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Defect energetics in ZnO: A hybrid Hartree-Fock density functional study
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First-principles calculations based on hybrid Hartree-Fock density functionals provide a clear picture of the
defect energetics and electronic structure in ZnO. Among the donorlike defects, the oxygen vacancy and
hydrogen impurity, which are deep and shallow donors, respectively, are likely to form with a substantial
concentration in n-type ZnO. The zinc interstitial and zinc antisite, which are both shallow donors, are ener-
getically much less favorable. A strong preference for the oxygen vacancy and hydrogen impurity over the
acceptorlike zinc vacancy is found under oxygen-poor conditions, suggesting that the oxygen vacancy contrib-
utes to nonstoichiometry and that hydrogen acts as a donor, both of which are without significant compensation
by the zinc vacancy. The present results show consistency with the relevant experimental observations.

DOI: 10.1103/PhysRevB.77.245202

I. INTRODUCTION

With outstanding versatility in electrical, optical, and
chemical properties, ZnO is recognized as a key material in a
wide variety of commercial applications. Renewed interest
has recently emerged for its ultraviolet light emission
capabilities.! Despite the fact that a fair amount of funda-
mental research was stimulated by its technological impor-
tance, the defect that is relevant to the n-type conductivity of
undoped ZnO remains controversial. In the last decade, first-
principles studies have provided insight into the defect ener-
getics and electronic structure.>”'” The results rather consis-
tently indicate that the oxygen vacancy (V) has the lowest
formation energy among the donorlike defects but forms a
deep electronic state. The zinc interstitial (Zn;) can be a shal-
low donor but it has high formation energy. Whereas the
native defects are, thus, unlikely to be the major source of
the n-type conductivity, the hydrogen impurity was sug-
gested as a background shallow donor,>!! which is followed
by an experimental support.'®2! An optically excited meta-
stable configuration of V with a shallow donor state’ and
the complex of Zn; and the nitrogen impurity??> were also
proposed as candidates.

The theoretically derived defect energetics, however, pos-
sesses huge uncertainties due to the inaccurate description of
the band structure of ZnO in using the local density function-
als and the exceedingly slow energy convergence with the
supercell size. Notably, the local density approximation
(LDA) and generalized gradient approximation (GGA) yield
significantly underestimated band gaps, i.e., 0.7-0.8 eV,
compared to the experimental value of 3.44 eV.?} Two ad hoc
correction schemes, i.e., LDA+ U and empirical a posteriori
band-gap corrections, have been used. Unfortunately, the re-
sultant energetics even qualitatively depends on the correc-
tion procedures. For instance, the V formation energy is
reported to be between 0.8 and 3.7 eV, even using the same
plane-wave code but different correction schemes.’'l:1413
The situation is largely discomforting. Hence, a concise
treatment that allows for large supercells and accurate band
gaps is urgently needed. Hybrid Hartree-Fock density func-
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tionals seem to offer such a solution but the yet presented
calculations are limited to small supercells without finite-size
corrections'® or to an embedded cluster approach that does
not describe the delocalized conduction-band states well.!”
In this paper, we, thus, report a hybrid functional study on
the defects in ZnO, which is combined with careful finite-
size corrections. The results are discussed with a focus on the
energetics and electronic structure of the donorlike defects.

