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AHOTAIUS
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noJIITeXHIYHUIM 1HCTUTYT iMeHi Iropst Cikopcskoro”, Kuis, 2025.

PoGora mpucBsyeHa po3poOlll TEXHOJOTii CTBOpPEHHS Ta MoaudiKallii MacuBy
kpemHieBuX HaHOHTOK (KHH) nnsi BukopucTaHHsS B ceHCOpax (PI3MYHUX Ta XIMIYHUX
BEJIMYUH.

HaykoBo-nipuknaaHi  JOCHIIKEHHSA, BHUCBITJIEHI B  JUCepTaliiHIA  poOOTI,
30CEpPEMKEHI Ha MPAKTUYHOMY JIOCHIJPKEHHI BIUIMBY TEXHOJIOTIYHUX MapaMmeTpiB
ctBopenHs macuBy KHH Ha craTtuyHi Ta 1uHaMivHI MapaMeTpu CEHCOPIB Ha MOTO OCHOBI.

VY cy4acHMX HayKOBO-TEXHIYHUX AOCTIIPKEHHSIX CEHCOpIB (I3MYHHMX Ta XIMIYHHUX
BEJIMYMH BCE OUIBIIOTO TMOIIMPEHHS HAa0yBalOTh HAHOPO3MIPHI KPEMHIEBI OJIHOBUMIpHI
CTPYKTypH. BoHM MaloTh YHIKaJIbHI BIIACTUBOCTI, TaKi SIK BUCOKE aCTICKTHE CITIBBITHOIIICHHS
CTOpiH Ta BeIWKAa MUTOMA TMOBEPXHSA, IO JO03BOJSE 3HAYHO MiABUIIUTH YYTIUBICTH
ceHcopiB. OJTHOBUMIPHI CTPYKTYPH 3 KPEMHIIO 3HAXOIATh 3aCTOCYBAHHS Y PI3HUX Taly3sX,
30KpeMa, B MEJIULIMHI, €KOJOTTYHOMY MOHITOPUHIY, Xap4yOBiil MPOMHUCIOBOCTI Ta Y OOYTI.
[X BHMKOpMCTaHHA 103BOIAE CTBOPIOBATU BUCOKOUYTJIMBI CEHCOPH [ BUMipIOBAHHS
TEMIIepaTypH, OCBITIICHHS, BOJIOTOCTI, @ TAKOK BUSBJICHHS PI3HUX ra3iB 1 XIMIYHUX PEYOBHUH
(JIOC). KpemHi€BI HAHOHUTKH, 1[0 € OCHOBOIO TAKUX CEHCOPIB, MOKYTh OyTH BUTOTOBJICHI
3a JIOTIOMOTOIO PI3HUX METO/IIB, 30KpeMa XiMIYHOTO OCa/KeHHS 3 mapoBoi dazu (CVD),
ximiyHoro tpasieHHs (MCXT) ta mitorpadii. ¥ poboti nocmimpxeno BiaactuBocti KHH,
OTpUMaHUX 3 BUKOpUcTaHHsAM Metoxy MCXT. 3okpeMa, mpoBeneHO MOPIBHSILHUN aHaTI3
BILJTUBY PI3HUX TEXHOIOTTYHUX nTapameTpiB ctBopenHss KHH (TpuBamicts mepiioi Ta qpyroi
ctaaii MCXT, a TakoX BMICT PO3YMHIB) Ta TUITY MOAU(IKAIli HA CTATUYHI Ta TMHAMIYHI
napaMeTpu CEHCOpPIB (PI3UYHUX 1 XIMIYHHUX BEIUYUH. AKTYalbHICTh AUCEPTALIMHOTO

JOCTIIKEHHSI 00yMOBJIeHA MOTPeOOI0 y BU3SHAYEHHI TapaMeTpiB CTBOPEHHs KpeMHieBUX 1D



CTPYKTYp JUISi CTBOPEHHS PI3HMX CEHCOPIB (I3WYHUX 1 XIMIYHMX BEJIMYMH, a TaKOX
BJIOCKOHAJICHHS X HUISIXOM IMOBEpPXHEBOI MoAMQiKaIii A MOKpaIleHHsS CTaOlIbHOCTI,
Yy TJIIMBOCTI, IIBUIKO1i Ta CEIEKTUBHOCTI.

VY nepmoMy po3airi OyB HaBeAEHUW JIITEpaTypHUH OIVIST TEXHOJIOT CTBOPEHHS,
MaTepialiiB Ta KOHCTPYKIII CEHCOPiB Ha OCHOBI HAHOPO3MIpHUX KpeMHieBUX 1D cTpykTyp
JUISL CEHCOPIB XIMIYHUX Ta (PI3MYHKUX BEIUYUH. Bysio BCTaHOBJIEHO, 110 CEHCOPU Ha OCHOBI
KHH w™maroTh BHCOKY YYTIHMBICTH Ta aJCOpOIiiHI BIACTUBOCTI 3aBIASKH YHIKaJIbHUM
€JIEKTPOHHHUM BJIAaCTUBOCTSIM Ta PO3BUHYTIH MOBEPXHEBIN CTPYKTYPI, 10 3a0€31eUy€e TOUHE
BUSBJICHHSI PI3HUX XIMIYHUX 1 O10JIOTTYHHUX CHOJIYK. TakoXk /10 mepeBar CeHCOPiB Ha OCHOBI
KHH cnig BigHecTn KiMHaTHI poOodi Temmeparypu Ta cyMicHicTh 3 IC, a 3aBmsiku ix
MIHIATIOPHUM pO3MipaM, III CEHCOpPU MOXKYTh OyTH BHUKOPHCTaHI B pi3HUX cdepax,
BKJIFOYAIOYM MOHITOPUHT 3a0pyAHIOBAY1B MOBITPSI, BOAM Ta MEAUYHY A1arHOCTUKY. OqHaK
OrJIsi[ JITEpPATypy BHUSBUB JACKIIbKA OCHOBHHMX MpoOiieM Takux ceHcopiB. llo-mepie,
cencopu Ha ocHoBi KHH uacto mawTh oOMexeHy CTaOUIBHICTh 3a PI3HUX YMOB
eKCIUTyaTallii, 1o Mo>ke BIUTMBATH Ha TOYHICTh BUMIpIOBaHb. [lo-Apyre, TakuM mpuiiagam €
BJIACTUBUM TIOPIBHSHO BEJWKI YacH BIATYKY Ta BIJHOBJICHHS, II0 BHU3HAYAIOTh HU3ZBKY
IBUJIKOIIF0 ceHcopa. [lo-Tpere, MOBrOBIYHICTH TaKMX CEHCOPIB MOTPEOYE T0AATKOBHX
JOCJTIIKEHb, OCKUIBKU KPEMH1 Ma€ BJIACTUBICTh OKUCITIOBATUCA 3 YacoM. {151 mogonanHs
UX TpoOjeM B AaHid poOOTI 3ampoOIOHOBAHO KiMbKa IMEPCIEKTUBHUX IMIXOMIB IS
BUPIIICHHS BUSIBJICHUX MPOOJIeM: JOCHIKEHHS Ta BJOCKOHAJIEHHS TEXHOJOTTUHHUX
napameTpiB crtBopeHHss MmacuBy KHH Ta BukopuctanHs pi3HMX BHIIB TTOBEPXHEBOL
moaupikaris macuBy KHH, 1110 Moe miABUIIUTH IIBUIKO/II0, CTAOUTBHICTh TA Yy TIUBICTh
TaKUX CEHCOPIB.

VY npyromy po3iii ONUCaHO BUTOTOBJICHHS YYTJIMBUX CTPYKTYp Ha OCHOBI MAacHUBY
KHH nns cercopiB (i3MYHUX Ta XIMIYHUX BEJIMYUH 3 TUIAHAPHOIO T€OMETPIEID KOHTAKTIB
(pe3UCTUBHOTO/€EMHICHOTO THUITY) Ta HaBe[eHO BIUIMB mapamerpiB ctBopeHHs KHH nHa ix
MOBEPXHEBY MOP(QOJIOTiI0, a TaKOXK CTaTUYHI MapaMeTpu (BIATYK Ta YyTJIMBICTH) Ta
JUHAMIYH1 MapaMeTpH (4ac BIATYKY Ta 4ac BITHOBJIEHHS ) CEHCOPIB Ha ix ocHOBI. [TokazaHo,
10 JA0JaBaHHS OJHOBHMIPHUX KPEMHIEBUX HAHOCTPYKTYp JO CKJIaAy CEHCOPIB (PI3UUHUX

BEJIMYMH 3HAYHO MOKPALIUIIO iX YyTJIMBICTH Ta IIBUIKOAII0. 30KpeMa OyI0 BCTAaHOBIEHO,
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mo 30UIBIIEHHS MNUTOMOIO OMNOpY MIAKIAIKU CEHCOPIB MPU3BOAUTH JO 3HAYHOTO
MOTIPIIEHHS BIATYKY JJII CEHCOPIB TEMIIEpPATypH 1 OCBITJICHOCTI, aje J0 MOKPAIICHHS B
ceHcopax Bosorocti Ta JIOC. [lomarkoBa o0OpoOka mnepen omnepamiero MCXT
(TekcTypyBaHHs) TOKpAIWIO BIATYK JJIS CEHCOPIB OCBITJICHOCTI, ajie I CEHCOPIB
temriepatypu, Bosiorocti Ta JIOC moripmmio Biaryk. 30iibineHHs 9yacy ocakeHHs AgNPs
IIPU3BEIIO JI0 MOTIPIICHHS BIATYKY JIJISl BCIX CEHCOPIB. 3HauHe 301IbIICHHS Yacy TPaBICHHS
KPEMHIIO MPU3BOJUTH B CEHCOpPAX TEMIIEPaTypH 1 OCBITIIEHOCTI J0 MOTIPIICHHS BIATYKY, ajie
B ceHcopax Bojorocti Ta JIOC HaBmaku 1o mokpamieHHs. 30uibmeHHs Bmicty H,O, B
po3unHi g0 0,8-1 MJI MPU3BOAUTH O TMOKpAUIEHHS BIATYKY BCIX CEHCOPIB (PI3MUHUX
BennuuH Ta JIOC. OpneprxaHi pe3ynbTaTd CB1IYaTh PO T€, [0 BUKOPUCTAHHS MPOCTOI Ta
JIeII€BOT TEXHOJIOT1l CTBOPEHHS HAHOHUTOK € €()EeKTUBHUM JJIsi BUPOOHUIITBA CEHCOPIB
(13MYHMX Ta XIMIYHUX BEJIUYHH.

Y TpeTboMy pO3AiTi OMMUCAHO BUTOTOBJICHHS YYTIUBUX CTPYKTYP Ha OCHOBI MacHUBY
KHH nnsa cencopiB (pi3uyHuX 1 XIMIYHUX BEJTUYHUH 3 P-N-MIEPEXOJOM ([II0AHOTO THITY) Ta
HaBeleHO BIUIMB mapamerpiB ctBopeHHss KHH Ha cratmuyni mapamerpu (BiAryk Ta
YyTIWBICTh) Ta JUHAMIYHI TapamMeTpH (4Yac BIJTYKY Ta 4ac BiJIHOBJIEHHS) CEHCOPIB Ha iX
OCHOBI. 30KpeMa OyJ10 BCTAHOBJICHO, 110 301IBIIIEHHS TUTOMOTO OTIOPY TIKIAIKNA CEHCOPIB
MPU3BOJUTH JO 3HAYHOI'O MOTIPIIEHHS BIATYKY MJIi CEHCOpPIB TeMIlepaTypu, ajie [0
MOKpAIIeHHs] B CeHcopax ocBiTiieHocTi, Bosiorocti Ta JIOC. JlomaTtkoBa 00poOka mepen
onepauiero MCXT (TekcTypyBaHHS) NOKpAIIMIO BIATYK JJII CEHCOPIB OCBITIIEHOCTI, alie
JUIsL CeHCOpIB Temmeparypu, Bosorocti Ta JIOC moripmmiao BiAryk. 30UTbIICHHS Yacy
ocamkenHs AgNPs npu3Beno 10 moripiieHHs BIATYKY B ceHcopax ocBitTiaeHocTi Ta JIOC, a
y BHIIQJIKy CEHCOpIB TEMIIEpaTypyd Ta BOJIOTOCTI — JO MOKpAIIEHHS 3a MajuX YaciB
oca/KeHHs. 30UIbIIEHHS BMICTY HiTpaty cpibna mia yac nepmoro etairy MCXT no 68 mr
OPU3BOAUTH A0 TMOKpAIIEHHS BIATYKY Y BCIX CeHcopax. 30UIbLIEHHS 4acy TpaBJIEHHS
KpeMHII0 10 90 XB MPU3BOJIUTH 0 MOKPALIEHHS BIATYKY Y BCIX CeHcopax. 301IbIIeHHS
Bmicty H>O, B po3unni g0 0,8 mMi1 mpu3BOAUTH 1O MOKPAIICHHS BIATYKY BCIX CEHCOPIB.
[TopiBHSIHHSA PE3UCTUBHUX Ta JIOJHUX CEHCOPIB MDK COOOI0 MOKa3ajio, IO PE3UCTUBHI
CEHCOPHU XapaKTEePU3YIOThCS BUIIOIO YYTIUBOCTI, aje¢ HUYKYOIO MIBUIKOIIE€I0 B OPIBHSHHI

3 JIOJHMMH CEHCOpaMH BIAMOBIAHUX (I3UYHUX Ta XIMIYHUX BEJIMYMH. Tomy mAJis



3aCTOCYBaHb, SKI MOTPeOyIOTh BHCOKOi TOYHOCTI BHUMIPIB, CIiJi BHUKOPUCTOBYBATH
pesuctuBHI cTpyKTypu Ha ocHoBl KHH, a mis 3actocyBaHb, siki mOTPeOYIOTh IIBHUIKOTO
BIITYKY — J110/1H1 cTpyKTypH Ha ocHOBI KHH (cencopu anamizy auxaHHs JHOUHUA, CEHCOPHU
BUTOKY TOKCHYHUX Ta BUOYXOHEOE3MeyHUX rasiB, piauH Toio). OIHaK po3pobiieHi
CEHCOPH ISl MPUKJIIQJHOTO 3aCTOCYBAaHHS MOKYTh MaTH HEJJOCTaTHBO BHCOKY IIBHJIKOJIIIO,
CTaOlIBHICTh (PEBEPCHUBHICTh) Ta CEJIEKTHUBHICTh. TOMY B JaHii poOOTI MPOMOHYETHCS
3MIACHUTH CTPYKTYPHY Ta XiMiuHy Moauikaiis nosepxHi macusy KHH.

VY uerBepTOMY pO3IiIl OMNMCAHO BHUTOTOBJIEHHS YYTJIMBUX CTPYKTYp Ha OCHOBI
CTPYKTYPHO, XIMIYHO Ta CTPYKTYpHO-XiMiuHO MoudikoBaHoro macuBy KHH nis cencopis
(13MYHMX Ta XIMIYHUX BEJIMYHH Ta HABEJICHO BIUIMB MapaMeTpiB Moaupikanii macusy KHH
(dvac Ta THUO CTPYKTypHOI Moaudikaiii, a TakoXX NpHpoAa Ta KUIBKICTb XIMIYHOTO
Moau(iKaTopa) Ha CTaTHYHI NapamMeTpH (BIATYK Ta YyTJIMBICTH) Ta JUHAMIYHI TapaMETPH
(4ac BIATyKy Ta 4ac BIJIHOBJICHHSI) CEHCOpIB Ha iX ocHOBI. [loka3zaHo, 1o monudikaris
noBepxHi MacuBy KHH mnpusBena 10 3HauHOrO NOKpaIIeHHsS YYTIMBOCTI CEHCOPIB
(13MYHMUX Ta XIMIYHUX BEJIMYMH Ha iX OCHOBI. 30KpeMa OyJI0 BCTAHOBJIEHO, IO 130TPOIHA
CTpYKTypHa MoAudiKallisi HalOIIbIIE TOKpAIIy€e BIATYK B JIOJHUX CEHCOpax (pi3MYHUX Ta
XIMIYHUX BEJMY, B CBOIO 4Yepry aHI30TPOMHAa CTPYKTypHa Monudikaiis HaiOuUIbIIe
MOKpAIIy€ BIATYK B PE3UCTUBHUX/EMHICHUX CEHCOpax. 3 TOUKH 30py XIMIYHOI MOAU(IKALIiT
noBepxHi MacuBy KHH, Oynu BcTaHOBieH! HACTYIHI TEHACHINT BIUTMBY MOAM(IKATOPIB
pi3HOI ipupou. ['padeH HallbIbIIE MOKpaLTy€e BIATYK B TepMope3ucTopi Ta ceHcopi JIOC
pesuctuBHoro Ttumny. @DynepeHn HaWOUIbIIE TMOKPAIIYIOTh BIATYK B TEPMOMAIOAX,
dotopesucropax, doromiogax ta JIOC cencopiB miognoro tumy. BBHT Haiibinbme
MOKPAITyIOTh BIATYK CEHCOPIB BOJOTOCTI SIK €MHICHOTO, Tak J10AHOTO TuIly. OmepxaHi
pe3yibTaTH CBiYaTh MPO Te, IO BUKOPHUCTAHHS TPOCTOI Ta JEMIEBOT TEXHOJOTIl
moaudikamii macusy KHH € edektuBHUM a1 BUpPOOHHUIITBA CEHCOPIB (PI3UUHUX Ta
XIMIYHUX BeJMYMH. HanmpsiMoMm mojanbiux JOCTIIKEHb MOXe OyTH po3poOKa Ha OCHOBI
CTBOPEHHUX CTPYKTYp MYJIbTUIIAPAMETPUUYHHUX CEHCOPIB AJISi OJHOYACHOTO BUMIPIOBAHHS
0a30BMX MapaMeTpiB HABKOJMIIHBOIO CEpPEAOBHINA (TeMIepaTypa, OCBITJICHICTh Ta
BOJIOTICTh), CEHCOPIB MOAMXY JIOAMHU Ha OCHOBI ceHcopiB JIOC, B sIKMX Ha BETUYUHY

CUTHAJIy BIUIMBA€E BOJIOTICTh, TEMIIEPATYPA 1 XIMIYHUN CKJIA]] TOJAUXY, CEHCOPIB MOTYKHOCTI
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COHSIYHOTO BHUIPOMIHEHHS, B SIKUX Ha BEJIMYMHY CUTHATYy BIUIMBAE€ OCBITIEHICTH Ta
TEeMIIepaTypa, a TaKOK CEHCOPIB 3amaxy I €JICKTPOHHOTO HOCY, B SKUX Ha BEJIMYUHY
CUTHAJIy BIUIMBAE BOJIOTICTh Ta XIMIUHUN CKJIJl PIAMH Ta TBEPAUX PEUOBHH.

VY m’saToMy po3/iiai HaBEACHO AOCTIIKEHHS BUTOTOBJICHHX €MHICHUX CTPYKTYp Ha
ocHoBi MoaudikoBanoro macuBy KHH mis anamizy moauxy, 3amaxy i 1uMy Ta HaBEIEHO
BIUIUB CTPYKTYpHOi Ta XimMiuHO1 Moaudikamii macuBy KHH Ha cratuyni Ta nuHamivHi
napaMeTpu MpWiIaaiB Ha iX OCHOBI. 30Kpema OyJ0 BCTaHOBJIEHO, IO CEHCOPH 3
MO (1KOBAHOIO MOBEPXHEIO (JTy’KHA MOU(DIKaIliA Ta 1ap rpadeHy ) HalKpaiie po3pi3Hsn
PI13H1 TEMITU AUXAHHS JIOJJUHU, IPUYOMY SIK POTOM, TaK 1 HOCOM, TOMY pO3p00JIeH1 CEHCOPU
MIPOTIOHYIOTHCS JIJI1 BUKOPUCTAHHS B HOCHUMHX MpWiafax s aHaji3y MOAWXY I Jac
3aHATTS cIOpTOM. B cBOIO Uepry, i CeHCOpIB 3amaxy, skl peecTpyoTh Pi3HI BUAH e(ipiB,
HaIoiB Ta XapuyOBUX MPOAYKTIB, HAMKpaIll pe3yabTaTy MOA0 CEIEKTUBHOCTI Ta MIBUAKOI1T
3a0e3nevyBasia KucioTHa Moaudikaiis 3 mapom bBBHT. Otpumani ceHCOpr MOXYTh OyTH
BUKOPUCTaH1 JIJII PO3POOKH EJIEKTPOHHOTO HOCA, SKUH MOXKE BHU3HAYaTH CBIXKICTh
MPOAYKTIB XapuyBaHHs (MOOyT, XapyoBa MPOMUCIOBICTh), 3amo0iratvd migpoOI
AIKOTOJILHUX HaMoiB (Mo0yT, 1HAyCTpid HaAMoiB) Ta edipHUX ojiil (moOyT, mapdymepis Ta
KocMeTHKa). JIJ1st CEeHCOpIB IMMY B 3aJICKHOCTI BiJl 00J1aCTi 3aCTOCYBaHHS PEKOMEHIYETHCS
HACTyMIHE: I IIBHUIKOI JETEKINi HAABHOCTI AWMY IMTapOK BUKOPUCTOBYBATH JIYKHO
moaudikoBannii macuB KHH, a mist O11b110i CeTEKTUBHOCTI, aje MEHIIOT IIBUIKOII —
nykHo MonudikoBanuii MacuB KHH 3 Hanecennm mapom BBHT. Takum unHOM, B JaHOMY
po3aiIi OyJIO TPOJIEMOHCTPOBAHO MOJKJIMBICTh BHUKOPHCTOBYBAaTH CEHCOPH Ha OCHOBI

macuBy KHH 3 MoaudikoBaHoO0 MOBEpXHEIO B CEHCOPAX MOJUXY, 3aMaxy Ta JAUMY.

KJi11040Bi cjioBa: MeTano-CTUMYJIbOBAHE XIMIYHE TPABJICHHS, Cp1OHI HAHOYACTHUHKH,
ONTHYHI CEHCOPH, BOJIbT-aMIIEPHA XapaKTePUCTHUKA, KPEMHIEBI HAHOHUTKH, TEMIIEpATypa,
IYCTUHA Tra3y, CEHCOPH BOJIOTOCTI, KpEeMHii, (OTONPOBIAHICTh, HAHOPO3MIpPHI IIAPH,

HAaHOYACTHHKH, TEPMOIIOTHUM CEHCOP, TOHKA ILUIIBKA, Ta30B1 CEHCOPH.



ABSTRACT

Linevych Ya. O. One-dimensional silicon nanostructures for physical and chemical
sensors. — Qualifying scientific work on manuscript rights.

Dissertation for obtaining of the scientific degree of Doctor of Philosophy in specialty
153 — Micro- and nanosystem engineering (field of knowledge 15 — Automation and
instrument engineering). - National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute”, Kyiv, 2025.

The work is devoted to the study of an array of silicon nanowires (SiNWs) and its
modifications for use in sensors of physical and chemical quantities.

The scientific and applied research presented in this thesis focuses on the practical
study of the influence of technological parameters of SINWs array creation on the static and
dynamic parameters of sensors based on it.

Nanoscale silicon one-dimensional structures are becoming increasingly common in
modern scientific and technical research into physical and chemical sensors. They have
unique properties, such as high aspect ratio and large specific surface area, which can
significantly increase the sensitivity of sensors. One-dimensional structures made from
silicon are used in various fields, including medicine, environmental monitoring, food
industry, and everyday life. Their use makes it possible to create highly sensitive sensors for
measuring of temperature, light, humidity, and detecting of various gases and chemicals
(VOCs). Silicon nanowires, which are the basis of such sensors, can be fabricated using
various methods, including chemical vapor deposition (CVD), chemical etching (MACE),
and lithography. In this work, we investigate the properties of SINWs obtained using the
MACE method. In particular, a comparative analysis of the effect of various technological
parameters of SINWs synthesis (duration of the first and second stages of MACE, as well
as the content of solutions) and the type of modification on the static and dynamic
parameters of sensors to various physical and chemical quantities was carried out. The
relevance and novelty of the dissertation research is due to the need to determine the optimal

parameters for the synthesis of silicon 1D structures to create various sensors of physical



and chemical quantities, as well as to improve stability, sensitivity, performance and
selectivity by means of their surface modification.

In the first chapter, we investigated the technologies, materials, and designs of sensors
based on nanoscale silicon 1D structures for sensing chemical and physical quantities. It
was found that sensors based on SINWs have high sensitivity and adsorption properties due
to their unique electronic properties and developed surface structure, which ensures accurate
detection of various chemical and biological compounds. Other advantages of SINW-based
sensors include room temperature operation and compatibility with ICs, and due to their
miniature size, these sensors can be used in various fields, including air and water pollutant
monitoring and medical diagnostics. However, a review of the literature revealed several
major problems with such sensors. First, SINW-based sensors often have limited stability
under different operating conditions, which can affect the accuracy of measurements.
Secondly, such devices are characterized by relatively long response and recovery times,
which determine the low speed of the sensor. Third, the durability of such sensors requires
additional research, as silicon tends to oxidize over time. To overcome these problems, this
paper proposes several promising approaches: improvement of the technological parameters
of SINWs array synthesis and the use of various types of their surface modification, which
can improve the performance, stability, and sensitivity of such sensors.

In the second chapter, it was described the fabrication of sensitive structures based on
an array of SiNWs for physical and chemical sensors with planar contact geometry
(resistive/capacitive type) and showed the effect of SINWs fabrication parameters on their
surface morphology, as well as static parameters (response and sensitivity) and dynamic
parameters (response time and recovery time) of sensors based on them. It has been shown
that the addition of one-dimensional silicon nanostructures to the composition of physical
quantity sensors has significantly improved their sensitivity and performance. In particular,
it was found that an increase in the resistivity of the device substrate leads to a significant
deterioration in the response for temperature and light sensors, but to an improvement in
humidity and VOC sensors. Additional treatment before the MACE operation (texturing)
improved the response for light sensors, but worsened the response for temperature,

humidity, and VOC sensors. Increasing the time of AgNPs deposition resulted in a
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deterioration of the response for all sensors. A significant increase in the time of silicon
etching leads to a deterioration in the response of temperature and light sensors, but on the
contrary, to an improvement in humidity and VOC sensors. An increase in the content of
H»>0O; in the solution to 0.8-1 ml leads to an improvement in the response of all physical and
VOC sensors. The obtained results indicate that the use of a simple and cheap nanowire
synthesis technology is effective for the production of physical and chemical sensors.

In the third chapter, it was described the fabrication of sensitive structures based on
an array of SINWs for sensors of physical and chemical quantities with a p-n junction (diode
type) and showed the effect of SINW fabrication parameters on the static parameters
(response and sensitivity) and dynamic parameters (response time and recovery time) of
sensors based on them. In particular, it was found that an increase in the resistivity of the
device substrate leads to a significant deterioration in the response for temperature sensors,
but to an improvement in light, humidity, and VOC sensors. Additional treatment before the
MACE operation (texturing) improved the response for light sensors, but degraded the
response for temperature, humidity, and VOC sensors. Increasing the deposition time of
AgNPs led to a deterioration in the response of the light and VOC sensors, and in the case
of temperature and humidity sensors, to an improvement at low deposition times. Increasing
the content of silver nitrate during the first stage of MACE to 68 mg leads to improved
response in all sensors. Increasing the time of silicon etching to 90 min leads to an
improvement in the response of all sensors. Increasing the content of H,O; in the solution
to 0.8 ml leads to an improvement in the response of all sensors. Comparison of
resistive/capacitive and diode sensors with each other showed that resistive/capacitive
sensors are characterized by higher sensitivity but lower speed compared to diode sensors
for the corresponding physical and chemical quantities. Therefore, resistive/capacitive
structures based on SiNWs should be used for applications requiring high measurement
accuracy, and diode structures based on SINWs should be used for applications requiring
fast response (human breath analysis sensors, leakage sensors for toxic and explosive gases,
liquids, etc.) However, the developed sensors for applied applications may not have
sufficiently high speed, stability (reversibility), and selectivity. Therefore, in this work, we

propose to carry out structural and chemical modification of the surface of the SINWs array.
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In the fourth chapter, it was described the fabrication of sensitive structures based on
structurally, chemically, and structurally-chemically modified SINWs array for physical and
chemical sensors and showed the effect of SINWs array modification parameters (time and
type of structural modification, as well as the nature and amount of chemical modifier) on
the static parameters (response and sensitivity) and dynamic parameters (response time and
recovery time) of sensors based on them. It is shown that the modification of the surface of
the SiNWs array under optimal conditions has led to a significant improvement in the
sensitivity of sensors of physical and chemical quantities based on them. In particular, it was
found that the isotropic structural modification improves the response in diode sensors of
physical and chemical quantities the most, while the anisotropic structural modification
improves the response in resistive/capacitive sensors the most. From the point of view of
chemical modification of the SINWs array surface, the following trends in the influence of
modifiers of different nature were established. Graphene improves the response in a
thermistor and a resistive VOC sensor the most. Fullerenes improve the response in
thermodiodes, photoresistors, photodiodes, and diode-type VOC sensors the most.
MWCNTs improve the response of both capacitive and diode-type humidity sensors the
most. The results obtained indicate that the use of a simple and cheap technology for
modifying the SINWs array is effective for the production of physical and chemical sensors.
The direction of further research may be the development of multiparameter sensors based
on the synthesized structures for the simultaneous measurement of basic environmental
parameters (temperature, illumination and humidity), human breath sensors based on VOC
sensors, in which the signal value is affected by humidity, temperature and chemical
composition of breath, solar radiation power sensors, in which the signal value is affected
by illumination and temperature, as well as odor sensors for the electronic nose, in which
the signal value is affected by humidity and chemical composition.

In the fifth chapter, we investigated the fabricated capacitive sensors based on a
modified SiNWs array for analyzing breath, odor, and smoke and determined the effect of
structural and chemical modification of the SiNWs array on the static and dynamic
parameters of devices based on them. In particular, it was found that the sensors with a

modified surface (alkaline modification and a graphene layer) were the best at distinguishing
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between different exhalation rates of a person, both through the mouth and nose, so the
developed sensors are proposed for use in wearable devices for analyzing breath during sport
training. In turn, for odor sensors that detect various types of essential oils, beverages, and
foods, the best results in terms of selectivity and performance were provided by the acid
modification with a layer of MWCNTs. The obtained sensors can be used to develop an
electronic nose that can determine the freshness of food (household, food industry), prevent
counterfeiting of alcoholic beverages (household, beverage industry) and essential oils
(household, perfumery and cosmetics). For smoke sensors, depending on the application,
the following is recommended: for rapid detection of cigarette smoke, use an alkali-modified
SiNWs array, and for greater selectivity but lower speed, use an alkali-modified SINWs
array with a layer of MWCNTs. Thus, in this section, we have demonstrated the possibility
of using sensors based on an array of SINWs with a modified surface in breath, odor, and

smoke sensors.

Key words: metal-assisted chemical etching, silver nanoparticles, optical sensors,
current-voltage characteristics, silicon nanowires, temperature, gas density, humidity
sensors, silicon, photoconductivity, nanoscale layers, nanoparticles, thermodiode sensor,

thin film, gas sensors.



12

CITUCOK MTYBJIIKALIIN 3JOBYBAUA

[Ipari, B sskux omy0JIIKOBaHO OCHOBHI PE3yJIbTAaTH JIUCEPTALIii:

[1] A.0. JlineBuy, B.M. KoBaib. “CeHcopu Ha OCHOBI HaHOPO3MIPHUX
KpeMHieBUX 1D cTpyKTyp AJIE MPOMHCIOBOTO, €KOJIOTIYHOTO Ta MEIUIHOTO MOHITOPHUHTY,”
Mixpocucmemu, Enexkmponixa ma Axycmuka, T.27, Ne2, cc. 264376-1-264376-28, Cepm.
2022. https://doi.org/10.20535/2523-4455.mea.264376 .

[2] A.0. JlineBuu, B.M. KoBanp, M.I'. [dymeiiko, M.O Jlakuna “Cencopu

TEMIIEpaTypd Ha OCHOBI KPEMHIEBHUX HAHOHUTOK, OJIEPKAHUX METOJIOM METajo-

CTUMYJILOBAHOT'O XIMIYHOTO TpaBiyieHHs,” [lepcnekmugni mexnonoeii ma npunaou, Ne21, c.

137-145, JTrotuii 2023. https://doi.org/10.36910/10.36910/6775-2313-5352-2022-21-21.
[3] Y. Linevych, V. Koval, M. Dusheiko and M. Lakyda, “Influence of Surface

Morphology of Silicon Nanowire Array on Their Humidity-Sensitive Characteristics,”
Radioelectron. Commun.Syst, vol. 66, pp- 422-431 August 2023.
https://doi.org/10.3103/S0735272723110018

[4] A. Jlinesnu, B. Kosamb, M. J[lymeiiko, B. CaueBnix, 1 M. Jlakuna,
“JlocmipKeHHs BIUTUBY MapaMeTpiB CHHTE3y KPEMHIEBUX HAHOHUTOK HA XapaKTEPUCTUKH
dboTouyTnuBUX CeHCOpiB”, Bicnuk Kuiecokoco nonimexniunozo incmumymy. Cepis
Ilpunaoobyoysanns, BHII. 66(2), C. 52-59, I'pyn 2023.
https://doi.org/10.20535/1970.66(2).2023.294961 .

[5] Y. Linevych, V. Koval, M. Dusheiko and M. Lakyda, “Humidity Diode Sensors

Based on 1D Nanosized Silicon Structures,” Sci. innov., vol. 20, no. 3, pp. 67-81, May 2024.
https://doi.org/10.15407/scine20.03.067 .
[6] Ya. Linevych, V. Koval, M. Dusheiko, M. Lakyda, Y. Yasiievych, and S.

Maliuta. "Silicon 1D Structures for Resistive and Diode Temperature Sensors,"
Nanosistemi, Nanomateriali, Nanotehnologii, vol. 22, Ne 2, pp. 335-351, July 2024.
https://doi.org/10.15407/nnn.22.02.335.

[7] Ya. Linevych, V. Koval, M. Dusheiko, M. Lakyda. " Application of Silicon

Nanowires in Sensors of Temperature, Light And Humidity", Materials Science in


https://doi.org/10.20535/2523-4455.mea.264376
https://doi.org/10.36910/10.36910/6775-2313-5352-2022-21-21
https://doi.org/10.20535/1970.66(2).2023.294961
https://doi.org/10.15407/scine20.03.067
https://doi.org/10.15407/nnn.22.02.335

13

Semiconductor  Processing, vol. 184, p. 108773. December  2024.
https://doi.org/10.15407/nnn.22.02.335 .
[8] Ya. Linevych, V. Koval, M. Dusheiko, M. Lakyda, N. Kavraska. “Odor Sensors

Based on Silicon Nanowires with a Modified Surface for Electronic Nose Application”,
IEEE Sensors Letters, pp- 1-4. December 2024.
https://doi.org/10.1109/LSENS.2024.3509996

[Tpari, sixi 3aCBITIYIOTH ammpoOarlito MaTepiariB AUCEPTAIlii:

[1] B. Jlanmypna, 4. JlineBuu, O. SAmenko, A. ['orgoBceka “Pe3uctuBHI ceHcopH
BOJIOTM Ha OCHOBI HaHOIIEN0JI03U,” MiKHapo/iHa KOH(EPEHIIsl CTYJIEHTIB 1 MOJIOAMX
HAyKOBLIIB 3 TEOPETUYHOI Ta ekcrniepuMeHnTanbHol ¢pi3uku EBPUKA-2021, 18-20 TpaBHhs,
JIsBiB, YKpaiHa, cT.52.

[2] Ya. Linevych, V. Koval, M. Dusheiko, Y.Yakymenko, M. Lakyda and V.
Barbash, “Silicon Diode Structures Based on Nanowires for Temperature Sensing
Application”, 41th International Conference on FElectronics and Nanotechnology
(ELNANO), 2022. — Kyiv, Ukraine. pp-190-195. https://
10.1109/ELNANO54667.2022.9927122.

[3] Ya.Linevych, V. Koval, M. Dusheiko, Y. Yakymenko, M. Lakyda. “1D Silicon

Nanostructures for Detection of Volatile Organic Compounds™, 42th International
Conference on Electronics and Nanotechnology (ELNANO), 2024. — Kyiv, Ukraine. pp.98-
102. 10.1109/ELNANO63394.2024.10756859

[4] A. Naidonov, V. Koval, V. Barbash, M. Dusheiko, O. Yashchenko and Y.

Linevych. “Disposable Bend Sensors Based on Nanocellulose Composites for Muscle
Activity Monitoring,” 42th International Conference on Electronics and Nanotechnology
(ELNANO), 2024. — Kyiv, Ukraine. pp- 270 — 275.
10.1109/ELNANO63394.2024.10756892

[pari, siK1 10AATKOBO B1100OpakaroTh pe3yJIbTaTH AUCEPTAIlii:
[1] A.0. JlineBnu, B.M. Kosans, M.I'. [lymeiiko, M.O. Jlakuga. “Cunte3 Ta
JOCIIKEHHS! KpeMHieBUX 1D HaHOPO3MIpHHUX CTPYKTYp AJIA 3aCTOCYBaHHS B CEHCOpax

OCBITIEHOCTL,” Bueni sanucku Taspilicokoco HayioHanvbHo2o YHisepcumemy imeri B.IL


https://doi.org/10.15407/nnn.22.02.335
https://ieeexplore.ieee.org/document/9927122
https://doi.org/10.1109/ELNANO54667.2022.9927122
https://doi.org/10.1109/ELNANO63394.2024.10756859
https://doi.org/10.1109/ELNANO63394.2024.10756892

14

Bepnaocvkoeo. Cepia: Texuiuni mayku, T.33, Ned, ¢.327-337, Uepn. 2022. DOI
https://doi.org/10.32838/2663-5941/2022.4/50.
[2] B. A. Jlanmyna, 4. O. Jlinesuu, M. I'. Iymeiiko, B. M. Kosanb, 1 B. A.

bapb6am, “Pe3ncTuBHI CEHCOPHM BOJIOTM Ha OCHOBI IUTIBOK HAHOIETIONIO3U IS
Oioposkimaguoi  enmektpoHiku,” TKEA, Ne. 4-6, C. 3-9. 2022. https://doi.org
10.15222/TKEA2022.4-6.03

[3] B.A.Jlanmyga, 5. O. JlineBuu, M. I'. [lymetiko, B. M. Kosans, B. A. bap6am,

“€MHICHI CEHCOPHM BOJIOTH Ha OCHOBI IUTIBOK HAHOIEGIIONIO3W I O10pO3KIaIHOT
eNeKTpoHIkH,” Mikpocucmemu, Enekmponixa ma Axycmuxa, T.27(1), c.255990-1. KBitenp

2022. https://doi.org/10.20535/2523-4455.mea.255990

[4] A. Haiinbonos, B. Koans, M. [lymeiiko, A. bap6am, f. JlineBuu. “Anaii3
(opMyBaHHS TOHKMX METAJIEBUX IUIIBOK Ha MOBEPXHI 010- Ta IITy4YHHX MOJIMEPIB IJIA
ceHCOpiB BUTUHY,” [lepcnekmueni mexnonoeii ma npunaou, JJIHTY, Tom 1, Ne 24, xBiTeHb

2024, https://doi.org/10.36910/10.36910/6775-2313-5352-2024-24-12


https://doi.org/10.32838/2663-5941/2022.4/50
https://doi.org/10.20535/2523-4455.mea.255990

3MicT

ITEPEJIIK BUKOPUCTAHHUX CKOPOUYEHD.........cccoiiiiiiiiiii 17

Pozain 1. METOAU BUT'OTOBJIEHHSA, CTPYKTYPHI OCOBJIMBOCTI TA

3ACTOCYBAHHSA KPEMHIEBUX HAHOHUTOK ..o 24
1.1 Meroau BUTOTOBJIEHHSI Ta CTPYKTYPHI OCOOJIMBOCTI KPEMHI1€BUX HAHOHUTOK ...... 24
1.2 T'a30B1 CEHCOPH HA OCHOB1 KPEMHIEBUX HAHOHHUTOK ...ecvvvervrerirennreereesieesnnesnneeseenns 29
1.3 Cencopu piIMH Ha OCHOB1 KPEMHIEBUX HAHOHHUTOK ....vvveeivreressreeessnessssnnesssnessnns 43
1.4 Cencopu Gh13MYHUX BETUYMH HA OCHOBI KPEMHIEBUX HAHOHUTOK ...evvveevvreeneeeanne 47
837 (2 (03307 801 (03 o0 31 4 A1 2 SRR TPR 56

Poznain 2. BIUIMB TEXHOJIOTTYHUX ITAPAMETPIB CTBOPEHHA

MACHWBY KHH HA PE3UCTUBHI CEHCOPU HA OI'O OCHOBIL................. 57
2.1 Texnonorisa surotosieHds macuBy KHH Ta ceHcopiB Ha 10T0 OCHOBI ............... 57
2.2 IloBepxueBa Mopdooris MacuBY KHH ... 59
2.3 Mexani3m uytiuBocti MacuBy KHH 1o BBy Temneparypu, OCBITIEHOCTI,

BOJIOTOCTI TA JIOC ...t 64

2.4 Bukopucranas MacuBy KHH B ceHCOpax TEMIEPATYPH ......ccovvvvveiiriieiiiiieiineens 69

2.5 Bukopucranas MacuBy KHH B ceHCOPaX OCBITICHOCTI.....cvvviiveeeiiiiireiiineeiinneans 73

2.6 Buxopucranns macuBy KHH B CEHCOPAX BOJIOTOCTI ..vvovvveeiveeiieesiie e ninee e 77

2.7 Buxopucrtanns macuBy KHH B cencopax BMICTY JIOC ........cccovviiiiiiiiiiienienns 81

1837 (05 (0):10) 901 (0 o1 31 £ 1 70 U PRTPRURRTIN 84
Poznain 3. BIUIMB TEXHOJIOTTYHUX ITAPAMETPIB CTBOPEHHA

MACHBY KHH HA JIIOJJHI CEHCOPU HA IOT'O OCHOBI ...........cc.cooevunnne 86
3.1 Texnonoris Burorosnenna macuBy KHH Ta cencopiB Ha HOT0 OCHOBI ............... 86
3.2 Bukopucrtannas macuBy KHH B CEHCOpaX TEMIIEPATYPH .....covvvvverivieiiiiieiiieeeean 87
3.3 Bukopucrtanns MmacuBy KHH B C€HCOPaX OCBITICHOCTI.....cccvveiveeriririreireenieeneenns 91
3.4 BukopuctanHs MacuBy KHH B CEHCOPAX BOJIOTOCTI......cciuvverireeiieeiieeeiee e 95
3.5 Bukopuctanus MmacuBy KHH B cencopax BMICTY JIOC .........cccovivviiiiiiiiiiieene. 98

12370632 0):10) 91 (O 0T Tc31 41 ) 0K J PSP P R OPRTTP 102

15



Posnin 4. BIJIMB ITOBEPXHEBOI MOJJU®IKALIIT HA TIAPAMETPU
CEHCOPIB HA OCHOBI MACHBY KHH.......cccooiiiiiiiiiee e 104
4.1. Ines ctpykTypHOi Ta XiMiuHo1 Moaudikalii mopepxHi macuBy KHH ny1s cencopis
BIBUIHUX Ta XIMITHUX BEITHUMH. 1vieiivveeeiireeesinessssseesssssessssssnssssssessssesssssesssnssees 104
4.2 TexHomorisa CTPyKTypHOT Ta XiMiuHOi Moaudikarii moBepxHi macuBy KHH ... 106

4.3 TloBepxHeBa MopdoJIOris Ta XIMIYHHHN aHaIi3 MOIM(IKOBaHOT MOBEPXHI MACHUBY

KIHH . ..ottt e e r e nab e nnre s 108
4.4 Buxopucrtanns moaudikoBanoro macuBy KHH B cencopax temmneparypi ....... 117
4.5. Buxopucranusa moaudikopanoro macusy KHH B cencopax ocBitiieHOCTI....... 126
4.6 Buxopucranns moaugikoBanoro macuBy KHH B cencopax BOJIOTOCTI............ 134
4.7 Buxopucrtanns moaudikoBanoro macuBy KHH B cencopax Bmicty JIOC ........ 142
BUCHOBKH JIO POBIIILY 4.ttt 149
Poznin 5. BACTOCYBAHHA CEHCOPIB HA OCHOBI MACHUBY KHH B
MEJIUIIHI TA TIPOMUCIIOBOCTT .....ooiiiiiiiiieeeee e 151
5.1.Cencopu noguxy Ha ocHOBI MacuBY KHH...........c.cocooiii 151
5.2.Cencopu 3anaxy Ha ocHOBI MacuBY KHH...........cccccoooiiiiii e 154
5.3 Cencopu qumy Ha ocHOBI MaCUBY KHH ... 162
BUCHOBKH JIO POBIIILY S..eiiiviiiiieiiiesiee et 165
OCHOBHI HAYKOBI TA ITPAKTHUYHI PE3YJIbTATU I BUCHOBKH........ 166
CITMCOK JHTEPATYPHUX JIDKEPEJL.......ccoiiiiiiiiiiiie e 169
JNOJIATOK A Cnucok myO:mikairiit 3700yBada 32 TEMOIO JUCEPTALIT ...ecvvveennne.. 180

JNOJIATOK b Ta6aurii napamMeTpiB TOCTIIKEHUX CEHCOPIB .oovvreevrearieeerireeseess 187

16



17
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BCTVII

AxkTyanbHicTb TeMu. CeHcopu (I3MUHUX 1 XIMIYHUX BEIUYMH € BaXXKJIMBUMU
€JIEKTPOHHUMM KOMIIOHEHTaMH, OCKUIBKM Y CYYaCHHUX pealisix BHUMIPIOBaHHS TaKHX
BEJIMYMH, SIK TEMIIepaTypa, OCBITJICHHs, BIJTHOCHA BOJIOTICTH IMOBITPS Ta BMICTY JIETKHUX
OpraHiYHUX CIIOJIYK € Ba}JIMBUM JJisi poOOTH 0aratbox cHCTeM. Tak, BUMIpIOBaHHS
TEMIIEPATyPU € BAKIUBOIO CKJIAI0BOI0 CUCTEMH 3aXHCTY €JIEKTPOHHUX MPHUCTPOIB, TAKUX
K KOMIT'IOTepH, MOOUTbHI TeNle)OHU Ta 1HIII, /e BUCOKA TeMIIepaTypa MOXKe MPU3BECTHU JI0
300iB B po0O0Ti. BumiproBaHHs OCBITIECHOCTI HEOOX1HE SISl KOHTPOJIIO JKEPEN MTYYHOTO
OCBITJIEHHS TPOTYapiB, IBOPIB, AUTIUYUX MAJAHUYMKIB Ta ABTOMAriCTpasiei, o 3ade3nevuye
pallioHaJbHE CIIOKHBAHHS €JIEKTPUKU B CUCTEMaX 30BHIIIHBOTO OCBITIEHHS. TakoX Taki
CEHCOPH BHKOPHCTOBYIOTHCS B OXOPOHHUX CHCTEMax MJisg BUSBICHHS HAasgBHOCTI abo
BIJICYTHOCTI O0'€KTIB, BUMIDIOBaHHS BiJcTaHEHd. BHMIiproBaHHS BIJHOCHOI BOJIOTOCTI
HOBITPsL HEOOX1HE Y CUCTEMAX KJIIMAT KOHTPOJIIO, Al MEAUUYHOTO MOHITOPUHTY TUXaHHS
To1lo. B cBOIO uepry BUMIpIOBaHHS BMICTY JIETKUX opraniyHux cnoyyk (JIOC) neoOxiane
JUI peecTparlii B )KUTIOBUX MPUMILIEHHSIX BUIIAPOBYBAHHS TOKCUYHUX PEUYOBHUH, OCKIIbKU
BOHU MOXXYTb BUKJIMKATH Y JIIOJJMHU PI3HOMaHITHI 3axBoproBaHHs. Takox JIOC micTaTbes
y JHUXaHHI HaBITh 3J0pPOBUX JIOJEH, IO 3a0e3Meyye HOBI MOMJIMBOCTI HEIHBa3WBHOL
J1arHOCTHKY Ta PAaHHBOI'O BUSIBIICHHS 3aXBOPIOBAaHb 3a IOTIOMOTOI0 JATYUKIB JUXAHHS.

CydacHl CEHCOpM 4YacTO BHUKOPHCTOBYIOTh TpAIULINAHI Mareplaiau, sKI MaroTh
0OMEKEHI MOJKIIMBOCTI 100 MIHIATIOpU3allii Ta IHTErparlii B €JIEKTPOHHUX CHUCTEMaX,
3a0e3MeyyI0Th MOPIBHIHO HEBUCOKY UYTIUBICTb, IIBUIKOIIIO Ta CEICKTUBHICTh, @ TAKOX
niBUIIEH! poboui Temneparypu. BonHoyac kpemHieBi 1D cTpykTypu BiAKpHBaIOTh HOBI
MOMJIUBOCTI 3aBISKH CBOIM (DI3UKO-XIMIYHMM BJIACTHUBOCTSAM. 30KpeMa, BOHU MOXYTh
3a0e3neunT OUTbIIY IUIOLLY YyTJIMBOi MoBepxHi. KpemHil € CyMICHUM 3 ICHYIOUUMH
TEXHOJIOT1SIMU BUPOOHUIITBA MIKPOEJIEKTPOHIKH, IO MOJETIIY€E THTErpalil0 HAHOCTPYKTYP
y BXe icHytoul cucteMu. Kpim Toro, BUKOpUCTaHHs Si1 HAaHOMAaTepiajiB B Ta30BUX CEHCOPAX
3a0e3neuye MOAKIMBICTD iX pOOOTH 32 KIMHATHUX TeMrepatyp. TakuM YyuHOM, AOCTIIKEHHS
KpeMHieBUX 1D cTpykTyp € HaA3BMYAHO aKTyaJlbHUM HAmpsIMOM. AKTYalbHICTb

JAUCEepPTAIIfHOTO JTOCHI/DKEHHS OOyMOBJIEHAa TMOTpe0OI0 y BH3HAUEHHI MapaMeTpiB
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CTBOpEeHHsI KpemHieBUX 1D cTpykTyp Ta ix moBepxHeBOi Moaudikaiii s CTBOPEHHS
CEHCOPIB (I3MYHUX 1 XIMIYHUX BEJIMYUH 3 TTOKPAIICHUMH POOOUYNMHU XapaKTEPUCTUKAMH.

Cran po3po0KH HaHOI TeMAaTHKM Yy BITUM3HSIHIM Ta 3apyOixkHin Hayui. Ha
ChOTOJIHI iCHye Oararo poOiT, IO MIPHUCBSIYCHI BIUIMBY TEXHOJOTIYHUX IapaMeTpiB
ctBopenHst KHH metogqom MCXT Ha ix cTpykTypHIi Ta onTu4HI1 BiacTuBocTi. OqHak Opakye
JOCIIIKEHB, TPUCBAYEHUX BIUTUBY TEXHOJOTIYHUX NapameTpiB ctBopeHHst macuBy KHH Ha
po00Yi XapaKTEpPUCTUKHU CEHCOPiB Ha X ocHOBI. Kpim Toro, mpmiaau Ha ocHoBi KHH maroTh
MOPIBHSHO HH3bKY IIBUJKOJIIO0, CTAaOLIBHICTh Ta CEJIEKTUBHICTh, WO MOTpedye
BIOoCKOHaNeHHs. [loBepxHeBa MoaudiKallisd YyTJIMBUX €JIEMEHTIB € OJHHUM 13 BIJIOMHUX
CIOCO0IB TIOKpAIIEHHS] XapaKTEPUCTUK CEHCOPiB. J[OCHTH MEPCHEKTUBHUM JI LBOTO €
BYTJICLIEB] HAHOMATEpIlaliu TakKli, K TpadeH, ByrieneBl HaHOTPYyOku Ta ¢ynepenu. OHak
JUTsl €PEKTUBHOTO BUKOPHUCTAHHS TaHUX MaTeplaliB y CKJIaJll CEHCOPIB OpaKye JOCIIKEHb
II0/I0 BCTAHOBJIEHHS BIUIMBY MNPUPOAM Ta KUIBKOCTI TakuX MOJU(DIKATOpIB Ha pooOOUl
XapaKTEPUCTHKHU CEHCOPIB, YOMY i MPUCBAYEHA JaHa poOoTa.

3B’5130Kk po00TH 3 HAYKOBUMM NpOrpaMamMmu, njaHamm, remamu. Jlucepraiiiina
pobota BuKOHaHa Ha Kadempi MIKPOCIEKTPOHIKM B pamkax HactynHux HJIP:
Ne(120U102056 “Exosnoriuno 6e3meyHi TeXHOJOT1i mepepoOIeHHs HeJIEPEBHOT POCITMHHOT
CUPOBHHM Y HAHOLEIIOJIO3HI KOMIIO3MIIMHI MaTepiaid JJisl OPraHI4HOro IMAaKyBaHHS 1
3eneHoi rHy4koi enektpoHiku” (Ne 2301/2-m, 2020-2022 pp); Ne 01230105274
“OpraHiuHO-HeOpraHiuHi rOpUIHI CTPYKTYpH Uil €IEKTPOHHUX ceHcopiB” (2023-2025 p).

Merta Ta 3aBAaHHS J0CJiIKEHHS.

Merta: JlocmimKeHHS BIUTMBY TEXHOJOTIYHUX IapaMeTPiB CTBOPECHHS MAaCHUBY
KPEMHIEBUX HAHOHUTOK Ta HOro MOBEpXHEBOi MoAuQiKallii Ha MapaMeTpu CEHCOPIB
(b13MYHUX Ta XIMIYHUX BEJTUYHH.

Jl1st yCminmHOTo JOCSATHEHHS MOCTABJICHOI METH OYyJIU PO3B’sI3aHl TaKl 3aBJaHHS:

1) CTtBopuUTHM MacuB KPEMHIEBUX HAHOHHUTOK METOJOM METAJIO-CTUMYJIHOBAHOTO
ximigyHoro tpaBieHHs: (MCXT), BUTOTOBUTH ceHCOpHU (I3UYHMUX Ta XIMIYHUX BEJIMYUH HA
HOro OCHOBI Ta BCTAHOBUTH BIUIMB MapaMeTPIB CTBOPEHHS KPEMHIEBUX HAHOHUTOK (THUITY
BHUXITHOT MAKIAAKH, TpUBajIocTi mepmoi Ta apyroi crtamii MCXT, a Takox BMICTY

PO34YMHIB) HA CTATUYHI Ta JTUHAMIYHI TApaMETPH CEHCOPIB.
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2) 3a1iCHUTH CTPYKTYpHY MOAMGIKAIIIIO TOBEPXHI MACUBY KPEMHIEBHUX HAHOHUTOK
[IIXOM JI0IaTKOBOTO XIMIYHOTO TPABJICHHS MICIIS IPOLIECY CTBOPEHHS MACUBY KPEMHIEBHX
HAHOHUTOK B 130TPOMTHOMY a00 aHI30TPOIHOMY TPaBHUKY, Ta BCTAHOBUTH BIUIMB BUIY Ta
TPUBAJIOCTI OOPOOKHM Ha CTaTUYHI Ta JUHAMIYHI TapaMeTPU CEHCOPIB (I3UYHUX Ta XIMITYHUX
BEJIMYMH.

3) 3nificHUTH XIMIYHY MOJM(QIKAII0 MOBEPXHI MACHBY KPEMHIEBUX HAHOHUTOK
[IIXOM HAaHECEHHS BYTJICIIeBUX HaHOMaTepiamiB ((pyrepeHiB, OaraTorapoBuX ByTICEBIUX
HAHOTPYOOK a00 rpadeHy) Ta BCTAHOBUTH BIUIMB IMPUPOIH Ta KUIBKOCTI MOJIM(DIKAaTOPIB HA
CTaTU4YHI Ta TUHAMIYHI TApaMETPU CEHCOPIB (QI3MUHUX Ta XIMIYHUX BEITUYHH.

4) 3a1iCHUTH CTPYKTYPHO-XIMIYHY MOAM(IKALII0 MOBEPXHI MAacCHUBY KPEMHIEBHX
HAHOHUTOK MUISIXOM TMO€AHAHHS JOJIaTKOBOTO XIMIYHOTO TpPABJICHHS Ta HAHECEHHS
BYIUICLIEBUX HaHOMAaTepialiB Ta BCTAHOBUTH TEXHOJIOTIYHI YMOBHM MOAM(QIKALII, IO
MOKPAIYIOTh pOOOUl XapaKTEPUCTUKHU CEHCOPIB (DI3UYHUX Ta XIMIYHUX BEJIUYHUH.

OO0’eKkT AOCHiIAKEHHSI: MacUB KpPEMHIEBUX HAHOHMUTOK /Ui BUKOPUCTaHHS B
ceHcopax (pI3MYHUX Ta XIMIYHUX BEJIMYMH.

IIpeamer pociaigxeHHs: BIUIMB TEXHOJOTIYHUX TapaMeTpPiB CTBOPEHHS MAaCHBY
KPEMHIEBUX HAHOHUTOK Ta BUy HOT0 MOBEPXHEBOT MoaudiKaIlli Ha CTaATUYHI Ta TMHAMIYHI
napameTpH CeHCOPIB (PI3MYHUX Ta XIMIYHUX BEJIMYMH HA X OCHOBI.

MeToau AOCHiAKEHHSI: YOTHPHOX IMPOBIIHUK METOJ BHMIPIOBaHHS OIIOPY,
IMIIEJTAHCOMETPIsI, METO, ONTUYHOI CIEKTPOCKOIIi, CKaHyI0UOI €IEKTPOHHOI MIKPOCKOIII],
E€HEPro-IUCIePCIMHOT  PEHTIEHIBCHKOI CIEKTPOCKOMIi, aTOMHO-CHJIOBOI MIKPOCKOII,
PEHTIeHIBCHKOI (DOTOCIEKTPOHHOT CIEKTPOCKOTII1, PEHTTEHOCTPYKTYPHUI aHaTi3.

HaykoBa HOBH3HA OTPMMAHHUX pe3yJIbTATIB.

1) Bnepiie BCTaHOBIEHO 3aKOHOMIPHOCTI BIUIMBY TEXHOJIOTIYHHX TMapamMeTpiB
CTBOpPEHHSI MaCHUBY KPEMHI€BUX HAaHOHHTOK METOJIOM METAJIO-CTUMYJIHOBAHOTO XIMIYHOTO
TpaBJieHHs (TUITy BUXIJTHOI MIJKIJIAJKU, BMICTY TPaBHUKIB Ta 4acy TpaBJIEHHS B HHMX) Ha
cTaTU4Hl (BIATYK Ta YyTJIMBICTH) Ta JWHAMIYHI (Yac BIATYKY Ta 4Yac BiJHOBJICHHS)
napamMeTpu CEHCOpIB (PI3MYHUX Ta XIMIYHUX BEJIMYMH HA MOro OCHOBI, IO AAJI0 3MOTY

MOKPAIIUTH 1X BEJIMUMHY BIATYKY Ta IMIBUIKOIIIO.
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2) Po3pobiieHO MeToJl CTPYKTypHOI Moaudikallii MOBEpPXHI MacHUBY KPEMHIEBHX
HAHOHUTOK MUISXOM JIOAATKOBOTO XIMIYHOTO TpaBJ€HHS B 130TpomHOMY abo
aHI30TPOIHOMY TPaBHUKY Ta BIEpIlIE BCTAHOBJICHO 3aKOHOMIPHOCTI BIUIMBY BHUAY Ta
TPUBAJIOCTI IPOIIECY TpaBJEHHS Ha CTAaTH4HI (BIATYK Ta YyTJIMBICTH) Ta JUHAMIYHI (4ac
BIJITYKY Ta 4Yac BIJTHOBJICHHS) MapaMeTpH CEHCOPIB (DI3MYHUX Ta XIMIYHUX BEJIHYHUH, IO
J1aJI0 3MOTY JTOJATKOBO MOKPAILIUTH 1X IIBUIKOIIIO.

3)Pozpobneno wmeton xiMidHOI Monau@ikailii MOBEpXHI MAacCUBY KpPEMHIEBHUX
HAHOHUTOK IUIIXOM HaHECEHHs (yJiepeHiB, 0araTomapoBUX BYTJIEIEBUX HAHOTPYOOK abo
rpadeHy Ta BIEpII€ BCTAHOBJICHO 3aKOHOMIPHOCTI BIUIUBY MPUPOAU Ta KUIBKOCTI
XIMIYHOr0 MoAu(IKaTopa Ha CTaTUYHI (BIATYK Ta YyTJIMBICTH) Ta AMHAMIYHI (4ac BIATYKY
Ta Yac BIJIHOBJICHHS) MapaMeTPU CEHCOPIB (DI3UYHMX Ta XIMIYHUX BEJIMYMH, 110 J1aJI0 3MOTY
JI0JTATKOBO ITIIBUIIATH BETUYHHY BITYKY.

4) Po3po0iieHO MeETOJ CTPYKTYpPHO-XIMIYHOI Moju(ikamii MOBEpXHI MAacCHUBY
KPEMHIEBUX HAHOHUTOK MUISIXOM TO€JHAHHSA JOJATKOBOTO XIMIYHOTO TpaBJIEHHS Ta
HAaHECEHH BYTJICLEBUX HaHOMATeplaiiB Ta BIEPILE BCTAHOBJICHO 3aKOHOMIPHOCTI BILJIUBY
TEXHOJIOTIYHUX YMOB MOAUQIKAIli, M0 MOKpaIluiIn poOodl XapaKTEPUCTHKHA CEHCOPIB
¢b13MYHKUX Ta XIMIYHUX Beau4uH. L{e 1amo 3Mory miBUITUTH BEIUYMHY BIATYKY OTPUMaHUX
CEHCOpPIB TOPIBHSAHO 3 MPUJIATOM 0€3 KPEMHIEBUX HAHOHUTOK Ha 1-3 mOpsakiB: aJis
CEHCOopiB Temmeparypu Biaryk csaras 50-10° pasis, 11 cencopis ocsitienocti — 160 pasis,
JUTsL CEHCOPIB BOJIOTOCTI — 70 pa3iB Ta CEHCOPIB BMICTY JIETKMX OPraHIYHHUX CIOIYK— 60
pa3iB, 1110 3HAYHO MEPEBUIIYE PIBEHb CBITOBUX aHAJIOTIB. B CBOIO Uepry, MIBUIKO IO TAHUX
CEHCOPIB BJIAJIOCS TTOKPAIIUTH OUIBII, HIXK Ha TIOPSJIOK: ISl CEHCOPIB TeMiiepaTypu 110 60
MC, JUUIsl CEHCOPIB OCBITJICHOCTI 10 9 MC_ JIJIsl CEBHCOPIiB BOJIOTOCT1 10 1 ¢ Ta CEHCOPIB BMICTY
JIETKUX OPTaHIYHUX CIIOJIYK JI0 2,5 C, 110 3HAYHO MEePEBHUIIY€E PIBEHHh CBITOBUX aHAJIOTIB.

IpakTH4YHe 3HAYEHHSI OTPUMAHMX pe3yJabTaTiB. [[pakTHyHe 3HAYCHHS OTPUMAaHUX
Pe3yJIbTATIB MOJISITAE Y pO3pOOIIl TEXHOJIOT1i CTBOPEHHSI MACUBY KPEMHIEBUX HAHOHUTOK Ta
Moau(dikaIii #oro MoBEpXHi I MOKPAIICHHS CTATUYHUX Ta JUHAMIYHUX XapaKTePHUCTHKH
CEHCOPiB (PI3MYHMUX Ta XIMIYHUX BEJIUYUH. Pe3ynbTaTu JOCIIKEHb 103BOJISIIOTH CTBOPUTH
CEHCOpHU I aHaNI3y IUXAIbHOI aKTUBHOCTI JIFOJAWHH (CEHCOPW TOIUXY), JJIS aHAII3y

3amaxiB edipiB, HAMOIB Ta Xap4YOBUX MPOIYKTIB (CEHCOpHW 3amaxy), AJs aHamizy AUMY
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(cencopu aumy). OTpuMaHi CEHCOPH MOXYTh OyTH Yy MOJANbIIOMY BHUKOPUCTAH1 JUIs
PO3pOOKH TUXATBbHUX MEAMYHUX Ta HOCHMHX KOMIUIEKCIB MiJ 4Yac aepoOHHX (Kap[io)
TpeHyBaHb (CIOPT Ta MEAUIMHA); IJIsi PO3POOKH EJIEKTPOHHOTO HOCA, SKUH MOXKe
BHU3HAYaTH CBIXKICTh MPOAYKTIB XapuyBaHHs (MOOYT, XapuoBa MPOMHUCIIOBICTh), 3a1100iraTu
migpoOIl ajJKOTOJBHUX HamoiB (MoOyT, 1HAyCTpis HamoiB) Ta edipHux o (moOyT,
napdyMmepisi Ta KOCMETHKA), JI1 pO3POOKH JUMOMIPIB B CUCTEMax PaHHbOT'O BUSBJICHHS
MOKEX Ta B CHCTEMax MOHITOPHHTY SIKOCTI TOBITps (IMBUIbHA Oe3neka, MoO0yT,
KPUMIHAJIICTHKA).

Oco0ucrtuii BHecOk 3100yBaya. Pazom 3 HaykOBUM KEPIBHUKOM OOpaHO HAIPSIMOK,
00’€KT 1 TpeAMeT AOCHIIKEHHs, c(PopMynbOBaHI MeTa 1 3aBIaHHS POOOTH, a TaKOXK
00roBOpeHO OTpUMaHi pe3ynbTaT. 3100yBadueM Burotonieno macuB KHH Ta BcranoBneHo
BIUIMB mapameTpiB cTBOpeHHs MacuBy KHH Ha po0Ooui XapakTepUCTHKH CEHCOpIB.
[IpoBeieHO KOMIUIEKCHI JOCHII)KEHHSI CTaTUYHUX Ta JUHAMIYHUX XapaKTePUCTHUK
oJiepkaHuX ceHcopiB. Po3po01eHO METOIU CTPYKTYPHOI Ta XIMIYHOT MOAMGIKAIIT TOBEPXHI
macuBy KHH Ta BcTaHOBIEHO MHOro BIUIMB Ha POOOYl XapaKTEPUCTUKH CEHCOPIB.
[IpoBeneno gocmimxeHHs moBepxHeBoi Mopdoorii macuBy KHH Ta #toro moaudikarrii.

Anpobauis pe3yjabTatiB quceprauii. OTpumani pe3yiabTaTu OyJu IpeIcTaBlIeHI Ha
3 HayKOBHX 1 HAYKOBO-TIPAKTHYHUX KOH(EPEHLISX 1 CEMiHapax:

MixuapogHa KoH(pEpEHIlss CTYJICHTIB 1 MOJOJUX HAYKOBIIB 3 TEOPETUYHOI Ta
excriepuMenTanbHol Qp13uku EBPUKA, 2021, 18-20 tpaBHs, JIbBiB, YKpaiHa.

IEEE 41st International Conference on Electronics and Nanotechnology (ELNANO-
2022), 10-14 October, 2022, Kyiv, Ukraine.

IEEE 42nd International Conference on Electronics and Nanotechnology (ELNANO-
2024), 13-16 May, 2024, Kyiv, Ukraine.

Iy6aikanii. 3a pe3ynbraTamMu T0CTIKEHD OITyOIiKOBaHO 18 HAyKOBUX Ipallb, 3 HUX:

- 7 cTaTeil B HAYyKOBUX BUIAHHIX KaTeropii b,

- 5 y nepioiMYHUX HAYKOBUX BUIAHHSX, IPOiHAEKCOBaHUX y 06a31 WoS / Scopus,

- 4 IOMOBI/II TA TE€3U HA HAYKOBUX KOH(MEPEHIISX.
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Ctpykrypa Ta 00cHAr auceprauii.

Jluceprairisi CKJIaIaeThCs 13 BCTYIY, S PO3ALUTIB 13 BUCHOBKAMH, 3aTAJIbHAX BUCHOBKIB,
CIIUCKY BUKOPHUCTAHMX JIITEPATYpPHUX JpKepen 13 96 HalitMeHyBaHb Ta 2 J0JIaTKIB. 3arajbHuN
obcar auceprarii ckiagae 221 CTOPIHOK, 3 SAKWX OCHOBHMM 3MICT BHKJIaJeHUN Ha 168
CTOpIHKaX, MICTUTh 69 PUCYHKIB (3 SKUX 5 3 OMHMCOM 3aiiMarOTh MOBHY IUIOILY CTOPIHKH),

15 Tabauum.
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Pozain 1. METOAW BUT'OTOBJIEHHA, CTPYKTYPHI OCOBJIMBOCTI TA
3ACTOCYBAHHA KPEMHIEBX HAHOHUTOK

1.1 MeToiu BUTOTOBJIEHHS Ta CTPYKTYPHI OCOOIMBOCTI KPEMHIEBUX HAHOHUTOK

1.1.1 CrpyKTypHi 0C00IMBOCTI KpeMHiI€BUX HAHOHHMTOK. HaHOHUTKM — 1€
OJTHOBUMIPHI HAHOCTPYKTypu y (opmi CYUITBHHUX HHUTOK abo JpOTIiB, SKI MaroTh
HAHOPO3MIPHY HMIUPHUHY (J1aMeTp) 1 JOBKHUHY, sIKa 3HAYHO MEPEBUIIYE MIUPUHY, IO HAIA€
im Brcoke criBBigHOIIEHHS cTopiH (10 1000) [1]. ChoroiHi B CEHCOPHIl BUKOPHUCTOBYIOTh
PI3HOMaHITHI MaTepiajid JIJIsi CTBOPEHHS HAHOHUTOK 1 HAHOBOJIOKOH: HaHOBOJOKHA InyOs3
[2], nanoBosiokHa Ti0O,[3], HanoBosokHa ZnO [4], HaHoBoJoKHA CuO [5], HaHOBOJIOKHA
Ag@TiO; [6], nanoBosiokHa WOs[7], a Takox kpemHieBl HaHOHUTKH (KHH) [1]. KpemHii
Ma€ 3HAuHI IepeBaru y BAPOOHULTBI HAHOCTPYKTYP: HU3bKA BAPTICTh, 3arajbHO MPUNHATA
BIJIITpaI[bOBaHa TEXHOJIOTII 00pOOKU, HETOKCUYHE BUPOOHUIITBO 1 cyMicHIcTh 3 IC. Kpim
TOTO, BHMCOKE CIIBBIJHOIICHHS IUIOLII TMOBEPXHI /0 00’€My, TapHa 3MOYYBaHICTb,
XeMOCOPOIIiiTHI BIIaCTUBOCTI, 610CyMICHICTb 1 KEpOBaHi (Pi3WYHI Ta €JIEKTPUYHI BIACTHBOCTI
pOOJISATH KPEMHIE€BI HAHOHUTKU YHIKAJIbHUM MaTepiajioM JIJIsi 3aCTOCYBAaHHS B CEHCOpaX.
3okpema BukopuctanHs macuBy KHH B ckiaai ra3oBHX CEHCOpPIB J03BOJISIE 3MEHIIUTH
pob6oui Temmeparypu 3 200-400 °C (mag METaNTOOKCHMAHUX CEHCOPIB) JO KIMHATHHX
Temrneparyp. Jlo cTaHaapTHUX METO/AIB BU3HAYEHHSI BMICTY Ta31B TaKOX MOKHA BIJTHECTU
piIMHHY Xpomarorpadiro Ta Mac-CIIEKTPOCKOII0, aje OOJIaIHaHHSA IJIA ITUX METOMIB €
JIOPOTHUM 1 TPOMI3IKUM, TOOTO HE TIXOIUTh JUIsl TOPTATUBHOTO BUKOPUCTAHHS.

OcHoBHI cTpykTypHi napamerpu macuBy KHH Bkiro4aroTh: giamMeTp HaHOHUTOK
(5..500 M), BucoTy HaHOHUTOK (5..500 MKM), acHeKTHE CITIBBIJHOIICHHS HAHOHUTOK
(5..1000). 300pakeHHsT KPEMHIEBUX HAHOHHMTOK, OTPUMaHI 3a JIONOMOTOI CKaHYHYOTrO
enexkTpoHHoro Mikpockomna (CEM), oTpuMaHux pi3HUMH METOJaMU, MOoKa3aHi Ha puc. 1.1.
3 PUCYHKIB BUIHO, 1110 METOJ] CTBOPEHHS HAHOHUTOK BIUTMBAE HA X CTPYKTYPHI MapaMeTpH.
Hanpuknag HaHOHUTKHU, OTPUMaH1 METOJIOM BUPOLILYBaHHs ra3-piauHa-teepae Tino (VLS),
XapaKTePU3YIOThCSI BHCOKOIO BIOPSIKOBAHICTIO PO3TAIIyBaHHS y MAacHBi, ajie HHU3HKOIO

MOBEPXHEBOIO MIUIBHICTIO (puc. 1.1, a). JIig HAaHOHWUTOK, BUTOTOBJICHHUX 32 METOAAMU
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HaHonpykoBaHoi mitorpadii (NIL) Tta peaktuBHoro ionHoro TtpasieHHs (RIE),
criocTepiranacst 3HauHa IOPCTKICTh Ta PO3TaTyKeHHS O1YHUX CTIHOK HAHOHUTOK (puc. 1.1,
0). CTBOpEHHS METOJIOM METaJ0-CTUMYJIbOBAHOTO XIMIYHOTO TpPAaBJICHHS JO3BOJISE

orpumat MacuBu KHH 3 BHCOKOIO MOBEpXHEBOIO IIUIBHICTIO HAHOHUTOK Ta TIAJIKUMU

ctinkamu (puc. 1.1, B). Ane 6e3 BUKOpHCTaHHA TpoleciB (otomitorpadii peryispHiCTh

I

MOJIOXKEHHS OKPEMUX HAHOHHUTOK Ha MOBEPXHI € HU3bKOIO [ 1,8].

w—200nmM

a) 0) B)

Pucynok 1.1 — CEM 300paxennss KHH, ctBopenux merogamu: VLS (a), RIE y

noeguanHi 3 NIL (6) ta MCXT (B) [1,8]

1.1.2 Metoau crBopennss KHH. KpemHieBI HaHOHUTKM MOXKHAa CTBOPUTH 32
JOTIOMOT'OK0 OJTHOTO 3 JABOX 3arajlbHUX MiAXOMIB: 3B€PXY-BHU3 1 3HU3Y-Bropy. Y MHiAXOAl
«3BEpPXY-BHMU3» KIACTEPH MOHOKPUCTAIIYHUX IUIACTUH BUAAIAIOTHCS XIMIYHUM a0o
(GI3UYHUM MIITXOM, YTBOPIOIOYH OJJHOBUMIPHI CTPYKTYPH (HAHOHUTKH). Y paMKax IbOTO
MiIXO0AY MOXHa 3rajatd HacTynHi Mmeroau ctBopeHHss KHH: mertano-ctumynboBaHe
ximiuHe TpaBienHs (MCXT) [9,10] ta mitorpadis 3 TpaBiennsm [11,12]. B meToni «3HU3Y-
Bropy» KHH BupouyrooTs 3 okpeMux atomiB. B iboMy MiJIX0/1 MOKHA 3TaJlaTh HACTYIIHI
Metoau ctBopeHHss KHH: meron ximiunoro raszodasnoro ocamxenus (CVD) [13,14] i
METO/]l BUPOLIYBaHHA Mapa-piauHa-TBepae Tiio [15,16].

1.1.3 Metoa ra3-pinuna-rBepae Tijo. Jlopruit yac meroq VLS OyB HaitOiibId
LIMPOKO BUKOpUCTOBYBaHMM MetoaoM cTtBopeHHs KHH. CyTp nporo meromy mossirae B
3pOCTaHHl HAHOHUTOK Yy Ta3oBid ¢asi, 10 OTOoUye Kparul KaraiizaTopa, 3a paxyHOK
MePEHACUUCHHS PO3ILIaBy Kparesb 1 pOCTy KPUCTaJIB Ha MEX1 piuHA-TBEpIe TUIO0. Takum

YUHOM, MOJKHA BUJIUTUTH YOTHPHU OCHOBHI €Tamw, K oka3zano Ha puc. 1.2 [1,8]:
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1. HanecenHss TOHKOI TUTIBKM KaTaji3aropa (3a3BHYaii, 30J10Ta) Ha TOBEPXHIO
KPEMHI€BOI IMiIKJIAJIKH MIJITXOM TEPMIYHOTO BUTIAPOBYBAHHS a00 PO3MIIICHHS.

2. Biaman miiBKY Katajaizatopa [pu TeMIlepaTypi, BULIN 32 eBTEKTUYHY TOUKY Au-Si
(440°C), mo0 yTBOpUTH Kparuii po3iiaBy Au-Si Ha HOBEpXHI MIKIAIKH.

3. Ilogava ra30BOi CyMillli, IO MICTUTh aTOMH KPEMHII0, SIKI IPOHUKAIOTh YCEPEAUHY
Kparelb po3IuiaBy Ta JU(PYHIYIOTh 10 MEXKI PO3IIaBy Ta TBEPIOTO Tija.

4. Konu KOHILIEHTpAllisi KPEMHIIO B PO3IJIaBl 3HAYHO MEPEBUIIYE HOTO KOHIICHTPAIIIIO
3a TOYKOIO €BTEKTUKH, KPEMHIH OC1/1a€ MiJ] 30JI0TOM, TBEPIHE 1 IPOAOBKY€E POCTH Y BUTIISAIL
HaHOHUTOK. TOOTO MepeHacuyeHHs pO3IJIaBy Kparuii BUKJIUKAE KPUCTATI3allii0 KPEMHIIO Ha

MEX1 PO3J1TY pO3IUIaB-TBEPJIE TLIO.

Heating

a)

Pucynox 1.2 — CxemaTtuuna imoctpariis npoiiecy cropenuss KHH metomom VLS:
oca/keHHA (a) Ta Bianai (0) TOHKO1 IUTIBKH KaTali3aTopa, ojiaya ra3oBoi CyMilll, 1110

MICTUTh KPEMHIH (B), pPICT KPEMHIEBUX HAHOHUTOK (T) [8]

[lepeBarorw 1HbOro METOAY € MOKJIUBICTH ajamnTallli g0 Oyab-sSKOi TEXHOJOrIi, sika
3abe3mnedye moaBaHHs ra30BO1 CyMIllI IUIbOBOTO CKJIaly — XIMIYHE OCa/PKEHHS 3 MapoBOi
¢da3u, immynbcHa na3epHa abmsnis (PLA), monekynsipHo-ipomeneBa emitakcia (MBE),
TepMiuHEe BUIMApPOBYBaHHA. [0 HEMOMIKIB METOMYy MOXKHA BITHECTH BITHOCHO CKJIAIHUI
MPOIEC 1 HEMOJKJIMBICTh OTPUMAHHS HAHOHUTOK 3 BHCOKOIO IOBEPXHEBOIO NIUIHHICTIO,
OCKUJIBKM iX 3arajlbHU{ JlaMeTp TPOXH IMEPEBHUIIYE PO3MIP HAHOYACTHHOK 30J0Ta. Kpim
TOTO, 1€l METO/1 BKJIIOUa€ B ceOe HasIBHICTh MPOILIECIB 3@ BUCOKOI TEMIIEPATypH, 0 MOXKYTh
CIIPUYMHUTU AU(Y31I0 aTOMIB 30JI0Ta BIJIM0 HAHOHOHUTOK, YTBOPIOIOYM HOBI J0JIaTKOBI

€HEepreTUyH1 piBHI B 3a00POHEHIH 30H1 KPEMHIIO (ITACTKH).
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1.1.4 Metoa Jitorpadii 3 TpaBjeHHsiM. B OCHOBI JaHOTO METONY JICKUTH
TeXHOJOris JiTorpadii A 3agaBaHHs KOH(Irypalii MacuBy HaHOHMTOK Ha TUIOIIMHI Ta
TEXHOJIOTIsSI TpaBJieHHS sl 3a0€3MeUeHHs] TPUBUMIPHOCTI TakomMy MacuBy (puc.l.3).
TexHosoriyd1 pizHOBUAM JiTorpadii, SKi MOYKHAa BUKOPUCTOBYBaTH npu ctBopenHi KHH:
Y®-nitorpadis, enekrponHo-npomenena mitorpadis (EBL) 1 nHanoapykoBana-mitorpadis
[17]. Tunu TpaBieHHS, SKI MOXHAa BUKOPUCTOBYBATH JUIsl BUTOTOBJIEHHS HAHOHUTOK:
XIMIYHE TpaBJEHHS Ta peakTWBHE 10HHE TpaBieHHs [18]. MokHa BUAUINTH HACTYMHY
MOCJIIOBHICTh TEXHOJIOTIYHUX ormepaiii y 1mpomy Metomi. CrnodyaTky HaHOCHTHCS
dboTomnomimepHuii map (hoTope3nuct) Ha MoBepxHio ceHcopy (map Si0»), 1€ MOBUHEH Oy TH
CTBOPEHHMI TpUBUMIpHUI MantoHOK. [lani ¢oTope3uct 3acBiuyeThcs yepe3 QoromadioH.
Jlami ocBiTiieH1 AUISTHKY (DOTOPE3UCTY MICIsS €KCIIOHYBaHHs (MO3UTUBHUM (POTOpE3UCT) ab0
TUISTHKA (POTOPE3UCTY, SIKI HE OyJIM €KCIIOHOBAHI1 (HEraTUBHUI (POTOPE3UCT), BUAATISIOTHCS.
[Ticnst poro BiAOYBA€ETHCS MPOIEC TPaBICHHS IIILOBOTO Iapy (B YTBOPEHHMX BIKHaX
¢dotopesucty). Ha 3aBeprieHHs BigOyBa€eThCs MPOIEC BUIATICHHS 3aJUIIKIB POTOPEIUCTY
[8]. Jlo HemoJsikiB JaHOTO METOJy MOXHA BITHECTU: CKJIaJHE CTBOPEHHS MaCHUBY
HAaHOHUTOK, SKI MarOTh JiaMeTp Yy KUIbKa HaHOMETpPiB (1100 TPOSBUBCS KBAHTOBO-

po3MipHHi e(eKT), Ta MmoTpeda JOPOroBapTICHOTO CIIeMiaTi30BaHOr0 00J1aIHAHHS.

