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Abstract

We studied the reverse current emission mechanism of the Mo/β-Ga2O3 Schottky barrier diode through the temperature-
dependent current-voltage (I-V) characteristics from 298 to 423 K. The variation of reverse current with the electric field
indicates that the Schottky emission is the dominant carrier transport mechanism under reverse bias rather than the
Frenkel–Poole trap-assisted emission model. Moreover, a breakdown voltage of 300 V was obtained in Fluorinert ambient
with an average electric field of 3 MV/cm in Mo/β-Ga2O3 Schottky barrier diode. The effects of the surface states, on the
electric field distribution, were also analyzed by TCAD simulation. With the negative surface charge densities increasing,
the peak electric field reduces monotonously. Furthermore, the Schottky barrier height inhomogeneity under forward bias
was also discussed.
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Background
Recently, the ultra-wide bandgap semiconductor β-
Ga2O3 has attracted lots of interests for its excellent
characteristics, such as high chemical stability, large dir-
ect wide band gap of 4.8–4.9 eV, high theoretical break-
down electric field (EBR) of 8 MV/cm, and high Baliga’s
figure-of-merit of 3400, which is about ten times larger
than that of SiC and four times larger than that of GaN
[1–3]. The combination of all these properties with the
high quality, large area, and cost-effective β-Ga2O3 sub-
strate grown by melt growth techniques makes β-Ga2O3

a preferred material for high-voltage and high-power
electronics applications [4–9]. As a promising electronic
device, β-Ga2O3 Schottky barrier diodes (SBD) were fab-
ricated with various anode electrode metals, including
Cu [8], Pd [10], Pt [5, 6, 11–13], Au [10, 14], Ni [13, 15–
18], and TiN [12], and its forward and reverse electrical
characteristics, such as the specific on-resistance, Ion/Ioff
ratio, barrier heights, reverse leakage current, and break-
down voltage, were comprehensively investigated. The

inhomogeneous Schottky barrier height and non-saturat-
ing reverse bias current were reported in β-Ga2O3 SBDs
[6, 8, 11, 18, 19] while much less information was known
about carrier transport mechanism under reverse bias,
which is essential for the breakdown voltage
enhancement.
In addition, there is no investigation that has been made

to analyze the emission mechanisms of Mo/β-Ga2O3 con-
tact. If there are some traps or defects in the β-Ga2O3 sub-
strate, the leakage current will be found to be in
agreement with the Frenkel–Poole emission model, and
the reverse current is the emission of electrons from a
trapped state near the metal-semiconductor interface.
Otherwise, the main process in reverse current will be
dominated by the Schottky emission that the electrons
over the Schottky barrier result in a reverse current.
β-Ga2O3 crystal also has one unique property, a large lat-
tice constant of 12.23 Å along [100] direction, which al-
lows a facile cleavage into thin belts or nano-membranes
[9, 20]. So in this work, we mechanically exfoliated
large-scale β-Ga2O3 from low dislocation density bulk
substrate, and for the first time, the thermally stable Mo-
lybdenum (Mo) was chosen as the anode electrode metal
to fabricate the β-Ga2O3 vertical Schottky barrier diodes.
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The electrical conduction mechanism under the reverse
bias was discussed at the temperature range from 298 to
423 K. This work provides insights into carrier transport
mechanisms that can help improve functionalities of
β-Ga2O3-based devices.

