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ABSTRACT

The electrothermal device performance of B-(Aly2;Gag79)203/Ga,O; heterostructure field-effect transistors (HFETs) was enhanced by
incorporating a 400 nm thick AIN capping layer via back-end-of-line room-temperature reactive sputter deposition. The AIN-capped
HFETs demonstrated DC power densities >5 W/mm, higher than any previous report on lateral f-Ga,O; transistors on native substrates.
The breakdown voltage (V) of the uncapped HFETs was 569 £ 250 V with a maximum Vg of 947 V. For the AIN-capped HFETs, Vy
increased to 1210 +351 V with a maximum Vy of 1868 V. The AIN-capped HFETs demonstrated a 27% reduction in device-level thermal
resistance (Ryy) as measured from the gate electrode. The combined use of electrical and thermal simulation helped elucidate the coupled
electrothermal contributions to the measured reduction in the temperature rise for the AIN-capped HFETs. Although the measured AIN
film thermal conductivity (13.3 + 1.3 W/mK) was comparable to that of bulk B-Ga,0;, the capping layer still reduced the simulated peak
channel temperature rise by ~4% due to heat spreading only. Electrical simulation revealed that electric field spreading was an additional
mechanism that contributed to the majority of the simulated 18% reduction in the peak channel temperature rise through delocalization
and redistribution of the heat generation in the channel. Thermal modeling was used to evaluate further improvements in thermal perfor-
mance that can be realized by optimizing the sputter deposition process to achieve thicker and higher thermal conductivity AIN.
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INTRODUCTION bandgap (UWBG) of ~4.8 eV, low-cost production of large diame-
ter, high quality, single crystal wafers, and a wide range of n-type

Over the past few decades, wide bandgap (WBG) semiconduc- i
doping.™ Since the first demonstration of a B-Ga,O; metal-

tors have been heavily researched, and both SiC and GaN device

technologies have been commercialized. To further increase perfor- ~ semiconductor field-effect transistor (MESFET)," numerous device
mance capabilities, ultrawide bandgap (UWBG) semiconductors, technologies have been reported, including Schottky barrier diodes
such as gallium oxide (Ga,0;), have become a focal point for the (SBDs), p-n heterojunction diodes, metal-oxide-semiconductor

power electronics community.' Specifically, the monoclinic (B) FETs (MOSFETs), heterostructure FETs (HFETS), current aperture
phase of Ga,0O; has garnered much attention due to its ultrawide  vertical electron transistors (CAVETSs), and finFETs.”™'°
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While the electrical performance of these devices has pro-
gressed significantly, the target high power densities and low
thermal conductivity [11-27 W/m K (Ref. 17)] of this UWBG semi-
conductor have presented a formidable bottleneck to fully harness
the potential of B-Ga,Os-based power electronics.'® With device-
level thermal resistances (Rryg) many times larger than any other
relevant semiconductor,’” thermal management of B-Ga,O3 devices
is an urgent design consideration, especially considering that
thermal management of devices based on gallium nitride (GaN)—
with thermal conductivity an order of magnitude greater than that
of B-Ga,0;—was researched for a decade and was the focal point
of multiple Defense Advanced Research Programs Agency
(DARPA) programs.”’” To address this need, there have been
several reports on the potential benefits of bottom-side, top-side,
and double-side cooling of B-Ga,O;-based devices.'®”"*0—*%40~*
While B-Ga,0; device development is in its early stages, electro-
thermal co-design must become a priority to ensure that both elec-
trical and thermal obstacles are addressed concurrently. In this
work, we demonstrate a device design approach for B-Ga,O; lateral
transistors that simultaneously benefits both electrical and thermal
performance by incorporating a back-end-of-line (BEOL) room-
temperature reactive-sputtered aluminum nitride (AIN) capping
layer. The AIN capping layer significantly increased the breakdown
voltage (V) of B-(Alp21Gag79)>,03/Ga,05 HFETs while also reduc-
ing the device-level Ryy. Thermal modeling suggested that signifi-
cant improvements in the device thermal performance can be
achieved by optimizing the sputter deposition process to realize
thicker, higher thermal conductivity sputtered AIN films.

RESULTS AND DISCUSSION

Figure 1(a) shows a cross-sectional schematic of the
B-(Aly21Gag 79)205/GaO3 HFETs with an AIN capping layer.

