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ABSTRACT 

It has become a major challenge to develop highly sensitive and selective ZnO gas sensors to detect 

the leakage of toxic and explosive gases due to their high operating temperature. This article reports 

the design, characterization, and application of a Mn-doped ZnO thin film for ethanol gas vapor 

detection at a relatively lower temperature. To achieve this, undoped (0%) and Mn doped ZnO thin 

films were prepared using a spin coating technique and their structural, morphological and optical 

characterizations were carried out using XRD, SEM, EDX and UV-vis spectrophotometer. The 

XRD analysis showed a polycrystalline ZnO structure with the preferred orientations along (100), 

(002), (101), (102), (110), (103), and (200) planes. Upon Mn doping, the average crystallite size and 

band gap of ZnO were found to be decreased, which indicated that Mn ions substitute into the lattice 

of ZnO. Interestingly, SEM images revealed the grainy like porous ZnO surfaces. The EDX results 

confirmed the presence of Mn dopant in the ZnO lattice. In the doped films, the changes in particle 

size and grain boundaries of nanocrystalline ZnO resulted changes in sensitivity and operating 

temperature of ZnO gas sensor. The sensitivity measurements towards ethanol vapor showed 

significant decrease of the operating temperature from 220
o
C to 160

o
C as Mn concentration was 

increased from 0 to 5%. As-prepared Mn-doped ZnO sensors will be useful for sensing ethanol 

vapor at relatively low temperature. 

 

Keywords: Band gap, Ethanol vapor detection, Operating temperature, Sensitivity, ZnO 

sensor. 

 

1. INTRODUCTION 

The rapid development of industrial civilization 

requires monitoring of harmful gases in order to 

protect human health and the environment. For this 

purpose, metal oxide semiconductors such as ZnO 

have gained much research interest [1]. Much effort 

has been devoted to develop highly sensitive, 

selective, fast responsive, and fully recyclable gas 

sensors for the detection of toxic and explosive 

gases including ethanol [2, 3]. It has been realized 

that, sensor that can allow precise identification of 

ethanol vapor, can have a tremendous applications 

both in research labs and industries.  

In recent years, ZnO has emerged as a potential 

metal oxide compound in a myriad of applications: 

a transparent conducting material for solar cells, 

ultra-violet laser and nanotechnology device 

fabrications, optoelectronics for smart windows, 

piezoelectric device preparation and gas sensors [4-

7]. ZnO thin films have attracted considerable 

attention for these applications because of its 

moderately high electron mobility, high infrared 

reflectance and visible transmittance, large exciton 

binding energy (60 meV), radiation hardness, and 

biocompatibility [3-7]. Additionally, ZnO films are 

being utilized in gas sensing because of their 

tunable surface morphologies upon doping [8]. 

Along this line, recent studies have shown that the 

performance of ZnO gas sensors can be improved 

by metal and transition metal doping [9-11]. 

Another critical parameter to consider is the 
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development of grain boundaries during preparation 

of ZnO films, which plays an important role in 

carrier transport properties within grain and grain 

boundaries of the films [12]. This is because the 

traps within or at grain boundaries of 

nanocrystalline ZnO capture free electrons from the 

adjoining grains resulting in the electrons 

accumulation at the grain boundary region, which 

creates charged defect states and acts as a carrier 

scattering centre. As a result, the conductivity of 

the films decreased [13]. 

In recent nanotechnology, use of metal oxide 

nanostructures in sensing devices is a promising 

new direction. Based on the literature, undoped and 

transition metal doped ZnO films can be prepared 

using various physical and chemical deposition 

techniques such as magnetron sputtering [14], 

chemical vapor deposition [15], laser ablation [16], 

sol-gel [17], spray pyrolysis [18], hydrothermal 

growth [19] and spin coating [20]. But most of 

these methods utilize low pressure, high 

temperature, controlled rate of flow of carrier gas 

etc. In this work we have synthesized undoped and 

Mn doped grainy like surfaced ZnO thin films 

using a spin coating method as it allows the 

production of a film which is highly stable and 

tightly adhered to its substrate at low cost and 

highly reproducible manner. Using thus-prepared 

thin films, the effect of Mn doping concentration on 

sensitivity of measurements of ethanol vapor in the 

temperature range from room temperature to 300
o
C 

was investigated [21]. In addition, they are both 

rapidly responsive and highly recyclable making it 

a good candidate for the development of next 

generation gas sensors.  

