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Abstract The tin doped indium oxide (ITO) thin films

prepared by sol–gel spin coating method with In(NO3)3

H2O and SnCl4�5H2O as indium and tin sources respec-

tively is presented. The as deposited samples were

annealed at 500 �C for 2 h in order to improve the crys-

tallinity. The structural, morphological and optical prop-

erties of the films were analysed by using X-ray diffraction,

scanning electron microscope (SEM), UV–Vis transmis-

sion spectra and photoluminescence, spectra analysis. The

SEM images ensure the uniform and smooth surface of the

as prepared and annealed film. The optical transmittance of

more than 85 % has been observed in the UV–Vis region

with a band gap of 3.91 and 3.73 eV for the as prepared

and annealed films of ITO respectively. The PL spectra

reveal that the optical properties were significantly

improved due to the annealing effect. The annealed film

shows high sensitivity for humidity approximately two

order changes in the resistance and the sensitivity increases

for different relative humidity from 10 to 90 % due to the

physisorption between the water molecules and the surface

of the thin films.

1 Introduction

Thin film semiconductors play an essential role in detec-

tion, monitoring and control of the pollutants involved in

the chemical processes the production of hazardous and

harmful vapours [1]. Metal-oxide-based thin film sensors,

in spite of their commercial success and decades of

research and development, still lack selectivity for different

species, and often require high working temperatures. This

severely limits their usability and poses long-term relia-

bility problems [2]. The sensitivity of the metal oxide

based sensors is dependent on the preparation parameters

of the sensitive layer/material [3]. Generally, humidity

sensor of these films having nanometer size grain with

porous structure, which is most important parameters of

their potential application for micro sensors. Moreover this

type of nanostructure films are optimal candidates for

humidity sensing properties due to the high surface

exposed for absorption of water molecules. Indium tin

oxide, commonly referred to as tin doped indium oxide

(ITO), is degenerate n-type semiconducting material that

has wide applications in optics and optoelectronics. These

applications include flat panel display devices [4, 5], heat

reflecting mirrors [6], and heterojunction solar cells [7].

Indium tin oxide (In2O3:10 %SnO2) films have been

extensively studied in recent years because they exhibit

relatively rare combination of high visible transmission and

significant electrical conductivity, high substrate adher-

ence, good hardness, and chemical inertness.

ITO thin films deposited on glass substrates by a variety

of techniques such as rf sputtering [7, 8] electron beam

deposition [9], chemical vapor deposition [10], and spray

pyrolysis [11]. Among these, sol–gel dip coating method

offers the most possibilities to influence the film properties

by modifying the size and structure of the inorganic species
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in the sol together with the solvents. Moreover this method

is cost effective, yields stable, adherent, uniform and hard

films with good reproducibility by a relatively simple

process. Most reported literature focused on gas sensing or

solar cell application of ITO thin films. Only few reports

are available about humidity sensing properties of ITO thin

films. The present work consists of ITO thin films and

systematically investigation of structural, optical, mor-

phological and humidity sensing properties. To the best of

the author’s knowledge this is the first preliminary report

about humidity sensing properties of ITO thin films by sol–

gel spin coating method.

2 Experimental procedure

2.1 Preparation of ITO thin films

The entire chemicals are of analytical grade which is not

further purified. Tin doped indium oxide thin films were

fabricated by sol–gel spin coating method with In(NO3)�
3H2O and SnCl4�5H2O as indium and tin sources, respec-

tively. In a typical experimental procedure, In(NO3)�3H2O

was dissolved in double-distilled water separately to make

0.1 M solution (solution A). Then 0.59 mL (0.50 m mol) of

SnCl4 (with initial molar ratio of 8:2 for In:Sn) was dissolved

in 10 mL absolute ethanol and it was stirred for 30 min

(solution B). The solution B was added drop wise to the

solution A and stirring for 30 min. The ammonium solution

(NH4OH as precipitate agent) was added drop wise until the

pH value reaches 8. During this process the drop rate must be

controlled in order to maintain the chemical homogeneity.

Films were grown on 76 mm 9 26 mm 9 1 mm glass

microscope slides which were used as depositing substrates.

The glass slides acts as the substrates for depositing ITO

films. The slides are cleaned ultrasonically, then with ace-

tone, followed by ethanol and finally, deionized water for

10 min respectively and allowed to air dry. Then, the pre-

pared sol was deposited on the substrate using spin coating

technique. Spin parameters, including spin speed and time,

were fixed at 2500 rpm and 25 s, respectively. The as

deposited samples were annealed at 500 �C for 2 h in order

to improve the crystallinity.

