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Al–Ni co-doped ZnO (NiAl:ZnO) thin filmswere deposited on glass substrates using a sol–gel method. Based on a
previous study, Zn1 − xAlxO (AZO; Al/Zn = 1.5 mol%) thin films optimized with a Ni content of 0.5 mol% were
annealed at different temperatures from 450 to 600 °C in N2/H2 (95/5) forming gas for 1 h. The effects of the an-
nealing temperature on the structural, electrical and optical properties were determined. X-ray diffraction
showed that NiAl:ZnO thin film annealed at 500 °C exhibited the best crystallization quality. XPS revealed the
presence of metallic Ni and Ni2O3 states, as well as Ni and Al atoms were successfully doped in NiAl:ZnO
films, which did not result in a change in ZnO crystal structure and orientation. Scanning electron microscopy
showed that thefilmswere smooth and compact, and the grain size increasedwith increasing annealing temper-
ature from ~23.8 nm to ~34.6 nm. According to the Hall Effect measurements, when the temperature reached
500 °C, the resistivity of the thin film showed the lowest value of 1.05 × 10−3 (Ω cm), which is the lowest resis-
tivity reported for NiAl:ZnO films. The UV–Vis transmission spectra showed a high transmittance of more than
80% in the visible light range, and the band gap of thefilmswas increased from3.30 to 3.55 eV. This study showed
that the annealing temperature in the forming gas is a vital factor affecting the quality of thin films. In addition,
500 °C was found to be the most appropriate annealing temperature for NiAl:ZnO films. This study provides a
simple and efficient method for preparing high quality, high transparency and low resistivity NiAl:ZnO films
for optoelectronic applications.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Transparent conducting oxide (TCO) thin films are used widely in
organic light-emitting diodes, solar cells, etc. [1,2]. Commercially
available indium-tin oxide (ITO) has dominated the optoelectronic
market because of its high transmittance in the visible region, very
low resistivity and strong adhesion with glass [3]. However, ITO ma-
terials are expensive because of the scarcity of indium, and there is
the issue of toxicity and low stability to H2 plasma [4]. Thus by far,
zinc oxide (ZnO) has been regarded as an alternative to ITO because
of its enhanced electrical, optical, and mechanical properties [5–10],
and is found to have potential in many optoelectronic applications
[11,12]. In particular, Al-doped ZnO transparent conducting oxide
thin films have been studied extensively in terms of their low cost
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and high conductivity [13]. On the other hand, ZnO films doped with
magnetic metals, e.g., Fe [14], Co [15], and Ni [16], have been investigat-
ed widely for optoelectronic and magnetoelectronic applications. Li
et al. [17] deposited Ni-doped ZnO:Al films on glass substrates by direct
current (DC) magnetron co-sputtering at different deposition tempera-
tures. The films grown at 473 K showed the lowest resistivity of 7.7 ×
10−3 (Ω cm) and a mean optical transmittance of more than 90%.
Later on, Jo et al. [18] reported on the deposited Al–Ni co-doped ZnO
films with different Ni contents by DC magnetron sputtering in an
argon atmosphere at room temperature and showed that the electrical
resistivity of NiAl:ZnO films decreased to 2.59 × 10−3 (Ω cm) at a Ni
doping concentration of 3 wt.%. In a similar study, Lee et al. [19] report-
ed a low resistivity of 2.19 × 10−3 (Ω cm) of Al–Ni co-doped ZnO films
with 5 wt.% Ni content by DC magnetron sputtering at room tempera-
ture at low sputtering power of 40W. Most efforts reported previously
require a sophisticated magnetron co-sputtering equipment, resulting
in a relative high production cost. Therefore, alternative fabrication
techniques should be explored to synthesize co-doped ZnO thin films.
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Fig. 1. XRD patterns of NiAl:ZnO thin films annealed at various annealing temperatures.

Table 1
Experimental results at different annealing temperatures.

