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HIGHLIGHTS
• A large size (> 2 cm2) nitride membrane with High-electron-mobility transistor (HEMTs) arrays was successfully separated from
sapphire substrate onto flexible substrate by an electrochemical lift-off technique.
• Without adding extra cost, the piezotronic effect is utilized to optimize the electric transport and thermal conductivity properties of
the HEMTs by modulating the physical properties of the 2DEG and phonons.
• This study aims to open up a new way to fabricate high-performance GaN-based HEMTs and expand practical applications in flexible
electronics.
ABSTRACT High-electron-mobility transistors (HEMTs) are a prom-

ising device in the field of radio frequency and wireless communication. However, to unlock the full potential of HEMTs, the fabrication of
large-size flexible HEMTs is required. Herein, a large-sized (> 2 cm2)
of AlGaN/AlN/GaN heterostructure-based HEMTs were successfully
stripped from sapphire substrate to a flexible polyethylene terephthalate substrate by an electrochemical lift-off technique. The piezotronic
effect was then induced to optimize the electron transport performance
by modulating/tuning the physical properties of two-dimensional electron gas (2DEG) and phonons. The saturation current of the flexible
HEMT is enhanced by 3.15% under the 0.547% tensile condition, and
the thermal degradation of the HEMT was also obviously suppressed
under compressive straining. The corresponding electrical performance
changes and energy diagrams systematically illustrate the intrinsic
mechanism. This work not only provides in-depth understanding of the piezotronic effect in tuning 2DEG and phonon properties in GaN
HEMTs, but also demonstrates a low-cost method to optimize its electronic and thermal properties.
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1 Introduction
Owing to their high breakdown field strength, superior electron saturation drift speed, and excellent thermal conductance, nitride semiconductors have been widely used in various electronic/optoelectronic devices, such as light-emitting
diodes (LEDs) [1, 2], photosensors [3–5], and high electron
mobility transistors (HEMTs) [6, 7]. Among them, AlGaN/
AlN/GaN heterostructure-based HEMTs take advantage of
the high-density and high-mobility two-dimensional electron gas (2DEG) at the heterojunction interface, which has
received much attention and shows extensive application
prospects for radio-frequency (RF) devices and wireless
transmission modules in communication. Future systems
for HEMTs in intelligent devices, wireless communication
and wearable devices have generated a demand for integration into diverse applications, circuits, platforms, and geometries. To more effectively accomplish this, the entire device
will require a small footprint, possess flexural properties
enable wireless systems to be placed onto nonplanar platforms or surfaces, and improve overall mechanical reliability. Significant efforts of flexible HEMTs have been made
in strainable radio-frequency device [8], strain-controlled
power devices (SPDs) [9], etc. However, the lattice tolerance and high growth temperature (> 1000 °C) [10] restrict
their epitaxial growth mainly on rigid sapphire, SiC and/or
Si by metal–organic chemical vapor deposition (MOCVD).
In addition, the maximum potential of the HEMT is also
limited by the high working temperature induced by nearjunction Joule heating and insufficient rate of heat removal
from the active device regions to the substrate, which significantly reduces the output performance and reliability
[11, 12]. Mitigation of the thermal-induced degradation
of HEMTs is strongly necessary. Therefore, the focus of
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implementing bendable HEMTs is to exfoliate from the
original growth substrate and transfer to flexible substrates
with high thermal conductivity. In addition, flexible substrates provide different functions such as flexible structures,
stretchable structures, and curved conformal installations,
which induce complex stress distribution to greatly affect
the electrical characteristics [13]. Some transfer techniques
have been reported and are shown in Table 1, such as the
laser lift-off technique [14, 15], chemical lift-off (CLO) [16],
mechanical lapping and etching of silicon-based HEMTs
[17], and introducing an atomic-thickness release layer [18,
19], which increases the cost and risk due to the involvement
of bulky and expensive equipment and/or strong acid. In
addition, conductivity-selective electrochemical (EC) etching by preparing pre-holes on the epitaxial wafer layer [20,
21], inevitably destroys the effective area and integrity of
NMs and largely limits the subsequent applications. Thus, it
is necessary to develop a cost-effective and high-efficiency
method for fabricating large bendable HEMTs.
The piezotronic effect, a bridge connecting the piezoelectric property and non-centrosymmetrical semiconductors has
been applied to optimize the performance of various nanodevices and demonstrate many novel applications [22, 23].
External-strain applied along the polar direction of noncentrosymmetrical semiconductors can generate piezoelectric
polarization charges (piezo-charges) at the homo-/heterojunction interfaces. These piezo-charges could modify the
energy band and/or the local barrier height and ultimately
affect the carrier transport. As mentioned above, the AlGaN/
AlN/GaN heterostructures have strong spontaneous polarization and piezoelectric polarization, which results in the generation of net static charges and 2DEG at the interface. Under
external stress conditions, the external strain-induced piezopotential (Ppiezo) would couple with the intrinsic spontaneous

Table 1  Previous reported transfer methods on GaN based nanomembranes (NWs)
Data sources

Methods

Process

Problem

[14, 15]
[16]
[17]

Laser lift-off (LLO)
Chemical lift-off (CLO)
Mechanical lapping and etching

Uneven and whiskerlike micropole
Harsh acid treatment; Hard to control
Harsh acid treatment; Complicated process

[18, 19]

Mechanical release

[20, 21]

Electrochemical (EC) etching

GaN → Ga + N2
HF/HNO3/CH3COOH
Alumina powder and abrasive disk and HF/
HNO3/CH3COOH
Introducing atomic-thickness release layer
(h-BN)
Introducing sacrifcial layer and 50–100 μm
holes on epitaxial wafer layer

