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Aligned Polythiophene and its Blend Film by Direct-Writing

for Anisotropic Charge Transport

Guanghao Lu*, Jiayue Chen, Wentao Xu, Sijun Li and Xiaoniu Yang*

A combination of patterning and film alignment techniques helps to build
multi-order polymer architecture for application in flexible electronics. A
direct-writing method is employed using microcapillary arrays to prepare
semiconducting polymer films with both optical and electrical anisotropy. Not
only aligned poly(3-butylthiophene) (P3BT) nanowires in neat P3BT films, but

crystallization,"*"] and solvent vapor

treatment/controlled solvent evapora-
tion!'®17] have been employed to tune the
alignment of polythiophene and thus the
anisotropy properties.'#1°) However, so
far the combination of patterning tech-

also aligned P3BT nanowires within a polystyrene (PS) matrix are obtained,
which yields an aligned semiconductor/insulator polymer blend with aniso-
tropic charge transport. The field-effect transistor (FET) mobilities/threshold
voltages from both vertical and parallel to alignment directions as well as
their dependence on blending ratio are studied. The increased mobility of
P3BT/PS blends, as compared with neat P3BT, is observed in both vertical
and parallel directions. Using this alignment method, FET mobility and

niques and crystalline alignment still
does not meet the requirement of prac-
tical ~applications.  Direct-writing22!]
from solution is a newly developed tech-
nique, which has already demonstrated
a high output efficiency and fidelity. In
a typical direct-writing process, polymer
solution is extruded from a nozzle
and deposited onto a substrate. Here,

threshold voltage of the semiconductor/insulator polymer blends are compre- we report the hydrodynamic-assisted

hensively tuned, from which a digital inverter with gain up to 80 is realized.
Therefore, this work not only helps understanding the charge transport
mechanism in semiconducting/insulating polymer blends, but also provides
an effective approach towards high-performance field-effect transistors with

tunable mobility and threshold voltage.

1. Introduction

Conjugated-polymer thin films have attracted wide interest due
to their low-cost and solution processability. Patterning tech-
niques for these films, such as lithography and printing, play
an important role in the fabrication of polymer-based flexible
electronics.'™* A combination of patterning and film align-
ment techniques helps to build multi-order architectures. For
instance, the alignment of conjugated polymers has attracted
great attention, and epitaxy,”! micro-mold,®*! dip-coating/
zone casting, 1% rubbing, [ strain,!'¥! confinement-induced
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nematic alignment of poly(3-butylthio-
phene) (P3BT)2224 nanowires within a
capillary tube, from which we not only
prepare aligned P3BT nanowires in a
neat P3BT film, but also aligned P3BT
nanowires in a polystyrene (PS) matrix,
forming an aligned semiconductor/
insulator polymer blend. Actually, in
recent years semiconductor/insulator polymer blends?>-38l
are attracting more and more interests due to the high field-
effect-transistor (FET) performance, mechanical robustness
and low cost. FET performance based on these composites
with less than 10% semiconductor is comparable to or higher
than that of neat semiconductor. To the best of our knowledge,
the FET performance of aligned semiconductor/insulator
polymer blends has not yet been investigated. On the other
hand, several mechanisms were proposed to interpret the
high FET performance of semiconductor/insulator polymer
blends, which include 1) enrichment of semiconductor on
film top*”! or bottom surface;!?’#%! 2) enhanced crystallinity;*’!
3) zone-refinement;*!! 4) enhanced semiconductor/insulator
interface.*2*3] However, the role of insulating-matrix on the
transistor properties of semiconductor is still unclear and/or
in debate. In these composites, semiconductors are crystal-
line and these nanowire-like domains are connected with each
other to form a charge transport network.**l Here we studied
inter-domain and intra-domain charge transport by investi-
gating anisotropic field-effect transistor properties of aligned
P3BT nanowires within PS matrix, which helps understand
the charge transport in semiconductor/insulating-polymer
blends. The increased mobility of P3BT/PS blends, as com-
pared with neat P3BT, is observed in both vertical and parallel
directions.
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Figure 1. Scheme: Direct-writing by capillary array. Micrographs: optical microscopy image
(scale bar 1000 pm) (a) and TEM image (scale bar 200 nm) (b) of polymer stripes prepared by

direct writing. (c) A typical selected area electron diffraction.

