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Optimizing the thickness of the active layer is essential to improve the performance of organic solar cells. In this study, we examined
how the thickness of the active layer, made of a P3HT:PC61BM blend, influences the key electrical parameters of inverted organic solar
cells. Four prepared photovoltaic cells were prepared using a typical device structure of ITO/ZnO/P3HT:PC61BM/MoO3/Ag. The active
layer of P3HT:PC61BM was deposited by spin coating with different thicknesses of 80, 150, 200, and 300 nm. We used the differentJ–V

characteristics to extract parameters such as the open-circuit voltage, short-circuit current density, series resistance, and shunt resistance.
Based on these measurements, the results indicate thatVoc remains nearly stable between 80 nm and 200 nm, before dropping sharply at
300 nm due to recombination losses. Furthermore,Jsc increases with thickness and reaches its maximum at 300 nm, thanks to improved
light absorption. The fill factor peaks (∼50%) at a thickness of 150 nm, then decreases, reflecting an imbalance between charge collection
and internal losses. To provide a deeper understanding of this behavior, we also analyzed the resistive parameters. The series resistanceRs

increases from 27.11Ω·m2 to 27.52Ω·m2 when the thickness increases from 80 to 150 nm due to the increased defect density in the layer
structure with additional layer stacking, then rises to 28.87–34.55Ω·m2 for 200–300 nm, respectively, because of the longer charge transport
path and increased recombination. Finally, the shunt resistanceRsh increases up to 150 nm, suggesting improved film uniformity and better
surface coverage, thus minimizing shunt defects, before decreasing at 200 and 300 nm. This suggests that increasing the material volume
statistically leads to a higher density of volumetric defects.
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1. Introduction

The transition to renewable energy sources has become es-
sential in response to growing environmental concerns and
the depletion of fossil fuel resources. Among emerging tech-
nologies, organic photovoltaics (OPV) have gained increas-
ing attention due to their lightweight nature, mechanical flex-
ibility, potential for low-cost production, and compatibility
with large-scale printing processes [1-5]. Unlike traditional
silicon-based solar cells, OPVs rely on organic materials,
primarily conjugated polymers and small organic molecules
to absorb light and generate electricity [6-13]. In recent
decades, important advancements have been made in under-
standing the fundamental mechanisms of photovoltaic con-
version in organic materials, as well as in optimizing device
architectures. Nevertheless, OPVs still face challenges re-
lated to power conversion efficiency and operational stabil-
ity when compared to their inorganic counterparts. Improv-
ing the performance of OPVs requires better control over the
optoelectronic properties of the active materials and the op-
timization of each layer within the device, particularly the
active layer and the charge transport layers.

The organic photovoltaic cell is characterized by several
key parameters that determine its efficiency in converting
light into electrical energy. The first of these parameters is the
open-circuit voltage, notedVoc, which represents the maxi-
mum voltage the cell can deliver when no current is flowing
through the circuit. It is mainly determined by the energy
difference between the HOMO level of the donor material

and the LUMO level of the acceptor material minus internal
energy losses. The second parameter is the short-circuit cur-
rent density, notedJsc, which corresponds to the amount of
current generated when the cell’s terminals are directly con-
nected. It depends on the absorption of light, the efficient sep-
aration of photogenerated electron-hole pairs, and their col-
lection at the electrodes. Another important parameter is the
fill factor (FF), which reflects the quality of the cell’s current-
voltage (J−V ) curve. It is defined as the ratio of the max-
imum power actually delivered by the cell to the theoretical
power given by the productVoc×Jsc. Finally, the power con-
version efficiency, noted PCE, expresses the percentage of the
incident light energy that is converted into electricity. In this
context, the current work focuses on investigating the effect
of the active layer thickness on key performance parameters
namely the open-circuit voltage, short-circuit current density,
and power conversion efficiency (PCE) of an organic pho-
tovoltaic cell based on the P3HT:PC61BM blend. By ana-
lyzing the current–voltage (J−V ) characteristics, the goal
is to assess how variations in the active layer thickness in-
fluence charge generation, transport, and recombination pro-
cesses. In addition to the conventional performance metrics,
the study also examines the influence of thickness on se-
ries resistance (Rs), shunt resistance (Rsh). These additional
parameters provide deeper insight into the internal physical
mechanisms governing device behavior, and help identify the
optimal active layer thickness for maximizing photovoltaic
performance.



