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olymer-based bulk heterojunction

(BHJ) solar cells are a nascent tech-

nology that might provide low cost
solar power conversion because of the low-
cost high throughput manufacturing tech-
niques which might be used in their
production.'”¢ For several years, a compos-
ite of poly(3-hexylthiopehene) (P3HT) and
phenyl-C61-butyric acid methyl ester
(PCBM) has dominated research in this
field, providing the highest certified
efficiencies’ "' until very recently. New
polymers'?~% have been synthesized and
explored as the donor component in BHJ
solar cells, and efficiency higher than 5%
has been achieved in some of the narrow
bandgap polymers.'71821.26 The power con-
version efficiencies commonly achieved in
P3HT/PCBM bulk heterojunction solar cells
have been up to 3—5%,” "8 and the pri-
mary method of improving efficiency has
been the optimization of the two-phase
nanostructure of the donor and acceptor
materials.!~ 4781029731 various
approaches?®3°~3% have been used to con-
trol the nanoscale film morphology of
polymer-based bulk heterojunction solar
cells, of which P3HT/PCBM is only one ex-
ample. These methods include solution pre-
cipitation of P3HT nanofibers,*? thermal an-
nealing, pre- and postcathode deposition,*
solvent annealing,?®*%° and the use of
mixed solvents as a means to control aggre-
gation of the polymer 353640-42

We recently discovered that highly effi-

cient BHJ solar cells can be made using pre-
self-assembled® or in situ** self-assembled
poly(3-butylthiophene) nanowires (P3BT-
nw) as the donor component along with
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ABSTRACT We report studies of bulk heterojunction solar cells composed of self-assembled poly(3-

butylthiophene) nanowires (P3BT-nw) as the donor component with a fullerene acceptor. We show that the

nanostructure of these devices is the single most important variable determining their performance, and we use

a combination of solvent and thermal annealing to control it. A combination of conductive and photoconductive

atomic force microscopy provides direct connections between local nanostructure and overall device performance.

Films with a dense random web of nanowires cause the fullerene to aggregate in the interstices, giving a quasi-

ordered interpenetrating heterojunction with high short-circuit current density (10.58 mA/cm?), but relatively low

open circuit voltage (520 mV). Films with a low density of nanowires result in a random bulk heterojunction

composed of small crystalline PCBM and P3BT phases. Fewer nanowires result in higher open circuit voltage (650

mV) but lower current density (6.02 mA/cm?). An average power conversion efficiency of 3.35% was achieved in a

structure which balances these factors, with intermediate nanowire density. The best photovoltaic performance

would be realized in a material structure which maintains the interpenetrating network of nanowires and

fullerene phases (high current density), but avoids the device bridging we observe, and the recombination and

shunt losses associated with it (high open-circuit voltage).

KEYWORDS: polythiophene nanowires - bulk heterojunction solar
cells - photoconductive nanocomposites - charge transport - conductive
AFM - photoconductive AFM - photovoltaic properties

PCs:BM or PC;,BM as the acceptor. The
chemical structures of P3BT and PC;;BM
are given in Scheme 1. These nanowires
have a width of 10—15 nm (measured with
TEM),*** which is similar to a typical exciton
diffusion length.* Moreover, the nanowires
show high field-effect hole mobility in tran-
sistor geometry (8.0 X 1073 cm?/(V s)) in
composite films with PC4,BM. These fea-
tures suggest that P3BT nanowires might
constitute an ideal donor component for
BHJ solar cells. Indeed, in our preliminary
work,* a power conversion efficiency (PCE)
of 3.0% was obtained from the P3BT-nw/
PC,1BM composite, which is 1 order of
magnitude higher than prior results from
thermally induced phase-separated
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PC,,BM

Scheme 1. Molecular structures of P3BT and PC;;BM.

P3BT

P3BT:fullerene blend solar cells.>* However, the device
structure was never fully optimized or characterized.

In this paper, we systematically vary the morphol-
ogy of P3BT-nw/fullerene composites through a combi-
nation of solvent and thermal annealing. The photovol-
taic performance of the composite material varies
dramatically with the induced structural variations, and
we use a combination of bulk charge transport, conduc-
tive/photoconductive atomic force microscopy
(cAFM/pcAFM),%~4 transmission electron microscopy
(TEM), and X-ray/electron diffraction data to explain
how the local film morphology changes the bulk de-
vice performance. A homogeneous dispersion of
fullerene in the P3BT-nw matrix in unannealed devices
showed poor photovoltaic performance, with low
open-circuit voltage and short circuit current. Thermal
annealing of a well-dried stable film caused aggrega-
tion of fullerene in the interstitial spaces of the nano-
wire network and dramatically improved both the
short-circuit current and open-circuit voltage of the de-
vice. When the film was annealed before drying was
complete, the P3BT nanowires were partially dissolved,
resulting in a much lower current density but improved
open circuit voltage.

