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Effects of active layer thickness and thermal annealing on polythiophene:
Fullerene bulk heterojunction photovoltaic devices
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The effect of thermal annealing on photovoltaic devices comprising
poly�3-hexylthiophene�:�6,6�-phenyl C61 butyric acid methyl ester �P3HT:PCBM� with thicknesses
up to 1200 nm was investigated. Without thermal annealing, the efficiency of the as-prepared
devices decreased with increasing active layer thickness, reflecting largely a reduction in the
short-circuit current density and an inverse photocurrent spectral response. Thermal annealing of the
full devices was found to substantially recover thick-film device efficiencies while reducing the
thin-film device efficiencies. The profound variations in photovoltaic characteristics were
interpreted in terms of vertical phase separation in the P3HT:PCBM blend film and Li+ diffusion
from the LiF/Al contact. © 2010 American Institute of Physics. �doi:10.1063/1.3474654�

The power conversion efficiency of organic photovoltaic
�OPV� devices has steadily improved over the last decade
due in large part to continuous refinements in the device
structures based on planar1 or bulk2 heterojunctions. Among
the most studied OPV devices to date is the poly�3-
hexylthiophene�: �6,6�-phenyl C61 butyric acid methyl ester
�P3HT:PCBM� bulk-heterojunction cell based on a donor-
acceptor blend film produced by casting a solution of P3HT
and PCBM. In order to achieve high efficiency in OPV de-
vices, the solution-cast P3HT:PCBM films are often sub-
jected to thermal3,4 or solvent-vapor annealing5,6 or both to
produce a bicontinuous phase in the film and to induce for-
mation of crystalline P3HT domain. Thermal annealing of
devices completed with electrodes has also been used to im-
prove the device performance.5 The highest efficiency re-
ported for P3HT:PCBM devices is about 4%–5%,4,5 which is
obtained for a P3HT:PCBM layer with a thickness in the
range of 100–250 nm. Although a thicker layer is desirable
for light absorption, thick-film P3HT:PCBM devices have
been found to be generally less efficient than thin-film de-
vices, and are therefore, seldom explored in detail.7 Low
carrier mobility8 and chemical purity issues9 are often cited
as the reasons for the inefficiency associated with thick-film
OPV devices in general. In this study we have examined
systematically a series of P3HT:PCBM photovoltaic devices
where the active layer thickness is varied from 130 to 1200
nm. We will show that the device efficiency is strongly de-
pendent on the layer thickness and can be profoundly af-
fected by thermal annealing of the full device.

The OPV devices employed for this study have the
structure ITO /MoOx�3 nm� /P3HT:PCBM�z nm� /
LiF�0.8 nm� /Al�100 nm�, where the active layer is a
P3HT:PCBM blend at 1:1 mass ratio with thickness z vary-
ing from 130 to 1200 nm. The transparent front contact is
glass / ITO /MoOx, where MoOx is used to improve the ITO
contact,10 and the back contact is LiF/Al which is commonly
used as ohmic contact in OPV devices11 as well as organic
light emitting diodes.12 The details of the device fabrication

and measurement procedures were described in Ref. 13. Fig-
ure 1�a� shows the current density-voltage �J-V� curves for a
series of OPV devices without thermal annealing. The corre-
sponding photovoltaic performance parameters: power con-
version efficiency ���, short-circuit current density �JSC�,
open-circuit voltage �VOC� and fill factor �FF� are listed in
Table I. The notable features are: �1� regardless of the
P3HT:PCBM layer thickness the photocurrent exhibits a
relatively weak dependence on the reverse bias voltage,
yielding a FF of about 0.62 for all devices; �2� as the film

a�Electronic mail: chtang@che.rochester.edu.

FIG. 1. �Color online� J-V characteristics under 100 mW /cm2 white light
illumination of �a� OPV devices with varying active layer thicknesses before
thermal annealing, and �b� a 1200 nm OPV device thermally annealed at
110 °C up to 120 min.

