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ZnO is a wide band-gap semiconductor with piezoelectric properties suitable for opto-electronics, sensors,
and as an electrode material. Controlling the shape and crystallography of any semiconducting
nanomaterial is a key step towards extending their use in applications. Whilst anisotropic ZnO wires have
been routinely fabricated, precise control over the specific surface facets and tailoring of polar and non-polar
growth directions still requires significant refinement. Manipulating the surface energy of crystal facets is a
generic approach for the rational design and growth of one-dimensional (1D) building blocks'*. Although
the surface energy is one basic factor for governing crystal nucleation and growth of anisotropic 1D
structures, structural control based on surface energy minimization has not been yet demonstrated>-*. Here,
we report an electronic configuration scheme to rationally modulate surface electrostatic energies for
crystallographic-selective growth of ZnO wires. The facets and orientations of ZnO wires are transformed
between hexagonal and rectangular/diamond cross-sections with polar and non-polar growth directions,
exhibiting different optical and piezoelectrical properties. Our novel synthetic route for ZnO wire
fabrication provides new opportunities for future opto-electronics, piezoelectronics, and electronics, with
new topological properties.

norganic compound semiconductors with the inherent structural anisotropy continue to be of considerable

interest for both fundamental science and potential technology applications due to their diverse functionalities

and unique features combined with the dynamic electro-mechanical coupling and the static polarization'®*.
In particular, the strong electrical polarization of wurtzite semiconductors such as ZnO and GaN, arising from
non-central symmetry and crystallographic polarity, has a profound effect on carrier concentration, energy band
structure, photon emission energy, and excitonic behavior'™. Thus, the nature of the terminating surface on
wurtzite crystal, which is intimately associated with the growth direction and the bonding state, can play a crucial
role in its electrical, optical, and photophysical features. Furthermore, such anisotropic phenomena are particu-
larly striking and relevant for one-dimensional (1D) structure due to its geometric crystal structure with the
highly uniaxial anisotropy as well as the highly confined strain and polarization field, compared to bulk and film
structures. Hence, tailoring facets and crystal shapes of 1D wurtzite materials through control of crystal preferred
growth orientation is an effective way for achieving not only designed physical properties, but also the ability to
manipulate the polarization between parallel to and perpendicular to their length. This in turn allows for creating
a new concept of topological architecture and unique function pertinent to potential device applications.
However, because of chemically active polar surfaces with electrostatic charges, the 1D structure of wurtzite
materials typically exhibit hexagonal morphology with the strongly preferred polar growth orientation to min-
imize surface energy, resulting in a uniaxial polarization along the c-axis (growth direction)>'’. As a result, it has
been widely believed that it is extremely difficult to grow 1D wurtzite materials preferentially along the non-polar
direction, severely limiting their use for a new topology of devices utilizing the piezoelectric field induced along
the radial direction (that is, perpendicular to the growth direction) and the maximized areas of active surfaces
with polarization charges.

To date, despite steadily accumulating insight into the designed physical properties through the control and
inhibition of crystal growth, only a few strategies have been developed to selectively define the crystallographic

| 4:5680 | DOI: 10.1038/srep05680 1



8 o
a °g ;Ou °u
o (-~} () 00
Rk Sevd
. o S
e S
@ Zinc
O Gallium
%0 o @ Oxygen .o &
® &

h = | — A(surface)
:g’ 8 = 1x10° ——B (centre)

? w 6_‘ &

; e .,
< s5 |=
> -— = (=]
= 583 c
2 = ‘?-1x10*
[ 3 S
b —
£ = >

(] 2-2x10‘
1 1 1 1 3 101 " A
200 400 600 800, " 400 _ 800 1200 1600
Raman Shift (cm™) Energy (eV)

Figure 1| Crystal structures of ZnO. (a), Schematics of different growth modes and structural models of the polar (0001) and the non-polar (1010)
surfaces without and with Ga atoms replacing surface Zn atoms. The red, blue, and yellow-brown spheres indicate O, Zn, and Ga atoms, respectively.
(b), Optical microscope images of ultra-long ZnO wires grown by using ZnO powder mixed with a GaAs wafer as a source material. (¢, d,) The SAED
pattern (¢) and EDS elemental mapping (d) taken from the same sample, which confirm that the wire is the wurtzite structured ZnO. (e-g), High-
magnification SEM images of representative ZnO wires grown by changing the weight ratio of ZnO to GaAs sources with 20 (e), 5 (f), and 2 (g),
respectively. (h), Micro-Raman spectra of a single ZnO wire with the non-polar growth direction. Additional local vibration modes, derived essentially
from host lattice defects induced by dopants, were clearly observed. This indicated that Ga atoms are indicated into ZnO wires. i, FE-AES survey spectra
obtained from the near surface (rectangular region marked as “A”) and centre (rectangular region marked as “B”) with a single wire.

