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Abstract 

Thin films of copper oxide nanoparticles mixed with 6% nickel oxide are 

deposited on glass and Si substrates with orientation (111) utilizing pulsed laser 

deposition technique for the manufacture of hydrogen gas sensor. The films are 

annealed in air at 400 °C for two hours, then  the structural and morphological 

properties are characterized using x-ray diffraction and atomic force microscopy. The 

results of CuO:NiO/Si films are exhibited a polycrystalline monoclinic CuO and cubic 

NiO phases. In addition, the peak of Si located at 28.3º which refer to (111) direction. 

Furthermore, this peak becomes very broad with varying full width at half maximum 

for etching current density of 30 mA/cm
2
 at time of 30 min which confirms the 

formation of pores on the crystalline silicon surface. On the other hand, the average 

diameter of 84.31 nm and 34.98 nm for CuO:NiO on a glass substrate and PS, 

respectively, were obtained.  A sponge-like structure is produced for PS which reveal 

that a part of pores transform to a larger structure. The peak sensitivity of 204.8% was 

observed at optimum operating temperature of 350°C.   

Keywords:  Gas sensors, Pulsed Laser Deposition, Metal Oxides, Atomic Force 

Microscope 

CuO:NiO/PS الهيدروجينتىصيف متحسس غاز 
 الخلاصة

يٍ انضخاج  قىاعذ% يٍ أوكغُذ انُُكم عهً 6يع  حى حشعُب خغًُاث َاَىَت يٍ أوكغُذ انُحاط    

حقُُت انخشعُب بانهُضس انُبضٍ نخصُُع يخحغظ نغاص   باعخخذاو( 111وانغُهُكىٌ راث احداهُت )

ثى دساعت انخىاص   ،دسخت عُهُضَت 400حى حهذٍَ الاغشُت فٍ انهىاء عُذ دسخت حشاسة  .انهُذسوخٍُ

لأوكغُذ الاغشُت هشث َخائح ظأ .انخشكُبُت وانغطحُت باعخخذاو حُىد الاشعت انغُُُت ويدهش انقىي انزسَت

ُذ انُُكم عهً انغُهُكىٌ بأٌ انغشاء ًَخهك طىس يخعذد انخبهىس احادٌ انًُم لأوكغُذ انُحاط يع أوكغ

دسخت وانزٌ َشُش  3.22بالإضافت انً قًت انغُهُكىٌ عُذ انضاوَت  .انُحاط وطىس يكعب لأوكغُذ انُُكم

عُذ  انًُحٍُ عشض يع حغُشهزِ انقًت حصبح عشَضت خذا  علاوة عهً رنك، .(111انً الاحداِ )

دقُقت وانزٌ َؤكذ حشكم  30وخلال صيٍ  عُخًُخش يشبع/يهٍ ايبُش 30نكثافت حُاس  يُخصف انقًت

 31.24 يعذل انقطشعهً   حى انحصىل يٍ َاحُت اخشي، .انًغاياث عهً عطح انغُهُكىٌ انًغايٍ

وانغُهُكىٌ ٍ انضخاج ي قىاعذ يخش لأوكغُذ انُحاط يع اوكغُذ انُُكم عهًَاَى 82.34يخش وىَاَ

َشُش انً أٌ خضء يٍ انًغاياث نهغُهُكىٌ انًغايٍ انُاحح  انشكم الاعفُدٍ .انًغايٍ عهً انخشحُب
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حى انحصىل عهُها عُذ  دسخت انحشاسة انًثانُت وانخٍ  %204.8 أعهً ححغغُت  .ححىنج انً بُُت اكبش

    .C°350 حغاوٌ

 انزسَت.يدهش انقىي  -أكاعُذ انًعادٌ -انُبضٍ  انخشعُب بانهُضس -يخحغغاث انغاص الكلمات المفتاحية :

 
INTRODUCTION 

xide semiconductors have been used to detect oxidizing and reducing gases in 

simple and cost-effective have manner [1]. 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 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 [2].    

Sensors are devices that produce a measurable change in output in response to a 

specified input stimulus [3]. This stimulus can be a physical stimulus like temperature 

and pressure or a concentration of a specific chemical or biochemical material. The 

output signal is typically an electrical signal proportional to the input variable. Sensors 

can be used in all three phases of matter although gas and liquid sensors are the most 

common [4]. Transparent conducting thin films are a class of material which achieve 

large values of electrical conductivity, whilst maintaining a high transmission in the 

visible range of the electromagnetic spectrum [5]. 

