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In this work, undoped and Mg doped (at the Mg percentages of 1, 3 and 5) copper oxide films were deposited at the 
substrate temperature of 300±5 °C by ultrasonic spray pyrolysis technique, and the effect of Mg incorporation on the optical, 
structural and electrical properties was presented. Optical properties of the films were analyzed by transmission, linear 
absorption coefficient and reflection spectra, and the optical method was used to determine the band gaps of the films. The 
film structures were studied by X-ray diffraction, and the texture coefficient (P), the grain size (D), and macrostrain (<e>) for 
preferential orientations were calculated. The electrical conductivities were calculated with two-probe technique. 
Consequently, it was determined that Mg incorporation has a strong effect on the optical and especially structural properties 
of the copper oxide films.   
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1. Introduction 
 
Copper oxide, CuAlO2, CuGaO2 and SrCu2O2 are 

known to show p-type conductivity, and the development 
of these p-type semiconductors is one of the key 
technologies for pn-junction-based devices such as diodes, 
transistors and light-emitting diodes [1-3]. Among these 
materials, copper oxide films have unique features such as 
their low cost, non-toxicity, the abundant availability of 
copper, a theoretical solar cell efficiency of 18% and 
relatively simple formation of the oxide layer [4]. Copper 
oxide has two common forms as cupric oxide or tenorite 
(CuO, a band gap of 1.9–2.1 eV and a monoclinic 
structure) and cuprous oxide or cuprite (Cu2O, a band gap 
of 2.1–2.6 eV and a cubic structure) [5-7]. Copper oxide-
based materials are of interest on account of their potential 
uses in many technological fields, and they are potentially 
useful for constructing junction devices. Apart from these 
applications, these materials have been employed as 
heterogenous catalysts for several environmental 
processes, solid state gas sensor heterocontacts and 
microwave dielectric materials and as electrode materials 
for lithium batteries [8-10].  

Copper oxide films have been prepared using various 
deposition techniques such as reactive magnetron 
sputtering [6], reactive evaporation [7], RF sputtering [4], 
ion beam sputtering [11], plasma evaporation [12], sol–gel 
[13,14], molecular beam epitaxy [15], spin coating [16] 
and solid-state reaction [17].  

The aim of this work is to observe the effect of Mg 
incorporation on the optical, structural and electrical 
properties of ultrasonically sprayed copper oxide films and 
to investigate the feasibility of the films for solar cell 
devices as absorbing layers.  

 
 

 
2. Experimental details 
 
Copper oxide and Mg-incorporated (at 1%, 3% and 

5%) copper oxide films were deposited onto glass 
substrates (objekttrager, 1×1 cm2) by the ultrasonic spray 
pyrolysis (USP) technique at a substrate temperature of 
300±5 °C. Details of the USP technique were given in our 
previous works [18, 19]. The ultrasonic frequency was 100 
kHz, and the droplet size was 20 μm. The spraying 
solution was prepared by dissolving Cu(CH3COO)2.2H2O 
(0.1 M) and Mg(CH3COO)2.2H2O (0.1 M) in distilled 
water. The total solution (75 ml) was sprayed during 15 
mins, and the solution flow rate was controlled by a 
flowmeter and kept at 5 ml.min-1. Compressed purified air 
was used as the carrier gas (1 bar). The substrates were 
heated by an electrical heater, and the substrate 
temperature was measured using an iron-constantan 
thermocouple. The distance between the nozzle and the 
substrate was maintained at 30 cm. The produced films 
were named as BM0, BM1, BM3 and BM5 depending on 
the increasing Mg incorporation amount. The thicknesses 
of the films were measured using Metallurgical Optical 
Microscope. The codes and thicknesses of the copper 
oxide films are given in Table 1.  It was seen from Table 1 
that the thicknesses of the copper oxide thin films decrease 
depending on the increasing Mg incorporation. Optical 
transmissions and absorptions of the films were recorded 
by a Perkin Elmer UV/VIS Lambda 2S spectrometer 
(double–beam).The crystalline structure of the copper 
oxide thin films was confirmed by x-ray diffraction (XRD) 
with CuKα radiation (Rigaku model, λ=1.5406 Å). 
Current-voltage (I-V) measurements were done in the dark 
by using a Keithley 485 Autoranging Picaommeter and 
Philip Harris 5kV Supply d.c gauge.   



