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ABSTRACT: In this study, direct micropatterning lines of poly(3-hexylth-
iophene) (P3HT) without any polymer binder were prepared by electro-
hydrodynamic jet printing to form organic field-effect transistors (OFETs). We
controlled the dielectric surface by introducing self-assembled monolayers and
polymer thin films to investigate the effect of surface modifications on the
characteristics of printed P3HT lines and electrical performances of the OFETs.
The morphology of the printed P3HT lines depended on the surface energy and
type of substrate. The resulting OFETs exhibited high performance on
octadecyltrichlorosilane-modified substrates, which was comparable to that of
other printed P3HT OFETs. In order to realize the commercialization of the
OFETs, we also fabricated a large-area transistor array, including 100 OFETs and
low-operating-voltage flexible OFETs.
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■ INTRODUCTION

Organic field-effect transistors (OFETs) have received
considerable attention because of their low-temperature
solution processing and various potential applications in low-
cost, large-area, and flexible electronics such as display
backplanes,1 radio frequency identification tags,2 integrated
sensors,3,4 and disposable electronics.5 A major challenge in
commercializing OFETs is the development of inexpensive
large-scale fabrication methods. Although many groups have
attempted to develop a variety of promising fabrication
processes, including roll-to-roll screen printing, doctor blading,
and spray printing, these methods need to have additional
patterning steps such as masking or etching processes.6−8 To
reduce the fabrication steps, the direct writing technique has
been an alternative approach because it integrates the
deposition and patterning processes in one step.9,10

However, because contact with the substrates damages the
surface and hinders the molecular organization of organic
materials, degrading electrical performances when making
electronic devices, the noncontact direct writing approach is
considered to be a promising technique for use in electronic
devices.6 Among established noncontact techniques such as ink
or aerosol jet printing,11−14 electrohydrodynamic (EHD) jet
printing, which is also defined as a near-field electro-
spinning,15,16 has recently gained much interest as a key

method for high-resolution patterning.17−21 Although other jet
printing techniques such as piezoelectric jet printing depend
only on a pumping force,22,23 the electrostatic, hydrostatic, and
capillary forces simultaneously operate in EHD jet printing
because a strong electric field is applied between the tip of the
nozzle and the substrate.20 The combination of push-and-pull
forces elongates the solution and makes continuous jet lines,
the widths of which are smaller than the diameter of the nozzle.
This unique capacity makes EHD jet printing an attractive
technique for large-area and fine patterning at a high resolution.
Lee et al. recently established an efficient application of EHD-
printed regioregular poly(3-hexylthiophene) (P3HT)/polymer
nanowires using an insulating polymer binder for the
fabrication of OFETs.21 However, because charge transport of
P3HT is achieved by its crystalline nanofibrillar structures,
binder-free P3HT is more favorable for facilitating high
electrical mobility and current. Moreover, the dimensions and
crystallinity of printed P3HT could be controlled by covering
the dielectric surface with various organic materials.24 There-
fore, in-depth studies are needed regarding the influence of the
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dielectric surface on the characteristics of an EHD printed
P3HT line.
Here, we prepared microscale line patterning of P3HT

without any polymer binder directly onto various substrates
using the EHD jet printing technique toward the fabrication of
OFETs. For obtaining a stable jet from the nozzle, the
concentration of P3HT solution, applied voltage, printing
speed, and tip-to-the-collector distance (TCD) were optimized.
Moreover, we treated the surfaces of the substrates with a
variety of self-assembled monolayers (SAMs) and polymer thin

films to investigate the effect of surface modifications on the
characteristics of the resolution of printed lines and the
electrical performance of the OFETs. As the surface energy
decreased and the contact angle values of both water and P3HT
solution dropped on the modified surface increased, the width
of the printed P3HT line decreased. The OFETs prepared with
EHD-printed P3HT on a CH3-terminated SAM-modified
surface exhibited good performances, with a mobility of 0.045
cm2/(V s). Finally, the EHD printing technique of P3HT
enabled the fabrication of a large-area OFETs array and low-

