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INTRODUCTION
Strained heteroepitaxial HEMTs without the
mechanical support of a substrate have been
demonstrated only for small-sized AlGaN/GaN
membranes, i.e., the substrate was removed from within
the immediate vicinity of the transistor area [1]. Such
transistors have exhibited improved breakdown voltage
and frequency response. However, wafer-scale substrate
removal has been considered detrimental to the
heterostructure integrity [2]. In this work, by means of a
wet-etch removal of the Si substrate over a large circular
area (>5 mm diameter) underneath samples with
conventionally-processed AlGaN/GaN HEMTs, we
demonstrate HEMT operation on large-area AlGaN/GaN
membranes and quantify aspects of device performance
that were most affected by the substrate removal process.
EXPERIMENTAL
AlGaN/GaN HEMTs on (111) Si (RSH = 678 / , µH =
1520 cm2/Vs, NS = 6.06x1012 cm-2) and 4H-SiC (RSH = 314
/ , µH = 2081 cm2/Vs, NS = 9.55x1012 cm-2) substrates were
fabricated using standard processing techniques (Cl-ICP mesa
etch, Ti/Al/Ni/Au Ohmic contacts, Ni/Au gate, SiN
passivation, LG = 3 µm, WG = 75 µm, LGD = 10 µm). The
HEMT-on-Si substrate was then etched in an HNA
(HF/HNO3/CH3COOH) solution at room temperature using a
spin/remove process, which produced several mm-wide
membranes. Thus, HEMTs with and without the Si substrate
were obtained from the same die, as shown in Fig. 1. Probed
membrane-HEMTs were supported by epoxy cured inside the
etched trenches.
DC and pulsed electrical measurements were performed
using a Keithley 4200SCS parameter analyzer and a DiVA
pulsed measurement system, respectively. Temperaturedependent characterization was performed inside a closedloop He-cooled Lakeshore cryogenic probe station.
Thermal measurements were performed on a TMX
Scientific T°Imager® transient thermoreflectance (TR)
imaging 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 collect

reflected light from within the first few nm of the AlGaN
surface [3]. Details of the thermoreflectance method have
been detailed elsewhere in the literature [4]. The choice of the
365 nm illumination wavelength was based first on the
knowledge of the bandgap of the III-Nitride material and then
validated 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
thermoreflectance. 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 thermoreflectance
signal value (Fig. 2). For the transient measurements, the gate
was pulsed between -2.2 V and 0 V using a sinusoidal bias,
while a DC bias was applied on the drain contact (DC bias in
applied to both gate and drain in steady state).

Fig. 1. Optical image of AlGaN/GaN HEMT membrane
showing the device under test (DUT) relative to the
membrane edge.

Fig. 2 – Electroluminescence output of AlGaN/GaN HEMT under bias in the thermoreflectance imaging system.
RESULTS AND DISCUSSION
Optical imaging in transmission mode and absence of the
Si peak in the Raman spectra collected from the back side of
the etched HEMT-on-Si sample were used to confirm that the
Si substrate was completely removed by the HNA etch. No
buckling of the as-etched membranes was visually observed
and the GaN Raman modes on- and off-membrane were not
shifted, which indicated that the substrate removal did not
change the tensile strain in the epilayer, possibly because the
circular membrane geometry caused the sum of all straininduced forces to equal zero. Hall data showed negligible
degradation in mobility and sheet carrier concentration in the
membrane-HEMTs compared to neighboring Hall test
structures on Si. The DC output characteristics showed
IDS,MAX was measurably reduced when the Si substrate was
etched (Fig. 3).

Fig. 3. DC output (IDS-VDS) characteristics of AlGaN/GaN
HEMTs with and without Si substrate.

Heat spreading comparison was performed by means of
thermoreflectance imaging in steady state of the MembraneHEMT, HEMT-on-Si, and HEMT-on-SiC. The MembraneHEMTs were characterized at output power levels up to 1.1
W/mm, where a peak temperature of about 172 °C was
measured. Above that power level, the Membrane-HEMTs
became unstable. The reference HEMT-on-Si was measured
up to 6.6 W/mm and the HEMT-on-SiC was measured up to
17.7 W/mm. At 6.6 W/mm, we obtained the lateral thermal
profile across the channel of the reference HEMTs, as shown
in Fig. 3. It can be observed that the HEMT-on-Si peak
temperature was about 96 °C near the drain edge of the gate.

