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ABSTRACT 

The technological route to manufacture a resistive-type MEMS gas sensor for low analyte concentration 

detection is proposed and the main characteristics of the device are demonstrated. MEMS consists of a silicon 

substrate with nickel interdigital electrodes acting as a microheater, on top of which a thin (100 nm) gas-

sensitive layer of nickel oxide (NiO) is deposited. The silicon substrate is etched from the back side of the 

device to achieve a membrane of about 50 microns. The operating temperature of the sensitive layer in 

measurement mode is 130–205 °C. The proposed device shows the effect of introducing hydrogen sulfide in 

a gas mixture from 1 to 100 ppm on the conductivity of the sensing layer. 
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Introduction 

Microelectromechanical systems (MEMS) are used in applications ranging from 

gyroscopes and accelerometers to air pollution detection systems [1–5]. At the same 

time, high-performance gas sensors with high sensitivity, selectivity, and low response 

time to small changes in gas concentration are still needed to improve reliability. 

Compact and MEMS sensors with low power consumption are one of the options for 

solving this problem. 

The main difficulty in the application of MEMS as high-performance gas sensors of 

resistive type is the selection of the material of the gas-sensitive element, which can be 

thin films of metal oxides, metal-organic composites, nanocomposites and other 

materials [4–7]. The development of new topologies of microsystems and the search for 

the best materials for the sensitive layer is the actual task. At the same time, the choice 

of material for the sensitive layer of the gas sensor is based on the gas to be detected, 

thus, the study of sensitivity to different gases of different elements and compounds is 

also extremely important [8–10]. 
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Hydrogen sulfide is a neurotoxic gas that causes poisoning if the content of the 

compound exceeds 50 ppm. The maximum permissible, or low, concentrations are less 

than 7 ppm for the work area and 0.008 ppm for the residential area. For measuring in 

the range of operating area concentrations of 1–1000 ppm, electrochemical sensors are 

used. They have low response rate, low resolution, and a bulky design, as well as low 

energy efficiency (only a few watts). Other methods of studying the concentration of gases 

in the mixture, such as mass spectrometry, chromatography and optical methods, are not 

suitable for conditions of continuous air quality monitoring, as they require special 

sample preparation and do not allow full automation of the process without the use of 

highly qualified personnel. 

In turn among MEMS devices for detection of hydrogen sulfide the sensors based 

on tin oxide, tantalum oxide with various doping were used. It is shown that the presence 

of metal inclusions (zinc, copper, nickel, indium) increases the sensitivity and selectivity 

to this gas due to the formation of sulfides of these metals on the surface. The application 

of these sensors is limited by the long recovery time (it takes several hours for desorption) 

and/or degradation of the active layer [11]. The presence of oxidation centers on a 

sensitive layer is also important in detection of hydrogen sulfide. The presence of such 

centers is associated with both the crystallinity of a film, and the roughness of its surface. 

One of the options for the material of the sensing element is nickel oxide. For films 

of nickel oxide, which acts as an active center for the addition of hydrogen sulfide, the 

possibility of achieving greater surface roughness was shown in the study of 

electrochromic properties [12]. In addition, the p-type conductivity of nickel oxide 

suggests a decrease in the conductivity of the material through the adsorption of 

hydrogen sulfide on its surface [13]. 

Thus, the purpose of this work was to create a MEMS gas sensor of resistive type 

with a thin-film sensing element of nickel oxide, suitable for detection in a gas mixture 

with a concentration of hydrogen sulfide from 1 to 100 ppm. 

 

Methodology of manufacturing MEMS gas sensor 

Functional diagram and design of the sensitive element 

For manufacturing the laboratory prototype of the sensitive element (SE) of the MEMS 

hydrogen sulfide gas sensor, the classical functional scheme of resistive gas sensors [5] 

was chosen. It contains a heating element and a sensitive layer based on a semiconductor 

film that changes its conductivity by interaction with analyte molecules during adsorption 

and desorption of gas from the surface of the active layer [11]. 

The SE is made of monocrystalline silicon with a thickness of 0.4 mm and a size of 

10 × 10 mm in the horizontal plane. In the central part, the silicon is thinned to a 

membrane with a thickness of about 50 μm to reduce power consumption and increase 

the SE performance (Fig. 1(b)). On the membrane, there are a heater and two interdigital 

electrodes separated by an insulating dielectric and made by thin-film technology from 

metal having an ohmic contact to the semiconductor layer of nickel oxide (Fig. 1(a)). For 

p-type NiO, nickel and gold, which have a high work function, can act as contacts. The 

heater is designed in the form of a meander, whose paths between the protrusions of the 

interdigital electrodes, and is covered with a protective dielectric from above, unlike the 
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protrusions of the electrodes [14]. The length of the protrusions of the interdigital 

electrodes is 2 mm, the distance between the protrusions is 300 μm, and the width of the 

heater track is 100 μm. The sensitive layer (NiO) is located on the membrane above all 

the elements and is in electrical contact only with the protrusions of the electrodes acting 

as a measuring element. With this configuration of the SE, the entire surface of the 

sensitive layer is open for interaction with the molecules of the analyzed gas, and the 

maximum heating is carried out directly between the protrusions of the measuring 

electrodes [15]. 

