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COBPEMEHHBIE TEHJIEHIINU B PA3BATUM CEHCOPOB
JIOB3PBIBOONACHBIX KOHLEHTPALIMII TOPIOUMX T'A30B
A MAPOB T'OPIOUMX JKUJIKOCTEM (KPATKHI1I OB30P)

B nmannO#l paboTe mpencTaBiieH KpaTKuAH 0030p COBPEMEHHBIX TCHCHIIUI B Pa3BUTHH TECXHOJIOTUI M3TOTOBJICHUS
CEHCOPOB JIOB3PHIBOOIIACHBIX KOHIIEHTPAIIMH TOPIOYHX Ta30B M MApOB TOPIOYHX KUAKocTerd. OOCY Iat0TCs pa3and-
HbIE TUIIBI Ta30BBIX CEHCOPOB, BKIIIOUAS TEPMOKATATUTUYCCKUH, MTOTYIPOBOTHUKOBBIN U ONTUYECKUI TUIIBI, a TaK-
K€ TIPUHIUIBI UX pa0OoTHL. BBIIeNneHpl MpenMyIIecTBa U HEIOCTaTKH KaXKJOr0 THIIAa Ta3oBoro ceHcopa. OOcyxma-
IOTCSL HOBBIC W TPAIWIIMOHHBIE TEXHOJIOTHH M3TOTOBJICHHUS YyBCTBUTEIBHBIX DJIEMEHTOB, 00CCIICUNBAIONINE YIIyd-
[ICHUE MapaMeTPOB CEHCOPOB, TAKMX KaK TEXHOJOTHYHOCTh, MUHHATIOPH3ANNSA U YMCHBIICHHE dHEPromnorpedie-
HUs. B 3aximrodeHune 0030pa aHAMM3UPYIOTCS TEHACHIIUHM U MEPCICKTHUBB Pa3paOb0TKU M UCCICAOBAHUS JUIS TIOBBI-

IEHU YyBCTBUTCIIBHOCTU U CCJICKTUBHOCTHU CCHCOPOB.

Kn. cn.: noB3pbIBOONIACHBIE KOHIIEHTPAINH, CEHCOP, TEPMOKATATUTHYECKUI CEHCOP, TOTYIPOBOAHUKOBBINA CEHCOP,

ONTHUYECKHUI CEHCOp

BBEJEHUE

Ha teppuropun Poccuiickoit ®denepauuun Haxo-
JUTCsi OOJNBIIOE YHCIIO IMPOMBIIIICHHBIX OOBEKTOB,
Ha KOTOPBIX BO3MOYKHO 00pa3oBaHMe B3PHIBOOITACHBIX
ra3oBBIX CMECEH, a TaK)KE€ COTHM THICAY KHUIOMETPOB
He(Tera3oBBIX TPYyOOIPOBOAOB, a M3 Oomee 60 MiH
kBapTup okono 70% rasuduuupoBano. EsxeromHo
razudunupyercs emie 6onee 1 MIIH KBapTUpP U JIOMO-
XO35UCTB.

Hecmotpst Ha TO, YTO 3afauu MpexyHpexIeHUs
W TIPEIOTBPAIICHHS OINACHBIX CUTYaIlUil, CBA3aHHBIX
C HaJM4YMEeM CMeced TOpIOYMX ra3oB B aTMmocdepe,
pa3pabaThIBalOTCS yXKe IoJroe Bpems, W B Poccwii-
ckoil Penepanyy, 1 B MUpE B LIEJIOM CIy4yaeTcsd MHO-
JKE€CTBO MPOUCIIECTBUM, MIPUUMHON KOTOPBIX SIBIISIOT-
Cs1 yT€UKH M BBIOPOCHI FOPIOYHMX I'a30B, BO3HUKAIOLIHNE
B Tpolieccax J00bIuM, TPAHCIIOPTUPOBKH, TepepadboT-
KM, XpaHEHHs M NpPUMEHEHHs yrieBonoponos. llpu-
YMHAMH B3PHIBOB HanOoJIee YacTo SBIAIOTCS Hapylle-
HUS TPaBWJI O€30MMAaCHON 3KCIUTyaTallid 000pyIoBa-
HUSl, TEPMETUYHOCTH B COEIMHEHMSIX U OTCYTCTBUE
Ha/JIE)KAIeT0 KOHTPOJIA 32 TEXHOJIOTHYECKUMH IPO-
neccaMd. Takue MPOUCIIECTBUS M B IPOMBIIIIEHHO-
CTH, ¥ B OBITY IIPUBOJAT K CEPbE3HOMY MaTe€pHaIbHO-
My yuiepOy U YHOCST >KU3HH JIOJEH.

Hns obecrieueHusi 0€30HaCHOCTH KHU3HEAESATEINb-
HOCTH YEJIOBEKa, a TaKKe€ TIOCTOSTHHOTO KOHTPOJIS CO-
CTOSHUSL OKpY’Karolled cpefsl B IMPOMBIIUIEHHBIX
M KWIJIBIX 30HAaX HEOOXOAMMBI M3MEPHUTEIBHBIE Cpell-
CTBa Ul OIpENENEeHUs] KOHLEHTPAlUN B3pBIBOOINAC-
HBIX Ta3000pa3HBIX BEHIECTB B Bo3ayxe. ['oproume

ra3pl BOCTUIAMEHSIOTCS (B3PBIBAIOTCS) TOJBKO TOT/IA,
KOI'Jla Co/iep KaHue ra3a B BO3YXE HaXOAMUTCSA MEXKAY
HmwkanM (HKIIP) u Bepxuum (BKIIP) xormenTpann-
OHHBIMHM TIPEJEeNlaMU  PaclpOCTPAHEHUs IJIaMEHU.
3nauenus HKIIP u BKIIP gns mmpoxo pacmpoctpa-
HEHHBIX BellecTB MpejcTaBieHsl B Tabn. 1 [1]. Tlpu
3TOM Ba)XHO OTMETHTh, YTO YEM ILUpPE TUAa30H Me-
sxkay HKIIP u BKIIP, Tem Oomee B3pBIBOOIIACEH TO-
prouuii ras.

Jis KOHTpONIA yTeueK B3PHIBOOMACHBIX Ta30BBIX
cMecell TpeOyroTCs CEHCOpBI, KOTOpPHIE IMO3BOJISIIOT
M3MEpPSTh KOHLIEHTPAIIUIO COOTBETCTBYIOILIETO TOPIO-
4ero rasa B BO3JyXE B AMANAa30HE JOB3PHIBHBIX KOH-
LEHTpaIui, KOTOpblii oObyHO HaumHaercs oT 0.1
1o 50 06.% HKIIP cooTBercTByIOIIEro B3phIBOOMIAC-
HOTO ra3a Wiy mnapa.

B nmutepatype u Ha pBIHKE Ta30BBIX CEHCOPOB J0-
CTaTOYHO LIUPOKO IPEJCTaBJIECHBl OTJEIbHbBIE CEHCO-
pPBI ¥ W3MEPHUTEIbHBIE CHUCTEMBI, NpeTHa3HauYEeHHBIC
JUIE MOHUTOPUHTA JIOB3PbIBHBIX KOHLEHTPALU ra3os
U ra3oBbIX cMmecei [2]. B mannom o630pe MBI cocpe-
JOTOYMM CBOE BHUMAaHHUE HA CEHCOPAX LIS N3MEPEHUS
JIOB3PBIBHBIX KOHIIEHTPALMN pPa3IUYHBIX YTJIEBOJO-
POJIOB, HCKITIOYMB M3 PACCMOTPEHHUS IPYTHE B3PhIBYA-
ThIE€ BELIECTBA, HAIIPUMEDP aMMHAK.

Mp1 He OyieM TakKe 3aTparuBaTh CEHCOPBI, KOTOPhIE
NpenHa3HayeHbl A1 W3MEPEHHs] KOHLIEHTPALMH BOJO-
poa, 3a UCKIIIOYEHHEM CIIy4aeB, KOT/Ia BOJIOPO BXOAUT
B COCTaB B3PBIBOOINACHOH YTJIEBOJOPOJHON CMECH. ITO
CBSI3aHO C TE€M, YTO YHCIIO CEHCOPOB I H3MEPEHHS
KOHIIEHTPAIlMA BOAOpPOJa 3HAYMTENHFHO OOJbIIe, HYeM
JUISl U3MEPEHHS] KOHIIEHTPaLUH yTIIEBOAOPOIOB.
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Tao6.. 1. KoHIIeHTpanoHHBIE TPEETHI PacpOCTPAHEHHUS INTAMEHH HEKOTOPBIX TOPIOYMX Ta30B

1 JICTKOBOCIIAMCHSA IO X CS )KI/IL[KOCTGfI

Hassanue Bemectsa HKIIP, 06.% BKIIP, 06.%
Bonopon H, 4.09 75
Metan CH, 4.4 17.0
IIponan C;Hg 2.3 9.5
byrtan C4H; 1.8 9.1
Ortan C,Hg 3.07 15.0
T'excan CgH 4 1.242 7.5
Axneron C;HgO 2.9 13.0
Benzon C¢Hg 1.43 7.11
Kepocun Ci,Hy 1.4 7.5
Tonyon CsHs-CHjz 1.25 6.7
Ilentan CsH;, 1.47 7.8

Boiee monpoOHO cuTyanus ¢ ceHcopaMu BOJOPOAa
TpejicTaBiieHa B 0030pax [3, 4].

OCHOBHBIMH, IIHPOKO PACIPOCTPaHEHHBIMU Ha IpaK-
THKE TUTIAMH CEHCOPOB ISl KOHTPOJIS JOB3PHIBOOTIAC-
HBIX KOHIIEHTPALMH TOPIOYMX Ta30B U NApOB FOPIOYUX
JKUJIKOCTEH SBIISAIOTCA: TOJIYIIPOBOAHUKOBBIE, TEPMO-
KaTaIUTUYECKHE U ONTHYECKUE CEHCOPBl. Kakapiid u3
TUIIOB CEHCOPOB MMEET CBOM MPEUMYILECTBA M HEJO-
CTaTKW. A BBIOOP TOTO WIJIM MHOTO THITA CEHCOpa IS
MPAKTHUYECKOT0 HCIOJIb30BAHUS MPOUCXOAUT HCXOJA
n3 cepbl IPUMEHEHNS 1 TIOCTaBJICHHBIX 3aa4.

Hecmotpst Ha TO, 4TO MOJYNPOBOAHUKOBBIE, TEP-
MOKATaJTUTHYECKUE U ONTHYECKHUE CEHCOPBI M3BECTHHI
yK€ MHOTO JECATUJIETHH, B HACTOAIIEE BPEMS BEIyT-
Csl UCCIIEI0BaHNA B 00JacCTH yIyUIICHHS UX IMapameT-
POB, TaKWX KaK YyBCTBUTEIbHOCTH, CEIIEKTUBHOCTb,
CpoK ciyx0bI U ap. Kpome Toro, B cBsizu ¢ pa3padboT-
KOH OecrpOBOJHBIX CEHCOPHBIX ceTei [5], aBTOHOM-
HBIX Ta30BBIX JaTYMKOB [6] u ycTpoiicTB MHTepHeTa
Bemeld W YMHOTO n1oma [7] OCHOBHOW MpOOJIeMOit
CTall0 BBICOKOE MHEpPronorpebiIeHrne Ta30BBIX CEHCO-
POB JTOB3PBIBOONIACHBIX KOHIIEHTPALMH TOPIOYMX Ta-
308B [8].

Ienpto maHHOTO 0030pa OyJeT KpaTKWii aHaIu3
COBPEMEHHBIX TCHIICHIIUN B 00J1aCTH pa3paboOTKH Kak
CaMHUX CEHCOPOB, TaK U METOAUK IPOBEIECHUS H3Me-
PEHMIA, KOTOPBIE IMEIOT MECTO B ITOCIIETHEE BPEMSI.

1. MOJYINTPOBOJHUKOBBIE CEHCOPBI

HpI/IH]_II/IH JencTBUS MOJYIIPOBOAHUKOBBIX CCHCO-
POB OCHOBaH Ha UBMCHCHUU IIPOBOAUMOCTH YyBCTBHU-
TCJIBHOI'O CJIOA TIOJYIIPOBOJAHHMKOBOI'O THIIA IIpU H3-

MEHEHUH Ta30BOH cpeabl [9] B pe3ynbrarte ancopOuuu
MOJIEKYJI Ta3a Ha ero MOBEPXHOCTH.

YyBCTBUTENBHBIM CJIOEM, Wiu 3neMeHToM (YD),
CEHCOPOB Ta3a SBIAIOTCA METAITIOKCHIHBIE TIOTYIIPO-
BOJHUKOBBIE Marepualibl (SnO,, ZnO, MoO; u np.)
WIM OpPTraHWYecKHe TMOJYMPOBOJHUKH (METaJIONop-
¢upunbl). Hanbosee mmpoko B kauectse UD pacrpo-
CTpaHeHbl MaTepHaibl Ha ocHoBe SnO,, ZnO, MoOj
[10]. B nmocnennee BpeMsl TakKe NPUBIIEKAET UHTEPEC
YD Ha ocHOBe OKCUA0B MHAUA U ramumsa[11-13].

Jua obecriedeHnss M3MEpPEHHH MOIYTPOBOIHHUKO-
BBI CJIOM HEOOXOAMMO HarpeBaTh OO TEMIIEPaTyphl
HECKOJIBKO COTeH rpagycoB. Hampumep, mMakcumaib-
Hasl Ta30Basi YyBCTBUTEJILHOCTb TOHKOIIJICHOYHBIX
CEHCOpPOB Ha ocHOBE SnO; K ATAHONY U alleTOHY CO-
craisieT 330—400 °C. IlpumepHo Takas e Temiepa-
Typa Heo0XoauMa M Uil YTJIEBOJOPOAOB T'OMOJIOTH-
YecKOro psiia MeraHa. s CHWXKEHHA TeMIepaTypsl
MaKCHMaJbHOM Tra3o0BOil YyBCTBUTENBHOCTH MOKHO
JETHPOBaTh IUIEHKY SnO, NMPHUMECSIMH XUMHYECKUX
3JIEMEHTOB PEIKUX 3E€MeJb MM 0JIarOpOIHBIX METa-
70B [14], HO 3TO YCIOXHSET TEXHOJOTHYECKHI IMpOo-
LIECC ¥ YBEJIMYNBACT CTOUMOCTD TAKMX CEHCOPOB.

K nocTonHCTBaM MOTYNPOBOAHUKOBBIX CEHCOPOB
MOYKHO OTHECTH BBICOKYIO UyBCTBUTEIBHOCTbH, OBICT-
poneiicTBHe, MaJleHbKHE pa3Mepbl M HeOOJBIIYIO
CTOMMOCThH TIPH MacCOBOM NPOH3BOACTBE. OCHOBHBIM
HEIOCTATKOM JIaHHOTO THUIIa CEHCOPOB SIBISAETCS WX
HU3Kasi CEJIEKTUBHOCTb, YTO OTPaHUYMBAET OOJIACTH
UX IPUMEHEHUSL.

