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Inversion domain boundaries in ZnO: First-principles total-energy calculations
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~Received 25 September 2003; published 13 February 2004!

We present first-principles total-energy calculations of domain wall energies for inversion domain bound-
aries and their interaction with point defects in ZnO. We find that the inversion domain boundaries~IDB’s!
with Zn-Zn and O-O wrong bonds are energetically unstable, and they transform into the so-called IDB*
structures. Although the IDB* ’s do not induce electronic states in the bandgap, they are very attractive to
electrically active compensating point defects. The segregation of such charged point defects builds up elec-
trical potentials for minority carriers in doped ZnO, which are harmful to optoelectronic applications.

DOI: 10.1103/PhysRevB.69.085204 PACS number~s!: 61.72.Nn, 61.72.Yx, 61.72.Ji
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Zinc oxide ~ZnO! is an important material for next
generation short-wavelength optoelectronic devices suc
low-cost light-emitting diodes~LEDs! and laser diodes
transparentp-n junctions, large-area flat-panel displays, a
solar cells.1–3 In particular, its large exciton binding energ
enables optically pumped excitonic lasing at room tempe
ture, and high-temperature emission up to 550 K due to
exciton mechanism.4,5 Recently, increasing focus has be
directed on the study of ZnO-based electronic dev
applications.6–8 A prerequisite for such applications is th
growth of high-qualityn- and p-type ZnO thin films. How-
ever, most ZnO thin films grown on Al2O3 or SiC substrates
contain a high density of extended defects.9 Extended defects
are known to play an important role in electronic and m
chanical properties of semiconductors. For example, th
defects may introduce electrically active energy levels in
energy gap.10,11 On the other hand, dopants and impuriti
may interact with and segregate toward these defects
alter the electronic and structural properties of the mate
which can be detrimental under certain conditions. Des
the importance in governing the electronic properties of Z
thin films, there are very few studies of the atomic struct
and effects of the extended defects that may occur in Z
thin films.

ZnO is similar to GaN in both crystal structure and ele
tronic and optical properties. A recent transmission elect
microscopy study revealed that the extended defects in Z
thin films grown on Al2O3 are very similar to the defect
found in epitaxial GaN thin films grown on Al2O3 .9 The
defects are mainly threading dislocations, stacking fau
and inversion domain boundaries. In GaN, the structure
effects of inversion domain boundaries~IDB’s! on the
(101̄0) plane have been studied both experimentally a
theoretically.12,13 The IDB’s are found to be inert, i.e., the
do not induce electronic levels in the gap. In this paper,
present first-principles total-energy calculations of dom
wall energies and the effects for IDB’s in ZnO. We find th
the IDB’s with Zn-Zn and O-O wrong bonds are energe
cally very unstable. They transform automatically via
translation of 1

2@0001# into the so-called IDB* structures,
which have no Zn-Zn and O-O wrong bonds. The IDB* ’s do
not induce electronic structure states in the bandgap, but
are very attractive to electrically active point defects. T
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segregation of such charged compensating point def
builds up electrical barriers for minority carriers in bothp-
and n-type ZnO, which may be adverse to optoelectron
applications of ZnO.

Our calculations are based on the density-functio
theory, using the Viennaab-initio simulation package
~VASP!.14 We used the local density approximation for th
exchange correlation, and ultrasoft Vanderbilt-ty
pseudopotentials15 as supplied by Kresse and Hafner.16 The
Zn 3d electrons were treated as part of the valance band
suitable cutoff energy for the plane-wave basis was de
mined to be 300 eV. The inversion domain boundaries
modeled with a super cell having two oppositely orient
boundaries in each cell and ten layers of atoms between
boundary. A 40-host-atom supercell was used for dom
wall energy calculations. In the calculations of interacti
between IDB* ’s and point defects, supercells with 160-ho
atoms were used to avoid the interaction between the p
defects themselves. In all defects calculations, all atoms w
allowed to relax to reach the minimum energies until t
Hellmann-Feynman forces acting on them became less
0.02 eV/Å.

