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ABSTRACT

Quasi-two-dimensional (2D) B-GazOs is a rediscovered metal-oxide semiconductor with an ultra-wide bandgap of 4.6—4.9 eV. It has been
reported to be a promising material for next-generation power and radio frequency electronics. Field effect transistors (FETs) that can switch
at high voltage are key components in power and radio frequency devices, and reliable Ohmic contacts are essential for high FET performance.
However, obtaining low contact resistance on 3-Ga,Os; FETs is difficult since reactions between B-Ga,Os; and metal contacts are not fully
understood. Herein, we experimentally demonstrate the importance of reactions at the metal/3-Ga»Os interface and the corresponding effects
of these reactions on FET performance. When Ti is employed as the metal contact, annealing of B-Ga.Os FETs in argon can effectively
transform Schottky contacts into Ohmic contacts and permit a large drain current density of ~ 3.1 mA/um. The contact resistance (Rcontact)
between the Ti electrodes and B-Ga,O; decreased from ~ 430 to ~ 0.387 Q-mm after annealing. X-ray photoelectron spectroscopy (XPS)
confirmed the formation of oxygen vacancies at the Ti/3-Ga.Os interface after annealing, which is believed to cause the improved FET
performance. The results of this study pave the way for greater application of B-GaOs in electronics.
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1 Introduction

B-Ga;0; was recently unveiled as a promising wide bandgap quasi-
two-dimensional (2D) semiconducting material with interesting
optical and electrical properties [1-10]. Advancements in bulk single
crystal f-Ga,O; growth methods and B-Ga:Os-based field-effect
transistors (FETs) have attracted much attention in this regard and
ignited substantial scientific interest [6, 7, 11]. B-Ga.Os is not strictly
a 2D material. However, owing to the large lattice constant of 12.33 A
along the [100] direction in a monoclinic B-Ga:O; crystal [7, 8],
quasi-2D B-Ga.Os nanomembranes can be mechanically exfoliated
from cleavage planes of a 3-Ga;Os crystal, similar to exfoliation of 2D
materials [7-15]. Previously, Hwang et al. obtained 20 nm p-Ga,Os
nanomembranes after exfoliation [6]. Zhou et al. reported that the
threshold voltage would shift from negative values in depletion mode
to positive values in enhance mode by reducing the thickness of
B-Ga,Os nanomembranes from 100 to 50 nm, but the drain current
would also significantly decrease [9]. Large on-state currents [7, 9,
16], high breakdown voltage [17, 18], excellent on/off ratios [7, 9,
17], and the potential of operating in radio frequency regime [19]
have been reported in FETs based on exfoliated B-Ga.O;. Although
B-Ga;0:s is a competitive candidate for use in next-generation electronics
(6,7, 17], FETs made with -Ga;O; usually exhibit significant Schottky
barriers [6, 7, 20-22], resulting in high contact resistance and small
on-state current, thus hampering FET performance [23-26]. For

semiconducting metal-oxides, metal contacts often react with
metal-oxides at the interface to produce complex compounds, making
the problem even more complicated [27-34]. Unfortunately, these
reactions involving 3-Ga.O;s have not been well documented, leaving
a gap in the collective understanding of interfacial reactions and
their corresponding effects on the electronic properties of p-Ga:Os
devices [21, 35]. Hence, to fully develop the potential of B-Ga.Os,
reliable Ohmic contacts and an investigation of reactions at metal/
B-Ga,0:; interface are required.

