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S
olar cells made from organic/polymer
semiconductors are promising low
cost alternative to conventional

photovoltaic devices based on inorganic

semiconductors.1�4 However, because

photogenerated excitons in polymer solar

cells have relatively small diffusion lengths

(5�20 nm)1�3,5,6 and a large binding en-

ergy (ca. 0.4�1.0 eV),3�5 the multicompo-

nent organic/polymer active layer in bulk

heterojunction (BHJ) cells7 must necessarily

be structured on the same scale as the exci-

ton diffusion length to be highly

efficient.1�5,8,9 Among the new approaches

to realizing the two-phase nanostructured

morphology in such polymer/fullerene BHJ

solar cells are the use of a processing addi-

tive during the spin coating of the BHJ thin

film,10,11 the use of self-assembled polymer

semiconductor nanowires (NWs),12�17 and

the use of the microphase separation of a

diblock copolymer containing one or both

conjugated polymer blocks.18�27 Block co-

polymers containing one or more

�-conjugated polymer blocks are of increas-

ing interest as an approach to the two-

phase BHJ thin film morphology with nano-

scale domain sizes for application in solar

cells.19�22,28

In the case of NWs of conjugated homo-

polymers, the primary focus has been on re-

gioregular poly(3-alkylthiophene)s and es-

pecially poly(3-hexylthiophene)

(P3HT),16,29�34 poly(3-pentylthiophene)

(P3PT),15,30 and poly(3-butylthiophene)

(P3BT).12�14,30,31,35 Highly crystalline NWs

of ca. 8�30 nm widths, 3�5 nm thickness,

and lengths of up to 1�10 �m have been

assembled from solutions of P3BT,12�14

P3PT,15 and P3HT16 and exploited in the

construction of efficient BHJ solar cells. Al-

though the width and thickness of self-

assembled NWs of poly(3-alkylthiophene)s

fall in the range comparable to the exciton

diffusion length, their lengths and thus as-

pect ratios are difficult to control,13 preclud-

ing a full understanding of the effects of

the nanowire morphology on charge trans-

port and photovoltaic properties of polymer

semiconductor NWs. Indeed, we know of

no literature report on any method to con-

trol the length or aspect ratio of solution-

phase assembled conjugated polymer NWs

nor of a study of effects of the aspect ratio

on their properties and device applications.

In this paper, we report the solution-

phase self-assembly, morphology, charge

transport, and photovoltaic properties of

diblock copoly(3-alkylthiophene) NWs. We

show that the copolymer composition pro-

vides a means to tune the aspect ratio

(length/width, L/d) of NWs assembled from

the block copolythiophenes. The vertical

charge transport through the copolymer

NWs/fullerene BHJ thin films was character-

ized by space charge limited current

measurement and found to be independent

of aspect ratio of the NWs. In contrast, the
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ABSTRACT The solution-phase self-assembly of nanowires (NWs) from diblock copolymer semiconductors,

poly(3-butylthiophene)-block-poly(3-octylthiophene), of different block compositions gave crystalline NWs of

similar width (13�16 nm) but a tunable average aspect ratio (length/width) of 50�260. The power conversion

efficiency of bulk heterojunction solar cells comprising the diblock copolythiophene NWs and PC71BM was found to

increase with increasing aspect ratio, reaching 3.4% at the highest average aspect ratio of 260. The space charge

limited current mobility of holes in neat films of the copolymer NWs and in copolymer NWs/PC71BM films (�1.0 �

10�4 cm2/(V s)) was invariant with aspect ratio, reflecting the parallel orientation of the NWs to the substrate.

The enhancement of photovoltaic efficiency with increasing aspect ratio of NWs was explained in terms of

increased exciton and charge photogeneration and collection in the bulk heterojunction solar cells.

KEYWORDS: block copoly(3-alkylthiophene) nanowire · nanowire aspect ratio ·
polymer solar cell · charge transport · block copolymer semiconductor ·
photovoltaic properties · solution-phase self-assembly
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power conversion efficiency of the copolymer NWs/

fullerene BHJ solar cells varied with the aspect ratio of

the NWs. The molecular structures of the diblock

copoly(3-alkylthiophene)s investigated in this study,

poly(3-butylthiophene)-block-poly(3-octylthiophene)

(BOx, where x refers to the percent molar fraction of

P3BT segment in the diblock copolymers), and [6,6]-

phenyl-C71 butyric acid methyl ester (PC71BM) are

shown in Scheme 1.

