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 Zinc oxide flower-like nanorods (ZnO NRs) was successfully synthesized 

via the hydrothermal method. The growth process was conducted with 

seed layer concentrations of 20mM. The as-synthesized nanostructures 

were characterized by x-ray diffraction (XRD), scanning electron 

microscope (SEM), atomic force microscope (AFM), and ultraviolet-

visible (UV-VIS) spectrophotometer. The analysis results revealed a pure 

Wurtzite ZnO hexagonal nanostructures with preferred orientation (002) 

along the c-direction. The calculated band gap of average crystallite size 

is 3.2eV and 25 nm respectively. New designed, constructed and 

successfully calibrated for ethanol gas sensing was found. The ethanol gas 

sensor was fabricated at room temperature based on the ZnO NRs film. 

The synthesized materials proved to be a good candidate for the ethanol 

gas sensor. The optimum results of the gas sensor measurements of the 

synthesized gas sensor are as follows, the sensitivity, response time, and 

recovery time at 25 °C are 60%, 80 Seconds and 80 seconds respectively, 

and at 200 °C are 70%, 60 seconds and 50 seconds respectively. 
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1. INTRODUCTION 

Zinc oxide (ZnO) is a very attractive semiconductor [1], because it has a very wide direct band 

gap of 3.37 eV at ambient conditions [2], and it also possesses a free exciton binding energy of 60 

meV [3]. It is currently used for advanced technologies and industries due to its extraordinary 

transparency [4]. Due to the extremely superior properties, it was employed for the production of 

efficient solar cells [5], light-emitting diodes [6], piezoelectric devices [7], and transparent leads [8], 

chemical sensors [9], gas sensors [10-12]. Recently lots of techniques were developed for the 
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synthesis of zinc oxide such as aqueous thermal decomposition [13], microwave activated chemical 

bath deposition (MACBD)  [14], chemical bath deposition (CBD)  [15], vapor-liquid-solid (VLS) 

growth [16], metal-organic catalyst assisted vapor phase growth (MOCAVPG) [17], Chemical vapor 

deposition (CVD) [18,19], and direct evaporation [20]. The above methods are somehow expensive 

and complex, therefore other routes were investigated such as hydrothermal synthesis for the 

preparation of transparent semiconducting oxides [21]. The hydrothermal method is less expensive 

and simple [22,23], and it can be worked at low temperatures (>90ᴼC) [24]. Recently ZnO has been 

considered as a favorable material for redox gas sensors because of its high electrochemical stability, 

non-toxic, suitability to doping, and low cost [25]. The sensing capabilities of a sensor depend 

mainly on the shape and morphologies of the sensing material, so that many morphologies of ZnO 

nanostructures have been synthesized and studied. Researches have shown that one-dimensional (1D) 

ZnO nanostructures possess a large surface-to-volume ratio, which can adsorb more molecules on the 

sensing surface [26-32]. Various morphologies can be synthesized via different techniques such as 

nanorods [33], nanowires [34], nanoflowers [35], comb-like [36], and nanowalls [37]. 

The objective of this work is the synthesis of ZnO NRs (Flower-like nanorods) via hydrothermal 

technique and the design, construction and calibration of the new gas-sensor system. The synthesized 

material was fabricated as an ethanol gas sensor. The gas sensing performance was investigated using 

500 ppm of ethanol vapor concentration at substrate temperatures of 25 °C and 200 °C. 

2. EXPERIMENTAL PART 

I. Silicon substrate cleaning 

Before the synthesis process, (100) p-type silicon wafers were cut into (100 mm2) substrates and 

cleaned with deionized water, propanol and acetone, by immersing the substrate in each reagent for 

15 min under an ultrasonic bath at 50oC after each immersion the substrates were blown with 

nitrogen gun, this procedure was repeated three times. 

