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SPECIAL TOPIC — Photodetector: Materials, physics, and applications

High performance lateral Schottky diodes based on
quasi-degenerated Ga2O3
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Ni/β -Ga2O3 lateral Schottky barrier diodes (SBDs) were fabricated on a Sn-doped quasi-degenerate n+-Ga2O3 (2̄01)
bulk substrate. The resultant diodes with an area of 7.85×10−5 cm2 exhibited excellent rectifying characteristics with
an ideality factor of 1.21, a forward current density (J) of 127.4 A/cm2 at 1.4 V, a specific on-state resistance (Ron,sp) of
1.54 mΩ·cm2, and an ultra-high on/off ratio of 2.1×1011 at ±1 V. Due to a small depletion region in the highly-doped
substrate, a breakdown feature was observed at −23 V, which corresponded to a breakdown field of 2.1 MV/cm and
a power figure-of-merit (V 2

B/Ron) of 3.4×105 W/cm2. Forward current–voltage characteristics were described well by
the thermionic emission theory while thermionic field emission and trap-assisted tunneling were the dominant transport
mechanisms at low and high reverse biases, respectively, which was a result of the contribution of deep-level traps at the
metal–semiconductor interface. The presence of interfacial traps also caused the difference in Schottky barrier heights
of 1.31 eV and 1.64 eV respectively determined by current–voltage and capacitance–voltage characteristics. With reduced
trapping effect and incorporation of drift layers, the β -Ga2O3 SBDs could further provide promising materials for delivering
both high current output and high breakdown voltage.

Keywords: β -Ga2O3, Schottky diode, transport mechanism, quasi-degeneration, rectifier
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1. Introduction

Ultra-wide bandgap (UWBG) semiconductors are
promising for the delivery of power electronic devices and
deep-ultraviolet solar-blind photodetectors with high energy
conversion efficiency which have versatile applications in
electric power, industrial control, consumer electronics, au-
tomotive electronics industries, flame detection, missile guid-
ance, biochemical detection, and space communication.[1–7]

Among these UWBG materials, β -Ga2O3 is attracting signif-
icant interest owing to its highly projected Baliga’s figure-of-
merit (FOM) as a result of its wide-bandgap of 4.9 eV and
large theoretical breakdown field of 8 MV/cm.[8–11] This is
well in excess of the values of SiC and GaN, both of which are
now established with commercial availability for high power
devices. As β -Ga2O3 is one of the intrinsic solar-blind ma-
terials, state-of-the-art solar-blind photodetectors based on
β -Ga2O3 Schottky diodes have been reported.[12–14] Com-

