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ABSTRACT: A high-pressure solvent vapor annealing (HPSVA) treatment is suggested
as an annealing process to rapidly achieve high-performance organic photovoltaics
(OPVs); this process can be compatible with roll-to-roll processing methods and uses a
benign solvent: acetone. Solvent vapor annealing can produce an advantageous vertical
distribution in the active layer; however, conventional solvent vapor annealing is also
time-consuming. To shorten the annealing time, high-pressure solvent vapor is exposed
on the active layer of OPVs. Acetone is a nonsolvent for poly(3-hexylthiophene-2,5-diyl)
(P3HT), but it can dissolve small amounts of 1-(3-methoxycarbonyl)-propyl-1,1-phenyl-
(6,6)C61 (PCBM). Acetone vapor molecules can penetrate into the active layer under
high vapor pressure conditions to alter the morphology. HPSVA induces a PCBM-rich
phase near the cathode and facilitates the transport of free charge carriers to the electrode.
Although P3HT is not soluble in acetone, locally rearranged P3HT crystallites are
generated. The performance of OPV films was enhanced after HPSVA; the film treated at
30 kPa for 10 s showed optimum performance. Additionally, this HPSVA method could
be adapted for mass production because the temporary exposure of films to high-pressure acetone vapor in ambient conditions
also improved performance.
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1. INTRODUCTION

The fabrication of organic photovoltaics (OPVs) has attracted a
great deal of attention in the past decade due to the advantages
of lightweight, flexibility, solution processability, and relatively
low cost. To enhance the power conversion efficiency (PCE) of
OPVs, the morphology of the active layer must be properly
composed. The crystallized polymer domain size, fullerene
aggregate size, and polymer−fullerene intercalated zones
should be balanced. In addition, appropriate distribution of
hole- and electron-conducting materials in the vertical direction
between the two electrodes is required. In order to facilitate
charge transport toward each electrode, hole-conducting
materials (polymer) should be placed near the anode, whereas
the electron-conducting materials (fullerene derivatives) should
be placed near the cathode.1−5

To achieve this desirable distribution, precise control of the
morphology is critical. The morphology of the active layer can
be altered through post-treatment methods such as ther-
mal,6−10 solvent vapor,6,7,11−14 microwave,15−17 and micro-
wave-assisted solvent vapor annealing,18 as well as solvent
soaking18−20 and additive insertion.21−25 The conventional
post-treatment method, i.e., prethermal annealing (Pre-TA; TA
before metal deposition), yields an undesirable vertical
distribution where the polymer-rich phase is often near the
cathode. This undesirable distribution is caused by the surface
energy of the polymer material, which is lower than that of the
fullerene-derivative material. Representative hole- and electron-
conducting materials, such as poly(3-hexylthiophene-2,5-diyl)

