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This paper describes two highly-sensitive ﬂexible motion sensors (piezoelectric nanogenerators and ultraviolet
light emitting diodes based ﬂexible GaN) based on asymmetric polarization created across ﬂexible GaN ﬁlm and
very high correlations of the sensors for precise motion measurement. The operation mechanism is based on
piezotronic eﬀect using polarization charges at the interface for tuning the electronic and optoelectronic processes. The nanogenerator showed very high sensitivity (S = 93 at 0.45% under concave bending) and the
convex bending led to the decrease of the sensitivity to 24. The electroluminescence intensity also almost linearly decreased with the change of the bending direction, clearly shown in the confocal scanning electroluminescence microscopy images with the bending motion. The two sets of measures showed very high correlations (R2 = 0.98 and 0.96 under concave and convex bending, respectively) with very sensitive directional
information. This approach makes to recognize the direction of bending as well as to measure the magnitude of
the strain for realizing multi-functional, motion detection sensing devices.

1. Introduction
Exceptionally sensitive sensors that can accurately provide motion
information from a human body such as the magnitude of strain and
bending direction are becoming increasingly important to satisfy
functional and structural demands for wearable devices and robotic
devices [1–6]. Wearable motion sensing technologies such as human
motion detection [7–9], electronic skins [10,11], and real-time
healthcare monitoring [12–14], are considered as key components in
the development of diagnostic and other electronic applications, associated with health care. As an innovative technology in the Fourth Industrial Revolution, the motion sensors with high sensitivity and multiple functions in robots ﬁelds are also essential for the purpose of
measuring the bending of the joint and for surgical tools such as the
catheter [15,16]. With the importance of the sensors, many sensors
have been developed and successfully demonstrated in real applications
such as soft robotics [17,18], human-machine interface systems
[19,20], and smart suits for babies [21], athletes or soldiers [22,23].
Recently, self-powered strain sensors based on piezoelectric eﬀects and
triboelectric eﬀects were developed, and high sensitivity was
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demonstrated without any external power [24–26].
In the existing methods, strains are detected in various ways, for
example, by measuring the change in electrical resistance or capacitance with the applied strain [27], or by optically measuring the intensity of the reﬂected light that shifts in response to variations in strain
[28,29]. Although these methods have been proven to be quite eﬀective
in real applications, it may not be easy to accurately identify the
strained conditions applied to the sensors if only one method is used.
Actually, the integration of two and more sensors to improve the accuracy was already applied to the commercial product, such as the
detection of angle, in which the sensors were designed to complement
each other [30]. To generate multiple types of information such as
strain, pressure, bending direction etc., various sensing devices will be
required to improve the reliability of the information. Therefore, it is
essential to obtain multiple data sets from individual strain sensors and
evaluating the correlation between the sets, to conﬁrm the motion information, such as precise values of strain, as well as accurate bending
direction.
Here, we demonstrate a facile strategy to provide accurate motion
information that utilizes two methods based on the large piezoelectric
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2.2. Fabrication of ﬂexible GaN UV LEDs, by LLO process