Optical, structural and electrical properties of ultrasonically sprayed copper oxide films: the effect of Mg incorporation 
 

3605

Table 1. The codes and thicknesses of the copper oxide films. 
 

Material Code Thickness (μm) 

Copper oxide BM0 0.93 

Mg incorporated copper 
oxide (at 1 %) BM1 0.90 

Mg incorporated copper 
oxide (at 3 %) BM3 0.83 

Mg incorporated copper 
oxide (at 5 %) BM5 0.82 

 
 

3. Results and discussion 
 
3.1. Optical properties 
 
The transmission spectra were taken at room 

temperature in air and are shown in Fig. 1. It was 
determined that all films behaved as transparent materials 
at about 800-1100 nm wavelength range. The 
transmittance values of the films decreased sharply at 
about wavelengths less than 800 nm because of their 
highly absorbing properties. This wavelength range 
represents to the fundamental absorption region. Besides, 
as seen in Fig. 1, the optical transmissions of the BM0 
films were approximately 60% in the visible region, and 
these high transmission values decreased for BM1 and 
BM3 films and increased for BM5 films. This effect of Mg 
incorporation on the transmission of the copper oxide 
films may be due to the structural properties, surface 
smoothness and defect density.  

 

 
 

Fig. 1.The transmission spectra of the copper oxide films. 
 

The linear absorption coefficient (α=A/d; where A is 
the absorbance and d is the thickness of the films) spectra 
of the copper oxide films are shown in Fig. 2. As seen in 
Fig. 2, BM1 and BM3 films have high absorption 
coefficients because of their lower transmissions. The 
reflectivity (R) of the copper oxide films can be calculated 
using the transmittance (T) and absorbance (A) spectra 
from the expression [20, 21], 

 
T = (1-R2) exp(-A)                        (1) 

 
The reflection spectra of the copper oxide films are 

shown in Fig. 3. It was clearly seen that the reflection 
values are high in the visible region, and the values of the 
BM5 films are low. The increase of the reflection values 
for BM1 and BM3 films can be interpreted as follows. 
From the XRD analyses, we determined that BM1 and 
BM3 films consisted of Cu2O and CuO phases, and the 
peak intensities of the Cu2O phases are dominant. The 
Cu2O is cubic and optically isotropic, while the CuO 
crystalline is monoclinic, biaxial and optically anisotropic. 
The crystalline of optically anisotropic monoclinic 
structure causes the double refraction. The double 
refraction in a polycrystalline film brings about the light 
scatterings [22]. So, we think that the high reflection 
values in BM1 and BM3 films is due to the scatterings of 
light from the optically anisotropic monoclinic structure 
(CuO). 

 

 
 

Fig. 2.The linear absorption coefficient spectra of the 
copper oxide films. 

 

 
 

Fig. 3.The reflection spectra of the copper oxide films. 
 

The refractive index (n) and the extinction coefficient 
(k) of the copper oxide films are given by the formulas 
[21], 

π
λα

4
=k           (2) 
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The transmission (T), reflection (R), linear absorption 

coefficient (α) and refractive index (n) values of the 
copper oxide films are given in Table 2. It was clearly seen 
that Mg incorporation has a little effect on the optical 
properties of the copper oxide films.  

 
Table 2. The transmission (T), reflection (R), linear 
absorption coefficient (α), refractive index (n) and band  
              gap values of the copper oxide films. 

