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Converting solar energy into electricity provides a
much-needed solution to the energy crisis the world is
facing today. Polymer solar cells have shown potential to
harness solar energy in a cost-effective way. Signiﬁcant
efforts are underway to improve their efﬁciency to the
level of practical applications. Here, we report highly
efﬁcient polymer solar cells based on a bulk heterojunction
of polymer poly(3-hexylthiophene) and methanofullerene.
Controlling the active layer growth rate results in an
increased hole mobility and balanced charge transport.
Together with increased absorption in the active layer, this
results in much-improved device performance, particularly
in external quantum efﬁciency. The power-conversion
efﬁciency of 4.4% achieved here is the highest published
so far for polymer-based solar cells. The solution process
involved ensures that the fabrication cost remains low and
the processing is simple. The high efﬁciency achieved
in this work brings these devices one step closer
to commercialization.
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olymer solar cells have evolved as a promising cost-eﬀective
alternative to silicon-based solar cells1–3 . Some of the
important advantages of these so-called ‘plastic’ solar cells
include low cost of fabrication, ease of processing, mechanical
ﬂexibility and versatility of chemical structure from advances in
organic chemistry. However, low eﬃciency4–6 of these plastic solar
cells limits their feasibility for commercial use. The eﬃciencies
of polymer photovoltaic (PV) cells got a major boost with
the introduction of the bulk heterojunction (BHJ) concept7,8
consisting of an interpenetrating network of electron donor and
acceptor materials. This concept has also been demonstrated in
small-molecular organic PVs9 . It is argued that owing to the
space–charge eﬀects inherent in the BHJ structure, the ﬁll factor
(FF) is usually low and the disordered structure will be ultimately
limited by high series resistance10 . To achieve a highly eﬃcient
PV device, solar radiation needs to be eﬃciently absorbed, for
which the device thickness needs to be increased. However, this
will further increase the series resistance of the device. Here we
demonstrate that the series resistance of the polymer BHJ PV cells
can be signiﬁcantly reduced by polymer self-organization (to values
as low as 1.56  cm2 ) by controlling the growth rate of the active
polymer layer from solution to solid state. The FF also increased
to a value of more than 67%, which is among the highest values
reported for polymer solar cells. As a result, we achieved device
power conversion eﬃciency (PCE) of 4.4% under the standard
AM1.5G 1 Sun test condition. The PV cells fabricated in this study
are made by a solution-based process and large device area can be
achieved by this process at relatively low cost.
The polymer PV device in this study consisted of an active layer
of poly(3-hexylthiophene): [6,6]-phenyl-C61 -butyric acid methyl
ester (P3HT/PCBM) sandwiched between metallic electrodes. The
thickness of the active layer was ∼210−230 nm and the active
device area was roughly 0.11 cm2 . The growth rate of the
polymer layer was controlled by varying the ﬁlm solidiﬁcation
time. The details on device fabrication process and characterization
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Figure 2 Effect of ﬁlm growth rate on EQE of polymer solar cells. EQE
measurements are plotted for P3HT/PCBM photovoltaic cells for two types of active
layer: slow grown (no. 1) and fast grown (no. 7). The efﬁciency maximum for
slow-grown ﬁlm is ∼63% which is more than three times that of fast-grown
ﬁlm (∼19%).
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Figure 1 Effect of thermal annealing and ﬁlm growth rate on the performance of
the plastic solar cells. a, The different J–V curves correspond to the devices with
active layer before (no. 1) and after thermal annealing at 110 ◦ C for 10 min (no. 2),
20 min (no. 3) and 30 min (no. 4). The active layer thickness was ∼210 nm and the
ﬁlm growth time was ∼20 min. b, J–V characteristics under illumination for devices
with different ﬁlm growth rates by varying the solvent evaporation time, tevp . The t evp
for different ﬁlms were 20 min (no. 1), 3 min (no. 5), 40 s (no. 6) and 20 s (no. 7).

