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Universal Compact Model for Organic Solar Cell
Jong W. Jin, Sungyeop Jung, Yvan Bonnassieux, Gilles Horowitz, Alexandra Stamateri,

Christos Kapnopoulos, Argiris Laskarakis, and Stergios Logothetidis

Abstract— Accurate description of the electrical behavior of
organic solar cells (OSCs) becomes necessary with the advance
of OSC technology toward up-scaled modules. We propose here
a compact model for OSCs, by identifying different regimes
present in the device operation in dark and under light:
OFF, exponential sub-VON, power-law above-VON , and photocur-
rent. We also present a complete parameter extraction method
for the model. In addition, we discuss the effect of the resistivity
of transparent electrode and the device size on the OSC per-
formance, by illustrating expected modifications on the current–
voltage curve and parameter values.

Index Terms— Compact model, large-area solar cell, organic
photovoltaics, organic solar cell (OSC).

I. INTRODUCTION

O
RGANIC electronics is a technological field attracting
intense research efforts and wide industrial investments.

Besides organic light-emitting diodes already intensively com-
mercialized, organic solar cells (OSCs) has gained large atten-
tion due to tailorable material properties and compatibility
with solution process, demonstrating the potential to reduce
material and manufacturing costs [1], [2].

Important advances have been achieved in OSC device
physics because of extensive studies on physical phenomena
related to exciton and bulk-heterojunction, and the impact
of each of the material and interface properties on OSC
performances [3]–[6]. Models delivered by these works are
in general differential equations, to be coupled with many
other equations, such as Poisson and carrier continuity. This
differential equation system can be numerically solved by, for
example, finite element methods, thus, predicting OSC device
behavior and giving information on physical quantities at
each point inside device. On the other hand, with the
advance of OSC technology from single cell to up-scaled
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Fig. 1. (a) Classical four-element equivalent circuit model for solar cell, with
diode, current source (Jph), shunt resistance (Rp ), and series resistance (Rs ).
(b) Representation of the proposed compact model as a circuit. The device
labeled “2 regimes” represents the sub-VON and above-VON regimes.

modules [7]–[10], multiple-device simulation becomes neces-
sary in order to predict module performance and consequently
to find the module design allowing maximum power output.
To enable such a simulation without excessive computational
cost, simplified models able to accurately describe the electri-
cal behavior of OSCs are necessary. This type of modeling is
called “compact.”

The classical approach for the compact modeling of solar
cells is so-called equivalent circuit model. The most typical
example contains four circuit elements, as shown in Fig. 1(a):
diode, current source Jph, shunt resistance Rp , and series
resistance Rs [11]. This model has the universal character-
istic, in the sense that it is used regardless of material and
structure employed, by describing the typical shape of the
current density–voltage (J–V ) curve of solar cell devices.
The fitting quality is limited due to its simplicity, thus mod-
ified circuits with additional or alternative elements are often
used [12]–[14].

Although the idea is simple, equivalent circuit models result
in, when translated into mathematical equation, the current
expressed as a function of current itself. This transcendental
formulation makes difficult analytical treatments and parame-
ter extraction. Mathematical methods have been proposed to
enable analytical solving of the four-element equivalent circuit
equation [15], [16], but they are limited to a specific circuit
model. In this regard, compact models with nontranscendental
formulation have been proposed [17], [18]. To assess such
models, we point out three aspects: easy use, fitting quality,
and attribution of physical meaning to the parameters.

The last aspect requires a particular attention in solar cell
modeling. In this device, the charge carriers are transported in
the direction parallel to the photoactive surface by the transpar-
ent electrode, which has a nonnegligible sheet resistance. One
of the most basic requirements for solar cells is the large pho-
toactive area; however, in a large-area device, the resistance of
the electrode can severely decrease the power output and mod-
ify J–V curve [11], [19]–[22]. As a result, the parameter val-
ues of a model depend not only on material or interface prop-
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Fig. 2. (a) Three regimes in dark J –V curve: OFF, exponential sub-VON , and
power-law above-VON . (b) Behavior of J ′

sub function; it follows Jsub if Jsub
is lower than the defined parameter Jtr , and it rapidly converges to Jtr when
Jsub becomes higher than Jtr . Red plots (line and scatter): experimental dark
J –V data (the same data of Section III).

erties but also on the device size. Therefore, it is important to
know how this size effect is translated in the parameter values.

In this paper, we propose a compact model with new
approach, dividing J–V curve in three regimes in dark,
namely, OFF, sub-VON and above-VON, in addition to the pho-
tocurrent. The model is presented in Section II, followed by the
complete parameter extraction method and fitting examples in
Section III. The large-area feature is considered in Section IV,
pointing out the effect of the device size on the parameter
values.