II. COMPUTATIONAL METHODS

The calculations were performed using the plane-
wave projector augmented-wave (PAW) method’* with the
Perdew-Burke-Ernzerhof (PBE) GGA functional, and the
PBEO0,%° and Heyd-Scuseria-Ernzerhof (HSE),?” hybrid func-
tionals as implemented in the VASP code.?®3 The screening
parameter in HSE was fixed at a value of 0.2 A~'27 The
implementation issues and extensive tests of these hybrid
functionals have been reported elsewhere.’!*> The PAW data
sets with radial cutoffs of 1.2, 1.0, and 0.6 A for Zn, O, and
H, respectively, were employed with a plane-wave cutoff en-
ergy of 300 eV, where Zn 3d, 4s, 4p, O 2s, 2p, and H 1s
electrons were described as valence electrons. For the native
defects, Vo, Zn; at the octahedral and tetrahedral sites [Zn;,
and Zn;,], the zinc antisite (Znp), and the zinc vacancy
(V,), as a representative acceptorlike defect,>4-6:810.14.15.17
were considered. Regarding the hydrogen impurity, a number
of different forms of shallow donors have been experimen-
tally observed.'®2! First-principles studies suggested the
presence of several stable/metastable sites for isolated inter-
stitial hydrogen®!? and its mobile nature, implying a trap by
other defects.!® Furthermore, hydrogen was predicted to oc-
cupy the substitutional oxygen site.'! Among the forms pro-
posed, we considered two characteristic cases: interstitial hy-
drogen at an energetically favorable Zn-O bond-center site
along the ¢ axis (H;) *'? and substitutional hydrogen at the
oxygen site (Hp).

For the defect calculations using the hybrid functionals,
192-atom cells and a I'-only k-point sampling were em-

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.245202

OBA et al.

ployed. The large cells were chosen to minimize the errors in
the finite-size corrections of formation energies, as will be
mentioned later. The I"-only sampling, however, was found
to cause relatively large errors in the formation energies of
Vo in the neutral and + charge states (denoted also as V(c)) and
V{ hereafter, where the superscripts designate the charge
states), and Zng in the 0—3+ charge states, i.e., 0.1-0.2 eV,
owing to the selective sampling of the bottom of the defect-
induced localized band with a slight dispersion. The errors
were corrected using the difference between the average of
the eigenvalues of the defect-induced band and the eigen-
value at the I' point. Systematic test calculations indicate that
after the corrections, the errors in the formation and transi-
tion energies are small for all the considered defects, i.e.,
~0.1 and ~0.05 eV, respectively. With the lattice constants
fixed at the optimized values for the perfect crystal, the in-
ternal coordinates in the defect supercells were relaxed to
reduce the residual forces to less than 0.05 eV/A. Spin po-
larization was taken into account for V{, Zn}, and V,,
which form half-occupied localized states.
The defect formation energy was evaluated as?

Ef=Ef_Ef_EA"iMi+qEF, (1)

where EY and EP denote the total energies of the supercell
containing a defect with the charge ¢ and the perfect-crystal
supercell, and An; is the difference in the number of constitu-
ent atoms of type i. u; and Ey are the atomic chemical po-
tential and the Fermi energy, respectively. u,, and ug were
assumed to vary between the oxygen-poor (zinc-rich) limit
[Mz0=Mznmur) and po=1/ 2po,+AH;, where AH; denotes
the heat of formation of ZnO] and the oxygen-rich limit
[MZn=MZn(bu1k)+AHf and po=1/ 2#02]- For hydrogen, uy
=1 /2,(/4.12 was taken as the hydrogen-rich (oxygen-poor)
limit. The calculated total energies of the Zn crystal, and the
O, and H, molecules were used as the respective chemical
potentials.

Errors in the defect formation energies due to the spurious
electrostatic interactions in the finite-sized cells were cor-
rected using the scheme proposed by Leslie and Gillan,>* and
by Makov and Payne.® It assumes that the interactions be-
tween the multipoles at the defect site, and those between the
multipoles and the jellium background, lead to L', 73, and
L™ dependences of the formation energies (where L is the
average interdefect distance). The L™! term corresponds to
the Madelung energy for an array of point charges ¢, in an
effective medium with a static dielectric constant ¢, E,
:aqg/ZeoL, where « is the appropriate Madelung constant.
This term is considered to be dominant for the charged de-
fects in the ionic crystals.3*3>

