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Abstract—A major challenge in the design and fabrication of
power devices from ultra-wide bandgap (UWBG) materials is the
lack of a native shallow acceptor dopant for most materials in that
class. P-type regions in UWBG devices may alternatively be
formed by the deposition of p-type wide bandgap materials such
as nickel oxide (NiO) to form heterojunctions. This work examines
the effectiveness of the modulation of the acceptor concentration
(/Va) of magnetron sputtered NiO via the control of O: partial
pressure during sputtering. NiO/n*-Ga:03 PN junctions are
fabricated via sputtering using O2/Ar percentage ratios ranging
from 0% to 12.5%. The acceptor doping and acceptor level
characteristics are studied via the dependence of PN junction
capacitance upon voltage, temperature and frequency. It is found
that the Na can be controlled between 9x10'7 cm™ at 0% O2/Ar to
2x10'® cm at 12.5% O3/Ar partial pressure. Studies of the
capacitance of the diodes shows that the associated first ionization
level of the Ni** vacancy thought to be responsible for the p-type
doping of the NiO is 0.35 eV, with suggestion of a second ionization
level at 0.54 eV seen in the 0% O2/Ar sample. To demonstrate the
feasibility of utilizing magnetron sputtered NiO in power devices,
a lateral RESURF terminated Ga203 Schottky diode is fabricated.
Charge balance to maximize breakdown voltage is demonstrated
in the Schottky diode as a function of NiO RESUREF thickness,
showing the viability of NiO in high voltage power devices for field
spreading regions such as RESUREF layers and JTE structures.
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I. INTRODUCTION

Ultra-wide bandgap semiconductors (UWBGs) such as B-
Ga;03 and AIN are promising candidates for next generation
power device designs, due to an increase in critical electric field
and implied reduction in potential device losses [1]. However,
hole transport and p-type doping in UWBG materials remains a
major obstacle to their successful use in power device designs.
For example, no native acceptor dopant is currently known for
B-Gay03, and the self-trapping of holes limits hole transport in
that material [2], [3]. Beyond the lack of native dopants,
advanced power device designs require a method of selective-
area doping to create post-growth p-type regions in desired areas
of the device [1]. Successful selective area p-type doping in
many wide bandgap (WBG) and UWBG materials such as GaN
via traditional methods such as implantation has been shown to
be challenging [4], [5], requiring high N, overpressure or pulsed
thermal annealing for acceptor activation [6].
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An alternative method of achieving effective selective-area
p-type doping in UWBG power devices is through the
deposition of WBG or UWBG materials which can be easily
doped p-type. The transparent conductive oxide NiO is a
naturally p-type material with a bandgap of 3.7 eV [3]. The
native acceptor in NiO is believed to be due to Ni** charge states
formed due to Ni vacancies in the material [7]. NiO deposited
using conformal deposition techniques such as reactive
magnetron sputtering and pulsed laser deposition has been
demonstrated to maintain p-type conduction and doping after
deposition [8]. In addition, high O, partial pressures during RF
sputtering of NiO has been shown to modulate the effective hole
density of the resulting NiO film [9], [10].

Recent work in incorporating NiO into power devices has
been successful in using reactive magnetron sputtered NiO in -
Ga,O3 power PN diodes as both a junction termination extension
(JTE) edge termination and hole injection layer, resulting in the
achievement of breakdown voltages (Vi) of 2.5 kV with
specific on-resistance (Ronsp) 0f 5.9 mQ.cm? [11]. Further work
in [12] demonstrated avalanche capable NiO-Ga,O3 PN diodes
with a Vi, of 1.5 kV via an edge termination design using a
combination of a high-k dielectric field plate and magnetron
sputtered NiO JTE. NiO has also been utilized to form a charge-
balance Ga,Os; with a Vi up to 10 kV and operational
temperature of 200 °C [13]. In addition to forming planar PN
junctions, NiO has also been used to form PN junction on 3D
FinFET and trigate structures in GaN power devices [14]-[17].

