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Defect analysis and engineering in ZnO
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Abstract

Zinc oxide has numerous applications in electronic and optoelectronic devices. Progress is currently hampered by a
lack of control over electrical conductivity: ZnO is typically n-type conductive, the cause of which has been widely

debated. A first-principles investigation, based on density functional theory, shows that native defects are unlikely to be
the cause of the unintentional n-type conductivity. Detailed results for the oxygen vacancy show that it is a deep donor,
and that its paramagnetic state is metastable. An investigation of likely donor impurities reveals that hydrogen acts as a

shallow donor. Experimental results are discussed in the light of these new insights. r 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Zinc oxide is a wide-band-gap semiconductor with

numerous technological applications. Its strongly non-
linear resistance makes it useful for varistors, its large
piezoelectric constants enable applications in transdu-

cers, and its luminescence is used in phosphors. The
properties of ZnO surfaces are sensitive to the presence
of adsorbates, allowing applications as sensors. ZnO

also exhibits large optical nonlinearities that can be
exploited in optical devices, and a high thermal
conductivity that makes it suitable as a substrate for
growth of other materials, including GaN. ZnO has a

band gap of 3:4 eV; very close to that of GaN. It thus
lends itself to similar applications as GaN in optoelec-
tronics, i.e., light emitting diodes and lasers in the blue

and UV region of the spectrum. Efficient excitonic
emission should be possible at room temperature due to
the large exciton binding energy ð60 meVÞ: For compar-
ison, the exciton binding energy in GaN is 25 meV:
Optically pumped lasing has already been reported in
ZnO platelets [1], thin films [2], clusters consisting of

ZnO nanocrystals [3], and ZnO nanowires [4].

ZnO can be grown with a variety of techniques,
including vapor-phase transport [5], hydrothermal
growth [6], chemical vapor deposition (MOCVD) [7],

laser ablation [8] and sputtering [9]. Most of these
growth techniques produce ZnO that is highly n-type.
This high level of n-type conductivity is very useful for

some applications, such as transparent conductorsFbut
in general, it would be desirable to have better control
over the conductivity. In particular, the ability to reduce

the n-type background and to achieve p-type doping
would open up tremendous possibilities for device
applications, in general, and for light-emitting diodes
and lasers, in particular.

Because of its widespread occurrence, the uninten-
tional n-type conductivity has conventionally been
attributed to native defects. In particular, zinc inter-

stitials (Zni) and oxygen vacancies (VO) are expected to
act as donors, and have frequently been invoked as the
source of high carrier concentrations. Recent first-

principles investigations [10,11], however, have revealed
that none of the native defects exhibits characteristics
consistent with a high-concentration shallow donor.

Zinc interstitials have high formation energies and low
diffusion barriers; they are thus unlikely to be incorpo-
rated in a stable fashion. As to oxygen vacancies, the
main problem is that they are deep rather than shallow

donors. We will discuss their electronic and structural
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properties in more detail in Section 3. Our numerical
results on native defects are very similar to those of

Zhang et al. [12], but we differ in the interpretation of
those results.
Having concluded that native defects are not the cause

of n-type conductivity, we must turn to extrinsic sources,
i.e., impurities that are unintentionally incorporated. We
have proposed that hydrogen is an excellent candidate
for such an impurity [13]. Hydrogen is ubiquitous and

very difficult to remove from the crystal growth
environment. It also forms a strong bond with oxygen,
providing a powerful driving force for its incorporation

in the ZnO crystal. The resulting O–H bonding unit can,
in fact, be regarded as a new type of dopant atom, the
addition of the proton turning the oxygen into an

element behaving more like fluorine. Details of the
behavior of hydrogen in ZnO are discussed in Section 4.
We will discuss experimental evidence for this proposal,

including some very recent results for muonium, a
pseudo-isotope of hydrogen [14,15].

