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Abstract 

Zinc oxide (ZnO) is one of the most promising semiconducting metal oxides, particularly for gas 

sensing application. Impurity doped ZnO has offered much improved sensing performance, as 

compared to its undoped counterpart. In this work, undoped as well as indium doped 

nanocrystalline ZnO thin films are synthesized by a low cost chemical solution deposition route. 

X-ray diffraction pattern of the synthesized films reveal preferential orientation along the (002) 

plane. The surface and cross section morphology has clearly changed with the variation of 

indium content. Optical transmittance values are sensibly increased with increase in indium 

concentration and the band gap energy is found in the range 3.210 eV-3.221 eV. PL spectra 

reveal three characteristic peaks, owing to band to band transition and defect level emissions. 

The effect of indium doping on the electrical parameters of ZnO are analyzed through Hall effect 

measurement at room temperature. The gas sensing characteristics of these sensors offer good 

reproducibility and stability towards various reducing gases, with an enhancement of response% 

and lower detection limit as compared to undoped ZnO. A doping level of 3 wt% of indium in 

ZnO is found to give optimum response and a lowest detection limit of 1 ppm or even less 

amount of hydrogen. However, further increase in doping concentration resulted in reducing the 

sensing parameters.  This is attributed to the gas sensing mechanism related to the substitution of 

In3+ ions at Zn2+ ion sites thus enhancing the free charge carriers at the optimum level of indium. 

Exploring this gas sensing mechanism, it is argued that the sensor performance can be 

dramatically improved by tailoring the indium concentration in ZnO for its practical application 

in various sectors as an effective gas sensor.   
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1. Introduction 

ZnO is an attractive material for gas sensor [1-3], owing to its abundance in nature, non 

toxicity, low cost, and so on. Though it can be synthesized in different forms such as thin film 

[4], thick film [5], pellets [6], etc., thin film form is more effective due to its small size, low 

consumption of source materials, and large surface to volume ratio, low power consumption, 

feasibility in integrated circuits and more specifically for its improved gas sensing performance. 

Since the gas sensing mechanism in these thin films involve surface oxidation, electron exchange 

and desorption of the reaction products, the measured resistance transients during response and 

recovery depends on a variety of factors interrelated to each other. For example, the response is 

related to the concentration of intrinsic carriers and their mobility. The intrinsic carrier 

concentration can be modified by aliovalent doping which in turn control the response 

characteristics of the deposited films. For example, the concentration of the carriers can be 

significantly improved by doping the ZnO with higher valence elements, such as Al, In and Ga. 

Theoretical studies demonstrate that as the radii of these dopants are comparable to that of the 

Zn, they could replace the Zn atoms substitutionally [7-8].  While replacing Zn atom the dopant 

use only two of its three valence electrons and donates the third electron to the oxide, thus 

introducing shallow donor levels in the oxide and thus increasing its conductivity. Moreover, out 

of all the dopants of group III elements indium is considered as one of the most efficient dopant 

used to enhance the conductivity of ZnO thin films [9]. A number of literatures reported the 

enhancement of sensing performance of doped ZnO on exposure to various toxic and 

combustible gases and hydrocarbons [10-22]. Sahay and Nath [10] observed that compared to the 

undoped ZnO film, Al-doped films (0.5 at% Al-doped ZnO) show higher sensitivity to methanol 

vapor. It shows the maximum response of ∼44% at 275oC to 500 ppm of methanol vapor in air. 
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Ferro et al. [11] reported that by adding 3 wt% of indium nitrate to the spraying solution it is 

possible to enhance the film–gas response to 5 ppm of NO2 at 275°C. Maldonado et al. [12] 

doped ZnO thin film with fluorine and aluminum and studied the gas sensing performance at 

different concentrations of CO. They found an optimum response of 93% at 200oC for 200 ppm 

of CO gas. Sivalingam et al. [13] studied the trimethylamine (TMA) and ethanol vapor sensing 

performance of manganese doped ZnO thin films. They observed a better sensing response of 

