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‘his 13 15 wit of the response
o) ol.r cclls to ki intensify, c entreted radistion as
ot$-.ined by usin ylar eoncentrators. Such concentrated

radiation has certain son.cial ieatures such as nonuniformity
in addition to righ intensity illumination wvhich has been

included in t he analysis,

Presently, there is a strong interest in the use
of solar ceils for the purpose of direct conversion of Soler
radiation into elecirical energy. The response or a solar
cell to solzr radiation is zenerally siudied through ids
three main pzrameters, the open circuit voltage, t he short
current, and the £ill fzctor. These paraneters determine
the efficiency of the cell and the circuit conditions in
which the cell should be used and zive all the reguired
information for most terrestrial applications. 4Although
meny different types of solar ceils have been lnvestigated
and are being tried and used, the conventional n-n junction
3ilicon solar cell still seems to be the most useful from
overall considerations, For terrestiral applications, use
of solar concentrators, tracking as well as non-fracking
types, is being tried to bring down the overall cost., Such
concentrabtors provide high intensity ( from a few suns to
well over 1000 sung) illumination which, in general, is
nonuniform over the surface of the cell. Though high intensity
illumination enhances the cell e fficiency, degraflation effects
due to rise in t he temperature of the cell and due to its

series resistonce, also come in, A study oi solar ll



1

respense under hish intensity, concentrated illumination
ust, thererore, incluce the study o all these effects.
»h a study ie not only oi interest and imporience ifrom
the noint of view or ylications, but also iJor understandine

the various physical processes occur uing during such

illumination.

In this thesis, we precvent the resultis ol theoretical
as well as cxperimental studies on the response of »n-n
junction Silicon solar cells at bhigh levels of illumination.
The theoretical treatment given is, however, general in
nature anda is applicable to various kinds oI p-n junction

solzr aells,

The main thesis consists of seven chapters as

followss

Chapter 1 contains a brief account of the physics
of the p-n junction solar cell and the parameters which

determine the solar cell response.

Chapter 2 deals with the effects of nonuniform
illumination of the solar cell. The case of general non-
uniformity under certain simplifying assumptions such as
mero surface recombinstion velocity at the surface nomal
to the junction, has been studied using the technigue of
partial Fourier Transforms, Toshow its effect on the response

of the solar cell.



In Chanter 3, a theorztical study oi the resoonse
0f a solar cell to0 ' 2ll levels of illunination at constant
cell temperzture is presented. unerical solution of the
resulting nonlinear, steady-state, one-dimensional, ambipolar
equation is obtained using a simple technique and taliing
into zccount the dependence of the a2mbinolcr coerficients
onn the excess carrier concentration, BEfleccts of surface
recormbination velocity and exponential absoxption oi light
in the soler cell are also taken into account, The boundary
conditions used at the junction of the solar cell are valid
for all levels of injection. Approprizte boundary conditions
are used at its top and boittom surfaces. The results obtained
in this manner agree with these obtained by otvher workers
for low and high injection limits, However, the present
study also gives some useful results for intermediate levels
of injection. The variation of the ambipolar diffusion
coefficient and the life time of excess carriers with intensity,
and hence, the variation of the diffusion length with intensity
are discussed and presented in graphical form. Since the
series and shunt resistances and the contact area loss are
determined largly by technology, and since reflection of the
incident light can be reduced by proper antireflection coat-
ings, we have calculated the some yhat idealized efficiencies
ocbtained by neglecting these technology oriented losses.

Effect of internal series resistance on IV characteristics



nd cell recponse parzrieters is shown separately. Short-
cireuit current, open—circuit volvase, 1ill factor and eifi-
ciency have teen calcul-ted and shown as functions oz the
lizht levels All these results lnve been derived for mono-
chromatice 1i~ht o different wavelengths as well as for A0
spectrum., Althouzh the calculations have been carried out
up to infinite intensitiy levels, the resulis may nov be
valid for intensities above about 1CT watts/cr because
certain factors like plasma reflection, exciton generation,

Auger recombinstion etc., which may come in the picture,

2t suck high intensities have not been considered.

In Chapter 4, erperimental results on 2 x 2 cms,
10 ohm~ cm solar cells under different intensity levels at

constant cell temperature are reported and discussed,

Chapter 5 deals with the eftect oI temperature on
the response of solar cells. The efiiciency of a solar
celd decreases with increasing tempnerature. A complete
theoretical description of all the temperzture dependent
cell parameters 1s given. Changes in I-V characteristics,
short-circuit current, open-circuit voltage, fill-factor
and efficiency of the solar cell, with femperature are dis-
cussed. These results are obtained for different intensity
levels by solving the steady-state, temperature dependent,

one-dimensional ambipolar equation in the temperature range



200, AL - - . g .
300°: to 400 K. These could be useful in ialking into
account the eifect 07 temperature rise on solcr cell res~

nonse under high intensity illumination.

ck

In Chaepter G, an expzrimental study ol the eff

D

c
of temperzture within the above range, on the spectral res-
ponse of solar cells is presented. A detailed analysis of
the observed chanre in spectral response with t he rise in
temperature is given, taking into account the temperature
dependence oi the various parameters. Diffusion length in
the base region is calculated at dirfferent {temperatwes using
the spectral response data. In addition, a relation letween
the junction depth, diffusion length of excess carriers and
absorption coefficient at the peak of the spectral response

curve is derived.

Response of a solar cell is also seriously affected
due t0 the non-zero internal series resistance of the solar
cell, and this effect is found to be pronounced at high
intensities. Chepter 7 deals with the measurement of the
series regigtance by different methods. A mew nethod of
determining the series resistance of a solar-cell is pre-
sented, in which the deviation from linearity of the short-
circuit cuvrent, with increasing intensity, is used to

estimate the series reslistance. Resulis obtained by this



nethod are comnared with those obtained by the conventional
retlod 8 ol measuring the series resistance of solar clls,
some interecting results on solar cells having different

sxposed armas are also presented.

Bach chapter ( Chapter 2 to 7 ) also contains

discussion o. the work reported thcrein,

To sunrlerize, we present in this thesis a compre-
hensive theoretical treatment oi the solar cell response
under high intensity concentrated radiation. e have also
carried out experimental work which coniirm our theoretical
predictions, We have also pointed out areas where further
experimental and theoretical work is needed to provide better

understanding of the subject.
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1.1 Introduction :

s0lor cell is & protovoltaiec device dosigned
to convert sunliht into clectrical power and to deliver
this power into = suitable load in an eificient manner.
'he use of nhotovoltaic cells for direct enersy conver-
sion has bheen larcely confined to space apnlications, Iovie-
ver, the increasing nced for alternate terrestrial energy
sources, and ecological considcrations have made solar
energy and photovoltaic conversion an active area of

research.

The carly papers on Silicon p~-n junction solar
cells were by Rappaport (1954,31959), Cummerow (1954), Rittner
(1954), Chepin et al (1954), Prince (1955) Rappaport et al
(1956), Toferski (1956) and wolf (1960). A great advance-
nent has been made in the development of silicon solar cells
in seventies and there are, now several review articles and
books available in literature which deal with the design,
fabrication, characteristics and physics of solar cells (see
e.g. Wolf 1971, Hovel 1975, Rothwarf and Boer 1975, lleinel

and Meinel 1578, Rouse IS77).

In this chapter, our purpcese is to describe the

under lying basic assumptions in the theory of p-n junction

solar cells and to discuss the factors affecting the response



of solar cells. This will help in providing the necessary
backgzround for the development of later chapters in which
vie have presented the results of our studies on the response

of p=-n junction solar cells.

l.2 Solar Spectrum s

Since, the device under consideration is a solar
energy converter and not a light converter in general, a
study of the nature of the Sun'’s radiation and its spectral
distribution is of prime importance in the design of solar

cells,

Like any other radiant source, the sun emits
photons of all wavelcngths from O to «. lore than 95 ?;
0f this energy is concentrated in the narrow span of 0.24
“nm to 2.5 um, The peak of the spectral radiancy curve
oceurs at 0.5 micron. About 30 % of the total energy emitteq
by the sun is reflected and 10°% is absorbed by the

atmosphere.

In the outer atmosphere, the total cnergy received

per unit area per unit second is

[va]

Vo = fow dh = 135 mw/cm2
0

where w, 15 the spectral radiancy i.c. the amount of energy



radiated per univ area per second per unit wavelcngth

interval,

The spectral distridbution of the radiation reaching
the earth from the sun can be approximated by a black body
at a temperzvure of 5900%K. However, there is a suificient
departure from the idealized spectirum because of the absor-
ption coefficients associated with atmospheric absorption
by atmospheric zases, aqueous vapours and dust. All these
absorption mechanisms tend to deplete the ultraviolet
wavelengths preferentially. The effect can be described
by means of the optical air mass m defined as the path
length of radiation through the atmosphere considering the
vertical path at sea level as unity and w which is defined
as the perceptible water in a vertical column in the atmos-
phere measured in centemeters. Air mass zero ( m = O,
written as AliO ) is obviously the condition in space. The
condition of air mass one ( AlM1 ) is the condition on the
carth's surface when the sunlight is vertically overhead.

Fig. 1.1 shows the ANO and AMA spectra.

Energy density in AMC conditions is normally
taken to be 0.13%5 Wchz ( Ny = 2.8 X Toall photons per cm®

per sec.) and in AMI conditions 0.106 W/em® ( N . = 5 x 10%7

ph
photons/cma/sec Ve
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SPECTRAL DISTRIBUTION OF ENERGY IN SUNLIGHT
ABOVE ATMOSPHERE AND AFTER PASSAGE THROUGH
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ING 20mm PRECIPITABLE WATER VAPOR.

( TAKEN FROM MEINEL AND MEINEL 1977) .
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1.2 Photovoliaijc eif:zget in g n-n junction

If the n and p type semiconductors are brought
torether, a p-n junction having a potential barrier is
formed, because thermod;momics requires that the average
enersy of the carriers be the same in the two materials.

The nhysics of silicon p-n junciion diodes is well known.,

11

The operation of such 2 device as a solar cell is essentially

different from that of a diode in that the deviation from
thermal equilibrium necessary to produce 2 net conversion
of energy by the device, is achkicved by using incident

radiation rather than by applying a voltage.

The photovoltaic effect in a p-n junction can be
defined as the generation of a potential when the incident
radiation ionizes the region in or near the built in poten-
tial barrier of a semiconductor, It is characterized by a
self-generated emf and the ability to deliver power to a

load, the primary power coming from the ionizing radiation.

Specifically, the light incident on a p-n junction
have two effects:
a) the current of minority carriers crossing the junction

( to become majority carriers) is increased.

b) +the height of the potential barrier at the junction is
reduced by this current, to an extent determined by the

load resistance.
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This reduction in barrier height is analogous
with the effect of a forwardbias on the cell, so the
1irht is said to produce a photovolivage. However, the
current of majority carriers which can cross the barrier
because of its reduced height is not userul in photovoltaic
eneration because it opposes the flow of light generated
minority carriers. A detailcd description of this effect
explained in terms of the energy band diagram is given by

lickelvey (1966).

The magnitude of the photovoltagéfdeveloped
because of the incident radiation can be expressed in
terms of the excess minority carrier concentrations at the
boundaries of the junction space charge regions by the

following egquatvions

n_ _ _~q(Vp ~ Vo)/kT e
n l = .
N lat the junction boundary on p side
and. Fh, ‘ = e_q(VD - Vo )/XT (1.2)
Py

at the junction boundary on n side

where np and p, are the minority carrier concentrations on
p..and n sides respectively n, denoves the concentration of
electrons on n side and pp gives the concentration of holes

on p side.
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1.4 Theory or n-n junction solar cells:

The theory of the p-n junction solar cell has
its origin in the classical article by Shockley (1943)
on semiconductor p~n junciions based unon a diffusion
model, The first analytical treatment dealing explicitly
with the solar cell case is that of Cutmerow in 1954, who
generalized Shockley's continuity equation by the addition
of an optical generation term decreasing exponentvially
with distance. Humerical results were presented for both
Germanium and Silicon solar cells. The next llilestone in
the development of the theory is the calculation by Rittner,
also in 1954, of the cell efficicency as a function of
doping and semiconductor band gap. Wolf in 1960 have
analyvically evaluated the collection process under the
appropriate boundary conditions including the effect of
surface recombination. Mckelvey (1966) gives a good
account of the physics of solar cells and has solved the
ninority carrier transport equation ( described below )
under generalized boundary conditions to derive express-—

ions for the cell response.

l.4.1 Transport equation for excess carriers

The continuity equations which describe the flow
of carriers in a homogeneous semiconductor are ( see e.g.

Jonscher 1960, Nckelvey 1966 ):
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D yn-ul{E Yp+rg B +g-(—" —)
p ¥ 2T gt B WBRFDY &8 °p 0
Tp\ ’po
op
S .... for holes (1.53
ot
and |
D <7Ln +u (B vn+n vo.bB +g =( I )
1L i v o Tn ’Tno
on
2 e ... for electrons (Tad)
ot

where gé and g% denote the excess carrier generation rate
in the mediwa due to the absorption of incident photons.
T, and 1”p are the life times of electrons and holes.
Diffusion coefficienss D, Dp are related to the mobilities
My Mp by the Einstein relations 3

M. kT
D, = —+——  for electroms , (1.5)
q
Hy kT
D = ——— for holes ; (1.6)
P q

4= : : - .
Tuo? 'Tko denote the life times of electrons and holes in
thermal equilibrium. n and p are the electron and hole

concentrations respectively,

In the absence of an externally applied el&ctric
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the difference in the mean free paths of electrons and
holes. Different value of the electron and hole mobility
in the medium gives rise to a separation of positive and
negative charges and an invernal electric field is set up.
wnich is in a direction so as to oppose the charge sepa-
ration. This internal field tends to retard the faster
diffusing particles and to drag the slower ones on more
rapidly. As a result, when this field becomes strong
enough to counteract entirely any tendency for the electron
and hole charge distributions to separate Turthers; the
positive and negative charge distributions start diffusing
together. The effective diffusion coefficient in such a
case is larger than that of the more slowly diffusing
species, but smaller than that of the more rapidly diffu-
sing type. This phenomenon is known as the ambipolar
diffusion and the internal electric field responsible for

it is called the Dember field.

A third equation relating the electric field amd

the net charge density ¥ in the semiconductor is given by

- ~ n P
v ° Eint - K (107)

where K is the dielectric constant:Egns. 1.3, l.4 and
1.7 form a set of 3 equations which canb e used to deter-

mine the three unknowns n,p and Eint‘
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1.2.2 Charze neuvrality assumption ¢

Unfortunately, the above mentioned 3 equations
cannot be solved analytically., Therefore, we must make
some reasonable physical apvroximation which will allow us
t0o arrive at a solution which, although not exact, will be
adeouate for most cases of practical importance. The
approximation which is used for this purpose is the charge
neutrality assumption. We shall assume in egqns., l.3 and
1.4 that the excess hole density AP is just balances by

the excess elecoron density An @

LP=P=-pP,=n-=-n,= An (1.8)

where p, and n, are equilibrium concentrations of the

carriers.

It has been shown by Mckelvey (1966) that the
charge neutrality assumption holds good when the following
condition is satisfied:

lAp - Aan | = E

L
A D i mb + p

¢ bl ) n;

<1 . (1.9)

It is clear from the above expression that the assumption
of charge neutrality should be a good one when the charact—

eristic distance L which is equal to the diffusion length
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for purely d iffusive systems is much larger than the

intrinsic Debye length |

i

L > Ly, (1.A8)

and where

nb +p>> (b-1)mn 1T

Here, b denotes the ratio of electron ®© hole mobility

and n; is the intrinsic carrier concentration. Thse

conditions are almost always satisfied in the intrinsic
and extrinsic samples of silicon ( lickelvey 1966). There-
fore, it is a normal practice to assume egqn. 1.8 tobe

valid in the theory of silicon solar cells.

1l.4.3 Ambipoler diffusion eguation :

In a homogeneous sample, impurity density is

uniform through out and therefore, n, and. P, are cons-

tants. In such a casey

on 0 An
ot ot
and vyn= y(lan) -

A similar relationship holdgs for holes. In egns. 1.3 and
1.4 generation and recombinates rates for electrons and

holes can be taken tole equal yielding



A R (1.12)
—— 2 = — - =E- © {1,13)

Using the above described relationships in
eqns. 1.3 and 1.4 and eliminating the term g . E by
multiplying eqn. 1.3 by ng, s ean. 1.4 by pup and adding
the two equations, we obtailn

AD 6( A p)

D" VZ(Ap)wu*ﬁo ( &p) % 8" = =
T 9%

(1.14)

Bqn. l.14 is the time dependent ambipolar transport
equation obeyed by the the excess carrier concentration
Ap . The excess carrier concentration of the other
carrier speciesy N, is, of course, equal to Ap in

accord with the charge neutrality assumption given in
Bghie L8 D*, H* are known as the ambipolar diffusion
coefficient and ambipolar mobility respectively and are

given by :

(n + 2 Ap) D_ D
D* _ o T Po n “p . o1
(n, + Ap) D + (p0+zip)Dp

(n, - py) My H

*

uoo= . N p . (1.16)
(g + Ap) 1y + (p, + 4P) K,

18
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’T: is the excess carrier life time defined by

| Hall (1952) 5
T as given by the gShockley# Read (1952) is
n 4+ n "431’ P o _
0 1 O + N 4 P
po + ’.l(" -f-A B

T = Th

+ np +/\D

where n_, p, are the equilibrium carrier concentrations

0f holes and electrons respectively and

py = N, exp ( B, - E.)/ kL , {l.18a)
ng = NC exp ( By - EC)/ T (1.18b)
¥, Nc are the effective densities of states in the valence

and conduction bands, respectively. Et is the trap level
energy. B, E, are the conduction band and valence band.@ij¢

energies respectively.

l.4.4 Dember field 3

An expression for the Dember field ﬁint appearing

in eqn. 1.14 can be derived by noting that the total

electrical current density I may be written as

I =qa(3,-3,) (1.19)
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-

where J and 3n are the hole flux density and electron

{lux density respectively and q is the electronic charge.

J and J’n are written as the swr of the diffusion flux

density end a drift current density arising from the

presence of an electric {ield E as :

3p = Dp<7 P+ P iy E , (1.20)

En =-D, gn+ 0, E . (1:21)
Using these expressions i nay be written as

I= gE+q(D-D) y(AD) (1,22)

where 6’ is the electrical conductivity of the medium

given by
§F=q(nu, +pu,) - (1.23)

In deriving eqn. 1L.22 charge neutrality approximation is
assumed, to hold good. Solving for the field E in eqn. l.22

and using egns. 1.9 and 1.6 we obtain,

~ I X b=l
E= — v(Ap). (1.24)
@) q nb + p

As first term above is clearly the field arising
from the application of an external potential source; the

second term represents the internal field:

kT b-1

- —
= e

q nb 4 p

=34

v ap). (1.25)

int
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. is otvious that By vanishes if there is no gradient

n
of carrier concentration, and also if the hole and

electron mobilities are equal ( b =1 ),

For b £ 1, Eint will have a small effect on the
distribution of excess carriers witich 1s neglected in

ceneral ( lickelvey 1966 ).

l1.4.5 Limiting cases @

We consider the following two limiting cases:

(i)  Low level limit:
e consider the case when the intensity of light
falling on the semiconductor is low enough such that
the density of excess carriers produced by light is
much less than the equilibrium carrier concentration

i.es aAp << larger of the two guantities N,y P,
W "
Under these conditions, D and |4 are constants as

discussed belows

For a strongly n type semiconductor, n, > p0,43p.
In general, it is observed that the life time of
the minority carrier ig essentiazlly independent of
the excess carrier concentration for the low level
case whereas, the majority carrier life time is not.

This is expected because the relative charge in the
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ninority carrier density.is zreater by several
orders than the chaflge in the majority carrier
density due to photogeneration oi slectron-hole
pairs. For a stronzly n-type scmiconductor, ©hen,

--’}/ K ) .
”rp = Toe ror AN <L ng

The excess carrier life time 7jr, as defined by
eqn. 1.18 reduces to

N*

= '710 ( for a strongly n-type material) . (1.26)

Likewise, for a strongly extrinsic p-tyve crystal,

it is readily seen that eqn. 1.18 gives
‘*‘
= ’Tko { atroncly p=type maberial ) - (1L.27)

Thus, fbr the low level case, the excess carrier life-
time ’r*simply reduces to the lifetime of the minority

carrier.

From eqns., 1l.15 and 1,16 it is readily seen v hat

under row level conditions @

D = Dp s M= “p for a svrongly n-type material
{1.28)

= D s g* = - i, for a strongly p-type material .
(1..29)

Therefore, in the low level limit, ambipolar eqne.
1l.14 has the same formas the minority carrier diffu-
gion egn. l.3 for independently diffusing particiles

for the case when % is constant.
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(ii) 1izh level limit

In this case when t he excess carrier density is so

b

hizh such that An, Ap »> n,, P

O

eqns. 1.15, 1.16 and 1.18 give rfox

D*, u* and ’T* respectively the following val uess

2D, D
s goes to R (1.302)
Dn+ Dp
* .
i goes to 0 - (1.30b)
-5
fT’ goes to ’Tn +Tp . . LXe30c)

Thus, we see that in the above described two limi-
ting cases the coefficients appearing in the ambipolar
equn. l.1l4 become constants and 2 similar equation

is obtained for toth the low as weill as high inten-

sity limits. Since the effect of I, . is negligible

10
for the low level case as discussed by Mckelvey(1966)
and u* becomes very small for the high level case

(egn., 1.30b) , second term in egn. 1l.14 is generally

neglected in these two limiting casss.

Solution of the eqn. 1l.14 in the steady state has
been obtained by Mckelvey (1966) in the n and pregions of
the solar cell, under appropriate boundary conditions,

However, they have considered the case of low level illu-



mination only and have 21s0 neglected the contribution
o. the second term in eqn. 1.14 . In the next sectvion
we will describe these results for the low level case.
Solution for the high level case will be discussed in

Chapter-3.

1.4.5 Solution of the ambipolar eauation in the low

level limit:

Let us consider a p-n junction solar cell illumi-
nated:g;’igg;%. One dimensional model of the cell is
shown in Pig. l.2. Although here we will confine ourselves
to the p on n type of solar cell, the same treatment is
valid fornmon p type of solar cells also. For the case
of low level illumination D*, u* and ]3 are constants,
their values being equal to the minority carrier value
as discussed in Sec. l.4.5. Ambipolar transport equation

in the p and n regions of the solar cell is solved under

the following assumpvions:

1. injection level is low..,

2. generation and recombination of carriers in the
space clarge region is negligible,

3. thickness of the space charge region is negligible
in@nmnparison with the diffusion lengths of carriers,

4. the semiconductor is non-degenerate,
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5. the quasi- Fermi levels for electrons and holes
are constant over the space charge regions,

6. the condition of quasi-neutrality holds elsewhere,

7. and the impurities are completely ilonized at room

temperature,

Light of a monochromatic wavelength A is consi-
dered 0 be incident on the p surface of the cell. The
absorption coefficient corresponding to that particular
wavelength is taken tobe a. The excess carrier generation

rate is given by
i —{( = + dy)
g'{ x) =al,e (1.31)

where dl is the thickness of the p region and NO is
o 2

number of photons incident per cm per sec. on the cell

surface. The continuity equation for extcess electrons

in the p region is given by

- (z4d1)
— T g S e (1.32)
g™ L D
dx n n

where An is the excess carrier concensration and L“ is

the diffusion length of electrons given by
L‘fl = V- Dn XrTn ° (1.323)

A similar eguation is written for the excess carrier

concentration /A p on the n side as
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I
~r

where L. i WX @ (%3

The general solution of eqn. l.32 is given by

. : 5 B o y NO n - (o dy )
A:‘l.--) = 4. COSA ) % i - Sln h —— a3 “2 2 e i
% L, l-x N

Similarly, in the n region, sclution of eqn. l.33 is given

-/l - "'07_—9 e-a’;::a-di)
2

1 GoLF
b

where A, B, C and D are constants,.

