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Abstract
Indium tin oxide (ITO) materials with different morphologies have been fabricated via sputtering technology by adjust-
ing the oxygen flow rate and RF-power. The repeatable and controllable growth conditions of different ITO materials 
have been achieved. The gas sensors with different ITO materials were fabricated on ceramic tube directly, which have 
the characteristics of low cost and simple preparation process. Through our analysis, the nanowires have larger specific 
surface area, more oxygen vacancies and an oriented electron transport channel. The sensor made by nanowires was 
the best one, and the value of sensitivity run up to 235.6 at the ethanol gas concentration of 400 ppm under 250 °C.
The gas sensing properties of the whole ITO material system to ethanol gas were studied. The difference of gas sensing 
properties is explained by calculating the surface adsorption energy of ITO materials with different morphologies based 
on first-principle calculation method. These results provide guidance for the application of ITO materials in the field of 
gas sensors.
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1  Introduction

Indium tin oxide (ITO) is an n-type semiconductor with a 
wide band-gap of 3.5–4.06 eV [1], which has received a 
considerable attention due to its multifunctional proper-
ties and wide applications in electronics, optoelectronics 
and sensors [2–4]. ITO and ITO-based nanomaterials are 
potential candidates for the fabrication of electrochemi-
cal device, biochemical device and gas sensor [5–9]. 
Recently, developments in the field of sensors based on 
multifunctional ITO nanomaterials have led to the fabri-
cation of highly sensitive and selective sensors. There are 
many reports on gas sensitive devices fabricated by ITO 
materials. A. Ayeshamariam, et al. studied the gas sensing 
properties of ITO nanoparticles fabricated by combustion 
synthesis [10]. The sensitivity was 14.436 at the ethanol gas 

concentration of 100 ppm. Yao et al. [11] reported the high 
sensitivity of ITO nanorods for NO2 prepared by oblique 
angle deposition. The detection limit reached to 50 ppb 
with a response time of 20 min. Afshar et al. [12] fabricated 
the gas sensor using ITO nanowires via laser writing and 
subsequent etching. The sensors were exposed to NO2 
in synthetic air with concentrations from 1 to 50 ppm 
showing a significant change in resistance. Zhou et al. 
[13] designed a type of high-surface ITO nanotubes by 
single-nozzle electro spinning technique to research the 
gas sensing properties. The sensors based on nanotubes 
exhibited its maximum response at low temperature of 
160 °C, and could quick respond to 100 ppm formaldehyde 
even at temperature less than 100 °C. However, all these 
methods are used to study single material independently 
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and there is no systematic study on the gas sensing prop-
erties of the whole material system.

ITO nanostructures have higher surface-volume ratio, 
result in a higher gas sensitivity compared with bulk 
materials. Many methods have been tried to obtain ITO 
nanostructures, such as sputtering, thermal evaporation, 
and electron beam evaporation [14–16]. Among all of 
these methods, magnetron sputtering is the best choice, 
because of the faster deposition rate, better film quality, 
and the more stable repeatability [17, 18].

In our previous work, ITO nanowires have been fab-
ricated through self-catalytic vapor–liquid–solid (VLS) 
mechanism by sputtering, which showed good conductiv-
ity and good transmittance [19]. In this paper, ITO materi-
als with different morphologies have been fabricated by 
adjusting the oxygen flow rate and RF-power. The repeat-
able and controllable growth conditions of different ITO 
materials have been obtained. Then the gas sensors based 
on different ITO materials were fabricated with low cost 
and simple preparation process. The gas-sensing proper-
ties were tested, and the effect of morphology on sensing 
performance was also analyzed. For ITO-nanowire gas sen-
sor, the effect of temperature and density of ITO nanow-
ires on sensing performance was investigated. Finally, the 
surface adsorption energy of ITO materials with different 
morphologies was calculated by the first-principle calcula-
tion method.

2 � Experiment

2.1 � The preparation of ITO materials

ITO materials were deposited on silicon and ceramic tube 
by RF-magnetron sputtering. The ITO target is composed 
of 90 wt% In2O3 and 10 wt% SnO2. The deposition pro-
cess was carried out under the background pressure of 
1.5 × 10–4 Pa and the temperature of 500 °C.The working 
pressure is 1 Pa and the argon flow rate is 25 sccm. The 
sputtering power and the oxygen flow rate were adjusted 
in order to obtain different ITO morphologies. Two differ-
ent RF-powers (200 W, 250 W) and three different oxygen 
flow rates (0, 0.1 sccm, and 0.2 sccm) were used. The sput-
tering time is 20 min and then the chamber was cooled 
down to room temperature naturally.

