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ABSTRACT

The ultra-wide bandgap (UWBG) energy (~5.4eV) of a-phase Ga,0Oj; offers the potential to achieve higher power switching performance
and efficiency than today’s power electronic devices. However, a major challenge to the development of the a-Ga,O; power electronics is
overheating, which can degrade the device performance and cause reliability issues. In this study, thermal characterization of an o-Ga,0;
MOSFET was performed using micro-Raman thermometry to understand the device self-heating behavior. The o-Ga,O; MOSFET exhibits a
channel temperature rise that is more than two times higher than that of a GaN high electron mobility transistor (HEMT). This is mainly
because of the low thermal conductivity of z-Ga,O3 (11.9 = 1.0 W/mK at room temperature), which was determined via laser-based pump-
probe experiments. A hypothetical device structure was constructed via simulation that transfer-bonds the a-Ga,O; epitaxial structure over a
high thermal conductivity substrate. Modeling results suggest that the device thermal resistance can be reduced to a level comparable to or
even better than those of today’s GaN HEMT' using this strategy combined with thinning of the a-Ga,O; buffer layer. The outcomes of this

work suggest that device-level thermal management is essential to the successful deployment of UWBG o-Ga,O; devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0164095

Device engineers are actively developing next-generation power
electronic devices based on ultra-wide bandgap (UWBG) semiconduc-
tors, such as ALGa; N, -Ga,Os, and diamond. a-phase gallium
oxide (x-Ga,Os3) is an emerging UWBG semiconductor with a
bandgap energy of ~5.4€V that offers a high critical electric field.””
The material system could potentially be integrated with corundum
structured p-type oxides (e.g., Rh,O3 and Ir,Os), which allows us to
overcome the unfavored unipolar operation of UWBG devices.”
o-(AlGa;_),0; films (that may allow heterostructure band engineer-
ing) can be synthesized without compositional limitations, which is
challenging for f-Ga,O3 (Refs. 2 and 4). However, o-Ga,Oj3 is known
to be thermodynamically unstable above 500 °C.”” In addition, recent
first principles calculations suggest that the thermal conductivity of
2-Ga,0; (8.0-11.6 W/mK; vet to be validated by experiments) is
expected to be lower than that of -Ga,0s.° Also, the high-power
operation and geometrical scaling lead to extremely high power den-
sity operation (>10 MW/mm).” Therefore, «-Ga,O5 electronics are
expected to be prone to thermal failure.

In this study, the temperature-dependent vibrational properties
of 2-Ga,0;3 were studied using micro-Raman spectroscopy. The line
broadening of the A 4(low) mode of #-Ga,O3 was used to measure the
channel temperature rise of a o-Ga,O3; MOSFET. The thermal con-
ductivity of -Ga,0O; was determined via laser-based pump-probe
experiments. A 3D device thermal model was constructed to validate
the experimental results and to design device-level thermal manage-
ment solutions that could alleviate undesired self-heating effects.

An epitaxial schematic of the o-Ga,O; MOSFET is shown in
Fig. 1(a). The a-Ga,Os channel/buffer layers were grown on a 2-in.
(0001) sapphire substrate (~430um) at a growth temperature of
470 °C via halide vapor-phase epitaxy (HVPE).® GaCl and O, were uti-
lized as gallium and oxygen precursors, respectively. N, gas was
employed as the carrier gas. Undoped o-Ga,O; (~800nm) and Si-
doped -Ga,O; (~400nm) films were subsequently grown for
12 minutes. SiH, gas was introduced during the growth of the Si-
doped o-Ga,O; channel layer as an n-type dopant gas. The device fab-
rication process started with surface cleaning using acetone and
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FIG. 1. (a) Cross-sectional schematic, (b) optical image, and (c) electrical output
(starting from Vgs = —10 V with 5V increments) and transfer characteristics (for
Vps=10 V) of the 06-63203 MOSFET.