 
λ=600 nm 

Material T 
(%) 

R 
(%) 

α (cm)-

1 n 
Eg1 

(eV) 
Eg2 

(eV) 

BM0 32.53 27.01 5305.38 3.16 1.560 2.040 
BM1 22.24 34.77 7211.11 3.87 1.645 2.078 
BM3 31.94 27.07 6143.37 3.17 1.641 2.130 
BM5 33.47 26.63 5795.12 3.13 1.667 1.952 

 
The optical band gaps of the copper oxide films were 

determined using the optical method. In this method, the 
band gap values are obtained by extrapolating the linear 
portion of the plots of (αhν)2 versus (hν) to (αhν)2=0. The 
variations are given in Fig 4. As seen from Fig. 4, all films 
have direct band gaps. Also, it was seen from the plots that 
all films have two different optical band gaps because 
there are two linear regions which have different slopes. 
These energy gaps were calculated as Eg1 which refers to 
the band gaps of CuO and Eg2 which represents those of 
the Cu2O. The values are listed in Table 2. As seen from 
Table 2, Eg1 values were found to be between 1.560-1.667 
eV, and Eg2 values were found to be between 1.952-2.130 
eV.  
 
 

 
 

Fig. 4. The plots of (αhν)2 versus (hν) of the copper 
oxide films. 

3.2. Structural properties 
 
The XRD patterns (20° ≤ 2θ ≤ 60°) of the copper 

oxide films are given in Fig. 5. BM0 films have 
amorphous structure and high background intensities. But, 
Mg doped copper oxide films have polycrystalline 
structures because of the presence of different peaks such 
as Cu2O and CuO, and background intensities decreased. 
Furthormore, the full width half maximums (FWHM, B) 
decreased by increasing Mg incorporation. So, it was 
concluded that Mg incorporation improved the 
crystallinization level of the undoped copper oxide films.  
 

 
 
 

Fig. 5. The XRD patterns of the copper oxide films. 
 

 
Harris analysis was performed to determine the 

preferential orientations from XRD data. The texture 
coefficient was calculated using the equation below [23, 
24],  
 

    
1

1 00 )(
)(1

)(
)(

)(
−

=
⎥
⎦

⎤
⎢
⎣

⎡
= ∑

n

i iii

iii

iii

iii
iii lkhI

lkhI
nlkhI

lkhI
lkhP              (4) 

 
where I0 represents the standart intensity (ASTM, 
American Society of Testing Materials), I is the observed 
intensity of (hikili) plane and n is the reflection number. 
P(hikili) has to be bigger than one to determine the 
preferential orientation [25]. To obtain information about 
the structural properties in detail, the grain size (D) using 
Schrerrer formula (neglecting peak broadening due to 
residual stresses in the films) and macrostrain (<e>) for 
preferential orientations were calculated using the 
formulas below [26- 28], 
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where B is the half peak width of the peak with maximum 
intensity as radian, D is the grain size, θ is the Bragg 
angle, λ is the wavelength of light used, d is the 
interplanar spacing and d0 is the interplanar spacing 
without deformation. The diffraction angle (2θ), the 
interplanar spacing (d), the interplanar spacing without 
deformation (d0), miller indices (hkl), crystal systems, 
texture coefficients (P), grain sizes (D) and macrostrain 
values (<e>) for Mg incorporated copper oxide films are 
listed in Table 3. As seen from Table 3, structural 
parameters changed depending on the Mg incorporation. 
The texture coefficient values of the peaks at 2θ=29.360°, 
29.500° and 29.739° for BM1, BM3 and BM5 films are 

bigger than one. So, the preferential orientation of Mg 
doped copper oxide films is through (110) direction, and 
Cu2O phase is more dominant than CuO phase. The D 
values of the films increased and <e> values decreased 
depending on the increasing Mg incorporation. The 
increase of the grain size (D) points out the decrease of the 
grain boundaries and so the amount of defects in the 
structure. Also, the decrease of the macrostrain (<e>) 
values indicated that the crystallinization level improved. 
Besides it was determined from Table 3 that the diffraction 
angle (2θ) and interplanar spacing (d) of the (110) peak of 
Mg doped copper oxide films slightly shifted by the Mg 
incorporation. These variations in positions of the (110) 
peak imply that all films have strain. From the XRD 
analyses it was concluded that Mg incorporation plays a 
significant role in the microstructure and structural 
properties of the copper oxide films. 
 

