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Abstract

High-performance p-Ga,Os-based Schottky barrier diodes (SBDs) and metal-semiconductor field-effect transistors (MESFETS)
are fabricated on a non-delta-doped high doping level (>10'® cm) epitaxial wafer. Their electrical properties and stabilities
after annealing at 200~400 °C are investigated. The ON/OFF ratios for all the SBDs are over 108. The ideality factors and
Schottky barrier heights for the Au/B-Ga,0Os SBDs with different annealing temperatures range from 1.5 to 2.5 and from 0.8
eV to 1.0 eV, respectively. There are obvious pinch-off and saturation characteristics for the p-Ga,O3 MESFETS. The maximum
drain current (Ip,max) for the as-fabricated p-Ga,Os MESFET is 46.8 mA/mm at anode voltage of 2.0 V. They are much higher
than the previously reported values of non-delta-doped and nanobelt B-Ga,O3 MESFETs. Threshold voltages for the B-Ga;0O3
MESFETS shift to the negative direction with the increase of annealing temperature. This study is meaningful to push forward
the development of B-Ga,Os-based electronic devices for practical applications.
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1. Introduction applications such as in space exploration, high-speed rail, and
renewable energy power system.

In recent years, the GayOs-based metal-semiconductor
field-effect transistors (MESFETs) [6-11] have been
developed greatly. Higashiwaki et al. [6] firstly reported Sn-
doped B-Ga20s3-based MESFETSs on a Ga,Os epitaxial layer
grown by a molecular beam epitaxy (MBE) technique.
Although they showed good operations, the maximum output
current (Ipmax) Was not very high (23.9 mA/mm), which
possibly resulted from the low doping concentration (7.0 x

With the development of power electrical techniques,
conventional silicon-based power devices have reached
theoretical limitations due to the intrinsic properties of silicon
[1]. Third-generation semiconductors such as SiC- and GaN-
based power devices have made great progress because of
their advantages including wide bandgap energies, high
carrier mobilities, high electron saturation velocities, and large
thermal conductivities [2, 3]. Their remarkable intrinsic

properties promise excellent performances in high breakdown
voltage, low power-loss, high-frequency, and high-
temperature applications. Recently, 3-Ga>Os has attracted lots
of attention in next-generation electronic devices. Compared
with the SiC and GaN, the B-Ga,Os has a larger bandgap
energy of ~4.9 eV, a higher theoretical breakdown electric
field of ~8.0 MV/cm, and a higher Baliga’s figure of merit of
3214 [4]. Additionally, a large-area, low-cost, and high-
quality B-GaOs single-crystalline wafer has been
commercially available [5], which provides powerful supports
to fabricate Ga,Os-based electronic devices for practical

10Y7 cm?®) for the B-Ga,0s. Dang et al. [7] deposited an a-
Ga0; film on sapphire via a mist-chemical vapor deposition
technique for fabricating the MESFETSs with a PtOy Schottky
gate. Unfortunately, the quality of a-Ga,O3 epitaxial layer was
poor, which led to the low channel mobility (1.3 cm?/Vs) and
the low Ipmax (0.13 mA/mm) for the MESFET. Bae et al. [8]
and Ma et al. [9] exfoliated mechanically the quasi-two-
dimensional B-Ga,0O3 flakes and transferred them on SiO./Si
substrates to fabricate the MESFETS, respectively. However,
the fabrication processes were complicated and the Ip max value
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Figure 1. Optical images of the B-Ga,0Os-based (a) SBD and (b) MESFET,
respectively. (c) and (d) cross-sectional views of them, respectively.

(~5.6 mA/mm) was still not satisfactory. Rajan’s Group
[10—12] made great efforts to grow delta-doped B-Ga,O3
epitaxial layers for fabricating the MESFETSs. The delta-
doping B-Ga,03 was completed in a thin epitaxial layer (~0.2
nm) with an extremely high doping level (~10%* cm) [12].
There were excellent electrical properties for the delta-doped
B-Ga,03-based MESFETS such as a high channel mobilities
(95 cm?/Vs) and a large Ipmax value (180 mA/mm) [10, 11].
However, since it needs a high operation technique for the
growth of delta-doped B-Ga,Os epitaxial layer, it is a big
challenge to promote this technique for wide applications.

