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ABSTRACT: Poly(3-hexylthiophene)(P3HT) with a micro-
porous network structure was prepared from a 1% p-xylene
solution by freeze-dry method. Scanning electron microscopy
(SEM) showed P3HT molecules formed swollen gel-like
structures with different extent of compactness depending
on the length of the aggregation period. Absorption spec-
trum of this P3HT film showed a characteristic peak at 620
nm, which indicated a high degree of order between polymer
chains. Photoluminescence (PL) of this highly ordered P3HT
film appeared at 712 nm revealing large extent of n—n stack-
ing between P3HT molecules in the freeze-dry film. Both
absorption and photoluminescence results indicated that the
original aggregated states of P3HT molecules in gel form had

been preserved throughout the freeze-dry operation. X-ray
diffraction of the annealed samples showed a strong charac-
teristic peak for the side chain aggregation at 20 = 5.1°, which
proved that the freeze-dry film was with highly order struc-
ture. The interconnected and highly ordered P3HT film is
used in the study of organic photovoltaics (OPV) after apply-
ing an n-type semiconductor to the surface of the dry porous
fibers. A prototype OPV device with power conversion effi-
ciency of 1.47% was prepared by this method. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 122: 233-240, 2011
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INTRODUCTION

Poly(3-hexylthiophene)(P3HT) has been widely stud-
ied for many organic electronic applications such as
OPV because of its high mobility character among
many other p-type semiconducting polymers.'™ Mor-
phology of P3HT films are affected by many factors
such as thermal treatment,®® molecular weigh’c,7‘9
regioregularity,''! end grouy,12 solvent selection,'*'
and solvent evaporation rate.''” Among these factors,
selection of an appropriate solvent and thermal treat-
ment conditions are most crucial to the end properties
of P3HT and related organic electronic devices. A
common practice for OPV sample preparation is spin-
coating of the P3HT/PCBM solution on a substrate
followed by thermal treatment to induce a local order
structure by aggregation of polymer side chains in a
solid state. Brabec and coworkers'*'® showed that
aggregation of P3HT could be improved by using a
high boiling point solvent because of better organiza-
tion of the polymer chain during the evaporation of the
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solvent. Researchers* showed that annealed P3HT film
resulted in better side-chain aggregation that could be
identified by X-ray analysis. Mobility of the annealed
P3HT was enhanced due to the formation of order
structure.®

Thermal treatment of P3HT/PCBM film not only
affects carrier mobility through order domain forma-
tion, but also affects the morphology of the bi-contin-
uous phase required for the OPV. Study'® showed
that the formation of a bi-continuous phase in bulk
heterojunction morphology greatly improved carrier
transport in n-type material and resulted in higher
power conversion efficiency. Although a bi-continu-
ous phase can be created in a bulk heterojunction
manner, many problems such as traps formation and
domain size control exist in the heterojunction region.
These problems are a result of the incompatibility
between the p-type and the n-type materials.'” '
Therefore, an efficient method for the creation of a
bi-continuous phase has become an important issue
in the performance and long-term stability of OPV.

In addition to the solvent selection and thermal
treatment methods, researchers®*** found that power
conversion efficiency of polymer solar cells was
improved by the separation of aggregated fibers from
solution. The precipitated fiber showed strong
absorption at 610 nm that originated from aggregation
of P3HT molecules. It had also been reported that
exposing P3HT/PCBM films to solvent vapor along
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with a subsequent thermal annealing step (referred to
as the solvent annealing step) led to an improvement
in efficiency.m'24 Meanwhile, another study demon-
strated that better device performance was obtained
by exposing the dried film to solvent vapor.*

All the above studies have demonstrated the pro-
found effect of the aggregation process and continu-
ous phase formation on the physical properties of
P3HT, as well as its effect to the performance of
organic solar cell.

