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Surface reconstructions on bare and hydrogenated $-Ga,0; surfaces: Implications for growth
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Hydrogen is present during the growth of 8-Ga, 05 using chemical vapor deposition techniques. A detailed
understanding of hydrogen-related surface reconstructions is therefore essential for controlling the material
properties. We use density functional theory to explore the adsorption of hydrogen, gallium, and oxygen adatoms
on the Ga,03(010) and Ga,03(110) surfaces and generate a surface phase diagram, which shows surface
reconstructions as a function of Ga and H chemical potentials. We find that the reconstructions on (110) and
(010) surfaces are similar, due to the similarity in bonding. In the absence of hydrogen we find that the ideal
unreconstructed surface is low in energy but that reconstructions with Ga and O adatoms can be favorable
under more Ga-rich conditions. We question whether such “bare” surfaces can be experimentally observed,
since hydrogen-related reconstructions are favored even at very low hydrogen pressures (consistent with residual
gas pressures in ultrahigh-vacuum systems). Under more H-rich conditions, multiple hydrogen-containing
reconstructions are found, with H adsorption being more stable under O-rich conditions. We find that the
electron counting rule is valuable for assessing the stability of surface reconstructions. Knowledge of surface
reconstructions and of the stability of hydrogen on the surface will help tailor growth conditions to achieve

optimal layer quality.
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I. INTRODUCTION

Monoclinic 8-Ga,;03 is a wide-band-gap (4.8 eV) semi-
conductor that can be n-type doped, making it a promising
material for power electronics based on Schottky-barrier
diodes [1] or field-effect transistors [2,3]. Hydrogen distinctly
impacts the properties of the material. In the bulk, hydrogen
incorporation can affect the conductivity of Ga;0Oj3: It acts as
a shallow donor either in interstitial (H;) or substitutional sites
(Ho) [4]. Hydrogen can also passivate acceptors by bonding to
a nearby O atom; it has been found that hydrogen annealing
neutralizes substitutional Mg (Mgg,) by forming a Mgg,—H
complex [5]. Hydrogen can also form complexes with gallium
vacancies (Vg,): Hydrogenated Ga vacancies (Vg,—H) have
lower formation energies than isolated Vi, and are partially
passivated [6,7]. In addition to affecting the bulk properties,
the presence of hydrogen on the surface may also modify the
growth mode. It is therefore essential to develop a detailed
understanding of the behavior of hydrogen on the Ga,0;
surface.

Hydrogen is present in many growth techniques, partic-
ularly chemical vapor deposition. Metal-organic chemical
vapor deposition (MOCVD) is widely used for growth of
Ga, 03, with Ga(CH3); or Ga(C,Hs); as Ga precursors and
H,O0 or O, as O precursors [8,9]. In hydride (or halide) vapor
phase epitaxy, HCl is used to react with Ga to produce GaCl,
and H,O is often used as the oxygen precursor, both of which
can introduce H during the growth [10-12]. Using chemical
vapor deposition techniques, §-Ga,O3 is usually grown at
temperatures above 700 °C, and a high oxygen-to-metal ratio
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is desired to achieve complete combustion of hydrocarbons
and prevent etching of the Ga, 03 surface [13,14].

When H,O is used as the O precursor, dissociation of
water results in the generation of H, and becomes the major
source for hydrogen [9,10,15]. Switching between H,O and
O, as the O precursor has allowed the effect of hydrogen to
be studied. Introducing water vapor during MOCVD growth
of Ga;03(010) leads to higher surface roughness than using
pure O, as the precursor, mainly due to the growth of {110}
facets, indicating that H affects the relative stability of differ-
ent Ga,Oj3 surface orientations [9].

A detailed understanding of surface reconstructions and
of the adsorption of H during epitaxial growth is essential
for controlling material properties. Some density functional
theory (DFT) studies have already been performed for H
adsorption on the ideal (unreconstructed) Ga,;O3(100) surface
[16,17], H on the Ga,03(100) surface with O vacancies, and H
on the bare (110) surface [18]. The formation of O vacancies
on Ga, O3 surfaces has also been calculated [19].

Here we present systematic DFT calculations for surface
reconstructions on both bare and hydrogenated (010) surfaces;
this is the most widely used surface for epitaxial growth of
Ga; 03, due to the growth rate being higher than for (001) or
(100) surfaces and the fact that the symmetry of the (010) sur-
face prevents the formation of planar defects such as stacking
faults [20]. We comprehensively explore surface structures,
which in addition to hydrogen may involve coadsorption of
Ga and O. We also study the H adsorption on the (110) surface
and the role of H in stabilizing the (110) surface. We examine
the structure and energetics of these reconstructed surfaces,
using the electron counting rule to elucidate the stability of
different reconstructions.

