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ABSTRACT We have demonstrated ultrasonic-assisted nanodimensional self-assembly of a conjugated

polymer, P3HT, depending on its regioregularity, on solvent polarity, and on light irradiation. The resulting P3HT

nanowires were investigated by means of AFM, UV —vis, and XRD and compared with films made by a conventional

thermal annealing method. Obtained results indicate that ultrasonic agitation effectively generates P3HT

nanowires, exemplifying a quick route to nanoscale morphology control which contributes to better organic

photovoltaic cell performance.
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taic cells (OPVCs), especially based on

the poly-3-hexylthiophene (P3HT)/[6,6]-
phenyl Cg;-butyric acid methyl ester
(PC¢1BM) blend system, have drawn much
interest as a promising, cost-effective alter-
native to silicon-based solar cells. The
power conversion efficiency (PCE) of P3HT/
PCBM blend solar cells including tandem
cells has improved rapidly and is currently
in the range of 3.5—6.5%.' > Morphologi-
cal studies of the P3HT/PCBM system by
means of atomic force microscopy (AFM),
X-ray diffraction (XRD), and transmission
electron microscopy (TEM) imply that en-
hanced crystallization of P3HT in the blend
film plays a critical role in improving PCE.
Accordingly, several methods have been
developed to increase the crystallinity of
P3HT including thermal treatment,?
solvent-assisted annealing,® and additive-
assisted annealing.® In addition, fully ag-
gregated P3HT fibers, isolated from con-
centrated solution, have been used to
enhance the molecular packing of
P3HT.”® However, understanding and
controlling optimum morphological con-
dition of the P3HT/PCBM blend system
for better device performance has not
been fully established.

I n the past few years, organic photovol-
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Recently, several research groups found
that P3HT could form aggregates spontane-
ously in a solution when the polymer was
treated with an unfriendly solvent.®~ "
However, even though the absorption coef-
ficient was dramatically increased, the pho-
tovoltaic device made of the preaggregated
P3HT showed poorer performance than or,
at best, similar performance to the device
with a thermally induced aggregated P3HT/
PCBM blend.'* We believe that the low effi-
ciency is likely due to the domain size of
the preaggregated P3HT that is beyond the
critical exciton diffusion length.

In this contribution, we investigate sev-
eral important parameters to realize homo-
geneous P3HT nanowire (NW) formation in
an organic solvent system and to control
the domain size to achieve highly efficient
photovoltaic devices. Ultrasonic irradiation
has often been utilized to nucleate and
grow molecular crystals.'>'* However, ul-
trasonic irradiation seldom favors the for-
mation of an ordered assembly,'® particu-
larly for polymeric materials, because of
their low crystallinity.

RESULTS AND DISCUSSION

P3HT Nanowire Preparation. We found that
applying ultrasonic waves to a P3HT solu-
tion containing a dipolar solvent, such as ac-
etonitrile (AN), could facilitate P3HT aggre-
gation to form an aggregate (video in
Supporting Information) that can be spin-
cast easily with PCBM. As shown in Scheme
1, nonpolar P3HT is initially completely sol-
vated by nonpolar good solvents, such as
chlorobenzene (CB). As the solvent polarity
increases by means of adding a polar sol-
vent, the interaction between P3HT and the
solvent becomes weaker while the interac-
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Scheme 1. Schematic illustration of P3HT aggregation in a solvent system containing a dipolar solvent.

tion among P3HT polymer chains becomes dominant,
putting P3HT into a randomly aggregated state. How-
ever, the aggregation kinetics are slow, leading to a low
degree of crystallization; the low mobility of the ran-
domly aggregated P3HT only allows for the formation
of randomly entangled polymer chains. We applied ul-
trasonic irradiation to disassemble the P3HT chains
from the randomly aggregated state. As soon as P3HT
chains are separated apart by the ultrasonic irradiation,
they want to aggregate again because of the unfavor-
able interaction with the polar enough solvent system.
Fast and multiple cycles of the aggregation and de-
aggregation processes induce ordered P3HT aggrega-
tion. Obtained P3HT aggregate was characterized and
compared with bulk P3HT solution. The aggregation-
induced color change from orange to dark purple is a
well-known phenomenon of P3HT > Therefore, the de-
gree of aggregation of P3HT can be examined by ana-
lyzing the color change, as shown in Figure 1. While the
98% regioregular P3HT solution was dark purple after
ultrasonic treatment for 2 min, 91% regioregular poly-
mer developed lighter purple color. When ultrasonic
treatment was not applied, the 91 and 98% regioregu-
lar P3HT solutions did not show the color development
within the applied time period. Regioregular P3HT hav-
ing the lower regularity also showed slow crystalliza-
tion kinetics and low crystallinity upon thermal anneal-
ing because the low regularity hinders effective
interchain stacking of P3HT .* As shown in Figure 2, ul-