The blend of regioregular P3HT as the electron
donor and [6,6]-phenyl-Cg; butyric acid methyl ester
(PCBM) as the electron acceptor is the most common
active layer system studied for the OPV, and has
achieved power conversion efficiency of 4-5%.'%%°
Thermal annealing of P3HT/PCBM bulk heterojunc-
tion devices is a critical step for improving their effi-
ciency” and a relatively high temperature ranging
from 120 to 150°C is often used.”** Recently, Su
and coworkers® had reported on the morphological
and optical properties of bulk-heterojunction P3HT/
PCBM film by means of scanning probe microscopy
equipped with near-field spectroscopy (SNOM), and
had suggested an optimal annealing process at
140°C for 30 min. Wei and coworkers®' investigated
the morphologies of P3HT/PCBM active layer in
bulk-heterojunction solar cells annealed at various
temperatures by simultaneously applying small-
angle X-ray scattering (GISAXS) and wide-angle
X-ray diffraction (GIWAXD) techniques, and found
that the device exhibited the optimal performance
under annealing at 150°C for 15 min. In addition,
many different treatment conditions'*** %% were
conducted to the P3HT/PCBM layer to control
P3HT/PCBM layer with different morphologies and
performance.

Currently, most researches use high boiling point
solvents such as chlorobenzene and o-dichloroben-
zene to prepare P3HT/PCBM solution because less
aggregation occurs in these solvents. Thermal
annealing of the spin-coating film results in
improved P3HT organization and higher power con-
version efficiency. However, as mentioned earlier,
the discrepancy in thermal annealing process leads
to different results in device performance because of
the uncontrollable phase separation process. It will
be very interesting if an OSC device can be prepared
by fixing the morphology of a p-type semiconductor
and thermal annealing is conducted before applying
a n-type material to the surface of the p-type semi-
conductor so that a bicontinuous phase is formed.
We found this goal could be achieved by using a
solvent such as p-xylene that would create different
aggregation states of P3HT in solution followed by a
freeze-dry method reported in the present study.

This article presents the results of the formation of
a 3D network structure of P3HT aggregates prepared
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by a freeze-dry process. The effect of the aggregation
period on the morphology of the P3HT film prior to
the freeze-dry process on the morphology of the
P3HT film was examined. Morphologies of both the
annealed and nonannealed sample films were inves-
tigated, along with a parallel study on the samples
prepared by spin-coating process. Scanning electron
microscopy (SEM), UV-VIS absorption spectra,
photoluminescence spectra, and X-ray diffraction
analyses were employed to elucidate the aggregation
behaviors of P3HT. Finally, a prototype P3HT/
[60]PCBM-based device was fabricated.

EXPERIMENTAL
Materials

P3HT was synthesized by GRIM’s method.*®> The
synthesized polymer has a M,, of 18,000, and a poly-
dispersity index (PDI) of 2.45. NMR analysis™
showed that the regioregularity of the synthesized
P3HT was 93%. A solution of 1% P3HT in p-xylene
(fp. 12°C, bp 138°C) was prepared by mixing 0.1 g
of the P3HT sample with 9.9 g of p-xylene (ACS
grade, purchased from Aldrich) in an orbital shaker
at 70°C for overnight before the freeze-dry process
and other measurements.

Sample preparation

The freshly prepared P3HT solution was allowed to
stand at 25°C for aggregation for certain periods of
time to generate specific aggregation states. The
P3HT solution was dropped onto a quartz plate and
moved to a copper plate which was cooled to —70°C
with a temperature controller. The sample was
quenched at that temperature for 5 min. The
quenched sample was then quickly transferred to a
precooled (—50°C) lab-made temperature controller
that was filled with coolant. The quenched sample
and temperature controller was then moved to the
freeze-dryer (Model: Eyela FDU-2200) and sublimed
at —30°C under 1 x 10 * torr for 2 h to remove p-xy-
lene before measurement or thermal annealing treat-
ment. Thermogravimetric analysis (TGA) showed no
residual solvent (bp = 138°C for p-xylene) in the
film at temperature below 200°C for the sample film
prepared by the freeze-dry process (Fig. 1).