RESULTS AND DISCUSSION

Figure 1 shows the current density—voltage curves
of the P3BT-nw/PC;,BM blend solar cells under simu-
lated (AM 1.5) solar illumination. The data set includes
two different compositions of 1:0.5 and 1:1 P3BT/
PC;:BM, each prepared under four different drying and
annealing conditions. Table 1 shows the processing
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TABLE 1. Film Processing Conditions Used in This Study

condition A B C D
aging time (min) 3 35—507 100 100
annealing (175 °C, 10 min) yes yes yes no

“Time at which film color changed from orange to purple, about 50, 45, and 35
min, respectively, for pure P3BT-nw, P3BT-nw:P(;,BM (1:0.5), and P3BT-nw:PC;,BM
(1:1) films.

conditions used to vary the blend morphology, each
of which will henceforth be referred to by the name
listed in the table (e.g., condition A corresponds to a 3
min drying time before a 10 min thermal annealing
step). The photovoltaic parameters derived from these
J—V curves, the short-circuit current density (Jso), the
open circuit voltage (V,.), the fill factor (FF), and the
power conversion efficiency (PCE), are plotted in Fig-
ure 2a—d, and the full collection of numerical data can
be found in Table 2, together with the series and paral-
lel resistance deduced by the inverse gradient of the
J—V curves.*® The absorption spectra of the solar cells
in Figure 1 and the average external quantum efficiency
spectra of some of the devices are given in the Support-
ing Information (Figure S1). Figure 2e shows the hole
mobility in each blend, including pure P3BT-nw films,
as a function of processing condition, measured via the
space—charge limited current method. These values
are also collected in Table 2. The dark J/—V curves of
the hole-only devices and fits using the Mott-Gurney
law are available as Supporting Information (Figure S2).
The strong dependence of the power conversion ef-
ficiency on processing conditions and composition is
evident in Figure 2a. For the 1:0.5 P3BT-nw/PC;;BM
blend composition, the best average performance was
achieved in the device dried for 15 min before anneal-
ing (condition A*) with an average PCE of 3.4%, while
for the 1:1 composition, the highest PCE (2.9%) was ob-
tained in devices dried for 100 min before annealing
(condition C). We note that a PCE of 3.6% was observed
in a P3BT-nw/PC;:BM (1:0.5) blend device processed un-
der condition A when a higher molecular weight (as
judged by its low solubility) P3BT sample was used, in-
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Figure 1. The J—V characteristics of P3BT-nw:PC;,;BM solar cells with a structure of ITO/PEDOT/P3BT-nw:PC;;BM/LiF/Al at
blend ratio of 1:0.5 (a) and 1:1 (b). The curves were measured under AM1.5 white light illumination at 100 mW/cm?.
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Figure 2. The photovoltaic parameters of the P3BT-nw/PC;,BM solar cells with the composition of 1:0.5 and 1:1 and the SCLC hole mobilities
of P3BT-nw and P3BT-nw/PC;,BM blend films as a function of the processing condition: (a) PCE; (b) Js; (c) Vo (d) FF; and (e) SCLC.

dicating dependence of the performance of the P3BT-
nw/fullerene solar cells on molecular weight. In both
blend compositions, the unannealed samples per-
formed the worst and improved dramatically when an-
nealed. Figure 2 panels b—d show the variation in Jsc,
Voc, and FF with processing conditions. The trends in Jsc
and Voc are opposing, both with blend composition
and processing conditions. The Voc is generally higher
for the 1:0.5 P3BT-nw/PC;;BM blend than for the 1:1
blend composition, but Jsc is lower for the 1:0.5 blend
than for the 1:1 blend. Likewise, Voc decreases with in-
creasing drying time, while Jsc increases. However, both
Jsc and V¢ reach their minimum in the devices which
were not thermally annealed (condition D). The high-
est occupied molecular orbital (HOMO) level of the
P3BT nanowires measured from the onset of the elec-
trochemical oxidation peak is —4.6 eV and the lowest
unoccupied molecular orbital (LUMO) is estimated to be
—2.75 eV by using the optical band gap of P3BT nano-
wire [LUMO level = HOMO level + E,;*' = —4.6 + 1.85

eV*4]. This HOMO energy level determined from electro-
chemistry is in excellent agreement with —4.57 eV mea-
sured by photoemission spectroscopy for P3HT which
has an identical backbone as P3BT.%'

The space-charge limited current (SCLC) hole mo-
bility only varies by a factor of ~5 across all blend
compositions and processing conditions (Figure 2e).
Nevertheless, some puzzling trends are apparent.
First, pure nanowire films show the highest hole mo-
bility with the shortest drying time (condition A),
while the blend films reach a roughly equivalent
maximum in their unannealed state (condition D).
Second for the blend films processed under condi-
tion C (long drying time), where the short circuit cur-
rent is maximized and the power conversion effi-
ciency is quite high, the SCLC hole mobility is
relatively low. Finally, the blend films processed un-
der condition D (not annealed) have the highest
SCLC hole mobility, but also the lowest photovol-
taic performance.

