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Organic photovoltaic (OPV) devices are receiving increas-
ing attention because of their potential application for solar
energy conversion.[1] The advantages of using OPV devices
over inorganic systems are mechanical flexibility, light weight,
low cost, and fabrication at low temperature. Since the discov-
ery of ultra-fast photoinduced charge separation between
conjugated polymers and fullerenes,[2] organic solar cells pre-
pared from polymer semiconductors have been studied exten-
sively.[3–5] The so-called “bulk heterojunction” structure is
commonly used on account of its simple device structure and
thin-film processability. Recently, the external quantum effi-
ciency (EQE) of OPV devices prepared from poly(3-hexyl-
thiophene) (P3HT) and [6,6]-phenyl-C-61-butyric acid methyl
ester (PCBM) was improved through treatment thermally
and/or under an electric field.[6] In addition, Li et al. reported
a solvent annealing method that achieved a remarkable effi-
ciency (4.4 %).[5] Meanwhile, Ma et al. improved the efficien-
cy to 5 % through post-thermal annealing.[4] Apparently, the
annealing process is a key step toward obtaining high power
conversion efficiency (PCE).

Although thermal annealing is conventionally implemented
through thermal conduction methods, such as the use of hot-
plates or thermal ovens,[6,7] the energy loss and low efficiency
of energy usage during such processes can be problematic.[8]

Because the degree of microwave absorption depends on the
rotation of the dipoles of a material, microwave annealing,
which can be used to heat materials selectively, is a potential
approach toward enhancing the efficiency of energy usage.
Moreover, microwave heating is a non-contact, rapid heating
process;[8] for example, the heating rate for amorphous carbon
powders smaller than 1 lm can reach 1258 °C min–1 at room
temperature under microwave irradiation at 2.45 GHz.[9] In
addition, microwave-assisted annealing and sintering process-
es have been applied to improve the crystallization of amor-
phous silicon.[10] Only a few studies,[11,12] however, have fo-

cused on the behavior of conjugated polymers under
microwave irradiation. In this paper, we describe the applica-
tion of microwave annealing to enhance the efficiency of poly-
mer OPV devices (Fig. 1). The unique selectivity and short
annealing times might make this method suitable for the effi-
cient industrial production of OPV devices.

Figure 2a displays the current density-voltage (J–V) charac-
teristics of the PV devices annealed with microwaves for var-
ious exposure times. The performance increased upon increas-
ing the annealing time. The device that had not been annealed
exhibited poor performance: an open-circuit voltage (VOC) of
0.58 V, a short circuit current density (JSC) of 2.95 mA cm–2,
and a fill factor (FF) of 33.8 %; the calculated PCE was
0.58 %. After annealing for 20 s, the PCE increased to 0.81 %.
For the device annealed for 90 s, the values of JSC, FF, and
PCE reached 9.5 mA cm–2, 63.5 %, and 3.6 %, respectively.
Figure 2b shows the external quantum efficiency (EQE) spec-
tra of the devices with different annealing time. The device
with longer annealing time shows an increased efficiency over
a broad spectral range from 350 nm to nearly 650 nm. The
spectral shape almost remains unchanged after annealing, in-
dicating that the enhanced photocurrent is due to the im-
proved charge transport. Figure 3 further provides a summary
of the overall device performance with respect to the anneal-
ing time; the short circuit current density and fill factor both
improved upon increasing the annealing time.

To understand how the microwave process affected the de-
vice, it was necessary for us to monitor the temperature of the
device throughout irradiation. One method for in situ moni-
toring of temperature is the use of the fluorescent dye rhoda-
mine B, which decomposes thermally, as a temperature
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Figure 1. The device structure in this study and the microwave annealing
process.



probe.[13] The fluorescence intensity of rhodamine B decays
linearly upon increasing the temperature. After mixing this

thermally sensitive dye with the active materials on a temper-
ature-controllable hotplate, temperature calibration curves
were obtained by measuring the decay of the fluorescence in-
tensity at various temperatures; Figure 4a presents examples
of such calibration curves. For rhodamine B mixed with P3HT
or P3HT/PCBM, the fluorescence intensity decayed linearly
upon heating the sample from room temperature to 200 °C;
the correlation coefficients (R2) for both plots were greater
than 0.96. The relatively lower intensity of the P3HT/PCBM
system might be due to fluorescence quenching of rhodamine
B by PCBM, which is a strong electron acceptor.

To understand the heating effects in the device, we incorpo-
rated rhodamine B as an internal standard within the various
layers. By measuring the fluorescence intensity after micro-
wave processing, the temperature in each layer could be in-
ferred from the calibration curve (Fig. 4a). In Figure 4b, we
observe that the fluorescence intensity of rhodamine B itself
on the ITO substrate remained unchanged after microwave ir-
radiation, indicating that the amount of energy absorbed by
the ITO substrate was very low. Similarly, the temperature of
the PEDOT:PSS layer on ITO remained almost constant, in-
dicating that microwave irradiation did not affect this layer
either. In contrast, the intrinsic temperature of the P3HT/
PCBM layer on ITO increased rapidly upon increasing the an-
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Figure 2. Device performance after various microwave annealing times:
a) J–V characteristics measured under illumination of AM1.5G
(100 mWcm–2), and b) External quantum efficiency, EQE using mono-
chromatic light calibrated with a standard Si photodiode.
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Figure 3. Effects of the microwave annealing times on the values of the
a) open circuit voltage (VOC), b) short circuit current density ( JSC), c) fill
factor (FF), and d) power conversion efficiency (PCE).
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Figure 4. a) Temperature calibration curves of the fluorescence intensi-
ties of the active layers mixed with rhodamine B. b) In situ temperature
measurements of various materials on the ITO anode and Ca/Al cath-
ode.



nealing time (Fig. 4b). Thus, we infer that microwave irradia-
tion could penetrate through the glass/ITO/PEDOT:PSS
layers and be absorbed directly by the active layer during mi-
crowave annealing.