Figure 1. (a) Electrohydrodynamic (EHD) jet printing machine (EnJet Inc., Korea) and near-field EHD jet printed line of P3HT solution from
metallic micronozzle. (b) Snapshot images through a CCD camera during the printing process. (c) Line width of printed P3HT according to
solution concentration. (d) Comparison of surface energy (γs) and line width of P3HT printed onto various types of substrate. (e) Optical
microscope images of P3HT lines on each substrate.
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operating-voltage flexible devices with good bending stability
under 1.5% bending strains.

■ EXPERIMANTAL METHODS
Materials and Sample Preparation. Highly n-doped Si wafers

with 300 nm thick thermally grown SiO2 layers were used as
substrates. Regioregular poly(3-alkylthiophenes) (P3HT), anhydrous
toluene, 1H,1H,2H,2H-perfluorooctyltriethoxysilane (F-SAM), n-
butylamine, poly(4-vinylphenol) (PVP), poly(melamine-co-formalde-
hyde) methylated (PMF), and N,N-dimethyl formaldehyde were
purchased from Sigma-Aldrich. Octadecyltrichlorosilane (ODTS) was
purchased from Gelest, Inc. Ethylene-norborene cyclic olefin
copolymer (COC, Tg ∼ 180 °C) was purchased from Polyscience.
All materials were used as received without further purification. The n-
doped Si/SiO2 substrates were cleaned in a hot piranha solution
followed by multiple rinses with distilled water. Cleaned substrates
were exposed to a UV tip cleaner for 20 min for further
hydrophilization. For surface modification with self-assembled
monolayers (SAMs), the substrates were dipped in ODTS and F-
SAM dissolved in toluene for 30 min. In the F-SAM solution, n-
butylamine was added as a stabilizer. The samples were subsequently
baked at 120 °C for 20 min followed by sonication in toluene for 15
min. For surface treatment with polymer thin films, PVP and PMF as a
cross-linker dissolved in N,N-dimethyl formaldehyde and COC
dissolved in toluene were spin-coated on the n-doped Si/SiO2
substrates. The PVP films containing PMF were baked at 180 °C
for 1 h to induce cross-linking. The COC film was baked at 120 °C for
30 min to remove any residual solvent. To print an organic
semiconductor, P3HT solution in toluene was stirred on a hot plate
at 70 °C for complete solubilization. The P3HT solution was printed
onto a variety of substrates at constant temperature (22.5 °C) and
humidity (45%) using the EHD printing machine (Enjet Inc., Korea).
To complete the fabrication of OFETs, 50 nm thick Au source and
drain (S/D) electrodes were thermally evaporated onto printed P3HT
lines to achieve a top-contact configuration.
For the fabrication of flexible and low-operating-voltage OFETs,

polyethersulfon (PES) substrates were washed with acetone and
distilled water multiple times. An aluminum gate electrode was
thermally evaporated on PES substrates, and 50 nm thick Al2O3
dielectric layers were then prepared by plasma-enhanced atomic-layer
deposition (PEALD) (LTSR-150, Leintech). Trimethylaluminum
(TMA, Lake LED materials) was injected into the chamber as an
aluminum precursor, and O2 plasma was used as the oxygen source.
The film was grown on the substrate at a constant temperature of 100
°C with 200 W RF plasma power.
Characterization. The surface energies of the five different types

of surface-treated SiO2/Si substrates were evaluated by measuring the
contact angles (θ) of two test liquids, namely, water and diiodo-
methane (SEO300A). The total surface energy (γs) was calculated
from the sum of the dispersion force component of the surface energy
(γs

d) and the polar force component of the surface energy (γs
p) with the

following equation25
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where γl is the surface energy of the test liquid (γl of water = 72.2 mJ
m−2; γl of diiodomethane = 50.8 mJ m−2), γl

d is the dispersion force
component of the surface energy (γl

d of water = 22.0 mJ m−2; γl
d of

diiodomethane = 48.5 mJ m−2), and γl
p is the polar force component of

the surface energy (γl
p of water = 50.2 mJ m−2; γl

p of diiodomethane =
2.3 mJ m−2).
All electrical measurements were performed using Keithley 4200