In this study, we attempt to fabricate the Schottky barrier
diodes (SBDs) and MESFETs on non-delta-doped high
doping level (>10%® cm?) B-Ga,Os epitaxial wafer. Their
electrical properties will be investigated and compared with
the previous reports. The annealing effect on the p-Ga,Os-
based SBDs and MESFETS will be discussed.

2. Experimental

The B-Gaz0s3 epitaxial wafer with dimension of 10 mm x 15
mm x 0.5 mm was purchased from Japan Novel Crystal
Technology, Inc. A 200 nm-thick Si-doped (010) epitaxial
layer was grown on the Fe-doped semi-insulating substrate
with a 200 nm-thick unintentionally doped (UID) buffer layer
by the MBE technique. The effective donor concentration of
the channel layer was extracted to be around 2.0 x 108 cm-3
via an electrochemical capacitance-voltage profiling method.

The B-Ga,Os epitaxial wafer was cleaned in acetone,
alcohol, and SPM solvent (H,SO4 and H,O, mixed solution)
for 3, 3, and 5 min, respectively, followed by dipping in
deionized water for 15 min. For preparing graphical ohmic
contact electrodes, a positive photoresist (AR-P5350) was
spin-coated on the sample with a rotation rate of 4000 rpm/min
for 1 min. The cathode patterns were formed after the standard
lithography process. The Ti/Au (20/80 nm) bilayer were

formed by a magnetron sputtering deposition system at the
chamber pressure of 5.0 x 10 Torr [Figs. 1(a, b-ii)]. The
deposition rates for Ti and Au were 6.25 nm/min and 100
nm/min, respectively. The sample was thermally annealed at
500 °C for 10 min to form Ohmic contact for the Au/Ti/B-
Gay0s.

The anode and gate electrode of Au for both SBD and
MESFET were formed by the magnetron sputtering method
with the thickness and sputtering rate of 100 nm and 60
nm/min, respectively. In order to investigate thermal
stabilities of them, the sample was annealed at 200, 300, and
400 °C in a tube-heated furnace under a N2 gas atmosphere
with an annealing time for each temperature of 10 min. Their
electrical properties were measured with a B1500 parameter
analyzer and a four-prober system at room temperature.

3. Results and discussion

3.1. Structure of SBD and MESFET

Figures 1(a) and 1(b) show the optical images of the (-
Ga,03 SBD and MESFET, respectively. Their cross-sectional
views are shown in Figs. 1(c) and 1(d), respectively. The
radius and area of the anode for the B-Ga,O3; SBD are 50 um
and 7.85 x 10°° cm™, respectively. The gap spacing between
anode and cathode is 10 um. For the f-Ga,O3 MESFET, the
gate length (Lg), gap spacing between source and gate
electrodes, and gap spacing between gate and drain electrodes
are 5, 10, and 10 pum, respectively. As the radius of the drain
electrode for the B-Ga,O3 MESFET is 50 um, the gate width
(Wg) can be computed to be 0.314 mm.

