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Fabrication of nanochannels via near-field electrospinning
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Abstract A simple and low-cost method is suggested

to fabricate nanochannels via Near-Field Electrospinning

(NFES). In this process, orderly and patterned nanofibers

direct-written by NFES are used as sacrificial templates.

Well-defined nanochannels are available after the removal

process of both sacrificial fibers and material coating over

the fibers. The sacrificial fiber, controlled by NFES, domi-

nates the channel geometry. The channel width ranges from

133 nm to 13.54 μm while the applied voltage increases

from 1.2 kV to 2.5 kV. Complicated wave-shape and grid

pattern channels are presented under a corresponding move-

ment of substrate. This method integrates electrospinning

with conventional MEMS fabrication technology and has a

potential in micro/nano manufacturing.
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1 Introduction

Nanochannels have drawn great interests due to their su-
perior characteristics and promising future in micro/nano-
fluidic and electronic devices [1–4]. Many techniques have
been developed and extensively reviewed for the fabrication
of nanochannels [2–6]. High-resolution lithography (such as
electron beam [7], focused ion beam [8], laser [9], etc.) as
well as various template/molding strategies are commonly
used, however, require elaborate operations and expensive
apparatus. Simple, low-cost fabrication methods are desired
for nanochannels in the rapid development of micro/nano
devices. Nanoimprint technology provides a lithography-
free manner with high throughput, low cost, and high resolu-
tion [10], but typically requires high-resolution lithography
for the fabrication of template.

Recent progresses have demonstrated a simple and low-
cost method to fabricate nanochannels by electrospinning
nanofibers as sacrificial templates [11–13]. Czaplewski et
al. electrospun oriented nanofibers on a rotating substrate
and obtained nanochannels by thermal removal of these
nanofibers [11]. Ishii et al. fabricated submicron electrode
gap by stretching electrospun nanofiber as a show mask [13].
However, these approaches are limited by lacking the con-
trollability of fibers deposition thus cannot well integrate
with conventional micro/nano manufacturing processes.

Our previous works have shown that Near-Field Elec-
trospinning (NFES) is a potential approach to direct-write
orderly micro/nanofibers for realizing their engineering ap-
plications [14–16]. In this paper, NFES directly deposited
nanofibers as the sacrificial template patterning on a sub-
strate. Following a coating process of channel material
and a subsequent sacrificial nanofibers removal, orderly
nanochannels as well as complex patterns took shape for fur-
ther micro/nano-electronic and fluidic devices fabrication.
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2 Experimental details

2.1 Materials

Polyethylene oxide (PEO, Mn = 300,000) was purchased
from Dadi Fine Chemical Co., Ltd., China. Ethanol was pur-
chased from Sinopharm Chemical Reagent Co., Ltd., China.
All these materials were used without any further purifica-
tion. The PEO was dissolved in a mixed solvent of deion-
ized water and ethanol (v/v = 60/40), then stirred at room
temperature for 24 hours to ensure a homogeneous mix-
ture before experiments. The concentration, viscosity, sur-
face tension, and conductivity of PEO solution were 18 wt%,
80.5 mPa s, 38 mN/m, and 53.3 μs/cm, respectively.

2.2 NFES setup

NFES setup is shown in Fig. 1a, where the anode of
high-voltage power supply (DW-P403-1AC, Dongwen) con-
nected to probe spinneret and the cathode connected to sil-
icon substrate. The probe tip was 40 μm in diameter; the
probe surface except probe tip had a hydrophobic treat-
ment to keep polymer solution only adhesion on the tip.
The spinneret-to-substrate distance was set at 1.5 mm. The
substrate was fixed on an XY stage to have a motion speed
in the range of 0–200 mm/s.

Under an applied high voltage, a polymer jet would eject
and then deposit onto the substrate as a solid fiber with diam-
eters range from tens of nanometers to several micrometers.
NFES can direct-write nanofibers in a predesigned pattern
by controlling the motion trajectory of XY stage. The NFES
process can be visibly operated under a microscope system,
which provides an effective aspect for the precise deposition
location and real-time monitoring [16].

2.3 Fabrication of nanochannel

Figure 1b shows the schematic diagram of nanochannel for-
mation. The substrate was ultrasonic cleansed before NFES.
First, PEO fiber as a sacrificial template was direct-written

on the substrate in a predesigned track via NFES. A 30-
nm-thick Au layer was then coated as capping layer on the
substrate by using a magnetron sputter. Afterward, the Au-
coated substrate was ultrasonic cleaned in chloroform for 15
minutes to dissolve the fiber. The ultrasonic frequency and
power were 40 kHz and 80 W, respectively. The Au layer
coated over polymeric fiber can be removed by the ultra-
sonic lift-off process. After that, a channel was formed on
the substrate.

2.4 Characterization

Both fibers and channels were characterized by scanning
electron microscope (SEM) (LEO 1530 Gemini) and opti-
cal microscopy system (Mitutoyo). Energy dispersive X-ray
detector (EDX) was also utilized to examine the polymer
removal and channel formation.

3 Results and discussion

NFES imposes the stable jet region close to the spinneret
tip to direct-write orderly fibers within a short spinneret-
to-collector distance. The advantages of NFES over con-
ventional electrospinning lie mainly in the precise deposi-
tion and complex patterning of fibers. Straight fibers can be
generated when the substrate speed is higher than electro-
spinning deposition rate. Figure 2a demonstrates a straight
and chaotic fiber direct-written at a fixed applied voltage of
1.4 kV. The straight fiber was obtained at a substrate motion
speed of 150 mm/s, while the chaotic one was formed with a
substrate speed of 100 mm/s. Figure 2b shows the 140-μm-
length channel obtained via the straight fiber presented in
Fig. 2a. The silicon substrate was pre-treated before NFES
by using conventional photoresist technique, as described in
Online Resource 1, to define a 140-μm-length Au coating
area for the deposition of NFES fiber and definition of chan-
nel length.

