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Abstract

Fundamental research and development of ultra-wide bandgap (UWBG) semiconductor
devices are underway to realize next-generation power conversion and wireless communication
systems. Devices based on aluminum gallium nitride (AlxGai-xN, X is the Al composition), B-phase
gallium oxide (B-Ga203), and diamond give promise to the development of power switching
devices and radio frequency (RF) power amplifiers with higher performance and efficiency than
commercial wide bandgap semiconductor devices based on gallium nitride (GaN) and silicon
carbide (SiC). However, one of the most critical challenges for the successful deployment of
UWBG device technologies is to overcome adverse thermal effects that impact the device
performance and reliability. Overheating of UWBG devices originates from the projected high
power density operation and the poor intrinsic thermal properties of AlxGaixN and p-Gaz0s. This
article delineates the need and process for the “electro-thermal co-design” of laterally-configured
UWBG electronic devices and provides a comprehensive review of current state-of-the-art thermal
characterization methods, device thermal modeling practices, and both device- and package-level
thermal management solutions.

Keywords: Electro-thermal co-design, thermal characterization, thermal management of
electronics, thermal properties, ultra-wide bandgap (UWBG) semiconductors.

l. Introduction to the UWBG Semiconductors

Until the late 1980s, the mainstream semiconductor materials for power and radio frequency
(RF) applications were Si, Ge, and conventional group I11-V compound semiconductors such as
GaAs and InP. Currently, wide bandgap (WBG) semiconductors GaN and SiC have become the
second most important group of semiconductor materials after Si. These WBG materials form the
basis of light emitting diode (LED)-based solid-state lighting™? as well as advanced power and RF
electronics®®. As GaN and SiC technologies move closer to maturity, these devices are
approaching the theoretical limit of the achievable performance, which is dictated by their
fundamental material properties. To meet the demanding requirements for higher power/frequency
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commercial and military applications, device engineers are pursuing the development of next-
frontier devices based on ultra-wide bandgap (UWBG) semiconductors AlxGai-xN, p-Ga20s, and
diamond.52

A number of figures of merit (FOMSs) are often used to show the relative merits of a particular
semiconductor material for use in electronics, and UWBG materials generally show an increased
FOM over lower bandgap semiconductors. The Johnson figure of merit (JFOM)? is often used to
compare the potential of materials for building high-frequency transistors. The JFOM is defined
as JFOM = Vg fr, Where Vagr is the breakdown voltage and fr is the unity gain cutoff frequency.
The JFOM can also be expressed as vy, E, Where vsar and Ec are the saturated carrier velocity and
critical electric field, respectively. Table I shows that the JFOMs of AlxGaixN and B-Gaz0s
surpass those for WBG materials, and diamond exhibits a JFOM comparable to GaN. Therefore,
these UWBG materials offer the potential for the development of next-generation RF power
amplifiers.

On the other hand, the lateral figure of merit (LFOM) is a metric that compares the
theoretically achievable switching performance of laterally-configured transistor devices. It is
defined as LFOM = Vi /Ry sp, Where Ronse is the specific ON-resistance. Accounting for the

lateral device geometry, the LFOM can also be expressed as qun,EZ, where q is the electron
charge, u is the channel mobility, and ns is the sheet charge density. The LFOM is analogous to
the conventional Baliga figure of merit (BFOM*!; a modified version has recently been reported??)
applicable to unipolar vertical power switches. It should be noted that LFOMSs in Table I for
UWBG devices are calculated based on mobility values currently reported in literature for early-
stage devices. Even in premature stages, UWBG devices have LFOMSs approaching or greater than
established GaN devices. The high LFOMs offered by the UWBG materials give promise to the
development of lateral power switches with kV-range breakdown voltages and minimized device
footprints.

Table 1. Material properties and figures of merit for conventional, WBG, and UWBG
semiconductors. Data were adopted from references 81320, The LFOM calculation (normalized
with respect to Si) assumes ns=10** cm2 and uses reported device channel mobilities. For diamond,
the mobility and saturation velocity for holes are listed.

| Conventional | WBG [ UWBG
Property . . .

Si GaAs SiC GaN AlygsGapisN  B-Ga,0;  Diamond
Bandgap, Ec (eV) 1.12 1.43 3.26 3.42 5.61 48 5.47
Relative dielectric constant, & 11.9 13.1 10.1 9.7 8.68 10 5.7
Breakdown field, Ec (MV/cm) 0.3 0.4 3 3.3 10.7 8 10
Carrier (channel) mobility p (cm?/Vs) 1400 8500 | 1020  1350(2000) 45(250) 200(180)  3800(69)
Carrier saturation velocity, s, (cm/s) 1x107  2x107 | 2x107 2.7x107 2.28x107 1.5x107 0.8x107
Thermal conductivity, k (W/mK) 150 46 490 130 8.5 11-27 2400
Normalized JFOM (Vs Ec) 1 2.7 20 30 81 40 27
Normalized LFOM (qunsEc?) 1 11 73 170 230 100 55

The enhancement in device-level performance according to the superior JFOM and LFOM
translates into commensurate improvement in system-level size, weight, and power (SWaP) and
efficiency. In particular, B-Ga203 offers the potential to address the cost performance trade-off for
established WBG semiconductors by providing lower-cost melt-grown wafers and the higher
performance suggested by the FOMs.?! These advantages can be leveraged to improve power
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efficiency gains of 5G network base stations and to build lighter and more efficient power
conversion systems for electric vehicles, aircraft, spacecraft, and sustainable energy sources.

I1. Representative Laterally-Configured UWBG Semiconductor Devices

The bandgap energy, Ec, of AlxGaixN peaks at 6.2 eV (x=1)%?, which results in the largest
breakdown field (15.4 MV/cm)'2 among all the UWBG semiconductors listed in Table 1.
Moreover, the piezoelectric nature of the material allows for the fabrication of a high electron
mobility transistor (HEMT) structure?3, which offers high electron sheet density (>10% cm?) and
mobility without impurity doping. A typical AlxGaixN-channel HEMT structure?* is shown in
Figure 1 (a). Briefly, a 1-4 um thick AlxGai-xN channel/buffer layer is heteroepitaxially grown on
a non-native substrate such as AIN/sapphire!42526 templates, GaN/SiC?’ templates, and AIN?82°,
Subsequently, a thin (~20 nm) higher Al-content AlyGai-yN (y~x+0.15) barrier layer is grown over
the AlxGai-xN channel. The AlyGai-yN/AlxGai-xN heterointerface physically governs the device
behavior through the formation of a polarization-doped two-dimensional electron gas (2DEG)?3.
It should be noted that the AlxGaixN system can readily take advantage of the global
manufacturing infrastructure associated with commercial InGaN LEDs, AlxGai-xN-based ultra-
violet LEDs*, and GaN electronics.

