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Rapid advances in the internet of things have created various platforms for health monitoring, wearable
devices, electronic skins, and smart robots. Practical realization of these new technologies inevitably
requires a power supply. In this paper, we report self-powered triboelectric sensors (TESs), which incor-
porate GaN nanowires (NWs) grown on a Si(111) substrate as an active medium, and which are inspired by
the structure of the human epidermis and dermis. The TESs were fabricated by stacking polydimethyl-
siloxane (PDMS) directly on GaN NWs on Si(111) and the formation of an electrode underneath the sub-
strate. The PDMS layer forms interlocked nanoridge structures, which mimic the structure of the interface
between the human epidermal and dermal layer, at the interface with the top surface of the GaN NWs.
The interlocked nanoridge structures efficiently induce the transmission of stress to the underlying NWs,
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resulting in high triboelectric charge density and voltage. When the top surface of the TES was touched
with a human finger, in the absence of an external power supply, maximum output voltage and power
density of 14.7 V and 63.7 mW m~2 were measured, respectively. These outputs are much higher than any
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Introduction

Recent significant interest in the internet of things (IoT) has
boosted the rapid development of wearable and skin-attach-
able electronic systems,"” including artificial skins,* and
systems that support human-machine interaction.®” The prac-
tical application of wearable electronics requires reliable and
human-friendly electronic devices and sensors to be con-
venient and comfortable to use. Even though considerable pro-
gress has been made in wearable platforms integrated with
flexible, stretchable, and sustainable power systems, energy
storage systems are still premature and unsuitable for practical
use because of their impermanent lifetime, limited capacity,
and questionable safety. In this regard, self-powered devices
have significant potential to address the power requirements
of wearable or attachable electronics. These devices generate
power by harvesting energy from ambient sources such as the
kinetic energy resulting from human motion. Accordingly, the
development of self-powered touch sensors to meet practical
applications has become one of the main new research topics
in recent years.*’
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of those that were previously reported.

Based on previous reports, touch sensors can be categor-
ized into three types based on their working mechanisms:
piezoresistive,'®'" capacitive,">"* and piezoelectric.'*"® Touch
sensors working with the piezoresistive and capacitive types
usually have high sensitivity and low detection limits.'®"”
However, an external power supply is essential to operate both
of these types of sensors, which crucially limits the working
environment and practicality. Piezoelectric touch sensors, on
the other hand, have the advantage of self-powered operation
under externally applied pressure.'®'®> However, piezoelectric
touch sensors typically have low sensitivity and can only be
fabricated from a limited variety of sensing materials.'® In
view thereof, it is appropriate to suggest an alternative sensing
mechanism that would ensure high performance in terms of
the sensitivity, yet would be highly affordable, to meet the
requirements without using an external power supply. To
address the technical bottlenecks, an alternative sensing
mechanism has emerged in the form of the triboelectric effect,
which efficiently converts external mechanical energy into elec-
tricity by harnessing contact electrification and electrostatic
induction. This phenomenon enables a self-powered touch
sensor to be operated effectively with high sensitivity and wear-
ability. Triboelectric sensors (TESs) are often produced from
organic materials because of their low cost and simple fabrica-
tion process.”® For instance, J. Wang et al. demonstrated a
self-powered TES based on polydimethylsiloxane (PDMS)."
However, reliable long-term operation presented a challenge,
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because the device was easily affected by external heat or
humidity. Inorganic materials are not as widely used for TESs
as organic materials because they complicate the device fabri-
cation. Yet, inorganic materials have attractive characteristics
for TESs including high thermal stability, high resistance to
irradiation, and low impedance. TESs based on inorganic per-
ovskite materials such as CsPbBr; and MAPbI; were
reported.>®*' However, the disadvantages of the perovskite
material system are its vulnerability to moisture, long-term
instability, and, in particular, the harmful substances such as
lead as one of its core materials.