125 nm UID Ga203

Fe-doped (010) Ga,0; substrate

(@)
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Ozone-assisted molecular beam epitaxy (O;-MBE) was used to
homoepitaxially grow 125nm of unintentionally doped (UID)
B-Ga,O; on an Fe-doped (010) B-Ga,O; substrate."”**
Subsequently, a 21 nm thick B-(Aly,1Gag79),03 barrier layer was
grown with Si delta-doping ~3 nm above the B-(Aly,;Gag79),05/
Ga,0; interface. To form the Ohmic contacts, Si was ion implanted
(dose: 3 x 10" cm™) and activated (10 min, 900 °C anneal in N,)
followed by deposition of Ti/Au (20/200 nm?) and rapid thermal
annealing (1 min, 470°C in N,). After Ohmic contact formation,
(uncapped) test structures were evaluated, and the specific contact
resistivity, Hall mobility, sheet carrier concentration, and sheet
resistance at room temperature were measured to be
46%x107*Qcm? 61cm*/Vs, 9.55x 102 cm™, and 10.76 kQ/[],
respectively. Next, atomic layer deposition (ALD) was used to
deposit a 20 nm thick aluminum oxide (Al,O;) layer for the gate
dielectric. Finally, Pt/Au (20 nm/200 nm) was deposited as the
gate electrode. The devices were designed to have a gate length
(Lg) of 3um, a gate width (Wg) of 75um, a gate-drain (Lgp)
spacing of 10um, and a gate-source (Lgs) spacing of 2.5um.
After device fabrication, BEOL room-temperature reactive sputter
deposition was used to lift off a 400 nm thick AIN film, exposing
the contact pads for probing and selectively keeping some devices
without an AIN cap for comparison. Si witness samples were
included during the sputter deposition of AIN for characteriza-
tion. Using atomic force microscopy (AFM), the surface rough-
ness of the AIN film in the gate-drain channel region of one of
the HFETs was measured to be 3.12 nm and the lateral grain size
was ~50 nm [Fig. 1(b)].

DC output and transfer characteristics of the AIN-capped
HFETSs were then measured and are shown in Figs. 2(a) and 2(b)
from a representative device. The maximum drain-source (Ipg)
current density measured was 130 mA/mm at a gate voltage (Vgs)

Roughness

3Mnm .

200.0 nm

(b)

FIG. 1. (a) Cross-sectional device schematic of the B-(Aly21Gag79)203/Ga,O3 HFET with the 400 nm sputtered AIN capping layer. (b) AFM image of the 400 nm AIN
capping layer in the gate-drain channel region of an HFET. The root mean square (rms) roughness was measured to be 3.12 nm.
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FIG. 2. (a) DC output and (b) DC transfer characteristics of an
AIN-capped B—(A|0.21Gaol79)203/03203 HFET (LG = 3,um, Wg = 75/,zm,

Lep=Lgs=25um). (c) Ips—Vps measured at Vgs=0V for the AIN-capped
HFETs showing maximum power density reached (see the legend). The circles
indicate the datum from which the power density was extracted. Reproduced
with permission from 2022 Device Research Conference. Copyright 2022 IEEE.*
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of 5V and a drain-source voltage (Vps) of 30 V. At similar bias
conditions, the maximum Ipg measured from the uncapped devices
was ~75 mA/mm. It should be noted that the isolation current was
measured to be on the order of 107'' A from both AIN-capped and
uncapped isolation test structures. Additionally, the AIN-capped
devices were able to reach much higher power densities than the
reference uncapped devices. While the uncapped devices reached a
maximum power density of ~3W/mm at Vgs=0V before
catastrophic failure, the AIN-capped devices were able to exceed
5W/mm [Fig. 2(c)]. To the authors’ best knowledge, this is the
highest DC power density reported from a lateral B-Ga,Oj3 transis-
tor on a native bulk B-Ga,0; substrate. Possible explanations for
the increase in the maximum DC power density include improved
top-side heat dissipation with the AIN cap, changes in the electric
field distribution due to the additional top-side dielectric, and the
combination of these two effects.

