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A stable morphology in the photoactive layer is a prerequisite for increasing the lifetime of
organic solar cells. Intense research efforts focusing on this research topic have typically
resorted to complicated synthetic methods to reach this goal. Herein, the authors present
a facile approach to directly achieve efficient polymer solar cells with a remarkably
enhanced thermally stable morphology by constructing densely distributed poly(3-hexyl-
thiophene) (P3HT) nanofibers in the pristine composite films with PCBM ([6,6]-phenyl-

Ié(c;}r/ly\lflor;itsé'd_ olvmer nanofiber C61-butyric acid methyl ester) from solution without any post treatments. Controlled
Fuuirgne i experiments reveal that the presence of numerous preformed P3HT nanofibers in the pris-

tine films, with much larger size than P3HT and PCBM molecules, provides a fixed and rigid
network to spatially confine the diffusion of PCBM molecules during thermal annealing,
thus preventing the formation of large-scale PCBM crystals. This simple method represents
a “one-step” way to prepare high performance photovoltaic devices with thermally stable
morphologies and no necessary post treatments.
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1. Introduction

Organic solar cells are promising candidates for the
third-generation photovoltaic devices due to their low
cost, solution processing, light weight and mechanical flex-
ibility compared to their inorganic counterparts. The intro-
duction of the bulk-heterojunction (BHJ) concept [1,2]
dramatically increased the interfacial area between elec-
tronic donor (D) and acceptor (A) materials for highly effi-
cient dissociation of excitons into free charges compared to
a typical bilayer device [3], opening a new era for organic
photovoltaic (OPV) devices. However, such a BH] morphol-
ogy can also create discontinuous pathways for separated
electrons and holes and increase the probability of gemi-
nate recombination prior to charge extraction. Thus, the
components morphology in photoactive layer must be
optimized to have D-A interfaces within the exciton diffu-
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sion length (~10 nm) [4-6] while maintaining continuous
phase separated D and A pathways for fast charge carrier
transport to the corresponding electrodes [7,8]. This has
been one of the major focuses in OPV research efforts
and recently a power conversion efficiency (PCE) of ca.
9.0% was achieved using this BH] architecture [9,10], push-
ing the technology closer to becoming a viable source of
clean energy.

Spin coating is the commonly adopted fabrication
method for BH]J organic solar cells as it allows for fast depo-
sition over a large area at ambient conditions. However,
fast solvent evaporation during the spin coating process
can severely suppress the phase separation of the D-A
components and greatly reduce the formation of continu-
ous pathways for free charge carriers to the electrodes.
Post treatments, such as thermal annealing [11-13], are
commonly used to improve the morphology of photoactive
layers. However, this annealing process requires sophisti-
cated control over the annealing conditions, such as
annealing temperature and time, otherwise uncontrolled
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growth of large-scale PCBM crystals can occur and severely
decrease device performance. Even under temperatures as
low as 60 °C, well within the working temperatures of out-
door PV devices in summer, the diffusion of PCBM mole-
cules to form large aggregates is still possible [14]. This
gradual change of microstructures reduces the D-A inter-
facial area and eventually results in performance degrada-
tion of the devices.

Recently, several strategies have been developed to
control the phase separation and enhance the thermal sta-
bility of polymer solar cells. For example, by introducing
compatibilizers [15-17], cross-linkers [18-20] or using
block copolymers [21-24], modifying the conjugated poly-
mers backbones with controlled amount of disorder
[25,26], or even using amorphous fullerene electronic
acceptors [7,27,28], the morphology stability of conjugated
polymer:fullerene BHJ-based solar cells were substantially
improved. However, all aforementioned methods involve a
chemistry process, which usually needs complicated
molecular design and time-consuming, multiple-step syn-
thesis followed by tedious purification steps. In addition,
post treatments are still needed to increase the device per-
formance. These requirements will complicate the device
fabrication process and increase the production cost.
Therefore, it still remains highly desirable (though chal-
lenging) to develop a facile method which can directly
achieve high performances as well as highly stable mor-
phologies for polymer photovoltaic devices without any
chemical modification to the commercially available
materials.