techniques are given in the Methods section. Encapsulated devices
were brought to the National Renewable Energy Laboratory
(NREL), Colorado, for testing under the Standard Test Condition
(STC). On the basis of the mismatch between the eﬃciency
measurements at University of California Los Angeles (UCLA) and
NREL, a correction factor was created by the UCLA team and
applied to similar measurements done at UCLA (see Methods for
details). The current–voltage (J –V ) curves under illumination for
four devices with annealing times (tA ) of 0 (device no. 1), 10 (no. 2),
20 (no. 3) and 30 min (no. 4) are shown in Fig. 1a. The annealing
was performed at 110 ◦ C. After annealing for 10 minutes (device
no. 2), the short-circuit current (JSC ) increases slightly from 9.9 to
10.6 mA cm−2 and the FF increases from 60.3 to 67.4%, which
is among the highest FFs in organic solar cells. The open-circuit
voltage (VOC ) remains unchanged after annealing. As a result, the
PCE improves from 3.5% (no. 1) to 4.4% (no. 2). Under the
dark conditions, the rectiﬁcation ratios are close to 107 at a bias
of 2 V for all four devices. The reason behind the high FFs of
our devices is believed to be the signiﬁcantly large thickness of

the active layer. The thickness of the active layer makes it free of
pinholes and microcracks and all devices show very high shunt
resistance of 180–640 M as derived from the J –V characteristics
measured under dark conditions. To our knowledge, these values
are the highest reported for organic solar cells. The ultrahigh shunt
resistance reduces the noise equivalent power (NEP) of the device
and makes it ideal for photodetector applications. Moreover, the
surface of the active layer becomes smoother on annealing, which
enables a very good, defect-free contact with the metal cathode,
thereby increasing the FF values. Based on 16 devices of the same
kind (no. 2, tA = 10 min), the eﬃciency variation is 4.2 ± 0.2%.
Although the formerly highest reported PV cell eﬃciency is for a
P3HT/PCBM system in the 1:2 wt/wt ratio5 , various independent
studies have shown that the 1:1 wt/wt ratio should be superior11,12 .
It has also been reported that to absorb greater than 95% of
the incident light over the wavelength range of 450–600 nm, a
P3HT ﬁlm of 240 nm thickness is needed2 . With P3HT/PCBM
of 1:1 wt/wt ratio and the reﬂective cathode, 210–230-nm-thick
P3HT/PCBM ﬁlm eﬃciently absorbs incident light. It is widely
believed that the fundamental limitation of the photocurrent of
polymer solar cells is because of the low mobility of the holes in
donor polymer3 . Compared with the devices with P3HT/PCBM
of 1:2 wt/wt ratio, the donor/acceptor network transports holes
more eﬃciently in 1:1 wt/wt ratio, resulting in a more balanced
electron and hole transport. Time-of-ﬂight (TOF) measurements
on P3HT/PCBM blend ﬁlms with diﬀerent wt/wt ratios veriﬁed
that only 1:1 wt/wt ratio ﬁlm gives balanced, non-dispersive
electron and hole transport. The much improved FF of 67.4% for
our devices supports this argument.
The highly regular chain structure of poly(3-alkylthiophene)s
(P3ATs) facilitates their self-organization into two-dimensional
sheets by means of inter-chain stacking13 . Self-organization has
been shown to improve ﬁeld-eﬀect carrier mobility in RR-P3HT
by more than a factor of 100 to 0.1 cm2 V−1 s−1 (refs 14,15). The
slow growth will assist the formation of self-organized ordered
structure in the P3HT/PCBM blend system. However, the ordering
in this blend system might be diﬀerent from the kind of ordering
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Figure 3 Effect of ﬁlm growth rate on the mobility of charge carriers in the
active layer. TOF signals of slow-grown (no. 1) and fast-grown (no. 7) ﬁlms plotted
in a semi-log scale. Note that μ h in fast-grown ﬁlm (no. 7) is signiﬁcantly lower
compared with μ e in the ﬁlm, as well as compared with μ h and μ e in the
slow-grown ﬁlm (no. 1). Also, the hole transport is dispersive in ﬁlm no. 7 and the
carrier transport is unbalanced. Films in TOF devices were prepared the same way
as cells in this study and their ﬁlm thickness is ∼1 μm.

