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Copper (Cu)-doped ZnO (CZO) films were grown by simultaneous direct current and radio frequency magnetron 

sputtering technique under the situation of different gas flow rates of Ar: O2 (1:1, 2:1 and 1:0). The X-ray diffraction 

patterns revealed the naturally polycrystalline ZnO films with the predominant reflection (002) peak, which referred to the 

hexagonal wurtzite structure toward c-axis. The elemental composition of thin films was analyzed by energy dispersive 

spectroscopy (EDS). The Cu concentrations in thin films increased with Ar ratio of up to 1:0. The EDS spectra of three 

kinds of elements indicate that Cu-doping has obvious and sophisticated effect on the chemical state of oxygen, but less 

effect on those of copper and zinc. Furthermore, the nonlinear absorption of CZO films was investigated by the way of Z-

scan technique. These films demonstrated good nonlinear absorption behavior for the different gas flow rates of Ar: O2. 
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1. INTRODUCTION 

Zinc oxide is one of the most interesting II ‒ VI 

semiconductors. It is highly transparent, inexpensive, non-

toxic, which paves its application way as an active 

luminescent material, gas sensing and piezoelectric 

transducers etc [1 ‒ 5]. To significantly enhance the physical 

properties of pure Zinc oxide films, all kinds of transition 

metals [6 ‒ 10], such as Bi, Ag, Cu, Co and Ni, have been 

used as dopants at desired doping concentrations using 

several deposition techniques. Copper is a prominent 

luminescence activator in II ‒ VI compounds, meanwhile, it 

changes the luminescence behavior of ZnO through produce 

a localized impurity levels in the bands structure [11, 12]. 

Due to the similar ionic radius and electronic shell structure 

have many physical and chemical properties, which are 

equivalent to those of Zn [13]. Up to now, multiple solutions 

have been performed to fabricate the Cu-doped ZnO (CZO) 

films and explore their excellent applications in 

optoelectronics by a variety of deposition techniques 

[14, 15], which include pulsed laser deposition, 

simultaneous radio frequency (RF) and direct current (DC) 

magnetron sputtering (MS) and so on. Recent papers have 

reported on microstructure and different properties of CZO 

materials, such as electrical, piezooptical effects, optical and 

photosensitivity properties et al. Structural and optical 

properties of ZnO films with heavy Cu-doping prepared by 

MS which were reported by Y. Liu et al. [16]. B. 

Allabergenov et al. [17] reported microstructural analysis 

and optical characteristics of CZO films. K. Joshi et al. [18] 

reported band gap widening and narrowing in CZO films. 

Taking into account the high deposition rate of simultaneous 

RF and DC MS technique, through independent doping 

dopant element to the main body in the crystal lattice, film 
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is compact and uniform, the structure and optical properties 

of controllability. In this paper, we research the effect of 

argon/oxygen ratio on the structural of CZO films. The 

nonlinear (NL) optical characteristics of CZO films are 

investigated. The two-photon absorption (TPA) coefficients 

of CZO films at argon/oxygen ratio are determined. 

2. MATERIALS AND EXPERIMENT 

Through RF MS ZnO target (99.99 % purity) and DC 

MS Cu target (99.99 % purity), with different Ar:O2 (1:1, 

2:1 and 1:0) flow rates CZO films were on quartz substrates. 

The substrates were ultrasonically cleaned by alcohol and 

deionized water. During the deposition, the base pressure 

and RF power in the sputtering chamber were 6.0 × 10−4 Pa 

and 100 W, respectively. The film growth was performed in 

a growth environment with a ratio of Ar (sputter gas): O2 

(reaction gas) = 20:10 sccm at a constant working pressure 

of 1.0 Pa. 

Many characterization techniques were used to 

investigate the properties of CZO films. The elemental 

composition of the CZO films was identified by energy 

dispersive spectroscopy (EDS, Quanta 200F) attached to the 

scanning electron microscope (SEM, Quanta 200F). 

Structural properties have been examined by X-ray 

diffraction (XRD, D/max-2600/PC). The transmission and 

absorption spectra were observed at a particular wavelength 

the extent of 330 to 800 nm using UV–vis 

spectrophotometer. The NL optical characteristics were 

studied using nanosecond Z-scan technique, a Q-switched, 

frequency doubled Nd:YAG (1064 nm) laser producing 

532 nm wavelength were used as the excitation source. 
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3. RESULTS AND DISCUSSION 

