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Abstract

:

This paper presents the results of studying the characteristics of hydrogen sensors based on thin In2O3 films modified with tin and dysprosium with dispersed double Pt/Pd catalysts deposited on the surface. To control the content of Sn and Dy in the films, an original technology was developed, and ceramic targets were fabricated from powders of the In–Dy–O, Dy–Sn–O, and In–Dy–Sn–O systems synthesized by the sol–gel method. Films of complex composition were obtained by RF magnetron sputtering of the corresponding targets. Structural features of the obtained thin films were studied by Raman spectroscopy. It is shown that various combinations of tin and dysprosium concentrations, as well as the presence of Pt/Pd catalysts on the surface, have a significant effect on the defectiveness of the films and the density of oxygen adsorption centers. As a result, the resistance of sensors in pure air (R0), the activation energies of the temperature dependences of R0, the bending of the energy bands at the grain boundaries of the semiconductor, and the responses to the action of hydrogen in the concentration range of 20–25,000 ppm change. A unique feature of Pt/Pd/ In2O3: Sn (0.5 at%), Dy (4.95 at%) films is their high sensitivity at 20–100 ppm and the absence of signal saturation in the region of high hydrogen concentrations of 5000–25,000 ppm, allowing them to be used to detect H2 in a wide range of concentrations.
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1. Introduction


Since the 1960s, transparent conducting oxides have been widely used for optoelectronic applications [1,2,3]. Tin-doped indium oxide (ITO) is one of the most important transparent conductive oxides for such applications. To date, ITO has the best combination of characteristics in terms of electrical conductivity and optical transmission. Low resistance (about 1–2 × 10–4 Ω∙cm) and a high concentration of charge carriers (about 1 × 1020 cm–3), together with high transparency in the visible range (about 90%) [4], make it possible to widely use ITO in photovoltaics and solar cells, spintronics, electrochromic devices, OLED and LSD displays, touch screens, biosensors, transparent heaters, and chemoresistive gas sensors [5,6,7].



The technology for producing ITO films is well developed. The films are stable, reproducible, and have good surface morphology. Therefore, ITO is an attractive material for creating new materials on its basis and expanding the field of application. Films based on indium oxide are promising for resistive gas sensors. To create high-speed, highly sensitive sensors with low power consumption and high stability of parameters during operation, it is necessary to introduce catalytic additives into the volume and deposit them onto the surface. The effectiveness of such an approach was demonstrated experimentally in a number of studies conducted on films with thicknesses >500–1000 nm obtained by thick-film technologies modified with oxides of transition metals [8,9,10,11,12,13] and Dy [14]. In [14], 5% Dy3+ doped In2O3 nanoparticles were prepared by the hydrolysis-assisted co-precipitation method, using dysprosium nitrate. X-ray diffraction (XRD) revealed that the synthesized nanoparticles have a cubic bixbyite phase and that the addition of Dy3+ as a dopant noticeably enhanced the sensing response of In2O3 to ethanol.



The published information on the properties of structures based on SnO2 with rare earth elements (PEEs) is also limited and usually refers to samples obtained by using thick-film technology [15,16,17,18,19]. The introduction of the rare earth elements Nb, Ce, La, Y, and Dy or their oxides during the synthesis of SnO2 films was used to control the crystallite size and gas-sensitive properties of sensors. As a rule, no phases of oxides of REEs are detected in the films. During thermal annealing, additives segregate on the surface of microcrystals in the form of ions, such as Y3+, Dy3+, etc.



The industrial production of gas sensors requires the development of a technology that includes the magnetron sputtering of targets of complex composition to obtain thin-film sensors with additives of noble, 3d, and rare earth metals. In combination with microelectronic technology in one technological cycle, it is possible to obtain a large number of miniature sensitive elements with identical characteristics. In the patent [20], Kazuyoshi Inoue et al. state that the introduction of one of the lanthanides (La, Nb, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, and Lu) into the In2O3 film, which is part of the TFT field-effect transistors, allows us to control the characteristics of the device through a smooth change in the film conductivity and free charge carriers’ mobility and also to stabilize the device parameters. The oxide semiconductor film obtained in [20] by the DC sputtering method contained indium and at least one of the following elements: gadolinium, dysprosium, holmium, erbium, and ytterbium. The X-ray diffraction of the film showed only a peak obtained from a compound of bixbyite structure.



