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Abstract

:

The design of the heater plays a decisive role in the energy consumption, sensitivity, and speed of chemical sensors. The paper analyzes various options for the topology of meander-type platinum heaters in chemical sensors fabricated on thin dielectric membranes using MEMS-silicon technology. Comprehensive studies of the heater’s current–voltage characteristics have been carried out, heating rates have been measured at various currents, experimental temperature characteristics for various meander topologies have been obtained, heater options have been determined, and optimal heat transfer processes are ensured at a low power consumption of about 20–25 mW. Sensors with an optimal heater topology based on a double dielectric membrane were fabricated according to the described technological process, and sensory responses to 0.5 vol.% CH4 and 0.2% C3H8 were studied. The obtained results showed good results and confirmed the need to choose the optimal heater topology when designing sensors for recording the given type of gas mixtures in a certain temperature range.
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1. Introduction


During gas sensor development for portable devices, considerable attention is paid to minimizing power consumption, high cross-selectivity and sensitivity of the active element, speed of response and regeneration, as well as reproducibility of measurements of sensor responses to low concentrations of controlled gases, service life, and reliability [1,2]. High selectivity is achieved by the purposeful selection of gas-sensitive materials based on metal oxides, by doping them with ions of other metals with appropriate alloying additives, and by comparing the physicochemical patterns of energy changes in surface adsorption centers [3,4]. One of the ways to increase the selectivity of gas-sensitive layers is the formation of semiconductor mixed metal oxides with a large effective surface, the grain size of which can be controllable varied [5,6], thus changing the electrical conductivity of such films in a certain temperature range, depending on the composition and state of the surface [7,8,9]. When n-type semiconductor metal oxides interact with oxidizing gases, oxygen ions are adsorbed on the film surface (including hydroxyl groups OH–), the conduction band is depleted of electrons, and the potential barrier and resistance of the metal oxide film increases. When n-type semiconductors interact with reducing gases, the oxidation reaction of gas molecules occurs under interaction with ion-sorbed oxygen, which leads to the enrichment of the conduction band of the semiconductor with electrons, decreasing in the potential barrier and, as a result, to decrease in the resistance of the metal oxide film [10,11,12].



The sensitivity to a particular gas is associated with changes in the properties of the material during the course of the adsorption reaction and depends on the temperature of the gas-sensitive material [13,14]. The sensitivity of sensors can be increased by using a nanostructured gas-sensitive layer [15,16,17,18], which has an increased effective area of interaction between metal oxides and gas medium molecules. One of the options for structuring metal oxide films is the deposition of gas-sensitive films on highly ordered nanoporous matrices of anodic alumina (AA), as a result of which it is possible to increase the sensitivity of the films [19,20,21,22,23]. The crystallization of condensed films in pores ensures the homogeneity of the formed grains, and the granularity facilitates the access of gas molecules deep into the gas-sensitive layer and increases the efficiency of reactions occurring on the nanostructured surface [24,25,26,27,28].



The diminution of the sensor energy consumption is ensured by reducing the size of the gas-sensitive layer heating area and reducing losses during heat dissipation, which is achieved by the design features of the sensor, localization of the heating area, and reducing the mass (area and thickness) of the gas-sensitive layer. [29,30,31]. The most energy-consuming part of the chemical sensor is the sensitive element since the sensor needs to be heated to temperatures in the range of 150–500 °C, depending on the type of gas being detected [32,33].



In the process of optimizing the characteristics, the improvement in one sensor parameter leads to the deterioration of another; depending on the purpose of the sensor device, it is necessary to sort out different options for its design and the sequence of technological route operations, the sensitive layer materials composition, temperature conditions, etc. [34,35]. At the same time, by analyzing the above, we can conclude that with all the optimized parameters, the effective operation of modern sensors is possible only with a controlled temperature regime in a given range provided by a properly selected thin-film heater.



The paper considers various design options for sensors with different topologies of a meander-type heater, in which optimal heat exchange processes are ensured with low power consumption, and the main characteristics of thin-film sensors with such heaters manufactured by MEMS-silicon technology using nanostructured gas-sensitive thin films on anodic alumina membranes are studied [36,37,38].