Structures and energetics. ZnO has wurtzite crystal struc
ture with mixed Zn and O sublattices. The structure o
simple IDB in ZnO is that the occupation of Zn and O su
lattices and the Zn-O polarity are reversed across the bou
ary. Figure 1~a! shows the structure model of a simple ID
for ZnO viewed along the@112̄0# direction. The Zn and O
atoms are interexchanged across the (1010̄) plane. This
structure contains the six-membered ring of bonds and e
atom is fourfold coordinated, the same as in ZnO bulk. Ho
ever, the interexchange of Zn and O atoms results in b
Zn-Zn and O-O bonds, the so-called wrong bonds. The p
ence of wrong bonds increases the total energy and the
reduces the stability of the structure. Northrupet al.13 found
that the IDB shown in Fig. 1~a! transforms via a translation
along the@0001# direction into a structure having no wron
bonds. This structure is called IDB* . Figure 1~b! shows the
structure of an IDB* in ZnO. This structure contains four
membered rings of bonds, but each atom is fourfold coo
nated and there are no Zn-Zn or O-O wrong bonds. T
four-membered rings of bonds lead to wrong Zn-O bo
angles. Thus, the competition between an IDB and an ID*
©2004 The American Physical Society04-1
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is the competition between the wrong bonds and wrong b
angles. The result depends highly on the elements form
the compound. An IDB* could be more stable than an ID
in some materials, but it can be opposite in some other
terials. Thus, we need to calculate the energetics for b
IDB’s and IDB* ’s in ZnO.

We follow the definition of formation energy for th
boundary proposed by Northrupet al.13 as Eform5 1

2 (E
2Ebulk), whereE is the total energy of a supercell contai
ing two boundaries andEbulk is the total energy of a refer
ence supercell with bulk structure and with an equival
number of atoms. In the two total-energy calculations,
cutoff energies were kept the same and thek-point grid was
kept equivalent. The domain wall energyswall is given by
Eform /A, whereA514.743 Å2 is the area of the periodic un
cell of the boundary in the (1010̄) plane. Our calculation
revealed that the simple IDB in ZnO is energetically u
stable. It transforms automatically into the IDB* structure
via the translation of12@0001#. This indicates that the Zn-Zn
and O-O wrong bonds are energetically very unfavorab

FIG. 1. Structures of~a! a simple IDB and~b! an IDB* in ZnO,

viewed along the@112̄0# zone axis. The boundaries marked b

dashed lines are on the (1010̄) planes. The black arrows indicat
the Zn-Zn and O-O wrong bonds.
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This is consistent with the results of ZnO ~a Zn atom occu-
pying an O site! and OZn ~an O atom occupying a Zn site!
antisite defects in bulk ZnO. Figures 2~a! and 2~b! show the
structures of calculated fully relaxed ZnO and OZn antisite
defects, respectively. The dark balls are O atoms, whe
the gray balls are Zn atoms. We find that Zn atoms do
favor the formation of any Zn-Zn bond. Initially, when a Z
atom replaces an O atom, this Zn atom, the ZnO in Fig. 2~a!,
is surrounded by four Zn atoms Zn1 , Zn2 , Zn3 , and Zn4 ,
forming four Zn-Zn wrong bonds. After relaxation, the ZnO
atom breaks its initial bonds with its four neighboring Z
atoms and pushes them away. The ZnO atom also moves
toward a nearby O atom and forms a ZnO-O bond. The bond
length of this Zn-O bond is 2.174 Å, about 0.2 Å larger th
the bond length of Zn-O in ZnO bulk. For the OZn atom, it
breaks its three of the four initial bonds with its four su
rounding O atoms O1, O2 , O3 , and O4. The OZn binds with
only one of its four neighboring O atoms, here O3, forming

FIG. 2. Structures of fully relaxed~a! ZnO and ~b! OZn antisite
point defects. The dark balls indicate O atoms, whereas the
balls are Zn atoms.
TABLE I. Calculated formation-energy differences of charge neutral point defects at the IDB* and in the crystal-like region in an
intrinsic ZnO.

VO VZn Zni Oi OZn ZnO NO Hi AlZn FO

DEform 20.09 20.37 20.60 20.26 20.40 20.24 0.03 20.38 0.01 20.13
4-2
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INVERSION DOMAIN BOUNDARIES IN ZnO: FIRST- . . . PHYSICAL REVIEW B 69, 085204 ~2004!
an OZn-O3 bond. The bond length is 1.461 Å, about 0.22
larger than the O-O bond length for an O2 free molecule.
Because of the repulsions between Zn and Zn atoms, an
and O atoms, the simple IDB structure collapses and tra
forms into the IDB* structure.

The formation energy of an IDB* in ZnO is calculated to
be 0.40 eV, which corresponds to a domain wall energy of
meV/Å2. In the fully relaxed structure, the bond lengths
the Zn-O bond across the boundary is 1.870 Å, which
about 0.1 Å shorter than the bond length of a Zn-O bond
ZnO bulk. This result is probably due to the wrong angle
the Zn-O bonds across the boundary. Calculations of
electronic structure revealed no interface states in the en
region between the valance-band maximum~VBM ! and the
conduction-band minimum~CBM! for the IDB* structure.
This is because gap states typically arise from reduced c
dination. However, it does not necessarily mean that

FIG. 3. Structures of fully relaxed Zni defects~a! in a ZnO bulk
region, ~b! at an IDB* . The dark balls indicate O atoms, where
the gray balls are Zn atoms.
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IDB* in ZnO would not adversely impact the optoelectron
properties of the ZnO thin films, because an IDB* could
attract electrically active impurities.