TABLE 2. Summary of the Photovoltaic Properties of P3BT-nw/PC;,BM Solar Cells®

P3BT-nw:P(;;BM condition SCLC-hole (cm%/(V s)) R (2 cm?) R, (Q am?) I (mA/em?) Voe (V) FF PCE (%)
1:0.5 A 131X 107 143 652 7.63 0.67 0.61 3.10
1:0.5 AP 1421074 1.2 750 8.12 0.66 0.63 3.35
1:0.5 B 125 107* 10.7 560 8.25 0.56 0.58 2.69
1:0.5 C 474 X 1073 1.1 372 9.16 0.57 0.57 3.00
1:0.5 D 3.66 X 1074 20.2 510 4.07 0.46 0.51 0.96
11 A 443 X10°° 13.4 740 6.02 0.65 0.58 227
11 B 8.20 X 107° 1.1 556 9.16 0.51 0.56 2.63
11 C 9.62 X 107° 1.2 367 10.58 0.52 0.54 293
11 D 3.65 107 379 505 5.27 0.42 0.58 118

“Average of at least 5 devices. Annealed after 15 min aging.
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Figure 3. Tapping mode AFM phase images of P3BT-nw/PC;BM (1:1)
blend films prepared under condition A (a), condition B (b), condition
C (¢), and condition D (d). The dimension of the images is 5 X 5 pm?2

This variation in the photovoltaic performance and
charge carrier mobility of the blend with the process-
ing parameters is an expected, well established, feature
of excitonic bulk-heterojunction solar cells. The ques-
tions we must answer are what are the changes in mor-
phology that lead to these variations in performance?
and can we explain why a particular change in nano-
structure changes the bulk performance parameters in

R T R e R

Figure 4. Tapping mode AFM phase images of P3BT-nw films prepared
under the four different conditions in Table 1. (a) condition A; (b) condi-
tion B; (c) condition C; (d) condition D. The dimension is 5 X 5 pm?
and the scale is 30° for all the images.

@NA]NK) VOL.4 = NO.4 = XIN ET AL.

the way we observe? We answer these questions in
two ways. First, we apply standard nanoscale character-
ization tools, AFM, TEM, and XRD, to investigate the
nanostructure of these materials, and how it changes
with processing conditions. Second, we apply a combi-
nation of conductive and photoconductive AFM (cAFM
and pcAFM) measurements to directly measure how
these changes in nanostructure effect charge transport
and short-circuit photocurrent at the nanoscale. We fo-
cus only on the 1:1 blend for this detailed structural
characterization because it exhibits the highest short
circuit current density, greatest variation in perfor-
mance with different processing conditions, and
greater reproducibility in our pcAFM measurements
than the 1:0.5 blends. In addition, since the trends in
photovoltaic parameters in both blend systems are very
similar, we expect the structure—property relation-
ships we establish in one blend system to transfer to
the other.

Figure 3 panels a—d show AFM phase images of
the 1:1 P3BT-nw/PC7:BM blend, prepared using each
of the four different processing conditions. Interpreta-
tion of these images is best made with a direct compari-
son to the analogous structural evolution of films com-
posed purely of P3BT nanowires. Figure 4a—d shows
an equivalent data set of AFM phase images of pure
P3BT-nw films, prepared using the same four process-
ing conditions.

We discuss the images in order of decreasing dry-
ing time. The phase images of films treated with condi-
tion D (not annealed, Figures 3d and 4d) both show
P3BT nanowires distributed in a random network. The
main distinction is that the nanowire features in the
blend film (Figure 3d) are thicker than those in the pure
nanowire film (Figure 4d). After the film undergoes ther-
mal annealing (condition C, Figures 3c and 4c), we see
no reduction in the density of nanowires within the
films, but those in the blend widen further, while those
in the pure nanowire film remain unchanged. There is
also a slight increase in the order of both films, with the
nanowires tending to straighten and align parallel to
one another. When the drying time is shortened to ~35
min (condition B), no further widening of the nanowire
features is observed in the blend, but the nanowires in
both the blend and pure nanowire films begin to disap-
pear. In the pure nanowire film, the disappearance of
the nanowires is accompanied by the growth of ~50
nm domains which appear featureless in the phase im-
age. When the drying time is reduced to only 3 min
(condition A), very few if any nanowires are observed
in either blend. The pure nanowire film shows a random
arrangement of distinct ~50 nm domains, while the
blend film appears very homogeneous.

The three prominent features we have observed
are (1) widening of nanowire structures in the blend
films compared to the pure nanowires, and further wid-
ening upon initial annealing; (2) dissolution of the
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nanowires when films are annealed after short dry-
ing times; and (3) formation of relatively large, dis-
tinct domains in the pure nanowire films, and an
amorphous structure in the blend films, as the
nanowires disappear. We propose the following ex-
planations of these observations. First, we hypoth-
esize that the apparent widening of the nanowires
in the blend film is due to aggregation of fullerene
molecules in the interstices of the P3BT-nw struc-
ture, or possibly a preferential aggregation of
fullerene along the nanowires. We attribute the fur-
ther widening observed upon subsequent anneal-
ing at long drying times (condition C) to crystalliza-
tion of the fullerene and further aggregation
between the polymer wires. Second, we believe
that the shortening and disappearance of nano-
wires when the drying time is decreased is due to
the residual solvent in the films. When the nanow-
ires are heated in the presence of sufficient solvent,
they dissolve into their constituent molecules.
Third, we hypothesize that the formation of large
distinct phases in the pure P3BT films as the nano-
wires disappear is evidence for the formation of a
bulk crystalline phase. The lack of such a phase in
the blend film can be explained if the presence of
the fullerene molecules inhibits the crystallization

Z‘BD nm :‘: 5 B 5 i
Figure 5. Bright-field TEM images of P3BT-nw/PC;;BM (1:1) blend thin films (a,
b) and pure P3BT-nw films (c, d) under condition A (a, ¢) and condition D (b, d).
The films were spin-casted on top of ITO/PEDOT substrates and peeled off by
putting the samples in water. The insets are the electron diffraction of the cor-

of the polymer.