[To5TOMY OCHOBHBIMHM TCHICHLUSIMH B Pa3BHTUH
MOJYTIPOBOJIHUKOBBIX CEHCOPOB SIBISIIOTCS TOBBIIIIE-
HUE CEJIEKTUBHOCTH ceHcopoB [15] ¢  onmHOBpe-
MEHHBIM YMEHBITICHHEM X dHepromoTpediaeHus [16],
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9YTO HEOOXOANMO JUISl CO3/IaHHsI AaBTOHOMHBIX Ta30BbIX
JATYMKOB, B YACTHOCTH U OCCIIPOBOJHBIX CEHCOP-
HBIX ceTeil [5].

TunuuHeli TOIX0A K CHUKCHHUIO DHEPronorped-
JIeHWs B TOJYHNPOBOAHUKOBBIX U KaTaJIUTUYECKUX
CEHCOpax 3aKJ0YaeTcs B YMEHBIIEHUH pa3Mepa CEH-
copa, 4ToObl YMEHBILINTH HarpeBaeMblil 00beM, BKIIIO-
Yaromuil B ce0s MOJJI0KKY M HarpeBaresb C HAaHECEH-
HBIM Ha HETO YyBCTBHUTEJIBHBIM IOJYTIPOBOJHUKOBBIM
cioeM [17]. UToOBl pemnTh 3Ty 3a/ady, peaau3yeTcs
nepexox OT OObEMHOH TEXHOJNOTMH K IUIAaHAPHOM,
B KOTOPOH HarpeBaTellb YK€ BHITIOJIHEH B BHJIE MEaH-
Jpa, HAHECEHHOI'0 Ha MOAJIOXKKY. B KkauecTBe mare-
puaia HarpeBaTelsl WCHOJB3YIOT IUIATHHY, HUKENb,
NOJMKpeMHUH, HUXpoM U Ap. Ilpu stom cama mon-
JIOKKA JIOJDKHA OBITH KaK MOXXHO TOHBINE W (haKTHde-
CKM mpeBpaiaercs B MmemoOpany (puc. 1) [18].

0.2 micron)

I - - -

Pd-Ag(70%) catalytic contact

Haubonee mmpokoe pacnpocTpaHeHHE MOTYUHIIH
MeMOpaHbl Ha OCHOBE OKcHJIa ajlroMuuus [19] u MHO-
rOCJIOliHBIE MeMOpaHbl Ha OcCHOBe KpemHus [20]
C TUIATUHOBBIM HarpeBarteneM. OKCHJ allIOMHUHHUS XO-
pomr TeMm, YTO €ro TeMIepaTypHBIH KOd(pUIHEHT
pacumpenusi (TKP) mpakrtuueckn cosmamaer ¢ TKP
ratuHbel. Kpome Toro, TuiaTiHa UMeeT XOPOIIyIo aj-
TE3UI0 K OKCHUJY aJIOMHHMS, a caM OKCHJl aJIOMHU-
HUSI — MPOYHBIA Marepuan. Ho monmydyenne memOpan
OKCHJIa AJIFOMUHUS NPEJICTAaBIAET JTOCTATOYHO CEPb-
e3Hyto npobiemy [21, 22].

KpemHueBast TeXHOJIOTHsI TOpa3io Jyd4ine oTpado-
TaHa, U CO3/JaHMe MeMOpaH Ha OCHOBE OKCHAA WIIH
HUTpUZA KPEMHHS HE TPEACTABISET OONBIINX CIOXK-
Hocteil. Ho, uroOs1 obecnieunts paBeHcTBo TKP mia-
THHBI 1 MEMOpaHBl U CHU3UTH TEPMHUYECKHE HaIps-
JKEHHUs, yKe HeoOXOAWMO CO031aBaThb MHOTOCIOHHBIE
MemOpanbl (B yactHoctH, Si0,/ SizNg [17]). Dto

60 nm

Nano Zinc Oxide (0.25 micron)
Top Si04 (0.6 micron)

fr\li alloy microheater(0.2 micron)

Bottom Si0, {0.8 micron)

p-Si(400 micron)
p-Si membrane(50 micron)

-

Puc. 1. /luzaiin ceHCOpPOB, BHIMOJIHEHHBIX 110 TOHKOIUIEHOYHOW TEXHOJIOTUH (PHCYHKH BOCIIPOU3-
BeJIEHBI U3 UCTOYHUKOB, yKa3aHHBIX B "CHHUCKe IUTEpaTyphl'").

a) Mukxpocxema Cera MEMS Ha ocHOBe TOHKOI IUIEHKH OKcHJa amoMuHus (1 — kepamudeckas
MOJIJIOKKA TONMIMHON 0.6 MM C OTBEPCTUSIMHU; 2 — CJIOW CTEKJISTHHOTO CBSI3BIBAIOIIETO BEIIECTBA;
3 — TOHKas IJICHKAa OKCHJA aJIOMHHHS, M3TOTOBIEHHAS JJICKTPOIM30M HCKPOBOTO OKHCICHUS
AMFOMHHUS; 4 — TAa309yBCTBUTENBHBIN CIOH; 5 — MPOCBEpIICHHOE JIa3epOM OTBEpCTHE; 6 — TIIa-
THHOBBII HarpeBaTellb B BU/IC MEaHApa; 7 — KOHTAKTHbIE IUIOMIAAKH K HarpeBaTelto U nugpoBo-
MY 2JIEKTpPOAY; 8 — In(POBOIl HIIEKTPO]] HAa YyBCTBUTEIBHOM citoe) [22].

0) Cxema HarpeBaTenbpHOTO JIEMEHTa MOCIIE JIa3epHOit 00paboTKH.

B) CxeMma (¢ pa3mepaMu) CEHCOPHOM CTPYKTypbl Ha ocHoBe MEMS-texnosoruu [17]

HAVYYHOE [NIPUBOPOCTPOEHME, 2021, Tom 31, Ne 4
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pemaer npobnemy ¢ TKP, HO octarorcsi mpoOieMsl
C anaresueil MNJaTWHBL, KOTOpBIE TNBITAIOTCS peIaTh
MyTeM CO3JaHHs TPOMEKYTOUHBIX MOJICIOEB MeETall-
JIOB, B YaCTHOCTH THUTaHa, a TaKKe CTaOWILHOCTH
MeMOpaH mpu pabounx temmeparypax [23]. Cam Ha-
rpeBaTeilb MOXKET ObITh HaHECEH Ha MEMOpaHy MeETo-
JaMH BaKyyMHOTO HambuieHus [24], tpadaperHoi
neyaTd [25] win ¢ moMoIbIo puHTEpa [26].

B mnocnennee BpeMsi MOSBHUINCH CTaTbu C Ooiee
DK30THYECKMMH  MarepuajlaMu Uit ~ MeMOpaH:
710, / Y,0; [27] wnu 6opocunukatHoro crekia [28],
XOTs Temrieparypa aedopManuu IOCIEIHET0 HIDKEe
600 °C.

3a mocnegHNe AeCATHIIETHS pa3padoTaHo OOJBIIOe
YHCIO Pa3INYHBIX MOJYNPOBOJHUKOBBIX CEHCOPOB
JUTST MOHUTOPHUHTA YTIIEBOIOPOIOB B Bo3ayxe. Tem He
MeHee pa3paboTKU CEHCOPOB MPOIOIKAIOTCS O pas3-
HBIM HaIlpaBlIEHUSM (Ju3aifHa CEHCOpPOB, MarepHasa
MOJIIOKKH M YYBCTBUTEIBHOTO CJIOfA, crioco0a HaHe-
CCHUSI HArpeBaTelis M YyBCTBUTEILHBIX 3JICMEHTOB),
B TOM 4WHCIIC JIsl TeTeKTHpOBaHus MeTana [9, 10, 15—
17], aranona [11, 12, 29, 30], nponana [11, 31], dop-
Manpaerua [13] u pyrux BemecTs.

Pesynprarel ananuza cBeseHsl B Ta0I. 2, T1Ie Kpart-
KO ONHCaHa TEXHOJIOTHUS MOJYUYCHHUsS IOIYyIPOBOIHU-
koBoro YD, ykazaHbl paboune TeMnepaTypsl U 4yBCT-
BHUTEILHOCTH () ceHcopa.

C TOYKHU 3peHHsI METOJIUK MPOBEACHUS NU3MEPEHUMA
oO0Ieil TeHJCHUUEH sBIsSETCsS pa3padoTKa MMITYJIbC-
HBIX U JMHAMHYECKUX PEKUMOB MTPOBEICHUS U3MEpe-
HUH, IPH KOTOPBIX MPOUCXOAUT U3MEHEHHE TeMIIepa-
Typbl 4yBCTBHTENbHOTO 3nemeHTta [11, 22, 33, 34].
OTO yBenMUMBAeT O0BEM IIOJYy4YaeMBIX JAHHBIX, YTO
MO3BOJIICT YJIYYIIUTh CENCKTUBHOCTh HW3MEpPEHHMH
(puc. 2) mpu COXpaHEHUHM BBICOKOM UyBCTBUTEIHHO-
cru. Takum 00pa3oM, MOKHO c031aTh 3G (PEKTUBHbIE
MYJIBTHCEHCOPHBIE CUCTEMBbl MOHUTOPHHTA C MUJLTH-
BaTHBIM dHepronoTpedienuem [16].

Ha ocHOBe MpoBeEHHOTO aHaIM3a MOXKHO CIIeNaTh
BBIBOZ, YTO, XOTS IIOJYIPOBOJHUKOBBIE CEHCOPHI
MOJIXOMAT JJIsl MOHUTOPHHIA YIJIEBOAOPOJa B AMara-
30HE AOB3PHIBHBIX KOHLEHTpaUUi, UX OCHOBHOH 00-
JACTHIO MPHUMEHEHHUS SIBJISIETCS. MOHUTOPUHT TIpHMe-
ceil B BO3lyXe B pallOHaX pa3MelIeHUs! TPOMBIIICH-
HBIX OPEANPHUATHH W B KWJIBIX 30HAX B JUarazoHe
pPpm KOHLIEHTpaLuii.

Tabur. 2. Pe3ynpTathl aHamM3a HCcie0BaTeNbekux pador [11, 13,29, 31, 32]

UyBCTBHTENBHOCTD S
a3 e Texuomorust monyuye- | Pabodas Tem- MpU BO3JIEUCTBUU F PT—
HUS TUICHKU meparypa, °C | 25 ppm neTexTupyeMoro
rasa
Hsrorosnenue
C,H;sOH, MHILICHEH cocTaBa 20.5 M

C;HqO, In,0; — Ga,04 50% In,O3 —50% 386-742 244" [11]

C;Hg Ga,03, 1azepHoe 1.8t

HaIbIJICHHUE
CH,O SnO,, JIETHPOBaH- PacnbuinrensHbIM 230 47 912! [13]
Hb1l Ga MUPOJIU3
CHOH | WO; — Ga,0; Tepwmieckoe ue- 200 0.65% [29]
MapeHue

H,, SnO,/Pt/Pd, 1.5
CsHs In,05/AlO4/Pt 30J1b-T€NIb METOT 450-500 0.193 ¥ [31]

[2]

CPg}CI)H’ SnO,/La;,03/MoOs/Pt | Ocaxnenue SnO, 15406[2]
CH O4H U3 pacTBopa 415 109 [32]

CBI‘I ’ SHOz/L3203/Vazo5/Pt SHC145H20 2 5[2]

4 .

®
B JIUTCPAaTypC 4yBCTBUTCILHOCTDH S MOJYIPOBOJAHUKOBBIX I'a30BbIX CEHCOPOB OMPEACIACTCA CICAYHOIIUMHU COOTHO-

mieHusmu: [1] — S:M; 2] — S:&; [3] —

R R

g g

(25
S=>2 % 'tne Ryu R, — CONPOTHBJICHHE ILICHKH B aTMO-

0

cdepe Bo3ayXa U B BO3AYXE C MPOOOH TETCKTHPYEMOTO T'a3a COOTBETCTBCHHO
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Puc. 2. OTKIMK CEHCOPOB B Pa3IHMYHBIX PEKAMaX paOOTHL

06}
A formaldehyde
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o}
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o 04}
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o] methanol
°
S 03t 5
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]
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. : : . 20 E
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a — OTKJIMK CEHCOopa, padoTaromero B MUKIMYECKOM MMITyJILCHOM peknMe HarpeBa (HarpeB mo 450 °C B TedueHue
3 ¢ ¢ mocneayrouum yaepxkanuem mpu 110 °C B Teuenue 10 ¢) Ha MeTaH, MOHOOKCH/ yTiiepoJia U Bogopon [15];

0 — OTKJIMK CeHcopa Ha OcHOBe JerupoBaHHOH Pd mienkn SnO, Ha HaCHIIEHHBIE TIAPHI alleTOHa, OopMabIeTHa,
stanona u MeraHona mpu 20 °C B TIOBTOPSIOMICHCS TEMIIEPATypHOUW IOCIEIOBATENFHOCTH (TI0CIEA0BATENFHOCTh
TeMIEepaTypHBIX UMIYIbCOB, cocTosmas u3 100 mc ummmynscos B auanasone ot 20 1o 450 °C ¢ marom Temmepary-

pst 5 °C) [35]

2. OITNYECKHUE CEHCOPBI

OCHOBHOE IPEUMYILIECTBO ONTHYECKOW TEXHOJIO-
T'HH 3aKJII09aeTcsl B OECKOHTAaKTHOM CIIOCO0e aHaiu3a
KOHIICHTpAIMK JeTekThupyemoro raza [36]. Hemumc-
nepcroHHbI nHGpakpacuslii Metoq (NDIR) — ato
OCHOBHas TeXHOJIOTHs, ucnonb3yemas B UK-ceHcopax
raza. Meronuka OCHOBaHA Ha CIIOCOOHOCTH MOJIEKYJI
JNETEKTUPYEMOro ra3a M30upaTeNbHO TOTJIONIATh M3-
nydeHue B HH(pakpacHOW oOmactu crektpa. Ilpu
9TOM W3MEHEHHE KOHLEHTpPAlUN JETEKTHUPYEMOTO
ra3a B BO3JyXe BBI3BIBAET M3MEHEHHE IOTIIONICHUS
HK-nyya.