(P3HT) and 1-(3-methoxycarbonyl)-propyl-1,1-phenyl-
(6,6)C61 (PCBM), have surface energies of 27 and 38 mN/
m, respectively.26 To reduce the total surface energy, the lower
surface energy material (P3HT) needs to be closer the top
surface. Alternatively, solvent vapor annealing (SVA) is an
effective method to achieve the desired vertical distribution of
hole- and electron-conducting materials. Various SVA methods
are summarized in Table 1. When the active layer of an OPV is
exposed to solvent vapor conditions, solvent molecules diffuse
into the active layer and modify the morphology at the
nanoscale level. Ruderer et al.27 reported the morphology
alteration in vertical and lateral direction of P3HT:PCBM film
according to the various solvent such as chloroform, toluene,
chlorobenzene (CB), and xylene. In the vertical direction,
P3HT rich phases were detected for toluene- and CB-made
films and PCBM rich phases were found for the films made
using toluene and xylene. Guo et al.28 reported the influence of
chlorobenzene, 1,2-dichlorobenzene, and 1,2,4-trichloroben-
zene solvents and solvent additive (1,8-diiodooctane) on the
morphology of polymer film. For films made from
chlorobenzene, the smallest polymer domains were obtained,
due to the high volatility of the solvent. Meier et al.29 showed
that the amount of the residual solvent depends on the
interaction of the polymer and thus influences on the
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performance of the polymer electronic devices. Campoy-Quiles
et al.12 reported that the fullerene-derivative ratio near the top
surface (in contact with the cathode) was increased after 30
min of SVA with chlorobenzene. Jo et al.30 also demonstrated
that higher concentrations of the fullerene-derivate were
formed near the top surface; in their study, SVA was achieved
with dichlorobenzene and optimum device performance was
obtained after 2 h of exposure. There are several parameters
that affect morphological changes during SVA, such as exposure
time, vapor pressure, and the solubility of the active materials in
the solvent. To shorten the exposure time, Burgues-Ceballos et
al.31 bubbled nitrogen gas at an ambient temperature to deliver
chlorobenzene solvent vapor onto the active layer. Their
exposure time was about 5 s, but the device performance did
not surpass the performance of the thermally annealed devices
due to a low fill factor. Under a short exposure time, disordered
polymers remained, contributing to poor charge transport. Hu
et al.32 compared the performances of solvent vapor annealed
OPVs using different solvents with different P3HT and PCBM
solubilities. They revealed that 2-chlorophenol, which has high
PCBM solubility, enhanced the performance. This improve-
ment was caused by the fact that SVA induced PCBM to
segregate toward the air surface. Tang et al.33 applied a two-
step, controlled SVA method using tetrahydrofuran and carbon
disulfide. They conducted their SVA process at conditions
below the solvent vapor pressure (SVP) and provided different
pressure conditions by placing their substrates in different
positions along a long glass tube containing the liquid solvent.
The pressure was higher near the solvent surface and lower
along the glass tube. Therefore, their pressure conditions were
not higher than the SVP; thus, it is worthwhile to investigate
the morphological effects over the SVP.
SVA is an effective method of achieving higher PCE because

it allows the active layer morphology to be controlled precisely.
However, this method requires relatively long processing times
and/or utilizes complicated processing steps. Additionally, it
normally requires the usage of toxic solvents such as
chlorobenzene, dichlorobenzene, 2-chlorophenol, or carbon
disulfide. These shortcomings hinder the mass production of
OPVs made via SVA. Here, we suggest a novel SVA method to
shorten the processing time to around 10 s. We also use a
relatively benign solvent: acetone. Conventional SVA (CVSVA)
methods have been conducted under the saturated vapor
pressure (e.g., 1.17 kPa for chlorobenzene). In this paper,

CVSVA was conducted using acetone. One hour before
conducting CVSVA, 1 mL of acetone was placed in the sealed
glass dish to create a saturated vapor pressure condition and the
films were placed in the glass dish for several minutes. The
high-pressure solvent vapor annealing (HPSVA) was conducted
at pressures between 10 and 40 kPa. To create these high-
pressure conditions, high-pressure acetone vapor was generated
by heating acetone in a sealed 1 L flask, as shown in Figure 1a.

Acetone solvent vapor molecules were evaporated in the flask
once it was wrapped with a heating mantle. Above the acetone
boiling point (56 °C), the pressure in the large flask increased.
After reaching the target pressure, the intercept valve was
opened and high-pressure solvent vapor molecules were
transferred into a connected 50 mL flask. The pressure was
also measured with a pressure gauge attached to the small flask,

Table 1. Summary of the Photovoltaic Properties of OPV Devices (P3HT:PCBM) Treated by Various Solvent Vapor Annealing
Methodsa

ref. solvent time
PCE
[%]

Voc
[V]

Jsc
[mA/cm2]

FF
[%] condition

this work acetone 10 s 2.09 0.62 5.6 60 pressurized SVA (over SVP)
28 chlorobenzene 5 s 1.52 0.56 7.45 36 SVA using an N2 flux bubble (unknown pressure)

toluene 5 s 1.55 0.56 6.81 41
1,2,3,4-tetrahydronaphthalene 5 s 0.76 0.6 3.71 34

30 tetrahydrofuran + carbon
bisulfide

5 s + 15 s 3.9 0.58 11.01 61 SVA by sequential exposure to two different solvents (below
SVP)

