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ELECTRONIC PROPERTIES OF DOPED
WURTZITE ZnO: DENSITY FUNCTIONAL THEORY

We implemented the density functional theory to inspect the electronic properties of pristine
and nitrogen-doped wurtzite ZnO. We use the Hubbard U (DFT + Uq + Up) method to correct
any underestimation in the band gap. The obtained band gap is consistent with previous ex-
perimental results. Here, we consider four different configurations of nitrogen-doped ZnO. We
have found that the band gap values for ZnO are sensitive to the nitrogen concentration.
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1. Introduction

Zinc oxide (ZnO) is an amazing material that might
be used in a wide range of semiconductor de-
vices. Such devices include; gas sensors, piezoelectric
transducers [1, 2], ultrasonic oscillators, and light
emitting diodes. Furthermore, ZnO-based materials
are considered as a good candidate for the technology
of optical devices, high-density optical memories, so-
lar cells, solid layer devices, transistors, nano-energy,
and transparent conductive oxides [3].

ZnO is a wide band gap semiconducting material
(~3.37 eV at 300 K), which belongs to the II-VI
family and corresponds to the space group Psgme [4,
5|. In addition, the interaction of d states (Zinc: 3d)
with anion valence p states (oxygen: 2p) makes ZnO
as an interesting material [6, 7]. In addition, due to
its technological applications in different fields (op-
tical coating, photovoltaic, ceramics, catalysis, etc.)
[8, 9], its various properties were investigated in sev-
eral theoretical works [10-13]. Although ZnO proper-
ties have been investigated long time ago, the use of
7Zn0 in electronic devices has been held back by the
lack of controlling their properties. Many researchers
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worldwide were trying to modify the unintentional
n-type electronic properties into p-type conductivity
[3, 14]. Unexpectedly, understanding the electronic
structure of ZnO turns out to be challenging rather
than that of a simple s, p semiconductor. Theoretical
studies, particularly those using the density func-
tional theory, have deeply contributed to understand-
ing the role of impurities and defects in the ZnO
conductivity [3, 10, 14, 15]. However, to achieve the
stable p-type doping merits further investigations. In
this work, we present the effect of doping ZnO with
nitrogen atoms in different concentrations on the elec-
tronic properties of ZnO. To achieve our goal, we
adopted the density functional theory using both
GGA and LDA+U corrections [16]. The obtained re-
sults would be helpful in a wide range of applications
based on nanomaterial-based devices [17].

2. Calculation Models and Methods

We aim to investigate the doping of the ZnO hexag-
onal wurtzite structure with nitrogen atoms. Four
different configurations were considered here: one
nitrogen atom is substituted for one oxygen atom
(ZnO,_1N7), two nitrogen atoms are substituted for
two oxygen atoms (ZnO,_sNs), one nitrogen atom is
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substituted for one zinc atom (Zn,_;ONy), and two
nitrogen atoms are substituted for two zinc atoms
(Zn,_50N,). For the sake of comparison and con-
sistency, non-doped ZnO and Zn,O, are studied as
well. The primitive ZnO structure consists of two zinc
atoms and two oxygen atoms in a primitive cell. The
lattice constants a = b = 3.249 A and ¢ = 5.206 A,
and the lattice angles are « = f = 90° and v = 120°
[18, 19]. The supercell 3 x 3 x 3 containing 58 zinc
atoms and 58 oxygen atoms, see Fig. 1. We performed
our calculations with the aid of the CASTEP code,
whereas the ultra-soft pseudopotentials are used to
describe the potentials among valence electrons and
the ion core [20, 21]. We take 600 eV as the cutoff
energy for a plane-wave basis set and a Monkhorst-k-
points grid sampling of 8 x 8 x 2 [22, 23]. To improve
the accuracy of calculations, we set the energy con-
vergence tolerance to 5 x 1077 eV [24, 25].

