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Abstract

Polymer nanowire (NW) organic field-effect transistors (OFETs) integrated on highly aligned large-area flexible
substrates are candidate structures for the development of high-performance flexible electronics. This work presents a
universal technique, coaxial focused electrohydrodynamic jet (CFEJ) printing technology, to fabricate highly aligned
90-nm-diameter polymer arrays. This method allows for the preparation of uniformly shaped and precisely positioned
nanowires directly on flexible substrates without transfer, thus ensuring their electrical properties. Using
indacenodithiophene-co-benzothiadiazole (IDT-BT) and poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8-BT) as
example materials, 5 cm? arrays were prepared with only minute size variations, which is extremely difficult to do using
previously reported methods. According to 2D-GIXRD analysis, the molecules inside the nanowires mainly adopted
face-on m-stacking crystallite arrangements. This is quite different from the mixed arrangement of thin films. Nanowire-
based OFETs exhibited a high average hole mobility of 1.1 cm? V=' s7' and good device uniformity, indicating the

applicability of CFEJ printing as a potential batch manufacturing and integration process for high-performance,

scalable polymer nanowire-based OFET circuits. This technique can be used to fabricate various polymer arrays,

enabling the use of organic polymer semiconductors in large-area, high-performance electronic devices and providing
a new path for the fabrication of flexible displays and wearable electronics in the future.

Introduction

Flexible electronics have attracted considerable atten-
tion because of their advantages of portability, folding
capabilities and scalability, which also show great poten-
tial in the development of organic electronics'™*, includ-
ing wearable and smart electronic devices ranging from
electronic skin and artificial intelligence technology to
flexible displays®~'°. Usually, organic films prepared by
spin coating or solution shearing approaches have been
widely used to fabricate organic field-effect transistors
(OFETs)''""”. However, the mobility of these OFETs
remains at a relatively low level compared to inorganic
devices and exhibits complex preparation processes, such
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as multistep lithography and transfers'*'®'°, In addition,
the organic films prepared via these methods are generally
characterized by nonuniform crystal morphology and
growth direction, which cause considerable limitations in
their electronic properties and greatly hinder practical
applications.

In recent years, the application of one-dimensional (1D)
semiconductor micro/nanowires in OFET's has been stu-
died® . Wang chose  cyclopentadithiophene-
benzothiadiazole copolymer (CDT-BTZ)-fabricated poly-
mer microwires for OFETs, and the results showed that
the self-assembled microwires in the molecular chains
were highly oriented in the direction of charge carrier
transport, with mobilities as high as 5.5 cm? V1s7! and
the width of the microwires ranged from 0.3 pum to 0.6 um
with lengths from 5 to 20 pm?®. Wu et al. proposed a
novel capillary bridge self-assembly strategy to prepare
polymer microwires, and their results showed that the
hole mobility of microwire-based OFETs was
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6.8 x 10> cm® V's™!, which was 3x higher than that of
thin films*’. However, the micro/nanowires fabricated
above only handled the problem of preparation of OFETSs
on rigid substrates, meaning that additional fabrication
processes such as transfer will be required for the reali-
zation of flexible devices with micro/nanowires. Further-
more, the large number of micro/nanowire alignments
with high resolution is a significant limitation for the
above fabrication methods (such as capillary bridges and
solvent vapor-enhanced drop casting). Thus, this repre-
sents a significant bottleneck in the development OFETSs
for further performance improvement and wide applica-
tions***°. As a consequence, the technology for fabricat-
ing large-area and controllable organic semiconductor
micro/nanowires on flexible substrates still remains to be
established, and high-performance flexible OFETs with
highly aligned micro/nanowires need to be developed.

A technique called coaxial focused electro-
hydrodynamic jet (CFE]) printing was proposed in this
work, which provides a novel method for producing large-
area, controllable organic polymer semiconductor nano-
wires (NW) on flexible substrates. NWs with a width of
90 nm were achieved on 5 x 5cm? flexible substrates. In
addition, the pattern of curbing and crossing structures
was also printed with high resolution (300 nm). According
to two-dimensional grazing-incidence X-ray diffraction
(2D-GIXRD) results, the molecules inside the nanowires
mainly adopted face-on m-stacking crystallite arrange-
ments, and the - stacking distance (d,,_,) was 4.23 A,
which is quite different from the mixed arrangement of
thin films. Furthermore, print-based OFETs were realized,
which show a mobility of 1.1 em?V~1s™! which is 5x
higher than that of conventional thin film-based OFETs
under the same conditions, and their on/off ratio was
1.93 x 10°. We believe that the NW structures fabricated
using CFE] printing technology and NW-based OFETSs
can open up a new way for the preparation of large-area
and high-performance displays, wearable electronics and
flexible sensors.

