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Abstract
Controlled nanophase segregation within the blended films of a conjugated polymer and a
soluble fullerene has enabled us to form a continuous transfer pathway for the carriers, thereby
increasing the photocurrent generation for polymer photovoltaic devices. Here, we study the
effects of nanomorphological changes on the performance of polymer solar cells using blended
films of poly[9, 9′-dioctyl-fluorene-co-bithiophene] (F8T2) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM). Different weight ratios of the F8T2 and PCBM blends in various solvents
were studied at different annealing temperatures. The morphology of the films seems to be a
strong function of the processing conditions. The power conversion efficiency (PCE) of the
photovoltaic devices has improved significantly from 0.34% to 2.14% under air mass 1.5
simulated solar illumination (100 mW cm−2), which could be attributed to the
nanomorphological changes in the films.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Over the last decade, the technological developments for
renewable energies have become increasing important in
order to meet the world’s rising demand for energy and
environmental issues. Among all the different kinds of
renewable energies, solar energy appears to be the most
attractive because of its truly clean and inexhaustible nature.
Photovoltaic (PV) devices based on organic materials, both

7 Authors to whom any correspondence should be addressed.

small molecules and conjugated polymers, have attracted
much attention recently due to their potential production
advantages [1–3]. In addition, polymer PV cells also offer
the ability to tailor the chemical structure of polymers to
achieve better opto-electronic characteristics. Among the
various schemes of device structure, bulk heterojunction (BHJ)
has been the most widely employed for polymer solar cells.
The interpenetrating network of blended electron donor and
acceptor materials provides a large interface between the two
materials, allowing significant exciton separation and carrier
transport to the respective electrodes. However, the power
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Figure 1. (a) Chemical structure of F8T2 and PCBM and
(b) energy-level diagrams of the F8T2:PCBM mixed film.

conversion efficiency (PCE) is still limited by the space–charge
effects due to the imbalance of electron (μe) and hole mobility
(μh). In general, hole transport is less efficient than electron
transport, and the increase in hole mobility can balance the
charge transport. Several methods have been proposed to solve
the mismatch of the charge mobilities, these include solvent
and thermal annealing [4–7], increasing the interface for charge
separation [8], and varying the molar ratio between the donor
and acceptor [9, 10].

Recently, fluorene based copolymers have demonstrated
promising semiconductor materials for polymer PVs. Polyflu-
orene copolymers are well known for their high charge car-
rier mobility, good processability, and high absorption coef-
ficients. The physical properties of polyfluorene derivatives
can be controlled by designing various copolymers. Cur-
rently, PCEs approaching 3.5%–5.5% have been reported by
several groups employing devices based on blended films of
polyfluorene copolymers and PCBM [11–14]. Among this
class of polymers, poly[9,9′-dioctyl-fluorene-co-bithiophene]
(F8T2) has excellent properties in both the hole transporting
regime [15–19] and thermotropic liquid crystallinity to allow
better packing of the polymer via self-assembly [20]. Based
on these properties, a more balanced charge transport can be
expected in systems using F8T2:PCBM and are demonstrated
in this paper. Moreover, in this paper, we report the effect of
nanomorphological changes on the photovoltaic performance
based on a F8T2:PCBM BHJ system.

2. Experimental details

2.1. Fabrication of PV devices

The polymer PV cells in this study consist of a F8T2:PCBM
blended thin film sandwiched between a transparent indium
tin oxide (ITO) anode and a metal cathode. Prior to
device fabrication, the ITO-coated glass substrates (1.5 ×
1.5 cm2) were ultrasonically cleaned in detergent, de-ionized
water, acetone, and isopropyl alcohol. Afterwards, the

Figure 2. UV–vis absorption and photoluminescence spectra of
F8T2:PCBM films with various blending ratios.