pared to other UWBG materials including diamond and AlN,
the availability of melt-growth methods to mass-produce sin-
gle crystal β -Ga2O3 bulk substrates and the easy control of
n-type doping provide important benefits towards low cost as
well as the rapid development of epitaxial growth and device
technologies. In recent years, rapid progress on the perfor-
mance of field-effect transistors (FETs) and Schottky bar-
rier diodes (SBDs) has been made.[15–22] With a low-doped
drift layer grown by hydride vapor phase epitaxy (HVPE)
and the integration of the field plates, vertical Schottky recti-
fiers with a breakdown voltage (VB) of over 1 kV have been
demonstrated.[15] Very recently, with the employment of a
trench structure, SBDs without optimized field management
techniques showed a 1230 V breakdown voltage and a de-
cent on-resistance (Ron,sp = 15 mΩ·cm2).[16] There are also
recent advances in the edge termination method that sup-
press the electric field and enhance the reverse breakdown
voltages.[17–22]
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One of the merits of UWBG semiconductor-based SBDs
is the improvement of their efficiency for applications in in-
vertor circuits which need high current output. To date, most
of the reported β -Ga2O3 SBDs are based on an unintention-
ally doped single crystal or thick epitaxial drift layer with a
low carrier concentration. As a result, while the diode sus-
tains extremely high critical electric fields, leading to large
blocking voltages, high current output is limited. A trade-
off between high breakdown voltage and high forward cur-
rent output remains an unsolved issue. Further improvement
in the efficiency and functionality of invertors relies on high
current output and speed, which can be realized by low on-
state resistances using highly-doped wide-bandgap semicon-
ductors. However, SBDs directly fabricated on highly-doped
quasi-degenerated Ga2O3 materials are still challenging. Re-
cently, only Oishi et al. reported on the fabrication of vertical
SBDs directly on β -Ga2O3 single crystals with a high elec-
tron concentration of 3.9×1018 cm−3.[23] Despite the fact that
the diodes exhibit clear rectification characteristics with a cur-
rent density of 96.8 A/cm2 at the forward voltage of 1.6 V,
there is still much room for improvement in the device per-
formance, and also the conduction mechanism of devices on
quasi-degenerated β -Ga2O3 is not fully understood. In this
work, we demonstrated improved performance of SBDs in lat-
eral configurations on a weakly-degenerated β -Ga2O3 (201)
single crystal substrate with a high carrier concentration of
2× 1018 cm−3. The resultant lateral diodes showed excellent
rectifying characteristics with an ultra-high rectification ratio
of 2.1×1011 at±1 V, an ideality factor of 1.21, a forward cur-
rent density of 127.4 A/cm2 at 1.4 V, and a specific on-state
resistance Ron,sp of 1.54 mΩ·cm2. Furthermore, the associ-
ated transport mechanisms have been investigated in detail by
means of current–voltage and capacitance–voltage characteri-
zations.

2. Experimental details
All bulk substrates used in this work were square-shaped

pieces cut from commercial 2-inch diameter, 500 µm-thick
Sn-doped n-type (201) β -Ga2O3 wafers with a carrier con-
centration of 2× 1018 cm−3 grown by the edge-defined film-
fed growth (EFG) method. After chemically cleaning the β -
Ga2O3 substrates with acetone, ethanol, and deionized water
and subsequent lithography processing, the surface was selec-
tively etched by an inductively coupled plasma (ICP) tech-
nique using a BCl3 gas with a flow of 20 sccm for 80 s un-
der a plasma/bias power of 400 W/30 W. The etch rate was
measured at 15 nm/min using a profilometer. Then, Ti/Au
metal stacks (100 nm/100 nm) were deposited by electron
beam evaporation and annealed in nitrogen ambient at 650 ◦C
for 60 s to ensure good Ohmic contacts. Subsequently, Ni/Au
metal stacks (100 nm/100 nm) were selectively deposited as

Schottky electrodes using an e-beam evaporator on the same
side of the substrate by following a standard lithography pro-
cedure. Finally, through liftoff processes, circular Schottky
contacts with diameters of 100 µm were formed. Figure 1(a)
is a schematic of the planar β -Ga2O3 SBDs. The current–
voltage (I–V ) characteristics were measured using a Keithley
source meter (model 2636A) and the capacitance–voltage (C–
V ) measurements were performed using a Keithley source me-
ter model 4980A at the high frequency of 100 kHz. All mea-
surements were performed at room temperature.
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Fig. 1. (a) The geometry of the fabricated Schottky diodes. (b) Optical
microscopy image of the TLM structures. (c) Total resistance between
Ti/Au electrode spacing for ND = 2× 1018 cm−3. The inset shows the
I–V characteristics with different electrode spacings.

3. Results and discussion
Transmission line measurement (TLM) methods were

employed to characterize the specific contact resistivity of the
Ohmic electrodes. The electrodes for TLM tests are Ti/Au
metal stacks (100 nm/100 nm) which were fabricated and an-
nealed under the same conditions as the Ohmic contacts de-
scribed above. The rapid thermal annealing process has been
optimized with the condition of 650 ◦C for 60 s to reduce
the contact resistance. It was found that surface pre-treatment
by ICP processing increased the surface roughness and gener-
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ated large-density donor-like surface defects, which is helpful
for enhancing the Ohmic features and decreasing the contact
resistance.[24] After ICP treatment, TLM structures with chan-
nel lengths varying from 10 µm to 35 µm were fabricated, as
shown in Fig. 1(b). Figure 1(c) and its inset show the total
resistance as a function of the channel length and the current–
voltage behavior of the Ti/Au contacts with different channel
lengths, respectively. Linear I–V features with different chan-
nel lengths are observed, indicating the nature of Ohmic con-
tact to β -Ga2O3 by Ti/Au metal stacks. The total resistance
between the electrodes is almost a linear function of the chan-
nel spacing. From Fig. 1(c), the sheet resistance (Rs) and spe-
cific contact resistance (Rc) were extracted to be 24.3 Ω/� and
1.42×10−4 Ω·cm2, respectively.

