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The formation of low-resistance Ohmic contacts in Ga,Os is crucial for high-performance electronic devices. Con-
ventionally, a titanium/gold (Ti/Au) electrode is rapidly annealed to achieve Ohmic contacts, resulting in mutual diffusion
of atoms at the interface. However, the specific role of diffusing elements in Ohmic contact formation remains unclear.
In this work, we investigate the contribution of oxygen atom diffusion to the formation of Ohmic contacts in Ga;O3. We
prepare a Ti/Au electrode on a single crystal substrate and conduct a series of electrical and structural characterizations.
Using density functional theory, we construct a model of the interface and calculate the charge density, partial density of
states, planar electrostatic potential energy, and /-V characteristics. Our results demonstrate that the oxygen atom diffusion
effectively reduces the interface barrier, leading to low-resistance Ohmic contacts in Ga;O3. These findings provide valu-
able insights into the underlying mechanisms of Ohmic contact formation and highlight the importance of considering the
oxygen atom diffusion in the design of Ga,O3-based electronic devices.

Keywords: Ga;03, Ohmic contacts, oxygen diffusion, density functional theory

PACS: 73.61.Le, 73.40.Ns, 66.30.J—, 71.15.Mb

1. Introduction

Gallium oxide (Ga;0s3) is an ultra-wide bandgap semi-
conductor material that has garnered significant attention as a
candidate for next-generation power electronics and optoelec-
tronic devices.!'=1% It is characterized by its excellent chem-
ical and thermal stability, high visible light transmission rate,
and Si-compatible preparation process that enables mass pro-
duction. Nevertheless, the development of Ga,O3-based de-
vices is still in its infancy, and numerous challenges, includ-
ing the formation of good Ohmic contacts, persist.!!1=1¢] The
formation of Ohmic contacts between metal electrodes and
semiconductors is a fundamental prerequisite for any semi-
conductor device to operate successfully. The magnitude of
the contact resistance between the metal and semiconductor
is a crucial factor that influences the performance of the de-
vice, particularly its power, noise frequency, and thermal sta-
bility. However, the precise mechanism governing the forma-
tion of Ohmic contacts between metals and Ga, O3 remains in-
completely understood. Prior research has demonstrated that
the Au-covered Ti (Ti/Au) electrode, annealed at 400 °C, ex-
hibits the lowest Ohmic contact resistance with Ga,O3, and
thus is the most commonly used approach to achieve Ohmic

[17-21

contact with gallium oxide. I Although the rapid anneal-

ing of Ti/Au electrodes is known to result in interdiffusion at
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the interface between the electrode and Ga;Oj3, the exact role
played by the diffusion of various elements in the formation of
Ohmic contacts in Ga, 03 is not yet clear.[*?! As oxygen diffu-
sion is the most pronounced interfacial diffusion, studying the
contribution of oxygen element diffusion to the formation of
Ohmic contacts is critical for gallium oxide.

This study investigates the contribution of oxygen atom
diffusion to the formation of Ohmic contacts in GayOs.
Specifically, we prepared titanium/gold electrodes on a sin-
gle crystal gallium oxide substrate and evaluated their current-
voltage characteristics, energy dispersive x-ray elemental
mapping spectrum, and electron energy loss spectroscopy. We
constructed interface models of gallium oxide and titanium
and calculated their charge density, partial density of state,
planar electrostatic potential energy, and current—voltage char-
acteristics. Our results reveal that oxygen atoms at the Ga; O3
interface diffuse into the titanium layer, where they oxidize the
Ti and leave oxygen vacancies near the interface. The presence
of these vacancies lowers the interfacial potential barrier, en-
hances the overlap degree of electron cloud at the interface,
and ultimately facilitates the flow of electrons across the in-
terfacial potential barrier, enabling Ohmic properties. These
findings provide valuable insights into the underlying mecha-
nisms governing the formation of Ohmic contacts and under-

score the importance of considering oxygen atom diffusion in
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the design of Ga,O3-based electronic devices.

