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Dimer-vacancy reconstructions of the GaN and ZnO(1011) surfaces: Density functional
theory calculations
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Reconstructed structures of the GaN and ZnO(1011) anion semipolar surfaces were studied using density
functional theory calculations. The twofold-coordinated anion atoms on the unreconstructed surfaces form
anion dimers with reduced surface hole density. The residual holes on the dimerized surfaces are additionally
compensated by formation of a dimer vacancy (DV) in every four 2 x 1 cells on GaN(1011) and in two 2 x 1
cells on ZnO(1011). The electrostatically stable 4 x 2 DV reconstruction on the GaN(1011) surface is found
to be more stable than the previously suggested structures, and the 2 x 2 DV reconstruction on the ZnO(1011)
surface explains the transmission electron microscopy observations.
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I. INTRODUCTION

GaN and ZnO semiconductors are important for optoelec-
tronic device applications. The GaN thin films, typically grown
in the [0001] direction, have dense dislocations. In order to
reduce polarization effects, the nonpolar or semipolar growth
of GaN thin films has been studied intensively.'> Meanwhile,
the {1011} semipolar surfaces have been observed, commonly
at the facets of hexagonal pyramid nanostructures®® and
inverted-pyramid-shaped dislocation pits on GaN thin films
(V defects).'”!! To understand and control the epitaxial growth
of thin films and nanostructures, we need to know the surface
atomic structures. In spite of the technological importance and
the natural abundance of the (1011) surface, the reconstructed
structures still remain unclear.

On conventional semiconductor surfaces, the structures
of the surface reconstructions are explained by a small
number of guiding principles.'>'* (i) First, surfaces tend
to reduce the number of dangling bonds (e.g., by forming
dimers). (ii) Second, surfaces minimize their electronic energy
by satisfying the electron counting rule. (iii) Finally, they
tend to minimize the electrostatic energy by optimizing the
arrangement of the charged surface atoms or vacancies.
On the GaN(0001) surface, in N-rich conditions, the stable
2 x 2 N adatom (H 3) structure is semiconducting and satisfies
the general rules.””>™!° The stable 2 x 2 Ga adatom (H3)
structure in N-rich conditions on the GaN(0001) surface is also
semiconducting and follows the rules.'>!® While the surfaces
are semiconducting in N-rich conditions, they tend to be
metallic in Ga-rich conditions because they are reconstructed
to the Ga-bilayer [GaN(0001)] or Ga-adlayer [GaN(0001)]
structures.'>!71920 On the GaN(1011) N-semipolar surface,
the Ga-adlayer structure in Ga-rich conditions is very similar
to that on the GaN(0001) N-polar surface.>'> However, in
N-rich conditions, the previously suggested 1 x 1 Ga adatom
(H3) and 1 x 1 N-vacancy structures on the GaN(1011)
surface are dissimilar to the semiconducting reconstructed
structure of the GaN(0001) N-polar surface and have 0.75
free electrons per an 1 x 1 unit cell, violating the elec-
tron counting rule.>"?> For ZnO, the surface reconstructions
have not been studied extensively. On the ZnO(1011) O-
semipolar surface, the a x 2 reconstruction has been re-
ported based on a transmission electron microscopy (TEM)
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experiment,”® but the detailed atomic structures remain to be
elucidated.

In this paper, we report the 4 x 2 dimer-vacancy (DV) and
2 x 2DV reconstructions on the GaN and ZnO(101 1) surfaces,
respectively, following the general reconstruction rules of
semiconductor surfaces. The structures of the reconstructions
are semiconducting and found to be the most stable in
anion-rich conditions in density functional theory (DFT)
calculations. The reconstructions of the pristine GaN and
ZnO surfaces are only focused on in relation to the molecular
beam epitaxial (MBE) growth. For metal organic vapor-phase
epitaxy (MOVPE), the adsorbates such as hydrogen can affect
the structures of the surface reconstructions.

II. CALCULATIONAL METHOD

The DFT calculations were performed as implemented in
the Vienna ab initio simulation package (VASP) code.”* The
projector-augmented-wave (PAW) pseudopotentials and the
plane-wave basis set with a kinetic cutoff energy of 400 eV
were used.”> The Ga and Zn 3d electrons were included in the
valence state. For exchange correlation energy, the generalized
gradient approximation (GGA) was used,”® and the onsite
Coulomb energy correction (U) of 6 eV was applied to the
Zn 3d states for ZnO.?’

