
Chin. Phys. B Vol. 23, No. 11 (2014) 118802

Effects of acetone-soaking treatment on the performance of polymer
solar cells based on P3HT/PCBM bulk heterojunction∗
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The improvement of the acetone-soaking treatment to the performance of polymer solar cells based on the
P3HT/PCBM bulk heterojunction is reported. Undergoing acetone-soaking, the PCBM does not distribute uniformly in
the vertical direction, a PCBM enrichment layer forms on the top of the active layer, which is beneficial to the collec-
tion of the carriers and blocking the inverting diffusion carriers. X-ray photoelectron spectroscopy (XPS) analysis reveals
that the PCBM weight ratio on the top of the active layer increases by 20% after the acetone-soaking treatment. Due to the
nonuniform distribution of PCBM, the short-circuit current density, the open-circuit voltage, and the fill factor are enhanced
significantly. Finally, the power conversion efficiency of the acetone-soaking device increases by 31% compared with the
control device.

Keywords: polymer solar cells, solvent treatment, vertical phase separation, morphology

PACS: 88.40.jr, 84.60.Jt, 64.75.St, 73.50.–h DOI: 10.1088/1674-1056/23/11/118802

1. Introduction

Polymer solar cells have recently attracted considerable
attention in both academia and industry for their unique ad-
vantages of compatibility with lightweight flexible substrates,
large area fabrication, high-throughput productivity, low man-
ufacturing cost, and extensive material source.[1–3]

The most intensively studied device structure of the poly-
mer solar cells is the bulk heterojunction (BHJ), blending
conjugated polymers (electron donor) with soluble fullerene
derivatives (electron acceptor).[4] Among the blended mate-
rials of conjugated polymers and fullerene derivatives, a poly
(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) system has been intensively investigated
as a prototype polymer solar cell.[2] This is attributed to its
high degree of crystallinity, high hole mobility, broad absorp-
tion spectrum, and suitable band gap.[5]

Numerous improved approaches have been developed
to increase the power conversion efficiency (PCE) of
P3HT/PCBM BHJ polymer solar cells, such as optimiz-
ing the morphology of the active layer,[6] adding a buffer
layer,[7] changing the electrode material,[8] introducing a sur-
face plasmon resonance,[9] and using the tandem structure.[10]

Among these approaches, controlling the morphology of the
P3HT/PCBM blend film is the most crucial way for achiev-

ing a good device performance.[1] An ideal morphology of
the active layer requires nanoscale phase separation with a
bicontinuous interpenetrating network, which not only can
provide a large interface between electron donor and elec-
tron acceptor for efficient exciton dissociation, but also can
offer continuous and independent charge transport channels
for better charge transport.[11] The nanoscale phase separation
consists of lateral phase separation and vertical phase sepa-
ration, both of which should be optimized for satisfying the
device operation.[12] The phase separation in the lateral di-
rection has attracted more attention over the past ten years,
and several process conditions and post-treatments have been
proposed, such as choosing appropriate solvents,[13] varying
the blend ratio of donors and acceptors,[14,15] slow drying of
spin-coated films,[16] adding additives into the solution of the
active layers,[17,18] thermal annealing,[19,20] and solvent vapor
annealing.[21,22]

Besides, it is worth noting that the component distribu-
tion of the donor and the acceptor molecules along the vertical
direction is also crucial. As is well known, holes are trans-
ported to the indium tin oxide (ITO) anode through the path-
ways of the electron donor materials while electrons are trans-
ported to the metal cathode along the network of the electron
acceptor materials.[11] Consequently, an ideal vertical phase
separation with the donor towards the anode and the accep-
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tor towards the cathode is favorable for reducing the trans-
port distance of holes and electrons, which then improves the
ability of charge transportation. Furthermore, this distribu-
tion can effectively suppress the recombination of holes and
electrons at the electrode (or buffer layer)/active layer inter-
faces and is beneficial for charge collection. Over the past
few years, the vertical morphology of the P3HT/PCBM blend
films has been investigated by variable-angle spectroscopic el-
lipsometry (VASE),[23,24] neutron reflectivity (NR),[25–27] X-
ray reflectivity (XRR),[28] X-ray photoelectron spectroscopy
(XPS),[4,11] and near-edge X-ray absorption fine structure
spectroscopy (NEXAFS).[24,29,30] Most of the results demon-
strate that P3HT with lower surface energy tends to segregate
at the air/active layer interface and PCBM with higher surface
energy inclines to enrich at the substrate/active layer interface,
which could minimize the interfacial free energy.[31] These
findings suggest that the spontaneous vertical phase segrega-
tion during spin-coating is unfavorable for the carrier collec-
tion and transportation in the regular structure device.

