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ABSTRACT A novel wet etch process for fabrication of large-area AlGaN/GaN membranes is reported,
along with an evaluation of membrane-high electron mobility transistor (HEMT) electrothermal perfor-
mance up to 1.9 W/mm. Hall measurements showed negligible post-etch change in membrane-HEMT
sheet resistance, Hall mobility and carrier concentration. Static (dc) current-voltage characteristics showed
negligible change in on resistance (RON), although IDS,MAX was significantly reduced due to increased
self-heating in the absence of the Si substrate. Pulsed output characteristics were similarly affected as
self-heating was expected to be still present at ms pulse widths. In the off state, the drain leakage cur-
rent was measurably lower by about an order of magnitude. Pulsed-mode off-state step stress showed
a dynamic on resistance improvement by about a factor of 2 when both sides of the membrane were
passivated by SiN. A peak temperature of 148.5 ◦C was measured on the membrane HEMT using transient
thermoreflectance imaging. These initial results indicate that substrate removal does not necessarily cause
device degradation, and can be a promising step in improving HEMT reliability in future generations of
power devices.

INDEX TERMS AlGaN/GaN, high electron mobility transistor, membrane, thermoreflectance imaging,
current collapse, double-side passivation.

I. INTRODUCTION
AlGaN/GaN transistor devices have undergone rapid
technological development in recent years and have emerged
as a mature commercial platform for the development of
high electron mobility transistors (HEMTs). Such transis-
tors have found widespread commercial application in radio
frequency (rf), and high power devices are being commer-
cialized as well. Despite their commercial success based on
the wide bandgap of GaN and high density two-dimensional
electron gas formed near the AlGaN/GaN interface, het-
eroepitaxial AlGaN/GaN structures have a relatively high
density of extended defects (∼108 cm−2for GaN on Si).
These dislocations form during growth as a result of the

mismatch in lattice constant and coefficient of thermal
expansion between the heterostructure and its substrate,
despite being mitigated by an appropriately engineered III-
Nitride nucleation layer [1]. While excellent GaN HEMT
electrical performance has been reported over the years, such
as high breakdown voltage and low current collapse, the
long-term reliability of GaN is known to depend on ther-
mal limitations, similarly to Si electronic devices. For the
specific case of GaN-on-Si, the nucleation layers required
for initiation of GaN heteroepitaxial growth, typically con-
sisting of AlxGa1-xN and AlN with even higher degree of
density of defects, introduce an undesirable thermal bound-
ary resistance which exacerbates self-heating effects and thus
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limit AlGaN/GaN HEMT reliability [2]. As a result, there
has been intensive research to improve the electrothermal
performance of GaN-on-Si. Reports of improved thermal
management have proposed the integration of high thermal
conductivity layers such as diamond into HEMT fabrication
process [3]. Anderson et al. [4] have shown that mid-
process diamond improves not only the thermal, but also the
electrical performance. Many other groups have also demon-
strated that removing or replacing the (111) Si substrate can
dramatically improve breakdown voltage and power perfor-
mance [5]–[7]. Despite these encouraging results, a strained
heteroepitaxial heterostructure such as AlGaN/GaN, whose
mechanism of operation relies on piezoelectric polarization,
would exhibit degraded performance without the mechani-
cal support of a substrate in the immediate vicinity of the
transistor active area. For example, Azize has demonstrated
that blanket etching of the Si substrate could cause cracks
in the AlGaN/GaN surface and while such degradation is
less severe when room-temperature polishing is employed,
strain mechanics dictates that it is not possible to produce
a free-standing AlGaN/GaN membrane without mechani-
cal support [8], [9]. Indeed, AlGaN/GaN nanomembrane
HEMT devices where the substrate was removed only in
the immediate vicinity of the channel have been reported by
several groups. Herbecq et al. utilized a dry etch process
for localized Si substrate removal, whereas Lu and Palacios
developed a substrate transfer process where the entire sub-
strate was replaced with quartz [6], [7]. Substrate removal
by dry etching has also allowed the demonstration of small-
area nanomembrane structures for capacitive and pressure
sensor applications, as well as novel die transfer processes
for flexible device applications [10]–[15]. Our work, on
the other hand, has employed a novel process based on
a well-known wet etchant for Si (HNA) to produce large-
area, AlGaN/GaN HEMT membranes which do not exhibit
additional tensile stress [16]. This approach has allowed us
to effectively decouple the thermal contribution of the Si
substrate when characterizing the electrothermal HEMT per-
formance and isolate the intrinsic thermal performance of
an AlGaN/GaN heterostructure where a high current density
channel is capable of generating sufficient heat flux to render
the GaN film thermally unstable and prone to decomposition
under high temperature, high field operating conditions [17].
While severe degradation in HEMT performance is typi-
cally expected in this case, our work quantifies the HEMT
characteristics that degrade and shows that an AlGaN/GaN
membrane HEMTs can exhibit several key improvements at
low power when compared to a conventional HEMT-on-Si.
As a part of our study, we also report transient thermal
performance of AlGaN/GaN HEMTs on Si for the first
time, to the best of our knowledge, despite a number of
time-resolved thermal studies of AlGaN/GaN HEMTs on
sapphire and SiC substrates, as well as a transient electrical
method for thermal characterization of GaN-based HEMTs
on Si [18]–[21].

