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Zinc blende (ZB) ZnO has gained increasing research interests due to its favorable properties anc

its stabilization in nanoscale. While surface properties are important in nanoscale, the studies or.

www.rsc.org/journalname ZB Zn0O surface properties are sparse. Here we have performed first principles calculations of th -
energies and structures of ZB and wurtzite (WZ) ZnO surfaces. Our results indicate that, among
the four surfaces parallel to the polar axes, such as (1010) and (1120) of WZ phase and (110)
and (211) of ZB phase, the polar (211) surface has substantially lower surface vacancy formation
energies than the others, which makes ZB ZnO promising for catalytic applications. Our results
also imply the stabilization of ZB ZnQO in nanoscale is due to some mechanisms other than surface
energies.
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1 Introduction

Zinc oxide (ZnO) has been the subject of extensive research inter-
est due to its electrical, optical, and catalytic properties. The ap-

plications of ZnO at the nanoscale critically depend on its surface
1 1-3 14——8

ZB phase was found in the legs of tetrapod nanoparticles. 1°

A good understanding of the surface properties of ZB ZnO
is necessary for engineering of nanoscale particles and devices
based on ZB ZnO. Experimentally it is challenging to study the

and theoretica properties of a specific surface, and so the measured properties

properties, and hence many experimenta
studies on the surface properties have been carried out. These
studies have mainly focused on the surfaces of the hexagonal
wurtzite (WZ) phase, and significantly less attention has been de-
voted to those of the cubic zinc blende (ZB) ZnO. This is due to the
fact that under ambient conditions, bulk ZnO is in its WZ phase,
and the ZB phase is metastable. Nevertheless, it is desirable to
synthesize ZB ZnO due to its favorable properties for electronic

and optoelectronic applications.®~13 It exhibits lower carrier scat-

such as surface energies are averaged over all exposed ZnO sur-
faces.17-18 This makes theoretical calculation a favorable option
Based on first principles computations we previously estimatea
the energies of the Zn- and O-terminated ZB (111) surfaces, sepa-
rately, and found them similar to their WZ (0001) counterparts. '°
As these polar surfaces have energies much higher than those of
nonpolar surfaces, ZnO particle surfaces are dominated by the
facets that are parallel to the polar axes, such as (1010) and

tering, due to its high crystallographic symmetry, and higher p- (1120) for WZ phase and (110) and (211) for ZB phase. While the
type doping efficiencies than WZ Zn0.!! It also shows brighter

band-edge luminescence at room temperature. %10 ZnO in the ZB
phase is usually synthesized in film form using substrates such as
ZnS/GaAs!!, and Pt/Ti/Si0,/Si10. Other forms of ZB ZnO have
also been observed in nanoscale. %1416 For example, pure ZB
ZnO nanorods were synthesized using silicon substrate 2 and the

other three nonpolar surfaces are well studied, (211) is sparsely.
investigated although it is, like (110), believed to be a possibl~
exposed surface of ZB ZnO nanowires. 4 As surfaces are impor-
tant for stabilizing high energy phases at the nanoscale, studies ot
(110) and (211) would help our understanding of the existence
of the ZB phase in the tetrapod ZnO nanoparticles. 1>

Recently the energies of ZB ZnO surfaces were computed and
compared with those of WZ phase and rocksalt phase.2® The au-

School of Mgterlals Sctence and Engineering, University of New South ques, NSwW thors found the energy of the ZB (110) face is about 50% highe;
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? Virtual Nanoscience Laboratory, CSIRO, Parkville, VIC 3052, Australia.
¢ School of Applied Sciences, RMIT University, Melbourne VIC 3001, Australia have similar structures. When viewed down the polar axes, the

than that of WZ (1120). This is surprising as these two surface:
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cutting of a Zn-O bouble-layer along faces (1120) and (110) re-
sults in armchair boundaries, and the cutting along faces (1010)
and (211) results in zigzag boundaries, as shown in Fig. 1. Hence,
it would be appealing to expect that faces (110) and (211) have
surface properties similar to those of (1120) and (1010), respec-
tively.