To optimize the vertical morphology, thermal
annealing[1,5,30] and buffer layer applications[4,23,24,29] were
first proposed by some researchers. Recently, solvent surface
treatment methods were proposed for the sake of controlling
the vertical phase separation. Li et al.[11] presented a methanol
(CH3OH)/carbon disulfide (CS2) mixed solvent soaking ap-
proach to simultaneously optimize the lateral and the vertical
nanoscale phase separations of the active layer, and obtained
a better performance than the thermal annealed device. Yang
et al.[2] fabricated high short-circuit current (JSC) devices
with ethylene glycol monomethyl ether (EGME) spin-coating
treatment before the zinc oxide nanoparticles (ZnO NPs) or
lithium fluoride (LiF) cathode buffer layer and the Al cathode
depositions. They suggested that the high JSC is attributed
to the formation of a PCBM-rich superficial region induced
by the EGME treatment. In this study, we introduce a new
acetone-soaking treatment approach and demonstrate that this
approach can control the vertical morphology of the P3HT/
PCBM polymer cells, resulting in the enhancement of the
efficiency.

2. Experimental details
The device was fabricated on an ITO-coated glass sub-

strate with the following structure: ITO-coated glass substrate/
PEDOT:PSS/ P3HT:PCBM/ Al. Poly(3-hexylthiophene)
(P3HT, Mw = 68000 g/mol, regioregularity = 95%) was ob-
tained from Rieke Metals Inc, and [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) was purchased from the Nano-
C company. The typical solution used in this study for the
spin-coating active layer was prepared as follows. P3HT and
PCBM were dissolved in chlorobenzene (Alfa Aesar, 95%) in

a 1:0.8 w/w ratio to form a 27-mg/mL solution. The blend so-
lution was stirred in a glove box filled with N2 at 45 ◦C for
12 h.

The ITO-coated glass substrate was cleaned with de-
tergent, deionized water, acetone, and ethanol in an ultra-
sonic treatment, and then dried with N2. The surface of
the ITO-coated glass substrate was treated by UV-ozone
for 15 min. As an anode modulation layer, poly (3,4-
ethylenedioxylenethiophene):polystyrene sulfonic acid (PE-
DOT:PSS, H.C.Stark) was spin-casted (3000 rpm) on the sub-
strate with a thickness of 40 nm from the aqueous solution
(after passing through a 0.22 µm filter). The substrate was
dried at 140 ◦C for 20 min in air and then transferred into a
glove box to complete the following steps. The P3HT:PCBM
blend solution was spin-coated at 1500 rpm onto the top of
the PEDOT:PSS layer, and baked at 80 ◦C for 10 min to re-
move the residual solvent. After that, the substrate was soaked
in the acetone solvent for 15 s, and then the substrate was re-
moved from the acetone and dried with N2 immediately. Sub-
sequently, thermal evaporation was used to deposit a 100 nm
thick aluminium (Al) electrode onto the surface of the active
layer in a vacuum of 4× 10−4 Pa. Finally, thermal annealing
was carried out at 150 ◦C on a hot plate for 30 min. The active
area of the device was 0.04 cm2.

The current density–voltage (J–V ) characteristics of the
device were measured by a computer-controlled Keithley 6430
source measure unit. An AM 1.5 xenon-lamp-based solar sim-
ulator (San-Ei Electric) with an intensity of 100 mW/cm2 was
used to provide the illumination. The external quantum ef-
ficiency (EQE) measurements were carried out using a solar
cell QE/IPCE measurement system (Zolix solar cell scan100).
An ultraviolet–visible (UV–Vis) absorption spectrophotometer
(Shimadzu, UV-3101PC) was used to study the absorption of
the blend film, which was prepared using the same method as
that for device fabrication. X-ray photoelectron spectroscopy
(XPS) was performed using an ESCALAB 250 XPS analysis
system with a monochromated Al Kα X-ray source. For the
non-annealed films, the XPS measurement was directly per-
formed without Al deposition. For the post-annealing films
with Al deposition, the Al electrode was removed with a di-
luted aqueous solution of sodium hydroxide (NaOH) after
thermal annealing. Then the exposed surface was rinsed with
deionized water, dried with N2, and measured by XPS.