Several methods have been used to improve electrical contacts at
the metal/semiconductor interface, such as gas adsorption, doping
techniques, and exploiting interfacial reactions [4, 23-26, 36-41].
Even though metal/B-Ga:Os contacts have not been thoroughly studied,
significant research has focused on some other metal-oxides, such
as titanium dioxide (TiO:) and indium oxide (InoOs) [26-33, 40-44],
which can provide insight on improving metal/B-Ga;Os contacts. As
a well-known metal-oxide, TiO: can be readily reduced by most
electrode metals [27-34, 42, 43]. Furthermore, by comparing the
electronic performance of TiO.-based memristors with different
contact metals, it was shown that oxygen vacancies created by reactions
at metal/TiO interfaces dominate other factors in determining the
device performance [27-34, 43]. Previously, we reported that In,Os
nanowire FETs exhibited a pronounced increase in conductance
after baking in vacuum [44, 45]. In contrast, baking the FETs in
ambient air led to a reduction in carrier concentration and caused
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drastic suppression in device performance [44]. The underlying
mechanism is that baking In.O; nanowire FETs in vacuum led to
oxygen vacancy formation in In,Os, resulting in increased dopant
concentration and higher conductance [44]. On the other hand,
baking In,O; nanowire FETs in air led to reduced oxygen vacancy
concentration, lower n-type doping, and hence lower conductance
[43, 44]. The above phenomena allow us to tune the Schottky barriers
formed between the metal contacts and p-Ga0s, which would improve
the efficiency of charge injection at the metal/B-Ga,Os interface and
lower the contact resistance [27-34, 43-47].

Different dopants and contact materials were investigated to
suppress the contact resistance in n-type and p-type p-Ga.Os FETs
[7, 20, 48]. N-type devices with indium tin oxide (ITO) or aluminum
zinc oxide (AZO) contacts exhibited low contact resistance of ~ 0.5—
0.6 Q-mm [49, 50]. Meanwhile, argon plasma bombardment has been
used to produce a large on-state current density of ~ 0.65 mA/um,
but no current saturation was observed [9, 16]. P-type p-Ga.O;FETs
were also fabricated using Zn or Mg doping, but the hole mobility
and on-state current of p-type f-Ga.Os; FETs was still undesirable
[20, 51]. Until now, the effects of interactions between electrical
contacts and B-Ga:O; still require more investigation [15, 21-35].
Therefore, transfer line measurements (TLM) and X-ray photoelectron
spectroscopy (XPS) are required to determine the contact resistance
and systematically investigate interface reactions [23, 27, 46].

In this study, we report that n-type p-Ga;Os; FETs made with Ti/Au
contacts could exhibit a large saturation drain current density of
~ 3.1 mA/pum and low contact resistance of ~ 0.387 Q-mm after
annealing in argon atmosphere. Here, we demonstrate that such a
simple yet effective argon annealing process can significantly improve
the performance of f-Ga.Os; FETs with Ti/Au contacts. Annealing
causes the B-Ga.Os FETs with Ti/Au contacts can be switched from
Schottky to Ohmic behavior. More interestingly, annealing in argon
led to the formation of oxygen vacancies at the Ti/B-Ga,Os interface
[27, 30-34, 43, 52], effectively reducing the Schottky barriers at the
interface and providing reliable Ohmic contacts. All electronic
measurements and XPS results suggest that annealing is a reliable
and generic approach to improve the performance of B-GaO; FETs.