II. EXPERIMENTAL DETAILS
High electron mobility transistors (HEMTs) were fabri-
cated on 2 nm GaN/17.5 nm Al0.26Ga0.74N/GaN het-
erostructures (1.9 µm total epilayer thickness) grown on
a (111) oriented Si substrate utilizing standard process-
ing techniques (Cl/Ar plasma mesa etch, rapid-thermal
annealed Ti/Al/Ni/Au Ohmic contacts, Ni/Au gate, 100 nm
PECVD SiN passivation, LG = 3 µm, LGD = 10 µm,
WG = 75 µm). The Si substrate was then etched in an
HNA (HF/HNO3/CH3COOH) solution at room temperature
using a custom spin/remove process aimed at producing
several-mm wide circular AlGaN/GaN membranes, allow-
ing the fabrication HEMTs with and without substrate on
the same die (Fig. 1) [22]. A 100 nm thick PECVD SiN
film was also deposited on the exposed N-polar side of the
III-Nitride nucleation layers, effectively creating a double-
side passivated HEMT. Thus, our experiment consisted of
membrane HEMTs with top-side passivation, double-side
passivation, and a reference HEMT-on-Si. Mechanical prob-
ing support for the membrane-HEMTs was provided by
filling the etched trenches with room-temperature-cure epoxy
(EPO-TEK 301-2) [23].
DC and pulsed electrical measurements were per-

formed using a Keithley 4200SCS parameter analyzer
and a DiVA pulsed measurement system, respectively.
Temperature-dependent characterization was performed
inside a closed-loop He-cooled Lakeshore cryogenic probe
station.
Thermal measurements were performed on a TMX

Scientific T◦Imager transient thermoreflectance (TR) imag-
ing system with a 100X near-UV objective at 365 nm
illumination wavelength, which is sufficient to render the
AlGaN/GaN film opaque to the incident light and thus col-
lect reflected light from within the first few nm of the AlGaN
surface.1 Details of the thermoreflectance method have been
detailed elsewhere in [24]–[27]. The choice of the 365 nm
illumination wavelength was based first on the knowledge
of the bandgap of the III-Nitride material and then vali-
dated by a calibrated wavelength scan in the 330-450 nm
range that confirmed an optimal TR response at the chosen
wavelength. The measured change in reflectance (�R/R) is
proportional to the change in temperature as described by the
known thermoreflectance relationship �T = (�R/R)/CTR,
where CTR is the pixel-by-pixel calibrated coefficient of ther-
moreflectance. The specific calibrations performed on the
devices in this work resulted in temperature measurements
where 95% of the pixels were accurately measured to within
1 ◦C and most discarded pixels were edge regions adjacent
to Au-overlay metal contacts. Broadband dark acquisition
under bias showed that the electroluminescence (EL) signal
had a negligible intensity of less than 0.1% of the ther-
moreflectance signal value. For the transient measurements,
the gate was pulsed between −2.2 V and 0 V with either

