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  1.     Introduction 

 Conjugated polymer-based organic fi eld-effect transistors 
(OFETs) have received considerable attention because of their 
low-cost, light weight, and fl exibility. [ 1,2 ]  Among this class of 
polymer, poly(3-alkylthiophene) (P3AT), especially poly(3-
hexylthiophene) (P3HT), has been intensively investigated. 
P3HT is a solution-processable conjugated polymer with a high 
hole mobility up to 0.1–0.3 cm 2  V −1  s −1 . [ 3–5 ]  The fundamental 
understanding of the charge transport in P3HT remains a chal-
lenge because of its complex molecular organization. Previous 
reports have shown that the intermolecular π−π stacking of 
the conjugated rings that allows holes to hop between polymer 
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chains is the main transport mechanism 
in P3HT thin fi lms where P3HT chains 
preferentially adopt an edge-on orienta-
tion with π−π stacking parallel to the sub-
strate. [ 3,6 ]  Thus, many efforts have been 
made to improve the π−π stacking of 
P3HT in order to obtain a high charge car-
rier mobility in OFETs. [ 7–11 ]  

 Nevertheless, recent studies provided 
another concept, that is, main-chain 
charge transport plays a more important 
role in the electrical properties of polymer 
semiconductors. [ 12–16 ]  Theoretical analyses 
from quantum mechanics and molecular 
dynamics simulations have shown that the 
charge mobility along backbone is signifi -
cantly higher than that along π−π stacking 
by 2–3 orders. Therefore, manipulating 
the orientation of polymer chains along 
channels should be a more effi cient way 
to improve the charge carrier mobility in 

OFETs. [ 17 ]  Various approaches, including friction-transfer, [ 13,16 ]  
fi lm-straining, [ 14,15,18 ]  fl ow-coating, [ 12 ]  and solution shearing, [ 19 ]  
have been used to obtain an active layer with in-plane aligned 
polymer backbones. For the above alignment methods, how-
ever, the chain-directing is restricted by already-solidifi ed fi lms 
or strength insuffi ciency, and thus only a limited mobility 
enhancement, ≈1 order of magnitude, can be achieved. [ 13–15 ]  
To further improve the electrical performance, a stronger stress 
is required to effectively stretch and align polymer chains, and 
the highly extended, oriented states should be frozen before a 
large-scaled relaxation occurs. 

 Electrospinning has recently emerged as an alternative 
method of preparing nanometer-scaled polymer fi bers for 
electronic device applications. [ 20–24 ]  A similar process termed 
electrohydrodynamic printing technique has been devel-
oped to print large-area arrays of well-aligned nanofi bers and 
to fabricate nano-channel transistors with high charge car-
rier mobility. [ 25,26 ]  In this work, instead of aligning fi bers, we 
take advantage of electrospinning technique to align polymer 
chains in fi bers. A typical electrospinning process involves two 
primary stages: (1) a straight liquid jet ejected from the spin-
neret as the electrostatic force overcomes the surface tension, 
and (2) bending (whipping) instability of the jet caused by 
repulsive Coulomb force of the surface charges on the jet. [ 27–29 ]  
The magnitude of the strain rate during electrospinning is on 
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the order of 10 4  s −1 . [ 30 ]  Such a strong elongation force tends 
to orient polymer chains along the stretching direction and 
induces anisotropic properties of fi bers. [ 31–33 ]  To further fortify 
the stretching effect, an external electric fi eld, also called sec-
ondary electric fi eld, provided by a charged ring in the pathway 
of liquid jet has been introduced into the typical electrospin-
ning setup. [ 27,34 ]  With the introduction of a secondary electric 
fi eld, bending instability was shown to be dampened and the 
simulations demonstrated that the electric fi eld can converge 
on the centerline above the collector to accelerate the solution 
jet and intensify the stretching force. [ 27 ]  

 In this study, we used the secondary electric fi eld to 
strengthen the extensional force in P3HT-PMMA core-shell 
electrospinning process for stretching and aligning P3HT 
chains. The effects of the secondary electric fi eld on the mor-
phology and charge carrier mobility of P3HT nanofi bers were 
investigated. Our experimental results indicate that by simply 
applying such an extra electric fi eld, the P3HT chains are highly 
extended along the fi ber axis, which in turn promotes the one-
dimensional charge transport through P3HT main chains and 
leads to a signifi cant improvement on the performance of 
P3HT nanofi ber-based OFETs.  

