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The effects of point defects, hydrogen, and growth conditions on the electronic structure
and properties of the (Al,N) codoped p-type ZnO have been investigated using the first
principles method. The obtained results showed that the AlZn–NO–VZn complex is a
shallow acceptor that can play an important role in achieving the p-type conductivity in
the (Al,N) codoped ZnO films. Our results showed also that the electrical conductivity type
in the (Al,N) codoped ZnO films strongly depends on the donor/acceptor concentrations
ratio. The codoped ZnO films prepared under both Zn-rich and O-rich growth conditions
with a donors/acceptors ratio of 1:2 have a p-type conductivity, while those prepared with
a ratio of 1:1 cannot be p-type unless if they are prepared under O-rich conditions. The
achieved p-type quality depends also on the used nitrogen doping source. To prepare
p-type ZnO film of high quality using the (Al,N) codoping method, the use of NO or NO2 is
recommended. The presence of donor defects such as oxygen vacancies and hydrogen will
significantly affect the electronic properties of the (Al,N) codoped ZnO films, and if the
concentration of these defects in the sample is high enough, the material can be easily
converted to n-type.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is a wide-band-gap semiconductor with
a band gap of 3.3 eV at room temperature. This material has
recently attracted much attention because of potential appli-
cations in optoelectronic and transparent devices [1,2].
Usually, as-grown ZnO exhibits n-type conductivity. As the
origin of the intrinsic n-type conductivity, native defects such
as Zn interstitial (Zni) and O-vacancy (VO) have been sug-
gested. But it is difficult to explain the observed n-type
conductivity using these defects, since Zni has a high
ysics, University of
4816249.
er).
formation energy and the donor level of VO is too deep [3–
10]. As an alternative candidate, hydrogen was suggested. It
is unintentionally incorporated during crystal growth and
can be responsible for the n-type conductivity [11–16].

To use ZnO in optical, optoelectronic and photonic
applications and devices it is necessary to fabricate good
p-type material. However, it is difficult to produce good
p-type ZnO due to a large number of donor-type point
defects that exist in the as grown material such as;
interstitial zinc (Zni), oxygen vacancy (VO) and hydrogen.
Self-compensation, high ionization energy and low solu-
bility are additional challenges for the realization of p-type
ZnO using monodoping method. Several research groups
have reported the fabrication of p-type ZnO using group V
and group I elements such as; Li [17], N [18], P [19] and Na
[20]. Others have used As [21] and Ag [22] as acceptor
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Fig. 1. The 3�3�3 ZnO supercell used in this work.
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dopants. Recently, the codoping method has been sug-
gested as a solution for this problem. Yamamoto and
Katayama-Yoshida [23] suggested that the use of the
codoping method can solve unipolarity for the fabrication
of p-type ZnO. Since then, many groups have carried out
theoretical and experimental studies to realize p-type ZnO
by the codoping method using different dopants such as;
P–N [24], Mg–N [25], Ag–N [26–28], Li–N [29–32], B–N
[33,34], Be–N [35], Al–N [36–38], Ag–S [39,40], Ga–N
[41,42], As–N [43], Al–As [44] and Li–F [45]. Yamamoto
et al [23] found that n-type doping with shallow donors
like Al, Ga and In atoms decreases the madelung energy of
ZnO. They found that the codoping method using accep-
tors (N) and shallow donors like Al simultaneously will
decrease the madelung energy, decrease the ionization
energy of the acceptors and donors, and enhance the
solubility of the acceptors atoms.

In recent years, the Al–N codoping has attracted much
attention and several studies have been carried out to
control the structural, electrical and optical properties of
Al–N codoped p-type ZnO.

In this paper, first-principles calculations have been
carried out to investigate the electronic structure and
properties of (Al,N) and (Al,2N) codoped ZnO as well as
the effects of the growth conditions, point defects and
hydrogen on these properties.

