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Porous Silicon (PS) has been prepared by electrochemical etching technique on the (111) P-

type silicon wafer. The surface morphology of PS studied by atomic force microscope 

(AFM) verifies that the irregular and randomly distributed nanocrystalline silicon pillars 

and voids over the entire surface of silicon wafer. The average diameter was about 29.96nm 

and the average roughness about 0.747nm. The FE-SEM image of the PS sample showed a 

homogeneous pattern and confirms the formation of uniform porous structures on the 

silicon wafer. From XRD pattern, a broadening in diffraction peak was showed and the full-

width at half maximum (FWHM) about 0.8951, crystalline size was found about 10.8nm. 

Photoluminescence spectra (PL) showed blue shift at 775nm (1.610eV). ZnO thin film was 

prepared by pulsed laser deposition technique deposited on slide glasses. The surface 

morphology of the film studied by (AFM), it is presented uniform distribution of densely 

packed of grains. The average diameter of ZnO film is 76.91nm and the roughness 1.88nm. 

FE-SEM images showed a fine-grained structure and unmodified without any cracks. It is 

observed that the ZnO particles are homogeneously dispersed in the PS surface. Structural 

properties of ZnO film investigated by XRD, the peaks appear belongs to hexagonal ZnO in 

(101) and (100) orientation. The crystalline size of the film is 17.8nm and 9.1nm, 

respectively. UV-V measurement showed that the energy gap (Eg) is equal to 3.4 eV. D.C. 

conductivity at the temperature (303-473) K for ZnO film showed that the film has two 

activation energies Ea1 (in the range from 303 to 383K) and Ea2 (in the range from 383 to 

473K). Hall Effect measurements showed that the film has n-type charge carriers with 

concentration of 25.131x10
14

cm
-3 

and mobility of 1.03cm
2
/v.sec. ZnO/PS gas sensor 

showed very high sensitivity for H2 gas is about 15575.0% in 350 ˚C and a shorter time 

response about 15.5s                                                                                   
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 1. Introduction 
 

Zinc oxide (ZnO) is an II-VI semiconductor with wide and direct band gap semiconductor 

with 3.3 eV band gap which crystallizes in the hexagonal wurtzite structure [1]. It has a very large 

exciton binding energy of 60meV at room temperature [2], including excellent chemical and 

thermal stability. ZnO is useful in various technological domains such as transparent electrodes, 

solar cell, gas sensors, light emitting diodes, the active channel in thin films transistor and 

optoelectronic devices. It has been widely used for optical, electrical, optoelectronic, catalytic, and 

photochemical properties, including optical waveguides and transparent conducting coatings [3]. 

Many techniques have been used to deposit the thin film, the deposition techniques are broadly 

classified into two categories, viz. physical methods and chemical methods.  
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Chemical bath deposition, chemical vapor deposition, and spray pyrolysis are examples of 

the chemical method of thin film deposition. Thermal evaporation, e- beam evaporation, Rf and Dc 

sputtering and pulsed laser deposition (PLD) are examples of physical methods of thin film 

preparation [4]. The method used in in this research the technique pulsed laser deposition (PLD). 

This technique has many advantages such as,  )a) is that complex materials can be easily ablated 

with fast response, (b) the composition of the films grown by PLD is quite close to that of the 

target,  (c) the surface of the films is very smooth, (d) good quality films can be deposited at room 

temperature due to high kinetic energies (>1 eV) of atoms and ionized species in the laser 

produced plasma [5]. 

In this work, PLD technique is used to deposit ZnO pure and doped by Eu
+3

 on substrates 

glass and porous silicon to get the device. Porous silicon (PS) is one of the most promising 

material; it can emit the visible range of light at room temperature. Porous silicon (PS) has many 

unique characteristics such as direct and wide modulated energy band gap, high resistivity, and the 

same single-crystal structure as bulk. PS absorbs light more strongly than bulk silicon [6]. 

In general porous silicon (PS) obtained by anodization of a silicon wafer is a versatile 

material which can display different morphologies by varying the doping density of the wafer as 

well as the formation parameters. PS can be prepared by different techniques such as 

photochemical, electrochemical, photo-electrochemical, stain etching processes, and laser induced 

etching process [7]. One of the most important methods is electrochemical etching process. Many 

parameters that influence on the PS formation process with electrochemical anodization such as 

substrate doping, current density, HF concentration, and time etching [8, 9]. The film based gas 

sensors depending on the detection of variation in some electrical parameter, resistance or 

capacitance, of the film utilize n-type semiconducting metal oxides such as ZnO. Also, 

metal oxides are stable at increased temperatures in air [10]. In this paper, structural, 

optical, electrical and morphological properties of ZnO thin film prepared by PLD 

techniques along with H2  gas sensing has been presented. 
 

