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generation (5G) wireless communica-
tion operating as high as 100 GHz and 
speeds as high as 10 Gb s−1,[7] as depicted 
in Figure 1a, amplifiers based on GaN 
technology are prime candidates to replace 
existing Si or GaAs devices. The high cost 
of manufacturing has restricted the imple-
mentation of GaN-based amplifiers to 
mostly military applications, however, new 
demands for faster data speeds and smaller 
component sizes continue to drive next gen-
eration wireless systems where consumers 
will benefit significantly from the high 
power densities achievable in GaN devices.[8]

Further complicating the paradigm shift 
for 5G and new wireless capabilities, the 
reduction in signal propagation at higher 
frequencies will require an increase in the 
number of amplifiers needed for effective 
wireless infrastructure. To more effectively 
accomplish this, the entire wireless plat-

form, including the RF devices, can be engineered to flex and 
conform toward integration on compact and mobile platforms. 
Allowing for the devices to accommodate strain is important in 
that it will ultimately reduce the 2D footprint of the device, enable 
wireless systems to be placed onto nonplanar platforms or sur-
faces, and improve overall mechanical reliability. The study herein 
describes a growth method to achieve flexible GaN films specifi-
cally for high performing RF devices. In addition, for the first time, 
RF characteristics of flexible T-gated GaN high electron mobility 
(HEMT) devices released from the substrate with the use of a 2D 
boron nitride (BN) mechanical release layer were demonstrated 
to be strainable and flexible. The flexible devices are shown in 
Figure 1b and transcend the conventional wisdom that flexi bility 
in electronic systems leads to a significant drop in performance, 
as electron mobility exceeding 2000 cm2 V−1 s−1 at tensile strains 
as high as 0.85%, measured cutoff frequency, fT, beyond 42 GHz 
and maximum oscillation frequencies, fmax, above 74 GHz at strain 
levels of 0.43% all reveal the potential for high-performance con-
formal, strainable wireless systems based on flexible GaN.

Since GaN grown by metal–organic chemical vapor depo-
sition (MOCVD) requires growth temperatures greater than 
1000 °C and stable crystalline substrates (Si, sapphire, SiC),[11,12] 
to ultimately achieve flexible devices, they must be transferred 
from the rigid growth substrate. Transfer of GaN films and 
devices has been performed using two main strategies; laser 

Flexible gallium nitride (GaN) thin films can enable future strainable and 
conformal devices for transmission of radio-frequency (RF) signals over 
large distances for more efficient wireless communication. For the first time, 
strainable high-frequency RF GaN devices are demonstrated, whose excep-
tional performance is enabled by epitaxial growth on 2D boron nitride for 
chemical-free transfer to a soft, flexible substrate. The AlGaN/GaN hetero-
structures transferred to flexible substrates are uniaxially strained up to 
0.85% and reveal near state-of-the-art values for electrical performance, with 
electron mobility exceeding 2000 cm2 V−1 s−1 and sheet carrier density above 
1.07 × 1013 cm−2. The influence of strain on the RF performance of flexible 
GaN high-electron-mobility transistor (HEMT) devices is evaluated, demon-
strating cutoff frequencies and maximum oscillation frequencies greater than 
42 and 74 GHz, respectively, at up to 0.43% strain, representing a significant 
advancement toward conformal, highly integrated electronic materials for 
RF applications.

