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P
ast research on organic semiconductors
predominantly focused on p-type small
molecules such as the polyacene, fused

thiophene, and thienoacenederivatives. Field
effect transistors (FETs) using these organic
semiconductors demonstrated carrier mobi-
lity as superb as 20�40 cm2 V�1 s�1, thereby
earning these semiconductors a reputation
as materials that could replace inorganic
semiconductors.1 It was further observed
that single-crystal and polycrystalline devices
using organic semiconductors' microplates,
micro/nanowires, nanofibers, nanoribbons,
etc., exhibited superior carrier mobility com-
pared to that of the thin film-based FETs.2�10

In addition to outstanding charge transport
behavior, photoinduced charge generation
of organic semiconductors also have great
attention inpromisingoptoelectronic devices
such as phototransistors (PTs) owing to
their highphotosensitivity andphotoinduced
modulation of electrical property.10�12

Until recently, the charge transport pro-
perties of semiconducting polymers have
generally been recognized as inferior to

those of semiconducting small molecules
because of their chain disorder in the
solid state. However, certain polymers are
increasingly drawing attention for their
high performance in field-effect transistors
(FETs),13�15 phototransistors (PTs)16,17 and
photovoltaic devices.18,19

Further, rapid progress has been
achieved in the development of high per-
formance semiconducting polymers with
highly extended π-conjugation systems,
and highly crystalline polymers have come
to be accepted as suitable materials for
the active channels in large-scale thin-film
transistor (TFT) devices.20�22 In particular, the
use of the donor�acceptor (D�A) concept
to create an alternating semiconducting co-
polymer structure has been demonstrated
as a highly efficient strategy for improving
semiconductor performance. In these
structures, conjugated electron-donor and
acceptor units are employed to reduce the
bandgap energies23 and the π�π stacking
distancebetweenpolymer chains (<3.8Å).24,25

Because of these properties, D�A polymers
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ABSTRACT We synthesized a highly crystalline DPP-based polymer, DPPBTSPE,

which contained 1,2-bis(5-(thiophen-2-yl)selenophen-2-yl)ethene as a planar and

rigid electron donating group. High- and low-molecular weight (MW) DPPBTSPE

fractions were collected by Soxhlet extraction and were employed to investigate

their unique charge transport properties in macroscopic films and single crystalline

polymer nanowire (SC-PNW), respectively. The low-MW polymer could provide well-

isolated and high aspect ratio SC-PNWs, in which the direction of π�π stacking

was perpendicular to the wire growing axis. The field effect transistors made of

SC-PNWs exhibited remarkably high carrier mobility of 24 cm2 V�1 s�1. In addition,

phototransistors (PTs) made of SC-PNW showed very high performance in terms of photoresponsivity (R) and photoswitching ratio (P). The average R of the SC

PNW-based PTs were in the range of 160�170 A W�1 and the maximum R was measured at 1920 A W�1, which is almost three orders higher than that of

thin film-based PT device.
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exhibit superior charge-carrier mobility as compared
to conjugated polymers bearing only donor
moieties.26�28

Especially, among D�A polymers, diketopyrrolopyr-
role (DPP)-based conjugated polymers are regarded as
highly promising materials for achieving future high-
performance organic FETs.29�31 Since DPP unit has a
intrinsically strong symmetric acceptor with a fused
ring structure, corresponding polymers could boost
up the crystallinity and semiconducting property by
introducing various symmetric and rigid donating
groups. Although a number of studies have demon-
strated the outstanding characteristics of D�A poly-
mers, not many precise studies have been conducted
to investigate the charge-transport and photoinduced
charge generation properties of nanoscopic objects
of these polymers.
In the case of conjugated small molecules, the