We present the results in the form of a surface phase dia-
gram as a function of H, Ga, and O chemical potentials, thus
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FIG. 1. Layer stacking used to study (a) (010) and (b) (110)
surfaces of Ga,0s.

accounting for realistic growth conditions. For bare surfaces,
in the absence of hydrogen, we find that the ideal unrecon-
structed surface (which obeys electron counting) is favored,
except under more Ga-rich conditions where reconstructions
with Ga and O adatoms prevail. When hydrogen is present
(even at the very low pressures found in ultrahigh-vacuum
systems), hydrogen-related reconstructions are favored.
Hydrogen easily adsorbs on the surface, particularly under
O-rich (Ga-poor) conditions, due to the formation of strong
O-H bonds. A Ga+20+H reconstruction involving one Ga
atom, two O atoms, and one H atom is favorable over a large
range of conditions. For the (110) surface we find that the
Ga+20+-H reconstruction is more favorable than on the (010)
surface, which may help explain formation of {110} facets
during growth under more H-rich conditions.

II. COMPUTATIONAL METHODS

Our DFT calculations are performed using the projec-
tor augmented-wave method implemented in the Vienna
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Ef = 0.081 eV/A2
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ab initio simulation package (VASP) [21,22]. The Perdew-
Burke-Ernzerhof (PBE) functional [23] is used. Ga 3d
electrons are explicitly treated as valence electrons. The
energy cutoff is set to 520 eV. The computed lattice con-
stants of Ga,03 are a = 12.47 A, b=3.09 A, ¢ = 5.88 A,
and B = 103.68°, in reasonable agreement with experimen-
tal values [24] (@ = 12.21 A, b=3.04 A, c =5.82 A, and
B = 103.82°).

Each conventional unit cell of B-Ga,O; contains two
atomic layers in the [010] direction, which is usually called
a “double layer.” We study the Ga,03(010) surface by stack-
ing five double layers along the [010] direction, forming a
1 x 5 x 1 supercell as illustrated in Fig. 1(a). Similarly, in
order to study the (110) surface, we stack five layers of the
conventional cell in the [110] direction [Fig. 1(b)]. The vac-
uum thickness is ~19 A, and a 2 x 1 x 4 k-point grid is used
to sample the Brillouin zone. The inversion symmetry of the
slabs allows identical reconstructions on both sides, which en-
ables the properties of a single surface to be extracted. Atoms
in the central double layer are kept fixed, while atoms in the
two double layers near the surfaces of the slab and adatoms
are allowed to relax during the structural optimization until
forces are smaller than 0.01 eV /A.

Figure 2(a) illustrates the two types of Ga atoms in
B-Ga,03: Ga on the tetrahedral site (Gagy, in green) and Ga
on the octahedral site (Gagc, in blue). Gagey, and Gage, are
sometimes also labeled Gay and Gay;. Figure 2(a) also illus-
trates the three types of O atoms: Op (magenta) is threefold
coordinated to two Ga,r, atoms and one Gage, atom, Oy (red)
is threefold coordinated to two Gayer, atoms and one Gagc,
atom, and Oy (orange) is fourfold coordinated to three Gact,
atoms and one Gayy, atom. The top view of the (010) surface
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FIG. 2. Side (a) and top (b) view of the ideal 8-Ga,03(010) surface. The adsorption sites we explored are labeled in (b), consistent with
Ref. [25]. Color code: Gay, (green), Gay, (blue), Oy (magenta), Oy (red), Oy (orange), and H (white). Structure of the Ga,05(010) surface
with (¢) (H-On), (¢) (H-On)+(H-Ga), (g) 2(H-On), (i) (H-Om)+(H-Ga), (k) 2(H-On)+(H-Om)+(H-Ga), and (1) 4(H-0)+4(H-Ga). Atoms
are presented in a polyhedral style, except for atoms in the top layer, which are presented in a ball-and-stick style. The quoted formation
energies E' are for Apy = 0. The corresponding band structures for the surfaces are shown in the second row of panels: (d) (H-Oy), ()
(H-Op)+(H-Ga), (h) 2(H-Oyy), and (§) (H-Oyy)+(H-Ga). The blue band is the highest valence band, green and pink bands are surface states,
and the red dashed line is the Fermi level (E). The yellow charge density isosurface superimposed on the atomic structures in (g) is for the

green band.
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[Fig. 2(b)] illustrates possible adsorption sites for Ga and O
adatoms.