2 Results and discussion

B-Ga.Os was first exfoliated with vacuum tape, yielding membranes
with thickness measuring tens of nanometers. After exfoliation, the
nanomembranes were dry-transferred onto a Si wafer with silicon
oxide (SiO.) thickness of 300 nm. An atomic force microscopy
(AFM) image of a typical f-Ga.O; nanomembrane is shown in
Fig. 1(a), revealing that the thickness of the nanomembrane is ~ 80 nm.
High-resolution transmission electron microscopy (HRTEM) was
used to further explore the structural properties of quasi-layered
B-Ga,0Os. The TEM image of a f-Ga.0O; nanomembrane is shown
on the left part of Fig. 1(b). It clearly shows B-Ga.Os (002) atomic
planes with a lattice spacing of ~ 0.28 nm, which agrees well with
other results in the literature [11, 12]. The right portion of Fig. 1(b)
shows a fast Fourier transform (FFT) spectrum, revealing the lattice
group symmetry and parameters [11, 12]. Raman spectroscopy was
also used to investigate the quality of the exfoliated p-Ga.Os nano-
membranes (Fig. S1 in the Electronic Supplementary Material
(ESM)). The phonon positions in the exfoliated nanomembranes
are the same as those in bulk B-Ga.Os, indicating the structure
of B-Ga;O; nanomembranes did not degrade during mechanical
exfoliation [52]. A schematic diagram of a typical B-Ga,Os backgated
FET is shown in Fig. 1(c). Heavily p-type doped Si was used as the
common back gate, and the gate dielectric was a thermally grown
300 nm thick SiO; layer. Pure Ti/Au (10 nm/150 nm) contacts were
defined using e-beam lithography followed by e-beam metal deposition
under high vacuum to form the source and drain electrodes [26].
More experimental details on device fabrication can be found in the
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Methods section. Figure 1(d) shows an optical image of a f-Ga»Os FET.
Scanning electron microscopy (SEM) was used to capture images
of the channel area. The inset SEM image in Fig. 1(d) shows the
channel area in the B-Ga,Os FET; the channel width is ~ 5.1 pm and
the channel length is ~ 550 nm. Next, we studied the electronic
performance of this $-Ga.Os; FET before and after annealing.
Strong asymmetric Schottky behavior can be clearly observed from
the nonlinear trend in the Iu-Vias curve before annealing (black
curve), as shown in Fig. 1(e). The as-made P-Ga.Os; FET was
annealed in a quartz tube that was flushed with pure argon to clear
any residual gas species from the system. After annealing at 300 °C
for 180 min, the Ohmic contact behavior of p-Ga;Os; FET was
observed, as indicated by the red curve in Fig. 1(e). Surprisingly, the
enhanced on-state drain current is 3 orders of magnitude larger
than in the unannealed sample, suggesting that the electrical contacts
on the B-Ga,Os FET significantly improved after annealing in argon
atmosphere. The improved device performance indicates a transition
from Schottky to Ohmic contacts at the Ti/B-Ga;O; interface, which
also resulted in current saturation. Figure 1(f) shows the output
characteristics of the as-made f-Ga,O; FET. Drain current saturation
in this device was observed when high drain voltage was applied.
The device operated with increasing drain voltage, reaching a large
drain current density of ~ 3.1 mA/pm at Va4 = 100 V. The Ohmic
contacts enable outstanding performance that can survive at high
voltages and switch under large drain currents without avalanche or
ionization breakdown. Compared to other recent studies reporting
the current density in p-Ga;Os FETs [7, 9, 16], our result is the highest
saturation drain current density reported to date. A comparison
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Figure 1 Characteristics of f-Ga,Osand typical p-Ga,0; FETs. (a) AFM image
and height profile of a B-Ga;O; flake. (b) TEM characterization of p-Gax0s.
(c) Scheme of a typical p-Ga,0s FET with Ti/Au contacts. (d) Optical image of a
B-Ga,0; FET with Ti/Au contacts. The inset shows an SEM image of the channel
area. (e) Ias—Vas curves from the B-Ga,Os FET before (black curve) and after (red
curve) annealing at 300 °C in argon. The inset image shows an enlarged Ias—Vas
curve before annealing to illustrate the Schottky behavior. (f) Ias—Vas family curves
from an annealed B-Ga.Os FET under high Vs.
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between our results and other reported results can be found in Table S1
in the ESM. Considering their quasi-2D properties, f-Ga:Os FETs
can be easily integrated in various platforms for power and radio
frequency electronics, which are desirable for microscale on-chip
management applications. Moreover, the device performance remained
nearly constant even after exposure to ambient air at room temperature
for two months, which the air f-Ga,O; FETS are stable in air (Fig. S2
in the ESM).