2.2 � The preparation of gas sensor

Figure 1 was a real photo of the fabricated sensor. The 
ceramic tube in the Fig. 1a was used as substrate for the 
preparation of gas sensor. Before deposition, the silicon 
(Si) and ceramic tube were ultrasonically cleaned in alco-
hol to remove organic contaminant on the surface. After 

the sputtering, a coil heater was placed inside the ceramic 
tube and the device was connected to the test instrument 
by gold wire. The pressure of testing chamber was main-
tained at atmospheric condition. The gas-sensing prop-
erties of the devices were tested on a WS-30A gas sen-
sor system (Wei-Sheng Electronics Co. Ltd., Zhengzhou, 
China) under a relative humidity less than 30%RH at room 
temperature. Figure 1b shows the test principle of the test 
instrument. The change of device resistance could lead to 
the change of output voltage (V-out). The gas sensing 
properties of ITO materials to ethanol gas could be inves-
tigated at different temperatures.

In order to characterize material properties, the mor-
phologies of ITO materials were analyzed by scanning 
electron microscopy (SEM), and the binding energy of 
materials were analyzed by X-ray photoelectron spectros-
copy (XPS).

3 � Results and discussion

3.1 � Different morphologies of ITO materials

Different morphologies of ITO materials were fabricated 
by adjusting RF-power and the oxygen flow rate. The SEM 
images were shown in Fig. 2. The process parameters for 
power and oxygen flow rate could be found in Table 1. The 
chamber temperature and the argon flow rate were always 
maintained at 500 °C and 25 sccm, respectively.

Oxygen is the main factor affecting the morphologies 
of ITO materials. The ITO materials were fabricated with 
different oxygen flow rates of 0, 0.1 and 0.2 sccm. The 
growth of nanorods and nanowires only happened with-
out oxygen (Fig. 2). The ITO nanostrucutres (nanowires or 
nanorods) usually are prepared through VLS mechanism, 
the alloy droplets during nucleation process are extremely 
important for the growth of nanostrucutres. In sputtering 

Fig. 1   The fabricated sensor a ceramic tube used in gas sensor, b 
test principle diagram
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process, In and Sn atoms could be sputtered out of the 
target, and some of them would combine to form In-Sn 
alloy droplets. The nanowires and nanorods would grow 
up based on these alloy particles under anoxic condition. 
With increasing of the oxygen content, In2O3 and SnO2 
molecules produced. When the oxygen was not sufficient 
(under the condition of oxygen flow rate of 0.1 sccm), the 
large ITO-particles would be formed. When the oxygen was 
adequate (O2 = 0.2 sccm), the ITO film would be obtained. 
In our previous report [19], we found that the growth of 
ITO nanostructures only happened when the sputtering 
power is larger than 200 W. In this work, the power was 
selected with 200 W and 250 W. Generally speaking, the 
growth rate of film is proportional to the sputtering power 
[20]. Under the power of 200 W, the molecules reunited 
together and attached the substrate. The nanorods began 
to grow based on these large droplets. When the power 
is up to 250 W, In-Sn droplets were attached on the sub-
strate firstly and the molecules entered the alloy droplets 
in a short time to reach the super-saturation state. And 

then, the nanowires begin to grow via In-Sn droplets as 
catalysts.

The different densities of ITO nanowires have been 
prepared by controlling the growth time (5 min, 15 min, 
and 25  min). The different densities of ITO nanowires 
were shown in Fig. 3. The length and density of nanowires 
increase with increasing growth time.

So, the optimized parameters for the preparation of 
nanowires are the RF-power of 250 W without oxygen, and 
the sputtering time is more than 15 min.

3.2 � XPS characterizations

The Fig. 4 shows the XPS results for different morphologies 
of ITO materials. The element atomic percentages of In, Sn 
and O were listed in Table 2. The difference of atomic per-
centage among the film, particle and nanorod is small. The 
conductivity of ITO materials can be influenced by the oxy-
gen vacancies inside the materials, so the O1 s curves were 
separated from the XPS results. As shown in Fig. 5, the peak 
value of curve at 530 eV ~ 531 eV stands for the absorbed 
oxygen (O2−, O−) on the surface, and the peak of ~ 529 eV 
represents the lattice oxygen inside the materials. In order 
to characterize the difference between different materials, 
the atomic percentage was calculated by curvilinear inte-
gral and the results were summarized in Table 3.

