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Abstract
In this study, double-sided polymer surface nanostructures are fabricated using twice nanoimprint lithography and
metal deposition technique. We perform electrical property measurement on these double-sided surface
nanostructures. Open-circuit voltage and short-circuit current of the as-prepared samples with double-sided surface
nanostructures and conductive electrode are recorded using an oscilloscope with applying different external force.
The measurements are carried out at room temperature. We find that the intensity of open-circuit voltage and
short-circuit current for the double-sided surface nanostructures depends strongly on the sizes, shapes, and
arrangements of nanostructures and pressure force. The strongest electrical property can be observed in the
hexagon nanopillar arrays with the diameter of about 400 nm containing sub-50-nm resolution sharp structures at
the force of about 40 N. We discuss the physical mechanisms responsible for these interesting research findings.
The experimental results we study are relevant to the applications of double-sided surface nanostructures such as a
nanogenerator, pressure sensors, and nano-optoelectronic devices.
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Background
Nanostructures on surfaces attract much interest as an
efficient media for surface-enhanced Raman scattering
(SERS), surface plasmon resonance, nonlinear optical
and electrical response, and plasmonic excitation such
as nanoparticles, nanograting, and nanopillars, especially
metal surface nanostructures [1–5], which have potential
applications as electronic, magnetic, photonic, optoelectronic, and sensor devices [6–10]. From a viewpoint of
physics, the basic physical properties of surface nanostructures differ significantly from those of bulk materials with
the same components. In particular, surface effects can be
observed in the surface nanostructures. Therefore, surface
nanostructures have been a major focus of research on surface materials which can be taken as a fundamental building block of nanotechnology and nanodevices. It should be
noticed that polymer surface nanostructures have displayed
unique optoelectronic and electrical properties due to the
* Correspondence: zhangman881003@126.com
1
School of Electronic Information Engineering, Yangtze Normal University,
Chongqing 408100, China
2
Institute of Optics and Electronics, Chinese Academy of Sciences, Chengdu
610209, China
Full list of author information is available at the end of the article

triboelectric effect that is electrostatic induction occurring
within polymer materials [11–13]. Nanoscale structures
increase surface roughness and the contact friction area to
enhance the triboelectric effect, especially double-sided surface structures. The triboelectric effect in surface nanostructures can cause the generation of large electrical
charges, which can obtain current by connecting electrodes
and wires. The triboelectric effect in polymer surface nanostructures and related phenomena contributes greatly to
their promising applications in nanogenerators, pressure
and temperature sensors, and other electronic devices
[14–17]. The nanogenerators can transfer mechanical
energy into electric energy, and the pressure or temperature
sensors can transform different pressure or temperature to
detectable electrical or optical signals.
As the rapid development of nanotechnology, it is
now easy to fabricate periodic and complex unordered
surface nanostructures, for example, photolithography,
nanoimprint lithography (NIL), self-assembly, and interference lithography [18–22]. As one popular replication
nanotechnology, NIL is simple, low-cost, high-resolution,
and high-throughput, which is ideal for fabricating polymer nanostructures [23–25]. One major advantage to
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apply surface nanostructures as electronic devices is
that the electrical response of the surface nanostructures can be tuned and modulated via varying structure
parameters such as diameter, shape, and arrangement
of nanostructures. Therefore, it is of importance and
significance to examine basic electrical properties of
surface nanostructures.
In this article, we present a detailed experimental study
on the electrical properties of two kinds of double-sided
surface nanostructures, such as grating and nanopillar arrays. The double-sided polymer surface nanostructures
are fabricated using twice NIL process. Because the nanostructures on two side surfaces need not be aligned, the
imprinting process is simple and low cost. The conductive
electrode for measuring electrical signals is prepared by
the metal deposition technique, such as indium tin oxide
(ITO) or Ag film. We would like to research how these
surface nanostructures can respond to external pressure,
how their electrical properties depend on the sample’s
parameters, and how the open-circuit voltage and shortcircuit current of the as-prepared samples change.

ITO film. The schematic of the double-sided polymer
nanostructures is depicted in Fig. 2. The double-sided
structure materials are polydimethylsiloxane (PDMS)
and Kapton that are elastic materials. The intermediate
layer is a thin ITO film; thus, the integrated device is
flexible. The electricity signal is generated due to the
coupling effect of contact electrification and electrostatic
induction during contact-pressure-separation operation,
which is the principle of measuring electrical properties
of the double-sided surface nanostructures.
When deformed by an external-touched mechanical
pressure deformation provided by other materials, triboelectric charges are generated and distributed on the
polymer surfaces. As soon as the deformation starts to
be released, the external-touched materials become separated with the polymer surface. These triboelectric
charges cannot be compensated, leading to induce opposite charges on the ITO electrode to drive free electrons to flow from the ITO electrode to the external
circuit. This electrostatic induction process can give an
output voltage/current signal.

Methods

Measurement Method

Samples

For the measurement of electrical properties of three
kinds of surface nanostructures with different sizes, patterns, and arrangements, the measurements are carried
out under the external force within 0.5~50 N provided
at room temperature in Fig. 3. The electrical properties
are recorded using the adjustable linear motor (E1100RS-HC), current and voltage test device (Keithley 6514),
low noise amplifier (Stanford SR570), and oscilloscope
(MDO 3014). The change of force is achieved in the adjustable linear motor, and the oscilloscope could measure the voltage and current curve. The experiment setup

In this study, two kinds of surface nanostructures to be
measured are fabricated such as grating and nanopillar
arrays, and the scanning electron microscopy (SEM) images are shown in Fig. 1. The period of the grating is
about 300 nm, the width is about 160 nm, and the diameter of nanopillar is about 300 nm.
The prepared samples with double-sided surface structures are fabricated by combining twice UV-curable NIL,
and the conductive electrode layer between the doublesided structures are prepared by electrodeposition of

Fig. 1 SEM images of two kinds of surface nanostructures. A grating (a) and a nanopillar array (b) are shown

Zhang et al. Nanoscale Research Letters

(2019) 14:230

Page 3 of 7

Fig. 2 Schematic of the double-sided polymer nanostructures

applying pressure force onto the samples’ surfaces is
shown in Fig. 3.

