
Chapter 2

Controlling the Conductivity in Oxide
Semiconductors

A. Janotti, J.B. Varley, J.L. Lyons, and C.G. Van de Walle

2.1 Introduction

Oxide semiconductors occur in a variety of crystal structures and exhibit diverse

electronic and optical properties. Controlling the electrical conductivity in oxide

thin films and nanostructures is an important step toward their application in

electronics and optoelectronics. Here we discuss the results of first-principles studies

of the effects of native point defects and impurities on the electronic properties of

semiconducting oxides such as ZnO, SnO2, and TiO2. We address the possible

causes of the often observed unintentional n-type conductivity in these oxides

and the prospects of achieving p-type conductivity. In the case of ZnO and SnO2,

it is found that the unintentional conductivity is not due to oxygen vacancies or

cation interstitials, but rather to the incorporation of donor impurities, with hydrogen

being a likely candidate. Although the calculations were aimed at understanding

the behavior of defects and impurities in bulk single crystals, the main results and

conclusions are expected to be valid for thin films and nanostructures.

ZnO, SnO2, and TiO2 are wide-band-gap materials and can be made highly

conductive [1–8]. Yet the control of conductivity poses serious challenges and

constitutes an important step toward the development of electronic devices based

on oxide thin films or nanostructures. It has long been thought that intrinsic defects

such as oxygen vacancies are responsible for the observed n-type conductivity,

largely based on experiments in which the conductivity is measured as a function of

the oxygen content in the annealing environment [9–15]. Still the identification
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of oxygen vacancies has remained quite elusive, and recent efforts to enhance the

performance of these oxides have highlighted the fact that the causes and

mechanisms of conduction are poorly understood. First-principles calculations for

ZnO and SnO2 have casted severe doubts on the hypothesis that oxygen vacancies

are sources of conductivity. The results indicate that oxygen vacancies are deep

rather than shallow donors and cannot cause conductivity [16–19].

Recent studies indicate that unintentional impurities are most likely the source

of the observed unintentional conductivity in oxides [4, 5, 19–26]. Most growth

techniques introduce impurities through the sources or as contaminants; even in

ultrahigh vacuum, impurities such as hydrogen are present at high enough levels

to incorporate in sizable concentrations in materials in which their solubility is

high [22]. Hydrogen is indeed a particularly insidious impurity in this respect,

since it is notoriously difficult to detect experimentally.

Based on first-principles calculations it has been suggested that interstitial hydro-

gen is a plausible cause of unintentional doping in ZnO [20–22], a proposal now

confirmed by numerous experimental studies [27–31]. Later, it has been proposed

that two forms of hydrogen can act as electrically active impurities: interstitial

hydrogen, which prefers to attach to an oxygen host atom and diffuses easily, and

substitutional hydrogen on an oxygen site, which is more stable and can alternatively

be regarded as a complex consisting of hydrogen and an oxygen vacancy [23]. Both

these species were predicted to act as shallow donors in ZnO [23] and SnO2 [19, 24].

These predictions have been recently confirmed by experiments [32, 33].

In Sect. 2.2, the formalism for calculating defect formation energies and the

computational approach are described; Sect. 2.3 addresses the electronic properties

of native defects and impurities in ZnO, SnO2 and TiO2, and Sect. 2.4 concludes the

paper.

2.2 Formalism and Computational Approach

The formation energy is a key quantity in the description of the electronic

structure and stability of point defects and impurities in solids. Defects that

occur in low concentrations have a small or negligible impact on conductivity;

only those whose concentration exceeds a threshold will have observable effects.

The concentration is determined by the formation energy through the expression

c ¼ Nsites expð�Ef=kTÞ; (2.1)

where Ef is the formation energy, Nsites is the number of sites on which the defect

can be incorporated, k is the Boltzmann constant, and T is the temperature.

To illustrate the definition of the formation energy for a point defect [34–36],

we take the specific example of an oxygen vacancy in a 2+ charge state in ZnO:

EfðV2þ
O Þ ¼ EtotðV2þ

O Þ � EtotðZnOÞ þ mO þ 2EF; (2.2)
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where EtotðVq
OÞ is the total energy of the supercell containing the defect,

and Etot(ZnO) is the total energy of the ZnO perfect crystal in the same supercell.

