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Published online: 12 April 2016 – c© Società Italiana di Fisica / Springer-Verlag 2016

Abstract. CuO thin film was grown on a glass substrate by reactive radio frequency (rf) magnetron sput-
tering. The deposited film was annealed in air at various temperatures for 2 h. The SEM images showed
that the grain size increased with rising annealing temperature. The EDX and XRD results revealed that
the chemical composition and phase of the polycrystalline film were not affected by the annealing con-
ditions. The optical band gap increased from 2.244 eV to 2.261 eV and then decreased from 2.261 eV to
2.145 eV by the effect of annealing temperature.

1 Introduction

CuO (cupric oxide, tenorite) is a very useful material for many applications such as transistors, light-emitting diodes,
electrochromic devices, lithium ion batteries, high-temperature superconductors, gas sensors and solar cells [1,2].
Especially, CuO thin film has become a promising material for solar energy system because of its suitable optical
band gap of 1.3–2.1 eV [3,4]. Therefore, the effect of annealing temperature on the structural and optical properties of
CuO thin film was investigated by many researchers. Thermal annealing is a widely used method to improve crystal
quality and to study structural defects in materials [5]. The type and amount of defect are dependent on the annealing
temperature and atmosphere [6]. Also, these annealing conditions can change the crystal phase of the film. Murali et
al. have reported that the annealing of CuO thin films in vacuum at 623K and 700K results in the formation of a
new phase in the structure of the films [7]. In most studies, the low annealing temperatures were used.

In this study, CuO thin film was deposited using reactive rf magnetron sputtering technique and then annealed
in air at different temperatures up to 600 ◦C. The morphological, structural and optical properties of the unannealed
and annealed films were investigated.

2 Experimental

2.1 Sample preparation

CuO thin film was prepared using a NANOVAK combined system. Prior to the deposition process, the glass substrate
(20 × 20mm2) was ultrasonically cleaned in acetone and methanol for 10min to remove the contamination such as
dusts, spots, oils, fingerprints, etc. The dried substrate was mounted on a temperature-controlled and rotating substrate
holder in the deposition chamber. The chamber was evacuated to a base pressure of 3 · 10−8 Torr. In order to remove
the oxide layer on the target surface, the copper target (with purity of 99.999%) was bombarded with argon ions for
10min prior to the deposition. After presputtering, CuO thin film with a thickness of 200 nm was grown at a total
gas pressure of 10mTorr (77% Ar + 23% O2) on the glass substrate. During the sputter deposition, the rf power and
substrate temperature were fixed at 75W and 200 ◦C, respectively. The flow rates for argon and oxygen were 4.0 and
1.2 sccm, respectively. The deposition rate was ∼ 0.75 Å/s. The deposited film was annealed in air at 200, 400 and
600 ◦C for 2 h. The unannealed film was termed F1, while the films annealed at 200, 400 and 600 ◦C were termed F2,
F3 and F4, respectively.
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Fig. 1. SEM images of the thin films (a. F1, b. F2, c. F3, d. F4).

2.2 Measurements

The films were coated with gold for the surface morphology observations. The surface morphologies of the films were
analyzed by a JEOL JSM-7001F scanning electron microscopy (SEM). The chemical compositions were identified by
using an OXFORD INCA energy dispersive X-ray (EDX) detector. The EDX studies were done at accelerating voltage
of 6 kV. X-ray diffraction (XRD) analyses for phase identification were performed using a RIGAKU SmartLab X-ray
diffractometer. CuKα1 radiation with a wavelength of 1.544 Å was used for XRD analyses. The optical properties were
characterized by a Perkin Elmer Precisely Lambda 45 UV/VIS Spectrometer.

3 Results and discussion

3.1 Structural properties

Figure 1 shows the SEM images of the films at ×50000 magnification. The surface morphologies of the films consist
of the randomly oriented grains and voids among the grains. Such a surface structure of the unannealed thin film
is consistent with the results expected by Thornton’s structure-zone model. The films have a dense and crack-free
surface morphology. The grain size in F1, F2, F3 and F4 films varied in the ranges of approximately 7–67, 7–69, 9–76
and 24–151 nm, respectively. Additionally, no significant difference was observed between the morphologies of F1 and
F2 films. This observation indicates that the recrystallization temperature is higher than the annealing temperature
of 200 ◦C [8]. However, the residual stress in F2 film may be greatly reduced. At higher annealing temperatures, new
grains appear and grow by the influence of recrystallization as shown in figs. 1c and 1d. The resulting strain-free grains
replace the old strained grains [9]. While the grains in F3 film tend to take on a spherical shape, the grains in F4 film
have a polyhedral shape. In addition, the grain boundaries in the coarse-grained F4 film began to be uncertain. This
finding signifies the deterioration in surface morphology.

