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Our study is focused on the relationship between the structural coherence and intrinsic carrier transport in a
regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) nanofiber, particularly in an isolated nanofiber, formed in
various ratios of good and poor solvent mixtures. The P3HT nanofiber, which is formed in solvent mixtures, had
a whisker structure with the length of several um, the height decreased from 9 to 2 nm as estimated by scanning
force microscope observation, and the structural coherent length along the longitudinal axis increased from 40
to 59 A as determined by x-ray-diffraction measurement, with increasing ratio of the good solvent. The I-V
characteristics measured by the four-probe method showed that the activation energy of hopping conduction,
which was considerably related with the structural disorder, decreased with increasing ratio of the good solvent.
Moreover, the field-effect-transistor characteristics of the nanofiber showed that the carrier mobility increased
with increasing ratio of the good solvent, and the nanofiber formed under the good-solvent-rich condition showed
the mobility from 3.8 x 1072 to 5.6 x 1072 cm? V~! s~!. The tendency of the mobility to increase has been
explained on the basis of the change in the structural coherent length and thermal activation energy, assuming the
model that regarded the nanofiber as a one-dimensional array of electronically coherent regions and incoherent
defects, and hence the relationship between the structural coherence and carrier transport has been clarified.
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I. INTRODUCTION

Recently, nanofibers have attracted increasing interest ow-
ing to their unique structure and properties, such as high aspect
ratio, large specific surface area, and chemical/mechanical
stabilities in various fields such as filtration, electronic devices,
and sensors. In particular, the nanofiber with electronic
function is expected to be used as building blocks for molecular
electronics and conductive ink for printable electronics. Thus,
conducting polymer nanofibers have been investigated for their
potential applications in field-effect transistors (FETs).!~ The
conducting polymer nanofiber can be prepared by various
methods, such as template synthesis,* electrospinning,'*-'3
dispersion with sonication,'*~>* molecular combing,>?® self-
organization on a substrate or a liquid-air interface,”’-3? and
whisker formation in a solution.?*8

To use these conducting polymer nanofibers as molecular
wires for molecular electronics, the fibers fabricated by tem-
plate synthesis and electrospinning are not suitable, because
the typical thickness of these nanofibers is a few hundred nm,
which is sufficiently thicker than the linewidth of semiconduc-
tor integrated circuits reduced to less than 32 nm nowadays. As
a pioneering work of the thin nanofiber, Park and co-workers
have reported that a polyacetylene nanofiber with the thickness
of 20 nm showed the FET property, but the mobility of the
isolated nanofiber was not so high, 4.4 x 1075 em? V1 gt
(Ref. 20). Therefore, we focused on the whisker-type nanofiber
formed in a solution with the thickness of about 10 nm, which
has great possibilities for wiring and functional materials
for future electronic devices. The thin nanofiber obtained
by whisker formation in a solution has been reported by

1098-0121/2011/83(11)/115314(10)

115314-1

PACS number(s): 73.61.Ph, 72.80.Le, 73.63.Bd

Thn et al.** By this method, the conducting polymer, regioreg-
ular poly(3-alkylthiophene) (rr-P3AT), was crystallized into
well-defined whiskerlike entities from supercooled solutions
in poor solvents such as cyclohexanone, prepared at 50 °C, by
slowly cooling to room temperature, and the width and length
of the whiskers were 15 nm and several pm, respectively. This
method is quite simple and inexpensive; in addition, it has
been reported that these nanofibers showed the FET effect.®
After this research, FET measurement of this nanofiber has
been intensively carried out in the thin-film state,38:40-44.46
entangled network,?>*7 and isolated single fiber.>>37*% From
these reports, it has been clarified that the nanofiber had a
higher mobility than the nonfibrillar thin film33-37-4446-48 and
had strong relation with alkyl chain length,***® molecular
weight,*>** and solvent using the crystallization.3340
However, these phenomenological data do not provide us
the indication to increase the mobility; hence, the relation
between the mobility and structure, such as morphology or
crystallinity, needs to be inspected. Here it is expected that
the nanofiber structure, such as thickness, aspect ratio, and
crystallinity, which is closely related with the electric proper-
ties, is controllable with changing conditions such as solvent,
temperature, and cooling rate during the fiber formation.
Therefore, in this study, our attention is directed to the re-
lationship between the structure and carrier transport property
of the regioregular poly(3-hexylthiophene-2,5-diyl) (rr--P3HT)
nanofiber with the control of the structural coherence by
changing the ratio of the solvent mixture during the nanofiber
formation. We have investigated the electrical properties of
the isolated state of various nanowires such as the insulated
molecular wire made from polyaniline and cyclodextrin,*

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.83.115314

TAKESHI SHIMOMURA et al.

the poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
nanofiber,?2° DNA," and the hexabenzocoronene nanotube’'
using fine electrodes with 100-200 nm spacing fabricated by
scanning probe microscopy (SPM) lithography.”>~* Further-
more, we have also applied this method to rr-P3HT nanofiber
obtained by whisker formation by changing the alkyl chain
length.***8 In this study, we aimed to relate the field-effect
mobility with the structural coherence using the measurement
method that we previously developed.