 

 2. Experimental procedure 
 

 2.1. Preparation of Pellets 

ZnO powder with a high purity of 99.999% was pressed it under 5 ton and for 3-5 minutes 

at room temperature to form a target in 1.2 cm  as a diameter and 0.2 cm as a thickness. It should 

be dense and homogenous as possible to ensure a good quality of the deposit. 

 

 2.2. Substrates Preparation 

There are two substrates used in this work glass and PS. For the glass substrate, the slides 

were cleaned by distilled water and then rinsed in the ultrasonic unit for 10 minutes, then replacing 

the distilled water with a pure alcohol solution and put it again in ultrasonic unit for 10 minutes to 

remove any organic contaminant and residual particles on it. After then the slides dried by blowing 

air and wiped with soft tissue. For PS substrates, P-type Si wafers with <111> orientation cut into 

pieces at area of 1cm
2
. Silicon samples were cleaned by acetone and methanol to remove the 

native oxide layer and the other impurities. Si samples put on the bottom of the cell 

(electrochemical etching process (ECE) as shown in Fig. 1) by using O-ring that allowed the Si 

surface to be exposed to the homogeneously mixed of HF: ethanol at 1:1 concentration. Si wafers 

connected to the anode electrode and the Platinum connected to the cathode electrode of the power 

supply with an etching time 20min and current density about 10mA/cm
2
. 
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Fig. 1 Schematic of the electrochemical etching 

 

 

 2.3. Thin Film Preparation 

ZnO thin film was based on (PS and glass) substrates were deposited by pulsed laser 

deposition (PLD) technique with 300mJ and 300pulsed.  The experiment was carried out inside a 

vacuum chamber generally at (10
-3

 Torr) vacuum conditions, Fig. 2  shows the arrangement of the 

target and substrate holders inside the chamber with respect to the laser beam. Nd: YAG laser. The 

laser characterizations are a model (Q-switched Nd: YAG Laser Second Harmonic Generation 

(SHG)), with two wave lengths of 1064,532 nm, pulse duration of 10 ns, Repetition frequency 6 

Hz, Cooling method: inner circulation water cooling and Power supply of 220V. The samples 

prepared at laser energy about 300mJ with 300 pulsed. 

 

 
 

Fig. 2 Diagram of the pulsed laser deposition set up. 

 

 

3. Results and discussion 
 

Fig. 3a shows the AFM 3D image of PS surface etched at the current density of 10mA/cm
2
 

and time about 20min. A sponge-like structure is produced, in which the irregular and randomly 

distributed nanocrystalline silicon pillars and voids over the entire surface of silicon wafer. The 

average diameter was about 29.96nm and the average roughness about 0.747nm. Figure 3b is the 

image of pure ZnO thin film; it is presented a uniform distribution of densely packed of grains. 

The average diameter of pure ZnO film is 76.91nm and the roughness 1.88nm. 
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Fig. 3 AFM images of: a) PS prepared by ECE technique with a time 20 min. and current 

density 10mA/cm
2
. b) Annealed ZnO film prepared by PLD technique with laser energy 

300mJ and 300 pulsed. 

 

 

Fig. 4a shows FE-SEM image for PS was prepared it shows a homogeneous pattern and 

confirms the formation of uniform porous structures on the silicon wafer. Fig. 4b illustrate the 

surface morphology of ZnO/PS film by FE-SEM image and show a fine-grained structure and 

unmodified without any cracks. It is observed that the ZnO particles are homogeneously dispersed 

in the PS surface. 

 

 
 

Fig. 4 FE-SEM image of a) PS sample b)ZnO film prepared by PLD technique  

with laser energy 300mJ and 300 pulsed 

 

 

Fig. 5a shows X-ray diffraction analyses of the PS sample were carried out in the 10˚-100˚ 

range of 2θ. The figure exhibited two interesting peaks of the sample was prepared, one prominent 

and sharp peak was found at 2 θ = 27.6
o
 and another one, weaker than the former, at 2 θ =93.9˚. 

