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ABSTRACT 

 

ENSUNCHO HERNÁNDEZ, L.J. Indium tin oxide (ITO) and reduced graphene oxide/ 

indium tin oxide (rGO/ITO) thin films: effect of synthesis parameters on ozone gas 

detection. 2021. 74 p. Dissertation (Master in Science) – Instituto de Física de São Carlos, 

Universidade de São Paulo, São Carlos, 2021. 

Nowadays, continuous attempts are being employed to obtain gas sensors materials with high 

sensitivity, fast response, good selectivity, and low detection limits. Resistive-based gas 

sensors based on semiconductor metal oxides (SMOs) are most widely used for gas detection 

applications. However, their poor selectivity and high operating temperature have given rise 

to the need to implement several strategies to overcome these drawbacks and, at the same 

time, reach enhanced sensitivity. Among them, binary, ternary metal oxides, variations in 

synthesis conditions, and implementing SMOs with other materials, such as reduced graphene 

oxide (rGO) have been explored. In this context, the gas sensing properties towards ozone gas 

of Indium Tin Oxide (ITO) thin films obtained by frequency-sputtering method was 

evaluated. ITO, which is composed of indium oxide (In2O3) and tin oxide (SnO2)), was 

deposited under different deposition conditions (ex- and in- situ thermal annealing) and 

sputtering atmosphere (Ar or Ar+O2), as well as the formation of a rGO/ITO thin film was 

explored. The results show that the sample heat-treated ex-situ at 300°C presents the best 

response to ozone gas under the same working temperature and ozone amount. Its optimal 

operating temperature and thin film thickness towards ozone detection was 300°C and 100 

nm, respectively. The film deposited in the argon atmosphere (Ar-film) shows a higher ozone 

response than that deposited in an argon and oxygen mixing atmosphere (Ar+O2). The 

rGO/ITO thin film deposited in the Ar atmosphere does not display a larger difference in the 

response in relation to the ITO film deposited on Ar atmosphere. On the other hand, the 

rGO/ITO thin films deposited in the Ar and O2 atmospheres (rGO/Ar+O2) exhibit a higher 

response regarding the ITO film deposited in Ar+O2 atmosphere on the same conditions. 

Moreover, the ozone sensing response of the rGO/ITO thin film deposited on Ar+O2 

atmosphere presents a better response when operating at 200°C. At 200°C, its response is 

approximately three times compared when measured at 300°C.  

Keywords: Gas sensor. Sputtering. Ozone. ITO. Electrical properties.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

RESUMO 

 

ENSUNCHO HERNÁNDEZ, L. J. Óxido de indio e estanho (ITO) e óxido de grafeno 

reduzido/ óxido de indio e estanho (rGO/ITO) na forma de filmes finos: efeito dos 

parâmetros de síntese na detecção do gás ozônio. 2021. 74 p. Dissertação (Mestrado em 

Ciências) –Instituto de Física de São Carlos, Universidade de São Paulo, São Carlos, 2021. 

Atualmente, diferentes estratégias estão sendo empregadas para obter materiais sensores de 

gás com alta sensibilidade, resposta rápida, boa seletividade e baixos limites de detecção. 

Sensores de gás baseados em semicondutores de oxido metálicos (SMOs) resistivos estão 

entre os mais amplamente usados como aplicações de detecção de gás. No entanto, a maioria 

dos materiais apresenta baixa seletividade e alta temperatura de operação, senso assim 

necessário, utilizar diferentes estratégias para superar essas desvantagens e, ao mesmo tempo, 

atingir maior sensibilidade. Entre eles, o uso de óxidos metálicos binários e ternários, 

variações nas condições de síntese, bem como a implementação de SMOs com outros 

materiais, como por exemplo, com o oxido de grafeno reduzido (rGO) tem sido explorados. 

Nesse contexto, foram avaliadas a propriedades de detecção em relação ao gás ozônio de 

filmes finos de Óxido de Índio e Estanho (ITO) obtidos pelo método de pulverização catódica 

por radiofrequência. ITO, que é composto de óxido de índio (In2O3) e óxido de estanho 

(SnO2), foi depositado sob diferentes condições de deposição (recozimento térmico ex- e in- 

situ) e atmosfera de pulverização catódica (Ar ou Ar+O2), bem como a formação de um filme 

fino de rGO/ITO foi explorado. Os resultados mostram que a amostra tratada termicamente 

ex-situ a 300°C apresenta a melhor resposta ao ozônio em comparação com os processos ex- e 

in- situ a 500°C e 200°C, respectivamente, com uma ótima temperatura de operação a 300°C 

para detecção de ozônio e espessura do filme igual a 100 nm. O filme depositado em 

atmosfera de argônio (Ar) apresentou uma resposta maior do que o filme tratado em uma 

atmosfera de argônio e oxigênio (Ar+O2). A formação de um filme de rGO com o filme de Ar 

(filme rGO/Ar) não levou a uma grande diferença de sensibilidade em relação ao filme de Ar. 

Por outro lado, o filme depositado sobre rGO e tratado em uma atmosfera de Ar+O2 exibiu 

uma maior resposta em relação ao filme de Ar+O2. Além disso, a resposta na detecção do 

ozônio do filme de rGO/Ar+O2 aumentou quando a temperatura operacional foi igual a 

200°C. A 200°C, a resposta foi aproximadamente três vezes maior comparada com a medida 

realizada a 300°C.     

Palavras-chave: Sensor de gás. Sputtering. Ozônio. ITO. Propriedades elétricas. 
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1 INTRODUCTION  
 

Over the last decades, the concern about atmospheric pollution has been ever-

increasing due to significant health problems leding to exposure to gas molecules composing 

this air pollution. According to the World Health Organization (WHO), air pollution is mainly 

caused by toxic gases and brought about 7x10
6 

premature deaths in 2012.
1
 Additionally, a 

newly report from the WHO said that over 90% of the world’s population living in urban 

areas are exposed to air pollution levels that exceed WHO guideline limits.
2
  Most of these 

hazardous gases, such as NO, CO, CO2, NH3, SO2, toluene, acetone, ethanol, methanol are 

routinely and daily released from industrial or agriculture processes, or given off as vehicle 

exhaust emissions. However, ozone gas, is considered the second most present pollutant in 

urban areas, and is formed primarily from reactions between two significant classes of air 

pollutants, NOx and Volatile Organic Compounds (VOCs), in the presence of ultraviolet 

radiation (UV).
3
 Prolonged exposure to these harmful gases may mount the risk of developing 

cardiovascular and respiratory diseases, as well as of lung cancer, at levels as low as part-per-

million (ppm).
4
 Currently, the detection of specific gases resulting from industrial or 

biological processes is of extreme interest for environmental monitoring, medical diagnosis 

and control safety. For this purpose, various types of gas sensors have been developed and 

studied based on different physical and chemical principles.
5–9

  

The resistive-based gas sensors are among the most widely applied as gas sensor as, in 

general, it is simple and easy to fabricate using cost-effective processes. The detection 

mechanism of such gas sensors is based on the resistance change of a sensing layer upon 

absorption and reaction in the presence of a specific target gas, which leads to a change in the 

density of the semiconductor charge carriers, and therefore modifies the material electrical 

conductivity.
10-11

 The sensing materials and the structures of the sensing layer are paramount 

factors in the gas sensor performance. So, semiconducting metal oxides are among the most 

potential candidates due to their lower cost, high sensitivity, fast response/recovery time, 

simple electronic interface, ease of use, low maintenance and ability to detect a large number 

of gases.
12

 The most used semiconducting metal oxides mainly include tin dioxide (SnO2), 

indium oxide (In2O3), tungsten dioxide (WO3), zinc dioxide (ZnO), titanium dioxide (TiO2) 

and also combinations between them have also been frequently reported.
13
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As to the point of view on the sensing mechanism of these materials, many parameters 

that affect the gas sensor performance such as grain size, the shape of the grains, porosity and 

the thickness of the gas sensing layer. According to Korotcenkov et al.,
14

 for most metal 

oxides, there is no clear description of the relationship between the parameters of sensing 

materials and sensor performances. Even for the most well-studied metal oxide SnO2, an 

exhaustive study of its behavior has not yet been accomplished. Additionally, although 

semiconducting metal oxides present recognized gas sensing properties and appealing 

simplicity, their poor selectivity and high operating temperature have given rise to the need to 

implement several strategies to overcome these drawbacks and, at the same time, on the hunt 

for reaching enhanced sensitivity.
15

 Due to which mentioned before, doping of transition 

metals, noble nanoparticle decoration, functionalization of carbon nanomaterials and 

graphene/metal oxide semiconductors have been explored.
16

 

In2O3 is a well-known n-type semiconductor that is widely used as a gas sensing 

material because of its low resistance and easy synthesis.
17

 When In2O3 is doped with SnO2 at 

relatively high concentrations (around 10% SnO2), it is named indium tin oxide. Indium tin 

oxide, other than being one of the most widely used transparent conductive oxide, is of great 

interest when used as a sensing material in the field of gas sensors. Indium tin oxide is used 

for detecting a wide variety of hazardous gases such as NO2, NH3, H2, CO, ethanol with good 

sensor responses.
18

 For instance, Lee et al.,
19

 prepared an ITO nanoparticle-based gas sensor, 

which could detect ppb level of NO2 at 150°C. Xu et al.
20

 fabricated an ITO nanofibers-based 

gas sensor toward NO2, the response of which could run 2.4 to 1 ppm at 160°C. On the other 

hand, the incorporation of reduced graphene oxide with metal oxides or doped metal oxides, 

paves a new way in gas sensing applications, improving the efficiency of gas sensing 

material. Indeed, Zhu et al. 
21

 reported a NO2 gas sensor based on rGO/SnO2 nanocomposites, 

and the sensing response increased three times compared with sensors based on pure rGO. 