23 acetone 60 m 3.29 0.57 10.72 54 SVA in a covered Petri dish (at SVP)
methylene chloride 3.27 0.52 11.44 55
chloroform 2.66 0.59 8.22 55
chlorobenzene 2.88 0.64 8.35 54
1,2-dichlorobenzene 2.86 0.63 7.76 59

29 2-chlorophenol 30 m 2.1 0.58 6.89 52 SVA in a vertical tube (at SVP)
aSVP, solvent vapor pressure.

Figure 1. (a) Schematics of the experimental setup. The high-pressure
solvent vapor is generated in the large, heated flask and transferred
into the small flask through the intercept valve. (b) Schematic of
HPSVA. The high-pressure acetone molecules penetrate into the
active layer and selectively dissolve PCBM. This leads to a PCBM-rich
phase near the top surface and closely packed P3HT crystallites.
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and it was determined that the pressure difference caused by
opening the valve was less than 10%. A film in the smaller flask
was annealed with high-pressure solvent vapor for a specific
exposure time.
Acetone vapor has a crucial role in HPSVA. Acetone is a

known nonsolvent for P3HT, but it does dissolve small
amounts of PCBM.14 The solubility of P3HT and PCBM in
acetone was measured to be 10−3 and 0.15 mg/mL,
respectively, via UV−vis spectroscopy. Under high-pressure
conditions, many acetone molecules with high kinetic energy
permeate into the active layer and selectively dissolve PCBM
molecules, as shown in Figure 1b. In this process, the PCBM
concentration in acetone varies in the vertical direction, causing
PCBM molecules to diffuse toward the surface. Acetone
molecules do not directly affect P3HT because acetone is a
nonsolvent for P3HT. However, disordered P3HT lamellae are
locally rearranged during HPSVA. After HPSVA, the volatile
acetone molecules immediately evaporate (due to their low
boiling point of 56 °C), thereby maintaining the desired vertical
distribution of the active layer.
The HPSVA film showed increased Jsc because of the large

interfacial area between P3HT and PCBM and the advanta-
geous vertical distribution. The local arrangement of the P3HT
lamellae increased the interfacial area and facilitated exciton
dissociation. Also, the PCBM-rich phase near the cathode
facilitated charge extraction near the electrode. The HPSVA
film also exhibited reduced FF because of its small phase
separation. On the basis of multiplication of the increased Jsc
and decreased FF, the overall PCE of the HPSVA film was
found to be similar or higher than that of the Pre-TA film.

2. RESULTS AND DISCUSSION
Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
measurements were conducted to investigate the vertical
distribution of the hole- and electron-conducting materials in
the active layer. Although carbon atoms exist in both P3HT and
PCBM, sulfur atoms exist only in P3HT. Thus, the ratio of
sulfur to carbon atoms provides information about the P3HT
component ratio in the P3HT/PCBM bulk-heterojunction. In
Figure 2, untreated and thermally annealed films show a high
sulfur/carbon ratio near the top surface, which indicates the
presence of a P3HT-rich phase. The distribution of P3HT
(which has lower surface energy than PCBM) near the top
surface stabilizes the surface energy.15,26 However, this vertical
distribution hinders electron transfer to the cathode. Con-
versely, high-pressure solvent vapor annealed films commonly
exhibit a low P3HT ratio near the top surface, as shown in
Figure 2. This implies that a relatively large PCBM component
exists near the top surface, which could facilitate electron
transport to the cathode.
The thicknesses of films annealed at excessively higher

pressure (40 kPa) or for quite a longer exposure time (300 s)
were decreased to 70 or 90 nm, respectively, as shown in Figure
2. Closely packed acetone molecules surrounding the films
exert pressure on the active layer and could lead to a closely
packed P3HT and PCBM bulk heterojunction. The thinner
active layer facilitates free charge transfer to each electrode due
to the decreased distance that a hole/electron has to travel.
However, the decreased active layer is unfavorable to light
absorption.
To observe the characteristics of P3HT crystallites, X-ray

