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The atomic structure and electronic effects of [th#00]/ (1102 twin boundary in ZnO are studied using the
combination of high-resolutiod-contrast imaging, first-principles density-functional total-energy calculations,
and image simulations. The twin boundary is found to have the head-to-tail polarity configuration, which
avoids dangling bonds, leading to a low twin-boundary energy of 0.048.JAf further find that the same
twin boundaries in wurtzite group-llI-nitrides adopt the same structure, but the twin-boundary energies,
0.109 J/m in AIN, 0.107 J/n% in GaN, and 0.051 J/fin InN, are higher than in ZnO. Investigations of the
electronic structure reveal that the twin boundary does not introduce localized energy states in the band gap in
either ZnO or the wurtzite group-lll-nitrides.
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ZnO has long been recognized as a useful material fof, zno. These results suggest that fA€00]/(1102 twin
optically transparent conducting layers in displays and phopoyndary is easier to form in ZnO and InN than in AIN and
tovoltaic devices:® Recently, it was realized that ZnO could Gan. Investigations of the electronic structure reveal that the
be an ideal material for low-cost light-emitting diodes andyyin houndary does not introduce localized energy states in
lasers because of its large exciton binding energy and thge hand gap in either ZnO or the wurtzite group-lii-nitrides.
availability of large-area ZnO substrates. So far, most High-resolutionZ-contrast imaging was performed using

ZnO thin films and bulk crystals are found to contain a high_ Microscopes HB603U scanning transmission electron

density of extended defects, such as stacking faults, diSIOC‘?ﬁicrosco e operating at 300 kV. THecontrast images were
tions, and twin boundarigsThe extended defects are known pe operating ' ges
formed by scanning a 1.26-A probe across a specimen and

to play an important role in electronic and mechanical prop cording the transmitted high-angle scattering with an annu-
erties of semiconductors. For example, these defects mf{ gt 9 9 . 9 .
r detector(inner angle~45 mrad. The image intensity can

introduce electrically active energy levels in the band $ap. ) ) .
In that case, the quantum efficiencies and device lifetime caR€ described approximately as a convolution between the

be affected. In ZnO, the structure and effects of some ex€lectron probe and an object function. Thus, eontrast
tended defects, e.gi0001] tilt boundaries, stacking faults, image gives a directly interpretable, atomic resolution map
and inversion domain boundaries, have beerPfthe columnar scattering cross section in which the resolu-
investigated®12It has been reported that in bulk ZnO syn- tion is limited by the size of the electron probfe'®

thesis,[1100]/(1102 twin boundaries are often present, re- _OUr first-principles density-functional total-energy calcu-
sulting in zigzagged morpholod§l. However, the structure lations are based on the density-functional theory, using the

. Viennaab initio simulation packagé€VASP).1® We used the
and effects of th¢1100]/(1102 twin boundary have not yet |,.4| gensity approximation for the exchange correlation and

been studied. _ _ ultrasoft Vanderbilt-type pseudopotentidlsas supplied by

In this paper, we present our studies on the atomic strucgresse and Hafnéf The Zn 3 electrons were treated as
ture and electronic effects of tfi#100]/(1102 twin bound-  part of the valence band. The cutoff energy for the plane-
aries in wurtzite ZnO using the combination of high- wave basis was 400 eV. The twin boundaries are modeled
resolution Z-contrast imaging, first-principles density- with supercells. A 64-host-atom supercell was used for twin-
functional total-energy calculations, and image simulationboundary energy calculations. In all calculations, all atoms
We find that the [1T00]/(1103 twin boundary has a Wwere allowed to relax to reach the_ minimum energies until
head-to-tail polarity configuration, which avoids dangling the Hellmann-Feynman forces acting on them became less
bonds, leading to a low twin-boundary energy of 0.0402/m than 0.02 eV/A. _
We further find that the head-to-tail polarity configuration —Z-contrast imagingFigure 1 shows &-contrast image of
can be more generally adopted for this twin boundary ina [1100]/(1102 twin boundary in ZnO along th¢1100]
other wurtzite materials, such as the group-lll-nitrides. How-zone axis. The twin boundary is indicated by the white
ever, the twin-boundary energies, 0.109 3/nm AIN, dashed line. Each bright spot in this image is the projection
0.107 J/n in GaN, and 0.051 J/fin InN, are higher than of a single column of Zn atoms. The distance between a Zn
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FIG. 1. Z-contrast image of élT()O]/(llOZ) twin boundary in
ZnO along thg 1100] zone axis.

(b)

column and its nearest O column in the bulk in this projec-

tion is only 0.61 A; hence, the O columns cannot be re- W \

solved, but the bright Zn columns in th&contrast image )

clearly exhibit an elongated shape due to the closely spaced

O columns. The two black solid lines indicatéG02 plane

at each side of the boundary. It is seen, interestingly, that the

two sides of the boundary are not mirror images, which is

what one would expect from a simple twinning operation.

