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Application of one-dimensional nanostructures such as nano-
fibers and nanowires is a promising strategy for improving the
device performance of organic thin film transistors.' This is
because these nanostructures enable the device dimensions to
be reduced without the use of the costly optical lithography
techniques currently employed in industrial silicon technology.
Solution-processable nanofibers consisting of polythiophenes
have great potential as the active layer of a printable transistor
and have thus been prepared by a variety of procedures.” In
particular, the whisker method offers industrial advantages as it
allows the simple mass production of high-quality semicrystalline
nanofibers.® Several studies have reported the field-effect carrier
transport of nanofibers of poly(3-hexylthiophene) (P3HT), where
carrier mobilities as high as 0.1 cm?/(V s) and on/off ratios above
10° have been obtained.* However, there have been no reports on
the effect of alkyl chain length on the carrier transport of poly(3-
alkylthiophene) (P3AT) nanofibers, which should be of consider-
able interest because previous studies have revealed that alkyl
chain length has a large influence on device performance of P3AT
thin-film transistors. Longer alkyl chains in P3AT thin film have
dramatically reduced the field-effect mobility.” On the basis of the
whisker method using selected solvents, we have achieved effec-
tive and highly reproducible production of nanofibers composed
of four P3ATs substituted with n-butyl, n-hexyl, n-octyl, and
n-decyl side chains.**~® The resulting nanofibers consist of periodic
stacks of extended polymer backbones along the fiber direction
and two-three laminated layers of the polymer stacks separated
by alkyl side chains normal to the fiber direction. The cross-
section is 3—4 nm in height and 24—27 nm in width, both
dimensions increasing slightly with the alkyl chain length
(Figure S1 in the Supporting Information). A nanofiber length of
several micrometers represents a high aspect ratio of 100—1000.
This successful step helps to elucidate crucial factors that dom-
inate the device performance of the P3AT-nanofiber transistor.
Very recently, Oosterbaan et al. have reported field-effect mobi-
lity of P3AT nanofiber films (30—80 nm in thickness), which
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values are 2.4—3.5 x 10~ cm?/(V s) irrespective of alkyl-side-
chain length.® Here, we investigate the field-effect carrier trans-
port of P3AT nanofibers (~3—4 nm in thickness), focusing on
alkyl chain length dependence (four to eight carbon atoms in the
side chains) and nanofiber geometry, i.e., nanofiber network vs
isolated nanofibers. We use the same solvent (a solvent mixture
of anisole and chloroform) for nanofiber fabrication in contrast
to the Oosterbaan case selecting different solvents (o-chloroto-
luene, p-xylene, and pinane) depending on alkyl chain length of
P3AT.

P3AT (0.050 wt % P3AT) was dissolved in a solvent mixture
of anisole/chloroform (4:1 v%) by heating above 70 °C. The
solution was then gradually cooled to 20 °C at a constant rate
of 25 °C/h. Orange solutions of P3AT turned brown (P3BT) or
purple (P3HT, P30T, and P3DT) due to the formation of
nanofibers.* The nanofiber solution was spin-coated on a
silicon substrate with wide-gap electrodes (36 um). The nano-
fibers formed a dense network between the electrodes (Figure 1a).
It is noted that the concentration of the solution was 10—20
times lower than the concentration of the standard solution
used for fabrication of a P3AT thin-film transistor.’ Despite
the low concentration, the surface between the electrodes was
mostly overlaid by the nanofiber, and the corresponding surface
coverage was determined to be 70—80%, irrespective of the alkyl
chain length of P3AT. The thickness of the nanofiber network
was roughly as small as the height of the nanofiber (~4 nm). The
channel layer of the nanofiber transistor is much thinner than
that of a conventional thin-film transistor, which is several
tens of nanometers.” This small thickness enables AFM to
directly reveal the self-organized structure of P3AT in the
channel layer effective for device operation and to shed light
on the relation between charge transport and morphology.

We measured the field-effect carrier transport of the nanofiber
network at 290 K using a bottom gate configuration. The source-
drain current—voltage In—Vp characteristics exhibited marked
amplification of Ip with respect to the negative gate voltage Vg,
leading to an Ip ~ —0.5uA ata Vpof =30 Vand a Vg of =30V
(Figure 1b). Ip increases linearly at a low negative Vp of =5V
and clearly saturated at a high V', of —30 V. The device operation
ata Vp of —5and —30 V corresponds, respectively, to a linear and
saturation regime (see the Supporting Information, Figure S2). The
field-effect transistor of the nanofiber network was operated by
injected holes, and the nanofibers behaved as a p-type semicon-
ductor. Table 1 summarizes typical parameters that characterize
the field-effect carrier transport in the nanofiber network, such
as mobility in the linear regime tinear, mobility in the saturation
regime g, threshold voltage Ve, turn-on voltage Von, and
on—off ratio Ion/Iorr. For each nanofiber network, ipear 18
comparable to the respective ug, within a 20% variation,
suggesting that there was little influence of contact resistance in
device operations.