Si substrate Si substrate Si substrate

a) 0) B)
Pucynok 1.3 — Cxematnuna uttoctpauis npoiecy crBopennss KHH meronom RIE y
noennanHi 3 NIL: ocamkenns ¢potopesucra (a), popMyBaHHS BiKOH B 11api (hoTope3ucTa

(0), CTBOpEHHSI HAHOHUTOK y KPeMHI€EBIN MIAKIAAII Kpi3b BikHa poropesucta (B) [1,8]

1.1.5 Mertano-ctumyJ/iboBaHe XiMiuHe TpaBjieHHs1. MCXT— 11e MeToa XiMIYHOTO
TpaBJICHHS, 3a JIONIOMOTOIO SIKOTO MOYKHAa OTPUMAaTH KPEMHI€BI HAaHOHHUTKH 3 BHCOKHUM
criBBigHOMmEHHsM CTOPiH (puc.1.4). CyTh maHOTO METOJ TPYHTYETHCS HA TOMY, IO HA

MOBEPXHIO KPEMHII0 HAHOCATHCA HAHOYACTUHKHU OJIarOPOJHUX METANIB, AK1 MiJ JIE0
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e g
“*~ AgNO; based-solution
< R L S .

a) 0)
Pucynok 1.4 — Cxemarnyna umtoctpariis nporecy ctBopenss KHH merogom

MCXT: nepua ctazis (a), apyra crajuis (6) [20]

XIMIYHOTO OKMCHHKA KaTalli3ylOTh YTBOPEHHS JIPOK. YTBOPEHI JIPKU 1HXKEKTYIOThCS Yy
BaJICHTHY 30HY HAMiBIPOBIAHUKA, 1[0 MPU3BOJUTH 10 POIYMHEHHS MaTepiaidy 1 yTBOPEHHS
BUTpaBJIEHUX yacTuH nmoonu3y HY karamizaTopa. XiMidHa peakilis, sika ONUCYE MeH erarl,
BUTJISIZIA€ HACTYITHUM YHHOM:

Ag*+2H" +3e” > Agl +H, (1.1)

Takum uymHOM, B mporeci TexHI4HOi peanizamii Meronxy MCXT wmeranesi
Hanouyactuaku (HY), Taki sik Hampukiagn, cpibiio, 0CaIKyrOThCS Ha MOBEPXHIO KPEMHIIO.
iz yac XiMIYHOTO TPaBJIEHHS KPEMHIEBOTO MJIACTUHU YTBOPIOKOTHCA MOPOoKHUHHU mig HY,
TOOTO YTBOPIOIOTHCA OJTHOBUMIPHI HAHOCTPYKTYpH (HAaHOOTBOPU YW HAHOHOHHUTKH) [19].
Jlipku, 110 BUHUKAIOTH I11J1 Yac BiAHOBJICHHS MEPEKUCY BOAHIO, BiIITPalOTh BU3HAYAIBHY
poJib Y PO3YMHEHHI KPEMHIIO B JAHOMY METOAl. 3aBASKH BEJIMKIM pI3HULIT MIX
enekTpoxiMiyHuMu noteHmianamu H,O, Ta Si, nmepekuc BoAHIO mepenae Kijabka JIPOK Y
BAJICHTHY 30HY KPEMHIIO HaBiTh 0e3 Karamizaropa. [IpoTe MBUAKICTH TaKOTO MPOIECY
CKJIa/Ia€ JINIIE KiJTbKa HAHOMETPIB 3a ToAnHYy. HasiBHICTh KaTamizaTopa NpUCKOPIOE POIIEC
BIJIHOBJICHHSI TIEPEKUCY BOJHIO, 3HAYHO 30UIBIIYIOYH KITBKICTh 1HKEKTOBAHHX HIPOK 1
3a0€3Meuyoun MPoIeCy aHi30TPOIHICTh. 3T1IHO 13 3arajibHONpuiHITOI0 Teopicro MCXT,
CIIOYATKy OKHCIIFOBAY MEPEBAKHO BIIHOBIIOETHCS HA MOBEPXHI METAJIEBOTO KaTali3aTopa,
MEePETBOPIOIOYUCh, HA BOJYy Ta DKEKTYIOUM [IPKH B TPHUIOBEPXHEBY 001acTh
HaIIBIPOBIJIHUKA YEPE3 MEKY METaJl- HAIBIPOBITHHUK.

st vactuna MCXT omnucyeTbcs HACTYITHUM XIMIYHUM PIBHSHH:M [21]:
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H202+2H+—>2H20+2h+ (1 2)

Po3unHeHHS KpeMHiI0 70 KPeMHIN(PTOPOCTUBOAHEBOI KHUCIOTH BiIOyBaeTbcsa 3a
y4acTi JIPOK 3 BUALICHHSM BOJIHIO [8]:

Si+ 4(HF,) — (SiFg)*- + 2HF + Ho1 + 2¢” (1.3)

Metonq MCXT Mmae kisibka niepeBar, cepel IKUX Hu3bKa BapTiCTh, IPOCTOTA peaizarii

Ta 3/IaTHICTh CTBOPEHHS HAHOHUTOK 3 BEJIIMKOI IIUJIBHICTIO Ta BHCOKHM aCIEKTHUM

BiTHOMICHHSAM. J[0 HEMOJIKIB JAaHOTO METOMY CJIiJ BIAHECTH: MOXJIMBE MOTPAIUISTHHS

MeTajieBux joMimok 3 HYU kaTtanizatopa Ha rIacTUHY KPEMHIIO 3 HAHOHUTKaMH, 1110 MOXKe

MOTIPIIUTH XapaKTEPUCTUKU TpruiaaiB. KpiM Toro, € TpyaHOIIl 3 KOHTPOJIEM PO3MOALTY

[MX JOMIIIOK MO MOBEPXHI KPEMHIEBOI MJIACTUHHU.

1.2 T'a30B1 ceHCOpPHU HA OCHOB1 KPEMHIEBUX HAHOHUTOK

1.2.1 Cencopu napiB eraHo,ay. ETaHon € JETKOIO OpPraHiyHOIO CIOJYKOIO, SKa
IMPOKO BUKOPUCTOBYETHCA B (hapMalleBTUYHUX Ta HAYKOBUX JTAOOpATOPIsIX, MEAUYHINA Ta
Xap4oBiit mpomucioBocTi [22,23]. TpuBanuii BIUIMB MapiB €TaHOJIY HABiTh B HEBUCOKHX
KOHIIEHTPAI[ISX MOXE MPU3BECTH JI0 MOTIPIIEHHS 30PY, MOJIPa3HEeHHS CIM30BO1 000JIOHKU
HOCA, a TaKOX BUKIMKATH 3aXBOPIOBAHHSA AMXANbHMX MUISIXiB. BHCOKI KOHIIEHTparii
€TaHOJIy B MOBITPI MOXYTh OyTH CMEpTEIbHUMHU. TOMY BaXXJIMBO KOHTPOJIOBATH PIBEHb
€TaHOoJIy Ha BUPOOHUITBI. KpiM TOr0, CTaH ajlKOTOJIBHOTO CIT'SIHIHHS MOKE MPU3BECTH 10
napajiyy IeHTpaabHOT HEPBOBOI CUCTEMH JIFOJIMHHU, 1110 OCOOJIMBO HEOE3MEYHO /Il BOJIIiB,
OCKIJIBKM 1I€ 30LIBIIY€E PU3HK JOPOKHBO-TPAHCIIOPTHUX TMPUTOJ] 1 3aBJa€ MaTepiaibHOI
IIKOJIM Ta 3arpokKye€ 3J0POB'I0 1 JKUTTIO JroAei. ToMy HaCTYNMHOIO BaKJIHBOIO CQEeporo
BUKOPHUCTAHHS IIMX CCHCOPIB € aHaJi3 BMICTY CIIUPTIB y MOAUXY JIIouHH [23].

Ha croromHi 17151 CEHCOPIB €TaHOy BUKOPUCTOBYIOTH KPEMHIEBI HAHOHUTKHU 3aB/ISIKA
iX BHCOKOMY CIIIBBIHOILIEHHIO CTOPIH Ta BEJIMKINA KUIBKOCTI JA€(EKTIB, SIKI CIPHUSIOTH
aacopOii monekyn ra3y/mapu. CeHCOpu €TaHOJy Ha OCHOBI KPEMHIEBHMX HAaHOHUTOK 3a
MIPUHITUTIOM i1 MOXKYTb OyTH pe3ucTuBHUMU [23] abo emHicHUMU [24]. 11 HaHOHUTKYM OyIn
CTBOPEHHI JIJII CEHCOP1B €TaHoJ1y 3a foromororo merony MCXT. HemonudikoBanuit Macus

KpEMHI€BUX HAHOHUTOK OyB MEHIII Yy TJIMBHM JI0 TIapiB eTaHoiy. Pi3H1 Moaudikaropu, Taki



30

aKk Mertajoopraniudi kapkacu (MOFs) [2], HaHOYACTMHKH OJIarOPOAHUX METAIB 1
BYTJICIIEBl HAHOTPYOKH BUKOPUCTOBYIOTHCS /IS MiIBUILIEHHS Yy TauBOCTI moBepxonb KHH.
MOFs — ne mikponopucrta CTpyKTypa, IO CKIAJAEThCS 3 10HIB MeTaly abo MeTaleBUX
KJIACTEpiB, MOEAHAHMX 3 OPTAHIYHMMHU JIITaHJAMU [JIi YTBOPEHHS OJHO-, JBO- a0o0
TPUBUMIpHUX CTpYKTyp. Hampukmnan, mis moaudikamnii natynkis eranony Ha ocHoBi KHH
BUKOPHUCTOBYIOTH 11€0JIT iMigazonat (ZIF): ZIF-67 [23] ta ZIF-8 [24].

Moaudikariisi KpeMHIEBUX HAHOHUTOK 11€0IITOM iMiznazomnarom (ZIF-67@KHH) Oyna
IpOBE/ICHa INUIIXOM BHUKOPUCTaHHS MeTony ueHTtpudyryBands [23-27]. Crpykrypa
MOIU(IKOBAHOTO JaTUMKa IMapiB €TaHOJy HaBeleHa Ha puc. 1.5. JlaTuuk ckiamaerbes 3
ra3o4yTJIMBOI MOBEPXHI (MATPUL KPEMHIEBUX HAHOHUTOK, NOKpHUTa MoupikaTopoMm ZIF-
67) 1 enekTpoaHoi cucteMu (1Ba KOHTakTH Pt). [Ipunimn poboTH natyuka rnojisrae B Tomy,
110 OIp HAHOHUTOK 3HAYHO 3pPOCTAE 1] BIUIMBOM IapiB €TaHoy. BennunHa 3MiHK onopy
3QJICKUTH Bl KOHLIEHTPAILIl aHATITy: YUM BUIIOIO € MOr0 KOHLEHTpAIlisl, TUM OUIBIIO0 €
omip ceHcopa. Bumipu mpoBoauiiucs 3a pi3Hoi KoHIeHTparii etanony (Big 0,25 mo 200
ppm), pI3HOTO 3HAYEHHS BIIHOCHOI BoJiorocTi (Big 25% no 85%) 1 mpu temnepatypi 20°C.

CxeMaTtnyHU# MeXaHi3M BIUMBY Moaudikatopa ZIF-67 Ha xapakTepuCcTHKU CEHCopa
npencraBieHo Ha pwuc.l.6. lleil MexaHI3M 3acHOBaHUW Ha YTBOPEHHI 130TUITHUX
rereporiepexoAiB Ha mnoBepxHi KHH, 3aBasgku 4YoMy mniagBUIIYeTbCcS €QEKTUBHICTh
enekTpoHHux mnepexofiB. ZIF-67 (p-tumy) ocamxkyerbest Ha noBepxHio KHH (p-tumny), B

pe3yJIbTaTi 4Oro BUHUKAE 00J1aCTh 301JHEHHS OCHOBHUMU HOCISIMU 3apsiay (JlipKaMu) B

ZIF-67@SiNWs

Pucynok 1.5 — Ctpykrypa cercopa napis eranosry Ha ocHoBi ZIF-67@KHH [23]

npunoBepxHesiit o6macti KHH HaBkosio moaudikaTopa, 4epe3 pi3HUIIIO B pOOOTI BUXOTY

enektpoHiB. Lle cnpuunnse 301nbmenns onopy KHH. Ilogaua eranomy, mo € I[OHOpI%/SM
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ra3oM, CHOpHYMHSE I OlIblle 3MEHIICHHS KOHIICHTpaIlli OCHOBHHMX HOCIIB 3apsjiB Y
npunoBepxHesii oomacti KHH, mo mpu3Boauts 10 O611b110T0 3pOCTaHHS Omopy. Takum
YUHOM, ocaJpkeHHS Mojaudikatopa ZIF-67 na mosepxui KHH cnpuumnsie 3poctanHHs
BIITYKYy ceHcopa. KpiM Toro, po3BHHEHa CTpyKTypa MojaudikaTopa 301IbLIYE ILIONLY
Yy TIMBOI HOBEPXHI 1, BIAMOBITHO, Yy TIUBICTh CEHCOPA. 3ayBakUMO, 1110 Moudikatop ZIF-
67 € rinpodoOHUM MaTepiaaoMm, 110 J03BOJISE MIABUIIUTH CTA0ILHICTh pOOOTH MPHIIATY, 1

BUKOPHCTOBYBATH MOr0 B yMOBax BUCOKOi BosorocTi [23].

SINW 71567 a) W In air . ZIF-67
E, E, SINW ZIF-67
E E, :
Er ppy
p=405eV| | $=4.05 ¢V ¢=39¢V v
./ —. i : \ HAL
f : (T L [— E

Before contact After contact at equilibrium

In cthanol @ ZIF-67

CH,CHO
Es upL _\ »—CH,CH,0OH
V cdh

After ethanol adsorption
B)

Pucynok 1.6 — EHepreTuuHi giarpaMu, 010 UTIOCTPYIOTh MEXaHi3M Jii Moaudikaropa

ZIF-67 B cencopax napiB etanosry Ha ocHOB1 ZIF-67@SiNWs: 1o koHTakTy (a), micis

KOHTaKTy Ha MoBITPi (0), MCIs KOHTAKTY IpH 1oaavi aHamry (B) [23]

Momudikamiss ZIF-67@KHH mnpusBena 1m0 3HAYHOrO MOKpAIIEHHS YYTIUBOCTI
CEHCOpY, aJKe Yy MOPIBHSIHHI 3 HEMOJAU(DIKOBAHUM CEHCOPOM BEIMYMHA BITYKY 3pocia
Mmaiike B 12 pasiB (3a piast RH 25%). HaBith npu Bucoxomy piBH1I BoJorocTi (65%), cercop
Ha ocHOBl ZIF-67@KHH 3anuinaeTscs 4yTauBUM 1O MapiB €TAHOJIY 3aBISKU CBOIN
MiJABUIICHIA BojorocTikocTi. Takoxk, 3aBasku ZIF-67, nuHamiuyHui Aiana3oH BIATYKY
posmmpuscs 3 2,5 g0 20 ppm (mns mHemomudikoBannx KHH) mo 0,25 - 200 ppm (s

moaudikoBanoro KHH). Takox  mpoBoawnocs — JOCHIPKEHHS  CEJIEKTUBHOCTI
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moaudikoBanoro cencopy ZIF-67@KHH, sxe npoaeMoHCTpyBajo, IO CEHCOp HEMae
BIITYKY 10 BOJHIO Ta METaHy, a TaKOXX Ma€ HEBEIWKHHA BIITYK HA TMapH 130TPOIMAHOIY,
METaHOJIy Ta alleTOHY, SIKWW € IMOHAalMEHIIIE B 3 pa3u MEHIIHM, HI’)K Ha €TaHOJL.

Jns moaudikaiii KpeMHIEBOI MOBEPXHI B OCTaHHIA Yac 4acTO BUKOPHUCTOBYIOTh
Byranenesi HaHOTpyOku (BHT) uepes ix B1acTUBOCTI, Taki sSIK BEIHKa KUTbKICTh Je(EKTiB Ha
iX MOBEpXHI, IO CIPHUAIOTH a7copOIIii MoJIeKyJI razy abo mapu. [TopoxkHucTa Oy10Ba I[HOTO
MaTepially TaKOXK CHpHUs€ MiJBUIICHHIO YYTIUBOCTI CEHCOPIB Ta 3HUKEHHIO POOOUOi
temriepatypu. Momudikamiro KHH 3a pmomomororo OaraTomapoBuxX —BYTJICIEBUX
HaHotpyook (MWCNTs/KHH) oTpuMyioTb METOJIOM  KpamelbHOTO  HAaHECEHHS.
Cxemarnyna OynoBa orpuMmanoi HaHocTpykTypu MWCNTs/KHH nokazana na puc. 1.7.
[IpuHiun aii UX ceHCOpiB 6a3y€e€ThCs HA 3MIH1 ONMOPY YYTIMBOIO APy MPH 1T aHATITY: 3a

BUIIIOi KOHIIEHTpAIlli €TaHOJTy, OIip YyTJIMBOTO €JIEMEHTY TaKOX 3POCTAE.

CNTs Network

SiNWs

Al comb electrode

Pucynox 1.7 — Ctpyktypa ceHcopa napiB Pucynox 1.8 — CTpykTypa €éMHICHOTO

eranony Ha ocHoBi MWCNTs/KHH [28] cencopa C,HsOH na ocnori KHH [29]

MexaHi3M 4y TJIIMBOCTI JJaTUMKA JI0 Ta3y aHANITY 0a3yeThCsl HA HACTYITHOMY ITPUHLIHUIIL.
[TpoBiIHICTH B HAMIBIPOBITHUKOBOMY MaTepiall 3AJISKUTH K BiJ KOHIIEHTpAIlii, TaK 1 Bij
PYXJMBOCTI HOCIiB 3apsiny. OCKUIBKM MOJIEKYJM CHOUPTY Ta BYIJICLIEBI HAHOTPYOKU
B3aEMOIIOTh uepe3 cuiu Ban-nep-Baanbca, azacopOrist aHamiTy BinOyBaeThes 3a
MexaHi3MoM (iznuHoi amcopOiiii. ToMy 3MiHA TMPOBITHOCTI B YYTIMBOMY €JIIEMEHTI MOXKE
BIIOYTHUCS JIMIIE 32 PaXyHOK 3MIHU PYXJHMBOCTI HOCIiB 3apsly, OCKUIBKA KOHIIEHTpAIis
HOCIiB 3aps/ly 3MIHIOEThCA uepe3 XIMIuHy ancopOrito. TakuM 4YMHOM, BBEICHHS rasy

aHaIITy BUKJIMKAE 3pOCTAHHS OMOPY CEHCOpa Yepe3 3HIKEHHS PyXJIMBOCTI HOCIIB 3apsiiy B
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gyTIuBOMYy  Imapi. ['a304yTinuBI  XapakTepUCTUKA  MOJU(DIKOBAHOI  CTPYKTYpH
MWCNTs/KHH noxa3zanu, 110 mij1 BIUIMBOM MHapiB COUPTY 3 KOHIIEHTPALII€I0 BChOTO 1 ppm
BITYK JaTyuka 3pic Ha 38%. [1pu iboMy 3HaUY€HHS Yy TIUBOCTI, BU3HAYEHE SIK BIHOIICHHS
OTIOpy TIpH Ta30BOMY BIUIMBI A0 Omopy mpu BiacyTHocTi rasy (Rg/Ra), ckmamo 1,42.
JlociKeHHsT MBUIKOIIT MOKa3auo, 10 JaHUM CEHCOp Ma€ 4ac BIATYKY 1 BiTHOBJICHHS
npuOIM3HO 5 ¢. Taki MBUAKI YacH BIATYKY/BITHOBJICHHS CEHCOPIB MOSCHIOETHCS 32 PaXYHOK
TOTO, 0 (izuyHa abcopOiis noTpedye He3HayHOI eHeprii akTuBarlii, mexmre 0,1 eB [28].
JlocniKeHHsT CeNEKTUBHOCTI MTOKa3alld, 110 CEHCOpP Ha OCHOBI MOJU(DIKOBAHOI CTPYKTYPHU
MWCNTs/KHH € neuytnusum no piBusi RH Ha piBHI 49% 1 Ma€e He3HauHUM BIATYK Ha Mapu
aleTOHY, aJie LIeH BIATYK B 6 pa3iB MEHIIWH, HIK peakilis Ha ra3 aHamr [28].

Jliist neTexiii mapiB €TaHOJIy BUTOTOBJISIFOTh TaKOK EMHICHUHM THUIT CEHCOPIB Ha OCHOBI
KHH [18]. KHH 6ynu otpumaHi 3aBAsiKki METOTY T1APOTEPMIYHOTO TPaBIEHHS KPEMHIEBUX
IJIACTUH Y PO3YMHI (PTOPUCTOBOJIHEBOI KHCIOTH, sika MicTUTh Fe(NOs)s. byaoBa cencopa
apisima  coboro  uymmBuid  map KHH Ta cucremy enektpomiB  y  BUIUISLL
IJI0CKOMapanenbHoro KonaeHcatopa. Enexrponu cknananucs 3 Al rpeGiHku 3 ppoHTaIbHOT
CTOPOHM CEHCOpYy Ta cyuuibHOro Al mapy 3 Triy cencopa (puc.1.8). [Ipunnun nii ganoro
ceHcopa 0a3yeTbcsi Ha 3MiHI €MHOCTI MpU 3MiHI KOHIEHTpallii eraHoiry. MexaHi3m
YYTIMBOCTI JaTYMKA O aHAMITYy OOYMOBJIEHUN 301JIbIIEHHAM BIJHOCHOI J1€IEKTPUYHOL
nponukHocTi KHH min BrmuBoMm ananity. [e BinOyBaeTbes yepes MOCTyIIOBE 3aIIOBHEHHS
npomixkkiB Mk KHH maporo eranony Ta ¢izuyny agcopOui0 MOJIEKYJ €TaHOJNy Ha iX
ctinkax. MakTUYHO, BITHOCHA JI€IEKTPUYHA TPOHUKHICTh €TAHOMIY € Habarato OLIbIIO0,
HIXK Y TOBITPS 9M KpeMHI10. ToMy 111 JaTYMKK IeMOHCTPYIOTh 3HAaUHMM BIATYK. Lle mosicHroe
T€, 1110 3MIHM 1HTErpaibHOI AienekTpuyHoi npoHukHocti KHH uepe3 BnuB eranony € gyxe
BEJTUKHUMH, 1110 JO3BOJISIE POUIUPUTH MEXI1 JETEKIIIi KOHIIEHTpaIlii eTaHoiy. JlocaimKkeHHs
BIJICYKY €MHICHOTO Tumy AaTuukiB Ha 6a31 KHH nmoka3zanu, mo npu 3miHI KOHIIEHTpalii
anamity 3 0 7o 500 ppm, eMHICTh ceHcopa 3pocTae B 4,3 pa3u. JlocmiKeHHs BUIKOI1]
CEHCOpy, MOKa3auo, II0 4Yac BIATYKY CTaHOBUB 15 c, a udac BigHoBieHHs 30 c (3a
KoHIIeHTparlii aHanity 50 ppm) [29]. 3 tabn. b1 Buano, mo monudikarii noBepxui KHH
HE3aJIe)KHO Bl BUAY MarOTh MO3UTHBHUN BIUIMB Ha poOOYl XapaKTEPUCTHKHU JATYMKIB, Ta

3HAYHO PO3MIMPIOIOTH pobounii aianazoH Big 20-40 ppm g0 0.125-500 ppm.



34

1.2.2 Cencopu napiB HadTu. [Ipodrema BUTOKIB cupuX Ha)TOBUX MapiB CTAHOBUTH
cepiio3Hy 3arpo3y ansi Oesneku iHQpacTpykTypu y HadTOBii Ta HaPTOXIMIUHIN
npomucioBocTi. HeouikyBani BuUTOKM HadTu abo ii mapiB 3 pe3epByapiB, Ji¢ BOHA
30epiraeTbcsi, a00 HernependaueHe MOTPAIUIIHHS MOBITPS 10 TaKUX PE3epBYyapiB MOXKYTh
MIPU3BECTH JI0 BEITMKUX EKOJIOTTYHUX KaTacTpod, BUOYXiB 31 3HAYHOIO KUTBKICTIO JKEPTB Ta
cepiio3Hux ¢iHaHCOBUX HaciKiB. Tomy s 3a0e3neueHHss Oe3NeKH B pe3epByapax, Jie
30epiraeTscsi HadTa, HEOOXIAHO MOCTIHHO KOHTPOJIOBATH KOHIIEHTPALIIO MapiB CHUPUX
Ha(TOBUX PEUOBHH B MEXKaX, III0 BUXOSATh 3a MeXI1 3aiimManHs, TooTo B 10 000 10 60 000
ppm [30]. CtpykTypa ceHcopa mapiB HahTH CKIIaAaeThes 3 4y TiuBoi 001acTi (MacuBy KHH)
Ta CHCTeMH eJIeKTpoiiB (1Ba koHTakTHI Maimanauku Ag/Al) (puc.1.9). Ipunnun podotn
JTAHOTO ceHCopa 0a3yeThCs Ha 3pOCTaHH1 OTIOPY CEHCOpa MPHU 3pOCTaHHI KOHIICHTpallii mapiB
Hadtu. lle mosgcHioeThCcs ancopOuiero moinekyn aHanity Ha KHH, po3sramoBanux mix
nBoMa koHtaktamu. MacuB KHH npencrasiisie co6oro napasiesibHi HAHOHUTKH KPEMHIIO 3
OKHUCJICHOIO TTOBEPXHEIO, sIKI MOXKYTh JOTOPKATUCA OHA J0 OAHOi O1YHUMHU rpaHsiMu. Pyx
HOCIIiB 3aps/ly MDK KOHTAaKTHUMH MalJJaHUMKaMH MOKE 3J[ICHIOBATHCS B3JOBX KpaiHIX
HAHOHHTOK, a JIajTi Yepe3 MigKIaaKy, abo Bromnepek HaHOHUTOK (Si-SiOX-Si-...-Si-SiOx-Si)
3a CTpUOKOBUM/TYHEIHLHUM MeXaHi3MoM. [Ipu mornvHanHi aHaIITy BUCOTA MOTEHIIATbHUX
O0ap’epiB Ha OKCHUJIHOMY 3'€THaHHI 3pOCTAa€, 10 MOXKE 3MEHIIYBAaTH MWMOBIPHICTH SIK
TYHEJIIOBaHHS, TaK 1 CTPUOKOBOTO MEXaHI3My pyXy enekTpoHiB. lle mpuzBoauTth [0

3MEHILEHHSI eJIEKTPUYHOTO CTPyMY MPH 3a/1aHii HAaMpy3i, a OTKe, A0 30UTbLIEHHS ONOpY.

Pucynox 1.9 — Ctpykrypa cencopa napiB Hadtu Ha ocHoBi KHH: no monmaui

aHayity (a), mcis nojaayi ananity (6) [30]



35

KHH 6ynu ctBopeni 3a qonomorow metony MCXT. [Ins BUTOTOBIIEHHS AaTYMKIB MapiB
Ha(TU BUKOPHCTOBYBABCS KPEMHIN N-THUIY 3 MUTOMHUM OmMopoM miakmanku 1-10 Om-cm.
Biaryk manoro matumka Bu3HaudaBcs sk AR/RO 1 ctanoBus 0,35 mpu 20°C. JlocmimxkeHHs
MIBUAKOAIT TOKA3allo, 110 Yac BIATYKY CTaHOBUB npubau3Ho 20 ¢, a yac BigHoBieHHs 30 c.
Po6ounii giana3zon BusiBeHHS mapiB HapTH ckiaB Big 250 10 23500 ppm, 110 Takox B cede
BKJIIOYA€E HIDKHIO MEXY 3aliManHs napiB Hadtu (10000 ppm).

1.2.3 Cencopu mnapiB ¢dopmaabaeriny. Dopmansiaerin (HCHO) mnpencrasise
coboro Oe30apBHUI ra3 3 rOCTpUM 3alaxoM, SIKUM BiAYYBA€TbCS HaBIThb y HHU3BKUX
KOHIIEHTpanisax. s peyoBHMHA MOXe CTaTH 3HAYHOKO 3arpo3010 Ui 370POB'Sl JIIOJMHHU,
0COOJIMBO Y 3aKPUTUX IPUMIIICHHSX, BUKJIMKAIOYH TOJIOBHUH O111b, HYJOTY Ta OJAPA3HEHHS
IUXaJbHUX LUISIXIB 1 CIM30BUX 00OJOHOK. BOHA HIMPOKO BUKOPHUCTOBYETHCA Y PI3HHUX
chepax mMpOMUCIOBOCTI, TAKUX SIK XIMi4HA, Me0JIeBa, TEKCTUJIbHA, OyIiBEJIbHA Ta MEIUYHA,
110 MIAKPECIIOE BaXKIMBICTh KOHTPOJIO 32 ii BUTIKaHHAM. Takox (opManbpleria € ayxe
TOKCUYHOIO JIETKOIO OpraHiyHo0 crnoiykoro (JIOC), ska BUAUISETHCS 3 PI3HUX MPEIMETIB 1
KOHCTPYKIIIH Yy 3aKpUTHX MPHUMIIICHHSX, HaNpUKiIaa, B HoBoOynoBax [31]. Tomy me
CTBOPIOE HEOOXIHICTH Yy PO3pOOIIl Ta BUTOTOBJICHHI TOPTATUBHMUX JATUYUKIB JUIs
MOHITOPUHTY PiBHA O€3MEKN HABKOJIMIIIHBOTO CEPEIOBUINA B IPUBATHUX OyJMHKAX Ta Ha
pobounx Micugx. MakcumalibHa JOIMyCTUMa KOHLEHTpalis (opMalbleriay, BCTAHOBJIEHA
“HarioHanbHUM 1HCTUTYTOM O€3Meku Ta TirieHu mpaii’”, ckianae 0,1 ppm y KATIOBUX
NpUMINICHHSX Ta | ppm y npomucioBux npumineHasx [32]. Kpim Toro, dopmanbaerin €
IPUPOAHOIO PEUOBUHOIO, Ky BUPOOJISiE JMIOACHKUM OPraHi3M y JyKe MaluX KiJTbKOCTSX.
PiBenp #Or0o KOHIIEHTpaIlli B MOAUXY MOXe OyTH OloMapKepoM esKuX 1H(PEKIIHHUX
3aXBOpPIOBaHb. TOMY BUHMKA€ HEOOX1IHICTh Y pO3p001li O10MEeTUYHUX CEHCOPIB MOIUXY, SIKI
3/aTHI BUSIBJISTH Liek ra3. Jlatuuku dopmanbpraeriny Ha ocHOBI HeMoaudikoBannx KHH
CTPYKTYpPHO CKJIAJarOThCs 3 YyTIMBOi 00macTi, sika mpeactasise coboro macue KHH n-
TUITY, Ta cucteMu enekTposiB 3 TI/Ni. JlaHi ceHcopu 3a MPUHIMIIOM JIii € PE3UCTHBHUMU
(mpu momavi opMaibaeriay Omip CEHCOpa 3MEHIIYEThCS). 3MEHIIIEHHS OMOPY 3aJICKHTh
BIJl KOHIIEHTpallii popMasnbaeriny. MexaHi3m 4yTIMBOCTI MOXKHA MOSICHUTH XEMOCOPOLIIEI0
KHMCHIO Ha TIOBITPI, 10 MPU3BOAUTH 10 BUCOKOTO OMOPY Yepe3 aKLENTOPHY IPUPOTY KUCHIO.

Kucenn 3axommoe enextponn 3 KHH, yTtBoproroun 36imHeny o6Gmacte. Komm cencop
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miggaerbea BrumBy aHanity, HCHO pearye 3 O~ i O, BUBLIbHAIOUM HOCIi 3apsamy B
MIPUTTOBEPXHEBUH 1Iap, IO BUKIMKAE 3MEHIICHHS Oopy ceHcopa [33].

Jlnst  BUTOTOBJEHHS JIaT4YMKIB (OpPMANIbJIETiy BUKOPUCTOBYBAIM KpEMHIA 3
eleKTpoHHUM [32,26] Ta AipkoBUM [32] THUIIOM MPOBITHOCTI 3 MUTOMUM OMOPOM: JIJIs N-
tuny 0,005-0,02 Om-cMm, ansa p-tumy 0,001-0,005 Om-cm [31] Ta 1,0-10,0 Om-cm [32].
JlocnipKeHHsT TIOKa3aly, 10 THUI MiJKJIAJKU BIUIUBAE€ HA EJICKTPUYHI XapaKTEPUCTUKHU
CEHCOpIB: KPEeMHIi p-TUMy 3a0e3medye 3HauyHO Kpamii pe3ynpratd [31]. Kpemniesi
HAHOHUTKH OYJIM BUTOTOBJICHI IIUISIXOM OfHO- ab0 aBoxcrasiiiHoro MCXT[31, 26].

J11st moKpalieHHs ra304yTIIMBUX XapaKTEePUCTUK JATYUKIB OyJIM 3apONOHOBAHI Pi3HI
moaudikarii nosepxHi KHH, 30kpema Bukopuctanus okcugHux marepiaiis (ZnO@KHH
[26]) Ta BimHOBIEeHOrO oOkcuay rpadeny (rGO@KHH [31, 32]). Mexanism nii
Mo u(DikaTopiB 0a3yeThCsl HA YTBOPEHHI T€TEPOIEPEX0/1y 3 30HO0 301 THEHHS Ha MEX1 MIK
KHH 1 monmudikatopoMm. Ilpu mnorimHaHHI JOHOPHOrO Ta3y OIIp MNPUCTPOIO 3HAYHO
3MEHIIYEThCA. MoAN(IKATOPU TaKOX CHPUSIOTH CTBOPEHHIO PO3BHUHEHOI MOBEPXHI, IO
MIJBUILY€E YyTJIUBICTh CEHCOPIB Ta PO3MIMPIOE iX pOOOUNIA J1ara30H KOHIIEHTPALIIH.

[[lo6 cTBOpUTH MOmM(pIKOBAHI KPEMHIEBI HAHOHUTKH 3 BITHOBJIECHHUM OKCHIOM
rpadeny (rGO@n-KHH), BukopucToByBasin 1Ba Miaxoaud. B mepriomy BUMaaKy OKCH
rpadeHy OyB CHHTE30BaHMI 3a JTOMOMOTOI MOAN(IKOBAHOTO METOAY XamMmepa, a MoTIiM
HaHeceHUH KparenbHuM MetofoM Ha noBepxHio KHH. ITicas nporo kommiekc GO@KHH
BigHOBIMOBa)IM B atmMocdepi Ho/Ar [31]. ¥V apyromy crnoco0i Takok BHKOPHUCTOBYBAIU
oKcuJl TpadeHy, OTpUMaHui MoIu(piKOBaHUM METOJ0M XamMmepa, aje Burotoriaerni KHH
Oynu 3pizaHi Ta AofaHi 10 po3unHy GO 3 mojganbliuM HOro BiAHOBICHHSIM. OTpUMaHy
CYMIIIl HAHOCHUJIM Ha KepamiuHy Mifgkinaaky 3 koHtakramu [31]. Moaudikamiss KHH 3a
JIOTIOMOTOI0  BITHOBJIEHOTO oOKcuay rpadeny (rGO) 3HAYHO MIABUINKIA UYTIUBICTH
ceHncopy: 3a konreHtpaiii HCHO B 10 ppm omip ceHcopa 3MeHIIMBCS B 6,4 pa3u Jjis
MOJAM(PIKOBAHUX HAHOHUTOK, TIOPIBHIHO 3 2,5 pazamu st HemoaudikoBaHux. Kpim toro,
111 MoAudIKaIlis po3MupuiIa TMHAMIYHHAN Jl1ara3oH BiATYKY 3 2,5-20 ppm (st n-KHH) o
0,1-35 ppm (a1 rGO@n-KHH). Cencop aAeMOHCTpY€ MIBUAKUN Yac BIATYKY/BITHOBJICHHS
(30 ¢/10 c) [31]. Bymno po3pobneHO ceHcopu AJisi ACTEKTyBaHHS (hopMaiblerimy, sKi

(GYHKIIOHYIOTh PU KIMHATHIN TemnepaTypi [31], Tak i mpu miIBUIIEHUX TEMIIEpaTypax 10
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300°C [31]. Hampukman, Biaryk moaudikoanoro garuanka FTGO@KHH, sikuii parroe mpu
KIMHATHIN TemnepaTypi ctanoBuB npu6dau3no 0.99 npu konnentpauii HCHO B 1 ppm. Leit
CEHCOp JAEMOHCTPYBaB MIBUAKUN Yac BIATYKY npuOian3Ho 30 ¢, mpoTe yac BiIHOBJICHHS OyB
noBoyi BenMKUM 1 ckiagaB 3 xB [31]. Ilpu Temmeparypi po6otu cencopa B 300°C
CIIOCTEpIrajgocs 3HauHEe MOKPAIIECHHS YyTIMBOCTI JaTYMKa: HOTO OIip 3MEHIIIMBCS MOHA B
6 pasiB 3a KoHIleHTpalii popmanpaeriay B 10 ppm [31].

Jna momudikamii gatumka Qopmanpaeriny Ha ocHoBi KHH Takox Moxkna
BUKOPUCTOBYBATH HAHOKBITKM OKCUAY LMHKY. JIJIsi IbOTO BOHU OYyJIM OTPMMaHiI METOIOM
30J1b-Tenb 1 HaHeceHi Ha KHH 3a momomorotro merony 3anypenns [26]. Uy TinBi BIACTHBOCTI
ceHcopiB Ha ocHOBI cTpykrypu ZNO/KHH pociimkyBanm 3a JOIMOMOTOK BUMIPIOBAHHS
3MIHU OIOPY IiJl BILTUBOM (hopmanbaeriny. Biaryk cencopa cranosus 1,27. BcranoBieHo,
mo gaHa monaudikauis noepxHi KHH mnpusBena 10 MOKpalleHHOrO BIATYKY JT@HUX
naTankiB. A mexa BuszHadeHHss HCHO crtanoBmira Bceoro 0,01 ppm. Moaudikarist Takox
MOKpaIuia MIBUIKOIII0 CEHCOPa, a CaMe: Yac BIATYKY/BITHOBJICHHs cTaHOBHUB 19 ¢ Ta 14 ¢
BianoigHo (mpu koHuentparii HCHO B 10 ppb) [26].

Source .

VAW~ Drain ,
b Xy T SiNWs

'ode deposition

a) 6)

Pucynox 1.10 — Ctpykrypa cencopa amiaky Ha ocHoBl KHH pe3uctuBHoro (a) ta
TpaH3ucTopHoro (0) Buny [34]
3rinHo 3 Tabn. b.2, pizHi Moaudikarii nosepxHi KHH nmo3utuBHO BruiMBaroTh Ha
OCHOBHI po00Yi mapaMeTpu aatyukiB. Bci MoaudikaTopy 3Ha4HO PO3LIMPIOIOTH POOOUUIA
niarrazon g0 0,01-1000 ppm. Ille oxHiero nepeBaror Moau(ikaTopiB € 3HWKESHHS pOO0YOi
Temrneparypu ceHcopiB 70 20°C, 110 J03BOJIsSI€ BUKOPUCTOBYBATH 1X Y TOOYTOBUX YMOBAX.
Kpim Toro, monudikamii nosepxui KHH moxpamytots Biaryk gatamka 3 2,5 mo 8,57. ¥V
MOPIBHSIHHI 3 Ta304YTJIMBOIO IUIIBKOIO OKCHIY LWHKY, KPEMHI€BI HAHOHUTKU 3HAYHO

3MEHIIYIOTh Yac BiATYKY ceHcopa (3 31 go 11 ¢).
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1.24 Cencopu amiaky. AMiak — 11e 1y’K€ TOKCUYHUH ra3, IKUM Mae pi3KUi 3amnax,
10 BUAUIAETHCS MMiJI Yac MPOMHCIOBUX Ta MPHUPOJHUX MpoLeciB. BamxaHHs amiaky €
HeOe3MeYHUM [IJIs1 3I0POB'Sl JTIOJUHU 1 MOXE MPU3BECTH J0 MOLIKOHKEHHS IIKIpU, OYEeH,
JTUXAJIbHUX IUISAX1B, @ TAKOXX BUKJIUKATU HAOPSK JET€Hb 1 HABITh CMEPTh MPU TPUBATIOMY
BIUTUBIL. ToMy € Benuka motpeda B po3poO0Ili BUCOKOUYTIMBUX CEHCOPIB JAJIS MOHITOPUHTY
koHueHTpallii NHz B mpoMucioBux, MEIUYHUX, BINCHKOBUX Ta KUTIOBUX YMOBAX.
[Mpunmmn nii pEe3UCTHMBHUX Ta30BUX CEHCOPIB TMOJSArae B 3MiHI  OMOPY
HaITIBIPOBIHWKA B 3aJCKHOCTI BiJ KOHIICHTpAIlll Ta XIMIYHOI MPHUPOJU aHAJITY, IO
0a3yeThCs Ha ABUII XeMOCOpPOIIii ra3y Ha moBepxHI1 TBepAoro Tina. [lix yac xemocopoOiii
Ma€ MICII€ YTBOPEHHSI XIMIYHOTO 3B’SI3KY MiK YaCTUHKOIO 3 Ta30BO1 (pa3u Ta afcopOLiitHuM
LIEHTPOM IIOBEPXHI, 1110 CYTIPOBOJIKYETHCS IEPEXOIOM €JIEKTPOHA (JIPKH) HA EHEPreTUHUHUIN
pIBEHb YACTUHKHU, WO aJacopOyeThCcs. 3HAK aacopOOBaHOI YACTHHKU 3aJICKUTh BIJ
CHIBBIAHOILIEHHS pOOOTH BUXO/AY €JIEKTPOHA 3 HAMIBIPOBIAHUKA Ta €HEPrii CIIOPIAHEHOCTI
710 eJIeKTpoHa (eHeprii 10H13aIil) YacTUHKHU, 110 aacopOyeTbes. Tak, SIKIO YacTHHKA a3y
Mae OUIbIIy €HEprit0 CHOPIAHEHOCTI [0 €JIEeKTPOHa, aHDK pobdoTa BUXOLY 3
HaIBIPOBITHUKA, TO €JIEKTPOH MEPEXOUTH Ha TA30BY YaCTUHKY 1 BOHA MEPETBOPIOETHCS
Ha Bix eMHuii ioH. Komm >k pobGoTa BUXOIy 3 HamiBNPOBITHWKA OUIbINA, aHDK EHEPris
10HI3aIlli YaCTMHKU, TO EJIEKTPOH Mepeiie 3 ra3oBoi (a3u y HamiBOPOBIAHHUK, TOOTO
YaCTUHKA 3apsIIUThCS NOJATHHO. Y TMEPIIOMY BHIQJIKy Ta3 Ha3WBAETHCS AKIECNITOPHUM, a
IpyroMy BHUIAAKy — JAOHOPHMM. B 3ajeXHOCTI BiJ TUIy HaIIBOPOBIJHUKA Ta 3HAKY
a7copOOBAaHOrO 3apsjay B IMPUIIOBEPXHEBIH 00JacTi BHHUKAE 00JIacTh 30igHEHHS abo
30arauyeHHsi OCHOBHMMH HOCISIMH 3apsily, IO CYIPOBOIKYETbCS 30UIbLICHHIM abo
3MEHIIEHHSIM onopy martepiany. Hanmpukian, y Bumaaky aacopOIlli Bi’€MHOTO i0HA Ha
HaIIBIPOBITHUKY N-TUITY IJIs HEWTpamizaiii Iboro 3apsay 3 00’€My HaliBIPOBITHUKA
OpUXOAATh MIPKH 1 y W1 00JacTi KOHIIEHTpAllisl €JIEKTPOHIB 3MEHIIYEThCS, TOOTO
YTBOPIOETHCS 001acTh 301AHEHHS (Omip 3pocTae). AKIo X BiJl’€eMHUMN 10H aicOpOyeThCS Ha
HaIIBIPOBITHUKY P-TUIY, TO, OYEBUIHO, YTBOPIOEThCS 30HA 30aradeHHst (Omip
3MEHIITYEThCS). TaKuM YMHOM, 3aJICKHO BiJ] XIMIYHOI IPUPOJIY ra3y aHAITy (JOHOpHUIM a0
aKIIETITOPHUI) Ta TUITY TTPOBIAHOCTI HAMIBIIPOBIAHUKA (N- 200 P-THIT) OTTip YyTIUBOTO IIAPy

ceHcopa 30UThITy€eThCsI 400 3MEHIITYEThCSI.
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Hatuuku amiaky Ha ocHoBI KHH MoxyTh OyTH ABOX BUAIB: pe3ucTUBHOIO [35,36] Ta
tpar3uctopHoro [8]. CTpyKTypHO PE3UCTHBHI CEHCOPH aMiaKy CKIAJarOThCS 3 UyTIHBOI
obmacti (MmacuB KHH) Tta cucremu enektpoxmiB (mBa kontaktu Ti-Ni) (puc. 1.10, a).
[TpuHIMO 1ii pe3UCTUBHOrO JaTuyhKa 0a3yeThbCsl B 3MiHI ONOPY MpHIaAy MPU 3pOCTaHHI
KoHIeHTpalli ananity. NHs-ceHcop Ha 0a3i mOJpOBOTO TPaH3MCTOpPa BKIIOYAE HACTYITHI
ckyanoBi: cTik 1 BUTIK (Ti/Au), razodytiuBa o0jacTh — KaHau (IJJAaHAPHO PO3TAIIOBaHI
KHH), migzacnonnumii gienexktpuk (SiO2), TunbHU# 3aciin (P -KpeMHieBa miakiaaka) (puc.
1.10, 6). ITpuniun poOOTH TaHOTO JAaTYUKA MOJISATAE B 3MIHI CTPYMY KaHaTy P 3pOCTaHHI
KOHIIEHTpaIlli aHaniTy. J[Jis BUTOTOBJICHHS LUX JATYMKIB BUKOPUCTOBYBABCA KPEMHIN N-
TUIy TPOBIAHOCTI 3 MUTOMUM omopoM B miamazoHi 1-10 Om-cm [34,36]. Kpemuiesi
HAaHOHUTKU OyJIM CTBOPEHHI 3a JOIOMOIror0 OJHO- abo ABoxcTaniiiHoro meroxy MCXT
[35,36] Ta MeTOMy TUTAHAPHOTO BUPOIILYBAHHS 32 CXEMOIO TBEPJia peYOBHHA-PIIMHA-TBEPAA
pedoBuHa (IPSLS) [34]. 'a304yTiiHBi BIaCTUBOCTI PE3UCTHBHUX JAaTunKiB Ha ocHoBi KHH
OI[IHIOBAJIM IUISIXOM BHUMIPIOBAHHS 3MIHU OINOPY 31 3MIHOIO KOHIIEHTpallli Ta3y aHajiTy
(konnentpamnii amiaky Big 10 mo 100 ppm) 3a cramoi kiMHaTHOI Temmeparypu [36].
YyTnusicTh naTunka Bu3Hadanacs sk (Rg—Ra)/Rax100% 3a konnenTparrii amiaky 100 ppm
1 ckimanana 99%. JlocmimkeHHs MBUAKOIIT TOKa3ao, 0 Yac BIATYKY CTaHOBUB 68c, a yac
BiHOBJEHHS 210 c. CeneKTUBHICTh AOCTIIKYBAJIM AJI1 YOTUPHOX PI3HMX Ta3iB: allETOHY,
eTaHoJly, aMmiaky, eraHoiay 1 xyopodopmy (konuentpamis 100 ppm mnpu 20°C).
JlocmipKeHHsT BCTAHOBWJIO, IO JATYMK Maibke He MpOSBISE BIATYKY N0 XJIOpodopmy,
€TaHOoJIy Ta aneToHy (4yTiuBicth 1-7%), a 1o NH; uytnuBicte cranoBmia 99%, 3Biaku
MOJKHA 3pOOUTH BHCHOBOK PO BUCOKY CEJICKTUBHICTH pUCTpoio [36].

JInsi mokpamieHHsT OCHOBHHUX pOOOYMX XapaKTEpPUCTHUK JaT4yUKa OyJ0 BHUPILIEHO
moaudikyBatn moBepxHio KHH mpoBigaum momimepom mnomimipony (PPy). Is
MoAMQIKallisl MOJAraE y HaHECeHH1 nojinipony y Burisai odononku (PPy-shell) abo HU
PPy-NPs na nosepxHio macuBy KHH 3 HM3bKOIO IIITBHICTIO PO3MOJAUTY IO MOBEPXHI
(LNWs) [35]. Jns wmomudikaunii KHH nposigaum mogimepom modgimipony (PPy-
shell@LNWs ta PPy-NPs@LNWs), cnodyaTky oTpuMyBajil MAaCUB KPEMHIEBUX HAHOHUTOK
3 HU3BKOIO IIUIBHICTIO po3noalry mo mosepxHi. 3Buuaiini KHH, crtBopenni meromgom

MCXT, MaroTh TEHICHIIIIO TOTOPKATHUCS CBOIMHU OIYHUMHU TPAHIMU CTIHOK uepe3 cuiu Ban
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nep Baanwca, mo yckimamHioe HaHeceHHs Monaudikatopa. i 1[bOTO 3aCTOCOBYBAIN
nojBiiaMA mporiec MCXT. Ilotim mins otpuManHs HaHOkommo3uty PPy-shell@LNWSs
BUKOPHUCTOBYBaJIM Ta3oda3Hy MoJjiMepu3alliro MoHOMepiB mipony Ha mnoBepxHi KHH.
Hanokommnoszutr PPy-NPs@LNWs oTpumyBaiu 3a JOMOMOIOI0 PIAMHHOI MOJiMepHu3allii
MoHoMepiB mipoiy Ha moBepxHi KHH (puc.1.11). Mexani3m poboTu ganoro moaudikatopa
noJisirae 'y BUHMKHEHH1 rerepomnepexony Mik PPy 1 KHH, nme yrtBoproroThbcs o6macTi
30aradeHHs1 oOCHOBHUMU Hocisimu 3apsiny (HAL) Ta o6macTi 3011HEHHS] OCHOBHUMH HOCISIMU
sapsiny (HDL) Bcepenuni KHH Ta Hanouactunok PPy Bimmomimno (puc.1.12). B NHs-
JaT4uKy Ha OocHOBI Kommno3uTy PPy-toshell@LNWs mnpucyTHi naBa KaHaH
€JIEKTPOIPOBIIHOCTI - 000J0HKA monmimiponay 1 obmacte HAL B kpeMmHii, fKI MOXYTb
perymoBatucs ajacopOiiero amiaky. Ilim miero moHopHoro rasy NHj; oOuaBa kaHamm

MPOBIAHOCTI 3HAYHO 3MEHILYIOThCS YEPE3 1HKEKIIIIO EIEKTPOHIB, IO MPU3BOJUTH JI0

,,,,,

’/
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\NESNSNY Y IR,
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PPy-NPs@LNWs PPy-shell@LNWs

a) 0)
Pucynok 1.11 — Ctpykrypa cencopa amiaky Ha ocHOBI PPy-NPs@LNWs (a) Ta
PPy-shell@LNWs (6) [35]

3Ha4YHOTO 30UIbIIeHHS onopy. Y NHs-naTunky Ha ocHOB1 komno3uty PPy-NPs@LNW nie
1HIIIa MOJIENTH TTPOBIAHOCTI 3 JOMIHYIOYHM KaHAJIOM MPOBiTHOCTI B310BXK HAL Ha moBepxHi
KHH. Ha wMexi MDK HaHOYaCTMHKAMM TMOJIMIPOy Ta KPEMHIEM YTBOPIOIOTHCS
HaHOPO3MipHI 00sacTi HakonuyeHHs nipok (HAR). AxcopoOuis amiaky Ha noBepxni KHH
MPU3BOJUTH 10 1HXKEKI[li €JIEKTPOHIB, M0 MPU3BOIUTH JI0 3MEHIIICHHS TOBIIMHU KaHAITY
HAL 1 36inbuiye omip cencopa. I[IpucyTHicTe obnacteld HakonuueHHs aipok B okosi HY

MOJIITIPOSY BHOCUTH JOJATKOBY 3MIHY OIOpPY CEHCOpA 4Yepe3 BIUIMB aHAJITYy MOPIBHIHO 3
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HemoaudikoBanuMm macusoM KHH. IlpoTe BmiiuB #ioro € Habararo MEHIIUM O BETUYHHI,
HIK y BUIMAAKy MoauQiKallii 3a JOMOMOTO0 CYIUIbHOT 000JI0HKH moimipony [35].
["a3ouyTnuBi BiacTuBOCTI Monu(dikoBaHux cTpykTyp PPy-shell@LNW Ta PPy-
NPs@LNW Oymnu oriHeH1 IUIIXOM JO0CHIHKEHHS 3MIHU onopy i BruimBoM amiaky ((Rg-
Ra)/Ra). Bussneno, mo Monudikaimis CyuiibHOIO 000m0HKOI0 PPy 3abesmneuye Oinbi
NMOCUJIEHUH BIATYK ceHcopa, aHibk HY PPy, mopiBasHo 3 HemommdikoBannmu KHH:
MO (DIKaTOPU TEMOHCTPYIOTh MPUOIN3HO B 27 pa3iB 30UIbIIEHHS BIATYKY y BUMaaKy PPy-
shell@LNWs 1 6 pa3iB 30uibllieHHS BiAryKy y Bumnagky PPy-NPs@LNWs (npu
KOHIIeHTpa1lii amiaky B 10 ppm). BusBieHo, 1o HasBHICTh i€l Monudikalii Ha MOBEpPXHI
KHH npu3BoauTh 10 NOKpAIIEHHS KOPOTKOYACHOI CTAOLIBHOCTI, MPO 1€ CBIIYUTH OBHE
BITHOBJICHHSI CUTHAJy CEHCOpa MpoTAroM 5 poOounx wLuKIiB. Lle MokHa NOSACHUTH
dbopmyBaHHAM HeulbHOI cTpykTypu KHH, sika 3a0e3mneuye ra3zy aHanity BUIBHUNA JHOCTYII
afcopOuii/gecopouii. Monudikamiss PPy-shell@LNWs pearye na pospimxenuidi NH; 3

KOHIIEHTpaI1i€ro Bcboro 130 ppb, 110 Habarato HuX4e, Hi>K pIBEHb TOKCHYHOCTI JIJIs TFOJMHU

S - = S0 fave
4.05ev N H3 4.05ev
4.87ev I- SRR = 4.87ev
o
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e— HAL
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Pucynok 1.12 — EnepreTuyHi aiarpamu, 1o UTFOCTPYIOTh MEXaHI3M Jiii
monudikatopa PPy B cencopax nmapiB amiaky Ha ocHOBI PPy-shell@LNWs: Ha moBitpi

(a), micyst mogadi anamity (0) [34]

25 ppm. [ocmimkeHHs CEIEKTUBHOCTI JATYUKIB MPOBOIUIIMCS IIJISXOM TMOPIBHSHHS iX
BIITYKYy Ha pi3Hl rasu koHieHtpauicro 500 ppm 3a temmneparypu 20°C (H,, ametos,
METaHOJI, METaH, eTaHoi 1 amiak). CeHcopu MpomeMOHCTpyBad B 14 pasiB Ouibiry
YyTIAUBICTh MpH BIUIMBI 5 ppm NHj3, anix 10 500 ppm iHmMX rasis.

JlaTumky pe3uCTUBHOTO THITY, SIK MPABUJIO, BiI3HAYAIOTHCS OOMEKEHOIO Yy TIUBICTIO

Ta MOXYTh OyTH TPOMI3IKMMH 4Y€pe3 BIICYTHICTh (PYHKIIi MiJCHICHHS CHUTHANY, SIKa €
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XapaKTepHOIO JJIs NaTYMKIB Ha moiboBuX Tpan3uctopax (FET). [Ins orpumanHs ceHCOpiB
KHH-FET Ha ocHOBI MmIaHapHO PO3TAIlIOBAHUX KPEMHIE€BUX HAHOHUTOK, CIIOYATKY B IIapi
1J[3aTBOPHOTO JIEJIEKTPUKY CTBOPIOBAIMCH KaHAaBKU ISl KaraiizaTopa 3a JOMOMOTOIO
npomMeHto mia3mMu. [ToTiM B 061acTi IIUX KaHABOK MTPOBOIUIIOCH OCA/IKEHHS CMYKOK 1HJIIFO
3a JOTIOMOTOI0 METOAY BaKyyMHOTO BHUIIAPOBYBaHHS, AaJTi BiOyBaiacs oOpoOKa y BOTHEBIH
mJ1a3Mi 3 HaCTYITHUM BIJIajioM, 100 OTpUMAaTH OKpeMi Kparuil Karamizaropy. Hactymaum
KpOKOM OyJI0 3aBaHTa)XCHHsS 3pa3KiB B CHCTEMY XIMIYHOTO Ta30(a3HOTO OCaIKEeHHS
(PECVD), nme min nmiero kxaramizatopa B KaHaBkax BijOyBanocs BupoimnyBanHs KHH 3a
CXEMOI0 TBEpJa PEYOBHMHA-PiMHA-TBEpJA peyoBUHA. HaHeceHHs eleKTpoiB BUTOKY Ta
ctoky (Ti/Au) BUKOHYBajioCsl 3a JIOMOMOIOI €JIEKTPOHHO-IIPOMEHEBOTO BUIIAPOBYBAaHHS
[36].

i ceHcopy 0a3yeTbcs Ha 3MIIIEHHI NEPENaBaIbHOI XapaKTEPUCTUKHU IOJIbOBOIO
TpaH3ucTtopa mia BmiMBoM aMiaky (NH3) y HanpsMmKy Big'€MHUX 3HAau€Hb HANpYTd B
HOPIBHSAHHI 3 TOYaTKOBUM CTaHOM Ha MOBITPi. L{e exBiBaJIeHTHO BUHMKHEHHIO J10/1aTKOBOTO
MO3UTHUBHOTO 3MIIIEHHS Y TPaH3UCTOpi, IO MPHU Tid e HAmpy3l 3MEHIIYE MPOBITHICTH
kaHaiy. [losiBa 1boro 3mimieHHss OOyMOBJIEHA HAKOIMHMYEHHSM JOAATKOBOIO 3apsiiy, II0
ancopOyeThCcsl aMiakoM Ha OIYHHUX CTIHKaX HAaHOHHMTOK BHACIHIJIOK 1HXKEKIlli €JICKTPOHIB Y
kaHas. Jlarunkun KHH-FET nokazanu Bucoxky wytnuBicte 75,8% mo 100 ppm amiaky,
BU3HAUYEHY SIK BITHOCHA 3MiHA CTpyMy TpaHn3uctopa. CiiJl 3ayBaKUTH, 1110 YyTAUBICTD IHX
CEHCOpPIB MPOSIBIIE TEHJICHIII0 O HACHYEHHSI MpHU BUCOKIM KoHieHTparii NHj, ska
nouynHaeThes 3 200 ppm. MMOBipHO, Iie MOB’13aHO i3 3aOBHEHHM Beiel GiuHOT TOBEpXHi
KpEMHI€BUX HAaHOHUTOK aJCOPOOBAaHUMHU MOJIEKyJaMH ra3y amiaky. JlOCTIIKEHHS TaKoX
IPOAEMOHCTPYBAJIH, 1110 MiHIMaJIbHa MEXa BUSIBICHHS aHAITY cTaHOBUTH 0,1 ppm nipu vaci
BIAryKy/BigHOBIeHHS 20 c. bByno BCTaHOBIEHO, IO TaKWil CEHCOpP JEMOHCTPYE
JIOBIOCTPOKOBY CTaOUIbHICTh poOOTH npoTsiroMm 180 1mHiB.

3 tabxn. b.3 BunHo, mo Bci Moaudikaropu nosepxHi KHH maroTe no3utuBHMil BIUIUB
Ha OCHOBHI XapaKTEPUCTUKU CEHCOPiB. Yci Momudikariii 3Ha4HO PO3MIUPIOIOTH POOOUUi
niana3on koHueHtpanii 3 10-100 go 0,136-500 ppm. Lle 30iabIIEHHS Ja€ MOXJIUBICTh
BUKOPHUCTAHHS WX JATYUKIB B TOOYTi, OCKITLKA KOHIIEHTpAIliA B 25 ppm Ta3y amiaky €

TOKCUYHOIO [ ioauHu. Kpim Toro, Bci Mmonudikamii moBepxui KHH nokpaiytots Biaryk
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cencopa 3 0,99 no 10,5. IlopiBuiorouu 3 ZnO-FET, Mo)kHa BiJ3HAYUTH, 1110 BUKOPUCTAHHS

KHH 3nauno0 3Menmye pobodi Temmeparypu 3 180 go 20°C.

1.3 CeHcopu piiuH HA OCHOBI KPEMHI€BUX HAHOHUTOK

1.3.1 Cencopu riawko3u. MOHITOPUHT PIBHSI IJIIOKO3M Ma€ ICTOTHE 3HAYEHHS B
MEIUYHIN A1arHOCTHUIII, XapuOBid MPOMHCIOBOCTI Ta 010TexXHOJIOTiI. Benuky poib Bigirpae
JIarHOCTHKA P1BHS TJIFOKO3U B KPOBI y MAIlIEHTIB 3 IlyKPOBUM J1abeToM. HezBaskarouu Ha Te,
IO I[yKPOBHM J1a0€T € HEBUJIIKOBHOIO XBOPOOOIO, MOHITOPUHI PIBHS I[yKPY B KPOBI Ta
BYACHE JIIKYBaHHS JIO3BOJISIIOTH  JIIKAPSAM  MOJETIMIMTH CHUMITOMHA Ta 3amoOIrTa
yckinagHeHHs M. Cepell OCHOBHUX IMOPTAaTUBHUX METOJIB BHSIBJICHHS TJIFOKO3M ILIUPOKO
BUKOPUCTOBYIOTh MiIXOAH €JIEKTPOXIMIYHOTO OKUCIIEHHS, OCKIJIBKM BOHU MalOTh HU3BKY
MEXY BHSBJIEHHS, BUCOKY YYTJIMBICTb Ta BIAMIHHY BHOIpKOBICTb. CEHCOpPH TJIIOKO3H
MOXYTh OyTH po3po0JieHi 3 BUKOpUCTaHHSIM depMeHTIB abo 6e3 Hux. He3Baxaroun Ha Te,
0 CEHCOPH TIJIOKO3M Ha OCHOBI (DEPMEHTIB JEMOHCTPYIOTh BHCOKY YYTIUBICTH 1
BUOIPKOBICTh, ajie¢ aKTUBHICTh (DEPMEHTIB JIETKO MiAAAEThCS BIUIUBY TemIiiepaTypu, pH,
BOJIOTOCTI Ta TOKCMYHUX PEYOBHH. TOMY /I CTBOPEHHSI CTAOUTHbHUX MPHIIAJIB YaCTillie
BUKOPUCTOBYIOTh HE()EPMEHTATUBHI JATUYMKHU 3 HEOPTraHIYHUM KaTanizaTopoM. Baxinso
3a3HA4YUTH, 1110 0e3 katanizatopa KHH mMaroTh HU3bKY KaTaIITUUHY aKTUBHICTH B JTy>KHOMY
cepefoBulii. Takoxx Oynau po3poOJieHI CEHCOPH TUIFOKO3UW PE3UCTUBHOIO THITY, SKi
BiJIPI3HSIFOTHCS MTPOCTOTOIO BUTOTOBJICHHS, BUCOKOIO Yy TJIUBICTIO 1 CTAOUIBHICTIO.

st ctBopennss KHH min wac BUTOTOBICHHSI CEHCOPIB TIIFOKO3W BHKOPUCTOBYBABCS
KPEMHIH 13 JIPKOBUM THUIIOM MPOBITHOCTI Ta TUTOMUM ONOpoM p ~1—10 Om:cM. CTBOpeHHS
KHH 06yno 3nificaeno 3a gonomoroio Meroqy MCXT, mpu 11boMy KaTasli3aTop HaHECEHO
METO/IOM aBTOKATAJITHYHOTO OCaKeHHS. ENeKTpOXiMIYHUN CEHCOp TIIIOKO3U CTPYKTYPHO
Mae poOOYMil eJIEKTPOl Ha OCHOBI KPEMHIEBUX HAHOHUTOK 3 OCAKEHUM Ha iX MOBEPXHI
karamizaropom (Pd-Ni/KHH), a Takoxx TmIaTHHOBUN MPOTUENIEKTPON Ta EJIEKTPOJ
nopiBHsHHS Ag/AgCl. IlpuHuun aii eneKTpoXiIMIYHOTO CEHCOpY IIIIOKO3M 0a3yeTbcs Ha
BHUMIPIOBaHHI CTpyMiB Iipu ¢ikcoBanomy noteniiam (-0,06 B), sxi BUHUKAIOTH B pe3ysbTaTi

OKHCJICHHSI TJIFOKO3W 3aJIeKHO Bij 11 KoHmeHtparii. JlocmimkeHHs ceHcopa TIIIOKO3U 3
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po6ounm enekrpomom Pd-Ni/KHH nposoxumu y 0,1-10°mons/m® posunni KOH 3 pizHoro
KOHIEHTpalliero Troko3u (Bix 2 10 20 mons/m*). Bukopucranns karaiizaropa Pd-Ni y
CKJIaJll pOOOYOro €JEKTPOoJia MPHU3BEJIO JO MOKpaIeHHS SK YyTJIUBOCTI, CTaOUIBHOCTI
poOOTH CceHCcopa, TaK 1 HOTO CEJIEKTUBHOCTI Ta MEXK1 BU3HAUCHHS. BUTOTOBJICHHIA €TIeKTPO.
MPOSIBIISIE JIIHIAHICTD 3aJ7€KHOCTI CTPYMYy B IIMPOKOMY Jlama3oHi KOHIIEHTpPAIiil TITIOKO3U
(Bix 0 mo 20 mone/m3). UymmmBicTs Oylia BM3Ha4€HA 3a HAXMIOM KPHMBOi 3aJI€KHOCTI
MIKOBOTO CTPYMYy OKHMCJICHHS BiJ PiBHSA KOHILEHTpamii miroko3w 1 ckmana 190,7 mMA*
Moinb/M> cM2. MiHiManbHa Meka BU3HAYEHHS TIIOKO3M CKOpoTmiiack 10 2,88 10> mons/m?,
a 4ac peakuii cTaHoBUB § ¢. JIOCIIIKEHO CeNeKTHBHICTE cencopa mokosu (0,5 Mons/M) B
MPUCYTHOCTI MOXJIMBUX HELUIBOBUX PEUYOBUH IpU BHUMIpIOBaHHI (IHTEp(EPEHTIB):
ackop6inoBoi kucnoru (0,2 Mons/M*), ceuosoi kuciaoru (0,1 mons/m?) i 4-aneraminopenony
(0,1 monw/m?). Enexrpon Pd-Ni/KHH He mpostBisiB peaxiiii Ha BCi BUau iHTepdEpPEHTIB, y
TO Yac sSIK TP JAO0AaBaHHI ITIIOKO3H CIIOCTEPIranocs MOMITHE 3pOCTaHHS CTPYMY.
CTpyKTypHO pE3UCTUBHUM ceHcop Ioko3u Ha ocHoBli KHH Mae nBi ocHOBHI
CKJIQJIOBI: YyTIUBY OOJIaCTh, IO TMpEACTaBIEHA MAaCHBOM KPEMHIEBUX HAHOHUTOK, Ta
EJIEKTPOAHY CUCTEMY, sika ckianaeTbes 3 Ti-Ni. [Ipunnun po6oTH bOTo ceHcopa MoJsrae

B 30UIBIIIEHH] OMOPY MPH 3pOCTaHH1 KOHIIEHTpaIlli aHamity puc.l.13. Biaryk pesuctuBHOro

solution drop

Ti-Ni contacts

por-Si + Ag

Pucynok 1.13 — Ctpykrypa cencopa ritoko3u Ha ocHoBi KHH [37]

JaT4rKa TIIOKO3M Ha 0a3i KPEeMHIEBMX HAHOHUTOK BU3HAYAIHM YEPe3 TITFOKO300KCHIa3HY
peaxIlio, 0 MPU3BOAUTH J0 MAAIHHS CTPYMY MPH J0AaBaHHI TIIIOKO3U. /{11 BUMIpIOBaHHS
3aCTOCOBYBaJIM HaHeceHHs cymini 0,1 M BOIHOTO po3unHy Diroko3u Ta 0,5 M1 po3uuHy
TJTIOKO300KCH1a3u. BonbT-aMIiepHi XapakTePUCTUKU PE3UCTOPHOI CTPYKTYPH BUSBIISUIUCH
JIHIMHUMH, 3MIHIOIOUM KyT HaXWiy 31 3MIHOK KOHILEHTpalii a”amity. YyTIuBiCTh

BH3HAYasIacs 3a JOMOMOTOI0 KyTa HaXHIy 3aJI€KHOCTI CTPyMy 3a MOCTIMHOI HampyTu Bif
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KOHIIeHTpallii aHajiTy 1 ctaHoBuia 2,73 MA/B-%. Mexa BHUSABIEHHS IJIIOKO3M B TaKHUX
ceHcopax cranoBmia 20 mr/mi, a pobounii aianazon ckiaagaB 100-240 mr/mn [37].

1.3.2 Cencopu nepekucy Boanio. [lepexuc Bonnio (H202) BUKOPUCTOBYETHCS SIK
NPOMIKHUN peareHT y (apmaieBTHUHIN Ta XapyoBiM raiay3sx, ajie TaKoX MOXKe OyTH
JDKepesioM 3a0pyaHEHHS Ui HaBKOJMIIHBOTO CEPEJOBHINA uYepe3 HWOro MPHUCYTHICTh y
npomuciaoBux Biaxogax. Kpim Toro, H;O; € peakTMBHUM TOOIYHUM MPOTYKTOM
MeTaboIi3My KUCHIO, 110 BiAOYBalOThCs B opraHizMi groannu. [lepesumenns pisas H,O2 B
OpraHi3zmi MOe MPU3BECTH JJ0 OKUCITIOBAIILHOTO CTPECY, IO MOMIKOJKY€E KIIITUHU Y PI3HUX
TkaHuHax, 611kiB Ta JJTHK. e Mmoxe mpu3BecTH /10 pi3HOMAaHITHUX 3aXBOPIOBAHb, TAKUX K
niabeT, pak, CepUEeBO-CYIMHHI Ta HEBPOJOTIYHI poO3JaaH, BKIIOYAIOYH XBOPOOH
Anpireitmepa ta [lapkiHcoHa, 5Kl OB’ SI3yIOTh 13 BUCOKUM PIBHEM MEPEKUCY BOJHIO.

CrpykrypHO enekTpoximiunuii cencop HyO; cknamaeTses 3 pobodoro enexkTpoaa Ha
ocaoBi KHH (MCXT) 3 ocaypkenuM Ha ixHiii moBepxHi karaiizatopom (Ni(OH)/KHH), a
Takok 3 Pt mportmenektpoma Ta enekrpoma mnopiBHaHHS Ag/AgCl. Ilpunmun mii
€JIEKTPOXIMIYHOTO ceHcopy sl Bu3HaueHHsa H,O, monsArae B JeTEKTyBaHHI CTPYMIB 3a
¢ikcoBanoi Hanpyru (0,2B), siki BUHUKaOTh B pe3ynbTaTi okucieHHs HO; 3anexHo Bin
fioro koHueHtpariii. Jljs CTBOpEHHs TaKUX CEHCOPIB BHUKOPHUCTOBYBABCS KpPEMHIN
€JIEKTPOHHOTO THUIY MPOBIAHOCTI 3 mUTOMUM omnopoMm 0,1-10 Om-cMm. [l oTpumaHHs
pob6oyoro enexkrpoaa Ni ocamkyBad METOIOM aBTOKATOTITHYHOTO OCAKECHHS.

Excniepumentu 3 cencopom HO, 3 poGouum enexrpogom Ni(OH).,/KHH
nposoauiuck y 0,5 -10°mons/M® posurni NaOH 3 pisHMMM KOHIIEHTpALisIMH HEPEKUCY
Boguio (Bim 0,1 mo 6 momb/M?). BUKOpPUCTaHHS Karami3aTopa IO3MTHBHO BIUIMHYIIO Ha
Yy TIUBICTh, CTAOUIBHICTh Ta CEJIEKTUBHICTh CEHCOPA, @ TAKOXK HAa MOTO MEXY BUSIBICHHS.
Po3pobnennii enekTpoa 1EMOHCTPYE JNiHINHY 3al€XHICTh CTPYMY B IIMPOKOMY Jiara3oHi
xkoHuentpauii H,O, Bim 0 mo 5,5 moms/M°, 3 mexero BusBieHHs 3,210 monn/m>.
YyTausicTh ceHcopa 30inbmmaack 10 3,31 MA - Mons/M> cM2. JlocisKeHHs CeJeKTUBHOCTI
enexrpoaa Ni(OH),/KHH Bxitouano ananmi3 BiiryKy Ha Taki iHTep(epeHTH, sik acKopOiHOBa
kucnora (50 monb/Mm’) i ceuosa kucnora (25 mons/M®). Ilicas momaBanus iHTepdepeHTiB
CTPYM CEHCOpa Maike 3aJIMIIABCA MOCTIHHUM, B TOM yac K goxaBaHds 1,5 mons/M® HyO,

MIPU3BOAMIIO 10 IOMITHOTO 3pOCTaHHS CTPYMY.
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CrpykrypHo pe3uctuBHuit cencop H,O, Ha 6a31 KHH mae nBi 0CHOBHI KOMITIOHEHTH:
Yy TIUBY 00JaCTh (MacCHB KPEMHIEBUX HAHOHUTOK) Ta €JICKTPOIHY CUCTEMY (/1Ba KOHTAKTHI
marganuuku Ti-Ni) (puc.1.13). Ilpunuun poGOTH IILOTO CEHCOopa IMOJATaE B TOMY, IO 31
3pocTaHHAM KoHIeHTparii ananity (H,O,) onip npuctporo 3MeHiyeThesi. st cTBOpeHHs
TaKUX CEHCOPIB BUKOPHUCTOBYBABCS KpeMHiil p-tuiry 3 oriopoM 1 Om-cm [37]. BuroroBineHns
KHH Buxonysanocs 3a gonomoroto merony MCXT. Orinky po60oTH AaTdvKa MpOBOAMIIA,
MOMICTUBIIM MK KOHTAKTaMH JaTdyuka Kparuio pozunHy H»>O, 06’emom 0,5 mi. BAX —
PE3UCTUBHUX CTPYKTYp OyiM JIIHIMHUMH JJIS BCIX 3pa3KiB 1 3MIHIOBAJIMCS 32 HAXWUJIOM 31
3MIHOIO KOHIIeHTpauii aHamity. Yytnusictb ceHcopa H»O, orlliHioBanacs sk HaxXui
3aJIEKHOCTI CTPYMY BiJ KOHLEHTpaUli aHaJITy MpH NOCTIMHINA Hampy3i Ta gocsrana 2,62
MA/B-%. 3anexuicts nporiecy MCXT Bij yacy TpaBieHHS TaKOX CIIOCTepiraiacs Imija yac
BUT'OTOBJICHHSI KPEMHIEBUX HAHOHUTOK, Ji€ 30UIbIIEHHS 4acy TpamieHHsa 3 30 mo 90 xB
MIPU3BENO J10 OUIBIT PO3BUHEHOI MOP(OIIOTIi MOBEPXHI.

1.3.3 Cencopu eranoay. FEtanon — me 0e30apBHa, ci1abko TOKCHYHA 1
JIErKo3aiiMUCTa PiAMHA 3 TOCTPUM CMAaKOM. BUKOPHCTOBY€ETHCS B XapuOB1id TPOMHUCIOBOCTI
(30KpeMa y BUPOOHMIITBI aIKOTOJIBHUX HAIOIB), KIIHIYHINA AIarHOCTUIN (111 BU3HAYCHHS
BMICTY aJIKOTOJIIO B KpOBi a00 cedi JIFOJAWHM) 1 B MOOYTI (HampuKIam, y Ae3iH(pexTopax ais
pyk). HailmommpeHimmm ceHCOpOM €TaHOJy € €IEKTPOXIMIYHUN TUIl. Y TaKuX CeHcopax
BUKOPUCTOBYIOTh JIBI METOJMKH BHUMIPIOBaHHS [23]: HMKIIYHY BOJHTAMIIEPOMETPIIO 1
BOJILTAMIIEPOMETPII0 3 (PIKCOBAHMM MOTEHIIaIoM. KpeMHi€EBI HAHOHUTKH JJisl CEHCOPIB
eranHonry ctBopwin metonoMm MCXT. Jlnga orpuMaHHS poOOYOTO €JIEKTPOy Ha OCHOBI
kommno3uiiiHoi ctpykTypu Pd—Ni/KHH, Ha oBepXHI0 KpeMHI€BUX HAHOHUTOK OJTHOYACHO
ocamkyBainu Pd ta Ni MeT0I0M aBTOKATaIITUYHOTO OCaKeHHs. [licis HaHECEHHS IIbOTO
MOKPUTTSL CTPYKTYPH MIAJABAIMCA BHCOKOTEMIIEPATypPHOMY BiJNanxy 3a TeMIlepaTypu
400°C 3a 1OMOMOTI010 CUCTEMH IIBUAKOTO TEPMIYHOTO BiJNaidy B aTMochepi Ar.

[TpuHIMTT YYTIUBOCTI JATYMKY JO €TAHONY IIOJISITa€ Yy BUSBICHHI CTPYMIB, IO
BUHUKAIOTh NMPU OKHUCIEHHI €TAaHOJNy, 3aJIeKHO BiJl WOro KOHIEeHTpari. JlocmimkeHnHs
nposoamiuce B 1-10°mons/M® pozunni KOH 3 mogaBasHaM pi3HUX KOHLIEHTpALiH €TaHOTy
(Bix 3,4 0o 17,1 mons/M>). BUKOpUCTaHHS KOMIIO3ULIAHOI CTPYKTYPH POOOYOTO EJIEKTPOIY

Pd-Ni/KHH npusBeno A0 MOMIMNIICHHS SIK YyTJIMBOCTI CEHCOpa, TaK 1 CTa0lIbHOCTI HOTO



47

po0OTH 1 MeX1 BU3HAUCHHS. Uy TIMBICTh BU3HAYAIACS K 3B'I30K MI>K 3HAUEHHSIMU MIKOBOTO
CTPyMy OKHCJICHHS Ta PIBHSAMH KOHIICHTpAIii €TaHodIy. Y peXuMI IHUKITIYHOI
BOJITAMIIEPOMETPIi YyTIMBICTH CeHCcopa 3pocia 10 7,48 MA - mons/M> cM?, a MiHIMabHA
MeKa BU3HAUEHHS €TaHONy 3MeHmuuach 10 6-10°moms/M®. B meromumi
BOJIbTaMIIEpoMeTpii 3 pikcoBarnum notermianom (0,25 B) aytnuBicTs cTanoBmia 0,76 MA -
MOIB/M>‘¢cM?, a MiHIMalbHA MeXa BHM3HaueHHs eranony — 10107 mons/m>. CTpykrypa
pobouoro enextpoaa Pd—Ni/CNN no3Bonuia niBUIIMTHA Yy TJIUBICTh CEHCOPA. 3aleKHICTh
MK 3HAYEHHSMH I[IKOBOTO CTPYMYy OKHCIIGHHS Ta PIBHAMHM KOHIICHTpAllli €TaHOIy
BM3HAYAJIU K YyTIMBicTh. MiHIMalbHa MeXa BUSABICHHS 3MEHIIyBanacs 10 6 -10°mons/m>
B Mipy 30UIbIIEHHS YyTIMBOCTI AaTunka. YyTnuBicTh craHoBuiaa 0,76, a Meka BUSBICHHS
— 10 -10°monb/M>. BHKOpPHCTAaHHS OJHOBMMIPHHX CTPYKTYD Ha IIOBEPXHi €JIEKTpOIa
MPU3BOAUTL J10 30UIBIIEHHS IUIONII TMOBEPXHI, a Malll PaalyCH KPUBU3HU HAHOHUTOK

CHPUSIOTH OUIBII €PEKTUBHOMY NIEPEHOCY E€JIEKTPOHIB [23].

1.4 Cencopu ¢i3UYHUX BETUYUH HA OCHOBI KPEMHIEBUX HAHOHUTOK

1.4.2 Cencopu Bog0rocTi. JlaTuuky BOJIOTOCTI 3HAXOSATh MIUPOKE 3aCTOCYBaHHS B
pi3HUX cdepax KUTTA: B MEAMUIMHI, IPOMHUCIOBOCTI, METEOPOJIOTii, CLILCBKOMY
rOCIOAAPCTBI, TPAHCTIOPTI Ta MOOYTI. ONTUMANBEHUN PIBEHb BOJIOTOCTI MOBITPS B MeXKax
40% — 60% € BaxJIMBUM i1 KOM(OPTHOTO TMepeOyBaHHSA JIOJWHU. TOMY NaTYHKU
BOJIOTOCTI BUKOPHUCTOBYIOTHCSl Y PI3HOMAHITHUX CHCTEMaX KIJIIMAaT-KOHTPOJIO, TAKUX SIK
KOHJUITIOHEpH. Y XapyuoBId MPOMHUCIOBOCTI, MJis 30epiraHHs MPOIYKTIB, BITHOCHA
BOJIOTICTh Ma€ OyTu Ha piBHI 85-90%. Y MikpoeleKTpoHilll, BOJIOTICTh MOBITPS Ma€ OyTU
MiHIMaJIBHOIO (MeHTe 1%), 100 YHUKHYTH HETaTUBHOTO BITUBY HAa BUPOOHUYI MPOIIECH.
VY ClIbChKOMY TOCNOAAPCTBI, AJIsi MPOPOCTaHHSI POCIWH, NOTPIOHA Bojora atMocdepa Ha
piBai 50 — 100%. B meauiuHi, AaTYUKU BOJIOTOCTI BUKOPHCTOBYIOTHCS, HAPHUKIad, B
1HKyOaTopax, Jie BaXIIMBO MiITPUMYBATH BiTHOCHY BOJIOTiCTh Ha piBHI 50—-80% [39].

Jns natuukiB Bojorocti Ha ocHoBl KHH BakinBoto € iXHs BUCOKA UyTIUBICTh, 110
JOCATAETHCS 3aBMIIKM BEJIMKOMY BIIHOIICHHIO MOBEpXHI 0 00’eMy. Lle o3Hauae, mo Ha

MOBEPXHI HAHOHUTOK MOXKE ajacopOyBatucs Ouiblie MoOJIeKya Bojau. barato ximMiuHHX
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3B’sa3kiB Si-OH Ha mMoOBepXHI KPEMHIEBUX HAHOHUTOK POOJATH iX TiAPOPUILHUMHU.
CtpykTypHO ceHcopu Bojorocti Ha 6a3i KHH ckmamaroThcs 3 9yTiamBOi 10 BOJIOTOCTI
obnacti (Macupy KHH) ta enexrpoaHoi cucremu (1BoX KOHTaKTHHX MangaHuukiB (T1/Ni)
a00 3ycTpiuHO-THPHOBOI TpeOiHKK (Ti1/Ni)). BinbImicTe Takux CEHCOPIB, 3a CBOIM
MIPUHITUTIOM JTii, € EMHICHUMHU, ajie IeAKi TAaKOX MOXYTh OyTH pe3uctuBHuMH [39].

Cencop Bosiorocti Ha ocHOBI MacuBy KHH sBisie coboro mapanenbHe 3’€IHaHHS
koHzaeHcatopiB Cyy, (1<x<m 1 1<y<n) Ta pesucropa R, (omip migknagku). Koxuuit
KoHaeHcaTop Cyy MOXKE SBIISATU COO00 @00 EMHOCTI ABOX CYC1AHIX HAHOHUTOK, 400 €MHICTh
noBiTpsiHOoro mnpoirapky Mmix Humu [40]. Cymapna emuicts macuBy KHH moxe Oytu
MoJ1aHa K EMHICTh IIOCKOTO KOHJEHCATOPA:

C = eo&r (A/d) (1.4)

TIe €, — JICICKTPUYHA MPOHUKHICTh BAKyYMY;

€ — BIJIHOCHA JIIEJIEKTPUYHA IPOHUKHICTh MaTepiaity KOHIEHCATOpa;

d — BiJicTaHb MIXK €JIEKTPOJaMU;

A — noBepxHS NEPEKPUTTS (TUIOIA 0OKIAT0K KOHIEHCATOPA).