II. COMPACT MODEL

A. OSC in Dark

In the proposed model, we divide the behavior of OSC in
dark into three different regimes: OFF, sub-VON and above-
VON, as shown in Fig. 2(a). To facilitate the comparison with
four-element equivalent circuit model, the proposed model
is schematized as an equivalent circuit in Fig. 1(b), with
the device labeled “2 regimes” representing the sub-VON and
above-VON regimes combined.

The sub-VON regime indicates the range of voltage, where
we observe an exponential J–V curve. We have adopted the
name “sub-VON” in order to distinguish this regime from the
other one, where the device shows much higher current with
nonexponential behavior. Note that, when plotted in linear
scale, the sub-VON current appears practically as zero. The OFF

regime is, as the name indicates, the part of J–V curve before
the apparition of sub-VON current. We describe the current
density in each regime (JOFF, Jsub, and Jabv) as follows:

JOFF =
V

Rp

(1)

Jsub = J0 exp

(

qV

nkT

)

(2)

Jabv = A(V − VON)γ if V ≥ VON (3a)

Jabv = 0 if V ≤ VON (3b)

and these equations are grouped in one function as follows:

Jdark = JOFF +

[{

Jtr tanh

(

Jsub

Jtr

)}m

+ J m
abv

]
1
m

. (4)

The OFF regime is modeled with one parameter, which is
the shunt resistance Rp . The diode-like exponential curve of

sub-VON current is described with two parameters, namely,
saturation current density J0 and ideality factor n. In (2),
q is the elementary charge, k is the Boltzmann constant,
and T is the temperature. Note that these two regimes are
described in a similar way to the four-element equivalent
circuit model. For the above-VON regime, we propose to use
the power law with three parameters VON, γ , and A. This
approach of dividing J–V curve into three regimes as well
as the power law is common in the modeling of thin-film
transistors (TFT) [23]–[25].

The individual equations need to be combined into one
single expression with adequate treatment to describe the
transition between regimes. However, as seen in Fig. 2(b),
Jsub keeps increasing in the above-VON regime, and Jabv is zero
for V lower than VON. This means that simple sum or sum of
inverse of Jsub and Jabv cannot describe the transition between
sub-VON and above-VON regimes. In order to overcome this
issue, we define an auxiliary function J ′

sub with a mathematical
parameter Jtr, as follows:

J ′

sub = Jtr tanh

(

Jsub

Jtr

)

. (5)

The subscript tr stands for transition, and note that J ′

sub ≈ Jsub
if Jsub < Jtr, and J ′

sub ≈ Jtr if Jsub > Jtr, as seen in Fig. 2(b).
This function is summed with Jabv in root-sum-power form
with another mathematical parameter m as in (4), which is a
standard technique used to describe a transition between two
regimes. Note that, if m = 1, (4) becomes a simple sum, and
when the value of m is larger, the transition becomes more
abrupt. In (4), JOFF is simply summed, since this current is
modeled as that of a resistance in parallel.

B. OSC Under Light

To describe J–V curve of OSC under light, we add the
photocurrent term (Jph) as follows:

Jlight = JOFF +

[{

Jtr tanh

(

Jsub

Jtr

)}m

+ J m
abv

]
1
m

− Jph. (6)

The function Jph is modeled in the simplest way, i.e., as
a constant. The functions JOFF and Jabv under light are
modeled in the same way of the model for OSC in dark, i.e.,
as (1) and (3). For Jsub under light, we propose to use double-
exponential approach

Jsub =
(

J
msub
sub1 + J

msub
sub2

)
1

msub (7)

where

Jsub1 = J01 exp

(

qV

n1kT

)

(8)

and

Jsub2 = J02 exp

(

qV

n2kT

)

. (9)

We have chosen the double-exponential approach considering
more practical aspects of model implementation than device
physics. This choice improves the fitting quality without the
use of nonfamiliar mathematical expressions. Parameters can
be easily extracted, and also this approach is commonly used in
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equivalent circuit models [12]–[14], [18], making the proposed
model more accessible.

In Fig. 1(b), we note that the device labeled “2 regimes”
substitutes the diode and series resistance. The series resistance
is not explicitly expressed as one parameter in our model, since
there are several factors influencing its value in the classical
model. This point is discussed in detail in Section IV. Finally,
we emphasize that, as we describe separately each regime and
then group them into one function, the model can be easily
modified if the fitting quality is insufficient in a particular
range of voltage in case studies.