II. EXPERIMENTAL

A. Nanofiber preparation

r-P3HT (Mw = 87 000) was purchased from Aldrich
Co., Inc., and used without further purification. Conducting
polymer nanofibers were prepared as follows:** rr-P3HT
(25 mg) was added to the flask with an organic solvent mixture
(50 g), and a 0.05 wt% P3HT solution was prepared by stirring
at a high temperature (>70 °C). We used a solvent mixture of
anisole as a poor solvent and chloroform as a good solvent at
the ratios of 10:0, 8:2, 5:5, 3:7, and 2:8 v/v. Here, the value
f was defined as the volume fraction of anisole; that is, we
prepared the solvent mixtures of f = 1.0, 0.8, 0.5, 0.3, and
0.2, which was used as the index of the nanofiber crystallized
in each solvent mixture in this paper. After the reflux was
stopped, the solution was cooled gradually from 70 °C to
20 °C at a rate of 25 °C/h. The UV-visible absorption was
determined using a UV-visible spectrometer V-630 (JASCO
Co., Ltd.). The samples, which were used as undoped samples,
were prepared in a N, atmosphere using a glove box and kept
under vacuum for a few hours just before the measurement to
avoid O, doping.

B. Measurement method
1. Structure characterization

The P3HT nanofibers were observed with a scanning
force microscope (SFM) (CP-II, Veeco Instruments Inc.) in
intermittent-contact SFM that was equipped with a commer-
cial silicon cantilever with a spring constant and resonant
frequency of 40 N/m and 300 KHz, respectively. For the
SFM observation, the dispersion of the P3HT nanofiber was
cast and dried by blowing air on a piece of Si wafer with a
thermally grown SiO, layer on top, and the residual solvent on
the substrate was removed by vacuum drying. The height of the
nanofibers was determined from the cross sections of images
that were perpendicular to the long axis of the nanofibers.
Moreover, the thickness of the nanofiber was estimated by
TEM measurement, where the nanofiber was put onto a
carbon-coated Cu grid.

X-ray-diffraction (XRD) measurements were performed
using an x-ray diffractometer (R-AXIS RAPID, Rigaku Co.)
with an imaging-plate detector. For XRD measurement, P3HT
nanofibers, collected by drying in vacuo, were placed in
borosilicate glass capillary tubes (diameter, 1.5 mm; wall
thickness, 0.01 mm) after being crushed into pieces. Since
randomly oriented nanofibers showed a ringlike diffraction
pattern, the diffraction pattern was converted into 20-intensity
profiles using the Rigaku R-AXIS software, and then the 26-
intensity profiles were corrected by subtracting the background
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intensity of the quartz capillary. The diffraction peak at 26 in
the 26-intensity profile was fitted using a Lorentzian function,
which gave the full width at half maximum (FWHM) A6
of the peak, where silicon-powder standard (supplied by
National Institute of Standards and Technology) was used as
a standard for compensation of linewidth (A6 = 0.18°). The
coherent length &, related with the characteristic length of the
single-crystalline region along the normal direction of the 26

plane, was estimated using the Scherrer equation as*->>-
KA
=" 1
§ A6 cos M

where K = 0.9 is the Scherrer constant, and A = 1.542 A, the
wavelength of Cu K, radiation.

2. Electrical properties measurement

The substrate for the conductivity and FET measurements
using four-probe Pt electrodes having a 200-nm gap was
prepared on a piece of Si wafer with a thermally grown SiO,
layer of ca. 255 nm thickness on top using photolithography in
combination with SPM lithography according to the fabrica-
tion method reported by Hashizume and co-workers.’>>* The
spacing between the electrodes was determined to be 200 nm
from the cross section of the SFM topographic image of the
electrodes. The electrical isolation between electrodes was
tested as a current of less than 0.2 pA at the applied voltage
ranging from —1 to +1 V.