Interaction with impurities. Recently, the effects of ex
tended defects such as stacking faults in semiconduc
have received much attention.17–20Because extended defec
are very narrow, there is no technique currently available
determine directly the effects of the defects. Most stud
were done using theoretical approaches. It is found that
though stacking faults in semiconductors do not produ
deep levels, they can affect the properties of the host mate
by interacting with point defects. For example, oxygen i
purities tend to segregate toward stacking faults in Si,21 be-
cause stacking faults act as sinks for point defects. It is a
reported that stacking faults in GaAs lower the formati
energy of a Si at a Ga site, giving bettern-type doping.22

However, so far, all reported results indicate that the inter
tion between stacking faults and impurities is not ve
strong. The energy difference between an impurity locat
on the stacking fault and in a crystal-like region is usua
small. This is understandable, because in wurtzite and
blende materials, the first-nearest neighbors of an atom a
stacking fault are the same as that of an atom in the perf
crystal regions, i.e., the tetrahedral symmetry is not alter
Only their second-nearest neighbors are different. Whe
point defect is introduced, relaxation of surrounding ato
will take place. If the relaxation is small and the symmetry
the first-nearest neighbors is not changed significantly,
relaxation will be similar for the point defect sitting in th
crystal-like regions and defects regions. The relaxat
caused by a point defect is usually not big enough to cha
the symmetry significantly of the second-nearest neighb
Thus, the formation energy of a defect will be similar in th
stacking-faults region and in the perfect-crystal region. Ho
ever, for the IDB* ’s, even the first-nearest neighbors of a
atom at the boundary are different from those of an atom
the perfect-crystal regions, i.e., the tetrahedral symmetr
altered. The larger open space in the eight-member ring
bonds gives point defects more space to relax. Thus,
IDB* ’s may have stronger interaction with point defec
than stacking faults.

We investigate the interaction by calculating th
formation-energy difference when a point defect is placed
two distinct sites, namely, a defect site and a crystal-like s
The use of the supercell method implies that the point
fects are repeated. To avoid the interaction between the p
defects themselves, supercells with larger dimensions w
constructed. The sampling in the Brillouin zone was p
formed using theG point. Our test calculations revealed th
sampling with morek points does not change the relativ
energies. The formation-energy difference is obtained as
TABLE II. Calculated formation-energy differences of charge point defects at the IDB* and in the crystal-like region in ap-type ZnO.

VO
11 VO

12 Zni
11 Zni

12 Oi
11 Oi

12 OZn
11 OZn

12 ZnO
11 ZnO

12 Hi
11 NO

21

DEform 20.20 20.30 20.64 20.77 20.20 20.23 20.39 20.44 20.27 20.55 20.14 0.11
4-3
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YANFA YAN AND M. M. AL-JASSIM PHYSICAL REVIEW B 69, 085204 ~2004!
DEform5Etot~ IDB* !2Etot~CL!, ~1!

whereEtot(IDB* ) is the total energy of a supercell with th
point defect placed in the IDB* , and Etot(CL) is the total
energy of the same supercell with the point defect place
crystal-like region.

Native defects such asVZn , VO ~vacancies!, Zni , Oi ~self-
interstitials!, ZnO and OZn ~antisites! play important roles in
determine the electronic properties of ZnO film. For e
ample, Zni , Oi , VO, and ZnO are ‘‘donorlike’’ defects and
can compensate acceptors, which are detrimental to
p-type doping of ZnO. On the other hand,VZn and OZn are
‘‘donor killer’’ defects, which are detrimental to then-type
doping of ZnO. Forp-type doping of ZnO, so far the bes
dopant is found to be N.23 For n-type doping of ZnO, Al, and
F have been proven to be good dopants.24,25H atoms are also
found to be donors in ZnO, and they are often incorpora
unintentionally in ZnO.26 Thus, we investigate the interactio
between the IDB* ’s and the native defects, such asVO,
VZn , Zni , Oi , ZnO, and OZn and dopant impurities such a
N, Al, F, and H.