© The authors

Unable to completely peel off the h-BN layer
Destroys the effective area and integrity of
NMs
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polarization (Psp) and lattice-mismatch-induced piezoelectric
polarization ( Plm ). The coupling between these polarizations
would fundamentally modify the energy band and change the
charge density at the local heterojunction, and thus affect the
performance of the HEMTs.
In this work, an electrochemical lift-off (ECLO) technique
was adopted to peel AlGaN/AlN/GaN HEMT arrays from
a sapphire substrate. A large nitride membrane with HEMT
arrays was successfully separated from the sapphire substrate
and transferred onto a polyethylene terephthalate (PET) flexible substrate. The analysis of the crystal quality indicates that
the transferred membrane exhibited a decreased dislocation
density. Moreover, the flexible devices showed a high saturation current of 105.67 mA mm−1 under zero gate voltage and
excellent transconductance of 27.17 mS m
 m−1 at Vds = 10 V.
The piezotronic effect study indicated that the saturation current increased by 3.15% under the 0.547% tensile strain condition. In addition, the effects of external strain on the phonon
properties and thermal conductivity of the flexible AlGaN/
AlN/GaN HEMTs were systematically investigated. Under
the compressive state, the saturation current attenuation of
the device caused by thermal degradation was significantly
mitigated. This study illustrates the intrinsic mechanisms of a
2DEG and thermal conductivity modulated by the piezotronic
effect and endeavors to open up new ways to expand the practical applications of GaN-based HEMTs in flexible electronics.

2 Experimental Section
2.1 Synthesizing AlGaN/AlN/GaN Heterostructure
Membrane
The multilayer epi-structure was fabricated by MOCVD.
The trimethylgallium (TMGa), trimethylaluminum (TMAl),
trimethylindium (TMIn), and ammonia ( NH3) were used as
Ga, Al, and N sources, respectively. N
 2 and H
 2 were used
as carrier gases in the growth process. First grown on the
sapphire substrate was a u-GaN (unintentional doped) layer,
followed by a lightly doped n-type GaN (Si doping concentration of 5 × 1018 cm−3, 500 nm in thickness) layer, to improve
the tangential current flow. After depositing another u-GaN
(900 nm) layer which protects the n-GaN was a sacrificial
layer (n+-GaN, n = 1.0 × 1019 cm−3, thickness of 1500 nm).
The uppermost structure applied was an AlGaN/AlN/GaN
heterojunction with a total thickness of 931.5 nm (Al0.3Ga0.7N
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layer of 30 nm, AlN layer of 1.5 nm; u-GaN of 900 nm).
The detailed growth conditions are described in the following. GaN was synthesized at 1050 °C and 400 mbar in
 H3
hydrogen for 1680 s using TMG (22 μmol min−1) and N
(67 mmol min−1). Afterward, an ultrathin AlN interlayer was
deposited at 1100 °C for 8 s using TMAl (5.3 μmol min−1)
and NH3 (90 mmol min−1). Finally Al0.3Ga0.7N layer was
grown at 1200 °C for 50 s using TMGa (12.3 μmol min−1),
TMGa (4.6 μmol min−1), and N
 H3 (110 mmol min−1).
Before the device was prepared, the epitaxial wafer was
cleaned with acetone, isopropanol, and deionized water, in
that order. Subsequently inductively coupled plasma (ICP)
was used to perform dry etching to form isolation regions,
and finally photolithography was performed to form electrode
patterns. The corresponding electrodes were fabricated by
electron beam evaporation. The source and drain electrodes
required ohmic contact; thus, four layers of metal Ti/Al/Ni/Au
(20/130/50/100 nm) were deposited and then rapidly annealed
in a nitrogen atmosphere at 850 °C for 30 s. As gate electrode
required Schottky contact, electron beam evaporation was
further used to deposit Ni/Au (30/300 nm). The gate length
was 2 μm, the gate width was 60 μm, and the source–gate and
drain–gate spacing were 3 μm and 10 μm, respectively.
2.2 External Strain Calculations
External strains along the c-axis were applied to the AlGaN/
AlN/GaN heterostructure membrane by locking the device
between a one-dimensional displacement stage and a steady
rest as shown in Fig. S6. By rotating the knob, a compressive
or tensile strain was applied to the devices. For facilitate
discussion, the bending strain was converted to the normal
strain ε [24].
2.3 Materials Characterization
The detailed microscopic structures of the epi-structures
and the AlGaN/AlN/GaN heterostructure membrane were
characterized by optical microscopy (LEICA DM500),
scanning electron microscopy (SEM, ZEISS Ultra 55),
transmission electron microscopy (TEM, JEM-2100HR)
with selected-area electron diffraction (SAED), high-resolution HRTEM (HRTEM, JEM-1400 PLUS), Raman spectrometry (invia), Raman spectrometry (invia), high-resolution X-ray diffractometry (HRXRD, RIGAKU Smartlab
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9 kW), and a Source/Measure Unit (Keysight B2902A)
combined with a probe station.

