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The energetics and electronic structures of basal-plane stacking faults in wurtzite(WZ) ZnO 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-blende(ZB) ZnO surrounded by WZ materials. The WZ/ZB
interface exhibits a type-II lineup withDEV<0.037 eV andDEC<0.147 eV.
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ZnO has long been recognized as a useful material for
optically transparent conducting layers in displays and pho-
tovoltaic devices.1,2 Recently, it has attracted more attention
because, like other wide-band-gap II-VI semiconductors, it
could be an important material for next-generation short-
wavelength optoelectronic devices such as low-cost light-
emitting diodes(LEDs) and lasers, transparentp-n junctions,
large-area flat-panel displays, and solar cells.3–7 So far, most
ZnO thin films are grown on mismatched substrates such as
Al2O3 or SiC and contain a high density of extended
defects.8 Extended defects are known to play an important
role in electronic and mechanical properties of semiconduc-
tors. For example, these defects may introduce electrically
active energy levels in the energy gap.9,10 In that case, the
quantum efficiencies and device lifetime can be affected.
Thus, it is important to know whether the extended defects
are active or inert in ZnO thin films. So far, only the effects
of inversion domain boundaries have been investigated.11

In II–VI semiconductor compounds, basal-plane stacking
faults are one of the main types of extended defects. High-
resolution transmission electron microscopy has observed
such stacking faults even in ZnO films epitaxially grown on
ZnO substrates.12 In this paper, we present first-principles
total-energy calculations on the atomic and electronic struc-
tures and formation energies of basal-plane stacking faults in
WZ ZnO. We find that all basal-plane stacking faults have
very low formation energies. The electronic structure calcu-
lations reveal that the stacking faults introduce a downward
shift at the conduction band minimum(CBM). However, the
CBM states are not very localized, indicating that the stack-
ing faults are electronically inert. The high concentration of
these stacking faults can result in embedded ZB ZnO sur-
rounded by WZ materials. We find that the WZ/ZB interface
exhibits a type-II lineup withDEV<0.037 eV andDEC
<0.147 eV.

ZnO normally possesses a WZ structure, which can be
described by the stacking of close-packed double layers of
(0001) planes in the[0001] direction. The normal, perfect
stacking sequence is…AaBbAaBb… . The perfect ZB
structure can be described by the stacking sequence of
…AaBbCcAaBbCc… . Here each letter represents a stacking
plane. The upper-case and lower-case letters indicate Zn and
O planes, respectively. The letters Aa, Bb, and Cc indicate

three possible projected positions of the atoms. In the WZ
structure, the two neighboring planes of every stacking plane
are at the same position. In this case, Zn-O bonds in each
stacking plane are called hexagonal bonds. In the ZB struc-
ture, the two neighboring planes of every stacking plane are
at different positions. In this case, Zn-O bonds are called
cubic bonds. The WZ structure contains only hexagonal
bonds, whereas the ZB structure contains cubic bonds only.

A mistake induced to the perfect WZ stacking sequence
will result in a basal-plane stacking fault in WZ ZnO. We
study four types of basal-plane stacking faults proposed by
Stampfl and Van de Walle13 for stacking faults in WZ
III-V nitrides. Figures 1(a)–1(c) show the structures for the
so-called type-I, type-II, and type-III stacking faults. The
type-I stacking faults contain one violation of the
stacking rule, resulting in a stacking sequence:
…AaBbAaBbuCcBbCcBb… . The symbol “u” indicates the
position where the violation of the stacking rule starts. This
stacking fault introduces one cubic bond in the stacking se-
quence, as indicated by the white arrow. The type-II stacking
faults contain two violations of the stacking rule, giving a
stacking sequence as…AaBbAaBbuCcAaCcAa… . It intro-
duces two connected cubic bonds, as indicated by two white
arrows. The type-III stacking faults contain a double-layer at
the wrong position, leading to a stacking sequence as
…AaBbAaBbuCcuBbAaBb… . The two symbols “u” indicate
the “wrong” double layer. It introduces two but separated
cubic bonds at the interface. Figure 1(d) shows the structure
of the extrinsic stacking faults, which contain an additional
double layer inserted in the midst of the normal stacking
sequence, resulting in a stacking sequence as
…AaBbAaBbuCcuAaBbAaBb… . The two symbols “u” indi-
cate the additional double layer. It introduces three connected
cubic bonds.