2. Results and Discussion

In this section, we use P3BT to demonstrate how direct writing
induces nematic alignment, and the material was then inten-
sively investigated in terms of both optical anisotropy and elec-
trical anisotropy. Subsequently, direct writing was employed
to obtain aligned P3BT/PS blends, of which the field-effect
mobility and threshold voltage were found to be dependent on
the blending ratio and alignment directions. Finally, we use a
digital inverter prototype to demonstrate the application of our
aligned materials with comprehensively tunable mobility and
threshold voltage.

2.1. Aligned P3BT and Optical Anisotropy

P3BT was dissolved in o-dichlorobenzene (ODCB) at 80 °C.
After cooling to room temperature, P3BT chain gradually crys-
tallizes in solution. In Figure 1, we schematically show the
direct-writing process from P3BT solution, using a capillary
array. The optical microscopy (OM) (Figure 1a) image shows a
polymer stripe array prepared via direct writing. The transmis-
sion electron microscopy (TEM) image (Figure 1b) indicates
that the stripe is composed of P3BT nanowires (nanowire width
~ 20 nm),1?>*®] and the nematic alignment of P3BT nanowires
is parallel to the writing direction.

In order to quantitatively determine the angle distribu-
tion of P3BT nanowires in the polymer stripes, we recorded
cross-polarizer optical microscopy (CPOM) images and meas-
ured their brightness (upon integrating the gray scale of each
pixel of the image (330 pixels x 2340 pixels) in the stripe
area (Figure 2a) as a function of direction of cross-polarizers
(Figure 2b). Under our experimental conditions, the image
brightness is approximately proportional to the light intensity
received by the CCD camera. According to the principle of bire-
fringence, the intensity of light (I) propagated through a pair of
cross-polarizers (polarizer and analyzer) inserted by an optical
uniaxial crystal can be written as I o sin?20(1+cosA¢), where
0 is the angle between polarizer and electric field direction of
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elight in crystal, and A¢ is phase difference.
So the minimum and maximum of inten-
sity can be calculated as 6 = 180°n/2 and 6 =
(360°1+180°) /4, respectively.'] Correspond-
ingly, the light has a minimum intensity I at
0 =0° 90° 180°, 270°, and maximum inten-
sity at 6 = 45°, 135°, 225°, 315°. Figure 2b
clearly shows that the maximum and min-
imum brightnesses of the image obey this
rule.[*0]

However, the polymer stripe is not a single
crystal; it is actually composed of aligned
P3BT nanowires, of which the angles might
depart from the writing direction. We used
numerical simulations to calculate the angle
distribution of P3BT nanowires and so to
assess the nematic alighment. The angle
deviation of the crystalline domain is within
the range [-90°, 90°], and the angle distri-
bution of these crystalline domains can be
described by (1/0)exp[-(04)%/(20%)], where o the is standard
deviation. So the intensity of CPOM can be re-written as the
convolution of angle distribution of crystalline domains with
the composed light density passed through cross-polarizers:[*l

Ioci{g(9+Ot,-)(l/O')eXp[—Oci2 /(20%)]sin” 2(0 + cx;) 1)

i=1

where g(6+0o;) is a polarized absorption factor (obtained from
single-polarizer optical microscopy). A least squares criterion
was used to fit 0. From the fitting result we obtain the average
angle deviation <|a> = 12.8° (see Supporting Information), and
the angle distribution is given in Figure 2c.

Afterwards we calculated the 2-dimensional orientation
parameter f= 2 < cos?a > —1 (see Supporting Information) pro-
posed by Stein[*/48] as figure of merit of the polymer stripe.

According to Equation (1), ideally we have f= 0 for random
orientation and f =1 for perfect orientation. In this work, f=
0.85 was obtained from the simulated angle distribution, as
shown in Figure 2c, which is a relatively high value and implies
that the polymer film generated from direct writing is highly
aligned. Out-of-plane orientation of P3BT domains was evalu-
ated by grazing incidence angle X-ray diffraction (GIXRD)
measurements, which show that the pi—pi packing direction is
mostly within the substrate/film plane (Figure S1).