2. Design and Manufacturing Technology of the Studied Thin-Film Sensors


2.1. Sensor Designs with Different Heater Topologies


To study heat transfer processes in sensors with different topologies of heaters, we used thin-film sensors on dielectric membranes in silicon wafers manufactured using MEMS—silicon technology [39,40]. The sensor design itself was a Si substrate with an area of 1.35 × 1.35 mm and a thickness of 0.38 mm, in the center of which a dielectric membrane 500 × 500 × 1.2 μm in size was formed, consisting of a layer of unstressed SixNy 0.3 μm thick and AA layer 0.9 µm thick. A platinum heater and a sensitive layer were located on the flat side of the double dielectric membrane on the surface of the AA. The thickness of the platinum layer was 200 nm. The heating elements are made in the form of meanders but have different topologies and resistor lengths. The nanoporous structure of AA, which is a periodic matrix of parallel hexagonal symmetry cells with central cylindrical pores, improves their mechanical properties, namely elasticity, hardness, wear resistance, etc. [41,42]. This makes it possible to use it in the design of chemical sensors as both a directly passive dielectric substrate, on which the structural elements of chemical sensors are placed, and a regular nanostructured matrix, on which the sensitive layer is formed by filling the pores with a certain material. It is important to note that the dimensions of the cell itself and the diameter of the AA pore can vary within the wide range, which makes it possible to purposefully control the characteristics of chemical sensors by optimizing the structural parameters and properties of the AA.



The schematic representation of the sensor design with the meander-shaped heater located on the double dielectric membrane in a window in silicon platinum is shown in Figure 1. The basic topology of the heater is a six-loop meander 460 µm long and 200 µm wide with a conductor width of 30 µm and a gap between the conductors of 5 µm. There are external contacts sized 295 × 295 µm at the ends of the heater. The general view of the topology of the first type of heater with geometric dimensions is shown in Figure 2a. The second topology of the heater is the meander of the first type divided along the axial line into two parts. Such topology allows the connection of the heater to two halves in series or in parallel, providing different currents and, consequently, temperature modes of its operation. The appearance and geometric dimensions of the second type of heater are shown in Figure 2b. The heater’s third type is half of the basic meander or one-half of the heater’s second type. All the topological dimensions of the conductors were retained, but the heater resistor length and its area were halved (Figure 2c).



The fourth version of the heater topology significantly differs from the three previous ones both in the shape of the meander and its dimensions, with the same values of the width of the conductors and the gaps between them, which corresponds to 30 µm and 5 µm. The meander size is 220 × 220 μm, and its area corresponds to half the area of the base meander (Figure 2d).




2.2. Technological Process of Manufacturing Thin-Film Sensors


2.2.1. Creation of Double Dielectric Membrane in Silicon Substrate


The manufacturing route for thin-film sensors on a double dielectric membrane consisted of three technological processes: the creation of a thin membrane in a silicon wafer, the formation of a heater, and the deposition of a gas-sensitive layer. To form a thin double dielectric membrane, a p-type silicon wafer (<100>) was used, which was pretreated in a hot ammonium peroxide solution, washed, and dried (Figure 3a). Then, a layer of unstressed silicon nitride SixNy was deposited onto the substrate (Figure 3b) using a SemiTeq STEISPd81L setup, and double-sided photolithography was performed to mask the front side of the substrate and form a pattern of windows for membranes on the reverse side of the substrate (Figure 3c). Next, SixNy was removed in the windows from the reverse side of the substrate to the Si surface (Figure 3d) and deep anisotropic alkaline etching of silicon (Figure 3e), leaving a silicon layer about 100 µm thick. After removing the photoresist (Figure 3f), the layer of aluminum 1.5 μm thick was deposited on the front side of the substrate (Figure 3g), and AA film 0.8 µm thick was formed on the SixNy surface using the two-stage anodization [43] in the potentiostatic mode at Ea = 50 V in oxalic acid solution (Figure 3h). The electrical anodization modes were set using a Keysight N5751A system DC power supply, and the process parameters were recorded and monitored in situ using a Keysight 34470A digital multimeter connected via USB to a personal computer with the installed Bench Vue software.