Similarly, Andre et al.
22

 reported that rGO-In2O3 composite was as much as 10 times more 

sensitive than rGO and In2O3 tested separately regarding NH3 detection.  

In this context, we study the gas sensing properties of In2O3-SnO2 (ITO) compound 

deposited by the RF magnetron sputtering technique regarding ozone (O3) detection. 

Moreover, the effect on O3 detection of deposition of ITO on the reduced graphene (rGO) 

surface (rGO/ITO composite) are also studied. 
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      The background order of this project is presented in the following way: first we 

present some basic concepts concerning indium tin oxide material. Then, a brief revision 

about the effect of some synthesis parameters on the structural and microstructural properties 

of indium tin oxide grown by RF magnetron sputtering technique is detailed. Thirdly, the role 

of semiconducting metal oxides as sensing materials in the sensor field is presented, followed 

by a survey of some important papers about indium tin oxide as a gas sensor. Subsequently, a 

short remark regarding the mixing of semiconducting metal oxides with reduced graphene 

oxide in the field of gas detection is mentioned and the factors that make ozone detection very 

important.  And finally, the gas detection mechanism of semiconducting metal oxides is 

presented.        
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2 LITERATURE REVIEW 

 

2.1 Indium Tin Oxide compound 

 

Indium tin oxide or tin-doped indium oxide (ITO) is a well-known transparent 

conductive oxide (TCO). It is a degenerate n-type semiconductor that is composed of indium 

oxide (𝐼𝑛2𝑂3) and tin oxide (𝑆𝑛𝑂2) with a typical mass ratio of  90:10 
23

 and presents a wide 

band gap of 3.5-4.06 eV.
24

 Since ITO films have high transmittance in the visible range of the 

optical spectrum, high reflectance in the infrared range owing to its high density of free 

electrons in ITO conduction band and high conductivity similar to a metallic material,
25

 they 

are widely used materials in a variety of electronic and optoelectronic fields, such as panel 

displays,
26

 biological sensors,
27

 solar cells,
28

 smart windows 
29-30

 and transparent transistors.
31

 

ITO has also been the subject of considerable research as chemiresistive gas sensor, and one 

of the reasons for that is its good linearity and excellent stability against time and temperature 

variations.
32

      

The most common and stable crystal structure of 𝐼𝑛2𝑂3 is the bixbyite structure (also 

known as the c-type rare earth oxide structure, space group 𝑇ℎ
7, 𝐼𝑎3̅) with a lattice parameter 

and density of 10.117 �̇� and 7.12 𝑔/𝑐𝑚3 33-34
 respectively. This body-centered cubic contains 

80 atoms in its cubic unit cell, where 32 atoms correspond to indium atoms and 48 atoms to 

oxygen atoms. The indium atoms occupy two non-equivalent lattice positions (see Figure 1) 

surrounded by oxygen atoms, where 8 indium atoms are located in the center of trigonally 

distorted oxygen octahedrons (b site), while the remanding 24 indium atoms are located in the 

center of the more distorted octahedrons (d site).
35

      

 

Figure 1 - Different coordination of Indium atoms in  𝐼𝑛2𝑂3 crystal.   

Source: QIAO.
36

 



18 

 

ITO is essentially formed by replacing the In atoms by Sn atoms in the crystal 

structure of 𝐼𝑛2𝑂3. It was reported that the most preferentially occupied sites by Sn atoms in 

the cubic bixbyite structure are the less distorted b lattice sites.
35,37

    

The high conductivity of ITO has been attributed to both substitutional tin and oxygen 

vacancies, where the former provides an electron to the conduction band, and the latter 

contributes at a maximum of two electrons to the electrical conductivity.
38

 When this oxide is 

heavily doped, a phenomenon known as Moss–Burstein shift occurs, that is, the apparent shift 

of the band gap of the semiconductor towards higher energies, as a result, an optically 

widening band gap is observed.
39–43

              

 

2.2  Factors affecting the ITO properties grown by RF sputtering 

 

ITO thin films are currently obtained using several deposition methods such as 

physical vapor deposition,
44–47

 chemical vapor deposition,
48-49

 sol-gel process,
50

 spray 

pyrolysis,
51

 etc. Magnetron sputtering is one of the most widely used methods to obtain ITO 

thin films among these deposition techniques. Compared to other preparation techniques, 

magnetron sputtering is appropriate for different substrates, a wide range of oxygen partial 

pressure or temperature conditions, and allows to maintain the stoichiometric ratio of ITO 

target in the formed films.
52

 

The properties of ITO films are quite sensitive to the sputtering deposition conditions 

such as the sputtering power, deposition atmosphere, substrate temperature, target-to-substrate 

distance, working pressure, etc. This section considers the effect of sputtering power, 

deposition atmosphere, and substrate temperature on the ITO properties. 

 

2.2.1 Effect of sputtering power: pure Argon (Ar), no substrate heating    

 

In the work of Wu et al.
.53

 where they varied the sputtering power from 15 to 125 W, 

the crystalline ITO thin films present a preferred orientation change from (222) to (400) as 

sputtering power increases from 15 to 100 W. However, at 125 W the intensity of the (222) 

peak is comparable to that of the (400) peak. The lattice constant rises up to 50 W, while for 

higher sputtering power, it decreases. The decrease of lattice constant was attributed to the 

reduction of oxygen content at high sputtering power. At surface level, the ITO film deposited 
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at 125 W has a smoother and denser structure than the 15 W deposited one. Whereas, the 

work of John et al.,
54

 who changed sputtering power from 50 to 200 W in steps of 25 W, the 

ITO thin films are completely amorphous, reaching the crystallization for higher sputtering 

powers (>100 W). The grain sizes of the crystalline samples are found to increase from 28 to 

65 nm as the sputtering power rises from 125 to 200 W.                

Kashyout et al. 
55

 studied the crystallization behavior of ITO thin films as a function of 

annealing and sputtering power varying from 50 to 300 W in steps of 50 W. Similarly, as John 

et al.,
54

 they found the as-deposited films are amorphous at low deposition power (50 W). 

With a slight increase in sputtering power (100 W), it is observed that some planes start to 

appear dominant at the early growth stage, either the (222) plane or (440) plane, but a 

preferential crystallization along (400) is generated for higher sputtering powers (>100 W). 

Post-deposition annealing, the as-deposited films with (400) oriented plane change from (400) 

to (222) plane. The surface morphology for this as-deposited sample shows columnar grains 

growing perpendicular to the substrate.  

Generally, ITO thin films grown for both low sputtering power and high sputtering 

power tend to exhibit grains with columnar and compact structure, smooth surface and, grains 

become larger upon post-deposition annealing.
43,54–57

      

 

2.2.2      Effect of deposition atmosphere: without substrate heating    

 

The most commonly used sputtering gases are Ar, O2 and H2, and different 

combinations during deposition are used to produce ITO films.
58-59

 Guillen et al. 40
 studied the 

influence of oxygen and annealing atmosphere on the ITO thin films. They observed that the 

as-deposited ITO layers with various oxygen proportions (0.2, 0.4, 0.8% O2) are amorphous, 

and crystallization occurs upon annealing at 350°C in a vacuum or air. The annealed ITO 

films have a (222)-orientated plane. The average roughness values (Ra) and grain size rise 

when oxygen content is increased (Ra=5, 8, 12 nm), and no significant changes relating to the 

roughness values are found when ITO films are placed in a vacuum or air atmosphere.     

In the work of Marikkannan et al.,
58

 three different gas combinations (Ar, Ar+O2, 

Ar+O2+H2) are used during deposition. Among them, the Ar+O2 ambient sputtered ITO film 

shows the highest root mean square value (Rq=12.9 nm) at the oxygen content of about 5%, 

while the Ar-only film has an Rq value of 10.9 nm. The as-grown film deposited under pure 
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Ar ambient crystallizes along the (400) plane, whereas the addition of Ar+O2 changes its 

preferential orientation along (400) into (222). Similar results about the crystallization of ITO 

in an oxygen-contained atmosphere are found in Wat et al. 
59

 They reported that the (222) 

plane is dominant even for lower oxygen percentages. However, some papers reported 

preferential growth along (440) with oxygen levels similar to the paper mentioned before.
60,61

 

In all these works, the ITO films show a highly columnar structure.  

 

2.2.3 Effect of substrate temperature 

 

Another parameter that significantly affects ITO properties is the substrate 

temperature. Reddy et al.,
62

 prepared ITO thin films by varying the substrate temperature 

from 50 to 400 °C using an RF-power of 50 W. ITO films present a preferred orientation at 

low substrate temperature (100°C) along (222) plane, but the orientation changes from (222) 

to (400) with increasing substrate temperature. Additionally, the Rq value decreases with 

increasing substrate temperature until 300°C and then increases slowly with a further rise in 

the substrate temperature. The highest and lowest Rq value is found to be 6.76 and 3.10 nm. 

Similar behavior regarding substrate temperature in Rq value and structural crystallization are 

found in works even for higher sputtering powers.
63-64

          

Significant changes are observed at the surface of ITO film when substrate 

temperature and sputtering power simultaneously have high values during the deposition 

process. Yamamoto  et al.
65

 reported ITO nanowires when the substrate temperature is heated 

at 300°C in an oxygen-free Ar atmosphere and RF power of 300 W. Moreover, they observed 

that the addition of oxygen (0.73% O2) in the sputtering atmosphere has an inhibitory effect 

on the growth of ITO nanowires at the same temperature, and therefore, an ITO thin film is 

formed.        