Previously, we carried out detailed research aimed at the developing an original technology for producing gas sensors by DC sputtering of mosaic metal targets in oxygen-argon plasma in an A 500 (Edwards) magnetron. The doping additives were applied to the surface of the targets. The theory and mechanisms of operation of sensors based on SnO2 and WO3 thin films with various catalysts in the bulk (Pt, Au, Ni, Co, Y, and Sc) and on the surface (Pt, Pd, and Au) were developed [21,22,23,24,25]. The paper [21] presents the results of an investigation of the nanostructure, element, and phase composition of thin (100–140 nm) tin dioxide films containing Ag, Y, Sc, Ag + Y, and Ag + Sc additives in the bulk and catalytic Pt/Pd clusters on the surface. The methods of atomic-force microscopy (AFM), scanning Auger microprobe equipped with an Ar+ ions sputtering system (AES), and X-ray photoelectron spectroscopy (XPS) were used. Sensors based on Pt/Pd/SnO2: Sb, Ag, Y films were characterized by ultrahigh response values at 50–1000 ppm of H2 and the stabilization of parameters during long-term tests. The mechanisms of the influence of PEE impurities on the characteristics of thin films of tin dioxide are considered.



In this work, the structural, electrophysical, and gas-sensing properties of thin (about 100 nm) In2O3 films were studied. The films were obtained via the RF magnetron sputtering of specially designed original oxide targets with various contents of tin and dysprosium. The dispersed Pt and Pd catalysts were deposited on the surface of the targets. Raman spectroscopy was used to characterize the nanosized films. This is the only method to analyze thin films directly in the miniature sensors. It provides important information about film defects. The Raman spectra of bulk materials differ greatly from those of polycrystalline samples, where the size of particles (grains, agglomerates, clusters, etc.) lies in the nanometer range and the classical modes shift and expand. Doping with impurities and the deposition of dispersed catalyst clusters on the film surface can lead to the appearance of additional peaks and a change in the shape of the spectrum. Of particular interest is the prospect of creating semiconductor sensors for high pre-explosive concentrations of hydrogen that are not available on the market.




2. Materials and Methods


Ceramic targets (CTs) were fabricated by uniaxial static pressing of In2O3, SnO2, and Dy2O3 powder compacts on a PLG 12 hydraulic press (LabTools, Saint Petersburg, Russia) at a pressure of 1500 atmospheres. The targets were sintered in a muffle furnace in an air atmosphere at 1000 °C for 1 h. When obtaining powders for compaction, a chemical method was used based on the co-deposition of metal hydroxides by neutralizing solutions of their salts with an alkaline agent, washing of the obtained precipitation of hydroxides, filtering them, drying, and thermal destruction. All reagents were of special-purity grade. The application of this method to obtain powders of mixed oxides of indium, tin, and dysprosium is described in [26].



The targets were 75 mm in diameter and 6 mm thick. The 150 µm thick sapphire plates were used as the substrates. The deposition of thin films of modified In2O3 was carried out by RF magnetron sputtering in an A-500 magnetron (Edwards, Burgess Hill, UK) at a discharge power of 100 W. The working gas contained 56 ± 0.5 vol.% of oxygen, and the rest was argon. The pressure in the chamber was within (6.5 – 7) × 10−3 mBar. The target-substrate distance was 90 mm. For 100 nm thick films, the sputtering time was 30 min. Two-layer Pt/Pd catalysts were deposited on the surface of the films by DC magnetron sputtering. First palladium was deposited and then platinum was deposited (each layer was deposited for 15 s).



Contacts to the sensitive In2O3 layers (Figure 1a) and a heater on the reverse side of the substrate (Figure 1b) were formed via the sputtering of platinum, followed by photolithographic engraving prior to the deposition of semiconductor films. After the formation of the films, the finished samples were subjected to technological annealing in air at a temperature of 720 K for 24 h. Up to 500 sensors were obtained on one substrate with a diameter of 30 mm. Then the samples were cut into individual elements, 0.7 × 0.7 mm in size (sensitive area of 0.3 × 0.3 mm2), and gold electrical wires measuring 50 μm in diameter were welded to the contact pads of the sensors by thermal compression. Next, the sensors were assembled into TO-8 cases (Figure 1c).



