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ABSTRACT

Charge transport in intermixed regions of all-polymer solar cells based on a blend of poly(3-
hexylthiophene) (P3HT; electron donor) with poly[2,7-(9,9-didodecylfluorene)-alt-5,5-(4",7'-
bis(2-thienyl)-2',1’,3"-benzothiadiazole)] (PF12TBT; electron acceptor) was studied by
conductive atomic force microscopy (C-AFM). For a blend film fabricated from a
chlorobenzene solution, intermixed regions were detected between the P3HT-rich and
PF12TBT-rich domains. The overall hole current in the intermixed regions remained almost
constant, both before and after thermal annealing at 80 °C, but it increased in the P3HT-rich
domains. For a blend film fabricated from a chloroform solution, the entire observed area
constituted an intermixed region, both before and after thermal annealing. The overall hole
current in this film was significantly improved following thermal annealing at 120 °C. These
finely mixed structures with efficient charge transport yielded a maximum power conversion
efficiency of 3.5%. The local charge transport properties in the intermixed region, as observed
via C-AFM, was found to be closely related to the photovoltaic properties, rather than the bulk-

averaged properties or topological features.



INTRODUCTION

All-polymer solar cells based on blends of conjugated polymers acting as electron donors (hole
transport) and acceptors (electron transport) have recently attracted considerable attention as
alternatives to polymer/fullerene blend solar cells, because of the extensive scope for tuning the
optical, electronic, morphological, and mechanical properties of the blend films.*  For
efficient photovoltaic operation, it is critical that a photogenerated exciton reaches a
donor/acceptor interface at which it can be dissociated to form charge carriers. This process
is then followed by charge collection at the device electrodes through charge-transport networks
in the donor and acceptor domains.  Thus, the phase-separated structure of a blend film should
be comparable to the exciton diffusion length, which is typically 10 nm.> Many efforts have
been made to optimize the morphology of polymer-blend films using various trial and error
method-based approaches: controlling the processing conditions, such as the choice of solvent
and the thermal annealing steps; adjusting the polymer regioregularity and molecular weight;
or adjusting the chemical structure of the polymer side chains.?* Consequently, the power
conversion efficiencies (PCEs) of all-polymer solar cells have steadily improved in recent
years.? However, clarification of the relationship between the blend-film morphology and
device performance is of particular importance, and it is essential to rational design of highly
efficient all-polymer solar cells.

Blends of donor and acceptor polymers inherently possess heterogeneous electrical properties
at nanometer scale because of their complicated morphological features,®° and these
heterogeneities significantly affect the device performance. Therefore, nanoscale
characterization of the electrical properties of blend films provides critical information for
understanding the effect of blend morphology on overall device performance. For instance,

information on efficiencies of charge generation and bulk-averaged charge transport in a given
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film can be obtained separately from the measurements of photoluminescence (PL) quenching
and the current—voltage (J-V) properties, respectively. However, little is known about local
charge transport at the intermixed region of donor and acceptor domains, which should have a
critical impact on the photovoltaic properties because excitons are more efficiently converted
to charge carriers in this region.  Analysis via conductive atomic force microscopy (C-AFM)
can offer insight into the charge generation and charge transport by providing a high-resolution
and direct view of the local electrical properties of nanostructured materials such as conjugated
polymer blends. 11-1°

Herein, we present our findings, obtained using C-AFM, on the relationship between the
photovoltaic properties and local charge transport behavior of all-polymer solar cells composed
of a semicrystalline electron donor, poly(3-hexylthiophene) (P3HT), and an amorphous electron
acceptor, poly[2,7-(9,9-didodecylfluorene)-alt-5,5-(4',7"-bis(2-thienyl)-2',1",3'-
benzothiadiazole)] (PF12TBT) on a poly(3,4-ethylenedioxythiophene):poly(4-
styrenesulfonate) (PEDOT:PSS) substrate.’® The phase-separated morphology and the effect
of thermal annealing on the device performance were strongly dependent on the solvents
employed for spin-coating, which had a critical impact on the best PCE. For a device of
P3HT/PF12TBT blend fabricated by spin-coating from a chlorobenzene (CB) solution, largely
phase-separated structures were found before and after thermal annealing, resulting in low
photovoltaic performance. For a device of P3HT/PF12TBT blend fabricated by spin-coating
from a chloroform (CF) solution, however, finely mixed structures were found throughout the
entire the film both before and after thermal annealing. The photovoltaic performance was
low before the thermal annealing, but it improved after this process.  We will discuss the origin
of the difference in the photovoltaic performance between these CB and CF devices in terms of

the local charge transport in the phase-separated morphology visualized by C-AFM.
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EXPERIMENTAL

