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ITOJY3AKA3ZHAA MUKPOCXEMA
3APAJOYYBCTBUTEJBHOI'O YCUJIUTEJIA-®@OPMUPOBATEJIA
C BBIXOJOM HA OIITUYECKYIO JIMHUIO CBA3U

0. B. IBOPHUKOB!', B. A. YEXOBCKMUIA?, A. B. KYHII?, 5. JI. TAJIKMH?, 1. M. YNUNH?

04O «Munckuii nayuno-ucciedo6amenbCKuti npubopPoCMpoOUMenbHbL UHCTIUNTYIIY
(Munck, Pecnybnuxka Benapycyw)
2Uncmumym adepuvix npodinem benopycckozo 20cydapcmeenio2o ynusepcumema
(Munck, Pecnybnuka Benapycyo)

AnHoOTanusl. B crarbe paccMOTpPeHBI KOHCTPYKTUBHBIE M CXEMOTEXHUYECKHE OCOOCHHOCTH yCTPOMCTBA CUHUTHI-
BaHMsI CUT'HAJIOB BPEMSI-TIPOCKIIMOHHON KaMepbl MHOTOLIEJIEBOTO JIETEKTOpa JUlsl YCTAHOBKH MOHHOTO KoJutaiinepa
Ha 0a3ze HyksoTpoHa. [IpuBeneHbI dIeKTpUYECKHE MPUHIMIHAIBHBIE CXEMBI, Pe3yJIbTaThl CXeMOTEXHHYECKOTO
MOZICJIMPOBAHUS M YIPOLICHHBIH YepTex TOMoJoruu st 6azoBoro marpuuHoro kpucramia MH2XA031. Pas-
paboTaHHOE YCTPOWCTBO CUMTHIBAHUS CHTHAJIOB ITO3BOJISICT B IIUPOKOM JMaNia30HEe BapbHpPOBaTh OCHOBHBIC Ma-
pametpsl. Tak, ©3MEHEeHHEM HOMHHAJIA OJJHOTO BHEIIHEro KoHzaeHcaropa ot 5 1o 100 nd obecrieunBaercst cooT-
BETCTBEHHO M3MEHEHHE JUTUTEILHOCTH BBIXOJAHOTO MMITYJbCa Ha IMOJOBHHE €r0 BHICOTHI B aMarazoHe or 150
110 370 HC 1 HKBUBAJIEHTHOTO IIyMOBOrO 3apsiaa ot 2130 mo 1570 snekTpoHOB.

KiroueBble ciioBa: siyiepHast SJICKTPOHNKA, 3apA09yBCTBUTEIBHBIN yCHIINTENb-(OPMUPOBATENb, 0a30BbIi Mart-
PHUYHBIN KPUCTAILI, TTOJIEBOM TPAH3UCTOP, CANTHIBAIONIAS HJIEKTPOHHKA.

KonduukT unTepecoB. ABTOPHI 3a4BISAIOT 00 OTCYTCTBHH KOH(MINKTA HHTEPECOB.

Jas nurupoBanns. [lomy3aka3zHas MUKpOCXeMa 3apsI09yBCTBUTEIIEHOTO YCHIIUTEISA-(DOPMHUPOBATENS C BBIXO-
JIOM Ha omnTmdecKyro jmHuio cBs3u / O. B. JIBopaukos [u ap.] / Hoxknaner BI'YUP. 2026. T. 24, Ne 3. C. 5-13.
http://dx.doi.org/10.35596/1729-7648-2026-24-3-5-13.

SEMI-CUSTOM MICROCIRCUIT
OF CHARGE-SENSITIVE AMPLIFIER-SHAPER
WITH OUTPUT ON OPTICAL COMMUNICATION LINE

OLEG DVORNIKOV!, VLADIMIR TCHEKHOVSKI? ALIAKSEI KUNTS?,
YAROSLAV GALKIN?, IVAN CHICHIN?

1JSC “Minsk Research Instrument-Making Institute” (Minsk, Republic of Belarus)
’Research Institute for Nuclear Problems of Belarusian State University (Minsk, Republic of Belarus)

Abstract. The article discusses the design and circuitry features of the signal reading device of the time-projection
chamber of the multi-purpose detector for the nuclotron based ion collider facility. Electrical schematic diagrams,
circuit simulation results, and a simplified layout for the MH2XA031 master slice array are presented. The deve-
loped signal readout device allows for a wide range of key parameter variations. For example, varying the value
of one external capacitor from 5 to 100 pF provides a corresponding change in the output pulse width at half maxi-
mum from 150 to 370 ns and an equivalent noise charge from 2130 to 1570 electrons.

Keywords: nuclear electronics, charge-sensitive amplifier-shaper, master slice array, field-effect transistor, read-
out electronics.
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BBenenue

3apsimoayBcTBUTENbHBIC yermuTenn (3UY) SBISIOTCS OCHOBHBIM OJIOKOM SIIEPHOM 3JIEKTPOHHKH,
IPeoOpasy oM KOPOTKHIA TOKOBBIH UMITYIIEC JETEKTOPOB YaCTHUI] B «CTYIIEHBKY» HAIPsKEHUS, T0C-
TaTOYHYIO JUTS TTOCIIEAYIOIer 00paboTKY MOCTYNHUBIIEro curHana. [ yimydiieHus: OTHOIICHUS CHT-
HaJI/UIyM M yBEJIUYEHHS BPEMEHHOTO pa3pelIeHUs] PEerUCTPUPYIOICH MOCTYIJICHUE YAaCTHUL, CHCTEMbI
¢ BeIxoZoM 3UY cOeAMHSIOT MOJ0COBOM (QHUIBTP, GOPMHUPYIOMINN U3 «CTYNEHBKI» HANPSIKEHUS] UM-
MYJILC, aMILTUTY/Ia KOTOPOTO MPONOPIMOHATbHA BeTHurHe 3apsiaa Opyp Ha Bxone 3UY u mocruraercs
B Tak Ha3bBacMoe Bpems muka 7p (peaking time). Takoit oI0COBON QMIBTP B SACPHOI AIEKTPOHUKE
HazbIBaIOT opmupoBareneM (shaper), a Mpu HATMYUA JTOTIOIHUTEIFHOTO YCHIICHUS! CUTHAJIA — YCHUITH-
teneM-(popmupoBareneM (YD), MeTopl CXeMOTEXHUYECKOW ONTHMHU3AINN CYUTHIBAIOIICH AIEKTPOHU-
ku, conepxateii 3UY u YO, uzBecTHsl u BKI04aroT [1-5]:

— BeIOop Tna (MOS, JFET, BT) ronoBHoro Tpan3uctopa, HEMOCPEACTBEHHO COSAUHEHHOTO C Jie-
TEKTOPOM, B 3aBUCUMOCTH OT eMKocTH JieTekropa Cp, TpeOyeMoro BpeMeHH 7p H yPOBHS IIIyMOB, OTIH-
CHIBAEMOTO PKBUBAJICHTHBIM IITYMOBBIM 3apsiioM (equivalent noise charge, ENC);

— BBEIOOpP pa3MepoB U pabodero Toka (KOJUIEKTOPHOTO /-~ HITH CTOKA /) TOJIOBHOTO TPAH3UCTOPA;

— MHUHUMU3AIUIO BKJIaa, BHOcuMoro B ENC Bcemu snementamu 34V (3a HCKITIOUEHUEM TOJIOBHOTO
TpaH3ucTopa) u YO.

CospemeHnnbie pa3zpabotku 3UY u YO, Gazupyromiiecss Ha UCIOJIB30BaHUM HanboJiee pacipocT-
paneHHbIX CMOS-TeXHOJOTHUECKUX MapIIPyTOB C MaJbIMM MPOEKTHBIMH HopMamu (HEe 060-
nee 180 M [6-10]), mpekme Bcero, HaNpaBJICHB HAa YMEHBIIIEHHE TTOTPEOIIeMON MOIITHOCTH U TIIO-
aId KpUCTAIIIA, 3aHIMaeMOTO CYHTHIBAFOIIEH AIIEKTPOHUKON. Takue cYuThIBaroIe CUCTEMBI pa3pa-
0aThIBAIOTCS KaK IMOJIHOCTHIO 3aKa3HbIE WHTETPAbHBIE MUKPOCXEMBI, TPEOYIOT OOJBIINX BPEMEHHBIX
Y MaTepUAIbHBIX 3aTPaT Ha MPOCKTHPOBAHUE U Yallle BCETO MPEAHA3HAYCHBI JII1 00pa0OTKHU CUTHAJIOB
KOHKPETHOTO JIeTeKTOopa MpH 3a1aHHbIX nmapamerpax Cp, Tp u ENC.

Ha npenBapuTenbHBIX dTanax co3laHus SKCIIEPUMEHTAIBHBIX YCTaHOBOK, 3a/1a4a KOTOPBIX — U3T0-
TOBJICHHE MaKeTOB JIETEKTOPOB W YTOYHEHNE METOANK 00pabOTKM CUTHAJIOB, alTpoOaIii0 HOBBIX CXEMO-
TEXHUYECKUX PEIICHUH CUNTHIBAIOIEH JIEKTPOHHUKH I1e7IecO00pa3HO MPOBOANTE Ha 0a30BBIX MATPHU-
HbIX kpuctamax (BMK), nmpemycMaTtprBas BOSMOKHOCTE PETYIUPOBKH PEXHMOB PaOOTHI TOJOBHBIX
TpaH3ucTopoB 1 napamerpos 3UY u YO ¢ nomMolp0 BHEIIHUX IEMEHTOB.

Lenb cTathu — pacCMOTPEHHUE PE3yIbTaTOB HAyYHBIX TPYNoB 1o pa3padorke Ha BMK MH2XA031
TIOJIYITPOBOTHUKOBOTO KpHcCTaia, coiepkamiero 34Y, YO u nmpaiiBep cBeToamona, JUisl ONTHKO-
ANEKTPOHHBIX YCTPONCTB CUMWTHIBAHUS CHTHAJIOB BPEMS-TIPOCKITMOHHON KaMephl (time projection
chamber, TPC) B ycranoske MPD (Multi-Purpose Detector)! komnaiinepa NICA (Nuclotron based Ion
Collider fAcility)>.

Pa3zpadoTka 3j1eKTprUecKkoii cxeMbl

[IpoektupoBanue ocymectBisoch i smemeHToB bMK MH2XA031, SPICE-monenn (SPICE,
simulation program with integrated circuit emphasis — cHMyISTOp AJIEKTPOHHBIX CXeM) KOTOPBIX yUH-
THIBAIOT BO3JEHCTBHE (IIIOEHCA HEHTPOHOB F Ha BOJIBT-aMIIEPHBIE XaPAKTEPUCTHKU OUMOISPHBIX
TPaH3UCTOPOB U moneBbIX Tpau3ucTopoB JFET ¢ kananom p-tuma (p-JFET) [11] ¢ yueTom cnemyrommx
TpeOOBaHMIA, TPEABIBISAEMBIX K YCTPONCTBY cUUThIBaHHUS curHanoB TPC:

— KOJIMYECTBO KaHAJOB — 1;

—coctaB — 34V, YO, npaiiBep cBeTOINOA;

— KOHCTPYKTHBHOE MCIIOJTHEHHUE — OECKOPITYCHOE, TIOMAb KpUCTajia MeHee 16 MM?;

— HarnpspKeHUE UCTOYHHUKOB muTaHus — (£3,5) B;

! Texunueckuit npoextsiii oruer MPD [Dnekrponnsiii pecypc]. Pexxum pocryna: http://nica.jinr.ru/files/mpd_tdr.htm.
2YeTaHOBKa MOHHBIX KoJLIaiiepos Ha 6ase Hyknorpona [DnekTpoHHblil pecype]. Peskum nocryma: http://nica.jinr.ru/.
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— BpeMsl «IHKa» BbIXonHOTo curHanga YO — 100-500 He;

—ENC npu Cp <5 1® u Tp = 100 e — Menee 4000 251eKTpOHOB;

— coxpaHeHue paboToCnoCOOHOCTH MPH BO3EHCTBIY (iroeHca HEWTpoHOB — Menee 10'! u/cm?.

Pazpaborannas cxema yCTpOHCTBa CYMTHIBAHHSI CHTHAIOB, N300paKeHHAs Ha pUC. 1, COCTOHT U3 pac-
ITOJIOKEHHBIX Ha MOJIYITPOBOJHUKOBOM KpHcTaie BxoaHoro (input block) u BeixogHoro (output block)
OJIOKOB M BHEIIHHUX 3JE€MEHTOB, NTOKa3aHHBIX BHE MYHKTUPHBIX JUHUH. ClIeAyeT OTMETUTh, YTO B CO-
OTBETCTBUU C TPaBWJIAMH NPUMEHSEMON MPOrpaMMBbl CXEMOTEXHHYECKOTo MoxenupoBanus LTspice
BCE y3JIbl C OIMHAKOBBIM HanMeHoBaHHeM (Vcc, Vee, Vs) U MIMHBI «3a3eMJICHUS» COCIMHEHBI MEKIY
co0oi.

_________________ -| Vce
Output block |
| D1
Ay
;BT-ZO 5
xd
pnI_I
Rext4
{value}

I
| %
i
| Rext3
500
I
3
S

Puc. 1. DnexTpuueckas cxeMa ycTpoicTBa CUUThIBAHHS CUTHAJIOB
Fig. 1. Electrical circuit of the readout system

Kak 34V (X1), tak u YO (X2) (puc. 1) BbIIOIHEHBI HA OCHOBE MHBEPTHPYIOLIETO yCUIUTENS Ha-
MPSDKEHUST ¢ TOJOBHBIM /BYx3aTBOpHBIM p-JFET XJ1 (puc. 2) ¢ coenuHeHHbIME 3aTBOpamMu. [Ipu He-
o0xoauMocTH co BxoAoM In (puc. 2) MokeT OBITH COeMHEH TONBKO BepxHUM 3arBop Tg (top gate),
00eCIIeUnBAIOIINIA BBICOKYIO KPYTH3HY g\ U MaJIyl0 eMKOCTb 3arBopa-ctoka Cgp [12]. B aTOM ciydae
HWKHUH 3aTBop Bg (bottom gate) pexkomeHayeTcss COCOUHUTH C UCTOKOM. Ycuiutenb X4 Ha puc. 1
MIpeJICTaBIsIeT co00W mpocTeimuii nuddepeHnraIbHbIil KacKal ¢ BXOAHBIMHU 71-p-n-TPAH3UCTOPAMHU
U Harpy3Koi B BHJe TOKOBOTO 3epKaJia Ha p-n-p. JIs OHOKaHAJIBHOTO yCTPONWCTBA IOMMYCTUMO TIpHUMe-
HEHHE BHELIHUX 3JIEMEHTOB, [I03TOMY BHIOPaHbI CICAYIOMINE KOHCTPYKTUBHBIC HCIIOIHEHHSI DJIEMEHTOB
Ha puc. 1: Cfcsa = Cfsh = 1 n® — uHTErpambHbIe KOHACHCATOPHI TSI 00SCIIEYCHUST MaKCUMAIBHOTO
k03] puumenra npeodpa3oBaHMs BXOAHOTO 3aps/ia B BBIXOAHOE HanpshkeHue Koy M HCKIIIOUYEHHS BN~
HUS TIApa3UTHBIX €MKOCTEH, BOSHUKAIOIIUX [P IPUMEHEHUH AUCKPETHBIX KOHJEHCATOPOB, HA (opMy
BBIXOJHOTO MMITyIbca; Rfcsa = 100 MOwM — BHemHuit pesuctop At muanmusarmn ENC; Cdif, Cext —
BHemHHe AuddepeHupyonmi 1 GUIBTPYIOIIHE KOHICHCATOPHI.

Pabora u mapamerpuyeckas ONTHMHU3ALMS HHBEPTUPYIOIIETO YCHIIUTENS OAPOOHO PacCMOTPEHBI
B [4], a pesxuMBbI pabOTHI €T0 TPAH3UCTOPOB BEIOPAHBI M3 CIEAYIOIINX COOOpaKeHHI:

— B Ka9eCTBE TOKO3aIafoIIero deMenTa npumMensics p-JFET Muanmansaoro pazmepa XJ2, pabo-
TAIOMIMN B TEPMOCTAOMIBHOMN TOUuKe TIpH [, = 37 MKA, B KaueCTBE TOJIOBHOTO JIEMEHTA — OJMH JIBYX-
3arBopHBIA p-JFET ¢ coenmHeHHBIMU 3aTBOpaMu TipH [, & 568 MKA, 4TO O4eHb ONHM3KO K €ro TepMo-
cTabmibHON TOUKE [, ~ 624 MKA. TouHoe 3amaHNe TEPMOCTAOMIBHOTO TOKA TOJIOBHOTO TPAH3UCTOpa
MyTeM MapajuIeNbHOTO TOAKIIOYeHHsT K R7 NOMOTHHUTENBHBIX PE3UCTOPOB HELeIecoo0pa3Ho B CBSI3U
C HEBO3MO)KHOCTBIO obecriedeHus: TpeOyeMoro 3Ha9eHHs TOKa CTOKa MPH CYIIECTBYIOIIEM TEXHOJIOTH-
YEeCKOM paz0poce rmapaMeTpoB HHTEIPAIBLHBIX AIIEMEHTOB;

— COMPOTHBJICHUS BCEX IMUTTEPHBIX PE3UCTOPOB 00CCIICUNBAIOT [1aJJeHNE HAPSHKEHHSI Ha HUX OKO-
70 200 MB a1 yBennMueHust JOMYCTUMOTO BBIXOJHOTO HAIIPSKEHUS ITPU OTPAaHUYEHHOM YPOBHE Harpsi-
JKCHHS TUTAHMS,

— B CXEeMe MPEeIyCMOTPEeHa BOZMOKHOCTh BapbUPOBAHMS pexXUMa padboThl. Tak, M3MEHEHNEe Halps-
JKeHHS Ha BBIBOJIE Vid MITM COMPOTHBIIEHNS BHEUITHETO PE3UCTOPA, COSANHSIONIETO ATOT BBIBOJ] C UCTOU-
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HUKOM OTPULATEJILHOTO HaNpsDKeHHUs Vee, 00ecneunBaeT perylIupoBKy Toka cToka ronosHoro p-JFET
B OYCHb IIMPOKOM JHAaIla30HE, a M3MEHEHHEM COIIPOTHUBICHHUS PEe3UCTOpa MexIy BbiBogaMu R u Rf
C/IBUTA€TCs yPOBEHB ITOCTOSIHHOTO BBIXOIHOTO HANPsDKEHHS IPH OTCYTCTBUM BXOAHOTO curHaia Voudc.

Vcc
R1 R2 R3 % R4 R5 é
5.2k 3.51k 64k 5.2k 16k
XJ2
A A N, I_
xQ1 XxQ2 XQ3
>y -
XQ4 - ™ XQ5
Rf ' R6 xaz7 l—
§ 69.2k —l: XQ6
o
XQs8 >
o
R — Ou
Ny K
XQ9
{ §
XQ11 XxQ12 XQ13
~ XQ10 - c
In e > R N
Tg| Bg XQ17
XJ1 [ -
XQ14 XQ15 XQ16
|/
R7
2.6k
RS R9 R10 R
T 3.51k 5.2k 32k 5.2k
s Vee

Puc. 2. Dnexrpudeckas IPUHIMITHANBGHAS CXeMa HHBEPTUPYIOIIETO YCHIUTENS ¢ ToI0BHEIM p-JFET
Fig. 2. Electrical schematic diagram of an inverting amplifier with a p-JFET head

MopnenupoBaHye epBoOro Kackazaa Ha ycunuTese X1 ¢ aeMeHTaMu OTPULATEIbHOM 00paTHOH CBsI-
3W, IPUBEJCHHBIMU Ha pUC. |, TIOKa3a10, YTO MaKCHMaJbHas aMIUINTYJa HEHMCKaKEHHOTO BBIXOAHOTO
UMIyJIbca He mpeBbimaeT +1,8 B npu HanmpspkeHUN MCTOUHMKOB nUTanud 13,5 B, u nuana3on pomyc-
TUMOTO HampspkeHus B y3ie Ou3 Ha BXojie npaiiBepa cBeTonnoaa (KOMIOHEHTHl X4 1 X5) MpHu TOM e
HaNpsHKEeHUH TUTAaHUs cocTaBisieT ot (—2,5) 1o 0,5 B. C yueTom 3Toro A1t MaKCUMaIIBHOTO YBETHYEHUS
JUHAMHYECKOT0 JHuana3oHa o0pabaTelBaeMbIX CHUTHAJIOB HPUMEHEHBI CIEIYIOLINe CXeMOTEXHUUECKUE
pelIeHus:

— CONpOTHUBIIEHHE pe3ucTtopa R6 Ha puc. 2 BHIOpaHO TakuM 00pa3oM, YTOOBI CIBUHYTh YPOBEHb
IMMOCTOSIHHOT'O BBIXOJHOI'O HAITPSAKCHUA Voudc K MUHUMAJIBHO JOITYCTUMOMY 3HAQUYCHUIO,

—BTIepBOM Kackaze Ha X 1 BBeneH pe3ucTop Mexkay BeiBomamu R 1  Rf1, o6ecnieunBaromuii Voude = 0
B y31e Oul, Bo BTOpoM Kackajae Ha X2 Takod pe3UCTOp OTCYTCTBYET U ero Beixog Ou2 COEAUHEH C BXO-
JIOM JIpaiiBepa CBETOANO/A Yepe3 SMUTTEPHBIN OBTOPUTENb HA X3, BBIMOIHSIOINI CBUT YPOBHSL.

Pe3y.111>TaT1>1 CXEMOTEXHUYECKOT0 MOICTUHPOBAHUSA U KOHCTPYKTUBHOE€ UCIIOJITHCHUE

CXeMOTeXHHUECKOEe MOJICITMPOBAHNE BBHITIONHSAJIOCH JUIs JWana3oHa eMKocTed jeTrekropa or |
1o 20 md, Cfcsa = Cfsh = 1 nd, Rfcsa = 100 MOwm, Rfsh = 48 xOm, Qpp = 100 dKi1, coennnen-
HBIX 3aTBOPOB AByx3aTBOPHEIX p-JFET u Momeneit smementroB BMK MH2XA031 [11]. [Tomy4uernsie
pe3ynbTaThl IpUBEACHBI B Ta0M. 1, 2 u Ha pruc. 3—6 (pe3ynbTaThl MPU UCITOIE30BAHUH TOJIBEKO BEPXHETO
3aTBOpa OTPAKEHBI B TOJPUCYHOUHBIX MTOAMHUCSX). I orTMcaHus BRIXOJJHOTO UMITyJIhca YO onpenensi-
JIach MTOJIOBWHA MIMPUHBI UMITyJIbca 7, Ha TIOJIOBUHE €T0 BBICOTHI. JTa XapaKTepUCTHKA Ooiiee KOPPeKT-
HO OITMCHIBAET OBICTPOJECHCTBUE YCTPOWCTBA CUMTHIBAHHS CUTHAJIOB MO CPAaBHEHUIO C T, MpOCThIX YO
tunia RC-CR, nMerommx HeCHMMETPHUIHYIO (OPMY BBIXOITHOTO UMITYIThCa.
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Taéauua 1. Pe3ynbrarel MogeIHpoBaHus MapaMETPOB HHBEPTHPYIOLIETO YCHINTEIS HAPSDKESHHS
Table 1. Results of circuit simulation the parameters of the inverting voltage amplifier

HaumenoBanue napamerpa

3HaueHue napamerpa

Hanpsixenue Ha BeiBOze Vid, B -2,1(21,5)| -2,5(4,6) | -3,5(0) | 4,5
(mm conporuBnenue pesucropa Rextl, kOm, npu Vee =-3,5 B)
Toxk ctoka rosnioBHoro p-JFET, MkA 29,66 183,5 567,9 1145
ITocTosiHHOE BBIXOIHOE HAIPsHKEHNE, MB 804,6 452,1 9,291 | —440,2
KoadduimenT ycnieHus HanpsKeHHst 688,4 1687 2894 3974
Ta0nuna 2. Pe3ynsraTsl MOEINPOBAHUS aMIUIUTY/IbI UMITYIbCA
Ha BbIxoJie ycunuTtessi-popmuposarens (Ou2 Ha puc. 1) npu Cp, = 5 nd
Table 2. Simulation results of the pulse amplitude at the output
of the amplifier-shaper (Ou2 in Fig. 1) at C,,=5 pF
[Tapametp 3HavyeHue napaMerpa
Cdif, n® 5 10 30 50 100
VOu2, MB 329,6 628,26 1528,3 2105,6 2894,3
Ty, HC 74,5 76,5 100,5 125,9 183,8
Koy, MB/OKn 3,306 6,28 15,28 21,06 28,94
ENC, s1eKkTpoHOB 2128,46 1942,28 1709,25 1629,29 1566,72
4000 180
|
160
3500
g 3000 120 4
3 2500 )
] &
4
" 2000
1500
4
1000 : , , | | | | |
0 5 10 15 20 5 10 15 20
CD, nd CD: nd

Puc. 3. 3aBucumocts ENC 3aps104yBCTBUTEIBHOTO
YCHJINTENS] OT eMKOCTH JIETEKTOpa 1pu I
1 — 184 MKA; 2 — 568 MKA; 3 — 1,145 MA;
4 — 568 MKA (TIOAKITIOYEH TOIBKO BEPXHUH 3aTBOP)
Fig. 3. Dependence of the ENC
of the charge-sensitive amplifier
on the detector capacitance at /;:
1 — 184 pA; 2 —568 pA; 3 —1.145 mA;
4 — 568 PA (only the top gate is connected)

Puc. 4. 3aBUCUMOCTE JJIATEILHOCTH

nepeaHero (I)pOHTa BbIXOAHOT'O UMITYJIbCa

3apAA0TYBCTBUTEIIBHOTO YCHUITUTEIA

OT eMKOCTH JeTekTopa mpu Ip: 1 — 184 MKA;
2 - 568 MKA; 3 — 1,145 MA;
4 — 568 MKA (TIOJKIIIOUEH TOJIBKO BEPXHHIA 3aTBOP)
Fig. 4. Dependence of the duration
of the leading edge of the charge-sensitive amplifier
output pulse on the detector capacitance at /p;
1-184 nA; 2 —-568 pA; 3 —1.145 mA;
4 — 568 pA (only the top gate is connected)

AHanu3 pe3yabTaToB MOJETUPOBAHMS TTO3BOJISIET CIENATh PSAJ] BBIBOJIOB:
— W3MCHECHHEM COIPOTHBICHUS pe3uctopa Rextl B mgmamazonme ot 21,5 kOm mo 0 mpm Hamps-
keHuu Vee = —3.5 B MOXHO U3MEHATH TOK cToka rojoBHoro p-JFET coorBercTBeHHO OT 29,60
10 567,90 MKA, Takoi ke pe3yapTaT MOXHO TocTHub Npu Rextl = 0 u HanpspkeHun Ha BbiBoze Vid

or (-2,1) mo (-3,5) B;

— JUIs yBeNTM4eHUs Toka ctoka rosioBHoro p-JFET opuentupoBouno 6osee 600 MKA pexomeHyercs
COCIMHUTH BbIBOJ Vid ¢ MCTOYHMKOM HampspkeHust Vee menee (—3,5) B. [Ipu 3ToM Hamo y4uTHIBATS,
YTO TOK CTOKA MPUOTU3UTETLHO Ooyiee 2 MA oOecreunBaeTCsl Py MPSIMOM CMEIIESHUHU p-n-Tiepexona
3aTBOP-UCTOK, IIPX KOTOPOM M3MEHSIETCSl HAIPaBJICHUE TOKA 3aTBOPA U OH MOXKET OBbITh 3HAYUTEIILHON

BeINYUHBI (puc. 7);
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Puc. 5. 3aBHCHMMOCTH TOKa 3aTBOpa Puc. 6. Ummysbe Toka uepe3 cBetoauosn npu Cp= 5 nd,
rosioBHoro p-JFET or Toka cToka Onp= 100 $pKn u pimroence HeHTpoHOB Fy, H/CM:
Fig. 5. Gate current of a head p-JFET as a function 1-1;2-10%;3-7-10"
of drain current Fig. 6. Current pulse through LED at Cj, =5 pF,

Op = 100 fC and neutron fluence Fy, n/cm?’:
1-1;2-103;,3-7-10"

— HanMeHbIM ypoBHeM ENC (puc. 3, kpuBas 4) 1 mmurenpHOCTH riepeaHero ¢ppouta 34Y #; (puc. 4,
kpuBas 4) npu Cp < 5 nd obmagaer 3UY, B KOTOPOM €O BXOIOM COCIMHEH TOJIBKO OIMH BEPXHUI 3aTBOD;

— TOK MOTPEOJICHUsI YCTPOUCTBA CUMTHIBAHUS OTPEENISIETCSI B OCHOBHOM JIpaliBEpOM CBETOAMO/A,
pUYEM MaKCUMAJIbHYIO BETMUMHY UMITYJIbCa TOKA CBETOIMOAA OMPEACISIET CONPOTUBICHHE PE3UCTOPA
Rext3, a Tok moTpebieHus OITyTPOBOJHIKOBOTO KPUCTAJLIA TIPH OTCYTCTBHU CUTHaJa — Rext4;

— pa3paboTaHHOE yCTPOWCTBO CUMTHIBAHMS, 03 yueTa paJralioHHOTO M3MEHEHNS XapaKTEePUCTHK
CBETOJIMOJIa M BHELITHHUX JIEMEHTOB, 00ECIIeYrBaCT HE3HAYNTEIFHOE U3MEHEHHE [1apaMeTPOB MPH BO3-
neiicTBun uroenca HeiiTponos 1o 103 w/em? (puc. 6);

— pa3paboTaHHas DJIEKTpPUYECKas CXEMa CXeMa YCTPOMCTBa CUHMTHIBaHUS (puc. 1) JOBONBHO
YHHUBEpCajbHa, MO3BOJIICT BHIOOPOM BHEIIHHUX AJIEMEHTOB HM3MEHSTH TOK morpeOnenus, 71y, ENC,
a TIpY OTCYTCTBUU HEOOXOIUMOCTH YIIPABICHUS CBETOINOJIOM — 3HAYNTEIBHO YMEHBIIIUTH TOK TIOTPEO-
JIEHUsI, OCTaBUB «000pBaHHBIMI» BBIBOABI Ou+ 1 Ou— 1 UCITONB3Ys B Ka9eCTBE BBIXOAa y3ei Ou2 ¢ mpu-
menenneM Rext2 = 10 kOwm.

Ha nByx maxpostueiikax BMK MH2XA03 1 6b11a pazpaboTana TOMOIOTHsI MeXKCOSTUHEHUH 3JIeMeH-
TOB BXOJJHOTO M BBIXOJJHOTO OJIOKOB YCTPOWCTBA CUMTHIBAHUS CUTHAJIOB, TIOKa3aHHAsl Ha pUC. 7 C MOIH-
CSIMM BBIBOJIOB, COOTBETCTBYIOILINX CXeMe Ha puc. 1.

U\ TOORRETETioanauruantuuint EEREEE RN i (EERR LR AR

I i T
I—|— 1 L‘ {
" 5 sezezg f]llies
HEEEESB mhiEE E
Rf1 EEEEEER EE g
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77777 T =
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Puc. 7. Toronornst BXOZHOTO M BBIXOHOTO OJIOKOB YCTPOICTBA CUNTHIBAHUS CUTHAJIOB
Ha JIByX Makpostueiikax 0a30BOro MaTpHYHOIO KpUCTaIIa
Fig. 7. Layout of the input and output blocks of the readout electronic on two master slice array macrocells
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Cnenyetr ormetuth, yT0 BMK MH2XAO031 cogepKuT BoceMb MAKPOSUEEK U MO3BOJISIET PEATU30-
BaTh JIByXKaHAJIBHOE HCIIOJIHEHHE YCTPOICTBA CUMTBHIBAHMS CUTHAJIOB IIPH IJIOLIAJN KPUCTAIIIA OKO-
2
70 12 mm~.

3aKJIroueHue

1. JImst 06paboTKH CUTHAJIOB BPEMSI-ITPOCKITMOHHON KaMmephl B ycTaHoBke MPD xommatinepa NICA
pa3paboTaHo YCTPOMCTBO CUMTHIBAHUS, COJEPIKAIIEE PACIIONIOKEHHBIE HA 0a30BOM MATPHUYHOM KpH-
cramuie MH2XA031 3apsi104yBCTBUTEIBHBIN YCUIIHTEIND, YCHITUTEIb-(hOPMHUPOBATEb, ApaiiBep CBETO-
nuoza, BHemHue RC-31eMeHTsl M CBETOMOA.

2. B mpeanaraeMoM yCTpOHCTBE peaan30BaH psiji CXeMOTEXHUYECKHUX PEIICHHH, 00eCIIeUnBaIOIINX
BO3MO)KHOCTB PETYIHPOBKU paboyero pexxnma BCeX COCTABIISIIOIIMX OIOKOB H, CIE€0BATEIbHO, COUCTa-
HUSI OCHOBHBIX IIapaMETPOB: TOKa HOTPeOIeHus], ObICTPOACHCTBUS, YPOBHSI ILIyMOB, HArPy304HOH CII0-
coOHocTH. /{514 THIIOBOTO peknMa paboThl U eMKOCTH AETEKTopa, paBHOH 5 nd, N3MEeHeHeM HOMHUHAIa
TOJIBKO OJHOTO BHeHIHero auddepeHupyronero kouaencaropa ot 5 1o 100 nd obecnieunBaercs co-
OTBETCTBEHHO U3MEHEHHE JAIUTEIBLHOCTH BBIXOJHOTO UMITYJIbCA Ha ITOJIOBUHE €0 BHICOTHI B AMAIIa30HE
ot 150 10 370 HC U SKBUBAJIEHTHOIO IIIyMOBOI0 3apsana B auanazone oT 2130 no 1570 snekTpoHOB.

3. Ha 6mkaiiee BpeMs 3al/IaHMPOBAaHO M3TOTOBJIEHUE U MCCIEIOBAaHUE IKCIIEPUMEHTAIBHBIX 00-
pa3loB yCTPOMCTBA CUMTHIBAHUSI.
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AIEKTPOOPUINYECKHUE XAPAKTEPUCTHKHU CEHCOPOB TEMIIEPATYPbI
N BJIA’KHOCTH HA OCHOBE YIVTIEPOACOAEPKAIIEI'O PLA-IIJIACTUKA

M. B. JIOBAHOK, . B. UMXKOB, M. A. [TABJIBILIKO, A. C. TOTOLIKUIA

benopycckuii cocyoapcmeennuiii ynusepcumem (Munck, Pecnybnuxa Berapycy)

Annotanus. VccrnenoBaHsl 31eKTpohu3ndecKie XapakTepUCTHKH 3 D-11e9aTHBIX CEHCOPOB TEMITEPATYPHI U BIIaXK-
HOCTH Ha OCHOBE MpoBosiiero PLA-koMITo3uTa ¢ yIiiepoaHbIM HAITOJHUTEIEM. YCTaHOBIICHBI CBS3U MEXKILY MOP-
(dosoruelt CTPyKTypbl, MOJTYYECHHONH METOIOM ITOCIOMHOTO HAIUIABICHUS PACILIABOM, TOIIOJIOTHEH TOKOIPOBO/IS-
IIUX TOPOKEK M YaCTOTHO-3aBUCHMBIM OTKIIMKOM TIPU M3MEHCHHH TEMIIEPaTyphl M OTHOCHTEIBHOW BIIaKHOCTH.
[TokazaHo, 9TO IKCTPY3Hs Yepe3 COIUIO U MOCIOWHOE (POPMHUPOBAHKUE JOPOKKU YBEIMYUBAKOT YICIHHOE COMPO-
TUBJICHHE OIUHOYHOTO Tpeka B 3—4 pa3a 1o CPaBHEHHUIO C UCXOIHON HUTHIO BCIECICTBHE MEKCIOEBBIX TPAHUII,
MTOPUCTOCTH W YACTHYHON TMEPECTPOUKH MEPKOISAIMOHHON ceT. OTMEUCHO, YTO TOCIE0BaTeIbHAS TOMOIOTHS
obecrieurBaeT HAHMOOJBIIUI OTHOCUTEILHBINA OTKIIMK, TOT/IA KaK MMapauiejbHas — MUHHUMAIbHOE 0a30BOE COIPO-
tusienue. B quamnaszone 20-100 °C HabmomaeTcst OTPULATEIBHBIN TeMIIEPaTyPHbIH KO3 GHUIIMEHT COMPOTHBIIC-
HUS, a TP H3MEeHEHUH BiaxHOCTH oT 40 10 100 % XapaxTep CUTHaNa 3aBUCHUT OT 9acTOTHI n3MepeHus. [lokaszano,
YTO B 00JIACTH HU3KUX U CPEIHUX YaCTOT COMPOTUBIICHUE U3MCHSIETCS CJIa00 U IPEUMYIIIECTBEHHO OMPEACIISCTCS
OapbepHO-TIEPKOJIAIIMOHHBIM TIepeHoCcoM, Toraa kKak mpu 100 k['11 MOXKET pOsIBIATHCS C1a0blii BKIIa MeK(ha3HON
TIOJISIPU3AIMHN W EMKOCTHOTO ITYHTHPOBAHUS.

KiroueBrble ciioBa: 3D-He‘IaTI>, METO/I IIOCJIOMHOTO HAIIJIABIICHUS paciuraBoM, CEHCOP BIIAXKHOCTH, CEHCOP TEMIIC-
paryphnl, HpOBOﬂHHII/Iﬁ IIOJIUJIAKTH I, HepKOJ'IHHI/IOHHHﬁ KOMIIO3HT, yFHepO,HHLIﬁ HaIIOJITHUTCIIb.

KonpaukTt unTepecoB. ABTOPHI 3asBJISAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Jis uurupoBaHus. DIeKTPOYU3UUECKUE XAPAKTEPUCTHKUA CEHCOPOB TEMIIEPATYPhl U BIAKHOCTH HA OCHOBE
yrinepoacoaepskariero PLA-mtactuka / M. B. Jlobanok [u ap.] // Jokmaast BI'YUP. 2026. T. 24, Ne 3. C. 14-20.
http://dx.doi.org/10.35596/1729-7648-2026-24-3-14-20.

