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Abstract:

Using density functional calculations, we clarify the oxygen incorporation mechanism in vicinal m-GaN growth by metal organic
vapor-phase epitaxy. We first identify reconstructed structures of 5° off m-GaN toward the +c directions. Next, we explore preferable
sites for oxygen substitution near step edges. We find that oxygen prefers the lower nitrogen site of the step edge on the +c 5° off
m-GaN substrate compared with that on the —c 5° off m-GaN substrate. This tendency agrees with recent experimental findings that

the oxygen concentration in —c 5° off m-GaN epilayers is lower than that in +c 5° off m-GaN epilayers.

Gallium nitride (GaN)-based devices for optics and high-
power electronics are widely considered attractive due to their
excellent physical properties, such as a direct wide band gap,
high electron mobility and high thermal conductivity.!> For
optical devices, unintentionally doped impurities, such as
oxygen, into GaN or InGaN active layers induce energy states
in the band gap. Such doping causes unintended luminescence,
such as “yellow luminescence”.® For power devices, the
breakdown voltage is affected by the carrier concentration. It is
known that unintentionally doped oxygen into GaN layers
substitutes for nitrogen sites and behaves as a shallow donor. A
high breakdown voltage over 1 kV requires an impurity
concentration less than 10'® cm? in the active layers.” That is,
for applications, it is essential to both clarify the impurity
incorporation mechanism and control its concentration during
growth. There have been considerable research reports®!? on
the reduction of impurities in the case of polar plane growth,
such as =#c(000£1)-plane growth, because the resulting
materials have many practical uses, such as light emitting
diodes (LEDs) or high-electron-mobility transistors (HEMTs).
On the other hand, there are few reports'® about impurity
incorporation in the case of nonpolar plane growth, such as
m(10—-10)-plane growth, although layers grown without a
polarization field along the growth direction have the
advantage of improving the material’s optical and electronic
properties. In 2018, Tanaka et al.!” reported that the oxygen
concentration in GaN films grown on —c 5° off m-GaN by
metal-organic vapor-phase epitaxy (MOVPE) was one order of
magnitude below that on +c 5° off m-GaN. It is crucial to
understand the reduction mechanism of oxygen concentration
in vicinal m-GaN layers from both scientific and technological
viewpoints. In the present study, we investigated the oxygen
incorporation mechanism in vicinal m-GaN layers by a
theoretical approach.

Revealing step edge structures, i.e., starting model, is
necessary to investigate the oxygen incorporation mechanism
during step-flow growth. Hence, we determined the stable
reconstructed structures of step edges on +c 5° off m-GaN
during MOVPE under H: carrier gas conditions. To analyze the
relationship between the reconstructed structures and growth
conditions such as temperature and partial pressure, we used

the theoretical approach proposed by Kangawa et al.2?? in 2001.
The surface with the lowest surface formation energy will
appear at equilibrium. The surface formation energy is written

as
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where El9¢al and ETESN are the total energies at absolute
zero of the ideal and reconstructed surface systems,
respectively. E5o’, Efo’, and ES5° are the total energies at
absolute zero of Ga, N2, and H: molecules, respectively.
,ugzs, ,uﬁzs, and ng;s are the chemical potentials at the growth
temperatures and partial pressures of Ga, N2, and H2 molecules,
respectively. n3d, n3d, and nid are the numbers of Ga, N,
and H adatoms on the reconstructed surface, respectively. In Eq.
(1), the temperature dependence of the energy and the entropy
effects of the surface system are neglected to consider only the
total energy at absolute zero, Ei4¢3l =~ and ETSn . The
chemical potential of a gas molecule is provided as a function

of the temperature 7 and partial pressure p:
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where (uans, Got, and Cyibr are the partition functions for
translational, rotational, and vibrational motions,
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Fig. 1. (a), (c) Schematics of +c 5° off and —c 5° off m-GaN,
respectively. (b), (d) Candidate reconstructed structures of
the step edge considered in this study.3Ga-H, 4Ga-H, Ga
adatom, and N adatom in (b) mean three of four Ga at
the step edge are terminated by H, four Ga are terminated
by H, one Ga is adsorbed at the step edge, and one N is
adsorbed at the step edge, respectively. 3N-H, 4N-H, Ga
adatom, Ga monolayer, and 2N-Ga+N-H in (d) mean
three of four N at the step edge are terminated by H, four
N are terminated by H, one Ga is adsorbed at the step
edge, four Ga are adsorbed at the step edge, two Ga and
one H are adsorbed at the step edge, respectively.

respectively. ks is  Boltzmann's  constant, #is  Planck's
constant, 7'is temperature, p is pressure, gis the degree of
degeneracy of the electron energy level, m is the mass of one
particle, n is the degree of freedom for rotation, ¢ is the
symmetric factor, /1 is the moment of inertia, i is the degree of
freedom for vibration, N is the number of atoms in the particle,

and v is the frequency. Using Egs. (1)-(5), the surface formation
energy is provided as a function of temperature 7 and partial
pressure p. The total energies at absolute zero are given by
density functional calculations.