 

 
 

Fig. 1. Schematic diagram of the SE chip: (a) top view: chip size 10 × 10 × 0.4 mm; (b) side view (not to scale) 

 

The performance, sensitivity, and selectivity of such a SE to the analyzed gas depend 

on the thickness and crystal structure of the NiO layer [15], regulated by the modes of its 

vacuum deposition and subsequent high-temperature annealing, as well as on the 

temperature mode of the SE operation, set by the heater [16,17]. 

The technological route presented in Fig. 2 was chosen for the fabrication of SE 

laboratory models. The presented route is universal, as it is suitable for the use of various 

gas-sensitive materials, such as nickel, titanium, molybdenum, tin oxides and others 

[8,9,18–20] with the use of metallization system based on noble metals and a plasma 

method of membrane formation. In addition, a nickel metallization system can be used 

to create an electrical contact to the gas-sensitive layer, and alkaline etching of silicon 

in potassium hydroxide solutions can be used to form a silicon membrane with low heat 

capacity.  

(a) 

(b) 
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Manufacturing MEMS hydrogen sulfide gas sensor 

To precisely position the elements during the technological process, special marks were 

created on the plates for subsequent precise alignment of the elements located on the 

front (top) side of the plate and the back (bottom) side of the plate (Fig. 2). A ~ 100 nm 

thick SiO2 oxide layer, grown by thermal oxidation for four hours at 950 °C, was coated 

with a positive photoresist, followed by double-sided photolithography. This was 

followed by etching the oxide in a standard SiO2 buffer etchant for 1 min and 5 μm mark 

burial by wet etching of the silicon in 25 % tetramethylammonium hydroxide (TMAH) 

solution for 10 min at 70 °C. This was followed by cleaning aggregates from the surface 

and repeated thermal oxidation of the silicon for 4 h at 950 °C. 

 

 
 

Fig. 2. Technological route to manufacture MEMS gas sensor 

 

At the second stage (Fig. 2), the topology of the metallization layer was formed, 

including heating elements, measuring interdigital electrodes, contact pads and 

connecting paths. Vacuum DC-magnetron sputtering of pure nickel with a thickness of 

100 nm was used to apply the metal coating. Next, the topology was formed on the metal 

layer using direct photolithography. The type of photomasks used is shown in Fig. 3. 

Nickel etching was carried out in 30 % nitric acid solution. 
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Fig. 3. Topology of used photomasks 

 

To insulate the heater, a SiO2 dielectric film with a thickness of 300 nm was 

deposited on the surface of the heating element. This operation was performed using the 

lift-off photolithography method exposed to PM2 “windows in dielectric” mask. The SiO2 

layer was deposited by vacuum reactive DC-magnetron sputtering of a pure silicon target 

in an oxygen and argon atmosphere (1:1) at a pressure of 2 mTorr and a discharge power 

of 150 W at a rate of 2 nm/min. The photoresist was removed in a boiling solution of 

dimethylformamide and monoethanolamine (1:1), resulting in the formation of contact 

windows in the deposited dielectric film above the measuring electrodes and microwire 

bonding pads. To ensure guaranteed heater insulation, the procedure with the application 

of the insulating layer was performed twice. In addition, to improve the contact pads 

located at the edges of the chip, a repeated nickel metallization procedure using the lift-

off photolithography and vacuum magnetron sputtering of metal. 

The penultimate step of the technological route was the etching of the silicon 

membrane. The topology of the mask was formed using the PM4 "mask for membrane" 

(Fig. 3). The choice of a specific method of membrane fabrication, as well as modes of 

silicon etching and chemical reagents used, was made in accordance with the chemical 

resistance of the elements on the front surface. 