3.1. Elemental composition 

The Cu atomic concentration in the prepared films has 

been verified by EDS analysis. Fig. 1 a manifest the EDS 

spectrum for gas flow rates of Ar: O2 = 1:1. It is confirmed 

that the deposited films were relation to characteristic Zn 

and O elements as major intense peaks. Meanwhile, the 

small peaks of Cu indicated minor composition of Cu2+, Cu+ 

has substituted the Zn2+ sites in the ZnO host matrix. Fig. 1 b 

and Fig. 1 c manifest the EDS spectrum for gas flow rates 

of Ar: O2 = 2:1 and Ar: O2 = 1:0, respectively. According to 

the experimental phenomenon, it is noticed that the reactive 

gas without oxygen will directly affect the transparency of 

ZnO films. For example, the gas flow rates of Ar: O2 = 1:0 

resulted in the low transparency films. However, the higher 

ratio of the oxygen in the reactive gas will not always 

provide a better transparency.  

 
a 

 
b 

 
c 

Fig. 1. EDS spectra of CZO films at: Ar:O2 =: a – 1:1; b – 2:1;  

c – 1:0 

3.2. Surface features 

In order to further characterize the effects of gas flow 

rates on the microstructural properties of the film, SEM 

analysis was confirmed, as shown in Fig. 2. All films show 

the smooth surface without cracks. From the inset (i) of 

Fig. 2, it can be observed that is size distribution diagram of 

CZO films for each sample. The average diameter of low-

dimensional structure nanocrystal for all the samples were 

approximately 36 nm (for 1:1), 38 nm (for 2:1), and 40 nm 

(for 1:0), respectively, referring to the error value of 

± 0.14 nm. The particle size is varying from 28 to 48 nm for 

different gas flow rates. Maximum grain size of 48 nm 

happned at gas flow rates of Ar: O2 = 1:0. In Fig. 2, the 

particle size linearly increases with the Ar ratio. However, 

it was smaller than Ar ratio of 1:0 compared to the one with 

the gas flow rates of Ar: O2 = 2:1. When the Ar ratio 

increased till to 2:1, there is degradation in particle size 

because of Cu dopant tends to create more nucleation 

centers during deposition process. From SEM images, the 

structure of deposited films can be controlled by adjusting 

the gas flow rates. 

 
 

a 

  

b 

  

c 

Fig. 2. SEM image of the CZO films at: Ar:O2 =: a – 1:1; b – 2:1;  

c – 1:0 

3.3. Structural analysis 

Fig. 3 shows the XRD patterns of CZO films prepared 

with simultaneous RF and DC MS technique. From Fig. 3, 

the crystal particles are arranged closely and the diffraction 

intensity of the (002) peak. In addition, CZO films at gas 

flow rates Ar:O2 (2:1) show the peak intensity with the 

maximum value. With increasing the gas flow rate, as the 

interplanar spacing ‘d’ (λ = 2dsinθ) increases and the lattice 

position is replaced by ions of higher ionic radius (ion radius 

is Cu + ~ 0.077 nm, Zn2 + ~ 0.074 nm), the (002) peak 

position of the zinc oxide structure moves to a lower angle 

position. The lattice parameters ‘a’ and ‘c’ values of films 

can be calculated as [19] 
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hkla  sin3 ; (1) 

hklc  sin . (2) 

As shown in Eq. 3, the average crystallite size (Dhkl ) of 

the film was assessed by Debye Scherer equation [20, 21]. 

hklhkl kD  cos , (3) 

where, the X-ray wavelength is represented by λ, the Bragg 

diffraction angle is represented by θhkl, and the  full width at 

half-maximum (FWHM) is represented by β. The lattice 

parameters and crystallites size of CZO films will increased 

under different gas flow rates. Neverthrless, the copper 

composition does not change the hexagonal structure of 

ZnO films. The (002) diffraction peaks, lattice parameters 

and average crystallite sizes values estimated for the sample 

show in Table 1. 

 

Fig. 3. XRD patterns of CZO films prepared under different gas 

flow rates 

Table 1. The (002) diffraction peaks, lattice parameters and 

average crystallite size of CZO films under different gas 

flow rates 

Sample 2, ° a, nm c, nm Dhkl, nm 

CZO 1:1 34.41° 0.3296 0.4236 36.23 

CZO 1:0 34.14° 0.3292 0.4224 38.12 

CZO 2:1 34.20° 0.3286 0.4198 40.34 

3.4. X-ray photoelectron spectroscopy analysis 

XPS spectra of the CZO film at Ar: O2 = 1:0 were 

measured to analyze the valence state of Cu in ZnO film. 

Fig. 4 shows XPS spectra of the Zn-2p, Cu-2p, and O-1s 

core level regions of the Cu-ZnO structures. A doublet at 

1021.8 eV and 1044.9 eV is observed in Fig. 4 b 

corresponding to the Zn 2p3/2 and 2p1/2 core levels. The 

Cu-2p XPS binding energy region is shown in Fig. 4 c. 

Photoelectron peaks corresponding to the Cu 2p3/2 and 

2p1/2 core levels were observed at 933.4 eV and 953.7 eV. 