orientations/shapes using different self-assembly methods®*'>"'.
For example, several groups demonstrated control over the growth
rate of each crystallographic plane by adding charged complex ions
or metal ions, affecting surface properties and nucleation, through
solution-based growth®”'7'°. They only achieved to obtain wires
with controlled aspect ratios and morphology, but the possibility
for controlled growth in polar and non-polar orientation was not
demonstrated. On the basis of the conventional epitaxial growth
technique, control of the growth orientation including polar and
non-polar directions was achieved by using appropriately selected
or engineered single-crystal substrates™®. However, these approaches
require sophisticated techniques and/or particular substrates with
specific thermal expansion coefficient, rotational symmetry, and lat-
tice constants. These are of serious impediments to the extension to a
large variety of compound semiconductors because of considerable
complexities and difficulties in engineered substrate preparation and
in finding perfect material-substrate matches from a limited number
of epitaxial relationships. Furthermore, other strategies based on a
vapor-liquid-solid process were developed using the assistance of
either self or foreign catalysts>>'*'>'%2°. However, the deterministic
control of crystal growth is still a challenge due to the presence of
various competing precipitation and nucleation behaviors at the
liquid-solid interface and the lack of basic understanding of synthetic
processes for facet nucleation and growth>>'*'>'%°, Therefore, it is

highly necessary to seek for a novel and simple strategy for realizing
the facet tailoring,

To this end, we focus on the general and fundamental principle
that the surface energy can be mediated by the electron configuration
associated with surface states. This enables us that the preferred
growth orientation and the crystal shape can be transformed by
modifying the electrostatic energies of the surface. For this study,
we chose ZnO as a typical wurtzite semiconductor, because this
material has the richest family of structures and diverse functional-
ities, yet to date, no reports have demonstrated precise control over
crystallographic orientations and facets of 1D ZnO structure.

Figure la shows conceptual schematics of different growth direc-
tions with distinct geometric properties and a possible scenario
where surface substitutional atoms enable the modulation of surface
energy with the expectation of changing the growth directions of
ZnO wires. As is well known from previous results reported by other
groups"*, calculations show that for pure ZnO the surface energy of
the polar (0001) plane is much larger than that of the non-polar
(1010) and (1120) planes (Supplementary Figure S1). This leads to
a polar growth direction with equivalent non-polar side facets with
hexagonal symmetry, which are low-index crystallographic planes
and low-energy surfaces (as depicted in the left of Figure 1a). In
contrast, the polar surface can be made more stable than the non-
polar surfaces by replacing surface Zn atoms with Ga atoms. This
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implies that a Ga atom could be an attractive foreign species to allow
the electrostatic energy gain at the polar surface, resulting in lowering
of surface energy of the said plane. Hence, ZnO wires having dia-
mond or rectangular cross sections can be grown preferentially with
a polar growth front plane, leaving behind low-energy planes,
namely, polar planes to minimize the surface energy, as shown in
the right schematic of Figure 1a (also see Supplementary Figure S1).
We note that this scheme of surface energy modification for con-
trolled growth could be generalized and extended to various other
types of semiconducting materials.

In order to demonstrate controlled crystallographic growth of
ZnO wires, a vapor phase transport process has been utilized. A
single crystalline GaAs wafer was employed as a Ga source to keep
a stable Ga flux at a high growth temperature under Ar ambient. The
controlled vapor transport of Ga was maintained during the growth
and the relative amount of a Ga flux was controlled by the mass ratio
of ZnO and GaAs source materials (see Methods). Figure 1b shows
optical microscopy images of usual, ultra-long ZnO wires with
lengths of several millimeters grown with the mass ratio of 5 at the
temperature of 910°C. Some wires even have lengths longer than
1 cm (Supplementary Figure S2). It is also clearly confirmed that
wires are the wurtzite structured ZnO by transmission electron micro-
scopy (TEM) observations (selected area electron diffraction (SAED,
Figure 1c) and energy dispersive spectroscopy mapping (EDS,
Figure 1d)) and X-ray diffraction (XRD) measurements (Supple-
mentary Figure S2) based on structural and elemental analysis.