2. Methods

The Ti/Au electrodes were deposited on a single crystal
commercial Ga,Oj3 substrate with a (201) phase using direct
current magnetron sputtering. The Ti electrode was sputtered
at a power of 50 W for 1200 s, while the Au electrode was
sputtered at a power of 20 W for 3600 s. In this work, the
thickness of Ti is about 50 nm and the thickness of Au is about
110 nm. Subsequently, the samples underwent rapid thermal
annealing (RTA) for 120 s under a nitrogen atmosphere at an
annealing temperature of 470 °C, in accordance with estab-
lished protocols.*?! The current—voltage (I-V) characteristics
were measured using a cascade probe table fitted with an Agi-
lent BISO0A. The structural and elemental features of the elec-
trodes and the interface were characterized using Thermo Sci-
entific Tecnai F20 transmission electron microscopy. In this
study, all calculations were performed using density functional
theory with the linear combination of atomic orbitals (LCAO)
method, as implemented in the Quantum ATK package. The
MGGA-TB09 exchange—correlation functional was employed
to describe the exchange—correlation energy between elec-
trons, while the PseudoDojo pseudopotential was used to
model the electron—ion interaction potential.!>3**1 Brillouin
zone integration in reciprocal space was carried out using a
grid density of k-points of 12 x 2 x 1, and the cut-off energy
was set to 550 eV. The convergence criteria for energy, force,
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stress, and displacement during the calculations were set at
5x 107% eV, 0.03 eV/A, 0.02 GPa, and 5 x 10~* A, respec-
tively, to ensure high accuracy and reliability of the results.

3. Results and discussion

In this study, we fabricated Ti/Au electrodes on a sin-
gle crystal Ga;O3 substrate oriented along the (201) direction.
The electrical behavior of the device before and after rapid
thermal annealing (RTA) was evaluated using /-V measure-
ments, as illustrated in Fig. 1(a). The I-V curve prior to RTA
exhibited distinct Schottky characteristics, while the /-V curve
following RTA displayed clear Ohmic behavior, indicating a
significant change in the quality of the interface. To deter-
mine the specific contact resistance of the RTA-treated sample,
we employed the transmission line model (TLM) method. >3]
The electrode structure utilized for this measurement is de-
picted in Fig. 1(b).

obtained the /-V characteristics as shown in Fig. 1(c), from

By varying the electrode spacing, we

which we extracted the specific contact resistance p. and plot-
ted it against electrode spacing, as shown in Fig. 1(d). The spe-
cific contact resistance of the RTA-treated sample was found
to be 2.21 x 107> Q-cm?. These results reveal that the ini-
tial Ti/Gay O3 contact is Schottky in nature, and that the RTA
treatment is critical in transforming it to an Ohmic contact.
The change in the electrical behavior of the interface is likely
attributed to the reduction of the barrier height at the Ti/Ga,O3
junction caused by the thermal treatment.
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(a) Comparison of /-V characteristics for Ti/Au electrodes with and without rapid annealing; (b) electrode structure for contact resistance

measurement using TLM method; (c) effect of electrode spacing on -V characteristics; (d) fitting curve for extracting contact resistance of Ti/Au

electrodes.
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Figure 2 displays the x-ray photoelectron spectroscopy
(XPS) spectrum of the interface between Ti and Ga; O3 in the
unannealed sample. The binding energies of all peaks are cal-
ibrated to the C 1s peak located at 284.8 eV. The spectrum
exhibits distinct peaks of Ga at approximately 1116 eV, O at
approximately 530 eV, and Ti at approximately 460 eV. The
XPS spectrum of Ti at the interface is presented in the inset, re-
vealing a double-peak spacing of 5.7 eV between the Ti 2p; »
and Ti 2p3, orbital peaks. This indicates that Ti in its elemen-
tal state is present at the interface of the unannealed sample,

and no reactions have occurred at the interface. 20!
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Fig. 2. The XPS analysis of the interface between unannealed Ti and
Gay 03, with insert showing the Ti XPS spectrum at the interface.

Fig. 3. The EDX elemental mapping spectrum of the Ti/Au-Ga, O3 inter-
face after rapid thermal annealing.

The energy-dispersive x-ray (EDX) element mapping
spectrum of the annealed sample is displayed in Fig. 3. The
spectrum demonstrates the distribution of O, Ti, Ga, and Au

elements. The deep blue area indicates the distribution of O

elements, the light blue area indicates the distribution of Ti
elements, the purple area indicates the distribution of Ga ele-
ments, and the orange area indicates the distribution of Au ele-
ments. It is evident that a substantial amount of oxygen exists
in the Ti metal layer at the interface. To further examine the
valence state of Ti at the interface, we conducted electron en-
ergy loss spectroscopy (EELS) on the sample after rapid ther-
mal annealing and thoroughly analyzed the high-energy loss
region of the EELS.[?7-28]

The EELS results are illustrated in Fig. 4, where the three
peak values marked as A, B, and C correspond to energy val-
ues of 458.3 eV, 460.7 eV, and 463.3 eV, respectively. These
results demonstrate that the Ti at the interface is in the Ti>*

state after rapid annealing.>!
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Fig. 4. The electron energy loss spectroscopy of Ti at the Ti/Au interface
after rapid annealing.