The formation energy E' of a reconstructed surface is
defined as

E' = M(Ew — Evuk — 214in) /Asurface- (1

E is the total energy of the slab with reconstructed surface.
The reference energy Epyk is the energy of a corresponding
volume of bulk Ga,0s, and Ef is normalized by the area of
the surface unit cell; Agyrface 18 71.26 A? for (010) and 73.54
A2 for (110). n; is the number of adsorbed adatoms on a single
surface, and u; is the chemical potential of species i (H, Ga,
or O). Apu; is the deviation of the chemical potential from
the reference state, i.e., it; = [iref + AMi. Wiref 1S the energy
of atomic species i calculated for the elemental phase (bulk
Ga, O, molecule, or H, molecule). Assuming thermodynamic
equilibrium, Aug, and Apug are related by

2AUGa + 3Auo = AH' (Ga,03), 2)

where AHT(Ga,03) = —9.22 eV is the calculated formation
enthalpy of Ga;0Os3;. Under the constraints of Au; < 0, the
range of Apg, is —4.61 eV < Augy, < 0eV.

Equation (1) also includes finite-temperature effects. The
strongest energy dependence arises from the chemical poten-
tials of gaseous elements; for example, the temperature and
pressure dependence of Ay is expressed as

A Lerlnl 2 (7 V' iz -z 3)
=5 n| — — In — InZyj ’
=3 kT \ 2mmkT rot b

where k is the Boltzmann constant, T is the temperature, p
is Hj pressure, and Z;,; and Z;, are the rotational and vibra-
tional partition functions of the H, molecule [26]. A weaker
temperature dependence arises from surface contributions to
vibrational energy and entropy. Previous studies have shown
that these result in only minor changes in the free energy
[27]. We therefore do not include this effect in the formation
energies.

The calculated band gap of bulk Ga,O3; using the PBE
functional is 2.0 eV. The band gap of the (010) slab is 2.24 eV,
which is larger than the bulk Ga, O3 band gap due to quantum
confinement. In order to test the accuracy of structures and
formation energies obtained with PBE, we performed tests
using the hybrid functional of Heyd, Scuseria, and Ernzerhof
(HSEO06) [28,29] with a mixing parameter of ¢ = 0.32, which
yields very good results for the electronic structure of Ga,0O3
[30]. A comparison of HSE and PBE energies will be reported
in Sec. III B.

III. RESULTS AND DISCUSSION

A. Hydrogen adsorption on the ideal -Ga,05(010) surface

We first examine how hydrogen interacts with the ideal
(unreconstructed) 8-Ga,03(010) surface (Fig. 2). When a sin-
gle H is added, it prefers to bond to an Oy atom [Fig. 2(c)],
with an adsorption energy equal to 0.42 eV. We define

the adsorption energy as the energy difference between the
hydrogen-adsorbed surface and the ideal (unreconstructed but
relaxed) surface, assuming Auy = 0, with a sign such that a
positive value indicates stable adsorption. A value of 0.42 eV
may seem surprisingly low for O—H, which is expected to
have a high binding energy. The low value can be explained
by the fact that the ideal B8-Ga,03(010) surface obeys the
electron counting rule [31]. This rule says that anion dangling
bonds (DBs) prefer to be occupied because they have states
in the valence band or in the lower part of the gap, and cation
DBs prefer to be unoccupied because their states are in the
conduction band or in the upper part of the band gap. We
can calculate the total number of electrons on the ideal, un-
reconstructed Ga,03(010) surface by counting the electrons
provided by the broken bonds in Fig. 2(a): The four Ga atoms
provide 2 x (3/4) +4 x (1/2) = 7/2 electrons, and the six
O atoms provide 2 x (5/4)+2 x (3/2)+2 x (3/2) =17/2
electrons. The total of 12 electrons is exactly right to fill all the
O DBs on the surface and leave all Ga DBs empty [25]. The
pink band in Fig. 2(d) is a filled surface state that originates
from the Oy DBs. Since all O DBs are already fully occupied,
when a H atom is added the O—H bond cannot accommodate
the electron contributed by H; this electron needs to go into the
lowest unoccupied state, which corresponds to the conduction
band [Fig. 2(d)], thus raising the energy.

Bonding is more favorable when two H adatoms are ad-
sorbed on the surface: Now one H is bonded to an Oy, and the
other H is bonded to a Gay, With a resulting adsorption en-
ergy of 1.19 eV [Fig. 2(e)]. The two electrons contributed by
the H adatoms go into the Ga—H bond, and the corresponding
bonding state merges to the valence band. The two surface
states in the gap [pink bands in Fig. 2(f)] originate from
surface O atoms and are close to the valence band maximum
(VBM).

Attempting to bind both of the H atoms to O atoms
[Fig. 2(g)] results in a less stable arrangement with an adsorp-
tion energy of only 0.36 eV. The two electrons now go into a
Ga DB, which has a surface state [green band in Fig. 2(h)] that
is significantly higher in energy than the (O-related) surface
states in Fig. 2(f). Building on this pattern, we can keep adding
pairs of H atoms, leading to the 4(H-O)+4(H-Ga) [Fig. 2(1)]
surfaces. At T = 0, the surface with eight H adatoms has
the lowest formation energy and largest adsorption energy
(3.43 eV). Here four H adatoms are bonded to the four surface
Ga atoms, and the other four H adatoms are bonded to two
surface Oy atoms and two surface Oy atoms.