Kpome mmpoxo mcmonp3yeMoro aacopOnnoOHHOTO
METO/a CIIEKTPAJIbHOTO aHalM3a Ta30BOI0 COCTaBa,
CYLIECTBYIOT M JIDYTH€ NPUHLUIBI PabOThl ONTHYE-
CKHUX ceHCOpoB [37]. B yacTHOCTH, MOKHO pErucTpu-
poBaTh U3MEHEHUS CreKTpoB Auddy3HOTO paccesHus
WIH OTPaXCHHS CBETa OT MOJUIOKKH WIIM W3MEHEHUS
WHTEHCUBHOCTH JIIOMHHECHEHIUH Y3, KOTOpHIH co-
JIEPKUT OpraHuvecKue IJIOMHUHO(OPHI, H3MEHEHHE
KOTOPBIX 3aBHCUT OT B3aUMOZICHUCTBHS C MOJIEKYJaMH
JIETEKTUPYEMOI CMECH.

OCHOBHBIMH 3JIEMEHTaMU KOHCTPYKLHUH ONTHYE-
CKOTO CEHCOpa SIBIAIOTCA: UCTOYHUK U MIPUEMHUK H3-
Ty4deHwus, paboyasi KaMepa, CeIEeKTUBHBIA OTpayKaTellb
u miara oopabotku u cBszu [38]. OnTuueckas cxema
ONTHYECKNX CEHCOPOB TPAAWIIMOHHO TIOCTPOEHA II0
JBYXKaHaJbHOM CXeMe HM3MEPEHHUS! C MPUMEHEHHUEM
pabouero (M3MEpPHUTENBHOTO) M OMOPHOrO (CpaBHU-
TETBHOTO) KaHaJoB (puc. 3).
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[TpuaTIMITT PabOTHI ONTHYCCKAX CEHCOPOB OCHOBAH
Ha PErHCTpallii U3MEHEHHUS WHTCHCUBHOCTH H3Tyue-
HUS, B3aUMOJCHCTBYIOIIETO C HCCIETyeMO Tra3000-
pa3HoIi cpeioil Ha HEKOTOPBIX XapaKTePHBIX AJIS ATOH
cpenbl JUMHAX BOJH. Bhimenenue pabouero quana3oHa
JUTMH BOJIH W3 IMPOKOIIOJIOCHOTO CITEKTpa M3ITydaTess
MPOUCXOUT C TIPUMEHEHUEM HHTEP(PEPESHIIMOHHBIX
¢bmwieTpoB [40], MO0 HCTIONB3YETCsl AUCKPETHOE H3ITY-
YeHHE Ha OJTHOM WJIM HECKOJIbKUX JIJTMHAX BOJH [41].

K mocTtomHCTBaM ONTHYECKHX CEHCOPOB MOXHO
OTHECTH BBICOKYIO UyBCTBUTEIHHOCTb, CEJIEKTHB-
HOCTb, CTa0MJILHOCTD B paboTe, yCTOMYMBOCTH K OT-
paBJIEHUIO, OBICTPYIO PEaKIUI0 HA YBEIUYECHHE KOH-
LEHTPAIMY U CIOCOOHOCTh (DYHKIIMOHUPOBAThH B Oec-
KkuciopoaHoit cpexe. K HepocrarkaMm ciieyeT OTHe-
CTH HEBO3MOKHOCTh JETEKTUPOBAHUS T'a30B, KOTOPHIE
He mormomarT MK-uzmydenne (B 9aCTHOCTH, BOJO-
polia), arpeccuBHasl Cpela HCIOJIb30BaHHUS MOXKET
YBEJIMYUTH CTOMMOCTh OOCIY>KUBAHHS U, KaK CJICICT-
BH€, CTOMMOCThH CaMOTO CEHCOpa.

OCHOBHBIM TPEUMYIIECCTBOM OINTHYCCKUX CEHCO-
POB TIO CPaBHEHHIO C IPYTUMHU THIIAMU SBIISIETCS OT-
CyTCTBHE MPSAMOTO KOHTAKTa NETEKTUPYEMOW CMECH
C UCTOYHHUKOM W TIPUEMHUKOM H3JIyUCHUS, T.K. CKBO3b
ra3oByl0 Cpely MNPOXOAUT Jyd CBETa, a HCTOYHUK
W TPUEMHUK 3allUIIEHBl TPO3PAYHBIMA OKHAMHU
W3 XMMHYECKH CTOWKOro crekia. Ilotomy mist omru-
YECKMX CEHCOPOB 0E30IacHbI arpeCCUBHbBIC BEIIECTBA
W COCJMHEHUs, BHIBOJAIINE U3 CTPOS BCE JPYTHE TH-
bl CEHCOPOB, B OCHOBE KOTOPBIX JICKAT XUMHUUECKHE
peaknuu. Kpome TOro, ONTHYECKHE CEHCOPHI MOYKHO
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Puc. 3. Cxembl n3MepeHns: ¢ IPUMEHEHUEM ONITHYECKUX CEHCOPOB.

a — ONTHUYECKUN CEHCOp IS TOKATBHBIX n3MepeHuit [39];

0 — MPUHIIMI U3MEPEHHS C TOMOIIBIO TPACCOBOTO I'a30aHANN3aTOpa (OTKPBITOTO MyTH)

(1 — m3mygaTens, 2 — NPUEMHUK U3TYICHNUS)

nepecTpanBaTh NOJ APYTOM BUJ ra3a 3a c4eT U3MEHe-
HUS JUTHHBI BOJIHBI 3Ty YCHHS.

Onrtudeckue CEHCOpHl CrIOCOOHBI paboTaTh B IIH-
pokoMm amarmazone temreparyp (ot —60 go +85 °C),
YTO TO3BOJISIET UCIOJIB30BATh UX KaK B 3aKPBITHIX I10-
MEIIECHHUSAX, TaK M Ha OTKPBITHIX IUIOMIAJIKAX, B Me-
CTax, Te BO3MOYKHO MOSIBJICHHE METaHa, MpoIaHa Win
MapoB HEPTENPOAYKTOB, B TOM 4YHCIE B OECKUCIIO-
POIHOM cpenie.

B nocnennee Bpems Ha OCHOBe MH(ppaKpacHOii ad-
COpOIIMOHHON CHEKTPOCKOMHH OBII0  pa3zpaboTaHo
MHOXECTBO CHCTEM OOHapyXEHHUs YIIEeBOIOPOIOB
B Bo3myxe [42, 43]. Hanbonee mepcneKTUBHBIM Ha-
npaBjieHueM B 001acTH pa3pabOTKH ra3zoaHaluTHye-

CKHUX CHUCTEM JUIsi KOHTPOJIS JIOB3PBIBOOIACHBIX KOH-
HEHTPAINI TOPIOYNX Ta30B U MMapOB TOPIOYNX KUIKO-
CTEl B HACTOAIIEE BpPEMsSI MOXHO CUHTATh ONTHKO-
a0COpOIIMOHHBIN MeTOJ B [WAla3oHe JJIUH BOJH
30004000 HM, T.K. B 3TOM JAHAaNa30HE PACHOIOKEHBI
JIMHUM TOTJIONICHHUS OOJIBIIMHCTBA YIJIEBOJAOPOIOB
(puc. 4) [44].

BoJIbIIMHCTBO HMCCIIeIOBATEIbCKUX paboT B 00IacTu
ONTHYECKUX CEHCOPOB TOCBAIIEHBI CEHCOpaM MeTaHa.
B ommxaeit MK-o6mact criekTp MeTaHa UMeeT TPH JIH-
HUH TTOTJIONICHMSI, Ha JUTMHE BOJHEI 1.65 MKM, 2.33 MKM
u 3.3 mxm. HKTIP merana cocrasiset 4.4 00.%. B cBs-
31 C 3TUM 3aJa4a MOHHUTOPUHra COCTOUT B JICTEKTHPO-
BaHUM MeTaHa Ha ypoBHe nopsika 1 06.%.
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Jlo mocnenHero BpeMeHu ISl aHAJIN3a KOHIIEHTpa-
LMY METaHa B BO3JyXE B OCHOBHOM HCIIOJb30BaJlach
Hamboyiee CHJIBHO TIOTJIOMIAIONIAS JIMHUS METaHa
Ha JuyinHe BOJHBI 3.3 MkM. [Ipu 3TOM B KayecTBe uc-
TOYHUKOB U3Ty4EHHS HCIOJIB30BANINCH MUHHATIOPHBIE
JaMITbl HaKalWBaHUS (B YaCTHOCTH, KCEHOHOBEIE),
UMEIOIINE HETPEPHIBHBIA CIEKTP U3ITYYCHUS B OJIHK-
Heit UK-o6mactu. Tak kak KCEHOHOBBIC JIAMITHI H3ITY-
YalT B IIUPOKOM JMANa3oHe JUIMH BOJIH, TO 00s3a-
TEJTBHBIM YCIIOBHEM TIPOBEICHUS N3MEPEHUH SIBIISIETCS
HEOOXOAMMOCTh HCIIONIb30BaHUS HMHTEPEPEHIINOH-
HBIX (QUIBTPOB.

B nocnennee Bpems Onaronapst IpopeIBy B TEXHO-
JIOTUM BBIPAIIMBAHUS TOJYIPOBOJAHUKOBBIX TETEPO-
CTPYKTYp TOSIBIIINCH BO3MOXXHOCTH CO3/1aBaTh IOJY-
MIPOBOJJHUKOBBIE CBETOAMO/BI, Ja3epHBIE TUOJBI U Te-
pecTpamBaeMBbIe JTa3ephl C PACTIPEICIICHHONH 00paTHOM
cBa3pto (DFB-nasepsr), usnydaromue MpakTHUECKU
Ha 000N nnuHe BOJHBI B OmmxHemM MK-nmamnaszone
(1.6-5.0 mMrm) [41]. DTO MO3BONHIIO CYIIECTBEHHO
VIIyYlIATh TTapaMeTphl ONTHYECKUX CEHCOpoB (raba-
puThl, 3Heprod(hHEeKTHBHOCTD, HA/IEKHOCTH). B HacT-
HOCTH, OBUIM pPa3pa0OTaHbl T'a30aHAIU3ATOPHl METaHA
Ha jnvHe BoNHBI 1.65 MM [45]. OxgHako nTUHUS MeTaHa
Ha 1.65 MKM Ha JiBa TiopsijiKa ciiadee TMHUM Ha 3.3 MKM
W JIOKHUT OJIM3KO K CHUJIBHOW JIMHWUHU TOTJIOLICHUS BO-
Ibl. DTO 3aTpyAHSET MPOBEICHHUE aHaIU3a IpPHU HC-
MOJIb30BaHNHM B KayecTBE HMCTOYHHMKOB CBETa IOJY-
MPOBOJJHUKOBBIX CBETOJUO/IOB, T.K. Y HUX JOCTATOYHO
mMpokas mojoca usnydeHus. [loaTtomy B kadecTBe
WCTOYHMKOB M3JIYYECHHSI HCIONB3YIOTCS TepecTpan-
BaeMbIC JIa3epHBIC AUOMABI, H3IYy4yalollue Ha JJIUHE
BosHBEI 1.65 MxwMm, Hampumep DFB-mazepsr [46]. Tax
KaK CIIEKTp METaHa JIMHEHYaThli, a Ja3epHbId CBETO-
JIMOJT UMEET OYeHb Y3KYIO JINHHUIO, TO B JAaHHOM METO-
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Jle HeoOXOAWMO HacTpamBaTbCs Ha OJIHY M3 TOJOC
MOTJIOIIEHUSI U OCTaBaThCcd HA HEW BHE 3aBUCUMOCTHU
OT YCIIOBHH OKpY)KafoIIeH cpenapl, TeMIepaTypsl MO-
JYNPOBOJHWKA M HPOTEKAIOIIEr0 Yepe3 JIa3epHYIo
CTPYKTypy TOoKa. B menmom mnasepsl ¢ mepecrpanBae-
MOW dYacToTO ropasmo Oosee JOPOTH W CIOXKHBI
B OKCIUTyaTalll1, YeM CBETOAUOMBI.

[Ipu >TOM BakKHO TakXe OTMETUTH, YTO HCIIOIB30-
BaHUE  IOJYHIPOBOJHUKOBBIX  CBETOU3IYUAIOIIMX
CTPYKTYp Ha JIJIMHE BOJH 3.3 MKM 3aTpyJHEHO H3-3a
UX Y3KOH LIMPHHBI 3alpeIleHHON 30HbI, NPUOIN3H-
tenbHO paBHoi 0.38 3B. IlosTomy dakTuuecku yxe
P KOMHATHOH TEMIIEpaType MMEET MECTO MEepexon
K COOCTBEHHOH MPOBOAWMOCTH, YTO BBI3BIBAET CHIIb-
HYIO 3aBUCHMOCTH 3JIEKTPOIPOBOJHOCTH OT TEMIIEpa-
TYpBl U YMEHBLIAET U3JIydaTeJIbHYI0 PEKOMOMHAIIHIO,
a CcleoBaTeNbHO, TpedyeTcs MO0 MPUHYAUTEIHHOE
OXJIaXKJICHHUE JI0 TEMIIEPaTyp, HUXKe KOMHATHBIX, TH00
CJIOKHASA dJIEKTPUYECKast cXema YIpaBJIeHUs MUTaHU-
eM [47] W cnenMamM3UpOBAaHHBIE AITOPUTMEI 00pa-
6otku curnanos [48]. Kpome Toro, ontudeckas MoIl-
HOCTH cBetoaunonoB Ommkaero UK-mnamazona (0.8—
2.5 MKM) Ha HECKOJBKO TOPSAJKOB BBILIE, YeM s
cpennero MK-nmmamazona (2.5-25 Mxm).

YacTyHO yKa3aHHBIC BBIIIE MPOOJIEMBI YAAIOCH
PeInTh MpH pa3paboTKe ONTHUYECKOTO CEHCopa B3phI-
BOOIACHBIX T'a30B C YJIbTPAHU3KUM 3HEpromnorpedie-
HueM [48], U3TOTOBICHHOTO HA OCHOBE T€TEPOTECHHBIX
NOJYIPOBOAHUKOBBIX CTPYKTyp. JlaHHBIH ceHcop
UMEET PEKOPJHO HHU3KOE »JHEpromorpedieHue —
MeHee 5 MBT.

ABTopsl pabotsl [49] uccnenoBaan BO3MOKHOCTH
MIPUMEHEHUs SIBJICHUS TIOBEPXHOCTHOTO IIA3MOHHOTO
pe3oHaHca A oOHapyxeHus nmapos meranousa. llo-
BEPXHOCTHBIN IUIA3MOHHBIA PE30HAHC — HApYILIEHUE
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YCJIOBUS IIOJIHOTO BHYTPEHHETO OTPaKEHUS, NPU KO-
TOPOM 3HAYUTENbHAS 4YacTh OSHEPIHH I1aJarolIeTo
Ha TOBEPXHOCTh METaJUNIMYECKON TUICHKH CBETa Tpe-
BpallaeTcsl B SHEPTUIO TUIA3MOHOB, B PE3yJIbTaTe 4ero
HHTCHCUBHOCTh OTPAXEHHOTO OT IOBEPXHOCTH Me-
TaJUIMYECKON IJIEHKHU CBeTa pe3ko maaaer [50]. Dkc-
MEPUMCHTAIILHBIC HWCCIICIOBAHUS MOJITBEPAMIH BO3-
MOXHOCTh NPUMEHEHHUS B COOTBETCTBUHM C TpeOOBa-
musivmu TIJIK (5 Mr/m’, 9To IPEMEPHO COOTBETCTBYET
0.37 006.%), ycTaHOBJIEHA NMPaKTHYECKH JIMHEHHas 3a-
BHUCHUMOCTb.

