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PABPABOTKA MOMC-CEHCOPA KAJIOPUMETPUYECKOI'O THUIIA
HA OCHOBE MEMBPAH OKCHJA INUPKOHUA

B cratee mpencraBieHa albTepHAaTHBHAs KPEMHHEBON TEXHOJIOTHSI M3TOTOBICHHMS MHKpoTepMmaisHoro MOMC-
CEHCOpa, MPEeJHAa3HauYeHHOTO AJIsI M3MepeHust pacxoaa raza. MOMC-ceHcop moToka (OPMHpPOBAICS HA CEPHUIHO
BBIITYCKAaEMBIX MeMOpaHax M3 OKCHJa IUPKOHUS, Ha ITOBEPXHOCTh KOTOPHIX METOJOM MAarHeTPOHHOTO HaIlbIICHUS
HAHOCHJICS CJIOW MIaThUHBL. TONoJOrusa HarpeBaTess ¥ TEPMOPE3UCTOPOB ¢ KOHTAKTHBIMHU IUIOIIAAKAMH IIPOPHCO-
BBIBAJIACH METO/OM Ja3epHOH abmsumu. IlorxyueHHbIe YNIBI MOHTHPOBAINCH HA KEPAMHUYECKHUN JEpKaTesb, U3r0-
TOBJICHHBII M3 OKCHUJIa AJIIOMHHHUSI METOJIOM JIBYCTOPOHHETO JIa3epHOr0 MUKpodpe3epoBaHusi, KOTOPbIH yCTaHABIH-
BaJIcs Ha TMevyaTHyIo miaTy u B kopnyc TO-8. beun onpenenens! 3HaueHus: TKC TOHKOMIEHOUHBIX INIATUHOBBIX pe-
3MCTOPOB, U3MEPEHbI 3aBUCUMOCTH TEMIIEpaTyphl HarpeBarTels CeHCopa U MoTPedIsIeMOl MOLITHOCTH OT TPUKJIJIbI-
BaeMOro HamnpspKkeHHs Harpesa B quana3one 0—2.5 B. [IpoBeneHs! n3aMepeHus NoToka BO3ayxa B Auanasone ot 10 1o
60 n/mun. [lokazaHo, 4To pe3yabTaT — HM3MeHeHHe AR — 3aBHCHUT OT MOJIOKEHHUsI ceHcopa B IOTOKe rasa. UyBct-
BUTEIFHOCTH CeHcopa coctaBisieT npuommsnrensHo 0.013 Om/(1/mMuH). Bpems HarpeBa ceHcopa 1o paboueii Temre-
paTypsl He npeBbimaeT 136 Mmc.

Knioueswvie cnosa: xanopumerpudeckuiit MOMC-ceHcop OTOKa, MeMOpaHa OKCH/Ia IIUPKOHHUS, H3MEPEHHE PacXo1a

ra3a, MarHeTPOHHOE HAaHECCHHUE IUIATHHBI, TEMIIEPATYPHBINA KOAQQUIIMEHT CONPOTUBIICHHUS, TOTpedsieMas

MOLIHOCTb, YYBCTBUTECJIbHOCTDH

BBEJEHUE

MuxkpoanekTpomexanudeckue ceHcopsl (MOMC)
IMOTOKAa HAXOAAT IHUPOKOE MPUMCHCHUC B MEIUIIUHC,
NPOMBIIUIEHHOCTH, OXpaHe OKpY’KaloIleHd cpelsl
U Ipyrux o0NacTsx, Te CYHIeCTBYeT HE0OX0IUMOCTh
B HM3MEPEHHUSIX MAacCOBOTO pacxoja ra3oB M >KHAKO-
creit [1].

B o6mem cnygyae MOMC-ceHcophl pacxoia MOTYT
OBITH KITacCH(UITMPOBAHBI KaK: HETETUIOBBIE — IThE-
300JICKTPUYECKUE U ONTHYECKUE, U TEIUIOBBIE — Bpe-
MSIPOJIETHBIE, TEPMOAHEMOMETPUYECKUE U KaJIOpH-
MeTpuueckue. HauOonpmmii WHTEpeC B H3YyYEHHH
U TPUMEHEHHH MNPEICTABISAIOT CEHCOPHI MOCIEIHETO
TUIIA, T.K. MOT'YT rapaHTUPOBATh MPOCTOTY HHTETpa-
OUuu B MHUKPOCHUCTEMBI, BO3SMOKHOCTb HCIPCPLIBHOT'O
MOHHUTOPHHIA Pacxojia, a TaKke paboTy B IIUPOKOM
JanazoHe NOTOKOB rasa.

B ciydae BpeMsIpONETHBIX CEHCOPOB U3MEPSEMOI
BEJIMUMHOM SIBJISICTCS BpeMs 3aJICPKKKU TCIJIOBOI'O
UMITYJIbCA, HEOOXOIUMOE Ul €r0 MPOXOXKICHUS pac-
CTOAHUA MEXKIAY HArpe€BaTcjIicM U TCPMOUYYBCTBUTCIIb-
HBIM 3JIEMEHTOM. OTO BpeMs 3aJEpKKU 3aBUCUT
OT CKOPOCTH T€YECHHUS )KUIKOCTH WM ra3a [2].

TepmoaHeMOMeTpUYECKHE CEHCOPBI  (TepMoaHe-
MOMETPBI) — 3TO OAHU U3 CaMbIX PaclpOCTPaHEHHBIX
BUJIOB CEHCOpPOB JJsi u3MepeHus pacxoga. OHU uc-
HOJB3YIOT TEIJIOBOM MPUHLIUI AJISI U3MEPEHUS CKOPO-
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CTH JABW)XEHUS BO3IYIUHBIX MOTOKOB U razoB. KoHcr-
PYKLUSI BKJIKOYAECT YyBCTBUTEIBbHBIA 3JIEMEHT — Ha-
rpeBaTellb, KOTOPBI NpOrpeBaeTcs 10 ONpeleIeHHON
TEMIIEPATyPbl U OXJIAKIAETCS I10J{ BO3JCHCTBUEM IIO-
ToKa [3].

bazoBeiM npuHIHIOM (PYHKIMOHUPOBAHUS TEPMO-
AHEMOMETpA SBJISICTCS TCIIOOOMEH MEXy HarpeThiM
3JEMEHTOM MW BO3AYLIHBIM IOTOKOM. Harpepartens
CEHCOpa HarpeBaeTcs JO0 3aJlaHHON TEeMIIEPaTypHl.
[Ipu nBM>XEHUM raza BJIOJIb CEHCOpPA €ro HarpeBareib
OXJIAKIAETCA. DJEKTPOHHAS CHCTEMa KOMIICHCHUPYET
TCIUIONOTCPHU, YBECIMYHBAsd MOUIHOCTHL HarpeBa. Ko-
JITYECTBO JTOTIOJHUTEIHHON MOIIHOCTH, HEOOXOIH-
MOW JJIsI TIOAJAEpKaHUs 3aJaHHOM TemIepaTypbl Ha-
rpeBaTelisl, MO3BOJSET BBIYUCIUTH CKOPOCTh MOTOKA
Y MACCOBBIH pacxoj rasa.

[IpuHIATT paboOTH KaJOPUMETPHUUECKOTO CEHCOopa
OCHOBAaH Ha M3MCHCHUU TEMIICPATYPHOI'O IIOJIA BOIH-
3U HarpeBarelil HOTOKOM IPOTEKarolero raza. Paz-
HHULIA TEMIEPATYP TEPMOUYBCTBUTEIIBHBIX JIEMEHTOB,
PacCIioJIOKCHHBIX BBEPX W BHU3 IO TCUCHUIO OTHOCH-
TEJIbHO HarpeBaTelis, 3aBUCUT OT BEJIMYUHBI MacCOBO-
ro pacxoja rasa [4].

Pa3paboTtanpl Takke CEHCOpPHI TEIUIOBOTO MOTOKA,
paboTa KOTOpPHIX OCHOBaHa Ha KOMOWHAIIMU BBIIIC-
YKa3aHHBIX MNPUHIUIOB H3MepeHus. B yacTtHOCTH,
KaJIOpUMETPUIECKHA CeHCOop Ooiiee YyBCTBUTENICH
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K MaJIbIM [TOTOKaM Ta30B, B TO BPeMsI KaK BPEeMsIIPOJIET-
HbId U TEPMOAHEMOMETPUYECKUN CEHCOPBI NAIOT JIyY-
LIMe Pe3yJIbTaThl IPU U3MEPEHNH OOJBLINX TIOTOKOB.

AKTyanbHOHM 3a7a4eil ABIIETCS MOHUTOPUHT pac-
X0Za MPUPOJHOIO Ia3a MOCPEACTBOM CIELHATU3UPO-
BaHHBIX YCTpOWCTB ydera. COBpEMEHHBIE Ta30BbHIC
CUYETYHKHU O0JIaaroT OONMBIINM Pa3sHOOOpa3ueM: MeM-
OpaHHbIE, yIbTPa3BYKOBbIC, TYpOMHHBIE, MHUKPOTEp-
MaJbHBIC [5].

