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This paper presents a method for determining
the optimum active-area width (OAW) of solar
cells in a module architecture. The current
density–voltage curve of a reference cell with a
narrow active-area width is used to reproduce the
current density profile in the test cell whose active
area width is to be optimized. We obtained self-
consistent current density and electric potential
profiles from iterative calculations of both
properties, considering the distributed resistance
of the contact layers. Further, we determined the
OAW that yields the maximum efficiency by
calculating efficiency as a function of the active-
area width. The proposed method can be
applied to the design of the active area of a dye-
sensitized solar cell in Z-type series connection
modules for indoor and building-integrated
photovoltaic systems. Our calculations predicted
that OAW increases as the sheet resistances of
the contact layers and the intensity of light
decrease.
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I. Introduction

Dye-sensitized solar cells (DSCs) have been extensively
studied owing to their application in indoor and building-
integrated photovoltaic (BIPV) systems [1]–[5]. These
cells have certain advantages, including an abundance
of materials, a simple fabrication process [6], [7], low
production cost [8]–[10], various colors, high
transparency, and a better performance compared with
other devices under diffused lighting conditions [11].
Most previous studies on DSCs focus on improving cell
performance [12]–[15]. The active-area efficiency of a
solar cell is often defined as the maximum output electric
power against the input power of 1-sun AM 1.5G
illumination on a designated active area. With the
development of efficient dyes and electrodes with high
catalytic activity, the certified efficiency of DSC has
reached 11.9% with an active area of 1.005 cm2 [13],
[16]. Recently, improving the module performance has
gained increasing attention [17]–[27].
Given that the solar cell in the module architecture has

active and interconnection areas, the conversion efficiency
of the module with respect to the total area equals the
product of the active-area efficiency of the unit cell and
the ratio of the active area against the total area of the cell
[25]. Since the active-area efficiency and the geometrical
ratio reveal competing behaviors with varying widths in
the active-area, there is an optimum active-area width
(OAW) that yields the maximum efficiency with minimum
loss in output power.
In previous studies [26] and [27], the width of the active

area of a solar cell was optimized by calculating power
loss from several factors such as interconnection area,
contact-layer (window-layer) absorption, and contact-layer
sheet resistance. For small power losses, the fraction of
power lost owing to the window-layer sheet resistance was
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estimated based on Joule heating losses, assuming a
uniform current density. However, for large power losses,
such an assumption does not hold. To work around this
problem, Rowell and McGehee used distributed diode
models [26].
In this paper, we present a method to determine the

OAW of solar cells in a module architecture. The current
density–voltage curve (J–V) of a small-sized reference
cell is used to calculate the average current density of the
test cell whose active-area width is to be optimized. The
characteristic parameters of the reference cell are
extracted by fitting with a J–V curve. Using these
parameters and considering the distributed resistance of
the contact layers [28], [29], we calculate the efficiency
of the test cell as a function of the active-area width, and
we determine the OAW that yields the maximum
efficiency. The proposed method is applied to the design
of the active area of the DSCs in a Z-type series
connection for indoor and BIPV systems. The
dependence of the OAW on sheet resistances of the
contact layers and the intensity of light is discussed.

II. Formalism

The reference and test cells have the same structure,
which consists of a front contact layer, an active layer (or
active media), and a rear contact layer. The test cell is
in a Z-type series connection and has active and
interconnection areas with widths a and d, respectively,
and a common length L. The schematic cross-section of
the active area of the test cell is shown in Fig. 1. The

reference cell has a narrow active-area width aref, and
thus, its contact layers are assumed to have constant
specific resistances.
Under illumination, an electric current is generated in

the test cell at a bias voltage of V between the right
edge (x = a) of the rear contact layer and the left edge
(x = 0) of the front contact layer. Under voltages less
than the open-circuit voltage, the current exits from the
rear contact layer. For most solar cells, the active layer
has a much smaller conductivity than that of both
contact layers. For instance, the conductivity of a
solvent electrolyte in the active layer of DSCs is
~0.01 S/cm, whereas the conductivity of a typical
fluorine-doped tin oxide (FTO) with 2.5% fluorine, used
as a material for the contact layer of DSCs, is
~1.5 9 103 S/cm [30]. Thus, the current passing
through the active-layer/contact-layer interfaces has only
the y-component, J(x).
Electric potentials in the front and rear contact layers

can be calculated from the Laplace equation with the
boundary conditions specified in Fig. 1. The electric
potential difference Va(x) between the rear and front
boundaries of the active layer under a bias voltage V is
written as [29].