RESULTS AND DISCUSSION
Assembly and Morphology of Block Copolythiophene NWs.

The solution-phase self-assembly of NWs from the

diblock copolythiophenes BOx is similar to our previ-

ously described methods for the assembly of NWs from

poly(3-butylthiophene) homopolymer.12,14 We note

that although five different block compositions of BOx

(x � 17, 29, 50, 76, and 90) were synthesized and previ-

ously studied,19,21 here we focused on BO50, BO76,

and BO90 nanowire growth by solution-phase self-

assembly in ortho-dichlorobenzene (ODCB). Under simi-

lar conditions, NWs could not be assembled from BO17

and BO29. By maintaining the concentration of each

BOx (BO50, BO76, and BO90) in ODCB at 10 mg/mL (1

wt %) while varying the temperature from room tem-

perature (20 °C) to 80 °C, we were able to tune the mor-

phology of the NWs. Figure 1 shows the morphology

of the diblock copolythiophene NWs revealed by TEM

and AFM images. The TEM images show that NWs ob-

tained from the three diblock copolymers, BO50, BO76,

and BO90, had widths of 13.3 � 1.1, 15.8 � 1.5, and

14.5 � 1.0 nm, respectively, based on 100 measure-

ments of the width and length of NWs in TEM images.

Although the width (d) of the NWs (13�16 nm) is rela-

tively narrow in distribution across the different block

compositions, the length (L) distribution and thus as-

pect ratio (L/d) was quite broad. The aspect ratio var-

ied from 15 to 75 in BO5019 and 25�115 in BO76 to

125�350 in BO90. The average aspect ratio of these

diblock copolythiophene NWs were 48 � 13, 80 � 27,

and 263 � 46 for the BO50, BO76, and BO90 NWs, re-

spectively. The observed morphology of BO50 NWs cor-

responds well with our previous report.19 However,

the NWs of BO76 and BO90, investigated here for the

Scheme 1. Structures of the diblock copoly(3-alkylthiophene)s, BOx, and PC71BM.

Figure 1. BF-TEM and AFM topographical images of NWs assembled from diblock copolythiophenes of different composi-
tions: BO50, BO76, and BO90.
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first time, have significantly higher aspect ratios com-

pared to BO50. Since the BOx samples have comparable

molecular weights, the huge difference in aspect ratio

is attributable to the variation in block composition and

perhaps also the dissolution temperature. On the other

hand, we note that when BO50 solution was heated

above 50 °C, assembly of NWs became difficult and only

spherical aggregates of BO50 then result, suggesting

that temperature is not a significant factor controlling

the aspect ratio of BOx NWs. The AFM images (Figure 1)

confirmed the morphology of NWs observed in TEM

images.

Figure 2 shows the TEM images of spin-coated thin

films of the BOx NWs. It is obvious that the nanofiber

morphology is maintained in the films, and even with-

out any thermal annealing, these NWs show high crys-

tallinity as indicated by the selected area electron dif-

fraction (SAED) patterns shown in the inset of Figure 2.

The fact that in SAED, diffraction signals are only col-

lected from a small angle36 up to 3�5° makes the de-

tection of reflections from ��� stacking in polymers

possible.37,38 The bright outer rings in all the SAED pat-

terns corresponds to (020) diffraction peak in the

q-vector range of 2.5�2.6 nm�1, indicating that the

�-stacking distance in films of BOx NWs is 0.38�0.40

nm. This �-stacking distance in films of diblock copoly-

thiophene NWs is comparable to that in films of poly(3-

alkylthiophene) homopolymers.29 The observed SAED

rings for BO50 and BO76 NWs are isotropic, indicating

that these NWs arrange themselves randomly since

there is no control over the orientation of the NWs.

However, the SAED pattern for BO90 NWs appears to

be anisotropic, which may be a result of oriented NWs

in the small area sampled.