Annealing
temperature
(°C)

2θ of (002)
peak(°)

FWHM
of (002)
peak (°)

Grain size
(nm)

c = λ/sinθ(nm) Stress(GPa)

450 34.558 0.3936 23.1 0.5184 0.9064
500 34.457 0.0984 27.8 0.5199 0.2469
550 34.677 0.4720 31.4 0.5168 1.6786
600 34.567 0.2458 33.5 0.5183 0.9651
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In contrast, sol–gel method is an inexpensive, potentially large scale
technique for preparing high quality thin films that allow uniform
mixing at the molecular level. Recently, Li et al. [20] demonstrated a
low resistivity of 2.07 × 10−3 (Ω cm) of Ni–Al co-doped ZnO
(0.5 mol% Ni and 1.5 mol% Al) thin films by a cost-effective sol–gel
method. Hui et al. [21] reported a low resistivity of 6.94 × 10−3

(Ω cm) of Cu–Al co-doped ZnO (0.5 mol% Cu and 1.5 mol% Al) thin
films by a sol–gel method. However, few studies have examined the in-
fluence of the annealing temperature in N2/H2 forming gas on co-doped
ZnO films, even though annealing treatment is a very important factor
for optimizing the structural, optical, and electrical properties of thin
films. In this study, Al–Ni co-doped ZnO (NiAl:ZnO) thin filmswere syn-
thesized on glass substrates using a sol–gel method. The effect of ther-
mal annealing from 450 to 600 °C in N2/H2 forming gas on the
structural, electrical and optical properties of the NiAl:ZnOfilmswas in-
vestigated in detail.

2. Experiment

In this study, zinc acetate dehydrate [(C2H3O2)2 Zn·2H2O], alumi-
num nitrate nonahydrate [AlN3O9·9H2O], nickel (II) chloride hexahy-
drate [Cl2Ni·6H2O], diethanolamine (DEA) [C4H11NO2], and propylene
glycol monoethyl ether (PGME) [C4H10O2] were purchased from
Sigma-Aldrich. All chemicals were of analytical grade and used as
received.

The solution was prepared using a sol–gel method. First, 0.75 M of
zinc acetate dehydrate was dissolved in PGME as a solvent. To extract
a sufficient quantity of zinc acetate dihydrate, equal molar quantities
of DEA, which act as a stabilizer, were mixed with PGME. The DEA
zinc acetate dehydrate molar ratio was 1:1. The required amounts of
aluminum nitrate nonahydrate and nickel (II) chloride hexahydrate to
achieve an Al/Zn molar ratio of 1.5% and a Ni/Zn molar ratio of 0.5%
were added to the solution. The mixture was then stirred for at least
12 h at room temperature, until a transparent precursor solution was
formed.

To form the NiAl:ZnO thin film, the solution was coated by spin-
coating at 3000 rpm for 30 s on a glass substrate (Corning glass
E2000), which was cleaned sequentially with acetone, methanol and
DI water in an ultrasonic bath. Subsequently, the thin filmswere placed
on a hot plate at 160 °C for 10 min to dry the films, and then in a 400 °C
furnace for 10min in air to evaporate the solvent and remove the organ-
ic residues. The coating and drying processes were repeated 10 times.
Finally, the derived thin films were annealed in N2/H2 (95/5) forming
gas at different temperatures (450, 500, 550, and 600 °C) for 1 h. In
this study, the film thickness of all films was determined to be approx-
imately 400 nm using α-step method.

X-ray diffraction (XRD, Bruker AXS D8 Discover) using Cu-Kα was
carried out to analyze the crystallinity and growth orientation of the
as-obtained films. The Al/Zn and Ni/Zn compositions of the films on
glass substrates were investigated by energy dispersive analysis of X-
ray (EDX; HORIBA; 7593-H). X-ray photoelectron spectroscopy from
KBSI (XPS, VG Scientifics ESCALAB250) was used to analyze the chemi-
cal bonding status of the NiAl:ZnO films. The surfacemorphology of the
films was observed by field emission scanning electron microscopy
(FESEM, HITACHI; S-4800). The electrical propertieswere characterized
by Hall Effect measurements (HMS-3000, ECOPIA). The optical trans-
mission measurements were confirmed by UV–Visible spectroscopy
(HP 8453, Agilent). The spectral region used in this study was
200–1100 nm.