Control of the geometrical morphology of ZnO wires was achieved
by adjusting the relative amount of GaAs source material, shown in
the high-magnification scanning electron microscopy (SEM) images
in Figures le-g (also see Supplementary Figure S3). As the relative
amount of GaAs sources increases, the morphology of ZnO wires is
transformed from a hexagonal cross-section shape (Figure 1e), which
is a typical manifestation of the six-fold crystallographic symmetry
along the polar direction, to a diamond (Figure 1f) and a rectangular
(Figure 1g) cross-sectional shape consisting of distinctly different
characteristic orientations. A comparison of the Micro-Raman spec-
troscopy and secondary ion mass spectroscopy (SIMS) results
obtained from wires with a non-hexagonal cross-section clearly con-
firm the incorporation of Ga atoms (Figures 1h and S4a). Figure 1i
shows survey spectra obtained from near the surface (marked “A”)
and centre (marked “B”) of a single wire by field emission Auger
electron spectroscopy (FE-AES) with good spatial resolution and
good sensitivity for a wide range of elements, exhibiting that the
amount of Ga atoms was less than the detectable range. The X-ray
photoelectron spectroscopy (XPS) results (Supplementary Figure
S4c) also show the absence of Ga-related alloys or precipitates in
ZnO wires. In addition to demonstrating the controlled growth of
ZnO wires by the introduction of GaAs source materials, we have
also achieved similar control over the morphology and shape of ZnO
wires by using pure Ga source materials (see Supplementary Figure
S4b). These findings demonstrate that crystal shape and growth
direction of ZnO are directly affected by Ga species. Crystal growth
typically occurs normal to the plane with high surface energy, in
order to minimize the total surface energy. This implies that the
bounding facets of ZnO wires formed during the growth have lower
energy surfaces compared to the growth front plane of ZnO.

To clearly verify the growth direction and crystal structure of ZnO
wires with different morphologies, TEM samples were prepared by
cross-sectioning a wire using a focused ion beam. Figure 2 shows
cross-sectional TEM images taken from individual wires and the
corresponding SAED patterns. A SAED pattern of a hexagonal-
shaped ZnO wire taken along the [0001] zone axis, which is parallel
to the vertical direction of its cross-section, indicates a single crys-
talline wurtzite structure of a wire grown preferentially along the
[0001] direction as shown in Figure 2a. It can be also seen that a
hexagonal-shaped wire is enclosed by equivalent {0110} planes and

that the angles between bounding side facets are either 60 or 120°. In
contrast, however, for a diamond- and a rectangular-shaped ZnO
wire shown in Figures 2b and c, respectively, it is found that wires
have the non-polar [1100] and [2110] growth directions and are
enclosed by {1124} and {1124} side facets and {0001} and {0110}
side facets forming diamond and rectangular cross sections, respect-
ively. In addition, the structural orientations between bounding side
planes are in excellent agreement with measured values from low-
magnification TEM images and SAED patterns. Also, high-resolu-
tion TEM images of cross-sections of non-hexagonal shaped wires
clearly show (0001) lattice fringes, further confirming that wires
grow along the non-polar direction parallel to a polar (0001) plane
(It should be noted that a few wires grown along a polar direction
exhibit a diamond cross-section consisting of four equivalent {0222}
side planes as shown in Figure S5.

To further understand the role of GaAs in determining the shape
and growth direction of ZnO wires, we performed density functional
calculations (see Methods for details). It is found that pure ZnO slabs
with top (0001) and bottom (0001) surfaces, which are regarded as
the most unstable surface, have surface cleavage energy of 3.92 J/m’.
This is much higher than that of other slabs with non-polar (1010)
and (1120) surfaces, which is 2.01 and 2.03 J/m?, respectively. These
values are in good agreement with previous calculations® .
However, when Ga atoms replace surface Zn atoms with a half
monolayer (ML) coverage, the corresponding change of surface
energy (Ay) calculated at (0001), (0001), (1010), and (1120) surfaces
is significantly altered, as summarized in Figure 3a (also see Tables S1
and 2 and Figures S1 and 6a). Surface energy at the O-terminated
(0001) surface is significantly lowered by 1.85 J/m?, while the surface
energy at (0001), (1010), and (1120) surfaces is increased by 0.07,
0.80, and 0.90 J/m?, respectively. In addition, here, we propose the
surface energy lowering mechanism to elucidate that the large reduc-
tion of surface energy at the O-terminated surface by Ga addition can
be explained in terms of the electron-counting rule (ECR)*?**. When
Ga atoms replace surface Zn atoms at a half ML coverage, additional
electrons at high-energy Ga 4p states fully fill the low-energy dang-
ling bond states of surface O atoms, allowing the electrostatic energy
gain and thereby lowering the surface energy (Figure S6b).

