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Zinc oxide (ZnO) is a wide band-gap material with excellent optoelectronic properties. However, the
application of ZnO to optoelectronic devices using ZnO has been hindered by the difficulty in obtaining a
stable p-type doping. The paper demonstrates that, with a proper selection of the nitrogen precursor, a
solution processable, highly c-axis oriented, stable, and p-type aluminium co-doped ZnO (NZO) formation
can be obtained. In this study, the NZO films were characterized by using EDS, Raman spectroscopy,

photoluminescence, and electrical measurements, respectively. The films were then synthesized through
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a sol-gel process that was below 600 °C. For the comparative study, NZO films without the Al co-doping
were also prepared by sputter. It is observed and shown that, with the formation of nitrous oxide, the
basic deposition condition will be more beneficial towards the formation of p-type ZnO.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

ZnO is a direct wide band-gap (Eg=3.4eV) semiconducting
material, with a large exciton binding energy (60 meV) and pos-
sess good transparency in the visible wavelength [1]. The synthesis
of a wide range of ZnO nanostructures has recently attracted con-
siderable research interests (e.g., nanowires [2,3] and nanoflowers
[4]). The potential applications of ZnO nanostructures include, solar
cells [5,6], gas sensors [7-9], nanostructured transparent conduc-
tive oxide (TCO)[10] and bio-related applications [11]. The effective
and reliable creation of the p-type ZnO plays a crucial part in the
advancement of ZnO for optoelectronic device applications. How-
ever, it is difficult to produce p-type ZnO due to the low solubility of
acceptor dopants in ZnO, the excessive accepter ionization energy,
and the compensating mechanisms [12].

To date, two strategies have been developed to synthesis p-type
ZnO: (1) Direct doping through substituting either group I elements
such as Na [13], K [14] or Li [15] with Zn, or group V elements such
as N [16], P [17], As [18] or Sb [19] for oxygen, (2) co-doping with
N or Li acceptor with reactive donors such as Ga, In or Al [20-22].

The direct doping method substitutes either zinc by Group I ele-
ments, Na [13], K [14], Li [15], or oxygen by Group V elements, N
[16], P [17], As [18], and Sb [19]. It has been reported by Tay [14]
that, in the direct doping method, N possesses the most compatible
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bond length whilst Li has the shallowest ionization energy. Further
more, Wang et al. [23] observed that the incorporation of Li into
crystal lattices, rather than into grain boundaries, can achieve a
superior electrical performance. Their study also revealed that the
deposition condition can have considerable influence on the elec-
trical properties of the film. Additionally, hydrogen also plays an
important role in the direct doping process because the diffusion
of H impurities in the films can cause the transition from p-type to
n-type conduction mechanism [12].

The co-doping method utilizes the reactive donors (Ga, In, and
Al [20-22]) to the acceptor (N or Li). The dual doping with the
combination of N and Li has also been studied [24]. Two distinct
advantages of the N/Al combination are the material abundance
and the greater acceptance by the semiconductor manufacturers.
Nitrogen doped p-type zinc oxide (NZO) has also been developed by
various research groups, by using different techniques, such as, CVD
[25,26], sol-gel [27], sputtering [28-30] and evaporation [31,32].In
these techniques, the p-type dopant was achieved by adding N as
the co-dopant, with or without Al [31,28].

Compared to the conventional methods, such as sputtering, the
sol-gel method has several advantages; for example, using simple
equipments, the precise control of film composition, a large-area
capability and high material utilisation. However, few studies on
the sol-gel synthesis of p-type NZO are available in the literature.
Dutta et al. [33] obtained a stable and conductive p-type NZO by
co-doping of N with Al through sol-gel process, without investi-
gating the effects of chemical compounds selection on the property
of NZO. Indeed, the published results from the sol-gel synthesis of
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ZnO-related films have confirmed that the chemical compounds
selection has a significant effect on the structure, optical and elec-
trical properties of the film [34]. Copuroglu et al. [35] showed
that the combination of monoethanolamine (MEA) with alcohol
can lower the crystallization temperature of aluminium doped zinc
oxide (AZO) and create highly c-axis oriented films [35].

This paper adopts different nitrogen-containing chemicals as
the dopant source in order to study the mechanism of p-type NZO
formation. The p-type ZnO:Al:N (NZO) films had been synthesised
by the sol-gel process, using isopropanol (IPA), MEA, aluminium
chloride (AICl3) with ammonia chloride (NH4Cl), and aqua ammo-
nia (NH4OH). The nitrogen doped ZnO without Al co-doping and the
sputter coated ZnO:Al:N were also synthesised respectively. The
film’s electrical, optical and structural properties were measured by
using Hall's measurement, X-ray diffraction, Raman spectroscopy
and scanning electron microscopy (SEM). Based on the investiga-
tion results, the influences of the selection of nitrogen sources on
the film’s properties were identified and discussed.

