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The characterization of native point defects in ZnO is still a question of debate. For example, experimental
evidence for ZnO with an excess of Zn is inconclusive as to whether the dominant defects are metal interstitials
or oxygen vacancies. This information is essential to understand the behavior of the material and to tailor its
numerous technological applications. We use the first-principles pseudopotential method to determine the
electronic structure, atomic geometry, and formation energy of native point defects in ZnO. Interstitials,
vacancies, and antisites in their relevant charge states are considered and the effects of dopants are also
discussed. The results show that both the Zn and O vacancies are the relevant defects in ZnO. We also propose
a possible transition mechanism and defect center responsible for the experimentally observed green
luminescence.

[. INTRODUCTION fects in ZnO. We extensively study all possible interstitials,
vacancies, and antisites in their relevant charge states as a

Zinc oxide has been receiving much attention in recenfunction of doping and of zinc and oxygen chemical poten-
years due to its many technological applications, particularlytials.
in varistors and in optical devices. A varistor is a poly- Perfect crystalline ZnO has been the focus of many
crystalline electronic device with pronounced non-Ohmictheoretical analyses. Its crystal and electronic band structure
current-voltage characteristitsThe green photolumines- has been studied by various total-energy methods:
cence behavior of ZnO has been of interest for building flaHartree-Fock/*® local density approximation (linear
panel displays.Other applications include gas sensdsn-  muffin-tin orbital® linear combination of atomic orbitaf§,
lar cells;"® catalysts, UV blocking,” substrat€sor buffer  pseudopotentidt and full-potential linearized augmen-
layers for growth of GaN, or as a light-emitting material in ted-plane-wavé&), self-interaction-corrected pseudopoten-
its own right®* tials 2% and the GW approximatioff.

To optimize the use of ZnO devices it is essential to ob-  computational studies of defects in ZnO are more limited.
tain a basic physical understanding of its properties. In Spitghe self-consistent-field X scattered wave cluster molecu-
of numerous experimental studies, there is still controversy, . hita| method has been used to calculate the position of
as to what are the relevant native defects of this oxide. Th.'%iefects level2® However, to our knowledge only pair-

issue is critical since most of the properties of ZnO depend "E)otential models have been used to compute the formation

%na?[e\pi/:?/ or another on the defects that are present in thgnergies of the crystal imperfections in ZAOThe complex-

Single-crystal ZnO has always been observed to contaiHy of th? calculatiqns involved has prevented the use of
metal excesgor oxygen deficiendyunder experimentally M°r€ reliable techniques. ,
attainable zinc and oxygen partial pressdféghe metal ex- In recent years, the combination of mcreqsed computer
cess can be accommodated in part by the presence of zig@Wer and improvements on the computational methods
interstitials or oxygen vacancies. Experiments have been ilave allowed researchers to address, from first principles,
conclusive as to which of these is the predominant defectvery complex problems. Taking advantage of these new de-
Results presented in the literature point towards both direcvelopments we study here all the relevant defects that may
tions and different interpretations have even been taken ofe present in ZnO. By using the plane-wave soft-
the same set of experimental désae, for example, Ref. 11 pseudopotential technique together with the supercell ap-
Interstitial zinc atoms have been proposed as the dominafroach we have found that the dominant native defects in
defect on the basis of ionic diffusion or size consid-ZnO are oxygen and zinc vacancies.
erationst®12-14Other authors, based on calculation of reac- Our calculations also provide new insights to the study of
tion ratest! diffusion experiments® or electrical conductiv- the luminescent behavior of ZnO. The green luminescence,
ity and Hall effect measuremenfsconcluded that oxygen in particular, has been widely observed, and its origins have
vacancies were the predominant defect. been the subject of many speculations: oxygen vacancies

It is the objective of this work to shed light on these (V§1),>?~*%zinc interstitials*? transitions from Zn inter-
issues. By using the first principles, plane-wave pseudopastitials to Zn vacancie$ Zng antisites’* and extrinsic
tential approach we determine the electronic structureimpurities®3® have all been proposed. Our results indicate
atomic geometry, and formation energy of native point dethat the green emission may be attributed to transitions from
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electrons in the conduction band to a deep acceptor level du@) which an electron is removeglaced to form acharged
to zinc vacancies. defect. The Zn and O chemical potentials are not indepen-
It should be noted that the effects of the association oflent but related to the total energy of perfect Zi&3,o (per
impurities with intrinsic defects and the interaction betweenZnO paip. For ZnO material with only a small concentration
defects have not been considered here. The results should bedefects the energy to add one Zn and one O atom is the
interpreted within these limitations and are an indication ofsum of the Zn and O chemical potential. But this should also
what the behavior would be if only noninteracting defectsapproximately be equal to the molar energy of Z(ghce
were present in the material. the system is enlarged by one ZnO molegulehe sum of
In the following pages, we briefly review the formalism to the Zn and O chemical potentials therefore has to add to the
compute defect concentrations and their levédec. I).  energy of ZnO. EquatiofB) can then be rewritten as
Then in Sec. lll, we show the results obtained. An interpre-
tation of these calculations follows in Sec. IV. AE{=E(Nzn,No) = (Nzy—No) zn— NoEznot ger .