Figure 3b shows the calculated surface band structures of a clean
and a Ga-incorporated (0001) surface. As discussed and shown
schematically in Figure S6b, the surface oxygen states are partly
empty in the clean surface (the left in Figure 3b), while for the Ga-
incorporation in the clean surface (the right in Figure 3b), the surface
states are fully filled in accordance with the ECR. Moreover, the
calculated band structure shows that the energy levels of the surface
states are decreased by ~1 eV owing to the electrostatic interaction
with more positive Ga ions. This also accounts partly for the high
surface energy gain by Ga substitution. Additionally, As atoms might
be also incorporated on the ZnO surface during the growth by repla-
cing surface O atoms, which nominally satisfies the ECR. However,
this results in removal of electrons in the surface states near the
valence band edge, and thus it is hard to expect the energy gain.
Also, because of the reduced electronegativity of As atoms and larger
atomic size of As compared to O atoms, resulting in the steric hind-
rance and structural distortion, the surface bands become very
unstable (Figures S7 and 8) and the surface energy increases signifi-
cantly. Thus, the surface energy lowering by Ga incorporation at the
O-terminated surface is expected to be the main driving force for the
growth of the ZnO wires with a polar direction, because it is expected
theoretically that the incorporation of As atoms does not change the
growth mode by changing surface energy ordering.

In order to address whether our approach can be generalized, we
performed further calculations with group III elements, being
expected to allow similar effects on the electrostatic energy gain to
Ga atoms. In fact, it is found that the incorporation of group III
elements can give a much higher energy gain at the polar (0001)
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Figure 2 | TEM images of ZnO wires: Cross-sectional TEM images, and high-resolution TEM images of ZnO (columns 1-2, top to bottom).

(a), ZnO wires with a hexagonal cross-section. A high-resolution TEM image obtained from a cross-section of a wire and the corresponding SAED pattern
indexed to wurtzite ZnO show that a wire grows along a polar [0001] direction parallel to non-polar {0110} side planes. (b—c), ZnO wires with diamond
(b) and rectangular (c) cross-sections, respectively. The corresponding SAED patterns HRTEM images indicate that wires can be preferentially grown
with the non-polar [1100] and [2110] directions.

surface compared with other surfaces, as summarized in Figure S9a.  growth orientation of ZnO wires by modulating surface energy with
Similar to Ga atoms achieved for the growth of ZnO wires alongnon- Al elements due to the relatively large surface energy lowering (see
polar directions, we have also achieved similar control over the Supplementary Figure S9b). It has been reported that additional
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Figure 3 | Electronic structure calculations. (a), Surface energy change before and after the introduction of surface substitutional atoms at various

surfaces. The calculated results show that the polar surface energy becomes significantly lower than non-polar surfaces when Ga atoms replace surface Zn
atoms at a half monolayer coverage. (b), Calculated surface band structures of clean (left) and Ga-incorporated (right) (0001) surfaces. (The left inset)
The oxygen dangling bonds at the bare (1 X 1) surface have one and half electrons and thus have a half vacancy. (The right inset) Ga substitutional atoms
ata half monolayer coverage make the dangling bonds fully filled. In addition, it is found that the energy levels of the surface states are decreased by ~1 eV.
The reference bulk bands are denoted by grey colors and the surface states are denoted by red, green, and blue depending on the contribution from surface

O, Zm, and Ga atoms, respectively.
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Figure 4 | Effects of the polarization field on optical and electrical characteristics of ZnO wires. (a), Temperature-dependent PL emission energy of ZnO
wires grown in polar (filled blue circles) and non-polar (filled red circles) directions. The fitting lines are plotted using Varshni’s relation. The inset shows
representative room-temperature, single wire PL spectra obtained from ZnO wires with controlled orientations. (b), Time-resolved PL properties of
selectively grown ZnO wires with different crystallographic orientations. There results reveal that the polar plane exhibits the prolonged decay time
compared to the electrostatic field-free plane. The inset shows temperature dependence of normalized intensity of emissions related to polar (red) and
non-polar (blue) planes. (c), Electrical characteristics of a single ZnO wire with a non-polar growth direction perpendicular to the c-axis. Note that
positive or negative polarization is uniformly induced on the wire surface along the length because the polarization field is generated in the direction of the
c-axis, causing modulation in channel conductance. In the inset, the color gradient indicates the piezoelectric potential distribution where the red and
blue color presents the positive and negative piezoelectric potential, respectively. (d), Switching characteristics of a two-terminal device measured with
Vps = 1V, clearly showing that channel conductance is reproducibly changed after the application of compressed and stretched stresses, respectively. The
inset indicates the corresponding piezoelectric potential to wires being bent upwards/downwards.