3. Results and discussion
The J–V characteristics of the P3HT/PCBM polymer so-

lar cells with and without acetone treatment are shown in
Fig. 1, and the device parameters are summarized in Table 1.
The corresponding data were measured under AM 1.5 illumi-
nation from a calibrated solar simulator with an irradiation in-
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tensity of 100 mW/cm2. As shown in Table 1, the device with-
out acetone treatment shows a limited performance: the short-
circuit current density (JSC) is 7.88 mA/cm2, the open-circuit
voltage (VOC) is 0.62 V, the fill factor (FF) is 55%, and the
power conversion efficiency (PCE) is 2.70%. When acetone
is used to modify the active layer, the PCE has a significant
enhancement of 31% from 2.70% to 3.54% with simultaneous
improvements in JSC (8.46 mA/cm2), VOC (0.64 V), and FF
(65%). It is a significant improvement for the P3HT/PCBM
polymer solar cells, considering there is no cathode modifica-
tion layer used in our experiments.
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Fig. 1. (color online) The current density–voltage characteristics of
solar cells based on P3HT/PCBM blends with and without acetone-
soaking treatment under AM 1.5 illumination of intensity 100 mW/cm2.

Table 1. Device performances of P3HT/PCBM blend solar cells with
and without acetone-soaking treatment.

Treatment JSC/mA·cm−2 VOC/V FF/% PCE/%

None 7.88 0.62 55 2.70

Acetone 8.46 0.64 65 3.54

Figure 2 shows the results of external quantum efficiency
(EQE) measurements for devices with and without acetone
treatment. The EQE of the pristine device shows a maximum
of 58% at the wavelength of 500 nm. On the other hand, for the
device with acetone treatment, the EQE maximum increases
to 60% at a wide wavelength range from 460 nm to 510 nm.
Comparing the two curves, the obvious enhancement in the
wavelength range of 390–600 nm after the acetone treatment
contributes to the increases in JSC and PCE of the device. The
slight decrease in the wavelength range of 300–390 nm does
not affect JSC and PCE very much. As a consequence, the
device with acetone treatment shows a stronger photoelectric
response than the pristine one.

In polymer solar cells, the device performance strongly
depends on the photoabsorption, exciton separation, charge
transportation, and charge collection. The exciton dissociation
rate in the BHJ structure is nearly 100%, so the enhancement
of the device with acetone treatment could be attributed to the

improvements in photoabsorption, carrier transportation, and
carrier collection.

Figure 3 shows the UV–Vis absorption spectra of the
blend films with and without acetone treatment. The absorp-
tion of P3HT around 500 nm does not change significantly
after being soaked in the acetone solvent, which indicates that
acetone has a negligible effect on P3HT. However, the absorp-
tion of PCBM around 330 nm decreases obviously without any
shift in the wavelength. The previous reports showed that the
absorption of PCBM changes and the maximum absorption
wavelength of the PCBM molecules is almost constant when
the amount of PCBM in the blend film is changed.[15] There-
fore, the result in this test indicates the reduction of PCBM in
the solvent treated active layer, which demonstrates the slow
dissolution of PCBM in acetone. For the whole effective ab-
sorption wavelength range from 300 nm to 650 nm, the blend
film with the acetone treatment does not exhibit any superi-
ority in absorption intensity and even shows a lower absorp-
tion peak of PCBM than the pristine film. On the contrary,
as shown in Fig. 2, the EQE increases obviously in the wave-
length range from 390 nm to 600 nm and has a very slight de-
crease in the range of 300–390 nm. The comparison of Figs. 2
and 3 implies that the enhanced performance of the device
soaked in acetone should be attributed to the charge carrier
transportation and collection rather than the absorption.
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Fig. 2. (color online) The EQE spectra of solar cells based on
P3HT/PCBM with and without acetone-soaking treatment.

