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a b s t r a c t

We have calculated the electronic structure of ZnO systems doped with Silicon (Si) using generalized

gradient approximation. We found that a donor level is formed while Zn is substituted by Si. The

variation in band gap is calculated as a function of Si concentration in Zn1�xSixO ð0rxr12:5Þ system

and comparisons are made with recently published experimental results. Further, we observed that,

substitution of Si at O site forms deep acceptor levels near the top of the valence band, and thereby a

weak p-type transformation of the system can be realized.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

ZnO is a wide-gap semiconductor [1] and a promising material
for electronic, ferroelectric, piezoelectric and optical applications
[2–11]. With a band gap of � 3:37 eV [12–14] and a large exciton
binding energy ð � 60 meVÞ at room temperature, ZnO [15] has
many potential applications in optoelectronic devices including
blue and ultraviolet lasers, light-emitting diodes, and solar cells
[16,2,17]. However, possible applications for ZnO [18] are
currently limited due to the difficulty in achieving p-type doping
of this semiconductor, which is always grown as n-type [19,20]
with many donor defects, such as O vacancy (VO) and interstitial
Zn (Zni) [12]. Therefore, it is very difficult to dope ZnO to act as a
p-type [21–23] semiconductor because of the self-compensation
by the donor defects [24]. Therefore, the development and
application of ZnO-based optoelectronic devices [25] has been
limited due to the lack of ZnO p–n junctions [26]. There have been
many attempts to obtain the p-type ZnO [27–29] by using
different forms of dopant sources with group I, V, and III–V
elements [30–33,21,22,34–36]. Due to the key role of Silicon (Si)
in the modern semiconductor industry it is inevitable that
researchers are very comfortable with working with Si for
growing nanostructures. Additionally, Si is also a well known
dopant that predominantly occupies cation sites in III–V semi-
conductors to improve their electrical and optical properties [28].
Therefore, using Si as a dopant material in ZnO might not only
ll rights reserved.
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tune the electronic properties of ZnO but also enhance its
usefulness in Si-related devices. The similarity of Si and Zn atoms
in terms of their electronegativity of 1.9 and 1.65, respectively
and also their comparable atomic sizes of 0.117 and 0.133 nm
respectively) [37]. As a rule, Si tends to diffuse quickly into the
ZnO lattice and forms a new phase Zn2SiO4, especially under high
temperature [28].

In this paper, we calculate the electronic band structure of ZnO
doped with Si using first-principles density functional theory
[38–41]. We investigate two kinds of defects in ZnO, namely the
substitution of Zn by Si and O by Si. The electronic band structures
and density of states functions are calculated for each case. The
results obtained show that when Zn is substituted by Si, the donor
levels are formed. When O is substituted by Si, deep acceptor
levels are formed near the top of the valence band, and, thus, a
weak p-type transformation of the system can be achieved.
Following the process of coexisting substitution of Zn and O by Si,
the donor levels provided by the former are used to satisfy the
broken bonds due to the latter, so that doping produces no
free carriers of either type. This forms the self compensation is
due to doping.
2. Computational approach

The ideal ZnO has a hexagonal wurtzite structure with the
space group P63/mc and C6v-4 symmetry [42]. The cell
parameters are a = b = 3.249 Å, c = 5.206 Å, a¼ b¼ 903, and
g¼ 1203 [42]. To illustrate the atom coordinates, a 2�2 �2
[12,13] supercell (with 28 atoms) of the wurtzite ZnO is shown in
Fig. 1, which is frequently used in defect studies of ZnO. The O2-

coordination polyhedron is an O–Zn4 tetrahedron, so it is a Zn2 +
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Fig. 1. Wurtzite ZnO with 2� 2� 2 supercell. Atom colour in red corresponds to

oxygen atoms and others are Zinc atoms. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of the optimized results of the primitive cell of ZnO and the

experimental data.

a (Å) c (Å) c/a V0 (Å3) DHf

Computed value (GGA functional) 3.2832 5.2983 1.6137 49.461 �3.06

Computed value (sX-LDA

functional)

3.2493 5.2054 1.6020 47.595 �3.6

HSE approach [49] 3.2300 5.2500 1.6253 – �3.66

Experimental value [42,12,50] 3.2501 5.2071 1.6021 48.335 �3.64

Table 2
Comparison of the present work and other calculations and the experimental data.

