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Abstract: Beta-phase gallium oxide (β-Ga2O3) Schottky barrier diodes were fabricated on highly doped single-crystal substrates,
where their temperature-dependent electrical properties were comprehensively investigated by forward and reverse current
density – voltage and capacitance – voltage characterization. Both the Schottky barrier height and the ideality factor showed a
temperature-dependence behavior, revealing the inhomogeneous nature of the Schottky barrier interface caused by the interfa-
cial defects. With a voltage-dependent Schottky barrier incorporated into thermionic emission theory, the inhomogeneous barri-
er model can be further examined. Furthermore, the reverse leakage current was found to be dominated by the bulk leakage cur-
rents due to the good material and surface quality. Leakage current per distance was also obtained. These results can serve as im-
portant references for designing efficient β-Ga2O3 electronic and optoelectronic devices on highly doped substrates or epitaxial
layers.
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1.  Introduction

III-oxide  compound  semiconductors  hold  great  potential
to pioneer new semiconductor-based technologies. This materi-
al  system,  including gallium oxide (Ga2O3)  and aluminum ox-
ide (Al2O3), has a bandgap range of 4–8 eV which is much lar-
ger  than that  of  conventional  semiconductors  such as  silicon
(1.12  eV)  and  gallium  arsenide  (1.42  eV)  and  even  wider
bandgap (WBG) semiconductors such as GaN (3.4 eV) and 4H-
SiC  (3.25  eV).  Among  these  III-oxide  semiconductors,  beta-
phase  Ga2O3 (β-Ga2O3)  has  garnered  considerable  attention
for  various  optoelectronic  and  electronic  applications[1, 2],
due to its  large bandgap (~4.8 eV) and high breakdown elec-
tric  field Ebr (~8  MV/cm)[3–5].  The  large  bandgap  of β-phase
Ga2O3 allows  it  to  withstand  a  stronger  electric  field,  which
makes it possible to use a thinner device for a given voltage rat-
ing.  This  is  important  because  the  thinner  the  device,  the
lower its on-resistance, thus making it much more energy-effi-
cient. As a result, β-Ga2O3 based devices are promising candid-
ates  for  efficient  power  conversion[6, 7] application  in  smart
grids,  renewable energy,  big data center power supplies,  and
automotive electronics.

Another advantage of β-Ga2O3 is the availability of cost-ef-
fective  single-crystal  substrates[4, 8, 9].  The  edge-defined  film-
fed growth (EFG) method, described by Labelle and Mlavsky, is
an advantageous technique for growing crystals of various ma-
terials in various shapes. The EFG method has been applied to
the growth of oxides such as Al2O3, LiNbO3, and TiO2. It is one
of  the  main  methods  used  to  grow  large-sized β-Ga2O3 sub-

strates,  as  its  relatively  low  cost  and  scalability  make  it  well
suited for use in mass production. Nowadays, commercialized
high quality 2-inch β-Ga2O3 substrates grown by EFG with con-
trollable  doping  concentrations  ranging  from  1016 to  1019

cm−3 have  also  been  demonstrated[8–10]. Electronic  devices
such as field effect transistors (FETs)[6, 7] and Schottky barrier di-
odes (SBDs)[4, 8, 9, 11],  and optoelectronic devices such as solar-
blind photodetectors[12] fabricated on the β-Ga2O3 substrates
have also been reported.

As shown in Fig. 1, β-Ga2O3 devices are capable of dramatic-
ally enhancing the efficiency of power electronics system by re-
ducing the on-resistance.  To access  this  low on-resistance re-
gion, high doping concentrations of β-Ga2O3 are needed. Cur-
rently, the majority of the β-Ga2O3 devices have a doping con-
centration below mid 1017 cm−3 range and the on-resistance is
significantly  higher  than  the  theoretical  limit[3, 4],  resulting  in
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Fig.  1.  (Color  online)  Theoretical  benchmark  plot  of  on-resistance
versus  breakdown  voltage  for  power  devices  based  on β-Ga2O3 and
other major semiconductors.
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large power losses. However, there are very few reports about
SBDs  on  highly  doped  single-crystal β-Ga2O3 substrates  with
doping concentrations above 1018 cm−3. Additionally, the mech-
anism of  temperature-dependent  performance of  these SBDs
is still not very clear. In this work, we comprehensively investig-
ated the temperature-dependent electrical properties of ( )
β-Ga2O3 SBDs on highly doped (~3 × 1018 cm−3) single-crystal
substrates. In Section 2, we perform detailed material character-
izations  on  the  substrates  and  fabricated  the  devices.  In  Sec-
tion  3,  first,  current  density–voltage  (J–V)  and  capacitance–
voltage (C–V) characteristics are discussed in detail. Several im-
portant device parameters such as Schottky barrier height and
ideality factor are extracted and temperature-dependent charac-
teristics  are  also  included.  Then,  the  reverse  leakage  currents
are fitted by the trap-assisted tunneling model and the one-di-
mensional variable-range-hopping conduction (1D-VRH) mod-
el. Quantitative study of the leakage current as a function of dis-
tance was also carried out. These results represent one of first
comprehensive  investigations  for β-Ga2O3 devices  on  highly
doped  substrates  and  are  beneficial  for  future  developments
of low-loss β-Ga2O3 electronics and optoelectronics.