The substrate with electrodes was cleaned in a piranha
solution (H,SO4: 30 wt% H,0, aq. = 3:1 v/v) for 15 min
at 45 °C. Then, the substrate surface was modified by
dipping it in an octyltrimethylsilane solution (10 mmol/L in
anhydrous hexane) for 10 min, followed by washing thrice
with chloroform under N, atmosphere.

The conductivity measurement was carried out by a four-
probe method in vacuum below 10~ Torr from 300 K to
20 K using a combined system of a source/measure unit
Keithley model 236 source measure unit (SMU) (Keithley
Instruments, Inc.) for applying the current between the two
outer electrodes and detecting the voltages of the two inner
electrodes in a cryostat CRT-006 (Iwatani Industrial Gases
Co., Ltd.). On the other hand, the FET measurement was
carried out by a four-probe method in vacuum below 107>
Torr at room temperature using a combined system of the
cryostat CRT-006, the Keithley model 236 SMU for measuring
the source-drain characteristics, and a Keithley 2400 digital
sourcemeter (Keithley Instruments, Inc.) for applying the gate
field.

III. RESULTS AND DISCUSSION

A. Nanofiber formation and structure characterization

The dissolution of P3HT in solvent mixtures pro-
duced a transparent orange solution at high temperatures
(>70°C). During cooling, solutions at the solvent ratio,
anisole/chloroform, of 10:0, 8:2, and 5:5 v/v showed an
obvious color change to purple, and accompanying this color
change, two shoulders at about 550 and 600 nm appeared
in addition to the main peak at 470-500 nm in the UV-
visible absorption spectra. The solution at the solvent ratio,
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FIG. 1. SFM topographic images of nanofibers of f = (a) 1.0,
(b) 0.8, (c) 0.5, and (d) 0.3.

anisole/chloroform, of 3:7 v/v did not show any color change
during cooling, but after two weeks at room temperature, the
color changed to reddish brown and two shoulders at about 550
and 600 nm appeared in the UV-visible absorption spectrum.
Furthermore, one-dimensional nanofibrillar structures were
observed by SFM observation on the SiO,/Si substrate, where
each of the solutions showing color change was spin-coated.
Figure 1 shows SFM topographic images in the scale of 5 x
5 pum. These images showed that the same structure to the
whisker-type nanofiber previously reported®® was crystallized
in solution. In contrast, the solution at the solvent ratio,
anisole/chloroform, of 2:8 v/v did not change color and no
nanofibrillar structure was observed by SFM observation after
a few weeks at room temperature.

Table I shows the average height /2 and standard deviation
o of nanofibers of f = 1.0-0.3, where each of them was
estimated from arbitrary 100 nanofibers observed in SFM
topographic images. o was estimated from the height his-
togram of each nanofiber, as shown in Fig. 2, fitted by
a Gaussian function. h increased from 2 to 6 nm with
f, and hence, the thin nanofiber was obtained under the
good-solvent-rich condition. Nanofibers of f = 0.8-0.3 had

TABLEI. Average height 4 and standard deviation ¢ of nanofiber
with f estimated by SFM observation.

f h (nm) o

1.0 6.00 4.14
0.8 4.89 1.15
0.5 3.97 1.37
0.3 2.10 1.54
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FIG. 2. Height histograms of nanofiber of f = (a) 1.0, (b) 0.8,
(c) 0.5, and (d) 0.3 fitted by Gaussian function.

comparably uniform height, while nanofibers of f = 1.0had a
large standard deviation, which indicated the inhomogeneous
morphology owing to the fast formation rate of the nanofibers.

From TEM analysis, the width d of the nanofiber, which was
difficult to estimate from SFM images because of the tip locus
effect, was estimated to be 15 nm. Taking into account both
SFM and TEM results, the nanofiber had a rectangular shape
with a high aspect ratio and oblong cross section, as suggested
previously.>>3” According to this model, a P3HT nanofiber
consisted of folded or extended polymer backbones stacked
along the nanofiber longitudinal axis and of laminated layers
of the polymer backbones separated by hexyl side chains. A
schematic illustration of a nanofiber structure model is shown
in Fig. 3.

FIG. 3. Schematic diagram of the structure model of nanofiber.
The lamellae of polymer chains in the ac plane are stacking to the
b axis, which corresponds to the longitudinal axis of nanofibers, by
-7 interaction.
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FIG. 4. (a) X-ray diffraction of nanofibers with changing f.
(b) X-ray diffraction of nanofiber of f = 0.3 fitted by the sum of
Lorentzians corresponding to each peak component: x-ray diffraction
data (open circles), fitting curve (solid line), peak component (dotted
line). The baseline and broad peak at 20 &~ 20° used in a fitting
function are not shown for simplicity.