3. Results and discussion

Fig. 1 shows the XRD patterns of NiAl:ZnO thin films annealed at
various annealing temperatures from 450 to 600 °C in N2/H2 (95/5)
forming gas. Results showed that the NiAl:ZnO thin films have a
polycrystalline hexagonal wurtzite structure that matched the
JCPDS file (no. 36-1451). The XRD peaks of the films at 31.7, 34.4,
36.2, 47.5, 56.6, 62.8, and 66.4° 2θ were assigned to the (1 0 0), (0
0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (1 1 2) planes of hexagonal
ZnO, respectively. Results indicated that Al and Ni dopants had no
pronounced influence on the crystal structure of ZnO except for the
presence of a polycrystalline Ni2O3 (202) phase at 56.7° 2θ, which
agrees with a previous report [20]. On the other hand, the intensity
of the three main diffraction peaks, such as (100), (002), and (101),
first increased then decreased with increasing annealing tempera-
ture from 450 °C to 600 °C, suggesting that the crystallinity of the de-
rived films improved initially and then deteriorates. The results
showed that the (002) peak of the sample annealed at 500 °C was
closest to the corresponding value of 34.422° 2θ for standard ZnO
powders, as shown in Table 1. This variation was caused mainly by
the stress generated in the doped ZnO thin films, which was expect-
ed due to the lattice mismatch with the guest element and thermal
treatment. To explain this variation, the stress of the NiAl:ZnO thin
films was obtained using following expressions, which are valid for
a hexagonal lattice [22],

stress ¼ 2C2
13−C33 C11 þ C12ð Þ

2C13
� Cfilm−Cbulk

Cbulk
ð1Þ

where C11, C22, C13, and C33 denote the elastic constants of ZnO film
in different directions with the values of 208.8, 119.7, 104.2, and
213.8 GPa, respectively [22]. Cbulk is the lattice constant of standard
ZnO power (Cbulk = 0.5205 nm) and Cfilm is the lattice constant of
the deposited film in this experiment. Table 1 shows the calculated
stress of the NiAl:ZnO thin films annealed at different temperatures.
All the NiAl:ZnO films exhibited a positive stress showing that the
stress was tensile. Tensile stress was observed when the annealing
temperature reached 450 °C, which is due to the replacement of
the Zn2+ (0.74 Å) by the guest elements, Al3+ (0.57 Å) and Ni2+

(0.69 Å), with a smaller radius [23]. With increasing annealing tem-
perature to 500 °C, the tensile stress decreased because the impurity
atoms could easily transfer from one unstable position to a stable and
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equilibrium position, leading to the release of tensile stress. Further
increasing the annealing temperature to 550 °C resulted in an in-
crease in tensile stress, which was attributed to the different thermal
expansion coefficients between the glass substrate and ZnO films
[24]. However, as the annealing temperature increased to 600 °C,
the stress decreased again. To explain this phenomenon, we should
know that the total stress in the thin films mainly consisted of two
components: (1) the intrinsic stress, which is introduced by the dop-
ing and defects during the growth, and (2) the extrinsic stress, which
is introduced by the mismatch in lattice constants and thermal ex-
pansion coefficients between the thin films and substrates [4]. In
our case, the intrinsic stress and extrinsic stress are competitive rela-
tion. When NiAl:ZnO film was annealed at 600 °C, the intrinsic stress
was decreased due to the shift of atoms from non-equilibrium posi-
tion to a more equilibrium position. On the contrary, the extrinsic
stress was increased because of the difference in the thermal expan-
sion coefficient of the ZnO and that of the glass substrate. In the case
of NiAl:ZnO film annealed at 600 °C, the decrease in the stress is
probably due to the release of intrinsic stress which was dominant
compared with the extrinsic stress as compared with film annealed
at 550 °C.

The Scherrer's equation [25] was used to calculate the mean grain
size of the samples.