Figure 2 and its inset show the linear plot and semi-
logarithmic plot of the J–V characteristics of the β -Ga2O3-
based planar Schottky diodes with a diameter of 100 µm mea-
sured at room temperature (RT). In this work, the clamp cur-
rent, which was set at 10 mA, was achieved at 1.4 V. Given
the density of states (DOS) of the conduction band minimum
(CBM) (NC = 3.8× 1018 cm−3) for the β -Ga2O3 and a car-
rier concentration of 2×1018 cm−3, the energy difference be-
tween the CBM and the Fermi level is about 23.7 meV, which
is less than kBT and indicative of weak degeneration of the β -
Ga2O3 substrate. As a result, the large forward current density
of 127.4 A/cm2 was achieved at a rather small applied volt-
age of 1.4 V, which is much higher than other reported current
densities. In particular, the main challenge of Schottky con-
tact to a weak degenerated substrate is to maintain excellent
rectifying features with low leakage currents due to a small
depletion region and a high possibility of quantum tunneling
transport across the barrier. A low leakage current density of
6× 10−10 A/cm2 at −1 V, reaching the measurement limita-
tion of the source meter, was measured. It resulted in a high
on/off current ratio up to 2.1× 1011, which is, to the best of
our knowledge, one of the highest reported rectification ratios
in β -Ga2O3-based Schottky devices. As shown in the inset
of Fig. 2, the ideal thermionic emission (TE) theory could be
used to fit well the relationship between the forward current
density and voltage[23]

J = J0 exp
(

eV
nkBT

)[
1− exp

(
− eV

nkBT

)]
= A∗T 2 exp

(
− eϕB

kBT

)
exp
(

eV
nkBT

)
×
[

1− exp
(
− eV

nkBT

)]
, (1)

A∗ =
4πem∗k2

B
h3 , (2)

where e, n, kB, h, T , J0, A∗, m∗, and ϕB are the elemen-
tary charge, the ideality factor, the Boltzmann constant, the

Plank constant, the temperature, the saturation current density,
the effective Richardson constant, the electron effective mass,
and the Schottky barrier height at equilibrium, respectively.
The electron effective mass used of β -Ga2O3 is m∗ = 0.34m0,
with m0 being the free electron mass, and the value of A∗ is
40.8 A/cm2·K2.[23] When V > 3kBT/e (∼ 0.078 V at room
temperature), equation (1) can be simplified as

J = J0 exp
(

eV
nkBT

)
. (3)

Determined from Eq. (3), the ideality factor n is inversely pro-
portional to the slope of the ln(J)–V curve and fitting to the
linear zone in the inset of Fig. 2 gives rise to the ideality factor
n = 1.21. The causes of the n value being larger than 1 (unity)
could be thermionic field emission tunneling, edge leakage,
trap-assisted tunneling, and so forth, which tend to degrade
the electron device performance characteristics. The satura-
tion current density of 4.04× 10−16 A/cm2 and a Schottky
barrier height of 1.31 eV can also be calculated, consistent
with other reported values. Extracted by extrapolation from
the linear zone in Fig. 2, the values of threshold voltage and
on-resistance were obtained as 1.22 V and 1.54 mΩ·cm2, re-
spectively. Therefore, a low on-resistance and a small ideality
factor prove the high conduction performance of the Schottky
barrier diodes with Ni contacts upon forward bias. Reverse
J–V characteristics of the Schottky barrier diode are shown
in Fig. 3(a). The leakage current began to increase rapidly at
−11 V and the results are repeatable. In the linear plot shown
in Fig. 2, the current density increases sharply at −23 V with
a length of depletion layer of 116 nm, a corresponding electric
field of 2.10 MV/cm and a power figure-of-merit (V 2

B/Ron) of
3.4×105 W/cm2.
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Fig. 2. Linear plot of J–V characteristics of the β -Ga2O3-based Schot-
tky diodes with a diameter of 100 µm measured at room temperature.
The inset is the semi-logarithmic plot of forward J–V .

