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The Optical and Electrical Characterization of Solar
Cell Devices Based on the Physical Parameters of

P3HT:PCBM Photoactive Layers

YOONSEOG SONG AND SANG OUK RYU∗

Department of electronics engineering, Dankook University, San #29,
Anseo-dong, Cheonan-si, Chungcheongnam-do 330-714, South Korea

In this study, we investigated the power conversion efficiency of organic solar cells
utilizing conjugated polymer/fullerene bulk-hetero junction device structures. We fabri-
cated Poly(3-hexylthiophene)(P3HT) as an electron donor, [6,6]-Phenyl C61 butyric acid
methyl ester(PCBM) as an electron acceptor, and Poly(3,4-ethylenedioxythiophene) -
poly(styrenesulfonate(PEDOT:PSS)as a hole injection layer(HIL). These materials were
coated using a spin coating method onto a glass substrate. The properties of the fabri-
cated organic solar cell (OSC) devices have been analyzed as a function of the mixture
ratios ranging from 1:0.4 to 1:1.3 (the P3HT was fixed at 1). The electrical characteris-
tics of the fabricated devices were obtained by investigating the J-V, the fill factor (FF),
and power conversion efficiency (PCE). The highest PCE (2.2%) was obtained after a
post annealing at 150◦C at the mixture ratio of 1:0.7, which is 2.2times better than the
device without post-annealing.

Keywords Solar cell; P3HT; PCBM; annealing; conjugated polymers; fullerenes; bulk
hetero; junction; PCE

Introduction

In the last few years, an increased effort has been put into the development of solar cells
based on organic molecules and conjugated polymers [1–6]. However, the low efficiency
of these OSCs, when compared to silicon based solar cells, limits their feasibility for
commercial use [7]. The efficiency of OSC devices is mainly limited by several factors.
For example, the high energy band gap of the materials used also limits the capability to
harvest the photo generated charges at lower sunlight energies. More importantly, the charge
carrier mobility of the organic materials is very low. The poor organic thin film conductivity
significantly cuts down on the output power conversion efficiency [8,9]. Major progress in
the power conversion efficiency has been achieved by introducing the bulk hetero junction
(BHJ) concept that replaces the bi-layer structure [10,11]. Therefore, huge efforts have
already been taken in order to improve their photovoltaic performance. The BHJ structure
provides not only high surface contacts for the charge separation, but also an interpenetrating
network that enables an efficient charge transport [12]. The essential parameters of the
PV cells which determine the power conversion efficiency (PCE) are the open circuit
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voltage (Voc, V), the short circuit current density (Jsc, mA/cm2), and the fill factor (FF,%).
Recently, many groups have expended great effort in order to enhance these parameters.
For example, tandem or stacking structures have been proposed in order to enhance the
efficiency. Narrow band gap polymer materials have been adopted for use as an active
material [13–15].

Among those factors, the P3HT:PCBM mixture ratio is another important factor that
needs to be considered [17]. The effect of the annealing process on the organic solar cells,
especially in the view of the nanoscale morphology has also been reported by H. Hopper
et al. [18].

In this study, we have characterized the electrical performances of OSCs based on
a BHJ structure. We analyzed the electrical characteristics based on three physical pa-
rameters: the mixture ratio of the P3HT:PCBM, the active layer thickness, and the an-
nealing temperature used for the devices. We used the hetero junction structure of poly(3-
hexylthiophene)(P3HT) and [6, 6]-phenyl C61-butyric acid methyl ester (PCBM-C61, 99%).
The P3HT, an electron donor, was obtained from Rieke Metals (absorption wavelength
443–568 nm); the PCBM, an electron acceptor, was obtained from NANO-C (absorption
wavelength 284–341nm).

Experimental

The fabricated OSCs in this study consist of a photoactive layer consisting of P3HT:PCBM-
C61, based on the BHJ structure. The photoactive materials, the P3HT and the PCBM-C61,
were prepared by dissolving them in O-Dichlorobenzene(1,2-Dichlorobenzene)(1.2wt%)
and then stirred for 12 hours in order to ensure complete dissolution. The P3HT and PCBM
solutions were mixed at the ratios of 1:0.4, 1:0.7, 1:1, and 1:1.3 by weight.

The ITO coated soda lime glass was cleaned with acetone, methanol, and de-ionized
water in an ultrasonic bath in order to remove any contaminants on the substrates. Iso-propyl
alcohol (IPA) was used to remove the water pollutants. The prepared ITO substrates were
patterned using a contact aligner and etched with acid (HCl:HNO3:H2O). The cleaned ITO
substrates were then treated by a plasma surface treatment with an O2/Ar = 2/1 mixtures for
90 seconds. The treatment used a power of 150W RF in order to improve the interface condi-
tions between the organic material and the ITO and also to remove the native-oxide film on
ITO substrate. The polyethylenedioxythiopene:poly-styrenesulfonate(PEDOT:PSS), used
as a hole injection layer (HIL), was deposited using a spin coating method on the ITO
substrate and baked at 90◦C for 1 hour to dry the solvents. We fabricated three different
thicknesses for the active layers ranged from 30nm to 100 nm. After the photoactive layer
was coated, pristine Al(150nm) metal electrodes were subsequently deposited on the active
layer by means of a metal evaporator(SUNICELL PLUS 200) under the high vacuum con-
ditions of 5 × 10−8 torr. All of the fabricated devices were post-annealed in a vacuum oven
at 150◦C for 10 min. All of the solution stirring and spin coating processes were conducted
under ambient conditions. The fabricated devices were classified by their photoactive layer
thicknesses, mixture ratios, and post-annealing temperatures.