VaðxÞ ¼ V �
X1
n¼1

fAf ;n sinðknxÞ þ Ar;n sinðknx0Þg; (1)

where kn ¼ ð2n� 1Þp=2a; x0 ¼ a� x,

Af ;n ¼ 4 cothðknbf Þ
prf ð2n� 1Þ

Z a

0
JðxÞ sinðknxÞdx; (2)

and

Ar;n ¼ 4 cothðknbrÞ
prrð2n� 1Þ

Z a

0
JðxÞ sinðknx0Þdx: (3)

Here, bf (rf) and br (rr) denote the thickness
(conductivities) of the front and rear contact layers,
respectively.
To calculate Af,n and Ar,n in (2) and (3) analytically, we

write J(x) in terms of a constant and 2m sine functions in
(1) [29].

J ðxÞ ¼ J0 þ
Xm
n¼1

fcf ;n sinðknxÞ þ cr;n sinðknx0Þg; (4)

where J0 is the current density in the ideal cell that has the
same structure as the test cell, but has both contact layers
of zero sheet resistances. The other terms represent the
perturbation of the current density owing to the resistive
contact layers. Here, cf,n and cr,n are the expansion
coefficients of the perturbed terms.

Jx(a, y) = 0

Jy(x, yf + bf) = 0

Front contact layer

Active layer

Rear contact layer

Jy(x, yf)

Jy(x, yr)

Jy(x, yr – br) = 0 x = ax = 0

ϕ(a, y) = VJx(0, y) = 0

y = yr

y = yf

ϕ(0, y) = 0

y = yf + bf

y = yr – br

Fig. 1. Schematic cross section of the active area of a cell in a Z-
type series connection. Boundary conditions for the
Laplace equation are specified at all boundaries of the
front and rear contact layers.
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Because a ≫ bf and a ≫ br, Va(x) is written as [29]

VaðxÞ ¼ V � J0
2

h
rfxð2a� xÞ þ rrða2 � x2Þ

i

�
Xm
n¼1

h
Bf ;n sinðknxÞ þ Br;n sinðknx0Þ

i
;

(5)

where

Bf ;n¼ 4a2rf
p3ð2n�1Þ2

�
pcf ;nþ2cr;nð�1Þnþ1

2n�1

þ
Xm
k 6¼n

cr;k
ð2n�1Þð�1Þk�ð2k�1Þð�1Þn

ðkþn�1Þðk�nÞ
� (6)

and

Br;n¼ 4a2rr
p3ð2n�1Þ2

�
pcr;nþ2cf ;nð�1Þnþ1

2n�1

þ
Xm
k 6¼n

cf ;k
ð2n�1Þð�1Þk�ð2k�1Þð�1Þn

ðkþn�1Þðk�nÞ
�
:

(7)

Here, rf = 1/bfrf and rr = 1/brrr, representing the sheet
resistances of the front and rear contact layers,
respectively. In addition, cf,n and cr,n can be determined
from independent 2m linear equations constructed from
(4) at 2m positions of x = xp for p = 1, 2, . . . , 2m [29].
We chose m = 10 and xp = (p – 1)a/(2m – 1) for all
calculations presented in this paper.
In the present approach, J0 and J(xp) for p = 1, 2, . . . ,

2m are reproduced from a measured J–V curve of the
reference cell. The J–V curve is fitted with that of a single-
diode model, the equivalent circuit of which is depicted in
Fig. 2. The J–V relationship of the single-diode model is
written as

V � Jrs � rsh½J þ JL � Jd� ¼ 0; (8)

where Jd = Js[exp{q(V – Jrs)/ξkT} – 1]. Here q, k, and T
are the elementary charge, Boltzmann constant, and
temperature in kelvin, respectively. In addition, JL, Jd, Js,
ξ, rsh, and rs denote the photocurrent density, diode
current density, reverse saturation current density, ideality
factor, specific shunt resistance, and specific series
resistance, respectively.
The single-diode model may not represent the

mechanism of the photovoltaic phenomena in DSCs [31],
[32]. However, in the present formalism, an accurate
reproduction of the measured J–V curve is critical. The
single-diode model is employed to reproduce the current
density profile in the test cell using a numerical fit with the
J–V curve of the reference cell. The specific series
resistance of the active layer is estimated from the relation
rs,A = rs,ref – rs,C,ref, where rs,ref and rs,C,ref denote the
specific series resistances of the reference cell and its
contact layers, respectively. In addition, rs,ref is extracted
from the fit, and rs,C,ref is approximated as rs,C,ref � a2ref
(rf + rr)/3.
Here, the J0 of the ideal cell can be reproduced from (8)

using rs = rs,A and other characteristic parameters of the
reference cell. In addition, J(xp) of the test cell is
equivalent to the current density in the ideal cell at a bias
voltage of V = Va(xp). Initially, J(xp) and Va(xp) for p = 1,
2, . . . , 2m may be calculated with cf,n = cr,n = 0 for n = 1,
2, . . . , m. Consistent results for cf,n and cr,n are obtained
from iterative calculations of Va(xp) and J(xp).
Subsequently, the average current density is obtained from
the following equation, which was derived from (4).

