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The effects of annealing and fullerene loading in regioregular poly�3-hexylthiophene� �P3HT� and
1-�3-methoxycarbonyl�-propyl-1-phenyl-�6,6�C61 �PCBM� based bulk heterojunction photovoltaics
have been investigated. Under specific loading and annealing conditions, a combination of
morphological and electronic factors can be brought to play to achieve optimal filling factors,
open-circuit voltage �Voc�, and short-circuit current density �Jsc�. We demonstrate that this occurs at
surprisingly low loadings of PCBM and annealing temperatures nearing the melting point of the
polymer. Further, we report power conversion efficiencies approaching 5% in the P3HT:PCBM
system. © 2005 American Institute of Physics. �DOI: 10.1063/1.2006986�

The use of organic conjugated polymers as a photovol-
taic system has seen an exciting growth in interest recently as
developments in organic synthesis and device fabrication
technologies have continued to raise the power conversion
efficiencies. Perhaps one of the most exciting systems is
based on the poly �3-alkylthiophene� family of polymers.
Specifically, photovoltaic power conversion efficiencies of
1.5% and 3.5% have been reported now by research groups
working with poly�3-octylthiophene� �Ref. 1� and P3HT,2 re-
spectively. The most common approach, and indeed the ap-
proach to the highest efficiencies in this system are based on
bulk heterojunction formation within the photoactive layer
using PCBM, a fullerene derivative, as an electron acceptor
nanophase. Conceptually, this phase allows for bulk separa-
tion of photoinduced excitons, and high mobility removal of
the “electron” through the nanophase. The thiophene host
phase typically has high “hole” mobilities3 and thus the de-
vices remain charge balanced allowing for relatively large
filling factors to be generated.

The difficulty in these systems arises when we account
for the effects of morphological modifications in the
thiophene phase due to the introduction of the nanophase.
That is, properties of the thiophene host phase: Crystalliza-
tion, mobility, etc., might well depend on the properties of
the blended nanophase, yielding unsuspected consequences
to the performance of the device. Thus, there have been a
significant number of studies that investigate the effects of
processing parameters in the blended photoactive phase. Un-
fortunately, no conclusive result as to the optimal processing
of the nanophase for device performance has been obtained
to date. In fact, the most recently high efficiency cells were
reported with concentrations of the nanophase PCBM as 1:4
with the poly�2-methoxy-5-�3� ,7�-dimethyloctyloxy�-1,4-
phenylene vinylene� �MDMO-PPV� �Ref. 4� whereas with
P3HT ratios between 1:2 and 1:3 have been studied.2,5 In the
case of polythiophene and PCBM the optimum weight ratio
is still unclear. However, Chirvase et al.6 show that the maxi-
mum power conversion efficiency occurs between 1:1 and

1:0.9. Further, the charge balance depends on overall film
thickness and most researchers do not disclose under which
conditions their optimal concentrations are relevant.

In this work, we examine directly the effects annealing
in an “optimally filled” PCBM:P3HT organic photovoltaic
device at a specific film thickness. In this study, optimal
loading values were determined for unannealed devices and
the effects of post fabrication annealing yield power conver-
sion efficiencies that approach 5%.

Thin film photovoltaic devices were prepared by first
dissolving the PCBM �American Dye Source� in chloroben-
zene. P3HT �Aldrich: Regioregular with an average molecu-
lar weight, Mw=87 kg mol−1, without further purification�
was blended into the PCBM solutions. Subsequently, the
blend was filtered �0.2 �m, Teflon�.

The devices were prepared on glass/indium-tin oxide
�ITO� �delta technologies Rs=10 Ohm square−1� substrates.
The substrates were thoroughly cleaned in an ultrasonic bath
with methanol, acetone, and isopropyl alcohol successively
for 20 min, and dried in a dry nitrogen stream. The substrates
were then exposed to ozone for 90 min. Poly�3,4-
ethylenedioxythiophene�:poly�styrenesulfonate� �PEDOT:
PSS� �Baytron P� was deposited by spin coating at 4000 rpm
and then dried at 80 °C for 10 min. Subsequently, the
P3HT:PCBM solutions were deposited through spin casting
at 1500 rpm. The morphology of representative films was
determined using atomic force microscopy ��AFM� JEOL
JSPM-5200� in noncontact mode �because these were ex-
posed to atmospheric conditions for long times during imag-
ing, they were not used for the creation of test devices�. LiF
�Aldrich� and Al �Sigma-Aldrich� electrodes were deposited
via thermal evaporation with approximately 3–4 Å and
100 nm thick, respectively. The active layer is 0.19 cm2.
Once the electrodes were deposited, the devices were encap-
sulated in an inert atmosphere �dry nitrogen glovebox�.