(4)
Il. FORMALISM Clearly, from Eq.(4), AE; for perfect stoichiometric ZnO

The formalism to compute defect concentrations and delS Z€ro, indicating a proper reference state. In this fist
fect levels from first principles is well understodd In initio study of defect energies in ZnO, we focus on dilute

what follows, we briefly review this procedure. Special at-native point defects. Although the existence of complexes
tention is given to the fact that we are dealing with com-Cannot be ruled ou priori, a comprehensive treatment from
poundsi(the defect concentration depends on the chemicat first-principles perspective is Stl||.dlffICU|t. Cpnsequently
potentials set by the environment conditibasd to the use W€ Only compute total energies for isolated point defects in
of the supercell technique. A brief description of the total-2n infinite crystal. The infinite limit is approximated here by

energy techniques to be used are also provided. placing the defect in a large ZnO cell and periodically re-
peating this “supercell” in spacésupercell approaghThe

dimensions of the supercell should be such that defects in
neighboring supercells do not interact appreciably with each
At equilibrium and in the dilute limit, the concentration of other. To calculate the energy of the supercell, we use the
a defect in a crystal depends upon its free energy of formaplane-wave soft pseudopotential method.
tion, AG; in the following way: The chemical potentials determine the off stoichiometry
_AG. [kaT of the system, and depend on different parameters such as
Cq=Nsire 71778 (1) partial pressures and growth conditions. ZnO can exist
Ngiwes iS the number of sites in the crystal where the defectithin a range of oxygen and zinc chemical potentials and it
can occur(per unit volume, kg is the Boltzmann constarif, IS our objective to study the defect formation energies within

A. Defect concentration

the temperature, anﬁGf Corresponds to this range. The boundaries @y, in ZnO are determined by
the stability limits of ZnO with respect to metallic Zn and
AG{=AE{—TAS;+PAV;. (20 molecular oxygen. To prevent pure Zn formation,
Here, AE; is the change in total enerdincluding chemical M < 130, ®

potential termg AS; is mainly the change in vibrational en-

tropy, andAV; is the change in volume when the defect is where x50 is the chemical potential of Zn in ZnO anef,
introduced into the system. Since the contribution of volumes the energy of Zn in the standard stapeire metall.
changes is relatively small and the changes in entropy are of To prevent oxygen loss,

the same order when comparing different defects, we focus 710 o

only on computing formation energy terms. In many cases, Mo <MO, (6)

defect energies are defined as the energy of the system C%‘mereué"o is the chemical potential of O in ZnO and is

taining the defect minus the energy of a perf_ect system withha energy of pure Ogas (per oxygen atom Equation(6)
the same number of atoms. This is not possible in this worlt,, pe written in terms of a condition on the zinc chemical

as we will be studying defects that change the composition,stentia| by using the formation energy of ZnO from metal-
of the material. The defect formation energies will therefore"C Zn and G gas(assuming off-stoichiometry is small

be defined with respect to a set of external chemical poten-
tials_ (for Zn and Q and the Fermi energyif the defect AEfO= u20%— 49 + n&"0— ul. 7)
carries a charge o

The formation energy of a charged point defect in Zno,Combining Egs(5), (6), and(7) leads to
AE;, is computed as

AE=E(Nzn,No) = Nznuzn~ Norot e, ® Equation(8) provides a range of.2"° for which the de-
whereE(Nz,,Np) is the total energy of a system containing fect energies in Eq(4) should be evaluated. Fantrinsic
Nz, andNg zinc and oxygen atom@&rranged so that a defect ZnO, the value of the Fermi level is determined by requiring
is present uz, and uo are the external zinc and oxygen electroneutrality in the system. Fermi level values different
chemical potentialsg is the charge of the defeéincluding  from the intrinsic ones are also of importance as they repre-
its sign, and e is the Fermi energy. The Fermi level is sent conditions irxtrinsicallydoped ZnO, the dopants being
taken as the energy of the reserv@hnemical potentialfrom  far from the defect we are dealing wittmo dopant-defect

/Lgn+ AEonO< M%20<Mtz)n' 8
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interaction). We conventionally takeg to be zero at the top against the number of atoms. The supercell to be used would
of the valence band and assume its value can vary from thiee the one for which increasing its size would not change the

valence band edge up to the conduction band. formation values more than an allowed error. However, this
procedure tends to converge slowly, resulting in computa-
B. Total energies and the pseudopotential approach tionally unaffordably large cells.