Device fabrication

The device was fabricated on an ITO substrate with
sheet resistance of 12 Q. The substrate was cleaned
in an ultrasonic machine with isopropyl alcohol and
deionized water following by treatment with O,
plasma. A 800-A layer of poly(3,4-ethylenedioxylth-
iophene) : poly(styrene sulfonate) (PEDOT: PSS; Bay-
tron AI4083) was coated on the ITO substrate and
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Figure 1 Thermogravimetric analysis of freeze-dry P3HT
film under N,. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

dried at 200°C for 5 min under N, atmosphere. A
1000 A P3HT film was coated and freeze-dried as
described in the sample preparation section followed
by annealing at 150°C for 30 min. A 1.0% PCBM so-
lution in dichloromethane was coated on P3HT by
using blade coater. The dichloromethane solvent
dried in a few minutes and dried P3HT/PCBM film
was coated with Ca (50 A)/Al(2000 A) film as cath-
ode by a thermal evaporator under 1.0 x 10~° torrs.

Characterization

The molecular weight of P3HT was measured by
Viscotek DM400/LR40 Gel Permeation Chromatog-
raphy (GPC) using standard polystyrene as a refer-
ence. Regioregularity was analyzed by Bruker
AV-300 Nuclear Magnetic Resonance. UV-visible
absorption measurements were carried out with a
Shimadzu UV-21011C spectrometer. Photolumines-
cence spectra were taken using a Fluorolog, Horiba
Jobin Yvon Fluorometer. X-ray study was conducted
with an X-ray spectrometer model PANalytical
PW3040/60 X'Pert Pro. The morphology of the
microporous structure was studied using a Hitachi
5-3000N SEM. TGA thermogram was performed on
a Perkin-Elmer TGA-7. Device performance was
measured by using a calibrated solar simulator (300
Watts Xenon lamp) equipped with a KG-3 filter as
light source at AM1.5G conditions (100 mW cm ).

RESULTS AND DISCUSSION
3D network formation

Various factors affecting the aggregation of P3HT in
solution have been investigated by many researchers
as mentioned in the Introduction section. Addition-
ally, solution concentration® and temperature of
aggregation®® also affect aggregation of P3HT. To
prepare P3HT films with different extent of aggrega-
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tion, we used the same P3HT sample in 1% p-xylene
solution at 25°C so that aggregation time became a
controlling factor for the extent of aggregation. The
sample was quenched at —70°C and solvent was
sublimed at —30°C as described in the sample prep-
aration section. In this manner, a minimal amount of
thermal energy was required to remove the solvent
and, thus, the state of aggregation of the P3HT mole-
cules in solution could be maintained throughout
the entire process. Figure 2 showed the SEM image
of P3HT obtained from the freeze-dry method with
an aggregation period of 60 min. The SEM micro-
gram indicated that a network structure of P3HT
molecules was formed, and the network was inter-
connected by fibers with a width of about ~ 1-2 um
at an aggregation period of 60 min.

To investigate the effect of aggregation time on
the formed dried films, different aggregation inter-
vals were employed prior to the freeze-dry process.
Figure 3 showed the SEM micrograms of the P3HT
films prepared at different aggregation intervals. As
shown in Figure 3(a) (as-prepared solution, minor
aggregation process), P3HT molecules formed a par-
tially interconnected structure of ~ 0.2-0.3 pm in
width. As depicted in Figure 3(b-d), the dimension
of aggregated P3HT increased from about 0.2-0.3
pum for an as-prepared solution [Fig. 3(a)] to about
~ 1-2 pm following an aggregation period of 30 min
at 25°C. By applying the freeze-dry process, we
were able to generate a porous network structure of
P3HT with varying gel thickness simply by control-
ling the length of the aggregation time.