isopropyl alcohol. MESA isolation (with a ~500 nm in thickness) was
achieved using BCls/Ar inductively coupled plasma-reactive ion etch-
ing. Source/drain (S/D) electrodes composed of Ti/Au/Ni/Au metal
stacks were deposited via e-beam evaporation and patterned using
photolithography and liftoff techniques. This was followed by rapid
thermal annealing in an N, atmosphere for 1 min at 470 °C. To protect
the surface of the epitaxial wafer before device fabrication, a first SiNy
passivation layer with a thickness of 50 nm was deposited at 300 °C by
plasma-enhanced chemical vapor deposition (PECVD). A 20 nm thick
Al,O; gate dielectric layer using atomic layer deposition at a deposition
rate of 1.4 Acycle ' and a temperature of 300°C. A Ni/Au gate (G)
electrode was deposited and patterned using a liftoff process. Finally, a
second SiN, passivation layer (1000 nm) was deposited by PECVD.
The a-Ga,O; MOSFETS had a source-to-gate distance (Lsg) of 3 um, a
gate-to-drain distance (Lgp) of 15 um, a gate length (Lg) of 3 um, and
a channel width of 100 um as shown in Fig. 1(b). Figure 1(c) illustrates
representative electrical output and transfer characteristics of the
single-channel o-Ga,O; MOSFET.

Micro-Raman spectroscopy was used to measure the channel
temperature of the o-Ga,O; MOSFET. The lattice temperature rise of
crystalline solids can be determined by monitoring the peak position
shift” and/or line broadening'’ of Raman active phonon modes and
the change in the anti-Stokes to Stokes Raman peak intensity ratio."”
In this work, channel temperature measurement of the o-Ga,O;
MOSFET was mainly performed by measuring the linewidth of the
A,4(low) mode of a-Ga,Oj; (Fig. 2). This method allows mechanical
stress-independent true temperature measurement since the linewidth
is proportional to the phonon population, which is a function of tem-
perature but not mechanical stress.'""'? Moreover, this method does
not require the use of a costly notch filter.”"”

Corundum structured (with a rhombohedral primitive unit cell)
-Ga,03 and sapphire («-Al,O3) are known to possess two A, and
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FIG. 2. Raman spectra of a #-Ga,0; film deposited on a sapphire (top) and a bare
sapphire substrate (bottom). The Asg(low) peak of «-Ga,03 was used for channel
temperature measurement.

five E, Raman-active optical phonon modes."* Among several A, and
E, peaks of a-Ga,;0s, only the A (low) mode at ~217 cm ™! and the
A 4(high) mode at ~570 cm ™" exhibit a strong enough peak intensity
that can be used for temperature measurement as shown in Fig. 2.
However, the A;g(high) peak overlaps with one of the E, peaks of sap-
phire. Therefore, the A;4(low) mode, which corresponds to the vibra-
tion of Ga-atoms against each other in the c-plane,* was utilized for
Raman thermometry experiments. Temperature calibration of the
Aj4(low) mode of ®-Ga,O5 was performed from 25 to 200°C on the
channel region of the o-Ga,O; MOSFET (Fig. 3). A Horiba LabRAM
HR Evolution Raman spectrometer equipped with a 532 nm laser exci-
tation source was used to measure the device channel temperature. A
long working distance 50x objective (NA =0.45) was used in a 180°
backscattering configuration. Since both the o-Ga,O; layer and the
sapphire substrate are optically transparent at the wavelength of the
excitation light source, laser-induced heating was negligible. This
allowed using a high incident laser power of ~255 mW. The spatial
resolution was ~0.6 um, as determined by Abbe’s diffraction limit."”