Hydrogen gas is tasteless, colorless and odorless so it cannot be detected by 

human beings. The low ignition energy and wide flammable range make it easy 

inflammable and explosive. Therefore,  rapid and accurate hydrogen detection is 

necessary during the production, storage and use of hydrogen and it is also essential 

for monitoring/controlling the hydrogen concentration of nuclear reactors, coal mines 

and semiconductor manufacturing [6]. 

Studies on copper oxide nanomaterial have grown substantially in recent years 

due to its direct band gap and intrinsic p-type behavior together with low cost 

fabrication and good electrochemical properties. Copper oxide shows two types of 

polymorphism, namely, cuprous oxide Cu2O and cupric oxide CuO which can be 

considered as the most important stoichiometric compounds in the CuO system. Pure 

cupric oxide is a black solid with a density of 6.4 g/cm
3
. It also has a high melting 

point of 1330 ºC and is insoluble in water. CuO is intrinsic p-type semiconductors with 

relatively small band gap of 1.2-1.85 eV and show many attractive properties that can 

be utilized in a diversity of applications. Copper oxides are used for gas sensors for 

hydrogen and volatile organic compounds [7]. catalysis and specially, cuprous oxide 

films were intensively researched in device applications such as photovoltaic solar cell 

[8] photo electrochemical cell  and electro-chromic coatings. Based on its application 

and interesting physical properties its synthesis has become important. Therefore, a 

wide range of deposition techniques such as chemical vapor deposition, electro 

deposition, thermal evaporation, sol-gel techniques, spray pyrolysis and pulsed laser 

deposition have been demonstrated [9].  

Nickel oxide NiO is p-type semiconductor material and is widely used in 

different applications such as transparent conductive films, electro-chromic 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. 

O 
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The existence of NiO enhances the separation of electron and hole pairs via electric 

junction field and also promotes the interfacial charge transfer [10].  

 

Experimental 

Copper oxide nanoparticles with 6% of nickel oxide was prepared utilizing  

pressure of 5 ton to form a target with a diameter of 1.5 cm and thickness of 0.2 cm. It 

should be dense as well as homogeneous to obtain the best quality of the deposit. The 

experiment is achieved under vacuum chamber conditions of 10
-3

 Torr. The laser beam 

is incident through a window and  focused on the target surface to make an angle of 

45° with the sample. The substrate is put in parallel versus the target in which  a 

suitable gap is saved. Furthermore  the holder of substrate the substrate did not block 

the incident laser beam. This  deposition technique has been modified in order to 

obtain films with better quality which comprise rotation of the target according to the 

position of substrate as shown in Figure (1).  

            . 

 
Figure (1) Schematic of a PLD chamber 

 

Porous silicon prepared by electrochemical etching were the silicon wafer serves 

as the anode. The cathode is made of platinum or any HF-resistant and conducting 

material. 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 electrochemical 

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 30 mA and time 30 min as shown 

in Figure (2). 
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Figure (2) A photo of the porous silicon testing system 

 

Result and discussion: 

Results and discussion include structural and morphological analysis 

 

Structural analysis: 
The XRD analyses have been done by using  "SHIMADZU" XRD-6000 X-ray 

diffract meter (CuKα radiation λ=0.154nm) in 2θ range from 20
o
 to 60

o
. Figure (3) 

shows the x-ray diffraction patterns of deposited CuO thin films prepared by pulse 

laser deposition (PLD) technique with 6% NiO on a Si (111) wafer. We can observe  

the peak of Si located at about 28.3º which related (111) direction. At 6 % NiO content 

there are four peaks located at (2θ = 35.55º and 38.85º) referred to {(11 ̅) and (111)} 

direction for CuO crystals, while 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 

according to the International center for diffraction card No. (96-410-5686) and )96-

432-0506). The preferred peak for films appear at (11 ̅) plane for CuO.  

 

 
Figure (3) x-ray diffraction patterns for CuO films with 6% NiO content. 
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   Table (1) 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 6% NiO content. 

 

NiO% 
2θ 

(Deg.) 

FWHM 

(Deg.) 

dhkl 

Exp.(Å) 

G.S 

(nm) 

dhkl 

Std.(Å) 
Phase hkl 

Card 

No. 