A detailed study of growth parameters influence such as RF-power, oxygen content 

and substrate temperature on morphology of ITO films is presented by Li et al.
66

 The 

substrate temperature is varied from 100 to 600°C under an RF-power of 250 W and an 

oxygen flow rate of 0.2 sccm (~0.8% O2). They obtained ITO nanowires at the substrate 

temperature of 500 °C. Under a fixed RF-power of 250 W and a substrate temperature of 500 

°C, they varied the oxygen flow rate (0, 0.2 and 0.4 sccm) during sputtering deposition. ITO 

nanowires are observed even without oxygen content, however when the oxygen flow rate is 
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0.4 sccm, an ITO film rather than ITO nanowires is formed. And three different values of 

sputtering power (200, 250, 300 W) are used with a 0.2 sccm flow rate of oxygen at 500°C. 

At the power of 200 W, ITO nanorods are grown on the substrate, and ITO nanowires are 

obtained for 250 and 300 W.    

 

2.3 Gas sensor and Semiconducting metal oxides (SMOs) 

 

Even though the human olfactory system is considered the least significant of the 

human senses,
67

 it is highly important, since it warns us about potentially hazardous gases, 

and is the only active sense during sleep.
68

 The human olfactory system can discriminate 

roughly 400 000 odors.
69

 Nevertheless, when the gas concentration is very low or the gas is 

odorless, it cannot be detected by the human olfactory system. Several types of gases such as 

NO2, CO, CO2, O3 are harmful to human health when their concentrations are above a critical 

threshold. Additionally, there are some gases as H2 and CH4 that are explosive when exposed 

to air. Accordingly, sensitive technological devices are necessary to detect toxic and 

dangerous gases in our surroundings. In this context, many gas sensors have been developed 

based on different working principles, such as resistive,
5
 optical,

6
 ultrasonic and acoustic 

wave,
7
 thermoelectric

8
 and electrochemical.

9
 Owing to the possibility of detecting both toxic 

and explosive gases, gas sensors are used in several fields as greenhouse gas monitoring,
70

 

automotive industry, biomedical applications,
71

 and food industry.
72

 Figure 2 shows the 

annual publication in the field of gas sensors during the last five decades, which indicates the 

ever-increasing demand.                   
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Figure 2 - The annual publication of gas sensors in the last five decades. 

 Source: MALIK et al.
15

 

 

Among these gas sensors, resistive-based gas sensors are most commonly selected for 

gas sensor device applications
73

 and account for more than 20% of the gas sensor market.
74

 

According to Kim et al.,
75

 SnO2, ZnO, TiO2, WO3, In2O3 and Fe2O3 are the most common 

sensing materials used as resistive gas sensors. Different combinations between these 

semiconducting metal oxides have been implemented to improve the sensor parameters, 

In2O3-SnO2 (also known as ITO) is one of the most well-known sensing materials in the field 

of gas sensors. 

 

2.4 ITO as gas sensor           

 

There are many reports on ITO-based gas sensors where it has been employed to 

detect different hazardous gases both reducing and oxidizing, such as NO2, H2, benzene, 

ethanol, methanol, NH3, CO, formaldehyde, and prepared by various either physical or 

chemical routes.
76–82

 These techniques used for obtaining ITO as a sensing material permit it 

to present several morphology types as nanorods, nanofibers, nanotubes, nanoparticles and 

nanowires. Nevertheless, few of these techniques, cited here, thin-film technology is 

presented. Korotcenkov et al.,
83

 studied compact In2O3 and SnO2 films using physical 

methods of deposition and emphasized that even for smaller thicknesses, they did not have the 

porosity found in sensors fabricated by other methods. Besides, several experiments have 
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shown that films grown by sputtering  showed an especially dense structure.
84-85

 This means 

that the use of deposition based on physical methods makes films to less gas-permeable.         

Although few reports are available on ITO sensors prepared by thin-physical methods, 

since physical method-prepared thin films as gas sensors have some drawbacks such as low 

sensitivity and poor selectivity for specific gases,
32

 in the literature, one can find specific 

reports linked to ITO-related gas detection materials obtained by RF magnetron sputtering. 

Pandya et al.,
86

 prepared ITO thin films under two different sputtering powers of 200, 300 W 

(in an Ar-only atmosphere and no substrate heating) and studied their influence on the 

sensitivity of ITO sensor to ethanol. They found that the ITO film prepared at 200 W 

following post-deposition annealing at 450°C for 1 h has the highest sensitivityi (S=1.14) at 

250 °C to 200 ppm ethanol gas. The sputtered ITO film at 200 W shows grains that are much 

smaller in size and are uniformly distributed. Isik et al.,
87

 studied the gas sensing properties of 

ITO thin film regarding two different gases (CO and H2) under the same sputtering 

conditions. At a fixed sputtering of 300 W and in an oxygen content of 16.3 %, they reported 

that the sensitivity, response/recovery time is 1.092, 38.9/62.1 s for CO and 1.109, 32.8/36.4 s 

for H2 at 200 °C.  

On the other hand, additional changes in deposition parameters were done by 

VasanthiPillay et al.,
88

 to reach an enhanced response to H2. They deposited ITO thin films at 

150 W, at the substrate temperature of 375 °C and an oxygen percentage of 60%. The 

maximum sensitivity is found to be 1.6 at 127°C for 1000 ppm H2. The as-grown film shows 

a nanoscale system with a non-uniform morphology with bright flower-shaped agglomerates 

of grains. With the above-aforementioned deposition conditions, VasanthiPillay et al 
89,90

 

studied the effect of annealing on the sensing properties of ITO towards ethanol gas and NO2. 

The annealed film (427 °C for 1 h) presents higher sensitivity to ethanol than that of the as-

deposited one at 377 °C for all ethanol gas concentrations (200-1400 ppm). In particular, at an 

ethanol gas concentration of 200 ppm, the sensitivity is roughly 40 at 377°C, whereas the 

maximum sensitivity to 50 ppm NO2 is 28 at 327°C, which is higher than the response of 

single oxide SnO2, In2O3 and Ga2O3, reported in the literature.
91-92

 The annealed films show a 

fine, uniform, and closely packed distribution of polycrystalline nanoclusters free of 

microcracks.    

                                                           
i  Sensitivity (S): Ra/Rg (reducing gases) or Rg/Ra (oxidizing gases). Ra and Rg are the electrical 

resistances under air and test gas respectively.   
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Zhang et al.
93

 fabricated ITO materials with different morphologies by adjusting the 

oxygen content and sputtering power at the substrate temperature of 500 °C. They obtained 

ITO nanostructures as nanorods and nanowires at 200 and 250 W, when oxygen content is not 

added during deposition, while ITO films are formed for 0,4 and 0,8 % O2. The sensor made 

by nanowires was the best one, and the sensitivity of the sensor was 235.6 mg
-1

 at the ethanol 

gas concentration of 400 ppm under 250°C, and the response and recovery time was 10s and 

12s, respectively. The enhanced sensitivity in ITO nanowires is associated with a larger 

specific area, more oxygen vacancies, and an orientated electron transport channel.      

According to the aforementioned statements, Ar gas and sputtering power produce 

ITO films with a columnar and compact structure that makes films less gas-permeable, which 

is not good for applications as a gas sensor. Depending on the sputtering parameters, the 

addition of oxygen during deposition could have good effects on the sensing properties of 

ITO. On the one hand, the surface roughness increases when oxygen is added without heating 

the substrate temperature. Surface roughness is directly proportional to the gas sensitivity of 

the film because more significant roughness results in a larger contact area with the gaseous 

species. On the other hand, when the substrate temperature is heated, the oxygen content 

could have either an inhibitory effect or not on the growth of ITO nanostructures. Finally, ITO 

nanostructures such as nanorods and nanowires emerge with larger surface areas for high RF 

power and substrate temperature values. ITO sensors with these morphologies have good 

sensitivity because of their large surface-to-volume ratio.          

 

2.5 Reduced graphene oxide (rGO)-SMOs 

 

As mentioned before, the SMOs are the most widely used sensing materials for gas 

sensor applications but their poor selectivity and high operating temperature have ignited the 

need to implement several strategies to overcome these drawbacks and, at the same time, 

reach enhanced sensitivity.
15

 An alternative to overcome these limitations is combining SMOs 

with other materials. Reduced graphene oxide (rGO), synthesized by the reduction of 

graphene oxide (GO), is a better choice for gas sensing applications because it contains many 

dangling bonds and defects, resulting in better sensing properties.
68

 Andre et al.,
22

 have 

reported that rGO-In2O3 composite is 10 times more sensitive than pure rGO or pure In2O3 

nanofibers regarding the detection of NH3. The combination of SnO2 with rGO increases the 
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NO2 response at 50 °C by a factor of 3.
94

 The work of Na et al.,
95

 reported that In2O3-

decorated rGO nanosheets exhibit a response of 30 at 120 °C when exposed to 500 ppb NO2, 

whereas Liu et al.
96

 produced a flower-like structure that could detect 1000 ppb at 70 °C with 

a response higher than 1000.           

 

2.6 Ozone  

 

Ozone is an allotropic form of oxygen and is one of the most important gases in the 

stratosphere because of its ability to filter ultraviolet (UV) rays, which is fundamental for the 

biological balance of the biosphere.
97 

Due to its strong oxidizing capacity, it is the primary 

disinfectant used worldwide.
98

 On the other hand, when its level exceeds a specific threshold 

value (higher than 120 ppb (daily exposure), in accordance with the European Guidelines), 

exposure to this gas becomes hazardous to human health since it causes a headache, burning 

eyes, respiratory irritation, and lung damage.
99

 The ground-level ozone forms upon 

interactions of nitrogen oxides (NOx) and Volatile Organic Compounds (VOCs) with UV 

radiation and is considered as the second most present pollutant in urban areas.
3
 Thus, these 

factors make the detection of ozone very important.               