diffraction (XRD) measurements were taken, as shown in
Figure 3. Crystallized P3HT molecules have a lamellar structure

with an alkane side chain spacing of about 16 Å and a π−π
stacked conjugated backbone spacing of 3.8 Å.34−36 The edge-
on peak, corresponding to the alkane side chain stacked in the
lamellar structure, is observed to be near 5.8° (2θ) (see Figure
3). The peak intensities of HPSVA films are weak compared to
those of thermally annealed films and are rather analogous to
those of untreated films. This means that additional lamellar
structures are not formed during HPSVA. As mentioned above,
acetone is a nonsolvent for P3HT, so P3HT has little chance of
dissolving fully and crystallizing. However, the average full
width at half-maximum (fwhm) value of the HPSVA films is
∼0.64°, which is narrower than that of the untreated film
(0.86°). A broader fwhm is observed when crystallites are not
uniform; the narrower FWHMs of the HPSVA films indicate
that disordered P3HT lamellae are rearranged during HPSVA.
Although P3HT is not soluble in acetone, temporary vacancies
may be generated during the process of PCBM diffusion,
allowing P3HT lamellae to be locally rearranged.37

Figure 2. Secondary ion mass spectroscopy (SIMS) profiles of
untreated, prethermally annealed (Pre-TA), conventional solvent
vapor annealed (CVSVA), and high-pressure solvent vapor annealed
(HPSVA) films with vapor pressure and execution time. The lines
represent the ratio of sulfur counts (in P3HT) to carbon counts (in
both P3HT and PCBM), indicating the amount of P3HT in the bulk-
blend.

Figure 3. X-ray diffraction (XRD) profiles of untreated, prethermally
annealed (Pre-TA), conventional solvent vapor annealed (CVSVA),
and high-pressure solvent vapor annealed (HPSVA) films with vapor
pressure and execution time.
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The absorption profiles of glass/ITO/PEDOT:PSS/
P3HT:PCBM films without further treatment (untreated)
and those treated with Pre-TA, CVSVA, or HPSVA are
shown in Figure 4a. The peak intensities of treated films are

higher compared to untreated films, regardless of the annealing
method. Moreover, the π−π stacking structure of P3HT
lamellae are indicated by the absorbance peaks38 at 550 and 603
nm in both the thermally annealed and HPSVA films. However,
a significant difference in peak intensities is not observed; we
speculate that the amount of exciton generation from light
absorption is similar for both thermally annealed and HPSVA-
treated films. Interestingly, a red-shift at the maximum
absorption appears in the HPSVA films. A red-shift in the
optical absorption is observed when the effective conjugation
length of the P3HT chain segments is increased in densely
packed crystallites.6,20,33 This increases the number of
delocalized electrons, narrows the band gap, and consequently
facilitates electron excitation at weaker light energies near the
infrared region. During HPSVA, high-pressure acetone
molecules compress the active layer and form closely packed
P3HT crystallites. Compared to the film annealed at 30 kPa for
10 s, a slight absorbance reduction is observed in the film
processed under higher pressure (40 kPa, 10 s) or for a longer
exposure time (30 kPa, 300 s). This slight reduction might

come from the decreased thickness of the active layer caused by
excessive HPSVA, which is shown in the TOF-SIMS profile in
Figure 2. CVSVA film treated for 10 s shows a similar
absorption profile as the untreated film, and a crystallization
peak at 550 and 603 nm does not appear. Over 20 min of
treatment, it eventually has a similar profile to the HPSVA film.
This means that P3HT crystallization under CVSVA treatment
takes time because of low pressure. Absorbance profiles of
various P3HT:PCBM ratios are shown in Figure 4b. Here,
HPSVA was conducted at 30 kPa of pressure for 10 s. As the
PCBM concentration increases, absorbance of P3HT:PCBM
decreases. It is known that the P3HT crystallization is hindered
by the presence of PCBM,39 so pure P3HT film without PCBM
(ratio 1:0) shows very high absorbance even before HPSVA. In
the pure P3HT film, HPSVA treatment does not increase the
crystallinity because it is already sufficiently crystallized. The
HPSVA treatment increases the P3HT crystallinity when the
P3HT:PCBM ratio is more than 0.4, and the effect of treatment
become more successful when the ratio increases as shown in
Figure 4b. This indicates that the HPSVA indeed influences the
crystallinity of the P3HT.
The lateral phase distribution of P3HT and PCBM was