Let us introduce the following numbering and notations for films of various compositions:



(I) In2O3 (90 at%): Sn (10 at%).



(II) Pt/Pd/In2O3 (90 at%): Sn (10 at%).



(III) Pt/Pd/In2O3 (86 at%): Sn (10 at%), Dy (4 at%).



(IV) Pt/Pd/In2O3 (94.05 at%): Sn (1 at%), Dy (4.95 at%).



(V) Pt/Pd/In2O3 (94.55 at%): Sn (0.5 at%), Dy (4.95 at%).



(VI) Pt/Pd/In2O3 (97 at%): Sn (1 at%), Dy (2 at%).



The Raman spectra of the films were measured on an inVia Basic confocal Raman spectrometer (Renishaw, Wotton-under-Edge, UK), operating in the backscattering mode at room temperature. The laser excitation wavelength was 785 nm (details of the research technique are presented in [23,24]).



To determine the sensor characteristics, the resistance (R0) and conductivity (G0) of the films were measured in pure air. The values of R1(G1) were also measured under various hydrogen concentrations, depending on the operating temperature in the constant and pulsed heating modes. The relative humidity in the chamber was maintained at the level of RH = 35%. The ratio of conductivities, G1/G0, was taken as the adsorption response to hydrogen. The settling time of 0.9 Gst, where Gst is the stationary value of the conductivity, was taken as the response time, tr. Based on the time dependences of the conductivity of sensors in the thermal cycling mode in pure air, the values of the energy band bending, eφs, at the grain boundaries in the studied nanocrystalline films were measured by using the method developed in [25]. The measuring stand and measurement techniques are described in [22]. The principle of operation and the theory of thin-film gas sensors are presented in [22,23,24,25].




3. Results and Discussion


3.1. Raman Spectra of Pt/Pd/In2O3: Sn, Dy Films of Various Compositions


The crystallographic structure of In2O3 belongs to the cubic system, the structure of bixbyite [27,28]. A complete description and identification of the Raman spectrum, even for undoped In2O3, is still being researched. At room temperature, no more than 10 modes can be observed, with all peaks in the range of 100–650 cm–1 [27,28,29,30]. In most cases, the following peaks are present in the Raman spectra of In2O3: 109, 132, 307, 366, 497, 517, and 630 cm−1. These are approximate values since their positions vary depending on the methods of obtaining the metal oxide and the measurement technique.



Figure 2 shows the Raman spectra of all compositions of the obtained films, as well as the spectra of SnO2 and In2O3 powders. The spectra of the powders, in principle, only slightly differ from those given in the literature for coarse-grained samples (bixbyite structure) [27,28,29,30]. In the case of In2O3 modified with Sn and Dy, broad bands with a number of maxima are observed in the range of 200–800 cm–1. Similar bands observed for many nanostructured metal oxide films are attributed to dimensional effects [30,31,32,33]. The intensities of all modes are higher for films of Composition (V) containing 4.95 at% dysprosium. The low-frequency Ag modes appear as broadened bands at 100–170 cm–1, with a maximum-intensity peak at 119 cm–1, as well as a peak at 299 cm–1 shifted by 8 cm–1 relative to 307 cm–1. Two modes, F2g at 213 and 366 cm–1, are most noticeable for the samples of Composition (VI). The intense peak at 630 cm–1 inherent in indium and tin oxides (visible in the spectra of the corresponding powders) is weakly manifested only in the spectrum of samples from Series (VI) with a reduced content of Dy (2 at%) and a higher Sn content (1 at%).



A feature of the Raman spectra of the studied films is the presence of high-frequency, low-intensity peaks at 565 and 590 cm–1, as well as a strongly pronounced peak at 648 cm−1 having the highest intensity for films from Series (III) to (V). These three peaks are not typical of In2O3. Previously [23,24], we showed that the Raman spectra of thin films of tin dioxide with dispersed Pt/Pd catalytic layers deposited on the surface also exhibit maxima at 565 and 590 cm–1. Upon the introduction of 13–14 at% Pt into the bulk of SnO2, the Raman spectra show an intense peak with a maximum at 590 cm–1 [23]. A detailed analysis of the experimental data showed that two states of platinum are present in tin dioxide: three-dimensional particles of metallic Pt0, which is not active in the Raman spectra, and an intermediate oxide PtO. This oxide is identified as two-dimensional dispersed platinum in the Pt2+ state responsible for the maximum at 590 cm−1. The maximum at 565 cm–1 corresponds to the similar state of Pd2+. The intense peak at 648 cm–1, the broadening of the low-frequency band, and the shift of the maximum to 119 cm–1 are apparently due to the presence of dysprosium.



