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The authors report the conversion of conduction type from n-type to p-type in
the Al–N co-doped ZnO thin films by using thermal annealing treatment un-
der argon atmosphere. The samples were deposited on fused silica by radio
frequency magnetron sputtering. X-ray diffraction measurements showed that
ZnO thin films have (002)-preferred orientation and the lattice constant
decreases with the increase of nitrogen partial pressure. The average optical
transmittance of these films is over 80%. The hole density is around
1.58 9 1017 cm�3 with an annealing temperature of 700�C. After exposing the
samples in air for 1 year, the conduction type remains p-type with only a slight
decrease of hole density, which indicates that the p-type ZnO with Al–N
co-dopants has good electrical stability.
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INTRODUCTION

As a direct wide band gap semiconductor with a
large exciton binding energy of 60 meV, zinc oxide
(ZnO) has been recognized as a promising material
for ultraviolet (UV) light-emitting diodes (LEDs) and
laser diodes (LDs).1–4 To realize these applications,
an important issue is the fabrication of high-quality
n-type and p-type ZnO material with low resistance.
ZnO is naturally an n-type wide band gap semicon-
ductor.5 However, it is difficult to obtain efficient p-
type doping due to the strong self-compensation
effect.6 In order to realize p-type doping in ZnO, a
variety of elements have been selected as acceptors to
substitute the Zn or O, including group I (Li, Na, K,
Cu, Ag) and group V (N, P, As, Sb) elements.7–12

Among those elements, N has been demonstrated as a
good p-type dopant for ZnO because its ionic radius is
close to O as well as the success of p-type doping in II–
IV selenides with N dopant.13 Much literature on the
growth of p-type ZnO is available. However, it is still
difficult to obtain p-type ZnO, which has been
attributed to the self-compensation by native defects
and the low solubility of N in ZnO due to its high
formation energy. To improve the acceptor solubility,
a co-doping method using group V acceptors and
group III reactive donors has also been proposed to
create p-type conduction.14–16 The calculations sug-
gest that co-doping can decrease the ionized energy of
the acceptor and sufficiently increase dopant solubil-
ity due to the low formation enthalpy. The theory was
later proved by experiments. Therefore, co-doping
with group IIIA and V elements may be a promising
way to realize p-type ZnO.

In previous work, we reported an alternative route of
thermal oxidization of Zn3N2 to prepare p-type ZnO
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thin films.17 p-type ZnO:N with a hole density of
4.16 9 1017 cm�3 has been obtained at an optimized
annealing temperature of 700�C. Recently, we improve
the thermal stability of p-type ZnO by thermal oxidiza-
tion of Al-doped Zn3N2.

18 Due to the strong chemical
bond of Al–N, the Al can stabilize the N and avoid the
over replacement of residual N by O during the
annealing at high temperature. However, as pointed
out in a recent paper about the limitation of ZnN
oxidation, abundant defects remain and could not be
completely eliminated by annealing treatment.19 In
order to overcome this limitation and improve the
structural quality of ZnO thin films, we prepare Al–N
co-doped ZnO using a co-sputtering method with the
introduction of ZnO and AlN ceramic targets. In this
paper, we systematically study the effects of nitrogen-
to-argon ratio and thermal annealing on structural,
optical and electrical properties of ZnO. X-ray diffrac-
tion (XRD) indicated that all samples are (002)-pre-
ferred oriented. After annealing treatment in oxygen
atmosphere, p-type ZnO samples with high stability
have been obtained.

EXPERIMENTAL PROCEDURES

The Al–N co-dopedZnO thin films weredeposited on
fused silica glass substrates by radio frequency (RF)
magnetron sputtering. The substrates were cleaned
with ethanol and acetone in an ultrasonic bath for
10 min and then rinsed with deionized water. The
substrates were dried by nitrogen gas before being
fixed to a rotating substrate holder. ZnO (purity of
99.99%) and AlN (purity of 99.99%) materials were
selected as the co-sputtering targets. The base pres-
sure and working pressure were 5 9 10�4 Pa and
3.0 Pa, respectively. During the deposition, the RF
power of ZnO and AlN targets was fixed at 150 W and
the films were deposited for 30 min. The ratio of
nitrogen (N2) and argon (Ar) flow was set at 0:25, 5:20,
10:15, 15:10 and 20:5 sccm. Subsequently, the films
prepared at different nitrogen partial pressures were
annealed at 500�C, 600�C, 700�C, and 800�C in a tube
furnace under argon atmosphere for 60 min.