ELECTROPHYSICAL CHARACTERISTICS OF TEMPERATURE AND HUMIDITY
SENSORS BASED ON CARBON-CONTAINING PLA PLASTIC

MIKHAIL LOBANOK, IHAR CHIZHOV, MIKHAIL PAULYSHKA, ALEKSEI POTOTSKY

Belarusian State University (Minsk, Republic of Belarus)

Abstract. The electrophysical characteristics of 3D-printed temperature and humidity sensors based on a conductive
PLA composite with carbon filler are studied. Relationships are established between the morphology of the struc-
ture obtained by fused deposition, the topology of the conductive tracks, and the frequency-dependent response
to changes in temperature and relative humidity. It is shown that extrusion through a nozzle and layer-by-layer
track formation increase the specific resistance of a single track by 3—4 times compared to the original filament
due to interlayer boundaries, porosity, and partial rearrangement of the percolation network. It is noted that the se-
rial topology provides the highest relative response, while the parallel topology provides the lowest baseline
resistance. A negative temperature coefficient of resistance is observed in the range of 20-100 °C, and as the
humidity changes from 40 to 100 %, the nature of the signal depends on the measurement frequency. It is shown
that in the low and medium frequency region the resistance changes weakly and is mainly determined by barrier-
percolation transport, whereas at 100 kHz a weak contribution of interfacial polarization and capacitive shunting
can appear.

Keywords: 3D printing, fused deposition modeling, humidity sensor, temperature sensor, conductive polylactide,
percolation composite, carbon filler.
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BBenenue

AITITHBHOE TIPOM3BOJCTBO METOAOM ITOCIOWHOTO HarutaBieHus pacriaBoMm (Fused Deposition
Modeling, FDM) paccmarpuBaeTcsi Kak OAWH W3 HanOojee TMOKUX ITOIXO0B K CO3IaHUIO0 BCTPOCH-
HBIX W HAKJIAJTHBIX CEHCOPOB CIIOKHOW T€OMETPHUH, ITOCKOJIBKY ITO3BOJISIET OTHOBPEMEHHO (JOPMHUPOBATH
KOHCTPYKIIMOHHBIH AJIEMEHT U3/IeNns 1 ()YHKIIMOHAIbHYIO YyBCTBUTENBHYIO 30HY [ 1-5]. [l naTunkoB
TEMIIEPaTypbl U BIAKHOCTH 0CO00E 3HAYEHUE UMEIOT TEXHOJIOTHYECKast BOCIIPOU3BOAMMOCTb, BO3ZMOXK-
HOCTh YIPaBJIATh TOTOJIOTUEH TOKOIIPOBOASIINX JOPOKEK U COBMECTHMOCTh CEHCOPHOTO MaTepHaia
C MacCOBOM I€YATHIO.

OnHnM u3 HamboIee JOCTYIMHBIX MaTepHalioB IS TakuX 3a1ad seistercs nomwtaktuy (Poly(lactic)
Acid, PLA). BBeaeHnune yriepoqHOro HamodHUTENs rnepeBoauT PLA U3 TUINEKTPUYECKOTO COCTOSHUS
B TIPOBOJISIININ MEPKOJISIIMOHHBIN KOMITO3UT, DIIEKTPHUSCKAE CBOHCTBA KOTOPOTO 3a/Ial0TCS HE TOJIBKO
peLenTypoii, Ho U MOPQOIOTHEH pacTiaBa OCIE SKCTPY3HH, CTEIIEHBIO AUCTICPIUPOBAHHS HAIIOIHUTE-
JI5, TOPUCTOCTHIO, MEKCIOEBBIMHU I'PAaHUIIAMH M Kaue€CTBOM KOHTAaKTa MEXJy COCEIHUMH (hHIaMEHTa-
Mmu [2, 6-12]. ImeHHO 5TH (haKTOPBI BO MHOTOM OTIPEAEISAIOT Kak aOCONOTHBIN yPOBEHb COMPOTHBIIE-
HUS, TaK ¥ 9yBCTBUTEIBHOCTH MaTepuaia K TeMIepaTrype, Biare U 4acToTe TECTOBOTO CHTHAIA.

B nay4HBIX Tpynax moxaszaHo, 4yTo npoBoasuuii PLA MoxeT HCrons30BaThest Kak MaTepua s pe-
3WCTUBHBIX TEMIIEPATyPHBIX CEHCOPOB, AIIEKTPOXUMHUYECKUX AJICKTPOAOB W BIATOMYBCTBUTEIBHBIX
cTpykTyp [1-3, 6, 8, 12]. OqHako OOJBIIMHCTBO OMYOJIUKOBAaHHBIX PA0OT COCPEIOTOUCHO JIMOO Ha pe-
nenrtype guiaaMeHTa W aKTHBALUK MEYaTHOTO Marepuasna, JIM0O Ha KBa3MCTAIlHOHAPHOM KamuOpoBKe
curnaia. CyIiecTBeHHO cirabee MCCiieoBaH BOMPOC O TOM, KakuM obpazom FDM-unayrupoBaHHAS
MHUKPOCTPYKTYpa, TOMOJIOTHS TOKOIIPOBOISAIINX AOPOKEK M 4ACTOTa H3MEPEHHS COBMECTHO ONpEeIes-
10T 0a30BO€ COMPOTHUBIICHNUE, MEPEKPECTHYIO YYBCTBUTEILHOCTh K TEMIIEpaType W BIAXHOCTH H (op-
My JHUCIIEPCHOHHOTO OTKJIMKA. MeXIly TeM 0e3 TaKkoro aHajm3a TPYAHO MEePEHTH OT JEMOHCTpPAaIlluu
CEHCOPHOTo 3P QeKTa K MPOSKTUPOBAHUIO BOCIIPOU3BOAMMBIX U CEJICKTHBHBIX 3D-1eYaTHBIX JaTYUKOB
OKpY’Karoued cpebl.

B cBsi31 ¢ 3THM 11eNTBI0 UCCIIEIOBAaHUH OBIIIO YCTAaHOBUTH CBSI3b MEX 1y Mopdoorueii 3D-meqaTHbpix
ctpykryp PLA-CPC (Carbon-filled Polymer Composite, CPC), Tomomorueii TOKOIpoBOISAIINX AOPO-
KEK U UX AMEKTPOPHU3NUESCKUM OTKIMKOM MPHU U3MEHEHUU TEMIIEPaTypbl, OTHOCUTEIHFHON BIAYKHOCTH
1 9acToThl m3MepeHus. [Ipeamnonaranoce, 4To yBeIMYeHHE YUCIa MEKIACTUIHBIX U MEKCIIOCBBIX TIepe-
XOJIOB B MOCJIC/IOBATEIILHOM TOMOJIOT WU JOJDKHO YCHIIUBATh YYBCTBUTEIILHOCTb 32 CYET CYMMHUPOBAHUS
0apbepHBIX BKJIAJIOB, TOT/A KAK IMapaljielIbHbIC TOKOBBIC ITyTH OYIyT IIYHTUPOBATH JIOKAJIBHO BBICOKO-
OMHBIC YYaCTKH U YMEHbIIATh BAPHa0CIbHOCTh OTKIIHKA.

MeToauka 3KCIIepUMEHTA

B xadecTBe MaTepuana s iedaT! UCoib3oBain PLA-(rraMeHT 11 oCHOBaHUS U KOMMEPUECKHII
nposogsamii PLA-CPC Proto-pasta ¢ yriepoaHbIM HallOJHUTENEM U YACIbHBIM COIPOTUBICHUEM HC-
xonHOU HUTH p = 3,1 OM-cM. CeHCOpHBIE CTPYKTYpbI M3roTaBinBaiuchk MmerogqoM FDM na 3D-npuntepe
Bambu Lab P1S npu auamerpe comna 0,4 mwm, Beicote ciost 0,2 MM 1 ykiaake 0°/90°. beiu peanu-
30BaHbl TP TOIMOJIOTHH JOPOXKEK: MOCIeN0BaTeIbHAs, MapajulenbHas 1 KoMOuHupoBanHas. [lupuna
MPOBOSIINIUX JIMHUH 3a7aBajach YUCIOM MpoxofoB cormia — npumepro 0,4, 0,8 u 1,6 mm. [Tnomans
KOHTAKTHBIX IJIOMAN0K cocTaBisaa 3—10 Mm% DIleKTpHUYecKHe XapaKTePUCTHKH M3MEPSIM HA MMIIE-
nancmerpe LRC-76100. OcHoBHbIE naHHbIe nonydanu npu ammutyae | B u wacrorax 1 n 100 kI,
a taxxke B nquanaszoHe 10 I'm—100 xI'y nns ananuza nucnepcuu. Temmneparypy BapbUpOBalid B UHTEP-
Basie 22—100 °C ¢ KOHTPOJIEM KOHTAKTHBIM JaTYMKOM U TEIIOBU3HOHHOM OOpaTHOW CBS3bIO, OTHOCH-
TEJBHYIO BIAXXHOCTH — B fuana3zone 40—100 % B kamepe KOHTPOIUPYEMOTO yBIaKHEHU. J{J1s1 Kaxa0ro
peXMMa perucTpUpOBalid BpeMEHHbBIE 3aBUCUMOCTH JI0 KBa3UCTAIMOHAPHOTO COCTOSIHUA. Bocnponsso-
JUMOCTb OLEHMBAJIM 10 cepuu U3 20 MAEHTUUYHBIX CEHCOPOB; OTHOCUTEIBHOE CTAHIAPTHOE OTKIOHE-
HHUE CONPOTHUBIICHUS B OIMHAKOBBIX YCIOBUAX HE NpeBblmaio =4 %.
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Pesyabrathl HccjieoBaHuil U X 00CyKIeHHe

Ha puc. 1 mpexncraBiensl MukpodoTorpaduu HaneuyaTaHHBIX CEHCOPHBIX CTPYKTYp Ha OCHO-
Be PLA-CPC u cxema nccreoBanHbIX Tonosoruil. Ha pucynke n3o0pakeHsl: OO BI yIila CeHCopa
C YEeTKO BBIPa)KEHHON MEXKCIIONHOM anre3ueit (a); pparMeHT NpsMOIMHEHHOTO POBOISILETO TpeKa, e-
MOHCTPUPYIOIIUI IIEPOXOBATOCTh MOBEPXHOCTH U CIEIbl IKCTPY3HH (b); MEPEKPECTHOE TepeceUcHne
Jnopoxek npu ykiazake 0°/90°, xapakrepHoe st FDM-niedatu (¢); cxeMa TOTOJIOTH CEHCOPOB: MOCIe-
noBatenbHas (BepX), mapasuienbHas (TIeHTp) 1 KoMOnHupoBaHHas (HU3) (d).

| g |

Puc. 1. Muxpodotorpadun ceHCOpHBIX cTpYKTyp Ha ocHoBe PLA-CPC: ¢ — o0mmuii Bua yria cencopa;
b — (parMeHT NPSIMOTMHEHHOTO TIPOBOISIIIIETO TPEKA; ¢ — IEPEKPECTHOE TIePECEUEHHE TIOPOKEK
mpu yxmaake 0°/90°; d — cxema TOMOIOTHI CEHCOPOB
Fig. 1. Micrographs of sensor structures based on PLA-CPC: a — general view of the sensor corner;

b — fragment of a rectilinear conductive track; ¢ — cross-section of tracks during 0°/90° stacking;

d — diagram of sensor topologies

Puc. 1 BaxeH He TOJNBKO KaK WILTIOCTPALIUS MOP(OIOTHH, HO U KaK MPsIMOe OOBSICHEHUE DIICKTPU-
YEeCKOTo MoBeneHus 00pa3ioB. Ha mpsMonnHeRHBIX ydacTkax Aopokek (puc. 1, b) oT4eTINBO BUAHBI
CJICZIbl SKCTPY3UHU M Pa3BUTasl LIEPOXOBATOCTb MOBEPXHOCTH, YTO YKa3bIBAE€T HA HEOJHOPOIHOCTH JIO-
KaJbHOTO pacIipee/IeHNs] HAIOJIHUTENS B 3aTBEPACBILEM paciiaBe. B 001acTsax B3aMMHOTO MEpPEeKphI-
TUs crnoeB npu yknanke 0°/90° (puc. 1, ¢) Gpopmupyercst ceTb MEXCIOeBbIX HHTEp(eiicoB, KoTopas
YBEIMUUBACT YUCIIO MOTCHIMAIBHBIX TYHHEJIBHBIX 0aphepOB M KOHTAKTHBIX COIPOTHUBICHUI. B yrio-
BBIX 30HaX (puc. 1, a) HAOMIONAIOTCS JTOKAIBbHBIC HAIUIBIBBI MaTepralia, CBSI3aHHbIC C KHHEMATHKOH Tie-
4aTH; Takue 00JacTH CIOCOOHBI CO3JaBaTh KaK LIYHTHPYIOIINE, TaK M OciIallIeHHbIE TOKOBBIE ITyTH
B 3aBUCHMOCTH OT paclpeneneHus yriepoaHoi ¢assl. CiienoBaTenbHO, YK€ Ha YPOBHE MUKPOCTPYK-
Typsl FDM-nipouiecc ¢popmMupyeT HEOJHOPOIHYIO NEPKOJIIIUOHHYIO CETh, YTO €CTECTBEHHBIM 00pa3oM
OOBSICHSIET POCT YACIBHOTO CONPOTUBIICHHSI HAIIEYaTAHHOTO TPEKa M0 CPABHEHHIO C HCXOAHOM HUTHIO.

Ha puc. 2 npuBeneHbl TeMIiepaTypHble U BIaKHOCTHBIC 3aBHCUMOCTH COIPOTUBIICHUS JJISl CEHCO-
POB Tpex Tonosoruii. icxomHoe conpoTuBIIeH e TOCe NIeYaTH IPH KOMHATHOH TeMIIepaType COCTaBH-
70 34,8 kxOM a1 TIociieoBaTeIbHON cXeMbl, 6,34 kOM — I mapayuieTbHOU U 6,66 KOM — 1Tl KOM-
OuHupoBaHHOU. Takoe COOTHOILIEHHE COOTBETCTBYET OJKMAAEMOM POJIM F€OMETPHUU TOKOBOT'O ITyTH: IO~
clleioBaTeNIbHasl TOMOJIOTHST MaKCUMHU3UPYeT 3(PPEeKTUBHYIO [UIMHY MPOBOASILIETO KaHaia, TOrAa Kak
napasiensHast GopMUpyeT HabOp IIYHTUpYIOMKX BeTBei. ConocTaBieHue 3TUX JAaHHBIX ¢ MOpdoo-
rueil Ha puc. | MoKa3bIBaeT, 4To aOCONIOTHBIN YPOBEHb CONPOTUBIICHHS ONPEIEIISIETCS HE TOJIBKO T'e0-
METpHEH, HO ¥ KOJTMYESCTBOM MEKCIIOEBBIX I MEKYACTHUHBIX TIEPEXOJI0B, BOSHUKAIOIINX MIPU TIEYATH.

TemneparypHble KpUBBIC Ha pHUC. 2, @ NEMOHCTPHPYIOT MOHOTOHHOE YMEHBIICHHE COIPOTHUB-
JICHWSI TIPM HarpeBe, 4TO COOTBETCTBYET OTPHLATEILHOMY TEMIIEpaTypHOMY KO3()(UIMEHTY compo-
TUBJICHHS, XapaKTEpPHOMY AJSl YIIIEPOICOAEPKAIIMX MEPKOJSIUOHHBIX KOMIIO3UTOB. sl Mccienye-
MbIX PLA-CPC-cTpyKTyp 3TO 03Ha4aeT, 4To MEePEeHOC 3apsijia ONpeaessieTcs He CTOJIBKO COOCTBEHHON
MIPOBOAMMOCTBIO YIIIEPOTHOHN (ha3bl, CKOJIBKO CTATHCTHUKOM MeEKarperaTHbIX 3a30pOB M MEKCIOEBBIX
KOHTaKTOB, c(popMupoBaHHbIX pu FDM-nieuatn.
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Puc. 2. 3aBHCHMOCTD COTIPOTHUBIICHHUSI CCHCOPOB PA3IMYHBIX TOTIOJIOTHIA OT:
@ — TeMITeparypsl; b — OTHOCHTEIBHOMN BIAKHOCTH
Fig. 2. Dependence of the resistance of sensors of different topologies on: @ — temperature; b — relative humidity

[Ipu moBBIIEHUH TeMITepaTyphl BO3PACTAE€T BEPOSTHOCTh TEPMUUYECKH aKTUBHPYEMOTO TYHHEIH-
POBaHHUA U MPBIKKOBOTO MEPEeHOCca Yepe3 TOHKHE MOJTUMEPHBIE MTPOCIONKH MEX/y YITIEPOAHBIMH arjio-
MeparaMu, BCJICACTBHE YETO YMEHBINAETCSI CYMMapHOE COIPOTHBIICHUE HanOoJiee JITMHHOTO TOKOBOTO
myTd. VIMEHHO 103TOMY MaKCHUMaJIbHBI OTHOCHTEIBHBIN TEMIIEpaTypHBI OTKINK HAOIIOAAeTCs y TOo-
CJIeZIOBaTENbHON TOMOJIOTHH: U3MEHEHHUE COTIPOTUBIIEHNUS OTAEIbHBIX MEKIACTUYHBIX IEPEXO/IOB B HEH
HE YCPEIHSETCS, a MOCIEA0BATEIBHO CYMMUPYETCSI BIOJIb BCEH MPOBOISIIECH TOPOXKKH.

BraxHOCTHBIN OTKIIMK Ha pHUC. 2, b OKa3bIBaeTCs HE TOJNBKO 0oJiee CHIIbHBIM, HO M (PU3NUYECKH 6O0-
nee ciokHbIM. Ha HayalibHOU cTauu yBIaXKHEHUS BoJa afcopOupyercs B aMoppHbIX obmacTsx PLA,
Ha CTEHKax MOp W Ha MeX(a3HBIX TPaHUIAX «YTIEPOIHBIN HATOIHUTEIb—TIONUMEDY, H3MEHSS JIOKAIb-
HYIO TUDJIEKTPUYECKYIO MPOHUIIAEMOCTh U MapaMeTpsl MexdasHoi nonspuzanuu. [Ipu nansHelem
pocTe BIa)KHOCTH BO3PACTaET POJIb MYJABTUMOJICKYIAPHON a1cOpOLIMHU U YaCTUYHOTO 3aIOJTHEHUS MEXK-
(bMITaMEHTHBIX ITOJIOCTEH, YTO MOYKET OJTHOBPEMEHHO MEHSTHh d(PPEKTUBHOE PACCTOSHUE MEXKITy ario-
MepaTaMH HaIlOJHUTENS U CO3/aBaTh yCJIOBHS U1 MEIJIEHHOTO MPOTOHHO-HOHHOTO MEpeHoca 1o a/l-
cOpOMpPOBaHHBIM BOAHBIM closiM. ClieoBaTeIbHO, BIAXHOCTHBIM CUTHAN (OPMHUPYETCS] HATOKEHUEM
10 MEHBIIEH Mepe JIByX BKJIAJ0B — MICKTPOHHO-TYHHEJIBHOTO U HOHHO-TIOJISIPU3AIlIMOHHOT0, — TOT/IA KaK
TEeMIEepPaTyPHbII OTKIMK B UCCIIEOBAHHOM JHalla30HEe OCTAETCS MPEUMYIIECTBEHHO OapbepHO-TIEPKO-
IUMOHHBIM. [10 3TOM mpUYKHE BIaKHOCTh CUJIbHEE BIUSIET HAa CUTHAJ CEHCOPA, a IMOCle0oBaTeIbHas
cXeMa BHOBb OKa3bIBAa€TCsl HAN0O0JIee TyBCTBUTEILHOM.

C mpakTH4YecKoi TOUKH 3peHUs MOJIydeHHBIE JaHHbIE ITO3BOJISIOT 00Jiee CTPOro MHTEPIPETHPOBATh
poxnb Tononoruu. [lapannenpHas kKoHQUTYpalHst yMEHbBIIACT BKIIA]] OT/IEIBHBIX BHICOKOOMHBIX KOHTAK-
TOB 3a CYET NIYHTHPYIOIINX BETBEH M IMOTOMY OOeCIedyMBaeT MUHUMAJIbHOE 0a30BOE COIPOTHBIICHUE
1 MEHBIIYI0 BOCIPUUMYMBOCTH K JIOKAIBHBIM JedekraM. HampoTus, mociemoBarenbHasi TOMOIOTHUS
YCUJIMBAET BKJIAJ KAKJIOTO MEKCIOEBOIO M MEXKArperaTHoro mnepexoja, uyTo NEjaeT €€ MPEeArnoyvTu-
TENBHOM JIJIs1 9yBCTBUTEIBHBIX JATYMKOB, HO OJHOBPEMEHHO MOBBIMIAET TPEOOBAHUS K TIOBTOPSIEMOCTH
neyatu. KoMOMHMpOBaHHAs cXeMa 3aHUMAeT MPOMEKYTOYHOE MOJIOKEHUE U MOJKET PacCMaTpUBAaTHCS
KaK HHXCHEPHBIH KOMIIPOMHCC MEXK/y YyYBCTBUTEIBHOCTHIO M CTAOMIBHOCTBIO.

Ha pwuc. 3 mokazana 3aBUCHUMOCTH CONPOTHBJICHHS CEHCOpa ¢ TOCIEAOBATEIHLHOW TOIOIOTHEH
oT yactoThl B guamna3zone 10 I'm—100 xI'm.

Kax BugHo u3 puc. 3, B nuanazone 10 I'ut—50 k' conpoTuBieHue ceHcopa ¢ nocie0BarebHON
TOIIOJIOTHEH N3MEHSIETCSI HE3HAYUTEIHLHO U OCTaeTCs OKoJIo 3HaueHui 34,7-34,9 kOMm. OTHOCUTEILHOE
M3MEHEHHE CONMPOTHUBIEHHS B 3TOM JMamna3oHe He mpeBblmaeT ~1 %, 4To MO3BOJISIET paccMaTpUBaTh
JAHHBIN yYaCTOK KaK KBa3WUCTAIIMOHAPHBIA PE3UCTUBHBIA pekuM. ClieoBaTenbHO, B YKa3aHHOH 00-
JIACTH YaCTOT OTKJIMK MPEUMYIIECTBEHHO OTPEAETSAeTCS] CKBO3HOW MPOBOAMMOCTBIO MEPKOIAIIMOHHON
CEeTH YIIEPOAHOTO HAMOJIHUTEIS U MeXKarperaTHpIMHU TYHHEIbHBIME IepexogaMu. Haubonee 3ameTHOE
OTKIIOHEHHWE OT CpeIAHEro ypoBHs HaOmonaercs B odmactu 100 k['m, e conpoTuBieHe yMeHbIIaeTCs
npumMepHO 110 34,6 KOM. DTO MOXKET yKa3bIBaTh Ha MOSBIEHUE JOMOTHUTEIHLHOTO YaCTOTHO-3aBUCHMOTO
BKJIa/Ia, XapaKTEPHOTO Ul Pa3ylnopsA0ueHHBIX KOMIO3UTHBIX cucTeM [13] u cBa3anHoro ¢ Mexdas-
HOU MOJISIpU3alMei, a TAK)KE C EMKOCTHBIM IIIYHTUPOBAHUEM BBICOKOOMHBIX YYACTKOB MEPKOISLIUOHHON
cetd [14]. OnHako BenuurHa 3 deKTa 0cTacTcs HeOOIBIIOH, TTOATOMY MOJIYYSHHYIO 3aBUCUMOCTBD Clie-
JyeT paccMaTpUBaTh Kak cadylo YaCTOTHYIO TUCIIEPCHUIO, A HE KaK BHIPAKEHHYI0 HEMOHOTOHHYIO 3aBH-
CUMOCTbH COMPOTHBIICHHS OT YacTOTHI. JIOKapHBIE OTKIIOHEHHUS OTAEIBHBIX TOUEK B 00JaCTH CPEIHUX
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YaCTOT HEC MHTCPIPCTUPOBAINCH KaK CAMOCTOATCIIBHBIC SKCTPEMYMBI 3aBUCUMOCTH, IMOCKOJIBKY UX BEC-
JIMYrHA CorocraBruMa ¢ MaJibIM OTHOCHUTCIIBHBIM U3MCHCHUEM COIIPOTUBJICHUS.

f— CINIAXXCHHAA 3aBUCHUMOCTH

35’00- . HU3MEPEHHBIC 3HAYCHUSA
34,90

=

S

£

g

=

5 34,80- \/./\ u

E [ |

=

(]

o

=

3 34,70 [
34,60 ]

T T T

10 100 1k 10x 100k
Yacrora, I'ry

Puc. 3. 3aBUCHUMOCTb CONPOTUBIIEHHS CEHCOPA C MOCJIEOBATEIbHON TOIOIOTUEH OT YaCTOTHI
Fig. 3. Resistance dependence of a sensor with a series topology on frequency

JlononMHUTENbHYI0 HHQOPMALIUIO O POIU YacTOTHl U3MEPEHHUs AAIOT YaCTOTHBIE 3aBUCHMOCTH CO-
MIPOTHUBIIEHUS CEHCOpa, 3apeructpupoBanubie mpu 20 u 50 °C B morapudmmyueckom macimrade (puc. 4).
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Puc. 4. YactoTHBIC 3aBHCHMOCTH conpoTuBieHus cercopa mpu 20 u 50 °C B norapudmudeckom Macitade
Fig. 4. Frequency dependences of sensor resistance at 20 and 50 °C plotted on a logarithmic scale

Ha puc. 4 o06e xpuBBIe CMEIAOTCS B 00JaCTh MEHBIIIMX COMPOTHUBICHUH TIPH TTOBBIIICHUHA TEM-
neparypsl ot 20 mo 50 °C. D70 comacyercs ¢ OTpUIATENILHBIM TeMIleparypHbIM KoddduimenTom
COIPOTHUBJICHHUS, YCTAHOBJICHHBIM IO TEMIIEPATypHBIM 3aBUCHUMOCTSM, M YKa3blBaeT Ha TEePMHYEC-
KM aKTHBHPYEMBI XapakTep TMepeHoca 3apsia depe3 MeKarperarHble Oapbephl B TMEPKOJSAIIMOHHON
cetu PLA-CPC-kommosuta. Hanbosnee 3amMeTHOE paznudne MeXIy KPUBBIME HAOIIOAACTCS] B HU3KOYAC-
TOTHOM 0011acTH, I1e BKJIaJ CKBO3HON PE3UCTUBHOIN MPOBOAMMOCTH M MEIEHHBIX MIPOILIECCOB Mepepac-
rpeseNieHus 3apsaaa MakcuMaieH. [1o Mepe pocta 4acToThI paziardue MEKIY TeMIeparypHbIMU KPUBBIMHU
YMEHBIIIAETCS, YTO YKa3bIBAET HA YMEHBIICHUE OTHOCHTEIILHOTO BKJIaa MEJICHHBIX OapbepHO-peakca-
LMOHHBIX MPOLECCOB U BO3pACTaHUE POJIM Oos1ee OBICTPBIX MOISIPH3ALUOHHO-EMKOCTHBIX MEXaHU3MOB.

TakuMm o0Opa3zom, maHHbIC puC. 3 U 4 COITIAaCOBAHHO IOKA3BIBAIOT, YTO HU3KOYACTOTHBINM OTKITHK
CEHCOopa TPEHMYILECTBCHHO XapaKTepH3yeT O0aphbepHO-TIEPKOJISIIHOHHYIO TPOBOIUMOCTb, TOLJA Kak
IIPU YBEJIWYECHUU YaCTOTHI BO3pAcTaeT BKJIAJ MeX(a3HOH MOJSAPU3ANUN M €MKOCTHOTO ITYHTHPOBA-
HUS BBICOKOOMHBIX YY9aCTKOB CETH. JTO OOCTOSTENBCTBO JIEJIA€T MHOTOUACTOTHBIN PEXXUM H3MEPEHUS
MEPCHEKTUBHBIM JUIS TIOCIEAYIOMIETO pa3/ielieH s TEMIIEPAaTypHOTO U BIQKHOCTHOTO BKJIAJIOB B CHTHAI
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ceHcopa. BMmecTte ¢ TeM Moy4eHHBIE Pe3yNbTaThl ClIeIyeT paccMaTpuBarh Kak (heHOMEHOJIOTHUECKOe
000CHOBaHHUE TAKOT'O MMOJX0/1a; I METPOJIOTHYCCKON peaau3aliii HeOOX0 UMbl AOMOIHUTEIbHbBIC U3~
MEpEHUS C OOJIBIINM YHCIIOM YaCTOTHBIX TOUEK, aHATIM30M THCTEpe3uca aJICoOpOIHU-1ecopOIIUY, IIUKITU-
YECKOM MOBTOPSIEMOCTH U C alMPOKCUMAITNEH CIIEKTPOB SKBUBAJICHTHBIMU AIEKTPUUCCKUMH CXEMaMH.

3ak/ouenue

1. IlokazaHo, urto anekrpodusmuecknii oTkiuK 3D-nevarnpix PLA-CPC-ceHcopoB ompenensercs
COBMECTHBIM JICHCTBHEM Tpex (akropos: Mopdonorun, popmupyemoir FDM-miporieccom, TONOIOTHI
TOKOMPOBOASIIIUX TOPOKEK U YACTOTHI U3MEPEHHS.. MUKpPOCKOIIMUECKHE TaHHbIE CBU/IETEIBCTBYIOT, UTO
LIEPOXOBATOCTh MTOBEPXHOCTH, MEKCIIOEBbIE HHTEP(EHCHI U JIOKAJIbHbIC HAIJIBIBBI paciuiaBa GOpMUpy-
0T HEOJTHOPOAHYIO MEPKOJIALIMOHHYIO CETh, BCIEICTBHE YET0 yASIbHOE CONPOTHBIICHIE HAIIEYaTaHHOTO
TpeKa OKa3bIBaeTCsl OOJbIIE CONMPOTUBICHUS UCXOnHOW HUTH. Cpeau uccieoBaHHbIX KOHPHUTYpauui
IOCJIe10BaTeIbHAsl TOIOJIOTHSI 00eCIeYBaET MAKCUMAIbHYIO YyBCTBUTEIBHOCTD, IIOCKOJIBKY CYMMHM-
pyeT U3MEHEHHUSI Ha MHO)KECTBE MEKarperaTHbIX U MEXKCIIOEBBIX MEepexo/I0B; mapasuieIbHas MUHIMHU-
3upyeT 6a30BOE COMPOTHBICHUE 32 CUET IIYHTHPYIOIIMX BETBEH; KOMOMHUPOBAHHAS 3aHUMACT IIPOME-
KYTOUHOE IIOJIOKEHHE M MOXKET PAacCMaTPUBATHCSI KaK KOMIIPOMHUCC AJISI IPAKTUUECKOH peaau3alnuu
CEHCOPHBIX y3JI0B.

2. YactoTHbIii aHammM3 mokasai, 4ro B oomactu 10 I'n—50 k[’ conmpoTuBiieHUEe CeHCcopa ¢ MoCIea0-
BaTEJIbHOM TOIOJIOTHEH M3MEHSETCS €1a00, YTO COOTBETCTBYET KBa3HUCTALMOHAPHOMY PE3UCTUBHOMY
peXHUMY, KOHTPOJIHPYEMOMY MEPKOJISIIMOHHON CEThIO yIIIepoHOro HaronHuTens. [Ipu npulnmxennn
k 100 xI'q mposiBisieTcst TUCTIEPCUOHHBIN BKJIaJ, KOTOPBI MOXKeT ObITh cBsi3aH ¢ Maxwell-Wagner—
Sillars-mronsipu3anueil ¥ eMKOCTHBIM ITyHTHPOBAHHEM BBHICOKOOMHBIX MEKarperaTHBIX IMPOMEKYTKOB.
[IpencraBnenue SKCIEPUMEHTAIBHBIX TOYEK 0€3 COCAMHEHHS WX JIOMAHOW JMHUEH MO3BOJHIO H30e-
XKaTh HEOOOCHOBAHHOW MHTEPIIPETALMM CJIa00H YaCTOTHOW AWCIEPCHU KaK CIIOKHOM HEMOHOTOHHOMN
3aBucuUMOCTH. [loydeHHbIe AaHHBIE yKa3bIBAOT HA IPEUMYIIECTBCHHO KBa3UCTALMOHAPHBIN Xapak-
Tep comnpotuBienus B auanazoHe 10 I'm—50 kI’ 1 Ha mosiBiieHue c1a00ro BRICOKOYACTOTHOTO BKIJIAJa
ripu ipubmmkernn kK 100 k[,

3. IlomyueHHble pe3ysbTaThl IOKA3bIBAIOT, YTO TEMIIEPATYPHOE BO3IEHCTBHE NPEUMYIIECTBEHHO
H3MEHSIET MPOBOANMOCTD YK€ COPMHUPOBAHHOIO MEPKOIALMOHHOTO KapKaca, TOTIa KakK BIaKHOCTh
JOTIOJTHUTENFHO BIMSET HA JUAIEKTPUIECKOE OKPYKEHHE MEKUYACTUYHBIX TPOMEKYTKOB, MEX(a3HyIO
TIOJISIPU3AIINIO M, BEPOSTHO, MEIJICHHbIE HOHHO-PEIaKCAIIMOHHBIE TIPOIIECCHI B aICOPOMPOBAHHBIX BOJI-
HBIX c10siX. [103TOMy MHOrO4acTOTHOE H3MEpEHHE ABIAETCS MEPCHEKTUBHBIM HApPaBICHUEM IS pa3-
JIeJICHHs TEMIIEPATyPHOIO U BIaXXHOCTHOT0 BKJIa0B B curnai PLA-CPC-cencopa. Bmecte ¢ Tem npen-
JIOKEHHAsT HHTEPIPETAINsl HOCUT ()eHOMEHOIOTHYEeCKHI XapakTep U TpeOyeT JanbHeHIneil mpoBepKu
Ha pacIIMpeHHOM Habope YacToT, MPH LHUKIMYECKOM YBIa)KHEHUN-OCYIICHUH U C HCIIOIBb30BaHUEM JK-
BHBAJICHTHBIX 3JIEKTPHUECKUX CXCM.
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AnHotanusi. ['eopamapsl ¢ HENpPEpHIBHBIM JIMHEHHO-4aCTOTHO-MOIYJIMPOBAHHBIM 30HAMPYIONINM CHUTHAJIOM
AKTHBHO MCIOJIB3YIOTCS TIPH OOHapy)KEHUH IPUIIOBEPXHOCTHBIX M Mallo3antyOlieHHbIX 00bekToB. Crienuguka
uX (QYHKIMOHMPOBAHUA CBs3aHa ¢ pabOTON B OMMOKHEW 30HE B NPHCYTCTBHH MOLIHBIX MEIIAFOLINX OTPa)KCHHIH
OT IPaHMIIBI YKPBIBAIOLIEH CPEbl, KOTOPBIE MACKHPYIOT OTKIIMK OT OOBEKTOB B OJMIMKHUX DJIEMEHTAX Pa3pelIeHus
U YCIOXKHSIOT MX OOHapykeHHe. B crarbe aiist penieHust 3Toi npooiieMbl NPEeUIOKEeH METO/I KOMIICHCAIIMY Mellla-
IOIIUX OTPKEHUH OT IPaHMIBI YKPBIBAIOLIEH MOBEPXHOCTH B PAAMOIOKALIMOHHOM OOHApYXXHUTEIe MaJlo3ariyo-
JICHHBIX OOBEKTOB, MCIIOJIB3YIONIEM JIMHEIHO-9aCTOTHO-MO/YJIMPOBAHHBIA 30HMpYIOMNi curHai. [IpuBeneHs
pe3ynbTaThl SKCHEPUMEHTAJIbHOW anpoOalny METoZa, MO3BOJISIOIIETO IMOBBICHTh XapaKTEPHUCTUKH T'eopaapoB
C HEIPEepBIBHBIM JIMHEHHO-4aCTOTHO-MOAYJIMPOBAHHBIM H3JIy4EHHEM IPH OOHAPYKEHHH IPUIIOBEPXHOCTHBIX
1 MaJo3antyOJIeHHBIX 00BEKTOB.

KoroueBble c1oBa: reopajap, IMHEHHO-9aCTOTHO-MOAYJIMPOBAHHOE U3ITyYE€HHE, PaTHOIOKAIMOHHBIN OOHAPYKH-
TeJIb, 30HIUPYIOLINIA CUTHA, MaJIO3arTyOJICHHBIH 00BEKT.
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METHOD OF COMPENSATION OF INTERFERING REFLECTIONS
IN AFMCW RADAR DETECTOR OF SHALLOW OBJECTS

ALEKSANDR LOPATCHENKO, IGOR MALEVICH

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Abstract. Ground penetrating radars with a continuous frequency-modulated probing signal are widely used to de-
tect near-surface and shallow objects. Their operation requires near-field operation in the presence of powerful
interfering reflections from the boundary of the host medium, which mask the response from objects in nearby
resolution elements and complicate their detection. To address this issue, this article proposes a method for com-
pensating for interfering reflections from the boundary of the host surface in a radar detector of shallow objects
using a frequency-modulated probing signal. The results of experimental testing of this method are presented,
allowing for improved performance of ground penetrating radars with continuous frequency-modulated radiation
in detecting near-surface and shallow objects.

Keywords: ground penetrating radar, linear frequency-modulated radiation, radar detector, probing signal, shal-
low object.
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BBenenune

Kak m3BecTHO, pasnonoKannoHHOE OOHAPYKEHUE TIOATIOBEPXHOCTHBIX OOBEKTOB WMEET JIaBHIOKO
ucropuro. Maest «mpocBeUrBaHUs TOPHBIX MOPOJ C MOMOILBIO pajapa HEMPEPHIBHOTO 30HAUPOBAHUS
ObuUTa 3amateHToBana emie B ganekoMm 1910 . (maternt DE 237 944). C Toro BpeMeHHU YHCIO CUCTEM
U NIPUIOKCHHUI HEYKJIIOHHO PACTET, 4TO 0OYCJIOBJICHO BBICOKOW BOCTpeOOBaHHOCTHIO reopaaapos (I'P)
IIPHU OTIEPATUBHOM TIOMCKE CKPBITHO YCTAHOBIIEHHBIX O0OBEKTOB, TPOBEACHUN HEPa3pyIIAIONMIEr0 KOHT-
PO TOPOXKHBIX TIOKPBITHH M CTPOUTENEHBIX KOHCTPYKITHH.