WudpakpacHas CieKTpOCKOIUS O3BOJISIET peallu-
30BaTh KaK JIOKAIbHBIC H3MEpeHUs (B MECTE pacro-
JIOXKEHHSI ONTHYECKOTO CEHCOpa), TaK M JTUCTAHIIMOH-
HbI€ W3MEPEHUs HAIMYHUs KOHTPOIMPYEMBIX Ta30B
BJIOJIb TIPOTSDKEHHBIX OOBEKTOB (HANpPUMEp, BIOJb
MEPUMETPa MPOMBIIUICHHOTO TPEANPUSITHS, JIHMHAN
TpyOorpoBosoB 1 T.A.). K mocmeaanm oTHOCSTCA Tak
HA3bIBAEMBIC JICTEKTOPBI OTKPBITOIO OINTHYECKOTO
nytu (open-pathdetector) [51-53].

JIeTeKTOp OTKPBITOTO ONTHYECKOTO MyTH (WU
TPacCOBBIA Ta30aHAIM3ATOP) COCTOMT M3 JIBYX He3a-
BHACUMBIX OJIOKOB — W3JIy4aTeJIhbHOTO U H3MEPUTEIb-
HOT'0, pa3MEIIEHHBIX Ha PACCTOSIHUW APYT OT JApyra
(puc. 3). B xadecTBe UCTOYHUKOB W MPUEMHUKOB M3-
JYYECHUS] MOTYT HCIIOJB30BATHCS T'aJIOTCHHBIC JIAMITHI
WIH TIOJIyIPOBOJHUKOBBIE CTPYKTYpPhl Ha OCHOBE
GalnAsSb/AlGaAsSb (B mguamazone 1.6-2.4 MkM)
u InAsSb/InAsSbP (B nwmamasone qivH BOJIH 2.7—
4.7 mxm) [53]. B pabotax [51-53] aBTOpamm mnpen-
CTaBJICHA JBYXJIydeBasl ONTHYECKAs CXeMa C JUIMHAMU
BoH 2.3 1 1.7 MKM.

B mocnienHee BpeMs HIIET pa3BHTHE BOJIOKOHHO-
ONTHYECKUX Ta30BbIX HaT4MKoB [54]. B ocHOBe ux
NpUHIMIA PabOTHl JISKUT HUHTEp(epoMeTprYecKuii
wi abcopONMOHHBIN crioco0 m3MepeHus. BeeneHue
CIEIMAIFHOTO ONTHYECKOTO BOJIOKHA M ONITUMHU3AIUS
Pa3IMYHBIX TApaMETPOB CHOCOOCTBYIOT YIYUIICHHUIO
XapaKTepuCcTUK oOHapykeHus. OgHako 3TO Tpelyer
JIOPOTOCTOSIIEr0 000PYAOBAaHUS M CIIOKHOTO METO/a
00pa0OTKHM WM aHanmu3a AaHHBIX. [Ipu 3TOM omTHde-
CKO€ BOJIOKHO SIBJISIETCSI YCTPOHWCTBOM JIOCTaBKU CBETA
B TOYKY M3MepeHMs (K ONTHYecKWM aardyukam). Ilo-
SIBIISIOLIUICS B JIIOOOM W3 JaTYUKOB Ta3 YaCTHYHO
MOTJIONIAET CBET M HAKJIAJbIBACT HAa OTPAKCHHBIN
CUTHAJ YHUKAIGHBIA, 3aBUCSAIIMNA OT KOHIIEHTPAIlUU
OTIeYaToK. AHAIM3 OTPaKEHHBIX CUTHAJIOB IO3BOJIS-
€T ONpe/eNTh KOHIIEHTPAIIMIO Ta3a B KKIOH TOUuke
30HIUPOBAHUSI.

Ha ocHoBe mpoBeneHHOTO aHamM3a ONTHYECKUX
CEHCOPOB MOKHO 3aKIIIOUWTh, YTO JaHHOE HaIlpaBJie-
HUE aKTUBHO pa3BuBaercs [37]. OCHOBHOU TeHIIEHIU-
el SBISETCS MEPeXo]| OT JIAMIIOBBIX MCTOYHHKOB W3-
JIy4EHHs K IMOJYIPOBOJHUKOBBIM, & TAK)KE Pa3BUTHE
BOJIOKOHHO-OTITHYECKUX Ta30BBIX T'a30aHAIM3ATOPOB
U JICTEKTOPOB OTKPBITOI'O ONTHYECKOro myTtu. I1o me-
pe TEXHOJOTHYECKOTO IMPOrpecca MOCTOSHHO YMEHb-

LIalOTCSl TadapuThl M3NIydaTelied W JETEKTOPOB, YTO
HO3BOJIAET CAEIAaTh MUHMATIOPU3ALUIO OJHUM U3 OC-
HOBHBIX HAalpaBJICHUH pa3BUTHS MONOOHBIX YCT-
pOMCTB.

3. TEPMOKATAIUTUYECKHUE CEHCOPBI

TepMoKaTamMTHIECKUII CEHCOP TPENICTABISET U3 Ce-
0s1 HarpeBaTelb C HAHECEHHBIM Ha HETO MOPHCTHIM
OKCHIIHBIM HOCHTEJeM (HanOoJee 4acTo MCIOIb3yeT-
csi Al,O;), KOTOpBI MPONMUTAaH KaTajau3aTopoM, CO-
JiepKaIliM METaJUTbl IDIATHHOBOW TPYTIITHI.

[puanun paboThl TEPMOKATAIUTUYECKHX CEHCO-
POB COCTOHUT B YBETHYEHHUHU TEMIIEPATyphl HarpeBarTe-
7S 32 CYET TeIla, BBIJIEISFOIIErocs Mpu OecruiaMeH-
HOM CrOpaHMH YTJIEBOAOpOJa Ha Karamuszarope. llo-
BEHIIIEHUE TEMIIEPaTypbl MPHUBOAUT K HW3MEHEHHIO
3IEKTPUUECKOr0 COPOTUBIICHUS HArpeBaTes B MpakK-
TUYECKH JIMHEWHOW 3aBUCHUMOCTH OT KOHIIEHTpaluu
raza. Jlamee M3MEHEHHUs 3JEKTPUUECKOTO COMPOTUB-
JICHUSI B COOTBETCTBYIOLIEH HM3MEPUTEIBbHON CXEMeE
mpeoOpa3yloTcsl B BBIXOJAHOW curHai. [lpakTmueckn
JUHEWHas BBIXOJHAS XapaKTepHCTUKAa B JUala3oHe
JIOB3PBIBHBIX KOHIIEHTPAITUI TOPIOYUX T'a30B SIBISAETCS
MIPEUMYIIECTBOM TEPMOKATAIUTHYECKUX CEHCOPOB.

B cummy cBoelt OCHOBHOW OCOOCHHOCTH —
TEPMOKATATUTHYECKOTO OKHCICHUS TOPIOYMX Ta30B
TEPMOKATATUTHIECKIE CEHCOPHI PEarupyroT Ha MpaK-
TUYECKH BCIO COBOKYITHOCTh TOPIOYHX T'a30B U MapOB,
YTO CO3AA€T MPEANOCHUIKH JJIS OMpEeIeNeHUs] yTeUeK
TMOOBIX TOPIOYHX Ta30BBIX CMecel He3aBUCHMO OT MX
cocTasa.

Bmecre ¢ TeM OCHOBHBIMH HEIOCTaTKAMH 3THX
JATYUKOB SIBIISIFOTCS HU3KAsl CENIEKTUBHOCTh K KOH-
KpPETHBIM TOPIOYMM Ta3aM, KOTOpas JeJaeT BO3MOXK-
HBIM WX JIOXKHOE cpabaThIBaHHE OT HEIIENEBBIX TOPIO-
YUX Ta30B M MapoB (HampuMmep, Mapbl CIHUPTa, JaKU
M KpacKku), ¥ BBICOKOE DHEPrornoTpediieHune (Iopsaka
100 mMBT), He mo3BOJISIIOIIEE CO3/IaTh ABTOHOMHEIE
pUOOPBEI ¢ JUIMTEIHFHBEIM CPOKOM CIykObl. Kpome
TOT0, UX YyBCTBUTEIBHOCTh YMEHBIIACTCS HA JCCATKU
MIPOIIEHTOB 3a roJ paboThl, 9TO MPUBOIUT K HE0OXO-
JUMOCTH UX PETYJIAPHOMN MOBEPKU U 3aMEHbI. JlaTuuku
MIOJIBEPKEHBI OTPABIICHUIO PA3IMYHBIMU Ta3aMH, TpH-
CYTCTBHE KOTOPBIX BO3MOXXHO B TIPOMBIIIICHHBIX
Wi OBITOBBIX YCIIOBUSIX, a Tarkke meperopanuto. Oba
(haxTOpa MPUBOJIAT K IMOTEPE UMH PAOOTOCTIOCOOHOCTH.

Juisg ynmydiieHus SKCIUTyaTallMOHHBIX XapaKTepH-
CTHK TEPMOKATAJUTHYECKUX CEHCOPOB W TIPEOJoIIe-
HUSl YKa3aHHBIX BBIIIE HEJOCTATKOB TPeOyeTcs IMpo-
BEJICHUE HCCIICIOBAaHNH B pa3paboToOK, HalPaBIEHHBIX
Ha co3gaHue 5Heprod()(EeKTUBHBIX BBICOKOYYBCTBH-
TEIBHBIX CENEKTUBHBIX TEPMOKATATUTUYCCKUX JaT-
YUKOB M METOJOB M3MEpPEHUs] KOHIICHTpAIWid TOpIO-
YUX U B3PHIBOOMACHBIX Ta30B U UX CMECEH, B TOM
qyclie HEW3BECTHOTO CocTaBa. A TakKe METOIOB
Y CPEJICTB X 3allUTHI OT IIOTEPU pabOTOCIIOCOOHOCTH.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 4
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TunoBoil TepMOKATATUTUYECKUI CEHCOp TMpen-
CTaBIsieT co0O0i J1Ba YyBCTBHUTENBHBIX dJIEMEHTa (pa-
0OouMif ¥ CpAaBHUTENBHBIN), BKIIFOUEHHBIE B MOCTOBYIO
CXeMy, KOTOpas TO3BOJISIET YAaCTUYHO KOMIICHCHPO-
BaTh M3MEHEHHE MapaMeTPOB OKPY)KAIOMIEH Cpersl.
Otnuune paboyero OT CPaBHUTEIBHOTO SJIEMEHTa CO-
CTOWUT B TOM, YTO Ha TIEPBBI HAaHECEH KaTaJln3aTop.
CpaBHUTENBHBIN 3J€MEHT HE 00JIaaeT YyBCTBUTEIIb-
HOCTBIO K TOPIOYUM Ta3aM M MpeJHa3Ha4YeH IS KOM-
TIEHCAIINH OKPY KAIOIIUX YCIOBHA.

TepMokaTalTuTHUECKHE CEHCOPHI 'CIEIUaN3UPY-
10TCs" Ha TOPIOYUX ra3zax, TAKUX KaK METaH, IPOIaH,
BOJIOPOJ, W TMapax TOPIOYMX >KUAKOCTEH, TaKHX Kak
OenH301, TOTyOdI, areToH [55-60].

Karanuzatopsl, copepxaiiue METajuIlbl IUIATHHO-
BOH rpymmbl [61], sBisitoTcs Hambosee MHPOKO pac-
MPOCTPaHEHHBIMHU U TEPCIIEKTUBHBIMH TSI HCIIOJIb30-
BaHHUS B COCTaBe TEPMOKATAJIMTUYECKUX CEHCOPOB
Onmarozmaps Bbicokod aktuBHocTH mpu 400-500 °C,
YTO COOTBETCTBYET TEMIIEPAaTYypPHOMY JHaNa3oHy, B KO-
TOPOM BO3MOXKHO HCIIOIb30BAHME IUIATHHOBBIX Ha-
rpeBaTesicii Kak B BUJE CBOOOAHO BUCSIIHMX CIHpaeit
[62] (TepMOKaTAIUTHYECKHUE CEHCOPHI METUTHCTOPHOTO
tumna) (puc. 5, a), Tak U B BHAE MeaHApOB (puc. 5, 0),
HAaHECEHHBIX Ha MOJJIOKKY (WIM MeMOpaHy) IO TOJ-
CTO- WJIM TOHKOIUICHOYHOM TexHojoruu [19, 63].

Cpenu Bcex METaUIOB IUIATHHOBOW T'PYNIBI HaW-
0oJiee 9acToO MCTOIB3YIOTCS MAUTaui WIIH TTajuIaqui
COBMECTHO ¢ IutaTuHOH. Ilpm 3TOM KaTanm3aTopsl,
coJieprKaIire maiainid 1 TUIaTHHY, XapaKTepru3yroTcs
OoJtee BHICOKOM aKTHBHOCTBIO [65, 66].

Jlis perucTpanuy OTKIMKA TEPMOKATATUTHYECKHX
CEHCOPOB UCTOJIB3YETCs KaK MOCTOBAS DJIEKTPUUYECKas
cxeMa, TaK M cxeMma ¢ genutenem [67]. Bo3aukarormas
B CXEME C JeNuTeNleM HeoOXOIMMOCTh KOMIICHCAIIU!
napamMeTpoB OKpYXarolled cpeabl (TeMmepaTypel,
BJIQKHOCTH W JIABJICHHS) PEIIaeTcs IyTeM HCIIONIb30-
BaHUs Pa3HOCTHOT'O CUTHAJA B ABYX Pa3HBIX TEMIepa-
TYpHBIX TOUKax [68].

B kauecTBe HarpeBaroniero HampsDKEHUS HCIIOJNb-
3yercsi MOCTOSHHOE (WJIM MEPUOJUYECKH TOBTOPSIO-
IIFecss WMITYJIbChI) HampspkeHue [69], mepemeHHOE
Harnpspkenue [70], MHOrocTyneH4YaTble HarpeBaroumue
UMITYJIBCHI [71] 1 TemmepaTtypHoe ckaHupoBanwue [15,
72]. Hnst ¢opMupoBaHHS MHOTOCTYIEHYATBIX HM-
MyJICOB HAIPSDKEHUST OOBIYHO MCHOJB3YETCs MIMPOT-
Ho-uMnynbcHast Monyisius (ILIMM) [8], a mist mo-
CTOSTHHOTO HANpsOKEHUS] — JIMHEWHBbIE CTaOMIIM3aTo-
PBI HATIPSKEHHS.