Flexible Gallium Nitride

Future systems for use in wireless communication, the internet 
of things, autonomous vehicles, and radar applications will 
require small footprint, wide bandwidth, and high power devices 
of exceptional performance that are easily integrated into the 
world around us.[1–3] Over the last decade, gallium nitride (GaN) 
devices have been  fundamental and essential elements to meet 
these requirements for high-power amplification of the radio 
frequency (RF) signal in MHz to GHz frequencies and beyond, 
especially for military applications.[4–6] As new demands for 
high-power conformal and flexible electronics for future fifth 
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lift-off of the GaN film[13–15] or etching to chemically remove 
the substrate.[16–21] Growth of GaN on Si simplifies the sub-
strate etching removal process and has hence been the most 
widely used approach for development of transferred GaN elec-
tronics. However, the GaN material grown on Si is typically of 
lower quality than when grown on sapphire or SiC due to the 
significant structural and lattice mismatch.[22] More recently, 
a method involving epitaxial lift-off processes through a sac-
rificial layer[23] or a 2D buffer layer,[24–27] such as graphene or 
h-BN, has demonstrated transfer of GaN devices for light-
emitting diodes without the use of harsh chemicals or etch-
ants. The initial demonstration of this technique has been suc-
cessful in removal of GaN films, but has yet to demonstrate the
transfer of high-quality GaN epitaxy to retain planar-processed,
high-performance RF amplifier devices. In addition, RF per-
formance of the transferred devices as a function of external
strain, a critical evaluation for flexible RF devices, has yet to be
reported. The development of flexible GaN films in this study
as well as the evaluation of the RF performance of GaN HEMT

devices under strain enables future flexible, high-performance 
RF systems that are necessary for the new paradigm shift in 
wireless communication systems.

Production of high-quality transferable GaN devices on van 
der Waals (vdW) layers has been facilitated by the recent avail-
ability of high-quality atomically smooth BN and graphene epi-
taxial layers. These layers serve multiple functions: providing 
a weak vdW interface for film lift-off and removal and acting 
as an epitaxial template for growth of GaN. The morphology 
and quality of the layer can be linked to GaN crystal quality 
and adhesion strength to the substrate. BN films with rough-
ness greater than only a few angstroms resulted in poor GaN 
crystal quality and films which will spontaneously release from 
the substrate, highlighting the need for atomically smooth and 
flat BN.[28] Well ordered BN films are found to be the most ideal 
template for the combination of high-quality epitaxial growth, 
postgrowth device processing and mechanical lift-off. Using our 
recently developed process we produce wafer scale (2 in. dia-
meter) few-layer BN films with excellent thickness uniformity 
(<5%) and low roughness (<0.1 nm RMS) that are ideally suited 
to produce flexible AlGaN/GaN HEMTs.[25] Flexible GaN HEMT 
structures consisting of a 15 nm AlN nucleation layer followed 
by a 1.5 µm thick Fe-doped GaN buffer, 0.5 µm undoped GaN 
layer, 2 nm AlN insert layer, 17 nm Al0.27Ga0.73N boundary 
layer, and 3 nm GaN cap, were grown by MOCVD on a 1.6 nm 
BN layer on a sapphire substrate.[28] With the lack of dangling 
bonds on the sp2-bonded BN surface, nucleation is the primary 
challenge to growth of a high-quality epitaxial layer. Various 
nucleation layers and functionalization methods have been 
reported to overcome the challenge of nucleation with variable 
success.[29–31] In this work, a thin pinhole free AlN nucleation 
layer was found to produce GaN and AlGaN/GaN structures 
with the lowest roughness and dislocation densities. If the AlN 
nucleation layer is greater than a few tens of nanometers strain 
between the nucleation and GaN layers can cause self-separa-
tion and buckling of the film. A cross-sectional transmission 
electron microscopy (TEM) image of this structure is shown 
in Figure 2a with high resolution images of the AlGaN/AlN/
GaN and AlN/BN/sapphire interfaces shown in Figure 2b,c.  
Further characterization of the BN film growth on sapphire 
necessary for the heterostructure growth is highlighted in pre-
vious works.[28,32,33] High-resolution TEM images revealed the 
high-quality atomically abrupt interface between the GaN, AlN, 
and AlGaN layers. This quality is further illustrated by low 
surface roughness (<0.3 nm RMS) revealed by atomic force 
microscopy (AFM) (Figure 2d). X-ray rocking curves (Figure 2e) 
and two beam dark field TEM (Figure S1, Supporting Informa-
tion) were used to quantify material quality with a measured 
threading dislocation density of <3 × 108 cm−2. The presented 
collection of characterization results demonstrates the ability to 
epitaxially grow GaN HEMT structures on a vdW surface with 
quality comparable to those on conventional substrates such as 
sapphire and SiC.[34,35]