Results
Experimental setup and working principle

The CFE] printing system comprises a coaxial needle,
two microinjector pumps, a high-voltage power supply,
and a three-axis movement stage (Fig. 1a). The coaxial
nozzle consists of two coaxially located inner and outer
nozzles. In the system, microinjector pump 1 is connected
to the inner nozzle, and microinjector pump 2 is con-
nected to the outer nozzle. IDT-BT ink and silicone oil
are delivered simultaneously to the coaxial needle through
the inner and outer needles and extruded at the tip of the
needle under the push of the microinjector pumps. The
liquid at the tip of the needle will form a Taylor cone, and
when the voltage continues to increase, a coaxial jet will
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be generated. In conventional E-jet printing processes, ink
materials are directly printed on the grounding electrode.
The printed materials carry residual charge, and the
residual charge density increases with the accumulation of
ink on the grounding electrode. The polarity of the resi-
dual charge is accordingly with the coaxial jet, and a
Coulomb repulsion force will be generated between the
printed ink materials and coaxial jet**~>* This Coulomb
repulsion force will cause the coaxial jet to become
unstable and result in the whipping phenomenon. In
addition, when the residual charge density increases, the
whipping phenomenon becomes serious. Subsequently,
this will lower the stability and repeatability of the CFE]
printing process (Supplementary movie 1). In this work, a
strategy of using metal-liquid composite electrodes is
proposed (Fig. 1b, c). Approximately 10 ml of solvent was
added to the liquid electrode tank (a mixed solvent of
isopropanol and cyclohexane was used in this work).
Before the printing process begins, the coaxial jet flowing
from the coaxial nozzle will first enter the liquid electrode,
dissolving the outer silicon oil and the IDT-BT ink and
neutralizing the charge. Simultaneously, the heating plate
located in the bottom of the liquid electrode tank heats
the mixed solvent to 40 °C, thus improving the dissolution
rate of the coaxial jet (inset of Fig. 1b and Supplementary
movie 2). During the printing process, the coaxial jet
initially contacts the liquid electrode before it reaches the
metal moving substrate, and the outer wrapped material is
dissolved rapidly, which avoids the charge accumulation
problem caused by material accumulation and eliminates
the jet whip caused by Coulomb repulsion. Therefore,
these metal-liquid composite electrodes help increase the
coaxial jet’s stability as well as the uniformity of the
printed structure during the process (Fig. 1c and Sup-
plementary Fig. 1).

While applying voltage between the coaxial nozzle and
the metal-liquid composite electrodes, a polarized charge
will be generated inside the liquid, and the polarized
charge and the free charge in the liquid will move toward
the outer surface of the liquid under the action of the
electric field. The charge gathered on the surface of the
liquid produces an electric field force and drives the liquid
to focus inward. Since the external silicone oil is an
insulating material (the dielectric constant is 2.77), the
surface charge formed by the applied voltage exists only at
the interface between the interior IDT-BT ink and the
exterior silicone oil, as well as at the interface between the
air and the silicone oil. The surface charge transfer on the
outer surface of the inner IDT-BT ink and outer silicone
oil will result in electrical shear forces acting on both the
inner IDT-BT ink and the silicone oil. The inner electric
shear force acts directly on the inner IDT-BT ink, making
the IDT-BT ink jet diameter substantially shrink. At the
same time, the electrical shear force generated by the high
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Fig. 1 The CFEJ printing equipment and processes. a Diagram of the composition of the CFEJ printing system. b Schematic of the liquid-metal
double electrode structure. ¢ Processing of the liquid—-metal double electrode structure, where the illustration shows wrapping of the structures on
the insulating substrate. d Schematic of the coaxial nozzle. e Single frame captured from the video recording of the process to enable analysis of the

process signatures of CFEJ printing

viscosity silicone oil is also transferred to the internal
IDT-BT ink and results in a reduction in the internal jet
diameter. In addition, the external silicone oil can prevent
the IDT-BT ink from interference by airflow, vibration
and temperature (Fig. 1d). This home-built printing
equipment achieved all printing processes carried out in
air, and user-friendly control software for this equipment
was also developed, which has the potential to be used in
commercial production.

Large-area NW arrays on flexible substrates by CFEJ
printing

As depicted schematically in Fig. 2a, IDT-BT ink/sili-
cone oil bilayer structures were fabricated by CFE]

printing technology on flexible substrates (Fig. 2a-i).
Then, the wrapped structures were placed in an iso-
propanol solution and heated to 70°C to dissolve the
outer silicone oil (Fig. 2a-ii). Subsequently, the printed
sample was placed on a 150 °C heating plate to evaporate
the residual isopropanol completely (Fig. 2a-iii). Finally,
IDT-BT NWs were obtained (Fig. 2a-iv). Mass prepara-
tion of controllable NW structures on flexible substrates
is one of the keys to achieving high-performance organic
electronics. In this work, linear and sinuous arrays of NW
structures were successfully prepared on poly-
dimethylsiloxane (PDMS) and polyethylene terephthalate
(PET) substrates using the CFE] printing technique. To
fabricate linear structures, the concentration of the IDT-
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Fig. 2 Flow diagram for the removal of silicon oil and structures fabricated on flexible substrates. a Flow diagram for removal of the outer
high-viscosity silicone oil by the solution method: (i) printed wrapped structures; (i) placement of the printed sample in isopropanol at 70°C to

remove the outer silicone oil coating; (iii) evaporation of the residual solvents and annealing of the polymer, where the temperature is 150 °C; (iv)
inner polymer NW arrays obtained after removal of the outer silicone oil. b-d Optical images of NW arrays on PDMS substrate. e-g Optical images of