[TpunHIMT 11 CEHCOpa BOJIOTOCTI EMHICHOTO THITY TIOJISITA€ B 3MiHI BETUYHMHU €MHOCTI
puUiaay B 3aJI€KHOCTI BiJl PIBHS BIIHOCHOT BOJIOTOCTI OTOYYIOYOTO MOBITPsl. Mexani3m Aii
JAHUX CEHCOPIB MOXKHA MOSCHUTH 3MIHOKO BIJIHOCHOI JI€JEKTPUYHOI MPOHUKHOCTI (€)
YyTIWBOTO IIapy TP 3POCTAHHI BOJOTOCTI MOBITPSL.

Jlnist cTBOpeHHs ceHcopiB Bostorocti BukopuctoByBanucs KHH enextponnoro [40] Ta
aipkoBoro [38,39] Tumy mOpOBIAHOCTI 3 PI3HUM MUTOMHUM OIIOPOM, IO 3HAXOAUBCS Y
nianasoni Bif mpudau3no 0,1 1o 50 OM:cM. BukopuctanHs 10aTKOBOTO JIETYBaHHS TaKOXK
BUSIBUJIO BIUIMB Ha XapaKTEPUCTUKH CEHCOPIB, a caMe: 3POCTaHHS BIJHOCHOI YyTJIMBOCTI
CeHcopa JI0 BOJIOTOCTI y nopiBHsHHI 3 HeneroBannmu KHH. Hanpukiman, 3a yMoB HU3BKOTO
piBHs BosiorocTi (RH ~45%), Bona 3pocna Ha 20,88%, a 32 yMOB BUCOKOTO P1BHS BOJIOT'OCTI
(RH ~ 95%), Bona 30inpmuiack HaBiTh Ha 54,20%. Ilporte, 11e CympoBOKYBaoCs
30UTBIIIEHHSIM Yacy BiAryKy ceHcopiB 3 150 g0 1100 c. YV qanomy mociiKeHH] MOKPAIEHHS
YYTJIUBOCTI TIOB’S3YETHCS 3 BIUIMBOM JICTYBaHHS Ha CIICKTPUYHI XapaKTEPUCTHKU
HAaHOHUTOK. Takoxx OyJI0 BHUSBICHO, IO IIMPUHA HAHOHWUTOK Ma€ BIUIMB Ha poOodi

XapaKTepUCTHKHU ceHcopa Bosorocti. 36unpmenss mupuau KHH 3 20-30 no 500-600 um
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PU3BEIIO J0 3POCTAHHS YyTIMBOCTI ceHcopy 3 4,5% no 7,5%, ane 1e cynpoBOHKYBaJIOCS
noripimeHHsaM 4vacy BiaAryky 3 150 mo 300 c. 3HaiieHa 3aKOHOMIpHICTH TOB’si3aHa 3i
30UIBIIICHHSIM TYCTMHM HAHOHMTOK MpH 30UIbIIeHHI iX 1mmpuHU. KpiMm Toro, OyB
BCTAHOBJICHUH BIUIMB JOBKMHU HAHOHUTOK Ha po00Ul XapaKTEepPUCTUKH CEHCOPA BOJIOTOCTI.
VY nocnimxenni [39] omiHOBanach JOBKMHA HAHOHUTOK 3@ PI3HUN 4yac iX TPaBJICHHS: YUM
JOBIIUI Yac TpaBJICHHs, TUM OlIbIIa JOBKHUHA HAHOHUTOK. [lokazaHo, 1110 31 301JIbIIIEHHSM
Jacy TpaBiieHHs Big 45 10 60 xB, eMHicTb 3pociia 3 4 10 40 n®d (mpu RH 85%).

OTxe, MPUCYTHICTh TIAPOKCUIIIB Ha TIOBEPXHI KPEMHIEBUX HAHOHUTOK MPHU3BOIUTH
70 BEJIMKOi YYTIMBOCTI, ajle OJHOYACHO 10 TPHUBAJIOr0 Yacy BIATYKY Ta MOMITHOTO
rictepe3ucy ceHcopiB Bosiorocti. Kpim Toro, icHye pusuk okucienHs KHH, mo moxe
BIUTMHYTH Ha CTAOUIbHICTh, YYTJIMBICTh, YaCc BIATYKY Ta IOBTOPIOBAHICTh JaTUYMKIB
Bojorocti. [{ns BupimenHs mux npobiem BaxiuBa Mmonaudikauis moepxHi KHH. Ha
CHOTOJHIIIHIN JI€Hb ICHYIOTh PI3HOMAaHITHI Mmiaxoau 10 moaudikanii nosepxui KHH s
CEHCOpIB BOJIOTOCTI, TaKl SK BHUKOPUCTAaHHS CaMO30ipHMX MOHOMIAPIB (HAMPUKIA]
reKCaMEeTUIIMCUIIa3aH ), HAHECEHHS] METAJIEBUX IJTIBOK (Harpukiazd, Ni) abo 3aCTOCYBaHHS
OKCUJHUX MatepianiB (Hanpukiaa, ZnO).

[Tlim gac momudikamii moBepxHi KHH 3a momomororw rekcamMeTHIIMCHIA3aHy
(HMDS), rinpodinbHa NOBEpXHS MEPETBOPIOETHCS HA T1APOPOOHY 32 paXyHOK METHIIBHUX
rpy, ski npucytHi Ha MmoHomapi HMDS. Ileit mpouec BindoyBaetbest mpu 00podui KHH y
cepenoBuili HMDS npu Temneparypi 120°C mpotsrom 20 xB. I'ekcameTniaucuiazan
pearye 3 TiIpPOKCHJIIBHUMH TpylmaMd Ha MOBEpXHI HaHOHHUTOK (Si(miakiaaka)-OH),
yTBOprofoun TpuMetmicuiaokeu (Si(miaknaaka)-O-Si-(CHs)s) uepes peakiiiro CHITITFOBaHHS.
Taka rigpodoOHa Momudikailis mpuszBesia 10 MEHILIOro aJcopOyBaHHS MOJIEKYJ] BOIU
YyTIUBUM €JIEMEHTOM jgartunka Ha ocHoBi KHH, mo BimoOpaswiiocs Ha 3MEHIICHHI
BilHOCHOI 3MiHU eMmHOCTI (AC/C) 3 78,7 no 16,4%. OnHak 1ie TakoX MPU3BEIO [0
CKOpPOYEHHS Yacy BIATYKY B 2,5 pasu 3 350 mo 132 c, a TakoX 10 3MEHILIEHHS PO3Mipy
ricrepesucy 3 8,1 1o 1,1% (mpu 3MiHi piBHS BigHOCHOT BostorocTi Bif 11,3 1o 93% RH) [38].

Jlnst Mmoaudikalii HoBepxXH1 KpEMHIEBUX HAHOHUTOK YacTO BUKOPUCTOBYIOTh METAIIH,
Taki sk Hikenb [39]. [Iporec HaHeceHnHs Hikenro Ha nmoBepxHo KHH 3nilicHIO€TBCS Uepe3

aBTOKaTaJIITUYHE OCaKeHHs. [licis mporo 3pa3ku MiAMar0ThCS BUCOKOTEMIIEPATYPHOMY
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Bianany (3a3Buyail npu temmeparypi 250-500°C y cepenoBuIlll aproHy). 3aKiHUYy€eThCS
MPOLIEC BUTOTOBJICHHSI CEHCOPIB 32 IOMIOMOTOI0 MIPUKJICIOBAHHS ABOX MIAHHUX MPOBITHUKIB
sK KoHTakTiB. Moaudikamis Ni/KHH npuszsena no 3MeHmenss aytiauBocti 3 889,3 mo 89,9
I''/RH, ame B To ’ke yac 3pociia JHIHHICTE poO0YOT XapaKTepUCTHKU (KOeDIIieHT
JiHIAHOCTI npakTU4HO cTaB 1). Kpim Toro, st Moaudikaiis 3Ha4HO 301JIbLINIIA €MHICTh
ceHcopa (B 6-9 paziB), 1110 MOKE TOSICHIOBATUCS] CKOPOYCHHSIM BiJICTaHI MK HAHOHUTKaMU
3a pPaxXyHOK HAHECEHHsI HIKEeJIeBOro MOKpUTTA. [licis Bigmany i10HU HIKEII0 MOXYTh
mubyHAyBaTH B KpeMHIN, yTBOproroud (aszu SiNiX, M0 MNPU3BOJIUTH O 30UIBIICHHS
IMIOPCTKOCTI TMOBEPXHI Ta, BIAMOBIIHO, MOKpAIEHHS BIATYKY. Takox 30UIBIIMBCSA Yac
BIITYKY/BITHOBJIEHHS JaTUMKa MPU Pi3HUX piBHAX BojiorocTi: 39 ¢ / 24 ¢ pu 11,3% RH Ta
101 ¢/ 53 ¢ pu 97,3% RH.

Jns  wmomudikanii moBepxHi KHH 'y ceHcopax BOJOrocTi MOKHAa TaKOX
BUKOPHUCTOBYBATH OKCUJ ITMHKY (ZnO). st iiporo Ha macuB KHH HaHOCSTH OKCHA LIMHKY
y BUIJISAI HaHOCTPWwkHIB (ZnO-NRs) 3a 10moMorord METOAy €JIEKTPO-XIMIYHOTO
ocamkeHHs. [leit Bua moaudikaili mpu3BOAUTH 10 MIABUIICHHS KOe]illl€HTa YyTIMBOCTI
10 0.69 H®/%RH (pu mokparenHi koedimieraTa giHiiHOCTI 10 0.97). [Ipn nbomMy 3HaYHO
MOy €ThCs yac BiAryky (3 350 10 26 ¢) ta yac BigHOBICHHS (3 52 10 7 ¢). Lle Mmoxke Oyt
noB'si3aHo 3 TuM, 10 HaHokommo3utu ZnO-NRS/KHH wmaroTe kparie CrHiBBiIHOIICHHS
noBepxHi 10 00'eMy mopiBHsAHO 3 okpemumu KHH a6o ZnO-NRs, a Tako HaHOYAaCTHHKU
Zn0 3a3Bu4ail MarOTh BEJIUKY KUIbKICTh T1IPOKCHJIBHUX TPYH Ha MOBEPXHI, 110 JOJIATKOBO
MiIBHIILY€ BOJOTOYYTIIMBICTh Tipriany [40].

1.4.3 Cencopu Temmneparypu. TemmnepaTypa — OAWH 3 HaWOIIbII BUMIPIOBAHUX
¢13uunux napametpiB. [TpubmmzHo 50% BciX BUTOTOBJIEHMX CEHCOPHHUX MPUIIAAIB Ha
ChOTOZHI € CceHcopaMu TeMmrepaTypu. KOHTpoib TeMmrepaTypd HEOOXITHUN B
MPOMUCIIOBOCTI TiJ 4YaCc BUPOOHWYHUX TIPOIIECIB, JJIsi MOHITOpUHTY Temmepatypu IC,
BUMIPIOBAaHHSI TEMIIEPATYPH HABKOJMILIHBOIO CEPEIOBUIIA Ta JIIOACHKOro Tijia. KpemHieBi
TEPMOPE3UCTOPU Ta TEPMOMIONU JOCHUTh TIOMYJISIPHI, OCKIJIBKA BOHH BIJIOBIAAIOTH
HACTYITHUM YyMOBaM: MPUHHSATHA TOYHICTh Ta YyTJIMBICTh, KOMITAKTHICTh Ta JIETKICTh,

MO>KJIUBICTh BUTOTOBJICHHSI MO TPYIMOBINA 1HTErpaibHIi TEXHOJOTIi, a BIATaK — HHU3bKa
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BapTICTh Ta CYMICHICTh 3 IHTETpaJIbHUMHU cXemMaMu. Ha CchOroaHIIIHINA AeHb HAHOHUTKHU
OyJM yCHIIIHO BUKOPUCTaH]1 B CEHCOpaX TeMIepaTypu pe3UCTUBHOTO Tuy [41].

[TpuHIMn aii ceHCOpiB TeMIlepaTypu PE3UCTUBHOTO THUITY MOJISITa€ y 3MiHI OMOPY
YyTIMBOIO €JIEMEHTY TIpu 3MiHI Temmneparypu. TepMope3UcTUBHUN edeKT B
HaITIBIPOBITHUKOBUX Marepiajgax IMOJsIrae y 3MiHI €JIEKTPUYHOTO OIMopy MaTrepiamy 3i
3MIHOIO TeMIIEpaTypH BHACTIOK 3MiHU KIJIBKOCTI BIJIBHUX HOCIIB 3apsay 1 iX pyXJIMBOCTI:

o(T) = qn(T)u,(T) + qp(T)up(T) (1.5)
JIe G — TUTOMa EJIEKTPOIPOBIIHICTD;
q — €JIEMEHTApHUM 3apsii;
N, p — KOHIIEHTpAIlig HOCIiB 3apsily B JOMIIIKOBOMY HaIliBIPOBIIHUKY (€JIEKTPOHIB Ta
JIPOK BIATIOBIHO);
Un Wp — PYXJIMBICTb €JIEKTPOHIB Ta AIPOK.
31 30UIBLIEHHSAM TEMIIEpaTypyd OIp HaMIBOPOBIIHUKA MOXE 3MEHIIYBaTHCS

BHACIIJIOK TEPMOAKTUBAIlll HOCIIB 3apsiiy (3pOCTaHHSA KOHIEHTpallii BIUIBHUX HOCIIB

3apsiay):
Ed
n=mngy-e 2kT (1.6)
_Ea
p = pg-e 2kT (1.7)

i€ Ny, Po, — CTaJI;
AEq4, AE, — rmubuna 3aisraHds TOHOPHUX Ta aKIENTOPHHUX JOMIIIIOK;
k — crama bonwimana;
T — Temneparypa.
AOG0 3pocTaTH 3a paxyHOK pPO3CIIOBaHHS HOCIIB 3apsily Ha TEIMJIOBUX KOJMBAHHS

IpaTK (3MEHIIEHHS PyXJIMBOCTI HOCIiB 3apsiny):

U= T_% (1.8)

Pe3ucTuBHI TepMOCEHCOPY HA OCHOBI KPEMHI€BUX HAHOHUTOK CKIIAJIAIOTHCS 3 TPHOX
OCHOBHHMX KOMIIOHEHTIB: KPEMHI€BOI MiAKIaAKH, 130JsTopa (Si0z) Ta TEpMOUYYTIMBOIO
mapy (MacuBy KpPEMHIEBUX HAHOHUTOK). sl CTBOpPEHHSI CEHCOpIB TeMIEepaTypH
BUKOPHUCTOBYETHCSI KPEMHIHM AIPKOBOTrO TUIy HpoBigHOCTI. [IpuHInmn aii Takux ceHcopiB

MOJISITAa€ B TOMY, IO 31 3MIHOIO TeMIIEpaTypu CTPyM JIHIHHO 3pOCTaE.
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KpemnieBi HaHOHUTKM Oyjau OTpHMaHl 3a JOIMOMOTOI METOoJIy C(OKYyCOBaHOTO
10HHOTO MIPOMEHIO JJIsi CTBOPEHHS aMop(i30BaHUX 00JacTel y KpUCTaIIdYHOMY KpPEeMHii, a
MOTIM MiJAaBaJIMCA TEPMIYHOMY BifHady JJIsl MOKPAIICHHS iX €JIEKTPUYHOI MPOBIAHOCTI
(npuHaikimMHiI Ha nopsaaok, 3 0,007 go 0,14 Cm-cm™!). Onip KHH 3MennryBaBcs Oibli, Hixk
Ha 50%, mpu 3miHi Temmepatypu Bij kiMHaTHOI A0 70°C. Ili ceHcopu MaroTh 3HAYHE
3HAQYEHHS HETaTHMBHOTO TemmepaTypHoro koedimienty omopy (-8000...-12000ppm/K).
TepMouyT/IHBICTh TaKMX CEHCOPIB MOB’s3aHA 3 THUM, IO MPHU MIABUIICHHI TeMIepaTypu
BiJIOYBAETHCSI TEPMOCJICKTPOHHA €MICisi Ta TYHENIOBaHHS BUIBHUX HOCIIB 3apsiay uepes
MOTEHITIaJIbHI 0ap'epH, 110 3HAXOAATHCS Ha MEX1 HAaHOHUTOK (puc.1.14) [41].

1.4.3 Cencopu ocsitiieHoCTi. DPOTOAETEKTOPH NEPETBOPIOIOTH BXIJHE CBITIO B
CJCKTPUYHUIA CHUTHAJI 1 IIUPOKO BHUKOPHUCTOBYIOTHCS B ONTHYHHX TEJIECKOMYHIKAIIisX,
TEXHOJIOT1SIX AUCTAHI[IHHOTO KEPYBaHHs, MOHITOPUHIY OCBITJIIEHOCTI SIK B/IEHb, TaK 1 BHOUI,
a TaKoXX B YNpPABIIHHI BHYTpIIIHIM OcCBITIeHHsAM. Bximouenns KHH y koHcTpykiito
bOTOETEKTOPIB MPU3BENO JI0 MIABUIICHHS €(EKTUBHOCTI, Hacamrmepe] 3aBlsSKU
MOKPAIIEHOMY ONTUYHOMY TIOIVIMHAHHIO L1€i HAHOCTPYKTYPOBAaHOI (POPMU KPEMHIIO.
HanoctpykTtypu, siki Oynu creriaibHO po3po0IieH], 3HAYHO 3MEHITYIOTh KUTBKICTh CBITJIA,
BIJIOUTOTO BiJ IOBEPXHI KPEMHiI0, IO POOUTH iX iAcadbHUMHM JJIi BUKOPHUCTAHHS B
natuvkax cBitina. Kpim Ttoro, Oap’epHi ctpyktypu Ha ocHoBi KHH pemoHcTpytoTh
30UTBIIIEHHS! ONITUYHOTO MIJISAXY Ta 3MEHIICHHS €JIEKTPOHHOTO MUISAXY, 110 MPU3BOAUTH 10
MOCWJICHHS (POTOETEKTPUYHOIO BIATYKY LIMX MPUCTPOIB [37].

3a mpuHIKIIOM 111, ceHcopu ocBiTiIeHOCTI Ha 6a31 KHH MoxyTh OyTH pe3ucTHBHOTO
a6o miogHoro Tumy. [IpuHimm nii CEHCOPIB OCBITJICHOCTI PE3UCTUBHOTO THUITY TOJSTAE Y
3MiHI OMOpPY YyTJIMBOTO €JIEMEHTY IMpHU 3MiHI MOTY>KHOCTI onpomiHeHHs. Lle 3ymoBieHo
TUM, 1110 B PE3YJIbTaTI MOTJIMHAHHS HAMMBIPOBITHUKOM €HEPTii CBITIIOBOTO MOTOKY B HHOMY
BUHHUKAIOTh HAJJIMIIKOBI HEpPIBHOBaXXHI HOCIi 3apsiay (¢doToHOCIT), SKI CTBOPIOIOTH
JOJIAaTKOBY €JIEKTPONPOBIAHICTE ((oToCcTpyMm). DOTOUYTIMBI BIACTUBOCTI OYJIb-SIKOTO
HaITIBIPOBITHUKOBOTO Marepiaay OIlIHIOIOThCS HA OCHOBI CBITJIOBOi XapaKTEPUCTUKHU.
[IpuHuun fAii Takoro ceHcopa TMOJSAra€e B HACTYMHOMY: IIiJl JI€E0 OCBITJIEHHS B
HAIIBIPOBITHUKY TEHEPYIOThCSI HEPIBHOBAXKHI (DOTOHOCII, MO BHOCATH CBi BKJIaa B

3BOPOTHIN CTPYM p-nh MEPEXOy B 3aJICKHOCTI BiJ PIBHSA OCBITIEHOCTI. DOTOMPOBITHICT
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MO)Ke OyTH 3yMOBJIEHA SIK BJIACHUM, TaK 1 JOMIIIKOBUM IOIJIMHAHHAM. Y pa3i BIACHOTO
MOTJIMHAHHS €HEepTis (POTOHIB BUMPOMIHIOBAHHS MEPEIAETHCS BAJICHTHUM €JICKTPOHAM, K1
NEepeXoAsATh Y 30HY IIPOBIIHOCTI, Ta B HAMIBIIPOBIHUKY YTBOPIOIOTHCS MApH HOCIIB 3apsiay
— EJEKTPOH—JIpKa. Y pa3l JOMIIIKOBOIO MOTJIMHAHHS MMi]1 A1€10 POTOHIB BUIIPOMIHIOBAHHS
CJICKTPOHH 3 BAJCHTHOI 30HU MEPEXOJATh Ha aKIENTOPHI PIBHI il YTBOPIOIOTHCS HIPKH
(HATmBOPOBIAHUK P-TUITY) a00 EJIEKTPOHH 3 JOHOPHHUX PIBHIB MEPEXOAATh Y 30HY
MIPOBIAHOCTI ¥ YTBOPIOIOTHCS BIJIbHI €JIEKTPOHHU (HAMBIPOBIAHUK n-TUTY). KoHIIEHTparis
JOMIIIKOBUX aTOMIB MaJia, ¥ BOHU TEPEBaXHO 10HI30BaHI BXKE 3a BIJIHOCHO HHU3bKHUX
TEeMIlepaTyp, TOMY BJIacHa (DOTOMPOBIJIHICTb € CYTTEBO OLIBIIOI, HDK JOMIIIKOBA.
@OTONPOBIAHICT BUHUKAE TUTBKH TO/1, KOJIM €HEPTisl (POTOHIB MEPEBUIILYE JESKE TOPOrOBE

3HAYEHHS. 3a BJIACHOTO MOTJIMHAHHS 1151 eHEePTis BIMNOBIIa€ MHUPUHI 3a00POHEHOI 30HH, a

Thermionic emission current
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Pucynox 1.14 — Intoctpartist mexanizmiB ~ Pucynok 1.15 — Ctpykrypa I U-cencopa Ha
MPOTIKAHHS CTPYMY B CEHCOPI ocaoBi KHH/Graphene [43]

temrnepaTypu Ha ocHoBl KHH [41]

3a JIOMIIIKOBOI'O — €HEPTii akTUBaIlil JOHOPHOI foMiku. EnexTpuune noje p-n nepexomy
po3auisie pOTOHOCIT, IEPEKUIAE EIEKTPOHU B N-00J1aCTh, a NIPKU — B P-00JIaCTh 1 YTBOPIOE
JIOJTATKOBHI 3BOPOTHUN CTPYM 10/, SIKM Ha3uBalOTh GotocTpymoM Id. B yTBOpeHHi
dboTocTpyMy OepyTh ydacTh SIK JIPKA Ta EJIEKTPOHH, TECHEpallisl SKUX BiJI0YyBa€ThCS
Oe3rmocepeTHbO B P-n IEPEeXoJli, TaK 1 HEOCHOBHI Hocii oOmacteit p Ta n. Po3gineHHs
(OTOHOCIIB y p-n Mepexo/ii TeHePYIOThCS BT TEPEX0y He Aali, Sk qudy3iiHa ToBKUHA. Y

MPOTWICKHOMY BHUIAJKy MiJ 4yac audy3ii A0 p-n Mepexoay MIpKH Ta EJIEKTPOHH He
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JIOXOJISATh, OCKIJIbKA BCTUTAIOTh MPOPEKOMOIHYBaTH. UM O1IbIINI PiBEHb OCBITICHOCTI P-
n nepexonay, TUM Oinmbiie (GoToHOCIIB Oyae 3reHepoBaHO, IO MPHU3BEIAE 10 3POCTAHHS
3BOPOTHOTO CTPYMY.

Jns mominieHHsT poOOYMX XapaKTepUCTUK (POTOACTEKTOPIB BUKOPUCTOBYIOTHCS
pizHi momudikamii, 30kpema, KHH/Graphene [42] Ta KHH/PtSe, [44]. Ctpykrypa IU-
ceHcopa, nodyaosana Ha ocHoBli KHH/Graphene, cknanaeTscst 3 uytnuBoi obnacti g0 14
ceiTna (macuB KHH, sixuit mMommudixoBanmii rpadeHOM) Ta CHUCTEMH €JIEKTPOJIB (IBa
koHTakTH Ti/Ni) (puc.1.15). 3a mpuHIUIOM aii Takl CEHCOPU € PE3UCTUBHUMHU: OMIp
sMmeHmryetbess npu BrmmBl [Y cBitma. KHH Oymu orpumani merogom MCXT. [ns
cTBOpeHHs [Y-ceHCcOpiB BUKOPUCTOBYBAaBCA Si €JIEKTPOHHOIO THUIy MPOBIIHOCTI.
Momudikamiss KHH/Graphene Oyna 3niiicHena metonom KpamnanHs. [louaTtkoBo rpaden
JUCHEPryBajd B €TaHOJI YJIbTpa3BykoM, a moTiM HaHocuiau Ha KHH 3a momomororo
MIKpOIINEeTKH. Mexani3M Jiii rpadeHy nossirae B HOro 31aTHOCTI YTBOPIOBATH 3 KPEMHIEM
mion LoTTki, 10 3HAYHO PO3IIMPIOE CIIEKTpalbHUN poOounii maianazoH. [lniBka rpadeny
BUCTYTIA€ HE JIUIIIE TIPO30PUM €JIEKTPOJIOM IS TPOXO/HKEHHS CBITIA, @ i aKTUBHUM IIAPOM
JUTSL PO3IIJICHHST HOCIIB 3apsany 1 pyxy Aipok. Takox, rpadeH € 1 aHTHBIAOMBAIHHUM
MOKPUTTAM, 110 3MeHInye BinouTTs Ha 80% [Y-miamazoni. @otoBiAryk mMoaudikoBaHoOl
ctpyktypu KHH/Graphene cknaB 12,7% (omip 3MenmmBcs 3 11,8 mo 10,2 kOm) mifg
BrtuBOM [U-BunpomintoBanns (1064 um). Takox 111 ceHCOpU TIPOJAEMOHCTPYBAIIU Maiike

TOBHE BIJHOBJICHHS 0 TOYaTKOBOTO 3HAYCHHS MEHIIE, HIXK 3a 5 ¢ [42].
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Pucynox 1.16 — Enepreruuni giarpamu, o UTIOCTPYIOTh MEXaHI3M Jii MoaudikaTopa
PtSe, B [U-cencopi na ocnoBi KHH/PtSe,: 3a BijicyTHOCTI 3MillleHHS Ha miepexoi (a),

IIPY T01a41 3BOPOTHHOTO 3MITIICHHS Ha niepexoi (0) [44]
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CrpykTypHO ceHcop ocBiTieHocTi Ha ocHOBI KHH/PtSe2 cknamaerbest 31 CBITIOUYTIMBOI
o0OnacTi, sKa TMPEACTaBICHA MAacCHBOM KpPEMHIEBUX HAHOHUTOK N-THITYy, TOKPUTHUX
moaudikaropom PtSe,, Ta KOHTaKTHUX MaiJlaHYMKIB, BUKOHAHUX 3 Au. [lpuHimn mii
ceHcopa moJiirae B 301IbIeHHI cTpyMy mif BituBoM [Y cBitna. KHH Oynu oTpumani 3a
goromoror aoxcragiiHoro merony MCXT, BUKOPHCTOBYIOUM Si €IEKTPOHHOTO THITY
IpOBiAHOCTI 3 MUTOMUM oropoM 1-10 Om-cm. Moaudikamiss KHH/PtSe, 6yna nposeaena
3a IOTIOMOTOF0 MarHeTpoHHOTo po3nuiieHHs PtSe, Ha moBepxHI0 Si0,/Si.

Mexanizm nii Mmoaudikaropa Mojsrae y CTBOPEHHI T'€TepoIrepexoly Ha MEXI JIBOX
matepianiB, KHH Ta PtSe,. 3aBasku ix pi3HuIll y poOOTI BUXO1Y, €IEKTPOHHU MEPEXOATh
Bi1 n-KHH no PtSe,, mjo nudynaye B 30Hy 3017HEHHS OCHOBHMMH HOCIAMH 3apsay Ta
cuJIbHE BOYIOBaHe eleKTpuuHe mnoJje. Lle mone po3aisise enekTpoH-/1ipKoBi Mapu, CTBOPEHI
CBITJIOM, IO MPHU3BOAUTH A0 3HAYHOTO (oTOoCTpyMy. KOJM 30BHIIIHE €IEKTPUYHE IMOJIE
MPOTWICKHE HAMPsIMKY BOYJAOBAaHOTO IO, €(EKTUBHICTh PO3IIJIECHHSA EJIEKTPOHHO-
JTIPKOBUX IMap 30UIBIIYETHCS, IO MNPHU3BOAUTH 10 Oinbinoro dortoctpymy (puc.l.16).
CeHcopu noKa3aJid HalBUIIl 3HA4YE€HHS KoeQilieHTa (OTOUYTIUBOCTI, KU ckiaB 12,65
A/BT nipu Hanpy3i -5 B. @ortoBiaryk gocarunys 3HaueHHs 104. Uac peakiiii Ta BiIHOBJICHHS
cknaB ymme 10,1 1 19,5 Mkc BIAMOBIAHO, a CEKTPaIbHUMN Jlana3oH po3mupuBcs a0 200—
1550 wum. Takox gnsg Moaudikaiii KpeMHIEBOT TOBEPXHI BUKOPUCTOBYETHCA
HaMBNPOBITHUKOBHM Matepian p-tumy Cu,ZnSnSs (CZTS) 3 Meroro moKpaiieHHS
YyTJIIMBOCTI Ta 3HUKEHHSI po0040i TeMIiepaTypu ceHcopiB. CeHcopHa CTPYKTypa, 3aCHOBaHA
Ha KHH/CZTS, ckmamaeTrbcs 3 4YyTiauMBOI A0 CBiTJIa 00yacTi (MacMBY KpPEMHIEBUX
HAaHOHUTOK, MOKpUTUX wMoaudpikatopom CZTS) Ta enektpomHoi cucremu (Al/Ag).
[TpuHIMn 11i JaHOTO ceHCcopa MoJIsIrae B 301IbIIIEHH] CTpyMy IpH BIutuBi cBitia. KHH 6ynu
BurotosiieHi MmetogoM MCXT 3a nBoxcTaaiitHoro mpotienyporo. Jis popMyBaHHS CEHCOPIB
BUKOPUCTOBYBABCS KPEMHIA €JEKTPOHHOTO THILYy TMPOBIAHOCTI 3 MUTOMHUM OIMOPOM
nigkiaaaku 1-10 Om-cm. Moaudikamis KHH/CZTS Oyna BukoHaHa IMUISIXOM KparneabHOTo
HaHeceHHs Ha moBepxHIO Si0,/Si. CeHcopu MoKa3av HANWOUIBINI 3HAYEHHS YYTJIHBOCTI,
ckiaamaroun 14 MA-Bt!' mpu BimcyTtHocTi mxepena nanpyru. Kpim Toro, ueil cencop mae

BEJMKE  CIIBBIAHOIIEHHA  CTPyMy @pU  BMHKaHHI/BUMHKaHHI  cBiTia.  Yac
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peaKIii/BITHOBIEHHS CTaHOBUTH Jmie 1,4/14,2 Mkc, a poOounii CrieKTpaJbHUM Jiana3oH

posmproerbest 10 350—-1100 um [45].

BucnoBku g0 po3ainy 1.

[IpoBeneHO AeTalbHUN OTJIS[] TEXHOJIOTIM CTBOpPEHHS, MaTepialliB Ta KOHCTPYKIIIH
CEHCOPIB Ha OCHOBI HAHOPO3MIPHUX KpeMH1€BUX 1D CTpyKTyp MIsl CEHCOpIB XIMIYHUX Ta
G13MYHUX BeMMYMH. AHaNI3 TMOKa3aB, 1[0 TaKli CEHCOPH MalOTh BHCOKY YYTJIHWBICTH Ta
a7IcOpOIIiiTH1 BIACTUBOCTI 3aB/ISIKH YHIKAJIbHUM €JIEKTPOHHUM BJIACTUBOCTSM Ta PO3BUHYTIH
MOBEPXHEBIN CTPYKTYPi, IO 3a0e3Meuy€e TOUYHE BUSBICHHS P13HUX XIMIYHUX 1 010JI0TTYHUX
cnostyk. Takox 110 mepeBar ceHcopiB Ha ocHoBI KHH ciming BimHecTn KiMHaTHI poOoui
TeMIiepaTypu Ta cyMicHICTh 3 IC, a 3aBsIKM 1X MIHIATIOPHUM pO3MipaM, 1l CEHCOPU MOKYTh
OyTH BHUKOpPHUCTaHI B Pi3HUX c(epax, BKIIOUAIOYH MOHITOPUHI 3a0pyJHIOBadiB MOBITPA,
BOAM Ta MEAMYHY JlarHOCTUKY. OJHAK OrJjsij JiTepaTypu BHUSBUB JEKUIbKAa OCHOBHUX
npobisiem Takux ceHcopi. [lo-nepiie, ceHcopu Ha ocHoBi KHH uwacto matote oOMexeHy
CTaOUIBHICTH 32 PI3HUX YMOB €KCILTyaTallii, 0 MOK€ BIUIMBATH HA TOYHICTh BUMIPIOBAHb.
[To-npyre, TakuM puiaiaM € BIACTUBUM MOPIBHSHO BEJIMKI YacH BIJITYKY Ta BITHOBJICHHSI,
[0 BU3HAYAIOTh HU3bKY WIBHIKOJIIO ceHcopa. Ilo-TpeTe, JOBrOBIYHICTh TAKUX CEHCOPIB
noTpedye J0IaTKOBUX JOCIIKEHb, OCKIJIbKM KPEMHIN Ma€ BIACTHUBICTh OKUCITFOBATHUCS 3
yacoM. Jlnsg mnoponaHHd ©MX NOpoOieM B JaHii poOOTI 3alpoONOHOBAHO KUIbKa
NEPCIEKTUBHUX MIIXO/IB: AOCTIHPKEHHS Ta BIOCKOHAJICHHS TEXHOJOTIYHUX TapameTpiB
ctBopenns MacuBy KHH Ta BukopucTanHs pi3HUX BUIIB TOBEPXHEBOI MOIU(DIKAIlISI MACUBY

KHH, 110 Mo3e miaBUIIUTH HIBUAKO/110, CTA0IIbHICTh Ta YUY TIUBICTh TAKMX CEHCOPIB.
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Pozain 2. BIUIMB TEXHOJIOTTYHUX ITAPAMETPIB CTBOPEHHA MACHBY
KHH HA PE3MCTHUBHI CEHCOPU HA MMIOI'O OCHOBI

2.1 Texuonoris BurorosieHHss MacuBy KHH Ta cencopiB Ha 1ioro ocHOBI

VY naniit po6oTi OyIu CTBOPEH1 PE3UCTUBHI CEHCOPU (PI3MYHMX Ta XIMIYHMX BEJIMYUH
Ha ocHOBI kpemHieBux HaHoHMTOK (KHH). Jlns iX CTBOpeHHS BUKOPHCTOBYBAJIHCH
KPEMHI€B1 MIKIAAKU 3 TUTOMUM oropoM 1, 10, 20 OM-cM, K1 MiIsTaiy TPhOXCTaIIHHOMY
npolecy ourilieHHs. Ha nepiomy erami MexaHiuHi Ta OpraHiuHi 3a0pyAHEHHS BUIASIOThH
B nepekucHo-amiauHomy po3uuHi NH4sOH/H,O./H,O (1:1:3) 3a Ttemmneparypu 80°C
npotsarom 10 xB. Ha apyromy erami 3aqumnikoBi 10HU METaliB BUJAJSIOTh B MEPEKHCHO-
xjopuomy po3uuHi HCI/H,O,/H,O (1:1:3) 3a temnepatypu 80°C mpotsirom 10 xB. Ha
TPETHOMY €Talll IJIaCTUHY 3aHYPIOIOTh y po3uMH Iu1aBukoBoi kucinotu H,O/HF (100:0,5) na
30 ¢ s BUJATIeHHS TOBEPXHEBOIO OKCHAY KpeMHiro. [Ticis koxHOI omneparllii miacTuHU
MPOMUBAINCSI B TPbOXKACKAIHIM BaHHI 3 JeioHI30BaHO Bojowo (60°C/40°C/20°C)
BIIPO10BK 20 XB, MICIIA YOTo MpoCyIryBaauchk Ha neHTpudysi. [1lod cTBopuTH KpemHi€BI
HAHOHWUTKHU, BUKOPUCTOBYBAIM JIBOXCTAAIMHUN METOJT METaI0-CTUMYJILOBAHOTO XIMIYHOTO
tpaBieHHs. Iling yac mepmoro eramy MCXT BigOyBa€eThCs OCaKEHHS HAHOYACTHHOK
cpibna (HY Ag) y po3uuni Ha ocHoBl HaHomopoioky AgNOs; ta HF (puc.2.1, a). Bmict
AgNO; (3miHOBanach Biag 34 1o 136 Mr) ta TpuBadiCTh OCaHKEHHS HAHOYACTUHOK Ag
(TpuBalicTh MEpIIOTO eTamy t;, 3MiHIoBajIack Bij 20 10 60 ¢) € KIIIOYOBUMHU TEXHOJIOTTYHUMU
napamMeTpaMu Ha IIbOMY €Tarll, OCKUIbKH BIUIUBAIOTh Ha CTPYKTYpHI Xapaktepuctuku KHH.
L1 mapamMeTpu BU3HAYAIOTh KIJIbKICTh HAHOYACTUHOK Cpi0JIa, SIKi 0CAIKYIOThCA Ha TOBEPXHI
KPEeMHII0, 1 BIUIMBAIOTh HA IUIAHApHY TEOMETPIF0 KPEMHIEBHMX HAHOHUTOK T dac
HACTYMHOro eramy TpaBieHHs. I[lpuroryBanHs po3umny st nepmoi craaii MCXT
Bi10OyBasiocss HAaCTynmHUM 4uHOM: 34-136 mr AgNO; pozunnsiiu B 10 M H,O, nonaBanu
4,42 mn 40-% poszunny HF, a mgami mo cymimn gomaBamu H,O, mo6 otpumaru 20 M
po3unHy. CyTh [aHOro e€Tamy TMOJiAraE B OCAPKCHHI METajeBOro KarajizaTopa Ha
HAMIBIPOBIIHUK 711 3MEHIIEHHS €Heprii akTuBalli XIMIYHOI peakiii TpaBJIICHHS Ha

KOHTaKTI MeTaj/HamBOpoBiAHUK. L{e mpu3BOANTSH 10 301IbIIEHHS IBUKOCT] TPABJICHHS HA
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OKpeMUX JUISIHKaX MJIACTHUHH, 10 BII0OYBA€THCS Ha HACTYIMHOMY €Talll. [HIuMu cioBamu,
Ha JaHOMY eTalll 3a/a€ThCsd BHOIPKOBICTH TPABICHHS KPEMHIIO, SKE Ma€ MiCIe ITija

HAaHOYACTHUHKAMU CpibJia, B pe3yJIbTaTi YOTO YTBOPIOIOTHCS MPOTATMHU MK HAHOHUTKAMHU.

a) 6) B)

Pucynox 2.1 — [1ocmi10BHICTh TEXHOJIOTIYHHUX TPOIIECIB ITi/T 4aC BUTOTOBJICHHS

PE3UCTUBHUX/EMHICHUX CEHCOPIB HAa OCHOB1 KPEMHI€BUX HAHOHUTOK: @) TIEPIIUH eTarl
MCXT, 0) apyruii eran MCXT, B) HaHeCeHHs] KOHTaKTiB (1 —KpemMHi€Ba MiaKIaaKa, 2—

HAHOYACTHHKHU Ag, 3—KpeMHi1€BI HAHOHUTKHU, 4— KOHTaKTH T1/Ni)

[Tix gac apyroro eranmy MCXT y po3unHi Ha OCHOBI IEPEKUCY BOJHIO BII0OYBAETHCS
TpPaBJICHHS KPEMHIIO0 MijJ HaHo4YacTMHKamu cpiona (puc.2.1, 6). Konuenrtpauis H,O,
(3minroBanacsk Big 0,2 10 1,6 Mi1) Ta TpUBAJICTh MPOIECY TPABJICHHS (TPUBATICTH APYTOTO
eTany t, 3MiHIOBajach Big 5 10 150 XB) € KIIOUOBMMHM MapaMeTpaMu Ha LbOMY €Tall,
OCKIJIbKM BIUTMBAIOTh Ha CTPYKTypHi xapaktepuctuku KHH. i TexHonoriuni napamerpu
BU3HAYAIOTh TJIMOWHY TpaBJIEHHS KPEMHIIO, sIKa BIJMOBIJIa€ 32 BUCOTY HAHOHUTOK 1
BepTukanbHy reometpito macuBy KHH. IlpuroryBanns po3uuny s apyroi cramaii MCXT
Bi10yBasocs HaCTymHUM YuHOM: criodatky 11w 40-% HF nonmaBamu no 30 mn H,O, mami
(0,2 - 1,6 mu1) mepexurcy BOJIHIO pO3UMHSUIH B po3unHi. [ToTim 10 cymimn gogatots H,O, 1100
orpumMatu 50 mu po3unHy. CyTh JAHOTO €Tamy MOJSITrae B TOMY, 1110 OKUCHUK MEPEBaXKHO
BIJTHOBJIIOEThCS Ha TMOBEPXHI MeTajeBOro karamizatopa, a mipku (h") iHXEKTYIOTbCSA 3
METAJICBOTO KaTtajizaTopa B Si, a00 €JeKTpOHM (€) MepeHOCAThCS 3 Si Ha MeTajeBUii
katamizatop. KpeMHill mij MeTalieBUM KaTali3aTOPOM Ma€ MaKCHMajbHY KOHIIEHTpAIil0

TIpOK, TOMY OKHCIIEHHS 1 PO3YMHEHHsS Si BiIOYBa€ThCS MEPEBAXKHO IIiJ METAIEBUM
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Katayii3aropoM. TexHoyoriuH1 pexxumu ctBopeHHs macuBy KHH, sixi Oynu mocnimkeHHi B
poboti, 3Beneni B Tabm. b.6. Ilicns omepamii MCXT Ha moBepxHI CTPYyKTypOBaHOI
KPEMHI€BOI MIJIKJIAJKA 3aJMIIAI0THCS HAHOYACTUHKHU Cpibiia, SKI BUAAISIIMCH IHUISIXOM
BUTpUMKH B KoHIeHTpoBaHii HNO; mporsrom 1 rox. Ilicnsi cTBOpeHHST KpeMHIEBUX
HAHOHUTOK HACTYITHOIO Omepali€eio € (pOopMyBaHHA TOUYKOBUX (DPOHTATHLHUX KOHTAKTIB Ha
noBepxHi KHH nuisixom ocamxennst metaneBoi ctpyktypu Ti/Ni (puc.2.1, B). s mporo
BUKOPHUCTOBYBAJIM METOJI €JIEKTPOHHO-TIpoMeHeBoro BumapoByBaHHA. [LmiBku Ti Ta Ni
OCAQJKyBaJM y BaKyyMHIM YCTaHOBII 3a HACTYIHUX IapaMeTpiB: THUCK B kamepi 10
SMM.pT.CT., Hanpyra 13 kB, ctpym 120 MA. Yac ocaIkeHHs Ul TUTAHY Ta HiKEJIH0 CTAHOBUB
3 ta 20 xB BIAMOBIIHO. B pe3ynbTari oTpruManu TOBIIMHY (PPOHTATILHOTO KOHTAKTY OJIU3bKO

0,5 mxm. CxemaTruHe 300paKeHHS CTPYKTYpU CEHCOPIB MOXKHA O0ayuTH Ha puc. 2.1, B.

2.2 IloBepxueBa mopgosoris macusy KHH

2.2.1 Jocaixxenns nosepxuesoi Mopgoutorii macusy KHH 3a nonomoror CEM.
Hocmimxennss moBepxHeBoi Mmopdosorii macusy KHH mnpoBogunm 3a  momomororo
ckaHytouoro enekTponHoro mikpockorna (CEM) SEM FEI XL-30. ITix gac nporiecy MCXT
MOpQoOJIOTIsI  MOBEPXHI KpeMHil0 Oyna 3HA4HO 3MIHEHAa: Bl  IUIAJKOI [0

BHCOKOCTPYKTypoBaHoi. OcobiuBoCTi 11i€i Mopdoorii BuB4Yaau 3a gonomororo CEM-

Pucynok 2.2 — CEM-300paxeHHs1 KpeMHi€Boi miakaaaku micis npouecy MCXT (wac

ocamxenns Ag HY 20 c, yac tpaienns 90 xB): a) Buj 3Bepxy, 0) BUI y po3pisi
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300paxkeHb (puc. 2.2). BumHo, 10 MOBEpPXHS KPEMHIIO CKJIAJAETHCS 3 OJHOBUMIPHHX
CTPYKTYp (CBITJIMX AUISHOK), PO3AUIEHUX MPOMIKKaMH (TEMHUX TUISTHOK) (puc. 2.2, a). Ha
MONIEPEYHOMY PO3pi31 BHUIHO, III0O OTPUMAHO MacUB HaHOHHUTOK (puc. 2.2, 6). Cepenus
BHCOTa MacUBY CcTaHOBUJIA 5,4 MKM, a cepeans mupuHa — 100 M. B pesynbrarti cepeane
3HAYCHHS CITIBBITHONIICHHS CTOPIH CKJIano 0im3bko 50.

2.2.2 TocaimkenHs noBepxHeBoi mopdoJorii macusy KHH 3a nonomororo ACM.
Jlnst  mociimkeHHss OyB BUKOPHCTaHMM aTOMHO-CHJIOBHH Mikpockon SolverPro B
HAIIBKOHTAKTHOMY pexuMi. KiIbKiCHUN aHai3 CTPYKTYpHHUX MapamMeTpiB MOBEPXHI
3MIIMCHIOBABCS IUIIXOM MPOTrpaMHOi 00poOku 300paxkeHpb y nporpami Gwyddion v.2.63 3
BUKOPUCTAHHAM Pi3HOI1 1ol ckanyBaHHs: 50x50 mxM, 20x20 mxm Ta 10x10 Mkm. 3 mux
300pakeHb OyJIM BU3HAUYEHI CEPeIHbO-KBaIpaTUYHE 3HAUECHHSI IIOPCTKOCTI MOBEPXHI (C.K.3.
mopcTkocTl) Ta MakcumanbHui po3mip KHH. C.k.3. mopctkocTi nae iHdopmaliio mpo
JaTepaibHy MOP(QOJIOTiI0 YyTIMBOI MOBEPXHI CEHCOPIB BOJIOTOCTI Ta MEpenajad BUCOT
(tabn. b.7). dns ouinku BeptukanbHoi reometpii KHH BukopucroByBanacs mopyBaTicTh
KpeMHit0. JOCHiIKEHHSI B aTOMHO-CHJIOBOMY MIKPOCKONI BCTAHOBMJIM BIAMIHHOCTI B
noBepxHeBiil Mopdororii macuBy KHH, cTBopeHHX B pi3HMX TEXHOJIOTIYHHX PEKUMAaX
(puc. 2.3-2.4). B po60Ti BCTaHOBJIEHO BILJIUB OKPEMO KOXHOT'O TapameTpy CTBOPCHHS
macuBy KHH nHa i#oro mopdosorito 3a yMOBM OJHAKOBUX BCiX 1HIIUX TEXHOJIOTTYHHUX
napameTpiB.

3okpema OyJi0 BCTAHOBJIEHO BIUIMB MTUTOMOIO ONOPY BUXIAHOI MIJIKJIAIKK HA BUCOTY
macuBy KHH. Tak, npu 3611b11eHH1 muToMoro onopy miakiaaku 3 1 1o 20 Om-cm (puc.2.3,
a, 0), cnocrepiraeTbcsi 3poctanHs BucoTu macuBy KHH Big 1759 no 2727 mxwm. lle
OB’ 5I3aHO 3 THUM, 1[0 3MEHILIEHHSI PiBHSI JIETYBAHHSI IPU3BOUTH 10 301IbIIEHHS IIBUJIKOCTI
TpaBieHHs [46]. Takox criocTepiranacs Buao3MiHa moBepxHeBoi Mmopdororii Mmacusy KHH
B/l piBHA JieryBaHHs minkianku. biudi ctinku KHH Burmspaiore OUTBII MIOPCTKUMU
(mopucTUMU) 71 HU3bKOOMHUX TMIAKJIaA0K. Biomo, M0 JAOMIIIKK CIIy»XaThb IIEHTpaMu
3apOKEHHSI TIOP IMi/ Yac TPaBJIEHHS Si, 10 MPU3BOAUTH 0 OLIBII MOPUCTOI MOPQOIIOTIT
0iunnx ctiHok KHH y cunphHoneroBanomy Si [47]. Takox B paniii poboTi Oyio
MPOAHAJII30BAaHO BIUTMB TMOTNEPEIHBOTO TEKCTYPYBAHHS BUXIJTHOI MIAKIAAKA HA BUCOTY

macuBy KHH. IIpu nboMmy Oy710 BCTaHOBIIEHO, 110 HAsIBHICTH MIOBEPXHEBOT TEKCTYPH
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Pucynok 2.3 — ACM 2D 300paxennsa mopdoJiorii nosepxHi macusy KHH: Bruius
nuromoro omnopy mniakiaaku (1 Om-cum (a), 20 Om-cM (0)); BILUTUB MONEPETHBOTO
TeKcTypyBaHHs BuxigHoi miakiaaku (6e3 KHH (), 3 KHH (r)); BruiiB acy ocaikeHHs
gacy HY Ag (20 ¢ (x), 60 c (e)) BrutuB Bmicty AgNOs (34 mr (€), 136 mr (x)). B

cTaBkax HaBeseHo BiAnoBiaHI 3D ACM 300paskeHHs

MpU3BOAUTH 110 30uTblIeHHs! BUcoTu MacuBy KHH 3 1472 no 2774 MM, 10 TOSICHIOETHCS
YTBOPEHHSIM T10pUIHOT CTPYKTYpH y BUTIISIAL Tiipamin TekcTypu, Bkputux KHH (puc. 2.3,
B, I'). IIpu 1ipomMy 30UIBLIYETHCS MOPCTKICTh MOBEPXHI Bi 599 no 897 um. Takox OyIo
MPOAHAJII30BaHO BIUIMB Yacy OCA/PKCHHS HAHOYACTUHOK Ag Ha BUCOTY Ta MOP(OIIOriio
macuBy KHH (puc.2.3, n, ). 36inbmenns TpuBanocti nepinoro erairy MCXT 3 20 no 60 c,
NpU3BOAUTEL 10 30unbieHHsT BUcoTH MacuBy KHH 3 1427 no 2069 mxm. Ilpu upomy
mopctkicth nmoBepxHi KHH 3poctae 3 226 no 753 M. CX0XKy TEHIEHIIO JEMOHCTPYE
30utbeHHs BMicty HU Ag B po3uuni nepioi craaii MCXT: Bucora macuBy 3pocia 3 1440
10 2150 am npu 361aemmeri AgNOs 3 34 o 136 mr (puc. 2.3, €, x). B cBoro uepry, c.k.3.
IIIOPCTKOCTI 301IbInyeThes 3 182 mo 226 am. OueBHIHO, 1€ TIOB’S3aHO 31 301IBIICHHSIM
IIBUJKOCTI TPABJICHHS, SK 1€ MoKa3zaHo B poOoti [48]. KpiM Toro, 301iblIeHHS Yacy
ocaokeHHsT AgNPs npu3BoAUTH [0 OCaJKEHHS Ha TOBEPXHI KPEMHISI HE OKPEMHX
HAaHOYACTHHOK, a iX arjoMepariB y BUMISIAL cpiOHMX neHauTpiB [49]. B maniit poOoTi
crocTepiraiocs, 10 MPU MEHIIMX yacax ocamkeHHd AENPs orpuManuii MacuB sIBJISIB

c0000 CYKYMHICTh OKPEMUX HAHOHUTOK, a 32 O1IBIINX YaciB OCAPKCHHS OTPUMAaHUI MAaCUB
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Pucynoxk 2.4 — ACM 2D 306paxkenns mopdouiorii nosepxHi macupy KHH:
BILUTUB yacy TpaBieHHs (5 xB (a), 150 xB (0)); BB BMicty H,O (0,2 M (B),
1,2 M (1)). B craBkax HaBegeHo BianosiaHi 3D ACM 300paxeHHs
MICTUB 3HAYHI MPOTAIMHU MK HUMH, K1 yTBopuiucs mig aeraputamu [50]. Kpim Toro,
OyJi0 mpoaHani30BaHO BIUIMB 4acy TpaBlieHHs Ha BucoTy mMacuBy KHH. Tak, 3mina vacy
TpaByieHHs 3 5 10 150 XB nmpoAeMOHCTpyBaja MepeBakKHO 3pOCTAOUHUMN TPEH ] 301TbIIICHHS
Bucotn MacuBy KHH 3 makcumanbHuM 3HaueHHSIM BUCOTH npu 150 xB 2612 mkwm. [lpu
bOMY IIOPCTKICTh MOBEpxHi 3pocina 3 122 go 396 uMm. Byno BcraHoBieHO, 1O 4ac
TpaBiieHHs BIuMBae He juiie Ha Bucoty KHH, a it na ¢opmy ta mineHicts Macusy KHH
(puc.2.4, a, 6). byyo BCTaHOBJIECHO, 1110 OLIBII YaCH TPaBIEHHS IPU3BOIATH JI0 arjoMepartii
HAaHOHUTOK BEpIIMHAMU 3 YTBOPEHHSM Iy4KiB, B pe3yipTaTi yoro B MacuBi KHH
CIIOCTEpIraloThCsl BeNMKi mporanuHu [51]. Takok BCTaHOBIIEHO BIUIMB BMICTY KUIBKOCTI

H,O, na Bucory macuBy KHH. Tak, npu 306iabmenHi kuibkocti H,O, 3 0,2, mo 1 mn
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crioctepiraeTbes 30utbmenHs: Bucotu MacuBy KHH 3 1514 no 2032 mMxM. B cBoto yepry,
MIOPCTKICTh MOBEpXHi 3pocia 3 89 1o 345 aMm. Ane momanbiie 301IbIIICHAS KOHIICHTPAITIi
kutbkocTi H,O, mnpuszBoauth 10 3MeHmieHHs Bucotu MacuBy KHH. Takox Oyio
BCTAHOBJICHO, 1110 MpH 30uIbIIeHHI KibKOcTI H>O, Mae miciie yTBOpeHHS MOp OLIBIIOro
po3Mmipy (puc.2.4, B, T). Bigomo, mo 3i 3pocrannasm H,O, cmoctepiraeTscs BHAO3MIHA
dbopmu macuy KHH B Takiii mociiioBHOCTI ME30MOpPH — MAaKpPONOpU — KpaTepu —
3riapkeHa moBepxHs (modipyrounii edekrt) [52]. OTxe, sk BuaHO 3 pe3ynabTaTiB ACM
JOCIIJKEHHSI, TEXHOJOT1yHI mapameTpu cTBopeHHs wmacuBy KHH 3aiiicHiooTh
BHU3HAYAJIbHUN BIUIMB Ha WOTO MOBEPXHEBY MOP(]OIIOTito, Ka MOXKE 3/1MCHIOBATH PI3HUN

BIUIMB HA CTaTUYHI Ta IMHAMIYHI TApaMETPHU CEHCOPIB (PI3UYHUX BEJIUYUH.

2.3 Mexani3m uytiauBocTi MmacuBy KHH 10 BmimBYy TemmepaTypH, OCBITIEHOCTI,

BoJsiorocti ta JIOC

2.3.1. Mexanizm trepmouytauBocti macuBy KHH. MexaHni3m i TepmicTopa Ha
ocHOBI SINWS IpyHTY€TbCS Ha TEPMOPE3UCTUBHOMY €(DEKTI, SIKUW € HAOIMKEHUU 10
3BUYANHOTO KPEMHII0, OCKUIbKH eNeKTponpoBinHicTh MacuBy KHH € TepmoakTtnBoBaHO0
[53,54]. Temnepatypna 3anexHicts onopy mMacusy KHH, orpumanoro B naxiit po0oTi, B
TeMmneparypaoMmy miama3oni Bigm 20 go 80 °C  xapakTepu3ye€ThCSd HETaTHBHUM
TEeMIEPaTypHUM KOoe(]illlEHTOM OMopy, TOOTO Taki ceHcopH € TepmicTopamu. [1[o0 3HaiiTH
eHepriro akTuBalli repmouytiuocti MacuBy KHH, norapudmyemo niBy Ta rnpaBy yacTuny

piBHOCTI (2.4) 1 OTpUMY€EMO PIBHSHHS NMPsMOi B Koopaunartax In n = {(1/T):
_ _(_Ea_\ (1000
In(n) = In(4) (kB-1000) ( T ) (2.1)

Kyt naxumy miei mpsimoi mpupiBHIOEMO 70 KoedirieHTa B piBHOCTI (2.5) mepen

HE3aJIEKHOK 3MIHHOIO, 3BIJIKM OTPUMYEMO BHpa3 JUisl BU3HAUYEHHS €HEPrii aKTUBalli
tepmouyTiuBocTi MacuBy KHH:

E,=m-kg-1000 (2.2)

Enepris aktusarii macuBy orpumannx KHH BapiroBanacs B gianazoni 0,115 — 0,425

eB, mo Habararo Ounblle, aHK €HEprisd akTUBalii JOMIIIOK OOPY B MOHOKPUCTAIIYHOMY
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kpeMHio (0,044 eB). Otpumani pe3ynbTaTd MOXYTb OYTH TOB’sI3aHI 3 T€TEPOTEHHOIO
cTpykrypoto MmacuBy KHH, sika Moxe OyTu mpeacraBieHa 3TiHO Te€Opii TpaHUIb 3epeH
(GBT) sx mochiOBHICTh KPEMHIEBUX 3€pEH Ta TPaHUIlb 3€peH. 3BIJCH BUIUIMBAE, 110
OTpUMaH1 301JIbIIIEH] 3HaUYCHHs €Heprii akTUBAIlli CB1IYaTh MPO MOJ0JIAHHS CHEPTreTUUYHUX
Oap’epiB mifg yac pyxy HOcCIiB 3apsay. Po3paxoBani koedimienTn 3aHeceHi B Tabi. bS.

2.3.2 Mexanizm ¢orouyriauBocti macuBy KHH. Bigomo, 1110 HamiBIpoBiTHUKOBI
MaTepialy XapaKTepU3yIOThCs CyOIiHIHHOO 3aeXHICTIO poTocTpyMy (Iph) B HOTY>KHOCTI
najar0yoro BUIIPOMIHIOBAHHS. 3a HU3BKOI 1HTEHCHBHOCTI IaJal0uoro CBITJAa CBITJIOBA
XapaKTepUCTHKa Mailke JiHiiHA, TOOTO 31 3pOCTaHHAM MOTYKHOCTI BUIPOMIHIOBaHHS Iph
3pocTtae npsamornponopiiiiino. Ile o0ymoBiaeHo TUM, 110 POTO30YIKEHI E€IEKTPOH-IIPKOBI
napy po3NOAUISIOTECS HACTYITHUM YMHOM: HEOCHOBHI HOCIT 3apsily MOTPAIUISAIOTH Ha PiBHI
nacToK (piBHI NMPWIKIAHHS), & OCHOBHI HOCIi 3apsiy 3ajJumiaroTbea BUlbHUME [S55]. Lle
MPU3BOJUTH O 3MEHIIEHHS WMOBIPHOCTI peKOMOIHAIli OCHOBHHUX HOCIIB 3apsiy, IO B
CBOIO Uepry MPHU3BOAUTH J0 3pOCTaHHS l,n IPU 3pOCTaHHI MOTY>KHOCTI BUIIPOMIHIOBAHHSI.
3a BeIUKOi IHTEHCUBHOCTI CBITJIa HACTA€E MOMEHT, KOJIM BC1 MACTKU 3alIOBHEHHI JIpKaMH, B
pe3yiabTaTi 4oro HOBOYTBOPEHI HEOCHOBHI HOCIT 3apsny, OepyTh y4acTh y pekomOiHaillii,
3MEHIIYIOYM TUM CaMHUM TeMIl 3pocTaHHs I, (HacuueHHs ¢doTtocTpyMy). Bimomo, mio
bOoTOCTpYyM 3aJeKUTh BiJ MOTYXKHOCTI MMAJar0YOr0 BUIPOMIHIOBAHHS 32 CTEICHEBUM
3akoHOM (I;n~PY). Iloka3HuK cTeneHi MOTY>KHOCTI CBITIA () a€ iH(HOpMAaLIiio PO MEXaHI3M
pekoMOiHaIlli B HaMiBOPOBIAHUKOBOMY MaTepiaii (Tabi. b8):

o Hu3bkuii piBeHb MOTY>KHOCTI ONTHUYHOTO CUTHany. CBITJIOBa XapaKTEpUCTHUKA €
JiHIAHOIO, TOOTO KoedimieHT y =1. B manoMy BUNaaKy Mae MiCIle MOHOMOJICKYJISIpHA
pekoMOiHaIliss, TOOTO peKoMOiHaIlIS 3A1HCHIOETHCS Yepe3 peKOMOIHAIlIHHI IIEHTPH.

o Benvuka 1HTEHCHBHICT, ONTHYHOTO curHaidy. CBITJIOBa XapaKTEpUCTHKA €
cyOmiHiiHOIO, Yy sgkoi koedimieHT Y < 1. B manomy Bumaaky mae micie OiMOJIeKyJIspHa
pekoMOiHaIliss, TOOTO peKoMOiHaIlIS 31HCHIOETHCS 110 MIDK30OHHOMY MEXaHI13MYy.

° B nesxkux Bumaakax ONTUYHOTO 30Y/DKEHHS HAMIBIPOBITHUKA CIIOCTEPITAETHCS
HaJUTIHITHA CBITJIOBA XapaKTEePUCTHKA, Yy Kol KoedimieHT y >1. SABuie HamIiHIAHOCTI €

XapaKTepHUM JIJIs HAIIBIOPOBIIHUKIB 3 JBOMAa KJIacaMHu IIEHTPIB pPEKOMOIHAIlll, B SIKHX
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peanizyeThcsl TMEePEeBaXKHO MOHOMOJICKYJISIpHUN MexaHi3M pekomOiHalli. Po3paxoBani
KoeilieHTu 3aHecexi B Ta0n. bS.

OCKUIBKM JllaMeTp OTPUMAaHMX HAHOHHMTOK JIGKHUTh B Mexax 100-300 HwM, mo €
HabaraTo OLIbIe, aHIK PO3MIPH, 3a SKOTO CIIOCTEPIraeThbCcsi KBAHTOBE OOMEKEHHS, TO
MexaHi3M  (OTOUYTAMBOCTI  MOXKHA  OMHCATH  3arajJbHONPUNHATHOIO  TEOPil0
(GOTOUYTIMBOCTI AJIT MOHOKPUCTAIIYHOTO KPEeMHII0 [55]. ApOKCUMYBaBIIIKA CTENEHEBOIO
(YHKIIIE€IO CBITIIOB1 XapaKTEPUCTUKH OTPUMAHKX ceHcopiB cBiTiia Ha ocHoBl KHH B o6nacTi
cyOmiHIAHOCTI, OyJ0 BCTaHOBJIEHO BenuuuHy koedimienta v (0,31-1,1), mo cBigYUTH PO
HAsIBHICTH MACTOK Ta MEPEBaXKHY OIMOJIEKYIISIPHY PEKOMOIHAILIIO ITi]T Yac OCBITIEHHA. byso
BCTAHOBJICHO 3B’SI30K M1 BEJIIMYMHOIO KOE(ILIEHTA Y Ta BEIMYMHOI (POTOBIATYKY: YUM
Ounbilie 3HauYeHHA KoedimieHTa y HaOmDKaeTbed 70 1, TUM OUIBIIOI € BEIMYHUHA
boToBIATYKY. MOXIMBO, 10 (I3UYHUN MEXaHI3M BUHUKHEHHS MACTOK B 3allacMBOBaHIMI
BogHeM noBepxHi KHH, orpumanux meromom MCXT, mnoB’s3aHuil 3 HECTAOLIBHICTIO
3B’s3kiB Si-H Ta mocTynmoBUM OKHCIEHHSM IMiJl BIUIMBOM HABKOJIMIIHIX (DaKTOPIB.
Hanpuknan, H,O ta CO, y noBiTpi aAcopOyIOThCS HAa TOBEPXHI KPEMHIIO Ta BIANOBIIAIOThH
3a 3aXOIUICHHS HEOCHOBHUX HOCIiB 3apsay [56]. Oco0auBO 11e MpOsBISETHCA y MICHSIX Ha
noBepxHi KHH 3 Haitbinp110r0 KpuBU3HOMO [57].

2.3.3 Mexanizm BoJiorouytauBocti macusy KHH. Binomo, mo B nmopyBatux
MaTepiajiax 3MiHa € TOB’S3aHa 13 3aMIMICHHSIM TMOBITPSHUX MPOIIAPKIB B IMOpax
azcopOoBaHMMU MOJIeKy1amMu Boau [58,59]. 3a3Buuaii, 3a Hu3bKoro piBHsA RH, Ha moBepxHi
ceHcopa aacopOyeThCsS MOHOIIAP MOJICKYJI BOJIM 32 MEXaHI13MOM XIMIYHOI aJIcopOIiii, B TOM
gac sk 3a Bucokoro piBHsS RH, mae wmiciie morimHanHs BOJIOrocTi abo 3a MEXaHi3MOM
OarartoiapoBoi (pi3uuHOI aicopOIlii, a00 32 MEXaHI3MOM KamiIsIpHOI KOHJeH callli. SButie
XIMI9HOT aIcOpOIIii Mojsrae B TOMY, IO MOJIEKYJIH BOJM YTBOPIOIOTH IMOJBINHI BOJIHEBI
3B’SI3KU 3 ajacopOiinumu neHtpamu Ha noBepxHi KHH [58]. Ha kpemHieBiif moBepxHi
npucyTHi cuiokcal (Si—O-Si), rigpokcuiibHi rpynu (—OH) Ta 06ipBaHi KpeMHI€EBI 3B’ SI3KH,
cepen SKUX CUJIOKCAH € TEePEeBaAXHO TiApodoOHOI0 TPyIoo, a JABl 1HII TPymH —
rigpodineauMu [59]. SABumie ¢izuuHoi amcopOirii MOJIEKYJl BOAM BUHUKAE 3BEPXY Hall
nepuuM XeMocopOOBaHMM IIapoM 3a paxyHOK cuil Ban-mep-Baanbca [60]. SBuiue

KanuIsipHOi KOHJEHCAIlll BUHUKA€E BHACIIIOK 3p1KEHHS apy B MOpax TBEPAUX COPOCHTIB
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3a YMOBH, KOJIM pajiiyc Top € MeHmuM, aHixk paaiyc Kenbpina [61]. Jns macusy KHH
BIJICTaHb MK OKpEMHMH HAaHOHHUTKaMH € OUIbIIOI0, aHXK pamiyc KenbBiHa, TOMy sBHIIE
KanuIspHOI KOHJICHcAIlli 3a3BUuail He crioctepiraerbes. OnHak B peabHuX MacuBax KHH
CIIOCTEPITalOThC JIeIKl HEBEJUKI MPOTAIMHU MDK CYCIIHIMA HAaHOHUTKAMH, IO MOXYTh
OyTh MicIsIMH 11 BUHUKHEHHS KamuIIpHOI KOHAEHcamii. Benwke criBBiAHOMIEHHS
noBepxHi 10 00'emy macuBy KHH cnpusie mosiBi 3Ha4HO1 BEITMYMHU aJIcOPOIIii, TOMY 4ac
BIITYKY TaKUX CEHCOPIB Maluii, TOAl SK KamuispHa KOHACHCAlisd, 10 BiAOYBa€ThCS 3a
BHUIIIOI BIZTHOCHOI BOJIOT'OCT1, pOOUTH Yac BITHOBJICHHS JCIIO JOBIIUM [61].

Jlist Toro, mo0 BU3HAUUTU (DI3UYHUI MEXaHi3M MOTJIMHAHHS BOJOTOCTI B CEHCOpax
Ha ocHoBl KHH Oyno 3acrocoBano nBi mMozeni aacopOuii — i3otepmy Dpelinpiixa Ta
Jlenurmuropa. B Mozaem agcopOitii 3a i30Tepmoro dpeliHiixa BBaXKAEThCS, 0 acopOIis
BIIOYBAa€ThCA HA TETEPOTCHHIM TOBEpPXHI, aJACOpOLIAHI LEHTPU 32 EHEPreTHYHUM
PO3MOALIOM PO3TAIIOBaH1 €KCIIOHEHIIATBHO 1 MOJIEKYJIM a/1copOaTy MOXKYTh B3a€MOJISTH

M1k co0oro. JlJig po3paxyHKy BUKOpUcCTaeMO piBHsSHHS Dpeitnanixa [39,40,62,63]:

1
In(IN) = zln( P) + In( K) 2.3)

ne I' — BenmmumHa agcopOwii, KMOJIB/M?;

P — piBHOBaXkHMI1 THCK aicopOary;

1/n Ta K — koHCTanTH OpeitHpmixa.

3rigHo 3 nanumiu [39,40,62], 3MiHa €EMHOCTI CEHCOPIB MOB’si3aHa 31 3MIHOIO KIIBKOCTI
nornuHyToi pedoBunu (C ~ I). [Tapuiansuuii Tuck agcopdary P e mponopuiitauii RH [64].
Ha ocnoBi piBHsiHHS (2.11) mobynyemo 3anexHnicth In(C) Bim In(RH) mns emHicHux
CEHCOPIB, MICJIA YoTo OyJia MpoBe/eHa iX JIIHeapHu3allis 3a JOIMOMOT 00 METOTy HAaWMEHIIINX
KBagpaTiB 1 Bu3HaueHi koedimieaTn K Ta n. Takox oOmiHEHO KOSDIMIEHT KOPEIAIi
(BiIXMIIEHHS) €KCIIEPMMEHTAILHUX PE3YNILTATIB Bix NiHiiHOI i30Tepmu Dpeiinmmixa (R?)
Oyno 3aneceno B Tabi. b.9. PesynbraTty anpokcumaiiii BUMIpSITHUX KPUBUX BIATYKY 00OMa
130TepMamMu ToKa3aiu, mo 130TepMa OpeiHaiXa OMUCy€e MPOIEC BOJOTOMOIMHAHHS BCIX
JOCIIITHUX 3pa3KiB B MeXax MPUUHATHOI (KoeilieHT aeTepmiHalii JexxuTh B Mexax 0,5-
0,75) a60o Bucokoi TounocTi (R? € 6inpmmmM, Hixk 0,75), B TOM 9ac K I YaCTHHH JTOCTI THUX

3p8,3KiB iSOTCpMa .HGHFMIOpa onucyBajia IpouccC BOJIOTOIIOTTIMHAHHA 3 HU3bKOIO TOYHICTIO
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(R? € menmmm Hix 0,5). CrocTepiraerhes 4iTka Kopensnis koedinienta Opeitnanixa 1/n,
IO XapaKTepU3ye IHTEHCHUBHICTH aJcopOllii, Ta BEIUYMHU BIATYKY CEHCOpa, a came: MpHu
3pocTaHH1 koedimienTa OpeitHaixa 3pocTae BeIMYMHA BIITYKY ceHcopa. 30Kpema B poOoTi
Oyso mokazaHo 3MiHYy Koedimienta ®peiinanixa B miama3oni Big 0,06 mo 3,19, mo
BIJIMOB1AAJI0 3HAYSHHAM BIATYKY ceHcopa B fiana3oHi 1,3-251. [{ns nopiBHAHHS Koe]ilieHT
OpeitHTiXa B CEHCOP1 Ha 0CHOBI MOHOKpHcTaniuHoro kpemHis (6e3 KHH) cranosuts 0,04,
a BeJIMYMHA BIATYKY cTaHoBHIIA 1. Po3paxoBani koediienTn 3aHeceHi B Tadi. b.9.

2.3.4 Mexanizm raszouyriuBocti macuBy KHH. Binomo, mo 3amexHo Bix
XIMIYHOI TpUPOAM Ta3y aHamiTy (JMOHOpHMI a00 aKIENTOpPHUI) Ta THUIY MPOBITHOCTI
HaIBIPOBIIHUKA (N- a00 p-TUI) OMip YYTJIMBOrO IIAPy CEHCOopa 30UIBIIYEThCS abo
3MeHInyeTbess [65]. B manHiit poGoti mng TectyBaHHs ceHcopiB Bmicty JIOC Oynu
BUKOPHCTAaHHI HACTYIMHI PEYOBHHM: allE€TOH, OyTHIIaleTaT, eTUJIOBUN CHUPT, T1JIPOOKCH]L
aMOHII0, TOJYOJI Ta 130MpPOIMUIOBUNA CHPUT. AILIETOH € aKUENTOPOM EJIEKTPOHIB uepes
KapOOHUIbHY Tpymny, fKa poOUTh HOTro peakuiiHuMm a0 HykiaeodurB. byrunanerart
MEPEBAXKHO JI€ K AKUENTOp €JIEKTPOHIB Yepe3 CBOIO KapOOHUIbHY IpyMy, X04a BIH MOXKE
IPOSBJISTH CJIa0Ki JOHOPHI BiIacTuBOCTI. ETanon mae rimpokcwnbHy rpymy (-OH), sika
MO>K€ B1JIJIaBaTH CBOIO HETOIIJIEHY MMapy €JEKTPOHIB, IO pOOUTH HOTO JOHOPOM BOJTHEBHX
3B's3KiB. ['17IpOOKCH] aMOHIIO € IOHOPHUM 3aBJISIKH €JIEKTPOHHIH Mapi Ha aTOMI a30Ty, 1110
JI03BOJIsIE IOMY BCTYIaTH B peakilii 3 enekTpodiiamu Ta KuciaoTamu. Tomayon MoxkHa
pO3IUIAIaTh SIK CIA0KUI JOHOP €JIEKTPOHIB Yepe3 METUIIbHY IPYIly 1 apOMaTUYHE KUIbIIE,
0COOJIMBO B PEAKIIisX eNeKTPO(UILHOIO apOMaTHYHOTO 3aMillleHHs. [30mponiaoBuil ciupT
(mpomaH-2-0J1) Ma€ BJIACTHBOCTI SK JIOHOpA, TaK 1 akmenTtopa BOAHEBUX 3B's3kiB. Lle
O3Hayae, 110 BIH MOXe sK nepenaBatu npotoH (H'), Tak 1 mpuitmMaTtul iloro, 3ai1eXHO Bij
xiMigHOTO OTOoueHHsA. OJHAK y BHUMAJKYy MOTO B3a€EMOJIi 3 E€JIEKTPOHHUMH CEHCOPAMH,
130MPONIJIOBUNA CIUPT OUIbIIIE MPOSIBIIsAE€ cede sIK JOHOP, OCKUIBKM 3/aT€H Iepe/iaBaTh
€JIEKTPOHH I1]] Yac peaKiliii OKUCHEHHs [66].

B mexani3m razouytiuBocti macuBy KHH BHOcHTh BKJIaa ABa sBHIa: Oe3mocepeHe
MOTJIMHAHHS MOJIEKYJl IIJIbOBOTO Ta3zy abo omocepeiKoBaHE TMOTJIIMHAHHS MOJICKYI
I[IJIbOBOT'O a3y B pe3yJIbTaTi B3aEMOJI1 MOTJIMHYTUMU 3 aTMOC(HEpH YaCTUHKAMHU KHCHIO 200

BOJIOTOCTI [67-68]. MexaHi3m 6e3nmocepeIHbOT0 MOTIuHaHH MoJieKy1 ra3y macusom KHH
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oAI0HUH 10 MEXaHI3MY UyTJIMBOCTI ra3y JUIsl CTaHAapTHUX HaIlIBIPOBIIHUKIB, HABEJEHOTO
Buie. OnHak ancopoosani Ha moBepxHi KHH wactrakm 3 atMocdepu (10HI30BaHH KHCEHB
Ta TIAPOKCUIBHI TPYIH) MOXYTh 3MIHUTH MEXaHi3M Jii ceHcopy. IlornMHaHHS ra3oBUX
YaCTHHOK 3 HaBKOJIMITHBOTO TOBITPs Ha moBepxHI KHH cTBOproe o6macTi 36araueHns abo
301THEHHS OCHOBHMMHM HOCISIMM 3apsfay (B 3aJ€XHOCTI BiJl THIy HPOBITHOCTI
HamiBNpoBigHUKa) [67]. OmnocepenkoBaHa B3aeMofis 1iiboBoro razy 3 KHH uepes
azcopOOBaH1 YaCTHHKY 3MIHIOE IMIUPUHY ITUX 00JIACTEH, 10 MPU3BOIUTH 10 301TBIIICHHS 200
3MEHIIIeHHs onopy. KpiM XiMIYHUX peakiiiid, TaKoXK Moke Bi10yBaTucs (hizudHa acopOris
(enekTpocTaTuyHa a00 BaH-JEp-BaabCOBA B3a€MO/II) MOJIEKYJI Ta3y a0o mapu. Y IboMy
BUITA/IKYy NOJIIPHICTh MOTJIMHEHUX MOJIEKYJI BIUTMBA€E Ha noBepxHeBuid notexHian KHH, mo
€ BUpIMAIBbHUM JUisl BUsiBNieHHs BojorocTi Ta JIOC. Takum uunowM, mins macuBy KHH nHa
BIIMIHY Bi/I MOHOKPUCTAJIIYHOTO Si MOKE CIOCTEPIraTUCs BIIXWICHHS B KJIIACUYHIN Teopii
XEMOCOPOIIil JOHOPHUX Ta aKUENTOPHHUX Ta3iB SIK PE3yJIbTaT KOHKYPYIOUMX MEXaHI3MIB

a7IcopOIIil B 3aJIeKHOCTI BiJl 0COOIMBOCTEN TOBEPXHEBOI MOP(OJIOT.
2.4 Bukopucransas MmacuBy KHH B ceHcopax TemnepaTypu

2.4.1 Meroauka JOCJTiIKEeHb CEHCOpPIB TemmepaTrypu. BumipioBaHHS KpHUBOI
TEPMOUYTJIIMBOCTI (3QJIKHICTh OINOPY B TEMIEpaTypH) NPUIAIiB MPOBOAWIN 3a
gornoMorow Jokepena xuBieHHs HMS143 Ta uudpoBoro BodabTMETpa-amrepMerpa
MS8040 B Tepmokamepi 3i crabinizamiero Tabai M-71 Mini Subzero 3 Tounictio no 0,1 °C.
TerioBa 4y TIMBICTH IPHIIAJIIB OIIHIOBAJIACS B PEXKUMI MOCTIMHOT HAPYTH B MEXaX 3MIHU
temmneparypu Big -70 go 90°C. 3 kpuBOi TEpPMOUYTIMBOCTI OI[IHIOBAJIMCS JIBa OCHOBHI
CTaTM4YHI TMapaMeTpyl — BeJIMYMHA BIATYKY Ta KOE(IIIEHT TepMOUYyTIUBOCTI. Biaryx
CEHCOpIB BHU3HAYABCS SIK BIAHOILIEHHS OINOPIB MPU MIHIMAJIbHIA Ta MaKCHUMAaJIbHIN

temriepaTypl. KoedilieHT TepModyTIMBOCTI BU3HaYaBcs 3 piBHsAHHA CTeiHrapra — ["apra:

R
InGh)

fr =1+ (2.4)

Ty T2
ne f;— KoedilieHT TepMiCTopa;

R,—omip mpu MiHIManbHIN Ta R, Tpu MakCUMaJbHIN TeMIepaTypi;
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T,— miniManpHa Ta T, MakcuMaabHa TEMIEpaTypa.

Takoxx B poOOTI UIsI CEHCOPIB TEeMIEepaTypd BHUMIPIOBAUCS JTMHAMIYHI
XapaKTEPUCTUKH, SIK1 SIBJISUTH COOOI0 YaCOBY 3aJICKHICTh OMOPY MPH 3MiHI TEMIIepaTypu 3
20 °C mo 80 °C Ta HaBmaku. 3 IUX KPUBUX PO3PAXOBYBAIKCS Yac BIATYKy Ta dac
BIJTHOBJICHHS Mpuiiaay. Yac BIATYKY CEHCOpa BUMIPIOBABCS MICIs EPEMIIIEHHS CeHcopa 3
CepelloBUIlla 3 KIMHATHOIO TEMIIepaTypolo B cepenoBuile 3 Temmeparyporo 80 C°. Yac
BIIHOBJICHHSI BUMIPIOBABCS IICIIS MIEPEMIIICHHS CEHCOpa B 3BOPOTHOMY HampsMmKy. Yac
BIIT'YKY BHU3HA4YaBCAd y TOYIll, KOJM CHUTHald ceHcopa naocsaraB 90% Bi cTaOULIBHOTO
3HAYEHHS, a Yac BIJIHOBJICHHS BUMIPSBCS Y TOYII, KOJIM CUTHaN ceHcopa nocsraB 10% Bin
CTab1IbHOIO 3HaUYCHHs. BUMIpIOBaHHS 3MIHU OMOPY 3 YaCOM MPOBOAMIOCS 3a JOTIOMOTOIO
RLC metpa ET4401 na wactoti 1 kl'u, sikuii mepenaBaB iHdopMaIllito Ha KOMI'IOTEp 3a
JIOTIOMOTOIO  CTICHIalIbHO PO3POOJIEHOr0 MPOTPAMHOTO 3a0€3MEYeHHsS] 3 BUKOPUCTAHHSIM
npotokoiny SCPI. ToyHiCTh BUMIPIOBaHHS OMOpPY JaHUM HpuiafoMm ctaHoBuTh +0,1%.
Po3paxoBaHi cTaTu4Hi Ta JUHAMIYHI MTapaMeTPU CEHCOPIB 3aHeceHi B Tabu. b10.