Several GaN HEMT die were fabricated on a 2 in. sap-
phire wafer that included van der Pauw and transmission line 
measurement (TLM) test structures. To withstand device pro-
cessing conditions, the AlGaN/GaN stack must remain flat and 
well adhered to the sapphire substrate to ensure good device 
yield and performance. The requirements of this step reiterate 

Adv. Mater. 2017, 29, 1701838

Figure 1. Measured power density of traditional RF amplifier materials at 
different frequencies and wireless generation bands, as well as an image 
of the flexible GaN devices. a) Measured RF power density at different 
operational frequencies for conventional RF amplifier materials[9,10] with 
the traditional wireless generation (first generation to fifth generation) 
frequency bands used within the United States, and b) image of ≈40 
flexible GaN devices, with the inset showing a close-up of a flexible HEMT.
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the need for a high-quality vdW buffer. After processing, the 
devices and test structures were able to be easily transferred 
to a 100 µm thick flexible 3M adhesive substrate by means of 
polydimethyl sulfoxide (PDMS) elastomeric stamping method 
(a more detailed process description is shown in Figure S5 in 
the Supporting Information).[36] The stamping method does 
not require any harsh chemicals or processing, and is favorable 
for cost reduction due to the fact that the growth substrate can 
be reused for future material depositions. During the transfer 
process, device structures remained completely intact and free 
from damage due to the gentle lift-off and transfer method.

To evaluate critical material properties of the flexible GaN 
under external applied strain, the GaN and 3M adhesive sub-
strate were affixed to flat and under fixed bend radii of 48, 24, 
and 12 mm (image of bend radii test in Figure 3a). The estimated 
strain directly at the top of the structure can be calculated based 
upon the thickness of the material away from the neutral axis 
as a function of the bend radii applied using the ΔR/R method. 
The strain values at the 2DEG AlGaN/GaN interface, for a 48, 
24, and 12 mm bend radii were calculated to be 0.21%, 0.43%, 
and 0.85% (with GaN and tape thickness totaling 102 µm and 
the top of the rigid backing assumed to be at the neutral axis).[37] 
In addition, the average strain in the AlGaN/GaN HEMT struc-
ture can be measured using Raman spectroscopy by evaluating 
the shift in the GaN E2

H mode under the external applied strain. 
It is well established that tensile (compressive) strain in c-plane 
GaN results a blue (red) shift in this mode. Figure 3b shows the 
E2

H mode measured from the same sample flat and flexed to a 
bend radii up to 12 mm. A blueshift of up to 0.3 cm−1 is evident 
when the transferred GaN film was taken from a flat state to the 
12 mm radii. After bending and flattening, the GaN films revert 
back to the strain conditions before the experiment started. A 
total average shift of increasing tensile strain of 0.8% is meas-
ured in close agreement with the ΔR/R calculated values. The 
Raman studies described here reveal an important observation 

in that the strain applied to the flexible GaN films and devices 
are not simply accommodated by the underlying substrate, but 
are in fact imparting a reversible, temporary deformation of the 
GaN lattice from the external strain.