D ¼ kλ
βD cosθ

ð2Þ

where k is a constant of 0.94, λ is the x-ray wavelength of 1.54 Å for
CuKα, θ is the Bragg diffraction angle, and βD is the FWHM of θ. The
Fig. 2. SEM images of NiAl:ZnO thin films annealed at various annealing temperature
transformed Eq. (2) can be expressed as follows:

cosθ ¼ kλ
D

1
βD

� �
: ð3Þ

The term, cos θ, was plotted with respect to (1/β) for the preferred
orientation peaks of NiAl:ZnO thin films with the wurtzite hexagonal
phase from 20° to 80° 2θ. By fitting the data, the grain size D was ex-
tracted from the slope of the linearly fitted line. The calculated grain
sizes of the NiAl:ZnO thin films annealed at 450, 500, 550, and 600 °C
were 23.1, 27.8, 31.4, and 33.5 nm, respectively (Table 1). The grain
size increased with increasing annealing temperature to 600 °C due to
the promotion of grain growth by the heat treatment. As the full
width at half maximum (FWHM) is an indication of the crystallinity
[9], the minimum FWHM of 0.0984° was observed for the sample
annealed at 500 °C, suggesting that the film has a better crystallinity.

Fig. 2 shows SEM images of the NiAl:ZnO thin films prepared at var-
ious annealing temperatures in the forming gas. The microstructure of
the films consisted of many round-shaped particles at annealing tem-
peratures of 450 °C and 500 °C. At 450 °C, the film exhibited fine grains
and the particle size was approximately 24.8 nm. At 500 °C, similar mi-
crostructure was observed on the film with the grain size of ~28.6 nm.
When the annealing temperature was increased to 600 °C, the grains
become larger (~33 nm for 550 °C, and 34.6 nm for 600 °C) and the sur-
face become rougher. The growth in grain size resulted in a decrease in
the grain boundary density, and inter-grain connections developed due
to coarsening during coalescence, as shown in Fig. 2. Fig. 2(e) is a cross
section SEMmicrograph of NiAl:ZnO film annealed at 600 °C, showing a
s: (a) 450 °C, (b) 500 °C, (c) 550 °C, (d) 600 °C and (e) the cross section of (d).

image of Fig.�2
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film thickness of 412 nm,which is in good agreementwith the value ob-
tained from α-step method.

To further demonstrate the doping of Al and Ni atoms in the ZnO
films, the XPS spectra in the Al 2p and Ni 2p regions for the NiAl:ZnO
thin film annealed at 500 °C was measured. As shown in Fig. 3a, the
binding energy of Al–O for Al 2p peak was clearly observed at
74.6 eV [26], indicating the doping of Al atoms in the ZnO films. On
the other hand, the distinct asymmetry in Ni 2p3/2 photoelectron
peaks was resolved into two components, one for metallic Ni and
one for oxidized Ni, as shown in Fig. 3b. The XPS peak fitting of the
Ni2p3/2 (Ni metal) and Ni2p3/2 (Ni2O3) peaks of the NiAl:ZnO thin
films was located at approximately 852.5 eV [27] and 855.7 eV [28],
respectively. These peaks confirm the existence of metallic Ni parti-
cles and Ni2O3 phase in the ZnO lattice. The formation of metallic
Ni particles was attributed to the reduction of nickel oxide to metal-
lic nickel particle in the N2/H2 annealing process [20], whereas the
Ni2O3 phases can be explained by a weaker bond enthalpy of Zn–O
(159 kJ mol−1) than Ni–O (382 kJ mol−1) such that Zn–O provides
excess oxygen to the surrounding Ni atoms in the AZO matrix [29].
As a result, the excess oxygen in non-stoichiometric NiOx will create
Ni vacancies to occupy the Ni2+ sites [30], leading to the creation of
Ni3+ ions and oxygen vacancies.
Fig. 3.XPS spectra in the (a) Al 2p and (b) Ni 2p regions of theNiAl:ZnO thin film annealed
at 500 °C.
To investigate the effect of annealing temperature on the chemical
bonding states of the NiAl:ZnO films, XPS of Zn 2p region of the NiAl:
ZnO thin films annealed at 450, 500, and 550 °C was compared and
shown in Fig. 4. The XPS spectra of all NiAl:ZnO films revealed symmet-
ric peaks at ~1022.5 eV and ~1045.5 eV, corresponding to Zn 2p3/2

and Zn 2p1/2 states originating from Zn–O bonding located, respectively
[31]. With increasing the annealing temperature to 550 °C, the intensi-
ties of the 2p peaks were decreased gradually. This is ascribed to the
evaporation of Zn at higher temperature [32]. In addition, the binding
energies of Zn 2p3/2 and Zn 2p1/2 states of the films match closely
the ZnO standard values, suggesting that the oxidation state of Zn
atoms is +2 in the NiAl:ZnO films.