This paper explores the variation of acceptor concentration
(N4) in reactive magnetron-sputtered NiO films via O, partial
pressure control during the sputtering process. NiO films are
deposited under varying O, partial pressure on a n'-Ga,O;
substrate to form p-NiO/n*-Ga,0; diodes. The behavior of the
capacitance of the fabricated diodes are studied as a function of
voltage, frequency and temperature (C-V-T/f) to understand the
dependence of the acceptor doping on O, partial pressure during
sputtering, as well as the nature of the acceptor state giving rise
to the doping. It is found that effective acceptor doping
concentrations can be controlled between 9x10!'7 cm™ to 2x10'3
cm utilizing the Ni*" level believed to be responsible for the
acceptor doping is a deep acceptor with ionization energy of
0.35 eV, with a second ionization level near 0.54 eV. Utilizing
the studied NiO sputtering conditions, a p-NiO reduced-surface-
field (RESURF) terminated lateral Ga>Os Schottky diode similar
to the one in [13], [18], [19] is fabricated. Charge balance as a
function of p-NiO RESUREF thickness is successfully achieved,



demonstrating the potential for NiO as a p-type substitute for
UWBG device applications.

II. DEVICE FABRICATION PROCESSES

A. P-NiO/n*-Ga,0;3 Diode Fabrication

The p-NiO/n*-Ga,O; diode design used for the
characterization of NiO was fabricated via reactive magnetron
sputtering of NiO on an (001) n"-Ga,Os wafer with a doping
level of 8.3x10'"® cm™ grown by Novel Crystal Technologies.
Fig. 1(b) illustrates the fabrication process for the device. Ti/Au
backside cathode contacts are formed via e-beam deposition on
the n"-Ga,Os wafer. p-NiO is then deposited via reactive
magnetron sputtering. The sputtering process is described in
more detail in Section III.  Table 1 shows the four NiO
sputtering conditions used to fabricate the diodes studied in this
work. Recipe D (Ar/O2 partial pressure ratio of 2:1) is used to
deposit a p™-NiO layer for ohmic contact after deposition of a p-
NiO film using recipes A, B or C. Ni/Au anode contacts are
deposited on the p™-NiO via e-beam deposition.
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Fig. 1. P-NiO/n+Ga203 PN diode design and fabrication
process. (a) illustrates the design of the diode, and (b) shows
the fabrication process flow.

Table 1. NiO reactive magnetron sputtering conditions

studied in this work.
Recipes Ar flow O, flow Rate Resistivity Hp
(scem) (scem) (nm/Hour) (Q'm) (nm)
Recipe A 60 0 49 84 147/340/540
Recipe B 58 3 21 6.9 63/147/244
Recipe C 54 6.8 24 0.53 48/95/156
Recipe D 40 20 20 1.8x1073 N/A

B. P-NiO RESURF Terminated Lateral Ga;O3 Schottky
Fabrication

The lateral Ga,Os; schottky diode used to study charge
balance was fabricated on a Novel Crystal Technologies MBE-
grown Ga,03; n-/UID/n+ wafer. The doping level and thickness
of the top n- channel layer were measured to be 2x10'7 cm™ over
70 nm via electrochemical C-V profiling. The UID layer was
similarly measured to be doped at a concentration of 10'® cm™
over 220 nm. Ni/Au Schottky contacts and Ti/Au ohmic
contacts were formed via e-beam deposition at an anode-to-
cathode separation of 17 um. RESURF termination of the diode
was accomplished prior to Schottky contact deposition via
reactive magnetron sputtering of NiO of varying thickness using
recipes A and B from Table 1. The length of the NiO RESURF
region was 10 um for all diodes tested.

III. N1O ACCEPTOR CHARACTERIZATION

The PN diodes described in Section II were used to characterize
the dependence of NiO acceptor concentration on sputtering
conditions. Three lots of diodes were fabricated using NiO
sputtered via recipes A, B and C. Thickness of the p-NiO film
was 48 nm for recipe C, 244 nm for recipe B and 540 nm for
recipe A (Table 1). A Kurt. J. Lesker Inc. PVD-75 RF
magnetron sputtering chamber was used to deposit the NiO.
99.9% purity NiO sputtering targets supplied by Kurt J. Lesker
Inc. were utilized as the source for deposition. Ar and O, plasma
was used with a total chamber pressure of 3 mTorr and RF
power of 100 W.