300 at 75 ppm of TMA at 373 K. Badadhe and Mulla [21] studied the gas sensing performance 

of 3 % indium doped ZnO thin film in presence of various gases such as Ethanol, LPG, 

ammonia, H2, CO, Nitric oxide and H2S. They observed highest response of 13,000 towards 

1000 ppm of gas at 250oC, however, a response of only 11 and 1.5 towards H2 and CO gas 

respectively in the same environment. Thus, from the literature reports the enhancement in 

sensing performance is ensured by doping ZnO with various impurities. However, to the best of 

our knowledge very limited attempt has so far been made to understand the effect of various 

parameters to improve the gas sensing characteristics of indium doped ZnO thin films in 

presence of toxic and combustible gases.  

In the present work, therefore, we have synthesized undoped as well as indium doped 

ZnO [Zn1-xInxO (0.0 ≤ x ≤ 0.10)] thin films using a cost effective chemical solution deposition 

technique. The synthesized films are characterized in terms of their phase purity, microstructure 

evolution, optical and electrical characteristics. The effect of indium doping on the gas sensing 

characteristics of ZnO thin film gas sensors on exposure to different reducing gases is   

investigated. The possible sensing mechanism based on the substitution of In3+ ions at Zn2+ ion 

sites and its role in enhancing the gas sensing parameters is analyzed.  
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2. Experimental details 

Zinc acetate dihydrate (purity 98%) and indium nitrate dihydrate (purity 99.99%) 

powders were first mixed with different molar ratios to prepare 1 wt%, 3 wt%, 5 wt% and 10 

wt% indium doped ZnO thin films. The powders were then dissolved in a mixture of 2-

methoxyethanol and MEA (monoethanolamine) solution at room temperature separately. The 

solutions were stirred at 60 oC for 2h to yield their clear and homogeneous form. The 

concentrations of the solutions were kept at ~ 0.4 M. The solutions were then spin cast onto 

quartz substrates using a spin coater unit (SCU 2007, apex instruments co.) which was rotated at 

3000 rpm for 30 s. After deposition, the films were heat treated at 300oC for 5 min to evaporate 

the solvent and to remove the organic residuals. The coating and subsequent heating was 

repeated to yield the films. The films were finally annealed at 600oC for 1 h in air. 

The phase formation behavior of the prepared ZnO thin films was studied by X-ray 

diffraction (Ultima III, Rigaku, Japan) analyses. In the present study the X-ray diffraction 

patterns are recorded using CuKα radiation in 2θ range 20-80 degree at a scanning rate 3 degree 

min-1. During the operation of the instrument, the accelerating voltage and current is kept 40 kV 

and 30 mA respectively. The micro structural characteristics of the films were investigated using 

field emission scanning electron microscope (FESEM) (SUPRA-40, Carl Zeiss, Germany). The 

optical properties of the synthesized films were investigated by analyzing the transmission and 

absorption spectra recorded in ultraviolet-visible (UV-VIS) range using UV-VIS absorption 

spectrometer (Lambda 750, Perkin Elmer, USA). The room temperature photoluminescence (PL) 

spectra of these films were recorded using He–Cd laser as an excitation source, operating at 325 

nm with an output power of 45 mW and a TRIAX 320 monochromator fitted with a cooled 

Hamamatsu R928 photomultiplier detector. Electrical characteristics of the grown films are 
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studied by high temperature Hall effect measurement using four probe techniques. For the 

measurement of gas sensing characteristics of ZnO thin films the surface of the film was coated 

with gold electrodes. The gas sensing performance was evaluated using an automated dynamic 

volume measurement set-up developed in our laboratory. The reactor chamber is equipped with 

several mass flow controllers and gas-mixing chamber for accurate control of test gas 

concentration. An electrometer interfaced with a PC (through Labview software and GPIB 

interface) was used to measure the resistance change upon exposing the sensor to various 

reducing gases.  The detail of the measurement set up is described elsewhere [23].  

