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Keywords Abstract

CuO Thin Films The pure copper oxide thin film was deposited on glass substrates by SILAR method with 30 cycles. To
examine the doping effect, Zn-doped films at different doping ratios were prepared under the same
conditions as the undoped film. The XRD, SEM and Raman measurements were performed to

Linear Optics

Gas-Sensing investigate the morphological and structural properties of the samples. Analysis showed increasing
aggregation and amorphous structure with doping. The optical parameters were characterized by
Dopant Effect spectrophotometer measurement and relevant formulas. The band gap energies were determined to

increase from 2.50 to 2.79 eV with the increasing Zn rate. The Hervé and Vandamme, Moss and
Ravindra relations were used to determine the refractive index. The room temperature gas-sensing
performance for the undoped and doped samples were reported and the responses for 5 ppm gas were
calculated as 249 %, 800 %, 189 % and 15 % for the CuO, 1Zn:CuO, 3Zn:CuO and 5Zn:CuO,
respectively. The response of CuO thin films changed with doping, and 1% Zn doping rate was
determined as the optimal rate in this study.
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1. INTRODUCTION

CuO is a p-type semiconductor, and one of the transition metal oxides (TMOs) with a relatively small
monoclinic crystal system. CuO films are used in numerous application areas such as photocatalysts, gas
sensors, solar cells, field emission devices, high temperature superconductors and lithium batteries, due to the
advantages of copper being abundant in nature, having a low production cost, being non-poisonous, and having
high thermal stability, optical and electrical properties (Mnethu et al., 2020). Metal doping, the addition of the
impurity ions to its lattice, is one of the known methods to control the properties of a semiconductor. The
transition metals and rare-earth metals can be as doping materials. Various thin film preparation methods are
available in the literature, but among them, the SILAR method is one of the simplest and most cost-effective
techniques as it is flexible in the selection of substrates, at low processing temperatures, repeatable and
provides large-area production (Mnethu et al., 2020).

There are some reports based on optical properties, gas selectivity and sensitivity for undoped and doped CuO
produced by different methods. For example, Mnethu et al. (2020) deposited CuO and Zn doped CuO
nanoplatelets by hydrothermal synthesis and investigate the sensing characteristics at various concentrations
and for 9 different gases. In another study, the temperature dependent conductivity and energy band structure
of p-type amorphous film produced by magnetron sputtering method were investigated with the theoretical
calculation and experimental measurement (Huang et al., 2015). Maebana et al. (2023) reported extremely
sensitive and selective xylene detector system produced from CuO-ZnO. Ezenwa (2012) studied optical and
structural characterization of the films with 1.7 eV and high density of grains, deposited on glass with chemical
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bath deposition at 300K. The variation of refractive index and other optical properties with PEG content were
investigated by Cavusoglu (2018). The optical band gap energies increased, and film thickness reduced
depending on the increasing amount of PEG (Cavusoglu, 2018).

The aim of this study is to control the optical and gas sensing properties of pure CuO films, deposited with
SILAR method using Zn doping and doping ratio variation under constant production conditions.

2. MATERIAL AND METHOD

The undoped and Zn-doped CuO thin films were produced by SILAR with 30 cycles.The SILAR cycle was
performed as follows: The glass substrate was kept in CuO solution for 20 sec. Then the substrate was removed
from the solution and immediately immersed in hot water at 90°C for 7 sec. After hot water, the substrate was
left in the air for 1 minute, and then the cycle was completed by dipping it into deionized water for 30 sec. In
this way, the undoped CuO thin film were grown on the glass substrate in 30 cycles, and the same cycle was
performed for Zn-doped CuO solution. To see the effect of the doping rate, the Zn ratio in the solution was
changed as 0, 1, 3 and 5%. and the films were coded as CuO, 1Zn:Cu0Q, 3Zn:CuO and 5Zn:CuO, respectively.
The structural properties of the CuO and (M) Zn:CuO (M=1,3,5) films were researched using XRD, SEM and
Raman spectroscopy. The linear absorbance of all produced films were measured with SHIMADZU double
beam spectrophotometer (model UV-1800) in a wavelength range of 300-1000 nm. The produced sensors will
be tested electrically, and 99.999% purity CO- gas will be used in these testing stages. Since the measurements
had to be carried out in a CO, atmosphere for the sensor tests, a sealed chamber and probe tips positioned
inside the chamber were used. Gas sensor measurement system consists of Keithley 2400, LakeShore 325
temperature controller, Keysight E4990A impedance meter, MKS flow controllers (MFC), modified sensor
cell for gas measurements, dry air, CO, gas and vacuum pump. Gas sensor cell; It consists of a sample holder,
gas valves that provide the inlet and outlet of the target gas, and BNC connectors for connecting the sensor to
the Keithley 2400 device and the Keysight E4990A impedance device. Gas flow was provided by the mass
flow controller (MFC) and the measuring chamber outlet was connected to the exhaust line. By measuring the
base resistance of the sensors in the atmospheric environment, the resistance change that occurred after the
start of CO; gas flow was examined. The obtained measurement data were instantly transferred to the computer
and recorded.