The total energies of the step edges on +c 5° off m-GaN were
calculated by using real-space density functional theory
(RSDFT) as implemented in the RSDFT package.?!*>?® The
exchange and correlation energies were treated by the Perdew-
Burke-Ernzerhof (PBE)*? exchange correlation functional
using the norm-conserving pseudopotentials.’® Ga3d electrons
were treated as core electrons. The mesh spacing was fine
enough to correspond to the cutoff energy of 108 Ry on the
conventional plane-wave basis. For surface calculation, we
used a periodic slab composed of 532 atoms (+ adatoms). Fig.
1(a) and 1(c) show schematics of the +c 5° off and — 5° off m-
GaN models, respectively. The slab model comprised a vacuum
layer of more than 20 A, five GaN bilayers in height, and four
GaN bilayers in depth. The width of terrace in the slab model
was determined to reproduce 5° off angles toward [0001] and
[000-1]. Ga and N dangling bonds at the bottom surface of the
slab model were terminated by pseudo-hydrogens of charge
1.25e and 0.75e, respectively, to mimic a semi-infinite GaN
substrate.?® The epilayers and adatoms were allowed to relax
until the force acting on each atom was less than 5x10*
Hartree/a.u. (atomic units), while the bottom layers and pseudo-
hydrogens were kept fixed to mimic bulk-like behavior.

Fig. 1(b) and 1(d) show the candidate reconstructed
structures of the +c 5° off step edges considered in this study.
These candidate structures were constructed based on our
previous knowledge.?” ?® The number of candidate structures
seems enough since the possible configuration of adatoms at
one dimensional step edge instead of two dimensional surface
is very limited. It has been reported that the stable terrace
structure is the unreconstructed ideal surface without
adsorbates?® under the same conditions as those used
experimentally!”: H: carrier gas, total pressure of 1 atm, T =
1100 °C, and V/III = 1019. The stable reconstructed structure
of +£c 5° off step edges was then analyzed by adopting such an
ideal terrace. The surface formation energy was determined by
Eq. (1). Under the same growth conditions as those used
experimentally'?, the surface formation energies of each step
edge structure as a function of temperature were calculated and
are shown in Fig. 2(a) and 2(c). We have found that particular
step edge for each vicinal direction shows the lowest formation
energy in a certain range of temperature. That is, the ideal and
3N-H structures appear for the +c 5° off and —c 5° off step edges,
respectively, under the following experimental growth
conditions: 7= 1100 °C, V/III = 1019'., Here, the ideal step
edge means a bare step edge without any adsorbed atom, and
3N-H means a three-hydrogen-terminated step edge. The ideal
step edge model does not satisfy the electron counting (EC)
rule®® 3V, though 3N-H structure satisfy the EC rule: when
nitrogen dangling bonds that remain on the surface are filled
with two electrons while gallium dangling bonds are empty, the
system is energetically favorable. In the case of +c 5° off, one
can see 3Ga-H structure which satisfy the EC rule appears at
low temperatures (Fig. 2(a)). The chemical potential of H:
molecule decreases with increase of temperature (see eq. (2)).
Hence, H-terminated step edge which satisfy the EC rule
appears at low temperatures, but ideal step edge which does not
satisfy the EC rule appears at high temperatures since Ha
molecule becomes stable in the vapor phase than on the surface.
In the case of +¢ 5° off, the critical temperature between the two
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Fig. 2. (a), (c) Surface formation energy of the +c 5° off and
—c 5° off step edges as a function of temperature,
respectively, under the same conditions as those used
experimentally: carrier gas ratio of pma:pn2 = 0.6 atm: 0.2
atm, V/III ratio of 1019. (b), (d) Surface phase diagram of
the +c 5° off and —c 5° off step edges, respectively.

Table I. The calculated formation energies AEy in eV.