2. Computational details

All calculations are performed by using the first-
principles pseudopotential method based on density func-
tional theory (DFT) and the plane-wave method as imple-
mented in the Quantum Espresso package [46]. For valence
electrons, The pseudopotentials involve 12, 6, 5 and 3
valence electrons for Zn(3d104s2), O (2s22p4), N(2s22p3)
and Al(3s23p1), respectively. In this work Al and N dopants
are doped into ZnO in the form of substitutions. Exchange
and correlation effects are treated under the generalized-
gradient-approximation with Perdew–Burke–Ehrenkof
(PBE) functional [47].

All calculations are performed using the 3� 3� 2
supercell with 72 atoms (Fig. 1) and a 3� 3� 2 grid of k-
points generated by the Monkhorst-Pack scheme. The
cutoff energy for plane wave basis was set to 40 Ry. The
atoms positions are fully relaxed using the BFGS method.

Structural optimizations for bulk ZnO in the WZ struc-
ture produced the following parameters: a¼3.284 Å,
c¼5.290 Å, u¼0.379 and ΔHf ¼ 3:43 eV, in good agree-
ment with experiment (a¼3.249 Å, c¼5.201 Å, u¼0.382
and ΔHf ¼ 3:6 eV).

The formation energy is a key quantity characterizing
the properties of a defect or impurity in a solid. Defects
with high formation energies can occur in low concentra-
tions and by consequence will have a small or negligible
impact on the host material properties; only those whose
concentration exceeds a threshold will have observable
effects.

The formation energy of defect D is defined as

Ef Dð Þ ¼ Etot ZnOþDð Þ�Etot hostð Þþ
X
i

niμi ð1Þ
where Etot ZnOþDð Þ is the total energy of a supercell
containing the defect D, Etot hostð Þ is the total energy of
the ZnO perfect crystal in the same supercell, ni indicates
the number of atoms i (Zn, O or D) that have been added to
(nio0) or removed (ni40) from the supercell, μi is the
chemical potential of species i.

In our case, the formation energies of Al–N and Al–2N
complexes are calculating according to

Ef Al�Nð Þ ¼ Etot ZnO:AlþNð Þ�Etot ZnOð ÞþμZnþμO�μAl�μN

ð2Þ

Ef Al�2Nð Þ ¼ Etot ZnO:Alþ2Nð Þ�Etot ZnOð ÞþμZn
þ2μO�μAl�2μN ð3Þ

where Etot ZnO:AlþNð Þ, Etot ZnO:Alþ2Nð Þ and Etot ZnOð Þ are
the total energies of supercells containing Al–N, Al–2N and
the pure ZnO.

The Al chemical potential μAl is set to its value in the
FCC structure and is given by

μAl ¼ μBulkAl ¼ 1
4
EtotðFCC AlÞ ð4Þ

The Zn chemical potential μZn is given by

μZn ¼ μBulkZn þΔμZn ¼
1
2
Etot hcp Znð ÞþΔμZn ð5Þ

where EtotðFcc AlÞ and Etotðhcp ZnÞ are the total energies of
the Al(FCC) and the Zn(hcp) structures respectively.

The oxygen chemical potential is restricted within the
thermodynamically allowed ranges determined by the
corresponding formation enthalpy of bulk ZnO (ΔHf

ZnO)
and gas phase of O (μgasO2

).
The allowed range for the chemical potential ΔμO is

given by

ΔHf
ZnOrΔμO r0 ð6Þ
The formation energy depends on the chemical poten-

tial of Zn and O atoms (μZn and μO), and this dependence
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Fig. 2. Calculated density of states of ZnO: (a) pure, (b) with Al–N
complex and (c) with Al–2N complex.
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can be simplified by eliminating μZn in favor of μO using the
bulk thermodynamic equilibrium condition:

ΔμZnþ ΔμO ¼ ΔHf
ZnO ð7Þ

The nitrogen chemical potential μN depends on the N
source used in the doping of the material. Previous work of
Yan et al [48] shows that the N doping efficiency in ZnO
depends greatly on the dopant chemical potential. In this
work we use the same N gas source as in Ref. [48]. The
nitrogen chemical potential is given by

μN ¼ 1
2
Etot N2ð ÞþΔμN ð8Þ

where EtotðN2Þ is the total energy of nitrogen molecule and
ΔμN is given by;

ΔμN ¼

0 for N2

ΔHNo
f �ΔμO for NO

1
2ðΔHN2O

f �ΔμOÞ for N2O

ΔHNO2
f �2ΔμO for NO2

8>>>>><
>>>>>:

ð9Þ

where ΔHNO
f , ΔHN2O

f and ΔHNO2
f are the formation enthal-

pies of the molecules; NO, N2O and NO2 respectively.

