absorbed within or very near the depletion region of

the device under most circumstances, leading to good high
Photon enerry response. The most important difierence is

that the open circuit voltage can be quite high as in a p-n

junction, without the need of carefully controlled interfacial

layers,

Ts4.3 V3IRTTCAL LULTIJUNCITONS SOLAR CELLS :

The vertical multijunction solar cell is an interes-
ting device concept where light is incident in g direction
Paraliel to the junction rather than perpendicular to it as
in a conventional solar cell., This has some important conse-

quences, chief of which is that the spectral responss ( in
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the ideal cace ) becomes very high at all wavelengths,

leading to a high potential efficiency. ‘'he suriace rscom-
bination velocity at the front of the device is more important
than in conventional cells, and should be 10- cm/sec or less

for zood photocurrant collection.

1o GRATING SOLAR CELLS

1f a semiconductor wafer dis contacted by schottky
barriers, heterojunctions or p-n junctions in the form of
strips, the resulting device is known as a grating solar
cell, Carriers generated by light at some depth beneath
the surfsce must diffuse both veriically and horizontalliy to

the junction region to be collected. If the spacing between

the grids is less than about one minority carrier diffusion
length, the ecarriers will have a high probability . of being

0ollected, and in particular, if the surface recombination
velocity on the surface of the substrate between the grids is
low, the spectral response to short wavelengths will be consi-
derably petter than in conventional diffused structures with
theipr short life time, high reccmbination velocity "dead!
r:-ions. In addition, the dark current can be lowef in ﬁhe
grating cell than in a conventional cell because of the

smaller junction area, so that both the voltage and current
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output from the grating c211l can theorstically be higher
that

than, from a conventional cell of the same Dase doping level,

providad the Tabting cell is proparly designed to prevent

series resistance proolen.

Tehad  BACK SULFACA FISLD SCLAR CalL:

L sirnificant improvement in the output voltage of
silicon solar cell can b2 obtained with the advent of the back
surface field solar cell. In this device, the front (junction)
part of the cell is made in the normal way but the back of
the cell, instead of containing just a metallic contact to
the moderately high resitivity base, has a very heavily
doped region adjacent UO contact. The response at long
wavelengths depends mostly on the base minority carrier life
time and 4iffusion length. II the diffusion length is low,
the response can be improved by the presence of an electric
field in the base adjacent to the depletion region. A back
surface fjeld can improve the response by minimizing The
number of photocarriers that would ordinarily recombine at

back contaclte

1.5 ATi OF THE PRESENT WORK IN CONNECTION WITH p-n JUNCTION

SOLAR CELLS:

The present work in connection with p-n junction solar

cells consists of three parts, namely (i} the series resis-
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tznce of the solar cell (ii) the effect of temperature on
solar cell para.eters and (iii) the efisct of concentration
of incident solar radiation on the solar cell parameters,

In the first part the origin of the internal series resis-
tance is discussed. The internzl series resistance of the
solar cell aflects the I-V characteristics of the solar cell
ss well as the area of maximum power rectangle. This resis-~
tance depends on various factors such as the resistance of
the doped layer, resistance ol the base region, resistance
of the ohmic contacts bDetween metal and substrales and the
resistance of the metallic contacts. A lowering of this
resistance increases the efficiency of the solar cell, In
the present work a simple method to evaluate the resistance
of the doped layer for various types of grid structures has
been employed and the results obtained are compared with those
of Bordina et a1(52 . Total internal series resistance is
also calculated taking into account the other remaining
factors enumerated before. The internsgl series resistance
is experimentally determined and results obtained are com-

pared with theoretical calculations. These studies form the

subject macter ol chapter II.

The third chapter describes the second and thirg
part, that is, the effect of temperature and concentrated
sunlight on various parameters which determine the 111 factor

and maximuwn power point of a solar cell., Since the cost of
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silicon solar cells and other se iconducting maverial is

hich, zul is likely to rewmain that way, the use of almost
any met od to et more power output from a _iven set of solar
cells is justified. One technique that has received consi-
lerable attention to 2t more power output from a solar cell
is the use of concentrators. The concentrated sunlight also
inersases the oparzting teaperature of the solar ceil. ‘Tlhe
eflect of opsrating tenperature and concentrated sunli_ht

on various paraueteks has been studied experimentally and

results presented in third chapter.
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CHAPTER-TT

SERIES RESISTANCE OF p-n JUNCTION SOLALR CELLS

2.1 INTRODUCTION:

There are g number of factors which limit the effi-
ciency of the solar cells, Some of these factors, such as
incomplete absorption of photons, utilization of only a part
of the photon energy for creation of electron-hole pairs,
voltage factor znd curve factor, are basic limiting factors
for a given semiconductor and these have absolute physical
limitations beyond which improvement is not possible, There
are other factors, such as reflection losses at ths surface,
incomplgate collection of electron hole pairs and additional
degradation of the V-I characteristics due to internal series
resistance Ry, which are dependent on the technique of fabri-
cating solar cells, The internal series resistance of the
solar cell belongs to the second cateégory and its undesirables
effects can be minimized using improved fabrication techniques,
In the actual p.n junetion silicon solar cells, if the inter-
nal series resistance is sufficiently high, there is a large
deviation from the ideal current voltage characteristics, Tt

(1)

was first pointed out by Prince that the fill factor and
the efficiency of p-n junction solar cells, are greatly influ-
enced by the internal series resistance of the solar cell,

The shunt resistance also affects, although to a lesser extent
’
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these factors. A larger series resistance and smaller

shunt resistance reduce the maximum power rectangle of the
current voltage characteristics and lower the fill factor
there by reducing the efficiency of the solar cell (Fig. 2.1}.
The internal series resistance of tie solar cell depends -
on a number of factors which are discussed in the following

paragraphs,

In the first chapter it was pointed out that if the
thickness of the diffused layer of the material on the top of
the junction is reduced, the collection efficiency of the
solar cell is improved. In the solar cell quite a large
number of electron hole pairs are generated outside the
space charge region of the p-n junction. Only those electron
hole pairs are collected which lie within a diffusion length
from the junction, The electron hole pairs generated at greater
distance from the junction will therefore recombine before
being separateq by the junction thereby causing the collection
efficiency to fall below 100%. If the thickness of the diffu-
sed layer at the top of the junction is reduced, majority of
carriers will be collected by the junction resulting in an
impyovement in the collection efficiency. This method, how-
ever, results in an increase in the resistance of the cell,
The light generated carriers, after crossing the Jjunction,

flow along the surface towards the conducting grids. For such



fma)

r
4

/ I
/ y
C — gt —
( | [ ‘ |
-.¥ € 3 =2 9 2 q f T 0
'y(vr-‘<‘|

FIG. 2.1 THEORETICAL I-V CHARACTERISTIC
OF A SOLAR CELL FOR DIFFERENT i3
VALUES OF SERIES AND SHUNT RESISTANCE .



44

a flow of the charge carriers along the surface, a smaller
thickness of the diffused layer implies a smaller area of
eross section. The resistance offered by the diffused regi-
on therefore increases as the thickness is reduced, which in
turn adversely affectijs the efficiency. This is in contrast
with the improvement in collection efficiency resulting on
account of smaller thickness. Therefore in order to achieve
the highest possible over all conversion efficiency in a
solar cell, a compromise is obtained between the doped layer
thickness for achieving good collection efficiency and that

for a lower value of the doped layer series resistance.

Techniques allow applications of grids, called
fingers to be placed at siitable distances from each other,
wor(2) Was the first to calculate the optimum spacing S
between the grids and the width T of the grid lines for
minimizing the resistance of the doped region. The use of
the conducting grids on the active surface of the present
day solar eel] reduces the average path length of a carrier
in the diffused region which greatly minimjzes the resistance
¢f the giffused region. The use of many grid lines, however,
reduces the optically generated carriers due to decrease in

the area exposed to incident light,

The internal series resistance Ry itself is actually

made up of several components. The excess carriers in the base



region have to move through the base region and the back
electrode before finding themselves in the external circuit,
On the way the carriers have to face the resistance due to the
semiconductor base Rb’ the contact resistance between the
base and the back electrode Rcbe and the resistance of the
back electrode Rbe‘ Similzrly the eXcess carriers on the
active surface of the p-n junction solar cell will move through
the resistance offered by the doped layer Rd’ the contact
resistance between the doped layer and the front electrode
R.fe and the rifistance of the grids Rg. The various regions
14

contributing tohtotal internal series resistance Rb of a solar

cell are shown in Figure 2.2,

The totgl internal series resistance of the solar

cell is given by the sum,

A= R+ Rope * Ppe * Repe * Rg ¥ iy (2.1)

d
of the various components stated above, Whereas the resis-
tance due to the doped region and grids is a distributed
.element due to each element of the doped region being a

current generator, the other remaining components are lumped

elements, Thus the series resistance of the solar cell can
be modelled by two distinct types of series resistance COMpo -

nents, namely a distributed resistance and g lumped resistance,

This chapter deals with the evaluation of the COMPO=-

nent of the series resistance due to doped layer of the solar



‘ ( g —— | O W L_
(GRIDS)

ON T
PED L ER
JWCTION

BASE Kt GIOMN
SACK OHMIC CO

BACK ELECTRUDE

)
SEY

COMPONENTS Or THE
5 RESISTANCE OF A P-N JUNCTION

G.2.2 GEOMETRY AND DIFFERENT

INTERNAL SERIE
SOLAR CELL.



cell for various types of grid structures. The results
obtained are compared with the results given by Bordina et~
al(B). The internal series resistance is also calculated
taking into account the other remaining factors enumerated
before. The total series resistance is experimentally deter-
mined and results obtained are compared with the theoretical

calculations,

2.2 DIFFUSED LAYER CONTRIBUTION:

The resistance compenent due to diffused sheet can

be quite high. In many cases it can be the dominant compo-
: (2)

nent to the series resistance. Woll suggested the application

of conducting grids to minimize the series resistance compo-
nent due to doped layer. The resistance of the diffused

sheet was first calculated by Wolf(Z)

for a simple geametry
shown in figure 2.3{(a). The distance, which the carriers
travel through the di%fused sheet to reach the highly con-
ducting grids,is dependent on the location where the carriers
enter the diffused region. Therefore the resistance of the
diffused sheet depehds upon the shape and geometry of the
grids, The entire active surface ( diffused sheet ) can be
supposed to be divided into identical units called‘the unit
fields. Figures 2.3(b,c) show the unit field and the equi-
valent resistance circuit of the unit field as useg by Wolft?)
for calculating the resistance of the diffused sheot, wolfz2;

proceeded under the following assumptions:

()
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(1) There is uniform generation of current over the entire

~

active area of the cell,

(1i) No recombination is taken into account, that is the

collection efficiency is assumed to be 100 percent.

(1iii) The metal contact strip at the edge of the cell is assumed

to have zero resistance .

(iv) MNone of the carriers are collected directly by the contact

strip, that is the entire collection is done by fingers,

Under theéassumptions WOlf{Z) determined the current
flowing through an element of area dA and evaluated the voltage
drop b5I.dR. across the element , where &I is the current
flowing through the element of resistance dR. Integrating the
voltage drop across the elements of a unit field gives V for
the field which, when divided by the total current I through the
fieldj gives the resistance of the unit field. The total
resistance Ry of the doped layer is then determined by combi-

ning these unit field resistances.

Handﬁf(h) has presented an equivalent resistance
circuit of a solar cell vhich takes into account all the sources
contributing to the internal resistance of a solar cell., The
equivalent circuit is shown in Figure (R.4). Handy's calcula-
tions are also based on the assumption that carrieré are genera-

ted uniformly in a plane parallel to the junction planes
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Bordina et al' analysed the doped layer contribution
to the series resistance by solving the associated Poisson's
equation., The method, which is mathematically quite rigoréus,
is based on the series solution for the determination of the
zeneral current-voltage characteristics and is as follows: The
potential of the doped layer reletive to the rear layer satis-
fies the equztion

pj e@/nkT pl
[T

2 { : :
v ol it i 2.
¢ i JO J Jph ( 2)

-~

Where @ is the potential of the doped leyer relative to the
rear contact, .@»is the resistivity of the doped layer, dj is
the thicknegs of the doped layer ( junction depth), Jph is the
density of the photogenerated current, j, is the saturation

current density, n is the diode quality factor, k is Boltzmannts

constant ang T is the operating temperature of the solar cell.‘

The solution oi the above equation is obtained using

the foliowing boundary conditions.

(1) At the edge, where there is no contact, the derivative
of the potential with respect to the normal to the photo~
element boundary vanishes, since no current exists in this

direction:

S8

Dn (3-3a)

S
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(2) The potential at the contact of the photoelement is cons-

tant:

g{k)=1Y $2.30b)

The constant V is determined by the condition that

the total current at the contact be equal tothe load current I

) V4
56 0. 4 =- _4 1 (2.4)
k °fs % '

Where f is an integral along the contour of the contact and

df 1is a length element of the contact.

The solution of the Poisson's equation is obtained in

form of 3 series in the small dimensionless parameter ‘)g,

70
o

nkT ;
A/ - (2.5)_

Where A is5 the area of the solar cell, cx:B is a factor that
depends on the geometry of the solar cell and the deposition of
the contaets on the surface of the doped layer. The general

solution is represented in the form

¢=¢0+¢1 +¢2'|' esecenst ¢i+ ceevon (2.6)

Where the subscript of @ indicates the order of magnitude
of the corresponding term with respect to the parameter Do
&
By substituting the values of @ in equation (2,2} and comparing

the terms of the same order in A,, a system of equations is

obtained



v 8, =0 (2.72)
2 _
VZ ﬂ1 _ __%—T JO( e¢o/nle 1)- dd Jph (2.7b)
J J ;
2 j& ef,/nkT e @
v 8, = Jo - - (2.7¢)
e d. nkT
J
2 fa | e /nkT o (e ® #2 ,
B e it + — -/a
VP 3 a, g ® nkT & nkT 2 Walt )

The boundary conditions for the intcroduced functions Jﬂi aie

written in a form, analogous to conditions (2.3a & 2.3b):

0d.

75_3;. = 0 (at the boundary without a contact )
Ng .
Bolk) = V(1= 0y 1, 2,000uua), (2,8)

where Vi are the terms of the series representing the voltage

at the contact:

V=Vo‘*v1"v2"'v3"‘.. ------- L)

Thereby condition {2.4) yields

Bﬁi 0 for i # 1
al = Y,
k 'bns - d I for i - 1 (2.9)
dj .

By integrating the equations of system (2.7) over the

area of the solar cell, and taking into consideration that
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[/ ¢i'ds=<f§¢i. o = {)_a_ﬁ al
o K on

n

it is possible to represent the conditions (2.9) in the form

. . @ . /nkT T . e@o/nkT
Te [ Tignmdol &P/ 0] asek [gpu-ol oFo/"0)]

s  (2.10a)
[ 8, as = o (2.10D)
N 2 -
[, & 71 yas=o (2.10¢)
S nkT 2 i

/here ¢0 is assumed to be a constant. In view of

g =v

— - -V ...... LI N ]
o) _v-V1 vz 3

o
with the help of equation (2.10a), the general expression for

the load eharacteristics of a solar cell has the form

y . DkT 1n[ '(jph.ﬁ -1)

’1J +V*v ‘*v +.-ooo.
e Joh 172773

(2.11)

The resistance of the doped layer can be obtgined by deter-
e

mining Vi, Vo, v3, cesenes ag function oprower generating

Current ( load current ) I.

2.2.1 A SOLAR CELL OF STMPLBEST DESIGN 3

For example, to determine the resistance component

of the doped layer from the method suggested by Bordina et a1(3)



consider a solar cell of simplest design as shown in figure
(2.5)., Under the assumption of urniform illumination of the

solar cell surface and the fulfilment ol boundary conditions

{2:8);
3»-; ‘ B -’DV“] _
D ¥ DY ¥ U
g k) = V. (2.12)

the problem can be regarded as one dimensional., In this case
the equation for vy has the form

2

d°g. g 1

——— S e - e——

241
dx? d. A (213}

The solution for the boundary condition (2.8) and (2,10b) is(B)

T 2 1 4
= - .—J-— — ————— L - ——
Qj‘l w 2 [(x/ ) 3 : 1),
i _
f T T 1
hence v = ¢ (L)= - (4 - — )
T 71 d; W 2 . 3 .
P 1
¥ = = —;]' W 3 (2.15)

Thus the resistance obtained for the simplest case,as shown

in Figure (2.5),is given by

3 d, w (2.16)
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Where L is the length of the solar cell and w is the widbn of
the ceil, These authors obtained VT’V?’UB"""' as function
of power generating current and obtained the resistance of the
doped layer for varicus types of grid structures. The results

are presented in teble number Z.1.

The method descrived zbove as suggested by Bordina
et aliuf is quite strenuous to evaluate the resistance of the
diffused layer for various types of grid structures. The presen
work describes a simpler method to evaluate the series resistanc
component of the diffused layer for various types of grid stru-

ctures and it is named as power formulation,

2.2.2 POWER FORMULATION :

In this method one evaluates the quantity ( 8 1)2 dR
for an element. Integrating this across all the elements of
a unit field gives, P= I(S I)d dR for the unit field, Dividing
this P by the square of the total current flowing through the
unit field give;:;esistnnce R of the unit field. It is foung
that this simple method for evaluating the deped layer contri-
pbution to the series resistance yields values agreeing with

(3)

those of Bordinag et al for most of the cases., The

total resistance contributed by the diffused layer is found by

*This method was developed by the group consisti
: ; isti of the
.supervisor Dr, H.M. Ghule, Km. Abha Ghemawsat anggthe author
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caleculating the equivalent resistance due to all the unit fields,

Let us evalugte the resistance of the doped layer for th-
simplest geometry as shown in Figure (2.5). The resistance of |
the diffused region depends upon the resistivity of the doped
layer jﬁ, Junction depth dj’ the grid spacing and the grid

geometry. To evaluate the resistance of the diffused region

the following assumptions are made:

(1) Uniform photo-~-cuwrrent generation over the entire

active area of the sclar cell,
(2) Recombinstions are not taken into account,
(3) The grid geometries are divided in various subunits,

(L) Current collected by each leg is tranaferred, equally
to both of its ends provided this leg does not lie next

to the edge a

To evaluate the series resistance component of diffuseq
layer for simplest geometry, let J be the current density ang
dx be the width of element of the unit at a distance X, then the

total current flowing in the element dx is

T = Jwx and
7 d
g8 = — <=
a o (R.17)
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The power dissipated across the element is §p andﬁgivan by
2 2 .2
J v X
Bp =(61)° R = ——— dx - (2.18)
W Q:j A

The total power dissipated across the entire diffused sheet is

L
1 /o L
P = f6p=_ _d 57 2.19)
o 3 dj W
This gives
) 1 % L

The series resistance component of the various type
of grid structures ( Figure 2.6) can be obtained from the method
described above. The resistance of these grid structures can be
evaluated by breaking these units into various subunits., The
various subunits and their current profiles are shown in
figure (2.7). Figure (2.7a) shows the current profile of the
simplest unit as shown in figure (2.5). The series resistance
component for the grid struciure of the type (2.6b) can be
obtained dividing this into two subunits of the type (2.7a) of
length L/2 and width W. These two subunits are in parallel
and resistance is given by

1 8 L
R. =

= -
d 12 dj u (2.21)

Simlarly the resistance of (2.6b,c,d,e) can also be
obtained and are shown in table 2,1. The dalculétions are

presented in Appendix 2.1,
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2.2.3 SwUARZIHSH GRID S5TiUCTURE:

Es is indicated above, we notz that the use of grid
structure simply reduccs the distance travarssd by the carriasrs

before pein~ collected. The same effect can also be obtained

[

by a simole change in Cecuweiry. In this article the calculation
of tha saries rasistance of the dopad layer for the sauarsiiesh

“ 2

rid structure is dilscluss2c.