A 3D finite element device thermal model was created, including
all the material layers shown in Fig. 1(a), to validate the experimental
results. Since the device operation was performed under a fully open
channel condition, uniform heat generation was assumed across the
device channel. By solving Fourier’s Law, the model calculated the
channel temperature rise. The cross-plane thermal conductivity of an
HVPE-grown o-Ga,0j3 film (~1 um thick) on a sapphire substrate was
measured using a frequency-domain thermoreflectance (FDTR) tech-
nique from room temperature to 200 °C. FDTR is an established laser-
based pump-probe technique that is used to measure the thermal
properties of thin films.'® Details of the FDTR setup and measurement
procedure used in this study can be found in Ref. 17. Table I lists the
temperature-dependent thermal conductivity of the «-Ga,O; film
(measured) and that of the sapphire substrate used to fit the data. The
thickness dependence of the «-Ga,O; thermal conductivity was
ignored in the device model, since a weak size effect of thermal conduc-
tivity of $-Ga,O5 was reported for a thickness range of 0.1-1 ym."*"”
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FIG. 3. (a) The shift in peak position (Aw) and (b) line broadening (AT) of the
Aqq(low) mode of o-Ga,0; as a function of temperature-rise (AT).

The thermal boundary resistance (TBR) at the «-Ga,Os/sapphire inter-
face was ignored in the model since the overall device thermal resis-
tance is dominated by that of the low thermal conductivity o-Ga,0;
layer.”” A thermal gap-pad (Bergquist TGP 1500 R with a thickness
and thermal conductivity of ~0.254 mm and 1.5 W/mK, respectively)

TABLE I. The thermal conductivities (x; W/mK) of «-Ga,05 and sapphire used for
device modeling.

Material K at 303K 1(T), 300K < T< 800K Reference
o-Ga, 03 119+ 1.0 11.9 = 1.0 (303 K), Current
10.9 = 0.9 (323 K), work
10.2 + 0.9 (373K),
9.6 £ 0.8 (423 K),
8.8+ 0.7 (473K)
Sapphire 40.37 1.477 x 10°T +¢ 21

ARTICLE pubs.aip.org/aip/apl

placed between the device and a temperature-controlled stage was
included in the simulation. The bottom surface of the gap-pad was
assumed to be at room temperature (25 °C), similar to the experimental
setup. A natural convection boundary condition was applied to the rest
of the exposed surfaces.

Figure 4 illustrates the channel temperature rise of the «-Ga,O3
MOSEET under power density conditions ranging from 1 to 5 W/mm.
Temperature measurement was taken along the centerline of the chan-
nel, next to the drain side corner of the gate. The channel temperature
obtained from Raman thermometry corresponds to a volume averaged
value within a ~1 um diameter laser spot through the «-Ga,O; layer
thickness (1.2 um). The temperature results were obtained based on
the peak shift and line broadening of the A;4(low) mode of #-Ga,0s,
using calibration results shown in Fig. 3. An unpowered condition
(Vgs =0V and Vpg = 0 V) was considered as the reference state, from
which the Raman response to the operational temperature rise, i.e., the
change in the peak position (Aw) and linewidth (AT), was recorded to
deduce the channel temperature rise. Raman thermometry of GaN
high electron mobility transistors (HEMTs) typically assume a
pinched-off condition as the reference state to account for the inverse
piezoelectric  stress effect.'””” However, such electro-mechanical
response is absent in o-Ga,Oj3 since it is not a piezoelectric material,
which justifies the use of the unpowered off-state as the reference con-
dition.'”>** To validate the experimental results, the volume averaged
temperature within the Raman probing region was calculated using
the device thermal model. Channel temperatures acquired from both
the Raman peak position shift and line broadening show good agree-
ment (<8% deviation) with the simulation results. The channel tem-
peratures based on the Raman peak position shift agree well (1-3°C
difference) with the simulation results under low power conditions
(1-3W/mm), whereas a noticeable underestimation (5-10°C) is
observed under high power operation (4-5 W/mm). The underpredic-
tion under high power conditions is thought to be caused by the opera-
tional (compressive) thermoelastic stress.”'’ The channel temperature