If the cell 1is co)nsidered tobe of infinite
extent in the n region,(fccjlista;;u C must be gere bDecause
20 x ) must decay to z ero for large values of .
Constants A, B and D are evaluated by applying the folowing

boundary conditions :

(1) At the top surface of the cell
d { An )

D Tl v e

S, (An)
= dx X == d 1 :c:-dl

(1.36).
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A

where s1 is the surface recombination veloeity at the

top surface
(ii) At the junction ( x =0 ) :

ng( 0 )

p.{ 0)
= =i 2 & qva/kl
npo p

(1:37)

no

vhere Vi denotes the junction voltage, The ahove boundary
condition given by eqn. 1.37 is valid only ®r low levels
of illumination when the excess carrier density evef@here
is much srmaller than t he egquilibrium majority carrier

density.

1.4.7 Solar cell electrical c heracteristics:

The -junction current is the sum of diffusion

cuarrents due to holes and electrons

1=q(JP(0)-Jn<0>)

g.é.?:.... a T .______dAD )

= ‘ (1.38)
dx = dx x =0

= q Dy
JP(O) and Jn(O) are the hole and electron currents at the
junction respectvively. Egn. 1.38 is evaluated to give the
current voltage equation for vhe device., The result may

be expressed in v he form
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I Io exp | 7 Va/il ) = 1 - Ig (e %9)
where El . _n “i \
T = N
e Eno DD | n_s Dn S, cosh by L, sinh Ln
0 -
L L D, d d
p B === gosh ~jl— + 5, sinh 7l~
n n “n
(1.40)

is - saburation current which is a function only of the
dimensional and material parameters oIf the device, inde-

findent of the level of illumination.

sw el —(Idl
g H, L B 1
I, = 0B (=)
1 - a2-§ hol
( d1 D a ) wdy
i Sicosh =— <+ = Sinh == e -S~aD,
N anO L 1 Ln " Ln " Un
2 .2
1 -a L D a d.
n | o —= Cosh L ; 5, sinh 2
n .Lln 1
+ e—C'r.C‘Ll (l."rl)

is the photogenerated current, independent of the junction
voltage Vj but directly propotional to the illumination
intensity as represented by NU, Ig represents that part
of the current of excess electrons and holes created by
light which succeeds in diffusing to the junction., There-
fore, on the average, only these electron~hole pairsw ill
be collected which are within a diffusion length from +he

junction,.

1
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(2) I-V _characteristics:

Solar cell current-voltase relationship is given
by egn. 1.39 which is essentially the Sghockley diode equa-
tion modified by the term Ig that takes into account the

peb }

photogene rated currents.

(b) Tquivalent circuit:

The simplest equivalent circuit of a solar cell
in the operating mode is shown in Fig, l.3. The photo-
current is represented by a current gencrator Ig and is
opposite in direction to the forward bias current of the

diode. Shunt resistame paths are represented by Rsh’ they
can be coused vy surface leakage along the edges of the
cell, py diffusion spikes along dislocations or grain
boundaries, & possibly by fine metallic bridges along
microcracks, grain boundaries, or crystal defects. Series
resistance, represented by RS, can arise from coatact
resistances to the front and back { particularly for high
resistivity bases, 1 to 10 ohm cm), the resistance of the
base region itself, and the sheet resistance of the thin
diffused or grown surface layer. Nore complicated eguivalent
circuits can be formulated to account more accurately for

the distributed nature of both the series resistance and

the current generator ( Wolf and Rauschenbach, 1963 ).
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FIG.1.3 EQUIVALENT CIRCUIT OF A SOLAR CELL INCLUDING
SERIES AND SHUNT RESISTANCES.
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FIG.I1.4 VOLTAGE AND CURRENT OUTPUT

FROM AN I(LLUMINATED SOLAR CELL.
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Relationships for mpegligible R., Rgy losses:

In order to use the equivalent circuit to predict
solar cell output and efficiency and to make the relation~
snips analytically manaseable, the avproximations are often
made that series and shunt resistance efrects are negligible.
:n such a case, eqn. 1.39 gives the relationship between

the current and voltage at the tTerminals:

Ip= I [exp( qVp/kT ) ~ l_J - I ' \Lxd2d

Solar cell response can conveniently be examined
through three main parameters ( as shown in Fig, 1.4) (5@ 31)
the short circuit current Iac’ the open circuit voltage
VOC and the 'fill factor', the ratioc of maximum power

output to the product of ¥ o and ISC.

The short circuit current I_  is obtained simply

by substituting VT = 0 in eqn. 1.42 which gives

= o ( A
ISc Ig ‘ (1.43)

The expression for open circuit voltage is

obtained by substituting I = 0 in eqn. 1l.42 as

kT 1
¥ou =R == en (1+ &) . (L.44)
q L

Since the power output ( Pout ) is

Pt =YX Ips (1.45)
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the maximunm power outnut canb e founé by differentiating
the product and setting the result equal to zero (Loferski

1963 )

out( e ) max = Im vm- (1046>

where )
“',.,' ,/I.ri:
m
L, = ( ISC + 1) —_— (1.47)
1+{ oV _/¥7)
= m -
is the current output a2t maximunm power and
exp ( qV /kT ). (1 +qV /kT)
= ( ISC/IO ) + 1 (10488.)
= exp ( q V,,/kT ) (1.480)

allows the voltage at meximum power point to be calculated.
The f£ill factor ( FF), measures the ‘'squareness' of the

T -V curve, and is given by

FP o=V Im/ Tee Voo " (1.4%2a)

For the low level case expression for IF is given by
(Lindmeyer, 1972 ):
P o -
FP = Vm [ ks QVL‘/LI’_) lJ ]
. 1 AT -
v [ep( qv kD) - 1 ] [

C

.L-(l/' ;[_m(.mr/n)-lj

- , RN ¢ (1.49¢)
( q ) en [ ILC/EO) + 1 ]

(1.49p)




34

l.4.8 Efficiency :

The efficiency of a solar cell in converting
light of any arbitrary spectral distribution into useful

power is given by

VL = W LJ B (1.50)
where Vm, IrI are the voltage and current at the maximum

povier point ( see Fig. 1.4 ). The input power is

(s ]
P.. =4, S B (a) ( Be/A) da _ (1.51)
in t 5
where 4, is the total device area, F{(A) is the number
of photons per om2 per sec per unit vand width incident

on the device at wavelength A and hc/A is the energy

carried by each photon.

There are various factors which limit the efficien-
cy of solar cells and have b een discussed in detall by
seversliporkers ( see e.g. Wolf 1960, 197¢ and Rouse 1977).
Internal resistance of The solar ccll is expected to play
an important part in determining the cell conversion
efficiency. In chapters 3, 4 and 7 we will present the

results of our theoretical as well as experimental study

of the series resistance and its effect on the response



of solar cells. we have neglected the effect of shunt
resistance because it is not expected to be significant
ot righ illumination intensities of our interest ( Fovel

1275) .

l.5 Solar cells for concentrated radiation @

et

In the past few years attempts to reduce the
cost of solar cells have led to the design of optical
concentrators to be used with solar cells, thus, making
it possible to reduce the area of solar gells for coll-
ection of a given amount of solar flux. Earlier work on
the use of concentrated sun light with solar cells for
terrestrial applications was done by Ralph (1966) and
Beclman (1966) using conical concentrators and parabolic

concentration systems,

Concentrators for use with solar cellg can be of
fallowing types *
1. HNonstationary Concentrators:
In these types of concentrators tracking of the sun
is required. Ienses and mirrors come under this
category. Frebel lcnses are widely used for concen-
tration of sunlight. Concentration factors of more
than 1000 have been achieved with the help of lenses.
Spherical mirrors, parabolic mirrors, Helio_state
paraboloids etc. are same examples of concentrating

mirror systems,
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stationery concentrators or nontracking concenfrators:

In these types of concentratvors diurnal tracking orf
the sun is not regquired, however secasonal adjustments
are necessary. Lxamples 0f such concentrators are
Topocy¥ circular cylinder and Winston compound para-
bolic concentrator ( CPC ). The marimum concentra-
tion tlet can pe achieved using nontracking concentrator:

is 10 in t he case of Winston's CrC.

Concentrated sunlight photovoltaic energy systems

have several advantaces:

l.

Cost of the solar cell becomes less important relative
to the cost of the system, and expensive, highly
efficient cells can be used iif cheap concentrators

are available ( Dean et al 1975).

It is possible to d esign such hybrid systems which
vield both electricity aswellass heat, Integration
of photovaltaic and solar thermal energy conversion
systems can achieve 12% conversion efficiency when
operated at 40 suns terrestrial illumination and

100°¢ junction temperature ( Schuder et al, 1975 )

The disadvantages aei-

Only direct sunlight canbe concentrated, leading to

some optical loss even on te best of days.
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Tracking of the sun may be necessary which reguires
sophisticated mechanism adding to the totzl cost of
the system. lioreover, tracking recuires powver and

the over all efficiency of the system is reduced.

another basic problem with concentration is the
nonuniform intensity ditribution obtained at the
surface ol the solar cell. In a nontracking concen-—
trator, solar cell may ve only partially illuminated.
also, when tracking system 1s used e.g. with a lens,
even a slight error in the adjustment will shift the
golar cell away from the focus of the lens, thus

making it nonuniformly illuminated.

Another major consideretion is the heat generzted as
a result of the zbsorbed light not converted to elec-
trical energy. As concentration ratios increase, the
absorbed energy also increases, causing the cell
tenmperature to rise. This increase in temperature
results in a2 decrease in the cell conversion effi-
ciency. Forced air or water coaling equipment could
be used to off set this temperature rise, however,
such equipment is costly, complicated, and would
consume power, o there still would be a less factor
to be considered. 1o alditional power would be

required for iree convective cooling, but in fis
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case , there would be 2 useful linit of concert ration
ratio peyond which there would be no gain in

efficiency.

5. Series resistance of the celllipcomes 2. serious
problem at high intensities. Iosses due to series
resistance cen be minimized by increasing the number
of grids & the top surface of the cell at the cost of

reducing the totzal area exposed to light.

Although several types of structures e.g. inter-
digited design, Vertical multijunction structure are being
investigated for Silicon solar c ells used with high inten-
sity radiation, p-n Homojunction structure is most widely
used. In the subsequent chapters we will discuss in
detail the effect of nonuniform illumination, high inten-
sity effects, rise in ‘temperature and internal series
registance on the response of Silicon homojunction solar
cells used with concentrated light. we will also present

results of an experimental study on some of these aspects,
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CHAPTER- 2,

RESPONSE & SOLAR CELISTO HONUNIFORL ILLUL.IWATION

2.1 Introduction 3

In general, a solar cell is nonuniformly illumi-
nated by a concentrator. Use of lenses, for example, con-
centrates light at one spot ofthe cell. Various types of
solar concentrators such as conical, parabolic and compound
parabolic give different intensity distributions on t he

surface of the solar cell.

In cases, where a solar cell is used +to measure
the intensity of a laser beam or some other narrow beam,
cell is only partially illuminated ( Shiel and Bolmarcich
1963, Deb and lukherjee 1965 ). LlMoreover, several experi-
mental methods for determining phydcal parameters of a cell
(Raynold and leulenberg 1974, Her¥er 1974 ) also requirve
the use of laser. In all the above mentioned situations,

cell is nonuniformly irradiated.

Rigorous theoretical calculations are available
in literature on the response of a uniformly illuminated
solar cell ( Wolf 1960, 1963 ), Theveis, clearly a need
for calculating the response of a solar cellwvhen it is
partially or nonuniformly illuminated. Physically, this

represents a situationwhich should promote two dimensional
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diffusion, and hence should, in principle, lead to a law of
response that is somewhat different from that given for

the case of uniform illuminagtion. Nonuniform illumination
in the conventional p-n junction solar cell corresponds to
the same situation as encountered in the Vertical Iultijun-
ction cell giving rise to circulatory currents as discusseq

by Dhariewal et al (1975).

Some effort has already been made in this direc-
tion. Deb and lukherjee (1966) have presented an analysis
for a partially illuminated solar cell by assuming that
all the light is absorbed in a thin layer at the surface
of the solar cell. In doing so, they have neglected the
contribution due to the base layer of the cell as well as
the bulk of the diffused region which yields a major part

of the photocurrent under illumination.

Seth and Dhariwal (1977) have considered the etfect
of atsorption of light in the bulk of a partially illumi-
nated solar cell in the case when the intensity distribution
on the cell is uniform along one of the co-ordinate axis

and nonuniformity is confined to only one axis on the surface

ot the solar cell.

Therefore, it is of interest to consider a general

case of nonunifornity of illumination on t he surface of the
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solar cell and to derive an analytical expression for the
response ot the solar cell valid for any type of intensity

distribution,

In this Chapter, a vowerful mathazmatical technique
is presented based on the partial fourier transform which
has been used successfully in some problems in sol..id state
theory ( Tewary 1974 ). This technigue is quite general
and easily applicable to all kinds oi nonuniformity or
partial illumination, provided the surface recombination
velocity at the surfacesnoxmal to the junction is zero,.

In case, this condition is not satisfied, the bechnique
can still be used with appropriate modifications, but

then calculations become more complicated.

The mathematical technique has been described in
Sec. 2.2 and a short discussion of the results is given in
Sece 2.3 o An interesting result is obtained on solving
the smbipolar diffusion equation for nonuniform illumination,
which shows that the nonuniformity of illumination does not
effect the response of the solar cell in the case when the

surface recombination velocity at t he edges normal to the

junction is zero. This result, however, would be modificd

in certain realistic situations as discussed in Sec. 2.3.



2.2 Solution of the imbipolar Eouation

The general steady state ambipoler equation for the
excess carrier concentration 4 n on the p side of a p-n

junction solar cell is given by ( See eqn. 1.14 in Chap. 1)

u 9% (b n, )—u".ﬁ-v(én?)— '—A—I-:E-=-—g' :
! T*

(2.1)

A similar equation can be written for Ap on n sige.
We consider two limiting cases:

(1) &iy = o low injection case

(ii) 1. ~ e high injection case ,
0

is discussed in Sec. 1.4.5. for both these limiting cases,
the second term in Egk. 2.1 is negligible and the coefficients
Dz and Q’; become constants. However, their values are
diiferent in these two limiting cases.

Thereforec, in these two limits ambipolar equn. 2.1
has the same form and can be solved analytically. In this

section selution of eqwu. 2.1 is obtained in the two limiting

cases for the case of nonuniiorm illumination.

Phe y-z plane is taken to be parallel to the jun-

otion and x direction is taken to be the airection o1 the
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incident light, perpendicular to the junction (Fig. 2.1).

in general, A Py, A n and @'are functions of x,y¥,and z.

The x dependence of the seneration rate characlteriscs the
eponential avsorption oif light which is assumed to be mono-
chromatic and the ( v, z ) dependence characterises nonuni-
formity of the illumination on the cell surface. In the

present analysis it has been assumed that g' canbe written

in a separable form

= a(x+dl)

‘]0 - M‘.a

, (2.2)

g' = o N f(y,z) e

. (5]
where NC is the number of vhotons falling per cm” per sec.

on the cell surface. £ Y, Z ) can be taken to be a gaussian ,
exéonential or 2 step function according to the nature of the
nonuniformity of illumination. dl is the width of the p
region which 1is exposed to light. Egqu. 2.1 can now be

written as

*: 2 élﬁﬂ_ _ X kX + dy) .
D, V (2 np) - 3 =-oll, £y, 2) e 1

n
(2.3)
A solution of the above equation for £ (Y,z ) = 1 (uniform
illuminstion ) has been obtained in the low level limit by
Wolf (1960) and in the high level 1limit by Dhariwal et al

(1976). Taw. 2.3 is solved under the following boundary

conditions:
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.A:ll_
E—— = 0, (2.4)
oy ¥y = Db and~b
v An
__"""'p p = 0 o 9)
0z | 2z =0 and ¢
and
LALL:) ._.l
) = - An oB)
0x | X = —dl Dn x o= =Gy

where S, 1s the surface recombination velocity at the top
surface, The thickness d,, of the base region is assumed

<

to be infinitely large.

In the short-circuit configurstion, another boundary

condition is imposed at the junction of the solar cell:

2.7)

~~

én(:’.,y,37 ._.O

In view of the above described boundary conditions, we
gefine the Partial Fourier Twansform ( P¥T ) of An(x,y,z)

and £(y,z) over the yz plane as follows :

= i(k1y Knz .
an(k x)=fan(x y,2) e 17752 ) dy da (2.€)
and

P (R) =S 2y, z) T+ X2 ) qy gg (2.2)
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vhere kl anc k, are the y and z components of the two-

dimensional Fourier Reciprocal Vector k. and the integrel

is over the whole y - z plzane.

PIT as defined in egqus. 2.8 and 2.2, by nature of
the exponential periodic function satisfies the b oundary
conditions given in eops. 2.4 and 2.5 on the y and z axes
resn«iw%Ze transformed boundary conditions given by eqwus.

2.6 and 2.7 which An ( k¥ , x ) must satisfy are the

following 3

d[éln( k, x )J = S, Anlk, x ) (2.10)
dx X = = 4 X==dy
and An (&, x ) ‘ o =0 . (2,11)
x —

Using eqmns. 2.8 and 2095equ. 2.5 can be vritten
as &

- ( k% + kg) fAan (k, x) oty + kpz)  4x

I afan ((Eax))  -i(k1y + koz ) o
dX2
l -~
-~ —— JAnl k, x) e

w

-i(kyy + koz ) o

o NO o - ) e_i(kly & kzz) e—a(x + dl) c(; , (2.12)
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S E 2 _ 2 2
Substituving k™ = i, + k2 ’ (2.132)

l

(=3

and ke r=1k7+ k, = (2.15b)

At R

(where z= ( y, 2z ), dr = dydz )

in ega. 2.12 2nd multiplying by e- =~ ° T on both the sides

and integrating over the whole surface with respect to f,
the transformed equation is given by
dzkgn(i, xU > 1 ~
5 ——(1-:+—;3)An(lc,x)
dx Ln
~0 11
0 — - x + & ;
il f{k)e 1) (8L
n

Thus, we sce that the diffusion equation ( eqn. 2.3 ) in the
noenuniform case can be easily solved by reducing it to a

one dimensional equation by taking its PFIL. We shall give
below 2 formal solution of the equation and use it to cal-

culate the short circuit current,.

Wwe recall that £ ( y, z ) is a measure of nonuniformity
of illumination and we choose a system of units such that

£ (v, 2 ) is normalised to unityess follows

JJ fly,z) dydz = 1 (2,15)
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Thus, the totzal amount of lizht falling on the

front surface of the cell is H a. The solution,

Anl kiz) ape T T, e

where A and A, are constants determined by using boundary
conditions given in equns. 2.10 and 2.11.

By taking inverse PFT

An § migpz ) =S ALK K %) et E T gk (2.17)

short cirvcuit current :

Under short circuit conditions, current ISO crossing

the junction is propotional to

olan (%, ¥, 3 ) -
[ j) ) .dr . (2.18)

%=0

SC 5%

A s imilar term on R.H.S. arises from the contribution to ISc

from the base region. Using egn. 2.17, R.HeS. of egn. 2,18

is equal to
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baiv_sodipuiE b =% 16 p ik oy . (2.19)

Bl tle ;i 5 (2.20)
i
dfanl &, =) . -
N - - -Jé (¥ ) d (2.21)
Limit JE5~ g 'J
k ~+o0 = b . e
Phus, we see that the short circuit current depends only
upont the value of dkﬁn(ﬁ’x ﬂ/dx at k = 0. From eqn. 2.16

we see that it depends upon the k = 0 limit of £ ( k ) and does

not depend upon the detailed dependence of f ( Xk Y on k .

This implies that the short circuit current is
independent of the nature of variation of f (y,z) on; yz plene
and therefore is independent of the nature of nonuniformity

of illuminestion.

To see the physical meaning of k = O limit of £( k )
we consider the integral in eqn. 2.15. Writing f(y,z) in terms

of its PFT we get from egn. 2.15

- .
-

Ife@® et BT gk g

[ £(y,z) dydz

= re(k)yak fet BT g

= f(k)ak & (k)
Limit
1& - B f ( O) = 1 .
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_‘hus, wc see that for k = 0, £{0) gives the area
of £{ vy, z ) curve on the vz nlane which has been normalisegd
to unity. Theefyevie see from eqn. 2,22 that I . depends upon
the total eriount of light falling on the front surface and

is indenendent of the detalled nature of nonunifoxrmity,

. » cltperddent
In the above analysis, ia is found to be only
a0 -

upon g&equince VOC is related to ISC, v could 2lso be
o¢

considered %o be independent of the nonuniformity of illu-

mination.

2.7 Discussion :

The preceding analysis shows that the short
cirecuit currentv in z nonuniformily irradiated cell does
not depend on the nonuniformity of iliumination. The
results obtained in Sec. 2.2 will be mogdified when the
surface recombination velocity at the edges of the cell
normal %o the junction is not gero. The effect of surface
recorbination at the edges has been considered as a perturbat-
ion by Seth and Dhariwal ( 1977 ). However, their treatment
is only valied for low values of the surface recombinaticn
In the case, when it is gero, our

veloclty at the edgeS.
results coincide with those obtained by Seth and Dhariwal (1977)
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or a partially illurinated cell for low levels of illu-
minntion, Another point which should be noted is that the
effecte due to high intenzity and nonuniform illumination
are not linearly additive in general, become, among other
reasons, the nonuniformity and high intensity of illumination
will ~ive rise to currents and fields parallecl to the jun-
ction which will perturb the flow of carriers across the
junction. The present analysis does not include these effects.
Tn addition, due to the finite lateral resistance of the
diffused region, the lateral flow of current is limited by
Lucovs iy f19¢e).
this resistanceA In ‘a recal solar cell, contact grids are

present on the top surface of the solar cell for efficient

collcction of carriers. HNonuniform illumination will also

influence the carrier cellection from grids depending upon the

intensity distribution on the surface of the solar ell.
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CILETTR.

\ TITHORETICAL STUDY OF I'HE RESPOLSEZ OF SGLAR CELLS TO

DIFFEKEJD IL UL TILLPTION LoVEIS AT COLSTAUT T PER.TURE:

‘el introduction :

In rccent years there has been a lot of effort
in svudying the rcsponse oi solar cells at high levels
of illumination ( Arifov e%.al.1S74, James and loon 1975,
Dean et al 1975, Vasil'ev et.2l.1975, Dhariwal et.al.l1976,
Delsl and loore 1977, Hapoli et =2l 1977, Fossum and
Lindaholm 1977, Crook and Yeargan 1577, Burgess and

Spaderna and Navon

Fossum 1977, ©v

1978) .