Results and Discussion
The electrical properties for different surface nanostructures are shown in Fig. 4 at different external pressure
force. The output open-circuit voltage and short-circuit
current of the grating and nanopillar arrays are shown in
Fig. 4. As can be seen, the intensity of electric properties
in surface nanostructures depends strongly on the pressure force. And a similar phenomenon can be found for
the grating and nanopillar arrays. The open-circuit voltage
and short-circuit current changes with the pressure force
within 10 s are measured. The measurement results indicate that the electrical properties for grating and nanopillar arrays show different force dependence. The opencircuit voltage of the grating structure increases slowly
with the force, but the short-circuit current increases obviously with the force, as shown in Fig. 4a and b. In contrast,
the electrical properties of the nanopillar arrays show

Fig. 3 Photograph of experiment setup applying external force

better, because both open-circuit voltage and short-circuit
current increase significantly with the pressure force during the same time, as shown in Fig. 4c and d. However,
the open-circuit voltage does not change when the force
increases from 30.5 N to 42.6 N, yet the short-circuit
current is still increasing. Therefore, the experimental
results show that the complicated two-dimensional nanopillars have better electrical performance than onedimensional grating structures.
To further analyze the electrical properties of nanopillar arrays, different arrangements and shapes of nanopillars are measured such as random, square, and hexagon,
and the SEM images of different nanopillar arrays are
shown in Fig. 5. The random and square arrangement
nanopillars are sparsely distributed in Fig. 5a and b, and
the diameters of circular nanopillars are about 300 nm
and 400 nm, respectively. The hexagon arrangement and
shape nanopillars with about 400 nm of diameter are
closely packed in Fig. 5 c. The magnification of one segment of hexagon arrangement nanopillars is shown in
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Fig. 4 The electrical properties for surface nanostructures. The results for grating (a, b) and a nanopillar array (c, d) are shown

Fig. 5d. There is a sharp tip on the top of the nanopillar
and a sub-50-nm resolution nanogap between nanopillars, which is similar to the nanoscale pyramid feature.
The electrical performance curves with the force for
the different nanopillars samples are shown in Fig. 6.
The black, red, and blue curves represent the square,
random, and hexagon arrangement nanopillars, respectively. The results indicate that the open-circuit voltage
and short-circuit current for three kinds of nanopillars
increase rapidly with the pressure force. In contrast, the
hexagon arrangement and shape nanopillar arrays show
the strongest increase (blue curve) and the electrical
properties are the best. When the force is less than 20 N
and 25 N, the open-circuit voltage and short-circuit
current of the random nanopillars (red curve) are
more than that of square arrangement nanopillar arrays (black curve), and the situation is in return as
the force continues increasing. One major reason is

that hexagon arrangement can provide maximum surface roughness and friction contact area, which contains higher resolution (sub-50 nm) sharp tips and
gaps similar to the pyramid feature. Here, the surface
roughness is different from the parameter for wafer
surface smoothness characterization, which depends
mainly on the feature size. Though the diameter of
the hexagon nanopillars is similar to others, the sub50-nm gaps, sharp edges, and corners increase the
surface friction roughness and contact area to increase the electrical power output. We find that when
the force is greater than 35 N, the open-circuit voltage curves become smooth as shown in Fig. 6a, yet
the short-circuit current for three kinds nanopillars
are still increasing as shown in Fig. 6b. This indicates
that the electrical properties continue to increase with
the force, and the increase will become gentle when
the force is more than about 40 N.
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Fig. 5 SEM images of three nanopillar arrays. Random (a) and square arrangement (b) circular nanopillars, hexagon arrangement and shape
nanopillar arrays (c), and magnification image of hexagon nanopillars (d) are shown

The experimental results demonstrate that the external pressure force of about 40 N is an appropriate force
for the hexagon nanopillar arrays to enhance electrical
properties, because too much pressure force may destroy
the nanostructure samples. This study can provide a

basis for further investigation into other electrical or optical properties.
In this article, the samples with double-sided surface
nanostructures are measured. The measuring mechanism of the electrical properties of surface nanostructures

Fig. 6 The electrical properties for three kinds of nanopillar arrays, such as open-circuit voltage (a) and short-circuit current (b)
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indicates that the double-sided surface nanostructures
show better electrical performance.

Conclusions
In this study, double-sided polymer grating and nanopillar arrays have been fabricated using state-of-the-art
nanotechnology. The electrical property measurements
on these surface nanostructures have been carried out
with applying external force at room temperature. We
have found that the electrical signal of these samples depends strongly on force and structure arrangements and
shapes. In particular, the strongest electrical signal can
be observed in the hexagon nanopillar arrays with a
diameter of about 400 nm containing sub-50-nm resolution sharp structures compared with other samples.
And the appropriate force for measurement of electrical
properties is about 40 N. These results indicate that the
electrical properties can drive surface nanostructures for
the applications in pressure sensor, nanogenerator, and
electronic devices. We hope that the interesting experimental finding from this study can provide an in-depth
understanding of electrical properties of grating and
nanopillars with different arrangements.
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