As compared with the P3HT nanofiber reported previously,
the field-effect mobility of the P3HT na.noﬁber network is sl1ghtly
smaller than the higher values (1 2 X 10 em?/(V5),*6.0 x 1072
em?/(V s),* and 4.0 x 10 cm 2V s) 9) but comgdrdble to the
lower values 2.0 x 1072 em?/(V s) b 14 x 1072 em?/(V s),%
1.2 x 1072 em?/(V's),*2and 1.0 x 1072 cm?/(V 5)**%). Despite the
wide variety of preparation conditions, such as the casting
solvent, temperature step, and casting methods, the nanofibrous
structure of P3HT gives a high field-effect mobility owing to the
well-organized microstructure of P3HT.
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Figure 1. (a) Network morphologies of P3AT nanofiber (scale bar, 1 um). (b) Field-effect Ip—Vp characteristics of the nanofiber network transistor
operated in the Vg range +5 to —30 V at 290 K.

Table 1. Field-Effect Transistor Characteristics of Nanofiber Networks

linear” saturation”
P3AT Hiincar (cm’/s) Vr (V) Von (V) Ion/Iorr fsar (cm’[s) Vr (V) Von (V) Ion/IoFF
P3BT 1.6 x 1072 -13.3 -8 2% 10* 1.7 x 1072 —-10.4 —7 5% 10*
P3HT 9.8 x 107° -7.3 -1 2 % 10* 1.1x 1072 —52 -1 5% 10*
P30T 12 %1072 -9.5 -6 2 % 10* 1.4 %1072 —7.4 —6 8 x 10*
P3DT 1.3x 1072 —-12.0 -2 2% 10* 1.1x 1072 —6.7 -2 4% 10*
“ Field-effect mobility tinea, was determined by eq 1) in a linear regime (Vp = —5V). b Field-effect mobility Usar Was determined by eq 2 in a saturation
regime (Vp = —30V).
Wef
ID = Ltwo COXfulincar VD(VG - VT) (1)
two
Wef )
ID = 2Ltw0 Cox:usat(VG - VT) (2)
two

V1 is the threshold voltage, C,y is the capacitance per unit area of the insulating layer, Ly, is the electrode spacing, ¢ is the surface coverage of the
nanofiber, Wy, is the nominal width of the two-probe electrode; the effective width of the two-probe electrode is W o = Wiwod. Von is the turn-on
voltage below which the absolute value of I, increases rapidly with increasing negative V. See Figure S2 in the Supporting Information.

Several researchers have studied the effect of the alkyl chain
length of P3AT and reported the followin% field-effect mobilities
for thin-film devices: 1.0-3.0 x 1072 ecm?/(V s) for P3HT and
10~ cm?/(V's) for P3DT;** 1.0 x 1072 cm?/(V s) for P3BT, 2.9 x
10~ em?/(V s) for P3HT, and 9.1 x 10~* cmz/gV s) for P3DT;*®
12x107° cng(V s) for P3BT, 1.0 x 1072 cm?/(V s) for P3HT,
2.0 x 107* em?/(V s) for P30T, and 6.6 x 10> cm?/(V s) for
P3DT;** 1.4 x 107> cm?/(V s) for P3HT and 1.3 x 1073 cm24
(V s) for P3OT;*® 1.0 x 102 cm?/(V s) for P3BT, 5.4 x 10~
em?/(V's) for P3HT, and 5.2 x 10~%cm?/(V s) for P3OT.* All the
values listed here clearly show the significant influence of the alkyl
chain length on the field-effect mobility. The longer alkyl chain of
P3AT dramatically decreases the mobility in the thin-film devices.
Surprisingly, however, the nanofiber networks investigated here
show little influence of alkyl chain len§th and all nanofiber
devices give a high mobility of ~0.01 cm~/(V s), even for P30T
and P3DT (Table 1). Nanofiber devices consisting of P30T and
P3DT yield mobilities 1 to 2 orders of magnitude higher than
thin-film devices, whereas those consisting of P3BT and P3HT
show a mobility comparable to or an order of magnitude larger
than thin-film devices. Compared with a thin-film device, a
nanofiber network improves device performance, particularly

