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ABSTRACT In this work, the possibility of using different generations of β-Ga2O3 as an ultra-wide-bandgap
power semiconductor device for high power converter applications is explored. The competitiveness of β-
Ga2O3 for power converters in still not well quantified, for which the major determining factors are the
on-state resistance, RON, reverse blocking voltage, VBR, and the thermal resistance, Rth. We have used the
best reported device specifications from literature, both in terms of reports of experimental measurements and
potential demonstrated by computer-aided designs, to study power converter performance for different device
generations. Modular multilevel converter-based voltage source converters are identified as a topology with
significant potential to exploit these device characteristics. The performance of MVDC & HVDC converters
based on this topology have been analysed, focusing on system level power losses and case temperature
rise at the device level. Comparisons of these β-Ga2O3 devices are made against contemporary SiC-FET
and Si-IGBTs. The results have indicated that although the early β-Ga2O3 devices are not competitive to
incumbent Si-IGBT and SiC-FET modules, the latest experimental measurements on NiOX/β-Ga2O3 and
β-Ga2O3/diamond significantly surpass the performance of incumbent modules. Furthermore, parameters
derived from semiconductor-level simulations indicate that the β-Ga2O3/diamond in superjunction structures
delivers even superior performance in these power converters.

INDEX TERMS β-Ga2O3, diamond, gallium oxide, HVDC converters, ultra-wide-bandgap.

I. INTRODUCTION
Strategies to achieve net-zero carbon emissions are urgently
required to arrest global warming and ensure a sustainable
economy for future generations. A leading framework that
has been proposed for this net-zero transition is electrifica-
tion – i.e., first pursue power sector decarbonisation, then
aggressively convert other carbon-intensive sectors to be pow-
ered from the clean power sector (either directly, or through
multi-vector energy transfers). Power electronics are a crucial
technology for this approach, as they are central for many

power generation, distribution, storage, multi-vector conver-
sion, and end-use approaches. Unfortunately, converters suffer
a number of drawbacks as compared to legacy power system
technologies, often having higher costs, higher losses, lower
reliability, more complicated control, and lack the inherent
inertia of electrical machines. Given these issues, and the
urgency of the net zero transition, it is imperative that the
most promising technologies for increasing converter per-
formance are investigated thoroughly. As a core component
of all power converters, the development of new devices
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using novel semiconductor materials has a particular sig-
nificance for addressing shortcomings of power electronics,
with potential to achieve impact across the energy sector
globally.

The success of Si-based power semiconductors was chiefly
driven by its cost effectiveness owing to melt-grown sub-
strate. Enhancement of operating voltage close to 2 kV
has been possible using Si-Insulated Gate Bipolar Transistor
(Si-IGBT) [1]. It has been envisioned that future needs of
increased operation voltage can be achieved by migrating to
SiC and GaN [2], [3], [4], [5], [6], [7]. However, the cost
advantage could be lost as e.g. SiC is simply more expensive.
Again, the usability of these technologies for ultrahigh-power
applications (> 20 kV) is not well studied. In such a scenario,
an alternative semiconductor technology offering both very
high operating voltage capabilities along with its low-cost
benefits would be the ideal candidate to help decarbonize the
power sector.

The Figure of Merit (FoM) derived by Baliga (BFOM) is
widely used as a metric for the selection of semiconductor ma-
terials for power switching applications [8]. Although BFOM
is suitable at the material level, it deviates due to increas-
ing complexity of losses involved and thermal management
ability at the device level. To the first order, BFOM is pro-
portional to εμE3

C , where ε is the dielectric constant, μ is the
mobility and EC is the critical electric field of a material. The
cubic power law dependence of EC on bandgap (EG) makes
ultra-wide bandgap (UWBG) semiconductors lucrative for
high power applications. Although there are few contenders
for UWBG materials like Aluminium Nitride, Boron Nitride,
and diamond, there is an increasing interest in the research
community on β-Ga2O3, as similar to Si, melt-grown low-cost
substrates are possible, commercially available up to 4 in, and
have been demonstrated even up to 6 in.