Tha confiruration of the squaremesh grid structure
is shown in fisure (2.8 }. To evaluate the resistence of the
doped layer with squaramesh srid patbern, divide it in various
subunits as described in ths previous article. The series
resistance component due to doped layer for squaremesh grid
Pattern can be obtained taking these subunits in parallel., The

solar cel] with m X m squaremesh can be modelled by taking

(m -1) x {(m-1} of the type (2.7e) B
(m- 1) X & of the type (2.7} ... .
and 1 % b p of the type (R.7c) .

Whare 211 these subunits are in _arallel and this zives

Rysqm = ——— S (2.22)
d . 32



FIG.2.8 SQUARE MESH GRID STRUCTURE .
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LALLA-2.61

Coii arison of ths results obtainsd, for the resistancs components

Qf gggiéwlaxgr, fromn power fomaulation with the results

that of Bordinas et al'?

irid [ R 5ul?s ‘iven by Bordina | Results obtainad from
pattern | et 35_3_' power formulation
y’ ‘ i p_ L
3 dy @
1 pd L 1 P L
2B s . T
12 dj o I 2 dj W
256 P. WL 2 L
2«04 R = B o :
T dJ {45+L") { W e L)
256 b L 1 P L
2.6(q) e e g J _
y B 78 o R
TT6 dJ ( L=+1L7) L dj ( L +L )
6k 4 WL 1 P WL
206(@) — -—--—2 2 i % —_
TT6 dj ( W™ +L%) 16 d1~ ( Wz+ Lz}
1 pd 1 p
2.6(1) o Py .
g 1T d. 3T
J
32 1 P 1 1 PJ.
. % —F SaaE o —  —
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2.2.4 RESULTS AND DISCUSSION :

The results obtained for various, type of grid
structures regarding the series resistance component of the
doped layer are presented in table (2.125a?d these results
are compared with those of Bordina et al. The results which
are shown in table(2.3) seem to be in good agreement with those
of Bordina et al(3) . Thus the method of calculating the sheet
resistance component of series resistance presented here by
power formulation simpliffes the treatment of the method

(3)

suggested by Bordina et al and allows the prediction of

this component for various grid geometries and sheet resistances,

2.3 CONTRIBUTION DUE TO OTHER rACTORS:

The other various components which contribute to the

interng] series resistance Hs are

(1) resistance of the contact strips ( grids ),
(11) resistance of the base region, .
(111) contact resistance between the doped layer and the

contact strips and base and the back electrode)tvui

(iv) resistance of the back electrode,

The present article deals with the caleulations of

the resistance of gPe various other components described above
ne

and contributing to series resistance R_,
S
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2.3.,1 RESISTANCE OF THE CONTACT STRIPS :

The resistance, contributing to total series
resistance Rg of a solar cell due to the metal fingers is also
a distributed one and can be evaluated as ovtained for the doped
layer. The series resistance component of the contget strip
with width Ty, thickness 'Lm of the simplest grid structure

described in figure (2.5) is given by

R = ! ﬁm ¥ (9.43%a)

3 & T

m

Where P is the resistivity of the metal and W is the width
m

of the solar cell.

The resistance of the metal fingers, as shown in

figure (2.6), for dher type of grid structures are given below :

1t Pa W

Rm = (2.23‘b)
6 *m Tm 5
8 g WL
By = (2.230)
15 4 (W+L) T,
A J WL
Bp = - (2.23d)
15 tn T, (2W+1) :
L pm WL
T = (2.230)
15 im Tm(w + L) :
| o a2 Iy 5
an m -
3 fm T (2.23{)
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The grid resistancs of the squaremesh, which is to be
svaluabzd separately frowm dopsd layer resistancs, is quite
5 we are ieit wivh a ( m+ 1) x ( m + 1} interconn-

mcsh with not all of esyual resistance values, For simpli-
city, all the resistances ars taken to be of the same value and
his mosh can be broken down into four eguivalent{(m+1)/2)x(m+1)/2)
- (he assumption of taking all the resistances equal to
the resistance of onz leg of the subunit is reasonable since
2ll the subunits, except the sdfe ones, are of tne subunit (2.7e)
type, It is further assumed that the current, instsad of being

collscted along the entire length of the contact grid, is coll-

ected along one leg in each ((m+1)/2x{{m+1)}/2) mesh, This assump-
tion is arbitrary and this assumption allows us to calculate the

resistance of a ({m+1)}x({m*1}/2}) mesh directly. Under these
$58 - - o

assumptions wWeinberg gives for a squaremesh with equal
Y

resistances in each branch,

r. p
R°>, av 2{p+1)
Inx
Where v = ( m + 1y/2, R;. is the resistance seen by breaking
s il

1
the i-th branch, av denotes the average and r. is the resistance

of the i-th branch ana is given by ' ¥

e ik i



gare s is the spacin_ between two contact strips. sJrom
s ;ions, ths resistence of squaremesh rid patiesrn
m+ 3 P. s
. = (R.26)
\_J\.i Fa )
12{m+1) L. -

The tobel resistance due to metallic fingers ad the dopead
laver is the sum of these two components and is snown in

£ . {2.2). The diiierence in the resistance e:ipressions
for diffused resion and metallic fingers as in second and
third column of the table (2.2) appear to arise on account of
45 Flervence in geometry end the change in the direction of

current in the metalliic fin_ers,

2.3.2  RASISTANCE O THE SASH REUION:

The resistance of the base region arises from the
subsbrate resistivity YJ, thickness of the substrate t and

srea of the cell A, The resistance of the base is given by

P w

A

(“."_‘:ll)

To minimize the bulkresistance, the base region should be

relatively thin. However, if the base region is too thin,some of
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the incident photons of long wave wavelength, far whom
absorption coefficient cc is low will be lost due to tran-
Anission and the collection efficiency may be reduced and the
dark current increased due to excess recombination at the back
surface. rurther, handling of such solar cells is likely %o

be a problem, because if the base region is too thin it will
cause the wafer to break. The second methodiﬁ&nimize the resis-
tance due to base region is by increasing the doping, that is by
reducing the resistivity of the base layer. However the minority
carrier life time decreases very fast with increased d0ping(7l
This also results in a low collection efficiency. The optimum
resistivity is therefore obtained as a compromise between the
life time of the minority carriers and the resistivity of the
base layer, Similarly the optimum thickness is a trade off
between the tpransmission of photons and the resistance of the
base region. In general 100-300 micron thick cells are used for
maximum efficiency. The variation of efficiency with thickness
tp for various values of resistivity 'Pb is shown in figure (2.9).
Generally 1-10 ohm cm base material is preferred for cells to

be used in space; whereas lower resistivity material upto around
0.01 «0,1 ohm cm is used for terrestrial applications.

reu
2.3.3 RESISTANCE DUS TO FRONT AND BACK CONTACTS:

In the solar cell the front and the back surfaces are
covered with highly conductive metallic grids and metals respect

jvely. This gives rise to contact resistance. For better
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performance of a solar cell, one of the major requirements
of an efficient, reliable contact system is that the metallic
electrodes must have low contact resistance to both the n and p
regions of the solar cell. The theoretical calculations for
contact resistance for various types of contacts are available
in the literature (9'11). The contact resistance of the back
and front surface depends upon the specific contact resistance
T. and the contact area A,. The contact resistance is given
bynz)

R, = rc/Ac (2:28)

The front surface ( active surface ) of the solar cell is
generally heavily doped and the speéific contact resistance

for heavily doped layer is very small. The experimentally
observed(13) specific contact resistances (resistance in J1 cmz)
for various types of contacts for different resistivities to n
and p silicon are shown in tables(2.3) and (2.4). Thus to
obtain a good 1ow contact resistance ton and p regiongof the
solar cell,n, heavily doped n+ and p+ layers should be used,
For silicon, electrochemically passivated titanium-silver

( by using P4 sandwitched between Ti/Ag ) layer has been

found to be satisfactorye.

2.3.4, RESISTANCE OF THE BACK ELECTRODE:

The resistance of the back electrode is very small
. trat )
It can be determined by the same formula ag used for the
A
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calculation of the base resistance, vhere the symbols refer
to the metal. The specific resistivity of the conducting
metal is of the order of 10'6 ohm cm, the thickness of the
back electrode is of the order of 1 micron, For 1 em”® solar

20
cell this resistance is less than 107“ ohm.

2+3+5 DISCUSSION:

It is clear from the prececding articles that the

contributions to the series resistance by various components
can be evalugted. Bordina et al{ 3 ) did not consider the
resistance contribution by metallic fingers, which in the cases
studied, is nearly of the same order as that due to the doped
l.-r-,xyer{.6 By evaluating these contributions one can find as to
which one amongst them is dominant . This can help us devise

methods to minimize the resistances due to various components.,

2+4  SHUNT RESISTANCE:

The shunt resistance arises because of the fact that
there are some ionic charges on or outside the semiconductor
surface which induce image charges in the semiconductor thereby
CaUsing the formation of the so called surface dhannels or
surface depletion layer regions. Once a channel is formed it
modifies the junction depletion region and gives rise to surface

leakage current for the minority carriers to flow and this
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is represented by the shunt resistance Ry, in parallel with
the diode. Stirn{1a) _has pointed out that shunt resistance
can also arise from small sCratches and imperfections on the
device surface which become partially or totally covered by
the contact metallurgy during the device fabrication, Sintering
the contact strips to minimize contgct resistance can cause

small metal particles to enter the scratches and result in

leakage across the p-n junction.

Tdealy, the shunt resistance should be as large as
possible ,but a variety of factors, as discussed above, lead

to low values of Rsh' The decrease in shunt resistance reduces

the f£i1]1 factor and conversion efficiency of the solar cell,
The effect of shunt resistance on current voltage characteristics

is siown in figure (2.10).

245 ZXPEZRTMENTAL DETERMINATION OF SERIES RESISTANCE:

The series resistance has significant effect on the
Performance of the solar cell especially at high intensity
conditions. A knowledge of the value of the series resistance
of the golar cell is necessary particularly to design the solar
cell with increased efficiency. Although the effect of series
resistance on the performance of the solar cell is well known
but the knowledge of the techniques of experimentally deter-
mining the series resistance of the solar cell is also important

to analyse the solar cell characteristies, The most commonly
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used technique of experimentally determining the series
resistance of the solar cell is one described by Wolf and

15 lo
Rauschenback( ) and this is referred as the illuminated

6 )

L1
curve technique, Imamura and Portscheller®. '™ ’ have discussed
a number of technigues to evaluate the series resistance, The
present article discusses in brief the various experimental

methods employed for the determination of the series resistance

of the solar cell.

2.5.1 ILLUMINATED CURVE TECHNIQUE:

Tn this method the I~V characteristics of a solar
cell under two different light intensities are plotted. A
point is marked on each curve at a fixed OTI from the short-
cireuit current of that curve, such that the co-ordinates of these
points are P, { Vo Tgep-AI) and Ppl Vz:k;scf‘ésl) (Figure 2.11)
respectively. The difference A I for making the "points should
be same because it is then possible to connect the marked
Points of all curves with a straight line. If there were no
series presistance present, the line would be parallel to the
Current axis. If the line is not parallel to the current axis
a change in voltage has occured which is equal to the (Is°1-Isc2)Rs
drop caused by the series resistance in the cell itself(16),
The expression for the series resistance Ry canbe obtained by
solving the current voltage equations for two different illumi-

nations. The series resistance Rs is given by(16)
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Vg — (229,

Isc2‘Isc1

This expression is obtained under the assumption

that ( V D Tun RS) is very large compared to the magnitude

1 -
of the thermal voltagé nki/e. This condition can be ful=filled
only near the maximum power point of the I-V characteristics.,
The resistance Rs is also assumed to be independent of light
intensity for its evaluation. This method provides the average
resistance of the solar cell since the resistance is also

Pl
dependent on gifferent illumination levels(17'1°),

2+5.2 DARK CURVE TECHNIQUE:

Tn this method the dark I-V characteristics and the
I-V chargcteristics under illumination are plotted as shown

in figure 2,12, Two points P, and P2 are selected on the dark

and illuminated I-V characteristies, such that their co-ordinates

are ( V., AT) and (Vo Ige = ATI) where I_, is the short

circuit curreht. The series resistance is then given by the

{ V-I - VZ)
Rg = ' (2-30)
Ise

In deriving this equation, Ig. is assumed to be equal to the
photogenerated current Iph which does not hold good if Io and

Ry are very high since Isc becomes
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T =T elge Rg/nkl (231)

se ph ~ 1o ©

Thus this method is not suilable Ior evaluation ol series
resistance R_ for the solar cells having high reverse saturation
- 5

current T and large internal series resistance Rs'

2¢5¢3 _v~n JUNCTION AND DARK FORWARD CHARACTERISTICS TECHNIQUS:

Tn this technique a dark forward characteristics is
plotted along with a p-n junction characteristics for a given
solar cell as shown in figure 2.13. The latter characteristics
depicts the relationship between open circuit voltage and short
circuit current that is, Vge Wﬁ I5o.- This is ovtained oy
using different intensities of the incident illumination, If
V1 and V2 are the voltages on the two curves corresponding to

the same current I, Rs is given by

-V
G o Al (232)
g I
This expression can only be obtained under the sgme assumptions
as made for the method described in the previous article (#5},
This method too is suitable only for the solar cells with low
series pesistance, low diode quality ractor, low saturation

Current aznd high shunt resistance that is for good quality

Solar cellse

2.5., EVDOKIMOV'S SINGLE CURVE TECHNIQUE:

In this method a single experimental current voltage

charactepistics is used for the evgluation of the series resistane
BT
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and other parameters such as the shunt resistance, diode
quality factor n and reverse saturation current I, of the solar
cell. This method was suggested by Evdokimov(1g}. Tr this
method the area under the I-V curve (Figure 2.14a} is denoted

by P,, the cell power VI-I curve is denoted by Pq (Figure Z2.14Db)

Vv -~
and the valus of tan/3 for I-V curve at I = O is given by—%%;—l_
1=
From these informations the value of the series resistance can
; " 1
be obtained and is given by( B
12 Po 12 P 6 Voo
B e e = ke = + 3 tan /3 [233)
. 1# 12 i
sc sc ge

The importance of this experimental technique lies in the fact

that R, Rsh’ I and the diode quality factor n can all be
0

obtained from a single experimental set-up. The shunt resistance

R s diode quality factor n, and revefse saturabtion current i

can be determined from the following expressions ' '7)

; ’ 12 By e Y
— = o (10 Py = Tgp a3 - b By Voo ) (234)
Ban Voc o
Vg < Ige | %o B =By ) (2-35 )
e
- I.. ¢ tait B=HR)
n T se 5 (2.36)
VLV
I, 7 Isc & OC/ *
(2-37)

While employing this method a large number of sets of readings
are necessary to determine Py, P, and tan/3 with a high degree

of accuracy. Thls enables determination of the series resistance

with good precision,
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2.64 FABRICATION Or TH& SOLAR CELLS:

p/n single erystal silicon solar cells were used for
study. These solar cells were fabricated at CEERI, Pilani and
made available for the present investigations. The solar cells
were fabricated using conventional silicon integrated circuit
fabrication techniques. Emitter was diffused at 900°C using
boron dopant. The junction depth was kept in the range of 0.3
to 0.6 micron. Sheet resistance was controlled in the range
of 100 ohm/[J to 200 ohm/(J . Drive in was carried out with
wet oxidation. HCl was introduced during oxidation to improve
the minority carrier life time. Oxide growth was used in con-
trolled way to use 1t as an antireflection coatings. Aluminiunm
was evaporated on the back-side of the wafer and sintered
in nitrogen ambient at 650°¢ for 15 minutes. Aluminium square-
mesh grid pattern was evaporated on the front side of the wafer,
Metal pattern was defined by using photolithography., Sintering
was carried out in nitrogen ambient at 500°c for 15 minutes, Top
contget was provided by 13 X 13 squaremesh grid structures. The

various parameters of the solar cell used are presented in

table 2:50

2.7 EXPERIMENTAL RESULIS AND DISCUSSIONS :

To evaluate the ipternal series resistance of solar

cell, the measurements were performed on the solar cell of p/n
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Parameters o{ the p-n junction solar c=1l.