O «-Ga,0, MOSFET (Peak fit)
200 o 4.Ga,0, MOSFET (Linewidth)
A a-Ga,0; MOSFET (Modeling)
160 | ® GaNHEMT

40
:
1

N
w
»H
(3]
2]

P (W/mm)

FIG. 4. Channel temperature rise vs power density of the o-Ga,O; MOSFET.
Temperatures deduced from the Raman peak shift and line broadening are com-
pared with the modeling results. An infrared thermal image is shown in the inset.
The channel temperature rise of a GaN HEMT is also shown.
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measured based on the phonon linewidth shows excellent agreement
with the modeling results (within the error bar ranges) since this
method is free from thermoelastic stress effects (however, at the
expense of higher uncertainty levels).'’ The surface temperature of this
a-Ga,0; device can be measured using nanoparticle-assisted Raman
thermometry.”” ** However, since a relatively thin channel/buffer layer
is heteroepitaxially grown on the substrate, direct measurement of this
layer is possible and convenient, similar to the case of characterizing
GaN HEMTs.'”'**" Simulation results show that the surface tempera-
ture near the drain side edge of the gate under a 5 W/mm power dissi-
pation level is ~10.5% higher than the measured depth-averaged
channel temperature (~170 °C). The inset in Fig. 4 shows a qualitative
infrared thermal image that was acquired under 3 W/mm using a
Quantum Focus Instruments medium wavelength infrared radiation
Infrascope. It should be noted that infrared thermography cannot be
used for quantitative channel temperature measurement because the
a-Ga,Oj; layer and the sapphire substrate are transparent to infrared
thermal radiation.'" For instance, the temperature rise averaged over
the white boxed region of the inset in Fig. 4 is 39 °C (from a base tem-
perature of 60°C), which is significantly lower than the Raman
linewidth-based temperature rise of ~93 °C.

The self-heating behavior of the o-Ga,O; MOSFET was com-
pared with a GaN HEMT fabricated on a Si substrate, which represents
a commercial wide bandgap power switch (Fig. 4). This GaN HEMT
has a similar device layout (Lsg = 3 um, Lg =4 pm, and Lgp = 15 um)
to the «-Ga,O; MOSFET. The channel temperature-rise of the
o-Ga,O3 MOSFET is 72%—-107% higher than that of the GaN HEMT.
The aggravated self-heating behavior of the «-Ga,0; MOSFET is
caused by the lower thermal conductivity of o-Ga,O3 (~11.9 W/mK at
room temperature) compared to that of the 4.2 um thick GaN layer
(e.g. ~130W/mK).29’30 In addition, the thermal conductivity of the
sapphire substrate (~35 W/mK) is significantly lower than that of the
Si substrate (147 W/mK)”" of the GaN HEMT.

The thermal resistance of the «-Ga,O3; MOSFET can be reduced
by (i) replacing the substrate with a high thermal conductivity material
and (i) reducing the thickness of the low thermal conductivity
0-Ga,05 buffer layer. The device thermal model was used to evaluate
the reduction in the device thermal resistance by replacing the sapphire
substrate with 4H-SiC and polycrystalline diamond. Here, we assumed
transfer-bonding of the o-Ga,O; epilayer onto high thermal conductiv-
ity substrate materials. For instance, Oda et al. fabricated a Schottky
barrier diode (SBD) by transferring a thin epilayer of «-Ga,O; (grown
on sapphire) onto the Ohmic contact (Ti/Au) using a liftoff tech-
nique.”” In addition, Yiwen et al”” fabricated a f-Ga,Os-on-SiC
MOSFETs using a fusion bonding method to form a composite sub-
strate. Accordingly, the thermal boundary resistance (TBR) at the
o-Ga,Os/substrate interface for the hypothetical o-Ga,O;-on-SiC and
the «-Ga,Os-on-diamond MOSFETs was assumed to be 47.1 m*K/
GW,” which implies that a 30 nm SiN, adhesion layer was used for
wafer (fusion) bonding. This TBR value is chosen as a conservative
approach. The temperature dependent thermal conductivity of the 4H-
SiC (374 W/mK at room temperature) was adopted from Wei et al.”*
The anisotropic and temperature dependent thermal conductivity of
polycrystalline diamond (1480 and 1185 W/mK for the in-plane and
cross-plane values, respectively, at room temperature) reported by
Altman et al.”” was used to simulate a hypothetical device. Figure 5
shows that the device junction-to-package thermal resistance, Ry,