To evaluate the plausibility of various conduction mech-
anisms responsible for the observed leakage current, analyti-
cal modeling of electrical transport properties in reverse bias
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is necessary. For highly-doped weak-degenerated β -Ga2O3,
the tunneling probability increases as electrons see a thin-
ner barrier. It has been widely reported that the tunneling
through thermionic field emission (TFE) becomes the favored
transport phenomenon at reverse biases especially for high
doping and intermediate temperatures.[25] Thermionic field
emission takes place between field emission and thermionic
emission.[25] When kBT ≈ E00, the tunneling electrons have
energy between the Fermi level of the metal and the conduc-
tion band edge of the dielectric. In this work, the current den-
sity at reverse bias below−4 V could be fitted well by the TFE
model, which is given by[26]

JTFE = J00 exp
(

eV
ε ′

)
, (4)

ε
′ =

E00[
E00

kBT
− tanh

(
E00

kBT

)] , (5)

E00 =
}
2

√
ND

m∗εsε0
, (6)

where J00, V , ε ′, E00, }, ND, m∗, and εsε0 are the satura-
tion current density, the applied reverse bias, a temperature-
dependent energy parameter that depends on the semiconduc-
tor doping, the Planck constant, the donor density, the elec-
tron effective mass, and the dielectric constant of the semi-
conductor, respectively. As shown in Fig. 3(a), the ln(J)–V
plot can be fitted well by the TFE model at biases lower than
4 V and the slope of the linear variation of ln(J)–V allows
the determination of the E00 parameters. The evaluated E00

value is 5.4 meV at room temperature, which is comparable
to the thermal energy of kBT = 26 meV at RT. Therefore, the
observed exponential increase of the reverse leakage currents
in the low reverse bias regime is governed by the tunneling
transport mechanism through the TFE process as would be ex-
pected in most wide bandgap semiconductor-based Schottky
diodes.

Furthermore, the evolution of reverse current at the high
bias exhibits rather weak dependence on the applied volt-
ages, which has also been observed in AlGaN-based Schottky
diodes and is possibly contributed to by various field-enhanced
tunneling mechanisms, such as the Pool–Frenkel (PF) emis-
sion, Fowler–Nordheim (FN) tunneling, or trap assisted tun-
neling (TAT) mechanisms.[25] When the reverse voltage is
higher than −11 V, the length of the depletion layer is cal-
culated to be larger than 80 nm and increases with the elevated
bias. It was reported that the FN tunneling model becomes the
dominant transport mechanism when the barrier is thin enough
(< 100 Å).[27] Thus, the FN mechanism can be excluded and
the PF emission model was also found to fail to describe the
leakage current at high reverse bias.[28–30] As a matter of fact,
the current transport can be understood well by the TAT mech-

anism as expressed by[31,32]

JTAT = ATAT exp
(
−8π
√

2qm∗

3hE
ϕ

3/2
r

)
, (7)

where ATAT, m∗, E, and ϕr are a constant, the electron ef-
fective mass, the electric field, and the energy of the electron
traps with respect to the conduction band edge of the dielec-
tric, respectively. It indicates that lnJ varies linearly with ϕ

3/2
r ,

which can be observed in the J–V characteristics of the device
as shown in Fig. 3(b). The plot of lnJ versus 1/E shows a
good linear feature, and thus ϕr is extracted to be 1.05 V at
high field values. The above analysis suggests that the inter-
face traps are present at the metal–semiconductor interface,
which reduce the Schottky barrier height or narrow the deple-
tion region, leading to the carrier tunneling and large leakages.
When the electric field approaches the breakdown point, the
tunneling breakdown would possibly occur, leading to the re-
markable increase in reverse leakage current, as shown in the
part that does not follow the TAT model in Fig. 3(b).
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Fig. 3. (a) Linear fitting of ln(J)–V at low field by TFE and (b) linear
fitting of ln(J)–1/E at relatively high field by TAT.