C TouKH 3peHHs dKCIUTyaTallii COBPEMEHHOM TeH-
JICHIIMEH SIBJISIETCS pa3paboTKa "yMHBIX" CUETYHMKOB
rasa, 00eCreynBaLX He TOJIBKO NPOBEICHUE N3Me-
peHHH, HO U cOOp CTATHCTUYECKUX NAHHBIX, UX Oec-
MPOBOJHYIO IepeAady B YNPaBIISIOLIYI0 KOMIIAHHIO,
CaMOJIMaTHOCTUKY U (YHKIMOHMpPOBAaHHE OT aBTO-
HOMHOTO ITUTAaHUS. DTO MO3BOJIET CO3JaBaTh CUETYHU-
KM ra3a, He TpeOyIolre JOMOJHUTEIBHOIO IMOJICOoe-
OUHEHUs KaOellell mepeqaud NaHHBIX W DJIEKTpUUe-
CKOT'O ITUTAHUS.

B cBiM3u ¢ oTHM mosBWICSA OOJBIIONW HMHTEpEC
K CO3JaHMI0 U pa3pabOTKe MHMKPOTEPMaJIbHBIX
MBMC-ceHCOpoB, KOTOphIE MOTJHM OBl TapaHTHUPO-
BaTh BBICOKYIO TOYHOCTb U3MEPEHHH M CTaOMILHOCTD
XapaKkTepUCTUK BO BPEMEHH P JTOCTATOYHO HU3KOM
SHEPronmoTPEOIeHUH, YTO OOECHEYNUT IOJTOBPEMEH-
HYIO aBTOHOMHYIO Pa0OTy CUeTYHKa pacxoja rasa.

OtnuuutensHOit  ocobeHHOCTEIO MDMC-TexHO-
JIOTMM SIBJISIETCS BO3MOKHOCTH CO3aBaTh CEHCOPBI
MOTOKA C MHUKPOHArpeBaTellsiMH U TEePMOJATINKAMU
0e3 HCIIONB30BAHUS ABIKYIIMXCS YacTel, 4To yIpo-
[IaeT U3TOTOBJICHHUE M JKCILTyaTaluio ceHcopoB. Eie
ONTHOW TPUYMHON Oompmioro wHTEpeca Kk MOMC-
CEeHCOopaM pacxofa SBJSIIOTCS HPEUMYILECTBa, CBs-
3aHHBIE C BBICOKOH YYBCTBUTEIHHOCTHIO K MAalIOMY
pacxofy, IpoCTOTa HCIIOIb30BAaHUS B PA3IUYHBIX pe-
KUMax u3MepeHwus [6], a Takke BO3MOXXHOCTH PacIio-
JIOXKEHUSI BCEX H3MEPUTEbHBIX MOXYJEH Ha OJHOM
Kkpuctamie [7].

Oco0eHHO MUPOKOE MPAKTHYECKOEe IMPUMEHEHUE
nosryuuni MOMC-ceHcopbl, KOTOphIe H3rOTaBIMBA-
I0TCSL TIyTeM 00pabOTKH KPEeMHUS C MCIIOIb30BAHUEM
cragmaptaeix CMOS-mporteccoB. Tummunast cTpyk-
Typa MOMC-ceHcopa BKIIOYAET HarpeBaTelb U Tep-
MOJATYUKU W3 IJIATUHBI WIM TIOJMKPEMHUS, pa3Me-
LICHHBIE HA TOHKOW MeMOpaHe U3 OKCUa WIH HUTPH-
Ja KpeMmHus. [l yMEHbIICHUSI HANpPSKEHUH, BO3HU-
KaloUIMX MPH HarpeBe HarpeBaTelsi, HaunboJee MIHUpo-
KO  HCIONB3YIOTCS  JBYXCIOHHBIE  MeMOpaHbI
Si0, / SizN4. MemOpana Heobxommuma, 9TOOBI yMEHb-
HIMTH TEIUIOBBIE OTEPU B MOAJIOKKY M BPEMS OTKIIU-
Ka CEeHcopa B pEXUME MEPUOJUYECKOr0 Harpesa.
Kpome Toro, Ha TOT ke KpUCTaJUl, HA KOTOPOM H3rO-
ToBiIeH MOMC-ceHcop, MOTYT OBITh MHTETPHUPOBAHEI
yeunurenn u AL (B cinywae full-CMOS pemennii)
[8].

B nacrosmee Bpemst B obmactu MOMC-cercopoB
MOTOKa Ha OCHOBE KPEMHHEBOH TEXHOJOTHH IMOJHO-

CThIO JOMUHUPYIOT CCHCOPbI MHOCTPAHHBIX IPOU3BO-
TUTENICH, B 4aCTHOCTH KOMITaHHH Sensirion [8].

Tem He MeHee KpeMHHUEBAsh TEXHOJIOTHS SIBJISETCS
HE CAUMHCTBCHHLIM TCXHOJIOT'MYCCKUM PCUICHUCM IIpU
co3maanu MOMC-ceHCOpOB MOTOKA Ta3a.

Kepamuueckue MOBOMC-ceHcopsl NpeAcTaBISIOT
co0OH aJIbTEpHATUBY TPAIULMOHHBIM KPEMHHEBBIM
MHUKPOCHCTEMaM, OCOOEHHO B YCJOBHUSIX BBICOKUX
TeMIIeparyp, arpeCCUBHBIX XMMUYIECKHX CPE U MeXa-
HUYECKUX Harpy3ok. st m3aMepeHHs] MOTOKa rasa,
B YaCTHOCTH B OSHCPICTHUKE, aBTOMO6I/IJII)HOI>'I Inpo-
MBILIUIEHHOCTH M CHUCTEMax KOHTPOJSI IPUPOAHOTO
rasa, KepaMHUYeCKHe MaTepuaibl 00eCreunBaT IMo-
BBILICHHYI0  TEPMOCTaOWJIBHOCTb,  XMMHYECKYIO
WHEPTHOCTH W JIOJITOBEYHOCTH MO CPAaBHEHHUIO C CEH-
copamH, BBITIOJTHEHHBIMY Ha KpeMHHH [9].

Kpome Toro, kepamMuieckasi TEXHOJIOTHS TIO3BOJIS-
€T OTKAa3aThCsl OT OOJIBIIMHCTBA TEXHOJOTHH MHUKPO-
ANEKTPOHHUKH, TPEOYIOIINX TOPOTOCTOSIIEr0 000py-
OOBaHUs: OKHUCJIICHUSA KPECMHUA, FHY6OKOFO TpaBJICHUA
KpeMHUS i1 GOpMHUpPOBaHUS MeMOpaH M MPOIECCOB
¢doromutorpaduu.

Haubonee wacTto wHcmonb3yeMble  KEpaMHUKH
B MOMC-yctpoiictBax 310 — AlLOs; ZrO, u LTCC
(Low-Temperature Co-fired Ceramics).

INHOCTAHOBKA 3AJJAYN

Henpto maHHOW paboOTHI sBIsiETCS pa3paboTKa
U TIPOBEICHUE SKCIEPUMEHTAIBHOIO HCCIEJOBAHUS
kanmopumerpuiaeckoro MOMC-ceHcopa TMOTOKa Tasa
JUIsL 6I>ITOBLIX HpHMCHeHHﬁ, BBIIIOJTHEHHOT'O HA MEM-
OpaHe u3 OKCHa IUPKOHHUS.

Baxxno ormeTuth, uto MeMOpansl u3 Al,Os; ZrO,
n LTCC yxka naBHO HMCHONB3YIOTCA ISl CO3MaHUS
CCHCOPOB pa3IMYHBIX THUIIOB, B YaCTHOCTHU, HUX HC-
MOJIB3YIOT JISI U3TOTOBJICHHUS Ta30BBIX ceHcopos [10,
11]. Ognako ams MOMC-ceHCOpoB MOTOKA Ta3a Ke-
pamuka ZrO, HCHOIB3YETCS BIIEPBHIE.

MBOMC-ceHcop noToka GOpMHUPOBAICS HA CEPHii-
HO BBIITYCKAaCMbIX MeM6paHax 3 OKCHJa IUPKOHUA,
Ha MOBEPXHOCTb KOTOPBIX METOIOM MAarHeTPOHHOTO
HaNbUICHUS HAHOCWIICS CJIOW TuiaTuHbL. Jlamee mero-
JIOM JIa3€pHOM abJIALIK IPOPHUCOBBIBANIACH TOIOJIOTHUS
HarpeBatelis ¥ TEPMOPE3UCTOPOB C KOHTAKTHBIMH
rmjiomaakaM M BBINIOJHAJIOCH Pas3JCJICHUC Ha YMIIbIL.
[lonmy4yeHHBle YMIBI MOHTHPOBAIMCH Ha KepaMuye-
CKMH JIepKaTellb, U3rOTOBICHHBIA U3 OKCUJA ATKOMU-
HUSI METOJIOM JBYCTOPOHHETO JIa3€pHOTO MHUKpOdpe-
3€pOBaHUA, KOTOPBIM YCTaHABIMBAJICA Ha MEYATHYIO
miary u B Kopyc [12].

Takoli BBIOOpP TEXHOJOTHH IJIi CEHCOPOB ITOTOKA
HCIIOJIb30BaH BIICPBBIC U NNOTCHIIMAJIBHO 06eCHe‘H/IBa-
eT OBICTpOE CO3JaHWe HEJOPOTUX M CTAOMIBHBIX
MOMC-ceHCOpoB, HX JIOJTOBEYHOCTh IpH paboTte
B arpecCHBHBIX YCJIOBHUSX, a TAKXKE HU3KOE IHEPIoIo-
TpeOJIeHre pacxogoMepa WM YMHOTO CUETUHKA.