3. Results and discussion 

 3.1. Structural characterization 

Fig. 1 (a) shows the XRD patterns of the ZnO thin films, of various indium content [Zn1-

xIn xO (0.0 ≤ x ≤ 0.10)], grown on quartz substrates by chemical solution deposition route. As 

envisaged from the figure the synthesized films are crystallized into hexagonal wurtzite structure 

and are textured along (002) plane. The presence of peak only along (002) plane and its 

reflection along (004) indicates that the grown films are textured along c-axis, i.e. perpendicular 

to the substrates. The underlying mechanism that controls the preferential growth of these films 

along (002) plane is not very well understood. However, since the wurtzite structure has 

minimum surface energy and the highest atomic density of Zn atom along (002) plane, growth 

along this plane is predominant [24-25]. Presence of only one peak along (002) plane in all the 

films reflects the uniformity in the phase formation behavior of the materials, where there is no 

additional phase for indium.  This confirms that indium substitutes zinc atom without forming 

any impurity phase. The XRD pattern of the undoped ZnO [Zn1-xIn xO (x = 0)] thin film shows a 

highly intense (002) reflection peak and a small peak along (004) plane. However, this pattern 
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for indium doped ZnO thin films shows peak only along (002) plane (but with diminishing 

intensity with the increasing wt% of indium), which finally almost disappears for ZnO [Zn1-xIn 

xO (x = 10)] thin film. This behavior was also reported by many researchers [26-27]. It suggests 

that formation of hexagonal phase in ZnO is hindered by incorporation of more amount of 

indium into ZnO lattice, thus suppressing the crystalline behavior of the grown films.  Moreover, 

with the increase in indium content the full width at half maximum (FWHM) of the diffraction 

peaks becomes broad and the position of the (002) peak shifts towards low angle as shown in the 

Fig. 1 (b). Noting systematic shift of (002) diffraction peak with the increase of indium contents 

we confirmed the inclusion of indium in ZnO lattice. This behavior may be attributed to the 

distortion in ZnO lattice due to the substitution of Zn2+ by In3+ ions. As the atomic radii of the 

In3+ ion (r = 0.080 nm) is more than that of Zn2+ (r = 0.074 nm), it causes a distortion in the ZnO 

lattice causing a shifting of (002) peak position towards low angle and also a broadening of XRD 

pattern [26-27]. This indicates that an increase in doping concentration deteriorates the 

crystallinity of films, which may be the consequence of the stress developed due to the difference 

in size between Zn2+ and In3+ ions [28].  

The crystallite size (D) of the synthesized films is estimated using the Debye-Scherer 

formula [29]: 

� = 0.9	λ β	cosθ� 																																																													(1) 

Where λ (= 0.154 nm) is the wavelength of the X-ray radiation used, θ is the angle of incidence 

and β is the full width at half maximum (FWHM) of diffraction peaks measured in radian. The 

inter planar spacing (dhkl) can be determined using Bragg equation 2dhkl sinθ = nλ. Where ‘n’ is 
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the order of diffraction, hkl the Miller indices of the plane of diffraction. For the hexagonal 

lattice, dhkl can be written as 

�
����� = �

� �
��������

�� � + !�
"�                                              (2)                                

Where a and c are the lattice parameters for the hexagonal phase. In Eq. (2), putting hkl = 002, 

parameters for the hexagonal ZnO thin films are estimated. The calculated lattice parameters, 

and dhkl values of all the grown ZnO thin films are tabulated in Table-1. As discussed, shifting of 

peak position towards low angle and broadening of the XRD peak, decrease of crystallite size 

and increase of lattice strain with the increase in indium content is reflected from the table.   