The crystallinity and molecular packing in the

diblock copolythiophene NWs were further confirmed

by the X-ray diffraction (XRD) spectra shown in Figure

3a. The NWs of BO50, BO76, and BO90 show diffraction

peaks that are characteristic of P3OT and P3BT blocks.

In BO50 NWs, the observed interchain spacing (d100) of

2.00 nm corresponds to that in P3OT block, while a

shoulder that appears at a 2� � 6.10° is characteristic

of P3BT block (d100 � 1.45 nm).39 In NWs of BO76 and

BO90, a prominent peak corresponding to the P3BT

block was observed with a d100 spacing of 1.36 and 1.38

nm, respectively. A shoulder at 2� � 5.19° is visible in

the XRD spectrum of BO76 NWs, corresponding to a

d-spacing of 1.70 nm. It is obvious that in the assembly

of the BOx NWs, the constituent P3OT and P3BT blocks

organize in such a way that the lamellar spacings (dP3OT

and dP3BT) are modified compared with the parent ho-

mopolymers (P3OT, P3BT). Combining information from

both SAED and XRD, the molecular packing in these

diblock copolythiophene NWs is proposed and sche-

matically illustrated19 in Figure 3b. The axis of the NWs

is extended along the (010) or the �-stacking direction.

In the (100) direction, the NWs are stacked by side-

chain organization.

Bulk Heterojunction Solar Cells. The width of these co-

polythiophene NWs (13�16 nm) is comparable to the

exciton diffusion length in polymer semiconductors

(5�20 nm)1�3,5,6 and thus falls into the optimum dis-

tance for exciton dissociation in polymer solar cells. The

crystalline nature of the copolymer NWs and their vary-

ing aspect ratios also suggest the possibility of tuning

the charge transport and nanoscale morphology of BHJ

solar cells.12,14 We have thus explored BHJ solar cells

based on these diblock copolythiophene NWs.

The photovoltaic properties of BOx NWs in BHJ so-

lar cells were studied by blending the NWs with an elec-

tron acceptor, [6,6]-phenyl-C71 butyric acid methyl es-

ter (PC71BM), using the device structure: ITO/PEDOT:

PSS/active layer/LiF/Al, where the active layer is a BOx

NWs:PC71BM nanocomposite. The solar cells were char-

acterized under AM1.5 solar illumination at 1 sun (100

mW/cm2) in laboratory air. Typical current density

(J)�voltage (V) curves for BO50 NWs:PC71BM, BO76

Figure 2. TEM images of pure block copolymer nanowire films.

Figure 3. (a) X-ray diffraction spectra of films of BO50, BO76, and BO90 NWs. (b) Schematic illustration of molecular pack-
ing in a single BOx nanowire.
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NWs:PC71BM, and BO90 NWs:PC71BM thin film solar

cells are shown in Figure 4a. The photovoltaic param-

eters calculated from the J�V curves are summarized

in Table 1. The observed open circuit voltage (Voc) was

0.53�0.59 V, which is comparable to BHJ solar cells

from the homopolymers, P3BT and P3OT.21 The short-

current density (Jsc) increased from 8.31 mA/cm2 in

BO50 NWs to 9.85 mA/cm2 in devices based on BO90

NWs. The fill factor of 0.58�0.65 is comparable to, and

even higher than, values found in P3BT NWs:PC61BM

devices.12,14 These photovoltaic parameters translate

to a maximum power conversion efficiency (PCE) of

2.91, 3.14, and 3.38%, and an average PCE of 2.86, 2.99,

and 3.32% for BO50 NWs, BO76 NWs, and BO90 NWs

BHJ devices, respectively. We note that the larger stan-

dard deviation in the average PCE of BO76 NWs:PC71BM

solar cells may be due to the higher polymer content

in this composite, which could have slowed the drying

of the film and caused local heterogeneity. We also note

that the small difference in PCEs between BO50 NWs:

PC71BM and BO76 NWs:PC71BM solar cells arise from the

small difference in their aspect ratios (48 � 13 vs 80 �

27). Compared with the best BHJ devices based on

P3BT NWs:PC71BM (3.0�3.2% PCE),12 the BOx NW de-

vices have a comparable efficiency, and in the case of

3.4% PCE obtained for BO90 NWs, is even slightly

higher.

