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ABSTRACT: Flexible electronic technology has attracted
great attention due to its wide range of potential
applications in the fields of healthcare, robotics, and
artificial intelligence, etc. In this work, we have successfully ®
fabricated flexible AlGaN/GaN high-electron-mobility ™, i
transistors (HEMTs) arrays through a low-damage and ™ i
wafer-scale substrate transfer technology from a rigid Si
substrate. The flexible AlGaN/GaN HEMTs have excellent
electrical performances with the I .. achieving 290 mA/
mm at V,; = +2 V and the g, ;n,, reaching to 40 mS/mm.
The piezotronic effect provides a different freedom to
optimize device performances, and flexible HEMTs can
endure the larger mechanical distortions. Based on the
piezotronic effect, we applied an external stress to significantly modulate the electrical performances of flexible HEMTs.
The piezotronic effect modulated flexible AlIGaN/GaN HEMTs exhibit great potential in human-machine interface,
intelligent microinductor systems, and active sensors, efc, and introduce an opportunity to sensing or feedback external
mechanical stimuli and so on.
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rapid development trend,' opening a wide range of

potential applications for energy harvesting, medical
healthcare, consumer electronics, robotics, efc.” Thanks to
the high saturation drift velocity, high sheet carrier
concentration, wide band gap, and excellent frequency
characteristics,3 AlGaN/GaN high-electron-mobility transis-
tors (HEMTs) are the best candidates for radio frequency
(RF), microwave devices and power devices and so on.* The
flexible HEMT' are expected to satisfy the urgent requirements
of the wireless communication and electrical supply in flexible
electronics. However, due to the limitation of growth kinetics,
AlGaN/GaN HEMTs are usually fabricated on rigid substrates
such as Si, sapphire, or SiC, thus they cannot be applied to
nonplanar environments and are hard to deform. The substrate
transfer technology has received a lot of attention and rapid
developments, and some flexible AlIGaN/GaN HEMTSs have
been fabricated with various substrate transfer technologies, for
example, a mechanical lapping and etching,5 a sacrificial 2D

I n recent years, flexible electronic technology has shown a

-4 ACS Publications  © 2019 American Chemical Society

boron nitride layer,’ and a xenon difluoride etching.’
Alleviating the devices performances degradation on flexible
substrates is still a significant issue. In addition, flexible
substrates provide some different functions such as flexible
structures, stretchable structures, and curved conformal
installations, which induce complex stress distribution to
greatly affect the electrical characteristics.®

The piezotronic effect proposed by Z. L. Wang utilizes
piezoelectric polarization charge to change the energy band
structure at the interface or junction to control carrier
transport.”~ "> Ill-nitrides are ideal piezotronic materials and
have wide industrial applications. The AlGaN and GaN have
strong spontaneous polarization and piezoelectric polarization,
resulting in a strong polarization electric field in the AIGaN/
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Figure 1. (a) Optical pictures of HEMTs before and after substrate transfer. (b) A microphotograph of the 3 X 3 HEMTs arrays. (c) SEM
image of a single flexible HEMTs. (d) Rocking curves of GaN (002) plane before and after transfer. (e) Raman spectroscopy of AlGaN/GaN

HEMTs before and after substrate transfer.

GaN heterojunction and a high-density two-dimensional
electron gas (2DEG) at the heterojunction interface.*™"°
The external stress is proved to significantly alter the energy
band structure in the AlGaN/AIN/GaN heterojunction
interface, which can effectively modulate electrical character-
istics.'* Based on this mechanism, the stress modulated
HEMT's were successfully fabricated by thinning Si substrate."®
These devices build a real-time, sensitive, and seamless
interaction between the external weak mechanical stimuli and
high-power output, thus exhibiting great potential in human—
machine interface, smart sensing, mechanical energy harvest-
ing, and robotics and so on. However, although substrate
thinning technology improves the mechanical flexibility, it has
a limited modulation range. Enduring higher mechanical
deformation is a significant direction for flexible piezotronic
devices,"” and flexible HEMTs can achieve it.