charge-transport and photoinduced charge genera-
tion properties are often investigated using single-
crystalline (SC) objects.32,33 Among various types of
nanoscopic objects, single-crystalline nanowires (NWs)
were often employed to study their intrinsic electronic
and optoelectronic properties.34�37 In the case of
conjugated polymers with D�A repeating units featur-
ing long polymer chains, chain disorders, and various
undesirable impurities, it is difficult to grow single-
crystalline structures and study their charge-transport
properties on the micro- and nanoscopic scales. There-
fore, the charge-transport properties of polymer
films can be partially predicted through atomic
force microscopy (AFM) and grazing incidence X-ray
diffraction (GI-XRD) measurements. Many scientists
have recognized the importance of the orientation
and packing of the polymer chains in the solid state,
but few have investigated these properties and the
resulting electronic properties using NWs34�37 and
nanofibers.
Despite the low volume of published research work,

specialized research on and attempts at fabrication
of polymer semiconductors in general continued.
This effort has produced crystalline polymer micro/
nanowires using specific semicrystalline conjugated
polymers fabricated through solvent vapor annealing
method.38�40 The devices with 1D single-crystalline
polymer micro/nanowires were observed to signifi-
cantly enhance the dark and photoinduced charge
transport properties in FET devices, owing to their long-
range-order of polymer chains. This attempt ushered in
the great possibility that D�A type conjugated copoly-
mers could be used to fabricate high performance FETs
and related devices with charge transport channels that
employ single or multiple NWs.
In our previous work, we had demonstrated that SC

polymer NWs (SC-PNWs) could be fabricated from a
DPP-based copolymer, PDTTDPP bearing dithienothio-
phene (DTT) in the repeating group.34 However, this

polymer showed a relatively poor ability to form NWs,
which were limited to short lengths. Furthermore, the
corresponding SC-PNW FET exhibited a lower charge
carrier mobility than we expected. These phenomena
could have resulted from the large polydispersity index
(PDI = 7.0) of the polymer and from the particular
arrangement of the DTT donating unit in the repeating
group in the SC structure, which could interfere with
the longitudinal growth of the NWs. Therefore, it might
be useful to control the molecular weight (MW) or the
PDI of DPP-based polymers and to introduce a properly
designed donating unit in the polymer backbone
to allow for the longitudinal growth of NWs of the
polymer.
In this study, a highly crystalline DPP-based

polymer (DPPBTSPE) bearing 1,2-bis(5-(thiophen-2-yl)-
selenophen-2-yl)ethene in the repeating group was
synthesized (Supporting Information Scheme 1S).
Molecular weight fractionation of the synthesized
polymer was carried out to yield high- and low-MW
DPPBTSPE by Soxhlet extraction. Two fractions were
employed to investigate their unique charge transport
properties in macroscopic films and SC-PNW. Because
the low MW polymer is capable of forming well-
isolated single-crystalline PNW, it was employed
to prepare the SC-PNW-based FETs; the SC-PNWs
exhibited unprecedentedly high carrier mobility over
20 cm2 V�1 s�1, since intramolecular charge transport
was facilitated along the growth direction of the NWs.
In addition, a low-MW DPPBTSPE-based PNW photo-
transistor (PT) showed relatively much higher photo-
responsivity than thin-film-based PT devices

RESULTS AND DISCUSSION

In our previous communication, we have demon-
strated P(DPP-alt-DTBSe) as one of the promising
selenophene-containing polymers. It performed a
higher carrier mobility (μ = 1.50 cm2 V�1 s�1) and other
better device parameters than that of the previous
reported bithiophene containing DPP-polymer did.20,41