3.2. Electrical Properties of the Au/p-Ga,O3 SBD

Figure 2 shows the current density (J)-voltage (V)
characteristic for the f-Ga,O3 SBDs. The voltage varies from
-5.01t0 10.0 V. Inset figure shows the enlarged curves with the
voltage ranging from 9.0 V to 10.0 V. For the as-fabricated
SBD, the maximum J (Jmax) is 905.2 A/cm? at the anode
voltage of 10.0 V. After the sample is annealed at 200 and
300 °C, the Jmax values increase gradually to 950.2 and 970.3
Alcm?, respectively. However, as the annealing temperature
enhances to 400 °C, the Jmax decreases to 717.1 Alcm?. When
the voltage is lower than zero, the J values for the as-fabricated,
300 °C-annealed, and 400 °C-annealed B-Ga,O3 SBDs are less
than 107° A/cm?. Their ON/OFF ratios are in a 102 level. That
for the 200 °C-annealed one is less than 108 A/cm? with the
ON/OFF ratio as large as 1.5 x 10*'. Comparing with the as-
fabricated Schottky diode, annealing at 200 °C possibly
modifies the plasma damage for the B-Ga,Os during the
formation of Au electrode by the magnetron sputtering
technique [13], which improves the OFF current and ON/OFF
ratio for the SBD. As the annealing temperatures increase to
300 and 400 °C, the interfacial qualities of Au/B-Ga,Os are
possibly degraded at high-temperature. This is the possible
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Figure 2. The J-V characteristics for the p-Ga,O3; SBDs. Inset figure shows
the enlarged curves at the voltage ranging from 9.0 VV to 10.0 V.

Table I Electrical properties of the f-Ga,O; SBDs

Jmax Js @B
(Alem?)  ONOFF (A/em?) " (eV)
As-fabricated 9052  3.1x10° 92x10° 16 09

200 °C-annealed 950.2 1.5 x10M 1.5 x107" 1.7 1.0
300 °C-annealed 970.3 7.2 x 108 6.5x10712 1.5 1.0
400 °C-annealed 717.1 1.4 x 108 14x1077 25 0.8

reason for the lower ON/OFF ratios at higher annealing
temperatures.

The measured J-V characteristics for the Au/p-Ga,O3 SBDs

follow the thermionic emission (TE) model under V > 3kgT/q
condition [14]:
J = Jslexp G — 11, (1)
where the g, n, ks, and T are the elementary charge (1.6 x 10
19 C), ideality factor, Boltzmann constant (1.38 x 10-% J/K),
and room temperature (300 K), respectively. The Js is
saturation current density, given by:

Js = A'T?exp(FED), @)
where the A" is the effective Richardson constant for B-Ga,O3
(41 A/lcm?-K?) [15]. The &g is the Schottky height of Au/B-
Ga,0s interface. By fitting the data in Fig. 3, the Js, n, and &g
can be deduced based on Eq. (1) and Eq. (2), which are
summarized in Table I. The n and &g range from 1.5 to 2.5
and from 0.8 eV to 1.0 eV, respectively. The high n values for
the Au/p-Ga;0s; SBDs are possibly ascribed to the spatial
inhomogeneity between Au and B-Ga»O3 epitaxial layer. The
same phenomena were also observed in other previous reports
[16-19]. Additionally, when the Au metals were deposited on
other semiconductors such as GaN [20], GaAs [21], and
diamond [22], the same situation happened. In the following
study, the change of anode and the improvement of the Au/j-
Ga,0s interfacial quality would be performed to resolve this
issue.

3.3. Electrical Properties of the Au/f-Ga,O3 MESFETS
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Figure 3. (a)-(d) The Ip-Vp characteristics for the non-annealed and
annealed p-Ga,0; MESFETS respectively.

Figures 3(a)-3(d) show drain current versus drain voltage
(Io—Vp) characteristics for the as-fabricated, 200 °C-, 300 °C-,
and 400 °C-annealed B-Ga,0Os MESFETS, respectively. For
the former three MESFETS, gate-to-source voltage (Vgs)
varies from —15.0 to 2.0 V. That for the 400 °C-annealed one
changes from —10.0 to 2.0 V. There are obvious pinch-off and
saturation characteristics for the Ip—Vp curves of the as-
fabricated, 200 °C-annealed, and 300 °C-annealed B-Ga,O3
MESFETS. The 400 °C-annealed one still operates well at Vs
=-3.0 ~ 2.0 V. However, when the Vgs varies from —10.0 to
-4.0 V, its Ip values increase sharply with the change of Vp.
One possible explanation is that the Au/B-Ga;Os interface
suffers great damage after annealing at 400 °C. The Ipmax for
the as-fabricated p-Ga,0s MESFET is 46.8 mA/mm at Vgs =
2.0 V. Annealing at 200, 300, and 400 °C make it increase to
54.3, 59.5, and 70.5 mA/mm, respectively. The on-resistance
(Ron) normalized by the W for the -Ga,O3 MESFETS can be
obtained by fitting the linear regions of the Ip-Vp
characteristics. They are extracted to be 155.7, 148.5, 139.4,
and 134.0 Q mm for the as-fabricated, 200 °C-, 300 °C-, and
400 °C-annealed MESFETS, respectively. Annealing makes
the lpmax increase and the Ron decrease for the B-Ga,O3
MESFETSs. These are possibly caused by the following two
factors. On one hand, the Ron of the MESFET is composed of
Ohmic contact resistance, surface resistance, and channel
resistance, annealing possibly improves the channel resistance
under gate region. On the other hand, the modification of &g
for the Au/B- Ga20s interface may affect the Ip,max and Ron of
the B-Ga,O3 MESFETS.