in the case of P3AT with its longer alkyl chains (P30T and
P3DT). The high mobility of nanofiber devices irrespective of
alkyl chain length results from the well-ordered stacks of fully
extended P3AT backbones in the nanofibers.* Thus, the dra-
matic decrease in the mobility of P3OT and P3DT thin films
reported previously may be attributed not to the inherent
character of the P3AT polymer but rather to the self-assembled
microstructure of the polymer chains. In a typical device fabrica-
tion method, P3AT molecules dissolved in a solvent are cast on a
substrate and form thin films through evaporation of the solvent.
Evaporation of the solvent leads to self-organization of P3AT
when the concentration exceeds the saturation concentration.
The self-organization kinetics can be greatly affected by the alkyl
chain length, a major determining factor in the solubility and
aggregation behavior of P3AT. Longer alkyl chains yield a higher
solubility (i.e., saturation concentration), leading to self-organi-
zation from a higher concentration.* Many studies have reported
on the variation of device performance with deposition con-
ditions.**” The kinetics of P3AT self-assembly is also affected by
film thickness because the thinner the film, the shorter the time to
complete solvent evaporation. In the case of relatively thick films
(several tens of nanometers), solvent evaporation on a substrate is
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Figure 2. (a) P3BT nanofibers bridging four-probe electrodes (scale bar, 500 nm). (b) Transconductance G, = (Ip/V},) of P30T ndnoﬁbers asa
function of gate voltage Vg1 at 290 K. (c) Field-effect mobilities of P3AT nanofibers plotted as a function of inverse temperature, 7', P3BT (red,
01rcle) P3HT (purple square); P3OT (green, triangle); P3DT (blue, diamond). Solid lines are the best fits given by an Arrhenius-like behav1or u=

ﬂe iB

kinetically comparable to the self-organization of P3HT but is
likely to be much faster than that of P3AT with its longer alkyl
chains. The rapid evaporation of a casting solvent may freeze
the motion of polymer chains before self-organization is com-
pleted and thus prevent the formation of a well-ordered micro-
structure,*® particularly for P30T and P3DT. In the case of very
thin films (2—6 nm), solvent evaporation occurs so rapidly that
self-organization cannot be completed, even for P3HT. Thus, a
device with a very thin P3HT layer shows as low a mobility as
0.5—1.1 x 107> ecm?/(V 5).® By contrast, P3AT nanofibers form
gradually in solution during slow cooling of the solution, which
results in a well-organized microstructure as revealed with XRD,
independent of the alkyl chain length.* Casting a nanofiber
solution does not offer the in situ self-organized formation of
P3AT molecules into a nanofiber, but the overlying nanofiber
layer assembles into a network. Indeed, all P3AT nanofibers have
a similar network morphology as illustrated in Figure la, and
therefore, give a high mobility for all P3ATs despite its small
thickness (~3—4 nm).

To characterize the nanofiber network, we used wide-gap
electrodes with a spacing (36 um) much larger than the typical
length of the nanofibers (several micrometers). Thus, the result-
ing carrier transport inevitably involves two processes: carrier
transport (i) in a isolated nanofiber and (ii) between nanofibers.
We further investigated the carrier transport in isolated nanofi-
bers by using narrow-gap electrodes with a spacing (250 nm)
much shorter than the length of the nanofibers, which completely
excludes carrier transport between nanofibers. We used a lower
solution concentration (0.010 wt %) to decrease surface coverage
by nanofibers. Owing to the low coverage, each nanofiber was
definitely resolved in the AFM images. Typically, 40—120 iso-
lated nanofibers bridged the electrodes (Figure 2a). With the use
of the narrow-gap electrodes, no saturation behavior was ob-
tained in the Ip—Vp characteristics due to the limitation of drain
voltage. Thus, the transconductance Gy, = ( Ip/V7,) was mea-
sured as a function of the four-probe gate voltage Vg, in the
linear regime, G, increased with negative Vg, larger than =10 V
(Figure 2b). The field-effect mobility of isolated nanofibers, Mg
was determined using the four-probe method described in eq 3.”
The four-probe method eliminates the contact resistance effect on
i, Wthh 1s accompanied by small contact area of isolated
nanofiber.**° Table 2 summarizes field-effect transistor charac-
teristics of isolated nanofibers. As in the nanofiber network, alkyl
chain length has little influence on the u,, of isolated nanofibers,
despite some variation in the mob111ty values. The u, values
reach as high as 3.3—6.4 x 1072 cm?/s, which is comparable to the
higher mobility of P3HT nanofibers reported previously and 3—6