 

2.7 Gas sensing mechanism of SMOs 

 

In any SMO (n- or p-type) with gas sensing properties, its mechanism is mainly based 

on a change in electrical conductivity or resistivity after they are exposed to the target gases. 

This change is related to the chemical interaction between ionosorbed surface oxygen and 

target gas type on the surface material.
10-11

 The adsorbed oxygen molecules on the surface can 

trap free electrons from the conduction band of the semiconductor, which results in the 

formation of negatively charged oxygen ions, including 𝑂2
−, 𝑂−  and 𝑂2− at different 

operating temperatures.
100-102

 Below a temperature 147 °𝐶, oxygen is ionosorbed as 𝑂2
− and it 

is ionosorbed as 𝑂−, when the working temperature is increased between 147 °𝐶 and 397 °𝐶, 

which is usually the operating temperature range of the gas sensors. And over  397 °𝐶 

formation of 𝑂2− occurs.
102

 The presence of charged species on the surface of a 

semiconductor induces a band bending and formation of a depletion layer.
103

 The depletion 

layer is also known as the space-charge layer or electron-depleted region.  
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The conductivity of the gas sensor relies on both the semiconductor type and the target 

gases. When the gas sensor is exposed to reducing or oxidizing gases, this will affect the 

density of charge carriers (n-type electrons or p-type holes) in the near-surface region of each 

grain. Reducing gases will remove the surface-bound oxygen atoms, allowing the transfer of 

the negative charge (trapped electrons) to the semiconductor, decreasing the space-charge 

thickness and, at the same time, the potential barrier between grains (upper-right side). On the 

other hand, oxidizing gases will interact with the trapped electrons by the oxygen molecules 

on the surface of SMO, generating that other electrons are extracted from the conduction 

band, and therefore increasing the space-charge region as well as the potential barrier (lower-

right side). Thus, the target gas molecules will decrease or increase the charge carriers, which 

leads to a change in the materials’ conductance.
104–106

 

 

Figure 3 -  Detection mechanism of a n-type SMO when exposed to reducing gas 𝐻2 (upper-right side) and 

oxidizing gas 𝑁𝑂2 (lower-right side) .   

Source: SHIMIZU. 
107

 

 

Table 1 shows the behavior of resistance by changing gas atmosphere for n-type and 

p-type semiconductors: 

Table 1 - Resistance behavior according to the exposed gas. 

Classification Reducing gas Oxidizing gas 

n-type Resistance decrease Resistance increase 

p-type Resistance increase Resistance decrease 

Source: DEY. 
102
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2.8 Conduction process in thin films 

 

As mentioned before, when oxygen molecules are adsorbed at the semiconductor 

metal oxide surface, at the same time, an electron depleted region and upward band bending 

are generated (see Figure 4), where this latter forms a potential barrier at the grain boundary 

(also known as Schottky barrier). This electron-depleted region and inter-grain connection are 

responsible for becoming the gas absorption into a measurable electrical signal. According to 

the conduction and response models for metal oxide gas sensors
108–110

 the conductivity of a 

grain network is confined by the resistance of inter-grain contacts. In contrast the interaction 

between gaseous species and the surface of the semiconductor metal oxide is controlled by the 

surface energetics and the area accessible for absorption.       

 

Figure 4 - Energy band model for a semiconductor metal oxide. Three grains showed how the inter-grain contact 

resistance occurs. The height of the energy barrier is 𝑞𝑉𝑠. 

 Source: SHARMA et al.
111

 

 

The gas-sensing performance can take place at different sites of the sensing layer, 

depending on its morphology. The thin film morphology can be divided into compact and 

porous ones.
108

 For the former, gases cannot penetrate into the layer, and the gas sensing 

reaction is only confined to the surface of the sensing layer. In the latter approach, gases can 

access the whole volume of the sensing layer, and the gas sensing reaction can take place both 
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at the surface of individual grains and at grain-grain boundaries. Figure 5, shows the gas 

interaction for the two ways stated before.   

 

Figure 5 - Schematic of gas sensing interaction in (left) compact layer and (right) porous layer.  

Source: SHARMA et al.
111

 

 

 

 At the intergranular contact, two space charge layers back-to-back induce an 

opposition to the crossing of electrons, and give rise to the higher resistance values at those 

contact points.
111

 Owing to that, all grains would have an electron depletion region, the 

conductivity of a grain network would be limited by the presence of the potential barrier at the 

interconnection between grains, as shown in figure 4. The height of the potential barrier relies 

on the thickness of the depletion layer and grains connectivity.          

According to Bochenkov et al.,
112

 there are three different cases of conductance 

mechanisms that can be distinguished regarding the relationship between the space charge 

layer and grain size.   

 Large grains with completely depleted contacts: large grain refers to grains 

which size (D) is larger than the thickness of the depletion layer (L) (Figure 6 

(upper side)). This case appears when the grains are not sintered together, in 

such a situation there is not overlapping of the structures. The conductivity of 

the sensing film relies on the inner mobile charge carries and the electrical 

conductivity depends on the grain boundary control, which is not so sensitive 

to charges acquired from surface reactions. 

 Large grains with partly depleted contacts: as D becomes smaller and 

comparable to 2L, necks become most resistant, and they start controlling the 

gas sensitivity (Figure 6 (middle side)). In this case, the contact does not play 

an important role in gas detection due to neck formation. The conduction 
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relies on the relative dimensions of the depletion layer and neck.
108

 For a 

narrow neck, the depletion layer will generate an additional potential barrier 

in charge carriers. According to Korotcenkov et al.
14

 narrow neck forms often 

constitute the most sensitive sites of sensing materials since all the electrons 

from these narrow necks can be potentially tied up with the chemisorbed 

oxygen, giving rise to entirely electron-depleted resistive regions. On the 

other hand, necks large enough will allow inter-grain conduction similar to a 

bulk material does.  

 Small grains: when the grain size is less than twice the depletion layer 

thickness, the grain is fully involved in the space-charge layer (Figure 6 

(bottom side)). The grains’ resistance dominates the chain’s whole resistance 

and the gas sensitivity is controlled by the grains themselves.    

 

Figure 6 -  Schematic model of grain size effect on electrical conductivity in porous film. The charge carries 

experiment different barriers according to the grain connections: grain boundary control 𝐷 ≫ 2𝐿  

(upper side), neck control 𝐷 ≥ 2𝐿 (middle side) and grain control 𝐷 < 2𝐿 (bottom side).  

Source: SHARMAN et al.
111

 

 

 

Simultaneously, the conduction mechanism also depends on the type of gaseous 

species interacting at the semiconducting metal oxide surface since the density of the charge 

carrier varies. For an oxidizing atmosphere, the space-charge layer will become thicker 

(Figure 3.b)) until all active sites are occupied, whereas in the presence of reducing gases, the 

space-charge layer will become thinner (Figure 3.a)).      
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Large areas for absorption and the overlapping of grains are two critical parameters to 

consider for improving the gas sensing properties of semiconductor materials.  

     

2.9  Sputtering deposition method  

 

It has been reported that the gas sensor performance is strongly dependent on thin-film 

structure (grain size, shape, porosity, etc.); this, in turn, depends on both conditions of 

sintering and the preparation route used for thin-film formation. In particular, according to the 

synthesis method used, the same semiconductor metal oxide with similar morphologies 

presents different gas sensing properties.
14,113

 Owing to the lack of this growth control, 

choosing among several deposition techniques the most indicated that permits the 

reproduction of the same sensing results from one film to the other is important. Sputtering, in 

this context, is an appealing technique to obtain such films considering that it allows high 

controllability of the process, time-saving, low deposition complexity, and film growth 

stability.
114

            

The sputtering process consists of the physical removal of particles from a target 

surface (cathode) through the energy transfer of ionizing particles.
115

 The outcoming atoms 

(from the target) are deposited on the substrate surface (anode), forming a film as shown in 

Figure 7. To reach the ejected atoms, an inert gas, such as argon (working gas), is injected 

into the vacuum chamber and employing a strong electric field between the cathode and 

anode causes the ionization of the inert gas, thereby allowing the acceleration of the ions 

toward the target material. Depending on how the ionizing potential is applied, the sputtering 

can be classified as direct current (DC) or radio-frequency sputtering (RF). Unlike DC 

sputtering, a constant voltage is used between cathode and anode, RF sputtering is applied to 

an oscillating voltage with a high-radio frequency. Furthermore, permanent magnets are 

placed in the immediate cathode vicinity to force electrons to rotate inside the plasma near the 

target and increase the collision probability and the ionization process.              
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Figure 7 - Schematic representation of RF magnetron sputtering.  

Source: BOSCO et al.
116
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3 OBJECTIVES 

 

This project aims to synthesize ITO and rGO/ITO thin films by RF magnetron 

sputtering and verify how variations in deposition parameters affect sensing properties 

regarding ozone gas detection.      

For this purpose, the next specific objectives were established: 

 Synthesize ITO and rGO/ITO thin films by RF magnetron sputtering from an 

ITO ceramic target.  

 Analyze the effect of heating, ex- and in- situ process as well as deposition 

atmosphere on microstructure. 

 Analyze the film growth conditions on microstructure and crystallinity of ITO 

and rGO/ITO thin films.  