SCS in an N2-rich glovebox. The morphology of the printed P3HT
lines was investigated using atomic force microscopy (AFM)
(Multimode AFM, Digital Instruments) and an optical microscope.
P3HT solution viscosity was measured by using rotational viscometer
(Brookfield Viscometers Ltd., DV-II+LV viscometer)

■ RESULTS AND DISCUSSION

As shown in Figure 1a, an EHD jet printing machine (EnJet
Inc.) was used in this study. To form a continuous P3HT jet
without using a polymer binder, the electric charge was induced
at the surface of the meniscus of the P3HT solution by applying
the electric field between the metallic nozzle (i.d. = 0.1 mm;
o.d.= 0.23 mm) and the substrate at 1.8−2.0 kV and supplying
the P3HT solution to the nozzle at a flow rate of 0.5−0.8 μL/
min. The distance between nozzle tip and substrate (i.e., the
tip-to-collector distance (TCD)) was adjusted at around 1 mm.
At a speed of 20−30 mm/min, we achieved a stable printing
process and a straight-printed P3HT line. Figure 1b shows
captured images of the ejection of the P3HT solution before
and after applying the electric field. The conical shape of the
P3HT solution, known as a Taylor-cone, was clearly seen when
the electric field was applied. This Taylor-cone was formed
because the electrostatic force was stronger than the surface
tension, and the viscosity of the solution was enough to sustain
the electrical stress that stretched the meniscus in the direction
of the field.19

In order to obtain a fine printed line, we varied the
concentration of the P3HT solution to 0.2, 2, and 5 wt % to
find the optimum conditions for printing. Figure 1b depicts the
width of the P3HT lines according to the three concentrations.
To investigate the effects of concentration only, the surface was
equally modified by ODTS. As the concentration of the P3HT
solution increased, the line width dramatically decreased under
the same experimental conditions (voltage (1.85 kV), flow rate
(0.5 μL/min), printing speed (25 mm/min), and TCD distance
(1 mm)) because of the viscosity effect (pure toluene ≈ 0.58
cP, P3HT solution of 0.18 wt % ≈ 0.66 cP, 1.96 wt % ≈ 1.88
cP, and 3.98 wt % ≈ 5630 cP). However, because toluene is a
characteristically volatile solvent, the excessively highly viscous
solution (≥5 wt %) easily blocked the nozzle tip. In other
words, the high concentration of the P3HT solution was easily
solidified near the nozzle tip. In this study, 2 wt % of toluene
based P3HT was an outstanding proportion for use in the EHD
jet printing as well as for the performance of the OFETs.
To investigate the effects of the surface modification on the