Eb (eV) B0 (GPa) Band gap (eV)

Present work 7.46 138 0.73

GGA-PW91 [51] 7.35 136 0.91

GGA [52,53] 7.69 149 0.75

LDA [53] 9.769 162.3 0.79

Experiment [54,42] 7.56 142.6 3.37
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coordination polyhedron [12]. In order to address the finite size
effect of the supercell, we performed the calculations considering
380 atoms (cell volume = 96 times of primitive cell) in the
supercell.

The calculations are based on the density functional theory
with the generalized gradient approximation (GGA) and the
projector augmented wave pseudopotentials, as implemented in
the CASTEP code [43,44]. The GGA with the Perdew Burke
Ernzerhof exchange-correlation functional are employed in the
simulations. Ultrasoft pseudopotentials [45] are utilized for the
geometry optimization (BFGS algorithm) to render the computa-
tions tractable as well as to enhance efficiency. In addition we
performed calculation using screened exchange functional with
LDA correlation (sX-LDA) [46]. sX-LDA is developed in the context
of the generalized Kohn–Sham procedure [47], which allow to
split the exchange contribution to the total energy into a
screened, nonlocal and a local density component. However, this
is exceedingly complex and extremely time consuming.
Norm-conserving pseudopotentials are used with sX-LDA func-
tional. In our calculation, a 4 �4 �4 kpoint MonkhorstPack mesh
[48] in the Brillouin zone is used, the cutoff energy of the plane
wave is 460 eV, and the calculation precision is set to be
2:0� 10�5 eV=atom. All atoms were allowed to relax until the
force on each atom was below 0.01 eV/Å and displacement of each
atom was below 0.005 Å.
3. Results and discussion

First, the supercell is optimized in the calculation. The
optimized results of the primitive cell of pure ZnO are presented
in Table 1. The optimized geometry parameters and formation
energies are in good agreement with experimental results [42]
and previous theoretical prediction. Our calculated ground state
properties are tabulated in Table 2, which are in good agreement
with other GGA and local density approximation (LDA) results
[51–53]. Table 2 lists the calculated binding energies Eb, bulk
modulus B0 and band gap in different studies. We first calculate
the electronic structure of the undoped ZnO crystal using
GGA and sX-LDA functionals. Kohn–Sham schemes based on
GGA functionals have a common feature: it underestimate the
band gap substantially and in the present case it is about 0.73 eV,
which is in good agreement with other the calculations
[55,12,56,49] but significantly smaller than the experimental
value 3.37 eV [54,42]. This does not affect the accuracy of the
description of the total energy and related properties of crystals
and molecules (equilibrium structure, vibrational spectra, elastic
constants, etc.). However, an accurate description of the details of
the electronic structure is often required to understand the
properties of semiconductors and insulators. The DFT band gap
error can be corrected either by using hybrid functional (sX-LDA
functional used in this study) or introducing an empirical scissors
correction. Using sX-LDA functional we found that band gap error
is �0.59%, compared with experiment. But this approach is
extremely time consuming and it would be much suitable for
crystal structure with primitive cell. For semiconductors, it is
shown computationally (by comparing GW approximation and
DFT band structures) that most of the difference between
Kohn–Sham eigenvalues and the true excitation energies can be
accounted for by a rigid shift of the conduction band upward with
respect to the valence band [57]. This is attributed to a
discontinuity in the exchange-correlation potential as the
system goes from (N)-electrons to (N+1)-electrons during the
excitation process. Using the same approach, named as scissor
approximation (SA), we found that calculated the band gap
becomes 3.37 eV, which is in excellent agreement with the
experimental results as well with sX-LDA functional result.
However, for the doped system only GGA functional used to
enhance computational efficiency.

The electronic band structure and density of states (DOS) are
shown in Fig. 2. It is evident that the bottom of the conduction
band and the top of the valence band are at the same k-point (G)
in the Brillouin zone confirming that ZnO is a typical direct band
gap semiconductor. In the DOS and partial DOS (PDOS) (ref.
Fig. 2(b)) of the undoped ZnO, the valance band can be divided
into two regions: the upper valence band within �3.85 to
�0.08 eV and the lower valence band within �6.32 to �3.85 eV
which extends to �18.28 eV. The valence band edges near the
Fermi energy for O atom are quite sharp (ref. Fig. 2(b)iii), while
the conduction band edges near the Fermi energy are not. The
valance band, which lies between Fermi level to �3.85 eV, is
composed of the O 2p orbital states with a small contribution
from Zn (3d) states. The lower valance is mainly formed by 2p
state of O and 3d states of Zn.