 Study the microstructure influence on the gas sensing properties of ITO and 

rGO/ITO thin films.   
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4 MATERIALS AND METHODS 

 

All experimental work is divided into three important sections (Figure 8): thin film 

deposition, structural and chemical characterization and, finally, the evaluation of the gas 

sensing properties. In the first part of the work, ITO thin films are deposited under two 

deposition types (Ex- and In- situ process), and their influence on the structure and 

morphology of ITO film is studied. To find the deposition types that enhance the sensing 

properties, the response of ITO sputtered films to ozone is investigated. Finally, the 

deposition type of the ITO sensor with a good response is undergone two further depositions: 

ITO film deposited (i) by changing sputtering atmosphere and (ii) on the rGO surface.   

 

 

 

 

Figure 8 - Work plan scheme for the study of ITO films used as a gas sensor.  

Source: By the author.  

 

 

4.1 Experimental procedure 

 

4.1.1 The cleaning process and substrate functionality  

 

Three different substrates were used for deposition and characterization purposes: 

glass, silicon and interdigitated electrodes-containing silicon. The substrates were degreased 

in a dilute detergent solution, rinsed ultrasonically in deionized water, dried in a furnace in 

air, and finally, they were cleaned in a piranha solution bath. The glass, silicon and 

interdigitated electrode-containing silicon substrates were used during the preparation of ITO 

thin films and rGO/ITO composites. The glass and interdigitated electrode-containing silicon 

substrates were intended for XRD and gas sensing measurements, respectively, whereas 

silicon substrate was intended for XPS, MEV and AFM measurements.  

 

 

 

Characterization Gas sensing Film deposition 

RF sputtering XRD, MEV, XPS Exposure to ozone 



36 

 

4.1.2 ITO deposition 

 

ITO thin films were deposited on various substrates by RF (13.5 MHz) magnetron 

sputtering technique from a ceramic ITO target containing 90 wt% In2O3 and 10 wt% SnO2. 

Prior to deposition, the chamber was evacuated to a background pressure of 4.5𝑥10−6 mbar, 

and then by injecting Ar or Ar+O2 the working pressure was fixed at  2.5𝑥10−2 mbar. The Ar 

and O2 flow rates were adjusted by two independent mass flow controllers. The RF power and 

target-to-substrate distance were 60 W and 6.5 cm, respectively. These parameters were fixed 

for all depositions (Table 2). In the first part, the deposition process was carried out in pure Ar 

atmosphere and the substrate temperature was changed (Figure 9.a)). The ITO films grown at 

room temperature were subsequently annealed at 200, 300, 400 and 500 °C for 1 h in air. 

Table 3 indicates the type of annealing previously mentioned. Then the films prepared under 

the optimized deposition parameters were subjected to two further depositions as shown in 

Figure 9.b), as follows: ITO films were deposited (i) under a pure Ar and an Ar+O2 

atmosphere (6.6 % O2 content), (ii) on the rGO surface combining the sputtering atmospheres 

mentioned before.  And finally, ITO films and rGO/ITO were annealed at 300 °C under air for 

1 h. The deposition conditions for the second part are summarized in table 4. The heating rate 

used in the oxidation processes was 2.5 °C/min. Before each deposition, a 5-7 min pre-

sputtering process was employed to clean the target surface. In our experimental conditions, 

the different thicknesses were controlled by the following deposition rates: 23.3 nm/min for 

Ar atmosphere and 7.9 nm/min for Ar+O2 atmosphere (6.6 % O2 content).                          
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Figure 9 -  Schematic representation showing the procedure conducted to obtain a) the ITO films under two 

deposition types and b) the rGO and rGO/ITO composites.  

Source: By the author.       

 

 

 

 

Table 2 -  Deposition parameters used to obtain ITO tin films and rGO/ITO composites by RF magnetron 

sputtering   

Parameters Values 

Base pressure 4.5𝑥10−6 (mbar) 

Working pressure 2.5𝑥10−2 (mbar) 

Sputtering gas Pure Ar or Ar+O2 (6.6 % O2) 

Power 60 W 

Substrate-target distance 6.5 cm 

Source: By the author  

 
(4
20
) 
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Table 3 - ITO samples and type of annealing conducted during the first part of the deposition process 

Nomenclature Sputtering 

atmosphere 

Substrate 

temperature (°C) 

Heat 

treatment 

(°C) 

Type of 

annealing 

ITO0 Ar RT - - 

ITO1 Ar RT 200 ex-situ 

ITO2 Ar RT 300 ex-situ 

ITO3 Ar RT 400 ex-situ 

ITO4 Ar RT 500 ex-situ 

ITO5 Ar 200 - in-situ 

Source: By the author 

 

Table 4 -  ITO films deposited under two different atmospheres or on the rGO surface for the second part of the 

deposition process. 

Nomenclature Sputtering 

atmosphere 

Substrate 

temperature (°C) 

Heat 

treatment 

(°C) 

Type of 

annealing 

S-1 Ar RT 300 ex-situ 

S-2 Ar+O2 RT 300 ex-situ 

S-3ii Ar RT 300 ex-situ 

S-4iii Ar+O2 RT 300 ex-situ 

S-5iv Ar+O2 RT 300 ex-situ 

Source: By the author 

 

4.1.3 Preparation of rGO compound 

 

The graphene oxide (GO) was prepared by the modified Hummer’s method
117

 and the 

rGO was then obtained using UV laser radiation.
118

 An aqueous solution of graphene oxide 

was diluted to 1 mg/ml. Then, this solution was drop-casted on a heated substrate and, four 

cycles of 25 𝜇𝐿 each were used in the drop-casting procedure (Figure 9.b)). The laser 

reduction process was carried out in ambient conditions using a Spectron SL400 Nd:YAG 

                                                           
ii
 The sample S-3 is short for rGO/Ar 

iii
 The sample S-4 is short for rGO/Ar+O2 

iv
 The sample S-5 is short for rGO/Ar+O2 

(4
2
0
) 

(4
20
) 
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laser system in which the pulse duration and wavelength were set to 6 ns and 266 nm, 

respectively. The substrates with the deposited GO films were placed on a XY table that 

scanned the film at a scanning rate of 1 mm/s. Figure 10 shows an illustration of the process 

performed for reducing GO. After the reduction process, the rGO films were introduced into 

the RF magnetron sputtering chamber under the deposition conditions established in section 

4.1.1.      

 

Figure 10 - Schematic presentation showing the procedure to obtain rGO film.  

Source: Adapted from ARSHAK et al.
119

 

 

4.2 Samples characterization 

 

The structural properties of ITO films and rGO/ITO composites were conducted by X-

ray diffraction. The X-ray diffraction date were collected in a Rigaku Ultima IV 

diffractometer equipped with a Cu target, Cu-𝐾𝛼 radiation (𝜆 = 1.5418 �̇�). The recording of 

the diffraction patterns was made with a 0.02º step from 2𝜃 = 20 to 70°. The XDR patterns 

were compared with the pattern reported in crystallographic database ICSD (Inorganic Crystal 

Structure Database). The surface roughness and morphology of the prepared films were 

characterized using atomic force microscopy (AFM, Bruker Dimension ICON, tapping 

mode), scanning electron microscopy (SEM, JEOL JSM-7500F). The chemical composition 

and oxidation state of the elements present on the surface of the ITO films and rGO/ITO 

composites were by X-ray photoelectron spectroscopy (Scinta-Omicron ESCA+, Al 𝐾𝛼 

source (1486.7 eV)). The XPS spectra were adjusted using Shirley’s background subtraction 



40 

 

method, and the peaks were adjusted by mixed Gaussian-Lorentzian curves. The obtained 

spectra were corrected, assuming 284.8 eV for adventitious carbon. The data analysis was 

accomplished by CasaXPS software. 

 

4.3 Gas sensing measurements 

 

To build the gas sensor, the ITO thin films and rGO/ITO thin film composites were 

deposited on Pt interdigitated electrodes printed in silica substrates (SiO2/Si) containing 100 

nm thick Pt interdigitated electrodes (Figure 11 (a)). The interdigitated electrodes were 

fabricated by sputtering and photolithography techniques in the Microfabrication Laboratory 

(LMF) at the Brazilian Synchroton Light Laboratory (LNLS). Figure 11 (b) shows the 

experimental setup used to measure the gas sensing properties of ITO thin films and rGO/ITO 

composites under pollutant gas. The sensors are placed on a heating plate inside a sealed 

chamber equipped with a gas inlet and outlet. The sensing properties were determined by the 

continuous monitoring of the electrical resistance changes of the films during exposures of 

controlled ozone concentrations. Using two needles on electrode extremes, the electrical 

resistance is monitored continuously by measuring the electrical current with a Keithley 6514 

electrometer when an excitation voltage of 1 V is applied between electrodes. The Mass Flow 

Controllers, electrometer, voltage source, and temperature controller were connected to a 

computer dedicated to experimental controlling and data acquisition.        
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Figure 11 - (a) Scheme of printed interdigitated electrodes and (b) gas sensing properties measurement setup.  

Source: (a) Adapted from ARSHAK et al.; 
119

 (b) DE LIMA et al.
120

  

 

 

The ozone-controlled exposures are carried out by exposing the dry air flow under UV 

radiation lamp (UVP, model P / N 90-0004-01), and the ozone concentration is determined by 

a commercial AT1 (model F12) commercial electrochemical based gas detector. The different 

ozone concentrations were determined through a rule, in which each position means a well-

known ozone concentration. While the temperature is controlled, a mixture of dry air and 

ozone is injected above the sample, where the total flow used is 100 sccm All the gas sensing 

measurements were conducted under relative humidity at between 19 to 21 %.  

