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This study investigates the fabrication and performance of SnO- thin films for gas sensing applications, utilizing a deposition method
at 2 bar pressure and 8 ml/min flow rate. A multilayer structure was developed, comprising 14 layers, each with a thickness of 250 nm,
optimized for sensitivity and stability. The gas sensor, featuring a film heater and sensitive elements doped with a 1% silicon additive,
demonstrated a wide operational temperature range (20-370 °C). Characterization of resistance changes revealed significant hysteresis
before isothermal annealing, with resistance values stabilizing after prolonged exposure to 370 °C. Post-annealing, the sensor exhibited
three orders of magnitude higher resistance, indicating improved stability and electronic transport properties. Doping with a IN AgNO3
solution significantly enhanced sensitivity to ammonia, with a detection threshold of 500 ppm, while sensitivity to alcohol vapors
decreased, indicating selectivity. Experimental results confirm that local doping and thermal treatment effectively enhance the
metrological characteristics of SnO2-based sensors, making them suitable for detecting toxic gases.
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INTRODUCTION

Gas sensors of the resistive type based on metal oxide semiconductors (tin dioxide, zinc oxide) offer a number of
advantages compared to other gas sensors: they allow for the detection of many inorganic and organic gases in the air, have
a fast response time, and high sensitivity [1-3]. However, the problem of integrating such sensors into mass production
remains unresolved, as it is quite difficult to simultaneously achieve stability, selectivity, and high sensitivity [4, 5].

Typically, tin dioxide (SnO,) is deposited on a cold substrate, resulting in an amorphous film structure, and prior to
working with a long-stored sensor, an extended high-temperature annealing process (above the sensor's operating
temperatures) is necessary for the crystallization of the film, desorption of residual gases, and stabilization of its electrical
parameters [6-8].

The aim of this study is to investigate the influence of isothermal annealing modes and Ag doping on the stability
of gas sensing properties of tin dioxide films and to improve the metrological characteristics of gas sensors.

MATERIALS AND METHODS

The experimental method involved the deposition of SnO; films at an air pressure of 2 bar with a speed of 8 ml/min.
The distance from the spraying head to the preheated silicon substrate was 85 cm [9]. The SnO; film was applied in a
single layer for 18 minutes. Multilayer deposition of the SnO, film occurred every 1 minute with a subsequent 30-second
break to restore the substrate temperature. In this way, 14 layers were obtained. The sample for investigation is a gas
sensor crystal with dimensions of 1x1 mm?, manufactured using microelectronic technology [10]. Its structure includes a
film heater, two sensitive elements based on tin dioxide with a 1% atomic silicon additive (film thickness 250 nm,
sensitive element area size 200x320 um?), and contacts for the sensitive layer in the form of a platinum pin structure with
a distance of 10 pm between contacts [11-13].

Studies were conducted on the dependence of resistances of sensitive elements on the voltage at the heater U=0V,
Ohm: alpha-temperature power supply) during heating and cooling. The temperature of different crystals at the same
applied voltage may vary, so calibration of the sensor heater was carried out before starting the work. The following
formula is used to convert the value of the heater voltage to temperature [14]:

Ry, = Ryo(1+ a(T —Ty)) (D

where Ry - resistance of the heater when voltage is applied to it. Ruo - resistance of the heater when U = 0 V,
a - temperature coefficient of resistance, C'; T — temperature of heating, °C; T, = 20°C, room temperature.

The Table 1 shows the operating temperature of the sensor under corresponding voltages applied to the heater. The
operating temperature range of this sample is within 20-370°C.

Table 1. Relationship between temperature and voltage on the heater (power supply).

U,V 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
T,°C 19 50 60 95 127 146 204 245 282 326 367
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RESULTS AND DISCUSSION

Figure 1 shows the dependencies of R(U) obtained before annealing. It should be noted that the resistances during
both heating and cooling do not return to their initial values. The difference in resistance values of the SE amounts to
115% (52 kOhm). Isothermal annealing allows achieving less dispersion in resistance values.