morphology of the printed P3HT, we introduced five different
types of surface treatments: nontreated (bare), CH3-terminated
SAM (ODTS), F-terminated SAM (F-SAM), PVP with cross-
linking (cPVP), and cyclic olefin copolymer (COC) treatment.
ODTS and F-SAM were chosen to control the surface energy.
Moreover, surface modification with ODTS could be used to
achieve the highly crystalline growth of overlaying P3HT,
thereby enhancing the OFETs performance because the field-
effect mobility is always influenced by the crystalline
morphology of the organic semiconductor films.26 cPVP and
COC were selected because they are conventionally used as
polymer-modifying layers for electronic devices due to their
high thermal stability.27,28 Figure 1c shows the values of surface
energy (γs) and the width of the P3HT lines on the five
different surfaces. The highest γs value was obtained for the
bare surface (γs ≈ 72.2 mJ m−2), whereas F-SAM was the most
hydrophobic surface (γs ≈ 21.9 mJ m−2). Under constant
experimental conditions, such as voltage (1.85 kV), flow rate
(0.5 μL/min), printing speed (25 mm/min), and TCD distance
(1 mm), we found that the width of the P3HT lines decreased
as the surface energy decreased because of the lower surface
wettability of P3HT/toluene on the hydrophobic surface.29 The
smallest line width was obtained on the F-SAM-modified
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surface. However, the bulging effect was shown in the optical
microscope images of the P3HT lines on the F-SAM surface, as
shown in Figure 1d. At low printing speed, a relatively high
volume rate could be ejected on the substrate, forming the
bulging.19 To prevent the bulging effect for fine printed lines,
further optimization of the printing conditions should be
determined in the case of hydrophobic surfaces. The widths of
the P3HT lines on polymer thin films, including cPVP and
COC, followed similar trends: the width decreased as the
surface energy decreased. This result demonstrates that the
width of the P3HT line was affected by the surface energy,
regardless of the surface modification methods. Supporting
Information Figure S1a,b shows the captured optical images of
seeding water and P3HT solution drops on the five different
types of surface-treated SiO2/Si substrates with their contact
angle values. The water contact angle on F-SAM-modified
substrates had the highest value of 107°, followed by ODTS
(97°), COC (91°), cPVP (69°), and bare (<1°). In addition,
the contact angle of P3HT solution on F-SAM-modified
substrates had a value of 65°, followed by ODTS (28°), COC
(16°), cPVP (10°), and bare (<3°). Although the contact angle
values of P3HT solution on the five different types of surface-
treated substrates were different from those of water, their
order showed the same tendency as the order of water contact
angles and the reverse order of surface energies. We found that
as the water and P3HT solution contact angle increased, the
printed P3HT line width decreased. When P3HT solution was
printed on the bare surface, the solution immediately spread
out widely on the bare surface, thereby showing the highest line
width. On the other hand, the P3HT solution did not spread
widely in the in-plane direction when the solution was dropped
on the hydrophobic surfaces. Therefore, we believe that the
width of the P3HT line was affected by the surface properties,
including the surface energy and wettability of the P3HT
solution.
The line morphology was further analyzed using AFM.

Figure 2 shows the phase-mode AFM images of printed P3HT

on various substrates. After thermal annealing at 150 °C to
enhance crystallinity,30 the P3HT formed distinct nanofibrillar
structures with widths of tens of nanometers in scale on SAM-
and cPVP-treated surfaces. Actually, spin-coated P3HT thin
films on the CH3-terminated SAM, fluorinated SAM, and cPVP
surfaces formed nanofibrillar structures.26,31,32 On the other
hand, the isolated P3HT domains formed when the line was
printed on the COC-treated surface. The different morphol-
ogies were probably because the COC thin film dewetted the
P3HT/toluene solution, disrupting the fibrillar growth of
P3HT during solvent evaporation. Figure S2 in the Supporting
Information shows the θ-2θ mode out-of-plane XRD patterns
of P3HT deposited by spin coating and EHD printing on
ODTS-modified substrates, respectively. The diffraction
patterns of P3HT consisted of [00l] peaks with the d-spacing
obtained from Bragg’s law, 2d sinθ = nλ, of 16.4 Å for spin
coating and 16.0 Å for EHD printing, respectively. These d-
values corresponded to the typical edge-on structure in P3HT
(16.1 Å),26 indicating that both the P3HT molecules deposited
by spin coating and EHD printing were stacked in the same
way in the out-of-plane direction. Though the peak intensity of
EHD-printed P3HT is smaller than that of spin-coated P3HT,
this is because of the difference in detected P3HT area.
To investigate the effects of the surface modification on the

device characteristics of EHD-printed P3HT OFETs, electrical
measurements were taken with an OFET structure, as shown in
Figure 3a. Au S/D electrodes are deposited on three P3HT
lines (four lines in the case of F-SAM) to achieve top-contact
OFETs. F-SAM was held with four lines so that both channel
widths of ODTS- and F-SAM-OFETs were similar because the
width of the printed lines on the F-SAM-modified surface was
quite thinner than that on the surface with the other
treatments. Figure 3b and S3 show the transfer and output
characteristics of P3HT OFETs prepared on the five different
types of surface-treated SiO2/Si substrates, respectively. The
length of the channels was 100 μm, and the width of the
channels was determined according to the P3HT line width.

