PHYSICAL REVIEW APPLIED 16, 064064 (2021)

Theoretical Insights for Improving the Schottky-Barrier Height at the Ga, 03 /Pt
Interface

Félix Therrien®,"? Andriy Zakutayev,>! and Vladan Stevanovi¢'?"

' Colorado School of Mines, Golden, Colorado 80401, USA
2National Renewable Energy Laboratory, Golden, Colorado 80401, USA

® (Received 17 August 2021; revised 30 October 2021; accepted 22 November 2021; published 28 December 2021)

In this work, we study the Schottky-barrier height (SBH) at the junction between $-Ga, 03 and plat-
inum, a system of great importance for the next generation of high-power and high-temperature electronic
devices. Specifically, we obtain interfacial atomic structures at different orientations using our structure-
matching algorithm and compute their SBH using electronic structure calculations based on hybrid
density-functional theory. The orientation and strain of platinum are found to have little impact on the
barrier height. In contrast, we find that decomposed water molecules (H.OH), which could be present at
the interface from Ga, O3 substrate preparation, has a strong influence on the SBH, in particular in the
(201) orientation. The SBH can range from approximately 2 eV for a pristine interface to nearly zero for
a full H.OH coverage. This result suggests that a SBH of approximately 2 eV can be achieved for the
Ga,03(201) /Pt junction using the substrate-preparation methods that can reduce the amount of adsorbed

water at the interface.
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I. INTRODUCTION

It is estimated that, currently, about 30% of all electric-
ity in the United States goes through high-power electronic
devices such as the ac-dc and dc-ac converters used in
battery chargers, power supplies, etc. [1] This proportion
could rise up to 80% in the next decade [2], given the
expected proliferation of renewable-energy technologies,
modernization of the power grids, and the transition to
electric transportation. Therefore, even marginal gains in
power-device efficiency could have a major impact on the
aggregate energy consumption.

Wide-band-gap semiconductors such as SiC, GaN and
Gay03, with their higher breakdown fields and good
conductivity, have emerged as alternatives to standard
inexpensive, but difficult to engineer, Si-based power
devices [3]. In particular, 8-Ga,O3; has been identified
as the fourth generation of high-power electronic materi-
als because of its relatively low projected cost [4], wide
band gap (4.8 eV) [5,6], large breakdown field, and high
permittivity, which together give it one of the highest
Baliga figures of merit [7,8], the performance indicator
for high-power electronics. In addition to high-temperature
and high-power electronics, Ga, O3 has applications in gas
(humidity) sensing [9,10], solar-blind photodetection [11],
(photo)catalysis [12,13], electroluminescence [14,15], and
many others [16,17]. Because of its unique properties,
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it has received significant attention from the research
community in recent years [16].

Limited doping, however, puts some limitations on the
architecture of Ga,0Os-based devices. Namely, it is cur-
rently possible to dope Ga, 03 n type, while p-type-doped
Ga,0; is nearly impossible to attain [18,19]. In fact,
wide-band-gap and bipolar materials are generally very
hard to come by [20]. Consequently, device prototyping
has focused mainly on (unipolar) Schottky-barrier diodes
(SBD) and metal-oxide—semiconductor field-effect tran-
sistors (MOSFETs) [21]. Both rely on the formation of
an electric charge depletion region, a Schottky barrier,
at the interface between a metal and the semiconduc-
tor (here, n-type-doped B-Ga,0;). Its height determines
the electrical (rectifying) characteristics of the contact.
A large Schottky-barrier height (SBH) is ideal for diodes
that require low current under reverse bias (leakage cur-
rent). On the other hand, a near-zero SBH, where current
flows freely through the interface in both directions, is
ideal for passive (or Ohmic) electrical contacts.

Considering the importance of the SBH for high-power
devices, revealing the factors that govern it as well as offer-
ing strategies on how to improve it (increase or lower
depending on the need) would be invaluable. Specifically,
for the B-Ga,0;/Pt junction studied here, the identifica-
tion of a procedure to obtain a large SBH leading to a low
leakage current would potentially have a lasting impact on
future Ga,O3-based power devices [22,23]. In this work,
we investigate the Schottky barrier at the B-Ga,O;/Pt
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junction using atomistic computational methods. We use
our structure-matching algorithm [24] to provide the best-
matching interface structures between platinum and two
orientations of gallium oxide, (201) and (100). These struc-
tures are then used as inputs for electronic calculations at
the hybrid density-functional theory (DFT) level, which
provide a means to evaluate the barrier heights. We find
SBHs of approximately 2 eV for 8-Ga,03(201)/Pt and
approximately 1.5 eV for 8-Ga,05(100)/Pt, in compari-
son with the experimentally measured values of approxi-
mately 1 eV and approximately 1.4 eV, respectively. We
then show how the presence of adsorbed dissociated water
at the interface can significantly reduce the measured SBH
for the B-Ga,03(201)/Pt interface but has little impact
on B-Ga,03(100)/Pt, which could explain the discrep-
ancy between predicted and measured values in the (201)
orientation.