Having observed an increase in the maximum power density
in the ON-state, OFF-state breakdown characteristics of several
uncapped [Fig. 3(a)] and AIN-capped [Fig. 3(b)] HFETs were mea-
sured. The maximum Vy of the uncapped and AIN-capped devices
tested were 947 and 1868 V, respectively. While there was an appre-
ciable range in the measured Vj, it is clear from Figs. 3(a) and 3(b)
that there was a systematic shift in the Vg by introducing the AIN
cap. The average Vy of the uncapped devices was 569 + 250 V, and
the average for the AIN-capped devices was 1210+ 351 V. Error
analysis was performed using a 95% confidence interval based on
to.o75 times the standard error of the mean. The increase in the
OFF-state breakdown voltage suggests that there was a change in
the electric field profile due to the AIN cap, similar to previous
reports for addition of a top-side dielectric.”’ Electrical models
developed in Silvaco™ TCAD further confirmed the redistribution
of the electric field and reduction in the electric field at the drain-
side edge of the gate electrode (see Fig. S1 in the supplementary
material).

To quantify the effectiveness of the AIN cap as a heat-
spreading layer, steady state thermoreflectance thermal imaging’
(TMX Scientific T°Imager®, 100x objective, 530 nm LED) was used
to measure and compare the temperature rise of an uncapped and
AlN-capped HFET at several power densities with Vgg=0V.
Thermoreflectance thermal imaging relies on the temperature
dependence of the reflectivity of a material to measure the tempera-
ture rise’’ and is very effective at probing the temperature of metal-
lization structures. Therefore, the temperature rises of the
Au-coated gate, drain, and source electrodes were measured. Since
the peak temperature rise in these lateral device structures is typi-
cally in the channel at the drain-side of the gate,”” the measured
temperature rise of the Au in the gate electrode is useful for assess-
ing device Rry.

Figure 4 compares the average temperature rise from the
center of the gate electrode (see the inset of Fig. 4) for the
uncapped reference and AIN-capped HFETs at various power den-
sities. The slope of the temperature rise as a function of power
density represents Ryy at the center of the gate of the device. As
shown in Fig. 4, Rry at the gate decreased from 49.5 mm K/W for
the uncapped reference device to 36 mm K/W for the AIN-capped
device, which is a 27% reduction. This can most likely be attributed
to a combination of heat spreading by the AIN-capping layer and
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FIG. 3. OFF-state breakdown measurements of the (a) uncapped and (b) AIN-capped HFETs performed with Vgs = —30 V.

the electric field redistribution and thus alteration of the Joule
heating profile.

The thermal conductivity of the AIN capping layer was subse-
quently measured using time domain thermoreflectance (TDTR).
Time domain thermoreflectance is an optical pump-probe tech-
nique, which can measure the thermal diffusivity of a film or sub-
strate, and then thermal conductivity can be calculated given the
density and specific heat.” Since sample preparation for TDTR
requires the deposition of a blanket thin metal transducer (e.g.,
80nm of Al), TDTR measurements were performed on the Si
witness samples that were sputter deposited during the same run as
the AIN-capped HFETs. Prior to blanket metal deposition for
TDTR, the surface morphology of the sputtered AIN/Si witness was
measured using AFM and had similar surface roughness and grain
size to that shown in Fig. 1(b) from the sputtered AIN in the
channel of the HFET. As such, the witness sample should be repre-
sentative of the sputtered AIN on the HFET. The thermal conductiv-
ity of this sputtered AIN layer was measured to be 13.3 + 1.3 W/mK.
This result is noteworthy because capping the devices even with
such a low thermal conductivity film, indeed one comparable to that
of the B-Ga,O; device, resulted in significant improvement in device
Rry and electrical performance. However, it should be noted that
any electric field redistribution would also alter the heat generation
profile in the device, which would help alleviate device self-heating
and lower peak temperature rise.*>”*™’

There have been reports of thicker (>1um) sputtered AIN
films with thermal conductivities exceeding 100 W/m K.”® This
raises the question of how much improvement in thermal perfor-
mance can be expected with a possible 10x improvement in the
thermal conductivity of our sputtered AIN capping layers. It is also
plausible that increasing the thickness of the AIN cap can further

spread the electric field and reduce the peak electric field in the
device,” leading to additional increases in breakdown voltage and
reductions in peak temperature rise.

To evaluate the effect of the thermal conductivity and thick-
ness of the AIN capping layer on the peak temperature rise of the
HFET, a 3D finite element method (FEM) thermal model was

developed using COMSOL Multiphysics. The device surface geom-
etry is generated by importing the lithographic mask layout of the !

electrical contacts and the channel region. The device mesa incor-
porated the Al,O; gate dielectric (20 nm), the B-(Alp21Gag79)203
barrier (21 nm), and the B-Ga,O; epilayer (125nm). The Ti/Au
Ohmic contacts and the Pt/Au gate contact were modeled as Au.
The B-Ga,O; substrate had dimensions of 2.5 mm (length), 2.5 mm
(width), and 0.5mm (thickness). Through a series of substrate
parametric sweeps, these dimensions were the smallest that yielded
no change in the peak temperature at the gate within the tempera-
ture range studied. To model the AIN capping layer, a conformal
layer over the surface of the device was defined.