Celil arsa

Base resistivity

Base thickness

Thickness of the back electrode
Resistivity of Aiuminium
Spacing between two legs
Width of aluwainium fingeﬂ‘
Junection depth

Shzet resistance

Carrier concentration of
the doped layer

6.0kh cn”

0.1 to 0.5 ohm cm
150-200 M

Ioum

2.9 x 107° ohm cm
6.3 mil

10 /ame

0.3 - 045 /i
200 1 /@ -300 Ny

1
1019/cm3-5x10 9/cm3

78
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type with 4.84 mm™ size. The current voltage characteristics
were obtained under illumination. The experimental set-up is
shown in fizure (2.15). The voltage was measured on a vernier
potentiometer and the current was measured on an electronic
multimeter. The internal series resistance was determined using
two different experimental techniques, namely the illuminated
curve technique for two different light intensities as describ-
ed in artiele (2.5.1) and the method sugiested by Evdokimov as
described in article (2.54) (Figure (2.14a,b). The purpose of
using the later method was to obtain Rg, R, , n and I, from a
single I-V plot. The average value of series resistance obtaineg
from the illuminated curve is R.25<L and the value of series
resistance obtained from the method sujgested by Evdokimov is

2.36-~Y, The series resistance was obtained within an accuracy
L]

of +12%,

It is found that the observed values of series resis-
tance obtained from the two different methods employed are in
fairly good agreement. The series resistance obtained from the
illuminated curve technique is some what less compared te that
obtained from the Evdokimov's method. This difference in the
resistance values is likely to be due to the fact that the
series resistance is also a function of light intensity and it

dezcreases with increasing intensity,

The value or the serias resistance obtained by taking

into account contributions by various factors desecribed before
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is 2.34 ohm. This value compares favourably with the experi-
mentally obtained value of B.3¢ ohm obtained on using Evdokimov's
method. It appears that in the small area solar cell employed,.
the major contribution is from the contact resistance between the
base and the back electrode . This contribution due to contact

resistance is going to be small for larger area solar cells.
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CHAPTER-TIX

2reBCT OF 1BIMPSRAVURE AND CONCENTRATED SUNLIGHT

3.1 INTROUDUCLTION:

The concept of generzting elesctricity from sunlight
by means of solar cells has become increasingly attractive in
a time of uncertain fuel sources, price increases and environ-
mantal concerns, for sunlight is a nondepletable resource that
can be exploited in space without producing harmful b?products

on earth. There is considerable optimism that the technical

hurdles in the way of implementing the use 01 soclar cells for

nower generation can be surmounted without requiring major

scientific breakcsthroughs. However, the cost of building such

a system remains high. ince the cost of silicon solar cells

and other semiconducting materials is high ano is likely to

remain that way, the use of almost any method to obtain power

out-put from a given set of solar cells is justified. One

technique that has received considerable attention to get

more power output from a solar cell is through the use of

concentrators.
The use of concentrators 'results in two main disad-

vantage S Firstly the increased power generating current I,

brought about by higher con
g through the device, causes an additional

centration of incident solar

radiation, flowin
rop across the cell from the internal series

voltage d
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resistance R, and as a result the I;RS loss due to the series
resistance becomes significant. This in turn affects the
maximum power point and degrades the performance of the solar

cell. Secondly, the cell operating under concentrated sunlight

has a tendency to operate at a temperature higher than the

ambient. The increase in temperature increases the dark

current which opposes the photogenerated current, which in turn

decreases the efficiency of the solar cell. The use of concen-

trators also nec essitates the use of a tracking device which

is needed so as to keep the solar cell always in focus. Now

a days work is also being done on non-~tracking concentrators.

The concentration ratio achieved so far has,however, not

exceeded & to 10 suns. The operating temperature and the

concentration of incident solar radiation of the solar cell

are important parameters to determine the power output from

a given solar cell. In this chapter experimental results

giving the temperature and concentration dependence of the

various solar cell parameters are presented and physical

processes underlying their dependence discussed,

To determine the internal series resistance Rg, the
and the thermal voltage VT(: nkT )
e

shunt resistance Rsh’
] t £ b
and the reverse saturation curren I0 asfunctions of operating

rature and concentr
d by Evdokimov ( as described in Chapter II)

ation of incident solar iati
tempe radiation,

a method suggeste
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was followed. This method yields Rg, Rgp, Vp and I, from
2 single V-I characteristics, The area under the V-1 curve
is denoted by Py, The cell power given by the area under IV-I1

curve is denoted by P, and the value of tan/3 for V-I curve is

obtained from the tangent at I = 0O and is given by _'bu \
I VI=0

PP ani ?an/? yields R_, R, Vy and I, from the following
1

relations

2 3
R = 128 /L o ® 12p,/1, - 6VOC/ISC + 3 tan 3= (3.1)

15?1

. ] -2
1/Rgp= ——;g—'[ 10P - - x T tan/3 - AISCVO;](j,gl
ocC sc -
Vp = Igel tan/3 - By ) (3.3)
and
N /¥
I, =E " 0o/ 71 (3.4)

Thus Rg, Bgp Vi and I  can pe determined from the I-V charac-

teristics of the solar celle.

-

;.2 GFFECT OF TEMPERATURE AT CONSTANT INTEMSITI:

The variation of some of the solar cell parameters such

as short circuit current Isas OReR circuit voltage V, ., and the
from a solar cell at low and high

maximum power out put Pmp

0 0
os ranging irom -160°C to 150 C has been studied by

temperatur 2)
2-1
several authors( . However, a complete study of tempera-

olar cell parameters, which determine the

ture dependence of s
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efficiency of solar cell is not available,Wysocki and Rappaport(19
investigated theoretically the efieet of temperature on the

opan circultl voltage VOC, the dark current voltage character-

istics and the conversion efficiency of the solar cell assuming

the short circuit current to be insensitive to temperature
» ]

It was found experimentally that the short circuit current of

(5)

the solar cell also depends upon temperature « A quantitative
analysis was presented to account for the variation in short
circuit current in silicon solar cells with temperature by Alex

4.4
41
Shumka ' . However, there are other parameters such as reverse

saturation current Io, the diode gquality factor n, the thermgl

voltage VT and the internal series resistance RS which are alsgo

temperature dependent and which play an important role in deter-

mining the efficiency, Bawa et al(15) presented experimental

results showing the effect of temperature on these parameters,

These authors, however, did not give any physical explanation

for the temperature dependence of the various parameters

studied by them. The present work deals with experimental

0
results concerning temperature effects from 40°C to 110°¢C on
the various paramete®s of a p-n junction silicon solar cell,

The factors which appear to be responsible for the temperature

dependence of these parameters have also been analysed. Similar
results wWere presented in the symposium on electron devices held

. {16 )
in CEERI Pilani y
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3¢2+1 EXPERTHMENTAL SET-UP

The measurements were performed on P/n type silicon

solar cells of 4,84 mm2 size with 13 x 13 squaremesh grid

pattern on the top of the diffused layer ang fabricated at
CiERI, Pilani. The details of fabrication of the solar cell
used for experimental study have been given in Chapter II. ha
solar cell was kept in a sand bath as shown in Figure (3. 1),

The cell was illuminated by light from a Tungsten lamp. 3

slow heating was provided to increase the temperature of the

solar cell by adjusting the heater voltage with the help of
a variac. The temperature of the solar cell was varied fron
The current was measured by an electroniec

40°¢c to 110°.
The

multimeter and the voltage by a vernier potentiometer,

current voltage characteristics of the solar cell was obtaineg
S s o 9
for various temperaturgs in the range 40 C-110C (Figure 3,2

The various parameters were obtained from the eXpre551ons (3 1)

(3.2), (3. 3) and (3¢4).

3.3 RESULTS AND DISCUSSION:

FEECT OF TEMPZRATURE ON SHORT CIRCULT CURRENT:

3.3.1

The variation of short circuit current with temperature

ig shown in Figure (3 3). Tlhe graph shows that the short

circuit current increases with increase in temperature, The
hopt circuit current in a solar cell is given by(17)
Sno
= ( Lig, + L ) A
T e g Nn D (}.5)

sC
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where g is the generation rate given by nphé' x’ where

My is the effective number of photons, x is the distance

from the top where the electron-hole pairs are generated,

is the absorption coefficient of the semiconductor and L, and
L are the diffusion lengths for minority carrier electrons ang
holes. The effective number of photons o and the absorption
coefficient oc are determined by the energy gap of the semi-
conductor while the diffusion lengths of electrons and holes are

determined by the mobility, diffusion coefficient and the

minority carrier life time. In the case of silicon, the energy

gap of the semiconductor decreases with increase in temperature ! 18)
This decrease in energy gap with increase in temperature also

affects the absorption coefficient as given by the relation(1k)

*3
gy

212 670
@ (7Y ,T)=(1.28 x ‘IO3 coth——— + 1,13 coth —%E—)(h)’ - B,

2i
(3.6},

where h is the Planck's constant and ¥ is the average

frequency of the inecident radiation. From equation (3.6) it

seems that the absorption coefficient az increases with

increase in temperature. The variation of oo with temperature

as given by equation (3.6} is shown in Figure (3.4).

The decrease in energy gap Eg due to increasegq temperg.,

ture also increases the effective number of photons ag shown



J0

vyt 15) i ri i
by Wolf . The empirical relation to express Ry as a
function of energy gap and the total number of photons is

given by(zo)

~1 .68
= g 37
oy = Nop e (3-7)
Where Nph is the total number of photons, Tt appears from
equation (3.7) that the effective number of photons increases

with decrease in energy gap. This variation ( EF versus

temperature ) is also shown in Figure (3.4).

Lthe generation rate in the solar cell is given by

- X
(3.8)

In the present case the junctioh depth is of the order of 1

micron, Most of the electron-hole pairs are generated within
a very short distance of the p-n junction due to incident photonsg

Equation (3.8) shows that the generation rate increases with

increase in absorption coefficient oc and the effective number

of photons Nohe In the present case ( p/n junction silicon

solar cell }, the doping density of the base region is of the
(o] q N . .
order of 101’ donors/cem” and diffused layer is highly doped,
1 3
having a concentration of 5 x 10 J acceptors/cm”, 1In the case

98 i 13 f the minority carri .
of silicon the mobility o y 1er holeg flh in the
n, base region decreases with increase in temperature and the

mobility of minority carrier electrons in the doped layer remaing
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nearly constant over the experimental temperature range

0 (21)
40 ¢ - 110°¢c ', Variations of i
ations o /un and /uh with temperature
are shown in Figure (3.5). The diffusion coefficient is give
kT ’

by the relation D = 75— Al , where /u is the mobility. The

variations of Dn and D with temperature are also shown in

Figure (3.5). The diffusion length of the minority carriers

_ 1/2
given by ( DT ) , depends upon their diffusion coefficient [

and life time T o+ The temperature dependence of the minority

carrier life times in p and n regions are given by the following

(13)

expressions
) o S = Bp - 2By
Ty = tﬁo . -Cpo 24P [ > ] (3.5a)
and
& - B
= 1 + 23T ._._t-’_.._..._..i_‘. - i A

where EF is the Fermi level, B, iu the trap level and By is

the intrinsic Fermi level. The temperature dependence of the

minority carrier lifetime arises from the exponential terms in

the equations 3.9a and 3.9b. If the difference between the

Fermi level Ef and the trap level Et is large compared to kT,

the exponential terms in equations (3.9a) and (3.9b) are

negligible and remain
within a few kB of Ey. The exact position of

negligible as the temperature is inecreg

sed until Ep is
t being known, the trap level is assumed to be

the trap level 1o
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loc £ the intrinsic rerni level for convenience in per-

That is, the ef.ect ol temperature on

o s . . T o
fo times in the temperavture ran e of 40 C-

O B e ) v . ‘
106G 18 arrdad as neslisible. Thus,an increase in temperature
: ; —2.5 .
nearly voerizs at i in the base region and

Jieh in turn causes the diffusion coefficient Dh(z *4*}l})to
/ 1
This rosults in a decreased diffusion length for holes

/2
=(Df TZPJT' for constant value of minority carrisre

as oiven by L.

‘f time T o However, the mobility of eloclrons in the diffused
laver, which is highly doped,is independent of temperature,
|

el ). incregses as

0]

SFoREs

jab)

The giffusion coefficient D,= Pp
fusion coeflicient. The

o

from the sxpression for did nerease

in diffusion coefficient D, causes an improvement in the diffu-
B |

sion -=-n ¢ LpT (Dﬁ I:ﬁ)I/“ for constant minority carrier

with temperatiure.

life time T, and the mobility Sy

1ife time Tp However,for highly cdoped p
region, the minority carrier
the minority carrier life time ¢

P

are much smailer compared to

39 tha Dass
Lt 1:9 and mobility /P the diffusion

s~ much larger than the diffusion length

o 1 L
1. & Ja ’ . o n -
and mobility /‘h region, Tnus, 101 larger values of

m:!_nOI'j.'L‘,' s e g 1 ] ke
length Lp willi alsoe

L, in the highly do

ped diffused regione. Thus, the contribution

o ] " is mostly arising

to the shorv circuit current Tge * = g Hom i

45 ffusion length for holes. Thus equation (3.5) can be approxi-
ot I

However, the short circuit

mately written 25 Ige =~ i by
urrent 1 depends upon the product of the generation rate g
c U

sc
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and the diffusion length as given by I == eg ( Lo+ L),
. b

A much larger incregse in generation rate accompanied with 5

lesser decrease in diffusion length appears to be the reason

for the increase in short circuit current with temperature.

The calculated values of various parameters such zs

difiusion lenrth and generation rate for different temperatures

are shown in Figure (3.€-3.7}. For the calculation of minority

carrier life times T:P and T, which are constants and equal e

“C and T respectivelzithe empirical relztions given

po np
below are us=d,

~L
G5 x 10 ' 1 .
o ¢ see, where il | =7.1x10"" n™" .
I—:C’,!'O 1+N N ]
4,0/ Ao, Do b3S

{/i=y =}

Following expressions are used for determining a and

h i Ny

- Al . |" Cl

{ -]
Ay =77 1703/ [ 1+ (N /6.3 x 197 €3

J CmZV'1 sec
(3.113)

1 ~1

and
sec {3.11b)

w7 0.72 2 -
b & '(—‘ Y i)
e 65+ 1265/ [ 1+{N,/8.5x107%) ey

C(T)/ISC(313) with temperature for observed

The variation of Ig
d values is shown in Figare (3.8)}. The calculsted

and czlculate

and observed ISC(T)/ISC(
A . i
rend, namely that of am inerease of Is0(T)/I;.(3137k)

3130K) values with temperature exhibit

a similar ©

with temperalture.



130

125

120

AND Ln+Lp(lm)
DIFFUSION LENGTH FOR HOLES Lp (um)

60 70 80 90 (00 110

OPERATING TEMPERATURE T (°C)

-

c

DIFFUSION LENGTH FOR MINORITY CARRIER ELECTRONS Ln(pim)

FIG.3.6 CALCULATED VALUES OF MINORITY CARRIER DIFFUSION LENGITHS

FOR VARIOUS VALUES OF TEMPERATURE.



€
3.5X 9.5X10
_O_m
-~
(&
L4
0
P
i Y
nm.v Pt 16
-~ A0 L= P o 9 0X10
- 19 #
~ 10 \
o R
on \ - T
e — fvﬂ
w A
T
<
@
N —
Q F T 16
W N.m_w 8.5%10
w 10
z
w
T
19 _ | | 16
O XI : 8 OxI0
€V Al0 40 50 60 70 80 Q0 100 1o

OPERATING TEMPERATURE T (°C)

o

FIG 3.7 CALCULATED VALUES OF GENERATION RATE G AND EFFECTIVE
NUMBER OF PHOTONS FOR VARIOUS VALUES OF TEMPERATURE .

F1

EFFECTIVE NUMBER OF PHOTONS T'Lph(NO/Cm



- CALCULATE VAL UE $
_— BSERVE AL UE
T
5w ®
- = '_:_rf—f'*’/’*
o i e SN
- T — %
A
| 3
| B
04
| | |
00 e . A
>0 S00 600 700 800 900 1000 1100

OPERATING TEMPERATURE T (°C)

ON OF CALCULATED AND OBSERVED

FIG.3.8B COMPARISI!
) FOR VARIOUS

VARIATION OF Tse (T)Igc (To
UALUES OF TEMPERATURE.



94

SFFECT OF TEMPERATURE ON REVERSE SATURATION CURKENT T
o

PPN

m * T
The variation of reverse saturation current I. is
h o)

shown in Figure (3.9). The Figure (3.9 ) shows that the reverse
saturation current L increases with temperature. It is seen
from the figure (3.9) that the rate of increase in the reverse
saturation current I; with temperature is small in the initial
stages and this rate increases ab higher temperatures, In

ent Iy .p» which opposes the photogenerated

general the dark curr
current Iph: is given by
kT
=1 eeV/n31-1]
(3.12)

Ipark ~ § 3o

used to indicate that mors than one

Jhere the summation is
me chanism may delLaonanins tna cark. current. Bach of the cocmpo
of definite processes

cr

nents of the dark currens is the readl
In addition to the ideal diffusion

ing in the devicee.

oceur
1 }, the mosb significan

t contrioution is provided

current ( D
by ¥ he processes of generation and recombination in the space
also the leakage cause

processes in the space charsze region

charge region and d by surface channels,

The rccombinablon generation
3 14 £t R
r the diode quality faecior nj. 'he presence

channels 1leads to the leakage current with values of
(1)

yizld the valus2fo

of surface

the diode quality factor n.j

|
< n. <&
- 5|

ole of a shunt resistance R_;.

The s€ channels play the T
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In the present solar cell, which was under study,
the diode quality factor has a value greater than 2. Thus, the
surface channel effects on the present p-n Junction silicon
solar cell appear to be appreciable. At low temperatures the
surface channels seem to be quite active and affect the current
voltage characteristics of the solar cell., The surface chamnels
in the device are fixed and as the temperature increases, the
increase in intrinsic carrier concentration increases the

influsnce of the recombination-generation current in the space

charge region and the diffusion current. At higher temperature

the recombination-generation current in the space charge region
and the diffusion current dominates over.the leakage current,
Thus the effect of leakage current becomes negligible as
temperature increases. This can also be seen from Figure (3.9)

showing the variation of diode quality factor n and shunt

resistance Rgp with temperature., The decrease in diode quality

factor n and increase in shunt resistance Rsh with temperature

is the consequence c¢# decreasing the efrect of the leakage

current and confirms the inference that at higher temperatures
the recombination-generation current in the space charge region

and the diffusion current dominate over the leakage durrent,

Figure (3.9) shows that the rate of increase in the
reverse saturation current I with temperature increases gt

The reverse saturagtion current I0 due to

higher temperaturesSe.

recombination generation current %n the space charge region and

: - i3

th qiffusion current is gilven by )
e
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Iy = IOD + oy (3.1)))
2 1 D /2 1 viis
where I = en. = ( tn e (5/¢ )" ] il
A n d i
. ¥
1 g eni ":/ (t:.tll)
Where n. is the intrinsic carrier density. 1, and i, are the

acceptor and donor densities respectively and W is the width of

the depletion region. The reverse saturation current I p dus to

while that due to recombination geners-

diffusion varies as ni

tion current in the depletion region IL,, varies as nj, where the

intrinsic carrier density n. varies with temperature aceorcing
2
to TB/ exp ( - Eg/ZkT Jia

With further increase in temperature, the number of
thermally generated carriers increases and the number of trapping

centers which are quite active and availabde in the depletion

region does not change with temperature,

of the concentration of thermally generated carriers to the

Therefore the ratio

trapping centers increases with further rise in temperature,

t relative effectiveness of trapping centers for
As a resul@, he

e combination decreases with rise in temperature. Although,
I

this results in increasing the diffusion current and also
i
ation recombination current but the increase in diffusion

genel
pared to recombination-generation current

current is more as com
letion region for higher values of temperature:, The

in the dep



diffusion current whi “
iech depends on n.
p ng has a temperature depen-

3 . - i
dence T~ eXp ( _m_/kT) while the current due to recombinatio
s n

£ 73/ 2 " :
re dependence of T exp (—ﬁg/ZkT). The ratio of these two

is given by
Idr N exp ( Eg/2kT )
- (3e14)
i 3/ a
L 13/

This shows that ab higher values of temperature I, is the
dominant term in IO, A much larger increase in IoD compared
to Top and an almost near suppression of the leakage current
with temperature is responsible for the observed behaviour of

I Vversus temperature.
o

T OF TEMPERATURE ON OPEN CIRCUIT VOLTAGE V., FILL
C

i SFPE

FACTOR EF. AND iia. MUM POWER P ¢

P

The variation of open circuit voltage with temperatu
re

is shown in Figure (3,10}, It shows that the open circuit
es with increase in tem

voltage Voc decreas perature. The open

ctreuit voltage of a solar cell is given by

y =v bl 1 (3.15)

ocC

VT £ nkT/e. The three factors, the thermal voltage V
T2

the photogener&ted current I,y and the reverse saturation

where
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current I, determuine the open circuit voltage V . The
e
thernally generated intrinsic carriers increase the reverse

saturgtion current Io' Al the same time the photogenerated

current I, also increases with T, The thermal voltage V
i

depends upon n and T and both n and T appear in the numerator

in the expression for /. Increase in temperature does not

ariect VT much, This is because Vr aecreases due to decregse
of n with T whereas at the sgue time Vi inereases with T as it

contains T in the numergtor. The increase in I, appears to be

stronger with T than the increase in the photogenerated current

I_h and the net result seems to be a decrease of Voc with
temperature ( Figure 3.10)}.