Previously, Yang et al. [29] confirmed that spatial con-
finement on both sides of the photoactive layers exerted
by substrate and the thermally evaporated metal cap can
strongly reduce the diffusion rate of PCBM molecules and
thus the scale of PCBM domains in the composite films
during thermal annealing. Inspired by this pioneering
work, we further exert spatial confinement on PCBM crys-
tallization in the photoactive layers by using a nano-scaf-
fold of preformed P3HT nanofibers with length scales up
to several microns. We find that after introduction of the
additionally spatial confinement from numerous P3HT
nanofibers, the diffusion of PCBM in the composite films
is remarkably reduced and the thermal stability of corre-
sponding polymer solar cells is also dramatically increased,
resulting in a high performance polymer solar cell with
substantially enhanced thermal stability. Our findings not
only provide a novel and facile method to directly achieve
high performance polymer solar cells with high thermal
stability through a “one-step” process, but also indicate
that spatial confinement is an effective way to manipulate
the morphology for optoelectronic devices that show mor-
phology dependent performance.

2. Methods section
2.1. Materials
Regiorandom P3HT (RRa-P3HT) and regioregular P3HT

(RR-P3HT) with M, of ~20 kDa (PDI: 2.0) and regioregular-
ity better than 95% were purchased from Rieke Metals Inc.

Solvents such as anhydrous chlorobenzene (CB), o-dichlo-
robenzene (ODCB), tetralin (Tet), xylene (Xyl) and chloro-
form (CF) with HPLC grade were purchased from Sigma-
Aldrich Co. Ltd. PCBM with purity higher than 99.5% was
purchased from Nano C, Inc.

2.2. Sample preparations

Blend solutions of P3HT(RR and RRa):PCBM (1:1, w/w)
were prepared by mixing P3HT and PCBM in 10 mL glass
bottles. Solutions in CF, CB and ODCB were made with a
P3HT concentration of 10 mg/mL by stirring the above
mixtures overnight at 45 °C. RR-P3HT:PCBM solutions in
Tet:Xyl (1:1, v/v) were prepared with a concentration of
7 mg/mL by stirring at 60 °C for 2 h and then left under
slow stirring (ca. 100 rpm) at room temperature for 5 days
to facilitate the growth of RR-P3HT nanofibers.

Thin films for XRD and UV-vis absorption spectrum
measurements were prepared by direct spin coating of
the solutions or dispersions onto pre-cleaned glass slides.
Thin films for atomic force microscopy (AFM) and optical
microscopy characterization were obtained by spin coating
the solutions or dispersions onto glass substrates with a
pre-deposited, ca. 50nm, poly(ethylenedioxythio-
phene):poly(styrene sulfonate) (PEDOT:PSS) layer on the
surface. Thermal annealing was performed in a vacuum
oven filled with ultra high purity argon.

Solar cells were fabricated under ambient conditions
according to device fabrication procedures reported else-
where [30]. First, a 50 nm PEDOT:PSS layer was spun onto
a pre-cleaned glass substrate covered with 120 nm pre-
patterned indium tin oxide (ITO) conductive layer (with
sheet resistance of 5-15 Q/0J). Second, the photoactive
layer was deposited via spin coating the prepared solution
to a thickness of ca. 100-120 nm. Finally, the devices were
completed with cathode deposition by sequential evapora-
tion of a 1 nm LiF layer and 100 nm Al

Space-charge limited current (SCLC) was used to calcu-
late the mobility of P3HT:PCBM composite films prepared
from different solvents. The devices for the mobility mea-
surements were fabricated in an identical manner, except
that a layer of 100 nm gold was thermally evaporated on
P3HT:PCBM thin film instead of the LiF/Al layer to produce
hole-only devices. The detailed calculation method of SCLC
mobility can be found in Supporting information.