II. Seed layer preparation 

Seed layer solution was prepared by dissolving a concentration of 20mM of zinc acetate (Zn 

(CH3COO)2.2H2O) in 10 ml ethyl alcohol and ultrasonication of the solution for 30 minutes, 

afterward, a drop-casting method was utilized in order to coat the substrates with a seed layer 

solution using a micropipette. After each coating, the substrate was dried using N2 gas, the coating 

was repeated 5 times. Then the seeded substrates were heat treated at 500oC for one hour in a home-

made tube furnace, in order to evaporate water molecules, organic matters burn off and to induce 

some crystalline. These ZnO nanocrystals would act as nucleation sites for the growth of ZnO 

nanostructures. 

III. Hydrothermal growth 

The growth solution was prepared by dissolving 25 mM zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O) and 25 mM hexamethylenetetramine (HMTA) in DI water in a 100mL glass 

beaker, and the solution was sonicated for 60 minutes to ensure full dissolution of the precursors. The 

prepared growth solution was then transferred to the Homemade glass cell with a volume of 150 mL 

that used to perform hydrothermal growth. The pre-seeded substrates were fixed upside down inside 

the growth solution using a homemade Teflon holder as shown in Fig.1. This cell is transferred into a 

laboratory oven and the samples were heated at 90oC for 2h. After growth, the cell was removed 

from the oven and rinsed thoroughly with DI water to remove any residual reactants and dried in air 

at normal atmosphere. The grown substrates were subsequently annealed using a programmable 

muffle furnace at 500ºC for 1h in order to remove the organic materials and decompose the zinc 

acetate to form ZnO nanocrystals. 
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   Figure 1: Photograph of the home-made hydrothermal growth, the cell with the silicon substrates. 

3. RESULTS AND DISCUSSION 

I. Atomic Force Microscopy (AFM) Analysis 

The seed layer of ZnO nanocrystals at concentrations of acetate solution of 20mM was analyzed 

via the AFM technique. The 2D, 3D images and the granularity distribution of ZnO of these 

concentrations are shown in Fig. 2. The amplitude parameters from the AFM data for ZnO nanorods 

are average grain size, Sa (Roughness Average), and Sq (Root mean square) 95.85, 1.7nm, and 

1.96nm respectively. 

 

Figure 2: Typical AFM images of ZnO seed layer nanocrystals on Si using 20Mm of zinc acetate 

dehydrate, a) 2D image; b) 3D image; c) grain size distribution. 

II. Crystal Structure Analysis 

Figure 3 shows the XRD pattern for ZnO NWS grown on silicon (100) at 20mM using the 

hydrothermal method at 90ºC for 2h. Three main strong peaks can be recognized at 2θ° = 32º, 34.6º, 

and 36.4º and indexed for (100), (002), and (101) reflection planes respectively. Other small peaks at 

2θ° =47.6, 56.8 are indexed for (102) and (110) reflection planes respectively. These results are 

consistent with the standard data issued by JCPDS#36-1451. The strong diffraction peak of (002) 

indicates that the ZnO NRs were grown along with the c-axis orientation.                                                           

The crystallite size (D) was calculated using Sherrer's formula [38]:    

 D= 0.9λ /β cos Ө    (1) 
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Where λ, β, and Ө are the wavelength (1.5406 Å), full width half maximum (FWHM), and 

Bragg's angle. The calculated average crystallite size for ZnO NRs was 25nm for [100], [002], and 

[101] directions.  The lattice parameters of the hexagonal structure of ZnO NRs were also calculated 

using the formulas [36]: 

 A = (1/3)1/2 λ /sin Ө   (2) 

 c= λ/ sin Ө    (3) 

The calculated values of the lattice parameters of ZnO NRs are a=3.2280nm c=5.1767nm. These 

results are consistent with the values of the Joint Committee on Powder Diffraction Standards 

[JCPDS# 36-1451]. 

 

Figure 3 : XRD pattern of ZnO NRs grown hydrothermally on Si (100) with seed layer concentration of 

20mM, 2h, 90ºC. 