Finally, we investigate how the Pt orientation and
strain influence the results and find that neither has an
appreciable impact on the predicted barrier heights. The

results presented in this paper highlight the important
role of surface adsorbates on electrical contact properties
and provide an insight into improving the performance of
future Ga, O3 devices.

II. METHODS

The workflow used in this paper is depicted in Fig. 1. We
start from the crystal structure of 8-Ga, O3 (a conventional
unit cell with 20 atoms, shown in Fig. 1) and the face-
centered-cubic (fcc) platinum. Here, we choose platinum
because of its high work function, which in general leads
to higher Schottky barriers. On the -Ga,0; side (left), we
first cut the structure along the specific orientation that we
wish to study. We are particularly interested in the (201)
orientation of 8-Ga,O; because of previous experimental
work [25,26]. We also investigate the (100) orientation,
which is the most stable, primarily to validate our approach
against previous studies [27]. Both of these orientations
have multiple possible surface terminations. We choose the
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FIG. 1. The workflow to construct interfacial atomic structures. The structure-matching algorithm represented by the box in gray
takes as an input a 8-Ga, O3 surface (left) and a set of Pt surfaces (right). It returns the interface structure of the best matching
combination of interfaces.
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terminations that minimize the number of broken bonds,
where the bonds are defined geometrically as those within
the first coordination shell. This choice of termination has
previously been shown to result in ionization potentials
and electron affinities that compare well with the measured
ones for a range of semiconductor materials [28,29]. As
shown on the left of Fig. 1, the terminations do not nec-
essarily have to be planar and can be corrugated (jagged
blue line). In order to simulate surfaces (and interfaces),
we create slabs of several layers of gallium oxide that are
periodic parallel to the specified plane, (201) or (100), but
finite in the direction normal to that plane. Each slab is sep-
arated by 20 A of vacuum such that there is no interaction
between them. Since the slabs should ideally be semi-
infinite, they are made to be as thick as computationally
affordable. Once the surfaces are chosen, they are relaxed
using DFT The relaxed 8-Ga,Oj3 structure is then fed into
the structure-matching algorithm described hereafter.

On the platinum side (right of Fig. 1), there is always
only one possible termination because there is a single
atom in the fcc unit cell. We do not relax the surfaces
because, in experiment, the metal is deposited directly onto
the gallium oxide without ever forming a surface. We feed
the algorithm every possible symmetry-inequivalent ori-
entation of platinum within the Miller index limits —3 <
h,k,1 < 3. For each of these orientations, we compute
the “goodness of match” (described below), which then
provides the best-matched interface structures.

Finally, once the best Pt/Ga, O3 matching structures are
found for (201) and (100), we passivate the outside sur-
face of the gallium oxide using partial H atoms such that
there are no surface states or dipoles at the outside surface.
We relax the full structure except for the layer of oxygen
that is furthest from the interface using DFT. In all the
DFT calculations, we use the generalized-gradient approx-
imation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional and the projector-augmented-wave (PAW)
pseudopotentials as implemented in the VASP software
package [30-32]. We calculate the electronic proper-
ties with the Heyd-Scuseria-Ernzerhof (HSE06) functional
[33] to obtain a more realistic description of the electronic
structure including the band gaps and to compute the SBH.

A. Matching crystal structures

The structure-matching algorithm, detailed in Ref. [24],
minimizes a given cost function (e.g., total displacement
of all atoms, energy, etc.) with respect to the atom-to-atom
mapping and relative orientation of two sets of atoms. It
has been shown to successfully find optimal transforma-
tion pathways between two materials [34]. In Ref. [24], we
have demonstrated that structure matching can also be used
to find the orientation relationship and bonding pattern at
two semicoherent heterointerfaces: SiC(110)/Si(001) and
YSZ(111)/Ni(111), where “YSZ” denotes yttria-stabilized

zirconia. In the current work, we use an improved version
of this algorithm to find the best matching and orientation
relationships between the termination planes of platinum
and B-Ga,0s.