3 Results and Discussion
3.1 Device Structure and Basic Characteristics
Using MOCVD, the epitaxial structure was fabricated as
shown in Fig. 1a. Details about the epitaxial multilayers
were presented in Experimental Section. A specifically
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designed sacrificial layer (highly conductive GaN) was
inserted between the AlGaN/AlN/GaN heterostructure
and the GaN nuclear layer grown on sapphire, which was
selectively etched in the ECLO process. Figure 1b1 shows a
typical scanning transmission electron microscopy (STEM)
image of an AlGaN/AlN/GaN interface, in which the white
contrast line reveals the existence of an AlN ultrathin layer
(1.5 nm). An HRTEM image of GaN is shown in Fig. 1b2;
the interplanar spacing in the (0002) direction is 0.52 nm,
which is consistent with bulk GaN [25]. The surface of the

Fig. 1  Structural characterization of AlGaN/AlN/GaN heterostructure membrane. a Schematic diagram of the heterostructure membrane on
sapphire. b1 The scanning transmission electron microscopy (STEM) image of AlGaN/AlN/GaN interface, the scale bar is 50 nm. b2 The highresolution transmission electron microscope (HRTEM) image. b3 AFM image of heterostructure membrane on sapphire. b4 The selected area
electron diffraction (SAED) pattern taken from the same area of HRTEM. c1 HAADF-STEM image collected from heterostructure membrane.
c2–c4 STEM energy-dispersive X-ray spectroscopy (EDX) elemental image of the AlGaN/AlN/GaN heterostructure. d The EDX line profiles for
Ga (blue line), Al (green line), and N (red line) elements

© The authors
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heterostructure membrane exhibits an atomically flat surface morphology under atomic force microscopy (AFM)
(Fig. 1b3) with a root-mean-square roughness of less than
0.542 nm determined from an area of 5 × 5 μm2. In addition,
the SAED pattern (Fig. 1b4) demonstrates that the epitaxial
growth direction is along the < 0002 > c-axis. These morphological characterizations indicate that the GaN barrier underneath the ultrathin AlN layer is in a relaxed state and AlGaN/
AlN/GaN heterostructure has outstanding epitaxial quality.
The high-angle annular dark-field STEM (HAADF-STEM)
image clearly shows the sandwich structure in Fig. 1c1
resulting from the insertion of AlN, and the corresponding
spatial distributions of Ga, Al, and N elements are shown
in Fig. 1c2–c4, which are the STEM energy-dispersive
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X-ray spectroscopy (EDX) elemental mapping of AlGaN/
AlN/GaN heterostructure membrane. Along the direction
from GaN to AlGaN, the results of EDX line-scan mapping
were extracted and plotted in Fig. 1d. The sudden decrease/
increase in the Ga/Al element further proves the existence of
an ultrathin AlN layer and abrupt heterojunction interfaces.
Figure 2 presents a detailed interfacial analysis of the
internal polarizations, energy band and the induced 2DEG
at the local AlGaN/AlN/GaN heterojunction. The latticeresolved HAADF-STEM image (Fig. 2a) indicates the superior crystal quality and that the thickness of AlN is 1.5 nm.
The AlN layer not only provides a barrier to strengthen the
locality of the 2DEG in triangular potential wells, but also
reduces 2DEG scattering by AlGaN. Figure 2b, c shows the

Fig. 2  Atomic characterization of AlGaN/AlN/GaN heterostructure membrane. a The STEM image of heterostructure membrane. The scale bar
is 3 nm. b Corresponding atomic structure along the c-axis. c The diagram of conduction band profile and 2DEG. d The calculated conduction
band and valence band. e The calculated 2DEG sheet density in AlGaN/AlN/GaN heterostructure membrane
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atomic model and schematic band structure of the AlGaN/
AlN/GaN heterojunction. Owing to the asymmetric lattice
structure of the wurtzite materials, spontaneous polarization
in AlGaN and GaN layer was formed, denoted as PAlGaN
and
sp

sacrificial layer (red, Fig. 3a1) with doping concentration of
1.0 × 1019 cm−3, was buried under the AlGaN/AlN/GaN heterojunction in advance. The HEMT debonding and transition
processes are revealed in Fig. 3a1–a4. First the electrodes
were deposited (Fig. 3a2), and then a thick layer of photoresist (PR) was coated for ECLO (Fig. 3a3). Here, the PR has
two roles, (1) protect the uppermost layers during ECLO;
and (2) provide a mechanical support function, which is conducive to peel out a large area of complete flexible HEMTs.
Next, EC etching was implemented. The AlGaN/AlN/GaN
sample (with silver paste) as the anode was placed in 0.3 mol
L−1 oxalic acid and a platinum sheet was used as the cathode. A constant voltage of 20 V was suitable for the EC
etching. The etching process of the n+-GaN sacrificial layers and the formation of the freestanding AlGaN/AlN/GaN
heterostructure membrane are reflected in the bright section
(Fig. 3b1–b3). The etching mechanisms (Fig. 3b) can be
explained by the following equation:

pGaN
sp . In addition, piezoelectric polarization exists within the
 lxGa1−xN/GaN heterojunction induced by lattice mismatch,
A
denoted as pAlGaN
. The polarizations result in band bending
lm
at the heterojunction interface and form a triangle-shaped
quantum potential well which constrains the high-density
2DEG (Fig. 2c, d). The existence of the 2DEG is confirmed
by theoretical calculations and is indicated in Fig. 2e. This
result confirms the high electron density of 8.8 × 1012 cm−2
is locating on the GaN side of the heterojunction.
In order to acquire freestanding AlGaN/AlN/GaN
HEMTs, ECLO was adopted. The advantages of ECLO
are that it can be qualitatively selected based on differences in conductivity [26]. Thus a high doping concentration difference is significant for the ECLO. The n+-GaN, a

(a1)

(a2)

AIGaN/AIN/GaN on Sappire

Suppire
(b)

u-GaN

(a3)

Electrodes deposition
n-GaN

GaN

AIN

n+-GaN

AIGaN

(b1)

PR
(b2)

Flexible HEMTs
PET

Electrode
(b3)

N

H+

n+-GaN

(a4)