 

2. EXPERIMENTAL 

2.1 Materials  

All the chemicals used in the experiment were of 

analytical grade and consumed without further 

purification. They include Zinc Acetate Dihydrate, Zn 

(CH3COO)2.2H2O, ≥98.5%, (Qualigens fine 

chemicals); Diethanolamine (DEA), 

HN(CH₂CH₂OH)₂, ≥99% (Thermo Fischer 

Scientific); Absolute ethanol, ≥ 99.5% (Merck KGaA) 

and Manganous Chloride Tetrahydrate, Mn Cl2.4H2O, 

≥98.5% (Fischer Scientific). For cleaning glassware 

and utensils, deionized water was used. 

2.2 Deposition of ZnO films 

Undoped and Mn doped ZnO thin films were 

deposited on the glass substrate by the spin coating 

method. A 0.5M precursor solution was prepared by 

dissolving Zinc Acetate Dihydrate salt into ethanol 

along with DEA in a magnetic stirrer, at 60
o
C for 1 

h. The molar ratio of Zinc Acetate and DEA was 

maintained at 1:1. The solution was filtered using 

Whatmann filter paper. In another set, the 0.5M 

dopant solution was prepared by mixing Manganous 

Chloride Tetrahydrate in to absolute ethanol with 

continuous stirring at 60
o
C for 1 h. Doping 

concentrations was varied from 1 to 5 at. % by 

adjusting the volumes of Zinc Acetate and 

Manganous Chloride. This precursor was aged for 

24 h to check whether it formed precipitation prior to 

deposition. The precursor solution was mixed with 

the dopant solutions before coating on the required 

proportions. Using the spin coater with rpm set at 

3000 for 30 s, thin films of ZnO were deposited. The 

coated substrates were then soft baked at 200
o
C for 

10 min for each layer followed by hard baking at a 

high temperature of 550
o
C for 30 min. Ultimately, 

after completing the coating, samples were annealed 

at 2 h in the muffle furnace at 550
o
C. 

2.3 Characterization 

The structural characterization of the prepared ZnO 

films was done using AnalyticalX’Pert Pro X-ray 

diffractometer of CuKα radiation (wavelength: 1.54 

Å). The surface morphology and elemental analysis 

of the ZnO samples were analyzed using Scanning 

Electron Microscopy (SEM) (Ultra High-

Resolution Analytical FE-SEM SU-70, with 

platinum sputter coated samples) and Energy 

Dispersive X-ray (EDX) techniques. The optical 

transmittance of ZnO samples was captured using 

UV-Vis spectrophotometer (Carry 60 

spectrophotometer, Agilent Technology) from 200 

nm to 800 nm to calculate the band gap values.  

2.4 Sensing measurement 

The sensing experiment was carried out by a 

homemade set up as shown in the schematic diagram. 

To characterize the gas-sensing properties of thin 

films, electrodes were made using silver paste.  

 

Fig. 1: Schematic diagram of homemade gas sensing setup. 
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A simple and low-cost gas sensor was designed and 

fabricated to measure the gas sensing response of 

ZnO thin films. For temperature dependence of gas 

response, the set up was equipped with a micro 

heater using Ni-Cr coil. The gas sensor was kept 

above the heater. A thermocouple was also fitted in 

order to monitor the substrate temperature. Ethanol 

was injected inside the closed glass chamber and 

made air tight by using the cork. After each 

injection of the gas, the gas was completely leaked 

out of the chamber. Response time and recovery 

time were also measured. The resistance of the film 

was measured by a multimeter of high mega ohm 

range. This device was very sensitive even for a 

small amount of gas and the measurements were 

reproducible. The sensitivity of the gas sensor was 

evaluated using the following relation [1] 

            
       

  
      

where, Ra is the resistance of the sensor in the air 

and Rg is the resistance in the presence of the gas.  

 

3. RESULTS AND DISCUSSIONS 

3.1 Surface morphology and crystal structure  

Fig.2 shows the X-ray diffraction pattern of 

undoped and Mn doped ZnO films with different 

concentrations as labeled. The XRD pattern 

consisted of a number of peaks indicating ZnO 

films were polycrystalline in nature. Interestingly, 

the peak intensity was decreased and the peak 

width was increased with increasing the doping 

concentration. Three intense peaks were observed 

at 31.24
o 

(100), 33.85
o 

(002) and 35.66
o
 (101) for 

undoped ZnO film that were found to be consistent 

with the ZnO peaks of JCPDS card number 36-

1451 [22]. Additionally, less intense peaks of (102), 

(110), (103), and (200) were also present.  Similar 

sets of peaks were observed for Mn doped ZnO 

samples as shown in fig. 2.  