eﬀects of Gallium nitride (GaN) and asymmetric polarization created
inside ﬂexible GaN thin ﬁlm. GaN has been considered to be a famous
direct wide bandgap semiconductor in light-emitting diodes (LEDs)
because of the excellent optoelectronic properties such as small exciton
binding energy (~ 21 meV) and high electron mobility (~ 350 cm2 V-1
s-1) [31]. The theoretical piezoelectric constants were reported to be e15
= −0.49 C/m2, e31 = −0.49 C/m2, and e33 = 0.73 C/m2, showing
strong piezoelectric eﬀects [32]. The electronic properties such as resistivity, carrier density and mobility can be well-controlled by the
growth parameter tuning. It also oﬀers a number of excellent properties
such as good chemical stability, high mechanical robustness, and environmental compatibility, and thus, eﬃciently converting ambient
mechanical energies into electricity [33]. Owing to the polarization of
wurtzite structured GaN, a piezoelectric potential (piezopotential) is
created in the crystal by applying a stress owing to the presence of one
atomic-layer thick polarization charges at the surface/interface, which
can signiﬁcantly tune the electronic and photonic processes, and is thus
referred to a piezotronic eﬀect [34–36]. Based on these unique properties, two sets of measures were made, that is, the generated voltages
of ﬂexible GaN piezoelectric nanogenerator and the ultraviolet (UV)
light intensities of the ﬂexible GaN UV LEDs with bending motion,
possible chosen for accurate motion information. The 2-in. wafer-scale
laser lift-oﬀ (LLO) process was employed to fabricate the two ﬂexible
GaN devices. The spontaneous polarization created inside GaN also
produced asymmetric Schottky barrier height (SBH) at the interface of
metals and GaN, and aﬀected the electron-hole recombination rate
across the p-n junction, oﬀering signiﬁcant potential to develop high
and directional sensing approaches. The nanogenerator showed very
high sensitivity (S = 93 at 0.45%) under the concave bending, while it
signiﬁcantly decreased to 24 under the convex bending. The electroluminescence (EL) intensity of the LEDs almost linearly increased when
device was bent from convex to concave bending motion, clearly shown
by confocal scanning electroluminescence microscopy (CSEM) images.
These results clearly show that the sensor can provide exact bending
information. When we correlated the two sets of measures, very high
correlations (R2 = 0.98 and 0.96 under concave and convex bending,
respectively) were obtained, showing the reliability of the strained
conditions measured.

For ﬂexible GaN UV LEDs, a 500-nm-thick undoped GaN buﬀer
layer, 2-μm-thick n-type GaN, and 800-nm-thick p-type GaN layer were
grown in sequence on c-plane sapphire substrates using metal-organic
chemical vapor deposition (MOCVD). The n-type GaN ﬁlm was grown
using SiH4 for n-type doping and the Mg concentration was ﬁxed by
ﬂowing the Cp2Mg with 1200 sccm for p-type GaN ﬁlm. Ni/Au (20/
200 nm) electrodes were then deposited on the p-type GaN, followed by
annealing at 300 oC for 1 min in air ambient, to decrease the Ohmic
junction resistances. After the LLO process, the undoped GaN was
etched away by ICP etching, leaving n-type and p-type GaN layer, followed by trench etching. Ti/Au (20/200 nm) was then deposited on the
p-type GaN as a top electrode. PET for plastic substrates were then attached at the bottom sides of the device.
2.3. Characterization and measurements
The scanning electron microscopy (SEM) was done using a FEI
Nanonova 230 with an accelerating voltage of 10 kV. The electrical
properties of the GaN ﬁlms were analyzed using Hall measurement
systems (LakeShore, Model 7600). To detect currents and voltages
generated by ﬂexible p-type GaN ﬁlm nanogenerator, a Keithley 6485
picoammeter and Keithley 2182 A voltammeter were used. To ensure
regular and continuous electricity generation, bending testers (Z-tec)
were used. The LED luminance (brightness) was then calculated from
the known portion of the forward emission and the LED output spectra.
Images of LED output were recorded with an Olympus MVX10 using a
cooled charge coupled device (CCD) detector (iXon3 888). All measurements were performed under ambient conditions at room temperature.
3. Results and discussion
The schematic diagrams of the ﬂexible GaN piezoelectric nanogenerators based on p-type GaN ﬁlm fabrication processes are shown in
Fig. 1a and detailed information is given in the Experimental section.
Fig. 1b shows I-V curves of the device carried out at various staining
conditions. Here, the hole concentration was measured to be approximately 6.55 × 1016 cm-3. It is clearly seen that the device exhibits a
typical behavior of the Schottky diode. Strain values in a thin ﬁlm are
calculated with tensile strain deﬁned as positive and compressive strain
deﬁned as negative along the transverse direction, respectively. Thus,
along the vertical direction, it is calculated that the compressive strain
is applied during convex bending, while the tensile strain is applied
during concave bending (see the “calculation of strain” section in the
Supplementary Materials) [37–39]. When positive voltage was applied
to the drain, the current through the device increased under the convex
bending, while at concave bending, the current was decreased with the
strain. Conversely, under negative drain bias, the opposite trend was
observed with the current increasing with the concave bending and
decreasing with the convex bending. Current values in device under
various strains were measured at certain biases (2 V and −2 V) and
plotted in Fig. 1c. It was clearly shown that the currents passing
through the p-type GaN ﬁlm almost linearly varied as the curvature of
the surface changed from concave to convex. The characteristics of the
I-V curves in Fig. 1b is the typical result of piezotronic eﬀect, indicating
that the carrier transport across the interface is modulated by piezopotential created by the applied strain [40–43].
The change in the current according to the straining conditions was
investigated with the barrier height between the electrode and the ptype GaN ﬁlm, by using the ultraviolet photoemission spectroscopy
(UPS) spectrum. UPS measurements were performed to calculate the
surface electronic properties such as the electron aﬃnity and ionization
energy of the ﬁlms. Fig. 2a shows the onset of secondary electron peak
and the valence band spectra of N- and Ga-face GaN ﬁlms. The SBH in