The nanofibers were analyzed by x-ray diffraction to
investigate the internal structure, as shown in Fig. 4(a). Two
main peaks and a few small peaks were confirmed in each
sample, suggesting that the nanofiber consisted of a crystalline
structure. The peak angle 26, possible index, and interlayer
distance d are summarized in Table II. The peak angles of
both peaks were nearly independent of f, and hence the
fundamental crystal structure did not change with the solvent
condition during nanofiber formation. The peak at 26 ~ 5.3°
indicated the periodic structure of the a axis (the height
direction) in Fig. 3, since the corresponding interlayer distance
of the (100) diffraction, djgo &~ 17 A, has almost the same
value as the sum of twice the molecular length of the hexyl
chains on all-trans conformation tilted and the width of a
polythiophene backbone. The higher-order peaks of (200),
(300), and (400) were confirmed in the diffraction of the
nanofiber, f = 0.5 and 0.3; in contrast, only the peaks of
(200) and (300) were recognized as higher-order peaks in the
diffraction of the nanofiber, f = 1.0 and 0.8. This tendency
indicated that the crystalline orders of the nanofiber, f = 0.5
and 0.3, that is, the fibers crystallized under good-solvent-rich
condition, were higher than those of the nanofiber, f = 1.0
and 0.8.

On the other hand, the peak at 26 & 23° indicated the
periodic structure of the b axis (the longitudinal direction)
in Fig. 3, since the corresponding interlayer distance of the
(020) diffraction, dox =~ 3.8 A, has almost the same value as
the stacking of the polymer chain by 7-7 interaction between
the polymer backbones.

The diffraction data was fitted by the sum of Lorentzians
corresponding to each peak component as shown in Fig. 4(b),
which was the case of f = 0.3 as an example, and the FWHM
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TABLE II. Peak angle 26, possible index, and interlayer distance
d of the nanofiber with f estimated by x-ray diffraction.

f 26 (deg) Index d (A)
1.0 531 (100) 16.6
10.40 (200) 8.51
16.31 (300) 5.44
2331 (020) 3.82
0.8 5.33 (100) 16.6
10.28 (200) 8.61
15.82 (300) 5.60
22.98 (020) 3.87
0.5 5.39 (100) 16.4
10.51 (200) 8.42
16.49 (300) 5.38
21.40 (400) 4.15
23.24 (020) 3.83
0.3 5.44 (100) 16.2
10.30 (200) 8.59
16.62 (300) 5.33
21.20 (400) 4.19
23.21 (020) 3.83

A6 and the standard deviation o were estimated. The baseline
and broad peak at 20 =~ 20° used in a fitting function were
not shown in Fig. 4(b) for simplicity. A6, o, and the coherent
length & estimated using the Scherrer equation are shown in
Table III. The coherent length &jy of the b axis decreased
clearly from 59.3 to 39.8 A with f. Since the coherent length
is strongly related with the size of the crystal grain in the
nanofiber, the result indicates that the crystallinity along the
b axis, the longitudinal axis of the nanofiber, decreases with
f, that is, the good-solvent-rich condition. In addition, the
coherent length of a single-crystalline order is expected to
affect the carrier transport property along the nanofiber.

The solubility of P3HT is dependent on the hexyl side
chain, while the crystallization is due to the -7 interaction
of the polythiophene main chain. Therefore, the nanofiber
formation occurs because of the competition between the
dissolubility of the alkyl side chain and the -7 interaction
of the polythiophene main chain. With decreasing temperature,
the dissolubility of hexyl side chains decreased and it promoted
the - stacking, and polymers turned out to form nanofibers.
Since the value of the Hildebrand solubility parameter (SP)
§ of anisole, chloroform, and P3HT were 9.5, 9.2, and 9.1
cal'/? cm=%/2 (Ref. 57), respectively, no nanofiber appeared
at room temperature when the SP value of solvent §, was
under ca. 9.27 (f = 0.2) calculated from the proportional

TABLE III. The FWHM A#, the standard deviation o, and the
coherent length £ estimated by Scherrer equation corresponding to
the peak (020) of nanofiber with f.

f Af (deg) o £ A
1.0 2.04 0.07 39.8
0.8 2.12 0.23 38.3
0.5 1.67 0.08 48.6
0.3 1.37 0.06 59.3
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FIG. 5. (a) SFM topographic image of nanofibers of f = 0.3 on
electrodes with gaps of 200 nm. (b) -V profiles of nanofibers of
f = 0.3 with varying temperature from 301 K to 140 K.

distribution of each molar fraction. Nanofibers appeared at 84
of more than 9.30 (f > 0.3) at room temperature, and then
with 8,0 approaching 9.5, the acceleration of the fiber growth
rate led to an amorphous aggregation and crystal defects, which
were observed as the decrease in the coherent length and the
increase in the nanofiber height.