observed for pristine P3HT ﬁlms, in the sense that the presence
of PCBM molecules will have an eﬀect on the stacking of the
polymer chains16 . The degree of self-organization can be varied by
controlling the ﬁlm growth rate or, in other words, by controlling
the time it takes for the wet ﬁlms to solidify. In Fig. 1b we
compare the J –V characteristics of four devices with diﬀerent
solvent evaporation times (tevp ) after spin-coating, judging by visual
inspection of the change in ﬁlm colour when it solidiﬁes from
the liquid phase. Device no. 1 was covered in a glass petri dish
while drying and had tevp ∼ 20 min, no. 5 was left open in N2
ambient and had tevp ∼ 3 min, no. 6 and no. 7 were dried by putting
on hot plate at 50 and 70 ◦ C, respectively, and had tevp ∼ 40 and
20 s. The JSC reduces from 9.9 to 8.3, 6.6 and 4.5 mA cm−2 , and
the device series resistance, RSA , increases from 2.4 to 4.5, 12.5
and 19.8  cm2 with reducing tevp . Series and shunt resistances
were derived from the slope of the J –V characteristic curve under
dark conditions close to 2 and 0 V, respectively17 . The FF also
consistently decreases from 60.3 to 52.0%. The low RSA of 2.4  cm2
(for device no. 1) achieved is comparable to that of much thinner
devices18 (∼48 nm), underlining the eﬀect of self-organization. The
summary of device performance for various PV devices fabricated
in this work (device nos 1–7) is provided in Table 1. Figure 2 shows
the results of external quantum eﬃciency (EQE) measurements for
two types of device, slow grown (no. 1) and fast grown (no. 7).
The parameters for the highest eﬃciency device (no. 2) are shown
in bold. The EQE for the device with fast-grown ﬁlm shows a
maximum of ∼19% at a wavelength of 350 nm. On the other hand,
for the device with slow-grown ﬁlm, the EQE maximum increases
by more than a factor of three to ∼63% at 500 nm. The integral of
the product of this absolute EQE and the global reference spectrum
yields a JSC of 9.47 mA cm−2 , which matches closely to the JSC that
we measured for this particular device. This increase in EQE over
the wavelength range of 350–650 nm contributes to the increase
in the PCE of our devices. We believe that this enhancement in
EQE originates from two important contributions, an increase in
the charge-carrier mobility and increased absorption in the active
866
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Figure 4 Effect of ﬁlm growth rate and thermal annealing on the absorbance of
the P3HT/PCBM ﬁlms. Ultraviolet–visible absorption spectra for ﬁlms of
P3HT/PCBM (in 1:1 wt/wt ratio), for both slow-grown (no. 1) and fast-grown (no. 7)
ﬁlms, before (solid line) and after (dashed line) annealing. The ﬁlms were spun cast
at 600 r.p.m. for 60 s (ﬁlm thickness ∼ 210 nm) and the annealing was done at
110 ◦ C for 20 min.

Table 1 Summary of device performance for various PV devices in the work.
Device no.
1
2
3
4
5
6
7

JSC
(mA cm−2 )

VOC
(V)

PCE
(%)

FF
(%)

RSA
( cm2 )