The post-transferred AlGaN/GaN material heterostructure 
on the flexible substrate exhibited extremely high measured 
mobility in a flat state at 2120 cm2 V−1 s−1 and the value was 
reduced to 2005 cm2 V−1 s−1 upon straining to the maximum 
bend radii of 12 mm (0.85% strain), as shown in Figure 3d 
using the van der Pauw structure shown in Figure 3c. The sheet 
carrier density appeared to exhibit the opposite trend with a 
change from 1.07 to 1.12 × 10−13 cm−2, a total increase of 4.7%. 
At the maximum strain condition, an increase in ns by 6.9 × 
1011 cm−2 is expected due to increased piezoelectric induced 
charge,[38,39] which is very close to the measured value of 5.0 × 
1011 cm−2 observed in the measurements here. The product of 
the mobility and sheet carrier density is directly related to the 
inverse of the sheet resistance, which slightly increases but 
remains within 1% of the starting value (as shown in Figure S6 
in the Supporting Information). The values of mobility and 
sheet carrier density on the flexible tape far exceed previous 
reports of GaN HEMTs grown on 2D materials,[25] and repre-
sent state of the art electron transport behavior even for rigid 
AlGaN/GaN structures grown on conventional substrates.[40,41] 
The 2DEG transport properties reflect the excellent material 
quality and necessary importance for epitaxial growth of GaN 
on a high-quality 2D BN layer.[32] Similar GaN devices for lift-
off and transfer are grown on silicon and are typically of lower 
quality due to a lattice mismatch of more than 17%, substrate 
bowing, and thermal expansion mismatch.[22] This leads to a 
reduction in 2DEG mobility of GaN devices on Si by as much 
as 10% as compared to the flexible devices measured here.

An optical image of a flexible 2 × 50 µm HEMT device with 
a gate length of 170 nm that was transferred from the growth 
substrate is shown in Figure 4a. The image of the undamaged 

Adv. Mater. 2017, 29, 1701838

Figure 2. Analysis of the material heterostructure required for high-performance flexible GaN devices. a) Cross-sectional TEM image of GaN HEMT 
material stack, b) close-up TEM image of GaN/AlGaN/AlN interface, c) close-up TEM image of sapphire/h-BN/AlN/GaN interface, d) AFM image of 
the top surface, and e) X-ray rocking curve from the GaN on-axis (0002) and off-axis (10–12) with full-width half-maximum (FWHM) of 0.11° and 0.19°.
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device highlights the ability of the PDMS stamping method to 
transfer high-quality, fragile device structures without visible 
damage. Initial DC and RF characterization reveal that the elec-
trical performance is retained upon transfer of the device to 
the flexible substrate. The change in substrate from the rigid, 
higher thermal conductivity sapphire to the flexible 3M adhe-
sive tape resulted in a decrease in observed transconductance 
and drain current at forward gate bias voltage due to thermal 
effects (as depicted in Figure S7 in the Supporting Informa-
tion). The reduction here at higher VG is also observed in sim-
ilar devices transferred to flexible substrates, where as much 
as a 90% reduction in RF power density as compared to GaN 
on SiC is observed.[18] For high-power applications flexible/con-
formal substrates such as metal foils could be used to overcome 
the self-heating limits imparted by the low thermal conductivity 
flexible substrates used here.

To evaluate the flexible electrical performance of the GaN 
devices, a transferred HEMT was conformed around the same 
3D-printed cylinders as were used in the mobility measure-
ments. The DC performance of the flexible GaN HEMTs 
appeared to be impacted by the applied strain, as portrayed 
in Figure 4b. In this case, the peak transconductance value 
(Gm,peak) and current density (ID) at 0 V is reduced by a total of 
8.1% and 7.7%, respectively, when comparing the device from 
the soft substrate in a flat state to a conformed state at 24 mm 
bend radii (0.43% estimated strain). After the device was moved 
to the 12 mm bend radii (0.83% estimated strain) the device 
failed during testing due to a crack forming through the device 
orthogonal to the strain direction presumably due to the 
increased piezoelectric strain as well as sample degradation,[42] 
and further testing could not be performed. The change in DC 
parameters as a function of strain is believed to be a combina-
tion of two independent mechanisms. The reduction in peak 
transconductance upon bending has been observed for other 
tests of similar GaN devices, and is presumed to be a product 
of the reduction in mobility as well as the inherent degradation 
and a change of strain state within the device.[43–45] The second 
indication of the physical impact on the DC performance is 
the shift in the threshold voltage (VTH) of −0.03 and −0.17 V 
under the influence of 0.21% and 0.43% strain, respectively, 
which is related to the polarization-induced charge density 
increasing under applied tensile strain. Notably, the 2D elec-
tron gas (2DEG) at the AlGaN/GaN interface does not typically 
arise from ionized donors but instead from spontaneous and 
piezoelectric polarization difference between the Wurtzite GaN 
and AlGaN crystals.[38] The piezoelectric coefficient of AlGaN 
is greater than GaN, causing a net increase in the charge car-
rier density at the interface with tensile strain. The increase is 
estimated be 3.2 × 1011 cm−2 at the 0.43% strain condition for 
our structure, which is in excellent agreement to the measured 
3.5 × 1011 cm−2 shown in Figure 3c. The resultant increase in 
carriers leads to a calculated shift in threshold voltage caused 
solely by the piezoexpansion effect that matches well with the 
observed data, and is shown in the inset of Figure 4b.[38]