2 B. AIT ALI AND R.MOUBAH

FIGURE 1. a) Schematic illustration of the fabricated OSC with the
device architecture of ITO/ZnO/P3HT: PC61BM/MoO3/Ag, and b)
photograph of the fabricated device.

2. Experimental details

Here, we describe the fabrication steps of organic solar cells
(OSCs). Flexible PEN/ITO substrates (2×2 cm2,≤ 15 Ω/sq.)
were cleaned in an ultrasonic bath using detergent, acetone,
isopropyl alcohol, and deionized water, followed by 30 min-
utes of UV ozone treatment. ZnO films were deposited by
RF magnetron sputtering using a high-purity (99.999%) ZnO
target, under an argon atmosphere at a pressure of10−2 mbar,
with 100 W power and a substrate temperature of about 40◦C,
resulting in a thickness of∼54 nm. Then, PEN/ITO/ZnO
samples were annealed in oxygen at temperature 160◦C for
1 hour. The active layer was spin-coated using a 1:1 (wt
%) P3HT:PC61BM solution in dichlorobenzene, with spin
speeds of 3000, 2000, 1800, and 800 rpm to obtain thick-
nesses of 80, 150, 200, and 300 nm, respectively. The P3HT
(98.5% regioregular) and PC61BM were used without further
purification [14,15]. After deposition, the samples were an-
nealed at 140◦C for 15 minutes in a nitrogen-filled glove box.
MoO3 (5 nm) and Ag (120 nm) were then thermally evapo-
rated under high vacuum (2 × 10−6 Torr) through a shadow
mask. The complete device structure (as illustrated in Fig. 1)
had an active area of about 9 mm2. For comparison, the same
procedure was applied to rigid ITO-coated PEN substrates
(20× 20 mm2,≤ 20 Ω/sq.).

In brief, the cell layers studied consist of the following
constituents:

• Substrate: PEN (used as the supporting base for the
device structure)

• Transparent electrode (Anode): ITO

• Electron transport layer (ETL) : ZnO

• Photoactive layer: P3HT:PC61BM blend (poly(3-
hexylthiophene) and [6,6]-phenyl-C61-butyric acid
methyl ester)

• Hole transport layer (HTL) : MoO3

• Cathode: Ag (silver)

FIGURE 2. Energy levels and charge transport in the studied in-
verted organic photovoltaic cell.

The energy level diagram of the component materials of the
studied inverted P3HT:PC61BM organic solar cells (OSCs) is
shown in Fig. 2 [16-20].

Light absorbed in the P3HT component of the
P3HT:PC61BM active layer generates excitons through a
HOMO–LUMO electronic transition. Due to the strong
Coulomb binding in organic semiconductors, these excitons
diffuse toward the P3HT/PC61BM interface, where their dis-
sociation is driven by the energy offset between the LUMO
levels of the donor and acceptor (Fig. 2). This process results
in electron transfer to PCBM while holes remain in P3HT.
The free charge carriers are subsequently injected into the
charge transport layers, with electrons transported through
ZnO and holes through MoO3, and finally collected at the
aluminum cathode and ITO anode to generate the photo-
voltaic current [14,21-23].

TheJ−V curves representing current density as a func-
tion of voltage of the OSCs were measured using an HP Ag-
ilent source measurement unit under simulated illumination.
A solar simulator operating under AM 1.5G conditions (Oriel
Xenn 150W) was employed. The light intensity was cali-
brated using a standard silicon solar cell to achieve an illumi-
nation of 100 mW/cm2. Device performance measurements
were conducted under a nitrogen atmosphere.