In order to illuminate the mechanism for these highly aligned
P3BT crystals within the stripes, one question certainly should
be answered, i.e., what's the driving force for the alignment?
Let’s look at the preparation conditions of P3BT in the solvent
ODCB. The solution was first prepared by heating to 70-80 °C
to get a completely dissolved P3BT. After cooling to room tem-
perature and then keeping for 72 h, P3BT gradually self-assem-
bles into nanowires in the poor solvent ODCB.[*>4%5% Corre-
spondingly, the color of the solution gradually changed from
orange to purple. Here, in order to confirm that the nanowires
were formed in solution!*?>! rather than formed during solvent
evaporation, and to assess the relaxation/Brownian motion of
the P3BT nanowires during solvent evaporation, we measured
the optical anisotropy of P3BT solution in-situ in the capillary

Adv. Funct. Mater. 2014, 24, 4959-4968
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Figure 2. Optical anisotropy of P3BT stripes. a) In-situ CPOM study of a stripe. The angles between polarizer and direct-write direction are shown in
each corresponding micrograph. b) Experimental CPOM intensity (solid squares) and fitted CPOM intensity (curve). c) Simulated angle distribution

of crystalline domains departed from direct-writing direction.

(Figure 3). The strong birefringence implies the crystalline
nature of the P3BT in solution. Correspondingly, the light
intensity reaches its minimum at 6 = 0°, 90°, 180°, 270° and
maximum at 6 = 45°, 135°, 225°, 315°, which shows that the
P3BT nanowires have already been aligned along the capillary
direction. Accordingly, the average angle deviation is <|of> =
14.0°, and the 2D orientation parameter is f = 0.83, which is
consistent with the alignment in dried P3BT stripes (Figure 2).
Moreover, the angle distribution of P3BT nanowires in the cap-
illary is similar to that within the dried stripes. This result also
confirms that, during solvent evaporation, both conformation
relaxation and Brownian motion of P3BT nanowires are not
pronounced, at least on the scale of either micrometers in
terms of space and minutes in terms of time. The inhibition of
conformation relaxation and Brownian motion during solvent
evaporation preserves the alignment of P3BT nanowires.
According to Newton's law of viscosity and Poiseuille’s equa-
tion, the flow velocity of fluid in capillary can be described by
v e« R2-12, where R is the radius of capillary and r is the distance

Adv. Funct. Mater. 2014, 24, 4959-4968
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from the center of the capillary (see Supporting Information
and Figure S2,3). So the alignment of P3BT nanowires within
the solution should be due to the shear force derived from the
flow gradient. The manipulation of inorganic nanowiresl>>?!
via liquid flow has been studied, where the hydrodynamic force
plays a crucial role.

According to Onsager’s theory, the critical volume frac-
tion of rigid rods in solution for nematic order is ¢ = 3.3d/L,
where d is the diameter and L is the length of the rod.>*>
Because the concentration of P3BT solution used for this
work is ca. 1% in volume, the average aspect ratio (L/d) of
P3BT nanowires in solution should be larger than 300 for
effective nematic alignment, which is consistent with mor-
phological observations using TEM and AFM.[*2* Upon
using capillary-assisted direct writing, we even observed
nematic alignment of P3BT with volume fractions lower than
0.1%. This low value is related to the confined microscale
liquid flow in the capillary and the super long length of the
P3BT nanowires.
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Figure 3. Optical anisotropy of P3BT nanowires in-situ in the capillary. a) In-situ CPOM study of P3BT nanowires in solution in capillary. The angles
between polarizer and capillary direction are shown in each corresponding micrograph. b) Experimentally determined CPOM intensity (solid squares)
and fitted CPOM intensity (curve). c) Simulated angle distribution of crystalline domains departed from capillary direction.