It is attributed to strong electron donating property
of selenophene and the formation of more favorable
quinoidal structures of biselenophene derivatives.
Therefore, we became interested in altering the struc-
ture of the above polymer to enhance the semicon-
ductor performance and thus came to design a similar
polymer. Herein, we synthesized a similar polymer,
DPPBTSPE, by introducing 1,2-bis(5-(thiophen-2-yl)-
selenophen-2-yl)ethene (BTSPE) into the repeating
group (Scheme 1S). In a geometrical aspect, the repeat-
ing groups of DPPBTSPE lined up along the direction of
the polymer chain, in contrast to the repeating groups
of PDTTDPP (Figure 1a and Figure 1S).34 In addition,
the electron-donating moiety, selenophene, in the
polymer induces awell-orderedpolymer chain arrange-
ment on the substrate, due to its strong intermolecular
interactions.20,29
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After synthesizing the polymer DPPBTSPE via Stille
coupling reaction, we fractionated it by Soxhlet extrac-
tion using various solvents. The UV�vis absorption
spectra of the four solvent fractions of DPPBTSPE are
shown in Figure 1b. The absorption maxima (λmax) of
the solutions of the hexane, tetrahydrofuran (THF),
methylene chloride (MC), and chloroform fractions
were 620, 708, 730, and 850 nm, respectively. This
spectral comparison demonstrates that the absorption
band attributable to intramolecular charge transfer
along the polymer chain shifted sequentially to longer
wavelengths from the hexane fraction to the chloro-
form fraction. It is conjectured that this large bath-
ochromic shift is due to an increase in the MW of the
fractionated polymeric species.42�44

Of these four fractions, we collected the largest
amount of the polymer products in the THF and
chloroform fractions; these were then used for further
characterization and device fabrication. The MWs of
DPPBTSPE in these two fractions were determined
using gel permeation chromatography (GPC), which
was performed at 35 �C using chloroform as the eluent.
The number-average MW (Mn) values of the THF and
chloroform fractions were determined to be 8 kDa
(low-MW) and 68 kDa (high-MW), respectively, and
their PDI values were determined to be 2.57 and 2.10,
respectively (Figure 1c). With respect to the two insets
in Figure 1c, the color of the dilute solution bearing
the high-MW polymer is light green, whereas the color
of the low-MW polymer solution is pale blue. This is
because of the difference in the absorption behaviors
of the two polymer fractions in the visible and near-
infrared (IR) region aswell as in their bandgap energies.

It can be seen from Figure 2a�f that PNWs of
DPPBTSPE could be fabricated successfully; the
aspect ratio of the PNWs was controlled using the
two polymer fractions. Using the two polymer samples
with different MWs, we prepared dilute solutions
(concentration of 0.001 wt %) in MC as the solvent
(low-MW) and in chloroform/MC as the solvent (1:4 v/v,
high-MW). Low-MW DPPBTSPE is slightly soluble in
methylene chloride (MC) and the polymer chains are
apt to undergo self-association for generate nuclei
in solution state. In the case of high-MW DPPBTSPE,
good solubility in chloroform and very poor solubility
in MC were observed. Therefore, for nucleation pro-
cess, we added small amount of chloroform into MC
(MC/chloroform = 4:1) and prepared marginal solvent
mixture for nucleation and growth of NWs. These
solutions were then stored for 72 h under ambient
conditions. When the low-MW DPPBTSE was dissolved
in MC as a marginal solvent, some nuclei were gener-
ated by assembling a few polymer chains. Then, it was
found that primary assemblies of polymer chains were
formed through the growth of nuclei. The correspond-
ing primary assemblies congregated to give larger
assemblies of polymer chains resulting in the forma-
tion of premature polymer nanowire. Eventually, the
long polymer nanowires could be generated through
fusion of the nanoscopic assemblies.45,46

Figure 2a,b shows optical microscopy (OM) images
of the PNWs made from the high- and low-MW poly-
mers, respectively; the PNWs were fabricated on
n-octyltrichlorosilane (OTS)-SiO2/Si substrates. Figure 2c,d
contains scanning electron microscopy (SEM) images
showing the sizes and shapes of the individual PNWs.