 

 
 

 

Fig. 4. (a) SEM and (b) AFM images of nickel oxide layer with the thickness of 120 nm 

PM0 
alignment 

marks 
PM1 – metallization PM2 – windows  

in dielectric 
PM3 – contact  

pads 
PM4 –membrane 

etching mask 

(b) (a) 
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Deposition of the gas-sensitive NiO layer on the central area of the chips was 

performed through an overlay mask made of a silicon plate with laser-cut square holes 

(Fig. 2). Vacuum reactive DC-magnetron sputtering of a nickel target with a diameter of 

100 mm [21] and a thickness of 1 mm in an atmosphere consisting of 30 % oxygen and 

70% argon (O2 flow rate of 6 sccm, Ar flow rate of 14 sccm) [22] was used for the deposition. 

The operating pressure during sputtering was 3 mTorr, the discharge power was about 

100 W (0.3 A, 340 V), and the distance from the target to the chip substrate holder was 

20 cm. The NiO deposition rate was 2 nm/min. The thickness of the deposited coating 

varied from 30 to 120 nm, and the thin film morphology is shown in Fig. 4 [6,14,15]. 

To increase the proportion of the crystal phase in the deposited NiO films, annealing 

was performed at 300–550 °C [23–26]. The annealing temperature was limited to 400 °C, 

since at higher temperatures significant degradation of the metallization system 

occurred. 

 

Results and discussion 

To study the gas sensitivity of the MEMS SEs, they were placed for mounting in metallized 

ceramic boards (Fig. 5(a)), which have low thermal conductivity to reduce overall power 

consumption. The use of such layouts for mounting contacts allowed to protect the metal 

contacts of SE, as the most vulnerable to the effects of hydrogen sulfide, and to provide 

flip-chip mounting of SE. The chip in the case is shown in Fig. 5(b). 

 

 
 

Fig. 5. Polycor boards, MEMS sensor before (a) and after (b) mounting 

 

Measuring the main electrical parameters of the MEMS sensor 

Before determining the sensitivity to the presence of hydrogen sulfide of known 

concentration, the basic electrical parameters of the laboratory MEMS sensor prototypes 

were measured, such as the resistance of the heater and gas-sensitive layer at different 

temperatures. 

During the measurements, each chip with the MEMS sensor was subjected to slow 

heating and cooling. During this time, the resistance values of the nickel heater and the 

NiO sensitive layer between the measuring interdigital electrodes were measured. The 

chips both with and without annealing were used for the measurements. Figure 6 shows 

the characteristic temperature dependences of the resistances for five SEs with nickel 

oxide layer with a thickness of 120 nm, differing in high-temperature annealing modes. 

Subsequently, the parameters of the obtained calibration curves allowed estimating 

the temperature of the sensor’s operating zone by extrapolating the obtained 

dependencies to the entire temperature range. 

(a) (b) 
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(а) (b) 

 
 

(c) (d) 

 
(e) 

Fig. 6. Temperature dependences of the resistance of the heater and the gas-sensitive layer of NiO 

without annealing (a), with vacuum annealing (residual pressure 10–6 Pa) (b,c) and annealing in air (d,e) 

 

Effect of annealing temperature on the electrical parameters of the active layer 

All annealed SE samples are characterized by a linear temperature dependence of the 

measured resistance (conductivity) in semi-logarithmic coordinates (Fig. 7(b)), which 

indicates the formation of a high-quality polycrystalline layer of semiconductor NiO and 

the ohmic nature of the metal contacts burned into it [15,17]. For the SE without 

annealing, this dependence is nonlinear, which may indicate either an amorphous state 

of the gas-sensitive layer or poor quality of the contacts [27]. 
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(а) (b) 

Fig. 7. Temperature dependences of the conductivity of the gas-sensitive layer of the SE in semi-

logarithmic coordinates before (a) and after (b) annealing of NiO 

 

The absolute value of the resistance of the nickel heater decreases with increasing 

annealing temperature in each series of experiments, in the range from 850 to 500 ohms, 

and its temperature coefficient of resistance is almost constant in the studied 

temperature range [28]. 

  
(а) (b) 

 
(c) 

Fig. 8. Change in the resistance of the NiO gas-sensitive layer over time (min) when the heater is switched on and 

off at different voltages on the heater: (a) heating/cooling time of the sensor when applying voltage to the heater 

from 10 to 15 V (power < 1 W); (b) heating/cooling time of the sensor when applying voltage to the heater from 

16 to 24 V (power > 1 W); (c) derivative of the heater resistance when applying voltage in pulse mode 
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Sensor response time 

Figure 8 shows the experimental time characteristics of one of the laboratory models of 

the SE at different values of voltage supplied to the heater. These dependencies are 

characterized by two time intervals both on the heating curve and on the cooling curve 

– a rapid change [22,29] in the temperature of NiO at the initial moment of the response 

time (t90) of several seconds and slow thermal stabilization of the SE within several 

minutes after switching on or off the supply voltage. 