2. Materials and methods

The preparation of samples for the sol-gel and sputtered methods, respec-
tively, is described in this section. Corning Eagle 2000 glass and low doped, n-type,
double-side polished crystalline silicon substrates have been used for sample
characterisation. Substrates were cleaned prior to deposition by immersing consec-
utively in ultrasonic baths of acetone, isopropanol and deionised water. The silicon
substrates were then dipped in buffered hydrofluoric acid in order to remove any
native silicon oxide on the surface.

In order to conduct a comparative study, four samples were prepared: namely
NZO (synthesised by NH4Cl and Al), NZO (synthesised by NH4OH with Al), sputtered
NZO (with a Zn/Al target in nitrogen environment) and NZO (synthesised by NH4OH
without Al).

Sol was prepared by mixing of 0.7M zinc acetate (Zn(CH;COO),-H,0)
(Sigma-Aldrich) in isopropanol IPA (Sigma-Aldrich), with an equal molar ratio of
MEA added as a stabilizer to prevent precipitation (see supporting information). The
solution was magnetically stirred at 70°C for 1 h until a clear solution was formed.
All the sols were then left to age for one day in a sealed vessel. The prepared solutions
were found to be stable for months and transparent with no precipitation.

NH4CI (0.03 M) and NH40H were selected as the nitrogen source, respectively,
and the co-doping was achieved by adding 1 wt% AICl5 into the sols. For comparison
purposes, a sample without Al co-doping and sputter coated NZO was also synthe-
sized. Depositions were performed in atmospheric air and spin coated at 3000 rpm
for 30s. It should be noted that the boiling points for MEA and IPA were 170°C
and 82.5°C respectively. As a result, films were first heated to 250°C, in order to
ensure a complete evaporation of the solvents, and subsequently sintered to 550°C
by a hotplate to crystallize the films. The deposition thickness of the NZO films was
controlled by the repetition of spin-dried cycle.

Commercially available aluminium doped zinc oxide disc (2in. in diameter,
3 mm thick) was also used in the comparative study. The sputter target was cleaned
by the Ar plasma at 100W for 15 min before deposition. The deposition condi-
tion was at a power of 100 W, base pressure =7 x 10-¢ Torr, working pressure of
8 x 1073 Torr within a gas mixture of Ar/N, of 100:100 at 275°C. The sample was
characterised without post annealing.

The SEM images of the sol-gel derived films were taken by using a FEI Quanta
400 F Environmental Scanning Electron Microscope (ESEM). Energy dispersive spec-
troscopy (EDS) was also conducted in the same chamber. The crystal orientation
was investigated by using a Siemens D5000 X-ray Diffractometer using Cu Ko radi-
ation. Raman spectroscopy of the NZO films was performed by using a Dongwoo
Macro Raman spectrometer. The Hall measurements were taken by a four-point
probe in Van der Pauw configuration to determine resistivity and carrier concen-
tration. Contacts were sputtered on the four corner of the sample to ensure low
contact resistances. The photoluminescence (PL) measurements were performed
by a 325 nm He/Cd laser (Jasco Model FP-6000).

3. Results and discussion

Fig. 1(a)-(e) presents the SEM images of surface morphology of
the NZO films doped with different nitrogen sources, respectively,
on a Corning glass substrates. The NZO films on glass are composed
of compacted and dense nanoparticles with diameters in the range
of 10-50 nm. Whilst Fig. 1(a) shows the SEM of the films on a macro-
scopic level (5 wm scale), Fig. 1(b)—(e) shows the SEM at a higher
resolution.

In general, the NZO produced by the sol-gel method pos-
sesses a wrinkled thin film embedded within the smaller grain
ZnO particles. Furthermore, the sol-gel NZO films derived with-
out Al co-doping (Fig. 1(b)) by using NH4ClI (Fig. 1(c)) and NH,OH
(Fig. 1(d)) exhibit a wrinkle-network on the surfaces. The “wrinkle”
phenomenon has been studied by other research groups [36,37]
and is considered usually caused by stress relaxation during the
sintering of the ZnO films. The wrinkle phenomenon is only vis-
ible on a macroscopic level (5wm scale), as given in Fig. 1(a).
As expected, the sputtered film does not show any wrinkle phe-
nomenon. It should be noted that the sputtered film, presented in
Fig. 1(e), has arelatively larger grain size. The grain size of ZnO films
is highly influenced by the synthesis/annealing temperature [38].
As the sputtered film was derived from a sputtering target sintered
at a much higher temperature, the density and grain size of ZnO
increases accordingly [39].