In this work, the opportunities and challenges of the
implementation of β-Ga2O3 devices in heavy-duty power
electronics applications is discussed. Different generations
of β-Ga2O3 are considered, including the results of reports
of experimental measurements on β-Ga2O3, NiOX/β-Ga2O3

and β-Ga2O3/diamond to theoretical designs of the poten-
tials of these devices in applications, e.g., when fabricated
in superjunction structures. In Section II, the improvement
in performance of β-Ga2O3-based diodes is presented where
a first-order analysis, ignoring switching loss and thermal
conductivity, is presented. Section III summarizes converter
topologies where these devices can make a difference. This
section invokes a realistic approach of switching losses and
thermal conductivity at the device level; Section IV shows
results of simulations in the testbed of MVDC & HVDC
converters, while Section V concludes the work.

II. STATE-OF-THE-ART ULTRA-WIDE-BANDGAP DEVICES
At the device level, BFOM can be reduced to V 2

BR/RON, where
VBR is the device breakdown voltage and RON is the on-
resistance in �-mm2. The β-Ga2O3 with an EG close to 4.8 eV
is expected to produce an EC of 8 MV/cm [9]. This would

FIGURE 1. Structural evolutions of β-Ga2O3 diodes which have resulted in
improved figures of merit.

result in a theoretical BFOM of approximately 40 GW/cm2 for
β-Ga2O3 assuming mobility in the range of 250-300 cm2/V.s.
This value is approximately 4x and 10x higher than that of
GaN and SiC, respectively [9]. This places β-Ga2O3 as the
preferred candidate for ultrahigh voltage power applications.
Another crucial factor determining market penetration is the
cost of wafer. The β-Ga2O3 substrate is melt-grown similar to
Si, which provides additional cost advantage e.g. over the SiC
with its vapour phase grown substrates [10].

Since the first report of electric field effect action in β-
Ga2O3 in 2012, various research groups have come up with
novel device designs to improve the performance of β-Ga2O3

diodes and transistors [11]. The evolution of β-Ga2O3 diode
structure from SBD to latest heterojunction-based diode is
shown in Fig. 1. The early developments on vertical β-Ga2O3

diodes have shown low RON simultaneously with high VBR.
Conventional Schottky Barrier Diodes (SBD), as shown in
Fig. 1(a), with an epitaxial grown drift layer having N d-Na

of 1016-10 17 cm−3 resulted in VBR up to 500 V with RON of
3 �-cm2 [12]. Other device architectures like field plates in
Fig. 1(b) and ion-implanted guard rings in Fig. 1(c) further
helped achieve VBR greater than 1 kV [13], [14]. Tri-gated
fin based vertical diodes in Fig. 1(d) could increase the VBR

to 2 kV but come at the cost of an increased RON (10 �-
cm2) [15], [16]. P-N junction-based diodes are known to
have higher breakdown compared to Schottky diodes. How-
ever, the development of β-Ga2O3 based homojunction p-n
diodes is hampered by the challenge achieving p-doping of
β-Ga2O3 [9]. This led to the exploration of heterojunction P-N
diode using p-doped Cu2 O and NiO X [17], [18] in Fig. 1(e).
Such heterojunction P-N diodes have resulted in diode per-
formance superior to pure β-Ga2O3 based SBD. Recent data
shows the performance NiOX/β-Ga2O3 diodes exceeding that
of the theoretical limit of SiC, and fast approaching towards
the GaN limit [19]. This high performance was achieved by
the optimization of thickness and doping of the drift region
and exploiting the benefits of integrating p-type NiOX into the
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FIGURE 2. Progression in the performance improvement of
β-Ga2O3-based diodes with year.

β-Ga2O3 devices. A drift layer with doping 5-7x1015 cm−3
and thickness of 13 μ m was able to achieve VBR of 8.32 kV
and RON of 5.24 �-cm2, resulting in the record high BFOM
of 13.2 GW/cm2. Similar P-N diodes with high performance
have also been found to be reproducible by other groups [20].
Large area diodes based on these techniques have demon-
strated > 100 A of current and up to 2 kV of breakdown [21].
In Fig. 2, the progression of BFOM for β-Ga2O3 diodes is
plotted with year. A comparison has also been made with
the theoretical limit of SiC and GaN. This clearly shows that
recent β-Ga2O3 diodes exceed the electrical performance of
SiC and is fast approaching the theoretical limit of GaN.
This also shows that there is scope for further improving the
performance of β-Ga2O3 diodes.