Fig. 5 illustrated the O 1s XPS spectra of NiAl:ZnO films annealed at
450, 500, and 550 °C. Single peak around 531.5 eV corresponding to
the oxygen vacancies (Ov) was observed [26]. The intensity of the Ov

peak substantially decreased with increasing annealing temperature,
suggesting the creation of significant density of oxygen vacancies with
increasing annealing temperature in the N2/H2 treatment. This is be-
cause higher annealing temperature in N2/H2 forming gas facilitates
the combination of H2 with O atoms in the NiAl:ZnO films, resulting in
an increase in oxygen vacancies.

Fig. 6 shows the charge mobility, charge carrier concentrations and
electrical resistivity of NiAl:ZnO films with various annealing tempera-
tures of 450, 500, 550, and 600 °C in N2/H2 forming gas. The highest car-
rier concentration of 2.15 × 1020 cm−3 with a mobility of 27.7 cm2/V s
was obtained at an annealing temperature of 500 °C (Table 2). With in-
creasing annealing temperature from 450 to 500 °C, the films exhibited
a larger grain size andhigher charge carrier concentrations. The increase
in carrier concentration was caused mainly by the generation of more
oxygen vacancies in the ZnO matrix, and the gaseous reduction of NiO
to Ni metal particle during thermal annealing under N2/H2 forming
gas condition, whichwas confirmed by XPS analysis. In contrast, further
increases in the annealing temperature to 550 °C, resulted in a decrease
in carrier concentration. Thiswas attributed to a decrease in the number
of native donors because of the high vapor pressure of zinc, which re-
sulted in the evaporation of Zn at higher temperatures [32], as evidence
by the relative decrease in Zn 2p intensity (Fig. 4). On the other hand,
the carrier mobility increased with increasing annealing temperature
from 450 to 600 °C due to the increase of grain size, resulting in the de-
crease in electron scattering in grain boundaries [33]. Because the carri-
er concentration and mobility affect resistivity of the films, the
annealing temperature in the forming gas plays an important role in
controlling the electrical resistivity of the films. The electrical resistivity
of NiAl:ZnO films decreased with increasing annealing temperature
Fig. 4.XPS spectra of the Zn 2p of NiAl:ZnO thin films at different annealing temperatures.

image of Fig.�3
image of Fig.�4


Fig. 5. XPS spectra of the O 1s of NiAl:ZnO thin films at different annealing temperatures.

Table 2
Electrical properties of NiAl:ZnO thin films at different annealing temperatures.

Annealing
temperature
(°C)

Al/Znratio Ni/Znratio Carrier
concentration
(cm−3)

Mobility
(cm2/Vs)

Resistivity
(Ω cm)

450 0.89 0.26 5.19 × 1019 23.6 5.09 × 10−3

500 0.95 0.31 2.15 × 1020 27.7 1.05 × 10−3

550 0.97 0.31 1.05 × 1020 28.7 2.07 × 10−3

600 0.97 0.33 3.21 × 1019 29.8 6.53 × 10−3
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from 450 to 500 °C, then increased with annealing temperature from
550 to 600 °C. The decrease in resistivity for the NiAl:ZnO thin films is
attributed to both the increases in carrier concentration and mobility,
which is ascribed by the formation of highly conductive Ni2O3 phases
and the reduction of NiO to Ni in the N2/H2 annealing process, as well
as the formation of a larger grain size. Nevertheless, when the heat
treatment temperature gradually reached 600 °C, the crystal structure
was degraded due to the mismatch of the coefficient of thermal expan-
sion between the films and glass substrates, as shown in the XRD data
(Fig. 1), resulting in high electrical resistivity.