Table 1 presents the elemental proportion distribution of
the Ga; O3 layer at the interface. The O-to-Ga ratio is close to
1:1, much less than 2:3. Since the preparation and structural
characterization of the sample were carried out under anoxic
conditions, the oxygen in the Ti layer is attributed to the diffu-
sion of oxygen atoms in the Ga;O3 caused by rapid annealing.
The findings of the related tests support this hypothesis. The
current—voltage testing results, when combined with the previ-
ously discussed results, indicate that rapid annealing changes
the Ti/Au electrode and Ga;O3 from a Schottky contact to an
Ohmic contact. The diffusion of oxygen atoms at the inter-
face can be regarded as the most prominent change caused by
rapid annealing. This indicates that the diffusion of oxygen at
the interface of Ga;O3 may have a significant influence on the

formation of Ohmic contact.

Table 1. Element ratio distribution at the Ti/Au—Ga, O3 interface after rapid annealing.

Element Atomic fraction (%) Atomic error (%) Mass fraction (%) Mass error (%)
(6] 48.9 8.19 18.56 1.97
Ti 0.16 0.03 0.17 0.03
Ga 49.86 10.49 80.83 13.68
Au 0.1 0.02 0.44 0.07
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To investigate the impact of interfacial oxygen diffusion
on the formation of Ohmic contact between Ti and gallium
oxide, we selected the (201) crystal phase of gallium oxide
and the (100) crystal phase of Ti to construct various nano-
device models with different contact interfaces. Prior to build-
ing the interface models, we optimized the Ga; O3 bulk mate-
rial, and the results are illustrated in Fig. 5(a). The bulk mate-
rial parameters, namely a = 12.43 A, b=3.08 A, c=5.87 A,
o =7=90° and B = 103.68°, respectively, were determined.
Furthermore, the energy band structure of Ga;Os is depicted
in Fig. 5(b), revealing a quasi-direct band gap of 4.87 eV. Both
the lattice constant and the band gap width are consistent with

previously reported experimental and calculated values.!30-3?]
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Fig. 5. Lattice structure (a) and band structure (b) of gallium oxide bulk
material.

After optimizing the lattice structure of Gay O3, we used
5 layers of Ga,0s in the (201) direction and 5 layers of Ti in
the (100) direction as metal electrodes to build a device model.
The parameter of the device model is a = 3.08 A, b = 14.96 A,
c=37A a=p=7y=90°. Our study involved the gen-
eration of three interface models to describe the interaction
between Ga,O3; and Ti. These models included a direct con-
tact model, a low concentration oxygen diffusion model, and
a high concentration oxygen diffusion model. The direct con-
tact model (M-direct) describes the absence of oxygen atom
diffusion into the Ti layer upon contact with Ga;O3. In con-
trast, the low concentration oxygen diffusion model (M-low)
represents the diffusion of oxygen atoms at a low concentra-
tion into the Ti layer, while the high concentration oxygen
diffusion model (M-high) represents the diffusion of oxygen
atoms at a high concentration into the Ti layer. The interface
model between Ti and Ga;O3 in direct contact is depicted in