P3HT PF12TBT

Figure 1. Chemical structures of (a) P3HT and (b) PF12TBT.

Materials. The donor polymer P3HT was purchased from Aldrich Chemical Co., USA (lot
MKBD3325V). According to the certificate of analysis, the head-to-tail regioregularity,
weight-average molecular weight (M), and polydispersity index (PDI, given by Mw/M,, where
M, is the number-average molecular weight) were 90.0%, 42300 g mol %, and 1.9, respectively.
The acceptor polymer, PF12TBT, was synthesized and characterized by Sumitomo Chemical
Co., Ltd., Japan: the My, and PDI were 26900 g mol* and 3.4, respectively. The chemical
structures of P3HT and PF12TBT are shown in Figure 1. Poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS, PH-500) was purchased from

H. C. Starck, USA.

Sample Preparation. An indium-tin-oxide (ITO) (flat ITO, GEOMATEC, Japan) substrate,
an Si(100) wafer (Yamanaka Hutech, Japan), and a quartz substrate were sequentially washed
for 15 min by ultrasonication with toluene, acetone, and ethanol; the substrates were then dried
under N2 flow. The cleaned substrates were further treated with an ultraviolet—ozone (UV-
O3) cleaner (NL-UV2535, Nippon Laser & Electronics Lab., Japan) for 30 min.  An 80-nm-
thick PEDOT:PSS layer was first spin-coated at 400 rpm for 10 s and then at 3000 rpm for 99
s onto the ITO substrate and the Si wafer and dried at 140 °C for 30 min in air. Next, a
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P3HT/PF12TBT film was spin-coated from a solution of the P3HT/PF12TBT blend onto the
PEDOT:PSS|ITO, PEDOT:PSS|Si, and quartz substrate. Two different solvents—chloroform
(CF) and chlorobenzene (CB)—were used to prepare the polymer-blend solutions. Each blend
solution was prepared by mixing P3HT and PF12TBT at a weight ratio of 1:1, i.e., 6.0 mg of
P3HT and 6.0 mg of PF12TBT were dissolved in 1 mL of CF, and 7.5 mg of P3HT and 7.5 mg
of PF12TBT were dissolved in1 mL of CB.  For the CF solution of the P3HT/PF12TBT blend,
the spin-coating was carried out at 3000 rpm for 60 s; for the CB solution of the
P3HT/PF12TBT blend, the spin-coating was carried out at 1500 rpm for 120 s. Neat P3HT
and PF12TBT films were prepared by spin-coating each CF solution onto the PEDOT:PSS|ITO,
PEDOT:PSS|Si, and quartz substrate.  The thickness of the resulting blend and neat films was
measured using the AFM (SPM-9600, Shimadzu, Japan) in contact mode: a part of each film
was scratched with a sharp needle to expose the substrate, and the film thickness was evaluated
from the difference in height between the film and substrate surface. The thickness of the

P3HT/PF12TBT blend and neat P3HT films was ~65 nm.

