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We demonstrate fully fabricated AlGaN/GaN high electron mobility transistors (HEMTs) transferred from sapphire to copper tape on flexible
polyethylene terephthalate using 193 nm excimer laser liftoff (LLO). The heterojunction is structurally intact after LLO, leading to preserved electron
mobility mn ∼1630 cm2 V−1 s−1 and carrier concentration ns ∼1013 cm−2. The maximum drain saturation current decreased by ∼18% after transfer,
which is a lower reduction than other reported transfer methods. The drain current of this flexible HEMT increased monotonically under tensile
stress applied using a convex-shaped plate, while the threshold voltage shifted more negative in quantitative agreement with the expected
piezoelectric charge for an intact heterojunction. © 2022 The Japan Society of Applied Physics

O
wing to the advantages of high electron mobility,
high sheet carrier concentration, high electric break-
down field, and high-temperature stability, flexible

electronic/optoelectronic devices based on wide bandgap
materials have shown a rapid trend of development due to
demand in a wide range of commercial and military applica-
tions. AlGaN/GaN high electron mobility transistors
(HEMTs) are typically fabricated on rigid substrates such
as Si, sapphire, or SiC which cannot meet the requirements
for application in deformed and nonplanar environments.1–6)

Several groups have reported transfer of AlGaN/GaN HEMT
structures from rigid substrates to various flexible substrates
with different transfer technologies as listed in Table I.
Demonstration of flexible AlGaN/GaN HEMT on 3M
adhesive tapes with different thermal conductivities by the
mechanical lapping and etching method to remove the Si
substrate were reported.7–9) Wet chemical etching was also
used to transfer GaN HEMT arrays onto copper tape,10)

Kapton tape,11) and polyethylene terephthalate (PET).12)

Glavin et al. mechanically transferred HEMTs to a 3M
adhesive substrate using h-BN as the sacrificial layer.13)

Recently, conductivity-selective electrochemical etching to
realize flexible HEMTs by removing growth substrate was
reported.14,15)

There are some disadvantageous associated with these
transfer technologies. The most widely used approaches to
transfer GaN electronics from Si to a flexible substrate are by
removing it through mechanical grinding followed by xenon
difluoride (XeF2) etching and wet etching result in the
degraded backside because of the harsh acidic environment,
as well as the strong surface tension of water that is
unavoidable at these dimensions.12) These techniques are
also complicated and time-consuming. Moreover, epitaxial
growth of GaN on Si requires additional growth steps due to
the significant lattice and coefficient of thermal expansion
mismatch16) and is typically of lower quality compared to the
high-temperature growth on sapphire, SiC or bulk GaN/AlN
substrates which are difficult to grind and wet-chemically
etch.17,18) Therefore, the reported transfer techniques from Si
substrate to arbitrary flexible substrates are not applicable to
fabricating ultra-wide bandgap (UWBG) III-nitride flexible
devices. Growth of uniform large-area h-BN between
AlGaN/GaN heterostructure and substate for mechanical
transfer is difficult and it is hard to completely peel off
large-area AlGaN/GaN membrane.12) Electrochemical
etching by introducing a highly doped GaN sacrificial layer

damages the effective area and integrity of the released GaN
layer.14) Moreover, these reported flexible GaN-channel
HEMTs showed significantly reduced maximum drain cur-
rents after transfer (Table I). Therefore, it is important to
develop a method that offers a more efficient and reliable
large-area transfer of AlGaN/GaN devices to flexible sub-
strates while minimizing the peak current reduction.
In this paper, we demonstrate the transfer of AlGaN/GaN