2.  Material characterization and device
fabrication

2̄

The β-Ga2O3 single  crystal  substrates  were  purchased
from the Tamura Corporation.  The wafers were grown by the
EFG method. Ga2O3 and tin oxide (SnO2) powder were used as
the source material and the precursor for n-type Sn dopants, re-
spectively.  More  details  about  the  growth  process  can  be
found  elsewhere[9].  High-resolution  X-ray  diffraction  (HRXRD)
was  used  to  characterize  the  crystal  quality  of  the  substrate.
The setup was the PANalytical X’Pert Pro materials research X-
ray  diffractometer  (MRD)  system  using  a  Cu  Kα1  radiation
source  with  a  wavelength  of  1.541  Å.  The  incident  beam  op-
tics and the diffracted beam optics were the hybrid monochro-
mator  and  the  triple  axis  module,  respectively.  The  rocking
curve (RC) for the ( 01) β-Ga2O3 substrate is shown in Fig. 2(a).
The full width at half maximum (FWHM) of the RC was ~44 arc
sec. The dislocation density of the substrate was estimated to
be of the order of ~106 cm−2[13]. To further confirm the quality
of  the  substrate,  the  surface  roughness  was  examined  by  us-
ing  Bruker's  Multimode  atomic  force  microscopy  (AFM)  as

shown in Fig.  2(b).  The root-mean-square (RMS) roughness of
the scanning area of 3 × 3 μm2 is  about 0.12 nm. The HRXRD
and AFM results indicate that the β-Ga2O3 substrate has a low
dislocation density and a good surface morphology.

The SBDs were then fabricated on the β-Ga2O3 substrate us-
ing standard photolithography.  Before the metal  depositions,
the sample was cleaned in acetone and isopropyl alcohol (IPA)
under ultrasonic to remove possible organic contaminants on
the surface. For the ohmic contacts of the SBDs, Ti/Al/Ti/Au met-
al  stacks  were  deposited  on  the  Ga2O3 substrate  using  elec-
tron beam evaporation and subsequently annealed at  470 °C
for  1  min  in  nitrogen  ambient  using  rapid  thermal  annealing
(RTA). For the Schottky contacts, Pt/Au metal stacks were depos-
ited by electron beam evaporation. Fig. 2(c) shows the schemat-
ic top view and cross-section view of the β-Ga2O3 SBDs. The dia-
meters  of  the  left  ohmic  contact  and  right  Schottky  contact
are  400  and  200 μm,  respectively.  The  distance  between  the
ohmic  and  Schottky  contacts  varied  from  50  to  500 μm.  A
Keithley 2410 source meter and 4200-SCS parameter analyzer
on  a  probe  station  with  a  controllable  thermal  chuck  were
used for the electrical measurement.

3.  Results and discussions

3.1.  Forward J–V characterization and C–V

characterization

2̄

Fig. 3 shows the temperature-dependent forward I–V char-
acteristics  of  the β-Ga2O3 SBDs from 300 to 480 K (with steps
of 20 degrees) in both linear scale and log scale. The upper cur-
rent limit of the setup is 0.1 A. A high on/off ratio of ~109 was
observed. To further discuss the electrical properties, on-resist-
ance and turn-on voltage were then extracted. In Fig. 4(a), the
on-resistance  of  the  ( 01) β-Ga2O3 SBD  is  about  0.9  mΩ·cm2,
which is lower than for previous work [4, 10, 11, 14–20]. There are sev-
eral factors that can influence the on-resistance such as ohmic
contact,  interface  quality  and  crystalline  quality[13].  In  this
work, the relatively low on-resistance can be attributed to the
high doping concentration, which will be further discussed in
the C–V measurements  later.  The  turn-on  voltage  in Fig.  4(b)
gradually decreased from 0.84 to 0.64 V with the temperature in-
creasing from 300 to 480 K. This is due to the generation of the
high energy electrons and/or reduced bandgap at high temper-
ature.
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Fig. 2. (Color online) (a) The rocking curve of the β-Ga2O3 substrates measured by HRXRD. (b) The 2D and 3D AFM images of the surface morpho-
logy of the β-Ga2O3 substrates. (c) Top and cross-section view of the fabricated SBDs.
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The current–voltage characteristics of the SBDs can be stud-
ied from the thermionic emission model[11]