In this work we study ZB ZnO surfaces (110) and (211) to-
gether with their counterparts in the WZ phase with first princi-
ples computations based on density functional theory, as used in
ref.29. Our calculations reveal that (110) and (1120) have nearly
identical surface energies, slightly higher than that of (1010). Dif-
ferent from the other three surfaces, (211) has a noticeably higher
surface energy due to its polarity and has very low formation en-
ergies of Zn and O vacancies, which makes it promising for cat-
alytic applications. Our results also imply the nanoscale ZB ZnO
is stabilized by some mechanism other than surface energies.

Layer B’

Fig. 1 (top) WZ Zn-O double-layer stacking ---ABAB--- along [0001].
(bottom) ZB Zn-O double-layer stacking - --AB'CAB'C--- along [111]. The
dashed lines indicate the surfaces that are perpendicular to the paper.
Note that, due to symmetry, (1100) is equivalent to (1010), and (112) and
(110) are equivalent to (211) and (110), respectively. Red: O, blue: Zn.

2 Methods

Often surface energies are calculated by comparing the energies
of an atomic slab and the ideal bulk structure. Based on this
approach the surface energy y can be defined as

Es — nznlzn —nolo

A €3]

’y:

2| Journal Name, [year], [vol.],1-8

Table 1 Calculated and experimental lattice parameters for WZ and ZB
ZnO. For ideal WZ crystal, ¢c/a = /8/3 and u=3/8.

Phase Source a (A) ¢ (A) c/a u
WZ  This work 3.2862 5.3005 1.6130 0.3793
Expt. (Ref.??)  3.2496 5.2042 1.6018 0.3819
Expt. (Ref.2®)  3.2501 5.2071 1.6021 0.3817
ZB This work 4.6272

Expt. (Ref.?%) 4.37~4.47

where E; is the calculated total energy of the ZnO slab, n is the
number of atoms in the slab, and 2A is the area of the two surfaces
of the slab. The chemical potentials uz, and o in ZnO can vary in
a range constrained by the facts that Zn and O are in equilibrium
with bulk ZnO and that bulk ZnO is stable against decomposition
into bulk Zn and oxygen gas. Explicitly, one has uz, + 1o = Ezno,
AHzy0 < Ao = to —0.5E0, <0 and AHzyo < Allzn = Hzn — ESF <
0, where E is the calculated total energy at 0 K, and the formation
enthalphy AHz,0 = Ezno —0.5Eo, — E2XX is calculated to be —2.89
eV, compared with previously calculated value® of —2.84 eV and
experimental value2! —3.50 eV. The oxygen in ZnO is assumed to
be in equilibrium with the ambient atmosphere, and hence up =
0.5u0, is a function of temperature and pressure.

The above definition of surface energy implicitly requires the
two surfaces to have identical structures. For polar slabs of which
the two sides are different, this definition gives an averaged sur-
face energy for two different surfaces. For calculating the surface
energy of a single polar surface, we refer the readers to our recent
work!® and references therein.

For slabs with an equal number of Zn and O atoms, which is
true for the four surfaces considered here, Eq. (1) can be simpli-

fied as
Es—nx Ezno

2A

where n is the number of ZnO units included in the slab and Ez,o
is the energy of a ZnO unit in the corresponding ideal bulk struc-
ture.

Y= 2

For surface calculations, supercell slab models with periodic
boundary conditions were used (Fig. 2). Along the surface plane,
2x2 and 2x1 supercells were used for WZ and ZB phases, re-
spectively, to allow for somewhat reconstruction, and along the
surface normal, the slab of various number of atom layers is sep-
arated from its periodic images by a vacuum layer more than 15
A. In these slab models all atoms were allowed to move except
for the central two layers of atoms, which were fixed along the
surface normal.