charged complex ions or Ga ions in the growth solution strongly
affect the morphology, size, and aspect ratios of ZnO wires®'"".
However, they only demonstrated to control wire morphology, not
to alter the growth direction due to the low-temperature growth
process, which is mainly governed by kinetics rather than ther-
modynamics. Thus, it is important to note that our finding and
growth-control mechanism are distinct from results reported prev-
iously in solution-based approaches under complex ions or Ga ions
assistance®'’""’.

The ability to control the crystallographic orientation and mor-
phology of anisotropic ZnO wires enables us to achieve the designed
physical properties because the presence of spontaneous and piezo-
electric polarization strongly influences the behaviors of excitons and
electron-hole overlap associated with optical characteristics". In
order to demonstrate such a surface polarity effect on photophysical
properties, we conducted temperature-dependent micro-photolumi-
nescence (PL) measurements with a spatial resolution of 1 pm,
which can assess individual surface facets within a single wire.
Figure 4a shows a clear difference in the emission energy from polar
and non-polar crystallographic orientations of ZnO wires at tem-
peratures ranging from 10 K to 300 K. The optical emission from the
polar plane is red-shifted by 100-120 meV as compared with wires

consisting of non-polar planes. As ZnO wires have similar length and
diameter as shown in SEM and TEM results (Figures 1 and 2), the
difference in the evolution of PL spectra between the two sets of
samples is attributed to the electrostatic field induced by the spon-
taneous polarization associated with crystallographic side surfaces
and growth directions. This optical behavior of ZnO wires is con-
sistent with the evolution of cathodoluminescence (CL) spectra
(Figure S10), which show different emission from the polar surface
compared to the non-polar surface, with a shift towards lower trans-
ition energy. For nitride-based semiconductors the spontaneous
polarization-induced electrostatic field results in the transition
energy shifts"?, which suggests that the energy shift in the polar plane
of a ZnO wire is mainly caused by the localized electrostatic field.
Time resolved PL measurements were carried out using a fre-
quency tripled Ti:sapphire laser (266 nm, 150 ps) and fitted with
two exponentials (Figure 4b). The polar plane exhibits a longer decay
time (711 ps) compared to the electrostatic field-free plane (584 ps),
indicating another direct manifestation of the presence of the elec-
trostatic field in ZnO wires grown along the non-polar direction. It is
also found that the activation energy of a polar plane, obtained from
normalized PL intensity, is higher than that of non-polar plane by
18 meV (the inset of Figure 4b)*. These differences in emission
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energy, luminescence decay time, and activation energy, show how
the spontaneous polarization in a ZnO wire can affect the optical
properties. This paves the way to tailoring the exciton lifetime of ZnO
for specific optoelectronic devices, where long exciton lifetimes are
desired for photovoltaic devices and short lifetimes for light-emitting
diodes, photodetectors, and high luminous efficiency displays.