Figure 1. Aggregation behavior of P3HT in chlorobenzene
containing 5 vol % of acetonitrile, (a) 91% regioregular P3HT
without ultrasonication, (b) 91% regioregular P3HT with ul-
trasonication, (c) 98% regioregular P3HT without ultrasoni-
cation, and (d) 98% regioregular P3HT with ultrasonication.
The image was taken 2 h after applying ultrasonication for 2
min.
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trasonication produces a P3HT nanowire having a uni-
form width of 20—25 nm, while bulk P3HT solution
does not show any aggregated feature.

To investigate the effect of a dipolar solvent on the
aggregation behavior of P3HT, we examined several
solvents having various polarity.'® Nonpolar hexane,
which is a poor solvent to P3HT, was also included in
the study to see whether the solubility itself had the
dominant effect on the aggregation phenomenon of
P3HT. In this investigation, we used only 91% regioreg-
ular P3HT to confirm the solvent effect on aggregation
because 98% regioregular P3HT may not exhibit a dis-
tinct difference due to its very fast aggregation behav-
ior. Ten milligrams of P3HT was dissolved in 1 mL of co-
solvent composed of 90 vol % of chlorobenzene and
10 vol % of a dipolar solvent. After ultrasonic treatment
for 2 min, samples were stored under ambient light
and under a dark condition for 2 h, respectively. Regard-
ing the samples kept under ambient light, the aggrega-
tion behavior of P3HT was enhanced as solvent polar-
ity increased, judging from their color change, as
illustrated in Figure S1 (Supporting Information). Non-
polar hexane did not cause any noticeable color change
even though it is a poor solvent to P3HT, implying that
solubility itself is not a critical factor for the aggregation
behavior. Interestingly, the samples kept under room
light showed faster aggregation propensity than the
same samples kept under a dark condition. Planariza-
tion of the P3HT backbone induced by photoexcita-
tion'” likely accelerates the molecular aggregation. The
obtained P3HT nanowires were stable, unable to be dis-
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Figure 2. SEM images of (a) P3HT nanowires prepared by the
ultrasonic-assisted self-assembly method (10 mg of P3HT in 1 mL of
chlorobenzene (95 vol %)/acetonitrile(5 vol %) cosolvent) and (b) bulk
P3HT solution (10 mg of P3HT in 1 mL of chlorobenzene). All images
were taken using 98% regioregular P3HT, and films were not thermally
treated after spin-casting. Scale bar is 500 nm.
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Figure 3. Tapping mode AFM images of P3HT NW/PC¢;BM films. The
scan area is 5 um X 5 pm, and the insets are magnified areas of 1 pm
X 1 pum: (a,b) 91% RR P3HT NW/PCs;BM blend before and after ther-
mal annealing, (c,d) 98% RR P3HT NW/PCs,BM blend film before and
after thermal annealing, and (e) 98% RR P3HT/PCBM blend film after
thermal annealing.

sembled by additional ultrasonication at ambient tem-
perature. However, if the suspension of the P3HT
nanowires was heated at 60 °C, the nanowires dis-
sembled and the suspension became an orange solu-
tion. Among the solvents we tested, acetonitrile most
efficiently promoted the P3HT aggregation. We could
obtain homogeneous P3HT suspensions from limited
volume ranges of acetonitrile to chlorobenzene (5—15

vol % for 91% RR P3HT and 3—10 vol % for 98% RR
P3HT), and the conversion yields to NWs (67 and 88%
for 91% RR P3HT and 98% RR P3HT, respectively) were
calculated after directly collecting NWs using syringe fil-
ters (pore size ~ 450 nm) when acetonitrile was used
as dipolar solvent. The resulting suspensions were spin-
cast after blending with PC¢;BM at room temperature
to form a thin layer film for further investigation.

