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Microwave-assisted solvent vapor annealing (MWSA) treatment is suggested to rapidly
achieve high performance organic photovoltaics. Once vaporized polarized molecules are
smeared into an active layer, they are oscillated in the active layer remotely by microwaves,
which is then eventually dissipated into heat in the layer. MWSA treatment is analogous to
conventional solvent vapor annealing but the oscillation of polarized molecules with
microwave facilitates morphology regeneration in short time. In this method, vertically
favorable segregation of donors and accepters can be achieved due to the fact that molecular
diffusion of fullerene-derivative toward top of active layer where there exist vacancies
between polymer crystallites. This segregation facilitates the charge transport and increases
the short circuit current density. Also, the volumetric heat generation by penetrated vapor
molecules through oscillation in the active layer induces polymer crystallization and diffusion
of fullerene-derivatives. Films treated by MWSA for 7 seconds showed 18% higher power

conversion efficiency than those of pre-thermally annealed films.
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1. Introduction

The organic photovoltaics (OPVs) have attracted remarkable attentions in the last decade
due to the advantages of low cost, light weight, flexibility, and solution processability.
Recently, Krebs group' ? even tried to establish the OPV based solar park. To obtain a high
power conversion efficiency (PCE), nanoscale morphology of the device should still be
controlled delicately. From the nanoscale morphological view, the amount of crystallized
domains and intercalated zones should be balanced and desirable vertical morphology
segregation is required. An enhancement of PCE can be achieved by the suitable morphology

control through the mixture of base solvent,3 insertion of additives,“"9 sequential solution-

11-16 14, 15, 1721
1,

10 .
process, = or post treatment processing such as therma solvent vapor,

224 or slow solvent evaporation.”” To obtain the high performance of bulk

microwave
heterojunction devices, the controlling of phase separation of the donor and the acceptor
components is important for efficient charge transport.**° The fullerene-derivatives rich
phase near the electron collecting electrode (cathode) facilitates electron transport and plays a
role of hole blocking layer. However, the conventional devices treated by thermal annealing
showed unfavorable vertical segregation such as polymer rich phase near cathode.” This
phenomenon is considered to come from the difference in surface energy. Poly(3-
hexylthiophene-2,5-diyl) (P3HT) which has lower surface energy as 27 mN/m than that of 1-
(3-methoxycarbonyl)-propyl-1,1-phenyl-(6,6)C61(PCBM) as 38 mN/m, diffuse to the air top
surface to lower surface energy.3 !

From a point of view of the desirable vertical segregation, Mariano et al.*® reported the
motion of P3HT: PCBM when an active layer is exposed to the saturated chlorobenzene
solvent vapor with long time. The contents of PCBM near top surface are relatively higher in

solvent vapor annealed device than that of thermal annealed device. To expedite the solvent

vapor treatment, Burgues-Ceballos et al** vaporized chlorobenzene solvent using nitrogen
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bubbling at ambient temperature and demonstrated that the annealing can be achieved in a
short time (~5 sec). However, the PCE of the solvent vapor treated sample was 68% lower
than that of the thermally annealed sample due to a low fill factor. They analyzed that lower
fill factor come from higher contribution of disordered P3HT still remained after the long
time treatment.

Here, we suggest the novel treatment method to control the heat transfer direction, i.e., top
down and volumetric heat transfer, using microwave assisted solvent vapor annealing
(MWSA) as shown in Figure 1(b). As shown in the schematic view in Figure 1(c), once the
polarized molecules, i.e. solvent vapor, are smeared into the active layer, the microwave
irradiation oscillate them, which then dissipate this energy into heat into the active layer. The
MWSA method which can provide two advantages: (1) desirable vertical phase segregation
and (2) fast treatment induced by volumetric and top down heat transfer direction as shown in
Figure 1(b). The microwave annealing process performed in the pastn'24 has not been
combined with the solvent vapor, so it only heats up the ITO not the active layer™ **; the heat
transfer process is essentially the same as the thermal annealing process, i.e., bottom up heat

transfer (see Figure 1(a)). Thus, PCEs of microwave irradiated devices were similar or lower

than those of thermally annealed devices.
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2. Results and Discussion