3. Results and discussions

3.1. (Al,N) and (Al,2N) codoped ZnO

Fig. 2 shows the calculated density of states (DOS) of
perfect ZnO, Al–N codoped ZnO, and Al–2N codoped ZnO.
The Fermi level is set to zero as usual. In the case of the
perfect ZnO supercell, the Fermi level is located at mid-
gap, which means a semiconductor behavior of the mate-
rial. When the material is codoped with Al and N atoms, a
new peak appears near the valence band maximum (VBM)
and the Fermi level is shifted down in this case (Fig. 2b);
however, it appears that the Al–N complex which is
constituted from AlZn and NO atoms on neighboring sites
is a deep acceptor, and it cannot lead to good p-type
conductivity. This is completely different from the results
of Hongling et al [49] who founds by using an LDAþU
method that Al–N codoping can lead to p-type conductiv-
ity in ZnO. The differences between the results of this work
and the results of Ref. [49] can be attributed to differences
in computational methods and supercell size used in each
work. While we use GGA-PBE in our work, the authors of
Ref. [49] use the LDAþU method to correct the band gap
problem. The obtained gap in this case is about 2.77 eV;
however, the 3d band position is not corrected. They
obtained a 3d band position around �10 eV which is
different from the experimental values (�7 eV to �8 eV).

Now, we are going to study the effect Al–2N codoping
on the electronic structure and properties of ZnO. Duan et
al [50] have investigated the properties of the Al–2N
codoped ZnO using first principles method. They found
that the N–Al–N configuration with the two N atoms in
first neighboring sites of the AlZn atom is the most stable
configurations. For this reason we will limit our study to
this configuration only. The obtained DOS (Fig. 2c) shows
that in the case of Al–2N codoped ZnO the Fermi level is
shifted downward in the valence band. This means that
the valence band is partially filled and a number of holes
exist. The material in this case is p-type conductivity, in
good agreement with previous DFT calculations [49–51].

We turn our attention now to the effect of the growth
conditions on the properties of the (Al,N) codoped ZnO.
The calculated formation energies for the Al–N and N–Al–
N complexes under different growth conditions are shown
in Fig. 3a and b, respectively. The obtained results show
that the formation energies of the Al–N and N–Al–N
complexes are sensitive to the oxygen chemical potential
(μO) and to the nature of the used N doping gas. It is very
clear that among all nitrogen doping gases proposed for
the realization of (Al,N) codoped ZnO, the NO gas is the
most efficient N doping source under O-rich conditions
because it leads to the formation of the Al–N and N–Al–N
complexes with high concentrations. However, under Zn-
rich conditions NO2 gives the lowest formation energies
for both Al–N and N–Al–N complexes and this means that
it will be the best choice.

3.2. Role of zinc vacancy (VZn) and oxygen vacancy (VO)

Zn vacancy (VZn) is one of the most common point
defects in ZnO prepared under O-rich conditions because it
has the lowest formation energy among all native defects.
Fig. 4 shows the obtained density of states for Al–N and
Al–2N codoped ZnO supercells with zinc vacancy. Com-
pared to the Al–N codoped ZnO case, we can show that the
presence of the zinc vacancy will create a shallow acceptor
states at the top of the VBM. The Fermi level in this case, is
located within the valence band which means that the
valence band is partially filled and a number of holes exist
in it, and this will lead to p-type conductivity. The density
of acceptor shallow states in this case is not only higher
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Fig. 3. Formation energy of (a) Al–N and (b) Al–2N as a function of the
oxygen chemical potential. The N2, N2O, NO and NO2 gases are used as a
nitrogen doping source.
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than that of the Al–N codoped ZnO but is also higher than
that of the Al–2N codoped material. In the case of Al–2N
codoped ZnO, the presence of zinc vacancy will enhance
the p-type conductivity because it will introduce more
holes in the valence band. The Fermi level in this case is
shifted deep in the valence band (Fig. 4).