B umcie mepcneKTHUBHBIX TOAXOAOB, PEMIAIONIMX 3a/lady OOHApY>KEHHsS MPUIIOBEPXHOCTHBIX
1 MaJIo3anTyOJIeHHBIX 00BbEKTOB, OCOOCHHBIM 00pa3oM BbIACISOTCS [P ¢ HelpephIBHBIM JTMHEHHO-
4acTOTHO-MOyIupoBaHHbEIM (JIUM) 3onaupyronum curnanom (3C). Cnenuduka GpyHKIIMOHUPOBAHUS
TaKUX PaJapoB CBsi3aHa ¢ padOTOl B ONMKHEH 30HE B MPUCYTCTBUH MOILTHON KOMIIOHEHTHI ITPOCAYUBa-
romerocst 3C ¥ 3HAYUTETHFHOTO YPOBHS Memalonux orpaxkeHnit (MO) — sxocurnanos (9C), oTpaxkeH-
HBIX OT YKPBIBAIOIIIEH MOBEPXHOCTH (TPAHMIIBI TPYHTA, CTPOUTEIHFHONW KOHCTPYKIIMH, PACTHTEIHHOCTH
U T. I.). OTH COCTABJIAIONINE OOBIYHO MACKHPYIOT OTKIUK OT MallOpa3MEPHBIX MPUITOBEPXHOCTHBIX
Y MaJIo3artyOJeHHBIX 00BEKTOB (J1ajiee — 00bEKTOB HHTEPECa), PACIOI0KEHHBIX BOJIM3U YKPBIBAIOIIEH
MMOBEPXHOCTH, YMEHbIIIasi OTHOIICHUE CUTHAJI/IIIYM B JIEMEHTE pa3pelleHHst U yCIOXKHss 0OOHApyKeHHE
o0bekToB. Jlns penieHus 3afgaun cHkeHus BausiHAs MO Ha pesynbrarsl 0OHApyKeHUs 00bEKTOB MH-
Tepeca reopagapamu ¢ JIUM-curnanaMu B cTaThe paccMaTpUBaeTCs pa3paOdOTaHHBIN aBTOPaMH METOJ]
WX KOMITEHCAITHH.

dusnyeckne 0CHOBBLI METOAA

Pabora I'P ¢ JIUM 3C 6azupyercst Ha 4aCTOTHOM METOJIE M3MEpEHHS AalbHOCTH [ 1-3], KOTOpBIii 3a-
KITFOYAeTCs B ONPeIelIEHUH KOMITOHEHT OUEHUH f3;, TOJTy4aeMbIX B pe3yJabTaTe IePeMHOKEHHS OTIOPHO-
ro 3C u mpuHATEIX DC OTpaKCHHUH OT YKPHIBAIOIIEH MTOBEPXHOCTH, HEOTHOPOIHOCTEH cpeapl U 00BEK-
TOB UHTepeca [4]:

S5 =2Mr, + r,g")cT,, (1)

rae Af — muamasoH MepecTporKH 1o YacToTe (T. €. TIOHAS JIEBUAIUs 9YacTOTHI) TeHeparopa, yrpasJsie-
MOTO HaNPsKEHUEM, Af = fi.« — fruins T, — BPEMS Pa3BEPTKH 110 YACTOTE; € — CKOPOCTh PACIPOCTPaHEHHUs!
AJIEKTPOMArHUTHOW BOJIHBI B BaKyyMe; € — JUAJIEKTPUIECKas IPOHUIIAEMOCTh HCCIIeTyeMOH CPebl; ¥, —
paccTosiHIe MeXTy aHTeHHBIM O10KoM (AB) 1 TOBEpXHOCTBIO CPEIBL; 1, — PACCTOSHIE MEXKIY TOBEPX-
HOCTBIO CpeJibl U 3arTyOJICHHBIM OOBEKTOM.

B nogasnsttoniiem 6onbmmacTBe coBpeMeHHbIX [P ¢ JIYM 3C ncnonb3yrores Oucrarndeckast cxema,
TOMOIIMHHOE TIpeoOpa3oBanue peructpupyeMbeix IC u nudposas oopadorka (puc. 1). B Takux cucre-
max cBepximpoxomnonocHsrii JIYM 3C monBonutces k nepenaromieii antenne A1 (Ab) u ogHOBpeMeH-
HO 4Yepe3 OTBETBHUTENb TOAAETCsl HA TE€TEPOJAMHHBIA BXOJ CMECHUTENS IPUEMHOTO KaHaja. DXOCHUTHAIBI
PETUCTPHUPYIOTCA aHTEHHON A2 W MOCTYMAalOT Ha CUTHAJBHBINA BXOJ] CMECHUTEINS, TJe MEePEeMHOKAIOTCS
¢ otBeneHHOH yacThio 3C. DUIBTP HIKHUX YacTOT BBIACISIET KOMIIOHEHTHI OMEHHUH, YacTOThl KOTO-
PBIX TPOTIOPIIMOHAILHBI PACCTOSHUIO 10 YKPBIBAIOIIEH TTOBEPXHOCTH U OOBbEKTa MHTEpeCa, a 3HAYHUT,
WX OmpezieNieHNe MTO3BOJISET BBIYUCIUTH IIYOHHY €T0 3ajleraHusl.

CriekTp curHana Ha BBIXOAE CMECHUTEINS SBISETCS TIIyOWHHBIM ITOPTPETOM, T. €. mpoduiem 3aBu-
cumoctd aMIuaTynbl OC OT BpeMeHH 3aJepiKKH, (PaKTHUECKNA BU3YAIM3HUPYS DIEKTPOANHAMUYCCKIE
XapaKTepUCTUKU pa3pesa rpyHTa Mo aHTeHHOU panapa. CreKkTpaibHble COCTABISIOINE, COOTBETCTBY-
IOLIME TPaHUIE YKPHIBAIOLIEH MOBEPXHOCTH, B TIIyOMHHOM MOPTPETE MMEIOT BBICOKYIO SHEPTETHKY
U MacKHPYIOT OJIM3KO PaCIONIOKEHHBIN CIIEKTPAIBHBIA OTKIMK OT 00bEeKTa WHTEepeca, yXy/IIIas TaKuM
00pa30oM Y4yBCTBUTEIBHOCTD M Pa3pelIarollyI0 CliocOOHOCTh cucTeMbl. [lockonbky 00bekT 1 MO Haxo-
JIITCSL B COCETHUX DIIEMEHTaX pa3pelIeHusi, a COOTBETCTBYIOIINE UM CUTHAJIBI ONEHUI NMEIOT CXOIHYTO
CTPYKTYPY, aITOPUTMHUYECKHE METOIBI (PHIBTpAIiii Majao3(()EeKTHBHEL.

[Ipu npoBeneHnn MOMCcKa HaHOOJBIINI HHTEPEC MPEACTABISIET OOHAPYKEHHEe 00BbEKTOB, HE XapaK-
TEPHBIX ISl UCCIETyEeMOU Cpelibl, a 3HAUUT, MOKHO MPEANOI0KUTh, UYTO UX HaIuuue peako. Ecmu ma-
paMeTpshI Cpeibl paBHOMEPHEI B pa3Mepax, KoTopsle corocTaBuMbl ¢ Ab I'P, 1 u3MeHs10TCsi MOHOTOHHO,
YTO OOBIYHO XapaKTepHO JJIS TPYHTOB, B TOM YHCIIE C PACTUTENHFHOCTBIO, M CTPOUTEIHHBIX KOHCTPYK-
nui (Hampumep, OETOHHBIX TUTHT, CTEH U T. 1), TO ISl TTOJIaBIIEHHUS MOIIIHBIX OTPaXEHNUH OT MOBEPXHOC-
TU 30HIUPYEMOI cpelibl BO3MOKHO BKitoueHue B cTpykTypy I'P ¢ JIUM 3C koMneHcallMoOHHOIO KaHa-
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J1a, KOTOPbIA 00ECIeunT MOJy4YeHUEe CUTHANIA OMCHHUH OT YKpPBIBAIOMICH cpefibl Oe3 00bheKkTa HHTepeca
(puc. 2).
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Puc. 1. MrocTpanust npuHIKIa paboThl TOMOAMHHOTO Teopasapa
C HENPEPBIBHBIM JIMHEIHO-YaCTOTHO-MO/YJIMPOBAHHBIM U3JTy4YCHUEM
Fig. 1. Illustration of the operating principle of a homodyne ground penetrating radar
with continuous linear frequency-modulated radiation
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Puc. 2. ®yHKIMOHANBHAS CXeMa TOMOIIMHHOTO reopaiapa OJIMKHETO JIeHCTBHS
C HENPEPBIBHBIM JIMHEITHO-IaCTOTHO-MO/YJINPOBAHHBIM U3JIy4YCHUEM
C KOMIICHCANNEH MOBEPXHOCTHBIX OTPAKCHUN
Fig. 2. Functional diagram of a short-range homodyne ground penetrating radar
with continuous linear frequency-modulated radiation and compensation of surface reflections

B npemioxkeHHol cucteMe o KOMaHIaM, MOCIeI0BaTeNIbHO MOCTynaomuM oT komnbiorepa (PC),
uudpo-aHanorossiM npeodpaszosareneM (DAC), ynpasiseMbIM IPOrpaMMHUPYEMON JIOTHYECKON HHTET-
panbHOl cxemoit (FPGA), popmupyercst muiioo0pa3Hblii MOLYIHPYIOIINH CUTHAI, KOTOPBIH MOJaeTcs
Ha TeHeparop, ynpasisiemblil HanpsbkerreM (VCO). VCO BoinonHsieT GOpMHPOBaHHE CBEPXIIHPOKO-
nostocHoro JIUM 3C. OcoGeHHOCThIO JaHHOHM CTPYKTYPHI SIBISETCS HAJIMYUE JABYX NMPHEMHBIX KaHa-
JIOB, Ha TE€TEPOIMHHBIE BXO/bl KOTOPBIX OTBETBIAETCS 4acTh 3C. OUIBTPbI HUKHUX YacTOT BBIIEISAIOT
KOMITOHEHTHI OMEeHHIA, KOTOphIe TTpeo0pa3yroTcss B MUPPOBYIO (GopMy aHAIOTO-IIM(POBEIME ITpeodpa-
3oBaressiMu (ADC) u mocne npeasaputensHoi 00padotku B FPGA nepenatorcs B PC, BoinonHsomumi
CHEKTpaJbHOE OLCHWBAHME MONyYSHHBIX peanu3aluil CurHaioB ¢ nogasieHneM MO u otoOpaxkeHue
[IyOWHHBIX TIOPTPETOB B PEATBHOM MaclITade BPEMEHH.

AnteHHbI B Ab BeIMOTHSIOTCST onnHAKOBEIMHE. [lepenaromas antenHa A 1 pasmemaercs B rieHTpe Ab,
a MMpUEMHBIC aHTEHHBI OCHOBHOTO (A42) ¥ KOMIICHCAITMOHHOTO (A3) KaHAJIOB — CHMMETPHYHO C TIPOTHU-
BOIIOJIOXKHBIX CTOPOH OTHOCHTENbHO A1. Takas koHCTpykuusi Ab obecrieunBaeT MpOCTPAHCTBEHHYIO
pa3BiA3Ky MEXAY KaHajlaMH, BO3MOXKHOCTH IOMCKa OOBEKTOB MPUEMHOW aHTEHHOW A2 M MOJyuyeHHE
B Iporecce ckauupoBanusi Ab onenku curnaiga MO Ha BbIXOJIe KOMIIEHCAIIMOHHOTO KaHaa.

KomrmieHcaimoHHbIN KaHa BBITTOTHAETCS MIEHTHYHBIM OCHOBHOMY MTPUEMHOMY KaHAJTy C BBICOKOM
JIMHEHHOCTBIO ¥ IIHPOKOIIOIOCHOCTBIO, YTO MUHUMHU3UPYET (ha30BbIe PACXOKICHHS, & 3HAYHT, U OTIIH-
4ys B OTH0AOLIe CieKTpa Mexay cocTaBisaomuMu MO B OCHOBHOM M KOMIIEHCALIMOHHOM IIPUEMHBIX
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KaHarax. KoMIieKCHbIE 9acTOTHBIC XapaKTECPUCTUKHN OCHOBHOTO U KOMIICHCAIITMOHHOI'O ITPUCEMHBIX Ka-
HaJIOB JOJI>KHBI OBITh MPAKTUYCCKU NICHTUYHBIMU.

Bricokas Koppesus MEXKAY COCTAaBIAIOIINUMU MO B MPUCMHBIX KaHaJlaX W HU3Kas SHCPIreTUKaA
COCTaBJIAOMIUX, COOTBETCTBYIOUIUX IMOJIC3HOMY CUTHAJIY B OCHOBHOM KaHAJIC, MMO3BOJIAIOT IPONU3BECTU
KOMIICHCAalIuIo MO ITYTEM BbIYUTAHHUA HOPMUPOBAHHOI'O CMI'HAJIa KOMIICHCAIMOHHOI'O KaHajla U3 HOp-
MHPOBAaHHOI'O CUMI'HaJla OCHOBHOI'O KaHaJia. HpI/I OWHAKOBBIX CBOMCTBaxX Cpe€abl 1moa IMPUEMHBIMU aH-
TCHHAMMU TAKOC BBIYUTAHUC CHU3SUT aMIUITUTYy MO, a TosIBJICHNE 00BhEKTa HUHTEPECA TOJBKO ITOJ OHHOﬁ
W3 aHTCHH ACKOPPCIIUPYCT CUTHAJIbI B IPUCMHBIX KaHaJlaX U 00€eCIIeunT ero 06Hapy>i<eHHe.

JKcNepuMeHTAJbHAS anpodanus MeToaa

DKcIepUMEeHTaTbHBIE MCCISNOBAaHUS METOo/a MPOBOAMINCH Ha JabopatopHoMm crenae [P ¢ JIUM
3C (puc. 3, a), pa3pabOTaHHOM C YYETOM Pe3yJbTaTOB, MMONyUYEeHHBIX B [4—6]. CTpenkoii OTMEYCHO Ha-
npapiieHue nepemenieHust Ab o Hanpapsstonieit. Jlunus, coeaubstonas pazoBbie EHTPbI TPUESMHBIX
anTeHH Ab, mepneHauKyIsipHa HampaBIeHUIO CKaHupoBaHus. OOBEKT HHTEpeca B XOJI€ SKCIIEPUMEHTOB
HaxXOIWJICS TTPEUMYIIIECTBEHHO MO IMHUEH TIepeMeIeHNsT aHTEHHBI OCHOBHOTO TIPUEMHOTO KaHaa.

\

«—BHUOAL |

Hamnpasnenue ckanuposanus Ab —

a b
Puc. 3. O0mwmii BUI 9KCIIEPUMEHTAIBLHON YCTaHOBKH ()
U pe3yNbTaT TeCTUPOBaHMS (b) U3MEPUTEIBHON TUIOIIA KK
Fig. 3. General view of the experimental setup (a) and the test result (b) of the measuring platform

PeannzoBannblii ToMOAMHHBIA TpakT [P mozBonsier oOpabareiBare JIUM-curnansr c  0Oa-
301 3000—8000, ¢ BerxomHO# MoutHOCTRIO 10—12 nbwm, koaddurmentom mryma 12—14 nb n nuramMmudec-
KuM auanazoHoM He meHee 70 nb. PacxoiaeHne aMITIUTYIHO-9aCTOTHBIX XapaKTePUCTHK OCHOBHOTO
1 KOMIICHCALIMOHHOTO IPUEMHBIX KaHAJIOB B pe3yJlibTaTe KaJmOpoBky He npesbimano 0,5 n1b, pacxoxae-
HUe (pa30-4acTOTHBIX XapaKTEPUCTHK — 5°.

WsmepuTenbHas miomiaka Obuia OpraHn30BaHa B J1a0OPaTOPUH € MIOBEPXHOCTHIO B BUIC OETOHHBIX
T nepekpeitust [ITM ¢ TSIThIO0 TyCTOTaMu, MOBEPX KOTOPBIX HA OUTYMHYO MAaCTHUKY BBIKJIA IBIBAIICS
MapKeTHBIH 1mos1. QopMHUpPOBaHNE PATUOIOKAIMOHHBIX N300pakKeHUH UCCIIETyeMOro y4acTKa OCyIeCTB-
JSI0Ch B pe3ylbTaTe aBToMarnyeckoro nepemeuieHust Ab prone Hanpasisitomiei. [lepemenienne Ab
MIPOU3BOANIOCH NEpNeHANKYIsapHO [TTM.

Ha puc. 3, b mpencraBineH pe3yibTaT TECTHPOBAaHUS TUIOMAAKH ISl TIOMYyYEHHsI KOHTPOJIBHO-
ro n300paXeHUs] B OTCYTCTBUU OOBEKTOB MHTepeca. [l 3Toro miomiagka yKpblBaiach TUIJICKTPH-
YeCcKUM paauornoriomaomuM mMarepuanoM « TOPA-39», BBEIIOTHEHHBIM B BHIIE OTACIBHBIX ITaHE-
neit (450450 MM) MTHpaMUIAIEHOTO THIA W3 3JIACTUYHOTO TICHOMIONMMYpPETaHa ¢ YITICPOIHBIM HaroJ-
HUTEJIeM, KOTOphIi obOecneunBaeT Ha 4dactore 1,5 [T kodddummeHT oTpaxkeHus NMpu HOPMAIHHOM
najieHuy Ha pabouyro noBepxHocTh (—35) nb. Ha puc. 3, b BuaeH npoTshkeHHBIN yepe3 Bce n3o0pa-
xenue MakcumyM DC Ha BbIX0Jle TpakTa 00pabOTKH, 00pa30BaHHbIM KOMOWHAIMEH MPOCAaYNBAIOIIETO-
CSl U OTPaKEHHOTO OT PaJMONONIOTUTENS CUTHAJIOB, MO/ KOTOPBIM MPOCMaTpUBaeTCs NepruoaudecKas
CTPYKTYpPa, COOTBETCTBYIOIIAS BEPIIMHAM PaAOTIOTIIOTHTENS.

Ha puc. 4 npecTaBaeHsl Pe3yibTraThl SKCIEPUMEHTOB ¢ MajtopasmepHbvu (100-1000 cvm?) 06bek-
TaMu HHTEpeca, Pa3MEeIeHHBIMHU B CTPYKTYpe paanononiomniatmniero Marepuana « TOPA-39%. B cTon6-
Lax Ha puc. 4 mocienoBaTeNbHO NOKa3aHbl OOIIMI BU, IITyOMHHBIN OPTPET B OAHOKAHAIBHOM PEXKH-
Me, n300pakeHue, OITyYeHHOE B Pe3yNIbTaTe BBIMOTHEHUS! KOMIICHCALIUH.
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PesynbTat KoMneHcaumn

AKTyanbHbIl y6UHHBIA NOPTPET
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Hampasnenue ckanupoBanus Ab —
a

AKTyanbHblii Fy6UHHBI NOPTPET PesynbTaT KOMNeHcauuu
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Hampanenne ckanuposanus Ab —

AKTyanbHbIf Fy6GUHHEIA NOpPTPeT PeaynbTaT KOMNEHcauumn
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HarpaBienne ckanuposanus Ab —

c

Puc. 4. OGHapyKeHUE THIIOBBIX 00BEKTOB HHTEpECA, PACIIOIOKEHHBIX B CTPYKType « TOPA-39»:
a — IPaHUTHBIA KaMeHb; b — MeTaJuTnuecKasi TOHKOCTEHHas OaHKa Ha JIEPEBsIHHBIX OpyCKax;
€ — METaJUIN4eCcKasi TOICTOCTEHHAas OaHKa
Fig. 4. Detection of typical objects located in the “TORA-39” structure: a — granite stone;
b — thin-walled metal can on wooden blocks; ¢ — thick-walled metal can

JlaHHBIN SKCICPUMEHT MOJCIMPYET HAXOXKJICHHE OOBEKTOB B MPUIIOBEPXHOCTHOM OTHOPOIHOM
CJIoe Ccpefbl ¢ HEOOINBIION MIOTHOCTHIO U MO3BOJSET YMEHBIINTD BIUSHUE TUIOTHOTO OETOHHOTO TIOJa
Ha roirydaeMoe n3o0pakeHue. BuaHo, 9To 00beKTHI Ha pucC. 4, a, b He BBIIENA0TCA Ha (DOHE Cpelpl,
Y TOJIbKO OTHOCHTEIIEHO OOJIBIIION METaNIMIeCKUi 00bEKT Ha puc. 4, ¢ yBepeHHO oOHapykuBaeTcs. O
HAaKO MPUMEHEHHE MeTojla KomreHcanuu 3¢ ¢ekTuBHO BerauTaeT MO OT paguoIonIOTUTENS, YTO 1103~
BOJISIET HA/ICKHO BU3YAIM3UPOBATh OOBEKTHl HHTEpECa, OIYYNB KOHTPACTHYIO OTMETKY MPOTSKEHHO-
CTBIO B OIUH ITNKCCJIb.

Ha puc. 5 moxazanbl pe3ynasraTsl OOHApPYKEHHS THIIOBBIX OOBEKTOB WHTEpPEca, PacHOIOKEHHBIX
HaJ{ IOJCTIIIAIOIICH MTOBEPXHOCTRIO B BUIE OCTOHHOM TUIUTHI epekphITes [1TM.

[Ipu pacmonoxxeHUE 0OBEKTOB WHTEpECa Ha MOBEPXHOCTH TUIOTHOM Cpellbl B PaIMOIOKAIIMOHHOM
M300paKCHUU PA3IMYUMBbI IOBEPXHOCTHBIC OTPAXKCHUS U TICPUOIMUECKast CTPYKTypa riepembraek [1TM.
B mpaBoit yactu M300pakeHUsI BUJHO HaJMUUe OTpakeHHH OT cTeHbl. Hanmnume oOBEKTOB MHTEpeca
NPUBOAUT K IMOABJICHHUIO KOHTPACTHBIX MaKCHMMYMOB B IOBEPXHOCTHBIX OTPAKCHUAX, pa3Ma3aHHBIX
10 HAPaBJICHUIO CKAaHUPOBaHMs. BHUIHO, 4TO MpUMEHEHNEe MEeTO/1a KOMITEHCAITUH [T MAJIBbIX 0ObEKTOB
puc. 5, a, b a3pdexrnBrO BerunTaeTr MO 1 (OpMUPYET KOHTPACTHYIO OTMETKY TTPOTSKEHHOCTHIO B O/TMH
nmkcenb. J{s Oonmbiero oobekTa (puc. 5, ¢) HAUMHAIOT MTPOCMATPUBATHCS €r0 KOHTYPHI, a POH TOBEpX-
HOCTHBIX OTPaKCHUH YMEHBLIACTCS, YTO JeNlacT N300pakeHHe 0oJiee KOHTPACTHBIM.
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AKTYanbHbif FYBUHHBIA TOPTPET PeaynbTar KoMneHCauuH

«—BHUOAL |

Hampasnenue ckanuposanus Ab —

a

AKTYanbHbIi Fy6UHHLI MOPTPET PeaynbTar koMneHcauum

«—BHUOAL |

Harpasnenue ckanuposanus Ab —

b

AKTYanLHLIi FyBUHHbI MOpTPeT PeaynbTaT KoMneHCaLyM

«—BHUOAL |

Hamnpanenue ckanuposanus Ab —

c
Puc. 5. OGHapy>keHUE THIIOBBIX 0OBEKTOB, PACIIOIOKEHHBIX Ha OETOHHOM I10JTy C MTApKETOM:
a — TPaHUTHBIH KaMeHb; b — MeTaJlIn4ecKast TOHKOCTEHHas 0aHKa; ¢ — MeTaJlIn4ecKast TOJICTOCTEHHast OaHKa
Fig. 5. Detection of typical objects located on a concrete floor with parquet: a — granite stone;
b — thin-walled metal can; ¢ — thick-walled metal can

Ha puc. 6 npezcraBieHsl pe3ybTarbl 00HApYKEHUS] 00BEKTOB HHTEpPECa, PACTIOIOKEHHBIX HaJT 1T0-
BEPXHOCTHIO C BBICOKMM KOX(DGHUIIMEHTOM OTpaKECHUS (JIBa MOJIOKEHHBIX BHAXJIECT JINCTA (HOIBTUPO-
BaHHOTO cTekiIoTekcTonuTa FR4 pasmepamu 80x50 cm).

[Inockast MenHas TOBEPXHOCTh (POPMHUPYET POBHEIHN, KOHTPACTHBIN JIOKAIM30BaHHBIN CJIOW Ha TO-
JYYSCHHOM H300paKCHUH, HAJIM4YUe 00BEKTOB HHTEPECa HaJl KOTOPBIM XOPOIIO 3aMeTHO. KOHTYpbI 00b-
€KTOB MHTepeca pa3MasbIBalOTCs 110 HAITPABICHUIO CKAHUPOBAHUS U JUTA ClTydasi Ha pHc. 6, b HECKOIBKO
HACKaKarTCsl. MeToJ| KOMIIEHCAMHU B YCIOBUSIX MOIIHBIX U PABHOMEPHBIX OTPAXKCHUM OT TOBEPXHOCTHU
C YETKOW TPaHUIICH MMOKa3bIBaeT HAMIYUITYI0 () (PEeKTUBHOCTE, 0bectieunBas BerauTanue Gpona u ¢op-
MHPOBaHUE KOHTPACTHBIX OTMETOK OT OOBEKTOB MHTEpeca C MPaBWIIBHOM JIOKaJW3anuei 1o mnepemMe-
meHnro Ab ¥ ¢ BO3MOYKHOCTBIO OTOOpaKeHUsI KOHTYPOB 00OBEKTOB HHTEPECa OTHOCUTEIBHO OOJBIIIOTO
pasmepa (puc. 6, ¢). [lonyueHHbIe pe3yybTaThl HOATBEPKAAIOT A(H(HEKTUBHOCTD PEAJIOKSHHOTO METO/Ia
komnencau MO OT MOBEPXHOCTH YKPHIBAIOUIMX U MOJCTUIAIONINX CPEl B paANOIOKAIIOHHOM 00Ha-
pyxurene o0beKTOB HHTEpeca ¢ HenpepbiBHBIM JIUM 3C.

OKCIepuMEHTANIbHBIE HMCCIIEOBAHMS ITOKAa3aJld, YTO TMPUMEHEHHE METOla KOMIICHCAIIUH JeNaeT
OTMETKH OOBEKTOB MHTEpeca 0ojiee KOHTpAcTHRIMH Ha ¢oHe MO M MpoCaynBaIONIETOCs CHTHAIA, YTO
ITO3BOJISIET TOBOPHUTH 00 YBEITMUEHUH BO3MOXXHOCTEH M0 UX OOHApYKeHUI0. Taxke BUAHO, YTO IS 00b-
€KTOB, CPAaBHUMBIX I10 pa3Mepam ¢ [IaroM IMpu CKAaHUPOBaHUU (3 CM), TPOUCXOJAUT YMEHBIIICHUE pa3Me-
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POB OTMETKH 110 HalpasiieHnIo ckaHupoBauus Ab. Hanpumep, uist cirydast Ha puc. 5, @ MOXXHO TOBOPHUTH
00 yMEHBIIICHUH pa3Mepa OTMETKHU € TPEX A0 OJHOTO MUKCEIIs, COOTBETCTBYIOIIETO LIary CKAaHUPOBaHUSI.

AKTyanbHbIfi Fy6UHHBIA TOPTPET PeaynTaT KOMneHCaUMH

«—BHUOAL |

Hampanenue ckanuposanus Ab —
a

AKTyansHbIA FYBUHHBIA NOPTPET PeaynibTaT KOMneHCawUuH

«—BHUOAL |

Hamnpasnenue ckanuposanus Ab —

b

AKTyankHelii rnyGUHHbI NopTpeT PeaynbTaT KOMneHcauumn

«—BHUOAL |

Hamnpasnenue ckanuposanus Ab —

c
Puc. 6. O6HapyKeHUE THITOBBIX 0OBEKTOB, PACIIONIOKEHHBIX HaJl TOBEPXHOCTHIO
C BBICOKUM KO3()(HIIMEHTOM OTPAKEHUS: d—C — TO JKe, YTO Ha pHc. 5
Fig. 6. Detection of typical objects located above a highly reflective surface: a—c — the same as in Fig. 5

He,Z[OCTaTKOM METOAa KOMIICHCAIUU ABJIACTCA PA3SMHOKCHUC OTMETOK LECJIIN (pI/IC 4, bu puc. 5, Cl),
a TaK)KC UX CMCIICHUE OT UCTUHHOI'O ITOJIOXKCHUA, YTO CBA3aHO CO cn1abo noAAaromMucsd aHajin3dy 0Co-
OEHHOCTAMU pPacrnpoCTpaHCHUS JICKTPOMAriHuTHOI'O IMOJIA B OIIMKHEN 30HE AaHTEHH.

3akJ/ouenue

1. IIpemokeH METO/I KOMITEHCAIMM MEUIAIOIINX OTPAKEHUI OT TpaHUIbl YKPBIBAIOILIEH MOBEpX-
HOCTH B Pa/IMOJIOKAIIMIOHHOM OOHApYKUTENe NMPUIIOBEPXHOCTHBIX W MAaJo3ariyONieHHbIX O0OBEKTOB,
HCIIOJIB3YIOIIEM CBEPXIIUPOKOIIOIOCHBIM HENPEPBIBHBIN JTMHEHHO-4aCTOTHO-MOTYIMPOBAaHHBIN 30H11-
pytommii curdan. CyTb MeTOZA 3aKJIO4YaeTcsi B 100aBICHUM B CTPYKTYPY pazapa AOIOJIHUTEIBHOIO
MIPUEMHOTO KaHajla, HJIEHTUYHOTO OCHOBHOMY. AHTEHHBI ITPHUEMHBIX KaHAJIOB PAcloararoTcs psSaoM
MEPIEHIUKYIISIPHO HANPaBJICHUIO CKaHUPOBaHMs. Bricokas koppessuusi ¢poHa B MPHUEMHBIX KaHajlax
IIPU UX UACHTHUYHBIX KOMIUIEKCHBIX YACTOTHBIX XaPAaKTEPUCTUKAX IIO3BOJISET OCYIECTBUTh KOMIIEHCA-
LUI0 TIPOCTHIM BBIYMTaHWEM. HaxoxeHne pa3BeqplBaeMOro 0OBEKTa MPEUMYIIECTBEHHO O/ OTHON
13 TIPUEMHBIX aHTEHH 00ECIEeUNBAET €0 YBEpEHHOE O0HapyKeHHe Ha (pOHE OCTATKOB MEMIAIOIINX OT-
pakeHHi.

2. IIpoBeeHHBIE HCCIEN0BaHMS O3BOJISIOT MOBBICUTH XaPaKTEPUCTHKU Fe0PaJapoB C HEMPEPHIB-
HBIM JINHEHHO-4aCTOTHO-MOYJIMPOBAHHBIM H3JIyUYCHHEM NPH 0OHAPYKEHUH MaJTOpa3MEpHBIX MPHIIO-
BEPXHOCTHBIX ¥ MAJI03ariTyOJICHHBIX OOBEKTOB.
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USING A MICROSTRIP ANTENNA TO DETECT BREAST CANCER

HESHAM AYAD, SAJA SWISSI, RIHAM MADI, REHAB ALHATAB
University of Zawia (Az-Zawiya, Libya)

Abstract. This article discusses the design of a Vivaldi microstrip antenna operating at 7 GHz. Its broadband cha-
racteristics and high directivity make it ideal for use in a variety of applications. The design utilizes FR4 material,
known for its excellent electrical properties. The antenna’s performance was analyzed using S-parameters, which
demonstrated good stability and high power transfer efficiency. Testing the antenna on healthy and diseased breast
tissue revealed significant energy absorption, indicating the antenna’s effectiveness in detecting changes in tissue
electrical properties.

Keywords: Vivaldi microstrip antenna, FR4, S-parameters, transmitter, receiver.
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HCIIOJIb30BAHUE MUKPOIIOJIOCKOBOM AHTEHHBI
JIJISI OGHAPYKEHUS PAKA MOJIOYHOM KEJIE3bI

X. AIAJI, C. CBUCCH, P. MAJIU, P. AJIbXATAB

Yuusepcumem Anv-3asus (33-3asus, Jlusus)

AunHoTanusl. B cratbe paccMoTpeHa KOHCTPYKIHMsI MUKPOIIOJIIOCKOBOM aHTeHHBbI BuBaibu, padoTtatorieii Ha yac-
tore 7 I'T1, ¢ MHUPOKONOIOCHBIMU XapaKTEPUCTUKAMU U BBICOKOM HAIPaBJIEHHOCTHIO, UTO JIETAET €€ UIeaJIbHOU
JUISl IPUMEHEHHS B Pa3iIMYHbIX o0nacTsax. B koHCTpyKImMy ucnosnb3oBaiicst Mmatepuan FR4, n3BecTHbIN OTIIMYHBIMU
ANIEKTPUYECKUMH CBOMCTBAMH. XapaKTEPUCTUKN aHTEHHBI aHAJIH3HPOBAIKCH C MOMOIIBIO S-TTapaMeTpoB, KOTO-
pBIe TIOKa3aJIi XOPOIIyI0 CTAOMIBHOCTh M BBICOKYIO 3((pEeKTHBHOCTH Mepeaadn MOIHOCTH. [Ipy ucteiTanun an-
TCHHBI Ha 3/I0POBBIX M IIOPAKCHHBIX TKAHIX MOJIOYHOM JKeJIe3bl OBIIO BBISIBJICHO 3HAUYUTEIBHOE MOTVIONICHNE SHEP-
rud. DTO yKasbiBaeT Ha 3(p(HEeKTUBHOCTh aHTEHHBI B O0HAPYKEHUH M3MEHEHHH JIEKTPUUECKUX CBOMCTB TKaHEH.

KroueBsble cioBa: MUKpoOIIoockoBas aHTeHHa Busanbsan, FR4, S-mapameTpsl, nepenaTuuk, NpUEMHUK.
KongumkT nnTepecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

Jast unTupoBanms. Vcrnons30BaHne MUKPOIIOJIOCKOBOI aHTEHHBI JIJIsl OOHAPYKECHHUST paKa MOJIOYHOM JKee3bl /
X. Avtax [u ap.] // Joxmagsr BI'YUP. 2026. T. 24, Ne 3. C. 29-35. http://dx.doi.org/10.35596/1729-7648-2026-24-
3-29-35.
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Introduction

Antennas are metallic devices used to transmit and receive electromagnetic waves, acting as an in-
terface between outer space and communication equipment. Antennas come in various types and appli-
cations, and among these, microstrip antennas are of particular importance [1, 2]. A microstrip antenna
consists of a conductive material placed on an insulating surface and mounted on a ground-level support
structure [3]. Microstrip antennas are characterized by their small size, ease of manufacture, and relatively
low cost [4]. In addition to their radiation characteristics, these antennas offer better directionality, higher
gain, and longer transmission range with reduced interference compared to other types of antennas [5, 6].

Breast cancer is the most common cancer among women worldwide, accounting for 23 % of all
female cancers. Early detection of breast cancer in asymptomatic women is crucial for saving lives
and preserving breast health [7, 8]. However, many patients find it difficult to undergo regular scree-
nings, as most monitoring and follow-up systems are complex and immobile [9, 10]. The flexible
and efficient properties of microstrip antennas make them very suitable for imaging and diagnostic
applications [11].

Conducting an experiment

Tab. 1 lists the structural characteristics of the breast and their acceptable values. The structure of the
mammary gland tissue is shown in Fig. 1.

Table 1. Breast characteristics

Layer Dielectric constant er Tangent loss tand
Skin 17.7 0.93
Fat 3.4 0.16
Fibro-globular tissue 16 0.94
Tumor tissue 20 1.05

J

Fig. 1. Breast tissue structure

In the studies conducted for breast cancer detection, the Vivaldi antenna was used. It has excel-
lent ultra-wideband (UWB) characteristics, high directivity, compact size, and a simple planar structu-
re (Fig. 2). These properties make it suitable for biomedical imaging applications, including breast can-
cer detection. The Vivaldi antenna is capable of generating directional beams and operating over a broad
frequency spectrum, penetrating deep into tissue, and detecting changes with high resolution [12, 13].

Fig. 2. Vivaldi slot antenna
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Design of a Vivaldi microstrip antenna operating at 7 GHz

To design a small Vivaldi slot antenna, the substrate thickness 4, dielectric constant g7, and center
frequency response fi- in hertz must be determined. The antenna dimensions # and length L are then
defined. In this design, an operating frequency of 7 GHz was used because it offers several important
technical advantages for advanced communication applications. FR4 material was chosen due to its
suitability for microwave and millimeter wave applications, its lightweight nature, availability, and ease
of fabrication. It has a dielectric constant € =2.33 and a thickness of 0.127 mm. It also has a loss shadow
tand = 0.0005. Fig. 3 shows the construction of the Vivaldi slot antenna.

; A _65.00 mm ;

=25.00 mm

ww 0008

28.31 mm

47.50 mm

12.50 mm

25.00 mm

Fig. 3. Construction of the Vivaldi slot antenna

The system is designed with a transmitter and receiver at a frequency of 7 GHz. A sensor system
based on experimental construction measurements (S2,1) was designed and analyzed to detect the elec-
tromagnetic radiation generated in the medium between two opposing antennas (transmitter and recei-
ver) at a frequency of 7 GHz. The global system operates on the electromagnetic spectrum genera-
ted by the antenna, which is generated by the receiving antenna. The characteristics of the transmitter
and the antenna separation are shown in Fig. 4.

Fig. 4. A system with a transmitter and receiver

Results and its discussion

The S1,1 parameter graph (Fig. 5) shows stable performance across frequencies from 6.0 to 8.0 GHz.
At —15 dB, the S1,1 value is —13.570864, indicating low reflections and efficient energy transfer.
The smooth response suggests the component operates effectively without significant fluctuations.
These results are ideal for RF applications where minimizing reflections is crucial. Overall, this perfor-
mance reflects high quality and efficiency in signal transmission within the specified frequency range.

The S2,1 parameter graph (Fig. 6) shows the performance of an RF component across frequencies
from 6.0 to 8.0 GHz. It displays a gradual decrease in the S2,1 = —34.92752value with increasing fre-
quency, indicating improved transmission efficiency. Negative values suggest low reflections, reflecting
good performance. These results are ideal for use in wireless communication systems. Overall, the com-
ponent operates with high efficiency in the specified frequency range.
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S-Parameters [Magnitude]
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Fig. 5. Reflection coefficient at port 1 in the frequency range from 6.0 to 8.0 GHz
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Fig. 6. Transition factor from port 1 to port 2 in the frequency range from 6.0 to 8.0 GHz

The S2,2 parameter graph (Fig. 7) shows stable performance across frequencies from 6.0 to 8.0 GHz.
At —15 dB, the S2,2 value is —13.571697, indicating low reflections and efficient energy transfer.
The smooth response suggests the component operates effectively without significant fluctuations.
These results are ideal for RF applications where minimizing reflections is crucial. Overall, this perfor-
mance reflects high quality and efficiency in signal transmission within the specified frequency range.