To find the optimal structure, the algorithm goes
through each combination of termination planes as illus-
trated in the center of Fig. 1: $-Gay0; (201)/Pt(100),
B-Ga,03(201)/Pt(110), B-Ga,03(201)/Pt(111), etc. For
each combination, the matching is performed in the fol-
lowing way. First, two large spherical [in two-dimensional
(2D) circular] sections of the two crystals with approxi-
mately 300450 atoms are created. One set contains only
the oxygen atoms that are at the surface of the gallium
oxide and the other contains only the surface platinum
atoms. In both cases, only atoms that are within 1 A of
the surface are considered. These sets are then matched
directly without using any information related to the peri-
odicity of the two crystals. Each oxygen atom is mapped
to a platinum atom in an optimal manner using the Kuhn-
Munkres algorithm [35]. The quantity that is being opti-
mized is a two-body Lennard-Jones potential with an
equilibrium radius of 2.5 A. In an iterative process, the
total Lennard-Jones energy (the “goodness-of-matching”
function) is simultaneously minimized with respect to the
relative orientation (angle), in-plane strain, and atom-to-
atom mapping (choice of a “bonding” pattern) between the
two surfaces.

The strains and the rotation angle are represented by
a 2x2 transformation matrix. In this case, we limit the
amount of strain to 8% in each in-plane direction (principal
strain): it can be either tensile or compressive. We apply
the strain fully on the platinum side of the interface, leav-
ing the -Ga, 03 intact. In the final step, once the optimal
match is found, the periodicity of the mapping is retrieved,
i.e., the 2D unit cell (represented by a 2 x2 matrix Cga,0,)
that is common to both structures in their optimal orienta-
tion is found. This step can have the effect of increasing the
strain above the threshold (8%) such that the transforma-
tion matrix is exactly commensurate with both unit cells:
CGay0, = TCpi, where Cga,0, and Cp; are supercells of the
B-Ga,03 and Pt in-plane unit cell, respectively. For each
combination, an optimal total bonding energy is obtained:
its absolute value has no physical meaning but it can be
used to compare the quality of the match. As noted already,
this procedure has been shown to produce realistic inter-
face structures. The effect of strain is discussed later in the
text. The structure-matching algorithm used here is avail-
able in the form of an open-source software package called
P2PTRANS [36].

B. Computing the Schottky-barrier height

Over the past century, many models have been
developed to describe the physics of the Schottky
barrier. Schottky [37] and Mott [38] estimated that the
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SBH was equal to the difference between the work function
of the metal and the electron affinity of the semiconduc-
tor (known as the Schottky-Mott rule). In other words,
the bands are aligned such that the vacuum levels of the
metal and the semiconductor coincide. Even though the
simplicity of this model makes it a popular pedagogical
tool to understand the formation of the barrier, it is unable
to accurately describe most physical interfaces. Bardeen
developed a more complex interface model that took into
account the presence of surface states in the band gap
of the semiconductor [39], which has led to the well-
known Cowley-Sze equation [40]. This theory explains
how the existence of surface states may cause “Fermi-
level pinning” but it relies on the existence of a physical
gap between the semiconductors and the metal. In real-
ity, the surfaces are close enough that surface states cannot
remain unchanged (they become interface states) and the
physical boundaries of the two materials are difficult to
define. To account for this problem, the metal-induced gap
states (MIGS) theory [41—43] has been proposed. It adapts
Bardeen’s theory to systems with intimate interfaces by
replacing the gap between the materials with the length of
the MIGS tails. However, there are doubts on the physi-
cal relevance of this adaptation [44]. Detailed accounts of
Schottky-barrier theories can be found in Refs. [44,45].
More recently, SBH is computed using first-principles
electronic structure methods, typically DFT, by effec-
tively measuring the difference in energy between the
conduction-band minimum (CBM) in the semiconductor
and the Fermi energy of the metal-semiconductor (MS)
system at the actual (model) interface [27,46-—50]. Unlike
the Schottky-Mott rule, this method does take into account
changes in the electronic structures of two materials due to
interface formation. This is the method that we use in this
paper. The approach implicitly makes the assumption that
the band alignment at the interface—determined with DFT,
or in our case, the hybrid HSE06 functional—remains
completely unchanged by the doping of the semiconductor.
The use of the plane-wave basis in the electronic struc-
ture calculations poses two limitations. First, it requires
a 2D periodic interface structure with a relatively small
number of atoms (a couple of hundred). When there is no
obvious lattice match and there is no known preferential
orientation for the metal, it is difficult to choose an inter-
face structure that is representative of the physical system.
Because of that, it has remained challenging to assess the
accuracy of ab initio calculation at predicting the SBH. By
using structure matching to create interface structures, we
can not only justify our choice of a representative interface
structure but we can also relatively easily create interface
structures in any orientation of Pt with varying numbers of
atoms and measure their effect on the SBH. Such an anal-
ysis is presented later in this text. Second, the notorious
band-gap underestimation of the standard approximations
to DFT, namely the local-density approximation (LDA)

and the GGA, also make computations of the SBH diffi-
cult. However, it is presently possible to use more accurate
and more computationally demanding electronic structure
methods, such as the hybrid functions, on systems with
many hundreds of atoms and to overcome the limitations
enforcing the use of the LDA and the GGA. In this way,
a truly predictive method to compute the SBH can be con-
structed, which is precisely what we are showcasing in this

paper.