Methods/Experimental
As shown in Fig. 1a, b, the Schottky barrier diode was
fabricated on the β-Ga2O3 (100) film mechanically exfo-
liated from the Sn-doped β-Ga2O3 substrate, with the
thickness of 15 μm and electron concentration of 2 ×
1017 cm− 3. As presented in Fig. 1d, e, the full width at
half-maximum (FWHM) and root mean square (RMS)
were estimated to be 51.9 arcsec and 0.19 nm, respect-
ively, by high resolution X-ray diffraction (HRXRD) and
atomic force microscope (AFM) measurements. Excel-
lent crystal quality and smooth surface were confirmed
by the measurement. After wet chemical cleaning, the
Ti/Au (20 nm/100 nm) metal stack was deposited using
E-beam evaporation on the back side and followed by
the rapid thermal annealing (RTA) at 600 °C for 60 s
under nitrogen atmosphere to form the Ohmic contact.
The circular Schottky anode electrodes with diameters
of 100 μm were formed on the front side by evaporation
of Mo/Au (40 nm/100 nm) metals and lift-off process.
Figure 1c shows the structure of the schematic cross sec-
tion of the β-Ga2O3 SBD in this work.

Results and Discussion
The current-voltage (I-V) characteristics of Au/Mo/
β-Ga2O3 Schottky barrier diodes were investigated using
a Keithley 4200 semiconductor characterization system

between 298 and 423 K. As shown in Fig. 2a, the Ion/Ioff
ratio is close to 1010 at 298 K, indicating a good rectify-
ing behavior. For the forward bias from 0.1 to 0.7 V, the
semilogarithmic I-V curves are almost liner and display
a strong temperature dependence behavior. With the
forward bias further increasing, the deviation from lin-
earity of the I-V curves is ascribed to the series resist-
ance of the Schottky barrier diode and the relationship
between the applied voltage and the current can be

expressed as I ¼ Isf exp½qðV−IRsÞ
nkT �−1g [21–23], where V is

the applied voltage, Rs the series resistance, T the abso-
lute temperature, k the Boltzmann constant, n the ideal-
ity factor, and Is is the reverse saturation current. The n
and Is can be determined from the slope and intercept of
the lnI-V plots, respectively. For the ideal Schottky bar-
rier diode, the ideality factor n should be equal to unity.
The higher the n, the greater the deviation from the
thermal emission (TE) model. In addition, according to

the equation ϕb ¼ kT
q ln ½AA�T2

Is
� [21–23], the values of ϕb

at different temperatures were also determined, as
shown in Fig. 2b, where ϕb is the barrier height, A is the
diode area and A* is the effective Richard constant
40.8 A cm−2 K− 2 with the β-Ga2O3 effective mass of
m* = 0.34 m0 [5, 24]. With temperature increasing from
298 to 423 K, the ϕb increases while n decreases, indicat-
ing another transport mechanism also contributing to
the current transport and leading to the deviation of the
I-V characteristics from the pure TE model, which has
been reported previously in β-Ga2O3 Schottky barrier di-
odes [25] and other wide bandgap devices [26–30]. The
barrier height inhomogeneity analysis can be described
by a Gaussian distribution in barrier heights,

Fig. 1 a The Sn-doped β-Ga2O3 substrate with the thickness of 300 μm. b The Schottky anode electrodes formed on the front side with
diameters of 100 μm. c The structure of the schematic across section of the β-Ga2O3 SBD. d XRD rocking curve and e AFM image of the β-Ga2O3

drift layer mechanically exfoliated from (100) β-Ga2O3 substrate
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ϕb ¼ ϕb0 T ¼ 0ð Þ− qσ2s
2kT

ð1Þ

The values of mean barrier height ϕb0 and the stand-
ard deviation σs are extracted to be 1.55 eV and
0.186 eV, respectively, from Fig. 2c. Furthermore, consid-
ering the barrier height inhomogeneities, the conven-
tional Richardson plot is modified as follows:

ln
Is
T 2

� �
−

q2σ2
s

2k2T 2

� �
¼ ln AA�ð Þ− qϕb0

kT
ð2Þ

As shown in Fig. 2c, the modified lnðIs=T 2Þ−ðq2σ2s=2
k2T 2Þ versus 1/kT is a straight line. The intercept of the
curve is used to obtain the A* of 44.7 A cm−2 K−2, which
is very close to the theoretical value of β-Ga2O3 of
40.8 A cm−2 k−2. Hence, the barrier inhomogeneities at
metal/semiconductor interface for β-Ga2O3 SBD can be
explained by TE with Gaussian distribution of barrier
over the SBHs.
The room temperature reverse breakdown measure-

