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Energetics and electronic structure of stacking faults in ZnO
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The energetics and electronic structures of basal-plane stacking faults in wiWzyeZnO are studied
using first-principles density-functional total energy calculations. All the basal-plane stacking faults are found
to have very low formations energies. They also introduce a downward shift at the conduction-band minimum
(CBM). However, plane-averaged charge densities of the CBM state reveal that the CBM states are not very
localized, indicating that these stacking faults should be electronically inert. The high concentration of these
stacking faults can result in embedded zinc-ble@@B) ZnO surrounded by WZ materials. The WZ/ZB
interface exhibits a type-Il lineup witAE, =~ 0.037 eV andAE-~0.147 eV.
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ZnO has long been recognized as a useful material fothree possible projected positions of the atoms. In the WZ
optically transparent conducting layers in displays and phostructure, the two neighboring planes of every stacking plane
tovoltaic devices:? Recently, it has attracted more attention are at the same position. In this case, Zn-O bonds in each
because, like other wide-band-gap 1l-VI semiconductors, istacking plane are called hexagonal bonds. In the ZB struc-
could be an important material for next-generation shortture, the two neighboring planes of every stacking plane are
wavelength optoelectronic devices such as low-cost lightat different positions. In this case, Zn-O bonds are called
emitting diodegLEDs) and lasers, transparepin junctions,  cubic bonds. The WZ structure contains only hexagonal
large-area flat-panel displays, and solar c&lisSo far, most  bonds, whereas the ZB structure contains cubic bonds only.
ZnO thin films are grown on mismatched substrates such as A mistake induced to the perfect WZ stacking sequence
Al,O; or SiC and contain a high density of extendedwill result in a basal-plane stacking fault in WZ ZnO. We
defects® Extended defects are known to play an importantstudy four types of basal-plane stacking faults proposed by
role in electronic and mechanical properties of semiconducStampfl and Van de Walté for stacking faults in WZ
tors. For example, these defects may introduce electricallyil-V nitrides. Figures 1a)-1(c) show the structures for the
active energy levels in the energy gap.In that case, the so-called type-l, type-ll, and type-lll stacking faults. The
quantum efficiencies and device lifetime can be affectedtype-l stacking faults contain one violation of the
Thus, it is important to know whether the extended defectstacking rule, resulting in a stacking sequence:
are active or inert in ZnO thin films. So far, only the effects ...AaBbAaBb/CcBbCcBh.. . The symbol {" indicates the
of inversion domain boundaries have been investighlted.  position where the violation of the stacking rule starts. This

In 1I-VI semiconductor compounds, basal-plane stackingstacking fault introduces one cubic bond in the stacking se-
faults are one of the main types of extended defects. Highgquence, as indicated by the white arrow. The type-Il stacking
resolution transmission electron microscopy has observefhults contain two violations of the stacking rule, giving a
such stacking faults even in ZnO films epitaxially grown onstacking sequence as AaBbAaBb/CcAaCcAa.. . It intro-
ZnO substrate¥ In this paper, we present first-principles duces two connected cubic bonds, as indicated by two white
total-energy calculations on the atomic and electronic strucarrows. The type-lll stacking faults contain a double-layer at
tures and formation energies of basal-plane stacking faults ithe wrong position, leading to a stacking sequence as
WZ ZnO. We find that all basal-plane stacking faults have...AaBbAaBQCdBbAaBb... . The two symbols |* indicate
very low formation energies. The electronic structure calcuthe “wrong” double layer. It introduces two but separated
lations reveal that the stacking faults introduce a downwaraubic bonds at the interface. Figuréilshows the structure
shift at the conduction band minimu(@BM). However, the of the extrinsic stacking faults, which contain an additional
CBM states are not very localized, indicating that the stackdouble layer inserted in the midst of the normal stacking
ing faults are electronically inert. The high concentration ofsequence, resulting in a stacking sequence as
these stacking faults can result in embedded ZB ZnO sur-..AaBbAaBHCdAaBbAaBh.. . The two symbols |* indi-
rounded by WZ materials. We find that the WZ/ZB interface cate the additional double layer. It introduces three connected
exhibits a type-Il lineup withAE,~0.037 eV andAE:  cubic bonds.
~0.147 eV. Our calculations on the total energy and electronic struc-