An alternative possibility would be to use inorganic III-
nitride semiconductors. These materials are highly promising
for application in TESs due to their intrinsic spontaneous
polarization originating from their wurtzite (WZ) crystal struc-
ture and they offer good mechanical and chemical stability.*
In particular, the nanowire (NW) structure is promising
because it is highly likely to induce high charge density on the
surface and to efficiently separate these charges spatially, com-
pared to bulk and thin films.>*** However, considering that the
growth of high-crystalline IIl-nitride NWs remains challenging,>>?®
TESs using III-nitride NWs have rarely been reported.

In this paper, we report self-powered TESs fabricated with
GaN NWs and PDMS, a structure that adopts the interlocked
nanoridge structure inspired by the structure of human skin.
The TESs were fabricated by stacking a layer of PDMS directly
on the GaN NWs grown on a Si(111) substrate. The PDMS layer
forms interlocked nanoridge structures at the interface with
the top surface of the GaN NWs, thereby mimicking the struc-
ture of human epidermal and dermal skin. The interlocked
nanoridge structure facilitates the transmission of stress to the
underlying NWs to generate high triboelectric charge density
and voltage due to the spatial difference in the elastic moduli
between the PDMS and NWs.

Experimental methods

GaN NWs were grown on a Si(111) substrate using a plasma-
assisted molecular-beam epitaxy system equipped with a
N-plasma source and effusion cells. The Si(111) substrate was
chemically cleaned using a HCl: H,O, : H,O solution before it
was loaded into the vacuum chamber (pre-cleaning process).
The pre-cleaning process was followed by in situ thermal
annealing at a substrate temperature of 900 °C to remove the
oxidation layer that naturally forms on the Si(111) substrate.
Prior to growing the GaN NWs, the Si(111) substrate was
exposed to the N-plasma at a substrate temperature of 800 °C
to form a SiN, layer. Subsequently, a Ga flux was supplied only
to the SiN,/Si(111) substrate for a few seconds to form Ga dro-
plets for growth initiation. Thereafter, Ga and N-plasma fluxes
were simultaneously supplied to form the GaN NWs. The
growth conditions for the GaN NWs are detailed in our pre-
vious reports.>”

The structural characterization of the GaN NWs was accom-
plished using field-emission scanning-electron microscopy
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(FE-SEM, Hitachi S-4700), installed in the Future Energy
Convergence Core Center at Jeonbuk National University, aber-
ration-corrected transmission-electron microscopy (Cs-TEM,
Jeol Jem-Arm 200F), and X-ray diffraction (XRD, Bruker D8
Advance). For photoluminescence (PL) measurements, a
diode-pumped solid-state laser with a wavelength of 266 nm
was used as the excitation source, with a 0.5 m monochroma-
ter. A charge-coupled device was used to detect luminescence
from the NW sample. The electrical characteristics of the TESs
including the output voltage and power density were measured
by varying the load resistances ranging from 1 kQ to 1 GQ with
a Keithley 2400 source meter.

