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The electronic and structural properties of Si in ZnO are studied using density functional calculations with
both the generalized gradient approximation and a hybrid functional. Our calculations show substitutional Si
on the Zn site �SiZn� to be significantly lower in energy than the Si interstitial �Sii� and Si on an O site �SiO�.
SiZn is predicted to be a shallow donor in ZnO with a formation energy low enough to lead to significant
incorporation of Si in the ZnO crystal. Interestingly, we find that SiZn has a lower formation energy �and
therefore higher solubility� under Zn-rich conditions than under O-rich conditions. We also study the properties
of Ge in ZnO for comparison, finding behavior similar to the Si impurity, but with an even lower formation
energy. Our results suggest Si and Ge as suitable n-type dopants in ZnO.
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I. INTRODUCTION

ZnO is a wide band-gap semiconductor that has great po-
tential for solid-state lighting and electronic device applica-
tions. With a band gap of 3.4 eV and an exciton binding
energy of 60 meV, ZnO has shown high luminescence effi-
ciency in optically pumped lasers and respectable carrier mo-
bilities in bulk crystals and thin films.1–4 However, the lack
of control over its conductivity, especially the difficulties in
achieving p-type doping, still prevents the material from be-
ing fully exploited in semiconductor devices.4 As-grown
ZnO typically exhibits unintentional n-type conductivity
which traditionally has been attributed to native point de-
fects, in particular oxygen vacancies and zinc interstitials.5–7

First-principles calculations carried out by several different
groups8–15 all have shown that oxygen vacancies are deep
donors that cannot be responsible for n-type conductivity
under equilibrium conditions, although some disagreement
remains about the exact position of the defect levels12–14 and
on the role of vacancies in persistent photoconductivity.13

The calculations also agree that zinc interstitials are shallow
donors, but that due to their high formation energy8,12,13,15

and low migration barrier11 they also cannot explain uninten-
tional conductivity, except possibly when complexed with
impurities.16 Instead, recent first-principles calculations indi-
cate that the unintentional n-type conductivity can be attrib-
uted to impurities that are incorporated during growth or
processing.17,18 Among the possible impurities, our results
indicated that hydrogen is a likely candidate, since it acts as
a shallow donor and is present in almost all growth and
processing environments.17,18 Besides understanding the
causes of unintentional n-type conductivity in ZnO, it is also
desirable to identify suitable n-type dopants which give
stable n-type conductivity with high electron concentrations.
This is particularly important for transparent electrical con-
tact applications.

In addition to hydrogen, the possible donors that have
been discussed for ZnO include B, Al, Ga, In, Cl, and F.19

Recent secondary ion mass spectroscopy �SIMS� measure-
ments by McCluskey and Jokela20 have identified the pres-
ence of additional impurities in high-quality ZnO bulk crys-
tals. These single crystals were grown by two distinct

methods: a pressurized melt-growth process by Cermet,
Inc.21 and a chemical vapor transport process by
Eagle-Picher.22 The samples were shown to contain measur-
able concentrations of donors such as Al, Ga, and B. The
Cermet samples showed Al concentrations of 2�1017 cm−3

and the samples from Eagle-Picher showed B and Ga con-
centrations of �1016 cm−3. Interestingly, both Cermet and
Eagle-Picher samples contained significant concentrations of
Si, 1.0�1017 and 1.3�1017 cm−3, respectively. These size-
able concentrations of Si raise the issue of the effect of this
impurity on the electronic properties of ZnO crystals.

Si has four valence electrons and could in principle either
substitute for Zn and act as a double donor �SiZn

2+�, or substi-
tute for O and act as a double acceptor �SiO

2−�. In addition to
occupying substitutional sites, silicon could also occupy in-
terstitial sites �Sii�. To our knowledge, the role of silicon in
ZnO and more generally the behavior of double donors/
acceptors have not yet been explored in ZnO. It is also not
clear whether Si would be a shallow �low ionization energy�
or deep �high ionization energy� center. These open questions
motivated us to investigate the electronic and structural prop-
erties of Si in ZnO using first-principles density-functional
calculations. We have calculated formation energies for Si in
different atomic configurations �SiZn, SiO, and Sii�, and tran-
sition levels between all possible charge states. We find that
Si preferentially replaces Zn in ZnO, acting as a shallow
donor �SiZn

2+�. The formation energy of SiZn
2+ in n type is low

enough to explain the observed concentrations found in the
ZnO bulk crystals.20 For comparison, we have also studied
the electronic and structural properties of Ge in ZnO. Similar
to Si, Ge behaves as a double donor �GeZn

2+� with low forma-
tion energy.