Table I shows the calculated energy differences for
defects in their neutral charge state. The results show tha
IDB* lowers significantly the formation energies ofVZn ,
Zni , OZn , ZnO, and H, whereas it has very little interactio
with the dopant impurities such as N, Al, and F. In particul
the formation energy of a Zni at the IDB* decreases 0.60 eV
with respect to that in a crystal-like site. This large differen
in the formation energy can be explained by the local str
ture close to the IDB* . Figures 3~a! and 3~b! show side
views of relaxed structures for a Zni in a crystal-like region
and at an IDB* , respectively. In the crystal-like region, th
Zni atom binds with five surrounding O atoms, marked
O1, O2 , O3 , O4 , and O5 in Fig. 3~a!, forming five Zn-O
bonds. Thus, the Zni atom isnot fourfold coordinated, which
is different from that in the crystal-like regions. At the IDB* ,
indicated by the dashed line in Fig. 3~b!, because of the
eight-member ring of bonds, the Zni atom only binds with
four O atoms O1, O2 , O3 , and O4. Thus, the Zni atom
remains fourfold coordinated, the same as that in the crys
like regions. Thus, a Zni atom locating at the IDB* is ener-
getically more favorable than locating in a crystal-like r
gion.

Effects. The point defects with neutral charge states
usually not harmful to the electronic properties of most se
conductors, unless they are charged. Thus we also inv
gated the interaction between the IDB* and the above poin
defects with various charged states. Inp-type ZnO, the posi-
tively charged defects are important, because they com
sate the acceptors. The possible positively charged poin
fects include VO

11, VO
12, Zni

11, Zni
12, Oi

11, Oi
12,

TABLE III. Calculated formation-energy differences of char
point defects at the IDB* and in the crystal-like region in ann-type
ZnO.

VZn
21 VZn

22 OZn
21 OZn

22 AlZn
11 FO

11

DEform 20.36 20.44 20.09 20.15 0.01 20.16
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OZn
11, OZn

12, ZnO
11, and ZnO

12, and H11. Table II gives
the calculated formation-energy differences for these char
defects. For comparison, the calculated formation-energy
ference for ionized dopant N21 is also given. The results
show that the IDB* lowers significantly the formation ener
gies of all positively charged point defects, whereas it
creases the formation-energy of ionized N dopant. Inn-type
ZnO, the negatively charged point defects are important,
cause they are the electron killers. The possible negativ
charged point defects areVZn

21, VZn
22, OZn

21, and OZn
22.

Table III gives the calculated formation-energy differenc
for these charged defects. For comparison, the calcul
formation-energy differences for ionizedn-type dopants
Al11 and F11 are also shown. The results show that t
IDB* lowers significantly the formation energies of all neg
tively charged point defects, whereas it has very little eff
on the charged dopant impurities.

It is clear from the above calculation that in bothp- and
n-type ZnO, the IDB* ’s are attractive to the charged com
pensating point defects. The concentration of these comp
sating defects will be much higher at the boundary than
the perfect-crystal regions. These excess charged defects
set up a space-charged region at both sides of the boun
and bend the conduction and valence bands, forming ap-i-p
junction in p-type ZnO and ann-i-n junction in n-type ZnO,
as shown in Fig. 4, where the dashed lines indicate the
sitions of the IDB* ’s. These junctions are electrical pote
tials to the minority carriers. Thus, they are deleterious to
optoelectronic applications of ZnO.

FIG. 4. The segregation of charged compensating defects a
IDB* sets up ap-i-p band structure inp-type ZnO and ann-i-n band
structure inn-type ZnO.
4-4
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In conclusion, we have presented first-principles tot
energy calculations of domain wall energies for IDB’s a
their interaction with point defects. We found that the Zn-
and O-O wrong bonds are very unfavorable energetically
ZnO. Thus, the IDB’s with Zn-Zn and O-O wrong bonds a
unstable, and they transform automatically via a transla
of 1

2@0001# into the so-called IDB* structures, which have no
Zn-Zn and O-O wrong bonds. Although the IDB* ’s do not
induce electronic structure states in the bandgap, they
very attractive to electrically active point defects. The seg
gation of such charged compensating point defects builds
electrical potentials for minority carriers in bothp- and
an
o
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n-type doped ZnO. Thus, the IDB* ’s should have an advers
impact on optoelectronic applications of ZnO.

The ab initio total-energy and molecular dynamics pac
age, Viennaab initio simulation package~VASP!, was devel-
oped at the Institute fu¨r Theoretische Physik of the Tech
nische Universita¨t Wien. This research was supported by t
U.S. Department of Energy under Contract No. DE-AC3
99GO10337, and used resources of the National Energy
search Scientific Computing Center, which is supported
the Office of Science of the U.S. Department of Energy u
der Contract No. DE-AC03-76SF00098.
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