The maximum and average efficiencies of BOx NW

solar cells are plotted as a function of the average as-

pect ratio (L/d) of NWs, as shown in Figure 4b. A signifi-

cant increase of both maximum and average PCEs with

aspect ratio is observed, demonstrating that nano-

wires with high aspect ratio are beneficial in BHJ poly-

mer solar cells. In contrast, the dependence of average

and maximum efficiencies on the BOx NWs:PC71BM

composition is nonmonotonic as shown in Figure 4c.

The incident photon-to-electron efficiency (IPCE) or ac-

tion spectrum of each BOx NW solar cell is shown in Fig-

ure 4d. The photoresponse of these BHJ diodes turns

on at about 730 nm and peaks at �510 nm. Compared

with solar cells based on blend thin films of the same

block copolymers,21 the IPCE maxima in the nanowire

devices are red-shifted by 20 nm, an indication that

more photons in the solar spectrum can be harvested

Figure 4. (a) Semilogarithmic plot of the dark current density (J)�voltage (V) curves and the photocurrent density�voltage
curves of solar cells made from BOx NWs:PC71BM. (b) Plot of maximum (▫) and average (Œ) PCEs vs average aspect ratio of
NWs. (c) Plot of maximum (▫) and average (Œ) PCEs as a function of BOx NWs:PC71BM composition. (d) IPCE of BOx NWs:
PC71BM solar cells at optimal blend ratios and processing conditions. BO50 NWs:PC71BM (1:1.25), BO76 NWs:PC71BM (1:0.5),
and BO90 NWs:PC71BM (1:1) thin films were processed by 30 min, 120 min, 90 min film aging, respectively, followed by 5 min
thermal annealing at 110 °C.

TABLE 1. Charge Transport and Photovoltaic Properties of BOx NWs:PC71BM Solar Cells

blends processing conditiona �h
b (cm2/V s) rs (� cm2) rp (� cm2) Jsc (mA/cm2) Voc (V) FF PCEmax (%) PCEave

c (%)

BO50:PC71BM (1:1.25) 30 min FA, 5 min TA 2.22 � 10�4 10.3 449 8.31 0.57 0.62 2.91 2.86 � 0.04
BO76:PC71BM (1:0.5) 120 min FA, 5 min TA 7.03 � 10�5 12.2 867 9.20 0.59 0.58 3.14 2.99 � 0.14d

BO90:PC71BM (1:1) 90 min FA, 5 min TA 1.72 � 10�4 7.5 903 9.85 0.53 0.65 3.38 3.32 � 0.08

aFA: film aging, TA: thermal annealing. b	 values for BOx:PC71BM (x � 50, 76, 90) are �1.70 � 10�4 (m/V)1/2, �1.06 � 10�4 (m/V)1/2, and �1.84 � 10�4 (m/V)1/2,
respectively. cAverage based on 5 devices with standard deviation. dAverage based on 10 devices with standard deviation.
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and transformed to electrical current. The maximum

IPCE was 44% for BO50 NWs:PC71BM, 55% for BO76

NWs:PC71BM, and 63% for BO90 NWs:PC71BM devices.