II. METHODS

First-principles calculations based on density-functional
theory �DFT� have been successfully applied to the study of
the electronic and structural properties of defects in
semiconductors.23 The only major shortcoming is the under-
estimation of the band gap in calculations performed with the
local density approximation �LDA� or the generalized gradi-
ent approximation �GGA�, which may lead to errors in for-
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mation energies and transition levels of defects in
semiconductors.12,24 Hybrid functionals, which mix a frac-
tion of Hartree-Fock �HF� exchange with the LDA or GGA
exchange and correlation potentials, can correct the band gap
and, in principle, allow for a better description of formation
energies and transition levels. Here we perform calculations
using both the GGA and the hybrid functional methods.25

Our calculations are based on the DFT and projector-
augmented wave potentials26,27 as implemented in the VASP

code.28,29 The calculations were performed using both the
GGA of Perdew, Burke, and Ernzerhof �PBE� �Ref. 30� and
the hybrid functional as proposed by Heyd, Scuseria, and
Ernzerhof �HSE�.31 In the HSE approach, the exchange po-
tential is separated into long-range and short-range portions,
and the HF exchange is mixed with the PBE exchange only
in the short-range portion with a characteristic cutoff length
of 10 Å. The long-range portion of the exchange potential is
still described by PBE and the electronic correlation is also
represented by the corresponding part of the PBE functional.
Mixing HF exchange only in the short-range part can be
considered to be consistent with screening of the electron-
electron interactions at large distances. A proportion of 36%
HF exchange with 64% PBE exchange produces an accurate
value of the band gap and structural parameters in ZnO.15

Our calculated values along with experimental results are
listed in Table I.

The calculations for the impurities were performed using
ZnO in the zinc-blende structure. ZnO naturally occurs in the
wurtzite structure, but zinc blende has the computational ad-
vantage of higher symmetry and has very similar energy and
local structure. We therefore expect our results and conclu-
sions for substitutional impurities to be valid also for wurtz-
ite ZnO. Because of the different shape and volume of inter-
stitial cages, results for interstitial configurations could in
principle differ between zinc blende and wurtzite; however,
as discussed below, our conclusions will not be affected. The
systems with impurities were simulated by introducing one
Si or Ge in a large ZnO supercell that is periodically repeated
in three-dimensional space. In order to address the effects of

finite size of the supercells on the formation energy of
charged centers we performed calculations for 64-, 216-, and
512-atoms supercells, and extrapolated the results to the di-
lute limit. We used a plane-wave basis set of 300 eV, and
2�2�2 sets of special k points.

The likelihood of incorporating an impurity in ZnO is
determined by its formation energy. For the incorporation of
Si on the Zn site �SiZn�, the formation energy is given by

Ef�SiZn
q � = Etot�SiZn

q � − Etot�ZnO� − �Si + �Zn + qEF, �1�

where Etot�SiZn
q � is the total energy of the supercell contain-

ing one SiZn in charge state q, and Etot�ZnO� is the total
energy of a perfect crystal in the same supercell. The Zn
atom that is removed from the crystal is placed in a reservoir
of energy �Zn, referenced to the energy of bulk Zn. The Si
atom that is added is taken from a reservoir with energy �Si,
referenced to the energy of bulk Si. Expressions analogous to
Eq. �1� can be written for the Sii and SiO configurations.