Our calculations on the total energy and electronic struc-
ture of stacking faults are based on the density-functional
theory, using the Viennaab initio Simulation Package
(VASP).14 We used the local density approximation for the
exchange correlation, and ultrasoft Vanderbilt-type
pseudopotentials15 as supplied by Kresse and Hafner.16 Be-
cause the formation energies for stacking faults are usually
very small in most II-VI semiconductors, care must be taken
to obtain accurate results. The Zn 3d electrons were treated
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as part of the valance band. Careful energy convergence tests
showed that an energy cutoff of 360 eV is sufficient. The
lattice constant was determined under this energy cutoff and
was used for the supercell calculations. In all defect calcula-
tions, all atoms were allowed to relax to reach the minimum
energies until the Hellmann-Feynman forces acting on them
became less than 0.02 eV/Å. The band offsets between WZ
ZnO and ZB ZnO were calculated using theWIEN 2K full
potential linearized augmented plane wave code.17 For the
exchange and correlation potential, we used the generalized
gradient approximation(GGA) of Perdew and Wang.18

The formation energies of the stacking faults are calcu-
lated using the supercell model.19 To reduce the systematic
error, a reference WZ supercell with an identical size and
number of double layers is used. The same cutoff energy and
the k-point grid were used for the supercells with or without
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-III stacking faults, we used ten-double layer super-
cells to model their structures. The type-I supercell contains
two equivalent stacking faults, whereas the type-III supercell
contains only one. To model the type-II and extrinsic stack-
ing faults, we built supercells contain 14 double layers. The
type-II supercell has three equivalent stacking faults,
whereas the supercell with an extrinsic stacking fault has two
equivalent ones. Convergence checks for type-I and type-III
stacking faults were carried out using 20 and 22 double-layer
supercells. We found that the formation energies were low-
ered by less than 3 meV.

The formation energy of the stacking faults is obtained as

Ef = „Etotsdefectd − Etotsrefd…/snSd, s1d

whereEtotsdefectd is the total energy of the supercell contain-
ing stacking faults,Etotsrefd is the total energy of the refer-
ence bulk WZ supercell,S is the fault area for a single planar
defect in the supercell, andn is the number of stacking faults
in the supercell.

Our calculated formation energies for type-I, type-II,
type-III, and extrinsic stacking faults are 15, 31, 31, and
47 meV/sunit-cell aread. The conversion factor from
meV/sunit-cell aread to erg/cm2 (or mJ/m2) is 1.79. The for-
mation energies are smaller for the type-I stacking fault, but
larger for the extrinsic stacking. The formation energies are
found to be proportional to the number of cubic bonds at the
stacking faults[about 15±2 meV/sunit-cell aread per cubic
bond]. This result suggests that the contribution to the stack-
ing fault energy is quite local in ZnO, and can be obtained by
simply counting on the number of cubic bonds at the stack-
ing fault. Our calculated stacking fault energies are compa-
rable to that in GaN and InN, but smaller than that in AlN.13

However, these values are significantly smaller compared to
those in more covalent materials, e.g., 318 and 254 erg/cm2

for the intrinsic and extrinsic stacking faults, respectively, in
C.20 These small formation energies indicate that basal plane
stacking faults may form very easily by kinetics in ZnO.

We have also investigated the electronic structure of the
four types of stacking faults. Because the stacking faults in-
troduce cubic bonds or thin ZB layers embedded in the WZ
ZnO lattice, we first investigated the band offsets between
WZ ZnO and ZB ZnO. The valance band offsetsDEn

WZ-ZB for
ZnO in WZ and ZB structures is calculated using the stan-
dard approach.21,22 In this approach, the valance band offset
is given by

DEn
WZ-ZB = DEVBM,C

WZ − DEVBM8,C8
ZB + DEC,C8. s2d

HereDEVBM,C
WZ =EVBM

WZ −EC
WZ is the core level-to-VBM en-

ergy separation for an isolated WZ structure. A similar ex-
pression exists forDEVBM8,C8

ZB . DEC,C8=EC
WZ−EC8

ZB is the dif-
ference in core level binding energy between each side of the

FIG. 2. A schematic plot of the band alignment of ZnO at the
WZ/ZB/WZ regions.