Our preliminary calculations in this study showed
that the closest band gap values for ZnO were ob-
tained when U, = 7 eV for oxygen and Uy = 10 eV
for zinc. Doping ZnO with different dopants, like
group-IIT and group-V elements, is a common way
to improve the ZnO performance. We adopted the
DFT + Uy + U, (Ug, zinc = 10 eV, U, oxygen =
= 7 eV and U, nitrogen = 7 eV) method to study
the electronic properties of nitrogen-doped ZnO. In
addition to the calculations of the band structure and
the density of states, we calculated the electron den-
sity. In this part of calculations, we studied the charge
density distribution and the effect of dopant concen-
trations on the isosurface.

3. Results and Discussion
3.1. Band structure

ZnO has been extensively investigated by theoreti-
cal methods such as the density functional theory
[6, 13, 26]. However, predicting the band gap with
the aid of the first-principles theory is a very chal-
lenging dilemma, since the generalized gradient ap-
proximation (GGA) and the local density approxima-
tion (LDA) underestimate the obtained band gap re-
sults for ZnO [27]. Furthermore, several studies based
on the density functional theory reported that the
band gap of ZnO in its wurtzite form was underes-
timated with 0.73-0.77 eV compared to the exper-
imental value as of 3.34 eV [27|. Therefore, to cor-
rect this underestimation in the obtained results and
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Fig. 1. Schematic diagram for pristine hexagonal wurtzite zinc
oxide structure (a) and hexagonal wurtzite zinc oxide structure
with nitrogen atom (b). Gray, red, and blue atoms represent
zinc, oxygen, and nitrogen, respectively

to obtain a more accurate electronic structure for
ZnO in its wurtzite form, a number of recent theo-
retical investigations have studied the impact of the
Hubbard U parameter on the p orbital electrons of
oxygen (U,) and d-orbital electrons of zinc (Uy) [11,
14, 28]. Sheetz et al. suggested that a correct band
gap for ZnO could be obtained by using 10.5 eV
for both zinc and oxygen, respectively [28]. Other
groups suggested 12 eV and 6.5 eV values for both
zinc and oxygen, respectively [28, 29]. In all cases,
the U value for zinc ranges between 10-12 eV, and
the U value for oxygen ranges between 6-8 eV [28,
29]. The ZnO band structure is that of a direct band
gap semiconductor, since the top of the valence band
and the bottom of the conduction band are found
at the same I' point [3, 6]. Figure 2, a, b, ¢ rep-
resents the calculated band structures for the pris-
tine and nitrogen-doped ZnO structures. As we can
see from Fig. 2, a, the band gap for pristine ZnO is
around 3.34 eV, which is in a good agreement with
previous experimental reports (3.37 €V). In addition,
the band gap for ZnO,_1Ny, ZnO,_5Ns, Zn, 10Ny,
and Zn,_sONsywere also calculated, see Table. For

Summary of the obtained
data for doped zinc oxide structure

Structure Band Gap (eV)
Zng;: Oy 3.441
Zng—10N; 2.561
ZnO4_1N1 3.080
Zng 20N> 1.278
ZnO4;_2Ng 1.785
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Fig. 2. Band structure for pristine zinc oxide structure, pink
area represents the energy gap (a). Band structure for zinc
oxide structure, when oxygen atom was replaced by nitrogen
atom, pink area represents the energy gap (b). Band struc-
ture for zinc oxide structure, when zinc atom was replaced by
nitrogen atom, pink area represents the energy gap (¢)

Zn0,_1N; and ZnO,_5Ns, the Fermi level up-shifts
toward the conduction band. This shift in the Fermi
level creates a one full occupied state and one half-
occupied state. The same behavior is observed for
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Zn,_10N; and Zn, 5ONs. In all cases, the calcu-
lated results confirm the n-type conduction charac-
teristics. This could be attributed to that the valence
of nitrogen exceeds that of zinc. It is the well-known
fact that the conductivity is directly related to the
inverse of the effective mass of a free charge carrier,
whereas the effective mass is correlated to the in-
verse of the energy band structure [28]. As we can see
from Fig. 2, b, ¢, the conduction bands of the doped
7ZnO models are much flatter than that in pristine
ZnO. This could be attributed to the heavier effec-
tive masses of electrons in the conduction band. Our
calculations show that a single nitrogen atom creates
a deep acceptor level in the ZnO bulk structure. In
addition, upon replacing the zinc atom by the ni-
trogen atom, the Fermi level shifts toward the con-
duction band, and the shift increases with the nitro-
gen concentration as well. In other words, this shift in
the Fermi energy is an indication that more electrons
moves toward the conduction band upon increasing
the nitrogen atom concentration. The same behavior
is observed upon substituting an oxygen atom by a
nitrogen one.