The primary advantage of B-Ga203 (Ec~4.8 eV)!8 over the other UWBG materials is that high
crystalline quality substrates can be synthesized at low cost using melt growth techniques such as
Czochralski and edge-defined film-fed growth, similar to the case of the melt-grown substrates
that support ubiquitous Si devices.3* While the intrinsic B-Ga203 material suffers from a relatively
low bulk electron mobility3223, innovative device architectures such as the B-(AlxGa1-x)203/Ga203
modulation-doped field effect transistor (MODFET)20343% shown in Figure 1 (b) are being
developed to overcome the room temperature mobility limitations arising from the strong Frélich
interaction in B-Ga203.353" A 2DEG channel is formed near the heterointerface via modulation
doping, where electrons are transferred from a Si delta-doped region in the B-(AlxGai-x)203 barrier.
Since the carriers are physically separated from the donor ions, scattering from the ionized
impurities is greatly suppressed as well, enabling an overall higher electron mobility than earlier
B-Gaz0s lateral transistor structures (< 100 cm?/Vs)3L,

The favorable properties of diamond such as the large bandgap energy (Ec=5.47 eV), high
critical electric field (8-10 MV/cm), high hole saturation velocity (0.8x107 cm/s), and the highest
known thermal conductivity are listed in Table 1.8 The hydrogen (H)-terminated diamond field
effect transistor (FET) structure®® shown in Figure 1 (c), along with the recent advances in
diamond substrate synthesis by high-pressure-high-temperature (HPHT) and chemical vapor
deposition (CVD) processes, gives promise to the establishment of diamond electronics
technologies. To circumvent difficulties in substitutional doping®=28, the H-terminated diamond
FET utilizes surface transfer doping®®. Microwave hydrogen plasma treatment is used to achieve
hydrogen termination of the diamond surface. The interaction between the H-terminated surface
and adsorbed ions present in the atmosphere or an electron acceptor layer (e.g., MoO3*, V20s%)
results in energy band bending that creates a two-dimensional hole gas (2DHG) with a carrier
density in excess of 10'® cm™2. To improve the stability of the 2DHG channel, the device is
passivated with a protective layer (e.g., hydrogen silsesquioxane (HSQ)*?, Al203*, and SiO2*).
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Figure 1. Schematic epitaxial structures of (a) an AlxGaixN-channel HEMT, (b) a B-(AlxGai-
x)203/Ga203 MODFET, and (c) an H-terminated diamond FET.

While the main focus of this work is laterally-configured UWBG devices, active research on
the development of vertically oriented power transistors*® and diodes*¢*® for applications that
demand extreme voltage (>1 kV) and current levels (>100 A) are underway. Because the device
technologies for UWBG lateral devices are relatively more mature than vertical devices, we will
delineate the need and process for the “clectro-thermal co-design” of UWBG electronics using
case studies based on laterally-configured devices.

I11. Thermal Challenges

The high voltage/power operation and aggressive device scaling (i.e., reducing the device gate
and channel lengths) enabled by the superior LFOMs of UWBG materials (Table I) will translate
into extremely high-power densities within the active region (~1 MW/cm?) as shown in Figure 2.
However, the room temperature thermal conductivity of AlxGaixN (<10 W/mK)’ and B-Ga203
(anisotropic; 11-27 W/mK)® are the lowest among the technologically relevant semiconductor
materials listed in Table I. The intended harsh operating conditions and poor thermal properties
will result in excessive device self-heating unless proper thermal management solutions are
implemented. Although the large bandgap energy may mitigate uncontrolled carrier conduction in
the semiconductor caused by the increased thermal energy, the ohmic and gate contacts are not
likely to withstand the extremely high channel temperatures. Due to the excellent thermal
conductivity of diamond, a misconception can arise that diamond electronics should be free of
thermal issues. However, one of the largest challenges associated with H-terminated diamond
FETs is the stability of the 2DHG channel at high temperatures or under harsh environmental
conditions.*>#® For instance, at temperatures beyond 200°C, the C-H bonds and/or the surface
adsorbates were shown to be detrimentally impacted, resulting in an irreversible loss of the surface
p-type conduction.*> Accordingly, device developers are recognizing that overheating is a major
bottleneck to the success of the UWBG device technologies. In fact, no UWBG device reported to
this day has achieved the performance expected by the superior JFOM/LFOM partly because a
thermally limited technological plateau has been reached. As shown in Figure 2, it is necessary to
engineer and reduce the junction-to-package thermal resistance of UWBG devices to a level
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comparable to or lower than today’s WBG GaN and SiC counterparts to realize the targeted high
power density operation. To accomplish this goal, the first step is to understand both thermal
transport within UWBG materials and the physical mechanisms (i.e., electro-thermal interactions)
that lead to device self-heating. The next step will be to design thermal management solutions
based on the fundamental knowledge gained from experiments and computational studies.
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Figure 2. The heat flux challenge of UWBG power electronic devices (presuming operation at
~10 W/mm) and the role of electro-thermal co-design to reduce the device thermal resistance. For
WBG and UWBG devices, the dissipated power was normalized with respect to the active area,
i.e., the total area of the device channel.

IV. Electro-Thermal Co-Design

Traditionally, the design of power switching devices and RF power amplifiers has solely
focused on maximizing the electrical performance by optimizing the epitaxial growth (e.g.,
AlGaN/GaN heterostructures) and improving device processing techniques (e.g., Ohmic contacts,
field plate structures). Self-heating issues were indirectly recognized by the degradation of
electrical performance®® and their mitigation was considered to be an engineering problem that
would result in de-rating of the device power output or improving the package-level design.
However, as discussed above, UWBG devices are highly prone to overheating and thermal failure,
with a minimal thermal margin to engineer. Current design practices, however, are often unable to
accurately predict the thermal feedback caused by the power dissipation, leaving an incomplete
model of the device performance and reliability. Such design practices may result in the
development of less reliable components with degraded performance, both from an electrical and
thermal/mechanical®! standpoint. The need for electro-thermal co-design, which essentially means
thermal considerations are incorporated into the device design from the initial stage of the device
development process, has already proven to be essential to exploit the full potential of GaN RF
power amplifiers.5?