B. Conductivity estimation of an isolated nanofiber

I-V characteristics of the nanofiber without doping at var-
ious temperatures were measured by the four-probe method.
Figure 5(a) shows the SFM topographic image of the nanofiber
of f = 0.3, positioned across the fine electrodes with the gap
of 200 nm, and Fig. 5(b) shows the I-V profiles of the nanofiber
of f = 0.3 with varying temperature from 301 K to 140 K.
In this temperature region, profiles could be explained on the
basis of Ohmic behavior.

Conductivity o is estimated as

G-l
“n-S

where G is the conductance, n is the number of nanofibers
bridged between four electrodes counted from SFM images, S
is the section area of nanofiber estimated from SFM and TEM
images, and / is the length between electrodes of 200 nm. The
conductivities of the nanofiber of f = 1.0, 0.8, 0.5 and 0.3
were estimated to be 9.2 x 1079, 3.2 x 107*,4.7 x 10~*, and
4.3 x 10~* S/cm, respectively, at room temperature.

With decreasing temperature, the conductivity markedly
decreased; that is, semiconducting-type behavior was ob-
served. Figure 6 shows the Arrhenius plots of the conductivity
of the nanofiber of f = 1.0, 0.8, 0.5, and 0.3. The plots gave
an approximately linear relationship in the temperature region
above 140 K, and hence, it was found that the carrier transport
in nanofibers had the thermal activation property as follows:

AE
o = ooexp <_ﬁ> , 3)
B

o

@

where AE is the activation energy of carrier transport. By
fitting the experimental data with Eq. (3) (the solid lines in
Fig. 6), the activation energy of nanofibers was estimated, as
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FIG. 6. Arrhenius plots of the conductance of nanofibers, f =
1.0, 0.8, 0.5, and 0.3, where solid lines show the fitting plot with a
linear relationship.

shown in Table IV. Since the activation energy decreased with
f, the smaller barrier with carrier transport in nanofibers was
realized in the nanofiber crystallized under good-solvent-rich
condition, and the result seems to be consistent with the
structural characterization by XRD analysis. Although the
activation energy estimated from the conductance may include
both that of the carrier excitation and that of the hopping on
carrier transport, the result that the activation energy strongly
depends on f indicated that the former is not dominant.

C. Carrier mobility estimation of an isolated nanofiber
by FET measurement

1. Thin-film state of entangled nanofibers

The FET property of nanofibers was measured by the
four-probe method (200-nm gap) using the bottom gate
configuration in the thin-film state of entangled nanofibers at
room temperature. In this measurement, nanofibers covered the
electrodes uniformly at a high density, and the channel length
and width were assumed to be the gap between electrodes and
the effective width of electrodes, respectively. Figure 7 shows
the transfer characteristics of nanofibers, f = 1.0, 0.8, 0.5 and
0.3, atfixed Vsp = —5V, which was the value within the region
where the Isp-Vsp curves obeyed a linear relationship (Ohmic
law) on the output characteristics, while sufficient saturation
was not observed at the measured region of Vsp, which was
limited by avoiding the exfoliation of electrodes. The typical
p-type property was observed, for example, in the case of
f = 0.3; the remarkable amplification of Isp with respect to
negative gate voltage Vg led to the Isp ~ 0.1 uA at the Vg
of —40 V. The Isp increased linearly in the low negative Vg
region below about —25 V and then tended to saturate above
—40 V.

Table V summarizes the parameters estimated from these
characteristics: field-effect mobility wu, threshold voltage Vi,

TABLE IV. Thermal activation energy AE of nanofibers with f
estimated from temperature dependence of conductivity.

f AE (meV) f AE (meV)
1.0 231 0.5 173
0.8 182 0.3 160
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FIG. 7. Transfer characteristics of nanofibers of f = (a) 1.0,
(b) 0.8, (¢) 0.5, and (d) 0.3 at room temperature (Vsp = —5 V), where
solid lines show the fitting characteristic with a linear relationship.

and on-off ratio I,,/I,s. The field-effect mobility p was esti-
mated from the linear regime using the following relationship:

w
Isp = ZI’LCOXVSD(VG — Vi), 4

where L (=200 nm) is the spacing of electrodes, W (=5 m)
is the effective width of electrodes, and C, is the oxide
capacitance per unit area of the SiO, insulating layer (thick-
ness, 255 nm), estimated to be 13.8 nF/cmZ. Here, since
nanofibers fully covered the surface between electrodes from
the SFM observation, we used the width of electrodes as the
channel width without considering the surface coverage of
nanofibers.