  2.     Results and Discussion 

  2.1.     Electrospinning Process and Size of Electrospun Nanofi bers 

 The electrospinning setup used in this study is shown in 
 Figure    1  a. An extra 8-cm diameter stainless steel ring connected 
to the power supply is placed 2 cm below the spinneret and cre-
ates the secondary electric fi eld in the pathway of the liquid jet. 
The power supply provides the same voltage for the spinneret 
and the ring. Figure  1 b,c is the CCD images of the jets from 
P3HT-PMMA coaxial electrospinning systems without and with 
the secondary electric fi eld, respectively. The conductive ring 
is indicated by the dashed arrow in Figure  1 c. In both cases, a 
straight liquid jet is ejected from the spinneret and then bended. 

The difference is that the straight liquid jet is elongated from 
3 to 5 cm with the presence of the secondary electric fi eld, which 
is determined from the onset point of bending instability indi-
cated by the solid arrows. In addition, the diameter of the area 
covered by fi ber mat on the collector shrinks from 6.5 to 3.5 cm 
due to the dampening of the bending instability, as displayed in 
Figure  1 d,e. The above observation demonstrates that the sec-
ondary electric fi eld can prolong the liquid jet and strengthen 
the extensional force during electrospinning process.  

 The insertion of a secondary electric fi eld not only prolongs 
liquid jets but also changes the diameter of electrospun fi bers. 
 Figure    2   shows the FE-SEM images of the as-spun P3HT-
PMMA core-shell fi bers. The average diameters of the fi bers 
without and with the secondary electric fi eld are 2.11 and 
1.39 µm, respectively. After removing PMMA by solvent 
etching, P3HT nanofi bers without and with secondary electric 
fi eld, denoted as PHTNF and PHTNF(II), respectively, are 414 
and 144 nm in diameter, as shown in the insets of Figure  2 a,b. 
The reduction in fi ber diameter is due to a more elongated, 
thinner liquid jet caused by the secondary electric fi eld. [ 27,35 ]  
In addition to the fi ber size, this strong extensional force also 
greatly alters the conformation and orientation of P3HT chains 
in fi bers and thus results in distinct thermal and electrical 
properties, as described below.   

  2.2.     Thermal Behaviors of Nanofi bers 

 Differential scanning calorimeter (DSC) was used to analyze 
the effect of electrospinning on the thermal properties of P3HT 
electrospun nanofi bers. The representative DSC thermogram 
of pristine bulk P3HT (Figure S1a, Supporting Information) 
shows an endothermic peak at 230 °C, which is the melting tem-
perature of the crystals formed by folded P3HT chains without 
special treatments. [ 36 ]   Figure    3   displays the DSC thermograms 
of P3HT electrospun fi bers at a heating rate of 5 °C min −1 . For 
PHTNF sample (without the secondary electric fi eld), an exo-
thermic signal at 213 °C ( T  c ) followed by an endothermic one 

   Figure 1.    a) Schematic of the coaxial electrospinning setup with the secondary electric fi eld, and the CCD images of the liquid jets and whipping 
ranges on the collectors for the setups without (b,d) and with (c,e) the secondary electric fi eld, respectively. The red dashed arrow in (c) indicates the 
stainless steel ring. 
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at 228 °C ( T  m1 ) was observed, indicating that the fast drying 
process during electrospinning froze a portion of crystalliz-
able P3HT chains in glassy states which then recrystallized 
and melted during subsequent heating. Another endothermic 

peak ( T  m2 ) was found at a higher temperature, ≈273 °C. It 
is well known that the melting point of polymer crystals 
increases with thickening of chain-folded crystal lamellae. [ 37 ]  
The higher melting point of PHTNF sample implies that the 
crystal lamellae are thicker than those of pristine P3HT. This 
is because the extensional force stretches chains during elec-
trospinning and causes a longer length between two folding 
points. Note that the total endothermic heat is larger than the 
total exothermic heat in the heating profi le, implying that some 
P3HT crystals are formed during electrospinning process.  