All these improvements have been achieved despite the
poor thermal conductivity of β-Ga2O3 (0.2 W/cm.K), which
is 8x smaller than that of GaN and 30x smaller than SiC [9].
Poor thermal conductivity of the material has been known
to degrade the ON-state operation of β-Ga2O3 transistors,
and will impact switching when high voltage and high cur-
rent is present, potentially impacting also device reliability.
Although this low thermal conductivity would severely limit
β-Ga2O3 in its utility for high power RF electronics com-
pared to power electronics; there is still some interest in the
community. For example, current droop in these devices has
been established to be the result of self-heating arising from
poor thermal management [22]. Trapping effects in conjunc-
tion with self-heating has been found to further degrade the
high-power performance in these transistors [23]. Additional
traps are found to be generated during OFF state stress of
β-Ga2O3 devices, power or RF devices [24]. This could po-
tentially worsen the self-heating effects in ON state for uses
of β-Ga2O3 in power devices. Owing to the smaller RON in
β-Ga2O3 compared to SiC, its device footprint is expected to
be smaller, which calls for novel heat extraction at the device
level. Thus, efficient heat management techniques will be the

next vital step in device improvements of β-Ga2O3 towards
the goal of reaching its theoretical limit.

Various strategies have been employed to dissipate the
heat in β-Ga2O3 at both package and device level. Al-
though packaging of β-Ga2O3 devices has shown reduction
in thermal resistance, it introduces additional device footprint,
undesirable parasitic components and thermo-mechanical
stress [25]. Alternatively, integration of diamond with the
β-Ga2O3 is being vigorously pursued by the research commu-
nity for the purpose of improved heat extraction at the device
level. This is facilitated by the high thermal conductivity of
diamond (> 20 W/cm.K). Thin films of β-Ga2O3 on diamond
have shown promising thermal boundary conductance [26].
Direct bonded diamond as substrate with thin exfoliated β-
Ga2O3 has exhibited atomistic bonding without void and the
device’s performance was better than conventional SBD [27].
Electro-thermal studies using diamond as heat spreader in the
active region along with the diamond substrate has been found
to result in lower transient and steady-state temperature in
β-Ga2O3 lateral devices by 64% [28]. Electrical and thermal
simulations of diamond-Al 2 O3-Ga 2 O3 based superjunction
Schottky diodes have shown potential for VBR > 4 kV with
RON of 1-3 �-cm2, at 60% lower operating temperature [29].

In this work, we have explored the possibility of using the
different generations of β-Ga2O3 materials/devices for ultra-
high power converter applications. The competitiveness of
β-Ga2O3 for power converters is not quantified on a converter
level, for which the major determining factors are the on-state
resistance, RON, blocking voltage, VBR, switching loss, and
the thermal resistance, Rth. Another crucial parameter deter-
mining the competitiveness of any semiconductor technology
is the cost-performance trade-off. To estimate the cost benefits
of different technologies, techno-economic factors like cost of
wafer, fabrication, areal density, dicing and packaging needs
to be invoked. Accurate modelling exercise has found that the
dominant factor determining the cost is that of the wafer which
us roughly 60–70 percentage of the overall cost [30]. Cost
analysis on 6-inch wafers using techno-economic factors has
found the cost of β-Ga2O3 to be one-third that of SiC. When
compared with Si, the cost of β-Ga2O3 wafer is found to be
almost the same due to both employing melt-grown technique
for wafer growth. Adoption of innovation growth techniques
are expected to further reduce the cost of β-Ga2O3. However,
the integration of diamond into β-Ga2O3, mentioned in this
work, could increase the overall cost. This study is still in the
research phase or has not yet been implemented. The lack of
any specific area of application renders the cost-performance
analysis premature at this stage. We have used the best re-
ported device specifications from literature and performed
circuit and system level simulations. Comparisons have been
done with the contemporary SiC-FET and Si-IGBTs.

III. OPPORTUNITIES FOR UWBG DEVICES IN ENERGY
SYSTEMS APPLICATIONS
For power converters used in utility applications, the attractive
physical properties of β-Ga2O3 can translate to three main
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FIGURE 3. Applications of power converters in power systems for power
transmission, distribution, and usage.

potential benefits: reduced cost of semiconductor devices, due
to simplified manufacturing processes and lower substrate
cost; increased efficiency and reduced losses, due to lower
RON; and increased VBR for a given device layer thickness, due
to the increased semiconductor bandgap. If these theoretical
benefits can be realized in actual devices that become com-
mercially available, there is potential for widespread market
adoption, if improved converter performance can be demon-
strated. Firstly, if the upfront cost for devices of a given
power rating are lower, this immediately makes β-Ga2O3

more attractive. Increased efficiency reduces lifetime running
costs, and reduces the total energy that must be dissipated
by a converter’s thermal management system (albeit with the
novel device-level thermal management innovations required
for β-Ga2O3 described in Section II). This leads to overall
lower costs required for the converter’s cooling system. Fi-
nally, higher voltage devices enable greater flexibility in the
selection of converter topologies for a given power or voltage
rating.