Figure 4 shows micrographs of the formed window in the silicon substrate from the reverse side (Figure 4a), the cross-section of this window with the membrane (Figure 4b), and the cross-section of the double dielectric membrane (Figure 4) obtained using scanning electron microscope Hitachi S-806.




2.2.2. Fabrication of the Heater on Double Dielectric Membrane


Platinum films with high electrical conductivity and thermal stability were used as the microheater material [44]. The use of the AA layer in dielectric membranes makes it possible to solve the problem of platinum adhesion to silicon and silicon nitride; on the relief surface of the AA, Pt films have good adhesion. The Pt layer deposition on a two-layer dielectric membrane was carried out using magnetron sputtering using an Edwards ESM100 vacuum setup at operating power W = 100 W and pressure in the working chamber p = 5 × 103 mbar. Figure 5 shows electron microscopic images of the AA membrane surface (Figure 5a) and the surface of 200 nm thick deposited Pt on it (Figure 5b). Platinum uniformly fills the pores of the AA while the entrances to the pores remain open, which makes it possible to subsequently form structured active layers on top of the microheater. The schematic representation of the technological operations sequence for the formation of the heater and electrodes on the dielectric membrane in the silicon substrate is shown in Figure 6.



The photoresist was applied to the Pt layer deposited on the two-layer dielectric membrane (Figure 6a), and photolithography was carried out according to the pattern of the microheater and control electrodes (Figure 6b). Then, the platinum film was etched using plasma-chemical etching in the C3F8/N2 atmosphere to form the topology of the heater and electrodes according to the pattern (Figure 6c) and remove the photoresistive mask (Figure 6d).




2.2.3. Deposition of Gas-Sensitive Layer


Before the deposition of the gas-sensitive layers on nanoporous membranes, an operation was performed to remove the non-etched silicon layer left in the windows to provide the necessary rigidity of the membranes during the formation of the heater and electrodes. To prevent clogging of AA pores during masking, a vanadium layer was deposited on the front side of the membrane. (Figure 7a). Next, the samples were covered with a layer of paraffin, on which a silicon plate was glued to provide the necessary rigidity of the membrane when silicon was etched (Figure 7b), and local anisotropic silicon was etched into the membrane surface in a 35% KOH solution at a temperature of 80 °C. (Figure 7c). After that, the paraffin was melted in a water bath, the satellite plate was removed (Figure 7d), and the masking layer of vanadium was dissolved using cyclic treatment in 30% H2O2 and H2O at intervals of t = 30 s (Figure 7e). Next, an active layer was applied to the surface of the heater using ion layering (drip deposition) from aqueous solutions or sol-gel deposition in such a way that it closed the ends of the signal electrodes (Figure 7f).



The most common metal oxides used as a sensitive layer for detecting a large number of gases, such as O2, H2, CO, CO2, NO, NO2, CH4, NH3, H2S, etc., is tin oxide—SnO2. At the same time, this is the main disadvantage, which consists of the difficulty of separating signals from different gas mixtures [20,21]. In2O3 films are also widely used in gas sensors, but their electrical parameters differ significantly from those of SnO2 [20,21,22,45]. The combination of these two materials retains the merits of both while smoothing out problematic issues in their use, including minimizing resistivity [46]. However, obtaining In2O3-SnO2 films of the required composition using plasma physicochemical deposition methods is associated with certain difficulties, consisting of a significant difference between the evaporation temperatures of indium and tin compounds, as well as the need to provide different evaporation rates. For this reason, the sol-gel method is the most convenient for obtaining films of a given composition.