Figure 2 shows P3HT edge-on peak position according to post-treatment observed by X-
ray diffraction (XRD). Crystallized P3HT after treatment shows a lamellar structure with a -
n stacked conjugated backbone of 3.8A and an alkane side chain with d-spacing of about 16
A.?*?° Thermally annealed samples have a peak position at 5.24° (26), which corresponds to a
d-spacing of 16.86 A. Microwave assisted solvent annealed samples show a peak position at
5.52° (26), which corresponds to 16 A d-spacing between P3HT alkyl side chain branches.
Closely packed P3HT crystalline phases are observed in MWSA films, and this might be
induced by the high kinetic energy of chlorobenzene vapor that penetrated into the active
layer. 7 seconds of microwave irradiated film showed large crystalline peak compared to
untreated film, which implies that oscillated CB molecules in the active layer efficiently
transfer the thermal energy to the adjacent polymer for crystallization. MWSA films irradiated
more than 8 seconds were damaged from excessive evaporation of CB vapor. A huge amount
of CB vapor was converted into CB liquid after microwave heating was stopped, and this CB
vapor condensed at the surface and eventually washed out the active layer. So, MWSA was
conducted three times (MWSA 7s x 3) to make up for excessive evaporation. The film was
removed after the initial MWSA treatment and put in a fresh dish with 0.2ml CB in a fresh
vial cap and this procedure was repeated. Three times MW irradiated device showed similar
peak intensity to the one time irradiated device, which implies that crystallization formation
can be done within 7 seconds. The P3HT crystallization peak intensities of MWSA samples
are lower than those of the thermally annealed sample. Solvent vapor improves the molecular
mobility for local rearrangement, but does not completely dissolve the P3HT chains, so large-
scale phase separation is rarely induced.”® An extended crystalline domain is harmful for
exciton dissociation. Appropriate crystalline domains of MWSA could enlarge the

donor/acceptor interfacial area and facilitate exciton dissociation.
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The time-of-flight secondary ion mass spectrometry (TOF-SIMS) analysis in Figure 3
shows the vertical segregation of P3HT by counting the ratio of sulfur atoms in P3HT to
carbon atoms in both of P3HT and PCBM. The untreated sample, which is just stored in air
for about 1 hour, shows that a large amount of P3HT is distributed at the top surface, i.e., Al
cathode side, because of its lower surface energy than that of PCBM>. For the thermally
annealed sample, P3HT distribution is somewhat uniform along the vertical direction because
of the rapid evaporation of residual solvent after spin coating. Both 7s and 7s x 3 times
microwave irradiated solvent annealing samples show interesting segregations of P3HT. At
the air interface to about 10nm thickness, the ratio of P3HT to PCBM is very low compared to
the ratio in any other vertical position. This means that PCBM molecules originally existed in
the active layer diffused to the air surface in around 7 seconds. We speculate this phenomenon
comes from PCBM diffusion into low-polymer density regimes which were opened up during
the MWSA between P3HT crystallites; saturated solvent molecules smeared into the active
layer from the top of the surface, so they opened up regimes between crystallized polymer at
top surface, which served the pathway to PCBM diffusion. Also, oscillating chlorobenzene
molecules in the active layer could rapidly transfer the thermal energy to PCBM, which
facilitated molecular migration. The lack of P3HT at the top surface is beneficial for electron
extraction, and this could contribute to the enhanced short circuit current density. However,
just below the air interface, i.e., a ~20nm depth, the P3HT ratio is the highest through the
whole active layer thickness. This concentrated P3HT layer could act as a barrier to charge
extraction because the dissociated free holes in this layer attract free electrons, which have

opposite charge and finally recombine.
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For investigation of lateral distribution of P3HT and PCBM, phase images were obtained
with tapping mode of atomic force microscopy (AFM) as shown in Figure 4. The amplitude
of the AFM cantilever vibration is dampened when soft and elastic region of the film is
scanned, so the difference of vibration amplitude means phase changes.”” *® The brighter
regions in the AFM phase images indicate the softer P3HT polymer rich domain, while the
darker regions correspond to the harder PCBM rich domain.” AFM phase images in Figure 4
were obtained for the untreated (a), MWSA processed for 6 sec (b), 7 sec x 3 (c), and
thermally annealed (d) films. In Figure 4 (c) and (d), the dark color regions are observed to be
more aggregated and greater in size than the ones in Figure 4 (a) and (b). It means a larger
amount of PCBM is moved toward the top surface in the process of thermal annealing and
MWSA. In addition, distributions of PCBM rich at the top surface appearing in AFM phase
images are coincident with SIMS profile as shown in Figure 3. The size of the phase
separation grows after thermal annealing or MWSA. Films which are untreated and processed
through MWSA for 6 seconds show small phase separation of P3HT and PCBM as shown in
Figure 4 (a) and (b) respectively. The thermally annealed film in Figure 4 (d) shows the
largest phase separation, and the film MWSA treated for 7 seconds (x 3) in Figure 4 (c) shows
intermediate phase separation. Excessively large phase separation in thermally annealed film
reduces the exciton dissociation rate*” because of the short exciton diffusion length around 10
nm. On the other hand, phase separation size in the film MWSA processed for 7 seconds (x 3)
might balance the exciton dissociation and charge transport rate, resulting in performance
improvement.