ment was also carried out by using Agilent B1505A
high-voltage semiconductor analyzer system, as shown
in Fig. 3. The breakdown voltage was 260 V while it was
300 V with the sample submerged in Fluorinert ™ pro-
duced by 3M company which can prevent air breakdown
under high reverse bias. In order to understand the dis-
tribution of the electric field, numerical simulation was
performed with ATLAS software, as shown in Fig. 4a, b.
With the distance increasing from the interface between
the semiconductor and the anode to about 1 μm, the
electric field gradually decreasing. At the position of x =
4 μm, the average electric field is 3 MV/cm, calculated
from Fig. 4c. Also shown in Fig. 4d, at the position of y
= 1 nm, the maximum electric field at breakdown

voltage was about 8 MV/cm at the edge of the Schottky
contact, which is about 2.7 times that of the average
electric field. As reported by A. J. Green et al [31] and K.
Zeng et al [32], the peak electric field and the average
electric field of the electrode edge were 5.3, 3.8 MV/cm
and 6.1, 4.4 MV/cm, respectively, and the peak electric
field of Mo/Ga2O3 Schottky diode is relatively high. It is
supposed that the β-Ga2O3 nano-membrane obtained by
mechanical exfoliation has a large number of dangling
bonds and surface states which will capture electrons to
deplete the carriers from anode to cathode under reverse
bias [33]. Taken the negative surface charge into ac-
count, the simulation result showed the electric field at
the edge of the Schottky contact reduced with negative
surface charge densities increasing from 0.5 × 1013 cm−2

to 3 × 1013 cm−2, respectively. Especially with the nega-
tive surface charge densities of 3 × 1013 cm−2, the peak

a b c

Fig. 2 a Forward I-V characteristics of Mo/β-Ga2O3 Schottky barrier diodes at different temperatures. b Temperature dependence of the ideality
factor and Schottky barrier height of β-Ga2O3 Schottky barrier diode. c Plots of ϕap versus q/2kT and modified Richardson plot versus 1/kT for the
β-Ga2O3 Schottky barrier diodes

Fig. 3 The reverse I-V characteristics of the β-Ga2O3 samples at
room temperature respectively in Fluorinert and air

Hu et al. Nanoscale Research Letters            (2019) 14:2 Page 3 of 7



electric field at the edge of the Schottky contact is about
5.2 MV/cm. Therefore, the reverse breakdown voltage
300 V can be achieved on the β-Ga2O3 nano-membrane
with ND = 3 × 1017 cm−2 without any edge termination
structures. As shown in Fig. 4d,because of the existence
of interface state at X-position below 2 μm, the electrons
can be trapped and the depletion region can be formed,
resulting in the electric field in the Y direction. As the
interface state concentration increases, the electric field
in the Y direction increases, although the electric field in
the X direction approaches zero. So the electric field in-
creases at X-position below 2 μm.
On the other hand, with the reverse bias Vre increas-

ing, the leakage current Ire increases rather than saturate
for |V | > 3 kBT/q, as shown in Fig. 5a, which is incon-
sistent with the TE theory. Therefore, the electric-field
enhanced thermionic emission was considered to discuss
the dependence of the Ire on Vre, including Poole–Fren-
kel emission and Schottky emission [34, 35]. In Poole–
Frenkel emission, the electrons transport from metal
into the semiconductor via a trapped state and the Ire is
given by

Ire∝E exp
q
kT

ffiffiffiffiffiffiffi
qE
πεS

r� �
ð3Þ

while in Schottky emission, the electrons will gain

enough energy to overcome the barrier at the metal/
semiconductor to form the current and the Ire can be
expressed by