Sols of indium and tin hydroxides were obtained by dissolving 10 g of SnCl4 in 20 mL of deionized water and 15 g of In(NO3)3 in 20 mL of deionized water. The solutions were mixed, and the resulting composition was intensively stirred until complete dissolution and a homogeneous solution was obtained, centrifuged, and dispersed using ultrasound. To obtain a gel, a few drops of 50% NH4OH, which is also a stabilizer of the colloidal state, were added to the solution of In(OH)3 and SnO2–x(OH)2x [35]. The solution with precipitated gel was kept for 2–3 h, purified using centrifugation, and placed in an ultrasonic bath for 1 h. The gel was applied in doses of 2 μL to the hot heater surface when a current was applied to the electrodes. Each deposited layer was dried at 70 °C (I = 16 mA) for 15 s and annealed at 600 °C (I = 35 mA) for 15 s, turning the temperature up to 600 °C for 20 s. To obtain uniform gas-sensitive films of sufficient thickness (about 2–3 μm), up to 10 gel layers were applied. Figure 5c shows the cross-section of the AA membrane with the gas-sensitive layer of In2O3-SnO2 deposited on the platinum heater.



To study heat transfer processes in sensors with different heater topologies, thin-film systems were fabricated using the MEMS-silicon technology of four design options using the described technological route.






3. Influence of the Sensor Heater Topology on Heat Exchange Processes


3.1. Investigation of Current–Voltage Characteristics of Heaters with Different Topologies


The influence of the heater topology on the electrical and temperature characteristics of the sensors was carried out on sensor structures fabricated according to the described technological process without deposition of the gas-sensitive layer. For the convenience of comparing the electrical and temperature characteristics of sensors with different heater topologies, each sensor was given the conventional name:




	
First topology (1t)—big six-loop meander with conductor width of 30 µm and gap between them of 5 µm (Figure 2a);



	
Second topology (2t)—serial connection of two halves of the first type heater, divided along the axis (Figure 2b);



	
Third topology (3t)—parallel connection of two halves of the first type heater, divided along the axis (Figure 2b);



	
Fourth topology (4t)—half of the first meander (Figure 2c);



	
Fifth topology (5t)—small square two-loop meander (Figure 2d).








Table 1 shows the main geometric parameters of the topologies of the studied sensors.



Comparing the topologies of different heaters (Table 1), it should be noted that the first three heater options have the same area of 0.092 mm2 with approximately the same length of the resistive conductor, 2.4–2.6 mm. The area of the fourth and fifth types of heaters is two times smaller, and it is 0.046 mm2 with a shorter conductor length of 1.1–1.3 mm. The resistance of the heaters correlates with the length of the platinum conductors. To estimate the resistance of the heater conductor, we calculated the number of squares in the conductors of different topologies, including the external conductors leading to the heater. In topology 5t, the length of the heater conductor is 37 squares, and the electrodes leading to it are 22 squares, that is, more than half the length of the heater conductor. Table 1 also shows the resistance values of these heaters.



The rate and uniformity of sensors heating with different types of heater topology were evaluated by measuring the current–voltage characteristics (CVC) when a current was passed through the heaters, increasing in 10 mA increments. All electrical measurements were performed using the set of measuring instruments from Keysight: electrical modes were set using a Keysight B2901A parametric analyzer, and currents and voltages were recorded using a Keithley 6485 ammeter and Keysight 34470A multimeter. All data were digitally transferred to a computer via the USB interface in the EasyEXPERT group+ software environment. In the process of the research, CVCs were automatically plotted on the monitor screen. The temperature of the heaters was recorded using a non-contact method within the range of 20–700 °C using a stationary high-precision digital infrared pyrometer IMPAC IPE 140 (LumaSense, Frankfurt/Main, Germany) with a spectral range of 3.9 μm. In addition, the degree of heating of the heater was qualitatively assessed by visually recording the spectral changes during the heating of the working area from dark red (DR) to bright red (BR) glow and the values of the currents at which the glow appeared, as well as the dissipated power on the heater, were recorded.



Figure 8 shows the measured CVCs of the sensors under study, indicating the temperatures of the heaters in certain electrical modes. Figure 8a shows the CVC for the first type of heater topology shown in Figure 2a. It is characterized using a significant nonlinearity, a narrow current range, at which the central part of the heating region changes color from DR (35 mA) to BR (41 mA), and low heating power to DR color of about 37.5 mW.