+c 5° off —c 5° off

Upper site of step edge —0.073 —-0.031
Lower site of step edge —0.91 —0.13
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Fig. 3. (a), (b) Electron density around the step edge before
and after oxygen substitution, respectively, in the case of +c
5° off. (¢), (d) Schematics of the electron counting model.
Light green circles and three-quarter circles show
electrons supplied from cation. Light yellow circles and a
quarter circles show electrons supplied from anion. When
an oxygen atom substitute for nitrogen (d), one excess
electron is supplied from oxygen to gallium to make Ga-
Ga bond. In this system, EC rule is satisfied.

surface phases appears around 1030°C (Fig. 2(a)), it will appear
at more high temperature in the case of —c 5° off (Fig. 2(c)).
This is because N-H bond is stronger than Ga-H bond. Fig. 2(b)
and 2(d) show surface phase diagrams of +c 5° off step edges
as a function of temperature and V/III ratio. In the case of
growth conditions other than those used experimentally'®,
other structures appear.

Next, the formation energies of oxygen substituting nitrogen,
On, at the upper and lower sites of thus obtained step edges
were calculated by using the predicted surface model as the
starting model. In the present research, we considered only On
because the formation of the point defect is most often
predicted in first principles calculations.*? The Ox formation
energy AEq, at the upper and lower sites of the step edge is

expressed as

- Ereference' (6)

where Esubstitute 1S the total energy of a system whose upper or
lower step edge is substituted by an oxygen atom. Ereference iS the
total energy of a system whose nitrogen site on the terrace is
substituted by an oxygen atom. The calculated formation
energies AEq, are summarized in Table I. In the case of —c 5°
off, there are three different cases of substitution sites due to
their positional relationship with the hydrogen-terminated step
edge. The calculated AEp, values of the three cases are
different. Thus, —c 5° off yields the lowest AEj, among the
calculated values. The calculation results suggest that oxygen
at the lower site of the +c 5° off step edge is the most stable as
shown in Table I. The results imply that the oxygen
incorporation ratio at the step edge on +c 5° off m-GaN would
be higher than that on —c 5° off m-GaN. This tendency agrees
with the experimental results.

Hereafter, we discuss the reason why the AEq, values are
different between the upper and lower sites of the +c 5° off step
edge from the viewpoint of the EC model. Fig. 3(a) and 3(b)
show the electron density around the step edge on +c 5° off m-
GaN. The electron density was visualized by VESTA?*3%, Fig.
3(c) and 3(d) show schematics of the EC model around the step
edges before and after oxygen substitution, respectively, in the
case of the +c¢ 5° off substrate. In the case of GaN, nitrogen

AEON = Esubstitute



donates 5/4 electrons and gallium donates 3/4 electrons for a
single covalent bond. On the ideal surface of the m-plane,
nitrogen dangling bonds receive electrons from gallium and
have two electrons. On the other hand, gallium dangling bonds,
which have lost electrons, are empty. That is, the ideal surface
of the m-plane satisfies the EC rule. In the case of +c 5° off m-
GaN, the dangling bonds of the ideal step edge terminated by
four gallium atoms per supercell have three electrons (= 4 X

(3/4) electrons). This condition does not satisfy the EC rule (Fig.

3(a) and (c)). Upon On formation at the lower step edge, one
excess electron is supplied from an oxygen to the gallium
dangling bond near the step edge. That is, four electrons
accumulate near the step edge. Consequently, two Ga-Ga bonds
are formed between the gallium terminating the step edge and
the gallium at the lower step edge (Fig. 3(b) and 3(d)).
Therefore, no electrons remain in the gallium dangling bonds
on the step in this model. As a result, the EC rule is satisfied,
and the system of the step edge becomes energetically stable.
On the other hand, the On at the upper step edge bonds to three
gallium atoms each of which has a single dangling bond, while
the On at the lower step edge bonds to one gallium atom which
has a single dangling bond and two gallium atoms each of
which has no dangling bond. Therefore, the former system, i.e.,
On at the upper step edge, does not satisfy the EC rule, since
one excess electron supplied from an oxygen seems distribute
to the three gallium dangling bonds instead of the use for
formation of Ga-Ga bonds at the step edge. The above
discussion reveals the reason why On prefers a lower step edge.
In the case of —c 5° off m-GaN, the starting model, i.e., the 3N-
H step edge, already satisfies the EC rule. Therefore, bond
rearrangement with superior energy gain will not occur after
oxygen substitution. Thus, a preferable site for oxygen
substitution did not appear in this system. This tendency was
also confirmed for other systems, i.e., On at the terrace and 2nd
layer (not shown here).

In summary, we have revealed the stable reconstructed
structures on vicinal m-GaN during MOVPE. The formation
energies of the system in which oxygen substitutes for nitrogen
at the upper and lower sites of the step edge were calculated by
using the predicted surface model as the starting model. The
calculated results explain the experimental oxygen
incorporation tendency. This theoretical approach is helpful to
understand the oxygen incorporation mechanism and physics
of such phenomena. This knowledge is also useful for
optimizing growth conditions to obtain m-GaN with low
oxygen concentrations by MOVPE.
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