Figure 1. (a) Molecular structure of DPPBTSPE. Schematic illustration of three repeating groups along the polymer chain and
optimized geometry of trimer. (b) UV�vis absorption spectra of polymer solutions collected during Soxhlet extraction. (c)
GPC curves of DPPBTSPE obtained from the THF and chloroform fractions. Insets: Solutions of high-MW (left) and low-MW
(right) DPPBTSPE.
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It can be seen that the PNW grown from the solution of
the high-MW polymer is significantly wider than that
grown from the low-MW polymer obtained from the
THF fraction (length > 50 μm, width ≈ 170 nm). Inter-
estingly, the length of the PNW of the low-MWpolymer
was greater than 100 μm andmuch longer than that of
the PNW made of the high-MW polymer. In brief, the
aspect ratio (300�600) of the PNW made of low-MW
polymer is much larger than that of the PNW made of
high-MW polymer. (Figure 4S)
To investigate the PNWs in detail, we obtained AFM

images of the PNWs; these are shown in Figures 2e,f.
The two AFM images appear drastically different,
even though they are at the same magnification level.
Figure 2e shows a rough landscape with a thick ridge
bulging among a number of protuberances. Upon
careful inspection, less-pronounced ridges can be ob-
served submerged under the layers of lithosphere and
crust. Figure 2f features a sharper ridge, which projects
above a flat surface in the absence of other visible
protuberances. From these results, it can be surmised
that NWs of DPPBTSPE can be formed from dilute
solutions. However, the internal morphology of these
NWs cannot be investigated using OM, SEM, or AFM.

Figure 3 shows transmission electron microscopy
(TEM) images of the PNWs of the high- and low-MW
DPPBTSPE fractions and the corresponding selected-
area diffraction (SAED) patterns. Although the PNWs of
the high-MW polymer could be observed in the SEM
and AFM images, the TEM images showed an intri-
guing feature in that the PNWs were caged within
a network structure. At first glance, the image in
Figure 3a appears to be a fractal, but in fact, it has no
geometric pattern except for the existence of single
NW. The random crystalline domains appear to be
layered and interwoven in no particular arrangement;
this was confirmed further from the SAED pattern (i.e.,
ring pattern) in Figure 5Sc, and they are in fact touch-
ing each other as if connected.
The image in Figure 3b, on the other hand, does not

show the large-area random crystalline domains but
instead shows small dark spots of various sizes (i.e.,
length <10�20 nm) and shapes, which are scattered in
no particular pattern; the corresponding SAED image,
shown in Figure 6Sc, has no obvious diffraction pattern.
Therefore, the NWs of the low-MW polymer could be
isolated and used to fabricate single-wire-based de-
vices. The two kinds of PNWs exhibited almost identical

Figure 2. (a and b) OM images of NWs of (a) high- and (b) low-MWDPPBTSPE. (c and d) SEM images of single NWs of (c) high-
and (d) low-MW DPPBTSPE. (e and f) 2D and 3D AFM height images of single NWs of (e) high- and (f) low-MW DPPBTSPE.
The surface profiles are also included.
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diffraction behaviors that confirmed their SC character,
even though slight scattering could be observed (see
Figure 3c), owing to the presence of random crystalline
domains that overlapped with the PNWs. Furthermore,
the polymer chains confined in the NW were aligned
parallel to the long axis of the PNW, as is obviously
supported by the observation of (004), (006), and (010)
diffraction patterns. It is notable that the PNWs did
exhibit similar diffraction patterns when the electron
beam was moved along the NW and it did not vary
from NW to NW, indicating that the fabricated PNWs
were single crystals (Figure 8S).
In addition to the SAED analysis of the PNWs, GI-XRD

analysis was performed too, to determine their two-
dimensional (2D) diffraction patterns. These patterns
were obtained using PNWs fabricated on OTS-SiO2/Si
substrates and supported the above-mentioned results.
The sample used for the GI-XRD analysis appeared to
consist of numerous randomly orientated nanowires
and a few small pieces of polymer film.
As can be seen in Figure 4, the 2D XRD pattern of the

samplewas completely different from that of thermally
annealed thin film of the polymer and consisted of
ring patterns, indicating polycrystallinity. We observed
distinct ring patterns close to the center; these could
be assigned to the (h00) diffractions (Figure 4b). Since
a (200) diffraction peak was clearly observed, the
(100) spacing (d(100) = 18.98 Å) could be calculated
accurately.
To support this observation, we have plotted the

in-plane diffraction profile of the PNWs in Figure 4d.