1. The U.S. Navy does not endorse specific companies or products.
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FIGURE 1. a) Concept schematic, b) transmission-mode optical image, and
c) measured and fitted Raman spectra of AlGaN/GaN membrane-HEMTs
fabricated by selective etching of the Si substrate enabling same-die
comparison of HEMTs with and without substrate.

a sinusoidal or square bias, while a DC bias was applied on
the drain contact.

III. ELECTRICAL CHARACTERIZATION
To quantify the effect of the Si etch on the resulting GaN
HEMT membrane, Hall and Raman measurements were per-
formed on a reference HEMT-on-Si and a membrane-HEMT
with top-side SiN passivation, and the results are summa-
rized in Table 1. The Hall measurements were limited to
locations on the membrane where the Van der Pauw struc-
tures were present. The mobility was essentially unchanged,
from 1520 cm2/V·s off-membrane to 1562 cm2/V·s measured
on-membrane. A small increase in sheet carrier concentra-
tion of about 6% was measured, and was likely induced
by increased biaxial strain in the absence of the substrate,

TABLE 1. Property comparison for HEMT-on-Si and membrane-HEMTs.

causing an increase in piezoelectric polarization field and
thus a reduction in sheet resistance from 678 to 621 �/sq.
This additional strain component, however, was not detected
in the Raman data, measured on a HEMT mesa at the center
of the membrane (Fig. 1c). The transverse-optical GaN E2
peak position was fitted to 567 cm−1 in both cases, with
a Si peak detectable only off-membrane. Optical microscopy
also revealed that the heterostructure membrane did not
buckle, which indicated that the membrane was not under
compressive stress and was only under small tensile stress
according to the Hall data. These observations agreed with
prior reports of AlGaN/GaN membrane pressure sensors,
where membrane deformation without applied pressure was
not observed [11], [12].
Pulsed and static output characteristics comparing HEMT-

on-Si and membrane-HEMTs are presented in Fig. 2. In
both cases, a lower output drain current was measured
on a membrane-HEMT. The ∼20% reduction in IDSS,MAX,
readily observable from the static membrane-HEMT mea-
surements at VDS = 5 V, indicated that self-heating effects
resulted in much higher channel temperature in the absence
of the Si substrate.

FIGURE 2. a) Pulsed and b) static (DC) output characteristics (IDS-VDS)
comparing HEMT-on-Si and Membrane-HEMT where the Si substrate was
removed by wet etching.

To further characterize membrane-HEMT DC perfor-
mance, temperature dependent IDS-VDS and IDS-VGS curves
were measured in the 12-300 K range, with only the 12 K
and 300 K data shown in Fig. 3 for brevity. At 12 K, a max-
imum drain current of 0.35 A/mm was measured with 1 V
gate bias, as well as peak transconductance of 0.15 S/mm at
1 V drain bias. The negative differential resistance at high
drain bias, caused by self-heating, was observable at all tem-
peratures and was particularly significant at 12 K. However,
at that temperature and VGS = 0 V, the saturation current
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FIGURE 3. a) IDS-VDS and b) IDS-VGS (VDS = 1 V) static characteristics of
a typical membrane-HEMT at 12 K and 300 K temperature in vacuum.