We actually found, for the surface with two H adatoms,
that we can lower the surface energy by allowing for more ex-
tensive rebonding, leading to an adsorption energy of 2.00 eV
[Fig. 2(i)]. This requires breaking three Ga,.,—O bonds (two
Gayera—Opp bonds and one Ga,.,—O; bond); these bonds are
indicated by three thick black lines in Fig. 2(e). Four new
bonds are formed: Gaiera—Om1, Gatera—O1, Gagera—H, and Op—
H. The new Gaey,—Oqp and Gager,—Op bonds are labeled by
two thick black lines in Fig. 2(i). We can understand the
stability based on electron counting. Each of the three broken
bonds contributes two electrons. Taking the two electrons
from the H adatoms into account, there are 2 +3 x 2 =8
electrons that go to the four new bonds, with bonding states
that all merge into the valence band [Fig. 2(j)]. The two
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FIG. 3. Formation energies E' (in eV/A?) for various (010) surface reconstructions as a function of the Ga chemical potential when
(@) Aug =0 eV and (b) Auy = —1.18 eV. (c) Phase diagram of the Ga,05(010) surface as a function of Aug, and Auy. (d) Apy as a
function of temperature for H, pressures of 1, 0.1, and 0.01 Torr. The dashed line at Auy = —1.18 eV is representative of conditions in
MOCVD growth; the dashed line at Auy = —1.92 eV is representative of conditions in ultrahigh vacuum.

surface states in the lower part of the gap [pink bands in
Fig. 2(j)] again originate from surface O atoms. The rebonding
on the surface [Fig. 2(b)] breaks two Gaey,—O bonds and
allows the formation of two Gaey,—O bonds. Since Gae,—O
bonds are stronger than Ga,—O bonds, the rebonding lowers
the formation energy. We found that breaking and re-forming
new Ga—O bonds can also result in lower formation energies
for higher H coverages. For example, rebonding on the surface
with four H atoms [Fig. 2(k)] occurs similarly to rebonding on
the surface with two H atoms [Fig. 2(i)]. For the surface with
eight H atoms [Fig. 2(1)], rebonding does not lower the surface
energy.

These rebonded structures may not necessarily be exper-
imentally observable, since the required bond breaking may
not be able to occur in a concerted fashion either during
growth or during postgrowth hydrogenation. We also note that
the rebonding requires a chain of new bonds to form along
the [001] direction. However, the stability of these rebonded
structures indicates that surface reconstructions that offer op-
portunities for forming new Ga—O bonds due to the presence
of additional Ga or O atoms could be very favorable; this will
be addressed in Secs. III B and ITII C.

Formation energies of H adsorption on ideal 8-Ga,03(010)
surfaces at T = 0 are included in Fig. 3(a). Effects of finite
temperature can be taken into account by changing the chem-
ical potential of hydrogen. In Fig. 3(d) we show how Auy
changes as the temperature is increased. As an example, at
T =800 °C and p = 0.1 Torr, Auy is decreased by 1.18 eV
compared with 7 = 0. We note that 7 = 800°C and p = 0.1
Torr correspond to typical growth conditions in MOCVD [13].
The lowering of Apuy significantly increases the formation
energies of H-adsorbed surfaces, particularly those with high
hydrogen coverage, as seen in Fig. 3(b). Among the surfaces
with pure H adsorption discussed so far, the surface with
eight H atoms is lowest in energy at 7 = 0, but its energy
shoots up at high temperature. Figure 3 shows that structures
with hydrogen adsorbed on the ideal stoichiometric structure
are never the lowest-energy structure once deviations from

stoichiometry are allowed (as will evidently be the case during
growth). Such structures are discussed in the next section.

B. Reconstructions on bare surfaces

We will now examine reconstructions that allow for chang-
ing the surface stoichiometry. We explored various coverages
of Ga and O that span the range from Ga-rich conditions
(Aptga = 0eV) to O-rich conditions (Aug, = —4.61eV). As
each atomic layer of Ga,0Os3 in the [010] orientation contains
four Ga atoms and six O atoms, we consider between zero
and four Ga adatoms and between zero and six O adatoms.
For each specific coverage, we explored all adsorption sites
illustrated in Fig. 2(b) as initial positions for Ga and O to
determine the most stable configuration. This investigation
also includes structures that could be considered to contain
Ga and O vacancies. For example, the reconstruction with a
Ga vacancy (Vg,) is equivalent to the adsorption of three Ga
and six O adatoms. For these vacancy reconstructions, we also
explore Ga and/or O sites that differ from the bulk positions,
including sites with different coordinations, and determine the
most stable configuration.