Blend Film Morphology. We investigated the features of
the P3HT nanowires by examining the spin-cast film
morphology with AFM and SEM. As shown in Figure
3a,c and Figure 4b,c, we consistently observed P3HT
nanowires having a relatively uniform width of 40—50
nm with similar shape, as seen in Figure 2a. The bright
regions are P3HT-rich nanowires, and the dark regions
are PC¢;BM-rich amorphous regions.?”'? This nanowire
morphology is different from the featureless surface ob-
served in the films of conventional P3HT/PCs;MB blend
solutions (Figure 3e). The film prepared from the 91%
RR P3HT NW/PC4;BM blend showed larger size nano-
wires than that of the 98% RR P3HT NW/PC4;BM blend.
That is likely because 91% RR P3HT forms nanowires of
lower crystallinity and exhibit looser phase separation
between crystals and amorphous P3HT/PCs;BM. Ther-
mal annealing at 150 °C for 15 min was applied to the
film, and while the 98% RR P3HT NW/PC¢,BM film did
not show any noticeable changes, the image contrast of
the 91% RR P3HT NW/PCq;BM film significantly dimin-
ished. We think that the difference came from the dif-
ferent amount of amorphous P3HT regions that were
not involved in the P3HT NW but form the tie region be-
tween the P3HT NWs. The amorphous P3HT distrib-
uted around the P3HT nanowires likely forms a
smoother layer by filling the clefts between the nano-
wires during the thermal annealing. Thermal annealing
will induce further crystal packing and phase segrega-
tion and therefore may explain the decrease in the av-
erage size of nanowires, as well. The average domain
size of the P3HT/PC4;BM blend film fabricated from the
P3HT NWs (Figure 3d) looks smaller and more uniform
than that of the film fabricated by other methods
such as thermal annealing (Figure 3c) and spontane-
ous aggregation in dipolar media as reported in the
literature.'?

Figure 4. SEM images of P3HT/PCBM blend after thermals annealing: (a) 98% RR P3HT homogeneous solution, (b) 91% RR
P3HT NW solution, and (c) 98% RR P3HT NW solution. Films were fabricated using spin-casting after adding PCBM to each

of the P3HT solutions.
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Figure 5. Effect of regioregularity on the crystalline packing of P3HT. (a) UV—vis spectra of spin-cast films of various P3HT/

PCs:BM systems and (b) their X-ray diffraction patterns.

Regioregularity Effect on Aggregation. We investigated
the effect of the regioregularity of P3HT on the aggre-
gation behavior by analyzing the absorption spectra of
various P3HT/PC¢BM systems. We examined spin-cast
films of 91% RR P3HT/PC¢BM, 91% RR P3HT NW/
PC¢1BM, 98% RR P3HT/PC¢BM, and 98% RR P3HT NW/
PCs:BM. Figure 5a clearly shows that the aggregation
behavior of P3HT strongly depends on the regioregular-
ity. The characteristic absorption peak of P3HT aggre-
gates at 620 nm increased as the regioregularity of
P3HT increased.? The absorption intensity of P3HT also
increased with the regioregularity of P3HT. The films of
preaggregated P3HT NW solutions, regardless of their
regioregularity, show a higher absorption intensity than
the films from the conventional P3HT/PCgBM solu-
tions. The spin-cast film prepared from 91% RR P3HT so-
lution shows a broad featureless absorption spectrum.
As the film was thermally annealed, the absorption in-
tensity increased with two distinct additional shoulders
at around 550 and 600 nm, respectively. The resulting
absorption spectrum is very similar to that of the spin-
cast film of the 91% RR P3HT NW solution in terms of in-
tensity and shape. As the film of the 91% RR P3HT NW
solution was thermally annealed, the intensity in-
creased further. These comparisons imply that the
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nanowire formation of P3HT in solution is a superior
method to the thermal annealing of a spin-cast film
from a homogeneous P3HT solution for making well-
packed crystalline P3HT. The same trend was observed
in 98% P3HT. However, the higher regioregularity pro-
vides much better packing of the polymer, as evidenced
by the increased intensity of the respective spin-cast
films relative to those of lower regioregularity. Com-
pared to other cases, the very small increase of the ab-
sorption intensity of the 98% P3HT NW film after the
thermal annealing implies that the crystallinity of the
self-assembled 98% P3HT nanowire formed in solution
is already maximized.