In this paper, we proposed a low damage and wafer-scale
substrate transfer technology to fabricate flexible AIGaN/AIN/
GaN HEMTs arrays. With this technology, 10 X 12 AlGaN/
AIN/GaN HEMTs arrays (1.3 X 1.3 cm® wafer area) were
perfectly transferred from the silicon substrate to a flexible
copper substrate, and the electrical properties had a few losses
and reached an excellent level in flexible HEMTs devices.
More importantly, the flexible HEMTSs greatly enhance the
toleration of mechanical deformation to achieve a much more
effective stress modulation on the output power density. These
piezotronic effect modulated flexible HEMTs may have broad
application prospects in the fields of human—machine
interface, active sensors, and intelligent microinductor system,
etc.

RESULTS AND DISCUSSION

Figure la shows the optical pictures of HEMTs before and
after transfer. A large-scale HEMTs arrays (10 X 12 HEMTs
and 1.3 X 1.3 cm?® wafer area) were fabricated on the silicon
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substrate. The optical picture (the left one) clearly shows well-
aligned arrays and a black silicon substrate. The optical picture
of flexible HEMT (the right one) proved that these large-scale
and well-aligned HEMTs arrays were perfectly transferred to
the yellow copper flexible substrate. Figure 1b is a micro-
photograph of the 3 X 3 HEMTs arrays, from which we can
find that the arrays and the devices are intact. The SEM image
of single flexible HEMTs is shown in the Figure Ic, and there
is not any damage on source/drain/gate electrodes. These
morphology characterizations show our transfer technology
can achieve wafer-scale and well-aligned HEMTSs arrays with
unbroken device structures.

The crystal quality is a key material property to affect device
performances. The high-resolution X-ray diffraction (HRXRD)
measurements were performed to evaluate the crystal qualities
of the AIGaN/GaN heterojunction before and after transfer.
The Rocking curves of GaN (002) plane before and after
transfer are shown in Figure 1d. The full width at half-
maximum (fwhm) of GaN (002) plane on silicon substrate was
425 arcsec, and after transferred to the copper flexible
substrate, the fwhm slightly increases to 509 arcsec. The
(002) diffraction is connected with the screw dislocation, and
the fwhm value of the Rocking curve is related to the density of
screw dislocation, according to eq 1:'*

ﬂZ
436b

screw (1)
where D, is the screw dislocation density, f is the fwhm
value of the Rocking curve, and b is the Burger vector. We can
deduce the dislocation density before and after transfer to be
3.62 X 10® cm™? and 5.12 X 10°® cm ™, respectively. There is a
slight increase in the dislocation density in the layer. In
addition, the carrier mobility is an important parameter for
AlGaN/GaN materials. We measured the carrier mobility (u)
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Figure 2. Electrical properties of HEMTs devices. (a) Output curves (with gate bias from —7 V to +2 V from bottom to top with step by 1 V)
and (b) transfer characteristics of HEMTs on silicon substrate. (c) Output curves (with gate bias from —7 V to +2 V from bottom to top with
step by 1 V) and (d) transfer characteristics of flexible HEMTs. (e, f) Graphs of electrical properties comparisons of HEMTs devices on

different substrates.

before and after substrate transfer by Hall test, as shown in
Table S1. According to Table S1, we can find that the mobility
is 1626 cm®/V-s and 1591 cm?/V's on the silicon substrate and
the flexible substrate, respectively. We can conclude that the
mobility decreases little after substrate transfer with a drop of
2%. These experiments prove that our transfer technology
causes few damages on the crystal and material properties.
Due to the large lattice mismatch and thermal mismatch
between the GaN film and the Si substrate, there is often
residual stress in the epitaxial layer.'” In general, changes in the
material type and the thickness of the substrate would have an
effect on the internal residual stress.
spectroscopy is used to measure the change of the internal
lattice state, thereby obtaining the change of the internal
residual stress.”” Since the Raman E,-high phonon mode peak
of GaN is sensitive to the stress state of GaN, the internal
residual stress change of the GaN layer can be estimated by