The chemical potential �Zn in Eq. �1� is not constant, but
must satisfy the stability condition of ZnO,

�Zn + �O = �Hf�ZnO� , �2�

where �O is the chemical potential of oxygen, referenced to
the energy per atom of an isolated O2 molecule and
�Hf�ZnO� is the formation enthalpy of ZnO. The solubility
of Si in ZnO is limited by the formation of a secondary
phase, namely, SiO2, which imposes an upper limit on the Si
chemical potential �Si,

�Si + 2�O � �Hf�SiO2� . �3�

Focusing on the upper limit �equal sign in Eq. �3��,
in the Zn-rich �O-poor� limit we have �Zn=0,
�O=�Hf�ZnO�, �Si=�Hf�SiO2�−2�Hf�ZnO�, and
−�Si+�Zn=−�Hf�SiO2�+2�Hf�ZnO�; the latter combina-
tion of chemical potentials is relevant since according to
Eq. �1� it governs the formation energy of SiZn. In the
O-rich �Zn-poor� limit we have �Zn=�Hf�ZnO�, �O=0,
�Si=�Hf�SiO2�, and −�Si+�Zn=−�Hf�SiO2�+�Hf�ZnO�.
From the above considerations, we note that the formation
energy Ef�SiZn

q � is actually lower under Zn-rich than under
Zn-poor conditions, by an amount ��Hf�ZnO�� �note that the
enthalpy of formation is negative for a stable compound�.
This may seem counterintuitive, as one may expect that sili-
con would more easily incorporate on a Zn site under Zn-
poor conditions, but it follows directly from the above ex-
pressions by taking the limit due to SiO2 formation into
account. Note that choosing �Si from the equality in Eq. �3�
corresponds to taking the upper limit of �Si, and therefore
represents the highest concentration �essentially the solubil-
ity limit� of Si in ZnO under equilibrium conditions. Lower
values of �Si would lead to higher formation energies and
hence lower concentrations of the SiZn defect.

The calculated enthalpies of formation of ZnO, as well as
the solubility-limiting phases, SiO2 and GeO2, are also in-
cluded in Table I. The calculations for SiO2 and GeO2 were
performed for the �-quartz structure; the difference between
the formation enthalpy for GeO2 in the � quartz and rutile
structures is quite small �0.11 eV�.

TABLE I. Calculated lattice parameters, band gap, and forma-
tion enthalpy of ZnO in zinc-blende and wurtzite structures, as well
as formation enthalpies of SiO2 and GeO2. Both PBE and HSE
results are shown. Experimental values from Refs. 33 and 34 are
also listed.

Material Property PBE HSE Expt.

Zinc-blende ZnO a �Å� 4.62 4.53 4.46

Eg �eV� 0.63 3.24 3.30

�Hf �eV� −2.95 −3.26

Wurtzite ZnO a �Å� 3.28 3.23 3.25

c �Å� 5.28 5.20 5.21

u 0.38 0.38 0.38

Eg �eV� 0.73 3.35 3.40

�Hf �eV� −3.08 −3.66 −3.64

SiO2 �� quartz� �Hf �eV� −8.47 −8.66 −9.45

GeO2 �� quartz� �Hf �eV� −4.95 −5.54 −6.02
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III. RESULTS AND DISCUSSION

A. Bulk properties

The calculated lattice parameters, band gaps, and forma-
tion enthalpies of ZnO in the PBE and HSE are listed in
Table I along with the respective experimental values.32,33

For comparison we show the results for both wurtzite and
zinc-blende ZnO. We can see that PBE slightly overestimates
the lattice constants a and c while HSE results are in better
agreement with the experimental values. The formation en-
thalpy of ZnO calculated using HSE is also in closer agree-
ment with the experimental value. As expected, the PBE se-
verely underestimates the band gap �by 76%�. This is, in
part, due to the underbinding of the Zn d states, which cre-
ates too large a repulsion of the bands derived from the O p
states that compose the top of the valence band.34 The HSE
corrects this problem, and yields both d-state energies and
band gap in much closer agreement with experiment �Fig. 1�,
in contrast to LDA or GGA results.34

B. Energetics and electronic structure

The Si impurity in ZnO can in principle occupy the sub-
stitutional sites, SiZn and SiO, or the intersititial site, Sii. SiZn
is expected to act as a double donor �SiZn

2+�, whereas SiO is
expected to act as a double acceptor �SiO

2−� in ZnO. Sii could
in principle exist in acceptor and donor charge states. Similar
behavior is expected for the Ge impurity, but the atomic size
difference between Si and Ge may have effects that can only
be assessed by performing explicit calculations.