For surface defects, we considered oxygen and zinc vacancies.
The formation energy, Ef, of an isolated surface vacancy can be
defined as

Ef=Eg + ux — E; 3

This journal is © The Royal Society of Chemistry [year]
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(1010) (1120)
[1010] [2110]
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(1010)
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Fig. 2 Surface model structures before (top) and after (bottom) geometry optimization. From left to right in the top panel, the number of atomic layers
in the slabs are 14, 12, 12, and 20. 6 is defined as the angle between the Zn-O bond in the same atom layer and the surface plane, and has a positiv :
value when the O atom is farther from the slab center. 6, and 6, are for outermost and second outermost layers, respectively. Red: O, blue: Zn.

where E, and E; are the energies of the slab with and without a
surface vacancy, respectively, and subscript x represents vacancy
species (O or Zn). Larger supercells were used so that an isolated
vacancy is separated from its periodic images in the surface plane
by at least 10.6 A.

The total energy calculations are performed using the VASP
code?® with projector-augmented-wave pseudopotentialsZ6-27
as supplied in VASP, the generalized gradient approximation
exchange-correlation functional of Perdew, Burke, and Ernzerhof
(GGA-PBE) 28 and a plane wave basis set with an energy cutoff of
500 eV. For Brillioun zone integrations k-point sampling meshes
of 6 x 6 x4 and 5 x 5 x 5 were used for the hexagonal unit cell of
WZ phase and the cubic unit cell of ZB phase, respectively, and the
number of k-points was reduced for larger cells. For surface calcu-
lations only one k-point was used in the surface normal direction

which involves vacuum. Through out all geometry optimizations
the forces on atoms were converged to below 5 meV/A. As shown
in Table 1, the bulk structure parameters optimized under these
settings are in good agreement with their experimental values.

3 Results and discussion

We calculated the surface energy 7 of the four surfaces as a func
tion of the slab thickness, and found that convergence of surface
energies of (1010), (1120), and (110) is reached within 0.2 J/m?
for slabs with more than 10 atomic layers, and for (211) the en-
ergy converges well for more than 16 atomic layers. By plot-
ting the energies with respect to the reciprocal slab thickness*
we have obtained the extrapolated surface energies for infinitel,
thick slabs to be 0.84, 0.87, 0.87 and 1.37 J/m? for (1010),
(1120), (110), and (211), respectively. The values of (1010) and

1-8 |3
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Table 2 Surface energies 7, dangling bond density p, and tilt angle 6 of ZnO surfaces calculated in this work and comparison with other theoretical
studies. y is extrapolated to infinitely thick slabs. For analytical values of p, d is the Zn-O bond length of ideal crystal structures. Relaxed crystal
structures were used to calculate numerical p values. 6, and 6, are for outermost and second outermost layers, respectively. For the (211) surface the

6 values in parentheses are for the bottom surface in Fig. 2.

(1010) (1120) (110) (211) Comment
v (J/m?) 0.839 0.872 0.875 1.365 This work, GGA-PBE
0.833 0.881 Ref.8, GGA-PBE
0.917 1.061 Ref.4, GGA-PBE
1.581 1.849 Ref.4, LDA
0.94 0.98 1.49 Ref.20, GGA-PBE + U
2.5540.23 (averaged over all exposed surfaces) Ref.17-18 | experiment for WZ phase
p %d‘z 4—\3551‘2 T%d‘z %d‘z This work, for details see Appendix.
p A2 0.115 0.133 0.132 0.153 This work
6, (® 10.6 7.8 7.7 8.4 (48.0) This work
10.1 7.4 Ref.#, GGA-PBE
10.7 7.6 Ref.4, LDA
9.6 7.5 Ref.2%, GGA-PW91
6, () -3.7 -1.5 -1.5 12.5 (—24.7) This work
(1120) are supported by previous work, as shown in Table 2. density. In Fig. 3 we have plotted y and p for all the four sur-
faces, together with data for polar (0001) and (111) surfaces. For
2 [ T T T T T T T T T (0001) and (111), if we regard the energy portion indicated by
 1.8F e (11D - the arrow as polarity contribution, the polarity contributes sub-
g 1.6 [ @ (0001) ] stantially (about 50%) to the energies of these two surfaces. Fol-
< Y lowing this argument, it is obvious that (211) is a polar surface,
@ 1.4 i ;w - (211) @] with polarity contribution of about 30%.
% 12+ E é - To identify the origin of the polarity of (211), we refer to its
o r| 8% surface structure. As shown in Fig. 2(top), in the top surface
L?g) 1 I 00— —mmmmmmmmm== ] of the unrelaxed (211) slab, O atom at site A has two dangling
;5) 0.8 T (_Jﬂ»"" (110)  (1120) . bonds, and Zn atoms at sites G and F have one dangling bond
0.6 - _ each. Similarly, for the bottom surface, Zn atom at site E has two