2.3. Characterizations

AFM measurements were conducted on a Veeco Mul-
tiModeV SPM instrument in intermittent contact (tapping)
mode. Images were acquired with 512 x 512 points and
scanning rate of ~0.5 Hz per line. UV-vis absorption spec-
tra were acquired on a Perkin-Elmer Lambda 2 spectropho-
tometer. Wide angle X-ray diffraction (WAXD) profiles
were obtained by using a Bruker D8 Discover Reflector
with an X-ray generation power of 40 kV tube voltage
and 40 mA tube current. The diffraction was recorded at
a 0-20 symmetry scanning mode with scan angles from
3.5° to 13°. Transmission electron microscopy (TEM)
images were acquired on a JEOL 2010 TEM.
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Solar cell performances were characterized with a
Keithley-236 source measure unit at room temperature.
The cells were illuminated by a Newport 150W Xenon
lamp (filtered by an AM1.5G filter) at an intensity of
100 mW cm—2.

3. Results and discussion

P3HT is known to crystallize into ribbon-like nanofibers
in poor solvents or solvent mixtures [31-33]. Initially,
P3HT:PCBM films with high P3HT crystallinity were pre-
pared by using Tet:Xyl (1:1, v/v) mixture in which Tet
shows poor solubility for RR-P3HT but a high solubility
for PCBM [34-37]. In addition, this solvent mixture can en-
sure the formation of homogenous and pinhole-free films
for devices (Fig. S2). Fig. 1b displays the UV-vis absorption
spectra of RR-P3HT in various solvents including CF, ODCB,
Xyl and Tet after storing in room temperature for 5 days. Of
the four solutions, Xyl and Tet show obvious vibronic
absorption peaks centered at 600 nm even with the lower
concentration of 1 mg/mL. The absorption at ca. 600 nm is
proven to correlate with the interchain m-m stacking of
P3HT [38-40]. Therefore, the appearance of this absorption
peak implies that RR-P3HT can indeed form crystalline
aggregates in Xyl and Tet. On the contrary, solutions of
10 mg/mL RR-P3HT in CF and ODCB do not show absorp-
tion peaks at 600 nm, indicating P3HT remains molecularly
dissolved in these two solutions. As for the pristine RR-
P3HT:PCBM films prepared from the above solvents,
WAXD measurements were conducted to preliminarily

I\ s
S N\ /ln
PCBM P3HT
2500 (c) (100)
@ 2000 - —CF
o | —oDncB
Q
2 — Tet:Xyl@70°C
(2]
c
Q
£
(200)
O—T—T—T7—— T T
4 6 8 10 12
2 Theta (degree)

1385

check the P3HT crystallinity in the composite films. As
shown in Fig. 1c, all the pristine RR-P3HT:PCBM composite
films show two resolved diffraction peaks centered at ca.
20=5.4° and 10.6°, which are assigned to the reflection
of crystallographic (100) and (200) plane of crystalline
P3HT, respectively. As expected, the film prepared from
Tet:Xyl solvent mixture aged for 5 days at room tempera-
ture shows much higher P3HT crystallinity than those pre-
pared from CF and ODCB, evidenced by its stronger
diffraction intensity. As a control, RR-P3HT:PCBM films
with low P3HT crystallinity were made from the Tet:Xyl
solution by heating the solution to 70 °C and spin coating
on a hot glass substrate also maintained at 70 °C. The film
(indicated as Tet:Xyl@70 °C) shows very low (100) diffrac-
tion intensity that is comparable to that in film prepared
from CF. Crystalline grain sizes were calculated from the
WAXD results using the Scherrer equation. RR-P3HT:PCBM
films prepared from Tet:Xyl show a crystalline domain size
of 13.1 nm, which is much larger than that of 7.8 nm,
9.8nm and 8.0nm obtained in CF, ODCB, and Tet:-
Xyl@70 °C samples, respectively. SCLC hole mobility mea-
surements (Fig. 1d) also show a similar trend to the
WAXD results, implying that the very high P3HT crystallin-
ity in the composite film prepared from Tet:Xyl solvent
mixture can help to improve the hole carrier transport
and probably enhance the performance of photovoltaic
devices.

