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The volt-ampere characteristics of the sensitive elements of gas sensors are investigated and plotted in coordinates corresponding to
various mechanisms of the transfer current. It has been established that the prevailing mechanism of current transfer in the section from
0to 6 V is Om’s law, in the interval (3 - 6) V the Mott’s law is fulfilled, and at higher voltages deviations from these laws are observed.
It is determined that the laws of Om and Mot confirm the mechanism of the flow of currents limited by the space charge.
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INTRODUCTION
Currently, microelectronic gas sensors are widely used for environmental monitoring, ventilation and air
conditioning systems, household devices, and the automotive industry [1,2]. They are also employed to determine the
maximum permissible concentrations of hazardous gases in mining, chemical, and metallurgical industries [3,4]. Among
a wide range of metal oxide semiconductors, tin dioxide is considered the most promising sensing material [5]. Gas-
sensitive resistive-type sensors are manufactured using tin dioxide, which detect the presence of gases in the air by
measuring changes in resistance between contacts.

The miniaturization of gas sensors, while maintaining operational voltages, increases the electric field in the gap
between contacts. This stimulates the migration of ion-adsorbed gas particles across the active layer surface, influencing
the overall characteristics of gas-sensitive devices and enabling gas analysis and recognition [6,7].

Research into the electrophysical characteristics of metal-oxide-semiconductor structures typically involves
measuring their volt-farad characteristics (often at high frequencies) for dielectric oxide layers and their volt-ampere
characteristics (IVC) under direct current for oxide layers with relatively high conductivity. This study presents
experimental results on the current transport mechanism in heterojunctions based on SnO,/Si.

EXPERIMENTAL METHOD
The results of the study of current flow mechanisms in SnO, films based on the investigation of the current-voltage
characteristics of test structures are presented. The object of the study is the sensitive element of a gas sensor. The crystal
of the gas sensor, measuring 1x1 mm?, contains the following elements: on an oxidized silicon substrate, a heater and
contacts for the sensitive layer in the form of an intersecting pin structure, made based on Ti-Pt, and two gas-sensitive
elements based on tin dioxide, doped with 1 at. % silicon [8]. The resistance of the heater is -29.8 Ohms. The sensitive
elements have resistances of 4.2 and 4.6 MOhms, respectively.

For the research, the following equipment was used: two power sources (DC Power Supply HY 3005), three
multimeters (MASTECHMY64), and a measuring stand [9-10]. The current through the gas-sensitive element is
controlled by the voltage drop across the standard load resistance connected in series with the gas-sensitive element. The
voltage applied to the sensitive element ranged from 0 to 30 V with a step of 1 V. As the voltage on the sensitive element
increased, the current through the sensitive element also increased. The current values on the sensitive element ranged
from 0 to 4.5 mA.

RESULTS AND DISCUSSION
Figure 1 shows the volt-ampere characteristic of the gas sensor’s sensitive element, measured at room temperature
in the voltage range from 0 to 31 V. It was found that with a change in voltage from 1 to 31 V, the current changes from
0to4.19 mA. From Figure 1, it can be seen that the volt-ampere characteristic of the sensitive element can be conditionally
divided into 3 sections, each with a different slope: section 1 from 0 to 6 V, section 2 from 6 to 17 V, section 3 from 17
to 31 V.
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Figure 1. Volt-ampere characteristic of the gas sensor’s sensitive element, measured at room temperature
in the voltage range (0 - 31) V.