Macroscopic J-V Measurements. The hole-only current density—voltage (J-V)
characteristics were measured for the neat P3HT film and P3HT/PF12TBT blend films
sandwiched between the PEDOT:PSS|ITO substrate and a Au electrode. Each polymer layer
was spin-coated onto the PEDOT:PSS|ITO substrate and then annealed at 80 or 120 °C for 10
min under a N2 atmosphere.  Finally, the Au top electrode was vacuum-deposited at 3 x 10~
Pa on top of the film; the Au layer had a thickness of 70 nm and a surface area of 0.07 cm?.
The J-V characteristics were measured with a direct-current voltage and a current
source/monitor (R6243, Advantest, Japan) in the dark at 21°C. The conductivity o was

calculated from the slope of the J-V curve at lower voltages given by Ohm’s law, Jonm = oVIL,
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where V is the applied voltage and L is the sample thickness. The hole mobility un was
determined by fitting the space-charge-limited current (SCLC) that appeared at higher voltages
with the Mott—Gurney equation, Jsci = (9/8) sosunV?/L3, where V is the applied voltage, L is the
sample thickness, & is the vacuum permittivity, and & is the dielectric constant of the film (we

assumed & = 3 for P3HT).Y

Solar Cell Fabrication and Characterization. The solar-cell characteristics were measured
for each device of P3HT/PF12TBT blend fabricated as follows. The P3HT/PF12TBT blend
films were spin-coated onto the PEDOT:PSS|ITO substrates; each film was then annealed at a
different temperature (60, 80, 100, 120, or 140 °C) for 10 min under a N> atmosphere.  Finally,
a calcium layer (thickness: 10 nm) and an aluminum layer (thickness: 70 nm) were sequentially
vacuum-deposited at 2.5 x 10 Pa through a shadow mask. The active area of each device
was 0.07 cm?, which was defined as the area of the Ca/Al electrode. The J-V characteristics
were measured with a direct-current voltage and a current source monitor (R6243, Advantest,
Japan) under AM1.5G simulated solar illumination with a power density of 100 mW cm™2 at

21 °C.

Absorption Measurements. The UV-visible absorption spectra were measured for the neat
PF12TBT film, neat P3HT film, and P3HT/PF12TBT blend films, which were spin-coated on
quartz substrates and then annealed at a different temperature (60, 80, 100, 120, or 140 °C) for

10 min under a N2 atmosphere, by using a spectrophotometer (U-3500, Hitachi, Japan).

Photoluminescence Quenching Measurements. PL spectra were measured for both the neat

PF12TBT film and P3HT/PF12TBT blend films, which were spin-coated on quartz substrates
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and then annealed at a different temperature (60, 80, 100, 120, or 140 °C) for 10 min under a
N2 atmosphere, by using a calibrated fluorescence spectrophotometer (F-4500, Hitachi, Japan).
The excitation wavelength was set at 392 nm in order to mainly excite the PF12TBT component
(the excitation fraction of PF12TBT was 75%, while that of P3HT was 25%). The PL intensity
was corrected for variations in the PF12TBT absorption at 392 nm. The PL quenching
efficiency (®gq) of PF12TBT in the blend film was evaluated from the ratio of the PL intensity

for the PSHT/PF12TBT blend films to that of the neat PF12TBT film.

C-AFM  Measurements. The P3HT/PF12TBT blend films were prepared on
PEDOT:PSS|ITO substrates and annealed separately at 80 °C or 120 °C for 10 min under a N>
atmosphere.  C-AFM measurements were performed using the microscope (SPM-9600,
Shimadzu, Japan) in contact mode. In these measurements, Au-coated silicon probes (PPP-
CONTAuU, NANOSENSORS, Switzerland; tip radius: <50 nm; spring constant: 0.2-0.25 N
m™1) were used to ensure that holes were the major carriers of the current.’* A sample bias
was applied to the ITO substrate, and the probe was grounded. The surface topography and
corresponding current images were simultaneously obtained by the C-AFM operating at a
constant sample bias of +3.0 V. All C-AFM measurements were performed under a N>

atmosphere in a controlled-environment chamber (CH-I11, Shimadzu, Japan).