III. RESULTS

The average Lennard-Jones (LJ) energy or goodness
of match computed per the Pt-O pair of mapped atoms
(i.e., the Lennard-Jones “bond”) between B-Ga,O3 (201)
and the 13 orientations of platinum with Miller indices
between —3 and 3 is shown in Fig. 2(a). This is the output
from the structure-matching algorithm: the lower value,
the better the match. The full length of each bar repre-
sents the average goodness of match per LJ bond when
the Pt surface is strained. However, this does not account
for the cost in energy from straining the Pt lattice to obtain
the best-matched interface. To quantify that effect, keeping
the same bonds (mapping) at the interface, the strain in Pt
is removed and the LJ energy is recomputed, i.e., instead of
straining the Pt, the bonds at the interface are stretched to
compensate for the difference in unit cells between the gal-
lium oxide and the platinum. Doing so provides an upper
limit for the LJ energy where there is no contribution from
strain (the pale blue part of each bar). In other words, the
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FIG. 2. The optimal Lennard-Jones energy (“goodness” of
match) calculated between S-Ga,03(201) and all symmetry-
inequivalent Pt planes with Miller indices between —3 and 3 (a)
per pair of matched Pt-O atoms (i.e., the Lennard-Jones “bond”)
and (b) per unit area of the interface. The values are normalized
to 1.
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pale-blue portion of each bar corresponds to a situation
where the materials would be so stiff that no amount of
strain would be present at the interface and the mismatch
between the two structures would be fully accommodated
by the bonds at the interface. The full length of the bars
(dark blue + pale blue), on the other hand, corresponds
the situation where straining the atoms near the interface
has no energetic cost up to the maximum allowed strain.
The reality lies somewhere between the two (dark-blue
region). The wider the dark-blue region, the more strained
the optimal result is for each orientation.

Looking at Fig. 2(a), the Pt orientations that best match
B-Ga,03 (201) in terms of the Pt-O mapping are (110),
(221), (111), and (100), with (110) and (221) needing large
strains to accommodate a near-perfect matching. Since the
density of surface atoms is different for different orien-
tations, it is more relevant to look at the LJ energy per
unit of area [Fig. 2(b)], since it represents a proxy for the
interface energy. When doing so, it becomes clear that the
(111) orientation of Pt is the best-matching orientation,
followed by (100). The optimal interface structure used in
the rest of this paper, 8-Ga,03 (201)/Pt(111), is depicted
in Fig. 3. As explained further in this section, the rela-
tively high tolerance on strain allows for a smaller interface
unit cell (shown in blue) where the hexagonal shape of the
Pt(111) plane is distorted to match perfectly that of the -
Ga, 05 (201) surface. Note that the interface in Fig. 3 is
an atomistic model representation of the situation at flat
B-Ga,0;3 (201) terraces. A more realistic representation
of the microstructure, including steps, kinks, etc., would
require a large interface structure that would hardly be
tractable with ab initio methods.

After relaxation of the interface structure, all the Pt
atoms move slightly away from the gallium oxide as the
Ga atom that is closest to the interface moves toward the
platinum, retrieving its original bulk position [see the bot-
tom of Fig. 4(a)]. From this relaxed structure, we obtain the
position-dependent local density of states (LDOS) by com-
puting the charge density for 100 energy intervals between
Ef —5 eV and Ef + 5 eV, where E; is the Fermi energy.
For each interval, we integrate the charge density in plane
to obtain the density of states as a function z along the
interface structure. The LDOS for the relaxed interface
structure between B-Ga,03(201) and Pt(111) along with
the relaxed crystal structure are presented in Fig. 4(a). The
band gap in gallium oxide is approximately 4 eV, which
is an underestimate compared to the experimental value
(4.8 eV). This difference is due to the remaining under-
estimation of HSE for DFT-relaxed 8-Ga,;0s3. For a more
detailed discussion on the band gap in slabs of finite sizes,
see the Supplemental Material [51].