Two sharp diffraction peaks could be observed at 3.19�
and 18.54�; these were markedly different from those
in the in-plane profile of the thermally annealed film
shown in Figure 4c. Further, the fact that the widths of
the two diffraction peaks were very small implies that
the peaks arose owing to the SC nature of the PNWs.
In this in-plane profile, the d(010)-spacing was accu-
rately determined to be 3.46 Å, which indicates π�π
stacking distance in the PNW. Combining the results of
SAED and GI-XRD, we could calculate d(001)-spacing
of 20.34 Å.
From the SAED and GI-XRD patterns of the PNWs, it

was determined that the SC PNWs had an orthorhom-
bic unit cell whose lattice constants were a ≈ 18.98 Å,
b≈ 3.46 Å, and c≈ 20.34 Å (R = β = γ = 90�). Thus, the
“b” value, owing to the d(010) spacing of the PNWs was
much smaller than that of the polymer thin film (d(010) =
3.72 Å in Figure 4c), which indicated that the polymer
chains were packed more densely in the SC-PNWs and
occupied the lowest possible volume in the unit lattice.
The arrangement of the polymer chains within the
SC-PNWs is depicted in Figure 4e. A possible config-
uration of the orthorhombic lattice unit cell was de-
fined on the basis of the results of the GI-XRD and TEM
analysis. From the structure analysis, it was concluded
that the DPPBTSPE chains in the SC-PNWs were lined
up unidirectionally and parallel to the long axis of the
NWs. While polymer microwires and PNWs with a SC
structure have been reported previously,36 this is the
first time that high aspect ratio SC-PNWs of a DPP-
based polymer bearing a selenophene donor moiety

Figure 3. (a and b) TEM images of PNWsmade of (a) high- and (b) low-MWDPPBTSPE. (c and d) SAED patterns of PNWsmade
of (c) high- and (d) low-MW DPPBTSPE. The patterns were taken perpendicular to the long axis of the PNW.
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and having a relatively long repeating group have
been fabricated and the lattice parameters in the SC
have been determined from the SAED and 2D XRD
patterns of the PNWs.
Next, to compare the macroscopic charge transport

properties of polymer samples with these two different
MWs, low- and high-MW-polymer-based TFTs were
fabricated. All the evaluated TFT devices displayed
p-type semiconducting behavior under ambient con-
ditions. The maximum hole mobilities of the pristine
films of low- and high-MW DPPBTSPE were measured
to be 1.06 and 1.53 cm2 V�1 s�1. After subsequent
thermal annealing, the mobility values increased
to 2.10 and 4.15 cm2 V�1 s�1, and a reasonably
high on�off current ratio of >106 was maintained
(Figures 9S and 10S). As is well-known, the higher
mobilities were attributed to the fact that thermally
annealed films of the low and high MW polymers

showed a prominent edge-on orientation in accor-
dance with the high intensity (010) diffraction peak
and the disappearance of the (100) diffraction peak in
the in-plane profiles (Figure 11S).
It was also found that the high-MW polymer exhib-

ited much better charge transport properties than the
low-MWpolymer because of the uniformly intertwined
nanofibers and densely packed chain networks in
the thin film, as shown in Figure 12Sb,d. This structure
could facilitate efficient charge transport behaviors by
minimizing the barrier between crystalline domains.47