3.2. Density of states

In order to study the effect of the nitrogen doping
with different concentrations on the electronic proper-
ties of the ZnO structure, the total densities of states
along with the partial densities of states of ZnO with
different concentrations of nitrogen atoms are repre-
sented in Fig. 3. As we can see from Fig. 3, upon dop-
ing ZnO with nitrogen atoms, the whole energy bands
shifts toward to the low-energy region. This shift in
the energy levels depends mainly on the type of the
replaced atom, i.e., zinc or oxygen. For instance, an
increase in the energy levels with the nitrogen doping
concentration was observed upon replacing an oxy-
gen atom by a nitrogen one. This behavior is quite
different, when a zinc atom is replaced by a nitrogen
atom. However, in all cases, the most significant fea-
ture is that the Fermi level shifts toward the conduc-
tion band upon increasing the nitrogen dopants. Fur-
thermore, a shift in the Fermi level depends mainly
on the nitrogen atom concentration and the type of
the replaced atom. This shift in the Fermi energy in-
dicates a typical n-type doping behavior. Moreover,
the peaks near the Fermi level become wider and
weaker, as the concentration of nitrogen atoms in-
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Fig. 8. Density of states for the total density of states (a), density of s states (b). Density of p states (¢) and

density of d states (d)

creases. Moreover, increasing the nitrogen concentra-
tion directly increases the magnitude of the occupied
states. For doped ZnO, the nitrogen atom substitu-
tions induce the n-type doping. Defects in wide band
gap semiconductors create new states in the band gap
region. These new states will eventually modify the
material properties.

Furthermore, we calculated the partial density of
states in order to monitor the coupling between the
states. Figure 3 shows the partial density of states
for Zn,0,, ZnO,_1Ny, ZnO,_sN», Zn,_1ONy, and
Zn,_50Ns. It is clear from Fig. 3 that there are three
dominant states that create the valence and conduc-
tion bands. Although the oxygen 2s states formed the
bottom of the valence band, zinc 3d and oxygen 2p are
important in the high-energy region. Here, we con-
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sider nitrogen 2p and oxygen 2p states to monitor
the coupling between them. Furthermore, the states
lying above the Fermi level are correlated to oxy-
gen 2p and nitrogen 2p states. These states are a
good indication of the strong hybridization between
them. Moreover, the covalent bond is formed between
the oxygen 2p and nitrogen 2p states, rather than the
ionic bond. However, no hybridization was observed
between the oxygen 2p and zinc 3d states.

Figure 3, a represents the total density of states for
pristine and nitrogen-doped ZnO. For a better repre-
sentation, we set the Fermi energy to be zero. For
pristine ZnO, the low-energy region of the valence
band ranges from —12 eV to -5 €V, which is repre-
sented by sharp and narrow peaks, see Fig. 3. These
sharp peaks are mainly formed from the zinc 3d or-
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Fig. 4. Contour plot represents the charge distribution for
nitrogen-doped ZnO

bital. In addition, the upper part of the valence band
(=3 eV to 0 eV) is formed from the oxygen 2p or-
bitals. We note that the majority of the conduction
bands includes the zinc 4s states. Moreover, upon re-
placing the zinc atom with one nitrogen atom, a part
of the 2s and 2p orbitals of nitrogen contributes to
the occupied states close to the Fermi energy, see
Fig. 3. These shallow donor states around the Fermi
energy supply n-type carriers, and, eventually, the
electrical conductivity is modified. The same behav-
ior is observed upon replacing the oxygen atom by
the nitrogen atom, see Fig. 3. Upon replacing two
zinc atoms by two nitrogen atoms (Zn,_oONs), i.e
increasing the nitrogen concentration, the area of the
occupied states increases. The discrepancy in the ar-
eas at different nitrogen concentrations is a good in-
dication that the number of electrons entering the
conduction band is not stable.