Table 2. Field-Effect Transistor Characteristics of Isolated

Nanofibers”
w12 (cm’/s) V12 (V) Von (V) Ion/IorF
P3BT 49 x 1072 —15.6 9.6 2% 10°
P3HT 6.4 x 1072 —11.3 15.3 4% 10°
P30T 6.1 x 1072 —48 23.1 8 x 103
P3DT 33 %1072 —3.7 16.5 6 x 10°

“Field-effect mobility u;, was determined in the linear regime using
9
eq 3,

Wef
o = (1) = e oo

Vi = Vo—=T11

VG2 = VG—(V2+ V1)/2

where G, is the transconductance, V', is the threshold voltage, Ly, is
the electrode s‘pdcing, and WU is the effective width of the four-probe
electrode, W " = Nw,,.

times higher than the ;. Of the respective nanofiber network.
The carrier transport in a isolated nanofiber is much better than
that between nanofibers, strongly indicating the existence of a
potential barrier between nanofibers.

We further measured temperature-dependent I —V char-
acteristics of nanofiber networks and Ip— Vg, characteristics of
isolated nanofibers in the temperature range 140—300 K. Ip
decreased with decreasing temperature, falling to the background
level below 100—140 K. The mobility is determined in the linear
regime and plotted as a function of temperature (Figure 2¢c and
Figure S3 in the Supporting Information). In the case of both the
nanofiber network and isolated nanofibers, the temperature
dependence of the mobility exhibits an Arrhenius-like behavior:
the mobility values relate exponentially to the inverse of tem-
perature, T~ '. Activation energy Values E,, determined from the
slope of the linear fits to the In u—7 ~' plot, are listed in Table 3.
The nanofiber network except for P30T mostly gives slightly
higher E, than the respective isolated nanofibers, suggesting that
the energy barrier of carrier transport between fibers is slightly
higher than in a fiber. The E, values are comparable to or slightly
larger than the ones reported previously for P3HT nanofibers.**®

Salleo and co-workers have investigated carrier transport in a
fiber and between fibers and proposed that fiber-to-fiber grain
boundaries act as large transport barriers compared with the
grain boundary in a fiber.'” In their system, the nanofiber was
fabricated by using a directional crystallization method, where
the polymer backbone of P3HT was oriented along the fiber
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Table 3. Activation Energy of Field-Effect Mobility in Nanofiber
Networks and in Isolated Nanofibers

E, (meV)
P3AT nanofiber network isolated nanofiber
P3BT 114 104
P3HT 122 119
P30T 112 120
P3DT 101 94

direction. In contrast, the P3AT nanofiber investigated here
consists of a stack of polymer backbones oriented perpendicular
to the fiber direction. Here, we consider the possible cause of the
potential barrier based on the microstructure of a nanofiber
fabricated by using the whisker method illustrated in Figure S1 in
the Supporting Information. A nanofiber consists of stacks of
extended polymer chains along the fiber direction. The extended
polymer chain delocalizes 7 electrons along the chain. The
periodic stacks of the polymer backbone forms a straight path-
way for carrier transport along the fiber direction owing to the
large overlap between the 7 electrons. When a carrier moves from
one fiber to another at an intersection of fibers, the transport
pathway is discontinued by alkyl chains acting as an insulating
layer, which contributes greatly to the potential barrier to carrier
transport between fibers.

In conclusion, we investigate field-effect carrier transport
characteristics of the poly(3-alkylthiophene) nanofiber, focusing
on the effect of the alkyl side chain length. In contrast to thin film
devices reported previously, where alkyl chain length had a large
influence on device performance and longer alkyl chains drama-
tically reduced the mobility, the present nanofiber devices all give
mobilities above 0.01 cm~/(V s), little influenced by alkyl chain
length in both nanofiber networks and isolated nanofibers. These
high mobilities result from the well-organized microstructure of
the nanofiber, which offers a straight pathway of carrier trans-
port along periodic stacks of the polymer backbone, independent
of the alkyl chain length. We further investigate the device per-
formance of isolated nanofibers and nanofiber networks. The
carrier transport in a isolated nanofiber is better than that
between nanofibers, strongly indicating the existence of a poten-
tial barrier between nanofibers. On the basis of the nanofiber
microstructure, we can conclude that alkyl side chains block the
straight pathway, which contributes to the potential barrier to
carrier transport between fibers.
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