In Fig. 3 we display results for reconstructions that have
relatively low formation energies in some part of the phase
space spanned by Auga,, either under very H-rich conditions,
Apg = 0 [Fig. 3(a)], relevant for exposure to hydrogen at
relatively low temperatures, or under conditions more rele-
vant for the presence of H during growth, Auy = —1.18 eV
[Fig. 3(b)]. As we can see, the stability of various reconstruc-
tions sensitively depends on both Apug, and Apy; it is thus
useful to present the results in the form of a surface phase
diagram [Fig. 3(c)] that indicates which reconstruction is most
stable for each combination of Ga and H chemical potentials.

Looking along a horizontal line near the bottom of the
phase diagram, we identify reconstructions that are stable in
the absence of hydrogen. Under Ga-rich conditions, we find
the surfaces with 4Ga+20 [Fig. 4(a)], 2Ga+O [Fig. 4(b)], and
2Ga+20 [Fig. 4(c)] reconstructions to be stable. Under less
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FIG. 4. Structures of Ga,03(010) surfaces with (a) 4Ga+20,
(b) 2Ga+0, and (c) 2Ga+20. The quoted formation energies Ef
are for Apge = Aug = 0. (d) Band structure of the 2Ga+0 surface
displayed in (b). The yellow charge density isosurface superimposed
on the atomic structures in (b) is for the green bands.

Ga-rich conditions, we find the ideal (bare unreconstructed)
surface to be most stable. We note that, as seen in Figs. 3(a)
and 3(b), the complexity of the Ga;Oj3 structure leads to other
surface reconstructions having energies that are only slightly
higher than the most stable structure; this indicates that, even
for a fixed set of chemical potentials, more than one recon-
struction could potentially be observed at finite temperature.

We explore the origins of the stability of specific recon-
structions by invoking the electron counting rule. Each Ga,
O, or H adatom contributes three electrons, six electrons, or
one electron to the surface. On the ideal surface, all O DBs
are filled; bonds formed with surface O therefore do not need
any additional electrons, and electrons introduced by adatoms
will therefore go to bonds formed among adatoms, to bonds
formed between surface Ga atoms and adatoms, or into DBs
of O adatoms, Ga adatoms, or surface Ga. When vacancies
are created, H adatoms can bind to the exposed DBs. Based
on the electron counting rule, the reconstructed surface tends
to maximize the number of bonds formed on the surface and
minimize the number of electrons localized on Ga DBs. The
total number of electrons that will be associated with Ga
atoms (n,) is counted by

ne = 3ngy + 6no + 1 — 2Nbonds — 21ODB- 4

nops is the number of occupied dangling bonds of O adatoms,
and npongs 1s the number of Ga—O, Ga—H, and O-H bonds. We
do not count Ga—Ga bonds since these may give rise to levels
in the band gap. O—H or O—Ga bonds that are formed with O
atoms present on the unreconstructed surface are not included
in nponds; this is because DBs of these surface O atoms are
fully occupied and cannot accommodate any electrons from
adatoms.

As an example, let us look at the surface with 2Ga+O
[Fig. 4(b)]. Two Ga—O bonds form between the adatoms, and
two Ga—O bonds form between the O adatom and surface Ga
atoms (Mpongs = 4). We thus have n, =3 x2+6x 1 —2 x
4 = 4. These four electrons are localized on the two DBs of
the two Ga adatoms [as shown in the charge density isosurface
in Fig. 4(b)] and occupy the surface states indicated by the
two green bands in Fig. 4(d)]. Electrons in these states raise
the formation energy, but due to the fact that the adatoms can
form strong bonds, the overall effect is to lower the formation
energy relative to the ideal surface (at least under Ga-rich
conditions).

As the band gap and energy levels of surface states are
underestimated using the PBE functional, we also checked
the formation energy using the HSE functional for the sur-
faces with two H adatoms [Fig. 2(e)] and for the 2Ga+O
surface [Fig. 4(b)]. The formation energy using HSE is 0.091
eV /A? for (H-Oy)+(H-Ga) and 0.087 eV /A? for 2Ga+O at
Apga = 0. While the values for formation energies slightly
differ, the difference in formation energies is the same in HSE
as in PBE. This gives us confidence that trends obtained with
the PBE functional are trustworthy and that the PBE results
are reliable for analyzing the relative stability of different
surface reconstructions.

C. Hydrogen-related reconstructions

Moving to higher Ay values, additional reconstructions
can be stabilized. The line at Auyg = —1.18 eV in Fig. 3(c) is
representative of conditions under chemical vapor deposition
(CVD) growth. The reconstructions that are stable under these
conditions [see also Fig. 3(b)] are the 4Vg,+12H [Fig. 5(f)],
2VGa+20+10H [Fig. 5(a)], 2Vg.+0+8H [Fig. 5(b)], O+2H
[Fig. 5(c)], and Ga+20+H [Fig. 5(d)] surfaces and the afore-
mentioned 2Ga+0 and 4Ga+20 surfaces.