The periodic slab structures were used for the GaN
and ZnO(1011) surface models. For the 1 x 1, 2 x 1, 2 x
2, and 4 x 1 reconstructions, we used thick slabs: the
10-GaN(ZnO)-bilayer-thick (~22-A) slab. For the larger unit-
cell reconstructions, we used thinner slabs because of the large
number of atoms in the supercell. Forthe 6 x 2,2 x 6,12 x 1,
4x3,2x4,4x2,and 8 x 1 reconstructions on GaN(1011),
we used the 5-GaN-bilayer-thick (~11-A) slabs. For the
4 x 2 reconstructions on ZnO(1011), we used the 5-ZnO-
bilayer-thick (~10-A) slab. The surface energy differences
between the thick and thin slabs for various 1 x 1,2 x 1, and
2 x 2 reconstructions were checked and found to be less then
10 meV/(1 x 1). The vacuum space between slabs is about
10 A for all cases. The bottom surface of the slabs is passivated
by pseudohydrogen to make the surface charge neutral. The
bottom two GaN(ZnO) bilayers were fixed to mimic the bulk,
and the Hellmann-Feynman forces were relaxed less than
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0.02 eV/A. The theoretical lattice constants were used:
a=23215 A and ¢/a = 1.627 for GaN and a =3.212 A
and c¢/a = 1.614 for ZnO. The k-point set equivalent to the
6 x 4 mesh in the 1 x 1 surface Brillouin zone was mainly
used. With the k-point set, the surface energy converged
at less than 10 meV/(1 x 1). Depending on the surface
periodicity, we also used denser k points with the 8 x 4,
8 X 6,6 x 6,and 12 x 4 meshes in the 1 x 1 surface Brillouin
zone.

Within the thermodynamically allowed ranges of the Ga and
Zn chemical potentials, (Gabuik) — AHgaN < Ga < UGa(bulk)
and pznwuk) — AHzno < Wzn < Uznulk), the surface energies
with respect to the unreconstructed surface were calculated.
The heat of formation for A Hg,y is calculated to be 1.02 eV
and for A Hz,0 is 3.06 eV, which are close to the experimental
results, 1.1 and 3.6 eV, respectively.zg’29

III. RESULTS
A. GaN(1011) surface

The unreconstructed GaN(1011) surface structure is shown
in Fig. 1(a). The GaN(1011) surface is the N-terminated
semipolar surface and consists of one threefold-coordinated
N (N1) and one twofold-coordinated N (N2) in an 1 x 1
unit cell. In GaN, N gets 0.75 electrons per a Ga-N bond
from Ga to get a total of three electrons. Thus, we con-
sider the threefold-coordinated N1 atom to have 0.75 holes

(a) GaN (1x1) Unreconstructed (b) GaN (2x1) Dimer

(c) GaN (2x1) bV

FIG. 1. (Color online) Atomic structures of the (a) 1 x 1 unre-
constructed, (b) 2 x 1 dimerized, and (c) 2 x 1 DV reconstructed
GaN(1011) surfaces. (d) Atomic structure of the 2 x 2 3Zn adatom
reconstruction of the ZnO(1011) surface. The dashed lines indicate
the unit cells. Large circles represent the cations and small circles the
anions.
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FIG. 2. (Color online) Relative energies of the reconstructed
(a) GaN and (b) ZnO(1011) surfaces with respect to the unrecon-
structed surfaces, as a function of the cation chemical potential. The
relevant experimental conditions of the Ga and O, partial pressures
for GaN (1100 K) [ 22] and ZnO (800 K) [ 30] respectively are shown
at the bottom of each figure.

and the twofold-coordinated N2 atom to have 1.5 holes.
Then, the total number of holes on the unreconstructed surface
is2.25inan 1 x 1 unit cell. The twofold-coordinated N2 atoms
are Peierls unstable and prefer to form N dimers (ND). The
1 x 1 periodicity of the unreconstructed surface is doubled
along the dimer-bond (x) direction. The minimum periodicity
of the surface is then 2 x 1. Figure 1(b) shows the 2 x 1 ND
reconstruction structure. The surface energy relative to the
unreconstructed surface is calculated in DFT and shown in
Fig.2(a). The 2 x 1 ND structure is foundtobe 2.6 eV /(1 x 1)
more stable than the unreconstructed surface.