The variations of fill factor FF and the maximun
power Pmp with temperature T are shown in Figures(3.11,3.12).
The Figures(3.11, 3.12} show that the fill factor and the
maximum power Pm, decrease’ with increase in temperature, The
£i1l factor of tﬂe solar cell is defined as the ratio VmeImp/(VngS

Where V and ImP correspond to the voltage and current at
2 mp
the maximum power point in the current voltage characteristics,

The maximum power Pmp can be obtained from the area of the
maximum power rectangle in the I-V characteristics of the cell,

The area of the maximum power rectangle in the I-V characteristics
of the cell is determined by the power generating currant I flOWing
through the device and the voltage developed in the solar cell,

As the temperature increases, the increase in the reverse saturatiop
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current { as shown in Figure (3.9})results in an increase in

the dark current. 7The increase in dark current results in a

decrease in the power generating current I flowing through

the device and the decrease in voltage V developed in the

cell. Thus the decrease in maximum power P and the fill
mp

factor are mainly due to increase in the reverse saturation

current IO, which results in an increase in the dark current

and decrease in the area of the maximum power rectangle in the

1-V characteristics,

3,3.4 EFFECT OF TEMPARATUREZ ON INTERNAL SERIES RESISTANCE R_:
S.

The variation of series resistance Ry with temperature

is shown in Figure (3.13). The figure shows that the series

resistance decreases with T. Increase ol temperature has two

offects on the semiconductor, Firstly, in the case of silicon,

the bandgap decreases with rise in temperature which results

in the generation of more carriers. Secondly, the increase in

temperature affects the relaxation time which inereases the

resistivity of the semi conductor.
d by acoustic phonon scattering and the ionigzed impurity

The mobility /u is generally

determine
scattering. The variation of mobility with temperature for
silicon snows that ab higher temperature (operating temperature
in the present case } the mobility is dominated by lattice

It decreases as temperature increagses

scattering mechanisme.



Inc

1
ne  (24)
as appears fromxequaulon given beloy:

(8772 e n ¢,
- (3.16)

‘3
) 4

a m - (2% )

Where ©,, is the average longitudinal elastic constant of the
semiconductor, ;g the displacement of the edge of the con-

duction band edge per unit dilation of the lattice ang m* is

the conductivity effective mass. The resistivity is given by

1
f g ) - (3.17) «

= ND,A flh,n

Since mobility of the silicon decreases with temperature, the

resistivity will increase with temperature as appears from

expression (3.17;.

The internal series resistance Rg arises on account

of a number of factors. These are the resistance due to metallie

electrodes and contact between the base and the metal, the
resistance of the base layer and the resistance due to doped

These various contributions to Rs have been

layer and grids.
presented in Figure (3.13}. In the

calculated theoretically and
. — ) s
present case the maximun contribution to Rg arises from the

contact between th
r cell is very snall and it appears that in the small

e base and the metal. The contact ares of

the sola
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area solar cell employed, the major contribution is from the

This factor decreases with increasing T

as shown by the equation(ZB)

contact resistance.

o ; L kT/e ego/k‘r
ocbe = © (3.18)
eny Vp lpe 4
= K
where Vv is the average thermal velocity of electrons (g = -2
&= v 3 ’
m

n the concentration of majority carriers, ﬁh is the surface

o
barrier, A is the area of the solar cell and Ipe is the

transmission factor of the electrons, The parameters used for

the thecretical calculations cf the various components contri-
buting to R, are presented in table 3.1. The decrease in serieg
resistance with increase in temperature, as shown in Figure (3.13)

seems to arise from the decrease in the contact resistance contr;.
)

buting to, total internal series resistance RS.
The variation of series resistance RS with temperature

agrees with theoretical calculations as far as the trend of

decrease with temperature 1is concerned {(Flgure 3.13}).

cT OF CONCENTRATION OF INCIDENT SOLAR RADIATION:

3. L EILE

In recent years the theory and fabrication of photo-

ve revealed promising approach to the optimum

voltaic devices ha
qevelopment of sclar cells, involving the conversion

design and
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of strongly concentrated solar radiation{27_h1j. Wwhen the

solar cells are operated under strong illumination. a number
?

of physical phenomena appear that markedly alter the picture

of the current carrier diffusion and the photovoltaic effect

EXperimental work at high light intensities lagged behind the

The earlier high intensity experiments on

theoretical wrkoe
(42} gy

silicon solar cells were made by Pfeiffer et al

measurements were performed for illumination levelsupto 17.5 W/cm2

rurther SandstﬁOm( studied the effect of intensity varying

2
from 5 mW/cm  to 250 mW/cm2
f cell thickness, Hovel

on n/p silicon solar cells with
12
different values © (12) 41s0 described
ehavior of the solar cel

oviewed the work carried out on solar cells under the

the b 1 under higher intensity environ-

ment and T
influence of intense light. However, a detailed analysis and
not available describing the effect of

experimental results are

concentrated sunli various parameters which determine the

ght on

cell. The present work, a part of

performance of the solar

which was al in the National Solar Energy Convention,

SO presented
(43)’ deals with the effect of concentrated sunli:t

Bhavnagar, 1978
ous parameters which influence the performance of a

on vari
possible explainatio

solar cell and a

n is presented accounting

£ variousﬁparameters of the solar cell as a

for the variation ©

£
5 concentration of ,incident solar radiation..

function ©
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3.4.1 BXPERIMENTAL SET-UP:

The experiments were performed on the same p/n sili
con

solar cell as the one described earlier, that is, the one used
; e

for determineation of Rg and for analysing the effect of tempera-

ture., To reduce heating of the cell, the cell was surrounded b
v

a heat sink { Figure 3.14}. Water circulation was provided t
o

avoid heating of the solar cell., The cell temperature was

found to lie in the temperature range of 30.200 to 32 ooc

during the experiment. The incident solar radiation was concen

tragted using a Fresnel's lens and the current voltage charac
teristics were obtained for various values of short circuit

current varying from 1 mA to 50 mA, Ig, being 1 mA at one sun.,

The various paramneters such as internal series resistance R
S

shunt resistance Ry thermal voltage VT and the reverse

ation current lo were obtaine
The current was measured by an electronic

o d from expressions (3.1},(3-2)
3

nultimeter and the voltage was measured by a vernier potentio-

meter. The experimental set-up is shown in Figure {(3.15),

RESULTS AND DISCUSSION:

3¢5
5.5.1 BFFECT OF CONCENTRATED SUNLIGHT ON REVERSE SATURATION
CURKENT Lo
Tn Figure (3.17) it is shown that initially, the

urrent IO does not change with concentration

reverse saturation c
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the

of ;incident solar radiation upto 10 suns but later on it

(dedy
starts increasing, Howes and Read . have shown that the

parameter I0 is a function of current density. Under con-

centrated sunlight the simple boundary conditions used in
Chapter I for the solution of the continuity equations are no

longer valid. This is because of the fact that the concentration

of injected minority carriers in the bulk p and n regions near

the junction becomes comparable o the equilibrium majority

carrier density there., Under such circumstances, the majority

ecarrier distribution , which accompanies the minority carriers

to ensure quasi-neutrality,decomes sufficiently dense to seriously

ibrium value, For such a situation, Using exaect

perturd the equil
boundary conditions(hﬁ}, the dark current component of the solar
cell under concentrated sunlight is given by(h5)

= T4t exp ( V/V )-1 . .
where I'is the effective reverse saturation current and is given
) Q
by
i 2 _ - >
"~ ] Vo0 e
ep, 0 - 54/“1) i Yoo Uy n; evV/kT
s no p_ (1 + —1 e —-—-—--——;:;-_(‘l+—__,_e )
IO.— LJ;: p L n‘_
P Be . no
— T
rX' T - 2—2% ( Vb.L- V)/];(T
/ -
g (3.19b)
the respective equilibrium hole and elaar
where P and npo are . and elzetron

no
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concentrations in n and p regions i L; ond L ape B oiibis
n

., 1-r diffusion lengths for minority carrier holes and elecltrons
respactively. D.p and Dy are the ambipolar diffusion coeffi-

cijents for holes and electrons respectively and Vbi is the

It appears from the expression (3.19b)

in nobantale

guilo=1n
that the reverse saturation current Ié becomes sensitive to the

e V developed 1in the solar

characteristics of solar cells (Figures 3.16)

voltaz cell, It is found from the

current voltage

r concentrated sunlight that the voltage V appearing in the

as the intensity of the incident solar

unde

solar cell increases

ation increaseSe According to the expression (3.19b) an

increase in voltage V causes an increase in the reverse current

radi

11. Thus the observed increase 1in Io with concentration of
o}
incident solar radiation appears to be due ©

at high concentrations.

o the voltage depen-

dence of IO

5.5.2 EFFECT OF CONCENFRAP&Q“§E§EEEEEﬁ9§ OPEN CIRCUIT VOLTAGE V,_

AND FILL FACTOR F B
AMY Tz —

The variation of the open circullt voltage V ., with

dent solar radiation is shown in Figure (3,1
> \

concentration of incl
hows that the OPSH circuit voltage Voo first increases

The graph S
n of incident sol

Oncentratio

ar cell and later on it

with C ' -
.y opan clrcult voltage in its initial

saturabes. The increaseé 1
ncentration of incident solar radiation

stages with the €O
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appears because of mucl i
ch larger incre i
ase in photoge
: nerated

current T compared to changes brought about in T Th

. he

saturation of the open ci i °
rcuit volt i

age V. for higher concen-

tration of incident sol iati
ar radiation can be ex i
plainad by taki
ing

account the changes brought about in the reverse sat
© uration

into
h concentrations. According to equation (3.19b)

current 1! at hig
the reverse saturation cu
rrent becomes sensiti
itive to the
VOltage

ped by the cell and it in
ar radiation (Figure 3.17}. Thus an

dev i
elO creasses Wltﬂ increased concen

+tration of incident sol

at higher concentration causes the open circuit
i e

increase in I
0
rIase Hanoz, under hnigher concentration of

b
-

voltage bto dzerias
n the net dependence of concentrations

incident solar radiatio

to bring about a saturation at high concentratio
ions,

on V 1s
ocC

The variation of fill factor with concentration of

t solar radiation is shwon in Figure (3.19) The Erapk

[ r‘ap

inciden
ctor first increases with concentration

s that the 111 fa
r radiation and after
oncentrations of incident solar

show

of inc&dent sola

asing for nighar ¢
or of the solar cell is defined as th
- e

acquiring its maximum it

starts decre
The fill fact

ratio of the maximum power point ©

radiation.
o the product of short circuit

1tage, FoF.= V I
mp mp/VOC'Isc' The

current and ©
se in fill facto
n the open eire
sults in a larger area of maximum

r F.JF. in 1iTs {nitial stages is mainl
4

increa
wit voltage and the photogen

due to incrzaso i
which Te

erated current Ign
e current voltage characteristics brought

power rectangle 1P th



)

FF

\
\

FILL FACTOR

(l ‘; L)

0.30

0 20}

| |' | ! |

0.0 200 300 400 500

SHORT CIRCUIT CURRENT Ig. (mA)

FIG 3.19 EFFECT OF CONCENTRATED

SUNLIGHT ON FILL FACTOR,



108

2
Later on increase in I'R loss i .
o under higher concentration of
incident solar radiation becomes dominant and it seems to cause
a reduction of the fill factor,

FFECT OF CQNCENTRATED SUNLIGHT ON INTERNAL SEZERIZS HosIs )
2 AMNAL Hoold fa

- —

3.5.3 E
&

—

Tt is shown in Figure (3.20)mthat the internal series

of the solar cell decreases with concentration of

resistance
Increased concentration of solar

the incident solar radiation.
s in larger photogenerated carrier density and

radiation result
to collisions., Much larger increase

lower relaxation time due
in excess carrier density under concentragted sunlight as compared
ase in relaxation time results in the decrease of

to decre
The maximum contribution

resistivities of the p and n regions,
o internal series resistance R for the solar cell under

to th

experimental investigations
and the back electrode, as discussed in

jis mainly due to contact resistance

between the base

The contact resi
(46} Tpus, the decrease in the resistivity of the

resistivities .
rease in the centact resistance

ears to cause a dec
ses the total internal series resistance R

stance decreases with decrease in

base apP

Wil S

of the solar celle
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CHAPTZR-IV.

SCHOTTKY BARRIZR SOLAR CELLS

The main stress at present in solar energy technology

e development of cheap and efficient methods for comver

is on th
solar radiation into electrical power. For large

ting incident

scale terrestrial powel generation, present technology appears

t the cholce of materials %o photovoltaic systems using

to limi
This is due to factors such as

junm sulphide.

silicon and cadm
jate technology and abundance of raw

the availability of appropr
The conventional p-n jun

y of successful use in many ap

materials. ction silicon solar cell has
had a long histor plications, chief
ng them being the use fo
ant ages of silicon for b
ts abundant availability

1 established technology for

r space applications. The many well~

ano
eing used in photovoltaic power

known adv
as a raw material,

systems, jnclude i

the existence of a wel preparing
£ desired purity and pr
The only barrier

ology is the cost of th

gilicon © ocess of doping and the reliabi-
1ity of the device.
n solar cell techn

e which 1is drawin

in the way of current
ese devices,

silico
g the attention of a large number

Another devic
he fabrication of the schottky

ecent years is t
(1‘15). This is because of ¢
version officiency of ©

of scientists inr
olar cells he fact that the
imit of the con

p-n junction sil

barrier S
hese devices

theoratical b 8
reach thab of
i presented b

jcon solar cells. Theoretical

1
(16) predicted

can
v Mcquat and Pulfrey

25% for schottky barrier

ar cells have

ction which is quite 1

solar cellse

parrier sol on additional advantage in

st of produ
p-n junction sil

gchottky
ow compared Yo the

The present

terms of ¢©
icon solar cells.

conventional
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chapter deals with an interoduction to schottky efiect, metal
s -

semiconductor contact, the current voltage characteristics of

schottky diodes and the theory of schottky barrier solar cells

4.1 SCHOTTKY EFFECT 3

A lowering in the metal work function for a metal

vgeuum system 1is brought about by the combined action of the

e and the force due to an applie
own as the sehottky barrier lowering or the

image forc d electrie field zp.

This lowering is En
The image force is the force between the

image force loweringe.
positive charge and the e
guming that the electron at a d

duc_es an equal positive charge at a distance

lectbron, <Lhis force can be

induced
istance * x from the

calculated by as

mettalic surface in

The total potential energy of the electron

-x from the surface.

is given by(17)

e
P.E = ¢ el x (Lo1)
16Tr€ox

on for a metal-vacuum

- =(e/16TT6d) /2
by (170

The maximum potential energy of the electr

stem occurs at a distance X, given by 2

sY
ced AP is given

and the barrier lowering produ

Ad = | o 1T 112 (4.2)
of the free space.
= 10° V/cm, then barrier

is the permitivity This is shown

where €o
For example if &

in Figlre (li'o'l ) .
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lowering A @ is 0.12 V and x,; = 60A0- If &€ ve 107 V/em
]
. o
then Ag is 1.2 V and X, > 6 A, Thus at higher fields, there

is considerable schottky barrier lowering and the effective
metgl work function is reduced,

If the metal vacuum system is replaced by metal

semiconductor system, the schottky barrier lowering and the

location of the potential maximum can also be calculated, For
a metal semiconductor system, the external applied field in

the case of metal vacuum system should be replaced by the
maximum field 4jf at the interface and the free space permittj.
vity should be replaced by an appropriate permittivity €
characterizing the semiconductor medium, A & is then given by( i

AP = | eef/wes)'/z (4.3)

Teking & = 10° U/em and & =
ompared to a value of 0.12 V for the metal vacuum system,

16 € for silicon, &¢is only 0,03

V as ¢

Thus the barrier iowering is reduced for a metal semiconductor

systenme.

4.2 METAL SEMT CONDUCTOR CONTACT

contact between a metal and n type semi-

Consider a

conductor ( Figure Le2a }.

an the semiconductor
i conductor are brought into intimate contact;
This flow of

Let the metal work function ¢m be

greater th work function @gy. When the

metal and the senl

the electrons flow from semiconductor to metal.
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s from semiconductor to metal, leaves ionized do
nors

Thermal

electron
behind and they provide a positive space charge region
®

equilibrium is reached when the Fermi level of the metal E
a
fm

and that of the semiconductor Efg coincide. When thermal
a

equilibriun is attained,there is no net flow of charge. I
» In

equilibrium the net carrier density near the surface of the
semiconductor is reduced from its bulk equilibrium and
a

contact potential difference is set up at the semiconductor

surface. The field arising due to the contact potential

difference exisis now largl

al energy of an electron at re
in the interilor of the crystal differs from

y within the semiconductor, The

pOtenti st at the boktom of the

conduction band
ch an electron at the surface by an

the potcnbial energy of su
- Poo)s ond a8 & result the con
" to t he Fermi level as

duction and valence

amount ( By

band edges are shifted with respect:
The positive space charge density

{llustrated by Figure (4+2b) .
due to the eXxcesSs concentration of ionizegd

in the surface region,
population { in connection with elec-

donors over the electron
etal) is juSt such as to produCe

hich tunne 1 through the m

maintain a potentia
The situation within

1 difference ( gm_g )
Sc

trons W
a field sufficient 1O
n the metal and the

uctor is not essentl

semiconductor.

betwee
ally different from that which

the semicond
e charge layer of a

nnection with the spac
ant to note that in the present

of height ( ¢m - ¢a:) is formed

was discussed in co
p-n junctions It is import

example & potential barrier vbi
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~t the surface. The formation of this potential ovarrier

and the existence of the depletion region are the basis of

the explanation of how a metal-semiconductor contact rectifi
ier

operates as is discussed later.