For highly O-rich conditions, surfaces with 2Vg,+04-8H
[Fig. 5(b)], 2Vg,+20+10H [Fig. 5(a)], and 4Vg,+12H
[Fig. 5(f)] are stable. The stability of 4Vg,+12H is easily
understood: As the four Ga atoms on the top layer form 14
bonds to six O atoms on the top layer and six O atoms in
the second layer, removing four Ga atoms creates 14 DBs on
12 O atoms. However, since each Ga atom contributes three
electrons, removing four Ga atoms leads to only 12 missing
electrons; 12 H atoms therefore perfectly passivate the O
atoms. The stability of 2V5,+20+10H and 2Vg,+0+8H can
be understood by counting n,. There are ten O—H bonds on
the surface with 2Vg,+20+10H. Two of them are formed
between H and surface O atoms, which cannot accommodate
electrons. There are six O—H bonds due to the two Vg, and two
O-H bonds that are formed between H and O adatoms, which
can accommodate electrons. The bonds on 2V5,+20+10H
that can accommodate electrons include eight O—H bonds,
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FIG. 5. Structures of Ga,053(010) surfaces with
(a) 2V, +20+10H, (b) 2VG,+0+8H, (c) O+2H, (d) Ga+20+H,
(f) 4Vg,+12H, (g) 2Ga+0O+4H, and (i) Vo+2H reconstructions.
The quoted formation energies E' are for Aug, = Auy = 0. Band
structures of the Ga+20+H and 2Ga+0O+4H surfaces are displayed
in (e) and (h). The yellow charge density isosurface superimposed
on the atomic structures in (g) is for the green band. The pink bands
in (e) and (h) originate from the surface states from surface O atoms.

two Ga—O bonds, and four ODBs:n, =3 x2+6 x2+1 x
10 —2 x 10 — 2 x 4 = 0. Here the 3 x 2 = 6 refers to the
six electrons on O DBs due to the two missing Ga atoms.
Similarly, on the surface with 2V,+0+8H, there are seven
O-H bonds, one Ga-O bond, and two O DBs that can
accommodate electrons: n, =3 x2+6x1+1x8—-2x
8 —2 x 2 = 0. These surfaces therefore satisfy the electron
counting rule, explaining their stability.

Moving to less O-rich conditions, the surfaces with O+2H
and Ga+20+H become stable. The surface with O+2H
has two Ga—-O bonds, one O-H bond, and one O DB that
can accommodate electrons: n, =6 x 1 +1x2—-2x3—
2 x 1 = 0. The reconstruction of Ga+20+H contains four
Ga—O bonds, one O-H bond, and three O DBs, and hence
ne=3x14+46x24+1x1—-2x5-—2x3=0. Both sur-
faces fulfill electron counting. We show the band structure of
the Ga+20+H surface in Fig. 5(e); it contains no surface
states related to Ga atoms, explaining the stability of this
reconstruction.

Under more Ga-rich conditions (Aug, > —0.9 eV), we
find that the surface prefers 2Ga+O and 4Ga+20 recon-
structions that do not involve any hydrogen atoms. We find
that under Ga-rich conditions, hydrogen-containing surface
reconstructions are stable only for very high H chemical
potentials. In addition to the aforementioned O+2H and
Ga+20+H reconstructions, we find a 2Ga+0-+4H recon-
struction [Fig. 5(g)]. It contains two Ga—O bonds and three
Ga-H bonds (npongs = 5); in addition, there are two O DBs
(nopg = 2) that can accommodate electrons, and hence n, =
3x24+6x1+4—-2x5—-2x2=2, explaining the sta-
bility. Compared with the surface with 2Ga+O [Fig. 4(b)], the
coordination of Ga and O adatoms is changed due to the ad-
sorption of H. For example, the O adatom is coordinated with
four Ga atoms in 2Ga+O [Fig. 4(b)] and only bonded to two
Ga atoms on the surface with 2Ga+O+4H [Fig. 5(g)]. The
2Ga+0+4H reconstruction has one (Ga—Ga)-related surface
state in the band gap [green band in Fig. 5(h)], as opposed to
two surface states for the 2Ga+O reconstruction [Fig. 4(d)].
Overall, the 2Ga+O+4H surface is stable only under highly
Ga-rich and H-rich conditions [Fig. 3(c)].

