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 Thin films of copper oxide nanoparticles mixed with different concentration of nickel 

oxide (2, 4, 6, 8 and 10) wt % are deposited on Si and PS substrates with orientation 

(111) utilizing pulsed laser deposition technique for the manufacture of Nitrogen 

dioxide gas sensor. The films are annealed in air at 400 °C for two hours, then  they 

structural, morphological and optical properties are characterized using x-ray 

diffraction, atomic force microscopy and photoluminescence, respectively. The x-ray 
diffraction result for CuO:NiO/Si exhibit that the film has polycrystalline monoclinic 

CuO and cubic NiO phases. In addition, the peak of Si located at 28.3º which refer to 

(111) direction. On the other hand the x-ray diffraction pattern of porous silicon shows 
a nanostructure nature at different etching current density. Furthermore the atomic force 

microscopy investigation shows the roughness of porous silicon surface increase with 

increasing current density. From photoluminescence of PS with different etching 
current can be observed a shift in peak location to higher values with the increasing of 

etching current from 10 mA to 50 mA. Finally, the variation of operation temperature 

of gas sensors which fabricated from the prepared samples on sensor sensitivity and 
response time have been studied, the maximum sensitivity was about 53.3% for 20 mA 

porous silicon current. 
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INTRODUCTION 

 

 In the recent past, a great deal of research has 

been directed towards fast, accurate and highly 

sensitive gas sensing devices that are important for 

various  applications including providing  precaution 

against toxic gases that create health hazards, for 

monitoring and reducing pollutants in the 

environment, early detection of nerve gases in 

defense and military applications and for monitoring 

pollutants emitted from vehicular exhaust system. 

Such sensors should be capable of monitoring the 

concentrations of particular gases continuously with 

accuracy and selectivity (Mandelis & Christofides 

1993). Nitrogen oxides (mainly NO and NO2, 

together  referred to as NOx) are among the six most 

common air pollutants defined by EPA 

(Environmental Protection Agency), along with 

particle pollution, ground-level ozone, carbon 

monoxide, sulfur oxides and lead . 

 During NOx emission, NO2 is produced by the 

further oxidation of  NO and the resulting 

concentrations of NO2 are rather complex. NO2 plays 

a major role in atmospheric reactions that produce 

ground-level ozone, a major component of smog and 

it is also a precursor to nitrates, which contribute to 

increased respiratory problems. Continued or 

frequent exposure to NO2 concentrations higher than 

the EPA air quality standard (53 ppb) may cause 

increased incidence of acute respiratory illnesses in 

children. NO2 is also one of the main toxic 

components emitted from vehicular exhaust and also 

a main component of emissions from indoor 

appliances, hence contributing to the production of 

acid rain . Therefore a selective and accurate NO2 

sensor is of extreme importance for continuous 

monitoring of emission processes (Francioso et al. 

2006). 

 The increasing use of porous silicon in 

technological applications such as in light-emitting 

diodes, light testing equipment, photoelectric solar 

batteries, gas testing devices, microdevices, 

biological testing equipment, and in fundamental 

physics  has led to a particular rich area of research 

regarding its physical and chemical properties. The 

physical properties of PS are fundamentally 

determined by the shape, diameter of pores, porosity 

and the thickness of the formed porous layer. 

Depending on the etching parameters, for example 

current density, HF concentration, or substrate 
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doping type and level the physical properties of  PS 

can be varied. In addition, when the feature size of 

the pores of PS is less than a few nanometers, various 

quantum-size effects occur, which make PS even 

more fascinating (Kumar & Huber 2007). 

 Among metal oxide nanostructure CuO and NiO 

are attractive materials because of their unique 

properties; their high surface area to volume ratio, 

their energy band gap of 1.2, 3.7 eV respectively, 

biocompatibility, high electron mobility, fast electron 

transfer rate and they are environmental-friendly in 

many applications. When used in sensor devices, 

nanomaterials have indicated high selectivity for 

possible use to detect the various analytes even  in 

small volumes. Metal oxide nanostructures have 

shown to be good for optoelectronic  nanodevices 

because of their electrical characteristics, high optical 

absorption and low-processing  temperature (Khun 

2015). Oxide semiconductors have been used to 

detect oxidizing and reducing gases in a simple and  

cost-effective manner (Yamazoe 2005). Their 

chemiresistive variation emanates from the oxidative 

or reductive  interaction of the analytic gas with the 

oxide semiconductor surface and the consequent 

change in the  charge carrier concentration. In n-type 

oxide semiconductor gas sensors such as those 

comprising SnO2, ZnO, TiO2, WO3  and In2O3, the 

electron depletion layer is formed by  the adsorption 

of  negatively charged oxygen, which dominates the 

overall conduction process (Barsan & Weimar 2001). 

