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Abstract—The [3-Ga2O3(beta-gallium oxide) is one of promis-
ing candidate materials for the future power and RF devices.
Since the high-quality gate dielectric layer is mandatory for
developing the Ga>O3 based MOSFET, theoretical investigation
on the properties of Al2O3/8 — Ga2Os3 interface is required.
We have generated atomistic Al>,O3/3-Ga203 interface models,
which are consistent with experimental results. By the density
functional theory(DFT)-based electronic structure calculation, it
is confirmed that the generated interface structures are physically
stable. The band offset levels are applicable to the MOS structure
for device application. It is expected that the atomistic interface
structures generated in this work can be used for further first
principles investigation on the Al>O3/5 — Ga2Os3 interface.

Index Terms—Density functional theory, interface structure,
ﬁ—G(1203, Al203

I. INTRODUCTION

The B-GasO3 is one of the most promising candidate ma-
terials for future power electronic devices [1]-[3]. 5-Ga2Os3
based devices are expected to exhibit better performance than
state-of-arts 4H-SiC and GaN-based power devices because
of its wide bandgap (I; = 4.4 - 4.6eV), high breakdown
electric field (8MV/cm), and high-productivity. Many gallium
oxide based devices have been reported recent years, such as
Schottkey diodes, MESFETs, and MOSFETs [1]-[3]. For the
device fabrication, (010) and (201) plane oriented crystailine
substrates are commonly used.

The quality of an interface between a gate dielectric and -
Gay0s is a key performance factor of the electronic devices.
Usually, chemical-vapor deposited or atomic-layer deposited
(ALD) amorphous-Al,Os layers are mainly used as a gate
dielectric. Especially, recently reported papers suggest crys-
talline dielectric layer growth [4], [5]. Few nano-meters -
Al;0s3 phase layer can grow on the (010) 5-GayO3 substrate
by the ALD process. Since it is very important to find the band
offsets at an interface structure, for the device design, many
experiments have been performed. However, depending on the
process conditions, experimental results show large differences
even in the same dielectric material.

In this study, we perform the structure generation and
structure minimization process to find the interface of the
lowest total energy of the system. We obtain the band offset by
electronic structure calculation. Both amorphous-AlyO3(am-
AlsO3) and crystalline y-Al2O3 heterojunction interfaces are
studied. In Sec. II, the overall calculation procedure the
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Figure 1 : Atomistic models representing Al2O3/Ga203 interfaces.
(a) The crystalline planes of both y— Al203(110) and 8—Ga20s. (b)
The optimized v — Al203(110)/8 — Ga2 O3 interface. The structure
is obtained through the removal of the atoms at the overlapping
positions, the location reorientation, and the DFT-MD optimization
process. (c) and (d) are optimized am— Al2O3/—Ga2 03 interfaces.
The optimization process for obtaining each structure is the same as

(b).

generation process of interface models are discussed. In Sec.
II1, the analysis based on the DFT calculation of the interface
models is presented. Finally, in Sec. IV, the conclusion is
drawn.

II. CALCULATION METHODS

All of the electronic structure calculations are performed
by a DFT simulation package, Vienna ab initio simulation
package (VASP) [6]. The Perdew-Bureke-Ernzerhof (PBE)
exchange-correlation potential is used for geometry optimiza-
tion [7]. Structural minimization has been performed until all
the atomic forces are less than 0.01eV/A. One of the critical
problems of the conventional DFT calculation is the bandgap
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Method Material  Bandgap(eV)
Experiments y-Al203 8.7
(3], [12] R-Ga203 4.65
y-Al203 4.84

GGA-PBE

(-Ga203 2.44
MetaGGA y-Al203 8.1
(non-regular TB-mBJ)  R-Ga203 4.62

Table 1 : Comparison of bandgap results of each material. Common
GGA-PBE functional underestimated the bandgap of materials used
in this paper. (GGA, generalized gradient approximation)

Radial distribution function (RDF)
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Bond length (A)

Figure 2 : Radial distribution results of MD-generated amorphous-
Al2Os.

underestimation for many semiconductor materials [8], [9]. For
the calibration of the bandgap, we use a Tran-Blaha’s modified
Becke-Johnson (TB-mBJ) Meta-GGA functional which is well
matched with hybrid functionals and GW methods [8], [10],
[11]. Especially, the non-regular TB-mBJ method has been
used for accurate bandgap matching with experimental data
[12], [13].

Table 1 shows the optimized bandgap values using the non-
regular TB-mBJ functional. In the case of the conventional
GGA-PBE functional, the bandgap is predicted to be rela-
tively lower than the experimental value. In the case of the
non-regular TB-mBJ method with optimized parameters for
each material, electronic band structures are similar to the
experimental result [13]. The non-regular TB-mBJ potential
was proposed as,

TB—mB _ 1B oL B [t(r)
v T(r) = cVBE(r) + (3¢ Q)W\/; o) ¢))

where VBE(r) is the Beck-Roussel(BR) exchange potential
and p(r) = XN|y;|? is the electron density. Moreover, the
Kohn-Sham (KS) kinetic energy density, ¢(r), is given by
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Material (£,) ¢ parameter
Method s nol g
¥y — Atzo:‘ ﬁ — Gay 0y optimization
TB-MBJ (cype) 6.55 (1.37) 4.61 (1.404) sc
Non-reg TB-mBJ (c,4;) 8.23(1.82) 4.76(1.42) Manual
Non-reg TB-mBJ (caroms) 81 (=187 362 (eg; = 1.42 Manual
cn = 1.42) cn = 1.42)

Table 2 : Bandgap values obtained by using the TB-mBJ functional
for v — Al2O3 and 8 — Ga20s materials. The first row is the
bandgap obtained using the conventional TB-mBJ method. cop¢ is a
self-consistently (SC) evaluated coupling parameter. The second and
third are the results using the coupling parameter set for reproducing
experimental gaps. Cqtoms 1S @ coupling parameter for each atom used
in the interface calculation.

