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Indium tin oxide (ITO) has been studied for applications at normal high temperatures, below 600°C, due to its excellent electrical characteristics. In an attempt to further match the needs of electronics for use in extremely harsh environments, the changes in the conductive properties of ITO films and their mechanism were investigated at special high-temperatures above 1,000°C. ITO films were prepared by pulsed laser deposition (PLD) onto lanthanum gallium silicate (LGS) substrates. Furthermore, the as-deposited samples were annealed with different temperature-time treatments, and we investigated the effects of annealing on the electrical, structure, surface morphology and chemical properties of the ITO films by X-ray diffraction analysis, scanning electron microscopy (SEM), resistance measurements, and X-ray photoelectron spectroscopy (XPS). The experimental results showed that the decreased resistance of the ITO films was mainly attributed to the increase in the crystalline size and the increased amount of Sn4+ ions during the heating period (0–1,000°C). Generally, the ITO films showed stable electrical properties when they were heated at 1,000°C for at least 2.5 h. As expected, the ITO films that remained steady above 1,000°C have potential applications as electrodes working in special high-temperature environments.
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INTRODUCTION

Tin-doped indium oxide (ITO), which possesses good electrical conductivity, high optical transparency in the visible light range and a wide optical band gap, is a kind of important transparent conducting oxide (Adurodija et al., 1999; Granqvist and Hultåker, 2002; Chung et al., 2005; Kato et al., 2011; Song et al., 2011; Reddy et al., 2017). ITO films have been widely used as transparent conductors in numerous devices such as thin-film solar cells (Toušková et al., 1995; Kanneboina et al., 2018), liquid crystal displays (LCDs) (Sawada et al., 2001), organic light-emitting devices (Kim et al., 1999), antistatic conductive films, sensors, and for automotive applications (Granqvist and Hultåker, 2002; Meshram et al., 2015; Ke et al., 2016; Sun et al., 2016; Ahmed et al., 2019). ITO thin films have been produced using several techniques that include: RF magnetron sputtering (Canhola et al., 2005), chemical vapor deposition (CVD) (Park et al., 2002), electron beam evaporation (Diniz, 2011), ion beam-assisted deposition (ISD) (Yang et al., 2004), pulsed laser ablation (PLA) (Adurodija et al., 1999, 2005), and dip coating (Nishio et al., 1996).

With the increasing demand for electronic products that are stable at high temperatures, the need for conductive materials that operate stably at high temperatures has also risen accordingly. However, the efficiency of relevant electronic devices has been limited by the unstable electrical resistivity of the materials at extremely high-temperatures. ITO thin films show a good electrical conductivity and can operate at high temperatures. Additionally, ITO films also exhibits excellent optical performance. Based on the above mentioned advantages, ITO films have been widely used in a variety of fields for applications such as strain sensors, temperature sensors, and thermoelectric devices (Gregory et al., 2002; Kato et al., 2011; Meshram et al., 2015; Sun et al., 2016; Liu et al., 2017; Premkumar and Vadivel, 2017; Zhang et al., 2017; Liu and Peng, 2018). But the conductive property of ITO films for applications above 1,000°C has been rarely studied, which restricts research into related high-temperature devices. So, it is necessary to investigate the conductive mechanism of ITO films at 1,000°C, providing a theoretical foundation for enhancing its conductive stability at such high temperatures in the future.

The majority of literature focuses on analyzing the electrical and optical properties of ITO thin films at normal high temperatures (Liu and Zuo, 2010; Diniz, 2011; Sun et al., 2016; Reddy et al., 2017; Qin et al., 2018). Hence in this paper, we have fabricated ITO films onto lanthanum gallium silicate (La3Ga5SiO14, LGS) substrates and systematically discussed the role of microstructure and the chemical composition on the electrical properties of these films by XRD, SEM, and XPS analysis. In order to further report the electrical performance of ITO materials, the as-deposited ITO samples underwent successive annealing steps from room temperature (25°C) to 1,100°C in air. The main focus of this work was to study rules and principles of the conductivity changes in ITO films at temperatures ranging from 25 to 1,000°C, thus determining the potential of ITO films themselves as an electrode at special high-temperatures.