substrates were treated with UV ozone for 15 minutes, and a
layer of poly(ethylene dioxythiophene): polystyrenesulfonate
(PEDOT:PSS, ∼30 nm) was subsequently spin-coated on to the
substrate. After baking at 130 ◦C for one hour, the substrates
were transferred to a nitrogen-filled glove box. The polymer
PV devices were fabricated by spin-coating a blended solution
of F8T2:PCBM on to the PEDOT:PSS modified substrate at
600 rpm for 60 seconds, and placed in a covered glass petri
dish. Subsequently, the films were annealed on a hotplate at
various temperatures for 20 minutes. The blended solution
was prepared by dissolving both F8T2 and PCBM in DCB in a
1:1 weight ratio, followed by continuous stirring for 12 hours
at 50 ◦C. Finally, 30 nm calcium and 100 nm aluminum
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Figure 3. SEM side views of F8T2:PCBM blend films cast from
DCB with PCBM in (a) 50 wt% and (b) 80 wt%.

layers were thermally evaporated thorough a shadow mask at
a pressure below 6 × 10−6 Torr. The active area of the device
was 0.12 cm2.

2.2. Fabrication of hole- and electron-only devices

In the hole-only devices, Ca was replaced with MoO3 (� =
5.3 eV), which has been shown to provide a good hole
injection contact in F8T2:PCBM systems [21]. The MoO3

was thermally evaporated to a thickness of 20 nm and then
capped with 50 nm of Al. For the electron-only devices,
the PEDOT:PSS layer was replaced with CsCO3 (� =
2.9 eV), which has been used as an efficient electron injection
layer [22]. The Cs2CO3 was thermally evaporated with
a thickness of approximately 2 nm. For both hole-only
and electron-only devices, annealing of the active layer was
performed at 130 ◦C for 20 minutes.

2.3. Characterization of polymer films

Current–voltage (I –V ) characteristics were measured in the
glove box under a nitrogen atmosphere. The photovoltaic

Figure 4. The calculated charge mobility as a function of PCBM
concentration for (a) electron-only and (b) hole-only PV devices. The
solid lines show the fit to experimental data using the SCLC model.

performance was characterized with a solar simulator (Thermal
Oriel 1000 W) with simulated AM 1.5 G irradiation at
100 mW cm−2. The light intensity was calibrated by a
mono-silicon photodiode with KG-5 color filter (Hamamatsu,
Inc.). For measuring the absorption and photoluminescence
(PL) emission properties of polymer films, samples were
fabricated via spin-coating on a glass substrate. The UV–
vis absorption spectra were measured using a Jasco-V-670
UV–visible spectrophotometer. PL spectra were obtained
using a Hitachi F-4500 photoluminescence spectrophotometer.
Cross sections of the thin films were observed using a
scanning electron microscopy (SEM, Hitachi S-4700). Surface
morphologies were imaged using an atomic force microscope
(AFM, Digital instrument NS 3a controller with D3100 stage).
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Table 1. A summary of the charge mobility and the cell performance of parameters, indicating JSC, VOC, FF and PCE as functions of PCBM
concentration.

Sample
μe

(m2 V−1 s−1)
μh

(m2 V−1 s−1) μe/μh

JSC

(mA cm−2)
VOC

(V)
FF
(%)

PCE
(%)

PCBM 33 wt% 5.89 × 10−8 1.46 × 10−7 0.40 1.96 0.90 47.3 0.85
PCBM 50 wt% 1.11 × 10−7 8.24 × 10−8 1.35 2.92 0.91 47.1 1.23
PCBM 67 wt% 1.44 × 10−7 6.20 × 10−8 2.32 2.78 0.88 46.3 1.16
PCBM 75 wt% 1.80 × 10−7 2.44 × 10−8 7.37 2.46 0.88 42.4 0.95
PCBM 80 wt% 1.90 × 10−7 1.42 × 10−8 13.38 1.04 0.78 41.3 0.34

The thicknesses of all polymer films were measured using a
surface profiler (Alpha-step IQ, KLA Tencor). XPS spectra
were recorded on a PHI 5000 VersaProbe (ULVAC-PHI,
Chigasaki, Japan) system using a microfocused (100 μm,
25 W) Al x-ray beam A Wienfiltered C+

60 ion source (IOG
C60-10, Ionoptika, Chandler’s Ford, UK) was operated at
10 nA and 10 kV. The angle between the Ar+ and C+

60 ion
beam was 33◦. The ion-beam current was measured with the
target current of an Au foil. The base pressure of the main
chamber (<1 × 10−7 Pa) was achieved by evacuation using
turbomolecular and ion-getter pumps.