Polar solvents with high boiling points are often
used in P3HT/PCBM film preparation because they
allow better P3HT molecular organization during
solvent evaporation. This enables an improvement
in the carrier mobility of the annealed film that

Figure 2 SEM micrograph of a 3-D network structure of
P3HT prepared from 1% p-xylene solution by the freeze-dry
method (proceed with an aggregation period of 60 min).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 SEM micrographs of 3-D microporous structures of P3HT by freeze-dry method with differing aggregation
times: (a) as-prepared solution (0 min), (b) 10 min, (c) 20 min, (d) 30 min.

produces organic solar cells with higher power con-
version efficiency. However, the residual solvent
content of the spun films is inconsistent from batch
to batch because of issues such as temperature, hu-
midity, spin rate, and spin time. The residual solvent
acts as a plasticizer for P3HT and lowers its glass
transition temperature (T,). The spun P3HT films ex-
hibit different initial T¢s for different batches owing
to the difference in the content of residual solvent.
Therefore, it will be very difficult to obtain P3HT/
PCBM films with a similar morphology even when
similar experimental processes, such as the same
annealing temperature and annealing time, are con-
ducted. With the freeze-dry process, porous network
of P3HT is formed by controlling its aggregation
time in solution and solvent is removed with no
additional thermal energy. Therefore, P3BHT with a
similar aggregation state can be created in a much
more controllable way.

Photophysical analysis

P3HT molecules with featured different absorption
bands at 530, 560, and 600 nm, are primarily caused
by different molecular arrangements that change
the extent of n—n* absorption as reported in the liter-
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ature.”” When allowing the P3HT solution to
stand at 25°C for aggregation before freeze-dry treat-
ment, the resultant films consisted of different sizes
of P3HT aggregates depending on the length of the
aggregation period (Fig. 3). The absorption spectra
of these films were distinct from one to another. The
spectrum of a freeze-dry sample without an aggre-
gation process showed a strong absorption shoulder
at 600 nm (Curve a, Fig. 4), which was similar to
that prepared from a spin-coating process (Curve a,
Fig. 6) with the noted exception that the intensity of
the freeze-dry sample was higher. As the aggrega-
tion time increased, this absorption band made a
pronounced shift to 613 and 620 nm, respectively,
with 20 and 40 min aggregation periods, as shown
in Figure 4 (Curves b and c). These results indicated
that a better alignment (and/or packaging) of the
thiophene moieties existed in the samples prepared
by a freeze-dry method, while not in that using a
spin-coating process. Figure 4 also revealed that the
intensities of the absorption bands at ~ 530 and
560 nm were descended and the band at ~ 620 nm
ascended gradually as we prolonged the aggregation
period. The band at ~ 620 nm, corresponding to a
long-range ordering structure of P3HT, became the
maximum absorption band, and a new shoulder
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Figure 4 UV-visible spectra of P3HT film prepared by
the freeze-dry method with different aggregation times: (a)
as-prepared solution (0 min), (b) 20 min, (c) 40 min. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

band appeared at ~ 570 nm, which arose from the
original absorption bands at 530 and 560 nm, as the
aggregation process was extended to 40 min (Curve
c versus curves a and b, Fig. 4). In addition, as
shown in Figure 4, the absorption spectra of the
films prepared with either 20 or 40 min of aggrega-
tion period were quite similar to one another. This
indicated that all the freeze-dry samples maintained
similar packing structures with the exception of the
size of the aggregated gel, as shown in the SEM
micrograms in Figure 3.

When the freeze-dry films were annealed at 150°C
for 30 min, all these annealed films displayed an
almost identical absorption spectra, as shown in Fig-
ure 5. The absorption bands located at 570 and 620
nm were nearly the same for all the annealed sam-
ples regardless of the difference in the length of the
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Figure 5 UV-visible spectra of P3HT film prepared by
the freeze-dry method with different aggregation time
periods: (a) as-prepared solution (0 min), (b) 20 min, (c) 40
min, followed by thermal annealing at 150°C for 30 min.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6 Comparison of UV-vis spectra of nonannealed
(NA) and annealed (AN) P3HT films prepared by the
spin-coating (SC) and the freeze-dry (FD) methods, respec-
tively. (a) SC-NA film, (b) SC-AN film, (c) FD-NA film, (d)
FD-AN film. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

aggregation. These results strongly suggested that a
loosely interdigital packing structure had been
formed during the aggregation period, which turned
into a more compact aggregated structure after ther-
mal annealing treatment.