OpHOI U3 caMBIX YaCTBIX NPUYMH OTKAa30B TEPMO-
KaTaIUTUYECKIX CEHCOPOB SBIAETCS TIEpEropaHue
TUTATHHOBOH criMpaiiy. B cuiy Toro, uyto Temmepatypa
ceHcopa ocTaeTcsi 0oJjiee-MeHee MOCTOSTHHOW, MOCTO-
Bas M3MEpHUTENbHAs cXeMa B MEHbIIEH CTETeH! TpH-
BOJIUT K TMEperopanuio ceHcopoB. OCHOBHBIM CIIOCO-
OOM 3aIIUTHI OT MEpPEeTOpaHUs HarpeBaTells SIBISICTCS
IJIaBHBIM HarpeeB ceHcopa. BmecTte ¢ TeM npu mias-
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Microheater _..
Catalyst nanoparticles | T’

Porous anodic alumina -

Puc. 5. Buennuii Buj TepMOKaTATUTHYECKUX CEHCOPOB
Pa3HBIX THUIIOB.

a — BHEIIHUN BUJ] TEPMOKATAIUTUYECKOTO CEHCOpa Tell-
JTUCTOpHOTO THIA [64];

6 — 3D mogensb ceHcopa ruianapHoro tamna [61]

HOM HarpeBe CeHCOpa HarpeB OCYIIECTBISETCS B Te-
yeHue ropasno OoJee UIMTENBHOTO BpPEMEHH, UTO
MPUBOJUT K YBETUUEHHUIO MOTPEOISIEMON MOIIHOCTH.
[Ipeanonaraercs, 4To NpU UCMIOIB30BaHUU LIUPOTHOM
MOJIYJILIMU HArpeBAIONIUX HMMITYJBCOB MOXHO 00ec-
MEYUTh JOCTATOYHO MEJUIEHHYI0 CKOPOCTh HarpeBa,
MOBBICUB OTKa30yCTONYHBOCTh TEPMOKATAIUTUIECKUX
CEHCOpPOB, TP COXPAaHEHWW HHU3KOH MOTpeOIseMoit
MOII[HOCTH.

Kak mnpaBuino, KaxIblii TepMOKATAIUTHYECKUAN
CeHCOp KanmuOpyeTcsl TOJ| KOHKPETHBI ra3 (MeTaH,
MpomaH, Apyrue yrieBojoponasl). OmHako HA TpPoO-
MBIIIUIEHHBIX TPOU3BOJICTBAX, B YaCTHOCTH B HedTe-
XUMHYECKON MNPOMBIIIIJICHHOCTH, KaK MpaBujio, B BO3-
JlyXe TIPUCYTCTBYIOT CMECH B3PBIBOOIIACHBIX YIJIEBO-
JIOPOJIHBIX ra30B U MapoB HEU3BECTHOro cocrana. Ilo-
3TOMY 3ajjada OTpeeNieHUs] CTETIeHH B3PBIBOOMIACHO-
CTH cMecell TOpIOYMX Ta30B W MapoB B clydae, Korna
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HEU3BECTHBI COCTAB WU KOHIEHTpAIMsl KOMIIOHEHTOB
CMecH, SIBIISIETCS aKTyalbHOU. Ee perienue mo3Boaut
pacLIMpHUTh apceHa)l TEXHUYECKUX CPEACTB ISl Mpel-
YOPEXAEHUS W TPEJOTBpAIleHUs] BO3HHUKHOBEHHS
Ype3BBIYAMHBIX CHUTyalnd, CBA3aHHBIX C yTeUYKaMH
TOPIOYMX Ta30B B OBITOBBIX YCIOBHSX U Ha MPEANPH-
ATHAX He(DTEera3oBoi OTpaci.

Jid mpoBeAeHHd H3MEPEHMH TepMOKaTaluTH4de-
CKH CeHCOp KanuOpyeTcs B ABYX TOUKAxX: MPHU HyJe-
BOM M M3BECTHOW KOHLIEHTpalUMHU rasa (B JuanazoHe
HKITIP xoHmeHTpanuii Toprounx ra3oB OTKJIHK CEHCO-
pa sBIsieTCs IMHEHHON 3aBUCHUMOCTBIO). Takum oOpa-
30M, PaKTHYECKU U3MEPSETCS KOHEUHas! TeMIlepaTypa
CeHCcopa TPU HW3BECTHOW KOHIIEHTPALUH, T.€. PE3yIb-
TATOM SIBJISIETCA TOJNBKO OJTHO M3MEPEHHOE 3HayeHHE
TeMIepaTypsl (To4HEe, 3HAYCHHWE HANPSKCHHUS WIH
TOKa B 3aBUCHMOCTH OT CXeMHOro peuienusi). CeHco-
pBl OOBIYHO KAIMOPYIOTCS Ha METaH, JJIsi U3MEpPEHHsI
KOHLIEHTPAllUU APYTUX YIJIEBOIOPOJOB CYLIECTBYIOT
KO3 GUIMEHTHI U1 iepecdeta. UToObl MU BOCIIONb-
30BaThCS, THIT YTIIEBOIOPO/Ia B BO3IyXe JOJKEH OBITh
W3BECTEH.

[TosTomy B cirydasx, KOr/ia CTOWT 3a7ada u3Mepe-
HUSI KOHIIGHTPAMM KOMIIOHEHTOB B Ta30BBIX CMECSX,
TpeOyeTcs HCIOJIb30BaHHE MYJIBTHCEHCOPHBIX TIa30-
AQHAJIM3aTOPOB, ONTHYECKUX CHEKTPOMETPOB WU ApY-
roro 00Opy/JOBaHUS MYJBTUTA30BOTO aHaim3a [73,
74]. D10 OmHO3HAYHO YCIOXHSIET 000pyIZOBaHWE
U METOAMKH JUIl MPOBEIAECHHUA W3MEPEHMH, a TaKkKe
YAJUHSET U yOPOKAET MPOIECC MOHUTOPHHTA.

OneHka B3pbIBOONACHOCTH CMECH T'OPIOYMX Ta30B
HAa4YMHAETCsI C paclo3HaBaHUS BCEX BXOJIAIMINX
B CMECh I'a30B, [IOTOM OIPEACISIETCS UX KOHLIEHTpa-
uus, Beraucisercss HKIIP rasoBoit cmecu u mpoBo-

JUTCSL €r0 CPAaBHEHHE C TCOPETUUYECKUM 3HAYCHUEM
Juist 3Toi cMecu. Ha OCHOBE NPOBEACHHOIO CpaBHE-
HUSl YXXE OIICHMBAETCS YPOBEHb B3PHIBOOMACHOCTH.
B 10 Xe BpeMs pacrio3HaBaHHE FOPIOYUX Ta30B B CMeE-
CH JUIS OTIPEJICIICHISI BEPOSTHOCTH B3PBIBA SIBISICTCS
MPOMEXKYTOYHOW  3ajayeil, KoTopas HeoOXxoauma
B TpaJUIIMOHHOM Toaxoze mis omnpenenenus HKIIP
razoBoil cmecu. [1o3ToMy mHEepCHEKTUBHBIM SBISETCS
MOJXO/J B OMNPEACIICHUU CTENEHU B3PHIBOOIIACHOCTHU
CMECH YTIIEBOJIOPOIHBIX I'a30B U MapoB 0e3 pacro3Ha-
BaHMS OTHEIBHBIX Tra3oB. HemaBHO mnst 3TOM 1ienun
ObUT pa3pabOTaH METOJ OTpEAENICHHs CTETIEHH B3PhI-
BOONACHOCTH MHOTOKOMIIOHEHTHBIX YTJIEBOIOPOIHBIX
ra30BBIX CMeECeH HEM3BECTHOTO Ta30BOTO COCTaBa
B BO3[yX€ 3a CUET U3MEPEHHUS] MHTETPAIBLHOTO KOJU-
YEeCTBA TEIUIA, BRIICISIONIETOCS MPH KaTATUTUYECKOM
CrOpaHWU YTJIEBOAOPOIHONH CMECH B KaMepe TepMo-
KaJIMTHYECKOTO CeHcopa B pexume auddy3noHHOTO
OTpPaHWYCHUS HATEKAaHWS, B TOM YHCIE U MPH IPUCYT-
CTBUU BOAOpOJa B cMecH [75].

IlpennoxxeHHBII METOJ| OIpeJeieHuss CTENeHU
B3PBIBOOMACHOCTA MHOTOKOMIIOHEHTHBIX yTJIEBOJAO-
PONHBIX Ta30BBIX CMECEH HEM3BECTHOTO Ta30BOTO CO-
CTaBa OCHOBAaH Ha TOM, YTO NMPOU3BEJCHHE 3HAUCHUS
HKITIP (Crgr) oTAETBHOTO Ta3a HA 3HAYCHUE TEILJIOTHI
ero cropanus (Q’) NPHOTH3UTENHEHO OXMHAKOBO IS
OOJIIIMHCTBA TOpIOYMX TazoB W mapoB (£ 10%)
(tabm. 3). [ToaToMy, eciu MPOBOIUTE U3MEPEHHE TEII-
JIOTHI, BBIACNMBILIECHCS PU CTOPAHUU B KaMEpe CEHCO-
pa, TO MO’KHO YCTAaHOBUTH BEPOSITHOCT B3PHIBA CMECH
TOPIOYHX Ta30B 0e3 3HaHHS ee cocTaBa (IIPH STOM He
Ba)KHO, UMEEM MEI JIEJI0 CO CMECKIO Ta30B WIH C OJI-
HUM KOHKPETHBIM T'a30M).

Ta6.1. 3. 3nauenus HKIIP (Cpg; ) 1 TennoTst cropanus (Q°) yriesogoponon

é‘jn Toptouuii ras KOHg:EHLTpOZHH” Tegéi";;f&%ﬁ“ Crrr 0', KKa/Mob
Meran CHy 4.4/5.0 191.554 8.428/9.77

1 Oran C,Hg 2.5/3.0 3443 9.411/10.34
IMpoman C;Hg 1.7/2.1 498.6 8.49/10.47
byrau C4Ho 1.4/1.6 661.1 9.25/10.57

) Benson CsHe 1.2/1.3 832.88 9.99/10.82
Tonyon C;Hg 1.1/1.2 899.86 9.90/10.79

3 Metanon CH;0M 5.5/6.7 182.43 10.034/12.22

Oranon C,HsOM 3.1/3.3 336.295 10.425/11.09

Orunen C,H, 2.7/2.7 314.799 8.48

4 IMpomunen C3Hy 2.0/2.4 458.345 9.16/11.00
byran C,Hg 1.6/1.6 607.29 9.71

5 Aneron CM;-CO-CM; 2.5/2.6 435.029 10.876/11.31

6 Auerunen C,H, 2.5/2.5 310.739 7.77
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Omnpenenennie KOJIMYECTBA BBIAETHUBILErOCS Terjia
MPOBOAWTCS TYTEM W3MEpPEeHHs OTKJIMKAa CEeHcopa
B IIpoliecce Harpesa 110 paboueil TemmepaTypsl Kak
B OTCYTCTBHE TOPIOYMX Ta30B, TaK U B MX MPHUCYTCT-
Bru. KonndecTBO BBIIECTHMBINErOCs TEIUIa MPH Cropa-
HHUM YTJIIEBOIOPOJOB ONpeNesieTcs KaK pa3sHOCTb WH-
TErpajoB OTKJIMKa CEHCOpa MO BPEMEHHU HarpeBa 4yyB-
CTBUTEIFHOTO JIEMEHTa B TIPUCYTCTBUU U TIPH OTCYT-
CTBHHM TOPIOYMX Ia30oB. TakuM 00pa3oM, pe3yabTaToM
M3MEpEeHHUs SBISIETCS HE OJJHO 3HAUYEeHHE COIMpPOTHBIIE-
HUE, a 3aBUCHUMOCTh HW3MEHEHHUS CONPOTHBIICHUS
OT BPEMEHHU CrOpaHusl yIJIEBOJIOPOIOB. DTO MHOTO-
KpaTHO YBEIWYMBAaET OOBEM OSKCIEPUMEHTATBHBIX
JMAHHBIX W TIO3BOJIIET OMPEAEISATh B3PHIBOOIIACHOCTH
TOPIOYMX CMECe HEM3BECTHOI'O COCTABA.

Agtopamu [57, 59] ObLT NPEATIOKEH CIIOCOO U3rO-
TOBJICHUSI KaTAIUTUIECKOTO CEHCOpa, IIe B Ka4eCcTBE
KaTaJIUTUYECKOTO CJIOSl MCHOJIb30BAINCh U CTAOMIIH-
3MpOBAaHHbIE HAaHOUYACTHIBI IUIATHHBI. MccnemoBanus
MOKA3aJIH, YTO JIOCTHTAETCS KOPOTKOE BPEMS OTKIIMKA
<150 mc. Kpome TOro, npsiMoil KOHTaKT C JaTYUKOM
W BBICOKHMI KodpduuueHt 3eebeka MO3BOJSIOT J0-
CTHYh BBICOKOW pa3pelIaromieid CrroCOOHOCTH M 9yB-
ctBuTensHOCTH OKoNo 0.22 mV/10 ppm, mpu 3TOM
3HAYUTEIHFHO CHIDKAETCS SHEPronoTpedieHue.

Astopamu [60] mpeacTaBieHa peaan3aiis TepMo-
KaTaJIMTUYECKOTO CEHCOpa, KOHCTPYKLHUS KOTOPOTO
BKJIFOYACT B ce0sl 4yBCTBUTEINbHBIN ciioit Al,Os, neru-
poBanubli pactBopamu PdCl, m H,PtCls, xoTOpsIii
HaHECEH IOBEPX  KPHUCTAIMYECKOH  IOJUIOKKH
Si0,/Si. UcnbelTaHus nDoOKa3ajid: HMMEETCS BO3MOXK-
HOCTh W3TOTOBJICHHS TE€PMOKATAIUTUYECKUX YHUIIOB,
CHUTHaJl KOTOPBIX IIO3BOJIAET PACIO3HABaTh I'a30BbIC
cMecH oAHOro Tuma. OCHOBHBIM HEIOCTATKOM SBIIfA-
JIOCh OTCYTCTBHE TEPMOU3OIAINN MEXTy KPHCTAIIIOM
KpEeMHHsI U KOPITyCOM YHIIA, a TaKXKe MEXIy COCel-
HUMH CEHCOPHBIMH 3JeMeHTaMu. CHHXeHHE OTBOJa
TEIUTa MOXXET MPHUBECTH K CHIKEHUIO SHEPromoTped-
JICHUS! YMIIA U YBEJIMYCHUIO CTAOMIIBHOCTH B IOKa3a-
HUSX CEHCOPOB BO BPEMEHHU.