The design of thermal management solutions for UWBG devices requires a physics-based
model that accurately predicts the channel peak temperature rise under specified operating
conditions. Creating such device thermal model requires the following electro-thermal co-design
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process. First, the physical properties that dictate the electronic and thermal transport within/across
UWBG materials and interfaces must be accurately measured. Electrical characterization methods
to determine electronic properties (e.g., carrier density, mobility, and saturation velocity) and
device-specific electrical parameters (e.g., Ohmic contact resistance) are well established.
However, thermal characterization methods suitable for measuring the thermo-physical properties
of UWBG semiconductors are less accessible to device engineers and must be carefully chosen in
real practices. Second, the device self-heating behavior in response to a specified voltage bias
condition must be precisely estimated. This requires a 3D coupled electro-thermal modeling
scheme that begins with solving for the charge transport and electrostatic potential within the
semiconductor device. The Joule heat distribution derived from the electrical part of the coupled
modeling scheme (2D simulation may be sufficient for many devices)® is then imported into a 3D
finite element thermal model that adopts the measured thermo-physical properties. The modeling
output will be the device surface and internal temperature fields. Third, optical thermography
techniques with sufficiently high spatial/temporal resolutions and measurement sensitivity are
necessary to capture the physical processes associated with the unconventional characteristic
length scales and operational environments (i.e., extreme heat flux, electric field, frequency) and
to validate the multi-physics device model. Care must be exercised; respected techniques can
easily have a factor of two disagreement in temperature rise at the micro/nanoscale.>>" Finally,
the validated device thermal model can be used for the design of device- and system-level passive
and active thermal management solutions. Figure 3 illustrates the electro-thermal co-design
process for UWBG semiconductor devices.

Model inputs: Applications:
Electrical bias (Vps, Vgs)

Electrical/electronic
— !
properties ‘ & architecture

— Thermal properties

ode ‘

Experiments

& Validation: l
Model output:

|| Electrical output characteristics

| characterization | Self-heating behavior

Thermo-physical property measurement
Thermal imaging

Figure 3. Flow diagram of the device-level electro-thermal co-design process.

1. Thermo-Physical Property Measurement

The AlxGaixN structure can be viewed as a wurtzite phase GaN crystal with Al atoms
randomly substituting the Ga cations within the group Il sub-lattice. Early reports show
inconsistent results possibly due to the low quality of the tested materials and/or the low
measurement sensitivity of the metrology techniques.®®® Laser-based optical pump-probe
techniques such as time-domain thermoreflectance (TDTR)® and frequency domain
thermoreflectance (FDTR)®? are ideal for the thermal conductivity measurement of AlxGai-xN and
other UWBG thin films. Recent TDTR and FDTR measurement results for ~1 um thick metal
organic chemical vapor deposition (MOCVD)-grown AlxGai-xN films are illustrated in Figure 4
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(@).r" A remarkable reduction in the room temperature thermal conductivity with respect to the
base GaN (x=0; the bulk value can reach beyond 200 W/mK?®3-¢%) and AIN (x=1; the bulk value
can reach up to ~320 W/mK®6-%8) crystals is observed. The observed U-shaped trend is universal
for ternary alloy semiconductors, which is a manifestation of phonon-alloy disorder scattering®®-
1. Above room temperature (or from ~100 K), the thermal conductivity of crystalline solids
including GaN and AIN are well known to monotonically decrease with temperature,5466-68.72.73
However, we report data in Figure 4 (b) that shows the thermal conductivity of AlxGai-xN (x=0.3)
remains relatively constant from 78 K up to 450 K, similar to the behavior of amorphous
materials’>"4. Data in Figure 4 (a) and (b) show that phonon-alloy disorder scattering dominates
the thermal conductivity of the solid solution. Figure 4 (c) shows the thermal conductivity (at
room temperature) of Alo.sGao.1N films with different thickness (100 — 1300 nm).” These results
reveal the relatively large contribution of propagating vibrational modes with relatively long mean
free paths (~1 um) to the thermal conductivity of Alo9GaoiN. While AlxGai-xN-channel HEMTs
have been suggested to be suitable for extreme-temperature applications,'” 678 thermal property
data at high temperatures are lacking. Also, as top-side cooling methods are thought to be most
suitable for the thermal management of AlxGai-xN-channel HEMTs (to be discussed in Figure 8
(b)),”® studies on the thermal transport across the AlxGaixN/metal contact interfaces are
demanded. We report in Figure 4 (d) the temperature dependence of the interfacial boundary
conductance between a Ti/Au metal contact and Alo3Gao.7N measured by the TDTR method. The
increasing trend of the thermal boundary conductance with temperature due to phonon coupling
enhancement®® should be considered when optimizing the thermal design of flip-chip
configurations®® that will extract heat from the 2DEG region through the metal contacts towards
the thermal bumps and carrier wafer.
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Figure 4. (a) The cross-plane thermal conductivity of c-plane AlxGai-xN and (201)-oriented B-
(AlxGai1-x)203 obtained from our TDTR and FDTR measurements. Data were adopted from
references 1782, (b) The temperature dependence of the thermal conductivity of an Alo.3Gao.7N thin
film. (c) The film thickness dependence of the thermal conductivity of an Alo.9GaoiN film. Data
were adopted from reference °. (d) The temperature dependence of the thermal boundary
conductance between a Ti/Au metal contact and Alo.3Gao.7N.