3.2. Microstructure 

Fig. 2 (a-e) shows the surface morphology of indium doped ZnO thin films with various 

indium contents (a) 0 wt%, (b) 1 wt%, (c) 3 wt%, (d) 5 wt% and (e) 10 wt%. Their cross 

sectional morphologies are shown in Fig. 2f-2g respectively. 

The grain size appears to decrease with increase in indium concentration from 1 wt% to 

10 wt%.  This confirms the role of substitutional dopant in deterioration of the degree of 

crystallization of the films. The same trend in the change in surface morphology was also 

reported by Lucio-Lopeza et al. [30]. This is also clearly understood from the XRD spectra, 

where the intensity of (002) peak decreases with increasing indium concentration. For minimum 

indium content (1 wt%) ZnO thin film, there found some granular structures, whereas the 

microstructure becomes smoother and more compact with increasing indium concentrations. 

This reveals the substitution of zinc atoms by indium and also orderly arrangement of indium 

atoms inside ZnO lattice with increasing indium concentration. As envisaged from the cross-
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sectional morphologies, in Fig. 2f-2j, there is no significant change in the thickness of the 

undoped and indium doped ZnO films, all being in the range (300-400) nm. Undoped ZnO thin 

film seems to consist of two layers, which is also reported by Lee et al. [31], whereas for 3 wt% 

and 5 wt% indium concentration there are small spherical grains grown on the top of the 

substrates. However, further increasing indium concentration leads more and more compact 

structures.  

3.3. Optical characterization 

The optical properties of the synthesized films are investigated by analyzing the 

transmission and absorption spectra recorded in ultraviolet-visible (UV-VIS) range. From the 

recorded absorption spectra, the values of band gap energy (Eg) of the synthesized films are 

estimated. Fig. 3 (a) shows the optical transmission spectra of the synthesized films in the 

wavelength (λ) range 200 – 800 nm. From the figure it is observed that the average optical 

transmittance of undoped ZnO thin film in the visible range is about 68%, whereas doping with 

indium dramatically improves this value up to 99% (for 10 wt% of indium). As explained by 

Chen et al. [32] this is attributed to the reduction in surface roughness with increasing dopant 

concentration in the ZnO thin films. Reduction in surface roughness reduces the optical 

scattering thus improving the transmittance of the films. This suppression of crystallinity and 

reduction of surface roughness with increasing indium concentration, as envisaged from the 

XRD and FESEM results respectively, improves the optical quality. 

From the recorded absorption spectra, it is found that the films have a low absorption in 

the visible range and a high absorption in the ultra-violet range. This high absorption in the UV 

range is related to the fundamental absorption and involves the transition of electrons from the 
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valence to the conduction band, which can be used to determine the band gap energy of the 

semiconductor (ZnO in the present study). The estimated optical band gap energy of the ZnO 

thin films is shown in the Tauc plot in Fig. 3 (b). The band gap energy (Eg) is determined by 

extrapolation of the linear portion of (αhν) 2 versus hν plots at #2 = 0 using the following 

equation [33]. 

#ℎ% = &′(ℎ% − *+,
-																																																										(3)        

Where α is absorption coefficient, hν is the photon energy, Eg the optical band gap energy and &′ 

is a constant.   In case of allowed direct transitions, as like in ZnO, the value of n is equal to ½.  

The intercepts of these plots on the energy axis denotes the energy band gaps, since *+ = 	ℎ% 

when (αh%) 2 = 0. The measured energy band gap values are in the range of 3.210–3.221 eV, 

which is close to the band gap of intrinsic ZnO semiconductor and are in good agreement with 

the literature reports.  For undoped ZnO thin film the value of Eg is found to be 3.210 eV, 

whereas it shifts slightly from 3.215 eV to 3.221 eV with increasing indium concentration from 1 

to 10 wt%. This shift of the band gap with indium concentration in ZnO thin films may be 

related to the concentration of majority carriers, which is also investigated from the study of 

photoluminescence spectroscopy and Hall effect measurement.  