Fig. 6(a). Due to differences in lattice constants, the interface
experiences a slight degree of lattice distortion, while remain-
ing well-matched. Figures 6(b) and 6(c) illustrate the oxygen
diffusion models. Oxygen atoms from Ga, O3 diffuse into the
Ti layer, leaving oxygen vacancies at the interface. Figure 6(b)
represents oxygen diffusion at a low concentration, with one
oxygen atom diffusing into the Ti layer. Figure 6(c) represents
oxygen diffusion at a high concentration, with two oxygen
atoms diffusing into the Ti layer. In M-low, the Ti atoms at the
oxygen vacancies move towards adjacent Ti atoms and share
an oxygen atom with them, thus pulling the oxygen atoms on
the Gay O3 side towards the Ti layer. In contrast, M-high is
characterized by a more significant lattice distortion at the in-
terface due to the Ti atoms moving larger distances. Ti atoms
at the vacant sites take oxygen atoms from the deeper layers of
Gay03, leading to a more pronounced tendency towards mu-
tual diffusion at the interface. The high reactivity of Ti with
oxygen results in Ti being more reductive than Ga.**! Rapid
annealing tends to move oxygen atoms towards the Ti layer,
leading to the diffusion of oxygen atoms at the interface.
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Fig. 6. Optimization of GapO3/Ti interface model with varying oxygen dif-
fusion concentrations. (M-direct: no oxygen diffusion, M-low: low oxygen
diffusion concentration, M-high: high oxygen diffusion concentration).
Electron cloud density is a key electronic property that
characterizes the spatial distribution of electrons in a mate-
rial. It quantifies the probability of finding an electron at a
given point in space and is a fundamental parameter for un-
derstanding the electronic structure of materials.**! Figure 7
presents the electron cloud density distributions for three dis-
tinct systems, namely, M-direct, M-low, and M-high, which
are shown in panels (a), (b), and (c), respectively. The yellow
regions in the figure represent the areas with non-zero electron
cloud density, while the equivalence surface of the electron
cloud density is set to a constant value of 0.025 e/Bohr? for all
systems, thereby enabling a direct comparison of the electron
cloud distributions across the different systems. Fluctuations
in the electron cloud density at the interface have a significant
impact on the barrier height. Our results reveal that M-low and
M-high exhibit significantly higher electron density at the in-
terface as compared to M-direct, indicating that there are more
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available electron orbitals near the interface that facilitate eas-
ier electron transport between the two materials. Specifically,
the presence of oxygen atoms on the surface of Ga,O3 enter-
ing the Ti layer contributes to an increase in the electron cloud
density at the interface, resulting in the formation of new elec-
tron orbitals that enable electron transport between the inter-

faces.
(@) ’ 0.9
-~ O
O‘ o ; M-direct
pr N
O \* 4
| €6
(b)
(c)

Fig. 7. Distribution of electron cloud density for Ga,O3/Ti interface mod-
els with varying oxygen diffusion concentrations. (a) M-direct: no oxygen
diffusion, (b) M-low: low oxygen diffusion concentration, and (c) M-high:
high oxygen diffusion concentration.

In order to conduct a thorough analysis of the impact
of diffusing oxygen atoms at the interface on the electronic

structure of the system during electron transport, we have per-
formed calculations of the partial density of states (PDOS) at
The PDOS results for M-direct, M-low, and
M-high are presented in Figs. 8(a), 8(b), and 8(c), respec-

the interface.

tively. Given that the conduction band electrons at the inter-
face mainly stem from Ti-3d orbital electrons and the valence
band electrons are primarily contributed by O-2p orbital elec-
trons, we have focused our investigation on these two regions.
The density of states for O-2p and Ti-3d electrons in the M-
direct, M-low, and M-high systems are depicted in Fig. 8(d).
For the M-direct system, the cut-off energy of O-2p orbital
electrons is —5.30 eV, and that of Ti-3d orbital electrons is
—3.23 eV, giving rise to a potential barrier of 2.07 eV. Anal-
ogously, the potential barrier between O-2p orbital electrons
and Ti-3d orbital electrons for the M-low system is 1.80 eV,
and that for the M-high system is 0.58 eV. The results demon-
strate that the diffusion of oxygen atoms into the Ti layer
at the interface leads to a reduction in the potential barrier
for electron transport, and this reduction becomes more pro-
nounced as the concentration of diffusing oxygen atoms in-
creases. This phenomenon arises due to the creation of new
electron-occupied states for O-2p orbital electrons in Ga, O3 at
higher energy levels, resulting from the oxygen vacancies that
are formed by the oxygen atoms at the interface. Concurrently,
the oxygen atoms that enter the Ti layer combine with Ti to
generate new electron-occupied states for Ti-3d orbital elec-
trons at lower energy levels, thereby decreasing the potential
barrier, which promotes the formation of Ohmic properties.
The diffusion of oxygen atoms at the interface is a promising
strategy for effectively reducing the interfacial potential bar-
rier of the Ti—Ga, O3 interface.
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Fig. 8. Partial density of states (PDOS) at the Ga,O3/Ti interface with varying oxygen diffusion concentrations. (a) PDOS for M-direct, (b) PDOS for
M-low, (c) PDOS for M-high, and (d) PDOS of O-2p orbital electrons and Ti-3d orbital electrons at the interface for M-direct, M-low, and M-high.
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The planar electrostatic potential was calculated for dif-
ferent interface models, and the results are presented in
Fig. 9(a). The differences in electrostatic potential between
Ti and GapO3 in M-direct, M-low, and M-high are 5.35 eV,
4.9 eV, and 4 eV respectively. Upon contact, a notable poten-
tial difference was observed between the Ti and Ga,O3 inter-
faces, with the Ga;0Oj3 side exhibiting a lower potential. This
phenomenon indicates that free electrons from the Ga; O3 mi-
grated towards the Ti, generating a built-in electric field that
demonstrated Schottky properties. Comparatively, the poten-
tial difference between M-low and M-high interfaces was sig-
nificantly lower than that of M-direct. Furthermore, the greater
the concentration of diffused oxygen atoms, the more pro-
nounced the potential difference reduction, which was con-
sistent with density of states calculations. The planar electro-
static potential is directly linked to the charge transferred at
the interface. To determine this, Bader charges of M-direct,
M-low, and M-high at the interface were calculated, and the
results are presented in Fig. 9(b). The Bader charge values
of M-low, and M-high are 10.62 ¢, 8.75 e, and 7.80 e respec-
tively. The charge transferred at the interface was significantly
lower for M-low and M-high compared to M-direct. This was
due to the bonding of oxygen atoms with Ti atoms in the Ti
layer, which resulted in a reduction in the number of charges
transferred at the interface, thereby lowering the potential dif-
ference at the interface.