According to [34], REEs are characterized by higher energies of breaking the bonds with oxygen compared to tin and indium: ΔHo298 = 171 kcal/mol for Y–O, ΔHo298 = 161 kcal/mol for Sc–O, ΔHo298 = 144 kcal/mol for Dy–O, ΔHo298 = 76 kcal/mol for In–O, and ΔHo298 = 127 kcal/mol for Sn–O. It was suggested [21] that during heat treatment of the tin dioxide thin films obtained by magnetron sputtering, yttrium and scandium atoms segregate on the surface of microcrystals, form strong bonds with the lattice oxygen, and are present in the form of Y+3 and Sc+3 ions. Similar phenomena can also take place under the modification of indium oxide with dysprosium. As a result of formation of a bond of Dy with lattice oxygen, the surface density of superstoichiometric indium and, possibly, tin atoms, which are centers of oxygen chemisorption, increases. The REE impurity ions can serve as catalysts on the surface of microcrystals to create additional active centers and increase sensitivity to hydrogen [21], ethanol [14], methanol [15], and acetone [18].




3.2. Electrical and Gas-Sensitive Properties of Sensors


Oxygen chemisorption occurs on the surface of the indium oxide thin films in the atmosphere. In the near-surface layer of the semiconductor, a space charge region (SCR) of width d0 depleted by electrons is formed, and the film conductivity decreases. During the dissociative adsorption of hydrogen on the surface of a thin-film sensor based on In2O3, atomic hydrogen interacts with a pre-chemisorbed oxygen ion,    O −   . The reaction product is water, which is desorbed from the surface, and the electron returns to the conduction band of the semiconductor. The conductivity of the sensor increases. The response value, G1/G0, is determined by the density of oxygen adsorption centers, Ni. The centers of adsorption are superstoichiometric atoms of indium and other metals present on the surface [22]. An important role is played by the nanocrystalline structure and the ratio between the doubled SCR width, 2d0, and the thickness of the films (or conduction bridges, dB).



An analysis of the experimental data shows that the characteristics of the studied films depend significantly on the ratio of the Sn and Dy concentrations in the bulk and the presence of Pt/Pd catalysts on the surface. Sn4+ ions substitute In3+ ones in the bulk and are donor impurities. As a result, the resistance of films of Composition (I) containing 10 at% Sn in pure air is R0 = 0.11 kΩ (Table 1). The deposition of dispersed Pt/Pd catalysts in the case of samples of Composition (II) promotes the active adsorption of oxygen in the form of    O −    on the surface and some increase in the SCR width and R0. The introduction of a Dy impurity (Composition (III)) into the bulk of In2O3 leads to a further increase in R0. The maximum values of R0 are observed for the sensors of Compositions (IV) and (V), in which the Sn concentration is reduced to 0.5–1 at% and the Dy content is 4.95 at%. A decrease in the concentration of dysprosium to 2 at% (Composition (VI)) contributes to the decrease in R0. The effect of the dysprosium impurity on the resistance of the films agrees with the features of the Raman spectra and confirms the assumption about the formation of strong bonds between Dy+3 ions and lattice oxygen. In this case, the density of chemisorbed oxygen on the film surface increases, and this contributes to the increase of the SCR width and resistance, R0.



The temperature dependences of the film resistance in pure air are N-shaped (Figure 3a), which is characteristic of thin tin dioxide films modified with the various impurities studied earlier [22]. These dependences are determined by three independent parameters: the concentration and mobility of electrons in the bulk of the film and the negative charge density on the surface. Upon heating from room temperature to 470–500 K, the resistances of all the studied samples decrease mainly due to the ionization of shallow and deep centers in the bulk of the films, and the dependences lnR0 on 1000/T can be approximated by Arrhenius curves. It can be seen that the Arrhenius curves contain two linear sections, the activation energies of which ∆E1 and ∆E2 depend on the concentration of impurities and deposited catalysts (Table 1). In the samples of Compositions (I)–(III), characterized by low d0 and R0, mainly centers with low ionization energies are found. As the SCR width increases in case of films of Compositions (IV)–(VI), the Fermi level decreases with increasing temperature, and the ionization of deeper centers occurs.