The second of these three hypotheses is
straightforward. However, the other two merit fur-
ther investigation. We use TEM and XRD to help test
these hypotheses, providing more detailed structural
information, including the crystallinity of the polymer
and fullerene phases.

Bright-field TEM images and the associated elec-
tron diffraction patterns for both the 1:1 P3BT-nw/
PC;,BM blend, and the pure nanowire films are shown
in Figure 5a—d. Figure 5 panels a and b show the 1:1
blend film prepared with condition A (short drying
time), and condition D (long drying time), respectively.
Figure 5 panels c and d show the pure P3BT-nw films
prepared in the same way as the blend. Like the AFM
phase images, these reveal some significant differences
in the blend film compared to the pure P3BT nano-
wires. For the samples which were fully dried before an-
nealing, (Figure 5b,d) the interconnected P3BT nano-
wire network is apparent in both samples, but there is
a distinct difference between the structure of the pure
nanowire film (Figure 5d) and the blend (Figure 5b). The
weblike pattern of crossing nanowires in Figure 5d is al-
tered in Figure 5b by an irregular widening of the
nanowires. For the samples that were dried for only a
short time before annealing (Figure 5a,c) there are very
few, if any, nanowires evident in either the blend
(Figure 5a) or the pure polymer film (Figure 5c). How-
ever, again there is a distinct difference between the
two. While the blend film is homogeneous (Figure 5a),

www.acsnano.org

responding film.

the pure nanowire film exhibits a random distribution
of distinct dark domains (Figure 5c).

In both the blend and pure polymer films, there are
three strong electron diffraction rings (Figure 5, inset)
associated with crystalline P3BT at g of 0.8, 0.16, and 2.6
nm~', corresponding to the (100), (200), and (010)
diffractions,>>>3 respectively. In addition to the P3BT sig-
nal, the electron diffraction for the blend films show a
ring at 2.2 nm~' (d = 0.46 nm) due to PC;,BM crystals.’

It was expected that the electron diffraction signal
associated with the crystalline polymer phase would
be less intense when the density of polymer nano-
wires is low (Figure 5a,c). However, the remaining
strength of this signal, even when there are very few
or no nanowires visible in the TEM image, is strong evi-
dence for the formation of a bulk crystalline phase,
and we see that this behavior (strong diffraction with-
out visible nanowires) is much more pronounced in the
pure polymer film than in the blend.

This data is consistent with our AFM results and sup-
ports our previous interpretation. The TEM images
show an alteration in the morphology of the nano-
wires in the blend film compared with the pure poly-
mer nanowire film, which we interpret as evidence for
aggregation of fullerene in between and/or along the
nanowires. The electron diffraction data also support
our hypothesis that the pure polymer films form a bulk
crystalline phase upon dissolution of the nanowires and
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2.5

500 nm

Figure 6. Conductive AFM images of pure P3BT-nw films processed under
condition A (a), condition B (b), condition C (c), and condition D (d). A +3V
tip bias was used for all images.

that the presence of fullerene in the blend inhibits this
polymer crystallization.

Further evidence for the formation of a bulk P3BT
crystal phase comes from XRD measurements. A dis-
tinct shift in the d-spacing of the (100) polymer diffrac-
tion from ~1.25 to 1.31 nm is observed when the
nanowires are dissolved in situ, indicating a change in
crystal structure. Full XRD spectra can be found in Sup-
porting Information (Figure S3).

Thus far, we have built a detailed picture how a com-
bination of solvent and thermal annealing affects the

current topography

500 nm

Figure 7. Conductive AFM images of P3BT-nw:PC;;BM (1:1) films processed

under condition A (a), condition B (b), condition C (c), and condition D (d). A

+3 V tip bias was used for all images.
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nanostructure of P3BT-nw/PC;;BM composites and
shown how the bulk performance varies between
these different nanostructures. However, it is diffi-
cult with these traditional nanoscale characteriza-
tion techniques (AFM, TEM, and XRD) to draw firm
conclusions about why one film structure is better
for photovoltaic performance and/or charge trans-
port than another, and thus how to improve perfor-
mance in the future. We use a combination of
conductive- and photoconductive-AFM (cAFM and
pcAFM) to bridge this gap, and provide direct local
correlations between device performance and the
nanostructure of the film. The hole-only cAFM im-
ages give us information on the hole transport net-
work, whereas the pcAFM data give us maps of local
short-circuit photocurrent as discussed below. Fur-
ther explanation of how we interpret the results of
each of these experiments is given in the Support-
ing Information Figure S7.

Figure 6a—d shows a set of cCAFM images includ-
ing topography (right) and current (left) images of
pure P3BT-nw films prepared under the four drying
and annealing conditions. The images show the
hole-only transport properties of the films with the tip
injection holes,*” since we use gold-coated AFM tips
and a negative substrate bias. The trend with drying
time is clear, both in the topography and current im-
ages. As the drying time decreases (bottom to top), the
nanowires disappear from the film structure until we
are left with very few, or no intact nanowires, and fea-
tures consistent with small bulk crystalline phases
(higher current regions, Figure 6a) appear. The nano-
wires visible clearly in Figure 6d,c exhibit current densi-
ties at least a factor of 2 higher than the surrounding
film structure, demonstrating enhanced charge
transport along the wires.