First, the corrections for the Madelung energies were ap-
plied to the formation energies that were calculated by using
the hybrid functionals. As will be detailed later, g. was de-
termined on the basis of the characteristics of defect-induced
electronic states instead of using the formal defect charge q.
For €, an experimental value of 8.1 (Ref. 36) was taken. The
formation energies after the Madelung energy corrections
were then extrapolated to the dilute (infinite cell-size) limit
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TABLE I. Calculated fundamental properties of ZnO

a c AHf E3d E

A A GV V) (V)

GGA-PBE 3.286 5.299 -2.82 —4.8 0.74
PBEO 3.257 5.223 -3.03 -59 3.18
HSE 3.261 5.225 -3.01 -5.8 2.49
HSE(a=0.375) 3.249 5.196 -3.13 -6.4 3.43
Experiment? 3.242 5.188 -3.63 -7.5 3.44

#Errors in the binding energy of the O, molecule associated with the
large PAW radial cutoff were corrected using the binding energy
calculated with a smaller radial cutoff of 0.6 A.

PReferences 23 and 39—41.

using L=* dependences derived from systematic calculations
with the GGA, which were scaled by the ratio of the GGA-
estimated €, to the experimental value. The large 192-atom
cells employed in the hybrid functional calculations were
confirmed to produce small errors in the extrapolation: The
mean (maximum) error was estimated to be 0.02 (0.06) eV.
The L3 dependent contributions, which are expected to be
sufficiently small for the large cells, were not considered.

The GGA calculations for the evaluation of the L= depen-
dences were performed using seven supercells with increas-
ing size, containing up to 784 atoms, and k-point sets corre-
sponding to 8 X 8 X 6 or denser meshes for the primitive cell.
A correction for filling the conduction band or emptying the
valence band*37 was considered.

III. RESULTS AND DISCUSSION

The fundamental properties of ZnO that were calculated
by using the hybrid functionals are summarized in Table I,
alongside those with the GGA and experimental values.
When compared to the GGA, the PBEO and HSE hybrid
functionals improve not only the band gap (E,) and the
Zn 3d position (E5;) but also the heat of formation (AHé)
and the lattice constants, as recently reported for HSE.?®
However, the underestimation of E, and the underbinding of
Zn 3d still prevail. This is particularly obvious for HSE,
yielding a gap of 2.49 eV. For the hybrid functionals, the
optimal amount of the nonlocal Fock-exchange can be sys-
tem dependent.”® By increasing the fraction from the original
value of a=0.25 to 0.375 within the formalism of HSE, E,
and E;, approach the experimental values. At the same time,
the lattice constants (a and c) and AH, are reproduced best,
which is an indispensable requirement for predicting accu-
rate defect energies. The defect calculations were, therefore,
mainly performed using HSE with the fraction of the nonlo-
cal exchange fixed at a=0.375. HSE shows much faster con-
vergence of the exchange energy with respect to the number
of k points than PBEO not only for metals but also for semi-
conductors and insulators,> which is advantageous in large-
scale hybrid functional calculations, as performed in the
present study. However, since the approach with an increased
fraction of the nonlocal exchange is semiempirical, selected
calculations were also performed using PBEO to confirm the
main results.
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FIG. 1. (Color online) Formation energies of Vg and Zn;, in
the neutral and 2+ charge states obtained by using the GGA as a
function of L' and L3 (where L is the average interdefect dis-
tance). The energies are for the oxygen-poor limit and the Fermi
energy at the valence-band maximum. The filled and open symbols
denote the values before and after the Madelung energy corrections
(Refs. 34 and 35).