All of the light absorption layers had the same 4 × 4 mm2 dimensions. The fabri-
cated solar cell structures and the energy band diagrams are shown in Figs. 1 (a) and (b).
The thicknesses of each active layer were measured utilizing a spectroscopic ellipsometer
(VB-400). The optical absorption spectrums were investigated using UV-vis spectroscopy
(UV 1601PC UV-visible Photometer). The power conversion efficiencies (PCE) were cal-
culated from the current density-voltage (J-V) characteristics and the fill factor (FF) under
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Figure 1. (a) An energy band gap diagram of the fabricated organic solar cell, (b) the cross sectional
view of the fabricated devices used in this study.

a simulated solar light irradiation of 100 mW/cm2 under the ambient conditions (an ORIEL
solar simulator with 150W Xe lamp and a KEITHLY SMU 2400). Before the devices were
measured, the light source was calibrated using a reference cell (ORIEL Solar reference
cell).

Results and Discussion

The chemical structures of the materials used in this study are shown in Fig. 2. These
materials are known to have good absorption characteristics in the visible range (P3HT
≈560 nm, PCBM-C61 ≈335 nm). By the utilization of the active layers, the BHJ device
structure has been studied. The structure of the devices and the energy band diagrams of
each layer are depicted in Fig. 1. In order to overcome one of the main limitation factors,
i.e. the charge separation problem in organic photovoltaic devices the BHJ structure was
used. After evaporating the Al contact layer, the fabricated devices were annealed at 150◦C
for 10 min. The effect of the post-annealing process has been reported by H. Hoppe et al.
and Chirvase et al. [18,19]. According to the report, the performance of the photoactive
layer was degraded at high temperatures caused by a large PCBM aggregation. Therefore
the photovoltaic characteristics dependence on the annealing temperature is an important
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Figure 2. The chemical structures used in the bulk hetero junction active layer: (a) P3HT,
(b) PCBM-C61.

factor in the improvement of device performance. The P3HT:PCBM mixture ratio is another
factor which influences device performance. According to Chen et al, the P3HT:PCBM
active layer has shown a broad range of optical properties based on its mixing ratio [21].
In this study, the mixing ratio has been finely tuned to have more optimized results.

The current density-voltage (J-V) characteristics were analyzed utilizing a KEITHLY
SMU 2400. The devices were exposed under an AM 1.5 illumination with a calibrated
solar simulator (ORIEL reference cell) having an intensity of 100mW/cm2. The electrical
characteristics of the investigated devices are shown in Fig. 3. Figure 3 (a) shows the current
density-voltage characteristics of the as-deposited active layer. As seen in the figure the
best results were obtained at the mixture ratio of 1:0.7 (P3HT:PCBM). However, as shown
in Fig. 3 (b), these results were dramatically improved after the post-annealing process. As
summarized in Table 1, the overall performance based on the mixture ratio kept the same
order before and after the annealing process. However, the PCE of the mixture ratio of 1:0.7
showed more than a two-fold improvement. The results showed not only an increase in the
Jsc and Voc but also a great increase in the shunt resistance (2.21 to 4.28 k�) and a decrease
in the series resistance (0.159 to 0.095 k�). In order to find out the optimum annealing
conditions the active layers were annealed at different temperatures. Figure 4 shows the
current density-voltage (J-V) characteristics under the different annealing conditions. The
PCEs increased until 150◦C from 0.9% to 2.2% in accordance with the Jsc (from 6.6 to
7.6 mA/cm2) and the Voc (from 0.383 to 0.505 V). According to H. Hoppe et al, their
annealing experiments resulted in micrometer sized PCBMs [18]. Although the size of
the organic PCBM is important, the interfacial properties are another important factor to
improve the PCE in the device characteristics. As summarized in Table 2, Jsc and Voc
showed little increase according to the annealing temperature whereas the shunt resistance
(Rshunt) and the series resistance (Rseries) showed a much larger change, which implies that
at a 150◦C annealing temperature, the interface between the active layer and the electrode
obtains its most stable conditions. Further annealing resulted in a deterioration of the device
performance, which might originate from the morphological degradation due to excessively
large PCBM domains, as mentioned by Hoppe [18]. Therefore, the morphological stability
and also the device interfacial properties in organic solar cells are issues to be addressed.