PR Coating & EC selective etching

Ga

AIGaN
AIN
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Si

1 h 06 min

1 h 48 min

2h

Ga +H2
3+

2GaN+6H+→2Ga3++H2

(c)

(d)

(e)

(f)

Gate
Source Drain

~1.3×1.6 cm2

50 μm

Fig. 3  The HEMTs debonding and transition processes. a1 Epitaxial layers on sapphire. a2 The process of depositing electrodes. a3 After
coating photoresist, the selective EC eaching processes to lift-off sapphire. a4 Transferring flexible HEMTs on PET substrate. b The process
of lateral undercut eaching sacrificial layers n +-GaN and the etching mechanisms. c, d The optical images of successfully transferred large-area
(~ 1.3 × 1.6cm2) and non-destructive HEMTs. e, f The microphotograph of HEMTs arrays
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2GaN + 6h+ → 2Ga3+ + N2

(1)

After the etching, the HEMTs were still slightly attached
to the grown substrate owing to van der Waals bonding.
Therefore, we immersed the sample into DI water with a
high surface energy to achieve the separation of the HEMTs.
The completely released HEMTs was transferred onto PET
flexible substrate. The presence of PR facilitated the transmission of strain from the PET to the HEMTs, potentially
an end to curling and loosening. Finally, the PR layer was
removed by acetone solution (Fig. 3a4). Figure 3c, d shows
that a large area (~ 1.3 × 1.6 c m2) HEMTs arrays on the surface were successfully transferred from the sapphire substrate to the PET flexible substrate. Figure 3e–f are microphotographs of the flexible HEMTs showing the gate and
source/drain contact, from which we can determine the flatness of electrodes and the complete array structure.
The crystal quality of the buffer layer has a significant
impact on all aspects performance of the HEMT performance. HRXRD testing was used to determine the dislocation density and crystalline quality of the AlGaN/AlN/
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GaN HEMTs before and after ECLO (Fig. 4a, b). The principal diffraction peaks are at 24.0°, 34.5°, corresponding to
GaN (102) and GaN (002). The full width at half maximum
(FWHM) of the (002) direction swing curve of the GaN on
sapphire was 421.2 arcsec, and after being transferred to
the flexible PET substrate, the FWHM decreased to 410.4
arcsec, while the FWHM of GaN (102) on sapphire and PET
was 482.4 arcsec and 248.4 arcsec, respectively. The FWHM
of the GaN (002) plane rocking curve can reflect the density
of screw dislocations, while FWHM of the GaN (102) plane
is related to the density of edge dislocations. The formula for
calculating dislocation density is as follows [27]:

D=

𝛽2
4.36b2

(2)

where D is the screw or edge dislocation density,
β is the FWHM value, and b is the Burger’s vector
(bscrew = 0.5185 nm; bedge = 0.3189 nm). The screw dislocation density can be calculated as 3.56 × 108 cm−2 on the sapphire substrate and 3.38 × 108 cm−2 on the PET. Similarly,
the edge dislocation density is 3.27 × 108 cm−2 on the PET.
With the existence of sacrificial layers, some dislocations

Fig. 4  The crystal quality and electrical properties of flexible HEMTs. a The full width at half maximum (FWHM) of the GaN material measured by HRXRD of the AlGaN/AlN/GaN HEMTs on sapphire, and b on flexible PET. c Output curves under different gate voltages and d transfer characteristics of flexible HEMTs
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were introduced. As we can see, the dislocation density in
the layer has a significant decline after stripping the sacrificial layers, which indicates that the contribution of sacrificial
layers is excluded.
Due to the difference in lattice constants between GaN
and the sapphire substrate, there should be residual stress
in the epitaxial layer, which is seen in Fig. S1. In particular,
the process of transferring an inflexible substrate to PET will
have an effect on residual stress. Since the E2 (high) phonon
vibration in the Raman spectra is sensitive only to internal residual stress [28], we estimate the change by observing the shift of E2 (high). The Raman spectra are shown in
Fig. S2. For the as-grown AlGaN/AlN/GaN on sapphire,
the E2 (high) peak is 570 cm−1 which is consistent with the
standard E2 (high) peak of wurtzite-structured GaN. The
E2 (high) peak shifted to 567 cm–1 for the flexible HEMTs.
The formula for calculating the internal residual stress is as
follows [29, 30]:

Δ𝜎a =

Δ𝜔E2

(3)

kRaman,a

where 𝜎a is the residual stress, Δ𝜔E2 is the difference of the
E2 (high) peak, and kRaman,a = 4.2 cm−1 GPa−1. Because the
lattice constant of the sapphire substrate is larger than that
of GaN, the epitaxially grown GaN layer is subject to tensile
stress in the horizontal direction and compressive stress in
the vertical direction. The corresponding stress obtained by
the calculation is 714.2 MPa. The red-shift of the Raman
peak in the free-standing AlGaN/AlN/GaN heterostructure
membrane is mainly attributed to the released residual compressive stress during stripping. These results indicate that
the ECLO techniques can effectively release the compressive
stress of the original structure and reduce the polarization
at the interface.
The DC output current–voltage (Ids–Vds) and transfer
properties are shown in Fig. 4c, d. More details of the measurement set-up and processes are presented in Figure S3
(Supporting Information). When the source-drain voltage