The interest ariscs

(i) Trom an application point of view because solar

cells are increasingly used along with concentrators which
effectively rcduces the cost of soler cells and

(ii) from an academic point of view because of various
interssting physical processes which contribute to the

response of solar cells,

As the intensity of illumination increases, the
conventional Shoclkley theory predicts a logarithmic incre-
ase in the open circuit voltage and a linear increase

in the short cirvcuit current thus, effectively increasing
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the - ficieney of the n-n junction solzxr cells (Rarnanort
1059, wolf 1960, Sterzer 1975). Iowever, it is observed that
open cireuit voltase saturates 2. 2 ceriein value in the

1irit oy hich intensity instead of logaritrmically inereasing,
"he soturstion of open-circuit voltaze has been studiecd by
several workers (Girton 1963,Blinov et.al. 1966, Molonyak et,
~1.1967, Gray 1969, Kao and Schroder 1970, Parrot 1974,
Dhorival et.al.1976). Gray (1969) attributed it to sradients

of the guasi Formi potentials arising in vhe base region

ct

o satisiy the zero current condition. Parroit (1974)

6]

~ebatea vV, to the product PN of the carrier densities

2t the junction and described & savuration or V at high
values of PN. The variation in photovoltage with light
intensity cannot be caleulated directly from his results.
Tossum and Lindholm (1977) have derived the dependence of
solax cell onen circuit voltage on the illumination loel,
valia for high injection conditions. Their resulis are
related to an easily measured device parameter, the uncompen-
sated photocurrent. Girton (1963%), Blinov et.al. (1966) and
Holonyak et,al.(1967) have reported experimental results

on the saturation of photoveltage in solar cells illuminated
with intense laser beams. An useful theoretical

treatment for this effect has een given by Dhariwalk,

Kothari and Jain (1976 ) ( Hence forth referred as DKJ )

who have developsl expressions i Voc and lsc
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as functions of uniform generation rate in the device.
They have derived a boundary condlition valid at all levels
of illumination. This boundary condition is a modified
version of the conventional Shockley boundary condition,
which predicts the saturation of the open-circuit voltage
in the 1imit of high intensity of light and reduces to the
Shockley condition ( see eqn. 1.37) in the limit of low
levels of illumination. FHowever, this treztment is not
mathematically rigorous because of the following reasons:
(i) They have assumed uniform generation rate of carriers
in the solar cell and have therefore neglected the effect
of exponential absorption of light in the cell,

(ii) They have assumed the limiting form of the Ambipolar
equation which may not be valid throughout the bulk

of the solar cell.

(iii) They have also assumed @ cell of infinite tuiclmess

which is not true in the case of & real solar cell,

The main problem in studying the response of a
solar cell at high levels of illumination is the solution
of the ambipolar egquation which is highly nonlinear. Only
in the 1imit of low intensities ( conventional treatment)
and in the limit of infinitely high intensities (DKJ treat-
ment) the equation becomes linear and its prompt simple

analytical solution is possible. The limit of infinitely
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hich intensivies, which has been assumed by D..J is not
of course attalnable in practice and it is important, there—
fore, that a solution of the ambipolar equation is ohtaineg

such that it is valid at all levels of illunin-=tion,

In this chapter we present a numerical solution
of the ambipolar equation which does not make the three
assumpsvions described above, It uses an iterative rethod
which is quite simple and convenient. With the help of
this solution we will discuss in detail the various aspects
of the response of solar cells. VWe have assumed the
boundzary conditions derived by DKJ and with the help of
the numerical technigues calculated the short circuit
current, open circuit voltage, meximum power output, fill
factor, I~V characteristics and the carricr concentrztion
profile for a realistic p+n solar cell of one omm restivity
for four Adifferent values of the absorption coefficiens.

e have also included the contribution of the series
resistance which has the effect of saturating the short
circuit current and also the effect of Dember potential.
Our results are qualitatively similar to those of DKJ
in the sense that they also predict a saturation of the

open circuit voltage and the short circuit current. However,

our treatment being more rigorous 1ls applicable to more

realistic solar cells.
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In See. 3.2 we discuss the solution of the
armbipolar eguation in the different intensity regions
and solve the ambipolar equation analytically in the low
and high invensity limits. Sec. 3.3 describes the num—
erical solution of the ambipolar equation for all intensity
levels, Section 3.4 deals with the eleectrical character-
istics of solar cells. Here, we determine the solar cell
current voluage relzationship, short-cirecuit current, open-
circuit voltage, fill factor and efficiency for the case
of monochromatic incident radiation. Caleculations of the
electrical characteristics for the case of composite
light are described in Sec. 3.5. Sec. 3,6 is devoted to
the efiect of the internal series resistance on cell
response. Contribution of the Dember voltage is discussed
in Sec. j47. PFinally, in Sec. 3.8 we present the results
of numerical soluvion of the ambipolar equation for a one
ohm cm p+n solar cell ( cell parameters given in Table o
to determine excess carrier density /\n, ambipolar coeffi-
cients D*, ﬂf and L*, short-circuit current, open~circuit
voltage, Dember voltage, maximum power output, fill facvor,
efficiency and I-V characteristics as a function of"
intensity. These results are compared with the results
obtained by using DKJ formulatioﬁ. Caleculated results

of the cellresponse for AMO spectrum are also presented.
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Iffects of series resistance on the short-circuit current

and L-V characteristics are also discussed.

3.2 Anmbipolar ecuation and its analytical solution:

The three dimensional ambipolar transport equation
obeyed by the excess carriers in a homogeneous p-type semi-
conductor as given by egn. 1.1l4 in Chap. 1 reduces %o a
one dimensional equation if we consider the case of uniform
illumination on the surface of the solar cell., The »esul-

ting equation for the steady svate is given by

. 4o « . alan) An
DT o W gt -0 G
X

where A n denotes the concentration of excess electrons.
The excess carrier concentration of holes A p, is of

course, equal to A n in accord with the charge balance

assumption used in deriving eqgn. 3.1 . A similar
equation can be written for the N side. All the coeffi-
cients appearing in egn. 3.1 have been discussed in Chap.l

in detail. We give below the expressions for these

coefficients which we have used for our calculations

( see Sec. 1l.4.3 also )}

(n.+ p, + 24An) D D
D' = nl ’ (3.2)
( ng+An) Do+ ( p, +4n) Dy




. (n-pg) wy ug . o

(ny+An) u +(py+An) u,

TY, the :e}:%ss carrier lifetlime given by the

Holl-Shockley-Read theory is ( Sw Honj and Hray 1958 alse)

* - 0
A 4
i Po n+ p, +An no

ng+ 0 +A4n g i Py, + Py +An

n, + p, +4n

E is the internal Dember field arising because of the

tnk
different mobilities of electrons and holes ( See equyn.

1.25 in Chap. 1 )
kT b -1 a(an)

I ID e — ——

int q A % p ax

(3.5)

where b is the ratio of electron and hole mobilities .
O-her symbols have their usual meanings. We see from

the above expressions that coefficients in eqn. 3.1 are

funetions of An in general,

We discuss here the solution of eqn. 3.1 at

different values of the generation rate g'. For the
purpose of analysis we divide the whole intensity region

into the following three regions and discuss the solution

of egn. 3.1 in each region:

Gase 1 : Tow level illumination (AP, An << ng, p )
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8 p . :
For a strongly n type semiconducior under low level

illunination ( sce Sec. 1l.4.5 also )

¥*

D = Dp
# .

9= = ’T:O v for An (< no) (3.6)
*

y = Mp .

Likewise, for a strongly extrinsiec p-type crystel it is

readily seen from eqns. 3.2, 3.3 and 3.4 that

D =
= Dn
=
»> = Tno ( for Ap <« po) (3.7)
* -
u e "‘:‘l «a

Electric field given by eqn. 3.5 is in general, quite
small at such low intensities, and is usually neglected
(Mckelvey 1966). As seen above, all the coefficients

become constants at low intensities and eqn. %.1 is

readily solvable analytically.

Case 2 : Figh level illumination (Am,ADp >> n,, po) 8

(see Sec. 1l.4.5 also Yilwhen the density of excess carriers

becomes much lg¥zer than the larger of the two quantities

B

(Dhariwal et al 1976, Sabnis 1978) as givenbelow:

» P, the coerfficienss in egn. 3.1 again become constants
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2D D
— (3.82)
Dn+Dp
o —-r
- - ,QC‘

T ¢ (3.8¢)

The second terr inem. 3.1 in the high intensity
1imit pecomes small enough to be neglizible (DKJ) and
we solve the eqn. 3.1 enalytically in the usual aporoxi-
metion talking constants values of D ond ’Tf as given

above and nezlecting the second term in egn. 3.1.

Case % i lioderate intensity illumination: In between the
zbove two described two extreme limits we have the
moderate intensity case i.e. when the excess carrier
density is comparable to v he larger of n,s Pgye As

is clear from epressions %.2, 3.3 and 3.4 the ambipozar
coefficients are not constants in this case but depend
on he concentration of excess carriers. Therefore, for

the intermediate values 0f A n eqgn. 3.1 has tote solveqd

by numerical techniques.

Strictly speaking, the second ®rm in the eaqn. 3.1

is negligible only in the two limits of high and low
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intensities. There is no apriori way of determining
whether this term is elso negligitle 2t moderate
intensities. However, following the usual nractice, we
obtain the solution of eqn. 3.). neglecting the second
term but obtain 2 separate estimate of T through the
Dember effect Formulation (egn. 3.5) and add that to the

exnression for voltage ovtained irom the solution of the

eqnn b olo

We have numerically solved the ambipolar trans~
port eqguation in both the p &ad n regions of a p-n junction
solar cell & all levels of illumination under following
assumptionss
l. Generation axd recombination of carriers in the space
charge region 1is negligible.

2. Thiclmess of the space charge region is negligible
in comparison with the diffusion length of carriers.

3, The semiconductor is nondegenerate.

4, The guasi Fermi levels for electrons znd holes are
constant over the space charge regions.

5. The condition of quasi neutrality holds every where.

6, The impurities are completely ionized at room

temperature.



7. Reflection of light from he top surface of the cell

is 2l1so not taken into account in the »resent analysis.

We have considered a simple p-n junction photo-
volatic cell made by diffusing a p type impurity into an
initially n type semiconductvor , so that a thin v-type
surfzce lzyer is formed. [he cell is illuminated by mono-
chromatic light incident upon the p~tyve front surface,
The physical situation may then be represented by the one
dimensional model illustrated in Fig. 1.2, where uniforn
nad p regions are shown separated by an abrupt p-n
junction at x = O, Thicknesses of the diffused p layer
and n type base are d; and d2 respectively. Light is

incident in the x direction.

The excess carrier generation rate g'(x)( Chap.1l,

eqn. l.31) is given by

g (x) = o W, o@ix¥dL) (3.9)

Under these circumstances, the ambipolar equation for

the excess carriers on p side cand e written =

a“(An))  An,
e b— -

T gl -
B dx o

%

=~ a I o) (5 q0)

A similar eguation Br the excess carriers on the n side

is given by
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g &CAn,) AP
'f 2 ol IR Hne—a(x+dl) (3.11)

where z}no and ‘ﬁ-n denote the excess electron concen-
tration on p side and excess hole concentration on n side
respectively. The general solutions of eqns. 3.10 and
3,11 for the case when D and'?f are constants ( e.g.

in the high and low level limitsjare given by:

+
. * J - (X'l'dl)
_ /i %/ Iy i T =
Any = A e + Ay € + ~p (3:12)
Lo an
and
*x
S * o IT
Z&pn = Bl e_A/Lp + B2 eX/LP + _“gﬁlii Q"G(X+dl) (3-13)
P Lp2
- 4 ++ -
where Ln = | n'Th (3.14a)
+* * S
and L,=V0,T, . (3.14p)

The coefficlents Al’ AZ’ Bl and 82 are determined from

the following boundary conditions :
(i) At the front surface oi the p+n cell which is exposed

to light 3
a(4n)

:D*
n

- x:_dl X = vdl
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(ii) _“he electron and hole concentrations at the junction
U8 given by the following relationsiip (see eqns. 1.1 ang

1.2 also )

= exp L--; (Vo= 1) /5 ] - (5.16)

n =0 2 X=0

Using eqn. 3.16 and the charge neutrality condition des-
cribed in Chap. 1 ( egn. 1.8) given by

An=mn, -1, =p “Pyo = 4P (3.17)

J have derived the following boundary conditions valig
at all levels of injection for the excess carrier densities

An and Ap at the junetion { x = o )3

(Dn ), - {npo-!-pno exP_L-q (VD_vj)/kTﬁ [exp(qvj/k’l‘-)_-_ij '

p S VIR § ¢ -
1 - exp [—2[1( vD-.j)/l.’I‘]

(3.18)

The corresponding boundary eondition for éipn at the

junction consistent with eqn. 3.13 is given by :

iP i [o:cp [—q(VD—V j )/I:T’Uj[ zxp(qV J/kf-.‘)-l ]
n’o” 1 - exp EZq( VD-Yj)/lc-i.'J

(Op

(3.19)
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iS5 seen from eans. 3.18 and 3.19, for the case of low
level injection these two egns. reduce to the conven-

tional Shockley boundary condition used for p-n junctions,

(iii) One more poundary condition is needed for the

determination of /Py which is provided by the eqn. @

a n
* JAR S
Y - 82 ( A Jy]) -.-—-,! (3'20)
¥ dx x=d2 s

where So is the surface recombination velocity which
is usually taken to be infinite for an ohmic-contact

covering the base of the cell,

The values of Al, .&2, El and E’?, as determined
from the above described boundary conditions are given

by the following expressions i

D

Ay= _ ) L
d, /1 i ;
elhn(—%——«z-sl)-:-e"ll/l‘ni_fn_
11 'L‘n
(3.21)
(Any), - 4y - A e 41 (3.22)
a [T T}
where A = —9'”—“;“ ¢ (Ba23)
- - cc2 T e )

n

1
(Angy) edl/bn(s + —) -4 [(—-— +8). ¢ Ul(vrx'a\p “'31]
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and
; ¢
! 3 D 2t d,dds ) ~fd., 4 «d,
RO ORI il L I - o
n’o 2 ' ‘r ( 2 I?)
i : a I L
' / D, D -, /L
[ B3 B0 T ]
L L
b Y
(3.24)
-0, d
B, = (Ap), - By - A' €L, (3.25)
5 > *
o ¥ T
where A' = —=— . (3.26)
(1~ angz )

For 1, = = , in the case of an ohmic back contact, 3, reduces
to a constant value which can be calculated from the above

expressions, If, in addition, d2 is infinite then B2= 0.

Now, using the above expresslons excess carrier
density in both the regions can be calculated at different

points in the x direction which is taken to be perpendicular

to the junction.

In our calculations we shall need the average value
of the excess carrier density in p and n regions. The average
value of excess carriers density on p side is obtainedbyi
integrating eqn. 3.12 with respect to x over the whole p

region and then dividing by its thickness dlz

1 ” . ® R
= e b T 2 - il
(zsn)average dl n xl( . < )
b R
. H/L i /L ok -ad -1 -0 T
+ AL (e © B 1 M. A e l( e ¢ 1) (3.27)

2n o
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where I& and h2 are the limits of integration in
this case belng —dl and O respectively. Similarly,
the average excess carrier concentration (An) __
& average
on the n side is determined bty integrating eqn. 3.13

with respect to x as x varies from O to d2 and dividing

it by the thickness d2 of the n region :

1 =1,/1 -1 /L

. X ’ * 2P L' "p

. =— 1-L_ H,( e - 8 By
“£5~‘aNerage i j o R )

2
-{1 0} 3
l/ll /& AY e . L = lia -{X

i, (e © Pee 20y = (e “-e ) (z.28)
where ?i = 0 and Hg = d2.

3,% lNumerical solution of the ambipolar equation:

The conventional numerical technigues for a
solution of eqn. 3.1 are rather complicated because it
is a boundary value problem. A numerical solution can
be obtained by using the standard Runge-Kutta or other
similay methods taking an adequate number of intervals,
However, the difficulty in such methods arises berause
one has to guess sbout the unknown function at one
boundary such that it satisfies the prescribed condition
at the other boundary. This of course is a general

difficulty in the solution of the boundary value problens
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using such methods, Ifunmerical solution of the basic
transport and continuity equations have been attenpted

by several auvhors over the past few years. Using the
Newton-Raphson method ,Graham and Hauser (1972) have solveg
the one dimensional time dependent nonlinear partial

di fferential equations: ( Poisson's equation, current
density equation, and continuity equations) as applied

to the silicon n'- n - p' diode. The above program

was modified by Dunbar and Hauser (1976) to take into
accountv the exponential generation term for the casc of
solar cells, It is, of course, possible t0 use more
sophisticated and powerful techniques like finite element
method to solve such boundary value problems which arye
quite common in fields like stress analysis, fracture
analysis etc. such a method using computer simulation

has been used by Fossum (1976). He has developed a
numerical analysis computer code to predict and analyse
the performance of solar cells at different illumination

levels. This code provides exact one dimensional numeri-

cal solutions of carrier transport in the solar cell

A transient simultaneous solution of Poisson's equation
and the héle and the electron convinuity eguations-
approximated using finite differences with variagblce mesh
point spacings- is achieved using the impurity profile,

material parameters, and the bias conditions & input.
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The numerical teclmniques such as the one used
by Fossum require subsvantial computational effort angd
are useful only when a fast computer is available.
Alvhough, the numerical results are very accurate bus,
quite often, the required comptational effort may not be
worthwhile because of several uncertainties and physical
approximations which are inherent in the equation itselr,
Some of these approximations arise, for example, from the
facts that at any level of illumination,Diffusion coeffi—
cient, life time etc. will depend upon the doping levels
and other material properties ( Fossum 1976) which can
not be guarranteed to be uniform through out the cell,
Similarly, the absorptvion coefficient a is unlikely to be
constant with respect to x in a realistic cell, lioreover,
details of the physical processes going on in the device
are not apparent from the computational process as used
by Fossum, Further, qite often for the purpose of
designing , analysis and testing systems for solar cells
and their arrays, it is useful to0 have a simple eomputa-
tional technigue yielding quick numerically approximate

results. For the purpose, it is particularly convenient

to have analytical/semisnalytical expressions which may
serve as a reasonably accurate representation for the

resnonse of a solar cellat different levels of illumination.



with the above perspective,we propose here a
semieanalytical numerical vechnique for solving the
embipolar egns. 3.10 and 3.11 which is numericelly quite
accurate and yilelds analytical expression for a represen—
tation of the carrier profile in a solar cell at all
levels of illumination. The method is similar to itera-
tion perturbation methods used in gquantum rechanics as
well as several problems in materizl science and is
simple enough to be handled on a small computer lile

Bl 1130 which we have used for our calculations.

This method exploits the fact that the parameters
given in eqns. 3.2 and 3.4 have a slow functional depen-
dence upon x through An and become consbtant in the
two limiting cases of high and low An. The proposed

nmethod is described below.

wWe start with a value of lighv inftensity

where the coefficients in eqgn. 3.1l canbe taken t0 be

reasonably enstant ( as for example the low levellimits

civen in eqns. 3.6 and 3.7 ). When the light intesity

inereases, the functional dependence of these gquantities

on the excess carrier density will come through the

unknown variables 43n, Ap. A measure of this functional

dependence is provided by the derivatives as follows:



(- P,) a( An )
;i_:.,.- (—T——--:—--—é- n)z dx 2 (—3029)
*
a ) ( Q -3 ) d{an )
ax (Q. +4 n)? dx ek

where Py, P9 P3, P4, Q> Q, and Q3 are constants,

Therefore, in the case when An is very large
( An = © ) and/or ( P—Pz) and (Ql = Q2) are small,
dD¢/dx and d?f/dx become very small. TiMds, ve see that
even if d(An)/dx is quite large, the above derivatives
dD*/dx and dﬁf/dx are relatively small., Variation of D*
and ’Tﬁ with x in the base region is shown in Pig, 3.1
for a one ohm cm p+ n cell ( cell parameters given in
Table 3.1 ). For these calculations values of A1n used
at each point correspond to the open-circuit case. The
calculated variation of D* and 7’* with x in the diffused
region is found 1o be rather small (Less than 2?@ ). 4s a
numerical approximation, therefore, 1t may be adequate
to0 take an estimate of D* and ﬂf* in terms of thé awrage
value of An in the region. The average value aof A n
can itself Dbe approximate becavse the result ingih:
error in D*, Tj would be small. Having obtained the
first estimate of An we calculate D' aud 7“*'Ey »sing

the calculated walues ofan arising from the first

estimate ass
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This provides the second iteration and the iteration

can be continued vntif the values of D*, Tf and the Tinal
velues of An convergess. The number of iterations requireq
for convergence would be a measure of the efficiency and
accuracy or the technique. This technique obviously
cannot be applied if D andﬁT} are sensitive to /An

and its derivatives because then the itergtion would not
lead to a convergent value. We Lind in actual practice
that in most cases even the second iteration leads to

a convergent value within 1 7/, which lends crediability
to the present method of calculation., Table 3.2 gives
the values afzgnestimate for five iterations calculated
for o = 10/ em™t and N, = 101 on™? sec™t. as shown,

the difference in the first and second iteration values

is very small ( fess Ran 1 /6 .)

As the illumination level 1is increased, the

value Ojrésnestimate used for the previous illuminstion

ievel is multiplied by the factor by which 1t is increased

and is used for the first iteration,
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AVIRAGE VALUBS OF THE 2XCEZSS CARRIEZR CONGESPRATION :

2r =2 -1

¥ =10 e © see

0
! =)
a = 10" em ©
Iteravion Y layer °
-3
A inggel o )
i, 56.19 x 10%2
2. 56.20 x 1077
3, 56,20 % 10°7
L. 56.20 x 107
13

5. 56,20 x 10

I layer

/ -5
. m
Apestlmate‘ & )

15.23 x 1074
15.11 x 10-%
15.11 x 1074
15,11 x 10v4

15,11 x 104



76

13

Zherefore, (zg;n)n = \43“'H_1 — - (3.3%)
ﬁn—l

where the factor . /7 , gives the fractional increase

in the number oX photons falling per cm2 per sec. On

the cell surface.

The advantage of the present technique is its
simplicity and arises from the fact that it does not
require a lot of expensive computer time as compared
to more sophisticated techniques and yield results which
can be made as accurate as one wishes by increasing the
number of iterations as mentioned before. Two or three
iterations are enough *to ensure appreximately 1 2)
accuracy. In the cases where the ambipolar equation
haes to be solved repeatedly for different values of
the light intensity and the material parameters of the
cell such as where the performance analysis of solar
cells is required for design purposes for different
concentrations, this technique would be found more

convenient, useful and economical.

3.4 Blectrical Characteristics of solar cells:

3.4,1 Current voltage relationship i

The junction current I is evaluated ( see eqn.

- »
1.%8 in chape. 1 ) for the case of constent D and T° as

follows:
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I=q (3,00 -3, (0))
=g (0 Uam g & L)
’ dx

(3.24)
gt dx P

X=0
vwhere d{(Aan)/dx and d{Ap)/dx are determined by diff-
erentiating egns. 3.12 and 3.13 respectively. The result

‘ ~ i PR '~ -
may ue expresced in itne lormis

q'u' :
[:0 + T;‘ exp ( =nf "-"D-"'1},/!-'T )] [' ( ?L)-l]

(3.35)
where . i s D* d /L? D:
nU . 1n 4 / dy o 3
['————n__“"][: Vi ape ) me VT (5= < 9p) ]
; P “n bn
LN L. N .
dl/l‘n( Eg_ % ﬂ'ul/“n ¢ “n )
e —* + Gl + 2 . . oA sl
hn hn
w* » »
. —d/
o By dZ/hP( B Yy -0 D¢ T )
- St = e &= 8y
Lp N -
~ * * *
d,/L D -d,/L D
[/ By o B B o))
LP LP
(3.36)

and
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: . _* %
D Pyo ! Yn. EQ ) =84 "n( Dy 5. )
= : 1t - -e e
n n “n
It = —— =73 T i o S
0 d, /1 -d, /L
a 1" "n, 2 2 Yoo + Ty -5 )
: L 1 I 1
n
g bn 3 gl * _a I k3
S po p_l:,/ Ly : DT) S d. ]F’( ]_J:’— o
I'.* - IJ2 L' I‘* - 02)
Y D P
o = .
a./ 2 D* d,,/ L 0
L : =Q.,/ R
aa"(32+—;-’—)+e“ 1(----],%—-s,]
L I
P b
(3.37)

I_. is the photogenerated current independent oi the

-

junction voltage Vj and is given by the expression:

> 4
n |
D ; il -d, (= 4
1 D d, (—» = & D 1'VT»
—_ (-——2——— + Bl)e +* In —;?.'(un-rsl)-(-—l;- ..31)@ bn
Lyt oLy ‘ “n
LI a. /5 D &./%. D,
l’el n(n*_'_sl).*eln( I;l _sl)]
L L
n n
-
+ Ba e dl
(~ad ds * o (mady- d,
| L+ —_—I-,;)(s . 5)2 5. 1 D:TP') ’)n-a(dl-i-d ; 5* )
Fls Besgrea-gi-e T R
P P
+B! s
dz/L

+* * *
D D -d,/L
e Pls. + —%—)-(S-—B—)C"p
2 2
L I
D D

- B'a e_adl {3.38)
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qQ a NO L:2
where B = == (%.382)
(1~ a“Ln‘ )

Qo H I

and 5! = - (3.38b)
, 2 %D
(1 -« Ib )

The plot of I VS.V( eqi. 3.35) gives the I-V character-
istics of the solar cell. In the low injection limit

Wj <4 ¥y ) egn. 3.35 reduces to egqn. 1.39 derived in Chap.l.