     Photoluminescence spectroscopy is a non-destructive technique used to find the defect 

structures in ZnO thin films. Oxygen vacancies (V1∙∙) and zinc interstitials (Zni) are the common 

donor type defects exist in ZnO [34]. The concentrations of these defects are known to vary 

significantly by doping it with higher-valence impurities. Fig. 4 shows the room temperature PL 

spectra of the films recorded using He–Cd laser as an excitation source operating at 325 nm. The 

excitation energy (~3.81 eV) has been chosen to be higher than the band-gap energy of ZnO (3.3 
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eV) in order to understand the defect emission. The spectra consist of three peaks at about ~389 

nm, ~435 nm and ~545 nm. The peak at 389 nm (UV luminescence) is attributed to near band 

edge (NBE) emission, whereas the other peak ~ 435 nm is attributed to zinc vacancy (VZn'') 

related emission and the broad peak at ~545 nm (green luminescence) is due to the defect level 

(DL) emission, primarily oxygen vacancy (V1∙∙), of the synthesized films [35]. PL spectrum of 

undoped ZnO film is dominated by DL emission primarilyV1∙∙ , whereas, with the increase of 

indium concentration PL peak related to zinc vacancy (VZn'') is identified along with the peak 

corresponding to	V1∙∙ . Inclusions of In3+ into Zn2+ indeed induce zinc vacancies to maintain the 

charge neutrality. In addition, there is a variation of intensity of peaks with the increase in 

indium concentration, which may be due to the presence of non-radiative traps and defect centers 

produced due to structural disorder [36]. Further, the spectra are associated with a shifting in 

peak position, which can again be attributed to the difference in band gap value with different 

indium contents. XRD pattern, FESEM images and UV-Visible spectroscopy in conjunction with 

PL spectra suggests that doping ZnO with higher valence impurities reduces crystallization and 

enhances the defect concentration which may be useful for gas sensing application of these 

materials.  

 3.4. Electrical characterization 

The electrical properties of the grown ZnO thin films of various indium concentrations [Zn1-

xIn xO (0.0 ≤ x ≤ 0.10)] are studied by Hall effect measurement using the Van der Pauw 

geometry, making ohmic contacts on the samples by thermal evaporation technique. It is found 

that, indium doping markedly improved the carrier concentration and conductivity, and also 

indicated n-type behavior for all the grown films. Fig. 5 (a) shows the plot of carrier 

concentration, electron mobility and resistivity at room temperature (RT) for ZnO thin films of 
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various indium contents. The lowest carrier concentration obtained for the undoped ZnO thin 

film is 1.32×1018 cm−3. The mobility of this sample is approximately 4.89 cm2/Vs. The highest 

carrier concentration of 1.95×1019 cm−3 and electron mobility of approximately 2.95 cm2/Vs is 

obtained for 5 wt% indium doped ZnO thin film. However, with further increase in doping 

concentration the carrier concentration and mobility decreases to 1.38×1019 cm−3 and 2.68 

cm2/Vs respectively. It is known that carrier concentration is mainly dependent upon the free 

carriers available in the material, while Hall mobility is generally affected by the scattering 

mechanism. A good number of research reports in support of this dependence are available in the 

literature [37-38]. It is well known that ZnO is intrinsically n-type owing to donor defects such 

as oxygen vacancies and zinc interstitials [34]. In addition, as indium is 3+ valence so its 

substitution in ZnO lattice, is presumed to enhance the free carrier concentration and hence 

conductivity of the sample. However, the decrease in carrier concentration for higher doping 

may be attributed to the higher resistivity of the material.  

Hall mobility is an indicator of how well an electron or hole will drift through the 

semiconductor and is a function of the scattering within the semiconductor. Two prominent 

scattering mechanisms are lattice scattering and impurity scattering. Lattice scattering, also 

known as phonon scattering, occurs as atoms in a semiconductor contain a certain amount of 

thermal energy, causing atoms to vibrate around their equilibrium lattice sites. These lattice 

vibrations result in phonons (quantized lattice vibrations) displaying different energies. Since this 

scattering mechanism is a function of the thermal motion of atoms, the mobility is a strong 

function of temperature. Mobility decreases as temperature increases. This is dominant in 

undoped ZnO thin films; however the impurity scattering dominates in doped ZnO thin films. 