The Fermi energy EF is the energy of the reservoir in the solid, with which

electrons are exchanged. The oxygen atom that is removed is placed in a reservoir

with energy mO, i.e., the oxygen chemical potential. We note that mO is a variable

in the formalism, corresponding to notion that ZnO can be grown under conditions

that vary from the oxygen-rich to the oxygen-poor limit. The oxygen chemical

potential mO is subject to an upper bound equal to the energy per atom of an O2

molecule. The sum of mO and mZn corresponds to the energy of ZnO, which is

essentially the stability condition of ZnO. An upper bound on mZn, set by the

energy per atom of bulk Zn, therefore leads to a lower bound on mO. Therefore,
the range over which the chemical potentials can vary is given by the enthalpy of

formation of ZnO (exp.: �3.60 eV [37]).

Defects are usually electrically active, occurring in charge states other than

neutral. For each position of the Fermi level, one particular charge state has the

lowest energy. The Fermi-level positions at which the lowest energy charge state

changes are called transition levels. Once the formation energies are known,

the transition levels immediately follow by taking energy differences:

eðq=q0Þ ¼ ½EfðDq;EF ¼ 0Þ � EfðDq0;EF ¼ 0Þ�=ðq0 � qÞ; (2.3)

where Ef(Dq; EF ¼ 0) is the formation energy of the defect D in the charge state q
when the Fermi level is at the valence-band maximum (EF ¼ 0). When atomic

relaxations are fully included in the calculation of the formation energies for both

charge states, a thermodynamic transition level is obtained. The experimental

significance of this level is that for Fermi-level positions below e(q/q0) charge
state q is stable, while for Fermi-level positions above e(q/q0), charge state q0

is stable. The transition levels should not be confused with the single-particle

Kohn-Sham states that result from band-structure calculations for a single charge

state. We also note that in optical experiments (luminescence or absorption)

the final state may not be completely relaxed, leading to different values for

optical levels [35].

Formation energies, such as in (2.2), can be explicitly calculated based on

density functional theory (DFT) [38] calculations. DFT calculations have tradition-

ally used the local density approximation (LDA) [39] or generalized gradient

approximation (GGA) [40, 41]. The use of DFT-LDA/GGA implies that the band

gap is not properly described, and states within the band gap will therefore be

affected as well. If these states are occupied with electrons, the formation energy of

the defect will also reflect these errors. Several approaches have been developed

to overcome these problems: (1) the LDA + U approach [42], which was used to

correct the semicore d states in ZnO, thus providing a partial correction to the band
gap; in conjunction with LDA, the LDA + U results were used to correct defect

formation energies and transition levels in ZnO [16–18]. (2) The screened hybrid

functional of Heyd, Scuseria, and Ernzerhof (HSE) [43], which is based on the
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inclusion of a small fraction of nonlocal exchange in the Hamiltonian within a

sphere of a certain radius, thus describes metals and insulators on the same footing;

this is important since it allows for the computation of formation energies that take

metals as limiting phases in the evaluation of chemical potentials [26, 44]. (3) The

Green’s-function-based quasiparticle GW method [45, 46], which combined with

LDA allowed for precise calculations of defect formation energies and transition

levels, as illustrated with the case of the self-interstitial in Si [47]. The calculations

discussed in this chapter are based on the DFT within the LDA/LDA + U approach,

or the screened hybrid functional (HSE). These calculations made use of projected

augmented wave potentials [48, 49] to separate valence from core electrons, as

implemented in the VASP code [50, 51].

2.3 Results and Discussion

2.3.1 ZnO

Zinc oxide has a direct band gap of 3.4 eV, an exciton binding energy of 60 meV,

and is available as large single crystals [1–5]. As such, ZnO has been considered

a promising material for light emitting diodes and laser diodes that operate in the

blue-UV spectral region, and for high-power, high-frequency, or thin-film transistors.

It has also been demonstrated that ZnO can be made in nanostructures with a variety

of morphologies such as wires, helices, belts, and springs which can be useful in gas

sensors, transducers, and actuators at the nanoscale [52]. However, the development

of ZnO for these various applications has been hindered by a lack of understanding

and difficulties in controlling the electrical conductivity [1–5]. ZnO in bulk and

thin-film forms is almost always n-type [2, 53], the cause of which has been hotly

debated. In addition, many reports on p-type ZnO have appeared in the literature

[54–60], but reliability and reproducibility are still questionable.