Tn figure (4.3) the situation which arises at the cont
ntact

interface between a metal and an n type seniconductor where

is greater than g is shown. Tn this case the electrons

@
; conductor till the thermal equilibrium

flow from metal to sem
Here the semiconduc

=
~r

3s reached. tor must acquire a negative

charge, the metal a positive one, and the bands shift downward

As a result, instead of a potential barrjer, an
]

at the surfgce.
n in which the elactron concentration is

accunulation regio

r than the concentration of icnized donor atoms.is formed
[ ]

greate
on concentration in the surface accumulation

The excess glectr
jve space charge necessary to support

n gives rise to negat
ntial between the

regio
two substances,

the contact pote

AL SEHICONDUCTOR COUNTACT RECTIFICATION @

L.3 MET
The metal semi conductor contact, as discussed in article

rectifier in the same manner as & pgn junction,

h.Z,behaves as a
arriers within the de

concentration of ¢
chat

is much amaller than*in the other p

tend to appear

plied voltage will
The applied voltage will thus tend

pletion region

gince the
arts of the system, any

externally &P primarily across

this high resistivity layers
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either to increase (reverse bias ) or reduce (forward bias)

the barrier height, as shown in Figure (L.4) for the casge of
an n type semiconductor and a metal having a larger work

function. In thermal equilibrium, a certain fraction of the

electrons in the conduction band of the semiconductor will have

sufficient energy to surmount the surfade potential barrier

and go over to the metal. These electrons will cause a current

density J; to flow from metal to the semiconductor. A current
-+

density Jn(arising from a small fraction of electrons in the

notyl which can sumount the Rarrier and flow to the semicon-

* will also flow from the semiconductor to metal, Theg

duetor. ) -
two current densities must be equal in magnitude in equilibriunm X

Under these circumstances there is no net current due to electrons

In a similar way, there are two current densities J; and J;

due to holes. The former consists of holes which are generated
at the semiconductor surface ( by electrons from the valence

band occupying occasional empty electronic states in the electron
distribution of the metal ) having sufficient energy to overdome
the potential barrier and enter the interior of the semiconductor,

Thus J; is from metal to semiconductor. The other component J;

is made up of holes from the interior of the semiconductor which

di ffuse to the surface and disappear there by extracting an
i di i i f the metal. Thus J~
electron from the Ferml distribution o s g
Again, at equilibrium, these twg

is from semiconductor To metal,
s are equal and opposite and no net hole current

current densitie

flows.
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When an external voltage V is applied to the contact
4

the situation is as shown in figure 4(b) (reverse bias) and 4{c)

(forward bias). The two current densities J_ and g*
% p are governed

by the number of carriers present in the semiconductor possessing

enough energy to get over the surface potential barrier, which
]
J

when an external voltage V is applied, is of height (V.. -v )
oi R 3

where Vi3 = @..— . s J
bi F?SM ¢SC 15 the qlil lerence between the metal and
semiconductor work functions. Thase two current density compo

nents are given by(18)

- e Vy:=V)/kI
Jn = Jno e bl and (’-I-.LI')
.3 e_e(vbi"v)/kT (La5)
p pa Y
electrons

Where Jpo and J__ are gross current densities due to

po
and holes resPectively..The other two current density components

e dependent only upon the number of thermally

- +
J” and J_ , ar

n
available in the interior

generated holes

of the semiconductor,

ns from the metal which can surmount the

and number of electxo
barrier respectively and these are given by (18)
Ho= Yoo ® - and (k.Ba)
* -2 Vbi/kT
Jn = Jpno ¢ (4.6b?

density of electrons and holes are then

The total current
seVp /KT [ eV/kTq ] end (4a7)

x
- I =9
n = “no

T

i

€
=1

5, =5 = 9p = 'po e ['e ] s
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while the total current density is simply

J = % _ 1 aV/kT
( Jn Jp ) = do [e _1] (4.9)

where Jo is the saturation current density

—e v
T

Yo T (i * iy ) (4410)

1% po no

The metal-semiconductor rectifier thus has the Sajme current
voltage dependence as expressed by equation (4.9) ag the p-n

Junction, except that the saturation current is different,

According to expression (4.9) for current voltage
(* 9]

characteristics, the characteristics ofkmetal-semiconductor rechep:
C 1¢%

should depend upon the difference in the work function of the

metal and the semiconductor, but the experimental results of

Meyerhof(19) showed that in the case of silicon-metal contact,

the rectification properties of the contact were independent

of this work function difference. This situation was resolveq
(20) According to him there exist electronic states

by Bardeen .
associated with the surface lying in the forbidden region betwee;

the conduction and valence bands of the semiconductor, The funp.

damental justification for the existence of these surfgce stateg

(21)
goes back to the work of Tamm » who showed that if 1 periodic

square well potential such as that associated with the ktbnig -

Penny crystal was terminated on one side by a surfgce potential
barrier, there would be discrete allowed energy levels within the

forbidden energy regions corresponding to wave functions which
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d near the surface. A detailed study of these
(22)

under btaken by Shockley kecordin
® 23

are localize

surface levels was also

to Schockley's calculations, there should be one surface stat
stave

for each surface atofle In addition to this, localized surface
levels, discrete or continuously distributed, nay be expected
to arise from impurity atoms, exide layer and structural impers
tions at the surface. The presence of a considerable density ec-
urface states results in the formation of depletion layer

ductor even in the absence of an external

of s

within the semicon

metallic contact. To undersband this, the case of an n type

ductor having a substantia
( which are negatively char
s considered, whose density and distri-

1 number of acceptor type

semicon
ged when occupied and

surface states

neutral when empty ] &

pution in enerey within the forbidden region are shown in
Figure (Le5a) The electrons flow from semiconductor to the
surface stateses This flow of electrons will continue till

ibrium is reachede In thermal equilibrium the

thermal equil
s with that of the

rface states coincide

3 level of the su

Ferm
11led upto the

bulk semiconductor. The surface states will be f

ing a layer of neg
within the conduct

and which therefare

ative charge at the surface

Ferni level creatb
ion band of the semi-

repels electrons
leaves a positive

which

rom the surface

conductor f
m uncompensated donox ions

n arising ¥
{n this manrne
as a result of equil

ace states in the absence

space charée regio
r a depletion region and

adjacent to the surface.
ibrium bet-

builv-in potent-ial are set UpP

o bulk semicon

a
ductor and surf

ween th

of a metale
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When the metal is brought into intimate contact with

the semiconductor, there will be a flow of electrons from
the surface states to the metal, untill the Fermi levels of the

metal and the surface states coincide. Thus an esquilibrium 15
established between the metal and the surface state Fermi levels.,
In thermal equilibrium all the three fermi levels coincide ang
this results in the formation of the barrier ¢B of the metal

seniconductor system as illustrated in Figure (4.5},

Under thermal equilibrium the net flow of current

across the metal semiconductor contact is zero. The detailed

energy band diagraa for metal-n type semiconductor system is

shown in Figure (4.6}.

ZXPRESSTONS FOR DEPLETION LAYER WIDTH W, BUILT-IN POTENTIAIL

’
’&o‘l

Vy;, ELAECTRIC FIZLD &, AND BARRIZR HETGHT g, :

Before going into the details of the working of a

olar cell we introduce a number of terms and

schottky barrier s
ommon use throughout hereafter,

exXpressions which will be in ¢
for depletion layer width W, built-in potential

The expressions,

ond barrier height @pn are obtained by solving the Poisson's

Vpio
equation. The Poisson's equation is given by
d%v J/
- A (Le11)
. €
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where JD is the charge density. Under abrupt approximation,
that is, the doping density is constant upto the boundary
between metal~semiconductor contact, the charge density £ = e,
for x<w and # = 0 for x » 0, here Nj is the donor density,
The solution of the Poisson's equation (4.11) gives the follow-

ing expressions for electric fisld ¢ , depletion region width

W and the built-in potential Vb{(17),
e N
Eixy= —2 (x-v) (he12a)
S = o /
2 € 1/2
= s
W [ ( Vpg -V, ) ] (4.12b)
e Np 4
and -
e N
V . == ——-—2—— Wz .1
bi =E (4.12¢c)
S
To get the expression for the barrier height of a
metal=-n semiconductor with the space charge having acceptor

surface states of density B, states/cm?/eV, we consider D4
as constant over the range from @, to the Fermi level, where 2,

is the energy measured from the valence band edge at the semi-
surface and specifies the level below which all surfac

conductor
11ed for charge neutrality at the semiconductor

states must be i
(23). The surface state charge density @ss on the semi

surface (17)
. 17
conductor 1is given by
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.( \
B-aAﬁ) (4e13)

is the energy &aP ol the semiconductor and Aﬁ is

wWhere .
the schottky barrierl lowering ( image force towering ). The
space charfes Jhich forms in the depletion layer of the semi-
. 1 1 - = 1
conductor at vhermal equilibritfs is given by( 7)_
k T 1/2
+ &8 - '] (4o1k)

Qo= [22Es iy #an Vo

i I i i of the metal-semicondu t
where ¢Bn is the barrie® height ctor
js the difference petween the semiconductor Fermi

system and Vi
ne bulk of the semiconductor.

nduction band edge in ©

e charge density on the semiconductor

level and ©€°©
The total equiValent surfac

surface 18 given by
(ke15)

Q = QSS ¢ Q‘sc
g in the jnterfacial

o charge effect

In the absence of an¥y spac .
d opposite charge developes on the
Ly equal @
layer, 2 exact
b
metal gurface and 18 given y
(Le16)
al O across the interi‘acial layer cad be obtained
Th pocenti
£ Gauss' 1aw ©O the surface charge on the
by the ay,.licata.on 0 bY“?)
i jven
metal and the 'Semlconductor and is &
___éf‘_m__, (417
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Where €; is the permittivity of the interfacial layer and &

is the thickness of the interfacial layer. At thermal equi
-

librium, the value of /A can be obtained from the energy band

diagram of the metal semiconductor system as shown in Figure(4.6)
eld.

and given by
D =@y - (o g D0) (4.18)

where ,2; is the electron affinity of the semiconductor. Ii A

is eliminated from equation (4.17) and (4.18), and substituting

the value of Q, ¢Bn is given by (17)
C .Cz
an: [02(¢m'zs)’(c1'02“38/e' ¢o)'A¢J * {_L2_2' _CS/Z

c C
1 i kT
(./'n¢_ )

X[C1 (@ Xg)+13-Co) X (BB —L - —
2 C2 02 e .
C,e C 1/2
et~ ol
t T ] _f (4.19)
2 eg N €.
where C,= _____EE’.__D— §% andc = i
¢ € €.+ 828D
€, g s si

The limiting value of the barrier height of the metal semi-
d by the surface states. This

conductor system is determine
yzed in the following manner as given by 56 (17)

canbeanal

(1) when Dgg — 9 ¢, —» O then
(4420)

Pon = { Bg/e o &



127

In this case the Fermi level at the interface is pinned b
¥
the surface states at
ates at the value 950 above the valence band,
The barrier height is independent of the metal work funectji
ion
and is determined entirely by doping and surface properties

of the semiconductor.
(2) When Dgy -»0, C, =1, then
P, = Uly = &) <A (4.21)

In this case the barrier height is determined by the difference

of metal and semiconductor work functionsand the amount of
doping.

L,5 CHARGE TRANSPORT IN SCHOTTKY BARRIERS i

For the schottky barrier the cwrrent-voltage charactep.

jstics can be explained on the basis of three different types
of approximationse. The three approximations are the thermionie
emission, gpproximation, the diffusion approximation and a com-
bination of these two known as thermionic emission diffusion

app roximaticlle

In the case of thermionic emission the assumptions

d are the following:

involve

i r than kT
(1)  the barrier height e Pg, is much large ;
(1i) electron collisions within the depletion region are
ii

negle cted, and
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: itadndly

by

e

ant Loy thermionic

o eflective mass O alsctron m%

A

4
.

s upon Ul

{(he23)

the Planckfs constant,

constent and h is

h
[

ollowing

based on the

gh auch larger than kT,

lectron collisions within the depleticn

0 and x=W are unafi-

centration of the semiconductor is

.t

the C°
given bY

rent-voltage characteristics
(17,25)

de is
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e @, eV
Jgieem e Ve € fla o@l- —2 0 ) [ = 3 ]tz

where No is the density of states in the conduction band, /u
n

o o ol \ 0 o
i5 the mobility of the elsctrons and ¢ is the electric

field in the depletion regione.

For the space charge region comparable in thickness

to the diffusion length of the electrons,a combined approach

yields(ZG)
e N V e ¢
J'i‘...D: ¢ "R axp( - Bn )[e:{p( e'\'/ic’l')-‘l] (4.25)
Y kT - >
1 + VH/JD
% 2 o .
where Vp = AT /e N, and Vp is an effective diffusion velocity

If Vp »” Vy then the expression (4.25) reduces to (4.22),

In this case the thermionic emission approximation becomes

dominant. If the image force effects are neglected and

mobility o is independent of the electric field Ef ; then
VD= /unz‘f . If VD << VR then the expression (heR5)

reduces to (k.24) and the giffusion approximation becomes

dominante

L6 SCHOTTKY BARRIZR SOLAR CELLS :

3chottky barrier solar cells are rectifying metal

semiconductor contacts with a very thin insulating layer
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between the metal and the semiconductor . This insulatin
&
layer can be readily penetrated by tunnelling by the charge

carriers., Like the p-n junction solar cell, the built-in

field of the schottky barrier separates the photogenerated

charge carriers. In these cells light is incident on a very

thin optically transparent metal film., This 1light is then

transmitted through the insulating layer oncto the adjacent

semiconductor. The motion of charge carrisrs modifies the
built in potential in the device and power can be delivered

to an external load in the same manner as in p-n junction solar

cells. We consider Au-n 5i system as a schotiky barrier solar

cell.
than that of the semiconductor ( Silicon ).

The metal ( Gold) work function in this system is greatep

On illuminating the schottky barrier solar cell, g

across the cell. This voltage V acts as a

voltage V appears
in p-n junction solar cells,

forward bias on the device as
art Vi of V appears across the insulating layer of thicknesg

Ap
p and the rest Vs appears across the semiconductor depletion
region of width W. We have
el R (4. 26)
s -

am of a schottky barrier solar cell

The energy band diagr
under illumination is shown in figure (4.7) . The total
current through the device is given by(3)

(4.27)

e h h e
I=A[Jms"’w+JDL-Jsm]
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Where A is the areaz of t i ¢ 3
he device, J_  is the current density

from semiconductor to metal caused by the electrons flowing
from metal to the semiconductor , ng is the current density
from metal to semiconductor caused by electrons flowing fronm

the semi u i .
e miconductor conduction band to metal, Jw is the current

W due to holes passing towards the junction

density at x =
| N ; h
from the interior of the semiconductor and JDL is the current

density on account of the photo-generated holes in the depletion
region flowing towards the metal.

The current density JgL due to carriers generated

inside the depletion layer can be obtained from the generation
(27)

rate g(x) due to incident photons as follows

g{x) = ocfme-ocw (4.28a)

h o |

Joo = ® fg(x) dx {4.28b)
[+

h -0C W

oy = © ?Iw( 1 -e ) (4.28c)

Where ¢ is the incident photon flux and « 1is the absorption

In the case of n type

coefficient of the semiconductor.
silicon, the hole current density Jw at x = W can be obtained
from the solution of the continuity equation for the minority

(3)

carriers
(4e29)

2
dp P ~Pno 4 g(x}) =0



and the boundary conditions are

(4.30a)

{x) p +p,, a5 X > ®©

(i1} & =P, L pam ko2 W {(4.30D)

The solution of the above equation (he29) is

2
-X 03¢ L
plx)= p_ + he /Lo . 5 e lp o flux “p

P

Dp(1-oc

whers A and B are constants,.
Using the boundary condition (1) as X % 00, p =+ Ppo and B=0
be callse eA/ur diverges as X =< w , the solution for excess
carrier holes p { x) becomes

. 2

Sl ocf) L
=% lp flux .

plgy= g, " he

-oc X

k- p

With the help of boundary condition (ii), the solution becomes

14 - T m = ~
P(.‘(): b * eeV/kT-_‘) e“/h}) e X/Llp _ Qi‘LuX Lp
no “ne Dl"“—m L2 )
2
- W -x/L oc, f L -
" eW/Lp o / 0 . flung 5 x S B
p. (1= @& LT )

P p

h . ;
The hole current density Jw at x = W is given by

h
d =iie Dp —dJ—:-—l (4.32)
dx

W
X=W
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ent for holes. Thus,

where Dp is the diffusion coeffici
e ocL, -2 8 P I
Jz‘: - _________2__%-'0!3 ®¥ _ o, ) O [e:{p(eV/k'l‘)_1:|
1 + ocly L,
(4.33)

where Lp iz the ditfusion iength for holese

When the sehottky barrier lowering effects are
ected and the fransmission probability of electrons across

negl
the current

the interfacial layer 1s assumad to be unity,
density componants for majority carrier electrons under therm-
roximation are given by

mionic emission apPP

P g O oxp(-efy /xT) oxp ( 2Vs/KT) (L 34)

m

and ( |
° = A#Tz expl - eQBn/kT} exp (_evi/kT) B35
ms
Theref the total current flowing chrough the device becomes
‘herefore,
—ocW
I B A [1 —E——-——-] - A* T2 L eXxp {-o( ¢Bn+ Vi)]
- e -
e 1 + a:Lp
epPno DE [eeV/kT_1 ] (4.36)
x{exp (VD) -1} — T
i Te resents the
In the above expression (L 36) the first term IEP -
d urrent(zg) S and gecond and third b€
hotogenorate c 5 o -
i t the dark current components gue bteo malo

represen
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inoRLEy pArsLers respectively. <the cwrent-voltage ch
arac-—

teristics of the schottky barrier solar cell can be writte
n

as
I =Iph=Tor [[exp(eV/kD)-1] - Ip [ (e/kT)-1]
(L.37)
where e
I L1 %
po= ¢ B0 LT Ly (4.38a)
Ior = A71% e [~ ¢ ( fon’ v;)/xT | (4 38b)
and a
€ Pno “p
toD = L ) (4.38¢c)
P :
The schottky barrier solar cells can have effici~

proachj_ng that of the p-n junction solaxr cells.