Small signal RF gain characterization is shown in Figure 4c, 
where the cutoff frequency, fT, and maximum oscillation fre-
quency, fmax, at zero external applied strain was extrapolated 
with a −20 dB/dec fit to be 47 and 74 GHz, respectively, giving 
an RF figure of merit (the product of the cutoff frequency and 
gate length fT × LG) equal to 8 GHz µm. This RF performance 
is superior to previously reported GaN HEMT studies limited 
to transfer onto a flat, soft substrate, which report an RF figure 
of merit <4.[18] Higher RF performance is presumably achieved 
as a result of the high-quality epitaxial layer transfer enabled by 
GaN growth on van der Waals 2D substrates rather than Si.[46] 
The extrapolated cutoff frequency is reduced by 9.0% under 
applied strain due to the linear relationship of cutoff frequency 
with DC transconductance. After 0.43% external applied strain, 
fT slightly decreases to 42 GHz, as shown in Figure 4d. For the 
devices measured in this study, the fmax of the 0.17 µm gate 
length devices remains nearly constant (within 1% of the ini-
tial value) around 74 GHz throughout straining. This is a direct 
result of the unchanged device parasitics (RC, RSH) due to excel-
lent material quality during growth, transfer, and straining, and 
a weaker dependence on transconductance as compared to fT, 

Adv. Mater. 2017, 29, 1701838

Figure 3. Influence of applied strain on the material properties of flex-
ible GaN films. a) Image of GaN film with device structures conformed 
around a 3D printed 12 mm bend radii, b) Raman scan of E2

H peak and 
the shift of peak position as a function of the applied strain, c) GaN van 
der Pauw test structure transferred to a flexible substrate for mobility and 
sheet-carrier-density measurements, and d) measured mobility and sheet 
carrier density of the flexible GaN films on tape substrate using strain 
values from the ΔR/R method. Error bars in (d) represent the maximum 
and minimum values retained upon four independent measurements.
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where fmax is proportional to the square root of the transcon-
ductance.[47] The RF results reveal that the GaN material retains 
excellent fmax and a slight reduction in fT at higher strain rates, 
but overall still behaves exceptionally well with regards to high-
frequency performance. In future flexible and conformal RF 
systems, GaN devices strained beyond 0.43% tensile strain may 
require additional strain mitigation strategies during device 
operation.

It is clear that the growth of GaN on 2D BN is the key to 
unlocking high-quality flexible devices, as the BN serves two 
purposes; an epitaxial template for high-quality GaN that rivals 
state of the art for electrical performance, and providing for a 
means to transfer the devices without the use of harsh chemicals 
or etchants. The transferred flexible GaN/AlGaN structures are 
demonstrated to exhibit high electron mobility and sheet carrier 
density that exceeded 2000 cm2 V−1 s−1 and 1.07 × 1013 cm−2,  
respectively, and show inverse behavior upon straining. The 
GaN material is highly influenced by the applied strain in the 
observed piezoelectric-induced charge at the heterostructure 
interface. Flexible GaN HEMT devices display excellent DC and 
RF properties when exposed to as high as 0.43% strain with an 
extrapolated fT and fmax at 42 and 74 GHz, respectively, corre-
sponding to the first RF performance of a T-gated GaN HEMT 

transferred using a 2D release layer and under an external 
applied strain. The flexible, high performing GaN devices 
represent a major advancement for next generation strain-
able wireless communication that can result in a significant 
improvement in speed and bandwidth for both commercial and 
military systems.