3. Results and discussions

3.1. The effect of PCBM blending ratios

Figure 1 shows the chemical structures of F8T2 and PCBM
and their energy levels. It can be seen that the offset between
the lowest unoccupied molecular orbital (LUMO) levels of
donor and acceptor is sufficient for charge separation. The
PCBM loading in the blend system is an important parameter
in controlling the performance of the polymer solar cells.
Figures 2(a) and (b) show the UV–vis absorption and PL
emission spectra, respectively, of the pristine F8T2 blended
with various molar ratios of PCBM. It can be seen that the
pristine F8T2, with maximum absorption at 460 nm, only
absorbs light at wavelengths less than 500 nm due to its wide
energy band gap (2.4 eV). As an active layer in the solar cell,
it depresses the extraction of the photocurrent for absorption
within a narrow range. Although the absorption between 300
and 500 nm of F8T2 can be enhanced by blending with PCBM
as shown in figure 1(a), the spectral coverage is still very poor.
However, a large open circuit voltage (VOC) can be expected
due to the large difference between the HOMO of F8T2 and
LUMO of PCBM [19]. Figure 2(b) shows PL spectra for the
same set of films as shown in figure 2(a). The F8T2 shows
an emission maximum at 545 nm with a vibronic feature at
515 and 585 nm. A significant quenching in PL is observed
when F8T2 is blended with PCBM. The highest quenching,
by a factor of about 2.67, was achieved with the 50 wt%
PCBM, and no further quenching can be achieved with larger
PCBM loadings. These results provide evidence for exciton
dissociation, and thus efficient solar cells.

SEM was employed to gain insight on the nanoscale
features within the F8T2:PCBM film cast from 1,2-
dichlorobenzene (DCB). Based on the cross-sectional SEM
images shown in figures 3(a) and (b), the film thicknesses
are approximately 170–200 nm with nanospheres embedded

in the blended films. These nanospheres contribute to
the fact that polymer F8T2 adopts a coiled conformation.
Hence, the nanospheres become smaller and less numerous
with decreasing F8T2 concentrations (figures 3(a) and (b)).
The results are similar to those of the the blended
films based on poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-
1,4-phenylenevinylene (MDMO-PPV) and PCBM systems
[23–25]. As the polymer concentration is reduced to
20 wt%, the spherical polymer density is insufficient to achieve
complete percolation for charge transport across the film.
Hence it is expected that some of the photoexcitations will lead
to an increase in charge recombination.

To further explore the dependence of charge transfer
properties on nanomorphologies introduced by varying the
PCBM loading in the blend, we have performed dark current
measurements on hole-only and electron-only devices. The
electron and hole mobilities can be determined precisely by
fitting the plot of the dark current versus the voltage (J–V )

curves for single carrier devices to the SCLC model [26, 27].
The dark current is given by J = 9ε0εrμV 2/8L3 [28], where
ε0εr is the permittivity of the polymer, μ is the carrier mobility,
L is the device thickness. From the capacitance–voltage
measurements, we have obtained a relative dielectric constant
εr of 2.5 for F8T2. Figure 4 shows the dark current densities of
F8T2:PCBM blends with different ratios in both electron-only
and hole-only devices. As in figure 4, the solid lines show the
fits to the data using the SCLC model, and the insert shows the
log J–log V curves. The applied voltage has been corrected for
the built-in voltage (Vbi), which arises from the difference in
the work function of the contacts, so that V = Vapplied–Vbi. Vbi