For the finite-size corrections of the defect formation en-
ergies, the cell-size dependence was systematically investi-
gated by using the GGA for all the considered defects. As
typical examples, the results for V5 and Zny, in the neutral
and 2+ charge states are shown in Fig. 1. For charged de-
fects, the L~' and L=* dependences of the formation energies
are expected on the basis of the correction model by Leslie
and Gillan,** and by Makov and Payne.’> After subtracting
the Madelung energies (L~ dependences) estimated using
q.=q, i.e., formal defect charge, and €,=9.5, where overes-
timation of the electronic dielectric constant by the GGA is
taken into account,’®*> only nearly linear L™ dependences
are left, as illustrated for V5 and Zniz(;) in the right panel of
Fig. 1. This demonstrates the appropriateness of the correc-
tion model and that the formation energies can be extrapo-
lated to the dilute (infinite cell-size) limit using the L™ de-
pendences obtained by a linear fit.

The neutral defects show a noteworthy behavior. The for-
mation energy of V% only slightly depends on the cell size, as
expected from its neutral and localized nature. In contrast,
Zn?(o) shows a strong and nearly linear L~' dependence, as
recognized in the left panel of Fig. 1. The slope is almost
identical to that for Zn?(;), indicating the presence of a Made-
lung energy contribution with a similar magnitude. Indeed, a
Madelung energy correction for Zn?(o) using a charge of g.
=2 leads to a good linear L= dependence. As will be dis-
cussed later, the filling of conduction-band-like states with
delocalized character, occurring also for Zn,(,), Zng, H;, and
Hp, does not effectively screen the charge of the point de-
fect, leaving a long-range Madelung interaction between the
point defects even in the neutral supercells. A similar behav-
ior has been reported for the neutral defects in InP.** The
proper charge g. for the Madelung energy corrections is,
therefore, approximately given by the formal defect charge
plus the number of delocalized conduction-band electrons n,,
q.=q+n,, or minus the number of delocalized valence-band
holes n;, g.=q—n;. As will be shown later for the examples
of Vg and Zn;, these numbers are most easily determined by
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FIG. 2. (Color online) (a) Defect formation energies as a func-
tion of the Fermi energy at the oxygen-poor and oxygen-rich limits,
which were obtained using the HSE(a=0.375) hybrid functional
with the finite-size corrections. The slope corresponds to the charge
state. (b) Defect transition levels equivalent to the filled circles in

(a), alongside the relevant charge states.

inspecting the band structure: n,=2 for Zn! and ZnQ, n,=1
for Zn;, Zng, H?, and HOO, and n,/n,=0 for the rest. To
accurately predict the defect formation energies and transi-
tion levels, finite-size corrections including the Madelung
contributions are, thus, also required for noncharged defects
with extended defect states. This has not been done in any of
the previous studies.

Figure 2(a) presents the formation energies obtained using
the HSE(a=0.375) hybrid functional with the finite-size cor-
rections, as a function of the Fermi energy. The range of the
Fermi energy is given by the calculated valence-band maxi-
mum (0 eV) and conduction-band minimum (CBM) (3.4
eV). For each geometrical defect, only the charge states that
are energetically most favorable at a given Fermi energy are
shown. The Fermi energies at which the slopes change cor-
respond to the positions of thermodynamic transition levels,
which are also depicted in Fig. 2(b) together with the rel-
evant charge states.

Among the native donorlike defects, V; shows the lowest
formation energy under most conditions. Notably, the forma-
tion energy for the neutral state (V) is only 1.0 eV at the
oxygen-poor limit. It exhibits a 2+/0 transition level at 1.2
eV below the CBM, confirming the previously found
negative-U character, i.e., the instability of V§.24-10-14-16 The
zinc interstitials, Zn;,) and Zn;, have transition levels lo-
cated at ~0.05 and ~0.1 eV below the CBM, respectively.
These levels are regarded here as transition levels among the
three charge states, 2+/+/0, because the 2+/+ and +/0
transition levels are different only by less than 0.05 eV,
which is comparable to the accuracy of the present calcula-
tions. The possession of the 2+/+/0 transition levels near
the CBM indicates that the zinc interstitials are single or
double shallow donors, which is consistent with the experi-
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FIG. 3. (Color online) Band structure for the perfect crystal, Vg
in the neutral and 2+ charge states, and Zn;(,) in the neutral charge
state, which was obtained using the HSE(a=0.375) hybrid func-
tional. Shown below are the squared wave functions of the states
designated by the arrows, which are plotted for the middle of the
(0001) Zn and O planes adjacent to the defects. The projected Zn
and O atom positions are denoted with green (dark) and yellow
(light) circles, respectively.