6 

35.6012 0.4111 2.5197 20.3 2.5216 CuO (11 ̅) 
96-410-

5686 

36.7756 0.7215 2.4419 11.6 2.4254 NiO (111) 
96-432-

0506 

38.7599 0.6313 2.3214 13.3 2.3158 CuO (111) 
96-410-

5686 

42.7283 0.8568 2.1145 10.0 2.1005 NiO (200) 
96-432-

0506 

  

XRD studies for PS showed distinct variations between the wafer silicon surface 

and the porous silicon surface formed at etching current 30 mA with etching time 30 

min. When crystal size is reduced toward nanometric scale, then a broadening of 

diffraction peak is observed and the width of the peak is directly correlated to the size 

of the nano crystalline domains[11,12]. 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) which 

confirms the formation of pores on the crystalline silicon surface as shown in Figure 

(4). 

 
 

Figure (4) X-ray diffraction patterns for Si wafer and PS. 

 

Table (2) shows the effect of etching current on Si wafer, this peak becomes 

very broad were the full-width at half maximum increases, i.e. decrease the grain size, 

as a result of porosity. 
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Table (2) comparison between experimental and standard values of x-ray 

diffraction peaks for Si wafer and Porous Si with etching current 30 mA and time 

30 min. 

 

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) 

30 mA 28.3765 0.9050 3.1427 10.1 3.1474 (111) 

 

Morphological analysis: 

The atomic force microscopy (AFM) were taken for CuO:NiO on glass 

substrates and PS by AA3000 Scanning Probe Microscope Angstrom Advanced Inc. 

Figure (5) shows the atomic force microscopy (AFM) image for CuO with 6 % now 

content deposited on a glass substrate. AFM parameters (average diameter, average 

roughness and peak –peak) for the sample have been shown in Table (3). 

 

 
 

Figure (5) Atomic force microscopy for CuO with 6%NiO content deposited on 

glass. 

 

Table (3) AFM parameters for CuO film with 6%NiO content deposited on a 

glass substrate. 

 

NiO% Avg. Diameter(nm) Avg.Roughness(nm) Peak-peak(nm) 

6 84.31 1.3 8.45 

 

Figure (6) shows AFM image of porous silicon  at time of 30 min and etching  

current of 30 mA. 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 [12]. AFM parameters average diameter, 

average roughness and (peak –peak) for the sample has been shown in table (4). 
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Figure (6) Atomic force microscopy for porous silicon with time 30 min and 

etching current  of 30 mA. 

 

Table (4) AFM parameters for PS with etching current of 30 mA and time of 30 

min. 

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

30 mA 34.98 1.49 5.98 

 

Gas Sensing Measurement: 

Figure (7) exhibits the sensitivity versus the operating temperature from RT to 

350 °C for, at etching current of 30 mA and deposited on porous Si wafer (111). 

During the experiment the hydrogen gas concentration was kept constant of 5 % in 

atmospheric air. The results show an increment in sensitivity with the increasing of 

operating temperature wherein the maximum value of  204.8% was observed at 350°C. 

In other words, the highest sensitivity was obtained at the optimum operating 

temperature 350°C for this sensor. 

 

 
           

Figure (7) The sensitivity as a function of  operating temperature at etching 

current of 30 mA for CuO with 6% NiO content on PS. 
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Figure (8) Illustrates the sensitivity as a function of  time at optimum operating 

temperature of 350°C. Four hydrogen / air mixing ratios are used in this part 5%, 10%, 

15% and 20%. The results show an increment in sensitivity of the gas sensor with the  

increasing of hydrogen air mixing ratio. The peak sensitivity of 318%  was obtained at 

the ratio of 20% . The sensitivity tends to saturate in the high gas concentration . It can 

be concluded that the sensitivity is directly proportional  to the hydrogen /  air mixing 

ratio [13]. 

  

 
 

Figure (8) The sensitivity as a function of time for different hydrogen / air mixing 

ratio. 

 

Figure (9) exhibits the response time and recovery time as a function of 

operating temperature for CuO:6%NiO nano film. The best response speed of 6.3 sec  

and recovery time of 12.6 sec were obtained at operating temperature of 150 and 200 

°C.  

 
 

Figure (9) The variation of response time and Sensitivity with the operating 

temperature for CuO:6%NiO/PS at etching current 30 mA.  
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Conclusions: 

1.  The CuO:6%NiO polycrystalline thin films based pulsed laser deposition technique 

were successfully prepared. 

2. The XRD properties showed the porous structure and the decrease of the Si nano-

sized because a broadening of the Si peak. 

3. The atomic force microscopy images show the increment in the roughness of silicon 

surface with increasing of etching current. 

4. The porous Si gas sensor works at higher temperature up to 350 °C. 

5.  Increasing in concentration hydrogen testing gas lead to increasing in sensitivity at 

optimal operating temperature.   
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