Compared with other materials, nanowires have the 
least percentage of lattice oxygen, which means that 
the oxygen vacancies inside the nanowires are the most. 
More absorbed oxygen vacancies could be created on the 

Fig. 2   SEM images of ITO 
materials with different mor-
phologies by sputtering

Table 1   Process parameters of sputtering for different ITO mor-
phologies

Sample RF-power (W) Oxygen 
flow rate 
(sccm)

a 250 0.2
b 250 0.1
c 200 0
d 250 0
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surface of nanowires, so the gas sensing properties were 
improved.

3.3 � Gas sensing properties

Gas sensors with different morphologies of ITO materials 
have been prepared on ceramic tube directly. The sensing 
properties to ethanol gas were tested at different condi-
tions. In order to eliminate the effect of materials’ mass on 
the devices, the response (RS) was proposed, and defined 
as RS = Rair/(m*Rgas), where Rair and Rgas are the resistance 
values measured in the air and reducing-gas ambiences, 

respectively. The m is the mass of the coated sensing 
materials.

Firstly, the gas sensing properties with different mor-
phologies (film, particle, nanorod, and nanowire) were 
investigated under the conditions of the ethanol gas 
concentration of 400 ppm and the temperature of 250 °C. 
The gas sensitivities, response and recovery time of sen-
sors with different morphologies were shown in Fig. 6. 
The RS for the ITO-film, -particle, -nanorod and -nanowire 
were 55.6, 62.4, 73.3 and 79.6, respectively. The response/
recovery time is 17 s/32 s, 14 s/28 s, 12 s/23 s and 9 s/15 s, 
respectively. The results show that the sensitivity increases 
and response/recovery time decreases when the ITO mate-
rials tend to be finer nanostructures. Due to the reduction 
in dimension of materials, the surface-to-volume ratio of 
materials increases, leading to more sufficient reaction 
between the gas and materials. This is more favorable for 
desorption of materials and absorption of the reaction gas. 
At the same time, the reduction in dimensions limits the 
movement direction of carries, so the mobility of carriers 
along the specific direction is high. So, the reduction in 
dimensions of ITO materials could be used to improve the 
gas sensing properties.

Moreover, the influence of temperature on the sensing 
performance was investigated. In Fig. 7, the line shows the 
sensitivity of sensor with ITO-nanowires at different oper-
ating temperatures. At the temperatures of 100 °C, 150 °C, 
200 °C, 250 °C and 300 °C, the RS were 55.0, 59.2, 68.0, 77.2, 
and 83.7, respectively. The RS improved with temperature 
increasing. This phenomenon can be explained by the 
metal oxide semiconductor sensing mechanism [21, 22].

Under the air ambient, the oxygen molecules were 
absorbed on the surface of the sensor materials. The 
absorbed oxygen molecules could capture electrons 
from the ITO conduction band and form O2

−, O−, O2−, and 
then a depletion layer on the surface was formed, lead-
ing to a high resistance of sensor. Once the sensors were 
placed in the ethanol gas, the reaction between the gas 
and absorbed oxygen ion could release the electron back 
to conduction band, resulting in the resistance of sensors 

Fig. 3   SEM images of ITO nanowires with different densities at growth time a 5 min; b 15 min; c 25 min

Fig. 4   XPS spectra of ITO materials with different morphologies

Table 2   Element atomic percentages of ITO materials with different 
morphologies

Film Particle Nanorod Nanowire

In 28.91 28.64 24.03 25.25
O 68.04 67.58 71.55 69.95
Sn 3.06 3.77 4.43 4.8
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decreasing. The reaction can be described as the reaction 
Eq. 1.

The state of absorbed oxygen ion can be changed 
by the operating temperature. The followings show the 
reacting process [23].

(1)CH3CH2OH(gas) + O−

(ads)
→ CH3COH(gas) + H2O + e−

(2)O2(gas) + e− → O−

2
(T < 150 ◦C)