Fig. 2 presents the XRD patterns of the synthesized NZO films. It
is important to note that, all the films have shown preference orien-
tation along the (00 2) plane. The films consist of ZnO crystals that
show a preference to the c-axis. Generally, the broadness of the XRD
peaks is an indication of the degree of crystallinity. As expected,
the sputtered ZnO:Al:N showed a broad peak which confirmed the
amorphous structure of the film. As illustrated in Fig. 2, the XRD pat-
tern for ZnO:Al:N is very sensitive to the chemical source selection.
The films derived from NH4Cl have produced a weaker XRD signal
intensity than those from NH4OH. These results are significant and
indicate that the orientation and quality of p-type ZnO films that
can be effectively controlled through chemistry properties of the
sol. Clearly, the utilisation of NH4OH can produce a better qual-
ity crystalline film with an extreme preference to the c-axis. The
average crystallite size was estimated by Scherrer’s formula

09
" B cos 6g

where ) is the X-ray wavelength of 1.54A, 03 is the Bragg diffrac-
tion angle and B is the FWHM (full width at half maximum) of 6p.
The estimated average sizes are tabulated in Table 1. The crystal-
lite information extracted from XRD does not correlate with data
from SEM given in Fig. 1. This can be explained by the fact that XRD
measurements are likely to underestimate the mean grain size. The
under estimation is caused not only by instrumental broadening of
FWHM but also by stress-induced broadening [40].

Fig. 3 shows the elemental film composition analysis deter-
mined by EDX. The EDX data confirms that the films consist of Al,
Zn, O and N. The N concentration of the films was 2.16% (sol-gel
synthesized NZO without Al doping), 3.04% (sputtered ZnO:AlL:N),
2.77% (sol-gel produced ZnO:Al:N, using NH4Cl as the source), and
1.36% (sol-gel produced ZnO:Al:N using NH4OH as the source).
These nitrogen contents were reasonably close to the intended
3%. The EDX data also shows that the sputtered film had incorpo-
rated most nitrogen and the ZnO:Al:N (NH40H) the least. Dutta
et al. [33] has suggested that NH3 readily escapes from ammo-
niac solution, unless the experiment is conducted under airtight
condition. During the sputtering process, the chamber had been
evacuated into high vacuum (10-%Torr). The nitrogen gas was
injected into the chamber, broken into atomic nitrogen and incor-
porated into the films. The films deposited under nitrogen filled
environment, should have incorporated higher nitrogen content
within the film.

During the sol-gel process for the ZnO production, several reac-
tions can occur. The reaction for NZO is proposed as follows. Zinc
acetate dehydrate was mixed with IPA and stabilized with MEA
to produce H ions and OH ions. The hydrolysis of zinc acetate
(saponification) leads to acetic acid and an OH- ion. It is noted
that hydrolysis of the precursor is an important step in the sol-gel
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Fig. 1. SEM image. (a) Typical sol-gel derived NZO film at lower magnification, (b) sol-gel synthesized NZO without Al co-doping, (c) sol-gel produced ZnO:Al:N using NH4Cl
as source of nitrogen, (d) sol-gel produced ZnO:Al:N using NH4OH as source and (e) sputter coated ZnO:Al:N.

production of zinc oxide. A previous study [35] observed an opto-
electronics degradation of the films when anhydrous zinc acetate
was used as the source with water excluded from the experiment.
The zinc acetate transforms into mono-acetate Zn in IPA. The source
of water molecules can be from the solution or air. As the sol is
heated over 80°C, IPA evaporates from the film. The H and OH
ions convert zinc acetate into Zn(OH), which can be further bro-
ken down into ZnO and water. In the case of NH4Cl addition, which

is mildly acidic, the H and Cl had combined to form HCI. HCI is
a known etchant for ZnO and is often used to create a texturized
ZnO films for TCOs [41]. This result is also reflected in the EDX ele-
mental study, where ZnO has slightly less zinc content than other
samples, indicating wet etch of oxide has occurred. In the case of
NZO (NH40H), the additional OH aids the formation of NO and OH,
which is beneficial towards the formation of NZO, with superior
c-axis preference. In summary, the important finding is that basic

§ =S0l-gel NZO (NH,Cl)
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Fig. 2. XRD of the synthesized NZO films, sol-gel synthesized AZO, sol-gel produced ZnO:Al:N using NH,4Cl as source of nitrogen, sol-gel produced ZnO:Al:N using NH4OH

as source and sputtered ZnO:Al:N.



