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Enhancement Mechanisms of the Power Conversion
Efficiency for the P3HT:PCBM Bulk Heterojunction
Solar Cells with a LiF Cathode Buffer Layer Due
to Thermal Annealing

QIFENG HAN,* NARAYANASAMY SABARI ARUL,
AND TAE WHAN KIM"

Department of Electronics and Computer Engineering, Hanyang University,
Seongdong-gu, Seoul, Korea

The effect of thermal annealing on the device characteristics of the bulk heterojunc-
tion poly(3-hexylthiophene) (P3HT):fullerene derivative [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) solar cells was investigated. Absorption spectra showed that the
absorption intensity was highest for the PSHT: PCBM layer with a LiF layer annealed for
5 min. Atomic force microscopy images showed that the P3HT:PCBM layer with a LiF
layer annealed for 5 min had the uniform surface morphology. The fabricated organic
photovoltaic (OPV) cells annealed for 5 min showed the enhanced power conversion
efficiency of 3.87% than that of the OPV cells annealed for 3 or 10 min.

Keywords Photovoltaic cells; PAHT:PCBM layer; power conversion efficiency; LiF
cathode buffer layer; thermal annealing

Introduction

Organic photovoltaic (OPV) cells have currently been receiving considerable attention
due to the gradual exhaustion of traditional fossil fuels [1-4]. OPV cells have emerged
as excellent candidates due to their low cost, high-mechanical flexibility, light weight,
high softness, and large absorption [5-8]. OPV cells with a bulk heterojunction (BHJ)
structure have achieved power conversion efficiency (PCE) up to 10% under a standard
solar spectrum, AM 1.5 G [9]. The prospect of potential applications of OPV cells utilizing
organic layers has led to substantial research and development efforts to enhance the PCE
of the OPV cells. A buffer layer has been introduced between the organic molecules and the
metal cathode in the OPV cells to improve their PCE [10]. A LiF layer, acting as a cathode
buffer layer, increases the open-circuit voltage (Voc) of OPV cells [11]. Some studies on
the enhancement of the device performance in OPV cells have been performed by using
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thermal annealing treatment [12, 13]. Even though some studies concerning increases in
the shunt resistance, the built-in potential, and the PCE of OPV cells fabricated utilizing
poly (3-hexylthiophene) (P3HT):fullerene derivative [6, 6]-phenyl-C61-butyric acid methyl
ester (PCBM) BHIJs due to thermal annealing have been reported [14, 15], the effect of
thermal annealing time on the PCEs of heterojunction OPV cells made of P3HT:PCBM
BHIJs and dependent on thermal annealing time have not clearly clarified yet. Furthermore,
studies on the enhancement mechanisms of the PCE for OPV cells based on the hybrid
organic layer due to thermal annealing are necessary to enhance the device efficiency.

This paper reports data for the effect of thermal annealing time on the PCEs of
P3HT:PCBM BHIJ solar cells with a LiF cathode buffer layer. Absorption measurements
were performed to investigate the intensities and the positions of the absorption peaks, and
atomic force microscopy (AFM) measurements were carried out to investigate the surface
properties of the P3BHT:PCBM nanocomposites with a LiF layer. X-ray photoelectron
spectroscopy (XPS) measurements were performed to investigate the structural properties
of the layers. Current density-voltage (J-V) measurements were performed to investigate
the possibility of fabricating OPV devices based on P3HT:PCBM nanocomposites. The
PCE enhancement mechanisms of OPV cells due to thermal treatment were described on
the basis of the experimental results.