 

J = A∗T 2 exp
(
−qϕeff

kT

) [
exp

( qV
nkT

)
−1

]
, (1)

 

Js = A∗T 2 exp
(
−qϕeff

kT

)
, (2)

A∗ = 4πqk2mn
∗/h3

where J is the current density, A* is the Richardson constant
(for β-Ga2O3, it is calculated to be 41.1 A/cm2K2 using an ef-
fective  electron  mass  of  0.34m0  and  the  equation

)[18], T is the temperature in kelvin, q is the
electron charge, ϕeff is the effective Schottky barrier height, k is
the Boltzmann constant, n is the ideality factor, and Js is the
saturation current density. The ideality factor can be calcu-
lated as a function of temperature by applying the function[21]:
 

n =
q

kT
1

d(lnJ)
dV

. (3)

Fig.  5 shows  the  extracted  ideality  factor  and  the  barrier
height as a function of temperature. The values of n and Js are
extracted from the measured J–V data in forward bias from 0.3
to 0.5 V. If the Schottky barrier is homogeneous and the thermi-
onic emission model is valid, then the ϕeff should be temperat-

ϕb

ure  independent,  ideality  factor  should  be  1,  and  the y-inter-
cept  of  ln(Js/T2)  versus  1000/T graph  should  retrieve A*.
However, the results obtained from Fig. (5) do not match this as-
sumption. In Fig. 5(a), when the temperature is increased from
300  to  480  K,  the  ideality  factor  decreases  from  1.39  to  1.13,
and the Schottky barrier height increases from 0.94 to 1.10 eV.
The correlation between the ideality factor and Schottky barri-
er height can be further observed by a well know linear relation-
ship[22],  as  shown in Fig.  5(b).  Moreover,  the blue dashed line
in Fig. 5(d) shows a fit to the Richardson plot of ln(Js/T2) versus
1000/T. The calculated A* value is about 3.28 × 10−3 Acm−2K−2,
which  is  unreasonably  small  compared  with  the  theoretical
value. All these non-ideal results can be explained by the thermi-
onic emission over an inhomogeneous barrier with a voltage-
dependent  barrier  height[23].  The spatial  inhomogeneities  are
attributed to the defects between the metal/semiconductor in-
terface,  which  may  be  caused  by  a  rough  interface  between
the  Schottky  electrode  and  the  semiconductor,  non-uniform
metallurgy,  and metal  grain  boundaries[24, 25].  To  incorporate
the barrier inhomogeneity into the thermionic emission mod-
el, it is assumed that the Schottky barrier has a Gaussian distribu-
tion potential with a mean barrier height  and a standard de-
viation σ, and the barrier is linearly dependent on voltage: 

ϕeff = ϕb−
qσ2

2kT
, (4)
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Fig. 3. (Color online) Temperature-dependent forward J–V characteristics of β-Ga2O3 SBDs in (a) linear scale and (b) log scale.
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Fig. 4. (Color online) (a) Comparision of on-resistance of previously reported β-Ga2O3 SBDs on various crystal orientations. (b) The turn-on
voltage was obtained by linear extrapolation of the linear I–V curves.
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ϕb = ϕb0+γV, (5)

 

σ2 = σ0
2− ξV, (6)

where ϕb0 and σ0 are the values at zero bias. The ideality factor
thus becomes temperature-dependent and its value can ex-
ceed unity:
 

n−1−1 = −γ− qξ
2kT
. (7)

Fig.  5(c) shows  the  linear  relationship  of  both n−1−1  and
ϕeff with respect to 1000/T.  The coefficients γ and ξ represent
the voltage-induced deformation of the Schottky barrier distri-
bution. Note that γ < 0 and ξ > 0, meaning larger voltage can de-
crease  the  mean  Schottky  barrier  height  and  reduce  the  in-
homogeneity  of  the  barrier  distribution,  respectively[23].  With
the fitting data in Fig. 5(c), the extracted ϕb0 is 1.34 eV and the
extracted σ0 is 0.14 eV. This potential fluctuation parameter is
close to the values of some other reported SBDs with different
materials, such as a-IGZO (0.13 eV)[24], ZnO (0.134 eV)[26], and a-
ZTO (0.12 eV)[23] Schottky diodes.