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 2
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Harpesarean

Puc. 1. ViopouieHHass cxeMa pacloJIOKEHUSI OCHOBHBIX 3JIEKMEHTOB Ha MHKpPO-

TepmaibHOM MOMC-ceHcope noToka rasa

TEOPETUYECKA YACTb

[punnun neiictBust paspabateiBaeMoro MOMC-
CEHCOpa OCHOBaH Ha KaJOPUMETPUYECKOM METOJE
U3MepeHHst, KOTOPbI Oazupyercs Ha U3MEHEHUH TEM-
nepaTtypsl Tepmope3uctopoB R1 u R2, Bo3HuKaromem
MIpH JIBUXKEHUH ra3a Mo razonposouy (puc. 1). Pacxon
raza OIpeneNsaeTcss KOIMYECTBOM TeEIIa, KOTOpOe
YHOCHUT MOTOK. [Ipyn 3TOM BO3HMKaeT pa3zHUIla TeMIle-
paTyp TEPMOPE3UCTOPOB, PACIIOIOKEHHBIX JO U TOCIE
HarpeBatens — |1, — Ty | . I3amepsiemoil BenuunHOM
SBJISIETCS] pa3HMIIA COTIPOTUBIIEHUM TEPMOPE3UCTOPOB
R1 u Rz.

B TunuuHOW KOH(pUTYypanMu ¢ OJHUM HarpeBarte-
JeM M JAByMs TepMoOpe3HcTopamMH (BBEpX M BHH3
0 TIOTOKY) BBIXOJIHOM CUTHAJ ONpeeNnsieTcs Kak pas-
HOCTb TEMIIEPATYP:

AT: Trlocne_ TJ.Ioa (1)

1€ Thoene — TEMIIEpATypa TEPMOPE3UCTOPA, HAXOMIS-
mierocsi nocje Harpesatens, 7y, — TeMmIeparypa Tep-
MOpPE3HUCTOpa O HETO.

Jns HU3KHX CKOpPOCTEH NOTOKa B JIAMHUHAPHOM
peKUMe 3aBUCHMOCTh OT CKOPOCTH HMOTOKa (MM pac-
X0/1a) MOKHO alpOKCUMHUPOBATh IMHEHHON (HyHKITH-
eil:

AT ~K-V, )

rae V' — ckopocts raza (M/c), K — d9yBCTBHUTENb-
HOCTb CEHCOpa, 3aBUCHNIas OT TeIIO(QU3NIECKHX
CBOMCTB Ira3a U T€OMETPHH.

N3menenue CONIPOTUBJICHUA CBA3aHO C U3MCHCHU-
eM TeMIIepaTypbl 3a CUET TeMIlepaTypHOro kodddu-
muenta conportusienus (TKC) cornacno ypaBHeHHIO:

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2
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Tepmopesucropet R1 1 R2
MeumOpana
AR/ Ry=a - AT, 3)

rae Ry — COIPOTHUBIICHHE IIPU HAYAJIbHBIX YCIOBHSX,
o — TKC [1/K].

OKCITEPUMEHTAJIbHAA YACTb

Obocnosanue svibopa mamepuana 01 MOMC

B nmannoit pabore marepuanom miast MOMC-cen-
copa IOTOKa SBJISUIACh LUPKOHMEBas kepamuka ZrO,
tuna 3YSZ (nuokcull UMPKOHUS, CTAOMIM3UPOBAH-
HeI fgobaBienneM 3 mMon.% Y,0; [13]), BeImomHEH-
Has B BUje MeMOpaHbl. TonmuHa MEeMOpaHbl COCTAB-
js1a 30 MKM.

Taxoli BBIOOp 00OCHOBaH OTIMYHBIMH MEXaHUYe-
CKMMH CBOMCTBaMH ITUPKOHWUEBOW KepaMUKH, Ojaro-
Japsi KOTOPBIM MPOSIBIISIETCS €€ CTaOMIBHOCTh M CTOM-
KOCTb B JXCCTKHUX YCJIOBHUAX IKCILTyaTalluU: CUJIbHBIC
ra3oBble IMOTOKH, a TaKXe 3HAYMTEJIbHBIE TeMIlepa-
TypHBIE ¥ BUOpanoHHbIe Harpy3ku. [Ipu aTom y muia-
THHBI ¥ IUPKOHUEBOW KepamMuku 3YSZ mocTaTodHO
Onmu3kue 3HaueHHsT KOA(P(HUIMEHTOB TEIJIOBOTO pac-
umpennst (KTP) (8.8 x 10 °K ™' n 9.4 x 10°K™ coot-
BETCTBEHHO) 110 CPABHEHHIO C CUCTEMaMH

maatuaa — Si0, / SizNy,

y koTopsix KTP pasnnuarorcs B HECKOIBKO pa3. ITo
MO3BOJISICT CBCCTH K MHUHHUMYMY MEXaHUYCCKHUEC Ha-
MPSDKEHUST MEXIY IDIATHHOW W MeMOpaHOW, BO3HH-
Kalolllie B Mpolecce MEepHOIUYECKOro HarpeBa CeH-
copa, 4To, B CBOIO OYepellb, NpeAoTBpaiuaeT aedop-
MaIHi0 MeMOpaH B OTCIOEHHE TOHKOIUIEHOYHBIX TUIa-
THUHOBBIX CJIOCB.
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Bonee toro, ZrO, umeer Haubo0I€e HU3KYIO TEILIO-
MPOBOJHOCTh M3 BCEX UCHOIB3YyEeMBIX KepaMHUK
(~2 Br/(m'K)), naubonmee Omuskyro k SiO,
(~1.4 Br/(m'K)), uyTo menaer ero mpenrnoyYTHUTEIbHBI-
MU 1151 co3pannst MOMC-ceHCOpOB TETIIOBOTO TIOTO-
Ka Ha HEKPEMHHUEBOW OCHOBE.

Texnonozuueckue u KOHCMPYKMUGHbIE DEULeHUs]
npu cozoanuu MOMC-cencopos

B mensx mosydeHus UACHTUYHBIX CEHCOPOB ObLia
BBIOpaHa Ja3epHasi MHUKpOMEXaHHUYecKas oOpaboTka
CEHCOPOB, KOTOpas mo3BosieT ObIcTpo (1-2 MuH) u3-
TOTOBUTH OJIMH 3K3eMIULIp ceHcopa. K Tomy xe amst
paboThl YCTaHOBKH He TpeOyeTcs HaIW4dus YHCTOM
KOMHATBI, a 3arps3HSIONIAsl COCTABISIONIAs Mpolecca
na3zepHoN 00pabOTKM MHHMMAbHA W CBOAMTCS K 00-
Pa30BAHMI0 HAHOYACTUYHOW IIBUIM, YAAIAEMOH IIO-
CIEeAYIOLIEH OTMBIBKOH B yJIbTPa3ByKOBOU BaHHE.

TOHKOMIIEHOYHBIH TIJIATUHOBBIN HArpeBaTelb U JBA
TUIATHHOBBIX TEPMOpE3ncTopa B ¢opme MeaHapa Obl-
U W3TOTOBIIEHHI Ha MeMOpane ZrO,. Pasmep umma
ceHcopa coctaBisit 1.3 x 1.3 mm. Tonomnorus cencopa
MmokasaHa Ha puc. 2, a, (I u 3 — TepMOpe3ncTopsl,

TepmopesHcTop

100 MEM

2 — HarpeBarenb). @OTO UnmIa ceHcopa B AepiKaTene
MIpUBEIEHO Ha puC. 2, 0.

[InaTUHOBYIO METANIM3ALMIO TOJIMHOA 1 MKM
HaHOCHIM Ha MeMmOpaHy ZrO, MeTOoJOM MarHeTpoH-
HOTO PACIIbIICHUS, IIOCIIE YEr0 B TEUCHNE HECKOJIBKUX
4acoB OT)KUTAJIH B MEYH ¢ aTMOc(epoit Bo3lyxa MmpH
temmeparype 950 °C s crabuiIm3anuy COmpOTHBIIE-
Husa HarpeBarens [14]. B mpouecce omkura compo-
TUBJIGHUE HArpeBaTeisl YMEHBIIMWIOCh B HECKOJIBKO
pa3. OTxur mpexpamiancs, Korja ConpoTHUBIEHHE Te-
pecTaBalio U3MEHAThLC Ooee ueM Ha 1%.

[InaTuHOBBIA HAarpeBaTeNb U ABAa TEPMOPEIUCTOPA
B Qopme MeaHapa ObUIM CPOPMUPOBAHBEI METOAOM
Ja3epHON aliAnuu TIaTuHBL. s 3To# menn w3ro-
TOBJIEHHS OBLI HCIIOJIL30BAH CHCIII/IaJII)HI)II\/'I BOJIOKOH-
HbII Ja3ep MomHocTe0 20 BT ¢ HacTpauBaeMoil Juiu-
TEJIBHOCTBIO MMIIyNbca B juanazoHe 50-200 He
U aauHoM BoHbI 1.064 Mkwm [15].