GIWAXS Measurements.  Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were carried out at 21 °C for the P3HT/PF12TBT blend and neat P3HT films
using the BLO3XU beamline of SPring-8 (Japan Synchrotron Radiation Research Institute,

Hyogo, Japan). The wavelength (1) of the X-rays was set to 0.1 nm, and the X-ray beam was

directed on the sample at an incident angle () of 0.14° with respect to the sample surface.
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The scattering signal was detected by a two-dimensional CCD camera with a 3000 x 3000 pixel
imaging plate, which was located at a distance of 464 mm from the sample. The scattering
intensity was recorded as a function of the two scattering angles: in-plane angle (26) with
respect to the plane of incidence; and exit angle (or) with respect to the sample surface.
These angles are related to the scattering vector along the gy axis and the g, axis according to
the following equations: gy = ko[sin(2&)cos(a)]; g: = o[sin(ex) + sin(es)]; ko = 2n/A.2®  The
thermal annealing of the neat P3HT films for GIWAXS measurements was conducted
separately at 100 or 120 °C for 10 min under a N2 atmosphere.  The thermal annealing of the
P3HT/PF12TBT blend film was conducted sequentially from 60 to 120 °C in increments of
20 °C steps for 10 min at each temperature. The GIWAXS measurements were conducted at

21 °C for the same P3HT/PF12TBT film after each round of annealing.

RESULTS

1. Performance of P3BHT/PF12TBT Solar Cells.

Figure 2 shows the J-V characteristics of solar cells of P3HT/PF12TBT blend fabricated by
spin-coating from the CB and CF solutions (hereafter referred to as the CB-blend device and
CF-blend device). Thermal annealing at 80 °C and 120 °C provided the best PCE for the CB-
blend device and the CF-blend device, respectively (see Supporting Information, Figure S1).
The broken and solid lines represent the J-V curves before and after thermal annealing,
respectively, at the optimized temperature for 10 min. Before thermal annealing, both devices
exhibited poor photovoltaic performance with a PCE of less than 1%. This poor performance
was primarily due to the small short-circuit current density (Jsc) and fill factor (FF), which were
independent of the spin-coating solvents. After optimization using thermal annealing, on the

other hand, the PCE improved slightly from 0.9% to 1.2% for the CB-blend device while a
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dramatic PCE improvement from 0.59% to 3.5% was observed for the CF-blend device. As
a result, the PCE of the CF-blend device was three times that of the CB-blend device. In the
following sections, we will discuss this large difference between the two devices before and
after thermal annealing in terms of the macroscopic conductive properties, P3HT crystallization
evaluated from UV-vis absorption and GIWAXS analyses, microscopic phase-separated
structures estimated from the PL quenching measurements, and the microscopic conductive

properties measured by C-AFM.
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Figure 2. J-V characteristics of P3HT/PF12TBT solar cells under AM 1.5G, 100 mW cm2
illumination. These devices were fabricated by spin-coating from (a) CB and (b) CF solutions,
and the J-V characteristics were measured before (broken lines) and after optimization using

thermal annealing for 10 min (solid lines). The device parameters are listed in Table 1.
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Table 1. Photovoltaic parameters of PS3HT/PF12TBT solar cells.

Solvent / Annealing temperature PCE/ % Jsc/ mAcm FF Voc/V
CB / As-cast 0.91 +£0.05 2.02£0.04 0.35+0.02 1.31+0.01
CB/80°C 1.19 £0.05 2.38+0.13 0.40 £ 0.01 1.27 £0.01
CF / As-cast 0.59 £ 0.04 1.52 £0.12 0.29 £ 0.00 1.35+0.01
CF/120°C 3.49 +0.12 487 £0.13 0.55+0.01 1.29 £0.00

2. Macroscopic Hole-Transport Properties of Blend Films.

To examine the effect of the spin-coating solvent and subsequent thermal annealing on the
macroscopic hole transport of the blend films, we evaluated the conductivity (o) and hole
mobility (un) of the blend films by analyzing the hole-only J-V characteristics. The value of
o was calculated from the slope of the J-V curve in the Ohmic region, and x» was calculated
from the J-V curve in the SCLC region with the Mott—Gurney equation. For the blend film
fabricated from the CB solution, ¢ increased from 2.2 x 108 to 4.0 x 10® S cm™ and
increased from 0.6 x 10~ to 1.2 x 10~* cm? V-1 s after thermal annealing.  For the blend film
fabricated from the CF solution, & increased from 1.7 x 108 to 3.8 x 10® S cm™ and un
increased from 0.2 x 10 to 0.8 x 10~* cm? V-1 st after thermal annealing.  In summary, the
o and un values were higher for the CB-blend device than for the CF-blend device. For
comparison, o-and un were also measured for neat P3HT films spin-coated from the CF solution

and annealed at 80 and 120 °C. The cand un values are summarized in Table 2.
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Table 2. Conductive and morphological properties of P3BHT/PF12TBT blend and neat P3HT

films.