2. Methods

Our first-principles calculations are based on density-
functional theory (DFT) within the local density

approximation (LDA) [16,17] and the pseudopotential
plane-wave method [18]. We have studied both the
zinc-blende (ZB) and the wurtzite (WZ) structure; the
latter is the stable phase for ZnO. Properties of native

defects and impurities are very similar in both
phases; unless specifically mentioned, the results below
are for WZ. Our defect and impurity studies were

carried out in supercells containing up to 96 atoms
for the WZ structure and up to 64 atoms for the ZB
structure, using 2 or 3 special k-points in the irreducible

part of the Brillouin zone. Effects of the Zn 3d states
were included using the nonlinear core correction
(nlcc) [19], using an energy cutoff of 40 Ry: Test
calculations with explicit inclusion of the Zn 3d

electrons as valence electrons (with a 70 Ry cutoff)
confirmed the validity of the conclusions obtained with
the nlcc.

Formation energies are foremost among the quantities
that can be derived from the first-principles calculations.
In equilibrium, the formation energy Ef determines the

concentration c of the impurity in the semiconductor
through the expression

c ¼ Nsites expð�Ef=kTÞ; ð1Þ

where Nsites is the number of sites in the lattice where the

impurity can be incorporated, k is Boltzmann’s con-
stant, and T is the temperature. The formation energy of
a hydrogen interstitial in charge state q is defined as

Ef ðHqÞ ¼ EtotðHqÞ � EtotðbulkÞ � mH þ qEF; ð2Þ

where EtotðHqÞ is the total energy derived from a
supercell calculation for the hydrogen interstitial,

and EtotðbulkÞ is the total energy for a supercell
containing only bulk ZnO. mH is the hydrogen
chemical potential, i.e., the energy of the reservoir with

which H atoms are exchanged. For presentation
purposes, we will fix the value of mH to half the energy
of an H2 molecule. EF; finally, is the Fermi level, i.e., the
chemical potential of the reservoir with which electrons

are exchanged.
Defects and impurities often introduce levels in the

band gap; these transition levels can be obtained based

on our calculated total energies. The transition level
eðqþ 1=qÞ is defined as the Fermi-level position for
which the formation energies of charge states qþ 1 and
q are equal. It is well known that DFT produces band
gaps significantly smaller than experiment. When
performing calculations for defects and impurities, the

band-gap error introduces uncertainty in the position of
the transition levels. We have addressed this uncertainty
by comparing results obtained with the nlcc approach
with those including full treatment of the 3d states. Such

a comparison highlights the systematics in the behavior
of the defect levels.

3. Oxygen vacancies

Our calculations show that the defects that are
favored by Zn-rich conditions (VO; Zni; and ZnO) all
behave as donors. Among these, the oxygen vacancy has

the lowest formation energy. The oxygen vacancy has
frequently been invoked as the source of n-type
conductivity in ZnO. Our results indicate that this
assignment cannot be correct. First of all, the formation

energy of VO is quite high under n-type conditions, even
under Zn-rich conditions. More importantly, however,
the oxygen vacancy is a deep rather than a shallow

donor. Our calculated energies for the various charge
states of VO are shown in Fig. 1.
We find that the oxygen vacancy is a ‘‘negative-U’’

center, implying that eð2þ =þÞ lies above eðþ=0Þ in the
band gap. As the Fermi level moves upward, the charge-
state transition is thus directly from the 2+ to the 0

charge state, at an energy about 2:7 eV above the
valence band. It is clear that the oxygen vacancy cannot
provide electrons to the conduction band in a stable
manner, and therefore it cannot be a source of n-type

conductivity.
An alternative way to express the negative-U behavior

of VO is to say that V
þ
O is always higher in energy than

either V2þO or V0O; for any Fermi-level position. The
positive charge state is thus never thermodynamically
stable. This is an important finding, because it is the

positive charge state, with its unpaired electron, that is
detectable by magnetic resonance techniques. We thus
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do not expect to observe an electron paramagnetic
resonance (EPR) signal associated with VO under
thermodynamically stable conditions. It is, of course,

possible to create oxygen vacancies in the + charge state
in a metastable manner, for instance by excitation with
light. Once generated, Vþ