When available, we used the COMSOL material database
thermal properties of the materials simulated. The B-Ga,O;
thermal (and temperature dependence) in the [010] direction
reported by Slomski et al. was used.” The thermal conductivities
of B-(Aly»;Gag79),0; and ALO; were assumed to be 3° and
1.5 W/mK,°-%? respectively, and were not modeled to be tempera-
ture dependent. Between dielectric materials of different chemical
composition, we included a thermal boundary conductance (TBC)
of 200 MW/m? K,*>*’ and for metal-dielectric interfaces, the TBC
was reduced to 15 MW/m? K.° Within the heat transfer module of
COMSOL Multiphysics, we defined four fixed temperature regions
(T =293.15K), including the bottom of the substrate, and circles
on each of the three electrical contacts signifying heat dissipation
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FIG. 4. Average gate temperature rise of the uncapped reference HFET (trian-
gles) and AIN-capped HFET (squares) as a function of power density. The
device-level Ry in units of mm K/W are also provided for each device. Error
bars for the temperature rise (AT) were calculated using a 95% confidence
interval based on t; ¢75 times the standard error of the mean. The inset shows a
plan-view image of the mask design for the HFET with the red dashed box, indi-
cating from where the average gate temperature rise was extracted.

by the electrical probes. We included a hot-plate convective heat-
flux term to all top-side surfaces and the built-in thermal insulation
boundary condition applied to the four sides of the substrate.

To approximate the device Joule heating, we used a volumetric
heat source [Fig. 5(a)] consisting of (i) a thin layer below the
B-(Al21Gag 79),03/Ga,05 interface that spanned the full device
channel region with thickness, t, and (ii) an inverted triangular
region centered at the drain edge of the gate finger with height, h,
and base, b.>”**°° For simulations without the AIN cap, t=2.5nm,
and the inverted triangular region had b = 1000 nm and h = 30 nm.

A comparison of the simulated and measured temperature dis-
tributions across the length of the uncapped reference HFET is
shown in Fig. 5(b). Since thermoreflectance imaging was used to
measure the temperature rise of the metallization, these data are
comparable to the simulated temperature rise across the top of the
metal electrodes [Sim. Metals in Fig. 5(b)] and shows good

ARTICLE pubs.aip.org/aip/jap

agreement. The temperature rise at the surface of the B-Ga,0O; epi-
layer is also shown in Fig. 5(b) (Sim. B-Ga,0;) since this will
provide insights regarding the magnitude of the peak temperature
rise in the device structure. Raw temperature distributions across
the device length are provided, and as such, there are outliers in the
data near edges/features in the device topography (e.g., edge of
mesa, edge of Ohmic contacts, etc.). This results from image mis-
registration, thermal expansion effects, or the fact that the incident
light used in the measurement is no longer at normal incidence,
and thus, the assumptions of the experimental method are no
longer valid, all of which can lead to errant data 0%

Having calibrated the device thermal model using the experi-
mentally measured temperature rise of the uncapped reference
HEFET, the AIN cap was introduced in the thermal model and the
simulated temperature distribution across the AIN-capped HFET
was extracted. However, as shown in Fig. 6(a), simulation of the
temperature rise, including the AIN cap with heat spreading only,
does not fully account for the reduction in the temperature rise
measured experimentally. Since the OFF-state breakdown voltage
of the AIN-capped HFETs significantly increased compared to the
uncapped reference HFETs (Fig. 3), we hypothesize that electric
field spreading due to the AIN cap must have a significant coupled
electrothermal effect on altering the heat generation in the device
and lowering the temperature rise. To further investigate, electrical
models of the uncapped and AIN-capped HFETs were developed
using the Silvaco TCAD package. As shown in Fig. 7, under
ON-state conditions (VGS =0 V), the addition of the AIN capping
layer redistributes the electric field, spreading the electric field
across the gate to drain region. This redistribution of the electric
field has been reported previously in a passivation thickness study
on GaN HEMTs" and spreading of the electric field would indeed
change the heat generation profile as they are inextricably
linked."***">" The redistribution of the electric field in the
AIN-capped HFETs would also help explain the high voltage oper-
ation realized when achieving the high DC power densities mea-
sured in Fig. 2(c). This could be a complementary explanation
along with the reduced self-heating suggesting an improvement in
the coupled electrothermal performance, which contributed to the
very high DC power densities.