Under Zn-rich conditions, the oxygen vacancy is the
most abundant defect in ZnO due to its low formation
energy. For this reason, it can play an important role in the
control of the electronic and optical properties of zinc
oxide. On the other hand, oxygen vacancy is a donor
defect, which means that it can compensate the Al–N
acceptor states and therefore make the realization of p-
type doping very difficult.

To study the effect of oxygen vacancies on the proper-
ties of Al–N and Al–2N codoped ZnO, we have calculated
the DOS curves of the ZnO supercell containing the
Al–NþVO complex as well as those of the supercell with
the N–Al–NþVO complex respectively. The obtained DOS
curves are shown in Fig. 5. It is very clear that the presence
of oxygen vacancy affects considerably the electronic
structure of the (Al,N) codoped ZnO. In the case of ZnO
supercell with the Al–N–VO complex, the corresponding
Fermi level is located at mid-gap, which means that the
obtained material is not p-type. In the case of the sueprcell
with the N–Al–N–VO complex, The Fermi level is shifted
upward in the conduction band, which mean that a



Table 1
Formation energies of the Al–N–VZn complex in ZnO as obtained for
various nitrogen doping source. Values are given for Zn-rich and O-rich
conditions at EF¼0 eV (valence band maximum; VBM) and EF¼3.3 eV
(conduction band maximum; CBM).

Doping source Charge state Zn-rich conditions O-rich conditions

VBM CBM VBM CBM

N2 0 2.50 2.50 �0.93 �0.93
�1 �0.39 �3.69 �3.82 �7.12

N2O 0 1.01 1.01 �0.71 �0.71
�1 �1.89 �5.19 �3.60 �6.90

NO 0 �1.67 �1.67 �1.67 �1.67
�1 �4.56 �7.86 �4.56 �7.86

NO2 0 �4.15 �4.15 �0.72 �0.72
�1 �7.04 �10.34 �3.61 �6.91

Table 2
Formation energies of zinc and oxygen vacancies in Al–N and Al–2N
codoped ZnO. Values are given for Zn-rich and O-rich conditions. The N2

gas was used as a nitrogen source.

Defect Zn-rich O-rich

Al–N Al–2N Al–N Al–2N

VZn 5.16 5.01 1.72 1.58
VO 1.76 1.09 5.20 4.52
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number of electrons exist in the conduction band and the
obtained material in this case is n-type conductivity.

To confirm the nature of the Al–N–VZn defect, we have
calculated its formation energies in different charge states
and the obtained results are listed in Table 1. Our calcula-
tions showed that the single negative charge (�1) is the
stable charge of the Al–N–VZn complex over all possible
values of the Fermi energy and this confirm the shallow
acceptor character of this defect. The obtained results
shows also that under O-rich conditions NO gives the
lowest formation energy, while, under Zn-rich conditions
NO2 gives the lowest formation energy and this confirm
our previous predictions concerning the choice of the
nitrogen doping source. On the other hand, our calcula-
tions show that the Al–N–VO complex is a double donor
and this means that it can compensate easily the acceptor
states induced by the Al–N–VZn complex.

The calculated formation energies of the zinc and oxygen
vacancies in both Al–N and Al–2N codoped ZnO are listed in
Table 2. The obtained results show that zinc vacancy has
almost the same formation energy in Al–N and Al–2N
codoped ZnO. A difference of only 0.16 eV was obtained,
which means that this defect can exist with almost the same
concentration in both cases. In the other hand, things are
different in the case of the oxygen vacancy defect. The
obtained results show that the formation energy of VO in
the Al–2N codoped ZnO is 0.7 eV lower than its value in the
Al–N codoped material. This means that compared to the Al–
N codoped material, the Al–2N codoped ZnO will contain
more oxygen vacancies. This means also that it is very
difficult to realize p-type ZnO by (Al,N) codoping under Zn-
rich conditions, and that the best choice is to grow the
codoped material under O-rich conditions.
On the other hand, combining these results with the
results of Section 3.1, we can suggest that it is possible to
produce a p-type ZnO films by the (Al,N) codoping method
under O-rich conditions through the use of N2O or N2