[Tony4yeHHBIH YU C MUKPOHAIPEBATEIbHBIMU BJIe-
MEHTaMH MOHTHUPOBAJICS HAa KEpaMHUYECKUN JepKa-
TeNb, U3TOTOBJICHHBIA U3 MOHOJUTHOIO OKCHJA AJI0-
MHHHS, METOJOM JBYCTOPOHHETrO JA3€pPHOIO MHUK-
podpesepoBanus [12]. @oTorpadus nepxaTens moxa-
3aHa Ha puc. 2, B.

-
£
=
-
2
=

TepMOpesHeTop

Puc. 2. KoHCTpyKIHUs, TONOJOTHS W pa3Mephl CEHCOpa IMOTOKa (a);

¢dororpadus MemMOpaHbI

u3z ZrO,

C TONOJOTMEH HarpeBarelst

u TepMmope3uctopoB (0); MukpodorTorpadus 4uia CeHcopa MOTOKa,
YCTaHOBJICHHOT'O Ha KEPaMHUYECKOM Jiepikaree (B).

HpOM]:IHIJ'IeHHO U3roTOBJICHHAA I€4YaTHas IjiaTa IpullagsHa K ME-
TaJUI0-CTEKIIIHHOMY Kopiycy tumna TO-8

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2
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KoHTakTHas Mmetannu3anusi KepaMH4ecKOro nep-
JKareasl BBIIOJIHEHA HAa OCHOBE TOJICTOIUIEHOYHOTO
cepeOpa, serupoBaHHoro Pt-macroii (tunm PP-33 [16])
U OONANAroOIIEr0 XOpOIIel CIIOCOOHOCTRIO K Iaiike
CTaHJApPTHBIMU MPUTIOSIMU (B paboTe OBUT UCTIONB30BaH
TBEpbIi npuIioi ¢ copepxanuem 60% Sn / 40% Pb).

Kepamuueckuit  nmepxkartellb € yCTaHOBIECHHBIM
Ha HEM YHUIIOM CEHcOpa OBl NpHIasH K [eYaTHOH
riate. [locae yero Bcs KOHCTPYKIUS Obljla YCTaHOB-
JieHa Ha 8-BBIXOJIHOM METAJUIOCTEKIITHHOM KOpIyce
cragnapta TO-8 (puc. 2, B), OOBIYHO HCIIOIB3YEMOM
JUISL CEHCOPOB Ta3a Wi gaBienus [17].

Hns onpenenenuss TKC mmaTHHOBBIX pe3nCTOPOB
UX TOMellaii B KIMMaThdeckyto kamepy. Kmumaru-
yeckKasi KaMepa UMeeT COOCTBEHHBIN JaTUUK TeMIIepa-
Typsl. [ns Gonee TOYHBIX M3MEPEHUH TeMIepaTyphl
BOJIM3M CEHCOpa, MOMEMIEHHOTO B KIMMAaTHYECKYIO
KaMmepy, pa3Mmeliani tepmonapy. M3mepenus nposo-
IWINCh B jauama3zone Temmeparyp ot —30°C
o +150 °C.

Uccnenosanne BAX mpoBoamiioch myTeM nojadu
c Omoka mMTaHWA HampsbkeHWs Ha  MOMC-
HarpesaTtcjib U OAHOBPEMCHHOM H3MEPCHHUU IIPOTE-

Puc.

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2

KaloLIero uyepe3 Hero Toka. Vi3MepeHus: mpoBOIMIINCH
pu KOMHATHOHU Temmeparype 25 °C.

Jns m3aMepeHuss CKOpPOCTH HarpeBa HarpeBaTels
ceHcopa, HeOOXOAMMOW Il OIpenesiCHUS BPEMEHH
BBIXOJla CEHCOpa Ha pabo4Mii PEKUM, CEHCOp ObLI
BKJIIOYEH B CXEMY C JEIMTENIeM B BUAE pe3nuctopa R,
HomuHaioMm 10 Owm. HarpeB HarpeBarens ceHcopa
n0 TpeOyeMol TemImeparypsl BBIIIOJHSUICS C IIOMO-
mpto JByxcekynaHoro [IIMM-curHana ¢ yacToToiu
1 x['m u 3amosHEHHEeM, COOTBETCTBYIOIIMM HE00XO-
JUMOMY pabodeMy HalpsDKEHHIO.

B kxauecTBe MCTOYHUKA IMUTAHUS BBICTYyIIajJla THO-
HWI-XJIOpUAHASL JIUTHEBasi Oartapes ¢ HOMUHAJIbHBIM
HanpspkeHueM 3.5 B. IIIMM co3paBaics myteM noza-
YM TPSMOYTOJbHBIX MMIYJICOB Ha 3aTBOP IOJIEBOTO
TpPaH3UCTOpa C TeHepaTopa CHUTHAJIOB CIIEHUAIBHOM
¢dopmel. Tlpu 3ToM mporMcXoansT HarpeB HarpeBaTels
R, compoBoxnaromuiics yBEIHUYEHUEM €ro COIpPOo-
TUBJIEHUS. DTO IMPUBOJNJIO K U3MCHCHHUIO HAIIPAKEC-
HUS Ha COINIPOTHMBIECHUU R, nemurens, KOTopoe n3Me-
psock ocuiorpadom.

Jl1g u3MepeHus: OTKIIMKa CEHCopa B 3aBUCHUMOCTHU
OT MacCOBOI'0 pacxojia ra3a ObL1 coOpaH cteH/ (puc. 3).

3. ®otorpadusi SKCHEPUMEHTAIBHON YCTAHOBKM JUISI HW3MEPEHHUS XapaKTepPHUCTHK pPa3pabOTaHHOTO
M3MC-cencopa (a) U pa3MeIIeHHe CEHCOpa B TPYOE ¢ PeryIupyeMbIM Ta30BbIM TOTOKOM (0).

1 — xyamaH peryiIMpoBKH ra3oBOro MoToka, 2 — py4HOii 3aTBOp, 3 — poTaMeTp, 4 — HcciIeayeMblil ceHeop, 5 —
HCTOYHUK ITUTaHUs, 6 — reHepaTop pa3orpeBarolUX CUIHAIOB, 7 — OCLILIOrpad, 8 — MUIIIHBOJIBTMETP
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CreHi BKJIIOUAET OTPE30K Ta30BOM TpyOwl (aua-
MeTpoMm 32 MM), B KOTOpPOH pasmeriaics cercop (4),
KJIarlaH PEeTyJIUPOBKH ra3oBoro motoka (1), porametp
(3) mnst perynupoBaHusl TIOTOKa, py4HOH 3aTBOp (2)
1 KOMIIPECCOP, a TaK)Ke UCTOYHUK MHUTaHUs (5), TeHe-
paTop CHUTHAJIOB cCreUuanbHOH ¢Gopmbl (6), MUILIH-
BobT™METD (8) U ocmutorpad (7), KOTopble HEOOXO-
JIUMBI JJIs1 TPOBEAEHUS U3MEPEHUN.

s npoBeaeHUsT U3MEPEHUI Ha HarpeBaTellb CEeH-
copa mojaBajoch pabouee HampspkeHue. V3mepenus
[POBOJUIINCH IIPU KOMHATHOM TEMIIEpaType OKpYy-
xatorieir cpensl (25 °C). Ilpu m3mMeHeHHH CKOpOCTH
MOTOKa BO3JyXa TemIeparypa Tepmope3nctopoB (R1
n R2) m3MeHsIace, a ciaenoBaTeIbHO, H3MEHSIIOCH MX
COIPOTHBIICHHE.

PE3VJIBTATBI U OBCYXAEHUE

Ymounenue ycnosuti sxcnepumenma

[To onmcaHHOM BBIIIIE TEXHOJIOTUH OBLIA U3rOTOB-
neHa maptusi MOMC-ceHCcOpoB ¢ TOTONIOTHEH, TIpe-
CTaBJICHHOM Ha puc. 2. B mienTpe ceHcopa pacmosnara-
€TCsl HarpeBaTelb, CIIpaBa M ClieBa OT HETO — TEPMO-
pesuctopsl. [llupuHa Mos0coK MIATUHOBOTO Harpena-
TeJsl U TEPMOPE3UCTPOB 20 MKM.

ComnporuBnenue HarpeBatens (R,) U TepMopesu-
cTopoB (R; u R,) npu temneparype 25 °C cocrariser
25.71, 36.37 u 35.73 OM COOTBETCTBEHHO. BaxkHo
OTMETHUTH, YTO PaA3JIMUUE CONMPOTUBJIEHUNA TEPMOPE3U-
CTOPOB cocTaBisieT MeHee 2%, 4TO MOXXKHO CUHTAaTh
XOPOILLIUM PE3YJIbTATOM JIJIsi JAHHOM TEXHOJIOTHH.

Onpeodenenue TKC niamunsi

UTo0OBI TPOBOIUTH U3MEPEHHSI, HEOOXOANMO yCTa-
HOBHTh CBSI3b MEKAY COINPOTHUBIIEHHEM ILIATHHOBBIX
TEPMOPE3UCTOPOB U HX Temmeparypou. s 3toro
opum TipoBesieHpl m3MepeHus TKC mo ommcaHHON
B pasnene "Teopernyeckas 4yacTh'" METOAMKE.

Uzmepennss TKC HarpeBatenst m TepMOPE3UCTOPOB
OBUTH MPOBENICHBI B Iuana3one Temmeparyp ot —30 °C
1o +150 °C.