Results and discussion

Fig. 1a shows three-dimensional and plan-view (inset) FE-SEM
images of GaN NWs. The average height (diameter) and spatial
density of the GaN NWs were measured to be 688.7 + 47.3 nm
(71.3 £ 5.7 nm) and 4.2 x 10° cm™2, respectively. The quantitat-
ive values of the GaN NWs were calculated using the Image ]
software installed in the FE-SEM. The surfaces of the GaN
NWs shown in the FE-SEM image have hexagonal shapes,
which is evidence of the formation of GaN NWs with the WZ
crystal structure. Fig. 1b shows the cross-sectional (left) and
high-resolution (middle) TEM (HR-TEM) images, and a selec-
tive-area electron diffraction (SAED) patterns (right), which
were acquired at two different vertical positions along a single
GaN NW. The lattice parameter value of 5.18 A is in good
agreement with the literature.”® In addition, the HR-TEM
images measured at the top and bottom regions of a NW
revealed that defects and stacking faults, which are typically
observed for compound semiconductor NWs formed on a Si
substrate, were largely absent. The SAED pattern of the GaN
NWs is representative of the WZ crystal structure. Fig. 1c
shows the XRD rocking curve of the GaN NWs. The strong
peaks at 28.32 and 58.78° correspond to Si(111) and Si(222),
respectively. The peaks at 34.6 and 72.9° are attributed to the
GaN(0002) and GaN(0004) planes, respectively. The full-width
at half-maximum (FWHM) of the GaN(0002) and GaN(0004)
peaks was measured to be 0.18 and 0.31°, respectively, and are
relatively narrower compared to those of previously reported
GaN NWs.?>*! Fig. 1d shows the PL spectrum of the GaN NWs
measured at room temperature (RT). The acquisition of a free-
exciton (FX) peak from IlI-nitride nanostructures at RT is typi-
cally difficult because of the considerable number of defects
and stacking faults as well as electron-phonon interaction.?*??
In contrast, the GaN NWs fabricated in this work gave rise to a
well-resolved FX peak at the wavelength of 366.3 nm at RT.
These results indidcate the successful formation of highly crys-
talline GaN NWs.

Fig. 2 schematically presents the fabrication process of the
TES using GaN NWs and PDMS, with the GaN NWs being the
main response medium for the TESs. The PDMS serves as a
passivation layer for the triboelectric devices and enhances
their flexibility and biocompatibility. In addition, PDMS forms
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Fig. 1 (a) Three-dimensional FE-SEM images of GaN NWs. Inset: plan-view image. (b) TEM (left) and HR-TEM (middle) image and SAED patterns
(right) of a single GaN NW measured at two different vertical positions. (c) XRD rocking curve and (d) PL spectrum of GaN NWs.

an interlocked nanoridge structure to transfer external stress
to the underlying GaN NWs. The first step of the device fabri-
cation entailed mixing the silicone elastomer with the curing
agent by mechanically stirring for 10 minutes to form a PDMS
mixture. This mixture was degassed in a vacuum desiccator for
30 minutes to remove air bubbles, whereupon the mixture was
uniformly spin-coated on a glass substrate at 600 rpm for 40 s.
The mixture was placed in an oven for an hour at 70 °C to
affect solidification. Subsequently, the PDMS film was peeled
off from the glass substrate. Then, Pt was deposited as an elec-
trode underneath the Si(111) substrate on which the GaN NWs
were grown, and a Cu electrode was additionally connected. As
the last step, the TES was fabricated by stacking PDMS directly
on the GaN NWs on the Si(111) substrate with the Pt/Cu
electrode.

Fig. 3(a) illustrate the device structure of the TES based on
the interlocked nanoridge structure at the interface between
the GaN NWs and PDMS. The role of each layer was systemati-
cally evaluated by fabricating devices with the structures of
only Si (TES1), PDMS/Si (TES2), and PDMS/GaN-NWs/Si
(TES3). The electrical properties of the TESs were measured by
periodically bringing the top surface of the TES devices into
contact with a human finger. Fig. 3(b) shows the output vol-
tages of the TESs with different device structures as a function

