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Abstract—This work demonstrates a lateral Ga:03 Schottky
barrier diode (SBD) with a breakdown voltage (BV) over 10 kV,
the highest BV reported in Ga203 devices to date. The 10 kV SBD
shows good thermal stability up to 200 °C, which is among the
highest operational temperatures reported in multi-kilovolt Ga:03
devices. The key device design for achieving such high BV is a
reduced surface field (RESURF) structure based on the p-type
nickel oxide (NiO), which balances the depletion charges in the n-
Ga203 channel at high voltage. At BV, the charge-balanced Ga203
SBD shows an average lateral electric field (E-field) over 4.7
MV/em at 25 °C and over 3.5 MV/em at 200 °C, both of which
exceed the critical E-field of GaN and SiC. The 10 kV SBD shows
a specific on-resistance of 0.27 Q-cm? and a turn-on voltage of 1 V;
at 200 °C, the former doubles and the latter reduces to 0.7 V. These
results suggest the good potential of Ga:03 devices for medium-
and high-voltage, high-temperature power applications.!

Index Terms— power electronics, ultra-wide bandgap, gallium
oxide, Schottky diode, nickel oxide, RESURF, high voltage.

I. INTRODUCTION

Medium—voltage MV, >1 kV) power devices are widely
used in electric grid, motor drive, and renewable energy
processing. Today’s commercial MV devices are dominated by
bipolar Si devices up to 6.5 kV, which suffer from slow
switching speed. Wide-bandgap (WBG) materials have enabled
fast, unipolar MV devices [1]. SiC devices are commercialized
up to 3.3 kV with industrial samples available up to 10 kV [2].
GaN devices recently reached the 10 kV milestone [3], [4].
Ultra-wide bandgap (UWBG) materials hold superior limits
for MV devices [1]. While UWBG devices have not reached 10
kV, gallium oxide (Ga,0Os3) is approaching. Breakdown voltage
(BV) from 3 kV up to 8.56 kV has been reported in Ga,O3-based
lateral [5], [6] and vertical diodes [7]-[11] as well as lateral
MOSFETs [12]-[15]. Additionally, the availability of high-
quality 4-inch wafers [16] and the reports of high-performance
packaging, device robustness, and converter applications [17]
all consolidate the promise of Ga,O3 for power electronics.
Upscaling BV in power devices hinges on the suppression of
crowded electric field (E-field) at the edge or surface and the
reduction of charge density in the drift region. The p-n junction
is the major structure to achieve such functionality in 10 kV SiC
[18] and GaN [3] devices. It can also enable high thermal
stability [19] and robustness [20]. As the p-type conductivity is
not available in Ga,0s3, a heterojunction between n-Ga,0O3 and
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Fig. 1. (a) Cross-view schematic diagram and (b) top-view SEM image of the
fabricated lateral Ga,0; RESURF SBD. (¢) The Ny-N, depth profile of the
Ga,0; epi layers (the initial depletion of the Schottky contact is ~85 nm). (d)
C-V and 1/C2-V characteristics of the vertical NiO/Ga,O; diode at 25 °C and
200 °C.
p-type, WBG nickel oxide (NiO) have been deployed in many
MV devices [6], [8], [9], [11], [21]. However, very few high-
temperature operations have been reported in multi-kilovolt
Gax0;3 devices, hindering their adoption in practical power
applications in which devices are required to reliably operate
under a junction temperature of at least 150-175 °C.

This work demonstrates a new lateral Ga,Os Schottky barrier
diode (SBD) with BV >10 kV at high temperatures up to 200
°C. Distinct from prior lateral NiO/Ga,O; p-n diodes [6], this
SBD deploys NiO to form a charge-balance RESURF structure
while retaining the low turn-on voltage (Von) of SBDs. Under
reverse bias, the NiO RESURF structure enables nearly zero net
charge in the lateral drift region, boosting the average E-field
and BV. The GayO; SBDs fabricated with various NiO
thicknesses (fnio) and anode-to-cathode lengths (Lac) validate
the critical role of charge balance in achieving the high BV. As
compared to the prior RESURF Ga,O; MOSFETs with a BV up
to 1.36 kV [22], [23], our device highlights a careful tailoring
of charge balance and thereby achieves a much higher BV.