It is striking that at a fixed puyg value, H-containing
reconstructions are much more prevalent under anion-rich
conditions than under cation-rich conditions. This is actu-
ally similar to what was found on GaN surfaces [26], and
it ultimately boils down to Ga—H bonds being significantly
weaker than O-H (or N-H) bonds. To explore this, we in-
vestigated the surface with an O vacancy and two H adatoms
(Vo+2H) [Fig. 5(1)]. Under O-rich conditions, the 4Vg,+12H
and 2V;,+0O+8H surfaces are quite stable; so we might
expect that under Ga-rich conditions, surfaces with oxygen
vacancies would be stable. For Vo+2H, removing an Oy
atom leads to the lowest energy. Adding H adatoms to a
Gagey, atom and a Gagy, atom allows two Ga—H bonds to
be formed. Still, the resulting formation energy of Vo+2H
is very high [Fig. 3(a)]. Similarly, surfaces with Ga adatoms
might be expected to be stable under Ga-rich conditions, but
as seen with the example of the Ga+3H surface [Fig. 3(a)]
this is also not competitive. The surface with Ga+3H contains
three Ga—H bonds and satisfies the electron counting rule:
ne=3x143x1—2x3=0.The fact that the O-H bond
is much stronger than the Ga—H bond is clearly responsible:
The diatomic bond dissociation energy is 4.46 eV for an O-H
bond and 2.76 eV for a Ga—H bond [32]. Hydrogen adsorption
is therefore more favorable under O-rich conditions.

We finish this discussion of the (010) surface by pointing
out the stability of the Ga+20-+H structure [Fig. 5(d)] over
a remarkably large range of chemical potentials [Fig. 3(c)].
This range covers the conditions that are most likely to
be present during MOCVD growth [see the dashed line at
Apuyg = —1.18 eV in Fig. 3(c)]. However, we observe that
this reconstruction continues to be favorable down to very low
hydrogen chemical potentials, particularly under O-rich con-
ditions. This implies that even in an ultrahigh-vacuum (UHV)
environment, such as in molecular beam epitaxy (MBE), the
B-Ga,03(010) surface may be hydrogenated. Indeed, hydro-
gen is unavoidably present even in a UHV system [33,34].
Even if the residual hydrogen pressure is as low as 107!°
Torr, the hydrogen chemical potential at a typical MBE growth
temperature of 973 K would still be —1.92 eV [Fig. 3(c)].
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FIG. 6. (a) Electron counting on the unreconstructed and unre-
laxed (110) surface. (b) Structure of the relaxed (110) surface. See
Fig. 1 for the definition of the lattice vectors. The oxygen atom
indicated by the red arrow in (b) undergoes a large lattice relaxation.

Figure 3(c) shows that the hydrogenated surface would prevail
under those conditions, unless the Ga chemical potential is
pushed to higher values (which is difficult to achieve while
maintaining high-quality growth). Conversely, the present
results also show that observing pristine (unhydrogenated)
reconstructions of §-Ga,;03(010) may, in practice, be impos-
sible, since it would require either unattainably low hydrogen
chemical potential values or higher values of the gallium
chemical potential that do not result in stable growth.

D. Reconstructions on the (110) surface

Alema et al. [9] reported that using water as the precursor
instead of O, during the MOCVD growth of Ga,03(010)
resulted in more {110} facets, suggesting that H could po-
tentially play a role in stabilizing the {110} facets. This
motivated us to study H-related reconstructions on the
Gay03(110) surface.

The Ga,03(110) surface is created by breaking four
Gaygeyr,—O bonds and eight Gaye,—O bonds in a 1 x 1 unit
cell [Fig. 6(b)], resulting in two O; dangling bonds (DBs)
(magenta), two Oy DBs (red), two Oy DBs (orange), two
Gara DBs (green), and four Gao, DBs (blue). In each
Gag—O bond, the Ga atom contributes 3/4 electrons, and
the O atom contributes 5/4 electrons. When the bond breaks,
the Gagr, DB will therefore contain 3/4 electrons, while the
Op DB will contain 5/4 electrons before any charge trans-
fer takes place. The two electrons in a Ga,,,—O bond result
from the Ga atom contributing 1/2 electrons and the O atom
contributing 3/2 electrons: The resulting Ga,., DB contains
1/2 electrons, and each O; or Oy DB contains 3/2 electrons
before any charge transfer. The total number of electrons on
the ideal Ga,03(110) surface can be calculated by counting
the electrons provided by the broken bonds in Fig. 6(c): The
four Ga atoms provide 2 x (3/4) +4 x (1/2) =7/2 elec-
trons, and the six O atoms provide 2 x (5/4) +2 x (3/2) +
2 x (3/2) = 17/2 electrons. These 12 electrons can fill all the
O DBs on the Ga;03(110) surface: All Ga DBs are empty
and all O DBs are filled with two electrons after the electrons
are transferred from Ga DBs to O DBs; therefore the electron
counting rule is obeyed.