 
Table 3. The diffraction angle (2θ), the interplanar spacing (d), the interplanar spacing without deformation (d0), miller indices  
          (hkl), crystal system, texture coefficient (P), grain sizes (D) and macrostrain (<e>) values for copper oxide films.. 
 

Material 2θ (deg) d (Å) d0 (Å) (hkl) Crystal 
system P D (Å) 

<e> 
×10-5 

BM0 Amorphous structure 
BM1 29.360 3.0396 3.02 (110) Cu2O 1.932 280 649 

BM3 29.500 3.0255 3.02 (110) Cu2O 1.809 331 182 
BM5 29.739 3.0017 3.02 (110) Cu2O 1.751 382 -606 

 
3.3 Electrical properties 
 
To determine the conduction mechanisms depending 

on the applying voltage and electrical conductivities of the 
copper oxide films, planar contacts were made by silver 
paste. For all films, contact length and the distance 
between two contacts were selected as ∼1 mm and ∼1.5 
mm, respectively. The current values of the copper oxide 
films were measured at room temperature in the dark by 
applying voltage values between 10-700 V. The I-V 
characteristics of the films are shown in Fig. 6. As clearly 
seen from Fig. 6, the I-V variations of all films are linear, 
and so the ohmic current mechanism is dominant. In the 
ohmic region, the number of free carriers is higher than 
that of the ones injected into the semiconductor. Thus, the 
free carriers have more effect than the injected ones on the 
current. The conductivities of the copper oxide films were 
calculated by two-probe technique and are listed in Table 
4. The electrical conductivities of all films are high, and 
Mg incorporation has not an important effect on electrical 
properties of the undoped copper oxide films. 

 

 
 

Fig. 6. The I-V characteristics of the copper oxide films. 
 
 

Table 4. The electrical conductivities of the copper oxide films. 
 

Material σ × 10-3 (Ω.cm)-1 
BM0 1.07 
BM1 1.13 
BM3 1.22 
BM5 1.26 

 



F. Atay, V. Bilgin, I. Akyuz, S. Kose 
 

3608 

4. Conclusions 
 
In this work, the effect of Mg incorporation on the 

optical, structural, and electrical properties of the 
ultrasonically sprayed copper oxide films was 
investigated, and the feasibilities of the films for solar cell 
devices as absorbing layers were searched. It was clearly 
seen from optical analyses that Mg incorporation has a 
strong effect on the optical properties of the copper oxide 
films. It is well known, copper oxide films are p-type 
materials; hence their absorption property is a very 
important optical parameter. In this work, BM1 and BM3 
films which have higher absorption coefficients are 
suitable films for photovoltaic applications as absorbing 
layer. Also, all films have direct band gaps, and this 
property is suitable for photovoltaic applications. Besides, 
the films have two different energy gaps as Eg1 (the band 
gaps of CuO) and Eg2 (the band gaps of Cu2O). Eg1 values 
of the films were found between 1.560-1.667 eV, and Eg2 
values of the films were found between 1.952-2.130 eV. 
From the structural analyses, it was determined that BM0 
films have amorphous structures, while other Mg 
incorporated copper oxide films have polycrystalline 
structure. Besides, the crystallinity levels of the copper 
oxide films improved depending on the Mg incorporation. 
The electrical investigations showed that for all films, the 
ohmic current mechanism is dominant in the dark 
conditions. Besides, the electrical conductivities of all 
films are high, and Mg incorporation has not a strong 
effect on electrical properties of the undoped copper oxide 
films. 

Consequently, we can say that Mg incorporation has 
an affirmative effect on the optical and especially 
structural properties, and Mg incorporated copper oxide 
films, especially BM1 and BM3, may be used as absorbing 
layers for solar cells due to suitable electrical 
conductivities, high linear absorption coefficient values 
and good crystalline levels. 
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