Another material property of anisotropic semiconductors,
depending on their crystallographic orientations coupled with the
spontaneous polarity and piezoelectricity, is the carrier concentra-
tion and charge density. For the utilization of these attractive features
in electronic devices, inducing the uniform polarization along the
semiconducting channel surface would be crucial for an effective
polarization field effect on the channel conductance. For this, we
fabricated two-terminal devices based on a ZnO wire having a
non-polar [2110] growth direction with a polar side surface and then
investigated their electrical transport characteristics. We observed
reversible and reproducible modulation in channel conductance
(more than 3 orders of magnitude) by bending a wire upwards or
downwards (figure 4c). ZnO has the largest piezoelectricity along its
polar c-axis crystal direction. In a conventional ZnO wire with polar
growth direction the polarization field is induced parallel to the wire
length, whereas in ZnO wires with non-polar growth direction the
piezoelectric polarization is induced perpendicular to the polar axis,
i.e along the length of the wire surface. Compressive (tensile) stress is
induced on the channel surface when we bend the ZnO wire with a
non-polar orientation downwards (upwards). This results in the
positive (negative) piezoelectric potential uniformly along on the
wire surface as shown in the top left inset of Figure 4c (the bottom
right inset of Figure 4c), which causes the accumulation (depletion)
of electrons in the channel. Consequently, this resulted in an increase
(decrease) in the channel conductance. We also demonstrate the
reversible switching of the three different conductance states, defined
as the compressed (high conductance), the released (initial conduc-
tance), and the stretched (low conductance) states of two-terminal
devices (Figure 4d). The three stable states were continuously mea-
sured at Vpg = 1 V and reproducibly switched by the application of
compressed and stretched stresses. These results indicate that the
large modulation of channel conductance mainly originates from
the nature of the piezoelectric polarization uniformly induced on
the wire surface along the length. Here, it is important to note that
our ZnO wires with controlled orientation did not seem to be sig-
nificantly altered in their intrinsic material properties, such as, struc-
tural, optical, and electrical properties, as confirmed by XRD
(Supplementary Figure S2a), TEM (Figure 2), and PL measurements
(Figure 4a) as well as electrical characterizations (Figure 4c) due to
the limited bulk incorporation, being the basis of modest defect sites
(see Supplementary Figure S6). Thus, this suggests a new topology of
piezoelectric devices which are totally different from conventional
ones with the piezoelectric field in the direction of wire length modu-
lating a local Schottky barrier height***".

We have shown that Ga ions can be used to modulate the surface
energy of ZnO crystal facets during growth and provide control over
the crystal growth direction of anisotropic wires. Characterization
revealed the optical and piezoelectric properties were highly depend-
ent upon crystal structure of the ZnO wires. Our approach for the
surface polarity-selective growth should be generic for wurtzite semi-
conducting materials and provides new opportunities for their
implementation as functional materials in optical, photonic, piezo-
electric and electrical devices.

Methods

Synthesis. ZnO wires were thermally grown using a vapor phase transport process by
vaporizing ZnO:C mixed powder (weight ratio ZnO:C = 1:1) and GaAs powder. The
wires were grown without employing any metal catalysts and collected at top of an

alumina boat (Supplementary Figure S2) inserted into a quartz reaction tube, which
was placed in the middle of a high temperature tube furnace. Prior to the growth, the
alumina tube was first purged by Ar gas for 10 min and then the furnace was heated at

a rate of 30°C/min. The growth temperature and time were 910°C and 30 min,
respectively. The weight ratio of source powder ((ZnO + C)/GaAs)) have been
controlled from 2 to 20 with respect to 50 mg of (ZnO + C) power, which is an
important control parameter for achieving the designed crystal growth of ZnO wires.

Modeling. Our first-principles calculations are based on the density functional theory
(DFT) employing the generalized gradient approximation (GGA) and the projector-
augmented-wave method as implemented in VASP****. Valence electronic wave
functions are expanded in a plane wave basis set with a cutoff energy of 400 eV. The
equilibrium lattice parameters for wurtzite ZnO are calculated to bea = 3.151 A, c =
5.068 A, and u = 0.380, compared to experimental values of a = 3.250 A, ¢ = 5.207 A,
and u = 0.383 (Here u is the bond length of vertical Zn-O bonds, normalized by c).
Surface cleavage energies are calculated with periodic slabs, with slab thickness of
2-3 nm and vacuum spacing of ~10 A. The k-point integration over the surface
Brillouin zone uses mesh spacing of ~0.31 A~ The atomic positions are relaxed until
residual forces are less than 0.02 eV/A. The band gap underestimation of the GGA
scheme is partly corrected (E; = 1.90 eV) by adopting the GGA + U scheme with an
onsite Coulomb repulsion parameter U of 8 eV for the Zn d-orbitals®.

When Ga atoms are introduced to replace Zn on the surface, the surface energy
change (Ay) is given as

1
Ay= A {Etot (Gazn) — [Eror (clean) —nzn iy, +ngakg, )}

where E,,, (clean) and E;,; (Gaz,) are the total energies of clean and Ga-incorporated
ZnO slabs, respectively. nz, and ng, are the respective number of removed Zn and
added Ga atoms in the surface area A. The chemical potential of Ga, g, is taken from
a Ga metal corresponding to the Ga-rich condition. Similarly the Zn-rich condition is
taken for piz,.
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