The observed n-type conductivity in “undoped” ZnO has long been attributed

to the presence of native point defects such as oxygen vacancies or zinc

interstitials [2, 9–11]. However, the identification of such defects in as-grown

(as opposed to irradiated) material has been rather vague, and the evidence of their

relation to the observed conductivity has always been indirect, e.g., based on the

variation of conductivity with O2 partial pressure in the annealing environment.

On the contrary, first-principles calculations indicate that neither O vacancies nor

Zn interstitials can explain the observed n-type conductivity in ZnO [16–18].

Recent experiments on high-quality bulk single crystals indeed support these

results [61, 62].

The calculated formation energy as a function of the Fermi-level position for

native donor defects in ZnO, under O-poor conditions, is shown in Fig. 2.1. These

calculations were based on a combination of LDA and LDA + U as described in

[17, 18]. The results indicate that oxygen vacancy is a deep donor with a transition

26 A. Janotti et al.



level e(2+/0) about 1 eV below the conduction band. Therefore, VO is stable in

the neutral charge state in n-type ZnO and, thus, cannot explain the observed

n-type conductivity. The ionization energy of �1 eV indicates that VO will not be

ionized even at temperatures well above room temperature. The zinc interstitial is

a shallow donor, but it is not thermally stable. It has high formation energy in

n-type ZnO and migrates with an energy barrier of only 0.6 eV [18], i.e., Zn

interstitials are mobile even below room temperature. Zinc antisites (ZnO) are also

shallow donors, stable in the 2+ charge state for Fermi-level positions near the

conduction band. The large off-site displacement of the Zn atom indicates that

Zn2þO is actually a complex of V0
O and Zn2þi . The high formation energy in n-type

ZnO indicates that Zn2þO is unlikely to play a role in the observed unintentional

conductivity in as-grown or annealed materials, unless Zn2þO is created by

nonequilibrium processes such as irradiation. Similar results and conclusions

based on more sophisticated and computationally demanding hybrid functional

methods have been published more recently [63].

Having established that native defects cannot explain the observed unintentional

n-type conductivity in ZnO, one has to consider the role of impurities that are

most likely to be present in different growth environments and act as donors.

One such impurity is hydrogen. First-principles calculations have shown that

interstitial hydrogen behaves as a shallow donor in ZnO [20, 21]. This is some-

what counterintuitive because hydrogen typically acts as a passivating agent in

semiconductors, reducing the electrical conductivity rather than being a source of

doping. The theoretical prediction was quickly confirmed in numerous experiments

(summarized in [4]).

Fig. 2.1 Formation energy as

a function of Fermi-level

position for donor centers in

ZnO: substitutional hydrogen

HO, interstitial hydrogen Hi,

oxygen vacancy VO, zinc

interstitial Zni, and zinc

antisite ZnO. These were

calculated according to the

LDA/LDA + U method as

described in [18]. Only the

results for oxygen-poor

conditions are shown. The

zero of Fermi level

corresponds to the valence-

band maximum. The slope
of the line segments indicates

the charge state. The kink

in the formation-energy curve

of VO at EF ¼ 2.4 eV

indicates the e(+2/0)
transition level
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Nevertheless, interstitial hydrogen is highly mobile [64, 65] and thus can be

removed from ZnO by annealing at relatively modest temperatures (�150�C).
There are clear experimental indications, however, that hydrogen also exists as a

more thermally stable donor that persists upon annealing [29, 66] at temperatures up

to �500�C. Based on first-principles calculations it has been proposed that this

additional hydrogen-related donor species consists of a hydrogen atom occupying a

substitutional oxygen site [23]. The substitutional hydrogen species is more stable

than interstitial hydrogen in ZnO, with a diffusion barrier consistent with the

observed reduction in hydrogen activity above �500�C [29, 66].

The calculated formation energies of interstitial hydrogen Hi and substitutional

hydrogen HO are also shown in Fig. 2.1. Interstitial hydrogen strongly bonds to

oxygen, by breaking a Zn–O bond. It can occupy different positions in the ZnO

lattice: bond-center and antibonding sites next to oxygen, parallel to the c-axis or
forming an angle of about 112� with the c-axis. In all these configurations,

interstitial hydrogen results in effective-mass shallow donor levels, and has

similar formation energies, within less than 0.2 eV. We find that the bond-center

configuration with an O–H distance of 1.05 Å gives the lowest formation energy.