In contrast, for p-type oxide semiconductor gas 

sensors such as those comprising CuO, NiO, Co3O4 

and Cr2O3, the  adsorption of negatively charged 

oxygen forms a hole accumulation layer near the 

surface. Thus, conduction occurs along the 

conductive hole accumulation layer (Pokhrel et al. 

2008). 

 Copper oxides are semiconductors and have 

been studied for several reasons such as: the natural 

abundance of starting material (Cu), the easiness of 

production by Cu oxidation, their non-toxic nature 

and the reasonably good electrical and optical 

properties exhibited by Cu2O. Cupric oxide (CuO) is 

a  p-type semiconductor having a band gap of  1.21–

1.51 eV and monoclinic crystal structure 

(Papadimitropoulos et al. 2005). Copper oxides are 

used for gas sensors for hydrogen, volatile organic 

compounds  catalysis and specially cuprous oxide 

films were intensively researched in device 

applications such as photovoltaic solar cell,  photo 

electrochemical cell  and electrochromic coatings 

(Barreca et al. 2009). 

 Nickel oxide (NiO) is p-type semiconductor 

material and is widely used in different applications 

such as transparent conductive films and 

electrochromic devices, as a potential candidate in 

the chemical sensors. NiO exhibits a wide band gap 

of 3.6–4.0 eV at room temperature; thus, NiO is 

considered transparent in the visible light region. 

Moreover,   NiO is largely used as a catalyst with 

different n-type semiconductors due its high p-type 

concentration, high hole mobility and low cost. The 

existence of NiO enhances the separation of electron 

and hole pairs via electric junction field and also 

promotes the interfacial charge transfer (Z.H. et al. 

2014). 

 Also, it was found that the addition of  NiO to 

CuO brought a significant increase in the degree of 

crystallinity of the mixed oxides which is 

accompanying with an increase in their particle size 

and a decrease in the surface area. Moreover, 

addition of  NiO to CuO, also reduces the amount of 

surface excess oxygen of CuO due to a synergistic 

effect (Said et al. 2014). 

 In our previous work, etching effect on sensing 

behavior of CuO:NiO/PS hydrogen gas sensor is 

demonstrated  (Ibrahim et al. 2015). In this paper the 

effect of NiO doping on CuO thin films that prepared 

by pulsed laser deposition (PLD) technique is 

studied. In addition, the characterization of 

CuO:NiO/PS sensing for NO2 gas is fabricated ond 

demonstated. 

 

MATERIALS AND METHODS 

 

 Copper oxide nanoparticles with different 

concentrations of  nickel oxide was pressed  under a 

5 ton to form a target of 1.5 cm and 0.2 cm diameter 

and thickness respectively. It should be as dense and 

homogeneous as much as possible to ensure a good 

quality of the deposit. The pulsed laser deposition 

experiment is carried out inside a vacuum chamber 

generally at 10
-3

 Torr vacuum conditions. At low 

pressure of a background gas for specific cases of 

oxides and nitrides. The focused Nd:YAG Q-

switching laser beam coming through a window is 

incident on the target surface making an angle of 45° 

with it. The substrate is placed in front of the target 

with its surface parallel to that of the target. 

Sufficient gap is kept between the target and the 

substrate so that the substrate holder does not 

obstruct the incident laser beam. Modification of the 

deposition technique is done by many investigators 

from time to time with the aim of obtaining better 

quality films by this process. These include rotation 

of the target according to the substrate position. 

Porous silicon prepared by electrochemical etching 

were The silicon wafer serves as the anode. The 

cathode is made of platinum. The cell body itself is, 

in general, made of highly acid-resistant polymer 

such as Teflon .Si wafer p-type(111) was used as a 

starting substrate in the electro chemical etching. The 

samples were cut from the wafer and rinsed with 

acetone and methanol to remove dirt. In order to 

remove the native oxide layer on the samples, they 

were etched in diluted HF acid (1:1) with etching 

current (10, 20, 30, 40 and 50) mA and time 30 min 

as shown in Figure (1). 

 

RESULT AND DISCUSSION 
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 The structural and morphological tests are 

achieved utilizing x-ray diffraction  and atomic force 

microscope, respectively. While the optical 

properties is studied based on the Photoluminescence 

tests. 

 

 
 

Fig. 1: a photo of the porous silicon testing system. 

