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We have investigated the formation energies and electronic structure of native defects in ZnO by a
first-principles plane-wave pseudopotential method. Whegpe conditions are assumed, the
formation energies of donor-type defects can be quite low. The effect of self-compensation by the
donor-type defects should be significantprtype doping. Unden-type conditions, the oxygen
vacancy exhibits the lowest formation energy among the donor-type defects. The electronic
structure, however, implies that only the zinc interstitial or the zinc antisite can explamtjipe
conductivity of undoped ZnO. @001 American Institute of Physic$DOI: 10.1063/1.1380994

I. INTRODUCTION been investigated using EPR, but the interpretation has been
likewise controversial1*?* Hagemark and Toren have re-
Zinc oxide (ZnO) is widely used is in our community. ported that excessive zinc concentration shows good quanti-
Polycrystalline ZnO with some additives shows highly non-tative correlation with carrier concentration on the basis of
linear current—voltage characteristics, which has been utithe electrochemical and Hall effect measureméhhis re-
lized as a varistol- Aluminum-doped ZnO thin films have sults should suggest that the origin of téype conductivity
been developed astype transparent conductdrsand ex-  of ZnO is given solely by a dominant defect species. How-
tensive efforts have been paid for the search of gotybe  ever, we do not yet have consistent answers on the defect
dopant$:” In the applications of ZnO as electronic materials, species as introduced above.
the control of native defects is essential since the electrical In the present study, the formation energies and elec-
properties are largely affected not only by extrinsic dopantgronic structure of the native defects in ZnO are investigated
but also by native defects. The atomic and electronic structhrough first-principles calculations. The results are dis-
ture of the native defects in ZnO has been extensively invessussed with a special focus on the problem of the native
tigated by a variety of experimental methods, e.g., electromlonor.
paramagnetic resonance (EPR%! cathode
luminescencé?**deep-level transient spectroscdfy?’ pos-
itron annihilation spectroscop?;1®~*8and perturbed angular
correlation spectroscopy:?® However, fundamental knowl- The first-principles calculations were performed using a
edge on the native defects is still lacking; the defect specieplane-wave pseudopotential metfddithin the generalized
that dominates the electrical properties of undoped ZnO hagradient approximatiofGGA).?° The self-consistent total
thus far been in controverdy.?1-2 energy in the ground state was effectively obtained by the
The electrical properties of undoped systems have caradensity-mixing schem& Atomic positions were optimized
fully been investigated by Hutsdfi, by Hagemark and to minimize the total energy using the quasi-Newton method
Chacka®® and by Ziegleret al?® They have reported that with the Broyden—Fletcher—Goldfarb—Shanno hessian up-
reduced samples exhihittype conductivity with donor en- date schem@' Ultrasoft pseudopotentiafs®® were em-
ergies of less than 0.05 & 2°and that the donor energies ployed, where the Zn @ states were explicitly treated as a
decrease with the increase of carrier concentr&iiGhFor  part of the valence.
an extreme case, the donor energy is reduced to 0 eV, i.e., the Regarding defect species, vacancies, interstitials at the
electrical property is metallit® The defect species that acts octahedral and tetrahedral sites, and antisites in the relevant
as the donor, however, has been in controversy: some reportiarge states were considered. 72-atom supercells containing
suggest the zinc interstitiah?® others the oxygen a defect were used in the calculation. For the main results,
vacancy*®?*Hagemark has discussed the defect structure oA28-atom supercells were also used to confirm the conver-
the basis of quasichemical reactions and suggested the zigence with respect to cell size. Numerical integration over
interstitial as the major dondf.On the other hand, Mahan the Brillouin zone was carried out at tiiepoint for both the
has reinterpreted his results and concluded that the majof2- and 128-atom supercells. The plane-wave cutoff energy
donor is the oxygen vacanéyThe native defects have also was chosen to be 380 eV. Test calculations using 16-atom
supercells for two samples, the neutral oxygen vacancy and
ap e . . the neutral zinc interstitial at the octahedral site, showed that
resent_ ado!ress. Engineering Research Institute, School of Englneer'mﬂﬁ. . . i
The University of Tokyo, Bunkyo, Tokyo 113-8656, Japan: electronic mail: 1S Cutoff energy achieves convergence of the formation en
oba@sigma.t.u-tokyo.ac.jp ergies within 0.1 eV relative to the results with the cutoff

II. METHODOLOGY
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energies up to 800 eV. Spin polarization was not considered
since it is unlikely to affect the present results significantly, ©Vzg  ©Oper Vo  +Znjye
e.g., an energy gain by spin polarization was calculated to be 0Ot 2 0zy ®Znjye +Zng