_ ) i o On the other hand, for single isolated defects, the volume
The computation of total energies from first principles ¢ ihe supercell can be approximated by the one correspond-

requires finding solutions to the Schifnger equation. We g {5 the perfect crystal. We can use this information to fix
simplify the many-body electronic problem by making use ofe |attice constant of the supercell to the bulk value, and

density-functional theof} in the local-density approxima- 40w only internal relaxations. Since the magnitude of
tion™ (LDA). A well-known consequence of using the LDA 4imic relaxations is expected to decrease rapidly with dis-
is the fact that the band gap is usually underpreditidthis  (ance from the defect, only atoms that are close to the defect
error can be critical when dealing with defects whose elecy e rejaxed. This considerably speeds up the computations.
tronic levels are close to the conduction band. In the discusp/e have performed a study of the effect on convergence and
sion section, we will consider a very simple correction con-5.cracy of relaxing different numbers of atoms close to the
sisting of a rigid shift of these levels and the conductiongefect and of performing full relaxations. From this analysis,
bands so that the bottom of the latter is at the exact samg, anpropriate supercell size is deduced. Unfortunately, the
location as in the experimental results. , . use of accurate total energy methods in these tests is out of
_On the other hand, the use of the LDA considerably simyng question, since the number of atoms in some of the cells
plifies the solution of the Schdinger equation by mapping it is extremely large. We resorted to the use of simpler, but

into a single-electron equation. Oxides present & COMPUtgyter, energy models and, when possible, contrast the results
tionally challenging case, due to the strongly localized OXY-against pseudopotential values.

gen po.tenti_al and the size of the ur_1it cells. Man%/édifferent A fast, commonly used technique in oxides is the pair
approximations have been tested in these systeri®ie  ,niential modef2® In this approach, the electronic density

situation is aggravated in defect calculations because largg,j ionic charges are replaced by point charges centered at
supercells have to be “Sed-gg@& we apply the plane-waygns (or point charges and non-concentric spherical shells to
soft-pseudopotential approach.™ For the accuracy re-  aecount for polarization effedtsThe energy is computed as
quired in our calculations, the pseudopotential approach igye sum of the electrostatic interaction and a short-range re-

one of the fastest currently available methods. Efforts areysive pair-potential term representing the overlap of the
being made to develop faster techniques without sacrificing|ectronic clouds. Although issues of internal relaxations are

8-51
accuracy’. _ dealt with reasonably well within this model, electronic ef-
In the plane-wave soft-pseudopotential method, the elececs sych as the dispersion of defect-induced levels in the

tronic wave functions are expanded in plane waves. Thean are unaccounted for. Within this limitation, we study in
number of these basis functions is controlled by an energgq. |1 A the effect of supercell size.

cutoff E.. Only plane waves with kinetic energies smaller  pair potentials allowed us to deal with supercells of the

thanE, are used in the expansion. Plane waves are not well;jer of thousands of atoms. Internal relaxations are ex-
suneq to represent the rap|q variations (_)f the electronic WaVBected to be important in oxides, especially when there exists
functions close to the nuclei. These rapid changes are causcad|arge size mismatch between the ions. In this case. the

by the orthogonalization to the wave functions of the ionicgeneral convergence behavior of the supercell calculations
core. The problem is solved by replacing the potential of thesj,1d pe correctly captured.

ionic core by gpseudopotentiahat not only incorporates the

nuclear but also the electrostatic potential due to the core

electrons. The pseudopotential is determined so that the so- . RESULTS

lution of the_ Schrdinger equation pr_ovides valence electron A. Supercell size convergence

wave functions(pseudowave functiong that are smooth ) o

within the atomic core region and that are similar to the N this work, we are concerned with finding the relevant

actual function everywhere else. In theft pseudopotential Point defects in ZnO. Consequently, we focusdifferences

approach, the pseudo wave function is not normalized, alll concentrations, that in turn are determineddifjerences

lowing for a lowerE,.* in defect formation energies. It makes sense then for us to
The accuracy of the solution is not only controlled By sFudy the_converggnce W|th_ supercell size by.analyzmg the

but by other factors such as the number of k points usedifferencein formation energies between two different types

during the integrations in reciprocal space. Tests were pe2f défects. There are two open spaces to place an atom in-

formed to find the appropriate values of these parameters arstitially in the ZnO wurzite structuré.One is in an octa-
explained in Sec. Il B. hedral and the other is in a tetrahedral position. We com-

puted the formation energy of a neutral Zn interstitial placed
at both sites and analyzed the difference between these two
formation energies §AE;) for different supercells. We ad-