High transparency is one of themost important factors for the appli-
cation of ZnO thin films as TCOs. Fig. 7 presents the optical transmit-
tance spectra with wavelengths from 200 to 1100 nm of the NiAl:ZnO
films. All films showed a high average transmittance more than 80%
and the transmittance decreased in the visible region with increasing
annealing temperature from 450 to 600 °C. As SEM images revealed
that the roughness of the NiAl:ZnO films increased with increasing the
annealing temperature, the decrease in transmittance of the films at
higher annealing temperature may due to the scattering effect from
the rough surfaces. Tneh et al. [34] reported that surface roughness
strongly affects the transmittance of ZnO based thin films. Sengupta
et al. [35] showed the same trend for the decreasing transmittance of
ZnO films with increasing annealing temperature from 400 to 700 °C.
In addition, all NiAl:ZnOfilms exhibited interference fringes of the spec-
tra with shallow valleys in the visible and near infrared regions due to
an interference phenomenon between the top and bottom surfaces of
450 500
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the film [36]. Besides, the absorption edge was blue-shifted as the an-
nealing temperature was increased. To explain this phenomenon, the
band gap of the films was investigated. Fig. 8 shows the band gap esti-
mated from the absorption edges of the samples annealed at different
temperatures. The absorption edge for a direct interband transition
can be estimated from the following equation:

αhv ¼ C hv−Eg
� �1=2 ð4Þ

where C is a constant for a direct transition, and α is the optical absorp-
tion coefficient [25]. The optical energy gap, Eg, can then be obtained
from the intercept of (ahv)2 vs. hv for a direct transition. The energy
bang gaps were obtained by extrapolating the linear absorption edge
part of the curve using Eq. (4), as shown in Fig. 8. The band gaps of
the samples increased with increasing annealing temperature from
450 to 600 °C, reaching a maximum of 3.55 eV at 600 °C. The band
gaps of the NiAl:ZnO films are determined as 3.30, 3.31, 3.42, and
3.55 eV for 450, 500, 550 and 600 °C annealed samples, respectively.
Dutta et al. [37] reported the observation of an increase in band gaps
with an increase of ZnO grain size due to the less band bending at
grain boundaries. In a similar study, Vinodkumar et al. [38] reported
the enlargement of band gap with increase in grain sizes in Cd-doped
ZnO films with increasing annealing temperature. In nanocrystalline,
smaller grain sizes have a higher surface to volume ratios, which cause
more band bending effect at the grain boundaries and the band edge be-
comes flatter than that of larger grains. Whereas in bigger grains, the
band edge becomes sharper and band gap can be wider than that of
smaller grains [39,40]. Therefore, the blue shift of band gaps of the
NiAl:ZnO films can be attributed to the decrease in band bending effect
at the grain boundaries, owing to the larger grain sizes with increasing
annealing temperature (Table 1 and Fig. 2).

4. Conclusions

NiAl:ZnO thin films were fabricated on glass substrates at different
annealing temperatures from 450 to 600 °C in a N2/H2 (95/5) forming
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gas using a sol–gel method. The intensity of the three main diffraction
peaks of ZnOfirst increased, and then decreasedwith increasing anneal-
ing temperature from 450 to 600 °C, which suggests that the quality of
NiAl:ZnO films is optimized at an annealing temperature of 500 °C.
SEM showed that the grain size increased and the surface of films be-
came rougher with increasing annealing temperature to 600 °C. XPS
analysis revealed that Al and Ni atoms were successfully doped in ZnO
lattices and the existence of metallic Ni and Ni2O3 states was observed
in the NiAl:ZnO films. Increasing annealing temperature, the amount
of oxygen vacancies was increased in the NiAl:ZnO films as evidence
by XPS results. The resistivity of the thin films reached the lowest
value of 1.05 × 10−3 (Ω cm) when the annealing temperature was
500 °C, which is the lowest resistivity for NiAl:ZnO reported thus far.
In addition, all NiAl:ZnO films showed a high average transmittance of
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more than 80% in the range of the visible spectrum, and the band gaps
of the films increased from 3.30 to 3.55 eV when the annealing temper-
ature increased from 450 to 600 °C.
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