To investigate the morphology of RR-P3HT:PCBM com-
posite films prepared from different solvents, AFM charac-
terization was used. As shown in Fig. 2a, the surface of the
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Fig. 1. (a) Molecular structures of PCBM and RR-P3HT; (b) UV-vis absorption spectra of RR-P3HT in CF, ODCB, Xyl and Tet after storing at room temperature
for 5 days; (c) X-ray diffraction profiles (normalized to 100 nm) and (d) SCLC hole mobility of RR-P3HT:PCBM (1:1, w/w) composite films prepared from
room temperature CF, ODCB, Tet:Xyl (1:1, v/v) and Tet:Xyl (1:1, v/v) at 70 °C.
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Fig. 2. AFM topography images showing the morphology of RR-P3HT:PCBM (1:1, w/w) pristine films spin-coated from different solvents. (a) CF; (b) ODCB;

(c) Tet:Xyl and (d) Tet:Xyl@70 °C.

film prepared from CF is very smooth and contains no dis-
cernable P3HT fibers. For the RR-P3HT:PCBM film prepared
from low volatile ODCB, some seemingly short P3HT
nanofibers can be observed (Fig. 2b). Whereas, in the film
prepared from Tet:Xyl solvent mixture (Fig. 2c), homoge-
nous P3HT nanofibers with lengths up to several microns
and straight appearance are observed throughout the film.
In addition, no PCBM large crystals (with micrometer
scale) are observed, which indicates that the P3HT nanofi-
ber network is imbedded in the matrix of PCBM nanodo-
mains [41]. In contrast, the film spin-coated from
Tet:Xyl@70 °C only shows a very smooth surface and no
obvious P3HT fibers are observed (Fig. 2d).

In an attempt to study the morphology stability of pris-
tine composite films with varying degrees of P3HT crystal-
linity described above, all the films were subjected to
thermal annealing at 150 °C for 15 h. For comparison, ther-
mal annealing on control film prepared from Tet:Xyl@70 °C
along with the film composed of RRa-P3HT was also con-
ducted under the same condition. The results are shown
in Fig. 3. After thermal annealing, films from CF, CB and
ODCB solvents (Fig. 3a, b and c respectively), which show
little to moderate degrees of P3HT crystallinity, demon-
strate a high density of PCBM crystals all with similar sizes
of ca. 10 um. For the films prepared from the Tet:Xyl sol-
vent (Fig. 3d), which have the highest P3HT crystallinity
from all the films investigated, nanoscale phase separation
with PCBM is maintained and very few micron sized crys-

tals are visible (Fig. S3). Conversely, films prepared from
the hot Tet:Xyl solvent mixture resulted in high density
of PCBM crystals with sizes (lengths) ranging from a few
microns to ca. 100 um (Fig. 3e), which is in sharp contrast
to that observed in Fig. 3d. As a reference, the film com-
posed of PCBM and RRa-P3HT (no crystalline P3HT phase)
shows only a few but much larger and longer PCBM crys-
tals (Fig. 3f). Based on these observations, we can conclude
that the thermal morphology stability (TMS) of the four
composite films prepared from different solutions follows
the order: TMSTet:Xy] > TMSopcg ~ TMScg > TMSck.

The above TMS order of RR-P3HT:PCBM films prepared
from different solutions matches that of P3HT crystallinity
in pristine films indicated in Figs. 1c and 2. This suggests
that higher P3HT crystallinity in solution results in greater
thermal morphology stability. Additionally, the tremen-
dous thermal stability difference observed in films pre-
pared from Tet:Xyl and Tet:Xyl@70 °C further confirms
that the crystallinity of P3HT in pristine films strongly
influences the thermal stability. From these results, we
speculate that the P3HT nanofibers in pristine films can
limit the diffusion of PCBM molecules and suppress the
growth of large PCBM crystals during thermal annealing
and thus result in more stable morphologies.

To get a deeper insight into the origin of the highly sta-
ble morphology of RR-P3HT:PCBM composite films pre-
pared from Tet:Xyl, we use UV-vis absorption spectrum
to study the structural changes of P3HT phase after long
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Fig. 3. Optical microscopy images showing the morphology of (a-e) RR-P3HT:PCBM (1:1, w/w) and (f) RRa-P3HT:PCBM (1:1, w/w) composite films
prepared from different solvents after thermal annealing at 150 °C for 15 h. (a) CF; (b) CB; (c and f) ODCB; (d) Tet:Xyl; and (e) Tet:Xyl@70 °C.
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Fig. 4. UV-vis absorption spectra of pristine and annealed (150 °C for 15 h) RR-P3HT:PCBM films prepared from (a) CF; (b) ODCB; (c) Tet:Xyl and (d)