The absorption characteristics of glass/ITO/PEDOT:PSS/P3HT:PCBM according to
annealing conditions are presented in Figure 5. Peaks at 550 nm and 603 nm indicate that
there exists m—m stacking in both thermally annealed (TA) and MWSA films.*' The peak
intensities of MWSA films are rather weak compared to the TA films, which indicates the

amount of crystallized P3HT treated with MWSA is somewhat less than that of the TA film.
6
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Large P3HT crystalline domains are beneficial for the exciton generation because closely
packed molecules raise up the number of delocalized electrons, which narrows band-gap and
facilitates light absorption.42 However, regarding the exciton dissociation, large crystallized
P3HT domains may hinder the exciton dissociation and further disturb free electron migration.

In Figure 6, the MWSA (7s x 3) film shows the highest value of 2.58% PCE, which is 18%
higher than that of the TA film. In addition, J,. of 7.46 mJ/cm?® for the MWSA (7s x 3) film is
29 % higher than that of the TA film (5.8 mJ/cmz), while similar values of V,. and FF were
observed. Here, we note that thermal annealing process of TA film was conducted before
electrode deposition for the fair comparison with MWSA processed film, which was also
processed before electrode deposition. MWSA films show an increase in PCE with increasing
microwave irradiation time in Figure 6 (a). The increase of PCE comes from an increase in Jy,
which is affected by three parameters: (1) the amount of light absorption, (2) the efficiency of
exciton dissociation, and (3) the efficiency of charge transport. The amount of light absorption
in MWSA films is somewhat small, but as long as an exciton is generated from the light
absorption, the exciton could efficiently dissociate because of the nanoscale phase segregation
that occurred due to the solvent vapor annealing.’® The small ratio of P3HT in P3HT:PCBM
mixture near top surface, i.e., high ratio of PCBM near the aluminum cathode, also facilitates
the electron extraction and contributes to the high Jy. The untreated film has a high ratio of
P3HT in P3HT:PCBM mixture near the top surface, which indicates that charge transport can
be hindered in front of the cathode and/or bimolecular recombination could be happened. The
MWSA (7s x 3) films showed the highest PCE, J,., and fill factor (FF). The increased J,. and
FF of the MWSA (7s x 3) films (see Figure 6 (b) and (d)) could suggest existence of an well-
connected charge pathway along the vertical direction while maintaining nanoscale phase
segregation because the light absorption intensity is still similar to those of films treated only
once with MWSA; number of generated excitons should be comparable yet. Also, because of

desirable vertical segregation as shown in Figure 3, dissociated free charges are more
7
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efficiently transferred to the electrode in MWSA (7s x 3) films than those in MWSA (7s)
films. The open circuit voltages (V,.) decreased with MWSA irradiation time. V,. is related to
the highest occupied molecular orbital (HOMO) of P3HT and the lowest unoccupied
molecular orbital (LUMO) of PCBM. During the MWSA treatment, closely packed molecules
increase the number of delocalized electrons, narrow the band-gap and eventually lead
decreased in VOC.42’ *3 The FF of MWSA (7s x 3) films is comparable to that of TA films but
somewhat lower as shown in Figure 6 (d). This might be attributed to the relatively fewer
P3HT crystallized domain of MWSA films shown in Figure 2. Large crystalline domains in
TA film serve the wide space to accommodate diffusing charge but relatively small and fewer
crystalline domains in MWSA film expose charges to recombination possibility because of its
large interfacial area between P3HT and PCBM. However, as discussed above, large
crystalline domains also limit the exciton dissociation. Small sized of crystallized domains in
MWSA facilitate exciton dissociation. Also, vertically desirable phase segregation of MWSA
films is beneficial for charge extraction.