plateaued at low drain bias before it started to decrease due
to self-heating. This effect was less pronounced as the tem-
perature increased and the onset of self-heating was expected
to occur at lower output power levels. This delay in the onset
of heating was also not observed at VGS = 1 V, where the
increase in output current caused the device to heat up as
well. In addition, a slight increase in off-state drain current
and a negative shift in threshold voltage were measured as
the temperature increased towards 300 K (Fig. 3b) causing
more electrically-active donor states in the heterostructure to
become ionized [28].
Next, we compared the top-side and double-side SiN pas-

sivated membrane-HEMTs with the reference HEMT-on-Si.
We note that SiN PECVD deposition on the N-polar side
of the heterostructure resulted in about −1.5 V threshold
voltage shift, the origin of which is not completely clear
at present for the following reasons. First, SiN deposition
inside the trench might have affected its stoichiometry, caus-
ing undesirable additional stress in that film. In addition, the
PECVD process plasma might have created additional sur-
face states on the already highly-defective N-polar AlGaN
nucleation layers, causing an increase in net charged surface
states on the back side of the HEMT. Furthermore, the higher
conduction band of SiN (2.4 eV higher than Si) and lower
electron affinity (2.1 eV, compared to 4.0 eV for Si) will
also affect the charge distribution in the heterostructure and
might contribute to the measurable shift in threshold voltage
upon back-side SiN deposition. While separation of these
effects is beyond the scope of this work, we emphasize that
a SiN passivation process for N-polar nitrides would likely
need significant process optimization in order to minimize
undesirable surface effects caused by the process plasma.
The current collapse was quantified by measuring the

increase in dynamic on resistance as a function of off-state
step stress. The quiescent drain bias (VDS,Q) was stepped
from 0 to 50 V and the quiescent gate bias was constant
(VGS,Q = VTH – 2 V) [29]. When the nucleation layers
on the HEMT back side were not passivated (Fig. 4a),
the dynamic on resistance at VDS,Q = 50 V increased by
nearly a factor of 2 relative to the reference HEMT-on-
Si, corresponding to a 100% increase in current collapse.
Conversely, a membrane-HEMT with double-side SiN pas-
sivation exhibited lower current collapse than the reference

FIGURE 4. Dynamic on resistance as a function of off-state step stress
comparing current collapse in membrane-HEMTs with a reference
HEMT-on-Si for the case of a) top-side SiN passivation and b) double-side
SiN passivation of the membrane-HEMT. A 100 nm thick SiN film was
deposited in all cases.

HEMT-on-Si, similarly by about a factor of 2, correspond-
ing to 100 % improved current collapse. We expect this
result to be improved even further with an optimized N-polar
passivation process.
The last electrical characterization performed in this work

compared the breakdown voltage of a membrane-HEMT and
a HEMT-on-Si. The breakdown voltage measurement was
performed in forward blocking mode at VGS = VTH – 2 V
on a double-side passivated membrane-HEMT. The drain
voltage was increased in 50 V increments and held steady
for 60 seconds at each increment. This step-stress breakdown
technique allowed the device to stabilize at each drain bias
point, since a transistor under high field may become unsta-
ble and a linear increase in drain field would not allow the
drain current to settle. An example of such recovery could
be observed in Fig. 5 when the drain bias of the reference
HEMT-on-Si was increased from 450 V to 500 V, where
IDS,OFF settled before VDS was increased again to 550 V, at
which point the non-reversible breakdown event occurred.

FIGURE 5. a) Off-state step stress comparison of HEMT-on-Si and
Membrane-HEMT. VDS was increased by 50 V every 100 s. b) Optical image
of Membrane-HEMT upon catastrophic breakdown at VDS = 400 V.

By comparison, the membrane-HEMT exhibited a lower
off-state leakage current and also a lower breakdown volt-
age of 400 V. The hexagonally-oriented ruptures in the
HEMT membrane responsible for the catastrophic failure
during breakdown testing, pictured in Fig. 6, were similar
to those observed during the temperature-dependent static
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characterization. Such catastrophic failure could possibly
be mitigated by avoiding the use of rigid probes during
testing and potentially using low-force wirebonding to the
membrane-HEMT.