Impurity scattering occurs as donor and acceptor impurities are ionized and hence a coulomb 
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interaction occurs between the charged impurities and electrons and holes. When carriers drift 

into the vicinity of a charged impurity atom, they are deflected or scattered. Mobility decreases 

as the impurity concentration increases [39-40].  

The electronic conductivity of the grown films increases with the increase of carrier 

concentrations [41]. Fig. 5 also revealed the decrease in resistivity up to 5 wt% of indium doped 

ZnO thin film is owing to the increase in carrier concentration and the increase in resistivity for 

higher indium doping (10 wt% of indium) is the consequence of its lower carrier concentration. 

Many researchers reported similar trend in carrier concentration [42-45], however, the optimum 

indium concentration (corresponding to highest carrier concentration) is reported to be different 

in different works.   

3.5. Gas sensing characteristics 

The gas sensing characteristics of the grown thin films of varying indium concentrations 

are investigated in presence of various reducing gases, such as carbon monoxide (CO), hydrogen 

(H2) and methane (CH4). The mechanism of these reducing gas sensing characteristics of ‘n’ type 

semi-conducting oxide thin film gas sensor is well explained in the literature [46-47]. When 

these sensors are heated at higher temperature, depending on the surface temperature various 

forms of oxygen from the atmosphere are adsorbed on the surface of the thin film. Moreover, in 

the present study In3+ cation enhances the adsorption of these oxygen ions. Indium (In3+) being 

trivalent, to maintain the charge neutrality in ZnO lattice it creates excess lattice oxygen vacancy. 

This facilitates the surface adsorption of oxygen ions.  These adsorbed oxygen attract electron 

from the conduction band of metal oxide, thus increasing the space-charge layer thickness. This 

impedes motion of electrons between adjacent grains and hence the sensor resistance increases. 
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This sensor resistance (Ra) becomes stable in air with the saturation of adsorbed oxygen. Now 

exposure of reducing gases to the sensor surface releases back the conduction electrons to the 

metal oxide thereby decreasing the sensor resistance. This sensor resistance (Rg) attains 

saturation with time. The response (S) of the sensor is determined by the following relation [46], 

3 = �4564745
�	× 100																																																											(4)		                                   

Fig. 6 shows a typical resistance transient plot recorded for 3 wt% indium doped ZnO thin film 

gas sensor towards hydrogen gas detection at an operating temperature ~350oC, optimum 

temperature for hydrogen gas in the present study. As observed the sensor exhibits well 

reproducibility with a very minimal base line drift. In a similar way, the resistance transients for 

the all the gas sensors are recorded at different operating temperatures, in presence of all the 

mentioned gases and the response% are calculated from the measured resistance transients using 

the Eq. 4. Fig. 7 (a-c) represents the variation of response% of all the sensors as a function of 

operating temperatures for three different gases at a fixed gas concentration (~ 1660 ppm). Note 

that, for all the sensors the response% increases with increase in operating temperature and have 

an optimum temperature (Topt, corresponding to the maximum response) 350 oC, above which it 

reduces. Similar results (existence of optimum operating temperature) have also been reported 

for a variety of SMO sensors [48-49]. Such behavior can be explained using the concept of 

activation energy. At a lower temperature the reducing gas molecules may not acquire enough 

energy to react with the adsorbed oxygen species. However, at higher temperature the acquired 

energy may be sufficient to meet the activation energy of the reaction and hence the reaction rate 

increases with concomitant increase in the response. While the reduction of response at still 

higher temperature (beyond optimum temperature) could be due to the enhancement of 
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desorption rates of the surface adsorbed oxygen species. Fig. 7 (d) shows a typical comparison 

plot representing the enhancement of response% of ZnO thin film when doped with indium.  