2. Experimental
2.1. Fabrication of ﬂexible GaN piezoelectric nanogenerators
A 500-nm-thick undoped GaN buﬀer layer and 800-nm-thick p-type
GaN layer were grown in sequence on c-plane sapphire substrates using
metal-organic chemical vapor deposition (MOCVD). For the growth of
GaN, trimethylgallium (TMG) and ammonia (NH3) were used. The Mg
concentration was controlled by varying the ﬂow rate of bis-(cyclopentadienyl)-magnesium (Cp2Mg) from 150 sccm to 1200 sccm while
the growth temperature was ﬁxed at 950 oC. The samples were annealed for the accepter activation. For the fabrication of ﬂexible p-GaN
thin ﬁlms, Ti/Au (20/200 nm) electrodes were deposited on the p-type
GaN, followed by annealing at 300 oC for 1 min in air ambient. And
then, a copper (Cu) layer with a thickness of 20 µm was electroplated on
the Ti/Au seeding layers, and subsequently the laser lift-oﬀ (LLO)
process for separating the structures from the sapphire substrate was
performed in air using a Lambda Physik Lextra 200 KrF pulsed excimer
laser. The 248 nm wavelength of the KrF laser was used to irradiate the
back side of the sapphire at an energy density of 254.2 mJ/cm2. After
the LLO, the undoped GaN layer was etched away by ICP etching,
leaving p-type GaN layer. Ti/Au contact was then deposited on the ptype GaN as a top electrode. PET ﬁlms were then attached at the bottom
sides of the device, which act as the plastic substrates.

186

Nano Energy 51 (2018) 185–191

J.W. Lee et al.

Fig. 1. (a) The schematic diagrams of the ﬂexible p-type GaN nanogenerator fabrication process. (b) I-V curves carried out at various staining conditions. (c) Current
values in a device under various strains measured at ﬁxed biases (2 and −2 V).

numerical value, but the barrier height decreased and then increased
with the same bending direction. This decreased the barrier height
asymmetry. The change in the SBH with various straining conditions
can be understood in terms of the piezopotential by piezoelectric polarization and spontaneous polarization potentials. When the ﬁlm is
under concave bending, the orientation of the spontaneous and piezoelectric polarization is parallel along the c-axis, resulting in an increase
in the total electrostatic potential. This will increase the negative
charges induced at the interface of metal and N-face GaN, which attract
the holes toward the interface, and thereby decrease the depleted region and the SBH; while the SBH will be increased at the interface of
metal and Ga-face GaN by the positive charges to repel the electrons
away from the interface, resulting in a further depleted interface
[45–47]. In the case of the convex bending, the total potential is decreased by the diﬀerent direction of both polarizations. This will increase the degree of the asymmetry of the SBHs at both interfaces, as
expected from piezotronic eﬀect.
By using the COMSOL Multiphysics, we calculated the total electric
potential distribution along the c-axis in the p-type GaN ﬁlm under
convex and concave bending strain, by using a simple rectangular
model composed of 500 nm-thick ﬁlm under the load of 640 µN for
strain of 0.45%, as shown in Fig. S1. The material parameters of the
GaN are given as follows: transverse isotropy possesses ﬁve independent elastic constants, denoted by C11 = 390 GPa, C12
= 145 GPa, C13 = 106 GPa, C33 = 398 GPa, and C44 = 105 GPa. The
piezoelectric constants are e15 = −0.49 C/m2, e31 = −0.49 C/m2, and
e33 = 0.73 C/m2; the dielectric constants are k11 = k12 = 9.28, k33
= 10.01; and the density = 6150 kg/m3 [32]. The total electric potential can be calculated by summing the piezopotential and the
spontaneous polarization potentials, depending on the bending