Of the twoMWpolymer samples, low-MWDPPBTSPE
yieldedwell-isolated and high aspect ratio PNWs,which
were used to investigate its charge-transport pro-
perties. In the case of high-MW DPPBTSPE, the PNWs
were embedded in a multilayered interwoven random
crystalline network, which made it difficult to fabricate
FET devices for observing the charge-transport property

Figure 4. (a) 2D XRD pattern of a thermally annealed film of low-MW DPPBTSPE deposited on OTS-SiO2/Si substrate. (b) 2D
XRD pattern of PNWs deposited on OTS-SiO2/Si substrate. (c) 1D in-plane profile of thermally annealed polymer film. (d) 1D
in-plane profile of PNWs of low-MW DPPBTSPE. (e) Schematic diagram of the orientation of polymer chains and the possible
orthorhombic crystal unit cell in the SC-PNWs.
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of an individual PNW (Figure 3a). On the other hand,
a PNW of low-MW DPPBTSPE could be isolated and
was long enough (length of 50�100 μm) to facilitate
the deposition of gold electrodes with a long channel
(channel length of ∼10 μm).
The representative SEM image of the device, shown

in Figures 5a and 6a, shows a single NW between two

gold electrodes; the NW width is 170 nm and the
channel length is 10.62 μm. The SEM image confirms
the well-defined structure of an isolated PNW, indicat-
ing that it could be used for device characterization.
Although no large pieces or patches of the polymer

film were observed in Figure 3b, AFM (2 μm � 2 μm)
was employed to observe the area adjacent to the PNW

Figure 5. (a and b) SEM images of the SC PNW-based FET. (c and g) OTS-SiO2/Si. (d and h) zone I; (e and i) zone II; (f and j) film
prepared by spin-coating the solution of the polymer in MC. (c�f) Height images; (g�j) phase images.

Figure 6. (a) SEM image of a FET device based on a SC-PNWof low-MWDPPBTSPE and schematic diagram showing the device
configuration. (b and c) Transfer and output curves of the SC-PNW FET device (VDS = �60 V, linear VG range; �5 to �60 V).
Inset: Transfer characteristics in the linear regime of the SC-PNW FET device (VDS = �5 V).
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more precisely. The obtained height and phase images
were compared to those of the surface of the OTS-
SiO2/Si substrate aswell as those of the surface of a thin
film of a MC solution (concentration of 1 mg mL�1).
As can be seen in Figure 5, the height and phase
images of zones I (d and h) and II (e and i) were not
very different from those of the OTS-SiO2/Si substrate.
In addition, the surface topography and phase image
of the ultrathin film made from MC solution (i.e.,
thickness of <8 nm) was markedly different from those
of zones I and II. Therefore, even though a few tiny
polymer particles were present around the PNW of
low-MW DPPBTSPE, no detrimental film channel was
observed between the two electrodes. This confirmed
that the output and transfer curves displayed herein
were based only on the current flowing through the
single PNW.
By characterizingmore than 20 SC-PNW FET devices,

the carrier mobilities could be determined and were
found to be 15�24 cm2 V�1 s�1. Further, the current
on/off ratio was found to be 104. The large variation
might be attributed to the poor interfacial contact
of PNW on gate insulator, physical defect along the
nanowire, or crumpled surface of nanowire.48,49

For instance, the highest carrier mobility of
24.0 cm2 V�1 s�1 was calculated with the linear slope
between �5 and �60 V (Figure 6b and Table 1). Fairly
low hysteresis was observed in the transfer curve over
the entire range of applied gate voltages, because of
the significantly low density of charge-trapping impu-
rities or defects in this particular SC-PNW as well as at
the interface between the PNW and the OTS-SiO2/Si
layer.50,51 The unprecedentedly high carrier mobility
of the FETs fabricated using the low-MW DPPBTSPE-
based PNWs might be attributable to the uniform
orientation of the polymer chain along the growth
direction of the wire. This would lead to fast intramo-
lecular charge transport along the PNW preferentially
accompanied by less pronounced charge-carrier
hopping.35