Fig. 8 shows the resistance transients of 3 wt% indium doped ZnO thin films during 

response and recovery of hydrogen gas sensing at operating temperature ~ 300oC. Using Eq. 4 

the response% is estimated and is marked in the figure against each concentration separately. It is 

observed that with increase in gas concentration response% increases. Note that this sensor can 

detect up to 1 ppm or even less amount of hydrogen, which is very effective for its use as a 

hydrogen gas sensor. Response% of all the sensors in presence of various concentrations of 

different gases (hydrogen, carbon monoxide and methane) is also recorded and is plotted in Fig. 

9. In Table 2 we have compared the gas sensing performance of our indium doped ZnO film with 

other impurity doped sensors reported in the literature. Comparing the sensing performance we 

can state that our sensor can have a very good stand in the existing literature. Reviewing Fig. 9 a 

linear variation of response% with test gas concentration (Cgas) in accordance with the 

relationship [50]: 

Response% = ACABCD																																																																															(5) 

is observed, where A and n are constants. It is also observed that this rate of variation in gas 

concentration is different for different gases and also varies from lower to higher gas 

concentration. However, further study will be beneficial in explaining the concentration 

dependent change in response% of this indium doped ZnO thin film gas sensors. Reviewing the 

microstructure, PL spectroscopy and Hall effect measurement, it is found that all the observed 

results are in well agreement with the enhancement in sensing performance for optimum indium 

doped ZnO thin film.  
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4. Conclusion 

     We have synthesized submicron (< 500 nm) Zn1-xIn xO (0.0 ≤ x ≤ 0.10) thin films by 

chemical solution deposition technique. The synthesized films are crystallized into hexagonal 

wurtzite structure and are textured along (002) plane. Noting systematic shift of (002) diffraction 

peaks with the increase of indium doping contents we confirmed the inclusion of indium in ZnO 

lattice. The crystallite size (in the range of 8 to 45 nm) is found to decrease with concomitant 

increase of lattice strain with the increase of indium concentration. The thickness of indium 

doped ZnO films are in the range of 300 – 400 nm. PL spectra of undoped ZnO films are 

dominated by oxygen vacancies (V1∙∙). However, with the increase of indium concentration PL 

peak related to zinc vacancy (VZn'') is also identified along with the peak correspond to V1∙∙ . 

Inclusions of In3+ into Zn2+ indeed induce zinc vacancies to maintain the charge neutrality. The 

carrier concentration is increased in indium doped ZnO with systematic reduction of resistivity 

with indium doping concentration up to 5 wt% in ZnO. The response% and stability of indium 

doped ZnO thin films were evaluated for various combustible gases by varying the operating 

temperature and gas concentration. Optimal indium doping is found to markedly improve the 

response% of combustible gas sensing in conjunction with faster response kinetics, as compared 

to its undoped counterpart. Studying gas sensing characteristics, it is demonstrated that the gas 

solid interaction is influenced by the dopant induced point defects, change in morphology as well 

as kinetics of gas diffusion through porosity.  
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Figure captions 

Fig. 1: (a) XRD pattern of (a) undoped ZnO (b) ZnO: In 1 wt% (c) ZnO: In 3 wt% (d) ZnO: In 5 

wt%, and (e) ZnO: In 10 wt% thin films. Inset shows the magnified image of (002) peaks of the 

corresponding films. Fig. 1(b) Position of the (002) peak and full width at half-maxima 

(FWHM), obtained from the XRD pattern of undoped and indium doped ZnO thin films  

Fig. 2: Scanning electron micrographs of indium doped ZnO thin films of various indium 

concentration: (a) 0 wt%, (b) 1 wt%, (c) 3 wt%, (d) 5 wt% and (e) 10 wt%  and their cross 

sectional morphology are shown, in the right hand side of the respective films, in Fig. 2f-2j 