Tet:Xyl@70 °C.

time thermal annealing. As shown in Fig. 4, all the compos-
ite films prepared from CF, CB, ODCB and Tet:Xyl@70 °C
show remarkable increase of crystalline order, as evi-
denced by a significant increase of absorption intensity in
the long wavelength region. This observation indicates that
within these films P3HT crystallization is greatly sup-
pressed due to the fast solvent evaporation during spin
coating. In contrast, for the film prepared from Tet:Xyl

mixture P3HT has already crystallized into nanofibers in
solution and is thus not affected by subsequent spin coat-
ing or thermal annealing process. In addition, the absorp-
tion peak centered at ca. 335nm is assigned to the
absorption of PCBM in solid film. It is expected when PCBM
in composite films diffuses to form large crystalline do-
mains, its absorption intensity will substantially decrease.
After long time thermal annealing, of the four samples
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shown in Fig. 4 only the composite film prepared from
Tet: Xyl solvent mixture shows the same absorption inten-
sity as that in pristine film, implying that indeed only
PCBM in the composite film prepared from Tet: Xyl remains
in nanoscale domains, while in other three films PCBM
molecules diffuse to form large aggregates. This observa-
tion is consistent with that observed in Fig. 3. We can fur-
ther conclude here that excessive PCBM diffusion during
thermal annealing is blocked in the film prepared from
Tet:Xyl.

Taking all the above results into account, we can con-
clude here that the thermally stable morphology of
Fig. 3d is unambiguously correlated with the preformed
network of numerous P3HT crystalline nanofibers. It is
known that when cooled down to room temperature, the
dissolved P3HT molecules in poor solvent will undergo
coil-to-rod conformation change and crystallize into long
P3HT nanofiber through intermolecular m-m stacking
[33,42,43]. When spin-coating from the Tet:Xyl dispersion,
the preformed P3HT fibers will create a network with
nanoscale domains of PCBM filling in the meshes. During
thermal annealing process, since the crystalline P3HT
nanofibers have much higher rigidity than P3HT single
molecular chains, the movement of P3HT nanofibers is
negligible as compared to the crystallizable P3HT molecu-
lar chains frozen in the amorphous domains. Additionally,
the size of crystalline P3HT nanofiber is much larger than
both the single P3HT molecular chain and PCBM molecule
in all three dimensions (see Table 1). Therefore, the fixed
and rigid network composed of P3HT nanofibers will sub-
stantially hinder the free diffusion of PCBM molecules
and only allow the PCBM molecules in individual mesh
to crystallize/fuse together (see the right column in
Fig. 5). This is actually the introduction of spatial confine-
ment in the film. Consequently, this confinement contrib-
utes to a composite film with very high P3HT
crystallinity as well as homogenous PCBM nanocrystals,
even after longtime thermal annealing. On the contrary,
in the pristine films prepared by spin coating from solvents
in which P3HT shows very good solubility, P3HT exists pre-
dominantly as amorphous domains due to the fast solvent
evaporation during spin coating process. When post ther-
mal annealing is adopted to improve the film morphology
for efficient PV devices, both the amorphous P3HT and
PCBM molecules will be activated to crystallize. Because
there is no such fixed, rigid and large-scale network of

P3HT nanofibers in the film, the confinement of flexible
P3HT chains on PCBM molecular diffusion is weak
[44,45]. Therefore, PCBM molecules can freely diffuse to
reach a more stable state of thermodynamic equilibrium,
eventually forming large-scale PCBM crystals (left column
in Fig. 5). It should be pointed out that though decreasing
the regioregularity of conjugated polymers has been pro-
ven to be an effect way to enhance the thermal stability
to some extent by lowering the driving force for polymer
crystallization [25,26]. However, in our case we believe
that it is the structural confinement of P3HT nanofibers
on the diffusion of PCBM molecules that accounts for the
enhanced thermal stability and not the regioregularity of
P3HT. As shown in Fig. 3f, the density of large PCBM crys-
tals is substantially decreased due to the noncrystallizable
RRa-P3HT chains within the film, however the free diffu-
sion of PCBM still exists in this film as evidenced by the
less but much larger and longer PCBM crystals formed after
longtime annealing. Furthermore, it is important to note
that the stable morphology can only be realized when a
solvent that has both low solubility for P3HT and high sol-
ubility of PCBM (see Fig. S4) is used. When a solvent or sol-
vent mixture with low solubility of PCBM is used,
numerous PCBM nuclei (in the form of submicron or larger
clusters/aggregates) are already formed in pristine films
after spin coating [14,46-49]. With the significant pres-
ence of PCBM nucleation centers, the crystallization of
PCBM is much more efficient and can form large PCBM
crystals even after short-time thermal annealing.