In Fig. 4(a), we can directly measure the SBH from the
Fermi energy to the CBM on the gallium oxide side, by
assuming that the CBM is the first visible state (pale blue)
that spans the entire gallium oxide structure. We predict
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FIG. 3. The optimally matched interface structure between S-
Gay 03 (201) and Pt(111) corresponding to the red bars in Fig. 2.
The in-plane periodic unit cell of the interface is represented by
a blue parallelogram. Outward-pointing arrows indicate tensile
strain. The strains apply to Pt only.

a SBH of approximately 1.9 eV. Since the band gap is
somewhat underestimated, we can expect that the true SBH
would be slightly higher, an effect that would be compen-
sated in part by the image-charge effect, which is of the
order of 0.1-0.2 eV [52,53], depending on the level of dop-
ing and the applied voltage. Even with the underestimated
band gap, this is much larger than the reported experimen-
tal SBH for that interface, of 1.05 eV [from current-voltage
(I-V) characteristics] [54,55]. We also obtain the position
of the CBM and the valence-band maximum (VBM) by
shifting the bulk values by an amount corresponding to
the average electrostatic potential in gallium oxide and
obtain the same SBH (see the Supplemental Material [51]).
Here, as others have done before [27,46-50], we make the
assumption that the position of the CBM with respect to
the metal energy levels at the interface does not change
with doping. We do not expect to see any appreciable band
bending at this scale, since the depletion region is much
larger than the structures used here. If we were able to see
it, the bands of doped gallium oxide would bend down such
that the Fermi level would be close to the CBM far away
from the interface.
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FIG. 4. The LDOS for (a) the 8-Ga, O3 (201) and Pt(111) interface and (b) the 8-Ga,03(100) and Pt(111) interface. The Fermi
energy is shown as a white line and the x axis is in line with the corresponding relaxed structure.

In order to validate our method, we apply the same
workflow (Fig. 1) to the (100) orientation of B-Ga,0s3,
which has been studied both experimentally [56] and com-
putationally [27]. From structure matching, we once again
obtain Pt(111) as the optimal match. This is the same Pt
orientation that is used in Ref. [27], where it is chosen
based on the fact that it is commonly used in experiment.
Ga,0; (100) being a very stable surface, relaxation of
the surface and the interface structure do not significantly
change the atomic layout. The LDOS of the relaxed inter-
face structure is presented in Fig. 4(b). One may note that
the band gap in the (100) orientation is slightly larger than
in the (201) orientation. This can be explained by spuri-
ous finite-size effects that are more important in the (100)
orientation, which is thinner despite requiring more atoms
(for more details, see the Supplemental Material [51]). In
this case, the SBH is significantly lower, at 1.5 eV. This
value is much closer to experimental measurements in that
orientation, 1.4 eV (from /-V characteristics) [56], and the
theoretical estimate of 1.4 eV obtained by Xu et al. with
nearly identical parameters. This provides confidence in
our ability to predict the SBH but it begs the question
“Why is the predicted SBH in the (201) so much higher
than the one measured in experiment?”’

A. Adsorption of water products

To answer this question, we look at possible con-
taminants that could have been adsorbed at the surface
during preparation and could have an influence on the

SBH. Since the 8-Ga, O3 samples are usually washed with
deionized water before platinum is deposited [25,26],
we focus on waterlike products. Moreover, commercially
available 8-Ga,0O3 (201) substrates are known to be H and
OH terminated [57]. Therefore, to model this situation, we
create a structure where the two broken bonds per unit
cell at the Ga, O3 surface are connected to HT and OH™
groups, forming a decomposed water molecule (H.OH).
The actual surface may contain varying proportions of H
and OH depending on the treatment, most of them coming
in equal parts from the decomposition of water molecules
[57-59]. Since we focus on the typical deionized-water
treatment, the proportion of 50% is appropriate. It also has
the important advantage of being charge neutral.

Upon relaxation, the decomposed water remains stable
at the surface. We then add the Pt layers in the same ori-
entation as in Fig. 4(a). Once again, the decomposed water
remains stable upon relaxing the interface. Note that, after
relaxation, the attached OH™ at the interface is almost par-
allel to the surface [see the inset of Fig. 5(b)], which is
consistent with previous work [58].