To investigate the properties of the co-doped
films, XRD analysis (source Cu Ka with k = 1.54
Å
´
) was performed to obtain the structural parame-

ters and to study the possible phases of the fabri-
cated films. Scanning electron microscopy (SEM)
was used to investigate the surface morphology of
the co-doped thin films. Energy-dispersive x-ray
spectroscopy (EDS) was used to identify the ele-
ments present in the films. The optical characteris-
tics were measured by an UV–visible
spectrophotometer. The electrical properties of the
films were measured using van der Pauw Hall
measurement (HL5500PC) at room temperature.

RESULTS AND DISCUSSION

Structure and Morphology Properties

Figure 1 is the XRD pattern of the Al–N co-doped
ZnO prepared at different nitrogen partial pressure

ratios. It is obvious that only a (002) diffraction peak
is observed in all films which is indexed as the
hexagonal wurtzite crystal structure of ZnO. No
Al2O3 and Zn3N2 phases were found implying that
the Al and N atoms occupied the former sites of Zn
and O. In addition, the diffraction angle of the (002)
peak shifted to a higher angle and the full width at
half maximum (FWHM) decreased as the nitrogen
partial pressure was increased. Table I lists the
structure parameters of the co-doped films calcu-
lated from the XRD spectra. The crystalline plane
distance (d) was calculated by the Bragg diffraction
equation: k = 2dsinh. The average crystallite dimen-
sion of the Al–N codoped thin films calculated from
the FWHM is about 16–24 nm according to the
Scherrer formula. From Table I, we found that the
2h value of the (002) peak for all co-doped films is
smaller than that of bulk ZnO (34.40�). According to
solid solution principle, Al-doped ZnO would lead to
a larger 2h value and N-doped ZnO to a smaller
value. In addition, the existence of residual stress in
the films also contributes to the shift in diffraction
angle. There are several reasons for the existence of
stress, such as lattice mismatch, deposition under
non-equilibrium conditions as well as the dopant
and composition gradient across the film surface.
Since the length of the Zn–N bond is slightly shorter
than that of the Zn–O bond, the change in lattice
constant would be attributed to the substitution of
N atoms for O atoms.

Optical Analysis

Figure 2 shows the optical transmission and
absorption spectra of Al–N co-doped ZnO thin films
prepared at different nitrogen partial pressure
ratios. The thickness of these films is about
450 nm as determined by the step profiler. As we
can see, the fluctuation in the visible region is
caused by the interference of light. The average
optical transmittance of these films is over 80%. For
the sample prepared at a nitrogen partial pressure

Fig. 1. XRD patterns of Al–N co-doped ZnO thin films prepared at
different nitrogen partial pressure ratios. All films show (002)-pre-
ferred orientation (left). The diffraction peaks shift to a high angle
with the introduction of N2 as well as the increase of N2 partial
pressure ratio (right).
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of 0:25 (without nitrogen), the sharp absorption
edge and high optical transmittance in the visible
region were observed. On the contrary, the absorp-
tion edge of Al–N co-doped ZnO thin films deposited
under different nitrogen atmospheres shifted to a
longer wavelength. This is ascribed to the large
number of deep-level defects formed by the intro-
duction of N2.

Electrical Properties

The effect of nitrogen partial pressure ratio on the
resistivity, carrier concentration and mobility are
shown in Fig. 3. All the films were in a square shape

of 1 9 1 cm2. Indium was used as electrode material
and all samples showed good Ohmic contact. The
Hall results show that the co-doped thin films are n-
type conductivity. It is known that the substitu-
tional Al atoms form shallow donors and contribute
conduction electrons. During sputtering, N2 was
decomposed into nitrogen atoms and/or nitrogen
ions. Either nitrogen atoms or nitrogen ions are
very active. They can fill the oxygen vacancy and
combine with Al atoms. Compared with the films
prepared in pure argon atmosphere, the carrier
concentration of co-doped ZnO thin films fabricated
at different nitrogen partial pressures show obvious
decrease, indicating that the N atoms are effectively

Table I. Structural parameters of Al–N co-doped ZnO thin films prepared at different nitrogen partial
pressure ratios, including diffraction angle (2h), full width at half maximum (FWHM), interplanar distance
(d), and lattice constant (c)

Samples 2h (�) FWHM (�) d (Å) c (Å)

Pure ZnO 34.213 0.452 2.6187 5.2374
0% 34.293 0.257 2.6127 5.2254
20% 34.345 0.258 2.6089 5.2178
40% 34.396 0.266 2.6052 5.2104
60% 34.396 0.276 2.6052 5.2104
80% 34.372 0.266 2.6069 5.2138

Fig. 2. Optical transmission spectra of the Al–N co-doped ZnO thin
films prepared at different nitrogen partial pressure ratios.

