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Abstract. We prepared Cu-Al-Zn-O (CAZO) nanocomposite thin ﬁlms on quartz substrates by radio frequency
(RF) magnetron sputtering method. The as-deposited CAZO ﬁlm is amorphous in nature and annealing in air environment results in weak crystallization of the ﬁlms and formation of CuAlO2 and CAZO. The surface morphology
of the ﬁlms was studied with atomic force microscopy images, while Rutherford backscattering spectrometry (RBS)
was used to characterize material properties. The optical bandgap of ﬁlms was found to be 3–4.2 eV depending on
the annealing temperature. The photoluminescence (PL) of the samples was measured at room temperature. Violet, blue and green spectra peaks were observed from the PL spectra of the four samples. The emission spectrum
indicates the suitability of CAZO nanocomposite for gas sensor applications and technology.
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Introduction

Transparent conductive oxides (TCOs) are binary or ternary
oxides of metals with high free carrier density, excellent electrical conductivity and high optical transmittance in the UV–
VIS-NIR spectrum. As intrinsic, stoichiometric TCOs do not
exhibit high conductivity and transmittance, such characteristics can be obtained by using appropriate dopants; thus,
producing oxides with a non-stoichiometric composition.1
A composite is a multiphase solid material. It is incorporated by two or more individual materials through physical
or chemical methods, the property of composite materials
is better than that of each original material to meet different requirements.2 Nanocomposite ﬁlms that consist of small
metal particles in the range of a few to several nanometres
(nm) embedded in metal oxides have attracted attention due
to their many useful electronic and optical properties as a
result of quantum size effects.3 These systems ﬁnd useful
applications in catalysis, photocatalysis, sensors and novel
optoelectronic devices.
ZnO nanostructures display novel size-dependent effects,4
good electrical properties and high luminescence yields.5,6
ZnO thin ﬁlms have the potential to be used as thin solar
cells and ﬁeld effect transistors.7,8 Zinc oxide is a direct
bandgap (∼3.37 eV) semiconductor material and has a stable
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wurtzite structure with the lattice spacing of a = 0.325 and
c = 0.521 nm.
Aluminium oxide (Al2 O3 ) is one of the most versatile
ceramic oxides and has been used in a wide range of applications as in electrical, engineering and biomedical areas,
depending on its purity and crystallinity. Aluminium oxide
is commercially produced from bauxite at low cost, but the
purity and particle morphology are not suitable for many
applications.9 However, copper oxide is a semiconductor
with a bandgap of 1.4 eV, which absorbs strongly in a visible
spectrum.10
ZnO/Al, ZnO/Cu and nanocomposite ﬁlms have been prepared by various deposition methods11,12 but among these,
reactive sputtering is the most widely used method.13,14
However, the use of functional matrix materials like ZnO,
MgO, CuO and Al2 O3 for the preparation of nanocomposites is relatively recent.15,16 Recently, ordering of metal
atoms in semiconductor compounds is attracting more interest because they are not thermodynamically stable under bulk
growth conditions. Furthermore, it is accompanied by change
in the bandgap even for ﬁxed composition.3
The properties of ﬁlms generally change at high temperatures and also in different atmospheres. Therefore, the
annealing is an important process to modify and/or improve
the optical and electrical properties of the ﬁlms.17
In this study our aim is to study Cu-Al-Zn-O (CAZO)
nanocomposite thin ﬁlms deposited by RF magnetron sputtering. The as-deposited thin ﬁlms represent inferior physical
properties due to the amorphous nature of their structures;
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hence, it is highly favourable to study the effect of annealing on the structural, morphological and optical properties of
CAZO thin ﬁlm structures. Although many research works
have been based on Cu:ZnO and Al:ZnO composite thin
ﬁlms, to the best of our knowledge there are very few reports
on the properties of CAZO thin ﬁlms.

2.