Since the field-effect mobility increased with f as shown
in Table V, the larger carrier mobility in nanofibers was
realized in the nanofiber crystallized under good-solvent-rich
condition, and the result also seems to be consistent with
the structural characterization by XRD analysis. Namely, the
larger the structural coherent length of the nanofiber, the larger
the mobility it shows.

TABLE V. Field-effect mobility u, threshold voltage Vi, and
on-off ratiol,, /I of nanofiber with f estimated from the transfer
characteristics.

f 1 (sz V_l S_l) ‘/lh (V) Ion/loff

1.0 1.0 x 1072 —17.0 1.4 x 10°
0.8 2.0 x 1072 4.4 3.9 x 10°
0.5 2.8 x 1072 —8.3 1.1 x 103
0.3 3.3x 1072 —10.5 2.4 x 10°
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The field-effect mobility p obtained in this study was of
the same order as that reported previously in the case of the
P3HT nanofiber, namely, 1.0 x 1072-6.0 x 1072cm2 V1!
(Refs. 35, 37-44, 46-48). In comparison with that of the thin
film of P3HT, typically 5.0 x 1073-3.0 x 1072 cm? V~! 57!
(Refs. 58-62), the nanofiber tends to have a larger mobility
than the thin film. Since the nanofiber formation process,
that is, the whisker formation process, generally excludes
impurities or amorphous regions and achieves a well-organized
microstructure, a higher mobility of the nanofiber is accept-
able. However, in the film state of entangled nanofibers,
both ends of nanofibers do not always come into contact
with electrodes, and there are fibers getting caught with
the electrode at one end and another nanofiber at the other
end. Therefore, the effect of the interfibrillar carrier transport
cannot be eliminated from the electric properties; hence, the
field-effect mobility should be decreased. Thus, we measured
the FET of an isolated nanofiber.

2. Isolated nanofiber

The FET property of a completely isolated nanofiber was
measured by the four-probe method (200-nm gap) using
a bottom gate configuration at room temperature. In this
measurement, we put a few nanofibers on electrodes. Figure 8
shows the SFM topographic images of nanofibers, f = 1.0,
0.8, 0.5, and 0.3, on electrodes, where the schematic images
of nanofibers on electrodes are inserted at the upper right of
the SFM images, and Fig. 9 shows the transfer characteristics
of the nanofibers, f = 1.0, 0.8, 0.5, and 0.3, at fixed Vsp =
—5 V, which was the value within the region where the
Isp-Vsp curves obeyed a linear relationship (Ohmic law) on
the output characteristics. The remarkable amplification of Igp
with respect to the negative gate voltage Vs was observed in
every case; for example, f = 1.0 led to the Isp ~ 1.6 nA at
the Vg of —40 V, while sufficient saturation was not observed
at the measured region of V.

From SFM topographic images, the numbers of nanofibers
bridged across all four electrodes ny4 of f = 1.0, 0.8, 0.5,
and 0.3 were 1, 1, 3, and 4, respectively, which were used
for the estimation of the channel width, while there were
nanofibers that bridged only two center electrodes for voltage
sensing (the electrode indexes 2 and 3 in Fig. 8), and if these
nanofibers contributed to the carrier transport, the channel
width should be estimated from the numbers of nanofibers
that bridged two electrodes for sensing, n,3, of f = 1.0, 0.8,
0.5, and 0.3, which were 2, 1, 4, and 6, respectively. Which
one should be used depended on the contributions of two
dominant factors for the carrier transport: the carrier injection
from metal to the nanofiber and the carrier transport in the
nanofiber. In FET measurement, the former is included in the
contact resistance and the latter corresponds to the intrinsic
resistance of the nanofiber. Since in this study we adopted
the four-probe method, the contact resistance between the
electrodes and the nanofibers bridged across all four electrodes
was neglected to the some extent, but that on the nanofibers
that bridged two center electrodes was considered. As a result,
the relation between the effective mobility estimated from the
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FIG. 8. SFM topographic images of nanofibers of f = (a) 1.0,
(b) 0.8, (¢) 0.5, and (d) 0.3 on electrodes. The numbers of nanofibers
of f =1.0,0.8, 0.5, and 0.3 bridged across four electrodes were 1,
1, 3, and 4, respectively.

transfer characteristics in the linear regime ©* and the intrinsic
mobility of the isolated nanofiber 11 was expressed as®

niaw

w
M’*ICOX(VG - Vth) =M COX(VG - Vth)

-1 -1
+ { [MMCOX(VG - Vth)i| + 2Rc} . )

Here R, is the contact resistance of the carrier pass from a
nanofiber through electrodes to another nanofiber, and w =
15 nm is the width of a nanofiber. Furthermore, we assumed
that Vi, was independent of respective nanofibers.