1328 | Nanoscale, 2025, 17,1326-1333

of time. The maximum output voltages of the TES1, TES2, and
TES3 samples were measured to be 1.2 V, 6.6 V, and 14.7 V,
respectively. Among the TES samples, the highest output
voltage was measured for the TES3. Considering the represen-
tative results listed in Table 1, the output voltage of TES3 is
much higher than those reported for previous studies.>*™®
This is attributed to the induction of a high triboelectric
charge resulting from the high-crystalline WZ structure of the
GaN NWs and the interlocked nanoridge structure formed by
the PDMS layer. For the touch sensor, triboelectric effect is
often combined with the piezoelectric effect when contacting
devices.*® To distinguish which of the two components is the
main operation mechanism for our devices, the time-depen-
dent output voltage of the TES is expanded as shown in
Fig. 3(c). There are three peaks with the voltage values of 15.4,
3.1, and (-)15.1 V. In the previous reports on touch sensors
based on triboelectric effect, there were three distinct peaks
corresponding to touching, pressing, and releasing process,
where the piezoelectric component was negligibly small.*°
Similarly, the three peaks in this work correspond to the
moments of touching, applying pressure, and releasing the
finger from the TES surface, respectively.>*° That is, the peaks
with the voltage values of 15.4 and 3.1 V are attributed to the
triboelectric and piezoelectric effects, respectively. The peak

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic diagram of the fabrication process of TES using GaN NWs and PDMS.

intensity related to piezoelectric effect is much smaller than
that related to the triboelectric effect. In addition, M. Ha et al.
reported that the performance of the touch sensor with the
interlocked microridge structure is related to the triboelectric
effect.*’ The nanoridge structure of our TES devices is similar
to the microridge structure. Considering the expanded plot of
the output voltage and previous reports, the triboelectric effect
is dominant operation mechanism for the TES with GaN NWs.
Fig. 3(d) illustrate the device structure of the TES and operat-
ing mechanism based on the interlocked nanoridge structure
at the interface between the GaN NWs and PDMS. The TES
device in this work mimics the structure of human skin, which
is characterized by a stiffness gradient between the stiff epider-
mis and soft dermis.*” This gradient facilitates the transfer
and concentration of effective stress to the underlying layer. As
evident from the device structure of the TES in Fig. 3(d), the
interlocked nanoridge structure is the result of using the soft
PDMS layer in combination with the stiff GaN NWs. The color
scale is representative of the extent of charge separation, with
red and blue indicating negative and positive charges, respect-
ively. When the top surface of the TES is touched with a
human finger, the interlocked nanoridge structures are
spatially generated between the upper PDMS layer with its rela-
tively low elastic modulus and the lower GaN NW layer with its
relatively high elastic modulus and the contact electrification
simultaneously occurs.?® The stiffness gradient, which arises
because of the difference in the elastic moduli between the

This journal is © The Royal Society of Chemistry 2025

GaN NWs and PDMS, effectively transfers and concentrates the
stress on the GaN NWs to generate triboelectricity.** The tribo-
electric charge density provided by this device structure is
approximately 1.5 times higher than that of the TES without
the structure. The electricity generated by the TES can be cal-
culated, by defining the electric field by the following
equation:**

(Q —A40(1)

Agper

E=— (1)
where E is the electric field, Q is the amount of surface charge,
A is the area of electrode, o is the triboelectric charge density,
&o is the permittivity of air, and ¢, is the permittivity of each of
the two components, the GaN NWs and PDMS. Therefore, the
triboelectric voltage in the contact-separation mode of the TES
device can be derived as follows:

V = EganTGan + Eppms Troms + Eaird

_Q <TGaN n Tppms +d(t)) +0d(t) (2)
Agg €o

€r,GaN  €r,pDMS

where Tgan, Trpms, and d are the thicknesses of the GaN NW
and PDMS layers, and the air gap distance, respectively.
Because the TES device in this work is operated under open-
circuit conditions, charge transfer does not occur. Therefore,
the term representing the charges can be eliminated to yield
the proportional relationship between the triboelectric voltage

Nanoscale, 2025, 17,1326-1333 | 1329
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Fig. 3 (a) Schematic diagram of the TES device. (b) Output voltages of TESs with different device structures as a function of time. (c) The output vol-
tages when the top surface of the TES is contacted, pushed, and separated with a human finger. (d) Schematic diagram of the operating mechanism
using the interlocked nanoridge structure composed of the GaN NWs and PDMS layer. (e) Output voltages of the TES with the touching frequency.
(f) The output voltages of the TES measured immediately, and 7, 14, 21, and 28 days after the device fabrication.