An increase of the resistance (R0) at T > 470 K and its decrease at ≥700 K (Figure 4a) are determined by an increase and subsequent decrease in the density of the negative charge on the surface of the semiconductor. The dependences of the adsorption response on the operating temperature for all the studied films have the form of curves with a maximum at Tmax (Figure 3b and Table 1). With increasing temperature, the response increases when atomic hydrogen interacts with chemisorbed oxygen in the form of    O −   , the density of which increases in the temperature range 400–700 K. The decrease in response at T > 540–700 K is due to the predominant desorption of gas from the overheated surface of the sensitive element. As a rule, higher values of Tmax = 720–820 K are observed for films of Compositions (I)–(III). Subsequently, the measurements of the characteristics of sensors were carried out at 670 K, since at this temperature, there is an optimal ratio between the sufficiently high response values and the performance: the response time, tr, does not exceed 30 s.



Figure 4 shows the concentration dependences of the response to hydrogen for the sensors of Compositions (IV)–(VI) measured in the constant heating mode at 670 K. In all cases, exponential segments, G1/G0 ~ exp [n], are observed in the concentration range of 20–1500 ppm of H2 (it is shown in the inset in Figure 4a). In this case, we can assume that the characteristics correspond to a model considering the existence of Schottky barriers at intergrain boundaries [22]. It is possible that H atoms produced due to the dissociative adsorption of H2 can penetrate into the intergrain boundaries and affect the potential barrier height, eφs. Then G1/G0 ~ exp[eφs]. At n > 1500 ppm, a power dependency is realized. A predominant role is played by the over-barrier component of conductivity.



Of particular interest are the data for the films of Composition (V) Pt/Pd/ In2O3 (94.55 at%): Sn (0.5 at%), Dy (4.95 at%) (Figure 4a), whose unique feature is the absence of saturation with an increase in the concentration of H2 up to high values of 25,000 ppm. In this case, G1/G0 reaches 2400–2500. Therefore, for these sensors, there is an unusually high density of hydrogen adsorption centers. For the sensors of Compositions (IV) and (VI) (Figure 4b) at n = 10,000–25,000 ppm, the values of G1/G0 increase insignificantly; that is, the density of the adsorption centers is lower.



Since in case of the studied sensors based on modified indium oxide, the over-barrier component of conductivity is predominant under the action of hydrogen, the above method for determining eϕs can be used. Based on the results of preliminary studies, the following thermal cycling modes were chosen: in the heating cycle, the temperature T1 = 673 K and duration t1 = 8 s; in the cooling cycle, T2 = 473 K and t2 = 6 s. The sensor temperature was increased from T2 up to T1 in about 0.4 s, while it was decreased from T1 down to T2 in about 1 s. In the time dependence of the conductivity, G0, after a step-wise rise of temperature from T2 to T1 at 0.4 < t < 7 s, a decrease of conductivity (Figure 5a) caused by a decrease in the surface density of adsorbed neutral hydroxyl groups (OH-groups) and subsequent increase of Ni due to the adsorption of    O −    ions on the vacated sites are observed. At t > 6.82 s, stationary values of Ni(T1), eφs(T1), and G0(T1) are established. At the same time, the condition T2 = 470 K must be satisfied in order for ions    O −    to be adsorbed on the SnO2 surface. According to the method of [25], the value of eϕs can be determined by Formula (1):


eϕs = [kT1T2/(T1–T2)] × ln[[G0(T1)/G0(T2)] (T1/T2)0.75] + kT1,



(1)




where k is the Boltzmann’s constant. The conductivity–time profiles (CTP) G0(t) meet the requirements necessary to determine eϕs at the grain boundaries of indium oxide. The shape of the CTP practically does not change under the action of hydrogen (Figure 5b), but the response values at the ends of the cooling cycles, G1/G0(T2), are significantly higher than those in the constant heating mode, G1/G0, and at the ends of the heating cycles, G1/G0(T1).