9.86
10.6
10.3
10.3
8.33
6.56
4.50

0.59
0.61
0.60
0.60
0.60
0.60
0.58

3.52
4.37
4.05
3.98
2.80
2.10
1.36

60.3
67.4
65.5
64.7
56.5
53.2
52.0

2.4
1.7
1.6
1.6
4.9
12.5
19.8

layer. The discussion on the eﬀect of slow growth rate on the chargecarrier mobility and the absorption spectra of the ﬁlms follows.
A TOF study was conducted on slow-grown (no. 1) and
fast-grown (no. 7) ﬁlms at an electric ﬁeld strength of E ∼ 2 ×
105 V cm−1 . The ﬁlm-preparation method for TOF measurements
was the same as that for device fabrication to maintain
maximum similarity for reliable comparison. As clearly seen in
Fig. 3, in the ﬁlm prepared with conditions similar to device
no. 1 (or the slow-grown ﬁlm), both the electrons and holes
transport non-dispersively with electron and hole mobilities of
μe = 7.7 × 10−5 and μh = 5.1 × 10−5 cm2 V−1 s−1 , whereas for
ﬁlm no. 7, fast growth leads to dispersive hole transport and
a signiﬁcant reduction in μh to 5.1 × 10−6 cm2 V−1 s−1 . The
electron mobility increases slightly to 1.1 × 10−4 cm2 V−1 s−1 . The
destruction of ordered structure during fast growth is believed
to be the reason for this. For the slow-grown ﬁlm, μh is
similar to (or slightly higher than) the values reported earlier for
poly(p-phenylenevinylene)/PCBM blends19,20 and the ratio between
electron and hole mobilities is close to unity (μe /μh ∼ 1.5)
resulting in balanced carrier transport in the active layer. When
the charge transport in the device is unbalanced (for example,
in the pristine P3HT/PCBM system where μh is signiﬁcantly
lower than μe ) hole accumulation occurs in the device and the
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Figure 5 Effect of growth rate and thermal annealing on the morphology of the active layer. AFM height images of the P3HT/PCBM composite ﬁlms
(PCBM concentration = 50 wt%) showing a 5 μm× 5 μm surface area. a, Slow-grown ﬁlm (no. 1) before thermal annealing. b, Slow-grown ﬁlm (no. 1) after thermal
annealing at 110 ◦ C for 10 min. c, Fast-grown ﬁlm (no. 7) before thermal annealing. d, Fast-grown ﬁlm (no. 7) after thermal annealing at 110 ◦ C for 20 min. Note that the
colour scale for the ﬁlms a and b is 0–100 nm, whereas for ﬁlms c and d it is 0–10 nm.

photocurrent is space–charge limited16 . The photocurrent is then
governed by a square-root dependence on bias and an FF above
40% is unachievable21 . However, when the carrier transport is
more balanced, the current is not limited by space–charge eﬀects
and high FFs are possible. For example, blending PCBM into a
poly(phenylene vinylene) derivative has shown to increase the hole
mobility by a factor of 200 compared with the pristine polymer
ﬁlms, resulting in μh being lower than μe by only an order of
magnitude16 . As a result, FF values of up to 60% can be achieved
for PV devices based on these polymer/PCBM blends4 . For our
devices μe /μh of only 1.5 results in FF values of more than 67%.
For devices with active layer thickness larger than the mean carrier
drift length of the charge carrier, the device performance is limited
by the carrier with lower mean free path (holes)22 . To maintain
the electrical neutrality in the device, the unbalanced transport will
result in a loss in eﬃciency by increased recombination. The more
balanced transport of holes and electrons in slow-grown ﬁlms will
therefore result in better device performance. On the other hand,
for the fast-grown ﬁlm, the unbalanced electron and hole transport
and the signiﬁcantly reduced μh results in low photocurrent and
poor FF.
The measured optical densities for slow-grown (no. 1) and
fast-grown (no. 7) ﬁlms are shown in Fig. 4, before and after
thermal annealing at 110 ◦ C for 20 min. Compared with the
ﬁlm dried at 70 ◦ C (no. 7), the absorption in the red region
of the slow grown ﬁlm (no. 1) is much stronger. The three
vibronic absorption shoulders (peaks) are much more pronounced
in ﬁlm no. 1, indicating a higher degree of ordering23 . After
annealing at 110 ◦ C for 20 min, the absorbance of ﬁlm no. 7
shows signiﬁcant increase and the vibronic features become clearer,
indicating a partial recovery of ordering. During the fast growth of
the ﬁlm, the orientation of P3HT supermolecules is forced by the
short timescale and is not thermodynamically stable. On thermal