Our calculations show that SiZn and GeZn are by far the
lowest-energy configurations in ZnO. The interstitial con-
figurations Sii and Gei are higher in energy by at least 10 eV
across the entire band gap; SiO and GeO are higher in energy
by at least 3 eV. We also find that SiZn and GeZn are shallow
donors, stable in the +2 charge state �SiZn

2+ and GeZn
2+, respec-

tively� for all positions of the Fermi level in the band gap.
Essentially, we find that in both PBE and HSE, the two extra
electrons from SiZn and GeZn occupy conduction-band states,
which are perturbed by the presence of the impurity. The
HSE result is reassuring since it reproduces the experimental
value for the ZnO band gap.

The calculated formation energies of SiZn and GeZn in
n-type ZnO are relatively low under Zn-rich conditions, as
shown in Figs. 2�a� and 2�b� for the PBE and HSE function-
als, respectively. This indicates that Si and Ge can be incor-
porated in ZnO in high concentrations. It is clear from Fig. 2
that it is very difficult to draw conclusions about the nature
of the SiZn and GeZn centers in ZnO just based on the GGA-
PBE results. The main difference between the PBE and HSE
results is due to the fact that the PBE band gap is severely
underestimated. We note, however, that the formation energy
at EF=0 is much lower in HSE than in PBE. We speculated
that this difference might be related to the alignment of the
valence-band maximum �VBM� in HSE versus PBE. In order
to verify this hypothesis we calculated the band alignment
between ZnO in PBE and HSE.

C. Band alignment of ZnO in PBE and HSE

In order to calculate the position of the valence-band
maximum �VBM� and conduction-band minimum �CBM� of
ZnO in PBE with respect to HSE, we performed separate
supercell calculations for a slab geometry of ZnO. In this
way the VBM and CBM of ZnO in PBE and HSE are aligned
to a common reference �the electrostatic potential at the
vacuum region�. We used a supercell with 17 atomic layers
of ZnO oriented along the nonpolar �110� direction and an
equivalent number of layers of vacuum region. The atoms in
the three outermost bilayers on each side were allowed to
relax. Relaxation has a small effect on the final value of the
offset, in this case only 0.1 eV. By comparing the averaged
electrostatic potential in the bulk with the vacuum level, and
using the position of the VBM and CBM with respect to the

averaged electrostatic potential V̄, we determined the posi-
tion of the VBM and CBM with respect to the vacuum level.
The results for the PBE/HSE band alignment are shown in
Fig. 3.

The hybrid functional corrects the position bands derived
from the Zn d states and also partially corrects the effects of
self-interaction inherent in the PBE functional. As a result
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FIG. 1. �Color online� Band structure of wurtzite ZnO calcu-
lated using the HSE hybrid functional. The calculated band gap is
3.4 eV and the zero of energy was set at the valence-band
maximum.
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FIG. 2. Formation energies as a function of the Fermi-level
position for SiZn and GeZn in ZnO in Zn-rich conditions, according
to the �a� GGA-PBE and �b� HSE hybrid functional. In each case
the range of Fermi levels corresponds to the computed band gap
�0.63 eV in PBE, 3.24 eV in HSE�. Both SiZn and GeZn act as
shallow donors, with the +2 charge state being stable across the
band gap.
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the VBM in HSE is about 1.7 eV lower than in PBE as
shown in Fig. 3. This difference in the “absolute” position of
the VBM accounts for the major part of the difference in
formation energies between GGA and HSE values, an effect
that has also been noted by Alkauskas and co-workers.35

E.g., starting from the HSE result for the formation energy of
SiZn

2+, at a Fermi-level value of 1.70 eV �corresponding to the
position of the VBM in PBE�, the value of the formation
energy would be −5.02+2�1.70=−1.62 eV. The actual cal-
culated value at the VBM in PBE is −1.07 eV. This remain-
ing difference indicates that the band alignment is not the
only factor that affects the difference in calculated formation
energies.

D. Atomic structure

Figure 4 shows the local lattice relaxation around the SiZn
and GeZn impurities. For Si, the nearest neighbor O atoms
relax inwards by about 16% of the bond length to give a
Si-O bond length of 1.68 Å in HSE �the PBE results differed
by only 0.01 Å�. This is very close to the calculated Si-O
bond length in SiO2 of 1.61 Å. The Ge defect caused a simi-
lar inward relaxation of the nearest neighbors, but to a lesser
extent �10%�. For both Si and Ge the relaxations are sym-
metric and no off-site displacements or symmetry breaking

are observed. Possible metastable configurations involving
off-site displacements of the impurity or the neighboring at-
oms in acceptor charge states were also explored. In all cases
the displaced atoms were found to relax back to their substi-
tutional positions.