To evaluate the current conduction mechanisms, the volt-ampere characteristics were transformed into the following
coordinates: I/U = F(U) - Ohm’s law [11,12], I/U"? = F(U'?) - Poole-Frenkel mechanism [13-15], I/U? = F(U?) - Mott’s
law[16] (Fig. 2-4).
In the voltage range of (0 - 6) V (Fig. 2), rectification of the volt-ampere characteristic in the coordinates I/U = F(U)
occurs, which means that Ohm’s law is satisfied.
The construction of the I/U"? = F(U"?) coordinate corresponds to the Poole-Frenkel mechanism (Fig. 3). The current-
voltage characteristic constructed in these coordinates linearly increases over the entire voltage range, and therefore the
Poole-Frenkel mechanism does not work in this case.
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Figure 2. Volt-ampere characteristic of the sensitive element (SE1)
of the gas sensor in the I/U = F(U) coordinates within the voltage
range of (0 - 6) V
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Figure 3. Volt-ampere characteristic of the sensitive
clement (SE1) of a gas sensor, plotted in the coordinates
I/U'2 = F(U"?) within the voltage range of (6 - 20) V

Figure 4. Volt-ampere characteristic of the sensitive element
(SE1) of the gas sensor, measured at room temperature, in
the coordinates I/U>=F(U?) in the voltage range (0-6)

In the voltage range of (3-6) V or (9-30) V (Fig. 4), rectification of the volt-ampere characteristic in the coordinates
I/U? = F(U?) occurs, which means that Ohm’s law is satisfied. With further increase in voltage in the coordinates I/U? =
F(U?), the function shows an increasing trend and no leveling off is observed.
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It is known that the main physical mechanisms of charge carrier transport in semiconductors are: currents obeying
Ohm’s law; currents limited by space charge; currents determined by barrier (Schottky) emission; the volume mechanism
of Poole-Frenkel - enhanced by the electric field ionization of impurity centers; electron tunneling through thin layers of
insulators and semiconductors; hopping conductivity through impurities in semiconductors [17-19]. The traditional
analysis of current transport mechanisms in solids is based on the measurement of static volt-ampere characteristics [20].
In the low voltage mode, while the average concentration of free charge carriers is approximately equal to the equilibrium
concentration, Ohm’s law will be observed. Its characteristic feature is the linearity of the VAC structure, the dependence
of j = oE or I = U/R and its rectification in the coordinates I/U = f(U). At higher voltages, the volt-ampere characteristic
begins to obey the quadratic law of Mott and the VAC structure rectifies in the coordinates I/U?=F(U?). The linearity of
the VAC in the coordinates I/U"?=F(U"?) is characteristic of the Poole-Frenkel effect. Obviously, there may be conditions
when both two or more charge transport mechanisms can act simultaneously.

CONCLUSIONS

The voltammetric characteristics of gas sensor sensitive elements were investigated and plotted in coordinates
corresponding to different mechanisms of charge transfer. It was established that the predominant charge transfer
mechanism in the range of 0 to 6 V follows Ohm’s law, while in the range of 3 to 6 V, Mott’s law applies. Therefore, in
the voltage range from 0 to 6 V, the simultaneous manifestation of Ohm’s and Mott’s laws confirms a current flow
mechanism limited by space charge. At higher voltages, deviations from these laws were observed.

The results obtained can be applied in gas sensing technology to determine the operating temperature of sensors,
facilitating the recognition of gas types.

Conflict of Interests
The authors declare that they have no conflict of interests

Funding
The present research work was financed under the project FZ-292154210 granted by the Ministry of Innovative Development of the
Republic of Uzbekistan

ORCID
Sirajidin Z. Zainabidinov, https://orcid.org/0000-0003-2943-5844; ®Akramjon Y. Boboev, https://orcid.org/0000-0002-3963-708X
Nuritdin Y. Yunusaliyev, https://orcid.org/0000-0003-3766-5420; ©Bakhtiyor D. Gulomov, https://orcid.org/0009-0005-8614-6311
Jakhondir A. Urinboyev, https://orcid.org/0009-0003-4903-4164

REFERENCES

[11 S. Hooshmand, P. Kassanos, M. Keshavarz, P. Duru, C.I. Kayalan, I. Kale, and M.K. Bayazit, “Wearable Nano-Based Gas
Sensors for Environmental Monitoring and Encountered Challenges in Optimization,” Sensors, 23, 8648 (2023).
https://doi.org/10.3390/s23208648