The founded values correspond to (111) and (151) c-Si orientations, respectively. For the strong 

peak (111), the crystalline size, which is the representation of the remnant silicon portion after the 

dissolution and formation of pores [11], was measured by using Scherrer equation [12]:  

 

𝐺. 𝑆 =
0.94𝜆

𝛽.cos(𝜃)
                                                                        (1) 

 

where θ is the Bragg angle, λ the X-ray wavelength, the constant quantity 0.94 represented 

Scherrerˈs constant, and 𝛽 is the full width half maximum (FWHM) of X-ray peak and it was 

found about 10.8nm and full-width at half maximum (FWHM) about 0.8951. These computed 

results have been compared with the FWHM values of Cu-Kα which have been published by Joint 

Committee on Power Diffraction Standards (JCPDS) the FWHM of bulk silicon about 0.295. A 

broadening of diffraction peaks was observed, which confirms the formation of pores on the 

crystalline silicon surface. The presence of this peak in the PS structures confirms that the cubic 

structure of the crystalline silicon is retained even after the pore formation [11]. Figure 5b shows 
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the well crystalline hexagonal structure in ZnO film. Two peak appears at 2Ө=35.832ᵒ and 31.481ᵒ 

with 101 and 100 orientations respectively. These observed values are in good agreement with 

standard values. FWHM of the two peaks is about 0.4686 and 0.9038, respectively. The crystalline 

size of the two peaks is calculated from equation 1 and the results were found about 17.8nm and 

9.1nm respectively. 

 

 
 

 
Fig. 5  XRD spectra of: a) PS etched with a current density of 

10 mA/ cm
2
 and with time 20min. b) Pure ZnO thin film 

 

 

Fig. 6 shows the PL spectra for PS sample; peak position was located at 770nm. Energy 

gap Eg was calculated from the equation [13]: 

 

λ(nm) =
1240

Εg(eV)
                                                                (2) 

 

 
 

Fig.6  PL spectra of PS etched for 20 min and 10mA/cm
2
. 

 

 

Eg of PS was found about 1.610eV while for wafer Si is about 1.12eV. The PL peak 

position of PS is blue-shifted, according to the quantum confinement model; the peak shift is due 

to an increase in the energy band gap (Eg) within the porous structure. This is attributed to the 

reduction of the Si to nanosize, which favors charge carrier quantum confinement [14]. 
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Fig. 7a and 7b shows the UV–Vis transmission and absorption spectra of the as-prepared 

un-doped ZnO sample deposited with laser energy 300mJ and 300 pulses. The transmittance in the 

visible part of the spectra (400-700) nm showed a high value about 88% at λ equal to 500nm and 

the absorption coefficient about 13198 cm
-1

. 

 

       
                       

Fig. 7  a) Optical transmittance spectra of pure ZnO b) Absorption coefficient spectra of pure ZnO 

 

 

Fig. 8 represents the calculation of Eg of un-doped ZnO by using equation 2, the band gap 

is calculated by extrapolating a straight line to the abscissa axis. When α is zero, then Eg = hν. The 

results showed that the energy gap is equal to 3.4eV.  

 

 
 

Fig.8  The variation of (αhυ)
2
 versus photon energy (hυ) for ZnO film. 

 

 

Fig. 9 shows D.C conductivity for un-doped ZnO films deposited by PLD with 300 mJ 

and 300 pulses. The sample measured in the temperature range 303K-473K, the conductivity and 

the activation energy measured by using equations [15]:  

 

𝜎 =
𝐿

𝑅.𝐴
                                                                              (3) 

 

𝜎 = σ˳exp [
−𝛦𝑎

𝑘𝐵𝑇
]                                                               (4) 

 

Where L is the electrodes separation, R is the resistance and A is the cross-section area of the 

sample σο is minimum conductivity, Ea is the activation energy equals (Ec – EF), kB is Boltzmann’s 

constant and T is the absolute temperature in Kelvin. 
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Fig. 9 Variation of Ln (σ) with reciprocal temperature for ZnO film. 

 

 

The results indicate that the film has two activation energies Ea1 (in the range from 303 to 

383K) and Ea2 (in the range from 383 to 473K). The value of Ea1 is equal to 0.069eV and Ea2 is 

0.486eV.    

From Hall measurements, the carrier concentration (nH) and carrier mobility (μH) values of 

ZnO thin were calculated. The negative sign of Hall coefficient indicates the conductivity nature of 

the film is n-type, the carrier concentration is 25.131˟10
14

cm
-3

 and the mobility 1.03 cm
2
/v.sec. 

Fig. 10 show the resistance of the ZnO pure based on PS substrate as a function of time with on/off 

gas valve exposed to 3% concentration of H2 gas at 200, 250, 300, and 350 °C. The resistance 

decreases when the gas valve is on, however, the resistance is increased rapidly when the gas is 

off. To explain this case, under an air atmosphere the molecules can get adsorbed on the surface 

semiconductor and extracts electrons from the conduction band to form oxygen ions. That may 

lead to the formation of an electron depletion region near the surface, which can greatly increase 

the resistance due to the decrease of net carrier density. When the sensor is exposed to a hydrogen 

atmosphere, the hydrogen molecules will react with the adsorbed oxygen species. The redox 

reaction is exothermic and results in the fast desorption of produced H2O molecules from the 

surface. The released electrons will reduce the thickness of the depletion region, and decrease the 

resistance of the semiconductors. When the sensor is exposed to the air ambient again, the 

depletion region will be rebuilt by adsorbed oxygen species. The resistance will regain the initial 

level before hydrogen response [16]. 