TepMokaTanTuTHIECKHE CEHCOPHI MOABEPIKEHBI OT-
PaBICHHUIO PA3IMYHBIMH KOMIIOHEHTaMH, B YaCTHOCTH
KpeMHUHOpranndeckumy,  GocopopraHnIecKuMH,
CEepHBIMH M JPYTHMHU COEAWHEHHSMH, TPHUCYTCTBHE
KOTOPBIX BO3MOXXHO B aTMocdepe NpOMBIIUICHHBIX
npeanpusTuii Herera3oBoi OTPaciu, a TAKXKE B Obl-
TOBBIX YCJIOBHSAX. DTO MPUBOANT K YMEHBIIEHUIO UyB-
CTBUTEJIBHOCTU CEHCOpa M B KOHLIE KOHLIOB IOTEpe
ero paboTocrmocoOHOCTH. DTOT MEXaHU3M OTPaBIICHHS
Karanu3aropa HeoOpaTHM, TMOCKOIBKY JaXke MaJble
KOHIIEHTpallUM OTPABIISIIOIIMX BELIECTB B COCTaBe
ra30BO3YIIHOW CMECH CO BpPEMEHEM 3HA4YHUTEIbHO
YXYAMAOT MapaMeTpsl TePMOKATAIUTUYECKOTO CEH-
copa. Jlns mpenoTBpalieHusl OTpaBIeHUS U yBeIude-
HUS TIPOJOJDKUTENFHOCTH CPOKa IMOJIE3HOTO HCIIOJNb-
30BaHUS TEPMOKATAIUTHIECKOTO CEHCOpa pa3pabaTsI-
BAIOTCSI COOTBETCTBYIOIIME (GUIBTPBI, KOTOPHIE JAOJIXK-
HBI TIPOITyCKaTh YIJIEBOJOPOJABI M 3a/lep>KUBaTh OT-
paBistonre ra3sl [76].
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HecMoTpst Ha TO 4TO TepMOKATaJUTUYECKUE CEH-
COpPBI Pa3BUBAIOTCS YK€ OOJIbIIE MATHIACCATH JIET, UX
NOTEHIMAI MOJICPHHU3ALNH ele He ucyepnat. Mx oc-
HOBHBIMH MPEUMYLIECTBAMH SIBIISICTCSI INHECHHAS YyB-
CTBHUTEJIBHOCTh KO BCEM YITICBOAOPOJaM (XOTS M pa3-
Has) U OTHOCUTEJIbHAs MPOCTOTa KOHCTpyKuuu. Oc-
HOBHAs Mpo0JieMa — 3TO HEeCTaOWILHOCTh YYBCTBH-
TEJILHOCTH, KOTOpasi M3MEHSIETCS BO BPEMEHH U TIOX
JeicTBUEeM (aKTOPOB OKpYyKatollel cpenbl (B OCHOB-
HOM BJIQKHOCTH M KaTaJMTUYECKHX s70B). Ha pemre-
HHUE JIaHHBIX NpoOJeM U HaIlpaBJICHBI COBPEMEHHBIC
UCCIICIOBAHUSL.

3AK/JIIOYEHHUE

Pa3Butne ceHCOpPOB [1OB3PBHIBOOIIACHBIX KOHIIEH-
TpaLUil TOPIOYMX ra30B U MapOB FOPIOYUX KHUIKOCTEH
JIOJDKHO OTBEYaTh HAa MOCTOSHHO IOBBIIIAIOIIMECS
TpeOOBaHMS 1O MPOMBIIIJICHHOH, OBITOBOW W 3KOJIO-
rudeckoil OezomacHocTH. IIpu aTOM HambosblIee KO-
JMYECTBO HCCIIENOBATENLCKUX PaboT B 00JacTH TO-
JYNIPOBOJHHUKOBBIX, ONITHYECKUX U TEPMOKaTaIUTHYe-
CKHX CEHCOPOB IOCBSIIIEHBI JETEKTUPOBAHUIO METaHa.

C TOYKHM 3peHHUs] NPOMBIIUICHHOM O€30macHOCTH
HMHTEpPEC K CEHCOpaM METaHa BBI3BAH BO3PACTAIOLIUM
YPOBHEM €ro J00BIYH, TPAHCIIOPTUPOBKH, XpPaHEHHS,
nepepaboTKH U UCIIONb30BaHUS B KAYECTBE TOITUBA.

C ToukHm 3peHHs OSKOJIOTHYECKOW Oe30macHOCTH
MHTEpEC K JNETEKTUPOBAHMIO METaHA BBI3BAH yBEJH-
YeHUEM 3arpsi3HEHHs aTMOc(epbl HEe TOJNBKO BOIHM3H
npeanpusaTuil HedrenepepadbaTpiBalOIed U XUMHYE-
CKOM MPOMBIIUIEHHOCTH, HO W B JKWIbIX pailOHaXx.
Kpome TOro, Meran sBnsieTcs NMOOOYHBIM MPOIYKTOM
CEIBCKOro Xo3siicTtBa. M 0onee TOro, MeTtaH — 3TO
MTAPHUKOBEIH Ta3, yAEPKUBAIONINHA TETI0 B aTMocepe.

C Touku 3peHHs OBITOBOTO HCIIOJIb30BaHMS MHTE-
pec K MOHUTOPUHTY METaHa CBsI3aH, IPEXJEe BCEro,
¢ He0OXOAWMOCTBIO NPEJOTBPALICHUS B3PHIBOOIIAC-
HBIX CUTYyalluil, BRI3BAaHHBIX YTE€YKaMH METaHa B rasu-
(UIMPOBaHHBIX JOMaX W KBAPTHPaX.

OueBHIHO, YTO A 337a4 NMPOMBINUIEHHOM, 3KO-
JIOTUYECKON ® OBITOBOW 0€30macHOCTH TpeOyIOTCS
CEHCOpPBI C pa3sHBIMU MapaMeTpamMHu U XapaKTepUCTH-
KaMH, a TaKke CTOMMOCThIO. [1o3ToMy Bce BUABI CEH-
COPOB IOPIOYUX ra3oB, PACCMOTPEHHbIC B JAHHOM 00-
30pe, OyIyT W Aajbllie HAXOAUTh U PaCIIUPSTH 00Jac-
TH CcBOero npumeHeHus. OmHaKo, KpoOMe TPaaULHUOH-
HBIX MapaMeTPOB, TAKUX KaK YyBCTBHUTEIHLHOCTH, CeE-
JIEKTUBHOCTH, CTAOUIIFHOCTH MTapaMeTpPOB BO BPEMEHHU
U pa3HbIX Cpelax, K CEHCOpaM CTajlu NPEeAbABIATH
HOBBIE TpeOOBaHUS, CBA3aHHbIE C COBPEMEHHBIM
YPOBHEM Da3BUTHUSl DJIEKTPOHUKH, OCECIIPOBOIHBIX
TEXHOJIOTUH Mepeiady JaHHBIX, HCTOYHUKOB TUTAHUS
U CUCTEM aKKyMYJIHPOBaHUS SHEPTHH.

Munnatiopusanust  3J€KTPOHHBIX KOMIIOHEHTOB
W TEXHOJIOTHH TI€YaTHBIX IUIAT IIO3BOJIAIOT BCTPOUTH
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Puc. 6. CeHCOpBI CO BCTPOCHHOM TNIATOH YIPaBICHUS M HU(PPOBBIM BEIXOJOM.

a — MUHHUATIOpHBIN OecripoBoaHOI ceHcop [77];

0 — MHTEIIEKTYaIbHBIH CEHCOPHBIH MOIYh pupmsel MuaKpam [78]

IUIaThI YIIPaBJIEHHUs B KOPITyC CEHCOpa, a CICIOBATEIIBHO,
oun(poBaTh aHAJOTOBBI CHTHAJI CEHCOPOB, MPOBECTH
ero o0paboTKy, KOPPEKTUPOBKY M aHAIN3 PE3yJbTa-
TOB HpsiIMO "Ha MecTe", MPEeBpPaTUB AHAJOTOBBIM CEH-
cop B mudporoit (puc. 6) [77, 78]. Ilpu 3TOM MOXHO
UCIIOJIb30BaTh O0Jiee CIIOKHBIE aJrOPUTMBI HPOBEe-
HUSl U3MEPCHHMI, MO3BOJISIONIUE TOJIYYUTh U 00pado-
TaTh OOJbIIE NAHHBIX, YTO MMEET LIENbIO0 yIyYIIUTh
CEJIEKTUBHOCTD M TOYHOCTH MPOBEICHHS H3MEPEHHH.

PazButne sHeprodpdexTuBHBIX OECIPOBOIHBIX
texHonoruti (Zigbee, Bluetooth, NFC u np.) mo3Bossi-
€T OTKa3aThCsl OT KaOeNBHBIX JIMHUU Iepead JiaH-
HbeIX. OTKa3 OT JMHUH mepegadd NaHHBIX — 3TO Ta
TEHJICHIINSI, KOTOpasi HaOII0IaeTCsl B MUPE BO MHOTHX
001acTsIX, U CEHCOPHBIC TEXHOJOIMH HE SBISIOTCS
UCKIIIOYCHUEM.

Pa3zBuTtHe akkymymnsaTopoB M OaTapeil COBMECTHO
C YMEHBIICHUEM SHEPTONOTPEOICHUS CAMUMH CEHCO-
paMu U JEKTPOHHON KOMITOHEHTHOU 062301 TIO3BOJIUT
CO3J1aTh Ta30aHaM3aTOPbl, CIOCOOHBIE OIT0e BpeMs
pabotare aBTOHOMHO (Oombmre roma) [6]. Ilpumene-
HHUE cUCcTeM cOopa M aKKyMYyJIHMPOBaHHs COJHEYHOH,
teroBoit, CBY snepruu u sHeprum BeTpa MO3BOJISIET
CZeNaTh ra30aHaJIM3aToOPhl MOJTHOCTHIO SHEPIrOHE3aBH-
CUMBIMH OT cereBoro mutanus [79, 80]. IIpu stom
€CNIM CEHCOp MIONIToe BpeMs JOJDKEeH padoTaeT aBToO-
HOMHO, TO aBTOMAaTHYECKH Y>KECTOUYaloTCsl TpeOoBa-
HUS K JIOJTOBPEMEHHON CTaOMIILHOCTH €ro mapameT-
poOB.

Hcxons w3 BhIIECKa3aHHOTO, OCHOBHBIM HaIpaB-
JICHHEM DPAa3BUTHUSI CEHCOPOB JIOB3PHIBOOIIACHBIX KOH-
HEHTPALUI TOPIOYHX Ta30B M MIAPOB FOPIOYUX KHJIKO-

cTeil Oynmer mepexox K 3HEProdpeKTUBHBIM TOIY-
MPOBOJHUKOBBIM U TEPMOKATATUTHIECKUM CEHCOpaM,
BBITIOJIHEHHBIM M0 IUTAHAPHBIM TEXHOJIOTHSIM, U TIepe-
X0 ONTHYECKHX CEHCOPOB Ha IOJYNPOBOIHUKOBEIC
CBETOJMO/BI, JIA3epPHBIE AMOABI W Jla3epsl ¢ Iepe-
CTpanBaeMOW JUTMHOW BOJIHBI, TOJTYYECHHBIE MO TEXHO-
JIOTHH TIOJTYTIPOBOIHUKOBEIX TETEPOCTPYKTYD.

ITockonbky HeT OONBIIMX HPOOJIEM C YyBCTBH-
TEIBHOCTBIO CEHCOPOB B JHMAaNa30HE JOB3PBIBOOIAC-
HBIX KOHIICHTPAIMH, TO OCHOBHBIM HaIlpaBICHHEM
PasBUTHSI CEHCOPOB OyAET MOBHILICHHE CTAOUIBHOCTH
UX MMapaMeTpoB BO BPEMEHH W WX HE3aBUCHMOCTH OT
yCIOBUH OKpy’Katomield cpensl (ra3oBoro cocrasa,
TEMIIepPaTyphl, BIAXHOCTHU, JABJICHHUS), B TOM 4YHCIE
Y OTPABJISIONINX PUMECEH.
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RECENT TRENDS IN THE DEVELOPMENT
OF SENSORS FOR PRE-EXPLOSIVE CONCENTRATIONS
OF FLAMMABLE GASES AND VAPORS
OF FLAMMABLE LIQUIDS (REVIEW)

A. M. Baranov, T.V. Osipova

Moscow Aviation Institute (National Research University), Russian Federation

This paper presents a review of current trends in the development of manufacturing technologies of sensors
of pre-explosive concentrations of flammable gases and vapors of flammable liquids. Various types of gas sen-
sors are discussed, including catalytic, semiconductor, and optical sensor types, and the principles of their op-

eration.

The advantages and disadvantages of each type of gas sensor are highlighted. New and traditional technolo-
gies for manufacturing sensitive elements that improve sensor parameters such as processability, miniaturization
and reduce energy consumption are discussed. In conclusion, this article suggests future trends and prospects for
development and research to improve the sensitivity and selectivity of sensors.

Keywords: pre-explosive concentrations, sensor, catalytic sensor, semiconductor sensor, optical sensor

INTRODUCTION

There is a large number of industrial facilities lo-
cated on the territory of the Russian Federation and
capable for formation of explosive gas mixtures, as
well as hundreds of thousands of kilometers of oil and
gas pipelines, and more than 60 million living apart-
ments, about 70% of them is gasified. Every year,
more than 1 million apartments and households get
connected to gas supply systems.

Despite the fact that the tasks of prevention of
dangerous situations associated with the presence of
mixtures of combustible gases in the atmosphere have
been developed for a long time, both in the Russian
Federation and in the world as a whole there are many
incidents caused by leaks and emissions of combusti-
ble gases arising during production, transportation,
processing, storage and use hydrocarbons. The most
common causes of explosions are violations of the
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rules for safe operation of equipment, tightness in
joints and lack of proper control over technological
processes. Such incidents both in industry and in eve-
ryday life lead to serious material damage and take the
lives of people.

To ensure the safety of human life, as well as con-
stant monitoring of the state of the environment in
industrial and residential areas, measuring instruments
are needed to determine the concentration of explo-
sive gaseous substances in the air. Combustible gases
ignite (explode) only when the gas content in the air is
between the lower (LEL) and upper (UEL) concentra-
tion limits of flame propagation. The values of LEL
and UEL for widespread substances are presented in
Tab. 1 [1]. It is important to note that the wider the
range between LEL and UEL, the more explosive the
combustible gas.