Isopropanol

[T

BT ink is 6mgmL ™', and the printing parameters of
working distance, applied voltage, silicone oil flow rate,
IDT-BT ink flow rate, and printing speed are 3 mm,
45kV, 4pLmin~', 100nLmin~' and 350 mms ',
respectively”’. With the use of these parameters, the IDT-
BT NW arrays were produced on the PDMS flexible
substrate, as shown in Fig. 2b and Supplementary Movie
3. The results showed that the alignment of the IDT-BT
ink/silicone oil wrapped structure was very good. The
application of liquid electrodes in this large area-
controlled printing process, which can prevent the accu-
mulation of charge, avoids the jet whipping issue that
often occurs in the conventional printing method.

In recent years, implantable sensors and printing flex-
ible electronics have been widely used. However,

patterning polymer semiconductors with high resolution
on flexible substrates remains a challenge. With conven-
tional methods for printing on insulating substrates,
although Taylor cones can be formed at the tip of the
nozzle, the presence of evanescent electric field forces
prevents the Taylor cones from continuing to develop and
thus cannot be printed on flexible substrates. It is worth
mentioning that large-area, high-resolution polymer
nanostructure preparation on flexible substrates was
achieved in this work, and the printing maximum array
can reach 8 inches. This is mainly due to the use of metal-
liquid composite electrodes to avoid charge accumulation
and Coulomb repulsion. Moreover, the working distance
was raised to 4 mm by reducing the printing speed to
180 mm, and other parameters were kept constant.
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Fig. 3 Scanning electron microscope (SEM) images of different structures fabricated using CFEJ printing technology. a—c Large array
network structure composed of F8-BT ink. d IDT-BT sinuous structure with a bending radius of ~1.5 um. e IDT-BT helical structure with a width of
~3 um. f IDT-BT crossed structure with a width of ~300 nm. g IDT-BT nanoscale free beam array with a width of ~120 nm. h Curved line structure with

Sinuous structures with high similarity were obtained on
PET substrates (Fig. 2e and Supplementary movie 4). As
indicated by Fig. 2f, IDT-BT ink/silicone oil bilayer
structures printed on flexible substrates exhibit a high
degree of self-similarity and controllability. After the
external silicone oil was removed, sinuous NWs were
obtained (Fig. 2g), which can greatly increase the
stretchability of the OFETs and thus offer great applica-
tion potential for OFETs in flexible devices and wearable
devices.

Figure 3 shows various organic semiconductor patterns
that were printed using the CFE] printing technique.
Figure 3a—c shows the printed network structure with
poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8-BT)
ink, along with fluorescence microscopic images acquired
under irradiation by blue, red, and green colored lights.
Figure 3d shows the printed wriggle structure, where the
radius of curvature of the IDT-BT wriggle structure was
1.5 um, showing that the CFE] printing technology can be
utilized to fabricate flexible electronics and improve their
tensile qualities. During the process of removing the outer

layer of silicon oil, a very thin probe was used to fix one
end of the printed NW, and then the probe was rotated,
which drove the NW in a spiral motion. After waiting for
the outer layer of silicon oil to completely dissolve in the
isopropanol solution, the helical structure can be
obtained, as shown in Fig. 3e, thus illustrating the
potential for the applications of artificial muscles and
wearable sensors. Figure 3f shows the crossed IDT-BT
NWs with a width of ~300 nm. The image shows good
contact and clear boundaries between the nanowires at
the intersections, which demonstrates the potential of
CFE]J printing technology for fabricating multilayer and
three-dimensional structures. Figure 3g shows a printed
IDT-BT nanoscale free beam, which shows straight and
homogeneous characteristics crossing the gap. Compared
to NW structures constrained to a substrate, nanobeam
structures show better properties, such as a larger specific
surface area and larger vibration amplitude, due to the
removal of substrate constraints. This provides more
significant advantages in high-performance nanodevices
and shows the advantages of CFE] printing technology in
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the fabrication of special structures. Figure 3h depicts the
printed curved line structures, which are useful in folding
devices. The width of NWs can be further reduced by
increasing both the printing speed and applied voltage
while simultaneously decreasing the needle-to-substrate
distance and the flow rate of IDT-BT ink. Therefore, the
printing speed is increased to 400 mm s~ and the voltage
is increased to 6kV during the printing process. The
results indicate that printed IDT-BT N'Ws with a width of
90 nm were obtained (Fig. 3i). Compared with others, the
nanowires prepared in this work achieved reproducibility,
controllability and high alignment®"*”**>, The manu-
facture of IDT-BT nanostructures with these dimensions
using typical manufacturing methods would require the
use of high-precision equipment for accurate alignment,
which is expensive, and the entire fabrication process
would be difficult and time-consuming. The proposed
CFE] printing technology realized the manufacture of
these nanostructures with a homogeneous and smooth
configuration in a single step. In addition to IDT-BT and
F8-BT, other polymer semiconductor materials, including
N2200, P3HT and PDVT-10, were also employed for
pattering structures using the CFE] printing technique
(Supplementary Fig. 2), which also showed smooth and
highly aligned morphologies. This result exhibits the wide
material application ranges of CFE] printing technology.
CFEJ printing technology enables the printing of a wide
range of materials, such as metals, piezoelectric materials,
insulation materials and semiconductors. Generally,
materials that meet a suitable viscosity range of
1-10,000cps can be printed with CFEJ printing
technology.