To account for the electric field redistribution in the
AlN-capped HFET simulated using Silvaco [Fig. 7(b)], the assumed
heat generation volume in the thermal model was adjusted such
that the inverted triangular region (b, h) was eliminated, leaving
only the thin rectangular volume below the B-(Alj2;Gag79),05/
Ga,0; interface (t=3.6nm). Despite the different heat source
geometries, the total heat source volume remained constant to
realize identical simulated power densities. As shown in Figs. 6(b)
and 6(c), adjustment of the heat generation volume in the thermal
model to account for both heat and electric field spreading led to
excellent agreement between the experimentally measured and sim-
ulated temperature distribution across the length of the
AIN-capped HFET.

Having calibrated the thermal model, a parametric study
(Fig. 8) was performed to assess the dependence of the peak device
temperature rise at the B-Ga,O; surface on both thermal conduc-
tivity and thickness of the AIN capping layer. Thermal conductivi-
ties of 5, 10, 13, 20, 30, 55, 80, 105, and 130 W/mK and

€2:2€:7L G20z Jaquisydes /|

J. Appl. Phys. 136, 224502 (2024); doi: 10.1063/5.0225896
© Author(s) 2024

136, 224502-5


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

(@)

Drain ;

ARTICLE pubs.aip.org/aip/jap
g
AlOs Source
(Alg21Gag 79)203
t h Ga,04
be>

A Sim. (B-GaZO

| v Sim. (Metals)
= EXp.

3)

60+ Uncapped

N b
o O
- >

Position [pm]

FIG. 5. (a) Cross-sectional schematic detailing the heat generation volume incorporated in the device thermal modeling. The heat generation volume and dimensions
(thickness, t; base, b; height, h) are not drawn to scale. (b) Comparison of the simulated (sim.) and measured (exp.) temperature rise across the length of an uncapped ref-
erence HFET at a power density of 1.8 W/mm (Vgs =0 V). Simulated temperature rises are shown for a cutline at the surface of the p-Ga,Oj epilayer (Sim. B-Ga,05) and
at the surface of the gate electrode (Sim. Metals). D, G, and S represent the drain, gate, and source electrodes. The inset shows the thermal model geometry and the tem-

perature rise at P = 1.8 W/mm.

thicknesses of 400 nm and 1 um were simulated for an HFET oper-
ating with a power density of 1.8 W/mm. To highlight the contri-
butions of heat spreading and electric field spreading, the simulated
peak temperature rises for the (i) 400nm AIN cap with heat
spreading only and (ii) 400 nm AIN cap with heat and electric field
spreading are shown for comparison. Additionally, the peak tem-
perature rise of the uncapped reference HFET (94.4K) is shown
(dashed line) for benchmarking.

First, as expected, a significant reduction in the device peak
temperature is realized by increasing the thermal conductivity of
the AIN capping layer. As thermal conductivity increases from 5 to
130 W/mK, the peak temperature rises of the 400nm thick
(squares, Fig. 8) and 1um thick (stars, Fig. 8) AIN cap with heat
and electric field spreading decrease by 8.9% and 21.8%, respec-
tively. Second, for low AIN thermal conductivities, the reduction in
the peak temperature rise is primarily due to electric field spread-
ing. For example, for 400 nm thick AIN with a thermal conductivity
of 5W/mK, the peak temperature rise reduces by only 2.9% with
heat spreading only (compared to the uncapped baseline); this

increases to 16.8% when both heat and electric field spreading are
considered. As the AIN thermal conductivity is increased to
130 W/m K, the contributions of heat spreading and electric field
spreading to the reduction in the temperature rise become compa-
rable. When only heat spreading is considered, a 12.9% reduction
in the peak temperature rise can be expected for a 400 nm AIN cap
with a thermal conductivity of 130 W/m K. This reduction becomes
24.3% when both heat and electric field spreading are taken into
consideration. Moreover, by increasing the thickness of the AIN
capping layer to 1um (thermal conductivity of 130 W/mK), the
peak temperature rise is shown to decrease by 35.3% (compared to
the uncapped baseline) since the heat spreading capabilities are
enhanced due to the greater cross-sectional area for heat flow.

