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THE SENSING PERFORMANCE OF SURFACE-MODIFIED POROUS SILICON
GAS SENSORS FOR NON-POLAR GAS DETECTION

Abstract. Gas sensors are important devices in various industrial and environmental monitoring applications. Toluene
and chloroform are harmful non-polar gases that are produced in various combustion processes and are associated
with air pollution and respiratory diseases. Porous silicon (PS) has shown promising results as a material for ammonia
and ethanol gas sensing applications. However, there is potential for further improvement by optimizing their surface
properties for non-polar gas sensing applications. Chemical treatment has been widely utilized to modify the surface
characteristics of materials, including semiconductors, for various applications. We have deposited nickel (Ni) layer on
PS surface using chemical treatment. In comparison to the PS sample, it was discovered that the Ni-deposited PS sample
was more sensitive to 0.1 ppm concentrations of non-polar toluene and chloroform vapours, increasing from 1% to 39%
and 32.6%, respectively. This study provides valuable insights into the surface modification techniques for enhancing the
performance of gas sensors, which can have a significant impact on the development of advanced sensing technologies
for environmental and industrial applications.

Key words: gas sensor, porous silicon, nickel, chemical treatment, sensitivity.

Inroduction

Nowadays, the development of industrial technologies and automation of processes, increasing requirements
for human health and environmental protection have led to a significant increase in the demand for gas
sensors [1]. Control and monitoring systems used to analyze the composition of air in the environment and to
accurately determine the concentration of a certain type of gas mainly consist of a gas sensor, an analog-to-
digital converter, a microprocessor used for digital processing of information on the composition of air, and
an electronic display. In addition, if necessary, such systems can be equipped with wireless communication
systems for remote control and monitoring. The main areas of application of these devices include industrial
enterprises, factories, mines, industrial security services and crowded places [2].

The primary measuring element of the electronic gas sensor is the sensitive element. As the primary
sensitive component of gas sensors, metal-oxide semiconductors like ZnO, Sn0O2, TiO2, In203, and MoS2
are frequently utilised. [3]. In addition, many works have been published to study the possibilities of gas
sensors based on organic compounds, optical sensors, materials based on carbon nanotubes and conductive
nanostructures as various gas sensors. However, gas sensors based on metal-oxide semiconductors, which
are widely used in practice, usually operate at high temperatures between 150-300°C, and therefore require
high energy consumption and low selectivity and sensitivity to some types of gases [4]. In addition, poor
compatibility with contemporary silicon-based electronic gadgets and increasingly complex manufacturing
techniques. Thus, it can be considered a difficult task to monitor harmful gases using gas sensors based on
metal oxide semiconductors at room temperature [5].

The large surface area due to the fractal structure, the chemical activity of the material surface, the
uncomplicated production technology, as well as the unique optical, electrical and structural properties
make porous silicon (PS) a promising material for use as a sensitive element in gas sensor technology [6].
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In addition, another advantage of using silicon nanostructures as a gas sensor is compatibility with modern
electronics. Although PS is highly sensitive to certain types of gases, it is less stable due to rapid acidification
of its surface. Therefore, the sensitivity and selectivity characteristics of electronic gas sensors for difficult-to-
detect gas species can be increased by using a surface-modified PS for solid-state electronics manufacturing
applications [7]. The results of the experimental study showed that the tested samples can detect harmful gases
at a concentration of 0.1 ppm at room temperature. These results demonstrate the possibility of developing
highly sensitive and cost-effective electronic sensors for various harmful and hazardous gases. High-tech tools
and processes of radio engineering and electronics were used to obtain sensitive elements and study their
electrical, morphological and optical characteristics.

In this work, we investigate the impact of chemical treatment on the morphology of PS as well as on the gas
sensing performance of surface modified PS-based gas sensors towards non-polar gases such as toluene and
chloroform in order to enhance the device performance.

Main provisions
For the first time, surface-modified porous silicon with a nickel layer was used to detect non-polar gases
with concentrations up to 0.1 ppm.