The strength of the interaction between a defect and itslressed both the issue of changes with the number of atoms
images determines the size of the supercell that needs to lie the supercell as well as the effect of adopting a constant
used. The supercell can be determined by placing the defegblume (corresponding to the theoretical lattice constant of
in supercells with different sizes, the structural parameterperfect ZnQ and relaxing only those atoms close to the de-
relaxed, and the corresponding formation energies plottetect.

C. Supercell size
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0 TABLE I. Computed and experimentally measured lattice pa-
02 F § rameters for a defect-free ZnO wurzite structure.
047 | Calculations ExperimentdRef. 57
0.6 1 .
S 08 | a 3.19A 325A
= al Full relax. c 5.15A 5.21A
g | u (interna) 0.379 0.382
-1.2 Tog= 5.3
-4 T = 4.8 7 .
el X2X1, 2X2X%2, and 3X3X2 supercell respectively. On
-1.6 cut = 3.95 . . . .
L= 42 the other hand, in the pseudopotential case the difference in
dl T = 3.0 | OAE; between dully relaxedand aconstant volumealcu-
-2 ' ) ) ) ‘ ion i . . 2X1 and a
X2 3x3x2 33 dxdxd Sx5x5 6xOxb lation is smaller(0.4 eV and 0.11 eV for a®

. 2x2x2 supercell respectively Consequently, the error on
Supercell size the formation values coming from supercell size effects can
be estimated to be lower than in the pair potential case and of

_ FIG_._l. Variation of the difference in formation energy of a zinc the order of 0.1-0.2 eV. This error is small enough to not
interstitial defect placed at an octahedrally and a tetrahedrally co-

ordinated site §AE;) as a function of supercell size and number of change the conclusions of the remaining sectigisen if

internal atoms that are allowed to relax. The energies are calculatetg‘e_ more anlservatlve 3'3_064 erY error value elstl_m ated frolrg
with a pair-potential approach. The supercell sizes are specified fair potentials were adopted, the main conclusions wou

multiples of the primitive wurzite cell along the a-b-c directions. remain unchangey.
Except for the fully relaxed case,, is the radius of a sphere
centered at the defect within which the atoms are relaxed. B. Perfect-crystal ZnO

We computed the properties of the defect-free ZnO wurz-

As already mentioned, we used a pair potential approache structure using the pseudopotential method. We used
to compute total energies. The parameters of the model wergtrasoff® pseudopotentials withs?2p* and 31%s? as the
taken from Ref. 53. The atoms that are allowed to relaxsalence-electron configuration for the oxygen and zinc atoms
during the computations are identified as those within thgespectively. There is a substantial interaction between the
radius of a sphere centered at the deféetre called ). zinc d ands electrons which makes it necessary to consider

The results obtained are summarized in Fig. 1 where wehe d electrons as part of the valenteWe also included
show SAE; for different supercells and,;. The line labeled  core corrections for ZR° The Perdew-Zungé$ parametriza-
“full relax.” corresponds to fully relaxing the volume and tion of the exchange and correlation potential was always
internal coordinates. The other lines correspond to fixing theysed.
volume to the one computed for perfect ZnO and relaxing Convergence with respect topoints and energy cutoff
the atoms close to the defect. There are four atoms per unifas carefully checked. All calculations in this paper were
cell in ZnO, so that a 22X 2 supercell contains 32 atoms, done with E.=400 eV. A 6X6X6 uniform mesh for
etc. For the 6<6X 6 supercell the defects are separated byk-space integration&8 independenk points provided total
19.59 A. energies converged within 1 meV/atom.

It is clear from Fig. 1 thatinternal relaxationsplay a The computed lattice parameters are shown in Table .
significant role in computing accurate formation energies. ByThese lattice parameters were then used to build the ZnO
increasingr ¢, from 3 A to 5.3 A, SAE; was reduced from  supercells.