S-Parameters [Magnitude]

-5.2317

-10

=

-20

T T s

-35

-40

45
6.0087 6.2 6.4 6.6 6.8 @] 7.3 74 7.6 7.8 8.0058

Frequency / GHz

Fig. 7. Reflection coefficient at port 2 in the frequency range from 6.0 to 8.0 GHz

The S1,2 parameter graph (Fig. 8) shows the performance of an RF component across frequencies
from 6.0 to 8.0 GHz. It displays a gradual decrease in the S1,2 =—-34.92752 value with increasing fre-
quency, indicating improved transmission efficiency. Negative values suggest low reflections, reflecting
good performance. These results are ideal for use in wireless communication systems. Overall, the com-
ponent operates with high efficiency within the specified frequency range.

32



Hokiansr BI'VYUP Dokrapy BGUIR
T. 24, Ne 3 (2026) V.24, No 3 (2026)

S-Parameters [Magntude]
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Fig. 8. Transition factor from port 2 to port | in the frequency range from 6.0 to 8.0 GHz

In Fig. 9, the breast was placed between two Vivaldi slot antennas design at 7 GHz for the pur-
pose of detecting changes in the transmission coefficient (S2,1; S1,2). Fig. 10, 11 show the results
of S1,2 = -42.908394 and S2,1 = —42.908438. It is clear that there is a significant loss in the signal,
indicating significant absorption or dispersion of energy through the breast tissue.

Fig. 9. Healthy breast between the two antenna

S-Parameters [Magnitude]

-25.068

51,2 : -42.908394 sh2
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40
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3 \ /
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65
70
6.0014 6.2 64 66 68 7 7.2 7.4 76 7.8 8.0058

Frequency / GHz

Fig. 10. Transition factor from port 2 to port 1 in the frequency range from 6.0 to 8.0 GHz for the healthy breast

In Fig. 12, the affected breast was placed between two Vivaldi slot antennas at 7 GHz to detect
changes in the transmission coefficient (S2,1; S1,2). Fig. 13, 14 show the results for S1,2 =-45.288975
and S2,1 =—45.288976. Significant signal loss is evident, indicating significant absorption or dissipation
of energy across the breast tissue.
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Fig. 11. Transition factor from port 1 to port 2 in the frequency range from 6.0 to 8.0 GHz for the healthy breast

Fig. 12. Place the affected breast between the antenna
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Fig. 13. Transition factor from port 2 to port 1 in the frequency range from 6.0 to 8.0 GHz for the affected breast
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Conclusion

1. The Vivaldi antenna design features high efficiency within a specific frequency range, a signifi-
cantly reduced reflectance coefficient, and negative S-values.

2. The results indicate good signal transmission performance, making the antenna an effective tool
in medical applications, such as early breast cancer detection. This design opens new avenues for its use
in modern medical imaging technologies.

3. Recommendations of the obtained results development are the following:

— test a wider range of frequencies;

— design a system consisting of more than two antennas to increase accuracys;

— explore broader applications for the designed system, such as detecting other types of tumors;

— integrate artificial intelligence techniques into data analysis.
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ONTUYECKUE CBOMCTBA KOMIIO3UTOB
N3 NOJIMMETHJIMETAKPUJIATA U TOJIMDTUJIEHA
C MUKPOHHBIMA YACTHLHAMHU
I'PAOUTOINIONJOBHOI'O HUTPUJIA YIVIEPOJIA

C. E. MAKCHUMOB, B. JI. TAITOIIIHNKOB, B. E. BOPUCEHKO

KBenopycckuii 2ocyoapcmeenuviili yHugepcumenm uHGOpmMamux u paouodneKmponuxu
(Munck, Pecnybnuxa Bearapycyw)

Annotauus. MccienoBanbl MI€HOUYHBIE TETEPOCTPYKTYPhI U3 MOJUMETHIMETAKPUIIATA U MOJUITUIICHA HU3KOM
TJIOTHOCTH C BKITIOYEHHBIMH B UX COCTaB MUKPOHHBIMH YaCTUIIAMH MOJIYTTPOBOHUKA (TpadUTONOTI0OHOTO HUTPHU-
na yraepona g-C;N,), H3rOTOBJICHHBIE 0 METOIUKE CMEITUBAHHS KOMITOHEHTOB H JINThS. Takue reTepoCTPyKTypBI
AKTYaJIbHBI ISl CO3JIAHUS SKOJIOTHUYCCKHU JPYKECTBEHHBIX HOBBIX ONTHYCCKUX IEMEHTOB 00paboTKU HH(pOpMa-
1uu. Co3/1aHbl CBOOOHBIC CIUTONIHBIE TUIGHKH Ha OCHOBE MOJIMMETHUIIMETAKPHIIaTa U MOJMATHIICHA HU3KOH TIIOT-
HOCTH TOMIMHON 30—50 MKM M MOpUCTHIE TUIEHKH HA OCHOBE MOJUMETHIMETaKpuiara ToamuHon 50-500 MKkM.
Coneprxanue JT00aBICHHOTO TIOIYIIPOBOIHUKA COCTABISLIO 5 Mac.%, 4TO 00eCIIeYnBaIoO UX IEIOCTHOCTh U MEXa-
HUYECKYI0 YCTOMUMBOCTH MIPHU TPAHCTIOPTHPOBKE U MOCIEAYIONMINX HcclenoBaHusaX. [1o onTuyeckuM criekTpam
MIPOMYCKAHUS THX IUICHOK U MX (POTONFOMHUHECIICHIINH YCTaHOBIICHO, YTO BKJIIOYCHHBIA B MCCIIEIOBAHHBIC I10-
nuMepHble MaTpulsl g-C;N, coOXpaHseT cBOi pa3Mep U MOTYIIPOBOJIHUKOBBIE CBOMCTBA. YacTUIIbI pacpeIesieHbl
B CUHTC3UPOBAHHBIX Marepuajgax KBasupaBHOMEpHO. OOHAPYKEHO, YTO CHCKTPHI MPOIMYCKAHUS UCCIICAOBAHHBIX
TeTEPOCTPYKTYpP UMEIOT KBa3MIIMHEHHYIO 3aBUCHMOCTh HHTCHCUBHOCTH IPOIIEAIIETO U3TYICHUS OT JJTUHBI BOJI-
HBI TIAJIAOIIETO M3ITyYCHISI, YTO B (POTOHUKE MOXKET OBITh UCIIOJIb30BAHO JUTSI CO3JIAHHS CIICKTPAIBHO YYBCTBU-
TEJIbHBIX DJIEMEHTOB.

KuioueBble cj10Ba: HAHOKOMITO3MT, TOJUITHIICH, IOJIMMETHIIMETAKPUIIAT, rPpadUTONOA00HBI HUTPU/L YIIIEpo/a,
ONITHYECKHE CBOHCTBA, MOP(OIOTHS.

Kongankt uHTEpecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

Jas uutupoBanus. Makcumos, C. E. OnTrueckne cBoicTBa KOMIO3UTOB U3 MOJTUMETHIMETAKPHIIATA U TIONHU-
9THJIEHA ¢ MUKPOHHBIMH YacTHIaMu rpadurononodHoro Hurpuaa yrepona / C. E. Makcumos, B. JI. Ilanom-
uukoB, B. E. Bopucenko // [loxianst BI'YUP. 2026. T. 24, Ne 3. C. 36—43. http://dx.doi.org/10.35596/1729-7648-
2026-24-3-36-43.

OPTICAL PROPERTIES OF COMPOSITES
OF POLYMETHYLMETHACRYLATE AND POLYETHYLENE
WITH MICRON PARTICLES OF GRAPHITIC CARBON NITRIDE

SERGEI MAKSIMOYV, VICTOR SHAPOSHNIKOV, VICTOR BORISENKO

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Abstract. Film heterostructures made of polymethyl methacrylate and low-density polyethylene with incorporated
micron-sized particles of a semiconductor (graphite-like carbon nitride g-C;N,), fabricated using a component
mixing and casting technique, were studied. Such heterostructures are relevant for the creation of new environ-
mentally friendly optical elements for information processing. Free-standing continuous films based on polymethyl
methacrylate and low-density polyethylene with a thickness of 30-50 um and porous films based on polymethyl
methacrylate with a thickness of 50-500 pm were created. The content of the added semiconductor was 5 wt.%,
which ensured their integrity and mechanical stability during transportation and subsequent studies. Based
on the optical transmission spectra of these films and their photoluminescence, it was established that g-C;N,
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incorporated into the studied polymer matrices retains its size and semiconductor properties. The particles are dis-
tributed quasi-uniformly in the synthesized materials. It was found that the transmission spectra of the studied hete-
rostructures have a quasi-linear dependence of the intensity of transmitted radiation on the wavelength of the inci-
dent radiation, which can be used in photonics to create spectrally sensitive elements.

Keywords: nanocomposite, polyethylene, polymethylmethacrylate, graphite-like carbon nitride, optical proper-
ties, morphology.
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BBenenue

I'papurononoOuseiii HUTPUA yraepona (g-C;N,) — IemeBslil U MPOCTOH B M3TOTOBIEHUH TOTYIIPO-
BOJIHUKOBBII MarepHa ¢ IMHUPUHOMN 3allpelieHHON 30HbI opsaka 2,7 3B [1], uTo nemaer ero nepcrnek-
TUBHBIM JJIsl IPUMEHEHUS B ONITHUECKUX YCTPOMWCTBAX, TAKUX KaK (DUIIBTPHI, JATYUKUA U (POTOKATAIIH-
3aTOPBI, MpeTHa3HaYCHHBIX IS paOboThl B BUAMMOM Juana3zone cBera. OJHaKO XpyNKOCTh 0OBEMHOTO
Marepuaa 3aTpyJHseT ero UCIO0Ib30BaHUE, B CBSI3U C UeM aKTyaJIbHOH SBJISIETCS 3a/laua CO3JaHUsl KOM-
MIO3UTHBIX MaTE€PUAIOB, COACPIKAILINX MUKPO- U HAHOYACTHIIBI MaTeprana B MHEPTHON MaTpHIIE.

Lesb nccnenoBaHmii — cO3MaHNUE METOANKN CHHTE3a FeTEPOCTPYKTYP, B KOTOPBIX MUKPOHHBIE YaCTH-
bl g-C;N, BKIIIOUYEHBI B OPIraHUYECKYIO TIOJIMMEPHYIO0 MaTpuily U3 noiauMerunamerakpuiara (IIMMA)
iy nonudTUIeHa HU3KkoH miuotHocty (IIDHIT). CuHTe3npoBaHbl M N3yUeHBI ONITHYECKHE CBOIMCTBA Ta-
KHX T€TEPOCTPYKTYP, UTO aKTyaJIbHO JUIs pa3pabOTKH HOBOTO TOKOJIEHHSI KOJIOTUYHBIX, JIETKO YTHIIU-
3UPYEMBIX TJIACTMACC, 00AAAIONINX TP STOM MEPCIEKTUBHBIMU ISl (POTOHUKN XapaKTePUCTUKAMHU.

MeToanka npoBeeHHst IKCIePUMEHTA

Cunres g-C3N, IpOBOIUIN B KEPAMHYIECKOM THITIE 00beMoM 20 cM® METOZIOM ITUPOJIH3a THOMOYEBH-
HBI (XUMHYECKH YNCTON) B My(enpHOH mmeun mpu Temrreparypax 500 u 550 °C B Teuenne 30 muH [2, 3].
st orpaHMYeHMs JOCTYIAa BO3AyXa K CHHTE3MPOBAHHOMY Marepually TUTEIb M30JIMPOBAIH allOMH-
HueBOH Qonbroil. [locne okoHUaHUS TEPMOOOPAOOTKHM TEUb C THUIVIEM OCTHIBAJIa €CTECTBEHHBIM ITyTEM
JI0 KOMHaTHOH TeMIlepaTypsl B TeueHue 16 4. [lomyueHHbIH MaTepral U3MeIbuaid B araTOBOM CTYITKE
JI0 MEKPOAMCIIEPCHOTO cocTosiHMsl. CHHTE3 TeTepOCTPYKTYP MOIYIPOBOJHHUKA B MOJTUMEPHON MaTpH-
1€ TPOBOJMIM METOIOM CMEIIMBAHUS U JUTHS [4—0] ¢ MCIIOIB30BaHMEM TPOMBIIIJIEHHO BBITyCKae-
MbeIX [IMMA (I'OCT 17622—72) u [IDHIT (I'OCT 16338-85), koTOpbIe MpeaBApUTEITHEHO MEXaHUICCKU
H3MeJIBIalTd 0 TOPOIIKOOOPAa3HOTO COCTOSHHUSL.

Hns hopMuUpOBaHUs MOPUCTBIX TeTepOCTPyKTyp Ha ocHoBe IIMMA mnopomok g-C;N, cwme-
muBanu ¢ nopomkoM IIMMA B BecoBoil mpomopuuu 1(g-C;N,):20(IIMMA), 4T0 cOOTBETCTBY-
et 5 mac.% g-C;N,. B monyuenHyio cMech 100aBISIN alleTOH J0 MOJHOTO PaCTBOPEHHUS MOIUMEpa.
DTy KHUJIKYIO KOMIIO3HIINI0 HAHOCHIN Ha TOBEPXHOCTh TUCTHUIUTMPOBAHHON BOJIbI KOMHATHOHN TeMITe-
parypsl. Uepes 3 MuH, 10CTaTOYHbIE AJIsl 3aTBEPAEBaHMs HAHECEHHOTO MaTepuaia, 00pa3oBaBIINeCs
JUCKOOOpa3HbIe IIACTMHKH KOMIIO3UTA CHUMAJIM C OBEPXHOCTH BOJBI M BBICYIIHMBAJIM HA BO3LyXE
IIpY KOMHATHOM TeMIieparype 10 MOJIHOTO UCIapeHUs] PaCTBOPUTEISI, KOTOPOE KOHTPOJIUPOBAIHN I1e-
pUOAMYECKUM B3BEIIMBaHUEM 00pa31oB ¢ TouHOcThIo 0,1 ML 31ech U anee yka3aHHOE KOJIUYECTBO
no0asnenHoro g-C;N, ObU10 BHIOpaHO M3 TpeOOBaHUs 00ECIEUCHUS IIEIOCTHOCTH U MEXaHHUECKOH
MPOYHOCTH CO3/1aBa€MbIX ITUICHOK.

st cuaTe3a obOpasmnoB ¢ Marpurei w3 [IDHIT mommmepHyto oCHOBY pacTBopsuii B 0-Kcwito-
ne npu temreparype 115 °C. [Hopomok g-C;N, moOaBisiin B AUMETHIPOPMaMUI] U TTePEMEITHBAIIH.
[Tonydyennsle pacTBopbl cMmemuBanu B mporopuuu 1(g-C3;N,):20(IITDHM), HeoOxomumoit i mo-
Jy4eHHUs] COOTHOLICHHUSI TBEPAbIX KOMIIOHEHTOB, W mNepememuBany B Multi Speed Vortex MSV-3500
npu 600 00/MuH 10 monHOM oxHOpoaHOCTH. [locie Toro 1 Ml cMecH mepeHOCHIIM Ha MPEAMETHOE
ctexno pazmepamu 10x15x3 mm. [lomydeHHYIO MIEHKY Ha CTEKJIE BBICYIIMBAIN B MY(EIbHOW Medn
mpu 115 °C B Teuenne 5 muH, a 3ateM — npu 60 °C B Teuenne 90 muH. 119 HapamyuBaHUS TOJIIIHHBI
IUIEHKU TIPOLECCHl HAHECEHUS KHUIKOH KOMIIO3ULIUHI U CYILIKH MTOBTOPSUTM HECKOJIBKO pa3, IOCIe Yero
IUIEHKY CHUMAJIH C TIOBEPXHOCTH CTEKJIa MUHLIETOM.
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CtpyKTypy ¥ MOP(]OIOTHIO TOBEPXHOCTH HONTYYEHHBIX KOMIIO3UTOB HCCIIEIOBANIN C UCIIOIb30BAHH-
em ontuueckoro mukpockona Hitachi S-4200 npu yBenunduenuu 1o 20 kpat. Pazmepsl KpuCTauIM4eCKUX
3epeH B HUX ONPEeIIsuIM € ITOMOILBIO TporpaMMel imagel. [ToprcTocTs CHHTE3MPOBaHHBIX MaTEpPUAIOB
OLICHUBAJIM TPAaBUMETPHUYECKH 10 (hopmyJe

m —m
P=—1-"2.100 %, (1)
pSd

e m; — pacueTHast Macca o0pasia 13 OeCroprucToro MaTepuarna; i, — SKCIepUMEHTAIBHO OIpe/IeIeH-
Has Macca 00pasia; p — 00beMHast INIOTHOCTh KOMIIO3UTA, YYUTHIBAIOIIAs COOTHOIICHHE KOHIICHTPAIUi
KOMIIOHEHTOB B o0OpasIie; S — momans o0pasna; d — cpeauss ToNmuHa odpasia.

OnTHyueckne CHEeKTPhl OTPAXKEHUS U TMPOITYCKaHHUS CHHTE3WPOBAHHBIX T€TEPOCTPYKTYpP PETHUCTPH-
poBaiu ¢ momorbio cekrpodoromerpa MC 122 B muamazone mumH BoH 300—1000 HM ipr KOMHATHON
TeMIieparype. B kauecTBe HCTOUHMKA U3TYUYCHUS UCTIOIH30BAIH JIAMITY HAKAJIMBAHUS C BOJIb(PPaMOBON
HUTBIO 1151 ITMH BOJIH Oonee 330 HM.

HccnenoBanue (OTONIOMUHECIICHTHBIX CBOWCTB OCYIIECTBISUIM TaKXKe NMPH KOMHATHOM Temrie-
parype, UCHOiB3ysl B KadyecTBE MCTOYHMKA BO30YKIAIOIIETO W3ITydeHHUs KCEHOHOBYIO JIAMITy MOIII-
HOCTHIO 450 BT. MonOXpomaropom DM 160 u3 criekTpa n3mydeHu sl JTAMIThI BBIIEISUTH N3ITydeHHe C JITH-
HO¥ BoiHBI 345 HM. CriekTp (OTOTOMUHECIICHIINN B UAIa30He JUTUH BOJIH 365—720 HM peructpupo-
BaJI MPH IIOMOIIH MOHOXpoMaropa MS 75044.

Pe3y.]'lI)TaTI)I HCCJ’[e}IOBaHHﬁ H UX oﬁcyme}me

Bremnuii Bu moBepxHocTH cpopMUPOBaHHBIX T€TEPOCTPYKTYp MOKa3aH Ha puc. 1.

3’{" " = " “-.
LT i e g O r— |
Pt 7 BN eEEl 1 MM 4
[ S K AL S (PR DRI

Puc. 1. Mopdomnorust moBepXHOCTH IKCIIEPUMEHTAIBHBIX 00pa31oB
C MaTpHIei 13 MOJMMETHIMETaKpmIaTa (@) ¥ MOJIMATUIICHa HU3KOH INIOTHOCTH (b)
Fig. 1. Surface morphology of experimental samples with a matrix of polymethylmethacrylate (a)
and low-density polyethylene (b)

O6pasuet ¢ Marputieit n3 [IMMA UMerT CHITEHO Pa3BUTYIO MIOBEPXHOCTD C OOJIBITUM KOJTMYECTBOM
BUIMMBIX HEBOOPYKCHHBIM IJIa30M IOpP Pa3MEpPOM OT COTEH HAaHOMETPOB IO COTEH MUKPOMETPOB.
OneHUTH TONIIUHY TOXOOHON CTPYKTYPBI CJIOXKHO, OJHAKO MPEANON0KHUTEILHO OHA JIGKHUT B Ipee-
sax 50-500 mxm. [TopucTOCTh MONYYEHHBIX CTPYKTYp OlicHeHa B 62—66 %. B cBoto ouepesib, 00pasiisl
¢ Matpuiieit u3 [IDHIT umMeroT riaikyro MOBEPXHOCTh ¢ OTHOCUTENBHO C1a0bIM pesibedoM. X TommuHa
MOJKET BapbHPOBATHCS B 3aBUCHMOCTH OT KOJTMYECTBA IIMKJIOB HAaHECEHUS cMecH. B manHoii cTarbe pac-
CMaTpHUBAIOTCS MJICHKH TOMMHHOMN 30 1 50 MKM.

YCcTaHOBJIEHO, YTO BKJIIOUCHHBIE B MCCIECIOBAHHbIC IOJMMEPHBIE MATPHULBI MTOTYITPOBOAHUKOBBIC
yacTuipl g-C;N, coxpaHsioT cBoil pasmep u coctaB. Cpeanuii pasmep 3epeH g-C;N, B reTepoCcTpyK-
Typax coctapiser 13,5 MkM. PacripeneneHbl OHU B CHHTE3MPOBaHHBIX MaTepuaiaX KBa3upaBHOMEPHO.

HccnenoBanbl ONTHYECKUE CBOHCTBA IeTEPOCTPYKTYp Ha o0Opasnax CBOOOIHBIX IUICHOK M3 KOM-
MTO3UIIMOHHBIX MaTepuajoB, cocrosmux u3 gactun g-C;N, B IIMMA u IIOHII. Ha puc. 2 npusene-
HBI ONTUYECKUE CHEKTPHI MPOMYCKAHUS TMOPHUCTHIX OecnpuMecHBIX MieHOK [IMMA u retepocTpyk-
typ [IMMA:g-C;N, (g-C3N, cunresuposan npu 550 °C).
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OO6HapyxeHo cymecTBeHHoe BiausHue g-C; N, Ha ClIeKTpaibHYI0 3aBUCHMOCTD ONITHYECKOTO IPOITY-
ckanus rerepoctpykrypsl [IMMA:g-C;N,. B kopotkoBoHOBO# 00mactu 400—500 HM OTMEYEHO MOYTH
JIBYKpaTHOE CHMKEHIE MPOITyCKaHUsI, 4YTO, BEPOSITHEE BCETO, CBA3aHO C IOTIOIHUTEIBHBIM OTPaKEHUEM
CBeTa KpucTammndeckumMu qactunamu g-C;N,, MpOsSBUBILINMCS BCIEACTBUE Pa3BUTON OPUCTOM CTPYK-
TYpHBI Bcero Komnosuta. B Gonee mmuaHOBONMHOBON 061act 600—-1000 HM MMeeT MecTo PaKTHIECKH
JVHEHHAs 3aBUCUMOCTD MPOITyCKaHMsI OT JUIMHBI BOJIHBI IPOXOSIIETO N3IydeHus. biuskue no xapak-
TEpy CIEKTPHI MIPOITyCKaHUS MoydeHbl Ha oOpasmax ¢ [I9HII npu temmieparypax cuntesa g-C;N, 500
u 550 °C (puc. 3).

1.0 7 MMMA 90 7 A3HM
09 P 80 //
0,8 1 - 70 1
% 07 ] ¢ 90
g b -g- o
S NMMMA:g-C3N, z 50 N3HM:g-C ;N, (550 °C)
g 06 1 8
S £ 40 1
§ 0,5 25 ] M3HM:g-C 4N, (500 °C)
04 1 20 1
0.3 1 10 1
0,2 T T T T T T 1 0 T T T T T T 1
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
[nvHa BomnHbIl, HM [InvHa BOMHbI, HM
Puc. 2. OnTrueckue crnekTpsl NPOIyCKaHUs Puc. 3. OnTrueckue crekTpbl NPOMyCKaHUs MIEHOK
MOPHUCTHIX TIeHOK U3 IIMMA u3 [IOHIT u IIOHIT:g-C;N, TommuHoH 50 MKM
u rerepoctpykryp [IMMA:g-C;N, TommuHo# 50 MKkM Fig. 3. Optical transmission spectra of LDPE
Fig. 2. Optical transmission spectra and LDPE:g-C;N, films with a thickness of 50 um

of porous PMMA films and PMMA:g-C;N,
heterostructures with a thickness of 50 um

CriekTpanbHbIe 3aBUCUMOCTH Kodddurmenta mnpomyckanms [IOHIT u [IMMA B onrudeckoM
Jara3oHe JUTMH BOJIH KaueCTBEHHO O1u3Ku. UTo KacaeTcs KOJMUeCTBEHHBIX MOKa3aTeneil, To odpara-
10T Ha ce0si BHUMaHHUe Ha JBa nopsiika Oojee HU3KHE KOG uuneHTsl npomyckanus y [IMMA -miieHoK.
DTO CBSI3aHO IIAaBHBIM 00pa30M C WX pasyHopsI0ueHHON MTOPUCTON CTPYKTYPOH, IPUBOMASIIEH K YCH-
JIeHHOMY, 110 cpaBHeHuto ¢ [I9HII-tuienkamu, paccestHuIo ¥ MOIVIOUISCHHIO MAAar0Iero 30HUPYIOIEro
W3ITyUYEeHHUSL.

OO6HapyXeHbI clenyrolne 3aKoHOMepHOoCTH. J{0OaBieHre 9acTull TOITYIPOBOJHIKOB B OpPTaHU-
YEeCKYI0 MaTpHUIly CHIDKAeT UX ONTHYECKYIO MPO3PaYHOCTb, YTO U MOXKHO OBUIO OKUJIATh, TIPUHUMAS
BO BHHUMAaHHE TOSBIICHHE B JAHHOM KOMIIO3UTHOM MaTepHalie IIECHTPOB PACCESHHS CBETa, CBSI3aHHBIX
C TaKUMH YaCTHIIaMHU. DTO TOATBEPKIACT CHI)KEHHE MPO3PAYHOCTH IIJICHOK C YBEJIHMYEHUEM HX TOJI-
umHbl. [Ipu aToM, Kak mokassiBaeT cpaBHenue s [IDHII ¢ wactumamu g-C;N,, CHHTE3UPOBAaHHOTO
npu pasHbix Temmeparypax (500 u 550 °C), cTeXMOMETPHUYHOCTh U COBEPIICHCTBO KPUCTAJITUUECKON
CTPYKTYPBI TTOIYIIPOBOJHUKOBBIX YACTHII TAKXKE SIBISIOTCS 3HAUUMBIMU (PaKTOPaMH.

3aBHCHMOCTh MPOMYCKAHHUSA TOJIMMEPHBIX IUIEHOK, COJIEPKAIlUX 4YacTHULBl MOJIYIPOBOIHHUKA,
OT JIIMHBI BOJIHBI MPOXOMAILIEIO Yepe3 HUX HU3IydeHus B Auanazone aiauH BojaH 400-1000 uM HOCHT
KBa3WJIMHEHHBIX XapaKTep, 9TO He THITUYHO IS ATHX JKe TUIEHOK 0e3 mpumeceil. Hakion anmpoxcnmu-
PYIOLIMX MPSIMBIX TPAKTHUECKU HE 3aBUCHUT OT TOJIIMHBI TUIEHOK. ITO MOXKET OBITh OOBSCHEHO CyTep-
MTO3UITMEH Pe3yNIbTaTOB B3aMMO/ICHCTBUS 30HMPYIOIIEr0 H3ITyUYeHUS ¢ KOMIIOHEHTaMH UCCIIEOBAHHBIX
TeTepOCTPYKTYP.

[onyuenHbie cieKTpsI (HOTONMOMHUHECIICHIIMY HcXoaHbIX Marepuanos (IIMMA, IT9HI], g-C;N,) cun-
TE3UPOBAHHBIX IUIEHOUHBIX reTepocTpykTyp IIMMA:g-C;N, u I[IOHII:g-C;N, npeacrasnens! Ha puc. 4
(Temmieparypsl cuaTe3a g-CsN, — 550 °C). g ymodcTBa BOCIPUATHS WHTCHCUBHOCTD M3ITyUSHHS BCEX
00pa31oB NpUBeAeHa K 00IeMy MaKCHMAJILHOMY 3Ha4eHHIO. M3 TOIydeHHBIX pe3yJbTaToOB MOXKHO Cle-
JIaTh BBIBOJ, YTO BBeieHUE g-C; N, B MOMMEPHYIO MAaTPHUILy IPUBOAMT K MACCUBALIMHY JIOBYIIIEYHBIX YPOB-
Hell Ha HeM. DTO BHIHO M0 YMEHBIIEHHIO HHTEHCHUBHOCTH «KPACHOTO» XBOCTA, a TAK)KE TI0 CMETIIEHUIO
OCHOBHOTO TIFKa B CTOPOHY 00bIINX dHEpruii. OcoOeHHO spKo MaHHbIe d(h(hEKTH 3aMeTHBI Ha 00pasiie
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¢ matpurieit u3 [IMMA. B cBoto odepens, COOCTBEHHBIEC TIHKH (DOTONFOMUHECIICHITUH MaTPHIIBI B HCCITe-
JlyeMOM JIMana30He He OKa3bIBAIOT 3HAUYUTEILHOTO BIUSHHS Ha MPO(UIh OOIIETo CIIeKTpa.
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XapaKkTepUCTUKU MTHKOB IayCCOBBIX KPUBBIX, alllIPOKCUMUPYIOIUX SKCICPUMEHTAIBHBIC CIIEKTPBI
¢doromomunecuenyn g-C;N, B cBoO0HOM cocTosiHuM U B Marpuuax u3 [IMMA u [19HII, cymmapno
OIMCBHIBAIOIIMX HAOIIOaeMble SKCTIEPUMEHTAIBLHO 3aBUCUMOCTH, 0000111eHbI B Ta0M. 1.

Tabauna 1. XapakTepuCTHKHU THKOB I'ayCCOBBIX KPUBBIX U 00pa3mnoB g-C;N,
C MaTpHLAMH U3 MOJMMETHIMETaKpHIIaTa U MOJUITHICHAa HU3KOH IJIOTHOCTH
Table 1. Characteristics of the peaks of the Gaussian curves for g-C5N, samples
with polymethylmethacrylate and low-density polyethylene matrices

Obpa3zeny Jnuna BonHbl, HM| OHeprus, 5B | FWHM, um I[Tnomane, HM> B03pf<g>;ggi:£;poz[a
439,75 2,82 26,95 17267,7 o*-HII
460,68 2,69 41,12 49937.9 m*—HII
&GNy 492,44 2,52 62,94 74734,9 o
536,54 2,31 89,35 53074,8 JloBymiku
400,48 3,10 39,13 7668,0 n—m*
C marpuiieit 433,19 2,86 60,99 35141,3 o*-HII
u3 [IMMA 473,14 2,62 85,09 97370,7 T*—T
516,47 2,40 113,09 44876,6 JloBy1iku
437,07 2,84 25,07 16947,52 o*—HIIT
C marpuiieit 457,71 2,71 40,70 46169,25 n*—HII
u3 [19HII 488,95 2,54 64,59 72541,88 -
532,29 2,33 98,35 5404291 JloBymikm

B [7] O6bu10 TTOKA3aHO, YTO ONTHYECKAs MIMPUHA 3aIlperieHHoN 30HbI B g-C;N, JICKUT B THATIa30-
He 2,73-2,83 5B B 3aBUCHMOCTH OT yCIIOBH CHHTE3a. Ero BaneHTHAas 30Ha 00pa3oBaHa G-cBa3siMu C—N
¢ sp>-rubpuausanueii (c-yposens), m-cBs3amMu C—N ¢ sp’-rubpuausanueit (T-ypoBeHb) U HEMOETIEH-
HbIMH iekTpoHHbIME Tapamu (HIT) a3ora (yposens HIT). 3oHa mpoBoguMocTy 00pazoBaHa BO30Y Xk ICH-
HBIMH G- M Tt-CBsI3siMH (0003HaueHbI B Ta0JI. 1 Kak sHepreTHueckue ypoBHu ¢* u m*). B 3anpenieHHoi
30He g-C;N, TakKe HaxXOIATCs MPUMECHBIC YPOBHHM, CBSI3aHHBIC C aTOMaMH KHUCIIOpoja U JeeKTaMu
CTPYKTYpBI MaTepuaa. Takum o0pa3om, 3a moMuHeceHIHIo g-C;N, OTBEYatoT COCTOSHIS, COCTOSIIIIE
u3 nosnockl sp’ C-N o, nonocsl sp> C-N n u cocrosuus HII MOCTHKOBOTrO HUTPHAHOIO aroMa [8, 9].
B ¢BsI3u ¢ 3THIM KOMITOHEHTHI C ITMKOM Ha JIJTHHAX BOJIH B nuamnasoHe 433,19 um (2,86 5B)-439,75 um
(2,82 »B) uHTEpHIPETHPOBAITUCH KAK OCHOBHBIC MEK30HHBIC repexobl tuna 6*—HII. M3ny4arenbHbie
[epPEexoJibl B JIMaria3oHe JUIMH BOJH 456,84 M (2,71 3B)—460,68 M (2,69 3B) uHTEpIpETHPOBAIUCH
kak m*—HII-nepexonpl. [Tepexoap! B quanazone amuH BosH 473,14 1M (2,62 5B)-492.44 uam (2,51 3B)
HHTEPIPETUPOBATHACH KaK T *—T-miepexonbl. OcTaBmmecs mepexoanl ObITH HACHTH(OUITMPOBAHBI KaK J10-
BYIIIEYHBIE IO IPUYMHE 3HAUUTEIbHBIX BenuuH napamerpa FWHM u cpaBHUTENBHO HU3KUX 3HAUCHUI
sHepruu [10].

Hcxonst u3 COOTHOIICHUS MIOMIANEH MO KPUBBIMH, COOTBETCTBYIOIIMMHU PA3HBIM COCTABIISIONINM,
MOJKHO CJIEJIaTh BBIBOJI, YTO HAMOOJIBIIHIA BKJIAJ B (DOTOIIFOMUHECIICHIINIO KaK B COOCTBeHHOM g-C;3N,,
TaK M P MTOMEIIEHNH ero B moinMepHyto Matpuity u3 [IMMA wnu [19HIIL, BHOCAT J0By1IIEYHBIE YPOB-
HU. VX maccuBanys mpoCIIeXUBACTCS TI0 YMEHBIIEHHUIO HHTEHCUBHOCTH «KPAcCHOT0» XBOCTA, a TAaKKe
[0 CMEIIEHUI0 OCHOBHOTO TIMKA B CTOPOHY OOmbmnx 3Hepruil. OcoOeHHO spKo HaHHbIe Y PEKTH 3a-
MeTHBI Ha o0paste ¢ marpureil 3 [IMMA. B cBoto odepesns, COOCTBEHHBIE TUKHA (POTOTFOMHHECIICH-
LMW MaTPHIIbI B UCCIICAYEMOM JIMANa30HE HE OKA3bIBAOT 3HAYUTEIIBHOTO BIMSIHHS HA MPOQHIL 00IIEro
CIEKTpa.

3ak/ouenue

1. Pazpaborannble MeTOAMKH (OPMUPOBAHUS TUICHOK M3 MOJIMMETHIMETaKpHiIaTa U MOIUITHIIC-
Ha HU3KOW IJIOTHOCTH C BKIJIFOYEHHBIMH B X COCTAaB MUKPOHHBIMU 4YacTuriamu g-C;N, obecreunBaroT
CO3JJaHME CIUIOIIHBIX IUICHOK M3 TAKUX IeTepOCTPYKTYp ToMmuHONH 30—-50 MKM M HOPHUCTHIX MJICHOK
Ha OCHOBE NTOJINMETHIMEeTaKpuiIara TonmuHoi 50-500 MkM 1 mopucTocThio 62—-66 %. Briatouenue vac-
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tuil g-C;N, B 9TH MOTMMEPHBIC MATPHUIIBI HE U3MEHSET COOCTBEHHBIC (POTONOMHHECIIEHTHBIC CBOMCTBA
JTAHHOTO TIOJYIIPOBOJHKKA, OJTHAKO CYIIECTBEHHO BIIMSET HA ONTHYECKHUE CBOMCTBA BCEH TETEPOCTPYK-
Typbl. CHEKTPHI MIPOIYCKAHUS TAKUX TETEPOCTPYKTYP MPUOOPETAIOT KBA3UIMHEWHYO 3aBUCUMOCTh UH-
TEHCUBHOCTH MPOIISAIICTO U3TYYSHHUS OT JUTMHBI BOJIHBI MAJIAI0IIETO U3JTYyYCHHUS, UTO CBUICTEIILCTBYET
0 CYMEePIO3UIIUN PE3YJIbTaTOB €ro B3aUMOJICHCTBUS C KOMIIOHEHTAMH TAKUX TE€TEPOCTPYKTYDP.

2. WccnenoBaHHbIe MICGHOYHBIC TETEPOCTPYKTYPHI MEPCIEKTHBHBI HE TOIBKO B OMOKATAIUTHYEC-
KHUX MPUMEHEHUSAX Ui (HOTOKATATUTUYCCKOW OYMCTKU BOJBI OT OPraHUKH, YTO MOXKHO OXHIATh
oT npucytctBus B HUX g-C;N,, HO ¥ B (DOTOHHKE ISl CO3IaHUS JIFOMUHECIICHTHBIX METOK M CIIEKTPalIb-
HO YYBCTBUTEJIBHBIX DJIEMEHTOB.