 The baseline is acquired when injecting dry air without ozone. The sensitivity (S) is 

defined as 𝑆(%) = (
𝑅𝑂3

𝑅𝑎
− 1) ∗ 100, where 𝑅𝑂3

and 𝑅𝑎 are the electrical resistances measured 

in the presence of ozone and dry air, respectively. The response/recovery times are defined as 

the time taken by sensor to reaching 90 % of ∆𝑅 induced by pollutant concentrations during 

gas exposure and consecutive recovery under dry air. 
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5 RESULTS 

 

5.1 Characterization of ITO thin films: Effects of ex- and in- situ processes on the 

structure and morphology in pure Ar atmosphere. 

 

Figure 12 shows the X-ray diffraction (XRD) patterns of the as-deposited (ITO0 and 

ITO5) and annealed ITO films (ITO1-ITO4) deposited on glass substrates through RF-

magnetron sputtering with thicknesses just above 1 𝜇𝑚. Figure 12) shows that the ITO5 film, 

which corresponds to the sample deposited at 200°C, displays a crystalline structure as well as 

a preferential orientation along the (400) plane, while when the substrate is not heated during 

deposition (ITO1 film) no diffraction peaks are observed, indicating an amorphous state of the 

deposited film.    

To reach the crystallization for the RT deposited ITO film, the samples were submitted 

to an ex-situ treatment at different temperatures in oxygen atmosphere. As shown in Figure 

12), ITO1 sample is semi-crystalline, whereas ITO2 has a completely accomplished 

crystallization. The ITO1, ITO2 and ITO3 films exhibit the preferred orientation along the 

(222) plane. It is also observed that ITO4 presents a slightly preferred orientation change from 

(222) to (400) peak. All the diffraction peaks of the crystalline ITO thin films can be indexed 

to the cubic bixbyite structure with JCPDS card No: 06-0416 and the space group of Ia3 

(206). This result suggests that the Sn
+4

 ions occupy the In
+3

 ions sites in the In2O3 crystal 

structure, and therefore, there were no other peaks corresponding to impurity relating to Sn, 

SnO or SnO2 phases. The preferred orientation along (400) appears when the film is sputtered 

in an oxygen-deficient atmosphere, indicating that these planes’ oxygen vacancies are 

accommodated. On the other hand, owing to the annealing was conducted under an oxygen-

rich atmosphere, stoichiometric In2O3 maintains and the crystal growth is preferentially with 

(222) plane. This plane does not accommodate oxygen vacancies very well, and so it is 

stabilized when there are fewer oxygen vacancies. These results are consistent with the 

previously reported data.
40,54,55,59

 The orientation of the films is thought to be dependent on 

the mobility of atoms on the substrate.
62

 If the atoms have a sufficient amount of energy, the 

ITO films will be orientated along the thermodynamically favorable plane or direction. When 

the substrate temperature is low, the mobility of atoms and particles deposited on the substrate 

is reduced, then the probabilities of interaction are also reduced, which results in an 

amorphous state. Whereas high substrate temperature increases the mobility of atoms, leading 
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to a crystalline structure of ITO films. The amorphous film has many defects and 

nonstoichiometry in composition. Post-deposition annealing can oxidize nonstoichiometry 

composition, and rearrange atoms to form stable polycrystalline films.
121

      

 

Figure 12 -  XRD patterns of ITO thin films deposited under different deposition types and heat-treatment in 

pure Ar atmosphere. ITO5 (deposited at 200°C), ITO0 (as-deposited), ITO1 (heat-treatment at 

200°C), ITO2 (heat-treatment at 300°C), ITO3 (heat-treatment at 400°C) and ITO4 (heat-treatment 

at 500°C). 

 Source: By the author 

 

To study the effect of the ex- and in- situ heat-treatment processes on the morphology 

of ITO films, three samples were selected for that purpose. Figure 13 shows the SEM images 

of ITO2, ITO4 and ITO05 with thicknesses of about 100 nm deposited on silicon substrates. 

Figure 13 (a, b) show the surface morphology and the grain size distribution of ITO5. It can 

be noticed that this film consists of two type of grain sizes, where the smaller grain sizes of 13 

nm are tight across the film, while the larger ones of 38 nm present triangular and more 

dispersed grains. Figure 13 (c, d) depict the surface morphology of ITO2 and ITO4, 

respectively. Both films exhibit grain size formation with very small grains compared to ITO5 

without any significant change in morphology between them. It also shows that the grain size 

distribution both for ITO2 and ITO04 is seemingly uniform and nearly the same. Although it 
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is impossible to determine the grain sizes both for ITO2 and ITO4 because of their tiny sizes, 

one can expect their average grain size to be under 13 nm.      

 

Figure 13 -  SEM images of 100 nm thick ITO2, ITO4 and ITO5 on silicon substrate. (a) ITO5 (deposited at 

200°C), (b) grain size distribution of ITO5, (c) ITO2 (heat-treatment at 300°C) and (d) ITO4 (heat-

treatment at 500°C).  

Source: By the author 

 

In addition, the surface microstructure of ITO films obtained from ex-situ and in-situ 

processes was also analyzed by employing three-dimensional AFM images (scan area 1 𝜇𝑚2) 

shown in Figure 14 on silicon substrates. It can be observed the effect of deposition type and 

the annealing on the surface morphology of ITO films. In the case of deposition type, that is, 

ex- and in-situ processes, Figure 14 (a) (ITO5) (sample deposited at 200 °C), as expected, 

shows grains that are closely packed and very dense with two nano-sized distributions, 

whereas Figure 14 (c) (ITO2) (sample heat-treated ex-situ at 300 °C) shows not only smaller 

grain sizes, but also much less dense grains, and hence a more porous film. In the case of 

annealing temperature, Figure 14 (d) (ITO4) (sample heat-treated ex-situ at 500 °C) exhibits 

just slightly larger grain sizes, a denser and thus less porous film than ITO2 is also observed. 

The mean surface roughness obtained from AFM images shows values of 0.73, 1.09 and 2.59 

nm for ITO2, ITO4 and ITO5, respectively.  
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Figure 14 -  AFM images of (a) ITO5 (deposited at 200°C), (b) ITO2 (heat-treatment at 300°C) and (c) ITO4 

(heat-treatment at 500°C).  

Source: By the author 

 

 

5.2 Characterization of ITO thin films deposited under different atmospheres and on 

the rGO surface 

 

Figure 15 shows the XRD diffraction patterns of the annealed ITO films (S-1, S-2) and 

annealed rGO/ITO films (S-3, S-4) on glass substrate. All the diffraction peaks of S-1, S-2, S-

3 and S-4 have a single-phase diffraction pattern belonging to the ITO cubic structure (JCPDS 

# 06-0416). It can be noticed that the introduction of O2 along with Ar during the preparation 

of ITO films presents a preferential orientation along the (440) plane, despite being heat-

treated in an oxygen-rich atmosphere. However, the deposition of ITO under pure Ar or 

Ar+O2 atmospheres on the rGO surface conserves the most typical orientation plane of In2O3 

(the plane (222)) and any peak assigned to rGO is observed.    
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Figure 15 -  XRD patterns of S-1, S-2, S-3 and S-4 on glass substrate. S-1 (deposited in pure Ar atmosphere), S-

2 (deposited in Ar+O2 atmosphere), S-3 (rGO/Ar) and S-4 (rGO/Ar+O2).  

Source: By the author 

 

Figure 16 presents SEM micrographs of S-1, S-2, S-3 and S-4. Figure 16 (a, b) shows 

SEM images with equal magnification for S-1 and S-2. The sample S-2, grown with the Ar/O2 

mixture, results in slightly larger grain sizes compared to S-1 (deposited in pure Ar 

atmosphere). The average grain size values are expected to be between 11-13 nm and 11-15 

nm for S-1 and S-2, respectively. Figures 16 (c, e) and (d, f) present two different 

magnifications for S-3 and S-4, respectively. One can note that the surface morphology of S-3 

is very similar to that of the rGO surface structure (Figure A.1), whereas the surface 

morphology of S-2 is totally different from rGO and S-1 surfaces. It is clear that the use of O2 

is an important parameter to take into account during depositions of ITO thin films and 

rGO/ITO composites. On the one hand, it tends to form slightly larger grain sizes on ITO 

films and, on the other hand, apparently has an inhibitory effect on the rGO surface, and 

because of this, the sample S-3 turns to be much more porous than the sample S-4. 



48 

 

 

Figure 16 - SEM images of S-1, S-2, S-3 and S-4. (a) 100k magnification S-1, (b) 100k magnification S-2, (c) 5k 

magnification S-3, (d) 5k magnification S-4, (e) 50k magnification S-3 and (f) 50k magnification 

S-4. S-1 (deposited in pure Ar atmosphere), S-2 (deposited under Ar+O2 atmosphere), S-3 

(rGO/Ar) and S-4 (rGO/Ar+O2).  

Source: By the author 

 

In order to confirm the element composition present at the surface and oxidized states 

of S-1 S-2, S-3, S-4 and S-5 samples, XPS characterization was conducted. Figure 17 shows 

the XPS survey spectra of S-1, S-2, S-3, S-4 and S-5 in the energy range of 0-1200 eV on 

silicon substrates. As can be seen, each survey scan confirmed the unique presence of peaks 

assigned to C, O, In and Sn. Carbon is presumably present as a surface contaminant 

originating from adsorbed CO2 or hydrocarbons present in the air, as confirmed by analyses of 

high-resolution C 1s spectra of the five samples (see Figure A.2). These spectra show three 

different carbon types, namely, from low to high binding energies: C-C, C-O and O-C=O.  
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Figure 17 -  XPS survey spectra of the samples S-1, S-2, S-3, S-4 and S-5. S-1 (deposited in pure Ar 

atmosphere), S-2 (deposited under Ar+O2 atmosphere), S-3 (rGO/Ar), S-4 (rGO/Ar+O2) and S-5 

(rGO/Ar+O2).  