Ja ¼ J0 þ 2
p

Xm
n¼1

cf ;n þ cr;n
2n� 1

: (9)

The efficiency of a solar cell in a Z-type series
connection is written as [25]

g ¼ a
aþ d

ga: (10)

Here, ga = Pm/Pi denotes the active-area efficiency; Pi is
the power density of the light; Pm = JmVm = max(JaV)
represents the maximum output power density; and Jm and
Vm denote the current density and bias voltage at the
maximum power point, respectively.

III. Application to Dye-Sensitized Solar Cells

Let us apply the proposed method to determine the
OAW of the DSCs in a Z-type series connection where the
front and rear contact layers have the same sheet

rshJd

rs

JL

ϕ = 0

ϕ = V

Fig. 2. Equivalent circuit of the solar cell.
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resistance. The fabrication of the DSCs for this study was
detailed elsewhere [33], [34]. The reference cell had an
active area of 0.4 9 0.5 cm2. The p- and n-contact pads
were formed at two opposite sides of the active area with a
gap of ~0.4 cm. The sheet resistances of both contact
layers were rf = rr = 9 Ω/sq. The J–V curve of the
reference cell was measured at room temperature, using a
solar simulator equipped with Keithley 2400 source meter
and a 1,000 W Xenon lamp (Oriel, 91193) that provided
illumination approximating 1-sun light of AM 1.5G.
Figure 3 shows the fitting with the J–V curve of

the reference cell using a calculation through (8). From
this fitting, we obtained rs,ref = 3.048 9 10�4 Ωm2,
rsh = 1.145 Ωm2, Js = 8.694 9 10�5 A/m2, JL =
158.8 A/m2, and ξ = 1.9164. With rf = rr = 9 Ω/sq, we
have rs,C,ref � a2ref (rf + rr)/3 = 0.96 9 10�4 Ωm2 and
rs,A = rs,ref – rs,C,ref � 2.088 9 10�4 Ωm2. Using rs,A and
other characteristic parameters of the reference cell, we
calculated J0 in the ideal cell and J(xp) in the active layer
of the test cell at xp = (p – 1)a/19 for p = 1, 2, . . . , 20
under a bias voltage V. Computing Ja as a function of the
bias voltage, we determined the various properties of the
test cells such as fill factor (FF), efficiency, and OAW.
Figure 4 shows the FF of the J–V curve of DSCs that

have the same structure as the reference cell; however,
they have various active-area widths. The length and
width of the active area were L = 10 cm and a = 2.5 mm,
5 mm, 8 mm, 10 mm, 20 mm, and 30 mm. The
experimental data in the closed circles were reproduced
from Fig. 3 in [34]. The calculated results in the solid line
are in good agreement with the measured data. As the
active-area width increases, the FF decreases and
converges to 0.25, which is the FF of a linear J–V curve.

We also determined the OAW of DSCs with various
sheet resistances of the contact layers. Figure 5 displays
the calculated efficiency versus the active-area width of
DSCs whose interconnection-area width was d = 2.5 mm
and rf = rr = 6 Ω/sq, 9 Ω/sq, 12 Ω/sq, and 15 Ω/sq. The
sheet resistance of each contact layer was assumed to be
varied only in terms of its resistivity. The calculated
results show that both the OAW and the maximum
efficiency increase as the sheet resistances of the contact
layers decrease. For rf = rr = 6 Ω/sq, 9 Ω/sq, 12 Ω/sq,
and 15 Ω/sq, OAWs are found to be 9.6 mm, 8.4 mm,
7.4 mm, and 6.8 mm with maximum efficiencies of
5.85%, 5.60%, 5.41%, and 5.25%, respectively. The
relative increase in efficiency with decreasing sheet
resistances of both contact layers is significant. This result
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m
2 )
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Fig. 3. Fitting (line) with the J–V curve (closed circles) of the
reference cell using a single-diode model.
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Fig. 4. FF versus active-area width. The closed circles and solid
line represent the experimental and calculated results,
respectively.