We consider here topologies and technologies which could
take advantage of these benefits to consider the most promis-
ing applications of β-Ga2O3 in the power and energy sector.
Particularly, our goal is to identify technologies for which
superior efficiency and high voltage devices can be most
beneficial. Modular-Multilevel-Converter Voltage-Sourced-
Converters (MMC-VSC)-based technologies, used in DC
transmission systems, are identified as one application for
which β-Ga2O3 is considered to have significant potential.
The main requirements of utility-scale VSC systems and the
impacts of β-Ga2O3 on these MMC converters are then cov-
ered, highlighting how a reduced number of submodules and
increased efficiency could improve performance.

A. CONVERTERS FOR POWER SYSTEM APPLICATIONS:
EXISTING AND EMERGING USE-CASES
The use-cases of power converters can be split according to
their power and voltage rating, and a non-exhaustive list of
applications is presented in Fig. 3. At low voltage (LV) distri-
bution voltage ratings (less than 1 kV), a range of topologies
can be exploited with silicon MOSFET or IGBT devices. For
example, using Si devices, solar inverters for single phase

230 V European grids can be designed with or without gal-
vanic isolation, using either high-frequency or grid-frequency
transformers, and with single- or multi-stage active conver-
sion stages [31]. In these cases, cost is the main concern,
with power density and efficiency less critical for most con-
sumers. Nevertheless, at these relatively low converter system
ratings, WBG devices are sometimes used in specialist ap-
plications where high-power density, efficiency, or frequency
switching is required. In the context of automotive applica-
tions, for example, the Tesla Model 3 uses SiC to improve
efficiency [32], increasing range for electric vehicles (EV)
and reducing requirements for thermal management. Silicon
IGBTs used for LV ‘soft open points’ were found to have un-
acceptable levels of audible noise [33], and so those converters
have more recently been built using SiC MOSFETs utilizing
higher switching frequencies [34]. In these LV applications,
β-Ga2O3 could be a replacement for Si or WBG semicon-
ductors. However, as compared to current WBG devices, it is
not expected that β-Ga2O3 would enable more advanced con-
verter topologies, and so benefits are likely to be incremental.

In contrast, at MV voltage levels (typically 1 kV to 33 kV
for power distribution, or 2 kV to 15 kV for drives [35]) there
is potential for high voltage β-Ga2O3 devices to enable greatly
simplified converter topologies in high power AC drives and
emerging MVDC applications. For example, the maximum
voltage across a DC link V Max

DC of an n-level VSC is typically
limited to a fraction k of n times the voltage rating of the
converters connected in series VRated, i.e.,

V Max
DC = k × n × VRated (1)

where the safety factor k could be 2/3 for simple two-level
converters (i.e., a safety rating of around 50%) [36]. For exam-
ple, six three-level neutral-point-clamped converters, with an
AC-side line voltage of 2.1 kV and DC-side voltage of 4.5 kV,
are combined to achieve a DC voltage of 27 kV in the MVDC
ANGLE-DC demonstrator project [37]. If the voltage rating
of β-Ga2O3 devices could be six times that of the Si IGBTs,
the DC link voltage could be met with just a single three-level
NPC converters. This is a substantial reduction in complexity
as compared to the existing converters–e.g., each converter
requires an additional winding on a bespoke transformer.

In AC drive applications, WBG devices are an enabling
technology for high performance applications, typically using
either SiC MOSFETs or GaN HEMTs [38]. For example,
3.3 kV SiC MOSFETs have been used to develop high perfor-
mance MV Drives [39]. The cost, efficiency and topological
flexibility enabled by β-Ga2O3 therefore has significant po-
tential in this field of MV power converters.