Source: By the author.   

 

Figure 18 (a, b) exhibits the XPS spectra of In3d and Sn3d for S-1, S-2, S-3, S-4 and 

S-5. As shown in Figure 18 (a), there are two peaks for each sample, corresponding to the 

spin-orbit splitting of the In 3d3/2 and In 3d5/2 states. These correspond to the In
+3

 bonding 

state, specifically In2O3.
17

 Similarly, in Figure 18 (b) it can also be seen two characteristic 

peaks related to spin-orbit splitting of the Sn 3d3/2 and Sn 3d5/2 states, showing that Sn is 

present in the form of Sn
+4

 originating from SnO2.
17

 This is consistent with the XRD results, 

where no other phases of SnO2 were found.    
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Figure 18 - XPS spectra of (a) In3d and (b) Sn3d of S-1, S-2, S-3, S-4 and S-5. S-1 (deposited in pure Ar 

atmosphere), S-2 (deposited under Ar+O2 atmosphere), S-3 (rGO/Ar), S-4 (rGO/Ar+O2) and S-5 

(rGO/Ar+O2).  

Source: By the author.   

 

Peak fits of high-resolution O 1s spectra for ITO films and rGO/ITO composites are 

shown in figure 19. The O 1s peak both for ITO films and rGO/ITO composites has been 

fitted with four components as follows: the lower binding energy (peak 𝑂𝐼) corresponds to the 

lattice oxygen of crystalline In2O3 in which In ions are fully bonded with neighboring O
2-

 

ions. The peak 𝑂𝐼𝐼 is associated to oxygen that is adjacent to oxygen-deficient sites. The third 

peak 𝑂𝐼𝐼𝐼 is attributed to absorbed OH groups or adsorbed oxygen species. And finally, the 

peak 𝑂𝐼𝑉 is related to adventitious contaminants, specifically C-O and C=O.
122–124
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Figure 19 -  High-resolution O 1s XPS spectra of S-1, S-2, S-3, S-4 and S-5. S-1 (deposited in pure Ar 

atmosphere), S-2 (deposited under Ar+O2 atmosphere), S-3 (rGO/Ar), S-4 (rGO/Ar+O2) and S-5 

(rGO/Ar+O2).  

Source: By the author   

 

5.3 Gas sensing properties towards O3 detection of the ex-situ and in-situ processes 

 

To determine the deposition condition that has the enhanced response regarding O3, 

the ITO2, ITO4 and ITO5 samples with thicknesses of about 100 nm were selected. Figure 20 

(a, b, c) shows the dynamic response-recovery curves obtained by monitoring the sensor’s 

resistance when exposed to three cycles of 2.7 ppm O3 at 200 °C for ITO2, ITO4 and ITO5. 

As it can be seen, the sensor resistance increases with O3 inflow, which is typical behavior of 

a n-type semiconductor in presence of an oxidizing gas. One can also observe that upon the 

O3 exposure time of 10 min, the higher resistance change was observed for the ITO2 sample, 

followed by that of ITO5. It is also clear after consecutive O3 exposures, the selected samples 
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do not settle back to the original baseline resistance and tend to present higher baseline 

resistances. The average sensitivity values of the selected samples are shown in Figure 20 (d). 

The sensitivity values are 8.37, 1.89, 5.16 % for ITO2, ITO4 and ITO5, respectively. It is well 

known that there are several factors affecting the sensitivity, some of them are the grain size, 

surface roughness and porosity. Small grain sizes, high roughness values and porous films 

enhance sensor response. Although the samples ITO4 and ITO5 present the highest values in 

roughness (by AFM images), this is not the main parameter to explain the sensor responses 

shown in Figure 20 (d). It seems to be that porosity and grain size play the most important 

role in the senor response of these samples. Despite not having a great difference in 

morphology between ITO2 and ITO4, ITO2 exhibits a much porous surface that, along with 

its lightly smaller grain size, helps enhance the sensing response to ozone. This could explain 

the higher sensitivity of ITO2 as compared with ITO4 and ITO5. This means the best 

deposition condition in response to O3 is the sample heat-treated ex-situ at 300 °C (sample 

under our experimental conditions ITO2).    

 

Figure 20 -  (a-c) Dynamic response-recovery curves of the selected samples ITO2, ITO4 and ITO5 with 

thicknesses around 100 nm at the O3 gas concentration of 2.7 ppm under 200 °C, and (d) their 

corresponding sensitivity. ITO5 (deposited at 200°C), ITO2 (heat-treatment at 300°C) and ITO4 

(heat-treatment at 500°C).  

Source: By the author   
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To determine the optimal operating temperature as to ITO2, its sensing performance 

towards 2.7 ppm O3 at temperatures varying from 150 to 300 °C was investigated. According 

to Figure 21, the resistance variation increases and response/recovery times are shorter as the 

operating temperature increases. The highest sensitivity and lowest response/recovery time 

were at the working temperature of 300 °C with 13.53%, 4.11 min/8.50 min respectively. 

Two major processes are held on the surface of sensing materials during the gas sensing 

detection: the absorption of gas molecules and the transfer of electrons between gas molecules 

and sensing materials. These two processes are both subject to the working temperature of gas 

sensors. At low temperatures, the thermal energy is not enough to overcome the activation 

energy barrier. The likelihood of capturing gaseous species on the surface is low, which 

results in insufficient sensing reaction. On the contrary, at high temperatures the activation 

energy barrier decreases, but leads to free desorption of chemisorbed gas molecules from the 

surface of sensing materials before the reaction occurs, which also reduces the sensitivity of 

gas sensors.
17

 Hence, in our selected temperate range, 300 °Cv was selected as the optimal 

operating temperature in the subsequent test of gas sensitivity. 

 

Figure 21 -  Dynamic response-recovery curves of ITO2 upon exposure to 2.7 ppm O3 at the operating 

temperatures of (a) 150 °C, (b) 200 °C, (c) 250 °C, (d) 300 °C. ITO2 (heat-treatment at 300°C).  

Source: By the author   
                                                           
v
 Temperatures above 300 °C were not realized because the maximum temperature permitted in the 

heating system is precisely 300 °C. 
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Besides the study of the sensor behavior as a function of operating temperature, we 

also realized the sensing performance in terms of thickness for ITO2 under 300 °C and 

exposed to constant O3 concentration, the results are shown in Figure 22. The response-

recovery curves were measured under three cycles of 2.7 ppm O3 for 10 minutes of exposure 

(Figure 22 (a)). It is possible to observe that the highest sensitivity was observed for the 

sample with 100 nm, as point out in Figure 22 (b). Interestingly, the sensitivity decreases 

either for smaller or greater thicknesses than 100 nm. It is important to mention the 

relationship between film thickness, grain size and porosity. As the thickness decreases, the 

grain size decreases, increasing the surface area, which implies enhanced sensitivity and 

shorter response/recovery times (Figure 22 (c)). Nonetheless, the thinner the film, the less 

porous the microstructure will be, decreasing the sensor’s sensitivity. These two competing 

effects can explain the dome-like behavior (Figure 22 (b)) for the different thicknesses of 

ITO2, the maximum sensitivity of which is in the vicinity of 100 nm. In summary, under the 

ex-situ process conducted at 300 °C (sample ITO2) we obtained that the best operating 

temperature and thickness are 300 °C and 100 nm, respectively, towards ozone detection.  

 

Figure 22 -  (a) Dynamic response-recovery curves, (b) sensitivities, and (c) response/recovery times of ITO2 

with thicknesses of 58, 100, 236 and 587 nm at the working temperature of 300°C and the ozone 

concentration of 2.7 ppm.  

Source: By the author     
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Once the best deposition condition towards O3 detection showed to be ex-situ process 

(sample ITO2), we realized the respective depositions of the second part of the work 

established in section 4.1.1. From now on, the sample ITO2 is named S-1. Table 5 displays 

the information of  the other samples that will be used in the following stepvi.  It is worth 

noting that the thickness values shown in Table 5 are related to deposited ITO amount on rGO 

surface and not as rGO/ITO as a whole.   

Table 5 - Names of the samples that are used in the second part of the work. S-1 (deposited in pure Ar 

atmosphere), S-2 (deposited under Ar+O2 atmosphere), S-3 (rGO/Ar), S-4 (rGO/Ar+O2) and S-5 

(rGO/Ar+O2). 

Nomenclature Thickness 

(nm) 

~ 

S-1 100 

S-2 100 

S-3 100 

S-4 100 

S-5 25 

Source: By the author 

  

5.4 Gas sensing properties to 𝑶𝟑 detection of ITO films under different sputtering 

atmospheres and on the rGO surface 

 

Figure 23 (a) exhibits the response-recovery curves of S-1 and S-2 maintained at 300 

°C upon exposing a constant O3 concentration of 2.7 ppm. Both the S-1 and S-2 sensors show 

good reliability and reproducibility upon consecutive O3 exposures. One can also observe 

that, after 10 min of O3 exposure, the sensor signals both for S-1 and S-2 are very different. 

While S-1 presents a sharp form, S-2 looks like a rectangular one. Even though S-2 has a 

small resistance change as compared with S-1, it shows rapid response and recovery times, 

and a plateau for the resistance is reached. In fact, the average sensitivity values, response and 

recovery times are 17.88 %, 6.24 min/14.56 min for S-1 and 7.11 %, 2.24 min/1,28 min for S-

2, respectively. Figure 23 (b-c) show the dynamic response-recovery curves and sensitivity 

values at 300 °C of S-1, S-2, S-3, S-4 and S-5 upon exposing varying O3 concentration. 