III. Scanning Electron Microscope (SEM) Analysis 

The morphology of the hydrothermally synthesized ZnO NRs at 20Mm seed layer concentration, 

90°C, and for 2h was characterized via a scanning electron microscope (SEM). Figure 4 shows the 

SEM images at high and low magnifications. It was observed from Fig.4a a large area of ZnO 

nanorods agglomerated in a shape similar to flower-like nanorods. This shape was formed during the 

growth process from every single nuclei of ZnO seed nanoparticle and a joined group of nanorods 

leading to the formation of such flower-like. The average size of these micro flowers is about 5μm as 

shown in Fig. 4b. The measured diameters of such nanorods and its length are about 80-100nm and 

1μm respectively. This gives an aspect ratio (rod length/diameter= L/D) value of 10. The small 

nanosize rod diameter is quite sensitive for gas sensor applications because of its large surface area. 

 

Figure 4: SEM images of hydrothermally synthesized ZnO NRs (Flower-like) on the silicon substrate. 
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IV. Energy –Dispersive X-ray Spectroscopy (EDS) Analysis 

The synthesized and annealed ZnO nanostructure sample was analysed via EDS in order to 

investigate the chemical composition and the impurity of the products. The EDS spectrum is shown 

in Fig.5. The observed peaks of energy located in the range of 0-10kV are corresponding to the 

oxygen and zinc elements as indicated in the spectrum. The highest peak is corresponding to the Si 

substrate. It is clearly observed that the chemical composition is only zinc and oxygen elements. This 

means that our product is purely ZnO nanostructures with no other impurity found. Thus the EDS 

analysis confirms the purity of the samples. Thus the high purity obtained by the EDS analysis was 

supported by the previous XRD analysis. The atomic concentration of O and Zn are 59.59 and 40.43 

respectively.  It is confirmed the formation of ZnO NRs with a slightly rich of oxygen. In addition, 

the obtained values are quite consistent with the reported finding [39]. 

 

Figure 5: EDS of ZnO NRs on Si substrate. 

4. OPTICAL PROPERTIES OF ZNO NRS  

The absorbance (Fig. 5) of the ZnO NRs film was measured in the wavelength range 300–1100 

nm. The film show a low absorbance (lower than 0.5) for the wavelengths higher than 500nm. This is 

corresponding to transmittance higher than 30% in that range. 

 

Figure 6: Absorbance of ZnO NRs film synthesized by the hydrothermal method. 

Tauc's plot is normally used to calculate the energy bandgap for semiconducting thin films.  This 

is given by the relationship between the photon energy and the absorption coefficient. For allowed 

direct transition Tauc’s plot can be presented using the following equation. 

 

2/1
)(

g
Ehh  

  (4) 

Equation (4) says that if we plot against then we obtain a straight line at the band edge where the 

extrapolation of that portion intersects with at (mathematically at the intersection point). From Fig. 6 
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the band gap of ZnO NRs was found to be 3.2 eV. This value is comparable to what is reported for 

ZnO NRs prepared by aerosol assisted chemical vapor deposition [40] and ZnO films prepared by 

spray pyrolysis [41]. 

 

Figure 7: Tauc's plot for a ZnO NRs film synthesized by the hydrothermal method. 

5. THERMAL AND ELECTRICAL MEASUREMENTS 

The new homemade thermal and electrical measurement stage with temperature controller and 

shown in Fig. 7 was designed and manufactured in the laboratory. The resistance versus temperature 

of the sample was measured via an accurate digital electrometer (Keithley 616) and the 

programmable digital temperature controller respectively. The temperature varied from 25°C-200°C. 

This resistance variation against temperature is shown in Fig. 8. It was observed the decrease of the 

resistance when the temperature increased. This confirms the behavior of semiconductor material. 