The CVC of the heater, which is the series connection of two halves of the first type heater (Figure 8b), also has significant nonlinearity and a small range of color change currents from DR to BR (50–55 mA), but higher heating power (62.5–83.5 mW) to red. When the two halves of the heater of the second type are connected in parallel, its CVC is the closest to linear dependence (Figure 8c). In addition, it should be noted that when this type of heater is switched on this way, the DR area appears already at a current of 92 mA, which corresponds to power of 48.3 mW and BR—at 110 mA. Thus, the wider range of temperature control of the sensor working area is observed by changing the value of the heating current from 70 to 110 mA. The fourth heater topology CVC, which is half of the base heater, has less linear dependence compared to the double heater connected in parallel but smoother than that of the first and second types connected in series (Figure 8d). The DR glow appears at 60 mA, which corresponds to a power of 46 mW, and quickly turns into BR already at 70 mA; that is, the heating control current range is only 10 mA. The heater CVC manufactured according to the fifth topology (Figure 8e) also has good linearity, but this topology is characterized by small current ranges for heating the sensors to the specified operating temperatures. For this reason, the glow on the heater was not recorded.




3.2. Study of Heater Temperature Dependences with Different Topologies


Analyzing the CVCs of the studied sensors, it can be noted that the values of the power dissipated at maximum heating until the appearance of DR and BR glow do not correlate with the geometric dimensions of the heaters. DR glow appears initially in the central part for all types of heaters at a temperature of about 620–650 °C. Here, power dissipation, sensor housing design, and assembly technology have a significant impact. The temperature at which BR glow appears lies in the range of 780–820 °C for different types of heaters. From the point of view of controlling the heater temperature in wide-range currents, the topology of the second type is most preferable when two halves are connected in parallel, while DR glow appears in this design at relatively low power. In addition, the large area of the heater ensures uniform heating of the active layer of the sensor. Low power is spent on heating the heater to DR glow in the heater of the fifth type, and minimum power is required for the appearance of BR glow in such a sensor, but the small current range of about 4 mA does not allow high accuracy to control the heater temperature. These considerations are valid for the high-temperature region, but since the sensors, depending on the analyzed gases and the gas-sensitive materials used, operate in narrow temperature ranges within the temperature range from 100 to 500 °C, different topologies can have temperature features in the operating ranges. However, the main thing is minimizing power consumption with high and stable indicators of sensitivity and speed.



Figure 9 shows the temperature dependences on the dissipated power in the heaters under study. The maximum power expended on heating to certain temperatures is expended in the heater 5t—the small square meander with narrow supply electrodes. So, for example, for heating up to 100 °C, the 5t heater needs to spend 9.75 mW, while in the large 1t meander or in one half of the large meander, a little more than 4.85 and 5.75, respectively.



This proportion of energy consumed is maintained when heated to 200–500 °C. Increased energy costs are observed at the 2t heater—two halves of meander connected in series, which needs 6.6 mW to heat up to 100 °C, 22 mW to 300 °C, and up to 500 °C—42 mW. Comparatively lower losses are for the heater 3t—two halves of the meander connected in parallel. The minimum power consumption in all temperature ranges is provided by the heater with the first topology 1t—the large meander, and the half meander 4t. At the same time, at temperatures up to 300 °C, the energy consumption of 1t is lower, and to achieve higher temperatures, heaters 1t and 4t require almost the same power.