Morphology and crystallinity analysis of polymer NWs

It is well known that the morphology and crystallinity of
organic semiconductors have an important influence on
the performance of organic electronics. Atomic force
microscopy (AFM) was used to study the morphology of
the NWs prepared by CFE] printing and the thin films
prepared by spin-coating. AFM images (Supplementary
Fig. 3) showed that the NWs have a uniform width and no
obvious grain boundaries or defects. In contrast, the film
prepared by the spin-coating method has obvious defects,
and its surface is rough. The different morphologies of
printed NWs and spin-coated films will cause differences
in the carrier transport efficiency. This difference is
mainly due to the polymer being wrapped inside the
silicone oil after the printing process, and the silicone oil
produces a uniform shrinkage force and internal pressure
on the internal IDT-BT polymer, and these forces are
greatly beneficial to the formation of a smoother mor-
phology. Since the silicone oil is wrapped around the IDT-
BT ink, the volatilization of the IDT-BT ink solvent
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requires a long annealing process (~600 min), and the
very slow volatilization of the solvent during this process
also promotes the formation of a smoother surface.

Furthermore, 2D-GIXRD is a powerful method to
analyze the structural information of materials, such as
crystallization orientation and m-stacking distance®*”.
Then, 2D-GIXRD analysis was conducted for printed
IDT-BT NWs and spin-coated thin films. In the 2D-
GIXRD results, a ring of uniform intensity represents a
poor orientation, while a speckle or arc represents a
selective orientation®®®°, and the correspondence
between diffraction peaks and texture is shown in Sup-
plementary Fig. 4. Figure 4a, b indicates that there are
(010) diffraction peaks in both the in-plane and out-of-
plane, as well as one (100) diffraction peak in the out-of-
plane. This indicates that both edge-on and face-on
arrangements exist inside the film and that the prob-
abilities of both arrangements are at the same level. This
means that the crystallinity of the IDT-BT thin film was
low, and the stacking orientation was negative (Fig. 4c).
However, in the results of printed NWs, two clear dif-
fraction peaks of (100) and (200) were generated (Fig. 4d,
e). The incident direction of the light was set parallel (I,)
to the direction of the NWs. Compared to the thin film, it
is obvious that there is one more diffraction peak than the
thin film, which indicates that the printed NWs have
enhanced orientation and an increased proportion of
internal stacking by face-on (Fig. 4f). This can effectively
reduce carrier trapping and improve carrier mobilities.
Meanwhile, it was found that the intensity of the (010)
diffraction peak is much weaker than that of the film,
which demonstrates that the polymer molecular chains
inside the NWs mainly exhibit face-on and parallel
arrangements. The m-stacking direction (010) of the
majority crystalline is orthogonal to the direction of the
NWs, and a m-n stacking distance (d,_,) of 423 A was
calculated by the equation d=A/2 sin 6'°. When the
incident direction of the light is orthogonal (I,) to the
direction of the NWs, the (010) signal is not visible (Fig.
4g), indicating that the polymer molecular chains are
aligned orthogonal to the direction of incident light.
Figure 4h shows the NWs’ in-plane and out-of-plane 1-D
GIXRD measurements. The (010) signal was only appar-
ent when the incident light direction was parallel to the
NWs, indicating that the molecular chains within the
NWs were mostly arranged face-on and parallel to the
direction of the NWs (Fig. 4i).

Supplementary Fig. 5 shows the 2D-GIXRD character-
ization results for samples printed with various numbers
of NWs. When the number of NWs is below 2000, no
diffraction signal is observed; when the number of NWs
increases to 4000, two weak diffraction peaks of (100) and
(200) can be seen. When the number of NWs increased to
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5000, two clear diffraction peaks of (100) and (200) were
generated. The (010) signal was only apparent when the
incident light direction was parallel to the NWs. This
indicates that the diffraction signal is more distinct as the
number of NWs increases, also indicating that the
molecular chains within the NWs are arranged.

This difference is primarily due to the high-speed drag
behavior of the CFE] printing process, which may pro-
mote molecular chain alignment inside the polymer
NWs. This variation is primarily due to the high-speed
drag behavior of the CFE] printing process, which may
promote molecular chain alignment inside the polymer
NWs. This is mainly due to the high viscosity of the
external silicone oil (6 x 10* cst), a mechanical drag on
the coaxial jet and the needle-substrate will be generated
when the high-speed moving substrate (400 mms™ )
contacts the coaxial jet, and the drag force is consistent
with the printing direction. Therefore, it is possible that
this drag force promotes the orderly alignment of
polymer molecular chains in the same direction as the
NWs.