 

 

Fig. 2: (color online) XRD pattern of undoped and Mn 

doped ZnO. 

 

In 3% Mn-doped sample, the intensity of (002) 

peak is significantly decreased. The crystallite size 

(D) of ZnO was estimated using the Debye 

Scherer’s formula. The average crystallite size of 

Mn-dopped ZnO was found smaller than for the 

undoped sample. These results suggest that there is 

incorporation of Mn in the ZnO and reduction in 

the crystallinity of the films [23-24]. The calculated 

interplanar spacing (d) along with the crystallite 

size is shown in Table 1. 

 

Table 1: Comparison of calculated d spacing with standard JCPDS d-spacing and grain sizes. 

Mn-Doping 

in at. % 

Angle 2 

(degree) 

Calculated 

d (Å) 

JCPDS 

d (Å) 

Crystallite Size 

D (Å) 

Average D 

(nm) 

0% 31.24 2.8645 2.8142 117.65  

 33.85 2.6494 2.6033 121.92 11.9±0.3 

 35.66 2.5189 2.4759 116.76  

1 % 31.24 2.8627 2.8142 113.73  

 33.83 2.6469 2.6033 107.82 10.9±0.4 

 35.74 2.5134 2.4759 107.03  

3% 31.51 2.8405 2.8142 106.25  

 34.18 2.6245 2.6033 99.40 10.4±0.4 

 36.01 2.4952 2.4759 107.73  

5% 31.54 2.8406 2.8142 119.13  

 34.15 2.6268 2.6033 105.82 10.9±0.8 

 35.97 2.4979 2.4759 103.52  
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3.2 Surface Morphology and Elemental 

Analysis: 

Fig. 3(a), 3(b) and 3(c) show the SEM images of 

undoped, 1% Mn doped and 3% Mn doped ZnO 

films respectively. The SEM images depict grainy 

like structure of ZnO with decrease in particle size 

for Mn doped into ZnO. Insets in each figure show 

the SEM images captured at 100 nm resolution.  

Fig. 4(a) and 4(b) illustrate the EDX spectra of 

undoped and 1% Mn doped ZnO thin films. The 

presence of Mn, Zn and O was confirmed by the 

occurrence of their respective peaks in Mn-doped 

ZnO thin films. The other two peaks of Ca and Si 

originated from the constituents of the glass 

substrate. The graph clearly demonstrates that Mn 

was well incorporated into the ZnO film.  

 

 

Fig. 3: SEM images of Undoped,1% and 3% Mn doped ZnO.  

Insets in each figures show the SEM images captured at 100 nm resolution. 

 

 
Fig. 4:  EDX spectrum of (a) undoped ZnO (b) 1% Mn doped ZnO film. 

 

3.3 Optical Properties  

A graph of (αh)
2
 versus photon energy(hν) was 

plotted in order to estimate the band gap energy 

(Eg) shown in Fig 5. By extrapolating the linear 

portion of each graph, the band gaps of undoped 

and Mn doped ZnO films were determined. The 

results illustrated the red shift in band gap value 

due to Mn doping. The band gap was found to be 

decreased from 3.28 eV for undoped to 3.13 eV for 

5% Mn doping film as shown in the inset of Fig. 5. 

This narrowing of the band gap by increasing the 

Mn content is attributed to the exchange interaction 

between the 'd' electron of Mn atom and 's' and 'p' 

electrons of the host Zn atom (s-d and p-d 

interactions) [25]. 

 
Fig. 5: Band gap of undoped and Mn doped ZnO, inset 

shows the decreased band gap for Mn doped ZnO. 
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3.4  Sensor Application 

 

 
Fig. 6: (color online) Sensitivity of Undoped and Mn 

doped ZnO films measured at 1000 ppm of ethanol 

vapor. The dotted circles represent the optimum 

operating temperature for different Mn concentrations. 