To monitor leaks of explosive gas mixtures, sen-
sors are required that can measure the concentration of
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the corresponding combustible gas in air in the pre-
explosive concentration range, which usually starts

Tab. 1. . Concentration limits of flame propagation of some combustible gases and flammable liquids

Substance name |

LEL, vol.%

| UEL, vol.%

from 0.1 up to 50 vol.% of LEL of the corresponding
explosive gas or vapor.

In the literature and on the gas sensor market, indi-
vidual sensors and measuring systems designed for
monitoring pre-explosive gas concentrations and gas
mixtures [2] are widely represented. In this review, we
will focus on sensors for measuring pre-explosive
concentrations of various hydrocarbons, excluding
other explosives, such as ammonia, from considera-
tion.

We will also not touch upon sensors that are de-
signed to measure the concentration of hydrogen, with
the exception of cases when hydrogen is part of an
explosive hydrocarbon mixture. This is due to the fact
that the number of sensors for measuring the concen-
tration of hydrogen is much larger than for measuring
the concentration of hydrocarbons.

The case of hydrogen sensors is presented in more
detail in reviews [3, 4].

The main types of sensors, widely used in practice
for monitoring pre-explosive concentrations of flam-
mable gases and vapors of flammable liquids are:
semiconductor, thermocatalytic and optical sensors.
Each type of sensor has definite advantages and dis-
advantages. And the choice of one or another type of
sensors for practical use is based on the scope and
tasks.

Despite the fact that semiconductor, thermocatalyt-
ic and optical sensors have been known for many dec-
ades, research is currently underway to improve their
parameters, such as sensitivity, selectivity, service
life, etc. In addition, in connection with the develop-
ment of wireless sensor networks [5], autonomous gas
sensors [6] and devices of the Internet of Things and
Smart Home [7], the main problem was the high ener-
gy consumption of gas sensors of pre-explosive con-
centrations of combustible gases [8].

The purpose of this review is to briefly analyse
current trends in the development of both sensors
themselves and measurement techniques that have
taken place recently.

1. SEMICONDUCTOR SENSORS

The principle of operation of semiconductor sen-
sors is based on a change in the conductivity of a sen-
sitive semiconductor-type layer caused by a change in
the gas medium [9] as a result of the adsorption of gas
molecules on its surface.
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The sensitive layer or element (SE) of gas sensors
are metal oxide semiconductor materials or organic
semiconductors (metal porphyrins). Most widely used
as SE are materials based on SnO,, ZnO, MoO; [10].
Recently, SEs based on indium and gallium oxides
have also attracted interest [11-13].

To ensure measurements, the semiconductor layer
must be heated to a temperature of several hundred
degrees. For example, the maximum gas sensitivity of
SnO,-based thin-film sensors to ethanol and acetone is
330-400 °C. Approximately the same temperature is
required for hydrocarbons of the homologous methane
series. To reduce the temperature of maximum gas
sensitivity, the SnO, film can be doped with impuri-
ties of chemical elements of rare earths or noble met-
als [14], but this complicates the technological process
and increases the cost of such sensors.

The advantages of semiconductor sensors include
high sensitivity, speed, small size, and low cost for
mass production. The main disadvantage of this type
of sensors is their low selectivity, which limits the
scope of their application.

Therefore, the main trend in the development of
semiconductor sensors is an increase in the selectivity
[15] with a simultaneous decrease in power consump-
tion [16], which is necessary for the creation of auto-
nomous gas sensors, in particular for wireless sensor
networks [5].

A typical approach to reducing energy consump-
tion of semiconductor and catalytic sensors is to re-
duce the size of the sensor in order to reduce the
heated volume, which includes the substrate and hea-
ter with a sensitive semiconductor layer deposited on
it [17]. To solve this problem, the transition from vo-
lumetric to planar technology is implemented, in the
latter the heater is already made in the form of
a meander applied to the substrate. Platinum, nickel,
polysilicon, nichrome, etc. are used as the heater ma-
terial. In this case, the substrate should be as thin as
possible and actually turns into a membrane (Fig. 1)
[18].

The most widespread are membranes based on
aluminum oxide [19] and multilayer membranes based
on silicon [20] with platinum heater. Aluminum oxide
is good because its coefficient of thermal expansion
(CTE) practically coincides with the CTE of platinum.
In addition, platinum adheres well to alumina, and
alumina itself is a tough material. However, the prepa
ration of aluminum oxide membranes is a rather se-
rious problem [21, 22].
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Fig. 1. Design of sensors made using thin-film technology (figures are reproduced from the sources indicated in the List]
of References).

a) Cera MEMS microcircuit based on a thin film of aluminum oxide (1 — a ceramic substrate 0.6 mm thick with holes;
2 — a layer of glass binder; 3 — a thin film of aluminum oxide produced by electrolysis of spark oxidation of aluminum;
4 — gas-sensitive layer; 5 — laser drilled hole; 6 — platinum heater in the form of a meander; 7 — contact pads to the

heater and digit electrode; 8 — digit electrode to the sensitive layer) [22].
0) Schematic diagram of the heating element after laser processing.
B) Diagram (with dimensions) of a sensor structure based on MEMS technology [17]

Silicon technology is much better developed and
the creation of membranes based on silicon oxide or
silicon nitride is not very difficult. However, in order
to ensure the equality of the CTE of platinum and the
membrane and to reduce thermal stresses, it is already
necessary to create multilayer membranes (in particu-
lar, Si0, / Si3Ny [17]). It solves the CTE problem, but
there are other problems that remain unsolved: the
adhesion of platinum, which they are trying to solve
by creating intermediate sublayers of metals, in par-
ticular titanium, and the stability of membranes at op-
erating temperatures [23]. The heater itself can be ap-
plied to the membrane by vacuum deposition [24],
screen printing [25], or using a printer [26].

Recently, the research has been conducted with
more rare materials for membranes: ZrO, / Y,0; [27]

Tab. 2. Results of research [11, 13, 29, 31, 32] analysis

or borosilicate glass [28], although the strain point of
the latter is below 600 °C.

Over the past decades, a large number of different
semiconductor sensors have been developed for moni-
toring hydrocarbons in air. Nevertheless, the devel-
opment of sensors continues in different directions
(design of sensors, the material of the substrate and
the sensitive layer, the method of applying the heater
and sensitive elements), including for the detection of
methane [9, 10, 15-17], ethanol [11, 12, 29, 30], pro-
pane [11, 31], formaldehyde [13] and other sub-
stances.

The analysis results are summarized in Tab. 2,
where the technology for obtaining a semiconductor
SE is briefly described, the operating temperatures
and sensitivity (S) of the sensor are indicated.

. . Working Sensitivity S* under in-
Film production
Gas SE temperature, fluence of 25 ppm target Source
technology oC gas

* In research literature, the sensitivity S of semiconductor gas sensors is determined by the following relationships:

B —s-
R, R,

RO_R@).

s BB o (R -

R . .
g—‘)); where R, and R, are the film resistance in the atmosphere

8 8
of air and in air with a sample of the detected gas, respectively

Considering measurement techniques, the general
trend is the development of pulse and dynamic modes
of measurements, aimed to measure a change in the
SE temperature [11, 22, 33, 34]. This increases the
amount of data obtained, which allow to improve the

selectivity of measurements (Fig. 2) while maintain-
ing high sensitivity. Thus, it is possible to create effi-
cient multisensor monitoring systems with milliwatt
power consumption [16].

Fig. 2. Sensor response in various operating modes.

a — response of a sensor operating in a cyclic pulsed heating mode (heating up to 450 °C for 3 s with subsequent hold-
ing at 110 °C for 10 s) to methane, carbon monoxide and hydrogen [15];

0 — response of a sensor based on a Pd-doped SnO, film to saturated vapors of acetone, formaldehyde, ethanol and me-
thanol at 20 °C in a repeating temperature sequence (a sequence of temperature pulses consisting of 100 ms pulses in thel
range from 20 to 450 °C with a temperature step 5 °C) [35]
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Based on the analysis performed, it can be con-
cluded that, although semiconductor sensors are suita-
ble for monitoring hydrocarbons in the pre-explosive
concentration range, their main field of application is
monitoring air pollutants in industrial areas and in
residential areas in the ppm concentration range.

2. OPTICAL SENSORS

The main advantage of optical technology is the
non-contact method for analyzing the gas concentra-
tion [36]. Non-Dispersive Infrared (NDIR) method is
the main technology used in IR gas sensors. The tech-
nique is based on the ability of the molecules of gas to
selectively absorb emission in the infrared region of
the spectrum. In this case, a change in the concentra-
tion of the detected gas in the air causes a change in
the absorption of the IR beam.

In addition to the widely used adsorption method
of spectral analysis of the gas composition, there are
other principles of operation of optical sensors [37]. In
particular, it is possible to register changes in the
spectra of diffuse scattering or light reflection from
a substrate or changes in the luminescence intensity of
a SE that contains organic phosphors, the change of
which depends on the interaction with the molecules
of the detected mixture.

The main structural elements of an optical sensor
are: an emission source and receiver, a working
chamber, a selective reflector, and a processing and
communication board [38]. The optical sensor scheme
is traditionally built according to a two-channel mea-
surement scheme using the working (measuring) and
reference (comparative) channels (Fig. 3).

(1 — emitter, 2 — emission receiver)

Fig. 3. Measurement schemes with the use of optical sensors.
a — optical sensor for local measurements [39];
6 — the principle of measurement using a route gas analyzer (open path)

The principle of operation of optical sensors is
based on recording changes in the intensity of emis-
sion interacting with the investigated gaseous medium
at some wavelengths, distinctive for this medium. The
selection of the operating wavelength range from the
broadband spectrum of the emitter is carried out using
interference filters [40] or discrete emission at one or
several wavelengths [41].

The advantages of optical sensors include high
sensitivity, selectivity, stability in operation, resis-
tance to a wide range of extreme chemical processes,
a quick response to an increase in concentration and
the ability to function in an oxygen-free environment.
The disadvantages include the impossibility of detect-
ing gases that do not absorb IR radiation (in particular,
hydrogen), an aggressive environment of use can in-
crease the cost of maintenance and, as a consequence,
the cost of the sensor itself.

The main advantage of optical sensors in compari-
son with other types is the absence of direct contact of
the detected mixture with a source and receiver of
emission, because a beam of light passes through the
gas medium, and the source and the receiver are pro-
tected by transparent chemically resistant glass win-
dows. Therefore, corrosive substances and compounds
that disable all other types of sensors based on chemi-
cal reactions are safe for optical sensors. In addition,
optical sensors can be reconfigured for other type of
gas by changing the radiation wavelength.
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Optical sensors are capable of operating in a wide
temperature range (from —60 to +85 °C), which allows
them to be used both indoors and outdoors, in places
where methane, propane or petroleum vapors may
appear, including in an oxygen-free environment.

Recently, a variety of systems, based on infrared
absorption spectroscopy, have been developed for hy-
drocarbon detection in the air [42, 43]. The most
promising direction in the development of gas analyti-
cal systems for monitoring pre-explosive concentra-
tions of flammable gases and vapors of flammable
liquids is currently the optical absorption method in
the wavelength range of 3000-4000 nm, because ab-
sorption lines of most hydrocarbons are located in this
range (Fig. 4) [44].

Fig. 4. Absorption spectra of hydrocarbons (methane
CH,, ethane C,H;, propane C;Hg, butane C4H;,, pentang]
CsH,,, hexane C¢Hy,) [44]

Most of the research work in the field of optical
sensors is devoted to methane sensors. In the near
infrared region, the methane spectrum has three ab-
sorption lines, at a wavelength of 1.65 um, 2.33 um
and 3.3 microns. LEL for methane is 4.4 vol.%. In this
regard, the monitoring task is to detect methane at
a level of the order of 1 vol.%.

Until recently, the most strongly absorbing methane
line at a wavelength of 3.3 um was used to analyze
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the gas concentration in air. In this case, miniature
incandescent lamps (in particular, xenon ones) with a
continuous emission spectrum in the near-IR region
were used as emission sources. Since xenon lamps
emit in a wide range of wavelengths, a prerequisite for
measurements is the use of interference filters.

Recently, thanks to a breakthrough in the technol-
ogy of growing semiconductor heterostructures, it be-
came possible to create semiconductor LEDs, laser
diodes, and tunable lasers with distributed feedback
(DFB lasers), which emit practically at any wave-
length in the near IR range (1.6-5.0 um) [41]. This
made it possible to significantly improve the parame-
ters of optical sensors (dimensions, energy efficiency,
reliability). In particular, methane gas analyzers at
a wavelength of 1.65 mm were developed [45]. How-
ever, the 1.65 um methane line is two orders of mag-
nitude weaker than the 3.3 um line and lies close to
the strong water absorption line. This complicates the
analysis when using semiconductor LEDs as light
sources, because they have a fairly wide emission
band. Therefore, tunable laser diodes emitting at
a wavelength of 1.65 pum, for example, DFB lasers,
are used as emission sources [46]. Since the spectrum
of methane is linear, and the laser LED has a very nar-
row line, it is necessary to tune to one of the absorp-
tion bands and remain on it, regardless of the envi-
ronmental conditions, the temperature of the semicon-
ductor and the current, flowing through the laser
structure. In general, tunable lasers are much more
expensive and complex in operation than LEDs.

It is also important to note that the use of semicon-
ductor light-emitting structures at a wavelength of 3.3
pm is complicated because of their narrow band gap,
approximately equal to 0.38 eV. Therefore, in fact,
there is the transition to intrinsic conductivity already
at room temperature. This feature causes a strong de-
pendence of electrical conductivity on temperature
and reduces radiative recombination, and therefore
requires either forced cooling to temperatures below
room temperature, or a complex electrical power con-
trol circuit [47] and specialized signal processing al-
gorithms [48]. In addition, the optical power of near-
IR LEDs (0.8-2.5 um) is several orders of magnitude
higher than that for the mid-IR range (2.5-25 pm).

The above problems were partially solved by the
development of an optical sensor of explosive gases
with ultra-low power consumption [48], made on the
basis of heterogeneous semiconductor structures. This
sensor has a record low power consumption — less
than 5 mW.

The authors of [49] investigated the possibility of
using the phenomenon of surface plasmon resonance
for the detection of methanol vapors. Surface plasmon
resonance is a violation of the condition of total inter-
nal reflection, in which a significant part of the energy
of the light fallen on the surface of the metal film is

converted into the energy of plasmons, as a result of
which the intensity of the light reflected from the sur-
face of the metal film drops sharply [50]. Experimental
studies have confirmed the possibility of application in
accordance with the TLV requirements (5 mg / nr’,
which approximately corresponds to 0.37 vol.%), an
almost linear dependence has been revealed.

Infrared spectroscopy enables both local measure-
ments (at the location of the optical sensor) and re-
mote measurements of monitored gases along ex-
tended objects (for example, along the perimeter of an
industrial enterprise, pipelines, etc.). The latter include
the so-called open-path detectors [51-53].