Figure 6(b) shows the relaxed structure of the (110) sur-
face. The O atom indicated by the red arrow in Fig. 6(b)
was bonded to one Gag, and one Gay., on the unrelaxed
surface; after relaxation, this O atom is bonded to two Gageya
and one Gag,, resulting in one fewer Ga DB and one fewer

(a)0.15 (b)0.15

0.10

0.05

Ef (eV/A?)

0.00

—0.05

Apy = —1.18 eV

-4 -2 0
Aiga (eV)

Auga (eV)

FIG. 7. Formation energies E' (in eV/Az) of surface recon-
structions on the Ga,03(110) surface (solid lines) as a function of
the Ga chemical potential when (a) Auy =0 eV and (b) Auy =
—1.18 eV. Results for the (010) surface (dashed lines) are included
for comparison.

O DB compared with the ideal (010) surface. This oxygen
coordination is different from the (010) surface and is evi-
dence of a large atomic relaxation on the (110) surface. The
large relaxation probably explains why the (110) surface has a
slightly lower surface energy (0.085 e¢V/A?) than the (010)
surface (0.087 eV/A%; 1 eV/A? = 16.02J/m?), in spite of
having the same number of O and Ga atoms and very similar
surface areas [71.26 A2 for (010) and 73.54 A2 for (110)].
Figure 7 shows the formation energies for the ideal and
reconstructed (110) surfaces. Because of the similarity in
bonding compared with the (010) surface, it is not surprising
that the same reconstructions turn out to be favorable. The
corresponding formation energies do show some differences.
Under H-poor conditions (such as when a O, precursor is used
[9]), the ideal surface, the 2Ga+O reconstruction, and the
4Ga+-20 reconstruction are likely to occur, with the 2Ga+0O
reconstruction clearly lower in energy for (010). In the pres-
ence of hydrogen (such as when an H,O precursor is used
[9]), the Ga+20+H reconstruction [Fig. 8(a)] and 4Vg,+12H
[Fig. 8(c)] are likely to occur. The surface energies of these
two structures are slightly lower for the (110) surface orienta-
tion. We also found the surface with 2Ga+0O+4H [Fig. 8(b)]
to be slightly lower in energy on the (110) surface. Overall, the
lowering in formation energy for the hydrogenated surface of

(b) 2Ga+0+4H

(c) 4Vea+12H
g’ =

(a) Ga+20+H

FIG. 8. Structures of the surface  with

Gaz 03 (] 1 0)
(a) Ga+20+H, (b) 2Ga+0+4H, and (c) 4Vg,+12H reconstructions.
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(110) compared with that of (100) is quite small and may not
be sufficient to explain the stabilization of {110} facets. As
noted in Ref. [9], the mechanism by which use of the H,O
precursor favors {110} facet formation is probably complex
and may also involve kinetics.

IV. CONCLUSION

In conclusion, we used density functional theory to inves-
tigate surface reconstructions on bare Ga,03(010) surfaces
as well as the adsorption of hydrogen, including pure H ad-
sorption on the ideal surface and coadsorption of Ga, O, and
H under epitaxial growth conditions. We constructed a phase
diagram to show surface reconstructions under different Ga
and H chemical potentials.

We found that it may be difficult to observe reconstructions
on the bare surface, since it would require very Ga-rich condi-
tions. Under more O-rich conditions, hydrogenated surfaces
are more stable. These results also apply to MBE growth,
where hydrogen is unavoidably present as a residual gas. In
order to suppress suboxide (Ga,0O) formation and etching
[35], MBE growth cannot be too metal-rich, which means that
hydrogen will likely be present on the surface in a Ga4+-20+H
reconstruction [see Fig. 3(c)], enhancing the prospect that it
would be incorporated. This could actually have a beneficial
impact on materials quality, since hydrogen can passivate
native defects [6,7] or unintentional impurities such as carbon
[30].

The Ga+20+H reconstruction is stable over a remark-
ably large range of chemical potentials [Fig. 3(c)], including

conditions that are most likely to be present during MOCVD
growth [dashed line at Auy = —1.18 eV in Fig. 3(c)]. We
suggest that the relative simplicity of this structure [Fig. 5(d)],
along with the O+2H reconstruction [Fig. 5(c)], which occurs
under slightly more hydrogen-rich or oxygen-rich conditions,
would be conducive to growth of high-quality material, as
opposed to the presence of more complex reconstructions
such as 2Vi,+0O+8H [Fig. 5(b)], 2Vs,+20+10H [Fig. 5(a)],
or 4Vi,+12H [Fig. 5(f)].

Due to the similarity in bonding on the ideal (110) surface
compared with the (010) surface, the reconstructions on the
(110) surface are the same as those on (010) with similar
formation energies. Knowledge of these surface reconstruc-
tions will hopefully help in designing growth conditions that
achieve optimal materials quality.
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