ZnO normally possesses a WZ structure, which can beéure of stacking faults are based on the density-functional
described by the stacking of close-packed double layers dheory, using the Viennaab initio Simulation Package
(0001 planes in the[0001] direction. The normal, perfect (vAasp).!* We used the local density approximation for the
stacking sequence is..AaBbAaBh.. . The perfect ZB exchange correlation, and ultrasoft Vanderbilt-type
structure can be described by the stacking sequence @keudopotential8 as supplied by Kresse and HafRéBe-
...AaBbCcAaBbCec.. . Here each letter represents a stackingcause the formation energies for stacking faults are usually
plane. The upper-case and lower-case letters indicate Zn amgry small in most 11-VI semiconductors, care must be taken
O planes, respectively. The letters Aa, Bb, and Cc indicatéo obtain accurate results. The Zd 8lectrons were treated

1098-0121/2004/109)/1932064)/$22.50 70 193206-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B0, 193206(2004)

¢ The formation energy of the stacking faults is obtained as
Bb Es = (Ewi(defech ~ Eg(ref)/(n9, (1)
Cc whereE;y(defec} is the total energy of the supercell contain-
ing stacking faultsEy(ref) is the total energy of the refer-
Bb ence bulk WZ supercel§is the fault area for a single planar
C defect in the supercell, armdis the number of stacking faults
e C =— .
in the supercell.
o Bb Our calculated formation energies for type-l, type-ll,
type-lll, and extrinsic stacking faults are 15, 31, 31, and
JAa 47 meV/(unit-cellarea.  The conversion factor from
(a) (b) meV/(unit-cell areato erg/cnt (or mJ/nt) is 1.79. The for-
e mation energies are smaller for the type-I stacking fault, but
Bb larger for the extrinsic stacking. The formation energies are
found to be proportional to the number of cubic bonds at the
(=) Aa stacking faultslabout 15+2 meV(unit-cell area per cubic
bond. This result suggests that the contribution to the stack-
- Ce ing fault energy is quite local in ZnO, and can be obtained by
PR simply counting on the number of cubic bonds at the stack-
Q a ing fault. Our calculated stacking fault energies are compa-
Bb rable to that in GaN and InN, but smaller than that in AMN.

However, these values are significantly smaller compared to
JAa those in more covalent materials, e.g., 318 and 254 er§/cm
(© (d) for the intrinsic and extrinsic stacking faults, respectively, in
C.2%These small formation energies indicate that basal plane
FIG. 1. Atomic structures of four types of basal-plane stackingstacking faults may form very easily by kinetics in ZnO.

faults in ZnO:(a) type |, (b) type II, (c) type IIl, and(d) extrinsic. We have also investigated the electronic structure of the
The black balls indicate O atoms and gray balls denote Zn atomgour types of stacking faults. Because the stacking faults in-
The arrows indicate the position of stacking faults. troduce cubic bonds or thin ZB layers embedded in the WZ

O lattice, we first investigated the band offsets between

as part of the valance band. Careful energy convergence te 2 7n0 and ZB ZnO. The valance band offsAtE‘LVZ'ZB for

showed that an energy cutoff of 360 eV is sufficient. The ) . L
lattice constant was determined under this energy cutoff ang"© In WZ aanZZZB structures is calculated using the stan-
was used for the supercell calculations. In all defect calculadard approacfi-??In this approach, the valance band offset

tions, all atoms were allowed to relax to reach the minimumiS given by

energies until the Hellmann-Feynman forces acting on them WZ-ZB _ AgWZ  _ ApZB
became less than 0.02 eV/A. The band offsets between WZ AE, ABvgu,.c ~ ABygy: o T ABccr: 2
ZnO and ZB ZnO were calculated using theeN 2k full Here AEYZ, .=EWZ ~EYZis the core level-to-VBM en-

potintlal Ilnegrlzed (Ialut_gmentfd tplrlyme wave dct’tgdéor the i E]Qy Separation for an isolated WZ structure. A similar ex-
exchange and correlation potential, we used the generalized ' i oicte fOAE\Z/SM,’C,_ AEC’C,:E‘(’:"Z—E?,3 is the dif-

radient approximatiofGGA) of Perdew and Wangf. ) BM’, i
g The for&pation eneg;;es ())f the stacking faultsb;re calcuference in core level binding energy between each side of the
lated using the supercell modé@lTo reduce the systematic
error, a reference WZ supercell with an identical size and
number of double layers is used. The same cutoff energy and CB
the k-point grid were used for the supercells with or without |_| 0.147 eV
the stacking fault. Because of these restrictions, we chose
only supercells that have an even number of double layers
and contain only equivalent stacking faults. For the type-I|
and type-lll stacking faults, we used ten-double layer super-
cells to model their structures. The type-l supercell contains
two equivalent stacking faults, whereas the type-Ill supercell
contains only one. To model the type-Il and extrinsic stack-
ing faults, we built supercells contain 14 double layers. The
type-ll supercell has three equivalent stacking faults, L 505y
whereas the supercell with an extrinsic stacking fault has two wZ 7B 'WZ
equivalent ones. Convergence checks for type-l and type-lil
stacking faults were carried out using 20 and 22 double-layer
supercells. We found that the formation energies were low- FIG. 2. A schematic plot of the band alignment of ZnO at the
ered by less than 3 meV. WZ/ZB/WZ regions.
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FIG. 4. Plane-averaged charge densities of CBM states of 14-
FIG. 3. Plane-averaged charge densities of CBM states of 1Oc_iou_ble-layer supercells_contamw(g) perfect struc_tur_e(b) thrc_ae
o equivalent type-ll stacking faults, an@) two extrinsic stacking
double-layer supercells containing) perfect structure(b) two . S - )
. ) ) faults. The dotted lines indicate the position of stacking faults.
equivalent type-| stacking faults, atic) one type-lll stacking fault.
The dotted lines indicate the position of stacking faults.

