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Introduction

Zinc oxide (ZnO) is a compound semiconductor with a large
band gap (3.37 eV) and high exciton binding energy (60 MeV)
[1–4]. Recently, ZnO has attracted considerable attention due to its
potential enhancement in various optoelectronic applications,
such as transparent conductive electrode [5], humidity sensor [6],
UV laser [7] and photocatalyst [8–11]. Generally, as-deposited ZnO
tends to exhibit n-type conduction behaviour due to the
unintentional incorporation of impurities that acts as shallow
donors [12]. In contrast, obtaining stable p-type doping in ZnO has
proved to be a more difficult task due to the well-documented
compensating effects [12]. The p–n junction is the fundamental
building block of the electronic industry. The challenge in
obtaining a stable p-type ZnO thin films leads to the difficulty
in production of an all ZnO-based pn junction. Consequently, most
of the scholars combines n-type ZnO with other p-type materials
(p-type silicon [13] and GaN [14]) to form heterojunction devices.
Homojunction devices are known to be superior than heterojunc-
tion devices due the better lattice match at the interface. In
addition, a ZnO-based p–n junction can be utilized in novel
transparent electronic applications.

Generally, two strategies have been employed to produce stable
p-type conduction in ZnO; direct doping [15] and co-doping
method [16]. Direct p-type doping of ZnO can be achieved by the
addition of nitrogen (N) or phosphorus. On the other hand,
co-doping involves utilization of reactive donors (arsenic, gallium,
indium or aluminium) with acceptors (N or lithium) [17–22]. Li is
not a good candidate material as it is toxic and significantly alters
the lattice constant [23]. Although the combination of In and N has
proven to produce low resistivity p-type ZnO, it requires the
expensive In and therefore unsuitable for industry scale produc-
tion [24]. Other scholars have achieved p-type doping using NiO
[25]. The combination of N/Al is attractive due to its non-toxicity,
material abundance and general acceptance by the semiconductor
industry [21]. Past studies on N and Al co-doped ZnO utilizes at
least two chemical compounds [26], with N and Al supplied
separately. From a processing point of view (cost saving and less
process parameters), it would be attractive to utilize just a single
compound that can supply both the N and Al.

In the past, p-type ZnO have been synthesised by chemical
vapour deposition [27], laser ablation [28], spray pyrolysis [29] and
sol–gel deposition method [21,30]. Among the different deposition
techniques, the sol–gel method is attractive due to its precise
control of the chemical composition and simple set-up. Previously,
our group have demonstrated sol–gel deposition of p-type ZnO via
co-doping method [20,21], using the combination of aluminium
chloride and ammonia hydroxide. One of the key findings of the
previous study was that the chlorine tends to form HCl acid and
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etches the ZnO film. In this study, p-type ZnO is investigated by co-
doping method, using aluminium nitrate and ammonia. The
resultant films were characterized by scanning electron micro-
scope (SEM), X-ray diffraction, energy dispersive spectroscopy,
photoluminescence emission spectroscopy, UV–vis spectroscopy
and Raman spectroscopy. The advantage of the proposed method is
that only a single compound is required to achieve co-doping of
p-type ZnO.

Experimental

Reagents

All chemicals used in this study were of reagent grade and used
without further purification. Sol–gel synthesis of ZnO:Al:N (NZO)
thin film was obtained using method described elsewhere but with
aluminium nitrate as source of Al [21].

Preparation of nanocomposite

The aluminium nitrate effectively supplies both the N and Al for
co-doping process. Specifically, the precursor solution was
prepared by refluxing 0.7 M zinc acetate (Zn(CH3COO)2�H2O) in
isopropanol (IPA) with few drops of monoethanolamine added to
prevent precipitation. Around 2 wt% of Al nitrate was added as co-
dopant. Different amounts of ammonia were added to the
precursor to ensure sufficient supply of N. The precursor solution
was formed by magnetically stirring at 70 8C for 1 h until a clear
solution was formed and left overnight to age. Then the precursor
sol was spin-coated onto pre-cleaned glass substrate (Corning
Eagle 2000) at 3000 rpm for 30 s. After spin coating, the NZO films
were sintered at 250 8C to remove solvents and then at 550 8C to

crystallize the film. This process was repeated five times to achieve
the desired film thickness (�250 nm).

Apparatus

The SEM images and chemical composition of the sol–gel
derived NZO films were obtained by using a FEI Quanta 400 F
Environmental scanning electron microscope (SEM) equipped with
Energy dispersive spectroscopy (EDS). The crystal orientation of
the films were investigated by using a Siemens D5000 X-ray
diffractometer using Cu Ka radiation. The Hall measurements were
measured by a four-point probe in Van der Pauw configuration to
determine resistivity and carrier concentration. The photolumi-
nescence (PL) measurements were performed by a 325 nm He/Cd
laser (Dongwoo instruments).

Results and discussion

SEM imaging

Fig. 1 shows the SEM image of NZO thin films deposited using
different amount of ammonia in the precursor solution at 1.0, 2.5,
5.0 and 10.0%. It can be observed that as ammonia concentration is
increased from 1.0 to 10.0% the NZO film surface has transformed
from small particles into larger grain structure then to nanowire-
like structure. NZO film prepared from precursor solution with
1.0% ammonia shows average grain size �10 nm. Further increase
in ammonia concentration in the precursor solution to 2.5%
resulted in formation of larger grain with diameter of 20 nm. As the
ammonia concentration in the precursor solution is increased to
5.0%, the grain size remained around 20 nm with visible signs of
agglomeration. Finally, as the amount of ammonia in the precursor

Fig. 1. SEM image of sol–gel derived ZnO:Al:N deposited with ammonia concentration at (a) 1.0%, (b) 2.5%, (c) 5.0% and (d) 10.0% (scale bar 1 mm).
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