Figure 6 showed comparisons of the absorption
spectra for spin-coating and freeze-dry samples as
well as that of the nonannealed and the annealed
film samples. Both spin-coating films (annealed and
nonannealed) exhibited similar absorption bands at
530, 560, and 600 nm (Curves a and b, Fig. 6). All
these absorption bands also appeared in the spec-
trum of the nonannealed freeze-dry film prepared
without an aggregation period (Curve ¢, Fig. 6) with
the noted exception that the intensity of the absorp-
tion at 600 nm was slightly more intense. This result
indicated that the nonannealed freeze-dry film (pre-
pared without an aggregation period) exhibited a
higher degree of order of molecular organization
between thiophene units as comparing with that of
the spin-coating film that had been annealed at
150°C for 30 min. On the other hand, when the
freeze-dry film was annealed under the same condi-
tions, the three original absorption bands shifted to
570 and 620 nm (curves d in Fig. 6).

As reported in literature,® the relative intensity
between the shoulder and the main peak revealed
information about ordering of the crystallized P3HT.
As seen in the case of spin-coating samples, the ratio
of intensity at 600 and 560 nm (lgp0/Is60) Was 0.729
for both annealed and nonannealed samples. The
ratio of Igno/Isep was 0.824 for the nonannealed
freeze-dry film with no aggregation process. With
prolonged aggregation time (such as 40 min of
aggregation period), the ratio of intensity at 620 and
570 nm (Ig20/I570) was ~ 1.073 (Curve c, Fig. 4). Fur-
thermore, it is very interesting to note that all the

Journal of Applied Polymer Science DOI 10.1002/app



238
wool . .. = — Omin |
~—— 20 min
;; 800 40 min A
. \ 60 min
< 600} X ;
g 400+ \ .
2 ’
£ 200 . .~ \\r’»\ T
g Sy
c Of 1
0 L L 'l L L L L
o Tttt
3 1.0 —o— 0 min 7
o ——20 min 1
S 0.8 — =40 min 7
(TR =60 min 1
T 0.6 '
N
© 04t
£
o 0.2}
2
0.0} .

550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 7 Photoluminescence spectra of P3HT films pre-
pared by: (a) spin coating process and (b) freeze-dry pro-
cess. All film samples were annealed at 150°C for different
time periods. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

annealed freeze-dry samples prepared with/or with-
out a proper aggregation step exhibited a Ig0/Is70
ratio of ~ 1.07 (All curves in Fig. 5), which indicated
a very similar morphology after thermal annealing.

The nonannealing fibers of P3HT prepared from
polar and high boiling solvent are very fine and dis-
order. Upon thermal treatment, local aggregation
occurs between the side chains*'** and creates an
order structure with a small domain size. From this
study, we found freeze-dry samples maintained
their original aggregated states in gel form, which
was a continuous structure in three-dimensions and
an order structure of a large domain size.

Photoluminescence study

The photoluminescence (PL) spectra of spin-coating
and freeze-dry samples were shown in Figure 7. The
spin-coating sample displayed a PL emission peak at
675 nm [Fig. 7(a)], which was 37 nm lower than that
of the freeze-dry sample that appeared at 712 nm
[Fig. 7(b)]. This result indicated that the extent of n—
n stacking between P3HT molecules in the freeze-
dry samples were much stronger than that in the
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spin-coating samples. Figure 7(a) showed the PL
spectra of the spin-coating samples that were
annealed at 150°C for different periods of time. No
major change could be observed for these PL spectra
even when the annealing period was prolonged to
60 min. For the samples that were prepared by the
freeze-dry method, we did observe a slight batho-
chromic shift (~ 7 nm) due to the aggregation of
P3HT after annealing for 60 min [Fig. 7(b)]. Evi-
dently, the change in aggregation states for P3HT
molecules in freeze-dry samples was larger than
those prepared by spin-coating. As mentioned in the
previous paragraph, P3HT molecules in spin-coating
films were arranged with a disorder structure before
annealing and only short-range order structure
could be obtained after thermal annealing. However,
P3HT molecules formed a loose but order structure
in the freeze-dry films before annealing and they
form compact and order structure after annealing.
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Figure 8 X-ray diffraction patterns of the nonannealed
and annealed P3HT films prepared by the freeze-dry
method with different lengths of aggregation time, (a)
nonannealed and (b) annealed films (annealing conditions:
150°C for 30 min). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 9 -V curve and device properties of a prototype
polymer solar cell prepared by freeze-dry method without
optimization. Device configuration of the solar cell is ITO/
PEDOT : PSS (800 A)/P3HT : PCBM (1000 A)/Ca(25 A)/
Al(2000 A) [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