 For PHTNF(II) sample, a much more pronounced recrystal-
lization exothermic signal can be seen at 218 °C ( T  c1 ). Under 
the secondary electric fi eld, the liquid jet becomes thinner and 
the evaporation of solvent is even faster due to the higher sur-
face-to-volume ratio. In addition, the solvent in the inner part of 
the thinner jets can be completely dried in a shorter time. The 
crystallization of P3HT is therefore almost suppressed during 
electrospinning process and the kinetically frozen amorphous 
P3HT chains start to recrystallize after regaining mobility upon 
heating. Above  T  c1 , a rather complicated thermal behavior 
occurs, including an overlapping of the following transitions: 
the melting ( T  m1 ) of the crystals formed around  T  c1 , another 
recrystallization at ≈270 °C ( T  c2 ), and then another melting at 
a temperature as high as 303 °C ( T  m2 ). Surprisingly,  T  m2  is even 
higher than the equilibrium melting point of P3HT ≈300 °C 
estimated in previous studies. [ 38,39 ]  Note that the equilibrium 
melting point is defi ned as the melting point of crystals with 
infi nite dimension, which implies that the crystals melted at 
303 °C are formed by nearly fully extended P3HT chains. Fur-
thermore, since the total heats of recrystallization and melting 
are approximately equal, the nearly perfect crystals are sup-
posed to be formed upon heating, not during electrospinning 
process. We speculate that the strong extensional force pro-
duced by the secondary electric fi eld fully stretches a signifi -
cant fraction of P3HT chains, which are then frozen in glassy 
state due to the extremely rapid drying process. On following 
heating, the well-stretched and aligned chains form the nearly 
perfect crystals. 

 To verify the kinetically frozen P3HT chains in as-spun 
fi bers, PHTNF(II) was isothermally crystallized at 218 °C for 
12 h, named as PHTNF(II)-T, and the subsequent heating curve 
at a rate of 5 °C min −1  was recorded, as shown in Figure S1b 
(Supporting Information). Only one endothermic peak was 
observed at 230 °C and it is the same as the melting point of 
pristine P3HT, suggesting that under isothermal crystalliza-
tion at 218 °C for a suffi cient time, the stretched P3HT chains 
originally frozen in PHTNF(II) are completely relaxed and 
folded into crystals with thickness similar to those unaffected 
by external forces. The disappearance of endothermic peak at 
303 °C for PHTNF(II)-T sample confi rms that the nearly per-
fect crystals of PHTNF(II) revealed in Figure  3  are formed in 
the heating process, presumably above 270 °C ( T  c2 ). When 
PHTNF(II) sample is heated at a rate of 5 °C min −1  (Figure  3 ), 
the less stretched chains recrystallize into folded lamellae 
around 218 °C ( T  c2 ), but the time frame is too short for the fully 
extended chains to form crystals. The nearly perfect crystals 
can be formed above 270 °C in a short time scale because of 
the following two aspects: fi rst, polymers tend to form thicker 
lamellae at a higher crystallization temperature (i.e., a smaller 

   Figure 2.    FE-SEM images of as-spun P3HT-PMMA core-shell fi bers 
without a) and with b) the secondary electric fi eld. The insects show the 
corresponding nanofi bers, PHTNF, and PHTNF(II), respectively, after 
removing shell PMMA. 

   Figure 3.    DSC thermograms of PHTNF and PHTNF(II). 
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supercooling), and second, the already aligned chains require 
only a short-range diffusion to pack closely and this can be easily 
achieved at a high temperature. We will show later that the highly 
extended P3HT chains in as-spun PHTNF(II) samples are crucial 
in enhancing the charge carrier mobility along the fi bers.  

  2.3.     Chain Packing and Orientation in Naonfi bers 

 The molecular packing in P3HT nanofi bers was probed by 
transmission-mode wide angle X-ray scattering (WAXS) and 
two-dimensional grazing incidence X-ray scattering (2D GIXS). 
From the transmission-mode WAXS profi les shown in  Figure    4  , 
the prominent (100) and relatively weak (200) and (300) diffrac-
tion peaks originating from the stacking of hexyl side chains, 
and the (010) diffraction from the π–π stacking between thio-
phenes are seen for both PHTNF and PHTNF(II). However, 
the broader (010) peak and stronger amorphous halos for 
PHTNF(II) sample implies that the strong stretching force and 
rapid drying process prevent P3HT chains from a long-range 
order packing, consistent with the DSC results that the crystal-
lization is nearly suppressed under the secondary electric fi eld.  