EXPERIMENTAL DETAILS

ITO films were 100 nm thick and were deposited onto LGS substrates by a KrF excimer laser (Lambda Physics Compex 201, 248 nm, and FWHM of 25 ns) at a fluence of 3 J/cm2 and frequency of 3 Hz. Before deposition, the LGS substrate was first ultrasonically cleaned in acetone and anhydrous alcohol for 5 min each. Then, these cleaned LGS substrates were dried by N2 and transferred into the deposition chamber. Next, the substrates were heated to about 500°C before deposition. The PLD system was pumped to a base pressure of 5 × 10–4 Pa and the 100 nm thick ITO films were prepared in the 20 Pa flowing oxygen pressure. Details of the PLD system used to grow ITO films are mentioned elsewhere (Adurodija et al., 1999, 2005).

The microstructure of the ITO films was observed by using Field-Emission Scanning Electron Microscopy (FE-SEM) (JSM-IT500HR). The electrical properties were performed using a four-point probe and the Hall Effect Measurement (van der Pauw method) technique (ECOPIA, HMS-3000). In addition, the real-time resistance (Rs) was measured by a combination of a Keithley 2400 source meter and a small box furnace (KSL-1200X-J) at different temperatures. The film thickness was measured with a stylus profile meter (KLA Tencor P-10 surface profiler). The chemical analysis of the films was observed with X-ray Photoelectron Spectroscopy (XPS) with Al Kα radiation (hν1/41486.6 eV). Figure 1 shows the transmittance and absorbance spectra of the as-deposited ITO films at wavelengths between 200 and 800 nm. The optical bandgap of the as-deposited films range from 3.3 ± 0.02 eV to 3.5 ± 0.02 eV, which is consistent with reported results (Premkumar and Vadivel, 2017).
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FIGURE 1. Optical transmittance and absorbance spectra of as-deposited ITO films.




RESULTS AND DISCUSSION


Electrical Conductivity of ITO Films During Heating-Up and Holding Stage

Figure 2 shows the resistance of ITO films grown on LGS substrates influenced by annealing temperature and time in air. In Figure 2A, Rrt means the resistance of the ITO films at room temperature and ΔR represents the difference between the resistances at room temperature and annealing temperature. It can be seen that the resistance of ITO films is affected greatly by the annealing temperature. With the annealing temperature increasing from 25 to 150°C, the resistance of ITO films does not vary. As the temperature keeps rising, the resistance then exhibits a 0.3-fold decrease from 150 to 700°C, whereas it presents a 0.4-fold decrease from 700 to 950°C. Finally, the resistivity of the ITO films remains almost unchanged when the annealing temperature varies from 950 to 1,100°C.
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FIGURE 2. Real-time resistance changes of the ITO films deposited onto LGS substrates as the function of (A) temperature and (B) dwell time at 1,000 and 1,100°C.


Figure 2B presents the real-time resistance change curve of ITO films when they were heated at 1,000°C for varying dwell times. In this figure, ΔR represents the difference between the resistances at 0 h and the specified dwell time. It can be seen that the resistance of ITO films heated at 1,000°C exhibits a slow 0.18-fold increase after 165 min and only exhibits a 0.67-fold increase after 195 min. Then the resistance sharply increases with the passing of time, thereby destroying the conductive properties. In addition, the resistance of the ITO films heated at 1,100°C sharply increases after 30 min, and the conductive property of ITO films is completely destroyed. Next, the changes in the electrical properties of the ITO films will be analyzed after annealing by studying the microstructure and chemical composition of the ITO films.