Experimental

Device Preparation

The OPV cells fabricated in this study were prepared on indium-tin-oxide (ITO)-coated
glass substrates, and the sheet resistance of the ITO thin film was approximately 10 €2/sq.
The ITO substrates were cleaned in acetone and isopropanol by using an ultrasonic cleaner
with a sonication amplitude of 135 W and a frequency of 42 kHz for 10 min. After
the chemically cleaned ITO-coated glass substrates had been treated with an ultraviolet-
ozone cleaner, poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS)
was spin-coated onto the ITO-coated glass substrates at 4500 rpm for 40 s in a glove box
under a high-purity N, atmosphere. The active layer consisting of the PAHT:PCBM solution
(20-mg/ml P3HT and 16-mg/ml PCBM) prepared in 1,2-dichlorobenzene was spin-coated
on PEDOT:PSS anode buffer layers at 1500 rpm for 60 s. Subsequently, the LiF cathode
buffer layers were deposited on the active layers by using thermal evaporation; then, an Al
layer with a thickness of 100 nm was formed. The active area of the fabricated cell was
2 mm x 2 mm. Finally, the fabricated OPV cells were annealed for 3, 5, or 10 min at 140°C
on a hot plate [16-18]. Figure 1 shows a schematic diagram of the fabricated OPV cells
consisting of a cathode buffer layer, Al/LiF/P3HT:PCBM/PEDOT:PSS/ITO structure.

Characterization Methods

The optical absorption spectra were measured by using an SHIMADZU UV-2401PC spec-
trophotometer. The AFM measurements were performed by using an XE-100 atomic force
microscope. XPS spectra were measured by using an ESCALAB spectrometer with an
excitation source. The evolutions of surface morphology were studied by using AFM, and
XPS with an Al Ko radiation source was used to determine the chemical bonding. The
current density-voltage (J-V) curves were measured by using a Keithley 2400 source meter
in the dark and under illumination. The photovoltaic characteristics were measured under
AM 1.5 simulated illumination with an intensity of 100 mW/cm?.
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Figure 1. Schematic diagram of the fabricated organic photovoltaic cells consisting of a cathode
buffer layer, AI/LiF/P3HT:PCBM/PEDOT:PSS/ITO structure.

Results and Discussion

Absorption Spectra

The absorption spectra of the P3HT:PCBM active layer with a 1-nm-thick LiF layer an-
nealed for 3, 5, or 10 min at 140°C were shown in Fig. 2. The thicknesses of the PAHT:PCBM
layers are not significantly changed due to the variations of the annealing temperatures.
While P3HT molecules in the P3HT:PCBM layer typically contributed to absorb in a long
wavelength region, the pristine PCBM molecules absorbed a short wavelength light [19].

The P3HT:PCBM active layer with a LiF layer annealed for 5 min showed the strongest
absorption intensity among all devices. While the absorption intensity of the PAHT:PCBM
thin film annealed for 10 min in the P3HT absorption region was similar to that of the film
annealed for 3 min, the absorption intensity corresponding to the PCBM region was low.
Because an absorption band was the characteristic peak due to the w-7* transition of the
P3HT molecules, the enhanced intensity of the sample annealed 5 min was attributed that
the - stacking of P3HT molecules was increased in the P3BHT:PCBM layer.

In addition, the improved absorption intensities for the P3BHT:PCBM layers annealed
for 5 min, in comparison with that for the layer annealed for 3 min, are attributed to
an increase in the light reflection between the P3HT:PCBM active layer and the LiF
heterointerface due to tight contact formation [20]. After 10 min annealing, the PCBM
absorption intensity dramatically decreased. The surface of the PCBM for the P3HT:PCBM
layer annealed at 10 min was not as uniform as that for the P3HT:PCBM layer annealed at
5 min, and was not significantly affected by the LiF layer.
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Figure 2. Normalized absorption spectra of the active P3BHT:PCBM layers with a LiF layer and
annealed for 3, 5, or 10 min at 140°C.

Surface Topology and Composition Analysis

AFM images of the P3BHT:PCBM layer with a LiF layer annealed for 3, 5, or 10 min at
140°C are shown in Fig. 3. The surface of the P3HT:PCBM layer with a LiF layer annealed
for 5 min was smoother than that of the P3BHT:PCBM layer with a LiF layer annealed for
3 or 5 min. The rough surface of the P3HT:PCBM annealed for 10 min was caused by
bulges on the surface of the layer resulting from an aggregation of the PCBM, leading to
the low absorption in the PCBM absorbing region [21]. The flat and uniform surface of the
P3HT:PCBM layer produced a high-quality heterointerface between the LiF layer annealed
for 5 min and the Al cathode, resulting in an effective decrease in the charge-transport
distance and the contact resistance [22].