O does not immediately decay

into the 2þ or 0 charge state because of energetic
barriers. These barriers are associated with the large
lattice relaxations that occur around the oxygen
vacancy; these relaxations are very different for the

different charge states. We thus expect that at low
enough temperatures EPR signals due to Vþ

O may be
observed upon excitation, but if the excitation is

removed and the temperature is raised, these signals
will decay.
These theoretical results shed light on a rather

confused situation in the experimental literature, which
contains numerous reports of EPR measurements on
oxygen vacancies. Space does not permit to provide a

comprehensive list of references here, but the observa-
tions fall into two broad categories: those with g values
E1:96; and those with gE1:99: In our opinion, it is the
gE1:99 signal that corresponds to VO: Smith and Vehse
[20] reported that the gE1.99 center is light sensitive,
and they also observed hyperfine interactions with the
Zn neighbors of the vacancy. Similar hyperfine structure

was observed by Gonzalez et al. [21]. Soriano and
Galland [22] subsequently showed that illumination is
necessary to observe the gE1:99 line, and measured its
decay after illumination is turned off. The light
sensitivity and metastability are consistent with our
results for the oxygen vacancy.
With regard to the gE1:96 signal, a table with

reported results up to 1970 can be found in Ref. [23].

Numerous authors have attributed the gE1:96 line to
oxygen vacancies; however, the evidence for this was

much less convincing than in the case of the gE1:99 line.
It is much more likely that the gE1:96 signal is
associated with electrons in the conduction band or in

a donor band, as originally proposed by M .uller and
Schneider [24].

4. Hydrogen in ZnO

The behavior of hydrogen in ZnO is highly unusual.
In all other semiconductors studied to date, hydrogen
has been found (theoretically as well as experimentally)

to act as an amphoteric impurity [25,26]: in p-type
material, hydrogen incorporates as Hþ; and in n-type
material as H�; always counteracting the prevailing
conductivity of the material. This amphoteric behavior

precludes hydrogen from acting as a dopant, i.e., from
being a source of conductivity of the material. In ZnO,
however, we find that hydrogen occurs exclusively in the

positive charge state, i.e., it always acts as a donor.
The calculated formation energy for H in ZnO is

displayed in Fig. 2. The lowest energy position for Hþ is

at the bond-center (BC) site, with the antibonding (ABO)
position slightly higher in energy. H0 and H� are never
stable in ZnO. We obtained this result by carefully

checking the nature of the energy level in the band
structure that is occupied with one or two electrons in
the H0 and H� calculations. When H is at the ABZn site,
the corresponding state is indeed localized near the H

atom; but at this site, the energies of H0 and H� are
always higher than that of Hþ; for all Fermi-level
positions. When H is at the BC or ABO sites, the

occupied state turns out to be an extended state. Correct
calculations for H0 and H� should therefore not place

Fig. 1. Relative formation energies of various charge states of

oxygen vacancies in ZnO as a function of Fermi level, obtained

from DFT-LDA calculations. The formation energy of the

neutral charge state is chosen as the reference, and the zero of

Fermi energy is chosen at the top of the valence band.

Transition levels and the value of U are indicated.