 

 
                 

Fig. 10  Resistance of ZnO/PS as a function of time at different operating temperatures for H2 gas. 

 

 

Table 1 shows the sensitivity values of pure ZnO for 3% ratio of H2 gas was calculated 

from equation [17]:  
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                                 𝑆 = [𝑅𝑎𝑖𝑟 − 𝑅𝑔𝑎𝑠] 𝑅𝑔𝑎𝑠⁄                                                           (5) 

 

With different temperatures (range 200-350 ˚C at increments of 50 °C). It was shown that the 

sensitivity of ZnO films increases with the increasing in the operating temperature, reaches a 

maximum value about 15575.0% corresponding to an optimum operating temperature which is 

350
°
C for the sample. To determine the optimum operating temperature of this sensor, after 

exposure of the sample to 3% of H2 gas, the resistance decreased, and then increased rapidly with 

outage of H2 gas. This observed behavior may be explained as follow Liu et al. (2005) and 

Khojier et al. (2015) [18; 19]: as a consequence of reaction of hydrogen with oxygen of the surface 

of ZnO thin film water molecules and oxygen vacancies are formed which in turn cause electrons 

to be transferred to the conduction band, hence reducing the resistance of the sample/sensor. When 

the sensing chamber is purged with air the vacancies formed in the aforementioned process will be 

occupied by oxygen which in turn cause electrons to be captured from the conduction band, hence 

the resistance of the sensor increases [20]. 

 
              Table 1  Gas sensor parameters (sensitivity, time response and time recovery) 

 for ZnO thin film based on PS exposed to 3% ratio of H2 gas. 

 
Sample Temperature (º C) sensitivity % response 

time(s) 

recovery time(s) 

 

Pure ZnO 

200 34.5 20.0 25.0 

250 93.7 16.7 24.5 

300 737.7 19.5 47.1 

350 15575.0 15.5 39.6 

 

 

 
 
Fig. 11  The variation of response time with the operating  temperature of ZnO film based on PS for H2 gas. 

 

 

 
 

Fig. 12 The variation of recovery time with the operating temperature of ZnO film based on PS for H2 gas. 
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Fig. 11 and 12 shows the relation between the response time and the Recovery time as a 

function of operation temperature for ZnO thin film based on PS substrate. The results obtained 

that the response time decreases with increasing the operation temperatures and showed the shorter 

time response about 15.5s at 350 ˚C. The time response is a very interesting parameter in the gas 

sensor device in addition to the sensitivity.  

In general, the small-sized nanoparticles decrease the response time and increase the 

sensitivity of the ZnO nanostructure -based gas detectors [21]. The reduction of the grain size that 

leads to faster oxidation of gas which particularly reduces the work function and the activation 

energy of surface reaction may be associated with an increase in oxygen vacancies created upon 

ZnO lattice. In real situations, a fast response time is usually required, but a fast recovery time is 

not so important, and recovery time decreases above optimal time with increases temperature.  

 

 

4. Conclusions 

  

AFM images of PS showed A sponge-like structure is produced, in which the irregular and 

randomly distributed nanocrystalline silicon pillars and voids over the entire surface of silicon 

wafer. FE-SEM image of PS showed a homogeneous pattern uniform porous structure. XRD 

pattern of PS shows a broadening in diffraction peaks which indicate forming of nanostructure 

shapes. PL peak position of PS is blue-shifted, according to the quantum confinement model; the 

peak shift is due to an increase in the energy band gap (Eg) within the porous structure. This is 

attributed to the reduction of the Si to nanosize, which favors charge carrier quantum confinement. 

The values of grain size were recorded of ZnO thin film in glass substrate indicate that the 

structure of grains is in nanoscale, the film is in (101, 100) orientations and belongs to wurtzite 

ZnO. Pure ZnO has high transmission and large Eg. The results of D.C conductivity showed that 

the film, have two activation energies. From Hall measurement, the film of ZnO has the n-type 

carrier. For Pure ZnO thin film deposited on PS, FE-SEM image showed a homogeneous pattern 

as a fine-grained structure and unmodified without any cracks. It is observed that the ZnO particles 

are homogeneously dispersed in the PS surface. In different operation temperature, ZnO/PS has 

the best sensitivity for H2 gas and a short time response in 350˚C. 
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