16.0 nm Figure 7 shows a set of cAFM images, includ-

ing topography (right) and current (left) for 1:1
P3BT-nw:PC;,BM blend films processed under
the four different drying and annealing condi-
tions. Examination of the topography images
(right) shows the same trend in nanowire struc-
ture that we observed for the pure P3BT-nw
films: as drying time decreases (bottom to top),
the nanowires begin to disappear. However, we
also observe some significant differences: the
nanowires appear much wider in the blend film,
and present an irregular appearance in topogra-
phy, as observed in the previous TEM and AFM
phase images. We discuss the current images one
by one, in order of decreasing drying time.

For the film prepared under condition D (not
annealed; Figure 7d), the current image shows
far fewer “hot” nanowires that are carrying
double the background current, and those only
appear on the surface over a short distance, as
compared to the pure nanowire film (Figure 6d).

www.acsnano.org



For the blend film processed under condition C
(long drying time; Figure 7c), there is more evidence in
the current image of nanowires extending significant
distances along the surface of the film. However, we see
that most of the nanowires are now transporting less
current than the background, while a few others remain
bright, with significantly more current. This observa-
tion suggests aggregation of the fullerene phase be-
tween and/or along/over the polymer nanowires. As
with our experiments on the pure P3BT-nw films, the
work function of our tip and substrate and the nega-
tive tip bias we use imply that our c-AFM images pro-
vide a map of the hole-only transport properties of the
films. Thus, we infer that distinct dark spots in the cur-
rent image correspond to fullerene-rich phases near the
surface of the film that prevent efficient hole injection.

For the film processed under condition B (intermedi-
ate drying time, Figure 7b), the current image shows
many more nanowires, well aligned with one another,
and parallel to the film surface, although the total num-
ber of wires evident in the topography is reduced.
Nearly all of these wires again show the enhancement
in current relative to the background. From this we in-
fer that when the sample is annealed in the presence of
a greater residual concentration of solvent, and the
nanowires have more freedom to reorganize and/or dis-
solve, fullerene aggregation is no longer constrained
to the volume between the nanowires and forms a
more random array of nanocrystals, similar to the struc-
ture in traditional polymer/fullerene BHJ films. 582854
Dark patches indicate the remaining presence of
fullerene phases on the surface, but they appear less or-
ganized, and not clearly associated with the nanowires.

Finally, for the film processed under condition A
(short drying time; Figure 7a), we see almost no remain-
ing nanowires in either the topography or the current
images. Furthermore there is significantly less evidence
of bulk crystalline P3BT phases, relative to the pure
polymer film (Figure 6a), although there are some large
amorphous bright (high current) shapes which may in-
dicate more crystalline, or better vertically intercon-
nected regions of the P3BT film. Additionally we see
an extensive disordered array of small dark spots which
may be fullerene nanocrystals on the surface.

Taking all of this data together, we can draw three
specific conclusions that help explain the bulk charge
transport properties of these composites in terms of the
nanostructure of the films. First, we concluded from
our structural characterization that the polymer nano-
wire density decreases with decreasing drying time
prior to annealing. Films processed under condition A
contain almost no nanowires, while those processed
under condition D contain many. We have also shown
qualitatively through our cAFM results that the nano-
wires have a significantly enhanced hole transport
properties relative to the bulk of the film. Why then,
does the pure polymer film with the most nanowires
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have the lowest bulk SCLC hole mobility, and that with
the fewest nanowires have the highest? And, why does
the 1:1 P3BT-nw/PC;;BM blend show exactly the oppo-
site trend?

We propose that the answer is in the alignment of
the nanowires in the film. All of our microscopy tech-
niques show that, in the pure polymer films, the P3BT
nanowires are aligned in the plane of the film. Our
cAFM images in particular show nanowires extending
lengthwise across the surface for multiple micrometers
in the pure P3BT-nw film processed under condition D
(Figure 6d). Thus we expect an anisotropy in the bulk
hole mobility of the film. The enhanced longitudinal
hole mobility of the nanowires does not translate into
an especially high SCLC mobility because the wires are
oriented perpendicular to the direction of charge trans-
port. However, upon annealing after a short drying
time, bulk crystalline phases of P3BT form as the nano-
wires dissolve, and these structures provide increased
vertical hole mobility. To test this hypothesis we used
field effect transistors to measure the horizontal hole
mobility of these films. The results from these measure-
ments show just what we would expect, with the high-
est hole mobility (~5 X 1073 cm?/(V s)) in pure P3BT
films which have a high density of nanowires and the
lowest mobility (~3.5 X 1073 cm?/(V s)) in those which
lack them. The complete results of these measurements
appear in the Supporting Information (Figures S4 and
S5).

This description accounts very well for the trend in
bulk SCLC hole mobility in the pure P3BT-nw films, but
it does not yet explain the high hole mobility of blend
films prepared under condition D (not annealed) com-
pared with pure P3BT-nw films prepared under the
same processing conditions. Again, the answer lies in
the orientation of the nanowires. In examining Figure
7d we noted a significant difference between it and 6d.
The cAFM image of the blend film does not show long
sections of polymer nanowires extending horizontally
across the surface. Instead we see relatively short sec-
tions, on the order of 0.5 wm in length, despite the fact
that TEM and AFM topography images show a high
density of nanowires with lengths of several micro-
meters. We suggest that this difference in the surface
morphology may be due to a different organization of
the nanowires in the film. Rather than lying in horizon-
tal mats, the additional volume of fullerene in the film
structure may allow the wires to assume a somewhat
more isotropic, randomly distributed 3D structure, in
which more of the wires penetrate vertically through
the film, enhancing the bulk hole mobility. When the
blend films are annealed (Figure 7b,c), we again see
nanowires which are oriented horizontally along the
surface of the film for long distances, and the bulk SCLC
hole mobility drops.