| |
0.12 0.14
Surface dangling bond density (A_Q)

Fig. 3 Relationship between surface energy and surface dangling bond
density for defect-free surfaces. Each surface is represented by a solid
circle. The dashed line is a guide for the eye. For (111), (0001), and
(211), the energy part above the dashed line can be considered as
polarity contribution.

The surface energy of nonpolar surfaces results mainly from
breaking the atomic bonds when creating the surfaces, or, in other
words, y depends on p, the density of surface dangling bonds,
which is defined as the number of dangling bonds in a surface
divided by the surface area. As shown in Table 2, (1120) has p
slightly higher than that of (1010), and so it has slightly higher .
Surfaces (1120) and (110) have nearly identical p and ¥, which
is consistent with the fact that both of them have an armchair
configuration. Surprisingly, surface (211) exhibits a substantially
higher surface energy that is inconsistent with its dangling bond

4] 1-8

dangling bonds, and O atoms at sites B and C has one. Although
each surface has in total an equal number of Zn- and O- dangling
bonds, which probably is the reason that sometimes (211) is re-
garded as a nonpolar surface, 14 the presence of the surface ions
in different planes results in a surface dipole. For the other three
surfaces considered here, all surface Zn cations and O anions have
one dangling bond and locate in the same plane (in the truncated
unrelaxed structure) and thus no surface dipole is formed.

The high dangling bond density and the polarity of the (211)
surface result in much more substantial surface relaxation and
reconstruction compared with the other three surfaces. This is
exemplified by the Zn-O bond tilt angle 6, which results from
the different amount of relaxation of Zn and O along the surface
normal, as shown in Fig. 2. For (1010) and (1120), Zn atoms
in the outermost layer relax towards the bulk more than their O
counterparts do, producing a tilt angle 6; about 10.6° and 7.8°,
respectively, and in the second outermost layer, Zn atoms are far-
ther than O atoms from the bulk, hence producing a negative tilt
angle 6, about —3.7° and —1.5°, respectively. The tilt angles of
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(110) are similar to those of (1120), as shown in Table 2. For
(211), 6; and 6, are about 8° and 13°, respectively, for the side
where O anions have two dangling bonds (top side in Fig. 2).
On the other side, the angles are far more larger, being 48° and
—25°. The huge tilt angles result from the fact that the outermost
Zn cations, which have two dangling bonds in the truncated sur-
face, squeeze into the bulk and create a severely distorted local
structure.

L e S A
— (1010)
— (1120)
(110)

[ N R Al

E, of vacancy (eV)

N W B~ W

E, of vacancy (eV)

S =

25 2 15 1 05 0
A, (V)

Fig. 4 Formation energy for an isolated vacancy on nonpolar surfaces
(top) and polar surface (211) (bottom) as a function of oxygen chemical
potential. AAAFor (211), the formation energy depends on the location of
the vacancy.