Experimental Section
Boron nitride films were deposited by low pressure MOCVD on sapphire 
at 1000 °C from triethylboron and NH3 with a V/III ratio of 2250 and 
pressure of 20 Torr. BN/sapphire templates were then loaded into an 
EMCORE D180 MOCVD system for growth of AlGaN/GaN (HEMT) 
structures. Ammonia, trimethylaluminum, trimethylgallium, and 
ferrocene were used as N, Al, Ga, and Fe precursors. A 15 nm thick AlN 
nucleation layer was deposited at 1000 °C using a V/III ratio of 2300 
followed by a three step process for high temperature (1025 °C) growth 
of a 1.5 µm Fe doped GaN, 0.5 µm undoped GaN layer, 2 nm AlN insert 
layer, 17 nm AlGaN boundary layer with 27% Al, and 3 nm GaN cap 
layer.[29]

The AlGaN/GaN structures were characterized by high resolution 
TEM using a FEI Tecnai TF-20 FEG/TEM. Cross-sectional samples 
were prepared using the in situ FIB lift out technique on an FEI Dual 
Beam focused ion beam (FIB)/scanning electron microscope (SEM). 

Adv. Mater. 2017, 29, 1701838

Figure 4. Device performance of flexible GaN HEMTs under applied external strain. a) Optical image of a transferred GaN HEMT device on a flexible 
substrate, b) plot portraying the change in DC parameters as the high-performance GaN devices are placed under an external strain as well as the 
predicted versus actual change in measured threshold voltage as a function of applied strain calculated by the ΔR/R method, and c) RF performance of 
the extrinsic current gain (H21) and unilateral power gain (U) and linear extrapolation of fT and fmax, and d) fT (depicted as squares) and fmax (depicted 
as triangles) values for RF testing as a function of applied external strain.
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Surface morphology was measured by AFM using a Bruker Dimension 
Icon AFM operating in tapping mode. X-ray diffraction rocking curves 
of (0002) and (10 12) , under symmetric and quasisymmetric ω-scan 
configurations respectively, using an Empyrean X’pert Pro system with 
a four bounce Ge monochrometer. Transport properties were measured 
at room temperature using an Accent 5500 Hall-effect measurement 
system and Leighton LEI contactless system.

AlGaN/GaN HEMTs were fully fabricated on the 2D BN/Sapphire 
substrate. First, electrical mesa isolation was achieved by inductively 
coupled plasma with BCl3/Cl2/Ar chemistry to a depth of ≈80 nm. 
Ohmic contacts consisting of Ti/Al/Ni/Au were deposited by electron 
beam evaporation and subjected to rapid thermal annealing at 850 °C 
for 30 s in nitrogen ambient. Next, electron beam lithography T-gates 
with nominal 0.17 µm gate length were formed with trilayer poly(methyl 
methacrylate) (PMMA)/methyl methacrylate (MMA)/PMMA resist 
process and metallized with Ni/Au to form a Schottky gate contact. 
Metal interconnects with RF pad layout were patterned and metallized 
with Ti/Au, and a 200 nm Si3N4 passivation layer was finally deposited 
and etched with CF4/O2 reactive ion etching.

Process control monitor and TLM structures were used for four-
point probe DC measurements on a Keithley 450 test system. The 
DC and RF performance of the HEMTs were characterized with an 
automated system consisting of an HP4142 parametric analyzer and 
HP8510 network analyzer with Cascade probes. S-parameters were 
measured from 1 to 26 GHz at VDS = 4 V and VGS equal to the gate bias 
corresponding to peak transconductance.
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