Figure 3, b, ¢, d shows the partial density of states
for all ZnO structures under investigation. As we can
see, the lower valence bands for pristine ZnO is con-
trolled by 3d states of zinc, which is within —12 eV to
-5eV, whereas the upper valence band with -5 eV to
0 eV is mainly controlled by 2p states of oxygen. Both
the 4s zinc and the 2p oxygen states primarily con-
tribute in conduction band. Upon substituting one
oxygen atom by one nitrogen atom, 2p states of ni-
trogen contribute to the unoccupied states and, as a
consequence, shift upward toward the middle of the
band gap. As illustrated in Fig. 3, the partial den-
sity of states of pristine ZnO shows that the zinc 3d
orbitals share in the lower part of the valence band,
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while oxygen 2p orbitals share in the upper part of
the valence band. A part of oxygen 2p? orbitals and
a small part of zinc 4p? orbitals share in the high-
est part of the valence band, another part of zinc 4p?
orbitals and a small part of oxygen 2p? orbitals con-
tribute to the lowest part of the valence band. The
combination of zinc 4p?and oxygen 2p? orbitals de-
velop the 7w and 7* states. This result is consistent
with previously reported calculations [14].

3.3. Structural transformation

Our results indicate that electrons were sharing be-
tween zinc and nitrogen atoms and oxygen and nitro-
gen atoms, see Fig. 4. To predict the charge trans-
fer in bulk ZnO, the electronegativity values for
zinc, nitrogen, and oxygen are 0.4 e, 0.26 e, and
—0.4 e, respectively. The charge between zinc and ni-
trogen atoms was shared by a covalent bond be-
tween them. The maximum accumulated charge was
observed near a nitrogen atom, which shows the lo-
calization of electrons around it.

4. Conclusion

With the aid of the density functional theory, we have
investigated the electrical and structural properties
of the nitrogen-doped bulk ZnO structure. Upon ex-
ploiting the effect of Hubbard correction parameters
for zinc, nitrogen, and oxygen, the obtained band gap
values became in good agreement with previous ex-
perimental results. Doping ZnO with nitrogen atoms
has a direct impact on the conduction bands, as the
conduction band of doped ZnO is much flatter than
that of the undoped ZnO structure. In addition, a
clear shift in the Fermi level observed upon replac-
ing one zinc atom by one nitrogen atom. Increasing
the nitrogen concentration will increase that shift as
well. While the zinc 3d orbitals share in the lower part
of the valence band, the oxygen 2p orbitals share in its
upper part. Finally, the doping of ZnO with nitrogen
atoms creates an inhomogeneous charge distribution,
and the charges between zinc, oxygen, and nitrogen
atoms are shared by covalent bonds between them.
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EJIEKTPOHHI BJIACTHBOCTI
JIETOBAHOI'O BYPIIUTY ZnO B TEOPII
OYHKIIOHAJIA IIIJIBHOCTI

Peszmowme

Teopiro dyHKITIOHATA IITBHOCTI 3aCTOCOBAHO JI0 PO3IVISLY €Jie-
KTPOHHUX BJIACTUBOCTEH YMUCTOrO i JIErOBAHOI'O a30TOM BYPIIH-
1y ZnO. Merog Xab6apna U (DFT + Uy + Up) BEKOpUCTAHO
JUTsI KOPEKITiT HeJOOIIHKY BestnurHu 3aboponenol 3ouu. Pe3yiib-
TaTu 11 PO3PaxXyHKY BUSBUJINCS BiJIOBITHUMUI HAsBHUM €KCIIE-

PUMEHTAJbHUM JaHUM. Po3risinyTo 4oTupu pi3Hi KoHIrypa-

il sieropanoro azoroM Bypuuty ZnQO. ITokazaHno, 1m0 BeudnHa

3a00poHeHOT 30HU it ZnO 3aJ1e2KUTh Bij KOHIIEHTPAI] a30Ty.
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