[TomyuenHble 3aBUCHUMOCTH TOKa3aHbl Ha puc. 4.
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Puc. 4. 3aBHCHMOCTh CONPOTUBIEHUS OT TEMIEpPaTypbl
cpemsl  (Tyy) Iia  HarpeBaTens (R,, xpuBas 1)

1 TepMOpPE3UCTOpoB (R, kpuBas 2 U R,, KpuBas 3)

W3 pucyHKa BUIHO, UTO 3aBUCUMOCTH COIIPOTUBIICHUS
OT TEMIEpPaTypbl UMEIOT JIMHEHHBbIX Xxapakrep. [Ipu-
BeneHHble 3HadeHus TKC ObuiM OmNpEeJeNieHbl 110

dhopmye:
R=Ry(1+ a:(T-Ty)), 4

rae Ry u Ty — HaydaJabHBIE CONPOTUBIICHUE U TEMIIE-
parypa (25 °C), R — conpoTuBJIECHUE TPU TeMIepa-
Type T.

Cpennne 3nauennst TKC narpesarens R, u repmo-
pesuctopoB R1 u R2 mo Bcem TemmepaTtypam cocra-
pum: 0.00184, 0.001836 u 0.001864 K™ coorBercT-
BEHHO.

Hsmepenue BAX nacpesamens

Haunbonee Ba>kHBIM mapameTpoM, ONpeAesISIFOIIUM
00J1acTh NPUMEHEHUS] CEHCOPOB PAacXoja rasa, sBis-
ercsi motpebisemMas HarpeBaTeleM MOIIHOCTb B pe-
JKUME IPOBENIEHUS U3MepeHuid. IMEeHHO OT 3HaYeHus
noTpedIIsieMOl MOIIHOCTH 3aBHCUT BO3MOXKHOCTB YC-
MEIIHOr0 IPUMEHEHHs CeHCOopa pacxoja rasa B aBToO-
HOMHBIX YCTPOWCTBaX, UMEIONIMX NMHUTaHHE OT Oara-
peii.

1.0

Puc. 5. BAX u 3aBHUCHMOCTh MOIIHOCTH HarpeBaTelis OT TEeMIeparyphl (a), pacCUMTaHHbIE 3aBUCHMOCTH TeMIIEpaTyphl
T = f(U) nnst narpesarens R, (0) u repmopesucropo R1 (kpusas 1) u R2 (kpusas 2) (B)

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 2



PA3PABOTKA MOMC-CEHCOPA KAJIOPUMETPUYECKOI'O THUIIA 79

s Toro, 4yToObl ONTHUMHU3UPOBATH TEMIEPATYpy
NpOBe/IeHHS M3MEPEHHH, a CIeJ0BaTeIbHO, U MOII-
HOCTB, OblTa M3MepeHa BAX HarpeBatens B quarmaso-
He Hanpsbkenuii ot 0 B 1o 2.5 (puc. 5, a, kpusas 1).
W3 momydeHHOW 3aBUCHMOCTH Obllla paccunTaHa
MOIIIHOCTh HarpeBarens (puc. 5, a, KpuBas 2).

Ucnons3yst hopmymy (4), ObUTH pacCYUTAaHBI TEM-
niepatypsl Harpesartens (puc. 5, 0) ¥ TEePMOPE3UCTOPOB
(puc. 5, B) B 3aBUCHMOCTH OT HaNpsDKEHHS, MOJaBae-
MOT'0 Ha HarpeBaTenb. M3 noaydeHHbIX 3aBUCUMOCTEN
MOXHO CACJIaTh BBIBOJ, YTO MaKCHUMaJlbHas TEMIICpa-
Typa HarpeBatens Ty npu HanpsbkeHud 2.5 B coctas-
nser 346.8 °C. IlorpebnsiemMass HarpeBarelieM MOIII-
HOCTh Py coctaBisier 152.3 mBTt. Temnepatypsl Tep-
MopesucTtopoB R1 u R2 npu orcyTcTBUM MOTOKa Taza
npaktndecku paBHbl 220.1 °C u 227.8 °C cooTBeTcT-
BeHHO. IloCcKkoibKY cumMTaercsi, 4To Isk KAIOPUMETPH-
yeckux MDMC-ceHCOpOB paboyasi Temreparypa
nmomkHa 0bITh TIopsiaka 300 °C, ObUTO perieHo He Tpo-
BOANUTH u3MepeHns BAX mpu HampspkeHUsIX Harpesa
BhIIE 2.5 B.

Hsmepenue pacxooa 2asza

W3mepeHus npoBOAWINCH B YCIOBUSAX JIAMHHAPHO-
ro IOTOKa ra3a. B nanpHeHIeM IpeanonaraeTcs, 4To
ceHcop OyJeT pa3MelleH B MUKpOKaHaIe OalmmacHOTro
0TBOJIa OT MaruCTPaJILHOTO T'a30MPOBO/IA, TJIE BO BCEX
pexkrMax Takxke OymeT COOMOJaThCs PEeKUM JIaMU-
HApHOTO MOTOKA.

Ha puc. 6 moka3aHo M3MEHEHHE Pa3HOCTH COIPO-
TUBJIEHUH TepMope3nucTopoB |AR| = R; — R, B 3aBUCH-
MOCTH OT pacxoja Bo3Ayxa () mMpu HaIlpsHKCHUH Ha-
rpeBatenst 2.4 B. BbUIO yCTaHOBIIEHO, YTO 3aBUCH-
MocTb |AR| =f(Q) nmeeT OIU3KUIL K TUHEHHOMY Xapak-
tep (ypaBHeHue (5), momydeHHoe u3 (2) u (3)) mo 3Ha-

0 10 20 30 40 50 60
Q, J/MHE

Puc. 6. 3aBucumocts |AR| OT pacxoja rasa mpu pacro-
noxxennu R1 nepexn narpesaresnem (1) u 3a HarpeBaresnem
(2) (T.e. Ipu IBMKEHHWH ITIOTOKA B IIPOTHBOIIOJIOKHBIX
HaIpaBJICHUIX)

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 2

yernit motoka 30—40 i1/mMuH, HO pe3yIbTaT — U3MEHe-
HUE |AR| — 3aBUCHUT OT HanpaBJICHHUS TIOTOKA rasa:

IAR|/ Ry = a-K-V. (5)

3aBucumocty | 1 2 Ha prC. 6 IPEACTABISAIOT COOOH
BBIXOJIHbIE CUT'HAJIbl TEPMOPE3UCTOPOB OJHOIO U TOTO
KE CEHcopa, KOraa IMOTOK IBIKETCS B IPOTHBOIO-
JIOXKHBIX HanpasJeHUsX. BunHO, 4TO npu M3MEHEHUH
HanpapieHUs ITOTOKA BO3AyXa YBEJIHMUCHHE 3HAYCHUS
AR ot Q (puc. 6, kpuBas 1) cMeHsieTCS yMEHbIIIEHHEM
3HaueHus |AR| (puc. 6, kpuBas 2). Takoe n3MeHeHHe
pPa3HOCTH COIPOTHBIEHUH |AR| MOXHO OOBSCHUTH
CJICICTBHEM HEPaBHOMEPHOCTU UX IEPBOHAYAIBHOTO
Harpesa B OTCYTCTBHME IIOTOKa BO3Iyxa. Tepmopesu-
ctop R1 mmeer Gonee HU3KYIO TeMIepaTypy, 9eM Tep-
Mopesuctop R2 (puc. 5, B, kpuBas 1). B atom ciyuqae,
Korja TtepMopesuctop R1 pacnonokxeH mo IMOTOKY
3a HarpeBaTenieM, pasHHUIla |AR| OyIeT yMeHbIIAThCS
M3-3a TOTO, 4TO TepMopesucTop R2 Oyner oxmaxaaTs-
Ccsl TIOTOKOM BO31yXa, a Tepmope3uctop R1 Oymer mo-
MOJTHUTENILHO HarpeBaThCcsl HIOTOKOM HarpeToro Harpe-
BareneM Bo3ayxa. Korma R1 Haxomurcs mo moToky
710 Harpeparelis, ero Temreparypa OyneT yMeHbIIaThb-
cs1, a R2 yBenmmumBatscs. CnemoBatensbHo, |AR| Oymer
TaKKe yBeNIN4YMBaThCA. UyBCTBUTEIBHOCTH CEHCOpa
B MOTOKe Bo3ayxa coctasisieT ~0.013 Om/(n/muH).

[Ipy monmaue Ha MOCTOBYIO CXEMYy HalpsDKEHHMS,
o0ecrieuynBaromero Tok B 1 MA depe3 TepMOpe3ncTo-
pbl, HarpspkeHue Uy, OyZneT U3MEHSThCS B TUana30He
ot 0.8 102 MB.

3HaueHre () WHTEPECHO C TOYKH 3PEHHS] KOHTPOIS
pacxona raza. C ¢pu3n4eckoil TOUKH 3peHus Oojiee 1mo-
JIE3HOH BEJIMYMHOM SIBJISIETCSI CKOPOCTb [TOTOKA raza V.

CkopocTh ITOTOKA Ta3a ONpeeseTcs ypaBHEHHEM

V=0/S,
rie Q — pacxoj rasa B M°/c, a S — IUIOIMa b CeYSHHS
TpYOBI.