Finally, we address the nanoscale variations in pho-
tovoltaic performance, and how they relate to the film
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port network for the opposite carrier to the
back contact, very little, if any, photocurrent
will be observed. So, in Figure 6, we can assign
regions of negative (blue-white) photocurrent to
fullerene-rich domains, and regions of positive
(red) photocurrent to P3BT-rich domains. The
domains that produce no photocurrent (black)
cannot be assigned without an appeal to their
shape or other distinctive features. An important
corollary of this statement is that high hole cur-
rents observed in cAFM images are not neces-
sarily indicative of regions that will produce
positive photocurrents. See our Supporting In-
formation, Figure S7 for a cartoon of this
interpretation.

With this interpretation in mind, it becomes
clear how the disordered structure of the film in
Figure 8D leads to poor device performance. Each
separate domain of the device may be taken as
an individual nanoscale solar cell, and the overall
performance interpreted as the result of connect-
ing them in parallel. Clearly a device containing re-
gions which operate preferentially in opposite di-

photocurrent

Figure 8. Photoconductive AFM images of P3BT-nw:PC;;BM (1:1) films processed
under condition A (a), condition B (b), condition C (c), and condition D (d). The tip
and sample were grounded in all images.

morphology. Figure 8a—d shows a set of pc-AFM im-
ages of 1:1 P3BT-nw/PC;,BM films prepared using the
four different drying and annealing conditions, includ-
ing topography (right) and photocurrent (left). We find
a good qualitative correlation between the average
photocurrent in each image and the short-circuit cur-
rent of the corresponding devices (Supporting Informa-
tion, Figure S6). Thus, we believe these images are rep-
resentative of how full devices operate and can help
explain our observations of the trends in Voc and Jsc as
a function of drying and annealing condition.

For the sample which was never annealed (condi-
tion D, Figure 8d), we see a very disordered structure
in the photocurrent image, with some areas of the film
producing positive photocurrent, and others producing
negative photocurrent; nowhere is it very efficient.

At first the idea that different regions of the device
produce different signs of photocurrent may appear
confusing, but it ought to be expected. Because we are
using a gold tip, there is little built-in field from the
work-function offset of the electrodes. Thus, the sign
of the photocurrent we see is solely determined by the
local orientation of the donor—acceptor heterojunc-
tion if the light intensity is sufficiently high. If the sur-
face is rich in the electron acceptor, and a good hole
transport network to the substrate electrode is present,
then we would expect to see a negative photocurrent;
electron extraction through the tip. Conversely, if the
surface is rich in the electron donor, and a good elec-
tron transport network to the substrate electrode is
present, we would expect a positive photocurrent; hole
collection with the tip. No matter which component of
the blend is on the surface, if there is not a good trans-
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rections will have a detrimental effect on the short
circuit current and open-circuit voltage.

In the film prepared under condition C (Figure 8c),
we see a very different situation. The photocurrent im-
age shows an ordered array of bright blue-white phases
(strongly negative photocurrent) webbed with black
lines. These, we take to be fullerene-rich aggregates and
polymer nanowires, respectively. We have already es-
tablished that the nanowires become better aligned
and perhaps more uniformly horizontal in the plane of
the film upon annealing, and that the fullerene aggre-
gates between/along the nanowires. These observa-
tions are confirmed in this image. The structure in Fig-
ure 8c appears to be a nearly ideal photovoltaic
morphology from the standpoint of charge generation
and collection. Here we have strongly interconnected
phases of the donor and acceptor, separated on a regu-
lar, periodic length scale of ~20 nm; approximately
two times the exciton diffusion length.* Indeed the de-
vice prepared from this film structure exhibited the
highest short circuit current density of the whole set
(Figure 1b). Furthermore, relative to the film in Figure
8d, the sign of the photocurrent is quite consistent, with
very few red spots of positive photocurrent appearing,
although they are still present. Thus, we would also ex-
pect a greatly improved open-circuit voltage, relative to
the film in Figure 8d. Consultation of the bulk device
properties in Table 2 shows that this is indeed the case.

In the film prepared under condition B (intermedi-
ate drying time; Figure 8b), we see an increase in disor-
der in the photocurrent image. We have already estab-
lished that annealing under this drying condition
causes significant reorganization of the polymer and
partial dissolution of the nanowires due to the relatively
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large quantity of solvent remaining in the film. We

still see the interconnected blue-white fullerene phases,
but these appear both wider and shorter than in Fig-
ure 8c. In addition, the red regions of positive
photocurrent have returned. There is also an increase
in the background area which is simply dark, produc-
ing very little photocurrent. With fewer, shorter nano-
wires to guide fullerene aggregation and transport
holes to the back contact, the overall efficiency is sub-
stantially reduced. From these observations we would
predict a lowered open-circuit voltage, and much re-
duced short circuit current, which is in good agreement
with the bulk results in Table 2.