2.2. Anisotropic Charge Transport in Aligned P3BT

Above, we quantitatively investigated the optical anisot-
ropy of P3BT nanowires in solution and film by optical bire-
fringence (Figures 2,3). Direct writing of semiconducting
polymers can potentially be used in the fabrication of micro-
electronic devices, since this technique has exhibited both
high throughput and fidelity. The investigation of the film with
aligned polythiophene nanowires definitely helps to clarify
a still-unclear scientific issue, i.e., the anisotropic charge car-
rier transport. Subsequently, we used this aligned film as the
semiconducting layer to fabricate a field-effect transistor (FET).
Figure 4 shows the output and transfer characteristics of FET
devices with charge transport directions both along and vertical
to the writing direction of neat P3BT. The field-effect mobility
along the alignment direction is apparently higher than that
in the vertical direction. The typical mobilities along and ver-
tical to the direct writing direction are 0.01 cm? V~! S7! and
0.004 cm?V-1S71, respectively, as calculated from the saturation
region.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.3. Aligned P3BT/PS Blends and Their Anisotropic
Charge Transport

We have previously shown that P3BT could be homoge-
nously distributed with polystyrene (PS) matrix.*>*3%¢ In this
work, aligned P3BT nanowires were also achieved within PS
matrix via direct writing. We used this aligned P3BT within
a PS matrix as a semiconducting layer to fabricate an FET.
Figure 5 shows the output and transfer characteristics of FET
devices with the charge transport directions (from source to
drain electrode) parallel and vertical to writing direction. The
output and transfer curves imply good OFET performance of
P3BT/PS (4 wt% P3BT) in both directions (in terms of par-
allel and vertical charge transport). For the transistor working
in a saturated regime, the saturated mobility obeys pg, o< d(-
I45)**/d(-Vy). As shown in Figure 6a, for both parallel and ver-
tical charge transport, d(-I4)*°/d(-V,) rapidly increases with
the negative shift of V,. It is shown that at low |V, the field-
effect mobility parallel to the alignment direction () is appar-
ently higher than that of the vertical direction (u,), although

Adv. Funct. Mater. 2014, 24, 4959-4968
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Figure 4. FET characteristics of aligned P3BT in neat P3BT film. a,b) Output characteristics of FET devices with source—drain currents parallel (a) and
vertical to the alignment direction (b). ¢,d) Corresponding transfer characteristics (c) (V4s = =100 V) and dependence of (-I4;)%* on V.

both of them increase to a maximum of around 0.03-0.05 cm?
V ~Is7t when V, reaches —50 V or more (negative). The depend-
ence of charge transport anisotropy (up/py) (Figure 6b) on V,
implies that for V, between 0 V and —10 V, the y, is about one
order higher than p,, while p,/p, rapidly decreases towards
1-2 when more holes are accumulated in the channel. Note
the mobility in Figure 6b is from a saturated regime, while the
transport anisotropy (pp/py) from a linear regime has a similar
dependence on gate bias.

In order to understand the dependence of charge transport
anisotropy on gate bias, we performed CPOM and TEM meas-
urements on P3BT/PS (Figure 6¢). The morphology confirmed
the orientation of P3BT nanowires within PS matrix. However,
the overlap between P3BT nanowires forms the bridge where
inter-domain charge hopping takes place. From this point of
view, the inter-domain charge hopping plays a more important
role for p,, as compared to p,,.

P3BT is a semicrystalline conjugated polymer, and the crys-
talline chain is in the central part of the nanowire, while amor-
phous chains locate at the surface of the nanowire or between
crystalline domains.’’->! Therefore, the inter-domain charge
transport needs to overcome these amorphous chains. However,
the HOMO level of amorphous poly(3-alkythiophene) P3AT
is about 300 meV lower than that of crystalline P3AT.[2460.61]
300 meV is enough to significantly prevent charge hopping,
because the width of the density of states (DOS) is typically
~100 meV for highly ordered polythiophene films.[%2l This ener-
getic barrier between crystalline P3BT and amorphous P3BT is
responsible for the high y,/p, as observed at low | V.