Substitutional hydrogen HO, on the other hand, bonds equally to all four

nearest-neighbor zinc atoms in a multicenter bond configuration and also results

in an effective-mass shallow donor. Its formation energy is only � 0.1 eV higher

than that of interstitial hydrogen in oxygen-poor conditions. The electronic

structure and bonding properties of HO were discussed in [23]. The formation

energy, and hence the solubility of substitutional hydrogen, is consistent with

observed concentrations; furthermore, because it replaces oxygen, hydrogen can

also explain the observed dependence of unintentional n-type conductivity on the

oxygen partial pressure in the growth or annealing environments [23].

It has been recently pointed out that other impurities such as Al, Ga, and Si

are also present in as-grown ZnO single crystals and act as donors [4]. Al and

Ga substitute for Zn and act as shallow donors [67, 68], but are not observed

in high enough concentrations to explain the unintentional n-type conductivity in

bulk single crystals. On the other hand, Si is a double donor when substituting

on Zn site [26] and has been found in concentrations that are compatible

with free electron concentrations in ZnO single crystals grown by different

techniques [25].

Note that controlling the n-type conductivity is a necessary step toward

achieving the so-desired p-type conductivity in ZnO. Despite many reports in

the literature, reliable p-type doping of ZnO remains difficult. Low solubility of

p-type dopants and the compensation by abundant donor defects and impurities

are often raised as the main issues. Known acceptor impurities include group-I

elements Li, Na, K, Cu, and Ag, and group-V elements N, P, and As. However,

many of these form deep acceptors and do not result in p-type conduction at room
temperature. Even N, which has been regarded as the most promising p-type
dopant in ZnO, has recently been shown to act as a deep acceptor with ionization

energy over 1 eV. Calculated results for N-related absorption energy are in good

agreement with experimental observations [26].
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As an alternative route, it has been proposed that p-type conductivity can

be achieved by the selective incorporation of interstitial fluorine impurities in

ZnO [69]. The F interstitial would complete its octet by extracting an electron

from the valence-band maximum. The resulting hole would be bounded to the

F impurity in an effective-mass state, as a typical shallow acceptor. It is anticipated

that technical difficulties may arise in attempting to selectively introduce interstitial

F as majority defects.

2.3.2 SnO2

Tin dioxide crystallizes in the rutile structure and has a direct band gap of

3.6 eV [12]. The ease of making it n-type, its highly dispersive conduction

band (small effective mass), and the large energy difference between the

conduction-band minimum and the next higher conduction band at G contribute

to SnO2 supporting high carrier concentrations while still maintaining a high

degree of optical transparency [12]. The fabrication of SnO2 nanowires and

nanobelts has been reported, and gas sensors based on these nanostructures have

been demonstrated [70, 71]. These applications crucially depend on the transport

of electrons and the control of conductivity. As in ZnO, an unintentional n-type
conductivity in SnO2 is likely caused by impurities.

SnO2 can be doped n-type by adding impurities such as Sb or F, which incorpo-

rate on Sn and O sites, respectively [12]. In addition, it has been widely believed

that oxygen vacancies are also a source of n-type conductivity. In analogy to ZnO,

the evidence for oxygen vacancies has been based on measurements of conductivity

as a function of the oxygen partial pressure in annealing experiments: increasing

the oxygen partial pressure leads to lower conductivities [12, 72–75]. However,

the attribution of conductivity to oxygen vacancies is not supported by recent

first-principles calculations [19, 24].

In Fig. 2.2 we show the calculated formation energies of donor native point

defects in SnO2. These results were obtained from a combination of LDA and

LDA + U calculations as described in [19]. As shown in Fig. 2.2, oxygen vacancy

is a deep donor, occurring in the neutral charge state if the Fermi level

is positioned near the conduction-band minimum. It has also been concluded

that Sn interstitials and Sn antisites are unlikely sources of conductivity due to

their high formation energies. Therefore, the unintentional n-type conductivity is

probably caused by the presence of impurities. As shown in Fig. 2.2, it is found

that hydrogen in either the interstitial form or substituting for oxygen has also

been predicted to act as a shallow donor in SnO2 [19, 24].