2r B-Ga,0, Interface Ti
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Fig. 9. Planar electrostatic potential and Bader charge at the interface be-
tween GayO3 and Ti for M-direct, M-low, and M-high models.

We employed a combined approach based on density
functional theory and non-equilibrium Green’s function to in-

vestigate the current—voltage (/-V') characteristics of M-direct,
M-low, and M-high systems.[>33¢] The results, presented in
Fig. 10, indicate a distinct difference in the /-V behavior be-
tween the three systems. Specifically, the I-V curve of M-
direct exhibited a Schottky-like behavior with an order of mag-
nitude smaller current compared to that of M-low and M-high.
This observation strongly suggests the presence of a Schottky
contact at the interface between Ti and Ga; O3 in direct con-
tact. In contrast, M-low and M-high displayed distinct Ohmic
characteristics, with the I-V curve’s slope for M-low being
lower than that of M-high, indicating a lower contact resis-
tance and superior Ohmic properties. Our theoretical analy-
sis further revealed that the observed interfacial characteris-
tics can be attributed to the diffusion of oxygen atoms from
the Ga,0O3 surface into the Ti layer. This process creates
new electron orbitals at the interface, lowering the interfacial
barrier, and increasing the probability of electron tunneling
at the interface, resulting in the Ohmic behavior observed in
M-low and M-high. Our findings highlight the importance
of oxygen diffusion in tuning the interfacial properties of the
Ti/Gay O3 system and provide new insights into the design of
high-performance electronic devices.
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Fig. 10. First principles calculation of the current—voltage characteristics
for Ga;O3/Ti interface models with varying oxygen diffusion concentra-
tions.

4. Conclusion

In this investigation, we examined the critical role of oxy-
gen diffusion in the development of Ohmic contact between
Ti and Ga;03. Specifically, we fabricated Ti/Au electrodes
on single crystal Ga;O3 substrates, and our results revealed
that direct contact between Ti and Ga,Os is initially Schottky
in nature, transitioning to Ohmic behavior after rapid thermal
annealing (RTA). We further observed via energy-dispersive x-
ray spectroscopy (EDX) and electron energy loss spectroscopy
(EELS) the diffusion of oxygen atoms from Ga;O3 into the ti-
tanium layer after RTA, which caused the Ti to oxidize to a
+3-valence state. To gain deeper insights into the underly-
ing mechanisms driving the formation of Ohmic contacts, we
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employed density functional theory to construct several inter-
face models. Our analysis of charge density, partial density
of state, planar electrostatic potential energy, and /-V char-
acteristic calculations showed that oxygen diffusion decreases
the interface potential barrier and enhances electron tunneling
through the interface potential barrier. These outcomes ex-
plain the observed Ohmic behavior of the Ti/Ga;O3 system.
The experimental findings were in good agreement with the
calculated results. This study provides valuable insights into
the mechanisms behind the formation of Ohmic contacts be-
tween Ti and Ga,0O3, which could have implications for the
development of high-performance electronic devices. Further
studies could explore the impact of variations in processing pa-
rameters on the formation and properties of Ohmic contacts.
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