—1.92 eV to—1.29 eV. On the other hand, the effect of As already mentioned, LDA tends to underpredict the
volume relaxations is much smaller. If the volume is allowedband gap energy. This is certainly the case here. Figure 2
to relax (away from the perfect crystal volumatr.,=5.3  shows the computed band structure. The predicted band gap
A, SAE; only changes from-1.29 eV to—1.20 eV. Conse- energy is 0.91 eV, well bellow the experimenifaB.4 eV
quently, using a constant volume supercell with limited in- value. This difference could affect the defect formation en-
ternal relaxations constitutes a reliable approach to studyergies, as discussed in Sec. IV.

defects properties in ZnO In a compound solid, the defect properties depend on the

Inspection of Fig. 1 and consideration of our availablechemical potential of the species involved as shown in Eq.
computer resources led us to choose >&33<2 supercell (3). To find the limiting value for the chemical potentials we
with r,=3.95A. In this case, the pair-potential analysisneed the energy of metallic Zn and molecular oxygsee
suggests that errors of the order of 0.3—0.4 eV should b&q. (8)]. Consequently, we compute the total energies for
expected in the relative formation energies. Note that if ahese two systems.
fully relaxed supercell of the same size were used, the esti- Zinc orders in a hexagonal closed packed structure. In this
mated errors would almost triple. In thex®Xx 2 supercell case, we used a 2020x 20 uniformk-space mesliequiva-
point defects have a minimum separation of 9.6 A. lent to 484 irreducibleék pointg with a 0=0.1 eV tempera-

We also investigated supercell-size convergence using th@ire smearing. The computed lattice parametersaar@.57
first-principles pseudopotential approach. Due to computad (2.66 A) and c=4.81 A (4.947 A); the values between
tional constraints this study was limited to smaller cells,parenthesis are the experimental data from Ref. 58.
namely 2<x2X1, 2X2xX2, and 3x3X2 supercellsSAE; For oxygen, we considered the energy of an isolated mol-
changed from—3.0 eV to —0.9 eV to —1.19 eV for a 2  ecule. For computational purposes, the oxygen molecule was
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FIG. 2. Calculated pseudopotential band structure for a defectS

free wurzite crystal. The band gap is 0.91 eV.

A

placed within a 15 A cubic cellsupercell approaghOnly
thel’ point was used. The computed bond length was 1.22 & meV/znO and the internal relaxations by less than 2.0%
compared with an experimental vatdef 1.21 A.

The resulting formation energy for ZnO is4.01 eV/
ZnO. This value is comparable to the experiments.61
eV/ZnO enthalpy of formatiofi® the slight overbinding is
typical of LDA calculations.

C. Defect formation energies

their relevant charge states. These defects include oxygen
and zinc vacancies, interstitials, and antisites. There are two
possible interstitial sites in the wurzite structure: one is tet-
rahedrally coordinatedtet) while the other is octahedrally
coordinated(oct). A list of all the defects, and their charge
states, considered in the present study is shown in Table II.

Based on the analysis in Sec. Ill A, we used @a3x 2
wurzite supercell in all defect calculations. Only those atoms
that are present within a distancg,=3.95 A from the de-
fect were relaxed. The volume of the cell was kept constant
and corresponded to the computed lattice parameters shown
in Table I.

The same pseudopotentials and cutoff energy employed in
Sec. Il B are used here. Because of the large size of the
upercell, only oné point is necessary fdk-space integra-
tions. Selecting thé" point, we find that the total energy is
converged within 5 meV/ZnO for all defects. A different
choice of speciak point changes the energies, on average, by

(relative to the amount of relaxatipn

The formation energy of a charged defect is a function of
the Fermi level[q is different from zero in Eq(4)]. It is
customary to assume this level to be zero at the top of the
valence band. In this case, we assign the zero to the top of
the perfect-crystalvalence band in théefect cell(since we
assume the electrons are placed or removed far away from

Using the formalism explained in Sec. || we computed thethe defect Unfortunately, there is no absolute reference for
formation energies of all the native point defects in ZnO inthe eigenvalues of different calculatiosThe Fermi levels

TABLE II. Native-point defect formation energieg&{) in ZnO. Values are given for the limiting chemi-
cal potentials indicated in E¢8) and for Fermi energiesef) corresponding to the top and bottom of the
valence and conduction bands, respectively. The different defects are identified by either their charge or the
Kroger-Vink notation.