The most exciting expectation for the network of P3HT
nanofibers is to prepare efficient and highly thermal stable
OPV devices. As shown in Fig. 6a, except for comparable V.
(open-circuit voltage) of ca. 0.6 V, the typical device pre-
pared from Tet:Xyl solvent mixture shows an overall in-
crease in performance with a FF (filling factor) of 0.52
and Js. (short-circuit current density) of 10.82 mA/cm?
compared to pristine devices prepared from CF and ODCB.
Consequently, a PCE of 3.37% is readily achieved in this de-
vice while the pristine devices prepared from CF and ODCB
only show a PCE of 0.51% and 0.98%, respectively. There-
fore, high performance devices can be directly obtained
from Tet:Xyl solvent mixture, mainly benefiting from the
large number of continuous pathways for fast hole trans-
port in the pristine films [13,32,33,50-52].

Fig. 6b demonstrates the thermal stability of devices
prepared from different solvents. For the devices prepared

Table 1
Summary of the sizes of P3HT molecule chain, PCBM molecule and P3HT crystalline fibers in RR-P3HT:PCBM composite film prepared by using Tet:Xyl as
solvent.
Length (nm) Width (nm) Height (nm)
Fully extended P3HT molecule chain 48.2° - 3.5°
PCBM molecule ~1.4° ~0.8" ~1.4°
P3HT crystalline fibers >2000° 20-35¢ 13.1¢

2 The length is evaluated by L x n, where L is the length of repeating unit in P3HT backbone derived from the ChemOffice software, n is the number of

repeating unit of P3HT calculated from its molecular weight.
b Evaluated from ChemOffice software.
¢ Evaluated from the AFM image shown in Fig. 2c and Fig. S6.
4 Measured from the SEM image (Fig. S7).

¢ Calculated from the FWH of crystallographic (100) plane in the WAXD profiles in Fig. 1a.
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Fig. 6. (a) J-V curves of pristine solar cells prepared from different solvents; (b) the thermal stability of devices annealed at 150 °C for different time (each

curve was based on the statistic of six devices).

from CF solvent, thermal annealing can remarkably in-
crease the PCE to 3.22% in about 10 min. However, ex-
tended annealing time quickly degrades the device
performance to that before thermal annealing within
40 min. As for the devices prepared from ODCB, a similar
trend was also observed but the slightly increased P3HT

crystallinity resulted in slower performance degradation.
As expected, the preformed network of P3HT nanofibers
prepared from Tet:Xyl dramatically increases the thermal
stability of PV devices. After thermal annealing at 150 °C
for 160 min, the devices prepared from Tet:Xyl retained
ca. 80% of the initial PCE. Therefore, the preformed network
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of P3HT nanofibers can substantially enhance the thermal
morphology stability of devices prepared from Tet:Xyl sol-
vent mixture. The simple method presented here repre-
sents a new way to prepare efficient PV devices with
highly thermally stable morphology through “one-step”
process.

4. Conclusion

We are able to demonstrate that efficient polymer solar
cells with a thermally stable morphology can be directly
achieved by creating a network of densely distributed crys-
talline conjugated polymer nanofibers. The preformed con-
jugated polymer nanofibers network not only provides
continuous pathways for hole carries transport but also ex-
erts spatial confinement to prevent excessive diffusion of
PCBM molecules, which contributes to a high performance
device with substantially enhanced morphology stability.
This simple method represents a new way to directly
achieve efficient polymer solar cells with highly thermally
stable morphology through a “one-step” process, which
can be useful for lowering the production cost in large
scale OPV devices.
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