the metal/semiconductor interface is derived as the diﬀerence in the
ionization potential (IP) for a p-type semiconductor and the metal work
function by the Schottky-Mott model [44];

ϕBp = Eg − (ϕm − χ ) = IP−ϕm

(1)

where ϕBp is the SBH for p-type semiconductor and ϕm is the metal work
function. The valence band spectra shifted toward lower binding energy
by approximately 0.25 eV in the Ga-face sample, compared with the Gaface sample. Assuming that the work function of p-type GaN is approximately 4.3 eV, it implies that the barrier height of the electrode is
higher (~ 0.25 eV) in N-face GaN than that in the Ga-face GaN, as
shown in Fig. 2a.
Fig. 2b shows the change in the barrier height with various straining
conditions, calculated from the currents measured in Fig. 1c. To calculate the changes of the SBH (ϕB), the following equation derived from
the thermionic emission diﬀusion theory function [41];

ΔϕB = ϕBε − ϕB0 = −

KT
⋅ln (Iε / I0)
q

(2)

where Iε and I0 are the currents measured at the devices with and
without strained ﬁlms when a certain voltage is applied, respectively.
ϕBε and ϕB0 are the SBHs, respectively. The calculated values at − 2 V
and 2 V are summarized in Fig. 2b. When the ﬁlms were under convex
bending at 2 V, the barrier height increased by 7.6 meV and decreased
by 9.7 meV at concave bending. Thus, the change in barrier height of
17.3 meV was observed with the bending direction. This made the
barrier height at the interface between the electrode and N-face GaN
larger, but the barrier height at the interface between the electrode and
Ga-face GaN smaller, thereby, the barrier height asymmetry increased,
as shown in Fig. 2c. When − 2 V was applied, it shows a similar
187
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Fig. 2. (a) Valence band spectra and
secondary electron cut-oﬀ of Ga-face
and N-face sample. Energy band diagram under unbiased is shown in the
inset. (b) The changes of the SBH (ϕB)
with various straining conditions, calculated from the measured currents. (c)
Energy band diagrams under unbending (ﬂat shape), convex bending,
and concave bending at applied voltage. red + and blue – mean positive
piezoelectric polarization charges and
negative piezoelectric polarization ch
arges, respectively.