It is known that in polymer: Fullerene bulk heterojunc-
tions the open-circuit voltage �Voc� is derived primarily by
the energy difference between the lowest unoccupied mo-
lecular orbital of the acceptor and the highest occupied mo-
lecular orbital of the donor. However, the dependence on
fullerene content in the bulk heterojunction has also been
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observed to affect the Voc, short-circuit current density �Jsc�,
and efficiency values ���.6,7 The optimal ratio of PCBM to
P3HT, for these studies, was determined from unannealed
devices separately. The ratio was varied such that the solu-
tion’s solid content was a constant, yielding a constant film
thickness for the active layer in each device at a given spin
speed. In the unannealed devices, an optimal PCBM:P3HT
ratio of 0.8:1 was found in rough agreement with other
sources.6 For the unannealed devices, the performance char-
acteristics were: Voc=0.65 V, Jsc=3.86 mA cm−2, FF
�fill factor�=0.34, and �pc �power conversion efficiency�
=1.11%. We note that these values are in slight variation
with those found by other researchers. However, the device
structures used in those studies are slightly different.

Once the optimal loading was determined for the active
layer, and holding all other variables constant, a set of three
devices were fabricated using the 0.8:1 PCBM:P3HT loading
ratio, encapsulated �as described above� and then annealed at
80 °C, 105 °C, and 155 °C for different times in the study.
We note that the melting point temperature of P3HT �regio-
regular� has been reported to be �230 °C by differential
scanning calorimetry analysis.8

All device measurements were performed at room tem-
perature. The current-voltage �I-V� curves of the devices
were measured using a Keithley 236 Source Measure Unit.
The solar simulator used was an AM1.5G from Oriel. The
illumination intensity used was 80 mW cm−2. The intensity
in the simulator was adjusted with neutral density filters and
calibrated with a National Institute of Standards photodetec-
tor.

Shown in Fig. 1 is a comparison of the I-V response
�curves� from annealed and unannealed devices. The unillu-
minated I-V characteristics or “dark conditions I-Vs” are
shown as squares in Fig. 1�a� for the unannealed devices and
triangles in Fig. 1�a� for devices annealed at 155 °C for
5 min. The overall shape of the curves under dark, forward
bias conditions is essentially the same suggesting that little

modification to band bending at the interfaces has occurred
due to heating. In the dark, under reverse bias, no changes in
the I-V slope have occurred. However, a substantial offset in
the current is observed reflecting the higher overall mobility.
The illuminated curves also show this offset with few other
differences.

Shown in Fig. 2 are the performance characteristics as
each of the devices are annealed. We note that since the
devices are encapsulated, they generally show constant per-
formance characteristics over the time frames of the experi-
ments presented here. Each of the curves was collected for a
single device, i.e., triangle in Fig. 2 is one device annealed
and tested then annealed for longer periods and tested con-
sequently, etc. Notice that for the highest-temperature device,
the performance �as determined by power conversion effi-
ciency�, and FF decreases with annealing time �shown in
triangle in Figs. 2�d� and 2�c�, respectively�. However, for
both of the lower-temperature annealed devices, the perfor-
mance continues to rise with annealing time. This suggests a
thermally activated kinetic process for the improvement in
device performance. We suggest that this is not due to the
removal of solvent but rather, better polymer chain ordering
within the thin film allowing for high mobilities �as reflected
in the FF curve�. While the electronic transport mechanism
in P3HT is not rigorously established, due to its complex
heterogeneous structure on a mesoscopic length scale, struc-
tural order and orientation influences on the electronic prop-
erties have been observed �cf., e.g., Sirringhaus et al.�.9 It has
been reported that when a polythiophene is annealed to a
temperature higher than its glass-transition temperature, en-
hanced crystallization of the polymer results.10 As a result of
this crystallization, hole conductivity of the polythiophene
increases dramatically.11,12