investigated through the use of tapping mode atomic force
microscopy (AFM), in which a cantilever beam equipped with
AFM scans the surface of the active layer, and the vibration of
the beam changes depending on whether the phase is soft or
hard.40,41 P3HT- and PCBM-rich domains are relatively softer
and harder, so their phases appeared as brighter and darker
regions in the AFM phase images, respectively.42 Supporting
Information presents AFM phase images obtained for films that
were (a) untreated, (b) Pre-TA at 150 °C for 10 min, (c)
HPSVA at 30 kPa for 10 s, and (d) HPSVA at 40 kPa for 10 s.
In Figure S1b, Supporting Information, bright, long nanofibers,
which are P3HT lamellae formed during Pre-TA, are clearly
observed. This result is consistent with the aforementioned
XRD profile. The HPSVA films in Figure S1c,d, Supporting
Information, show bright regions that are slightly larger than
those in the untreated film, but they do not show any long
nanofibers. This means that P3HT does not become fully
crystallized during HPSVA because acetone is a nonsolvent for
P3HT. The phase images of the HPSVA films show larger dark
regions compared to those of the untreated and thermally
annealed films; dark regions as large as 100 nm are observed in
the film annealed by HPSVA at 40 kPa for 10 s.
This could imply that PCBM molecules aggregate or migrate

to the top surface of the active layer during HPSVA. Although
the vertical migration cannot be predicated, it is certain that it
contributed to making the dark region on the top surface. This
result is consistent with the lower sulfur to carbon ratio shown
in the TOF-SIMS profile. A greater concentration of the
PCBM-rich phase near the top surface is beneficial to free
charge carrier transport; however, excessively large phases
hinder exciton dissociation due to the lower interfacial area
between the electron and donor materials.43

The performance of a representative HPSVA film annealed at
30 kPa for 10 s is shown in Figure 5. The detailed results of all
of the various annealing conditions are shown in Table 2.
Thermally annealed and HPSVA (30 kPa, 10 s) films show
similar PCEs, but the HPSVA film exhibits a higher short circuit
current density (Jsc) of 5.6 mA/cm2 compared to the thermally
annealed film (5.04 mA/cm2). The Jsc is related to the degree of
light absorption, exciton dissociation rate, and charge transport
rate. Both HPSVA and thermally annealed films show similar

Figure 4. (a) Light absorption profiles of untreated, prethermally
annealed (Pre-TA) at 150 °C for 10 min, conventional solvent vapor
annealed (CVSVA), and high-pressure solvent vapor annealed
(HPSVA) films with vapor pressure and execution time. (b) Light
absorption profiles according to P3HT:PCBM ratio.
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light absorbance profiles in Figure 4; the amount of exciton
generation is also expected to be similar. In these analogous
conditions, the enhancement of Jsc could be explained by an
improved exciton dissociation rate and by improvement in free
charge carrier transport. During HPSVA, a large interfacial area
is formed between P3HT and PCBM; this phenomenon is
inferred from the small phase separation observed in the AFM
phase images and from the weak crystallization peak in the
XRD profile. This large interfacial area facilitates the
dissociation of Frenkel excitons, which have short exciton
diffusion lengths (∼10 nm).43−45 Once the free charge carriers
are generated via exciton dissociation, they can be extracted to
their corresponding electrodes. If hole-conducting materials are
dominant near the cathode (the distribution that typically
appears in thermally annealed films), free electrons drifting
toward the upper cathode might be attracted to free holes in
the P3HT; these charges could be dissipated via bimolecular
recombination.4,5 However, HPSVA films exhibit a PCBM-rich
phase near the top surface (as shown in the TOF-SIMS