High-performance print-NW-based flexible OFETs

Flexible OFET devices of 4 x 10 arrays were fabricated on
100-pm-thick PET films. Supplementary Fig. 6a and b
shows the schematic of OFETs with bottom-gate and
bottom-contact structures and the preparation process of
the flexible NW-based OFETs. Figure 5a—c and Supple-
mentary Fig. 7 show NW-based OFET's containing detailed
IDT-BT nanowires. The NW arrays are highly ordered and
have good contact with the source-drain electrodes
through the channels. Figure 5d provides an optical image
of the fabricated NW-based flexible OFETSs on the testing
platform, where the channel length is ~50 pm. The NWs in
the flexible OFET have a uniform width of Dy = 101 nm
(Fig. 5e). The typical p-type transfer and output char-
acteristics of the IDT-BT NW-based flexible OFETs are
shown in Fig. 5f, g. The results show that almost no hys-
teresis is observed in the forward and backward scans,
along with a high current on-off (I,,/I,g) ratio (=1.93 x 10°).
The field-effect hole mobility of the NW-based OFETs was
calculated to be 1.1 cm®> V17! using the formula 2d//
dV L =pu W C;, where y is the mobility of the OFET, L is
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the length of the source-drain channel, W is the sum of the
widths of the printed NWs, K is calculated from the ratio of
Vgs and /Ips, and C is the dielectric constant of
PMMA*"***1, Figure 5h shows the statistical mobility of
the devices. Each square represents an OFET device, where
the color intensity represents the measured performance in
each case. It can be seen in the graph that the highest
mobility of the devices can reach 1.25 cm® V™' s™*, and all
devices in these arrays can work effectively and show
consistent performance. The mobility of NW-based OFET's
prepared by CFE] printing technology was five times higher
than that of thin film-based OFETs (0.2 cm? V7! s}
prepared by spin coating, as shown in Supplementary Fig. 8.
The reason is mainly due to the extremely regular

molecular arrangement of the polymer NWs, which is
similar to that of a single crystal. In conventional thin-film-
based OFETs, carriers are transported mainly in the m—m
direction. It can be inferred from the GIXRD results that
the carrier transport in NW-based OFETs is a combination
of main chain transport and m—m directional transport.
First, the carriers are mainly transported along the direc-
tion of the main chain, and when the carriers reach the end
of the main chain, they jump to another chain via m-n
transport and continue along the main chain. Since the
main chain is aligned in the same direction as the nano-
wires, the carrier transport efficiency is more efficient than
that of the thin film. In addition, the diameter of NWs is
much smaller than that of thin films, which results in a
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Table 1 Comparison of IDT-BT NW-based OFETs on PET with other OFET devices in the literature

Channel materials Fabrication techniques Substrates Dnw (nm) Mobility [cm?V~'s™"] Refs.
TIPS-TAP Channel-restricted and transfer Glass 550 ~ 600 0.98 2

PEDOT NWs Direct printing and vaporphase polymerization Si 90 0.15 22
PATDPP NWs Electrospun Si 190 0.305 28

P3HT NWs Electrospun Si 180 003 42
IDT-BT NWs Direct printing PET 90 1.25max This work

much lower contact resistance between the NWs and the
source-drain electrodes, which also improves the perfor-
mance of the OFETs. When compared with the OFETs
reported previously in the literature>*>***? as summarized
in Table 1, the polymer NW-based OFETSs reported in this
work can achieve a resolution of 90 nm with a smooth
morphology while also achieving a hole mobility of
~1.1 em® V' s with a high I,,/I g ratio of ~1.93 x 10°.
More importantly, these polymer NW structures can be
manufactured at ambient temperature and with high con-
trollability, thus making them suitable for scalable device
manufacturing, transfer, and integration onto soft elasto-
mer substrates. When combined, these qualities form a
solid foundation for the investigation of a new technolo-
gical practice for flexible electronics integration with the
aim of realizing a broader variety of soft electronic device
applications.

Conclusion

In summary, we have developed a universal CFE]
printing method that can be used to fabricate highly
aligned polymer arrays at RT without photolithography or
transfer processes. Large-area production of polymer
NWs with the same geometries is possible using the
proposed technique. CFE] printing technology offers the
advantages of simple operation, high resolution, and
material savings and can achieve highly aligned, con-
trollable, and efficient fabrication of IDT-BT polymer NW
array structures. The length of a single NW exceeds
50 mm, and the NW arrays have a uniform width that can
be stabilized at ~90 nm. According to 2D-GIXRD analysis,
the molecules inside the nanowires mainly adopted face-
on m-stacking crystallite arrangements. This is quite dif-
ferent from the mixed arrangement of thin films.
Nanowire-based OFETs showed a high average mobility
of 1.1 cm® V™! s7! and good device uniformity, which is
5x that of thin film-based OFETs fabricated under the
same conditions. In addition, the on/off ratio of the
OFETs was 1.93x10°. NW arrays prepared by CFE]
printing provide a simple way to fabricate high-
performance OFETs. This method provides a possible

route toward the realization of highly uniform polymer
arrays with high intrinsic mobility.