Solvent / Annealing

Films temperature o/10®%Scem? /10 cm?’Vis?t  L./nm  ®q/%
Blend CB / As-cast 22+1.1 0.6+0.1 6.4 65+3.6
Blend CB/80°C 40x25 1.2+0.0 7.0 61+29
Blend CF / As-cast 1.7+£05 0.2+0.0 4.1 85
Blend CF/120°C 3.8+£0.9 0.8+£0.0 6.1 72
P3HT CF/80°C 25+13 35+£05 6.7 —
P3HT CF/120°C 23+0.3 42+04 6.8 —

3. Morphology of P3HT in Blend Film.

3-1. Absorption Spectra. Figures 3a and 3b show the absorption spectra of P3HT/PF12TBT
blend films spin-coated from the CB and CF solutions before and after the thermal annealing.
Note that the spectral shape in the 500-650 nm wavelength range is a good measure of the
degree of ordering of the P3HT polymer chains.?®2! In the spectra obtained before thermal
annealing, the absorption shoulder in the vicinity of 600 nm is more pronounced for the blend
film from CB than the blend film from CF, suggesting that P3HT chains were more ordered (or
crystallized) in the CB-blend film. In the spectra obtained after thermal annealing, the
shoulder is prominent for both blend films, suggesting growth of the ordering (or
crystallization) of P3HT chains. In accordance with previous reports,??2® the m-conjugation
length (L) of the P3HT chains was estimated for each blend film (see the Supporting
Information, Figures S2 and S3). As summarized in Table 2, L was larger for the CB-blend

film than the CF-blend film, and it increased for both blend films after thermal annealing.
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Figure 3. UV-visible absorption spectra of P3HT/PF12TBT blend films spin-coated from (a)
CB and (b) CF solutions. The dashed lines represent data for the as-cast films. The solid
lines represent data for the films that were annealed at (a) 80 °C for 10 min and at (b) 120 °C

for 10 min, respectively.

3-2. PL Quenching. The ®q0f PF12TBT in each blend film was evaluated. ~As summarized
in Table 2, ®q was larger for the CF-blend film than the CB-blend film, independent of the
thermal annealing, suggesting that the CB-blend films were likely to form larger phase-
separated structures.  After thermal annealing, ®q decreased slightly for both blends,
suggesting that each domain grew in size owing to phase separation or ordering of P3HT chains,
or both phase separation and ordering of P3HT chains. Thus, ®4 of the CF-blend film
annealed at 120 °C (72%) was similar to that of the as-cast CB-blend film (65%) (see
Supporting Information, Figure S4). However, ®q values with this degree of similarity did

not always result from a similar blend morphology, as will be discussed below.

3-3. GIWAXS. GIWAXS measurements were performed for the P3HT/PF12TBT blend and
neat P3HT films spin-coated from the CF solution. As previously reported, the diffraction
peak that appears at approximately gy = 0.39 A-* can be assigned to the (100) reflection from

the alkyl-stacking direction of the P3HT crystallites.?*?” Furthermore, the peak at ¢, = 1.67
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Al can be assigned to the (010) reflection along the m-stacking direction of the P3HT
crystallites.?%"  The crystal orientation was determined from the azimuthal dependence of the
(010) =-stacking peak intensity. The (010) peak intensity obtained from the two-dimensional
GIWAXS image was plotted as a function of the azimuthal angle (¢) for the as-cast film and
films annealed at 80 and 120 °C for 10 min.  All the films exhibited a (010) reflection peak at
an angle of ¢ = 90°, which corresponds to the scattering vector perpendicular to the substrate
plane, indicating that the P3HT crystallites had predominantly “face-on” orientations in the
films (see Supporting Information, Figure S5). In terms of the “face-on” crystallite
components, the dimensions in the (010) and (100) directions were calculated from the full
widths at half maximum of the corresponding Bragg peaks using Scherrer’s equation (the shape
factor K was assumed to be 0.9).22 The results are plotted in Figures 4a and 4b as functions of
the annealing temperature. After thermal annealing, the P3HT crystallites in the blend film
grew in both directions; this behavior is consistent with the increase in L, and the decrease in
®, observed for the CF blend films. The crystallite size in the blend film was similar to that