The LDOS of that interface is shown in Fig. 5(a).
It is immediately evident that the SBH is reduced to
practically zero by the presence of the adsorbed decom-
posed water; the Fermi energy sits directly under the
CBM. In Fig. 5(b), the electrostatic potential of the §-
Ga,03 (iOl)/H.OH/Pt(l 11) interface, in blue, and the elec-
trostatic potential of the 8-Ga,O; (201)/Pt(111) interface,
in gray, are overlaid using the vacuum level on the Pt side
as a reference. One can see that the entire electrostatic
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FIG. 5. The electronic properties of a f-Ga,0O; (201)
/H.OH/Pt(111) interface. (a) The LDOS, showing the Fermi
energy as a white line. (b) The electrostatic potential in blue,
with its average in black. The pale-gray lines are the electrostatic
potential and the average electrostatic potential for the interface
shown Fig. 4(a). The inset in (b) shows an enlarged view of the
interface from two directions. The red arrow shows the direction
of the dipole between OH and H (in the physics convention).

potential on the gallium side of the interface is shifted by
an amount corresponding to the SBH in Fig. 4(a). The
average potential on both sides of the interface remains
flat, which means that the additional dipole that causes
the shift in potential is located at the interface. This added
dipole illustrated in the inset of Fig. 5 goes from the neg-
atively charged OH™ to the positively charged H* on the
corrugated Ga, O3 surface.

In Fig. 5, the concentration of adsorbed H.OH is very
high; it assumes that every single interface cell (Fig. 3)
adsorbs one water molecule. Therefore, certain properties
of the interface structure in Fig. 5 are not representative
of the real interface, where the concentration of adsorbed

water is much lower. For example, there is a large phys-
ical gap between the Pt atoms and the Ga,O; atoms in
Fig. 5; in reality, this gap would be present only close to the
OH group and Pt atoms far away from it would be closer
to Ga,03, as in Fig. 4(a). In the same way, the measured
SBH of the full interface would likely fall between that
of Fig. 4(a) and that of Fig. 5. One way to estimate the
effective Schottky barrier is to compute the shift in elec-
trostatic potential due to a finite concentration of dipoles at
the interface. For example, using the position of the added
H and O atoms and by solving the Poisson equation in one
dimension, we can estimate the charge density necessary to
shift the dipole by 0.85 eV (to go from the ideal 1.9-eV to
the experimental 1.05-eV barrier). We find that there would
need to be about one adsorbed H.OH every 14 unit cells
(5.3 x 107" mol/cm?) to obtain a SBH of 1.05 eV. This
offers a simple understanding of the concept of effective
SBH in the presence of surface dipoles.

Another interpretation is that the barrier itself is inhomo-
geneous, consisting of regions with high SBH correspond-
ing to the interface in Fig. 4(a) and smaller regions with
low SBH corresponding to the interface in Fig. 5 (or other
interface defects). The effective or apparent SBH of the
device, measured in experiment, would lie between the two
values depending on the concentration of adsorbed water
and the experimental method used to measure the SBH
[60,61]. In fact, regions of the surface (“patches”) with
low SBH have a strong effect on the observed /-V behavior
of the device and consequently the measured value of the
barrier height [61].

There are two ways to experimentally measure the
SBH: using the capacitance-voltage (C-V) characteristics
or using the /-V characteristics. Measurements using the
C-V characteristics are less sensitive to fluctuations and
closer to the average SBH, whereas /-V—based measure-
ments are more representative of the effective barrier for
current flow [54,62]. For example, Ref. [54] has reported a
barrier height of 1.05 eV using the /-V characteristics and
a barrier height of 1.9 eV using the C-V characteristics.
This is consistent with our result: since the concentration
of adsorbed H.OH is low, the average SBH measured with
the C-V characteristics is near the calculated ideal value of
1.9 eV, whereas the effective value measured with the /-
V is strongly reduced by the presence of a few near zero
patches. Note that the exactitude of the agreement of the
C-V measurement with our predicted value (1.9 eV in both
cases) may depend on small differences in experimental
preparation, since a more recent study [55], which has also
measured 1.05 eV with the /-V characteristics, has found a
1.20-eV SBH with the C-V characteristics.

As mentioned before, the (100) surface is more stable
than the (201) surface. We compute their energies to be
about 0.03 e¢V/A? and 0.06 eV/A2, respectively, in agree-
ment with other theoretical data [58]. This difference in
surface energy has an influence on their respective growth
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rate [63] and their ability to adsorb water products during
surface preparation. In fact, the adsorption of H.OH on the
(100) surface is unstable with respect to the adsorption of
water [59,64], which could explain why our estimate of
the SBH in the (100) orientation is more accurate: there
are simply not as many H.OH on the surface to reduce the
effective barrier height. To quantity the effect of adsorbates
in the (100) orientation, we create a 8-Ga, O3 (100) surface
with H.OH by connecting the six broken bonds per unit cell
with HY and OH™ (three with H* and three with OH™), as
we do for the (111) surface (which has two broken bonds).
The structure is stable after initial relaxation but one of
the three H.OH recombines to form a water molecule upon
adding the Pt layers. We compute the LDOS of that inter-
face and find that the addition of H.OH (two H.OH and one
H,0 molecule after relaxation) has no significant impact
on the barrier height, which further demonstrates that the
presence of waterlike products on that surface has a less
significant impact on the SBH.