B nmamewm cmywae mmamerp TpyOwml paBeH 32 MM.
Torma S = 8 x 10* M. U3menenue notoka or 10
710 60 7/MuH, coOTBeTCTBYET M3MeHernio O ot 1.67 x 107
n01x107 m'/e.

CkopocTh TOTOKa V' mpu HM3MEHEHHMH pacxona
ot 10 mo 50 ii/mun Oynet mmensThes ot 0.21 mo 1 m/c.

Onpeodenerue pemenu 8bIX00d CEHCOPA
Ha paboqutl pexcum

Uzmepenne odbema raza, MpOTEKAIOMIETO MO TPY-
OonpoBoly yepe3 cedeHue, OOBIYHO TMPOBOJAT B Iie-
puonuueckoM pexume. Ilo3Tomy BaxkHOE 3HayeHHE
HUMeeT BpeMs BBIXOJIa CEHCOpa B Pa0OYUi PeXHM, YTO
COOTBETCTBYET €r0 HarpeBy 10 3aJJaHHOW TeMIlepary-
pbl. Ha puc. 7 nokazana 3aBUCUMOCTb U3MEHEHHS Ha-
NPsHKCHUS] Ha HarpeBartelie OT BpeMEHH MoAayu pado-
4ero HampspkeHus. [l NpoBeneHUs U3MEpPEHMH
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Puc. 7. [luHaMudeckast XapaKTEpUCTHKA BBIXOJA CEHCOpa
Ha pabounii pexum

HarpeBarenb ceHcopa ObUT BKIIIOUEH B LIETIb C JCIUTENIEM
HarpsbkeHusi. BujHo, uTO mpu mojade pabouero Ha-
npsbkerust 2.4 B HarpeBaTens CeHcCOpa MporpeBaeTcs
3a 136 mc.

Hcxons n3 momyyeHHOro BpeMEHH HarpeBa MOXHO
paccuuTaTh MOIIHOCTh, 3aTpayUBaeMyIo JUIsl TIpOBeie-
HUS OJHOrO0 M3MepeHusi pacxona rasa. U3 puc. 5, a,
BUAHO, 4TO TNpH Hampsbkennun 2.4 B motpebisiemast
CEHCOPOM MOIIHOCTE paBHA 146 MBT. Takum oOpazom,
MOXXHO OLICHHUTbL, YTO SHEPIrusa NI MPOBCACHUA OOHO-
ro uzMepenus nopsaaka 20 mBr-c.

3AKJIIOYEHUE

B nmanHO# paboTe mpecTaBIIeHbl TIEPBbIE PE3yIb-
TaThl pa3paboTKu Kajopumerpuueckoro MDOMC-
CeHcopa IIOTOKa Ia3a, BHIIOJIHEHHOTO Ha MeMOpaHe
ZrO,, 1 uccie0BaHbl €ro rnapamMeTpsl U XapakTepH-
CTHKH.

boumm omnpenenenst 3nauenuss TKC HarpeBatens
U TEPMOPE3UCTOPOB, BBINOJHEHHBIX MarHETPOHHBIM
HanbuleHWeM IulaTuHbL. llonyueHHblE 3HA4YEHUS —
0.00185 K™'. Bblti M3MepeHb! 3aBHCHMOCTH TEMIIepa-
TypBI HarpeBaTessl CeHcopa U MOTPeOIsIeMOl MOIIIHO-
CTH OT TPUKIAJBIBAEMOTIO HAMpPSHKCHUS Harpesa
B nuanazone 0-2.5 B, ompeneneHo Bpemsl Harpea
ceHcopa 10 pabouell TeMIeparypsbl, a TaKKe YHEprs,
HeoOXxonumasi Al NMPOBEAEHUS OJHOTO H3MEPEHHS
pacxoja rasa.

W3mepeHuss moToka MNpPOBOAMIMCH Ha BO3AyXe
B nuamna3one ot 10 mo 60 m/muH. IlokazaHo, 4tO pe-
3ynbTaT U3MEHEHUs AR 3aBHCHUT OT IOJIOXKEHHS CEH-
copa B MOTOKe ra3a. Takoi pe3ynbTaT OblT OOBSICHEH
pasnu4yueM TeMIIepaTyp TEPMOPE3UCTOPOB M UX pac-
MOJIOKEHUEM OTHOCHTEJIHO MOTOKa ra3a. O4eBHIHO,

YTO 3TO HEJOCTATOK TEKYIeH BEpCHUU CEHCOpa, KOTO-
pBIi TOIDKeH OBITh yCTpaHeH B JManbHeleM. YyBcT-
BUTEJIBHOCTh CEHCOpPA COCTaBJISIET HPUOIM3UTENHHO
0.013 Om/(a/muR).

KoHeuHOo# 1enpro uecaeoBaHui SIBIIIETCS CO3Aa-
HHUE CEHCOpa, CIIOCOOHOTO padoTaTh JAJIUTEILHOE BpE-
Ms (Ooree 6 JeT) OT aBTOHOMHOTO MCTOYHHKA TTHTa-
HUs (nutheBas Oarapest Tuna D) B "yMHBIX cueTdu-
Kax" pacxojia pUPOIAHOTO raza.

Jns atoro HeoOXoaUMO 00ecneuynTh MUHHMANb-
HOE DPHEpromnoTpelieHue CeHcopa MPH OJHOKPATHOM
W3MEpeHnH. JTO, B CBOIO OUepellb, TpeOyeT MUHIUMH-
3alliil DHEProNOTPEOJICHUsT B PEXHME H3MEPEHUS
W BpPEMEHHM BBIXOJAa CEHCOpa B pabounil pexuM.
[Ipennonaraercs, 4ro oba O5TH mapameTpa OyAyT
YMEHBIIEHBI 32 CUET JaJbHEWUIIEH MUHUATIOPU3ALMH
ceHcopa. Kpome Ttoro, sHepromorpebiieHHE MOKHO
M3MEHSTh YaCTOTON MpoBeAeHUsT u3meperuit. Oxuma-
eTcs, 4To Onarogapsi ONTHUMHU3ALMK ApaMEeTPOB CEH-
copa ero cpenHsisi HoTpedisieMas MOIIHOCTh TPU U3-
MEpPEHUU OJIMH Pa3 B MUHYTY COCTaBUT MeHee 1 MBT.

Hannas paboma 6blnonHena 6 pamkax 20CyO0apcmeeH-
HO20 3a0aHusi Munucmepcmea HAyKu u 8vlcuie2o 06pazo-
sanusa Poccuiickoni @edepayuu (mema Ne FSWU-2025-
0009 "Kepamuueckue mexnonrozuu 8 MUKpodiekmponuxe").
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The article presents an alternative silicon technology for manufacturing a microthermal MEMS sensor de-
signed to measure gas flow. The MEMS flow sensor was formed on commercially available zirconium oxide
membranes, on the surface of which a layer of platinum was applied by magnetron sputtering. The topology of
the heater and thermistors with contact pads was traced by laser ablation. The resulting chips were mounted on
a ceramic holder made of aluminum oxide by double-sided laser micro milling, which was mounted on a printed
circuit board and in the TO-8 housing. The values of the TCR of thin-film platinum resistors were determined,
and the dependences of the sensor heater temperature and power consumption on the applied heating voltage in
the range of 0-2.5 V. Air flow measurements were carried out in the range from 10 to 60 L/min. It is shown that
the result of the change in AR depends on the position of the sensor in the gas flow. The sensitivity of the sensor
is approximately 0.013 Q/(L/min). The sensor heating time to operating temperature does not exceed 136 ms.

Keywords: calorimetric MEMS flow sensor, zirconium oxide membrane, gas flow measurement, magnetron deposition
of platinum, temperature coefficient of resistance, power consumption, sensitivity
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INTRODUCTION

Microelectromechanical flow sensors (MEMS) are
widely used in medicine, industry, environmental pro-
tection, and other fields where there is a need to
measure the mass flow rate of gases and liquids [1].

Generally, MEMS flow sensors can be classified as
non-thermal (piezoelectric and optical) and thermal
(time-of-flight, hot-wire anemometer, and calorime-
tric). Sensors of the latter type are of greatest interest
in both study and application, as they can guarantee
ease of integration into microsystems, the ability to
continuously monitor flow rates, and operation over
a wide range of gas flows.

In the case of time-of-flight sensors, the measured
value is the delay time of the thermal pulse required to
travel the distance between the heater and the temper-
ature-sensitive element. This delay time depends on
the flow velocity of the liquid or gas [2].

Hot-wire anemometers are among the most com-
mon types of flowmeters. They use thermal principles
to measure the velocity of air and gas flows. They in-
corporate a sensing element—a heater—that is heated
to a predetermined temperature and then cooled by the
flow [3].

The basic operating principle of a hot-wire ane-
mometer is heat exchange between the heated element
and the air flow. The sensor's heater is heated to
a predetermined temperature. As gas moves past the
sensor, the heater cools. An electronic system com-
pensates for heat loss by increasing the heating power.
The amount of additional power required to maintain
the heater at a predetermined temperature allows for
the calculation of the flow velocity and gas mass flow
rate.

The operating principle of a calorimetric sensor is
based on the change in the temperature field near the
heater caused by the flowing gas. The temperature
difference between the temperature-sensitive elements
located upstream and downstream of the heater de-
pends on the gas mass flow rate [4].