IV. THERMAL CHARACTERIZATION
The removal of the Si substrate presented several challenges
to the thermal characterization of the membrane-HEMTs.
We expected a significant increase in device temperature
and a corresponding heat induced motion (a.k.a., breathing)
in both the device under test as well as the probes used
during the test. The thermal chuck of the T◦Imager system
includes a piezoelectric stage (i.e., nanopositioner stage) that
is primarily used for maintaining focus and position during
calibration when the large temperature excursions produce
appreciable thermal expansions. However, the nanopositioner
is also useful for dynamically correcting the focus and
position of the device under test during activation when
self-heating produces local thermal expansions, as it did in
the measurements reported on in this investigation.
Another significant concern for performing reliable ther-

moreflectance imaging of AlGaN/GaN HEMTs was the
presence of electroluminescence under bias originating from
defects in the III-Nitride films [30]. Such emission would
present itself as an additive component to the measured
change in surface reflectivity, thus potentially introducing
significant error in the measurement. Therefore, dark spec-
tra (no illumination) were initially collected using both
a broadband and near-UV objective and under bias condi-
tions representative of the ones used for subsequent thermal
measurements. Under broadband collection, the measured
intensity was about 0.17% of the thermoreflectance signal
under 365 nm illumination. However, when using a near-UV
sensitive objective (100x), the broadband emission typically
observed in GaN in the yellow band was almost entirely
filtered out; the collected intensity in this case was less than
0.01% of the measured TR signal, and could therefore be
neglected.
Figure 6 presents a steady-state thermoreflectance map

of a HEMT-on-Si adjacent to the membrane. The device
was biased to yield up to 7.2 W/mm DC output power. For
brevity, Fig. 6 shows comparable thermal maps for 1 and
3 W/mm (Fig. 6a-b), with a corresponding peak temperature
of 83.5 ◦C at 3 W/mm. Figure 7a presents the temperature
distribution in the channel up to 7.2 W/mm, where each
temperature was calculated by averaging the measured pix-
els along the width of the device. As expected, the peak
temperature occurs near the drain edge of the gate; how-
ever, we note that the peak temperature was measured about
0.5 µm away from the gate contacts towards the drain, likely
due to localized heat spreading by the gate metal. A similar
peak was observed near the source edge of the gate, how-
ever, a second peak also emerged as the power increased.
The origin of the instability in the measured temperature at
the source edge of the gate is not clear at this time and is
subject to further investigation. Finally, we note that similar

FIGURE 6. Steady state thermoreflectance maps of AlGaN/GaN
HEMT-on-Si as a function of DC output power showing peak temperature
in the gate-drain region of the HEMT at a) 1 W/mm and b) 3 W/mm.
c) Optical image of the DUT acquired at 365 nm.

temperature levels were measured at the source and drain,
independent of power (peak temperature).
By comparison, a membrane-HEMT activated at

1.1 W/mm yielded an average temperature of 180 ◦C near
the drain edge of the gate (Fig. 7b), and only required
0.69 W/mm operating output power to reach a comparable
peak temperature of a HEMT-on-Si biased at 7.2 W/mm.
Thus, the absence of the Si substrate contributed about an
order of magnitude decrease of steady-state power output
of the device. Such a dramatic increase in temperature near
the HEMT surface was accompanied by increased positional
instability of the membrane relative to the objective, thus the
error near the contacts (both sides of the gate) was higher
than our tolerance threshold of one percent. Oscillations
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FIGURE 7. Temperature profiles as a function of position along
source-drain channel and DC output power for a) HEMT-on-Si and
b) membrane-HEMT measured by thermoreflectance imaging at 365 nm.