Fig. 3: (a) Transmission spectra and (b) Tauc plot (showing the band gap of the material) of (a) 

undoped ZnO, (b) ZnO: In 1 wt%, (c) ZnO: In 3 wt%, (d) ZnO: In 5 wt% and (e) ZnO: In 10 

wt% thin films in the wavelength range 250 – 800 nm  

Fig. 4: PL spectra of (a) undoped ZnO, (b) ZnO: In 1 wt%, (c) ZnO: In 3 wt%, (d) ZnO: In 5 

wt%,  and (e) ZnO: In 10 wt% thin films using He-Cd laser source at an excitation wavelength of 

325 nm 

Fig. 5: Plot showing the variation of carrier concentration, mobility and resistivity of the ZnO 

thin films of various indium concentration at room temperature 

Fig. 6: Resistance transients recorded for 3 wt% indium doped ZnO thin film sensing element 

towards the detection of 1660 ppm of hydrogen gas at its optimum temperature 

Fig. 7: Variation of response% of ZnO thin film gas sensors (of various indium concentration) 

towards the detection of 1660 ppm of (a) H2, (b) CO and (c) CH4 gas as a function of operating 

temperature, (d) Comparison of gas sensing performance of undoped and 3 wt% indium doped 

ZnO thin film at different operating temperatures   
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Fig. 8: The time dependent hydrogen gas response of 3 wt% indium doped ZnO thin film gas 

sensor measured at 350oC, varying the hydrogen concentration in the range of (1660-1) ppm 

 

Fig. 9: Variation of response% of indium doped ZnO thin film gas sensors towards the detection 

of various concentrations of (a) H2, (b) CO and (c) CH4 gas at their optimum temperature, 350oC 
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Table-1: Structural parameters of indium doped ZnO thin films, estimated from X-ray 

diffraction pattern 

Indium 
content   

    (wt%) 

Peak position 2θ 

(degree) 

d(002) 

(Å) 

Lattice 
parameter, c 

 (Å) 

FWHM Crystallite 
size 

 (nm) 

Lattice 
strain  
(%) 

 

0 

 

34. 913 

 

2.569 

 

5.138 

 

0.196 

 

46.5 

 

0.272 

1 34.835 2.573 5.146 0.280 31.8 0.385 

3 34.807 2.575 5.150 0.600 14.3 0.835 

5 34.802 2.576 5.152 0.720 11.9 1.002 

10 34.779 - - 1.012 8.4 1.618 
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Table-2: Recent literature reports on gas sensing performance of ZnO thin films doped 

with various impurities  

Dopants Optimum 
dopant 
conc.  

Gas type Gas 
conc.(ppm) 

Topt (˚C)         Response 

Ra/Rg           ∆R/Ra 

Ref. 

Al 0.5 at% methanol 500 275 - 44  [10] 

In 3 at% NO2 5 275 ~54 -  [11] 

F, Al  CO 200 200  93  [12] 

Mn 0.004M trimethylamine 75 100 300 -  [13] 

In 1 at% acetone 100 300 - 96.8  [14] 

Cr 1at% acetone 500 300 - ~ 92  [15] 

Cu 5% LPG 200 200 1.15 -  [16] 

Sn 0.5 at% LPG 10,000 300 - 88  [17] 

Y 1 at% NO2 1 200  ~ 90  [18] 

Sn 4 at% ethanol 300 250 150 -  [19] 

Mg  H2 5000 300 50 -  [20] 

In 3 at% H2S 

H2 

CO 

LPG 

ethanol 

1000 

 

250 13000 

11 

1.5 

15.8 

30 

- 

- 

- 

- 

- 

 [21] 

Fe 5 at% ethanol 1000 27 >70   [22] 

In 3 wt% H2 

CO 

CH4 

5 300 - 15 

14 

3 

This 
work 
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Fig. 7  
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Fig.9  
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