profiles), indicating that free electrons can be effectively
transferred to the cathode.
The open circuit voltage (Voc) in the HPSVA films was

reduced to around 0.6 eV (from 0.75 eV in the untreated film).
Lyons et al. obtained a similar Voc reduction to 0.58−0.64 eV
(from 0.7 eV) when their films were treated with SVA or Pre-
TA; this reduction was attributed to a reduction in the band
gap.46 They stated that more delocalized electrons are
generated by the higher crystallinity of P3HT and larger
PCBM clusters. These electrons reduce the energy difference
between the highest occupied molecular orbital (HOMO) of
P3HT and the lowest unoccupied molecular orbital (LUMO)
of PCBM. In our experiment, the XRD profile and absorption
peak intensities showed an increase in the number of local
P3HT crystallites in the HPSVA films. We suspect that the
reason that the pressurized solvent plays a benign role in
improving the morphology is that acetone molecules smear into
empty spaces in the P3HT and PCBM mixture owing to their
small size. Then, the energy of the acetone molecules is
dissipated into the layers of the P3HT and PCBM mixture,
which enables morphological evolution.
The CVSVA film treated around 30 min showed the

analogous PCE with HPSVA films, but the resulting
morphologies were analogous. The absorbance, XRD, and
SIMS profiles of CVSVA were analogous to those of HPSVA.
HPSVA reduced the treatment time owing to high pressure.
Unlike CVSVA, where diffusion transport is dominated, both
the advection and diffusion of acetone molecules occur in
HPSVA, which make morphology evolution rapid.
To examine the applicability of HPSVA in the roll-to-roll

process, we conducted similar experiments to those described
above, but the high-pressure solvent vapor was injected into a
sample under atmospheric pressure, HPSVA (atm). Continu-
ously maintaining high-pressure conditions via a sealed
environment would be difficult during mass production because
films move along a roll-to-roll fabrication system. Therefore, in
this experiment, the substrate was placed in ambient conditions.
High-pressure solvent vapor was similarly generated using an
intercept valve. When the solvent vapor was vented through the
intercept valve, the film substrate was exposed to high-pressure

Figure 5. Current density and voltage curves of untreated, thermally
annealed (Pre-TA) at 150 °C for 10 min, conventional solvent vapor
annealed (CVSVA), and high-pressure solvent vapor annealed
(HPSVA) films at 30 kPa for 10 s.

Table 2. Power Conversion Efficiency (PCE), Short Circuit Current Density (Jsc), Open Circuit Voltage (Voc), and Fill Factor
(FF)a

PCE [%] Jsc [mA/cm2] Voc [V] FF PCE_avg (σ) [%]

untreated 0.64 2.48 0.75 0.35 0.62 (0.025)
pre-TA (150 °C, 10 m) 2.04 5.04 0.62 0.65 1.95 (0.086)
HPSVA (atm + 10 kPa, 10 s) 1.95 5.32 0.62 0.59 1.82 (0.090)
HPSVA (atm + 20 kPa, 10 s) 2.07 5.59 0.62 0.60 1.94 (0.128)
HPSVA (atm + 30 kPa, 5 s) 2.05 5.60 0.61 0.60 1.97 (0.057)
HPSVA (atm + 30 kPa, 10 s) 2.09 5.60 0.62 0.60 1.97 (0.074)
HPSVA (atm + 30 kPa, 60 s) 2.01 5.75 0.60 0.58 1.82 (0.322)
HPSVA (atm + 30 kPa, 300 s) 1.84 5.52 0.60 0.56 1.74 (0.123)
HPSVA (atm + 40 kPa, 10 s) 1.97 5.44 0.61 0.60 1.87 (0.072)
HPSVA (atm, 10 s) 1.78 5.41 0.61 0.54 1.57 (0.214)
CVSVA (10 s) 0.68 2.84 0.70 0.34 0.65 (0.022)
CVSVA (10 m) 1.55 4.67 0.63 0.52 1.49 (0.037)
CVSVA (30 m) 1.97 5.54 0.61 0.58 1.87 (0.059)
CVSVA (60 m) 2.02 5.76 0.60 0.59 1.99 (0.019)