III. PARAMETER EXTRACTION AND FITTING RESULTS

Once a compact model is designed, a systematic parame-
ter extraction method has to be developed. In this section,
we describe how the parameters of the proposed model
can be extracted. The presented method is one of the pos-
sibilities; the aim of this section is to demonstrate that
the model can be easily implemented. The device used
as example in this section was fabricated on indium tin
oxide (ITO)/glass substrate and includes 30 nm of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
layer, 200 nm of poly(3-hexylthiophene):phenyl-C61-butyric
acid methyl ester (P3HT:PCBM) photoactive layer, 10 nm of
Ca, and 100 nm of Al, as schematized in Fig. 3(a). The organic
layers were deposited by spin coating, and Ca and Al by ther-
mal evaporation. The device has 0.06 cm2 of photoactive area
and was characterized in dark and under AM1.5G illumination.

A. OSC in Dark

The parameter Rp can be extracted with a simple linear fit in
the OFF regime, as in Fig. 3(b). In Fig. 3, red scatters indicate
the experimental data. Once JOFF is defined, we subtract JOFF

from the experimental current density, and this curve is used
to extract the two parameters of sub-VON regime (J0 and n)
with an exponential fit, as previously shown in Fig. 2(b).

The extraction method of power-law parameters is well
established in the context of TFTs; here, we adopt the H (V )

function method presented in [25] and [26] to extract the
parameters of the above-VON regime. H (V ) function is defined
as the integral of the current density from VON to V divided
by the current density at V

H (V ) =

∫ V

VON
J (V ′)dV ′

J (V )
. (10)

Since J ≈ Jabv when V > VON, the H (V ) function can be
approximated as the integral of Jabv divided by Jabv, which
results in a linear expression as follows:

H (V ) ≈

∫ V

VON
Jabv(V ′)dV ′

Jabv(V )
=

1

γ + 1
V −

VON

γ + 1
. (11)

Therefore, by plotting H (V ) as a function of V , a simple
linear fit can extract two parameters VON and γ . Note that the
integral is calculated from VON, which is an unknown quantity
a priori. However, since the current near VON is several orders
lower than the current at high voltage, the fact that the VON

value is unknown does not affect significantly the extracted
parameter values. For a more accurate extraction, a small

Fig. 3. (a) Structure of the OSC device used in the presentation of the
parameter extraction method. (b) Extraction of the parameter Rp with a linear
fit (black dotted line) in the OFF regime in dark. Red scatter plot: experimental
data. (c) Extraction of VON and γ with a linear fit to H function. (d) Current
density as a function of (V –VON)γ to obtain A. (e) Extraction of Rp and Jph
with a linear fit in the OFF regime under light. (f) Extraction of parameters
in Jsub1 and Jsub2 by plotting J − JOFF + Jph in semilog scale.

number of iterations can be used to obtain a converged value
for VON. The H (V ) function calculated from the experimental
data is shown in Fig. 3(c). The most part of the graph
shows a linear behavior, which indicates that the power law
can successfully describe the current density in the above-
VON regime. The remaining parameter A can be extracted
by plotting the experimental current density as a function
of (V –VON)γ , as shown in Fig. 3(d).

Two remaining parameters (Jtr and m) are mathematical
parameters. In general, m = 4 is a good choice, since it is
mathematically simple and, at the same time, high enough to
describe fast transition between sub- and above-VON regimes.
The same choice is suggested for the parameter msub when
double-exponential form is used for Jsub, as in (7). The
parameter Jtr can be chosen in such a way that ensures both
the fitting quality and smooth transition between regimes in
terms of continuity and derivability. A good initial guess is
the twice of J at V = VON

Jtr ≈ 2J (VON). (12)
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Fig. 4. Experimental J –V curve (red scatters) compared with the proposed
compact model (black line) (a) in dark, in semilog scale, (b) in dark, in linear
scale, (c) under light, in semilog scale, and (d) under light, in linear scale.

TABLE I

EXTRACTED PARAMETER VALUES

B. OSC Under Light

Since the model of OSC under light is very similar to that of
OSC in dark, the parameter extraction method is also similar.
The parameters Jph and Rp can be extracted at the same time
with a linear fit, as in Fig. 3(e). We eliminate Jph and JOFF from
the experimental current density (i.e., J − JOFF + Jph), and the
obtained curve is used to extract all the remaining parameters.
The sub-VON regime is fitted with two exponential curves, as
shown in Fig. 3(f). For the parameters of above-VON regimes,
H (V ) function can be used.