For transmission system applications, IGBTs or thyristor
devices are typically used, as they have much higher cur-
rent and voltage ratings. Thyristors have been used for many
decades in line commutated converter (LCC)-based HVDC,
and continue to be an economical approach for GW-scale
interconnection projects, such as the U.K.’s 2.2 GW Western
Link [40]. Thyristors have the highest current and voltage
ratings of the power semiconductor devices used in industry,
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FIGURE 4. HVDC converter station topology.

and therefore could therefore be a potential application for
β-Ga2O3. Similarly, VSC-based HVDC uses IGBT converters
connected in series via an MMC topology to achieve high
DC voltage and power levels. As with MV applications, the
increased voltage rating can lead to a topology with fewer
elements in series. Furthermore, the losses incurred in HVDC
converter stations are known to be a substantial fraction of the
overall system costs [41], and a growing number of offshore
applications requiring high volumetric and a gravimetric den-
sity. Therefore, as the topology and efficiency of the converter
is crucial, VSC-based HVDC can also seen as a significant
potential application for β-Ga2O3 devices.

Flexible AC Transmission System (FACTS) equipment is
a distinct family of transmission-connected devices that aim
to increase utilization and controllability of transmission sys-
tems, and use a range of devices and energy storage elements
to create shunt, series, or series-shunt FACTS devices that can
inject voltages and currents [42]. The market uptake is mod-
est, but there are examples of these technologies being applied
to address issues resulting from power quality or dynamic
response. For example, a 70 MVA static compensator (STAT-
COM) has been developed in the U.K. for transient response
following network disturbances, using an MMC-based design
using Si IGBT device [43]. MMC-based FACTS devices are
would yield the same benefits as MMC-based HVDC systems.

B. β-GA2O3 FOR MMC-BASED VSCS
From the review in Section III-A, it can be concluded that
β-Ga2O3 devices are of most interest in MV and HV applica-
tions, due to the flexibility that can be afforded in the converter
topology, and, in high-performance converters requiring very
low losses. VSC-HVDC is one of these topologies, and has a
fast-growing market as compared to conventional LCC-based
HVDC [44], and so has been selected to consider in more
detail using the common half-bridge submodule topology. As
compared to general MV converter applications, this topology
has wide industry adoption; modellings in Section IV are
closely related to a broad range of real implementations.

The main components of a HVDC converter station are
shown in Fig. 4. The AC grid, typically at several hundred
kV, can inject or draw real power PAC and reactive power
QAC from the converter station. The converter station first
contains an AC yard, which can contain interfacing transform-
ers, filters, and any necessary switchgear or auxiliary systems.
A valve hall contains the half-bridge modules that together
form the converters that transform power from AC to DC. The
output of the valve hall is connected to a DC hall which may

contain DC filters or any further auxiliary systems, before the
power is transferred into the DC cable for transmission.

For a bipolar HVDC system, six valves will be constructed
for three ac phases (one for positive and negative polarity),
with each phase comprised of the required number of series
connected submodules required to block the total DC voltage
in the OFF-state. The number of series-connected submodules
per valve is typically limited by the high DC voltage that
must be blocked, with typical line-to line voltage of ±320 kV
needs to be shared between submodules. As a result, there
are typically hundreds of series connected submodules. This
has advantages of a reduction in filter requirements, with
100 units typically considered a sufficient number to avoid
the requirement for an output filter altogether. In contrast, this
large number of submodules leads to the need for a complex,
high bandwidth control system and a high level of submodule
redundancy for a given level of reliability, although higher
operating voltages for each submodule device requires in-
creased ratings of submodule auxiliaries, such as busbars and
capacitors.

The β-Ga2O3’s lower losses lead to a reduction in heat
generation that must be dissipated by the thermal management
system, a significant consideration in VSC-HVDC module
design [40]. Reduced β-Ga2O3 losses also reduce $-value of
operating the system by reduction of the heat generation, and
the need for a smaller cooling system. In challenging or con-
strained environments, such as offshore platforms, volumetric
and gravimetric density are likely to be critical performance
criteria, therefore making β-Ga2O3 particularly attractive.