LY.Y. Bu/ Journal of Alloys and Compounds 509 (2011) 2874-2878 2877

Table 1

FWHM, estimated grain size, carrier concentration and resistivity of the synthesized NZO films, sol-gel synthesised AZO, sol-gel produced ZnO:Al:N using NH4Cl as source
of nitrogen, sol-gel produced ZnO:Al:N using NH4OH as source and sputtered ZnO:Al:N.

Sample FWHM Grain size (from XRD) Carrier concentration Resistivity (€2 cm)

(All the samples except
ZnO:Al:N exhibited
p-type doping) (/cm?)

NZO 0.0094 15.235nm 1.76 x 103 246
ZnO:AL:N (sputtered) NA >100 nm cannot be N/A (out of scale) N/A (out of scale)
estimated by Scherrer’s
formula
ZnO:Al:N (NH4CI) 0.00854 16.88 nm 2.4 %106 43
ZnO:Al:N (NH40H) 0.00593 24.203 nm 4.35 % 10"7 20.4
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Fig. 3. EDS data of the synthesized NZO films, sol-gel synthesised AZO, sol-gel produced ZnO:Al:N using NH4Cl as source of nitrogen, sol-gel produced ZnO:Al:N using

NH,4O0H as source and sputtered ZnO:Al:N and corresponding composition of the film.

solution is beneficial towards the formation of the P-type zinc oxide
rather than acidic solution.

The Hall measurement (Table 1) tabulates the information of
the p -type doping for all the films. It is shown that the p-type
properties of sol-gel processed ZnO films are highly dependent on
the nitrogen source. High resistivity was observed from the films
without co-doping. The films co-doped with aluminium possess an
acceptable resistivity with Hole concentration in the 1017 cm~—3 and
resistivity range between 45 and 62 cm?2/V s. These results correlate
well with data published by Ge and Dutta [20,33].

Fig. 4 shows the Raman spectroscopy was obtained for NH4Cl
and NH40H NZO films. The peaks consist of several bands that can
be attributed to Raman active phonon modes of wurtzite ZnO [42].
The E; (low) mode, located at around 100 cm~! is out of the range
of our spectra, which starts from around 260cm~". In both peaks
there is a broad peak at around 438 cm~! that corresponds to the to
E; (high) mode. The E; (high) is associated with oxygen atoms. The
fact that no significant shift of the position can be observed for the
E; (high) indicates the absence of strain [43]. Predominantly, one
main peak is present at around 570 cm~!. This peak corresponds
to the A1 (LO) mode and is expected at 574 cm~"! [43]. Indeed, this
peak is attributed to the nitrogen related defects. Kerr et al. [44]
observed additional peaks at 280 and 570 cm™!, as nitrogen dose
is incorporated into ZnO films. Indeed, the peak was attributed to
nitrogen related defects.

The optical properties of the sol-gel produced NZO were
measured by the photoluminescence (PL) spectroscopy at room
temperature. Fig. 5 illustrates the PL property of the NZO (with-
out Al co-doping), NH4Cl and NH4OH NZO films. A broad peak
centred at 380 nm (3.26eV) in UV band can be observed in Fig. 5.
The UV-emission is caused by the recombination of free excitons

through exciton annihilation process. The addition of Al co-doping
does not significantly alter the PL properties of the film. However,
the selection of NH,4Cl as nitrogen dopant considerably alters the
PL measurements and results in an addition peak at around 500 nm
(green). The green band is attributed to oxygen vacancy defect cen-
tres [45]. These results correlate well with XRD data from Fig. 2. The
PL measurements for NZO derived with NH4Cl showed a broader
XRD peak, which suggests an increasing disorder in the NZO film.
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Fig.4. Raman spectroscopy of ZnO:Al:N, with NH4CI (black) and NH,OH as nitrogen
source (red), showing the prominent peak at 570 cm~'. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of the article.)
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Fig. 5. Photoluminescence of ZnO:AL:N, with (a) NH40H, (b) NH4Cl and (c) without
Al co-doping.

4. Conclusions

The paper studies the effect of the nitrogen sources upon the
formation of p-type ZnO films. In general, the hydroxide-based
nitrogen sources are beneficial towards the formation of highly c-
axis oriented ZnO:Al:N films. As confirmed by the XRD and Raman
measurements, the structure enhancement, achieved by the for-
mation of OH and NO, can produce excellent films. On the other
hand, as observed from the PL measurements, the strong (green)
emission from NZO (NH4Cl) reveals the oxygen related vacancy and
increased disorder. Further more, the Raman shift also confirms the
incorporation of nitrogen into the films. These observations sug-
gest that the mildly acidic chloride-based nitrogen sources, such as
NH4Cl, can produce extra HCl acid that etches the ZnO:Al:N films.
It can therefore be concluded that the nitrogen sources can signif-
icantly affect the formation of p-type ZnO films and, as a result,
change their opto-electrical properties.
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