mental report (donor energy: 0.03 eV).** However, for the
Fermi energy close to the CBM, the formation energies are
as high as 4 and 5 eV even at the oxygen-poor limit. There-
fore, the zinc interstitials are unlikely to form with a substan-
tial concentration in n-type ZnO. Zng also has a high forma-
tion energy under n-type conditions. In addition to the
shallow 2+/+/0 transition level, it shows 4+/3+ and 3
+/2+ levels located below the middle of the band gap. Un-
der oxygen-poor conditions and for a low Fermi energy, the
formation energy is negative. This also holds for the other
donorlike defects. A strong compensation of holes is there-
fore expected in ZnO grown under oxygen-poor conditions.
For the hydrogen impurity, our results support its proposed
role as a shallow donor.>!! Both H; and Hy show +/0 tran-
sition levels nearly on the CBM and the formation energies
are as low as that of V, at the hydrogen-rich (oxygen-poor)
limit.

Figure 3 shows the band structure for the 192-atom cells
containing VO, Vé*, and Zn?(o) that were obtained using the
HSE(a=0.375) hybrid functional, alongside the band struc-
ture for the perfect crystal. For V2, a localized occupied state
is recognized in the band gap at 2.5-2.6 eV below the CBM.
It is accompanied by a significant inward relaxation of the
first-nearest-neighbor Zn ions by 10%, in stark contrast to
the behavior of Vé* with an outward relaxation by 23%, and
no localized states in the band gap. Zn?(o) leads only to small
changes around the band gap. The highest occupied state is
delocalized, which is comparable to the bottom of the con-
duction band in the perfect crystal. Due to this delocalized
character, the removal of the electrons, i.e., changing the
charge state to + or 2+, does not alter the band structure. A
similar character for the defect electronic state was also
found by using the GGA. The defect state of Zn?(o) is best
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described as a Zn* ion and two dispersed electrons located
in the conduction band. If a finite-sized supercell is used to
calculate the formation energy, the interaction energy be-
tween the ion and the two electrons in the conduction band is
overestimated, and one can estimate the error by calculating
the electrostatic interaction between +2 point charges and a
homogeneous background with a total charge of —2 divided
by the static dielectric constant. This is exactly the same
correction usually applied for charged defects and it is easy
to recognize that the combined correction is given by the
Madelung energy of point charges ¢. in a homogeneous
background charge, where ¢, is the formal defect charge plus
the number of delocalized conduction-band electrons n,, g,
=g+n,. This implies that for Zn;,), the same Madelung cor-
rection must be applied regardless of the formal charge state.
A similar behavior in the band structure and the cell-size
dependence was found for Zn;(, Zng, H;, and Ho,