B-Ga203 exhibits a relatively low and anisotropic thermal conductivity.!388 The room
temperature cross-plane thermal conductivity of (010), (001), (201), and (100)-oriented substrates
were reported to be 27.0 W/mK, 14.7 W/mK, 13.3 W/mK, and 10.9 W/mK, respectively.!3 With
regards to phonon-point defect scattering mechanisms in 3-Ga203, the reduction in the thermal
conductivity caused by Ga and O vacancies has been studied using first-principles calculation.®
Also, a weak doping dependence of the thermal conductivity of 3-Ga203 has been experimentally
demonstrated. Phonon-boundary scattering effects associated with p-Ga20s3 thin films have been
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studied by characterizing mechanically exfoliated (100)-oriented thin films. The thermal
conductivity in the [100] direction was shown to increase from 4.7 to 11.5 W/mK when the film
thickness increased from 206 to 768 nm.87:88 A similar trend was observed in ~250 nm thick (201)-
oriented B-Gaz20s thin films grown via pulsed laser deposition (PLD).% The thermal conductivity
of B-(AlxGaix)203 (which is necessary to create a MODFET structure in Figure 2 (b)) was
reported for x=0.18 and was determined to be 3.6 W/mK in the [010] direction and 3.1 W/mK in
the direction perpendicular to the (201) plane.®® Figure 4 (a) shows the thermal conductivity of
(201)-oriented B-(AlxGai-x)203 thin films grown via metalorganic vapor phase epitaxy (MOVPE)®
on sapphire substrates measured by FDTR and TDTR.#? Similar to the case of AlxGaixN, phonon-
alloy disorder scattering dominates the thermal transport within B-(AlxGaix)20s. Both solid
solutions possess a periodic lattice structure; however, the basis/lattice points lack compositional
homogeneity due to the chemical disorder associated with the group-lll cationic sublattice,
occupied by Al and Ga atoms.?? The thermal conductivities of B-Ga203 and B-(AlxGai-x)203
heteroepitaxial thin films grown on c-plane and 6° offcut sapphire substrates and the interfacial
thermal transport has been studied in reference 8. The low effective thermal conductivity of p-
(Alo.1Gao.9)203/Ga20s3 superlattices due to phonon scattering from multiple interfaces has been
reported.”® Also, chemical reactions that impede thermal transport across various metal/B-Ga203
interfaces have been reported.®*% To this end, the understanding of thermal transport within B-
Ga203 has matured. However, the thermal properties of other interesting polytypes including o-
Gaz0s (with a larger Ec=5.3 eV, albeit with concerns associated with its thermal instability®) and
e-Ga203 (which offers potential to form a polarization-induced 2DEG?’) are yet to be reported.

While diamond can be used as an active host material to construct UWBG semiconductor
devices, it will also play a crucial role to mitigate overheating of AlxGaixN and B-Ga203
electronics through integration efforts. The diamond integration approach has been proven to be
effective in the development of GaN-on-diamond RF electronics.> The two methods for diamond
integration will be (i) direct growth of diamond using microwave chemical vapor deposition
(CVD)%% and (ii) bonding of polycrystalline diamond with devices!®l, The thermal
conductivity of bulk polycrystalline diamond films is generally isotropic and can be as high as
2200 W/mK, which is similar to that of bulk single crystal diamond.?® However, the thermal
conductivity within the first micron of synthesis is much lower than the bulk value and is highly
anisotropic due to phonon scattering with nucleation region defects and boundaries of the columnar
grains.9219% Reports on diamond growth on GaN have shown that the in-plane thermal
conductivity of nanocrystalline diamond is less than 100 W/mK while the cross-plane thermal
conductivity is less than 200 W/mK within the first micron of film growth.1%41%5 As the film grows
thicker, the average grain size increases and transitions to a more bulk film behavior with isotropic
properties, usually within the first 15 um of film growth.1% The lateral grain size within the first
micron is often found to be smaller than 200 nm in diameter?®* (Figure 5 (a)) while bulk values
are seen with diamond grains above a micron in diameter. Therefore, growth methods that can
control the rapid expansion of grain size from the diamond seed layer while also controlling texture
within the first few microns of growth97-19 (Figure 5 (b)) will create higher thermal conductivity
polycrystalline diamond films. Another crucial aspect of diamond integration with UWBG
semiconductors is the interfacial thermal boundary resistance (TBR). The lowest TBR for
polycrystalline diamond grown on GaN (using a 3 nm SiNx interlayer) was reported to be ~9.5
m?K/GW.% For both direct growth and bonding methods, the low thermal conductivity of the
SiNx seeding/bonding layer (Figure 5 (c)) was shown to dominate the effective TBR at the
GaN/diamond interface.*1112 Recently, the first study on the direct growth of polycrystalline
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diamond on B-Ga203 has been reported (Figure 5 (a)).** A diamond thermal conductivity and
effective diamond/B-Ga20s TBR of ~110 W/mK and ~30.2 m?K/GW, respectively, were
measured. Experimental studies that demonstrate the enhancement of the AlxGai-xN and p-Gaz0s
device performance through diamond integration, however, are still in their infancy. For example,
the electrical and thermal performance of mechanically exfoliated nano-membrane -Ga20Os FETs
transferred over diamond and sapphire substrates was reported. 4 In general, such Van der Walls
bonded structures result in a poor thermal conductance (~17 MW/m?K)8, which was shown to
improve by 10x for atomic layer deposition (ALD)-grown nanocrystalline B-Ga203 films on
diamond.'*> Perhaps the largest thermal improvement in B-Ga203 devices is expected from

(c)

Diamond

polycrystalline diamond film grown on a (201) B-Ga20s3 substrate.**® Cross-sectional transmission
electron microscopy (TEM) images that show (b) the columnar grain growth of polycrystalline
diamond and (c) SiNx seeding/interlayer between the polycrystalline diamond film and the GaN
layer underneath.

2. Electro-Thermal Modeling

While mature devices might be represented electro-thermally by analytical models or
parameterized circuit models, early and research-level devices commonly are best understood by
a method that allows realistic geometry, layouts and (sometimes novel) physics to be inputted.
Finite element simulation is a versatile approach suitable for these purposes. Here, the 3D (or 2D-
3D hybrid as appropriate) material layout and geometry are discretized and meshed. Appropriate
material properties such as the low- and high-field carrier mobility, thermal conductivity, thermal
boundary resistances, doping and trap profiles, Ohmic contact resistance (which may have
substantial diode-like nonlinearities in early devices), and other relevant factors that may impact
electrical and/or thermal transport must be considered to obtain quantitatively meaningful
predictive results. Further, as UWBG materials can operate over a wide temperature range, it is
easily overlooked that the temperature-dependent material properties over the full temperature
range pertinent to the purpose of the simulation must be in place.