HEMTs from sapphire to flexible copper tape by an excimer
laser liftoff (LLO) technique. The crystalline quality of the
AlGaN/GaN heterostructure is preserved during transfer. The
fabricated devices exhibit maximum drain saturation current
density (IDS, max) of 422 and 347 mA mm−1 before and after
transfer, respectively. Even without AlN heat spreaders,19–21)

this ∼18% degradation after transfer is lower than that of
other reported transfer techniques (Table I). In this work, the
effect of external stress on the active current modulation to
prove the concept of polarization engineering is also inves-
tigated. Our scalable LLO approach, in principle, should also
be applicable to UWBG AlGaN channel flexible HEMTs for
electronics needing high-temperature, high-frequency, and
high-power operation. We also present a detailed approach to
evaluate the remaining average GaN channel epilayer thick-
ness after the LLO process and the post-processing which is
required to remove a portion of the damaged interfacial
material. This evaluation of the remaining thickness is
important for thin channel devices and was not addressed
in previous transfer demonstrations.
The AlGaN/GaN HEMT structure used in this study was

grown on a double-side polished (DSP) sapphire substrate by
metal-organic chemical vapor deposition. The epitaxial wafer
consists of a 30 nm GaN nucleation layer, a 1.8 μm unin-
tentionally doped GaN buffer and channel layer, a 1 nm AlN
spacer, and a 17 nm Al0.24Ga0.76N barrier layer. Device
processing was started with mesa isolation using Cl2-based
inductively coupled plasma reactive-ion etching. Ti/Al/Ti/Au
(15/70/30/50 nm) metal stack was deposited by electron
beam (e-beam) evaporation as source/drain electrodes fol-
lowed by rapid thermal annealing at 850 °C for 30 s in N2

environment. The ohmic contact resistance measured by the
transmission line model (TLM) was found to be 0.59 Ω mm.
Ni/Au (50/150 nm) were deposited as the gate electrodes by
e-beam evaporation. Gate length, gate width, and source-to-
drain spacing were 2 μm, 50 μm, and 6 μm, respectively.
The LLO technique was used to transfer the fabricated

AlGaN/GaN HEMTs from DSP sapphire to flexible copper
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tape (see Fig. 1). After the devices were fabricated, the
epitaxial side of the sample was bonded to a temporary
carrier substrate (UV tape), and a 193 nm ArF excimer laser
with a fluence of 800 mJ cm−2 was used to remove the DSP
sapphire. The exposed GaN surface was etched with 1:1
dilute HCl to remove the damaged layer and bonded to a
copper tape with adhesive on both sides. The other side of the
copper tape was bonded to a flexible PET substrate for ease
of handling. Finally, the UV tape was removed after exposing
it in a UV curing chamber. Our transfer process involves no
harsh chemicals which result in a low-damage transfer
keeping the epilayer intact. The schematic of the transfer
process by LLO is shown in Figs. 1(a)–1(d). The optical
images of the HEMTs before and after transfer are shown in
Figs. 1(e)–1(h). To assess the quality of the epitaxial layer
before and after transfer, high-resolution X-ray diffracto-
metry (HRXRD) was done using a triple-axis diffractometer
at a wavelength, λ = 0.154 nm and cathodoluminescence
(CL) spectra were measured using a scanning electron
microscope equipped with a parabolic mirror spectrometer.
The output and transfer characteristics of the HEMT before
and after transfer were measured using a parameter analyzer,
while the capacitance–voltage (C–V ) measurement was done
using an LCR Meter.
Figure 2(a) shows the (002) ω−2θ coupled scan of the

Al0.24Ga0.76N/GaN HEMT before and after transfer. After
transfer, the relative biaxial strain of the barrier layer and the
epitaxial registry are preserved. The FWHM of GaN along
the (002) plane before and after transfer are 302 and 345
arcsecs, respectively (see supplementary data) depicting a
low-damage transfer process and conservation of crystal
quality. This is also supported by the on-mesa and off-mesa
counts from CL spectra taken at different acceleration
voltages as shown in Fig. 2(b) (also see supplementary data).
The sheet carrier concentration ( )ns before and after

transfer was measured from frequency-dependent C–V char-
acteristics (Fig. 3) using the following equation:22)

ò= ( ) ( )qn C V dV 1
V

s

0

G1 GS GS
min

where q is the electron charge, Vmin is applied voltage lower
than the threshold voltage (Vth), CG1 is the gate capacitance
per unit area , Vand GS is the gate–source voltage. The
calculated sheet carrier densities ns are ∼9.8× 1012 cm−2

before and after transfer, showing that the 2DEG is intact
through the LLO process. No dispersion is observed in the

frequency-dependent C–V suggesting no additional possible
traps and defects are introduced within the structure after
transfer (see supplementary data).
Figure 4(a) presents the output characteristics of the