aPresented according to the treatment conditions: untreated, pre-thermally annealed (Pre-TA) at 150°C for 10 min, conventional solvent vapor
annealed (CVSVA), and high-pressure solvent vapor annealed (HPSVA) at various pressures and exposure times. atm, atmospheric pressure. Here,
PCE_avg is the average value of PCEs, and σ is standard deviation of PCEs.
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solvent vapor. The pressure was 30 kPa before opening the
intercept valve, and the exposure time was 10 s. Films
processed in this manner also showed enhanced PCE over
that of untreated films, as indicated in Table 2. The
temperature during HPSVA was around 56 °C, which is the
boiling point of acetone. Also, the film temperature was
measured to be around 56 °C with an infrared thermometer.
This indicates that the film, which was initially at room
temperature, quickly thermalizes to that of the vapor. We found
that condensation occurred initially, but it was quickly
vaporized due to the volatility in addition to the high
convection of the pressurized vapor. Therefore, once the
substrate reached the steady state temperature, the effect of
condensation could be negligible. Although the PCE of films
treated via this method was not as high as those treated via Pre-
TA or the rigorously sealed HPSVA films, optimizing exposure
time and injection pressure conditions should resolve this issue.
Additionally, acetone is relatively less toxic than many other
solvents, such as chlorobenzene, dichlorobenzene, or 2-
chlorophenol; its use could help facilitate mass production.
Therefore, we expect that the HPSVA method could be
adapted to a roll-to-roll system. For mass fabrication, the rolling
film substrate can be directly exposed to high-pressure acetone
vapor by placing the vapor vent nozzle very close to the active
layer under ambient conditions.

3. CONCLUSION
A HPSVA method employing a benign solvent (acetone) was
used to achieve rapid solvent vapor annealing. HPSVA films
treated at 30 kPa for 10 s showed optimum performance.
Acetone is a nonsolvent for P3HT but can dissolve small
amounts of PCBM. Acetone vapor molecules can penetrate
into the active layer under high vapor pressure conditions and
alter the morphology. HPSVA induces a PCBM-rich phase near
the cathode and facilitates the transport of free charge carriers
to the electrode. Although P3HT is not soluble in acetone,
temporary vacancies can be generated during the process of
PCBM diffusion, allowing P3HT lamellae to be locally
rearranged. The high-pressure acetone molecules formed
during HPSVA compressed the active layer and formed close-
packed P3HT crystallites, leading to OPV films with enhanced
performance. The enhanced PCE originates from the interplay
between increased Jsc and decreased FF. The HPSVA films
show small phase separation and a PCBM-rich phase near the
cathode which decreases and increases the FF, respectively.
This mutual influence shows a FF of 0.6 of the HPSVA film
which is lower than that of the pre-TA film (0.65). However,
from the point of view of exciton dissociation, small phase
separation is beneficial for charge generation which will induce
high Jsc. The HPSVA film shows a Jsc of 5.60 mA/cm2 which is
higher than that of the pre-TA film (5.04 mA/cm2). In
summary, HPSVA treatment generates small phase separation
while making a PCBM-rich phase near the cathode, which
induces enhanced Jsc and moderate FF, which finally leads to
increased PCE.
The HPSVA treatment using acetone may influence the

PEDOT:PSS layer if acetone solvent penetrated and reached to
the PEDOT:PSS layer, which could reduce the resistivity of the
PEDOT:PSS layer, which could be beneficial to the device
performance.47 Irrespective of this, XRD, absorbance data,
AFM, and SIMS profiles implied that the active layer
morphology evolution exists. However, we assigned effects of
HPSVA on the PEDOT:PSS layer as a future study since the

main point of this paper is morphology evolution of the active
layer.