300 400 500 600 700

0

0.2

0.4

0.6

A
b
so

rp
ti
o
n
/
a
rb

. 
u
n
it
s

Wavelength/nm

pristine

with acetone treatment

Fig. 3. (color online) UV–Vis absorption spectra of P3HT/PCBM blend
films with and without acetone-soaking treatment.
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In order to investigate the variation of the PCBM content
in the active layer, X-ray photoelectron spectroscopy was used
to measure the surface composition of the P3HT/PCBM blend
film. From XPS, the weights and molar ratios of the compo-
nents can be calculated from the peak intensities of the indi-
vidual elements.[4] Because carbon exists in both P3HT and
PCBM, the C (1s) atomic fraction represents the total content
of P3HT and PCBM. Sulphur only exists in P3HT, so the S
(2p) atomic fraction represents the content of P3HT. We can
calculate the weight percentages of P3HT and PCBM at the
active layer surface according to the atomic fractions of S (2p)
and C (1s).

Table 2 summarizes the atomic fractions of C (1s) and S
(2p) and the weight percentages of P3HT and PCBM for the
surfaces under different treatments. As shown in the first two
rows of Table 2, the non-annealed film was measured before
the deposition of the Al electrode. For the surfaces without and
with acetone treatment, the atomic ratios of C (1s) and S (2p)
are very similar, which causes the almost equal P3HT ratios
for non-treatment (89.26%) and acetone-treatment (89.02%)
films. The high concentration of P3HT, which is nearly 90%
at the top surface of the blend film, is attributed to the surface
energy difference of the components. It is reported that P3HT
shows a relatively lower surface energy (26.9 mJ/m2) than
PCBM (37.8 mJ/m2),[3] and the surface composition changes
to minimize the interfacial free energy.[31] Therefore, in or-
der to reduce the free energy, P3HT inclines to accumulate
on the top surface during spin-coating and forms a possible
electron injection barrier. Similarly, the composition at the
bottom surface of the active layer tends to be PCBM rich, cre-
ating a possible hole injection barrier.[29] So the enrichment
of both P3HT and PCBM after spin-coating is adverse to the
charge carrier transport and collection in the regular structure.
Through some experiments, we find that PCBM has a low sol-
ubility in acetone while P3HT cannot dissolve in acetone, so
the PCBM content in the acetone treated surface should de-
crease by the dissolution. However, the PCBM weight ratio
of the acetone treated surface (10.98%) is close to that of the
non-treatment surface (10.74%) in our result.

Table 2. Atomic and weight fractions at the top surfaces of
P3HT/PCBM blend films without and with acetone-soaking treatment,
before and after post-annealing at 150 ◦C for 30 min.

Annealing Treatment
Atomic/% Weight/%

C (1s) S (2p) P3HT PCBM

None
none 92.05 7.95 89.26 10.74

acetone 92.08 7.92 89.02 10.98

Post-anneal
none 95.70 4.30 51.76 48.24

acetone 97.44 2.56 31.93 68.07

For the post-annealed film with Al deposition, the aque-
ous solution of sodium hydroxide (NaOH) was used to remove

the Al electrode, and then the active layer was measured by
XPS. This approach can provide us with the real composition
of the surface under the Al electrode in the post-annealed de-
vice. In the last two lines of Table 2, the S (2p) atomic ratios
of the post-annealed films (4.30% and 2.56%) are much lower
than those of the non-annealed films (7.95% and 7.92%),
which indicates that the proportion of P3HT:PCBM at the
top surface is changed distinctly after post-annealing. The
PCBM weight percentage of the film without solvent treat-
ment increases from 10.74% to 48.24%. This could also be
explained by the surface energy theory as follows: Al has
a greatly higher surface energy (> 103 mJ/m2)[32] than PE-
DOT:PSS (45.7 mJ/m2),[11] PCBM with a relatively high sur-
face energy is likely to diffuse to the Al electrode because of
the surface energy inversion between the top surface and the
bottom surface,[1] and the thermal annealing provides the driv-
ing force for the diffusion of PCBM. For the film undergoing
both acetone treatment and post-annealing, the weight fraction
of PCBM is further significantly increased to 68.07%, which
indicates the aggravation of more PCBM on the top surface.
Combined with the UV–Vis absorption results, which demon-
strate the reduction of PCBM within the blend film, we can
conclude that there exists a more suitable PCBM concentra-
tion gradient from a PCBM-poor bottom to a PCBM-rich top
surface in the device with the acetone treatment active layer.