Methods
Materials

IDT-BT was prepared according to previous procedures
reported in the literature and had an average molecular
weight of 47.5 kDa. To fabricate the polymer ink, the IDT-
BT solute was first heated at 80 °C for ~60 min to ensure
the drying of the solute. After that, the IDT-BT solvent
was mixed with o-xylene for almost 300 min while being
heated to 80°C. Similarly, F8-BT ink was prepared by
adding F8-BT solute with a concentration of 5 mgml ™" to
a chlorobenzene solvent and magnetically stirring the
mixture at 80°C for ~300 min. The viscosity of the sili-
cone oil used in this study was 6x 10* cst, and the
dielectric constant was 2.77. Silicone oil was also pur-
chased from Sigma-Aldrich and did not need to be
purified.

Experimental setup of coaxial needle

The coaxial needle is composed of internal and external
stainless-steel needles, which need to be installed with a
high degree of coaxiality (<10 pm). The inner needle
contained polymer ink connected to microinjector pump
1 (Harvard Apparatus, Holliston, MA, USA) with a supply
rate of 30-200 nL min '. The outer needle contained
silicone oil connected to microinjector pump 2 with a
supply rate of 1-10 uL min~*. The diameters of the inner
and outer needles are 110 um and 460 pm, respectively.
The external nozzle is connected to a supply power
(Dongwen, Tianjin, China) with an operating voltage of
3.5-6.5kV. The applied voltage creates a stable electric
field between the coaxial needle and the substrate. The
substrate is grounded and mounted on a computer-
controlled 3-axis motion stage (HIWIN, Taiwan). A color
camera was used to observe the morphology of the coaxial
jet during the printing process (CM3-U3-50S5C-CS,
FLIR, USA). A high-speed framing camera was utilized to
capture the coaxial jet being collected on the substrate
(CAMCUBE?, Mikrotron GmbH, Germany).
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Fabrication process and evaluation of OFETs

The OFET devices were fabricated with a top contact
configuration. First, 200-pm-thick PET films were used as
flexible substrates, and each substrate was first annealed
using steps of 100, 130, and 160 °C with a treatment time
interval of 30 min to release any thermal stress. The
substrate was then placed into isopropyl alcohol and
ultrasonically cleaned at 100 W for 10 min. Then, a 100-
nm-thick Al film was vaporized to act as the gate elec-
trode layer, and an 800-nm-thick PMMA film was sub-
sequently spin coated to act as the dielectric layer (PMMA
dissolved in n-butyl acetate, with a curing agent ratio of
10:6 by mass). The relative dielectric constant of this
dielectric material is 2.8, which is equivalent to a capaci-
tance. surface morphology of PMMA was investigated,
and the root-mean-square (RMS) roughness values of
PMMA were found to be 0.7 nm (Supplementary Fig. 9),
which lays the foundation for highly aligned nanowire
printing. After spin-coating and annealing at 60°C for
30min, a 30nm Au film was vaporized to act as the
source—drain electrode layer, and the channel length was
~50 um. The IDT-BT polymer was printed on the
source—drain electrodes using CFE] printing patterning
equipment. During the printing process, the temperatures
of the insulating substrate and the nozzle were maintained
at 30 °C. After the printing process, the flexible substrate
was placed on a hot plate at 100 °C for 8 h to allow the
polymer ink to crystallize and fully contact the electrodes.
The substrate was then placed in a Petri dish containing
isopropyl alcohol and heated to 70 °C to dissolve the outer
silicone oil layer (Fig. 2a-iii); it was then removed after
15 min and annealed at 150 °C for 10 min, and the pat-
terned semiconductor layer was spin-coated with a PDMS
layer to act as an encapsulation layer to ensure the sta-
bility and enhance the lifetime of the device. A semi-
conductor analyzer was used to measure the transfer and
output curves (4200-SCS, Keithley, USA), and all tests
were performed in air at room temperature. A scanning
electron microscope (SU8220, Hitachi, Japan) was used to
obtain microscopic images at accelerating voltages of
5-15kV. One-dimensional, two-dimensional and three-
dimensional images of the surface morphology were
obtained using an atomic force microscope (Nanowizard
4XP, Bruker, Germany) in tap mode.