Fig. 5   The spectrum of O 1s, 
a film, b particle, c nanorod, d 
nanowire

Table 3   Oxygen percentages of ITO materials with different mor-
phologies

Film Particle Nanorod Nanowire

Adsorbed oxygen 62.21 61.24 60.82 65.34
Lattice oxygen 37.79 38.76 39.18 34.66
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Fig. 6   a Gas sensing properties of the ITO sensors with different 
morphologies (film, nanoparticle, nanorod, and nanowire) at the 
condition of the ethanol gas concentration of 400  ppm and the 

temperature of 250  °C. b Response and recovery time of the ITO 
sensors with different morphologies
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At high temperature, the oxygen vacancies could be 
produced, which determined the resistance of the gas 
sensitive materials. The more oxygen vacancies in the 
material, the more sensitive the sensor is. In Fig. 7a, the 
response and recovery time of ITO-nanowire sensor at 
different operating temperature was summarized. The 
resistances of ITO-nanowire at different temperatures 
were shown in Fig. 7b. At the temperatures of 100 °C, 
150 °C, 200 °C, 250 °C and 300 °C, the corresponding 
response/recovery time are 24 s/40 s, 25 s/35 s, 20 s/30 s, 
18  s/22  s, and 14  s /16  s, respectively. The response 
and recovery time decreased with the increasing of 
temperature.

Thirdly, the effect of ITO-nanowire density on the gas 
sensing performance was discussed. The gas sensors 
based on different densities of ITO nanowires have been 
fabricated, and the SEM images were shown in the Fig. 3. 
The ethanol gas concentration of 400 ppm and the work-
ing temperature of 250 °C were selected. From sample-1 
to sample-3, the ITO-nanowire densities increased. In 
order to compare the gas sensing properties of the three 
morphologies more clearly, the normalization value was 

(3)O2(gas) + 2e− → 2O−

2
(150 ◦C < T < 200 ◦C)

(4)O2(gas) + 4e− → 2O−

2
(T > 200 ◦C)

used. The normalization value is the ratio of the output 
voltage under ethanol gas to the output voltage in air. 
In Fig. 8a, the RS was 235.6, 111.1, and 63.5, respectively. 
The response/recovery time was 10 s/12 s, 15 s/21 s and 
17 s/21 s (Fig. 8b), respectively. The gas sensing prop-
erties reduced with the increasing of density. When 
the growth time becomes longer, the higher density 
of nanowires can be obtained. But most of nanowires 
were intertwined with each other, which made ethanol 
gas difficult to enter the gap between nanowires and 
reduced the reaction area with ITO nanowires. Choosing 
proper nanowire density is also an important factor for 
high-performance sensor.

Based on the sample-1, the output voltage of sen-
sor was tested at different ethanol gas concentrations 
at the same working temperature of 250 °C. The results 
were presented in Fig. 9a and b. The higher the ethanol 
gas concentration is, the higher voltage can be obtained. 
The response of gas sensor was expressed by the change 
of voltage (the test circuit has been shown in Fig. 1), the 
corresponding resistance of ITO nanowires at different 
ethanol gas concentration could be found in appendix 
Fig. 12. Under the concentration of 2500 ppm, the RS 
reached to 287.2, and the response/recovery time reduced 
to 10 s/12 s. More importantly, the sensitivity is still high 
(196.6) even under the gas concentration of 50  ppm, 
showing a good gas sensing performance. This sensor 

Fig. 7   a Gas sensing proper-
ties, b the resistance of ITO-
nanowire sensor at different 
operating temperatures in air

Fig. 8   a The sensing proper-
ties, b response and recovery 
time of ITO-nanowire sensor 
with different densities
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also shows long-term stability. Under the same conditions 
(400 ppm of ethanol gas concentration and the tempera-
ture of 250 °C), the response of the same gas sensor was 
tested after half a year. The results are shown in Fig. 9c. The 
response value decreased from 235 to 148 because of ITO 
materials’ mildew effect, but the general trend remained 
unchanged.

3.4 � Gas sensing enhancing mechanism of ITO NWs

From the above discussion, the gas response of nanowire 
was the best. Apart from the high specific surface area of 
nanowires, the content of oxygen vacancy in the material 
should be an important factor affecting the gas sensing 
properties. Based on the XPS analysis (Table 2), the Sn ele-
ment is the highest in nanowire. The higher Sn content 
is, the more oxygen vacancies occur in the material [13]. 
The content of oxygen vacancy and the reaction area 
with ethanol gas are increasing from ITO film to nanowire 
(Fig. 10). When oxygen vacancies react with gas molecules, 
the effective electron transport channel determines the 
speed of the reaction. The electron transport channels in 
different materials were shown in Fig. 10. The transmission 
direction is within 360º in film, and the angle becomes 
smaller and smaller with the reduction of material 

dimension. The direction becomes the only specific one 
in the nanowire, which improved the sensitivity of sensor.