Such PCBM enrichment at the active layer/cathode inter-
face would result in a desirable contact to extract electrons
from PCBM and block hole diffusion from P3HT to the cath-
ode effectively, which is beneficial to reduce the interface re-
combination of carriers and improve JSC. The 0.02 V increase
in VOC for the acetone treated device could also be explained
by this optimized vertical morphology. Normally, the VOC

of the device with a bilayer structure is higher than that of
BHJ polymer solar cells because both electrons and holes can
more easily be transported to an appropriate electrode without
recombination.[33] In the BHJ structure, the vertical phase sep-
aration with PCBM-rich near the cathode and P3HT-rich near
the anode is like a bilayer structure. Thus, the significant re-
duction in the reverse saturation current[1] and the remarkable
increase in the shunt resistance[33] in this optimized vertical
morphology would lead to improved VOC. Furthermore, the
significant 10% enhancement in FF suggests that the charge
transport in the device is more balanced and the bicontinuous
interpenetrating network structure is more ideal,[16] which is
hard to be detected.

Summarizing all the results, we can outline the possible
morphology evolution process of the P3HT/PCBM blend film
under the collaboration of acetone-soaking treatment and ther-
mal annealing. The schematic diagram is shown in Fig. 4.
During spin-coating, P3HT inclines to accumulate on the top
surface and PCBM tends to enrich on the bottom surface due
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to the difference of the surface energy. When the blend film
is soaked in acetone, the acetone dissolves the surface PCBM,
and permeates into the blend film along some vertical path-
ways. The roadside PCBM dissolves in acetone and diffuses
to the top surface because the outside concentration of PCBM
is lower. Campoy-Quiles et al.[23] reported a PCBM concen-
tration gradient increasing from the top surface to the bottom
surface, so the inside PCBM could fill the vacancies on the
top surface. Meanwhile, when the film dries with N2, some
PCBM may remain on the top surface with the evaporation of
acetone. So the content of PCBM on the top surface after the
acetone treatment does not change obviously in the XPS re-
sult. Although the surface composition is roughly the same
after the acetone treatment and drying, some changes of the
morphology within the film have taken place. After the depo-

sition of Al with a fairly high surface energy, a surface energy

inversion between the top and the bottom surfaces occurs. As

small molecules, PCBM with higher surface energy inclines

to diffuse from the bottom surface or the inside of the active

layer to the top surface during thermal annealing. The acetone

treatment makes PCBM easier to move along the acetone pen-

etration pathways to the top surface of the active layer. More-

over, the aggregation of PCBM in these pathways could be

improved so the interpenetrating network is more ideal. As

a consequence, the acetone treatment accompanying thermal

annealing optimizes both the electrode contact and the bicon-

tinuous interpenetrating network, and improves JSC, VOC, and

FF simultaneously compared with those of the regular post-

annealing device.

PCBM aggregation

P3HT region

PCBM molecule

acetone

ITO/PEDOT:PSS

Al

ITO/PEDOT:PSS

ITO/PEDOT:PSSITO/PEDOT:PSS
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(a) (b)

(c) (d)

Fig. 4. (color online) Schematic diagram of morphology evolution of the P3HT/PCBM active layer soaked in acetone: (a) the pristine film, (b) the acetone
treated film, (c) the dried film, and (d) the device with post-annealing.

4. Conclusion

We demonstrate a new solvent treatment approach to con-
trol the vertical distribution of PCBM in P3HT/PCBM com-
posite films. The acetone-soaked device shows a significant
enhancement in JSC, VOC, and FF. After optimization, the PCE
of the acetone-soaking device increases by 31% compared
with that of the control device. The EQE spectra and the UV–
Vis absorption spectra indicate that the performance improve-
ment of the acetone treated device should be attributed to the
improvements in charge carrier transportation and collection.
The XPS analysis reveals that the acetone treatment makes
PCBM more easily diffuse from the bottom surface to the top
surface during post-annealing, forming an ideal vertical phase
separation with PCBM enriched on the top surface and a better

bicontinuous interpenetrating network. This acetone-soaking
treatment may provide a simple and effective approach to ob-
tain high-performance BHJ polymer solar cells.
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