Investigation of the change in resistances of the SE sensor over time during isothermal annealing (Fig. 2) has been
conducted. Annealing was carried out at Tconst = 370°C. It is evident that the resistance of the SE increases, and after 4
hours of annealing, stabilization occurs. The annealing time of the sensor after storage may vary from half an hour to
several hours of continuous exposure to high temperature.
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Figure 1. Relationship between Rsg and the heating voltage U  Figure 2. Relationship between the resistance of the sensor Rsg
during the heating and cooling processes conducted prior to and time during isothermal annealing
annealing the sensor (Red-heating, blue-cooling)

Furthermore, the dependence of the Rgsg values on U after isothermal annealing was investigated (Fig. 3). It was
found that as a result of annealing, the resistance of the sensitive element returns to its original state after heating and
cooling. However, compared to the values obtained before annealing, the resistances are three orders of magnitude higher.
In order to determine the range of controlled gas concentrations, it is necessary to study the dependence of sensitivity on
gas concentration [15-17]. Experiments have previously been conducted to investigate the influence of doping with
various concentrations of silver, and a IN solution of Ag was chosen as optimal. Figure 4 shows the dependencies of gas
sensitivity on ammonia concentration within the range of 500 to 5000 ppm. At room temperature, a sample with doping
of the sensor layer with a IN solution of Ag (Rsg,1) and a control layer without doping (Rsg,2) was investigated.

74
25 A
6+
5. 20 -
£
S 4 = 15
= s
7 34 1%
= 10 -
2
1 1
O-I T T T T T 0 1 T T : T T
1 3
0 0 1000 2000 3000 4000 5000
uv Cs., ppm

Figure 3. Relationship between Rsk and the voltage on the ~ Figure 4. Dependence of the gas sensitivity of the doped sample 1N

heater Ugp during heating and cooling processes conducted solution on the introduced concentration of ammonia vapors at

after the annealing of the sensor. (Red-heating, blue- T=210°C: Rsg.1 - sensitive sensor element with an undoped surface

cooling) (control sample - red curve); Rsg2 - sensitive sensor element with a
doped surface (blue curve)

It has been established that the change in resistance of the doped sample (Rsg,2) is 20% at an ammonia concentration
in the air of 500 ppm, while Rsg,i (control) shows no reaction within this range. Additionally, the graph demonstrates a
significant difference, approximately threefold, when comparing the sensitivity of the two elements at higher ammonia
concentrations.

During the measurements, it was noted that after silver doping, the sensor's sensitivity to alcohol vapors decreases.
An experiment was conducted to establish this relationship, as depicted in Fig. 5, to determine the influence of
Cs = 3000 ppm when applying voltage to the gas sensor.
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As shown in Fig. 4, after doping the surface of SnO,, its sensitivity decreased by a factor of 3, while the temperature
of maximum sensitivity remained practically unchanged, making it possible to create a selective microelectronic sensor
for ammonia and alcohol.

A series of experiments was conducted to study the effect of doping on the selectivity of the sensor to different
gases. The first part of the experiments involved determining the saturation time of the film with toxic ammonia vapors
and, consequently, the maximum sensitivity. For this purpose, the sample was placed under a sealed dome, into which
toxic gas vapors with concentrations of Cs=2000 ppm were introduced. The processes of interaction between ammonia
and the semiconductor surface represent a prolonged process with a time delay of approximately 10-12 minutes.

The second part of the research involves establishing the dependence of S, on the applied heating voltage and the
operating modes of the sensor element, where the highest sensitivity to alcohol vapor (Cs=2000 ppm) is observed. The
gas sensor's built-in heater was supplied with voltages ranging from 0.5 to 5 V in steps of 0.5 V, using the DC Power
Supply HY3005 for heating the sensor's active surface. Resistance values were measured from the sensitive elements
using Mastech MY 64 multimeters [18]. It was found that the same sensor exhibits sensitive properties to different gases
in different modes. Therefore, the next step was to conduct an experiment to determine the sensitivity of the doped sensor
to two toxic gases simultaneously.

The gas sensor with the application of a doping substance at a concentration of 1N was investigated. Subsequently,
samples were placed under the sealed dome of the measuring setup, and vapors of gases such as alcohol and ammonia
were introduced at concentrations of 2000 ppm. The results of the effect of AgNOs impurities and operating modes on
the sensitivity of the tested sample are shown in Figure 5.