X-ray analysis

X-ray diffraction patterns of the freeze-dry samples
and their respective annealed samples were depicted
in Figure 8. As shown in Figure 8(a), the nonan-
nealed samples displayed a gradual increase in the
intensity of the peak located at 20 = 5.1°, which was
attributed to the aggregation of alkyl side chains'®
during the aggregation period. A moderate increase
in the height of this peak confirmed the effect of the
length of the aggregation period on the alignment of
the alkyl side chains. This conclusion is further con-
firmed by the annealing study [Fig. 8(b)]. All freeze-
dry samples exhibited a very sharp diffraction peak
at 20 = 5.1° upon annealing at 150°C for 30 min.
These results were in consistent with the absorption
and the photoluminescence studies mentioned above
(Figs. 5 and 7).

All the experimental results confirmed that the or-
ganization of P3HT molecules within the dried
P3HT fiber prepared by the freeze-dry method was
an ordered and connected structure upon thermal
annealing. The degree of order did not vary with
different aggregation periods after thermal treat-
ment. Therefore, the P3HT fibers prepared by freeze-
dry process followed by thermal treatment should
be with consistent properties and should be suitable
for solar cell applications. The concept of creating an
order and connected P3HT network followed by
applying PCBM on the surface of the connected
P3HT fibers for solar cells application is important
because of a bicontinuous phase formation with less
phase separation issue. A prototype polymer solar
cell was fabricated with the film prepared by freeze-
dry process as described in the experimental section.
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Figure 9 showed the device performance of the solar
cell with the device configuration of ITO/PEDOT :
PSS (800 A)/P3HT : PCBM (1000 A)/Ca(25 A)/
AI(2000 A). A power conversion efficiency of 1.47%
could be achieved for the prototype solar cell with-
out further thermal annealing. Although the open
circuit voltage (V) and the fill factor (FF) were both
low, short circuit current density (Js.) of the device
was comparable to that reported in literature.*® The
pore size of the P3HT film was not optimized and
the device was not thermally treated after coating of
PCBM. As reported in literatures, thermal annealing
will enhance device properties such as V,. and Jq.
Therefore, V,. and Js. of this prototype device shall
be higher after appropriate thermal annealing.

CONCLUSIONS

A porous network structure of P3HT aggregates was
obtained by employing a freeze-dry process. A SEM
microgram showed that the dimensions of the PSHT
aggregates could be controlled by different periods
of aggregation time. The absorption study indicated
that the freeze-dry films exhibited higher degree of
order structure between thiophene molecules than
those of the spin-coating films. In addition, the
absorption spectra revealed that the microstructure
of PBHT aggregates obtained from a suitable aggre-
gation process and freeze-dry treatment was very
similar upon annealing at 150°C for 30 min. Photolu-
minescence study showed a large difference in emis-
sion peak (~ 37 nm) for the freeze-dry sample (at
712 nm) as compared with that of the spin-coating
sample (at 675 nm). This result again confirmed that
the extent of n-n stacking between P3HT molecules
in the freeze-dry samples were much stronger than
those in the spin-coating samples. X-ray analysis
showed that all the annealed freeze-dry samples
exhibited a very sharp diffraction peak at 260 = 5.1°
with high intensity, which was the characteristic
peak for the side chain aggregation of P3HT mole-
cules. All evidences verified that the freeze-dry
P3HT film was an order and connected structure.
For P3HT film with such consistent properties, a
prototype solar cell was fabricated with a PCE of
1.47% without further optimization.

PT would like to thank Professor S.N. Lee of the department
for proofreading this article.
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