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Density functional theory and generalized gradient approximation including a Hubbard-like term was
used in the present work to analyse p-type electrical conductivity as well as the switch of n-type — p-type
conductivity in the ZnO materials. Results on atomic shifts indicate significance of Coulomb electrostatic
interaction in finding the equilibrium state of the system. It is shown that the p-type electrical conductivity
could be obtained by the N impurity doping into the n-type ZnO samples and also by considering zinc va-
cancy defect in otherwise pure ZnO crystal. Computed concentrations of free-carriers for different samples

are compared to the available experimental data.
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1. INTRODUCTION

Whurtzite-type zinc oxide (ZnO) is considered to be a
wide-bandgap (WBG) material due to its 3.4 eV direct
forbidden energy gap [1]. The WBG characteristic is
responsible for several properties of the material, in-
cluding good transparency, high electron mobility [2]
and room-temperature luminescence [3]. On the other
hand, its large excitation energy (60 meV) endows the
crystal with important properties such as lasing action
based on exciton recombination and possibly polari-
ton/exciton interaction even above the room tempera-
ture [4]. Thus, properties of the ZnO outnumber those
of the other WBG materials (e.g., GaN, AlGaN, InGaN
and SiC) [5], which points out ZnO as a potential can-
didate to replace indium in expensive indium-based
devices [6].

However, despite many years of investigation, some
properties of this material are still not well understood
[7]. In the present work, in order to reduce the uncer-
tainty, we have carried out the DFT + U analysis of
some of its properties, with special focus on those ignit-
ed by intrinsic and extrinsic defects in its crystalline
lattice. Firstly, the n-type crystal, hereafter known as
Zn0O + H and investigated in detail previously [8, 9],
was doped with increasing concentrations of N atoms
until the p-type conductivity was achieved. Secondly,
the origin of intrinsic p-type conductivity in ZnO driven
by a negatively charged Zn vacancy (VZ,) was also
investigated. Our theoretical findings regarding p-type
conductivity in ZnO as well as the switch from the n-
type to p-type conductivity are backed up by some ex-
perimental studies. For example, the work of Barnes et
al. [10] reports the evidence for p-type conductivity in
N-doped ZnO. Likewise, Yu et al. [11] study the occur-
rence of ferromagnetism in N-doped ZnO. Ma et al. [12]
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suggest that Zn atom vacancy (Vza) could be responsi-
ble for the intrinsic p-type conductivity in ZnO.

This article is organized as follows. Section II de-
tails the computational method used throughout the
investigation. Section III discusses the most remarka-
ble results obtained in the study. Finally, section IV
gives the article conclusions with a brief summary.

2. THEORETICAL APPROACH
2.1 Method and Models

Density functional theory (DFT) calculations were
carried out by means of the Vienna ab initio simulation
package (VASP) [13, 14]. The interaction between the
core electrons and the valence electrons were treated
through the projector augmented wave (PAW) pseudo-
potential method proposed by Bloch [15] and adapted
later by Kresse and Joubert [16]. In order to account for
the exchange-correlation potential, the generalized
gradient approximation (GGA) according to the Perdew-
Burke-Ernzerhof (PBE) scheme [17] was used. Moreo-
ver, the following valence configurations have been
exploited here: 3d10 4s2 for Zn, 2s2 2p* for O, 1s! for H,
and 2s2 2p? for N.

Any technique based on the DFT-GGA experiences
considerable difficulties when trying to achieve a correct
description of the energy gap (E¢) for materials contain-
ing d-electrons. One way to minimize this error is by
including an intra-atomic interaction term for the
strongly correlated electrons by an unrestricted Har-
tree-Fock approximation, resulting in the so-called
DFT + U approximation. A value of 5.0 eV was used
throughout this work as the correction factor U for the
Zn 3d electrons. Accordingly, the computed E¢ width
was found to be equal to 3.1 eV. This value is very close
to the corresponding experimentally available values
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(~3.4eV)[1, 18].

The Brillouin zone of the 4-atom primitive unit cell
(UC) was sampled by a k-point mesh of 9 x 9 x 5 accord-
ing the I'-centered Monkhorst-Pack (MP) grid scheme.
In order to compute intrinsic point defects the UC was
expanded twenty-seven times (3 x3x 3 extension),
which resulted in a 108-atom supercell. The correspond-
ing k-point mesh (3 x 3 x 2) for the supercell maintained
the same separation of 0.04 A-1in the reciprocal space.
A cut-off kinetic energy of 540 eV was used throughout
the work.