Experimental

The CAZO thin ﬁlms have been prepared by RF-magnetron
co-sputtering on to quartz substrates. The sputtering target was constructed from zinc oxides, aluminium oxides
and copper oxides powder of 99.9% purity. The ZnO 40%,
Al2 O3 55% and CuO 5% (weight ratios) powders were mixed
using a fast mill. The mixed powder was then pressed under
120 MPa at room temperature in air. Before depositing the
ﬁlms, the surface of CAZO target surfaces were cleaned by
pre-sputtering under the ﬁlm deposition conditions for 10
min. Quartz substrates (10 mm × 20 mm2 ) were cleaned by
ultrasonics in acetone and alcohol. The thin ﬁlms were grown
at room temperature inside a deposition chamber evacuated
to a base pressure of 5 × 10−5 mbar. The sputtering time
and working gas pressure were ﬁxed at 30 s and 1 × 10−2
mbar, respectively. During the deposition process, pure argon
(purity of 99.999%) was used as the sputtering gas. Deposition was carried out at constant RF power regime of 400 W.
After deposition, the ﬁlms were post-annealed at 300, 600
and 900◦ C temperatures for 1 h in air ambient. To obtain a
desired annealing temperature, the furnace was steeply raised
up from room temperature with the rate of 100◦ C h−1 . The
samples were then slowly cooled to room temperature. The
thickness of ﬁlms was measured by a DEKTAK3 proﬁlmeter
and found to be 100 ± 10 nm.
X-ray diffraction (XRD) was performed on STOE-XRD
diffractometer using Cu-Kα line (l = 0.15406 nm). Atomic
force microscopy (AFM) micrographs were obtained using
Auto probe CP, from Park Scientiﬁc Instruments, in contact
mode. The optical properties of thin ﬁlms were examined by
a Varian Cary-500 spectrophotometer and to characterize the
luminescence properties of ﬁlms the room temperature photoluminescence of the samples was measured using a Cary
Eclipse spectrometer equipped with a xenon lamp. The compositional depth proﬁle was studied by Rutherford Backscattering spectrometry (RBS) using a 2.0 MeV He+ ion beam.
The recorded RBS spectra were processed by the SIMNRA
simulation computer program.

3.

Results and discussion

3.1 Structure analysis of CAZO nanocomposite thin ﬁlms
Figure 1a and b shows the XRD patterns of CAZO target
and the as-deposited ﬁlm and post-annealed ﬁlms at different temperatures, respectively. As-deposited CAZO thin

ﬁlm does not illustrate any characteristic sharp diffraction
line, thus indicating an amorphous structure. This behaviour
could be due to the short sputtering time and also substrate
cooling during the deposition process, which hinders the
required atomic displacement and grain boundary movement
necessary for crystallization.13 As illustrated in ﬁgure 1b,
at annealing temperature of 300◦ C some weak but notable
peaks that could be interpreted as evidence for crystallinity
of the ﬁlms appear at 41.68 and 48.22 degrees. These peaks
correspond to CuAlO2 (104) and CuAlO2 (009), respectively
(01-075-2359 PDF card). By increasing the annealing temperatures from 300 to 600◦ C, those peaks get weaker and
at 900◦ C seem to disappear completely. On the other hand,
by increasing the annealing temperature to 900◦ C new peaks
appear at 31.6, 34.62 and 36.20 degrees, which are the characteristic peaks of hexagonal wurtzite-type ZnO structure.
All diffraction results are in agreement with the JCPDS 001079-0207 card for ZnO. The weakness of these peaks with
respect to pure ZnO (ZnO thin ﬁlm has sharp peaks at 31.6,
34.38 and 36.18 degrees) thin ﬁlms may be due to the diffusion of Al and Cu atoms into the ZnO thin ﬁlm structure.
We guess thus a shift to higher angle position compared with
pure ZnO, indicating a decrease in the lattice constants. On
the other hand, doping and high annealing temperature leads
to change in the atomic environment and disorder of the ZnO
crystal which is caused by the decrease in the crystallinity
of ZnO. Also, the same trend was observed in Cu-18 and
Al-doped ZnO ﬁlms.19
3.2 Surface morphology and RBS analysis
Figure 2a–d indicates surface morphology of CAZO thin
ﬁlms that were determined over a 2 × 2 μm2 area using AFM
analysis. The root mean square (RMS) roughness were changed from 2 to 4 nm. The as-deposited CAZO thin ﬁlms is a bit
porous, hence the ﬁlms become relatively compact and their
average particle size was increased after annealing at 300◦ C.
With further increasing the annealing temperature at 600◦ C,
the thin ﬁlms further agglomerate but still hold a small
amount of pores structure. The annealed sample at 900◦ C is
denser and contains fewer pores. Thus, annealing treatment is
changing the structural properties of CAZO nanocomposite
thin ﬁlms, but according to our observation the annealing
treatment has no remarkable effect on the roughness and
particle size of CAZO thin ﬁlms.
Figure 3 illustrates a typical RBS spectrum of the CAZO
thin ﬁlms prepared at 300◦ C with the corresponding simulation curve obtained from the SIMNRA code. Film thicknesses were estimated using the RBS spectra at about 100 ±
20 nm.
According to ﬁgure 4, by increasing the annealing temperature, Zn and Cu peaks shift to lower energies, but the Al
edge shifts to higher energies. These observations indicate
the penetration of Zn, Cu and Al atoms into each other.20
Also, further the XRD pattern of the samples at high annealing temperature conﬁrms the reaction of Al, Zn and Cu with
oxygen.
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Figure 1. XRD patterns of (a) CAZO target and (b) CAZO nanocomposites of thin
ﬁlms.