II. DEVICE DESIGN AND FABRICATION

Fig. 1(a) and (b) show the cross-view schematic and top-view
scanning electron microscope (SEM) image of the fabricated
Ga,O3 RESURF SBD, respectively. Most of the fabricated
SBDs have a Lac of 30 um or 50 pm, and fewer have a Lac of
17 um. A gap between the p-NiO layer and cathode is designed
to prevent the possible leakage current and punch-through in
NiO. The length of this gap (Lyc) is designed to be 7 um, 10 um
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Fig. 2. Simulated E-field contour of Ga,O; RESURF SBDs with #njo of ()
58 nm, (b) 75 nm, and (c) 97 nm, all at the 4 kV reverse bias. (d) Simulated
current density contour of the 75-nm-NiO RESURF SBD at the 2 V forward
bias. This simulated RESURF SBD has a Lac of 30 pm and Ly, of 10 pm.
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and 15 um for the devices with Lac of 17 pm, 30 um and 50
pm, respectively, rendering a similar ratio between the lengths
of the Ga,Oj3 channel and NiO layer for different Lac.

To achieve the charge balance, the net donor concentration
(N¢-N,) in Gax03 and acceptor concentration (V,) in NiO need
to be accurately measured at various temperatures. The Ga,Os
sample comprises a ~180 nm n-type layer and an unintentional
doped (UID) layer grown on a (010) semi-insulating substrate
by molecular-beam epitaxy. The N¢-N, depth profile is obtained
by the electrochemical C-V (ECV) technique, as shown in Fig.
1(c). The Ny4-N, integral along the depth reveals a total charge
density (a,,) of 3.8x10'2 cm? in n-Ga,Os. The temperature-
dependent C-V measurements on a test structure fabricated on
the n-Ga,Os3 layer reveal a minimal change in a,, up to 200 °C.

To extract the N,, a NiO/GaxO; p-n diode is fabricated on a
(001) n*-Ga,O5 substrate with Ny of 8.3x10'® cm™ (Fig. 1(d)).
A relative thick NiO with a thickness of 400 nm is used in this
test structure to avoid the NiO punch-through at low reverse
bias. To reduce the impact of #vio variation on charge balance
and enable a larger process latitude, a lower N, is preferred.
Recent studies revealed that the N, of the sputtered NiO can be
reduced by lowering the O, partial pressure during the
sputtering [24], [25]. In this work, the NiO is sputtered in a pure
Ar atmosphere at room temperature and annealed at 275 °C in
Nz. At a reverse bias (Vr), the capacitance of the NiO/Ga,0s
diode is [24]

_ | 9enépeoNagNa 1/2 -1/2
C= [W (Vpi — V) (1)
where ¢, &, and ¢, are the vacuum permittivity and the relative
permittivity of Ga,O3 and NiO, respectively; V4, is the built-in
potential of the NiO/Ga,O3 junction (~2 V). Based on (1), N, is
extracted to be 8x10'7 cm? at 25 °C from 1/C2-V characteristics,
and it show a very small change at 200 °C (Fig. 1(d)).

For practical fabrication of the RESURF SBD, if a charge
imbalance margin is kept below 15%, the fio range can be
estimated to be 69-92 nm, 61-82 nm, and 58-78 nm for Lac of
17, 30, and 50 um, respectively, using the following relation

0.85 < Qp/Qn = NatNiO(LAC - ch)/UnLAC <115 (2)
where O, and O, are depletion charges in the p-NiO RESURF
layer and the n-Ga,Oj; channel, respectively.
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Fig. 3. Reverse I-V characteristics of the non-RESURF SBDs and RESURF
SBDs with Lac of (a) 30 um and (b) 50 um, both with various #yo from 23
nm to 132 nm. The measurement limit is 10 kV. (c) Reverse I-V
characteristics of the 75-nm-NiO RESURF SBDs with three Lac at 25 °C and
200 °C. (d) BV of Ga,0; RESURF SBDs at 25 °C as a function of the charge
imbalance percentage. The hollow symbols show the projected BV of the 75-
nm-NiO RESURF SBDs.