0.1 eV for the oxygen vacancy in the charge state The
atomic positions of the first and the second nearest neighbors @) 10—

of the defects were relaxed under the condition that the cell

volume was fixed to be the value optimized for the perfect = 8
crystal; lattice constants, ¢, and internal parameterwere <
calculated to be 100.5%, 100.3%, and 99.8% of experimental &
values®* respectively. The optimization procedure was trun- ;‘5’ 4
cated when the residual forces for the relaxed atoms were g
less than 0.25 eV/A. Further minimization of the forces was g 2R
unlikely to affect the present results; total energies decreased S
only by less than 0.001 eV/atom when the forces were re- 0
duced to 0.05 eV/A for 16-atom supercells with a neutral )

oxygen vacancy or a neutral zinc interstitial at the octahedral
site.

The formation energies of the defects were calculated
using the total energies of the supercells. For compound sys- ®) 19
tems, the formation energies depend on the atomic chemical
potentials. In addition, those of charged defects also vary
with the electronic chemical potential, i.e., Fermi energy. For
a defect in a charge statg the formation energy is given

by35—37

Eformatiod @) = E1(d) —Nzpitzn—Nopo+ qEg, (1)

oo

[=)}

Formation Energy (eV)
ST

whereE- is the total energy of the supercell with a defect in
a charge state. ny, and ng are the number of zinc and
oxygen atoms in the supercelk,, and uo are the atomic o——
chemical potentials, anBr is the Fermi energy. For charged
defects, the total charge of supercells was neutralized using
Je”'um .bac.kground. Energy shifts associated with th? ]e”'umFIG. 1. Defect formation energies as a function of the Fermi energgafor
neutralization were corrected by the total energy dlfferencehe oxygen-rich limit(1z0= uznobuk ~ Hotuik + Lo= Kowak) and (b) the
between the neutralnorma) and charged systems of the zinc-rich limit (uzn=uzneu » #0=Hznobuly ™ Hznbulk)- FOr each defect
perfect crystal, e.g., for the positively charged systems, elecPecies. only the charge state that gives the lowest formation energy with

: respect to the Fermi energy is shown. Change in the slope indicates transi-
T[I’OT]S were rem_ove_d from th_e valence band n_waxmum and thﬁ)n in the charge state, which is shown with symbols. The valence band
jellium neutralization was included. Accordingly, the total maximum is chosen as the zero of the Fermi energy; the vertical line at 0.96
energies of the supercells with positively charged defect§V corresponds to the conduction band minimum. The subscripts in the
were evaluated in the case that the Fermi energy is the sanf@i2tion of defect species indicate defect sites, e.g., “Zn" and "i.oct.” de-

. . note the zinc lattice and octahedral interstitial sites, respectively.

as the valence band maximum. Negatively charged systems

were dealt with in the same manner, except that the conduc-

Fermi Energy (eV)

tion band minimum was used as the reference. The atomic chemical potentials describe the conditions
Mz, and ug are variables correlated as under which materials are grown. The Fermi energy depends

on the concentrations of native defects and impurities. In the

MznT O™ Hznobulk) 2 following sections, we will discuss the formation energies of

h the chemical potential of the bulk ZnoO. | native defects as a function of the atomic chemical potentials
WNETEL znopulk » tNE chemical potential ot the bUlk £2n®, 1S & 54 Fermi energy on the basis of E).

constant value calculated as the total energy per ZnO unit
formula. The total energies per atom for the bulk
Zn(P&/mmc) and the bulk GC2/m) were chosen as the up- Il RESULTS AND DISCUSSION

per limits of u,, and ug, respectively. In this case, ZpO Figure 1 shows formation energies under the two ex-
may seemingly determine the upper limit@f. Our calcu- treme conditions, the oxygen-rich limituz,= uznopuik
lation, however, showed it is unlikely: the total energy of — uopuky and wo=mopuk) and the zinc-rich limit(uz,
Zn0, was calculated to be 0.7 eV higher than the summation= .z, and wo= tznomuik — L znbulk)- 1he slope corresponds

of the total energies of the bulk ZnO and the bulkg,,and  to the charge statg as used in Eq(l). For each defect
uo therefore vary over a range given by the heat of formaspecies, only the charge state that gives the lowest formation
tion of ZnO, which was calculated to be 3.06 eV. This valueenergy with respect to the Fermi energy is shown. Change in
is close to the experimental value reported, 3.63(288.15 the slope therefore indicates transition in the charge state.
K).38 The Fermi energy where the transition takes place, i.e., the
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energy of the defect electronic state, is independent of the
atomic chemical potentials and hence it is common to Figs.
1(a) and ib). The Fermi energy is measured from the va-
lence band maximum, and the conduction band minimum is
shown at 0.96 eV. This energy, i.e., the band gap, was calcu-
lated as{EV—EOL—{E@ - whereEM™) indicates

the total energy of a perfect lattice supercell with additional
N electrons. The same energy was obtained from the differ-
ence of the one-electron energies. The calculated value of
0.96 eV is considerably smaller than the experimental band
gap of 3.30 eV which is known to be due to the GGA. This 2