The electro-thermal model must self-consistently solve the Poisson, current continuity, drift-
diffusion or better (e.g., electro-hydrodynamic), heat generation, and the heat diffusion equations
to derive the electrostatic potential, electron concentration, lattice temperature (and sometimes also
electron energy/temperature distributions), and trap occupancy statistics as appropriate for the
physics in the simulation. Finally, the resulting set of differential equations are discretized and
coupled and finally the solution is obtained by a nonlinear iteration method for each condition and
bias point of interest. As a side note, the aforementioned process is for steady-state modeling. At
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this point, most of the tools needed for transient simulations (e.g., for realistic power switching)
are already in place. In particular, the heat capacities, kinetics of trap occupancy (e.g., capture
cross-section), and the size of the simulation domain may need to be adjusted to turn a steady-state
model into a transient one.

It is important to project the 2D Joule heat distribution obtained from the 2D electrical model
along the channel width so that a 3D volumetric heat generation profile is obtained, which is
imported into a 3D finite element thermal model. This 2D-3D coupling process is necessary to
prevent over-estimation of the channel temperature obtained from the 2D electrical model, which
ignores the heat spreading through the absent third dimension. A significant downside of the finite
element method can be computational complexity and long simulation times. Some devices allow
simplifications without sacrificing accuracy. Oftentimes reflection symmetry can be used to halve
or quarter a device such as a field effect transistor (FET) with an even number of fingers or 2D
cylindrical symmetry can be used to represent a circular “ring FET” sometimes employed in early
device testing. Some details of the electro-thermal modeling of UWBG devices can be found in
references 90116,

Numerous commercial software packages and open-source efforts exist. These can automate
the finite element process (e.g., discretization, convergence) well, but at the time of this writing,
care must be taken when simulating UWBG materials and physics as these software packages have
predominantly a silicon semiconductor heritage. Therefore, one should create material
property/parameter files that are accurate over the relevant/wide temperature ranges and make sure
physics important to UWBG simulation (e.g., under high electric fields) are properly set up.
Examples for various UWBG device simulations include a B-Ga20s Schottky barrier diode
(SBD)Y’,  metal-oxide-semiconductor  field-effect transistor (MOSFET)?18  metal-
semiconductor field-effect transistor (MESFET)%%21 MODFET®, vertical fin field-effect
transistor (FinFET)!??, and AlxGai-xN-channel HEMT.’®, Exemplary steady-state simulation
results for the heat generation profile and internal temperature distribution of a homoepitaxial -
Ga203 MOSFET are shown in Figure 6. Here, a top-side cooling approach was modeled to draw
heat out of the ohmic contacts and the gate, which drove a sharp temperature gradient estimated to
peak at 1.2 K/nm due to the low thermal conductivity of $-Gaz20s.

1.7x10'2 W/cm I
e —

0 W/cm?

—

0.2 um

|
/
/

Figure 6. Exemplary simulation results neat the drain side corner of the gate for a homoepitaxial
-Ga203 MOSFET operating at 5.7 W/mm. (a) The volumetric heat generation profile. (b) The
electron density. (c) The cross-sectional temperature field near the drain side corner of the gate
where 5°C per division is used for the isothermal contours. (d) The mesh created to perform the
simulation.

11

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Transient mixed-mode electro-thermal TCAD simulation was performed on a B-Ga203 diode
in a surge current circuit.'?®> An analytical electro-thermal device model was incorporated into a
simulation program with integrated circuit emphasis (SPICE) electro-thermal network model to
simulate the device temperature rise during the surge transient, considering various packaging
configurations.*?* These studies have not accounted for heat spreading in all three dimensions;
however, the simplified device modeling schemes allow an understanding of the circuit-level
electro-thermal dynamics of the device while employing various die-level cooling packages.

Under the demanding high voltage/power service conditions, extreme heat fluxes and the low
thermal conductivity of p-Ga203 and AlxGai-xN-based electronics result in the formation of
extremely large local electric field spikes and temperature gradients within the device structure.
Notably, as macro-scale thermal management improves, the local thermal gradients are expected
to get worse. For example, refer to Fig 31.4 and 31.11 of reference '?° for (respectively) a
comparative picture of electrical and thermal responses in -Ga20s. The methods described above
and illustrated in Figure 6 will paint an increasingly incomplete picture for applications such as
component lifetime prediction and reliability physics studies that demand accurate estimation of
the device peak temperature. Sub-continuum scale quasi-ballistic thermal transport effects that
occur under such extreme heat flux and electric field conditions may need to be accounted for by
solving the Boltzmann transport equation in the 3D thermal model, instead of the Fourier’s law of
heat conduction.®” For the B-Ga203 materials system, sufficient information3126.127 has been
gathered to implement such multi-scale multi-physics modeling in practice.

3. Device Thermography

Under high voltage and power operating conditions that lead to nonlinear heat generation
within dimensionally scaled UWBG devices, sharp temperature gradients form across the channel
region (especially for the low thermal conductivity AlxGaixN and B-Ga20s3 systems). Electrical-
temperature sensitive parameter (E-TSP) methods'*® are commonly used in industry to estimate
the channel/junction temperature and thereby assess the device thermal resistance. However,
electrical methods are limited to the measurement of the average temperature across the entire
device channel, which results in a significant under estimation of the device peak temperature.'?®
Therefore, to validate the electro-thermal device models to be used for the design of thermal
management solutions, high-resolution temperature mapping capabilities are necessary. Since the
current channel for lateral UWBG devices are located several tens of nanometers below the device
surface (Figure 1), in situ thermography techniques that can probe the surface temperature of the
UWBG semiconductor are demanded.

At present, optical thermography techniques such as infrared thermal microscopy,
thermoreflectance imaging, and micro-Raman thermometry are commonly used for the
temperature mapping of wide bandgap counterparts such as GaN HEMTs.>+% However, these
techniques are incapable of probing the channel temperature of UWBG devices. Infrared
thermography is incapable of probing the semiconductor channel due to its transparency to infrared
thermal radiation.®® It also lacks the spatial resolution (~3 um)?°, which is necessary to probe the
channel peak temperature. This technique has been used to measure the temperature of rough metal
electrodes (with relatively large area) of a B-Ga203 SBD!" and MOSFET!® at elevated base
temperatures. Thermoreflectance thermal imaging has been used to probe the metal electrode
temperature of B-Ga:0sz SBDs'', MOSFET!® MODFET®, and AlxGaixN-channel
HEMTSs7547% We report in Figure 7 (a) the self-heating pattern of a two-finger H-terminated
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diamond MESFET under a power dissipation level of 4.2 W/mm. The gate length and width of
this device are 1 um and 120 um, respectively. However, visible to near-ultraviolet wavelength
illumination sources, commonly used for thermoreflectance imaging, cannot probe the channel
region because UWBG semiconductors are transparent at these optical wavelength regimes.5’
Micro-Raman thermometry also lacks the sensitivity to measure the UWBG channel surface
because optical probing is typically carried out by using a sub-bandgap laser excitation source
(e.g., 2532 nm laser). Micro-Raman thermometry for GaN devices*%-13? (e.g., GaN HEMTS) also
typically employs a sub-bandgap laser. In this case, the common practice of growing GaN on a
dissimilar material (i.e., non-native substrate) gives Raman selectivity to the GaN thickness
(commonly ~ 1 um). For GaN HEMTS, this is arguably sufficient'33, but for UWBG devices, this
will typically result in severe depth averaging and underestimation of the channel surface
temperature. The standard Raman thermography technique has been used to characterize the cross-
sectional temperature field of a B-Ga203 SBD diced perpendicular to the (201) plane.!*” The optical
transparency of the UWBG material and the confocality of the Raman microscope have been
leveraged to characterize the temperature rise of the constituent layers (i.e., AlxGai-xN, AIN,
sapphire) of an as-grown AlxGai.xN-channel HEMT."®