AlGaN/GaN HEMTs on sapphire and copper tape. The
IDS, max decreased from 422 mA mm–1 for HEMTs on
sapphire to 347 mA mm–1 for HEMTs on copper tape.
IDS, max decreased by ∼18%, which is the lowest reported
decrease for depletion mode HEMTs transferred onto similar
flexible substrates without heat spreaders. Drain current
density (IDS) decreased by 5.7% when V .DS changed from 5
to 10 V at VGS = 1 V on sapphire, while it decreased by
17.6% on copper tape due to thermal droop. This current
degradation is attributed to the large difference in thermal
conductivities between sapphire (k ∼ 34.6 W mK−1) and the
adhesive on copper tape (∼0.5 W mK−1), which is not
efficient in dissipating generated heat. This can be mitigated
by using integrated epitaxial AlN heat spreaders.19)

Figure 4(b) shows the comparison of transfer character-
istics and transconductances (gm) of HEMTs on sapphire and
copper tape at VDS = 8 V. The maximum transconductances
(gm, max) for devices on sapphire and copper tape are 0.11 and
0.08 S mm−1, respectively. After transfer, Vth shifted nega-
tively from −3.5 to −3.8 V. From the TLM measurements
before and after transfer, the contact resistances (RC) are
found to be 0.59 and 0.64 Ω mm, respectively while the sheet
resistance (Rsh) increased slightly from 380 to 390 Ω sq–1.
(see supplementary data). Using the values of Rsh and n ,s the
carrier mobility mn is:

m = ( )
qR n

1
2n

sh s

The mn in the 2D channel is found to be ∼1670 cm2

V−1 s−1 for the devices on sapphire while it decreased
marginally to ∼1630 cm2 V−1 s−1 for devices on copper
tape, underscoring the integrity of the heterojunction through
transfer.
To analyze the piezoelectric effect on the flexible AlGaN/

GaN HEMT under external tensile stress in the gate width
direction, a convex-shaped aluminum (Al) plate with dif-
ferent radii of curvatures R = 0.3, 0.5, and 1 cm was used to
induce the bending. The I–V characteristics of the HEMTs
under flat and bent conditions are shown in Fig. 5. When the
flexible HEMT structures are bent downward [Fig. 5(a)
inset], tensile stress induces additional piezoelectric polariza-
tions in AlGaN, therefore, increasing both polarization

Table I. Summary of the comparative performance of previously reported flexible AlGaN/GaN HEMTs realized by different transfer methods.

References Transfer method IDS,max (rigid substrate) mA/mm IDS,max (flexible substrate) mA/mm % of decrease in IDS, max

This work LLO 422 347 17.8
Defrance et al.7) Lapping and XeF2 etching 930 450 51.6
Lesecq et al.8) Lapping and XeF2 etching 1200 (TLM) 690 (TLM) 42.5
Mhedhbi et al.9) Lapping and XeF2 etching Not mentioned 275 —

Zhu et al.10) Chemical wet etching 457 290 36.5
Hsu et al.11) Chemical wet etching 753 290 61.5
Zhang et al.12) Chemical wet etching 226 110 51.3
Glavin et al.13) Mechanical transfer Not mentioned Not mentioned —

Chen et al.14) Electrochemical etching Not mentioned 106 —

Chang et al.15) Electrochemical etching 753 290 61.5
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induced charge QAlGaN and n ,s leading to the measured
increase in IDS [Fig. 5(a)] and more negative Vth [Fig. 5(b)].
IDS at VGS = −3 V and VDS = 10 V increased from 43 to
52 mA mm−1, while Vth shifted more negative from −3.8 to
−4.1 V as the device goes from flat to R= 0.3 cm condition.
This negative Vth shift indicates that more carriers are

induced by bending, in line with increased IDS observed
[Fig. 5(a)]. This is due to the external tensile stress-inducing
piezoelectric charge at the AlGaN/GaN junction, modulating
2DEG carrier concentration n .s