The coupling parameter ¢ between the BR exchange potential
and the electron density-related term is given by

1 Vp(r)| >
c=ath (Vcell /cell P(r/) ' ©)

The coupling parameter c is obtained by the self-consistent
(SC) process during the DFT calculation. (Usually, @ =
—0.012 and B = 1.023 are used for the conventional TB-
mBJ simulation). In many cases, the TB-mBJ functional can
obtain bandgaps similar to the experimental values [8], [10].
However, as shown in Table 2, the calculated bandgap of
~v— Al2Os is still lower than the experimental result. The DFT
calculated result is nearly 2eV lower than the experimental
one. In this case, the coupling parameter c is adjusted to make
the bandgap similar to the experimental value. This method is
called non-regular TB-mBJ functional. An appropriate ¢ value
matching the experimental result is selected. In this study,
we adopt the coupling parameter c as follows: c4; = 1.87,
cgqa = 1.42, and cp = 1.42. By using these values, the
bandgap obtained by DFT calculation and and experimental
gap agree very well (see Table 2).

An am-Al;O3 atomistic structure is generated from 2-step
MD simulations. The first step is reactive force-field (ReaxFF)
molecular dynamics (MD) simulation under the condition that
the temperature decreases from 900K to 300K for 20 ps.
The second step is structural minimization by the DFT-MD
simulations [14]. In order to verify the generated amorphous
model, we have calculated the radial distribution function
(RDF) and neutron static scattering factor. The agreement with
the experimental results is confirmed. The final structure is
shown in Fig. 1 (b) and the RDF of generated am-Al2O3
model is shown in Fig. 2 [15].

III. CALCULATION RESULTS

Fig. 1 shows the atomistic structure of crystalline ~-
Al05(110)/8-Ga203(010) and am-AlyO3/B-Gaz03(201)
interface. Fig. 3 shows that the oxygen layers of the crystal
structure are capable of forming stack structures with low
lattice mismatched (2.2%). The purple circle is an overlapping
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Figure 3 Schematic drawings of oxygen atoms on v —
Al203(110) and 8 — Ga203(010). In the schematic diagram, the
red circles indicate the positions of the oxygen atoms when viewed
from each interface direction. This corresponds to the position of the
oxygen atom indicated by the purple circle in the bottom pictures
which is representing crystal structures of both material.

pair in the generated interface model. Fig 1(a), two interfaces
in the crystalline structure are not perfectly matched, so that
the combined interface can be obtained through structural
optimization. As shown in Fig. 3, the model is created by
matching the positions of oxygen atoms. The interfaces are
optimized by DFT-MD simulations.

Fig. 4 depicts the electronic band structure of the
v — Al,05(110)/8 — Ga203(010) interface structure and
projector-density of state (PDOS) for each type of atoms.
The structure of the lowest conduction band is similar to
B — Gas03. 4.64eV indirect bandgap (I' to A — Z) path is
observed.

Fig. 5 shows a schematic diagram of the variations of the
valence band maximum(VBM) and conduction band mini-
mum(CBM) levels along the direction perpendicular to the
interface. In Fig. 5(a), v — Al203(110)/8 — Ga203(010)
interface, the band offset of the conduction band side, AE¢, is
2.24eV and the one of the valence band side, AEy/, is 1.13eV.
Fig. 5(b) shows the band offset result of am — Al2Os/8 —
Gaz05(201) interface (see Fig. 1 (c)). The band offset of
the conduction band side, AFEc, is 1.83eV and the one of
the valence band side, AEy, is 1.07eV. The results of the
DFT calculations show that the offset is slightly larger than
the experimental values. Calculation results can provide some
useful material parameters for the TCAD simulation.
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Figure 4 : Electronic band structure and projector density of
states(PDOS) of the v — Al203(110)/8 — Ga203(010) crystalline
interface. An indirect band path is I' to A— Z and corresponding gap
is 4.64eV. In valence bands, oxygen atoms occupy the most PDOS
of the interface structure, and in the conduction band, gallium atoms
have the largest PDOS in low bands. (lower than 10eV)
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Figure 5 : VBM and CBM levels along the direction perpendicular
to the interface plane. (a) band offset result of v — AloO3(110)/8 —
Ga203(010) interface and (b) band offset result of am — Al2O3/8—
Ga203(201) interface.
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IV. CONCLUSION

The atomistic models of AloO3/3-Gaz035 are presented. By
the DFT based structural optimization, we obtain a structure
estimated to be the stable structure. The electronic structure
calculation shows the PDOS, in-plane band structure, position
dependent electronic structure of the interfaces, and in-plane
band offset characteristics. According to calculation results,
it is expected that AloO3/3-GasOs3 interfaces are suitable
dielectric-semiconductor interface for 5-GaoO3 based elec-
tronic devices.
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