Heat flow sensors have also been developed that
operate based on a combination of the above-
mentioned measurement principles. Specifically,
a calorimetric sensor is more sensitive to small gas
flows, while time-of-flight and hot-wire anemometric
sensors provide better results when measuring larger
flows.

A pressing issue is monitoring natural gas con-
sumption using specialized metering devices. Modern
gas meters offer a wide variety: membrane, ultrasonic,
turbine, and microthermal [5].

From an operational perspective, a current trend is
the development of "smart" gas meters that not only
perform measurements but also collect statistical data,
wirelessly transmit it to the management company,
perform self-diagnostics, and operate on a standalone

power supply. This allows for the creation of gas me-
ters that do not require additional data cables or power
supply.

In this regard, there has been considerable interest
in the creation and development of microthermal
MEMS sensors that could guarantee high measure-
ment accuracy and stability of characteristics over
time with sufficiently low power consumption, there-
by ensuring long-term autonomous operation of gas
flow meters.

A distinctive feature of MEMS technology is the
ability to create flow sensors with microheaters and
temperature sensors without the use of moving parts,
which simplifies sensor manufacturing and operation.
Another reason for the great interest in MEMS flow
sensors is the advantages associated with high sensi-
tivity to low flow rates, ease of use in various mea-
surement modes [6], and the ability to house all mea-
suring modules on a monolithic chip [7].

MEMS sensors manufactured by processing silicon
using standard CMOS processes have found particu-
larly widespread practical application. A typical
MEMS sensor structure includes a heater and temper-
ature sensors made of platinum or polysilicon,
mounted on a thin membrane made of silicon oxide or
nitride. To reduce the stresses generated by heating
the heater, double-layer membranes (SiO, / Si3N,) are
most widely used. The membrane is necessary to re-
duce heat loss to the substrate and the sensor's re-
sponse time during intermittent heating. Furthermore,
amplifiers and an ADC (in the case of full-CMOS so-
lutions) can be integrated onto the same chip on which
the MEMS sensor is manufactured [8].

Currently, the market of MEMS flow sensors
based on silicon technology is completely dominated
by sensors from foreign manufacturers, in particular,
Sensirion [8].

However, silicon technology is not the only tech-
nological solution for creating MEMS gas flow sen-
SOTS.

Ceramic MEMS sensors offer an alternative to tra-
ditional silicon microsystems, particularly in high-
temperature environments, aggressive chemical envi-
ronments, and mechanical stress. For gas flow mea-
surement, particularly in energy, automotive, and nat-
ural gas monitoring systems, ceramic materials offer
increased thermal stability, chemical inertness, and
durability compared to silicon-based sensors [9].

Furthermore, ceramic technology eliminates the
need for most microelectronic technologies that re-
quire expensive equipment, such as silicon oxidation,
deep silicon etching for membrane formation, and
photolithography processes.

The most commonly used ceramics in MEMS de-
vices are SiO,/ SizN4, and LTCC (Low-Temperature
Co-fired Ceramics).



PROBLEM STATEMENT

The objective of this work is to develop and con-
duct an experimental study of a calorimetric MEMS
gas flow sensor for household applications, based on a
zirconium oxide membrane.

It is important to note that membranes made of
AlLyOs; ZrO,, and LTCC have long been used to create
various types of sensors, particularly gas sensors [10],
[11]. However, this is the first time that ZrO, ceramics
have been used for MEMS gas flow sensors.

The MEMS flow sensor was fabricated on com-
mercially available zirconium oxide membranes, onto
which surface a platinum layer was deposited using
magnetron sputtering. Next, laser ablation was used to
outline the topology of the heater and thermistors with
contact pads, and the sensor was divided into chips.
The resulting chips were mounted on a ceramic holder
made of aluminum oxide using double-sided laser mi-
cro-milling, which was then installed on a printed cir-
cuit board and into a housing [12].

This technology choice for flow sensors is the first
to be used and potentially enables the rapid develop-
ment of low-cost and stable MEMS sensors, their du-
rability in harsh environments, and the low power
consumption of the flowmeter or smart meter.

THEORETICAL SECTION

The operating principle of the developed MEMS
sensor is based on a calorimetric measurement me-
thod, which relies on the change in temperature of
thermistors R1 and R2, which occurs as gas moves
through a pipeline (Fig. 1). Gas flow is determined by
the amount of heat carried away by the flow. This
creates a temperature difference between the thermis-
tors located in front and behind the heater: | T, —-T, | .
The measured value is the difference in resistance be-
tween the thermistors R; and R,.

Fig. 1. Simplified diagram of the main components
of the microthermal MEMS gas flow sensor

In a typical configuration with one heater and two
thermistors (upstream and downstream), the output
signal is defined as the temperature difference:

AT: Tnocne - Tucva (1)

where Tioce 18 the temperature of the thermistor lo-
cated behind the heater, and T, is the temperature of
the thermistor in front of it.

For low flow rates in laminar mode, the depen-
dence on flow rate can be approximated by a linear
function:

AT ~K -V, )

where V' is the gas velocity (m/s), and K is the sensor
sensitivity, which depends on the thermophysical
properties of the gas and its geometry.

The change in resistance is associated with the
change in temperature due to the temperature coeffi-
cient of resistance (TCR) according to the equation:

AR/ Ry=a- AT, 3)

where R, is the resistance under initial conditions, o, is
the TCR [1/K].

EXPERIMENTAL SECTION

Justification for the choice
of material for MEMS

In this study, the material for the MEMS flow sen-
sor was a 3YSZ zirconia ceramic (ZrO,) (zirconia sta-
bilized by the addition of 3 mol.% Y,0; [13]) in the
form of a membrane. The membrane thickness was 30
pm.
This choice was justified by the excellent mechan-
ical properties of zirconia ceramic, which ensure its
stability and durability under harsh operating condi-
tions: strong gas flows, as well as significant tempera-
ture and vibration loads. Moreover, platinum and
3YSZ zirconium ceramics have very similar coeffi-
cients of thermal expansion (CTE) (8.8 x 10 °K" and
9.4 x 10° K", respectively) compared to platinum —
Si0, / Si3N, systems, which have CTEs that differ by
several orders of magnitude. This minimizes the me-
chanical stresses between the platinum and membrane
that arise during periodic heating of the sensor, which,
in turn, prevents membrane deformation and delami-
nation of the thin-film platinum layers.

Moreover, ZrO, has the lowest thermal conductivi-
ty of all used ceramics (~2 W/(m K)), closest to SiO,
(~1.4 W/(m K)), making it preferable for creating
non-silicon-based MEMS heat flow sensors.

Technological and design solutions
for creating MEMS sensors

To obtain identical sensors, laser micromachining
was chosen, allowing for rapid (1-2 min) fabrication
of a single sensor. Furthermore, the setup does not
require a clean room, and the contaminant component
of the laser machining process is minimal, limited to
the formation of nanoparticle dust, which is subse-
quently removed by washing in an ultrasonic bath.

A thin-film platinum heater and two meander-
shaped platinum thermistors were fabricated
on a ZrO, membrane. The sensor chip size was 1.3 x
x 1.3 mm. The sensor topology is shown in Fig.2, a,



(1 and 3 are thermistors, 2 is a heater). A photo of the
sensor chip in its holder is shown in Fig. 2, 6.

Fig. 2. Flow sensor design, topology, and dimensions
(a); photograph of the ZrO, membrane with heater
and thermistor topology (6); micrograph of the flow
sensor chip mounted on a ceramic holder (B).

The industrially manufactured printed circuit board is
soldered to a TO-8 metal-on-glass package

A 1-um-thick platinum coating was deposited on
a ZrO, membrane using magnetron sputtering. The
membrane was then annealed for several hours in an
air-filled furnace at 950 °C to stabilize the heater re-
sistance [14]. During the annealing process, the heater
resistance decreased several fold. Annealing was
stopped when the resistance ceased to change by more
than 1%.

The platinum heater and two meander-shaped
thermistors were formed using laser ablation of plati-
num. A dedicated 20 W fiber laser with a tunable
pulse duration in the 50-200 ns range and a wave-
length of 1.064 um was used for this fabrication [15].

The resulting chip with microheating elements was
mounted on a ceramic holder made of monolithic
aluminum oxide using double-sided laser micromil-
ling [12]. A photograph of the holder is shown in
Fig. 2, B.

The contact metallization of the ceramic holder is
based on thick-film silver alloyed with Pt paste (type
PP-33 [16]) and exhibits good solder ability with
standard solders. (In this study, a hard solder contain-
ing 60% Sn / 40% Pb was used.)

The ceramic holder with the sensor chip mounted
on it was soldered to the printed circuit board. The
entire assembly was then mounted on an 8-pin TO-8
metal-to-glass package (Fig. 2, B), typically used for
gas or pressure sensors [17].

To determine the TCR of the platinum resistors,
they were placed in a climatic chamber. The climatic
chamber has its own temperature sensor. For more
accurate temperature measurements, a thermocouple
was placed near the sensor, which was placed in the
climatic chamber. Measurements were conducted over
a temperature range from —30 °C to +150 °C.

The -V characteristic was studied by applying
voltage from the power supply to the MEMS heater
and simultaneously measuring the current flowing
through it. Measurements were conducted at room
temperature (25 °C).