Figure 23 (b) displays that the five sensors show a decreasing ladder-type shape with the 

                                                           
vi
 To observe the complete information of these samples, go to table 4 in section 4.1.1.  
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concentrations of O3 decreasing from 650 to 140 ppb. It can be seen that the sensor S-1 and S-

3 have higher resistance changes in response to O3 compared to S-2, S-4 and S-5.  The sensors 

S-1 and S-3 maintain their sharp-pointed shapes for all O3 concentrations. In the same way, 

the sensors S-2, S-4 and S-5 maintain their rectangular form for the all O3 concentrations. The 

sensitivity values of S-1, S-2, S-3, S-4 and S-5 for each O3 concentration are shown in Figure 

23 (c). As mentioned before, the sensors S-1 and S-3 present enhanced sensitivity to O3, but 

still, no significant difference in sensitivity between them is observed for all O3 

concentrations. On the flip side, the sensors S-4 and S-5 exhibit higher response regarding S-2 

for the whole O3 concentrations, even though their sensitivities are much lower than that the 

S-1 and S-3.  

 

Figure 23 - (a) Dynamic response-recovery curves of S-1 and S-2 towards 2.7 ppm O3 at 300 °C, (b, c) dynamic 

response-recovery curves and responses at 300 °C of S-1, S-2, S-3, S-4, S-5 to varying O3 

concentration. S-1 (deposited under pure Ar atmosphere), S-2 (deposited under Ar+O2 atmosphere), 

S-3 (rGO/Ar), S-4 (rGO/Ar+O2) and S-5 (rGO/Ar+O2).  

Source: By the author. 

     

The response and recovery times represent the detection efficiency of gas sensors. 

Usually, strong gas adsorption on the material surface is very useful to improve the gas 

sensing properties. Nevertheless, the strongly adsorbed gas molecules are often difficult to 
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desorb from the sensing materials, which leads to slow recovery time. The response and 

recovery times of the sensors based on S-1, S-2, S-3, S-4 and S-5 upon exposure to different 

O3 concentrations at 300 °C are exhibited in Figure 24. It is clear that the response and 

recovery times of S-2, S-4 and S-5 are much shorter than that of S-1 and S-3. Moreover, 

unlike S-1 and S-3, in which the recovery times are much larger than their response times, the 

recovery times of S-2 and S-4 are shorter than their response times for any O3 concentration.  

 

Figure 24 - Response and recovery time of S-1, S-2, S-3, S-4, and S-5 exposed to varying O3 concentration at 

300 °C. S-1 (deposited under pure Ar atmosphere), S-2 (deposited under Ar+O2 atmosphere), S-3 

(rGO/Ar), S-4 (rGO/Ar+O2) and S-5 (rGO/Ar+O2).  

Source: By the author   

 

It is widely known that one of the main reasons to use rGO with other materials further 

improving the gas sensing response is also to obtain that enhancement of performance at low 

operating temperatures. In that case, we compared the responses of the selected samples, 

namely S-3, S-4 and S-5, with the sample S-1. As a first comparison, the samples S-1 and S-3 

were exposed to 2.7 ppm O3 at 300°C and 250°C of operating temperature, respectively, as is 

shown in Figure A.3. As can be seen, by lowering the operating temperature for S-3, its 

sensor response is lower than that the S-1 response at 300°C, and even that response value is 

very close to that of S-1 at 250°C (Figure 21 (c)) at the same O3 concentration, indicating that 

there is no enhancement on gas sensor performance. By contrast, the S-4 and S-5 samples 

exhibited a different sensor behavior by lowering operating temperature. For this case, these 

samples were exposed to 650 ppb O3 at working temperatures of 300, 250, 200 and 150°C, as 

shown in Figure 25 (a, b). Both S-4 and S-5 tend to present higher sensor response with the 

decrease of the operating temperature to 200°C, then the response values fall down for S-4, 

and the signal was very weak for S-5, by further decreasing the operating temperature. It is 

clear that the S-5 sensor response is slightly higher with decreasing working temperature. 
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However, this is not the case for the sample S-4, the response of which is much higher. The 

sensing response of S-4 increases about three times at 200°C compared with itself at 300°C to 

650 ppb O3. Additionally, its sensing response is 1.31 times higher at 200°C than that of the 

S-1 at 300°C at the ozone amount of 650 ppb O3, indicating that, among the rGO/ITO 

composites, the S-4 sensor displays a better response to O3 at low working temperature.   

 

Figure 25 - (a) Dynamic response-recovery curves of S-4 towards 650 ppb O3  and (b) sensitivities of S-4 and S-

5 to 650 ppb O3 at different working temperatures. S-4 (rGO/Ar+O2) and S-5 (rGO/Ar+O2).  

Source: By the author   

 

 

 

According to the results mentioned before, obtaining the best response regarding O3 

relies on both operating temperature and deposition parameters. On the one hand, ITO film 

deposited under pure Ar atmosphere and this same film deposited on rGO surface showed the 

highest responses to O3 at high operating temperature. However, their response/recovery 

times were much prominent. On the other hand, Ar+O2 atmosphere deposited ITO film on 

rGO surface showed, especially that of 100 nm thickness, the highest responses at low 

operating temperature, even though its response/recovery times became much larger as 

working temperature decreased.        
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Table 6 reports the sensing performances of our samples, ITO and rGO/ITO thin films, 

compared to other recent developments of sensing materials for ozone measurement. Even 

though these sensors do not work well at room temperature and, at the same time, have high 

sensitivity towards O3, their sensitivity and the operating temperature are in accordance with 

the reported literature when RF magnetron sputtering technique was used. However, many 

efforts remain required to make these sensors present a high response to O3.  

   Table 6 - Comparison of ozone sensing properties with different materials. 

Source: By the author 

  

 

 

 

 

 

 

 

Sensor Synthesis method O3 (ppb) Operating T, 

ºС 

Sensor 

response 

(RO3/Ra) 

Ref. 

WO3 RF magnetron 

sputtering 

30, 400, 800 250 16, 263, 310 125
 

WO3 Thermal  

evaporation 

50, 175 300 1.25, 2.25 126
 

ZnO RF magnetron 

sputtering 

130 300 14 127
 

ZnO Chemical vapor 

deposition 

1000 440 1.8 128
 

rGO/ZnO RF magnetron 

sputtering 

100 300 49.6 120
 

In2O3
 RF magnetron 

sputtering 

85 200 1.10 85
 

CuO RF magnetron 

sputtering 

300 250 1.80 129
 

ITO RF magnetron 

sputtering 

2700 300 ~1.18 This 

work 

rGO/ITO RF magnetron 

sputtering 

650 200 ~1.12 This 

work 
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6 CONCLUSIONS 

 

ITO and rGO/ITO thin films were successfully deposited by rf magnetron sputtering 

technique. Both ITO films and rGO/ITO samples exhibited, regardless of the different growth 

conditions, a single-phase diffraction pattern belonging to the cubic structure of In2O3. When 

the sample was deposited in a pure Ar atmosphere, in-situ thermal annealing led to larger 

grain sizes with two types of grain size distributions compared to ex-situ annealing processes. 

The use of O2 during the deposition resulted in slightly larger grain sizes upon annealing. The 

rGO/ITO thin film deposited on Ar atmosphere turned out to be much more porous than the 

rGO/ITO deposited in a Ar+O2 atmosphere, since the oxygen content apparently has an 

inhibitory effect on the rGO surface. 

 Regarding the ozone sensing properties, we found that the sample annealed ex-situ at 

300°C presented the best response to ozone compared with the ex- and in- situ annealing 

processes at 500°C and 200°C, respectively, which may be related to its small grain size and 

porosity. The sample annealed ex-situ at 300°C with 100 nm of thickness presents the better 

response to O3 at a working temperature of 300°C. On the other hand, the ITO film deposited 

under Ar+O2 atmosphere showed shorter response and recovery times and a much lower 

response compared to the Ar-only deposited ITO sample. The combination of rGO with the 

Ar-film did not display a great difference on the gas response in relation to the Ar deposited 

film. On the other hand, the rGO/ITO film deposited on a Ar+O2 atmosphere exhibited higher 

response for the whole O3 concentrations in relation to the ITO film deposited in Ar+O2 

atmosphere, even though their sensitives were much lower than that the ITO and rGO/ITO 

films deposited on Ar atmosphere. Concerning the rGO/ITO samples, the rGO/ITO sample 

with 100 nm thickness and deposited on Ar+O2 atmosphere showed a higher response to O3 at 

a lower temperature. The response was roughly three times at 200°C compared with itself at 

300°C.    

FUTURE PERSPECTIVES 

 Verify the degree of selectivity of the films to other types of gases (CO, NO2) 

 Strategies to shorten both response and recovery times at lower operating temperatures 
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ANNEX 

 

Figure A1 - SEM image of rGO with magnification of 5k. 

Source: DE LIMA et al.
120 

 

 

Figure A2 - High-resolution C 1s XPS spectrum of S-1, S-2, S-3, S-4 and S-5. S-1 (deposited under pure Ar 

atmosphere), S-2 (deposited under Ar+O2 atmosphere), S-3 (rGO/Ar), S-4 (rGO/Ar+O2) and S-5 

(rGO/Ar+O2).  

Source: By the author  
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Figure A.3 -  (left) Response curves and (right) sensitivities of S-1 and S-3 to 2.7 ppm O3 at different working 

temperatures. S-1 (deposited under pure Ar atmosphere), S-3 (rGO/Ar). 

Source: By the author 