) has stressed the importance of the interfacial

encies ap

Fonash
1lls. Fonash(B} has shown

layer on the performance of such ce
that V depends oI the density Dsi of surface states. He has
In case I the comunlcation between the

considered two €aseSe
cult and V is

ace stgtes and m

given by(3}
a f
- = V) J

v:—(weSDsi/ei)vsoc[vbi ™ Vel
(4.39)

etal is extremely dlffl

jntert



Where C = (2e ii_g /2 -
(Ze L,G.S) ( 5/’61). V increases with Dg; in

this case. In case II the communication between the inter-

face states and metal is extremely efficient and V is given

oy (3)

c 1/2
‘ ' 1/2
. L#g <%= 1'" ]

+ 7|
4 65u51/€i

(4.40)

In case IT V decreases with increase in D_.. BEquations (4.39)

and (4.40) show that two more parameters affect V and the se

are the donor demsity liy and interfacial layer thickness & .

of V with & is different from that of V with Dy

Variation
. - (3)
also appears in C. Also Fonash has taken the

ability of transmission of electrons across the
The effect of donor density and

since §
tunneding prob

interiacial layer as unity .
erfacial layer thickness 8 on the performance of the

of int

schottky barrier S

and VI.

olar cell will be presented in Chapters V

The solar cell parameters such as the short circuit
current I_, when V = 0, open circuit voltage V,, when I = 0,
Vﬁp. Impﬁvoc.IS&) and efficiency of

the f£ill factor FF ( =
_ng;zﬁg— y can be obtained from

the solar cell‘q (= EF o
9P TP _ - 0 for maximum power

equation (4.37) ©

point.
ristics of the schottky

nt=voltage characte

r dark and with illumination is shown in

The curre

barrier solar cell unde

Figure (4+8).
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4e7 AIli OF THE PRSSENT WORK IN CONNZCTIOW WITH SCHOTTKY

BA:RIsR SOLAR CELL:

An alternative approach to the development of low
cost solar cells for terrestrial use is through the use of

metal-semiconductor schottky barriers to replace the conven

tional p-n Jjunction solar cells. Schottky barrier solar cells

are adaptable to low cost large area fabrication techniques

and are suitable for polycrystalline devices. In addition
+Vids

the collecting junction being at the surface of the device
3
there is increased short wavelength response and improvement

in collection efficiency on account of reduced recombination
The main draw-back of schottky barrier solar cell is that the
reverse saturation current I, in such a cell is large and the

open circuit voltage Voo 1s very small., For an ideal Au-n
for which the diode quality factor is

silicon schottky diode,
the barrier height at the metal semi-

taken as unity and g,
ntact is 0.80 eV, the open circuit voltage V . is

conductor cO
AMO conditions. In recent investigations'7)

only 0.30 volts under

ported that the presence of a
e semiconductor call considerably increase the

it is re thin oxide layer between
the metal and th
d thereby result in a large conversion

open circuit voltage ail
In order to make a general comparison of the

efficiency.
ined on schottky barrier solar cells, the

results already obta
nt authors are presented in table

results obtained by differe

(Lotl)e
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CHALPTER V.

ZLICTRON L ST 55T Ol A4D DOUOR DENSITY ZyyaCT IN SCHOTTKY

SARRIZR SULAR CBLLS

5.1 Ii 11 JUCTIUE]_
- SN ~ - TS . - ( 1 _1 ;j
Recent exporlmental 1nVeSu1ua‘blons : have Y-

ncy of schottky barrier solar cells can be

that the efficie
jncreased considerably by introducing 2 thin insulating layer
oetween the m.tal and the semiconductor. The insulating layer
helps in reducing thz d=rk eurrent componant of the schottky
barrier solar cell., The exact role of this layer 1s still
hk1h} the density

According to ronas g

iy understood.
ole in the functiocn -

not clear
an important T

p . of swriuce svatos plays
si
sng of the schottky parrier solar cells. The expression for
(i)
ped by sonash for & schottky barrier

the voltage v develo

AL
ntains this fact (T considered

solar ceil ¢© or D 4. Fonash
es affecting the voltage developed BY the cell. For

in which tia COM:
2 r{sc

ctronaly &

two C&abS
' the interface

case 1 ;un%c:tion between
b}
3 1 .he voltege ¥ 1
states and mebtal 13 uit, the Vo g s

: (14)
given by
1/2 1/2

/ V) / ] (5.1)

1J’ = ( e ¢ SDSin/éj, J.-" U {-Uﬂi "[.d'bi- g
= (228, € ‘1/28 / and the various other symbols
where C= (&3hy& /ey _ ,
sgustion {5.1) haVe been explainea
reases with increase

in Chapuar IV,

appearing in
squstion (5.1) that V inc

1t ise clear from
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in L P rventand s
Y j+ The cormunication between the interface states and

2tal is difficult when the Fermi level of the interiace

%]

staves coincides with that of the bulk semiconductor. ior
case II in which the communication between the interface

states and metal is extremely officient, the voltage V is

civen by (14)
- C 1/2 Y

A B e [V v ] sz

1+eb D,/ e.

equation(5,2) shows that V decreases with increase in Do

The communication between the interiace states and metal
is most efficient when the rFermi level associabed with the
interface states and metal coincide. srom equstions (5.1)

and (5.2) it is scen that two more parameters, not considered

- V14
by Fonash # , affect the voltage V developed in the solar

These are the interfaeial layer thickness § and the

cell.
is somewhat

donor density HD. Variation of V with &
different from that of V with Jsi since & also appears in

Also the variation of V with ”D seens to be

the constant C.

different from that of V with DSl
)
14, considered the intefacigl layer to

since ND appears only in the

!
constant C. Fonash'
be perfectly transparent to electrons and hence took the

ssion coefficient unity for electrons across the inter-

transmi
ons are modified by taking into

facial layer. These equavl
e transmission coefficient for electrons and thereby

account th

studying the effect of the interfacial layer thickness on the
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Schottky barrier solar cell performance, Likewise the effect
of the doping density on the performance of the schottky barrier

solar cell is also considered.

5.2 THEORY

We consider a schottky barrier solar cell consisting
of a metal and an n type semiconductor, the metal being of
higher work function than the semiconductor, Illuminating
the schottky barrier solar cell results in a voltage V across
the cell , a part ¥; of which appears across the interfacial
layer of thickness B , while the rest Vg( = V- Vi) appears
across the depletion region of width W of the semiconductor,
The energy band diagram of metal ~-n semiconductor system with
and without illumination is shown in Figure (4.4). The total
current I, fiowing in the eXxternal circuit from metal to

semiconductor under illumination, is given by

I = Iph = Ipark (5529

Where Ipp is the photogenerated current and is given by(15)

e—OCW ]

Iph ~ e ﬁflux [ 1 = {5.4)

1+ ¢l
b

oc is the absorption coefficient ot the semilconductor, W is
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the width of the semiconductor depletion region and L ig

the diffusion length for minority carrier holes.,

In equation (5.3), the second term is the dark current
arising because of the fact that illumination makes the device

forward biased which,in turn,sives rise to the diode current
or the dark current in a direction opposite to the photogenera-

ted current I,n. The dark current Ip.rx Mainly consists of two

components, namely (1) the dark current I, due to majority
carrier electrons, and (2} the dark current I, due to the

minority carrier holes. The dark current: component I, due to

majority carrier electrons is given by!1%)

I,= A7 1%  exp ( -e @5, /kT) [ exp(eVy/kT)-exp (- eV;/kT)]

(5.5)
In expression (5+5) A 1s the effective Richardson's constant,
is the barrier height of the metal-semiconductor contact

ﬁ%n

system, k is Boltamann's constant and T is the operating

temperature of the cell,

The dark current component due to minority carrier holes

(14)

Iy is given by
e D
Iy = P P [ exp ( oV/kT)- | o
i 1ibri hole concentration and D_ is the
¢ is the equilibrium b
Where Pos

diffusion coefficient for holese



146

543
LAYZR THICKNI3S

1 l';,)

3 ; =z \
In his analysis Fonash _ took the tunneling proba-

bility of electrons across the inteffacial layer equal to

e ) 418 ) |
unity. Srivastawm et all' "’ performed calculations to study

the efiect of interfacial layer thickness & on the efTiciency
of schottky barrier solar cell for both the cases, namely,
the case of difficult communication and that of easy communi-

These authors found that the efficiency ?@ first

cation.
and then

increases with the interfacial layer thickness &

gets saturated for higher values of & for the case of diffi.

cult communication ( Figure 5.2a). On the other hand the
efficiency decreases with the increase in the interfacial
8 for efficient communication as shown

layer thickness

in Figure (5.4b). A continuous increase in the efficiency

¥], o Bha well WEEH § in the initial stages leading
finally to its ( efficiency ) saturation beyond a certain 8
as shown in Figure (5.%1a) seems quite unlikely. In the present

" i % v's modified by introducit
work, expression (5.5} wa y oducing the

te account for the electron tunneling

transmission factor frn
and study its consequences on

across the jnterfacial layer

efificiency QZ .

The ratio of the curre
e current due to thermionic emission of

nt due to diffusion of minority

carrier holes Ih to th

i s injection ratio, is
ity carrier electronsiy, a

Tore known
maJo
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usually of the order of 10 o 10 A for silicon schottky

diodes(17), The expression for the dark current used by

most of the authors is the one siven by the thermionic
3 3 3 1 1 s (6’15}
emigssion approximation of the majority carriers .

Introducing the transmission coefficient T, of

electrons across the interfacial layer and the ideality
factor n in the eXxpression for the dark current, the dark

current is given by

r

= . -1 (5.7)
Dark IO'irn L ok ]

I

where I_. is the reverse saturation current and given by
0

* - - ->
whare §.. is the efiective barrier height defined by
- o
The tunneling prooabllvty of electrons across

| ¢Bn ’ Vi). : ] (13)
the interfacial layer ln, is given by ;

. )
87 (2n* ) 6 [(Fea - T‘[3:)3,/2_ EB/zJ}

""Irn; exp {" 31’] N A - Vi
(5.9)

otential drop across the interfacial layer

where £\ 1is the p i
the cell is not j1luminated, @

ons in the jnsulator gap, h is Planck's

is the average barrier

when

height for elsctr

" m* .5 the effective mass ofi electron and V; is the
n i

consta
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voltage developed across the interfacial layer on illumi-
nation. Lor low values of Dg; the potential V, developed

across the interfacial layer is calculated using the boundary
(18)

condivion

Eg s, = €. w, = & - L5+10)

{here €_ and Ei are the permittivities of semiconductor

g : ~O o
and interfacial layer respectively and g and E. are the

electric fields associated with semiconductor and interfacigl

{18)

laver rzspsctively. ‘fhe ideality factor n is given by

: n=1+68/¢cw (5.11)

It is thus quite clear that the current Ipark @5 &iven by
equation (5.7) depends upon the transmnission coefficient Trn
of electrons and the diode quality factor n., raking into
account the transmission coefficient Trn across the inter—
facial layer and the ideality factor n, Srivastava et al(15}
studied the effect of & on the conversion efficiency ql of
the schottky barrier solar cell, It was found that there
eXxists an optimum thickness § for which the conversion
effjciency 71 is maximum as shown in Figure (5.3). The
various parameters used during the computation are given

in table (5.1r; the detailed analysis to see the effect of

interfacial layer thickness § on solar cell parameters is

discussed in Chapter VIe

wwork presented at National Solar Energy Convention in
Tbadavgur(1976) by Srivastava, Swami and Ghule.
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Paraneters usad in efficiency calculations of Schottky barrier
% T
solar eell,

e = 1.602x10" 17 coul, D. = 10 cmz/sec.
K - 1.380x107%3 joule/°k t' = 1077 sec.
h = 6.625x10"3h Jjoule-sac. uj = 1O3 cm™ !
o = 8.054x10™ 14 farad/cm év = 0.20 eV
és = Tile.c g

& = 40 gl

Jo = L.70 eV

Jg = 1.12 eV

B = 120 Amp e~ ok_z

N, - 2.8x10"7 em™?

N, = 1.02210"9 cm_3

ng = 1.6x101° a7

m = 9.108}:10_31 Kg .

ﬂ; = L.05 eV

Np = 10"’ o

Poo = 2560 cm_B

PinPUE: 135 m w/cm2

%The datas are taken from references 18 and 24,
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HElTCALLY GROWN AND

5.k ArrLICATIGH OF THE RESULTS TO C

SVAPOrAYSD QXIDS LAYZERS:

Schottky barrizr solar cells POSSesSs many advantagzes
over the conventional pP-n junction solar cells. Cne gzreat
disadvantage with a schottky barrisr solar cell is that the
saturation current I, in such cells veing large, the open

circuit voltage V,, is very small., For an ideal Au-n 381

schouvky diode, zor which the diode quality factor n is
taken as unity and @g,, the barrier height at the metal
semiconduceor contact is 0.80 eV, the open circuit voltage

Voc Lo only 0.3 volts under AMO conditions whereas it is
0.0 volts for p-n junction solar cells. In a recent commun i -

cation Ponpon and Siffert(S) have shoun that Au- nSi
schottky barrier solar cells can be fabricated with
increased V,.. 117 .nterfacial layer between the metal

and the semiconductor ilelps to attain a large values of Vaas

The valuss of V,. observed eXperimentally by these authors
range irom 0.325 to 0.420 volts for the various schottky diode

samples having chemically grown oxide layers. wharess
values ranse from 0.42 to 0.55 volts for evaporated

1he

the VO -

oxide layer samples.
the 0.6 volts attainable with thz conventional p-n junction

‘he above authors have also calculated theore-

figure 0.55 volts comes closer to

solar cells.
tically the open circuit voltage using Ghe observed values of
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short circuit ( photo enerat .
P g ated } current I oy effective barrier

- :{‘
height gun and the diode quality factor n. Tt is found that

the calculated Voc values seem to agree with the observeg

values for chemical oxide layer Samples, The observed and

calculzted Values;however, do not agree for the evaporated

oxide layver.

The simple theory of Fonash(1h) takes the tunneling

probability of transmission for electrons.as also the ideality

Fonash(14) the expression

factor-gs unity. According to

for the current I flowing through the device on illumination g

given by

(5412}

I =1, I [ expl eV/kT)-1] ~Iop [exp (ev/kT)-1]

In equation (5.72) 101 and IDJ are the reverse saturation Current

components due to thermionic emission of majority carrier
electrons and the diffusion of minority carrier holes respec-

In the present work the dark current component due

tive lyo
to thermionic emission of electrons has been modifieq by taking

into account the tunneling probabllity of transmission of

electrons across the interfacial layer. In general the

current voltage characteristics can be written in the form

as given below
{5.13)

I=1Ij-1I [exp( eV/nkl)-1 ]
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Where I' i i £1
o 18 the modified reverse saturation current such that

T & d wh i ssi
-1 en the transmission of electrons across the inter

0
facial layer is quiis
quite large and I! = g

0 IoD vinen the transnission

of electrons across the interfacial layer 1is extremely poo
Yo

ssion coefficient of : '
electrons Typ, depends on the

The transmi
as given by equation (5.9).

interfacial layer thickness &

ark current also depends on 5 .

onent due to thermionic emission becomes

Thus the d
Beyond certain

£ - the current comp
t the dark eaurrent is mainly due to the diffusion

so small thae
The open circud

t voltage V
ocC

of the minority carrier holes.

is civen DY

nkt I
i ( rh )
Vo = b, | I +4 (531}
e o.!
Tt is found from table 5.2 that the observed values
1=
when I 101

ally grown oxide layer samples agree

(5.14),

for chemiC
agreement for evaporated

whexreas the

- 9, '.:
r gamples is better wnen IQ IoD

qUation
in equation(5 14)

in €
oxide laye
unneling of the ma jority

This suggests that the 7
Rl the case Of chemi-

te appreciable i

,corons 1S qui
whereas the diffusion of

yer samples,
s the dominent
se of evapor

grown 0x1a® la
role in determining the

rriers pla¥
t.age in the ca

minority c@
gted oxide layer

n circuit vol

ope
—-_/"-——-
.---""._-_._.-—""'-‘-—"
at the Natlona 1 Solar Ener8Y Convention
rivastava and Ghu ule.

w#Work presented
Bhavnagar (1975) PY Swami,



sample§. In evaporated oxide lzyer sampﬁg the majority

carrier current cdue to electrons, seems to be greatly atten-
uated by the transmission factor across the interfacial layer,
This seems to be the reason why evaporated oxXide layer results

agree with those given by equation (5.14) with Ié: Io

J

Table (5. 2) shows that the experimental and theoretic

values of Vjc agree when transmission is unity for chemically
grown oxide layer,whereas table (5.3) shows a better asreement

between experimental and theoretically V,, values when trans-

mission factor is not unity.

SFSRCT OF DOWOR DENSITY ON THE PoRFORMANCE OF SCHOTTKY

5.5
BARRIZR SULAR Ca&LL:

Tt was pointed out earlier that the donor density Np,
also appears in the expressions (5.1-5.2) for the voltage
developed in the schottky barrier solar cell, Thus apart from
the interfacial layer thickness 6 and the density of interfac
states D_;, another parameter which affects the performance
of schottky barrier solar cell is the donar density NU° Some
attempts were made by Shewchun, singh and Green(19) to show
the efrfect of substrate doping on the conversion efficiency
of schottky barrier solar cells. These authors pointed out
that the degradation in diffusion length is an important

parameter which causes a decrease in schottky barrier solay
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cell efficiency. Bxperimental results.to show the effect

of resistivit;
esistivity on Voc for an Al-p type silicon schottky
(2¢)

barrier solar cell,are presented By Godfrey and Green

They pointed out that there is an optimum resistivity for

which the open circuit voltage has the maximum value These

authors also presented theoretical calculations tovshow the
effect of substrate resistivity on open circuit voltage V
oc*

Their calculations show a linear variation of open circuit
voltage with substrate resistivity. However, their calculated

variation of open circuit voltage V,, does not exhibit the

behavior of experimentally observed variation of Vo with

This article deals with the effect of

substrate resistivity.
e short circuit current, open circuit

doping density on th
voltage and efficiency of schottky barrier solar cells,

aumber of calculations incorporating the

Results based on a
ity are reported in the follo-

arious factors with doping dens
Results of calculations are obtained for an

wing articles.
: L Kk
Au-n Si schottky barrier solar cell.

v

Taking into account the series resistance RS, the

ltage characteristics is

e}Cp( e(V + IRS)/nkT) - 1]

given by

current Vo
{5.15)

Iph- I [

=~
\

nt. The internal

Where I,

gseries I

schottky barrier solar cell is

esistance g of the

given by(21)

publication in Indian

wx% This paper has been gccepted 10T
Journal of Physic3se
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gov
(5 01 .:.‘)

vihe 13 i p R he
re t’._ i the thickness of the semiconductor, A is t©
b

-~

are ft
a° he solar cell and f% is the resistivity of the

seniconductor. The resistivity of the n-type semiconduct
cLor

with donor density “D is given by

1
(5.17)

P =

whe is 14 o
® Pas the mobility for majority carrier electrons,

From equation (5.15), the short circuit current

cuit voltage VOC(I=O) and the efficiency

open cir
ned from the I-V characteristics,

ISC(V = 0},

71 (= Pmp/Pi

n) can be obtai

5 AND DISCUSSION:

5,6 RESULT

) The graphs are obtained for an Au-n Si system. The

parameters used in calculations are given in table 5.1. The
for AMO sunlight 15 135 mW/cn®.

value for P.
in

T CIRCULT CURRENT :

EFFBCT_OF DCHOR DENSITY ON SHOR

506-1
t circuit current with donor

ariation of shor
it appears that it remains

n Figure (54) ana

r density 10
The short o

The V

sty is shown i
15/cm3, put thereafter

dens
ant upto a dono

donor density ND.