At first, in the case that the contact resistance is sufficiently
large (Case 1),

{2z — nn)wCox(Vg — Vin)/L} ™' < Re, Eq. (5) is ap-
proximately written as

% w 1 nigw
Iz ZCOX(VG - V) = /LMTCOX(VG = V). ()

Since a large potential energy is needed to inject carriers to the
nanofiber, nanofibers that bridged only two center electrodes
for voltage sensing do not serve us the carrier path, and
hence, we estimated the field-effect mobility u}, in an isolated
nanofiber, as shown in Table VI.

Next, considering the case that the contact
resistance  is  sufficiently  negligible (Case  2),
{2 = mwCo(Vo = V)/L} ' < R, Eq. (5) s

approximately written as

*W 1 Nazw
Jz fCox(VG — V) = M23TCOX(VG =V (D
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FIG. 9. Transfer characteristics of a few nanofibers, f = (a) 1.0,
(b)0.8,(c) 0.5, and (d) 0.3, at room temperature (Vsp = —5 V), where
solid lines show the fitting characteristic with a linear relationship.

Since the carrier injection from electrodes to nanofibers occurs
without any potential energy, nanofibers that bridged only
two center electrodes for voltage sensing also carry current,
and an effective channel width is enlarged; hence, the field-
effect mobility w; was estimated and shown in Table VI.
Consequently, the intrinsic field-effect mobility of an isolated
nanofiber should be in the range from b, to u},.

In addition, for example, in the case of f = 0.3, there were
nanofibers that bridged aslant electrodes and these nanofibers,
which had a larger effective resistance, carried smaller current
than those that bridged perpendicularly. Thus, an effective
channel length can be larger than L and then the mobility
tended to be underestimated. Thus, as a maximum value, the
field-effect mobility ul, considering the channel length /; of
each nanofiber in Case 1 was estimated and shown in Table VI
using the following relation:

nig

w w
WL CoVo = Vi) = 3 -1 Cox(Vo = V). (8)
i=1 "

To confirm the reproducibility, we checked the mobility in
the case of f = 0.3 while varying the number of nanofibers
on the electrodes. In the case of nj4 =7, n)3 =9, ull 4 and
by were estimated to be 4.8 x 1072 ¢cm? V= s7! and 3.7 x
1072 cm? V~! s7!, respectively, and the values were quite
similar to those of f = 0.3 in Table VI. From the result, it was
found that the nanofiber formed under the same conditions
had similar mobilities as determined by the local property
measurement.

The mobility of the isolated nanofiber tended to be higher
than that of the film, except for the nanofiber of f = 1.0, even
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TABLE VI. Various parameters of FET consisting of a few nanofibers and the mobility of an isolated nanofiber with f estimated from the
transfer characteristics. 714 and 13 are numbers of nanofibers that bridge all electrodes and center electrodes for sensing. u!,, ub;, and ul,
are field-effect mobilities in Case 1, Case 2, and Case 1 considering the channel length of each nanofiber, respectively. Vy, and 1,/ I are the

threshold voltage and on-off ratio, respectively.

f nig na3 /’LIM (sz Vﬁl sil) /’LIN (Cm2 V71 Sil) M1114 (sz V71 Sil) Vlh (V) I()n/I()ff

1.0 1 2 1.3 x 1072 6.5x 1073 1.5 x 1072 —-16.4 1.8 x 103
0.8 1 1 2.4 %1072 2.4 %1072 2.4 %1072 —16.3 2.1 x 103
0.5 3 4 4.0 x 1072 3.0 x 1072 5.4 %1072 —16.2 1.7 x 103
0.3 4 6 5.6 x 1072 3.8 x 1072 6.1 x 1072 —16.1 1.8 x 10°

if on the minimum value M123- The result is acceptable since an
isolated nanofiber does not have a crosstalk pathway, which
makes the mobility decrease, and therefore, in the nanofiber
of f = 1.0, which has many defects in the crystal structure,
the advantage of the isolation can be lost. In addition, it was
one of the reasons the effective channel width of the film state
was overestimated, because the channel width was used as the
width of the electrodes W, which was not necessarily effective
all over the width of the electrodes with some parts not in
contact with nanofibers.