The micro-Raman

observing the relative movement of E,-high.”’ The Raman
spectrum in Figure le shows that the E,-high peak position of
GaN after the substrate transfer is blue-shifted. The peak value
after transfer (569.22 cm™) is higher than the previous peak
value (568.84 cm™'). The relationship between the residual
stress and the material peak shift is shown in eq 2:
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63:

KRa,a (2)
where o, is the residual stress, Aw is the offset value of peak
position, kg,, is the Raman correction factor. According to
calculations, the GaN epitaxial layer is subjected to a decreased
tensile stress of 245 MPa compared with that on the Si
substrate. Due to the larger lattice constant of silicon
substrates, the GaN wafer coherent grown on silicon substrate
is commonly under a very strong tensile stress. After lifting-off
and transferring to a flexible copper substrate, the tensile stress
will be partly released, a 245 MPa decrease in our experiments.

The DC output current—voltage (I—Vy) and transfer
properties were measured by a Keysight B1500 semiconductor
parameter analyzer. The I;—Vj,, characteristic curves of
AlGaN/GaN HEMTs on silicon substrate were shown in
Figure 2a (with Vi, ranging from +2 V to =7 V with step by 1
V from top to bottom). When the gate-source voltage (V) of
the device is less than its threshold voltage (Vy,), the negative
gate bias completely depletes the electrons at the interface
under the gate heterojunction, causing the conductive channel
to be disconnected, and the device is in an off state. We can
conclude from Figure 2a that when Vi, = =7V (less than V),
the source leakage current is very small, indicating the device
has good low leakage characteristics in this case. When V, is
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Figure 3. Capacitance—voltage (C—V) curves of AlGaN/GaN HEMTs on silicon substrate and flexible substrate (a) C—V profiles. (b) Carrier

concentration as a function of depletion depth.

greater than Vy, the I4—Vy, characteristic curves of AlGaN/
GaN HEMTs can be divided into a linear region and saturated
region. When the drain-source voltage (V) is small, the device
works in the linear region, and the increase in output current is
consistent with the change in drain-source voltage. When the
Vg is large, the channel electron drift speed becomes saturated,
and the drain-source current also saturates, so the device
operates in saturated region. In addition, under different biases,
the maximum saturated drain-source current density (Iy.,)
increases as Vi, increases. According to Figure 2a, we can find
that the HEMTs device achieves Iy, = 457 mA/mm at a
positive gate voltage of +2 V. The transfer characteristic curves
of AlIGaN/GaN HEMTs on silicon substrate are shown in
Figure 2b (with Vg = 10 V). It can be found from the Figure
2b that the maximum transconductance (g, na,) of the HEMTSs
on Si substrate is 53 mS/mm.

Figure 2¢,d shows the I4—Vy, and transfer characteristic
curves of flexible AlGaN/GaN HEMTs, respectively. I-V plots
also have the typical electrical characteristics of HEMTs
devices. In the off state (when Ve = =7 V), the source leakage
current of the flexible HEMT is also low, indicating that the
surface defect state is not increased after the substrate transfer
and the off-state electrical properties of the flexible HEMTS are
not changed. Besides, the maximum saturated drain current
density (I4,,) of the flexible HEMTs is approximately 290
mA/mm at Vo = +2 V and the g, ., is 40 mS/mm, which
demonstrates that the flexible HEMTSs also have excellent
electrical performances. Figure 2e,f shows the electrical
property comparisons of HEMTs devices on different
substrates. From Figure 2ef, we find that the maximum
saturated drain current and the maximum transconductance of
AlGaN/GaN HEMTs on the flexible substrate are lower than
that on Si substrates. Besides, another notable feature in Figure
2e is that the I;,—Vy, characteristic curves of flexible HEMTs
have significant current collapse in saturated regions. In this
paper, although the electrical properties of the HEMT's devices
decrease after substrate transfer, the devices still have excellent
performances among the previous studies, as shown in Table
S2. According to Table S2, our flexible HEMTs devices have
excellent performances compared to the previous studies.
Besides, the ratio of electrical performances degradation before
and after transfer is relatively smallest among the previous
studies.