in the measured temperature near the gate at increasing
power in Fig. 7b were observed from the membrane-HEMT,
which was effectively subjected to accelerated aging in the
absence of the thermomechanical support provided by the
Si substrate.
Subsequent to the thermoreflectance mapping of the two

devices in the steady state, transient TR maps were col-
lected with a sinusoidal VGS of 1 ms period and 2.2 V
amplitude (−2.2V ≤ VGS ≤ 0V) and a constant drain bias
of VDS = 20 V. Figures 8 presents the TR maps for the ref-
erence HEMT-on-Si and the membrane-HEMT, respectively,
at t = 0 s (VGS = −2.2 V), t = 0.25 ms, and t = 0.5 ms
(VGS = 0 V). In the off state, the reference HEMT did not
exhibit any significant heating above baseplate temperature
(Fig. 8a). On the other hand, the results in Fig. 8d indi-
cate that the temperature on the HEMT membrane with the
device biased in the off state reached a steady state value of
about 45 ◦C at 1 W/mm, indicating that the time allowed
by 1 ms pulse period was not sufficient for the membrane
HEMT to cool back down to the baseplate temperature.
In the on state, owing to self-heating effects, a lower IDS

was measured for the membrane-HEMT, resulting in out-
put power of about 1 W/mm, compared to 1.63 W/mm for
the HEMT-on-Si at the maximum gate bias (Fig. 8f and 8c,
respectively). The membrane-HEMT exhibited average tem-
peratures of 113.9-114.7 ◦C in the channel region at peak
VGS (Fig. 8f), with less than 1 ◦C difference in temperature
measured between the source and the drain regions, which
is attributed to be within the accuracy of the TR measure-
ment (0.87% difference). The reference HEMT-on-Si, on the
other hand, exhibited a peak temperature of just 34 ◦C at
1.63 W/mm, more than a factor of 3 lower, with the temper-
ature returning to the baseplate value of 20 ◦C within a few
micrometers away from the mesa region (Fig. 8c).
To determine the heating and cooling rates for the two

HEMTs, square pulses of 2.2 V amplitude (−2.2 V ≤
VGS ≤ 0) and 1 ms period were applied to the gate with
a 20 % duty cycle and a –30 % phase shift (correspond-
ing to a 0.3 ms delay from the beginning of the pulse
period to the VGS pulse edge in Fig. 10). The results are
presented in Fig. 9 as a function of DC power for the

FIGURE 8. Transient thermoreflectance maps of a-c) AlGaN/GaN
HEMT-on-Si and d-f) AlGaN/GaN Membrane-HEMT under sinusoidal VGS
operation (−2.2 = VGS = 0 V) with 1 ms period and VDS = 20 V. Averaged
temperature in the G-S and G-D access regions shown at a,d) t = 0 µs,
b,e) t = 250 µs, and c,f) t = 500 µs.

reference and membrane-HEMTs, respectively. Once again,
reduction in drain current caused the membrane-HEMT to
exhibit lower output power at identical drain bias. In both
cases, the peak measured temperature values at t = 400 µs
are reported. At about 2.96 W/mm, the reference HEMT
exhibited a somewhat surprisingly low channel temperature
(53.74 ◦C), with a time-dependent distribution shown in
Fig. 10a for each of the three bias conditions. On the other
hand, at 1.9 W/mm the temperature of the membrane-HEMT
measured under square-pulse transient operation reached
a peak value of 148.5 ◦C for the case of 1.9 W/mm output
power. The time-dependence of the measured temperatures
(Fig. 10b) suggested that the 50 µs time step between mea-
surements was sufficient to capture the exponential decrease
in temperature in the membrane-HEMT.
The exponential decrease in temperature upon turning