Figure 2. Phase-mode AFM images of an EHD jet printed line of P3HT on bare SiO2 as well as ODTS-modified, F-SAM-modified, cPVP-treated,
and COC-treated substrates.
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The field-effect mobility (μ) was calculated in the saturation
regime (drain voltage, VD = −80 V) from the slope of the
square-root drain current (ID

1/2) versus the gate voltage (VG)
using the following equation

μ
= −I

C W
L

V V
2

( )D
i

G th
2

(2)

where Ci is the capacitance per unit area of the gate dielectrics
(≈10 nF/cm2) and Vth is the threshold voltage. All of the
maximum electrical characteristics of these OFETs are
summarized in Table 1, and the detailed electrical character-
istics, including the channel length, mobility, and on-currents,
of these three different OFETs are summarized in Supporting
Information Table S1. Compared to the OFETs without
surface treatment (i.e., bare SiO2), the SAM-modified OFETs
showed higher mobility and on-state currents. Among these
OFETs, the ODTS-modified devices exhibited the highest

transistor performance, with a μ value of 0.045 cm2/(V s) and a
high on/off ratio of 2.1 × 104, comparable to that of other
reported P3HT OFETs on an oxide dielectric layer prepared
with inkjet printing, spray printing, or electrospinning
methods.6,7,21,30,33−35 For OFETs with F-SAM modification,
the Vth value shifts to a positive voltage because of the
generation of the local built-in electric field that accumulates
holes on the interface between the P3HT and F-SAM-modified
dielectric surface.36 Moreover, F-SAM OFETs yield the lowest
on/off ratio, with a high off-current value of over 10−8 A
because the accumulated holes provided a current pathway
even in the off-state. Therefore, EHD-printed P3HT OFETs
with F-SAM modification showed typical normally on-type
characteristics, such as that of spin-coated P3HT OFETs.37 A
normally on-type characteristic means that electric current
flows without gate bias voltage.32,36,38 Therefore, the normally
on-type devices showed a high off-current and small on/off
ratio. On the other hand, the transistor performances of OFETs
with polymer treatments were almost the same as those of the
OFETs without surface treatment. The only difference between
cPVP-treated and bare OFETs was Vth, in which the cPVP-
treated OFETs had a lower value than that of the bare OFETs.
Although PVP is known as a hydroxyl-rich polymer, the cross-
linking reaction with an adequate amount of PMF reduces the
number of hydroxyl groups on SiO2, contributing to the
blocking of hole trap formation.28 The OFETs on the COC-
treated surface showed a higher off-current than those on the
cPVP-treated surface. Because the isolated and rough P3HT
domain morphology on COC-treated surface was vulnerable to
penetration of H2O and O2 into the bulk region when exposed
to air during EHD printing, the P3HT on COC-treated surface
was easily doped by penetrated H2O and O2, thereby increasing
the off-current.6,39,40 Therefore, we believe that the electrical
performances of EHD-printed P3HT OFETs were affected by
the type of surface-modifying materials coated on the dielectric
layers.
Because these results were obtained without characterizing

the proper solvent and annealing conditions for P3HT, the
electrical performance of EHD-printed P3HT OFETs has the
potential to be enhanced with additional effort.
For practical applications, we attempted to fabricate a large-

area device array including 100 bottom-contact (BC) OFETs
on a 4 in. wafer, as shown in Figure 4a. The BC device
configuration is required to avoid the possible damage of
organic semiconductor layers deposited after patterning the S/
D electrodes.41,42 For the fabrication, the 4 in. wafer was
modified with ODTS in the same way as that of the top-contact
single device, and the P3HT lines were also successfully printed
on the predeposited Au S/D with different line widths. It took
only 10 s to print a single line on the wafer. Figure 4b shows
the transfer characteristic for one BC OFET of the device array.
The average μ value was 0.023 ± 0.008 cm2/(V s), which was
lower than that of the top-contact devices because of the poor
contact characteristic between the P3HT active layers and the
S/D electrodes.41