IV. UWBG DEVICES IN MV/HV-DC CONVERTERS
To evaluate the effectiveness of different generation of β-
Ga2O3 devices, as of β-Ga2O3/diamond and NiOX/β-Ga2O3

in a grid-level application, we have modelled their benefit
in the testbed of a half bridge MMC topology shown in
Fig. 5. The device parameters are listed in Table 1 and system
level parameters of the testbed are listed in Table 2, en-
abling analysis of the performance of commercially available
1.7 kV Silicon IGBT module by ABB with datasheet 5SNE
0800M170100 and 1.7 kV SiC power MOSFET module by
Wolfspeed with datasheet CAS300M17BM2 compared with
the state-of-the-art β-Ga2O3 power devices, including the lab-
oratory prototypes of β-Ga2O3/diamond and NiOX/β-Ga2O3

as in Table 1.
The β-Ga2O3 devices under evaluation range from early

bulk β-Ga2O3 device with experimental results [45], [46] to
the more recent ones demonstrated NiOX/β-Ga2O3 [19], [47]
together with the recent and latest experimental results of
Gallium Oxide on diamond [19], [47], followed by analysis of
theoretical potentials of β-Ga2O3/diamond in superjunction
structures [29], [48], as listed in Table 1.

Two systems are selected for the study. The first is a 6 kV
MVDC converter with power rating limited to 650 kW to
understand the scope of the performance of these devices at
distribution-level converters. The second is the MMC-VSC
converter for HVDC transmission systems, rated at 320 kV
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FIGURE 5. HVDC-VSC-MMC-HB converter topology is used as principal architecture to explore impact of device technology.

TABLE 1. Performance of Gallium Oxide Devices Compared to
Similarly-Rated SiC Counterparts as Baseline as Per Literature [9], [19],
[29], [45], [46], [47], [48], [49].

TABLE 2. System-Level Parameters in the Models of the MVDC and
VSC-HVDC converters [36], [37], [40], [44].

TABLE 3. Converter-Level Parameters in the Models of the MVDC and
VSC-HVDC converters [36], [37], [40], [44].

with power ratings of 225 MW to analyse their performance
as transmission-level converters. The list of the system-level
properties are shown in Table 2.

As shown in the converter-level properties in Table 3, all
modules are rated at 1700 V with voltage present on them
derated to 1200 V. In the case of the MVDC converter,
12 modules are assumed in-circuit, while in the case of the
VSC converter 600 modules are assumed to be in-circuit. To
derive the power loss outputs, first the system conditions in
Table 2 are considered by the developed model and accord-
ingly the parameters in Table 3 are calculated to determine the
utilisation factor and the switching frequency of the modules.
The switching frequencies determined are sub-200 Hz which
is in-line with the expectations [50], [51], [52], [53]. Follow-
ing this, the time periods of on-state and number of switching
transients are determined.

In the rectifier mode of operation, most of conduction is
through the power diodes, although the switchings are still
performed by the transistors. In the inverter mode of oper-
ation, most of conduction is through the power transistors,
although the diodes are also conducting in dead-times. This
means in the rectifier mode the power losses calculated are
primarily dominated by the diodes, while in the inverter mode
the power losses calculated are primarily dominated by the
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transistors. The voltage rating of the submodule will ulti-
mately determine the number of submodules needed to block
a given DC voltage, i.e. the number of units needs increasing
as the voltage rating of each unit decreases. The losses of the
converter are calculated solely according to the information
extracted from the datasheets for Si and SiC devices or as
per Table 1. The following steps are used in modelling the
conversion losses of the converter as described in [54], [55],
[56], [57], [58]:
� The operating mode of the converter determined by the

control algorithm is used to determine the load current
through the transistor and anti-parallel diode in each
valve, which can be calculated as:

IP(t ) = Id

3
+ IL · √

2

2
sin(ωt )

IN (t ) = Id

3
− IL · √

2

2
sin(ωt ) (2)

in which ID is DC current, and IL is the AC current.
� The recommended gate drive voltage is used to de-

termine the ON-state voltage drop from the output
characteristics. Here, a typical value of 15 V is consid-
ered in the look-ups of all datasheets.

� The temperature and current dependent conduction loss
of the two transistors (T1, T2) and two diodes (D1, D2)
in half-bridge are derived from a look-up table of losses
which can be calculated as:

PT 1(t ) = IN (t ) · D · VDS (IN , T )

PT 2(t ) = IP(t ) · (1 − D) · VDS (IP, T )

PD1(t ) = IP(t ) · D · VF (IP, T )

PD2(t ) = IN (t ) · (1 − D) · VF (IN , T ) (3)

Where NM is number of modules, Vave is voltage per
module and Vvalve is the total voltage, enabling calcula-
tion of D as:

D = Vvalve(t )

NM · Vave(t )
(4)

� The temperature and current dependent switching loss is
calculated from a look-up table of losses which can be
calculated as:

PSW = fSW · (Eon + Eof f + Erec) (5)

in which, each of the turn-on, turn-off, and recovery
energy can be calculated as:

EON , EOFF , ERR = Tj

TDatasheet
· VDC

VDatasheet

· f itt ing(Edatasheet , K, Id ) (6)

in which K is the extrapolation factor for switching en-
ergy at different current levels based on second-order
polynomial, described as [56], [57], [58]:

K = aI2
d + bId + c (7)

FIGURE 6. Power losses in the β-Ga2O3 modules in Table 1 compared with
similarly-rated SiC-FET and Si-IGBT in the context of a 6.3 kV MVDC
converter as in Tables 2 and 3.