Characterization of the diodes was performed using a
temperature-controlled probe station and a Keithley 4200
parameter analyzer. Initial characterization of the resistivity of
the deposited NiO films was performed via TLM test structures
fabricated alongside the diodes under test. Table 1 shows the
variation of NiO sheet resistance with varying Ar/O, partial
pressure ratio. Sheet resistance decreases from 84 Q-m to 0.53
Q'm as Ar/O, partial pressure ratio increases from 0% (recipe
A) to 12.5% (recipe C). Accounting for film thickness, this
decrease in sheet resistance suggests an increasing hole
concentration in the NiO film with increasing O, pressure during
deposition.

Figs. 2 (a-c) show the initial C-V characterization as a
function of sputtering recipe and device temperature. C-V
measurements were performed at a test frequency of 5 kHz. The
1/C? characteristics of the measured C-V characteristics show
good linearity over all temperatures, with an intercept of
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Fig. 2. C-V and C-f characterization of p-NiO/n*-Ga,0Os diodes versus temperature and NiO sputtering conditions. (a-c) show
the C-V characterization as a function of temperature, and (d-f) show the temperature dependence of capacitance dispersion at -

5 V reverse bias.

1.7 V corresponding to the built-in voltage (Vi) of the p-NiO/n*-
Ga0; junction. However, a large temperature dependence of
the capacitance characteristics is observed for the 0% Ar/O2
partial pressure sputtering condition (recipe A). The Na of the
p-NiO layer is extracted using the measured 1/C>-V
characteristics, correcting for the n*-Ga,O; doping of 8.3x10'3
cm and assuming the relative permittivity of Ga;O3 and NiO to
be 11.9 and 12.4, respectively [20][21]. The temperature
dependence of the capacitance of the diode with NiO sputtered
with a 0% Ar/O2 ratio (recipe A) resulted in a temperature
dependent estimate of Na. At 25 °C, the calculated doping of
the 0% Ar/O2 NiO was 9.6x10'7 cm™ at 20 °C, and 1.58x10'® at
150 °C. The magnitude of N at 5 kHz of NiO sputtered with
recipes B and C (5% and 12.5% O/Ar ratios) show little
temperature dependence, and are calculated to be 1.5x10'® cm™
and 1.9x10'® cm™, respectively.

Figs. 2(d-f) show the measured C-f dispersion of the diodes
as a function of sputtering recipe and device temperature at a
reverse bias of -5 V. Frequency dispersion, with capacitance
measured to decrease after an observed corner frequency, is
found in diodes fabricated with NiO sputtered via all three
recipes over the measured 5 kHz to 1 MHz range, with the most
significant dispersion found in diodes sputtered with 0% O»/Ar
ratio (recipe A). For all recipes, the cutoff frequencies increase
in magnitude as a function of temperature. For recipes B and C
(5% and 12.5% O,/Ar), the corner frequency moves beyond the
measurable frequency range for temperatures greater than 65 °C.
Two corner frequencies are visible in the C-f characteristics of
the diodes with NiO sputtered with 0% Ar/O»; both are visible

in the measured range at 65 °C and increase in magnitude with
temperature.

The origin of the frequency dispersion in the measured C-f
characteristics can be explained by a high activation energy of
the acceptor level giving rise to the p-type doping in Ni-deficient
NiO. To extract the acceptor activation energy, two methods
were explored. TCAD simulation of the fabricated device
structure was used to fit the measured C-f characteristics.
Simulations were performed with an acceptor trap level giving
rise to the p-type doping in the NiO layer. For the case of NiO
deposited with 0% O,/Ar (recipe A), two independent acceptor
trap levels were assumed to achieve a good fit. Data fitting using
the simulation output was used to extract the acceptor energy
levels and doping concentrations necessary to fit the measured
results.

Figs. 3 (a-c) show the results of the fitting of the simulation
output to the measured C-f characteristics. The table in Fig. 3(d)
shows the extracted acceptor characteristics from the fitting. For
recipes B and C (5% and 12.5% O2/Ar), an acceptor ionization
energy of 0.325 was found, and good agreement is found
between the Na values obtained by the fit and the value extracted
from C-V characterization at 5 kHz. For recipe A, the presence
of two traps resulted in an extracted first acceptor ionization
energy of 0.315 eV and second acceptor ionization energy of
0.44 eV. The acceptor ionization energy extracted for recipes B
and C and the first ionization energy extracted for recipe A are
close to value obtained via similar measurements on magnetron
sputtered and PLD deposited NiO in [8], and are close to the
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Fig. 3. Fitted capacitance-frequency dispersion of p-NiO/n*-Ga,Os diodes at -5 V reverse bias versus temperature and sputtering
conditions and TCAD extracted acceptor characteristics. (a-c) show the measured and fitted C-f dispersion characteristics as a
function of temperature. The table in (d) shows the acceptor characteristics extracted via the TCAD fitting method.