At the time being, Raman thermography techniques that take advantage of low-dimensional
materials as discrete (i.e., TiO2 nanoparticles) or continuous (i.e., 2D layered materials) surface
temperature transducers are most suitable for measuring the channel surface temperature of
UWBG devices. Nanoparticle-assisted Raman thermometry has been used to measure the steady-
state temperature rise of discrete points on the channel of B-Ga203 MOSFETs!!%1%4 a MODFET®,
and AlxGai-xN-channel HEMTs!"7. This method was also used to study the transient thermal
dynamics of AlxGaixN-channel HEMTs.>*7® Reference 135 used nano-particle assisted Raman
thermometry to compare the thermal performance of an H-terminated diamond FET with those for
devices based on GaN, p-Ga20s, and AlxGai-xN. 2D material-assisted Raman thermography was
developed based on the characterization of a B-Ga20s MODFET.*¢ In Figure 7 (b), we
demonstrate continuous surface temperature mapping of an Alo.4sGao.ssN/Alo.3Gao.7N HEMT using
this technique. CVVD-grown monolayer MoS:2 was utilized as the surface temperature transducer.
The next step will be to develop a high-resolution non-invasive, non-contact method that can
directly probe the surface temperature of UWBG devices without such intermediate sensing
material. It should be noted that optical methods are most suitable for the characterization of bare-
die devices. For packaged devices, de-lidding is necessary to obtain optical access to the device
surface.

As a final note, when validating electro-thermal simulation results using local temperature
values acquired from the aforementioned optical thermography techniques, it is important to create
a temperature probe in the model with dimensions that correspond to the spatial resolution of the
experimental method. As shown in Figure 6 (c), very large temperature gradients form in 3-GazOs
and AlxGai-xN devices due to the low thermal conductivity of the base materials. Therefore, the
simulated device peak temperatures are, in general, much higher than that probed by the optical
methods with a spatial resolution on the order of 0.5 — 1 um.
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Figure 7. (a) An optical (left) and thermoreflectance image (right) of an H-terminated diamond
MESFET operating under Ves=0 V, Vbps=-8.9 V, and P=4.2 W/mm. (b) A continuous 2D
temperature map of a circular Alo.ssGaossN/AlosGao.7N HEMT under Ves=1.6 V, Vbs=29 V, and
P=1 W/mm, which was generated by a 2D material-assisted Raman thermography technique. A
multi-layer region of the MoS: surface temperature transducer was excluded from the resulting
thermal image.

4. Device-Level Thermal Management

Both AlxGaixN and B-Ga20s devices require device-level cooling solutions that locate the
thermal heat sink in proximity to (ideally, <1 um®?) the heat source (i.e., the 2DEG channel). Here
we discuss thermal management scenarios for a -Ga20s3 lateral FET, where the aim is to extract
heat from the bottom-side, top-side, or both sides of the device (i.e., double-sided cooling). Most
conclusions derived from the foregoing discussion on a 3-Ga20s lateral FET will equally apply to
an AlxGai-xN-channel HEMT.

A recent study*8 on the device-level thermal management of a single-channel B-Ga203 MOSFET
revealed that the channel temperature rise of a homoepitaxial device could (hypothetically) exceed
1500 K under a targeted power dissipation level of 10 W/mm (3D electro-thermal simulation was
performed in this work, where the device base temperature was kept at 25°C and the device surface
was exposed to natural convection). This corresponds to a junction-to-package thermal resistance
(Rtn) of 150 mm-K/W, which is unacceptably high. Results in this work highlight that a composite
wafer, which consists of a thin B-Ga20s layer integrated with a high thermal conductivity substrate
(e.g., SIiC, diamond), can mitigate device overheating. For the B-Ga20s materials system,
composite wafers formed by wafer bonding can serve as platforms for subsequent device
fabrication that allow growth of homoepitaxial layers with the highest crystalline quality without
threading dislocations. However, to maintain the structural integrity of the composite wafer
without causing interface damage, low-temperature film deposition techniques such as low-
temperature MOVPE®¥" should be used during the device processing steps. The fabrication of a B-
Ga203/SiC composite substrate and subsequent homoepitaxial growth of a high-quality epitaxial
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layer via low-temperature MOVPE has been demonstrated.’*®  Additional studies on the
fabrication of B-Ga20s composite wafers can be found in references 19142, For AlxGai-xN-based
lateral transistors, devices can be directly constructed on high-thermal conductivity single crystal
AIN substrates instead of fabricating a composite substrate via wafer bonding.?%° Simulation
results for bottom-side cooling of an AlxGai-xN-channel HEMT can be found in reference 7°. To
further reduce the R, bottom-side cooling methods would need to be augmented by a high-
thermal conductivity surface heat spreader (e.g., polycrystalline diamond 1314%) combined with an
active top-side heat extraction mechanism (e.g., air-jet impingement cooling#*) to form a double-
sided cooling platform%.121.122,

Top-side cooling via flip-chip integration® is an alternative approach for the device-level thermal
management. The key to accomplishing maximized top-side heat extraction using this
configuration is to passivate the device surface with a high-thermal conductivity material (e.g.,
polycrystalline diamond®?), locate large-area gold thermal bumps between the device metal
electrodes, and use a high-thermal conductivity carrier wafer (e.g., SiC, diamond). While top-side
heat extraction alone via flip-chip integration was shown to be sufficient to reduce the device
thermal resistance to manageable levels,”*%118 one may flip-chip a device fabricated on a
composite wafer to maximize the heat transfer performance (i.e., double-sided cooling®?121122),