Table 2 shows the values of eφs and response measured in the constant and pulsed heating modes for samples from all series at fixed hydrogen concentrations. In the case of Samples (I)–(III), there is a high concentration of donor impurity and a reduced density of chemisorbed oxygen. The condition 2d0 << dB is satisfied. Therefore, low values of eφs, i.e., eφs = 0.04–0.06 eV, and response are observed.



The decrease in the concentration of tin to 0.5–1 at% and introduction of 4.95 at% dysprosium contribute to the implementation of the condition 2d0    ≤   dB, which provides a significant increase in eφs, i.e., eφs = 0.16–0.37 eV, and G1/G0. For these samples, at the end of the cooling cycle, ultrahigh values of the response, G1/G0(T2), are observed at pre-explosive H2 concentrations of 25,000 ppm.



For all sensors known from the literature based on both thin and thick films of tin dioxide commonly used for detecting hydrogen, the signal saturation is observed at n > 3000–5000 ppm, since there is a limited density of H2 adsorption centers on the surface. An analysis of semiconductor hydrogen gas analyzers available on the market shows that, in most cases, they are used to detect low H2 concentrations of 0–2000 ppm. There are no sensors for high hydrogen concentrations. In particular, Figaro (Rolling Meadows, IL, USA), one of the world leaders in this field, produces TGS821 sensors for the range of 30–1000 ppm and TGS600 sensors for the range of 1–30 ppm of H2 [35].



Previously, novel semiconductor sensors with high selectivity and stability were developed [23] for detecting high pre-explosive concentrations of H2 (0.1–2.5 vol%). The sensors were based on thin (~100 nm) nanocrystalline SnO2 films fabricated by the magnetron sputtering of dispersed Pt and Pd layers deposited on the surface, with an addition of 13–14 at% Pt in the bulk. The response values of G1/G0 at 25,000 ppm were 220–230. For the samples of Composition (V) studied in this work based on In2O3 with optimal concentrations of Sn and Dy, the G1/G0 value is an order of magnitude higher and reaches 2400–2500. In the thermal cycling mode, ultrahigh response values are observed at the end of the cooling cycle (Table 2). According to preliminary studies, the sensors are selective for other explosive gases: methane, propane, butane, etc. The response of G1/G0 < 15 to 25,000 ppm of methane is observed. It is important that the sensors can be used to detect both low (50–100 ppm) and high pre-explosive hydrogen concentrations.





4. Conclusions


The defectiveness and electrical and gas-sensitive properties of hydrogen sensors based on thin In2O3 films obtained via the RF magnetron sputtering of specially designed ceramic targets containing various concentrations of indium, tin, and dysprosium oxides were studied. Targets with a diameter of 75 mm and a thickness of 6 mm were obtained by uniaxial static pressing, followed by sintering of powder compacts prepared by the sol–gel method.



The Raman spectra of films with various concentrations of Sn and Dy contain some peaks characteristic of the In2O3 bixbyite syngony. Some of the low-frequency peaks are shifted in frequency, and the maximum of the highest intensity at 130 cm–1 is broadened and observed at 119 cm–1. An important feature of the spectra is the presence of additional maxima at 565, 590, and 648 cm–1. The peaks of low intensity at 565 and 590 cm–1 may be due to the catalysts deposited on the surface in the form of Pd2+ and Pt2+ ions. Dysprosium manifests itself as a bright maximum at 648 cm–1, the intensity of which is higher in samples from Series (III) to (V) with the concentration of (4–4.95) at% of Dy.



Regularities have been established for the changes in properties of films measured under constant heating and thermal cycling modes, depending on the ratio of the concentrations of tin and dysprosium oxides in the targets, as well as on the deposition of dispersed Pt/Pd catalysts on the surface of the films. Sensors containing 10 at% of tin, which creates shallow donor centers in indium dioxide, are characterized by low values of the resistance R0 in pure air, activation energies of temperature dependences of R0, and response G1/G0 to the action of hydrogen. The presence of Pt/Pd on the surface and the introduction of dysprosium into the bulk of the films increase the density of oxygen adsorption centers and the band bending, eφs, at the grain boundaries.