The two planes have a relative shift along the twin boundary.

This is clear by comparing the black solid line and the black A

dashed line in the right-hand side of the twin boundary. The (C) \ 1

black dashed line is in the ideal twin position of the black

solid line in the left-hand side of the twin boundary. FIG. 2. Fully relaxed structures for tti@) head-to-tail(b) head-
Twin-boundary structuresZnO is a polar crystal; there- to-head, andc) tail-to-tail configurations. The arrows indicate the

fore, a[1100]/(1102 twin boundary can have three possible polarities and the dashed lines indicate the boundary planes. The

polarity configurations, namely a head-to-tdik,| ), a black balls denote O atoms, whereas the grey balls denote Zn

head-to-head\ | ), and a tail-to-tai(. | /) configuration, ~ atoms.

where the arrows indicate the polarithe direction from the 5_g wrong bonds. In the structure shown in Figa)2both
O atoms to the Zn atoms along the O-Zn bonds parallel tqhe zn and O atoms in the boundary are fourfold coordi-
the ¢ axis) and the| symbol indicates the twin-boundary nated, the same as in ZnO bulk. Thus, there is no dangling
plane. In the first configuration, the polarities on the twopgnd in the boundary. However, the bond angles in the
sides of the boundary do not exhibit a mirror relation acrosoundary are different from that in the bulk. In the structure
the boundary plane. However, in the second and third conshown in Fig. 2b), the Zn and O atoms in the boundary are
figurations, the two sides do exhibit a mirror relation acrossjyefold and threefold coordinated, respectively. In the struc-
f[he boundary pla_ne. These three polarit_y configurations resuffyre shown in Fig. &), the Zn and O atoms in the boundary
in different atomic structures for the twin boundary. are threefold and fivefold coordinated, respectively. Thus, in
“We then construct the atomic structures for theihe structures shown in Figs(l2 and Zc), there are both
[1100]/(1102 twin boundary with these three possible po- dangling bonds and wrong bond angles. Indeed, as we will
larity configurations. These structures are then relaxed bgee later, our first-principles total-energy calculations reveal
first-principles total-energy calculations. Figure)22(c)  that the structure shown in Fig(&2 has much lower bound-
show the three relaxed structures for the head-ta-tajl,”), ary energy than the other two structures.
head-to-head\ | ), and tail-to-tail(~\ | /") configurations, The wurtzite ZnO structure consists of Zn and O sublat-
respectively. The arrows in Fig. 2 indicate the polarities andices. A(0002 plane contains #0002-Zn subplane and a
the dashed lines indicate the boundary planes. The bladkk002-O subplane. In the structures shown in Figd) znd
balls denote O atoms, whereas the gray balls denote Zn a&c), both the (0002-Zn subplane and th€0002-O sub-
oms. None of these three structures contain any Zn-Zn ogplane at the left-hand side and their counterparts at the right-
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total energy of a supercell containing two boundariggy, is

the total energy of a reference supercell with bulk structure
and with an equivalent number of atoms, & the area of

the periodic unit cell of the boundary. In this case, the super-
cell has the structure of | |\, containing two equivalent
but oppositely oriented boundaries. For the head-to-head and
tail-to-tail structures, it is not possible to construct a repeat-
able supercell to contain only one of these two structures. A
repeatable supercell always contains both of these two struc-
tures, giving a repeatable structure ag,”|\.. Thus, the
total boundary energy is calculated Byg=(E-E,;,)/A. The
boundary-energy difference between these two structures is
calculated using slabs isolated by a vacuum gap of 20 A. The
periodically repeated supercells and the isolated slab super-
cells give the same relaxed structures for both head-to-head
and tail-to-tail configurations. The boundary energy for each
of these configurations can then be calculated from the
boundary-energy difference and total boundary energy.

The calculated boundary energies are 0.040%Jbnthe
head-to-tail configuration, 0.154 Jfrfor the head-to-head
configuration, and 0.118 J/for the tail-to-tail configura-
tion. The boundary energy for the head-to-tail configuration
is significantly lower than for the other two configurations,
supporting the conclusion from image simulations that the

[1100]/(1102 twin boundary should have the structure
shown in Fig. 2a). The boundary energy for the head-to-tail
structure is comparable to the formation energies of inver-
sion domain boundarie$0.043 J/m) and stacking faults
(0.027 J/mM for intrinsic and 0.084 J/&for extrinsio in

ZnO. Thus, thg1100]/(1102 twin boundary is expected to
form as easily as the inversion domain boundaries and stack-
ing faults in ZnO.