The IPCE thus increases with increasing aspect ratio of

the diblock copolymer NWs, similar to the trend of PCE

with aspect ratio. We note that the IPCE value of BO90

NWs/PC71BM devices (63%) is close to those reported

for P3HT/fullerene BHJ solar cells.40,41

The electrical parameters of the copolythiophene

NW solar cells were evaluated. The BOx NWs-based so-

lar cells had good diode characteristics as indicated by

the very high rectification ratios (680�2300 in the dark

at �0.60 V), and the large shunt resistance (rp 


450�900 � cm2) derived from the inverse of the slope

at open-circuit conditions. On the other hand, the series

resistance (rs) obtained from the inverse of the slope at

short-circuit conditions is in the range of 7.5�12.2 �

cm2, which is decreased compared with 13.5�21.1 �

cm2 observed in P3BT NWs:PC61BM solar cells.14 The de-

creased series resistance of BOx NWs:PC71BM thin films

(95�105 nm) is attributed to the decreased thickness

compared with P3BT NWs:PC61BM thin films (200�230

nm). We also note that the series resistance observed in

these BOx NWs:PC71BM solar cells is comparable to

those of annealed P3HT:PC61BM blends with typical se-

ries resistance of 8 � cm2 or less.42,43

To gain further insight into the dependence of the
performance of BHJ solar cells on nanowire aspect ra-
tio, we investigated the photophysics, charge transport,
and morphology of the same BOx NWs:PC71BM BHJ
films. The thin film absorption spectra of BO50:PC71BM
(1:1.25), BO76:PC71BM (1:0.5), and BO90:PC71BM (1:1),
which gave the best power conversion efficiency, are
shown in Figure 5. The line shape of the spectra, absorp-
tion maxima, and absorption coefficient vary with the
morphology of the NWs. All the spectra show distinct vi-
bronic shoulders at 560 and 610 nm, indicative of im-
proved interchain �-stacking and crystalline polymer
domains in the BHJ thin films. The films of BO50 and
BO90 NWs/PC71BM nanocomposites show a similar
maximum absorption coefficient of 5 � 104 cm�1,
whereas BO76 NWs:PC71BM thin films had a higher
value of 6.5 � 104 cm�1. This trend can be explained
by the fact that a lower amount of PC71BM is present
in the BO76 nanocomposite, which also causes less dis-
ruption in the crystalline polymer NW phase. Compar-
ing the absorption spectrum with the IPCE spectrum
(Figure 4d) for each BOx NWs:PC71BM thin film, the two
spectra have similar lineshapes and the same peak po-
sition. On the basis of the similar absorption spectra, the
higher device efficiency of BO90 NWs:PC71BM solar
cells compared to BO50 NWs:PC71BM cannot be fully
understood and thus other factors must be considered.

X-ray diffraction (XRD) was used to investigate the
morphology and molecular packing in the BOx NWs:
PC71BM BHJ thin films (80�100 nm). The XRD data were
collected directly from the BHJ thin films without the
LiF/Al cathode (Figure 6). BO50 NWs:PC71BM film shows
two distinct reflections with 2� angles of 4.39° and
6.29°, corresponding to d-spacings of 2.01 and 1.40
nm, respectively. In the case of BO76 and BO90 NWs,
only one dominant reflection from the P3BT blocks was
detected at 6.67° and 6.43°, with corresponding
d-spacings of 1.32 and 1.37 nm, respectively. These
d-spacings indicate that the interchain distances be-
tween polymer backbones are in good agreement with
the d-spacing values for the pure BO50 and BO76
NWs.19 This means that the molecular packing in the
NWs is not significantly affected by PC71BM in the nano-
composites, or the processing conditions (film aging
and thermal annealing).

The morphology of BOx NWs:PC71BM films peeled di-
rectly from the solar cells were investigated by BF-TEM.
The images were taken at slightly defocused condi-
tions to enhance the contrast between crystalline and
amorphous phases (Figure 7). The polymer phase is pre-
sumably the brighter phase and PC71BM is the darker
phase due to density difference.37 NWs are present in
the BOx NWs:PC71BM films as interconnected networks
of the block copolymer donor phases. The darker phase
in the images represents the distribution of PC71BM
and it can be seen that these PC71BM domains are inter-
connected with sizes less than 50 nm. SAED was em-

Figure 5. The absorption spectra of BOx NWs:PC71BM films
measured directly from solar cells.

Figure 6. X-ray diffraction of BOx NWs:PC71BM thin films on
solar cells without cathode deposition.
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ployed to probe the changes of crystallinity in the BHJ