(2021) 13:67

is small, the curves have good linearity characteristics, and
the increase in current is consistent with the change in the
source-drain voltage. As the drain voltage increases further, the source-drain current reaching saturation which is
attributed to the electron drift velocity reached the saturation
velocity. However, in the saturation region at large positive
gate voltages, a negative differential resistance is observed
owing to the self-heating effect. The device reaches a maximum saturation current of 105.67 mA mm−1 at a gate voltage of 0 V. The transfer characteristics of the device were
measured at source-drain bias of 10 V, where the HEMTs
were completely pinched off with a negative gate of − 2.38 V
(Vth =  − 2.38 V), which proves excellent electrical characteristics of the device (Fig. 4d). The Schottky contact of
the gate is realized by the Ni/Au alloy, while, the gate is a
switch that controls 2DEG in the channel. By differentiating the transfer characteristics, the relationship between the
transconductance and gate voltage can be obtained (Fig. 4d).
The maximum transconductance was 27.17 mS m
 m−1 at
Vds = 10 V. The transconductance of GaN HEMT have been
compared with the previously reported GaN-based HEMTs
[7, 9, 31, 32], and showed in Table 2. With the increase
in the thickness of AlGaN barrier layer and Al composition, the sheet density of 2DEG is increasing, while the
enhancement of electron scattering leads to the decrease in
the 2DEG mobility, resulting in a relatively low transconductance. Further, the unintentionally doped GaN cap layer
grown on AlGaN/AlN/GaN can reduce the leakage current
and improve gate control performance [32]. Additionally,
the electric measurement of the HEMTs before lift-off was
also conducted (Fig. S4). Under different gate voltages
(1 V,–1 V), the Ids-Vds curves exhibit linear characteristics,
at the same time, the gate control effect is inconspicuous.
This result is attributed to the existence of the sacrificial
layers which are also high conductivity layers and serve as
another electron transport path (Fig. S5).

Table 2  Comparison of transconductance in GaN HEMTs
Data sources

Device structure

Gate length (μm)

Gm (mS mm−1)

[9]
[31]
[7]
[32]
This work

Al0.3Ga0.7N(30 nm)/AlN/GaN
AlxGa1–xN(20 nm)/AlN/GaN
Al0.3Ga0.7N(20 nm)/AlN/GaN
Al0.3Ga0.7N(50 nm)/AlN/GaN
Al0.3Ga0.7N(30 nm)/AlN/GaN

5
3
–
5
2

7.5 (Schottky-gate)
29 (With SiO2 dielectric layer)
40 (With Al2O3 layer)
4 (Schottky-gate)
27 (Schottky-gate)

© The authors

https://doi.org/10.1007/s40820-021-00589-4

Nano-Micro Lett.

(2021) 13:67

3.2 Strain Engineering of AlGaN/AlN/GaN
Heterostructure Membrane
To further explore the intrinsic mechanism of the piezotronic effect on the fabricated HEMTs, strain engineering of
the AlGaN/AlN/GaN heterostructure membrane was studied systematically under different strains. A schematic diagram of the experimental device and membrane is shown
in Fig. S6. Details about applying and calculating strains
on the devices are provided in the Experimental Section.
The Ids-Vds characteristics of HEMTs under − 0.547% compressive strain and 0.547% tensile strain are summarized in
Fig. 5a, b, respectively. From figure, it is clear that the Ids of
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the HEMTs decreased as compressive strain was applied,
and increased with tensile strain, confirming that the 2DEG
at the AlGaN/AlN/GaN heterostructure membrane is tuned
by the piezotronic effect. Figure 5c plots the saturation
drain current value and the corresponding peak position
changes as a function of external strain and the influence
of lattice thermal conductivity. It is conducted by calculating the relative changes of the saturation drain current
ΔI/I = (I1-I0)/I0, where I0 = Istrain = 0.00%; I1 = Istrain = − 0.547%
or I1 = Istrain=0.547% as shown in Fig. 5c. More details can
be found in Table S1 (Supporting Information). For the
0.547% tensile strain, the calculated ΔI/I increases by
3.15%, while for the − 0.574% compression strain, the

Fig. 5  Piezotronic effect and investigate on saturation drain current attenuation. a I–V characteristics of HEMTs under strain free, compressive
and b tensile strain condition. c The saturation drain current value and the corresponding peak position changes. d The corresponding relative
changes (ΔIds,max/Ids,max)
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calculated ΔI/I decreased by 43.53%. This clearly indicates that the output current of the HEMTs increases/
decreases with the tensile/compression strain, especially
significantly under compression strain. Further investigation of the piezotronic effect on the thermal conductivity of
HEMTs was carried out by calculating the relative change
of the saturation drain current attenuation ΔI/I =|I1-I0|/I0,
where I0 = Ids,Max; I1 = Imin,Vds = 10v as shown in Fig. 5d. A
significant decrease in Ids with increasing Vds and, negative
differential resistance, is observed in the saturation region.
At a gate voltage of 0 V, the calculated ΔI/I decreases by
31.35%, 30.44%, and 14.25% under the tensile/free/compression state, as shown in Table 3. The presence of negative differential resistance is commonly attributed to the
self-heating effect [33]. It is obvious that the responses of
thermal conductivity are different in the compression/tensile strain states. An improved thermal property will reduce
the electron scattering. In principle, strain can influence
the thermal conductivity by tuning the phonon properties
based on the phonon Boltzmann transport equation [34]:

KL𝛼𝛽

∑ (
)(
)2
1
𝛽
fo fo + 1 ℏ𝜔q𝜐 𝜐𝛼q𝜐 Fq𝜐
=
2
kB T ΩN q𝜈

(4)

where fo is the Bose–Einstein distribution function, 𝜔q𝜐 is
the phonon angular frequency in wavevector q and polarization 𝜐 , and 𝜐 is the phonon group velocity. F is the product
of the phonon group velocity and converged relaxation time
0 under
𝜐𝛼q𝜐 𝜏q𝜐 , over distance, and can be simplified into 𝜐𝛼q𝜐 𝜏q𝜐
0
relaxation time approximation (RTA), where 𝜏 is the phonon relaxation time for the perturbation theory. Compressive strain increases the thermal conductivity as it increases
the specific heat and phonon group velocity. At the same
time the phonon free path and larger bandgap between the
highest frequency phonons in the lower part and the lowest
frequency phonons in the higher part will suppress the threephonon scattering processes. This confirm that the thermal
conductivity can be modulated by the piezotronic effect, and