in the neat P3HT film following annealing at 120 °C.
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Figure 4. Crystallite dimensions of “face-on” components of P3HT crystallites in the (a)
(010) =-stacking and (b) (100) alkyl-stacking directions as functions of annealing temperature.
The solid and open circles represent the results for the P3HT/PF12TBT blend film and neat
P3HT film, respectively. The films were spin-coated from CF solutions.
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3-4. Nanoscale Electrical Characterization by C-AFM. Figure 5 shows topographical and
current images of the P3HT/PF12TBT blend films, which were prepared under the same
conditions as those used for the device fabrication. For the CB-blend films, as shown in Figure
5a, conductive (I > 0 pA) and non-conductive (I = 0 pA) domains were clearly apparent both
before and after thermal annealing, corresponding to topographically lower and higher domains,
respectively.  As previously reported,'* a conductive and topographically lower region can be
classified as a P3HT-rich domain, whereas a non-conductive and topographically higher region
can be classified as the PF12TBT-rich domain, because our C-AFM setup could selectively
detect the hole current from P3HT on the PEDOT:PSS substrate.  After thermal annealing at
80 °C, the hole current increased in the P3HT-rich domains; however, no change in the phase-
separated structures was observed in the topographical images. The total hole currents from
all pixels in the image were 0.9 and 1.9 xA before and after thermal annealing, respectively.
The increase in the hole current was primarily observed at the centers of the P3HT-rich domains,
whereas no distinct increase was found at the boundary areas close to the PF12TBT-rich
domains. These boundary areas can be classified as an intermixed P3HT and PF12TBT region,
as will be discussed below. For the CF-blend films, as shown in Figure 5b, the entire observed
area showed hole current of as small as a few pA before thermal annealing, but it consisted of
highly conductive (I > ~100 pA) domains after thermal annealing. There is no clear
correlation between the local current and the topographical images. The total hole current
from all pixels in the image was 0.1 #A before annealing and it increased to 5.9 pA after
annealing. For comparison, topographical and current images of the neat P3HT films are
shown in Figure 6.2° The neat films were spin-coated from the CF solution and annealed at

80 and 120 °C; the total currents were as large as 4.9 and 13.9 pA, respectively. Figure 7(a)
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shows histograms of the current observed at each pixel in the images of the CB-blend films that
were as-cast and annealed at 80 °C for 10 min (Figure 5a) and in the image of the neat P3HT
film annealed at 80 °C for 10 min (Figure 6). Figure 7(b) shows histograms of the current
observed at each pixel in the images of the CF-blend films that were as-cast and annealed at
120 °C for 10 min (Figure 5b) and in the image of the neat P3HT film annealed at 120 °C for

10 min (Figure 6).
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Figure 5. Topographical (top) and hole current (bottom) images (1.25 um x 1.25 um) of

P3HT/PF12TBT blend films spin-coated from (a) CB solution and annealed at 80 °C for 10

min, and from (b) CF solution and annealed at 120 °C for 10 min.
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Figure 6. Topographical (top) and hole-current (bottom) images (1.25 um X 1.25 um) of neat
P3HT films spin-coated from CF solution and annealed at 80 and 120 °C for 10 min,
respectively.
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Figure 7. (a) Histograms of the hole current images (Figure 5a and 6) of the blend films that
were spin-coated from CB solution before (black bars) and after thermal annealing at 80 °C
(green bars) and the neat P3HT film from CF solution after thermal annealing at 80 °C (red
bars). (b) Histograms of the hole current images (Figure 5b and 6) of the blend films that were
spin-coated from CF solution before (black bars) and after thermal annealing at 120 °C (green
bars) and the neat P3HT film from CF solution after thermal annealing at 120 °C (red bars).