Figure 5 shows the absorption spectra of solar cells having a different mixture ratio
of P3HT:PCBM. According to the results of Fig. 3, we expected that a 1:0.7 mixture ratio
would exhibit the highest absorption intensity. However the highest absorption intensity was
found at a mixture ratio of 1:0.4. Obviously, the intensity of the UV-vis absorption peaks
increased with the P3HT molecules. Furthermore, when the P3HT:PCBM ratio was 1:0.7,
we could clearly observe the three vibronic shoulders, indicating strong interchain interlayer
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Figure 3. The current density-Voltage (J-V) characteristics of: (a) P3HT:PCBM(100 nm) as-
deposited, (b) P3HT:PCBM(100 nm) post annealed at 150◦C for the different P3HT:PCBM mixture
ratios.

interactions among the regioregular P3HT chains and a high ordering of the polymer chains
in the composition films [20]. However, the vibronic peaks gradually disappeared with an
increase of the PCBM concentrations, suggesting that the interaction of the P3HT polymer
chains was disrupted by the PCBM molecules [21]. The reduced interaction of the P3HT
would lower the hole mobility, thereby decreasing the efficiency and the current of the
OSCs, especially for the samples in which the PCBM content was over 40%. Despite the
higher absorption characteristic of the 1:0.4 mixture ratio, the resulting PCE performance
did not match with the optical characteristics, which may stem from the device issues, as
mentioned before.
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Figure 4. The current density-Voltage (J-V) characteristics of fabricated devices after post annealing
at different temperatures (the mixing ratio was fixed at 1:0.7).

Figure 6 shows the J-V characteristics of the P3HT:PCBM (1:0.7) as a function of
the photoactive layer thicknesses. The thickness of the active layer was measured by an
ellipsometer; the thickest layer was around 100nm. We observed that the thicker active
layers tend to show better light absorption characteristics. According to the Lambert-Beer
law:

T = I/I0 = 10−α� (1)

where I and I0 are the intensity of the incident light and the transmitted light, respectively.
T is the transmissivity, α is the absorption coefficient of the substance, and � is the distance
the light travels through the material. For our determinations we used the same active
layer parameters except for the thickness, therefore the transmittance is solely dependent
on the parameter �. A thicker sample, therefore, has a lower transmittance (a higher light
absorption), as shown in Fig. 7. Generally, more light absorption leads to photo generated
charges. Therefore the electrical characteristics should be improved for a thicker photoactive

Table 2. The electrical characteristics of the P3HT:PCBM (1:0.7) active layer after pro-
cessing at the different post annealing temperatures

P3HT:PCBM

Materials R.T 120◦C 150◦C 180◦C

PCE (%) 0.9 1.8 2.2 1.9
F.F (%) 37 48.5 56.5 42.9
Jsc (mA/cm2) 6.6 7.6 7.6 7.9
Voc (V) 0.383 0.474 0.505 0.575
Rshunt (k�) 0.699 1.55 4.28 1.17
Rseries (k�) 0.171 0.112 0.095 0.163
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Figure 5. The UV absorption intensity curves of the devices after post annealing at 150◦C using
different mixture ratios.

layer. In a previous study, M. Lenes et al. reported that increasing the photoactive layer
thickness does not necessarily result in a higher power conversion efficiency, because the
increase in the short circuit current is canceled by a decrease in the fill factor. They also
insisted that the decrease in the fill factor originates from the occurrence of a space-charge
limited regime in the photocurrent and in recombination losses [16]. Though we could not
experiment with a thicker active layer than 100 nm because of the nature of the spin-coating
process (it becomes difficult to obtain a high quality thin film surface), we estimate that the
thickness has a good valence in the short circuit current and light absorption properties. The
best performance was at FF = 56.6%, PCE = 2.2% at the thickness of 100 nm. Compared

Figure 6. The current density-Voltage (J-V) characteristics of the devices with a 1:0.7 P3HT:PCBM
active layer as a function of thickness.
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Figure 7. The UV absorption intensity curves of the devices with a 1:0.7 P3HT:PCBM active layer
after post annealing at 150◦C as a function of thickness.

to the thinner device (30nm), the performances the Voc and the Jsc were much improved.
As a result, the calculated PCE increased from 0.7% to 2.2%.

Conclusions

We studied solar cells based on a organic P3HT:PCBM bulk hetero junction system. The
device performance was mainly dependent on the P3HT:PCBM mixture ratio, the annealing
condition of the active layers, and the thickness of the active layer. After the fine tuning
of the P3HT:PCBM mixture ratio it was found that the best power conversion efficiency
was obtained at the ratio of 1:0.7 (P3HT:PCBM). The best efficiency was shown when it
was annealed at 150◦C. The resulting data showed a Jsc = 7.6mA/cm2, a Voc = 0.505V,
an FF = 56.6% and a PCE = 2.2% at a thickness of 100 nm. The data tends to show a
better PCE for a thicker active layer; however, as discussed previously, there is an optimum
thickness for the best performance due to the mobility of the electrons or holes before
they get recombined. We also observed that the device characteristics were determined not
only by the properties of the polymer active layer but also by the interfacial properties
between the active layer and the electrode material. We found that in many cases the device
performance was influenced by the shunt resistance and the series resistance rather than by
the short circuit current and the open circuit voltage.
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