annealing, the chains become mobile and self-organization can
occur to form ordering. Signiﬁcant red-shift appears in the more
ordered ﬁlms as high crystalline order involves an enhanced
conjugation length and hence a shift of the absorption spectrum to
lower energies23 . The observed enhancement of conjugation length
is consistent with our TOF results. As the ﬁlm thickness is same
for all four ﬁlms, the change in absorption spectra is believed to
be a result of increased inter-chain interaction and not because
of an increase in ﬁlm thickness. For the slow-grown ﬁlm (no. 1),
the absorption spectrum shows no signiﬁcant diﬀerence before
and after thermal annealing, further strengthening our argument
that the slow-grown ﬁlm already has a high degree of ordering.
X-ray diﬀraction (XRD; Bede Microsource D1 Diﬀractometer)
is a standard method for investigating crystalline structures.
XRD studies on pure poly(3-alkylthiophene) ﬁlms have been
reported13,24–26 . From the preliminary XRD measurements on the
slow-grown P3HT/PCBM-blend ﬁlms we could not clearly identify
crystalline peaks. Although P3HT is among the polymers with
highest degree of crystalline structure, P3HT ﬁlm is still mostly
amorphous. In the blend ﬁlm, with 1:1 wt/wt ratio, P3HT and
PCBM each act as heavily doped impurities of their counterpart
and inhibit their formation of crystalline structure. Thus, the
ordered structure indicated by absorption spectroscopy is at most
nanocrystalline in structure in the ﬁlm, and the detection is beyond
the capability of our XRD system. Only indirect evidence for
increased ordering can be seen from the increase in the roughness
of the ﬁlms (discussed in the following), increased inter-band
absorption from absorption spectra and increased mobility from
TOF measurements.
Figure 5 shows the atomic force microscopy (AFM) images
of the slow-grown (no. 1) and fast-grown (no. 7) ﬁlms, before
and after thermal annealing. For ﬁlm no. 1, the surface is very
rough with r.m.s. roughness, σ , of 11.5 nm (Fig. 5a). The ﬁlm
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after 10 min of annealing at 110 ◦ C shows similar σ ∼ 9.5 nm
(Fig. 5b), but the texture is smoother than that of un-annealed
ﬁlm. For ﬁlm no. 7, a very smooth surface with σ ∼ 0.87 nm
is observed (Fig. 5c). After heating at 110 ◦ C for 20 min, the
roughness increases with σ ∼ 1.9 nm (Fig. 5d). By comparing these
results with device performance, we ﬁrst suspected that the rough
surface may eﬀectively reduce the charge-transport distance and
increase the JSC , at the same time providing nanoscaled texture
that further enhances internal light scattering and light absorption.
However, using the surface-area calculation function in our AFM
program, the surface area in the roughest ﬁlm was found to be
only 0.4% more than that of an absolutely ﬂat ﬁlm. Thus, these
mechanisms can only account for minor eﬃciency improvement
at most. Instead, the rough surface is probably a signature of
polymer (blend) self-organization, which in turn enhances ordered
structure formation in the thin ﬁlm. This assumption is strongly
supported by (i) the very rough surface of slow-grown thick
ﬁlm, (ii) signiﬁcant roughness increment after annealing of fastgrown thick ﬁlm and (iii) roughness increment after annealing of
thin ﬁlms18 , all of which signiﬁcantly enhance device eﬃciency.
The peak to valley height of the slow-grown ﬁlm is ∼100 nm,
corresponding to ∼50% of the mean thickness. Thermal annealing
of P3AT ﬁlms has been shown to enhance crystallization and
increase the μh in PV cells5 . However, this might not be true
for well-ordered thick ﬁlms such as those in our case, as seen
from the absorption spectra and no signiﬁcant increase in JSC
on annealing. We observed that FFs tended to increase when
devices were left in the vacuum for long times. Thus, we suspect
annealing the slow-grown ﬁlms might mainly help in removing
the residue solvent, reducing the free volume and improving
the interface with the electrode, instead of inducing further selforganization in already ordered ﬁlms. As a result of annealing,
the number of trapping sites is reduced for carrier transport
and extraction. Another possible mechanism is the improvement
of cathode contact from morphology change. After annealing,
the surface of slow-grown ﬁlm becomes smoother and this in
turn improves the organic/cathode contact. Annealing at 110 ◦ C
reduces RSA from 2.41 to 1.56  cm2 , which is among the lowest
values reported for similar device dimensions. Along with a better
balanced charge transport this gives a very high FF of 67.4% and the
PCE of 4.4%. Similar series resistance values have been reported
earlier for devices based on P3HT11,27 , poly(p-phenylenevinylene)
derivative28 and copper phthalocyanine29 ; however, in our case
the carrier transport is more balanced, as observed from the
TOF measurements.
These results will help in better understanding the underlying
relationship between the polymer morphology and the device
performance and will subsequently help in enhancing the
eﬃciencies of plastic solar cells to a level of practical applications.