Moreover, we can then combine the modified Schottky bar-
rier Eq. (4) into the original thermionic emission Eq. (1) and ob-
tain the following modified thermionic emission equation:
 

ln
(
Js/T 2

)
−q2σ0

2/2k2T 2 = ln
(
A∗

)−qϕb0/kT. (8)

ϕb0

A  modified  Richardson  plot  using  Eq.  (8)  is  shown  in  the
red line of Fig. 5(d). Form the fitting data (dashed line), the modi-
fied  Richardson  constant A* is  ~41.26  Acm−2K−2 and  is

ϕb0

~1.36  eV.  These  values  are  close  to  the  theoretical A* value
(41.1  Acm−2K−2)  and  the  value  extracted  from Fig.  5(c)
(1.34 eV).

Fig.  6(a) shows the C–V characteristics  of  the Ga2O3 SBDs
at a frequency of 1 MHz at room temperature. By plotting the
1/C2 versus V in Fig. 6(b) and extracting the slope, the doping
concentration  can  be  calculated  using  the  following  equa-
tions[11, 27]:
 

1
C2 =

2
qε0εrND

(
Vbi−V − kT

q

)
, (9)

 

ND =
−2

qε0εr

d
(

1
C2

)
dV

 , (10)

where ε0 is vacuum permittivity, εr is the relative permittivity
of β-Ga2O3, and Vbi is the built-in voltage. The doping concen-
tration of the β-Ga2O3 substrate is about (2.9–3.5) ×1018 cm−3,
which is a relatively high doping concentration. This result in-
dicates that this sample is less resistive and explains the low
on-resistance of the devices.

3.2.  Reverse J–V characterization and the study of the

surface current leakage

The temperature-dependent reverse J–V characteristics of
the β-Ga2O3 SBDs  is  presented in Fig.  7.  Note  that  the  break-
down voltages were relatively low due to the high doping con-
centration  of  the  substrates.  The  reverse  current  increased
with the temperature, increasing from 300 to 480 K. Due to the
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Fig. 5. (Color online) (a) Ideality factor and Schottky barrier height as a function of temperature from 300 to 480 K. (b) Ideality factor versus Schot-
tky barrier height. (c) Plot of effective barrier height and n−1–1 versus 1000/T with error bars. (d) Original and modified Richardson plot for β-
Ga2O3 SBDs. The dashed line shows the fitting curve.
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ultra  large bandgap of β-Ga2O3,  the thermionic  emission cur-
rent over the barrier  is  very small  compared to the measured
current levels, hence it will be neglected in the following discus-
sion[28]. To study the reverse leakage current mechanism, sever-
al current conduction models are proposed to characterize the
reverse  leakage  current[28–32].  The  first  model  is  the  two-step
trap-assisted  tunneling[28–30, 32].  In  this  model,  an  electron  in
the metal could be activated to a trap state at the metal–semi-
conductor  interface  and  then  tunnel  to  the  semiconductor
side. Fig. 8(a) shows a typical Arrhenius plot of the current for
this model at VR = 7 V and a schematic electron transport dia-
gram  in  the  inset.  This  phenomenon  can  be  examined  from

qϕb−EA

the  exponential  temperature  dependence  of  the  reverse  cur-
rent. The reverse leakage current is proportional to an exponen-
tial term to the power of –EA/kT where EA is the activation en-
ergy. From the slope of this graph, the activation energy was ex-
tracted  to  be  30.5  meV.  Assuming  thermal  activation  is  the
rate-limiting  step,  the  trap  state  would  be  at  an  energy
( )  below the conduction band edge of  the semicon-
ductor.

The second model is the one-dimensional variable-range-
hopping conduction (1D-VRH) model[31].  The model describes
a thermally  activated current  conduction from the metal  into
the  semiconductor  along  the  defect  states  associated  with  a
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Fig. 6. (Color online) C-V characteristics for β-Ga2O3 SBDs at 1 MHz. The doping concentration of the devices was also extracted.