Figures 3(a) and 3(b) show the calculated local density
of states (LDOS) of the unreconstructed and 2 x 1 ND re-
constructed GaN(1011) surfaces, respectively. The calculated
GaN bulk band gap is 1.75 eV in the generalized gradient
approximation (GGA). While on the unreconstructed surface,
the Fermi level crosses the mixed N1 and N2 bands; on the
2 x 1 ND reconstructed surface, the N1 band is completely
filled below the Fermi level; and the ND band characterized
by pyp,m* is partially (1.5 electrons) filled inside the band
gap. The ND-related p, p,7* band is empty near the bulk con-
duction band maximum (CBM), and the p, p,o* band is found
well above the CBM. Those two empty ND bands cannot act as
electron-trapping states. Thus, one ND formation effectively
dopes four electrons onto the unreconstructed surface, and the
number of holes on the ND reconstructed surface becomes
0.5 per 2 x 1, while it is 4.5 per 2 x 1 on the unreconstructed
surface. The N1 atoms are threefold-coordinated with one lone
pair orbital (completely filled) per atom. The N2 atoms in the
dimer form are also threefold-coordinated, and the ND bond
is an approximately double bond with 1.5 electrons (0.5 holes)
filling the antibonding p, p,m* state.
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Since the 2 x 1 ND reconstructed surface has 0.5 holes per
2x1, it is expected to be more stabilized by accompanying N
vacancies or Ga adatoms through additional electron doping
on the surface. For complete compensation, the density of
N1 vacancies should be one (giving three electrons) per
six 2 x 1 unit cells, preserving the N2-dimer density. For
N2 vacancies, in order to avoid a single nondimerized N2
atom, the N2 vacancies should be paired along the dimer-row
(x) direction, so that all the other N2 atoms are dimerized.
Two N2 vacancies (providing six electrons) remove one ND
(generating four holes), and then effectively two N2 vacancies
dope two electrons on the ND reconstructed surface. The
separated two N2 vacancies are found to be less stable than
the neighboring two N2 vacancies (DV). A Ga adatom (giving
three electrons) is located between two N2 atoms as a bridge
configuration [likely shown in Fig. 1(d)] and removes one ND
bond (generating four holes). Then, effectively the Ga adatom
dopes one hole on the ND reconstructed surface, and thus
the Ga adatom does not act as an electron donor on the ND
reconstructed GaN(1011) surface. The number of holes on the
dimerized GaN(1011) surface is then simply calculated from
Eq. (1):

1 3N(Vn1) +2N(DV) — IN(Gag) )
2 n ’

where £ is the hole density in 2 x 1, and N(Vy;), N(DV), and
N (Gayq) are the number of N1 vacancies, DV, and Ga adatoms,
respectively, in n times 2 x 1 unit cells.

We calculated N 1-vacancy-involved ND reconstructions for
n=6and N(Vn;)=11in 12x1,2x6, 6 x2, and 4 x 3

GaN(1011) ZnO(1011)

(a) (1x1)
. Unreconstructed

(1x1)
Unreconstructed

Density of states (arb. units)

(f) (2x2) DV
OD-pypyn\

2 1 0 1 2 314 15 2 -1 0 1 2 3 4 5
Energy (eV) Energy (eV)

FIG. 3. (Color online) LDOS of the (a) 1 x 1 unreconstructed,
(b)2 x 1dimer, and (c) 4 x 2 DV reconstructed GaN(1011) surfaces.
LDOS of the (d) 1 x 1 unreconstructed, (¢) 2 x 1 dimer, and
(f)2 x 2DV reconstructed ZnO(1011) surfaces. The (blue) line-filled
area is for the N1(O1) atoms, the (red) half-filled area is for the
N2(02) or ND(OD) atoms, and the (black) completely filled area is
for the Ga(Zn) atoms near DV on the GaN(ZnO) surface. The bulk
valance and conduction bands are indicated by (gray) dotted area, and
the Fermi level is given by the (black) vertical dashed lines.
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periodicities in DFT. The N1-vacancy-involved ND recon-
structed GaN(1011) surface is more stable than that without
vacancy, as shown in Fig. 2(a) (representatively for 4 x 3),
making the surface semiconducting and satisfying the electron
counting rule. On the other hand, the N2-vacancy-involved
structure is found to be more stable than the N1-vacancy-
involved structure. A N2-vacancy leaves only two nearby
threefold Ga atoms, while a N1-vacancy leaves three threefold
Ga atoms. The N2-vacancy-involved ND reconstructed surface
is calculated for n =4 and N(DV) =1 by putting two N2
vacancies in4 x 2,2 x 4, and 8 x 1 unit cells. The 4 x 2 DV
reconstructed surface is found to be the most stable, as shown
in Fig. 2(a).