The fact that Ht and OH™ at the (201) 8-Ga,Os surface
have a strong influence on the SBH could explain why sur-
face treatment with acids has been shown to increase the
measured barrier height [54]. This means that the apparent
barrier height of an acid-cleaned interface with less OH
would be higher because of the reduction in the number of
patches with near-zero effective barrier heights. Our results
suggest that surface preparation should aim at reducing the
presence of decomposed water on the surface as much as
possible, which offers a route to obtaining a high Schot-
tky barrier without adding any additional dipole layers
(e.g., PACoO; [22]). Methods that avoid the use of water
completely should be considered.

Other preparation methods such as annealing in oxidiz-
ing conditions and oxygen-plasma treatment are known
to have an important impact on the rectifying properties
of metal-oxide interfaces. These methods contribute to
removing oxygen vacancies near the oxide surface, which
has been shown to influence the Schottky and/or Ohmic
behavior of other metal-oxide devices [65—68]. Yet, they
may also reduce water-product adsorbates at the surface.
For example, it has been found that most of the measured
increase in SBH that results from oxygen-plasma treatment
of ZnO in a ZnO/Au interface is attributable to the removal
of surface adsorbates, the reduction of oxygen vacancies
having only a small impact [65]. This means that some
effects associated with the reduction of oxygen vacancies
may in fact be due to the phenomena discussed in this
paper. In the same way, it is possible that oxygen vacancies
in Ga,03 play a role in explaining the observed discrep-
ancy between the predicated and measured SBH discussed
here. In fact, studies have found that oxygen vacancies
can change the Schottky behavior of other Ga,Os-metal
systems [69—71].

However, we believe that the presence of water adsor-
bates discussed in this section is the dominant effect, since

the removal of oxygen vacancies has a relatively small
impact on the SBH itself [71]. The change in rectifying
properties is mainly due to the change in tunneling width
[65,69,71] (or Schottky-barrier width), which is an impor-
tant interface property that is independent of the SBH.
Additionally, the presence of oxygen vacancies cannot eas-
ily explain the differences between the predicted (100) and
(201) barrier heights. Moreover, it has been shown experi-
mentally that the presence of H and OH at the (201) Ga,0;
surface changes the band bending near the surface by as
much as 1 eV [57,72], which is of the same magnitude
as the effect measured here. The study of the underlying
mechanisms through which oxygen vacancies change the
rectifying properties of our system would be an interest-
ing research avenue. In any case, an approach such as
oxygen-plasma treatment should be considered to improve
the general rectifying properties of the interface, as it has a
positive effect on both phenomena, i.e., it removes adsor-
bates while creating oxidizing conditions to fill oxygen
vacancies.

B. Effect of strain and platinum orientation

To show the effect of the choice of the maximal allow-
able strain when matching interfaces and to provide confi-
dence in our result, we compare best-matching interfaces
with different strain tolerances. Let us focus on two struc-
tures between B-Ga,Os (201) and Pt(111): one with a
strain of less than 8%, used throughout this paper and pre-
sented in Fig. 3, and one with a strain of less than 2.5%,
presented in Fig. 6(a). In both cases, the in-plane strain is
fully applied to the platinum side of the interface; gallium
oxide retains its DFT-relaxed in-plane lattice parameters.

We calculate the SBH for the interface with less than
2.5% strain and find a value of 2.4 eV. Although it is
a slightly higher value than the 1.9 eV for 8% strain, it
is consistent with the overestimation of the SBH and it
can be explained in part by the more important finite-size
effects caused by the thinner Ga,Oj; that is required to
complete the calculation with this larger cell.

Note that one of the principal strains in Fig. 3 is higher
than 8% and that one of the principal strains in Fig. 6 is
higher than 2.5%. This is because the final interface unit
cell must be a supercell of both the unit cells of gallium
oxide and platinum, as illustrated in Figs. 6(b) and 6(c).
This condition is true only for specific principal strains
where vertices of the strained Pt and Ga,O5 coincide; in
Fig. 3, the principal strains of 9.7% and 2.1% are the clos-
est ones to the optimized strains—which are necessarily
lower than 8% —that fulfill this condition.