[2] S. Nath, A. Dey, P. Pachal, J.K. Sing, and S.K. Sarkar, “Performance Analysis of Gas Sensing Device and Corresponding [oT
Framework in Mine Microsyst,” Technol, 27, 3977-3985 (2021). https://doi.org/10.1007/s00542-019-04621-x

[3] A.V. Martirosyan, and Y.V. Ilyushin, “The Development of the Toxic and Flammable Gases Concentration Monitoring System
for Coalmines,” Energies, 15, 8917-8919, (2022). https://doi.org/10.3390/en15238917

[4] A.V.Shaposhnik, P.V. Moskalev, K.L. Chegereva, A.A. Zviagin, and A.A. Vasiliev, “Selective gas detection of H> and CO by a
single MOX-sensor,” Sensors and Actuators B: Chemical, 334, 129376, (2021). https://doi.org/10.1016/j.snb.2020.129376

[S] H.C.Wang,Y.Li, and M.J. Yang, “Fast response thin film SnO2 gas sensors operating at room temperature. Sensors and Actuators
B: Chemical, 119, 380-383 (2006). http://dx.doi.org/10.1016%2F;j.snb.2005.12.037

[6] M.A. Carpenter, S. Mathur, and A. Kolmakov, Metal Oxide Nanomaterials for Chemical Sensors, (Springer Science & Business
Media, New York, 2012).

[7] B. Saruhan, L.R. Fomekong, and S. Nahirniak, “Review: Influences of Semiconductor Metal Oxide Properties on Gas Sensing
Characteristics”. Front. Sens. 2, 657931 (2021). https://doi.org/10.3389/fsens.2021.657931

[8] S. Zainabidinov, A.Y. Boboev, and N.Y. Yunusaliyev, “Effect of y-irradiation on structure and electrophysical properties of S-
doped ZnO films,” East European Journal of Physics, (2), 321-326 (2024). https://doi.org/10.26565/2312-4334-2024-2-37

[9]1 S. Zainabidinov, A. Y. Boboev, Kh. A. Makhmudov, et al., “Photoelectric Properties of n-ZnO/p-Si Heterostructures,” Applied
Solar Energy, 57(6), 475-479 (2021). http://doi:10.3103/S0003701X21060177

[10] Sh.B. Utamuradova, Sh.Kh. Daliyev, J.J. Khamdamov, Kh.J. Matchonov, and Kh.Y. Utemuratova, “Research of the Impact of
Silicon Doping with Holmium on its Structure and Properties Using Raman Scattering Spectroscopy Methods,” East Eur. J. Phys.
2,274 (2024), https://doi.org/10.26565/2312-4334-2024-2-28

[11] M. Klas, S. Matej¢ik, B. Radjenovi¢, and M. Radmilovi¢-Radjenovi¢, “Measurements of the Volt-Ampere Characteristics and
the Breakdown Voltages of Direct-Current Helium and Hydrogen Discharges in Microgaps,” Physics of Plasmas, 21(10), 103503
(2014). https://doi.org/10.1063/1.4897303

[12] U.O. Kutliev, M.U. Otabaev, and M.K. Karimov, “Investigation Ne ions scattering from the stepped InP(001)<110> surface,”
Journal of Physics: Conference Series, 2388(1), 012092 (2022). https://doi.org/10.1088/1742-6596/2388/1/012092

[13] D.S. Jeong, and Ch.S. Hwang, “Tunneling-assisted Poole-Frenkel conduction mechanism in HfO; thin films,” J. Appl. Phys. 98,
113701 (2005). https://doi.org/10.1063/1.2135895

[14] S.Z. Zainabidinov, A.S. Saidov, M.U. Kalanov, and A.Y. Boboev, “Synthesis, Structure and Electro-Physical Properties n-GaAs-
p-(GaAs)i-xy(Ge2)x(ZnSe)y Heterostructures,” Applied Solar Energy. 55(5), 291-308 (2019).
https://doi.org/10.3103/S0003701X1905013X