3. RESULTS AND DISCUSSION

The SEM images of the produced (a) CuO, (b) 1Zn:Cu0, (c) 3Zn:CuO and (d) 5Zn:Cu0O are represented in
Figure 1. The produced CuO sample is distributed homogeneously on the surface and its size is clearly visible.
With the doping, the samples started to clump and the size change of the CuO nanoparticles with the creation
of aggregation and small nanostructures was observed.

The XRD patterns of the undoped and Zn-doped films are given in Figure 2. The peaks observed in the
produced CuO and 1Zn:CuO films at ~ 35° and 38° specify (-111) and (111) reflections. However, when the
XRD analysis of the structures is examined completely, they are seen to be amorphous. No peak was observed
for the 3Zn:CuO and 5Zn:CuO samples, indicating that the deposited films had an amorphous structure. This
may be related to the growth method. The observed results were associated with the literature results (Patil et
al., 2017; Daoudi et al., 2019). Patil et al. (2017) reported that an amorphous structure was observed in the
XRD analysis of CuO thin films produced by SILAR method. In the XRD analysis of CuO thin films obtained
by Daoudi et al. (2019) it was reported that the intensities of the peaks were low and almost amorphous
structures grew.

Raman spectroscopy, one of the important techniques used to examine the vibration properties and structure
of the produced films, is given in Figure 3. The peaks seen between 557-554 and 784-786 cm™ and shown in
yellow are associated with ZnO and indicate the presence of dopant atoms in the structure. While Aq mode
was obtained as 278, 276, 275 and 273 cm™, By mode was found as 330, 328, 327 and 325 cm* for CuO,
1Zn:Cu0, 3Zn:Cu0 and 5Zn:Cu0, respectively. And also, 613, 609 and 607 cm™ were observed for By mode.
When the dopant atoms were included into the structure, a blue shift for the Ag, Bgay and Bgry modes was
obtained.
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Figure 1. The SEM analysis of produced films
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Figure 2. The XRD for the produced samples
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Figure 3. The Raman spectra of produced films

Figure 4 depicts the linear absorption of the CuO and (M) Zn:CuO (M=1,3,5) films. The absorption decreased
towards longer wavelengths for all samples. As seen from the figure, as the Zn additives ratio increases, the
absorbance feature decreases. The absorption () and extinction (k) coefficient are defined using absorption
results and related by a=2.303A/d and k=aA/4n (Dhineshbabu et al., 2016). The o (Figure 5) and k (Figure 6)
coefficient results are compatible with the absorption graph (Figure 4) as expected. It is clear from Figure 5
that the high values of a ( > 10* cm™ ) are obtained for all films, so, the direct transition can be mentioned.
This result agrees with literature (Balamurugan & Mehta, 2001; Ezenwa, 2012).
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Figure 4. The absorbance vs. wavelength for undoped and doped samples
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Figure 6. The extinction coefficient for all films
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Figure 7 depicts a plot of (ahv)? vs. photon energy to find the band gap for CuO and (M) Zn:CuO (M=1,3,5)
samples. Eg energy ranges were determined at the point where the linear part of these graphs intersects the
energy axis at (ahv)?=0. As seen in Table 1, the band gaps are defined as 2.50, 2.69, 2.75 and 2.79 eV for CuO,
17Zn:Cu0, 3Zn:CuO and 5Zn:Cu0, respectively. CuO has a relatively low bandgap (1.2-1.9 eV) (Lu et al.,
2009). The pure CuO film in our study has a higher band gap, and this can be explained by the amorphous
structure (Figure 2) and aggregation (Figure 1). There are other studies in the literature that achieve high
bandgap such as 2.24 (Giingor, 2019) and 3,19 eV (Das & Alford, 2013). The band gap values of the films
increase depending on the increasing Zn concentration; as shown in Figure 7. This change in optical band gap
energy values is a result of the change in the amorphous structure of Zn:CuO films (Figure 2) with increasing
amounts of Zn doping. Huang et al. (2015) reported the similar behavior for crystalline and amorphous Cu,O
films. They obtained ~2.0 and ~2.7 eV for the crystalline and amorphous films, respectively. Additionally,
Abdel Rafea and Roushdy (2009) reported a decreasing band gap from 2.3 to 1.7 eV due to annealing and
crystallization.

The refractive index (n) of the films can be determined with different models. The Hervé and Vandamme
(Hervé & Vandamme, 1994), Moss and Ravindra (Tripathy, 2015) relations were used, and the results are
given in Table 1. The value of the refractive index is compatible with Ezenwa (2012) which found it as 2.7 for
CuO thin films. Cavusoglu (2018) determined higher refractive index values (~3.02, ~3.06) using the Moss
and Hervé and Vandamme model. This is due to the lower band gap of the films in the study.