Materials and Methods
During the experiment, nanoscale PS samples were used as the research subject. By electrochemically

etching p-type silicon wafers with a resistance of 10 Ohm/cm and a crystal orientation of 100, PS samples were
produced. Fig. 1 shows a schematic illustration of the electrochemical etching procedure [8].
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Figure 1 — Electrochemical etching procedure: 1 — platinum cathode; 2 — electrolyte; 3 — Teflon-like fluoroplastic
cell; 4 — sealing ring; 5 — porous silicon; 6 — silicon; 7 — metal layer; 8 — anode [8].

In the beginning, thin films of PS were created by electrochemical etching in a 1:1 HF:C2H5OH solution
electrolyte. Before being rinsed with deionized water, silicon wafers were first cleaned in HF solution. A metal
layer needs to be deposited on the silicon wafer's bottom surface before it can be placed in the cell used for
the electrochemical etching procedure. For this, a silicon wafer must be kept pre-covered in a nickel solution
that has been heated to between 50 and 60 oC for five to seven minutes. The silicon wafer is placed in a cell
constructed of fluoroplastic Teflon and an electrolyte is poured over it after the metal layer has been applied
to the bottom surface. On the silicon's bottom surface, a sealing ring is put in place to prevent the electrolyte
from passing through. Because platinum is one of the metals that does not change when exposed to the HF
solvent acid, platinum is employed as the cathode. Anode is attached to the silicon surface where nickel has
been deposited. Such a structure has an edge over other technologies due to its ease of use and affordable cost.
At a current density of 5 mA/cm2, the electrochemical etching process was conducted for 40 minutes.

The gravimetric method was used to determine the porosity of the obtained PS sample in accordance with
the expression (1) below. [9]:
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where m, — mass of the sample before the PS layer is fabricated, m, — mass of the sample after the PS layer
has been fabricated, m, — mass of the sample after the PS layer has been stripped off.

PS samples generated by electrochemical etching were placed in a nickel solution heated to a temperature
of 50-60 °C for 5-7 minutes in order to deposit a nickel layer on the surface.

A scanning electron microscope, the Quanta 2001 3D, was used to examine the morphology of the materials.
A 473 nm laser was used to excite the photoluminescence, which was examined using the NT-MDT Solver
Spectrum system. In order to obtain electrical properties, two ohmic contacts of InGa alloy in a coplanar
configuration were thermally installed on the surface of the samples. The samples' sensitivity to vapours of
toluene and chloroform was determined using the formula in [10].

Results and Discussion

The PS substrate had a porosity of 72.7%.

Fig. 2 shows the cross section and top view SEM images of the obtained Ni/PS material. As shown in
the figure, the Ni layer is deposited on the PS surface as a porous structure and a metal-conductor contact is
formed.

Figure 2 — SEM images of PS (A) and Ni/PS (B): 1 — top view; 2 — cross-section view.

Figure 3 shows that, as compared to PS, the Ni/PS sample's normalised photoluminescence (PL) intensity
is displaced to the green area of the spectrum at wavelengths of 520 nm and 535 nm, respectively (photon
energies are 2.38 eV and 2.32 eV).

Photoluminescence signals of semiconductor materials are generated by photoinduced recombination of
charge carriers [10]. It is seen that the spectrum of the given material has the ability to radiate from the blue to
the red region.
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Figure 3 — Photoluminescence spectra of PS and Ni/PS samples

The defect states created from oxygen vacancies are responsible for the material's emission at various
wavelengths. As the efficiency of electron transport at the border between the adsorbed molecule and the
material's surface rises, such oxygen vacancies enable materials to be more sensitive.

Let's now think about the electrical properties of the Ni/PS sample under various gas exposures. The current-
voltage characteristics of the PS sample with a Ni layer modification are shown in Fig. 4. The figure illustrates
how the sample's current-voltage characteristics have a rectifier character under both ambient circumstances
and gas impact. Additionally, when exposed to all of the gas utilised for the test, the current of the Ni/PS
sample increases.
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Figure 4 — Current-voltage characteristics of the Ni/PS-based gas sensor under different gas exposures

Figure 5 depicts diagrams of the Ni/PS sensitive element's sensitivity to vapours of ammonia, ethanol,
toluene, and chloroform. The sensitivity is greater than 30% for all gas types.