Zo4e2 lMaximum Power output :

Naoxi mum power point ( Pmaz) in the I - V curve
is obtained by calculating the product IV at each point
on the I-V curve. The current and voltage at the maximum
power point are denoted by Im and Vm respectively. There~

fore ( see eqn. 1.46 also )

P =I_V . (3.39)

3,4,% Short-circuit current :

Under short-circuit configuration eqn. 3.35 gives

fOI‘Vj:O}

isc = Ig ’ (3.40)
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i.es. the short circuit current flows in the direction
opposite to that of the photqvgenerated currentv, the
mzgnitude of both being the same if the circult resis-
tance ( including the internal resistance of the device

it self ) is gzero.

3.40.4 Onen circuit voliage :

Under open-circuit configuration,; (Izo,vj=v00),

we obtain fromeqn. 3055

(3.41)
Above equation is quadratic in exp (qVOC/kT) and when
solved gives two values of'VoG. One of the roots is
negative and is therefore, discarded from phy¥sical
considerations., It is clecar from equn. 3.41 that the
naximum value that V. & en attain is Vy corresponding
to the limiting case of infinitely high intensities.
This result is in agreement with that predicted by
‘DI . Por low level injections, eqn. 3.4l reduces to

eqn. l.443

kT 1
OcC
q Ly
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Contribution of the Dember effect to the open-circuit

volta ge will be discussed in Sec. 3.7.

o Fil1l facior:

Fill factor ( FF ) is caleculated using the
expression ( see egqn. 1.49%a a2lso ):

P 7
i (3.41a)

wp X
Iscx foc
where Ioc and Voc are determined from eqni- 3.40 and
5.41 respectively. F_ _ 1s determined from the plot

of I-V characteristics.

3.4.6 REfficiency ¢

As defined in Chap. 1 efficiency ('] ) of the

solar cell. is determined by using ( see egn. 1.50 also):

B
N - = (3.41b)

Pin

where Iﬁn is the incident power on the solar cell, as

given by eqn. 1.51 in Chap. 1.

3.5 Determingtion of the cellresponse for continuous

specirum i

All the preceding analysis has been based upon a
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situztion in which the photovoltaic cell is illumi-

nated with monochromatic radiation. In most of the
actual applications tovhich such devices are put, the
illumination source is sunlighv, which, of course, has

a broad continuous spectrum of wavelengths. In this
case, it is necessary to calculate the actual spatial
distridution of excess carrier generation. The genera-
tion rate o' (x) is no longer the simple exponential
function shown in eqn. 3.9 but a superposition of many
such exponential functions representing many wavelengths,
each with a characteristic absorption coefficient o« ()

as ovtained from the observed optical absorption spectrum
of the semiconductor crystal and each-with a characteris-—
tic inbtensity factor NO(A) according to the spectral

intensity of sunlight at each wavelength., g'(x) is then

represented by

g'(x) = (M) No(h) =0 (x4 )

Z
A
A oy |
< B B e &R R (3.42)
A
1
in the wavelength interval hl to Az. Therefore, in t his

case the ambipolar eqns. 3,10 and 3.1l become integral

eqns. vhichare not solvable analytically. We have therefore,
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solved them numerically Dr fifteen values of wavelengths
in the interval 0.4 %o l.1l nicrons to obtain the short-
circuit current in each case. The absorption coefficient
for each wavelength was defermined using the analytical
expression given by Shumka (1370) based upon the experi-
mental data of Dash and Newman (1955). This value of

ISC obtained for each wavelength was multiplied by the
factor No(h) corresponding to ANO spectrémgiven by Johnson
(1954) and then added to give the total short-circuit
current under ANO spectram( see Wolf 1963 also ) VOC,

IV characteristics, %n%x, FF and efficiency are calculated
<

in the same manner as described in sec. 3.4.

3,6 Effect of the internal series resistance:

In this section we discuss the effect of the

internal series resistance on the cell response.

3,61 1=V characteristics

A finite internal series resistance R, of the
cell gives rise to a voltage drop IR, across the cell.
Therefore, voltage measured at the termingls VT will be

less than the junction voliage Vj by the amount

V. =V, - IR_ . (3.43)
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This causes a reduction in the current flowing across
the solar cell and the I-V relationship ziven by eqn.

‘nr an idezl cell of zero internal resistance is

modified to 3

e e—a—— e . ]
I: -~ —_-l—k“' D_k‘l"' + J‘l‘g }‘ g
1l & exp L -
Vsl
(3.44)
Tor the low injection case, eaqn. 3.44 reduces to
gty + IR )
o S = P
I= T ’.exp -1 J - ——a * (3.442)
2 L KT )

3.6.,2 Short circuit current :

For the shori-circuit configuration, on substituting

I = ISc and V., = 0, eqn. 3.44 becomes:

=

Y o B, R_) ks R

1 . . (l

I +I' exp J D. 80 s .] b lexp( —E&-E )1
0 0 = T L 1c

I . = ' il

[¥e] —2q ( V. - T R ) g.
1 ~ exp ( D Sc_ s
E Lol

(3+45)

Therefore, fOr a finite internal resistance, L

is not equal to Ig but is smallax by the quantity given in
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the Tirst term of ean. 3%.45. Limiting form of the ean. 3.45
shows that the resistive drop limits ISc t0 an upper

value given by
€ Lopldae = TR ' (3.46)

We have neglected here the contribution of the Dember
effect in calculating the current, However, it is expected
tob e of second order only. TFor the low level 1limit

(v, K« Vo), ean. 3.45 canbe writtenas

( (O T 2 et : g
= I e P i = . 5467
Ise o L?XP = g 3.46a)

.
i, 2

5.6,3 Open circuit voltage Evoc) :

In t he open~circuit configuration, the junction
potential is obtained by putting I = 0 in egn. 3.44 and

voc is therefore, independent of RS.

%.,6.4 liaximum power outpubt and fill factor:

Because of the change in I-V characteristics
due to the presence of a finite series resistance (eqn.
. and FF are also expected to chance,
344)’%mx . cHange %mx
and ITF are calculated in the same manner as described in

SeCe el
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“e1 Contribution of Deuber eflect

Strictly spealking, if the charge neutrality
condivion is assumed as is implicit in'eqn. 5.1, the
internal field due %o Dember effect cannot arise. The
calculztion of Dember effect in this model is therefore,
an approximation which is however quite standard and

conventional (Mckelvey (1966)) o

Dember voltage contribution to the total open-
circuit voltage of a solar cell has been calculated by
D7J under the three assumpitions as described in Sec. 3,1.
Using the same treatment, v have calculated the Dember
voltage in both the n and p regions in the nresent formu-

lotion as given by the following exoressions :

= (b-1) f 1>O+(1‘ +1) (Anl))o ‘
¥, 6 == 0 il L3.47)
P o g’
q (b+1) ! o+\1+l)(57--:p/_dl
is the voltage drop in the p region and
R 5 % nb'+(b'+1)( A».)
v = la -2 22 (3.48)
L q (b'+l) n b’

is the voltage drop in the n region. These expressions
have been derived by integrating egn. 3.5 for the internal

electric field with respect to the excess carrier density
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Ans Integration limits are obtained by substituting
the value of An 2t the junction and at the front and
back surfacesof the solar cell under oven circuit condi-
tions. In eqns. 3.47 and 3.48 (éjnp)o and ( Ap,), are
the excess carrier values at the junction, and cre
calculated using egns. 3.18 and 3.1%. (An‘f:)-l is

~

(

the excess carrier concentration at the front surface.
on at the back surface of the cell is taken tobe

nero because of the presence of an olmic contact.

b and b!' are the electron to hale mobility ratios in

the p and n regions respectively.

The total voltage drop VB due to Dember effect

is given by the sum of eqns. 3.47 and 3.48. as

Vg = VoV, - (3.49)

Therefore, under open circuit conditions, the

total open-circuit voltage of the p-n junction is

voc = 'rjoc * VB (3.50)

where Vjoc is the open circuit voltage at the junction
and Vg is the voltage drop in the n and p regions under

open circuit conditions,

We have calculated Vn and, VP by using the

numerical technique described in Sec. 3.3. The results
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depend upon the velues of ( Ap ) ( An ), end

O,

( /yn . . and are therefore, sensitive to the genera-

tion rate oi carriers which in otw cage is expbnential,

In the limiting case of infinite p and n regions,
the expressions for V _and ¥_ ( eans. 3.47 and 3.48 )
reduce to eaqns. (11) =nd (12) obtained by DKJ in t heir

paver { for I =0) :

xT ( -1 ) [ Bal .go
= L ) IS
- q [ b+l ) b ND
KT bl [ (b'41) { A n)
Vp = - — ;:+1") 'n 1+ > o-/. (3452)
o] N,
For b = B!,
mer [ 2( Ap.) 2(4n) ]
vy = — [‘* P20 ) | (a4 —lnley |
q (1+m) ND \l-m)nA
(3.53)
(b =1) ,
with m = 3.532)
{e+1)

In the high illumination level limit ( g' = %), eqn. 3.53
reduces to gn. 17 derived by DKJ in their paper for this
limit as 3

mkT 1]

o e i g = (3.54)
q b “D
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5.2 Resultg and Discussions:

In this section we present the results of our
calculetions obtained bty numerically solving the non-
linear ambipolar trensport equation in the p and n
regions ( see eqns. 2,10 and 5.1l ) of a typical p'n
soler cell ( cell parameter given in Table 3.1 ) using
the technique described in Sec. 3.3. The ambipelar coeff-
icients D", Tj and L in the base region calculated for
different values of N, ( nurber of photons falling per
cm_2 Seéf on the cell surface ) are shown in Fig. 3.2.

T+ shows the variation of D*,‘Tr and L" as a function of
N, for a = 104 cm“l starting from the low level limit to
the high level 1imit when these coefficients become cons-—
tent. In the diffused region, variation of the ambipoler
coefficients with NO is not appreciable ( less than 1‘?:)
in the range of N, considered by us. Using these values
of the ambipolar coefficients and the excess carrla density
An calculated as a function of N, short=circuit current
open~circuit voltage, fill factor and I-V characteristics
of the solar cell are determined and discussed below.
These results are compared with the results obtained by
using DKJ formulation. G, corresponds to the generation
~cess carriers in DKJ formulation. Ho determines

rate of €

the illumination level in the present formulation,
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generziion rate oif carriers at the top surface of the
cell being ﬂoa. In Secs. 3.8.1 to 3.8.5 we describe

the calculated cell response as a Ffunction of illumi-
nation level obtained by neglecting the eifect of the
internal resistance of the cell, ZEffect of the internal

series resistance of the cell on its response is discussed

separately in Sec. 3.8.6.

3.8.1 Short circuit current :

ISC increases linearly with light intensity as
predicted by DKJ formulation for constant D* and qJ*.
Table 3.3 gives Iac for different values of Hb calculategd
in the present formulation. It shows a small nonlinearity
in the increase of I__ with N, for high values of 0 of

1L =2 -1 . .
cm ~ sec . This superlinear variation
a1

—_—

with 17 is appreclable only for a = 1™ e and

2
+the orders of 10

£ L
0% “sc

+*+ 2
is attributed to the increase in D and T (Fig. 3.2 )

with No( see eqns. 3.38 and 3.40, also)in t he base region,

3,8,2 Open-circuit voltage 3

Voc is shown to increase logarithmically with Nb

in both the formulations in Fig. 3.3&. As predicted in
SecCa 3'4°43Voc saturates to VD in both the formulations,

5 the high injection limit being reached earlier in DKEJ

formukation due to the uniform generation mte consid ered by
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them.

Demoer voltage ( V3) in the open-circuit
coniiguration is plotted as a function of H, in Fig.3.36.
The difference in vhe values of V., calculated in the
wwo formulations primarily arises becawe oI the expon-
ential absorption of light considered by us instead of
the uniform generation rate of carriers assumed by DKJ
which gives larger values of (A&n)o and ( le)o at the

junction ( see eqns. 3.47 and 3.48) for a particular

illumination level,

3,843 1=V characteristics &

I-V characteristics generated for both the

formulations are shown in Fig, 3.4. Fill factor as a

function of N, 18 plotted in PFig. 3,5. FF increases

- : +h the formulations as expected.
with N, in bo

ulated cell response for different wavelengths:

3.8.4 Calc
The response of the solar cell was calculated

for four values of & = 102, 103, 10* ana 10° o™t which
correspond 1O wavelengths of 1.0, 0.8, 0.5 and 0.39 micron
respectivelys Tue to the exponential absorption of light

arriers are created at different depths in the solar cell

o
responding to different values of a, resulting in

coxrrx

current collected by the junction for each

a change 11 the
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value 0i a. Carrier profiles for o = 102 and 10+ cm"l

for the open circuit as well as short circuit condiguration
are shown in Figs. 3.6a and 3.6b in the diffused and

base regions respectively. These curves correspond to

21 -2 -1 . .
7 = 10" em © sec . As shown in Fig. 3.6b ~excess

carrier density ( A p) in the base region decreases rapidly

as the distance from the junction increase for « =1o4 cm‘l

2 =1
whereas for ¢ = 10" cm 3 Ap Vg x curve peaks at x = 75
microns. For larger values of o most oI the absorptiani

light is near the surface only, therefore A p decreases

monotonically vith « in the base region. For a =102 cm“l’

larger number of photons are absorbed in fhe base region
giving rise to a different profile of excess carriers

25 shown in Fig. 3,6b. Different boundary conditions

imposed at the junction ( see egns. 3.18 and 3,19 )

corresponding to short—-circuit configuration (Vj= 0)

-nd open-circuit configuration ( Ty Yo ) give rise

to d ifferent carrier profiles in tke two configurations

as shown in FigsS. 3,62 and 3.6b.

mable 3.3 gives the values of I,., V, and FF

for different N, calculated for three value of « as

deocribed in SECe 3.4« Same trend is obtained in the
variation of each of the above mentioned parameters with
i \ i t valu E
increase in N, for differen alues of a as expected.
presents the I-V characteristics for No=1017 om—2

-1

I,T':Lg- 3'7 1
21 Cm-2 gec =~ for o = lO2 Cm .

geg—T and 10
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0¢8.5 Calculated cell responge for ALI0 spectrum :

Response of the cell for ALIO Spectrum was cal-
culated as described in Sec. 3.5 for different values of
vite concentration factor C. Fig. 3.8 gives the I-V
characteristics corresponding to ¢ = l*and 1000. Increase
in concentration gives rise to more rectangular characterig-
tics as shown in Fig. 3.8. I__ increases from 3.89x 10~2
Anps at C = 1 to 39.9 Amps at C = 1000. Increase in VOC,
FF and efficiency ( 1 ) as a function of ¢ is shown

in Fig. 3.9 calculated for ANMO spectrum.

!

I, calculated as a function of wavelength ( A )

in the wavelength range 0.4 to 1.1l um ( which is the
corresponding range used in calculating cell response
for AlIO spectrum ) is shown in Fig. 3.10 for fi = 10L7

=y .
cm--2 sec ~ . PFige. 3.10 also shows I;c calculated for

+wo values of the junction d epth equal to 0,5 micyron ang
5,0 microns respectively ( all other cell parameters

being same ). As shown, the peak of the curve shifts

towards longer wavelengths for the larger value of the
junction depth ( dl = 2.0 gm ). This can be atiributed
+o the effect of increased lifetimes and therefore,
longer diffusion lengths of carriers in the lightly dowme q
base region as compared to the heavily doped diffused

re-ion loreovers for wavelengths below 0.3 micron

*Here C = wil O
. illugination of 98 mi/em™ with an ANO spectrum.

= . . .
- 1 corresponds to one sun which is defined to be
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there is a large reduction in ISC corresponding to the
junction depth of 2,0 micron. This is expected because
for a larser value of the junction épth, more carriers
are absorbed in the diffused region resulting in the
increase in the loss of carriers due to low lifetimes
and surface recombination in the diffused region.,

0o

5 ®ffect of seriegs reglsiance 3

Tn the calculations described earliszr in Scecs

3,8.1 t0 3.8405, effect of the internal series resistance

on the cell response 18 not considered. It is important

to consider the effect of Ry for high intensity illumi-

aation ( see Chap. 1 )., In this sectionwe present the

_V characteristics ( Sec. 3.6 ) for different

caleulated I
levels of 111lumination taking into account the effect
o ‘seaf-103)

of serics resistance.Fig. 3.8 shovis the cell I~V charac-
topistics unpr AMO spectrum (¢c=1) for R, = O and
phe degradation in the I-V characteristics

Rg = 1 olhme

is clear from QrVves a and b in Fig. 3.8. P decreases

[N

from 18,2 W 16.8 mw. The resulting decrease in ¥
1 for Ry = 0 to 0.75 for R, = 1 ohm. I-V

is, from 008
¢ = 10 are plosvted in Fig, 3.11

characteristics for
corresponding to Ry = O 0.5 and 1.0 ohm. For higher
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concenvration ractors,effect of RS on the cell charac—
teristics appears to be more drastic resulting in g

large decrease in the FP and maximunm power output of

the cell. Table 3.4 gives the calculated values of Q.. Vi o

Eﬁax and ' for the above mentioned three values of the

series resistance.

The short-circuit current was caleculated rTor

different values of 1. (see-.eqn. 3.45) and is shown

o
in Fig. 3.12 as a function of Iﬂ for R. = 1 ohm. 4is is

clear from t he graph, IEc saturates to the value

VD/RS = O.g np in the present casea predicted in

Sec. 346.2. In chap. 4 we will present the results of

an experimental study on the response of solar gells
as a function of illumination intensity at constant

temperature. A detailed study of the effect of series

resistance and its determinationwillte presented in

Chap. 7.

Tnfinitely high intensities:

5e8e T

e

In % he pxesent anglysis ofAresponse of solar

igh levels of illumination described in tis

cells to h
chapter, we have not considered some of the additional

hich might be coming into the picture at infi-

effects W
i tely high intensities. At intensities of the order of
ni



Table~3.4

CALCUL.TIONS FOR FINILE SER1IES RLS1

[SCANCE OF TEE CELL

Volts

0.494
0.456
0.557
0,393

0.304

109

18.6
Lled
20.8
14.2

9.0

RS qanfentrat%on Pmax T
TacueoXr

okm watts

0 1 18.2 x 1077 0.81

1 1 16.8 x 1070 0.75

0 10 0.4 x 107  0.83
D 6

0.5 10 1399 X lO 005

1.0 10 6.8 x 107 0.36

e e

0o =1 corresponds Lk

i1lumination of 98 mw/cm

with an AMO spectrums.

ne sun which 1is defined to be an
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. 2
10 fuatt/em® op BOX'e; several other effests o.o
4. 25
weer recornbinati sxel enerati
n2vion, exeiton eneration, plasma reflection
may become important, Loreover, at higk illumination
es < chanze in the 1ire time of excess carriers

1e c=ipected because of the satwration of Ttrap levels
( Dhariwal et al 1978 ). Since details of the whole

brocess are not very clear at the morient, we have con-
ined ourselves %0 t he change in life tipe vith the

illumination intensity arising due to the increase in

the walue of excess carrier density An ( see eqn. 3.4 )

as predicted by the conventional +theory,

Blinov et,al. (1966) have reported a decrease

in t he open circuit voltage of a p-n junction cell at
the illuminetion intensity of the order of 10% watts/cp2,

using an intense laser beam. This result comes ag g

theoretical calculations Predict

v

surprise because all the
a saturation of t he open circuit voltage beyond a

certain value of the illumination intensity, plausible

explaination of this observed effect comes from plasma
reflection due towhich the incident light ig totally

d out of the medium at intensities of this

reilecte

order ( Agarwala et.al. 1975 Yo
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4.1 Introduction :

In Chapter 7, we bPresented a detailega study

of the solar cell Tesbponse as predicted from theoretical

considerations. In this chapter, we present the rfultg

Of some of the experiments done to study the response

0I solar cells as a function of illumination intensity,

The temperature of these cells was Daintaineg constant

during these measurements. We have neasured the I-v

+

characteristics of 10 olm cm, n"p space qualty solar

cells at different light intengities using 1000 watt

Xenon Arc lamp and ANO simulator as light sour

-l

ces, <ha

resulting changes in t he I-V Characteristics,fﬁort_

circuit current, open-circuit voltage, Fiig factor,
maximum power output and efficiency of the cells are
qualitatively discussed. Sec. 4.2 deals with the descrin.
tion of the experimental set up used for the measurement
of I-V characteristics. In Sec. 4.3 results of these
measurenents are presented and discussed,

S -k S s ]1 jar

112
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4.2 Exverimnental set up

Fhotovoltaic I-V characteristics of solar
cells were measured using the circuit shown in Tig. 4.1
Details o1 the equipment used are given in Table 4.1a.

A 1000 watt Xenon arc lamp powered by a stablised power

sunply was used as a light source., The typical outout

snectrumof the Xenon Arc lamp ( as given by Oriel Cor.

poration ) is shown in Fig. 4.2. An ANO spectrum solar

simulator was used to calibrate the experimental solar

cells and also for taking I-V characteristics under

The solar cell was mounied on a recia-

ALIO spectrum,

neular brass mount as shown in Fig. 4.3a. This mount

had the provision ®r circulating water to keep the

temoerature of the cell constant., A calibrated coprer-

consiant an thermocouple soldered to the top surface of

+he mount near the cell was used to monitor the temperatur
Id

of the solar ®lls. The front of the mounifaas covered

with a glass plate to reduce the direct Weating of the

cell under illumination,

in Ultracryestat ( MK 70 ) was used to control

the temperature of the solar cellat 28°%C. Digital

digit were used to measure the

multimeters of 4 =
circuit and woltage across the load.

current in the
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Table 4.l2

DEL4ILS OF THE BE(UIPLENT USED

Xenon Arc Lemp Priel Corporation, 1E-~29177,C-60-51

powered by a stablised power supply,

AlI0 Spectrum solar 3 Schoffel Instrument Corporation,
simulator )
LHL51N.

ik 70,Temperature Controlaccuracy:
'I

Ultra Cryostat
+ 0.5 degree

Kipp and Zonen, CAT- 754286

.

Thermopile
Hewlett Packard, 70353,

Z1-Y Recorder
Accuracy & full sale: 0.2 Z .

£

Digital jultimeters
Accuracy in the measurement of

voltage: + 0.2 Z’ of the range
+ 1 digit.