Performed structure optimization for pure ZnO ma-
terial led to the following lattice parameters:
a=3.239 A, c/a=1.605 and u =0.379, which are in sat-
isfactory agreement with the experimentally available
data: a =3.25 A, c/a = 1.602 and u = 0.375 [1].

Density of states (DOS) play an important role when
analyzing the type of conductivity acquired by the crys-
tal, i.e., by localizing the position of Fermi level (EF)
within the corresponding DOS pattern. Furthermore, by
multiplying the DOS pattern with the Fermi distribu-
tion function, f(E), as shown in equation 1, the hole
concentration (py) can be obtained.

po = [ gy(B)[1 — F(E)]dE (6

A detailed explanation of this equation can be found
in [19, 20].

Bader population analysis [21], alongside a careful
analysis of the atomic positions allowed us to under-
stand the nature of the atomic movements within the
defective region of crystal.

3. RESULTS AND DISCUSSION
3.1 Induced p-type Conductivity in ZnO

Induced p-type conductivity was attained through
increasing N-3 — O-2 anionic substitutions into an
atomic arrangement already exhibiting n-type electri-
cal conductivity (ZnO + H). The n-type conductive ma-
terial has been studied by our group before and its
features are described in detail elsewhere [9]. Here, we
can briefly state that equilibrium configuration of the
ZnO + H consists in H atom occupying precisely oxygen
vacancy site. For such configuration the computed free-
carrier density is found to be equal to 1020 e/cm?, which
is close to some experimental findings. ZnO + H system
also exhibits magnetic moment being equal to 3.47 us.
The mechanism for obtaining the p-type conductivity in
ZnO was suggested by Barnes et al. [10] in their exper-
imental study of ZnO by means of the X-ray diffraction
technique.

Modeling of N dopants have been done starting
from 1.85 mol % concentration (one impurity doping)
up to 7.41 mol % concentration (four impurity doping).
As a result, it was determined that at 5.56 mol % (i.e.,
three N impurities) the switch n-to-p takes place. A
number of different configurations have been consid-
ered for the 5.56 mol % concentration by changing rela-
tive distances between the N impurities and the H
atom. Analysis of the system’s total energies allowed us
to identify four configurations (Table 1) having high
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chance to occur in the nature since these configurations
have very close total energies. For the sake of brevity
only lowest energy configuration, i.e., sample 1 (Fig. 1),
will been analyzed; the behavior of the remaining three
configurations stick closely to it.

Zn atoms

O atoms

H atom

N atoms

' r4
S
X
Fig. 1 - A schematic sketch showing the vicinity of N impuri-
ties and H atom situated within the oxygen vacancy site in the
hexagonal ZnO material. Pointers indicate the direction of

atomic movements due to the perturbation produced by the
intrinsic and extrinsic defects

3.1.1 Analysis of the microstructure

Due to the N impurity-imposed perturbations atoms
situated in the neighborhood of the defect suffer dis-
placements, mostly driven by the Coulomb electrostatic
interaction. Since atomic charge on N impurity is more
negative than that of the replaced O atom, 0.07 e in
average, stronger Coulombic attraction between the
impurities and their surrounding Zn atoms occurs. That
clearly explains the average defect-inward displacements
of ~0.05 A (Table 2) of the Zn atoms.

3.1.2 Electronic and magnetic properties

DOS pattern for the lowest energy configuration is
shown in Fig. 2. It can be seen that the N dopants mod-
ify primarily the upper part of the VB. Thus, a strong
contribution towards the p-type conductivity is due to
the N 2p atomic orbitals (AOs). Zn 4p, Zn 3d, Zn 4s and
O 2p AOs provide a noticeable contribution as well.
Moreover, from the DOS picture one can notice the
existence of unoccupied in-gap states in the beta spin
electronic sub-system at ~0.31 eV and ~ 0.61 eV, re-
spectively. Additionally, this configuration shows some
band-gap shrinkage of ~1.17 eV with respect to
ZnO + H system. The results on electronic features are
in perfect agreement with the available experimental
data [22-25].