In the film prepared with condition A (short drying
time; Figure 8a), we see no remaining evidence of P3BT
nanowires. The fullerene has formed small (~10 nm)
disconnected phases on the surface of the film. There
is no evidence of positive photocurrent (slight red stip-
pling is due to system noise). The overall current is very
low, with many black regions which produce almost
nothing. This structure with its ~10 nm characteristic
length scale can be expected to harvest excitons very
efficiently. However without nanowires to guide the
fullerene phase formation, and form the hole transport
network, charge extraction should be poor, explaining
the low total photocurrent in the devices made from
this structure. Likewise the dominance of a single sign
of the photocurrent and the lack of nanowires to bridge
the film and create shunt paths can account for the ob-
served increase of the open circuit voltage and fill
factor.

CONCLUSIONS

We have systematically varied the nanostructure of
a new type of bulk heterojunction solar cells, P3BT-nw/
fullerene blend films, using a combination of thermal
and solvent annealing. We used a combination of bulk
device measurements and nanoscale characterization
to not only describe what the changes in structure and
performance are but also explain how they are
connected.

The structure of the P3BT-nw/fullerene blends
evolves as a function of how long the film is allowed
to dry after spin coating before thermal annealing. At
short drying times, the film still contains residual sol-
vent, which dissolves the polymer nanowires, so vary-
ing the drying time adjusts the density of nanowires in
the film after annealing. Films that are allowed to dry
completely before annealing show very little change in
the nanowires structure, but the fullerene phase
evolves significantly, aggregating in the interstices of

EXPERIMENTAL SECTION

Materials. Poly(3-butylthiophene) (P3BT, 97% head-to-tail re-
gioregularity) was purchased from Aldrich. The weight-average
molecular weight (M,,) and polydispersity index of this P3BT
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Figure 9. lllustration of P3BT-nw:PC;,BM blend film drying
process.

the nanowire structure. Pure P3BT-nw films that are an-
nealed after a short drying time form a bulk crystal
phase of P3BT as the nanowires dissolve. However, this
process is inhibited in the blended films. Figure 9 shows
a cartoon of our proposed structural evolution.

Contrary to traditional wisdom, we found that the
devices with the highest bulk SCLC hole mobility also
had the lowest photovoltaic performance. Our cAFM
and pcAFM experiments explain this observation, show-
ing that when nanowires bridge the device it is benefi-
cial for hole mobility, but not photovoltaic perfor-
mance. This result highlights the need for truly
nanoscale modeling and measurements in order to ac-
curately characterize the behavior of organic photovol-
taic devices.

We found that a high density of nanowires, com-
bined with an ordered fullerene phase aggregated in
the interstices of the nanowire structure, was ideal for
the quantum efficiency of the device. The nanowires
provide an efficient hole transport network and guide
the PCBM phases into a mirroring electron transport
network. However, the long P3BT nanowires bridge the
device and reduce the open circuit voltage and fill fac-
tor. The open circuit voltage and fill factor were maxi-
mized in devices containing no nanowires, but the cur-
rent densities were significantly lower. The optimal
average power conversion efficiency was found in a de-
vice structure which balanced these characteristics.
Thus, we believe that at short aging times the primary
loss mechanism is related to inefficient charge collec-
tion, while at long aging times the primary loss mecha-
nism appears to be shunt pathways produced by the
nanowires. We believe that polymer nanowire/fullerene
composites have the potential for significantly higher
power conversion efficiency in a structure that retains
the ideal interpenetrating heterojunction of polymer
nanowires and fullerene phases while avoiding the de-
vice bridging effect of the nanowires.

sample measured in our lab are 21 500 and 2.22, respectively.
The fullerene, [6,6]-phenyl-C;;-butyric acid methyl ester (PC7,BM,
> 99.5%), was obtained from American Dye Source, Inc. (Que-
bec, Canada). All the chemicals were used as received without
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further purification. Poly(3,4-ethylenedioxythiophene):poly(sty-
rene sulfonate) (PEDOT) (Baytron P VP Al 4083) was purchased
from H. C. Stark (Newton, MA) and passed through a 0.45 pm
PVDF filter before spin-coating.

Preparation of P3BT Nanowires. A 3 mL aliquot of nitrogen-
degassed 1,2-dichlorobenzene (ODCB) solvent was added to a
10 mL bottle containing 24 mg of P3BT sample; the suspension
(8 mg/mL) was stirred for 5 h at 90— 100 °C until P3BT was com-
pletely dissolved. The hot solution was filtered through a 0.45
pwm PTFE membrane, and the filtrate was put in a dark environ-
ment for 72 h to allow P3BT molecules to self-assemble. The
original orange brown color of the solution changed to dark
brown after the P3BT nanowires (P3BT-nw) were formed as a dis-
persion. The P3BT nanowire suspension was found to be quite
stable. The nanowires did not dissolve in ODCB when diluted and
did not precipitate over more than a three month period.

Fabrication and Testing of Solar Cells. The PC;;,BM solution was pre-
pared by dissolving 60 mg PC;;BM in T mL of nitrogen-degassed
ODCB, and the solution (60 mg/mL) was stirred at 40 °C over-
night and passed through a 0.2 um PTFE filter. The P3BT-nw:
PC7:BM blends were made by mixing the P3BT-nw suspension
with PC;,BM solution at different ratios and stirring the mixture
for 20 min before spin-coating.