The inset shows the histogram rescaled for the blend film before annealing.
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DISCUSSION

We first discuss the device performance before thermal annealing in terms of the topographical
images of the blend films. As is clear from Figure 5, the choice of spin-coating solvent has a
critical impact on the scale of the phase separation in the as-cast blend films. Large domains
on the scale of hundreds of nanometers were found in the CB-blend film; however, no distinct
phase-separated domain was observed in the CF-blend film. In general, largely phase-
separated domains of donor and acceptor polymers are favorable for charge transport, whereas
a finely intermixed domain of donor and acceptor polymers is favorable for charge generation.*
Indeed, the CB-blend film was conductive with larger o and . compared to the CF-blend film.
On the other hand, the CF-blend film exhibited a larger ®q (85%) than the CB-blend film (65%).
Note that the ®q values provide information on the charge generation efficiency; large ®q value
represents efficient charge generation. Therefore, the CB-blend device was expected to
exhibit a relatively large FF and small Jsc, and the CF-blend device was expected to exhibit a
relatively small FF and large Jsc. However, this was not the case: both devices exhibited
similar Jsc and FF values, and hence, a PCE of less than 1% before thermal annealing. In
summary, the structural differences based on the topographical images are correlated with the
macroscopic conductive properties (cand ) and the degree of PL quenching, but they show
no clear correlation with the photovoltaic performance.

We next focus on the optimized device performance after thermal annealing.  As mentioned
earlier, the photovoltaic parameters of the CB-blend and CF-blend devices were improved to
different extents after thermal annealing, although negligible changes were found in the
topographical images before and after thermal annealing. In other words, there is again no
clear correlation between the photovoltaic performance and the topographical images. On the

other hand, the bulk-averaged properties such as o, un, Lz, and Lo1o increased for both devices
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after thermal annealing. This increase is consistent with the increase in the total hole current
from all pixels in the C-AFM images. However, the large difference between the optimized
photovoltaic performance of the CB-blend and CF-blend devices after the thermal annealing
cannot be simply interpreted in terms of the changes in either these bulk-averaged properties or
the total current in the C-AFM images. In particular, for the CB-blend device, the increase in
Jsc and FF was limited by a factor of 1.1 ~ 1.2, whereas the  and C-AFM total hole current
increased by a factor of 2.0 ~ 2.1.

Therefore, we focus on the intermixed region between the P3HT-rich and PF12TBT-rich
domains, in which the excitons are more efficiently converted to charge carriers because of the
large donor/acceptor interface area.  As reported previously, an “intermixed region” is defined
as an area with a current less than that observed for the corresponding neat P3HT film.**  For
the CB-blend films, as shown in Figure 7a, we set the threshold current to 42.7 pA based on the
neat P3HT film that was annealed 80 °C. We speculate that these intermixed regions most
likely contributed to the photocurrent generation and collection.!®  On the other hand, the non-
conductive regions with a current of 1 = 0 were classified as PF12TBT-rich domains, and they
contained P3HT as a minor component that did not form a hole-transport network. The
conductive regions with a current of |1 > 42.7 pA were classified as neat P3HT-like domains,
with minor PF12TBT components that did not form an effective electron-transport network.
Figure 8 shows current distribution images for the intermixed regions only. As can be seen in
Figure 8a, the increase in the hole current in the intermixed regions was modest compared with
that observed for the neat P3HT-like domains shown in Figure 5a. The total current in the
intermixed regions remained almost constant with values of 0.8 and 0.6 ©A before and after
annealing, respectively, while the total current in the conductive regions increased from 0.9 to

1.9 4A. Inother words, the neat P3HT-like domains were primary contributor to the increase
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in current, which is consistent with the slight increase in Jsc value from 2.0 to 2.4 mA cm2
after annealing. The average current in the intermixed region increased slightly from 20.6 to
23.4 pA after annealing, which represents that the increase in the charge transport efficiency
was modest in the intermixed region. This result is also consistent with the small increase in

FF (from 0.35 to 0.40) after annealing.