2) Yamuna, 1012, 4 % digity
Accuracy in the measurement of

a
current : £0.1 /, of range + 1 dizium
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o-d ( RT) in the circuit was varied with the heln

of 1 K notentiometer. For some of the measurerments

an {-Y Recorder was used to trace the current voltace
g

characteristics. The curve end points were verified

with digitel multimeter readings.

Intensity of illumination falling on the solar

cell was varied by changing the distance of the cell

from t he lamp. DLight intensity was measured with the

help of a calibra_ted thermopile. The output of the

thermopile was quoted tobe linear with incident energy

~vom the lower ( measuring limit ) up to 0.1 watt/em-

with only ZCZ. decrease in the sensitivity above the
intensity of 50 mw/cm”. E.JLF. for 0.1 mw/cm” intensity

-6
was guoted O be equal to 9.58 x 10 voltas for the
8 m.m. S1it which was used for our experiments. TFox
measurement of iijlumination intensities above 0.1 watt/

neutral dens
Delhi ) were used to reduce the intensity of

sz, ity filters of known optical density
jllumination falling on t he thermopile. The thermopile
ty was quove
ge of wavelengths from approximately 1500 Oy

3}
P4 darg ta i1 i
sensitivi d to be constant within 1 4) over

a wide rail

up to atleast 15 microns.
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Standard solar cells o, 3000 ang 5001 (Spect-

experimental solar cells under ALO spectrun.

Experime ntal solar cells were 2 x 2 cus n on D

space quality solar cells fabircated by the solar cell

:roup at SSPL, Delhi. These solar cells have a finger
grid pattern on the top surface consisting of sgix eoually

spaced grids and an olmic bar. Electrical contacts on

the n and p regions are made using metals Ti, Pd and Ag .
o
Total exposed area of these cells is 90 /, of the total

cell areca. The starting material of the cell is a p-type

Boron-dcped 10 ohm- cm Silicon of thiclkmess about 300

Phosphorous is diffused into it to fomrm a

The thickness of

microns.
n-type layer at the top of the slice.
the n layer is 0.4 nicron approximately. An antireflec—
tion coating of Ti0, » 650 °A thick is wsed %o reduce the

losses due tor eflection at the surface. To protect the

cell from intense radiation in outer space, a coverslip
of Ce~doped glass ig fixed on the top surface with a special

~dhesive. Table 4.1b gives the parameters of the experi.

mental cells.
of a typical experimental cell under ALO illumination.

Fig. 4.3b shows the I-V characteristics
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Tynpe

Base Resistivity
Cell dimensions
Starting material
Dhickmess 0L P region
Junction depth

Total exposed ared

Thickness oL Tio2 antirefl-

cobion coating

Humber of finger grids

yidth o finger grids

Width of t he ohmic bar

1raterial of coverstlp

sgries:resistance

(2]

L 1]

SOLAR Ciius
Tl"r n
10 ohm cm

2 em x 2 em

p-~type Boron doped silicon
300 microns approximately
0.4 micron approxinately
90

650°4

o~°

6

200 microns each

600 microns

Ce~doped glass

0.4 olm approximately

( ags measured by s )
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1.3 Zxperimental resul.s and discussions:

In this sectionvie will present the results
o1 measurement of cell I-V characteristics, short-
circuit current ( I_ ), -open circuit voltage ( V_ )
[ OC
at gifferent illumination levels of known intensity.
Je will alsc discuss the vaerieation 0X cell response
parzmeters e.go Isc’ VOC and I'F with the increase in
1i *ht intensity. Resulting chenge in ithe cell eiri-
ciency is also discussed.

< -

Photovoltaic I-V characteriscics @

4.3‘1
photovoltaic I-V characteristics of several

golar cells were measured at di fferent intensities ang
a constant temperature of 2800° Since, similar results
were observed in ecach case, the I-V characteristics of
only one cell under different illumination intensities

are presented h Figs. 4.4a, 4.4b and 4.4c show the

erce

shotovoltalc characteristics at nine values of the

gnﬁensity in the range 628 mw/cm2 to 1.35 watt/cm2
measured under the Xenon Arc lamp described in Sec. 4.2,
stic chanse in the cell characteristics as the

The dra
ig increased in quite apparent from these

illumination
The rapid degradation in these characteristics

Curves .
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with the increase in light intensity observed by us is
similar to that observed by other workers ( Wolf and
Rauschenbach 1963, Castle 1976, Napoli et al 1977 ).

Zhe main reason for this degradation wes Found to be

the high series resistance of the cells. Aflow inten-
sities fairly good rectangular charscteristics are
obtained ( 4.4a) for intensities in the range 62.8 to 160
mw/om?. But, above this range oi intensity, the erffect
o7 series resistance starts dominating ( Fig. 4,4b) ang
at the intensity of 1.35 wattS/cmz, the characteristics

become almost triangulcr ( Fige 4+4c ) due to the severe

effect of R_. This observed trend in the characteristics

at high intensities 1is as theoretically predicted in
Chap. 3 ( see secs. 3.6.1 and 3.8.6 and Fig. 3.11 also )
for the finite series resistance of solar cells.

. . 2.
44342 Open-circuit volvage

The increasSe 1n VOC with intensity is shown

in Fig. 4.5. As predicted theoretically ( see secs.

3,6.3 and 3.8.2 ), V,, increases logarithmically as a
function of intensity at low intensities ( see Figs.

7 |
5.3 and 3.9 also ). Above 160 mw/cm” intensity, the
ote 0F increase of V., was tound to be less than loga-

- £ymic Phis could be explained as caused by the voltage
ris .
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drop V.. in the base region which will be subtracted
from the open-circuit w ltage at the junction of a

ntsy cell ( see sec. 3.7 ), thus causing the open circuit
voltase to rise more slowly than predicted by theory.
“oreover, the voltage drop in the base region is
cxpected to saturate V., to a vzlue much below the
diffusion potential for a nﬁ:cell ( Dhariwal et al 1976),
For our experimental cell, Voc tends to saturate at

the velue of about 0.58 volts in the illumination

intensity range we have considered (Fig. 4.5 ).

£e303 short—circuit current s

The short circuit current Fig. 4.5 increases

iinearly up to the intensity of the order of 400 mw/cmz.

Above this value of intensity there is a departure from

1inearitye. Wonlinear variation of lsc with the increase

in light intensity has also been reported by Wolf and
schenbach (1963)
The dotted line in Tig. 4.5 represents

R for a cell of 3.5 olms internal

resistances
BYid photogenerated current Ig which 1ncreases linearly
h 1ight intensitye. The saturation of IBc with the

wit
R intensity for acell of Tinite series
en discussed in Chap. 3 ( see Fig.

resistance has be
we will show in Chap. 7 how a measure of

3,12 )
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nonlinearity in ISc Vs light intensity cuxrve can be

used to estimate the series resistance of solar cells,

Ae3e.A liaximum power output ( Bpax) @

The voltage and current at the maximum power
point are plotted in ¥ig. 4.6 as a function of light

intensity. Initially Vm decreases rapidly with inten-

sity then the rate of decrease becomes somewhat slower

- 2
above the intensity of 400 mw/em”.  Increase in I

2 .
is olmost linear up to 400 mv/cm” light intensity.

sbove this, I tends to saturate because of the effect

of sexies resistancee.

%nax as a function of light intensity is
shown in Fige 4.7. Initially Pﬁax increases rapidly
with the increase in light intensity. Above the intensity
value of 0.7 Watt/cmz it tends to become constant,

wer woltages with the incre

ws the shift in the maximum power point

to lo ase in intensity,
@aused bY the increasing voltage drop IRS in the solar

@ hich is directly subtracted from t he junction

cell

1tage. This result is in agreement with that obtalned
vO .
tpeoretically considering the eifect oI series resistance

jn Chapter 3 (see Table Zel ).
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£.35.5 Cell evriciency (M ) and £ill sactor(¥F):

Rfficiency of the experimental solar cell
(Fig. 4.9) decreases rapidly as the light intensity

is inecreased. It reduces from 12.6 7, o 2.5 / as the

1ight intensity is increased from 0.062 watt/cm2 to
1.%5 watt/cmzo This decrease in efficiency is caused

by the degradation in the £ill factor as shovn in

Fi{:’;o 4-67‘ v
with intensity provided the series resistance

s constant temperature, f£ill factor should

increase
nas a negligible effect ( Hovel 1975 and Sterzer 1975 ),
In our experimental cells, the decrease in FF with t he
increase in intensity seems to be caused by the high
series resistance of the cells{ See Tuble 3-4 alds )

4.4 ggnclusiOQﬁ.:

e see from t he experimental results described

in Sece. 4e5 that they
These results can be summarized as

confirm our theoretical predictions

The effect of the series resistance in our

evperimental solar cells start dominating even

at lower intensi

idered by UuS.

ties in the intensity range

The continuous ot
e i o} nuous degradation
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in the I-V characteristics and the shift of

5 toviards lower voltages with the increase

LEE

in intensity is attributed to the strong erfiect

of series resistance as discussed in Chap.3.

Phe logarithmic variation oz V . with t he inc-

rease in intensity for low values or intensity

and its tendency to saturate to a constant

e at higher intensities is in gualitative

valu
agreement with the theoretically predicted

results in Chape. 3o

The observed linear increase in ISc with inten—

sity for 1low values of intensity and its depar-

ture from 1 inear
ination is also in accord with the theory

ity at high intensities of

illum

-iven in Chape 5 ( see Fig. 3.12) for a finite

resistance of the solar cell.

phe intensity of light at.which the series
sistance effects start dominating in a solar

re
pends on the magnitude of its internal

cell de

ase in cell efficiency and fiil factor

ce. The obsexrved monotomic

decre€
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with incereasing illumination level in the
intensity range considered by us is a special
festure of these types of cells and could be

aue to the high series resistance of these

cells because of their high base resistivelies

(10 ohm-cm ). The measured series resistance

of ithese cells was found to be C.4 ohm approxi-
f P

mately. A mOITe detailed study of the series resi.

tance is given in Chap. 7. Because of she

above mentioned high value of RS, the degra~-
dation in the I-V characteristics, FF and effi-
ciency w ith increasing intensily is as cupected,
gince, our experimental solar cells were

aesigned for space applications, therefore,

the base resistivity was chosen to be high so

-5 to reduce the effect of radiation damage

encountered in such situations. However, for

terrestrial applications, it has been demons—

trated by Burgess and Fossum (1977) that low

pape resistivity cells (0.3 ohm cm ) give

optimum performance for the illumination lecvels

much higher than 1 sun. Their 0.3 ohm cmn

n+/0 silicon solar cells have exhivited conversion

OfficienCieS above 11.8 Z} up to 90 suns. The
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efficiency versus illumination level curve
for these cells have been reported to pealk

at about 30 suns with a peak efficiency of

14 percent.,
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CILPTIR.5.

FPICT OF CELPERKATURE ON THE HESPONSE OF SOLAR CELLS
AT DIFFERENT LZVEL8 OF ILiwi:LiialION

k<

5.1 Introduction :

In chapters 3 and 4 we discussed the response
of solar cells to high intensity illumination assuming
temperature of the cell %0 remain constant. In real
situations, ror space as well as terrestrizl applications,

particularly when concentrators are used, the actual

temperature at which the solar cell operates does not

remain constant. Thus, a lnowledge of the temperature

dependence of the response of solar cells is vital for

design purposes and for the selection of proper materials

for solar cells.

It is, therefore, important that the temperature

dependence’ of the response of solar cells is properly
studied and analysed. Various attempts on this provlem
(referred below ) have already been made, but most of

+hem have considered only certain limited aspects. There

is. clearly a need for a detailed comprehensive study
, o
and analysis of the response of & solar cell in which

the temperature depend
7 4
D > ’T O.n-d "th photogene_ra-ted

such as dy Eg' n; o VD’
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carricr densiity A n is talken into account. The objective
of this chapter is to pre-ent such a comprehensive
analysis by solvirng t he actual steady state ambipolar
transport eqn. 3.1 at -different temperatures with the

help of the numerical technique described in Sec. 3.3.

In space applications, the temperaiture of ihe
solar cell can vary froml33”K to about 5730K (Yasui
and Sehmidt, 1970 ). For energ%ﬁonversion on earth,
the operational temperature of the solar cell depends,
among other factars such as system geometry ete., on the
concentration factorCRfeiffer et al 1962, Savchenko and
Tarnizhevskii 1969, Schueler et al 1975, Dean et al 1975,
Fossum and Burgess 1976, Napoli et al 1977, Dalal and
lloore 1977, Spaderna and Havon 1978) and in practical
cases may very from 300°K to 400°K. Design considere-

tions of concentrator systems employing single-crystal

silicon solar cells sugges?t that solar illumination levels
between 0 and 100 suns are most cost effective (Fossum

and Schueler, 1976) . If only passive cooling of the
ell is used, or 1T the system is used in a combined
cel. 1t
hotovelbaicesolalX thermal %total e nergy mode (Schueler
D R

+ 2l 1975), the cells must operate at clevated tempera-

)
tures ( up to 400 % e
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m ~ ) -4
The ecarly studies of temperature cifects on

Sk e el ate) ot - 4
the output characteristics of solar cells were made

by Wysocki md Rappaport (1960), Pfeiffer et al (1962),

Broder et al (1964), walkden (1967), Ja in et al (1968),
avchenko et 21 (1969), Shumka (1970), Yasui and Schmidt

(1970), Lewise and Kirkpatrick (1970), Brandhorst and

Hert (1970) and others. Decrease in V_ = and change in

Isc with temperature has been studied in detail both experi-

mentally as wellas theoretically.
Bhaumik and Sharon (1976) have discussed theoretically

Shumka (1970) and

the increase in short-circuit current with temperature,

Mheir results, however, do not predict the observed

different behaviour in dfferent spectral regions.

More recently, Dean et gl (LI7E), Mapoli et &l

alal and MHoore (1977) have calculated the

(1977) and D
£t he cell at different concentra-

rise in temperature ©
tions in ectual operational conditions by setting up
the heat balance € a particular system

Pheir results ar

quations foxr
e useful §or design purposes.

geometrye.

a2 and Navon (1978) have analyzed a

Spaderi
* r cell structure for operation

+
nventional n -p-p sola

concentrated sunlight
v have solved the two dimensional

cO
and various levels

undax hi ghly

of heat sinkinge The
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teﬂreraturewdependent -k ipolur oarrior 110w Aauetlions

ptain he -V characteristlct tlre

Che »

nunerically t0 0

device The therral problen ijs solved taling into
acecouns Toule heating and cooling 28 well as thermal

e to minority carrier generation and recombl-—

effects du
y 0% photons, Fowever, the

nation and she exceoE energ
-

*
+ism 0T U 9 7 o VD’ Ny
at aifferent t

E{’, VOC’ ISC ‘ZU‘: 'the

carrier denstty emperatures is no

loreov-I'y

eicess
the change in the spectral

shown explicitly.
response with-@mperaturc is not giscussed at alle

ttaro, OUT Lim is T0O giscuss the temperature
F“?ﬁnﬂonce of the goaryious g0lor cell matoyial paramevers,
alculate the temperature dependence of

use :[_'t to C
ell under 13 1uminationa

ci the solar ¢
perlments gone on the temperature

(o] -the e}:
egented in Chap.6e

nse will be pY

In t his chaptery V8 present OWr calculations On
skort—circuic currends OPen’Circuit voltage, I-V charac=
teristicss £i11 fectoTs efficie“°?°”“‘”“mtral responar

+1TECa Nunerical resuit & oxre

jon of temperaty
range 300 - 200°, obtained

as & runct

reported in the temperature
by solving the one-dimensional semperature dependent
¥, 1 ohm om solar cell (cell

~mhipokal eqite 5,1 Tor & p N
sane as

nqu'a_'“‘.f—!‘-.‘.ej.'ﬂ like dl ’

d2’ Sl’ 52’ I‘I‘A G,Hd I'I:D are
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iven in Tavle 3.1 ), using the numerical taclinicue
crived in See. F.3. all the assumptions mode in
a3 ; Zd cArdings ]

2] 3 rdins the solar cell model are assumed to

validé here also., Calculations are done for il O spsctrum

(]

as well as for a monochromatic light of wavelength 0.6
micron Tor different levels of illumination, A short

discussion of these results is given in Sec. 5.3, where

the relevent published experimental work of other people

is reported. In Scc. 5.2 we will discuss the temperature
dependence oI the various cell perameters e.g. absorntion
coefficient ¢ and band gap E, ( Sec. 5.2.1 ) diifusion
length L ( Sec. 5.2.2 ), generation rate g' (Sec.5.2.3 ),
intrinsic carrier concentration ny (Sec. 5.8.4), diffu-
sion potential Vy ( Sec. 5,2.5 ), reverse saturation
current I ( Sec. 5.2.6 ) responsible for the change in

¥, efficiency, I-V characteristics and

e of the solar ®ll with temperature as

1 P
lie? Voe? "max’

spectral respons

“»
B

giscussed in SeCae “ee

pendence_ o0& the various cell parameterss:

52 memnerature de
Temneratill

Tn this section, ve discuss the temperature
cell. parameters separately.

dependence of each of the
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5.2.1 Photon absorption coefvicient:

~he mosi imporiant rundamental eleciron transi-
tion by nhoton absorption in silicon solzr cells is indi-
rect in nature. Direct transitions ( i.6ss 1959) also occur
Tor photons of energy greater than 2.5 eV, ut at these

energies most of the avbsorption is at the surface only.

According to llacfarlane et al (1958), four
phonons with energies corresponding to the temperatures
212"1:, 670%%, 1050% and 1420°K participate in the indirect
transitions. 3Bub, only phonons corresponding to 975212011
and 0,= 670°K are considered usually, since the other
phonons are expected to be less ef.ective ( llelean 1960).

Then the total photon absorption coefficient o« is genera-

11y expressed as

25 i
o (0, T)=4a(T) (Y -E) (5.1)
where 61 0,
i +h + a, coth o (5, )
A(T) =gy 6081 on 2 -

3 (T) is the optical band-gap and is less than the energy
bind gap by the emciton binding energy which is apuroxi-
U is the frequency

mately equal tO 0.0 1 eV for silicon.

of light .
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The temperature dependence OI « (v, -) arises

rror the temperature dependence of A{T) ana Eg(T)- Thus,

w(o,n) ¥, u  &(v,1) & |
T . T (5. 1)
d? B4 ar aEg an

Phe values oOf constants &, and a, are obtained by comparing

ean. 5.1 with the measured data of Dash and Hewman (1955).

Tumerical values 0 aq and a, in eqn. 5.2 as detexmined by

ghumlka (1970} are

1.28 % 10°/(eV)° c,

[}

(25
4

3 >
1.13 x 107/(eV)” cm.

I

and ap

The analytical expression 1or the experimental a(v,! )
e J

ﬂl - &
in cm ig @

212 670 J

5 coth + 1.13 x 10° coth —
al ,T) = [1.28 x 107 ¢ " -

2 i = Eg)2° (5.4)

' : sents a good fit to

alytical sxpression repre

The above an i i

the data for nY ¢ 2.35 €V at 300 K an 25 oV a
e da :

the analysis predicts lower

77°, Bor higher energies
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values than observed because additional absorption is
expected from direct transitions as vell as indirect tran-
citions to other minima in the conduction band. The photon
absorption spectrum for hw > 2.5 1s not expected t o make
any significent contribution to the photogenerated current
and therefore, we have used the analytical e pression

riven in egn. 5.4 without any modification, Iore recently,
erperimentally measured values of the absorption coefficient
for silicon are given by Runyan ( 1967). But in the absence
of values of ¢ in the whole wavelength range ol interest

and an experimental #it to this data,we have used eqd 5.4

for our calculations, Ilareover, since no measurements

of absorption coefficient above room temperature are

ave used the values of a

ilzble to our knowledge, we h y

ave
and a, given in edle 5.4 for calculating the absorption

coetficient at higher temperatux es also,

Optical band gap:
Opticel band £ap Eg(T) is given by

B,(T) = Eg(T) - By (5.5)

the energy vand gap and B . ig the exciton

where EgQT) is
e qual to 0.0l eVfor silicon.

apnroximat ely

pinding energy »
The temperature dependence of Eg(l) arises from the tem-
. Eg(T) varies almost quadrati-

perature gependence Of ES(T)
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cally with temperature as follows:

L () = (L.156 ~ 5.025 x 1077 B e

Above expression 1is besed on te experimental data of

1aefarlane et al (1958).

7he absorption coefficients are celculated in

this manner in +he wavelength range 0,4 -1,1 microns and

- L ands ; . .
e 500 - 4007K, which 18 i@ ranse used

+he temperature :

in the calculation of the response of the solar cell.

Fig. 5.1 shovis the calculated values of a as & iunction

or temperature(T ) for three wavelengths in the range

mentioned earlier., As 18 clear from the graph, increase

in « with T s much more ifor longer wavelength ( A=1.C (m)
a5 compared tO s hort wavelengths (A= 0wt um ). Fige 5.2

A at 300°K and 400°K in the whole

wavelength interval 0.4 - 1.1 micron., o is shown to

increase with T for all wavelengths, We have taken into

account the variation of band gap with temperature while
calculating the apsorption coefficients at different

temperatiures. However,\yhlle evaluating the integral in
the whole wavelength range the band gap variationvill
enter agaln in the 1imits ©of integration Al 6 %2 ( see
eq Mo I 42} e Variation of E, determined by using eqne 5.6
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is shown in Fig. 5.3 as & function of temperature vhich

showis a decrease in Eg with temperature.

5.2.2 Diffusion length 3

The ambipolar diffusion length 1" of the ezcess

n regions of the solar cell depends

carriers in the p and
on t heir diffusion coefficients and 1ifetimes. Therefore,
fision

"

to calculate the temperature dependence of the di

e temperature variation or D

length we have to study th
Pirst we discuss the change in 73

B
znd T separatelVa

with temperaturee.

If we assume that the temperature dependence of

rmined BY the single level recombl-

the lifetinme is dete

v

\J
tistics o , Shocldey and Read (1952) and

qno 1018
( for low 1level injection )

nation sta
also ), the life time in the

Hnll (1952) ( see €

gion 18 given bY

n type re

’T; = 7;0( 1 + exp ( EE:EEE )) (5.7)
gimilarlys for p type region egdile 1.18 reducesto

% kN T ~ exp ( Egi:%ég;ffi ) (5.8)
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The temperature devendence of the lifetime arises from
the exponential terms in the foregoing equations. If the

difference between 1, and Eq is large compared to k', the

exponential terms in eqns . 5.7 and 5.8 are negligible and
they remain negligible as the temperature is increased
until B., is within a few kT of Ege. The temperature at

which the lifetime increases depends upon t he doping level

and the trap level, For our analysis, we have assumed

the trap level to be 0.05 eV below the intrinsic Fermi

- - *
In +his case the variation of ‘T with tem-

level Eia
than ZZ } in

erature is found to be very small { less

the temperature range considered, md is therefore negli-

gible. The effects of Auger recombination are not taken
into account
*
The variation of D with temperature depends
on the temperaiure dependence of the excess carrier
gensity An and t

D ( see eqn. 3+2 )e

he hole end electron diffusion coeffi~

Tor low intesnsities

cients D, »
o the minority carrier value { see Sec. 3.2 ).

-
D reduces T
of minority carriers is related

piffusion coefficient
that of the carrier drif? mobility u by the pinstein's

to
e eqns. 1.5 and 1.6 )

relation ( se

D = ( kT/Cl ) 74 (5.8&)
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The magnitude of i and its temperature variation are

dependent on Scattering mechanisms inthe semiconductore.

Iattice and impurlsy jon scattering are most dominant.

e give below the enpirical expressions for the molili-

‘+ies due to both types of scattering ( conwell. 1952, 1964) .