Ire∝T 2 exp
q

2kT

ffiffiffiffiffiffiffi
qE
πεS

r� �
ð4Þ

where εs is the permittivity of the β-Ga2O3 (~ 10 ε0)

and E is the applied electric field, calculated by E ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qND
εS

ðV þ Vbi− kBT
q Þ

q
, ND is the donor density of the

β-Ga2O3, and Vbi is the built-in potential. As shown in
Fig. 5b, ND and Vbi can be extracted from the slope and
the intercept of the inverse square capacitance (1/C2)
versus the Vre plots using the following expression

1

C2 ¼
2 V bi−kT=q−Vð Þ

qεsA2ND
ð5Þ

If the curve of ln(I/T2) versus E1/2 is linear, the
Schottky emission mechanism is dominant. And if the
plot of ln(I/E) versus E1/2 is liner, the Poole–Frenkel
emission dominates the reverse current transport. Fig-
ure 5c, d depicts the plots of ln(I/E) and ln(I/T2) ver-
sus E1/2, respectively. Both sets of the curves are
linear, indicating not only the Poole–Frenkel emission

Fig. 4 a Off-state TCAD electric field simulation of the Schottky barrier diodes under − 300 V bias. b The electric field simulation of the selected
regions in green dashed box. The potential along the y axis at x = 4 μm is present in (c), and the electric field at the edge of the Schottky contact
reduced with different effective negative surface charge densities are present in (d)
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but also the Schottky emission are present. In order
to clarify the dominant carrier transport mechanism,
the slope of the curves, or the emission coefficient
can be expressed as [34–36].

S ¼ q
nkT

ffiffiffiffiffi
q
πε

r
ð6Þ

where n = 1 is for the Poole–Frenkel emission (SPF)
and n = 2 for the Schottky emission (SS). The experimen-
tal values of S are denoted as Sm-PF and Sm-S for Poole–
Frenkel and Schottky emission given by the slope of the
curves in Fig. 5c, d, respectively. The ratios of the ex-
perimental value to the theoretical value, NPF (=Sm-PF/
SPF) and NS (=Sm-S/SS), are shown in Fig. 6. Since the
values of NS are closer to unity than those of NPF, the re-
verse current is dominated by the Schottky emission.

a b

c d

Fig. 5 a Reverse I-V characteristics of Mo/β-Ga2O3 Schottky barrier diodes at different temperature. b Temperature dependence of 1/C2

characteristics of the Mo/ β-Ga2O3 Schottky barrier diodes. The electric field dependence analysis of Mo/β-Ga2O3 Schottky contact with different
mechanism. c Poole–Frenkel mechanism (I/E) versus E1/2 and d Schottky mechanism ln(I/T2) versus E1/2
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Conclusions
We have investigated the electrical characteristics of
Mo/Au Schottky barrier diodes fabricated on the (100)
β-Ga2O3 film mechanically exfoliated from the Sn-doped
β-Ga2O3 substrate. On the basis of TE model, the ex-
tracted ϕb and n increases and decreases with the in-
creasing temperature, respectively. By assuming the
Gaussian distribution of inhomogeneous barrier height,
the mean barrier height of 1.55 eV and the standard de-
viation of 0.186 eV were obtained. Finally, according to
the ln(I/T2) and ln(I/E) versus E1/2 plots, the parameter
NS of Schottky emission is close to unity, illustrating the
Schottky emission being the dominant transport mech-
anism of the reverse current. The breakdown voltage of
300 V with samples in Fluorinert is obtained in Mo/Au
Schottky barrier diodes with an average electric field of
3 MV/cm, indicating the great potential of β-Ga2O3 for
power electronics applications.

Abbreviations
I-V: Current-voltage; Mo: Molybdenum; RTA: Rapid thermal annealing;
SBD: Schottky barrier diode; TE: Thermionic emission
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