It should be noted that the experimental evaluation of the improvement in the thermal
performance of UWBG devices augmented by such device-level thermal management solutions is
still in its infancy. Recently, the effectiveness of bottom-side and double-sided cooling
configurations for high-current, packaged f-Ga203 SBDs has been reported through experiments.
123145 The thermal management of multi-finger B-Ga203 and AlxGaixN transistors will be much
more challenging than the case of a single-channel device (at identical power density operation),
as shown in reference %8, because of the significantly increased device thermal resistance (3-4x
higher Rth for a 6-finger B-Ga203 device as compared to a single finger transistor)'* due to the
thermal cross-talk!447. Similarly, aggravated self-heating of vertically-configured multi-fin p-
Ga203 FinFETSs as compared to single-fin B-Ga203 devices has been reported.4®
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Figure 8. Improvement of the f-Ga20Os device thermal resistance by augmenting the device
architecture based on (a) bottom-side (substrate engineering) and (b) top-side (flip-chip integration)
cooling solutions.

Exemplary simulation results in Figure 8 (a) show that the thermal resistance of a six-finger -
Ga20s3 lateral FET with a source-connected field plate (the gate length, gate-to-source distance,
gate-to-drain distance, and gate-to-gate pitch are 0.5 um, 1.3 um, 4.3 um, and 45 pum, respectively)
can be reduced to a level similar to today’s commercial GaN HEMTs fabricated on Si and SiC130.14°
substrates by optimizing the electro-thermal device-design. In this simulation, the homoepitaxial
device was augmented by replacing the native substrate with a polycrystalline diamond substrate!*
(the thicknesses of the substrate and the remaining B-Ga:03 layer are 500 um and 2 um,
respectively), incorporating a 2 um thick polycrystalline diamond passivation layer04105151 ‘and
integrating air-jet impingement cooling with a convective heat transfer coefficient of 17
kW/m2K!44, Further analysis of the modeling results (not shown) indicate that it is critical to
minimize the thickness of the B-Ga203 layer of the composite substrate!!® and maximize the
thermal conductance of the passivation layer by using a high-thermal conductivity material and/or
growing it as thick as possible. Simulation results in Figure 8 (b) show the flip-chip hetero-
integration approach®! applied to the multi-finger p-Ga203 device fabricated on a (010)-oriented
B-Ga20s substrate. This device is flip-chipped on a polycrystalline diamond carrier wafer while
the device surface is passivated with polycrystalline diamond, and a 2 um thick gold thermal
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bump?®2-1%4 is inserted between the source-connected field plate and the polycrystalline diamond
carrier wafer. The device architecture is further augmented by replacing the native substrate with
synthetic polycrystalline diamond. The simulation results suggest that the flip-chip integration
approach is indeed a viable solution to minimize the device junction-to-package thermal resistance,
which can be even lower than that for today’s GaN-on-Si power HEMTs and GaN-on-SiC RF
power amplifiers. However, it should be noted that the interfacial thermal boundary resistances
across various material interfaces between the device surface and the carrier wafer are neglected
in this simulation. Also, for this configuration, caution should be taken since any added capacitance
may negatively impact the device high-frequency performance. For example, while the source-
connected field plate is usually grounded for most RF power amplifiers, the drain electrode
experiences a large RF voltage swing. For this reason, a thermal bump was only inserted between
the carrier wafer and the source-connected field plate (but not the drain electrode) in the flip-chip
configuration shown in Figure 8 (b). For such cases, electrical simulation'®® should accompany
the thermal design to estimate the effect of a thermal bump on the device switching performance.
More details of this diamond-incorporated flip-chip integration scheme for UWBG lateral devices
can be found in reference °.

Thermal management of H-terminated diamond FETs should be approached from a different
angle. As shown in Figure 7 (a), diamond devices exhibit extraordinary thermal performance.
Therefore, the need to enhance heat extraction from the device channel is minimal. However, one
of the biggest challenges for H-terminated diamond FETs is to preserve the long-term
environmental and thermal stability of the transfer-doped 2DHG channel.*?4° For instance, the C-
H bonds and/or the surface adsorbates of an air-exposed H-terminated diamond FET were shown
to be detrimentally impacted beyond an ambient temperature of 200°C, resulting in an irreversible
loss of the surface p-type conduction.*? In general, diamond surface properties show a strong
dependency on its chemical termination. Although H-terminated surfaces are found to be less
reactive than oxygen desorbed surfaces, the instability of the 2DHG can be linked to the
vulnerability of the C-H bond when left exposed to air for a significant duration of time. Also,
operating conditions can further degrade the hydrogen saturation of the surface. When capped with
Al20s3, the surface is protected from the atmosphere, in particular, from the hydroxide (OH") ions.
Although the exact mechanism of the supply of 2DHG under passivation of the surface can be
debated, it is possible that the acceptor-like states at the Al20s/diamond interface sources the
supply of the 2DHG. The presence of fixed negative charge in the Al203 can lead to charge
enhancement. Stable operation of an H-terminated diamond FET as well as a complementary FET
up to 350°C was reported, enabled by an Al20Os-based dielectric technology.>” The stability of the
process was attributed to the high-temperature Al20s deposition which allowed a less susceptible
H-termination. A mobility enhancement was also observed as a result of the treatment.

V. Packaging and Industrial Perspective

The potential low cost of B-Ga20s devices and packages make them very appealing for power
electronics for automotive and renewable energy applications.?! Components based on B-Gaz03
and other UWBG materials could potentially meet the stringent cost and performance targets for
automotive power electronics and electric traction drive applications.'%81%° The significant amount
of research on SiC-based and to some extent B-Ga2Os-based power electronics has focused on
reaching the overall converter system-level cost parity with respect to Si-based power electronics,
while achieving significant performance and power density gains. This acknowledges the fact that
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currently the cost of SiC devices, as an example, is at least a factor of three higher (or more) than
that of Si devices. However, starting with a low-cost, high-performance, and reliable power
semiconductor device would be very helpful for automotive original equipment manufacturers to
make the value proposition of (U)WBG power electronics as compared to Si power electronics.
This is because, ultimately the power devices are the starting point and the heart of power
conversion systems. This aspect, along with the fact that much higher figures of merit can be
obtained from B-Ga20s3 and other UWBG materials - as compared to Si, SiC and GaN - makes
UWBG power electronics an attractive research direction with potentially high-return.