The open optical path detector (or path gas analyz-
er) consists of two independent units of emission and
measurement, located at a distance from each other
(Fig. 3). Halogen lamps or semiconductor structures
based on GalnAsSb/AlGaAsSb (in the 1.6-2.4 pum
range) and InAsSb/InAsSbP (in the 2.7-4.7 um wave-
length range) can be used as radiation sources and
receivers [53]. In [51-53], the authors presented
a two-beam optical scheme with wavelengths of 2.3
and 1.7 pm.

Recently, there has been a development of fiber-
optic gas sensors [54]. Their principle of operation is
based on the interferometric or absorption measure-
ment method. The introduction of a special optical
fiber and the optimization of different parameters are
used to improve the detection performance. However,
this requires expensive equipment and sophisticated
data processing or analysis. In this case, the optical
fiber is a device for delivering light to the point of
measurement (to the optical sensors). The gas that
appears in any of the sensors partially absorbs the
light and imposes a unique concentration-dependent
imprint on the reflected signal. Analysis of the reflect-
ed signals allows determining the gas concentration at
each probe point.

Based on the analysis of optical sensors, it can be
concluded that this direction is actively developing
[37]. The main trends are the transition from lamp
sources of emission to semiconductor ones, as well as
the development of fiber-optic gas analyzers and open
optical path detectors. With technological progress,
the sizes of emitters and detectors are constantly de-
creasing, which makes it possible to make miniaturi-
zation one of the main directions in the development
of such devices.

3. THERMOCATALYTIC SENSORS

A thermocatalytic sensor is a heater coated with
a porous oxide support (most often Al,O; is used),
which is impregnated with a catalyst containing plati-
num group metals.

The principle of operation of thermocatalytic sen-
sors is to increase the temperature of the heater due to
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the heat released during the flameless combustion of
the hydrocarbon on the catalyst. An increase in tem-
perature leads to a change in the electrical resistance
of the heater in an almost linear dependence on the
gas concentration. Further, the change in electrical
resistance in the corresponding measuring circuit is
converted into an output signal. An almost linear out-
put characteristic in the range of pre-explosive con-
centrations of combustible gases is an advantage of
thermocatalytic sensors.

By virtue of their main feature — the thermocata-
lytic oxidation of combustible gases — thermocatalyt-
ic sensors react to almost the entire set of combustible
gases and vapors, which creates the prerequisites for
detecting leaks of any combustible gas mixtures, re-
gardless of their composition.

At the same time, the main disadvantages of these
sensors are low selectivity to specific combustible
gases, which makes it possible for them to falsely
trigger from non-target combustible gases and vapors
(for example, alcohol vapors, varnishes and paints),
and high power consumption (about 100 mW), not
allowing the creation of stand-alone devices with
a long service life. In addition, their sensitivity de-
creases by tens of percent over a year of operation,
which leads to the need for their regular calibration
and replacement. Sensors are susceptible to poisoning
with various gases, the presence of which is possible
in industrial or living conditions, as well as a burnout.
Both factors lead to their loss of working capacity.

To improve the operational characteristics of ther-
mocatalytic sensors and overcome the above disad-
vantages, research and development is required aimed
at creating energy-efficient highly sensitive selective
thermocatalytic sensors and methods for measuring
the concentrations of flammable and explosive gases
and their mixtures, including unknown composition.
And also methods and means of their protection
against loss of performance.

A typical thermocatalytic sensor consists of two
sensing elements (working and reference) included in
a bridge circuit, which allows partially compensating
for changes in environmental parameters. The differ-
ence between the working element and the reference
one is that a catalyst is applied to the first. The com-
parative element is insensitive to combustible gases
and is designed to compensate for the environmental
conditions.

Thermocatalytic sensors "specialize" in flammable
gases such as methane, propane, hydrogen, and vapors
of flammable liquids such as benzene, toluene, ace-
tone [55-60].

Catalysts containing platinum group metals [61]
are the most widespread and promising for use in
thermocatalytic sensors due to their high activity at
400-500 °C, which corresponds to the temperature
range in which platinum heaters can be used in the
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form of free hanging spirals [62] (thermocatalytic sen-
sors of the pellistor type) (Fig. 5, a) and in the form of
meanders (Fig. 5, 6), deposited on a substrate (or
membrane) using thick- or thin-film technology [19,
63].

Fig. 5. Appearance of thermocatalytic sensors of differ-
rent types.

a — appearance of the pellistor type of thermocatalytic
sensor [64],

6 — 3D model of a planar sensor type [61]

Of all the platinum group metals, palladium or
conjunction of palladium and platinum are most
commonly used. Catalysts containing palladium and
platinum are characterized by higher activity [65, 66].

To record the response of thermocatalytic sensors,

both a bridge electrical circuit and a circuit with a di-
vider are used [67]. The need to compensate for envi-
ronmental parameters (temperature, humidity and
pressure) arising in a circuit with a divider is fulfilled
by using a difference signal at two various tempera-
ture points [68].
The heating voltage can be constant (or periodically
repeating pulses) voltage [69], alternating voltage
[70], multistage heating pulses [71], and temperature
scanning [15, 72]. For the formation of multistage
voltage pulses, pulse width modulation (PWM) is
usually used [8], and for constant voltage — linear
voltage stabilizers.

One of the most common causes of failure of
thermocatalytic sensors is the burnout of the platinum
coil. Due to the fact that the temperature of the sensor
remains more or less constant, the bridge measuring
circuit leads to a lesser extent to burnout of the sen-
sors. The main method of protection against burnout
of the heater is the gradual heating of the sensor.
However, smooth heating of the sensor leads to
a much longer time of heating, which results in an
increase in power consumption. The use of width
modulation of heating pulses is assumed to provide
a sufficiently slow heating rate increasing the fault
tolerance of thermocatalytic sensors, while maintain-
ing low power consumption.

As a rule, each thermocatalytic sensor is calibrated
for a specific gas (methane, propane, other hydrocar-
bons). However, in industrial production, in particular
in the petrochemical industry, as a rule, there are mix-
tures of explosive hydrocarbon gases and vapors of
unknown composition in the air. Therefore, there is
a relevant task of determining the degree of explo-
siveness of mixtures of combustible gases and vapors
if the composition and concentration of the mixture
components is unknown. Its solution will expand the
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arsenal of technical means for the prevention of emer-
gencies associated with leaks of combustible gases in
home conditions and at oil and gas industry enterprises.

To carry out measurements, the thermocatalytic
sensor is calibrated twice: at zero and known gas con-
centrations (in the range of LEL of concentrations of
combustible gases, the sensor response is a linear rela-
tionship). In this way, the actual matter of measure-
ment is the final temperature of the sensor at a known
concentration, i.e. the result is only one measured
temperature value (more precisely, voltage or current
value, depending on the circuit design). Sensors are
usually calibrated for methane, and conversion factors
are available to measure the concentration of other
hydrocarbons. To take advantage of them, the type of
hydrocarbon in the air must be known.

Therefore, in cases where the problem is to meas-
ure the concentration of components in gas mixtures,
the use of multisensor gas analyzers, optical spectro-
meters, or other equipment for multi-gas analysis is
required [73, 74]. This definitely complicates the
equipment and methods for carrying out measure-
ments, and also lengthens and increases the cost of the
monitoring process.

Evaluation of the explosiveness of a combustible
gas mixture begins with the recognition of all gases
making up a mixture, then their concentration is de-
termined, the LEL of the gas mixture is calculated and
compared with the theoretical value for this mixture.
On the basis of the comparison carried out, the level

of explosiveness can be assessed. However, the rec-
ognition of combustible gases in a mixture to deter-
mine the probability of an explosion is an intermediate
but obligatory task in the traditional approach to de-
termine the LEL of a gas mixture. Therefore, a prom-
ising approach is to determine the degree of explo-
siveness of a mixture of hydrocarbon gases and vapors
without identifying individual gases. Recently, for this
purpose, a method was developed for determining the
degree of explosiveness of multicomponent hydrocar-
bon gas mixtures of unknown gas composition in air
by measuring the integral amount of heat released dur-
ing the catalytic combustion of a hydrocarbon mixture
in a thermocalytic sensor chamber in the mode of dif-
fusion limitation of leakage, including in the presence
of hydrogen in the mixture [75].

The proposed method for determining the degree
of explosiveness of multicomponent hydrocarbon gas
mixtures of an unknown gas composition is based on
the fact that the product of the an individual gas
LEL(CLg) value and its combustion heat value (Q°)
is approximately the same for most combustible gases
and vapors (£ 10%) (Tab. 3). Therefore, if we meas-
ure the heat released during combustion in the sensor
chamber, then we can determine the probability of an
explosion of a mixture of combustible gases being
unaware of its composition (it does not matter if we
are dealing with a mixture of gases or with one specif-
ic gas).

Tab. 3. Values of C; ;. and heat of combustion (QO) of hydrocarbons

Flammable gas

Ne Concentration
CLELa %

Heat of combustion

0", kkal / mol Crer O°, kkal / mol

Determination of the amount of released heat is
carried out by measuring the response of the sensor
during heating to the operating temperature both in the
absence of combustible gases and in their presence.
The amount of heat released during the combustion of
hydrocarbons is determined as the difference between
the sensor response integrals of the SE heating time in
the presence and absence of combustible gases. Thus,
the measurement result is not one resistance value, but
the dependence of the resistance change on the time of
combustion of hydrocarbons. This multiplies the
amount of experimental data and makes it possible to
determine the explosiveness of combustible mixtures
of unknown composition.

The authors of [57, 59] proposed a method for
manufacturing a catalytic sensor, in which stabilized

platinum nanoparticles were used as a catalytic layer.
The research has shown that short response time of
<150 ms is achieved. In addition, direct contact with
the sensor and high Seebeck coefficient allow for high
resolution and sensitivity of about 0.22 mV / 10 ppm,
while significantly reducing power consumption.

The authors of [60] presented the implementation
of a thermocatalytic sensor, the design of which in-
cludes a sensitive Al,O; layer, doped with PdCl, and
H,PtClg solutions and deposited above a SiO,/Si crys-
tal substrate. Tests have shown that it is possible to
manufacture thermocatalytic chips, the signal of
which let to recognize gas mixtures of the same type.
The main disadvantage was the lack of thermal insula-
tion between the silicon crystal and the chip body, as
well as between adjacent sensor elements.
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A decrease in heat dissipation can lead to a decrease
in the power consumption of the chip and an increase
in the duration of the stable sensor readings.

Thermocatalytic sensors are susceptible to poison-
ing by various components, in particular, organosili-
con, organophosphorus, sulfur and other compounds,
the presence of which is possible in the atmosphere of
oil and gas industrial sites, as well as in the residential
buildings. This leads to a decrease in the sensitivity of
the sensor and, ultimately, the loss of its performance.
This mechanism of catalyst poisoning is irreversible,
since even small concentrations of toxic substances in
the gas-air mixture over time significantly worsen the
parameters of the thermocatalytic sensor. To prevent
poisoning and increase the useful life of a thermocata-
lytic sensor appropriate filters are being developed,
which should allow hydrocarbons to pass through and
trap poisonous gases [76].

Despite the fact that thermocatalytic sensors have
been developing for more than fifty years, their mod-
ernization potential has not yet been exhausted. Their
main advantages are linear (albeit various) sensitivity
to all hydrocarbons and relative simplicity of design.
The main problem is sensitivity instability, changing
over time and under the influence of environmental
factors (mainly humidity and catalytic poisons). Mod-
ern research is aimed at solving these problems.

CONCLUSION

The development of sensors for pre-explosive con-
centrations of flammable gases and vapors of flamm-
able liquids must meet the constantly increasing re-
quirements for industrial, household and environmen-
tal safety. At the same time, the largest number of re-
search works in the field of semiconductor, optical
and thermocatalytic sensors are devoted to the detec-
tion of methane.

From industrial safety standpoint, interest in me-
thane sensors is caused by the increasing level of its
production, transportation, storage, processing and use
as a fuel.

From environmental safety standpoint, interest in
methane detection is caused by an increase in atmos-
pheric pollution not only in the vicinity of oil refining
and chemical industries, but also in residential areas.
In addition, methane is a by-product of agriculture.
What's more, methane is a greenhouse gas that traps
heat in the atmosphere.

From the point of view of household use, interest
in monitoring methane is associated, first of all, with
the need to prevent explosive situations caused by
methane leaks in gasified houses and apartments.

Obviously, sensors with different parameters and
characteristics, as well as cost, are required for tasks
of industrial, environmental and domestic safety.
Therefore, all types of combustible gas sensors consi-
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dered in this review will continue to find and expand
their areas of application. However, in addition to tra-
ditional parameters, such as sensitivity, selectivity,
stability of parameters in time and in different envi-
ronments, new requirements began to be imposed on
sensors associated with the modern level of develop-
ment of electronics, wireless data transmission tech-
nologies, power supphes and energy storage systems.

Miniaturization of electronic components and
technology of printed circuit boards makes it possible
to embed control boards into the sensor case, and,
consequently, to digitize the analog signal of the sen-
sors, carry out its processing, correction and analysis
of the results right "on the spot", turning the analog
sensor into a digital one (Fig. 6) [77, 78]. In this case,
it is possible to use more sophisticated measurement
algorithms, which allow obtaining and processing
more data to improve the selectivity and accuracy of
measurements.

Fig. 6. Sensors with built-in control board and
digital output:

a — miniature wireless sensor [77];

0 — intelligent sensor module of the firm Inkram
[78]

The development of energy efficient wireless tech-
nologies (Zigbee, Bluetooth, NFC, etc.) makes it poss-
ible to abandon cable data lines. Moving away from
data wires is a global trend in many areas, and sensor
technology is no exception.

The development of accumulators and batteries,
together with a decrease in energy consumption by the
sensors themselves and the electronic component
base, will make it possible to create autonomous gas
analyzers capable of operating autonomously for
a long time (more than a year) [6]. The use of systems
for collecting and storing solar, thermal, microwave
and wind energy allows making gas analyzers com-
pletely non-volatile from the mains supply [79, 80].
At the same time, if the sensor has to work autono-
mously for a long time, then the requirements for the
long-term stability of its parameters get tightened.

Based on the foregoing, the main directions in the
development of sensors for pre-explosive concentra-
tions of flammable gases and vapors of flammable
liquids will be the transition to energy-efficient semi-
conductor and thermocatalytic sensors made accord-
ing to planar technologies and the transition of optical
sensors to semiconductor LEDs, laser diodes and las-
ers with tunable wavelength obtained by the technolo-
gy of semiconductor heterostructures.

Since there are no big problems with the sensitivity
of sensors in the range of pre-explosive concentra-
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tions, the other trend is an increase of the stability of
their parameters over time and their independence
from environmental conditions (gas composition,
temperature, humidity, pressure), including poisonous
impurities.

10.

11.
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