X-ray diffraction analysis on these films also con-
firms the same regioregularity effect on the crystalline
packing of P3HT (Figure 5b). All samples showed only
one strong diffraction peak at around 5.3°, and the peak
intensity is dependent on the regioregularity of P3HT.
The self-assembled P3HT NWs showed a stronger dif-
fraction peak than the spin-cast film of the P3HT homo-
geneous solution having the same regioregularity. The
diffraction peak intensity increased as the films were
thermally annealed, indicating that thermal annealing
induces better crystal packing of P3HT as we observed
in the UV—vis analysis. A 98% regioregular P3HT NW
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Figure 6. J—V curves of P3HT/PC¢BM blend systems, (a) 91% RR and (b) 98% RR P3HT.

film has the highest crystallinity and was slightly in- assisted self-assembled P3HT nanowires/PCs;BM.'® In
creased by thermal annealing. This indicates that 98% the same experimental conditions, devices fabricated
regioregular P3HT formed highly ordered crystalline with P3HT nanowires/PCq;BM showed about 6—30%

packing during the sonication-assisted self-assembly better FF than those from a conventional P3HT/PCs;BM
process due to the high regioregularity and freedom blend solution. Thermal annealing has a large effect
of movement in solution. on the device performance because thermal annealing
Application for Photovoltaic Devices. The J—V curves of can induce better P3HT packing, as we observed in the
the devices are shown in Figure 6, and the perfor- UV—vis study. Moreover, thermal annealing can fill
mance of the cells is summarized in Table 1. As one the clefts between the nanowires with amorphous
can clearly see from the results, the devices made of P3HT distributed around the P3HT nanowires, as evi-
the sonication-assisted self-assembly of P3HT nano- dent in the AFM study. However, this effect was not
wires/PCq1BM show the larger Ji., FF, and PCE than the  significant for the already well-packed 98% RR P3HT
devices from the homogeneous solution of P3HT/ NW/PC¢BM. The V, value of the well-packed P3HT/
PC¢1BM having the same regioregularity. While the PCs1BM decreased regardless of whether the thermal
shunt resistance of the devices is very similar to each annealing or the sonication-assisted self-assembly
other regardless of the fabrication method, the series was used. That is likely due to the strong intermo-
resistance of the devices made of the sonication- lecular interaction between the donor P3HT and the
assisted self-assembly of P3HT nanowires/PCq;BM is acceptor PC4,BM."?

much lower than that of the analogous devices from

the homogeneous solution of P3HT/PC¢BM, demon- CONCLUSIONS

strating the efficiency of the sonication-assisted self- In summary, we have devised the sonication-
assembly of P3HT nanowires for solar cell fabrication. assisted self-assembly of P3HT nanowires together

As the AFM investigation showed, sonication not only  with PCs;BM in a cosolvent system containing acetoni-
induces well-connected P3HT nanofibers but also likely  trile, a polar solvent. The self-assembly behavior of P3HT
helps PC¢;BM to be dispersed well on the nanofiber sur-  depends not on the solubility power of the cosolvent
faces. This nanoscale phase separation will facilitate system but on the solvent polarity. Also, the optimum
charge separation and transport, producing the larger  volume ratio of acetonitrile to obtain a homogeneous
fill factor (FF) and the enhanced short-circuit current ob-  P3HT NW suspension depends on the regioregularity of
served from the devices made of the sonication- P3HT. There are several factors that affect the self-

TABLE 1. Device Performance of Photovoltaic Cells Made of Various P3HT/PC61BM Systems

91%RRP3HT  91% RR P3HT 91% RR NW 91% RR NW 98% RRP3HT  98% RR P3HT 98% RR NW 98% RR NW
before thermal  afterthermal  before thermal  after thermal ~ before thermal  after thermal  before thermal  after thermal