Table 1 provides a summary of the examined properties of the materials employed as gas sensors. The table
makes it evident that adding a metal layer to the PS surface can enhance the features of gas sensors.
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Figure 5 — Diagrams illustrating the gas sensors' sensitivity to various gas molecules based on
PS modified with a Ni layer
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Table 1 — Comparison of PS and Ni/PS-based gas sensors

No. |Sensitive Sensitivity Response time / recovery rime, sec

material NH, CHO C,H, CHCI, |NH, CHO C.H, CHCI,
1 PS 33.25 5.75 - - 3/270 - - -
2 Ni/PS 47.97 46.3 39 32.68 |3/360 15/15 20/ 10 50/ 60

As a result, as compared to the original PS, the Ni/PS gas sensor's sensitivity to non-polar toluene and
chloroform vapour concentrations at 0.1 ppm ranges from 1% to 39% and 32.6%, respectively.

Conclusion

In this work, the non-polar gas sensor was constructed from a surface-modified porous silicon sample and
given a chemical treatment to improve its performance. SEM analysis and PL spectra were used to examine
the structure and morphology of the etched and sputtered nanomaterials, and they supported the deposition of
Ni on the PS surface. According to the results of the gas sensing, Ni/PS outperformed PS in terms of toluene
and chloroform sensitivity at ambient temperature. As a result, the Ni layer's alteration of the PS surface
increased their sensitivity to vapours. This study demonstrates that a highly sensitive, low-cost gas sensor
device based on a Ni/PS structure is feasible for detecting toluene and chloroform vapours at room temperature
in concentrations up to 0.1 ppm.
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BEHUITOJISIPIIBI TA3/IbI AHBIKTAYFA APHAJIFAH BETI ©3TEPTLITEH KEYEKTI
KPEMHWIAJII TA3 CEHCOPJIAPBIHBIH CE3Y OHIMALIITT

Angarna. ['a3 maTgukTepi — OHEPKACINTIK JKOHE IKOJNOTHSIIBIK OaKpUIAYIBIH OPTYPI KOCHIMIIATAPBIHAAFEl MAaHBI3IHI
KypburbLTap. Tomyon MeH XiopodopM — opTypii JKaHy MpOIeCTepiH/e malaa OONaTelH KOHE ayaHbBIH JIaCTaHYBIMCH,
TBIHBIC ATy OpTaHIAPBIHBIH aypyJapbIMeH OaiIaHBICTHI 3USHABI Ocimonsapisl razmap. Keyekri kpemumii (KK) ammuak
IIEH JTaHOJN Ta3blH aHBIKTayFa apHAIFaH Marepual PETIHJC IEPCIEKTUBANBI HOTIKENEpAi KopcerTTi. [lereHmeH,
OCUTIONSIPIBIK Ta3[bl CE31HYy KOJMAaHOAmaphl VINH ONapIbslH OCTTIK KaCHETTEPiH OHTAWIaHIBIPY apKbUIBI OHBI ONAH
opi JkaKcapTy MYMKIHZIri Oap. XUMISITBIK OHICY MaTepHaIIapiblH, COHBIH INIHIE XAapThUIal OTKI3TimTepaiH OeTKi
CHUIaTTaMaJapblH dPTYPIi KoJmaHOaIap yIliH e3repTyne KeHIHeH KoIIaHbUIIbL. bi3 xuMusiieik eHuey apkeuisl KK Oertine
Hukenb (Ni) kabatera KouapIK. Ni-tyHasipeuran KK ynriciHie 6efmonspiisr Tonyor MeH xiopodopMm Oymapsrasiy 0,1
ppm KoHIIEHTpaIwsichiHa ce3iMmTanasirel KK-MeH canpicThipranma tuiciame <1%-man 39%-ra xoHe 32,6%-Fa neifin
JKOFapbUTaFaHbl aHBIKTAIABL. Byl 3epTTey KOpmiaraH opTa MEH OHEPKOCINTIK KOJJaHOamap YIMiH aJIbIHFBI KaTapiibl
30H/TAy TEXHOIOTHSIIAPHIH JaMBITyFa alTapibIKTall acep €Tyl MYMKIiH Ta3 JaTYHKTePiHiH OHIMIUTITIH apTTHIpy VIIiH
0eTTi MomupUKaIHATIAY dAICTEPi Typalibl KYHIIBI TYCIHIKTEpAi Oeperti.