2.4.2 CraTnuHi napamMeTpu ceHcopiB. B naHiii poOoTi Oyi0 BCTAaHOBIICHO BIUJIMB
OUTOMOTO OMOPY BUXIAHOI TMIAKIAAKA HAa CTAaTUYHI XapaKTEPUCTHKUA CEHCOPIB
temrepatypu. [lpm 30UIblIEHHI OUTOMOro omnopy makmaaku 3 1 go 20
OM-CMCTIOCTEpITaEThCsl 3HAYHE TOTIPIICHHS TEPMOUYYTIMBUX XapaKTEPUCTHK, a CaMe:
BIITYK ceHcopa 3MeHmuBes 3 132 mo 4 (puc.2.5, a). Ile Moxke OyTH MOSCHEHO OUIBII
PO3BUHYTOO YyTIUBOIO TOBEPXHEIO JIJIsl CCHCOPIB HA OCHOBI MIJKIIAIOK 3 ortopoM 1 Om-cwm,
3a paxyHOK nopyBaTtux 01yHux ctinok KHH, six e Oyio mokazano B miaposaim 2.2. Takox
B JaHiii poOoTi Oyio MpoaHai30BaHO BIUIMB TOMEPEIHHOTO TEKCTYPYBAaHHS BUXIIHOI
MiIKIaAKA Ha TEPMOYYTIMBI XapaKTePUCTUKHA PE3UCTUBHUX CEHCOPIB Temmeparypu. [Ipu
1IbOMY OYJIO BCTAHOBJICHO, 1110 HASIBHICTh MMOBEPXHEBOI TEKCTYPH MOTIPIIY€E TEPMOTYTIUBI

XapaKTePUCTHUKU: BIATYK CEHCOPY 3MEHIIUBCS Y 2 pa3u. Lle 00ymMoBiIeHO TUM, 1110 B
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Pucynox 2.5 — CtaTtuuHi Ta TUHAMIYHI XapaKTEPUCTUKU CEHCOPIB TEMIIEpaTypH: a)

BIUIUB TUTOMOTO OMOPY MIJIKJIAIKK; 0) BIUIUB Yacy TpaBjeHHs; B) BIUIUB BMicTy HyOy;

I') KpUBa BIATYKY — BITHOBJICHHSI; /1) ITUKJIIYHA 3MiHA OTIOPY TIPH 3MiHI TEMIIEpaTypH; €)

3MiHa OTIOPY 3 IPaJi€HTOM TeMIIepaTypH (Ha BCTaBKaX - 3HAYEHHS BIATYKY JATYUKIB)
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riOpUAHINA CTPYKTYpl BUCOTa HAHOHUTOK Ha OIYHUX TpaHSAX IMipamij TEKCTYpPH € 3HAYHO
HIKYOIO, aHDK Ha TUIOCKIMA MOBEpPXHI 3a PaXyHOK BiAMIHHOCTI IIBHJIKOCTI TpaBJCHHS B
3QJIEKHOCT] BiJl KpucTanorpadiuHoi opieHtanii. [le oOymoBiro€ 3MeHINIEHHS 4YyTIUBOI
iomr ceHcopa. Takoxx OyJio MpoaHani30BaHO BIUIMB Yacy OCAPKCHHS HAHOYACTUHOK Ag
Ha BIATYK PE3UCTUBHUX CEHCOPIB TeMIiepaTypH. 30UIBIICHHS TPUBAJIOCTI MEPIIOTO €TaIy
MCXT 3 20 mo 60 c, moripurye TEepMOUYTJIMBI XapaKTEPUCTHKH CEHCOPIB: BIATYK
3mMeHmmBCA 3 13 1o 10. OueBuaHO, Iie OB’ I3aHO 31 3MEHIICHHSIM KIJIEKOCTI HAHOHHUTOK 3a
PaxyHOK YTBOPEHHS MPOTAIMH M1l JEHIPUTAMH, 1110 TPU3BOAUTH 10 3MEHIICHHS Yy TIHBOI
MOBEPXHI ceHcopa. B poboti Oyio mpoaHandi30BaHO BIUIMB 4Yacy TPaBIEHHS Ha poOoul
XapaKTepUCTUKHA PE3UCTUBHUX CEHCOpIB Temmeparypu (puc.2.5, 0). Tak, Oyno
BCTAHOBJICHO, IO 3a HUXXYHMX 4YaciB TPaBJICHHS CEHCOPU MAalOTh Kpalll TEepMOYYTIUBI
XapaKTEPUCTHKU 3 MAaKCHUMaJIbHUM 3HA4Y€HHsSM BiAryky 21 mpum 20 xB, a Outeblil yacu
TpaBJIEHHS 3HAYHO MOTIPIIYIOTh TEPMOUYTIIMBI XapaKTEPUCTUKH ceHCcopiB. Lle moB’s3aHo 3
TUM, 110 32 HU3bKHUX YaCiB TPABJICHHS Ma€ MicCIle 30UTBIIECHHS Yy TIUBOI IOl CEHCopa 3a
paxyHok 30uibiieHHs BucotTh KHH, a 3a Ouipmmx yaciB TpaBJI€HHS CHOCTEPIraeThes
BupopkeHHa MacuBy KHH muisxom yTBopeHHs MydkiB 3 HAHOHHMTOK, OlYHA TUIONIA SIKUX
BUJTyY€HA 3 TIPOLIECY TEPMOUYTIUBOCTI. Takok BCTAHOBJIEHO BILTUB BMICTY KuibkocTi HyO,
Ha po0oYl XapaKTEepUCTUKHU PE3UCTUBHUX CEHCOPIB TemmepaTypu (puc. 2.5, B). Tak, npu
30ubeHH1 KibkocTi H2O23 0,2 10 1 M1, cioctepiraeThesi MOKpAIeHHS TEPMOUYTIIMBUX
XapaKTePUCTHK: BIATYK CeHcopa 3pocTae Ha 56%. Aje mojanbiie 30UIbIICHHS KUTBKOCTI
H,O, moripmye TepMOUYyTIMBI XapakTepUCTHUKU. Taka 3anexHiCTh 00yMOBJIEHa
Bu03MiHOI0 Mopdosorii macuBy KHH, sk mokazano B mimpo3airy 2.2: mpu 3pOCTaHHI
koHueHTpatii H>O, 1o 1 Mt mae miciie 301bIIeHHS TEPMOUYYTJIMBOI IO CEHCOPa LUISIXOM
3poctanHsi BucotTH MacuBy KHH, a npw BUmMX KOHIEHTpAIlSX CIIOCTEPITaeThes
3MEHIIEHHS YyTJIMBOI IUIOIII CEHCopa Yepe3 3MEHIIeHHs! BUCOTH Ta KiibkocTi KHH.

s TOpIBHSHHS XapaKTePUCTHK PE3UCTHBHUX CEHCOPIB TeMIepaTypu Oyio
BUTOTOBJIEHO CeHCOp O0e3 HaHOHUTOK. Binryk cencopa 6e3 KHH ckmag 1,1, o OimbIn, HiXK
Ha JBa TOPSJIKU € TIpIIMM, aHDK MaKCUMAajbHE 3HAYCHHS BIATYKY JISI PE3UCTUBHHX
CEHCOpIB TemmepaTypu 3 HaHocTpykTypamu (132). B cBoro uwepry, koedimieHT

TEPMOYYTJIMBOCTI TaKOX 3HA4YHO TmoKpamuBcs 3 BukopuctanusmM KHH. Tak,
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TepMouyTIuBicTh ceHcopa 6e3 KHH cranoBuna 130 K, mo Takosx O11bI1I, HIXK Ha MOPSI0K
€ TIpUINM, aHDK MaKCUMaJlbHE 3HAYECHHA IOT0 KOe(illieHTa JJIsl PEe3UCTUBHUX CEHCOPIB
TeMrneparypu 3 HaHocTpykTypamu (4400 K).

2.4.3 JImnamiuni mapamerpu ceHcopiB. Ha puc. 2.5, r HaBeiaeHO IUHaAMIYHY
XapaKTEePUCTHKY, 3 AKOI BUJIHO, 110 Yac BIATYKY CEHCOpa TEMIIEPATyPH € CYTTEBO MEHIIIUM
3a yac BigHOBJeHHA. Ha puc. 2.5, 1 mpeactaBieHO HNUKIIYHY 3MiHY OINOPY MPH 3MiHI
temmepatypu 20-80°C. CeHcop JEMOHCTPYE UyI0BY BIATBOPIOBAHICTH CUTHAITY HE3AJIC)KHO
BiJI KUTBKOCTI MUKJIB. Takox OyJI0 MOKa3aHO, IO JAaTYUKH YYTIMBI JO 3MIHHM OIOPY 3
rpagienTom Temneparypu Bin 20 1o 80°C (puc. 2.5, e). 3arajsiom yci JaT4MKH Ha OCHOBI
KHH noxka3anu kopoTmiuii yac BiAMOBIII/BIAHOBIEHHS NOPIBHIHO 3 gaTurkamu 0e3 KHH.
st naturkiB 6e3 KHH uac Biaryky/BiaHosinenHs ckias 27,8 1 79 ¢ BignoBigHo. B Toif yac,
AK MIHIMAJIbHI 3HAYEHHS LMX NapaMmeTpiB I JaTyuKiB Temneparypu Ha ocHoBl KHH

cranoBwiu 1,8 Ta 5,4 ¢ BIANIOBIAHO.

2.5 Buxopucranns macuBy KHH B ceHcopax ocBITIEHOCTI

2.5.1 Meroauka aocaiIxeHb CeHCOpPIB ocBiTiaeHocTi. Onepxani (HoTouyTauBI
CEHCOPHU PE3UCTUBHOIO THUITY JOCTIIXYBAJIKMCS HA BIUIUB BUJIUMOIO CBITJIA B PEXKUMI 13
30BHIIIHIM JDKEpPEIoM >KUBIIEHHA. JIJisi ofepikaHuX CEHCOpIB BUMIPIOBAIKMCH HACTYIIHI
CTaTH4HI XapakTepuCTHKU: cBiTI0Ba BAX B Aiana3oni piBHIB ocBiTiaeHocTi 7740-20200 nk
Ta Jmokc-amnepHi xapakrepuctuku (JIAX) mpu U= -2 B. BumiproBanHs poBOAMINACS TTi]T
BITUBOM Jxepena Buaumoro cBiTia Philips Reflector Lamp R50 3a monmomororo mxepena
xupsienHs HM8143 ta nuudposoro BojasTMeTpa-ammnepmerpa MS8040.

@DOTOYYTIAMBI BJIACTHBOCTI CEHCOPIB OIHIOBAIMCA HA OCHOBI PO3paxOBaHUX
napaMmeTpiB — BEJIMYMHHM BIATYKY Ta KoedimieHTy (OTOUyTIMBOCTI. BiAryk ceHcopis
BU3HAYaBCS K BIJAHOHIEHHS (OTOCTpyMIB MpH MIHIMAJIbHIA Ta MaKCUMaJbHIN
ocBiTieHocTi. KoedimieHT (poTodyTIUBOCTI BU3HAYABCS SK BIJHOIIEHHS BIHOCHOI 3MIHH
dboTOCTpyMIB B 3aJJaHOMY Jiaria30HI OCBITJIEHOCTI JO PI3HMII OCBITJIEHOCTI, HAMpyTru Ta

TIJIONII CEHCOopA:
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S _ Alph
ph IphoXAEXUXS

X 100% (2.5)
ne Spp — KoeIimienT GOTOTY TIIMBOCTI,

Al,, — p13HUL (POTOCTPYMIB;

Lho — GOTOCTPYM 32 MIHIMAJIBHOI OCBITIIEHOCTI;

AFE — pi3HUIIS OCBITJCHOCTI;

U — poboua Hanpyra;

S — mioma.

Takox B poOOTI HJii CEHCOPIB OCBITJICHOCTI BHUMIPIOBAJIUCS JUHAMIYHI
XapaKTEPUCTHKH, K1 SBISIIM COOOK0 YaCcOBY 3aJIEKHICTh OMOPY IPH 3MIHI MOTYKHOCTI
ocBiTienocti 3 0 10 65 MBT/cM? Ta HaBIaky. 3 MX KPMBUX PO3PAaXOBYBAIUCA Yac BiATyKy
Ta Yac BIJHOBJICHHS Npuiagy. BuUMIpioBaHHS 3MIHM OINOPY 3 4YacoM HIPOBOJIMIOCH 3a
nornomororo RLC merpa ET4401 na wacroti 1 1, skuit mepepaBaB iHpopmailito Ha
KOMI'IOTEP 3a JOIOMOTOI0 CIELiadbHO PO3POOJIEHOr0 MPOrpaMHOTO 3a0e3MEUYeHHS 3
BUKOpUCTaHHAM TpoTokony SCPI. TouHiCTh BUMIpIOBaHHS ONOpPY JaHUM MPUIAJIOM
cranoBuTh +0,1%. Yac BiAryKy ceHcopa BHMIPIOBABCS IMiCIs TMEPEMIIICHHS CEHCopa 3
cepeZIoBUIIa 3 MIHIMAJIbHOIO OCBITJICHICTIO B CEPEIOBUILIE 3 MAaKCUMaIbHOIO OCBITJICHICTIO.
Yac BiIHOBJIEHHSI BUMIPIOBABCS MICIIS IEPEMILIEHHS B 3BOPOTHOMY HanpsMKy. Yac BiaAryky
BU3HAYABCS y TOYUIIl, KOJIM CUTHAI ceHcopa aocsaraB 90% Bia cTabUIbLHOTO 3HAYEHHS, a Yac
BIJIHOBJICHHSI BUMIPSIBCSL y TOUYII, KOJU curHai gocsiraB 10% Big cTaOUIBHOTO 3HAYEHHS.
Po3paxoBaHi cTaTu4Hi Ta AUHAMIYHI TapaMeTpu CeHCOPiB 3aHeceHi B Tabi. b.10.

2.5.2 CraruuHi mapamerpu ceHcopiB. B naniii po6oTi Oyj0 BCTaHOBJIEHO, IO
30UTbLIEHHS! TUTOMOTO onopy 3 1 70 20 OM*cM NpU3BOAUTH A0 NOTIPIICHHS (POTOUYTIMBUX
XapaKTEPUCTHK: BIATYK 3MeHIHBCs 3 40 1o 16 (puc. 2.6, a). [loripmeHHs: GoTodyTIUBUX
BJIACTUBOCTEH MOSICHIOETHCS THM, IO OUTBII PO3BUHYTA UYTIMBA MOBEPXHS CEHCOPIB HA
OCHOBI TiAKIaA0K 3 ortopoM 1 OM:-cm cripusie OuTbIT e(HEKTUBHOMY 3aXOTUICHHIO CBITIIA 3a
paxyHok mnopyBaTux Oiynux cTiHoK KHH. Takoxx Oyno BcTaHOBJIEHO, 11O HasBHICTb
MOBEPXHEBOI TEKCTYPH 3HAYHO MOKpaIlye GOTOUYTIMBI XapaKTePUCTUKH: BIATYK 3pic 3 4,2
no 8,8. IlokpameHHss (HOTOUYTAMBUX BIACTUBOCTEM MOKe OYTH MOSICHEHE YTBOPEHHSIM

macuBy KHH ribpuanoi cTpykTypH, sika 3a0e3neuye HasBHICTb MOJIBIMTHOT T€OMETPUYHOT
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Pucynok 2.6 — CtaTu4Hi Ta TUHAMIYHI XapaKTEPUCTUKU CEHCOPIB

OCBITJICHOCTI: a) BIJTUB IMMUTOMOTO OIOPY MIIKIAIKK; 0) BIUTHB Yacy

TpaBJieHHs; B) BB BMIicTY H,O»; T) KpuBa BIATYKY — BiJIHOBJICHHS; 1)

3MiHa OTOPY IiJ] Yac UKIIB YBIMKHCHHSI-BUMKHEHHS CBITJIa; €) 3MiHA OTIOPY

3 IpaJilEHTOM TOTY>KHOCTI CBITJIa (Ha BCTaBKaX - 3HAYEHHS BIATYKY CEHCOpa)
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NacTKU ISl MAaJaloyoro CBITIAa 3a paxyHoK mipamigok Tekctypu ta KHH. 36inbiienns
tpuBanocti nepmoro etamy MCXT 3 20 go 60 ¢ npu3BOAWTH A0 TMOTIPIICHHS
(GOTOUYTIMBHUX XapaKTEPUCTUKHU CEHCOPIB: BIATYK 3MEHIIUBCS B 3,3 pazu. MoXIuUBO 1ie
o0yMoBieHO BH103MiHOIO Mopdotorii macuBy KHH 3a paxyHok yTBOpeHHS mporaiivH, 1o
MPU3BOAUTH JI0 3MEHIIEHHS €()EeKTUBHOCTI 3aXOIUICHHS CBITJIa MOBEPXHEI0 ceHcopa. B
CBOIO Yepry 3MiHa 4acy TpaByieHHs 3 5 10 60 XB MpOJIEMOHCTPYBaJia 3pOCTAIOYUN TPEH]T
BIJITYKY 3 MaKCUMaJbHUM 3HaueHHsIM 40, ane nmojasbiie 301IbIICHHS Yacy TPaBJICHHSA /0
150 xB BUKJIMKa€ MOTIPIICHHS BIATYKY 10 3 (puc. 2.6, 6). lle moB’s3aH0 3 THM, 110 3a
HU3BKHMX YaciB TpaBJieHHs Mae Miciie 301abienHs Bucotn KHH, 1o 3abe3neuye epexkruBHe
3aXOIUICHHS CBITJIA, a 33 OLIBIIMX YaciB TPABJIEHHS CIIOCTEPIraeThbCs BUPOJKEHHSI MacUBY
KHH nwisixom yTBOpeHHS TyuYKiB 3 HAHOHUTOK, TOOTO 3MEHIIYETHhCS KIJIbKICTh
r€OMETPUYHUX MACTOK Ha MOBEpXHI ceHcopa. KpiM Toro, B po6oTi Oyj10 BCTAHOBJIEHO, IO
nipu 30uIbIIeHH] KubkocTi H,O, 3 0,2, 1o 1,4 mui, Mae Miciie 301ibleHHs BIATYKY 3 1,35 1o
6,8 (puc.2.6, B). Taka 3anexHicTh 00yMOBIIeHa BU03MIHOI0 Mopdotorii MacuBy KHH Bin
ME30I0p A0 KpaTepiB, Kl OYEBUIAHO MOKPAIIYIOTh 3[aTHICTh MoriavHaTH cBiTio. LIlo6
IPOJIEMOHCTPYBATH BIUIMB HAsABHOCTI KPEMHIEBUX OJHOBHMIPHHMX CTPYKTYp B CKJIaji
ceHcopa, 0yJIo BUTOTOBJICHO CEHCOP 0€3 HAaHOHCTPYTYp. Biaryk takoro cencopa ckias 1,13,
110 OUIBII, HI’K Ha MOPSIIOK € TIPIIUM, YUM HalKpalle 3HaYeHHs JaHOTO Koe(illeHTa s
CEHCOpPIB OCBITJIEHOCTI 3 HaHocTpykTtypamu (40). B cBowo depry, KkoedimieHT
dboTouyTiauBocTi 3pic 3 78 %/nMmB (ceHcop 6e3 HanocTpyTyp) 10 120%/ nmB (cencop 3
macuom KHH).

2.5.3 Munamiuni mapamerpu cencopiB. Ha puc. 2.6, r 300pakeHO NUHAMIYHY
XapaKTepUCTUKY CEHCOpa, 3BIAKM MOKHA OayuTH, [0 4Yac BIATYKY Ta BIiJHOBJICHHS
MpWIaliB Maibke ogHakoBuidi. Ha puc. 2.6, 1 HaBeaeHO TWHAMIYHY 3MiHY OTIOPY CEHCOopa
MiJ] 4Yac IMKIIB YBIMKHEHHS-BUMKHEHHS CBITJIa. BCTaHOBJIEHO, 110 CUTHAJ HE TaKUU
BIZITBOPIOBAHMIA SIK B CEHCOpAX TeMIIepaTypH, ajie BeInuuHa (DIyKTyallii € HeKPUTHYHOIO.
Takox Ha puc.2.6, € MPOIEMOHCTPOBAHO PEAKITIO NPTy Ha TPAJIIEHT PIBHIB OCBITJICHHS.
BcranoBiieHo, 110 OUIBIIICTh CEHCOPIB 3 HAHOCTPYKTYPaMH MOKa3adM Kpalll Yacu peakilii
710 BUMIPIOBAJILHOTO MapaMeTpa, YMM CEHCOPU OCBITJICHOCTI 0€3 HaHOCTPYKTYyp. A came,

qac BIATYKY JUIsl CEHCOPIB OCBITJIIEHOCTI 0€3 HAaHOCTPYKTYp ckjaB 1,8 ¢, a yac BiTHOBIICHHS
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2 c. Haromicth Halikpallll 3HaY€HHs IIUX MapaMmeTpiB i CEHCOPIB OCBITJIEHOCTI 3

HaHOCTpYKTypamu ckianu 0,63 ta 0,9 ¢ BiAMOBIIHO.

2.6 Bukopucranns macuBy KHH B cencopax Bosiorocti

2.6.1 MeToanKka J10CJai2KeHb CEHCOPiB BOJIOrOCTi. /{7151 BUMIpIOBaHHS CEHCOPIB BIIHOCHO1
BOJIOTOCTI BUKOPHCTOBYBAJIM TE€HEPATOPU BOJIOTOTO MOBITPA (TIrpocTaTh), BUTOTOBJICHI 13
HaCHUYEHUX PO3YMHIB COJIEH, poOOTa SKUX IPYHTYEThCS Ha OCHOBI 3akoHy Paynsa. Ha
O0OMEKEHOMY TEeMIIEpaTypHOMY Jiana3oHl HACUYEHUW PO3YMH HEOPTraHIYHOi CcoMl Yy
JUCTUIIBOBAHIN BOJ1 FT€HEPYBATUME Y IPUIIOBEPXHEBOMY IIap1 MOBITPS CTA0LIbHY BITHOCHY
BOJIOTICTh. B maHiit poOOTI BUKOPUCTOBYBAIUCS HACUUEHI pO3YMHU HacTynHuX coeit: LiCl,
MgCl,, NaBr, NaCl, KCl, saxi renepyBanu Bianoigai piBai RH 11%, 33%, 60%, 75% 1 85
%. Takox BUKOpUCTOBYBaiacs BOJA, HAJ MOBEPXHEIO SIKOT BIIHOCHA BOJIOTICTH MOBITPS
ctaHoBUTh 98%. CTpyKTypa BUMIPIOBAJIHLHOTO CTEH/Ty HaBe/IeHa Ha puc.2.7. JIJist KOHTPOJIto
BOJIOTOCTI y TIrpocTarax BUKOPUCTOBYBaBcsl TepMo-rirpomerp EZODO HT-390, TouHicTh
BUMIpIOBaHHs sIKOro ctaHoBUTh +0,3°C nist BUMiprOBaHHS Temneparypu t1a £2,5% ans
BIJIHOCHOI BOJIOTOCTI MOBITPs. JJI yCiX CEHCOPIB MPOBOAMIOCS JOCITIKCHHS 3aJI€KHOCTI
€MHOCTI B 3aJE€XKHOCTI BIJl BIJHOCHOI BOJIOTOCTI MOBITps. BuUMIpIOBaHHS €MHOCTI
npoBoamiiocs 3a jgomomororo RLC-merpa ET4401 wa gacrori 1 kI TounicTh
BUMIPIOBAHHSI €MHOCTI JaHUM MpuiaaoM ctaHoBUTh +0,1%. JlochimkeHHs ceHCopiB
MPOBOJMIIOCA MUISIXOM BHUMIPIOBAHHSA CTaTWUYHUX (BIATYK, YYTJIMBICTH) Ta JAMHAMIYHHX
napaMmeTpiB (4ac BIATYKY Ta 4ac BIAHOBJIEHHs). 30KpeMa BeJIMYMHA BIATYKY Ta 4y TJIUBOCTI
CeHCcOopa BHU3HAYasacs 3 KPUBOi aJicopOIlii, TOOTO 3aJI€KHOCTI EMHOCTI CEHCOpa Bij piBHS
BimHOoCcHOI BosorocTi (RH) mpwm 1i 3poctanni Bix 11 g0 98 %, Ha 4acTOTI TECTOBOTO CUTHAITY
I k[, JIis eMHICHUX CEHCOPIB BIATYK BU3HAYABCS SK BIJHOIIEHHS MaKCHUMAaJIbHOTO Ta
MIHIMAQJIBHOTO 3HA4Y€Hb €MHOCTI Yy pJociikyBaHoMmy aiana3oHi RH. Ockinbku kpuBa
azcopOLli CEeHCOpPIB Ma€ E€KCIOHEHIIaIbHY 3aJIeXKHICTh, TO UyTJIMBICTh BHU3HAYaslacs K
MOKa3HUK CTEINEeHI anpoKCHUMY4oi KpuBOi. Takok B poOOTI JJII CEHCOPIB BOJIOTOCTI
BHUMIPIOBAJIUCS TUHAMIYHI XapaKTEPUCTUKH, K1 SBISLIIM COOOI0 YaCOBY 3aJICKHICTh EMHOCTI

mpu 3MiHI BiHOCHOTO piBHSA BojorocTi 3 11% mo 98% Tta HaBmakw. 3 1IHUX KPUBHX
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pPO3paxoByBaJICS Yac BIATYKYy Ta Yac BiTHOBICHHA mpuiaxy. Yac BIIryKy ceHcopa
BUMIPIOBABCSl MICIIA TEPEMIIIEHHsI CEHCopa 3 CEpeloBHUINAa 3 MiHIMAJIBHUM pPIBHEM
BiIHOCHOI BosiorocTi 11% B cepenoBuile 3 MakCMMaJIbHUM PIBHEM BIJIHOCHOI BOJIOTOCTI
98%. Yac BIAHOBJIECHHS BUMIPIOBABCs MICIIS MEPEMIIIEHHS B 3BOPOTHOMY HampsMKy. Hac
BIITYKY BU3HA4YaBCSA y TOUIll, KOJU CHrHajd ceHcopa aocsaraB 90% Bl cTabLIbHOTO
3HA4YE€HHS, a Yac BIJHOBJICHHS BUMIPSBCA Y TOUIIl, KOJU CUTHAJ ceHcopa jgocaraB 10% Big
cTabimpHOrO 3HAaueHHS. Po3paxoBaHi CTaTHYHI Ta JWHAMIYHI TapaMeTPH CEHCOPIB

3aHeceHi B Ta0. b.10.

B BO/1OrOCTi e
-/ ) -

HacuueHi po3unHKM conen

Pucynok 2.7 — CTpykTypa BUMIPIOBAJILHOTO CTEHAY JIJIsl JOCIIIPKEHHSI CEHCOPIB
BOJIOTOCTI

2.6.2 CraTnuyHi mapamMeTpu ceHcopiB. byno BCTaHOBIEHO, AK BiJ MapaMeTpiB
ctBoperHst macuBy KHH 3anexxanu BosorouyTivBi XapakTepUCTHUKU MPUIIAJIIB HA OCHOBI
macuBy KHH. 3okpema 30unblieHHss muTomMoro omopy miakmaakd 3 1 mgo 20 Om-cMm
MPU3BOAUTL JI0 TMOKpalieHHs BiAryky 3 1,8 mgo 251 (puc. 2.8, a). IlokparmieHHs
BOJIOTOUYTJIMBUX XapaKTEPUCTUK TMOSCHIOEThCs 30umbmieHHsM Bucotd KHH, a omxke
30UTbLIEHHSIM KUIBKOCT1 aJICOPOLIMHUX IIEHTPIB, TOOTO MOKpAUIEHHSAM iX 3HaTHOCTI
NOTJMHATH Bojory. HasiBHICTP MOBEPXHEBOI TEKCTypHU MOTIPIIye BIATYK y S5 pasis.
[ToripiieHHs BOJIOTOUYTIMBUX XapaKTEPUCTUK CEHCOPIB 00YMOBJICHO TUM, 110 B T1OPHIHIN
CTPYKTYp1 BUCOTa HAHOHUTOK Ha OIYHUX IpaHsX MipamiJ TEKCTYpPH € 3HAYHO HHXKUOIO, SIK
3a3HA4eHO B TomepenHbomy migpo3aium 2.2. Ile oO0ymoBmO€ 3MEHIIEHHS KiJTbKOCTI
aZCOpOILIfHUX WEHTPIB Ha MOBEpXHI ceHcopa. Takox Oylio MpoaHalli30BaHO BILIUB
30UIbIIEHHsT TpuBajocTi mepmoi Ta jpyroi  cragii MCXT Ha BOJIOrOYYTIMBI

XapaKTePUCTHKU €MHICHUX CEHCOPIB BOJIOTOCTI. 30KpeMa 3MiHa 4yacy ocapkeHHs AgNPs 3
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Pucynok 2.8 — CtaTuuHi Ta TMHAMIYHI XapaKTEPUCTUKU CEHCOPIB BOJIOTOCTI: a)
BILJIUB TUTOMOTO OTOpPY MiJIKJIaAKHU; 0) BIUIMB Yacy TPaBJICHHS; B) BIUIUB BMICTY
H,0,; r) kpuBa BiAryKYy — BIIHOBJIEHHS; 1) IMKJIIYHA 3MiHA EMHOCTI MPU 3MiH1
B1JIHOCHOI BOJIOTOCTI; €) 3MiHa EMHOCTI 3 TPaJIEHTOM BITHOCHO1 BOJIOTOCTI (Ha

BCTaBKaXx - 3HAYCHHSI BIATYKY JaTUYUKIB)
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20 1o 60 ¢ mpU3BOAUTH JI0 MOTIPIICHHS BOJIOTOYYTIMBHUX XapaKTEPUCTUK CEHCOPIB: BIJITYK
3MEHIIUBCSA B 2,2 pazu. O4eBUAHO, 1€ OB A3aHO 31 3MEHIICHHAM KiJIbKOCTI HAHOHUTOK 32
PaxyHOK YTBOPEHHSI MPOTAJUH M1 ICHIPUTAMHU, 1110 MPU3BOJAUTH 10 3MEHIIEHHS KUIbKOCTI
a7IcopOLiIHUX IEHTPiB. byo BcTaHOBJIEHO, 110 301bIIIEHHS Yacy TpaBiaeHHs 3 5 10 150 xB
i gac apyroi ctanii MCXT mokpairye Biaryk ceHcopa ao 49 (puc. 2.8, 6). Lls 3poctatoua
JIHIMHA 3aJIKHICTh MOXKEe OyTH TMOsSICHEHA 30UIBIICHHSIM KiJIbKOCT1 aJCOpPOIIMHUX IIEHTPIB
3a paxyHOK 30UTbIIEHHSI BUCOTH HAHOHUTOK. Ciijl 3a3HAUMTH, 110 BUAO3MIHA MOp(dOoIorii
macuBy KHH (yTBOpeHHS MMydKiB 3 HAHOHUTOK) 32 BUCOKUX YaciB TPaBJICHHS HE MOTIPIIy€
YYTIMBOCTI Ha BIAMIHY B1Jl CEHCOPIB TEMIIEpaTypu Ta OCBITIIEHOCTI. OCKUIBKU B CEHCOpPAx
BOJIOTOCTI BUMIPIOETHCSA €MHICTh, TO BTpaTa HOCIIiB 3apsily Ha CTPYKTYpHHX AedeKTax, 110
Ma€e MiCIle B TE€PMOPE3UCTOpax, HE BIUIMBA€ HA BeIMYMHY curHaidy. Ha BigMiHy Bin
(OTOPE3UCTOPIB, B SIKUX MOPYLIYIOTHCA YMOBH I€OMETPUYHOI MACTKU MJIs CBITJIA IMPHU
YTBOPEHI My4KIB HAHOHUTOK, B CEHCOpax Bosiorocti 3MiHa mopgosnorii B macuBi KHH He
BIUTUBA€ Ha 3JaTHICTh IOTJIMHAHHS BOJIOTOCTI, OCKUIBKHM IMpoOIleC ajcopOIii He €
HarpaBjeHUM. B po0oTi AocnipKyBaBcs BIUIMB BMICTY TpaBHHMKA IMij 4ac APYToi cTaiii
MCXT. Tak, npu 36iasmenHi kiabkocti H,O, 3 0,2, no 0,8 M, Oyji0 BCTaHOBICHO
3pOCTarouy TEHJEHIIII0 BIATYKY EMHICHHX CEHCOPIB BOJIOTOCTI, a caMme: BIATYK 3pic 3 2,5 110
37 (puc.2.8, B). Ane noxaneiue 3011bIIeHHS KiIbKocTI HyO, MpU3BOANUTE 1O MOTIpLIIESHHS
BOJIOTOUYTJIMBUX BIACTUBOCTEHN CeHCOpiB. LI TeHneHiniss Moxe OyTH MOSCHEHHA THUM, 1110
3a HU3BKO1 KOHIIEHTpallil Mae miciie 30ubienHs Bucotu KHH 6e3 3meHIeHHs X KiIbKOCTI,
TOOTO 3pocTae KUIbKICTh aAcopOmiitHux 1eHTpiB. [Ipm BUIIMX KOHIIEHTPAIISX
CIIOCTEPIraeThCs 3SMEHILIEHHS BOJIOTOYYTIUBO] IO CEHCOpa Yepe3 3MEHILIEHHS BUCOTH Ta
kuibkocTi KHH.

Jns imoctparii BruinBy HasiBHOcTI MacuBy KHH B cknani cencopis Bosorocti 06ysio
BUT'OTOBJIEHO CEHCOp 0€3 HAaHOHUTOK, BIATYK sikoro craHoBuB 1,05. HatomicTs mokpariexHe
3Ha4YEeHHs BIATYKY ceHcopa 3 MacuBoM KHH 0Oyso 251. BianoBigHO BOJIOTOUYTIMBICTh IIUX
npunanis cranosuna 0,07 (%RH) ! (6e3 KHH) ta 7 (%RH) (3 KHH).

2.6.3 /Iunamiuni mapamerpu ceHcopiB. Ha puc. 2.8, T mokazaHo AMHaAMIYHY
XapaKTEPUCTHKY, KA JEMOHCTPYE, IO Yac BIATYKY ceHcopa Bosiorocti Ha ocHoBi KHH

3HaYHO MEHIIMK 3a 4Jac BigHOBIeHHSA. Ha puc. 2.8, A mpencTaBieHO LUKIIUHY 3MiHY
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€MHOCTI 31 3MIHOIO BiTHOCHO1 BosiorocTi 11%-98%, 1o inocTpye rapHy BiATBOPIOBAHICTD
CUTHAITy CEHCOpa HE3aJICKHO BiJl IUKITY BUMIpy. KpiM TOr0O, BCTAHOBJICHO, ITI0 B OTPUMAaHUX
IMPUCTPOSIX €MHICTh YYTJIMBO pearye Ha TpaJiieHT BiAHOCHOiI Bojiorocti (puc. 2.8, e).
BusiBiieno, mo natavku Ha ocHoBi MacuBy KHH Manm kparmmii uac BiAryKy Ta BiJHOBICHHS

(25 1 13 ¢ BignoBiaHO) mopiBHsHO 3 pucTposimu 6e3 MacuBy KHH (71 1 57 ¢ BiAMOBiIHO).

2.7 Bukopucranns macuBy KHH B cencopax Bmicty JIOC

271 Metoauka pociairkedb cencopiB  Bmicty JIOC. Tazouyrtnusi
XapaKTEPUCTHKU JTaTYMKIB JIETKUX OPraHIYHHUX CHOJYK (€TaHOJ], aleTOH, 130MPOMIIOBUN
CIUPT, TIAPOKCHJ aMOHIiI0, OyTuiamerar, Toiayoi) Ha ocHoBi KHH mocmimxkyBanucs 3a
JIOTIOMOTOI0 BUMIPIOBAJILHOTO OOJIAIHAHHS, CTPYKTYpy SKOrO IOKa3aHO Ha puc. 2.9.
JlaGopaTtopHuid CTEH]I CKJIaA€ThCS 3 HACTYITHUX KOMIIOHEHTIB: 1) cepii ceMIuiepiB pi3HOTO
00’emy 1-50 MKJI AJ14 1OAa4l aHAJITy B TECTOBY KaMepy; 2) cHUCTeMa MPOJAYBKH TECTOBOI
KamMepu sl BUAAJCHHS Ta3y; 3) CEeHCop, IO JI03BOJISIB KaliOpyBaTh TMOKa3HUKU
JOCIIKYBaHUX CEHCOPIB; 4) HATPIBHUUN €IEMEHT JIJIsl IBUJIKOTO BUIIAPOBYBAHHS PIKOTO
aHamiTy; 5) BEHTWIATOp Juisi piBHOMIpHOTO posnoauty JIOC mo 06’emy kamepu; 6)
BUMIproBaibHuM 0J10K; 7) 1K m1st undpoBoi 00poOku curHaity. Binryk npuiiaay BU3Hauanu

SK BIJHOIIIEHHS OTIOPY PE3UCTOpa MPU MaKCUMAJIbHOMY 3Ha4€HHI 1031 aHamTy (50 Mxi1) Ta

Pucynok 2.9 — CxeMa BUMIpIOBaJIbHOTO 00s1aiHaHHs /i AaTaukiB BMicTy JIOC: 1)
7103aTOp aHaJITy; 2) CHCTeMa MPOAYBaHHS; 3) JaTYMK KOHTPOJIIO; 4) HarpiBaIbHUMN

€JIEMEHT; 5) BeHTWJIATOP; 6) BUMIPIOBAJIbHUI OJIOK; 7) epCOHAIbHUN KOMIT'IOTED
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3a Horo BiacyTHOCTI. B sikocti minboBoro anamity Oyno obpano NH4OH, no sxoro
CriocTepiraBcs MakCUMalbHUH BIATYK cepell iHmuX nociimpkyBanux JIOC.
KoedirieHT ra3o4yTiIMBOCTI BU3HAYABCS SIK BITHOIIEHHS BIJHOCHOI 3MIHHM OIOPY B

3ajaHoMy Jiana3oHi koHreHTpalli JIOC 10 BeIMUYUHM IILOTO Jiara3oHy:

AR 1
Sg = R_o . E . 100% (26)

e Sy— Koe(ilieHT ra304y TIMBOCTI;

AR— pi3HUIIA ONOPIB MPU MiHIMAIBHIN Ta MaKCUMaJIbHIN KOHIIEHTpAIIil;
R,— omip nipu MiHIMaIbHIN KOHIEHTpAIIIT;

AC— pi3HULA KOHLIEHTpALINA aHAJITY.

[IBUaKICTB BIATYKY Ta NIBUJAKICTH BITHOBJICHHS OI[IHIOBAJIU MICJIS MIEPEXO0ay aTunuKa
Bl YUCTOTO TMOBITPS JO CEpENOBHUINA, MO MICTUTh 50 MK aHamTy, 1 HaBIAKH.
BumMiproBaHHsI CeleKTUBHOCTI TpoBoaAwiiK 3 50 MKJI €TaHOJy, alleTOHY, 130MPOIiJIOBOTO
CIUPTY, TIAPOKCUAY aMOHII0, OyTHUJIAIETaTy, TOIyoy. BuMipioBaHHs onopy NpoBOJMIOCS
3a ponomororo RLC-merpa ET4401 na uvacrotri 1 kI'u. TouHICTh BUMIPIOBaHHSI ONOPY
JAHUM TIpUJIaJioM cTaHOBUTH +0,1%.

2.7.2 CraTuuHi napameTpu ceHcopiB. B po6oTi mokaszaHi 3aKOHOMIPHOCTI BILTUBY
TEXHOJIOTIYHUX [apaMeTpiB CTBOPEHHS OAHOBUMIPHUX HAHOCTPYKTYP Ha Ta304yTJIMBI
nmapamMeTpu CEHCOPIB. SIK 1 B CEHCOpax BOJIOTOCTI, 301TIBIIIEHHS! TUTOMOTO OTIOPY ITiIKJIaIKH
MPU3BOJUTH 10 MOKpAIIEHHS BIATYKYy ceHcopiB 3 2,1 mo 32,5, mo TakoXX OYEBHJIHO
MOB’513aHO 31 30UIBIICHHSIM KITBKOCTI aJCOPOIINHUX IEHTPIB, TOOTO MOKpAIICHHIM iX
3IaTHOCTI TIOTJIMHATH IUTHOBHM ra3. Takox Oys10 BCTAHOBJICHO, 1110 3MiHA YacCy OCa[KEHHS
AgNPs 3 20 1o 60 ¢ BUKIMKa€E MOTIPUIEHHS BIATYKY CE€HCOPiB B 3,2 pa3u. OueBHUIHO, 1€
MOB’SI3aHO 31 3MEHIICHHSIM KITBKOCTI aJCOPOIIIMHUX IIEHTPIB, 32 PAaXyHOK 3MEHIICHHS
KUIBKOCTI HAaHOHHUTOK, K IMOKa3aHo B miapo3nauii 2.2. B pobGoti Oyno BUSIBIEHO, IO
30UTbLIEHHS Yacy TpaBieHHs 3 5 1o 150 xB mig HY Ag 30inbiye Biaryk ceacopa go 11,3
(puc. 2.10, 6). Lls 3pocTatoua miHIAHA TEHJCHIIS MOXXKEe OYTH TMOSICHEHA, SIK 1 Y BUIAAKY
CEHCOpPIB BOJIOTOCTI, 301IBIIEHHSIM KUIBKOCTI aJCOPOIIMHUX LIEHTPIB. TakoXX BHBYABCS
BILJTUB BMICTY TpaBHUKA M1 yac apyroi cramnii MCXT: 3poctanus kinbkocti H>O; 3 0,2, mo

1 M1, BUKJIMKAIO 30UTBITIEHHS BIATYKY 3 4,6 10 7,6 (puc.2.10, 6). OxHak 301abIIeHHS
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Pucynok 2.10 — CratuuHi Ta AMHaMIYH1 XapaKTepUCTUKH ceHcopiB BMicTy JIOC: a)
BIJIFYK ceHcopiB Ha pi3Hi BuaAu JIOC; 0) BiuB yacy TpaBieHHs Ta BMicty H,O, Ha KpuBi
BIAryKy ceHcopa Ha nmapu NH4OH (Ha BcTaBli — BIATYK CEHCOpa); B) KpUBa BIATYKY —
BIJIHOBJICHHSI CEHCOPA; ') LIMKJIIYHA 3MIHA OMOPY CEHcopa MpHU NEPEMIIIeH] B CEPEIOBUIIE

NH4OH ta Ha noBiTps; 1) 3MiHa onopy ceHcopa Ha rpaaient Bmicty NHsOH
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kubkocTi H>O; 10 1,6 M1 moripinye BiiITyK CEHCOPIB, 110 MOSICHIOETHCS 3MIHOIO BUCOTH Ta
kitbkicTio KHH, 1110 OimbI1 AeTabHO omurcaHo it CEHCOPiB BosIorocTi Buie. [lomepenne
TekcTypyBaHHsi moBepxHi MacuBy KHH 3menmmno Biaryk cencopa Ha 20%, 1o
00YMOBJICHO TUM, 1110 B T10pU/IHIM CTPYKTYPl BUCOTA HAHOHUTOK Ha O1YHUX TPaHsX Iipamij
TEKCTYpPHU € 3HAUHO HIDKUOIO, SIK 3a3HAYCHO B MOINEepeTHbOMY Miipo3aiii 2.2. CeneKTUBHICTh
ra3oBOT0 CEHCOpa BU3HAYAE MOTr0 3[ATHICTH PO3PI3HATH BIATYK JI0 IIILOBOIO ra3zy cepen
BIJITYKIB /10 1HIIKX ra3iB. SIk moka3aHo Ha puc. 2.10, a, natunk Ha ocHoBi KHH mokasye
BUCOKY uyTiuBicTh 0 napiB NH4OH (38,4 pa3iB) 1 HU3bKY UYTJIMBICTH JIO 1HIIMX Ta3iB
(1,04-2,9 pa3ziB), cepenn IKUX: 130MPOMIIOBHUI Ta €TUIIOBUN CIUPT, OyTUIIALIETAT, TOTYOJ Ta
aneToH. [{e Bkasye Ha BUCOKY CEIEKTHUBHICTh po3po0sieHoro AaTunka 1o napis NHsOH.

B poGoti Oyno mokaszaHo, 1o Biaryk ceHcopa Bmicty NH4OH 6e3 kpemHieBHX
HAaHOHCTPYKTYp CTaHOBUB 1,4, 1110 OUIbII, HI)K HA MOPSAOK € TIPIIUM, aHI)K MaKCUMaJIbHE
3HAYEHHS BIATYKY CEHCOpIB 3 HAHOCTPYKTypamH (38,4). IIpu oMy ra3ouyTIMBICTh TAKUX
npwiaaiB ckiana 1,4 %/mMki (6€3 HaHOCTPYKTYp), 110 3HAYHO MEHIIE, aHDK HalKparie
3HAQYEHHS JJAHOTO MapaMeTpa JiJisi CeHCOpiB 3 HaHOCTpYyKTypamu (11 %/MKi).:

2.7.3 IunamiuHi napamerpu cencopis. 3 puc. 2.10 BugHO, 1110 Yac BIATYKY CEHCOpa
Bmicty NH4OH € cyrreBo Oinmbpinmm 3a 4dac BigHOBiIEHHs. [[ukiiyHa 3miHa omopy mpH
nepeMiiieHi ceHcopy B cepenonuiie 3 NHsOH Ta Ha noBiTps 300pakeHa Ha puc. 2.10, T,
IO 1TIOCTPY€E 3aJI0BUIBHY BIJTBOPIOBAHICTh CUTHAIY CEHCOpA HE3AJICKHO BiJ MHUKITY
Bumipy. Kpim toro 3 puc. 2.10, 1 BUIHO, 1110 JJaHUI CEHCOP PO3PI3HEHO pearye Ha rPajl€HT
KOHIIEHTpaIlli aHamiTy. TakoX BCTAHOBJIEHO, IO JAaT4YMKIB Ha ocHoBl macuBy KHH
MOKa3aJiM  Kpamly IIBUAKOMII0 MOpiBHAHO 3  mpuctposmu 06e3 KHH: wac
BIITYKY/BiAHOBJIEHHS cTaHOBUB 35 1 31 ¢ BianmoBiaHo i npuiany 6e3 KHH Tta 8,5 ta 17,5

¢ BignmoBigHO /s mpuiaay 3 KHH.

BucHoBku 10 po3ainy 2

B nmanomy po3gim Oyno HaBeAeHO pe3yibTaTH JOCTIIKEHHS BUTOTOBJICHHUX
YyTIUBUX CTPYKTyp Ha ocHOBl macuBy KHH nns pe3aucTtuBHUX (€MHICHUX) CEHCOpIB

G13UYHUX BEIUYMH (TeMIIepaTypH, OCBITJIECHOCTI Ta BOJIOTOCTI) Ta XIMIYHUX BEJIUYUH
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(smicty JIOC). Bcranosneno BmiuB mnapametpiB ctBopeHHss KHH na ix moBepxHeBy
Mop(oorito, a TakoX CTaTUYHI TapaMmeTpu (BIATYK Ta YYTJIMBICTh) Ta JAUHAMIYHI
napaMeTpu (4ac BIATYKY Ta 4Yac BIJHOBJIEHHS) CEHCOpIB Ha iX ocHoOBi. IlokazaHo, 110
J0/IaBaHHS OJHOBUMIPHMX KPEMHIEBUX HAHOCTPYKTYp JO CKJaay CEHCOpIB (Pi3MUHHUX
BEJIMYMH 3HAYHO TOKPALIMIO 1X YyTJIMBICTh Ta IIBUIKOMAII0. B pPE3UCTUBHUX CEHCOpax
TeMreparypu Biaryky 3pic 3 1,1 mo 132 paziB, koedirient TepmouyTiuBocti — 3 130 K 1o
4400 K, a ceHcopax OCBITIEHOCTI, B CBOIO Uepry, Binryk 3pic 3 1,1 go 40 pasis, a koedirieHT
doTouytnuBocti — 3 78 %/mm 10 210%/nMmB, B cBotO "epry B cencopax Bmicty JIOC BiATyK
3pic 1,4 no 4,6 pasiB, a koedimieHT razouytiuBocti — 3 1,4 mo 11 %/mkin. Hapemti B
€EMHICHUX CEHCOpax BOJIOrOCTI BiAryk 3pic 3 1 mo 251 paziB, a KoedimieHT
sonorouytiausocti —3 0,07 (%RH)! mo 7 (%RH)!. Byno BcraHoBieHo, 1O 3MiHK
TEXHOJIOTIYHUX HapaMeTpiB cranaapTHoro npouecy MCXT maroTh pi3HUI HACHIIOK IS
CTBOPEHHMX CEHCOPIB 1 MOXKYTh SIK MOKPAIIyBaTH, TaK 1 MOTIPIIyBAaTH YyTIUBICTh IPHUIIALTY.
30kpemMa OyJI0 BCTAaHOBJICHO, IO 30LIBIICHHS MUTOMOIO OMNOPY MIAKIAJAKH CEHCOpPIB
MPU3BOJIUTH 0 3HAYHOIO MOTIPIIEHHS BIATYKY JJI CEHCOPIB TEMIEpaTypH 1 OCBITIEHOCTI,
ajie 10 TOKpalleHHs B ceHcopax Bojorocti Ta BMicTy JIOC. JlomatkoBa oOpoOka mepen
onepartiero MCXT (TekcTypyBaHHS) MOKPAIIWIO BIATYK ISl CEHCOPIB OCBITIICHOCTI, ajie
JUIs CEHCOpIB TemnepaTypu, Bojorocti Ta BMicTy JIOC moripmmio BiATYK. 301IbIIESHHS
yacy ocajpkeHHss AgNPs mpu3Besno A0 MOTipiieHHs BIATYKY ISl BCIX CEHCOpIB. 3HAYHE
30UTbLIEHHSI 4Yacy TPABJICHHS KPEMHII0 NPU3BOJUTHL B CEHCOpax TeMIeparypu 1
OCBITJICHOCTI JI0 MOTIPIIIEHHS BITYKY, alie¢ B CEHcopax BoJiorocTi Ta Bmicty JIOC HaBmaku
no mokpamieHas. 360iunbmenHus BMicty H,O, B posumni mo 0,8-1 mur mpu3BOAuThH [0
MOKpAIeHHs BIATYKY BCIX CEHCOPIB (i3MUHUX Beau4uH Ta BMicTy JIOC.

OpnepskaHi pe3ysbTaTd CBIAYATh MPO T€, 110 BUKOPHCTAHHS IMPOCTOI Ta JEIICBOi
TEXHOJIOT1i CTBOPEHHSI HAHOHUTOK € €(PEKTUBHUM JJI1 BUPOOHUIITBA CEHCOPIB (PI3UUHUX Ta
XxiMIYHUX BenuduH. O HaK po3po0JieHI CEHCOPH ISl MPUKIIATHOTO 3aCTOCYBAHHS MOXKYTh
MaTH HEJOCTAaTHhO BUCOKY IIBUIKOMAIIO Ta CTAOUTHHICTH (PEBEPCUBHICTH). TOMY 3 METOIO
MOJAIBIIOr0 TOKPAIIEHHs] IIBUJKOMAII Ta CTaOUIBHOCTI CHUTHAIy CceHcopa B PoOOTI
MPOMOHYEThCS 3A1McHuTH Moau(ikarito nmoBepxHi macusy KHH six uyTnuBoro enemenra

CEHCOpa, 10 BUCBITJICHO B PO3ii 4.
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Poszin 3. BIUIMB TEXHOJIOTTYHUX TTAPAMETPIB CTBOPEHHSI MACHBY
KHH HA JIIOJIHI CEHCOPU HA OO OCHOBI

3.1 Texnomnorisa Burotosienns macuBy KHH Ta cencopiB Ha ioro ocHoBi

B naniit po6oti Oyau CTBOPEHHI 110J{H1 CEHCOPH (P13MUHUX Ta XIMIYHUX BEJIMYMH Ha
ocuoBi KHH 3a nmomomoroio naBox-cramiiinoro metony MCXT. Ilpomec cTBOopeHHs
B1I0yBaBCsl 32 HACTYMHUM TEXHOJIOTTYHUM MapuipyToMm (puc. 3.1): XiMiuHE OYHUIICHHS
MMOBEPXHI KPEMHI1€BUX IIJIACTUH; CTaHAPTHE IBOX-CTa i HE METAJI0-CTUMYJILOBAHE XIMIYHE
TpaBJCHHS 11 CTBOPEHHS KPEMHIEBUX HAHOHHUTOK HA TOBEPXHI KPEMHIEBUX IUIACTHH,
omnepailist 1udy3ii 111 CTBOPEHHS P-N-TIePEX0ly B HAHOHUTKAX; HAHECEHHS (DPOHTAIILHOI Ta

TUJHHOT METai3allii; po3pi3aHHs IUIACTHHU Ha OKPEeMi 3pa3KH 3a JOIIOMOTOI0 CKpaitbepa.

-
-
A - A - A D

AR RS SE—

Ag-NPs p-SiNWs

=

Pucynox 3.1 — CxemaTuuse 300paxeHHs IPOIIECY BUTOTOBJICHHSI CEHCOPIB J110THOTO
tuny: 1) ocamkends HY Ag, 2) TpaBieHHs kpeMmHit0, 3) hopMyBaHHs p-n niepexoay, 4)

OCaPKEHHS TUJILHOTO KOHTAKTY Ta Bianai, 5) dopMyBaHHS (PPOHTAIBHOTO KOHTAKTY

JleTanpHO 3 IIUM MapUIpyTOM MOKHA O3HAMOMUTHCS B miApo3Aum 2.1, TyT Oy1yTh onucaHi
JIMILE BiJIMIHHI MPOLIECH CTBOPEHHS (AU(y3is Ta HAHECEHHS TUIBLHOTO KOHTAaKTy). Ilicns
CTBOPEHHSI KPEMHIEBUX HAaHOHHTOK B HHX Oyno cdopmoBaHo p-n-nepexia. s mporo
smiicHoBanacs audysis ¢ocdopy 31 croponn KHH B audyy3iitHii nedi 13 3acTocyBaHHIM

piakoro mkepena B nBa eranu. Ha mepmomy ertami BigOyBanach 3aroHka JOMIMIKiB P 3a
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temrnepatypu 750°C mpotsrom 5 xB. Ha macTtymHOMy eTami 3iifiCHIOBaJIach PO3TOHKa
gomimkiB P 3a Ttemmepatrypu 830°C mpotsirom 20 xB. B pesynbrari chopmMoBaHO

KPEMHIEBHI 1Iap N-TUITY 3 TUTOMUM MOBEpXHEBUM oropoM 50 Om/O.

(bpoHTATBHITI KOHTAKT
Si-NW

THBHAT KOHTAKT

Pucynok 3.2 — CxemaTnuHa CTpyKTypa () Ta 30BHIIIHIA BUTIISA J10JHUX CEHCOPIB

G13UYHMX Ta XIMIYHUX BEJTMYMH HA OCHOBI KPEMHIEBUX HAHOHUTOK

Jlami cyImiapHUM TWIBHUN atOMiHIEBUM KOHTAKT OyB HAaHECEHHUW Ha MIAKIAIKY 3a
nornoMoror metoy BU MarnerponHoro posnuieHHs. PoGodi mapameTrpu i yac nporecy
ocaJi>keHHs Oynu HacTynHuMH: Hanpyra — 400 kB, cuna ctpymy — 4 A, TUCK aprony — 3 X
107 MM pT. CT., yac ocamkeHus — 40 xB. ITicis BOro, anOMiHieBY IUIIBKY BiANAIOBaId B
nudy3iiiHii nedi npu Temneparypi 650°C B atmocdepi a30Ty. Sk Hacmi10K, OyB OTpUMaHUMA
TUJIBHUA KOHTAKT TOBHIMHOKO 1,5 MKM. CxeMaTudHe 300paK€HHS IOMEPEYHOTO PO3pi3y
ceHcopy 3HaxoAuThcsi Ha puc.3.2. CTPYKTYpHO CEHCOPU CKIQJAOTHCA 3 IMiJIKJIAIKH
KPEMHIIO, Ha THJIbHY CTOPOHY sIKOi OyB HaHeceHUil Al KOHTaKT, 3 GpPOHTAIILHOI CTOPOHU
CTBOPEHHMX HAaHOHUTOK 3 P-N MIEPEX0I0M Ta (PPOHTAIBHI TOUKOBI KOHTAKTH. TEXHOIOTI4YHI

rapaMeTpu CTBOPEHHSI CEHCOPIB J10/IHOTO TUITY 3aHeceHl B Tabu. b.11.

3.2 Bukopucranns macuBy KHH B cencopax temnepatypu

3.2.1 Mertoauka J0CJiI:KeHb CeHCOpPiB  Temmeparypu. Tepmopionu
JOCTIKYBAINUCA B PEXKUMI CTaJoro cTpymy. TenoBa 4yTiAMBICTh MPHIIA/IB OLIHIOBAJIACS
Ha ocHOBI BAX Ta po3paxoBaHuX KOE(QILIEHTIB TEPMOUYTIMBOCTI. BenuuuHa

TEpPMOYYTIMBOCTI BU3HAUATIACh 3 PIBHOCTI[69]:
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_ UTo)=U(D)
St =" (3.1)

ne U(T) 1 U(Ty) — npuxnaneni 3mitieHHs npu temmnepatypi T 1 Ty BIATOBIAHO;

St — KoedilieHT TEPMOUYYTIUBOCTI.

JlaHa xapakTepuCTHKa 3HIMajaach JJig YOTPhOX PI3HUX PIBHIB MOCTIHHOTO CTPYMY:
0,01, 0,1, 10 ta 30 MA. OgHak 3a BUIIUX CTPYMiB MaB MICIIE CaMOpO3IrpiB CEHCOpaA, IO
BHOCHB MOXHOKY /10 BUMIPIOBaHOI BENTUYMHU. TOMY TEPMOUYTIAUBICTh KPEMHIEBHUX JI10/IB 3
KHH Busnavanach 3a noctiiinoro crpymy 10 MxA. Takox B poOOTI OIIHIOBABCS BIATYK
TIOTHUX CEHCOpIB Ha 3MIHY TEMIIepaTypHu, SIK BIJHOLICHHS 3BOPOTHOTO CTPyMy MHpHU
temriepatypu 20 ta 80 °C (npu Hanpysi 4 B). TepModyTinuBi XapaKTEepUCTUKHU JOCIIITHUX
3pa3KiB BUMIPSIHO 3a JOTIOMOTOI0 BUMIPIOBAJILHOTO O0IaIHAHHS, SIKE ONMUCAHO B MAPO3/ILIT1
2.3. Po3paxoBaHi CTaTU4HI Ta JMHAMIYHI TapaMETPHU CEHCOPIB 3aHeceH1 B Tadi. b.12.

3.2.2 Mexani3m gii cencopiB Temneparypu Ha ocHoBi KHH. [lpunnun nii
TEPMOJIIO[a MOJSArae B 3MiHI MaalHHS MPSAMOi HAIpYrd Ha p-n MEpPeXoii MHpU 3MiHl
TEMIIEpaTypH 3a CTaJoro cTpymy. Bimomo, 1o npsMe majiHHS HANpyTd Ha p-n-mepexol
Ma€ Maike JIHIMHY 3aJIe)KHICTh BiJ aOCOMOTHOT TeMreparypu. Sk BugHo 3 puc.3.3, Bci
XapaKTEPUCTUKU TEPMOYYTIMBOCTI JOOpE anpOKCHUMYIOThCS JIIHIMHOIO 3aJexXHICTIO (3.2).
Kyt Haxuiay KpUBUX CBITYUTH PO BEIUYUHY TEPMOYYTIMBOCTI, fKa 3aJICKUTh BiJl
napametpiB nporecy MCXT. Koedimientn TepmMouyyTiumBocTi 3aHeceHl B Tabn. b.13.
3HI)KEHHSI Hanmpyrd Ha JioJl NpU MIJABUIICHHI TeMIlepaTypu MOB'A3aHE 3 (PI3MUHUMH
BJIACTUBOCTSIMHU HaMiBNPOBIAHUKIB. OCHOBHA MPUYMHA L[HOTO SBHILA MOJSITAa€ B TOMY, 110
npu 301IBIIEHH] TEMITEpATypHy 3pOCTA€ TAK 3BAHUM 3BOPOTHUM CTPyM HacuueHHs. OCKIIbKA
el CTPYM 3aJICKHUTh BiJ] TEMIEPATypH EKCIIOHEHIIIMHO, HABITh HEBEIUKE 11 MIABUIIICHHS
MIPU3BOIUTS JI0 3HAYHOTO 301IBIIICHHS 3BOPOTHOTO CTPYMY. SIK HACTIAOK, /TSI I ATPUMAaHHS
MOCTIHHOTO CTPYMY 4epe3 101 HEOOX1THO 3HU3UTHU HOro npsamy Hanpyry [70].

3.2.3 CratuuHi napamerpu ceHcopiB. OjepsxaHi CEHCOPH JIIOAHOTO THUITY HAa OCHOBI
KHH xapakTtepu3yloThCsi TEpPMOYYTIMBUMH BIACTUBOCTAMHM, IO BUAHO 3 HABEACHHUX
KpUBHX Ha puc.3.3. MakcumanbHUI KOE(IIEHT TEPMOUYTIUBOCTI, OJEPKAHUN B POOOTI,

cranoBuB 4 MB/K, B Biaryk 6,4 pasiB. byio BCTaHOBJIEHO BIUIMB OKPEMO KOXKHOTO
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Pucynok 3.3 — TepMouyT/iHBI XapaKTEepUCTUKU CEHCOPIB: BIUIUB Temreparypu Ha BAX

(a); BB mapamMeTpiB nepuioi (0) Ta apyroi craaii MCXT (B) Ha KpuB1 TEPMOBIJTYKY

TEXHOJIOTIYHOTO TapaMeTpy CTBOPEHHS KPEMHIEBUX HAHOHUTOK Ha TEPMOUYYTJIMBI

rapaMeTpu p-n-mepexoj1y, 3a YMOBH, 1110 BC1 1HIIT TE€XHOJOTIYHI MapaMeTPU BUTOTOBJICHHS

macuBy KHH 6y cranmumu. 3okpema 0yJ1o Moka3aHo BIUIMB: MUTOMOTO OMOPY ITiIKJIAIKH,

TexHoJoriyHux napametpiB nepiioro erany MCXT (wac ocamxenns HY Ag ta BMICT

AgNO; B po3uuHi), TEXHOJIOTTUHUX TTapameTpiB apyroro eramry MCXT (dac TpaBieHHS i

HY Ag Ta Bmict H,O, B po3umHi), NONEPEIHHOTO TEKCTYpyBaHHS MiJKJIaaKku. Brums

TEXHOJIOTIYHUX MapaMeTpiB BUrotorneHHs macuBy KHH Ha TepmouyTiuBiCTH CEHCOpIB

300paxkeno Ha puc. 3.3 (06, B). 3 TOUKH 30py TEPMOBIATYKY, MUTOMHMA OMIp BHXIIHOT

MIIKJIAIKU 3A1MCHIOE 3HaYHUM BIUMB. Tak, 3a omHakoBux pexumiB MCXT 3pocTtanHs
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OUTOMOrO onopy miakiaaaku 3 1 1o 20 OM-cMm npu3Bena 10 3MEHIICHHS! TEPMOBIATYKY B 2
pasu. Lle Moxe OyTH MosiCHEHO O1TBIIT PO3BUHYTOIO Yy TIMBOIO MIOBEPXHEIO JIJISI CECHCOPIB Ha
OCHOBI MIJKJIA0K 3 oniopoM 1 Om-cM, 3a paxyHOK nopyBatux O01uHux ctiHok KHH, sk ne
OyJi0 mokazaHo B miapo3aiii 2.2. BcraHoBIeHO, 10 MOMEPEIHE TEKCTypYBaHHS MOBEPXHI
BHUXIJHOT IMIKJIaJIKM HETaTUBHO BITMBAE€ Ha TEPMOYYTJIMBI XapaKTEpUCTUKU. HasBHICTH
TEKCTYpH MPHU3BOJIUTH JO 3MEHILIEHHA TEepMOBIATYKY Ha 12%. Byno BcTaHOBIEHO, IO
301bIIeHHss TpuBasiocTi nepmoi ctaaii MCXT mo3uTHBHO BIUIMBAaE Ha TEPMOUYYTIUBI
XapaKTEPUCTUKU CEHCOopa: Tak 30uIblleHHs 4acy ocamxkeHHs 3 10 qo 40 ¢ mpusBeno 1o
MOKpAIIeHHs TEPMOBIATYKY 3 3,6 110 6 pasiB (puc. 3.3, a). Ane nojaasnbiie 301IbIIEHHS Yacy
OCAQJDKEHHS TPHU3BOJIUTH 10 TMOTIPIIEHHS TEPMOBIATYKY. OYEBHUIHO, 1€ TMOSCHIOETHCS
YTBOPEHHSM 3HauHMX mporaiuH B mMacuBl KHH 3a paxyHOk yTBOpeHHsI JNEHAPUTIB 3a
Oinbimmx yaciB ocamkeHHss HU Ag. 301unpmenns Bmicty AgNOs B po3unHI NEpIIoi cTaail
MCXT 3 34 no 136 mMr npu3BOIUTH 10 3pOCTaHHS TEPMOBIATYKY 3 3,6 10 6,4 pasiB, 10
MOB’513aHO 31 30UIBIICHHSM YYTJIMBOI IUIONII CEHCOpa 3a PaxyHOK YTBOPEHHS OUIBIIOL
KUTBKOCTI HAHOHUTOK. Takok 30ubiieHHsT TpuBasiocTi Apyroi craaii MCXT mo3uTuBHO
BIJIUBA€ Ha TEPMOUYTIIMBI XapaKTEPUCTUKH CEHCOpPa, a came: 3MiHa 4yacy TpasieHHs 3 30
10 90 XB MpU3BOIUTH IO 3pOCTAaHHSI TEPMOBIATYKY 3 2,4 1m0 5,8 pa3iB. Bigomo, 1o gosiie
TpaBJICHHSI IPU3BOJIUTH 10 (POPMyBaHHSI HAHOCTYKTYp OLIbII01 BUcoTU. CHiJl 3a3HAYUTH,
110 ToJIajbIe 30UTbIIIeHHS Yacy TpaBieHHs 150 XB moripirye TepMoBiaryk jo 2,1 pasis. Le
SABUIIIE MOB’3aHO 3 MoYaTkoM BupokeHHs MacuBy KHH, sik onucano B mimpo3aim 2.2.
[Tpu 361npmenH1 koueHTpaiii H>O; B po3uuni apyroi ctagii MCXT 3 0,4 no 0,8 M1, BiaAryk
ceHcopa 3poctae 3 3,6 1o 6,4 pasziB. O4eBUIHO, 10 TO3UTUBHUIN BIUIUB 3IIMCHIOETHCS 32
pPaxyHOK 30UIbIICHHS TEPMOUYTIUBOI IUIOII CEHCOpa NUIIX0M 3pocTanHs Bucotd KHH .

J11st TOPiBHSHHS XapaKTEPUCTHK JII0JHUX CEHCOPIB TeMITepaTypu OyJI0 BUTOTOBIICHO
ceHcop 0e3 HAaHOHUTOK, BIATYK SIKOTO CKJaB 1,5 pa3u, 1110 B 4 pasu ripiie, aHix JIJ1s ceHcopa
3 KHH (6,4 pa3u). B cBoto uepry, koediuieHT TepMouyTiauBocTi ceHcopa 6e3 KHH cknas
1,3 MB/K, 10 € Maif>ke B 2 pa3u MEHIIIE, aHI>K MaKCUMaJIbHE 3HAUCHHS IIbOT0 KoedilieHTa
JUTSL IIOJHUX CEHCOPIB TeMIepaTypu 3 HaHoCTpykTypamu (3 MB/K).

3.2.4 Jlunamiuni mapamerpu ceHcopiB. Ha puc. 3.4, a HaBegeHO OWHAMIYHY

XapaKTEepPUCTHKY, 3 SKOi BUAHO, IO Yac BIATYKY ceHcopa TemrepaTypu Ha ocHoBi KHH, €
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CYTTEBO MCHIIIMM 3a Yac BiTHOBJIICHHS. Takox OyJI0 MOKa3aHo, M0 JATYMKH YYyTIHBI 10
3MiHU rpagiedTy Temmneparypu Big 20 1o 120°C, B pe3yabTati 40ro 3MIHIOETHCS 3BOPOTHUI
ctpyM (puc. 3.4, 6). BcranosiieHo, 1m0 Bei gatunku Ha ocHoBl KHH mokazanu kopoTiiii
yac BiJIMOBI1I1/B1IHOBIICHHS NOpiBHAHO 3 fatunkamu 6e3 KHH. s natuukis 6e3 KHH uac
BITYKY/BiTHOBJICHHS ckiiaB 1,9 13,7 ¢ BimmoBigHO. B TOM 9ac, sik MiHIMaIbHI 3HAYCHHS [TUX

napamMeTpiB a1 qatuukiB Ha ocHoBl KHH cranoBunm 0,81 ¢ Ta 1,5 ¢ BiamosigHo.

10 Biaryx Bi a) ! E 6)
9 1JHOBJICHHSA 6 | ; 120 OC
8
; .. /
1, "
=, 37 100 °C
3
2
Ny
0

te g 0 2 4 6 8 10 ¢ 12

o
N
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Pucynox 3.4 — JIlunaMiuH1 XapaKTEpUCTUKU CEHCOPIB TEMIIEpATypH: a) KPUBA BIATYKY —

BIJIHOBJIEHHST; 0) 3M1HA 3BOPOTHOTO CTPYyMY 3 T'PAJIEHTOM TEMIIEpaTypu

3.3 Bukopucranus MmacuBy KHH B ceHcopax ocBITJIIEHOCTI

3.3.1 Meroanka ao0cjiaeHb ceHCOPiB ocBiTiieHoCTi. DOTOUYTINMBI BIACTUBOCTI
CEHCOPiB OCBITJIEHOCTI AiojgHoro tumy Ha ocHoBi KHH B 3aieXHOCTI Bl TEXHOJOTIYHUX
pexumiB MCXT BuBUamuch Ha OCHOBI CBITJIOBUX BOJBT-aMIIEPHHUX XapaKTEPUCTUK Ta
JIOKC-aMNIEepHUX XapakTtepuctuk [71]. Benwuwmaa QoToOBIiATYKYy BH3HAYaiach SK
BIJTHOIIEHHS CBITJIOBOTO JI0 TEMHOBOI'O 3BOPOTHOIO CTpyMy 3a Hamnpyru -4 B mpu piBHI
ocBiTierocti 20200 nk. Koedimient ¢porouytnuBocti (Kd) Bu3znagancs 3a popmyioro:

Ko = 2o (3.3)

T (E,—E{)XUXS
ne 1y ma Iy — GoTOCTpyM IPU MIHIMAJIBHOMY Ta MaKCUMaJIbHOMY OCBITJICHHI,

E;ma E; — MmakcuManbHa Ta MiHIMaJIbHA OCBITJIEHICTD;
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U — poboua HampyTa;

S - moma cencopy.

®OoTOUyTIMBI XapaKTEPUCTUKU JOCTIAHMX 3pa3KiB BHUMIPSHO 3a JOMOMOIOIO
BUMIPIOBAJIBHOTO 00JIaTHAHHS, sIKE OMKCAHO B Mmiapo3aui 2.4. Po3paxoBaHi cTaTH4HI Ta
JMHAMIYHI TapaMeTpu CEHCOPiB 3aHeceHi B Tabn. b.12.

3.3.2 MexaHni3m aii cencopiB ocBiTiieHocTi Ha ocHoBi KHH. [Tpunmun aii Takoro
CEHCOpa MOoJIsrae B HACTYITHOMY: TiJ JAI€I0 OCBITJICHHS B HAMIBIPOBIAHUKY T€HEPYIOTHCA
HEpIBHOBaXHI (POTOHOCII, 110 BHOCSATH CBIM BKJIaJ B 3BOPOTHIM CTpyM p-n Mepexoay B
3aJIEKHOCTI BIJ] PIBHS OCBITIEHOCT. POTONMPOBIAHICTH BUHUKAE TUIBKHU TOJI1, KOJU €HEPTis
(OTOHIB NIEpEBUILYE JESKE MOPOTOBE 3HaUCHHs. EnexkTpuuHe nose p-n nepexoay po3aiise
dboTOHOCII, TEpEeKUaae €JICKTPOHU B N-001acTh, a JIPKM — B P-00JIaCTh 1 YTBOPIOE
JI0JIATKOBHI 3BOPOTHUM CTPYM J10/1a, KUK Ha3uBalOTh ¢oTocTpymoM Id. Yum Oinbrmit
pPIBEHb OCBITJIEHOCTI P-n MHepexoay, TUM Ouiblie (OTOHOCIIB OyJie 3reHEepOBAHO, IO
OpU3BEAE 0 3pOCTaHHS 3BOPOTHOTO CTPyMY.

3.3.3 Craruuni napamerpu ceHcopiB. OjnepxaHi CEHCOPU JEMOHCTPYIOThH
(OTOUYTIIMBI BIACTUBOCTI, 110 BUJHO Ha puc. 3.5. HaitBuuuii koeinieHT poTouyTIMBOCTI,
onepxkaHuil B po0oTi, ctaHoBuB 4,2 MA/nMB, a ¢oToBiaryk 86 pasi. [Januii miapo3main
MIPUCBSYEHU BCTAHOBJICHHIO BIUIMBY TEXHOJIOTIYHUX MapaMeTPiB CTBOPEHHS KPEMHIEBUX
HAaHOHUTOK Ha (OTOUYTIMBI MMapaMeTpu p-n-Nepexody, 3a YMOBH, IO BCl 1HIII
TEXHOJIOT1YHI MapaMeTpu OyJid CTAIMMU. 3 TOYKH 30PY (POTOUYTIMBOCTI, MUTOMUHN OIIp
BUXIJIHOI MIAKIAAKA 31MCHIOE 3Ha4HUM BIuMB. Tak, 3a ogHakoBux pexumiB MCXT
3pOCTaHHSl MUTOMOTO omopy miakiaaaku 3 1 go 20 Om'cM mpusBenao 10 301TBIICHHS
doToBiAryKy Maixke B 2 pasu (3 24 no 39 pasiB) (puc. 3.5 (a)). OueBuHO, 11€ TIOB’SI3aHO 3
YTBOPEHHSM I'€OMETPUYHOT MAaCTKH, SIK LIe OyJI0 MOKa3aHo B mijipo3Aini 2.2. B naniid po6oTi
OyJi0 TpoaHaTi30BaHO BIUIMB TONEPEAHHOTO TEKCTYPYBAHHS BHUXITHOI MIAKIAJAKKA Ha
(GOTOUYTIMBI XapaKTEPUCTUKU AIOJHUX ceHCOpiB. IIpu 1nboMy Oyio BCTaHOBJIEHO, IO
HAasIBHICTh MMOBEPXHEBOI TEKCTYPH IPU3BOIAUTH JI0 TTOKpaIIeHHs (POTOBIATYKY CEHCOPIB 3 7,1
no 36 paziB. IlokpamieHHs (HOTOUYTIMBUX BIACTUBOCTEH TMOSCHIOETHCS 301TBIICHHIM
NOTJIMHAHHS Ma/1al040ro CBITIA B pe3ybTaTi POpMyBaHHS T€OMETPUYHOI TACTKU Y BUTIISIIL

nipamiIoKk TEKCTYpH, siki BkpuTi macuBom KHH.
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0,5 0,5 )
0 E, ak 0 —v E, ax
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000
t1 20c/t2 90 xB/AgNO3 68mr/H202 0,8 mui/Tekcrypa —&—11 20c/t2 90 xB/AgNO3 68mr/H202 0,8 mu
——1t1 20c/t2 90 xB/AgNO3 68mr/H202 0,8 mu t1 20c/t2 30 xB/AgNO3 68 mr/H202 0,8 ma
t1 60c/t2 30 x8/AgNO3 68 mr/H202 0,8 mut —@—t1 20c/t2 150 x8/AgNO3 68 mr/H202 0,8 ma
—@—t1 20c/t2 90 xB/AgNO3 136 mr/H202 0,8 ma t1 20c/t2 90 xB/AgNO3 68 mr/H202 1,6 mut

Pucynok 3.5 — ®oTouyT/MBI XapaKTEpUCTUKH JIIOJHUX CEHCOPIB: BILUTUB OCBITIEHOCTI

Ha BAX (a); BrutuB napametpiB nepiuoi (0) ta apyroi cragii MCXT (B) na JIAX

B poGoti Oyno mpoaHami30BaHO BIUIMB 4Yacy OCAQ/PKCHHS HAHOYACTUHOK Ag:
30uIbIIeHHS TpuBajocTi nepioro etany MCXT 3 20 no 60 ¢ noripurye potoBiaryk 3 33 1o
21 paziB. OueBuaHo, OuTkll BUTpaBieHa moBepxHs MacuBy KHH mnopymye ymoBu
YTBOPECHHS T€OMETPHUYHOI TMACTKW IS TMAJalouoro CBiTia. TakoX BCTAHOBIICHO BILIMB
BMICTy KimbkocTi AgNQOs: 3miHa BMICTy HiTpaTty cpibna 3 34 no 68 Mr mokparmrye
doToBiaryk 3 29 no 33 pasis, 1110 OB’ A3aHO 31 301IBIICHHSIM (DOTOAKTUBHOI TUIOIII CEHCOPA.
Butpumka minactuH B 61111 KOHIIEHTpOBaHOMY po3unHi AgNQOs (136 Mr) 3a 0JIHAaKOBOTO

yacy npu3Boau(Th 1O OCAaKEHHS OLIbIIOI KIJIBKOCTI HAaHOYACTUHOK Ag Ha MOBEPXHI
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CEHCOpa, M0 MPHU3BOJAUTH JO OUIbLI MPOTPABIECHOI IMOBEPXHi, IO MOPYUIYE YMOBH
e(deKTUBHO1 FeOMEeTPUYHOI TacTKu. B pe3ynbTaTi 1bOro (POTOBIATYK CEHCOPIB 3MEHITYETHCS
1o 5,3 paziB. B po6oti Oyno npoanaiizoBaHO BIUIMB TpuBajocTi apyroro eramry MCXT:
3MiHa 4yacy TpaBjieHHA 3 5 10 150 xB mokpammuia GoToBiaAryk ceracopa 3 20 go 39 pasis.
BcranoBiena 3akOHOMIPHICTh MOXe OyTH 00YMOBJIEHA THM, IO 3pPOCTaHHS BUCOTH MAaCUBY
KHH npuszBoauTs 10 6151b111 €(heKTUBHOTO MOTIMHAHHS BUJIMMOTO BUIIPOMIHIOBaHHS.
Takox BCTaHOBJIEHO BIUIMB BMICTy KinbkocTi H,O,: mpu 30iiblIeHH] KUTBKOCTI
BMICTY niepekucy BoaHto 3 0,4 1o 0,8 mi, Mae micie nokpaieHHs (OTOBIATYKY CEHCopa 3
17 nmo 33 pasiB, 10 OYEBHUJHO IOB’S3aHO 3 OUIBIIO BHUCOTOIO MacuBy. l[lomamnbiie
30utbienHs: Bmicty H,O, nmo 1,6 mu moripmrye ¢ortoBiaryk cencopa. Lle moxe OyTtu

OB’ s13aHO 31 3MEHIIIEHHSIM BUCOTH HAHOHHTOK, SIK IMOKa3aHO B Miapo3aimi 2.2.

4 6
Binryx Bignosienns a) 6)
3,5 65 MB/cm’
5
<
: 1 m
) 47 MBr/ef
- 4
2,5
< 32 mBr/em?
2 s 3
= 30 mBr/cm?
15 =
2 27 mBr/em?
1 25 mBr/em’
24 mBr/cm?
oo ”nmo?l Lw 1 c
0 0
0 0,1 0,2 tc 03 0 1 2 3 tc 4

Pucynox 3.6 — JIluHaMiuHi XapaKTEPUCTUKU CEHCOPIB OCBITIICHOCTI: a) KpUBa BIJITYKY —

BIJIHOBJIEHHS; 0) 3M1HA 3BOPOTHOTO CTPYMY 3 IPaAIEHTOM BHIMMOI'O BUIIPOMIHIOBAHHS

Jlns imrocTpariii BIUIMBY HAsBHOCTI KPEMHIEBUX OJAHOBUMIPHMX HAHOCTPYKTYp B
CKJIaJIi ceHcopa OyJI0 BUTOTOBJICHO Mpuiaa 6€3 HAHOCTPYKTYP B OJTHAKOBUX TEXHOJOTIUHUX
yMOBaXx, BIATYK fKOro ckjaB 11 pa3iB, 110 3HAYHO MEHINE, HI)K 3HAYEHHS BIATYKY IS
ceHcopa 3 HaHOCTpykTypamu (39). 3 TOYKH 30py MUTOMOI XapaKTEPUCTUKH, KOEPIIIEHT
dotouytnuBocti ceHcopa 6e3 KHH cranoBus 2,4 MA/nMB, 110 € MeHIIe, anix Halkparie

3Ha4YeHHs 1boro Koedimienta s cencopiB 3 KHH (4,2 mA/nvB).
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3.3.4 Ilnnamiuni mapamerpu cercopiB. 3 puc. 3.6, a BUJAHO, 1[0 5K 1 y BUIMAIKY
doTopesuctopiB (miAMyHKT 2,5), 9ac BIATYKY ceHcopa ocBitTieHocTi Ha ocHOoBI KHH, €
Maiie OJHAKOBUM 3 4acoM BigHOBJIeHHs. Ha puc. 3.6, 0, moka3zaHo 34aTHICTh CTBOPEHUX
CEHCOpIB pearyBaTd Ha 3MIHY TPaJIEHTy IMOTY>XKHOCTI BHJIUMOTO BHUIPOMIHIOBAHHS.
[lepeBaxkna kinmbKicTh JaTunkiB Ha ocHoBi KHH mokazamu kopoTmmii  yac
BIJIMTOB1I1/BITHOBJICHHST TOpIBHSAHO 3 naruukamu 0e3 KHH. BcraHoBieHo, 1m0 HasBHICTH
macuBy KHH npu3BoauTh 10 mokparieHds yacy BiaAryky cercopis 3 0,126 mo 0,063 c, a

yacy BijHoBJeHH 3 0,189 10 0,063 c.

3.4 Bukopucranusa MmacuBy KHH B ceHcopax Bonorocti

3.4.1 Mertoauka [I0CHiIKeHb CEHCOPIiB BOJOrocti. JlocimiuKeHHS CEHCOpIB
MIPOBOJIMJIOCS IUIAXOM BUMIPIOBaHHS CTaTHMYHUX (BIATYK Ta YyTJIMBICTH) T4 TUHAMIYHUX
napameTpiB (dac BIATYKY Ta 4ac BiIHOBJIEHH: ). MeTon1uKka BU3HAYEHHS BI/ITYKY, Uy TJIMBOCTI
Ta 4acy BIATYKY 1 BITHOBJICHHSI OMIMCaHa B MiApo3Aiil 2.6, 3 Ti€l0 BIAMIHHICTIO, 1[0 CUTHAI
CeHcopa fBJIAB COO0I0 3BOPOTHUI CTPYM p-n nepexoay. BoiorouyTinmsi xapakTepUCTHUKU
JTOCTITHUX 3pa3KiB BUMIPSHO 3a JIOMOMOTOK MPHJIAIiB, SKi OMHUCAHO B MIApo3aial 2.6.
Po3paxoBaHi cTaTU4HI Ta AUHAMIYHI TapaMETPH CEHCOPIB 3aHeceH1 B Tadi. b7.

3.4.2 MexaHi3M 4yTJMBOCTI ceHCOpiB BoJiorocTi. [IpuHiun nii ceHcopa BoJorocti
JIOTHOTO TUITY MOJIATAE B 3pOCTaHHI BEJTMYUHH 3BOPOTHOIO CTPYMY B 3aJI€KHOCTI BiJl PIBHS
BiTHOCHOI BojiorocTi. I[Ipu momadi BOJIOTOCTI Ha TMOBEPXHI CEHCOpAa MOJICKYJH BOJU
a7copOYIOThCS Y BUTIISIIL TATIONIB, JoAaTHIM 3apsiom fo nosepxHi KHH [72]. Sk npaBuro,
NEepIIni map MOJEKYJ BOJU aJCOpPOYETHCS 32 MEXaHI3MOM XeMOCOpOIlii Yepe3 MojBiiH1
BOJHEBI 3B’SI13KH 3 aficopOIiiHuMu rieHTpamu Ha moBepxHi KHH, a koxxHMit HacTymHMi 11ap
— 3a MexaH13MoM G13udHO1 ajgcopoIi [59]. HasBHICT, HA MOBEPXHI KPEMHIIO J10JATHHOTO
3apsily 3yMOBITIIOE TIPUTSATYBAHHS €JIEKTPOHIB B IPUIIOBEPXHEBUH IIAp, B PE3yIbTATI HOTO
YTBOPIOETHCS 00J1aCTh 30araueHHsl OCHOBHUMU HOCISIMU 3apsiay. Lle BiuBae Ha MOJIOKEHHS
piBHs DepMmi BEpXHBOrO LIApy p-n Mepexony (n-Tumy), M0 MNPU3BOJIUTH 10 3HUKEHHS

BHCOTH MOTEHIIAILHOTO 0ap’epy, a BIATAK /10 30UIBLICHHS CTPyMY depe3 p-n nepexin [73].
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3.4.3 CraTn4Hi napameTpu ceHcopiB. BoiorouyTivBi XapakTepUCTUKH OTPUMAHHUX
CTPYKTYp HaBeZieHO Ha puc. 3.7. Haitbinpmuii koedilieHT BOJIOTOUYTIMBOCTI CTBOPEHUX
cencopis B poboti cranosus 4,02 (%RH)!, a Biaryk — 35. Jlus BCTAHOBIEHHS BILIMBY
TEXHOJIOTTYHUX TTapaMeTPiB CTBOPEHHSI HAHOCTPYKTYP Ha BOJIOTOUYYTIIMBI XapaKTEPUCTUKH

CeHCcopa, 3MIHIOBAaBCS OJIMH MapaMeTp MPH CTATUX BCIX 1HIIMX MapaMeTpax.