The advantage of allowing for a higher strain is that the
resulting interface structures are smaller, which is desirable
for ab initio calculations. In Figs. 3 and 6(c), the inter-
face cell, in blue, is comprised of only one 8-Ga,0; (201)
cell. In comparison, the optimal interface unit cell with
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FIG. 6. The low- and high-strain -Ga,03 (201) and Pt(111)
interfaces. (a) A a top view of the best-matching interface with
a lower strain (stricter constraint). (b),(c) The orientation of the
in-plane unit cell in terms of the Ga,O3; and Pt coordinates for
(b) the reduced strain case and (c) the case with higher strain
used throughout this paper. The in-plane unit cells of the inter-
face structure, gallium oxide, and Pt are shown in blue, red,
and gray, respectively. Outward-pointing arrows indicate tensile
strain. The strains apply to Pt only.

strain, illustrated in Figs. 6(a) and 6(b), is composed of
four B-Gay0;3 (201) unit cells. In that structure, the Pt
is rotated by about 90° anticlockwise. The strain is 2.9%
in one direction and close to zero in the other. As the
strain tolerance decreases, the ratio of Pt to Ga, O3 changes.
The high-strain structure [Fig. 6(c)] has a ratio of 1 : 3 =
33.33%, whereas the lower-strain structure [Fig. 6(b)] has
aratio of 4 : 13 = 30.77%. At even lower strains, this ratio
would tend to 30.03%, the exact ratio of the specific areas
between Pt(111) and 8-Ga,03(201). In the same way as
approximating an irrational number with an integer frac-
tion requires larger integers for a higher precision, the size
of the cell increases as the allowable strain decreases.
Finally, we evaluate the SBH for two other orientations
in Pt: (221) and (321). We choose (221) because it has
excellent bonding energy per bond [Fig. 2(a)] and a rel-
atively good average energy per area [Fig. 2(b)]. It also
has the particularity of having a sawtooth corrugated sur-
face that is perfectly matched with the corrugated surface
of gallium oxide. We choose the (321) surface because it
is the worst-matching interface and hence we can see the

effect of a “bad” match on the barrier height. For the (221)
surface, we obtain a SBH of 1.9 eV and for the (321) inter-
face, we obtain a SBH of 2.1 eV. These values do not
differ significantly from the 1.9-eV barrier calculated for
the Pt(111) orientation.

The test cases presented in this section give us better
confidence that our main findings are applicable to real sys-
tems where Pt has no preferential orientation and where the
strain at the interface might vary between different grains.
The LDOS plots and their corresponding structures for all
three interfaces presented in this section are available in
the Supplemental Material [51].

IV. CONCLUSION

In this work, we create a plausible interface structure
between fcc platinum and B-Ga,03(201) using structure
matching [24]. We find that the best-matching orienta-
tion of Pt is (111). We then compute the LDOS of the
newly created interface structure using DFT and pre-
dict a SBH of 1.9 eV, which is much higher than the
experimentally measured value of 1.05 eV (/-V charac-
teristics) [54,55]. To validate our methodology, we apply
the same process to the (100) orientation of S-Ga,0s,
which has been studied computationally [27] and exper-
imentally [56], and find excellent agreement. Why is the
predicted SBH so overestimated in (201) when it is rela-
tively accurate in (100)? To answer this question, we create
a B-Ga,03 (201)/H.OH/Pt(111) interface and find that it
has a zero barrier height (Ohmic behavior). The presence
of decomposed water in some regions of the interface from
conventional surface-cleaning methods could have the
effect of reducing the effective SBH of the device, which
would explain the discrepancy between the predicted and
measured values of the SBH in the (201).

Our results are consistent with the fact that pretreatment
of the B-Ga,03 (201) surface with acids has a positive
effect on the barrier height. They also confirm, as pointed
out in Ref. [54], the importance of surface preparation
during the fabrication of §-Ga,Os3 devices. In fact, our
results indicate that a perfectly clean B-Ga,03(201)/Pt
interface could almost double the SBH (to approximately
2 eV). Since the barrier height of a metal-semiconductor
interface is the property that has the most impact on its
electrical characteristics [44], this could help the design
and fabrication of high-power and high-temperature elec-
tronic devices with lower leakage current that could sustain
larger breakdown fields.

Finally, we vary the strain and the orientation of the Pt
and find that it has little impact on the predicted SBH.
This shows how our approach using structure matching
and the LDOS is useful in easily creating various interface
structures and testing the influence of different physical
parameters on the system. It offers a fully predictive and
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convenient way to study electronic properties that can be
applied to any solid-solid heterointerface.
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