The \/E as the function of Vgs for the as-fabricated and
annealed B-Ga,O3 MESFETS is shown in Fig. 4(a). By fitting
the linear regions of the curves, threshold voltage (V1) values
for them are determined to be —9.5, —11.3, —14.3, and —15.0
V, respectively, which are summarized in Fig. 4 (b). All the B-
Ga,0O3 MESFETs operate in normally-on modes. With the
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Figure 4. (a) /I, Ves and (C) gmVes for the B-Ga;0; MESFETS,
respectively, (c) V4 and (d) influence of annealing temperature on g max for
the B-Ga,O; MESFETS, respectively.

Table II Comparison of our 3-Ga,O; MESFET with the previously reported
MESFETSs [6-9]

Lo Ip,max Vi Oim,max
(um) (mA/mm) V) (mS/mm)
MESFET [6] 4 ~239 ~=15 ~22
MESFET [7] 10 ~0.13 -0.8 05
MESFET [8] ~12 ~2 -73 ~02
MESFET [9] 4.2 ~56 -7.1 0.68
MESFET [This work] 5 46.8 -95 7.7

increment of annealing temperature, the V4 shifts to the
negative direction. The extrinsic transconductance (gm) as the
function of Vgs for the B-Ga,Os MESFETS is summarized in
Fig. 4(c). For the as-fabricated p-Ga;Os MESFET, the
maximum gm (gmmax) i extracted to be 7.7 mS/mm (2.4 mS).
They are 7.5, 6.6, and 6.1 mS/mm after the sample annealing
at 200, 300 and 400 °C, respectively. Fig. 4(d) summarizes
annealing effects on the gmmax for the p-Ga,0Os MESFET. The
gmmax decreases gradually with the increment of annealing
temperature.

4. Conclusion

In summary, the B-Ga,Os SBDs and MESFETs were
assembled on the non-delta-doped high doping level epitaxial
wafer. The effects of annealing temperature (200~400 °C) on
their electrical properties were discussed. The Jmax and
ON/OFF ratio of the as-fabricated SBD reached 905.2 A/cm?
and 108 level, respectively. As the annealing temperature
increased to 200 °C, they were improved to be 950.2 A/cm?
and 1.5 x 10, respectively. When the annealing temperature
was enhanced to 400 °C, the Jmax and ON/OFF ratio degraded
to 717.1 A/cm? and 108 level, respectively. The n and &g for

the SBDs ranged from 1.5 to 2.5 and from 0.8 eV to 1.0 eV,
respectively. The Ipmax Values for the as-fabricated, 200 °C-,
300 °C-, and 400 °C-annealed B-Ga,O3 MESFETS were 46.8,
54.3, 59.5, and 70.5 mA/mm, respectively. They were larger
than those of the previously reported non-delta-doped Ga;Os-
based MESFETS. The absolute V1 values increased gradually
with the increment of annealing temperature. The gmmax values
for them were 7.7, 7.5, 6.6, and 6.1 mS/mm, respectively,
which were also higher than those of the previous reports. The
fabrication of high-performance p-Ga,0; SBDs and
MESFETsS is meaningful to push forward the p-Ga,Os-based
electronic devices for practical applications.
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