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Abstract: CuznO (CZzO) films have attracted increasing amounts of attention due to their
promising potential applications in semiconductor devices. ZnO shows n-type conductivity,
and attempts have been made to dope several elements in ZnO to improve the electrical
properties. This study investigated the electrical property transitions of CZO films and
determined the copper concentration at which the conductivity of CZO films will change
from n-type to p-type. In this study, CZO films were fabricated by ultrasonic spray pyrolysis
with copper acetate, zinc acetate, and ammonium acetate precursor solution. The
concentrations of Cu ions in the CZO films were controlled by the concentration ratios of
copper acetate to zinc acetate in the precursor solutions. In addition, these samples were
analyzed by Hall effect measurements, X-ray diffraction, transmittance measurements, and
photoluminescence measurements. The results show that the conductivity of the CZO film
changes from n-type to p-type when the copper ion concentration in the film is 5%.
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1. Introduction

Zinc oxide (ZnO) is a popular material because of its large band gap (3.4 eV) and large exciton
binding energy (60 meV) [1,2]. Due to their superior properties such as high crystalline quality, large
aspect ratio, and quantum confinement effects [3,4], ZnO nanostructures have attracted great research
interest. Different techniques such as molecular beam epitaxy, sputtering, sol-gel processing, vapor
deposition, and electrochemical deposition have been employed to fabricate ZnO nanowires and
nanorods, which have been widely used in laser devices, gas sensors, ultraviolet-visible light emission
devices, and many other applications [5-8]. Ai et al. [9] have studied the room temperature
ferromagnetism of n-type Cu-doped epitaxial ZnO films, while Aravind et al. [10] focused on the optical
and magnetic properties of copper-doped ZnO nanorods; in addition, many studies have been conducted
on CuzZnO (CZO) [11-15].

Zn0O shows n-type conductivity; attempts have been made to dope various elements including Cr, Co,
Ni, Mn, or Fe in ZnO to improve its electrical properties [16-21]. This study focuses on Cu-doped ZnO
because of its promising potential applications in semiconductor devices. Recently, doping with Cu
atoms has attracted increasing attention due to the lack of clustering and the fact that the secondary
phases of Cu and copper oxides (Cu20 and CuQ) are not ferromagnetic (FM) [22].

Many different methods have been used to obtain Cu-doped ZnO; for example, Kim et al. [23] used
RF magnetron sputtering, and Zheng et al. [24] used a sol-gel method. In this study, CZO thin films
were fabricated on glass substrates using ultrasonic spray pyrolysis. It is important to know the properties
of CuznO thin films; this study investigated CZO thin films doped with different concentrations of Cu
ranging from 0% to 6%. These samples were analyzed by Hall effect measurements, X-ray diffraction,
transmittance measurements, and photoluminescence measurements.

2. Results and Discussion
2.1. Morphological and Structural Properties

Figure 1 shows the surface morphologies of the CZO thin films with different Cu concentrations.
As the Cu concentration increased, the films developed tightly packed grains and relatively
smooth surfaces.

Figure 2 shows the XRD patterns of samples with different Cu concentrations. A peak at a Bragg’s
angle of ~34°, which is attributed to the ZnO (002) plane, is dominantly observed for all samples. The
intensity of the ZnO (002) peak obviously decreased with increasing Cu concentration, which might be
caused by lattice distortion due to the incorporation of Cu ions because the ionic radii of Zn?* (0.60 A)
and Cu®* (0.57 A) ions are different [25]. Doping with Cu appears to decrease the crystallinity compared
to pure ZnO films. Table 1 shows the Hall effect measurements of the CZO thin films. The natural ZnO
thin film is n-type; however, the CZO thin film changed from n-type to p-type when the concentration
of Cu was increased to 5%.



Materials 2014, 7 7306

Figure 1. SEM images of (a) Zno9sCuo.020; (b) ZnogsCuo0sO and (c) Zno.9aCuo.060.
(d—f) show the images in (a—c) at five times greater magnification, respectively.

- . oA 5 o X . : : oo
Mag = 10.00 K X Mag = §50.00 KX EHT = 5.00 kV
6 mm WD= 6mm Signal A = InLens

. S : ¥ T PR
EHT = 5.00 kV Mag = 50.00K X EHT = 5.00 kV
Signal A = InLens WD= 5mm Signal A = InLens

a

Table 1. Hall effect measurements of CuzZnO (CZO) thin films.