Figure 2 illustrates the EDX spectra of the thin films. From the spectral data given in table 1, it can be seen that
all of the films have the same chemical composition. The carbon peak at around 0.277 keV is caused by the charge-up
on the surface of the films during EDX analyses.

The XRD patterns of the films are given in fig. 3. The diffraction peaks were indexed according to JCPDS card
numbered 01-080-0076 (a = 4.6797 Å, b = 3.4314 Å, c = 5.1362 Å, β = 99.262◦). The XRD analyses displayed that
the films were polycrystalline. The polycrystalline films exhibited well crystallization on the (111) reflection plane.
The low-intensity diffraction peaks are evident at high annealing temperatures. The sharp and intense peaks demon-
strate better and enhanced crystallinity [10–13]. XRD patterns did not reveal the presence of a second phase or
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Fig. 2. EDX spectra of the thin films (a. F1, b. F2, c. F3, d. F4).

Table 1. The results of EDX analyses.

Film Element Weight % Atomic %

F1
Cu 79.82 49.90

O 20.18 50.10

F2
Cu 80.75 51.37

O 19.25 48.63

F3
Cu 80.83 51.50

O 19.17 48.50

F4
Cu 79.49 49.40

O 20.51 50.60

impurities. The CuO phase remained unchanged after annealing. This similarity between the EDX and XRD results is
related to the annealing environment. When the annealing treatment is carried out in air, atmospheric oxygen can be
adsorbed at the surface of the films and the grain boundary to form negatively charged oxygen species [6]. Thus, the
CuO phase remains the same. With raising annealing temperature, the (1̄11) diffraction peak was slightly shifted to
high 2θ angles due to the residual stress [14]. Large residual stresses are commonly found in sputtered thin films [15].
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Fig. 3. XRD patterns of the thin films (a. F1, b. F2, c. F3, d. F4).

3.2 Optical properties

Figure 4 presents the variation of transmittance with wavelength for all the films. The films exhibited the highest
transmittance in the near-infrared region. The highest transmittance values for F1, F2, F3 and F4 films were 73.11%,
79.14%, 79.19% and 70.12%, respectively. A similar rise in transmittance was interpreted as the reduction of unsatu-
rated bonds by Zhao et al. [16]. However, the grain coarsening at higher temperatures contributes to the decrease in
film transparency. The phase of the film also plays a major role in the change of transmittance values. The CuO crystal
is biaxial and optically anisotropic due to its monoclinic crystal structure. Therefore, it leads to the double refraction.
The double refraction in a polycrystalline film causes light scattering [17,18]. The location of the transmission peak
varied up to 845 nm with the increment of temperature. Such a result is related to the shift of the absorption edge
toward higher wavelength and lower energy. In the literature, this is called the red shift.

It is well known that the increase in the grain size could cause the red shift [19].
The relationship between the absorption coefficient (α) and the photon energy (hν) is expressed as

αhν = A(hν − Eg)n,

where A is a constant, Eg is the optical band gap energy and n is an exponent that depends on the type of transition.
The value of n is 1/2, 2, 3/2 and 3 corresponding to allowed direct, allowed indirect, forbidden direct and forbidden
indirect transition, respectively [20–22]. In order to determine the optical band gap value (Eg) of the thin films, the
graph of (αhν)2 versus hν was plotted (fig. 5). The band gaps of F1, F2, F3 and F4 thin films were found to be 2.244,
2.261, 2.153 and 2.145 eV, respectively. The sudden rise in the optical band gap can be associated with the elimination
of residual stress in the film structure. The variation of Eg with annealing temperature is demonstrated in the inset
of fig. 5. With the grain size increment, the absorption edge shifted from 550 nm to about 575 nm. This change gave
rise to the narrowing of the band gap.
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Fig. 4. Variation of transmittance with wavelength.
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Fig. 5. Dependence of (αhν)2 on the photon energy. (The inset demonstrates the annealing temperature dependence of the
optical band gap.)
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4 Conclusion

The single-phase CuO thin film was successfully grown by reactive rf magnetron sputtering under the total gas pressure
of 10mTorr (77% Ar + 23% O2). The higher annealing temperatures were used in this study. When the temperature
was increased, the grain coarsening occurred. The unannealed and annealed films have a high absorbance of light in the
visible and near-infrared regions. The optical band gap of the film decreased from 2.261 eV to 2.145 eV with the increase
of the annealing temperature from 200 ◦C to 600 ◦C. The obtained band gap values are close to the values recorded
in the literature. The differences in values were attributed to the sputtering parameters and annealing conditions.
The crystal phase and chemical composition of the film did not change by the effect of annealing. It was predicted
that the structure of CuO thin film deteriorated at temperatures higher than 600 ◦C. The annealing atmosphere is an
important factor for changes in the chemical properties of the film. These results support several conclusions.

This study was supported by the Management Unit of Scientific Research Projects of Firat University (Project no: 1386). We
thank BioNanoTechnology Research and Development Center of Fatih University for the XRD analyses.
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