Impurity geattering mobility has been calculated by

using the following empirical expression given in terms

of the background concentration Cg:

'17 m(‘ \1/2 T3/2
s $aT % 10> (———— ! - .
I R orf C . [n(l+4.5x108 TzoBZ/J )

(5 .93

. = e
Tor our calculations we have assumed Iree carrler mass mo

io b e egual to the affective mass M pe Iattice (thermal)
scattering mobility is enleulnted by using the following

emplrica c
Lo P
e = 5,1 x 107 T 202 om©/V sec for electrons (5.1.0)
Ln , -
9 g2 om”/V sec for holés- . 5.11
and u'l)p = 26D X 107 & - )

carrier mouility K ig determined by impurity mibility

Total
1. and the lattice mobility Hrf
“1
1
1Ll o

M1

4
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fror which the temperature dependence oL [ cai be derived.

is seen fromayil. 5.9 the mobility U7 is, to a first

e

approximatlon, inversely vropotional o impurity-ion

density and thus iy will bhe strongly dependent on vhe

doping acasity and on the type of dopant present.

Tn our discussiont. @ have assunmed the absence of

tyaps. raps may play & dorminant wrole in determining the

nagnitude and Lemperavure gependence of mobilicy. There-

fore, experimental data on “he temperatire variation of
mobility is expected‘to give more reliable information.
The minority carrier diffusion coefficient values can
the mobility value using eqne De32.

he determined Sy»on
.x.

- - 3 X 3 :1 \J
In she n pezion D is found to decrease with T whereas
~o-ion it is found to increase with T. This 1S

due uO t ha iact that giffusion coef
ugh mobility.

'l

in t he
ficient is @ strong

function of doping gensity thro

* - - 3 -
Using the relation, =¥ T (5.%28)
aiffusion length can be calculated at a particular L em-

£ 5 | ' .
spatures FOT 1ow Level 1imit T 18 simply the minority

carricr agiffusion 1eng te

.3 ¥*
nation intensities both D and

For Higher illumi
( se2 SeCe 302 ) and

’V* become functions 0l ANy AP alsu
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therefore, it 15 neccessary to calculate the excess carrier
& 3 i < * "

denslvles vo estimate D o2nd 7 . We have calculated the

average v alues of An, 4Ap for different light levels by

solving the ambipolar egns. 3.10 and 3.1l numerically in

the p and n rezions of the solar cell. '
(83 c A naverage and

A Pyssapis o 508 shovwn as a function of temperature in
Figs. 5.4 and 5.5 respectively., As is clcar from the

‘Apaverage decrease with the

Fige. 5.6 shows +the variatbn

e Yy
graph that A4An average’
inerease in tenperature.

* * . _
in Ln and L with temperature in the p and n regions
5

X i
respectively for two values of ”o = 10 7 and 1021 e Ssec™ Y,
in p region I; increases slowly ( its value being same
for the two values of N ) with T due to the increase in

¥* * s . . .
Dn with T. I. decreases linearly with the increase in T,

59 2e9 Generation rates

Generation rate g!' isgiven by ( see eqn. 3.9 also )

- (% +d7)
gt = Nﬁ o6 e

>

e see from the above expression that the generation rate

s upon the temperature through the absorption coeffi-—

depend
cient o The temperature<bpendence of o has been discussed
In addition, the generation rate has also

in Seco 592'1‘

an indirect and implicit dependence oOn the temperatum
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throush banad g i
zh vhe band gap, in case of the composite light
"hi .
"his arises 3 i :
es because band gap is a function of temperature

as discussed in Sec¢. 5.2.1l, Due to the decrease in the

band 7ap with t em £ i i
ral tht e verature, there is a consequent increase

- = .
in the number of photons which are effective in creating
electron hole peirs resulting in an increase in the gen-
(% ]
eration rate. This, indirect temperature dependence of the

~eneration mte is, however, guite small ad 15 usually neg-
lected in he range of temperature in which we are presently

interested. e shall also neglect this dependence and
consider only the dependence of the generation ratse which
arises throughthe absorption coefficient a .

5.2.4 Intrinsic carrier concentration

The intrinsic carrisr conceniration n, is a

arying function of temperature as 1is clear from

rapidly v
Mekelvey. 1966):

the well lkmown expression ( sece e.g

)1/2 ,
2e( . m kT /2
n (1) = 2 - )" exp(-E (1)/2kr)  (5.13)
o
with T,

Fig. 5.3 shows the increase of nj

potentials?

5.,2.5 Diffusion

Temperature dependence of the d iffusion potential

(VD) is gvenbdby¥
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X ¥_ N,
g — { . M. 8
q n(2)

decreases alrost linearly with

Fig. 5.7 shovs thav ”U

the rise in temperature.

5.2.6 Reverse saturation current

In eqn. 3.35 both Ly and I} correspond to the

verse saturation current I, in m 1.39, The temperature

( see eqns, 3.36 and 3.37 ) arises

re

dependence of IO and Ié

) . * *
because Of +the variation 1IN L, D and ng as discussed 1n

Sees. 5.3 and 5.5 Rapid increase in I, end 15 with T is

K _©
_/ol.)l

presented 1in Fige

5.3 Results and Discussions

C['+fu91m

we have solved the ambipolar)equations 3.10 and
T2l for diftferent values of temperabture taking into

account the temperature dependence OF fhe various cell
pameters as discussed in Sec. 5+2. The tenperatuye

£ the cell r esponse + hus dete
perature range 300°K to 4000K

genendence 0O rmined is presenved

this section in the © el
20°%k ) for a p” 1

parameters dl,d2 599 859 NA, ND

in
«i solar cell ( cell

(in steps of
same given in Table 3.1)
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ElTect of internsl resistance of the cell is not talken into

account,

Short ecircuit current:

+he .emperczture dependent parsmeters responsible

Tor the change in ISC with T are absorption coefficient,

-and gzp, and the diffusion lensth ( eqns. 3,38 and 3.40) .

Variation of ISC with temperature for AMO spectrum is shown

in Fig. 5.9 for concentration values of 1 and 100. There

¢ 0 ;
15 a linear increase in Lo ( about 4 7/, ) for 100% rise

in temperature for ¢ = 1 and 4.4'%, Tor C= 100. Increase

ia I__ with temperature have also been experimentally
¢ .
observed by several outhers., The variation in IS0 with T

for 1 ohm cr p/n and 2 ohm cm n/p si cells at several
intensities are reported by Yasui and Schmidt (1970),

i F i t a slower rate for
They also found that ISC increases a

lower light intensities.

Svectral resnonse :

! - .
: urrent for fifteen
Increase in t he short circuilv cur

values of wavelength in the interval 0.4-1.1 um were cal-

i As is clear from
culated as a funection of temperature. A4

Fig, 5.10, there is a red shift of the spectral response
4 P . ’ -

= O 0
of the cell as temperature is increased from 300°K to 400°K.
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we have 2150 . ested these theoreiical predictions regarding
the variation in the speciral response with I experimentally,

Results will be presented in Chap. 6,

Onen circuit voltase:

Voc dependence on temperature arises Primarily
through ng e Increase in n; with temperature gives rise
to large values of I, and I! resulting in a rapig fall in
voc » “emperature dependence of Isc ( egqn. %.41 ) also con-

tribute to t he variation of VOC with temperature,

t is interesting to nove the effect of the decrease
in diffusion povential with T on the value of VOC. Fig-E.?[?u@
gives a plow of‘Voc Vs T for Wwo values oI concentration
factor { ¢ = 1, 100 ) under AlMO spectrum. Since Vy deter-
mines the saturation value of V. ( see. 3.41) , fall in
v with T is mar ¢ rapid Pr lower concentration values

oc
(2,39 mv/°K) for € =1 , 2.05 wV/°K for ¢ = 100). Mea-
e ) 4] -
cured open-circuit voltages under low level illumination
& | te of about 2.5 mv/°C for
decrease with temperature at a rate of a o5

10 ohm-cm Si cells and 2.2 mV/OG for 2 ohm=cm Si devices

(Yasul ;ad Schmidt 1970, , Iuft 1971 s

5 Vv  whichwe have plotted in Fig. 5.7
The velue of V

it voltege at the junction. Total epen-

is the open—CirC
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circuit voltase is the sum of V at the junction ang

O
the Dember voltage. Dember voltage ( VB) is also expected

vey g Ae o .
to change with temperature as is clear from eqns. 3.47 and

Je48. The temperature dependent perameters in V, and v
p

are the mobility ratios b and b' and the excess carrier

densities a4 py, an. Since the contribution of the Dember

voltage itself is expected to be small as compared to the

Junction voltage, we have neglected it,

»

IV characteristics

The current voltage characteristics of solar
cells ( eqn. 3.%5 ) are modified with the increese in T.

Fig. 5.11 shows the I~V characteristics under AlO spectrum

(¢ =1 ) at temperatures BOOOK and 4OOOK generated by

considering the change in I_ ., VOC, Voo 150 Ig with tem-

Fig. 5.11 shows these curves for concentration

perature.
The degradation in I-V characteristics

factors 1 and 100.
MOdifi—

with T is more drastic at lower concentrations,
cation of these characteristics with T changes Ihax’ ¥R

and efficiency of the cell with the rise in temperature.
The degradation in the cell characteristics with the
ture is in agreerment with the experimentally

rise in tempera
observed results of other authors ( see e.g. Lewis and

Kirkpatrick 1970 ).
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_arinum power

Maximum povier decreases with T because of the
drastic reduction in'Vog Fia., 5,12 shows the calculated
decrease of Iﬁax vith T for ¢ = 1 » 100 under ALO spectrum.
. o . -

The decrease in 2 .- is found to be 8.78 x 10 mi/°K for
¢=1 and 7.47 mui/°K for C=100. The decrease in P, with

emperature has also Leen reported by Yasuimd Schmidt (1970)

in their experiments.

Fill factor 3

" —

Decrease in I'F with T is presented in Fig., 5.13

for C = 1 and 100. This decrcase arises due to the desra—

dation in the cell characteristics from t he ideal rectangular

shape as the temperature increases. Part of this Hddhense

is due to the lower open~circuit voltages and part to the
increasing softness ( roundness ) in the lmee of the I-V
curve z8 temperature increases in the ap (qvi/kT ) term
inaemn. (3.35) . The celculated value of EF(Fig. 5,13)

: o
decreases by 16.4 7 for ¢ = 1 and 9 4 for C = 100 in the
o U

temperature renge considered. Calculated decrease in FP
with T is in agreement with the observed decrease in FF

4ith T above 200°K by Yasuimd Schmidt (1970),
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Jfficionc:ﬂﬁwn;):

~ » result ol the decrease in VOC and F&r wit

PR~ (=9

7 . - 3 rr A -y -
increasing temperature, partly offset by the Improva -nt

the efficliency normally decreases with incr

The calculated wralue of

in I ;5 ,
sC easing

-

ture as shovn in Tige Delds

tenpe ra
: re)
about 0,09 4) per OK for ¢ = 1

¥l decreases at t1e mte of

c o

and 0.076 é per LK for ¢ = 100, Rappaport and Wysoclkdi (1961),
Gobhat Ct. an.c;e’ (1962) have observed t kot the mie oI
change in efficiency with temperature near Yoom temperature
approximaﬁelyfbr conventional Si cells

is 0.04-0.06 7 per K
Experimental studies of

g L = 10 ohm—ch resistivities.

: o1z (1970) on sev
Ij’c' o\ 0 4% . 3 » a
20"C- 200°C with incident radiation

havin
eral Si solzr ¢ ells over

Tewis and Lirkpa s
a temperature range from

from 1 to 25 solar constant 2lso show the decrease in effi-

ciency with temperatures

e that our theoretical pscdictinns on The

of solar cells with the rise

account the temperature dependence

Thus, we S€

variation in the Tespons e

inr{;mperature'aking into
cell parameters confirm the experimental

results

of wvarious
culations also show

ddition our cal
the cell response &

of other workexrSe In a

+that the etfect of temperature on

concentration fa

higher ctors 1is less sSevere than at lower
we will giscuss ‘the variation

nation.
ith temperature in

1evels of illumi
of spectral response of solar cells W
detail in chap. © and present some experimental resulls alsow
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CELLS_ITI D P3RATURE

6.1 introduction @

The response of the solar cell as & function O

cident 1ight is known as the spectral

wavelensth of the in
1t dis getermined tron the photocurrent

npth relative to the number of photons

reSpPONSE oif the celle

collected 2t each wavele
snat wavelength. Therefore,

W adich b

incident on the surface at
ﬁn;:uygzent ol the uit current ( Isc) av gitferent
wavelenithis is .enerally ue co pive the spectral response

nt the celle

the minority carrierx giifusion length

n general,
are influenced n

g solarl cell
g material put
tamt tO be able to

and life time in ot only bY
f the startin
g0 it is impor
y on the Taw materials but

also DY changes

the quality ©

jnduced bY processing,

re this par
n MNTre impo

amneter not onk

rtantly on
ponse of a solar cell can

r celles

measu
the finished sola

probably eve
jer diffusion length

inority carx

ve used to determ; 2
?ysocki 196¢F gtokes and

in the basSe
r Gell parameters

cnu 1977 up 1078 )« O8P€
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- -'-e = p

cel v of
1s. A study of the spectral response with temperature

15, thegefore, lmportant fo¥ design purposes as well as

for the determination of cell parameters like diffusion
length at different t emperatures.

The change in t he short circuit current with tem-

perature IOT qirferent spectral regions have been observed
by very Iew authors. Experimental results on the change
in spectral r eSpONsSe with temperature are reported ly vallkden

rst and Hart (1970, »
jfferent ranges of temperatures

(1967), Brandho Pischer~Colbrie et al

and Chappell (1976) in d

(1976)
authors have fourd an iner

Though all +t hese
peciral response 1
rease reported Y di ffe
n the ultraviolet T
wavelength appears

ease in the

n the infra-red region, the

relative S

+nde of the inc

magni rent authors is
gion also

not the same. The results i

siorgover, the peal

w a discrepanCY-
ajrferent amounts in t

to Shift wi'th t-’)};)per;ltm-c LY
These€ rosulis are not we

sho
hese

11 understood at present,

;nlainutiun is needed. In

e in the gpectral T

4 from theogye

paperse
satisfactory e

n the chang

a
esponse

and therefoI€y

pecte

chapter 23
eaﬁe}:

golaY cell with temperaﬁur

of & study of the
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}' -] e & 3 o 1

criznge in spectrel response of Silicon solar cells with

1= nmAaT o 3 23 i A

cemper ture in the wav elenb th interval 0.4 1.1 mipron
° " L 3

/e have rade measurements of the spectral response of

+
10 olm-— cm n p space quality solasr cells in the tempera-

" g 5., @ o :
ture rzn e 304.5 K TO 366.5 K. Since the experimental

asurerent of the absolute spectral response of the solar

me
cell is ouite difficult for the kind of accuracy required
for determination of cell parameters, we have used normalised

ponse curves to extract information acout the

spectral res

e base reglon. ISC is determined

ongtant intensity of light at each wavelength which

e energy falling on the cell per cm Per

We have also experi-

dirfusion length in th

for a ¢
is defined as th
of wavelengtho.

cond for each value
hort circuit current with

rved the change 1in S
0 gifferent spectra Al
cussed in the following sec

se

mentally obsc
0 and Mv'ﬂ-o The

temperature under W
tions.

esults will be dis

observed ¥
ribes the experin

Section 6.2 desc ental arrangement. Experi-
al results are desc
dependence of V&
n spectral respo

ative contributio

ribed in Sece. 6.3, In Sec. 6.4 the

rious parameters responsible

ment

temperature
nse with temperature are

for the change i
n of the bagse and

gescribed.
e total Spectral response of the

the aiffused
g with the discussion of

SecCe 6-5 dea‘l

is determined.
a the determin

> ] A i:rquiOI)
I ation of difl
eXperimen’tal I'GSUJ. oS al 2 tl
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l o ‘ at 2 -
encth. at differenv temperatures from the spectral

res SC. i 3
ponse. Finally Sec. 6.6 presents various conclusions

drawn from this study.

6.2 gzﬂprimentgl arrengemgnts :

Quartz prism rionochromator ( Model 70,

% Carl 7%elss

Sp2 ) was used with a 1000 watt oriel Xenon Arc Lemp a8 the
1ight source. & czlibrated thermopile ( Kipp and Zoned,
casure the intensity of 1ight

CA-l, T54286 ) was used to m

cell at each wavelength ( for details see

falling on t he
Ae2 AN Chap. 4 )s e monochromator

the glit-width of th

Sec.
being rixed at 0.9 m.t. The spectral band width ( defined
as the width at half maux iman intensity of the Spectral Tange
) as a function of waveleng th is

vy the exit slit
diagram of the experimental

covered b
A schematic

set up is shownt in Fig. 6.2, Voltage
rose a one ohm standaxrd resistance

shown in Fig. Bale
developed across the

1tmeter model No. 148,
ale on all the rangesS.

2 7, of full se

curacy was
ch wavelength

ensity wa

Meter 2€

_ ¢ e s measured at ea
:—’.; inv e lnL

‘he T@l :
paylier and the relative

A ‘b
uging the thermoplle gescrl ed |
+he cell normalined with respect to

ectral response of
¥ Valuevvas determined.



177

| m
e
ol p—
In -
[ -
[ s
‘-’-—--—-—_“—-_ -
Auortr 5i 68"

=»

T

=]

Q.1
0.08
0.06

0,04

l

a4z p—
l A [

0.01
1000

200 500

=
16.6.1 SPECTRAL BAND — WIDTH S (N TERMS OF nm AT 0. mm

SLIT—WIDTH IN THE WAVELENGTH REGION FROM 200..1500 nm.



>\, = MONOCHROMATOR

FlG™6. 9 SETUP FOR SRECTR,



h)

'~ o e O

LIGHT BEAM

AL

RESPONSE

EXPFE RIMENTAL

MEASUREMENT .

8Ll



179

in improvised heating unit was used to heat the

o
cells up to 100°C. The hot bit of a 60 watt soldering

nd a copper plate of 2.5 X 2,5 cms in

as fixed to the soldering

iron v as removed a

size soldered to 2 copper rod w

iron, A copper constantan thermocouple w

as attached to the

perimental cell was fixed on the plate.

copper plate and the ex
qd to determine the temn—

in experiment was conducte
d the copper

perature dirference, if anys between the cell an
plate. in this experiment 2 thermocouple was attached on

the top of the cell

ple was made with

and comparison of the reading of tris

t of the thermocouple attached

tha'

thermocou
+ywo readinge wes less

to the plate. phe difference in the

0
than 10 below 5000 an COCe

d less than 20 gt X

reult current and open circult voltage of

short cl
JOO K

erature range
Philips quartz
dals

gsured in the temp
r and 1000 watts,

eters descrihed in SecCe.

sy cells was me
r ANO simulato

Halogen lamp using gigital multim

t spectrul of

the sol
to 368 K unde

+ Balogen lamp is gimilar
The outpu
+o the AITL spe€

ctrum:shown in Wife Tl

6.3 W

The rela

nse ( RSR ) measuxred

366 h is shown

at room tempeds
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in Fig. 6.3 a,corresponding to a constant value of the
o s ol N4 .
intensity of light folling on the cell at each wavelength

The results at the intermediate temperatures being similar

in nature are not shown for the sake of clarity. The major

feature of these results is 2 red shift of the whole RSR

at high temperaturesS. RSR in the long wavelength region

s whereas below about 0.85 micron it decreases as

ihere is a shifi in the peak posi-

increase

the temperature rises.

tion towards longer wavelengths epom about 0.85 micron %O

resent range of temperature.RSR deter-—

0,29 micron in the p
£ No(a} (number of photons falling

mined for constant salue O

2
per cm DPer sec at each wavelength ) is plotted 1in Fig. 6.3De
circult current with temperature

The change in +he short
6.4, The rate

under AIO and ALl spectra are shown in FiZ.
of increcase in Isc with temperature is more in the A
gpechrum as compared %O AMQ specirulls Fig, 6.5 shows the
with temperabure under

and decrease 1n'VOc
erimental celle

arious cell paraneters

increase in ISc
In the next section

AlMO spectrum for the eXp

we wikl aiscuss the etfect of V
change 1in RSR with temperatures

responsible LOT the

us cell parametcra in the teggerature

6.4 The role of varlo

dependence of HSR
Here, W€ discuss the various factors which are
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responsitle for the change in spectral response of the

solar cell wiil temperatures short circuit current for

a monochromatic light of wavelenzgth A incident on the cell

ted by surming t he current from the n-layer and

m the p-type base layer

is calcul=z

the p-layer. The contribution fro
with an ohmic contact at the back surface is given byIIoTr

low level injection ( stokes and Chu 1877 )

- ]Eln —0(12
q Na L . | il
1 Yo n -t 1] (1—xL )% )
7.= ——n © n
& 1-—‘LLL_7 Sin h =
n \ 1
n
\6.7}
where o denotes the aiffusion length of minority carriers
in the p type pase 1ayer and dy d, are the thicknesscsS o f
All other symbol 8

the giffused and base layers respectively,
. & ,

have their usual meaninge For 4o >> Ih , the second term 1n
6,1 reduces to

aeclizible and eghe

b racl{ets is

) ” a LD e—.l'.’ll. (6.2)
Jp q g 23
(1 +0 &y

a from the top n-layer
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- i 6. 18] "
- e ]s o L e ady
D =

1 eink dyf b, + 51 Tp/ Ly (1—3”“61 cosh a1/ b,

————————

Sy Tﬁ/Lp sinh dl/Lp + cosh dlpr

(6.3)

the surface recombinaiion velocity at the o

where s, 18
1

E 4 - _.'J. - L . .

surface and Lp is the minorlivy carrier diffusion length an

ave thelr usuzal meanings

the n-region. Other Symbols h

If the reoombination at the surface is gquite high
6

( of the oprder of 10 ) and the minoxity carrier

cm/sec

emall ( of the order of 0.1 um which

diffusion 1ength 18
n the d iffused regi

on )}, it is @

is generally the case i
good approximation to take

2 "
51 Tb/ Lp > o and ;W/Lp 3 39 0

Under these approximations eqne 603 reduces 0 Bell

and Freedman 1978 J*
( dl/I-'p"'a dl)
— -1 ‘,./ c + p
D Sl‘ﬂvl’l dl/Lp

r =g ¥ ’
s 0 k-
- Lp
(6.4)
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LeS)

tion of lignev 1in -he depletion layer of the cell

coniribute t0 rRSR ( Bell
ate of the depletion layer

The absorp
and Freedman

is also expected e,

1978 ). Since @ correct estim

wigth is hard to determine, Ve have not included 1its effect

separately in our calculatbionse However, it 1is expected %0
in & practical solar cell

have a small contribution only,

( Hbvel 1975 )'

The important parameters in the expressions for
the junction de

L ) and th
D

pth dy» the diffusion length

are
e absorptlon coeffi~-

JS and JB

of minor
ral response and shapt circul?b
¥y gepend on these

hange of these

ciente
re will naturall

w the effect of ¢
empe rature depend

eurrent aith tamparail

discuss pelo
ence

parameters. Ve

s with temperature on the T

parameter

of the spectral reSpoONsSes

nt »

B.del Absonption coefficie
e have calculated x at

Using the expression Sl
wavelength range

04,50K and 36645
1engths sho

of
temperatures ] g in the
0.4 1o microne jave rter than 0,4 micron get
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cll) O ( - - g

to the short cirecuit
cuit current because of high surface
recom—

Javelengthslarger than 1.1 micron are

bination velocity.
s and therefae

e of producing electron hole palr
Tm
The computed absorption coeffi-

Variation of band gap
caleulating the

incapabl

are not of any interest.
cients are given in Pable 6.1 .

is taken into account while

nt temperatures. However,

% ( ean. 5.6 )

absorption coefficients at differe

temperature range con
g than 2 / "

siderei, variation in Eg is not

in the

being les

appreciable,
the increase 1in

ie see rrom t he Table 6.1 that
ent 1s quite largeé as the temperature 1S
is

P ko 36645 Ox, ithe jncrease in &

absorption coerIics
jncreased frof 5042
'avelengthse

larger at longer VI
rpition coefficiem

In general, since the nbs
£ light will be

eases for all wavelengths,
absorbed at shortelr g epths in the Si
the incre#
1 response is
sture becaus

) t he rays ©

incr
golaT cells as &

Tt is now easy to

going tobe affected due

result of
e of the increase in

the spectrd
e in temper

ento

see how
the electron hole

to the increas
in general’

jon noefflcl
VS will DOW be

nfrared ra
rise to an

+he absorpt

paixrs areated by th
. B o
ed closer to the ]unctlon. This will gi
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.L;;uL...‘l_-_G [ l

CalQULaroD ValUos OF LHE AsSORPILIION CORFRICIENT AT DIFEF RENT

TEi Pk s TURES

Absorption coefficient (a)

ym cm_l
] O
T= 304.5 K T= 366.5 L
1 0.4 20538 24483%
2 0.45 4057 Les3l
;s e 9749 12752
4 B.55 6799 825>
5 0.60 4747 5767
6 0,65 eld Aok
g 0.70 2264 243
8 O« 1D 1524 KL
: 5. 80 998 1279
] B 625 821
1 @
L 0.30 a5s g
- 278
1
85.7 155
13 1.00
2 24_9 49.5
lo 1.18 7.92
g
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lncrease in the short circuit current at these wavelengths

and & consequent increase in the spectral response. In the

lue and violet regions, a larger number oI electron hole
pairs are now created closer to the surface on increasing

the temperature.3f surface recombination velocity is negli~

gible and if the diffusion length in the diffused layer is
more than the thickness of the diffused layer, it is not
likely to have any effect on the short circuit current and
the observed spectral response will remain practically unchan-

On the other hand, if the surface recombination veloci-

ged.
ty is large or if there is a dead layer near the surface

or/and if the diffusion length is smaller than the thickness

then this shift in the position of creation

of the layer,
s for shori wavelengths will result

of electron hole pair
in a suppression of the spectral responSee.