gases as a nitrogen source. To better understand this point,
we have calculated the formation energy of these defects
under different growth conditions (different N source and
different values of μO) and the obtained results for N2O are
showed in Fig. 6. It is very clear that in the case of Al–2N
codoped ZnO the obtained material is always p-type
because the Al–2N complex has always the lowest forma-
tion energy. However, the best p-type quality can be
obtained under O-rich conditions rather than the Zn-rich
conditions. In the case of Al–N codoped ZnO the situation
is different. The p-type doping can be achieved only under
O-rich conditions and for oxygen chemical potential in the
range of [�1.75 eV, 0 eV]. In the previous experimental
work of Chou et al [52], the authors have showed that the
conductivity type of (Al,N) codoped ZnO thin films pre-
pared by RF magnetron sputtering method with N2O as a
nitrogen source gas depend greatly on the used N2O/
(N2OþO2) ratio. Their results shows that the best p-type
conductivity is obtained when a 30% volume ratio N2O is
used, and when the used ratio is higher than 50% the
obtained material is n-type. These results appear to be in



-4 -2 0 2 4
0

50

100

D
O

S 
(s

ta
te

s/
eV

/c
el

l)

Energy (eV)

  ZnO:Al-2N
  ZnO:Al-2N:Hi

Fig. 8. Calculated density of states for ZnO supercells containing N–Al–N
and N–Al–N–Hi complexes.

-4 -2 0 2 4
0

30

0

30

0

30

Energy (eV)
D

O
S 

(s
ta

te
s/

eV
/c

el
l)

Fig. 7. Calculated density of states for ZnO supercells containing different
H-related defects; (a) The Al–N–Hi complex, (b) The Hi–Al–N complex
and (c) The Al–NþHO complex.

M.A. Lahmer, K. Guergouri / Materials Science in Semiconductor Processing 39 (2015) 148–155 153
agreement with the results of this work. On the other
hand, Kumar et al [53] showed that the as grown (Al,N)
codoped ZnO films prepared by sputtering method with
N2/O2 ratio in the range of 40260% are n-type and that the
p-type conductivity is obtained after thermal annealing.
They explained these results in term of the formation of
new VZn-related acceptor. This last result is very important
because it appear to be in very good agreement with our
results that show that the Al–N–VZn complex or the
Al–2N–VZn complex can be the origin of the p-type
conductivity in the (Al,N) codoped ZnO.

Zhu et al [36] have reported the realization of p-type ZnO
using the (Al,N) codoping method and a high temperature
homo-buffer layer. They found that increasing the buffer
layer deposition time will lead to a decrease in the quality of
the p-type ZnO thin films. They explained this result in term
of the formation of more Al–N complexes instead of N–Al–N
complexes and this appear to be consistent with our results
suggesting that Al–N complex do not lead to p-type in ZnO.
Another important point is related to the nitrogen source
used in this study. The NH3 gas was used as a nitrogen
doping source in this case. Recent DFT calculations of Bang
et al [54] show that the (NH3)Zn defect is more stable under
O-rich conditions than NO, (N2)Zn and (NO)Zn. This study
shows also that (NH3)Zn is a neutral complex; however, it can
be transformed to acceptor by capturing H donor. On the
other hand, Lu et al [37] have reported the fabrication of (Al,
N) codoped p-type ZnO using N2O gas as a nitrogen and
oxygen source. They have reported that the best p-type
quality can be obtained for growth temperatures in the range
of 450–500 1C and that the use of lower or higher growth
temperatures will decrease the p-type quality of the ZnO
films. The use of N2O gas as a source of nitrogen and oxygen
means that the ZnO films are prepared under O-poor
conditions. Based on the results of Fig. 6 we can see that
the formation energies of Al–N and N–Al–N complexes
under Zn-rich conditions are very close to each other. The
formation energy of the Al–2N–VO complex in this case is
slightly higher than that of the Al–2N acceptor complex. This
means that it is very difficult to obtain high p-type quality in
this case. However, by combining the results of Figs. 6 and 8
we believe that it is possible to understand the results of
Ref. [37]. We suggest that the formation of Al–2N–Hi or
Al–2N–HO complexes is responsible of the low p-type quality
observed in ZnO films prepared at 400 1C. By increasing the
growth temperature to 450–500 1C, the HO and N–H com-
plexes become thermally unstable and the hydrogen will
diffuse out the sample [54,55] and this lead to the formation
of Al–2N complex. Previous work [56] showed that H plays
an important role in N-doped p-type ZnO. At an annealing
temperature of 500 1C, the H shows an important reduction
in concentration in the ZnO film, and at the same time the N
concentration remains constant and this leads to the obtain-
ing of p-type material. For high temperatures, nitrogen
become thermally unstable and will diffuse out and conse-
quently the p-type quality decrease or vanish completely.