 

Power consumption parameters for different operating temperatures 

The power consumption of the formed SE was from 0.5 to 1.5 W (Fig. 9) in the operating 

temperature range. During the study, it was found that despite the presence of the 

membrane, during heating, the sample case is strongly heated. In order to reduce the 

heating, it was proposed to use additional "legs" for thermal decoupling of the sample. 

The "legs" were metal pins on the back surface of the case, which were supposed to 

improve heat dissipation. However, the presence of "legs" did not give the expected 

results. The reason for this may be the strong influence of convective heating of the case 

due to the large area of the heater and the small gap in the case. 

 

 
Fig. 9. Experimental dependences of the heater temperature on the power supply for different installation 

conditions in the case (with and without "legs") 

 

Study of the sensitivity of a gas sensor to hydrogen sulfide 

For p-type semiconductors, interaction with gases by the reduction mechanism leads to 

a decrease in resistance, which is caused by an increase in the number of holes in the 

valence band due to a decrease in the number of electrons as a result of chemical sorption 

of gas on the surface. The reverse mechanism is observed with the oxidation mechanism. 

This changes the geometric size of the space charge region and other parameters of the 

semiconductor film related to its conductivity. This is demonstrated schematically in 

Fig. 10. In the case of the nickel oxide film, an increase in the resistance of the active 

layer is expected with increasing temperature when interacting with hydrogen sulfide. 
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Fig. 10. Gas detection mechanism and transient resistance changes of n-type (a,c) and p-type (b,d) 

chemoresistive gas sensors 

 

The tests of the manufactured MEMS sensor elements were carried out using a 

measuring stand consisting of a chamber, a gas distribution system for hydrogen sulfide 

(with a maximum hydrogen sulfide concentration in the chamber of 100 ppm), a reference 

hydrogen sulfide sensor "ATOM MIRAX", and the corresponding electronic equipment for 

signal recording. Resistance measurements were carried out using a resistive divider 

circuit [30] based on precise calibration resistances (Fig. 11). 

 

 
Fig. 11. Scheme of measuring system: Rt is thermistor; Rh is heater, Rcal are current measuring resistors 

 

The SE was tested at heater operating temperatures from 130 to 205 °C to exclude 

the influence of changes in the registered signal from the flow rate. In the measurements, 

the gas flow rate was maintained constant using two GMFCs; the total flow was 3.6 l/h. 

Figure 12 shows an example of the dependences of hydrogen sulfide influence on the 

sensor resistance in comparison with the reference hydrogen sulfide sensor for different 

gas supply ratios at the operating temperature, and also indicates the heater temperature 

drift during measurements at 130, 170, 205 °C. The formed SE allowed to detect from  

1 to 100 ppm of hydrogen sulfide. 
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(c) 

Fig. 12. Dependencies of the influence of hydrogen sulfide on the resistance of the sensor in comparison 

with the reference sensor for different gas supply ratios (as a percentage of the total volume of gases in 

the mixture), at different operating temperatures: (a) 130 °C, (b) 170 °C, (c) 205 °C  
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Figure 12 shows that the nickel oxide-based gas sensor manufactured using the 

proposed MEMS technology allows detecting hydrogen sulfide in the range from  

1 to 100 ppm. The most effective operating temperature for detecting hydrogen sulfide 

is 205 °C (Table 1). The operating power of the sensor is 1.45 W. Moreover, the built-in 

microheater provides a simultaneous heating function without the need for any external 

heating device. However, a systematic study requires consideration of the selectivity of 

the sensor when gases other than hydrogen sulfide are also present in the air. 

 
Table 1. Sensor parameters at different operating temperatures 

Operating temperature of 

the sensor, °С 

Response to hydrogen 

sulfide, sec 
Power, W 

Recorded concentrations, 

ppm 

130 – 1.05 – 

170 30 1.30 15–100 

205 10 1.45 1–100 

 

Conclusion 

The article proposes and tests a technology for manufacturing MEMS hydrogen sulfide 

sensors with a sensitive layer of nickel oxide. The sensitive layer of nickel oxide (NiO) 

showed sensitivity to hydrogen sulfide from 1 to 100 ppm, for annealed films at a 

temperature of 300 to 400 °C, the optimal operating temperature was 205 °C. The 

presence of a silicon membrane made it possible to reduce energy consumption to several 

watts, due to a decrease in the heat capacity of the chip while maintaining the size and 

design of the heater. The MEMS sensor showed a thermal stabilization time of about a 

minute, under the condition of a sharp primary heating of about 1 sec. 

This resistive-type MEMS sensor with a self-heating thin NiO film is suitable for 

energy-efficient gas sensor applications but requires testing for selectivity. 
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