pubs.aip.org/aip/apl

1.2 pm
0.6 ym

GaN-on-Si
GaN-on-SiC
a-Ga,05-on- a-Ga,0,-on- a-Ga,0;5-on-
sapphire SiC diamond

FIG. 5. Reduction in the device thermal resistance by replacing the substrate mate-
rial (the dark blue bar series). (b) Decrease in the thermal resistance by additionally
reducing the o-Ga,03 channel/buffer layer thickness (the pink bar series).

(evaluated at a 5W/mm power condition) of the «-Ga,0O; MOSFET
(33.52 Kmm/W) drops to a level (7.59 Kmm/W) lower than that of a
GaN-on-Si HEMT when employing a SiC substrate. It should be noted
that the Ry, of homoepitaxial /-Ga,05 lateral MOSFET's was reported
to be 65-79 Kmm/W.”>*° By replacing the sapphire substrate with
polycrystalline diamond, the Ry, (5.7 Kmm/W) becomes comparable to
that of a GaN-on-SiC HEMT. A lower TBR helps to reduce the R,. For
instance, lowering the TBR of an «-Ga,0s-on-SiC MOSFET to 10
m°’K/GW (representing the use of a 10 nm Al,O; interlayer for surface-
activation bonding)37 reduces the Ry, (6.33 Kmm/W) by ~20% com-
pared to the case with a TBR of 47.1 m?K/GW (7.59 Kmm/W). For an
o-Ga,O;-on-diamond MOSFET, reducing the TBR to 3.1 m’K/GW™*
results in a Ry, (4.2 Kmm/W) that is ~36% lower than the case with a
TBR of 47.1 m?’K/GW (5.7 Kmm/W). The 2-Ga,O; thickness was
assumed to be 1.2 um for all these simulations. The thermal resistance
of the «-Ga,03 MOSFET can be further reduced by thinning down the
o-Ga,Oj; channel/buffer layer. In addition, the contribution of the TBR
to the Ry, increases as the o-Ga,0O; layer becomes thinner. Figure 5
shows that reducing the «-Ga,O; thickness from 1.2 um (the current
device geometry) to 0.6 um results in a decrease in the Ry, by 2.7%,
25.4%, and 37.3% for a-Ga,O3 MOSFETs fabricated on sapphire, SiC,
and diamond substrates, respectively. However, the o-Ga,O; buffer
layer needs to be thick enough to suppress vertical leakage current and
offer a sufficiently high breakdown field.

In this work, the thermal characterization of an «-Ga,O;
MOSFET was performed using micro-Raman spectroscopy. The
temperature-dependent frequency shift and line broadening of the
Ajg(low) mode of a-Ga,O3 were utilized to measure the channel
temperature rise of a 2-Ga,O; MOSFET. Unacceptably high levels of
self-heating were observed in the o-Ga,O; MOSFET due to the low
thermal conductivity of both the «-Ga,O; channel/buffer layer and
the sapphire substrate. Modeling results suggest that transfer bonding
an o«-Ga,0; MOSEET onto a high thermal conductivity substrate and
thinning down the buffer layer allows o-Ga,O; MOSFETS to achieve
a device thermal resistance that is comparable to or better than
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today’s commercial GaN HEMTs. Results of this work suggest that
device-level thermal management is the key to fully exploiting the
potential benefits of the UWBG semiconductor.
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