Sample Mobility (cm?/V s) Concentration (cm™2) Ro (Q €m) Conductivity
ZnO 6.96 1.347 x<10Y 6.66 n
CUo.03ZNo.g70 1.06 2.599 x10Y 22.76 n
CU0.04ZNg 960 0.79 3.016 x 1018 2.619 n
CUo.0sZN0.950 0.692 5.517 x10'® 1.634 p
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Figure 2. XRD patterns of CuxZni—~O (x = 0-0.06).
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2.2. Transmission and Absorption

The results of UV-Visible absorption and transmittance measurements are shown in Figure 3.
Figure 3a shows that the sharp UV absorption edges of all the CZO films are in the range of
385410 nm. The absorbance was calculated by the following equation [26]:

A = 1 — R(film) — T(film)/T(substrate) (1)

where R and T are the measured reflectance and transmittance, respectively. Two main effects caused
the exhibited absorption of the samples in the visible region: (1) strong d-p coupling between Cu and O
upshifts the Ozp orbital and narrows the fundamental bandgap; and (2) the Cusad orbital creates impurity
bands above the ZnO valance band. The band gaps of the CZO films with Cu concentrations ranging
from 1% to 6% are 3.02 eV (Cuo0.01Zn0.990), 3.06 eV (Cuo.02Zno.9s0), 3.09 eV (Cuo.03Zno.970), 3.11 eV
(Cu0.04Zn0.960), 3.18 eV (Cuo.05Zno.950), and 3.22 eV (Cuo.06Zn0.940). This demonstrates that increasing
Cu concentration increased the energies of the absorption edge. Figure 3b shows that the film
transmittances in the visible region are above 40%.
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Figure 3. (a) Absorption curves and (b) optical transmittance spectra.
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Figure 4 shows the room temperature Raman spectra of the CZO thin films, demonstrating the
influence of Cu-doping on the ZnO structure. The E2 (high) mode is characteristic of the wurtzite
phase [27]; the intensity of the E2 peak increased with increasing Cu concentration. The spectra also
indicate peak shifting from 425 cm™ to 415 cm™* with increasing Cu doping amount compared to the
ZnO thin film; this frequency shift was caused by the lattice defects and lattice disorder [28,29].
The peak at about 566 cm™ is assigned to the E1 longitudinal optical (LO) mode [E1(LO)] and was
caused by oxygen vacancy and Zn interstitial defects [30-32].
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Figure 4. Raman spectra of CuxZni~O (x = 0-0.06).
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2.4. Photoluminescence

A photoluminescence study was conducted to investigate the effect of Cu doping on the quality and
wavelength of emission. Figure 5 shows the photoluminescence spectra of the CZO thin films. The peak
at 424 nm is attributed to the wurtzite structure of ZnO. With Cu-doping, the peak shifted and an
ultraviolet emission attributed to the near band-edge free-exciton transition appeared at 380 nm [33,34].
This result is in good agreement of the shift in absorption edge with increasing Cu concentration.
A broad yellow-red emission from 600 nm to 750 nm is also observed [35] due to copper impurities or
oxygen vacancies. Many intrinsic or extrinsic defects such as antisite oxygen, surface defects, and zinc
vacancies have been reported in the visible region [36,37].

Figure 5. Photoluminescence spectra of CuxZn1-xO (x = 0, 0.02, 0.05).
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3. Experimental Section

In this study, CuzZnO (CZO) thin films were fabricated on glass substrates using ultrasonic spray
pyrolysis with copper acetate [Cu(CH3COOQ)2 H20], zinc acetate [Zn(CH3COO)2 2H20], and ammonium
acetate [CH3COONHA4] precursor solution. The sizes of the glass substrates were 2.5 x2.5 cm?. The glass
substrates were cleaned using ultrasonic cleaner with acetone, ethanol, and pure water. Each cleaning
process lasted for 5 min. A mixture of copper acetate, zinc acetate, and ammonium acetate powders were
used to prepare the solution. The molar ratio of copper acetate mixed with zinc acetate to ammonium
acetate was maintained at 1:3. In the mixed powder of copper acetate and zinc acetate, the molar
concentration of copper acetate ranged from 0 to 0.06. The powders were put in 20 mL of pure water
and mixing by magnetic stirrer for 1 h. After mixing, the solution was changed from liquid-state to
mist-state by oscillation for 30 min. The CZO thin films were then fabricated using ultrasonic spray
pyrolysis at 500 <T for 15 min; nitrogen gas was used in the pyrolysis process. After cooling to
room temperature, the samples were analyzed by Hall-effect measurements, X-ray diffraction, and
transmittance and photoluminescence measurements.

4. Conclusions

In this study, CZO thin films doped with different concentrations of Cu were investigated.
The conductivity of the natural CZO thin film is n-type and changes to p-type when the doping
concentration of Cu is 5%. As the Cu content of the CZO thin films increases from 1% to 6%, the film
band gap increases from 3.02 eV to 3.22 eV. The Raman spectra show that the intensity of the E2 peak
increases with increasing Cu concentration; compared to the ZnO thin film, the peak shifts from
425 cm to 415 cm™* due to lattice defects and lattice disorder. In addition, the E1 longitudinal optical
(LO) mode is generated by oxygen vacancy and Zn interstitial defects. In photoluminescence peak shifts
with increasing Cu concentration, resulting in an ultraviolet emission at 380 nm; this is attributed to the
near band-edge free-exciton transition.
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