To measure the heating rate of the sensor heater,
necessary for determining the sensor's warm-up time,
the sensor was connected to a circuit with a 10 Q re-
sistor, R, as a divider. Heating the sensor heater to the
required temperature was achieved using a two-
second PWM signal with a frequency of 1 kHz and

a duty cycle corresponding to the required operating
voltage.

A thionyl chloride lithium battery with a nominal
voltage of 3.5 V served as the power source. PWM
was generated by applying rectangular pulses to the
gate of a field-effect transistor from a specially shaped
signal generator. This caused the heater R, to heat up,
increasing its resistance. This resulted in a change in
voltage across the divider resistor R;, and was meas-
ured with an oscilloscope.

A setup was assembled to measure the sensor re-
sponse as a function of gas mass flow rate (Fig. 3).

Fig. 3. Photograph of the experimental setup for mea-
suring the characteristics of the developed MEMS
sensor (a) and the sensor placement in a pipe with

adjustable gas flow ().
1 — gas flow control valve, 2 — manual shutter, 3 —
rotameter, 4 — sensor under study, 5 — power

supply, 6 — heating signal generator, 7 — oscillos-
cope, 8 — millivoltmeter

The setup included a section of gas pipe (32 mm in
diameter) housing a sensor (4), a gas flow control
valve (1), a flow meter (3), a manual shutter (2), and
a compressor, as well as a power supply (5), a wave-
form generator (6), a millivoltmeter (8), and an oscil-
loscope (7), which were necessary for performing the
measurements.

For the measurements, an operating voltage was
applied to the sensor heater. The measurements were
conducted at room temperature (25 °C). As the air
flow velocity varied, the temperature of the thermis-
tors (R1 and R2) changed, and consequently, their
resistance changed.

RESULTS AND DISCUSSION

Refining the experimental conditions

Using the technology described above, a batch of
MEMS sensors with the topology shown in Fig. 2 was
manufactured. The heater is located in the center of
the sensor, with thermistors to the right and left of it.
The width of the platinum heater strips and thermis-
tors is 20 pm.

The resistance of the heater (R,) and thermistors
(R, and R;) at 25 °C is 25.71, 36.37, and 35.73 Q, re-
spectively. It is important to note that the difference in
the thermistor resistances is less than 2%, which can
be considered a good result for this technology.



Determining the temperature resistance
of platinum

To conduct measurements, it is necessary to estab-
lish a relationship between the resistance of the plati-
num thermistors and their temperature. For this pur-
pose, TCR measurements were performed using the
method described in the Theoretical section.

The TCR measurements of the heater and thermis-
tors were conducted in the temperature range from
—30 °C to +150 °C.

The obtained dependences are shown in Fig. 4. The
figure shows that the resistance-temperature depen-
dences are linear. The given TCR values were deter-
mined using the formula:

R=Ry(1 + a:(T-Ty)), 4

where Ry and T}, are the initial resistance and tempera-
ture (25 °C), and R is the resistance at temperature 7.

Fig. 4. Dependence of resistance on ambient tempera-
ture (7yay) for a heater (R, curve 1) and thermistors
(R, curve 2 and R,, curve 3)

The average TCR values of the heater R, and
thermistors R1 and R2 across all temperatures were:
0.00184, 0.001836, and 0.001864 K ', respectively.

Measurement of the heater's I-V characteristics

The most important parameter determining the ap-
plication range of gas flow sensors is the power con-
sumed by the heater in measurement mode. The suc-
cessful use of a gas flow sensor in battery-powered
autonomous devices depends on the power consump-
tion.

To optimize the measurement temperature and,
consequently, the power, the heater's I-V characteris-
tic was measured in the voltage range from 0 to 2.5 V
(Fig. 5, a, curve 1). The heater's power was calculated
from the resulting curve (Fig. 5, a, curve 2).

Using formula (4), the heater (Fig. 5, 6) and ther-
mistor (Fig. 5, B) temperatures were calculated as
functions of the voltage applied to the heater. From
these curves, it can be concluded that the maximum
heater temperature 7y at a voltage of 2.5 V is
346.8 °C. The heater's power consumption Py is
152.3 mW. The temperatures of thermistors R1 and
R2 in the absence of gas flow are practically equal to
220.1 °C and 227.8 °C, respectively. Since the operat-
ing temperature for calorimetric MEMS sensors is
considered to be approximately 300 °C, it was decided
not to perform I-V measurements at heating voltages
above 2.5 V.

Fig. 5. The current-voltage characteristics and the
dependence of the heater power on temperature (a),
the calculated dependences of temperature 7 = f(U)
for the heater R, (6) and thermistors R1 (curve 1)
and R2 (curve 2) (B)

Gas flow measurements

The measurements were conducted under laminar
gas flow conditions. It is further assumed that the sen-
sor will be placed in a microchannel bypass branch of
the main gas pipeline, where laminar flow will also be
maintained in all operating modes.

Figure 6 shows the change in the resistance differ-
ence of the thermistors |AR| = R; — R, as a function of
air flow rate Q at a heater voltage of 2.4 V. It was
found that the dependence |AR| =f(Q) is nearly linear
(equation (5), derived from (2) and (3)) up to flow
rates of 30—40 L/min, but the resulting change in |AR)|
depends on the gas flow direction:

IAR|/ Ry = o-K-V. (5)

Fig. 6. Dependence of |AR| on gas flow rate when R1
is located in front of the heater (1) and behind the
heater (2) (i.e. when the flow moves in opposite di-
rections)

Dependencies 1 and 2 in Fig. 6 represent the output
signals of the thermistors of the same sensor when the
flow moves in opposite directions. It can be seen that
when the air flow direction changes, the increase in
AR from Q (Fig. 6, curve 1) is replaced by a decrease
in |AR| (Fig. 6, curve 2). This change in the resistance
difference |AR| can be explained by the unevenness of
their initial heating in the absence of air flow. Ther-
mistor R1 has a lower temperature than thermistor R2
(Fig. 5, B, curve 1). In this case, when thermistor R1 is
located downstream of the heater, the difference |AR|
will decrease because thermistor R2 will be cooled by
the air flow, and thermistor R1 will be additionally
heated by the air flow warmed by the heater. When
R1 is located upstream of the heater, its temperature
will decrease, and R2's will increase. Consequently,
|AR| will also increase. The sensor's sensitivity in the
air flow is ~0.013 Q /(L/min).

When a voltage is applied to the bridge circuit,
providing a current of 1 mA through the thermistors,
the voltage U, will vary in the range of 0.8 to 2 mV.



The value of Q is important for gas flow monitor-
ing. From a physical perspective, a more useful quan-
tity is the gas flow rate V.

Gas flow rate is determined by the equation

V=018,

where QO is the gas flow rate in m?*s, and S is the
cross-sectional area of the pipe.

In our case, the pipe diameter is 32 mm. Then S =
=8 x 10" m2 A change in flow rate from 10 to
60 L/min corresponds to a change in Q from 1.67 x 10°*
to 1 x 10° m¥/s.

The flow rate V will vary from 0.21 to 1 m/s with
a flow rate change from 10 to 50 L/min.

Determining the sensor's warm-up time

Measurements of the gas flowing through a pipe-
line cross-section are usually performed periodically.
Therefore, the sensor's warm-up time, which corres-
ponds to its heating to the set temperature, is impor-
tant. Figure 7 shows the dependence of the heater vol-
tage change on the operating voltage application time.
For the measurements, the sensor heater was con-
nected to a circuit with a voltage divider. It can be
seen that when an operating voltage of 2.4 V is ap-
plied, the sensor heater warms up in 136 ms.

Fig. 7. Dynamic characteristic of the sensor warm-up

Based on the resulting warm-up time, the power
required to perform a single gas flow measurement
can be calculated. Figure 5, a shows that at 2.4 V, the
power consumed by the sensor is 146 mW. Thus, it
can be estimated that the energy required to perform
a single measurement is approximately 20 mW-s.

CONCLUSION

This paper presents the initial results of the devel-
opment of a calorimetric MEMS gas flow sensor
based on a ZrO, membrane and investigates its para-
meters and characteristics.

The TCR values of the heater and thermistors,
manufactured using magnetron sputtering of platinum,
were determined. The obtained values were
0.00185 K'. The dependences of the sensor heater
temperature and power consumption on the applied
heating voltage were measured in the range of
0-2.5 V. The sensor heating time to operating temper-
ature was determined, as well as the energy required
for one gas flow measurement.

Flow measurements were conducted in air in the
range of 10 to 60 L/min. It was shown that the change
in AR depends on the position of the sensor in the gas
flow. This result was explained by the difference in
the temperatures of the thermistors and their positions
relative to the gas flow. This is clearly a drawback of
the current sensor, which must be addressed in the
future. The sensor's sensitivity is approximately
0.013 Q /(L/min).

The ultimate goal of the research is to create a sen-
sor capable of long-term operation (over 6 years) from
a standalone power source (a lithium D battery) in
natural gas smart meters.

This requires minimizing the sensor's power con-
sumption during a single measurement. This, in turn,
requires minimizing the power consumption in mea-
surement mode and the sensor's warm-up time. It is
expected that both of these parameters will be reduced
through further miniaturization of the sensor. Fur-
thermore, power consumption can be varied by vary-
ing the measurement frequency. By optimizing the
sensor's parameters, its average power consumption
when measuring once per minute is expected to be
less than 1 mW.