3.3. Study of Gas-Sensing Properties of Investigated Sensors


Figure 10a shows the dependences of the temperature on the heaters under study on the magnitude of the current, from which it can be seen that the maximum heating rate for heaters is 1t and 5t, but for heating up to 450 °C, power of 42.75 mW must be applied to the heater 5t, and for 1t—only 26.35 mW. The same graph highlights the temperature ranges that are most preferable for recording different types of gases, including for the In2O3-SnO2 films we use. To measure the gas-sensing properties of sensors, a 1t heater was chosen from the set of topologies under study, which provides fast and uniform heating at low power consumption and operates stably at high temperatures. The response of such sensors to CH4 and C3H8 was studied on an experimental bench consisting of a measuring cell, a system for creating and maintaining a given gaseous medium in the cell, and devices for measuring electrical signals. All the electrical measurements were performed using the set of measuring instruments from Keysight described above. As calibration gas mixture was used CH4–0.5 vol.% and C3H8–0.2 vol.% diluted in purified air (2O2 + N2). The measurements were carried out in the measuring cell at room temperature (20–25 °C) and humidity maintained using a humidity generator in the range of 40–45%. The control over the course of the experiment was carried out using information recorded using measuring instruments and the gas flow microcontrollers of the gas generator, transmitted to the personal computer. The measurement cycle began with switching on the gas generator valves in combination, providing the minimum content of the initial gas in the gas mixture (CH4–0.5 vol.%), after which the gas mixture, after preliminary pumping, was fed into the measuring cell. The measurements were carried out at a set current on the 1t topology heater, which provided the optimal temperature for recording this gas. The sensor sensitivity was determined as the ratio of the sensor resistance in air (Rair) to the sensor resistance when exposed to active gas (Rgas): S = Rair/Rgas.



Figure 10b shows the responses of the sensors with 1t topology at a current of 30 mA for 0.5 vol% CH4 and at a current of 27 mA for 0.2 vol% C3H8. These responses to methane and propane showed good sensitivity. For 0.2% C3H8, the sensor sensitivity was 1.279 at a gas-sensitive layer temperature of 350 °C, while the power dissipation on the heater was 17.7 mW at a heating current of 27 mA. For 0.5 vol.% CH4 at a heating current of 30 mA (23.9 mW, 430 °C), the sensor sensitivity was 1.222.



The fabricated sensors showed the long-lasting stability of heaters on the anodic alumina thin-film membrane. Changes in heater resistance after 100 h of continuous operation averaged less than 1%. At the same time, the stability of the heater, made according to the first topology, was less than 0.5% at a temperature of 150 °C and less than 1.5% at a temperature of 450 °C (current 31 mA) after 250 h of operation. These heater parameters provide stable and reproducible sensor parameters when measuring methane and propane (Figure 10b) at the level of 2.5%. The long-lasting stability corresponds to the high rates of such systems. Since not only the heater but also the overall long-lasting effect of the gas-sensitive material affects the stability of the sensor stability and its deposition method, this value corresponds to the high characteristics of the stable operation of such a system [47].



Thus, the conducted studies confirmed the assumptions about the need to choose the correct topology of the heater when designing sensors for registering particular gas, providing optimal temperature and functional characteristics—power consumption and sensitivity to the limiting concentrations of gas mixtures.





4. Conclusions


The results of a comprehensive analysis of the functional characteristics of chemo-resistive sensors with meander-type platinum heaters of various topologies are presented in this article. The heaters are placed on a double dielectric membrane of unstrained silicon nitride and nanoporous anodic aluminum oxide, locally located in a window formed using MEMS silicon technology by anisotropic silicon etching. Thanks to this design and the developed original technology, it was possible to achieve a fundamental reduction in power consumption during rapid heating to operating temperatures reaching 450–500 °C. An analysis was made of the influence of the heater topology in sensors of this design on their electrical (controlled current and voltage control) and thermal (heating rate and temperature distribution) characteristics, taking into account sensitivity, speed, and minimum power consumption in different temperature ranges depending on the type of the registered gas. The presented data show that when developing gas sensors for various purposes, it is necessary to take into account the features of heat exchange processes in heaters with minimal power consumption in order to control the temperature regime in a given range provided by a properly selected thin-film heater. Comparing four types of heater topologies for the sensor designed to detect gases in the region of elevated temperatures, the most preferable is the six-loop large meander, which provides heating control in the wide current range and fast heating to the dark red glow at the relatively low power, and the large heater area creates uniform heating of the sensor active layer. Studies of the sensor gas-sensitive characteristics with this heater topology showed a good sensitivity of 1.279 to 0.2% propane at 350 °C, which corresponded to the power consumption of 17.7 mW at a current of 27 mA. The sensitivity of the sensor to 0.5% methane was 1.222 at a current of 30 mA and power consumption of 23.9 mW. Choosing the right heater topology while registering the particular gas ensures optimal temperature and functional characteristics of the sensor—power consumption and sensitivity to low concentrations of gas mixtures.
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Figure 1. Schematic representation of the construction of platinum heater for the thin-film sensor on double dielectric SixNy/AOA membrane in a locally etched window in a silicon wafer. 
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Figure 2. Different options for the topology of the sensor heater on a two-layer SixNy/Al2O3 membrane: (a)—big six-loop meander with conductor 1t; (b)—serial connection of two halves of first type heater 2t; parallel connection of two halves of first type heater 3t; (c)—half of the first meander 4t; (d)—small square two-loop meander 5t. 
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Figure 3. Stages of formation of a two-layer membrane on a silicon substrate: (a)—Si substrate cleaning; (b)—plasma-chemical deposition of SixNy; (c)—photolithography on the windows pattern; (d)—plasma-chemical etching of SixNy; (e)—anisotropic Si etching; (f)—photoresist removal; (g)—Al sputtering; (h)—two-stage electrochemical Al anodizing. 
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Figure 4. A window with a double dielectric SixNy/AOA membrane in a silicon substrate formed by local anisotropic etching: (a)—view of the window from the back of the substrate; (b)—substrate cross-section in the window area; (insert (b))—cross-section of double dielectric membrane SixNy/AA. 