FIGURE 7. Power losses in the 6.3 kV MVDC converter as in Tables 2 and 3
when the β-Ga2O3 modules in Table 1 are implemented compared with
similarly-rated SiC-FET and Si-IGBT.

� The combined losses are input to a thermal model which
is derived from the datasheet thermal impedance char-
acteristics (the ambient temperature is fixed at coolant
temperature) as

�T = Tj − Ta = PTotal · Rth− j−a (8)

� The calculated temperature (Tj) is used to determine
increased losses together with the load current and
switching state, which defines the Temperature in (3)
and (6) for the conduction and switching losses, respec-
tively.

The results of the two converters analysed are discussed in
the following:

A. DISTRIBUTION-LEVEL MEDIUM VOLTAGE DC (MVDC)
CONVERTER:
As can be seen in Fig. 6, the power losses at module level
when considering the use of early experimental β-Ga2O3

devices (2017-2019) are higher compared to when using Si-
IGBTs and SiC-FETs, though this difference reduces once the
potential of β-Ga2O3/diamond superjunctions are considered
(2022-onwards). The per-unit of total converter losses com-
pared with the overall system power is considerable, which
can be seen in Fig. 7. Here, the losses of the individual
modules have shaped the total losses in the converter, which
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FIGURE 8. Module case temperature in the β-Ga2O3 modules in Table 1
compared with similarly-rated SiC-FET and Si-IGBT in the context of a
6.3 kV MVDC converter as in Tables 2 and 3.

follows the same trend of Fig. 6 as expected. These are for
β-Ga2O3 modules with different technologies as per Table 1.
It can be seen that the losses decrease from early β-Ga2O3

devices (2017–2019) to less than half if the theoretical poten-
tial of β-Ga2O3/diamond superjunctions are realized, which
is lower than when using a Si or SiC device; even current ex-
perimentally realized β-Ga2O3 devices provide improvements
compared to Si and SiC devices. The per-unit level of the mod-
ule losses could be reduced even further by moving toward
NiOX-β-Ga2O3/diamond substrates. The MVDC converters
are likely to be more abundantly available on the distribution-
level energy networks compared with HVDC transmission
lines. The distribution systems infrastructure is an order of
magnitude more extensive than transmission systems in terms
of length of overhead lines and cables [59],so these losses can
add up to a significant value, making the case to move toward
the more efficient NiOX-β-Ga2O3/diamond substrates.

The impact of power losses on increased case temperature
of the modules is shown in Fig. 8 which shows a temperature
rise observed in the bulk β-Ga2O3 devices (2017–2019) com-
pared with the other devices; the losses in Fig. 6 do not lead to
a significant temperature rise in this case, given the substantial
cooling system that is assumed available on the case of the
modules. The temperature rise is more significant in early bulk
β-Ga2O3 devices, though it is less evident in later generations
of β-Ga2O3 devices due to the low absolute value of the power
losses in the system. The rise of case temperature will be
more clearly visible when power losses per module increase,
the case in more powerful transmission HVDC systems to be
discussed next.

B. TRANSMISSION-LEVEL VOLTAGE-SOURCED HVDC
CONVERTER:
We evaluated the impact of using β-Ga2O3 for a heavy-duty
320 kV, 225 MW converter in the context of a MMC-VSC-
HVDC converter. It is evident that the performance when
using early generation of β-Ga2O3 devices (2017–2019),
as per the experimental results [9], would be rather poor
compared to the state-of-the-art Si-IGBT and SiC-FETs, as
evident in Fig. 9. Considering the more recent experimental
results of the bulk β-Ga2O3 devices (2023), their use reduces

FIGURE 9. Power losses in the β-Ga2O3 modules in Table 1 compared with
similarly-rated SiC-FET and Si-IGBT in the context of a 320 kV
MMC-VSC-HVDC converter as in Tables 2 and 3.