Defect  Charge on  Kiger-Vink E¢(pzn= 2, [eV] Ef(uzn=u3,+AEZ) (eV)
defect notation ee=0eV e=34¢eV ee=0 eV ee=3.4 eV
Zn,(oct) 0 Zn 1.73 1.73 5.74 5.74
Zn;(oct) +1 Zn; 1.28 4.68 5.29 8.69
Zn;(oct) +2 n;’ 0.87 7.67 4.88 11.68
Zn;(tet) 0 Znix 2.92 2.92 6.93 6.93
Zn (tet +1 Zn 2.61 6.01 6.62 10.02
Zn;(tet) +2 n;’ 2.40 9.20 6.41 13.20
O;(ocY) -2 o/ 7.76 0.96 3.75 —3.046
O (oct) -1 o/ 6.81 341 2.80 —0.59
O;(oct) 0 or 6.43 6.43 2.42 2.42
O (oct) +1 O 6.40 9.80 2.39 5.79
O (ted) -1 o/ 7.49 4.09 3.48 0.08
O, (te) 0 or 6.50 6.50 2.49 2.49
O (ted) +1 O} 6.50 9.90 2.49 5.89
Van -2 Vi 6.60 ~0.20 2.59 —4.21
Vz, -1 Vi, 5.82 2.42 1.80 —1.59
Vi 0 v 5.47 5.47 1.46 1.46
Vo 0 on 0.02 0.02 4.02 4.02
Vo +1 Vo 0.15 3.55 4.16 7.56
Vo +2 Vo -0.32 6.47 3.69 10.49
Zng 0 Zné 2.41 2.41 10.43 10.43
Zng +2 Zng 0.55 7.35 8.56 15.63
05, -2 oL, 11.98 5.18 3.97 —2.83
Oy 0 o, 9.74 9.74 172 1.72
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—~ v! = 4 / i o J
% /Zn , o / Zn 0;2 (oct)
g 6 VZ' > 1
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5 4 rzn?? - 1
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Fermi Level (eV) Fermi Level (eV)

FIG. 3. Calculated defect formation energy for selected defects FIG. 4. Calculated defect formation energy for selected defects
shown in Table Il as a function of the Fermi level and fog, shown in Table Il as a function of the Fermi level and fo§,
=u9, (high zinc partial pressuye Only the lowest formation- = u2,+AEf"® (low zinc partial pressuje Only the lowest
energy values are shown. The zero of the Fermi level is set to théormation-energy values are shown. The zero of the Fermi level is
top of the valence band. set to the top of the valence band.

between different calculations cannot easily be comparedsummary of the relaxed local bond lengths for the neutral
An additional procedure needs to be implemented in order tstates of these defect types in Table (e corresponding
“line up” the bands of a perfect-crystal calculation with bond lengths in the bulk ZnO are also included for compari-
those of the defect supercells. To calculate this shift, weson. The changes in bond lengths associated with the defect
assumed that the potential in a perfect crystal is similar to thean be understood in terms of size and charge effects. A zinc
potential of the defect supercdlr from the defect. We av- defect involves removing an ion which is both fairly small
eraged these potentials along planes and plot their differenagnd positively charged. It is therefore to be expected that
along the normal direction. Far from the defect, the differ-other positively charged zinc will move closer to the vacant
ence between the potential in the perfect crystal and in theite, as there is more open space and reduced electrostatic
defect supercell is constant, and equal to the required shiftrepulsion. On the other hand, the oxygen neighbors are no

In Table I, we show the defect formation energies at thelonger electrostatically attracted to the vacancy and conse-
limits of the zinc chemical potential and for Fermi levels quently move farther away. In general it is found that both
corresponding to the top of the valence band and the bottorninc and oxygen move closer to an oxygen site when the
of the experimentalconduction band. For the dominant de- oxygen is removedexcept for a slight increase in the third
fects, the formation energies are shown in Fig. 3 and Fig. 4earest-neighbor zifcThis suggests that the size of the oxy-
as a function of Fermi levefor the two limiting zinc chemi-  gen ion dominates in keeping the other ions away, and the
cal potential valugs The slope of the lines in these figures whole region contracts when the oxygen vacany is created.
corresponds to the charge state of the ddfemt Eq(4)]; for ~ For all the relaxations it can be seen that they are very small
each defect, the line for a particular charge state has onlgt distances near.,=3.95 A, which further suggests that
been drawn over the range where this charge state has thelaxations outside this cutoff are inessential.
lowest energy of all possible charge states. The kinks in the
curves thus correspond to transitions between charge states
(and hence to thermodynamic defect leyels

As will be discussed below in Sec. IV, the calculations From Figs. 3 and 4 we deduce that, depending on the
suggest that the two most common defects are likely to bgartial pressure of Zn, the most abundant native defects in
oxygen and zinc vacancies. We have therefore included @nO are the oxygen and zinc vacancies. As we mentioned in

IV. DISCUSSION

TABLE llI. Distances to nearest-neighbor atoms for bulk and defected An@ives the distance to the
ith nearest neighbor in angstroms. The values in parentheses are the number of neighbors at that distance.
Distances outside. are not included as they are identical in the bulk and defected structures.