thin films and the results are shown in the insets of Fig-

ure 7. The bright outer rings in the SAED patterns indi-

cate that the �-stacking distances of the diblock copoly-

thiophene NWs in the blend films are 0.38�0.40 nm,

which means that the �-stacking in the NWs is not de-

stroyed by the presence of PC71BM. The inner rings in

the SAED patterns are PC71BM diffractions positioned at

around 2.0�2.1 nm�1, as confirmed by the pure PC71BM

reflection peak at 2.04 nm�1 in Figure 7. The d-spacing

for the PC71BM is calculated to be 0.49 nm, which is

similar to values of another fullerene derivative,

PC61BM.37,38

The charge-carrier mobility of the NWs and the BOx

NWs:PC71BM nanocomposites were evaluated by the

space charge limited current (SCLC) method. The dark-

current density (J) versus voltage (V) curves in the hole-

only devices are shown in Figure 8. Zero-field mobilities

of holes were extracted from the J�V curves by nonlin-

ear least-squares fit to the modified Mott�Gurney

equation.14,44 The hole mobility in films of the neat

BO50, BO76, and BO90 NWs was calculated to be 1.61

� 10�4, 0.87 � 10�4, and 1.26 � 10�4 cm2/(V s), respec-

tively. The corresponding 	 values, which show the

electric field dependence of mobility, were �2.10 �

10�4 (m/V)1/2, �1.89 � 10�4 (m/V)1/2, and �1.63 � 10�4

(m/V)1/2, respectively. The SCLC mobilities of holes in

the BOx NWs:PC71BM nanocomposites, which are col-

lected in Table 1, showed very similar values as the films

of the neat NWs. This means that the aspect ratio of

the NWs does not influence the SCLC carrier mobility

in the vertical direction of the thin films. The observed

independence of SCLC carrier mobility as a function of

aspect ratio is in line with the fact that the
NWs in the BHJ thin films are largely paral-
lel to the substrate. These SCLC hole mobili-
ties are comparable to that of P3HT in an-
nealed P3HT:PC61BM (1:1) blends (2 � 10�4

cm2/(V s))45 and are one- or two-order of
magnitude higher than those in P3OT:
PC71BM (2.91 � 10�5 cm2/(V s)) and P3BT:
PC71BM (4.26 � 10�6 cm2/(V s)) blends, re-
spectively.21 We note that, similar to that of

P3BT NWs:PC61BM solar cells, the hole mobility of these
BOx NWs:PC71BM blends shows a negative electric field
dependence.14 These 	 values are comparable among
BOx NWs and BOx NWs:PC71BM thin films, regardless of
block composition and aspect ratio of NWs. The lack of
dependence of SCLC hole mobility on aspect ratio in both
neat BOx NWs and BOx NWs:PC71BM thin films means
that the aspect-ratio-dependent photovoltaic properties
are not likely to be caused by variations in hole transport.

In summary, we have found that the performance
(PCE, IPCE) of BHJ solar cells based on diblock copoly-
thiophene NWs increases with increasing aspect ratio of
the nanowires. Although the absorption (and thus light
harvesting) and charge carrier (SCLC) mobility of holes
are enhanced in these nanowire-based BHJ devices,
compared to similar blend or homopolymer devices,
these factors could not explain the observed depen-
dence of power conversion efficiency and IPCE on as-
pect ratio of the block copolymer NWs. In the light of
the observed morphology, although the NWs have simi-
lar widths within the nanocomposites with PC71BM,
the variation in the aspect ratio seems to influence per-
formance of the BHJ solar cells in subtle ways. The intro-
duction of donor materials in the form of polymer
nanowires also allows a more uniform nanoscale mix-
ing between donors and acceptors in the BHJ thin films.
Since long nanowires facilitate the formation of inter-
connected network and bicontinuous, percolated
phase separation, NWs with high aspect ratios would fa-
cilitate a higher rate of exciton generation and dissocia-
tion, and subsequent charge transport and collection.
Additional studies of exciton dissociation and charge re-
combination rates in polymer nanowire-based BHJ so-

Figure 7. TEM images of BOx NWs:PC71BM thin films peeled from solar
cells and their SAED patterns (inset).

Figure 8. (a) J�V curves and the corresponding nonlinear least-squares fitting of films of BOx NWs (a) and BHJ BOx NWs:
PC71BM films (b). The thickness of BOx NW (x � 50, 76, 90) films is 73 nm, 66 nm, and 68 nm, respectively, and 81 nm, 93
nm, and 79 nm for BOx NWs:PC71BM films.
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lar cells are necessary to fully understand the observed
aspect ratio dependence of photovoltaic efficiency.