C. Fitting Results

The fitting results with the proposed model are compared
with the experimental J–V curve in Fig. 4, in dark and
under light, in linear and log scales. The extracted parameter
values are shown in Table I. Note that the parameter values
can depend on the light intensity. Except the OFF regime

part, which is less relevant for the device operation, the
model shows an outstanding fitting quality for all voltage
range. Similar fitting quality was obtained in other devices:
with P3HT:PCBM or P3HT:indene-C60 bisadduct (ICBA) as
photoactive material, normal or inverted structure, device area
from 0.06 to 0.70 cm2, photoactive layer thickness from
100 to 350 nm, with or without metal nanoparticles inside
PEDOT:PSS layer. This suggests that this model can be used
for OSCs in general when no anomaly is present. Note that,
since the proposed model is based on identifying three dif-
ferent regimes, devices showing s-shape behavior [27] are not
described by the present model, and the parameter extraction
may become difficult when the OFF-current is of the same
order of magnitude as sub-VON current, or when the effect
of the resistivity of transparent electrode is particularly high
(discussed in Section IV).

IV. LARGE-SIZE CONSIDERATION

In this section, we study the effect of the solar cell size
on the parameter values. First, we discuss the meaning of the
series resistance in the equivalent circuit model. Then, we use
1-D distributed resistance model [20]–[22], taking into account
the resistivity of the transparent conductor oxide (TCO), to
obtain expected J–V curves for different device lengths and
discuss the change observed on the parameter values.

When we describe J–V curve of a solar cell device with
the classical four-element equivalent circuit approach [11],
several factors contribute to the series resistance term.
To make easier the presentation, here, we classify them into
three categories: external, distributed, and intrinsic resistance.
The external resistance is one that causes the difference
between the externally applied voltage and the voltage actually
applied on the active area of the device. Any type of resistance
existing outside the photoactive area can be an example, such
as interconnection or lumped element introduced by the mea-
surement system. The distributed resistance is one that causes
the nonuniformity of the voltage inside the photoactive area,
such as the resistance of conductors (TCO and metal). Finally,
the intrinsic resistance is one that makes deviation from the
exponential diode curve even when other two counterparts do
not exist. Injection barriers between layers and carrier transport
in bulk material can be listed as the origin of the intrinsic
resistance [28], [29].

All the three types of resistance modify J–V curve of a solar
cell device. Using only one parameter (e.g., series resistance
in four-element equivalent circuit model) to represent all three
types of resistance can result in an insufficient fitting quality,
and it makes difficult the identification of the reason when a
change on parameter values is observed. In mass production,
where numerous devices are tested under a systematic quality
assessment and failure analysis, it is of particular interest to
be able to identify the effect of each of the resistance on the
parameter values. The effect of the external resistance can be
easily excluded from characterized J–V curve if this resistance
value and the consequent voltage drop are known. However,
the intrinsic and distributed resistance cannot be decoupled in
a simple way.
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Fig. 5. Schematized 1-D distributed resistance model. External resistance
is represented by Rext , and �R indicates the distributed resistance in TCO.
Rectangles represent ideal solar cell devices with only intrinsic resistance.

In order to estimate the effect of the distributed resis-
tance, we use 1-D distributed resistance model [20]–[22],
schematized in Fig. 5. We divide the photoactive area into
N cells in parallel with device length �x , and we consider a
small resistance of TCO (�R) between two adjacent cells.
Here, the length is defined in the direction of the current
flow inside TCO. Since the sheet resistance of TCO is several
orders higher than that of the metallic electrode, we consider
that the electric potential is uniform in the cathode. The
external resistance is represented by Rext, located between the
anode and the boundary of the photoactive area. Here, anode
is defined as the final destination of photogenerated holes.
Denoting Jid(V ) the ideal current density without external and
distributed resistances, the current in an individual cell (In) is
written as

In = Jid(Vn − Vcat)W�x (13)

where Vcat is the electric potential at the cathode (equal
to zero), Vn is the electric potential at the other extremity
of the nth cell, and W is the device width. In is positive
when the current flows from anode to cathode. Note that the
photocurrent is negative. Considering the potential drop across
�R, Vn is written as follows:

Vn = Vn−1 +

n−1
∑

i=1

Ii�R (14)

and we express �R in terms of the sheet resistance of
TCO (rSR)

�R =
�x

W
rSR. (15)

The current of the entire solar cell (Itot) is simply the sum of
individual Ins

Itot =

N
∑

i=1

Ii (16)

and the electric potential at the boundary of the photoactive
area nearest the anode is

VN = VN−1 +

N−1
∑

i=1

Ii�R = Vcat − Itot Rext. (17)

Fig. 6. Effect of the resistivity of TCO in devices with different length L ,
calculated with 1-D distributed resistance model, with the experimental data
as the initial J (V ) function (red curve). (a) J –V curves. (b) J –V curves
without photocurrent and OFF-regime current. (c) 1-D profile of the voltage
applied to the device as a function of the position and (d) that of the current
density.