 

480 K
460 K
440 K
420 K
400 K
380 K
360 K
340 K
320 K
300 K

Increasing
temperature

150

100

50

0

Cu
rr

en
t d

en
si

ty
 (A

/c
m

2 )

−8 −6 −4 −2 0
Voltage (V)

−8 −6 −4 −2 0
Voltage (V)

480 K
460 K
440 K
420 K
400 K
380 K
360 K
340 K
320 K
300 K

Increasing
temperature

Cu
rr

en
t d

en
si

ty
 (A

/c
m

2 )

103

101

10−1

10−3

10−5

10−7

10−9

(a) (b)

 

Fig. 7. (Color online) Temperature-dependent reverse J–V characteristics of the β-Ga2O3 SBDs in the (a) linear scale and (b) log scale.
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Fig. 8. (Color online) (a) Arrhenius plot of reverse leakage currents of the β-Ga2O3 SBDs with the activation energy extracted. (b) Conductivity as a
function of 1/T1/2 for the β-Ga2O3 SBDs. The inset shows the electron transport in the 1D-VRH conduction model.
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threading dislocation near or below the Fermi level. In this mod-
el, the conductivity of the device is given by[28]

 

σ = σ0exp
[
−(T0/T

)0.5] ,
where  T0  is  a  characteristic  temperature.  Fig.  8(b)  demon-
strated the relationship of measured conductivity in log scale
as  a  function  of  T−0.5  from  300  to  480  K.  The  good  fitting
between experiment data and fitting data suggest that both
models play important roles in the reverse leakage mechan-
ism. Further investigations are needed to decouple the two
mechanisms and identify the primary mechanism.

Fig. 9 shows the leakage current for β-Ga2O3 SBDs as a func-
tion of contact distance from 50 to 500 μm at voltages of −6,
−7, and −8 V. The reverse current decreased as the contact dis-
tance increased. This trend is opposite from the observation of
some other material system such as AlN on sapphire[27, 33] and
germanium on SOI[34].  The total leakage current is the sum of
leakage  currents  through  the  bulk  and  the  surface.  For  the
cases  of  AlN and Ge on SOI,  due to  the  poor  material  quality
and the large amount of surfaces states, the leakage current is
surface dominated via surface states. With shorter contact dis-
tance,  there  is  less  chance  for  the  device  to  have  a  poor  sur-
face  area  between  the  contacts.  As  a  result,  the  surface  leak-
age current increases with the contact distance. In the case of
β-Ga2O3 SBDs on single-crystal substrate, without the detriment-
al effects of poor material quality, the leakage current is domin-
ated by the bulk. A larger contact distance results in a higher res-
istivity  of  the leakage path and a lower leakage current.  With
the linear fitting, the leakage currents per distance were extrac-
ted to be 0.065,  0.156, 0.361 mA/mm at  −6,  −7,  and −8 V,  re-
spectively.  At  higher  reverse  bias,  the  leakage  current  is  in-
creased due to a higher electric field between the contacts[35].

4.  Conclusions

Lateral  SBDs  fabricated  on  highly  doped β-Ga2O3 sub-
strates by the EFG method were presented. The temperature-
dependent J–V and C–V characteristics  were  analyzed  rigor-
ously. The C–V measurement indicated a high doping concen-
tration of (2.9–3.5) × 1018 cm−3 of the β-Ga2O3 substrate. At the
forward  bias  under  room  temperature,  the  SBDs  exhibited  a
good  rectifying  behavior.  At  room  temperature,  the  devices
had  a  turn-on  voltage  of  ~0.84  V,  an  on-resistance  of  ~0.9
mΩ·cm2, an on/off ratio of ~109, an ideality factor of 1.39, and

a Schottky  barrier  height  of  0.94  eV,  respectively.  In  addition,
the  ideality  factor  showed  a  negative  temperature  depend-
ence, and the Schottky barrier height had a positive temperat-
ure dependence.  This  is  due to the inhomogeneous Schottky
barrier interface caused by defects. Using the modified thermi-
onic  emission  with  the  inhomogeneous  Schottky  barrier
considered,  the  modified  Richardson  constant  was  found  to
be  ~41.26  Acm−2K−2 and  the  mean  Schottky  barrier  height
~1.36  eV.  At  the  reverse  bias,  the  device  showed  a  relatively
low breakdown voltage because of its high doping concentra-
tion.  Two  models  including  the  two-step  trap-assisted  model
and  1D-VRH  model  were  used  to  fit  the  reverse  leakage  cur-
rents. Both play important roles in the reverse leakage current
mechanism. The leakage current had a distinctive negative dis-
tance dependence, indicating it is bulk leakage dominated.
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