MWSA treatment induces a drastic transition in the active layer in 7 seconds. Polymer
crystallization occurs between the glass transition temperature (7,) and melting temperature
(T,).***® Swelling of the polymer by solvent mainly interacts with the amorphous phase and
suppresses T, and 7,. However, T, suppression is smaller than that of 7, so the
crystallization window becomes large; also, a lower T facilitates crystallization because it can
begin at a lower temperature.4446 For the MWSA experiment, the absorbed solvent in the
active layer could rapidly swell the polymer chains and lower the melting temperature, and,
consequently, it reduces the crystallization time to about 7 seconds. Chlorobenzene (CB) has a
1.87 D dipole moment. The microwave accelerates the dipole moment oscillation, so
penetrated CB oscillation interacts with the surrounding polymer chain and facilitates rotation
of the polymer chain segment.*’ The high kinetic energy of CB could expedite diffusion of

PCBM molecules to the open up regime between P3HT crystallites.
8
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3. Conclusion

We demonstrated that MWSA treatment can enhance the PCE with microwave irradiation of
only about 7 seconds. The PCE enhancement is induced by an increase in Jy., which implies
that free charges can be efficiently transferred to the electrode along the vertically desirable
charge pathway. Along with this, nanoscale phase segregation maintained during MWSA can
facilitate exciton dissociation. This morphological evolution could come from top-down and
volumetric heat transfer. Oscillating solvent vapor on top of active layer acts as a heat source
and provides the top down heat transfer. Also, oscillating solvent vapor molecules smeared
into the active layer act as volumetric heat sources and eventually contribute to P3HT
crystallization. The PCE of MWSA is 18% higher than that of the thermally annealed film.
This novel method should be adapted to other polymer:fullerene systems of OPVs which need

thermal energy to crystallize polymer with avoiding undesirable vertical segregation.
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4. Experimental Section

Device fabrication: Poly (3-hexylthiophene-2,5-diyl) (P3HT, molecular weight ~50,000 g
mol™, 90~94% regioregular, Rieke Metals) and 1-(3-methoxycarbonyl)-propyl-1,1-phenyl-
(6,6)C61 (PCBM, Nano-C) dissolved in chlorobenzene of 20 mg ml! and 16 mg ml’!
respectively, were stirred overnight and then were blended together for more than 12 hours.
Patterned indium tin oxide (ITO, sheet resistance 10 /0) on a glass substrate was rinsed with
a commercial neutral detergent (Cham-green, CJlion), deionized water, acetone, and isopropyl
alcohol by sonication, followed by drying with N, gas. The substrates were treated with UV
ozone cleaner for 10 min and transferred into a glove box filled with N, gas (moisture < 0.1
ppm and oxygen < 1 ppm). Poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS, Clevios P VP AL 4083) layers 40 nm in thickness were spin coated (2,500 rpm,
60 sec) on the ITO glass and were cured on a hot plate (140°C, 10 min). Then, P3HT:PCBM
blend (100 nm in thickness) was spin coated on the PEDOT:PSS film. Afterward, the
substrates were taken out of the glove box and were exposed to the air for about 1 hour before
they were placed in the vacuum evaporator. During this exposure time, the samples were post-
treated shortly; the samples were thermally annealed at 150 °C for 10 min (TA) or annealed
by microwave assisted solvent vapor annealing method (MWSA) before electrode deposition.
LiF (0.5 nm in thickness) and an aluminum cathode (100 nm in thickness) were consecutively
deposited in the thermal evaporator at 2 x 10°® Torr. Microwaves were generated by a
commercially available microwave machine (800 W, TONGYANG MAGIC Inc., MWO-
20M3). The machine was set to generate microwaves at its maximum power of 800 W. The
turning table in the microwave machine was removed. The digital power output timer (LE4S-
C1) was connected to the microwave machine to accurately control the irradiation time of 5, 6,
7, and 8 sec. A heat-resisting perfluoroalkoxy (PFA) plastic dish (50 x 25 mm?*) was placed in
the microwave. The substrate and a vial cap (Wheaton Inc, 18 x 9 mm?®) were placed together

inside the PFA dish. Chlorobenzene (0.2 ml) was added to the vial cap, the PFA dish was
10
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covered by a Petri dish, and then microwave irradiation was conducted. Then, the Petri dish
cover was removed right after microwave irradiation. Surface temperature of the substrate,
measured immediately after MWSA for 7 sec with infrared ray thermometer, was
approximately 10 K higher than the initial temperature.