Fig. 4 shows the formation energies of an isolated surface va-
cancy on each surface. For the nonpolar surfaces, the formation
energies of oxygen vacancies on the three surfaces are very close,
and are only slightly negative at the oxygen poor limit. For the
Zn vacancy, the formation energy on (1010) is about 1 eV lower
than those on (1120) and (110) as one of the oxygen neighbors of
the vacancy on (1010) reduces its dangling bonds by approach-
ing the Zn on the next Zn-O double-layer along the polar axis.
The formation energies of O and Zn vacancies on (1010) and
(1120) have been studied theoretically. 83° Our results are consis-
tent with those reported by D’Amico ez al8, but the energy for the
Zn vacancy on (1010) is about 0.5 eV higher than that reported
by Kovicik et al.3°

Ingm(PO)) (atm)
25 20 -15 -10 -5 0 5 10-25 20 -15 -10 -5 O 5 10
800K eI T T T T T T T

-80 70 -60 -50 -40 -30 -20 -10 0 -80 70 -60 -50 -40 -30 -20 -10 0
300 K e e e

loglo(Pol) (atm)

11 e

y(I/m’)

y(I/m’)

(110) (211
25 -2 -15 -1 05 0 -25 2 -15 -1 05 0
Al (eV) Ap, (V)

Fig. 5 Surface energies of (1010), (1120), (110), and (211) with various
vacancy densities as a function of Aug. The surfaces defect-free, with O
and Zn vacancies are in black, blue, and red, respectively. The numbers
indicate surface defect densities. The total O (or Zn) sites on two sides
of the slabs are 16, 16, 24, and 24 for defect-free (1010), (1120), (110),
and (211), respectively. The pressure of O, corresponding to Ay is
shown for temperatures 300 K and 800 K, respectively.

Vacancy formation on surface (211) is different from those on
the three nonpolar surfaces in two aspects. Firstly, the formation
energy of a vacancy on the nonpolar surfaces is independent of
its location, since all surface atoms of the same species are equiv
alent. For (211), however, the formation energies are sensitive to
the vacancy location. Secondly, the formation energies of the O
vacancy at site A and Zn vacancies at sites E, F, and G are much
lower than their counterparts on the nonpolar surfaces. Fig. 4
(bottom) shows the formation of vacancies on surface (211) is
thermodynamically favorable even at moderate processing condi-
tions, i.e., not extremely O rich or poor.

To take into account the possible interactions among the de-
fects, we have also calculated the energies of surfaces with severei
vacancy densities ranging from 0 to 1. For the nonpolar surfaces,
we created vacancies on one side of the slab, with the other side
fixed. We found the vacancy formation energy in this simplified
case is similar to that with vacancies on both sides. In this case,
the densities of O vacancy, for example, are defined as the ratio
of vacancy sites to O sites on one side of the defect-free slab. For
(211) where the two sides are different, the densities are defined
as the ratio of vacancy sites to O sites on both sides. As shown i
Fig. 5, for the nonpolar surfaces, the clean structures are stable

1-8 |5
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for a large range of up, and oxygen deficient surfaces are pref-
ered at the lower g limit or the extremely reducing atmosphere,
which is consistent with the isolated vacancy results above and
with previous theoretical studies of (1010) and (1120).8 On sur-
face (211), a low density of O and Zn vacancies is prefered at
oxygen poor and rich conditions, respectively.

Overall, the above results indicate that O vacancies on non-
polar surfaces are only thermodynamically favorable at the oxy-
gen poor limit and Zn vacancies are unfavorable in the whole pg
range. It should be pointed out that, although thermodynamically
metastable, these surface defects can exist in thermodynamic
equilibrium at temperatures above 0 K with defect concentrations
dependent on their formation energies and temperature. Exper-
imentally, the observation of both defective and defect-free non-
polar surfaces has been reported. Gopel et al31-32 have produced
O vacancies on (1010) by heat treatment, surface photolysis, and
surface reactions. Recently Fabbri er al33 claimed that Zn vacan-
cies on (1010) induce green luminescence of ZnO nanostructures.
In addition, vacancies of Zn-O dimers34 have also been reported.
On the other hand, scanning tunneling microscopy characteraza-
tions 343> of (1010) and (1120) have reported no signature of
surface vacancies. Our results indicate that, compared with the
nonpolar surfaces, (211) is more likely to possess surface vacan-
cies. As surface vacancies are crucial to catalytic activity, 36-38 this
makes (211) a promising surface for catalytic applications.