In handbook of XPS [21], 2p3/2 peaks of Cu0 and Cu+ in 

Cu2O appear at the same energy, around 932.7 eV, and that 

of Cu2+ in CuO appears at about 933.6-934 eV. In our 

experiment, we found that the Cu 2p3/2 peak of CZO film 

at Ar: O2 = 1:0 had major Cu0/Cu+ (932.7 eV) and minor 

(933.8 eV) components. Therefore, it is concluded that Cu 

ions exist in a mixed oxidation state of +1 and +2 and are 

predominantly in a univalent and bivalent state in CZO film 

grown in oxygen poor and enriched environment, 

respectively. The conclusion is also consistent with the 

analysis of XRD results above. 

  
a b 

  
c d 

Fig. 4. a – XPS spectra (Al K = 1486.6 eV) corresponding to the 

CZO films; b – Zn-2p; c – Cu-2p; d – O-1s core level of 

CZO films 

3.5. Linear optical properties 

Fig. 5 shows the linear optical absorption and 

transmission spectrum of the CZO films.  

 

a 

 
b 

Fig. 5. The absorption (a) and transmission (b) spectra of CZO 

films formed under different gas flow rates 

In Fig. 5 a, the absorption edge conforming to the 

intrinsic direct band gap in the near UV scope can be 
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obviously observed. In the wavelength range of 

330 – 800 nm the transmittances were increased with Ar 

ratio till to 2:1. Notably, the optical transmittance values 

turn down the following 85 % while using only Ar reactive 

gas during thin film deposition. This result reveals the gas 

flow rates affect the transparency of the films. The optical 

transmittance decreases due to the surface scattering or 

interstitial positions of the ZnO host lattice, as well as the 

presence of lattice defects in the ZnO host lattice. In the 

cause of confirm the direct EP of ZnO films, we apply the 

Tauc relationship mentioned in [22 – 24]. On the basis of the 

measured absorption spectra, (αhν)2 versus hν data of ZnO 

films with adjust gas flow rates are shown in Fig. 6. It 

apparently indexes that when copper dopants were 

introduced, the width of the EP will broaden with the 

increase of Ar: O2 ratio. The EP values of 3.13, 3.14 and 

3.27 eV were obtained at the different gas flow rates of Ar: 

O2 = 1:1, 1:0 and 2:1, respectively. We obtained a 

considerable degression in the EP energy with gas flow rates. 

The phenomenon can be ascribed to tough mismatch in the 

electronegativity of Cu and Zn atoms in ZnO [25, 26]. 

 

Fig. 6. (αhν)2 versus (hν) data of CZO films under different gas 

flow rates 

3.6. Nonlinear optical properties 

Fig. 7 manifests normalized open-aperture Z-scan data 

of CZO films with different gas flow rates (Intensity of laser 

I0 = 120 MW/cm2 and wavelength exc = 532 nm). As 

shown in Fig. 7, the transmittance curve exhibits the valley 

characteristic shape. The normalized transmittance for the 

standard open aperture Z-scan is expressed by the 

relationship [27]: 

  ))1/(()1,( 23

0   mqszT
m

, (4) 

where 1)0(0 q , )/1/()( 0020 zzLIzq eff   (Z0: the 

Rayleigh rang), and the effective length 

   00 )1(/)1(exp1   nLnLeff
 (α0: the linear 

absorption coefficient and L: the sample thickness). 

The value of α2 was calculated by fitting experimental 

data to Eq. 4. The results prove that the values of the α2 were 

92.6 cm2/GW (1:1), 98.9 cm2/GW (2:1) and 98.3 cm2/GW 

(1:0), respectively. So the EP (3.26 eV or 380 nm) is bigger 

than two photon energy (1.55 eV), the absorption process of 

the 532 nm is a TPA process. The results show that all 

samples performed TPA for laser radiation at 532 nm. 

 
a 

 
b 

 

c 

Fig. 7. Normalized open-aperture Z-scan transmittance data of 

CZO films with different gas rates of Ar:O2 at 532nm 

4. CONCLUSIONS 

We synthesized CZO films via magnetron sputtering at 

various gas flow rates Ar: O2 (1:1, 2:1 and 1:0) successfully. 

All CZO films generated in c-axis oriented hexagonal 

wurtzite crystal structure with ZnO (002) as a mainly 

reflection. It was found that as gas flow rates increases, 

while ZnO (002) peak strength will be destroyed by Cu2+, 

Cu+ ions instead of Zn2+ ion sites. All samples performed 

the TPA for laser radiation at 532 nm. The values of the 

TPA coefficient were 92.6 cm2/GW (1:1), 98.9 cm2/GW 

(2:1) and 98.3 cm2/GW (1:0), respectively. Our studies 

reveal that these samples have better nonlinear properties 

with potential applications in optical devices. 
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