~
o

—

(o)}

Formation Energy (eV)

may cause some systematic errors in absolute formation en- Qerieh !7211_—“2 Ar-sich

ergy. A method to correct the formation energies of defects to

overcome the underestimation has been suggést@tie ®) s

main points of the method are the following: The conduction

band is rigidly shifted upward to match the experimental i ’

band gap. Donor-type defect states, which are expected to @ 6F ZH%?' 1

have characters similar to states in the conduction band, are & | .

assumed to follow the upward shift. Acceptor-type defect ;‘3) 4 [ -

states are expected to have characters similar to valence  § 5 Znjier ]

states and hence left unchanged. According to the upward § T~ Z00ct

shift, the formation energies of donor-type defects are as- S 2k Vo I

sumed to increase by the energy of the conduction band shift - Vi 1

multiplied by the occupation number of the defect states. On 0 i

the other hand, those of acceptor-type defects are assumed to O-rich <+ lo Zn-rich
limit Uzpn —> limit

remain unchanged.

In the present article, we show the results without cor-FIG. 2. Formation energies of the zinc vacancy and the donor-type defects

rections for simplicity. Even if the above correction is as a function of the atomic chemical potentials un@a p-type condition

adopted, the main points of the following discussions usingfem.“! energy is the same as the valence band maxjranci(b) on r-type
tondition(Fermi energy is the same as the conduction band minimEor

the relative values of the formation energies remain quantizach defect species, only the charge state that gives the lowest formation
tatively identical; for all the range of the Fermi energy, theenergy under the conditions of the Fermi energy is shown. The left- and

relative values are kept unchanged among the oxyge_fight_—hand limits correspond to the oxygen- and zinc-rich limits considered

vacancy and the zinc interstituals as donor-type defectd? F19S: 1@ and 1b), respectively.

Likewise, absolute values for all the donor-type defects are

not affected when the Fermi energy is close to the valence

band maximum. site, which are donor type, are as low as that of the zinc

The formation energies depend largely on the atomiocvzacancy. This suggests that the effect of the self-
chemical potentials, as recognized in Fig. 1. Turning fromcompensation by the donor-type defects should be taken into
oxygen-rich to zinc-rich conditions, the defects associatedccount inp-type doping even at the oxygen-rich limit. The
with oxygen excess, i.e., the zinc vacancy, the oxygen interformation energies of the zinc vacancy and the donor-type
stitials, and the oxygen antisite are raised in formation endefects are shown as a function of the atomic chemical po-
ergy, whereas those associated with zinc excess, i.e., the oxgentials in Fig. 2. As mentioned above and can be seen in Fig.
gen vacancy, the zinc interstitials, and the zinc antisite, ar@(a), the dependence of the formation energies on the chemi-
lowered. Among the defects associated with oxygen excessal potentials is opposite in sign between the zinc vacancy
the zinc vacancy exhibits the lowest formation energy in alland the donor-type defects. Consequently, the donor-type de-
the range of the Fermi energy. It is expected to act as a singlkects show lower formation energies and should therefore be
or doubly ionized acceptor; the Fermi energy at which thedominant under most of the conditions of the chemical po-
charge state changes from 1- to 2-, i.e., the energy of th&entials. The extreme case is the zinc-rich limit that is shown
defect electronic state that will be noted.-/2-) hereafter, is in Fig. 1(b) and Fig. 2a). Thus, the formation energies of the
close to the valence band maximum. The lowest formatiordonor-type defects can be quite low whettype conditions
energy is consistent with the generally accepted picture thaire assumed. The self-compensation associated with the
the zinc vacancy is dominant among the defects associatatbnor-type defects may be a reason of the difficulty in the
with oxygen excest-18:21-23 p-type doping of ZnO.

