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An expression for the fill factor of a real homojunction solar cell having resistive and current leakage
losses is derived using Lagrange’s undetermined multiplier technique based on a single exponential
model. The expression derived is quite general, but not completely analytic and is applicable to various
types of solar cells, in particular, polycrystalline solar cells, where series and shunt resistances cannot be
excluded. It is observed that for given values of series and/or shunt resistance, the fill factor is determined
by reverse saturation current and diode quality factor of the solar cell.

1. Introduction

The fill factor of a solar cell is a measure of the “squareness” of the transtedental
current—voltage characteristic curve of the cell and is defined as the ratio of maximum
power that can be delivered by a cell to the product of open circuit photo voltage (V, )
and short circuit photo current (I,). As a solar cell is a non-linear device, the effect of series
(R,) and shunt (R) resistances on the power generated from the cell, and hence the fill
factor, is not known in explicit manner and this makes the designing of the cell complicated
[1 to 7]. It has been observed that series and shunt resistances are parasitic power consuming
parameters and their presence affects the illuminated characteristics as well as the dark
characteristics of the solar cell, in particular for polycrystalline solar cells (see [2]). The use
of lumped circuit models is a convenient and widely used method for simulating solar cell
performance [2, 4 6].

In the present paper a general expression for a series and shunt resistance dependent fill
factor is derived using Lagrange’s undetermined multiplier technique based on a single
exponential model as shown in Fig. 1. The expression deduced is quite general in nature,
although not completely analytic in nature, is useful for various types of solar cells, in
particular, polycrystalline solar cell where R, and R, cannot be excluded. The effect of
reverse saturation current and diode quality factor on the fill factor of the cell are
examined.

2. Theory
A real solar cell I-V characteristic in a single exponential model (Fig, 1) is described by the
equation
V+ IR V+ IR
I:IL—IO{exp<;>-—1}——, (1
nV;h Rsh
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Fig. 1. Single exponential circuit model for an illuminated solar cell

where V;, = kT/q is the thermal voltage, I, the reverse saturation current of the diode, n
the diode quality factor included to model the effects of absorption and recombination of
electron-hole pairs in the space charge region of the solar cell, and I, the light generated
current. The output power from a solar cell is given by

P=VI. 2

Combining (1) and (2), using Lagrange’s method of undetermined multipliers, a new power
(P') is defined as

V + IR V + IR
P’=VI+/1[I—IL+ ; S+Io{exp< + 5)—1}], @)

sh n V;h

where A is the undetermined multiplier optimising P’ with respect to Vand I and representing
the corresponding value of current and voltage as V,,, and I,,,, we obtain

R, IR Vo + ImpR
Vo = _).[1 + =+ 2 sexp< mp * Tmp )] )
R, M nWn

and

1 1 | 4 I..R
Ip = — 4 l:__ + 2 exp (_"i_*'_ﬂ’_s)] (5)
Rsh n]/th nI/th

Using (4) and (5), an expression for optimum load (R,,,) at which maximum power transfer
from the solar cell will take place, is obtained as

v, I,R V. IR -1
Ro, = ‘™ _ g 4 Rsh[ OVsh exp ( Jiin,EP_ + 1)} _ ©6)
R¥in nVin
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The maximum power obtainable from a solar cell is given by

P, = R.l%,. 7
Using (6) in (7), we obtain
Pm = Irznp(Rs + Rsh/X) ’ (8)
where
I,R |4 IR
X = 05hexp<mp+ e S)+1. )
nhn nVn

The fill factor of a solar cell is given by
FF = (Pm/VocIsc) = (Irznp/VocIsc) (Rs + Rsh/X) - (10)
3. Results and Discussion

For an ideal solar cell with no series and shunt resistance (R, = 0, Ry, = o) Fig. 2 shows
the dependence of the fill factor on the reverse saturation current (Io). It is observed that
the fill factor is sharply reduced by increasing I, which is in confirmity with the observations
of Pulfrey [8]. For the case, when R, is finite and R;, = oo, the fill factor expression reduces to