Figure 4 illustrates an asymmetric band within the 1800–
1900 keV spectral range, which is attributed to the collective contribution of Cu and Zn atoms due to their adjacent
atomic number and nearly overlapped distributions.21 Also,
the band was deconvolved into two Gaussian-shaped components as plotted in ﬁgure 5a–c. By increasing the annealing temperature the separation of these two peaks gets more
pronounced. This may be due to different thermal diffusivity
of zinc and copper at high annealing temperature, where the
value of thermal diffusivity of zinc and copper are 4.08 ×
10−5 and 1.11 × 10−4 m2 s−1 ,22 respectively. The higher
thermal diffusivity of copper is an indication that the Cu
atoms may contact the thermal energy at a higher rate relative to the stored thermal energy. This distinction in comparison to Zn atoms results in separation of regions consisting of
Cu and Zn within the ﬁlm at high annealing temperature of
900◦ C.

3.3 Optical properties
Figure 6a and b illustrates the PL spectra and Lorentz ﬁtting
of PL spectra for as-deposited and post-annealed thin ﬁlms,
respectively. For as-deposited thin ﬁlm, two strong emission
peaks located at 432 and 460 nm (blue emission) are observed (ﬁgure 6b). After the annealing process at 300◦ C, two
peaks are noticed at about 410 and 530 nm. These two peaks
relate to violet and green emissions, respectively, and have very
low intensities. At annealing temperatures 600 and 900◦ C,
another peak located at about 390 nm appeared (ﬁgure 6b),
which related to UV emission. The intensity of these emission peaks increased with increase in the annealing temperatures (ﬁgure 6a). The PL spectra of ZnO has emission peak
within the UV spectral region (360–400 nm).23 The absence
of this peak in the PL of the as-deposited and annealed at
300◦ C ﬁlms is due to the Zn-Al-Cu-O composites, which did
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Figure 2. 2D and 3D of AFM images of CAZO nanocomposite thin ﬁlms annealed at different temperatures: (a) as-deposited CAZO, (b) 300◦ C annealed CAZO, (c) 600◦ C annealed CAZO and (d)
900◦ C annealed CAZO.

not completely penetrate Zn, Cu and Al atoms into each other
and indicates lack of ZnO characterized structure. By annealing at 300◦ C, the intensity of the peaks located at 432 and
460 nm decreases and two other peaks at 410, 390 and also a
green spectral peak located at about 530 nm appear. This was
considered as a result of making ZnO characterized structure
and promotion of Al and Cu atoms diffusion into ZnO structure of thin ﬁlm during annealing. The intensity of all these
peaks is an increasing function of the annealing temperature.

It is well known that there are different defects like oxygen
vacancies, zinc vacancies, interstitial oxygen, interstitial zinc
and so on within the sputtered ZnO thin ﬁlms.24 The band
energy diagram is plotted in ﬁgure 7 to explain the energy
band for PL spectra accordingly. Kang et al25 found that a
530 nm green emission peak in ZnO thin ﬁlm is due to the
transition from deep donor level by oxygen vacancies in ZnO
to valence band.25 The green emission is due to the impurity
of Cu2+ and Cu+ ions, which replace zinc in ZnO structure.26
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Figure 3. Atypical RBS spectrum of ACZO ﬁlm prepared at 300◦ C with corresponding
simulation curve.

Figure 4. RBS spectra of CAZO nanocomposite ﬁlms deposited at different temperatures on
quartz substrate from 1650 to 1900 keV.