Table 3  The relative change of saturation drain current attenuation
ΔI/I =|I1 − I0|/I0

Tensile state (%)

Strain free (%)

Compressive state
(%)

Vg = 1 V
Vg = 0 V
Vg =  − 1 V
Vg =  − 1.5 V

37.12
31.35
20.66
11.16

32.18
30.44
23.11
11.42

31.81
14.25
3.30
0.93
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it increases under compressive strain and decreases under the
tensile state. In practical terms, strain engineering on GaNbased flexible HEMTs is a positive method to simultaneously
enhance performance and suppress thermal degradation.
3.3 Physical Mechanisms
The energy band diagrams and 2DEG sheet density of the
AlGaN/AlN/GaN heterostructure membrane along the c-axis
are demonstrated in detail by the Poisson equation and selfconsistency of the Schrödinger equation [35, 36], under various straining states to systematically explain the intrinsic
mechanism of 2DEG modulated by piezoelectric effects.
Under the strain-free state (Fig. 6b), the coexistence of larger
energy band discontinuities, PAlGaN
, PGaN
and PAlGaN
,
sp
sp
lm
together contribute to band bending at the heterojunction
interface and form a triangle-shaped quantum potential well.
Bound positive charges are formed on the bottom surface of
the AlGaN layer due to the existence of PAlGaN
and PAlGaN
,
sp
lm
while bound negative charges are formed on the upper surface of the GaN film due to PGaN
sp . The net fixed charges at
the heterojunction interface are always positive regardless
of the stress condition, attracting free negative charges near
the heterojunction interface; thus, most of the positive
charges are compensated, which gives rise to the formation
of the 2DEG in the potential well. Therefore, the net fixed
charges are directly related to the density of the 2DEG,
which in turn determines the electrical performance of the
device. Under compressive strain along the c-axis (Fig. 6a),
positive piezoelectric polarization charges (piezo-charges)
are induced at the − c-plane, while negative piezo-charges
are induced at + c-plane. The decreased net fixed charges
release a certain amount of restricted free electrons, reducing the sheet density of the 2DEG. Meanwhile, the energy
band of the AlGaN close to the AlGaN/AlN interface is bent
downward under the action of positive piezo-charges, and
the energy band of the GaN close to the AlN/GaN interface
is bent upward under the action of negative piezo-charges.
Thus, the potential well is “shallower” (Fig. 6d, blue line)
confirming fewer electrons within, indicating that the 2DEG
decreases as the electron transport of the HEMTs is weakened (Fig. 4a). In contrast, under tensile strain along the
c-axis (Fig. 6c), negative piezoelectric polarization charges
(piezo-charges) are induced at the − c- plane, while positive
piezo-charges are induced at the + c-plane. The energy band
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Fig. 6  Working mechanism of the piezotronic effect and Self-consistent calculation of energy profiles and 2DEG sheet density. The coupling of
piezotronics-induced polarization and intrinsic polarization (psp;plm), corresponding energy band profiles, and distribution of 2DEG in AlGaN/
AlN/GaN HEMTs under b strain free, a compressive and c tensile strain states. d The conduction band energy profiles under compressive strain
state (blue line); stress free state (black line); tensile strain state (red line). e The sheet density of 2DEG under under compressive strain state
(blue line); stress free state (black line); tensile strain state (red line)

of the AlGaN close to the AlGaN/AlN interface bends
upward under the action of the negative piezo-charges, and
the energy band of the GaN close to the AlN/GaN interface
bends downward under the action of positive the piezocharges. Thus, the potential well is “deeper” (Fig. 6d, red
line) confirming more electrons within, as shown in Fig. 4b,
which agrees with the enhanced output characteristics. Figure 6e shows the change in the 2DEG sheet density under
different strain states and the maximum extraction diagram
(Fig. 6e, inset), clearly showings that the 2DEG density
increases with the tensile strain and decreases with the compressive strain and further demonstrating the piezotronic
effect on the 2DEG.

4 Conclusion
ELCO technology was utilized to prepare flexible GaN
HEMT arrays with a size of > 2cm2. The piezotronic effect
was then introduced to the AlGaN/AlN/GaN heterostructure
membrane as an effective approach to modulate the physical properties of the 2DEG and phonon in the HEMTs, and
thus control the electron transport process and thermal conductivity. Compared to existing traditional methods, the
piezotronic effect has particular advantages, introducing
external stress exhibits unique advantages of convenience,
cost and reliability. By coupling the piezotronic effect into
the device, the saturation current increased by 3.15% under
the 0.547% tensile state, while the thermal conductivity of
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the HEMTs was enhanced monotonously and significantly
under the compressive strain state. The piezotronic effect on
the 2DEG, thermal conductivity and the coupling between
the external strain-induced Ppiezo and the intrinsic Psp and
Plm were demonstrated in detail to systematically explain the
intrinsic mechanism. This study provides an in-depth understanding of the piezotronic-effect and endeavors to open new
ways for thermal management, with practical applications
in flexible electronics.
Acknowledgements This research was supported by Key-Area
Research and Development Program of Guangdong Province (Nos.
2020B010172001, 2020B010174004), GDAS’ Project of Science
and Technology Development(No. 2018GDASCX-0112), Science and Technology Program of Guangzhou (No. 2019050001),
National Key Research and Development Program of China
(No. 2017YFB0404100), National Natural Science Foundation
of China (Grant No. 11804103) and Guangdong Natural Science Foundation for Distinguished Young Scholars (Grant No.
2018B030306048).
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.
Supplementary Information The online version contains
supplementary material available at (https://doi.org/10.1007/s4082
0-021-00589-4).