2.2 Characterization techniques

The prepared samples were successfully characterized by

the following techniques. Structural properties of the ITO

thin films were analyzed by using X-ray diffraction (XRD,

JEOL diffractometer) with monochromatized Cu Ka radi-

ation (k = 1.54056 Å) in the range of 10�–80� with the

step size of 0.1�. The morphology of the ITO thin films is

observed by Scanning electron microscope (JEOL Model

JSM-6390LV). The optical transmittance of the thin films

was recorded at room temperature by a Perkin Elmer UV/

VIS/NIR Lambda 19 spectrophotometer in the wavelength

range of 300–900 nm. Photoluminescence spectra of the

samples were recorded using PerkinElmer LS 55 Spec-

trometer equipped with a 40 W Xenon lamp, excitation

length used was 325 nm.

3 Results and discussion

3.1 XRD analysis

Non-destructive X-ray diffraction technique was used to

determine the structure and crystalline size of ITO thin

films. The XRD pattern both as prepared and annealed films

are shown in Fig. 1. Both the samples exhibited to cubic

structure of In2O3 with the space group La3 and the results

are in good agreement with the standard JCPDS data (Card

No. #06-0416). There is no peak evidence for SnO2 even

when it is annealed at 500 �C. This result indicates that Sn
atoms are doped into In2O3 structure. The calculated lattice

constants are smaller than the standard In2O3

(a = 10.081 Å), this is due the Sn4? ionic radius (0.69 nm)

is smaller than In3? ionic radius (0.80 nm), which will lead

to the decrease of the planar spacing of In2O3 crystal lattice

[12]. The average crystalline sizes of ITO thin films were

calculated by using Scherrer’s equation [13].

d ¼ Kk
b cos h

where d is the mean crystallite size, K is the shape factor

taken as 0.89, k is the wavelength of the incident beam, b is

Fig. 1 Shows the XRD Pattern of ITO thin films
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the full width at half maximum and h is the Bragg angle.

The average crystalline size was found to be 56 and 67 nm

for as prepared and annealed films respectively. The result

reveals that calcinations can improve the ITO thin films.

3.2 Scanning electron microscope analysis

The morphology and surface of the ITO thin films were

analysed by using SEM micrograph. Figure 2 shows SEM

images of both pure and as prepared and annealed films

respectively. SEM images clearly show the ITO films are

nanoclusters with uniform size. There is no change in the

morphology but the size of the particles slightly increases

by the annealing samples. The increase in grain size of the

annealed films is also confirmed by XRD analysis. Number

of smaller nanoparticles is composed and forms the clusters

on the thin film surface. The average particle size was

found to be 55 and 70 nm for as prepared and annealed

films of ITO respectively.

3.3 UV–Vis spectra analysis

The optical nature and band gap energy of the samples

were found out by using UV–Vis transmission spectra

analysis. Figure 3a shows the UV–Vis transmission spectra

of ITO films. In both the films optical transparency is

between 80 and 85 %, but for the annealed films the

absorption edge is shifted towards the longer wavelength,

which indicates the decrease of the band gap energy. The

absorption coefficient (a) was calculated from the trans-

mission spectra using equation [14],

a = 1/t ln(1/T)

where T is the optical transmission and t is the thickness of

the samples. The indirect band gap of the pure and ITO

films was calculated from Fig. 3b using the formula [15],

ahv ¼ Aðhv� EgÞm

where a is the absorption coefficient, h is the Planck’s

constant, m is the frequency of incident light, Eg is the

energy band gap of material and m is the factor governing

Fig. 2 SEM micrograph of ITO thin films a as prepared, b annealed at 500 �C

Fig. 3 UV–Vis spectra of ITO thin films a transmittance spectra,

b band gap energy determination
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the direct/indirect, etc. The band gap energy was calculated

as 3.91 and 3.73 eV for asprepared and annealed films of

ITO respectively.

3.4 Photoluminescence spectra analysis

Photoluminescence is a commonly used tool for probing

electron–hole surface processes of semiconductor materi-

als, the determination of band-gap energy and surface

defect in the samples. Figure 4 shows the PL emission

spectra of both as prepared and annealed films of ITO

respectively measured from 300 to 600 nm using a 325 nm

He–Cd laser. In both pure and doped films, there are series

of peaks observed at 359, 411, 446 and 518 nm. The UV

emission (359 nm) is also related to near band edge (NBE)

emission, and it originates due to the recombination of free

exciton through an exciton–exciton collision process [16].