off the gate bias in the membrane-HEMT was fit with
a single-exponential term function with good agreement
(Fig. 11), indicating that the assumption of lateral heat
flow in the membrane-HEMT appears to be valid. From
the exponential fit to the temperature decay, a time con-
stant of 66.7 µs was calculated at 1.9 W/mm output power.
Kuball et al. [18] employed a similar exponential fit to cal-
culate time constants for vertical heat flow in AlGaN/GaN
HEMTs on sapphire and SiC. Their data suggested that lat-
eral heat flow in the device was clearly present and should
be accounted for by incorporating a sum of exponential
functions. In our case, due to the absence of a thermally
conductive substrate, a single exponential term was sufficient
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FIGURE 9. Transient thermoreflectance maps of a-c) AlGaN/GaN
HEMT-on-Si and d-f) AlGaN/GaN Membrane-HEMT under square VGS pulse
operation (−2.2 = VGS = 0 V) with 1 ms period and 20 % duty cycle as
a function of DC output power. Peak temperature in the G-D access region
shown at a) 1.05 W/mm, b) 2.04 W/mm, c) 2.96 W/mm, d) 0.43 W/mm,
e) 1 W/mm, and f) 1.9 W/mm at t = 400 µs.

FIGURE 10. Average temperature on a) AlGaN/GaN HEMT-on-Si and
b) Membrane-HEMT as a function of DC output power and using
a square-pulse gate bias (−2.2 = VGS = 0 V, 1 ms period, 20% duty cycle)
measured by transient thermoreflectance at 50 µs intervals using a 365 nm
LED source.

to describe heat flow in the membrane, and the measured
time constant values (59 µs to 78 µs, depending on bias)
were all significantly higher than the 10 µs experimental
value reported by Kuball for vertical heat flow for HEMTs
on SiC.
Finally, the thermal resistance of the HEMT-on-Si and the

membrane-HEMT were compared as a function of output
power during both steady-state and transient TR (Fig. 12).
A thermal resistance of 144 and 43 ◦C/mm-W was obtained
using steady-state and transient conditions, respectively, for
the membrane-HEMT from a linear fit of the data. These
values for thermal resistance did not exclude the contribution

FIGURE 11. Single-exponential fit of the temperature data from Fig. 10b
during cool-down regime after VGS pulsed applied to the membrane-HEMT
returned to VGS = −2.2 V at t = 500 µs.

FIGURE 12. Comparison of peak temperature as a function of DC output
power for Membrane-HEMT and HEMT-on-Si, measured by both steady
state and transient thermoreflectance. Thermal resistances extracted from
the slope of each curve is indicated for both the steady state and transient
measurement.

of the epoxy and the SiN passivation layers, which was mini-
mal as their thermal conductivity was very low. Significantly
lower thermal resistance was obtained for the reference
HEMT-on-Si, where the 12.2 ◦C/mm-W obtained under tran-
sient conditions approached the 15.17 ◦C/mm-W in steady
state. We note that these thermal resistances were calculated
using temperature values measured near the HEMT surface
and averaged in the gate-drain access region (excluding pix-
els near metal and mesa edges), as opposed to the thermal
resistance of a HEMT-on-Si obtained from the Raman peak
of the Si substrate (3.6 ◦C/mm-W) [3]. These values were
thus consistently higher than thermal resistances for HEMTs
on Si and SiC reported using steady-state Micro-Raman
spectroscopy [31], [32].
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V. CONCLUSION
In summary, we have quantified for the first time the electro-
thermal performance of an AlGaN/GaN HEMT membrane,
where the substrate was removed without damaging the
N-polar side of the heterostructure. Thermoreflectance imag-
ing shows with convincing accuracy that self-heating will
significantly increase device temperature during operation
even at very low power; nevertheless, almost 2 W/mm oper-
ation of a membrane-HEMT was demonstrated. We also
show that removing the Si substrate with a wet etch does
not necessarily degrade the electrical characteristics of the
HEMT, as evidenced by Raman and Hall measurements.
The double-side SiN passivated membrane-HEMT showed
improved current collapse and lower off-state leakage cur-
rent, suggesting that membrane-HEMTs can exhibit good
performance as long as their operating power is kept within
safe thermal operating constraints.

APPENDIX
Supplemental transient thermoreflectance video of
AlGaN/GaN HEMTs available online.
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