References
1. T. Liu, D. Li, H. Hu, X. Huang, Z. Zhao et al., Piezo-phototronic effect in InGaN/GaN semi-floating micro-disk LED arrays.
Nano Energy 67, 104218 (2019). https://doi.org/10.1016/j.
nanoen.2019.104218
2. X. Wang, W. Peng, R. Yu, H. Zou, Y. Dai et al., Simultaneously enhancing light emission and suppressing efficiency
droop in GaN microwire-based ultraviolet light-emitting diode
by the piezo-phototronic effect. Nano Lett. 17, 3718–3724
(2017). https://doi.org/10.1021/acs.nanolett.7b01004
3. J. Dong, Z. Wang, X. Wang, Z.L. Wang, Temperature dependence of the pyro-phototronic effect in self-powered p-Si/n-ZnO

© The authors

Nano-Micro Lett.

4.

5.

6.

7.

8.

9.

10.

11.
12.

13.

14.

15.

16.

(2021) 13:67

nanowires heterojuncted ultraviolet sensors. Nano Today 29,
100798 (2019). https://doi.org/10.1016/j.nantod.2019.100798
X. Wang, Y. Dai, R. Liu, X. He, S. Li et al., Light-triggered
pyroelectric nanogenerator based on a pn-junction for selfpowered near-infrared photosensing. ACS Nano 11, 8339–
8345 (2017). https://doi.org/10.1021/acsnano.7b03560
B. Wang, Y. Zhu, J. Dong, J. Jiang, Q. Wang et al., Self-powered, superior high gain silicon-based near-infrared photosensing for low-power light communication. Nano Energy 70,
104544 (2020). https: //doi.org/10.1016/j.nanoen .2020.104544
X. Wang, R. Yu, C. Jiang, W. Hu, W. Wu et al., Piezotronic
effect modulated heterojunction electron gas in AlGaN/AlN/
GaN heterostructure microwire. Adv. Mater. 28, 7234–7242
(2016). https://doi.org/10.1002/adma.201601721
J. Zhu, X. Zhou, L. Jing, Q. Hua, W. Hu et al., Piezotronic
effect modulated flexible AlGaN/GaN high-electron-mobility
transistors. ACS Nano 13, 13161–13168 (2019). https://doi.
org/10.1021/acsnano.9b05999
N.R. Glavin, K.D. Chabak, E.R. Heller, E.A. Moore, T.A.
Prusnick et al., Flexible gallium nitride for high-performance,
strainable radio-frequency devices. Adv. Mater. 29, 1701838
(2017). https://doi.org/10.1002/adma.201701838
S. Zhang, B. Ma, X. Zhou, Q. Hua, J. Gong et al., Straincontrolled power devices as inspired by human reflex. Nat.
Commun. 11, 326 (2020). https: //doi.org/10.1038/s4146
7-019-14234-7
J.H. Kang, D.K. Jeong, S.W. Ryu, Transparent, flexible piezoelectric nanogenerator based on GaN membrane using electrochemical lift-off. ACS Appl. Mater. Interfaces. 9, 10637–
10642 (2017). https://doi.org/10.1021/acsami.6b15587
A.L. Moore, L. Shi, Emerging challenges and materials for
thermal management of electronics. Mater. Today 17, 163–174
(2014). https://doi.org/10.1016/j.mattod.2014.04.003
W. Yoonjin, C. Jungwan, D. Agonafer, M. Asheghi, K.E.
Goodson, Fundamental cooling limits for high power density
gallium nitride electronics. IEEE Trans. Compon. Packag.
Manuf. Technol. 5, 737–744 (2015). https://doi.org/10.1109/
TCPMT.2015.2433132
Y. Peng, M. Que, H.E. Lee, R. Bao, X. Wang et al., Achieving high-resolution pressure mapping via flexible GaN/ ZnO
nanowire LEDs array by piezo-phototronic effect. Nano
Energy 58, 633–640 (2019). https://doi.org/10.1016/j.nanoe
n.2019.01.076
C.-F. Chu, F.-I. Lai, J.-T. Chu, C.-C. Yu, C.-F. Lin et al.,
Study of GaN light-emitting diodes fabricated by laser liftoff technique. J. Appl. Phys. 95, 3916–3922 (2004). https://
doi.org/10.1063/1.1651338
M. Peng, Y. Liu, A. Yu, Y. Zhang, C. Liu et al., Flexible selfpowered GaN ultraviolet photoswitch with piezo-phototronic effect enhanced on/off ratio. ACS Nano 10, 1572–1579
(2016). https://doi.org/10.1021/acsnano.5b07217
S.K. Oh, M.U. Cho, J. Dallas, T. Jang, D.G. Lee et al., Highpower flexible AlGaN/GaN heterostructure field-effect transistors with suppression of negative differential conductance. Appl. Phys. Lett. 111, 133502 (2017). https: //doi.
org/10.1063/1.5004799

https://doi.org/10.1007/s40820-021-00589-4

Nano-Micro Lett.