3. [IpoBeneHHbIe uccien0oBanus GUHAHCUPOBAIUCH B paMKax [0cy1apCcTBEHHON IporpaMMbl Hayd-
HbIX uccnenoBannii «Kouseprenmus—2030» (3amanue 3.1.14).
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BJUSIHUE PEXKUMOB OUUCTKHU B BBICOKOILIOTHOM IIJIABME APITOHA
HA MOP®OJIOTUIO U CBOMCTBA
MNOBEPXHOCTH MOJJIOKEK MOHOKPUCTAJVIMYECKOI'O KPEMHUS

K. T. JIOI'YHOB, A. A. MUXOJIAII

Benopyccruii cocyoapcmeennwiil ynugepcumenm un@opmamuxy U paouodieKmpoHuKy
(Munck, Pecnybnuxa Bearapycy)

AnHotanusi. VccrienoBaHo BiMsSHHE NapaMeTPOB BBICOKOIUIOTHOW WHIyKTHBHO-CBSI3aHHOW IUIa3Mbl aproHa
Ha MOP(OJIOTHIO M XapaKTEPUCTUKN MOBEPXHOCTHU TOJUIOKEK MOHOKPUCTAJTHYECKOro KpeMHus. O0paboTka 00-
PasIoB MPOBOAMIIACH B AWANa30HE MOITHOCTEH BHICOKOYACTOTHOTO McTogHMKa oT 100 mo 1000 BT mpu anmutemns-
HoctH ouncTkH 10 300 ¢. MopdoIorus MoBepXHOCTH aHAIN3UPOBAIACh METOJOM aTOMHO-CHIIOBOW MUKPOCKOIINU
C MOCJIECYIOINM HCCIICIOBAHUEM KPaeBOro yIjla CMauuBaHUs U paOboThl afare3nn. OTMEUYEHO BIMSHUE OYHCTKH
B BBICOKOIUIOTHOH IUIa3Me Ha TIOBEPXHOCTHYIO HEPIHUI0. YCTaHOBIICHO, 4TO 3((PEKTHBHBIC MapaMeTpbl OYHCT-
KM JUIS TIOJTy4eHUs] MUHUMAaJIbHOM II€POXOBATOCTH M YJaJIeHUs 3arpsi3HEHUI 0e3 MOBPEXKICHHUS TOBEPXHOCTH —
310 MouHOCTh paszpsaa 300-500 Bt u mmmtensHOCTh Bo3neiicTBug 60—120 c. [lonyueHHbIE TaHHBIC MOTYT OBITH
HCIIOJIB30BAHBI IIPH TOA00PE PEKUMOB IUIA3MEHHON OYHCTKHU MOATIOKEK MOHOKPHCTAIIIMYECKOTO KPEMHHUS B TEX-
HOJIOTUYECKHUX TPOIECCaX MUKPOIICKTPOHUKH.

KoueBble c10Ba: O4MCTKA TIOBEPXHOCTH, BBICOKOIUIOTHAsI MHAYKTHBHO-CBSI3aHHAs Iuiazma, Mopdororus mno-
BEPXHOCTH, AaTOMHO-CUJIOBAsi MUKPOCKOIIUSI, MOHOKPUCTAJLINYECKUI KPEMHMM.

KonpuukT HHTEpecoB. ABTOPHI 3asBJISIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

BaaromapHocTs. ABTOpHI BhIpaxaroT Omaronapaocts JI. A. Kotoy u JI. b. Muracy 3a 1iecHHbIC pEKOMECHIAIIH
¥ 3aMeuaHus B Iporecce paboTsl Hax cTaTheil, a Takke B. A. Jlanmmxoii u O. M. UepHaycHK 3a IPOBECHHE UC-
CJICIOBaHHUI METOJIOM aTOMHO-CHIIOBOI MUKPOCKOITHH.

Jas uurupoBanus. Jloryaos, K. T. BnusHue pe:>kuMOB OYHCTKH B BRICOKOIUIOTHOM TITa3Me aproHa Ha Mopgoio-
THIO M CBOMCTBA IMOBEPXHOCTH TMOUI0KEK MOHOKpucTamndeckoro kpemuus / K. T. Jlorynos, A. A. Muxomnan //
Hoxnangst BI'YUP. 2026. T. 24, Ne 3. C. 44-51. http://dx.doi.org/10.35596/1729-7648-2026-24-3-44-51.

THE INFLUENCE OF CLEANING PARAMETERS
IN HIGH-DENSITY ARGON PLASMA ON THE MORPHOLOGY
AND SURFACE PROPERTIES OF MONOCRYSTALLINE SILICON SUBSTRATES

KONSTANTIN LOGUNOV, ALTAKSEI MIKHOLAP

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Abstract. The influence of high-density inductively coupled argon plasma parameters on the morphology and sur-
face characteristics of single-crystal silicon substrates was studied. Samples were treated with high-frequency
source powers ranging from 100 to 1000 W, with cleaning times of up to 300 s. Surface morphology was ana-
lyzed using atomic force microscopy, followed by a study of the contact angle and adhesion work. The effect
of high-density plasma cleaning on surface energy was noted. It was found that effective cleaning parameters
for achieving minimal roughness and removing contaminants without damaging the surface include a discharge
power of 300-500 W and an exposure time of 60—120 s. The obtained data can be used to select plasma cleaning
modes for single-crystal silicon substrates in microelectronics processes.

Keywords: surface cleaning, high-density inductively coupled plasma, surface morphology, atomic force micro-
scopy, monocrystalline silicon.
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BBenenune

[oamoKKK 13 MOHOKPHCTAITHYECKOTO KpeMHHS (Si) IUPOKO TPUMEHSIOTCS] B MUKPO- U OTITOJICKT-
poHuKe, GOTOBOJBTAUKE U JPYTHX BBICOKOTEXHOJIOTHUHBIX oTpacisix [1]. s obecrieueHus BICOKOW
MIPOM3BOAUTEILHOCTH M HAJICKHOCTH YCTPOUCTB, CHOPMUPOBAHHBIX Ha KPEMHHUEBBIX MOJJIOKKAX, TPE-
OyeTcsi TIarenbHasi O4YUCTKA MX IOBEPXHOCTH OT 3arpsi3HeHuH u Aedexros. OQHAKO Jake MOCIIe 3aKIIo-
YUTEIbHON MOJUPOBKH M XUMUUECKON OYMCTKHU ITIOBEPXHOCTD Si B YCIOBUSIX XPaHEHHUS U SKCIUTyaTalluu
OBICTPO JAerpasupyeT BCIACICTBHE OKHUCICHUS, aACOPOLUN OPraHNYeCKUX COCIUHEHUH W HAKOIICHUS
pa3nu4HbIX 3arps3HeHui [2]. ledeKkTbl 1 KOHTaMHHAIMY CTY>KaT HEeHTPaMH PEKOMOMHAIIH HOCUTEIeH
3apsijia, YXyAIIaloT aJre3uio OCKIAAEMBIX IJICHOK M HEraTHBHO BIUSIOT HA TapaMeTpbl YCTPOWCTBA,
c(hopMUPOBAaHHOTO HA KPEMHHUEBOH MOTIOKKE [3, 4]. B pesynprare CHUKAIOTCSA BBIXO TOAHBIX H3/ICTHHA
1 MX 3KCIUTyaTallHOHHAs! HAJEKHOCTb.

OuncTKa MOBEPXHOCTH MOUIOKEK MOHOKPHCTAIIIMYECKOTO Si IPOBOAUTCS MPH ITOMOIIM XUMUYEC-
KHUX U QU3nYecKrX MeTomoB. OHAKO MHOTHE METOIbl UMEIOT P HEAOCTATKOB, TAKUX KaK PUCK IO-
BTOPHOTO 3arpsi3HEHUs], OTCYTCTBHE OIHOPOAHOCTH 00paboTKH, HegocTaTtouHas 3(pHEeKTHBHOCTD, KO-
JIOTMYECKHE OTpaHW4YeHus U T. 1. [5]. Bce 9T0 mpuBOIUT K HEOOXOAMMOCTH TOMCKA aJIbTEPHATHBHBIX
CIIO0COOOB OYHCTKH, TJI€ OJTHO M3 IEPCIIEKTUBHBIX HAIIPABJICHUI — METOJIb OUYMCTKH B TUIa3Me, B 0COOCH-
HOCTH, MCHOJIB3YIOIINE BBICOKOIUIOTHYIO MHAYKTHBHO-CBSI3aHHYIO IIasMy [6]. OHa xapakrepusyercs
BBICOKOH IJIOTHOCTBIO 3apSKEHHBIX YaCTUIL IPU OTHOCUTEIBHO HU3KUX SHEPIUsSX MOHOB, 4TO obecre-
YMBAaeT MHTEHCHBHOE XUMHYECKOE B3aMMOJCHCTBUE C TIOBEPXHOCTHBIMU 3arps3HEHHSIMU MPU MUHH-
MaJIbHOM (PU3MYECKOM PACTIBUICHUH U TIOBPEXKICHUH TOATIOXKKH [0, 7].

CTOUT OTMETUTbh, YTO BO3JCHCTBHE METOJOB OYMCTKH B IUIa3ME Ha MOBEPXHOCTh MOHOKPHCTA-
JMYECKOTO Si mpecTaBiIseT COO0H CIOKHBIN (U3NKO-XUMHUECKUI TPoIiece, MPUBOISIIUA HE TOIBKO
K YOQJICHUIO 3arpsi3HEHUH, HO M K MOIU(UKALUK CaMOH MOBEPXHOCTH. DTO MOXKET ITOCIIYKUTh IIPUUH-
HOW M3MEHEHUsI LIEPOXOBATOCTH, MUKpOpebea, cOCTaBa MOBEPXHOCTHBIX (DYHKIHMOHAIBHBIX I'PYIIIT
U, KaK CIeACTBHUE, IOBEPXHOCTHOH 2Heprud [8, 9].

Lenp nccaenoBanmii — yCcTaHOBJICHUE B3aMMOCBS3H MEKIY TapaMeTpaMu Mpolecca OYMCTKU B BBI-
COKOIUIOTHOM TJ1a3Me B cpene aproHa (Ar) (MOIIHOCTBIO BBICOKOYACTOTHOTO paspsaa (BU-paszpsma),
JUTMTETILHOCTHIO OYMCTKM) W MX BIMSHUEM Ha MOBEPXHOCTH TOJIOKKH MOHOKPHCTaITUYECKOro Si.
[lonmy4eHHbIE JaHHBIE TO3BOJIT MIYOXe MOHATH MPOLECCH B3aUMOAEHCTBHS BBICOKOIUIOTHOM IJIa3Mbl
C TIOBEPXHOCTHIO Si 1 ToA00paTh d((HEKTUBHBIC PEIKUMBI OUHCTKH.

IIpoBeaeHne dKcepuMeHTa

Jis mpoBeieHus NCCieJOBaHUH B KaueCcTBE 00pa3iioB ObLTH BRIOPAHBI TIOJIOKKH U3 MOHOKPHUCTAII-
mryeckoro Simapku KJ[b-12, nuamerpom 100 MM 1 opuenTanueii (100). C nenpio olleHKH 3HAYUMOCTH
BIIMSIHYSI OYMCTKH Ha CBOMCTBA MOJI0KEK MOHOKPHCTANTMYECKOTO KPEMHHS BBITTOJHSIIACh OUHCTKA Me-
TOJIOM BBICOKOIUIOTHOW MHJIyKTUBHO-CBSI3aHHOH IIJIa3Mbl B BAKYYMHOU kamepe. MccnenoBaHus IpoBo-
JIATA Ha DKCIIEPUMEHTATHFHOM KOMIUIEKCE Ha 0cHOBE MoauduiupoBanHoii BY-1bCn. [lepBonagaibsHo
cucrema OblIa OTKa4aHa 10 6a30Boro gapiaeHus nopsaka 8 - 107 ITa. PaccTosHue MCTOYHMK—TIONIONKKA
coctaisuio 110 MM, a yactoTa nurarolero HanpsbkeHus — 13,56 MI'n. J{nmuTenbHOCTh OUMCTKU MOI0-
K€K B BBICOKOILJIOTHOM MHIYKTUBHO-CBsI3aHHOM m1azme Ar — 0-300 ¢, moutHocts BU-uctounmka Bapbu-
poBanack B quanazone 100-1000 Bt. Pacxon raza Ar — 3,6 n/4.

UccnenoBanue MOp(hoI0rHy OBEPXHOCTH U BIUSHUS PSKUMOB OYUCTKU Ha €€ N3MEHEHUS TIPOBO-
JIMIIOCH METOJIOM aTOMHO-CHJIOBOM MHUKpOCKonru. CKaHUPOBaHHE BBITIONHIIOCh HA aTOMHO-CHIIOBOM
mukpockone Dimension FastScan (Bruker, CIIIA) ¢ ucroiap30BaHHEM KPEMHHEBBIX KAHTHIICBEPOB THIIA
ScanAsyst (Bruker, ['epmanust) ¢ pagiycom 3aKpymiieHHs OCTPHs 9 HM U skecTKOCTbIo koHcou 0,32 H/m.

45



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 3 (2026) V.24, No 3 (2026)

Jist momyvenus 6osee TOUHBIX 3HAYCHUH [1apaMeTPOB IIEPOXOBATOCTH OBEPXHOCTh UCCIIEIOBAIH KOH-
TaKTHBIM METOIOM. [[eHTpaibHbIe 061acTH 00Pa3LOB CKAHUPOBAIIM Ha yyacTke pasmepamu 10x 10 Mrm?,
[TapameTpsl 1IEpOXOBATOCTH, BKIIIOUYas CpeaHeapu(METHIECKOEe OTKIOHEHHE BBICOT R, CpeIHEKBaApa-
TUYHOE OTKIIOHEHHE R, U CPEHIOKO [IEPOXOBATOCTH MO 10 TOUKaM R, paCCYUTBIBAIIM TI0 TIOJTYYE€HHBIM
CHUMKaM MOP(}oJIOTHH MOBEPXHOCTH (pHC. 1) C MCTIOIB30BAHNEM CIICITUAIN3UPOBAHHOTO TIPOTPAMMHO-
ro obecreyeHusl.

2.0um
Puc. 1. CHuMOK MOP(}HOIOTHH TOBEPXHOCTH TTOI0KKH MOHOKPHCTAJUINIECKOTO KPEMHHS,
MCCJIEIOBAHHON C IOMOIIBIO aTOMHO-CHIIOBONH MUKPOCKOTIHU
Fig. 1. A snapshot of the surface morphology of a single-crystal silicon substrate examined
using atomic force microscopy

OJHUM U3 KITIOUEBBIX MAPAMETPOB, XaPAKTEPU3YIONIHX U3MCHEHHE TOBEPXHOCTHBIX CBOWUCTB TBEP-
JIOTO MaTepHalia Mmoclie MIa3MeHHOH 00pa0OTKH, SBISIETCS KpaeBoi yroi cMauuBanus. Ero nusmepenue
MTO3BOJISIET OIICHUTh TUAPOPMIBHOCTH/TUAPOPOOHOCTD TOBEPXHOCTH, YTO, B CBOKO OUEPE/lh, TSCHO CBSI-
3aHO C TAKUMU (haKTOpPaMH, KaK XUMUYECKHUI COCTAB MIPUIIOBEPXHOCTHOTO CJIOSI, CTEIICHb 3arpsi3HEHHOC-
TH, penbed U mepoxoBarocts. Onpe/elieHre KpaeBoro yria cMauuBaHuss HEOOXOIUMO I KOCBEHHOH
OLICHKH 3P PEKTUBHOCTH YAATCHUS OPTAHNYCCKUX U HEOPTaHHMUECKUX 3arpsi3HEHUH, a TaKKe JUIs BBIsB-
JICHUST BOBMOXHBIX MOTU(HUKAIINN TOBEPXHOCTHOW YHEPTUH. 3HAUCHHUE KPAEeBOTO YIIa CMAuMBaHUS Ha-
XOJIMJTM METOJIOM Jieokauer Karti. OnpeiesieHne CTaTHUeCKOro KpaeBoro yriia CMa4lBaHUs TIOKPBITUS
BOJIOH OCYIIECTBISUIOCh HAHECEHUEM Ha IMOBEPXHOCTh KaIlId JTUCTHJUTMPOBAHHOW BOJBI O0OBEMOM I10-
psiika 2,5 MKJI C IIOMOIIBIO CHIEIMATBHOTO MIMPHIIA-103aTopa. 3aTeM BBIOIHSIINCE ee (poTodhuKcanus
B PSIKHUME MUKPOCHEMKH Ha 1uppoBoM (otoariapare (puc. 2) U MOCISAYIOIINN pacyer.

Puc. 2. XapakrepHoe n300pakeHne KaIui BOJbI Ha IIOBEPXHOCTH TOJIOKKH MOHOKPHCTAIUINYECKOTO KPEMHHUSI
Fig. 2. A characteristic photo of a water droplet on the surface of a monocrystalline silicon substrate

LleHTpabHBIM 3JIEMEHTOM TEPMOIUHAMUYECKOIO IOAXOAa K OLEHKE MOBEPXHOCTHBIX CBOMCTB
TBEPABIX TEN SBISETCS B3aUMOCBSI3b KPaeBOIO yIvIa CMAauMBaHUsI ¢ pabOTOW aare3nu, onmuchiBacMast
ypaBHenueM [lronpe — FOura. Mcxoas u3 aToro ypaBHeHUs, paboTa aare3uu W, BeipaxkaeTcst uepes mo-
BEPXHOCTHOE HATSHKEHUE TECTOBOM KHUJIKOCTH Y; U KpaeBoit yron 0: W, = y,(1 + cos0). TecToBoii xuiko-
CTBIO B IIPOBOAMMOM HCCIIEJIOBAHUH BHICTyIAJIa JUCTHIUTMPOBaHHAs Boa. YpaBHeHue [ronpe — FOnra
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CIIY’)KUT OCHOBOW JIJIsi BCEX COBPEMEHHBIX MOJICNICH OMpe/eNeH s OBEPXHOCTHOM YHEPTUU TBEPJIbIX
TEJN, TaK KaK MO3BOJISIET TIEPEHTH OT M3MEPEHHBIX KOHTAKTHBIX YIJIOB K PacueTy 3HEPTUU Mex(pa3HbIX
B3aMMOJICHCTBUH, UTO, B KOHEYHOM UTOTe, JaeT BO3MOXKHOCTh OIICHUTh U CaMy MIOBEPXHOCTHYIO YHEp-
ruto TBepaoro tena [10].

Pe3yJ'ILTaTLl HCCJIEIOBAHUI M UX oﬁcy)lc,z[eﬂue

[To pe3ynpraraM 3KCIEPUMEHTAIBHBIX MCCIICAOBAHUI OBLIM MOJYyUYEHbI 3aBUCUMOCTH TTApaMETPOB
IIEPOXOBATOCTH R, R, ¥ R, MOBEPXHOCTH MOIOKKU Si OT BPEMEHU OYMCTKU U MouHocTH BY-nerou-
HUKa (puc. 3), KOTOPBIE TO3BOJIAIOT C/ENaTh BHIBOJl O MIPUMEHHMOCTH BBICOKOTUIOTHOM HHITyKTHBHO-
CBSI3aHHOW IIa3Mbl aproHa AJii OYMCTKHU MOMJIOKEK MOHOKPHUCTAJUIMYECKOTO KPEMHUS: IMOoKazaHa
BO3MO)KHOCTh YMCHBIIICHHS 3HAUYCHUHN MapaMeTpOB IIEPOXOBATOCTH HUIKE MCXOAHBIX (COOTBETCTBY-
FOT HYJIIO 110 ocH abciuce). Jlanubiii 3hdexT jocTuraeT HAaMMEHBIINX BEJIUYMH IPU PEKUME C MOIIL-
HOoCcThIO pazpsaaa 300 BT u nautensHOCThIO 00pabOTKH OBEPXHOCTH 60 . DTOT pPEKUM OKa3bIBAET
MHUHUMaJIHHOE BIUSHUC HA TIOBEPXHOCTH, B OCHOBHOM B3aUMOJICHCTBYS JTUIITH ¢ UMCIONITUMHUCS Ha HEl
WHOPOJHBIMU 3IE€MEHTAMU.
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Puc. 3. 3aBuCHUMOCTb TTapaMETPOB IIEPOXOBATOCTH MOBEPXHOCTH KPEMHHUEBOM MOTIOKKH
OT BPEMEHH OYUCTKH U MOIIHOCTH BYU-ncTouHMKA
Fig. 3. Dependence of silicon substrate surface roughness parameters on cleaning time and RF source power

YcTaHOBIIEHO, YTO YMEHBIIIEHHE MOIIHOCTH MTPUBOANT K YBEITUYECHHUIO JITUTEILHOCTH OYUCTKH. Ha-
IIPOTUB, IIPU YBEJIMUYEHUH MOILHOCTH Pa3psiAa MOXKHO IIPEANOI0KUTE MOSBICHUE 3HAYUTEIBHOTO B3a-
HMMOAEHCTBHS BBICOKOIUIOTHOM IJIa3Mbl HEMOCPEACTBEHHO C IMOBEPXHOCTHIO MOUIOKKH, TPUBOASIIETO
K YBEJIMUEHUIO 3HaYEHU I TapaMeTPOB IIEpOXOBaTOCTH. B paccmarpuBaeMoM citydae mpH JUIMTEIbHOCTH
Gonee 150 ¢ HabMIONATIOCH YBEIMYEHHE U3MEHEHHUS ITApAMETPa R, Ha MOPSJIOK M0 CPABHEHHUIO C U3ME-
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HeHUsIMU B pexkuMax 10 1000 BT. 3To ykaspiBaeT Ha MOSBIIEHHE MHOXKECTBA Ie(PEKTOB Ha ITOBEPXHOCTH,
3a CUET Yero CpeAHEKBaIpaTUIHAs IIEPOXOBATOCTh HAYMHACT PACTH 3HAUYUTENILHO ObICTpee. Taxke naH-
HBII (DaKT TOATBEPKIAETCS OOJBIIMM 3HaYCHUEM R, Ha HadaJbHBIX dTAllax OYUCTKU.

HccnenoBanu n3MEeHEHHE KPAaeBOTO YIJIa CMAYUBAHMSI B 3aBUCUMOCTH OT PEKUMOB OUHUCTKH TTOBEPX-
HocTH Si. Ha ocHOBe monyueHHBIX JaHHBIX U ypaBHeHUs [ronpe — KOHra mpoBoauan OmeHKy padoThl
aZIre3uy Ha TpaHuIle pa3zaena ga3. 3aBUCHMOCTH KPaeBOTO YIJIa CMAaYMBAHUS U paOOTHI a[re3uH IMTOBEPX-
HOCTH MOHOKPHCTQJTMYECKOTO KPEMHHSI OT BPEMEHH OYHUCTKU BBICOKOIIOTHOW WHIYKTHBHO-CBSI3aH-
HOU T1a3Moi B cpenie aprona u MmorHoctu BU-pa3psiga npuseneHs! Ha puc. 4.
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Puc. 4. 3aBUCUMOCTD KpaeBOro yrjia CMauuBaHUs U pabOThI a/Ire3uu
MIOBEPXHOCTH MOHOKPUCTAJUIMYECKOTO KPEMHHSI OT BPEMEHH OYMCTKH U MoIHOCTH BU-paspsna
Fig. 4. Dependence of the contact angle of wetting and the work
of adhesion of the surface of monocrystalline silicon on the cleaning time and the power of the RF discharge

[Ipu Bcex AnmuTenbHOCTAX 00pabOTKHM 3aBHCHMOCTH UMEIOT HEMHEHHBIN XapakTep U JeMOHCTPH-
PYIOT BBIPAXKEHHBIII MUHUMYM, COOTBETCTBYIOIINH 3()(EKTUBHON OUMCTKE M AKTUBALIUU TIOBEPXHOCTH.
Habmronaercst pe3koe yMeHbIleHHEe 3HaueHUs paboThI aJire3un Ha IpaHulle paszena (a3 B TEUCHHE Mep-
BOM MHHYTHI 00paboTku. Takxke oTMEeueH MUHUMYM 3HaueHHs paOOoThl are3ud B 3aBUCUMOCTH OT Be-
IMYrHBI MoHOCTH BU-paspsina. B wactHOCTH, B cityyae MomHoctd BU-uctounuka 500 Bt u Gonee mo-
CTH)KEHHE MMHHIMYMa MIPOUCXOANT B TeueHue 60 ¢, a mpyu yMEeHbIIEHNH MOIHOCTH pa3psza a0 300 Bt
MHHHUMAJIbHAs pa0doTa ajre3ud JOCTUTACTCS TIPH ITUTSILHOCTH OunCcTKH mopsinka 120 ¢. lanpHeiimee
YMEHBIIEHNE MOIIHOCTH pa3psiia MPOA0IDKAET 3Ty TEHACHIUIO, B CBS3U C YEM PEKHUMBI C MOIIHOCTBIO
10 300 BT MOXHO npu3HaTh HELeNeco0Opa3HbIMU I OYUCTKH TOBEPXHOCTEN MOIONKEK MOHOKPHC-
TaJUINYECKOTO KPEMHHUS.

AHanu3 3aBUCHMOCTEH KpaeBOro yIjia CMadMBaHUs M PaOOThl aAre3MH OT BPEMEHH OYHCTKU
u MotrHocTd BU-paspsiga Ha puc. 4 ykazpIBaeT Ha BOZMOXXHOCTD ITOJTyYeHUs] MUHUMAJIbHBIX 3HAYEHHH
IpH ONpPENENEHHBIX pexkuMax: 5°—6° u 500 Ix/m> npu 60—120 ¢ B3aMMOIEHCTBHSA MIIA3MBI C TOBEPX-
HOCThIO 1 Tpu MotmHOCTH 300—500 BT. ITpn yBenmmuerwnu moutaoctr BU-paspsna mo 1000 Bt n/umm qymm-
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TEBHOCTH OYUCTKH OoJee 150 ¢ mponcxoauT yBenndeHrne 3Ha4eHH IepOX0BaTOCTH 00pabaThiBaeMoit
ITOBEPXHOCTH, YTO MOXKET OBITh O0YCIIOBIICHO €€ 3HAYMTEIbHBIM TOBpexXaeHHeM [ 11].

[lomyueHHbIle NaHHBIC JIOKA3bIBAIOT A(PPEKTUBHOCTh BBICOKOIUIOTHON WHIYKTUBHO-CBSI3aHHOMN
IUTa3MBbl JIJISl OYUCTKU MOBEPXHOCTH OT OPraHMYECKUX 3arps3HEHUM U ee akTuBauuu. [Ipu atoMm jiu-
TENBHOCTH Mpoliecca 00padOTKM OCTACTCsl HEOOBILIONW [T YCTPAHSHHS BIUSHUS I1J1a3Mbl HEOCPE/I-
CTBEHHO Ha IMOIOKKY MOHOKPHUCTATHYECKOTO KpeMHUs. [lanubIii 3¢dekT 00yCcIoBIeH KOMIUIEKCOM
(hM3UKO-XMMHYECKUX TPOIIECCOB, MPOUCXOSIINX Ha TTOBEPXHOCTH TOIIIOKKH IPH BO3JEHCTBUH BBICO-
KOIUIOTHOW WHAYKTUBHO-CBSI3aHHOM I1J1a3MOM M €€ TIPOU3BOTHBIMHU.

OCHOBHBIM MEXaHU3MOM, MPUBOSIINM K YMEHBIICHUIO [IEPOXOBATOCTH MOBEPXHOCTH IMOJIOKKH
MOHOKPHUCTAIITHIECKOTO KPEMHHUS, €€ KPaeBoro yIjla CMauuBaHUsI U, KaK CICACTBHUE, PaOOTHI are3uu,
SIBJISICTCS yIaJICHUE OPraHUYECKHUX 3arps3HCHHM, HEU30€KHO MPUCYTCTBYIONIUX Ha KPEMHHUEBOM IO-
BEPXHOCTH IIOCJIC XpaHEHUs B aTMOC(epe U IMOATOTOBKH K 00padoTKe. DTH 3arps3HEHHS 001a1af0T THI-
POoQOOHBIMU CBOHCTBAMH U CITOCOOCTBYIOT YBEIIHMUYCHHIO yIlIa cMaynBaHus. [Ipu Bo3neiicTBum Ha 00-
pabaThiBaeMyI0 MOIJI0KKY MOHOKPUCTAJUIMYECKOTO KPEMHHSI BEICOKOTUIOTHON MH]IYKTHBHO-CBSI3aHHON
IJ1a3MOM B Cpelie aproHa MpOUCXOAUT B3aUMOICHCTBUE MIOBEPXHOCTHU TOJIONKKH U UOHOB Ar*, 4TO TIpH-
BOJIUT K TUCCOIIMAIIMH MOJICKYJT 3aTPS3HCHHUN U UX TeCOPOIMH U3 MOMIOKKH B 00beM I1a3Mel [ 12—-14].
Kpowme Toro, HECMOTpst Ha 00pabOTKY B BaKyyMe, ITOJTHOCTEHIO UCKITIOYUTH 00pa3oBaHue THAPOGUIHLHBIX
TPYTIT 32 CYET B3aMMOJICHCTBHS OCTATOYHOW BJard WM aTMOC(HEpPHOTO KUCIIOpoaa, COPOUPOBAHHOTO
Ha TIOBEPXHOCTH IOJIOKKH, C aKTUBHBIMH TUIa3MEHHBIMU YaCTUIIAMH B pE3yJIbTaTe IIa3MEHHOM 00pa-
00TKH HEBO3MOXKHO. [Tpu BO3eiiCTBIM BRICOKOTUIOTHOM TJIA3MOM IIPOMCXOIUT AaKTUBAIIHS TOBEPXHOCTH
KkpemHus [15]. DTO NPUBOAMT K YBETHMUEHHUIO MOBEPXHOCTHON SHEPTHH U, KaK CIEACTBHE, K YMEHbIIIe-
HUIO 3HAUYEHUS KPAeBOI'0 yIila CMauMBaHUS.

3ak/IoueHue

1. [IpoBesIeHO KOMITJIEKCHOE MCCIICIOBAHUE BIUSTHHS PEKUMOB OYMCTKH B BHICOKOTUIOTHOM MHIYK-
TUBHO-CBSI3aHHOM TUTa3Me aproHa Ha ImapaMeTpbl HIEPOXOBATOCTH M YHEPTHUIO TIOBEPXHOCTH TOIIOKEK
MOHOKPHUCTAIUTHYECKOTO KpeMHUs. Vcronp30BaHe aTOMHO-CHIIOBOH MUKPOCKOIIMH MTO3BOJIMIIO OTIpe-
JeTTUTh ONTHMAJIbHBIE YCIOBUS 00Pa0OTKH, IPH KOTOPBIX JIOCTUTAETCSl MUHUMAIIbHAS IIEPOXOBATOCTh
0e3 OBPEKACHUS UCXOIHON MMOBEPXHOCTH, YTO 0COOECHHO BaYKHO IS [TOCIETYIOIET0 HAHECCHHUS YIIbT-
paToHKUX MOKpHITUH. OmpeseneHo, yTo npu Maibix MourHocTax (1o 300 Bt) Bo3melicTBue mia3mbl
MHHHMAJIGHO W OTPAaHUYIMBACTCS yHalleHueM 3arpsisHeHuii. Jueprus 6onee 500 Bt nHunmupyer poct
[IePOXOBATOCTH.

2. Pe3ynbrarhl M3MEpeHHs KPaeBoTo yrila CMauyuBaHUsI U MOCIEAYIONINE PacueThl paOOThl aire3uu
MO3BOJIMIJIM HOATBEPAUTH 3()(HEKTUBHOCTD TUIA3MEHHON OYMCTKH sl aKTUBAaLMK 1ToBepxHocTu. Hanbo-
Jiee CYIIECTBEHHOE YMEHBIIICHUE yIlla CMauyUBaHus J10 5°—6° 1 MUHUMAJIbHAS BeJIMUMHA PAOOTHI aJire-
3un noBepxHocTH (438 u 511 /M) nocruratores npu Moutaoctr 300-500 BT u Bpemenun 06paboTku
B amarazone 60—120 c. JlanpHelimee yBenndeHne BpEMEHN M MOIITHOCTH YBEIMYHUBAET YTOJ CMadnBa-
HUS, 3HAYCHNE paOOTHl a/IT€3UH U IMapaMeTphl MIEPOXOBATOCTHA TTOBEPXHOCTH MOHOKPHCTAJUINIECKOTO
KpEeMHUSI.

3. BolsBiieHHBIE 3aBUCHMOCTH MO3BOJISIOT TOYHO HACTPAWBATh PEKUMBI OUMCTKU COTIIACHO Tpely-
€MBIM IeJISIM, TAKUM KaK JIOCTHIKEHHUE IIAHAPHOCTU NPU MHUHUMAJIBHBIX 3HAUYECHHSIX IIEPOXOBATOCTH
MOBEPXHOCTH MJIM CO3JIaHHe OoJiee pa3BUTHIX MOBEPXHOCTEH 3a CUET yBEIHMUCHHS MOIUTHOCTH W JIJIH-
TEBHOCTH TIpoliecca O9uCTKH. [IpakTrdeckas 3HAYMMOCTh MCCIETOBAHHNA 3aKIIF0YAETCs B TIOBBIIIIEHUT
BOCITPOU3BOJIMMOCTH M KaueCcTBa 00PabOTKH MOUIOKEK MOHOKPUCTALTUIECKOTO KPEMHHS, YTO 0COOCH-
HO Ba)XHO /IS MUKPOJIEKTPOHHKH.
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CHUHTE3 IIVIEHOK HUTPUJIA KPEMHUA
C VIYYIHIEHHBIMUA MEXAHUYECKUMHU U XUMUYECKHUMHU CBOMCTBAMM
METOIOM ICPCVD

H. C. KOBAJIBYYK!, C. A. AEMUJIOBUY!, JI. A. BTACYKOBA? 1. H. TIAPXOMEHKO?

040 « MHTEI' PAJI» — ynpasasiowas komnanus xonounza « AHTEIPAJT» (Munck, Pecnybauxa berapycy)
’Benopycckuii 2ocyoapcmeennviii ynusepcumem (Munck, Pecnybnuxa benapycy)

Annoranust. [IpuBeneHsl pe3ynbraThl UCCIIEAOBAHUS YPOBHS OCTATOYHBIX MEXaHMUYECKHX HANpPsHKEHUH M CTOM-
KOCTH K 00pabOTKe B KHCIOTHBIX U INEJIOYHBIX TPABHUTENSX IJICHOK SiN,, MOJYyYEHHBIX METOIOM IUIa3MEHHO-
aKTHBUPYEMOT'0 OCAXJICHHS M3 ra30BOH (as3bl B peakTope MHAYKTHBHO-CBA3aHHOM u1a3mbl. [Iponecc ocakaeHus
npoBowics u3 cmecu razo SiH,—N,—Ar—He mpu 400-500 °C. OOBIYHO OCaKACHUE TUIICKTPHUCCKUX TUICHOK
B IUIa3Me BBICOKOM IJIOTHOCTH OCYIIECTBISICTCSA IPHU JaBICHUU B paboueil kamepe B auanazone 0,13—4,00 Ila.
B npoBeneHHbIX UCCIIEA0BAaHUSX 3a CUET YBeJIMUeHUs AaBieHus 10 12—18 Ila ynanoch CylecTBEHHO CHU3UTb ypO-
BEHb OCTATOYHBIX MEXaHWYECKNX HarpspkeHui B mieHkax SiN,. [Ipu 9ToM KoMIakTHass MEKPOCTPYKTYpa TIICHOK
o0ecrieynBaja UX BBICOKYIO XUMHUYECKYIO CTOMKOCTh. 3HAUCHHS TOKA3aTels PEIOMIICHHS IIJICHOK BapbUPOBAIN
or 2,06 mo 1,93 B 3aBHCHMOCTH OT pexnMa ocakaeHus. CKOpocTh TpaBieHHs IuIeHOK B 50%-Ho# ¢ropucTo-
BOJIOPOJTHOM KHCIIOTE cocTaBisuia 25—32 HM/MHUH, YTO CPABHUMO CO 3HAUEHUSIMH ISl HUTPUHBIX TUICHOK, MO-
JIyYCHHBIX BBICOKOTEMIIEPAaTyPHBIM METOIOM XHMHYECKOTO OCAKICHHS 13 ra30BOil (a3sl MpH HU3KOM JIaBICHUH.
CunresupoBaHHbIe TWIEHKN SiN, Takxke ObUIN yCTOWYNBEI K Bo3eHcTBHIO 40%-HOTO pacTBOpa THAPOKCHIA KaJTHs
mpu 90 °C.

KaroueBbie cioBa: tuieHkn SiN,, MHAYKTHBHO-CBS3aHHAs TUIa3Ma, MEXaHWYECKUE HANpsDKEHUs, JKHUIKOCTHOE
TpaBiieHUe, PTOPUCTOBOLOPOAHAS KUCIOTA, THAPOKCU]L KAJIHSI.

KondumkTt nHTEpecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

I[J'lﬂ HUTUPOBAHMSA. CuHTE3 IJICHOK HUTpUJa KPEMHHUA C YIYUYIICHHBIMA MEXaHUYCCKUMU U XUMHUYCCKHUMU
cotictBamu MetogoM ICPCVD / H. C. Kosansayk [u ap.] // Joxmaaer BI'YUP. 2026. T. 24, Ne 3. C. 52-60. http://
dx.doi.org/10.35596/1729-7648-2026-24-3-52-60.

SYNTHESIS OF SILICON NITRIDE FILMS WITH IMPROVED MECHANICAL
AND CHEMICAL PROPERTIES BY ICPCVD METHOD

NATALIA KOVAL’CHUK!, SERGEY DEMIDOVICH!, LIUDMILA VLASUKOVA?,
IRINA PARKHOMENKO?

1JSC “INTEGRAL” — Manager Holding Company “INTEGRAL” (Minsk, Republic of Belarus)
’Belarusian State University (Minsk, Republic of Belarus)

Abstract. The article presents the results of a study of the residual mechanical stress level and resistance to pro-
cessing in acid and alkaline etchants of SiN, films obtained by plasma-activated vapor deposition in an induc-
tively coupled plasma reactor. The deposition process was carried out from a SiH,~N,—Ar—He gas mixture
at 400-500 °C. Typically, the deposition of dielectric films in high-density plasma is carried out at a pressure in the
working chamber in the range of 0.13—4.00 Pa. In the conducted studies, by increasing the pressure to 1218 Pa,
it was possible to significantly reduce the level of residual mechanical stresses in the SiN, films. At the same time,
the compact microstructure of the films ensured their high chemical resistance. The refractive index of the films
varied from 2.06 to 1.93, depending on the deposition mode. The etching rate of the films in 50 % hydrofluoric
acid was 25-32 nm/min, which was comparable to values for nitride films obtained by high-temperature chemical
vapor deposition at low pressure. The synthesized SiN, films were also resistant to exposure to a 40 % potassium
hydroxide solution at 90 °C.
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BBenenune

Hutpun kpemuus (SiN,) — KII04€BOM TUNEKTPUUYECKUA MaTeprail B MEKPOIJIEKTPOHHKE, UCTIONb-
3yeMblil pu mpon3BoacTBe MOMC-1aT4nKOB (U1 MUKPOIIEKTPOMEXaHUIECKIUX CHCTEM), ONTOAIIEKT-
pounbix 1 KMOII-npu6opos [1]. TpaguumonHo mieHk SiN, MOIy4YaroT METOJJ0M XMMHUYECKOTO OCaXK-
JIeHUs U3 Ta30Boi (as3pl npu HU3KOM naBieHuu (Low Pressure Chemical Vapor Deposition, LPCVD)
WJIM METOJIOM TUIa3MEHHO-aKTHUBUPOBAHHOTO OCaXIeHUs 13 ra3oBoi (a3el (Plasma Enhanced Chemical
Vapor Deposition, PECVD). Metonom LPCVD ipu 750—800 °C mmomydaroT INIEHKH CTEXHOMETPHIECKOTO
cocrana (Si;N,). [[nmazmeHnHas akTUBanys IpoLecca OCAKICHUS MO3BOJISIET CHU3UTH TEMIIeparypy CHH-
te3a SiN, 1o 200—400 °C, mpu 3TOM B KaueCTBE Ta30B-IPEKypCOPOB HCIIONIB3YIOTCS MOHOCHIaH (SiHy)
u ammuak (NH;). Hegocrarkom PECVD-Metona siBnsiercs Boicokast (10 40 at.%) KoHIIEHTpaus BOAO-
pona B tureHkax B Buje cBazert Si—-H u N—H. D1o cHmkaeT mioTHOCTh U XUMHUYECKYIO CTOMKOCTB TIIe-
HOK M yXY/IIAeT XapaKTePUCTUKUA TPUOOPOB [2, 3]. YCTOWYMBOCTh HUTPUIHBIX IUICHOK K TPABICHUIO
B KHCIIOTaX | MIEJIOYaX KPUTHUIHA, €CITH UX UCTIOIB3YIOT Kak «cTot-ciom» [4]. CuaTte3 SiN, ¢ MOHMKEH-
HBIM cojiep>kanueM Bojoposa (8—10 ar.%) u cocraBom, OJM3KUM K CTEXHOMETPUYCCKOMY, IIPHU TEMIIe-
patypax 200—-400 °C Bo3MOXEH B IJIa3Me BBICOKOH ITIOTHOCTH, B KOTOPOH CKOPOCTH auccommanuu N,
JIOCTaTOYHO BBICOKA, YTOOBI HCIIOJIB30BATh €T0 B KAUeCTBE MpeKypcopa BMecTo NH; Juis CHIKSHHMSI KOH-
LIEHTPAIlNU BOAOPO/A B PACTYIIEH MIICHKE.