When we numerically solve these equations for a given initial
Jid(V ) function, we obtain 1-D profile of V (x) and I (x) as
well as the J–V curve (resulting from Itot) of the solar cell
with nonnegligible TCO resistivity.

By varying the device length (L, from 1 to 2.5 cm),
we calculated modified J–V curves, which are presented in
Fig. 6(a). The ideal Jid(V ) function is unknown; here, we
used, for example purposes, the function determined by (6)
with the parameters of Table I as Jid(V ) function, although the
effect of distributed and external resistances is not completely
negligible in the experimental J–V curve. We specify that
the size of the actual device is 0.06 cm2 (L = 0.4 cm and
W = 0.15 cm). For the sheet resistance, we used the exper-
imental value rSR = 20 �/�, and Rext was chosen as zero
to exclude the effect of the external resistance. We used the
proposed compact model to describe the curves of Fig. 6(a),
and the corresponding parameter values are shown in Table II.
Note that, in the 1-D distributed resistance model, the J–V

curve does not depend on W , and that doubling L is equivalent
to multiplying the sheet resistance by four.

We can immediately see in Fig. 6(a) that, when we increase
the device length, the fill factor (FF) decreases, with the
photocurrent magnitude starting to decrease at lower V .
In addition, when we eliminate Jph and JOFF from J and plot
this quantity (i.e., J − JOFF + Jph), as in Fig. 6(b), we observe
that the curve appears more “stretched” in longer devices. Both
behaviors can be interpreted as the transition between sub-VON

and above-VON regimes happening in a broader range of volt-
age, which results directly from the nonuniform distribution of
the electric potential inside TCO. This nonuniform distribution
can be clearly observed in Fig. 6(c) and (d), which shows,
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TABLE II

EXTRACTED PARAMETER VALUES

for different device lengths and a given Van value (0.3 V),
the 1-D profile of the applied voltage (i.e., Vn − Vcat) and the
current density in the nth device, respectively. In those figures,
x-axis represents the position of the nth device, normalized
with respect to the device length L; 0 and 1 mean, respectively,
farthest from and nearest to the anode. The distribution of
the voltage and current is more significant in devices with
longer L, due to both higher total resistance of TCO (same
resistivity but longer length) and higher total current (lower
current density but larger area).

When TCO is a perfect conductor, there is no potential drop
inside TCO, thus all In have the same value. However, when
the resistivity of TCO is not zero, In varies as in (13), (14),
and Fig. 6(d). As a result, a part of the OSC can be
in a regime while the other part can be in another regime.
For example, in devices with L = 2 or 2.5 cm of Fig. 6(c),
Vn far from the anode is higher than VON = 0.51 V of Jid(V ),
when the voltage applied to the anode is still below that value
(Van = 0.3 V < 0.51 V). Since the current we measure at the
terminal electrodes is the sum of all Ins (i.e., Itot), we observe,
when compared with Jid(V ), a smaller current, broader inter-
regime transition, and lower VON value in devices with nonzero
TCO resistivity. This size effect is well represented by the
parameter values of the proposed compact model, as shown
in Table II. The stretched exponential sub-VON curve is trans-
lated as the increase of J01 and n1 values. VON decreases in
longer devices because of the larger distribution of the electric
potential inside TCO. By the same reason, the current density
in the above-VON regime and consequently the parameter A

decrease, and Jph is slightly decreased as well.
The analysis of this section clearly shows that the resistivity

of TCO is a key feature for the OSC performance and
emphasizes the importance of the correct design of cells
and modules. Moreover, the implementation of the proposed
compact model in large devices is demonstrated. In devices
with particularly large L, the broad interregime transition
may hinder the parameter extraction, since the extraction
requires identification of each regime in J–V curve. However,
such devices are expected to have very low FF and power

conversion efficiency, being of little interest for the module
design.

V. CONCLUSION

In this paper, we have proposed universal compact model for
OSC, which consists of identifying and individually describing
different regimes present in OSC operation and then combin-
ing them into one equation. This model shows an excellent
fitting quality and allows easy extraction of parameters and
flexible modifications. In addition, the model was used in
the study of the effect of the resistivity of TCO in large
devices. The nonuniform voltage inside TCO results in a
broad interregime transition, decreasing the FF of OSCs and
modifying parameter values.
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