APPLIED PHYSICS LETTERS 97, 053305 �2010�

0003-6951/2010/97�5�/053305/3/$30.00 © 2010 American Institute of Physics97, 053305-1

Downloaded 23 May 2012 to 38.107.179.216. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3474654
http://dx.doi.org/10.1063/1.3474654
http://dx.doi.org/10.1063/1.3474654


thickness increases from 130 to 1200 nm, the JSC decreases
sharply from 8.2 to 1.3 mA /cm2 along with a modest de-
crease in VOC from 0.58 to 0.50 V. The absorption spectra of
the P3HT:PCBM films �Fig. S1 of Ref. 13� show a main
peak at 515 nm with two shoulders at 560 and 610 nm,
which are characteristic of crystalline P3HT.4,5 The spectral
responses are shown in Fig. 2�a� as plots of external quantum
efficiency �collected charge per incident photon� as a func-
tion of wavelength. For the thin-film devices, the spectral
response tracks approximately the P3HT:PCBM absorption
spectrum with a maximum �EQE of about 50% in the spectral
range of 500 to 600 nm. As the P3HT:PCBM film thickness
increases, the spectral response shows an increasingly in-
verse behavior with �EQE descending to a minimum in the
absorption region. For the thick-film devices �800–1200 nm�,
the maximum �EQE is only about 10% and shifted toward the

P3HT absorption edge at 630 nm, and the minimum �EQE is
below 5% at the absorption region of 500–600 nm. The high-
est � obtained without annealing is 2.9% for the 130 nm
device, whereas the lowest � is 0.4% for the 1200 nm
device.

The effect of thermal annealing is shown in Fig. 1�b�,
where the J-V curves are plotted for a thick-film device
�1200 nm�. This device was subjected to 110 °C annealing
over a cumulative period of 2 h. It can be seen that signifi-
cant improvements in OPV characteristics are obtained even
with an annealing time as short as a few minutes. The JSC
increases steadily upon annealing, reaching a maximum
value of 10.1 mA /cm2 after 40 min, along with an increase
in VOC from 0.50 to 0.62 V. However, the FF is decreased
from 0.64 to 0.40, yielding an overall increase in efficiency
from 0.4% prior to annealing to 2.6% for a cumulative an-
nealing of 90 min at 110 °C. Further annealing has resulted
in deterioration of OPV device performance. As shown in
Fig. S2 in Ref. 13, thermal annealing does not significantly
alter the absorption spectrum of the P3HT:PCBM layer. In
contrast, the spectral response of the OPV device is dramati-
cally affected by thermal annealing, reverting from inverse to
normal behavior upon increasing the annealing duration as
shown in Fig. 2�b�. In fact, �EQE values as high as 60% are
obtained around the absorption maximum region of 500–600
nm for this device after annealing for 90 min. The effects of
thermal annealing on devices of various P3HT:PCBM layer
thicknesses are summarized in Table I where the OPV pa-
rameters for the devices before and after annealing at 110 °C
for 20 min are compared. It can be seen that whereas the
efficiency of the thick-film devices �570–1200 nm� is signifi-
cantly improved upon thermal annealing, the efficiency of
the thin-film devices �130–220 nm� is adversely affected un-
der the same annealing condition. In fact, thermal annealing
has led to a steep drop in efficiency from 2.9% to 1.1% in the
thinnest device �130 nm�, reflecting a large decrease in JSC
from 8.2 to 4.4 mA /cm2 and in FF from 0.61 to 0.42. For
comparison, the efficiency drops from 2.7% to 1.7% for the
220 nm device and remains essentially unchanged at 2.3%
for the thicker 370 nm device.

Qualitatively, the trend in OPV efficiency upon thermal
annealing can be explained in terms of a graded-composition
model and lithium diffusion from the back LiF/Al electrode.
The graded-composition model is based on the phenomenon
of vertical phase separation in which the P3HT and PCBM
components in the blended film segregate spontaneously
during deposition or induced by various postdeposition
treatments, resulting in different photogeneration

TABLE I. Performance parameters of OPV devices with varying active layer thicknesses before and after
thermal annealing at 110 °C for 20 min.