We then printed P3HT on flexible PES substrates to achieve
flexible, low-operating-voltage OFETs. For the fabrication,
aluminum was deposited on PES substrates as a gate electrode,
and then an amorphous alumina (Al2O3) dielectric layer with
high Ci (≈140 nF/cm2) was deposited by PEALD, followed by
ODTS surface modification. ODTS-modified Al2O3 gate
dielectrics are known to facilitate low-voltage, high-performance
operation of the OFETs because of the high capacitance and

Figure 3. (a) Schematic illustration of EHD-printed P3HT OFETs
used in this study. The inset presents an optical microscope image of
Au S/D electrodes on the P3HT line. (b) Transfer characteristics in
the saturation regime (VD = −80 V) of nontreated (bare), ODTS-
modified, F-SAM-modified, cPVP-treated, and COC-treated OFETs,
respectively.

Table 1. Electrical Characteristics of EHD Jet Printed P3HT
OFETs with Various Surface Treatments

gate dielectric
surface

mobility μ
(cm2/(V s))

threshold voltage
Vth (V)

on/off ratio
(ION/IOFF)

bare 0.008 −3.47 1.6 × 103

ODTS 0.045 −3.35 2.1 × 104

F-SAM 0.021 9.51 2.2 × 102

cPVP 0.007 −2.70 3.2 × 104

COC 0.008 −3.97 1.8 × 103
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low trap density.43 The height-mode AFM image, as shown in
Figure 4c, revealed that the ODTS-modified Al2O3/Al/PES
device surfaces were very smooth, with an rms roughness (Rq)
of 0.512 nm within the 5 × 5 μm2 scan. The value of the water
contact angle (θwater) was measured to confirm that the
substrate was effectively modified with ODTS. The value of
θwater derived from the captured images of water drops (Figure
4c) was 98°, which is similar to the θwater value on ODTS-
modified SiO2/Si. These results suggest that the surface of
Al2O3/Al/PES was successfully modified with ODTS. The full
device structure, transfer characteristics, and device-bending
stress tests are summarized in Figure 4d−f. This flexible OFET
exhibited typical low-operating-voltage p-type transfer charac-
teristics within the operating voltages from 3 to −3 V. The
average μ and Vth values are 0.013 ± 0.007 cm2/(V s) and 1.57
V, respectively. For the bending experiments, the flexible
OFETs were bent with a bending radius (R) of 0.5 cm,
constituting a bending strain (ε) of 1.5% on the devices, as
calculated using the equation ε = D/2R, where D is sample
thickness (D = 150 μm).14,44,45 From the bending tests, we
found that these devices sustained electrical performances after
100 repeated bends: μ and Vth changed by ∼5%. These results
demonstrate that the EHD printing approach is a promising
technology for large-area flexible devices.

■ CONCLUSIONS

We developed a direct writing approach from EHD jet printing
as a simple line-patterning method for P3HT and demonstrated

the potential application of this method for the fabrication of
large area, flexible, and low--operating-voltage organic tran-
sistors. A straight line with microscale dimensions was stably
obtained by applying electric fields. We investigated the effect
of the surface energy and type of substrate on the line width,
P3HT morphology, and OFET performance. We found that
OFETs from EHD jet printed P3HT on the ODTS-modified
surface exhibited good electrical performances comparable to
those using other printing methods. We believe that EHD
printing technology will contribute to the realization of low-
cost, large-area printed organic integrated devices.
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