 2D GIXS techniques measured across and along the fi bers 
were used to examine the orientation of P3HT packing in nano-
fi bers as shown in  Figure    5  . For PHTNF, the intensities of the 
(100) and (010) diffractions are both stronger in  q  z  direction 
(out-of-plane) when the incident beam is perpendicular to the 
fi ber axis (Figure  5 a). The stronger (100) diffraction in  q  z  direc-
tion suggests that P3HT chains prevalently adopt an “edge-on” 
arrangement with respect to the fi ber surface, similar to the 
preferential arrangement of P3HT in thin fi lms with respect 
to the substrate. [ 40–42 ]  The  c -axis of P3HT crystal lamellae, i.e., 
P3HT backbone axis, is approximately along the fi ber axis 
due to the stretching effect, which causes the (010) diffraction 
stronger in  q  z  direction. The structure of PHTNF is proposed 
in  Figure    6  a and this structure leads to the ring-like (100) and 
(010) diffraction patterns when the incident beam is parallel 
to the fi ber axis as shown in Figure  5 b. Note that in such a 

structure, the direction of π–π stacking is approximately per-
pendicular to the fi ber axis, and as shown by DSC data, P3HT 
chains are folded in crystal lamellae. In other words, neither 
π–π stacking route nor backbone route is effective for holes to 
move along the fi bers in this case.   

 After applying the secondary electric fi led, the (100) dif-
fraction of PHTNF(II) becomes more ring-like with the inci-
dent beam perpendicular to the fi ber axis (Figure  5 c), i.e., the 
stacking of hexyl side chains become more randomly oriented 
in fi bers. This can be attributed to the rapid drying process that 
inhibits P3HT chains from arranging in a regular “edge-on” 
manner which requires a suffi cient time for hexyl side chains 
to move to fi ber surface. The (010) diffraction of PHTNF(II) 
still dominates in the  q  z  direction, indicating that most P3HT 
main chains are along the fi ber axis. The diffraction pattern 
with the incident beam parallel to fi bers is shown in Figure  5 d 
and as expected, more uniform (100) and (010) diffractions 
along azimuthal angle can be seen. Combining DSC and GIXS 
data, P3HT chains in PHTNF(II) are suggested to be highly 
extended and aligned along the fi bers, as illustrated in Figure  6 b, 
which provides a low-resistant pathway for charge carriers. 
After thermal treatment at 218 °C for 12 h, PHTNF(II)-T dis-
plays sharp, uniform (100) and (010) diffraction rings in both 
perpendicular and parallel measurements (Figure  5 e,f), demon-
strating the originally stretched P3HT chains are relaxed and 
form randomly oriented crystallites.  

  2.4.     Electrical Properties of Naonofi ber-Based OFETs 

 The electrical characteristics of P3HT nanofi ber-based OFETs 
are shown in  Figure    7   and the parameters are summarized in 
 Table    1  . Figure  7 a,b shows typical transfer characteristics of 
aligned PHTNF and PHTNF(II) devices. Compared to PHTNF, 
the drain current ( I  DS ) of PHTNF(II) devices as a function of 
gate voltage ( V  GS ) are more stable. Figure  7 c presents the output 
properties of PHTNF(II) and the  I  DS  versus drain voltage ( V  DS ) 
curves show good fi eld-effect characteristics with well-defi ned 
linear and saturation regimes. The average fi eld-effect mobili-
ties (μ ave ) of PHTNF and PHTNF(II) are 1.54 × 10 −4  and 1.62 × 
10 −1  cm 2  V −1  s −1 , respectively. After applying the secondary 
electric fi eld, the mobility of electrospun P3HT nanofi bers is 
enhanced by more than 3 orders of magnitude. Recent reports 
have experimentally demonstrated that one-dimensional back-
bone delocalization is an effi cient way to deliver charge car-
riers [ 13,15,16 ]  and the simulation indicated that the theoretical 
value of the hole mobility along P3HT main chains is as high as 
1 cm 2  V −1  s −1 . [ 17 ]  We thus attribute the signifi cant improvement 
of charge carrier mobility in PHTNF(II) to the highly extended 
P3HT chains along fi bers under the strong extensional forces 
produced by the secondary electric fi eld, while the low mobility 
of PHTNF is due to the lack of effective transport routes, as 
evidenced by the DSC and GIXS analyses. The transfer char-
acteristics of PHTNF(II)-T device is compared with that of 
PHTNF(II) in Figure  7 d. After annealing at 218 °C for 12 h, 
although the crystallinity is signifi cantly increased, the ran-
domly oriented crystallites cause the charge carrier mobility to 
sharply decrease to 2.26 × 10 −5  cm 2  V −1  s −1 , even lower than that 
of PHTNF device. The results manifest the critical role of chain 