Figure 6 can be divided into 3 parts: I - far left, II - central/middle, III - far right. In the first part, the steady state of
the gas sensor is demonstrated without any external influences. In the second part of the graph, two toxic gases were
introduced. The behavior of the curve in this segment indicates that the sensor film exhibits a sensitivity peak at room
temperature (response to ammonia). Then, in segment 3, voltages ranging from 0.5 V to 5 V were applied in steps of 0.5 V.
Subsequently, from the behavior of the curve, it is evident that the sensitive element's surface undergoes annealing and
thermal stabilization. At a voltage value of U=5V, a second peak appears, corresponding to the reaction of the
semiconductor film SnO, to alcohol vapors.
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Figure 5. Effect of doping (1N solution) on the sensitivity to ~ Figure 6. Sensitivity of the gas sensor doped with silver to
alcohol vapor Cs=3000 ppm when applying voltage to the gas  a mixture of two gases - alcohol (2000 ppm) and ammonia
sensor. (before — red curve, after — blue curve) (2000 ppm)

As a result of the research, a technique for local doping of SnO> sensing layers in microelectronic sensors has been
developed. It has been demonstrated that SnO; sensing layers doped with AgNOs are sensitive to ammonia vapors at room
temperature. The type of dependence of gas sensitivity on the concentration of ammonia in the range of 50 ppm to
5000 ppm has been determined. Sensitivity thresholds of SnO; films doped with 1N solution have been identified, which
amounted to 500 ppm of ammonia in the air. Through experimentation, the selective response of the microelectronic
sensor to vapors of two toxic gases simultaneously has been proven.

CONCLUSION
Therefore, these studies confirm that isothermal annealing improves the stability of gas sensor operation, increasing
Rsk and releasing oxygen chemical bonds on the surface of the sensitive SnO, layer, thereby enhancing the electronic
transport properties of the film. Doping Ag into the sensor layers of SnO, in gas sensors allows to improve the
metrological characteristics (sensitivity, selectivity, power consumption) of the samples and makes them a good material
for creating a selective indicator of toxic and explosive gases.
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T'A304YYTJIUBI BJJACTUBOCTI IIIBOK JIOKCHUZY OJIOBA
Hypitain FO. FOnycauie
Anouscancoruil deporcasHutl ynieepcumem imeti 3.M. Babyp, Anoudscan, Y3bexucman

VY wiit poOOTi AOCHIKYETHCS BUTOTOBICHHS Ta €(EKTHBHICTh TOHKUX IUTBOK SnO: A JAaTYMKIB Ta3y 3 BUKOPHCTAHHSIM METOIY
OCaKEHHS TP TUCKY 2 0ap 1 MBHIKOCTI MOTOKY 8 MiI/XB. Byio po3pobieHo GararomapoBy CTpyKTYpy, IO CKIaAaeThes 3 14 mapis,
KOJKEH 3 SIKHX Ma€ TOBIUHY 250 HM, ONTUMi30BaHUX JUIS Yy TIUBOCTI Ta CTa0iIbHOCTI. ['a30BUI aTUNK, SIKUI Ma€ ITiIBKOBHUH HarpiBay
1 9yTIMBI eneMeHTH, jerosani 1% 100aBKOIO KpeMHiro, MPOJEMOHCTPYBaB IMUPOKUH Jiama3oH pobounx temmeparyp (20-370°C).
XapakTepycTHKa 3MiH OIIOpY BHSBHJIA 3HAYHUH TICTEPE3UC Iepe i30TepMIYHIM BiJIIaIoM, a 3HAYCHHS OIOpY CTadiIi3yBaics Micis
tpuBanoro BBy 370°C. Ilicas Bigmamy AaTYMK MPOJEMOHCTPYBAaB Ha TPH IOPSIKH OUTBIINKA OMip, IO BKa3y€ Ha MOKPAIlEHY
CTabIIBHICTD 1 eNeKTpOoHHI TpaHcnopTHi BractuBocti. JomyBauns 1N po3zunnom AgNO3 3HAYHO MiABUIIIIIO Yy TJIUBICTh 0 aMiaky 3
noporom BusiBnieHHst S00 ppm, TOAI SIK UyTIAUBICTD 10 MapiB CIIUPTY 3HU3KIACS, 10 CBIAYUTH PO CEINEKTHBHICT. EKCrIepruMeHTaNbHI
Ppe3yabTaTH HiATBEPAKYIOTh, IO JIOKAJIbHE JIETYBaHHS Ta TEpPMiuHa 00poOKa e()eKTUBHO MOKPAIIYIOTh METPOJIOTIUH] XapaKTEPUCTHKH
JATYHKIB HA OCHOBI SnO2, poOisuu IX MPUIATHUMH JJIS BUSBJICHHS TOKCHYHHUX Ta3iB.
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