6 < y=0]17500% 40 T ) 10
5 E )Rféd.5704 <12: a) <
41 — =
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0 - + - - - | !
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Pucynok 3.7 — Brutus BigHOCHOT BosiorocTi Ha BAX ceHcopiB (a), y BCTaBIl BIUIUB
RH na 3BOpOTHI# cTpy™ ipu 4 B; BIIMB Ha KpWBI BIATYKY MTapaMeTpiB MEPIIOi CTamil

(6) Ta npyroi craaii MCXT (B), onopy MmiakJIagkyu Ta TEKCTypyBaHHS (T)

Tak, mpu 3miHi omopy BuximHOi mifkmaakd 3 1 mo 20 Om-cMm cmocTepiraiocs
3pocTaHHs BIATYKY 3 8 10 35 pasiB. OueBUAHO, 1I€ MOB’SI3aHO 31 30LIBIICHHSIM BHUCOTHU
HAaHOHUTOK, 110 TPU3BOAUTH JI0 301IBIIICHHS BOJIOTOYYTIMBOI MTOBEPXHI, K OyJI0 MOKa3aHO

B miapo3aun 2.2. TekcrypyBaHHs moBepxHi 0 nporecy MCXT 3MeHIIMIO BEIUYUHY
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BIATYKY Maiixke B 4 pazu (3 20 1o 5 paziB). Lle Moxxe Oyt 00yMOBIJICHO TUM, 1110 B T1OpUIHIN
CTPYKTYypl BUCOTa HAHOHUTOK Ha O1YHUX TPaHAX MipaMij] TEKCTYPH € 3HAYHO HUKUOIO, 1110
3a0e3reuye MEHIIY TUIOITY YyTJIMBO1 ITOBEPXHI, SIK 3a3Ha4€HO B Mmiapo3auii 2.2. Takox Oyio
MOKa3aHO BIUIMB 3MiHM mapamMeTpiB nepiioi craaii MCXT Ha BenuuuHY BIJITYKY CEHCOPIB
Bosiorocti (puc 3.7, 06). byno BcraHOBIeHO, IO 301IBIICHHS 4Yacy OCAKCHHS
HAHOYACTHHOK Ag TOKpalllye€ BEJIMYUHY BIATYKY Ta BIAMOBITHO YYTJIHUBICTH CEHCOPIB
Bosorocti Ha ocHoBi KHH. 30kpema 3 HaBeneHMX KpPUBUX BIATYKY MOXHa OauuTh
30UTbIIEHHST BETUYUHU BIATYKY 3 2,7 no 17,7. Ile 00yMOBieHO, SIK 1 y BUIAJKY CEHCOPIB
OCBITJICHOCTI, 30UIBIIIEHHSIM Yy TJIMBOI MOBEPXHI MPUIIATy, 32 paXyHOK (popMyBaHHS O1IbII
po3BUHYTOI MoBepxHi. 3pocTanHs BMICTY AgNO3 3 34 1o 68 Mr B po3uuHi nepuioi crajii
MCXT mnokpaiiye BenuuuHy BIAryky 3 1,6 1o 35 paziB. O4eBUIHO, 1€ MOKHA MOSICHUTH
TUM, IO YTBOPIOETHCS OUIBII PO3BMHEHA IMOBEPXHS, IO 3[aTHA Kpamie ajacopOyBaTu
BOJIOTICTh. AJie nojanbiie 301abieHHs BMicTy AgNO; 10 136 Mr mpu3BOIUTH J10 3HAYHOTO
MOTIPIIICHHS BIATYKY ceHcopa. Lle MosSCHIOEThCS TUM, IO MPH OUIBIIIN KIJTBKOCTI HITpATy
MeTajy YTBOPIOIOTHCSI MAacUBU CPIOHMX IEHIPHTIB, 110 BHUPOIKYIOTH MOBEpPXHIO [74].
Takox B po60Ti OyI10 TOCiKEeHOo 3MiHY apameTpiB aApyroi cranii MCXT. byno nokaszano,
1110 301TIBIIICHHS TPUBAJIOCTI Yacy TpaBieHHs 3 5 10 150 XB mokpalye BeIMUYUHY BIATYKY Ta
YyTIUBICTh CEHCOpIB Bojorocti Ha ocHoBl KHH, a came: mpu3BoauTh 10 301IbIICHHS
BiATYKY 3 16 10 70 pasis. L{i TeHaeHIIi1 OB’ s13aHi1 3 THM, IO JOBIIIE TPABJICHHS MPU3BOIUTh
10 (opMyBaHHSI HAHOCTYKTYp OUIBIIOI BUCOTH, IO MPU3BOAUTH 0 YTBOPEHHS OUIBIIOI
KUTBKOCT1 aICOPOLIMHUX IEHTPIB, SIK OMUCAHO B MIAPO3AUI 2.2. 3MiHA BMICTY TEPEKUCY
Boaaio 3 0,4 mo 0,8 M, mpusBena A0 3pocTaHHSA BIATYKY 3 4 10 35 pasiB. 3HauHe
MOKpAIeHHs] BETUYMHHU BIATYKY npu 30uibiieHi BMicty H,O, moxe OyTu 0O0yMOBIEHO
Bumio Bucroro macuBy KHH, ane ciin 3a3HaunTH, 110 mojaasnbiie 301IbIICHHS BMICTY
nepeKkucy BOJHIO 10 1,6 moripiinye BITYK c€HcOopa uyepe3 BUI03MiHYy MOpP(dOJIoTii MacuBy
KHH, six onucano B miAmyHKTi 2.2.

106 BcTanoBuTH edekT BIIUBY npucytHocTi MacuBy KHH B cknazi cencopa, Oyio
BUT'OTOBJICHO MpHUIIa]l 0€3 HAHOCTPYKTYp. BiAryk Takux ceHCOpiB 10 BOJOTOCTI CTAHOBUB
4,5, B TOW 4Yac SK HaMKpalmuil BIATYK CEHCOpa 3 HAHOCTPYKTypamMu cTaHoBUB 70.

[lopiBHSIHHS NHUTOMHX XapaKTEPUCTUK TMOKa3ajlo, MI0 MPUCYTHICTh KPEMHIEBUX



98

OJTHOBUMIPHUX HAHOCTPYKTYp IOKpaIlluUja BOJIOTOYYTIMBICTh ceHcopiB 3 1,59 no 4,02

(RH)'I.

5 7
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Pucynok 3.8 — JIluHaMiuHi XapaKTEPUCTUKU CEHCOPIB BOJIOTOCTI: a) KPUBa BIJITYKY —

BIJIHOBJICHHST; 0) 3MiHA 3BOPOTHOTO CTPYMY 3 TPaJIEHTOM PiBHA BIIHOCHOT BOJIOTOCTI

3.44 JIunamiuni mnapamerpm cencopiB. I[lIBuaKomisi CEHCOpPIB BOJIOTOCTI
BH3HAYaJIacs HA OCHOBI JMHAMIYHOI XapaKTepUCTUKH, HaBeAEHO1 Ha puc. 3.8, a. Yac Biaryky
TaKOTO CEHCOPa € TIOMITHO MEHIITUM 3a Yac BigHOBIEHHSI. OTpUMaHi CEHCOPHU € Yy TITUBUMHU
710 3MiHU rpajaieHTy BigHocHOI Bosorocti Bix 11 10 98 %RH (puc. 3.8, 6). [lopiBHsHHS 3
CeHCOopaMH 0e3 KpPEMHIEBHX OJIHOBUMIPHUX HAHOCTPYKTYp MOKa3ajio, 110 BCl MPUJIAIU Ha
ocHoBi KHH maroTe MeHmmii 4ac BiATyKy/BimgHOBIEHHS. Yac BIATYKy JAaHUX CEHCOPIB

BOJIOT'OCTI1 Mokpamuscs 3 85 10 18 ¢, a yac BigHOBieHHS — 3 90 110 28C.

3.5 Buxopucranns macuBsy KHH B cencopax Bmicty JIOC

3.51 Meroauka gociaizkens ceHcopiB  Bmicty JIOC. T'a3ouyTiuBi
XapaKTEPUCTUKH TATIYMKIB JIETKUX OPTaHIYHUX CIIOTYK (€TaHOJTy, alleTOHY, 130MTPOILIOBOTO
CIIUPTY, TIIPOKCUTY aMOHII0, OyTHIaleTaTy, Toryoiy) Ha ocHoBi KHH nocnimkyBanucs 3a
JIOTIOMOTOI0 BHUMIPIOBAJILHOTO OOJaJHAHHS, CTPYKTYpy SIKOTO TIOKa3aHO Ha puc. 2.9.
JleTanpHU OMKUC BUMIPIOBAJILHOTO O0JaJHAHHSA HaBeleHO B ILH. 2.7. Biaryk mpunamy
BHU3HAYAJIM K BITHOIIEHHS 3BOPOTHOTO CTPYMY J10/1a TPH MaKCUMaJIbHOMY 3HA4YCHHI 031

anamity (50 Mxir) Ta 3a ¥ioro BimcyTHOCTI. B sKoCTi 1inbOBOTO aHamiTy Oyjo oOpaHO
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ETWJIOBUHI CIUPT, A0 SIKOTO CIIOCTEpIraBCs MakCUMallbHUN BiATryK cepen iHmmx JIOC.
KoeoimieHT ra3odyTiMBOCTI BH3HAYABCS AK BIHOIICHHS BITHOCHOI 3MIHH 3BOPOTHOTO

CTpPYMY B 3ajlaHOMy fiarna3oHi koHueHrtpaiii JIOC 10 BeTuyuHU OO JIiana3oHy:

Al 1
Sg = EE 100% (34)

ne Sy— Koe(iIie€HT ra304yTIMBOCTI;

Al— pi3HHILIA 3BOPOTHOTO CTPYMY IIPH MiHIMaJIbHIN Ta MaKCUMaJIbHIN KOHIIEHTpAIIIT;

[,— 3BOPOTHUI CTPYM NP MiHIMAJIbHIA KOHIICHTPAIIIi;

AC— pi3HULIA KOHIIEHTpAITIH.

[IBMAKICTH BIATYKY Ta MIBUAKICTH BIIHOBJIEHHS OLIIHIOBAJIY MICIIS IEPEXO1Y JaTUHKA
BiJl YUCTOTO TOBITPS JO CepeAoBHINA, MO MICTUTh S50 MK aHamiTy, 1 HaBIAaKH.
BuMiproBaHHsI CEJEKTUBHOCTI MPOBOAMIIA 3 25 MKJ €TaHOIY, all€TOHY, 130MPOIiJIOBOTO
CIIUPTY, T1IPOKCUTY aMOHII0, Oy TUJIALIETaTy, TOTYOy.

3.5.2 Cratuuni mapamerpu ceHcopiB. CtBopeHHI KpemHieBli 1D crpykTypu
MPOSIBJISUIA YUY TJIMBICT 0 €TAHOJY B MeXax KoHUeHTpauii 1-50 Mk, mo Bianosigae 84-
4000 ppm. Sk BumHO Ha puC. 3.9, 31 3pOCTaHHAM KOHIICHTpAIIii MapiB aHATITY B TECTOBIM
KaMmepi 3pOCTaB CUTHAJ CeHcopa (3BOPOTHIN CTpyM 3a cranoi Hanpyru). OqHak BeTudrMHA
YyTJIMBOCTI CEHCOpa 3ajexkana BijJl TEXHOJOTTYHUX yMOB cTBOpeHHs1 MmacuBy KHH. byno
BCTAHOBJICHO BIUTMB BUXITHOT MIJKJIAJKK Ha Ta304yTJIMBICTH CEHCOPIB: 3MiHA MUTOMOTO
ornopy 3 1 10 10 OM-cM nmpu3Bena 1o 3poctaHHs BiAryky 3 7,9 1o 9,3. Ile noB’si3aHo 3 TUM,
10 MPU 3MEHIICHHI KOHIEHTpAIlil HOCIIB 3apsiiy B MiAKIALi, 3BOPOTHIA CTPyM diona
3MeHIUThCs. HasiBHICTH TekcTypoBaHoi moBepxHi o mporecy MCXT mpusBena 1o
3HAQYHOTO TMOTIPIICHHSI BIATYKY (Mmaiixke B 6 pasiB). lle moB’s3aHo 31 30UIbIICHHSIM
MOPYIIEHUX IIapiB, SKI MPU3BOJAATH JO 3HAYHOTO 30UIBIICHHS BEJIMYMHH 3BOPOTHOTO
ctpymy. Ha puc. 3.9, 6 mokazaHO 3ale)KHICTh MaKCHMaJIbHOTO 3HAYECHHS 3BOPOTHOTO
CTPYMy CEHCOpa BiJ KOHIIGHTpaIlii aHamTy ISl PI3HUX TEXHOJIOTIYHUX IapaMeTpiB
ctBoperrs KHH (tpuanocti 060x craniit MCXT). Byno BctaHOBIEHO, 110 3MEHIIICHHS
Jacy OCaKCHHsI HAHOYaCTHHOK Ag MOKpaIlye BEJIMYNHY BiATYKY CEHCOPIB MapiB €TaHOITY
KHH. 3okpema 3menmieHHs yacy ocamkenas 3 60 mo 20 ¢ mpusBeno A0 301TbIICHHS

BEJIMYMHU BIATYKY 3 5,6 10 7,9. Lle mosICHIOETHCSI THUM, 1110 3@ MEHILOI KIIBKOCTI HITpaTy
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cpibiia 3MEHIITYEThCS PU3UK YTBOPEHHS CPIOHUX JICHJIPUTIB HA MOBEPXHI KpeMHi10. Takox
B po0oTi Oyno mocmixeHo 3MiHy mapameTpiB Apyroi crafii MCXT (yac TpaBieHHs Ta
BMmicT H,O,). Byno mokaszaHo, 1o 301IbllIeHHS TpUBAIOCTI JaHoro eramy 3 30 g0 90 xB
MOKpallly€e BEJIMYMHY BIATYKY CEHCOPIB MapiB €TaHOIY, a caMe: TPU3BOAUTH /10 301JIbILIEHHS
BIATYKY 3 9,3 no 14,6. lle MOXHa MOSCHUTH TUM, IO TP OUIBIIOMY Yacy TpaBJICHHS
yTBOprotoThes Builli KHH, 1110 B cBOtO "epry 3011bI1y€ TUIONTY Ta3049yTIMBOTO Mapy. 3MiHa

BMICTY Tiepekucy BoaHro BaBivi (3 0,8 10 0,4 mur) mpu3Bena A0 3MEHIICHHSI BIATYKY 3 25 10
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Pucynox 3.9 — CtaTtuyHi Ta TMHaMIYHI XapakTepUCTHKU ceHcopiB BMicTy JIOC: a) BiATyK
ceHcopiB Ha pi3Hi BuaAK JIOC; 6) BiuB TpuBaiocti 1 Ta 2 erany MCXT Ha KkpuBi
BIJITYKY CEHCOpa (Ha BCTABIIl - BIATYK JATYHMKIB); B) 3MiHA 3BOPOTHOTO CTPYMY CEHCOpa 3
IPaIIEHTOM BMICTY €TaHOJY
6,6 pasiB. lle moxxe Oyt oOymMOBI€HO THM, 110 OuTbia KoHIEHTpamis H,O, B po3unHi

CHpUYHMHSE OUIBII IHTEHCUBHE TPaBJICHHs KpeMHieBOI moBepxHi. CeNeKTUBHICTh Ta30BOT0
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CeHCcOopa BU3HAYA€E MOTro 3/IaTHICTh PO3PI3HATH BIATYK /IO IIIJILOBOIO a3y cepel BIATYKIB J10
iHmmX rasiB. SIk mokazaHo Ha puc. 3.9 a, matumk Ha ocHoBi KHH mokasye Bucoky
YyTJIMBICTH J10 MapiB eTaHoiy (13 pas3iB) 1 HU3bKY YyTIUBICTH 10 iHIUX ras3iB (0,23-3,9
paziB), cepej AKUX: 130MPOMIJIOBUHN CIUPT, T1IAPOOKCHI aMOHIt0, OyTHIaIeTaT, TOIyosa Ta
areToH. lle Bka3zye Ha BHCOKY CEICKTHBHICTh PO3pOOJEHOr0 maTtduka. st mopiBHSIHHS
BEJIMYMHA BIATYKY CEHCOPIB 0€3 HAaHOHUTOK CTaHOBWJIA 1,8 pa3iB, IO € 3HAYHO TiPIIHM,
aH1XK 3HAYEHHS BITYKY JIJISI CEHCOPIB 3 HAaHOCTPYKTypamu (13 pasiB).

B poGoTi BcTaHoBIeHO, 1m0 HasBHICTE MacuBy KHH B cknazai cencopy Bmicty JIOC
npu3Besia 10 MOKpallleHHs BIATYKY ceHcopa Ha eranou 3 3,9 (6e3 KHH) no 25 (3 KHH)
pasiB. 3 TOYKM 30py Ta304yTJIMUBOCTI, MA€ MICIE 3pOCTaHHS KOE(DIIIEHTY YyTIUBOCTI 3 6
%/mka y Bumanky ais cencopa 6e3 KHH no 53 %/mxn nis cencopis 3 KHH.

3.5.3 Jlunamiuni mapamerpm ceHcopiB. OCKUIBKM CHUTHaJl CEHcOpa Mpu i
(p1KCOBaHOI KOHLIEHTpALlll aHAIITY 3 YaCOM IMOCTYIIOBO 3pOCTaB 1 HE J0CATaB CTAOUIBHOIO
3HAYEHHS, TO IIBUIKOIS OIIIHIOBAJIACHh MO IBHUJKOCTI HAPOCTaHHS CUTHay (Mg 4ac
BIJITYKY) Ta MIBUAKOCTI CMIaJlaHHs CUTHaTY (1] Yac BiAHOBJIEHH:). KpuBY BIATYKY ceHcopa
i 4yac Mojayi aHalliTy MOXKHA anmpOKCHUMYBATH JIHIWHOIO 3aJ€XHICTIO 3 KOe(illiEHTOM
nerepminaiiii 95% (puc. 3.9, 0), TOMy NOKa3HHK 4Yacy BIATYKY pPO3paxOBYBaBCS SIK
BIJTHOIIIEHHS TPUPOCTY CUTHAIIY CEHCOpa 3a MEBHUM MPOMDKOK Yacy (3a 1 xB) (B MKA/XB).
OcCKUIbKY KPUBY BIJIHOBJICHHSI CEHCOPA IT1]1 4ac BUJIAJICHHS aHAJIITY MOYKHA allpOKCUMYBaTU
€KCTIOHEHI[IAJIbHOIO 3aJICKHICTIO 3 KoeilieHToM AeTepmiHailii oinbiie, Hixk 70% (puc. 3.9,
0), TO OKa3HUK Yacy BiJIHOBJICHHS PO3PaxOBYBaBCs SIK MOKA3HHUK CTETEHI €KCTIOHEHTH 32
yac mecopOuii (B xB!). Bsarami Oyno BCTaHOBIEHO, IO CeHCOp mapiB eranony 3 KHH
MOKa3aB Kpalll MOKa3HUKHW Yacy BIATYKY Ta 4acy BiJIHOBJIIEHHs, aHIXK ceHcopu 0e3 KHH.
Tak, noka3HuK yacy BIATYKY AJisi ceHcopy napiB etaHoiy 6e3 KHH cranoBu 9,7 MkA/xB, a
NoKa3HUK 4acy BigHoBieHHs 0,0002 xB!. B Tol1 yac, sk MaKkCUMaJIbHi OJIeprKaHi 3HAUYCHHS

IUX mapaMeTpis s cencopy eranony 3 KHH — 15,9 MxA/xs Ta 0,0005 xB7.
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BucnoBku 10 po3ainay 3

B nmanomy po3aim Oylo HaBeAEHO pe3yJibTaTH JOCHIJKEHHS BUTOTOBJICHHUX
YyTIUBUX CTPYKTyp Ha ocHoBI MacuBy KHH mns miogHux cencopiB (i3MUHUX BETHYUH
(TemmeparypH, OCBITICHOCTI Ta BOJIOTOCTi) Ta XimMiyHuX BenuuuH (Bmicty JIOC).
Bcranosneno BB mapametrpiB cTtBopeHHss KHH Ha enexkTpuuHi XapakTepUCTHKU p-n
Nepexo/iB, CTaTHUYHI Ta JUHAMIYHI MapaMeTpu CEHCOpiB Ha iX ocHOBI. [lokazaHo, 110
J0JIaBaHHsI OJIHOBUMIPHUX KPEMHIEBUX HAHOCTPYKTYp JO CKJIaQy CEHCOpIB 3HAYHO
MOKPAIUJIO X YyTJIUBICTh Ta MIBUJIKOII0. B ceHcopax Temmneparypu BIATYKY 3pic 3 1,5 1o
6,4 paziB, koedimieHT TepmouytinuBocti — 3 1,3 MB/K mo 4 mMB/K, a B ceHcopax
OCBITJIEHOCTI, B CBOIO YEPTy, BIATYK 3pic 3 11 1o 86 pa3iB, a koediieHT GOTOUYTIMBOCTI —
3 2,4 MA/nMB 1o 4,2 MA/nMB, B ceHcopax Boiorocti BiAryky 3pic 3 4,5 no 70 pasis, a
koediniear Bomorouytausocti —3 1,59 (%RH)"! mo 4,02 (%RH)!. Hapemri B cencopax
BmicTy JIOC Biaryk 3pic 3,9 no 25 pa3iB, a Koe(iLieHT ra304yTIauBOCTI — 3 6 10 53 %/MKIL.
Byno BcTaHOBJIEHO, IO 3MIHU TEXHOJOTIYHUX TapaMeTpiB cTanaapTHOTO mpoiecy MCXT
MaloTh PI3HUN HACHINOK JJisi CTBOPEHUX CEHCOPIB 1 MOXYTh SIK MOKpAIyBaTH, Tak 1
MOTIPIIYBaTH YYTJWBICTh MpuUaTy. 30Kpema OyJI0 BCTAaHOBJICHO, IO 30UIBIICHHS
MUTOMOTO OTIOPY MIJKIAIKNA CEHCOPIB MPU3BOAUTH JJO 3HAYHOTO MOTIPIICHHS BIATYKY JJIs
CEHCOPIB TEMIIEpATyPH, ajie /10 MOKPAIICHHS B CEHCOPAX OCBITIAEHOCTI, BOJIOTOCTI Ta BMICTY
JIOC. NonatkoBa 06po6ka nepe omnepaiiiero MCXT (TekcTypyBaHHS) OKPAIIHIO BIATYK
JUTSI CEHCOPIB OCBITJIGHOCTI, ajie JiJIsi CEHCOPIB Temmeparypu, Bosorocti ta BMicty JIOC
NOTIPIIMIIO BiATYK. 301JIbIIIEHHS Yacy ocajkeHHsa AgNPs npu3Beno 10 NOripiieHHs BIATYKY
B CeHcopax ocBiTiIeHOCTI Ta BMicTy JIOC, a y BunaaKy CeHCOpiB TeMIIEpaTypu Ta BOJIOTOCTI
— 10 TOKPAIIeHHS 32 MaJluX 4aciB 0Ca/KeHHs. 30UTbIIECHHS! BMICTY HITpaTy cpibia mija yac
nepmioro etany MCXT no 68 Mr npu3BOAUTH J0 MOKPAIICHHS BIATYKY Y BCIX CEHCOpaX.
30UTbIIIEHHST Yacy TPaBJIEHHS KpeMHito 10 90 XB MPU3BOJIUTH 10 TIOKPAIICHHS BIATYKY Y
BCiX ceHcopax. 30ubieHHs BMicTy HoO; B po3unHi 10 0,8 M1 TpU3BOAUTE J10 MOKpAIICHHS
BIJI'YKY BCIX CEHCOPIB.

[TopiBHSIHHS PE3UCTHBHUX Ta MIOJHUX CEHCOPIB MDK CO0OI0 TMOKa3ajo, o

pCBI/ICTI/IBHi CCHCOPH XapaKTCPHU3YIOThCS BHUILOIO IIYTJ'II/IBOCTi, aJIC HUXKYOIO HIBI/I,Z[KO,Z[iEIO B
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MOPIBHSHHI 3 T10JJHUMH CEHCOpaMHU BIAMOBIIHUX (PI3MYHHMX Ta XIMIYHUX BEJIUYUH. Tomy
JUIA 3aCTOCYBaHb, SIKIi MOTPEOYIOTh BHCOKOI TOYHOCTI BUMIpIB, CJiJi BUKOPHUCTOBYBAaTH
pe3ucTuBHi cTpyktypu Ha ocHoBi KHH, mns 3actocyBasb, siki MOTpeOYIOTH IIBHIKOTO
BIITYKY — J110/THI CTpyKTypH Ha ocHoB1 KHH.

Onep:xaHi pe3yJabTaTH CBIAYaTh MPO T€, 110 BUKOPUCTAHHS MPOCTOI Ta JAEIIEBOI
TEXHOJIOT1i CTBOPEHHS HAHOHUTOK € €(PEKTUBHUM JIJI1 BUPOOHHUIITBA CEHCOPIB (PI3MYHMX Ta
XiMIYHHUX Benu4uH. OJTHAK pOo3pOO0JIeHI CEHCOPH Ui MPUKIAAHOTO 3aCTOCYBaHHSI MOXYTh
MaTH HEJAOCTaTHbO BUCOKHUI BIATYK Ta CEJIEKTUBHICTb. TOMYy 3 METOIO MOJAJIbIIOrO
NOKpALIEHHS BIATYKY Ta CEJIEKTHMBHOCTI CHUTHAJIy CeHcopa B poOOTI MPONOHYETHCS
3aiiicauT Moaudikaiio nosepxHi MacuBy KHH sk dyTiauBoro enemeHra ceHcopa, 0

BHUCBITJIEHO B po3iii 4
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Posnin 4. BIUIMB IIOBEPXHEBOI MOJIM®IKALIIL HA ITAPAMETPU
CEHCOPIB HA OCHOBI MACHBY KHH

4.1. Ines ctpykTypHOi Ta XiMidHOi Moaudikaiii moBepxHi macuBy KHH 1151 ceHcopiB

(G13MYHUX Ta XIMIYHUX BEITUYHH.

Binomo, mo mpunaam Ha ocHoBi KHH wMmaroTh mMOpiBHSHO HHM3BKY IIBHIKOIIIO,
cTaOUIBbHICTh Ta ceneKkTuBHICTh [28]. IloBepxHeBa Momudikailiss € MEPCIEKTUBHUM
CIIoco0OM TOKpaIeHHsI XapaKTepUucTUK ceHcopiB [28]. B mauniii poboTi 3anmponoHoBaHo 3
MIIX0aU 0 nmoBepxHeBoi Moaudikamii macuBy KHH: cTpykTypHa Moaudikaiis, XiMiuHa
Mo QIKaIlis Ta MOEAHAHHS IIUX JIBOX MIAXOAIB (CTPYKTYpHO-XiMiuHa MOIU]iKaIis).

4.1.1 CrpykrypHa Mmoau¢ikauii mosepxni macuBy KHH. [lna crpykrypHOi
Buno3minn MacuBy KHH 3anpornoHoBaHO BHKOpPUCTaTH 130TPOMHE Ta aHI30TPOIIHE
TpaBieHHs. B saxocti 130TponHoro TpaBHuka oopano HF/HNO;/CH;COOH, a y Bunaaky
aHi3otpornHoro tpaBuuka — NaOH/IPA/H,O [75-77]. Bigomo, 110 130TponHUN TpaBHUK B
3aJIEKHOCT1 BiJI KOHIIEHTpAIlll pO3YMHY MOKE€ MaTH TOJIPYIOYi BIACTUBOCTI, 3A1CHIOIYH
TpaBJICHHS B TIEPIIy YEepPry BUCTYIIIB Ha MOBepxHi [75]. 3okpema 0OpoOKka B KUCIOTHOMY
TPaBHUKY BHKOPWUCTOBYBAJacs MJisi BUJAJICHHS MOPYIICHUWX MmapiB (IIap MOpyBaToro
kpeMHito Ta Si0,) Ha moBepxHi KHH, 1m0 MoxyTh cyryBaTi moBepXxHEeBUMU MACTKAMHU JJIs
HocliB 3apsay [76]. Kpim Toro, mpu obpoui macusy KHH B i30TponHOMYy TpaBHHKY
CIIOCTEPITAETHCS YTBOPEHHS BOPOHKOMOJIOHUX OTBOPIB, IO YTBOPIOIOTH TMOBEPXHEBY
mopdororiro macusy KHH y dopmi “honey comb” crpykrypu (coromomiona gopma).
Bigomo, 1110 aHIi30TponHUN TpaBHUK NpU3BOAMUTH 10 3BYkeHHs KHH, 3a paxyHok pi3HOi
IIIBUIKOCTI TPaBJICHHS B3/I0BXK Pi3HHUX KpuctaimorpadivHux HanpsiMkiB [77]. B 3anexxHocTi
BIJl yacy TpaBJICHHS 3MiHIO€Tbcd Mopdonoris macuBy. I[Ipu manomy wyaci TpaBieHHs
HAHOHUTKU 3aJUIIAIOThCA UWIIHAPUYHOI (QopMmu, ane MeHmoro aiamerpy. Ilo mipi
3pOCTaHHS Yacy TPaBJICHHS BEPITMHU HAHOHWTOK MOYMHAIOTH 3BYKYBATHCS, B PE3YJIbTATI
YOro HAaHOHUTKHM HAOyBalOTh KOHYCONOA10HOT (hopMHU CIiepIry 31 30€peKEHHSIM BUCOTH, a
JaJii 31 3MEHIIEHO0 BUCOTO0. [IpH mogansioMy TpaBieHHI Ma€e Miclie TEKCTypyBaHHS JTHA

macuBy KHH, o npuzBoauts 1o yrBopents macusy KHH nipamigansnoi popmu.
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4.1.2 Ximiuyna moaudikanii moBepxni macuBy KHH. Jlpyrum migxoaom
moaupikamii moBepxni MacuBy KHH € nHaHeceHHs Ha #oro mNOBEpXHIO 1HIIHUX
HaHOMaTepiaiB. JlOCUTh NEPCIIEKTUBHUM IS IILOTO € BYTJICIEBI HAHOMATEpIalld TaKl, sIK
rpadeH, ByIJereBl HaHOTpyOKkH Ta Qysepenu [78].

®dynepenu — 11e HyJIbBUMIpHI BYTJICIIEB1 MOJIEKYJISIPHI CTPYKTYPH, 1110 CKJIATAIOTHCS 3
aTOMIB BYTJIEI0, 00’ €IHAHUX B C(HEPUUHY MOJIEKYJITY, 1€ KOKEH aTOM BYTJICI[IO TOE€THAHUN
13 TppoMa iHImUMU [79]. 3 TOYKM 30py CEHCOPHKH, NAaHWW Marepiajd XapaKTephU3y€eThCs
YHIKQJIbBHUMUA CTPYKTYPHUMH BJIACTUBOCTSAMHM, IO 30UIBIIYE IUIONLY YYTIUBOI MOBEPXHI
[80]; mokpareHor peakiifHO 3AaTHICTIO (HANpyTa, 1110 BUHUKAE BHACIIIOK BIIXUJICHHS
reOMETpli CHPsHKEHUX MOABIMHUX 3B’SA3KIB BlJI HOPMAJIBHOI IUIAHAPHOI, € TPHYUHOIO
BHUCOKOI peakiiiifHoi 31aTHOCTI ¢ynepeHiB Cgo), 1m0 3a0e3reuye BUCOKY ra304yTIUBICTD
[81]; HM3bKOIO TiApodUIbHICTIO (IMMOOUTI3alllsl MOJIEKYJ BOAM Ha MOBEPXHI (ynepeHa
yepe3 BOJHEBI 3B’S3KHM), 10 3a0e3nedye riipodoOHICTh MOBEpXHI ceHcopa [82];
BIIMIHHUMH €JICKTPOHHUMH BJIACTUBOCTAMH (BHUCOKA IMPOBIAHICTH) Ta TMOKPAIIECHOIO
(OTONPOBIAHICTIO (34ATHICTh 3aXOIUIIOBATH EJIEKTPOHU Ta 3MEHIIYBaTH PEKOMOIHALIIO
($OTOHOCIIB), 110 TPU3BOIUTH A0 €(PEKTUBHOTO MOTIMHAHHS BUMPOMiHIOBaHH [ 83].

BHT — mie oaHOBHMIpHI ByTJIEleBl CTPYKTYpPH JiaMeTpoM Bia 1 10 AEKUITBKOX
JECATKIB HAHOMETPIB 1 3aBJIOBXKKH J0 JIEKIJILKOX MIKPOH, 110 CKJanaroThes 3 oaniel (BHT)
a6o npexinpkox (BBHT) sropaytux B TpyOKy rekcaroHajabHUX IutomuH rpadeny [83]. 3
TOYKH 30py CCHCOPHUKH, JaHUH MaTepiall XapaKTepU3Y€eThCA YHIKATbHUMHA CTPYKTYPHUMU
BJIACTUBOCTSIMHU, 10 30UIbIIyE TUIONLy YYTIWBOI TmOBepxHI [84]; mOKpalieHorw
aZCOpOIITHOI0 37aTHICTIO (BENMKAa KIJIBKICTh OOIpBAaHUX 3aB’s3KIB Ta CTPYKTYPHHX
nedeKTiB, 10 € aacopOLIHUMHU IIEHTpaMH), 110 3a0e3Meuye BUCOKY ra30uyTiauBICTh [85];
MOPYBaTOI0 CTPYKTYpOl (HAsBHICTh KaNUISIPHOI KOHJIEHcallii), Mo 3abe3neuye
BOJIOTOYYTJIUBICTh; BIIMIHHUMH ONITUYHUMU BIACTUBOCTSAMU (BUCOKA MPOBIHICTh, BY3bKa
3a00pOHEHa 30Ha), 0 MPU3BOIUTH 110 ehekTuBHOrO norjauHanHs [Y [86].

['paden — 11e nBOBHMIpHA ByTJIeleBa CTPYKTYpa, IO CKIATAETHCS 3 OJHOTO IIapy
aTOMIB BYTJICI[I0, PO3TAIIOBAHUX Y T€KCArOHAIbHIN penriTil [87]. 3 TOUKH 30py CEHCOPUKH,
JaHUN MaTepiall XapaKTePU3YEThCS YHIKAIbHUMU CTPYKTYPHUMH BJIACTHUBOCTSMH, IO

3HAYHO 301IbIIY€ YYTIMBY MOBEPXHIO ceHcopa [84], BUCOKOI MEXaHIYHOIO MIIHICTIO 1
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THYYKICTIO, IO JI03BOJIIE BUKOPHCTOBYBATH HOr0 Ha MOBEPXHSIX pi3HOI dopmu [84],
BHCOKOIO TEIUIONMPOBIIHICTIO (32 PaXyHOK BUIBHHUX €JIEKTPOHIB Y CBOIM CTPYKTypi), IO
HaJa€ 3MOTy MaTH HaIIIBHUJKI TeruioBl peakiii [88], BIAMIHHUMH ONTHYHUMU
BJIACTUBOCTSAMHU (BUCOKHUM KOE(]IIIEHT MOTJIMHAHHS CBITJIA), 110 pOOUTH HOro e(heKTHBHUM
JUT BUKOPUCTaHHS y oTtonpuiiMayax [89].

Ha pganuii MOMEHT TIIBKM OKpeMi BHIM  BYIJICIICBUX HaHOMAaTepiajiB
BUKOPHUCTOBYBaHCs 175 moBepxHeBoi moaudikanii KHH, a came dynepenn st cencopin
ceitna [90], BHT mnsa cencopis napiB ankorodto [90], rpaden aist ceHCOpiB TeMneparypu
[91]. MexaHi3M BIUIMBY ByTrJielieBUX MoaudikatopiB Ha ceHcopHi BiactuBocti KHH
JOCTIKEHO MaJio, OJTHAK MOMEPeIH]l TOCTiHPKEHHS eIeKTPUYHUX BIACTUBOCTEH MEPexXoay
KpEMHII/BYyTJeleBl MOAU(PIKATOPH TMOKa3aid, IO OCTaHHI 3A1MCHIOITh €(EKTUBHY
MacHUBallil0 TOBEPXHEBUX CTaHIB KPEMHIEBOT MOBEPXHi 3a gomnomoroto Si-C 3B’s3kiB [92].
[{e mpu3BOANTH 10 3pPOCTAHHS Yacy XKUTTS HATUIITKOBUX HOCITB 3apsiTy B IPHUITIOBEPXHEBIN
o0nacTi Si, 1110 YTBOPWIKCS B pe3yibTaTl BIUIMBY (DI3UYHUX Ta XIMIYHUX BEJIUYHH, a BIJITaK
13pocTaHHs BIATYKY ceHcopiB. KpiMm Toro, BigoMo, 1o (ynepeHr yTBOPIOIOTh MOJIEKYJIPHI
nepexonu 3 Si [93], BBHT — rereponiepexonu [94] ta rpaden — gioau [lorTki [92]. Onnak,
B Oyab-sSKOMY pa3i JaHi MOAM(IKATOPH BUCTYIAIOTh B POJI AKIENTOPIB €JIEKTPOHIB B
riOpuHiid cTpyKTypl Si/ByrneueBuil Hanomarepian [95]. Lle npu3BoAUTH 1O YTBOPEHHS
oOnacTe#t 3011HEHHs a00 30arayeHHs OCHOBHUMU HOCISIMH 3apsiy B 3aJI€KHOCTI BiJl THUITY
MPOBIAHOCTI HAMIBOPOBIIHUKA. B pe3ynbTari eKcTpakili e1eKTpoHIB B map MoaudikaTtopa
3MEHIIYETHCS MMOBIPHICTH peKOMOiHAIlIT HAJTUITKOBUX HOCIT 3apsly, a BIATaK 1 3pOCTaHHS
BIJITYKY CEHCOpPiB. MeToro pobOoTH € MOpIBHIATH BIUMB moBepxHeBoi momudikamii KHH
TppOMa  pI3HUMHU  ByrieueBumMu  Moaudikaropamu  (0D-ynepen, 1D-Byrienesi

HaHOTPYOKH, 2D - rpaden) Ha poOoUi XapaKTEepUCTUKHA CEHCOPIB.

4.2 TexHOJOr1g CTPYKTYPHOI Ta XIMI4HOI MoauQikaiii noBepxHi macupy KHH

4.2.1 Crpykrypua moaudikanis mnoepxni macuBy KHH. B poGoti mns

moaupikarii noBepxHi macuBy KHH BukopucToByBanucs aBa BUIu J0JaTKOBUX TPABHUKIB

130TpormHmiA Ta aHizorponHuit. s mporo micns omepanii MCXT macuB KHH mignascs
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JOJaTKOBOMY TPAaBJICHHIO [UIsi BHJIO3MIHHM WOTO TIOBEPXHi: y BHIIAJKy 130TPOITHOTO
TpaBHuKka B MmacuBi KHH yTBOproioThCsl 101aTKOBI MpOraauHu Mi>K HAHOHUTKaMHU (HaHO Ta
MIKPO OTBOpH), a Y BHUIIAJKY aHI30TPOMHOTO TPAaBHUKA — 3MIHIOEThCS (POpMa HAHOHUTOK
(3arocTpeHi HAHOHUTKH Ta IMipamijadbHl HAHOHUTKH). be3nocepe b0 B eKCIepuMeHTax
BukopuctoByBaimu kucioTHuii TpaBHUK HF/HNOs;/CH3;COOH (1:4:4), sxuii 130TpOIHO
IpOTpaBIOBaB MOBEepxHIO, Ta JyxHUM TpaBHUK NaOH/IPA/H,O (2:10:88), B sikomy
BiJI0YBA€ThCS aHI30TPOMHE TPABJICHHA. TaKoX MPOBOAMBCS E€KCIEPUMEHT IO BIUIUBY

TPUBAJIOCTI Takoi Moaudikalii (d4ac TpaBieHHs 3MiHIOBaBcs BiJ 10 ¢ 10 5 xB).

Pucynox 4.1 — Cxema Hanecennst Moaudikaropa Ha nosepxato macupy KHH: 1 -
KpEMHi€Ba MAKIAAKA, 2-KPEMHIEBI HAHOHUTKH, 3- METaJeBl KOHTaKTH, 4- QyiepeH, 5-
OararorapoBa ByrJienieBa HaHOTpyOka, 6-rpaden

4.2.2 Ximiuna momudikanis nmoepxni macuBy KHH. B poGoti mns ximivHOi
moaudikarii moBepxHi MacuBy KHH BukopucroByBamucss Tpu BHUAM BYIJICLIEBUX
moaudikaropiB: dynepenu (Cs,), BUroTOBICHI KommaHiero Materials Modification Inc.
(MMI), Byraenesi HaHoTpyOku (MWCNTs), Burorosneni Jiangsu Xfnano Materials Tech
Co. Ltd. Ta rpadpen (GR), Burorosnenuit TTN Kharkiv Ltd. Jlyis BuroroBiieHHs riOpuiHUX
HaHOCTpYKTyp Ha ocHoBi KHH Ta Tppox pizamx momudikaropiB cmouatky 20-180 mr
Moaudikaropa 3mimyBanu 3 20 M pO3UHMHY €TaHOJY Ta OOpOOJISUIM YIBTPa3ByKOM
mpotsirom 40 xB. Ilicns o0poOku yIbTpa3BYKOM PO3YHMH CKIATAETBCS 3 J100Ope

JTUCTIEPTOBAHUX YaCTHHOK MoaudikaropiB. Hanocwmm nucniepcHuit po3unH moaudikaTtopa
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MeTo0M KpanaHHs (drop casting technique) 3a roromMoror cemruiepa o0’ eMoM 5 MkJI. Jlami
3pasku BucyuryBanu B Climate Chamber Tabai MC-71 Mini Subzero npotsirom 1 ron 3a
temrneparypu 60°. Ha puc. 4.1 mokazana cxemaTuyHa jJiarpamMa HaHeCeHHS MOU(]IKaTopiB.

4.2.3 IloexHAHHA CTPYKTYPHOI Ta XiMiuHOI Moaudikauii moBepxui macuy KHH.
B pobGori ana crpykrypHO-XimiuHOi Monudikamii mnoBepxHi wmacuBy KHH
BUKOPHUCTOBYBAJIUCS JBa BUJIU JOJATKOBUX TPAaBHUKIB (130TPOMHUN Ta aHI30TPOIHHI) B
noeaHaHi 3 3 Bugamu ByrieneBux moaudikatopis (gpynepuu, BBHT, rpaden). Crnouatky
BiI0yBaacs cTpykTypHa Mmoaudikaiis npotsrom 30 ¢, sik onucano B miaposauii 4.2.1, nami

BiJI0yBaacs XiMiuHa MoAuQiKaIlis, Ik OMMcaHo B miapo3aim 4.2.2.

4.3 TloBepxHeBa MOpGoJIOTisl Ta XIMIYHUN aHali3 MOAU(IKOBAHOI TOBEPXHI MaCUBY

KHH

[ToBepxHeBa Mopdonorist mogudikoBanoro macuBy KHH BuBuanacs 3a nonomororo
MetoiiB CEM ta ACM. BianosijiiHe BUMiproBajibHE 00JIaJHAHHS Ta METOJIUKA TPOBEACHHS
€KCIIEpUMEHTY OIKCaHa B MiApo3aim 2.2.

4.3.1 Crpykrypua moaudikanii nopepxui macupy KHH. CEM 300paxenus
MoaudikoBanoi noBepxHi MacuBy KHH 130TponnHMM TpaBHUKOM HaBeneHO Ha puc. 4.2, a 1
B. BumHo, mo Ha TMOBEpPXHI MAacHBY 3’SIBISIOTHCS OTBOPH 3a PaxyHOK TpaBIEHHS 3
OJIMHAKOBOIO HIBUJKICTIO PI3HUX KPHUCTANOrpaiuHUX IpaHE MOHOKpHUCTaja. Y TBOPEHI
OTBOPH € KBaJIpaTHO1 POPMH 3 PO3MIPOM CTOPOHH OJTU3BKO 3 MKM, 1110 CYILIFHO BKPHUBAIOTh
MMOBEPXHIO JTOCHIKYBAHOTO 3pa3Ky (puc.4.2, a). binbm neransHo BUTISA MOIU(DIKOBAHOT
noBepxHI MokHa mobaunt Ha 3D 300paxkeni (puc.4.2, B). 30KkpeMa BHUIHO, IO
MoaudiKoBaHa TAKUM YHHOM MMOBEPXHS Ma€ BUTIISA honey comb cTpyKTypH.

CEM 306paxxennss moaugikoBaHoi mnoBepxHi wmacuBy KHH anizorponnum
TPaBHUKOM HaBeJeHO Ha puc. 4.2, 6 1 r. BugHOo, 110 Ha MOBEPXHI MACHUBY 3’ SBIISIIOTHCA
BUTpaBJICH] BilokpeMiieHi cTinku B MmacuBi KHH, 1110 MaroTs BUrIsi1 OCHOBM 1HBEPTOBAHO1

nipamign. Ha BiAMIHHY Bij 130TPOITHOTO TPABJIEHHS aHI30TPOMHE 3a1E€XKUTh Bij
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2g B | det
2500 | ETD

v curr ag B | det | ——————— 10 ym —————— o 12/4/2019 HY curr wD mag B9 | det —1 | —
* | 10:58:56 AM | 10.00 kV | 0.10 nA 7 909 x_| ETD JLU SKLSHM Magellan400 2| 10:59:56 AM | 10.00 kV | 0.10nA | 5.1 mm | 10 000x  ETD JLU SKLSHM Magellan400

12/4/2019

B) r)
Pucynox 4.2 — Brimus ctpyktypHoi Moaudikariii Ha CEM 300pakeHHs TOBepXHi

macuBy KHH: i3oTpomnnuii TpaBuuk (a-2D, B-3D); anizorponHuii TpaBauk (6-2D, r-3D)

kpuctanorpadiunoi opienTartii. [{e o3Hauae, 1m0 mpoiiec TpaBieHHs 311HCHIOETHCS B3OBXK
MEBHUX KpHUCTaNorpaiuHuX HanpsMKiB. binbll AeTanbHO BUTIAL MOIU(DIKOBAHOT
MOBEpXHI MoOkHa moOauntu Ha 3D 300paxkenHi (puc.4.2, r). Takox OyJO TOCHIIKEHO
noBepxHeBy mopdosorito moaudikoBanoro macusy KHH metomom ACM. Bceranosneno
BIUIMB 130TPOITHOTO Ta aHI30TPOITHOTO TpaBHUKA Ha BUCOTY Ta ¢hopmy macuBy KHH. Tak,
JI0JIaBaHHS 130TPOMHOTO TpaBHUKA B TOCT OOpPOOKY CEHCOpa BUKIUKAJIO 301JIbIIECHHS
Brucotu MacuBy KHH 3 1472 1o 2933 mxm. Takox 3 2D 300paxkenHs Ha puc. 4.3, a BUJIHO,
0 JI0JlaBaHHS 130TPOITHOTO TPaBHMKA IMPHU3BEJIO 10 YTBOpPeHHS oTBOpPiB B MacuBi KHH,
skuii Ha 3D 300paxenHi (puc. 4.3, B) Mae Burisig honey comb ctpykrypu. Bimomo, 1o
130TPONTHUN TPaBHUK B 3aJIGKHOCTI BiJI KOHIIEHTpAIlil PO3UYMHY MOKE€ MATH TOJIPYHOUi

BJIACTHBOCTI, 3[{IHCHIOIOYHM TPABJICHH B MEPIILy Yepry, BUCTYIIB Ha moBepxHi [78]. Ilpu
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Pucynox 4.3 — Brimus ctpykrypHoi monudikariii Ha ACM 300paxeHHs
noBepxHi macuBy KHH: 130TponHwmii Ta anizotponuuit TpaBHuk (a,0-2D, B,r-3D)

00poOui macusy KHH B 130TponHOMY TpaBHUKY CIIOCTEPIraeThCsl TPABICHHS NEPEBAKHO
BEpIIMH HAHOHWUTOK 1 3TJIQJUKyBaHHS iX OIYHHMX CTIHOK 3 yTBOpEHHsM honey comb
CTpyKTypHu. JloJaBaHHsI aHI30TPOIHOIO TPAaBHHKA B MOCT OOpPOOKY IOBEpPXHI CEHCopa
MIPU3BOAUTE TAKOX JI0 3POCTaHHS BUCOTH MAacUBY HAaHOHMTOK 3 1472 nmo 3751 mkm. Sk
BUJIHO 3 puc. 4.3, 6 1 T, aHI30TponHa 00poOKa MPU3BOAUTH A0 yTBopeHHs macuBy KHH
nipaMiiaJibHOT (POpMHU, IO CIOCTEPIrae€ThCs 3a3BUYal Mij] Yyac MPOIECy TEKCTypyBaHHS.
Bigomo, mo myxHuii TpaBHUK mNpu3BoauTh 10 3BykeHHS KHH, 3a paxyHok pi3HO1
IIIBUIKOCTI TPABJICHHSI B3JIOBXK PI3HUX KpUCTATOTpadiuHUX HAPSIMKIB [76].

4.2.2 Ximiuna moaudikauii nosepxni macusy KHH. Ha puc.4.4, a naBeneno CEM
3HIMOK XiMiuHO MoAudikoBaHoi moBepxHi MmacuBy KHH 3a nonmomororo ¢ynepeniB. Moxkaa
0auuTH, 10 MOBEPXHS MAacUBY IIUIBHO BKpUTa CKYMUYEHHAMH cepuyuHoi Gopmu
moaudikaropa (ciTm misimu Ha CEM 3niMkax). 3 puc. 4.4, 6 BUIHO PO3MOILT XIMIYHUAX

€JIEMEHTIB, IPUCYTHIX Ha MIOBEPXHI MAaCHUBY.
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B)

Pucynox 4.4 — Brius ximiuHoi mogudikarii ¢pynepenamu Ha CEM 300paxeHHs

noBepxHi Mmacusy KHH: CEM 3nimMoxk (a), mapping CEM 3nimka (6), EDXS cniextp (B)

JIsiHKM Ha 3HIMKY YE€pPBOHOTO KOJIbOPY BIANOBINAIOTH 3a KpeMHii (24,3 %), a AuIgHKU
3€JICHOT0 KOJIhOpy — 3a Byriens (8,7 %), 6makutHoro — 3a ceneH (0,2 %) Ta )KOBTOrO
kosbopy — 3a iHmikn (0,1 %). 3okpema MokHa OauuTH, 10 B IHEHTPl MoaAMdIKATOP
PIBHOMIPHO po3nofiinBcs Ha moBepxHi MacuBy KHH, 1 Tinmpku Ha Aeskux AUISTHKAx €
HeBenuKa ix armomeparitis. Ha puc.4.5, a saBenmeno CEM 3HIMOK XiMidHO MOAM(DIKOBAHO1
noBepxHi macuBy KHH 3a nonomororo BBHT. MoxkHa 6auuTu, 110 MOBEPXHS MAacCHUBY
IIUTPHO BKpUTA 3rycTKaMu moaudikaropa (citai mismu Ha CEM 3niMkax). 3 puc. 4.5, 6
BU/THO PO3IMOLIT XIMIYHUX €JIEMEHTIB, MPUCYTHIX Ha MOBEPXH1 MacuBy. J{IJITHKH Ha 3HIMKY

YEPBOHOTO KOJIbOPY BIAMOBIIAOTH 3a KpeMHii (33,3 %), a NUISHKHU 3€JICHOT0 KOJIhOopy — 32



112

Byrienb (35 %). 3okpema MokHa 0ayuTH, 1110 B LIEHTP1 3HIMKA € AauisiHka macuBy KHH,

HEBKPHUTOTO MOAM(IKATOPOM, a HABKOJIO — Bech MacuB Bkputrii bBHT.

B)
Pucynox 4.5 — BB ximiunoi mogudikariii BBHT na CEM 300pakeHHs MOBEpXHI

macuBy KHH: CEM 3nimok (a), mapping CEM 3Himka (0), EDXS crniektp (B)

Ha puc.4.6, a naeneno CEM 3HIMOK XiMi4HO MOAM(IKOBAHOI MOBEPXHI MAaCHBY
KHH 3a nonmomoroto rpadgeny. MoxHa 6auuTH, 110 MOBEPXHS MAacCHBY WIUIBHO BKpHUTa
macTiBisaMu Moaudikaropa (cBiTii wisimu Ha CEM 3HiMKax). 3 puc. 4.6, 6 BUAHO pO3MIOALT
XIMIYHUX €JIEeMEHTIB, MPUCYTHIX Ha MOBEpXHI MacuBy. JUISHKM Ha 3HIMKY YEPBOHOIO
KOJIbOPY BIJIMOBIAAIOTH 32 KpeMHiH (8,5%), a AUISTHKH 3€JICHOT0 KOJIbOPY — 3a ByTJelb (24,8
%). 30kpema MoOkHa OauuTH, 1O Maibke mo Bcid ausH MacuBy KHH npucyTtHiit

Mou(dikaTop, ajie He TaK HIIJILHO SK B TIOTIEPEIHIX BUTIAIKaX.
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Pucynox 4.6 — BB ximiunoi moaudikariii rpadenom Ha CEM 300paskeHHs TOBEpXHi

macuBy KHH: CEM 3nimok (a), mapping CEM 3uimka (0), EDXS cnektp (B)

JlocnixkeHHsT B aTOMHO-CHJIOBOMY MIKPOCKOIT TaKOK BCTAaHOBWJIM BiJIMIHHOCTI B
noBepxHeBi Mopdonorii HemoaudikoBanoro macuBy KHH Ta micns fioro monudikarii
TphOMa PI3HUMHU ByTJIelieBUMU Moaudikaropamu (puc. 4.7). B po60Ti BCTAaHOBJIEHO BILJIUB
KoKHOTO MojaupikaTopa Ha Mopdonorito macuBy KHH. Ha puc. 4.7, a naBegeno 2D
300paxxenHss macuBy KHH 0e3 mopudikaropiB. BugHo, 1m0 MacuB CKIIaJaeThcs 3
KOHYCOTIO{IOHUX HAHOHHUTOK (CBITJI1 00JIaCTi) Ta MPOTAIMH MK HUMH (TeMH1 o6acti). [Ipu
I[bOMy BHCOTa MacHMBY HaHOHMTOK cTaHoBwia 760 HMm. Hanecenns momudikaropin
MPHU3BOAUTH [0 3HAYHOI 3MIiHU Tepenagy BHUCOT MO MOBEpxHI MacuBy. OcamkeHHS
¢dynepeHiB Ta rpadeHy MPU3BOIUTH 10 3MEHIIeHHs BUCOTH 10 504 Ta 360 HM BiAMOBIIHO.

Harowmicts ocamxkennss BBHT Bukiukae 3HauHe 3pocTaHHsl BUCOTH 110 5,06 MKM.
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Pucynox 4.7 — BrimuB ximiuHoi Moudikaliii ByrjieleBUMu MoiudikaTopaMu Ha
ACM 300paxxenns moBepxHi macuBy KHH: 6e3 Mogudikatopa (a),pynepenamu (0),
BBHT (B), rpadenom (T)

OdeBuaHO, 1€ TOB’sI3aHO 3 OcoOMMBOCTAMH MOKputTs MacuBy KHH pizaumun
ByrJieneBuMu moaudikaropamu. Sk BugHo 3 HaBeneHMX ACM 3HiMkiB (puc. 4.7, 0),
dynepeHrn OCaKYIOThCS Ha TIOBEPXHI0O MacuMBY Yy BUIJBIAL cepuyHO MOAIOHHX
arioMeparTiB, PIBHOMIPHO pO3MOAUICHHX IO TOBEPXHi, $KI YaCTKOBO 3alOBHIOIOTH
MporajuHU MDK HAHOHMTKaMH, 3MEHIIYIOYM Tiepenaj BUCOT 1o mnoBepxHi. Lle
MIATBEPIKYETHCS TAHUMH TI0 TIIOPCTKOCTI MOBEPXHI1: C.K.3 MOPCTKOCTI 3MEHIITHIIOCS OLITBII,
HDK B 4 pa3u micis moaudikaiii ¢ynepeHaMu. 3HayHe 3POCTaHHS BUCOTH MAaCHBY MICJIA
HanecenHs BBHT wmoxxe Oyt 0oO0yMmoBIeHE THM, IO 3aBISKH CBOIM TEperUIeTeHIN
BOJIOKHUCTIN cTpykTypi BBHT morano 3amoBHIO€ mporajnHu Mi>k HAHOHUTKaMH B MacHUBI
(puc. 4.7, B). Ilpu mpomy Moaudikailisi MOBEPXHI TAKOK 3HAYHO 301JIbIINIIA TTOBEPXHEBY

MIOPCTKICTH 3 232 10 766 HM, 110 301IBIIY€ TUIONTY YYTIUBOI OBEPXHI. Y CBOIO YEPTy 3
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puc. 4.7, r BuaHo, mo moaudikamis macusy KHH rpadenom npusBoauTh 10 yTBOpEHHS
OJTHOPITHOT Ta TJAAKOI MOBEPXHI 3 MEHII BUPAKEHUMHU HEPIBHOCTSIMH, MPO L0 CBITYUTH
3MEHIIEHHS C.K.3 HIOPCTKOCTI B 7 pas3iB (10 35HM). O4YeBHIHO, IO HAHOILIACTIBISM
rpadeHy JIErKO BJAETHCS MPOHUKHYTH B MOPOKUHU MK HAHOHUTKAMU 1 3a0€3MEUYUTH X
piBHOMIpHEe TOKpUTTsA. OTxke, sk BUAHO 3 pesynbratiB ACM, pi3HI ByIJenesi
MOAM(DIKATOPH YTBOPIOIOTH PI3HOMAHITHI CTPpyKTypu Ha moBepxHi macuBy KHH, mio
MOKYTb 3MIMCHIOBATH BIIMIHHHMI BIUTMB Ha CTATHYHI Ta JUHAMIYHI TapaMETPH CEHCOPIB.

JL1st focTipKeHHS] MIKPOCTPYKTYPH Ta XIMIYHOTO CKJIay BYTJICIIEBUX MOAU(PIKATOPIB
OyJio 3MIMCHEHO 1X PEHTIeHOCTPYKTYpPHUM Ta PEHTreHO(IYOPECICHTHUM —aHai3.
PeHTreHocTpyKTypHHl aHasi3 TpoBOAWIM 3a AonoMororw audpakromerpa Rigaku Ultima
[V. 3iiomMKy mpoBOAWIM B JUCKPETHOMY PEXUMI: MIBUAKICTh 3MOMKH 2°/XB, 1HTEpBal
sifomku 5 - 100°, kpok ckanyBaHHsi 0,04°, excro3uilis B Touli 3 ¢. 3MOMKYy 1 aHami3
JTOCHITHUX 3pa3KiB 3/IIMCHIOBABCS 3a JIOMOMOIOK MporpamMHoro 3abesneueHHs Rigaku
Control Panel Ta Standard Measurement. PeHTreHiBcbki audpakTorpaMu pi3HUX
ByriieneBux moaugdikatopis (pynepeniB Cgy, OaraTomapoBuX BYTJIEHEBUX HAHOTPYOOK Ta
rpadeHy) mpencTaBiieHi Ha puc. 4.8.

st dhynepeHiB COCTEPITa€EThCS MIICTh IHTEHCUBHUX JAUQPPAKIIAHUX TIKIB, KyTOBE
MTOJIOXKCHHSI IKMX CTaHOBHUTH 24°, 27°, 30°, 45°, 53°, Ta 78°, K1 BIANOBIAAIOTH IIJIOIIMHAM
KpuCTaIiuHOi TpaTku 3 iHAekcamu Mimtepa Se(100), C(002), Se(101), Se(111), C(021),
C(110) Bignosiano (puc. 4.8, a). s BBHT cnocrepiraerscs 2 qudpakiiiiiii mku, KyToBe
TTOJIOXKEHHSI IKUX CTAHOBHUTH 26° Ta 43°, sIK1 BIJIMOBIIAIOTH TUIONIMHAM KPUCTATIYHOI TPATKH
3 innekcamu Mimtepa C(002) ta Dia(111) Binnmosiguo (puc. 4.8, 0). Ha peHTreHiBchKin
mudpakrorpaMi s TpadeHy MokKHa OayuTH IIICTh IHTEHCUBHUX NUQPPAKIIAHUX MIKIB,
KYTOBE TOJIOKEHHS SIKHUX CTAaHOBUTH 27°, 42°, 45°, 55°, 77°, 84° Ta 87°, 110 BiIMIOBIIAIOTH
IUIOLIMHAM KPHUCTAIIYHOI rpatku 3 iHAekcamu Mimnepa Graphite-2H(002), Graphite-2H
(100), Graphite-2H (101), Graphite-2H (004), Graphite-2H (110) Graphite-2H (112), Ta

Graphite-2H (006) BinmoBigHo (puc. 4.8, ¢). BusnadeHHs €JIeMEHTHOTO XIMIYHOTO CKIIady
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Pucynox 4.8 — Jludpaxrorpamu ByTrieneBux HaHOCTPYKTYyp: a) dynepenu, 0)

ByTJIElIeBl OaraTomapoBi HAHOTPYOKH, B) rpadeH

MoauGIKaTOPiB MPOBOAWIOCS 3 BUKOPUCTAHHSM METOJY PEHTTEHOMIYyOPECIIEHTHOTO
aHajizy 3a gomnomoroto crnexkrpomerpa ElvaX Pro. Po3aiibHa 31aTHICTE pEHTTEHIBCHKOTO
nerexkropa ckiagae 165 eB mpu 5,9 keB (muis Mn Ka). O6poOka oTrpumaHux
€HEepPreTUYHUX CIEKTPIB MPOBOAMIIACA B MNPOTrpaMHOMY KOMIUIEKCI MIATPUMKHU
exciepuMenty ElvaX. PesynapraTomM anHamizy MIATBEpKEHO HASBHICTh Y CKIIAJII
MOAU(IKATOPIB MEPEBaXKHY OUIBIIICTD JETKUX €JIEMEHTIB, BKIItouarouu kapooH (90-99%).

Kpim Toro, moaudikaTopu MaroTh B CBOEMY CKJIaJl 1HIII goMimku. s dynepeniB Oyio
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BusBIieHO Se (5.3%), In (2.8%), Cu (1.4%), S1(0.4%), nis BBHT 6yno Busineno Ni (2.3%),
Fe (0.8%), Co (0.6%) Ta nns rpadeny 0ymo BusiBieHo Na (0.6%), Fe (0.2%).

4.4 Buxopucrtanns moaudikoBanoro macuBy KHH B cencopax tremneparypu

4.4.1 Pe3ucTtuBHi ceHcopu. MeToarKka BUMIPIOBaHb Ta BUMIPIOBaJIbHE 00J1aTHAHHSI
OyJ10 Take Xk, sIK OMMcaHo B miaApo3aiii 2.3. Po3paxoBani mapamerpu 3aHeceHo B Ta0i. b.14.

Cmpykmypna mooughikayia. Ha puc.4.9, a, HaBeJIecHO KpPUBI BIATYKY CEHCOPIB 3
HEMOJU(PIKOBAHOIO Ta CTPYKTYpHO MOAM(IKOBAHOW ToBepxHew. JlaHi  KpuBi
XapaKTEPU3YIOThCA JIHIMHICTIO B JorapupmMiuHOMy MacuTadi, OCKUIBKHA TeMIepaTypHa
3aJIEKHICTh OIMOPY € EKCIOHEHINAIbHOW. SIK BUIHO 3 HaBEJCHHX KPUBUX, CTPYKTypHa
Moau(ikailisi HE MOpPYUIye OTpUMaHI 3alekKHOCTI. OJHAK BOHU 3MIHIOIOTH BEJIIMYHUHY
TEPMOUYYTJIMBOCTI, M0 BUAHO 3 HAXWIy KpuBuX. [Ipm 1bOMY BeIWYWHA 3MIHH
TEPMOUYTJIMBOCTI CEHCOPA BU3HAYAETHCS TUIIOM MOU(DiKaTOpa Ta 4acoM 0OpOOKH.

B po0oTi mociiakyBaBcsl BIUIMB BUAY CTPYKTYpHOI Monau@ikauii (130TpOIMHOro Ta
aHI30TPOITHOTO TpaBHMKA) Ta yacy oOpoOku (10c-5XB) Ha BIATYK PE3UCTUBHHUX CEHCOPIB
TemriepaTypu. Tak, 10/1aBaHHS 130TPOITHOTO TPaBHUKA B TTOCT 0OPOOKY CEHCOpa BUKJIMKAJIO
MOTIPUIEHHSI TEPMOUYTIMBUX XapaKTEPUCTUK CeHcopa: BIATYK 3MeHmmuBes 3 13 no 7. Le

MOSICHIOETHCSA YTBOPEHHSIM HaHOOTBOPIB B MacuBi KHH, 110 3MeHIye KinbKicTh
9
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Pucynox 4.9 — BruiuB cTpykTypHOi Moau(iKalii Ha TEpMOUYYTIMBI XapaKTEPUCTUKU

ceHncopiB Ha ocHoBl KHH: a) cratuuni napamerpu; 0) AMHAMIYHI TapaMeTpH
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HAHOHUTOK, TOOTO UyTJMBA IUIOIIA CEHCOPa 3MEHIY€EThCA. 30UTBIICHHS Yacy J0AaTKOBOI
00poOku 3 10 ¢ 10 5 XB MpU3BENO 0 NOCTYNOBOrO MOTIPIIEHHS BIATYKY ceHcopa. B cBoro
4yepry, JOJaBaHHS aHI30TPOIHOIO TpPaBHMKA B TOCT OOpPOOKY TMOBEpPXHI CeHCcopa
MPU3BOAUTH JI0 TIOKPAIICHHS TEPMOUYYTIMBUX XapaKTEPUCTUK CEHCOPa: BIATYK 3pic 3 13 10
21. lle MOXHa MOSACHUTU 30LIBIICHHSM YYTJIMBOI IJIOIII CEHCOpa 3a PaxyHOK 3HAYHOIO
30utkmenHs Bucotn MmacuBy KHH. 36inbpmenns gyacy nomatkoBoi o6pooku 3 10 ¢ 10 5 xB
IPU3BEJIO 10 MOCTYIOBOIO MOKpAIIEHHS BIATYKY CeHcopa. J[1s MOpiBHSHHS BeIMYMHA
TEPMOUYTJIMBOCTI ceHcopa 0e3 cTpykTypHoi Mmomudikaiii ckiana 4400 K, mo B 2 pas3u €
TIpIIMM, aHDK MaKCUMallbHE 3HAuY€HHS 1bOro KoedimieHta g MoAU(IKOBAHUX
PE3UCTUBHUX CEHCOPIB TeMIEpaTypH (JIy>kHa 00poOka TpuBaiicTio 5 xB — 8200 K).

Ha puc. 4.9, 6 noka3aHo KpyBl JUHAMIYHOTO BIATYKY JAaTYUKIB 3 HEMOAU(IKOBAHOIO
Ta CTPYKTYPHO MOIU(PIKOBaHOIO OBEpXHEI. L1 KpUBI ABIAIOTH COOOIO 3MIHY OIOPY B Yacl
npu 3miHl Temneparypu B gianazoni 20°C-80°C-20°C. Sk BUIHO 3 HaBEIEHUX KPHUBUX,
3aCTOCYBaHHS MOJU(]DIKATOPIB 3MIHIOE TPUBAIICTh HAPOCTAIOUOTO 1 CMaaAHOro (pPOHTIB
CUTHaJy, Kl BU3HAYAIOTh IIBUIKOJIIO MPUCTPOIO. BemnunHa 3MiHM MIBUAKOCTI JaT4yHUKa
BU3HAYA€ThCS BUAOM MoaudikaTtopa. Yac BIATYKy Ta 4Yac BIJHOBJICHHS MPHUCTPOIB
BU3HAYaJM, K ONMUCAHO B miApo3aim 2.3. Po3paxoBaHi napaMmerpu HaBeeHl B Tabi. b.14.
JJ1st IOpiBHSHHS BEJIMYMHA Yacy BIATYKY/BIAHOBJICHHS ceHcopa 0e3 Moaudikaliii ckiana
1,8/5,4 ¢ BIANOBIAHO, 10 3HAYHO TiplIe, HDK HaWKpalle 3HAYCHHS Yacy
BIJICYKY/BITHOBJICHHS JJII CEHCOPIB 3 MOAM(IKOBAHOIO MOBEPXHEIO (KUCIOTHA 0OpoOKa
TpuBaiictio 5 xB — 0,6/2,32 c.).

Ximiuna mooughikayia. Ha puc. 4.10, a mnokazaHi KpuBl BIATYKY JaTUMKIB
TEMIIepaTypd 3 HEeMOJU(DIKOBAHOI Ta MOIU(DIKOBAHOIO BYTJICIEBUMHU MaTeplalaMH
noBepxHAMH. Lli KpUBI XapakTepU3yIOTbCA JIHIMHICTIO B JorapuMiuHOMYy MacmiTaoi,
OCKIJIbKM TEMIIepaTypHa 3aJIEKHICTh OMOPY HAMIBIPOBIIHMKA € €KCIIOHEHIIaJbHO. SK
BUJTHO 3 HABEJICHUX KPUBUX, HAHECEHHSI MOAM(IKATOPIB HE TOPYIIIY€E OTPUMaHI 3aJICKHOCTI.
OpnHak BOHM 3MIHIOIOTh 3HAUEHHS TEPMOUYTIIMBOCTI, 1110 BUAHO 3 HAXUITY KpUBHX. B poOoTi
JOCTIKYBaBCs BIUIUB MPHUPOAU Ta KUIBKOCTI BYIJIEHEBUX MOAU(DIKATOPIB, a TaKOXK

MUTOMOTO OIOpY MIAKIAJAKH Ha TEPMOUYTJIMBI XapaKTEPUCTUKU CEHCOpIB. 30Kpema
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BCTAHOBJICHO, III0 HAHECEHHsI (PyJIEPEHIB HA TTOBEPXHIO CEHCOPIB TEMIIEpaTypu Ha OCHOBI
KHH, nmokpamytoTh BiATyK CEHCOPIiB B 2.5-3 pa3u mjis 000X THITIB MiAKIAA0K. 301IbIICHHS
KOHIIeHTparlii QynepeHiB B po3uuHi Big 20 mr — 140 Mr mpu3BOIUTH JI0 MOCTYIOBOTO
3pOCTaHHS 3MIHU BEJIWYWHU BIATYKY mpuiaaiB Big 1,3 mo 3 pasiB. OgHak mojanblie
3pOCTaHHA KIIBKOCTI Moju(ikaTopa B PO3UHMHI MPU3BOJUTH O TMOTIPIIEHHS 3HAYEHB
BIAryKy. HaneceHHs OaraTolapoBUX BYIJICIIEBUX HAHOTPYOOK Ha MOBEPXHIO CEHCOPIB
MOKPAIIYIOTh BIATYK ceHCcopiB HAa 9% s migknaaku K/Ib1 ta 2.7 pa3u mus migkiagku
KJIb-10. 36inbmenns konuentpainii BBHT B po3uuni Big 20 mr — 180 Mr npu3BoauTh 110
MIOCTYIIOBOTO 3MEHIIIEHHS 3MIHM BEJIMYMHU BIATYKY mpwianiB Big 2,7 go 0,8 pasis.
Hanecenns rpadeHy Ha MOBEPXHIO CEHCOPIB MOKPAILYIOTh BIATYK Maiixke B 2.6 pazu s
nigkiaanku KJb-1 ta B 6 pasiB mst migknaakya K b-10. 361b1eHHs KoHIIeHTpalii rpadeny
B po3unHi BiJ 20 Mr — 180 Mr npu3BOAUTH A0 MOCTYTIOBOIO 3MEHIIICHHS BEJIMUYUHU BIATYKY
npuwiaaiB Big 6 no 2,3 pasziB. lmrocTpanis CyKylmHOIO BIUIMBY NPUPOAU Ta KIIBKOCTI
ByTJICLIEBUX MOAUMPIKATOPIB, a TaKOXK THUMY MIAKIAIKA Ha 3MIHY BIATYKY CEHCOpa
TeMIIepaTypHu HaBeJieHa Ha puc. 4,11, a (uepBoHa Ta 3eneHa KpuBi). [1o BeMueHHI BILTUBY
PI3HHX BYTJEIEBUX MOAM(IKATOPIB HA BIATYK CEHCOPIB iX MOXKHA PO3TAIlyBaTH B TaKii
nociiIoBHOCTI (Big MeHmoro mo Oineinoro): bBBHT-dynepenu-rpaden. Iloxpamena
TEPMOUYYTJIUBICTH CEHCOPIB, MOAU(PIKOBAHUX T'paeHOM, OYEBUIHO OOYMOBIIEHA IOro

HAWOUIBIIIO0 TETJIOMPOBITHICTIO MOMDK 1HITUX MoaudikaTopiB. Ciijl 3a3HAYUTH, 1110
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Pucynox 4.10 — BruiuB xiMiuHOT MOAM]IKallli HA TEPMOUYTIUBI XapaKTEPUCTUKU

ceHncopiB Ha ocHoBl KHH: a) cratuuni napamerpu; 0) AMHAMIYHI TapaMeTpH
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MaKCHUMaJIbHE MOKpAIIeHHS BIATYKY CIOCTEpIrajiocssi IJisi CEHcopa 3 KOHIICHTPAIlIEl0
rpadeny 20 mr Ha migknaam Kb -10. B nutoMoro onopy miAKIaaKd Ha YyTIUBICTh
CEHCOpPIB TEeMIIEPATyPH OYEBUHO MOB’SI3aHUN 3 BIAMIHHOCTSIMHU y IIBUJIKOCTI TPABJICHHS
nig yac ctBopenHss KHH, 1mo Bu3Havae BUCOTY HAHOHUTOK, a BIITAK BEJIMYMHY YyTJIMBOL
noBepxHi. KoHIeHTpaliiiHa 3aJeXHICTh TEPMOYYTIMBOCTI BiJ BMICTY BYIJICLIEBUX
Moau(piKaTOpiB Ma€e AeKUIbka ocobmuBocteil. [1o nmepie, as dynepeHiB notpioHa Oiblna
KOHIIEHTpAIlis B PO3UMHI MOIU(IKATOpa, MO0 JOCATHYTH Kpallli CTATUYHI XapaKTEePUCTUKU
CEHCOpIB TemmepaTrypu, B Tod yac sik maigs bBHT Ta rpadeny morpibHa miHiManbHa
KOHIIEHTpaliss B pPO3uuHI. Taka 3aJeXHICTh IOB’S3aHa 3 TYCTUHOK BYIVIELEBUX
Moau(dikatopis, a came: ryctuna MoaudikoBanux ¢ymnepenis (Csy) € HalO1bo0, a BBHT
HaWMEHIIOK TOMIXK BCix MoaudikaropiB. Tomy BMICT (dyrnepeHiB B po3dyuHI Mae OyTd
BUILUM JIJIs1 piBHOMIpHOTO oroptanHs nosepxHi KHH. Io apyre, nis Becix MoaudikaTopis
BCTAHOBJIEHO, IO iX HAJAMIPHUM BMICT Ha MOBEPXHI MPHU3BOJIUTH A0 MEPEBAKHO
HarpomajpkeHHs (arnmomepaiiii) Ha nmoBepxHi KHH, anixk ix piBHOMIpHOTO MOKPUTTS abo
MIPOHUKHEHHSI BCEPEMHY MAaCHBY, 110 BUAHO 3 JaHUX ACM 3HimKiB (puc.4.7).

Jyst mopiBHSIHHS BENTMYMHA BIATYKY ceHcopa 0e3 Mmoaudikarliii ckiana 50, 1mo O1bI,

Light /1 Q-cm Temperature /1 Q-cm Humidity /1 Q-cm
Light /10 Q-cm = Temperature /10 Q-cm ==Humidity /10 Q-cm

Pucynok — 4.11 IlenrocTkoB1 giarpamu, 110 MOKa3yoTh BIUIUB JJIs1 BCIX
THUIIIB CEHCOPIB MPUPOJIHU Ta KIJTHKOCTI BYTJIEIEBUX MOAU(IKATOPIB, a TAKOXK

MATOMOTI'O OTIOPY BUX1THOT MIAKJIAIKA Ha 3HAYEHHS: a) BIATYKY, 0) 4ac BIATYKY
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HIK Ha 2 TOPSAKU € TIPIIUM, aHIX MaKCHUMallbHE 3HAYEHHS BIJATYKY JUJISi PE3UCTUBHUX
CEHCOPIB TEMIIEPATYpH 3 ByIjeneBuMu Moaudikaropamu (22,7-10° nis rpadeny). B cBoro
4yepry, KOoe(IiieHT TEepMOUYYTIMBOCTI TAKOX 3HAYHO MOKPAIIMBCS 3 BUKOPUCTAHHIM
MoaudikaTopis. Tak, TepMOUYTIUBICTh ceHCOpa 6e3 Moaudikaropa ctanoBuia 4400 K, mio
TaKOX € TIpIIKUM OUTBII, HIX B JIBa pa3u, aHDK MaKCUMaJIbHE 3HAYEHHS I[bOTO KOe(iIlieHTa
U1t MoauiKOBaHUX ceHcopiB TemnepaTypu (rpaden 9200 K).

Ha puc. 4.10, 6 mokazaHo KpHBi JUHAMIYHOTO BIATYKY AATYUKIB 3 HEMOI1(1KOBaHOIO
Ta MOJM(DIKOBAHOIO BYTJIEIEBUMU MaTepiasiaMu MoBepXHSIMH. LI KpuBi SBISIOTH COOOIO
3MiHYy OMOpy B 4Yaci mpu 3MmiHl Temneparypu B gianazoni 20°C-80°C-20°C. Sk BumHoO 3
HABEJICHUX KPUBHX, 3aCTOCYBaHHA MOJU(DIKATOPIB 3MIHIOE TPUBAIICTh HAPOCTAKOUOIO 1
cnagHoro (GpOHTIB CUTHAIY, SIKI BU3HAYAIOTh MIBUAKOAIIO MPUCTPOI0. Benuunna 3MiHu
IIBUJIKOCTI JaTYMKAa BHU3HAYAEThCA MNPUPOJOI0 Monudikatopa. Yac BiATyKy Ta uyac
B1IHOBJICHHSI IPUCTPOIB BU3HAYAJIU, SIK OIIMCAHO B MiApo3au1l 2.3. Po3paxoBaHi mapaMeTpu
HaBesieHl B Ta0i1. b.14. ImrocTpaiiisi CyKynmHOTO BILUTUBY MPUPOIU Ta KIJTBKOCTI BYTJICIIEBUX
Mou(DiKaTopiB, @ TAKOXK TUITY MIAKIAAKUA HA 3MIHY Yacy BIATYKY CEHCOpa HaBeJIeHa Ha pHC.
4.11, 6 (uepBoHa Ta 3elieHAa KpHUBi). MakcuManbHE TIOKPAIICHHS 4Yacy BIATYKY
crioctepiraiocs s ceHcopa 3 KoHueHtpaiiito ¢ynepeniB 100 mr nva miaknamm KJIb-1.
[TokpanieHHs MBUAKOII CEHCOP1B, MOIU(PIKOBAHUX (PyJiepeHaMH, MOKE OYTH MOSICHEHE 1X
HAWHWKYOI0 TEIUIONMPOBIHICTIO TOMDK 1HIIMX ByIeneBux Moaudikatopi. binbima
LIBUJKOIS CEHCOPIB TEMIEPATYypH Ha OCHOBI MIJKIAIOK 3 MUTOMUM omopoM 1 Om-cm
00yMOBJIEHa MEHIIIUM YacOM >KUTTSI HOCIIB 3apsiay, 110 MPU3BOIUTH J0 MIBUAIIOI pEeaKIi
Ha 3MiHY TeMIiepatypH. J{Js mopiBHIHHS BEIMUMHA Yacy BIATYKY/BIAHOBICHHS ceHcopa 0e3
moaudikamii ckiana 1,8/5,4 ¢ BIAMOBIIHO, 110 3HAYHO TIpIIe, HDK HaWKpalile 3HAaYeHHs
qacy BIATYKY/BIAHOBJICHHS JUIsl CEHCOPIB 3 ByriienieBUMuU Moaudikaropamu (0,153/0,738 c).

Cmpykmypno-ximiuna moougixayia. B poOGoTi OyB BCTAaHOBJICHUN BIUJIUB
MOETHAHHS CTPYKTYPHOI Ta XIMI4HOI MoJau]iKkallii Ha CTaTUYHI Ta JUHAMIYHI TTapaMeTpu
ceHcopiB Temrepatypu (tabi. b.14). 3okpema Oysi0 BCTAHOBJICHO, 1110 11O BEJIMYHHI BIATYKY
HallKpalle 3HAY€HHS JEMOHCTPYIOTh CEHCOPM B MO€AHAHHI JYKHOI Moaudikamii Ta
rpadeHy: BelvuMHa Biaryky nokpammiacs 3 50 (0e3 momumdikanii), 22,7-10° (ximiuna

momudikanis) no 50-10° (ctpykTypHO-XiMiuHa Moaudikalis). 3 TOYKH 30py IIBHIAKOII,
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BJAJOCA JOCSTHYTHM TIOKpAlIeHHs Yacy BIATYKY CEHCOpa B TMO€JHAHHI KHUCIOTHOI
Moaupikarii Ta QynepeHy: 4ac BiAryky nokpammscs 3 1,8 ¢ (6e3 mogudikaniii), 0,153 ¢
(ximiyna moaudikarist) 10 0,063 ¢ (cTpykTypHO-XiMiuHA MOAUDIKALLIS).

4.4.2 JlionHi cencopu. MeToanka BUMipIOBaHb Ta BUMIPIOBAJIbHE 001aHAHHSA 0YJI0
TaKe Xk, K ONMucaHo B migpo3aia 3.3. Po3paxoBaHi mapaMeTpu 3aHECEHO B J0JIATOK TaOII.
b.14. 3 HaBeneHUX AaHUX BUJIHO, IO 1 IO BEJIMYEHHI BIATYKY, 1 MO IIBUIKOIII CEHCOPH Ha
ocnoBi minkinagok KJIb — 1 mepeBaxkaroTh ceHcopu Ha ocHoBi minkinagok Kb — 10.
AHaJIOT1YHA B3aJIEKHICTh CIIOcTepirajgacs IS BCIX I1HIIMX BHJIB JIOAHUX CEHCOPIB
(ocBiTienocti, Bosorocti, BMicty JIOC), ToMy Hajmanmi aHami3 OTPUMAHUX pe3yJIbTaTiB
HABOJIWUTHLCS jumre mis makiaagka Kb — 1.