Adv. Funct. Mater. 2014, 24, 4959-4968
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However, the accumulation of hole charges in P3BT crys-
talline domains lifts up the energy level of localized states as
a result of Coulombic interactions between holes. The Cou-
lombic repulsion energy E,, between two individual holes is
Eoou =%/ (4e,er) » Where r is the distance between the holes.
So Ecou = 100 meV when r = 5 nm. However, increasing |V
accumulates more holes. Considering that the cross-section
of the P3BT domain is around 15-20 nm x 5 nm,'® and from
Epou = Z ie’/(47e,er;) in the case of one hole surrounded
by i holes, we get E.; > 300 meV when the average distance
between holes is <r;> = 5 nm in one P3BT crystalline domain.
Because 300 meV is compared to the HOMO offset between
amorphous P3BT and crystalline P3BT?#%%61 a5 we mentioned
above, once the gate-induced charge density is larger than
10'/cm?3, more charge will possibly occupy the amorphous
P3BT chain. Taking the film thickness (~50 nm) into account,
and if we assume the crystallinity of P3BT is 50% and PS is a
part of the dielectric layer, 10*/cm? roughly corresponds to a
gate bias of =10 V in this work. It implies that the threshold
voltage of a vertical device should be —10 V more negative than
that of a parallel device, which is consistent with Figures 5 and
6. At low |Vy|, the charge accumulation in crystalline P3BT
facilitates the intra-domain charge transport, while the inter-
domain hopping is limited inevitably by the trap in amorphous
P3BT chains and lower HOMO levels. More negative gate bias
fills these traps and at the same time lifts up the energy level of
localized states in crystalline P3BT, which reduces the energetic
barrier for charge hoping between amorphous and crystalline
domains and thus induces a larger mobility. The relationship
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Figure 5. Field-effect transistor characteristics of aligned P3BT/PS (4 wt% P3BT) film. a,b) Source—drain current parallel to the direct-writing direction.
c,d) Source—drain current vertical to direct-writing direction. a,c) Output characteristics, Vg =0, —20, —40, —60 V. b,d) Transfer characteristics.

between charge accumulation and the energetic scheme is
shown in Figure 6d, where —5.0 eV and —5.3 eV are the HOMO
levels of crystalline and amorphous P3BT chain, respectively.

It is well known that the saturated feature in the output char-
acteristics of FET is due to the narrow “pinch-off” region near
the drain electrode, which bears most of the voltage drop across
the channel as a result of low conductivity. From the output
curves (Figure 5a,c), the onset of the saturated plateau of parallel
transport is higher than that of vertical transport. For instance,
in the case of V, =60V, the former is about 20 V more nega-
tive than the latter. This means that, for vertical transport, the
“pinch-off” region is easier to achieve. From the onset of the
saturated plateau (for the case of V;=~60 V) and Vyq =Vye+ Vi,
we get Vgq = 10 V for parallel transport and Vgq = ~10 V for
vertical transport. Because the “pinch-off’ region is located at
the drain side, it is concluded that for parallel transport more
positive Vg4 is necessary to “pinch off” the channel. This obser-
vation is consistent with the scheme shown in Figure 6d, where
intra-domain hopping dominates parallel transport.

At low hole concentrations, inter-domain hopping is largely
limited, while intra-domain charge transport leads to effective
charge transport along the alignment direction. This is reminis-
cent of transistors based on aligned carbon nanotubes,>*l con-
jugated polymers,[® or organic single crystals.®*-%° However,
the mobility calculated from transistor characteristic is only a
matter of Iy, on V,. Pingel et al. reported the local mobility of
P3HT as significantly different from the field-effect mobility.l*”]
Similarly, in this work, the apparent low pu, at low hole

4964 wileyonlinelibrary.com
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concentrations is ascribed to the limited inter-domain charge
transport. Once the carrier concentration is high enough to lift
up the hole energy level in crystalline P3BT and more holes fill
the traps in amorphous P3BT chains between nanowires, the
field-effect mobility starts to rise more rapidly with V, than in
the parallel direction.