Violet emission is attributed to the transition from the conduction band to the deep hole trapped levels like VZn .27 Gao
et al28 thought that the UV emission located at 391 nm originated from the electron transition from the localized levels
below the conduction band to the valance band. According
to Xu et al,29 two 2.87 and 2.57 eV blue emission peaks are
related to the electron transition from both the interstitial Zn
levels to valence band and the energy levels of interstitial
Zn to Zn vacancies, and blue emission attributed to the transition from interstitial aluminium (Ali ) levels to Zn vacancies, because Al atoms when substituted on the Zn site act as
shallow donors in ZnO.19
After annealing at 300◦ C the intensity of the PL peaks are
less pronounced and show a blue shift with respect to the asdeposited ﬁlms. On the other hand, by increasing the annealing temperature to 600 and 900◦ C the PL peaks become
stronger and the blue shift is no longer observed. Ko et al30
report that the PL intensity is related to the density of optically active defect states, hence the behaviour of PL peaks

as a function of annealing temperature could be explained by
the changes during the thermal annealing treatment within
the thin ﬁlms. The XRD of the CAZO ﬁlms illustrate that
annealing at 900◦ C causes a decrease in the grain size. The
grain size variation affects the PL intensity, as the variation
of the grain size could result in a decrease or an increase in
the ﬁlms adsorbing centres based on the formation of smaller
or larger localized states.
Comparing the PL spectrum of nanocomposites of CAZO
with AZO (Al:ZnO) and CZO (Cu:ZnO), as we described
before the density of localized states increased in the visible region which is related to the defects and oxygen vacancies;18
therefore results in enhanced sensitivity and fast gas detection and responsively further indicating that nanocomposites
of CAZO thin ﬁlm is a good candidate for improving the
sensing properties of gas sensor applications and technology.
The optical constants play an important role in optoelectronic devices. The spectral distribution of transmittance and
reﬂectance for as-deposited and annealed CAZO thin ﬁlms
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Figure 5. Deconvolution of the Cu and Zn edge from 1800 to 1900 keV with two Gaussian ﬁts
of CAZO nanocomposite ﬁlms deposited at different temperatures: (a) 300◦ C annealed CAZO,
(b) 600◦ C annealed CAZO and (c) 900◦ C annealed CAZO.

in the wavelength range of 200–1500 nm are illustrated in
ﬁgure 8a and b. The as-deposited ﬁlm is opaque in the visible region (ﬁgure 8a), which is probably due to the strong
absorption and scattering of the incident light by amorphous
structure of the CAZO thin ﬁlm.31
It is evident that the optical transmittance increases sharply
in the visible and UV region with annealing at 900◦ C. Therefore, thermal annealing in air could improve the optical transmittance of CAZO ﬁlm by reacting with oxygen.32 Although
the structure of ﬁlms when annealed at 300 and 600◦ C did
not show any distinguishable changes, but when annealed at
900◦ C, the transmittance increased sharply due to improved
crystal structure. This conﬁrms the formation of ZnO or ZnO
with Al and Cu impurities, which are transparent.33,34
According to the observations from prepared samples
as-deposited and annealed to (600◦ C) samples have dark
appearance which was probably due to the strong absorption and scattering of the amorphous and low crystallinity
structure.35 While annealed sample at 900◦ C has a light face
and the transmittance of the ﬁlm increased nearly 80%. This
noticeable increase of transmittance was due to the decrease
in defects density, which was investigated after calculating
Eu (equation 2).
The spectral behaviour of the reﬂectance R(λ) in ﬁgure 8b
shows an annealing temperature dependence which is not regular, especially in the wavelength region 200 < λ < 400 nm.
With increasing annealing temperature to 600◦ C reﬂectance
increases with increasing wavelength, but at annealing temperature higher than 600◦ C the reﬂectance decreases.
In our case, according to AFM results, the ﬁlm surfaces
remain nearly smooth at different temperatures indicating an
insigniﬁcant role of roughness in reﬂectance variation. The

variation of reﬂectance and transmittance spectrum of the
sample annealed at 900◦ C could be related to improvement
of crystallization within CAZO nanocomposites because the
light scattering was decreased due to decrease in defects of
the ﬁlm.
In order to calculate the optical bandgap energy (Eg ) of
the thin ﬁlms, we 
assume the
coefﬁcient relation
 absorption

of α = (1/d) ln 1 − R 2 /2T , where T and R are the
transmittance and reﬂectance, respectively, and d the ﬁlm
thickness.36 The optical bandgap of samples was obtained by
the following relation:34

α=

A
hν


(hν − Eg )m

(1)

Here, A is a constant that depends on the type of transition,
hυ is the photon energy and the type of transition can be
obtained by ﬁnding the proper value of m. For determination
of interband transition in ﬁlms, ﬁgures of (αhν)m vs. photon
energy hν were plotted for m = 1/2, 2, 3/2, 3, where the best
ﬁt was obtained for m = 1/2 and 2, which are due to the
allowed direct and indirect transitions, respectively. Figure 9
illustrates the plot of (αhν)2 vs. the photon energy hν for
as-deposited and annealed thin ﬁlms. The straight line portion of the curve, when extrapolated to zero, gives the optical bandgap Eg . The interband transition of CAZO thin ﬁlms
shows direct transition like AZO37 and CZO12 thin ﬁlms.
The absorption at the lower photon energy usually follows
the Urbach’s rule33 according to the following equation


hν
α (λ) = αo exp
Eu


(2)
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Figure 6. (a) PL spectra of CAZO nanocomposite thin ﬁlms and (b) Lorentz ﬁtting of the PL
spectra at different temperatures.