Active area width (mm)

Ef
fic

ie
nc

y 
(%

)
6.0

5.5

5.0

4.5
4 6 8 10 12 14

15 Ω/sq

12 Ω/sq

9 Ω/sq

6 Ω/sq
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demonstrates that contact layers with low sheet resistances
play an important role in improving the efficiency of solar
cell modules.
Figure 6 depicts the calculated efficiencies of cells with

d = 2.5 mm and rf = rr = 9 Ω/sq as a function of the
active-area width at various n-sun illumination with n ≤ 1.
With these calculations, we assumed that JL = 158.8 9

n A/m2 and that the other characteristic parameters are
independent of the light intensity. For n = 1, 0.1, 0.05,
and 0.02, OAWs are found to be 8.4 mm, 18 mm, 23 mm,
and 31 mm, respectively. OAW is large for a small n. This
result may be explained by the fact that ga is a decreasing
function of the active-area width (a), and for an arbitrary
a, |dga/da| increases with n, leading to a decrease in the
active-area width that satisfies the condition dg/da = 0 for
the maximum efficiency. Our calculations also show that,
for a small n, the efficiency changes minimally from the
maximum value in a large range of active-area widths.
These results imply that the DSCs for indoor photovoltaic
systems can have larger active-area widths in a broad
range compared to other cells for outdoor systems.
Figure 7 displays the efficiency versus n-sun

illumination for different active-area widths. For
a = 10 mm, 20 mm, 30 mm, and 40 mm, the efficiency
is at maximum at n = 0.46, 0.16, 0.08, and 0.05,
respectively. For large active-area widths, the values of n
required to achieve the maximum efficiency are small.
This result may be explained as follows. As n increases
from zero, the shape of the J–V curve changes from a
linear to a rectangular shape, and FF increases. Beyond its
maximum, the FF decreases, and the open-circuit voltage,
Voc, increases sub-linearly with n, whereas the short-
circuit current density, Jsc, increases linearly with n. These

behaviors of the FF, Voc, and Jsc lead to a net decrease in
the active-area efficiency. FF falls sharply as active-area
width increases, resulting in a decrease in the optimum n
required to achieve the maximum active-area efficiency
from the cell. Because the efficiency is written as (10), it is
at maximum at the same n with the active-area efficiency.
Although not discussed in this paper, the J–V curve of

the test cell can also be calculated using a constant
resistance model. With this model, the sum of the specific
resistance of the front and rear contact layers of the test
cell is approximated with rs,C � a2(rf + rr)/3. Thus, the
specific series resistance of the test cell is written as
rs � rs,ref + (a2 – a2ref)(rf + rr)/3. The J–V curve of the
test cell is obtained from (8) using this constant value of rs
and other characteristic parameters of the reference cell.
For the DSCs examined in this study, the constant
resistance model predicted similar results of the OAW
with the proposed method, indicating that the effect of the
distributed resistance of the contact layer on the J–V curve
was not significant for the DSCs. This result can also be
explained from the calculated profiles of J(x) and Va(x),
both of which showed rather weak non-uniformity at a
bias voltage of the maximum output power. However, for
solar cells with large values of rf, rr, and JL, J(x) and Va(x)
profiles may show a strong non-uniformity. In such cases,
the constant resistance model may predict incorrect
efficiencies for large active-area widths.

IV. Conclusions

In this paper, a method for designing the OAW of
solar cells in a Z-type series connection was presented.
The J–V curve of a reference cell was used to reproduce
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Fig. 6. Efficiency versus active-area width at various n-sun
illumination: n = 1, 0.1, 0.05, and 0.02.
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the density of the current generated in the active area of
a test cell. The J–V relation derived from a single-diode
model was employed for a fitting with the measured J–
V curve of the reference cell and for calculating the
current density in the test cell using the characteristic
parameters extracted from the fitting. Considering the
distributed resistance of the contact layers, we calculated
the consistent current density and electric potential
profiles along the active-layer interface. Calculating the
efficiency as a function of the active-area width, we
determined the OAW with the maximum efficiency. For
DSCs with various active-area widths, the calculated
FFs were in good agreement with experimental findings.
We also found that the OAW of DSCs for indoor and
BIPV modules increases as the sheet resistances of both
contact layers and the illumination power density
decrease.
The proposed method can also be applied to thin film

solar cells in monolithic series interconnection, which may
be the subject of further studies.
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