Cmpykmypna moougixauyia. Kpusi BIIryKy ceHCOpiB 3 Moaudikaiiero Ta 6e3 Hel
nokazanli Ha puc.4.12, a. OpepxaHl XapaKTEpUCTUKHU BIJANOBIIAIOTh TEMIEPATYpPHII
3QJIEKHOCTI MaJIHHA TPSAMOI HANpyrd Ha p-n MEpexoidl sSIK s KIACMYHOro Aaioja 1
AIPOKCUMYIOTHCS JIHIAHOIO 3JIEKHICTIO. 3 HABEJEHUX KPUBUX BUIHO, IO CTPYKTYypHA
Moaudikalisi 3MIHIOE BEJIMYMHY TEPMOUYYTIMBOCTI Ta HE NOPYUIYE JIHIMHICTh
TEPMOUYTJIMBOI XapakTepucTuku aioga Ha ocHoBl KHH. ToMy BuB4aBcs BIUIMB apaMeTpiB
CTpyKTypHOi Moaudikaiii (130TpOMHUIN/aHI30TPOTHUN TPaBHUK, Yac OOpPOOKH) Ha BIATYK
TEPMOJIIOAY Ta WBHUIKOA10. [Ipy 11bOMy OyJ10 BCTAHOBJIEHO, IO CTPYKTYpHA MOAU(DIKaIis

3a IOIOMOTO0 130TPOITHOTO TPaBHUKA MPHU3BENO J0 MOKPAIICHHS TEPMOUYYTIMBHUX
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Be3 moaudikauiii ® KncloTHHil TPABHAK @ Jly:xHuii TPAaBHHK

Pucynox 4.12 — BrumiB cTpykTypHOi MoAH(IKaIlil Ha TEPMOTYTIUBI XapaKTEPUCTHKU
ceHncopiB Ha ocHoBl KHH: a) cratuuni napamerpu; 0) AMHAMIYHI TapaMeTpH

XapaKTepUCTHK CEHCOPA Ha BIAMIHY BiJl PE3UCTUBHUX CEHCOPIB: BIATYK 3pic 3 6,4 1o 13.
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BigMIHHICTh BIUIMBY 130TPOMHOTO TpaBHHWKA HAa PE3WCTHUBHI Ta JIOJIHI CEHCOpHU
MOSICHIOETHCSI PI3HUM HAMPSIMKOM TMPOTIKAHHA CTPYMY: B PE3UCTUBHUX CTPYKTypax —
IUTAaHAPHO, B II0JJHUX CTPYKTYpax — BEPTUKAIBHO. B pe3yibTaTi yTBOpEHHSI HAHOOTBOPIB B
macuBl KHH B pe3ucTUBHUX CTPYKTypax, CIOCTEPIraroThCsl OOPUBU JOPIKOK MPOTIKAHHS
CTpyMY, B TOH Yac sIK B IIOAHUX CTPYKTYpax HAHOOTBOPH 301IbIIYIOTh BHYTPILIHIO Uy TIIUBY
MOBEPXHIO CEHCcopa 0e3 3MIHM JOPDKOK MPOTIKAHHA CTPyMy. SIK y BHIAIKy CEHCOPIB
PE3UCTUBHOTO THUIY, 30UIBIIEHHS Yacy TPaBJIEHHS B 130TPOITHOMY TPAaBHUKY MPHU3BEIO 0
MIOCTYIIOBOTO TOTIPIICHHS BIITYKy ceHcopa. Monu@ikaliis moBEpXHI B aHI30TPOMHOMY
TPaBHHUKY, B CBOIO 4epry, 3a0€3MeUusi0O MOKPAIICHHS TEPMOYYTIMBUX XapaKTEPUCTHK
ceHcopa: BIATYK 3pic 3 6,4 1o 11 paziB. 3MiHa yacy TpasieHHs 3 10 ¢ 10 5 XB BUKJIMKAJA
[OCTYMOBE MOTIPIIEHHS BIITYKY CEHCOpa.

[Ilo6 mnpomeMOHCTpYBaTH BIUIMB CTPYKTypHOi Moaudikaiii, Oyl0 BHUMIPSIHO
BEJIMYMHA TEPMOYYTIMBOCTI CEHCOpa 0 Ta micas Moaudikamii. Beanunna koediieHTy
TepMouTyuBocTi ckiana 3 MB/K, mo Ha 33% € ripmuM, aHik Halikpallle 3Ha4€HHsI JaHOTO
napameTpy AJist MoJu(iKoBaHUX CEHCOPIB (KUcIoTHA 00poOka TpuBamicTio 30 ¢ — 4 mB/K).

3 puc. 4.12, 6, Oys10 BU3HAYEHO Yac BIATYKY Ta BIAHOBJICHHS NATYUKIB JIO Ta MICIs
CTPYKTYpHOI Moau(iKallii MOBEPXHi, K OMKUCaHO B miapo3aum 3.3. BusHnaueHi napamerpu
HaBeJleHl B Ta0J1. b.14. Anani3 ganux rpagikiB Mokas3as, 1110 BAKOPUCTaHHS MOJU(IKaTOPiB
MOKpaIlye MIBUAKOAII0 MPUIaAiB, IO 3aJIEKUTh BiA npupoau monudikaropa. Tak, gac
BIAryKy nokpamuscs 3 0,81 1o 0,46 ¢, a yac BITHOBIEHHS 3aIMILKBCS 0€3 3MiH 1,5 ¢ (Jry>kHa
00poOka TpuaiicTio 30 ¢).

Ximiuna moougixauin. Ha puc. 4.13, a HaBeIeHO KpUB1 TEPMOUYTIUBOCTI CEHCOPIB
I0 Ta Mmicas XiMiuHOi Mopaudikalii, 3BIAKM BHUIHO BIUIMB TPUPOAU BYTJIEIEBHUX
HaHOMAaTEepialiB Ha BEJIMYMHY TEPMOYYTIMBOCTI (MO KyTy Haxuiay). Takox Oyno
JOCIIIKEHO BIUIUB KIIBKOCTI BYTJICHIEBUX MOAU(PIKATOPIB HA TOBEPXHI CEHCOPIB.

Hanecennst ¢ynepeHiB MOKpallye BIATYK CEHCOPIB: 3MiHA BMICTY (QyJiepeHiB B
po3uuHi Big 20 mr 1o 180 Mr mpu3BOAUTH 0 MOCTYIIOBOTO 3pOCTAHHS BEJIMYMHH BIATYKY
npuiaaiB 1o 1,6 pasis. Hanecennss BBHT takox mokparniye ix Biaryk: 3mina sMictry bBHT
B po3unHi Bif 20 Mr — 180 Mr npu3BOaUTH A0 MOKPAIICHHS BEIUYMHH BIATYKY 10 1,23 pa3sis.

B cBoro uepry, ocakeHHs rpadeHy Ha MOBEPXHIO CEHCOPIB MOKPAIIY€ BiITYK CEHCOPIB:



124

3MiHa BMicTy rpadeny B po3unHi Big 20 Mr g0 100 Mr mokpaiirye BiAryk npuiaajiB go 1,35
paziB. Ciin 3a3HayuTH, IO MOAANbINE 30UIbIIeHHS KoHIEHTpawii 70 180 mr rpadeny

MOTIPIIY€ BIATYK MPUIAIiB.
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Pucynox 4.13 — Bruius xiMiuHOT MOH]iKallii HA TEPMOUYTIUBI XapaKTEPUCTUKU

ceHcopiB Ha ocHoB1 KHH: a) cratnuni napameTpu; 0) AMHAMIYHI TapaMeTpu

Ha puc. 4,14, a (uepBoHa Ta 3eJieHa KpUB1) MPOJAEMOHCTPOBAHO BIUIMB MPHUPOAH Ta
KUIBKOCT1 BYIJICLIEBUX MOAM(IKATOPIB HA 3MIHY BIATYKY CEHCOpa. 3a BEJIMYMHOIO BILIUBY
JaHuX MOAU(IKATOPIB X MOKHA PO3TAIlyBAaTH B HACTYIHIN MOCTIAOBHOCTI (BiJ MEHIIIOTO
no Outemoro): BBHT-rpaden-pynepenn. Ile MoXKHa TOSICHUTH Kpamiow MTPOHUKHOIO
3natHicTio ¢ynepHiB B MacuB KHH, anix iHImIMX ByrierneBux HaHomaTepialiB (BUIHO 31
3HiMKIB ACM Ha puc. 4.7). He 1uBnsiunch Ha HUK4YY TEIJIONPOBIIHICTH (yJIepeHiB, BOHU
3/1aTHI OKPAILIUTH TEPMOUYTIUBICT P-N IEPEXOAY MO BCiH JOBXUHI HAHOHUTKHU. B Toi1 yac
SK 1HII ByTJENeBl MOAUMIKATOPU MOKPAIIYIOTh TEPMOYYTIUBICTh P-N MEPEXO01y JIUII Ha
BEpIIMHAX HAHOHUTOK. BiIMIHHICTB B pe3yJibTaTax BIUIUBY BYTJIEUEBUX MOJU(DIKATOPIB B
PE3UCTUBHUX Ta MIOJHUX CTPYKTypax, OYEBUIAHO, OOYMOBIICHA HAMPSIMKOM TPOTIKAHHS
CTPyMy: B PE3UCTUBHUX CTPYKTypax CTPyM IpPOTIKA€ TOPU3OHTAIBHO, & B JIOJHUX —
BepTUKaNbHO. lle mpu3BOaUTH JO TOro, W0 B PE3UCTUBHIN CTPYKTypl HaHECEHHs
MoaudiKaTopy 3 OUTBIIO TEIUIOMPOBIAHICTIO (TpadeH) moKpaInrye TEpPMOBIATYK, OCKIIBKA
CTPYM IMPOTIKAE MO MOBEPXHI MACUBY 1 MOJIM(DIKATOPA, a HIKHS YACTMHA MAaCUBY B IIbOMY

mporieci Moxe OyTH He 3aaisiHa. BcTaHoBIEHO, 10 1Ji BCIX BYIVICIIEBUX MOIU(DIKAaTOPiB



125

noTpiOHa OiNbIIa KOHIEHTpAIis, 100 JOCATHYTH Kpallll CTaTHYHI XapaKTePUCTHUKHU
CEHCOPIB.

Ak 1 y BUNAAKy CTPYKTypHOI Moaudikaili, s 1ICTpalii BIUIMBY XIMIYHOL
Moaudikalii OyJl0 IPOBEACHO BHUMIPIOBAHHS CTaTMUYHMX XapaKTEPUCTHK CEHCopa JI0 Ta
MiCTs HAHECCHHS BYIJICIICBMX HaHOMarepianiB. BenwuwmHa BiAryky ceHcopa 0e3
mMoaudikamii ckiana 6,4, a micina moaudikaiii — 11,1 pasziB (mist pynepenip). [lpu npomy
TEPMOYYTIMBICTh TAKOXX MOKpAaIIMIacsi MICIAs OCaJKEHHS MOAM(IKATOPIB: KOEPIIEHT

TEPMOYYTIHUBOCTI ceHcopa 301abIuBes 3 3 10 4,5 MB/K (11 dynepeHi).

Light /1 Q-cm Temperature /1 Q-cm Humidity /1 Q-cm
Light /710 Q-cm e—=Temperature /10 Q-cm e Humidity /10 Q-cm

Pucynox 4.14 — [lentocTKOBI aiarpamu, 110 MOKa3ytOTh BIUTMB JJIsI BCIX THITIB CEHCOPIB
MPUPOIH Ta KIJIBKOCTI ByTJIEHEBUX MOAU(PIKATOPIB, @ TAKOK MUTOMOTO OMOPY BUXITHOI

HiKIaIKU Ha 3HaYeHHs: a) BIATYKY, 0) yacy BIATYKY

Puc. 4.13, 6 umtocTpye KpuBi, 3 AKUX OyJIO BU3HAYEHO 4Yac BIATYKY/BIIHOBJICHHS
CEHCOPIB (K omuMcaHo B MiApo3aiii 3.3) A0 Ta micis XiMidHOT MoaudiKallii, 3B1IKA BUTHO
BIUIUB MPUPOJM BYIJICIIEBUX HAHOMATEpialliB Ha MIBUAKOAII0 npunagiB (tadm. b.14.).
CyMapHuii BIUTHB PUPOJIU Ta KUTHKOCTI MOU(DIKATOPIB HA TMHAMIYHI TapaMeTPH CEHCopa
TEeMIlepaTypyu moka3zaHuii Ha puc. 4.14, 6 (yepBoHa Ta 3enmeHa KpuBi). Haiibimbiie
MOKpAIIeHHs] IIBHUJKOJII CIOCTEpirajgocst s CeHcopa 3 OCaKEHUM TIpadeHoM 3

koHeHTpanieo 180 mr. Lle moB’s3aHo 3 HallMEHIIMM BIUIMBOM TpadeHy Ha BETUUHHY



126

BIITYKY JIOAHUX CEHCOpiB Temreparypu. Jlo wmonaudikaiii BeJIUYMHA dacy
BITYKY/BITHOBJICHHST ceHcopa craHoBwia 0,81/1,5¢ BiamoBimHO, a micas XiMigHOT
moaudikarii — 0,34/0,22 c.

Cmpykmyphno-ximiuna moougpikayisn. Takox B poO60Ti OYB BUKOPUCTAHUN MIAX1]
o0’eHaHHS JBOX BHWILE 3a3HAYCHUX BUAIB Moaudikamii (CTPUKTYpPHOI Ta XIMIYHOI
Moau(iKallii) 3 METOIO MTOKPAILICHHS K CTATUYHUX, TaK 1 JUHAMIYHHUX ITapaMeTpiB CEHCOPIB
temriepatypu (tadn. b.14). Bymno mokazano, 1m0 HaWOUIBIIE MOKpAIIEHHS BIATYKY
CIIOCTEpITAEThCS B pE3yJbTaTl  IMOEJHAHHS KHUCJIOTHOTO TPABJIEHHS Ta HAHECEHHS
dynepeniB: BiATyk 3pic 3 6,4 (6e3 momudikaiii), 11,1 (ximiuna momudikamist) mo 23,5
(cTpykTypHO-XiMiyHa Moaudikaiis). AHaTI3 I[MBUAKOAII NPWIAAIB TOKazaB, WIO
HaWMEHIIUI Yac BIATYKY CEHcOopa CIIOCTEpiraBcs MiJ| Yyac MOEAHAHHS JTy>KHOTO TPABJICHHS
Ta HaHeceHHs rpadeHy: yac BiAryky mnokpamuscs 3 0,81 ¢ (6e3 moaudikaniii), 0,34 ¢
(ximiuna wmoaudikamist) ao 0,17 ¢ (ctpykrypHo-xiMiyHa Mmoaudikauis). [lopiBHAHHS
XapaKTEPUCTUK OTPUMAHHUX CEHCOPIB TEMIEPATypH 31 CBITOBUMHU aHAJIOTaMHU HABEACHO B

tadn. b.15.

4.5. Buxopucranusa moaudikoBanoro macusy KHH B cencopax ocBitieHocTi

4.5.1 Pe3ucTuBHi ceHcopu. MeToiuKka BUMIPIOBaHb Ta BUMIPIOBaJIbHE 00JIaTHAHHS
OyJIO Take K, K onmucaHo B mipo3/aiii 2.4. Po3paxoBani napameTpu 3aHeceHo B Ta0. b14.

Cmpykmypna moougpikayin. BrnuB cTpykTypHOi Moaudikaiii Ha pPEe3UCTHUBHI
ctpyktypu Ha ocHoBi KHH mpomemonctpoBano nHa puc.4.15, a. Bci HaBeneHi Kpusi
XapaKTepU3yIThCS HASBHICTIO JIBOX AUISTHOK — JIIHIMHOI Ta CyOJIIHINHOI, HE 3aJI€KHO Bij
BUKOPUCTAaHHS CTPYKTypHOi Moaudikamii. I[lpore BenmuumHa ¢GOTOUYTIUBOCTI, IO
BU3HAYAETHCS 32 HAXUJIOM KPUBUX, 3aJIC)KUTH BiJl THITY TPaBHUKA Ta Yacy TPaBICHHS.

B poOoti pocnimkyBaBcsi BIUIMB BUAY CTPYKTypHOI Monau@ikamii (130TpOMHOro Ta
aHI30TPOITHOTO TPaBHMKA) Ta yacy oOpoOku (10c-5XB) Ha BIATYK PE3UCTUBHHUX CEHCOPIB
OCBITJIEHOCTI. Tak, J0/1aBaHHs 130TPOMHOI0 TPaBHUKA B MOCT 0OPOOKY 3a HU3BKUX YaciB
TpaBiaeHHs (70 1 XB) BUKJIMKAIO OKPAIIeHHs (DOTOUYTIIMBUX XapaKTEPUCTUK ceHcopa 3 4,3

10 5, a mojanbllie 3pOCTAaHHS dYacy TpaBieHHS (M0 5 XB) BHKJIMKAE TOTIPIICHHS
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dotouytnuBocti A0 1,6. lle Moxe OyTu MOSICHEHO THM, 1110 33 MaJOro 4acy TpaBJCHHS B
130TponHOMY TpaBHHMKY Bcepenuni macuBy KHH yTBoproroThcsi HaHOOTBOpH, IO
e(heKTUBHO 3aXOILUTIOI0Th CBITJI0. OHAK, TOIaJbIIEe TPABICHHS TPU3BOIUTH J0 MEPEBAKHO
MOIPYIOYOoro eQeKkTy, 0 MPU3BOAUTH J0 3TJIAJKyBaHHsS MOBEPXHI, Ha SKIM Mae MicIe
OinplIe BiqOMBaHH CBITIA. [{o1aBaHHS aHI30TPOITHOTO TPABHHUKA B MTOCT 0OPOOKY MOBEPXHI1
CEHCOpa MPU3BOAUTH O MOTIPUICHHS (POTOUYTIUBUX XaPAKTEPUCTUK CEHCOpA 32 HUZBKUX
gaciB TpaBieHHS (10 3 XB), asie mpu 5 XB (OTOBIATYK 3HAYHO MOKpamiyerbes mo0 101,
O4eBUIHO, YTBOPEHHSI KOHYCONOIOHUX 1 BY>)KUMX HAaHOHMTOK 3@ Majoro 4acy TPaBJICHHS
IPU3BOJUTH NOPYILIEHHS! YMOB F€OMETPUYHOI MACTKH 1 B1IOMBaHHS CBITJIA 32 MEKI MaCUBY
KHH. Onnak, TekcTypyBaHHS OBEPXHI, SIKE€ CIIOCTEPIraeThCs MPHU MOAATBIIOMY TPaBJIEHI
B aHI30TPOMHOMY TPaBHUKY, 3a0€31euy€e BITHOBJICHHS €(DEKTUBHOTO 3aXOIUICHHS CBITJA.

byno BcTaHoBieHO, 10 (POTOUYTIMBICTH CEHCOpPA 0 CTPYKTYpHOI Mopaudikarii
ckinana 120 %/amB, mo Ha 24% € TipmmM, aHDK Ticas Moaudikamii (Ty)kHa 00poOKa
TpuBajicTio 5 xB — 149 %/nmB).

Ha puc. 4.15, 6 npencTaBiieHO KpUBI, 110 UTFOCTPYIOTh AMHAMIYHHUM BIATYK JaTYUKIB
13 HemouGiKoBaHOIO Ta MoAMGiKoBaHOW moBepxHero. i rpadiku 1eMOHCTPYIOTh 3MiHY
OTIOPY 3 YacOM Yy BIJIOBIJIb Ha YBIMKHCHHS Ta BUMKHCHHS JKepelia cBiTia. SIK BUIHO,
MoAuQiKallis MOBEPXHI CyTTEBO BIUIMBAE HA TPUBAJIICTh HAPOCTAHHS 1 CMAJly CUTHAILY, IO
6e3rmocepeIHbO BU3HAYAE MIBUJIKOIIIO aTyrKa. Tu Moaudikaropa BIUTMBAE HA BEIUYUHY

3MIHU MBUAKOCTI poOOTH MPUCTPOr0. BU3HaueHHs yacy BIATYKY Ta BIIHOBJICHHS
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Pucynok 4.15 — BB ctpykTypHOi Moaudikaiii Ha (OTOUyTINBI XapaKTEPUCTHKU

ceHncopiB Ha ocHoBl KHH: a) cratuuni napamerpu; 0) AMHAMIYHI TapaMeTpH



128

3M1MCHIOBAJIOCS BIATMOBIIHO 1O METOJIWKH, OMHcaHoi y mimpo3aiai 2.4. PospaxoBani
napaMeTpH HaBeneH1 B Tabn. b.14.

3 TOYKM 30py JMHAMIYHHUX XapaKTEPUCTHUK, JOJATKOBE XIMIYHE TpaBJCHHS
MTOKPAITUJIO MBUAKOAII0 MPUJIAIIB, a caMe: Yac BIITyKY/BIAHOBICHHS OTPUMAHUX CEHCOPIB
cranoBuB 0,63/0,9 ¢ (6e3 moaudikartii) Ta 0,27/0,81 ¢ BiAMOBIAHO (3 KUCIOTHOIO 0OOPOOKOIO
tpuBaiictio 30 ¢).

Ximiuna mooughixayisn. Kpri OTOUyTIMBOCTI PE3UCTUBHUX CEHCOPIB OCBITICHOCTI
710 Ta Micis XIMIYHOT Moirikallli ByrJielieBUMU HaHOMAaTepialaMUi HaBe/ieHl Ha puc.4.16,
a. JlaHi KpuB1 XapaKTepU3yIOThCS CYOIIHIHHOIO MOBEIIHKOIO, K 1 Y BUNAAKY CTPYKTYPHOI
Moaudikamii. Ilpm mpomy BeauMuMHA (HOTOUYTIMBOCTI BHU3HAYAETHCS MPUPOJIOI0 Ta
KUTBKICTIO MOAM(IKATOPa, 1110 BUTHO 3 HAXUITY KPUBHUX.

B po6oTi 1ocmiiKyBaBces BIUIMB TPUPOAM Ta KITBKOCTI BYIJIELIEBUX MOJIU(DIKATOPIB,
a TaKOXX MUTOMOTO OMOpYy MiAKIaAKA Ha (OTOUYTIUBI XapaKTEPUCTHU CEHCOPIB. 30Kpema
BCTaHOBJICHO, 1110 HAHECEHHS (PyJIepeHiB Ha MOBEPXHIO ceHcopiB Ha ocHoBI KHH, nmokparrye
BIATYK Maiixke B 4 pa3u i niakinaaku KJb-10 ta noripuryrots Biaryk aisd niakinaaku KJ(b-
1. Haiikpariii 3Ha4€HHS BIATYKY CHOCTEpITalKCs MpU KOHIEHTpaIli (QyiaepeHiB B pO3UnHI
100 mr. OgHak mojanbline 3pOCTaHHs KITBKOCTI MOAU(IKaTOpa B PO3YHHI MPU3BOIUTH 10
MOTIpUIEHHSI 3HaY€Hb BIATyKy. HaHeceHHs OararomapoBUX BYTJELUEBUX HAHOTPYOOK Ha
noBepxHI0 ceHcopiB Ha ocHoBI KHH, nmokpamiyrots Biaryk cencopiB Ha 10-40% st 060x
TUIIB MiaKJIaa0K. Haiikpaiii 3HaueHHd BIATYKY crioctepirainucs npu konueHntpaiii BBHT B
po3unHi 20 wmr. OpHak TOAANBIIE 3POCTaHHS KIUIBKOCTI MoaudikaTopa B PO3UUHI
MIPU3BOIUTH JI0 MOTIPIIICHHS 3HA4YCHb BITyKy. HanecenHs rpadeHy Ha MOBEPXHIO CEHCOPIB
Ha ocHoBi KHH, nokpaiyrots Biaryk Ha 80% mis miaknaaku Kb-1 ta B 20 pasiB mis
migknagku KJ[b-10. 30impmenns koneHTpariii rpadgeny B po3uusi Big 20 mr go 180 mr
MPU3BOJIUTH JI0 TIOCTYTIOBOTO 3MEHIIICHHS 3MiHH BETMYMHHU BiJITYKYy CEHCOPIB.

[mrocTpaltiist CyKynmHOro BILTMBY MPUPOJM Ta KUIBKOCTI BYTJIELIEBUX MOJIU(DIKATOPIB, a
TaKOX THUITY TIIKJIAIKA Ha 3MIHY BIATYKY CEHCOpa HaBeneHa Ha puc. 4.11, a (bnmakutHa Ta
nomMapaHyeBa KpuBi). 3a BEJMYMHOIO BIUIMBY BYTJEUEBUX MOJU(DIKATOPIB HA BIATYK
CEHCOPIB 1X MOXXHA PO3TAlllyBaTH B TaKiil MOCIIJTOBHOCTI (Bl MEHIIOTO N0 OLIBILIOTO):

BBHT-¢dynepenu-rpapen. Ilokpamenuit  poToBiAryk  ceHCOpiB, MOAU(DIKOBAHUX
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rpadeHom, Moske OyTH MOSICHEHUM HOTO yJIBTPAITUPOKUM CIICKTPOM MOTJIMHAHHS. 30KpeMa
OyJi0 TOKa3aHoO, MO0 MaKCHMAaJIbHE MOKPAIICHHS BIATYKY CIOCTEpIrayiocs IS CEHCopa 3
KoHIIeHTparliero rpadgeny 20 mr Ha miakaaa Kb -10. B nuTomMoro onopy mijakiaaku
Ha YyTJIUBICTh CEHCOPIB IMOB’SI3aHUN 3 PI3HOIO BHCOTOI HAHOHUTOK, IO OMUCAHO BHIIIE.
KonnenTtpariiiina 3ai1eHiCTh (OTOUYTIMBOCTI BiI BMICTY BYIJICLIEBUX MOAU(IKATOPIB MAE
TaKi ) 0COOJIMBOCTI, SIK 1 KOHIIEHTpAIllliHA 3aJI)KHICTh TEPMOUYTIUBOCTI.

6 [-m--mmrmmmm e mmmmmmmmmmmm e B0 prmm-mammesmopeoo-o- -
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—— MWCNTSs Graphene

Pucynox 4.16 —BruuB xiMiuHOi MoAMQiKalii Ha GOTOUYTIMBI XapaKTEPUCTUKU

ceHcopiB Ha ocHoBl KHH: a) cratnuni napameTpu; 0) AMHAMIYHI TApaMeTpu

HaiiOinpiie 3Ha4YeHHs BIATYKY [Jii CEHCOpIB 3 BYIVIELIEBUMHU MoJU]ikaTopamu
craHoBwio 98 mis rpadeny, mo € B 20 pasziB KpaluMm Ha MPOTHBArY BIATYKY IBOTO X
ceHcopa 10 moaudikarii (4,6). Kpim Toro, poTouyTIMBICTh CEHCOPA TAKOXX MOKpaITUiIacs
B 6 pasiB (3 120 go 731 %/Im) npu HaHneceHHi ¢QyrepeHis.

JlnHaMI9H1 XapaKTepUCTUKH CEHCOPIB JI0 Ta MICIs XIMIYHOI Moaudikailii HaBeIeHO Ha
puc. 4.16, 0, 3B1IKM BUHO, 1110 HAHECEHHS! MOJIM(DIKATOPIB 3MIHIOE TPUBANICTH EPEAHBOTO
Ta 33JJHHOTO (PPOHTIB CUTHAITY B 3aJICKHOCTI Bl MPUPOJIN Ta KUTBKOCTI MO diKaTOpa.

[mrocTpaiiist CyKymHOTO BITUBY MPUPOJIN Ta KUTHKOCTI BYTJICIIEBHX MOIU(DIKATOPIB, a
TaKOX THUITY MIJKJIAJKU Ha 3MiHY 4acy BIATYKY CEHcopa CBITJa HaBeieHa Ha puc. 4.11, 6
(bmakuTHAa Ta TIOMapaHueBa KpuBi). MakcuManbHE TOKpAIEHHS 4Yacy BIITYKY
criocTepiraiocst JJjisi ceHcopa 3 KoHleHTparieto rpadena 140 mr na migkmanmi K/b-1.

[TokpamieHHs: MBUAKOIT ceHCOPiB, MOAU(DIKOBAaHUX TpadeHoM, MoTpeldye MOoAaTbIIOrO
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JOCITIDKeHHS. bisibIlia MBUAKOAIS CEHCOPIB OCBITJIICHOCT1 HA OCHOBI MKJIAI0K 3 TUTOMUM
omopoMm 1 OM-cM 00yMOBJICHA MEHIIIUM YacCOM JKUTTSI HOCIIB 3apsIy, IO MPU3BOJIUTH 10
IIBU/IIIOT peaKilii Ha 3MiHYy OCBITJICHOCTI.

JJist BCTAaHOBJICHHSI MAaKCUMAJIBHOTO €(EKTy HAaHECEHHS BYIJICLIEBUX MOJU(DIKATOPIB
Ha MIBUAKOJIIO MPUIAJIiB, BUMIPIOBAHHS 4Yacy BIATYKY/BIIHOBJICHHS 3A1MCHIOBATIOCS Ha
CeHCOpi A0 Ta Miciisl HaHeceHHsT MoaudikaTopa. Yac BIATyKy/BIIHOBJICHHS CEeHcopa 0e3
moaupikamiit ckmaB 0,63/0,9 ¢ BiAMOBIAHO, HAa MPOTHUBAry CEHCOpPaM 3 BYIJICLIEBUMU
MoaudikaTopamu, yac BIITyKy/BiTHOBICHHS sikux ctaHoBUB 0,081/0,198 c.

Cmpykmypno-ximiuna moougixayia. Y nociijpkeHHi Oyjao IpoaHaTi30BaHO BILIUB
MOEAHAHHA CTPYKTYpHOI Ta XiMI4yHOI Moju@ikaimii Ha CcTaTU4Hi W JUHAMIYHI
XapaKTEPUCTUKHU CEHCOPIB OcBiTIIeHOCTI (Tabi. b.14). 30kpema, BCTAaHOBIJICHO, 110 HAWBUIILY
YyTJIMBICTh TMPOJAEMOHCTPYBAId CEHCOPU 31 CTPYKTypHOWO Moxaudikamiero (JIy>KHa
00po0OKa): BIATYK 3pic 3 40 (6e3 monudikariiit) 7o 101, Toai sk XimiyHa Moaudikaris gana
pe3ynbTat 98, a cTpykrypHo-ximiuHa — 97. lllomo mBuakoii, Haiikpali pe3yiabTaTi 0yio
JOCSITHYTO TIPH TIOE€HAHHI KUCJIOTHOTO TPaBJIEHHS 3 HAaHECCHHSIM TpadeHy: Jac BIATYKY
ckopotuscs 3 0,63 ¢ (6e3 mogudikariit) no 0,027 ¢ (cTpykrypHO-XiMiuHa MoAudiKarlis),
TOJI SIK CTPYKTypHa Moaudikaris 3ade3neumna 0,27 ¢, a ximiuna — 0,081 c.

4.5.2 JlionHi cencopu. MeToanka BUMIPIOBaHb Ta BUMIPIOBAJIbHE 00JIaTHAHHS OYJI0
TakKe XK, K onmucaHo B miapo3nut 3.4. Po3paxoBaHi mapameTpu 3aHECEHO B J0JATOK TaOl.
b.14.

Cmpykmypna moougpikayin. JlionmHi CTPYKTYpu Ha OCHOBI KPEMHIEBHX
OJTHOBUMIPHUX HAHOCTPYKTYp 3 HEMOJu(IKOBAHOK Ta CTPYKTYpPHO MOJU(]iKOBaHOIO
MOBEPXHEI0 XapaKTepU3YIOThCs KpUBUMHU BITYKY, 1110 HaBeJeHl Ha puc.4. 17, a. 3 maHux
KPUBHUX BHUJIHO BIUTMB CTPYKTYpHOI Mopaudikaiii Ha (OTOUYTIUBI XaPAKTEPUCTHKH IO
HaxXuJIy KPUBUX J0 OC1 aOCIIHUC.

B poOoTi pocnmikyBaBcs BIUIMB BUIY CTPYKTYpHOI Moaudikaiii (130TpOIHOro Ta
aHI30TPOIHOTO TpaBHUKA) Ta 4dacy oOpoOku (10c-5XB) Ha BIATYK AIOJHUX CEHCOPIB
OCBITJIEHOCTI. Tak, J0/1aBaHHs 130TPOMHOI0 TPaBHUKA B MOCT 0OPOOKY 3a HU3BKUX YaciB
TpaBieHHs (10 1 XB) BUKJIMKAIO MMOKPAIICHHS (OTOUYTIAMBUX XapaKTEPUCTUK ceHcopa 3 39

10 84 pasiB, a MOJABIIE 3pOCTAHHS Yacy TPaBJICHHS (10 5 XB) BUKJIMKAE TIOTIPIICHHS
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Pucynok 4.17 — Bruu cTpykTypHOi Moaudikalii Ha POTOUYTIMBI XapaKTEPUCTUKU

ceHcopiB Ha ocHoBI KHH: a) craruuni napameTpu; 0) AMHAMIYHI TapaMeTpu

dboTouyTauBocTi 10 42. Ile Moxe OyTH MOSICHEHO THM, 1110 33 MAJIOT'0 Yacy TpaBJICHHS
B 130TPONHOMY TpaBHUKY BcepeauHi mMacuBy KHH yTBOproroThCs HaHOOTBOPH, IO
e(eKTUBHO 3aXOILTIOIOTH CBITIIO. O/THAK, TTO/IajIbIlIe TPABICHHS MPU3BOIUTH 10 MEPEBAKHO
MOIPYIOYoro eeKkTy, 0 MPU3BOAUTH 0 3TJIaJKyBaHHS MOBEPXHI, Ha SKIM Ma€ MicCIe
Oinbie BigOMBaHHS CBITIIA. [[o1aBaHHS aHI30TPOITHOTO TPABHUKA B IMTOCT 0OPOOKY MOBEPXHI
CeHCcOopa MPU3BOIUTH J0 MOTipIIeHHS (OTOUYTINBUX XapaKTEpPUCTUK ceHcopa. OueBHIHO,
YTBOPEHHS KOHYCOMOAIOHUX 1 BY’KYMX HAHOHUTOK 332 MaJOro 4acy TpaBJIEHHS PU3BOJIUTH
MOPYILICHHS YMOB T€OMETPUYHOI MACTKHU 1 BIAOMBaHHS CBITIa 3a Mexi MacuBy KHH.

B cBow uepry, BenumuMHa (OTOUYTIMBOCTI CEHCOpa TaKOX MOKpalmiaacs 3
BUKOPUCTAaHHSAM CTPYKTypHOi Momudikamii 3 3,2 10 4 MA/amB (kucinotHa oOpoOka
TPUBAJICTIO 5 XB).

Yac BiAryKy Ta yac BIIHOBJICHHs BU3HAYABCS 3 KPUBHX, 300pakeHuX Ha puc. 4.17, 0,
K1 SIBJISTTA COOO0I0 3MiHY 3BOPOTHOT'O CTPYMY B 4Yacl IIPH BKIIIOUYEHI Ta BUKIIIOUEHI JKEpesia
OCBITJIEHHS. AHani3 JaHuX rpadikiB Mokas3as, 10 3aCTOCYBaHHS MOAM(IKATOPIB CYTTEBO
3MIHIOE TPUBAJIICTh HAPOCTAIOUOTO 1 CHAAHOTO ()POHTIB CUTHATY, SIKI BU3HAUYAIOTh 4ac
BIITYKY Ta 4Yac BIJHOBJICHHS BiAMoBiAHO. Po3paxoBani nmapamerpu HaBeneHi B Tada. b.14.
[lopiBHSIHHS yacy BIATYKY/BIIHOBJIEHHS Ce€Hcopa 3 Ta 0e3 J0JaTKOBOTO XIMIYHOTO
TPaBJICHHSI TOKa3ajo, [0 Yac BIATYKY/BITHOBJIEHHS WICIs CTPYKTYpHOI Moauikarii

nokpantuscs B 2 pa3u 10 0,027/0,027 ¢ BianoBigHO (KUCIOTHA 00poOKa TpUBAMICTIO 1 XB).
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Ximiuna mooughikauin. Hanecenns ByTiielieBUX Moau(ikaTopiB 3/11MCHIO BILIMB Ha
KpuBi (POTOBIATYKY ofepxaHHX ceHcopiB (puc.4.18, a), 3BiAKM BUAHO, MO XiMiYHA
MoauGikallis He BUI03MIHIOE (DOPMY KPUBHX, OJHAK 3MIHIOE€ BEJIUYHMHY (HOTOUYTIMBOCTI,
110 BUHO 3 HAXWJIy KPUBUX B 3aJICKHOCTI MPHUPOJIU Ta KUIBKOCTI MoaudikaTopa.

B po6oTi nocnimpkyBaBcs BIUTMB MPUPOIN Ta KIJIBKOCTI BYTJIEIIEBUX MOIU(IKATOPIB
Ha (POTOUYTIMBI XapaKTEPUCTH CEHCOPIB. 30KpeMa BCTAaHOBJICHO, 1110 HAaHECEHH QyJIepeHiB
Ha MMOBEPXHIO CEHCOPiB cBiTaa Ha ocHOBI KHH, mokpaiyioTs BiAryk cencopiB. 301IbIIEHHS
KOHIIEHTpaIlii ¢gysepeHiB B po3uuHi Bijl 20 mr g0 180 Mr mpu3BOAUTH 1O MOCTYIOBOTO
MOKpAIIeHHs] 3MIHM BEJIWYMHU BIATYKY 10 1,23 pasiB. HanecenHs OaratomapoBux
BYIJICLIEBUX HAHOTPYOOK Ta rpad)eHy Ha MOBEPXHIO CeHCopiB cBiTiia Ha ocHoBl KHH,
MOTIPIIY€ BIITYK CEHCOPIB HE3AJIEXKHO BiJl KOHIIEHTpAIlli MoAu(ikaTopa.

[nrocTpallisi CyKymHOTro BILIMBY MPUPOAM Ta KUIBKOCTI BYTJICIEBUX MOAU(DIKATOPIB HA
3MiHY BIATYKY CEHcOpa HaBe[eHa Ha puc. 4.14, a (OiakuTHaA Ta momMapaHueBa KpuBi). 3a
BEJIMYMHOIO BIUIMBY BYIJICIEBUX MOJAU(PIKATOPIB HA BIATYK CEHCOPIB iX MOJKHA
po3TamryBaTH B Takii MOCHIIOBHOCTI (Bl MeHmoro go Ouibmoro): BBHT-rpaden-
dynepen. [lokpamenuii GoTOBIATYK ceHCOPiB, MOaU(DiIKOBaHUX (yliepeHaMu, MOXKe OyTU
MOSICHEHUN WOro rapHor MNpoHWKHOIO 37aTHicTIo B MmacuB KHH Tta mnokpamenumu

dboTouyTauBUME BiacTUBOCTsIMU [83]. 30kpeMa OyJio moKa3aHo, 0 MaKCUMaJIbHE
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Pucynok 4.18 — BruiuB xiMiuHO1 Moidikanii Ha pOTOUYyTIAMBI XapaKTEPUCTUKHU

cercopiB Ha ocHoBl KHH: a) cratuuni napametpu; 6) AMHAMiuHI TapaMeTpH
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MOKpAaIeHHsI BIATYKY CIOCTEpirajocs Jjis ceHcopa 3 KoHIeHTpaliero dynepeHiB 180 mr.
KonnenTpariiiina 3ai1eHiCTh (OTOUYTIMBOCTI BiI BMICTY BYIJICLIEBUX MOAU(PIKATOPIB MAE
TaKi ) 0COOJIMBOCTI, SIK 1 KOHIICHTpAIlliiHA 3aJI)KHICTh TEPMOUYTIUBOCTI.

Cning 3a3Ha4yWTH, 10 BEJIIMYMHA BIITYKY CeHcopa 0e3 BYTJIEHEBUX HAHOCTPYKTYD
craHoBmIIa 39, 110 a 3 ByrieneBUMu Moaudikatopamu — 54 (HaneceHHs (yrnepeHiB). B cBoro
yepry, GoToUyTIUBICTh CeHCOpa 0e3 Moaudikaropa ctanoBuia 3,2 MA/mMB, 1110 € TipiumM,
aHDX MaKCHMaJIbHE 3HAYCHHS IIbOTO KoedimieHTa a1t MoaudikoBaHUX ceHCOPiB (dynepeH
4,8 MA/nMB).

Byno BcTaHOBIIEHO, 1110 HAHECEHHST MOIU(DIKATOPIB 3MIHIOE TPUBAIICTh IEPETHHOTO Ta
3aIHBOTO (PPOHTIB CUTHAITY, 1110 BUJIHO Ha puc. 4.18, 0, Ha IKOMy HaBEJIEHO JUHAMIYH1 KpUBI
BIITYKY  CEHCOPIB 3  HEeMOAM(IKOBAaHOK Ta  MOAM(IKOBAHOI  BYTJICIIEBUMU
HAHOCTPYKTYPaMH MOBEPXHEIO.

[nrocTpallisi CyKymHOTro BILIMBY MPUPOAM Ta KUTBKOCTI BYTJICIIEBUX MOAU(IKATOPIB HA
3MIHYy 4Yacy BIATYKY CEHCOpa CBITJa HaBeJeHa Ha puc. 4.14, 6 (61akuTHaA Ta ToMapaHYeBa
KpuBl). MakcumanabHe TOKpalleHHsS 4Yacy BIATYKY CIOCTepirajgocss s CeHcopa 3
KoHIeHTparieo dyneperiB 20 mr. TlokpameHHs mBUIKOIIT CeHCOPIB, MOAM(DIKOBAHUX
bynepenamu, noTpedye MOAAIBIIOTO TOCTIPKSHHS.

[lopiBHSIHHA JOWHAMIYHUX XapakKTEPUCTUK CEHCOpPIB [0 Ta micisi Moaudikarii
BCTAHOBUJIO, IO 4Yac BIATYKY/BIIHOBIIEHHSI CeHCopa 0Oe3 BYTJEIEBHX HaHOMAaTepiasiB
CKOpPOTHUBCSI OUIbII, HIX B TpU pa3u mnpu BukopuctanHi ¢ynepeHis no 0,018/0,018 c
BIJITTOBITHO.

Cmpykmypno-ximiuna moougikayis. BB OJHOYACHOTO  BHUKOPHUCTAHHS
CTPUKTYPHOI Ta XIMI4HOI MoAudIKallli Ha MapaMeTpu CEHCOPIB OCBITJIICHOCTI HABEACHO B
tabn. b.14. 3a BenmuumHOIO BIUIMBY PI3HUX BUAIB Moaudikamii Ha BIATYK CEHCOPIB
OCBITJICHOCTI IX MO’KHa pO3TallyBaTH B HACTYIHIM MociqoBHOCTI: 39 (6e3 Moaudikariiii),
54 (ximiyna monudikauis), 84 (ctpykrypHa monudikauis) ta 162 (CTpyKTypHO-XIMIYHA
Moaudikarisi). MakcuMmalibHE TMOKpAIIEHHS BIATYKY Majl0 MICIE IMiJT 4Yac KHCIOTHOI
MoaudiKkallii B MOEIHAHHI 3 OCAJKEHHAM (yJiepeHiB. 3a BEIMYMHOIO BIJIMBY PI3HUX BUIIB
Moau(ikaIii Ha 4ac BIATYKY CEHCOPIB OCBITJICHOCTI iX MOXHa PO3TAlllyBaTH B HACTYIHIN

nocmiaoBHocTi: 0,063 ¢ (6e3 momudikariii), 0,027 ¢ (ctpykrypHa moaudikaris), 0,018 ¢
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(ximiyna moaudikariis) ta 0,009¢ (cTpykrypHO-XimMiuHa Moaudikaiiis). MakcumanabHe
MOKpAIIeHHS Yacy BIATYKY MaJlo Miclie mia dYac JIykHoi momudikamii Ta ocaKeHHS
rpadeny. [lopiBHSIHHS XapaKTEepUCTHK OTPUMAHHUX CEHCOPIB OCBITJIEHOCTI 31 CBITOBUMU

a”HajoraMu HaseneHo B Ta0in. b.16.

4.6 Bukopucrtanus moaudikoBanoro macusy KHH B cencopax Boiorocti

4.6.1 €mnicHi cencopu. Meroauka BUMIPIOBaHb Ta BHUMIPIOBAJIbHE 00JIaJHAHHS
OyJ10 Take Xk, sIK ONMKUCAHO B MiApo3/iii 2.5. Po3paxoBani mapamerpu 3aneceHo B 1a0i. b.14.
Cmpykmypna Mooughikauis. Brutus JIOJIATKOBOTO TPaBJICHHSA
(130TpOMHOT0/aHI30TPOIMHOr0) Ha BoJiorouyTiuBicTh MacuBy KHH mnokazano Ha puc.4.19,
a. JlaHi KpWBI XapaKTEPHU3YIOTbCA EKCIOHEHINIATbHOIO 3aJIeKHICTIO €MHOCTI BiJ PIBHS
B1JIHOCHO1 BOJIOTOCTI1, HE3aJIEKHO BiJl BUY Ta TPUBAIOCTI CTPYKTYpHOI Moaudikariii. OgHak

BOHH 3MIHIOIOTh BCIIMUYUHY BOHOFO‘-IYTJ'II/IBOCTi, 1O BUAHO 3 HAXUJTY KPpUBHX.
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Pucynox 4.19 — BruuB ctpykTypHOi Moaudikailii Ha BOJOTOUYTINBI XapaKTEPUCTUKHU

ceHcopiB Ha ocHoBI KHH: a) craruuni napameTpu; 0) AMHAMIYHI TapaMeTpu

B poGoTi mociimkyBaBcsi BIUIMB BUIY CTPYKTYypHOI Moaudikaiii (i30TpOMHOTO Ta
aHI30TPOITHOTO TPAaBHUKA) Ta yacy o0poOku (10c-5xB) Ha BIAryK ceHCOpPiB Bojorocti. Tak,
JI0JIaBaHHS 130TPOMHOTO TPaBHUKA BUKJIMKAJIO 3HAYHE MOTIPIIEHHS BIATYKY ceHcopa 3 3,9

1o 2,1. Lle nosicHI0€TbCS YTBOPEHHSIM HaHOOTBOPiB B MacuBi KHH, 1110 3MeHIIIye KIJIbKICTD
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HAHOHUTOK, TOOTO BOJIOTOYYTJMBAa IUIONIA CEHCOpa 3MeHIIyeThesa. JlomaBaHHs
aH130TPOMHOIO TPaBHUKA B MOCT OOPOOKY MOBEPXHI CEHCOPA MPU3BOAUTD /10 TMOKPAIICHHS
BIATYKY 10 12, mo oueBUIHO, 00yMOBIIeHO 3pocTaHHsIM Bucotu macuBy KHH, a orxe
KUIBKOCTI aJcOpOIIIiTHUX IIEHTPIB HA MIOBEPXHI CEHCOPA.

YyTnuBicTh HeMOIU(}IKOBAHOTO ceHcopa Bosorocti cranoBuia 1,43 (%RH)™, mo
B/[BIUl MOCTYHAEThCS MAaKCUMaJIbHOMY 3HAYEHHIO IbOTO TOKA3HMKA JIsl PE3UCTUBHUX
CEHCOPIB, MOAM(IKOBAHKX MIJISTXOM J0JIaTKOBOTO JIY)KHOTO TpaBiaeHHs nmpoTsarom 30 ¢ (3,05
(%RH)™).

KpuBi mBUAKOAIT CEHCOPIB BOJIOTOCTI 3 HEMOJU(DIKOBAHOK Ta CTPYKTYPHO
MO (DiKOBAHOIO MTOBEPXHEIO 300paxkeH1 Ha puc. 4. 19, 6. 111 kpuBi ABIAIOTH COOOI0 3MIHY
€MHOCTI B 4aci npu 3MiH1 Bojorocti 11%-98%-11%. BenuunHa 3MiHN MIBUJIKOCT1 AaTYHKA
BU3HAYAE€ThCsl BUAOM Mojau(pikaropa. Yac BIATyKy Ta 4Yac BIJHOBJIEHHS MPHUCTPOIB
BH3HAUaJIH, SIK OMKCAHO B Miapo3/aiii 2.6. Po3paxoBani mapameTpu HaBeleH1 B Ta0m. b.14.

J1J1st MOp1BHAHHS, Yac BIATYKY Ta BiIHOBJIECHHS HEMOAU(IKOBAHOTO CEHCOPA CTAHOBUB
BiAMOBIAHO 65 Ta 34 C, 1O CYTTEBO TMOCTYNAEThCS HaWKpalIuM TOKa3HUKaM
MOJIU(IKOBAHUX CEHCOPIB BOJIOTOCTI, 0OPOOJICHUX KUCIOTHUM TPaBHUKOM MpoTsiroM 30 ¢
(8,2 Ta 3,6 ¢ BIAMOBIAHO).

Ximiuna moougpikayin. BB npupoau ByTICLEBUX MOAU(IKATOPIB HA CEHCOPHU
BOJIOTOCTI €MHICHOTO THITy 300pakeHO Ha puc. 4.20, a, 3BIIKM BUIHO, IO HAHECCHHS
Mo U (iKaTOPiB HE 3MIHIOE €KCIIOHEHITIATBHY 3aJIEXKHICTh KPUBHX BIATYKY. HatomicTs OyJio0
BCTAHOBJICHO, IO BOJIOTOUYYTJIMBICTh CEHCOPA BU3HAYAETHCS MPUPOIOI0 MoaudikaTopa Ta
HOTO KUTBKICTIO.

B po6oTi gocnipKyBaBcst BILTUB MIPUPOIU Ta KIIBKOCTI ByTJIEHEBUX MOAU(PIKATOPIB, a
TaKOX MUTOMOTO OTOPY IMIAKIAJIKK Ha BOJOTOUYYTIIMBI XapaKTEpUCTU CEHCOPiB. 30KkpemMa
BCTAHOBJICHO, 1110 HAHECEHHSI (PyJIepeHiB Ha MOBEPXHIO CEHCOPiB BoJiorocti Ha ocHoBli KHH
MOKpAaIlylOTh BIATYK CEHCOpiB B 2-3 pa3u s 000X THUMIB Migkiaagok. HalOinbiie
MOKPAIICHHS BEJMYMHU BIATYKY CIOCTEpITaliocs TpU HaHeceHi QyJepeHiB 3
KOHIIeHTpatlieto B po3uuHi 60-100 mr mns ob6ox TumiB migkiaanok. OaHak mojajblie

3pOCTaHHS KIIBKOCTI Moju(ikaTopa B PO3YHHI NPU3BOIUTH 1O TMOTIPIIEHHS 3HAYEHb
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BIAryKy. HaneceHHs OararoliapoBUX BYIJICIIEBUX HAHOTPYOOK Ha MOBEPXHIO CEHCOPIB

BoJiorocTi Ha ocHoBi KHH, mokparytoTs BiATyK ceHcopiB Maibke B 3,2 pa3u AJis MiAKIaIKA
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Pucynox 4.20 — BruiuB xiMiuHOT Mo ]iKallii HA BOJOTOUYTIMBI XapaKTEPUCTUKU

ceHcopiB Ha ocHoBI KHH: a) cratnuni napameTpu; 0) AMHAMIYHI TapaMeTpu

KJIb1 ta B 10 paziB mis migknaaku K/ b-10. 36iasmenns konuerTparii BBHT B po3uuni
B 20 Mr g0 180 Mr mpu3BOAUTH JO MOCTYNOBOIO 3MEHIIEHHS 3MIHM BEJIMYMHU BIATYKY
ceHcopiB temmneparypu Big 10 mo 2,3 pasiB. Hanecenns rpadeHy Ha OBEpXHIO CEHCOPIB
Bojorocti Ha ocHoBi KHH, mnokpamrytots Biaryk cencopiB Ha 50-80%. HaiiOuibme
MOKPAIIEHHS BETMYMHU BIATYKY CIIOCTEPIraiocs MpU HaHeceH1 rpad)eHy 3 KOHIIEHTPALI€l0
B po3unHi 100 Mr a11 060X THIMIB MIKIAIO0K.

[imrocTpatiist CyKymHOro BIUTMBY MPUPOIM Ta KUIBKOCTI ByTJIELEBUX MOAU(IKATOPIB, a
TAaKOX THUMY MIiAKIAJAKUA HA 3MiHY BIATYKYy CEHCOpa BOJIOTOCTI HaBeaeHa Ha puc.4.l11 a
(>xoBTa Ta (piosleToBa KPHB1). 32 BEIMUYUHOIO BILUTUBY BYTJIEIEBUX MOIU(DIKATOPIB HA BIATYK
CEHCOpPIB BOJIOTOCTI iX MOXHA PO3TAIlyBaTH B TaKiil MOCHIAOBHOCTI (BiJi MEHIIOTO 0
outpmoro): rtpaden- ¢dynepenun-bBHT. Tlokpamena BOJOTOYyTIMBICTE CEHCOPIB,
moaudikoBanux BbBHT, Moxe OyTH TmosicHEHa iX BOJIOKHUCTOIO (IIE€PErIEeTEeHOI0
CTPYKTYPOIO), 3aBJSKHU K PI13KO 3pOCTA€ KUIbKICTh 00IpBAHUX 3pa3KiB, 110 BUCTYIAIOTh
IEHTpamMu aacopOIIii Bosorocti [6]. MakcumMaabHe TTOKPAIIEHHS BIATYKY CIIOCTEPIranocs

1u1st ceHcopa 3 koHneHTpaniro BBHT 20 mr nva nigknanmi Kb-10. Brimus nuroMoro onopy
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M1KIAAKA Ha Yy TJIMBICTH CEHCOPIB BOJIOTOCTI TIOB’sI3aHUM 3 PI3HOIO BUCOTOIO HAHOHUTOK,
mo omucaHo Buine. KoHIEHTpaliiiHa 3aJeXHICTh BOJOTOYYTIMBOCTI BiJA BMICTY
BYIUICIICBUX MOAM(IKATOPIB Ma€ TaKl ) OCOOJIMBOCTI, SIK 1 KOHIICHTpaIliliHa 3aJIeKHICTh
TepMO- Ta (POTOUYTIUBOCTI.

AmHaui3 NopiBHAHHA OTPUMAaHUX PE3ybTATIB MMOKA3aB, 110 BIATYK HEMOAU(PIKOBAHOTO
ceHcopa CTaHOBUB 3,9, 1110 OLIBII, HIXK Y 5 pa3iB MEHIIE TOPIBHSIHO 3 HAMKPAITUM BiJIT'yKOM
CEHCOpIB BoJOrocTi 3 ByrieneBumu Moaudikaropamu (19 mms BBHT). Bukopucranus
BYTJICLIEBUX MOAM(IKATOPIB TAKOXK 3HAYHO IMIJIBUIIUIO KOEQIIEHT BOJOTOUYTIUBOCTI: Y
HEeMOIU(IKOBAHOTO ceHcopa BiH nopiBHIoBaB 1,43 (%RH)™', mo BIBiYI MOCTymaeThCs
MaKCHMAaJIbHOMY 3HAYEHHIO, IOCATHYTOMY MpH BUKOopucTaHHi dynepeny (3,23 (%RH)™).

Ha puc. 4.20, 6 noka3zaHo AuHaMI4HI KpUB1 BIATYKY CEHCOpPIB 13 MOBEPXHEIO, IO
MICTUTh BYTJIELIEBI HAHOCTPYKTYpH Ta 0e3 Hux. 3 rpadikiB BUAHO, 110 BUKOPUCTAHHS
MOAU(IKATOPIB BIUIMBAE HA TPUBAIICTh MIAHOMY Ta CHaay CUTHAY, SKI € KIHOUOBUMU
XapaKTEepPUCTUKAMU MIBUAKOAIT ceHcopa. CTymHiHb 3MiH Yy IMIBUAKO/II CEHCOPa 3aJI€XKUTh BiJl
MPUPOIU BUKOPUCTAHOTO MOU(pIKaTOpA.

[mrocTpaiiist CyKymHOTO BIUTUBY MPUPOHU Ta KUTHKOCTI BYTJICLIEBUX MOIU(DIKATOPIB, a
TaKOX THUITY MIIKIAIKA HA 3MIHY Yacy BIITYKY CEHCOpa BOJIOTOCTi HaBeaeHa Ha puc.4.11 6
(>xoBTa Ta ¢ioseToBa KpHB1). MakcuMalIbHE MOKPAILIEHHS Yacy BIATYKY CIOCTEPIraiocs s
cencopa 3 konneHtpamito bBBHT 100 mr na migkmammi K/b-1. ITokpamena mBuakomis
ceHcopiB, MoaudikoBanux bBHT, moxe OyTu nosicHeHa MexaHisMoM (pi3nyHoi afcopOrii
BOJIOTOCTI Ha iX moBepXHi [6]. binbIma mBHUIKO 1Sl CEHCOPIB BOJIOTOCTI Ha OCHOBI IMAKIA0K
3 mutoMuM ormopoM 1 OM-cM 0OyMOBJIEHa MEHIIIUM YacoM JKUTTS HOCIIB 3apsiay, IO
MPU3BOJUTH 10 MIBUJIIIOT PEakKIlii Ha 3MiHY BOJIOTOCTI.

AHami3 mBUAKOAIT CEHCOPIB MOKAa3aB, M0 Yac BIATYKY Ta BIIHOBJICHHS CEHcopa 0e3
Moau(ikalii CTaHOBUB BIAMOBIIHO 65 Ta 34 c. 1li moka3HUKM 3HAYHO TMOCTYMHAOThCS
HaWKpaluM pe3yjbTaTaM, JOCATHYTUM JUIi CEHCOPIB BOJIOTOCTI, MOAM(IKOBAHUX
BYTJICIICBUMH MaTepiaiaMi. 30KpeMa, CEHCOPHM 3 BYTJCIEBUMH MOJudiKaTopaMu
JEMOHCTPYIOTh yac BIAryky 11,5 ¢ Ta yac BigHOBiIeHHS 3,3 ¢, U0 CBIAYUTH MPO CYTTEBE

MOKpAIEHHS X XapaKTePUCTHUK Y OPIBHAHHI 3 HEMOAU(DIKOBAaHUMH aHAJOTaMH.
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Cmpykmyphno-ximiuna moougpikayis. B poOoTi OyB BCTAHOBJICHUN BIUIMB
MOETHAHHS CTPYKTYPHOI Ta XiMiuyHOT Moau(ikallii Ha cTaTWu4HI Ta AUHAMIYHI TTapaMeTpu
ceHcopiB Bosiorocti (Tada. b.14). 3okpema Oyii0 BCTAaHOBIIEHO, IO MO BEIUYMHI BIATYKY
HaWKpalie 3Ha4eHHS JEMOHCTPYIOTh CEHCOPU 3 MOE€JHAHHAM KHCIOTHOI Moaudikaiii Ta
BBHT: Bemnumna Biaryky mokpammwiacs 3 3,9 (0e3 momudikariii), 12 (cTpykTypHA
moaudikaiis), 19 (ximiuna mogudikais) g0 68 (CTpyKTypHO-XiMidHa Moaudikaiis). 3
TOYKH 30py MIIBUIKOMIi, BJAJIOCS MOCSATHYTH TOKpAIEHHS dYacy BIATYKY CeHcopa 3
noeHaHHAM KucinoTHoi monudikamii Ta BBHT: wac Biaryky mokpammscs 3 65 ¢ (0e3
moaudikaiiii), 8,2 ¢ (cTpykrypHa moaudikaiis), 11,5 ¢ (ximiuna moaudikaiis) 10 5,7 ¢
(cTpyKTypHO-XIMIYHa MOU(DiKaLis).

4.6.2 [lioaHi cencopu. MeTonrka BUMIpIOBaHb Ta BUMIpIOBajIbHE 00JIaAHAHHS OYJII0
Take K, K OMUCcaHo B miapo3auti 3.5. Po3paxoBaHi nmapaMeTpu 3aHECEHO B JIOAATOK TaOJl.
b.14.

CrpykrypHa moaudikanisa. By 130TpOIHOTO Ta aHI30TPOMHOTO TPABJICHHS Ha
KpUBI1 BIJIFYKY CEHCOpPIB BOJIOTOCTI J10JJHOTO THUITy HaBeleHO Ha puc.4.22, a. JlaHi Kpusi
XapaKTEPU3yIOThCA EKCIOHCHIIATIbHOI0 3aJIeKHICTIO 3BOPOTHOTO CTPYMYy BiJ PIBHA
BiTHOCHOI BoJjiorocTi. [Ipu nmboMy momaTkoBe XiMiuHE TpaBJICHHS (BWJ TpaBHUKA Ta 4dac
TpaBJICHHs])) HE TMOpPYIIye OTPUMaHi  3aJeXKHOCTI, OJHAK 3MIHIOE BEJIMYHUHY

BOHOFO‘JYTJIHBOCTi, IO BUAHO 3 HAXHJIY KPHUBHX.
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Pucynox 4.21 — BruuB cTpykTypHOi MOoaudiKkallii Ha BOJOTOUYTINBI XapaKTEPUCTUKHU

cercopiB Ha ocHoBl KHH: a) craTtuuni napametpu; 6) AMHAMIuHI TapaMeTpH
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B po6oti mociimpkyBaBcsl BIUIUB BUAY CTPYKTYpHOI Moaudikarii (130TpOmHOTO Ta
aHI30TPOITHOTO TpaBHUKA) Ta 4Yacy oOpoOkum (10c-5XB) Ha BIATYK AIOJHUX CEHCOPIB
Bojiorocti. Tak, JojgaBaHHS 130TPOITHOTO TPaBHHKA B MOCT OOPOOKY 3a HU3BKHUX YaciB
TpaBieHHs (10 30 ¢) BUKJIMKAIO MOKPAIIEHHS BOJOTOUYTIMBX XapaKTEPUCTUK ceHcopa 3 7
1o 31 pasiB, a mogabIle 3pOCTAHHS 4Yacy TpaBleHHS (0 5 XB) BUKIWKAE TMOTIPIICHHS
BOJIOTOUYTJIUBOCTI. Lle Moke OyTH MOSICHEHO THM, IO 3a MaJIOro 4acy TpaBJCHHS B
130TponHOMY TpaBHHMKY BcepenuHi macuBy KHH yTBoproroTecsi HaHOOTBOpH, IO
e(deKTUBHO a/1copOyr0Th Bosiory. OiHaK, oajbllie TPaBJIE€HHS MPU3BOJUTH 10 IEPEBAKHO
MOIPYIOYOoro eeKkTy, 0 MPU3BOAUTH J0 3TJIaJKyBaHHsS MOBEPXHI, Ha SKIM Mae MicIe
3MEHIIIEHHS BOJIOTOUYTIWBOI MOBepxHi. JlogaBaHHS aHI30TPOIHOTO TpaBHUKAa B TOCT
0o0OpoOKy MOBEpXHI CEHCOpa MNPU3BOJUTH JO MEHIIOrO IOKPAIICHHS BOJIOTOYTYJIMBX
XapaKTEPUCTHK ceHcopa 3 7 10 28 pa3iB. OueBUIHO, yTBOPEHHSI KOHYCOMOAIOHUX 1 BYKUUX
HaHOHUTOK MPU3BOJIUTH 10 MEHIII €PEKTUBHOI aJIcOPOIIil BOJIOTOCTI.

Jlnst MOpiBHSHHS, BOJIOTOYYTIUBICTh CEHCOPIB 0€3 CTPYKTYpHOI Mojaudikarii
cranoBuia 3,6 (RH)™, mo nocrynaeTscsi MaKCUMaJIbHOMY 3HAYEHHIO IIbOTO KOe]ili€eHTa,
JOCSITHYTOMY U1 MOJU(IKOBAaHUX CEHCOPIB BOJIOTOCTi. 30Kpema, IMicis 0oO0poOKu
KUCIIOTHUM TPaBHUKOM TPOTATOM 5 XB UyTJIMBICTh TaKUX ceHCOpiB 3pocia a0 4,8 (RH)™,
IO CBITYUTH MPO CYTTEBE MOKPAIIEHHS 1X EKCIUTyaTallliHUX XapaKTEPUCTUK 3aBISKU
3aCTOCYBaHHIO MO (IKAITIH.

Ha puc. 4.21, 0 noka3zaHo KpyB1 IMHAMIYHOTO BIATYKY JaTYMKIB 3 HEMOIU(IKOBAHOIO
Ta CTPYKTYpHO Mo u(ikoBaHOIO MoBepxHero. L1 kpuBi ABIAIOTH COO0I0 3MIHY 3BOPOTHOTO
CTpyMy B 4Yaci mpu niepemimieHHi cencopa 3 cepenosuiia 11% RH B 98% RH ta naBnaku.
Sk BUOHO 3 HABEIEHUX KpPHUBHUX, 3aCTOCYBaHHS MOJU(DIKATOPIB 3MIHIOE TPUBAIICTD
HapOCTAIYOro 1 CrmajHOro (POHTIB CUTHATY, SIKI BU3HAYAIOTh IIBHUJKOJIIO MPHUCTPOIO.
BenuunHa 3MiHM MIBUIKOCTI JaTYMKa BU3HAYAETHCS BUIAOM Mojaudikarii. Yac BIATYKy Ta
Yyac BIJHOBJICHHS NPHUCTPOIB BHU3HAYAJM, SIK OMMCAaHO B miapo3aun 3.5. Po3paxoBani
napameTpu HaBeseHi B Ta0m. b.14.

JlocnmipkeHHsT BIUIMBY CTPYKTYpPHOT Moaudikalii 3 TOYKH 30py HIBUAKOAII ceHcopa
MOKa3aJjo, 10 Yac BIATYKY Ta BIJHOBJIEHHS HEMOM(IKOBAHOTO CEHCOpa CTaHOBUB 18 ¢ Ta

28 ¢ BIAMOBIIHO, 1110 3HAYHO MOCTYTMAETHCS MOKa3HUKAM MOIU(DIKOBAHUX JIOTHUX CEHCOPIB
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Bojorocti. Haiikpami pesyapTatd Oyiau JOCITHYTI MICHS JOJATKOBOTO KHCJIOTHOTO
TpaBJICHHA MOBEPXHI CEHCOpa mpoTsiroMm 1 XB, sika 3abe3neunia yac BiAryky 10 ¢ Ta gac
BiIHOBJICHHS 12 ¢. Takum urHOM, MoIU(iKaIlis TOBEPXHI CYyTTEBO I1BUIIMIIA ITBUIKOIIIO
CEHCOpa, MOKPAIIyIoud MOro 3/JaTHICTh IIBUAKO pearyBaTH Ha 3MIHM PIBHS BOJIOTOCTI Ta
BiJTHOBJIIOBATHCS IO MOYaTKOBOTO CTaHy.

Ximiuna mooupixayia. KpuBi BiATYKY CEHCOpPIB J0 Ta Micias XiMIUYHOI Moaudikarii
300paxeHi Ha puc. 4.22, a. He 3anexxHo0 BiJ MpuUpoOaN Ta KUIBKOCTI MOAM]IKaTOpa KpUBI
BIJICYKY OMUCYIOTHCS E€KCIOHEHIIAJIbHUM 3aKOHOM, JIMII 3MIHIOIOYM BUTUH KPUBHX, IIO
BH3HAYA€ BOJIOTOUYTIUBICTb.

B po6oTi nociiKyBaBcs BILUIMB IPUPOIH Ta KUIBKOCTI BYTJIELIEBUX MOAU(IKATOPIB HA
BOJIOTOUYTJIMBl XapaKTEPUCTUKH CEHCOpIB. 30KpeMa BCTAaHOBJIEHO, I10 HAHECEHHS
dbynepeHiB Ha TMOBEPXHIO ceHcopiB BoJsiorocTi Ha ocHoBl KHH, mokxpamiyroTs BiAryk
ceHcopiB Ha 10% npu 20 mr koHueHTpauii B po3unHHI. HaHeceHHs OaraTomapoBHX
BYTJICIIEBUX HAHOTPYOOK Ha MOBEPXHIO CEHCOpiB BosioroctTi Ha ocHoBi KHH, mokpariye
BIITYK ceHcopiB B 3 pa3u. 30utbienHs koHueHntpaiii bBBHT B po3uuni Big 20 mr go 180 mr
NPU3BOJAUTH JO TOCTYIIOBOTO TOKpAIEHHS 3MIHM BEJIMYMHHM BiAryKy A0 3,1 pa3sis.
Hanecennst rpadeny Ha moBepxHIO ceHcopiB BoJsiorocti Ha ocHoBi KHH, moxkpaniytots

BIITYK CEHCOPIB. 30UIbILIEHHS KOHIIEHTpalli rpadeny B po3uuHi Bijx 20 mr — 100 mr
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Pucynox 4.22 — BruiuB xiMiuHOT MoiM]iKallii HA BOJOTOUYTIMBI XapaKTEePUCTUKHU

cercopiB Ha ocHoBl KHH: a) cratuuni napametpu; 6) AMHaMiuHI TapaMeTpH
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IPU3BOIUTH J0 MOCTYIOBOIO 3pOCTaHHS 3MIHM BEJIMYUHU BIATYKY IpuiiafiB 1o 1,48 pasis.
Arne mopanpIie 30UThIICHHS] KOHLIEHTpALii MOTIPIIye BIATYK MPHIAIiB.

[mrocTpaliisi CyKynmHOTO BIUTMBY MPUPOJU Ta KUIBKOCTI BYIVICIICBUX MOIU(DIKATOPiB
Ha 3MiHY BIITYKYy CEHCOpa BOJIOTOCTI HaBeeHa Ha puc. 4.14, a (;)koBTa Ta ¢107IETOBA KPUBI).
3a BeIMYMHOIO BIUTUBY BYIJICHEBUX MOJAM(DIKATOPIB HA BIATYK CEHCOPIB BOJOTOCTI iXx
MOXHA PO3TaIllyBaTH B TaKid IMOCIITOBHOCTI (BiJ MEHIIOTO JI0 OLIBIIOr0): ¢ylepeH-
rpaden-bBHT. ITlokpamiena BojgorouyTnuBicTe ceHcopiB, MoaudikoBannx BBHT, moxe
OyTH OSICHEHA 1X BOJIOKHHUCTOIO (IIEPETIIETEHOI0 CTPYKTYPOIO), 3aBASIKH SIK1H p13KO 3pocTae
KUIBKICTh OO0IpBaHMX 3pa3KiB, IO BHUCTYMAIOTh ILEHTpaMU ajacopOiii Bosorocti [6].
MakcuMalibHe TTOKpaIeHHsI BIATYKY CIIOCTepIraaocs JJjisi ceHcopa 3 KoHreHTpaiito bBBHT
180 mr.

Jlns mopiBHAHHS BEJIMYMHA BIATYKY ceHcopa 0e3 Moaudikamiil ckiama 7, 1o €
TIpIIMM, aHDK MaKCUMaJbHE 3HAYEHHS BIATYKY U1l CEHCOPIB BOJIOTOCTI 3 BYIJIELIEBUMU
moaudikaropamu (24 mans BBHT). B cBoro uepry, koedilieHT BOJOTOYYTIBOCTI TaKOXK
MOKPAIIUBCA 3 BUKOPUCTaHHSAM MonaudikaropiB. Tak, BOJOro4yTIMBICTH CeHcopa Oe3
moaudikaTopa cranosuia 3,6 (RH) !, mo na 44 % e ripimm, aHi MakCUMabHe 3HAYECHHS
1poro Koedinicara mig moaudikosanux cencopis Boaorocti (BBHT 5,2 (RH)).

BruuB xiMiuyHOT Moau@ikamnii Ha JUHAMIYHI XapaKTEPUCTUKH CEHCOpPIB HaBEACHI Ha
puc. 421, 6. Sk BuUAHO 3 HaBeAeHHX TIpadikiB, HaAHECEHHS MOAUDPIKATOPIB 3MIHIOE
IIBUJIKOJIIIO CEHCOpa Ha BEJIMUKHY, 1[0 BUBHAYAETHCS IPUPOJI0I0 Mo dikaTopa.

[mrocTpaiiist CyKymHOTO BIUTMBY MIPUPOAH Ta KIJIBKOCTI BYTJIEIEBUX MOAU(PIKATOPIB HA
3MiHY Yacy BIATYKY CEHCOpa CBITJIa HaBeJeHa Ha puc. 4.14, 6 (01akuTHA Ta MOMapaHyeBa
KpuBi). MakcuManbHe TMOKpAIlEHHS Yacy BIATYKY CIOCTepirajiocs Mg CeHcopa 3
koHueHntpaiieto ¢ymneperiB 100 mr. Tlokpamenns: mBUAKOAIT CEHCOPIB, MOIU(DIKOBAHUX
dbynepeHamu, noTpeOye MOAAIBIIOTO TOCTIHKEHHS.

JUist TIOpIBHSIHHSA ~XapaKTEpUCTUK MOAM(DIKOBAHMX CEHCOpIB BOJOrOCTI OyIso
BUTOTOBJIEHO ceHcop ©0e3 wmoaudikamiid. Yac BiATyKy/BITHOBJIEHHS CEHcopa 0Oe3
moaudikaiii ckiaaB 18/28 ¢ BIAMOBIAHO, 110 € 3HAYHO TIPIIMM, HIK HalKpaille 3HaYeHHS

qacy BIATYKY/BITHOBIIEHHS JJI1 CEHCOPIB 3 ByriieneBuMu moaudikaropamu (4,34/1,3 c).
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Cmpykmyphno-ximiuna moougixkauia. Y Xoil NOCTIIKEHHS OyJI0 BCTaHOBJICHO
BIUTUB KOMOIHOBAHOI CTPYKTYpPHOI Ta XiMiuyHOi Monu(ikaiii Ha CTaTUYHI ¥ JAMHAMIYHI
XapaKTEPUCTUKU CeHCOpiB BojorocTi (Ttabn. b.14). 3okpema, HalBHILy 4YYyTIUBICTbH
MIPOJICMOHCTPYBAJIM CEHCOPH 31 CTPYKTYpHOIO Moaudikaiiiero (00podka KUCIOTO): IXHIN
BiATYK 3pic 13 7 (6e3 momudikamii) o 24 (ximiuaa moamdikais) i 10 31 (cTpykTypHA
moaudikais). [llogo mBuAKOAI, HAWOUIBII 3HAYHE IOKPAIIECHHS JOCATHYTO IpU
MO€THAHH] KUCIOTHOI MoIn(DiKaIlii 3 HaHeCeHHIM Tpad)eHOM: Yac BIATYKY 3MEHIIUBCA 3 18
¢ (memomudikoBani cencopu) no 10 c (ctpykrypHa moaudikarisi), 4,3 ¢ (xiMiuHa
moaudikamist) 1 g0 1,26 ¢ y Bumaaky komOiHoBaHOi wmoaudikaiii. IlopiBHSIHHS
XapaKTEPUCTHK OTPUMAHUX CEHCOPIB BOJIOTOCTI 31 CBITOBUMH aHAJOraMH HABEJIEHO B Ta0.

b.17.

4.7 Buxopucranns mogugikoBanoro macuBy KHH B cencopax Bmicty JIOC

4.7.1 Pe3ucTuBHi ceHcopu. MeTouka BUMIPIOBaHb Ta BUMIPIOBaJIbHE O0IaIHAHHS
OyJ0 Take K, SIK ONMKCaHO B Miapo3aiil 2.7. Po3paxoBani mapaMeTpu 3aHeceHo B Tabi. b14.

Cmpykmypna mooughikayin. Ha puc.4.23, a, HaBeIecHO KpHUBI BIATYKY CEHCOpIB 3
HEeMOJIM(PIKOBAaHOWO Ta CTPYKTYpHO MoaudikoBaHOw moBepxHero. Jlani  kpuBi
XapaKTEPU3YIOThCA JIHIMHOIO 3aJIeKHICTIO OMNOpY BiA PIBHSA KOHIICHTpAIli aHaJITy
(rimpookculy amoHit0). SIK BHUIHO 3 HABEICHUX KPUBHUX, CTPYKTypHa Mojaudikailis He
MOPYIIy€e€ OTPUMAaH1 3aJ€KHOCTI, OJTHAK 3MIHIOE BETUYMHY Ta304yTJIMBOCTI, 110 BUIHO 3
Haxwiy KpuBuX. [Ipy 1boMy BeIWYMHA 3MIHM Ta304YyTJIMBOCTI CEHCOpPA BU3HAYAETHCS
TUIIOM MOJM(]iKaTopa Ta 4acoM 0OpOOKH.

B poGoTi mociimkyBaBcsi BIUIMB BUAY CTPYKTypHOI Momaudikaiii (i30TpomHOro Ta
aHI30TPOIHOIO TpaBHMKA) Ta yacy oOpoOku (10c-5XB) Ha BIATYK PE3UCTUBHHUX CEHCOPIB
Bmicty JIOC. BukopuctanHs oOpoOKH B J0JaTKOBOMY 130TPOITHOMY Ta aHI130TPOITHOMY
TPaBHUKY HE3aJIeKHO BIJl Yacy TpaBJIEHHS 3HAYHO MOTIPIIWIO Ta304yTIUBI
XapaKTepUCTUKU CEHCOPIB, a caMe: BeIMUMHY BiAryKy 3 4,6 o 1,3 ta 1,8 BianosiaHo. Lle

MOSICHIOETHCSI YTBOPEHHSIM CTPYKTYpPHO BHUA03MiHeHOi moBepxHi macuBy KHH, sxa
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XapaKTepU3y€EThCSl TMOTIPIICHOI aJCOPOIIHHOI 3JaTHICTIO JO0 MOJIEKYJT T1APOOKCHIY
aMOHIIO.

[TopiBHSIHHS ra304yTIMBOCTI CEHCOPIB 3 Ta 6€3 CTPYKTYpHOT MOAu(DIKallli TOKa3ajo
3HAYHY BIAMIHHICTS ii BenuuuHu: 9,4 %/Mkn aiis HemoaudikoBanoro macusy KHH Ta 3,25
%/Mxa aiia monudikoBanoro macuBy KHH (my>xna o6po6ka Tpusamictio 30 c).

JlnHaMi4H1 XapaKTepUCTHKUA CEHCOpa J0 Ta Micis Moaudikallli 300pakeHi Ha puc.
4.23, 6. 1li xpuBi ABISAIOTH COOOIO 3MIHY OIMOPY B Yaci MpH IMEpPEMIIIEHHI CEHCopa 3
CepelloBUIlla 3 IUIHOBUM Ta30M aHAJITy Ta Ha MOBITPs. 3acTOCYBaHHS MOAM(IKATOPIB
PI3HOI TPUPOAN 3MIHIOE TPUBAIICTH HAPOCTAIOUOTO 1 CMAaHOTO (POHTIB CHUTHAIY, SIKI
BU3HAYAIOTh IIBHUJKOIII0 NpHUCTpor0. Yac BIATYKY Ta Yac BIJHOBJICHHS IPHUCTPOIB
BU3HAYAJIHU, SIK OMTUCAHO B Miapo3/iii 2.7. Po3paxoBaHi nmapameTpu HaBeaeHi B Tabi. b.14.

Byno BcTaHOBIEHO, IO MakCMMalbHa BIAMIHHICTH JAMHAMIYHUX XapaKTEPUCTHUK
CEHCOPIB 3 Ta 0€3 CTPYKTYpPHOI MOU(DIKaLli CTAHOBHUJIA: YAC BIATYKY/BIJHOBJICHHS TPUIIALy
3meHImuBCes 3 33/35 ¢ go 28/27 ¢ BIANOBIAHO JJIsi cCeHcopa 3 MOJAN(IKOBAaHOO MOBEPXHEIO

(kucnoTHa 00pOOKa TPUBATICTIO 5 XB).
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KonuenTpais, MKJI
Pucynox 4.23 — BruiuB cTpyKTypHOi MOAM(IKAILIil HA ra304yTIMBI XapaKTePUCTUKU

ceHcopiB Ha ocHOoBI KHH: a) craruuni napamerpu; 0) AMHaAMI4HI TapameTpu

Ximiuna moougpixkayisa. Brinmus xiMiyHOT Moudikalii Ha BIATYK CEHCOpPa O BMICTY
T1APOOKCHy aMOHIIO MMPOLTIOCTPOBAHO Ha pric.4.24. byo mokaszaHo, 1o JiHIHHICTh KPUBUX

BIJITYKY HE 3MIHIOETHCS MICIsI HAHECEHHsI MOoAU(]IKaTOpa, aje 3MIHIOEThCA KyT HaXuiy, 110
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BU3HAYa€ YYTIUBICTh MpWIaTy. 3MIHHA Ta304yTJIMBOCTI 3aJICKUTh Bl TPUPOAN Ta
KUTBKOCTI1 BYTJICTIEBUX MOIA(DIKATOPIB.

B po6oTi gocnigkyBaBcs BIUIUB IPUPOIU Ta KUIBKOCTI BYTJIEIIEBUX MOJU(DIKATOPiB, a
TaKOX MUTOMOIO OMNOpY MIAKJIAJKK HAa ra3ayyTJIMBI XapaKTEPUCTH CEHCOpiB. 30Kpema
BCTAHOBJICHO, 1110 HaHECeHHs (ynepeHiB Ha moBepxHIO ceHcopiB BmicTy JIOC Ha OCHOBI
KHH, noripiuiyioTh BIATYK CEHCOPIB HE3aJIeKHO BiJ TUIy MiAkiIaaku. HaHeceHHs
OaraTomapoBUX BYTJICIICBUX HAHOTPYOOK Ha MoBepxHIO ceHcopiB BMicTy JIOC Ha 0CHOBI
KHH, nokpanytoTts Biaryk cencopis Ha 13% y Bunagky miakiaaku K/1b-10 Ta nmoripiryoTh
y Bunaaxy miakinaaku KJb-1.
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Pucynok 4.24 — BrumuB xiMiuHOT Moid(iKallii Ha ra304yTIUBI XapaKTEPUCTHKH CEHCOPIB

Ha ocHoBl KHH: a) ctatuuni mapamerpu; 6) [uHaMiuH1 TapameTpu

Hatikpari 3HaueHHs BIATyKy crioctepiranucs mpu konnentpaiii BBHT B pozunni 20
Mr. OgHak mojasbllle 3pOCTaHHS KUIBKOCTI Mojudikaropa B poO3UMHI MPU3BOJIUTH 10
NOTipIIeHHS 3Ha4eHb BIATYKY. Hanecenns rpadeny Ha noBepxHto ceHcopiB BMicTy JIOC Ha
ocHoBi KHH, mokpaniytoTs BiATyK CEHCOPIB OUIbII, HIXK B 2 pa3u s miakmanka KJ[b-10
Ta TOTIpUIYIOTh y BUNaaky miaknaaku K/[b-1. 30unbmieHHss KoHUeHTpamii rpadeHy B
po3uuHi Big 20 mr g0 180 Mr MpU3BOAUTE J0 MOCTYIIOBOTO 3MEHIIICHHS 3MIHU BEIMYUHH
BIAryKy ceHcopiB BMicTy JIOC. 3a BenMUMHOIO BIUIMBY BYIJICHEBUX MOAM(PIKATOPIB Ha
BIArYK cencopiB BMicTy JIOC ix MOXHa po3TalnlyBaTH B TaKiid MOCIIIOBHOCTI (B1Jl MEHIIIOTO

1o 6inbioro): gynepenu-bBHT-rpaden. [lokpamiennii Biaryk Mmoau¢ikoBaHux rpageHoM
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CEHCOpIB MOX€ OyTH TMOSCHEHHH WOro BEIUKOI0 IIJIOMICI0 MUTOMOI TOBEpXHI Ta
BUHATKOBUMHU €JIEKTPOIPOBIIHUMHU BIACTHUBOCTSAMH, IO 3a0€3MeUyIOTh TaKUM IMpHIIaaM
Kpanry edeKTHUBHICTh. 30Kpema OyJio MOKa3aHo, 0 MaKCUMaJbHE MOKPAIEHHS BIATYKY
criocTepiranocs A1 ceHcopa 3 KoHreHTparlito rpadgeny 20 mr Ha miakiaaan K/b-10. Bruius
MUTOMOTO OTIOPY MiAKIAJKH Ha YyTIUBICTH ceHcopiB BMicTy JIOC moB’si3aHuii 3 pi3HOIO
BUCOTOIO HaHOHUTOK. KoHIeHTpariiHa 3anexHicTh BiAryky go JIOC Big BMicTy
BYTJICIIEBUX MOJU(DIKATOPIB Ma€ Taki X OCOOJIMBOCTI, SIK 1 KOHLIEHTpALliiiHa 3aJeKHICTh
dboTouyTnuBoCTi. 715 MOPIBHAHHS, BIATYK cCeHCOpa 0e3 Oy Ib-aKkuX Moaudikaliii ckias 4,6,
10 3HAYHO IIOCTYNA€TbCd MaKCUMaJIbHOMY 3HAUY€HHIO, JOCATHYTOMY CEHCOpaMU 3
ByIUIELIEBUMHU Moau(dikaTopamu, 30kpeMa 10,3 11t ceHcopiB, MOIU(DIKOBAaHUX TpadeHOM.
Kpim Toro, BukopuCTaHHS MOAU(IKATOPIB CYTTEBO  MIJBUINUAIO  KOE(DIIiEHT
ra3ouyTJIMBOCTI. ¥ HEMOAU(DIKOBAHOTO CEHCOopa IIei MOKa3HUK cTaHOBUB 9,4 %/MKI1, TOI
AK 111 MOAM(PIKOBAHUX CEHCOPIB BMICTY JeTKUX opra”iuHux cnoiyk (JIOC), takux sik
rpadeH, BIH JOCAT MaKCHUMalabHOTO 3HaueHHSA 16 %/Mki. lle miakpecaioe eheKTUBHICTD
BYTJICLIEBUX MOAU(PIKATOPIB y MOKPAIEHHI CEHCOPHUX XAPAKTEPUCTHUK.