Fig. 2. Formation energy of interstitial hydrogen in ZnO as a

function of Fermi level, obtained from DFT-LDA calculations

and referenced to the energy of a free H2 molecule. Zero-point

energies are included. The zero of Fermi energy is chosen at the

top of the valence band.
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electrons in this stateFthe actual hydrogen-induced
energy level occurs higher in the band structure. When

these considerations are taken into account, ABO and
BC are found to be even higher in energy than ABZn for
both H0 and H�:
Coming back to the positive charge state, we note that

Hþ prefers sites where it can strongly bind to an oxygen
atom, forming an O–H bond with a length of 0.99–
1:01 (A: Large lattice relaxations occur around the

hydrogen interstitial; in particular, for the BC config-
uration the Zn atom moves outward over a distance
equal to 40% of the bond length ð0:8 (AÞ; to a position
slightly beyond the plane of its nearest neighbors.
Simultaneously, the O atom moves outwards by 11%
of the bond length. For the AB configuration, the

relaxation of both Zn and O amounts to about 20% of
the bond length.
Interestingly, such large relaxations are not unique to

hydrogen. We have performed calculations for fluorine
in ZnO, which we find to be a shallow donor, in
agreement with experiment [27]. For Fþ; we find a large
displacement of one of the neighboring Zn atoms away

from the F atom, by 25% of the bond length; the F atom
itself moves outward by 12% of the bond length. The
bond between the F atom and one of its Zn neighbors is

thus effectively broken. Such large relaxations are
usually thought of as giving rise to deep (localized)
states, but here we find that F still behaves as a shallow

donor.
Hydrogen is, of course, a very plausible impurity to be

unintentionally incorporated during growth or proces-
sing. Hydrogen can indeed be present in all of the

growth techniques mentioned in Section 1. Experimental
indications for hydrogen’s behavior as a donor in ZnO
were reported in the 1950s [28–30]. ZnO was, in fact, the

first semiconductor in which the properties of hydrogen
were systematically studied. Those results, however,
went largely unnoticed during the upsurge in research

activity on hydrogen in semiconductors that started
about 30 years later. Thomas and Lander [29] observed
an increase in n-type conductivity when H diffuses into

ZnO. They actually used the measured conductivity as a
function of temperature to derive the solubility of H in
ZnO, and found the heat of the reaction H2�
ðgasÞ-2Hþ þ 2e to be 3.2, or 1:6 eV per hydrogen.

This value should correspond (within small correction
terms) to the formation energy for Hþ in ZnO as defined
above and plotted in Fig. 2. For EF ¼ Ec; this formation
energy is 1:56 eV; in very good agreement with the
experimental value.
More recent experiments have also proved consistent

with the nature of hydrogen as a donor. An increase in
conductivity upon exposure to H2 was observed by Baik
et al. [31], and by Kohiki et al. [32] who introduced

hydrogen by proton implantation followed by annealing
at 200oC:

Finally, we mention the very recent results obtained
with the muon spin rotation technique [14,15]. Muo-

nium is a pseudo-isotope of hydrogen and is expected to
exhibit a very similar electronic structure. Muonium in
ZnO was observed to exhibit all characteristics of a

shallow donor (including ionization behavior consistent
with a level close to the conduction band, and a
delocalized wave function), confirming the model that
H acts as a shallow donor.

Controlling the background n-type conductivity is an
essential first step towards achieving p-type doping.
Nitrogen seems to be a good candidate acceptor, and,

interestingly, the simultaneous incorporation of hydro-
gen may actually be beneficial for achieving p-type
doping. As previously discussed in the context of p-type

doping of GaN [33], hydrogen has the beneficial effect of
increasing acceptor solubility and suppressing compen-
sation by native defects. Whether this type of dopant

engineering also works in the case of ZnO will depend
on the binding and dissociation energies of N–H
complexes, and on the barriers that need to be overcome
to remove H from the vicinity of the acceptors during a

post-growth anneal.

5. Conclusions

We have reported first-principles results for native
defects and for hydrogen in ZnO. We argue that native

defects do not provide a consistent explanation for the
observed n-type conductivity, pointing towards an
extrinsic impurity as the cause. In particular, we note

that the oxygen vacancy is a deep acceptor, with
metastable behavior consistent with the experimentally
observed gE1:99 EPR center. As to the nature of the

unintentional impurity, we propose that hydrogen is a
plausible candidate.
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