Defect Neighbor type d, d, d; dy ds

Zn (in bulk ZnO) Zn 3.176) 3.196)

Vz, Zn 3.123),3.133) 3.176)
Zn (in bulk ZnO 0 1.943) 1.951) 3.201) 3.743)  3.746)

Vo 0 2.113) 2.121) 3.211) 3.743) 3.756)
O (in bulk ZnO) Zn 1.943) 1.951) 3.201) 3.743)  3.746)

Vo Zn 1.793) 1.791) 3.21(2) 3.733) 3.746)
O (in bulk ZnO) O 3.176) 3.196)

Vo O 3.123),3.133) 3.156)
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Increasing Zn partial pressure . FIG. 6. Contour plot, in the (1B0) plane, of the electronic

FIG. 5. Intrinsic defect concentration at 1000 K. The concentra-ge,,n.sny. correspondmg_to thez}f’ level at the ZnO ba_nd gap. The
X" indicates the position of the vacancy. Contour lines are sepa-

tion was computed using E¢l) with the formation energy values 3
from Figs 3 and 4, but using ththeoreticalband gap. The Fermi rated by 0.0%/A°

level was obtained by requiring overall charge neutrality. Conducyith a correct band gap. Any correction we introduce will
tion electrons are identified as “e” and holes in the valence band a%onsistently shift the formation values upwards. A crude way
“h.” to account for this problem consists in increasing the forma-
_ tion values by 2.8, Whereng. corresponds to the occu-
Sec. |, most of the literature agrees on the presence of Zfaiion of the defect level. However, one expects levels that

vacancies. On the other hand, there is no consensus Qpinit more valence-band character to be less affected than
whether the other majority defect that is detected experimeny,gse that exhibit more conduction-band character. The top

tally corresponds to oxygen vacancies or zinc interstitials ;¢ tha valence band is mainly formed by oxygep Bvels

Our work indicates that oxygen vacancies have a lower forWhiIe the bottom of the conduction band is mainly Zs i

mation energy than the zinc interstitial defects and hence _ LT —
should be more abundant. Mahad'sinterpretation of Character.’”!In Fig. 6, we show a contour plot, in a (I_Q)

our results. When there is zinc excess the native donors a,rgspondmg to the wave function of the highest occupied de-

the oxygen vacancietsee Fig. 3 and when there is Zn fect state for a\.zn2 defe(_:t. This wave function is dominated
depletion Zn vacancies are preséste Fig. 4 py oxygenp orbitals. This means that the defect wave func-
Experiments to distinguish between Zn interstitials and 0HON iS largely made up out of orbitals that have valence-band
vacancies are usually difficult to perform and imerpret_character; the defect state |s“ therefore u”nllkely to shift up-
These difficulties are due, in part, to the use of indirect evi-Wards when the band gap is “opened up.” Consequently Zn
dence and to the sensitivity of the results to critical variable/@cancies will continue to have the lowest formation energy,
such as dopant concentration, processing, atmosphere, aptfc® the forma}tlon energies of other defects WI" either stay
temperature. Some of these effects can be analyzed using offf Same or shift upwards in Fig. 4. Our conclusions regard-

results. ing the dominance of Zn vacancies in oxygen-rich material
By changing the Fermi level we can simulate the effect of2'€ therefore robust. _ o
changes in dopant concentration. It is clear from FigZs- The situation is more complex for Zn-rich material, in

rich condition$ that oxygen vacancies are lower in energyWhich the LDA results show oxygen vacancies to have the
than Zn interstitials for all Fermi-level positiorighe zn  |OWwest energies. The oxygen vacancy defect level is a com-

formation energy value being at least 1.2 eV higher than tha@ination of Zns and Op orbitals, as shown in Fig. 7. Be-
of Vo). Similarly, Fig. 4(for oxygen-rich conditionsshows cause the defect state exhibits some conduction-band charac-