Effect of Film Microstructure on the Electrical Conductivity

The XRD patterns of the ITO films grown on LGS substrates and annealed at different temperatures in air are shown in Figure 3. Most of the annealed ITO films have a structure with diffraction peaks that correspond to (222), (400), and (622) reflections. This shows that these films consist of polycrystalline ITO grains with a random orientation. Two weaker peaks in the XRD pattern could be identified as the (222) and (400) reflections of the ITO films before the ITO samples were heated. After heating to 400°C and dropping to room temperature, the peaks of the ITO films at the (222) and (400) orientations are significantly enhanced, indicating the preferred orientation of the ITO grains. In the curves of XRD corresponding to annealing temperatures of 700 and 1,000°C, the (400) peak dominates, implying that the crystalline grains in these films are highly oriented along the (400) direction. According to the measured XRD results, it can be seen that (400) is the main orientation of the ITO grains.
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FIGURE 3. XRD patterns of the ITO films deposited onto LGS substrates, annealed at different temperatures.


Figure 4 shows the effect of holding time on the XRD patterns of ITO films grown on LGS substrates when the dwell time was increased from 1 to 4 h. The majority of ITO films annealed at different dwell times have a structure with strong peaks corresponding to (400) reflections. The results show that the microstructure of ITO films is affected minorly by dwell time when it was heated at 1,000 or 1,100°C.
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FIGURE 4. XRD patterns of the ITO films deposited onto LGS substrates, annealed for different dwell times.


Figure 5A shows that the grain size and full width at half maximum (FWHM) of ITO films grown on LGS substrates along the (400) direction as a function of annealing temperature. According to the calculated results, it can be seen that ITO films have an FWHM of 0.3259° and a grain size of 26.16 nm at room temperature. The FWHM of ITO films heated at 400°C greatly decreases to 0.2001°C and the grain sizes greatly increase to 42.61 nm. The FWHM of the thin films also decreases when the annealing temperature increased to 700 and 1,000°C. The grain sizes increase to 48.97 and 52.92 nm, respectively. Additionally, the grain sizes of the ITO films change significantly for the temperature range 20–400°C, further implying that the microstructure of these ITO films undergo a significant change during the beginning of the heating stage.
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FIGURE 5. Grain size and Full Width at Half Maximum (FWHM) of the ITO films deposited onto LGS substrate annealed at different (A) temperatures and (B) dwell times at 1,000°C, along the (400) direction.


Figure 5B shows that the grain size and FWHM of the ITO films grown on LGS substrates along the (400) direction as a function of dwell time at 1,000°C. The ITO films have the largest grain sizes when they were heated for 0.5 h at 1,000°C. With increasing dwell time, the grain sizes of the ITO films slowly decrease from 53 to 51 nm, implying that the microstructure of these ITO films remains almost stable for a long time (1–4 h). The results show that the crystalline state of ITO hardly changes as the dwell time increases, indicating that the microstructure of ITO is basically stable at 1,100°C and it will not affect the changes in the conductive properties.

As shown in Table 1, the grain sizes were calculated by X-Ray Diffraction measurements (Ren Xu et al., 2010). The dislocation density and lattice distortion of the ITO films were found to vary from 9.3 × 10–6 to 6.59 × 10–5 lines m–2 and from -0.0021 to -0.0598, respectively. The annealed films showed less dislocation density and lattice distortion than that of the as-deposited films during the heating process. Additionally, the dislocation density remains almost stable during the whole heat preservation process, indicating that the film stress has been totally released during the heating process.


TABLE 1. Variation of grain size, dislocation density, and lattice distortion for the ITO films.

[image: Table 1]Figure 6 shows SEM images of the surface morphology of the ITO films annealed at different temperatures and dwell times. As shown in Figures 6A,B, the surface morphology of these films are strongly affected by the annealing temperature. It is obvious that, with an increase in the annealing temperature, the grain sizes become larger, and the distance between grain boundaries become smaller. The grain sizes of the ITO films prepared with annealing temperatures of 25 and 1,000°C obtained from XRD are 26.16 and 52.92 nm, respectively. It is well known that the presence of these gaps has a great influence on the electrical conductivity of ITO films, and that the longer the distance between grain boundaries, the more the electrons will be hindered from passing through the grains, leading to a greater electrical resistivity of the ITO film (Zhao et al., 2017). Therefore, increased grain size and reduced distance between grain boundaries are considered to be two of the reasons that resistance of ITO films decreases.
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FIGURE 6. Plane-view SEM images of ITO films at different temperatures (A,B) and dwell times (C–F) heated at 1,000°C.