CONCLUSIONS
We have synthesized NWs with tunable aspect ratio

from a series of block copoly(3-alkylthiophene)s
through solution phase self-assembly. TEM imaging of
the morphology of these NWs showed that the one-
dimensional polymer nanostructures had a width of
13�16 nm and average aspect ratio of 48 � 13, 80 �

27, and 263 � 46 for BO50, BO76, and BO90 NWs, re-
spectively. The results show that the diblock copolymer
composition provides a facile and powerful means of
tuning the aspect ratio of polymer semiconductor
nanowires. Bulk heterojunction solar cells based on
BOx NWs/PC71BM nanocomposites showed a depen-
dence of photovoltaic efficiency (2.9�3.4% PCE) on as-

pect ratio of the NWs. TEM imaging showed that an
interconnected network of polymer NWs with nano-
scale donor/acceptor phase separation was achieved.
The crystallinity of both copolymer and PC71BM phases
was revealed by SAED, as indicated by the intensity of
reflection peaks from �-stacking in the copolymer
phase and PC71BM crystallites, respectively. The SCLC
charge mobility of holes in the BHJ solar cells was invari-
ant with the aspect ratio of the nanowires because of
the parallel orientation of the NWs to the substrate. The
observed aspect-ratio-dependent photovoltaic
properties of the BOx NWs are attributed to en-
hanced charge separation, transport, and collection
in the BHJ devices. We conclude that polymer semi-
conductor NWs with high aspect ratio (length/width
� 125�350) are desirable for improving the perfor-
mance of BHJ solar cells.

EXPERIMENTAL SECTION
Materials and Assembly of Nanowires. The synthesis of the series

of block copoly(3-alkylthiophene)s was previously reported.19

The molecular weight, regioregularity, and thermal properties
of BOx are summarized in Table 2. The assembly of BO50, BO76,
and BO90 NWs was done in ortho-dichlorobenzene (ODCB,
Sigma-Aldrich, anhydrous, 99%) solution, following our previ-
ously reported methods.12,19 In general, a 10 mg sample (BOx)
was dissolved in 1 mL of N2-degassed ODCB and magnetically
stirred at a selected temperature until complete dissolution. Be-
cause of the difference in solubility, BO50, BO76, and BO90 were
prepared at room temperature (20 °C), 50, and 80 °C, respec-
tively. Each of the resulting solution was passed through a 0.45
�m filter, cooled to room temperature, and allowed to grow NWs
undisturbed for two days. Thus, a 10 mg/mL (1 wt %) suspen-
sion each of BO50, BO76, and BO90 NWs was obtained.

Preparation of BOx Nanowire:Fullerene Nanocomposites. A 60 mg/mL
[6,6]-phenyl-C71 butyric acid methyl ester (PC71BM) solution in
ODCB was prepared at room temperature and passed through
a 0.45 �m filter. Nanocomposites were prepared by blending a
suspension of BOx NWs with a PC71BM solution at desired weight
ratios and stirred well before spin-coating to fabricate devices.

Device Fabrication and Characterization. Solar cells were fabricated
on indium tin oxide (ITO) glass substrates. ITO substrates (10
�/▫, Shanghai B. Tree Tech. Consult Co., Ltd., Shanghai, China)
were cleaned sequentially with acetone, deionized water, and
isopropyl alcohol in an ultrasonic bath and blown with nitrogen
until they were dried. A 50 nm PEDOT:PSS (Baytron P VP AI 4083)
layer was spin-coated on top of the ITO and dried at 150 °C for
10 min under vacuum. Each BOx NWs:PC71BM suspension was
spin-coated on top of PEDOT:PSS layer for 30 s in a glovebox to
make a BHJ active layer. The thickness of each BOx NWs:PC71BM
(x � 50, 76, 90) thin film was 105, 95, and 100 nm, respectively.
The photovoltaic properties of the BOx NWs:PC71BM nanocom-
posites were optimized by first testing several BOx NWs:PC71BM
ratios (1:0.5, 1:0.75, 1:1, and 1:1.25) followed by further device op-
timization (thermal annealing, film aging) at the composition
that gave the best PCE. Device optimization techniques, such as
film aging in a Petri dish and thermal annealing (at (110 � 10) °C

for 5 min), were carried out. The substrates were then loaded in
a thermal evaporator (BOC Edwards, 306) to deposit a cathode
composed of 1.0 nm LiF and 80 nm Al under high vacuum (8 �
10�7 Torr). Five solar cells, each with an active area of 4 mm2,
were fabricated per ITO substrate. Devices for space-charge lim-
ited current (SCLC) measurement were fabricated with the same
device structure, except that a Au top electrode was deposited
instead of LiF/Al, to facilitate hole-only transport.