It is important to mention that this configuration ex-
hibits a magnetic moment being equal to 4.07 wB, which is
larger as that computed for the ZnO + H system and being
equal to 3.47 us. There are some small
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Table 1 — Summary of properties for samples 1 to 4: Energy difference (AE), which is given with respect to the most stable config-
uration (sample 1), band-gap (E¢) width, local magnetic moment induced by the H atom (m#), local magnetic moment induced by
the N atoms (mn), total magnetic moment (m) and hole concentration (p,)

Samples N AE Intrinsic defect Eg MH N po
(mol%) | (eV) eV) | | ) | (us) | (holes/cm?
1 — 1.07 | 0.25 | 0.46 | 4.07 | 1.291*102!
2 556 0.01 Ho 0.61 0.25 | 0.60 | 4.02 | 6.314*1020
3 ’ 0.05 1.07 | 0.25 | 0.48 | 4.05 | 1.467*10%!
4 0.10 0.61 | 0.25 | 0.42 | 4.05 | 1.150*102

Table 2 — Atomic charges in the n-type material (q1) containing Zn, O and H host atoms and in the p-type material (q2) containing
incorporated N impurities. Atomic displacements (Ar1) for atoms situated in the vicinity of intrinsic and extrinsic defects with
respect to the closest N impurity. Positive atomic displacements stand for outward movements. Numeration of the atoms corre-
sponds to the one shown in Fig. 1

Extrinsic defects Nearby atoms | q1 (e) q2 (e) Ar1 (A)
Zn (3) 0.75 0.71 —0.06
Zn (5) 0.88 0.83 —0.06
Zn (6) 0.85 0.83 —0.05
Zn (7) 0.85 0.85 —0.05
Zn (8) 0.86 0.86 —0.04
0 (2) ~0.86 —0.82 0.02
0 (5) ~0.85 —0.84 0.02
N (1) o —0.84 —0.86 0.06
charge — 0.93 0® —0.84 —0.88 0.06
(OX¢N)) -0.88 -0.85 -
0 (12) —0.85 —0.84 —0.01
0 (13) ~0.85 —0.85 0.01
0 (14) ~0.83 —0.84 0.01
0 (15) ~0.83 —0.83 —0.02
0 (16) —0.85 —0.86 0.02
o@an -0.84 -0.85 —0.02
Ho -0.27 -0.13 0.21
Zn (1) 0.75 0.68 —0.05
Zn (4) 0.77 0.73 —0.02
Zn (9) 0.84 0.84 —0.04
Zn (10) 0.84 0.85 —0.05
Zn (11) 0.83 0.83 —0.09
o -0.84 —0.85 0.03
0 (3) —0.84 ~0.86 0.02
N @ 0 (9) ~0.85 ~0.86 0.01
charge - 0.91 ¢ 0 (10) —0.84 —0.84 ~0.02
018 -0.85 -0.83 —0.02
0 (19 -0.84 -0.84 0.01
0 (20) -0.84 —0.84 -0.01
0 (21) ~0.85 —0.86 —0.02
0 (22) —0.84 ~0.82 0.01
0 (23) —0.84 —0.83 0.02
0 (29 -0.87 —0.83 0.05
Ho —0.27 —0.13 —0.15
Zn (12) 0.83 0.83 —0.02
Zn (13) 0.84 0.84 —0.04
Zn (14) 0.84 0.83 —0.03
Zn (15) 0.84 0.82 —0.05
Zn (16) 0.84 0.87 —0.03
N (3) 0 (10) -0.84 -0.84 0.02
charge — 0.90 e 0 (24) -0.87 —0.83 —
0 (25) —0.84 —0.84 —0.01
0 (26) —0.84 ~0.83 0.01
0 (27) —0.84 —0.84 0.03
0 (28) -0.84 -0.84 -
0 (29 -0.84 —0.82 -
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0 (30) —0.85 —0.83 —
0 (31) —0.85 —0.84 0.01
0 (32) —0.84 —0.83 0.01
0 (33) —0.87 —0.85 0.03
0 (34) —0.84 —0.83 0.02
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Fig. 2 - DFT + U computed total and partial DOS for the sample 1. Observed principal contribution in p-type conductivity
(zoomed in the inset image) are due to the Zn 4p, Zn 3d, Zn 4s, O 2p and N 2p states. Vertical line denotes Fermi level (Er)

changes of local magnetic moments on the host Zn, O
and H atoms compared to their respective values in the
ZnO + H system but the notable contribution towards
the total magnetic moment of the supercell is due to N
atoms, 0.46 us.