The performance loss is an unavoidable problem in the
process of flexibility. There are many reasons for the current
decrease of flexible devices, such as stress state change,22 trap
effects,”® and self-heating effects,”**° etc. From the Raman

spectrum in Figure le, it can be concluded that after lifting-off
and transferring to a flexible copper substrate, the tensile stress
will be partly released, a 245 MPa decrease in our research.
That is to say the stress state changes in the GaN layer after
substrate transfer, which may have an effect on the electrical
properties. The 2DEG density is proper for the piezoelectric
polarization charge, and the reduced 2DEG density will
decrease the saturated current. In order to verify whether the
2DEG density changed after substrate transfer, we performed
capacitance—voltage (C—V) measurements in this research.
The C—V measurements (at 1 MHz) curves of HEMTs
devices before and after substrate transfer are plotted in Figure
3a. We can calculate the sheet density of 2DEG based on the
capacitance—voltage (C—V). It can be seen from the C—V
curves that the sheet density of the 2DEG on the AIGaN/AIN/
GaN heterojunctions can be expressed by eq 3a:

ng = L f Cdv
qA (32)

where n, is the sheet density of the 2DEG, g is the elementary
charge, A is the contact area, C is the capacitance, and V is the
voltage. By integrating the C—V curves, we can calculate that
the sheet densities are 1.02 X 10" cm™ and 0.97 X 10"} cm™
before and after transfer, respectively. There is a 5% drop in
sheet density of 2DEG, and it shows that the change in residual
stress state of the GaN layer does have an effect on the density
of 2DEG after transfer. From the C—V measurement, the
carrier distribution profiles can be calculated according to the
following equations:

_ ¢ av

8808A2 dcC (3b)
_ gEA
- C (3c)

where N is the carrier density, Z is the thickness of carrier, and
e is the relative dielectric constant of the semiconductor
material. The carrier distribution profiles are shown in Figure
3b. It can be seen from Figure 3b that the confinement of
2DEG remains unchanged, since the 2DEG is located within
2—3 nm in the heterojunctions barrier layer. Substrate
transferred process inevitably induces defects to scatter
carriers, which decreases 2DEG concentration and finally
degrades electrical characteristics of HEMT's devices.”® There-
fore, the trap effects may be a cause of the current drop. The
self-heating effect causes the device temperature to rise,
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Figure 4. (a) Devices for applying external stress. (b) I4,—Vy, curves of HEMTs devices with applied external stress. (c) I3,—Vy, curves of
HEMTs devices under different procession distances (indicating the external stress increases from top to bottom). (d) Transfer

characteristics of HEMTs devices under different procession distances.

enhancing phonon scattering, thereby leading to a decrease of
carrier mobility in the potential well, which can have an impact
on the static I-V characteristics of the device. Among common
heat dissipation materials, the copper has a very good thermal
conductivity. This is another reason why we choose it as the
substrate of the flexible HEMTs. However, to adhere the
flexible HEMTSs to the copper substrate, we took the epoxy
adhesive, which had poor thermal conductivity compared to
the silicon substrate, thus the devices had not good heat
dissipation. Therefore, the electrical characteristics of the
device deteriorate on the flexible substrate, causing a drop in
saturated current and a collapse in current. We can further
improve the performances of HEMTs by optimizing the
thickness of epoxy adhesive or choosing higher conductivity
binders.”’