Ha puc. 4.24, 6 HaBezieHO TMHAMIYHI KPUBI BIATYKY CEHCOPIB 3 HEMOAM(IKOBAHOIO Ta
MOJIM(IKOBAHOIO BYIJIELIEBUMU HAHOCTPYKTYypaMHU IMOBEpXHEI0. SIK BUAHO 3 HaBEACHUX
KPUBHX, HAHECEHHSI MOJIU(IKATOPIB 3MIHIOE TPUBAIICTH NMEPEAHBOTO Ta 33 JHHOTO (PPOHTIB
CUTHAITy, 1110 BU3HAYAIOTh MIBUIKOAII0 ceHcopa. [Ipu nboMy BeaudrHA 3MIHU IBHUIKOIIT
CEHCOpa BH3HAYAETHCS NPUPOIOI0 Moaudikaropa. MakcuManbHE MOKpAIIEHHS Yacy
BIJICYKY CIIOCTEPITaIOcs JIJIsl CeHcopa 3 KoHIeHTpaliio GynepeniB 60 mr Ha migknaa K b-
1. [TokpareHHs MBUIKO 1T cEHCOPiB, MOAM(IKOBaHUX (DyIepeHOM, TOTPEOYE MOIATBIIIOTO
nociipkeHHs. binbina mBuakoais ceHcopiB BMicTy JIOC Ha OCHOBI MAKIAA0K 3 MTUTOMUM
ornopoM 1 OM'cM 00yMOBJI€Ha MEHIIMM YacOM >KUTTS HOCIiB 3apsay, 110 NPU3BOIUTH 10
mBUAIIOI peakuii Ha 3MiHy BMicTy JIOC. [l nopiBHSIHHS XapaKTepUCTUK MOAU(DIKOBAHUX
CEHCOpIB JIETKUX OpPraHIYHUX CHOJIyK OYyJI0 BUMIPSHO MapaMeTpu CEeHcopa 10 1 Micis
Moaupikarii. Yac BIATyKy Ta BiTHOBJICHHS LIbOTO HEMOJM(IKOBAHOTO CEHCOpa CTAaHOBUB
33 1 35 c BIANOBIAHO, IO CYTTEBO TMOCTYMAETHCA XapaKTEPUCTHKAM CEHCOpIB 3
ByrJielieBUMU MoaudikatopamMu. 30Kpema, HaWpKalll 3HaueHHS Yacy BIATYKY Ta

BIJTHOBJICHHS 11 Mo (]iKoBaHUX ceHcopiB Aocsranu 11,4 1 10,5 ¢ BignosiaHo.
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Cmpykmypno-ximiuna  moouixkayia.  JInd  nomamplioro  NOKPaLICHHA
XapakTepucTuk ceHcopiB Bmicty JIOC Oyno 3acTOCOBaHO OJHOYACHO OOWJABA BHIIU
Moaudikalii (CTPUKTYpHA Ta XiMidHA) Ta BCTAHOBJICHO iX BIUIMB Ha MapaMeTpH MpHUIaiB
(tabn. b.14). Haiikpame 3Ha4YeHHS BIATYKY JEMOHCTPYIOTh CEHCOPH 3 XIMIYHOIO
Moaudikariero 3a gormomoroio rpadeny. Tak, BennunHa BiAryKy mokparmmiacs 3 4,6 (0e3
Moaudikarii), 5 (cTpykTypHo-xiMiuHa moaudikaiis) mo 10,3 (ximiuHa Moaudikallis).
HaiiGinpmie mokpaiieHHsT IIBHAKOII CEHCOpa Mallo Miclle B pe3yjbTaTi KHCIOTHOI
Moaudikailii Ta ocajkeHHs GyJepeHiB: yac BIATYKY mokpaiuscs 3 33 ¢ (6e3 Mmoaudikairii),
28 ¢ (ctpykrypHa momudikariis), 11,4 ¢ (ximiuna monudikamist) 10 2,5 ¢ (CTpyKTypHO-
XiMi4uHa Moudikarlis).

4.7.2 liogni cencopu. MeTo/ivka BUMIpIOBaHb Ta BUMIPIOBAJIbHE 00JIaIHaHHS OYII0
TaKe Xk, SIK OMUCAHO B miApo3aut 3.6. Po3paxoBaHi mapaMeTpu 3aHECEHO B IOAATOK TaOl.
b.14.

Cmpykmypna moougpixauyin. Poboui xapakrepuctuku cencopiB Bmicty JIOC no ta
MICIsl CTPYKTYpHOI Mo (pikalii moOyaoBani Ha puc.4.25, a. J[aHi KpuBI XapaKTepU3yIOThCs
JTHIAHOIO 3aJIeKHICTIO 3BOPOTHOTO CTPYMY BiJ KOHIEHTpAIii aHamiTy (T1APOOKCUIY
aMOHII0), 1[0 HE TMOPYIIYEThCA BiJ BUKOpUcCTaHHS Momudikaiii. [Ipu npoMmy BenmunHa

3MIHU T'a304yTJIMBOCTI CEHCOPA BU3HAYAETHCS TUIIOM Ta TPUBAIICTIO MOIU(DIKAIL].
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Pucynox 4.25 — BruiuB cTpyKTypHOi MOAM(IKaILlil HA ra304yTIMBI XapaKTePUCTUKU

cencopiB Ha ocHOBI KHH: a) craruuni napameTpu; 0) AMHAMIYHI TapaMeTpu
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B po6oti mociimpkyBaBcsl BIUIUB BUAY CTPYKTYpHOI Moaudikarii (130TpOmHOTO Ta
aHI30TPOITHOTO TPaBHUKA) HA BIATYK IOAHUX CEHCOpiB. Tak, M0JaBaHHS 130TPOITHOTO
TpaBHUKa B TocT 00poOKy (30 ¢) BUKIMKAJIO MOKPAUICHHS T'a304yTJIMBX XapaKTEPUCTUK
cencopa 3 7,2 g0 21 pasi. Lle Moxke OyTH MOSICHEHO TUM, 110 MPHU 130TPOMTHOMY TPABJICHI
Bcepenuni macuBy KHH yTBOproroTbess HaHOOTBOpHW, M0 €(EKTHBHO aacOpOyIOTh
MOJICKYJIM aHamiTy. JlomaBaHHS aHI30TPOIHOrO TpPaBHUKA B IOCT OOpOOKY IOBEpXHi
CeHcopa MPU3BOAUTH JI0 MEHIIOTO MOKPAIICHHS Ta304yTIUBX XapaKTePUCTHK ceHcopa 3 7,2
1o 18 pasiB. OueBUIHO, YTBOPEHHS KOHYCONOAIOHUX 1 BY’)KUYMX HAHOHUTOK IPU3BOJIUTH /10
MEHII e(peKTUBHOI a/IcOpOIIii ra3y aHATITY.

MakcuMalnibHa BEIWYMHA Ta304yTJIMBOCTI CEHCOpa 3 CTPYKTYPHOIO MOJU]iKaIli€ero
cTtaHoBUTh 71%/Mkn (kucimoTHa 0oOpoOKa TPUBANICTIO 5 XB), Ui TOPIBHSHHS JTaHUM
napameTp 0e3 cTpykTypHOi Moaudikarii ckiangae 16,2 %/mMki.

JInst ocmipKeHHs BIUIMBY CTPYKTYpHOI Moaudikamii OyJo BHMIPSHO AWHAMIYHI
KpHBi 10 Ta micist moaudikamii (puc. 4.25, 6). JlaHi KpuB1 SIBISIOTH COO0I0 3MIHY OTIOPY 3
4acoM IpU NEPEMIILIEHH] CEHCOpPa B CEPEIOBUIIIE 3 IILJILOBUM T'a30M aHAJITy Ta Ha MOBITPSI.
BcranoBneno, mo 3actocyBaHHS MOAM(IKATOPIB 3MIHIOE TPHUBATICTh HAPOCTAOHYOTO 1
cragHoro (PpoOHTIB CUTHAITY, SKI BU3HAYAIOTh MIBUJIKOJIIIO MPUCTPOIO. Yac BITyKy Ta Yac
BIJTHOBJICHHS! IPUCTPOIB BU3HAYAIH, SIK ONMMMCAHO B MiApo3aut 2.7. Po3paxoBaHi napameTpu
HaBeseH1 B Ta0u. b.14.

Otxe, OyJ0 MOKa3zaHO, IO CTPYKTypHAa MoJu(ikaiis HE3HAYHO CKOPOTHJIA Yac
peaxiii ceHcopa 3 28/24,4 ¢ no 23/20 ¢ (dac BiATYyKY/BiIHOBJIEHHS BIAMOBIIHO) y BUTIATKY
KHCJIOTHOI 0OPOOKH.

Ximiuna moougpikayia. HaHeceHHS BYIVIELIEBUX HAHOCTPYKTYpP Ha ITOBEPXHIO
macuBy KHH nipu3BouTh 10 3MiHU ra3049yTIAUBOCTI IIOJHUX CTPYKTYP Ha HOTO OCHOBI, IO
BUJIHO 3 KPUBUX Ha puc.4.26, a, siKi XapaKTepU3YIOThCS JIHIMHUMHU 3ajeXHOCTAMU. [lpu
bOMY BEJIMYMHA 3MIHHM Ta304yTIMBOCTI CEHCOpPA BU3HAYAETHCS MPUPOJOI0 Ta KUIBKICTIO
Moaudikaropa.

B po0oTi pocmiiKyBaBcs BIUIMB MPUPOAU Ta KUIBKOCTI BYTJIELIEBUX MOAU(PIKATOPIB
Ha Ta304yTJIMBI XapaKTEPUCTUKH CEHCOPIB. 30KpeMa BCTAHOBJICHO, IO HAaHECEHHS

¢ynepeniB Ha noBepxHi0 ceHcopiB Bmicty JIOC Ha ocHoBi KHH, mokpamiytots Biaryk
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ceHcopiB a0 3,5 pasziB npu 20 Mr KoHIIEHTpallii B po3unHi. HaHeceHHs1 OGararomapoBux
BYTJICIIEBUX HAHOTPYOOK Ha MOBEPXHIO ceHcopiB BoJsiorocTi Ha ocHoBi KHH moxparrye
BIATYK ceHcopiB J10 1,8 paziB mpu 100 Mr koHIleHTpalii B po3uuHi. Hanecenns rpadeny Ha
noBepxHIo ceHcopiB BMicTy JIOC Ha ocnosi KHH noripunytoTh BIATYK CEHCOPIB HE3aJIEKHO
BiJl KOHIIGHTpaIlii. 3a BETUYHHOIO BILUTUBY BYTJICHIEBUX MOAU(PIKATOPIB HA BIATYK CEHCOPIB
BMicTy JIOC iX MOKHa po3TalllyBaTH B Takii MOCHIZOBHOCTI (Bil MEHIIIOTO /10 OIBILIOrO):
rpadgerH-bBHT-dynepenn. Ilokpamena ra3o4dyTiuBICTh CEHCOPIB, MOIU(DIKOBAHUX
dbynepenamu, Moke OyTH TOSICHEHa iX Kpallol MPOHUKHOIO 3/aTHICTIO. MakcumaibHe

MOKpAIIIEHHS BIATYKY CIIOCTEPIraiocs Jjisl CEHCopa 3 KOHILEHTpallito gynepeHiB 20 Mmr.
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Pucynok 4.26 — BruiuB xiMiuHO1 Moiu(iKallli Ha ra304yTIUBI XapaKTEPUCTUKU CEHCOPIB

Ha ocHoBl KHH: a) ctatuuni mapamerpu; 0) TuHaMIYHI TapamMeTpH

[lopiBHSIHHA ceHCOpiB 3 Ta ©0e3 ByIJIEUEBUX HaHOMATepialiB BCTAHOBHUIIO
MOKpAaIIeHHs BIATYKY 3 7,2 o 25,2 pa3iB y BUIaKy HaHeceHHs (ynepeHiB. B cBoro uepry,
KOe(IIieHT Ta304yTIMBOCTI TaKOXX TIOKPAIMUBCS 3 BHUKOPHUCTAHHSIM  BYTJICIICBUX
HaHomaTtepiaiiB 3 16,2 1o 106%/Mki1 y BUnaaKy HaHeceHHs (yJIepeHiB.

Ha puc. 4.26, 6 moka3zaHo AUHAMIYHI KPUB1 peakilii CEHCOPIB 13 HEMOAU(PIKOBAHOIO
MOBEPXHEI0 Ta TMOBEPXHEI0, TOKPUTOIO BYTJICIEBUMU HAHOCTPYKTYpaMHU. 3iCTaBICHHSI
KPUBHX CBIJTUUTH, 1110 3aCTOCYBaHHS MOAM(IKATOPIB BILUIMBAE HA TPUBAIICTh 3POCTAHHA 1
criaJy CUTHAIY, SIKi BU3HAYAIOTh IMIBHUIKOIII0 ceHCopa. BogHOoYac cTymiHb 3MIHU MIBUAKO i1

3aJICKHUTh BiI[ BJIACTUBOCTEH BHKOPHUCTAHOI'O MOI[I/I(i)iKaTOpa. MakcumanbsHe IMOKpalllCHHA
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4acy BIJITYKY CIIOCTepirajocs sl ceHcopa 3 KoHeHTpaiito rpadeny 180 mr. [lokpamieHns
MIBUAKO/IIT CEHCOPiB, MOAU(DIKOBaHUX rpa@eHOM, TOTPeOye MOAATBIIOTO JOCTIKEHHS.
J171s1 OLIHKM BIUIMBY HasIBHOCTI BYTUICIICBUX HAaHOMATEpPiajiB B CKJIa/ll CEHCOPIB BMICTY
JIOC Ha iX mBUAKOIII0 OyJO 3/1HCHEHO MOPIBHSHHS XapaKTEPUCTHK MOAM(DIKOBAHUX Ta
HeMoIM(IKOBaHUX CeHCOPiB. Yac BIATYKY/BITHOBIEHHS ceHcopa 0e3 Moaudikaiiil cKkiaB
28/24 ¢ B1AMOBIAHO, 1110 3HAYHO TIpIIe, HK HalKpallle 3Ha4eHHs Yacy BIATYKY/BITHOBJICHHS
s cencopiB Bmicty JIOC 3 ByrneueBumu moaudikatopamu (7,2/6,3 c).
Cmpykmypno-ximiuna moougikayis. B poOGoTi OyB BCTAaHOBJICHUN BIUIUB
MO€THAHHSA CTPUKTYPHOI Ta XIMIYHOT Moju(ikallii Ha CTaTUYHI Ta AUHAMIYHI TapaMeTpu
cencopiB Bmicty JIOC (tabi. b.14). 3okpema OyJi0 BCTaHOBJICHO, IO MO BEIUYHUHI BIATYKY
HaWKpalie 3Ha4eHHS JEMOHCTPYIOTh CEHCOPU 31 CTPYKTYpPHO-XIMIYHOIO MOJU(DiKaIli€ro
(kucnotHa Moaudikaiis 3 dynepeHamu): BeIMYMHA BIATYKY Hokpamuwiacs 3 7,2 (6e3
Moaudikamiii), 21 (crpykTtypHa wmoaudikauis), 25 (xiMiuHa Moaudikamisi) g0 56
(cTpykTypHa-xiMiuHa Moaudikaiisi). 3 TOYKM 30py MIBHJAKOJII, BAAJIOCS OCSTHYTH
MOKpAIIeHHs 4acy BIATYKY CEHCOpa B MO€IHAHHI Jy>KHOI Moaudikamii Ta rpadeHy: yac
BIITYKY MokpammmBes 3 28 ¢ (0e3 moamdikariii), 23 ¢ (ctpykrypHa moamdikaiis), 7,2 ¢
(ximiuna wmomudikamig) g0 2,7 ¢ (cTpykTypHO-XiMmiuHa Moaudikaiis). [lopiBHAHHS
XapaKTEpPUCTUK OTpUMaHUX ceHcopiB BMicTy JIOC 31 CBITOBUMHU aHAJIOTaMH HABEJIEHO B

tadn. b.18.

BucHoBku 10 po3ainy 4

B nmanomy po3aim Oyno HaBeACHO pPE3yJbTaTH JOCHIIKEHHS BUTOTOBICHUX
YYTIMBUX CTPYKTYp Ha ocHOBI MoamdikoBaHoro macuBy KHH mns pesuctuBHHX Ta
JTIOHUX CEHCOPIB (I3UYHUX BEIUYHMH (TEeMIEpaTypH, OCBITIEHOCTI Ta BOJOTOCTI) Ta
xiMiyHuX BennuuH (BMicty JIOC). BeTaHoBieHO BIUIMB MmapaMeTpiB MOAMQIKALT MaCUBY
KHH (yac ta TMn cTpykTypHOi Moau@ikalli, a TaKoXX NpUpPOAa Ta KUIBKICTh XIMIYHOTO
MoaudikaTopa) Ha CTaTHYHI TapamMeTpu (BIATYK Ta YyTJIMBICTH) Ta TMHAMIYHI MTapaMeTpH
(4ac BIATYKYy Ta 4ac BIJIHOBJICHHS) CEHCOpiB Ha iX ocHOBi. IlokaszaHo, 1o moaudikarris
noBepxHi MmacuBy KHH mpusBena 10 3HauHOTO MOKpAaIIEHHS YyTJIMBOCTI CEHCOPIB Ha iX

oCcHOBI. B TepmMopesucropax Biaryk 3pic 3 50 1o 50-10° pasis, a B Tepmogionax 3 6,4 1o 23,5
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paziB. B ¢potopesucropax Biaryk 3pic 3 40 1o 101 pa3sis, a B poTomionax 3 39 no 162 pasis.
B cencopax BOJIOTOCTI €MHICHOTO THITY BIATYK 3pic 3 3,9 mo 68 pasiB, B TOH 9ac SK IS
JaHUX CEHCOpiB aioaHoro tumy — 3 7 g0 31 pasziB. Hapemti B cencopax Bmicty JIOC
PE3UCTUBHOTO TUITY BiATYK 3pic 4,6 1o 10,3 pasiB, a B ceHCOpax J10HOTO TUMY — 3 7,3 110
56 pasis.

Byno BcTaHOBIIEHO, 110 3MIHM TEXHOJIOTIYHUX TapamMeTpiB Moaudikalii MmoBepxHi
macuBy KHH matoTe pi3Huil BIUTMB Ha CTBOPEHI CEHCOPH 1 MOXKYTh SIK TIOKpAITlyBaTH, TaK 1
HOTIpIIyBaTH 4y TJIMBICT MPUIIATy. 30KpeMa OyJi0o BCTAHOBJIEHO, 110 130TPOITHA CTPYKTYpHA
Moaudikallisi HaOLIbIIe MOKpaIly€e BIATYK B JIOJAHMX CeHCopax (PI3MYHUX Ta XIMIYHHUX
BEJIMYMH, B CBOIO YEpry aHI30TPONHA CTPYKTypHa MoAuQiKalis HaiOUIblIe MOKpalrye
BIJICYK B PE3UCTUBHUX/EMHICHUX CEHCOpaX. 3 TOYKU 30py XiMIUHOI Moudikaliii moBepxHi
macuBy KHH, Oynu BcTaHOBIIEHI HACTYyNHI TEHAEHUIi BIUIMBY MOAM(IKATOPIB Pi3HOL
npupoau. ['paden HailOuIpIIe MOKpalye BIATYK B TEpMOpe3ucTopi Ta ceHcopl BMicty JIOC
pe3ucTuBHOro THUMy. @DynepeHd HalOuIbllIe MOKPallyloTh BIATYK B TEpPMOZIOJaX,
dbotopesucropax, poroaiogax ta BMicty JIOC cencopis gioanoro tuny. BBHT naiiGinbIne
MOKPaITyIOTh BIATYK CEHCOPIB BOJIOTOCTI SIK EMHICHOTO, TaK JI0THOTO THITY.

OpnepxaHi pe3yJbTaTH CBIAYaTh MPO TE, 110 BUKOPUCTAHHS HPOCTOI Ta JAELIEBOI
TexHoJorii moaudikauii macuBy KHH € ehextuBHUM /17151 BUPOOHUIITBA CEHCOPIB (PI3UUHUX
Ta XIMIYHUX BEJIMUMH. HampsiMoM moaanbmx q0CiKeHb MOKe OyTH po3poOka Ha OCHOBI
CTBOPEHUX CTPYKTYP MYJBTUIIAPAMETPUYHUX CEHCOPIB AJISI OJHOYACHOTO BUMIPIOBAHHS
0a30BUX MapaMeTpiB HABKOJMIIHBOTO CEpEelOoBHINA (TeMIepaTypa, OCBITJICHICTh Ta
BOJIOTICTb), CEHCOPIB MOJAMXY JIOAMHM Ha OCHOBI ceHcopiB Bwmicty JIOC, B sfkuX Ha
BEJIMYMHY CUTHAJTy BIUIMBAE BOJIOTICTh, TEMIIEpATypa 1 XIMIYHUHN CKJIaJ MOJUXY, CEHCOPIB
MOTY>KHOCTI COHSYHOTO BHUIPOMIHEHHSI, B SKHX Ha BEJIMYMHY CHTHATy BIUIUBAE
OCBITJICHICTh Ta TEMIIEpaTypa, a TAKOXK CEHCOPIB 3amaxy s €JIeKTPOHHOTO HOCY, B SIKUX

Ha BEJIMYMHU CUTHAITY BIUIMBAE BOJIOTICTh Ta XIMIYHUU CKJIQJ] PIAUH Ta TBEPIUX PEUOBHH.
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Pozain 5. 3BACTOCYBAHHA CEHCOPIB HA OCHOBI MACHUBY KHH B
MEJAMIHWHI TA ITPOMUCIIOBOCTI

5.1.Cencopu noauxy Ha ocHoBi Macury KHH

5.1.1 AKTyaJIbHICTh PO3pPO0KHU ceHcopiB moauxy. Po3poOka cCeHCOpIB MOAUXY Ma€
B)KJIMBE 3HAYCHHS SIK JJII MEXaHIYHUX, TaK 1 I XIMIYHHUX JOCIIKEHb TTOUXY, OCKUIBKH
BOHU JI03BOJISIIOTH MPOBOJIUTU HEIHBA3UBHI JIarHOCTUYHI TECTH 3 BUCOKOIO YYTIIUBICTIO Ta
ceniekTuBHICTIO. CeHCOpU Ha OCHOBI KPEMHIEBUX HAHOHUTOK MAlOTh YyHIKalbHI
BJIACTUBOCTI, SIK1 POOJIATH X €(DEKTUBHUMHU y BUSIBJICHH1 HABITh HAJHU3bKUX KOHIIEHTpALIN
JIETKUX OPTaHIYHUX CHOJIYK 1 OloMapkepiB y AuxaHHi. Lle 0co6IMBO KOPUCHO /JIT TOYHOTO
XIMIYHOTO aHaji3y, OCKUIbKM JI03BOJISIE IIBHMJKO BHUABIATH cCHEUU(DIUHI MapKepH,
HalNpuKiIaj, aleToH, 0 € IHAUKATOpOoM JiabeTy, ab0 a30TOBMICHI CHOJYKH, TOB'SA3aHI 3
MATOJIOTISIMU JIETEHb 1 HUPOK. TakoXX Taki CEHCOPH € KIIOYOBUMU B MEXaHIYHUX
JTOCIIKEHHSAX TOIUXY B PEATBbHOMY Yaci, OCKITBKH MOXYTh BHUKOPHCTOBYBATHUCS JIJIS
BUSIBJICHHSI 3MiH Yy (DI3MYHOMY CTaHi Mij] 4ac cTpecy ado Gi3MYHUX HAaBaHTAXKEHb. Y CHOPTI
TaKi CEHCOPU MOKYTh KOHTPOJIIOBATH CTaH CHOPTCMEHIB, aHAMI3yIOYM TEMIT AUXaHHS Ta
OOMIHHI MPOLIECH Yepe3 XIMIYHUHM CKJIaJl IUXaHHS, 110 JI03BOJISIE ONEPATUBHO KOPUTYBATU
TPEHYBaHHS 1 BICTS)KYBaTH piBeHb BTOMH abo crpecy. Bimomo, mo juisi pi3HHX BHUIIB
JISTBHOCTI JTFOJJMHU MPUTaMaHHUM pi3HUH Temn noauxy: 10-14 moauxis /XxB — cTaH cHy, 14-
24 noauxiB /XB — cTaH (1310J0TIYHOTO CIIOKO0, 25-40 moauxiB /XB — (Di3UYHI TPEHYBaHHS
nmoMipHOi iIHTeHCUBHOCTI, 50-60 moanxiB /XB — IHTEHCUBHI (hi13U4HI TpeHYBaHH. O4YeBUTHO,
JUISL aHAJI3Y JUXaJIbHOT aKTUBHOCTI JIFOJUMHU ITiJT Yac Pi3HUX BUJIIB AISTILHOCTI HEOOX1THO
PO3pOOUTH CEHCOpH, SIKI O pearyBaiy Ha Jiana3oH KITbKOCTI MoauXiB 3a XBuwinHY 10-60.

5.1.2 Metoauka J0c/ilKeHb ceHCOpiB moauxy. B naniii po6oTi goCiimKeHHs
JUXaIbHOT aKTUBHOCTI JIFOJWHU MPOBOJWIN HAa BIJKPUTOMY MOBITpPi, JJII 4OTO CEHCOP
KpIMMUBCST HA HEPYXOMiM MiACTaBIll Ha pPiBHI oOnuuus JroawHu. [lig wac TecTyBaHHSA
CEHCOpIB 3/1MCHIOBABCS BIIMX-BUIUX HA poOOYy MOBEPXHIO Ipuiany. s AlarHOCTUKH
Oynu 0OpaHi EMHICHI CEHCOpH 3 Ta O€3 TOBEpXHEBOI MOAUDIKAII] 3 HAUOLIBIIUM BIATYKOM

Ta mBHAKOAIEr0. CUTHAN CeHCcopa MPEACTaBIIsAB 3MIHY €MHOCTI 3 4acOM i 4ac BAUXY —
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BUINXY. BUMiproBaHHs 3MiHM €MHOCTI 3 YacOM MpOBOAMIIOCA 3a gonomororo RLC merpa
ET4401 na gacroti 1 kl'm, skmif mepenaBaB iHGOPMAIII0O HA KOMITIOTEP 3a JOMOMOTOIO
CHEIiaJIbHO PO3pPOOJIECHOTO0 MPOrPaMHOTO 3a0e3MeueHHs] 3 BHUKOPUCTAHHSIM IPOTOKOITY
SCPI. 3a momoMoror ceHCOpiB MPOBOAMIOCS TOCTIIKCHHS JUXAHHS i3 JBOMa Pi3HUMH
TEMIIAaMU: TOBIIBHUM — JUXaHHSA Yy CTaHI CIIOKOIO Ta IIBHAKHA — JUXaHHS ITCIIA
IHTEHCHBHOTO (hi3MYHOTO HaBaHTKEHHs. TakoX MPOBOAMIOCS BUMIPIOBAHHS MMapaMeETpiB
CEHCOPIB 3a PI3HOTO CIIOCO0Y BUAUXY MOBITPS (POTOM Ta HOCOM). TakoX JOCIIHKyBaIacs

peaxiiisi cCeHcopa Ha 3aTpUMKY JAuxaHHg (puc. 5.1).

Pucynok 5.1 — Cxematuune 300pakeHHs CTEHAY AJI1 TECTYBaHHS CEHCOpY MoaAuxy: 1 —

RLC meter; 2 — koM’ 10Tep; 3 — po3poOJIeHU CEHCOP MOIUXY

5.1.3 Pe3yjbTaTH TeCTyBaHHs CeHCOpiB moauxy Ha ocHoBi macuBy KHH nus
aHAJI3y MeXaHIYHMX XAPAKTEPUCTHK MOAUXY JIIOAUHU. [[1s TecTyBaHHS CEHCOpIB
noauxy O0ynu oOpani: cencop 6e3 macuy KHH, 3 nemoaudikosanum macusom KHH Ta 3
MoaudikoBanum wmacuBom KHH (kucnotHa wmoaudikamis 3 dynepeHaMu, JTy>KHA
moaudikaris 3 dynepenamu, nyxHa momudikamiss 3 BBHT, myxna momudikaris 3
rpadeHoM). byso BctaHoBiieHo, 1m0 ceHcop 6e3 KHH pearyBaB Tiibku Ha TUXaHHS JIFOIUHA
pOTOM B cTaH1 (1310J0TIYHOTO CHOKO0 (MakcumyM 20 moauxis/xB), OyB HECTaOIIbLHUM B
gaci miJ 9ac BUJUXY POTOM Ta HE PO3PI3HAB BUJ IUXaHHS (BUIUX POTOM YU HOCOM).

JlonaBanHus 10 ckiagy ceHcopa macuB KHH mpusBesno 10 31aTHOCTI po3pi3HATUH AUXaHHS
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JIOJIMHU M1 Yac HE3HAYHOTo (PI3MYHOTO HaBaHTaXEHHsS (27 MOAMXIB/XB), MOKpAIIEHOT

CTaOLIPHOCTI Ta 3AATHOCTI PO3PI3HATH BUJ MOAUXY (BUAMX POTOM YU HOCOM) (puc.5.2 , a).

JuxaHHs Hocom/
IBHAKHI TeMI a)

0 20 40 60 80 100 120 140 tc

Juxanas Hocom/
IIBUAKHI TeMII 6)

25

20

15

C, nd

10

0 20 40 60 80 100 120 tc

Juxanas Hocom/ B)
IBUAKHI TEMII

0 10 20 30 40 50 60 70 80 90
tc

Pucynok 5.2 — Bruius HasiBHOCTI MacuBy KHH Ta cTpykTypHO-XiMiuyHOT Moaupikarii
MacUBY Ha CTaTHYHI Ta IWHAMIYHI XapaKTEPUCTUKU CEHCOPIB MOAUXY: a) 0€3 HaIBHOCTI

MmacuBy; 0) 3 macuBom KHH; B) 31 cTtpykTypHO-XimMiuHO Moau¢ikoBanuM macuBom KHH
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CrpykTypHO-XiMiuHa Moaudikamis nmoBepxHi mMacuBy KHH 3nauno Bmnmnyna Ha
MIBUIKICTh peakiii ceHcopa. 30kpema Oyi0 BCTaHOBJIEHO, IO KHCIOTHA MOIudiKaIlis
HE3HAYHO IOKpallnia IBUAKOAII0 ceHcopa (30 moamxiB/XB) Ha BIAMIHHY Bij JIYXKHOT
MoaudiKkallii, BAKOPUCTAHHS SKOi 1aJI0 3MOTY OTPUMATH CEHCOp, 110 3AATHUN PO3PI3HATU
TUXaHHS JIOAWHU Tiag dYac (I3MYHOTO HABAHTAXKCHHS CEPEIHBbOI 1HTEHCHUBHOCTI (35
noauxiB/xB) (puc. 5.2, 6). B cBoro uepry gomaBanHsa XiMigHOTO Moudikartopa (rpadeHny)
no syxHo-MoaudikoBaHoro macuBy KHH 3HauHO moOkpamuio mBHAKOMIIO A0 52
MOJIUX1B/XB, 1110 JJAJIO 3MOTY PO3PI3HATH TUXAHHS JIFOIUHU 1] 4aC IHTEHCUBHOTO (D 13MYHOTO
HaBaHTakeHHA (puc. 5.2, B). Takox ciia 3a3HaYUTH, 10 BCl OTPUMaHI CEHCOPHU 3JIaTHI
B1I0Opa)kaT 3aTPUMKY JAMXaHHSA, 10 BaXXJIMBO i Yac JIarHOCTHKU 3aXBOPIOBAHHS
JIUXaJIbHOT 200 CePIIeBO-CYIMHHOT CUCTEMH JIFOJICHKOTO OpraHi3My (arHoe yBi CHi, IH)apKT
Miokapaa Toio). OHaK U1 OLIIHKYU TEMITY MOJUXY MiJ 4ac 3aHATTS CHOPTOM (HANPHUKIIA,
OIroM) Ba)KJIMBO BUMIPIOBATU AWXAHHS JIIOJAWHU 4Y€pe3 HIC, a TAaKOX JJis 1HIIUX BUJIIB
CIOPTY 3 METOIO0 BUTOTOBJICHHSI HOCUMOTO ceHcopa. ToMmy OyJio JOCTIHKEHO TEMIT MMOJUXY
JIOJMHU 4Yepe3 Hic. 30KpeMa OyJio MoKa3aHo, 10 BEJIMYMHA BIATYKY CEHCOpa Ha BUIUX
HOCOM € 3HaYHO MEHIIIOI, aH1’K Ha BUJAMX POTOM, II0 OYEBUIAHO, OOYMOBIIEHO MEHIIUM
pPIBHEM BIJIHOCHOI BOJIOTOCTI Ta TEMIMEpPAaTypH MOBITPS, 10 BHAUXAETHCS, MOPIBHAHO 3
BUIUXOM dYepe3 poT. Ciij 3a3HAYWTH, MO0 HE JAWBISIYMCH HA MEHINY BEJIUYHMHY BIATYKY,
CeHCOpH 3 MOJU(DIKOBAHOIO MOBEPXHEIO TaPHO PO3PIZHSUIHM Pi3HI TEMITH BUJIUXY HOCOM JI0
(60 moauxiB 3a XBWIMHY), TOMY PO3pOOJEHI CEHCOPU NPOMOHYIOTHCS MJii HOCHUMHX

CEHCOPIB MOJUXY IS 3aHSATTS CIIOPTOM.

5.2.Cencopu 3amnaxy Ha ocHoBi Macury KHH

5.2.1 AkrtyajbHIiCTb Ppo3po0km ceHcopiB 3amaxy. CeHcopu 3amaxy, IO
BUKOPHUCTOBYIOTHCSI B €JIEKTPOHHOMY HOCI 3HAXOJSTh IIMPOKE 3aCTOCYBaHHS B XapyoBId
MIPOMHUCIIOBOCTI (BUKOPUCTOBYETHCSI JJII KOHTPOJIO SIKOCTI Ta CBIDKOCTI TPOIYKTIB,
inenTudikarmii  ¢ganpcudikatiB, a TaKOX JJISI ONTHUMI3allll MPOIECIB J03pIBaHHSA Ta
30epiraHHsl Xap4OBHX MPOAYKTIB), MEIUIIMHA (JIOMOMAara€ BUSBIISATH 3aXBOPIOBAaHHS Ha

OCHOBI aHaii3y MOBITPS, IO BUIUXAETHCSA, OCKIJIBKU TMEBHI MATOJIOTIi CYMPOBOIKYIOTHCS
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XapaKTepHUMH 3MIHAMH B XIMIYHOMY CKJIaJl JUXaHHSA), C€KOJOTIYHUM MOHITOPUHT
(BUKOPUCTOBYETHCS I KOHTPOJIO SIKOCTI TOBITPS, BUSBJICHHS TOKCHYHHX PEUYOBHH 1
MOHITOPUHTY IIPOMHUCJIOBUX BHUKHJIB), BIHCbKOBa Tally3b Ta OOpOTHOAa 3 TEPOPU3MOM
(BusiBieHHS BUOYXiBKHM). OJIHUM 13 TEPCHEKTUBHUX MarepiaiiB JJii CTBOPEHHS TaKHX
ceHcopiB € macuB KHH, siki 7eMOHCTPYIOTh BUCOKY UyTJIMBICTH JO JIETKUX OpPTaHIYHUX
CHOJIYK 3aBISKH YHIKQJIbHUM €JIEKTPUYHUM 1 CTPYKTYpPHUM BIacTUBOCTSAM. OjHaK,
CTpyKTypH. TomMy MOTpiOHO pO3pOOUTH BUCOKOUYTIUBUN Ta CENEKTUBHUN CEHCOp 3amaxy
Ha ocHoBl MacuBy KHH, 3pgaTHuii edexktuBHO po3mi3HaBaTH Ta KiIacu(pikyBaTu
PI3HOMaHITHI TPy Ta KJIACH Xap4yOBHMX IMPOAYKTIB, HAMOIB Ta €(ipiB, 3aBASKH JETEKII1
pizHoManiTHux JIOC y raszoBiii ¢azi. CeHcop Mae OyTH 37aTHUM 1AeHTU(IKYBATH
cnenu(ivHI 3amaxu, HapUKIad, I 3aCTOCYBaHHS B Xap4yOBii MPOMUCIOBOCTI, KOHTPOJII
SIKOCT1 HaIoiB ab0 JJIs1 METUYHO1 J1arHOCTUKH.

5.2.2 Metoauka mociigxenb ceHcopiB 3amaxy. CeHcopu B JaHiii poOoTti Oyiu
JOCIIKEH Ha BIUIMB NapiB HAIOIB, MapiB TBEPAMX NPOAYKTIB Ta mapiB e(ipis.
BumiproBaHHsI TpOBOMIIM 32 OJJHAKOBOTO 00’ €MY TECTOBHX KOHTEHHEPIB Ta 3a OJIHAKOBOI
Macd abo 00’eMy UUILOBOTO MPOAYKTY (IUIsI XapuyoBUX NPOIAYKTIB Ta piaus/edipis
BiAMoOBiAHO). [licis KOXHOTrO BUMIpPY peakilii Ha KOXKHY TIpYIy PEYOBUH BigOyBayiacs
IIPOyBKA TEIJTUM TOBITPSAM (/11 OUMILIEHHS MMOBEPXHI ceHcopa). Bumipu 3MiHU €MHOCTI
macuBy KHH mpoBogunucs 3a gomomororo RLC-metp ET4401 3 Tounictio 0,01%.
EdexTuBHICTD CEHCOPIB OIIIHIOBANACs HAa OCHOBI TaKWUX MapaMeTpiB: BEJIMYMHA CUTHAITY
CEHCOpa, CEJIEKTHBHICTh, IBHUIKOJISA Ta peBEepCUBHICTH (puc.5.3). Benwuumna curnamy
ceHcopa (3MiHa €EMHOCTI) 10 KOKHOTO IIJIbOBOTO MPOAYKTY PO3paxoByBaiacs SIK Pi3HULS
MaKCUMaJIbHOI Ta MiHIMaIbHOT €MHOCTI npuiaay. CeleKTUBHICTD B KOKHIHN TPYII IIJTOBUX
MPOJAYKTIB OIliHIOBajgacs SK BIJHOCHA 3MiHa CHUTHAJy CEHCOpa Ha MPOAYKTH, IO
BUKJIMKAIOTh HaWOUIbIIy Ta HaWMeHIny peakimito npwiaay. [lIBuakoxito mnpuiamy
BU3HAYAJIN SIK TPUBAIICTh OJHOTO LMKy BUMIpY (BIATYKY Ta BIJIHOBJIEHHS C€HCOpa IiCIs
MEePEMIILICHHS] 3 YHUCTOr0 TOBITPS JO CEPEAOBHINA, IO MICTUTh IUILOBUN MPOIYKT 1
HaBMaKku). PeBepCHBHICTH OIIHIOBAJIM HA OCHOBI 3JaTHOCTI CEHCOpa IMOBEPHYTHUCS 0

MOYATKOBOTO CTaHy MiCIs PEaKIii Ha HITbOBHM MPOTYKT.
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TTET

Pucynok 5.3 — Cxema BUMIPIOBAJIBHOTO CTEHy JATYMKIB 3anaxy: | — HOyTOyK; 2 —

BuMiptoBad RLC; 3 — po3po0ieHuil natuuk 3anaxy; 4 — TeCTOBI KOHTEHHEPHU

JUis mOoCHiIKEHHST CEHCOpy 3amaxy JJis pi3HOrO 3aCTOCYBaHHS Ta BCTAaHOBJICHHS
CEJICKTUBHOCTI OYJI0 3aMpOBa)KEHO TaKi IPyNH PeYOBHH: 0€3aJIKOT0JIbHI HETa30BaH1 HAIO1
(uucTa Bona, BoAa 3 AOJYYHUM CMakoOM, BOJAA 3 JUMOHHUM CMAaKOM, CiK BUIIHEBHH, CIK
MyJIbTU(GPYKTOBHH, CIK TPAHATOBHIA, CIK TOMAaTHHI1), 0€3aJIKOT0JIbHI ra30BaH1 HAMoi (KoKa-
KoJa, aHTa, TOHIK), 0XOJIO/PKEH1 10 KIMHATHOI TeMIIepaTypu rapadl Hanoi (4ai 31 CMakom
MepCcuKy, OepraMmoTy, cayceny Ta HUTpyc/Mesica, HaTypajlbHa KaBa, OXOJIOJKEHA KaBa 3
MOJIOKOM), MOJIOYHI Hamoi (MOJIOKO, aiipaH, kedip), ciaboaiakoroibHi Hamoi (OepMmikc,
cuzp, CBITJIe MUBO, TEMHE NMHUBO, MILIHE MTUBO), BEpMYTH (BUHO O1JIe CyXe Ta HaliBCOIOJKE,
BUHO YEPBOHE CyX€ Ta HAIIBCOJIOJKE, BUHO ITPUCTE), MIIHI AJIKOTOJIbHI Hamoi (TeKinia,
KOHBSIK, TOPUJIKA, BICKI Ta cupT), edipu (0l COCHU, KePY, TBO3UKU, M SITH, JTaBAaHIH Ta
YyailHOro nepeBa), TBEPJl MPOAYKTU XapuyBaHHA (CIMBa, IUHA, CUD, UL, (lie KypKH,
CBIXKa puba, ocenenerb, CKyMOopis).

5.2.3 Pe3yabTaTu TeCcTyBaHHSl CeHCOpiB 3amaxy Ha ocHoBi macuBy KHH nus
aHai3y pi3Hux BUAIB epipHuX oJiii. [1es BUMIpy BIATYKY CeHcopa Ha pi3Hi BUaAH edipiB
MoJIsiTae B UTFOCTpallii 3aTHOCTI PO3PI3HATH HUM PI3HOMAHITHI 3amaxyd MiX 0000, 10
MOXE€ BHUKOPHCTOBYBaTHCS B Tmapdymepii, MEAUIIMHI Ta BUPOOHMUIITBI KOCMETHUKH 1

noOyTOBUX XIMIYHUX 3aco0iB. [ TecTyBaHHS ceHCOpiB 3amaxy edipiB Oynau oOpaHi
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HaACTymHI 3pa3ku: ceHcop 6e3 macuBy KHH, cencop 3 macuBom KHH Ta cencop 3
moaudikoBaaum macuBoM KHH (kucioTHa Ta myxHa CTpyKTypHa MOAU(IKaIlis, KUCIOTHA
moaudikaris 3 BBHT, myxna moaudikaris 3 BBHT, kucnorna monudikariist 3 rpadeHoM).
Kucnorna mopudikaiiss mpusBena A0 3HAYHOTO MOKpaIleHHS MBUAKOAIT (puc. 5.4).
30kpeMa OAH IIUKJ BUMIPY MPUCYTHOCTI €pipy B OKOJIi CEHCOpa CTaHOBUB OJM3bKO 53 ¢

st cencopa Ha ocHoBl KHH Ta 33 ¢ 1151 ceHcopiB 3 KUCIOTHOIO MOIU(PiKaIII€ETO.
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Pucynox 5.4 — Kpusi Biiryky cencopa 3 HeMoau(ikoBaHOIO Ta MOAN(IKOBAHOO

MOBEPXHEIO HA PI3HI BUAM €PipHUX O

Takox OyJI0 BCTAHOBJICHO, IO KHCJIOTHA MOAW(]IKaIis TPHU3BOJUTH 10 IMOKpPAIICHHS
PEBEPCUBHOCTI POOOTH Tpuiaaay, TOOTO CEHCOp 3 MOAU(DIKOBAHOK TMOBEPXHEIO
BIJIHOBIIIOBABCSA JO0 TIOYAaTKOBOTO 3HAYECHHS BHUMIpPIB Ha BIiAMIHY B CceHcopa 3
HeMmo I (ikoBaHOIO MOBepXHEr0. OIHAK CJiJ 3a3HAYUTH, 10 KHCJIOTHA MOJMQIKaIlis
MPU3BOAUTE 0 HE3HAYHOI'O MOKPAIICHHS CEJIEKTUBHOCTI JI0 Pi3HUX BUAIB eipHUX OJIiH.
Benuuuna ceneKkTUBHOCTI 11 HEMOAM(PIKOBAHOTO Ta CTPYKTYPHO MOAM(PIKOBAHOTO
ceHcopa crtaHoBuia 3 Ta 4,4 pasiB BiamnosigHo. B cBowo uepry, nomaBanus BBHT no
cTpyKTypHO MoaudikoBaHoro MacuBy KHH 3011b1110 cenexkTuBHICTh ceHcopa B 3,2 pasu.
Hampuknazn, BIATYK CTPYKTYpHO Ta XIMIYHO MOAM(IKOBAHOTO CEHCOpa Ha edipHy OJito
COCHH BIJIPI3HAETHCS BiJI BIATYKY Ha e(ipHY OJito yaitHOro gepeBa Maibke B 14 pasis. [Ipu

[bOMY HIBUJKO/IISI CEHCOpA HE MOTipIInacs.
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5.2.4 Pe3yJbTaTH TeCTyBAaHHSI CeHCOpiB 3amaxy Ha ocHoBi macuBy KHH nis
aHaJIi3y Pi3HUX BUAIB Xap40BHX NPOAYKTIB. [71e51 1OCTiIKEeHHS BIITYKY CEHCOPIB Ha Pi3Hi
BUJIU TBEPJIUX MIPOJIYKTIB MOJISITAE B TOMY, IO TaKi CEHCOPU MOXKYTh OyTH BUKOPUCTaHI JJIst
imeHTudikarii pi3HUX BHUAIB MPOJYKTIB 3a iX 3amaxoM, HAIpHUKIIAJ, NI BCTAaHOBJICHHS
CTYII€HI TOTOBHOCTI MPOAYKTY MiJ 4Yac BUTOTOBIICHHS, JJIsl IEPEBIPKH CBIXKOCTI MPOTYKTIB
i yac 30epirands (eIeKTPOHHHM Hic) Tomo. ToMy TOCTIAHI TPOAYyKTH OyJM po30UTI Ha
TaKi Tpynu sK: GpyKTH (IUHS Ta cauBa), MOJIOUHI (cup), M’sico (dine Kypku), puda (cBixa
puba, ocenenenb Ta CKyMOpisi). st TecTyBaHHS CEHCOPIB 3alaxy XapuyoOBUX MPOJYKTIB
Oynu oOpaHi HacTyIHI 3pa3ku: ceHcop 0e3 macuBy KHH, cencop 3 HeMomudikoBaHuM
macuBoM KHH Tta cencop 3 monudixkoBanum macuBom KHH (kucinorHa ta iyxHa
CTPYKTypHa Moaudikaris, kuciorHa moaudikaitis 3 BBHT, myxaa moaudikamis 3 BBHT,
KHciIoTHA Monauikauis 3 rpadenom). KucimotHa monudikanis mnpusBena 10 3HAYHOTO
MOKpaIIeHHs BHUIKOILL (puc. 5.5). 30kpeMa OJIMH IIUKJ BUMIPY HMPHUCYTHOCTI MapiB 1K1 B
OKOJI1 ceHcopa (BITYK Ta BITHOBJIEHHS) CTaHOBUB OJM3bko 90 ¢ 11 ceHcopa Ha OCHOBI
KHH Ta 30 ¢ nns ceHcopiB 3 KMUCIOTHOWO Moaudikaiiero. Takox Oy0 BCTaHOBJICHO, 1110
KUCIIOTHA MOAMQIKAIS MPU3BOIUTH JI0 TMOKPAIICHHS MAaKCUMAaJIbHOI 3MIHU CUTHAIY
CEHCOpPY Ha JIOCIIPKYBaHy PEYOBHHY B 3 pa3u Ha BiIMIHY BiJ] CEHCOpa 3 HEMOIU(]IKOBaHOIO
noBepxHero. OpHak Clij 3a3HA4YUTH, IO KUCIOTHAa MoAu(ikaiis MTPU3BOAUTH O
HE3HAYHOTO TIOTIPIIEHHS CEJIEKTUBHOCTI [0 TMapiB PI3HUX MpOayKTiB. Benununna
CEJIEKTUBHOCTI 11 HEMOAM(PIKOBAHOIO Ta CTPYKTYPHO MOAM(PIKOBAHOIO CEHCOpa
cranoBmia 1,9 ta 1,75 pasiB BianosinHo. B cBoro uepry, nogaBanns bBBHT no ctpykrypHO
moaudikoBanoro macuBy KHH 36imbmmiio cenektuBHICTS ceHcopa B 1,5 pasu. Hampukian,
peaKIlis CTPYKTYpPHO Ta XiMIYHO MOAM(IKOBAHOTO CEHCOpa Ha Mapu JIUHI BIAPI3HIETHCS BiJl
peaxinii Ha mapu CBiXoi pubu Maibxke B 2,7 pa3su. Bapro 3aznauntu, mo Hanecenuss bBBHT
Ha CTPYKTYpHO MOAMG(IKOBaHY IIOBEPXHIO CEHCOpa NPHU3BOAWTH JI0 TOJAJIBIIOTO
MOKpAaIICHHS MaKCUMAJIBHOI 3MiHH HOTO CUTHAITY B 2,4 pa3u. [Ipu 11boMy MIBHAKOIS TAKOTO
ceHcopa (65 ¢) MOTIPIIMIOCS TMOPIBHSIHO 31 CTPYKTYPHO MOJU(DIKOBAHUM CEHCOPOM, alie
3HAYHO MOKPAIIUIIOCS TTOPIBHSIHO 3 ceHcopoM Oe3 moaudikaliii. OKkpemMo CJiiji 3a3HAYUTH,
10 OTPUMaH1 CEHCOPH MPOSIBISIIOTH KPallly PEBEPCUBHICTh CUTHAILY IPH A1 MapiB XapuOBUX

MPOAYKTIB, aHDK 10 apiB e(ipiB. Sk BUIHO 3 pHC. 5.5 CTPyKTypHa Ta XiMiuHa MOAH]IKAIis
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macuBy KHH pama MOXXITUBICTH CEHCOpPY HAa MOTO OCHOBI PO3PI3HATH MPOAYKTH, SKi
BIJTHOCSITHCSI JIO PI3HUX KATETOPiit: PPyKTU—KUCIOMOIOUHI—MSICHI Ta pUOH1 IPOAYKTH.

B po60Ti Takox MPOBOAMIIOCS TECTYBaHHS CEHCOPA ISl OI[IHKHM CBIXKOCTI MPOIYKTIB.
30kpema OyJ10 BCTAHOBJICHO, III0 MAaKCUMaJlbHA 3MIHA BEJIMUMHU CUTHAJY 3pociia Maike y
7IBa pasu, micist ABOX A10 30epiraHHs M’sica KypKU Ha BIIKPUTOMY TMOBITp1 (Ha BCTaBIII PHC.
5.5). Le cBiquuth mpo 3MmiHy XimiuHoro ckiany JIOC, mo BHAUIAIOTBCS 3 MOBEPXHI

HECBIXKOTO TTPOTYKTA.
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Pucynox 5.5 — Kpugi Biiryky cencopa 3 HeMoAu(iKOBaHOIO Ta MOAN(IKOBAHOIO
MOBEPXHEIO Ha PI3HI BUIU XapUOBUX MPoayKTiB. Ha BcTaBll HaBeIEHO MOPIBHIHHS

BIJITYKY CEHCOpPa Ha CBKHIM Ta HECBIKHI 3amax M’ sca KypKH

5.2.4 Pe3yabTaTH TeCTyBaHHSl CeHCOpPiB 3amaxy Ha ocHoBi macuBy KHH nus
aHaJi3y pi3HUX BUAIB HANoIB. [11es TOCTIKEHHS BIATYKY CEHCOPIB Ha Pi3H1 BUJW HAIOIB
MOJISITa€ B TOMY, IO TaKl CEHCOPU MOXYTh OyTH BUKOPHUCTaH1 I 1IeHTU]IKALI] pI3HUX
BH/IIB HAIOIB 3a 1X 3aMaxoM, HaIPUKJIa/1, JUTsl BCTAHOBJICHHS CTYIICHI TOTOBHOCTI TIPOYKTY
1]l YaC BUTOTOBJICHHSI, JJI1 3aXUCTy BiJ MiAPOOKH MapKOBAHUX HAMOIB (€JIEKTPOHHOTO
comenbe) Tomo. ToMy IOCiHI Hamoi OyIu po30UTI Ha Taki TPYNHU SK: MII[HI aJIKOTOJIbHI
Hanoi (> 30 % 00), BepmyTt (>10% 006<30% 00), craboankoronsHi Hamoi (<10% 00),
rapsidi Hamoi, 6e3aJKoroIbH1 ra30BaHi HaIo1, O€3aJIKOTOJIbHI HETa30BaH1 HAMO1 Ta MOJIOYHI1
Haroi. /{715 TecTyBaHHS CEHCOPIB 3amaxy HamoiB Oy 00paHi HACTYMHI 3pa3Ku: CEHCOp 0e3

macuBy KHH, cencop 3 macuBom KHH Ta cencop 3 moaudikoBanum macusom KHH
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(KucIIOTHA Ta JY)KHA CTPYKTypHa Moaudikallis, kuciaotHa moaudikaiis 3 BBHT, myxna
moaudikaris 3 BBHT, kucinorna moaudikariis 3 rpagerom). Ha puc. 5.6 HaBeneHo peakiniro
CEHCOPIB Ha Pi3HI BUJIM HAIOIB 3 TPYMNH MiIHI aJKoroJjibHi1 Hamoi. Kucinorna Moaudikarris
pu3Besia A0 3HAYHOTO MOKPAIIeHHS MIBUAKO/AII. 30KpeMa OJIMH LUK BUMIPY MPUCYTHOCTI
napiB HarmoiB B OKOJIi ceHcopa cTaHOBUB 0113bK0 80 ¢ aiist ceHcopa Ha ocHoBi KHH 1a 36 ¢
JUISL CEHCOPIB 3 KHUCIOTHOI Mojaudikaiiero. Takoxx OyJo BCTaHOBJICHO, IO KHUCJIOTHA
Moau(ikaIis MpU3BOAUTH 10 MOKPAIICHHS MaKCHMajbHOI 3MIHM CHUTHANly CEHCOpY Ha
JOCIIKYBaHy PEYOBUHY MaiKe Ha MOPSI0K Ha BIAMIHY Bl CEHCOpa 3 HEMOAU(PIKOBAHOIO
noBepxHero. OJHAK CIi 3a3HAYUTH, L0 KHUCIOTHA Mojau(iKalis NpU3BOIUTH [0
MOTIPUIEHHSI CEJIEKTUBHOCTI 10 MAapIB PI3HUX MPOAYKTIB. BenuunHa CEeNeKTUBHOCTI IS
HEMOIU(PIKOBAHOTO Ta CTPYKTYPHO MOIM(DIKOBAHOTO CEHCopa cTaHOBMIa 2,9 Ta 1,63 pasis
B1AMOB1IHO. B cBoto uepry, nonaBanuss bBHT no cTpykTypHO MOAHM(IKOBAHOIO MacuBy
KHH 3061np1uno ceneKTUBHICTh ceHcopa B 1,9 pasu. Hanpukias, peakiiis CTpyKTypHO Ta
XIMIYHO MO IM(IKOBAHOTO CEHCOpa Ha IMapy BICKI BIJIPI3HSETHCS Bij peakilii Ha mapu
YUCTOTO €TUI0BOro cnupty B 3,14 pasu. Bapto 3a3nHaumtu, mo HaneceHHs BBHT nHa
CTPYKTYpPHO MOAM(IKOBaHY MOBEPXHIO CEHCOpPA MPU3BOAUTH J0 MOAAJIBIIOT0 NOKPALICHHS
MaKCHUMaJIbHOI 3MIHHM HOTO curHaiy B 3,24 pasu. [Ipu 1boMy MIBUIKOIiSI TAKOTO CEHCOpa HE
noripumiacs (32 ¢) MOPIBHSAHO 31 CTPYKTYPHO MOAM(PIKOBAHUM CEHCOPOM, aje 3HAayHO
MOKpAIIWIOCS TOPIBHSHO 3 ceHcopoM 0e3 moaudikarii. OkpemMo ciijJi 3a3HAYUTH, 1110
OTPUMaHI1 CEHCOPHU MPOSBIISIIOTH Kpally peBEPCUBHICTh CUTHAITY MPH JIii apiB HAIOIB, aH1kK
1o napiB edipiB. Sk BUIHO 3 puc. 5.6, CTpyKTypHa Ta xiMiuHa Moaudikaris macusy KHH
Jlaia MOXJIMBICTh CEHCOPY Ha HOTO OCHOBI PO3PI3HATH Pi3HI BUAM MIITHOTO AJIKOTOIIIO.
Benuka BIIMIHHICTH MIX HamosIMA B TPyl MIIHUX aJKOTOJbHUX HAIOIB Ta YUCTUM
€TWJIOBUM CIIUPTOM CBITYUTH MPO 3HAYHUHN BIUIUB apOMATUYHUX TOOABOK JI0 HAMOIB, a HE
BMICT ajKorojito. B poOOTI TakoX NpPOBOAMIIOCS TECTYBaHHS CEHCOpa MIXK PI3HUMHU
rpynaMy ajKoroJbHUX HAmoiB, SIKI CYTTE€BO BIIPI3HIIOTHCS BMICTOM aJKOTONI0. 30KpeMa
OyJl0 BCTaHOBJICHO, 10 MaKCHUMajJbHa 3MIHAa BEJIIMYMHU CHUTHAIY PI3KO 3pOCTaE MpHU
nepexojii MK rpynamMu cJiad0ajaKoroJibHI Hamoi — BEPMYTH — MIIIHI aJKOTOJIbHI Haroi
(BctaBka 10 puc. 5.6). OTpuMaHi pe3ynbTaTd MIATBEPIKYIOTh 3[aTHICTh PO3POOJICHUX

CeHCOpiB BHUKOPHUCTOBYBATHUCA AJII BUTOTOBJICHHS CIICKTPOHHOTO COMCIIBE.
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Pucynok 5.6 — KpuBi BIATyKy ceHcopa 3 HE MOJIM(PIKOBAHOIO Ta MOAU(PIKOBAHOIO
MOBEPXHEIO Ha Pi3HI BUJM MIITHUX aJKOT0JIbHUX HaroiB. Ha BcTaBIi HaBeIEeHO
MOPIBHSHHSA BIATYKY CEHCOpa 3 MOAN(IKOBAHOIO MOBEPXHEIO HA Pi3HI IPyIHU

AJIKOTOJILHUX HAIIO1B

Pe3ynbTaTi 1OCHIIKEHHSI CEHCOPIB Ha 1HIIl IpyIU HAMoiB HaBeleHl B Tadu. b.19.
Mosxna OGauutu, MmO CTpyKTypHa Monudikaris noBepxHi macuBy KHH mnpussena no
NEPEBaXKHOTO 3pOCTaHHSI CUTHAJTy CEHCOopa J0 PI3HUX IPYIl HAIO1B, B TOM Yac K A0JaBaHHS
XIMIYHOT MOM]iKallii ceHcopa Mpu3Bena 10 301IbIIEHHS CUTHATY CeHcopa Ha 1-2 mopsiiku.
Oxpim Toro 3 Tabn. b.19 BuaHo, mo cercopu 0e3 Momudikalli MpOsSBHIA HaWKparry
CEJIEKTUBHICTh B TPYIll CIA00AJIKOTOJIBHUX HAMOiB, a cCaMe: BEJIMYMHA CUTHANy TaKOTO
ceHcopa Ha OepMiKC Ta TeMHE MUBO BiApi3HIEThCA B 1,9 pasiB. B cBor depry ceHcopwu 3
CTPYKTYPHOIO MOAM(IKAIIIEIO TPOSIBUIIM HAMKpAIy CEIEKTUBHICTh B TpyMax rapsdi Hamofi,
0e3aJKorojbHI, ra3oBaHl Ta HerazoBaHi Hamnoi. Hanmpukman, mans rpynu 0e3aKoroibHHX
ra3oBaHMUX HAIMOIB BIAMIHHICTh y CUTHAJ CEHCOpA Ha TOHIK 1 KONy cTaHoBMiIa 1.6 pasis. B
rpyIi raps4l Hamoi ceHcop 3abe3neuyyBaB BIAMIHHICTh Y BIATYKY B JIBa pa3d Ha KaBy 3
MOJIOKOM Ta 4ail uuTpyc/menica. B cBoro yepry B rpymi 6€3 aJIkoroJibHi HEra3oBaHl Haroi
BIIMIHHICTh y CHTHaJIi CTAHOBHWJIA Maiike 3 pasu (Boja — rpaHaToBui Cik). CTPyKTYpHO Ta
XIMIYHO MOJU(DIKOBaHI CEHCOp MPOJIEMOHCTPYBaB HaMKpally CENEeKTHBHICTh B TpyIax

HaMoiB MIIHI aJKOTOJbHI Hamoi, BepMyTu Ta MojouHi Hamoi (3,14, 2,14 ta 1,65 pa3siB
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BIJIMOBIJIHO). 30KpeMa BIJIMIHHICTh Y BIATYKY CEHCOpa Ha MOJIOKO Ta aiipaH ctaHoBujia 1,65
pasiB. B rpymi BepMyTiB curHal ceHcopa BiApi3HsBCS B 2,14 pa3iB mpu nepexoi Big 6110ro
HaTBCOJIOIKOTO JIO YePBOHOTO CyXOro BuHa. Hail0OinbIma ceJIeKTUBHICTh CIIoCTepiranacs B
IpyIi MIITHUX aJKOTOJIbHMX HamoiB: B 3,14 pasiB BIAPI3HAETHCS CUTHAJI CEHCOpa MpHU
Mepexoi BiJ €THUJIOBOTO CIUPTY A0 Bicki. Takox OyJl0 BCTaHOBJIEHO, IO IS BCIX
JTOCITIDKEHUX TPYIl HAmoiB, HEMOAM(IKOBAHI CEHCOPH JEMOHCTPYIOTh HAWMOBUIBHIIINN
BiAryK (Bix 70 10 93 ¢), a HAMIMIBUAIINHN BIATYK CIIOCTEPITaBCs ISl CEHCOPa 31 CTPYKTYPHOIO
MoaudikoBaHOIO oBepxHeto (Big 19 m1o 46 c). [Ipu nbomy ximMiuHa MoaudiKallisi TOBEpXHI

CEHCOpa HEe3HAYHO MOTIpIIiIa Horo mBuAKoAito (Bix 32 10 53 ¢).

5.3 Cencopu numy Ha ocHoBi MacuBy KHH

5.3.1 AkryaabHicTb po3poOku ceHcopiB numy. Cencopu numy Ha ocHoBl KHH
PO3pOOISAIOTHCST JIE BUSIBJICHHS Ta MOHITOPUHTY HIKIJJIMBUX Ta3iB 1 YaCTUHOK, IO
MICTATBCS B JUMY. 3aBASKHA YHIKQJIbHUM EJICKTPOHHHM 1 CTPYKTYPHHM BIJIACTHUBOCTSIM
KPEMHIEBUX HAHOHUTOK, TaKi CEHCOPH 37aTH1 BUSBISATH HE3HAYHI KOHIICHTpPAIlli TOKCHYHHUX
rasis, 30kpema yagHoro razy (CO), niokcumny azoty (NO:z), JIeTKUX OpraHiYHUX CIOJIYK Ta
JIpIOHOAUCTIEPCHUX YACTUHOK, K1 YaCTO CYMPOBOJIKYIOTH TUM TI1]T 4ac MOXkKex a00 maiHHS
urapok. Po3po0OsieHi ceHCopu MOXYTh BUKOPHUCTOBYBATHUCS B CHCTEMax pPaHHBOTO
BUSIBJICHHSI TIOKEXK, IO CHPUATUME MIBHUIIIOMY pEaryBaHHIO 1 3MEHIICHHIO PHU3HUKY
MOIUPEHHS MOXEXK1. B crucTeMax MOHITOPUHTY SIKOCTI TTOBITPS B 3aKPUTHUX MPUMIIICHHSIX:
CEHCOPU MOXYTh MOCTIHO KOHTPOJIIOBATH PiBEHB 3a0pyAHEHHS TOBITPS B MPUMIIICHHSIX,
7€ BUKOPHCTOBYIOTBCS JKEpesia BOTHIO a00 MajsATh IUTapKh HE3aJICKHO BiJ iX THITY,
MOTIEPE/KAIOYM MEIIKAHIIB TMpO TMIABUINCHI piBHI TOKCHYHHX Ta3iB. B cucremax
COIIAIBHOTO MOHITOPUHTY: CEHCOPH MOXKYTh KOHTPOJIFOBATH 3JIOBKMBAHHIM 3a00POHOIO
NaJiHHS [UTapOK B 3a00POHEHUX MICIISX.

5.3.2 Meroauka aociaigkeHb ceHcopiB aumy. CeHcopu B JaHiii poboti Oynum
JOCIIJKEH1 Ha UM PI3HUX LIMTApOK, K apOMAaTHUYHUX, TaK 1 3 PI3HUM BMICTOM HIKOTHHY.
BumiproBaHHS pOBOAMIIN 32 OJTHAKOBOTO 00’ €MY TECTOBOI KaMepH Ta MOBHICTIO CHIATICHOT

nurapku. J7s mogadi 1uMy BiJ CriajieHOT IUTapKu B KaMepy Ta OYMIIEHHS i1 B 3aJIUINKIB
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MMy BUKOPUCTOBYBaBcsl Komrpecop. Bumipu 3minu emHocti MmacuBy KHH npoBoauimcs
3a ponmomoroto RLC-merp ET4401 3 Toumictio 0,01%. EdektuBnicth ceHCOpPIB
OILIIHIOBAJIaCAd Ha OCHOBI TaKWX MapaMeTpiB: BEJIMYMHA CUTHAITY CEHCOpa, CEJIEKTUBHICTD,
IIBUJIKOJIISI Ta PEBEPCUBHICTh. BenuumHa curHany ceHcopa (3MiHa €MHOCTI) JI0 KOXKHOTO
TUIy LUTApOK pO3paxoByBajlacsi SIK PI3HUIS MaKCHMaJbHOI Ta MIHIMajabHOI €MHOCTI
npwiany. CeleKTUBHICTh OIIHIOBAJIacid SIK BIAHOCHA 3MIHAa CHUTHAjly CEHcOopa Ha UM
[TapoOK, 10 BHKJIMKAIOTh HAWOUIBIY Ta HaWMEHINy peakmiro mnpuiamy. LlIBuakomiro
MpWIay BU3HAYAIM SIK TPUBAIICTH OJHOIO IUKIY BHUMIpY (BIATYKY Ta BiJHOBIICHHS
CEHCOopa MICJIs MEePEMIILIEHHS 3 YUCTOTO MOBITPS A0 CEPEIOBHUIIA, 110 MICTUTh IUM LIUTAPOK
1 HaBmaku). PeBepCUBHICTh OLIIHIOBAJIM HAa OCHOBI 3JaTHOCTI CEHCOpa MOBEPHYTHUCS 10
MOYATKOBOTO CTaHy MiCJA peakilii Ha AUM Iurapok. besnocepenHbo mpuitMaiu y4yacTh B
JOCIIKeHH] urapku Takux coptiB: Demi Blue , Demi Purple, Demi Coral, Demi Amber,

Demi Green, Demi Mix Royals, Royals Red.

Pucynok 5.7 — Cxema BUMIpPIOBAJILHOTO CTEHIY AATYUKIB TUMY: 1 — HOYTOYK; 2 —
BumiptoBad RLC ; 3 — naTtuyuk 3anaxy; 4 — TeCTOBa KaMmepa; 5 — OCHACTKa JyIsl ITUrapKu; 6
— CUCTEeMa BIJIKauyBaHHS MOBITPS

5.3.3 Pe3yabTaTH TecTyBaHHsl CeHcopiB aumy Ha ocHoBi macuBy KHH s
aHaJi3y pi3HUX BHIIB IUrapok. [nes HOoCiiKeHHS BiATYKY CEHCOpIB Ha UM ITUTapOK
MOJISITa€ B TOMY, IO TaKi CEHCOPU MOXYTh OyTH BUKOPHCTaHI JUIsl BUSBJICHHS KypiHHS B
3a00pOHEHMX MICISIX Ta 1AeHTH(IKALIi pi3HUX BUAIB LIUTApOK 3a iX 3alaxoM, HApUKIa,

JUISL TIOTIEPEIKEHHSI KYpIHHS B NPUMIMICHHSIX 3 BUOYXOHEOE3NEYHUMHU PEYOBHHAMM,
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IPOMAJICHKUX MICISIX Ta HEMOBHONITHIMH B HaBuUalbHUX 3akianax. Kpim Toro,
iaeHTrudikaIis Mapky UTapoK 3a iX 3aMaxoM € Ba)JIHUBOIO B 00pOTHOI 3 MiapoOKaMu Ta B
KpuMiHaiicTuil. ToMy A0CIiIHI 3pa3ku Oy miidpaHi OJHOTO BUPOOHUKA, ajie 3 PI3HUMU
apOMaTUYHUMU J00aBKaMU Ta BMICTOM HIKOTHUHY.JlJIsI TECTYBaHHS CEHCOPIB UMY LIUTAPOK
Oynmu oOpani HacTymHi 3pa3ku: ceHcop 0e3 macuBy KHH, cencop 3 memomudikoBanum
macuBoMm KHH Tta cencop 3 moaudikoBanum macuBom KHH (kucioTHa Ta nyHa
cTpykTtypHa Moaudikaiisi, kuciaorna moaudikaris 3 BBHT, myxna momudikaris 3 bBH,
KHCJIOTHA Mojtudikarlis 3 rpageHom).
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Pucynok 5.8 — KpuBi BiAryky cencopa 3 He MOJIM(PiKOBaHOIO Ta MOAU(]PIKOBAHOIO
MOBEPXHEIO HA PI3HI BUAM IUMY LIUTAPOK

byno BcranoBneno, mo cencop 0Oe3 KHH xapakrtepusyBaBcs HaWHIKYOIO
BEJIMYMHOIO CUTHAITY Ta CEJIEKTUBHICTIO IO UMY Urapok pizaux mapok (0,12 ud ta 1,26
BIJIMOBIHO), a TaKOXX HU3bKOW MmBHiakoaiero (115 c). [lomaBaHHs 10 CKiIaay CEHCOPY
macuBy KHH mpusBeno mo kparoi 37aTHOCTI pO3PI3HATH JUM IUTapOK PIi3HUX MapoK
(1,74), a takox mo gemnio mokpamieHoi mBuAKomli (93 ¢). CrpykrypHa moaudikariis
noBepxHi MacuBy KHH 3HauHo BIMHYyJa Ha MIBUAKICTh peakiii ceHcopa. 30Kpema
KHCJIOTHA Ta Jy>KHa MoOAWQIKaIis MOKpaluiIN IIBHIKOIII0 ceHcopa M0 52 Ta 49 c
BiAMOBIAHO. OJIHAK TP 1IBOMY JEHI0 MOTIPIIYEThCS CENEKTUBHICTH MpuiadiB (go 1,25-
1,69). B cBoto wuepry npomaBanHs ximiuHoro wmopaudikatopa (BBHT) mo myxHo-

moaudikoBanoro Macupy KHH 3HauHO moOkpamuiao CeneKTHBHICTh CEHCopa 10 2 pasiB
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(puc. 5.8), mo gano 3mMory eheKTUBHO PO3PI3HATH Mapku nurapok. Ciij 3a3HaudTH, IO
CEHCOp 3 TaKoK MOJU(IKAI€I0 Mae CBOIM HEAOIIKOM MOTIPIICHY IIBUAKOMAII0. ToMy B
3aJIe)KHOCTI BiJl 00J1aCTi 3aCTOCYBaHHS PEKOMEHAYETHCS HACTYITHE: /ISl MIBUIKOT JETEKIT
HasBHOCTI UMY ITUTapOK BUKOPHCTOBYBATH Jy»HO MoaudikoBanuit macuB KHH, a mms

O1IIBII01 CeNIEKTUBHOCTI — Iy>kHO MoudikoBanuii macuB KHH 3 Hanecenum mapom bBHT.

BucHoBkmu 10 po3aiiy 5

B nanomy po3zaini Oyiio HaBeIeHO pe3yIbTaTH JOCTIIKEHHS BUTOTOBJIEHUX EMHICHUX
CEHCOPIB JIJIA aHai3y MOJUXY, 3aMaxy Ta AUMy. 30kpeMa OyJI0 BCTAHOBIICHO, 110 CEHCOPHU
3 MoJu(]iKOBaHOIO TMOBEpXHEI (IMy>kHa Moaudikaiis Ta map rpadeHy) Halkpaie
PO3PI3HAIM PI3HI TEMIIM BUIWXY JIIOJUHHU, TPUUYOMY SIK POTOM, TaK 1 HOCOM, TOMY
PO3p00IIEH1 CEHCOPH MPOTMIOHYIOTHCS JIJIsl BAKOPUCTAHHS B HOCUMUX MPHIIafiax JJisd aHATi3y
HNOJUXY MiJ Yac 3aHATTs CopToM. B cBOIO uepry, JjIsi CEHCOpIB 3amaxy, Kl peecTpyoTh
pi3HI BuUaM edipiB, HAMOIB Ta XapyoBHUX MPOAYKTIB, HaWKpalll pe3yJbTaTd II0A0
CEJICKTMBHOCTI Ta IIBUJIKOJII 3a0e3medyBana kuciaoTHa moaudikamis 3 mapom BBHT.
OTpumaHi ceHCOpU MOXKYTh OYyTH BHKOPUCTAHI NIl PO3POOKU €IEKTPOHHOTO HOCA, SIKUU
MOKE€ BHM3HAa4YaTH CBIKICTh MPOAYKTIB XapuyBaHHs (TOOyT, XapyoBa MNPOMUCIIOBICTH),
3ano0iraTy mMiApoOIll aJKOTOJBHUX HaroiB (MOOYT, 1HAYCTpis HamoiB) Ta eipHUX OJiN
(mobyT, mapdymepiss Ta kocmeTuka). {1 CeHCOpiB UMY B 3alieKHOCTI BiJl 00JacTi
3aCTOCYBaHHS PEKOMEHIY€EThCS HACTYTHE: JIJIS IBUAKOI JETEKIIIl HASBHOCTI UMY ITUTapPOK
BUKOPUCTOBYBATH JTy>KHO MoaudikoBanuii macuB KHH, a nis 6inpmioi cenekTuBHOCTI —
ny>kHo MonudikoBanuii MacuB KHH 3 nanecenum mapom bBHT. Takum urHOM, B JaHOMY
po3auti OyJo TPOJAEMOHCTPOBAHO MOKJIMBICTH BHKOPHUCTOBYBAaTH CEHCOPU HA OCHOBI

macuBy KHH 3 monudikoBaHoI0 MOBEpXHEIO B MEIUIMHI Ta IPOMHUCIOBOCTI.
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OCHOBHI HAYKOBI TA ITPAKTUYHI PE3VYJIbTATHU I BUCHOBKH

B naniit po6oTti po3po06JICHO MacHB KPEMHIEBUX OJIHOBHUMIPHUX HAHOCTPYKTYp 3
MOIU(IKOBAHOIO TTOBEPXHEIO AJI CEHCOPIB (DI3UYHUX Ta XIMIYHUX BearuuH. OTpUMaHi Taki
OCHOBHI1 pe3yJIbTaTH:

1) Briepiie BcTaHOBJIEHO BIUIMB TEXHOJOTIYHUX NTapamMeTpiB cTBopeHHst MacuBy KHH
METOJIOM METaJIO-CTUMYJIHOBAHOTO XIMIYHOTO TpaBleHHS (TUITy BUXITHOI ITiIKJIAJIKH,
BMICTY TPaBHMKIB Ta 4Yacy TpaBJCHHS B HMX) Ha CTaTUYHI (BIATYK Ta YYTJUBICTH) Ta
JUHAMI4H1 (4ac BIITYKY Ta 4ac BITHOBJICHHS) MapaMeTpU CEHCOPIB (I3MUHUX Ta XIMIYHUX
BEJIMYUH PE3UCTUBHOrO (EMHICHOIO) Ta JIOJAHOTO TUIy Ha MOro OCHOBI. 30Kpema OyIio
BCTAHOBJICHO, IO 30UIBIIEHHS MUTOMOIO OMOPY MIAKIAAKKA MPU3BOIUTH JO 3HAYHOTO
MOTIPUIEHHS BIATYKY JIJIsl CEHCOPIB TEMIEPATYPH 000X THITIB 1 OCBITIEHOCTI PE3UCTUBHOTO
TUITy, ajle O MOKpallleHHs B ceHcopax BoJiorocti Ta Bwmicty JIOC o0ox TtumiB Ta
OCBITJIEHOCTI JioaHoro tumy. JlogatkoBa o00poOka mepen omepamiero MCXT
(TeKcTypyBaHHsI) MOKpPAIIWJIO BIATYK JJII CEHCOPIB OCBITIEHOCTI 000X THUMIB, ane s
CEHCOpiB TemImepaTypH, Bojorocti ta Bwmicty JIOC 000X THUMIB MOTIpHIAIO BIATYK.
30unbIeHHs Yacy ocakeHHss AgNPs npu3Beno 10 moripiieHHs BIATYKY AJisl BCIX CEHCOPIB
PE3UCTUBHOTO TUIY Ta OCBITIIEHOCTI 1 BMicTy JIOC n10gHOTO THITY, a TAKOX /10 MOKPAIEHHS
JUISL CEHCOPIB TEMIEpaTypu Ta BOJOTOCTI JIOJHOTO THITY. 30UIBIICHHS BMICTY HITpaTy
cpibsa nig yac nepmoro erany MCXT g0 68 Mr npu3BOAUTH 0 MOKPALIEHHS BIITYKY Y
BCIX CEHCOpax J10JHOTO TUITY. 30UIbIIIEHHS Yacy TpaBIeHHs KpeMHito 10 90 XB MPU3BOIUTH
710 TIOKPAIIIEHHS BIITYKY y BCiX ceHcopax. 30ubmienus Bmicty H,O, B po3unni g0 0,8 M
NPU3BOJUTHL JI0 TOKpAIleHHs BIATYKY BCiX ceHcopiB. I[loka3zaHo, 110 Jo0JaBaHHS
OJTHOBUMIPHUX KPEMHIEBUX HAHOCTPYKTYp JO CKJIaay CEHCOPIB (PI3MYHUX Ta XIMIYHUX
BEJIMYMH 3HAYHO IMOKPAIIMUIIO iX BIATYK Ta IIBUIKOIII0 B MOPIBHAHHI 3 ceHcopamu 6e3 KHH.
Tak, BIATyK ceHCOpiB Temneparypu nokpamuscs B 120 pasiB, ceHCOPIB OCBITIEHOCTI — 36
pasiB, ceHcopis BoJiorocTi — 250 pa3siB, ceHcopiB BMicTy JIOC — 27 pasis. B cBoro yepry uac
peakIiii ceHcopa TeMIlepaTypu CKOPOTHUBCS B 15 pasiB, CEHCOPIB OCBITICHOCTI — 3 pa3sw,

CeHCcopiB Bosorocti — 5 pasiB Ta ceHcopiB BmicTy JIOC — 4 pasu. OgHak po3pobieHi
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CEHCOPH IS MPUKIIATHOTO 3aCTOCYBAaHHS MOKYTh MaTH HEJJOCTATHHO BUCOKY HIBUKOJIIIO,
CTaOUTBHICTH (PEBEPCUBHICTH) Ta CEJICKTUBHICTb.

2) 3 METO MOAAIBIIIOr0 MOKPAICHHS MBUAKO/II Ta CTA0IILHOCTI CUTHAJTY CEHCOpa
B po0OOTI BIIepIIe 3A1CHEHO CTPYKTYpHY Mojaudikaiiro nmoBepxHi macuBy KHH muisxom
J0JJaTKOBOTO XIMIYHOTO TpaBleHHS Ticia mpouecy crBopeHHss macuBy KHH B
130TPONHOMY ab0 aHI30TPOMHOMY TPABHUKY, Ta BCTAHOBJICHO BIUIMB BUJY Ta TPUBAJIOCTI
0OpoOKHM Ha CTATUYHI Ta JUHAMIYHI TApaMETPU CEHCOPIB (PI3UYHHUX Ta XIMIYHUX BEIHYHUH.
Byno BcTaHOBIIEHO, 1110 130TPOIHA CTPYKTYpHA MOU(IKAIlis HAWO1IbIIIE MOKPAIy€e BIATYK
B JI0JIHUX CEHCOpax (PI3MYHUX Ta XIMIYHUX BEJIUY, B CBOIO YEPTy aHI30TPOITHA CTPYKTYypHA
Moaudikaliss HaWOUIbIIE MOKpallye BIATYK B PE3UCTUBHUX/EMHICHUX CEHCOpax.
BcranoBneHo, mo cTpykrypHa Moaudikailis B 130TPOIMHOMY TPaBHUKY MNPU3BOAUTH O
O1IBIIOrO MOKpPAIIEHHS IIBHJIKO/II B MOPIBHSAHHI 3 aHI30TPOIHUM TPAaBHUKOM. 30Kpema
MOKa3aHo, 0 MPOBEJACHHS CTPYKTYpHOi Moaudikallii, 3HaYHO MOKPAIIMIO MIBUIKOIIIO
CEHCOpIB B TMOPIBHSHHI 3 ceHcopamu Oe3 moaudikamii. Tak, 4dac peaxiiii ceHcopa
TEMIIEpaTypu CKOPOTUBCS B 3 pa3u, CEHCOPIB OCBITJIEHOCTI — 2,3 pa3u, CEHCOPIB BOJIOTOCTI
— 1,8 pasiB Ta cencopis Bmicty JIOC — 1,2 pa3mu.