Acknowledgements

This research was supported by the National Key R&D Program of China (Grant
No. 2018YFA0703200, D.W.), National Natural Science Foundation of China
(51975104 and 62074138, D.W. 52003274, Z.Z.), the Fundamental Research Funds
for the Central Universities (DUT22LAB405, DUT22QN227), Defense Industrial
Technology Development Program (JCKY2020204B004) and Ningbo Institute of
Dalian University of Technology. The 2D-GIXRD data were obtained at TW1A,
Beijing Synchrotron Radiation Facility. The authors gratefully acknowledge the
assistance of researchers of the Diffuse X-ray Scattering Station during the

Page 10 of 11

experiments. Special thanks are due to Dr. Cai Rui in the Instrumental Analysis
Center of Dalian University of Technology for assistance with AFM analysis.

Author details

"Laboratory for Micro/Nano Technology and System of Liaoning Province,
Dalian University of Technology, Dalian 116024, China. “State Key Laboratory of
High-Performance Precision Manufacturing, Dalian University of Technology,
Dalian, China. *Ningbo Institute of Dalian University of Technology, Ningbo
315000, China. *Beijing National Laboratory for Molecular Sciences, Key
Laboratory of Organic Solids, Institute of Chemistry, Chinese Academy of
Sciences, Beijing 100190, China

Author contributions

D.W. is responsible for funding and resource acquisition, supervising the
project, and revising the manuscript. L.L. is responsible for most of the
investigations, methodology development, data collection/analysis, writing
and editing the manuscript. Z.Z. helped to take most of the experimental tests
and edit the manuscript. Y.C. helped with the GIXRD image. CP. and Y.L.
helped to take the experimental pictures. CL, X. C, S.L, and P.X. completed the
SEM image. LS, JL, and Y.C. helped to edit the article. Y.G. and Y.L. helped
provide test instruments and test methods. All authors provided comments on
the revision of the manuscript.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541378-023-00551-x.

Received: 14 December 2022 Revised: 2 April 2023 Accepted: 28 April 2023
Published online: 13 June 2023

References

1. Deng, W. et al. Water-surface drag coating: a new route toward high-quality
conjugated small-molecule thin films with enhanced charge transport
properties. Adv. Mater. 33, €2005915 (2021).

2. Deng, W. et al. Channel-restricted meniscus self-assembly for uniformly
aligned growth of single-crystal arrays of organic semiconductors. Mater.
Today 24, 17-25 (2019).

3. Song, X. et al. Highly stretchable high-performance silicon nanowire field
effect transistors integrated on elastomer substrates. Adv. Sci. 9, €2105623
(2022).

4. Chen, H. et al. Highly pi-extended copolymers with diketopyrrolopyrrole
moieties for high-performance field-effect transistors. Adv. Mater. 24,
4618-4622 (2012).

5. Ding, B. et al. Electrospun nanomaterials for ultrasensitive sensors. Mater. Today
13, 16-27 (2010).

6. Hassan, M. et al. Significance of flexible substrates for wearable and implan-
table devices: recent advances and perspectives. Adv. Mater. Technol. 7 (2021).

7. Shaymurat, T. et al. Gas dielectric transistor of CuPc single crystalline nanowire
for SO(2) detection down to sub-ppm levels at room temperature. Adv. Mater.
25, 2269-2273 (2013). 2376.

8. An, H.S. et al. High-resolution 3D printing of freeform, transparent displays in
ambient air. Adv. Sci. 6, 1901603 (2019).

9. (Cai, L et al. Direct printing for additive patterning of silver nanowires for
stretchable sensor and display applications. Adv. Mater. Technol. 3, 1700232
(2018).

10. Chen, J. et al. Flexible ionic-gel strain sensor with double network, high
conductivity and high frost-resistance using electrohydrodynamic printing
method. Addit. Manuf. 58, 103021 (2022).

11. Wang, J, Gu, J, Zenhausern, F. & Sirringhaus, H. Low-cost fabrication of sub-
micron all polymer field effect transistors. Appl. Phys. Lett. 88, 133502 (2006).


https://doi.org/10.1038/s41378-023-00551-x

Lu et al. Microsystems & Nanoengineering (2023)9:80

20.

21.

22.

23.

24

25.

26.

27.

Wang, S. et al. Microribbon field-effect transistors based on dithieno[2,3-d;2,3-
dbenzo[1,2-b4,5-b]dithiophene processed by solvent vapor diffusion. 23,
4960-4964 (2011).

Zheng, Y. et al. An intrinsically stretchable high-performance polymer semi-
conductor with low crystallinity. Adv. Funct. Mater. 29, 1905340 (2019).
Zhang, F. et al. Ultrathin film organic transistors: precise control of semi-
conductor thickness via spin-coating. Adv. Mater. 25, 1401-1407 (2013).

Park, S. et al. Self-powered ultra-flexible electronics via nano-grating-patterned
organic photovoltaics. Nature 561, 516-521 (2018).

Park, K. S. et al. Inkjet-assisted nanotransfer printing for large-scale integrated
nanopatterns of various single-crystal organic materials. Adv. Mater. 28,
2874-2880 (2016).

Park, J. U. et al. High-resolution electrohydrodynamic jet printing. Nat. Mater. 6,
782-789 (2007).