Electronic effectsThe electronic structures of these three
structures are investigated. We find that the head-to-head and

FIG. 3. SimulatedZ-contrast images using the) head-to-tail, ~ tail-to-tail structures introduce localized states in the band
(b) head-to-head, ant) tail-to-tail structures. gap, because these two structures introduce dangling bonds

_ ) N ) at the boundaries. The head-to-tail structure shown in Fig.

ture shown in Fig. @), the (0002-Zn subplane at the left-  ainly because this structure does not have any dangling
hand side is at the mirror position of tii@002-O subplane  ponds. However, we find that this structure causes a slight
at the left-hand side. Thus, tf@002-Zn subplanes at two ghift of the conduction-band minimuniCBM) and the
sides of the boundary have a relative shift according to thei{gjence-band maximurfVBM) at . To understand whether
!deal twin position;. This yvould explain the feature observedpese shifted CBM and VBM states are localized or not, we
in the Z-contrast image, i.e., the tw(®002 planes have a e the plane-averaged charge density of the CBM and
relative shift along the twin boundary, because the contribuy,gp states along the direction perpendicular to the bound-
.tion to the image from thé()QO2)-O plane is very sma!l. This ary. Figures 48) and 4b) show the plane-averaged charge
is shown to be the best-fit structure lcontrast image gensity of the CBM and VBM states, respectively. The posi-
simulations. Figures(8)-3(c) show the simulated-contrast  (ion of the twin boundary is indicated by the dotted line. We
images using the corresponding structures shown in Figgee that for both the CBM and VBM states, the localization
2(a)-2(c). The parameters used in the simulations aregffect is very weak. Thus, this twin boundary should be elec-

Cs=1.0 mm,Af=-512 A, corresponding to a probe size of trically inactive, unless high-concentration impurities segre-
1.3 A, dark-field detector angle =45-140 mrads, and samplgate into the boundary.

thickness =50 A. we see that only Fig(aBshows a shift Comparison with wurtzite lll-nitrides The wurtzite
along the boundary, but Figs(t8 and 3c) show ideal twins.  groyp-Iii-nitrides, such as AIN, GaN, and InN, are very at-
The good agreement between Fida)3and theZ-contrast  ractive materials because of their potential for optoelec-
image suggests that the100]/(1102 twin boundary in  tronic devices. They have the same structure as ZnO. In fact,
ZnO has the head-to-tail structure shown in Figa)2 many extended defects found in these nitrides are very simi-
Energetics The twin-boundary energy for the head-to-tail lar to those found in Zn@?1°2°For example, the formation
structure is calculated bg=(E-Ep, i)/ 2A, whereE is the  energies are comparable for inversion domain boundaries
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_TABLE I. Calculated twin-boundary energi¢s J/m?) for the
[1100]/(1102 twin boundary in ZnO, AIN, GaN, and InN.

p/\'/W\A//\/\//\/\v\/\/\/\/\‘/M/\7 Zno AIN GaN InN

B : . Erg 0.040 0.109 0.107 0.051

In conclusion, we have studied the atomic structure and

I l effects of thd1100]/(1102 twin boundary in ZnO using the
WV\/MJ\/W combination of high-resolutiorZ-contrast imaging, first-
1 principles density-functional total-energy calculations, and

: image simulations. We found that the twin boundary exhibits
Lo . T . the head-to-tail configuration, which avoids dangli;g bonds,
- i leading to a low twin-boundary energy of 0.040 J/rive
Position along b-axis further found that the head-to-tail polarity configuration can
FIG. 4. Plane-averaged charge densities (®rCBM and (b) be more gene_rally adopted for this twin b_oqndary in other

Juurtzite materials, such as the group-Ill-nitrides. However,
the twin-boundary energies, 0.109 #/in AIN, 0.107 J/n?
in GaN, and 0.051 J/fin InN, are higher than in ZnO.
. . ' Investigations of the electronic structure reveal that the twin
and stacking faults in GaN and ZnO. We find that thepoundary does not introduce localized energy states in the
[1100]/(1102 twin boundaries in these wurtzite group-lll- band gap in both ZnO and the wurtzite group-lil-nitrides.
nitrides also adopt the head-to-tail structure. We thus calcu-

lated the boundary energies in these wurtzite group-lll- 'N€ab initio total-energy and molecular-dynamics pack-
ge, Viennaab initio simulation package, was developed at

nitrides. The comparison of the boundary energies is given i ; - . . . .
Table I. We see that the boundary energy is significantlﬁe Institute fur Theoretische Physik of the Technische Uni-

. . - versitat Wien. Work at NREL and ORNL was supported by
lower in ZnO and InN than in _AlN and GéN' This result the U.S. Department of Energy under Contracts No. DE-
suggests that tHel 100]/(1102 twin boundary is expected to  AC36-99G010337 and DE-AC05-000R22725. This re-
form more easily in ZnO and InN than in AIN and GaN. search used resources of the National Energy Research Sci-
Investigations of their electronic structures reveal that as irentific Computing Center, which is supported by the Office
ZnO0, this twin boundary does not introduce any energy statesf Science of the U.S. Department of Energy under Contract
in the band gap in these llI-nitrides. No. DE-AC03-76SF00098.
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lines indicate the positions of the twin boundaries.
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