We systematically studied the effectiveness of argon annealing for
improving the electronic performance of p-GaOs FETs. The typical
transfer characteristics (Iass— Vg curves) in a f-Ga,Os FET before and
after annealing at 10, 30, 60, and 180 min are shown in Fig. 2(a).
We found that annealing in argon at 300 °C for only 10 min can
significantly increase the on-state current density. Figure 2(b) shows
Iss— Vg curves from this f-Ga,Os FET in logarithmic scale. The on-state
current density continued to increase when the FET was sequentially
annealed and reached a maximum of ~ 620 yA/um at Va = 12V,
which was almost 3,000 times larger than the drain current density
before annealing. In addition, one can clearly see that the device
showed a low off-state current density of ~ 10”7 pA/um even after
annealing in argon for 180 min, resulting in a very high on/off ratio
of ~ 6 x 10°. Output characteristics of the p-Ga,Os FET are shown in
Figs. 2(c) and 2(d). The Ius- Vs family curves from the B-Ga,O; FET
before annealing are shown in Fig. 2(c), where nonlinear behavior
can be observed at small Vs values. A strong Schottky barrier with
a rather small drain current density ~ 0.18 pA/um at Vas = 12 V can
be observed in the device. After annealing in argon for 180 min,
Ohmic contact behavior in this device can be seen from Fig. 2(d).
The substantially improved device performance after annealing
shows that high temperature treatment can transform the Schottky
contacts between Ti and B-Ga:O; into Ohmic contacts. It is also
worth mentioning that the improvements after annealing are highly
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Figure 2 Electronic properties of f-Ga,O3; FETs with various annealing times.
(a) Typical Ia—Vy curves from a B-Ga:0s FET with various annealing times.
(b) Ias—Vg curves from a 3-Ga20; FET shown in logarithmic scale. Ios—Vas family
curves from a 3-Ga,Os FET at different Vj values (c) before annealing and (d)
after annealing. (e) Changes in the on-state current and (f) corresponding field
effect mobility changes in the B-Ga;O3 FETs at various annealing times for seven
devices.
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reproducible. We fabricated multiple p-Ga.Os; FETs to test their
performance and examine the generality of annealing for improving
the device performance. Statistics of the key figures of merit are
shown in Figs. 2(e) and 2(f). Significantly improved FET performance
was observed after annealing in all devices. All devices showed
substantially increased on-state current density at different annealing
times. In Fig. 2(e), we note that all the devices show a large on-state
current of several hundred microamperes after annealing for 180 min.
Similar improvement of field effect mobility after annealing in argon
can also be seen from Fig. 2(f). These effective mobility values were
estimated using the standard FET model (See Methods for more
details). Again, the -Ga,Os FET after annealing exhibits much higher
mobility. The maximum field-effect mobility reaches ~ 65 cm?/(Vs)
after annealing the device in argon for 180 min. Such large on-state
current, high on/off ratio, and electron mobility offer the promise
of using B-Ga,O; in power electronic devices and radio frequency
applications. Furthermore, we noticed that annealing the devices at
higher temperature (500 °C) or annealing at 300 °C for longer time
(240 min) would deteriorate the device performance. The SEM images
in Fig. 3 in the ESM show that the Ti/Au contacts have continuous
and smooth morphology before annealing, and the Ti/Au contacts
remained desirable after optimum annealing at 300 °C in argon for
180 min. However, the contacts degraded significantly with further
increase in temperature and time, which led to poor electronic
performance.