that zinc vacancies dominate over the whole range of Fermit€": Its Ievel may be shifted up when the band-gap correction
level values. is applied. The formation energy ofé\? will remain un-
Changes in the environmental conditions should no€hanged since no electrons occupy the level in this case. In
change the conclusions either. In Fig. 5, we showittien- p-type Zn-rich material, oxygen vacancies will therefore re-
sic defect concentration as a function of the Zn partial presmain the dominant defect. The formation energy d,V
sure. In this case the Fermi level is determined by requirindiowever, may be affected, and shift to higher values. While
charge neutrality. Oxygen and zinc vacancies remain as thé is in principle possible that the formation energy of, v
predominant defects in the chemical potential range specifieould become larger than that of Znthis seems unlikely
by Eq. 8. Note that we are not considering the presence dince the Zfl formation energy will also be pushed to higher
defect complexes that can considerably change the presewdlues.(An analysis of the defect electronic density for; Zn
analysis. These complexes can be formed by the associatiosaveals conduction-band character and consequently the
between defects or dopants and defects. level is likely to shift upwards. However, as can be seen
Now we examine the sensitivity of our results to correc-from Fig. 3, for extreman-type conditions Zn vacancies may
tions of the LDA band gap. The LDAnderpredictdhe ZnO  actually become dominant.
band gap by 2.5 eV. Consequently, we can expect the calcu- Irrespective of the LDA errors, we conclude from our
lated defect levels in the gap to be lower than they would bealculations that the oxygen vacancy is a so-called
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O O S this level would be largely unaffected by the LDA band-gap
error. A transition between the conduction band anduvhe
@ S ® [ . . .
age o o acceptor level would thus give rise to luminescence around
2.6 eV, in reasonable agreement with the observed transition
o @ ° ° energy. In addition to the agreement with the observed tran-
of ° o sition energy, the Zn vacancy is also a likely candidate be-
cause it is an acceptor-type defect: acceptor defects are more
® * ¢ likely to occur inn-type material, and most ZnO material
o} O O O . .. . .
exhibits highn-type conductivity. This proposed explanation
° ° ° for the green luminescence is similar to the proposal that
o O o gallium vacancies are the source of the yellow luminescence
S o 7n L VA in GaN®3
o

Our calculations indicate that oxygen vacancies have a
+2/0 transition at an energy within the gap. As discussed
density corresponding to the2)f level at the ZnO band gap. The above, the position gf this level is rather uncertain dl_,le_to the
“X” indicates the position of the vacancy. Contour lines are sepa—LDA band gap error, the fact that the level occurs W'th'.n the
rated by 0.01e/A3. band gap QOes |nd|cate, howevgr, that oxygen vacancies can

also give rise to luminescence in ZnO.

FIG. 7. Contour plot, in the (T.’EO) plane, of the electronic

“negativeU” defect; indeed, with increasing Fermi level a V. CONCLUSIONS

transition occurs directly from the-2 to the neutral charge he ch o f nati int def . h
state, with the+1 charge state always being higher in energy:. The ¢ aracterization of native point defects in ZnG has
than the other two. important technological implications. In this work, we ap-

Because of limited computational resources, we did rm{;lied a first principles pseudopotential approach to this prob-

sample all the relevant charge states for all defects. Only fo m. .
zinc interstitials and zinc and oxygen vacancies were al V€ found the most abundant native defects to be Zn and

charge states taken into account. For oxygen interstitials, WQ vacancies depen_dmg on the Zn partial pressure. The va-
found that the more positive the defect charge is the lesidity of our conclusions was carefully checked with regard

stable the defect is. Consequently, only the lowest chargeld the LDA band-gap error, effects of the supercell approxi-

were sampled. Also in the same way as with the zinc interMation, and convergence of pseudopotential method param-

stitials, oxygen interstitials were always more stable in thee';)ers. O(;Jr_reszulg also suggest thfat the green Iumkl)nescence
octahedral sitéwe computed a few tetrahedrally positionedO served in ZnO may originate from transitions between

defects to check that this was actually the ¢gaBenally, for electrons in the conduction band and zinc vacancy levels.
' q We did not analyze here the effects of the association

zinc and oxygen antisites, we tested a few cases and verifigl) dif e ™ v Dl ;
their formation energies were always higher than the ones f etwgen ifterent defects. They certalny play an |mp9rtant
8Ie in other systems and we cannot discargriori their

Zn and O vacancy defects. Based on these calculations we d i S . .
not expect our conclusions to change if all possible charge fluence on j[he Zn0 properties. Estimating this effect will
states are considered. e the objective of future work.

As mentioned in the introduction, ZnO often exhibits
green luminescence, centered between 2.4 and 2.3-®V.
Our results for defect levels suggest a possible mechanism This work was supported by the Department of Energy,
for this emission. Defect levels correspond to transitions beOffice of Basic Energy Sciences under Contract No. DE-
tween charge states; these transitions in turn correspond ®G02-96ER45571. Dr. J. Hafner and Dr. G. Kresse are grate-
the kinks in the curves shown in Figs. 3 and 4. The transitiorfully acknowledged for providing us with the VASP pseudo-
level between the-1 and —2 charge states o¥,, occurs  potential code. We thank the San Diego Supercomputer
around 0.8 eV above the valence band. We argued above th@enter for the use of their computing facilities.
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