The defect formation energies and transition levels deter-
mined in the present study not only show similarities but also
important dissimilarities to the previous reports.>'7 (i) The
thermodynamic transition level of H; is predicted to be lo-
cated just below the CBM in all the studies. (ii) The 2+/0
thermodynamic transition level of V( is estimated to be 1.2
eV below the CBM by using the present HSE(a=0.375) cal-
culations. We obtained the same value using PBEO. An
LDA + U-based approach yields 1.0 eV,”!! whereas the un-
corrected GGA value is 0.1 eV with a large uncertainty due
to the exceedingly small gap. The convergence to a single
value of ~1 eV below the CBM for all methods that predict
sufficiently large band gaps strongly supports the present
value. This is in contrast to a posteriori band-gap corrections
to the LDA/GGA that yield much deeper levels (e.g., 2.2 eV
reported in Ref. 8). (iii) Optical V, transition levels: A recent
B3LYP hybrid functional study provided a very deep transi-
tion level for Vo, i.e., 3.0 eV below the CBM.!® This level
was determined using the one-electron energy of VOO at the
I'-point, and as shown in Fig. 3, the HSE(¢=0.375) one-
electron energy at the I'-point, i.e., 2.6 eV below the CBM is
close to this value. The main origin of the large difference
between the one-electron energies and the thermodynamic
transition energies is the huge relaxation energy of 4.2 eV
(Stokes shift), which happens when two electrons are re-
moved from V9 to form V3" In fact, the optical transition
energy for exciting an electron from the V% defect state to the
CBM (V) — V§+e7), without ionic relaxation, is determined
to be 2.6 eV, which is identical to the one-electron energy.
This value is in reasonable agreement with the experimental
onset for the creation of paramagnetic centers (3.1 eV).?

Concerning the formation energies, the correction
schemes for the LDA/GGA show a huge spread, as men-
tioned for an example of V in the introduction. (i) The Vi
formation energy of 1.0 eV using HSE(a=0.375) at the
oxygen-poor limit (0.9 eV using PBEQ) is close to a straight-
forward GGA value and that with a posteriori band-gap
corrections® (both 0.8 eV), whereas the LDA+ U-based ap-
proach provides a much higher value (3.7 eV in Refs. 10 and
11). It is noted that our value of ~1 eV is low enough to
account for the observed nonstoichiometry: e.g., 190 ppm for
the specimen treated at 1373 K. (ii) The formation energies
of H; and Hg at the hydrogen-rich limit, which are 1.2 eV or
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lower depending on the Fermi energy, are also close to an
experimental estimate of 0.8 eV,*’ again in contrast to the
LDA+U-based approach yielding 2.6 and 2.7 eV,
respectively.!! (iii) Another consistency between our results
and the experimental observation is found in the relative de-
fect energetics: a strong preference for the donorlike defects
over acceptorlike V,, under oxygen-poor conditions. This
tendency is readily expected from the nonstoichiometric and
n-type behavior of ZnO but has not been reproduced by the
previous calculations other than applying a posteriori band-
gap corrections to the LDA/GGA, as suggested in Refs. 4
and 8. Since V,, is not expected to exert significant effects
on the composition and carrier concentration under oxygen-
poor conditions, V, (and also Hp, which can be regarded as
a complex of Vg and H;) should dominantly contribute to
nonstoichiometry, and the hydrogen impurities, H; and H,
and/or metastable V, with a shallow donor state’ can effec-
tively act as donors. The present hybrid functional approach
in conjunction with careful finite-size corrections for both
charged and noncharged supercells, thus, provides defect en-
ergetics consistent with the relevant experimental observa-
tions.

IV. CONCLUSIONS

The native defects and the hydrogen impurity in ZnO
were investigated using first-principles calculations based on
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hybrid Hartree-Fock density functionals in conjunction with
careful finite-size corrections. The results provide a clear pic-
ture of the defect energetics and electronic structure. Among
the donorlike defects, V, as a deep donor, and H; and Hg as
shallow donors, are likely to form with a substantial concen-
tration in n-type ZnO. Zn; and Zng are shallow donors but
their formation is energetically much less favorable. A strong
preference for Vg, H;, and Hg over acceptorlike V,, is found
under oxygen-poor conditions. It is therefore suggested that
Vo (and also Hp) contributes to nonstoichiometry, and H;
and Hg act as donors, both without significant compensation
by V,,. The present approach provides defect energetics in
ZnO consistent with the relevant experimental observations
without resorting to the empirical corrections for the valence
and conduction-band positions. This constitutes a major step
forward in modeling the complex behavior of semiconduc-
tors.
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