(2021) 13:67

17. M. Lesecq, V. Hoel, A. Lecavelier des Etangs-Levallois, E.
Pichonat, Y. Douvry, et al., High Performance of AlGaN/
GaN HEMTs Reported on Adhesive Flexible Tape. IEEE
Electron Device Lett. 32, 143–145 (2011). https: //doi.
org/10.1109/LED.2010.2091251
18. Y. Kobayashi, K. Kumakura, T. Akasaka, T. Makimoto, Layered boron nitride as a release layer for mechanical transfer
of GaN-based devices. Nature 484, 223–227 (2012). https
://doi.org/10.1038/nature10970
19. D.J. Rogers, F. Hosseini Teherani, A. Ougazzaden, S. Gautier, et al., Use of ZnO thin films as sacrificial templates
for metal organic vapor phase epitaxy and chemical lift-off
of GaN. Appl. Phys. Lett. 91, 071120 (2007). https://doi.
org/10.1063/1.2770655
20. T.H. Chang, K. Xiong, S.H. Park, G. Yuan, Z. Ma et al.,
Strain Balanced AlGaN/GaN/AlGaN nanomembrane
HEMTs. Sci. Rep. 7, 6360 (2017). https://doi.org/10.1038/
s41598-017-06957-8
21. S.H. Park, G. Yuan, D. Chen, K. Xiong, J. Song et al., Wide
bandgap III-nitride nanomembranes for optoelectronic
applications. Nano Lett. 14, 4293–4298 (2014). https://doi.
org/10.1021/nl5009629
22. G. Hu, W. Guo, R. Yu, X. Yang, R. Zhou et al., Enhanced
performances of flexible ZnO/perovskite solar cells by
piezo-phototronic effect. Nano Energy 23, 27–33 (2016).
https://doi.org/10.1016/j.nanoen.2016.02.057
23. W. Wu, L. Wang, Y. Li, F. Zhang, L. Lin et al., Piezoelectricity of single-atomic-layer MoS2 for energy conversion
and piezotronics. Nature 514, 470–474 (2014). https://doi.
org/10.1038/nature13792
24. L. Chen, K. Zhang, J. Dong, B. Wang, L. He et al., The piezotronic effect in InGaN/GaN quantum-well based microwire for ultrasensitive strain sensor. Nano Energy 72, 104660
(2020). https://doi.org/10.1016/j.nanoen.2020.104660
25. J. Jiang, Q. Wang, B. Wang, J. Dong, Z. Li et al., Direct lift-off
and the piezo-phototronic study of InGaN/GaN heterostructure membrane. Nano Energy 59, 545–552 (2019). https://doi.
org/10.1016/j.nanoen.2019.02.066
26. K. Xiong, S.H. Park, J. Song, G. Yuan, D. Chen et al., Single crystal gallium nitride nanomembrane photoconductor
and field effect transistor. Adv. Funct. Mater. 24, 6503–6508
(2014). https://doi.org/10.1002/adfm.201401438

Page 13 of 13

67

27. P. Gay, P.B. Hirsch, A. Kelly, The estimation of dislocation
densities in metals from X-ray data. Acta Metall. 1, 315–319
(1953). https://doi.org/10.1016/0001-6160(53)90106-0
28. R.T. ElAfandy, M.A. Majid, T.K. Ng, L. Zhao, D. Cha et al.,
Exfoliation of threading dislocation-free, single-crystalline,
ultrathin gallium nitride nanomembranes. Adv. Funct. Mater.
24, 2305–2311 (2014). https://doi.org/10.1002/adfm.20130
3001
29. C. Kisielowski, J. Kruger, S. Ruvimov, T. Suski, J. W. Ager
et al., Strain-Related Phenomena in GaN Thin Films. Phys.
Rev. B: Condens. Matter Mater. Phys. 54, 17745 (1996). https
://doi.org/10.1103/PhysRevB.54.17745
30. T. Kozawa, T. Kachi, H. Kano, H. Nagase, N. Koide et al.,
Thermal stress in GaN epitaxial layers grown on sapphire
substrates. J. Appl. Phys. 77, 4389–4392 (1995). https://doi.
org/10.1063/1.359465
31. T. Liu, C. Jiang, X. Huang, C. Du, Z. Zhao et al., Electrical transportation and piezotronic-effect modulation in
AlGaN/GaN MOS HEMTs and unpassivated HEMTs. Nano
Energy 39, 53–59 (2017). https://doi.org/10.1016/j.nanoe
n.2017.06.041
32. W. Song, R. Wang, X. Wang, D. Guo, H. Chen et al., a-Axis
GaN/AlN/AlGaN core–shell heterojunction microwires as normally off high electron mobility transistors. ACS Appl. Mater.
Interfaces 9, 41435–41442 (2017). https://doi.org/10.1021/
acsami.7b12986
33. M. Hiroki, K. Kumakura, Y. Kobayashi, T. Akasaka, T. Makimoto et al., Suppression of self-heating effect in AlGaN/GaN
high electron mobility transistors by substrate-transfer technology using h-BN. Appl. Phys. Lett. 105, 193509 (2014). https
://doi.org/10.1063/1.4901938
34. D.-S. Tang, G.-Z. Qin, M. Hu, B.-Y. Cao, Thermal transport
properties of GaN with biaxial strain and electron-phonon
coupling. J. Appl. Phys. 127, 035102 (2020). https://doi.
org/10.1063/1.5133105
35. G. Hu, L. Li, Y. Zhang, Two-dimensional electron gas in piezotronic devices. Nano Energy 59, 667–673 (2019). https://
doi.org/10.1016/j.nanoen.2019.03.001
36. C. Jiang, T. Liu, C. Du, X. Huang, M. Liu et al., Piezotronic effect tuned AlGaN/GaN high electron mobility
transistor. Nanotechnology 28, 455203 (2017). https://doi.
org/10.1088/1361-6528/aa8a5a

13