In the experiments, the polymer solution is supplied in
a manner analogous to that of dip-pen by dipping the spin-
neret probe into polymer solution. The polymer droplet at-
tached to the probe tip is about 50 to 60 μm in diameter and

Fig. 1 Experimental details of
nanochannel fabricated via
NFES. (a) The experimental
setup of NFES. (b) The
schematic diagram of
nanochannel fabrication process
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the electrospinning process can persist for 6 to 10 seconds
every dipping. The repeatable operation and near-field sta-
ble jetting of NFES result in a uniform sacrificial fiber and a
consequent well-defined channel as shown in Fig. 3a. Owing
to the hydrophobic treatment on the spinneret, the polymer
solution can be reloaded in a same volume, contributes to
the formation of uniform fibers in each repetition of NFES
process.

Fig. 2 Optical images of NFES fibers and the formed channel.
(a) Straight and chaotic fibers deposit on the substrate under an ap-
plied voltage of 1.4 kV and the substrate velocities are 150 mm/s and
100 mm/s, respectively. (b) The prepared 140-μm-width channel forms
via the straight fiber

The channel pattern is mainly determined by the sacri-
ficial fiber obtained from NFES. Figure 3b shows a broken
nanofiber remained on the substrate due to an insufficient
ultrasonic cleaning time (10 minutes); the channel width is
almost equal to the fiber diameter. Furthermore, the spec-
trum analysis by EDX (Fig. 3c) confirms the formation of
channel. The spectrums mainly show Si and O peaks in the
channel bottom, i.e. silicon substrate, while Au peaks were
obviously in the coating layer. This result indicates that the
polymer fiber has been removed completely from the chan-
nel and the Au never caves onto the channel.

Figure 3d presents a relationship between channel width
and applied voltage. Twenty straight channels were fabri-
cated under each applied voltage to calculate the average
channel widths and standard deviations. The average chan-
nel width ranged from 133 nm to 13.54 μm with the applied
voltage varied from 1.2 kV to 2.5 kV. These data show that
the channel width increases with increasing applied voltage
and fine channel as small as tens nanometers is available via
proper NFES process.

Figure 4 demonstrates the SEM images of smooth and
uniform channels. Two aligned straight nanochannels with
widths of 135 nm and 137 nm are presented in Fig. 4a,
where the applied voltage was 1.2 kV. A larger nanochannel
with 781-nm-width was formed when the applied voltage in-
creased to 1.5 kV (Fig. 4b). Figure 4c shows a 1.5-μm-width
wave channel (at the applied voltage of 1.8 kV) and a 750-
nm-width straight channel (at the applied voltage of 1.5 kV)
obtained on one substrate. The wave channel was fabricated
under a sine movement of substrate carried by the XY stage.

Fig. 3 (a) SEM image of a
well-defined nanofiber.
(b) A broken nanofiber
remained on the substrate under
an insufficient ultrasonic
cleaning time (10 minutes). The
channel width is almost equal to
the nanofiber diameter. (c) EDX
spectrums of nanochannel
bottom and Au layer beside the
channel. (d) A relationship
between channel width and
applied voltage in NFES
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Fig. 4 (a) Two aligned nanochannels with widths of 135 nm and
137 nm. The applied voltage for NFES is 1.2 kV. (b) A 781-nm-width
nanochannels under an applied voltage of 1.5 kV. (c) A 1.5-μm-width
wavy channel and a 750-nm-width straight channel fabricated on one
substrate. The applied voltages are 1.8 kV and 1.5 kV, respectively.
(d) A grid channel pattern with a channel space of 100 μm. The ap-
plied voltage is 1.5 kV and the fiber diameters are approximate 800 nm

The velocity of XY stage was set at 150 mm/s. A complex
grid channels were further fabricated under a precise con-
trol shown in Fig. 4d, where the channel widths were about
800 nm and the spaces between channels were 100 μm. The
straight and arc channels demonstrate the ability to prepare
a complicated channel pattern via NFES, while the accuracy
of channel pattern rely on the motion of the substrate.

The method of preparing nanochannel via NFES is avail-
able to fabricate electrode gaps and fluidic channels in
MEMS devices with low cost, wafer scalability, and well-
defined feature. The channel length varies from several mi-
crometers to a few meters depending on the feature size of
sacrificial fiber and the consequent coating pattern. In this
work, for instance, a maximum channel length is about 1.5
meters under a substrate velocity of 150 mm/s, as the poly-
mer solution at one dipping can electrospin fibers for 10 sec-
onds maximally; a certain channel length shorter than that
of sacrificial fiber can be achieved by adjusting the length of
coating pattern, i.e., 140-μm-width shown in Fig. 2b.

4 Conclusions

In this work, we demonstrate a simple and versatile method
to fabricate nanochannels via NFES without the application

of high-resolution lithography tools. Polymer fiber, as a sac-
rificial template, is direct-written by NFES; the channel is
available after a removal of channel material coat over the
fiber by an ultrasonic lift-off process. The size and shape
of the channel are compatible with ones of the fiber con-
trolled by NFES process parameters. Experimentally, chan-
nel widths ranged from 133 nm to 13.54 μm when the ap-
plied voltage varied from 1.2 to 2.5 kV. A precise grid pat-
tern and a wavy channel are fabricated under a correspond-
ing substrate movement. This method couples electrospin-
ning with conventional lithographic and fabrication method,
opens up a new and low-cost process in micro/nano manu-
facturing.
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