theoretically expected value for the first ionization energy of the
Ni** (0/-1) charge state associated with Ni vacancies in NiO.
Similar theoretical calculations place the (-1/-2) Ni vacancy
activation energy at 0.6 eV [22]. However, if the second
acceptor energy extracted from the simulation is to be assigned
to (-1/-2), then the extracted concentration of the second
acceptor trap used to represent it should be twice that of the trap
used to represent the (0/-1) transition. This discrepancy is a
result of using multiple independent acceptor states to represent
the varying charge state of a single physical acceptor, as the
percentage of acceptors ionized in the (0/-1) and (-1/-2) states is
dependent upon the local Fermi level and must sum to 100%
[23].

To examine the nature of the acceptor level more closely in
NiO films sputtered with 0% O/Ar partial pressure ratios,
further measurements of the C-f dispersion at -5 V reverse bias
were taken. Fig. 4 shows the results of C-f-T characterization of
diodes fabricated with 0% O»/Ar during NiO sputtering between
30 °C and 120 °C in 10 °C steps at -5V reverse bias. The
temperature behavior of the first and second cutoff frequencies
in the C-f dispersion can be clearly seen to be increasing. The
acceptor activation energies are extracted from the dispersion
measurements following the analysis of Schibli and Milnes for
the C-f characteristics of a p-n* junction doped with a deep
acceptor [24]. If the p-type acceptor is a deep level, then the
corner frequency in the dispersion characteristics can be shown
to be related to the acceptor activation energy by

(1

w Eq—E
=< « exp (—“ ”)
T KT

In Equation (1), . is the corner frequency, Ea-Ev is the acceptor
activation energy relative to the valence band edge and T the
temperature. The intersection of the measured C-f
characteristics as a function of temperature with a capacitance
value chosen near the visible corner frequency in the plot was
used to extract the corner frequency. It is assumed that the
analysis in [24] continues to hold for acceptors with multiple
charge states. Using Equation 1, the extracted corner
frequencies can be plotted in an Arrhenius plot to determine the
acceptor activation energies. Fig. 4 (b-c) shows the Arrhenius
plot associated with the two observed corner frequencies in the
C-f-T characteristics of recipe A diodes. A first activation
energy of 0.35£0.03 eV is found for the corner frequencies
associated with the dispersion region marked by or in Fig 4 (a),
while an activation energy of 0.54+0.08 eV is found for the
corner frequencies associate with the region marked by wr».
These values are close to the Ni** (0/-1) activation energy found
experimentally in [8] and to the theoretical value for the (-1/-2)
activation energy predicted in [22]. These experimentally
extracted activation energies also support, within the error of the
measurement, the values found via the TCAD fitting method.

Both the experimentally extracted and TCAD fitted
activation energies found allow us to conclude that the Ni**
acceptor can become doubly ionized in sputtered NiO films
using the Ni vacancy as the acceptor level. The band diagram
shown in Fig. 4(d) illustrates the origin and consequences of this
double ionization. Given that the Ni*" can transition from a
charge state of -1 to a charge state of -2, the depletion region in
the NiO will contain two regions of charge: one with magnitude
-qNa, and another with charge -2q(Na), the extent of which
depends upon the positions Wga1 and Wy, where the hole



™~
£
L
(™
£
@
2
g
@
Q
=
B
c
2
3 40.0
10 100 1000
Frequency (kHz)
5— r T T T T
Orz
E
24 :
£

()

E,,=0.54 + 0.08 eV

3 1 1 L L 1 1
295 30.0 305 31.0 315 32.0
/KT (1/eV)

(b)

[ Ep =0.35 1 0.03 eV .