To further study the electrical contacts at the Ti/B-Ga:Os interface,
we conducted TLM measurements in devices with different channel
lengths. Figure 3(a) shows an optical image of a typical p-Ga:Os
FET with TLM structure. Channel lengths in this TLM structure
are measured to be ~ 0.74, ~ 1.04, and ~ 2.74 pm. The fitted total
resistance vs. channel length curves in an as-made p-Ga.O; FET
measured under different annealing times are shown in Fig. 3(b).
Based on the equation Riotal = 2 X Reontact + Rehannel, the total resistance
would be twice as much as the contact resistance when the channel
length approaches zero. Thus, Reonact can be determined by calculating
one half of the y-intercept of the fitted total resistance curves. The
contact resistance values in this p-Ga,O; FET at different annealing
times were extracted and are summarized in Fig. 3(c). The contact
resistance normalized by the channel width decreases from ~ 430
to ~ 0.387 O:mm as the annealing time increases to 180 min.
Changes in the contact resistance reveal that annealing in argon can
effectively improve the device contact resistance and brings Reontact
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times in a f-GaOs FET. (c) Contact resistance vs. annealing time in a -Ga,O3; FET.
(d) Contact resistance (logarithmic scale) vs. annealing time from three as-made

B-Ga,Os FETs with TLM structures.
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down to an extremely small level. Figure 3(d) summarizes the
improved contact resistance with different annealing times in three
B-Ga.Os FETs. Again, one can see that the argon-annealed p-Ga.0;
FETs exhibit much lower contact resistance compared to the as-made
B-Ga.Os FETs. The results suggest that annealing in argon generally
improves the device performance. Reduced contact resistance facilitates
electron injection from the metal contacts to the conduction band
in B-Ga,Os, resulting in low resistance at the metal/semiconductor
interface. Such low contact resistance is essential in power electronics.
Our results shed light on the importance of annealing, which can
be combined with other contact engineering techniques and result
in scaled fabrication of high-performance 3-Ga.O; FETs.

It is important to understand why annealing causes the observed
performance improvements. X-ray spectroscopy (XPS) was employed
to examine changes in the material during the annealing process
(Fig. S4 in the ESM). Detailed XPS spectra from pure f-Ga.0; and
the control samples are shown in Fig. 4. In Fig. 4(a), XPS measurements
from pure p-Ga,Os show a major peak at a binding energy of
~ 1,118.0 eV, corresponding to Ga 2ps. in p-Ga.Os [47, 53-55]. The
B-Ga;0; 3d signal is composed of two separate peaks: one at
~20.95 eV binding energy corresponding to Ga 3ds: from B-Ga:O;
and another at ~ 20.5 eV corresponding to Ga 3ds in f-Ga.Os [47,
53-55]. Interestingly, after annealing pure p-Ga.Os in argon at 300 °C
for 180 minutes, new peaks with small intensities were observed from
XPS measurements. In Fig. 4(b), the new peaks are at lower binding
energies compared with the nearby major peaks in pure p-Ga,Os.
Considering the fact that pure gallium (Ga) materials have a Ga
2ps» peak at 1,116.5 eV and a Ga 3ds;, peak at 18.7 eV [55], these new
peaks presented in Fig. 4(b) are in the intermediate area between
the B-Ga;O; and gallium peaks. These results show that gallium
correlates with small oxidation numbers and indicate the existence
of oxygen vacancies in f-Ga:;O; after annealing in argon [47, 54].
Generating a significant number of oxygen vacancies in p-Ga;O; is
difficult, thus they are difficult to detect with XPS in ambient
atmosphere [46]. In an oxygen-poor atmosphere like argon, it is much
easier to form oxygen vacancies because of their negative formation
energy [46]. The pressure from argon atmosphere leads the diffusion
of oxygen atoms from normal lattice sites to the gaseous state,
generating oxygen vacancies at the surface of f-Ga,Os [44, 47]. These
oxygen vacancies would change the chemical states at the surface
B-Ga,Os and create new peaks in an XPS spectrum. In Fig. 4(c),
similar new peaks can be seen in Ti-coated (1 nm) p-Ga.Os, which
was annealed in argon at 300 °C for 180 min. Surprisingly, the XPS
data from the annealed sample exhibits two shoulders near the major
peaks from pure B-Ga,Os. Figure 4(c) shows one shoulder near a
binding energy of ~ 1,116.6 eV and the other near ~ 19.3 eV. These
two shoulders can also be explained by the presence of oxygen
vacancies at the Ti/f-Ga:;Os interface. There are many Ti,Oai-1
Magnéli phases in the Ti-O system, where Magnéli phases from
Ti,05 up to TinOs have been discovered [42]. Figure 4(d) shows the
free energy of Ti,O2.-1 and B-Ga.Os formation [12, 42]. Figure S5 in
the the ESM confirms the existence of a Magnéli phase at the
Ti/B-Ga:0s interface after annealing. Since Magnéli phases of a Ti-O
system usually have much lower formation energy than B-Ga;Os,
the Ti metal contacts can easily reduce Ga ions in p-Ga.Os at high
temperatures [26-35, 42-48]. Therefore, the two shoulders observed
in Fig. 4(c) can be assigned to a high concentration of oxygen
vacancies at the Ti/B-Ga.O:; interface [47, 53-55]. At high temperature
in argon atmosphere, the Ti layer served as a chemically reactive
contact to reduce f-Ga;Os and generated a significant number of
locally distributed oxygen vacancies at the interface [29, 33, 46-50].
These oxygen vacancies can act as effective electron donors in n-type
semiconductors. Thus, “self-doped” surface with oxygen vacancies
will narrow the depletion layer, resulting in Ohmic behavior and
low contact resistance in electrical contacts on B-Ga,O; FETs.
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3 Conclusions