Besides excellent charge transport properties, photo-
induced exciton generation and its contribution to
the performance of PT devices have been investigated.
The PT performances were investigated by using the
low-MW DPPBTSPE-based TFT and PNW-based FET
devices which were already used in this study. In the
PT devices, enhancement of the drain current (IDS) was
demonstrated under light illumination (λ = 632 nm,

TABLE 1. Device Parameters of the TFTs and the SC-PNW-Based FET

polymer Mn (kDa) device W/L (μm/μm) Tannealing (�C) μsat (cm
2 V�1 s�1) Ion/Ioff Vth (V)

Chloroform fraction 68 TFT 1500/100 Pristine 2.10 108 0
250 4.15 108 0

THF fraction 8 TFT 1500/100 Pristine 1.06 108 �7
200 1.53 106 6

PNW-FET 0.17/10.62 Pristine 24.0a 104 �4

aMaximum mobility.

Figure 7. (a and c) Transfer curves of OPTs in the dark (i) and under monochromatic light irradiation (ii) (λ = 632 nm,
I = 24mW cm�2). (b) Photoresponsivity (R) and photoswitching ratio (P) vs VG for the TFT. VDS=�40 V; (d) R and P vs VG for the
SC PNW FET, VDS= �30 V.
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I = 24 mW cm�2). First, it was found that the large
increase in IDS was induced by illumination of light
(IDS

photo/IDS
dark ∼ 103�104) and that the threshold

voltage was significantly shifted to a positive gate bias,
which was attributed to photodoping.52,53 (Figure 7a,c)
For the electrons induced by photoexcitation, they
could be trapped at the interface between PNW
and gate insulator. The trapped electrons acted like a
negative gate voltages and they induced accumulation
of additional holes in the single PNW, resulting in a large
increment of IDS. The detailed mechanism of photo-
transistor behavior was well explained in the previous
literatures.32,33,54

From two transfer curves in Figure 7a,c, two impor-
tant parameters such as photoresponsivity (R) and
photoswitching ratio (P) could be determined. In
Figure 7b,d, R and P are plotted versus VG for the film-
and PNW-based PT devices made from low-MW
DPPBTSPE. For instance, the P and R values of the
PNW-based PT device were determined at around the
crossing point of the two curves with VDS = þ4.0 V.
The average R of the SC PNW-based PTs were in the
range of 160�170 A W�1; Rmax∼ 1920 A W�1, which is
almost three orders higher than that of thin film-based
PT device. It is mainly attributed to highly ordered
polymer chain packing and very efficient exciton dis-
sociation in a SC-PNW without possible charge carrier
recombination.
To the best of our knowledge, therewas no report on

phototransistor behavior in the SC PNWs devicesmade
of selenophene-DPP based conjugated polymer. The
R and P in this study are the markedly high values for

low-MW DPPBTSPE-based PNW PTs without thermal
annealing due to densely packed polymer chains in
NWs and very efficient inter/intramolecular exciton
generation and dissociation in SC PNWs.

CONCLUSIONS

We prepared the conjugated copolymer DPPBTSPE
bearing DPP and BTSPE units into two fractions with
low- and high-MW. SC-PNWs were successfully fabri-
cated by solution processing. The low-MW polymer
formed well-isolated SC-PNWs with relatively higher
aspect ratio, in which the direction of π�π stacking
was perpendicular to the direction of the long axis
of the PNWs. FET devices fabricated from individual
SC-PNWs of low-MW DPPBTSPE exhibited a maximum
hole mobility of 24.0 cm2 V�1 s�1. The mobility in the
linear region was also measured and found to be
approximately 4.78 cm2 V�1 s�1 at VDS = �5 V. This
saturated mobility was more than 20 times higher
than that of a TFT device based on a thin film of the
same polymer and can probably be improved further
by optimizing the device configuration. In addition to
remarkable charge-transport behavior, very intriguing
photoinduced exciton generation and dissociated
charge transport could be investigated in photo-
transistors (PTs) elaboratedwith SC-PNW. A PNW-based
PT showed very high performance in terms of photo-
responsivity and photoswitching ratio. The highly
ordered single-crystalline selenophene-containing PNWs
displayed much better electronic and optoelectronic
device performance compared with thin-film-based
corresponding devices.