(a) Spin-coated from CB (b) Spin-coated from CF
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Figure 8. Intermixed region in P3HT/PF12TBT blend films fabricated by spin-coating from
(a) CB solution (as-cast and annealed at 80 °C for 10 min) and (b) CF solution (as-cast and
annealed at 120 °C for 10 min).

For the CF-blend films, as shown in Figure 7b, we set the threshold current to 103.7 pA based
on the neat P3HT film that was annealed at 120 °C.  This classified almost the entire observed
area as an intermixed region both before and after thermal annealing.  Figure 8b demonstrates
that the increase in the hole current in the intermixed region (= the entire area) was significant.
The total current in the intermixed region substantially increased after annealing from 0.1 to
4.0 pA, which is consistent with the significant increase in Jsc from 1.5 to 4.9 mA cm 2 after
annealing. The average current in the intermixed region was also sharply increased after
annealing from 1.30 to 84.2 pA, which is also consistent with the marked improvement in FF
from 0.29 to 0.55 after annealing. All these findings strongly suggest that good correlation

exists between the photovoltaic parameters and the current in the intermixed regions, rather
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than between the former and the total current in the conductive regions or bulk-averaged
properties. We therefore conclude that the charge transport properties of the intermixed
regions are critical for the device performance of the polymer/polymer blend solar cells.
Finally, we discuss the morphology for efficient charge transport in the optimized CF-blend
device that was annealed at 120 °C. The absence of observed non-conductive regions in the
current image suggests that the lateral sizes (diameter) of the PF12TBT-rich domains were
smaller than the C-AFM resolution (~20 nm). This is consistent with a domain size of ~15
nm, which was spectroscopically estimated from the diffusion distance of the PF12TBT
excitons.®  Furthermore, the UV-vis absorption spectra and GIWAXS measurements suggest
that the degree of P3HT ordering and crystal dimensions in the blend film were similar to those
in the neat P3HT film that was annealed at 120 °C.  Thus, we assume that P3HT and PF12TBT
created efficient charge-transport pathways with a diameter of <20 nm (smaller than the C-
AFM resolution). Consequently, the hole current flowing through the blend film was half of
that flowing through the neat P3HT film. In fact, as shown in Figure S6 in Supporting
Information, the histogram of the half value of the current measured at each pixel in the image
of the neat P3HT film annealed at 120 °C is in good agreement with the histogram of the blend
film.  This indicates that like P3HT in the neat film, nearly all P3HT in the blend film
contributed to hole transport. Consequently, the CF-blend device simultaneously attained

both high Jsc and high FF, thus exhibiting a maximum PCE of 3.5%.

CONCLUSION
The morphology—function relationship in P3HT/PF12TBT blend solar cells was studied on the
basis of direct C-AFM observations of local charge-transport properties of the nanoscale phase-

separated polymer-blend films. For a blend film prepared by spin-coating from a CB solution,
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coarse phase separation into P3HT-rich and PF12TBT-rich domain structures was observed
before and after thermal annealing. The distribution of the local hole conductivity of P3HT
suggests that the hole transport was restricted because of the existence of an intermixed region
between the P3HT-rich and PF12TBT-rich domains. This blend morphology limited an
effective increase in the PCE even after thermal annealing because the majority of the polymer
excitons were quenched within the intermixed regions, where hole transport was inefficient.
In contrast, for the blend film prepared by spin-caoting from a CF solution, finely mixed blend
structures were found throughout the entire the film before and after thermal annealing. The
hole transport was not efficient before thermal annealing, but it significantly improved
afterwards. In the optimized blend films after thermal annealing, there were phase-separated
domain networks with a diameter of less than 20 nm, in which hole transport was as efficient
as that in the neat P3HT film.  Such an optimized device yielded simultaneously large Jsc and
FF, and thus a maximum PCE of 3.5%. These photovoltaic properties can be explained in
terms of the local current in the intermixed region, observed by C-AFM, rather than the
topographical features or bulk-averaged properties such as o, h, Lz, Loio, and ®q.  We thus
conclude that the intermixed regions identified from C-AFM observation are most closely

related to the charge-generation and charge-collection in polymer/polymer blend solar cells.
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