ailmost const
T cult current,

it decreases with

given by
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*':] ’ (5.18)}

;scz - Qflux:[1 -

ds upon ths incident photon flux @pq s the absorption

depen
gion width W and the difiusion

eiant oo , depletion re

n th L;. fhe donor density atters the minority carrier life
itv, diffusion length and depletiog region width W

g .lt i 4 8

'a"“‘":. i Y
rhe diffusion length, as given by Ly =(4; 'Cb), is governed by
ity carrier 1ife time —Cp .ni the diffusion coefficient

the minor
ased donor density provides increased

~“p ccr holes . tThe incre
majority carriers.
can be calculated fro

is the concentration of electrons in th

e

1 = 3 1 0 i 1] {18 re < 1/ &

and 1o g__vel'l by nno _.___.é-——— [( “LJ .n"‘l S 4 {L“U-.'ﬁ) _:' n:_ } /
for n type semi conauctor, ND>>NA and '

The minority carrier holes, on the other

Ehe ]
v oa s

: 2
m the relation =
i pno n, /nno?

hand,
e n type semiconc.cto

29D

At room temperature,
(ND the electromn density o, in n type semiconductor
e minority

is given by ND'

- I

\IA) >> nj.,

Thus, the concentration of th
holes in n Wpe semiconductor can bz writeen in the

2

=n, /N (5.19)

pno 1 / D ¢

Zguation (5.19) shows that ani increase 10 the majority carrier
age 1in the minority carrier density.

density results in & decred
which are surrounded by

the minori?®
avrial electrons,
.vailable from

(2]

¥ carri=t holes,

have more ch
increased donor density

Therefore,
. ances bto recombine
the majorrvy

with the majority carriers
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ifle increase in the probability of recombination cazuses the

minorivy carrier life time to decrease. The emperical

relation for the dependance of minority carrier life time is

given by(zz}

3.9 x 1074
T, = i
p {5.20)

1 3
where NDo == 7471 % 10 5/cm )

It appears Ifrom the above cxpression (5.20) that

increase of EJ decreases the minority carrier life time T .
2

The diffusion lenyth also depends upon the diffusion coe-
fficient D, 7The diffusion coefficient is determined by

e

the operating temperature T and the mobility for holes /up

and is given by D_ = ?l /e The mobility of holes
) N 5 (23)

decreases with increase in donor density . ‘Thus for a

constant value of opsarating temperature, the diffusion

coefficient also decreases as a result of a decrease in

mobility. Thus, a decrease in minority carrier life time 'c?,

as also a decrease in the diffusion coeificient Dy, causes the
= - - "2 0S8 . The diffusio =

diffusion length L, to decrea n length ;p

ant role in determining the shoit circuit

plays an import
nece on difiusion length LIp is

current I_, and its aepende
-t appears from equation (5,.18)

vquab__.lon (.- . lu' .
LII l-f’ u- . = b Hacl._) 102 5 }" ;

f Slon BRE 1 E.. l s,

QGCfeaSG - d - - cpnlue s c 10 l

shown in

“'1;.::', the

.

i ‘nothe
circult current Isc. Ano
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res OnSi. le OI' Ile - Jc, a ,E I,EI S] r“, 9 -

i thj ‘\e" ~ 1 - = %
pletion reg’on width .. The depletion region width
e ' & WL

S

under short circuit conditions is given by

§ = [. e’s Jyz
Vi (&
e N i \i2e®d )
D
where V... 1. 116 ~—1 i i i
2 Vi the built —in potential. Vbi is given by
| T N
V..=4. -V =p - =
bi  "Bn ‘n = "Bn e 2 ( N ) (2=22)
D

where N is the density of states in the conduction band and

V, is the difference between the semiconductor rermi leval

edge in the bulk of the semiconductor,

and conduction band
has much less effect in increasing W than

The increase in Y.
W brought about by the factor ND in equation (5,21
faet is that the depletion region width W

It is clear from

a decrease in

Thus, the net ef
ith increase in donor density.

decreases W
crease in depletion region width W,

equation (5.18) that a de
difiusion len’ta Lp . also uzcreases

rease in
Thus both the factors, namely

apart from the dec
the short circuit current Isc.

L =nd that of W with ND,

This scen

resuit in a dscrease of

decrease of
s to explaln the variation

the short circuit current.

of Isc with ND ( rigure 5.4)
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OF DOWOR DZSITY ON OPZW CIRCUIT VOLIAGS V. .:

The ziiect of donor density on the open circuit

voltarse Vbc is shown in -igure (5.5). It appears from the

‘raph that the open circuit voltage first increases with donor

density NJ, attains a maximum value and thereafter decreases

with .. . The orimary rzason for increase in the open circuit
volbece seems to be dus to increase in dioae quality factor n,
fhe diode quality factor n increases with donor density U

se in the depletion region width W as given by(1o,

through decresa

n=1+ €6/€, (5.23)

af the

current due to diffusionﬁminority carrier

i F2030 QU= *=°=

holes to the current dque to thzrmionic emission of majority

wnown as injection ratio, is usually of the order of

carriers,

1 73 . l‘l’f“} Lty
10=7 - 10~%  for silicon schottky diodes . Thus, under such
conditions, the dependence of open circuit voltage Voc on diode

quality factor n is given by

nk? U !
v = —— fn L ol v 1l (B.24)

oc e I

In schottky barrier solar cells Iph/Io >>» 1, thus neglecting 1

3 s
and substituting A T2 Lo exp( - e ¢Bn/kT ) for I, the expre.

ssion (5.24) for V, ., can be written in the form

%

. kT Kl 73 “
cn [+ —— b -— B G )]

(5.25)
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where §  ic the efiective barrier height ( @g + V,) of the

s

Lzbal seiniconductor systen and the remaining symboles have
been .xplzined esrli:r. It app2ars irom equation (5.25) that
the open circuit volta e increases with diode quality iactor

n in its initial sbtaces. ‘the increase in diode quality factor
n with donor density is the consequence of the increased
recombination in the space charge region. squation (5.25) also
repracants the dependence of open circuit voltage Va? on
photogenerated current T and?g}fective barrier height an ;
V.. depends upon I ; as in equation (5.25). However, the
dependence of Iny ( or Ig, )} on Np, as =xplained earlier shows

that I ; decreases Ior higher vzlues of e tharefore after
. s P : .
Ny = 10 "/em”, the decrease in V__ seens to be due to decrease
in Lt
ph

43

The effective barrier height ¢ also afifects the

bnN
open circuit voltage. For low values of surface states the
voltage V. developed across the interfacial layer is given

by(iS}

v, = A- e/ ei)-EZS (5.26)

1

Thus, the efiective barrier height becomes

% €y 0
g =g v B - :, s 8 (5.27)

" C . :
The electric field ES associated with semiconductor is given by

o 2 N
g = __ 1B

¥ €

W (5.28)

S
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It appears from equation (5.28) that at higher values of
donor density the electric field EZ becomes quite large and
decreases the effective barrier height Q;nas given by

equation (5.27). The decregse in wzn decreases the open
circuit voltage V,y. as shown by equation (5.25). After 1017/cm3,

the decrease in photogenerated current I,., and decrease in

effeetive barrier height Q§£25) with donor density seems to

be stronger than an increase in the diode quality factor n

and the net effect is a decrease in the open circuit voltage

VOC

with ND' At higher values of ND the schottky barrier
lowering also reduces the open circuit voltage but in the

present calculations the effect of schottky barrier lowering

has not been considered. The experimental results for the

variation of the open circuit voltage with donor density

are not available in the literature for metal -n silicon type

schottky barrier solar cells. The results showing the vari-

ation of Vy. with substrate resistivity, presented by Godfrey

and Green(zo), exhibit a similar trend as the calculated

dependence of Voc on the donor density for n~type silicon,

5.6.3 EFFECT OF DONOR DENSITY ON EFFICIENCY:

The variation of efficiency with donor densitly is

shown in Figure (5.6). The efficiency of the schottky barrier

solar cell is determined by the maxymum power point. The maxi.
mum power point depends upon the maximum area rectangle that can

be inscribed in the current voltage characteristics of the

schottky barrier solar cell., Figure {(5.6) shows that the
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conversion efficiency 7_ first increases with the donor

density but after acquiring its maximum value it starts

decreasing wWwith further increase in donor density The

increase in efficiency in the initial stages secems to be g

ue
to increase in Voc' Another factor which appears to incregg

e

the efficiency of schottky barrier solar cell jis a decreg

S& in
the series resistance Rg. The internal series resistance, ag

?
given by equation (5.16}, is the consequence of resistivity
of the semiconductor, thickness of the solar cell and area of

OL the

cell, The resistivity of the semiconductor as given by

equation (5.17), appears to decrease with donor density which

in turn lowers the series resistance RS. The decrease in the

series resistance RS improves the maximum rectangle area
.S . v i
incribed in the current voltage characteristics of the solgp

cell and hence helps in improving the efficiency of the solgp

After attaining its maximum value, the fall in efficien
l}y

cell.
7Z of the schotiky barrier solar cell with further increase

in donor density seems to be caused by a decrease in the short

cireuit current accompained by an increase in the reverse

saturation current IO. The net effect is a decrease in the
power generating current. The open circuit voltage Vy. also
Thus,

decreases at high ND values as discussed earlier,

the decrease in the power generating current and the open

cireuit voltage degrades the maximum power point which in turn

lowers the efficiency of the cell, This seems to explain
the variation of efficiency ?' with donor density Np .
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CliikwsR- VI,

e - el 5l g i Wy T1r " -
d- o boe e vy dibueat 2 30l0T T DCHUJ.‘TL;_{ ,)A;L.ET?R
gt j_:._a..;:.- '.Al.a..,.,k_,
In Chepter V the cipressions civen Dy ~onﬂ~h(1)
£0nes ;
| - - L0
the voltage V weveloped wncer illWiinotion by » wac 1
J o 4oy - =
- L ) . - - ) n Lype
zuiconductor systei, in which the metal 1ork fune o
- I Lo N e
Lrzeter than chot of the n-type Sziliconductor, wers dfe
Cusseq

)
and znelyssd. Lhese eXpressions are

for the case of difficult cownunication and

16.2)
af

for the caseﬁeffﬁcient cormmunication. The various symbolg
appearing in equctions (6.1) and (6.2) and the conditions
under which the co.amunicabtion is termed diificult or effi.
cient have also bsen discussed in Chapter V. Th2se equatiopg

were modified by incorporating a factor taking into account
the tunneling probability T., of the elesctrons across the
interfacial lover. The eriect oi conor density wesS also

considered. However, the sxpression ror tne photogeneratad
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in Ch: pter V was in.ependyentv ol & . eriient .
& y ! r _;" X o K2 - A 1 ..(2)
zeeznead by Liloiagton ana iownsend show that

Git cert: in valuz of § there ic o :crzase in the

short ecircuit current. an interfacial layer of “rester

t: ickness © will modify the potential urops weross the

interfacial lay r and the cepletion layer. This, in turn,

3 bounc to =f:iect the na2t hole cwrrent which goveirns the
—— A = T o ¥ ~ 23 - i o .
meomitude of she photoganerated currant Iph° The expressions

giving the current I and the voltzze V-even a-ter taxing

account of cleciron srensmission-need further macification,

nemely incorporation of & factor T., which accounts for the
hole tronsaission across the inberfacial layer. Such a
decrease in I,y for larger

= N Vad
Tactor zslone can account Ifor a

valuas of . 4 sbudy of the schottky barrier solar cell
Lo a e

teling into account ths

(6]

= = T 7 e e
systein factor T, forms the subject

matter of this chapieis

{

Glsen p type silicon schotiky

}

Qo

worked on petal=
transmaission coerficient |

«

heprier system and considered tne

slectrons and ©The majority

for tunneling oL minority carrisr
. SRPES 'l'c' 1 l
rier holes across ihe Anterfacial layaY. Tin this work the

(@)

ar
d current was consiaerad to ha independent of

photogenerate
5 which appe

ar 1ite unlikels
var thickness ars g V.

interfacial la
I . =51 y el()ctro
b i.d . tha effect of transmissioh © ns
Card(" also considerad tha effect 0O ra -
raot of inter.

nd holes &across the snteriacial layer. 4ihe 8li®

arc 154 1
: - ~eTT and nole

- i1 layer thickness, taking into sccount electron

iacla R * = &
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transmission, on various parameters of 2 schottky barrier

solar cell is presented in the following articles”

6.1 THEORY :

de consider a schottky barrier solar cell consisting

of a metal and an n type semiconductor, the metal beine of
v 4

higher work function than the semiconductor., Illuminatine

the schottky barrier solar cell results in a voltage V across
Pl
the cell, a part V,l of which appears across the interfacial
layer of thickness 8 , while the rest Vs( = V—Vi) appears
across the depletion region of width W of the semiconductor,

The energy band diagram of Au~- n Si system with and without

illumination is shown in Figure (6.1). The total current E,

flowing in the external circuit from metal to semiconductop

under illumination, is given by

I =Tnh - Ipark
Where Iy is the photogenerated current due to absorption
of light in the depletion region and Ip,pp 15 03 dark current
resulting on account of forward biasing of the solar cell,

I..h is given by(5>

Ty
( T4 4+ D, Cpi)

Ii,h @ "_Jflux Trm % {r
1+ L D "'_l_‘ sv |
i 0 PTp pt oy

+ [1- exp(-ocw) ] (1}h+ Dgy Cpij~f (Codh)

#Paper enﬁgfled "Role of interfacial layer in schoctky barrier
.solar cell" by N.K.Swami, S.Srivastava and H.M,Ghule published

in J. of Phys. D. p. 765 (1979).



CTRON ENERGY

ELE

i S
HJ, e B
| o o v
Y J ol
! | A
b | 2F L4
[ m H » ™ - - m
fgom--2-- ; —
///, <r m 30\ | —— ) > 4.
Pan P = Y o - > o g —
ﬁ e A v, : - =¥,
_ et L V3o ms = seamba=si FERM) > = J . v
/ =i : LEVEL ol =fm Wy ;
E 3 « 5 :
: =%Po o T~
T N .
- mGw = Fip ! Ey =t i Rl &
[ - - W > S
£\

FIG 6. ENERGY BAND DIAGRAM OF A ME'TA.

(@) WITHOUT [(LLUMINATION

=4 SEM CONDICTOR SYSTEM

‘h) &'TH ILLUMINATION



In s on (6.4 ¢llux is Cthe ineilent _hoton Ilux g
2

ic the treasparency of the metal filu, /B is the quantum

4slcizney ol oz incernal photozisect, oc is tha absorotion

M - ~N e R A N e ” B
culsalicient ol waAg s@émiconducting material, D.. =a ai
= si 15 T2 lensit

£y & a.)“.."l_ da i 1 R
rnveriace svacves, L. is the copture cross section of

oL
o -

o o3 » N o, Mo PRI ) Ra ey -
holes, Yy is the dififusion coelfficient for holes, L ig s

di+sfusion lzngth of noles and v. is the theraal velocity of

holes viwouzh the interfacial layer. The exprzssion (64

given by 38boro;hanskii et al' “’ was used by these aUbhors
to 2xplain the efiect ol photon energy hV on PhOtoéeneratEd
current Iph' However, the form of the transmission coefficiens

Cor holes and the efiect of interiacial layer thickness § on

the perforiiance of a schottky barrier solar cell is not
discussed by these authors. fThe e.pression (6.4) is more

1 than that used by several auth0r3(1’t“/’. If

D., I'l...
( Tpp *+ Dsi Cpi) -+ 1 and 2 ¢« Vi —= % s B

-

I.n=2¥Priu

The expression {6.5) for Iph is the same as that used by Andep._
( - (’) - ran )
son et alté) (1974}, Fonash (1975) and Landsberg and I‘-llrﬂpke('h

(1977). ZAxpression (6.5) is independent of 6§ . It is thus
clear that for those values of 6 for which the condition

- T

0 v o i independent
p/Lp << p( el DSi € 5 } holds, Iph will be inder

4
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of § .+ iowever, the transuissi s 2
Ve, Asuiission coel (3 . ra A ,
a Tiicisnt ip}, Zor hol-g

™ “ s S B ) 4 Y = o B 1319 s Y >

across the interfacial layer, which appears in the seneral
3= e, | e & A s

expression {0.4) for Iph , also dz ends upon tle thickness §

consider tie effect of § on

(o}

fore nzcessary v

loto 2nerated { short cireuwit ) current I . a5 also °
)12 E ~vo

affact on the efficiency of the schotiky barrier solur cell
(e = -

The second term in 2quztion (6.3) is the dark S
bacause of the facu that illumination makes the devics
Lorward biased wiich in turn cives rise to dioae current

current ) in a direction opposite to the photogenerated

.
T STNg

= A5E
The two oo wilrats, conil the Lovle

currant I . .
namely the thermionic emission of majority

M|
ozt 0t Inark
.+ electreons I, and the diffusionfminority carrier

holes Z. , .i% discussed in arbticle (5.2} of chapter V,
-d
Besides the usual thermionic enission current I
~nd T2 . ‘. vajion currend Ih in the case of Au-n31 schottky
cs1l, the current component arising from
ocenses in the space cnarye 1e_“on

tion recombinatlon pr

genera
(3
is _iven by'™
n' «®
I . = 21 [ oxp | oV /2kcT) 1] (6.6)
Irec —Cp

i i PIRE o, #ime and N, 18 The
where t is the iihority corrier lile CLAEE < 3
inteinsic caryier densitye
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is transmission lact
ar of electrons Ly s thHe tr‘ansmission
of hol=s Tpy ana the depletion region width W depend upon the
intepiecial Llayer tlickness & , which in turn determine the
1 arat 4. and the dark current
photo 2nerated current Iy p d a current Ip .o 0+ a
schottky barrier solar cell. It is thersfore possible to

study the effect of & on Tser Yoo and 'q of a schottky

barrier solar cell,

6.2 TRAUSIMISSION OF ZLACTRONS AND HOLGo:

The transmission coefliicient for electrons across

i @ e by(9)
e 188
_ a7 temy, ) 6 ~ 3«33
i 2 g = £+ B8 -, =@
F o R ]

- g ~
where m' 15 the effective mass of elsctronse. Qe is the
e
average barrier height for electrons in the insulator gap

and A is the potential drop across the interfacial layer
under tharmal equilibrium, The transmission coefficient Trn
seross the interfacial layer, can also be written in a simpler

Lorm gZiva!l k]:\’

. %
i = SB3%p [ - . e
rn h e a o

To reduce expression (6.7) to the form of expression (6.5)
~
we fi - 54 s 3
_\;/-I;td that for (& V1)<.< ¢e the quantity ( ¢e+A V3 ) /2
- ¥ can be approximated by

=3
-
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'\' - 3/2 ,\' & 372 - .
(.,_, A - VJ - '{‘:. _'\\, ‘: [1’ 3/2 A Vi J ‘}dé ‘
) g 4% 6w

e

Suostituting cquation (6.9) in equation (6.7) yields tp
e

expression (6.8) for the transmission coefficient T
rn

the transmission doefficient for holes T
rn
acing the effectjvp
mass of electron: by that of holes and the barrier height 3
in

can also
be expressed by a similar expression by repl

the insulator gap for electrons by that of holes, Hence T
rh

can be put in the form

4 N

| | = SxD e - A e ‘]/‘2
o = | R ¢ 2y ) 6] (€e10)

~

In expression (6.10) mg is the effective mass of holes ang

Q; is the barrier height for holes in the insulator gap.