values are 0.1 V for both electron-only and hole-only devices.
The calculated mobility of electrons and holes in F8T2:PCBM
BHJ devices are presented as a function of blending ratios
in table 1. These devices were all annealed at 130 ◦C before
the deposition of the aluminum electrode. A gradual increase
of μe with increasing PCBM concentration can be observed
from 33 to 80 wt%. The μe with 80 wt% PCBM is 2.1 ×
10−7 m2 V−1 s−1, which is very close to that of pristine PCBM
(1.9 × 10−7 m2 V−1 s−1) [29]. This indicates that the electron
transport has approached a saturated condition. However, the
μh decreases with increasing PCBM concentrations. For the
film containing 50 wt% PCBM, electron and hole mobilities
of μe = 1.11 × 10−7 m2 V−1 s−1 and μh = 8.24 ×
10−8 m2 V−1 s−1, respectively, were observed, which is the
most balanced charge transport (μe/μh = 1.35) obtained in
this study.

Table 1 also shows the photovoltaic characteristics as a
function of PCBM molar ratios. A maximum value of JSC, and
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(a) (b)

(c) (d)

Figure 5. AFM images of the blended films cast from (a) TCB, (b) DCB, (c) TE, and (d) CF.

0

Figure 6. J –V curves under illumination of F8T2:PCBM cast from
different solvents.

PCE can be observed for the PV device with 50 wt% of PCBM.
Both JSC, and PCE decrease with PCBM loading larger than
50 wt%. This can be most probably attributed to an increased
aggregation of the PCBM, which influences the separation of
charges, as shown in figure 3. Furthermore, an unbalanced
charge transport was established due to the large fullerene ratio.
Hence, both the JSC and PCE decrease with larger fullerene
molar ratios because of the two reasons described above. In
addition, the values for VOC and FF vary monotonically when
the PCBM content in the blended films is increased. This
can be rationalized by the incomplete charge generation and
transport resulting from the aggregation of PCBM. The best
performance was obtained with an active layer thickness of
approximately 200 nm, containing 50 wt% of the PCBM,
which demonstrated a JSC of 2.92 mA cm−2, VOC of 0.93 V,
FF of 47.1%, and PCE of 1.23%.

3.2. The solvent effects

In order to investigate the effects of different solvents on
the morphology and the performance of solar cells based on
F8T2:PCBM, several solvents with different evaporation rates
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Figure 7. AFM images of the blended films at various annealing temperatures (a) as-cast film, (b) 130 ◦C, (C) 190 ◦C, and (d) 250 ◦C.

were investigated, including 1,2,4-trichlorobenzene (TCB),
2,4-dichlorobenzene (DCB), toluene (TE), and chloroform
(CF), which have the corresponding boiling points of 218 ◦C,
180 ◦C, 110 ◦C, and 60 ◦C, respectively. All samples were
fabricated via the slow growth method and annealed at 130 ◦C.
The AFM topographies of F8T2:PCBM spin-coated from
TCB, DCB, CF, and TE are shown in figure 5. The blend
ratio was chosen to be 1:1 by weight. The images were
obtained in tapping mode for a 2 × 2 μm2 surface area.
The phase images of the films spin-coated from TCB and
DCB show coarse chainlike features across the surfaces.
The features are assigned to the domains of pristine F8T2
crystallites originating from the highly tight stack of several
polymer chains. This feature has been previously observed in
P3HT:PCBM blends using the slow growth method with high
boiling point solvents such as TCB or DCB. In the slow growth
approach, the film is kept in the liquid phase after spin-coating
by using a high boiling point solvent. However, the film that
was spin-coated from TCB reveals a rather uneven surface
(root mean square roughness (RMS) of 3.6 nm) compared