Current�voltage characteristics of the solar cells and SCLC
devices were obtained using an HP4155A semiconductor param-
eter analyzer in laboratory ambient air. We note that our solar
cell devices were not encapsulated, and thus to minimize the im-
pact of ambient conditions (oxygen, water, etc.) on the perfor-
mance of the solar cells, they were kept in a desiccator before
testing in air. One Sun illumination (AM1.5 at 100 mW/cm2) was
provided by a filtered Xe lamp and calibrated by using a cali-
brated Si diode from the National Renewable Energy Lab (NREL,
USA). J�V characteristics for SCLC were measured under dark
condition. Zero-field mobilities of holes were extracted from the
J�V curves by nonlinear least-squares fit to the modified
Mott�Gurney eq:44

where J is the current density, V is the applied voltage, L is the ac-
tive layer thickness, � is the mobility,  is the relative permittiv-
ity, 0 is the permittivity of free space (8.85 � 10�12 F/m), and 	
is the field-activation factor (also called the electric field coeffi-
cient). The solid lines in Figure 8 represent the fitting curves
based on this model. The electric field dependent value of
charge carrier mobility can be calculated accordingly.46,47

Measurement of the incident photon to current efficiency
(IPCE) was made using an Oriel xenon lamp (450 W) with an
Oriel Cornerstone 130 1/8 m monochromator. The signal was
measured with a calibrated standard silicon solar cell and KG5 fil-
ter which was calibrated at NREL using a SR830 DSP lock-in am-
plifier at a chopping frequency of 400 Hz.

Characterization of Morphology and Absorption Spectra. X-ray diffrac-
tion (XRD) of the neat BOx NWs was done on films drop-casted
onto clean silicon wafer and dried in vacuum. A Bruker F8 Focus
powder X-ray diffractometer with Cu K� beam (40 kV, 40 mA; �
� 0.15418 nm) was employed to obtain the XRD spectra. XRD
spectra of the BHJ BOx NWs:PC71BM blends were acquired on the
actual solar cells, whose photovoltaic properties are reported.
Imaging by atomic force microscopy (AFM) was done within an
area of 5 � 5 �m2 with a Dimension 3100 SPM (Veeco) instru-
ment operating in tapping mode. For transmission electron
microscopy (TEM) imaging, each nanowire suspension was di-

TABLE 2. Molecular Weight, Regioregularity, and Thermal
Properties of BOx

copolymer Mw (g/mol) Mn (g/mol) PDI rr (%) Tm (°C) Tc (°C)

BO50 29300 17300 1.69 94.1 190, 246 149, 204
BO76 18200 11400 1.60 93.7 263 223
BO90 44900 15800 2.84 94.1 278 234
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luted with ODCB, drop-casted onto a TEM grid (300 mesh,
carbon-coated copper grids, Electron Microscopy Sciences, Inc.),
dried, and examined under bright-field TEM (BF-TEM). In the case
of the nanocomposites, a thin film of the BOx NWs:PC71BM ac-
tive layer was first scratched and soaked in deionized water. The
active layer was then peeled off the substrate, supported on a
TEM grid, and dried for imaging. An FEI Tecnai G2 F20 TEM oper-
ated at 200 kV was employed for BF-TEM imaging. Selected
area electron diffraction (SAED) was done on the same TEM,
with a 0.031 mm2 aperture. Images were acquired with a CCD
camera and recorded with Gatan DigitalMicrograph software.

UV�vis absorption spectra were recorded with a Perkin-
Elmer model Lambda 900 UV/vis/near-IR spectrophotometer on
BOx NWs:PC71BM thin films spin-coated on top of PEDOT:PSS/ITO
substrates, following the same processing conditions for the so-
lar cells. The film thickness was determined by using an Alpha-
Step 500 profilometer (KLA-Tencor).
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