Table 1. Optical calculations for all films

Samples Eq n n oo
(eV) (Moss) (Ravindra) (Hervé & Vandamme)
CuO 2.50 2.48 2.53 251
1Zn:Cu0O 2.69 2.44 2.42 245
3Zn:Cu0O 2.75 2.42 2.38 243
5Zn:Cu0 2.79 241 2.35 241

Gas sensors often indicate the presence of a toxic gas in room conditions. Therefore, under normal room
conditions, in the presence of only air, the parameter to be measured must be constant. For this purpose, the
change over time of the current parameter used in the study was measured. Dynamic CO; gas sensor
measurements were performed at room temperature in the air environment (Figure 8). First, dry air was sent
at a constant flow rate to ensure that the surface was stable. Then, different concentrations of CO; gas were
sent. The experimental results showed that the sensors of different designs covering the same area, under the
same gas flow, operate with lower sensitivity as the additive ratio increases (except 1Zn:CuQ). It was observed
that the 5Zn:CuO sensor reached its saturation point and was not sensitive to different gas concentrations.

Since CuO is a p-type and ZnO is an n-type semiconductor, a p-n heterojunction structure is formed by doping
Zn into the CuO structure. As a result of this joint structure, an increase in current conduction is observed
(Poloju et al., 2018). The hole density in the p-type semiconductor and the electron density in the n-type
semiconductor are high, and the Fermi energy levels also differ from each other. Therefore, when these two
structures are brought atomically close to each other, a flow of electrons occurs between them. It causes a
bending of the energy band structures associated with p- and n-type semiconductors when they are combined.
For this reason, an increase is observed in doped thin films compared to the response of undoped CuO thin
films. However, there was a decrease after a certain doping rate and 1% doping rate was determined as the
optimal doping rate in this study. Maebana et al. (2023) have reported the gas sensing properties of the Zn-
doped CuO structure and observed that there was a decrease in sensitivity with increasing Zn doping. The
highest response was obtained for 1 % Zn-doped CuO. They attributed this to aggregation between ZnO and
CuO , thus reporting a lower detection performance (Maebana et al., 2023). Mnethu et al. (2020) have
determined the selective behavior with responses of 42 and 53 for pure CuO and 0.1% doped Zn:CuO,
respectively. They commented that the hypothesized mechanism of electronic chemo-resistant gas sensing
goes beyond the attributes of intrinsic defects such as oxygen vacancies and their interstitials.
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Figure 7. Tauc plots for undoped and doped samples

Figure 9 depicts the responses vs. gas concentrations for the produced samples. The responses of the 5 ppm
CO; gas were calculated 249 %, 800 %, 189 % and 15 % for the CuO, 1Zn:Cu0O, 3Zn:CuO and 5Zn:Cu0O,
respectively. No selectivity was observed for the 5Zn:CuO sample towards different gas concentrations,
although a small amount of sensitivity was obtained when the gas was sent to the surface. The maximum
sensitivity was obtained for the 1Zn:CuO sample. When the 3Zn:CuO sample was examined, a decrease in
sensitivities began to be seen. The results obtained are compatible with the literature (Mnethu et al., 2020;
Maebana et al., 2023). Differences in responses were observed depending on the doping rate, and the responses
started to decrease after 1% Zn. Therefore, to achieve an increase in sensitivity, lower additive rates should be
preferred. At higher Zn concentrations, neutral defects gradually form, which causes the charge carriers to be
neutralized between the p-n heterojunction (Yathisha & Arthoba, 2018). As seen in Figure 9, the lowest
sensitivity was obtained at 1 ppm for all samples. The responses of the 1 ppm CO- gas were calculated 136%,
201 %, 50 % and 15 % for the CuO, 1Zn: Cu0O, 3Zn:Cu0O and 5Zn:CuO, respectively. Response and recovery
times of the produced samples are represented in Figure 10. Since no selectivity towards gases was observed
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for the 5Zn:CuO sample, response and return calculations were not made and the graph included only 3
samples. The response and recovery times at room temperature (1 ppm) were calculated 1.7, 1.5, 1.5 minutes
and 0.7, 0.6 and 0.6 minutes for the CuO, 1Zn: CuO and 3Zn:CuO, respectively; as shown in Figure 10. It is
important that the produced sensor materials have low response and return times to be used commercially.
Sensor devices produced from materials with fast response and return times for application areas such as
mining are of great importance in protecting human health.
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Figure 8. The dynamic gas sensing measurements of the produced films

4. CONCLUSION

The preparation of undoped and Zn-doped CuO films with different doping ratios have been successfully
carried out using SILAR method. When the SEM and XRD analysis of the produced films were examined,
increasing aggregation and amorphous structure were observed as the doping rate increased. The doping led
to increase the band gap; however, the absorbance was reduced with increasing Zn content. The obtained
absorption coefficient values confirmed that there was a direct transition for CuO. Theoretical calculations of
the refractive index were made using different models and were compatible with each other and with the
literature. Gas sensor measurements were performed at room temperature to investigate the doping effect. It
was observed that an increase is occurred for doped thin films compared to the response of undoped CuO thin
films. However, there was a decrease after a certain doping rate and 1%Zn doping rate was determined as the
optimal rate in this study. The results showed that Zn doping strongly affected the structural, optical, and gas-
sensing properties of CuO films. The thin films examined in this study may have potential applications in the
optics and sensor industries.
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Figure 10. Response and recovery times of the produced samples
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