As shown in Figures 6C–F, the surface morphology of the ITO films annealed at 1,000°C are influenced by dwell time. The grain sizes of the ITO films prepared with an annealing time of 1, 2, 3, and 4 h obtained from XRD are 53.11, 51.35, 51.09, and 51.02 nm, respectively. It is obvious that the distance between grain boundaries of the ITO films are still apparent after 1 h. The distance between grain boundaries of the ITO films decrease obviously when the annealing time is increased to 2 h. The distance between grain boundaries of the ITO film heated at 1,000°C for 3 and 4 h, respectively, can be seen in Figures 6E,F, respectively. The surface morphology is not significantly different from the ITO film heated for 2 h.

In Table 2, the statistical analyses of SEM images were calculated by using ImageJ, and are almost consistent with XRD results. In Figure 6, it can be directly observed that the grains get closer and the grain gaps gradually disappear during the heat treatment process. In addition, after the initial heating process and the first 1 h of the heat preservation process, the surface of the ITO film is found to become smoother as time goes on. After annealing at 1,000°C for 1 h, we can hardly see changes in the surface roughness, indicating that the surface topography tends to be stable.


TABLE 2. Statistical analysis of SEM images.

[image: Table 2]Based on the results shown above, the distance between grain boundaries has a minimal contribution to the conductivity of ITO films heated at 1,000°C after 2 h. With increasing dwell time, the distance between grain boundaries does not effect the conductivity, implying that the changes in the conductivity of the ITO films is mainly determined by their chemical properties.



Effect of Film Chemical Composition on the Electrical Conductivity

The chemical environment over the surface of the ITO films before and after annealing was investigated by XPS analysis. XPS has been used to examine the chemical binding energies of O1s, In3d, and Sn3d for ITO films on LGS substrates (Diniz, 2011; Zhao et al., 2017; Liu and Peng, 2018).

Figure 7 shows the results of the ITO films which were annealed at 700 and 1,000°C. From Figure 7A, we can see the XPS spectrum of O1s electrons as a function of annealing temperature. It can be seen from the figure that the O1s peak is divided into two independent peaks (Reddy et al., 2017; Qin et al., 2018). The peak with lower binding energy is derived from In2O3 and SnO2 in the fully oxidized state, and the peak with higher binding energy is derived from the oxides of low-valent In and Sn caused by oxygen defects. In addition, the peak area of the XPS spectrum for the Sn4+ ion increases gradually with increasing temperature, as shown in Figure 7B.
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FIGURE 7. XPS spectra in the O1s, Sn4+, and Sn2+ region for the ITO films annealed at different (A,B) temperatures and (C,D) dwell times, annealed at 1,000°C.


The XPS spectra of O1s and Sn3d electrons of the ITO films heated at 1,000°C for different dwell times are presented in Figures 7C,D. In Figure 7C, with increasing annealing times, the area of the oxygen defect spectrum peak increases, which indicates that the number of oxygen atoms bound to the low-cost In and Sn ions is increasing. This might be due to the gradual decomposition of SnO2 into SnO at a heating-temperature of 1,000°C for a long time, resulting in an increase of oxygen defects (Qin et al., 2018).
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Moreover, as shown in Figure 7D, the peak intensity of the Sn4+ ions decreases gradually with increasing annealing temperature, indicating that the Sn4+ ion content also decreases.

Figure 8 illustrates the ratio of Ov to O, and Sn4+ ions to all Sn ions. The Ov and O represent the number of oxygen atoms in the oxygen defect state and all oxygen atoms, respectively. As shown in Figure 8A, with increasing annealing temperature, the ratio of oxygen atoms in the oxygen vacancy state to all oxygen atoms decreases, implying some oxygen vacancies can be effectively filled. The presence of oxygen defects in the ITO films is advantageous for the electrical conductivity of ITO, which is capable of generating electrons to form carriers. Obviously, the ratio of Sn4+ ions to all Sn ions increases from 32.5 to 47.0% with temperature increasing from room temperature to 1,000°C. A large part of the conductivity of ITO is derived from the n-type doping formed by the replacement of In3+ ions by Sn4+ ions. Such enhanced conductivity of ITO films in the heating stage could be due to the decreased number of oxygen defects and the increased amount of Sn4+ ions.
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FIGURE 8. The ratio of Ov/O and Sn4+ of the ITO films presented as a function of (A) temperature and (B) dwell time, heated at 1,000°C.