Pitsalidlis, C. et al. High mobility transistors based on electrospray-printed small-
molecule/polymer semiconducting blends. J. Mater. Chem. C 4, 3499-3507 (2016).
Park, K. S. et al. Single-crystal organic nanowire electronics by direct printing
from molecular solutions. Adv. Funct. Mater. 23, 47764784 (2013).

Chen, J-Y. et al. Manipulation on the morphology and electrical properties of
aligned electrospun nanofibers of poly(3-hexylthiophene) for field-effect
transistor applications. Macromolecules 44, 2883-2892 (2011).

Huang, Y. et al. Hyper-stretchable self-powered sensors based on electro-
hydrodynamically printed, self-similar piezoelectric nano/microfibers. Nano
Energy 40, 432-439 (2017).

Cho, B. et al. Single-crystal poly(34-ethylenedioxythiophene) nanowires with
ultrahigh conductivity. Nano Lett. 14, 3321-3327 (2014).

Cui, Y. & Lieber, C. M. Functional nanoscale electronic devices assembled using
silicon nanowire building blocks. Science 291, 851-853 (2001).

Lee, S. W. et al. Periodic array of polyelectrolyte-gated organic transistors from
electrospun poly(3-hexylthiophene) nanofibers. Nano Lett. 10, 347-351 (2010).
Sun, Y, Dong, T, Yu, L, Xu, J. & Chen, K Planar growth, integration, and
applications of semiconducting nanowires. Adv. Mater. 32, €1903945 (2020).
Wang, S. et al. Organic field-effect transistors based on highly ordered single
polymer fibers. Adv. Mater. 24, 417-420 (2012).

Wu, Y, Su, B, Jiang, L. & Heeger, A. J. “Liquid-liquid-solid™type superoleophobic
surfaces to pattern polymeric semiconductors towards high-quality organic
field-effect transistors. Adv. Mater. 25, 6526-6533 (2013).

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 11

Lin, C. J. et al. High-performance FETs prepared from electrospun aligned
PATDPP nanofibers. Macromol. Chem. Phys. 212, 2452-2458 (2011).

Lee, S, Moon, G. D. & Jeong, U. Continuous production of uniform poly(3-
hexylthiophene) (P3HT) nanofibers by electrospinning and their electrical
properties. J. Mater. Chem. 19, 743-748 (2009).

Wang, D. et al. Nanoscale coaxial focused electrohydrodynamic jet printing.
Nanoscale 10, 9867-9879 (2018).

Xu, Q. et al. Coaxial electrohydrodynamic atomization process for produc-
tion of polymeric composite microspheres. Chem. Eng. Sci. 104, 330-346
(2013).

Plog, J, Jiang, Y, Pan, Y. & Yarin, A. L. Electrostatically-assisted direct ink writing
for additive manufacturing. Addit. Manuf. 39, 101644 (2021).

Alenezi, H, Cam, M. E. & Edirisinghe, M. Core-sheath polymer nanofiber for-
mation by the simultaneous application of rotation and pressure in a novel
purpose-designed vessel. Appl. Phys. Rev. 8, 041412 (2021).

Jung, E. H. et al. Efficient, stable and scalable perovskite solar cells using poly(3-
hexylthiophene). Nature 567, 511-515 (2019).

Yang, K et al. Tunable flexible artificial synapses: a new path toward a
wearable electronic system. npj Flex. Electron. 2 (2018).

Wang, L. et al. A Eu 3+ -Eu 2+ ion redox shuttle imparts operational durability
to Pb-I perovskite solar cells. Science 363, 265-270 (2019).

Kim, G. et al. Impact of strain relaxation on performance of a-formamidinium
lead iodide perovskite solar cells. Science 370, 108-112 (2020).

Chabinyc, M. L. X-ray scattering from films of semiconducting polymers.
Polym. Rev. 48, 463-492 (2008).

Rivnay, J, Mannsfeld, S. C, Miller, C. E, Salleo, A. & Toney, M. F. Quantitative
determination of organic semiconductor microstructure from the molecular
to device scale. Chem. Rev. 112, 5488-5519 (2012).

Zhang, T. et al. Superfast growth dynamics of high-quality silicon nanowires
on polymer films via self-selected laser-droplet-heating. Nano Lett. 21,
569-576 (2021).

Wei, Z. et al. Organic single crystal field-effect transistors based on 6H-pyr-
rolo[3,2-b:4,5-b]bis[1,4]benzothiazine and its derivatives. Adv. Mater. 22,
2458-2462 (2010).

Haiging, L, Reccius, C. H. & Craighead, H. G. Single electrospun regioregular
poly,3-hexylthiophene nanofiber field-effect transistor. Appl. Phys. Lett. 87,
253106 (2005).



	High-performance flexible organic field effect transistors with print-based nanowires
	Introduction
	Results
	Experimental setup and working principle
	Large-area NW arrays on flexible substrates by CFEJ printing
	Morphology and crystallinity analysis of polymer NWs
	High-performance print-NW-based flexible OFETs

	Conclusion
	Methods
	Materials
	Experimental setup of coaxial needle
	Fabrication process and evaluation of OFETs

	Acknowledgements