FIG. 1. Atomic structures of four types of basal-plane stacking
faults in ZnO:(a) type I, (b) type II, (c) type III, and(d) extrinsic.
The black balls indicate O atoms and gray balls denote Zn atoms.
The arrows indicate the position of stacking faults.
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WZ/ZB interface. It is calculated using a supercell with six
double layers on each side, which is known to be sufficient
for getting converged results.23 We find that even though the
WZ and ZB structures have a similar local structure, the core
level differenceDEC,C8 is not negligible in Eq.(2). Further-
more, because the WZ structure induces a spontaneous po-
larization, an average over the two polarities at the WZ/ZB
interface is needed to calculate the core alignment across the
interface.

The calculated valance band offset for WZ and ZB ZnO
DEn

WZ-ZB is 0.037 eV. The calculated WZ ZnO band gap is
0.11 eV larger than that for ZB ZnO. Thus, the conduction
band offset for WZ and ZBDEc

WZ-ZB is calculated to be
0.147 eV. Therefore, the band alignment is type II: the elec-
tronic states at the CBM are localized mainly in the ZB re-
gion, while those at the VBM are preferentially localized in
the WZ region. The band alignment in mixed WZ/ZB/WZ
regions is shown in Fig. 2. This band alignment indicates that
the mixed WZ/ZB/WZ regions exhibit quantum-well-like
features. Thus, carrier localization in the quantum-well-like
regions is expected to affect the electronic and transport
properties. For example, in ap-type ZnO film, the ZB well
regions will behave like trap centers to the minority carriers
(electrons), but diffusion barriers to the majority carriers
(holes).

We found that all the stacking fault structures shown in
Fig. 1 have a direct band gap atG. Their CBM are about 20
to 40 meV lower than that of the perfect crystal. But the shift
in the VBM is negligible. These results are consistent with
the band alignment shown in Fig. 2. To understand whether
the downward-shifted CBM states are localized or not, we
plotted the plane-averaged charge density of the CBM state
along the c axis. Figure 3(a) shows the plane-averaged
charge density of the CBM state for the ten-double-layer
supercell with the perfect structure. Figures 3(b) and 3(c)
show the plane-averaged charge densities for the ten-double-
layer supercell with type-I and type-III stacking faults, re-
spectively. We see that, as expected from the band alignment,
the CBM is slightly more localized near the stacking faults.
However, the localization effect is very weak due to the
small CBM band offset and the small effective mass at the
CBM.

Figure 4(a) shows the plane-averaged charge density of
the CBM for the 14-double-layer supercell with the perfect
structure. Figures 4(b) and 4(c) show the plane-averaged
charge densities for the 14-double-layer supercell with
type-II and extrinsic stacking faults, respectively. The super-
cell shown in Fig. 4(b) contains three equivalent stacking
faults, whereas the supercell shown in Fig. 4(c) contains two
equivalent stacking faults. The positions of the stacking

FIG. 3. Plane-averaged charge densities of CBM states of 10-
double-layer supercells containing(a) perfect structure,(b) two
equivalent type-I stacking faults, and(c) one type-III stacking fault.
The dotted lines indicate the position of stacking faults.

FIG. 4. Plane-averaged charge densities of CBM states of 14-
double-layer supercells containing(a) perfect structure,(b) three
equivalent type-II stacking faults, and(c) two extrinsic stacking
faults. The dotted lines indicate the position of stacking faults.
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faults are indicated by the dotted lines. Again, we see that the
CBM states are slightly more localized near the stacking
faults, but the localization effect is very weak.

In conclusion, we have studied the atomic structure, ener-
getics, and electronic structure of basal plane stacking faults
in WZ ZnO by first-principles total-energy calculations. We
found that all basal-plane stacking faults have very low for-
mation energies, indicating the high density of stacking
faults that may form in ZnO grown on mismatched sub-
strates. These stacking faults induce a downward shift of the
CBM. However, the CBM states are not very localized, in-
dicating that the stacking faults are electronically inert. In the
high concentration of stacking faults regions, embedded

zinc-blende ZnO surrounded by WZ materials will form. We
found that the WZ/ZB interface exhibits a type-II lineup with
DEV<0.037 eV andDEC<0.147 eV.
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