We now consider the case that one Zn atom is replaced by one
Si atom in the supercell. The band structure and DOS of the doped
system are shown in Fig. 3. Compared with pure ZnO, the
conduction band still minimum at the G- point, while the valence
band maximum is shifted from the G- point to the F-point. The
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Fig. 2. Electronic band structure and of density of states of pure ZnO crystal. (a) It is evident that ZnO is a typical direct band gap semiconductor, which corresponds to a

band gap is about 0.73 eV using GGA functional; 3.37 eV functional using SA approach with GGA and 3.39 eV using sX-LDA functional. The valance band can be divided into

two regions: the upper valence band within �3.85 to �0.08 eV and the lower valence band within �6.32 to �3.85 eV which extends to �18.28 eV. (b) (i) Total DOS, (ii)

contribution of Zn from each energy band to a given atomic orbital 3d and 4s, (ii) partial DOS contributed by O with 2p and 2s states. The valence band edges near the Fermi

energy for O atom are quite sharp, while the conduction band edges near the Fermi level are not. The valance band, which lies between Fermi level to �3.85 eV, is

composed of the O 2p orbital states with a small contribution from Zn (3d) states. The lower valance is mainly formed by 2p state of O and 3d states of Zn.
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Fig. 3. Electronic band structure and of density of states of doped ZnO crystal with SiZn without adopting SA approach for correcting band gap error. (a) Dopant reduces the

band gap from 0.73 to 0.63 eV using GGA functional. A new occupied band, is recognized near to �10 eV of the valence band of SiZn. This can therefore be regarded as a

defect state induced by SiZn. (b) (i) Total DOS, (ii) partial DOS contributed Zn with 3d and 4s, (iii) partial DOS contributed by O with 2p and 2s states, and (iv) DOS

contributed by doped Si at Zn site. Compared to pure ZnO crystal, the valence band edges near the Fermi energy for O atom are not sharp here. The valance band, which lies

near to �10 eV, is composed of the O 2p orbital states and small contribution from 3p state of Si. The upper valance band is mainly formed by 3d state of Zn and the O 2p

orbital states.
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observed band gap reduces significantly. The narrowing of band
gap observed in the present study supported by other studies
[28,58]. Zinc atom contributes two valence electrons, while Si
contributes four valence electrons. Therefore, fixed positive
charge is placed at Si occupied Zn lattice site along with two
additional electrons. This makes the doped ZnO model with donor
impurities. Since the binding energy is measured relative to the
energy of the conduction band levels from which impurity level is
formed, it can be understood that donor impurity introduces
additional electron levels at the bottom of the conduction band.
So, SiZn is formed as n-type semiconductor. According to a recent
study on Si doped ZnO films [29], Si actually exists in four
different oxidation states, namely, Si+ 4, Si+3, Si+ 2, Si+ 1 [59]. To see
the determine the effect of these different oxidation states we
applied the DFT calculation, however, we did not observe any
effect on the band gap narrowing [60] due to these different
oxidation states of Si. Limited research exists on band gap
narrowing of ZnO by impurity incorporation [58]. In this study,
we continued to the study effect of different concentration of Si on
Zn1�xSixO system. It is found that (ref. Fig. 4), for one Si, i.e.,
x=0.0625, we found a total reduction in band gap,
DEg ¼ EgðZnOÞ�Eg( Si–ZnO), is about 0.22 eV compared to
undoped system. The results is similar to the theoretical work
by Ferhat et al. [58] for Cu doped ZnO. The origin of the reduction
in the band gap of the Si-doped ZnO can be anticipated due to the
hybridization of the Si 3s bands with the O 2p bands. We also
performed our calculation incorporating Burstein–Moss (BM)
shift [61,29] and band gap narrowing (BGN) developed for
heavily doped semiconductors [29,62,63].To calculate the BM
shift ðDEBMÞ and the resulting band gap (EBM), we used the
standard expression, given in [29] as