The shift in the peak position of the spectral
ith increasing temperature can also be

response curve w
Using

explained from general physical considerations.

6.2 we have derived the follo
absorption coefficient at the peak of

wing relation between
Cf}n.
aiffusion length and
the spectral resSponse: -;

. (6.6)

dl: oc(l-l—OCLn)
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where d; 1s the junction depth. eqll. 6.6 is derived by

differentiating eqile 6.2 for the base conbribution with

respect to a 2t the pealk of RSR since diffused layer con-

tyritution is expected to be negligible near the peak.

+he wavelength on which the peak occurs

Since o determines
the wavelength for the

and since at higher temperatures

1 be longer, it is expected that the

same value of a wil
r wavelengths even if ©

towards longe

peak will shift he diffu-—

sion length remalins unchanged.

erimental

Tife time of

ature range 90) L to
) methdad
6.6, Ilife

cell was measured in the temper
5% by open cirenit voltage gecay (OCVD
(agarwal 1979 ). The results are shown in Fif.
cage from 3,9 |4 Secs to 7 4 secs @S
<01, 5CK to 366. 5°K.

(’\

ages from

.J

jent in the base region was cal~

Oy . %27 Ok ané 366.5°K using the

ures 304

a at temperat
piffusion lLength was

culaie

expressions given in S5eCe»
ime and giffusion

we find

coefficienﬁ and its V
the d1ffus;cn 1ength incrcaces fo
[¥]

1ge Y 17 /

0.,
r 304.5°E .

increase in the

that
awnrorimately.

temperatire r
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33 2 = P . o =
diftusion lengvh 1s szpected L0 increase the short circuit

currensve.

fhe - o ressionPr band gep variationw ith temperature

Using this expression the

be 1.109 eV

5 ( eqn. 5.6 )

is given in Chap.
value 0L ig e 304.5OK and 366.50K were found to
.nl 1,0C v waaneehivel¥e since t he decrease in band gap
in t his temperature rance is very amall ( less than 26% s

«pect it to play & Bi part in the tem-

;nific;nt

we don't e
ence of the spectral resSponse and ISc under

perature depend

110 and Ald spectras

6.5 pigcussion of th2 eﬂgggijggﬁglﬂgesults and thelr
2 A e ....-.....—....-—__.—-—... - ot
retntion ¢

theoretical_;gﬁggp

+ he observed variation in RSR and Isc

Results of
iscussed belows

at aifferent fomperatures are d

i§th tomp erature

P I vy : 4 . ‘enb v
rariagtion OL ahor® aiyouit cuil i
Y - AT gl a \'E ':L'
under gyo-_nd pl_8DgC rid
(e first di scus
&g shownh in Fige
oneity was

GeSel

e of short circuit

s the increas

24% * . h_,.tul,e
~yrrent with tenpexysh |
g : int measrad with
In each case, 0 nt

Al apectIe
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a ctandard soliz - :
12rd solzr cell and was adjusted to correspond 0

L=

B e %
that of one sun. It 1s Scen +hat the increase in short

cireuit current with + pmperature is much more rapid in

the case of All spectrumas corpared totha
at the effect of spectral

t with A4 IO

specirum. This is the rirst time th

jon of incident 1light on the temperature lncrease

composit
has been studied ard repor ted.

circult currens

rstood with

of shoxs
This result can bhe unde +the help of the observed
T¥eronv temperatures

relative speetral regsponse at w0 Al

e respectively (
om=e is adversely affected in

504.5°L% and 366.5 Fig. 6.32). It is

+hat the T8y

clearly sechty
=~z appyeciably in the

"y o
) SRS

gion ut in

gince AMO h

the ultraviolet re
of blue and

infrared regiois as large content
( Fige 1.1 ) ent in t his
th the increasSe
hort circuit curre

ot in e AN

and *since the curr
of tenrperature,

nt is

violet light
suppressed wi
case 1n the s
compared t0 th

region 1is

the temperature incr

smaller in t he ALO Spectrum.as

spectrurle.
1 the observed spectral res-

Jo study nov, I detal
i hich
ponse at different v pmperaturess The mallt features WOXC
& —
llowings

we have %0 explain are Io
y or longer

(a) increase in © he relative spectr&l response T ng

4+hs cbove 0,85 microile

Vi .‘;‘!015“:_
elength reglon.

:q the 81 wav
(b) SuppreSSion of the RSR 1n the alhort
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vise in temperature.

ol Response in
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osition towards longer wavelengths

e now discuss these

three Ifactors one by one.

Lo long wavelencth region 3

The well lmown cipression T S

60502 2@0 w ¢
in the red and infra-
g Ty Ty S8 7
j 3 - 1
R (a — + &,

.. . ¢
alieve F = B, eup L~

on the base r eg10mle

hages QN 6.7 1%

is of the order ©
[e]
than 3 /o fOF Ty

if the intell

% for all wavelength
“scC
£0
7 =¥ r'l n
I ==\ .
ncnStunt

where K is <

and the valuc of Tga

red rezion is ( s

CAP ( - d]_)

n
valid evel §7 ¢

£ cell
Ll.a)'
sity of lig

pectral response

tokes 1977) Bo'rdfna,z gohvmrmn_

s SO0 cell'thicknessd2>>L and
1n
) ad, ? 1

(6.7)

ity incident

) 5 the Light invens

faision length in the

3 3 .".'ﬁ.‘ ‘j.

3
-

e diffusion length

s hicknessd, ( Error being less

stokes (1977) ba

+o maint

S suggested that
ht is adjusted ain a given
ove equation is reduced

5 then t he ah

) (ODL)
1 ’
o nenAins only on the cellparameters
al=cted This make 5 the applicatlon
convenient for the determina$1on of



diffusion lengthe,
se

form
jn

A
»

-1

32 =
SC

¢ & 4 Digg
n

Therefore, 1% vie plot 1/Ig,

the longer wavelength part o1

it, the negative intercept ©

the value of Lq.

these plo
is plotted as a func

at each wavelengtio

intensivy
lengths in the bas
L 304.5°K and 206 miCTO
giffusion 1ength
(rable 6.2) are considerably

determined from RSR.

Tt is W

d by ditfferen

determine
roschel et al

importantly Neusd

out that the 1ife time
ge decay (0

not the 137

volta

methods is

effective 1ife ¥

rved by writing +he cbove equ

n the axis 1/1
ge

The value OF 1/1
sc

tg are shown in Figs.

tion of 1/o for const

e ohtazined in th

ng 2t 56645 Ko

c;lculsted as des

amaller

ell known that the value of

t methodﬁ are

determined by

ovVD ) or Junction cur

#o time in

me which appealrs in the
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owever, the same purpose can be

~tion in a diterent

(6:9)

.= o function of 1/e from

Piz. 0.7 and extrabpolate

= 0 gives
ond 1/a derived from

6.7a and 6.7p where AL
s¢

ant illumination

The values or diffusiocon
is manner are 175 microns
The values of

cribed in Sece Dede2

than the value B

1ife time

not the same. More

(1977) nave recently pointead
any of the opell circult

rent reCOVem'(JCE)

the base region pubt some
aiffused layer also.
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The life time in the base derived Irom the observed life

time by these nethods is found to be considerably larger

( lleuzroschel et al 1977 ) in some cases.

n lencths determined Iron

We therefore,

accept the values of diffusio

spel response as the correct ones., Using these

the spect
velues 0f Ly, and the values 0f o from Tahle 6.1 correspon-—
ding to the +yo temperatures, current from the base layer

was calculated using eqn. 6.2 at temperaturer 304. 5 % and
interval 0.4 - 1.1 micron { see

366.5 K in the wavelength
Table 4.1t for parameters of the experimental cell ) eqn. 6.2

was used O calculate the contribution from the diffused

Wote that these eqnsS. give the current

n-type layer .
Experimen-—

number of photons.

o constant
W, is plotted in Fig. 643D

corresponding t
constant

talLyr observed RSR for

the diffused region 1ife time of excess carrier

Since in

is usually very short, ~ the order of 10~ secs (Wolf 1271)

hagause of the heavy dOpin:,the aiffusion length Lp in the
Taking this

e 0,1 micronle
nding to 304.0 and
cted theo-

e apsumed VO b

LR AE= B

diffused layer

1, and the values of o correspo
P

pechbral response expe

value of
the 8l

366.5 K tem
retically from th

n depth of 0.4
ral response (

peratures,
e dlffused laye
micron ( Table 4.10) s

rsr ) taking int
as the d iffused re

r was conputed for the

The total

junctio

o account the
Relative spect |

e base &S well gion is

(‘orl"' nl}‘\'n‘t'}on frOI'ﬂ ‘th
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sh i i i
hown in Fig. 6.8 for the two temperatures. Tig. 6.8
Se .

21so shows the relative contribution from t he base and

the diffus :
e diffused layers at zbove nentioned temperatures. As

is clear from Fig. 6.8, contribution from the diffused
n the short wavelength sige i.e.

region 1is appreciable only 1
0.4 -0,8 micron. At higher tenperatures ( 356.50K Yy
eases for wavelengths

contrioutlion srom the base rezion incr

larger than 0.8 microns ( Fig. v.. ). This accounts for

e in t he spectral resSponsSc at higher wavelengths.

+he increas

Theoretically calculated RSR ig shown tobe in good agree-

perimentally determined
onger wavelength region

ment with the ex points in the RSR

wavelength plot in the 1

Tersus

above Caf micpop wd ghova in Pips. beSs and 6.9b for the
" - 3 o )

temperature values of 304.5 k and 366.5 K respectively.

e _short wavelength resion

se in th

6.5.3 Snactral respon
For shorter wavelengths,‘me situation is different.

se in the current

% 2
=ht inecreds
3

#ron the diffused

There is 2 81l
layer because of inprsase in the ahgorption coefricient ae
rom the base layer

contribution i

the decrease in the
resulting in & decrease

But,
( Fig. 6.8 )

cell 1is much more
ngths shorter tha

of the
n 0.7 micron.

in the spectral response

6,9b show

at wavele
Figas © Ga and the changc in spectral response
8 oSN T
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t to temmneratur <
& erevures as predicved theoretically. Experi

4~ }
< LY/ 2

rmental points are 2 g
s are zlso shown on these curves for compa-

rison, .% shorter waveleng
son. .t shorter wavelengths of C.4 and 0,45 micron, the
b

discrepancy in the calculated znd experimental points

could arise due to the reflecvion from the amvireflcction
~+tin-~ whi : 2

costin~ which is found to be pronounced at these wavelengths

sk Ay Q70 ) r : 3 .
Agarwal 1879 ;. A good agreenent is obtained in the wave-

lencth range 0.5 - 0.8 Mo

6.5.4 DPeak position

since contribution from the diffused region is

negligible near the peak region, eqn. 6.6 derived from

6.2 for current Ifrom the base can be used for deter-

+ne shift in the peak with temperature. Using the
175 microns and 206 microns at

eqll.
mining
fusion length values of

nd 566950K respectively znd 3
ition was calculated using eqn. 6.6.

dif

304=5OK a unction depth of 0.4
o at the peak pos
at the peak correspondin
-1 2na 1075 e s DHE

and 0.82 micron

micron,
g to the two tem-

The values of o

; : - i
correspondiing values of & are 0.78 micron

The calculated shift in the peak position

respectively.
is 0,04 micron. The observed shift in peak (0.05 mEcron )
rthe from 0.71 to 0,76 micron

avalew

ig also Sowards Lon gy W
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s predicted theoretically. Trom Figs.

”

4 —
vsee Fli. 6¢3b)

5492 1 s 2 C “
6.92 and 6.9b, it is clear that there is a good agreement

Letween the 3xperinentally observed and calculated RSR in

+he resion near tne peak at bovh the temperasures.

. Of dif usion length and absor-

6.5.5 Relative contribusion

nt temperaburcs 3

ption coefricientd at differe

Tf we assune +the diffusion length to remain
1o bant and only consider the increase in value of «, the
se with temperasure on the long

n spectral respol

sige (0.9 um ) is aboub

increase 1
Q
34 A, less than the

yavelength
otherwise colcul-ted velue btaking into account the increase
jn L_ . For longer wavolength +his difference is found to '

a1 ‘ . - 2 y
be evel anallele Wes Lherefore, attribute more than 66 /;
2t longer wavelengths to the rapid

+the increase in ISc

of
change in the absorption.ooefficient. This is expe cted
cpom g eneral considerations because if the diffusion lengtih
153
¢ in temperature, the

to the increads
yrapid incre nc»efficient wit
rise to the absorption of longel wavelengh photons

cra will b2

.::il I ?j."':‘ r
thereI0lCy carri

is not increased gue
A Aoy
~oge in the absorpuio n temperaiure

closer &¢ the junction and
collected more cificieutly . TIncrease in tue diffusion
4 in the geme aireetion.

an additional girec
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gituation in the short wavelength side 1is
b & more corplicated. S +the absorption coefficient

~rer fraction of the electron hole palrs

- b ; 1
Y - -

which were --isusly produced in t he bullk closer to the

4o be censrated in the diffused layer. Because

i
R

of the high suriace pecombinatien velocity znd 1low 1ife time

in this rezion, these carviers have a poor chance 0 solleo-

for short vavelengths, spectrsl response

s+t iy 4timate of the relative

tione. Therefore,

is supprese=ede -
- ot possible in this

contrivpution of increase in L,and ¢ 1S
cese.
6.6 neaaiuaions s

AN AT -

The study of spectral response with temparature

has revealed the rollowing new featuress:

% fncrease 0. short ciICuit current with the temperature
the compositio

of the cell 1S dependent on n of the

gpectrUle

(v) The aifference in the

n temperature rise 18

for & give

+ion @ epth and quality of m

june

layeXe
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‘¢)  Dhe diffusion lensth determined from the long wave-

lern~th side of the spectral response shows the

crneoted increase in temperazture, The diffusion

length determined in this manner is more than that

jetermined Trom the messured life time and the estimated

aiffusion coefficient. The difference is attributed

to the fact that the observed life time is not the

1ifetime in the base but is en effective life time,

influenced by the 1ife time in the diffused layer.

The relation derived between the absorption coeffici-
junction depth and the diffusion.

(a)

ont at the pea
base region ( eqn.
h in a solar cell if the

length in t he 6.6 ) can be used to
determine &h¢ junction dep?t
défquion 1ength and the peak position of the spectral

yesponse axe lknovinle
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VI PIERE-T .

T2, SUREL.ENT_OF SERIES RESISTANCE OF pOLAR CELLS

The internal series resistance of a solar cell

is a parameter vhich seriously @ egrades its maximum con-
version eriic.encye we have noted in Chapters 3 and 4,
how strongly the series resistance affects the response

of solar ceils, Two types of effects occur because of
) of a solar cell:

the finite series resistance ( H,

The resistive component s in solar cells

PR %
T Rs losss:
This becomes especially large

4
N

cause power dissipatione.

at high iilumination Levelse

e internallesistance of the cell

e to the finit
junction of the cell in

(ii) Du
1tage droP appe ars across the
available vol

hat te
astic reduction oI the

a voO
tage and load current

such & manner 4
are reducedo This results in & 4r
povier outrut of wlar cellBe 4t high intensities, this

effeetYEcomes more apveree
pr design purposes to optimize the

TherefCTre:
a.'L.Lg,I' for }11

e1ls especi h intensity

perxorman ce 0+ solar ©
retura condi tionss an accurate ynowledge of the

and tempnel
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value of seri ;
- es resistance is
necessary I%
. is also

helpful in predicting the output characteristics at

vaprious light intensity levels, Several authors have

discussed the determination of the series resistance

and its effect on the charscteristics of solar cells

( .olf 1960, Wysocki 1961, Preiffer et al X962, Schoffer
ond Pfeiifer 1965, Hendy 1967, Jain and Stubar 1967,

Call and Kerwin 1976, Bobbio and Califanc 1976, Nspeli

et al 1977s

Spaderna and Navon 1
Tormly j1iuminationed
{ +the cell 1S very important

Bordina et al 1977, Boone amd Van Doren 1978
?

978), In the cases where the cell is

nonuni the effect of internal
resistance © ( Lucovsky 1968).
yjolf's analySiS (1960) makes it possible to
vynit cell’ resistance as a lumped element

, an ideal diodee.
she wnit cell is essentially one

eXpress the
npis treatment is based

in serle S wit!
‘on t he assumption that
al ond that +he curre

at 18 uniformly distri-

e suriﬁce-

pffect of the serﬂg:ssistance on the I-V charac-
i £ ShOIt—CirCUit current has been giscussed
Lerigtll Y

Phese oalculations were bzoed on the

can]ae re

as a lumped

in chapter Se
Presented

tion that Rg

ap showtt in Fige. TaFe
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wolf ond Reuschenbach (1963) pointed outb that

+he serles resistance of the diifused jayer being a
qistributed resistance, the effective r esistance of fhe

cell becomes a function of current and voltage at w 1ieh

the cell 1S operateds In several of the cases investigated

- aubthors found that lumped resistance

.
| ¥ :

by them, howevers *

model was quive adequate, A mOTE detailed experimental
investl azion of RS was presented by Imamusa =IO Portsche~
1ler in 1970 by uging the following three metheds ¢

ion and darl forward characteristics methods

a) Dp-n junct

p) Dark curve methode

c) I1luminated CUrve method using the 71V characteristics

ferent illumination levelsSe

ot dif

ey found thes each OF these methods gives diEferen®
egistancee Imamura and Portscheller

» the series I'E

value 0
(1976) 2180 oL served that the Series resistoance determined
Aecreases at high current levelS.

in additio
v 1 junct

>aBes witbfme rise 11 £

>

por

all'these 1]

n they observed'thnt +he resistence determined
jon and dark Toywnrd characteristics

py the -
emperatire.

method 3MEES

Fradkinov (1972) suzsested snother method for
'etol"xininr‘t e s 3 oS resistance at t he cell operating
(1 (4 | YA -

a sing

le photovoltaic v characteristics of



+}e solzr cell This % i
) 2 .« This technique requires a vVery accurate

» A4 Al
reproducvion of the IV curve semqent nesr the cpen—

cireuit poi : i 2
point and also involves rother cumbersome calcu-

= b 11 S
ions. Therefore, = bove mentioned three methakls
+he meamurcrient cf

b -t ¢ 2are generally used for

)

geries resistances.

Therefore, considering the importance of this

porameSeTy jt apmars that sufficient experimental work
on the determinatlon of the series resisiance of varlety

e not been donee. Tn + his Chapter, &

or seri=g resigtance of solar

of solar cells hav

" the measurement
d three aifferent methods a,b ana ¢

sludy ©O1f
-+ above mentione

cells D¥
is presented. A new method for measuring the series

e is 480 proposed.
cerlies resistan

ntional methods ( 2 and

Experimental results on

resistanc
ce by the new method

the determination of
aSVJell g 0F +< e other two conve
c )} are reported ond discussede

Seca 1+2 contains o brief description of the
1 three conventional methods

ove mentiol
e of the solar cell

theory of ab
of determining the serics resistanc
various t vpos of cell -V characteristics. Sec.

ith t he aes
gon OF the

asing
£ the experimental set up

Tod qeals v cription ©
7.4 2 compard

three methods is given

n SeCe
etermining'the series resistance is

ethod of &
mental results are reportved

and & new I
T Sece Te7 expert

AQscribed‘
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a = . 2
nd discussed. Sec. T.6 gives some conclusions

aravmn from this siudye.

7.2 Theory of the different methods used for determing
Lo LM s S

the series_resistances

The three types of current voltage characteristics

of solsr cells used in the determination of the series

resistance are (i) Photovoltaic characteristics (ii)

Park forward characteristics and (iii) P-I junction

characteris'tics. A detailed description of these is

given below.

n or the varioud I-V characteristics

T2l pescriptio

gi}solar cells 4

(1) zb.;v:s‘i’z-’.c’_l_t_:‘:i,c_,.(?i ) chargcteristics

These ore obtained under fixed {llunmin=tion,
usua.lly of known intensityo 4 resistive load 1S varied
hetween short-circuiﬁ and open-cirenit conditions, while

g +he voltage
ese teyminalse
w characterlstics is

across the solar cell terminals and

measurin
The experimental set-

the current out of n

up used 1n the meaaurcment of

described in Secs Fa5 s
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1 Since, we are interested in the applications of
solar cells at r € latively high current densities, effect
of shunt resistance are neglected ( Hovel 1975) Und .
j1luminetion, the theoretical solar cell equation baszz

on a lumped paremeter version has the following form:

n

B AXT

I=T ( ( Vet I E’.._. :'
= - 7§, PP
Q } Ig (701)

where A 1S a dimensionless constant between 1 and 5 !m
Imown

The junction voltage V.
J

as the diode quality factor.

and the terminal VO t
voltage Vo are related by ( see eqn. 3.43

also )
VJ = VT + I RS 4
7

Tn t his case,
ction voltage because of the voltage

snaller than the jun

ross twhe cell.
S Sufficiently'well for most of

drop 1Rg ac T 7.1 reproduces the

obtained characﬁeristic
for high level injection eqn. 3.44

the casScSoe HoweVver,

e correct relation

shipe

gives th

(ii) Dark
stics are obtaine when the solas

ation of any illuri.