TCAD simulations are performed to verify the device design.
Fig. 2(a)-(c) show the simulated E-field contours of RESURF
SBDs with fnio of 58, 75 and 97 nm. The insufficient and
excessive O, lead to E-field crowding at the anode and the NiO
edge, respectively. The 75 nm tyio allows for a balanced E-field
at the two spots. Fig. 2(d) shows the simulated current density
contour at a forward bias. The depletion effect of the forward-
biased, vertical p-n junction shrinks the effective cross-section
for current conduction, leading to a higher on-resistance (Ron).

The device fabrication starts with a Si implantation in the
cathode region followed by a 925 °C activation in N,. The
cathode Ohmic contact is formed using the Ti/Au (30/150 nm)
stack with a 470 °C annealing. Nitrogen implantation is then
carried out for device isolation. The anode Schottky contact is
formed using the Ni/Au (150/150 nm) stack. The p-NiO
RESURF layer is sputtered with various fnio and a common
extension length (L,) of 5 um onto the anode. The sputtering is
performed using a NiO target under the 60 sccm Ar, 3 mTorr
pressure, and 100 W RF power. To form the Ohmic contact
between anode and NiO, a second Ni/Au stack is deposited on
top of the anode. A 275 °C post annealing is performed to
stabilize N, in NiO and reduce the NiO/Ga,O; interface states
[25]. The device is passivated in a photoresist similar to [12],
[13]. A control Ga;O3; SBD without the p-NiO RESURF layer
is also fabricated.

III. DEVICE CHARACTERIZATION

Fig. 3(a) and (b) show the reverse I-V characteristics of the
RESURF Ga,03 SBDs with various tio for Lac of 30 pm and
50 pm, respectively. These two sets of devices show a similar
BV dependence on tyio. BV increases with the increasing tio,
reaching >10 kV (the measurement limit of our test setup) at
tnio = 75 nm, and starts to decrease at larger #nio. This behavior
manifests the critical role of charge balance. For RESURF
Ga,03 SBDs with Lac = 30 um, the charge-balanced NiO
RESURF design boosts the BV from 2.8 kV to >10 kV,
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Fig. 4. (a) Forward I-V characteristics of the non-RESURF SBDs and
RESURF SBDs, both with Lxc=30 pm and 50 pm. (b) Forward I-V
characteristics of the 75-nm-NiO RESURF SBD with Lyc = 30 pm at
temperatures of 25 °C to 200 °C at a step of 25 °C. The data are plotted in both
semi-log and linear scales.

rendering a high average lateral E-field (Eav.) over 3.3 MV/cm
(Eave=BV/Lac).

Fig. 3(c) shows the reverse I-V characteristics of the 75-nm-
NiO RESURF Ga,03 SBDs at 25 °C and 200 °C for three Lac.
RESURF SBDs with Lac=30 pm and 50 pm can be swept
repeatedly up to 10 kV at both 25 °C and 200 °C. At 25 °C,
Ga,0O3 SBDs show a leakage current of 2x10° A/mm at 10 kV,
which is 10 times lower than that reported in 10 kV GaN SBDs
[3]. At 200 °C, the leakage current increase at the 10 kV bias is
less than 100 times, revealing the excellent thermal stability of
RESURF Ga;O3; SBDs at high voltage.

To probe the Ejy. limit, the 75-nm-NiO RESURF SBDs with
a shorter Lac of 17 pm are measured to destructive breakdown,
revealing a BV > 8 kV at 25 °C (Eae > 4.7 MV/cm) and 6.1 kV
at 200 °C (Eave > 3.5 MV/cm). The BV’s negative temperature
coefficient (71) suggests the lack of avalanche breakdown and
implies a trap-assisted breakdown mechanism. The traps in bulk
materials or at the heterogeneous interfaces could induce
additional leakage current and form fixed charges. The
excessive leakage current can lead to power (or thermal) limited
breakdown at a lower voltage. The fixed charges could impair
the charge balance that is key to high BV, resulting in early
breakdown. Moreover, such trapping dynamics are usually
more active at high temperatures, which explains the BJ’s
negative 7r.