The temperature dependence of the short-circuit current
has been previously observed in polymer-fullerene,13,14

polymer-PBCM �Ref. 15� photovoltaic devices. In our case,
the maximum Jsc occurred at 155 °C for 5 min annealing
times �Fig. 2�a��. The maximum Jsc obtained was reached
�11.1 mA cm−2�, larger than those seen in previous reports.
The large Jsc value is surprising since the PCBM nanophase,
in our case, is so diffuse that fullerene-fullerene hopping
should be relatively small at room temperature. However, the
overall polymer crystallinity has improved due to annealing
as stated above. Thus, hole mobility has likely increased. We

FIG. 1. J-V characteristics of ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al
heterojunction unannealed and annealed device �a� in a linear plot and �b� in
a logarithmic scale.

FIG. 2. Influence of the duration of the annealing on �a� the short-circuit
current density, �b� open-circuit voltage, �c� FF, and �d� power conversion
efficiency for different temperatures.
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note that our devices show an increase in FF from 0.34 to
0.54, as we increase the annealing temperature from
80 °C to 155 °C �Fig. 2�c��. This suggests an increase in
carrier transport and results in an overall power efficiency of
�pc�4.9±0.2% �Fig. 2�d��.

The sharp change in performance parameters, such as
Voc, and Jsc, cannot be explained fully by changes in the
overall polymer crystallinity for bulk heterojunction systems.
It has been observed by other researchers that Voc can depend
strongly on the PCBM loading levels.7 Two competing views
of this phenomenon have been taken. The first is that this is
purely an electronic effect, and arises due to the overall
change in itinerate carrier concentration. This, correspond-
ingly, yields changes in the band bending at the electrodes.
Alternatively, it has been suggested that the morphology of
the PCBM nanophase changes with loading, leaving more
aggregate clusters near the contacts of the device at higher
loadings.7 In these studies, the loading levels were held con-
stant and the overall film morphology was modified through
annealing. This leads to the same observed trends as for the
increase in loading. That is, as the films are annealed the Voc
decreases as shown in Fig. 2�b�. This behavior was also ob-
served by Chirvase et al.15 We interpret this as resulting from
diffusion of the PCBM phase away from the contact area.
This is supported by the changes observed in the overall film
morphology as determined by AFM. Shown in Fig. 3 are
images of film before and after annealing. Notice in the be-
fore case �Fig. 3�a�� and �Fig. 3�c��, the film is rough over
very fine ��0.1 �m� length scales. After annealing, the root-
mean-square �rms� height variation increases over the micron
scale, but at the submicron level, the film is relatively

smooth. We attribute the smaller features seen in the unan-
nealed films to very small aggregates of PCBM, where as in
the annealed film, feature size is significantly larger, suggest-
ing larger aggregates, perhaps covered by a polymer layer,
are present. While this is clearly not conclusive, it does sup-
port the view that aggregate morphology is the likely expla-
nation for shifts in the Voc both in our studies �with anneal-
ing� and with loading as observed by other researchers.

In summary, we have presented the effects of annealing
in a PCBM:P3HT photovoltaic device. The studies were
done with a single loading ratio of PCBM to P3HT, found to
be optimum in the unannealed system. Short-time annealing
treatments of 155 °C were found to result in devices that
have a conversation efficiency of �4.9%, Voc=0.6 V, and Jsc

of 11.1 mA cm−2. Moreover, analysis of changes in the film
morphology suggests that these improved photovoltaic char-
acteristics arise due to changes in the films crystallinity and
aggregation within the films PCBM nanophase. This leads to
the natural conclusion that such morphological control over
bulk heterojunction systems might provide a route to higher
efficiency organic devices in the future.
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FIG. 3. AFM comparison of P3HT:PCBM, and their respective profile
analysis ��a� and �c��, unannealed and ��b� and �d�� annealed
�155 °C,5 min� composite films.
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