3.2 Intrinsic p-type Conductivity in ZnO

Additionally, to the simulation of induced p-type con-
ductivity we reproduced intrinsic p-type conductivity in
the ZnO material. That was done by considering a Zn
vacancy intrinsic point defect. Zn deficiency was modeled
by removing one of the Zn host atoms from the central
part of the 108-atom supercell as it is shown in Fig. 3.

3.2.1 Analysis of the microstructure

Table 3 displays atomic charges on Zn and O atoms.
As one can observe, atomic charges for the crystal con-
taining =zinc vacancy in average changes by
~0.02 e/atom (increase) for zinc and ~ 0.09 e/atom (de-
crease) for oxygen, respectively. These changes are in
direct correspondence to the displacements of the de-
fect-neighboring atoms, which are also listed in Table 3
and depicted in Fig. 3b. Zn and O atoms displace them-
selves toward the Vzn position by ~0.05y ~0.09 A,
respectively. These movements are expected due to the
natural trend of atoms to fill the empty space left by
the atom removal.

The electron localization function (ELF) shown in
Fig. 3a indicates the occurrence of V27, which shows no

electron localization. The experimental evidence of the
V27 in ZnO, studied by different techniques, is widely
explained elsewhere [26-30].

Table 3 — Bader charges on atoms for pure crystal, go, and
7ZnO0:Vz, system, g1, as well as atomic displacements, Ars, for
atoms situated in the vicinity of the intrinsic point defect.
Positive atomic displacements stand for the outward move-
ments. Numeration of the atoms corresponds to the one shown
in Fig. 3

Nearby atoms qo(e) |qi(e) |Ar: (A)
0 (1) —0.85|-0.74] 0.10
0 (2 -0.85|—-0.74| 0.10
0®B) -0.85|—-0.74| 0.10
04 -0.85|-0.73| 0.09
0 (5) —0.85|-0.83] 0.03
Zn (1) 0.85 | 0.86 | —0.06
7Zn (2) 0.85 | 0.86 | —0.06
Zn (3) 0.85 | 0.87 | —0.06
7n (4) 0.85 | 0.86 | —0.06
7Zn (5) 0.85 | 0.86 | —0.06
7Zn (6) 0.85 | 0.87 | —0.06
Zn (7) 0.85 | 0.86 | —0.06
7Zn (8) 0.85 | 0.86 | —0.06
7Zn (9) 0.84 | 0.87 | —0.06

7Zn (10) 0.85 | 0.85 | —0.05
7Zn (11) 0.85 | 0.85 | —0.05
7Zn (12) 0.84 | 0.85 | —0.05
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Fig. 3 — (a) Contour plot of the ELF for the ZnO:Vz, material in the plane containing the Vg2, which perpendicular to the
z-direction. Isoline small spheres represent O and Zn cores, respectively. The ELF scale is such that light (red/yellow online)

means larger values of the ELF and dark (red online) means sm
of Zn electron pair and is clearly seen. (b) A schematic figure of
ers indicate the direction of atomic movements due to the defect

aller value of the ELF. The black circle corresponds to the absence
vicinity of the V2 defect in the hexagonal ZnO crystal. The point-
produced perturbation
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Fig. 4 — DFT + U computed total and partial DOS for the ZnO:Vz, crystal, where the vertical line denotes the Fermi level (EF).
The zoomed part of DOS around the Er (inset) indicates the contribution to the p-type conductivity and consists mainly of the Zn

4p, Zn 3d and O 2p states
4. CONCLUSIONS

Spin-polarized DFT + U calculations have been per-
formed to investigate zinc oxide crystal and the p-type
electrical conductivity. It is demonstrated that pure
Zn0O material can exhibit p-type conductivity if con-
tains zinc vacancies. It is also shown that n-type ZnO
material doped with N impurities switches from n-type
to p-type if N impurity concentration reaches
5.56 mol %.

01

According to our results on crystal microstructure,
Coulomb electrostatic interaction is mainly responsible
for the atomic shifts in region containing intrinsic and
extrinsic point defects. Nevertheless, tendency of atoms
to fill the empty space left by the Zn atom removal also
cannot be neglected.

Computed free-carrier densities for intrinsic and
induced p-type conductivities are found to be equal to
1.38:1021 holes/cm? and 1.29-102! holes/cm3, respective-
ly. These results are in good agreement with the avail-
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able experimental data. It is also necessary to state
that N impurity is found to be favorable to augment the
magnetic moment of the ZnO + H samples. According
to our computations, three N impurities contribute up
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