I? R V.
(FF)p, = - [ 2 ¥ ] (1)
VocIsc IL + IO - Imp
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Fig. 2. Fill factor of an ideal solar cell in dependence on diode quality factor (a) and normalised reverse
saturation current (b); T = 300K; R, = 0; R;, = w©
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Fig. 3. Solid lines show the variation of the fill factor with series resistance and diode quality factor
for a given reverse saturation dark current and dashed curves represent the variation of FF with series
resistance and normalised reverse saturation dark current. T = 300K, Ry, — o0. (a), (@) R, = 0.1,
(b), (b} 1, (c), (¢) 5, (d). (d) 10Q

where I, is the current at the maximum power point and can be computed from the
iterative solution of

L +1—1 I
nv, [m( 1L+ fo m") - mp } = 2R, (12)
I, I+ Io— I

Fig. 3 shows the variation of the fill factor for different values of series resistance. Curves
a to d of Fig. 3 represent the dependence of the fill factor on diode quality factor for a
given I, and R, = 0.1, 1, 1.5, and 10 Q. Curves a’ to d’ of Fig. 3 represent the dependence
of the fill factor on normalised reverse saturation current for a given diode quality factor
{n = 1.5). By increasing the value of series resistance, for given n, the horizontal segment
of the output characteristic gets shortened without affecting the open circuit voltage (see
Phang et al. [4]), therefore, the fill factor decreases by increasing R, as shown in curves a
to d of Fig. 3. But if R, is kept constant and n is increased, both the horizontal segment
and V,, increase, thereby increasing the fill factor. Curves a’ to d’ indicate that for given
values of n and R, by increasing the normalised reverse saturation current, which in turn
decreases both V. and the horizontal segment of the I-V curve, the fill factor decreases very
sharply. To study the effect of shunt resistance, we consider a situation where R, = 0 and
R, is finite. In this case the fill factor expression becomes

I2 |4 -V
(FF)Rsh - mp I: nVin + anh mp] , (13)
Vieloo LI + 1o — I, R,

0C™ 8¢
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Fig. 4. Solid lines show the dependence of the fill factor on shunt resistance and diode quality factor
for a given reverse saturation dark current and dashed curves show the dependence of FF on shunt
resistance and normalised reverse saturation current for a given diode qualitiy factor (R, = 0).
(@), (@) Ry, = oo, (b), (b) 500, (c), (¢} 100, (d), (d') 20, and (e), () 10Q

where V,,, and I, can be computed from the iterative solution of the following equation:

V. Vv, V,
I + Iy — Iyexp <ﬂ> {1 + ﬂ} =2 E (14
nVin nVin Ry
and
V, |4
I +Ig—Iyexp | =2} - 2 =1,,. 15
L 0 o CXp <thh> R, P 15

Curves a to d of Fig. 4 respresent the dependence of the fill factor on n for a given value
of I, and R, = o0, 500, 100, 20, and 10 Q. Curves a’ to d’ of Fig. 4 represent the dependence
on normalised I, for given n. By decreasing R, for a given value of n, the vertical segment
of the I-V curve gets shortened without affecting V,, therefore the fill factor decreases by
decreasing the value of R, When R, is fixed and n is increased, the horizontal segment
of the I-V curve increases, thereby increasing the fill factor. For a solar cell with finite R,
and R, which is the most practical case, the fill factor is computed from (10). The numerical
solution can be performed efficiently and accurately using various single exponential model
parameters. For a blue cell, V., =0.536V, I, =01023A, R, =1003.1Q, I, =
1.032x 1077 A, and I;, = 0.1023 A, the value of the fill factor of the solar cell is determined
to be 0.6587. Using Pulfrey’s expression which does not take into account the shunt resistance,
the fill factor comes to be 0.6322.
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