Thickness
�nm�

Unannealed Annealed

JSC

�mA /cm2�
VOC

�V� FF
�

�%�
JSC

�mA /cm2�
VOC

�V� FF
�

�%�

130 8.2 0.58 0.61 2.9 4.4 0.57 0.42 1.1
220 7.6 0.58 0.61 2.7 5.3 0.60 0.54 1.7
370 6.4 0.58 0.62 2.3 6.7 0.61 0.57 2.4
540 3.9 0.55 0.61 1.3 8.7 0.61 0.53 2.8
830 1.6 0.52 0.65 0.5 11.3 0.61 0.45 3.1

1200 1.3 0.50 0.64 0.4 9.2 0.61 0.40 2.3

FIG. 2. �Color online� �a� Spectral responses of OPV devices with varying
active layer thicknesses before thermal annealing; the dotted curve repre-
sents the spectral response from a 1200 nm device under illumination
through the semitransparent back contact. �b� Spectral responses of a 1200
nm OPV device thermally annealed at 110 °C up to 120 min.
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efficiencies.14–16 To explain the low efficiency of the thick-
film devices prior to thermal annealing, we posit that
P3HT:PCBM has a graded composition with a low-
efficiency, presumably P3HT-rich, phase adjacent to the
ITO /MoOx surface and a high-efficiency, presumably
PCBM-rich, phase on top. By acting essentially as a filter to
block light penetration to the PCBM-rich phase, the P3HT-
rich phase causes an inverse spectral response and a large
reduction in efficiency. To confirm this explanation, a 1200
nm device was fabricated with a transparent Al �2 nm�/Ag�10
nm� in place of a thick Al �100 nm� as the back electrode. By
illumination through this back electrode, a normal spectral
response �shown in Fig. 2�a�� was obtained consistent with
the absorption spectrum of P3HT as opposed to an inverse
spectral response obtained with illumination through the
front ITO /MoOx electrode.

The recovery of efficiency along with the reversal of the
spectral response from inverse to normal upon thermal an-
nealing for the thick-film devices can be attributed to the
thermally activated molecular diffusion of PCBM into the
P3HT-rich bottom phase, forming crystalline PCBM do-
mains, which in effect transforms the inefficient P3HT-rich
phase to a more efficient phase with a balanced P3HT:PCBM
composition. Such an effect has also been previously ob-
served for C60 �Ref. 17� and PCBM �Ref. 18� in polymer/
fullerene bilayer films with thermal annealing.

The effect of thermal annealing on the thin-film devices
appears to contradict the graded composition model. The ef-
ficiency of the thin-film devices is relatively high prior to
thermal annealing, indicating that the inefficient P3HT-rich
phase, if present, is not thick enough to affect the device
performance. In any case, it would be difficult to associate
the degradation in efficiency in these devices upon thermal
annealing with the presence or absence of such a layer. We
note that the dark current has increased significantly with
thermal annealing of the thin-film devices. As shown in Fig.
S3 of Ref. 13, the log J-V plots reveal an excessively high
reverse dark current density ��1 mA /cm2 at �1 V� for the
annealed 130 nm device with LiF/Al as the back electrode.
In contrast, the annealed 130 nm device with only Al as the
back electrode exhibits a dark current density that is lower
by almost three orders of magnitude. These results indicate
that the diffusion of Li+ ion from the LiF/Al source and the
possible formation of Li+PCBM− complexes in the
P3HT:PCBM layer is responsible for the increased conduc-
tivity in the 130nm device.19 Moreover, the presence of Li+

throughout the thin P3HT:PCBM layer, which is detrimental
to the photogeneration process, is also the likely cause for
the degradation of efficiency upon thermal annealing of the
thin-film devices. In the absence of Li+, as in devices with
only Al as the back electrode, the high efficiency can gener-
ally be retained or even improved in thin-film P3HT:PCBM
devices with thermal annealing, as observed in this study and
also reported by Ma et al.4 For thick-film devices with
LiF/Al electrode, the reverse leakage current remains rela-
tively low, as shown in Fig. S3 of Ref. 13 for a 1200 nm

device, indicating that Li+ diffusion into the thick
P3HT:PCBM layer is range or source limited and apparently
does not cause significant loss in efficiency to offset the large
gain from penetraction of PCBM domain due to thermal an-
nealing.

In summary, bulk heterojunction P3HT:PCBM photovol-
taic devices with a layer thickness up to 1200 nm were char-
acterized with respect to thermal annealing of the full device
structure. Without annealing, the short circuit current density
and power conversion efficiency both decreased with in-
creasing film thickness. Concomitantly, the spectral response
revealed an increasing inverse behavior. Annealing at
110 °C was found to increase dramatically the efficiency of
the thick-film devices while decrease that of the thin-film
devices. These variations in device characteristics can be un-
derstood in terms of vertical phase separation in
P3HT:PCBM films and Li+ diffusion from the Al/LiF back
contact.
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