Reducing the concentration of tin to 0.5–1 at% and introducing 4.95 at% of dysprosium contribute to a significant increase in eφs, with eφs = 0.35–0.37 eV, and G1/G0. The presence of the region G1/G0~exp[eφs] in the concentration range n = 20–1500 ppm of H2 indicates the predominant role of the over-barrier component of conductivity. An important feature of sensors based on Pt/Pd/In2O3 (94.55 at%): Sn (0.5 at%), Dy (4.95 at%) is the absence of signal saturation when n increases to high values of 25,000 ppm of H2. In this case, G1/G0 reaches 2400–2500.



The mechanism of the dysprosium effect is determined by the higher energy of breaking the bond with oxygen Dy–O compared to In–O and Sn–O bonds. During technological annealing under the film crystallization, impurity atoms segregate on the surface of microcrystals and actively form strong bonds with lattice oxygen, contributing to the formation of superstoichiometric indium and, possibly, tin, which, together with Dy3+ ions, sharply increases the density of oxygen and hydrogen adsorption centers. On the basis of original films obtained by the RF magnetron sputtering of oxide targets with an optimal ratio of Sn and Dy impurity concentrations, unique sensors for detecting hydrogen in a wide range of concentrations, including pre-explosive values of 25,000 ppm, can be created.



Based on the results obtained, we plan to further optimize the composition and methods of obtaining films to increase the efficiency of sensors based on In2O3, detailed studies of their composition, structure and physicochemical properties, as well as the study of selectivity and testing of the service life.
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Figure 1. SEM images obtained in the backscattering (BSE) mode: the sensitive element from the side of (a) semiconductor SnO2 layer and (b) heater. Sensors assembled into TO-8 cases (c): 1—sensitive layer; 2—Pt electrodes; 3—sapphire substrate; and 4—Pt heater. 
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Figure 2. Raman spectra of obtained films and powders. 
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Figure 3. Temperature dependences of sensors of various compositions: resistance, R0, in pure air (a); and sensor response to 100 ppm H2 (b). 
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Figure 4. Concentration dependences of the response to H2 measured at 670 K for sensors of different compositions: Composition (V) (a); Compositions (IV) and (VI) (b). The inset shows the region G1/G0~exp[eφs]. 
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Figure 5. Conductivity–time profiles in the thermal cycling mode: (a) in pure air for sensors of Compositions (IV)–(VI) and (b) for the sensor of Composition (V) exposed to 100 ppm (Curve 1) and 1000 ppm (Curve 2) of hydrogen. 
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Table 1. Sensor resistances in pure air (R0) measured at 300 K; activation energies ∆E1 and ∆E2 of temperature dependences of R0; operating temperatures, Tmax, at which maximum responses to 100 ppm of H2 are observed; and response time, tr, at 670 K.
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	Sample
	R0   ,   k Ω   
	∆E1, eV
	∆E2, eV
	Tmax, K
	tr, s





	(I)
	0.11
	0.007–0.009
	0.030–0.048
	820
	16



	(II)
	0.46
	0.013–0.014
	0.071–0.075
	740
	18



	(III)
	2.13
	0.019–0.022
	0.18–0.19
	720
	15



	(IV)
	694
	0.09–0.18
	0.38–0.46
	640
	24



	(V)
	803
	0.044–0.15
	0.58–0.61
	540
	30



	(VI)
	9.9
	0.02–0.03
	0.35–0.42
	640
	24
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Table 2. Band bending values (eφS) and responses (G1/G0) in the constant heating mode at 670 K and during thermal cycling at the end of the cooling cycle, G1/G0(T2), for H2 concentrations of 1000 and 25,000 ppm.
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	Sample
	eφS, eV
	G1/G0

(1000 ppm)
	G1/G0

(25,000 ppm)
	G1/G0(T2)

(1000 ppm)
	G1/G0(T2)

(25,000 ppm)





	(I) 10 Sn
	0.04
	1.7
	-
	-
	-



	(II) 10 Sn
	0.04
	3.0
	-
	-
	-



	(III) 10 Sn + 4 Dy
	0.06
	3.7
	-
	-
	-



	(IV) 1 Sn + 4.95 Dy
	0.32
	20.7
	223
	216
	28,640



	(V) 0.5 Sn + 4.95 Dy
	0.37
	31.2
	2409
	785
	142,270



	(VI) 1 Sn + 2 Dy
	0.16
	6.9
	108
	23
	240
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