Fig. 4. Lateral thermal profile of HEMTs on Si and SiC substrates
in steady state biased at 6.6 W/mm and measured at 365 nm
illumination.

The row-averaged peak temperature as a function of
output power (IDS·VDS) for each device is shown in Fig. 5.
The measured peak temperature for the membrane-HEMT
was about 172 °C at 1.1 W/mm. By comparison, a HEMT-onSiC biased at 17.7 W/mm only heated up to about 70 °C.
Under steady-state conditions, the thermal resistance of the
Membrane-HEMT was 144 °C/mm-W. This thermal
resistance represents that of AlGaN/GaN without any thermal
management, including that provided by any substrate.

Fig. 5. Comparison of power-temperature profile of an
AlGaN/GaN Membrane-HEMT to reference HEMTs on Si
and SiC substrates.
Figure 6 shows the transient thermoreflectance map for the
reference HEMT-on-Si imaged under pulsed conditions on
the gate (-2.2V ≤ VGS ≤ 0 V) at about 3 W/mm in the on state.
The area-averaged peak temperature in the drain region was
about 54 °C in the on state. It can also be observed from the
image that the heat generated in the channel was dissipated
within the vicinity of the HEMT mesa region. In the off-state,
the temperature in the channel returned to the baseline, i.e.,
the 800 µs time in the off-state (20% duty cycle) was
sufficient for the heat generated in the channel to dissipate
completely.
The ability to dissipate heat was suppressed when the gate
was biased using a sinusoidal function near the HEMT
threshold voltage. Figure 7 shows this scenario for the
HEMT-on-Si with VGS pulse periods ranging from 0.01 ms to
1 ms. It can be seen that at a 10 µs gate pulse period the change
in temperature was negligible (< 2 °C), increasing to about 12
°C as the pulse period became 1 ms.
The Membrane-HEMT was biased under similar
conditions using a 1 ms sinusoidal function applied on the
gate and a constant drain bias. The measured temperature as
a function of the gate activation period is shown in Fig. 8. In
this experiment, the gate voltage was varied from a fixed
value in the off state (below threshold voltage) up to a peak

value in the on state, as labeled in Fig. 8. It can be observed
that for peak gate voltage of 0 V at 20 V on the drain, when
the device was in the off state the peak temperature remained
around 80 °C. This was because the AlGaN/GaN MembraneHEMT did not have a vertical path for heat dissipation (into
the substrate) and the heat flow was thus confined into a 2D
plane, assuming that the contact probes did not contribute
significantly to cool the device.

Fig. 6. Transient thermoreflectance map of AlGaN/GaN
HEMT-on-Si under square VGS pulse operation (-2.2V ≤
VGS ≤ 0 V) with 1 ms pulse period and 20% duty cycle.

Fig. 7. Effect of gate sinusoidal activation period on the peak and
off-peak temperatures at given bias conditions (VDS = 10 V, -2.2 V
≤ VGS ≤ -1.4 V) measured by transient thermoreflectance on the
reference HEMT-on-Si.
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Fig. 8. Thermal profile of Membrane-HEMT as a function of
bias conditions (peak gate voltage and drain voltage labeled
on figure) using 1 ms sinusoidal activation at 365 nm.
SUMMARY
We have fabricated an AlGaN/GaN membrane with
HEMT devices using a novel selective Si etch to produce
large-area circular membranes with negligible change in
stress in the heterostructure. We have shown that this process
resulted in negligible change in electrical properties of the
HEMTs, with the exception of their thermal performance,
which was severely degraded due to the absence of a threedimensional heat spreading path provided by the substrate.
Nevertheless, we report operational membrane-HEMTs up to
1.1 W/mm in steady state, with a peak temperature of about
172 °C measured using steady-state thermoreflectance
imaging. We have also benchmarked this result against
standard HEMT-on-Si and HEMT-on-SiC devices fabricated
using the same process. We show that the SiC substrate
provides a significant heat spreading capability, with
temperature in the HEMT-on-SiC reaching about 70 °C at
17.7 W/mm steady-state output power.
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