I Activation energy calculation 

It is well known that the activation energy can be deduced from the resistance versus temperature 

curve obtained in Fig.8. The resistance as a function of temperature for semiconductor material is 

described by this relation [42]: 

 R=R₀ exp (-Ea/KT)  (5)              

Where R, R₀ , T, and k are the resistance at temperature T, the initial resistance, temperature, and the 

Boltzmann constant respectively. The resistance related to the conductivity (σ) through this formula:  

 R=L/A σ and so = R₀L/A σ ₀  (6) 

Where σ, σ ₀ , and A are the conductivity at temperature T, initial conductivity and the cross-sectional 

area of the sample. So, by substitute Eq.2 in Eq1 to obtain: 

 σ = σ ₀ exp (-Ea/KT)  (7) 

Taking the ln of both sides of Eq.3 to result: 

 Ln σ   =Ln σ ₀ - Ea/kT   (8) 

The plot of Ln σ on the y-axis and 1000/T (K-1) on the x-axis. This plot is shown in Fig. 9. The 

slope of the curve will equal to Ea/k, so the deduced activation energy of the ZnO NRs film is 

Ea=0.0578eV. This value of the activation energy is quite small which means that it will require 

small energy for the transition of electrons from the depletion region caused by the adsorbed oxygen 

atoms to the conduction band. This property could enhance gas sensor performance. 
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Figure 8: Photograph represents a home-made thermal and electrical measurement stage. 

 

Figure 9: Resistance variation versus temperature of ZnO NRs film. 

 

Figure 10: Ln σ versus 1000/T (K-1) plot of ZnO NRs film. 

6.  GAS SENSOR FABRICATION   

Figure 11 shows schematically for the ZnO NWs gas sensor device. The silicon (100) was 

oxidized to SiO2 film under air in the tube furnace at 1000C [43]. Aluminum electrodes in contact 

were evaporated on top of the surface of the nanowires. These are connected to a copper wire using a 

silver paste for measurements.  

 

Figure 11: Schematic of a gas sensor device based on ZnO NRs. 
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I. I-V Characteristics 

The I-V characteristics measured in Fig.11 show a linear relationship and it confirms a good 

ohmic contact between the ZnO and Al electrodes. This behavior indicates a good ohmic contact 

between the Al metal and the ZnO semiconductor. This property quite benefits for the sensor 

measurements where the sensitivity of gas sensors can be maximized for the metal-semiconductor 

junction [44]. 

 

Figure 12: I-V characteristics for ZnO NRs /SiO2/Si (100), hydrothermally synthesized at a seed layer 

concentration of 20mM. 

II. Gas Sensor Performance 

A. Experimental Calibration of Gas Sensing System 

The new homemade gas sensor system is shown in Fig. 12 was designed, constructed, and 

manufactured in the laboratory. This system consists of the main gas chamber, rotary pump to pump, 

temperature reader, multimeter- Fluka, variable transformer (Variac), and hot plate. The ethanol 

liquid is heated by the hot plate to about 80C, evaporate the injected liquid. The concentration (C) of 

the ethanol was calculated using the formula [45]: 

 C (ppm)= [Vl (ml)/Vc(ml)] * 10-6  (9) 

Where Vl and Vc are the volumes of the ethanol liquid and chamber used. 

 

Figure 13: Photograph of the home-made gas sensor system; (a) complete setup; (b) Measurement stage; 

and (c) Glass reaction chamber. 

This whole gas sensor system was tested and calibrated using ethanol vapor at 25°C and 200°C 

and at a concentration of 500ppm. These experiments were conducted at room temperature and 

ambient air. 

Here in the first set experiment (denoted by RUN1) when the selected sample was fixed on the 

measurement stage inside the reaction chamber. The resistance of the air was firstly measured under 

air equilibrium. Then, a certain amount of liquid ethanol was calculated to obtain an equivalent to the 
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concentration of 500ppm of ethanol vapor. This concentration was injected through a rubber 

diaphragm to a 2 litter of glass dissector as a reaction chamber as shown in Fig.12c . 

The resistance versus time was measured via an accurate digital multimeter (Fluka 8846A). 

Figure 13a demonstrates the variation of resistance versus time. It shows that this resistance is 

decreased against time until it reaches a stable value, then it increased to the original value. This 

calibration curve is called a resistance response which confirms the behavior of the n-type ZnO 

semiconductor towards ethanol vapor as a reducing agent . 