Figure 4. A window with a double dielectric SixNy/AOA membrane in a silicon substrate formed by local anisotropic etching: (a)—view of the window from the back of the substrate; (b)—substrate cross-section in the window area; (insert (b))—cross-section of double dielectric membrane SixNy/AA.



[image: Chemosensors 11 00443 g004]







[image: Chemosensors 11 00443 g005 550] 





Figure 5. SEM images: (a)—the surface of AA membrane; (b)—the surface of deposited Pt on AA membrane; (c)—cross-section of AA membrane with the gas-sensitive layer of In2O3-SnO2 deposited on the platinum heater. 
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Figure 6. Stages of forming a heater and electrodes on a nanoporous dielectric membrane in a silicon substrate: (a)—sputtering Pt; (b)—photolithography based on the heater and electrodes pattern; (c)—plasma-chemical etching of Pt; (d)—photoresist removal. 
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Figure 7. Stages of membrane preparation and application of the active layer: (a)—spraying of V; (b)—masking of the front side of the membrane with paraffin and silicon plate (PSP); (c)—local anisotropic additional etching of Si in windows; (d)—removal of paraffin and satellite plate; (e)—dissolution of V; (f)—application of the active layer. 
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Figure 8. Sensors CVCs with different heaters topology: (a)—big six-loop meander with conductor 1t; (b)—serial connection of two halves of first type heater 2t; (c)—parallel connection of two halves of first type heater 3t; (d)—half of the first meander 4t; (e)—small square two-loop meander 5t. 
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Figure 9. Dependences of temperature on the Energy consumption for heaters with different topologies are shown in Figure 2: (1t)—big six-loop meander with conductor; (2t)—serial connection of two halves of first type heater; (3t)—parallel connection of two halves of first type heater; (4t)—half of the first meander; (5t)—small square two-loop meander. 
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Figure 10. (a)—Dependences of temperature on heating current for different heater topologies shown in Figure 2: (1t)—big six-loop meander with conductor; (2t)—serial connection of two halves of first type heater; (3t)—parallel connection of two halves of first type heater; (4t)—half of the first meander; (5t)—small square two-loop meander. (b)—The responses of the sensor with 1t topology at a current of 30 mA for 0.5 vol% CH4 and at a current of 27 mA for 0.2 vol% C3H8. 
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Table 1. The main topologies parameters of the studied sensors.
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	Title Topology
	Heater Area,

mm2
	Conductor Length,

mm
	Conductors Squares

Number
	Heater Resistance,

Ohm





	1t
	0.092
	2.4
	84
	12.18



	2t
	0.092
	2.6
	100
	13.82



	3t
	0.092
	1.3
	50
	3.51



	4t
	0.046
	1.3
	51.5
	7.24



	5t
	0.0484
	1.1
	37 + 22
	10.15
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