JJis co3aanus 1m1a3mMbl BRICOKOU TTIOTHOCTH MCIIOJB3YETCS METOJ] XUMUYECKOTO OCAKICHHUS U3 Ta30-
Bo# (ha3wl ¢ HHIYKTUBHO-CBsI3aHHO# TuTa3moii (Inductively-Coupled Plasma Chemical Vapor Deposition,
ICPCVD). [lokazarenem Ka4eCTBa HUTPHUIHBIX [UIEHOK ABJIAETCS CKOPOCTh UX TPABJICHHUS Vypyy, B PACT-
Bopax (ropucroBogopoxnoii kuciotel (HF) n ruapoxcnna kamus (KOH). CymectByer koppemnsius
MEKIY Vypas, B HF 1 mmoTHOCTBIO SiN, [S], 4TO M0O3BONSAET KaYECTBEHHO OLIEHMBATH IJIOTHOCThH HUT-
PUAHBIX IUIEHOK 1O cKopocTH TpasieHus B 50%-noM BomHom pactBope HF. Ilpomeccsr TpaBnenus
B KUCJIOTHBIX H IIEIOYHBIX TPABUTEISX M X CBS3b C PEIKUMAMU OCAKICHHUS M (PU3NYCCKUMHU CBOWCT-
Bamu miieHOK PECVD-SiN, uccienoBansl B [2, 4, 6, 7]. OqHako JaHHBIX TI0 XUMHUYECKOW CTOMKOCTH
1eHOK SiN,, TOJYYEeHHBIX B TIa3Me BBICOKOH IIOTHOCTH U3 cMecu SiH,+N,, B tuTeparype HEeMHOTO.

B [8] uzyuanace ycrorunBocte ICPCVD-SiN, k HF B 3aBucumoctn ot cootHomenns SiH,/N,,
momHocTr ICP-amekTpona u napnenus B paboueii kamepe. [lokazano, 4To ycTOWYMBOCTD K TPABUTEIIO
BBICOKA TPH MaJBIX CKOpOCTsIX ocaxkmeHus SiN, (~10 HM/MUH), 9TO CBsA3BIBaeTCS ¢ OOJIee KOMITAKT-
HON MHUKPOCTPYKTYpO#l mieHoK. OcaxkaeHne HUTPUAHBIX IUICHOK B [8] MpOBOIUIIOCH MPU AABICHUIX
B paboucit kamepe 0,5-1,3 ITa. B [9] nmoka3ano, 9To yBeauUeHHE NaBieHUS B kKamepe mo 2,5-3,5 Ila
CIOCOOCTBYET YIUIOTHCHHIO MUKPOCTPYKTYPHI TUICHOK SiN, v ycTpaHseT Apeii¢) 0cTaTOUHbIX HaIpshKe-
HUH CO BpeMeHeM. YpPOBEHb MEXaHHUECKHUX HAIPsDKEHUH B HUTPUIHBIX IJICHKaX MMEET CYIIECTBEHHOE
3HAYCHUE JUIs psijia mpuMeHeHuid. Tak, 1uist ucnonb3oBanus B MOMC He0OXOMUMbI HUTPUIHBIE TTICHKU
C MUHUMH3UPOBaHHbIME HampspkeHUsME [10]. C apyrolt CTOPOHBI, TUIEHKH HATPHIA KPEMHHUS C BBI-
COKMMH PACTSATHBAIONIUMH HANPSHKCHUSIMH YITyYIIAIOT MOJBHKHOCTh HOCUTEINEH 3apsa B TOJEBBIX
tpausucropax (MOSFET) [11].

C y4eToM BBIIIECKA3aHHOTO BBITTOJHEHA OLEHKA [TapaMeTPOB HUTPUIHBIX IUICHOK, ITOJIyYeHHBIX Me-
tomoMm ICPCVD B ycroBHSX TOBBIIIIEHHOTO TABJICHUS B PEAKIIMOHHOM Kamepe. VccmenoBanbl MeXaHU-
YECKHUE HAIPSDKEHUS, ITOKa3aTelb MPEJIOMIICHHUS U CTOHKOCTh K 00paboTtke B pactBopax HF u KOH nmns
mwieHok [CPCVD-SiN,, ocakIeHHBIX TIPH IaBICHUAX B padodeit kamepe 10 18 I1a. Ilems mpoBemeHHBIX
AKCIEPUMEHTOB — IMOJyUYEeHUE HUTPUAA KPEMHHUS C HU3KUM YPOBHEM MEXaHUYECKHX HANPSHKCHHM JIJIs
HCTonb30BaHuA B n3aenusax MOMC, a Takke B KauecTBE MACKH MPH TPABICHUH B KUCIIOTaX U IIeI0Yax.

MeTtonunka nmpoBeaeHHsI IKCIIEPUMEHTA

[Tnenkn SiN, oOcCaXmaaWCh METOAOM XHMHUYECKOTO BAKyyMHOTO OCXICHHS Ha YCTaHOB-
ke STE ICP200D (SemiTEq, Cankr-Iletepoypr) nmpu 400 u 500 °C. ITnactunst kpemuus KIB-10 (111)
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oOpabarpiBanmch B pactBope Kapo (mepekrcHo-cepHOKHCIOTHBIN pacTBop), [IAP-5 (mepekncHo-amMmmu-
AuHBII PacTBOP), 3aTE€M B peakTOpe MPOBOJMIACH HOHHAs O4HCTKa B aproHe B Teuenue 30 c. Pacxox SiH,
HOJIEPKUBAJICS HA MOCTOSHHOM ypoBHE 15 cm?/mun, pacxon N, Bapsuposascst or 9 1o 11 cm®/mun.
B kauecTBe rasa-HOCHTENS MCIOIB30BAIACh CMECH aproHa M renms ¢ pacxonamu 350 u 120 cm®/mun
cooTBeTcTBeHHO. MotmHocTh ICP-3nekTpona nsmensuiack ot 600 mo 1200 Bt mpu wacrote 13,56 MI'11,
JaBJICHUE B KaMepe p BapbUPOBAIOCh B nuamnazone 5—18 Ila.

BuzyanbHbI KOHTPOJb, H3MEPEHHUE TOJIIMHBI INICHOK U KOHTPOJb peibeda MOBEepXHOCTH IuIac-
THH TNPOBOAMINCH Ha KoH(pokambHOM nardyuke CFM 100x  ycTaHOBKM ONTHYECKOM METpPOIIo-
run FRT MicroProf 200 (I'epmanust), 1uist u3MepeHUsl OCTaTOUHBIX MEXaHUUECKUX HAMPSIKCHUH G HC-
ronp3oBasica OblcTphlit onTrueckuit naruuk CWL. TlogpoOHO mM3MepeHue oCTaTOYHBIX HAINpsHKEHUH
omricao B [9]. [Tokazarens mpeIoMIICHHSI 72 U3MEPSIICS Ha TazepHOM drumaricomeTpe JIDD-3M-1. Hzme-
PEHUS G U 1 BBIIOJIHSUIUCH [UIs IUIEHOK TOIIMHON ~100 HM, B 0C000 OTMEUEHHBIX CIIydasiX UCIIOIb30-
BaIuCh ieHKH Tomuuaon 1000 M.

Oo6pabdotka B 50%-Hoit HF npoBoaunacs npu komMmHaTHO# Temmepatype B Teuenue 120 c, oopadorka
B 40%-nom BogHOM pactBope KOH — mpu 90 °C B Teuenue 20 muH. Micronb30Baiuch pearcHThl KBaJId-
¢dukanmm «ocw» (0c000 YHCTHIE BEIIECTBA) U ICMOHN3UPOBaHHas Boaa. CKOPOCTh TpaBJICHHsI ONpe/ie-
JISUTach TI0 OTHOIIEHHIO TOJIIIMHBI YAJIEHHOTO CJIOSI KO BpEMEHH TPaBIICHUSI.

Pe3yabTarhl Hccie1oBaHUi U UX 00CYKIeHHe

[ToBeIIeHME HaBieHUS B pabodelt Kamepe MPH MPOYHMX PAaBHBIX YCJIOBHUSX MPUBOMHUT K CYIIECT-
BCHHOMY YMEHBIIICHUIO CKopocTH TpasieHus mieHku SiN, B HF. Ha puc. 1, @ m3o0paxena 3aBucu-
MOCTh CKOpPOCTH TpaBieHus TuieHkn B HF or naBieHuns B peakuMOHHOH KaMmepe IpHU COOTHOIIE-
uum [SiH,]/[N,] = 1,37 B npouiecce ocaxaenus. Tak, ypenudeHnue nasieHust ot 5 qo 15 Ila nmpuBonut
K YMEHBIIIEHUIO cKopocTH TpariieHus: SiN, B HF moutu B ueThipe pasa.
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Puc. 1. 3aBucumocts ckopoctu Tpasieuus SiN, B HF ot naBieHus B peakimonHoi kamepe (a);
B MAaTOBOTO IIATHA HA TUICHKE, OCaKAeHHOW nipu masienuu 17,5 [a (b) [12];
COM-n300pakeHHe TOBEPXHOCTH TUICHKH B 00acTH IsiTHA () 1 B uncToi obnact (d) [12]
Fig. 1. Dependence of the etching rate of SiN, in HF on the pressure in the reaction chamber (a);
appearance of a matte spot on a film deposited at a pressure of 17.5 Pa (b) [12];

SEM image of the film surface in the spot region (c) and in the clean region (d) [12]
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Kak ormeueno B [12], nanbHeliliee yBelIndeHHE JaBICHUS MOXKET TPUBOANUTE K MOSIBICHUIO Ha I10-
BEPXHOCTH TUIEHKU MaKpoe(EeKTOB pocTa B BUAE MAaTOBBIX IsiTeH (puc. 1, b). B aTux obnactax nabmro-
JAIOTCsl CKOTUICHUSI 1e()eKTOB pOcTa B COYETaHUH C MUKPOOTBEPCTHAMH (pUC. 1, ¢) BMECTO CILIOLIHO-
T'O MOKPBITHSI, KaK Ha 0e37eeKTHBIX yyacTkax (puc. 1, d), a KOHIEHTpalHs KHUCIOpoa CYIIeCTBEHHO
BBIIIIE B CPAaBHEHUH C HETIOBPEKICHHOMN MOBEPXHOCTHIO TUIEHKH. YBenanueHue mMomuoctu [CP-ucrou-
HUKa NPENSTCTBYET MOSABICHUIO MAaTOBbIX IsiTeH. OgHAaKo, 4eM BbllIe pabouee JaBieHHE, TeM OOJb-
LIYI0 MOLTHOCTh HYKHO IIO1aBaTh, YTOOBI IPEIOTBPATHTE NOsIBICHHE MakpoaedekToB. Takum o0pazom,
MBI YIIUPAEMCSI B «IIOTOJIOK» [10JaBaeMON MOIHOCTH, KOTOPYIO MOXKET 00ECIIeUUTh YCTaHOBKA.

B skcnepumenTax ocaxkaeHue IICHOK MpoBOIMWIOCh pu naBieHnn <18 [1a. HaunGonbiee BiusHue
Ha MEXaHMUYECKUE HaNpsHKEHUsI, T0Ka3aTellb PEJIOMIICHUS, CKOPOCTh POCTa U TPaBJICHHS IICHOK SiN,
B HF oxa3biBatoT cooTHolieHue pearupyroiux razoB [SiHg]/[N,] (R) u momuocts ICP-ucTouHmKA.
Ha puc. 2 npuBeneHsl XapaKTepUCTUKH IUIEHOK SiN, B 3aBUCUMOCTH OT MOILIHOCTH AJIS Pa3IU4YHbIX R
Y ypOBHeH naBieHns B padboueit kamepe. [Ipu p = 12 Ila MOIIHOCTH MCTOYHMKA BapbUpOBaIach B Iva-
nazone 700-900 BT, npu p = 15 I1a — ot 900 101200 Br.

100 T T T T T T T T T T T T T T T T T T T T T

0- /‘/+;:1,49, 12T

——R=137,121la ]
~100 - —A—R=149,15Ta||
—R=137,151a|]

—200 ~ -

7300 ] ././. _

o, MIla

2067 R =149, 12 Tla |
] —=—R =149, al]
2,041 —e—R =137 121a|]
2,021 —A—R = 1,49, 15 Ia []

< 2,00+ \ ——R=137,151al{ p

1,98
1,96
1,94
) S —
36 T 2 T T T 7
35 —8— R =1,49, 12 Ila|]

] —e—R=137,121la ]
347 A— R =149, 15 TTa |

331 4= R=137.15Mal]
327 7
317 \ ]
307 7

Voo » HM/MUH

29 T T T T T T T T T T T T T T
80 T T T T T T T T T T T T T T T T
70 7
£ 60- =—R =149, 12 [laH
\: 1 e—R=137,12Tla
50 _ r d
= 307 AR =149, 15Ta
£ 40- e—R=137,15Tal
=
-

307 //
20 .

T T T T T T T T T T T
700 750 800 850 900 950 1000 1050 1100 1150 1200
MomnocTh, BT

Puc. 2. 3aBECHMOCTD OCTaTOUHBIX MEXaHUUECKUX HATIPSIKEHUH (@), ToKa3aTesst mpeaoMieHus (),
ckopoctn ocaxkaenus (c¢) u ckopoctu tpasinenus B HF (d) or monnoctn ICP-ucrounmka
JUISL pPa3JIMYHBIX COOTHOIIEHUH R U TaBleHU B Kamepe
Fig. 2. Dependence of residual mechanical stresses (a), refractive index (b), deposition rate (c)
and etching rate in HF (d) on the ICP source power for different R ratios and chamber pressures
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Kak BugHO u3 puc. 2, a, npu meHbineM R (1,37) HanpspkeHUS G MHUHAMAJBHBI U BapbUPYIOTCS
ot (-100) mo (+50) Mlla, eciu mporecc nmpoBogutcs npu p = 12 Ila, u ot (-25) mo (+50) Mlla —
npu p = 15 Ila. C yBenn4eHHeM MOIIHOCTH MCTOYHHUKA ITPOUCXOAUT MEPEXO OT CKUMAIOIIUX Harpsi-
KeHHH K pactsaruBaromuM. C poctom coneprxanust SiH, B razoBoii cmecu (R = 1,49) cxxumaroniue Harl-
psoxenns Bo3pacrtatot a0 3HaueHui (—300)—(—150) MIla, mpu 3ToM yBennyeHre MOIIHOCTH NCTOYHNKA
MIPUBOJUT K YMEHBIIEHUIO YPOBHS HaNpsikeHUH. TeHAeHINIO K CHIPKEHUIO YPOBHSI COKMUMAIOIINX Hamps-
KCHUH B IUICHKE W/ M3MEHEHHIO 3HAaKa HANPSDKEHUH (OT CKMMAIOLIMX K PACTSATUBAIOLIMM) C MOBBI-
[ICHUEM MOIIIHOCTH UCTOYHUKA MOXKHO OOBSICHUTH 3hekroM OOMOAPIUPOBKH MTOBEPXHOCTH pacTyIei
IJIEHKW MOHAMHU aproHa M Tesvs W aKTUBHBIMHU pajiKajaMH a30Ta U3 ra3oBoi cMecu. Kak mokaszano
B [11], oOpaboTka B razme N,, aproHa win rejius MpUBOAMT K MOBBILICHHUIO YPOBHS PacTATUBAIOLINX Ha-
npsokernii B PECVD-SIN, -rutenke 3a caet paspsisa cBsized Si—H u N—H n BoccranoBnenus caszeit Si—N.
OTO 3amycKaeT XUMHUYECKYIO EPECTPONKY B PACTYIIEH IUIEHKE, TPUBOJIA K €€ YIIJIOTHEHUIO U CHKATHIO.

Takum 00pazoM, miazMeHHasi OOMOApIUPOBKA MMO3BOJISIET CHU3UThH COZIEPKaHWE BOAOPOJA B pac-
Tymeil enke. C yBenMn4eHneM MOIIHOCTH MCTOYHHWKA DHEPTUS M KOHLEHTPAIUs aKTUBHBIX YaCTHUI]
B CMECH BO3pacCTaloT, ycunuBas 3¢ pext. B paccmarpruBaeMoM SKCIEPUMEHTE 33 CUET yBEITHMUCHHS 1aB-
JeHus B paboueil kamepe yaloch CyIIECTBEHHO CHU3UTh YPOBEHb OCTATOUHBIX HANPSKCHUH B IUICH-
kax SiN, B cpaBHeHuH ¢ nanubiMu [ 1] gt PECVD-SIN,.

Xumuyeckuit coctaB SiN, Ka4eCTBEHHO OLIEHUBAJICA MO MTOKa3aTeo pesioMmieHus. /i crexuomer-
pudeckoro marepuana # = (2,02 £ 0,02). boipime 3Ha4eHHUS 7 COOTBETCTBYIOT OOOTAIIEHHUIO TUICHKU
KpeMHHEM, MEHBIIINE — 00OTAIEHUIO a30TOM U HEXKeJIaTeIbHBIMI IIPUMECSMH THTIA BOJOPO/IA U KHCIIO-
pona. B mpoBoarMOM 3KCHiepUMEHTE MakcHMallbHbIE 3HaUeHHsl 72 HaOmonanuck npu R = 1,49 u cocras-
nsimm 2,06-1,99 nipu p = 12 Ila u 2,01-1,97 nipu p = 15 Ila. Camxkenne [SiH,] oxxumaeMo mpuBOInIO
K YMEHBIICHHIO /1 ¢ MUHUMalIbHBIMA 3HaueHustMH 1,96—-1,93 ipu p = 15 [1a u R = 1,37. IloBbimenue
MOIITHOCTH MCTOYHHMKA YMEHBIIAIO 3HAUCHHS KaK /1, Tak U cooTHommeHust Si/N.

CKOpOoCTh OC@KACHUS IUIGHKH IIPH BapbHPOBAHMM MOIIHOCTH, IAaBJICHHUS B KaMepe U COOT-
HOILIEHHUSI peareHTOB HM3MEHsulach HecymecTBeHHO. [Ipu p = 12 Ila ee 3Hadenus ObLTM B AHarna-
3oHe 35,5-31,5 um/muH, npu p = 15 [la oHa cHMXkaNach 1O MHUHUMAJIBHOTO 3HaYeHUs 29,5 HM/MUH
npu R = 1,37 u momHocTu uctounuka 1100 BT.

XapakTep M3MEHEHHUS] CKOPOCTH TpaBJeHHS HUTPUAHBIX IuieHoKk B HF B 3aBucumoctu ot Mmormi-
HOCTM MCTOYHHMKA OIPEJENIICS COOTHOIIEHHEM pPACXOJ0B IPEKypCOpOB U AABIECHHUEM B KaMepe.
ITpu R = 1,37 ¢ pOCTOM MOIIHOCTH CKOPOCTD Vy,y, YBEMMYMBAIACh OT 35 10 65 HM/MuH npu p = 12 Tla
u ot 45 no 80 um/mMun — mipu p = 15 Ila. Ilpu R = 1,49 v,,,, U3MEHsIACh HE3HAYMTENBHO (OT ~25
0 32 HM/MHH) BO BCEM HCCIEIOBAaHHOM Juana3oHe MommHocTH. [lo manHbiM [8], mpu oOpaboTke
ICPCVD-SiN,-nenox B cmecu 50%-noi HF n Boapt (1:7) v;pas, & 10 HM/MuH. Takue Masble 3Ha9€HUs
MTOJTyY€HBI [T TUIEHOK C TIOBBIIIIEHHBIM COJIep’KaHNeM KPEMHUS, TOKa3aTesh MPEIOMIICHUS KOTOPBIX Ba-
peupoBaics ot 2,7 1o 2,2. B [13] ormeueno, uto mns mienok ICPCVD-SiN, v, ., B cmecu 50%-noi HF
u BogwI (1:5) Taxke cocraBisa ~10 HM/MuH. Hy)xHO yunuThIBatTh, uTo B [8, 13] omleHMBaNIach ycToiuu-
BOCTb TINICHOK K pa30aBieHHbIM pacTBopam HF, a B paccMarpruBaeMoM DKCIIEPUMEHTE H3MEPSIIach v,
B HepazOaenenHol 50%-noit HF.

Cxopocth TpaBieHus SiN, yBenwmuuBaeTcs JUHEHHO C moBblmeHHeM koHIeHTparwu HF. B [3]
nokasano, 4ro it mwieHok PECVD-SiN,, ocaxnenusix mpu 380 °C, v, B pas0aBieHHON cMme-
cut HF(50 %):H,0 = 1:100 cocraBnsana 1-2 um/muH, a pactBopenue mieHkr B cmecu HF(50 %):H,O =
=1:10 mpoucxomuio co ckopocThio 10—17 um/MuH. J11s1 CDABHEHUS, V., B S0%-1OM HF 111 LPCVD-nune-
HOK, MOJTy4eHHBIX Tpu Temreparypax 700-900 °C, u momyuenusix merogqom PECVD npu 350 °C, coc-
taBisitoT 8§ U 150-300 aM/MuH coorBercTBeHHO [14]. Takum oOpa3om, B paccMaTprBaeMOM JKCIIEPH-
meHnte npu p = 15 Ila, R = 1,49 u temneparype ocaxnenus 400 °C nonydeHsl MJICHKA C MOBBIIICHHON
croiikocthio Kk HF, cpaBHNMOI co croiikocThio LPCVD-menok.

[Ipu ucnonszoBanuu SiN, B Ka4eCTBE MAaCKH JJIsl TNTyOOKOTO TpaBlIeHHsI KPEMHUSI IPUMEHSIIOT Tpa-
Burenn Ha ocHoBe KOH [7, 15]. OnHoii 13 mpo06iieM Mpu ATOM SBJISIeTCS HEKOHTPOIUPYEMOe TPaBICHUE
Yyepe3 MUKPOIIOPHI B MAaCKUPYIOLIEM MOKPBITHH HUTpHUaa KpeMHus. [Ipu o6paboTke pacTBOp HIenouu
MIPOHUKAET Yepe3 MUKPOOTBEPCTHUS B IUIEHKE K MOBEPXHOCTH MOJIOKKH ¥ HAUMHAET TPaBUTh KPEMHUI
¢ 00pa3oBaHHEM JIOKAJIBHBIX OOsacTel TpaBiieHUs, (opMa KOTOPBIX ONpEAEssieTcs] KpucTtamiorpadu-
YECKOW OpUEHTAIMEH MOJIOKKH. B MpOBOIMMOM HCCIIeZI0OBAHUN XUMUYECKasi CTOMKOCTD IICHOK SiN,
Kk pactBopy KOH onenuBanach u3 aHajam3a KOJIMYECTBA JIOKAJIBHBIX OONAcCTell TpaBICHHS KPEMHUS
Ha eIMHMILY TUIOIIAJU, UX pa3MepoB U DryOuHbl. Tonmmua miueHok SiN, B 9TOM cilyyae COCTaBIIsi-
na ~1000 am. CrnemyeTr OTMETHTD, YTO TIOZ BO3JACUCTBHEM IIEJIOYN 00TacTH MATOBBIX TsiTeH (puc. 1, b)

paBI
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Ha IUICHKaX HUTPHUa KPEMHHUS pa3pyIIaoTcs ropasno OblcTpee B CPaBHEHUH HETIOBPEKICHHBIMH y4acT-
KaMH IUICHKH.

B ta6n. 1 npuBenens! pesynbrarhl TpasieHus B KOH B 3aBUCMOCTH OT PeKUMOB (POPMUPOBAHHUS
IeHOK SiN,: JYUIIMMHU M0 YCTOHYUBOCTH K BO3JICHCTBUIO IIEJI0YH OKA3aIMCh IJICHKH SiN,, MoJTydeH-
Hple npu P =16 I1a u T,,,, = 500 °C. CoorHomenune SiHy/N, B MeHbIlIel CTENEHN BIUAET Ha yCTOM-
YUBOCTb HUTPUJA KpeMHU K mesnoun. OJHaKO YBEIMUEHHUE COAEPKaHMUsI KPEMHUS B IJICHKE yIy4IlaeT
€€ XUMUYECKYIO0 CTOMKOCTb.

Tadauna 1. Pesynbrarsr TpaBnenus mienok SiN, B pactBope 40%-noro KOH (90 °C, 20 muHn)
B 3aBUCHMOCTH OT PEKUMOB OCaKIACHHS
Table 1. Results of etching SiN, films in a 40 % KOH solution (90 °C, 20 min)
depending on the deposition modes

Howmep pexxuma | SIHY/N, | p, [a | T, 0 °C Pesynbrar TpaBienus

1 1,67 18 500 CkorieHre JTIOKaTBbHBIX 00IacTel TpaBICHUS
Ppa3IUYHBIX pa3MepoB, HO He Oosiee 20 MKM
2 1,49 18 500 EnnHngHbIe JIOKaIbHBIE 00IACTH TPABICHUS pa3MepoM <7 MKM
3 1,49 15 400
4 1,37 16 500
5 1,49 15 400
6 1,49 16 500 JlokanbHbIX 00nacTell TpaBIeHUs Ha TOBEPXHOCTH KPEMHUS
7 1,67 | 16 500  |He obHapyxkeHo
Ilpumeuanue — JInst Bcex pexMMOB MOLTHOCTb UCTOUHUKA cocTaisuia 1000 Br.

Creayer OTMETUTh, YTO ONTHMAJbHBIC TI0 CTOWKOCTH K BO3JICHCTBHIO pacTBOpa MIEIOYN PEKUMBI
OCaXKJICHUSI HATPUIHBIX IJICHOK CXOJIHBI C PEXXHMAaMH, JIJISl KOTOPBIX HAOMIONAINCh MUHUMAITLHBIE CKO-
poctu pactBoperus SiN, B 50%-noit HF. [Tokazarenn myst pesxkuMoB U3 Ta0i. 1 mokasansl Ha puc. 3.
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Puc. 3. Bu moBepXHOCTH KPEMHUS 1TOCIIE TPABICHHS M MTPOPHIN TTOBEPXHOCTH ISl PEKUMOB U3 Ta0. 1:
a—Nel;b—Ne2-5
Fig. 3. Appearance of the silicon surface after etching and surface profiles for the modes from Tabl. 1:
a—Nol;b—No2-5
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3aKiIroueHue

1. UccnenoBaHsl mapaMeTpbl HUTPUIHBIX IJICHOK, TTOJTYYSHHBIX B IJIa3Me BHICOKOH IIIOTHOCTH Me-
TOZOM IJIa3MEHHO-aKTUBUPYEMOTO OCAXJIEHHs U3 Tra30oBOH (a3bl ¢ MHAYKTHBHO-CBS3aHHOM IIa3MOMN
B ycnoBusix nosbimeHHOro (12—-18 Ila) naBnenus B padoueii kamepe mpu 400-500 °C. OnpeneneHbl
PEKUMBI OCAXKACHUSI HUTPUAA KPEMHHUSI C MaJbIMF MEXaHMUECKUMH HanpspkeHUsiMH. [lokazaHo, 9To
IIPH COOTHOIIEHNN pearupyromux razoB [SiH,)/[N,] = 1,37 octarouHsle HANpsHKEHUS B IUICHKE HAT-
pYIa MEHAUMAJIBHEI B Bapsupytores ot (—100) mo (+50) Mlla, ecnu mporiecc IpoBOANUTCS TIPH JaBie-
wuu 12 Ia, u ot (-25) g0 (+50) MIla — mpu 15 I1a. C noBbIIIeHHEM MOIITHOCTH UCTOYHUKA HAOIIOIaeT-
Cs TIEPEeXOoJl OT CHKUMAIONINX HanpspkeHui K pactaruBarommM. [Ipu [SiH,]/[N,] = 1,49 u temneparype
ocaxaenust 400 °C ckopocts TpasieHus: SiN, B 50%-HoM pacTBope (TOPHUCTOBOAOPOAHON KHCIOTHI
cocraBisiia 25-32 HM/MUH, YTO CPAaBHHMO C pPe3ylbTaTaMH JUIsl IJICHOK, ITOJyYEHHBIX METOJOM XH-
MHYECKOTO OCAKICHUS M3 Ta30BOH (ha3wl MpH HU3KOM JaBieHUH U Temmeparype 700-900 °C. Jlydmm-
MU TI0 YCTOMYUBOCTH K BO3/JICHCTBHUIO IIEIIOYM OKA3aINCh IICHKH SiN,, MOTydeHHBIE MPH MOIIHOC-
i ICP-ucrounnka 1000 Bt, pabouem nasnenuu 16 I1a u remneparype 500 °C.

2. Uicnionb3oBanne MeTo/a I1a3MEHHO-aKTUBUPYEMOTO OCAXICHHSI M3 Ta30BOH (pa3bl ¢ MHAYKTHBHO-
CBSI3aHHOM IUIa3MOM B YCJIOBHSX TOBBILICHHOTO JABJICHUs B pabouell Kamepe MO3BOJISET MONydaTh
rieHKH SiN, ¢ KOMIIAKTHOW MUKPOCTPYKTYpPOU, IPUTOIHEIE JIJ1sl IPUMEHEHHS B Ka4eCTBE KaK KOHCTPYK-
nuoHHOTO Marepuana B MOMC-aarunkax, Tak ¥ Mackd TP TPaBICHUH B pacTBOpax (TOPUCTOBOJO-
POIHOMN KUCIOTHI M THAPOKCHIA KA.
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I'MBKUE JIEKTPOMATI'HUTHBIE DKPAHbI CBUY-/IUAIIA3OHA
HA OCHOBE I'PA®OUTOBBIX CMA30K

0. C. MUPOHEHKO', O. B. BOUIIPAB?, B. C. MOKEPOB?, JI. M. JIbIHbKOB?

! Benopycckuii 2ocyoapemeennuiil yuusepcumem (Munck, Pecnybnuxa benapycs)
2Benopycckuii 2ocyoapcmeentuiii yrusepcumen unpopmamuxi u paouosneKmpoHux
(Munck, Pecnybnuxa Bearapycy)

AHHOTanuMsl. YCTaHOBIICHBI 1 000CHOBAaHBI 3aKOHOMEPHOCTH U3MEHEHUS XapaKTEePUCTUK MOMIOMIEHHUS IEKTPO-
MarHUTHOTO M3Jy4YeHHUs B Auana3oHe 4acToT 2—17 I'Th y Tpex TUMoB THOKHUX 3JIEeKTPOMarHUTHBIX SKpaHoB. [laH-
HBIC YKPAHBI TPEJICTABISIIA COO0 MHOTOCIIONHBIE KOMITO3UTHBIC MAaTEPHAIIBI, Y KOTOPBIX CPETHHH CIOH COCTOSIT
W3 CEeTYaTol TKaHW M CHHTENOHA, NPOIUTAaHHbIX rpaduroBbiMu cmaskamMu CAM (tun 1) 1 BMITABTO (tum 2)
COOTBCTCTBCHHO, a TaKXE€ M3 COCAMHCHHLIX BMCCTC TKaHU M CHUHTCIIOHA, IMPOIMUTAHHBIX l"pa(bI/ITOBOI‘/‘I cMas-
kot FAVORIT (tum 3). HapyXHBIH 1 BHYTPEHHHHA CJIOW AJIEKTPOMATrHUTHBIX 3KPAaHOB — (DparMeHThI CHHTETIOHA.
Cpennee 3HadeHHe Kod((UIMEHTA MOMIOMIEHHS 3JIEKTPOMAarHUTHOTO M3JIydeHus: B 3(P(EKTHBHOH Io0Ce MO-
ToleHusT B Auanazone yactor 2—17 I'T nns uccneayeMpix 3KpaHoOB pa3iuyHbIX THMOB cocTaBuio 0,61, 0,60
n 0,59 OTH. efl. COOTBETCTBEHHO. MakcuManbHOe 3HadeHne Koddunnenta nortomenus (0,77 OTH. e1.) ToKa3ain
sKkpanbl THHA 1. [Ipennaraemple ruOKue AIEKTPOMArHUTHBIE SKPAaHbI B BUJIE MHOTOCIOHHBIX KOMIO3UTHBIX MaTe-
puajioB MOTYT 6I)ITB HCIIOJIB30BaHbI JJIs O6eCHe‘IeHI/IH 3HeKTpOMaFHHTHOﬁ COBMCCTHMOCTHU HpI/I60pOB QJICKTPOH-
HoM TexHUKH 1 CBY-ycTpoiicTs.

KuroueBple ci10Ba: k03 (QUITHMECHT MTOTIIOMIECHAS, TPa(UTOBEIE CMa3KH, CHHTEIIOH, JIEKTPOMATHAUTHOE U3IyICHHUE,
CBUY-nuana3oH, KOMIIO3UTHbIE MaTepUabI.

KoHpaukT uHTEpecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jas uutupoBanusi. [ubkue snekrpomaruutHbie dkpanbl CBY-quana3zoHa Ha OCHOBE rpaMTOBBIX CMa3ok /
O. C. Muponenko [u ap.] // Joknanst BI'YUP. 2026. T. 24, Ne 3. C. 61-68. http://dx.doi.org/10.35596/1729-7648-
2026-24-3-61-68.

FLEXIBLE MICROWAVE ELECTROMAGNETIC SHIELDS
BASED ON GRAPHITE LUBRICANTS

OLEG MIRONENKO', OLGA BOIPRAV?, VYACHESLAV MOKEROV?, LEONID LYNKOU?

!Belarusian State University (Minsk, Republic of Belarus)
’Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Abstract. Patterns of changes in the characteristics of electromagnetic radiation absorption in the frequency
range of 2—17 GHz were established and substantiated for three types of flexible electromagnetic shields. These
shields were multilayer composite materials, the middle layer of which consisted of mesh fabric and synthe-
tic padding impregnated with graphite lubricants SDM (type 1) and VMPAVTO (type 2), respectively, as well
as of fabric and synthetic padding connected together, impregnated with graphite lubricant FAVORIT (type 3).
The outer and inner layers of the electromagnetic shields were fragments of synthetic padding. The average value
of the absorption coefficient of electromagnetic radiation in the effective absorption band in the frequency range
of 2—17 GHz for the studied shields of various types was 0.61, 0.60, and 0.59 relative units, respectively. The maxi-
mum absorption coefficient value (0.77 relative units) was demonstrated by type 1 shields. The proposed flexible
electromagnetic shields in the form of multilayer composite materials can be used to ensure electromagnetic com-
patibility of electronic devices and microwave devices.

Keywords: absorption coefficient, graphite lubricants, synthetic padding, electromagnetic radiation, microwave
range, composite materials.

61



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 3 (2026) V.24, No 3 (2026)

Conflict of interests. The authors declare that there is no conflict of interests.

For citation. Mironenko O., Boiprav O., Mokerov V., Lynkou L. (2026) Flexible Microwave Electromagnetic
Shields Based on Graphite Lubricants. Doklady BGUIR. 24 (3), 61-68. http://dx.doi.org/10.35596/1729-7648-
2026-24-3-61-68 (in Russian).

BBenenune

DJeKTpOMarHUTHBIE SKPaHbl HA OCHOBE YIIIEPOICOAEPKAIINX MAaTEPHAIIOB B TIOCIIEIHUE TOABI TPH-
o0peny MUPOKOE paclpoCTpPaHEHHE, O YeM CBUACTENLCTBYET OOJBIIOE KOJINYECTBO MyOnukauumii [1].
B 3aBucMMOCTH OT KOHCTPYKTHBHOT'O MCIIOJTHEHMSI TAKHE SKPaHbI MTOPA3IEISIOTCS Ha TBEPIOTEIbHbBIE
u ruokue. K TBep10TeIbHBIM OTHOCSTCS )K€CTKHE IKPAaHUPYIONIUE KOHCTPYKIIUH, BKITIOYasi MeTaJTnyec-
KH€ SKpaHbl ¥ KOMIIO3UIIMOHHBIE MaTepPHaJbl C TBEPACIOMIMMH CBAZYIOMNMU. | MOKMe 3KpaHbl, HAIIPO-
THB, U3TOTABIIMBAIOTCS HA OCHOBE KOMITO3UTOB C HE3aTBEP/IEBAIOIINMY CBSA3YIOMIMMH, a TAaK)Ke U3 TKa-
HEeH U IpyTUX TeKCTHUIILHBIX OCHOB.