Solar cells were fabricated by first spin-coating a PEDOT
buffer layer on top of ITO-coated glass substrates (10 /0,
Shanghai B. Tree Tech. Consult Co., Ltd., Shanghai, China) at
3500 rpm for 40 s and then drying at 150 °C for 10 min under
vacuum. The thickness of PEDOT was around 40 nm. The active
blend layer was spin-coated on top of the PEDOT layer from the
P3BT-nw:PC;;BM blend at a speed of 1000 rpm for 30 s in a
glovebox, and substrate was immediately transferred to a cov-
ered Petri dish for drying. After a measured drying time, the film
was either annealed on a 170 *+ 10 °C hot plate for 10 min first
or directly taken out of the glovebox and loaded in a thermal
evaporator (BOC Edwards, 306) for the deposition of the cath-
ode. The active layer had a thickness of about 80 nm. The cath-
ode, consisting of 1.0 nm LiF and 80 nm aluminum layers, was se-
quentially deposited through a shadow mask on top of the
active layer in a vacuum of 8 X 1077 Torr. Each substrate con-
tained five solar cells with an active area of 3.57 mmZ. Photovol-
taic cells with a structure of ITO/PEDOT/P3BT-nw: PC;;BM/LiF/Al
were tested under a 100 mW/cm? AM1.5 simulated sunlight in
ambient air.

Measurement of Charge-Carrier Mobility. Devices for SCLC hole mo-
bility measurement were fabricated in an identical manner, ex-
cept that a gold electrode was deposited instead of the lithium
fluoride (LiF) and aluminum cathode used in the solar cells to fa-
cilitate hole-only transport. Film thicknesses were measured
with an Alpha-Step 500 profilometer (KLA-Tencor, San Jose, CA).
Current—voltage characteristics of both solar cells and SCLC de-
vices were measured using a HP4155A semiconductor parameter
analyzer (Yokogawa Hewlett-Packard, Tokyo). The light intensity
of 1.5 a.m. sunlight from a filtered Xe lamp was controlled by us-
ing a set of neutral density filters. The SCLC characteristics were
measured under dark conditions. All the bulk device character-
ization steps were carried out under ambient laboratory air.

Field-effect transistors were fabricated on heavily doped (n-
type) silicon substrates with thermally grown silicon dioxide
(300 nm). Doped silicon acted as a common gate electrode, and
silicon dioxide acted as the gate insulator. Source and drain elec-
trodes were patterned on top of the substrates using photoli-
thography and thermal evaporation of 2 nm thick chromium and
60 nm thick gold layers. The bottom-contact/bottom-gate de-
vices had a channel width of 800 um and length of 20 um. Sub-
strates were cleaned by ultrasonication in sequential acetone
and isopropyl alcohol baths, purged with argon. An octyltri-
ethoxysilane (OTS-8) monolayer was vapor deposited on the
substrates in a vacuum desiccator at 60 °C for more than 6 h
and cross-linked by placing the monolayer/substrate on a hot
plate at 120 °C for 20 min. The nanowire suspension and
nanowires/fullerene blends with different compositions were
spin-coated on the substrates (2000 rpm, 60 s). Devices were pro-
cessed under the same conditions as described above for solar
cells. Electrical characteristics of the field-effect transistors were
measured on a Keithley 4200 semiconductor characterization
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system (Keithley Instruments Inc. Cleveland, OH). The field-

effect mobility was calculated from the equation for the satura-
tion region, following our previous reported approaches.>>>° All
the bulk measurements were done under dark conditions in air.

Imaging. The AFM topography images were acquired with a
Dimension 3100 Scanning Probe Microscope (Veeco Instru-
ments Inc., Woodbury, NY) in tapping mode. The films for atomic
force microscopy (AFM) imaging of surface morphology were
prepared in a manner identical to those for device
measurements.

The conductive and photoconductive AFM images were ac-
quired with an MFP-3D atomic force microscope (Asylum Re-
search, Santa Barbara, CA) using an ORCA-2 current preampli-
fier and a nitrogen flow cell. All current measurements were
performed using gold-coated Si cantilevers from Budget Sen-
sors (Cont-GB, k = 0.2 N/m). The pc-AFM experimental setup is
described in detail elsewhere.**484° Briefly, we mount the AFM
on an inverted optical microscope (Nikon, Eclipse T2000-U.) and
focus a 532 nm laser to a diffraction limited spot centered on the
AFM tip. Light intensity is controlled via neutral density filters.
The AFM tip forms the top contact of a nanoscale solar cell,
which we use to simultaneously map the short-circuit photo-
current and topography with ~25 nm resolution. Samples were
mounted in ambient laboratory air, but care was taken to mini-
mize light exposure and air exposure time. The flow cell was al-
lowed to purge for at least 30 min before imaging or laser
illumination.

Bright-field transmission electron images (BF-TEM) were
measured on an FEI Tecnai G2 F20 TEM at 200 kV accelerating
voltage. The images were slightly defocused to enhance the
phase contrast and were then acquired with a CCD camera and
recorded with Gatan DigitalMicrograph software with proper ex-
posure time.

Absorption Spectroscopy. UV —vis absorption spectra were re-
corded on a Perkin-Elmer model Lambda 900 UV—vis—near-IR
spectrophotometer. Both P3BT-nw and P3BT-nw:PC;;BM blend
films for absorption measurements were spin-coated on top of
ITO/PEDOT substrates and measured by using ITO/PEDOT sub-
strate as reference.
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