Despite the temperature dependence, the Eay. is higher than
the critical E-field of GaN and SiC as well as the Eae (~1
MV/cm) reported in 10 kV lateral GaN devices [3], [4],
manifesting one advantage of UWBG Ga,Os3 devices.

For devices with Lac of 30 and 50 um and various #io, Fig.
3(d) plots their BV as a function of the charge imbalance
percentage calculated from (2), where the BV of 75-nm-NiO
RESURF devices are projected assuming a breakdown Ejye
equal to 90% of the value measured from the shorter device.
The inverter U-shape curve manifest the determining impact of
charge balance on the BV.

Fig. 4(a) shows the forward I-V characteristics of the non-
RESURF SBDs and 75-nm-NiO RESURF SBDs, both with
LAc=30 pm and 50 pm. The Vi, Schottky barrier height, and
ideality factor of all devices are similar, being 1 V, 0.74 eV, and
1.2, respectively. The differential on-resistance (Ron) of
RESURF SBDs is higher than non-RESURF SBDs, with the
ratio being ~2 for Lac= 30 um and ~2.5 for Lac= 50 um. This
can be explained by the simulation results in Fig. 2(d), verifying
the RESUREF structure’s adverse impact on device Ron. Note
that, despite a doubled R,n, the RESURF design boosts the BV
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Fig. 5. (a) Benchmark of the differential Ry, vs. BV for our Ga,0; RESURF
SBD and the reported Ga,O; SBDs, p-n diodes, and transistors with BV >3
kV. (b) The BV vs. max operational temperature benchmark for our device
and the reported high-temperature Ga,O; SBDs, p-n diodes, and transistors
with BV >100 V. The dotted line shows an approximate boundary of the prior
data. The arrow shows the desirable target. Note that, in both sub-figures, the
10 kV BV of the device fabricated in this work reflects the measurement limit
instead of the device’s intrinsic BV.

by at least 3.5 times, rendering at least 5 times improvement in
the device’s Baliga’s figure of merit (FOM = BV*/Roy).

The specific Ron (Ronsp) Of the 75-nm-RESURF SBDs with
Lac = 30 pm is calculated to be 0.27 Q-cm? using Ronsp =
Ron'(LactLttLg), where Ry, in Q-mm is extracted from the [-V
curve, Lt+Lg is the sum of the cathode contact transfer length
and anode contact extension length (3 pm used here). Fig. 4(b)
shows the forward I-V characteristics of this RESURF SBD at
various temperatures. At 200 °C, V,, is reduced to ~0.7 V, Ron
almost doubles, and the on/off ratio remains over 10°. The Ronsp
of the 75-nm-NiO RESURF SBDs with Lac=17 pm is 0.08
Q-cm? at 25 °C and shows a similar temperature dependence.

Fig. 5(a) benchmarks the Ronsp versus BV for our devices and
the reported MV Ga,03; SBDs [5], [7], p-n diodes [8]-[11], and
MOSFETSs [12]-[15] with BV > 3 kV. Fig. 5(b) compares the
BV versus the maximum operational temperature reported for
high-temperature Ga,0Os devices with BV > 100 V [8], [26]-
[32]. Our RESURF Ga,03 SBDs show the highest BV, and the
operational temperature is among the highest in multi-kilovolt
Gay0; devices. The Baliga’s FOM of 17 um-Lac devices is 906
MW/cm? at 25 °C. The FOM of the 200 °C-operational, 10 kV-
class device (Lac=30 um) is at least 370 MW/cm? at 25 °C (the
true FOM is expected to be much higher due to BV > 10 kV).

IV. SUMMARY

This work presents a new charge-balance, NiO-RESURF
Ga,0O3 SBD that has achieved a BV over 10 kV, with thermally-
stable 10 kV blocking up to 200 °C as well as an E,. over 4.7
MV/cm and 3.5 MV/cm at 25 °C and 200 °C, respectively. Key
to the device design is the p-NiO RESURF layer that enables
precise charge balance with the n-Ga,Os channel at high bias.
These results suggest the good potential of Ga,Os devices for
medium- and high-voltage, high-temperature applications.
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