The blue (411 nm) and green emission peaks (518 nm)

were attributed to electron transmission, mediated by

defect levels in the band gap, such as oxygen vacancies, tin

interstitials and so forth.

3.5 Humidity sensor set up

The humidity sensor set up was fabricated and their details

are explained below. The humidity sensor system consists

of quartz glass plates with size 300 mm 9 300 mm in

dimension and 10 mm thickness provided with top and

bottom of the glass plates. There are two holes provided in

bottom and top of the glass plates in order to inset and

remove the water vapour. In the right upper side of the

glass reactor, the vacuum pump is attached to humidify

chamber for the next cycle/sample. The electrical

resistance of the sensor material has been measured using

LCR Bridge under different humidity conditions. The

humidity level varies from 10 to 90 % RH. The percentage

of humidity was measured by using standard hygrometer.

The ITO thin films and Ohmic contacts were made by

silver paste. The schematic diagram of the sensor is given

in Fig. 5a and experimental setup is shown in Fig. 5b.

The percentage of sensitivity for detection of humidity is

defined as [17]

S ¼ RH2 � RH1

RH1

� 100

where RH2 is the resistivity of the sample for humidity at

level 2 (highest RH level) and RH1 is the resistivity of the

sample for humidity at level 1 (lowest RH level).

3.5.1 Humidity sensor test

Figure 6 shows the change in resistance as a function of

humidity from 10 to 90 % RH at room temperature. In both

as prepared and annealed films the resistance gradually

decreases with the increase of relative humidity. The

enhanced decrease in resistance or increase in conductance

was observed for annealed samples as compared to as

prepared films. This could be attributed to improved

crystanality and also smaller energy band gap. Figure 7

shows the sensitivity of both as prepared and annealed

films as a function of relative humidity. The sensitivity is

measured from different relative humidity (RH 10 % to RH

90 %). It is clearly seen that the sensitivity linearly

increases with the increase in relative humidity. The

Fig. 4 Photoluminescence spectra of ITO thin films a as prepared,

b annealed at 500 �C (Color figure online)

Fig. 5 a Schematic diagram of the sensor, b Humidity sensor

experimental setup
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annealed film shows high sensitivity and more stability as

compared to as prepared films. Figure 8 shows the

response and recovery curves for both as prepared and

annealed films. The response and recovery behavior is one

of the most important characteristic for evaluating the

humidity sensors [18]. The average response time of as

prepared film is 75 s and recovery time is 65 s, similarly

the average response and recovery time for 58 and 45 s for

annealed films. Hence our studies suggest that ITO films

can be a promising material for high performance humidity

sensing applications. In both films exhibit a decrease in

resistance or increase in conducting property with

increasing RH%. This could be attributed to water vapour

chemisorbs on the surface of the sensor. The electrical

response will depend on the number of water molecules

adsorbed on the surface of the sensor films [19]. Water is

then physically adsorbed on top of the chemisorbed layer

of the ITO film and then further physisorbed layers will be

formed. The physically adsorbed water molecules on the

surface of the thin sensing film play a dominating role for

the humidity sensing mechanism. Moreover, annealed films

of ITO show better sensing performance as compared with

as prepared films. This could be due to more electrons are

depleted in the films and it easily extracts an electron from

the conduction band and increases the conductance of the

sensor at different RH%. This action is observed in the case

of bigger diameter grains (annealed films) because the

grain boundaries will be more compared with the smaller

diameter grains (as prepared films).

4 Conclusion

The preparation of ITO thin films using sol–gel spin

coating method has been reported and its structural and

optical properties were analysed. The thin film samples

exhibit the cubic structure of In2O3 with the space group

La3 and the results are in good agreement with the standard

JCPDS data (Card No. #06-0416). The UV and PL results

show that the optical properties of the ITO films have been

significantly improved for annealed samples. The humidity

sensing test performed on annealed films under various

humidity levels from 10 to 90 % RH at room temperature

demonstrates high sensitivity, faster response and recovery

time of 58 and 45 s respectively. The developed ITO thin

films can be used as high performance humidity sensor and

gas sensor devices under room temperature.

Fig. 6 Change in resistance of ITO thin films as a function of relative

humidity

Fig. 7 Sensitivity of ITO thin films as a function of relative humidity

Fig. 8 Response and recovery time of ITO thin films as a function of

relative humidity
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