   Figure 4.    Transmission-mode WAXS profi les of nonwoven PHTNF and 
PHTNF(II). 
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orientation in the electrical properties of polymeric nanofi bers. 
Charge carriers can move effectively along highly extended and 
oriented chains even though the polymer is not crystallized.   

 In addition to P3HT, the electrospun nanofi bers of poly(3-
dodecylthiophene) (P3DDT) were produced in the same 
manner and were fabricated into OFETs. The electrical prop-
erties of P3DDT-beased devices without (PDDTNF) and with 
(PDDTNF(II)) the secondary electric fi eld are displayed in 
Figure S2 (Supporting Information). The fi eld-effect mobility of 
PDDTNF(II) is enhanced by a factor of 8.5 as shown in Table  1 , 

implying this method could be applied to other poly(3-alkylth-
iophene) fi bers. The less improvement of mobility for P3DDT 
compared to P3HT may be due to the longer side chains that 
hinder the main-chain stretching under extensional forces.   

  3.     Conclusions 

 We have shown that the introduction of a secondary elec-
tric fi eld in the pathway of liquid jets during electrospinning 

   Figure 5.    2D GIXS patterns of aligned a,b) PHTNF, c,d) PHTNF(II), and e,f) PHTNF(II)-T with incident beam perpendicular (a,c,e) and parallel (b,d,f) 
to the fi ber axis. 
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process can greatly enhance the electrical properties of P3HT 
and other poly(3-alkylthiophene) nanofi bers. The charge car-
rier mobility of P3HT electrospun nanofi bers is dramatically 
improved by more than 3 orders. This improvement is attrib-
uted to the strong extensional force provided by the secondary 
electric fi eld that causes polymer chains to extend and align 
along the jet. The frozen stretched chains along the fi bers 
then serve as a low-resistant route for charge carrier to trans-
port. This work highlights the effective transport of charge car-
riers through one-dimensional intrachain delocalization along 
polymer chains and provides a simple way to fabricate high-
performance OFETs.  

  4.     Experimental Section 
  Materials : P3HT (M w  ≈ 50 kg mol −1 , 90%–95% regioregular) and 

P3DDT (M w  ≈ 60 kg mol −1 , 98.5% regioregular) were used as received 
from Reike Metals Inc. PMMA (M w  ≈ 350 kg mol −1 ) was purchased 

from Sigma-Aldrich. Tetrabutylammonium perchlorate (TBAP, TCI) 
and Octadecyltrichlorosilane (ODTS, Sigma-Aldrich) were used 
as received without further purifi cation. Chloroform (anhydrous 
99.8%) and chlorobenzene (anhydrous 99.8%) were purchased from 
Sigma-Aldrich. 