to the one obtained from DCB (RMS of 2.2 nm). The
rougher active surface layer can provide a large metal–polymer
interface, which is more suited to efficient charge collection.
On the other hand, low boiling point solvents such as CF
suppress the formation of F8T2 crystallites, with the resulting
film consisting of mixed domains due to the fast growth rate.
In the case of the film that was spin-coated from TE, it has a
distintive morphology when compared to that fabricated from
TCB, DCB and CF. A more pronounced phase segregation with
a domain size of 100–150 nm is observed. Furthermore the TE
film also exhibits much greater height variations on its surface.
Since the solubility of PCBM in toluene is lower than in the
other solvents, we believe those domains mainly consist of
PCBM, and they disconnect the charge transport channel from
F8T2, resulting in a poor interface for exciton dissociation.

The J–V curves under illumination for the four devices
fabricated from different solvents (TCB, DCB, CF and TE)
are shown in figure 6. The active layers are spin-coated from
F8T2:PCBM in 1:1 ratio by weight and annealed at 130 ◦C.
The JSC values of the devices fabricated from TCB, DCB, CF
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and TE are 3.22, 2.96, 1.89, and 0.77 mA cm−2, respectively,
and the FF values are 48.8, 43.5, 50.2, and 40.6%, respectively.
The VOC values are approximately 0.93 V for all devices.
The highest PCE value, 1.46%, and the highest and JSC were
obtained using TCB solvent. This can be rationalized by
the fact that the slow growth method allows self-organization
to take place and a charge transport channel can be formed,
leading to a higher photocurrent. It has been demonstrated
that the slow growth approach can not only favorably enhance
morphology, but also increase the μh of polymer [30], leading
to a more balanced charge transport. In this system, hole
transport is slower than electron transport. Therefore, the
increase in hole mobility is a positive effect in terms of solar
cell efficiency. For the F8T2:PCBM blend fabricated from
TCB, the hole and electron mobilities are 9.33 × 10−8 and
1.21 × 10−7 m2 V−1 s−1, respectively, leading to a more
balanced charge transport (μe/μh = 1.29) when compared
to the device fabricated using DCB as solvent. However,
the serious phase separation in the cases of CF and TE
suppresses the exciton separation and dramatically reduces the
photocurrent collection.

3.3. The annealing effects

The AFM images of F8T2:PCBM (1:1) annealed at different
temperatures are shown in figure 7. For the as-cast film, the
surface is very smooth with a RMS roughness of 0.55 nm.
However, after undergoing thermal treatment at 130, 190, and
250 ◦C for 20 minutes, the RMS roughness becomes 0.91, 1.98,
and 6.73 nm. Moreover, lamella-like crystallites can be easily
observed from the film annealed at 250 ◦C. The crystallization
is assigned to the domains of F8T2 crystallites originating from
the highly tight stack of several polymer chains. It has been
previously reported that the polymer crystallites formed during
thermal annealing can enhance the μh significantly [31].

The cross-sectional SEM images (figure 8), also provide
insight on the nature of the F8T2:PCBM interface. Based on
the SEM images, the F8T2 nanospheres were well dispersed
within the blend without thermal treatment (figure 8(a)).
However in the film annealed at 250 ◦C, much larger PCBM
clusters surrounded by the polymer nanoparticles are observed.
The F8T2 layer covers the PCBM clusters, impeding electron
transport to the Ca/Al electrode. It is expected that many of the
photoexcitations would lead to recombination near the vicinity
of the F8T2 layer.