In addition, the ratio of Sn4+ ions to all Sn ions in the ITO films after heated at 1,000°C for different dwell times is shown in Figure 8B. After heating at 1,000°C for 1–4 h, the oxygen atoms bounded to the low-valent cations are calculated to be 42.7%, 44.7%, 46.5%, and 53.4% of whole oxygen atoms, respectively. The relative content of Sn4+ ions significantly decreases as the annealing time increases, and the number of In3+ ions that can be replaced also decreases, resulting in a reduction in the number of carriers. The significant reduction in the relative content of Sn4+ ions is the main factor for the sharply decreased conductivity of the ITO films in the holding stage after 195 min.

Figure 9 illustrates the XPS spectra of O1s and Sn3d electrons of the ITO films heated at 1,100°C for 1 h. It can be found that the content of oxygen defects in the films increased greatly and the peak intensity of the Sn4+ ions decreased significantly after annealing. According to relevant literature, the relationship between temperature and volatilization rate are approximately exponential (Brandes and Brook, 1992), indicating that the environmental temperature is a key factor that affects the volatilization rate. So the volatilization rate of Sn ions at 1,100°C is faster compared to that at 1,000°C. This is the reason for the significant changes when annealing at higher temperatures.
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FIGURE 9. XPS spectra in the O1s (A), Sn4+ and Sn2+ (B) region for the ITO films annealed at 1,000°C for 1 h.


The main investigations into the high-temperature application of ITO films focuses on high temperatures below 800°C. The comparisons of results related to this study are shown in Table 3. This study has great advantages in terms of stable conductivity at high temperatures.


TABLE 3. Comparison of conductive ITO films at high temperatures.

[image: Table 3]


CONCLUSION

In order to investigate the potential of conductive ITO films deposited by PLD on LGS substrates, a systematic set of annealing experiments was performed. The annealing temperature and dwell time were varied successively. The fact that the electrical characteristics of ITO films are sensitive to the microstructure and the chemical composition can be verified by the results as follows:


(1)For the ITO films, the changes in the conductivity during heating are mainly determined by two physical mechanisms: the distance between grain boundaries and the relative content of Sn4+ ions. During the process of heating, the increase in crystalline size decreases the distance between the grain boundaries. Additionally, the process of annealing in air reduces the number of oxygen vacancies, increasing the content of Sn4+ ions. Both of these behaviors are beneficial for decreasing the resistivity of the ITO films and enhancing the conductivity of the ITO films during the heating period (0–1,000°C).

(2)Indeed, the grain sizes hardly change during the whole heat preservation process at 1,000°C. In this case, the change in the conductivity is mainly determined by the chemical properties. The increase in oxygen defects and the decreased Sn4+ ion content have the opposite effect on the resistivity of ITO films heated at 1,000°C during the holding stage (1–4 h). The decisive factor for the sharply decreasing conductivity of the ITO films is the sharp reduction in the relative content of Sn4+ ions after 3 h at 1,000°C.



In general, the rules for the conductivity changes in ITO films annealed under different annealing process parameters have been investigated by the systematic analysis of the microstructure and the chemical composition of the Sn and O elements. The failure-mechanism for conductive ITO films was analyzed at extremely high-temperatures. It was found that a large amount of Sn4+ ion volatilization leads to a loss of conductivity. Moreover, the ITO films show a promising stability after 2.5 h at 1,000°C. The ITO films are a potential conductive material for special high-temperature applications up to 1,000°C, as they are expected to operate stably in high-temperature harsh environments.
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