At the oxygen-rich limit in Fig. 1a), the zinc vacancy As for the defects associated with zinc excess, the oxy-
exhibits the lowest formation energy among all the defectgen vacancy and the zinc interstitial at the octahedral site
dealt with in the present study. Whemtype conditions exhibit nearly the same formation energies when the Fermi
where the Fermi energy is close to the valence band maxenergy is less than 0.5 eV. They have the charge states of 2
mum are assumed, however, the formation energies of thia this range of the Fermi energy. At the zinc-rich limit in
oxygen vacancy and the zinc interstitial at the octahedraFig. 1(b), the zinc antisite, which shows the charge states of
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4+ to 2+ in this range, is also comparable in formation
energy, while it is much higher under oxygen-rich conditions
as at the limit shown in Fig.(d). As the Fermi energy ap-
proaches the conduction band minimum, the oxygen vacancy
becomes energetically preferable due to the transition in the
charge state from 2 to 0; in this case, the charge state 1
does not appear in the diagram since the formation energy
was calculated to be 0.4 eV higher than those of the oxygen
vacancies in the neutral and-2charge states for the Fermi
energy of 0.5 eV. When the Fermi energy is the same as the
conduction band minimum, the formation energy of the oxy-
gen vacancy is more than 1.2 eV lower than the other donor-
type defects under any conditions of the atomic chemical
potentials, as also recognized in FighR We believe that
the energy differences do not change significantly even if
supercell size is increased; using the 128-atom supercells, the
difference between the oxygen vacancy and the zinc intersti-
tial at the octahedral site was reduced only by 0.1 eV. For
n-type materials where the Fermi energy is close to the con-
duction band minimum, the oxygen vacancy should be domi-
nant among the donor-type defects.

We now focus on the electronic states of the donor-type
defects. There has been a controversy on the native donor in 2
ZnO; which defect plays a central rofe®'-2%|t has been
reported that undoped ZnO annealed at elevated temperé'-G- 3. Band structure in the vicinity of_the ba_\r]d gap for the superce_lls \(vith
tures exhibits-type conductivity with donor energies of less t(re]l) the oxygen vacancy an) the zinc mterstltla! at thg octahedral site in

4-561 - . s e neutral charge state. The valence band maximum is chosen as the zero of
than 0.05 eV Likewise, the double ionization of the do- the energy. The arrow indicates the highest occupied band. The conduction
nors has been suggested by the dependence of carrier cdrand for the perfect lattice supercell is superimpo&iatted.
centration on zinc partial pressure during heat treatnfénts.

The oxygen vacancy shows the electronic staf@
+/0) at 0.5 eV, which is quite lower than the conduction
band minimum of 0.96 eV. Tha-type conductivity of ZnO cancy and its first nearest neighboring zinc atoms by the
cannot be explained by the oxygen vacancy with such a deegharge density analysis in real space. This can therefore be
defect state. On the other hand, the zinc interstitials and theegarded as a defect state induced by the oxygen vacancy.
zinc antisite show the electronic state@+/1+/0) in the  The dispersion of the band with respect to wave vector is
conduction band; we regard them as transition levels ove0.57 eV, which may be caused by the interaction among the
three charge states;+2 1+ and O+ since the differences in vacancies repeated under three-dimensional periodic bound-
formation energy among the charge states are less than Gaty conditions. When the 128-atom supercell was used, the
eV at the Fermi energies where the transition takes placdand became closer to the valence band maximum with the
When the Fermi energy is close to the conduction band minidispersion of 0.28 eV. This tendency suggests that the one-
mum, the charge states of the zinc interstitials and the zinelectronic state induced by the oxygen vacancy is likely to
antisite are 2-. They are therefore expected to act as doublyappear near the top of the valence band maximum even if
ionized donors undem-type conditions, which is consistent supercell size is further increased. The deep one-electronic
with the observed electrical property of Zf®This elec-  state should be the origin of the deepness of the total energy-
tronic structure is quite different from that of the oxygen based electronic state shown in Fig. 1. The electronic struc-
vacancy with a deep electronic state. ture is quite different from nitrides such as GaN and BN for

We have thus far discussed defect electronic states on thehich neutral nitrogen vacancies have been reported to in-
basis of the total energy. To understand the origin of theduce occupied defect states in the conduction K¥&At.
defect states, it is useful to investigate the one-electronic  For the zinc interstitial in Fig. @), the highest occupied
band structure. Figure 3 shows band structures for the supepand is fairly similar to the lowest one in the conduction
cells with the oxygen vacancy and the zinc interstitial at theband of the perfect lattice supercell. The large dispersion
octahedral site in the neutral charge state. The conductioimplies that the defect-induced state shows resonance with
band for the perfect lattice supercell is superimposed by dotthe conduction band; using the 128-atom supercell, the band
ted curves; the valence band structure, which is not shown ibecame closer in shape and energy to the lowest one in the
the figures, is very similar to the defect models for the 72-conduction band of the perfect lattice supercell. This one-
atom supercell used in the present study. electronic band structure can explain why the total energy-

An occupied band is recognized near the top of the vabased defect state(2+/1+/0) appears in the conduction
lence band for the oxygen vacancy in Figa)3 It was found band. Similar features in the one-electronic structure were
that two electrons in this band localize mainly on the va-recognized for the zinc antisite and the zinc interstitial at the

~~
&
~—

Energy (eV)

G
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Energy (eV)
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