446
EEJP. 4 (2024) Sirajidin Z. Zainabidinov, et al.

[15] S.Z.Zainabidinov, A.S. Saidov, A.Y. Boboev, and D.P. Abdurahimov, “Structure, morphology and photoelectric properties of n-
GaAs—p-(GaAs)1x(Ge2)x heterostructure, Herald of the Bauman Moscow State Technical University, Series Natural Sciences,
1(100), 72-87 (2022). http://dx.doi.org/10.18698/1812-3368-2022-1-72-87

[16] D. Mizginov, O. Telminov, S. Yanovich, D. Zhevnenko, F. Meshchaninov, and E. Gornev, “Investigation of the Temperature
Dependence of Volt-Ampere Characteristics of a Thin-Film SisN4 Memristor,” Crystals, 13, 323 (2023).
https://doi.org/10.3390/cryst13020323

[17] M.K. Karimov, U.O. Kutliev, S.B. Bobojonova, and K.U. Otabaeva, “Investigation of Angular Spectrum of Scattered Inert Gas
Ions from the InGaP (001) Surface,” Physics and Chemistry of Solid State, 22(4), 742-745 (2021)

[18] Sh.B. Utamuradova, Sh.Kh. Daliyev, J.J. Khamdamov, Kh.J. Matchonov, and Kh.Y. Utemuratova, “Research of the Impact of
Silicon Doping with Holmium on its Structure and Properties Using Raman Scattering Spectroscopy Methods,” East Eur. J. Phys.
2,274 (2024), https://doi.org/10.26565/2312-4334-2024-2-28

[19] U.O. Kutliev, M.K. Karimov, F.O. Kuryozov, and K.U. Otabaeva, “Analysis of InGaP(001) surface by the low energy ion
scattering spectroscopy,” Journal of Physics: Conference Series, 1889(2), 022063 (2021). https://doi.org/10.1088/1742-
6596/1889/2/022063

[20] M. S. Dresselhaus, Solid State Physics Part (I): Transport Properties of Solids Fall, (2001).

JOCJIAKEHHS BOJIbT-AMIIEPHUX XAPAKTEPUCTHK I'A30UYYTJIMBOI'O CEHCOPA
HA OCHOBI JIOKCHUAY OJIOBA
Cipaxinin 3. 3aiinadizinor?®, Axpamxon I0. Bo6oes*’, Hypitain IO0. IOnycanics?, Baxtiop JI. I'yjomoB*
JlxaxoHrip A. Ypinooes®
“Anoudicancokuti deporcasHull ynigepcumem imeni 3.M. baoyp, Anousican, Y3bexucman
bIuemumym ¢hizuxu nanienposionuxie ma mixpoenexmponixu Hayionanvnozo ynieepcumenty Ysbexucmany, Tawxenm, Y3bexucmar
“Anouscancokuil deparcasnutl nedazoziynutl incmumym, Anoudsican, Y3bexucman

HocnijpkeHo Ta 1OOYZOBaHO BOJBT-aMIIEPHI XapaKTEPUCTHKU YYyTJIMBHX €JIEMEHTIB Ta30BHX CCHCOPIB y KOOpPAMHATAX, IO
BiJINTOBIZIAIOTH PI3HUM MeXaHi3MaM IIepeHECEHH s CTPyMy. BcTaHOBIIEHO, 110 MTepeBaXkalounM MEeXaHi3MOM epeaadi CTpyMy Ha JUISHIL
Bix 0 1o 6 B € 3akon Owma, B intepBaii (3-6) B BukoHyerbest 3akoH MoTTa, a mpu OUTbII BUCOKHX HAIpyrax CIOCTEPIraroThCs
BIIXWJICHHS BiJ LMX 3aKoHiB. BusHaueHo, mo 3akoHn Om i Mot miATBep/KYIOTh MEXaHi3M MPOTIKaHHS CTPYMIB, OOMEXKEHHX
IIPOCTOPOBUM 3aPSIOM.

Kuro4oBi ciioBa: dioxcuo onosa; damuuk; eemeponepexio; 0amyux 2asy, 4Yymaiueuil eiemenm