23)

e e
j= - - + - D( ( ) ) ( )n Q

q d
q V E E 3s AlGaN

AlGaN 0
2

AlGaN
bi GS f C

where Q ,AlGaN e ,AlGaN and dAlGaN are the polarization induced
charge, relative dielectric constant, and thickness of the
AlGaN barrier, respectively. jbi is the surface barrier height,
Ef = 0.15 eV is the Fermi level with respect to the
conduction band edge of GaN at the AlGaN/GaN interface,
and DEC = 0.45 eV is the AlGaN/GaN interface conduction
band offset. jq bi = 2.5 eV, is experimentally obtained from

Fig. 1. (Color online) Schematic process flow for the realization of flexible AlGaN/GaN HEMT by LLO. (a) Device structure of the as-fabricated HEMT on
DSP sapphire. (b) Metal contact side of the devices was bonded to a temporary carrier substrate (UV tape) and DSP sapphire side was exposed to laser acting
on the GaN/DSP sapphire interface dissociating GaN into Ga(s) and N2(g). (c) Sapphire was removed. (d) Exposed GaN surface was cleaned and bonded to a
double-sided copper tape carried by PET. The UV tape was removed after UV exposure. Optical microscope images of the HEMT (e) before and after transfer.
Devices on (f) sapphire, and (g) copper tape. (h) Flexible GaN HEMTs under stress conditions.
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the x-intercept of the /C1 2 versus VGS characteristic of the
LLO transferred device (see supplementary data). The first
term on the right-hand side of Eq. (3) shows the free carriers
induced by polarization, while the second term describes the
depletion of carriers from the surface barrier at applied V .GS

Under flat condition, C–V gives ns = ∼1013 cm−2 at VGS = 0
(Fig. 3) while at VGS = V ,th the channel is fully depleted
(ns = 0) giving two Eqs. (4a) and (4b) from Eq. (3). When
these two equations are solved simultaneously, it gives
dAlGaN = 17 nm which is in excellent agreement with the
nominal thickness of 20 nm as calculated from the epilayer
growth rate, and correctly predicts the =( )C V 0GS GS =
0.44 m -F cm 2 as measured. For subsequent measurements
under tensile stress, this dAlGaN value was used in Eq. (3) with
a fully depleted channel ns = 0 at VGS = V ,th so that the
measured Vth provides a direct extraction of QAlGaN for each
R. Given that the spontaneous contribution to QAlGaN is
fixed,24) any change to QAlGaN from tensile strain is due to
piezoelectric charge.
Considering uniaxial deformation with no directional

preference as described by Defrance et al,7) the polarization
charge under flat condition =( )/Q R1 0AlGaN is increased by
DQAlGaN and given by:

= + D( ) ( ) ( ) ( )/ /Q R Q Q R a1 0 1 4AlGaN AlGaN AlGaN

s

s

u
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where s ,tensile e, and C are the tensile stress, piezoelectric
constants, and elastic constants of AlGaN, respectively, with
the Stoney equation giving σtensile

25) as a function of the
radius of curvature

s
u

=
-( )

( )Y d

R d6 1
5tensile

GaN GaN
2

s AlGaN

where Y ,GaN d ,GaN and us are the biaxial modulus,26) thick-
ness, and Poisson’s ratio of GaN. The values of these
constants used in calculations are listed in Table SI (see
supplementary data, available online at stacks.iop.org/APEX/
15/071011/mmedia). The AlGaN coefficient is linearly inter-
polated between AlN and GaN parameters for the Al
concentration.
From Eq. (4b), we have a linear relationship between

QAlGaN and /R1 with a vertical intercept ( )Q 0AlGaN corre-
sponding to the total polarization charge under flat condition.
Figure 5(c) shows both QAlGaN versus /R1 , and the free
carriers ns versus /R1 for VGS = −3 V. We choose VGS = −3
V to minimize heating, while still being well above V .th
Moreover, by partially depleting the channel, we can assure
that the measured triode-region resistance is dominated by
the channel, and not influenced by the contacts nor access
regions. As /R1 went from 0 (flat) to 333 m−1 (R = 0.3 cm),
ns increased by ∼3x, similar to the increase in triode-region
conductance. Given that the triode-region conductance is
m mµ - =( )C V V n ,n nGS GS th s we can infer that mn is not

strongly influenced by tensile strain in the absence of heating.
This observation is in reasonable agreement with the slight