Reports on p-type SnO2 have been scarce. It has been proposed that Ga or In

substituting on Sn site would result in shallow acceptors. We anticipate that
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difficulties in making SnO2 p-type may arise due to the formation of small hole

polarons. The valence band of SnO2 is quite flat, and instabilities of the O lattice

atoms near the impurities may favor the formation of bound hole polarons.

2.3.3 TiO2

Titania is most stable in the rutile crystal structure and has a band gap of 3.1 eV

[37]. The upper part of the valence band is composed of O 2p states, and the lower
part of the conduction band of Ti 3d states [44]. TiO2 can be made n-type by the

incorporation of shallow donor impurities (e.g., Nb, F, and H) and by annealing in

reducing environments [8, 14]. Because its conductivity varies with O2 partial

pressure, it is often argued that oxygen vacancies and/or titanium interstitials are

sources of conductivity in TiO2 [8, 14].

In Fig. 2.3 we show the calculated formation energies for oxygen vacancies in

TiO2, based on HSE hybrid functional calculations [44]. It was concluded that

oxygen vacancies are shallow donors, with Vþ
O and V0

O higher in energy than V2þ
O

for any value of the Fermi level within the band gap [44]. The formation energy of

V2þ
O in the extreme oxygen-poor limit is relatively low even when the Fermi level

is positioned near the conduction-band minimum. This might lead to the conclu-

sion that oxygen vacancies are the cause of conductivity in vacuum-annealed

TiO2. However, care should be taken, since the extreme oxygen-poor limit

corresponds to oxygen partial pressures that are not experimentally accessible.

We also need to keep in mind that impurities that act as shallow donors, such as

hydrogen, also likely contribute to the observed conductivity [76].

Fig. 2.2 Formation energy as

a function of Fermi-level

position for donor-type

centers in SnO2: oxygen

vacancy VO, tin interstitial

Sni, tin antisite SnO, hydrogen

interstitial Hi, and

substitutional hydrogen HO.

These results were obtained

using the LDA/LDA + U

approach [19]. The zero of

Fermi level corresponds to the

valence-band maximum. For

Fermi-level positions near the

conduction band VO is stable

in the neutral charge state

whereas Sni and SnO are

stable in the 4+ charge state
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2.4 Concluding Remarks

We have discussed the causes of conductivity in ZnO, SnO2, and TiO2, which

are representatives of a large family of wide-band-gap oxide semiconductors.

First-principles computational studies indicate that the conventional wisdom of

assigning the cause of unintentional conductivity in these materials to the presence

of native point defects, such as oxygen vacancies, must be reviewed. In particular it

is shown that oxygen vacancies in ZnO and SnO2 cannot explain the observed

conductivity because they are deep donors. Therefore, the widespread view that

oxygen vacancies are correlated with conductivity or are easily created during

growth or annealing in oxygen-poor, reducing environments must be seriously

reconsidered. In addition, first-principles calculations reveal that other native point

defects, e.g., cation interstitials, are also unlikely sources of conductivity since they

are not thermally stable.

Instead, it is argued that unintentional n-type conductivity in oxide semiconductors

is more likely caused by the unintentional incorporation of impurities, hydrogen being

a prime candidate. Hydrogen is an ubiquitous impurity, being a fast diffuser as an

interstitial impurity and also capable of assuming substitutional positions. In both

forms, interstitial and substitutional, hydrogen has been predicted to act as shallow

donor in these materials. These findings are quite unexpected and have important

technological implications, and have been confirmed in the case of ZnO. More

experiments need to be performed in the case of SnO2 and TiO2.

Fig. 2.3 Formation energy as

a function of Fermi-level

position for the oxygen

vacancy VO in TiO2. Only the

results for the O-poor limit

are shown. These were

obtained using the HSE

hybrid functional. The zero of

Fermi level corresponds to the

valence-band maximum.

V2þ
O is lower in energy than

Vþ
O and V0

O even for the Fermi

level positioned at the

conduction-band minimum
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We also would like to emphasize that hydrogen is by no means the only
shallow donor impurity that can be unintentionally incorporated; many other

impurities may act as shallow donors, such as those on the right (n-type) side
(in the Periodic Table of Elements) of the element being substituted, although it is

quite unlikely that they are present in all growth or annealing environments.

Yet hydrogen is present in almost all growth environments, generally hard to

detect experimentally, and is not usually considered as a potential donor.

Therefore, special attention should be devoted to its potential effects on the

electronic properties of oxide semiconductors.
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