C npakTHYeCKOi TOUKH 3peHHs HanOoee NEePCIeKTUBHBIMHU SIBIISIOTCSI THOKHE AJIEKTPOMarHUTHBIC
9KpaHbl. TO 00YCIIOBICHO TEM, YTO OHH yA0OHEe B TPAHCIIOPTUPOBKE, XPAHEHUH U MOHTaXKE, a TAKKe
MO3BOJISIIOT SKPAHUPOBATH M3ENUSI U KOHCTPYKIIUH CIOKHOU (POPMBI, JIJIsl KOTOPBIX IPUMEHEHHUE TBEP-
JIOTENBHBIX IKPAHOB 3aTpynHeHo. | nOkue snexTpomarHuTHbIE 9kpansl CBY-1nana3zona Ha ocHOBE Tpa-
(huTOBOI cMa3KkK 00NIAAAIOT XOPOIIMMH CBOWCTBAMH IKPAHUPOBAHUS AIEKTPOMArHUTHOTO H3ITydeHUS.
OCHOBHBIMH HX JIOCTOWHCTBAMH SIBIISTFOTCS JIETKOCTh B U3TOTOBJICHNH, TIOCKOJIBKY HET HEOOXOIUMOCTH
CO3JaBaTh CIICIHMAIbHBIM TEXHOIOTHYECKHI MPOLECcC, a Bce HEOOXOANMBIE MaTepHallbl BBIITYCKAIOTCS
B OOJIBIINX KOJIMYECTBAX M M3HAYAIBHO FOTOBBI K IPUMEHEHHIO, 8 TAKXKe THOKOCTh KOHCTPYKIIMH, YTO
MI03BOJISIET MTOKPBIBATh JAHHBIMHU dKPaHAMH ITOBEPXHOCTH CJIOKHBIX F€OMETPUICCKHIX POPM.

B nactosmee BpeMst pa3paboTKa THOKHX YIIIEpOCOAEPIKAIIIX SKPAHOB SIBIISETCS OHUM U3 Haubo-
Jiee TIPaKTUYEeCKU 3HAUMMBIX HampaBieHnd. [ mOKkue yriueposcoaepKamiue AeKTPOMarHuTHBIE SKPaHbI
CBY-anamnazoHa yCIIOBHO MOXHO Pa3/IeUTh HA TPU TPYIIIBL:

1) mpencrapnstomue co0oil MOIMMEPHBIE MAaTPUIBI, B KOTOPBIC BKJIIOYEHBI YACTHIBI MOPOIIKO-
00pa3HOro yriepoacoaepkaniero Marepuaia (yriepoaHble HAHOTPYOKH, YIJIEPOAHBIC TUIACTHUHBI, YIJIe-
POIHBIE BOJIOKHA);

2) XapaKTepHU3YIOIIUeCs] SYEHCTOW CTPYKTYpOH, 3alOHEHHOW YacTHIIAMH TTOPOIIKOOOpPa3HOTO
YIJIEPOACOIEPIKAIIETO MaTepraa;

3) npeacTapmstoNEie coOO0M BOJIOKHUCTHIE W TEKCTHIIBLHBIE MaTepHalbl, COEPIKAIIE yIIIEPOIHbIC
BOJIOKHA.

DKpaHbl IEPBOM TPYMIIBI pacCMOTPEHEI B [2—4]. B [2, 3] mpencTaBiaeHbI 9KpaHbl, B KOTOPHIX B Ka-
YEeCTBE HAMOJIHUTENEH HCIIOIb30BAINCH YIIIEPOAHbIE HAHOTPYOKH pa3InYHBIX MapOK, OTIUYAIOIIHECS
reOMETPUYECKUMH MapaMeTpamMu, IPeXKe BCETo, TMaMeTpoM M JAIUHON. B aTux pabortax oTmedeHo,
YTO TEOMETPHSI YIJIIEPOIHBIX HAHOTPYOOK CYIIECTBEHHO BIHAET HAa dKPAHUPYIOIIHE CBOWCTBA MaTe-
puaioB. s paccMOTpeHHBIX B [4] 3TalmoB B KaueCTBE HATIOIHUTEINS UCIIONIB30BaJICs Tpad)eH, KOTo-
pBIif coueTaeT yHUKaJIbHbIE MEXaHUUECKHUE, TEIIOBBIE U AJIEKTPpUUECKUE cBoMcTBa. [laxe mpu comep-
KaHUU B dKpaHe rpadeHa 1 % oH oOecrnieunBaeT dKpaHUpOBaHHE HA ypoBHe 16—18 nb B nuamnaso-
ue 0,3-1,0 TT'm.

OCHOBHOI1 HEZIOCTATOK HKPAHOB TIEPBOI TPYTIIHI COCTOUT B TOM, YTO OHU XapaKTEPHU3YIOTCS JOCTa-
TOYHO OOJIBIIION MAacCCOM, YTO OTPAHMYMBAET MX JKCILTyaTalnio. J[JIs NCKITIOYeHNs STOTO HEOCTaTKa
MOJINMEPHYI0 MaTpHIly cleayeT BcrieHnBath [4]. OIHAKO ATO COMPOBOXKIAETCS YBEINYEHUEM Bpe-
MEHHBIX 3aTpaT Ha U3TOTOBJIEHHE AJIEKTPOMATHUTHBIX YKPAHOB, MOCKOJIBKY TEXHOJIOTHSI MOIYUEHHS
KOMITO3UTOB BKJIIOUAE€T MHOTOCTAJAMMHYIO MOATOTOBKY M NPOJOJDKUTENbHYIO cymiKy. Kpome Toro,
HCIIOJIb3yeMbIe B TEXHOJIOTHHU PEareHThl He SBIAIOTCA IIHPOKOIOCTYITHBIMHU, YTO YBEIUYUBAET CTOU-
MOCTB MTPOU3BOJICTBA.

DKpaHbl BTOPOU U TPEThEeH TPYII 00IaatoT MEHBIIIEH MacCcoii IT0 CPAaBHEHHIO C 9KpaHaMH IIePBOH
rpynmnbl. DKpaHbl BTOPOU rpymIibl paccMOTpeHsl B [1, 5]. Tak, B [5] npeanokeHbl MOAYAbHBIE SKPAHbI,
COCTOSIIIME W3 STUCEK, 3allOJHEHHBIX MOPOIIKOOOPAa3HBIMH MaTepHaliaMH, MPeICTaBISIOIUMH COO0H
CMECH Ha OCHOBE TEXHHYECKOTO yIJIepo/ia UM aKTUBUPOBAHHOIO YVl B COYETAHUU C TUOKCHUIIOM TH-
TaHa MO0 BEepMUKYIHTOM. JlomoaHuTeN HOE NOBhIIeHNE 3()()EKTHUBHOCTH paccMaTprBaeMoro SKpaHa
JIocTUTaeTcs Omaronapst 3alOTHEHUIO sTUeeK TUDICKTPUYECKUM BOJHBIM PacTBOPOM U (hOPMHUPOBAHHIO
TICEeBAONMUPAMUIATFHON TTOBEPXHOCTH, YMEHBIIAIONIEH OTpakeHne BONH. Hanbombiryro sddexTus-
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HOCTH DKPaHUPOBAHUS MIEKTpOMarHUTHOTO u3nydenns (OMU) B nuamazone wacror 0,7-2,0 I'T'1y mpo-
JEeMOHCTPHPOBAI 00pasell, CoAep)Kallliii CMECh TEXHUUYECKOTO YITIepOAa U BEPMUKYIINUTA, sl KOTOPO-
ro ko3pduuuent nepegaun gocruran (—44) b, a xkoaddumment orpaxenus — npumepao (—10) nb.
B [1] paccmoTtpenst skpanbl TonmmHol 2,3-3,0 MM Ha ocHoBe TEM-s4eek, 3anoHeHHbBIX (eppuTamH,
rpadUTOM, TEXHUUECKUM YIIEPOJAOM U MEJKOJAMCIIEPCHBIM MOPOIIKOM Jkele3a. [lokazaHo, 4To Hawu-
Oombieit 3 PeKTHBHOCTERIO 3KpanupoBanus DMU B muanazone gactor 10 MI'n—1 I'T'm u3 yka3aHHBIX
9KPAHOB XapaKTEPHU3YIOTCS TE, KOTOPbIE M3TOTOBJICHBI C MCIOJIb30BAaHUEM TpaduTa U UMEIOT TONIIH-
Hy 2,6 MM, YTO CBUAETEJILCTBYET O BBICOKOH 3(PPEeKTUBHOCTH rpaduTa KaK HAIOTHUTES.

K ocHOBHBIM HeZlOCTaTKaM KPaHOB BTOPOW T'PYIIIbI, IO CPABHEHUIO C SKpaHAMHU MEPBON TPyMIIbI,
MOYXHO OTHECTH JJUTEIbHOCTh MX M3TOTOBJIEHHUS M MCIIOIB30BaHHE OOJIBIIOrO KOJUYECTBA PAa3HOPOI-
HBIX MaTepuasoB, 00JaJalOMUX BBICOKOW CTOMMOCTBHIO. DKpaHbl TPEThEH TPYIIIBI PacIpoCTpaHEHbI
B MEHBIIIEW CTETeHH, YeM TIePBOM M BTOPOM T'PYII, TaK KaK XapaKTepU3yIOTCs 0ojiee BBHICOKOW CTOH-
MOCTBhIO [1]. OmHaKo sKpaHbl TPEThEH IPyMIbI, 10 CPAaBHEHHUIO C SKpaHAMU NEPBOM M BTOPOU TPy,
00J1a/1a10T MEHbBILIEH Maccoil.

B HacTosiee BpeMs akTyaJdbHBIMH SIBIISIOTCS MCCIIEI0BaHMs, HallpaBJIeHHbIE Ha MOMCK MOJIXO/I0B
K CHIDKEHHIO CTOMMOCTH 3JIEKTPOMArHUTHBIX KPAaHOB Ha OCHOBE YITIEPOACOEPKAIINX BOJIOKHUCTBIX
MarepuanoB. OnuH U3 NEePCHEKTUBHBIX MOAXOI0B — METOA, COCTOALINN B HHKOPIOPUPOBAHUU YaCTHUI]
MEJKOIUCIIEPCHOTO YITIEPOJCOAEPKAIIETO MaTeprala B BOJIOKHA U MEKBOJIOKOHHBIE TPOCTPAHCTBA JIU-
AIEKTPUUECKHUX BOJOKHHUCTBIX MarepuasioB [6]. CyTb 3TOr0 NOAXOAA COCTOUT B IPOMUTHIBAHUH BOJIOK-
HHUCTOTO MaTepuajia CMEChIO TOBEPXHOCTHO-aKTUBHOTO BELIECTBA U MEJIKOANCIIEPCHOTO YIIIEPOICOAEP-
JKalllero MaTepuana, B JajJbHEeHIeM BBICYIIIMBAHUN M TEPMOTIPECCOBAHNH MOJYYEHHOTO YIIIEPOJICOAep-
JKaIllero BOJIOKHHUCTOTO MaTepuara.

JU1 yCOBEpIIEHCTBOBAHKS TaHHOTO METOJ]A aBTOPHI CTaTbU MPEAJIAraroT MPU U3TOTOBJICHUH yTIIe-
pOACOAEpKALNX BOJOKHUCTBIX MaT€pHaJIOB U AJIEKTPOMArHUTHBIX SKpaHoB CBY-nnana3zona Ha ux oc-
HOBE HCIIOJIb30BaTh TPa(UTOBBIE CMa3KH BMECTO CMECH MOBEPXHOCTHO-aKTHBHOI'O BEIIECTBA M MEJ-
KOJIMCIIEPCHOTO YITIEPOJCOAEpKAIlero MaTepuana. B mporecce vcciae10BaHUN yCTaHOBIIEHBI 3aKOHO-
MEPHOCTH M3MEHEHHUS XapakTepucTuk noromieHuss OMU B auanazone yactoT 2—17 '’ rpadutoBbix
CMa30K B 3aBUCHMOCTH OT MX Tuma. Pa3paboTaHbl KOHCTPYKINH THOKUX 3JIEKTPOMAarHUTHBIX 3KPaHOB
CBU-nnamnazoHa Ha OCHOBE TaKMX CMa3oK. [Ipu mpoBeaeHUH SKCIIEpUMEHTATBHBIX UCCIEIOBAaHUN pe-
MIAJINCH CIEAYIOUINE 3aJa4uu:

— M3yuYeHHE XapaKTepUCTUK oTpaxkeHus u nepenaun OMU B auanazone gactor 2—17 I'T'y rpaduro-
BBIX CMa30K Pa3JINYHbIX TUIIOB;

— BBIOOp ONTUMAaNBHOM TpaQuTOBOM CMa3KH JIJIsl M3TOTOBJICHHUSI THOKUX JIEKTPOMArHUTHBIX dKpa-
HoB CBY-nnanasoHna;

— W3TOTOBJICHHE U MCCIICI0OBAHNE HKCIIEPUMEHTAIBHBIX 00pa310B '’MOKNX 3I€KTPOMArHUTHBIX 3Kpa-
HoB CBY-nnanazoHa ¢ HCHonb30BaHUEM BBIOpaHHOW TpaduTOBOM CMa3KH;

— pa3paloTKa peKOMEHJAalKH 10 MPAaKTHYECKOMY IPUMEHEHUIO U3TOTOBICHHBIX U UCCIIEIOBAHHBIX
JKpaHOB.

MeToz]mca NMpoBEICHUSA IKCIICPUMEHTA

CriocoOHOCTh 00pa3oB TMOKKX AIIEKTPOMATHUTHBIX KPAHOB MOMIOIIATH AJIEKTPOMarHUTHOE M3-
nmydaenne B CBU-muanazoHe OIEHWBAIN 110 METOAMKE W alTrOpUTMY, omrcaHHBIM B [7]. C 3Toil 1enbio
B muamnasone gactoT 0,7-17,0 I'T onpenensiu ko3 PUITUEHTHI oTpakeHus U niepenaun OMU ¢ mo-
MOIIIBI0 TTAHOPAMHOTO H3MepuTens kKoddduimenToB otpaxenns u nepenaan SNA 0,01-18,00 (beno-
PYCCKHI rocylapCTBEHHBI YHUBEPCUTET HH()OPMATHKH U PAJUO3IEKTPOHUKN). B cTaree nmpencrasie-
HBI pe3yibTarsl Ansi uHTepBasioB 2—17 I'Th, rae uccnenyemsle 00pasmbl AIEKTPOMATHUTHBIX KPaHOB
JIEMOHCTPHUPOBAIN Hanbojee BHICOKHE M JOCTATOYHO CTaOMIIbHBIE IMOKa3aTesld SKpaHUpPOBaHUsA. 3Ha-
YyeHus: KodpunuenTta noromeHust MU ais H3roToBIEHHBIX 00pa3IOB MIEKTPOMArHUTHBIX 3KPaHOB
B muamnasoHe 9actot 2—17 ' paccuuThIBaIM 1O CIETYIONTIM (hopMysIam:

su(f)

R(f)=10 10 ; (1)
sulf)

T(f)=10 10 ; @)
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A(S)=1=R(S)=T(]): 3)

rre R(f) — koapdummmenT orpakenns IMU na gactore /B nuanazone 2—17 I'Tw; S;,(f), Sy, (f) — koaddu-
[MEHT oTpakeHus u nepenadnl OMU coorBeTcTBeHHO, 1b; 7(f), A(f) — KO3 dhUIMEHT TTIepenadn 1 TTOTIIo-
menns DMU Ha yacToTe f, OTH. efl.

[ToMuMO nM3MepeHHs BETUUMH, HEMTOCPEICTBEHHO ONPENEIIOUINX YKPAHUPYIOLIHE XapaKTepUCTH-
KM TUOKHX DIIEKTPOMarHuTHLIX 9KpaHoB CBU-auana3zona, mpoBOIMIIaCh OLIEHKA YIEIbHON SIEKTPOIPO-
BOJIHOCTH G JKCIIEPUMEHTAIBHBIX 00pa3ioB IpaguTOBO CMa3Ku, UCTIONB30BAHHBIX JUIS HX CO3JaHUSI.
Jis 3T0r0 Mccaenyemyro rpaUTOBY0 CMa3Ky IIOMELIAIN B CIELHMAIbHYI HEIPOBOISILYIO SUEHKY,
COZIEpIKAILlyIO /1Ba AJIEKTpoaa. B ciydae ncnonb3oBaHus a’po30iis Ui 00ecnedeHns] KOHTaKTa CMa3Ky
pacnbUIsUIN HETIOCPEACTBEHHO B SIUEHKY J0 TeX MOp, IOKa OHA He 3aroiHsuiack. [Jis onpeneneHus co-
MIPOTHUBJIEHUS SUEHKY MPUCOEANHIN K n3meputemo nmmutadca E7-20 (OAO «MHUIIN», PB), nocne
Yero MoJTyYeHHbIC 3HAYCHHUS TIEPEBOIMIIN B YCIBHYIO 3JIEKTPONPOBOAHOCTD 110 cleaytomiel popmyse:

/
= 4
O= 25 “4)

rIe [ — pacCTOSTHUE MEXKITY SJICKTPOAAMH SIMEUKH, M; R — COTIPOTUBIICHHE STUCHKH, 3aIIOTHCHHOH Tpadu-
TOBOM cMa3zkoi, OM; S — MIOIAb 2IEKTPOIOB TYEHKH, M2,
Juts xaxxaoro Buja rpaduToBOI cMa3Kky ObLIO BBIITOIHEHO IO MSATh SKCIepUMeHTOB. [lomyueHHbIe

PE3YyNIBTaThl YCPEAHSUIH IO GopMyIIe

G = k=1n=1 , (5)

IJIE G, — CPEHSIA y/IETbHASL IEKTPONPOBOAHOCTD TPA(YUTOBON CMa3KH, MCIIOIb30BAHHOM TIPH U3IOTOB-
JICHUW 00pa3IoB g-i TPYIIBI; ¢ — HOMEpP TPYIIIEI 00pa3IoB-mornotuteneit MU, cooTBeTCTByIOMIESH
OIpeIENIEHHOMY BHIY TpaduToBoi cmasku, g = {1, 2, 3}; Gy, — yAenbHas 3IE€KTPONPOBOJHOCTD, I0-
Jy4eHHAs B k-M SKCIIEPUMEHTE JIJIsi CMa3KU 1-TO BHJIA, UCIIOIb30BAaHHOM IS U3TOTOBIICHHS 00pa3IioB-
nornorutesneid OMU g-i rpynmnsl; 7 — HOMep BUJIa CMA3KH.

Pe3y.]'ILTaTbI I/ICCJ'Ie)IOBaHHﬁ H UX 06cy)w[elme

[IpoBeneHHOE HCCeIOBaHNE BKITIOUAJIO B ce0sl JIBa dTAra:

1) BBIOOp onTHMaIBbHOW TPaUTOBOM CMa3KH JJIsSi M3TOTOBJICHUS THOKMX AJIEKTPOMArHUTHBIX JKpa-
HoB CBY-nuanasoHna;

2) M3TOTOBJIEHNE M UCCIIEIOBaHNE THOKUX AIIEKTPOMAarHUTHBIX 2KpaHoB CBY-nnana3ona, conepixa-
IIMX CMa3Ky, BEIOpaHHYIO Ha IIEPBOM JTare.

Ha nepBom 3Tarne u3rotaBinBaiuch TPU THITA SKCIIEPUMEHTAILHBIX 00Pa3IloB ITyTeM HAaHEeCEHUS Ipa-
(UTOBOM CMa3KK Ha MOBEPXHOCTh HETKAHOTO MaTepuaja (CHHTeNnoHa) mioTHocThio 200 /M2, O6paselr
Ka)KJI0T0 M3 THITOB OTIIMYAIICS TPa( U TOBOM CMa3Koi, KOTOpast MPUMEHSIIACH [Tl €70 M3TOTOBIeHUS. [11s n3-
roToBJIeHHs 00pa3noB Tuna | ucrmonb3oBanack cmazka CIM B asposonbHoii hopme (UITYIT «Aspo CAM»,
PB), TumioB 2 u 3 — cmazku BMITABTO B aspo3onsnoit popme (OOO «BMITABTO», P®) u FAVORIT
B nmactooOpaszHoit popme (OO0 «EBpazus Jlyopukantcy, PB) cooTBeTcTBEHHO.

DKcIieprUMeHTaIbHBIE 00pa3Ibl U3rOTABINBAIKNCH pa3Mepamu 35x45 cM, 00yCIIOBICHHBIMU T€OMET-
pUYecKUMU mapameTrpamu pyrnopa anTeHHbI (30x40 cM), KOTopasi UCIOIb30BAJIACH JIJISI ONPE/ICIICHUS
XapaKTEePUCTHK OTpakeHus U nepenaaun DMU oOpasuos. 3anac B 5 cM ObIIT HEOOXOIMM JUTS TapaHTH-
POBAaHHOTO TEPEKPHITHS paboueill MIOCKOCTH AHTCHHBI 1 MUHUMM3AITUU BIUSHUS OKPYXKAIOIIeH cpe-
II6I Ha Pe3yibTaThl H3MepeHu. Pacxom rpadyuToBOM CMa3Ky Ha M3TOTOBJICHHE 00Pa3IloB THIOB 1 M 2
coctasmi 200 My, oOpasma tuna 3 — 400 . BeiOop cuHTENOHA B KauecTBE MOMJIOKKH IS HAHECCHHS
cMa3Kku ObLT 00YCIIOBIIEH BO3MOXHOCTHIO T (y3HH BEIleCcTBa BIyOb HEr0, 9YTO MOXKET CO3/1aTh JIOTIOJI-
HUTEJIHOE MIEPEOTPAKECHUE TICKTPOMArHUTHOTO U3JTYUYCHUS BHYTPU CUHTEIIOHA, TEM CAMBIM YBEIINYHB
ero 3()()eKTUBHOCTh KaK SKPAaHUPYIOIIEr0 MaTepuaa.

B Tabn. 1 mpejicraBieHa AMHAMHKA BBICHIXaHHS M3TOTOBJICHHBIX 00pa3IiOB TMOKHX 3JIEKTpOMAar-
HUTHBIX SKPaHOB PA3IMYHBIX THIOB, BBICYIIEHHBIX MTPH KOMHATHOH Temmneparype. M3 tabm. 1 BuaHO,
YTO TIPOJOIKATENBHOCTH BRICBIXaHHUS 00pa3I[0B COCTaBUIIA JIBOE CYTOK.
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Ta6muna 1. Pe3ynbsrarsl H3MEHEHHS MacChl 00pa3oB rHOKUX HIIEKTPOMArHUTHBIX YKPAHOB
Table 1. Results of changing the mass of flexible electromagnetic shields samples

XapaKkTepucTHKa Marepuaa Macca obpasua, 1, Tuna
pakTep P 1(COIM) | 2(BMIIABTO) | 3 (FAVORIT)
M cXoaHbIi CHHTETIOH 30+2
CHHTEIIOH ITOCJIe HAaHECEHUST CMa3KH 372 57+2
Oopa3er mociie 2 CyT. CYIIKH 48 +£2 3102
35+£2
Txanap mocine 4 CyT. CYIIKH 47+2

YacToTHBIE 3aBHCUMOCTH KO3(DPHUITMEHTOB OTpakeHHsI S|; U mepenayu S,; HCCIESIOBaHHBIX 00pa3-

IIOB TPEX THIIOB MIPEJICTaBICHBI Ha puC. 1. 3HaYeHN S|, U3MEPSITNCH C UCTIONB30BaHUEM MeTaJTH4ec-
KOM MOIJIOXKKH.

Yacrora, [T Yacrora, I'Tg
2 5 8 11 14 17 2 5 8 11 14 17
-2 4 2

22
=
= S
< &

- —6 1 —6 -

o= | -2 -3 =01 -2 -3
-10 * -10

Puc. 1. YacrorHble 3aBucHMOCTH KOG GuIueHToB S, u S,; 006pa3uos Tumos 1, 2, 3
(xpuBsbie 1, 2, 3 COOTBETCTBEHHO)
Fig. 1. Frequency dependences of the coefficients S;; and S,, of samples of types 1, 2, 3
(curves 1, 2, 3 respectively)

Kak cnenyer u3 puc. 1, HaMMeHbIINMH 3HAYEHUSAMU S|; U S, B Auana3one yactot 2—17 I'T'1 xapak-
Tepu3yeTcst oOpasel] Tuna 3, U3rOTOBJICHHBIH C MCIIOIBb30BaHMEM MacTooOpasHoi cmasku FAVORIT.
Ckopee Bcero, 3TO CBSI3aHO ¢ OOJIBIIMM OTHOCUTEIBHO IPYTUX HCIOIB30BaHHBIX CMA30K COIEPKAaHUEM
B HEll ymiieposa, 4TO KOCBEHHO MOJATBEPXKICHO Pe3ysIbTaTaMi U3MEPEHUs AIEeKTPOIIPOBOIHOCTH. 3Haue-
HUSI DIICKTPOIIPOBOAHOCTH IPpa)UTOBBIX CMa30K, UCIIOIB30BaHHBIX JUISI H3TOTOBJICHUSI DKCIIEPUMEHTAIb-
HBIX 00pa3moB, MPUBEACHBI B TA0M. 2.

Taduuna 2. 3Ha4ueHUs AIEKTPOIIPOBOIHOCTH IPaQUTOBBIX CMA30K
Table 2. Electrical conductivity values of graphite lubricants

ToKasarens Tum cmasku
3 CIM BMITABTO FAVORIT
DIEKTPOIPOBOTHOCTS G, CM/M 0,5-1073 0,5-107 0,54 -1073

Taxum 0Opa3oM, 10 COBOKYITHOCTH CBOMCTB, IPUBEACHHBIX HA puc. | u B Tabxn. 2, Hanboiee mep-
CIEKTHBHON OKa3zayach rpaduroBas cMmaszka. [loaTomy oHa Oblta BeIOpaHa B KaueCTBE KOMIIOHEHTA
JUTSl N3TOTOBJIEHHS KOHCTPYKINH 3JEKTPOMAarHUTHBIX 3kpaHnoB CBY-nnana3oHa.

Ha ocnose cmazku FAVORIT npeanokeHbl TpH KOHCTPYKLIUHU THOKUX 3JIEKTPOMAarHUTHBIX SKPaHOB
CBY-auamna3ona, peann30BaHHbIE B BHJI€ MHOTOCIOWHBIX KOMITO3UTHBIX MaTepUasoB, CPETHHUH CIoi
KOTOPBIX COCTOSUI M3 CETYATON TKAaHW M CHHTEINOHA, MPOMHUTAHHBIX TPa(UTOBBIMH CMa3KaMH THUIIOB |
1 2 COOTBETCTBEHHO, a TAK)KE U3 COCTMHEHHBIX BMECTE TKAHHU M CHHTETIOHA, PO TAHHBIX TpaduTOBOM
cmaskoii Tuna 3. HapyKHbIM 1 BHYTPEHHHH CJION yKa3aHHBIX DKPaHOB MPEACTaBIsUIN co00i pparmeH-
Thl CUHTEIOHA, YTO YIy4YIIaso yCJIOBUS paOOThl ¢ HUMHU 3a CUET M3OJSIMU CMa3KH BHYTPH oOpasua.
st ymydIieHust TOBapHBIX M 9KPaHUPYIOLINX XapaKTEePUCTUK AJIEKTPOMArHUTHBIX SKPaHOB OBIJIO TPO-
BEJICHO CIIEKaHUE OMMCAHHBIX BBIIIE CJIOEB B TepMornpecce rpu Temneparype 150 °C B Teuenue 10 MuH.
OT0 MO3BOJWIIO TOOUTHCS PABHOMEPHOTO paCIpeACTICHHsI CMa3KH 110 BCEM CIIOSIM.

YacroTHble 3aBUCUMOCTH Kod(dummenTa nornomeHus (4) 3MU n3rotoBiaeHHBIX 00pa3ioB THOKIX
9JIEKTPOMArHUTHbIX SkpaHoB CBU-auanazoHa pa3inyHbIX TUIIOB IIPEACTaBIEHBI Ha PUC. 2.
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A, OTH. efI.

Puc. 2. YactoTHble 3aBUCMMOCTH KO3((HUIINEHTA MTOIVIOMEHHS 3JIEKTPOMAarHUTHOTO W3ITy4CHHS
00pa3IoB THOKKX AIEKTPOMArHUTHBIX 9KPaHOB THUIOB 1, 2, 3 (kpuBble 1, 2, 3 COOTBETCTBEHHO)
Fig. 2. Frequency dependences of the absorption coefficient of electromagnetic radiation
of flexible electromagnetic shields of types 1, 2, 3 (curves 1, 2, 3 respectively)

Kak BumHO U3 puc. 2, MakcuMalibHOE 3HaYeHHe kod3dduimenta noronienus IMU uccnenosan-
HBIX 00Pa3I0B THOKUX MEKTPOMAarHUTHBIX 9KpaHoB B auana3oHe 2—17 [T nocruraer exuunnst 0,77.
IIpu >TOM 00pasIbl AIEKTPOMATHUTHBIX dKPAHOB PA3IMYHBIX THIIOB 3aMETHO Pa3IMJArOTCs XapaKTe-
POM U TPOTSHKEHHOCTHIO d(D(PEKTUBHBIX TOJIOC ITOTJIOIICHUS, IO KOTOPHIMH ITOHUMAETCS AHAIa3oH
4acTOT CO 3Ha4eHHeM Koddduimenta noriomenus oonee 0,5 [8]. Hanbonee BhIpakeHHBIE MTOTIIONIA-
FOII[UE CBOMCTBA IEMOHCTPHUPYIOT 00pa3Iibl THOKUX 3JIEKTPOMATHUTHBIX KpaHoB Tuma 1. Mx addek-
TUBHBIC TI0JIOCHI COCTOSIT U3 OOJBIIOTO KOJIMYECTBA OT/CIBHBIX YYaCTKOB, CPEIU KOTOPBIX CaMbIMHU
MPOTSHKEHHBIMU U MHTCHCHUBHBIMU SIBJISIIOTCSL TUKK Ha 5,588-9,529 u 10,765-11,529 I'T'u. O0pasiis
THOKUX DICKTPOMArHUTHBIX DKPAHOB THIIA 2 B IIEJIOM OJIM3KU K oOpasiiaM Tuma 1 1o XxapaKTepucTuKaM,
0JHaKo UX 3(h(heKTUBHBIE TTOIOCH HECKOJIIEKO MEHEE BBIPAKEHBI U COCPEIOTOUEHBI MPENMYIIIECTBEHHO
B nuana3oHax 3,765-4,412 u 5,588-9,118 I'T'm. OOpa3ubl THOKKX IMEKTPOMATHUTHBIX YKPAHOB THIA 3
Pa3UTENBHO OTIIMYAIOTCS OT 00pa3noB TUmoB 1 u 2. JIns HUX HaOMIOIAeTCs TONBKO OJUH Yy4acToOK 3¢-
(bexrtuBHOTO TIOTIIONIEHUS B Juana3one 5,412-8,941 I'T1, a usMeHeHue KOAPPUIMEHTA TOIOIICHHS
MIPOUCXOAUT OOJIee TUIABHO, 0€3 PE3KO BhIPAXKEHHBIX CKauKoB. TakuM 00pa3oM, 1o 3(pPeKTUBHOCTH MO~
romenuss OMU Tumer 06pa3oB THOKUX JIEKTPOMATHUTHBIX YKPAHOB MOYKHO PACIIONIOKUTE B PSIIT CIe-
IyroIuM oopazom: turt 1 —Ttun 2—>Tum 3.

Cpennue 3HaueHus kodp¢uuueHta nomouieHuss MU B npenenax 3¢QeKTUBHONW MOIOCH IMO-
IJIOLICHUS JUIsi 00pa3IoB AIEKTPOMArHUTHBIX dKpaHoB TumoB 1, 2 u 3 cocrarmsror 0,61, 0,60 u 0,59
COOTBETCTBEHHO, YTO IMOJITBEPKIACT CACIAHHBIC pAaHEES BBHIBOJbI. BEPOsSTHO, HECKOJIILKO OOJIBINNN KO-
3¢ GUIUCHT MOINOIIeHUsT 00Pa3I0B THOKUX 3JICKTPOMArHUTHBIX SKPAHOB THIAa | 00YyCJIOBICH 0COOCH-
HOCTSIMH CTPYKTYpPBI TKaHU, KOTOpasi Oraromapsi CBOCH SMEUCTON CTPYKType (HOPMHPYET TOCTATOTHO
BBIPKEHHYIO CTPYKTYPHYIO HEOTHOPOTHOCTD 110 CPAaBHEHHUIO C CHHTETIOHOM, MTPOMTUTAHHBIM CMa3KOM.
UepenoBaHue y4acTKOB BOJIOKHA, BO3AyXa U CMa3KH CO37aeT OOJBIIOE YHCIIO JIOKABHBIX TPAHUIL pa3-
Jiena, U3-3a 4Ero SJICKTPOMArHUTHAsl BOJHA CHJIBHEE PACCEUBACTCSA U MPETEPIIEBACT MHOTOKPATHBIC
BHYTpeHHUE oTpakeHusi. OJTHOBPEMEHHO C 3TUM BOJIM3HM TKAHOW OCHOBBI CMa3Ka pacrpeiessieTcs 10-
CTaTOYHO PAaBHOMEPHO, (GOPMHPYS HEMPEPHIBHYIO MPOBOISIIYIO MPOCIONUKY, YTO TOTIOTHUTEIBHO YBE-
JTUYUBACT IMOTEPH HA MTOTIIOICHUE U3TyUeHUs. B ciydae CHHTETIOHA, HECMOTPS Ha €T0 PHIXIIYIO CTPYK-
TYpY, JOOUTBCS CTOJb K€ PABHOMEPHOTO paclpe/iesieHns CMa3KH ClloKHee, a ee AudQy3ns B 00beM
MaTepuaia He OKa3bIBaeT CYIIECTBEHHOTO IMOJIOKHUTEIHHOTO BIUSHUS Ha IKPAHUPYIOIINE CBOWMCTBA.
HakoHer1, 00pa3iibl 2JIEKTPOMArHUTHBIX PKPAHOB THIIA 3 TIPOJIEMOHCTPUPOBAIN CaMyHO HU3KYHO AP QeK-
TUBHOCTH M3 TPEX THUIIOB 00Pa3IOB, YTO CBA3aHO, CKOPEE BCETO, C U30BITOYHBIM COJICPIKAHUEM CMa3KH,
MIPU KOTOPOM OTPaKEHUE IIEKTPOMATHUTHOMN BOJIHBI CTAHOBUTCS MHTCHCUBHEE, BCICICTBUEC YETO JOIS
SHEPTUH, PACCCUBACMON U TTOTIIOIACMON B 00bEME MaTepraa, CHIKACTCS.

3aKIoueHue

1. B xozne nccnenoBannii yCTaHOBIICHO, YTO HAWIYUIITMMH dKPAHUPYIOIIMMHI CBOMCTBAMH 00JIagacT
CMa3Ka B ITacCTOO0Pa3HOM COCTOSHHH, B TO BpeMsI KaKk CMa3KH B a3pO30JIbHON popMe Ha OOJBITICH YacTH
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HCCIIETyeMOTO YaCTOTHOTO HalTa30Ha MPAKTUYECKH He TPOSBIITH YKPaHUPYIONINX CBOWMCTB. Mccieno-
BaHMsI 00pa30B rMOKUX IEKTPOMArHUTHBIX KPAHOB B BUIE MHOTOCIOHHBIX KOMIIO3UTOB B Ka4eCTBE
HAIOJIHUTENS TIOKa3ajld, YTO CaMbIM MEPCHEKTUBHBIM ISl MPAKTUUYECKOTO MPUMEHEHUS U3 PaccMOT-
PEHHBIX SKpaHOB SIBISIETCSl oOpasen Tuna 1, mponmuTaHHbIA TpadurtoBoit cMmaszkoir CIAM, MOCKOIBKY
OH 00ajan caMbIMH TPOTSDKEHHBIMH Y4acTKaMy d((GEKTHBHON MOJIOCHI TIONIOMIECHHUS B HAUOOJBIIINM
cpenHnM 3HaueHneM Kodddunmenta normomenus (0,61 otH. exm.). g mpakTHUeCKOTO TTPUMEHEHHS
XOPOIIIO MOXOUT 00pa3elr AeKTPOMarHUTHOTO DKpaHa THTIA 3, TaK KaK y Hero 0osee cTadMIIbHbIE 3HA-
YeHUs1 KO3 PULINEHTa NOMIOIEHHS B OTIIMYHE OT 00Pa3LOB IEKTPOMArHUTHBIX SKPaHOB TUIOB | 1 2,
y KOTOPBIX AaHHBIH KO3()(HUIIHEHT U3MEHSETCsl CKaYKOOOpas3Ho.