METHODS

Polymer Nanowire Fabrication. The self-assembly method for
preparing the polymer nanowires was as follows. DPPBTSPE
was dissolved in methylene chloride (solvent for the low-MW
fraction) and in chloroform/MC (1:4) (solvent for the high-MW
fraction) in a concentration of 0.001 wt %. The solutions were
heated to 35 �C for 10 min, resulting in complete dissolution of
the solute, and then allowed to cool to room temperature. The
vials containing the solutions were then capped and stored
undisturbed at room temperature. After the solutions had been
stored for 72 h under ambient conditions, they were drop-cast
on the substrates at 90 �C to form well-defined SC-PNWs. The
resulting NWs were heated on a hot plate for 15 min at 90 �C to
remove the residual solvent.

Fabrication and Characterization of TFTs Made of DPPBTSPE. A
bottom-gate top-contact device geometry was employed to
evaluate the TFT performance of the two DPPBTSPE fractions.
Spin-coated films of DPPBTSPE were deposited on heavily
n-doped Si/SiO2 substrates using chloroform as the solvent.
To generate a hydrophobic dielectric surface, the silica surface
was modified with OTS. Source and drain electrodes (80 nm)
were then thermally deposited through a shadow mask; the
width and length of the channel were 1500 and 100 μm,
respectively. The saturated field-effect mobilities were mea-
sured in the saturation regime using the relationship: μsat =
(2IDSL)/(WC(VG � Vth)

2), where W is the channel width, L is the
channel length, IDS is the saturation drain current, C is the
capacitance (∼11.5 nF cm�2) of the dielectric SiO2 (300 nm)

per unit area, VG is the gate bias, and Vth is the threshold voltage.
The linear mobilities were calculated using the equation for the
linear regime:μ=mlinear (L/W)(1/VDS)(1/Ci). The linear field-effect
mobilities were calculated from the slopemlinear for low source-
drain voltages; the slope was obtained from the plot of the
source-drain current (IDS) and the gate voltage (VG). The device
performances were evaluated under ambient conditions using
a 4200-SCS semiconductor characterization system.

Fabrication and Characterization of PNW-Based FET/OPT Devices. NWs
of low-MW DPPBTSPE were formed on OTS treated substrate
with n-doped Si gate electrode and SiO2 (300 nm) gate insulator.
Subsequently, designed shadow masks were placed on indivi-
dual low-MW PNWs. Next, 80 nm-thick source and drain Au
electrodeswere deposited on the PNWsby thermal evaporation
using the shadowmasks. The saturated field-effect mobilities of
PNW-based FETs were measured in the saturation regime using
the relationship: μsat = (2IDSL)/(WC(VG � Vth)

2), where W is the
width of PNW, L is the length of PNW, IDS is the saturation drain
current, C is the capacitance of the dielectric SiO2 (300 nm) per
unit area, VG is the gate bias, and Vth is the threshold voltage.
The FET device performance was measured in air using a
4200-SCS semiconductor characterization system. For the
light source, a He�Ne laser with a neutral density filter was
employed. The light illumination power was measured by using
a Newport 2385-C Si photodetector with a calibration module.
From the modulation of the transfer curve, we calculated the
photoresponsivity (R) of the OPT device, defined as ΔIDS /Pinc,
whereΔIDS is IDS

photo� IDS
dark andPinc is the incident light intensity.
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The photoswitching ratio (P) was obtained from (IDS
photo �

IDS
dark)/IDS

dark.
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