3. Relation between coherent length and field-effect mobility

In the case of both the film state and the isolated state, the
field-effect mobility of the nanofiber decreased with f, and,
hence, carrier transport with high mobility was realized in the
nanofiber crystallized under good-solvent-rich condition. This
result was consistent with the structural characterization by
XRD analysis; that is, it was indicated that a higher mobility
was derived from the longer structural coherent length.
Although the structural coherent length is not necessarily
equivalent to the electronic coherent length, both lengths
should be closely related because they are ascribed to the length
strongly affected by the crystal structure in the nanofiber.

Here, we regard the nanofiber as a one-dimensional array
of electronically coherent regions corresponding to the crystal
regions with the carrier mobility o and incoherent defects
such as crystal defects or amorphous structures with the
mobility u; = poexp(—®/kgT). The length of the coherent
region and the thickness of defects are defined as [y and d,

._.

)

S
|

B
(=}
|

1/ “123 (cm'zVs)
oo
(=]
|

0H ] ] | ]
0 50 100 150 200

(1/E) exp(AE/ k,T) (A

FIG. 10. 1/u}, plotted against (1/&)exp(AE/kgT) to confirm
the model of the average mobility, where solid lines show the fitting
one with linear relationship.

respectively. The average mobility of carrier conduction fi can
be written as

_ lo/motdo/mi 1 {1+d0
(lo + do) Ho

o exp(®/ kg T)} e

Ti| -

because this array can be regarded as the series of resistances
proportional to ly//o and dy/p;. In addition, the nanofiber
has fundamentally the whisker structure, and the incoherent
defect is assumed to be a kind of dislocation rather than the
amorphous region, where the size of defect dy is independent
of f and not so large, [y > dy. We assume that ¢ corresponds
to the activation energy AE derived from the temperature
dependence of the conductivity. AE includes the contribution
of both the carrier hopping and the carrier activation, but since
the conducting polymer is in the saturation region of impurity
semiconductor by residual dopants rather than the intrinsic
region, the assumption is not so irrelevant. Furthermore, since
lp should be related with the structural coherent length &,
we assume that they have a linear relation, that is, /[y = «£.
Figure 10 shows l/ug3 plotted against (1/&)exp(AE/kgT),
and the characteristics obeyed the linear relation, which is
consistent with Eq. (9). This result that the mobility data was
explained properly using this model indicates that the struc-
tural coherence is linearly related with the electrical coherence,
which determine the carrier mobility. In addition, on /,LII 4> DO
linear relationship according to Eq. (9) was obtained. From
Fig. 10, we can obtain the p of 1}, as a y intercept to be 4.7 x
1072 cm?> V~! s7! by fitting with the linear function. s
corresponds to the highest mobility, which is the value
obtained after removing completely the incoherent defect
from the nanofiber. This mobility is not the highest but a
sufficiently higher level than that reported previously in the
case of rr-P3HT nanofiber.3>37#4+46-4% Hence, the control
of the nanofiber structure, particularly crystallininty, is an
indispensable factor for obtaining high mobility. Finally, in this
nanofiber structure, the carrier conduction is attributable to not
the intramolecular conduction in the 7 -conjugation system but
almost to the intermolecular conduction of -7 stacking. By
theoretical calculation, Lan et al. have reported that this inter-
chain hole mobility in the P3AT nanofiber was approximately
1072 ¢cm? V~! s~ which was two orders of magnitude
smaller than that of the intrachain mobility.** The realization
of the highest mobility much for silicon may need a nanofiber
with another structural design using the intramolecular carrier
conduction instead of the intermolecular one.
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IV. SUMMARY

We have investigated the relationship between the structural
coherence, which was studied by XRD measurement, and the
carrier transport, which was obtained by conductivity and FET
measurements of an isolated nanofiber while changing the
condition of the nanofiber formation. As a result, the nanofiber
formed under the good-solvent-rich condition showed a high
mobility of from 3.8 x 1072 to 5.6 x 1072 cm? V! 57!,
and the carrier mobility had a strong relationship with the
structural coherent length. The model of the nanofiber as
a one-dimensional array of electronically coherent regions
and incoherent defects can explain the data properly, and the
mobility of the nanofiber with the incoherent defect completely

PHYSICAL REVIEW B 83, 115314 (2011)

removed was expected to be 4.7 x 1072 cm? V™! s7! at

a moderate estimation. Since the nanofiber used the m-7w
stacking as a carrier path, the realization of the highest mobility
for silicon may require the intramolecular 7 conjugation using
another structural design.
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