In summary, we fabricated p-Ga:Os; FETs with Ti/Au contacts and
demonstrated that annealing in argon would significantly improve
the device performance. The electrical contacts switched from a
rectifying behavior to Ohmic behavior at various annealing times.
After annealing in argon at 300 °C for 180 min, the B-Ga.O; FETs
showed a large saturation drain current density of ~ 3.1 mA/um
and high on/off ratio of ~ 6 x 10°. We further showed that the contact
resistances reduced to ~ 0.387 Q-mm after annealing in argon,
which can be explained by the generation of oxygen vacancies at the
Ti/B-Ga:0:; interface. XPS results show that Ti can reduce -Ga.Os
to create a large number of oxygen vacancies, resulted in desirable
device contacts. Our results illustrate the important role of metal/
B-Ga.0:; interfaces in boosting the performance of p-Ga.Os FETs
and can further benefit devices made with other metal-oxides and
quasi-2D materials

4 Methods

41 B-Gaz0s device fabrication and measurements

B-Ga.Os (Sn-doped) was purchased from MTI Corporation. f-Ga.0;
was first exfoliated to nanometer scale using vacuum tape (Kapton
Tapes). After exfoliation, the sample was dry-transferred onto Si/SiO.
substrates with alignment markers (SiO: thickness of 300 nm),
followed by rinsing and residue-removing procedures. A poly(methyl
methacrylate) (PMMA) A6 and PMMA A2 bilayer was then
spin-coated onto the Si/SiO. surface. After spin-coating, electron
beam lithography was used to pattern the source/drain electrodes,
followed by development, e-beam metal evaporation, and lift-off
processes. Ti (10 nm)/Au (150 nm) metal stacks were deposited as
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source and drain contacts at 10”7 Torr using an e-beam evaporator,
and the bottom surface of the silicon substrate served as a global
back gate. The electronic properties were measured using an Agilent
4156B semiconductor parameter analyzer. The electron mobility in
B-Ga,O; was calculated using the following equation

L 1 d
b= o e
W C,V, dV,

where L and W are the channel length and width in the FET,
respectively. Iss is the drain current, Vas is the source-drain voltage,
V4 is the gate voltage, and Cox is the gate capacitance per unit area.

4.2 Material characterization

B-Ga;0; materials were examined with AFM (Dimensional, 3100
Digital Instruments, taping mode), Raman spectroscopy (Renishaw
Raman with a 532 nm excitation laser and ~ 1 um laser spot size),
XPS (The Kratos Axis Ultra DLD surface analysis instrument using
focused monochromatic Al K« radiation) and TEM (JEOL 2100F,
200KV).
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