3.3. Effect of hydrogen

Interstitial hydrogen plays an important role in the
control of the electronic properties of ZnO, because it has a
shallow donor character [11], it has a low diffusion energy
[57,58] and it is present in most of the ZnO growth
methods. For this reason it is very important to investigate
the effect of hydrogen on the electronic structure and
properties of (Al,N) codoped ZnO. The obtained results in
this work show that interstitial hydrogen atom prefer
bonding with the N atom to form the N–H complex. The
formation energy of this complex in its neutral charge is
0.09 eV.

Due to their low formation energies and their donor
character in ZnO, both interstitial and substitutional H can
be regarded as a serious impedance for the realization of
(Al,N) codoped p-type ZnO. The calculated DOS curves for
Hi and HO defects in Al–N codoped ZnO are shown in Fig. 7.
The obtained Fermi level in this case is located inside the
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conduction band, which means that the obtained material
is n-type conductivity. In the case of the Al–2N codoped
ZnO, the situation is somewhat different. The calculated
DOS shows that the Fermi level for the supercell contain-
ing Al–2N with the Hi bonded to a nitrogen atom is located
at mid gap (Fig. 8). This means that the Al–2N related
acceptor state is passivated by H atom and if a high
amount of Hi is introduced in the sample (cH4cNÞ the
material will be n-type conductivity.

4. Conclusions

In this work, the effects of growth conditions, point defects
and hydrogen on the electronic structure and properties of the
(Al,N) codoped p-type ZnO have been investigated using the
first-principles method. The obtained results shows that the
conductivity type of the (Al,N) codoped ZnO depend greatly
on the (Al,N) doping level, the used nitrogen gas source, the
point defects concentrations and the growth conditions.

Our results showed that the Al–N–VZn complex is a
shallow acceptor that can play an important role in achieving
the p-type conductivity in the (Al,N) codoped ZnO films. This
complex can be the source of the p-type conductivity in the
Al–N codoped ZnO films prepared under O-rich conditions.
The obtained results showed also that the electrical con-
ductivity type in the (Al,N) codoped ZnO films strongly
depend on the donor/acceptor concentrations ratio. While
the use of a donor/acceptor dopants ratio of 1:2 will produce
p-type material under both O-rich and Zn-rich growth
conditions, the (Al,N) codoped ZnO films prepared with a
dopants ratio of 1:1 cannot be p-type unless if they are
prepared under O-rich conditions. On the other hand, these
results suggest that the p-type quality of the codoped
material depends greatly on the nature of the used nitrogen
doping source. To prepare p-type ZnO film of high quality
using the (Al,N) codoping method, the use of NO or NO2 is
recommended.

Finally, the effect of the oxygen vacancies and hydrogen
on the properties of the (Al,N) codoped ZnO was also
investigated. The obtained results show that these defects
may play an important role in the control of the electronic
structure and properties of the (Al,N) codoped ZnO. The
presence of the hydrogen defect or the oxygen vacancies in
the sample with a high concentration will convert the
p-type conductivity of the (Al,N) codoped ZnO material to
the n-type.
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