4. EXPERIMENTAL SECTION
Device Fabrication. Poly(3-hexylthiophene-2,5-diyl) (P3HT,

molecular weight ∼50 000 g mol−1, 90−94% regioregular, Rieke
Metals) and 1-(3-methoxycarbonyl)-propyl-1,1-phenyl-(6,6)C61
(PCBM, Nano-C) were dissolved in chlorobenzene at 20 and 16 mg
mL−1, respectively, stirred overnight, and then blended together for
more than 12 h. Patterned indium tin oxide (ITO, sheet resistance
10Ω/□) on a glass substrate was rinsed with detergent, deionized
water, acetone, and isopropyl alcohol by sonication and then dried
with N2 gas. The substrates were treated with a UV ozone cleaner for
10 min and then transferred into a glovebox filled with N2 gas
(moisture <0.1 ppm and oxygen <1 ppm). The 40 nm layers of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS, Clevios P VP AL 4083) were spin-coated (2500 rpm, 60
s) on the ITO glass and cured on a hot plate (140 °C, 10 min). The
active layer (100 nm in thickness) of P3HT:PCBM was spin-coated on
the PEDOT:PSS film and then either thermally annealed (150 °C, 10
min) or high-pressure solvent vapor annealed. To ensure a fair
comparison, all of the samples were exposed to air for about 1 h during
HPSVA. LiF (0.5 nm in thickness) and an aluminum cathode (100 nm
in thickness) were consecutively deposited in a thermal evaporator at 2
× 10−6 Torr. High-pressure acetone vapor was generated by heating
acetone in a sealed 1 L flask. Acetone solvent vapor molecules were
evaporated in the flask after it was wrapped with a heating mantle
(Wise Therm WHM). Above the acetone boiling point (56 °C), the
pressure in the large flask increased. After reaching the target pressure,
the intercept valve was opened and the high-pressure solvent vapor
was transferred into a connected 50 mL flask. The pressure was also
measured with a pressure gauge attached to the small flask, and the
pressure difference caused by opening the valve was less than 10%. A
film in the small flask was annealed with the high-pressure solvent
vapor for a specific exposure time from 5 to 300 s. The “atm” HPSVA
film was exposed to prepressured acetone vapor (30 kpa in a large
flask) at atmospheric pressure for 10 s.

Characterization. Current−voltage characterization was per-
formed under an AM1.5G filtered light (100 mW cm−2) solar
simulator (SAN-EI, XES-301S) using a Keithley 2400 source meter.
The absorbance of the samples was measured with a UV/vis/NIR
spectrometer (PerkinElmer, Lambda 750). XRD profiles were
obtained with an Ultima IV (Rigaku) using a Cu Kα1 source with
an X-ray generation power of 3 kW. The diffraction spectra were
measured in the θ−2θ symmetry mode. AFM phase image
measurements were conducted in tapping mode with a Nanowizard
I (JPK inst.). A silicon cantilever (APPNANO-ACTA20; aluminum-
coated; force constant: 37 N m−1; resonance frequency: 300 kHz) with
a silicon tip (pyramidal shape, tip radius <10 nm) was used for phase
imaging. TOF-SIMS profiles were evaluated using an ION-TOF
(Münster, Germany) equipped with a sputter gun (Cs+, 3 keV, 32 nA,
300 μm × 300 μm) and an analysis gun (Bi3+, 25 keV, 0.2 pA, 100 ×
100 μm2). The solubilities of P3HT and PCBM in acetone were
measured via UV−vis spectroscopy (SINCO 4100) and calculated
using the Beer−Lambert Law. Excess amounts of P3HT and PCBM
were dissolved in acetone and stirred for 2 weeks. Then, any
undissolved materials were precipitated via centrifugation (Fisher
Scientific 228) at 3000 rpm for 10 min. After centrifugation, the
absorbance of the remaining acetone, which contained the maximum
concentration of solute, was measured via UV−vis spectroscopy.
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