3.5 � First principle calculation of ITO materials 
with different Sn‑doping concentrations

From XPS analyze result (Fig.  5 and Table  2), the Sn 
atomic percentage increases when the morphology 
changes from film to nanowire. To further explain the 
phenomenon that RS changes with the change of mor-
phology, the surface adsorption energy of ITO materials 
with different morphologies was calculated by the first 
principle calculation method. Based on the conventional 
unit cell of indium oxide, different doping concentra-
tions can be achieved by replacing In atoms with Sn 
atoms. In2O3 has two crystal structures: rhmbohedral 
structure and cubic bixbyite structure, and the latter 
is more stable [24]. For cubic bixbyite In2O3, the space 
group symmetry being Ia3 with the lattice constant 
a = 10.117 Å, the unit cell contains 80 atoms. According 
to Wyckoff ’s notation, the unit cell contains 48 oxygen 
atoms at e sites, 24 indium atoms at d sites, and 8 indium 
atoms at b sites.

Figure 11a shows the crystal structure of In2O3. In2O3 
belongs to strongly correlated electron system [25], the 

Fig. 9   The response of ITO nanowires sensor sample-1 at different ethanol gas concentrations with a small concentration interval and b 
large concentration interval; c at different test time
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Coulombic potentials of In-4d and O-2p should be con-
sidered. So LDA + U method was used,UIn-4d = USn-4d = 3 eV, 
and UO-2p = 5 eV. The energy band structure of pure indium 
oxide was calculated firstly to verify the correctness of 
the model, Fig. 11b shows that the energy band of pure 
In2O3 is 2.21 eV, which is close to reported [26]. Then, dif-
ferent doping concentration is achieved, and doped Sn 
atom number is 2, 3, 4 and 5, respectively. The appendix 
materials (Figs. 13, 14) show the results of first principle 
calculation for different doping concentration. To obtain 
the adsorption energy of oxygen on the different mor-
phologies, the energy of the ITO (100) crystal plane were 
calculated before and after oxygen adsorption, as shown 
in Table 4.

The adsorption energy can be calculated by the fol-
lowing formula:

(5)
Eadsoption = EITO(100)+O2− EITO(100) − EO2

(

The EO2 = −864.14 eV
)

The results show that the adsorption energy of oxy-
gen decreases with increasing the doping concentra-
tion. ITO nanowires could absorb more oxygen ions at 
the same conditions, and more carriers were generated 
after the reaction between ethanol and oxygen ions.

Fig. 10   The reaction mecha-
nism of different materials

Fig. 11   a Crystal structure and b band structure of pure In2O3

Table 4   Proportion of indium and tin atoms in different morpholo-
gies

Proportion of Sn EITO(100)+O2
(eV)

EITO(100)
(eV)

Eadsoption
(eV)

In2O3–2Sn − 68,771.07 − 67,904.72 − 2.21
In2O3–3Sn − 67,305.47 − 66,439.55 − 1.78
In2O3–4Sn − 65,840.55 − 64,975.16 − 1.25
In2O3–5Sn − 64,375.52 − 63,510.22 − 1.16
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4 � Conclusions

The ITO materials with different morphologies were 
fabricated via sputtering by adjusting the RF-power 
and the oxygen flow rate. The gas sensors have been 
prepared with ceramic tube directly, and the gas sens-
ing properties of the whole ITO material system (film, 
nanoparticles, nanorods and nanowires) were studied. 
The nanowires have larger specific surface area, more 
oxygen vacancies and an oriented electron transport 
channel, so the sensing property is the best. The sensing 
performance to ethanol gas has been improved signifi-
cantly by controlling the density of nanowires. Under the 
operating temperature of 250 °C, the RS of the sensor 
with appropriate ITO nanowires was 235.6 at the etha-
nol gas concentration of 400 ppm. And, the response 
and recovery time is 10 s and 12 s, respectively. Finally, 
the oxygen adsorption energy of different morpholo-
gies was calculated by first-principle calculation method. 
The calculation results are consistent with experiment 
results, which show that the oxygen adsorption energy 
decreases with the morphologies changing from film to 
nanowire. These results provide guidance for the appli-
cation of ITO materials in the field of gas sensors.
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Appendix

See Figs. 12, 13, 14.

Fig. 12   The sensitivity of ITO nanowires sensor sample1 at different 
ethanol gas concentrations
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Fig. 13   The crystal structure 
of ITO materials with differ-
ent Sn-doping concentration 
a In2O3–2Sn, b In2O3–3Sn, c 
In2O3–4Sn, d In2O3–5Sn

Fig. 14   The band structure of ITO materials with different Sn-doping concentration a In2O3–2Sn, b In2O3–3Sn, c In2O3–4Sn, d In2O3–5Sn
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