The sensor properties can be deduced from this main curve shown in figure 14a such as relative 

response (S %), the response time (tresp.), recovery time (trec.), and the sensitivity (S%/1ppm). The 

sensitivity was calculated using the relation [46]: 

 S=[(Ra-Rg)/Ra]x100%   (10) 

To confirm the reliability of our experimental calibration results, so, the second set of the experiment 

(denoted by RUN 2) was conducted under similar conditions and on the same sample. The resistance 

versus time and its sensitivity curves are shown in Fig. 13 c and d respectively. They successfully 

confirm the previous results of Fig.13a and b. Table 1 demonstrates a quite acceptable sensor 

measurement properties using the newly designed and manufactured gas sensor system.   

 

Figure 14: Experimental calibration curves (RUN 1a and b) and (RUN 2 c and d) for ZnO NRs sensing 

film towards 500ppm of ethanol vapor at 25°C 

TABLE I: Summarizing the experimental calibration results of the ZnO gas sensor under test 

Run No 

 

Response 

time (sec.) 

Recovery 

time (sec.) 
Sensitivity (%) 

1 45 65 73% 

2 40 70 72% 

Average 

values 
42.5±2.5 676.5±2.5 72.5%±0.5% 

III. Gas Sensor Properties  

The gas sensor properties of ZnO NRs film on the silicon substrate, hydrothermally synthesized 

with seed layer concentration of 20 mM were executed using a laboratory homemade gas sensor 

system shown in Fig. 12a. The sensor measurements were conducted with ethanol vapor at 500 ppm 

of gas concentration. The sensing measurements were conducted at room temperature and 200°C. 
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Firstly, the resistance of the ZnO NRs film was measured as a function of time at ambient air. 

Then a certain concentration of ethanol liquid was injected through a rubber diaphragm into the 

preheated bottom of the reaction chamber. The liquid is evaporated inside the chamber to create 

vapor when reaching the equilibrium condition. Secondly, the resistance in the presence of ethanol 

vapor was measured versus time. It was observed that the resistance was decreasing under the 

exposure of ethanol vapor.  This due to the reducing behavior of the ethanol as reducing gas and 

confirms the n-type semiconducting identity of the hydrothermally synthesized ZnO NRs. 

Figure 14a represents the measured resistance versus time of ZnO NRs film on silicon towards 

500ppm of ethanol vapor at 25°C and 200°C. It is observed that the minimum resistance is decreased 

when the temperature increased. The response and recovery time values were calculated from Fig. 

14a. These values are shown in Table 2. The sensitivity versus time at 25°C and 200°C is shown in 

Fig. 14b. It is found that the sensitivity increased from 60% to 70% when the substrate temperature 

increased from 25°C to 200°C. These results are found to be consistent with the reported data in 

other literature [47]. 

 

 

Figure 15: Typical ZnO NRs gas sensor properties measured at a concentration of 20mM and at 

substrate temperatures of 25 and 200ºC; (a) Resistance versus time, (b) Sensitivity (S%) versus time. 

TABLE II: Summarizing the sensor properties of  ZnO NRs 

 

7. CONCLUSION 

In this conclusion, one dimensional (1D) zinc oxide (ZnO) flower-like nanorods were 

successfully achieved via low-temperature hydrothermal technique at ambient atmosphere. The 

analysis via XRD and EDS was confirmed the formation of high purity hexagonal Wurtzite crystal 

structure of ZnO NRs. The SEM images visualizing the formation of flower-like nanorods with a 
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micro-size structure. The ZnO rod diameter measured from the SEM image was consistent with the 

AFM analysis. A new gas sensor system was successfully designed, constructed, calibrated and used 

for gas sensor fabrication devices towards ethanol vapor at 25°C and 200°C.  So, the main finding of 

this gas sensor results is the increase of the sensitivity as the temperature increased from 25°C to 

200⁰C. This sensitivity enhancement is due to the increase of chemisorbed species on the sensor 

surface at high temperature.   
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