3. Results and discussions

In this case, we execute the standard diode model as ex-
pressed in the following analytical Eq. (1) [24,25]:

J=J0

[
exp

(
e(V−JRs)

nkT

)
−1

]
+

V − JRs

Rsh
− Jph, (1)

whereJ0 andJph are the diode saturation current density and
photocurrent density,Rs andRsh are the series and shunt re-
sistances,n an ideality factor close to 1 indicates bimolecular
recombination, while a value near 2 suggests trap-assisted or
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FIGURE 3. Current density-voltage response of P3HT: PC61BM
devices as a function of the active layer thickness.

interface recombination,e, k, andT represent the elemen-
tary charge, the Boltzmann constant, and the absolute tem-
perature, respectively; andV the applied voltage. TheJ−V
curves of the organic solar cells (OSCs) with different ac-
tive layer thicknesses were displayed in Fig. 3. The current–
voltage (J−V ) characteristics of organic solar cells (OSCs)
were measured as a function of active layer thickness. The
results show that thickness strongly affects device efficiency.
An OSC with an 80 nm active layer exhibits a short-circuit
current density (Jsc) of 6.8 mA/cm2, an open-circuit voltage
(Voc) of 0.57 V, and an efficiency (η) of 1.7%. Increasing
the thickness to 150 nm slightly reducesJsc to 6.3 mA/cm2,
while Voc improves to 0.60 V, leading to the highest PCE of
1.9%. Further increasing the thickness to 300 nm degrades
Voc and overall efficiency, despite a slight increase inJsc.

The influence of the active layer thickness on the photo-
voltaic performance was investigated by analyzing the evo-
lution of the open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (FF), series resistance (Rs), shunt re-

FIGURE 4. a) Open-circuit voltage (VOC ) and b) short-circuit cur-
rent density (JSC ) of P3HT:PC61BM solar cells versus active layer
thickness.

sistance (Rsh), and efficiency (η) as a function of thickness.
The performance parameters of the devices corresponding to
theJ−V curves are listed in Table I, in which it clearly ap-
pears that the active layer thickness has a significant impact
on device efficiency.

As presented in Fig. 4a), the open-circuit voltage (Voc)
remains almost constant at around 0.60 V for active layer
thicknesses ranging from 80 nm to 200 nm. However, a sig-
nificant decrease is observed when the thickness reaches 300
nm. This reduction inVoc at greater thickness leads to an in-
crease in energy loss, defined asEloss = Eg − eVoc, where
Eg is the optical band gap of P3HT:PC61BM (Eg = 1.9 eV)
[26]. For devices with active layers between 80 and 200 nm,
Voc was maintained at 0.6 V, corresponding to an energy loss
of about 1.3 eV. When the thickness increases to 300 nm,
Eloss rises to 1.4 eV. This increase in energy loss is attributed
to enhanced non-radiative recombination , which reduces the
open-circuit voltage and leads to higher energy dissipation,
factors that directly influenceVoc, as described by Eq. (2)
[21,27,28]:

Voc=
Eg

e
−kT

e
ln

(
(1− P )(BL + BSRH)N2

CV

PG

)
, (2)

whereEg denotes the effective bandgap of the active layer,
P represents the exciton dissociation probability (exciton
= (electron–hole) pairs),NCV is the effective density of
states, whileG is the generation rate of excitons;BL and
BSRH are the strengths of Langevin and Shockley-Read -
Hall (SRH) recombination, respectively [29]. As described
in Eq. (2), the increase in energy loss in thicker active layer
devices is mainly due to higher charge recombination. When
the thickness increases, charge carriers displace longer dis-
tances, which increases the probability of bimolecular (BL)
and Shockley-Read-Hall (SRH) recombination before reach-
ing the electrodes. This reduces the number of collected free
charges and increases energy losses. In contrast, the short-
circuit current density (Jsc) observed in Fig. 4b) increases
steadily with increasing active layer thickness, reaching its
maximum value at 300 nm. This trend is expected since
thicker layers absorb more incident light, generating more
charge carriers [27]. However, beyond a certain thickness,
the recombination losses may offset the gain in light absorp-
tion. The fill factor (FF), shown in Fig. 5a), reaches its maxi-
mum (∼50%) at around 150 nm, then decreases with further
increases in thickness. This behavior suggests that an optimal
thickness exists where the internal resistance is minimized
and charge collection is most efficient. Thinner layers may
suffer from insufficient absorption, while thicker layers may
introduce transport limitations [21,27,30,31]. Studies have
shown that the distribution of excitons affects charge trans-
port and collection due to the mobility and transport distance
of the carriers [32-34].

Generally, an active layer thickness around 150-200 nm
appears to provide a good balance between light absorption
and charge collection, leading to optimal device performance.
At 300 nm, althoughJsc is maximized, the simultaneous drop

Rev. Mex. Fis.72051003



4 B. AIT ALI AND R.MOUBAH

TABLE I. Photovoltaic parameters of P3HT: PC61BM BHJ OSCs with different active layer thickness under AM 1.5 G solar illumination.