3) 3 MeTO10 MOAIBIIOTO MTOKPAIICHHS BEIMYMHU BIATYKY Ta CEJIEKTUBHOCTI B pOOOTI
BIIepIIe 31MCHEHO XIMIYHY Monu@ikaniro noBepxHi macuBy KHH mumisixom HaneceHHs
BYTJICLIEBUX HaHOMaTepiamiB ((ylepeHiB, OararomapoBux BYTJIEIEBUX HAHOTPYOOK abo
rpad)eHy) Ta BCTAHOBJICHO BIUIMB MPUPOAU Ta KUIHKOCTI MOAM(IKATOPIB HA CTATHYHI Ta
JUHAMIYH1 TapaMeTpyu CEHCOPIB (DI3UYHUX Ta XIMIYHUX BEJIMYMUH. Byl0 BCTAaHOBJIECHO , 110
rpadeH HaWOUIbIIE TOKpallye BIATYK B TepMope3ucTtopi Ta ceHcopiB Bmicty JIOC
PE3UCTUBHOrO THMy, (QyJepeHrn HaWOLIbIIe MOKPallylOTh BIATYK B TEPMOJI0JaX,
doTopesucropax, hotomiogax ta Bmicty JIOC cencopis aiognoro tuny, bBBHT naii6inbie
MOKPaITyIOTh BIATYK CEHCOPIB BOJOTOCT1 SIK EMHICHOTO, TaK A10JHOTO TUIy. [Tpu npomy,
dbynepeHr MOKpaliuiId IIBUIKOIII0 B TepMOpe3ucTopax, ¢GoToaionax, B CEHCOopax
BOJIOTOCT1 JIIOAHOTO TUMY Ta ceHcopax BMicTy JIOC pe3ncTUBHOTO THUITYy, B TOW Yac SIK
rpadeH Mokpaims yac BIATYKY B TEpMOJi0Aax, GoTope3ucTopax Ta ceHcopax smicty JIOC
niomnoro tumty, a BBHT — B doTomiogax. 3okpema moka3aHo, 1m0 MPOBEICHHS XiMIYHOT

Moau(ikaiii, 3HaYHO TMOKPAIIMJIO BIATYK CEHCOpPIB B MOPIBHAHHI 3 CEHCopamu 0e3
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moaudikanii. Tak, BIATYK ceHCOpiB Temmeparypu mokpammbcs B 100 pasiB, ceHCOpiB
ocBiTiIeHOCTI — 20 pasiB, CEHCOPIB BOJIOTOCTI — 5 pa3iB, cencopiB BMicTy JIOC — 3,5 pa3is.
4) 3 MeTor0 MOKpAIleHHs] CTATUYHUX 1 JMHAMIYHHUX MapaMeTpiB CEHCOPIB B poOOTI
BIIEpIIIC 3/IIMCHEHO CTPYKTYpHO-XiMIuHYy Mojaudikaiiio noBepxHi macuBy KHH nuisxom
MMOETHAHHS JIOJTATKOBO XIMIYHOT'O TPABJICHHS Ta HAHECEHHS BYTJICIIEBUX HAHOMATEpiaiB Ta
BCTAHOBJICHO TE€XHOJIOT1YHI YMOBH MoaudiIKaIlli, 10 MOKPaIIUIN poOoUl XapaKTepUCTUKU
CEHCOPIB (PI3MYHHUX Ta XIMIYHUX BeNu4MH. Lle 1ano 3Mory miABUINUTH BEJIUYUHY BIATYKY
OTPMMAHMX CEHCOpiB Ha 1-3 MOpAAKIB: IS CEHCOPIB TeMIepaTypH Biaryk csras 50-10°
pasiB, Il CEHCOpiB OcBITIeHOCTI — 160 pasiB, st ceHcopiB Bosiorocti — 70 pasiB Ta
cencopiB Bmicty JIOC — 60 pa3iB. B cBot0 4yepry, MBUIAKOIIIO TaHUX CEHCOPIB BIAJIOCS
MOKpAIIUTU OUIBII, HIXK Ha TIOPAMIOK: JJII CEHCOpIB Temrneparypu 10 60 Mc, i CEHCOpIB
OCBITJIEHOCT1 710 9 Mc_ 7151 ceHCOpiB BoJiorocTi 110 1 ¢ ta cercopiB BmicTy JIOC 10 2,5 ¢ .
VY po0oTI nmoka3aHa MOKJIMBICTh BUKOPUCTAHHSI MAaCUBY KPEMHIEBHX OJHOBUMIPHUX
HAHOCTPYKTYP 3 MOJIM(PIKOBAHOIO MMOBEPXHEIO JJI aHAJI3Y JUXAIBbHOI aKTUBHOCTI JIFOJIUHU
(ceHcopu mnoauxy), s aHami3y 3amaxiB egipiB, HamoiB Ta Xap4yOBUX HPOAYKTIB

(eMIeKTpOHHUH HIC), TSl aHATI3Y AUMY (JIUMOMIPH).
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npoinoekcoeanomy y oaszi oanux Web of Science Core Collection ma Scopus ma
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gionecenomy 0o 1 keapmunio (Q1) eionogiono 0o knacugirkauyii SCImago Journal and
Country Rank).

OcoOuctuii BHecok 3100yBauya: 3700yBaueM 3HAYHOIO Mipor0 OyiM BHKOHaHI
TEXHOJIOTIYHI OIepallii Mpu BUTOTOBJCHHI CEHCOPIB TEMIIEpaTypud Ta OCBITICHOCTI
PE3UCTUBHOTO THUITy Ta CEHCOPIB BOJIOTOCTI €MHICHOTO THMYy Ha ocHOBI macuBy KHH,
IPOBEJICHO BUMIPIOBAHHS CTATUYHUX Ta JUHAMIYHUX XapaKTEPUCTHUK CEHCOPIB, 3/11IHCHEHO
aHaJli3 BIUTUBY BHXIJHOI MIJAKJIAIKU, YaciB TpaBlIeHHs/0ocaeHHs, KimbkocTi AgNPs, Ta
BMicty H,O, Ha poOoUi XapaKTEpUCTUKHU MPUIIAiB, BCTAHOBJICHO TEXHOJIOTIYHI TapaMeTpu
JUTSI BUTOTOBJIEHHS CEHCOPI1B TEMIIEPATYPH Ta OCBITIECHOCTI PE3UCTUBHOTO TUITY Ta CEHCOPIB
BOJIOTOCTI €MHICHOTO TUITy Ha ocHOBI MacuBy KHH Ta BcTaHOBIIEHO MeXaHi3M Jiii TaHUX
CEHCOPIB.

[8] Ya. Linevych, V. Koval, M. Dusheiko, M. Lakyda, N. Kavraska. “Odor Sensors
Based on Silicon Nanowires with a Modified Surface for Electronic Nose Application”,
IEEE Sensors Letters, pp- 1-4. December 2024.
https://doi.org/10.1109/LSENS.2024.3509996

Ocobuctuii BHecok 3700yBaya: 3100yBayeM 3HAYHOIO MipOr0 OyJIM BHKOHaHI
TEXHOJIOT1YHI OTepailii Mpu BUTOTOBJICHHI CEHCOPIB 3amaxy €MHICHOTO THITy Ha OCHOBI
macuy KHH, mpoBemeHo BHMIprOBaHHS CTaTHYHHX Ta JAWHAMIYHMX XapaKTEPUCTHK
CEHCOpIB, 3MIACHEHO aHaji3 BIUIUBY BHUIYy Moaudikaiii Ha poOOoYl XapaKTepUCTUKH
MPUIIAJIIB, BCTAHOBJIEHO TEXHOJIOTTYHI TApaMeTpH ISl BATOTOBJICHHS TAKUX CEHCOPIB.

[Tpari, siki 3aCBITUYIOTH anpoOarlito MaTepiaiiB AUCEpPTaIlii:

[1] B.Jlammyna, d. JlineBuy, O. Smenko, A. 'ornoBcbka “Pe3ucTuBHI ceHcOpH
BOJIOTH Ha OCHOBI HaHoIIENI0031u”° MixHapoaHa KoH(EpeHIisl CTYJIEHTIB 1 MOJOJIUX
HAyKOBIIIB 3 TEOPETUYHOI Ta ekcriepuMenTanbHoi ¢i3uku EBPUKA-2021, 18-20 TpaBHhs,
JIbBiB, YKpaina, cT.52.

OcoOucTuii BHecok 3100yBaya: 37100yBaueM MPOBEACHO BUMIPIOBAHHS CTATUYHUX
Ta TMHAMIYHUX XapaKTEPUCTUK CEHCOPIB BOJIOTOCTI, MPOBEACHO OOTOBOPEHHS PE3yJIbTATIB
Ta HaMKCaHHS JOTIOBI/I1 PA30M 13 CIIIBABTOPaMHU.

[2] Y. Linevych, V. Koval, M. Dusheiko, Y.Yakymenko, M. Lakyda and V.

Barbash, “Silicon Diode Structures Based on Nanowires for Temperature Sensing
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Application”, 2022 41th International Conference on Electronics and Nanotechnology
(ELNANO), 2022. — Kyiv, Ukraine. pp-190-195. https://
10.1109/ELNANOS54667.2022.9927122.

Ocobuctuii BHecok 3700yBava: 37100yBayeM 3HAYHOIO Mipol0 OyJiM BHUKOHaHI
TEXHOJIOT14HI OIleparlii Ipu BUTOTOBIICHH] CEHCOPIB TEMIIEPATypH JI0JHOTO THUITY Ha OCHOBI
macuey KHH B pexumi MOCTIHHOTO CTpyMy Ta TOCTIHHOI HaNpyrd, MNPOBEICHO
BUMIPIOBAHHS CTAaTUYHHUX Ta JWHAMIYHUX XapaKTEPUCTHK CEHCOPIB, 3AIHCHEHO aHami3
BIUTUBY YaciB TpaBlieHHs/oca/pkeHHs, KiabkocTi AgNPs, ta BMmicty H,O, Ha pobGoui
XapaKTEPUCTUKU TPUIIAJIIB, BCTAHOBJICHO TEXHOJIOTIYHI MapaMeTpu JJjIsi BUTOTOBIICHHS
CEHCOPIB TeMIEpaTypy PE3UCTUBHOTO Ta JAI0JHOTO Ha poOOUl XapaKTEPUCTUKU MPUIIAIIB,
BCTAHOBJICHO TEXHOJOTIYHI IMapaMeTpu JUisli BUTOTOBJICHHS CEHCOPIB TeMIlepaTypu
niogHoro Tumy. IIiAroToBieHi Te3u Ta JOMOBIAb HA KOH(PEPEHI110. 31iMCHEHO BUCTYI Ha
KOH(epeHIii.

[3] Y. Linevych, V. Koval, M. Dusheiko, Y. Yakymenko, M. Lakyda and

V.Barbash, “1D Silicon Nanostructures for Detection of Volatile Organic Compounds”,
2024 42th International Conference on Electronics and Nanotechnology (ELNANO), 2024.
— Kyiv, Ukraine. pp.98-102. 10.1109/ELNANO63394.2024.10756859

Oco0uctuii BHecok 3700yBava: 37100yBayeM 3HAYHOIO MIpOK OyJiM BHUKOHaHI
TEXHOJIOT1YH1 Orepalii Mpyu BUTOTOBJIEHHI CEHCOPIB JIETKMX OPTaHIYHUX CIIOJIYK JT1O0JAHOTO
tuny Ha ocHoBi MacuBy KHH, mpoBeneHo BHUMIpIOBaHHS CTaTUYHMX Ta JUHAMIYHHUX
XapaKTEPUCTUK CEHCOPIB, 3JIMCHEHO aHaji3 BIUIMBY YaciB TPaBJIECHHS/OCaKEHHS,
kutbkocTi AgNPs, ta Bmicty H,O, Ha poboui XapaKTepUCTUKH TPUIIAIiB, BCTAHOBJICHO
TEXHOJIOTIUHI TapaMeTpH [JIsi BUTOTOBIICHHS CEHCOPIB TeMIEpaTypu PE3UCTUBHOTO Ta
JI0JTHOTO Ha pOOOU1 XapaKTePUCTUKU MPUIIAiB, BCTAHOBIICHO TEXHOJIOT1UHI TApAMETPH JIJIst
BUTOTOBJIEHHA CEHCOPIB TeMMeparypu AiogHoro Tumy. [liqroroBieHo Ao0moBinb Ha
KOH(pepeH1110. 3A1CHEHO BUCTYI Ha KOH(EpeHIii.

[4] A. Naidonov, V. Koval, V. Barbash, M. Dusheiko, O. Yashchenko and Y.
Linevych. “Disposable Bend Sensors Based on Nanocellulose Composites for Muscle
Activity  Monitoring” [EEE  Conference  Elnano-2024 p. 270 —  275.
10.1109/ELNANO63394.2024.10756892
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Oco0uctuii BHecok 3100yBava: 3100yBaueM IMPOBEACHO TECTYBaHHS CEHCOPIB
BUTMHY Ha TUTl JIIOJWHUA 3 METOI0 BUBUYEHHS M S30BOi aKTUBHOCTI JIFOAMHH, TIPOBEICHO
00roBOpEHHS Pe3yJIbTaTIB Ta HAIUCAHHS JIOTIOBI/II PA30M 13 CITIBABTOPAMHU.

[Iparii, SIK1 JOAATKOBO BiJI0OpaXkarOTh pe3yJbTaTH AUCEPTAIlii:

[1] $.0O. JlineBuu, B.M. Kosans, M.I'. Jlymeiiko, M.O. Jlakuga. “Cunrte3 Ta
JOCIIKEHHS! KpeMHieBUX 1D HaHOPO3MIpHHUX CTPYKTYp AJIA 3aCTOCYBaHHS B CEHCOpax
OCBITJICHOCTL,” Bueni sanucku Taspilicokoco HayionanvbHo2o YHisepcumemy imeri B.IL
Bepnaocvkoeo. Cepia: Texuiuni wuayxu, T.33, Ned, ¢.327-337, Uepn. 2022. DOI
https://doi.org/10.32838/2663-5941/2022.4/50. (Cmammsa y nepioouunomy HaAyKo8omy

gaxoeomy euoanni kamezopii b).
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TEXHOJIOTIYHI OMepalii Mpu BUTOTOBJIEHHI (DOTOUYTIMBUX CEHCOPIB JdIOJHOTO Ta
pe3ucTuBHOro Tuily Ha ocHOBI macuBy KHH, mpoBeaeHO BUMIpIOBaHHS CTAaTHYHUX
XapaKTepUCTHK CEHCOPIB, 3AIMCHEHO aHadl3 BIUIMBY BHUXITHOI IMAKIAIKA, YaciB
TpaBieHHs/ocamkeHHs, KimbkocTi AgNPs, ta Bmicty H,O, Ha poOoui XapaKTepUCTUKH
IpUJIAiB, BCTAHOBJICHO TEXHOJIOTIYHI TMapamMeTpu MJii BUTOTOBIEHHS (OTOUYTIMBUX
CEHCOpIB JJIOJHOTO Ta pe3uCTUBHOro THUMy Ha ocHoBi macuBy KHH Ta mposeneno
00TrOBOpEHHS PE3yJIbTATIB Ta HAMMUCAHHS CTATTI Pa30M 13 CITIBABTOPAMH.

[2] B. A. Jlanwyoa, 51. O. JlineBuu, M. I'. [lymeiiko, B. M. Kosans, 1 B. A.

bap6am, “Pe3sucTMBHI CEHCOpM BOJIOTM HA OCHOBI IUIIBOK HAHOLIENIOJIO3U IS

OloposknamHoi  enektpoHiku” TKEA, Ne. 4-6, C. 3-9. 2022. https://doi.org

10.15222/TKEA2022.4-6.03 . (Cmammas y nepioouunomy Haykoeomy paxoeomy 6uoanui

kamezopii b).
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HAIMCAHHS CTATTI 13 CIIIBaBTOPaMHU.
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https://doi.org/10.20535/2523-4455.mea.255990 (Cmamms y nepioouunomy HayKoeomy

ghaxoeomy euoanni kamezopii b).

OcoOuctuii BHecok 3m00yBaua: 3100yBaueM MPOBEJCHO BUMIPIOBAHHS
BOJIOTOUYTJIMBUX XapAaKTEPUCTUK CEHCOPIB, MPOBEIACHO OOTOBOPEHHSA pE3yJbTATIB Ta
HAIMCAHHA CTATTI 13 CITIBABTOPAMH.
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JNOIATOK b Ta6auiri napameTpiB JOCHIIKEHUX CEHCOPIB

Ta6mus b.1 — Poboui mapameTpu ceHcopiB eTaHoy Ha ocHoBli KHH
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Martepian | [Ipunuu | PoGounit | Biaryk cencopa Yac Po6oua | I[locuna
ceHcopa m il niana3oH | Konmentp | Rg/Ra | Biar./ | remmepar HHS
, ppm arris yac ypa, °C
aHaJiTy, BiJTH, C
ppm
MWCNTS/ | Pe3uctu | — 1 1.42 | 3/5 20 28
KHH BHUU
ZIF- Pesuctu | 0,25-200 | 200 8.57 6/36 20 43
67@KHH | BHuii
ZIF8&AQ@ | Pesuctu | 0,125-50 | 50 6.46 20/48 | 20 42
KHH BHHUI
Ag@KHH | Pesuctu | 5-50 50 1.5 —/- 20 42
BHUU
KHH Pesuctu | 10-20 20 1.2 —/- 20 42
BHUM
KHH E€muica | 0-500 50 0,2 15/30 |20 41
1507
MWNTs/Zn | — 20-30 — — 4/20 200-320 |45
O 000
¢TopoBaHi | — 50400 |- 1.13 95/227 |20 46

MWCNTSs
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Ta6nus b.2 — Po6oui mapameTpu ceHcopiB dhopmanpaeriay Ha ocaosi KHH

Binryk cencopa
Po6ounii PobGoua
Marepian | KonnenTparti Yac Biar. / ITocuma
Jiana3oH . . TEeMITepaTyp
Cencopa s aHAJITY, Rg/Ra | gac BimH, ¢ HHS
, ppm a, °C
pPpm
KHH - 10 2.5 11/- 300 31
ZnO 0,01- 0,01 1.27 19/14 20 26
@KHH 1000
rGO@p- |0,1-100 |1 1,01 30/3 25 32
KHH
rGO@n- |5-50 10 6.4 13/- 300 31
KHH
ZnO/nano | 100- 100 12.61 31/17 25 33
fiber 1000
Tabmuis b.3 — Poboui mapamerpu ceHcopiB amiaky Ha ocHoBl KHH
Biaryk cencopa
. Pobou
Koniie Yac Biar.
Pobouwmii Rg/Ra/ a [Tocu
' [TpuHIwI . HTpaLi /
Marepian JianasoH, (Rg- _ TEeMIle | JJaHH
il s 4ac BIJH,
ppm | Ra)/Ra*10 patypa | s
aHaJIIT C
0% , °C
Y, ppm
KHH Pesuctur | 10-100 10 - /99 68/210 |25 36
1302071
PPy- Pesuctus | 1-500 10 2,4/ - -/- 20 35
NPs@LN | unii
Ws
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Binryk cencopa
. Pobou
Komniie Yac Biar.
Po6ouwmii Rg/Ra/ a [Tocu
' [Tpuxnun . HTpaIli /
Marepian JianasoH, (Rg- . TEeMIle | JaHH
Al A gac BIJH,
ppm | Ra)/Ra*10 patypa | s
aHaJIT C
0% , °C
Y, ppm
PPy- Pesuctusnu | 0,136-500 | 10 10,1/ - -/- 25 35
shell@LN | ™
Ws
KHH Hombosuit | 0,1-200 100 - 175 360/1440 | 25 34
TPaH3UCTOP
ZnO HonpoBuii | - 20 -/1 100/200 | 180 37
TpaH3UCTOP
Tabmuus b.4 — Po6oui mapametpu ceHcopiB azoty Ha ocHoBi KHH
Biaryk cencopa
Po6oua
PoOounii | KonmeHr
Marepian . Yac siar./ | temmnep | Ilocu
J1lanas3oH, parist .
Cencopa . AR/Ra | wac BimH,Cc | aTrypa, | JaHHSA
ppm aHaJiTY,
°C
ppm
KHH 1-5 5 2,36 18/92 25 24
Cu,O/KHH 0,54-500 1 64 3/3.38 20 24
KHH/WOs3 0,25-5 2 2,88 -/- 25 27
OTS/KHH 0,1-250 250 41,6 9/185 25 41
CuO nanowires | - 50 1,15 350 42
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Ta6mus b.5 — Po6oui mapameTpu cencopir piBHg pH Ha ochoBi KHH

Biaryk cencopa
Marepian PoOounii KonmnenTparti
CeHcopa niana3oH, pH s QHAJITY, duU/d(pH) Hocunarss
ppm

KHH 3-10.5 8 5 MB/pH 46
double-gate 4-10 10 75,71 MB/pH | 47
KHH FET
KHH-FETS 1-12 12 54,5 mMB/pH |48
DG-FET/KHH 2-10 10 1437,8 MB/pH | 49
IGZO/KHH 2-10 10 50 mB/pH 45

Tabmuus b.6 — TexHonoriyHi mnapaMeTpu CTBOPEHHS PE3UCTUBHUX CEHCOPIB

¢b13MYHKUX Ta XIMIYHUX BeTnduH Ha ocHoBI KHH

[TapameTrpu cranmapTHoro nporecy | JJomarkoBi TEXHOJIOTIYHI omnepartii 70 abo
MCXT niciast npouecy MCXT
No 3pa3
Tun AgN Yac
Ky . tocan. | trpas. H>0O,, | Texcryp | JlomatkoBui
M1JIKIa] O, JIOJaTKOBO1
1,C |2, XB MJT yBaHHS | TPABHHK
KU MT 00poOKH, XB
Cepis 1
55 KIb-1 |- - - - - - -
56 KIb-1 |20 [20 |90 68 - - -
57 KIb-1 |60 |60 |90 68 - - -
58 KIb-1 |20 [20 |30 68 - - -
59 KIb-1 |20 [20 |60 68 - - -
60 KIb-1 |20 [20 |150 |68 - - -
61 Kab-1 (20 |20 |90 68 - Kucnotnuit 5
62 KIb-1 |20 |20 |90 68 - JlyxHuit 5
63 KIb-1 |20 [20 |90 68 + - 15
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[TapameTpu cTaHIapTHOTO MPOLECY

JlolaTKOB1 TEXHOJIOTIYHI omnepariii 10 abo

N 3pas MCXT nicig nporecy MCXT
Tun AgN Yac
Ky P tocan. | trpas. o H,0O,, | Texctryp | JlomatkoBuit N
. ,C |2,XB - MJT YBAaHHS | TPABHUK o6poic, x5

Cepis 1

64 KIb-1 |- - - - + - 15
Cepis 2

73 KIb-20 |20 |30 |68 0,8 - - -

74 KIb-20 |20 |90 |68 0,8 - - -

75 KIb-20 |60 |90 |68 0,8 - - -

76 KIIb-20 | 60 |30 |68 0,8 - - -
Cepis 3

01 KJIb-10 | - - - - - - -

02 KIb-10 |20 |90 |68 0,8 - - -

03 KIb-10 |60 |90 |68 0,8 - - -

04 KIb-10 |20 |30 |68 0,8 - - -

05 KJIb-10 |20 |60 |68 0,8 - - -

06 KIb-10 |20 | 150 |68 0,8 - - -

07 KJIb-10 |20 |90 |68 0,8 - Kucnotuit 5

08 KIb-10 |20 |90 |68 0,8 - Jly>xxuuii 5

09 KIb-10 |20 |90 |68 0,8 + - 15
Cepis 4

5-1 | KAb-10 |- - - - - - -

5-2 | KOb-10 |20 |5 68 0,8 - - -

5-3 | KIAb-10 {20 |10 |68 0,8 - - -

5-4 | KIb-10 [20 |20 |68 0,8 - - -

5-5 | KAb-10 (20 |25 |68 0,8 - - -
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[TapameTpu cTaHIapTHOTO MPOLECY

JlolaTKOB1 TEXHOJIOTIYHI omnepariii 10 abo

MCXT nicis nmpouecy MCXT
Ne 3pa3
Tun AgN Yac
Ky , tocan. | trpas. H,0,, | Texkcryp | JlogaTkoBuii
IT1IKT1a]T Os, JIOJTATKOBO1
,C |2,XB MJT yYBaHHS | TPaBHHK
KU MT 00poOKH, XB
5-6 | KJb-10 |60 |5 68 0,8 - - -
5-7 | KIb-10 |60 |10 |68 0,8 - - -
5-8 | KIb-10 |60 |20 |68 0,8 - - i}
5-9 | KIOb-10 {20 [90 |68 0,2 - - -
5-10 | KJIb-10 {20 [90 |68 0,6 - - -
5-11 | KOb-10 |20 |90 |68 1 - - -
5-12 | KJb-10 {20 [90 |68 1,2 - - -
5-13 | KJb-10 {20 [90 |68 1,4 - - -
5-14 | KIOb-10 {20 |90 |68 0,8 - Kucnotaui 1
5-15 | KIOb-10 {20 [90 |68 0,8 - KucmorHmit 3
5-16 | KJIb-10 {20 [90 |68 0,8 - JlyxxHuit 1
5-17 | KJb-10 {20 [90 |68 0,8 - Jly>xHuii 3

Tabmuus b.7 — CtpykrypHi napamerpu macusy KHH

Homep C.k.3. Cepenns Bucota | Makc. Bucota | Ilopysaticts, %

3pasKy IIOPCTKOCTI, HM | HAaHOHUTOK, HM | HAHOHUTOK, HM
30 S 34 154 -
31 198 683 1499 60
32 226 736 2146 82,5
33 315 893 2244 90
34 753 1346 4066 98
35 92 333 854 84
36 117 393 905 84
37 186 531 1175 82
38 262 698 1675 79
39 262 1014 1992 61
40 396 1237 1908 62
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Howmep C.k.3. Cepenns Bucota | Makc. Bucotra | Ilopysaricts, %

3pa3Ky IIOPCTKOCTi, HM | HAQHOHUTOK, HM | HAHOHUTOK, HM
41 47 324 668 44
42 247 733 1738 67
43 182 732 1340 52
44 435 1079 2150 72
45 63 421 582 47
46 273 962 2472 77
47 101 821 1158 54
48 355 1395 2220 65
49 686 1156 3877 99
50 654 1378 3407 98
51 591 1101 2650 92
52 707 1279 3049 96
53 590 1507 2774 56
54 558 1153 2671 -

Tabmuusg b.8 — Po3paxoBaHi Koe(illleHTH, K1 ONUCYIOTh MEXaHI3MH YYTIUBOCTI

PE3UCTUBHUX CEHCOPIB TEMIEPATYPH Ta OCBITIEHOCTI Ha ocHOBI MacuBy KHH

Ne 3pasky Enepris axTusanii (v)
55 0,15 0,93
56 0,74 0,86
57 - 0,93
58 - 0,96
59 - 1,01
60 - 0,66
61 - 1,01
62 - 0,62
63 - 0,31
64 - 0,9
- i 0,87
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Ne 3pasky EHepris akTupaii (v)
74 0,21 0,65
73 : 0,57
7 : 1,04
0.1 0,01 0,77
0,2 0,44 0,69
0,3 - 0.5
04 : 0,97
0,5 - I
06 : 0,74
07 : 0,63
038 § 0,97
09 : 0,35

0,10 - 1,28
5-1 0,21 1,1

52 - 11

3 : 1,07
54 § 1,02
s : 1,06
5% } 1,02
o : 1,03
53 : 0,96
5.9 0,31 0,57
5-10 0,09 0,76
5-11 0,39 0,7

5-12 0,26 0,92
5-13 0,17 0,75
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Ne 3pasky EHepris akTupaii (v)
5-14 0,30 0,99
5-15 0,29 1
5-16 1,03
5-17 1,03

Tabmuus b.9 — Po3paxoBani koedillieHTH, K1 OMUCYIOTh MEXaHI3MH YYTIUBOCTI

€MHICHUX CEHCOPIB BOJIOrOoCcTi Ha ocHOBI MacuBy KHH

[TapameTpu nporecy agacopOrii,

[TapameTpu nporuecy aacopOrii,

Ne 3pa3 OTpUMaHI MPH anpoKcUMarlii OTpUMaHI MPHU anpoKcUMarlii
Ky 130Tepmoro PpeitHamixa 130Tepmoto JIeHrmropa
n K R? K S R?
55 123,1 671,3 0,058 1844,6 664,6 0
56 |25 2,4 0,49 9,7 2,1 0,39
57 1,6 2,9 0,73 4,1 2,8 0,7
58 3,9 635,8 0,94 11,9 634,1 0,83
59 14,9 155,8 0,65 63,9 154,2 0,46
60 3,6 2,5 0,32 16,4 2,3 0,27
61 10,1 250,2 0,58 40,8 246,7 0,47
62 0,9 894,3 0,68 1,5 670,0 0,62
63 1,9 670,2 0,71 4,6 653,5 0,74
64 1,2 967,6 0,88 1,0 1571,9 0,95
73 0,4 652,5 0,83 1,6 9,5 0,94
74 0,5 30,4 0,91 0,7 9,5 0,94
75 0,3 23,9 0,99 1,6 0,1 0,96
76 2,2 257,5 0,82 5,9 252,7 0,75
0.1 (0,6 9,5 0,75 0,4 11,7 0,75
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[TapameTpu mporiecy aacopOrtii,

[TapameTpu mporecy aacopOiiii,

Ne 3pa3 OTpUMaHI [IPH anpoKcUMaIlii OTpUMaHI1 IIPU arpoKCUMaItii
Ky 130Tepmoro OpeitHmixa 130Tepmoro JIeHrmiopa
n K R? K S R?

02 1|08 21,5 0,57 2,1 10,4 0,49
0.3 1,1 7,4 0,92 0,4 26,2 0,99
04 |33 8,7 0,61 10,8 8,4 0,61
0.5 |62 74,0 0,59 243 72,0 0,48
0.6 |1,7 3,2 0,54 5,0 2,8 0,62
0.7 |5,8 135,3 0,82 214 132,9 0,65
0.8 |13,0 376,8 0,54 55,8 372,0 0,4
09 |13 3589.,0 0,85 2,0 4061,7 0,87
0.10 |2,3 476,4 0,79 3,7 574,2 0,92
5-1 22,8 90,8 0,76 93,0 90,4 0,61
5-2 | 84,2 33,2 0,8 3443 33,2 0,66
5-3 12,7 54,6 0,7 51,8 54,1 0,54
5-4 19,5 30,6 0,61 39,1 30,1 0,47
5-5 16,2 33,1 0,56 67,2 32,8 0,44
5-6 |574 64,2 0,71 251,8 64,1 0,5
5-7 1109 39,6 0,58 472 39,0 0,41
5-8 |32 33,9 0,57 12,0 31,6 0,47
59 | 1,6 5,4 0,93 1,8 7,7 0,98
5-10 | 5,1 22,9 0,65 20,5 22,1 0,47
5-11 1,2 187,1 0,98 0,5 555,1 0,99
5-12 12,8 142,7 0,98 6,4 150,8 0,97
5-13 12,2 231,2 0,86 3,0 2939 0,96
5-14 | 1,8 6,4 0,86 4,1 6,5 0,81
5-15 |29 61,5 0,95 7,1 63,7 0,93
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[TapameTpu mporiecy aacopOrtii,

[TapameTpu mporecy aacopOiiii,

Ne 3pa3 OTpUMaHI [IPH anpoKcUMaIlii OTpUMaHI1 IIPU arpoKCUMaItii
Ky 130Tepmoro OpeitHmixa 130Tepmoro JIeHrmiopa
n K R? K I's R?
5-16 |04 67,0 0,79 0,4 13,5 0,74
5-17 |04 74,8 0,79 0,4 13,3 0,75

Tabmuusg b.10 — Po3paxoBaHi cTaTuyHl Ta AMHAMIYHI MapaMeTpU PE3UCTUBHUX Ta

€MHICHUX CEHCOPIB (PI3MYHUX Ta XIMIYHUX BeTWYUH Ha ocHOBI MacuBy KHH

No 3pa Cratuusi napameTpu Juuamiuni napametpu (Yac
3Ky (BiAryK/KOe(Ii€HT Yy TIUBOCTI) BIJICYKY/BIJTHOBJICHHS] )
Cencopu Cencopu Cencopu Cencopu
) ) Cencopu Cencopu

TEMIICPATYPU | OCBITJIICHOCT | BOJIOI'OCT1, TEMIICPATypPH, . . .

’ K i,%/lmv (%RH)-l . OCBITJICHOCTI1, C | BOJIOT'OCT1, C
55 1,1 4 77,6 | 1,0 |0,07 | 13,32 | 99,7 0,45 0,45 36 41,4
56 3,2 4,17 | 73,8 20,2 | 2,67 | 7,38 83 2,25 0,9 53,1 27

4,2 7,85 | 101, | 8,5 1,48 | 15,8 37,7 2,97 2,25 25,2 20,7
57 5

4,1 40 100, | 1,8 0,67 | 17,6 94,3 0,99 0,9 91,8 47,7
58 9

4,2 106, | 90,6 | 1,1 0,16 | 1,08 10 0,18 0,18 90,9 45
59 6
60 1,0 6,2 |557 | 144 | 1,89 | 14,8 38,9 2,16 2,07 81 16,2

2.1 10,5 [ 193, |44 [1,14 [342 2,06 [072 [063 [41.4 |585
61 0
62 2,5 5,5 52,4 21,2 | 3,71 | 1449 |60,48 | 0,72 0,45 51,3 39,6
63 9,0 8,8 249 14,7 | 246 | 11,61 | 18,36 | 0,72 0,27 43,2 12,6
64 0,9 1,1 92,0 7,7 2,24 132,85 |70 2,97 1,35 86,4 56,7
73 2,5 15,7 | 90,7 | 251, | 5,09 | 7,65 12,24 | 0,63 0,72 81 47,7

5
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Ne 3pa CratuuHi mapameTpu Junamiuni napametpu (Yac
3Ky (BiAryK/KOCMIIEHT Yy TIUBOCTI) BIITYKY/B1HOBJICHHS)
Cencopu Cencopu Cencopu Cencopu
) ] Cencopu Cencopu
TEMIIECPATYPU | OCBITIICHOCT | BOJIOI'OCT1, TEMIICPATYPHU, . . .
, 04/K i,%/lmV (%RH)‘I . OCBITJICHOCTI1, C | BOJIOT'OCT1, C
74 9,0 2,9 53,77 [41,1 | 4,61 |22,6 46 1,17 1,62 76,5 22,5
75 9,4 2,7 49,3 1209, | 7,34 | 21,6 38,7 0,72 0,27 85,5 28,8
3
76 10,3 13,7 | 210, | 3,5 1,44 | 3,7 57 1,89 2,52 43,2 35,1
1
0,8 1,07 | 85,3 | 314, | 6,09 | 27,8 79 1,8 2 44,1 88,2
01 0
02 43 4422 14,29 149,2 | 37,0 |4,24 |3 13,3 0,81 0,36 61 20,7
03 1,1 1,28 (39,5 [ 16,8 | 1,98 | 2,25 11,8 1,08 0,54 41,4 18
4,5 2900 | 12,5 | 104, | 5,7 14,4 46 0,18 0,63 48,6 43,2
04 6 5 1,39
4,4 2160 | 129, | 127, | 1,8 12,5 59,5 0,18 0,63 80 43,2
0s 7 2 0,54
06 1,1 2451 |1 2,81 | 87,2 |49,2 |3, 7 |6,93 16,29 | 1,53 0,27 60,3 22,5
07 1,6 1915 | 1,55 | 51,5 | 14 1,13 | 3,69 18,27 | 0,63 0,9 54 63.9
3,8 4982 | 101 | 149, | 1.3 15,75 | 54,09 | 0,18 0,27 84,6 53,1
08 3 0,3
09 8,5 3,9 42,0 |74 2,3 9,45 41,22 | 0,81 0,81 86,4 26,1
0,8 1,09 | 257, | 2,1 8 69,21 | 0,63 0,27 25,2 46
010 8 0,74
4,5 1,44 | 149, | 1,0 0,27 0,36 71,1 56,7
5-1 1 0,04
10,4 4044 | 23,0 | 68,2 | 1,0 18,45 | 8,55 0,18 0,63 39,6 41,4
5-2 9 0,03
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Ne 3pa CratuuHi mapameTpu Junamiuni napametpu (Yac
3Ky (BiAryK/KOCMIIEHT Yy TIUBOCTI) BIITYKY/B1HOBJICHHS)
Cencopu Cencopu Cencopu Cencopu
) ] Cencopu Cencopu

TEMIIECPATYPU | OCBITIICHOCT | BOJIOI'OCT1, TEMIICPATYPHU, . . .

, 04/K i,%/lmV (%RH)‘I . OCBITJICHOCTI1, C | BOJIOT'OCT1, C

6,7 3,49 | 108, | 1,5 4,95 10,9 0,72 0,63 55,8 54,9
5-3 2856 4 0,4

9,7 12,2 | 119, | 1,6 6,75 12,3 0,45 0,45 55,8 46,5
5-4 5217 | 9 1 0,41

7,9 2,57 120, | 1,3 14,4 43,2 0,45 0,54 60,3 56,7
5-5 2992 9 0,28

27,9 11,7 93,3 1,0 |0,00 |3,7 16 0,27 0,18 45,9 60,3
5-6 7 4
5-7 6,9 3,06 65,6 | 1,8 0,62 17,3 23,13 | 0,81 0,45
5-8 6,3 2,14 | 91,7 |28 1,17 | 2,43 5,4 0,54 0,63 29,7 243
5-9 4,5 3952 | 1,35 | 63,5 | 2,5 1,13 |54 13,9 1,98 3,87 46,8 34,2
5-10 |32 1031 | 1,43 | 742 | 1,8 0,71 | 22,2 63,2 8,46 5,85 423 27,9
5-11 | 21,9 4725 | 2,52 | 63,9 | 6,7 1,95 |2 26 0,72 0,54 52,2 26,1
5-12 | 26,0 3532 | 491 | 86,7 | 2,5 0,97 | 2,88 9,54 0,54 0,63 423 18,9
5-13 10,3 2170 | 6,80 | 55,6 | 3,5 1,13 | 1,8 5.4 0,63 0,72 67,9 23,6
5-14 |23 3397 | 5,03 | 64,1 |33 1,59 | 14,5 14,6 0,54 0,9 36 46,8
5-15 | 8,0 3031 | 2,04 | 98,2 | 2,1 0,84 | 2,88 15,12 | 0,27 0,81 74,7 62,1
5-16 |69 5234 12,03 |190,2 | 1,1 0,23 | 14,31 |23 0,63 0,54 60,3 45,9

5,9 4325 12,34 | 112, | 174, 14 28,8 0,63 0,27 33,3 56,7
5-17 1 3 7
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Ta6muis b.11 — TexHoor14H1 TapaMeTpy CTBOPEHHS J10JHUX CEHCOPIB (DI3UYHUX Ta

XiMiYHKX BeJauuuH HA ocHoBl KHH

[TapameTpu cTaHIapTHOTO MPOIIECY

JloaTKOB1 TEXHOJIOTIYHI omepartii 10 abo

Ne 3pas MCXT nicist npouecy MCXT
Tun AgN Yac
Ky P tocan. | trpas. 0s. H,0O,, | Texctryp | JlomatkoBuit ——
. 1,C |2,XB - MIT yYBaHHS | TPABHHK o6posir
Cepis 1
1-1 |KAb-1 [20 |30 |68 0,8 - - ]
1-2 | KAb-1 [20 |30 |68 0,8 - - ]
1-3 | KAb-1 [20 |30 |68 0,8 - - -
2-1 |KOb-1 |60 |30 |68 0,8 - - -
2-2 |KOb-1 |60 |30 |68 0,8 - - ]
2-3 | KAb-1 |60 |30 |68 0,8 - - -
7 KIb-1 |20 |90 |68 0,8 - - -
9 KAb-1 |20 |90 |68 0,8 - - ]
11-1 | KOb-1 |20 [90 |68 0,8 + Kucnorauii 15/5 xB.
11-2 | KOb-1 |20 [90 |68 0,8 + JlyxHun 15/5 xB
11-3 | KAb-1 |20 [90 |68 0,8 + - 15 xB
12-1 | KOb-1 |20 [90 |68 0,8 - Kucnoruuit S XB
12-2 | KIOb-1 |20 |90 |68 0,8 - JlyxHmit 5 xB
Cepis 2
2 KAb-1 |25 |30 |68 0,8 - - _
3 KJIb-10 |20 |30 |68 0,8 - - ;
5 KIb-1 |25 |90 |68 0,8 - - ;
6 KIb-10 |20 |90 |68 0,8 - - -
7 KIb-10 |10 |45 |68 0,8 - - }
12 KIb-1 |10 |30 |68 0,8 - - -
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[TapameTpu cTaHIapTHOTO MPOLECY

JlolaTKOB1 TEXHOJIOTIYHI omnepariii 10 abo

N 3pas MCXT nicig nporecy MCXT
Tun AgN Yac
Ky P tocan. | trpas. o H,0O,, | Texctryp | JlomatkoBuit N
. 1,C |2,XB - M yBaHHSA | TPABHHK o6posi
14 KJIb-1 |40 |30 |68 0,8 - - i}
16 KIb-1 |60 |30 |68 0,8 - - -
19 KIb-1 |20 |90 |68 0,4 - - -
20 KIb-1 |20 |150 |68 0,4 - - ]
24 KIb-1 (20 (90 |34 0,8 - - -
Cepis 3
1 KIb-1 |20 [90 |34 0,4 - - ]
2 KIb-1 |20 [90 |34 0,8 - - ;
3 KAb-1 (20 (90 |34r |1,2 - - -
4 KIb-1 [20 (45 |34 0,8 - - ]
5 KIb-1 |20 |135 |34 0,8 - - ]
6 KIb-1 |60 [45 |34 0,8 - - -
7 KIb-1 |60 [90 |34 0,8 - - -
8 KIb-1 |60 |135 |34 0,8 - - ]
Cepisa 4

100 |KAb-1 (20 |90 |68 0,8 - - ;
101 | KAb-1 [60 |90 |68 0,8 - - _
102 | KAb-1 (20 |30 |68 0,8 - - }

104 |KIOb-1 |20 |90 |68 0,8 - Kucnotauii 5 XB

105 |KAb-1 (20 |90 |68 0,8 - JlyxHuii 5 xB
106 |KAb-1 (20 |90 |68 0,8 + - _
109 |KAb-1 [60 |30 |68 0,8 + - -

110 |KAb-1 [20 |90 |68 0,8 + Kucnoruuit 15/5 xB
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[Tapametpu crangapTHOTO Mporecy | JlomaaTkoBi TeXHOJIOTIUHI oneparltii 10 abo
MCXT nicis nmpouecy MCXT
Ne 3pa3
Tun AgN Yac
Ky , tocan. | trpas. H,0,, | Tekctyp | JomaTkoBuit
IT1IKT1a]T Os, JIOJTATKOBO1
. 1,C |2,XB r MII YBaHHA TpaBHUK 0GpoGK
111 |KIb-1 {20 [90 |68 0,8 + JlyxHuit 15/5 xB
112 | KOAB-1 |20 |90 |68 0,8 - - -
113 |KAb-1 |20 |90 |68 0,8 + - 15 xB
Cepis 5
30 | KOb-10 |- - - - - - -
31 KJb-10 | 10 90 68 0,8 - - -
32 |KIB-10 |20 |90 |68 0,8 _ _ _
33 |KIB-10 |40 [90 |68 0,8 ; _ _
34 KJIb-10 | 60 90 68 0,8 - - -
35 KJb-10 | 20 15 |68 0,8 - _ _
36 KJb-10 |20 |30 |68 0,8 - _ _
37 KJb-10 |20 45 68 0,8 - - -
38 KJb-10 |20 60 68 0,8 - - -
39 KJIb-10 |20 135 | 68 0,8 - - -
40 KJb-10 |20 150 |68 0,8 - - -
41 KIb-10 | 20 30 34 0,8 - - -
42 KJb-10 |20 30 136 0,8 - - -
43 KJb-10 |20 90 34 0,8 - - -
44 KIb-10 | 20 90 136 0,8 - - -
45 KJb-10 |20 30 68 0,4 - - -
46 KJb-10 |20 30 68 1,6 - - -
47 KIb-10 | 20 90 68 0,4 - - -
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[TapameTpu cTaHIapTHOTO MPOLECY

JlolaTKOB1 TEXHOJIOTIYHI omnepariii 10 abo

MCXT nicis nmpouecy MCXT
Ne 3pa3
Tun AgN Yac
Ky P tocan. | trpas. o H,0,, | Texcryp | HdomatkoBuii I
. 1,C |2,XB - M yBaHHS | TPaBHHUK o6podic
48 |KJIB-10 [20 [90 |68 16 |- _ -
49 KJIb-10 |20 |90 |68 0,8 - Kucnoruunit 5 xB
50 | KOb-10 |20 |90 |68 0,8 - JlyxHmit 5 xB
51 KJIb-10 |20 |90 |68 0,8 + KucmotHwmit 15/5 xB
52 KJB-10 [20 |90 |68 0,3 + JlyxHuiA 15/5 xB
53 KIB-10 |20 |90 |68 0,8 + - 15 xB
54 KIb-10 | - - - - + - 15 xB
Cepis 6
65 KJIb-20 | - - - - - - -
66 | KJIb-20 (20 |90 |68 0,8 - - -
67 KJIb-20 |20 |90 |68 0,8 - KucmorHmit 5xB
68 | KIb-20 |20 |90 |68 0,8 - JlyxHmit 5 xB
69 KJIb-20 |20 |90 |68 0,3 + Kucnoruuii 15/5 xB
70 KIB-20 |20 |90 |68 0,8 + JlyxHui 15/5 xB
71 KIB-20 |20 |90 |68 0,8 + - 15 xB
72 KJb-20 | - - - - + - 15 xB
Cepis 7
77 |KOb-1 |20 |90 |68 0,8 - - -
78 KIb-1 |20 |30 |68 0,8 - - -
79 |KOb-1 [20 [30 |34 0,8 - - -
80 |KAb-1 |20 |30 |136 |0,8 - - -
81 KIb-1 (20 (90 |34 0,8 - - -
82 |KAb-1 |20 |90 |136 |0,8 - - -
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[TapameTpu cTaHIapTHOTO MPOIIECY

JlomaTKkoB1 TEXHOJIOTIUHI orepaiiii 10 abo

Ne spas MCXT nicis npouecy MCXT
Tun AgN Yac
Ky P tocan. | trpas. 0s. H,0O,, | Texctryp | JlomatkoBuit ——
o 1,C |2,XB - MJT yYBaHHS | TPABHHK o6poBic

83 KIb-1 |20 |30 |68 0,4 - - -

84 KIb-1 |20 |30 |68 1,6 - - -

85 KIb-1 |20 |90 |68 0,4 - - -

86 KIb-1 |20 |90 |68 1,6 - - -

87 KJIb-1 |- - - - + - 15 xB
88 KIb-1 |20 |90 |68 0,8 + - 15 xB
89 KIb-1 |20 [90 |68 0,8 - Kucnorauit 5 XB

90 KIb-1 |20 |90 |68 0,8 - JlyxHun 5 XB

91 KIAb-1 |20 |90 |68 0,8 + Kucnoruuit 15/5 xB
92 KIb-1 |20 |90 |68 0,8 + JlyxxHuit 15/5 xB
93 KIb-1 |10 |90 |68 0,8 - -

94 KIb-1 |40 |90 |68 0,8 - -

95 KIb-1 |60 |90 |68 0,8 - -

96 KIb-1 |20 |150 |68 0,8 - -

97 KIb-1 |20 |90 |68 0,8 - -

98 KIb-1 |20 |90 |68 0,8 - -

Cepis 8

4-1 | KIOb-10 |- - - - - - -
4-2 | KOb-10 |20 |5 68 0,8 - - -
4-3 | KOb-10 |20 |10 |68 0,8 - - -
4-4 | KIOb-10 |20 |20 |68 0,8 - - -
4-5 | KOb-10 |20 |25 |68 0,8 - - -
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[Tapametpu crangapTHOTO Mporecy | JlomaaTkoBi TeXHOJIOTIUHI oneparltii 10 abo
MCXT nicis nmpouecy MCXT
Ne 3pa3
Tun AgN Yac
Ky ' tocan. | trpas. H,0O,, | Texctryp | JlomatkoBuit
IT1IKT1a]T Os, JIOJTATKOBO1
1,C |2,XB M yBaHHS | TPaBHHUK
KU MT 00poOKH
4-6 | KIb-10 [60 |5 68 0,8 - - -
4-7 | KOb-10 |60 |10 |68 0,8 - - -
4-8 | KIb-10 |60 |20 |68 0,8 - - -
4-9 | KOb-10 {20 |90 |68 0,2 - - -
4-10 |KIOb-10 |20 |90 |68 0,6 - - -
4-11 | KIOb-10 {20 |90 |68 1 - - -
4-12 |KIOb-10 |20 |90 |68 1,2 - - -
4-13 |KIOb-10 |20 |90 |68 1,4 - - -
4-14 |KIOb-10 |20 |90 |68 0,8 - Kucnotauit 1 xB
4-15 | KIb-10 |20 |90 |68 0,8 - Kucnoruuit 3 xB
4-16 | KIOb-10 {20 |90 |68 0,8 - Jly>xuuii 1 xB
4-17 | KIOb-10 {20 |90 |68 0,8 - JlyxHun 3 XB

Tabmuus b.12— Po3paxoBani cratuyHi Ta JUHAMIYHI TTapaMeTpu JIIOAHUX CEHCOPIB

(13MYHMX Ta XIMIYHUX BeJIMYMH Ha ocHOBI MmacuBy KHH

No 3pa ) .
CraTnuHi napaMeTpu JlnHaM14H1 mapameTpu
3Ky
Koed. Koed. Koed.
Koed. _ . .
Tepmouy | ®otouytinu | Boarouyt Yac BiryKy/B1IHOBJIEHHS CEHCOPIB
BHIIPAM . . . .
TJIMBOCTI | BOCTI, JIUBCTI, BOJIOT'OCTI, C
JEHHS
,MB/K | MA/1MB (%RH)!
1-1 | 1,7 0,02 60,6
1-2 |25 0 54,41
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Ne 3pa
CratuuHi mapameTpu JluHamMigH1 TapaMeTpu
3Ky
Kocd. Koed. Koed. Koed.
Tepmouy | ®otouytnu | Bonrouyr Yac BiAryKy/BiIHOBJICHHS CEHCOPIB
BUTIPSIM ' _ _ _
TJIIMBOCTi | BOCTI, JIMBCTI, BOJIOT'OCTI,C
e ,MB/K | MA/nMB (%RH)!
1-3 4,7 0,17 76,04 -
2-1 41,0 0,67 56,5 -
2-2 16,1 0,05 91,8 -
7 569.4 2,17 25,8 0,96
9 - - 25,6 -
11-1 28 1 6,9 1,88 25,0 30,0
11-2 3,1 0,05 77,4 0,14
11-3 441,44 2,17 35,9 -
12-1 676 2,17 11,31 3,70 60,0 55,0
12-2 16 0,67 144.9 0,01
2 133 1,33 1,53 3,30
3 489 1,16 4,02 25,0 45,0
5 1.15 3 0,35
6 730 1,6 3,75
7 128 1.83 2,71
12 100 1,73 1,07 0,95
14 159 1,46 0,97 2,44
16 739 1,66 3,53
19 618 1 1,02 3,32 80,0 50,0
20 1207 1,33 0,66 2,09
24 865 2,16 2,33
1 123 2,3 2,6 1,1 124 92
2 165 0,9 1,2 2 46 46
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Ne 3pa . ..
CratnyH1 napameTpu JluHaMi4H1 napameTpu
3Ky
Koed. Koed. Koed.
Koed. ¢ ¢ b
TepMoudy | GOTOUYTIH | BOJITOUYTII Yac BiATyKy/BIIHOBJICHHSI CEHCOPIB
BUTIPSIM
TJAUBOCTI | BOCTI/BIATY | MBCTI/BiAT BOJIOI'OCTI,C
JICHHS
/BIATYK | K YK
3 90 1,3 0,8 1 60 68
4 48 2 2,1 1 84 92
5 6 1,3 0,8 0,5 76 52
6 77 1,3 2,3 1,4 86 94
7 152 1,8 1,5 0,8 52 52
8 44 1,3 1,2 1 57 57
100 |55 1,7 2,8 1,5 20 36
101 13 0,8 2,3 2,1 44 36
102 | 57 1,5 3,1 0,8 92 68
104 1924 2,3 2,1 3 92 68
105 |2 0,2 1,2 0,2 76 60
106 | 2503 2 76 48
109 1745 2,5 2,5 4,9 53 61
110 |32 1 24 1,8 44 28
111 54 1,7 2,3 3,2 68 60
112 | 90 1,5 2,2 0,8 86 77
113 123 23 1,5 1,6 124 92

Tabmuus b.13 — Po3paxoBaHi mapaMeTpu TEpPMOYYTIMBOCTI JI0JTHUX CEHCOPIB Ha

ocuosl KHH

3pa3ok 2 3 5 6 7 12 14 16 19 20 24
S1, MB/K 1,33 1,16 3 1,6 1,83 1,73 1,46 1,66 1 1,33 2,16
(I=100pA)

Sy, a.u/K?! | 415 488 383 837 1368 | 208 1565 | 551 752 465 49
(U=1B)

Sg,,a.u./K'1 1488 | 2181 | 2531 | 3051 | 2402 | 1609 |2847 | 2775 |2292 | 6130 | 2801
(U=-1V)
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Ta6muis b.14— Po3paxoBaHi cTaTU4HI Ta JUHAMIYHI TapaMeTPH PE3UCTUBHUX CEHCOPIB (PI3MYHMX Ta XIMIYHUX BEIMYMH Ha

ocHoBl monupikoBanoro macuBy KHH ¢dynepenamu, BBHT ta rpadenom

Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
] ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCTI JI0 | TeMmIepaTypu BoJiorocti 10 | Bmicty JIOC 1o ) ) BOJIOTOCTI MicCst )
Homep o o o o 1CIIA 1CIIA o 1CIISt
Moaudikarii 1o moauddikarii Moaudikari Moaudikari oL oL mMoaudikarii _
Moauikalli Moauikalli Mo iudiKaii
3pasKy mndikar angixarn mndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pa3iB | BiATYKy, | pasiB | BiOTyKy, | pasiB | BiOTyKy, | pasiB | BiOryKy, | pasiB | BiOryKy, | pasiB | BiOryKy, | pasiB | BiATYKy, | pas3iB | BIOTyKy,
C C C C C C C C
Monudikaiis Oynepenamu KJb-1
®1 37,8 0,054 9,5 0,504 1,9 43,2 | - - 13,9 0,18 12,3 0,297 3,8 16,56 | 1,1 1,4
®2 9,4 0,018 3,3 0,324 21,6 29 | - - 7,0 0,081 6,2 0,162 3,0 16,29 | 1,5 11,4
®3 24,0 0,558 2,0 14,76 | - - 3,3 0,072 6,5 0,099 6,2 19,62 | 1,2 0,72
P4 19,7 0,189 3,8 0,153 2,4 56,43 | - - 6,6 0,072 10,9 0,162 3,1 81|15 5,6
®5 15,0 0,018 11,3 0,396 1,2 83,25 | - - 2,6 0,063 8,1 0,315 3,8 13,95 | 1,43 4,8
Momudikamis @ynepenamu K/ b-1 + KucnotHo MmoaudikoBanuii MacuB
®1| 1,6 0,081 3,2 0,126 3,2 29,4 - - 1,4 0,144 4,1 0,072 2,1 14,4 - -
®2 | 1,5 0,09 5,2 0,18 6,2 15,39 - - 1,3 0,135 5,2 0,108 3,7 18,45 - -
®3 |34 0,027 6,8 0,198 3,2 24,48 - - 1,6 0,162 7,0 0,216 3,3 8,82 - -
®4 | 4,0 0,045 6,5 0,144 1,5 22,41 - - 1,8 0,018 4,2 0,108 2,3 30,69 - -
®5 | 2,0 0,027 5,2 0,144 3,3 39,06 - - 1,4 0,144 4,9 0,072 3,0 22,41 - -
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Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
) ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCT1 JIO | TeMIlepaTypu BojiorocTi 1o | Bmicty JIOC no ) ) BOJIOTOCTI MICIs )
Homep o o o o icast nicist o icyst
Moaudikarii 1o moaudikarii moaudikarii Moudikarmii oL oL moaudikarii _
Moaudikarii Moaudikarii Moaudikarii
3pasKy mnikar andixar nndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pasiB | BiAryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | BiAryky, | pasiB | BiAryKy, | pasiB | BiAryky, | pasiB | BIOIyKy,
C C C C C C C C
Mopaudikamis @ynepenamu KJIb-1 + JIyxHo MoaudikoBaHU MacuB
®1 1,7 0,054 4,1 0,099 3,0 27,63 | - - 1,2 0,297 4,2 0,099 3,2 26,73 | ~ -
®2 1,7 0,027 5,6 0,09 2,1 549 | - - 1,4 0,135 5,8 0,09 1,2 40,59 | - -
®3 2,0 0,162 6,5 0,18 2,0 35,28 | - - 1,6 0,216 7,0 0,171 2,7 11,88 | - -
P4 1,7 0,144 3,9 0,108 5,3 108 | - - 1,3 0,198 4,0 0,117 4,3 12,33 | - -
®5 1,5 0,171 3,6 0,099 1,5 14,22 | - - 1,2 0,234 3,9 0,108 3,6 38,79 | - -
Monmudikamis @yneperamu KJ1b-10
®1 | 14,8 0,054 18,6 0,198 2,9 17,46 - - 3,7 0,045 71 0,432 3,9 9,09 1,63 1,125
®2 17,8 0,018 - - 1,3 13,87 - - 7,8 0,144 19,7 0,342 13,1 84,96 - -
®3 | 25,8 0,027 17,0 0,144 2,2 21,69 - - 14,0 0,018 25,1 0,162 3,6 18,66 3,8 3,2
®4 | 44,9 0,018 15,2 0,279 1,4 4,86 - - 11,2 0,018 8,0 0,153 4,9 16,92 2,6 9
®5 | 20,0 0,018 3,5 0,585 1,8 85,68 - - 4,4 0,099 9,0 0,108 2,9 11,52 - -
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Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
) ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCT1 JIO | TeMIlepaTypu BojiorocTi 1o | Bmicty JIOC no ) ) BOJIOTOCTI MICIs )
Homep o o o o icast nicist o icyst
Moaudikarii 1o moaudikarii moaudikarii Moudikarmii oL oL moaudikarii _
Moaudikarii Moaudikarii Moaudikarii
3pasKy mnikar andixar nndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pasiB | BiAryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | BiAryky, | pasiB | BiAryKy, | pasiB | BiAryky, | pasiB | BIOIyKy,
C C C C C C C C
Mopaudikamis @ynepenamu K/[b-10 + KucinorHo moaudikoBanuii MacuB
®1 75,8 0,027 7,5 0,225 1,6 23,58 | - - 41,7 0,018 10,7 0,288 2,7 21,69 | 5 18,9
®2 34,8 0,09 6,8 0,171 1,7 19,71 | - - 20,2 0,018 7,8 0,207 4,5 37,71 | 4,5 5,85
®3 25,6 0,027 9,5 0,531 2,3 21,24 | - - 7,3 0,054 5,4 0,063 4,6 16,65 | 3,9 2,43
P4 5,8 0,018 6,7 0,162 2,2 16,56 | © - 2,0 0,063 7,2 0,099 3,4 6,39 | 2,3 9,5
®5 40,5 0,018 14,5 0,468 1,2 25,65 | - - 12,9 0,054 16,6 0,108 4,7 11,07 | 2,2 18,36
Momudikamis @ynepenamu Kb-10 + Jly:xaHo MmoaudikoBanuii MacuB
1|64 0,027 10,0 0,315 2,2 6,3 - - 3,6 0,234 13,5 0,306 4,2 5,76 1,56 18
®2 |28 0,018 6,5 0,342 4,8 70,92 - - 2,3 0,027 9,0 0,261 3,9 6,3 1,8 19
®3 | 4,2 0,027 12,1 0,333 6,2 21,87 - - 2,9 0,027 13,8 0,342 6,0 4,59 2,4 24
P4 | 2,6 0,018 6,6 0,36 2,6 9,18 - - 1,6 0,036 8,7 0,252 3,7 15,66 2,1 21
®5| 2,4 0,054 5,8 0,36 3,8 9,27 - - 2,3 0,081 7,8 0,252 4,0 4,23 2,8 27




[Tponorxenus tadauii b.14

211

Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
) ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCTI JI0 | TeMIEpaTypu BojiorocTi 1o | Bmicty JIOC no ) ) BOJIOTOCTI MICHA )
Homep o o o o iCJIst T1CIIA o 1CIISt
Moaudikarii 1o moaudikarii moaudikarii Moudikarmii oL oL moaudikarii _
Moaudikarii Moudikarii Moudikartii
3pasKy mnikar andixar nndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pasiB | BiAryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | BiAryky, | pasiB | BiAryKy, | pasiB | BiAryky, | pasiB | BIOIyKy,
C C C C C C C C
Mopaudikamis BBHT KJIb-1
d1 1,2 0,135 2,1 0,099 1,9 33,21 | © - 1,3 0,243 2,2 0,117 6,0 2,88 | 2,37 26
®2 1,8 0,027 3,8 0,135 4,1 4,95 | - - 1,7 0,126 3,3 0,081 51 7,38 | 4,25 25
®3 1,9 0,054 8,7 0,144 2,6 51,12 | - - 1,3 0,198 3,8 0,162 2,6 495 |15 14
4 1,4 0,108 1,6 0,099 3,0 243 | - - 1,2 0,279 1,5 0,117 4,9 3,6 | 1,12 11,3
®5 1,7 0,108 5,6 0,207 1,4 39,69 | - - 1,4 0,171 4,3 0,189 3,2 48,87 | 1,3 2,5
Momudikamis BBHT KJIb-1 + Kucinorao MmoaudikoBanuii MacuB
1| 2,7 0,09 3,1 0,126 8,7 37,98 - - 1,8 0,261 2,9 0,117 4,4 22,05 - -
®2 | 5,0 0,036 6,2 0,36 2,8 9,81 - - 1,3 0,162 2,0 0,25 4,1 36,45 - -
®3 | 5,6 0,09 9,4 0,288 1,5 10,71 - - 1,8 0,135 3,8 0,18 26,3 31,23 - -
®4 | 3,2 0,081 4,3 0,279 3,0 9,36 - - 2,3 0,153 4,4 0,18 9,7 24,48 - -
®5 3,8 0,036 7,3 0,36 4,3 20,34 - - 1,5 0,135 3,8 0,396 6,7 39,24 - -
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Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
) ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCTI JI0 | TeMIEpaTypu BojiorocTi 1o | Bmicty JIOC no ) ) BOJIOTOCTI MICHA )
Homep o o o o micns micst o 1CIISt
Moaudikarii 1o moaudikarii moaudikarii Moudikarmii oL oL moaudikarii _
Moaudikarii Moudikarii Moudikartii
3pasKy mnikar andixar nndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pasiB | BiAryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | BiAryky, | pasiB | BiAryKy, | pasiB | BiAryky, | pasiB | BIOIyKy,
C C C C C C C C
Mopaudikamnis BBHT KJIb-1 + JIy>xHo MoaudikoBaHHi MacuB
d1 6,7 0,036 51 0,126 7,3 12,33 | - - 2,8 0,108 8,4 0,117 4,6 8,01 |~ -
®2 59,9 0,027 11,3 0,423 2,0 22,77 | - - 5,8 0,108 2,5 0,027 1,8 18,18 | - -
®3 17,2 0,072 9,4 0,252 2,0 9,72 | - - 1,7 0,144 3,2 0,153 2,8 14,31 | - -
4 55,4 0,036 25,2 0,315 2,7 22,14 | - - 6,1 0,135 2,5 0,27 1,7 6,75 | ~ -
®5 11,9 0,081 6,1 0,297 6,2 32,94 | - - 6,4 0,072 10,6 0,111 2,7 34,65 | - -
Mopmudikamis BBHT Kb-10
®1 | 21,7 0,045 5,5 0,342 5,9 42,39 - - 4,0 0,081 14,6 0,315 6,0 14,22 5,2 7,3
®2 | 143 0,036 4,8 0,441 2,0 33,9 - - 1,7 0,09 5,3 0,594 2,9 26,91 3,15 17,9
®3 | 8,2 0,02 10,8 0,531 2,0 37,71 - - 1,5 0,086 3,2 0,378 4,3 24,48 1,9 6,2
®4 | 38,9 0,054 3,6 0,45 6,0 29,88 - - 5,1 0,162 4,8 0,558 3,4 49,68 3 9,3
®5 13,3 0,081 5,5 0,342 5,9 42,39 - - 2,2 0,153 4,6 0,216 3,4 8,73 4 14




[Tponorxenus tadauii b.14

213

Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
) ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCT1 JIO | TeMIlepaTypu BojiorocTi 1o | Bmicty JIOC no ) ) BOJIOTOCTI MICIs )
Homep o o o o TCIIst TICIIS o TiCIIst
Moaudikarii 1o moaudikarii moaudikarii Moudikarmii oL oL moaudikarii _
Moaudikarii Moudikarii Moudikartii
3pasKy mnikar andixar nndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pasiB | BiAryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | BiAryky, | pasiB | BiAryKy, | pasiB | BiAryky, | pasiB | BIOIyKy,
C C C C C C C C
Mopaudikamnis BBHT KJIb-10 + Kucinotno moaudikoBaHU MacuB
d1 4,5 0,045 20,0 0,405 2,4 36,27 | ~ - 2,1 0,153 19,3 0,378 4,4 12,24 | 1,4 3,6
®2 4,8 0,018 5,9 0,432 4,6 4,41 | - - 1,3 0,108 3,2 0,648 13,7 | 97,551 |2 15
®3 9,9 0,045 10,4 0,684 8,9 8,19 | - - 1,6 0,072 3,2 0,351 9,4 66,6 | 1,4 7,2
4 2,7 0,045 8,0 0,306 1,6 2,502 | - - 1,7 0,144 6,5 0,432 1,9 5,67 | 1,6 10,8
®5 6,8 0,045 9,5 0,657 1,8 6,39 | - - 1,3 0,117 3,6 0,486 2,3 13,77 | - -
Momudikamis BBHT K/Ib-10 + Jly>xHo MoaudikoBanuii MacuB
®1 | 4,0 0,045 8,0 0,513 1,9 14,13 - - 1,9 0,117 8,3 0,36 2,5 16,47 4,64 36
®2 | 3,7 0,099 7,2 0,423 12,5 5,67 - - 1,1 0,144 2,1 0,36 2,0 29,61 2,1 32
®3 | 6,7 0,045 9,7 0,459 9,5 15,48 - - 2,1 0,141 5,4 0,342 11,7 51,21 1,3 11
®4 | 8,5 0,063 15,4 0,45 19,4 18,27 - - 1,4 0,117 3,8 0,486 2,1 11,07 1,5 15
®5 12,8 0,027 6,4 0,396 4,9 11,97 - - 1,1 0,108 2,0 0,243 2,5 7,29 1,6 3,59
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Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
) ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCTI JI0 | TeMIEpaTypu BojiorocTi 1o | Bmicty JIOC no ) ) BOJIOTOCTI MICHA )
Homep o o o o icast nicist o icyst
Moaudikarii 1o moaudikarii moaudikarii Moudikarmii oL oL moaudikarii _
Moaudikarii Moaudikarii Moudikartii
3pasKy mnikar andixar nndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pasiB | BiAryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | BiAryky, | pasiB | BiAryKy, | pasiB | BiAryky, | pasiB | BIOIyKy,
C C C C C C C C
Moaudikaris 'papenom KJIb-1
d1 15,2 0,036 6,8 0,306 2,2 12,6 | - 27,5 0,027 17,7 0,207 2,7 22,512 10
®2 51 0,063 4,6 0,108 5,7 153 | - - 2,9 0,117 7,2 0,072 7,3 12,15 | 3,6 7
®3 12,9 0,036 4,7 0,099 2,9 41,22 | - - 17,4 0,054 9,3 0,153 4,3 19,17 | 1,42 3,2
4 4,4 0,117 51 0,198 5,7 13,68 | - - 4,7 0,027 7,0 0,198 2,9 6,93 | - -
®5 7,0 0,063 10,5 0,432 2,4 4,68 | - - - - - - - -11,89 1,44
Mopaudikamis I'papenom KJIb-1 + KucinorHo moaudikoBaHW MacuB
1|15 0,054 6,7 0,144 3,8 20,7 - - 1,3 0,279 8,9 0,081 2,4 43,11 - -
®2 |24 0,36 7,2 0,153 2,2 7,11 - - 2,2 0,126 7,6 0,099 2,7 20,07 - -
®3 | 1,5 0,45 2,1 0,099 7,2 8,64 - - 1,5 0,234 3,7 0,099 10,3 8,28 - -
P4 2,2 0,027 3,0 0,162 4,2 10,44 - - 2,5 0,072 6,8 0,108 3,0 14,67 - -
®5 3,1 0,18 7,7 0,153 6,7 31,86 - - 2,5 0,108 11,6 0,171 2,5 16,83 - -
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Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
) ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCTI JI0 | TeMIEpaTypu BojiorocTi 1o | Bmicty JIOC no ) ) BOJIOTOCTI MICHA )
Homep o o o o icast nicist o icyst
Moaudikarii 1o moaudikarii moaudikarii Moudikarmii oL oL moaudikarii _
Moaudikarii Moaudikarii Moaudikarii
3pasKy mnikar andixar nndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pasiB | BiAryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | BiAryky, | pasiB | BiAryKy, | pasiB | BiAryky, | pasiB | BIOIyKy,
C C C C C C C C
Moaudikamis I'papenom KJIb-1 + JIyxxHo MmoaudikoBaHU MacuB
d1 1,1 0,144 1,8 0,054 4,4 7,74 | ~ - 1,3 0,558 2,5 0,126 4,1 3,96 | - -
®2 1,2 0,117 2,9 0,135 6,3 66,87 | - - 1,2 0,36 3,0 0,117 6,6 39,6 | - -
®3 1,2 0,108 1,6 0,063 1,3 64,26 | - - 1,3 0,288 1,7 0,126 2,3 37,98 | - -
o4 1,4 | 0,243 4,4 | 0,144 43| 5094 |- - 1,4 | 0,387 45| 0,108 3,6 27 | - -
®5 1,5 0,153 5,1 0,153 2,3 88,11 | - - 1,4 0,333 5,3 0,126 1,3 9,72 | - -
Momudikamis I'papenom KJ[b-10
®1 | 11,2 0,036 6,1 0,891 1,5 3,24 - - 56,4 0,081 36,3 0,252 2,4 77,13 5,8 19,8
®2 | 4,7 0,027 4,5 0,216 13,1 36,63 - - 4,9 0,099 8,2 0,306 6,9 20,88 2,12 28
®3 | 30,9 0,09 14,0 0,405 1,3 10,98 - - 23,1 0,027 22,7 0,297 1,3 44,83 2,4 27
®4 | 10,4 0,054 3,7 0,108 8,0 26,01 - - 18,7 0,036 12,1 0,306 6,8 17,37 4 6,3
®5 | 43,8 0,018 21,4 0,441 1,5 27 - - 50,3 0,036 48,6 0,225 2,7 96,6 1,26 2,32
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Cencopu Cencopu Cencopu
Cencopu Cencopu Cencopu Cencopu ) ) Cencopu )
) ) ) ) OCBITJIEHOCTI TeMIIepaTypu o smicty JIOC
OCBITJICHOCT1 JIO | TeMIlepaTypu BojiorocTi 1o | Bmicty JIOC no ) ) BOJIOTOCTI MICIs )
Homep o o o o icast nicist o icyst
Moaudikarii 1o moaudikarii moaudikarii Moudikarmii oL oL moaudikarii _
Moaudikarii Moaudikarii Moaudikarii
3pasKy mnikar andixar nndikar
Binryx, Yac Binryx, Yac Binryx, Yac Binryx, Yac Biaryx, Yac Biaryx, Yac Binryx, Yac Binryx, Yac
pasiB | BiAryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | Biaryky, | pasiB | BiAryky, | pasiB | BiAryKy, | pasiB | BiAryky, | pasiB | BIOIyKy,
C C C C C C C C
Mopaudikamis I'papenom KJIb-10 + KucnotHo MmonudikoBanuii MacuB
®1 3,4 0,027 5,5 0,144 2,2 2,88 | T - 2,8 0,072 10,8 0,126 3,6 78,93 | 2,3 8,1
®2 5,4 0,027 11,2 0,54 1,0 585 - - 4,7 0,027 18,6 0,252 2,2 5,67 | 2,8 6,3
®3 4,5 0,09 19,2 0,288 1,9 37,17 | - - 4,1 0,081 29,6 0,342 2,2 31,14 | 2,2 5,7
P4 1,3 0,081 7,0 0,306 4,0 31,32 | - - 1,3 0,387 9,5 0,279 2,6 20,16 | 1,7 7,8
®5 5,0 0,009 28,4 0,288 3,4 25,65 | - - 3,2 0,378 37,7 0,261 2,6 31,59 | 2,4 22
Monmudikais 'padenom K/b-10 + Jlyxa0 MoaudikoBaHuil MacuB
®1 |18 0,09 5,3 0,144 13,9 28,53 - - 2,1 0,054 6,6 0,198 11,6 13,14 2,6 18
®2 | 3,5 0,009 14,5 0,261 3,3 15,66 - - 3,1 0,009 15,0 0,252 4,2 19,8 3 28
®3 4,1 0,045 19,5 0,198 8,0 12,87 - - 3,6 0,027 23,6 0,27 4,0 44,37 1,8 4,8
®4 | 3,5 0,036 12,0 0,252 9,9 28,08 - - 2,1 0,063 10,8 0,198 8,2 15,75 - -
®5 12,1 0,063 6,6 0,216 7,8 8,46 - - 2,5 0,099 10,7 0,153 8,6 11,07 3,4 17
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https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
https://www.tme.eu/Document/f9d2f5e38227fc1c7d979e546ff51768/NTCM-100K-B3950.pdf
https://www.tme.eu/Document/f9d2f5e38227fc1c7d979e546ff51768/NTCM-100K-B3950.pdf
https://www.tme.eu/Document/f9d2f5e38227fc1c7d979e546ff51768/NTCM-100K-B3950.pdf
https://www.tme.eu/Document/f9d2f5e38227fc1c7d979e546ff51768/NTCM-100K-B3950.pdf
https://www.tme.eu/Document/f9d2f5e38227fc1c7d979e546ff51768/NTCM-100K-B3950.pdf
https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
https://www.rcscomponents.kiev.ua/datasheets/tentcle100e3683j-datasheet.pdf
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Mapka ' ' . Yac
Marepia _ Yyrnusicts, | Yac Biaryky, |
CEHCOp Kpaina BupoOHUK Biaryk B1JTHOBJIEH [Tocunanus
1 6% MC
y Hsl, MC
JlaGopaTopist HaliBIPOBITHUKOBUX Mommdi
neperBopioBauiB, HTYY “KuiBchkuit KOBaHUM
- ‘ . ‘ o 101 0,9 27 27 -
HOJIITEXHIYHU IHCTUTYT iMeHi [ropst MAacCHB
Cikopcpkoro” KHH
[http://www.token.
Cynbbin tw/resistor/ph
PGMS55 Token Electronics Industry, . E—
6 Tai KaJIMIIO 20 0,6 30 40 oto-
altwan
( ) (CdS) cds.htm?id=light-
sensor? 1
[https://imrad.com.
PDV.- | Cym’(?iﬂ ua/userdata/module
PR103 Advanced Photonix, (USA) KaJIMitO 30 0,75 60 25 s/productFiles/pk1
(CdS) Njwlw_FR12_100.
pdf]
VTGN Cyﬂb(?ijl [https://www.rlocm
| Parallax Inc.(USA) KaMiI0 33 0,8 78 8 an.ru/datasheet/pdf.

(CdS)

htmI?di=165937]



%5b%20http:/www.token.com.tw/resistor/photo-cds.htm?id=light-sensor?_1%5d
%5b%20http:/www.token.com.tw/resistor/photo-cds.htm?id=light-sensor?_1%5d
%5b%20http:/www.token.com.tw/resistor/photo-cds.htm?id=light-sensor?_1%5d
%5b%20http:/www.token.com.tw/resistor/photo-cds.htm?id=light-sensor?_1%5d
%5b%20http:/www.token.com.tw/resistor/photo-cds.htm?id=light-sensor?_1%5d
%5b%20https:/imrad.com.ua/userdata/modules/productFiles/pk1Njwlw_FR12_100.pdf%5d
%5b%20https:/imrad.com.ua/userdata/modules/productFiles/pk1Njwlw_FR12_100.pdf%5d
%5b%20https:/imrad.com.ua/userdata/modules/productFiles/pk1Njwlw_FR12_100.pdf%5d
%5b%20https:/imrad.com.ua/userdata/modules/productFiles/pk1Njwlw_FR12_100.pdf%5d
%5b%20https:/imrad.com.ua/userdata/modules/productFiles/pk1Njwlw_FR12_100.pdf%5d
file:///C:/Users/PC/Desktop/dts_vt900seriesdatasheet.pdf
file:///C:/Users/PC/Desktop/dts_vt900seriesdatasheet.pdf
file:///C:/Users/PC/Desktop/dts_vt900seriesdatasheet.pdf
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Mapxka YyTnuBiCTb, Yac
CEHCO Kpaina BupoOHHK Martepian Biaryx (o), pF/% | Yac Biaryky, ¢ | BiIHOBJIIEH [Tocunanus
Py RH Hsl, C
JlaGoparopist HaIIBIPOBIAHUKOBUX Monudikosan
neperBoproBavis, HTYY .
- o Wil MacHB 68 200 5,7 1,26 -
“KHiBCbKMI MOMITEXHIYHUI
1HCTUTYT 1MeHi Irops Cikopcbkoro
[https://www.alldatashe
HSI11 t.com/datasheet-
TE Connectivity, (Switzerland) [Tomimep 1,2 0.31 10 10 SHEOTEHESES
O1LF pdf/view/241417/HUMI
REL/HS1101LF.html]
[https://Www.ist-
P14- . . ag.comy/sites/default/file
IST (Switzerland) [Tonimep 1,3 0,25 8 8
W s/downloads/DHP14-
W_E.pdf]
, http://www.kosmod
HCH- Honeywell International ' [http://wsrw kosmodro
1000 SA ITomimep 1,44 0,6 15 15 m.com.ua/pdf/HCH-
Inc.(U pdf]
(USA) 1000.pd



https://www.alldatasheet.com/datasheet-pdf/view/241417/HUMIREL/HS1101LF.html
https://www.alldatasheet.com/datasheet-pdf/view/241417/HUMIREL/HS1101LF.html
https://www.alldatasheet.com/datasheet-pdf/view/241417/HUMIREL/HS1101LF.html
https://www.alldatasheet.com/datasheet-pdf/view/241417/HUMIREL/HS1101LF.html
file:///C:/Users/PC/Downloads/DHP14-W_E.pdf
file:///C:/Users/PC/Downloads/DHP14-W_E.pdf
file:///C:/Users/PC/Downloads/DHP14-W_E.pdf
file:///C:/Users/PC/Downloads/DHP14-W_E.pdf
http://www.kosmodrom.com.ua/pdf/HCH-1000.pdf
http://www.kosmodrom.com.ua/pdf/HCH-1000.pdf
http://www.kosmodrom.com.ua/pdf/HCH-1000.pdf
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Tabmuus b.18 — IMopiBHsbHA Tabnuist po3podaeHux cencopiB BMicTy JIOC 31 CBITOBUMHU aHajIOraMu

. Yac
Mapka . _ YyTnusicTs, Yac .
Kpaina BupoOHuK Marepian Biaryk ' B1JJTHOBJICHHS [Tocunanus
CEHCOpY %/ppm BIJITYKY, C
, C
JIaboparopist HaIiBIIPOBITHHKOBHIX
neperBoproBayis, HTYY Monudikosanu
- , , 56 4 2,7 6,3 -
“KuiBCcbKUH NOMITEXHIYHUN 1t macue KHH
iHcTHTYT iMeHi Irops Cikopcbkoro”
Hanoctpykrypu
ZnO/ [https://ua.patents.su/6
[TaTeHT Ha KOPUCHY MOJIEIIb,
- €JIEKTPOOCAIKE 3 1,7 50 180 -111415-rezistivnijj-
(Ykpaina) ,
H-HS 3 BOJHOTO sensor-amiaku.html |
pPO3UHMHY
Arab Academy for Science and | IlmiBka ZnO/ [https:/fwww.sciencedi
.- . rect.com/science/articl
- Technology, and Maritime TEPMIYHE 1,9 1,9 100 300 B
e/pii/S0925400519308
Transport, (Egypt) BHUIIAPOBYBAHHS 688]
[https://www.electroni
. . . coscaldas.com/datashe
MQ-135 | Winsen Electronics Co, (China) SnO, 6 5,6 20-30 40-60
et/MQ-
135_Hanwei.pdf]



https://ua.patents.su/6-111415-rezistivnijj-sensor-amiaku.html
https://ua.patents.su/6-111415-rezistivnijj-sensor-amiaku.html
https://ua.patents.su/6-111415-rezistivnijj-sensor-amiaku.html
https://www.sciencedirect.com/science/article/pii/S0925400519308688
https://www.sciencedirect.com/science/article/pii/S0925400519308688
https://www.sciencedirect.com/science/article/pii/S0925400519308688
https://www.sciencedirect.com/science/article/pii/S0925400519308688
https://www.electronicoscaldas.com/datasheet/MQ-135_Hanwei.pdf
https://www.electronicoscaldas.com/datasheet/MQ-135_Hanwei.pdf
https://www.electronicoscaldas.com/datasheet/MQ-135_Hanwei.pdf
https://www.electronicoscaldas.com/datasheet/MQ-135_Hanwei.pdf
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Tun Minni Cmnabo ) . ) BesankoromusHi MomnoyHi
. Bepmytn . lapsui Hanoi bezankoronsHi ras ; .
00poOKH Haroi AJIKOTOJIbHI1 Hera3oBaHi Hall. Haroi
MakcumaibHa 3MiHa 0,035 0,049 0,031 0,064 0,035 0,087 0,054
cursaiy, nF >H<
CeeKTUBHICTD % 2,9 1,47 1,9 1,96 1,51 2,36 1,36
IIBuakomnis, ¢ 80 70 74 92 93 93 80
MaxkcumanpsHa 3MiHa o W 0,326 0,13 0,31 0,342 0,22 0,068 0,405
cursaiy, nF >H< E %
CeneKTUBHICTD % § g 1,63 2,02 1,67 2,01 1,62 2,87 1,26
1IBuAKOIs, C = E 36 22 46 42 43 19 43
Makcumanbna 3Mina | o, = 1,06 1,13 0,36 0,43 0,35 0,458 0,452
curxaiy, nF §‘< E q:, E
CeeKTUBHICTD % c:> 8 @ 3,14 2,14 1,26 1,87 1,24 1,60 1,65
LB aKozis, ¢ < B 32 50 38 45 43 53 50
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