  Electrospinning : A two-fl uid coaxial electrospinning technique 
with a secondary electric fi eld and modifi ed collector was used to 
produce aligned core-shell nanofi bers, as shown in Figure  1 a. [ 21,43 ]  Two 
syringes containing core and shell precursor solutions were used for 
producing the electrospun nanofi bers. P3AT dissolved in anhydrous 
chloroform (50 mg mL −1 ) overnight in a nitrogen-fi lled glovebox 
was used as the core solution. PMMA in anhydrous chlorobenzene 
(300 mg mL −1 ) was used as the shell solution which contain 10 wt% 
of TBAP to increase conductivity and stabilize the cone-jet. [ 44 ]  The core 
and shell solutions were fed into the coaxial capillaries by two syringe 
pumps (KD Scientifi c Model 100, USA). The feed rate of P3AT solution 
(core fl ow) was fi xed at 0.1 mL h −1  while the feed rates of PMMA 
solution (shell fl ow) was operated at 1.0 mL h −1 . The tip of the core 
needle was connected to a high-voltage power supply (Chargemaster 
CH30P SIMCO, USA). The spinning voltage was set at 8.1–10 kV. 
To create the secondary electric fi eld, a stainless steel ring of 8 cm 
diameter was placed 2 cm below the spinneret and connected to the 
power supply which provided the same voltage for the spinneret and 
the stainless steel ring. The collector made of electrically charged 
conductive aluminum disk (7 cm in diameter and 1.5 cm in height) 
with a rectangular hole (4 × 1 cm) was placed 13 cm below the tip of 
the needle (working distance) to collect the aligned nanofi bers, similar 
to our previous reports. [ 21,45 ]  To obtain uniform and aligned fi bers, the 
cone-jet was kept stable during electrospinning process, which was 
monitored by a CCD camera (Xli 3M USB2.0 CCD camera, USA) and 
macro video zoom lens (OPTEM MVZL, USA). All experiments were 
carried out under ambient environment. 

  OFET Device Fabrication : Highly aligned coaxial electrospun 
nanofi bers were transferred from the collector to silicon wafers with 
200 nm SiO 2  layer as gate dielectrics. To reduce the hydrophilicity 
of wafer surface and immobilize the nanofi bers during solvent 
extraction, the heavily n-type doped wafers were grafted with 
octadecyltrichlorosilane (ODTS) on the surface by the following 
procedure: the wafers were treated with ozone plasma for 5 min and 
then immersed into 10 × 10 −3   M  ODTS in anhydrous toluene for 2 h. 
Aligned core-shell electrospun nanofi bers on wafers were immersed 
in acetone to remove shell PMMA. The top-contact source and drain 
gold electrodes with a thickness of 100 nm were deposited through a 
regular shadow mask. The channel length ( L ) and width ( W ) were 25 
and 1500 µm, respectively. 

  Characterization : The images of fi eld-emission scanning electron 
microscope FE-SEM were taken on JEOL JSM-6330F at an accelerating 
voltage of 10 kV. DSC measurements were performed under nitrogen 
atmosphere at a heating rate of 5 °C min −1  by TA Instruments DSC-
Q100. Indium was employed for the temperature calibration. The 
molecular packing in P3HT electrospun nanofi bers was investigated 
by transmission-mode X-ray diffraction (XRD) and two-dimensional 
grazing incidence X-ray scattering (2-D GIXS) on beamline 17A1 of 
National Synchrotron Radiation Research Center, Taiwan. Output 
and transfer characteristics of nanofi ber-based OFET devices were 
measured using Keithley 4200 semiconductor parametric analyzer. 
The above electrical measurements were conducted in a nitrogen-fi lled 
glovebox. Threshold voltages ( V  TH ) of the devices were determined 
from a linear relationship between the square root of drain current 
 I  DS  1/2  versus gate voltage  V  GS  by extrapolating the measured data 
to  I  DS  = 0 A. In the saturation region, the modifi ed equation for the 
current,  I  DS  = μ( CL  −2) ( V  GS  –  V  TH ) 2 , was used to obtain the charge 
carrier mobility ( µ ). The modifi cation is due to the unconventional 
semiconducting cylinder over a planar dielectric layer. The capacitance 
per unit length ( CL  −1 ) with respect to the back gate is described by 
2 πεε  0 (ln(2 hr  −1 )) −1 , where  r  is the radius of the fi ber,  h  is the dielectric 
layer thickness (200 nm), and  ε  is the average dielectric constant 
(≈2.5) of dielectric layer.  

   Figure 6.    Schematic of the microstructure of a) PHTNF and b) PHTNF(II). 
The black lines represent polymer backbones and the red frames in 
(a) defi ne crystallites. 
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