direction. When the ﬁlm is under concave bending, as shown in Fig.
S1a, a compressive stress is applied over the entire p-type GaN along the
transverse direction (a-axis), resulting in the tensile strain to the ﬁlm
along the vertical direction (c-axis). If the compressive strain in the
transverse direction under concave bending is deﬁned as ε = Δx/x, the
tensile strain (εz) in the vertical direction can be calculated to be
− 0.18εx by using the Poisson ratio (ν = -εvertical/εtransverse = -εz/εx =
0.18) of the GaN material. On the other hand, the compressive strain is
applied to the ﬁlm along the vertical direction under convex bending, as
shown in Fig. S1b.
Through bending of the ﬂexible GaN piezoelectric nanogenerators,
the instantaneous electrical outputs were measured, compared with the
bending direction, as shown in the photos of Fig. 3a. The output voltages of the nanogenerators were measured by varying the bending
direction under same condition with strains from 0.1% to 0.45%, as
shown in Fig. 3b and c. When the ﬁlm is under concave bending, the
voltage increases from 0.18 V to 1.0 V with the strains, as shown in
Fig. 3b; though when the ﬁlm is under convex bending, the voltage is
only generated from 0.05 V to 0.25 V, as shown in Fig. 3c. When the ptype GaN ﬁlm was under convex bending, it generated an output voltage of approximately 1.0 V and an output current of 10.5 μA/cm2 (see
Fig. S2a). Here, the strain was measured to be approximately 0.45%.
However, when the ﬁlm was under concave bending, the output voltage
of only 0.25 V was measured, that is, the output voltage was about 3.8
times higher at convex bending. This result was quite reproducible after
several repeated experiments. These results may be understood by
considering two factors. First, the total electrostatic potential under
concave bending is larger than that under convex bending because the
orientation of the spontaneous and piezoelectric polarization is parallel
along the c-axis, thus, increasing the output voltage. Second, the carriers through the external circuits can be injected to the GaN ﬁlm because of the decrease in the SBH at the interface between Ga-face and
metal under convex bending [48–51]. This will decrease the output

performance of the device.
In the ﬂexible device composed of n-type GaN, there was no signiﬁcant output, as shown in Fig. S2b. In n-type GaN, the electron
concentration was measured to be approximately 1.06 × 1019 cm-3,
which was quite higher than the hole concentration in p-type GaN used
so far. It was well-known that as the carrier concentration increased,
the output voltage of the piezoelectric ﬁlm decreased due to the piezopotential screening eﬀects [52,53]. In general, the carrier concentration speeds up the rate at which the piezoelectric charges are
screened and neutralized. Therefore, as the carrier concentration increases, the lifetime of the piezoelectric charges is reduced, resulting in
small piezopotential and output performance. Here, we varied the Mg
concentration from 0.7 × 1020 cm-3 to 5.7 × 1020 cm-3 when p-GaN
ﬁlm was grown, and the hole concentration and mobility were measured, as shown in Figs. S3 and S4. As the Mg concentration increases to
2 × 1020 cm-3, the hole concentration increases. However, further increase of the Mg concentration decreases the hole concentration to
6.55 × 1016 cm-3; almost similar as in previous reports [54]. The mobility decreases as the Mg concentration increases. When the output
voltages were measured, they decreased as the hole concentration decreased under both bending conditions, as shown in Fig. S3. However,
there was no relationship between the mobility and output voltage.
Finally, the strain can also be detected by measuring the intensity of
the UV light emitted at the ﬂexible devices composed of p-n junction,
fabricated by LLO process and followed by the trenching etching, as
shown in Fig. 4a. For the fabrication of the devices, as electrodes, Ti/Au
(20/200 nm) and Ni/Au (20/200 nm) were deposited on n-type and ptype GaN, respectively, followed by annealing at 300 oC for 1 min in air
ambient, to enhance the Ohmic contact. The EL intensities at various
straining conditions under 2.5 V were measured, compared with the
current changes obtained at the same voltage, as shown in Fig. 4b. The
schematic and real measurement tool for measuring the EL intensities at
various straining conditions are presented in Fig. S5. Both ends of the
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Fig. 3. (a) Photograph of the ﬂexible GaN piezoelectric nanogenerator under unbending, concave bending, and convex bending. Output voltages of nanogenerator
based on p-type GaN ﬁlms with hole concentration of 6.55 × 1016 cm-3 under (b) concave and (c) convex bending with strains from 0.10% to 0.45%.

plastic substrates were ﬁxed tightly on sample holders and a charge
coupled device (CCD) detector could move up and down. To measure
the intensities of the light at various straining conditions, focus lens
equipped carefully were controlled the distance between the sample
and the CCD detector of the tool. The intensities were also measured
several times by tuning the distance and the highest intensities were
plotted in Fig. 4b.
Under convex bending at the strain of 0.37%, the EL intensity

decreased by 9.6%, compared to that under no bending. As the strain
decreased and the device was under concave bending, the EL intensity
almost linearly increased up to 8.2%. The CSEM images in Fig. 4c
clearly demonstrates that the brightness increases under concave
bending. Assuming that there is no potential generated inside the n-type
GaN, based on the results of Fig. S2b, this result may be explained in
terms of the electrostatic potential generated inside p-type GaN by the
bending motion which changes the electron-hole recombination