The stability of the 4 x 2 DV reconstruction with respect
to the 2 x 4 and 8 x 1 reconstructions can be understood
by electrostatics. The DVs in the 4 x 2 DV reconstruction
are arranged in a two-dimensional oblique (parallelogrammic)
lattice [Fig. 4(a)], while an entire dimer row along the x axis is
missing every four dimer rows in the 2 x 4 DV reconstruction
[Fig. 4(b)] and the DVs are arranged across the dimer rows in

(a) GaN (4x2) DV

(d) ZnO (4x2) 2DV

FIG. 4. (Color online) Atomic structures of the (a) 4 x 2,
(b) 2 x4, and (c) 8 x I DV reconstructions of the GaN(1011)
surface and of the (d) 4 x 2 2DV, (e) 2 x 2, and (f) 4 x 1 DV
reconstructions of the ZnO(1011) surface. The side view of the
2 x 2 DV reconstruction is also shown in (e). The dashed lines
indicate the unit cells, and the (cyan) shaded areas are the cells where
the DVs are located. In (e), dips on the surface are indicated by
arrows.
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the 8 x 1 DV reconstruction [Fig. 4(c)]. Since a DV-involved
2 x 1 cell donates 1.5 electrons and a ND-included 2 x 1
cell gains 0.5 electrons, we can compare the electrostatic
(Madelung) energies. With respect to the most stable 4 x 2 DV
reconstruction, the calculated electrostatic energies (€gan =
9.7) of the 2 x 4 and 8 x 1 DV reconstructions are 0.254
and 0.301 eV/(1 x 1), respectively, which are similar in the
stability order with the DFT results of respectively 0.063
and 0.096 eV/(1 x 1) [Fig. 2(a)]. The other DV-involved
reconstruction structures, such as segregated DVs in a cell
larger than four times 2 x 1, can be excluded based on this
argument.

In Fig. 2(a), we compare the DFT surface energies of var-
ious GaN(1011) surface reconstruction structures, including
the previously suggested ones. The 1 x 1 Ga-adatom?' and
1 x 1 N2-vacancy?? structures, which have 0.75 electrons per
1 x 1, are respectively 0.38 and 0.33 eV/(1 x 1) higher in
surface energy than the 4 x 2 DV structure in the N-rich
limit condition. The 4 x 2 DV structure is the most stable
in—1.0eV < AGa~- MU Gabulk) < —0.7 eV. On the GaN(lOﬁ) Ga
semipolar surface, a similar DV reconstruction with the 2 x 2
periodicity has been suggested in N-rich limit conditions.’'
As the pg, increases, the 2 x 1 DV structure [Fig. 1(c)] is
stabilized [—0.7 eV < MGa-MGabulk) < —0.5 eV]. In this
structure, all the N2 surface atoms are removed, and the
surface is n type with the charge density of —1.5 per 2 x 1.
The periodicity doubling from the 1 x 1 N2-vacancy structure
occurs by Peierls instability of the N2 vacancies (threefold
Ga atoms) arranged along the x axis. In Ga-rich conditions
[—0.5 eV < pGa-tcawuk) < 0.0 eV], the well-known 1 x 1
Ga-adlayer structure is the most stable, as in the previous
results, 14152122

B. ZnO(1011) surface

For the ZnO(1011) surface, we can apply the same
argument, but the electron counting numbers are different.
In ZnO, O gets 0.5 electrons per Zn-O bond. The number
of holes on the unreconstructed surface is 1.5 in 1 x 1. The
surface twofold-coordinated O2 atoms form O dimers (OD),
and the 2 x 1 dimerized surface is found to be 0.95eV/(1 x 1)
more stable than the unreconstructed surface [Fig. 2(b)]. The
OD bonding is weaker than the ND bonding. The LDOS of
the 2 x 1 OD reconstructed structure is shown in Fig. 3(e).
The calculated ZnO bulk band gap is 1.59 eV in the GGA +
U. The pypym* is completely filled, and the p,p.mw* is
partially (half) filled inside the band gap. The p, p,o* band is
well above the CBM and completely empty. The one empty
Px Px0 " band cannot trap electrons, and thus one OD formation
dopes two electrons onto the unreconstructed surface. The
number of holes on the OD reconstructed surface is 1.0
per 2 x 1, while it is 3.0 per 2 x 1 on the unreconstructed
surface.