WZ/ZB interface. It is calculated using a supercell with six ~We found that all the stacking fault structures shown in
double layers on each side, which is known to be sufficienFig. 1 have a direct band gap Et Their CBM are about 20
for getting converged resulté We find that even though the to 40 meV lower than that of the perfect crystal. But the shift
WZ and ZB structures have a similar local structure, the corén the VBM is negligible. These results are consistent with
level differenceAEc ¢ is not negligible in Eq(2). Further-  the band alignment shown in Fig. 2. To understand whether
more, because the WZ structure induces a spontaneous pie downward-shifted CBM states are localized or not, we
larization, an average over the two polarities at the WZz/ZBplotted the plane-averaged charge density of the CBM state
interface is needed to calculate the core alignment across ttedong the ¢ axis. Figure 8a) shows the plane-averaged
interface. charge density of the CBM state for the ten-double-layer
The calculated valance band offset for WZ and ZB ZnOsupercell with the perfect structure. Figure@)3and 3c)
AEW%%B is 0.037 eV. The calculated WZ ZnO band gap isshow the plane-averaged charge densities for the ten-double-
0.11 eV larger than that for ZB ZnO. Thus, the conductionlayer supercell with type-1 and type-lll stacking faults, re-
band offset for WZ and ZBAE}Y#“® is calculated to be spectively. We see that, as expected from the band alignment,
0.147 eV. Therefore, the band alignment is type Il: the electhe CBM is slightly more localized near the stacking faults.
tronic states at the CBM are localized mainly in the ZB re-However, the localization effect is very weak due to the
gion, while those at the VBM are preferentially localized in small CBM band offset and the small effective mass at the
the WZ region. The band alignment in mixed WZ/ZB/WZ CBM.
regions is shown in Fig. 2. This band alignment indicates that Figure 4a) shows the plane-averaged charge density of
the mixed WZ/ZB/WZ regions exhibit quantum-well-like the CBM for the 14-double-layer supercell with the perfect
features. Thus, carrier localization in the quantum-well-likestructure. Figures (#) and 4c) show the plane-averaged
regions is expected to affect the electronic and transportharge densities for the 14-double-layer supercell with
properties. For example, in @type ZnO film, the ZB well  type-ll and extrinsic stacking faults, respectively. The super-
regions will behave like trap centers to the minority carrierscell shown in Fig. 4b) contains three equivalent stacking
(electrong, but diffusion barriers to the majority carriers faults, whereas the supercell shown in Fi¢c)&ontains two
(holes. equivalent stacking faults. The positions of the stacking
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faults are indicated by the dotted lines. Again, we see that theinc-blende ZnO surrounded by WZ materials will form. We
CBM states are slightly more localized near the stackingound that the WZ/ZB interface exhibits a type-Il lineup with
faults, but the localization effect is very weak. AE,~0.037 eV andAE-~0.147 eV.

In conclusion, we have studied the atomic structure, ener-
getics, and electronic structure of basal plane stacking faults The ab initio total-energy and molecular dynamics pack-
in WZ ZnO by first-principles total-energy calculations. We age, Viennaab initio simulation packagévAsp), was devel-
found that all basal-plane stacking faults have very low for-oped at the Institute fir Theoretische Physik of the Tech-
mation energies, indicating the high density of stackingnische Universit't Wien. This research was supported by the
faults that may form in ZnO grown on mismatched sub-U.S. Department of Energy under Contract No. DE-AC36-
strates. These stacking faults induce a downward shift of the9GO 10337, and used resources of the National Energy
CBM. However, the CBM states are not very localized, in-Research Scientific Computing Center, which is supported
dicating that the stacking faults are electronically inert. In theby the Office of Science of the U.S. Department of Energy
high concentration of stacking faults regions, embeddedinder Contract No. DE-AC03-76SF00098.
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