 

Structural analysis: 

 Figure (2) shows the x-ray diffraction patterns of 

deposited CuO thin films prepared by pulse laser 

deposition (PLD) technique with different ratios of 

NiO (2, 4, 6, 8 and10) wt. % on a Si (111) wafer.  

We can observe  the peak of Si located at about 28.3º 

which related (111) direction. At 2 and 4 wt. % NiO 

samples their two peaks located at  (2θ = 35.55º and 

38.85º) referred to {(11 ) and (111) } direction, 

respectively. For CuO crystals, while there are other 

peaks appear at (6, 8 and 10) wt. % NiO at (2θ 

=36.50º and 42.86º) referred to {(111) and (200)} 

direction respectively for NiO crystals. The x-ray 

diffraction data of thin films identical with that of 

known CuO monoclinic structure and NiO cubic 

structure. The preferred peak for films appear at 

(11 ) plane for CuO at all samples and with increase 

the NiO content  leads to decrease the CuO peaks 

intensity and increase the NiO peaks intensity and in 

general there is an increasing in grain size with 

increasing NiO content. 

 

 
 

Fig.  2: X-ray diffraction patterns for CuO films with different concentration of NiO. 

 

 A comparison between experimental and 

theoretical diffraction peaks is demonstrated as 

shown in Table (1). 

 Figure (3) shows a typical diffraction pattern of 

PS sample fabricated at etching current density of 

(10 and 50) mA/cm
2
 at etching time 30 min. XRD 

spectra of wafer silicon showed a very sharp peak at 

2θ = 28.391° showing the single crystalline nature of 

the wafer. This peak becomes very broad with 

varying full width at half maximum (FWHM) for 

different anodization current densities  which 

confirms the formation of pores on the crystalline 

silicon surface. Increasing the current to 50 mA leads 

the sample to become amorphous as a result of  
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increasing porosity. 

 Table  )2( shows a comparison between 

experimental and standard peaks from  International    

Centre for Diffraction. 

 
Table 1: comparison between experimental and standard values of X-ray diffraction peaks for CuO films with different concentration of 

       NiO. 

NiO% 2θ (Deg.) 
FWHM 

(Deg.) 
dhkl Exp.(Å) 

Crystallite size 

(nm) 
dhkl Std.(Å) Phase hkl 

2 
35.5581 0.5862 2.5227 14.2 2.5216 CuO 

(11 ) 

38.8501 0.8568 2.3162 9.8 2.3158 CuO (111) 

4 
35.6933 0.4510 2.5135 18.5 2.5216 CuO 

(11 ) 

38.9402 0.6764 2.3110 12.5 2.3158 CuO (111) 

6 

35.6012 0.4111 2.5197 20.3 2.5216 CuO 
(11 ) 

36.7756 0.7215 2.4419 11.6 2.4254 NiO (111) 

38.7599 0.6313 2.3214 13.3 2.3158 CuO (111) 

42.7283 0.8568 2.1145 10.0 2.1005 NiO (200) 

8 

35.6032 0.3961 2.5196 21.1 2.5216 CuO 
(11 ) 

36.5051 0.7010 2.4594 11.9 2.4254 NiO (111) 

38.7853 0.6013 2.3199 14.0 2.3158 CuO (111) 

42.3675 0.7210 2.1317 11.8 2.1005 NiO (200) 

10 

35.9188 0.3568 2.4982 23.4 2.5216 CuO 
(11 ) 

36.7756 0.6470 2.4419 12.9 2.4254 NiO (111) 

38.9402 0.3019 2.3110 27.9 2.3158 CuO (111) 

42.6381 0.6019 2.1188 14.2 2.1005 NiO (200) 

 

 
 

Fig. 3: X-ray diffraction patterns for Si wafer and Porous Si with different current. 

 
Table 2: comparison between experimental and standard values of X-ray diffraction peaks for Si wafer and Porous Si with different current 

.Sample 2θ (Deg.) FWHM (Deg.) dhkl Exp.(Å) G.S (nm) dhkl Std.(Å) hkl 

Si wafer 28.3914 0.1820 3.1411 45.0 3.1474 (111) 

10 mA 28.4121 0.8312 3.1388 9.9 3.1474 (111) 

50 mA Amorphous 

 

Atomic Force Microscopy (AFM): 

 Figure (4) shows AFM images of porous silicon  

at constant time 30 min and different etching current 

(10 and 50) mA. The surface morphology of the 

oxidized PS layers was investigated using atomic  

force microscope (AFM) studies focus entirely on the 

Nano scale characterization of PS. When current 

flows in the electrochemical cell, the dissociation 

reaction localizes on a particular side of a silicon 

surface, thus initiating the etching of an array of 

pores in the silicon wafer. The pore morphology was 

analyzed under conditions of varying current 

densities. At low current density, a highly branched, 

randomly directed and highly interconnected 

meshwork of pores was obtained. However, 

increasing in current density orders the small pores to 

exhibit cylindrical shapes giving rise to larger pore 

diameter(A.K. 2010). 
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Fig. 4: AFM picture for Porous Si wafer with different etching current 10 and 50 mA. 