Tipek ce3mep: ra3 CCHCOPHI, KEYEeKTi KPEMHUH, HUKEITb, XUMHSITBIK, OHIIEY, Ce31MTaJIbIK.
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U3MEPUTEJIbHBIE XAPAKTEPUCTUKH MOJAU®UIIAPOBAHHBIX TIOBEPXHOCTEM
I'A30BBIX CEHCOPOB HA ITOPUCTOM KPEMHUWU JIJIs1 OBHAPYKEHUS HEITOJISIPHOT'O
T'A3A

AnHoTanusl. Jlatunkn rasa SIBISIOTCS BaXKHBIMU YCTPOWCTBAMM B Pa3iIMYHBIX TNPHIOKCHUSX MPOMBIIIICHHOTO U
9KOJIOTMYECKOTO MOHUTOpUHTa. Toiyonm u XjopodopM — BpenHbIE HEMOJSPHBIE ra3bl, 00pa3yomnecs: B Pa3iIMyHbIX
rpoleccax ropeHHs M CBsI3aHHBIE C 3arpsS3HEHMEM BO3JyXa M PEeCHHpaTOpHBIMU 3a0oneBaHusiMU. [TopHucThlii KpeMHUIA
(ITIC) mokazan MHOrOOOECIIAIONINE PE3YJIBTAThl B KAUECTBE Marepuasa Juisi i3MEpPEeHHs ra30B aMMHaKa 1 3Tanoia. OxHako
CYIIECTBYET MOTEHLIUAI JUIs JaJIbHEHIIEero yaydIIeHHs 32 C4eT ONTUMU3AaIUY CBOWCTB UX MOBEPXHOCTHU AJIS IPUIIOKEHUH,
CBSI3aHHBIX C M3MEPEHUEM HEMOJSIPHOrO rasa. XHMHUYecKas o0paboTKa IIMPOKO HCIOJIB3YeTCs Ul MOAM(UKALNN
XapaKTEePUCTUK TOBEPXHOCTH MAaTEPHAJIOB, B TOM YHCIIE MTOJTYIPOBOIHUKOB, JUISl pa3JIMUHbIX IPUMEHEeHNI. Mbl HaHecn
cinoit Hukenst (Ni) Ha moBepxHOCTh [IK ¢ mOMOIIBI0 XUMHUECKONH 00pabOTKHU. YCTaHOBICHO, YTO YYBCTBUTCIHHOCTH
obpasua I1C, ocaxaennoro Ni, k koHuentpanuu 0,1 ppm napoB HENMOJISIPHOTO TONyoJa U XJIopodopma yBeInIniIach
c <1 % o 39 % u 32,6 % coorBeTcTBeHHO 10 cpaBHeHuto ¢ [1C. D10 nccnenoBanue naet HEeHHYI HH(OpMaIHUIO O
MeToJax MOAU(UKAIMN TTOBEPXHOCTH JUIsl TIOBBIIICHHS MTPOM3BOIUTEIBEHOCTH I'a30BbIX JaTYMKOB, YTO MOXKET OKa3aTh
CYIIECTBEHHOE BIIMSIHHE Ha Pa3pa0OTKy MepeqOBbIX CEHCOPHBIX TEXHOJOTHMH ISl DKOJOTMYECKHUX M IPOMBIIUICHHBIX
MIPUMEHEHUH.

KiaroueBrble cjioBa: ra3oBblit CCHCOp, HOpPICTLIﬁ erMHHﬁ, HHKCJIb, XUMHWYCCKas 06pa60TI<a, YYBCTBUTCJIIBHOCTD.
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