 

Fig. 6 shows the sensitivity measurement of undoped 

and Mn doped ZnO for ethanol gas vapor using a 

homemade gas sensing setup in the temperature 

range from 100
o
C to 300

o
C. In this experiment, the 

concentration of ethanol injected is 1000 ppm. The 

sensitivity was calculated by measuring the change 

in resistance of all samples in air (Ra) and gas (Rg) 

[26].  Here Rg is found to be smaller than Ra for all 

samples. The resistance of all the ZnO samples was 

decreased for increasing the temperature. The 

required activation energy for the adsorption of gas 

molecules on their surface is supplied by heat. The 

optimum operating temperatures for different 

concentrations of Mn are marked by the dotted 

circles in Fig. 6. The optimum temperature depends 

on the sensing material and the nature of the gases to 

detect. The strength of the van der Waals bond 

between the material and the gas is the most 

important factor to determine at what temperature to 

operate the sensor. In the present work, the highest 

sensitivity of 56% was observed at 220
o
C for 

undoped ZnO and the lowest sensitivity of 26% for 

3% Mn doped sample at 160
o
C. The systematic 

decrease in operating temperature was observed 

from 220
o
C for undoped to 160

o
C for the 3% Mn 

doped ZnO film. It was saturated at 160
o
C on further 

increasing the Mn concentration upto 5%. Upon 

further augmenting the concentration, the resistance 

began to increase. This may be due to the defects 

introduced in the host ZnO.  

3.5 Response and Recovery Time 

The time response of undoped and Mn doped ZnO 

films is illustrated in Fig. 7(a) through 7(d). Two 

cycles of ethanol injection were performed at the 

operating temperature of 220
o
C for undoped ZnO 

as shown in Fig. 7(a). The response time (the time 

taken to obtain a stable signal) [26] for the first 

injection of ethanol was observed to be 150 s while 

the recovery time (time required for 90% of the 

resistance change) [27] was 299 s. For the second 

injection of ethanol the response time was about 72 

s and the recovery time was 119 s. The response 

and recovery time were decreased for Mn doped 

samples. The process was continued with 1, 3, and 

5% Mn doped samples with respective operating 

temperatures and similar trends were found, which 

are shown in Fig. 7(b), 7(c) and 7(d) respectively. 
 

 
Fig. 7: Response and Recovery Time of (a) 0% (b) 1% 

(c) 3% (d) 5% Mn doped ZnO. 

 

3.6 Sensing mechanism with model:  

The ZnO sensor detects a change in resistance when 

gas molecules react to its surface. In an ambient 

environment, oxygen molecules are adsorbed on the 

surface of ZnO and then ionize into oxygen species 

by capturing electrons from the conduction band, 

leading to the formation of a surface depletion layer 

and thus increasing the sensor resistance [28]. When 

ethanol approaches the ZnO surface, the oxygen 

species will interact with these gas molecules and 

release trapped electrons back to the conduction 

band. The performance index of a gas sensor, factors 

such as sensitivity, selectivity, thermal stability, and 

rate of response, are considerably influenced by 

shape, size, and surface morphology of the sensing 

material. 
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Fig. 8: (color online) Depleted region at GB (a) under ambient condition (b) under ethanol condition  

(c) surface and GB region around the grain. 

 

In the sensor, ZnO depleted layers are formed in 

individual nanocrystallites as well as in grain 

boundary (GB) regions because the majority charge 

carriers are depleted due to the adsorption of oxygen 

molecules in ambient condition. Oxygen species from 

the atmosphere capture the free electrons at the 

surface of ZnO. Therefore, the negative charges of the 

film would be trapped at surface and grain boundary 

(GB) regions [Fig. 8(a)]. Trapping of negative charge 

causes the band bending upward. As a result, GB 

potential (   ) and GB depletion width    [Fig. 

9(a)] are formed which control the carrier transport 

through the GB region. In the presence of deoxidizing 

gas like ethanol, electrons trapped by oxygen 

molecules are returned the ZnO film [Fig. 8(b)] and 

decreased the surface band bending [Fig. 9(b)] and 

increased the conductivity. 

 

 

Fig. 9: GB potential (   ) and depletion width ( ) of 

ZnO under (a) ambient condition and (b) Ethanol 

environment. 

 

CONCLUSION 

The synthesis of spin coated ZnO and Mn doped ZnO 

thin films allowed us to develop a sensitive and robust 

gas sensor for ethanol detection. XRD results revealed 

ZnO films were polycrystalline with preferred 

orientation along (100), (002) and (101). SEM images 

illustrate grainy-like ZnO surfaces with the decrease 

in crystallite size for Mn doped ZnO films. EDX 

analysis revealed the presence of Zn, O, and Mn into 

the prepared films. The direct band gap energy was 

found to be decreased from 3.28 eV for undoped to 

3.13 eV for 5% Mn doped ZnO. The sensitivity 

measurement with ethanol vapor showed the 

operating temperature of 160
o
C for 3% Mn doped 

ZnO film. This temperature is found to be lower than 

reported value for similar systems. 
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