An Ol vacancy dopes two electrons, and a Zn adatom
in a bridge configuration [as shown in Fig. 1(d)] does not
dope charges onto the OD reconstructed surface (a Zn adatom
gives two electrons, and removal of an OD bonding generates
two holes). Two O2 vacancies dope two electrons (two O2
vacancies give four electrons, and removal of an OD generates
two holes). The number of holes on the dimerized ZnO(1011)
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surface can be calculated from Eq. (2):

_ 2N(Vor) + 2N(DV) + ON (Znyg) o
n 9

where £ is the hole density in 2 x 1, and the N(Vp;), N(DV),
and N(Zn,q) are the number of O1 vacancies, DV, and Zn
adatoms, respectively, in # times 2 x 1 unit cells.

The calculated DFT surface energies of ZnO(1011) are
compared in Fig. 2(b). In order to compensate the 1.0 hole
per 2 x 1 on the dimerized surface, the Ol-vacancy-involved
[n =2and N(Vp;) =1in2 x 2 and 4 x 1] and O2-vacancy-
involved[n = 2and N(DV) = 1in2 x 2and4 x 1,andn = 4
and N(DV) = 2 in 4 x 2] OD reconstructions are considered.
The 2 x 2 DV reconstruction is found to be the most stable
in O-rich conditions [—3.0 eV < pzn-Uznpuky < —1.8 eV].
The 4 x 2 2DV and 4 x 1 DV reconstructions are 0.028 and
0.099 eV/(1x1) higher in DFT surface energy than the 2 x
2 DV, respectively [Fig. 2(b)]. In the 2 x 2 DV reconstruction,
a dimer row is missing every two dimer rows [Fig. 4(e)]. In
contrast to the GaN(1011) surface, where the oblique lattice
of the 4 x 2 DV is stable, the 4 x 2 2DV reconstruction of
such a lattice [Fig. 4(d)] is found to be less stable in DFT than
the 2 x 2 DV [Fig. 4(e)]. The calculated Madelung energies
(€zno = 8.65) of the 4 x 22DV and 4 x 1 DV are —0.040 and
4+0.019eV/(1 x 1) with respect to the 2 x 2 DV, respectively.
It might be due to the small electrostatic energy difference for
ZnO(1011) and the electronic binding contribution of the ODs
along the dimer row through the occupied p,p.7* channel.
The 2 x 2 DV structure is consistent with the TEM experiment
that observed a x 2 reconstruction with dips every two unit
cells along the y axis.?? The dips are suggested here to be
the missing dimer rows in the 2 x 2 DV reconstruction, as
shown in Fig. 4(e). In —1.8 eV < pzn-tznwuiy < 0.0 eV, the
2 x 2 3Zn adatom structure [Fig. 1(d)] is found to be the most
stable [Fig. 2(b)], which satisfies the electron counting rule
without ODs (the six holes in 2 x 2 on the unreconstructed
surface are compensated by the Zn adatoms, not by ODs), and
is semiconducting. The Zn-adlayer metallic reconstruction is
not found to be stable even in Zn-rich conditions, unlike the
GaN(1011) surface.

h=1

IV. CONCLUSION

In conclusion, we have suggested the semiconducting
reconstruction structures of the GaN and ZnO(1011) surfaces.
The 4 x 2 DV reconstruction on the GaN(1011) surface is
found to be the lowest in surface energy in N-rich conditions
among the considered structures, including the previously
suggested ones, and is proposed to be the ground-state con-
figuration based on the electrostatics and DFT. The 2 x 2 DV
reconstruction on the ZnO(1011) surface is found to be the
most stable in O-rich conditions in DFT and explains the
measured 2 x a reconstruction structure with the regularly
arranged dips.
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