Fig. 3. Effect of nitrogen partial pressure ratio on the electrical
properties of Al–N co-doped ZnO thin films. The square is the carrier
concentration. The triangle is the Hall mobility. The circle is the
resistivity.

Table II. Electrical measurement results of Al–N co-doped ZnO thin films prepared at different nitrogen
partial pressure ratios measured with an HL5500PC system

Sample
Carrier

concentration (cm23) Hall mobility (cm2/V s)
Sheet

resistance (X/sq) Resistivity (XÆcm2)
Carrier

type

0% 4.19 9 1018 0.63 23,700 0.87 n
20% 5.88 9 1017 0.66 161,000 6.44 n
40% 6.12 9 1017 0.57 179,200 8.96 n
60% 5.49 9 1017 0.53 216,200 8.65 n
80% 5.88 9 1017 0.47 227,500 8.76 n
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doped into ZnO films. Table II lists the details of the
electrical parameters. It can be found that the elec-
tron concentration decreased from 4.19 9 1018 cm�3

to 5.88 9 1017 cm–3 and the resistivity increased
from 0.87 to 6.44 XÆcm2 as the nitrogen was
introduced. However, the nitrogen partial pressure
in this work did not make much different in the

electrical property of Al–N co-doped ZnO films
probably due to the limited solubility of N in the
material.

Thermal Annealing Influence

In order to activate the N-related acceptors to
realize p-type conductivity, the films prepared at
different nitrogen partial pressure ratios were
annealed in a tube furnace at 500�C, 600�C,
700�C, and 800�C for 60 min under argon atmo-
sphere. As a comparison, the Al–N co-doped ZnO

Fig. 4. SEM images of Al–N co-doped ZnO thin films annealed at (a) 500�C, (b) 600�C, (c) 700�C, and (d) 800�C. The crystalline quality of the
samples is improved by raising the annealing temperature, and the crystal grain size is increased.

Fig. 5. Effect of thermal annealing temperature on the conduction
type and carrier concentration of Al–N co-doped ZnO thin films. The
carrier concentration decreases with the increase of annealing
temperature. The films prepared under different nitrogen partial
pressure ratios convert to p-type at the temperature over 700�C
(upper) while the film deposited under pure argon atmosphere still
shows n-type (lower). The films prepared under pure argon atmo-
sphere show n-type at any temperatures.

Fig. 6. The change of hole density after exposure in air for 300 days.
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thin films prepared without nitrogen were also
annealed. XRD structural analysis showed that
these annealed Al–N co-doped ZnO films all have
preferred (002) orientation, similar to those of the
unannealed samples. Figure 4 is the SEM images of
co-doped ZnO films annealed at different tempera-
tures. Results show that the grain size and the
compactness increased with increase of tempera-
ture. Figure 5 is the electrical properties of co-doped
ZnO films annealed at different temperatures. With
the increase of annealing temperature, the carrier
concentration gradually decreased, indicating that
the N-related acceptors were effectively activated.
When the annealing temperature reached 700�C,
the annealed Al–N co-doped ZnO films had the
highest hole concentration of 1.582 9 1017 cm�3,
resistivity of 80.12 XÆcm2 and Hall mobility of
0.492 cm2 V�1 s�1. By further increasing the
annealing temperature, more donor-related defects
were generated. Beside this, the N atoms easily
formed N2 to escape to the atmosphere at high
annealing temperatures. All these factors con-
tribute to the decrease of hole density. It is worth
noting that the films prepared under pure argon
atmosphere show n-type at any temperatures, indi-
cating that the existence of N2 is the key factor in
the preparation of p-type Al–N co-doped ZnO. To
investigate the stability of the films, each p-type
thin film was measured after exposure in air for
300 days. Figure 6 shows how the hole density
changes over 300 days. The results indicate that
the p-type characteristics of the co-doped ZnO thin
films were still well maintained with only a slight
decrease in hole concentration due to the stabiliza-
tion of N acceptors with Al–N bonding.18

CONCLUSIONS

In summary, Al–N co-doped ZnO thin films were
deposited by RF magnetron sputtering at different
nitrogen partial pressure ratios. All films showed
preferred (002) orientation with n-type conductiv-
ity. The p-type Al–N co-doped ZnO with a maxi-
mum hole density of 1.58 9 1017 cm�3 was
obtained at annealing temperatures over 700�C.
They still show p-type characteristics after expo-
sure in air for 300 days with only a slightly
decrease in hole density, indicating good stability.
Deposition of intrinsic n-type ZnO onto our p-type

ZnO films will make it possible to produce a a p–n
junction diode.
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