EBM ¼ E0þDEBM ð1Þ

where

DEBM ¼
‘ 2

8p2
ð3p2nÞ2=3 1

m�e
þ

1

m�h

 !
ð2Þ
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Fig. 5. Electronic band structure and of density of states of doped ZnO crystal with SiO without adopting SA approach for correcting band gap error. (a) A new occupied

band, is recognized near to �8 eV of the valence band of SiO. This can therefore be regarded as a defect state induced by SiO. (b) (i) Total DOS, (ii) partial DOS contributed Zn
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In Eq. (1), E0 is the band gap of undoped ZnO and taken from GGA
functional with SA. In Eq. (2), n is the density of electrons at
different Si concentrations, m�e is the effective mass of electrons
taken as 0.28me and m�h is the effective mass of the holes taken as
0.59me and me represents the free electron mass [29]. ‘ and p are
the usual constants. Variation in the band gap of ZnO with
increasing Si concentration, calculated from the above formula of
the BM shift is shown in Fig. 4(b) by the dotted line. The
experimental values of the band gap are presented by the open
circle in the same figure. It can be observed that, the band gap
obtained from the BM shift alone is higher than that observed for
the experimental values. Therefore, the BM shift alone cannot
explain the observed band gap variation with the impurity
concentration. For incorporation of band gap narrowing, we
used similar formalism used in [29,60] as

EBGN ¼ E0�DEBGN ð3Þ

where

DEBGN ¼DEexþDEehþDEeiþDEhi ð4Þ

In the above equations DEex is the energy due to exchange
interaction amongst electron that causes shift of the conduction
band edge; DEeh is the energy due to electron-hole interaction;
DEei is the energy due to electron-impurity interaction and DEeh is
the energy due to impurity hole interaction. The total band gap,
considering both the BM shift and the band gap narrowing, can be
expressed following [29] as

EBMþBGN ¼ E0þDEBM�DEBGN ð5Þ

It can be observed that, the band gap obtained from the band gap
narrowing alone is lower than that observed experimental values.
However, combined effect of BM shift and band gap narrowing
predicts reasonably accurate band gap variation as observed in
experiment.

Next, we consider the case that one O atom is substituted by one
Si atom in the supercell. The band and DOS of the doped system are
shown in Fig. 5. A new narrow band exists nearby �8 eV, which is
contributed by Si 3 p states. In addition, the DOS near the Fermi level
increases because of the contribution by Si 3 p states. Oxygen atom
contributes six valence electrons, while Si contributes four valence
electrons. Therefore, fixed charge is placed at Si occupied O lattice
site along with presence of two less electrons in the crystal. This
makes the doped ZnO model with acceptor impurities. The missing
electrons can be treated as a bound hole with a binding energy that
is small on the scale of energy band. In terms of band picture, this
hole is manifested as an additional electronic level (at about 0.39 eV)
lying slightly above the top of valence band. The binding energy of
the hole excites electrons from the top of the valence band into
acceptor level. This suggests that, that SiO is expected to induce a
deep acceptor level [13,2,27]. Thus, a weak p-type transformation
can be realized by SiO. The result is in accord with the report [64]
which suggested that it is 0.4 eV above the valence band maximum.
Similar observations are found for altering the doping sites.

Finally, we consider the case that one Zn atom and one O atom
are simultaneously substituted by Si atoms in the supercell, and
the substituted Zn atom and O atom are adjacent. The band and
the DOS of the doped system are shown in Fig. 6. Compared with
pure ZnO, the conduction band is still minimum at the G- point,
while the valence band maxima is shifted from the F-point to the
G- point. Following the process of coexisting substitution of Zn
and O by Si, the extra core electrons provided by the former are
used to satisfy the broken bonds due to the latter, so that doping
produces no free carriers of either type. This forms the self
compensation due to doping.
4. Conclusion

We have performed first-principles calculations of Si-doped
ZnO systems with Si at different sites. The obtained results show
that when Zn is substituted by Si donor levels are formed. When
Oxygen is substituted by Si, the system deep acceptor levels are
formed near the top of the valence band, and, thus, a weak
p-type transformation of the system is achieved. When the two
kinds of substitutes coexist, the donor level contributed by SiZn is
compensated by SiO, which makes difficult for p-type
transformation. Excellent agreements have been achieved with
experimental results, while considering bandgap narrowing and
BM shift effect.
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