Ji (mA/cm™2) 2.09 5.76 249 5.95 3.40 9.67 8.23 10.42
Voe (V) 0.78 0.60 0.73 0.62 0.72 0.59 0.66 0.61
FF 0.34 0.58 0.45 0.65 0.46 0.60 0.58 0.64
PCE (%) 0.55 2.00 0.83 239 1.13 345 3.13 4.09
series resistance ({) cm?) 13.70 3.69 6.06 3.21 12.54 2.89 9.71 278
shunt resistance () cm?) 587 840 560 1460 412 804 998 1148
r@%\r “\\K) VOL. 4 = NO.4 = KIM ET AL. www.acshano.org



assembly of P3HT, such as ultrasonic irradiation, the il-
lumination conditions, and the regioregularity of P3HT.
The sonication-assisted self-assembly of P3HT together
with PCs;BM provided uniform nanowires having a di-
ameter of 40—50 nm, which was confirmed by AFM
analysis. As the regioregularity increased, more effec-
tive nanowire formation was observed, as evident in the
UV —vis spectrophotometry and X-ray diffraction analy-
sis. Thermal annealing enhanced further the packing
of the nanofibers. Photovoltaic cells having a ITO/PE-
DOT-PSS/P3HT-PC¢BM/Al structure were fabricated
from the self-assembled P3HT NW/PC4;BM and a homo-
geneous P3HT/PCsBM solution, and their device per-
formance was compared and analyzed in connection

METHODS

Materials. PC4;BM was purchased from American Dye source.
The 91% regioregular P3HT was purchased from Rieke Metals
and used without further purification. The 98% regioregular
P3HT was synthesized by means of GRIM polymerization, as re-
ported previously.?? Obtained polymer was purified using pre-
cipitation into methanol and Soxhlet extraction. After removing
oligomers by the precipitation and Soxhlet extraction, the poly-
mer was further purified by means of column purification
through Celite and magnesium silicate. Regioregularity of the
polymers was verified with '"H NMR (M,, = 55 000, M,, = 88 000,
PDI = 1.6).

Nanowire Suspension and Blend Solution. After dissolving 10 mg
of P3HT in a chlorobenzene/acetonitrile cosolvent system (0.7
mL/0.07 mL for 91% RR P3HT and 1.0 mL/0.07 mL for 98% RR
P3HT), the obtained orange solution was treated with ultrasoni-
cation at room temperature for 2 min. The solution was kept un-
der ambient condition for 2 h to allow P3HT crystallization in
the solution state. Ten milligrams of PC¢;BM was dissolved in the
same cosolvent composition (0.3 mL/0.03 mL for 91% RR P3HT
and 0.3 mL/0.2 mL for 98% RR P3HT) and added to the P3HT
nanowire suspension under ultrasonication. The resulting blend
solution was used for AFM, UV—vis, XRD, and device fabrication
after applying further ultrasonication for 2 min to enhance the
penetration of PC4;BM homogeneously into P3HT nanowires. In
the case of a blend solution for the thermally annealed film, 10
mg of P3HT and PCBM was dissolved in 1.0 mL of chlorobenzene
and was used for the same characterization.

Device Fabrication and Characterization. ITO-coated glasses were
cleaned with acetone and IPA followed by UV ozone treatment
for 5 min. PEDOT:PSS (Baytron PH 500) was spin-cast on the sub-
strate and baked at 150 °C for 15 min. Different P3HT/PC4;BM
blend solutions with and without P3HT nanowire were prepared
and spin-cast at 700 rpm for 30 s. To dry the solvent completely,
the casted films were additionally spun at 3000 rpm for 2 min.
In the case of thermally annealed samples, they were annealed
for 15 min at 150 °C. Final devices were fabricated by depositing
a 1 nm thick LiF and a 100 nm Al layer (9.62 mm?, circle shape) se-
quentially under 5 X 1077 Torr. We used the island-type elec-
trode geometry to prevent the additional charge collection ob-
served from the crossbar-type device configuration.?® All
devices were characterized under ambient conditions, and
the typical illumination intensity was 100 mW/cm? (AM 1.5G
Oriel solar simulator).
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with the AFM, UV—vis, and XRD results. Devices made
of the self-assembled P3HT nanowires/PCs;BM showed
better J, series resistance, fill factor, and power conver-
sion efficiency. Thermally annealed photovoltaic cells
having the self-assembled 98% regioregular P3HT
nanowires/PCqsBM by the sonication-assisted self-
assembly achieved 4.09% power conversion efficiency.
The devised sonication-assisted self-assembly method
of P3HT is a promising tool to prepare well-defined
P3HT nanowires together with other additives and is
useful for various organic electronic applications and
suitable for roll-to-roll mass production®®?' because it
can obtain fully assembled P3HT without a long-time
annealing process.
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