(b)

(a)

Fig. 2. (Color online) (a) HRXRD (002) ω−2θ coupled scan illustrates the
preservation of the epitaxial registry of the AlGaN/GaN junction after
transfer. (b) On-mesa CL spectra at the acceleration voltage of 20 kV. Inset
shows CL image of the flexible AlGaN/GaN HEMT taken at GaN band edge
wavelength.

Fig. 3. (Color online) Frequency-dependent C–V profiles on sapphire, and
copper tape carried out at 1 MHz. Sheet carrier concentrations ns before and
after transfer are ∼9.8 × 1012 cm−2.
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increase observed by Azize et al27) and the slight decrease
observed by different groups,7,10,28) although the carrier
transport under strain bears further investigation.
The increase in IDS under tensile strain is consistent

throughout the VGS range [Fig. 5(a)], as well as into
saturation, although the clear thermal droop makes quantita-
tive comparisons similar to the above discussion challenging
due to reduced mn at higher temperatures.29) Additional
discrepancies could be due to changes in thermal manage-
ment under bending as there may be improved thermal
contact between the GaN and the copper through the poor
thermal conductivity adhesive. Disentangling these effects is
beyond the scope of this present investigation, as the
influence of the adhesive is challenging to control. With
proper control of the adhesion technique such as with low-
temperature In-based solders, improved thermal management
may be obtained, allowing the full potential performance of
GaN and UWBG AlGaN to be achieved on flexible plat-
forms.
From the slope of the line in Fig. 5(c) and the known

mechanical/piezoelectric constants from Table SI (see sup-
plementary data) in Eq. (4b), we obtain a channel layer
thickness dGaN = 0.6 μm, or ∼1/3 of the starting specified
thickness of 1.8 μm. This is due to the traumatic nature of
LLO at the sapphire/GaN interface, with the temperature
reaching above the GaN decomposition temperature 1300 K
past the interface about 1 μm deep.30) Previous studies have
not accounted for this loss, and our method provides a means
to measure the remaining average channel layer thickness in

lifted-off flexible devices, particularly as future studies scale
up to flexible UWBG AlGaN, or even AlN devices.19)

In summary, an improved fabrication method is proposed
where GaN-channel HEMTs are originally grown on sap-
phire substrate and transferred onto a copper tape using LLO
with a drain current degradation of only ∼18%. This is lower
than that reported for other transfer techniques. The effect of
external stress on the 2DEG in flexible HEMT by mechanical
bending is also investigated. Under tensile stress with

(a)

(b)

(c)

Fig. 5. (Color online) I–V curves under flat and bent states. (a) Output
characteristics comparison showing a higher current density under bent states
due to the enhanced piezoelectric polarization of AlGaN caused by tensile
stress. Insets show images for the measurement setup of HEMT under flat
and bent states. (b) Transfer characteristics under flat and bent states. Inset
shows the change in Vth after bending. (c)QAlGaN and ns as a function of /R1
at VGS = −3V. The slope for ns is sharper due to an additional shift in V .th

(a)

(b)

Fig. 4. (Color online) (a) Output characteristics of HEMTs on sapphire and
copper tape. (b) Comparison of transfer characteristics and transconductance
curves of HEMTs on sapphire and copper tape.

071011-5 © 2022 The Japan Society of Applied Physics

Appl. Phys. Express 15, 071011 (2022) M. D. Alam et al.



different radii of curvature, an increase in IDS is observed.
Our previous demonstration of AlN LLO from sapphire,19)

and the current study where LLO of GaN is achieved show
that this LLO technique is suitable for the full AlGaN alloy
system, including the UWBG AlGaN channel devices. This
scalable transfer method provides the capability of large-
scale, flexible III-nitride AlxGa1–xN channel HEMTs for
high-frequency, and high-power operation.
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