It should also be noted that the thermal simulation assumes
that the electric field distribution and heat generation are constant
for both AIN thicknesses. In a previous study, it was shown that
increasing the thickness of the passivation from 10 to 200 nm sig-
nificantly increased the breakdown strength and spread/redistrib-
uted the electric field across the gate to drain region.”’ Accordingly,
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_——— further peak electric field mitigation and electric field redistribution
with the thicker 1um AIN could contribute to an additional
increase in the breakdown voltage and an additional reduction in
the temperature rise, which is not captured by this simulation;
therefore, the temperature rise for the 1 um thick AIN is a conser-
vative estimate. Moreover, the reduction in the temperature rise
due to heat and electric field spreading would also have a second-
order effect on the electrical performance of the device. For
example, reduced self-heating would minimize detrimental self-
heating effects, such as a reduction in electron mobility. This would
also allow the device to operate at the same power density but with
a lower Vpg, which would then change the peak electric field and
its distribution and accordingly alter the heat generation.

’ * Consequently, the totality and complexity of the semiconductor
40 45 50 55 60 65 device physics are unfortunately impossible to capture with a
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FIG. 6. Comparison of the simulated (sim.) and measured (exp.) temperature
rise across the length of an AIN-capped HFET (a) with heat spreading only and
(b) with heat and electric field spreading at a power density of 1.8 W/mm

(Ves=0V). (c) Temperature distribution across the entire length of the FIG. 7. Silvaco simulation of the electric field distribution (sum of lateral E, and
AIN-capped device with heat and electric field spreading at a power density of vertical E, components) of the (a) uncapped and (b) AIN-capped HFETs.
1.8 Wimm (Vgs=0V). Simulations were performed with Vgs =0V and Vps=8 V.
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FIG. 8. Effect of AIN thermal conductivity on the device peak temperature rise
(peak) for a 400 nm thick AIN cap with heat spreading only (circles), 400 nm
thick AIN cap with heat and electric field spreading (squares), and a 1 um thick
AIN cap with heat and electric field spreading (stars). The peak temperature rise
of the uncapped reference HFET (dashed line) is also included for benchmark-
ing. The simulated power density was 1.8 W/mm.

purely thermal model. The preceding discussion of the interdepen-
dence of electrical and thermal device performance highlights the
necessity for fully coupled electrothermal modeling®® to truly
capture the device physics and is the subject of future work.

CONCLUSION

In this report, we demonstrated B-(Aly,;Gag79),03/GayO3
HFETs with AIN capping layers, which offered both electrical and
thermal performance improvements. The AIN cap was deposited
via BEOL reactive sputter deposition at room temperature and was
measured to have a thermal conductivity of 13.3W/mK
Compared to the uncapped HFET, the AIN-capped device demon-
strated a 27% reduction in the average gate temperature rise.
Additionally, the AIN cap helped to significantly increase the
average breakdown voltage of the HFETs by ~110%. The coupled
electrothermal device improvement enabled the demonstration of
record high DC power densities >5W/mm in the AIN-capped

ARTICLE pubs.aip.org/aip/jap

HFETs. A 3D thermal model was also developed in COMSOL to
assess additional thermal benefits that can be realized by obtaining
thicker and higher thermal conductivity AIN films. The thermal
model revealed that simulation of heat spreading only could not
fully account for the measured reduction in the device temperature
rise. Further electrical simulation in Silvaco showed that the AIN
cap redistributed the electric field profile, which would help deloc-
alize the heat generation in the channel and contribute to the mea-
sured reduction in the average gate temperature rise. By accounting
for both heat and electric field spreading, excellent agreement was
demonstrated between the measured and simulated peak tempera-
ture rises. Moreover, by increasing the thickness (1um) and
thermal conductivity (130 W/m K) of the AIN cap, a 35% reduction
in the peak temperature rise can be achieved. In accordance with
the thermal model, we intend to optimize the AIN sputtering con-
ditions in future work to increase the thickness and thermal con-
ductivity of the AIN cap to further improve the device-level
thermal performance and increase the breakdown strength. This
work also demonstrates an alternative BEOL CMOS-compatible
top-side thermal management approach for B-Ga,0O; devices that
does not require any protective barrier dielectric (e.g., SiN inter-
layer for nanocrystalline diamond-capped B-Ga,O; devices").

SUPPLEMENTARY MATERIAL

See the supplementary material for electrical simulation
(Silvaco) of the uncapped and AIN-capped HFETs under OFF-state
bias conditions.
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