These ch;rzcterj
e without® applic

cell is uszd as 2 diod
ut by supplying d.c. power fror @ oxternal bias
ayrengsenentv sor meoasuring these

nation, b
:peereutal &l

gupnlye Mhe €
c“wVﬂctoriscics is jescrived in Sece Te3 Jnder dark
as current [lowe ~hyougl the

ponditionsy the forward hi
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oen junchi : ;
T junction and the junction voliage is smaller than
the terminal voltage by t he voltage drop across th

e

lumped series resistence.
i.eo V. = '~?¢'\ - A
3 T r s

p]. ( Ur-[— -m )
( [T LT : : Rs"
. (102)

Rhus, IT: I0

I e 1N&
q and Vp are the terminal current and voltage under

forvward biasing. For large forward bias voltage

(usually 2 L V), A is taken toDe equal to one in accord
4itih b he predictions of Schockley's diffusion theory

For lower voltages 4 1S expected tobe > 1, because £he

nt in the space cCH-ISe region domi=-

recombination curre
nis @se ( Wolf et al 1977).

nates the forward current in %

ionc:haracteristicsz

(iii) P-ii junct

In 4 his case, the solar cell is illuminated, but

with variable 1ight intensitys The intensity of illumi-
the value of the light

ot b e ¥Xnowils if

netion need N
canbe determined.

For the low

- ]

generated current IE’
series resistance solar cells, Ig canbe teken to be equal

the shoxrt

to I..9 circuit currents This condition 1s
scC
istance is sufficiently small

fuliilled when e cell res

+the outpu

1 of the device,‘when measu—

~ut mothod is

; conctant for all

red by t he photovaltaic out
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toyminal voltages between O and 0.1 volts (see e.g

Wolf and Rauschenbach 1963). The measurement consists

of determining the sho i i ¥ i
short ecircuit current ISC, which

3 41 .4
mnder the present conditions equals the light generated

currentv , and t he onencircuit volt
i 2 OF 1w oltage id -
. age V,, for every
. Y ; ” < =
1izht intensity setting. Zach pair of corresponding

+ : . . ;
short—circuit current and open-cireuit voltage values is

plotted as one point in the first quadrant of the current-

voltage plane. Through the veriation oX the illumination

. succession of such points is obtained which

level, &
presenss the desired current-voltage characteristics.

light intensities the ondition of flatness

I+ at higher
tovoltaic output characteristics under zero

of the pho
then the measurcment of light

o not satisfied,

voltage 1
T canbe deternined independently

intensity ig T eqired.
The current —voltayge relationship obtalined

in this way 1° nalled the p-n junction characteristics.,
These characteriSTics are independent of the effect of
. vy oy 1 + ] . i
series resisbance when T, can he talen %0 be equal {0
.:on characteristicsaxe

~nY
ncuv-=-

i« In such & caseés p-ix Ju

g
gescribed by the equation

! j ~1 = \ 1
Teo © I ( exp ( qgoc/AL*) 1 (7.3)
E 7.% gives a:elationskip petween she short—circuit
qno a 3
rent and'the open_circxi:‘nltafa ol a solar ¢ ell and
curyx



is derived from €. 7.1 by substituting I= 0,V=V
oc

corresponding to t he open—circuit configuration and

writing Isc in place of IK when they are equale
Using these three types of I-V characteristics

Rg is determined using the methods described belowe

for determination of the cell

7.2.2 Yarious methods

ggternal series.registqggg:

dark forward ggaragteristics methods

(a) B=H junction and_dark

a dark forvaré characbteristics is

In this metho
plotted alongwiththe p-n junction characteristics for
If'Vl and V2 are the voliage

o mven cell. ( Fig, T.1a).
ves corresponding to t he same value of

esistance is given by

on the Ve o vy

current T, the series T

v2 i vl f——\{ . [
i, weTm S - (7.4)
I

()

n -t his method dark forvard 1=V charnctaristics
and Dhotovoltalc characteristics of the sane cell are used
| gigtance ( Fig. T7.1b) e Two

he series re
lo Ca't,‘ed on ﬂ’l

thelr co~0T

. AL

to estimate e
and illuminaﬁed

e dark

points BES t

n that dinates are
characteristics,sucs Lhav

' vogpoctivelye

) 8-1’1(1 L.V. 3 I ) C y

(Vl’ ZSIsc 2 scC
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IUNCTION CHARAC TERISTICS

HARACTERISTICS

FIG.7Z1la P . N.

1 Pv CHARACTERISTICS

4 2 DF CHARACTERISTICS
' 2
2

P(Vy, A lsc )

Fi
G,
7.1b pARK CURVE METHOD

V—

JUNCTION AND DARK FORWARD C

]

HARACTERISTICS

ge PV CHARACTERISTICS
AT DIFFERENT ILLUMINATION

: ALEVELS
sC
at = — ==
s ——
, .
tf 1N\
'!ﬁ}J
L L
V, V2
vV —

FIG.7.

ILLUMINATED CURVE
METHOD

fc



Then R is civen by

Tﬁ
: (7.5)
50

(¢) Tlluminated curve method 2

T " T . .
This uses two IV characterisvics of the cell

c mode at qifferent levels of illumine-

in “he phoﬁovoltai

tion, as shown in Fige Telc. Suppose +he values of the

short—circuit currents for t he two insensities are 1. .1
scC

o, 4 .

end Ig .0 respectively. 7wo poinis Pand 38T located

Ltwo curves such that their co-ordinaves are

on the
( Vqs Bt ™ AL ) and (V59 Lows ™ A1), respectively.

The series resistance Rs’ is given by
T 14
oo Y
2 1 O
e (7.5)
5 -1
sel” “sc2

the correlationtzurrent gifference.

efereed'to as
nts P and R &ar

T 48 X
e dhosen near Lthe maximum

the vol

cenerallys

TsD
+
I-V character;s:icn of the 2 X 2 crisy, B P
1 118 ( cell parame*ers given in patle 4.1b) were
ar ce
e sericS resistanceo MThe



D
™)
=

;-Per-—-.; e N

jgties i i 1
ics is described belows:

- da 3
7.%.1 Photoveltaic characteristicss

:-.1.8 e i 1 ¢
125 C].](__."rac ueI‘lelCS were I.leaSLLled at; conseane

temperature under 1000 watt Oriel Xenon irc lam
: mp and
an A0 simulator. Details of the set up are described
e e

i % . ) _
in Chepter 4 ( see 4.2), ¢ircuit diagram is shown in

Fige 4.1

P-1l junction characteristics:

P-N junction characteristics were measured

under 1000wacts Philips Quartz Halogen lamp, AMO simu
jator and Xenon Arc lamp. Cirecuit used is shown in

+ circuit current and open circuit voltage

Tige To28- Shor

e solar cellwas measured using 4 1/2 digit,digital

of th
Intensity of the

pultineters descrived in Sece. bels
on the cell was varied by changing the

1ight falling
Tempe rature of the

he cell £yom t he lampe.

distance of bt
by circulating water through the

cell was kept constant
was mounted. For this

n which the cell

gtal Model K 70 w
coptrol was & 0,5 degree.

brass mount ©
as used. The

purpose’ an ultracry
t he temperature
g measur

754286 ( KipPp and
ryom spectralab,

accuracy in
g a calibrated

neity of light & ed usin

Ince
Qhermopile Model 1iCe GAL, zonen ) and
g solar cells ( Ho. 3000 ad 3001

gtandar
ibed in SECe

} ag gesch

-‘.—. 2.

USA
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7e3+3 DALk foxﬂgrg;characteristics :

Frmimtde g

Dark forw i i
forviard characteristics of the solar cells

\Je... 22 > *
- L] <

A Qx 3~ b 4
A Systronix npansistor Fower supply Type 61l

g - 4 S : .
was used O plovlde forward bias t o the solar cell To
L ® r

aifferent values of the forward voltage applied to the

golor cell, corresponding current flow wWes measured

£ different methods of measuring the

cnparl con O

series resigtance *

T : >
T this sectlol, a comparison of dirferent

as of measurlng the series resistamnce

nVentional metho
measuring RS is also

A new method of

O | gornarison o3 the threc convantional rnethods
R

of meas-urini 5

ri £ orvard cheracteristics

etion qnd da

at the p—1
At light intensities ¥

(a) In p-B ju

methods it is assumed th
e effectse

m resistanc
+ of internal series

junvtion characterintics)

is fre¢ fro
hSO'matt
nal curren

nigh enoug
50 mV, the

e and + ermi 1 exceeds 2

resistant
» be considered

;spoult cuxrr
+ad current (wWolf and

if one qoes not exceed



i -
[ ! +ho

. i 4- ] .&-
the intensity level beyond whiclh Rs afzcces
“sc’

resista e .
S ance L0 be measured enters in the plot of dexrk

forward characteristics. Since the resistance is not

o lumped resistance, in the dark forward mode, the

applied voltage which is the mazximun value of the voltage

o - -

orists across the grid and the bese and it decreases in
e i

regions awvay from the grids. On the other hand, in

+he illunminaved mode the maximurm voltage exists away

.-

1
i alo had

+the grids if the cell is operated in the raore

from
"
It should, therefore, b e remember

circuit configuration.

the value of inkernal resistance obtained bY

that
as with the dark forward cnarac-—

s method carrespon

thi
teristics and 1is different 2t different current
1evelSe

vechnigue also the effect of

n the dark curve
high intensities and

(v)
r on I becomes si;ni:icant av
S sc
"pplicable only when Lg,

this method is

canb e

thus,

taken tobe equal to IE. Also, the value of series

rasigtance at the onen circuit point using <“his method
sron the p-n junction

thet aetermined
At all other points Eg

ell as dark

would be same &8
¢ forward techniqucs

and dar
poth in t he

: “hotovol:aic as w
will anher
jsticSe

o : toris
forwarad T-V characuvt
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(¢) The illuminated curve method of measuring R
using two I-V characteristics at different intensity
levels is somewhat better in the sense that both the
plots carrespond to illuminated mode of operation ard
+he resistance values therefore correspond to the
actual working conditions of the solar eell. The defi-
ciency in this mevhod arises because of the current
dependence of. R_ and therefore, the use of different
sets of PV charachteristics at different intensities

may not give a unique value Or Rge

7.4.2 Descripvion of_the new method for measuringe R 3

-2

In this sectionve will describe a new method
for determination of the series resistance of solar
cells. Wolf and Rauschenbach (1963) have shown (see

Fig. 3, page 152 of their paper ) that the plot of

short-cirecuit current versus intensity deviates

from linearity at high intensities, This deviation

is given by the following equationd erived from

eqns 7.1 for the short circuit configuration (V=0):

’ -Lx.— - IL‘.(‘) 9 ISC RS
In . T e (7T
T AKT
Q

; i nt w hi i
where Iﬁ ist he light generated currenty ch is equal
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L~ 4 e = . I
to £+ he short-circuit current at low intensity values
wheore the effect oi series resistance is not significant
L LA & . .

and ISc versus intensity graph is linear. It is obvious
that a plot of this deviation from linearity given
vy bn (T-I_..) ( s I . 3 ' [

y In ( - since I 18 negative) versus shorwd

circuit currentwll have a slope givendy

QR
Ak T LT T2)

A is ieken tobe aariable paremeter since an accurate
determination of A is not possible. ife expect A o e

ter than one because of the small voltage drop

Breca
in t.he short-circuit condition.

occuring at the junction

qual to 2 for calculating Ry

e have taken Atobe e
from eqlle TeT2 because this sives & ‘ond agreerent
with t he rosistance values determined by
Thus, Hg can e deternined from +he slope of
- 1N ’ - -,

5 T curve. ZThis 1s pro osed as a
Dn (Ig - ISC ) versus lgq o prop

nev method for I
e have measur

casuring the sepies resistance of a

ed tievseries resistance

solar celle
o solar cells using +vhis method . i€ will show
that results obtained bY this method

ob tained by other methodse

in Sece Ted

agree well with the results

A corpared +to ot methods this seems tobe the
S T

way of jeterminin
+he measurere

lest g the series resistance of
simples
golar cellsS. 1t requires nt of only shori-
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circult current as a function of knowm intensity
vzlues and therefore, RS can be estirnated in different
intensity regions. Values of R, measured by using

this method as well as other methods are given in

Sets TeDs

Experimental results and discussions :

TaD
In this section results obtained by using

the two conventianal methods (a) and (¢) described

in Sec. 7.2 as well as the new method of measuring

R. are presented. Results of the measurement Bf R_
s

at different temperatures are also described. Some

interesting results observed on the specially designed
colzr cells with different exposed areas are also

reported.

) Series Resistance as measured by different methods:

R
" '
o @

| -

geries resistance olr 2 % & cm#, 10 ohm ~cm

A 3 . 4 \
otp solar cells ( cell paremeters given in table 4.1)
d:.-uging the dark
jlluminated curve method and

forward p-n junction
re

ristics methody

characte
ad in the last section.

- 4 ,] l f‘.‘c ] ‘11,_, :]1‘-,'_
O ) v a ..‘ 4 ".)‘2‘6(' o' Pl o o ulm’

{3! l‘l'* 3’ { ‘:‘ . \&]]E L,(_)-l.]‘ ‘\‘—IB . --—01“—-‘ C ngag 'lx)t -
) t 1",..‘..-11-1 s o8 e m‘ - —

these measurements.
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(a) The p-n junction and D.F. characteristics of

cell P at room temperature are shovn in Fig. 7.3
JO - L J

5 .

The ﬁs values calculated using the difference in

volteasze betveen the v i
b two points at the same current

C I’

for gififerent values of the current level. As Seen

from Table 7.1 the series resistance thus determined

appesars to decreasSe with the increase in +he current

1svely, o result in agreement with that observed by

Tmarura and Portscheller (1970). The range of decre-

in the case of the experimental solar cell

ase in R
= S

p is from 0,4 ohm to Q.
40 mA.

36 ohm as the current level 1S

increased from 90 to 2

(p) Figs 7-% gives the qeasured photovoltaic charact-
eristicse of cell F at three different values of
illumination intensity. makle Te2 contains the values
& obtained at difrorent points on e I-V curve

ol
S
py using 5 gets of characteristics (1) ~ (2), 1y -~ {3)
o { j Y 15 e 704. The Vv %
and (2) - (3) as shown in F18 alue of R
s seems tO decrease at

three casSe

sined in 211 the

obt
guration and

y from the short-circuit confi

points avia
n—clrcuit configuration i.ee By

arel £t O the O0P€
: rol% i ea
decreases rapidly & the junction voltege increases,
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Table-7.1

BLL P: LiEASURED VALUZS OF R AT DIFFERENT CURRENT

LEVELS USILIG D-F AuD PN JU CTION CHARACTERISIICS

Current level I AV R
(ma) (volts) (Orm)
90 0.036 0.4
100 0.038 C.38
120 0.046 0.38
140 0,052 0.37
160 0.06 0.37
180 0,066 0.36
200 0.073 0.36
0.088 0.36

240



CURRENT IN mA———=

!'6-7.4
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|‘3t:| —
(%) BB.& mW/cm
120 .
\\
"‘756'71'.‘//5'712 N\
100 |— \\\ \
(126 2.8 mw/cmz
e
80 |— \.\\
6. —
40 —
20
NI e = E S R
0 0.l 0.2 C.3 0.4 0.5 0.6 0.7
VOLTAGE IN VOLTS —
CELL P s | -V CHARACTERlSTICS AT DIFFERENT ILLUM!NAT]ON

a
LeVELS AND CONSTANT TEMPERATURE (28 "C)
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teling its minimum value near V = V. and maximum

.

value near I = Isc“ These results are similar to

those observed by Wolf and Rauschenbach (1963). lMore-
over, there is a discrepancy in the values of Series
resistence measured fromthe three different sets of
curves,e@rresponding to different intensity levels.

Rs values determined by using the set of curves 2-3
which corresponds t0 higher intensity values are found
tobe smaller than those obtained by other sets, All

these results clearly point out the dependence of Rs

on the current level,

The I_, Vs intensity of illumination curve given

(c)

by Violf and Rauschenbach (1963) is shown in Fig. 7.5a.
Trom this graph the deviation of Lia from linearity

alculated and plotted as a function of

(S“f -f")

In(I~I.,) 18 ¢
The slope of this plot at low illu-

i in Fig. 750
SC

mination intensities ( below 250 ﬂﬂ/cmz) corresponds

to an intermnal resistatice of 3.6 ohms provided A is

taken o be eqel O 2. This value of the series
Le

+ hus obtalned is
givenb y Wolf and Rauschenbach.,

o in good agreement with
resiscancey

the value 3,5 ohms a8
However, Slope or the sraph bebtween {n ( T,- = b

T is foun

d to decrease for higher illumination
and ig.
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)
WOLF AND RAUSCHEN BACH /

(1963
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’
o ey =1 .
levels'Fig. 7'3Qﬁ Values of RS corresponding to the
7 - o 1 Sy A o
different slopes in the intvensity regions (a),{b) and

{ 1 %7 1 ~
{c) are given in Table 7.3. These results indicate

that the series resistence begins vo fall dove the

intensity value of 250 nW/cmZ.

For the experimental ell P, I _ was measured
[ 2

as a Tunction of illumination invensity and the graph

int i+ 3 i i i ym i ]
01 Isc V. intensity of illumination is shown in Fig, 7.6.

The nonlinearity in t he increase in ISO
graph begins above the value of infensivy equal

with intensity

in this
2
£o 400 mW/cm~ indicating that below this intensity

1evel, effect of Ry on Ig, is not significant. From
this graph n ( IE - $g5 ) is measwred and plotted as
s function or 1, @8 shown in Fig. 7.7. This comes

to be a straight line, and the value of RS as

ouv
ined from its slope ccmes out to be 0,46 ohm if

determn
This value of series

A is teken toDe equal to 2.

resistance of ¢

4 ohm & measured by p-i junction D.F. charac-

value O.

teristics method.

TGl Heasurecment of series resistance at _high temp-
o ° 4 G e et

eratures:
Series resistvance of experimental cell s was

temperatures using the p-n junction

* 2
measured at d ifferenv
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VALUES AS DETERLILZD BY ?HE Wmy LETHOD

Intensity Region Intensity of R
illumingtion ?
(mit/em< ) (Okm )
a Below 250 3.6
b 250 =350 2.2
e 350 =400 49
Table—704

SERIES RESISTALCE OF CELL Q AT DIFFERENT TEMPERATURES AS

MBASURED FROL PN JUHCTION AND D F _CHARACTIRISTICS METHOD:

in ohm at different Temperatures
0.,

7 ) EZZSE 315,5 K ' _333%
100 0. 44 0,50 0.56
150 0,44 0.47 0.53

0.45 0.46 0.53%

200
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DF characveristics method. The temperature of the

sole 1 we g i 1
ler cell was raised using the heating arrangement
i Y]
2., i i
6 The p-n junction characteristics

described in Sec., 6.2.
at

and DI charactersiics of cell Q were measured

O
temperatures 303 K, 315.5°K and 333°K. These charac

teristics are shown in Fig. 7.8, As is clear fronm

the greph, DF as well as p-n junction characteristics

shift towards lower voltages as the temperature is

increased. This is expecied because the increase in
T La: £
I, with temperature ( see Sec. 5.2.6 ) results in the

inerease of dark current for tle same value of junction

voltage, hence there is a shift in the DF character-

istics towards lower voltages. Increase in temperature
also results in a repid decrease in 'Voc and a slight

increase in I_, ( see Chap. 5 ) which causes the shift

in the p-n junction characteristics towards lover vol-
tages. The values of RS measured at different current
entioned three temperature wlues

levels for the above m
( sau P-B6) -
The increase in the vae

are g iven 1in Table T+4s
se in temperature obtained in

of Ry with the increa
d %o be in agreement with the results

this case 1S un
of Tmamura and Ibrtschellerff??q).

ance of specially designed llss

7 6 % eries resist
an experimental investigation of the serles
£ i

of cells hoving gifferent exposed areas and

resistance
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” l- = _:‘- - . L] i
grid configuration is 1nportant for the bPurpose of
I

ontinizati =% i i
ptinization o7 { he grid width and spacing. Variation

in v he number of grig 7
£ S on i 1 :
g the cell Surlace, grid width

and spacing csentially implies achanze in the resis

tance oithe diffused layer which is a distributed resis—

=
vance, Therefore, a study of the characteristics of

such cells and their series resistance is not only
of interest from the design voint of view but is also

useful in studying the effect of the disiributéd natunp

of the series resistance of solar cell . Since

experimental data on solar cells having

sufficient ex
different exposed areas is not available in literagture

to our Iknowledge, an attempt was made to investigate

the characteristics of such solar cells,

To study the erfect of gid width and grid

configuration on the series resistance, rour solar cells
were specizlly fabricated. A large circular slice
was diffused and four 1 cm x 1 cn cells were cut from

this. These cells designated 28 Al .12, A- and A4
having different grid configurations are s hown in
The grid width and s pacing is given in

Pige 749
mable T7.5. Cell A, was fully covered by metal at the
T

top surface. DF and p-n junction characteristics of
Series

these four cells are shown in Fig. 7.10.
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. values for the three
cells Ay Ao A3

as calculated by the conventional method using these

n in Table 7.6, Fig. 7.1l shows

characteristicszire give

+he decrease inll the series resistance of cells Ay, A
2

e current level. Follo-

+he increase in th

and A. with
points in t he characteristics

.re the noteworthy

4N

of these solar cells.

acteristics of all cells

p-11 junction char

(1)
ell having onl

excep’: the ¢ v an ohmic bar cOi-

This result was not fully understood

ncilde.
igtics 1is expected

pecause D-o junction character
io a disoussed

to e Irae fromﬁnnistance piract
|
in Secs Ve 2wl for low intensitics.

eristics shit to right sowayds higher
grids decrea@SesSy This

]
Y-
heds

aumber ©OI
general physic
n the numier of

e results

pec‘ted fyon al consi-
a gecrease i
he cell aurfac
pyerl resistance

resul? is X

jerations pecause

gtrips on

causing a large

lﬁfl'-v
4jridﬁo

ourrent

moxre nurt er (s }
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In ceneral, it was observed thav the mede

sured series resistance was larger for cells

having smaller aurber of grids 2 yacult in

~
acreement w 1th observation (ii). Moreover,

-

-
getermined in this way s eems +0 decrease

K

S
rapidly with the terminal current and this
decrease was found tobe mach pronounced in t he

case of cell A, having only the olmic bar

(See Flgo 7-11 )c

The D F characteristics of the completely cover=
ecd ccll 1iee hichor +hen + he o=N junction
cl --nigrintius at lower currents and voltacesce.
This 18 the result one would cxpect theore-

tically since the resistance of the fully

cell 1is expectedi:o be smalleste How—

covered

2t higher voltages the Dl junction

gher than the D F che~

egversy

characteristics 1ies hi

racheristics (5 % fully'covered cell. Uniortu-

nately, ¥ hese experimental results could not
be explained by +heories available in this area
and it is reit ot & detailed two—dimensional
£ the solar cell taking into xcount

analysis O
to explain these

its erid structure ijs needed
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7.6 Conclusions

A study of the erperimental msthods for the

measurcrieny of series resistance of solar cells investi.

sated In this chapter reveals the follewing interesting

features:
(1) The experimental I-V characteristics are not accura-

tely described by the lumped parameter equivalent model

of Fig. 1.3. This is because a constant value of R, 1is

no% obiained at different pertions of the I-V curve.

These results are in agreement with those reported by

other workers in this area., Houever, series resistance

measurcd by these methods can vt e regarded as an 'effective!

resistance which is a fwr tion of the terminal current,
light intensity and temperature.

(2) In this chapter, a new method for determining the
Series resistance is proposed which appears to e useful
for predicting the value of series resistance at different
illumination intensities proviged a corvect estimate of

the parameter A ®@n be made.

(3) Finally, results of an experimental study of the I-V
characteristics and series resistance of solar cells
having different grid configurations and exposed arsas
cive certain interesting features of the effedt of series

resistance on +he characteristics of such cells which
could not be explained by the existing theories,
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