Characterization: Current-voltage characterization was evaluated under an AM1.5G filtered
light (100 mWem™) solar simulator (SAN-EIL, XES-301S) using a Keithley2400 source meter.
The absorbance of the samples was measured with an UV/VIS/NIR spectrometer
(PerkinElmer, Lambda 750). XRD profiles were obtained by using an Ultima IV (RIGAKU)
with an X-ray generation power of 3 kW employing a Cu Ka; source. The diffraction was
scanned in the #-26 symmetry mode. TOF-SIMS profiles were evaluated using an ION-TOF
(Miinster, Germany), which has a sputter gun (Cs +, 3keV, 32nA, 300pm x 300pum) and an
analysis gun (Bi3+, 25keV, 0.2pA, 100pm x 100pm). AFM phase image measurement was
conducted through the use of tapping mode of Nanowizard I (JPK inst.). Silicon cantilever
(APPNANO-ACTAZ20; aluminum coated, force constant 37 N/m, resonance frequency 300

kHz) including silicon tip (pyramidal shape, tip radius < 10 nm) was used for phase imaging.
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Figure legend

Figure 1. Schematics showing heat transfer direction in (a) Thermal annealing, and (b)
Microwave-assisted solvent vapor annealing (MWSA). (c) Schematic view of showing
MWSA process — chlorobenzene (CB) molecules are oscillated by irradiated microwave and
generates heat on top of active layer and inside of active layer.

Figure 2. X-ray diffraction (XRD) profiles of untreated, thermally annealed (TA), microwave
assisted solvent annealed (MWSA) samples.

Figure 3. Secondary Ion Mass Spectroscopy (SIMS) profiles of untreated, thermally annealed
(TA), microwave assisted solvent annealed (MWSA) samples. The lines represent the ratio of
sulfur in P3HT to carbon counts and indicate the amount of P3HT contents in bulk-blend.

Figure 4. Atomic force microscopy (AFM) phase images of (a) untreated, (b, ¢c) microwave
assisted solvent annealed (MWSA), and (d) thermally annealed (TA) films.

Figure 5. Light absorption profiles of untreated, thermally annealed (TA), microwave assisted
solvent annealed (MWSA) samples.

Figure 6. (a) Power conversion efficiency, (b) short circuit current density, (c) open circuit

voltage, and (d) fill factor of untreated, thermally annealed (TA), microwave assisted solvent
annealed (MWSA) samples.

14



Page 15 of 20

(a) Thermal annealing

substrate

(b) MWSA

substrate

Journal of Materials Chemistry A

(c) Schematic view

©_ >

L 4

Microwave

Figure 1

N

|| Polar
solvent

%

Fullerene

t Polymer

15



Journal of Materials Chemistry A Page 16 of 20

—@— TA150C10m -1t stacking
g MIWSA 75 x 3 e
e MIWSA 7s E\J B }
—fi— Untreated A
124
d-spacing J
BE
A
:_ 3O O
<
o B
2
uca TA150C10m
@
= MWSA 7s x 3

MWSA 7s

Untreated

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Figure 2

16



Page 17 of 20

ratio [A.U])

+SIC

£
L

P3HT (¢

Figure 3

Journal of Materials Chemistry A

TV R

ST

17




Figure 4
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Figure 6

Journal of Materials Chemistry A

28 F I J 1 g 1 L -
— 24 T ]
X 0L X T { 4
Woief N
o i i
1.2 | -
0s [ (@) » I { ]
8 - 1 1 | 1 1 1 | 7
— Tk T ]
S g n ]
E 5L ]
S 4l ]
S ,p(b) x ! { ]
1 | 1 | 1 1 |
0.75 x -
< 0.70 N i
= | r ]
S 065 | } -
060 (c)® { ¥
r | | | | | 1 | ]
0.60 |- x ]
0.55 [ T ]
& 0.50 [ L] f ]
0.45 [ .
0.40 { .
0.35 (d) » —
030 L 1 | L ! 1 1 L
Un-
TA treated 5s 6s 7s T7sx3 8s
Microwave Irradiation time [sec]
(e)
Un-
treated 0s 7s  Tsx3 8s

PCE [%] 2.19 0.89 1.20 1.39 2.10 2.58 2.18
J.[mJ/em?] 580 339 390 484 644 746 6.34
V,. [Vl 063 076 0.68 0.68 0.66 0.64 0.62
FF 061 034 046 045 054 0.60 0.56

20

Page 20 of 20