 

 AFM parameters average diameter, average 

roughness and (peak –peak) for these samples have 

been shown in the table (3). This table shows an 

decrease in average diameter with increasing etching 

current  from 10 to 50 mA. 

 
Table 3: AFM parameters for porous silicon wafer with different etching current (10 and 50) mA. 

Sample(mA) Avg. Diameter(nm) Avg. Roughness(nm) Peak-peak(nm) 

10 28.45 0.823 3.29 

50 18.78 19.9 2.89 

 

Photoluminescence results: 

 Figure (5) shows the photoluminescence 

spectrum of porous silicon with different etching 

current (10 and 50) mA with constant time (30 min). 

Its observer a shift in peak location to higher values 

with increasing etching current.  

 

 
 

Fig. 5: photoluminescence spectrum for Porous Si wafer with different etching current (10 and 50) mA. 

 

 Table (4) shows the photoluminescence 

parameters for Porous Si wafer with different etching 

current 10 and 50 mA with constant time 30 min. 

This table shows a decreasing in energy gap with 

increasing etching current . 
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Table 4: PL parameters for Porous Si wafer with different etching current (10 and 50) mA. 
Etching current (mA) λ (nm) Eg (eV) 

10 292.1766 4.244 

50 299.9103 4.135 

 

Gas Sensing Measurements: 

 The film is initially tested to confirm its 

semiconducting behavior. The  sensor resistance is  

measured with rising temperature by  heater from 

room temperature to 350°C in the dry air atmosphere. 

Figure (6) shows the variation of sensitivity as a 

function of operating temperature for CuO with 2% 

NiO films deposited on silicon substrate for different 

porous current conditions. The sensing test is 

achieved using 3% NO2: air mixed ratio and bias 

voltage (6V) were applied on the electrodes for all 

samples.  

 The films sensitivity at etching current values of 

10, 20 and 30 mA decreases as the temperature 

increased from room temperature to 100°C showing 

a typical negative temperature coefficient of 

resistance (NTCR) due to thermal excitation of the 

charge carriers in semiconductors. When the 

temperature exceeds 100°C, the sensor film 

sensitivity is slowly increased which led to a positive  

temperature coefficient  of  resistance (PTCR). This 

can attributed to  the saturation of the conduction 

band with electrons elevate  from shallow donor 

levels caused by oxygen vacancies.  

 While, at etching current values of  40, and 

50mA sensor sensitivity is increased with an 

increment of temperature from room temperature to 

optimum operating temperature of 150°C and 250°C, 

respectively, depending on preparing etching 

electrical current. The peak sensitivity may be 

attributed to the optimum surface roughness, 

porosity, large surface area and large rate of 

oxidation. The sensitivity decreased as temperature 

increased higher than 150°C for etching current of 

40mA. In addition, when the temperature exceeds 

250°C, the sensitivity is reduced gradually with 

increasing of temperature. Among all the values of 

etching current, a 20 mA exhibit the peak sensitivity 

of 53.3% at room temperature. 

 

 
 

Fig. 6: The variation of sensitivity with the operating temperature for different porous current on porous silicon. 

 

 Figure (7) shows the variation of response time 

as a function of operating temperature for different 

etching current. This figure reveals that the response 

time decreased with increasing operating 

temperature. The best  response time was obtained 

for the prepared sample at the etching current value 

of 20 mA. One of the possible reasons for 

increasingly porous current led to decrease particle 

size and increasing porous surface. The Highly 

porous  is generally preferred for the gas-sensing 

applications. 
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Fig. 7: The variation of response time with operating temperature for different etching current on porous silicon. 

 

Conclusions: 

 Polycrystalline CuO: NiO/PS structures were 

successfully prepared based on PLD technique. 

Topography of porous silicon shows a decrease in 

average diameter and increase in average roughness 

with increasing etching current density. PL emission 

spectrum has a broad red range with increasing 

porosity current. The sensitivity of gas sensor is 

decreased by increasing  the etching current more 

than 30 mA. 
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