To further support the phase separation of F8T2 and
PCBM after thermal annealing, chemical analysis using XPS
was employed. XPS with Ar+ ions is known to damage
organic samples and also cause preferential sputtering or
sputter reduction. Hence, information on the chemical
composition and the chemical state of the element is lost. In
order to gain insights on the organic composition, the XPS
with a mixture of high-energy C+

60 ions and low-energy Ar+
ions [32, 33] were used to analyze the F8T2:PCBM blends.
With this co-sputtering technique, the chemical states of the
organics were preserved while achieving a steady sputtering
rate and increasing the probing depth. Figure 9 shows the
sputter depth profile of the F8T2:PCBM blends before and

Figure 8. SEM side views of F8T2:PCBM blend films cast from
TCB annealed at (a) 100 ◦C and (b) 250 ◦C.

after thermal annealing. Prior to thermal annealing, the
chemical composition at the surface of the film (I-region)
was found to be 98% C, 1% S, and 1% O (figure 9(a)).
The chemical composition was significantly altered after
etching for 80 minutes, indicating that the F8T2:PCBM layer
was sputtered through and the indium signal increases with
increasing sputter time (II-region). The uniform composition
of the F8T2:PCBM layer (I-region) indicates that the PCBM
is well dispersed within the F8T2 polymer matrix. The
chemical analysis of the F8T2:PCBM blend annealed at 250 ◦C
is shown in figure 9(b). In this case, the chemical composition
observed can be clearly divided into three regions. The depth
profile clearly shows an S rich layer (I-region) between 20 and
50 minutes, a uniformly mixed F8T2:PCBM layer (II-region)
between 60 and 90 minutes, and an ITO substrate layer (III-
region) after 100 minutes. The S rich layer (93% C, 6% S,
1% O) is due to the F8T2 covering the PCBM cluster, which
is in good agreement with the SEM cross-section as shown
in figure 8. This indicates that the thermal annealing for the
F8T2:PCBM devices leads to an unfavorable phase separation,
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Figure 9. XPS depth profile of (a) F8T2:PCBM blend without thermal annealing and (b) F8T2:PCBM annealed at 250 ◦C using 10 kV, 10 nA
C+

60 mixed with a 0.2 kV, 300 Na Ar+ beam. (c) S 2p XPS spectra of the PEDOT:PSS thin film during sputtering.

which differs greatly from the case of the P3HT:PCBM
blends. Furthermore, figure 8(c) reveals the changes in S
2p XPS spectra due to ion-beam treatment. Throughout the
entire sputtering process, all S 2p peaks remained at 164 eV,
indicating that the chemical state is preserved. Therefore, the
XPS with a mixture of high-energy C+

60 ions and low-energy
Ar+ ions gun is suitable for profiling a F8T2:PCBM thin film.

To compare the effect of these different morphologies
on device performance, the photovoltaic characteristics as a
function of annealing temperature is shown in figure 10. The
device annealed at 70 ◦C shows the best performance with JSC

and PCE as high as 2.14% with an active area of 4.24 mA cm2.
The performance improvement after slight heating is due to
the formation of F8T2 crystallites, which increases μe in
F8T2 and achieves a more balanced charge mobility at the
D/A interface. The hole and electron mobilities of the blend
annealed at 70 ◦C are 1.12×10−7 and 1.37×10−7 m2 V−1 s−1,
respectively, which offer the most balanced charge transport
(μe/μh = 1.22). The performance degrades with annealing

temperatures higher than 70 ◦C. This can be rationalized by
unfavorable morphologies formed via the annealing process,
leading to phase separation and charge recombination as shown
in figure 8. The phase separation and charge recombination
lead to lower VOC, JSC FF, and PCE. As a result of the influence
of these two factors, it can be observed the photocurrent
initially increases, but begins to decrease at an annealing
temperature higher than 100 ◦C.

4. Conclusions

In conclusion, we have investigated the influence of processing
conditions (blend weight ratio, solvents, and thermal annealing
temperatures) on the nanomorphology of F8T2:PCBM blend
films. Analysis of the changes in the film morphology suggests
that the continuous carrier-conducting pathway as well as
the well-balanced hole and electron transport properties can
enhance device performance. These results aid understanding
of the relationship between the film morphology and the

8
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Figure 10. JSC, VOC, FF, and PCE plotted as a function of the
thermal annealing temperature for the F8T2:PCBM solar cells.

device performance, and provide insights into improving the
performance of polymer solar cells.
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