Figure 7a is the dependence of the field-effect mobility of
aligned P3BT/PS blends on P3BT content. Our study shows
that the aligned P3BT/PS blends have a high field-effect-tran-
sistor performance, in both the parallel and vertical directions.
It means that, under gate-bias, inter-domain charge transport
between P3BT nanowires is effective in P3BT/PS blends with
a PS content of up to 96 wt%. Moreover, we observed a sig-
nificant negative-shift of the threshold voltage of the blends as
compared to neat P3BT, in both the parallel and vertical direc-
tions (Figure 7b). The Arrhenius equation p = poexp(-E,/kT) is
used to calculate the activation energy, E,, which is found to
decrease with increasing of PS content. We ascribe this to the
shielding of traps on the dielectric surface by the inert PS com-
ponent, and/or the dilution of oxygen by the PS matrix. How-
ever, the activation energies along the parallel and vertical direc-
tions are comparable for P3BT/PS blends, which is consistent
with the scheme shown in Figure 6d.

In P3BT/PS composites, the inter-domain space could be
occupied not only by less crystalline P3BT chains, but also by
the insulating PS matrix. In the latter case, charge hopping is
supposed to be terminated. From this point of view, the effec-
tive P3BT concentration parallel to the alignment direction is

Adv. Funct. Mater. 2014, 24, 4959-4968
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Figure 6. a) Dependence of d(-14;)%*/d(-V,,) on V, for aligned P3BT/PS (4% P3BT). b) Dependence of i/, on gate bias V,,. c) CPOM of P3BT/PS blend
stripe prepared by direct writing, and the angle between polarizer and direct-write direction is 45°. Inset is a TEM of P3BT/PS (4% P3BT) (scale bar,
200 nm). d) Energetic scheme for gate-bias-induced charge accumulation.

parallel

vertical

0.00 . ;

10
P3BT Content (%)

vertical

parallel
100+

100 10 1
P3BT Content (%)

(b)

parallel

vertical

-20-
-40+ . .
100 10 1
P3BT Content (%)
10"
140
10% {20
b S
10°4 Unaligned =
-20
10 : -40
100

10
P3BT Content (Wt%)

Figure 7. a—c) Dependence of anisotropic field-effect mobility (a), threshold voltage (b), and activation energy (c) of aligned P3BT/PS blends on P3BT
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and film, was quantitatively studied. Using
this direct-writing method we obtained
nematic alignment of both neat P3BT films

and P3BT/PS blends. Subsequently, we inves-
tigated the field-effect transistor properties of
aligned P3BT nanowires within a PS matrix.
The increased mobility of P3BT/PS blends,
as compared with neat P3BT, is observed in
both the vertical and parallel directions. The
anisotropic charge transport provides direct
information on inter- and intra-domain
charge transport, which helps us understand
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—o— V= -40V

801 801

-60- 60-

Sng -404 404

> -20+ 20-
% %0 -40

Figure 8. The application of anisotropic charge transport and tunable threshold voltages of
aligned P3BT/PS blends. a) Transfer characteristics of a P3BT/PS digital inverter. Driver, P3BT/
PS (3% P3BT) (vertical to film alignment); Load, P3BT/PS (10% P3BT) (parallel to film align-
ment). The driver works in enhancing mode, and the load works in depletion mode. b) Gain of

the converter, as obtained from (a).

larger than that vertical to the alignment direction. Actually,
by blending with insulating polymer, V; of P3BT FET shifts
towards the negative (Figure 7b). We ascribe this shift of V;, to
the inter-domain charge transport, which gradually dominates
the charge transport with increasing insulating content. In
other words, in neat P3BT the carrier usually chooses the path
with the least inter-domain bridges, while in the composite the
carrier usually hops from one localized site to its nearest sites,
as a result of percolation behavior. Therefore, inter-domain
hopping plays a more important role in P3BT/PS composites,
as compared to neat P3BT.