Figure 4 shows XPS spectra of the P3BHT:PCBM layers with a LiF layer annealed for
3,5, or 10 min at 140°C. While the P3HT molecules contained sulfur without oxygen, the
PCBM molecules contained oxygen without sulfur. The S 2p and O 1s photoelectron peaks
corresponded to the P3HT and the PCBM molecules, respectively. The binding energy of
the P3BHT:PCBM layer with a LiF layer annealed for 3 min shifted to lower energy by as
much as 0.3 eV in comparison with that of the P3BHT:PCBM layer annealed for 5 or 10 min,
indicating that the PCBM was dispersed around the P3HT, which had not high crystallinity.
The S molecules were affected by the adjacent C molecules, for which the electronegativity
was smaller, resulting in the low binding energy of the P3HT:PCBM layer annealed for
3 min. The surface crystallinity of the P3HT:PCBM layer was enhanced with increasing
annealing time, which was confirmed by the XPS spectra. However, the XPS peak intensity
of the S 2p peak decreased with increasing annealing time, indicative of a decrease in the
amount of P3HT on the surface of the P3BHT:PCBM layer.

The binding energy of the O 1s photoelectron peak of the P3HT:PCBM layer annealed
for 3 min shifted to lower energy in comparison with that of the P3BHT:PCBM layer with
a LiF layer annealed for 5 or 10 min. The red shift of the O 1s peak for the P3HT:PCBM
layer annealed for 3 min was attributed to the effect of the PCBM on the P3HT. The
smaller shift of the O 1s photoelectron peak of the P3BHT:PCBM layer annealed for 10 min
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Figure 3. Atomic force microscopy images of the P3HT:PCBM layers with a LiF layer annealed for
(a) 3, (b) 5, or (c) 10 min at 140°C.
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Figure 4. X-ray photoelectron spectroscopy spectra of the P3BHT:PCBM layers with a LiF layer
annealed for 3, 5, or 10 min at 140°C: (a) S 2p and (b) O 1s core levels.

in comparison with that of the P3BHT:PCBM layer annealed for 5 min was related to the
longer annealing time and resulted from the Li* ion diffusion into the active layer [15]. The
diffusion of the Li* ions into the active layer resulted in an aggregation of the disturbed
PCBM molecules. XPS results showed that the surface concentrations of the P3HT and the
PCBM molecules decreased and increased with increasing annealing time. AFM images
showed that the surface of the P3BHT:PCBM layer with a LiF layer annealed for 10 min was
rough due to the aggregation of the PCBM. The low absorption in the PCBM region for the
P3HT:PCBM layer with a LiF layer annealed for 10 min originated from the aggregation
of the PCBM molecules. Some parts of the surface for the PCBM/AI cathode caused non-
uniform contacts between the Al cathode and the active layer and the generation of a dipole
layer at the PCBM/AI heterointerface with the electric field from the Al to the PCBM,
resulting in a decrease in V. [22].
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Figure 5. Current density-voltage curves of the as-fabricated photovoltaic cells based on the as

fabricated P3HT:PCBM nanocomposites with a LiF layer and on those annealed for 3, 5, or 10 min
at 140°C (a) in the dark and (b) under an AM 1.5 illumination power density of 100mW/cm?.

Current-Voltage Measurement

Figure 5(a) shows the J-V curves of the as-fabricated OPV cells and of those annealed for
3, 5, or 10 min at 140°C. While the J-V curve of the as-fabricated device was similar to
that of the device annealed for 3 min, the electrical performances of the devices annealed
for 5 or 10 min were much better than that of the as-fabricated device.