While substantial research is being conducted on the design and development of novel device
configurations, significant questions and challenges related to packaging need to be addressed.
Packaging of devices enables electrical connections and functionality, and also device heat
dissipation. In most Si- and SiC-based power electronics modules, devices are attached to
metalized ceramic substrates which are then soldered to copper or aluminum baseplates to form
the module. This is typical for automotive power electronics modules.'®* Module heat is dissipated
by directly cooling the bottom of the baseplate or by mounting the module to a cold plate with
thermal grease applied at the baseplate-to-cold plate interface. Double-side-cooled packaging
doubles the heat rejection area resulting in lower thermal resistance and improves electrical
performance by eliminating the restrictive top-side wire bonds.'62

The low thermal conductivity of B-Ga2O3 devices requires packaging solutions that place the heat
exchanger near the device heat source. References 23145 experimentally demonstrated passive
thermal management of high-current, packaged -Ga203 SBDs via bottom-side and double-sided
cooling configurations. In terms of active cooling, finite element modeling has been used to
compare the thermal performance of Si, SiC, and B-Ga20s-based power modules under different
packaging configurations.6 The thermal modeling results in this work®? indicate that top-side
cooling of the device with dielectric fluids is an effective thermal management strategy for B-
Ga203 modules, because the cooling solution is in direct contact with the devices. Top-side cooling
with dielectric fluids is a potential thermal management solution for both lateral and vertical p-
Gaz03 devices and is an improvement over air cooling solutions due to the inferior thermal
properties of air. The results show that under steady-state, a B-Ga203-based package will likely
have only about 4% (device-cooled configuration) to 11% (baseplate-cooled configuration) higher
thermal resistance than the SiC-based package for a fluid heat transfer coefficient (HTC) of 10,000
W/m?K; this is a typical HTC obtained from the water-ethylene glycol coolant for numerous
vehicular/mobility applications. This work also shows that the short circuit requirements for p-
Gaz0s are as stringent as those for SiC and GaN, i.e., the devices and components will have to be
designed around these short circuit requirements. Overall, this work®® points towards the
feasibility of UWBG (B-Ga203)-based packaging for automotive and other applications provided
that appropriate UWBG power devices that can operate under adequate voltage and current levels
can be fabricated in the future.

Reliability concerns associated with direct fluid contact with devices (e.g., material
compatibility, fluid contaminants) can be alleviated by placing copper plates on the top side (or
both sides) of the devices and cooling the exposed surfaces of the copper via dielectric fluids. This
approach eliminates direct fluid contact with the devices, increases surface area (i.e., fins) for
improved thermal performance, and adds thermal mass to mitigate transient heat loads. A similar
packaging concept (copper plate bonded to both sides of device, eliminate metalized ceramic
substrate) is used by the 2016 Toyota Prius power module, but Si devices cooled with a water-
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ethylene glycol solution are utilized.'®* A study'>* modeled the thermal performance of different
B-Ga20s Schottky diode packaging configurations and evaluated a top-side cooling approach.
They report that attaching the heat dissipating side of the B-Ga20s3 diode (e.g., junction side) to a
copper baseplate improves transient thermal performance by eliminating heat conduction through
the low-thermally-conductive -Gaz0s3 substrate side.

Cooling with dielectric fluids can be improved using jet impingement cooling strategies to
provide localized high heat transfer coefficients near the heat sources. The authors have recently
investigated a cooling approach using AmpCool-100 dielectric fluid jets impinging on finned
copper plates. Figure 9 below demonstrates recent experimentally validated computational fluid
dynamics (CFD) modeling results depicting the AmpCool-100 slot jets cooling a SiC device via
single-phase heat transfer to achieve a low junction-to-fluid thermal resistance of 19 mm?K/W. A
similar strategy could be used for UWBG devices. The dielectric fluid approach may be a viable
automotive power electronics cooling solution if new driveline fluids (e.g., similar to the automatic
transmission fluid) are developed specifically for these applications. Further thermal performance
improvements can be made using two-phase (boiling) heat transfer where HTC=100 kW/m?K can
be achieved.

Thermomechanical stresses are another factor that needs to be considered for reliable packaging
of UWBG devices. Diamond devices benefit from their high thermal conductivity but are brittle
and have a relatively low coefficient of thermal expansion which presents thermomechanical
packaging challenges. Finite element thermomechanical modeling of diamond, Si, and SiC devices
mounted on metalized ceramic substrates revealed that diamond results in significantly higher
stresses at the die and die attach compared with Si and SiC.16°

Temperature

Velocity [m/s]
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Figure 9. CFD-predicted temperatures and velocity streamlines for a cooling solution using
dielectric fluid jets impinging on densely-finned copper plate attached to the top-side of a device.
AmpCool-100 fluid enters at 70°C and the 25 mm? device dissipates 7,160 kW/m?.

V1. Conclusion

For legacy semiconductor materials, it was sufficient to consider the thermal aspects after the
design and fabrication of an operational device. Doping profiles, channel geometry, and the layer
stack were optimized electrically, and the thermal aspects were considered after these were
finalized. For UWBG semiconductors, we see evidence that electro-thermal co-design techniques
are essential even at this early stage to commercialize high-power, high-voltage, and fast-switching
UWBG devices for next-generation power electronics and wireless communication applications.
On the materials side, more theoretical and experimental work needs to be done to understand the
physics of thermal transport within UWBG materials and solid solutions under extreme electric
field and temperature conditions where the effect of structural deformation and electron-phonon
interactions will become prominent. On the device side, multi-scale multi-physics models and
thermal characterization methods need to be developed that can capture subcontinuum-scale
thermal transport mechanisms that may lead to amplified heating within the nanoscopic extreme
electric field region of UWBG devices. The newly-developed modeling and characterization
methods will become essential tools supporting near-future device reliability studies and
temperature-accelerated direct current (DC) operational life tests!4®166167 UWBG device
architectures must employ device-level thermal management solutions that minimize the device
junction-to-package thermal resistance. This device-level electro-thermal co-design process will
eventually lead to higher device performance, prolonged component lifetime, and improved
system-level size, weight, and power (SWaP) and efficiency.
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