35 36 37 38 39
1/KT (1/eV)

N S .
B v, iy

\EAZ EF,n
EAl
w <<

(@) .
2 4N,
w=< lul)” I anvy P(x)
) Wyar Wy X

Fig. 4. Capacitance frequency dispersion at -5 V reverse bias for diodes fabricated with 0% O»/Ar NiO. (b-c) show the extracted
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well as the charge distribution in the depletion width.

quasi-Fermi level crosses the associated activation levels with
the (0/-1) and (-1/-2) charge transitions. At low frequency,
acceptors at the band edge can make the (0/-1) charge transition,
and acceptors near the point at which the hole quasi-fermi level
crosses the second ionization energy can make also make the (-
1/-2) charge transition, with both contributing to the measured
capacitance. As frequency increases, only the acceptors at the
depletion region edge can make the (0/-1) charge transition
under the AC perturbation, reducing the capacitance. At high
enough frequency, the charge state of the deep acceptor cannot
follow the applied AC bias, resulting in highly reduced
capacitance. This result suggests that the physical acceptor
concentration in Ni vacancy doped NiO can be extracted from
PN C-V measurements at a frequency low enough such that only
the singly ionized acceptors at the edge of the depletion region
can respond to the AC perturbation, but not low enough such
that the (-1/-2) level can respond.

IV. CHARGE BALANCE IN NIO RESURF TERMINATIONS

Using the O/Ar sputtering conditions studied in Section III,
reactive-magnetron sputtered NiO was used in a lateral
RESURF GayOs Schottky diode to demonstrate the viability of
the material in power device applications. Lateral Schottky
diodes with magnetron sputtered NiO p-type RESURF
terminations were fabricated as described in Section I1.B. The
RESUREF termination will maximize the measured breakdown
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Fig. 5. p-NiO RESURF Ga,03 Schottky diode device structure
and breakdown voltage measurements as a function of NiO
thickness. (a) and (b) show the device structure, (c) shows the
measured breakdown as a function of NiO thickness for recipe
A, and (d) plots Vbr vs. charge balance for both recipes.



voltage through the charge balance condition 6,Lac = (Lac-
Lyo)tnioNa, where o, is the total doping dose of the n+ Ga,Os
channel, measured at 3.8x10'> cm™ by electrochemical C-V
profiling, L, is the anode-to-cathode separation of 17 um, and
Ly is the cathode-to-RESURF separation of 7 um. Recipes A
and B (0% and 5% O»/Ar) were used to deposit NiO RESURF
layers of thickness varying between 12 nm and 70 nm for charge
balance testing.

Fig. 5 shows the device structure, breakdown voltage
measurements as a function of NiO thickness and temperature
and breakdown voltage as a function of estimated charge
imbalance. Diodes using a 0% O,/Ar NiO RESUREF layer reach
an optimal breakdown voltage of 8 kV at a NiO thickness of 75
nm, while diodes using a 5% O»/Ar NiO RESURF layer reach
an optimum breakdown voltage of also around 8 kV at a NiO
thickness of 40 nm. Based upon the charge balance condition at
the optimum breakdown design, the estimated Na value of the
0% O/Ar NiO RESURF film is 8.6x10'7 c¢m? while the
estimated N of the 5% O2/Ar NiO RESURF film is 1.6x1018
cm?. These results successfully demonstrate the feasibility of
using reactive-magnetron sputtered NiO as a selective-area p-
type dopant for an UWBG power device.

V. CONCLUSION

This work examines the effect of varying O, partial pressure
during sputtering of NiO thin films. Through capacitance
measurements on p-NiO/n"-Ga,Os diodes fabricated via
magnetron sputtering, we have shown that the effective
acceptor density in NiO deposited in this manner can be
controlled from a magnitude of ~9x10'7 ¢cm™ to 2x10'® cm
over an O»/Ar partial pressure ratio range from 0% to 12.5%.
Acceptor first and second ionization energies of 0.35 and 0.54
eV are extracted using the temperature dependent C-f
dispersion of the fabricated diodes,, showing experimentally
that the second charge state of the Ni*" may occur in NiO films
deposited via sputtering in the pure Ar atmosphere. A
magnetron-sputtered NiO layer is used to successfully
demonstrate charge balance in a lateral Ga,O3 Schottky diode,
demonstrating the feasibility of the utilization of NiO for
selective area doping in UWBG power devices. Further studies
on the control of p-type doping in PLD deposited and Li-doped
Ni films should be examined to further the understanding of the
control of p-type doping in NiO for use in power device
applications.
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