The AlGaN/GaN heterojunction has a strong spontaneous
polarization (Pgp) and piezoelectric polarization (Ppg), due to
the noncentral symmetry and the lattice mismatch.”® Under
external stress, the lattices of AlGaN and GaN will be
deformed, thereby inducing polarization charges and generat-
ing piezotronic effect. The piezotronic effect affects the
distribution of free carriers and can significantly modulate
the band structure of the AlGaN/GaN heterojunction. The
piezotronic effect provides a different freedom to optimize
device performances and introduces an opportunity to sensing
or feedback external mechanical stimuli. The piezotronic effect
measurements are performed by a special instrument, as shown
in Figure 4a. We can adjust the knob to control the procession
distance, which can characterize the different external stress
applied to the sample. Compared to the rigid silicon substrate,
the thin cooper substrate exhibits a very good flexibility. Even
with large bending, no cracks were observed on the AlGaN/
AIN/GaN wafers and no electrode shedding occurred on any
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source-gate-drain electrodes in 10 X 12 HEMTs arrays. The
I4—Vy curves of the HEMTs under stress free and under
external stress are plotted in Figure 4b. It is obvious that the I4
of the device decreases when external stress is applied. In
addition, the current variations of the HEMTSs device under
different external stress are shown in Figure 4c at V, =1V
(procession distance increasing from top to bottom). It can be
found from Figure 4c that as the procession distance increases
(indicating the external stress increasing), the I gradually
reduces, which is closely related to the 2DEG at AlGaN/GaN
heterojunction modulated by the piezotronic effect. The
piezotronic effect modulation mechanism has been discussed
before.””*” The external stress causes negative piezoelectric
charge accumulating at the heterojunction interface, thus the
energy band on the GaN side is raised, resulting the triangular
potential well at the heterojunction interface to become
shallow. The concentration of 2DEG decreases, thereby
reducing the saturated current of the HEMTs device." Figure
4d is the corresponding transfer characteristic curves. It can be
concluded that as the stress increases, the threshold voltage
(Vi) shifts positively. The expression of the threshold voltage
is as follows:”"**

dapol

e e €€, (4)

where Vy, is the threshold voltage of AlGaN/GaN HEMTs, @,
is the Schottky barrier height, AE. is the AlGaN/GaN
heterojunction interface conduction band offset, and o, is
the total polarization charge density at the heterojunction
interface. The o0, can characterize 2DEG density at the
heterojunction. According to eq 4, we can conclude that the

2DEG density has a positive correlation with the absolute value
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Figure 5. Band diagrams at the interface of AlIGaN/GaN heterojunction. (a) Under stress free. (b) Under external stress.

of the threshold voltage. Therefore, the threshold voltage
moves to a positive value, indicating that the 2DEG density at
the heterojunction has a decreasing trend, which is consistent
with the change in electrical performances of HEMTs. These
analyses illustrate that the piezotronic effect can effectively
modulate the electrical properties of flexible HEMTs.

In order to further understand the relationship between the
change of electrical properties and the piezotronic effect, we
obtained the energy band diagrams of the AlGaN/GaN
heterojunction by the self-consistent calculation of Schrodinger
equation and Poisson equation, as shown in Figure 5. The
physical parameters of wurtzite structure AIN and GaN are
shown in Table S3. Under stress free condition, there are
spontaneous polarizations P, PSN due to noncoincidence
of positive and negative charge centers in AIGaN and GaN and
piezoelectric polarization PN due to lattice mismatch in
AlGaN layer. Under the electric field caused by PN, PN,
and PN, the electrons are trapped in a triangular potential
well in the AlGaN/GaN heterojunction interface to form
2DEG, as shown in Figure Sa. For the mesa-isolated AIGaN/
GaN heterojunction, the size of the AlGaN isolation island is
much smaller than the size of the entire epitaxial wafer, so it
can be considered that the external stress applied to the back of
the device is hardly transmitted to the AlGaN layer. Therefore,
the external stress does not change the stress state of the
AlGaN layer, but only changes the stress state of the GaN
layer.”® The application of external stress changes the AlGaN/
GaN heterojunction band is shown in Figure Sb. The external
stress generates piezoelectric polarization in the GaN layer,
thus the negative piezoelectric charge accumulates at the
heterojunction interface, raising the energy band on the GaN
side and making the triangular potential well at the
heterojunction interface to shallow. The shallower potential
well causes the ability of binding carriers to be weak, and the
2DEG concentration reduces, so the saturated current of the
HEMTSs device decreases. As the external stress increases, this
modulation is also strengthened. It further illustrates that the
piezotronic effect can modulate the flexible HEMTs.