6.3 CALCULATIONS FOR Vg AND V,:

The parameters, voltage developed across the inter-
facial layer V, and voltage developed across the space charge
region V_, influence considerably the conversion efficiency

of schottky barrier solar cell, VS and Vi can be obtained as

follows:

If the image force lowering A and thermal voltage

kT/e are neglected, the space charge Qg,, pPer uhit area of the
(10)

semiconductor in thermal equilibrium is given by



1/2
oo - L0 €My (8, - 11" (6u11)

3CO 85n

and the surfzce state charge density on the senmiconductor Qs su

. . (10)
is given by

Q = = e Dsj_ ,[ '4;: - .'"'C, - an] (6.12

S350

The total equivalent surface charge density on the semicon-
ductor surface is given by ( - .+ sto)' The net charge
developed on the metal surface Qmo will be equal and opposite

to the surface charge density

Q =-(Q__  +Q__) (6.13)

mo s€o S5S0

Similarly on illumination, the charge developed in the depletion

layer Q! and the surface state charge density Q;S are given by
sc g

se

142
EZe Np Es ( an —~ ¥y, VS) ] (614}
and
B =~e O B 5] k5415

In the absence of any space charge effects in the interfacia)
layer, one gets the potential drop across the interfacial

layer on illumination from the expression(1c)

A-T, = 8Q£1/ € (6.16)

Substituti tl 1 i ) ' = i
stituting the valueso Qmo’ Qm and A | & Qmo/ezi) in

equation (6.16) the following expression is obtained



- 3 \ 1/ o 2 ';'l;_‘.is'.
L [ g Nyt J‘ _6——7- L";__*r"“,“-:“] (€ W

A -z €N
In the prcceding expressions(6.11-6.17), C = ——J g
€% i

is the donor denzity, ¢ _ and €ﬁ are the E?FHiLti%i;5¢; i
semiconductor and insulating layer respectively, EISS is the
quasi Fermi level dictating the population of the density of
interface states and it is mcaswred from semiconductor

valence band edge at interface and ¥, 1s the energy level at
the surface measured from the valence band edge at the semi-

conductor surface and specifies the level below which 1]

surface states must be filled for the charge neutrality at
(141 )

the 'semiconductor surface

The general expression for the current in a schottky

barrier solar cell is then given by

- In =Ly = 1 (6.18)

1= Iph h ree

substituting for I, ( equation 6.4}, I ({ equation 5,5},

I. {equation 5.6) and Irec( equation 6.6), we get the current

h
voltage characteristics represented by
1
@ L ( Tn+Ds Cps )
2] —— “1h i
I=e Priux Tpy /B [ g - L s P W
o B/l T/ Deg G )

- W : "oe -efy
+{1-e -)(Trh+Dsi Qpi)] -4 T Trn exp | k?“ ) [exP(eV/kT)‘i]

e n.W
-8 B Dp/Lp [exp( eV/kT)~1] = “ff:_‘ [exp( eV/ZkT)—T]

(6.19)
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From equation (6+1%)4 the open circuit voltage ! ( I-0)
oc ’

tle short circuit currcnt I, ( V=0) and the efficiency

V, .« Ig : &
7L ( = _Mp “mp ) can be obtzined for the schottky barrier

e n . . 2 .o
soler celll. ¥z 15 the i UL oWt il v,., «na i AL e St
in : : el 1l PEp v eamb

the voltel’e and current for the maximum pOWEI'.

¢, RESULTS AlD DISCUSSION:

Taking into account the transmission of electrons and

s the snterfacial layer, the variation of I '}
se? “oe

holes acros
'+ thickness 5 are shown in

and_rl with sntrfecial luye
(6.2_6.4). he plots are obtained for an Au-n 51

Figures
& given in table (6.1),

From Figure (6.2) we rind that ohe slhiort circuit
current 15 independent of 6

reasinég aith § » IB c L2 initial stages the
¢ i

in che initial stages, but later

on starts de
les 0CroSS the 1nueria01al lzyer is quite

transmission of O 1
. st current 1S negligible for

- 'I,
; values oL o , v.{ rh + D_,
yor small Vé » Pt L si Cpil>>

f holes across the inter-

high and it ©

small values of 6 -

and cransmission ©

in equation (6olr)
q ompar‘ed to Bsi Cpi' Under these

conditions The 2
- W

~— ]
s <1, (6420)

—

L2}

2
~.
2
! \
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scliobiky barricr

Par: e -« in 2_liciency celcwiations oL
wi) A _I‘ Q‘SJ..L.
e = 1.602x1 =¥ coul, 5 @ =
=1 ’

x 14301073 %ult & T

> P Y=t ,—"‘3[1' N
h = 1002)}(1'..«" Joule-~ sec 2 =

_1L . :

G = 8.0854x107 ' farad/cn W, =
C—-S = 11.u0 E'O ;_1- =

112 eV
¢Bn = u.SO eV
g = 0,20 eV
> y
/:tt - “’3
Ah = 1
rm
/3 = 1

-3
N, = 2.8x1019 cm
I‘ID = 1017/ Cm3
2 -

D = 11 cm sec 1
P ) 0-6 3
tg = 4 sec

2.20x10~1° en~?

A
10 1/cm?ev
9.108x107°! kg,

Ts] .m;

(@]
0.55 m
120 cw™® k-2

%#The datas are taken from references 9 and 10.
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is independent of § . Thus Ic will show no variation with

I'h . N A Reagng B
s 7

as long as the condition Vv s N .
8 = p( ‘ si "pi 15

—_—

satisfied., However, for large values of & the tran§m1581on

coefficient for holes decreases according to equation (6.10)

and for smaller values of Tpp the short circuit current Ig

remains no more independent of & . Thus Ig, becomes sensitive

;pL + D ) becomes smaller

the short circuit current starts decreasing with

to § .+ When the term vp( i p1

vnan Dp/"i.ap "

jnterfacial layer thickness § . Under this condition, the

ession for short circuit ( photogenerated ) current I,

expr
can be reduced to
w iy
@ i - W
~ v /D.{ ™ T.p+Dg4iC e
~oc W
+ ( 1 - € )( Tr * DSl pl)] (6.21)

Tt is clear from equation (6.21) that I, decreases as the

transmission coefficient T, decreasSes. The independence of

I.. for small values of § followed by a decrease of I, with

jncrease of 5 for larger values of § thus appears to be
T
deter’fﬂinEBd whether Vp( .._Eil. + Dsi pl) is very large or very

This is in accord with the eXperi-

small compared to D_/L .
p’ P 2)

mentally observed pehaviour of Lillington and Townsend(

The physical processes in the device appear to be as

follows: The potential barrier in the depletion region is
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actually "down hill® for holes and the slope of this potential
barrier depends upon the thickness & of the inveriaclal la;er
At small values of 5 the transmission of holes is quite high .
and the motion O+ holes 'down hill? of the potential barrier

is also large. AS D increases the transmission factor T
rh

for holes decreasSes as also the slope of the potential barri
1 ier

s the holes towards the metal. The net effect of bot
oth

which drive
these factors, namely . and the slope of the barrier, is a
decrease 11 the short circuit current Ig. at larger 5 values.
This explains why Ige starts falling after certain interfacial

layer thickness 2

3) shows the increase in Voo with & . Ihe

Figure ( G
determined by the dark current

46

cuit voltage Voc
oienerated current Iph un
ough the device 1S Zero. That

open Cir
and the phot
,rent I flowing thr

der the condition

1-dar‘..

that the cu

is. under open rircul® condition

Iph = lpark (6.22)

Tn expression (6.19) different components contriduting to the
nt have been incurpora:od separately. The a
ark current

Aark ocurre
electr
ons T,, across the

the transmission of

depends upon
on o N .
An increase in the inter.

IDarh
or of thickness 5 .

interfacial lay
the transmission of electrop
S

hampers

or thickness 8
- S 1 1 -4
A decrease 11 transmission of

acial layels

e Ire verse

facial lay

aeross the interft

will reduce th saturation current without
?

elactrons
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L ob o, 2naraved currant in trne initial

7 in an increased open circulit VO .
&

b g 5y
Later on, VU 141 voltase Vg, becomas saturated
cause, £ D , the photogenerated current
. . Lerts decreasing and it seems that the net efiect
ofhcn e is to brin about a saturastion for further incrasase
n 0 .
Tn [i-ure (7.4) the variation of efficiency.q'with 5
is also s wie IV e aeges @8R § in the initial stages,
The primaly reason for this increase 18 the increase in the
wing through the device, lnCreaSe

power generating current 1 flo
! : |
‘v B uplies a smaller valuss of Tpn which means that the
s ol [FORTY o7 whilch 13 opposing s PHOBOESRETATEd
” i smalle Thus for a range Oi 8 .
current iph? is very .
__pyiration current So€S on decreasing as T,

Pe N =

the reverse
yer generaling current incregses
®

A m 25 '.'Iith 8 al'ld thus PO
. o e 931 BB POWRE obtained as also i
: lts in ai increas in
Thi s result |
o S Beyond a certain values of
L3 01 oL the deviCie ; 8
the efficiency .
T DT after attaining & magximwn valus, exhibits a
the € e N an Y. g & )
i e in Fiure neZyin eliic
gecreate This decrease »as ghovin | «2yin citiciency
be Loppibal O @ fall in the shor?t circuit current brought
call < PP L s
Jecrease in the hole transmnlsslione
a ~

about by
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s P ~ > +
. 1,001 : .
e ] e th

c o' clablie of k%m

on terr-strial cncryy needs It

-~ { C 1 ~t
- : E that, althou h the principleg of
Y conversion uave been known for a long tipe
ntl there been research and development on - . .
lar_e esnouch to it practical application of the Varjou;
Lyces of sol-r cells, ccause of the importance of the solap
2nerly =nd the increassing amounts of research hein done’ i;

is felt to present in czome detail the studies on e = .
2ncy considerations in conventional and schottky barr

solar cells. This thesis presents results of Studieg
carred out for p-n junction solar cells ang schottky by
- "r

e, t
R S5 o 1

The principles underlying the operation of & won

junction solar cell are described in Chapter I, , Numbe p

ich determine the conversion efficiency

of parameters,
of a solar cell, are described. O0f the various factors S

limit the conversion efficiency, some are basic limitipn,-
factors. For such factors improvement in conversionp efficy
i~

not possible beyond a certain limit The re are ot
e

ency 1is
which are technique oriented and improvepept in
’ )2

factors
n effj
factors can increase the conversio leiency of tpe 801y4p

e discussed in brief j oy
cell, Both factors are N Chiy, thpter.
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current volta~e clarzcteristics of the =
junetion ter cell deviates from the idezl current-volt--—e
racieristics is the internal series resistance is suffi.
ient_y lar’z2e. ihe intornal series resistance of the solar

celd can ve miniuised using inproved favrication technicues
Techniques allow application of _rids, called I'ingers to pe
pleced atl suitable distances from cach other. The int rngl

series resistance arises from various factors, The se factors

re discussed in Chapter II. A simple method, termed as

£

orrmul: tion method, is presented in Chapter II to

)

ovier
evaluate the contribution to the series resistance by the dopegd

3

layer for various types of grid structures. In this me thoq

one evaluates the duantity ( 6§ I ) . dR for an element ,
Integrating this across all the elements of a unit opr subunit

gives the power term P, P = f (61} dR, for the unit or

subunit. Dividing this P by the square of the totgl current

flowing through the unit or subunit gives resistance of the

unit or the subunit. The results obtained by this methog are

compared with those of Bordina et al. Contribution to the

internal series resistance by other Tactors are also deterp-

mined. Various exXperimental Techniques to determine the

internal series resistance of the solar cell are discussed

in brief, “The experimental technique of Evdokimov is used

for the determination of series resistance of the solar cell,

This technioue enables the determination of a number of
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2rles cistellce, int rasistance, thern

)
L]
(

rol in set of observations ol the I-V

L
it
»

snbel resulis are compared with the theo-

,erlier thou ht that most of the

R

|

rotical resultse It was
aoncri ution LO the series resistance COMES from the doped
not always Lrue. In small area solar cells

3

s dus to contact resistance.

s areas solar cells, doped leyer may contri-

However, in lare
pute quite a lot.

Since, the cost OI SLiruuik solar cells and other
o4 material 18 high and

st any method to obtain more power out-put

. | 3 o Y . -
j. liL-ly . remain that

semiconductin

e use of almo

iy O

A.
fromﬁgiven se

t has receive
sol
_ptrators results in two main disadvantages

t of solar cells is justifiea. One technique

d considerable attention to get more power

tha
ar cell is through the use of concentrator
Se

out-put from a

The use ol cone
. sed power generavting
] ” ° g current I, brought

ircbly the incre

about by higher concentration of incident solar radiation
b ]
flowing through the device: causes an additional voltage

JE—— the nternal series resistance R
S

cell from the 1

drop 5

- u - - .

as & result the I Rg loss due Lo series resistance beconm
es

anc
affects the maximum power point

S }. '-'“]' l"l C.’-‘.nt. Th,:',s in turn
{ m

performan(:e ol i,he SO]

3 b

and degrades the
rating under c©

ell Opers ncentrated sunlight has a tenge
ne
e higher than the ambient . Y
. e

the ©
to operate at a temperatll’
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- ture increases the dark current which

inc 2 in ©
& » oto cnerated current, which in turn cecreases
. s eiency o bthe soler cell. The concentration of inci -
44 ion =nd the oparating temperature are impor-

ent soial I'
tant parameters to determine the power outsputb from a ziven
solar eeils Oy srimental detz .rmination of a number of solar
Jt yaricus temperatires keepitg toncentration

i also at various concentrations

) BN [Frps Vol 3z W ek Y SR s = AU D is

e ey s il ! :,'.--‘.,-_:_i_ GtoCe Bhes unger-

The HALR stress at present in solar energy technology
pment of cheap and efficient methods for con-

on the develo
gtion into electrical power. The

g 1n01dent solar radi

.o the way of ¢
the cost of these devices. Another

onventional p-n junction silicon

a1l technolog&y 1s
- drawing the attention of a large number of

devic . ; ;
T B rec=il raapg 13 the fabrication of schottky
Cieﬂtls =
o115 . This is because of the fact that

colmp cells are adaptable to low cost large

tion techniques and are suitable for polycrys-

L0 ‘_/"'1_ cav

ar=a S

gairlichty B9 theoretical 1imit of conversion effi-

- . e (v [ ]

Lo | idiae T
e t

+ these devices can reach that ol the p-n junction
V2o N _:‘xf A
L= h chapter 4 s

] 'he fourt escribes an int
- 1 cellS. NTIro-
- ~ON ,;;O.La

£ me ta l=semiconduc Lo i
nottky’ hffpc » B 4 Conba(},t’ the

stics of schotiky Hiod the
=% es andAtheory
+ calis. [SBEC ).
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8 9% :,..rn L L > 1 Ufy\ SCL10 u‘\"}f DA ‘ r - ]
is that tic rsv.r sat ration current I, in such cell is
Lap -nd tha uvpen ecircuit voltage is very small, It has
been ouserved tiat the open circwit voltase and the conver-

sion efl7iciency of such type of solar cells can be increased

by introducin- a thin insulating layer in between the metagl-

semiconductor contact. The current I in a schottky barrier

solar cell can € expressz2d as

= Lop = Lpark’
where I 18 t he photo;enerated current and IDark is the

current arising out of forward biasing of the cell under

< . : )
i11luminaton. The insulating layer helps in reducing the dark
A

current component IDark of the schottky barrier solar csll,

However, the exact rols of this layer is still not clearly

understood. The various parameters such as the thickness of

the intarfacial layer, density of interface states and donopr
density play an important role in determining the conversion

efficiency of such cells. A factor T, taking into account

the transmissiol of electrons acrosSs the interfzcigl layer
is introduced in Chapter V in the expression for the dark
current ITp, . - This factor helps in reducing the dark

current and thersby improve the conversion efficiency of the

ottky barrier solar cell, The performance of - Lo B

i xpression : s
in the BXp or I,ls discusseg

sch

SBSC,incorporating Ty

in Chapter V. Results based on a number of Calculations
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showin the vacrineion of various i:scvors with dopin
ity are orted in this chapter. 7The schottky barrier
cell mo.21 considered for theoretical study consists

of metal -n silicon, in which the metal is of hisher work

function than the semiconductor,

However, the transmission facltor T.n for electrons
scross the interfacial laysr is not the only factor affecting
the performance of 533C's. The photogenerated current is
also al ‘ected by the thickness & of the interfacial layer,

In chepter VI an additional factor T., taking into account
the minority carrier ( holes ) transmission across the inter _
facial layer has bzen incorporated in the expression for the
current I = Iph -~ Lpapk and its e-.ect is seen on the effi.
ciency of the model considered, namely the metal - n silicon
schottky barriasr solar cell., The analysis shows the exXistence

of an optimum thickness of the interfacial layer for which

the efficiency of the solar cell is a maximum,
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/ n T '25130ance of the |
§ ' 4 +ayer Iop
v i3 ciLon 10 1 e
5 / n ri_Ure .
= P "B = b
nco two p: 5 -2nta L

one rart can be obtzinad a

+lowin~s in thz elsment dx is riven by

“
!

.-
L

These two are in parallel, thus

] f, e

2
d 5 d ( WL )
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(v —~sistance of ths Srid con. i_uration shown in
2 Y ( ) ccan o< cuLw 1) 4= 10 < Y "iVi(Ain, iv '5"1'[,0 2

tne loncth L/2 and width W of the type

hown i siaire [2.7c): Thsge are in parallel thus,

1 f WL
= . (L2 - L

(¢) The _rid conii ?ﬁﬁtlon shown in rigure (2.6 € }comporises
0 2o
of four subunits, ok len_th L/2 width &/2 of the type shown

sp riure (2.70) . These are in parallel, thus

1 _P WL

d
B e s TR
d 16 s (§%+ L)

suration shown in vigure (2.6f) can be evaluated as
o ]

follows: Tha current flowing in the element of width

4¥ 12 ae

ak
:inr

]

;EL-- Tz

6T = T r cad da =

T (5'1)5 R = = 3T ar
p G._I & a
- L w2 :
P A
. 8 I 2 3
f ’ ’
. al . __l____. T*
o ar
.1 Py
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