Figure 4(a) shows the C–V and 1/C2–V plots of the
Schottky barrier diodes measured at room temperature with
100 kHz sampling frequency. The capacitance decreases from
2.9×10−7 F/cm2 to 1.44×10−7 F/cm2 when the reverse bias
is changed from 0 to−5 V due to the expanded depletion layer.
The relationship between 1/C2 and the applied voltage can be
expressed as[24]

1
C2 =

2(ψbi−V − kBT/q)
A2qεsε0ND

, (8)

where ψbi, q, A, and ND are the built-in voltage of the diode,
the elementary charge, the contact area, and the electron con-
centration, respectively. Therefore, ψbi and ND can be cal-
culated from the intercept and the slope of a plot of 1/C2–V ,
respectively. The value of ND extracted from the slope is about
1.96×1018 cm−3, which is consistent with the Hall measure-
ment results of the substrate given by Tamura Corporation,
Japan. The Schottky barrier height is related to the built-in
voltage and carrier concentration as given by[24]

ϕB = ψbi +φn +
kBT

q
, (9)
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φn = EC−EF = kBT ln
NC

ND
, (10)

where EC, EF, and NC are the conduction band minimum,
the Fermi level, and the effective density of the states in the
conduction band, respectively. The Schottky barrier height
calculated from the C–V curve is 1.64 eV, which is higher
than the one obtained from the forward J–V characteristics.
The schematic energy band diagram of the Schottky contact
between Ni and β -Ga2O3 is shown in Fig. 4(b). One cause of
the difference in the barrier heights obtained from the I–V and
C–V curves is the image force lowering effect, which normally
affects the J–V characteristics with a negative effect on the
barrier height while the C–V measurement at high frequency
remains unaffected. However, the reduction in barrier height
due to the image force lowering effect in this work is calcu-
lated to be only 0.125 eV, much smaller than the barrier differ-
ence of about 0.33 eV. Thus, image force lowering is not the
main cause. It has been reported that the existence of interface
traps could be the dominant cause of the difference.[33,34] As a
result, the corresponding breakdown field is still lower than the
expected theoretical value of 8 MV/cm. It is thus necessary to
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Fig. 4. (a) The C–V characteristics and 1/C2–V plots of the Schottky
barrier diodes at room temperature with 100 kHz sampling frequency.
(b) Schematic energy band diagrams of the Schottky contact between
Ni and β -Ga2O3.

improve the interface quality of the metal–semiconductor con-
tact to decrease the interface traps.

4. Conclusions
Planar geometry Schottky diodes were fabricated based

on highly-doped β -Ga2O3 (201) substrates with an ultra-high
rectification ratio of 2.1× 1011, a high current density of
127.4 A/cm2 at 1.4 V, a low leakage of 6× 10−10 A/cm2,
an ideality factor of 1.21, a low specific on-resistance of
1.54 mΩ·cm2, and a power figure-of-merit (V 2

B/Ron) of 3.4×
105 W/cm2. The Schottky barrier height was calculated to be
1.31 eV and 1.64 eV from the I–V and C–V curves, respec-
tively, and the difference mainly resulted from the existence
of interface traps. Forward I–V characteristics were described
well by the thermionic emission theory while thermionic field
emission and trap-assisted tunneling are the dominant trans-
port mechanisms at low and high reverse biases, respectively,
which is a result of the contribution of deep-level traps at the
metal–semiconductor interface. With reduced trapping effect,
the performance of β -Ga2O3 SBDs could be further improved
to deliver both high current output and high breakdown volt-
age.
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