Even though a 3-minute annealing time was not enough to affect the electrical properties
of the device, a longer annealing time enhanced the device rectification. The leakage
current of the annealed OPV cells decreased with increasing annealing time, indicative
of good rectification. The OPV cells annealed for 10 min showed the best J-V curve.
The enhancement of the annealed OPV cells was attributed to improved crystallinity of
the active layer, resulting in a reduced leakage current. The J-V curves of the OPV cells
annealed for 3, 5, or 10 min under a white-light illumination with a power density of 100
mW/cm? are shown in Fig. 5(b). Illumination with an A.M. 1.5 lamp with a power density
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Table 1. Open-circuit voltage (V,,.), short-circuit current density (J,.), fill factor (FF), and
power conversion efficiency (PCE) of the as-grown photovoltaic cells and those annealed
for 3, 5, or 10 min at 140°C under A.M. 1.5 illumination with power density of 100 mW/cm?

Annealing time (min) Ve (V) Jse (mA/cm?) FF (%) PCE (%)
3 0.482 11.50 36.1 2.01
5 0.581 13.28 50.1 3.87
10 0.558 13.45 35.0 2.64
as-fabricated 0.514 11.59 35.0 2.08

of 100 mW/cm? caused the Al/LiF/P3HT:PCBM/PEDOT:PSS/ITO device to function as a
OPV cell. The V., the short-circuit current density (J,.), the fill factor (FF), and the PCE
of the OPV cells are summarized in Table 1. The performance of the as-fabricated device
was similar to that of the device annealed for 3 min. The V., Js, and PCE of the OPV
cells annealed for 3 min at 140°C are the lowest values among the annealed devices. The
decrease in the V. for the device annealed for 3 min at 140°C was attributed to the high
leakage current [23, 24], as shown in Fig. 5(a).

The active layers of the OPV cells annealed for 3 min at 140°C contained many defects,
resulting in an increase in the leakage current. The J. of the OPV cells decreased due to
the recombination between the defects in the active layer and photo-generated excitons
[25]. When the OPV cells were annealed for 5 min at 140°C, their PCE was significantly
improved. The values of the V., Js, and PCE of the OPV cells annealed for 5 min at 140°C
were 0.581V, 13.28 mA/cm?, and 3.87%, respectively. However, the PCE value of the OPV
cells annealed for 10 min at 140°C decreased to 2.64%. While the J,. value of the OPV
cells annealed for 10 min was slightly higher than that of the devices annealed for 5 min,
the corresponding V. and FF values were lower. Even though the OPV cells annealed
at 10 min showed the lowest leakage current and the best rectification ratio, the PCE of
the OPV cells annealed at 10 min was smaller than that of the devices annealed at 5 min.
The degradation in the performance of the P3BHT:PCBM layer annealed for 10 min was
dominantly caused by a decrease in the light absorption, a non-uniform contact between
the active layer and the Al cathode, and a decrease in the leakage current and rectification.

Conclusions

The effect of thermal annealing on the efficiency of heterojunction OPV cells fabricated
utilizing P3HT and PCBM was investigated. Absorption spectra showed that the absorption
intensity was the highest value for the P3BHT:PCBM layer with a LiF layer annealed for
5 min, resulting in the enhancement of the PCE of the OPV cells. AFM images showed that
the P3HT:PCBM layer annealed for 5 min had the smooth morphology among the several
samples with various annealing times. The improvement of the surface morphology of
the P3BHT:PCBM layer annealed for 5 min was attributed to a high-quality heterointerface
between the LiF layer and Al cathode, resulting in an effective decrease in the charge-
transport distance and the contact resistance. The XPS peak intensity of the S 2p peak
decreased with increasing annealing time, indicative of a decrease in the amount of P3HT
on the surface of the P3BHT:PCBM layer with LiF layer. The PCEs of the fabricated OPV
cells annealed for 5 min was enhanced approximately 92% more than that of the OPV
cells annealed for 3 or 10 min. These results can help improve understanding of the
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enhancement mechanisms of the PCE for the heterojunction OPV cells fabricated utilizing
the P3BHT:PCBM layer due to thermal treatment.
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