METHODS
The polymer PV devices were fabricated by spin-coating a blend of P3HT/PCBM in 1:1 wt/wt ratio,
sandwiched between a transparent anode and a cathode. The anode consisted of glass substrates
pre-coated with indium tin oxide (ITO), modiﬁed by spin-coating polyethylenedioxythiophene/
polystyrenesulphonate (PEDOT/PSS) layer (∼25 nm), and the cathode consisted of Ca (∼25 nm)
capped with Al (∼80 nm). Before device fabrication, the ITO-coated (∼150 nm) glass substrates were
cleaned by ultrasonic treatment in detergent, deionized water, acetone and isopropyl alcohol
sequentially. A thin layer (∼30 nm) of PEDOT/PSS (Baytron P VP A1 4083) was spin-coated to modify
the ITO surface. After baking at 120 ◦ C for 1 h, the substrates were transferred to a nitrogen-ﬁlled
glove box (<0.1 p.p.m. O2 and H2 O). P3HT (purchased from Rieke Metals, used as received) was ﬁrst
dissolved in 1,2-dichlorobenzene (DCB) to make 17 mg ml−1 solution, followed by blending with
PCBM (purchased from Nano-C, used as received) in 50 wt%. The blend was stirred for ∼14 h at
40 ◦ C in the glove box. The active layer was obtained by spin-coating the blend at 600 r.p.m. for 60 s
and the thickness of ﬁlm was ∼210−230 nm, as measured with a Dektek proﬁlometer. The active
device area was 0.11 cm2 . Spin-coating at 600 r.p.m. left the ﬁlms wet, which were then dried in
covered glass petri dishes. Before cathode deposition, the ﬁlms were thermally annealed at 110 ◦ C for
various times. Testing was done in N2 under simulated AM1.5G irradiation (100 mW cm−2 ) using a
xenon-lamp-based solar simulator (Oriel 96000 150W Solar Simulator). The ﬁlms used in TOF
measurements were spun-cast on ITO-coated glass substrates from P3HT/PCBM 1:1 wt/wt ratio
solution (100 mg ml−1 total, DCB as solvent) and then Al was deposited as electrode. Immediately
following the spin-coating, the ﬁlms were either kept in covered petri dish for slow growth or were
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baked at 70 ◦ C for ∼30 s for fast growth. The thickness of the ﬁlms for TOF measurements was ∼1 μm.
The absorption spectra were taken using a Varian Cary 50 Ultraviolet–Visible Spectrophotometer.
To mimic the device fabrication conditions, all of the ﬁlms were spun-cast on PEDOT/PSS-covered
silica glass, also used as the absorption baseline. A Digital Instruments Multimode Scanning Probe
Microscope was used to obtain the AFM images. The ﬁlm preparation conditions for the AFM
measurements were kept the same as device fabrication for accurate comparison.
Encapsulated devices were brought to NREL, Colorado, for testing of PCE and EQE under STC.
NREL measured a set of devices, the best yielding 3.6% eﬃciency. There was a mismatch between the
results for the same devices as measured at UCLA, probably the result of spectral mismatch primarily
owing to a poorly matched reference cell. Although the open circuit voltages and FFs were the same,
the currents and eﬃciencies as measured by NREL were only 84% of those measured in our lab. This
0.84 correction factor was applied to the larger set of devices measured at UCLA to obtain correct
eﬃciency values. The eﬃciency values reported in this work are all after the correction. Although the
eﬃciency values are calibrated, we did not consider three important factors: (i) device degradation
during shipping to NREL owing to non-ideal encapsulation; (ii) reduction in eﬀective device area on
reaction with epoxy after encapsulation; and (iii) the optical losses owing to reﬂection by glass
substrate and absorption from ITO.
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