CONCLUSIONS

In conclusion, we have successfully fabricated flexible AIGaN/
GaN HEMTs arrays through a low-damage and wafer-scale
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substrate transfer technology from a rigid Si substrate. The
flexible HEMTs have excellent electrical performances with the
maximum saturated drain current density (I3, achieving
approximate 290 mA/mm at V,, = +2 V and the maximum
transconductance (g ma,) reaching to 40 mS/mm. The
performance loss is an unavoidable problem in the process
of flexibility. There are many reasons that are responsible for
the decline in the electrical performances of HEMTSs devices,
such as stress state change, trap effects, and self-heating effects,
etc. The flexible HEMTs can endure the larger mechanical
distortion, and the piezotronic effect provides a different
freedom to optimize device performances. Based on the
piezotronic effect, we introduced an external stress to modulate
the electrical performances of flexible HEMTs. The exper-
imental results show that the piezotronic effect can significantly
modulate the electrical properties of HEMTs devices. The
piezotronic effect introduces an opportunity to sense or
feedback external mechanical stimuli. The piezotronic effect
modulated flexible HEMT's exhibit great potential in human—
machine interfaces, intelligent microinductor systems, smart
sensing, and so on.

METHODS

Transistors Fabrication on Silicon Substrate. The AlGaN/
GaN heterojunction was grown on Si substrate (111) by metal
organic chemical vapor deposition (MOCVD). The epitaxial wafer
consists of a 20 nm AlGaN barrier layer with an Al content of 30%, a 1
nm AIN interlayer, 300 nm unintentionally doped GaN channel layer,
and a 3.5 pm-thick carbon-doped GaN buffer layer. Before the device
was fabricated, the surface of the epitaxial wafer was cleaned with
acetone and ethanol for several times. Then dry etching was
performed by inductively coupled plasma (ICP) to form isolation
regions, followed by photolithography to form electrode patterns. The
metal electrodes were deposited by electron beam evaporation to
fabricate corresponding electrodes. Four layers of metal Ti/Al/Ni/Au
(20/120/45/55 nm) were deposited as the source and drain
electrodes and then rapid thermal annealed in N, environment at
850 °C for 30 s to form an ohmic contact. The gate electrode needs
Schottky contact, which can be realized by depositing Ni/Au (80/50
nm) with the electron beam evaporation.’* Keysight B1500
semiconductor parameter analyzer is used to measure the device
DC characteristics at room temperature.

Fabrication of Flexible HEMTs. We proposed a method for
wafer-scale transfer HEMT arrays from a rigid Si substrate to a flexible
substrate. The main steps of substrate transfer technology are shown
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Figure 6. Main steps of substrate transfer technology.
in Figure 6. A thick layer of resist was coated on the surface of the ACKNOWLEDGMENTS

device in the first step in transfer process, where the resist was
Apiezon wax. The resist layer protected the devices and acted as
adhesive layer to bond the front side of the device to a temporary
carrier. Next chemical etching was used to remove silicon substrate.
This wet etching was based on HNO;/HF/CH;COOH solution, and
the etching rate was about 5 um/min. After the Si substrate was
completely removed, the back side was adhered to a flexible copper
substrate with epoxy adhesive. Then the front resist layer (Apiezon
wax) was removed with toluene or chloroform and separated from the
temporary carrier.
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