Local lattice relaxation had a strong effect on the elec-
tronic properties of the Si and Ge substitutional impurities.
Without relaxation, a single-particle Kohn-Sham state in-
duced by Si was found inside the band gap, at 1.60 eV below
the CBM in HSE for the +2 charge state �as the SiZn atom is
doubly ionized, this Kohn-Sham state is unoccupied�. Allow-
ing lattice relaxations caused the Si-related single-particle
state to move upwards above the CBM.

E. Intentional and unintentional doping

The results shown in Fig. 2 refer to the Zn-rich limit
conditions, which �as explained in Sec. II� are the most fa-
vorable for incorporation of Si and Ge into the Zn lattice site.
Strictly speaking, any departure from these conditions would
cause the formation energy of SiZn and GeZn to increase.
However, the limits imposed by the formation of secondary
phases such as SiO2 and GeO2 are not rigid, especially in the
dilute limit. In any case, the formation energies of SiZn

2+ and
GeZn

2+ in ZnO under Zn-rich conditions are low enough to
allow for the incorporation of these impurities in significant
concentrations. Indeed, it has been found by McCluskey and
Jokela20 that Si is present in as-grown single crystals in con-
centrations of �1017 cm−3. Since these concentrations are of
the same order of magnitude as the carrier concentrations,
and since we find Si to act as a shallow donor in ZnO, it is
plausible that SiZn is at least partly responsible for the ob-
served n-type conductivity in these samples.

The origin of the Si incorporation in these ZnO single
crystals is not known at present. The crystals were grown by
two different methods �from the melt and vapor phase trans-
port�. We speculate that Si impurities might be present in the
Zn sources, since Zn is extracted from minerals from the
earth’s crust.36 Alternatively, Si could emanate from some
components of the growth equipment, e.g., quartz liners, par-
ticularly at the high temperatures required for ZnO crystal
growth. The data from Ref. 20 reinforce the notion that rigid
control over sources and growth environment is essential for
obtaining high purity ZnO substrates and thin films.

The modest formation energies of SiZn
2+ and GeZn

2+ lead us to
suggest that Si and Ge are good candidates for intentional
n-type doping in ZnO, since their solubility is expected to be
high. This could make them especially suitable for applica-
tions in which high carrier concentrations are required, such
as for transparent contacts.

IV. CONCLUSIONS

We have investigated the electronic and structural proper-
ties of Si and Ge impurities in ZnO based on density func-
tional calculations using GGA �PBE� and hybrid �HSE� func-
tionals. Both Si and Ge were found to favor substitution on
the Zn site and act as shallow donors in ZnO, with the +2
charge state being the most stable across the band gap. SiZn

2+

VBM

CBM

PBE HSE

0.63 eV

1.70 eV
3.24 eV

0.06 eVV-
FIG. 3. Alignment between VBM and CBM of zinc-blende ZnO

calculated using the PBE and HSE functionals. The alignment of

the averaged electrostatic potentials V̄ between PBE and HSE is
also indicated. The electrostatic potential in vacuum is used as a
reference.
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FIG. 4. �Color online� Local lattice relaxations around �a� SiZn
2+

and �b� GeZn
2+ centers in the ZnO lattice. Both defects caused an

inward relaxation of the nearest-neighbor oxygen atoms. The
SiZn-O and GeZn-O bond lengths are indicated expressed as a frac-
tion of the equilibrium Zn-O bond length d0.
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and GeZn
2+ have relatively low formation energies and are

more stable under Zn-rich conditions. The calculated forma-
tion energy of SiZn is consistent with the sizeable concentra-
tion of Si that is found to be unintentionally incorporated in
ZnO crystals.20 Combined with our finding that Si acts as a
shallow donor, our calculations indicate that Si is likely re-
sponsible for some fraction of the unintentional n-type con-
ductivity in ZnO crystals. Based on our calculations of the
electronic properties and formation energies of SiZn and
GeZn, we predict that Si and Ge would be suitable donors for
n-type doping of ZnO.
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