Fig. 4. (a) The schematic diagram of the ﬂexible UV LEDs fabrication process. (b) The EL intensity and current changes under diﬀerent straining conditions at 2.5 V.
(c) confocal scanning electroluminescence microscopy (CSEM) images of the LEDs with applied strains at 2.5 V.
189
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the measurement of the generated voltages and light intensities with
bending motion, respectively. The measured I-V curve ﬁts well to the
typical characteristics of piezotronic eﬀect. The spontaneous polarization created inside ﬂexible GaN made the SBH at the interface of metals
and GaN asymmetric and aﬀected the electron-hole recombination rate
across the p-n junction, oﬀering signiﬁcant potential to develop high
and directional sensing approaches. The nanogenerator showed very
high sensitivity (S = 93 at 0.45%) under concave bending, while it
signiﬁcantly decreased to 24 under convex bending. The EL intensities
of the ﬂexible LEDs linearly increased as it was bent from convex to
concave bending motion, clearly shown in the CSEM images with the
bending motion. Thus, very sensitive directional sensing performance
was successfully demonstrated. When we correlated the two sets of
measures, very high correlations (R2 = 0.98 and 0.96 under concave
and convex bending, respectively) were obtained, showing the reliability of the strained conditions measured. This approach was expected
to be an attractive potential strategy, providing the high possibility for
realizing multi-functional, motion detection sensing devices.

Fig. 5. The normalized EL intensities (L-L0)/L0 obtained by LEDs and output
voltages generated by nanogenerator at various straining conditions. L0 means
the EL intensity of LED without any strain.
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eﬃciency at the space charged region of the p-n junction. Fig. S6 is the
schematic energy diagram illustrating the eﬀect of piezopotential on
modulating characteristics of the p–n junction. Under convex bending,
the positive polarization charges repel the holes away from the interface in the p-type region, the conduction band edge at the p-type region
shifts toward Fermi level, thereby, decreasing the electron–hole recombination rate. Concave bending induces tensile strain, promoting
the accumulation of electrons and holes, thereby improving the eﬃciency of the UV-LED. It was also observed that the change of the EL
intensity ΔL(ΔL = L - L0) measured with the bending motion was in
good agreement with the current value. The strain sensitivity S can be
deﬁned as S = (L – L0)/L0, where L and L0 denote the EL intensity with
and without strain, respectively [24,55]. Here, in our instrument, L0 is
usually measured as approximately 2615. The sensitivity (S = 0.09 at
0.45%) of the ﬁlm at the concave bending was substantially larger than
that (S = 0.05 at 0.51%) at convex bending.
The strains at various straining conditions as recorded by both
methods (i.e. output voltages and the EL intensities) were compared to
evaluate the strain measurement accuracy, plotted in Fig. 5. At low
strain (< 0.15%), the trends with the strains seem to be very similar,
meaning that the strain can be detected exactly by using both methods
as well as the bending information. As the strain increased, the sensitivity of the strain under concave bending became larger in p-type ﬁlm
than that in the p-n junction, while the sensitivity is smaller under
convex bending. This indicates that the bending information is more
apparent when the output voltages are used. This diﬀerence may be
because the change in the barrier height with the strain is more sensitive than that in the depletion region inside the p-n junction. To identify
the statistical relationship between output voltage of p-type ﬁlm and
the EL intensities curve of the p-n junction with various straining conditions, the coeﬃcient of determination is resulted from set depending
on bending direction (see the “calculation of correlation coeﬃcient”
section in the Supplementary Materials) [56]. The graph set showed
excellent correlations (R2 = 0.98 and 0.96 under concave and convex
bending, respectively). Thus, by utilizing both methods, it is possible to
accurately measure the direction of motion and the strain.

Appendix B. Supporting information
Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.nanoen.2018.06.059.
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