Active layer thickness Voc (V) Jsc (mA/cm2) FF (%) Efficiency (η %) Rs (Ω·cm2) Rsh (Ω·cm2)

80 nm 0.57 6.8 42.3 1.7 27.11 307.76

150 nm 0.60 6.3 50.4 1.9 27.52 621.38

200 nm 0.59 7.5 44.1 2.0 28.87 306.82

300 nm 0.50 8.5 37.1 1.6 34.55 206.23

FIGURE 5. a) Fill factor, b) Efficiency (%) of P3HT: PC61BM solar
cells as a function of the active layer thickness.

in Voc and FF likely results in a reduced overall power con-
version efficiency. The parasitic resistances are derived from
theJ(V ) curve: the series resistanceRs is the inverse of the
slope near theVoc point, while the shunt resistanceRsh is the
inverse of the slope near theJsc point [35]. These values are
crucial for assessing performance losses, using linear fits the
obtained values were displayed in Table I.

The series resistanceRs values are illustrated in Fig. 6a)
(The obtained values are of the same order of magnitude
as those reported by other researchers for organic photo-
voltaic cells [7,30]. We observed that the series resistance
increases with thickness [see Fig. 6a)]. However, the main
factors limiting the performance of devices with a thicker
PC61BM:P3HT active layer lie in the low electron mobil-
ity within the active layer, caused by the increased defect
density in the material structure with additional layer stack-
ing, as well as the reduced charge collection efficiency at the
electrodes, since holes and electrons recombine before reach-
ing the electrodes, rather than in the increase ofRs itself
[21,27,30]. The values ofRsh were shown in Fig. 6b). The
shunt resistance value was found to be 307.76Ω·cm2 for the
80 nm thickness and 621.38Ω·cm2 for the 150 nm thickness.
The shunt resistance increases significantly. In this range, the
initial increase in active layer thickness may lead to improved
film uniformity and better surface coverage, thereby reduc-
ing the density of short-circuited regions and leakage paths
(shunt defects) created during deposition. Then, the shunt
resistance value decreases to 606.81Ω· cm2 at 200 nm and
206.23Ω·cm2 at 300 nm.

FIGURE 6. Variation of a) series resistance (Rs) and b) shunt re-
sistance (Rsh) with active layer thickness in P3HT:PC61BM solar
cells.

When the active layer becomes excessively thick (beyond
150 nm), the number of bulk defects increases, the larger vol-
ume of material statistically increases the total number of de-
fects (pores, agglomerates, and impurities) [30].

The optimal active layer thickness for the cell under study
was found to be 150 nm. This choice represents the best com-
promise, as it allows the maximization of shunt resistance
Rsh (which minimizes leakage current losses) while keeping
the series resistanceRs at a low value, thus ensuring an op-
timized overall performance of the cell. For the efficiency
η presented in Fig. 5b), we observe that when the thickness
of the active layer in a photovoltaic cell increases, the abil-
ity to absorb light improves, which enhances the generation
of electrical charges and thus the efficiency [36]. However,
beyond a certain thickness (here 300 nm), negative effects
start to dominate: the generated charges have more difficulty
reaching the electrodes, which increases recombination be-
cause the charges neutralize before producing current. This
reduces the overall efficiency of the cell.

4. Conclusions

In summary, we have explored how varying the active layer
thickness affects the photovoltaic response of P3HT:PC61BM
polymer solar cells. The results show thatVoc remains al-
most constant between 80 nm and 200 nm, then drops signif-
icantly at 300 nm, indicating increased recombination losses.
Jsc increases steadily with thickness, reaching a maximum
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at 300 nm due to improved light absorption. The fill factor
reaches its peak (∼50%) at 150 nm and then decreases, re-
flecting a balance shift between charge collection and internal
losses.

Our results show that the active layer thickness strongly
affectsRs andRsh: an optimal value around 150 nm min-
imizes defects, improves film quality, and enhances charge

transport, leading to better photovoltaic performance. These
results demonstrate that the thickness of the active layer has a
complex yet critical influence on the overall performance of
organic solar cells, and that an optimal compromise must be
found between light absorption, charge transport, and recom-
bination.
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