The interactions between materials and microwaves are
usually described in terms of the penetration depth, d, which
is the distance from the sample surface where the absorbed
power is 1/e of the absorbed power of the surface. This value
is given by the expression[9]

d � 1
�����������
pf lr

� (1)

where f is the frequency of the microwaves, l is the perme-
ability of the material, and r is the material conductivity. This
equation implies that materials having higher conductivities,
such as metals, have smaller penetration depths for micro-
waves.[8] For example, the penetration depth of Al is
ca. 1.2 lm.[14] Therefore, even for metals that usually have
high heating rates, the heating is non-trivial.[9] On the other
hand, because the thickness of the metal cathodes in our de-
vices was only ca. 100 nm, i.e., less than the penetration depth
of typical metals, these cathodes should absorb microwave en-
ergy.[15] As a result, the active layer on the metal (Ca/Al) was
heated most effectively (Fig. 4b), because both organic and
metal materials can absorb microwaves. Combining the heat
from both layers, the active layer could be heated to 140 °C
within 90 s. In summary, the microwaves could indeed heat
the organic active layer and the cathodes selectively. Addi-
tionally, we note that the measured temperature for the
optimized device efficiency was similar to those reported
previously for other thermal annealing methods (ca. 110–
150 °C).[3,4,7]

The mobility of conjugated polymers plays an important
role in determining the device efficiency.[16] Moreover, the
hole mobility of polythiophenes increases when the polymer
film becomes crystalline.[17] To confirm whether reorganiza-
tion processes occurred for the polymer blend after micro-
wave annealing, the crystallinity of the annealed active layers
on aluminum was examined using in-plane grazing incidence
X-ray diffraction (XRD; Fig. 5). The diffraction pattern dis-
plays two sets of reflections: the three low-angle diffraction
peaks indexed as (h00) (h = 1–3) and the peak indexed (010),
which can be attributed to the reflections of P3HT.[4,18] The
former peaks are associated with the crystallographic direc-
tion along the alkyl side chains (a axis); the latter is associated
with the p-stacking direction of the backbones consisting of
polythiophene (b axis).[18] In addition, the d spacings at (100)
and (010) are 1.61 and 0.38 nm, respectively. From the en-
hanced intensity of the (100) peak, it is clear that the crystal-
linity was improved after thermal or microwave annealing.
Recrystallization of the polymer chains was activated by the
thermal energy supplied by either thermal or microwave an-
nealing.

The improved device performance, especially in terms of
the values of JSC and FF, implies a decrease in series resis-
tance. After calculating the series resistance from the J–V

characteristics in the dark, we found that the device series re-
sistance reduced from 58.3 X (without annealing) to 24.1 X
after microwave annealing for 90 s. This reduced resistance
indicates that the efficiency of charge transport and/or collec-
tion was improved after performing the annealing processes.
The result is consistent with the previous XRD data because a
lower resistance is expected for a more-ordered P3HT thin
film.[4]

In conclusion, we have found that microwave irradiation is
a selective heating (annealing) method for improving the
efficiency of OPV devices. Whereas no heating effect of the
microwaves occurred at the anode, the microwaves selectively
heated the active organic materials and the cathode. X-ray
diffraction analysis indicated that microwave annealing facili-
tated the crystallization of P3HT, thereby increasing the de-
vice efficiency.

Experimental

The device structure is illustrated in Figure 1. For the device
fabrication, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (Baytron® PVP P) was first spin-coated onto indium tin
oxide (ITO)-coated glass substrates, which had been pretreated with
UV ozone. After thermal annealing of the PEDOT:PSS film at 140 °C
for 1 h, the active layer, P3HT (Rieke Met. Inc.) and PCBM (Nano-C)
(1:1 weight ratio), was then spin-coated from 1,2-dichlorobenzene
(DCB) to form a (156 ± 10) nm-thick thin film. Finally, Al (100 nm)
electrode was deposited as the cathode through thermal evaporation.
After encapsulation by UV-curing epoxy, the device was irradiated
with microwaves at 2.45 GHz, 600 W, and in a multimode cavity. The
current density-voltage (J–V) curves were measured using a Keithley
2400 source-measure unit. The photocurrent was obtained under illu-
mination from a Thermal Oriel solar simulator (AM1.5G). The illumi-
nation intensity was calibrated using a standard Si photodiode detector
equipped with a KG-5 filter (Hamamatsu, Inc). The calibration
method, based on the IEC-69094-1 spectrum, followed procedures
described previously [19]. The fluorescence intensity was pumped at
533 nm from a 100-W Hg arc lamp; the emission intensity at 570 nm
was collected by a photomultiplier tube. The home-made system used
for fluorescent detection has been described elsewhere [13].

Received: March 27, 2007
Revised: May 22, 2007

C
O

M
M

U
N

IC
A
TI

O
N

3522 www.advmat.de © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2007, 19, 3520–3523

5 10 15 20 25

(010)(300)
(200)

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

)

2 Theta (degrees)

 By microwave annealing

 By thermal annealing

 Pristine P3HT/PCBM

(100)

Figure 5. XRD spectra of P3HT:PCBM films drop-cast onto Al substrates
after performing various treatment processes.
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