From Fig. 5 it is clear that the energies of ZB (211) are higher
than those of WZ (1010), for both clean and defective surfaces.
While the energies of the clean (110) and (1120) surfaces are
similar, the (1120) surface is more stable in the defective case.
This implies that the stabilization of ZB ZnO in tetrapod nanopar-
ticles 1> is due to some mechanism other than pure surface ener-
gies. One of the possibilities could be surface contamination by
gas molecules, which deserves further investigation. Especially,
recent experiments show that ZnO surfaces have a strong affinity
to CO,.%°

4 Summary

We have performed first principles calculations of the energies
and structures of four surfaces of ZnO: (1010) and (1120) for
wurtzite phase and (110) and (211) for zinc blende phase.
Among these four surfaces that are parallel to the polar axes,
(1010), (1120), and (110) have similar surface energies, and
(211) possesses higher energy due to its surface polarity. The
formation energies of vacancies are positive for the nonpolar sur-
faces in the major range of oxygen chemical potential ug but can
be negative for (211) in a wide pp range. We conclude that the
overall higher surface energies of ZB ZnO do not contribute to its
stabilization in nanoscale and the highly defective state of (211)
makes it very promising for catalytic applications.
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6 Appendix

Fig. A1 (a)-(d): surfaces (1010), (1120), (110), and (211). In all cases,
the polar axis is along vector a. The dashed circles highlight the surface
atoms in a 1x1 cell. Red: O, blue: Zn.

For an ideal wurtzite ZnO structure, if the Zn-O bond length is
d, then the thickness of a Zn-O double layer along the polar ¢ axis
is 4d /3, and lattice constant ¢ is 84/3. For zinc blende ZnO, the
body diagonal of the cell is 3¢/2, or 4d.

The top surface of slab (1010) (Fig. Al(a)) is a 2x2 cell. Rect-
angle ABCD represents a 1x1 cell, which contains one O dan-
gling bond and one Zn dangling bond. Distance AB is equal
to lattice constant ¢. Distance AD is equal to EF, which can
be calculated as follows. The projected length of segment EG

on the paper plane is [ = v/d% —(d/3)? = \/8/9d, and therefore
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EF=2x (I x v/3/2) = \/8/3d. The area ABCD is (8/3)3/?d>. Since
area ABCD contains 2 dangling bonds, the dangling bond density
is 3v/3/(8v/2)d 2.

The top surface of slab (1120) (Fig. A1(b)) is a 2x2 cell. The
1x1 cell ABCD contains two O and two Zn atoms and so four dan-
gling bonds. Distance AB is equal to lattice constant c¢. Distance
AD is equal to 3/, where [ = /8/9d is the projection of bond EF on
the plane normal to AB. The area ABCD is (16v/2/3)d?, resulting
in a dangling bond density of 3/(4v/2)d 2.

The top surface of slab (110) (Fig. Al(c))is a 2x2 cell. The
1x1 cell ABCD contains three O and three Zn atoms and so six
dangling bonds. Distance AB is equal to 4d. Distance AD is equal
to 31, where [ is the projection of bond BE, which is on the paper
plane, along AD. So AD is 3 x 1/8/9d = 21/2d. The area ABCD is
8v/2d* and so the dangling bond density is 3/(4v/2)d 2.

The top surface of slab (211) (Fig. Al(d)) is a 2x2 cell. The
1x1 cell ABCD contains one surface O atom which has two dan-
gling bonds and two surface Zn atoms with one dangling bond
each. AB is 4d. AD is equal to 2/, where / can be obtained from
bond BE by first projecting BE onto the plane normal to AB and
then projecting to the paper plane or ABCD. [ = \/%d xV3/2=
\/2/3d. So the area ABCD is 8,/2/34. Since area ABCD contains
4 dangling bonds, the density is /3/84 2.
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