FIGURE 10. Power losses in the 320 kV VSC-HVDC converter as in
Tables 2 and 3 when the β-Ga2O3 modules in Table 1 are implemented
compared with similarly-rated SiC-FET and Si-IGBT.

the converter losses which starts to deliver advantages for
using β-Ga2O3 modules compared with the Si-IGBT and
SiC-FETs. The issue of the thermal conductivity is resolved
in the latest results of experiments on the β-Ga2O3 grown on
diamond substrates indicating significantly improved thermal
properties [26]. This, coupled with the superior performance
of the β-Ga2O3/diamond devices in terms of on-state resis-
tance and switching losses has led to significantly lower power
losses in modules (by up to a third compared to incumbent
Si-IGBT and SiC-FETs) as is attested by Fig. 9. This, given
that the device properties are experimental data, and even
though devices are fabricated in research laboratories rather
than industrially, is very promising. It is noteworthy that the
SiC-FET module in this context is actually performing worse
than the Si-IGBT module, given the low switching frequency
and long on-state periods which gives an edge to the slow
IGBTs which take advantage of conductivity modulation to
reduce the on-state losses. Although superjunction structure
of β-Ga2O3/diamond devices have not been yet fabricated,
theoretical analysis by computer-aided designs indicate that
should these devices be developed, they will enable even fur-
ther reduction in power losses in modules, with the impact
on losses also depicted in Fig. 9, compared to the latest β-
Ga2O3/diamond devices demonstrated experimentally.

Fig. 10 indicates the trends of total power losses in the
context of the heavy-duty MMC-VSC-HVDC converter ap-
plication. It can be seen that the early generation of β-Ga2O3
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FIGURE 11. Module case temperature in the β-Ga2O3 modules in Table 1
compared with similarly-rated SiC-FET and Si-IGBT in the context of a
320 kV MMC-VSC-HVDC converter as in Tables 2 and 3.

devices (2017–2019) deliver a poor performance overall, as
was expected from the individual modules’ losses. However,
the latest developments by of heterogenous integration of
β-Ga2O3 with diamond with substrate thinning have sig-
nificantly improved their performance metrics, especially in
terms of thermal management. The theoretical potential of the
device indicate even better performance is achievable, which
could be materialized experimentally in foreseeable future.

The same trends are observed in Fig. 11 in terms of case
temperature rise of the devices. The higher losses in early gen-
eration of β-Ga2O3 devices are also reflected in an increased
case temperature with temperatures in excess of 350°C
when the converter is primarily operating by switching the
transistors in the inverter mode as in Fig. 11. Device temper-
ature are sub-optimal, given the low thermal conductivity of
first generation β-Ga2O3 modules fabricated in 2017–2019.
The case temperatures is adequately lowered though when
moving to the recent generations of β-Ga2O3/NiOX on dia-
mond substrates as in Fig. 11 thanks to the reduced thermal
resistance by substrate thinning on diamond.

V. CONCLUSION
This work evaluated the performance of several generations
of β-Ga2O3 devices in the context of heavy-duty MMC-based
VSC converters compared with the incumbent Si-IGBTs &
SiC-FETs for HVDC and MVDC converter station applica-
tions. A range of potential applications for β-Ga2O3 devices
were considered, with MMC-VSC selected for detailed study
as a converter topology with both wide industry uptake and
significant potential to exploit β-Ga2O3 devices’ high voltage
and high efficiency operation. It is shown that the recently
demonstrated β-Ga2O3 devices could make a significant dif-
ference to the performance of both MVDC & HVDC power
converters in grid-level applications with comparable effi-
ciency gains, in particular when the latest generation of
β-Ga2O3 devices are implemented. The results show that
although the early bulk β-Ga2O3 devices fabricated and mea-
sured in research laboratories would perform poorly, this
changes when the device is fabricated as NiOX/β-Ga2O3 and
on diamond substrate, leading to a significantly lower ther-
mal resistance which in turn reduces the power dissipation.

The β-Ga2O3/diamond devices can outperform the incum-
bent Silicon and SiC devices in terms of individual module
performance dramatically, leading to reduced losses at the
converter, with reduced elevations in the case temperatures.
This can be further enhanced should the β-Ga2O3/diamond is
fabricated in superjunction structures in foreseeable future, or
other advanced device concepts.
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