2.4. Application of Tunable Mobility and Threshold Voltage
of Aligned Films

From the point view of application, tuning the V; of P3BT/
PS blends has great potential application in circuitsl® %! and
memory.l®) For example, digital circuits usually need transistor
units with different threshold voltages. In Figure 8, we demon-
strate a digital inverter based on an anisotropic aligned P3BT/PS
film, upon choosing the transistors with suitable mobility and
V; as load and driver. As shown in Figure 8a, the V,, features
two plateaus. For a V;, between 0 V and —30 V, V,, denotes a
digital 1, while for a V;, between —30 V and —60 V, V,, denotes
a digital 0. Gain is defined as |dV,,/d Vi,|, which represents the
sensitivity of V,, to the change of V,, and thus is an impor-
tant parameter for an inverter. The gain strongly depends on
the mobility and threshold voltage of each transistor unit. As
shown in Figure 8D, an inverter gain up to 80 can be realized
using aligned P3BT/PS blend films, of which both the mobility
and threshold voltage are tunable.

3. Conclusion

We have developed a direct-writing method to prepare aligned
P3BT films, which show both high throughput and fidelity. The
angle distribution of these P3BT nanowires, in both capillary

Vin V)
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-20 0 the high performance of transistors based

on semiconductor/insulator polymer blends.
Using this method, we comprehensively
tuned the FET mobility and threshold voltage
of semiconductor/insulator polymer blends,
from which we realized a digital inverter with
a gain of up to 80.

4. Experimental Section

Regioregular  poly(3-butylthiophene)  (P3BT)  (97%  head-to-tail
regioregular conformation, Mw = 39.4 kDa, PDI = 2.29, Rieke Metals,
Inc.). Amorphous (atactic) polystyrene (PS) (Mw =124 kDa, PDI = 1.64,
DaQing Petro Chemical Company) was further purified upon being
dissolved in chloroform and precipitated by ethanol.

P3BT was dissolved in solvent ODCB by stirring, and elevated
temperature 70-80 °C during stirring was used to achieve a solution
with concentration 10 mg/mL. After being cooled to room temperature,
the polymer solution was placed in dark and vibrationless environment
to allow P3BT molecules to crystallize/self-assemble in solution. Glass
capillary (diameter 80 pm) array was used for direct-writing process
(writing speed 20 cm/s, film thickness 40-60 nm). The substrates
(including glass for optical microscopy and silicon/SiO, for the FET)
were cleaned by ultrasonic treatment in demineralized water, acetone,
and isopropanol, in sequence.

Optical microscopy (OM) and polarized optical microscopy (POM)
investigations were carried out by a Carl Zeiss Alm microscope
equipped with Infinity 4-11 digital camera (Lumenera Co.).

Bright field transmission electron microscopy (TEM) was performed
on a JEM-1011 (JEOL) operated at 100 kV. Thin films were firstly floated
on deionized water, and then transferred onto copper grid. The samples
were dried at room temperature for 24 h before TEM experiments.

For birefringence numerical simulations, as the prepared P3BT
film is composed of numerous oriented P3BT nanowire domains, it is
reasonable to assume that the deviation of these domains from direct-
writing direction obeys normal distribution. So the distribution function
of deviation of the nanowire can be described as (1/0)exp[-042/(26%)],
where ¢; is the deviation angle of the crystalline domain from the direct-
writing direction, and o is standard deviation. For convenience, here
100 000 random numbers ¢; (i = 1-n) were generated in-between —90°
and 90° by computer, and their occurrence probability is proportional
to (1/0)exp[-042/(20%)]. Least Squared Criterion is used to work out the
most appropriate deviation o, angle distribution and 2D orientation
parameter faccording to the experimental results.

P3BT and PS were dissolved in ODCB individually. After the
crystallization of P3BT in solution, it was mixed with PS solution for
direct writing/spincoating on n-doped silicon covered with 300 nm thick
SiO, layer.

Bottom-gate, top-contact structures were finally completed by
evaporation of 80-100 nm gold source/drain electrodes. Field-effect
mobilities from saturation region were calculated according to Iy
=(WC/2L) psat (V= V)%, where p is the field-effect charge mobility
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in saturation region; Iy is source-drain current; C; (12 nF cm™) is
the capacitance per unit area; W (variable due to the size of polymer
stripe) and L (100 ym) are the width and length of transistor channel,
respectively, and; V, and V, are gate voltage and extrapolated threshold
voltage, respectively.
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