Table 1 Summary of representative results of TESs with various materials

Materials Output voltage [V] Power density [mW m™?] Ref.
Styrene rubber/PDMS 0.012 — 34
PDMS/PFA/Ag NWs/ITO 4 — 35

ZnS nanosheets/PDMS 8 4.33 36
MZXene/PDMS 2.3 — 37
Silicone elastomer/PET 5.5 17.1 38
PDMS/GaN NWs 14.7 63.7 This work

and charge density. Considering the structure of the TES
devices and the interface between the GaN NWs and PDMS,
the stress is concentrated at the top of the GaN NWs. As men-

1330 | Nanoscale, 2025, 17, 1326-1333

tioned above, this stress concentration in the GaN NWs can
increase the triboelectric charge density to amplify the voltage.
Fig. 3(e) shows the output voltage of TES3, measured by

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Simplified equivalent circuit model connected with a source meter and the layout of the TES. (b) Summary of average output voltage and
current of the TES as a function of R. (c) Calculated power density of the TES as a function of R.

varying the touching frequency from 0.4 to 3 Hz. As the touch-
ing frequency increases, the maximum output voltage
increases slightly. This result can be explained by the presence
of residual charges caused by incomplete electrical neutraliz-
ation during measurement, which leads to an elevation in the
triboelectric potential. Fig. 3(f) shows the time-dependent
output voltage of the TES measured for 28 days. The average
output voltages measured immediately, and 7, 14, 21, and 28
days after the device fabrication were observed to be 15.3, 14.6,
15.5, 15.2, and 14.9 V, respectively. There is no significant
degradation in the device performance over time, indicating
long-term stable operation of the TES.

To measure the triboelectric voltages of the device with the
source meter, the Pt/Cu electrode was connected to a load re-
sistance ranging from 1 kQ to 1 GQ. Fig. 4(a) shows the sim-
plified equivalent circuit connected with a source meter and
the layout of equivalent circuit connected with a source
meter and the layout of the TES. The TES can be approxi-
mated as an equivalent circuit with a current source (I,),
internal resistance (R,), and internal capacitance (C,) in
terms of electrical signals. Fig. 4(b) summarizes on the
maximum output voltages and currents of the TES3 device as
a function of R;. An increase in R; gave rise to a linear
increase in the output voltage. The instantaneous current
decreases with increasing R;, due to the occurrence of Ohmic
loss while the voltage increases. Fig. 4(c) shows the power
density of TES3 as a function of R;, calculated from the
output voltages and currents. The power density increased up

This journal is © The Royal Society of Chemistry 2025

to the Ry, of 2 MQ, at which the power density reached the
maximum value of 63.7 mW m~>. Considering the represen-
tative results listed in Table 1, the power density of TES3 is
much higher than those of the TESs in previous studies.>®*®
A further increase the R; caused the power density to
decrease because of ohmic loss.

Conclusions

In summary, we successfully developed a self-powered TES
with an interlocked nanoridge structure that was inspired by
the structure of human skin. The TES device includes GaN
NWs underneath a PDMS layer. The TESs with the interlocked
nanoridge structures were fabricated by stacking PDMS directly
on the GaN NWs on the Si(111) substrate. The PDMS layer
forms an interlocked nanoridge structure at the interface with
the top surface of GaN NWs. The maximum output voltage
and power density when the upper surface of the TES with the
GaN NWs is touched with a human finger reaches 14.7 V and
63.7 mW m™?, respectively. These values are much higher than
those of previously reported TESs. The outstanding device per-
formance of the TES incorporating the GaN NWs is attributed
to the enhanced spatial electrostatic induction at the GaN
NWs due to the effective transfer and concentration of stress
to the GaN NWs using the skin-inspired interlocked nanoridge
structure formed by the PDMS layer.

Nanoscale, 2025,17,1326-1333 | 1331
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