Figure 7. Schematic view of the energy band diagram proposed for CAZO
nanocomposites.

where ν is the frequency of the radiation, α a constant, h
the Planck’s constant and Eu is Urbach’s energy which is
interpreted as the width of the tails of localized states in the

bandgap and in general represents the degree of disorder in
amorphous semiconductors.38 The absorption in this region
is due to the transitions between extended states in one band
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Figure 8. (a) Transmittance and (b) reﬂectance for as-deposited and annealed CAZO
nanocomposites prepared at 300–900◦ C.

Figure 9. The plots of (αhν)2 vs. photon energy of the CAZO nanocomposite thin
ﬁlms for as-deposited and annealed at 300 and 600◦ C; inset: the plots of (αhν)2 vs.
photon energy of the CAZO nanocomposite thin ﬁlms annealed at 900◦ C.

Figure 10. The plot of Ln α vs. photon energy for as-deposited of the CAZO nanocomposite
thin ﬁlms.
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Figure 11. Effect of annealing on the Eg and Eu of CAZO ﬁlms.

and localized states in the exponential tail of the other band.
Figure 10 shows the plot of Ln α as a function of hν for
the as-deposited ﬁlm, in which the slope of straight line represents Eu . This process has been applied to other samples
for obtaining their Eu . The obtained values of Eg and Eu are
illustrated in ﬁgure 11. By increasing annealing temperatures
in ambient air the optical bandgap of CAZO nanocomposites
increase due to the increased diffusion of oxygen atoms in
the thin ﬁlms. The wide bandgap energy could also be due to
the existence of Al and Cu impurities in the ZnO structure,
which causes the formation of new recombination centres
with higher emission energy, conﬁrmed by the PL spectra.
On the other hand, with increasing annealing temperatures
to 600◦ C the Urbach energy of ﬁlms decreases, but for ﬁlms
annealed at 900◦ C due to the formation of new crystalline
phase it increases, indicating that the width of the localized
tail states in the sample is increasing.
As it is reported in the literature the optical bandgap
of AZO(Al:ZnO)37 thin ﬁlms decreases when the annealing temperature increases. On the other hand, the optical
bandgap of CZO(Cu:ZnO) is lower than the optical bandgap
of ZnO(3.28 eV).12 The optical bandgap of CZO is between
3.1 and 3.3 eV. Our results show that by adding both Cu
and Al in ZnO and performing post-annealing treatment, the
optical bandgap varies in the range of 2.9 to 4.2 eV.

4.

Conclusions

In this paper, CAZO nanocomposited thin ﬁlms were prepared on quartz substrates by RF magnetron sputtering and
then the ﬁlms were post-annealed at 300–900◦ C in ambient environment. XRD pattern of ﬁlms illustrated amorphous
nature for the as-deposited ﬁlm and weak crystallization for
the annealed ﬁlms. RBS conﬁrmed the existence of Al, Cu
and Zn elements in all ﬁlms. Particle size and RMS roughness of CAZO nanocomposited thin ﬁlms indicated a weak
dependence on annealing temperatures and the particle size
became more homogenized with increasing annealing temperatures. By increasing the annealing temperature from 300

to 900◦ C the optical bandgap of nanocomposites of CAZO
was increased from 3 to 4.2 eV, which was found to be due
to the increased presence of oxygen atoms within the thin
ﬁlm structures. On the other hand, with increasing annealing
temperature Urbach energy of ﬁlms decreased. This meant
that the width of the localized tail states in the samples
decreased. The analysis of PL spectra showed that the density of localized states increased in the visible region (green
and blue emissions) by annealing of ﬁlms when comparing PL spectrum of nanocomposites of CAZO with that of
AZO (Al:ZnO) and CZO (Cu:ZnO) ﬁlms. The presence of
these states could bring about increased sensitivity for highspeed gassensing applications. Therefore we predict that the
nanocomposite of CAZO thin ﬁlm could be a good composite candidate for improving the sensing properties because of
the increased localized states and defects within its thin ﬁlm
structure.
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