2. PazpaboraHHble THOKHE IEKTPOMArHUTHBIE SKPaHbI MIEPCIIEKTUBHBI [T M3TOTOBICHHS DKPaHOB
3aIUTHl TPUOOPOB AIEKTPOHHON TEXHHUKH, YYBCTBUTENIBHBIX K BO3IEHCTBHIO 3JIEKTPOMAarHUTHBIX I10-
Mex CBY-nmmama3oHa, a TakyKe MaTepHalioB /IS BUOPOAKyCTHYECKHUX CHCTEM 3allUThl WH(POPMAIINH.
Kpome Toro, oHE MOTYT OBITH MCIIOJB30BAHBI JUIS MTOJABICHUS AIIEKTPOMArHUTHBIX KaHAJIOB yTEUKH
nHGOPMALIH U CO31aHHsI O€33XOBBIX KaMmep.
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®U3NYECKUA THO®OPMUPOBAHHASI HEUPOHHAS CETh
JIJIsSI PEHIEHUSA YPABHEHUSI KOHBEKTUBHOMW JU®®Y3UU
B ITIPUPOJHBIX JUCITEPCHBIX CPEJAX

E. A. HUKOJIAEHKO, II. K. IITAJIbLKEBUY

Medicoynapoonulii cocydapcmeennbiil sxonoeudeckuti uncmumym umenu A. J. Caxaposa
benopyccrkoeo eocyoapcmeennoco ynusepcumema (Munck, Pecnybnuxa benapycs)

AnHoTanust. PaccMoTpeHo npuMeHeHne Gpu3ndecku HHPOPMUPOBAHHBIX HEMPOHHBIX CETEH ISl MOACIMPOBAHUS
MPOIECCOB MUTPALIUY 3arpsI3HSIOINNX BEIIECTB B IPUPOIHBIX JUCIIEPCHBIX cpenax. B kauyecTBe 0a30Boi MaTeMa-
THYECKOW MOJICIIH MCITOIh30BaJIOCh OMHOMEPHOE YpaBHEHNE KOHBEKTUBHON MH(Qy3UH, OMUCHIBAIOIIEE TIEPEHOC
BEIIECTBA 110 JACHCTBHEM aBCKTHBHBIX U AU((y3HOHHBIX MeXxaHU3MOB. [IpeIokeHa apXUTeKTypa HEHPOHHOM
CEeTH Ha OCHOBE MHOTOCJIOMHOIO MEpCEenTpOHa, MO3BOJIAIONIAs alPOKCHUMUPOBATh PELIEHUE B HEMPEPHIBHON
MIPOCTPAHCTBCHHO-BPEMEHHOW 00IacTH 6e3 HEOOXOAMMOCTH MTOCTPOCHHUS pacueTHOl ceTkn. OOydeHne Momenn
OCYIIECTBIIOCH IIyTeM MUHUMH3AINN (PyHKIIMU MOTEPh, BKIIOYAIONIEH HEBA3KY IU(HEPEHIINATIBHOTO YpaBHEe-
HUS, @ TAK)KE OTKJIOHCHHUS OT HAYaJIbHBIX M FPAHUYHBIX YCIOBHU. [1Jis1 00y4eHUs UCIIOIB30BATUCH KOJUIOKAIHOH-
HBIC TOYKH, TCHEPUPYEMbIe BHYTPH pacdeTHOH obiacTu. [IpoBeeHHbIC BEIYUCIUTEIBHBIC YKCIIEPHAMEHTHI ITOKa-
3aJM, 4TO pa3paboTaHHasi MOJIENb KOPPEKTHO BOCIIPOM3BOAUT OCHOBHBIE (pU3NUECKHe 3aKOHOMEPHOCTH Ipoliecca
nepeHoca, BKJIoUas CMEIEHUEe MaKCUMyMa KOHIIEHTPAIlMU BCJIEICTBUE aJBEKIMU U €ro CINIaKMBaHHUE 3a CUET
muddysun. [Tokazano, yTo mpuMeHeHNE PU3HISCKH HHYOPMUPOBAHHBIX HEHPOHHBIX CETeH 00SCIICUMBACT TTOITY-
YEeHUE IVIaJIKOT0, YCTOWYMBOTO U (PU3MUECKH COIIACOBAHHOTO PEISHHMs 1aXKe TIPH OrPaHMYCHHOM 00beMe MCXO/I-
HOM nHpopMaruu. OTMEYEHBI IIPEUMYIIECTBA METO/IA, CBSI3aHHBIC C OTCYTCTBUEM HEOOXOIUMOCTHU B 00YYArOIINX
JAHHBIX ¥ BO3MOYKHOCTBIO pabOTHI B 00JIACTSIX CIIOKHOM TCOMETPHH.

KiioueBble ciioBa: HEHPOHHBIE CeTH, (U3MYECKH HHPOPMHUPOBAHHBIE HEHPOHHBIE CETH, KOHBEKTUBHAsS (Y-
3us1, QyHKIUS TOTEPh, MOJICIIMPOBAHKE 3aTrPSI3HAIOMINX BEIIECTB.

KonpaukTt untepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Joas uutupoBanusi. Hukonaenko, E. A. ®usnyeckn nHGpopMHUpOBaHHAs HEHPOHHAS CETh JUISl PEIICHHs ypaB-
HEHHsl KOHBEKTHBHOW an(Qy3un B MpUpOnHBIX anucnepcHbix cpenax / E. A. Hukonmaenko, 1. K. IlanskeBuy //
Hoxmanst BI'YHWP. 2026. T. 24, Ne 3. C. 69-76. http://dx.doi.org/10.35596/1729-7648-2026-24-3-69-76.

A PHYSICALLY INFORMED NEURAL NETWORK FOR SOLVING
THE CONVECTIVE DIFFUSION EQUATION IN NATURAL DISPERSED MEDIA

EKATERINA NIKOLAENKO, PAVEL SHALKEVICH

International Sakharov Environmental Institute of Belarusian State University (Minsk, Republic of Belarus)

Abstract. This paper examines the application of physically informed neural networks to modeling pollutant
migration processes in natural dispersed media. A one-dimensional convective diffusion equation describing sub-
stance transport under the influence of advective and diffusion mechanisms was used as the basic mathematical
model. A neural network architecture based on a multilayer perceptron is proposed, enabling the approxima-
tion of the solution in a continuous spatiotemporal domain without the need to construct a computational grid.
The model was trained by minimizing the loss function, which includes the residual of the differential equation,
as well as deviations from the initial and boundary conditions. Collocation points generated within the computa-
tional domain were used for training. Computational experiments demonstrated that the developed model correctly
reproduces the fundamental physical laws of the transport process, including the shift of the maximum concen-
tration due to advection and its smoothing due to diffusion. It is demonstrated that the use of physically informed
neural networks ensures a smooth, stable, and physically consistent solution even with a limited amount of initial
information. The advantages of the method are noted, which include the absence of the need for training data
and the ability to work in areas of complex geometry.
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BBenenue

KommbroTepHOE MOJIEIIMPOBAHNE CIOKHBIX (PU3MYECKUX MPOIIECCOB TO3BOJISIET MPOBOJIUTH aHAIIN3
1 OCYIIECTBIIATH MPOTHO3UPOBAHNE TTEPEHOCA 3arPSI3HSAIONINX BEMIECTB B MPUPOIHBIX JUCTIEPCHBIX Cpe-
JlaxX MpH ITUPOKOM BapbUPOBAHUH ITPOCTPAHCTBEHHO-BPEMEHHBIX ITaPaMETPOB, KITMMATHYECKUX U TH/I-
pornornueckux ¢axropos [1]. B HacTosmee Bpems pa3paboTaHO 3HAYUTEIFHOE YHCIIO MaTeMaTHdec-
KHX MOJIENeH, KOTopble ObUIM pealn30BaHbl B paMKax MPOTrPaMMHOTO OOecreueH s, MO3BOJISIONIETO
IIPOTHO3MPOBATh MUTPAIUIO 3aTrPSA3HAIONINX BEIIECTB B MPHUPOAHBIX AUCIEPCHBIX CPEAax, K KOTOPHIM
oTHOCHUTCS 1ouBa. OHAKO MPUMEHEHHE CYIIECTBYIOIINX MOJEIEeH COMPSHIKEHO C PAIOM TPYIHOCTEH,
00yCJIOBIEHHBIX KaK (PM3MKO-XUMHUECKHUMH OCOOCHHOCTSIMH TTOYB, TaK M METOAOJIOTHUIECKUMHU OTpa-
HUYCHUSIMU YUCIIEHHBIX METOJIOB [2].

OnHa U3 KJII0YEBBIX MPOOIEM — reTeporeHHOCTh MOYBEHHOM cpenbl. 11ouBbI 00MamatoT CIOKHON
CTPYKTYpOH, BKITIOHAIOIIEHl TOPUCTOCTh, TPAHYJIOMETPHUUECKUIA COCTAaB U MUHEPAJIOTHIO, KOTOPBIE MO-
I'YT 3HAUUTEJIbHO BapbUPOBAThCA Jake Ha HEOONbINNX ydacTkax. CyIliecTBYyIOIMe MOAETH, KaK Tpa-
BHJIO, YTPOINAIOT 3Ty CTPYKTYpPY, YTO TMPUBOIUT K CHI)KEHHIO TOYHOCTH MPOrHO30B. Kpome ToTO,
Ha TOYHOCTH MPOTHO3MPOBAHHSA BIHMSIET HEOTPEICICHHOCTh BO BXOIHBIX Habopax maHHbIX. [lomydenne
TOYHBIX 3HAUCHUI BEJIMYWH, TAKUX Kak KodhduuueHTs! nuddy3un, mapaMmeTpbl coOpOInH, BIaKHOCTh
U TeMIIepaTypa, IPeACTaBIsIeT COO0 CIOKHYIO U TPYILOEMKYIO 3a7aqy. B CBsI3U ¢ 3TUM 4acTo UCTIONB3Y-
I0TCS YCPEAHEHHBIE UM OLIEHOYHbIE JAHHBIE, YTO HETaTUBHO CKa3bIBAETCS HA JIOCTOBEPHOCTH PE3YIIb-
TaToB MojienupoBanus. Kpome Toro, mporeccsl MUTpaIiiy 3arpsA3HAIONINX BEIIECTB 3aBUCAT OT XUMU-
YECKUX PEeaKIfii, 0MOoIornyecKknx TpancGpopMalnii, KamuUIIPHBIX U TPABUTAIIMOHHBIX TOTOKOB, a TaK-
K€ OT TeMIIepaTypHBIX TpaareHToB. OHOBPEMEHHBIN y4YeT BceX 3THX (DaKTOPOB TPH MOJEIUPOBAHUHT
TpeOyeT 3HAYMTEIHHBIX PECYPCOB NIaXKe NMpPU MPUMEHEHHH TEXHOJOTH NapajlielbHBIX BBIYUCICHUN
B pacyerax [3]. PemnTh gaHHyI0 MpoOiIeMy MOXKHO 3a CYET MOJEJIEH, MOCTPOCHHBIX C HCIIOIb30BAHM-
€M HeHpOoCeTeBbIX TEXHOJIOIMH. 3HAUUTENbHbIE BEIYMCINUTENbHbBIE PECYPCHI ISl HEHPOCETEBBIX MOJie-
Jeii TpeOyIoTCs, Kak MpaBwiIo, Ha CTaiK 00y4YeHHs, HO IPOTHO3UPOBAHKE MPH ITOMOIIHN yKE 00yUeH-
HBIX MOJIeTIel 0COOBIX BBIYMCIUTENBHBIX PECYPCOB HE TPEOYeTCs M MOKET OBITH BBITOJHEHO OBICTPO
Ha OOBIYHOM TIEPCOHATHLHOM KoMIbIoTepe [1].

K mpeumymiecTBam HelipoceTeBhIX MOJIENIEH MOYKHO OTHECTH UX CITIOCOOHOCTH K Y4E€Ty MHOXKECTBA
(hakTOpOB, TaKMX KaK (PU3MKO-XMMHUYECKHE CBOWMCTBA MPUPOJHOH Cpeabl, penbed M KINMaTHYeCKUe
ycnoBus. OJJHaKO CYIIECTBYIOIINE MOAXOABI MOAETUPOBAHMS PACIpPOCTPAHEHHsI 3arpsi3HAIOLINX Be-
mectB [1-3] UMEIOT psiJi HEJIOCTATKOB, CBSI3aHHBIX B MEPBYIO OYEPE/b CO CIIOKHOCTBIO Tpoliecca o0y-
YEHHsI CeTH TpU y4deTe OonbIIoro yucia (akropoB. Pa3BuTre Taknx Moneseil B HalpaBJIeHWH ydeTa
TPEXMEPHOTO XapakTepa MOJIEIUPYEMBIX TPOIECCOB MOTPeOyeT He TONBKO HMCITOIB30BAHMS OONBIINX
BBIYHCIUTEIBHBIX PECYPCOB, HO ¥ 3HAYUTEIBHOTO TIEPEeCTPOCHUsT caMux Mojeneld. [loaTtomy aktyans-
HOM SIBISETCS 3a/ada pa3pabOTKH TaKOH HEHPOCETEeBOM MOJETH, KOTOpas IMPU CPaBHHUTEILHON MpOC-
TOTe O0OyueHHs OyleT YYHTHIBaTh JOCTATOYHOE JUIS TPEXMEPHOTO MPOTHO3WPOBAHHMS 3arps3HSIOUINX
BEIIIECTB B MPUPOJHBIX AUCIEPCHBIX CPEAax YUCIO BXOIHBIX MapameTpoB. Pemars 3Ty 3agady npezia-
raercs 3a cueT pa3paboTku Gpusudeckn nHhopmupoBanHoi Heiponnoi cetu (PUHC) [4].

i monTBepkaeHns pabOTOCTIOCOOHOCTH MPENIaraeMoro MMoXo/1a U OIIEHKH er0 TPUMEHHMOCTH
K 3aJ1a4aM MOJEITUPOBAHHSI TIEPEHOCA 3arPS3HSIOIINX BEIIECTB B HACTOSIIIEH cTaThe Oy/IeT paccMOTpeHa
3aa4a MOAETMPOBAHUSI OMHOMEPHOTo Iu(Qy3noHHOro mporecca. Beidop Takoi 3amaun 00ycioBieH
ee (hyHAaMEHTAJIBHBIM XapaKTepOM U HAIWYMEM aHAIUTHYECKUX PEHICHHUH, YTO TO3BOJSET MPOBECTH
KOPPEKTHYIO BaJIMAAINIO pa3pabOTaHHOW MOJENH M KOJIMYECTBEHHO OLIEHUTh TOYHOCTDH MOTYUYEHHBIX
B IIPOIIECCE UCCIIEAOBAHUH PE3YIbTaTOB. JTH PE3YNBTAThI, B CBOIO OY€PE/lb, TOCITYKaT OCHOBOM IS TTO-
CIIEIYIOIIETO PACIIMpPEHHs] MOJIENI Ha 0oJiee CIOKHBIE MHOTOMEpHBIE 3a/1a4H, YIUTHIBAIOIINE T€TEPO-
TeHHOCTh M HeJIMHEHHBIC 2PPEKTHI, XapaKTEPHbIE [T IPUPOTHBIX TUCTIEPCHBIX CPE]I.
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IIpuMeHeHHe HePOHHBIX ceTell B 3a1a4aX MUTPAIIMH 3arPSA3HSIONINX BellecTB
B IPUPOIHBIX JHCIEPCHBIX cpeaax

Hcnonb3oBanne HEHPOCETEBBIX TEXHOJIOTHH TMPH MOAEIMPOBAHWH MHTPAIMN 3arps3HAIONINX Be-
IECTB B MPUPOIHBIX TUCIIEPCHBIX Cpeaax 00yCIOBICHO UX CIIOCOOHOCTHIO A(h(HEKTHBHO anmpOKCHMHUPO-
BaTh CIIOKHBIC HEJIMHEHHBIC 3aBUCUMOCTH MEXIy MapaMeTpaMU CPelibl U XapaKTePUCTUKAMU PacIpoCT-
paHeHHus 3arpsi3HATENCH. B 3aBUCHMOCTH OT CTPYKTYpbI BXOIHBIX JaHHBIX HCIONB3YIOTCS Pa3IMYHbIC
ApXHUTEKTYPbl HEWPOHHBIX CETeH, BKIIOUask MHOTOCIOWHBIE riepcentporbl (MII), cBepTouHbIe HEHpOH-
weie cetn (CHC) u pexyppentnbie Heripornbie cetn (PHC) [5]. Ocoboe mecTo B 3T0i 00acTn 3aHIMA-
0T ®UHC. Oco0eHHOCTEIO X TPUMEHEHUS SIBISIETCS TO, YTO B KAYECTBE 0a30BOM MOJIEIIA MOYKET UCTIONb-
30BaThCsl IPAKTUUECKH JII00ast apXuTekTypa HeliponHo# cetH, Bkirodas MIT, CHC u PHC. Dto obecrne-
YHMBaeT BHICOKYIO THOKOCTB MPH MOCTPOCHUH Mozesneil u no3sossieT aaantuposat PMHC k paznuusbiM
THUIIaM BXOAHBIX JaHHBIX U MOcTaHOBKaM 3anad. [Ipu stom ximoueBoe ommmune ®PUHC — Bo3MoxHOCTH
BKJIIOUCHUS YIPABISIOMUX U depeHInanbHbIX ypaBHEHUM, OMUCHIBAIOLIMX MIPOLECCH MIepeHoca 3a-
IPA3HSIOIINX BEIIECTB, HEMOCPEACTBEHHO B (DYHKIMIO TOTEPh. Takoi MOAX0/] O3BOJISIET YUUTHIBATH (PH-
3MYECKHE 3aKOHOMEPHOCTH HAPSTY C AIMINPUYECKUMH JAaHHBIMH, YTO 0COOEHHO BaXKHO IS TIPUPOIHBIX
JIICTIEPCHBIX CpeJl, XapaKTepU3YIOIIMXCS BBICOKOM CTETIEHbIO HEONPEIEIeHHOCTH TapamMeTpos [4].

[IpuMeHeHne HEWPOHHBIX CETel, yUUTHIBAIOUINX (U3NUECKUE NPUHIIMITBI, B 3aJa4aX MOJACIHPOBa-
HUSI MUTPALMU IOYBEHHBIX 3arPSI3HEHUH OTPaskaeT MePexo/l OT IMIMPUIECKUX MOAEIIEH THIIA «YePHBII
SIUK» K MOJEISIM THIIA «CEPBIH ALIMK», B KOTOPBIX (PyHIAMEHTAIbHbIE 3aKOHBI COXPAHEHHUS! MaCChl
1 UMITYJIbCA UHTETPUPYIOTCSL HEMOCPEICTBEHHO B Ipouecc 00yueHus. OQHUM U3 KIIFOYEBBIX NIPEUMY-
HIECTB JJAHHOTO IMOJXO/Ia SBISIETCS BOBMOXKHOCTD 3()(EKTHBHOTO pellieHHs 00paTHBIX 3a/1ad, BKITIOUast
oIpe/ieNieHHe HEM3BECTHHIX KOA(PPUIMEHTOB (UIBTpaLuU, TApaMETPOB COPOLIMU U CKOPOCTEH XHUMU-
YECKHUX PEaKIMi Ha OCHOBE Pa3pe)KEHHBIX H 3aIIyMJICHHBIX JaHHBIX, YTO 3aTPYAHUTEIBHO IPU HCIIONb-
30BaHMHU KJIACCMYECKUX YMCIICHHBIX METOAOB [6, 7]. B paMkax pemieHus npsMbIX 3a7ad TaKue MOJe-
T IPUMEHSIOTCS Il PACTOJIKOBaHUS (DMIIBTPALIMOHHBIX IIPOLIECCOB Ha OCHOBE ypaBHeHUs Puuapica,
a TaK)Ke [1ePEHOCa PACTBOPEHHBIX BEIIECTB, ONUCHIBAEMOTO YPaBHEHUEM aABEKIUU—IU(dy3ur—peax-
. [Ipu 5TOM 0OecrieunBaroTCsl BBICOKAs TOYHOCTh M (pU3HYecKast COIIaCOBAHHOCTh TIPOTHO30B JTaKe
[IpU OTPaHHUYEHHOM 00beMe BXOJHOH nH(popmaruu [6].

[IpakTuueckas ampodanusi pusndecky HHPOPMUPOBAHHBIX HEHPOHHBIX CETEH Ha pealbHBIX 00b-
€KTax, BKIIIOYasi MPOMBIIIJICHHBIC IJIOLIAIKH, [TOKa3ajJa uxX 0oJyiee BHICOKYIO TOUHOCTh IO CPaBHEHUIO
C TPaAULMOHHBIMY METOAMH, TAKUMH KaK KPUTMHI U JIMHEHHAs perpeccus, Ipu pPeLIeHuH 3a1a4d Kap-
TUPOBAHUS 3arps3HEHUN He()TENPOTYKTaMH U TSDKEJIBIME MeTauiaMu [8]. AHaNOTHYHbBIE PEe3yNbTaThl
NOJTy4eHbl TIPU MOJIEIMPOBAHUHU TIEPEHOCAa MUKPOIUIACTHKA B PEYHBIX CHCTEMaX M MUTPALMU HUTpA-
TOB Ha CEJIbCKOXO3SMCTBEHHBIX TeppuTopusax. JlonomuurensHsiM npeumyiiectsom OUHC sapnsercs
ux OecceTouHasi NpUpo/a, MO3BOJISIONIAs M30€KaTh BEIYMCIUTEIBHBIX CIOKHOCTEH, CBA3aHHBIX C IO-
CTPOCHHEM PacuyeTHBIX CETOK IJIsi 00JacTeil co CI0KHON reOMETpHUEHl, UTo AesaeT ux nmpuMeHeHue 3¢-
(heKTUBHBIM IIPH MOAEIMPOBAHMH IIPOLIECCOB B IIPUPOAHBIX AUCHEPCHBIX CPelaxX, XapaKTePU3YOIIUXCs
BBICOKOM MTPOCTPAHCTBEHHOW HEOAHOPOIHOCTHIO.

Onucanue peHOMEHOJIOrMYECKOH Mo/eIH HAa 0cHOBe TH(¢epeHIHaTbHOI0 YPABHEHUS

VYpaBHEeHHE KOHBEKTUBHON MU Y3UH SBISIETCS OCHOBOM AJIs1 OOJIBITMHCTBA (DEHOMEHOIOTHYECKUX
MOJIeJIeH, OTMCHIBAIOIINX PACTIPOCTPAHEHHE 3arPSA3HSIONINX BEIIECTB B MPUPOIAHBIX JUCICPCHBIX Cpe-
nax [2]. B onHOMepHOM ciiydae ypaBHEHHE KOHBEKTUBHOU MU PYy3UH UMEET BUT

2
oc € _poc (1)
ot ox ox’
rae C(x, f) — KOHIEHTpALMs 3arpsA3HSIOIETO BEIIECTBA; X — MPOCTPAHCTBEHHAsI KOOPIUHATA; { — BPEMSI;
v — IIOCTOSIHHAS] CKOPOCTH cpenbl; D — kodddunmenT muddys3um.

Torna pacnpocTpaHeHHe KOHLEHTPALUH 3arPsA3HSIOIEr0 BEIIECTBA 10 OAHOM ocH OylIeT orpaHuye-
Ho ycnoBusimu x€[0, L], t€[0, T], tne L — muHA citost ouBkl; T — BpeMst MoaenupoBaHus. HauanpHas
KOHIICHTPALUS 3arps3HSIONICTO BEIIECTBA 33/1a€TCsI JJOKATbHBIM HCTOYHUKOM 3arps3HEHUsI

2
a%mzap—gl?L, ()
(e}

IJe X, — TOJOKEHHE MCTOYHHKA; G — TMapaMeTp, ONPeAeNsSIONniA MPOCTPAHCTBEHHYIO MIUPUHY HC-
TOYHHKA.
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['pannuHbIe yCIOBHS NPUMYT CICIYIOLIMN BUI:
C0,n=0,C(L,1=0. 3)

KiroueBas naes ®UHC 3axmtodaeTcst B TOM, 4TO HEHpOHHasI ceTh He 00ydaeTcsl Ha JaHHBIX, a MU-
HUMHU3HPYET HEBS3KY AH((epeHIMaIbHOTO YPaBHEHUS B YACTHBIX MPOU3BOAHBIX C YCIOBUEM ITOJTHOTO
coOmroeHnst PU3NUECKUX 3aKOHOB.

ApxurekTtypa ¢pusudecky HHGOPMHUPOBAHHBIX HEHPOHHBIX ceTeil

[ockonbky muddepennuanpHoe ypaBHeHue (1) pemmaeTcss B HENPEPHIBHOM IMPOCTPAHCTBE MPHU
OTCYTCTBUHU PETYIIIPHOI CETKH, B KauecTBe OCHOBHOM apxurekrypsl ®PUHC ontumaibHO MCIONB30-
BaTh IMOJHOCBS3HYIO0 HelpoHHYI0 ceTh — MII [5]. Takoit BEIOOp 00YCIOBICH TEM, YTO MOJHOCBSI3HBIC
CeTH O0JIaZaf0T CBOMCTBOM YHHMBEPCAIBHOM alpOKCHMAIUK HEMPEPBIBHBIX (DYHKINN; 3TO MO3BOJIS-
eT 2 PeKTUBHO TPHOIIIKATE pEIICHNE ypaBHCHHS KOHBEKTHBHOW muddy3um B MPOCTPAHCTBEHHO-
BpeMeHHO o0nactu. Kpome toro, ucnosb3oanue MII obecrieunBaeT 10CTAaTOUHYIO THOKOCTh MOJICITH
[IPU OTHOCHUTEIIBHO MPOCTON apXUTEKTYpe, 4YT0 0COOEHHO BaxkHO B 3anadax GUHC.

Pa3paboTtanHas HeipoHHAs CETh BKIIIOYAET TPHU CKPBITHIX CJIOS 1o 64 HEWpoHa B Ka)JIOM, UTO
oOecrieunBaeT OaxaHc MEXIY TOYHOCTBIO alPOKCHMAIMH ¥ BBIYHCIUTEIBHON CIOKHOCTBIO MOJICIH.
[Tapamerpst cetu O(W, b) 3anarorcst MaTpuiamMu BecoBbiX kodddunmeHToB W U BEKTOpaMu CMellle-
Huii b. B xauecTBe (QyHKIIMN aKTUBAIINH UCIIONIB3YETCs TUTIEPOOTMUECKIi TaHTeHE, 00eCTIeYnBaTONTNI
TJIIAAKOCTh aHHpOKCI/IMI/IpyeMOI\/'I q)YHKHI/II/I 1 €€ NPOMU3BOJHBIX, UTO ABJIACTCSA MPUHIUNINAIBHO Ba’)KHBIM
MIPY BBIYHUCICHUN AU PEepEeHITNATBHBIX OMEPATOPOB.

Ha BXon ceTn moparoTces IBe BEIUYMHBI — IPOCTPAHCTBEHHAS KOOPIMHATA X U BPEMS £, HA BBIXOJE
[0JTy4aeM armpoKCUMHUpPOBaHHOE 3HadeHne KoHueHTpauuu C(x,7). JlaHHas anmpoKcUMAaIus UCIOb-
3yeTcs JUUIsl BBIYUCIICHUS IPOU3BOHBIX 110 TPOCTPAHCTBY M BPEMEHH C TIPUMEHEHHEM aBTOMATUYECKO-
ro muddepenpoBanns. Ha ocHOBe 3THX POU3BOAHBIX (POpMHpPYETCS HeBs3Ka MH(hepeHIInaTbHOTO
ypaBHeHus (1), XxapakTepu3yrolas CTeleHb OTKJIOHEHHS MPEICKa3aHus CEeTH OT (PU3MUYSCKON MOICITH
mpoliecca nepeHoca 3arps3HsIoLIero BelecTBa.

B xadecTBe s3b1Ka IporpammupoBanus s cozHanmst PYHC 6wt Be1Opan Python. OcHoBHas pe-
anu3anms CETH BBINOJIHIIACH ¢ UCHONb30oBaHueM Oubnnoreku PyTorch. Crpykrypa pa3paboraHHOM
OUHC npexacrasnena Ha puc. 1.

OCHOBHOW BITOK ®UHC

MOArOTOBKA (MHOTOCTIONHbIN NEPCenTPOH) SYHKLMA MOTEPb
BXOOHbIX JAHHbIX

CkpbITble crioun
Brok
WHnumanusauus 0
aBTOMaTU4ECKOro

9 = {lebly - Wi, bL}
anddepeHunpoBaHnst
KOJ'IﬂOKaLlMOHHbIe \ / \ /

Toui TN aC aC 92C
o ISR 0

frlf , O §\"\‘f",{// .\\“;‘:";,/4’. @ at ) a:l) 2 (9(1}2

S SIS % .’:.'.
S 20K /) R\
HauanbHble \\ e j/t'b‘t\\% O l///m’\\\ ®
‘\ SELESC O SHINY . \ 4
ycnosua ),_'6\\&" ,””4‘\\\ BleOﬂHOVl
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(4, 0) BxogHoit O HSX O FSX O croi
s o 2> \\\V// =\ 5 ypaBHEHUs
ac  aC 82C
paHnyHble Cnoit 1 Cnoit 2 Cnoit 3 R(z,t) = 5 + Yo D——
YCHOBIA | 64 HellpoHa 64 HeilpoHa 64 HeilpoHa | t v oz
L
(0, the) (Lytoe) \ AktuBauvsi Tanh /
NN(z,t,0) v v

Bbluncnerne gyHKUMM noTepb

0
OGHoBNEeHNe napameTpoB OMTYMMU3ATOP

Adam

PDE Residual IC Conditional BC Conditional
Loss Loss Loss

L= % SR + 3 [(0(a,0) ~ Co(@)?] + - 3 [0(0,0) — O(L 1]

\S

Puc. 1. Cxema pusndeckn HHPOPMHUPOBAHHBIX HEUPOHHBIX CETEH
JUISL pEILICHUS] YpaBHEHUsI KOHBEKTUBHOM muddy3nn
Fig. 1. A physically informed neural network scheme for solving the convective diffusion equation
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Boruuciienue GyHKIuH N0TEPH

KitoueBbim anementom @UHC siBisierest GyHKIMS 10TEpb, onpeaestonias 3p(HeKTHBHOCTh MPo-
1ecca o0y4YeHHs M KQ4eCTBO MOJy4aeMOro pelieHus. B oTinune ot KiiacCHueCKux HEHMpPOCETEBhIX MO-
JIeNIeH, TJIe MUHUMU3UpYyEeTCs oliOKa Ha 00yJaroiei BRIOOPKe, B pa3pab0TaHHOM HEMPOHHOM CETH MU-
HUMU3UPYIOTCS HEBsI3Ka MU(D(HepeHIINaIbHOTO YPaBHEHUS M OTKJIOHEHUS OT Ha4aJbHBIX M TPAHHYHBIX
ycnoBuil. Takum o0pazom, GyHKIUS TOTEph POPMHUPYETCS KaKk CyMMa HECKOJIBKHX COCTaBIISIONINX,
Ka)KIast U3 KOTOPBIX OTPayKaeT BHITIOJTHEHNE COOTBETCTBYIOMUX (DU3MUECKHAX TPEOOBaAHMIA:

L = Lopp+ Lic+ Ly, 4)

rne Lppp — HeBsaska quddepennnanbaoro ypaBueHus; L, Lz — OmUOKa BBINIOTHEHUS HadalbHBIX
U TPAHUYHBIX YCJIOBUH COOTBETCTBEHHO.

B paspaborannoiit ®MHC He ocymiecTsisercs siBHOE YUCIECHHOE pelnieHne auddepeHnaaIbHoro
YpaBHCHUA. BwmecTo 3TOro BBITIOJIHSAETCS MHUHHUMU3ALUA HEBA3KU YPABHCHUA B KOJUIOKAITMOHHBLIX TOY-
kax N, pacueTHOl oOnactu. Takke JONOIHUTEILHO MUHUMU3UPYIOTCS OTKJIOHEHHS OT HAYaJIbHBIX Nc
U TPaHUYHBIX Np- YCIOBHM.

HeiipoHHast ceTb anmpoOKCUMHUPYET 3HAYCHUE KOHLEHTPALMH, BBIUUCIAA 3HAUEHMS NPOU3BOJHBIX
gepe3 apromMarndeckoe auddepeHupoBanre, u GopMUpYeT HEBSI3KY R(x, ¢), KOTOpasi IPH UACATHHOM
peleHny paBHa Hymo. HeBsi3ka paccuutbiBaercs 1o Gopmyre

oC oC _0°C

R(x,t)=—+v—-D——. 5
(x,1) 2 . o Q)
Taxum 00pasoM, Lppy OYIET ONPENETATHCS U3 BBIPAKEHHS
1 Y
Lppk :_ZR(xi’ti)z' (6)
N, 3

AHAJIOTHYHBIM 00pa30M pacCUMTHIBAIOTCS 3HAUCHHs (DYHKIMH MOTEPh U HaYadbHBIX M IpaHHY-
HBIX YCJIOBHH:

Nic
Ly =NLZ(C()@.,0)_C0 (xi))z; (7)
IC i=1
1 & 2 2
Loc =—— 2| (0.4 ~C(L.0) ] (8)
BC i=l

Urorosas ¢pyHKIMs OTEph B 001IeM Bue OyleT BBINISACTh CACAYIOUIMM 00pa3oM:

1 1 1
L= NZ[R]Z + EZ[(C(LO) - Co(x))z} + WZ[C(OJV —C(L,1)* } )

O0yuenne ¢pusnyeckn HHGPOPMUPOBAHHBIX HEHPOHHBIX ceTeil
AJ1s1 MOJIeJTHPOBAHUSI OHOMEPHOIO PACIPOCTPAHEHMS 3ar PS3HSIOIIMX BellecTB

Ha mavansaOM dTame gopmupyeTcss HaOOp TOYEK TPEeX THIIOB, UCIOIB3YEMBIX B MpoIecce olydue-
HHUSL: KOJUIOKAIIMOHHBIE TOUKHM BHYTPH 001acTth Ny — (X5 #); TOYKM HAYaJIbHBIX YCIOBUH Njc — (X, 0);
TOYKU TPaHUYHBIX YCIOBUU Ny — (0, t,.) 1 (L, t;.). B 00yuenun ®UHC He UCMONB3yIOTCS TPUBBIY-

HBIE o0ydJaromie HaOopbl JaHHBIX. OOyUeHHE CTPOUTCS Ta IMOUCKE TaKoW (PyHKIINU C (x,t), xoTopas
YIOBIETBOPSIET AU PEPEHINATEHOMY YPaBHEHUIO BO BCEH 00IaCTH W CTPOTO COOTIONACT HadaIbHBIC
U rpaHuyHble ycinoBus. OOydeHne NPOXOAUT MO CIy4alHbIM TOUYKaM BHYTpH obOiactu. IIpu 3Tom Koi-
JIOKAIIHOHHbIE TOUYKH PACHOIOKEeHbI BHYTpH obnacteit xe(0, L), t€ (0, T), TOUKM AJISl HAYAIBHBIX YCIIO-
BUH — Ha uHUHK ¢ = 0, a JUIs TPAaHUYHBIX YCIOBHMA — Ha THHUAX X = 0, x = L. B kaxm0ii smoxe o0y4eHust
TOYKHU T€HEPUPYIOTCS 3aHOBO.

Kaxxmas smoxa (mar) oOydeHUs] COCTOMT M3 HIECTH 3TAIlOB: T€HEPalnsl KOJUIOKAITMOHHBIX TOYEK;

y - oC oC o°C
IpIMOM 1Ipoxoz cety, rae Berancisiercst C(x,7); BBIYUCICHUE IPOU3BOAHBIX ——,——,——-; BBIYACIIC-
ot Ox oOx

HHE (YHKIHMH TTOTEePh; 00paTHOE PacIpOCTpaHEHUE, IIie BEIUUCISETCS —; OOHOBIICHHE ITapaMeTpOB
cetH (onrTuMu3anus) o anroputmy Adam [9]. 0
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Pe3ynbTaThl Heciei0BaHUil U X 00CYKIeHHe

D¢ pexTHBHOCTD pabOTHI CETH OLEHMUBANACH IO pe3yibTaraM mpoxokaeHus 5000 snox oOyueHws.
B kaxnoii snoxe remepuposanuch To4ku Beibopku: Ny = 1000, N = 2000, Ny = 2000. HMctounuk
3arpsi3HEHHs pacriojaraicsi B koopaunare x, = 0,3 mupuHoit ¢ = 0,05. BxonHble 3Ha4eHus1 00Iactu
MOJENupoBaHus onpenesuiuch napamerpamu L =1, 7'=1,v=1u D =0,01. Bce napameTpsl npusene-
HEI B 0€3pa3MepHOM BHJIE, TTIOCKOILKY YpaBHEHNE KOHBEKTUBHOM muddy3nn 3ammucano B 6e3pa3mMepHoOit
(dbopme, TIOTyUEHHOH MyTeM HOPMUPOBKHU MPOCTPAHCTBEHHOW KOOPAWHATHI, BPEMEHH ¢ U KOHIICHTpa-
mu C OTHOCHUTENHHO XapaKTePHBIX MACIITa00B 33/1auu.

B mporiecce oOyuenus cetu odrree 3HaueHHE QYHKITUU TIOTEPh YMEHbITHIOCH ¢ 1,408e+00 Ha mep-
BBIX dTarax o0yueHust 10 3HaueHus 9,745e-03 Ha nocnenHux. AHaIU3 TIOTYYCHHBIX PEIICHUN TOKa3all,
YTO MOJIETTh KOPPEKTHO BOCTIPOM3BOJUT OCHOBHEIE (PH3MUECKHe 3aKOHOMEPHOCTH TIpoIiecca ImepeHoca.

B HavanbHBII MOMEHT BpEMEHH KOHIIEHTPAIMs UMEET BhIPAXKEHHBIN JIOKAIBHBII MaKCUMyM B 00-
JaCTH PACTIOJIOKCHUSI UCTOYHMKA 3arpsizHeHus. C TeueHHeM BpeMeHHM HaOIIOAAeTCsl CMEIICHUE MaK-
CUMyMa KOHIIEHTPAIIMU B HANPaBICHUN (PUIBTPAIIMOHHOTO MOTOKA, YTO COOTBETCTBYET aJIBEKTUBHOMY
MEPEHOCY BEIIECTBa B MOPUCTOH cpee. OIHOBPEMEHHO € OTHM HMPOHMCXOAMT MOCTEIIEHHOE PaclIupe-
HHUE MPOCTPAHCTBEHHOTO Mpoduiisi KOHIEeHTpauuu. JJanHblii aQdekr cBsi3an ¢ nudPy3noHHBIM Tepe-
pacnpeneneHreM BeIlecTBa, OMMChIBAEMbIM BTOPHIM MTPOU3BOIHBIM YICHOM ypaBHEHHs. B pe3ymbrare
MaKCHMaJIbHOE 3HAUCHHE KOHIICHTPAI[MH YMEHBINACTCS, a MPOPHIIb pacIpelielIeHHs CTAHOBUTCS OoJiee
CIJIQ)KEHHBIM.

[lomyueHHBIE BpEeMEHHBIE CpPe3bl paclpeneieHns KOHIEHTPAIMHA JIEMOHCTPHPYIOT IOCTETICHHOE
pacrpocTpaHeHHe 3arpsi3HeHUs BIOJIb paccMarpuBaeMoit oomacty. [1pu 3ToM coOmtoieHre TpaHHYHBIX
YCIOBUHM MPHUBOIUT K CHIKCHUIO KOHLIEHTPALMK BOJIM3H TPaHUL] 00JaCTH, YTO OTpa)kaeT OTCYTCTBUE
ITOCTYIUICHUS BEIIECTBA U3BHE.

Crnenyer orMeTHTh, uTo ipuMeHeHune Metona ®UHC maeT BOZMOKHOCTD MOTYYHUTH TIIAJIKOE pelie-
HUE BO Bcel 001aCTH MOZICIMPOBaHUsI 0e3 HEOOXOIUMOCTH HCIIOIb30BAHMS TPAJAUIHOHHBIX YUCICHHBIX
CXeM, OCHOBAaHHBIX Ha MPOCTPAHCTBEHHO-BPEMEHHOM AucKpeTu3anui. HeflporHas ceTh anmpokcuMu-
PYET pelIeHe KaK HelpephIBHY0 (DYHKIMIO KOOPJIUHATHI U BPEMEHH, UTO IMO3BOJISIET BEIYUCIISITH 3HAYC-
HUS KOHIIEHTPALMK B POU3BOJILHBIX TOUKaxX 001acTH. BMecTe ¢ TeM HY)KHO YUHTBIBaTh OCOOCHHOCTH
pa3paboTaHHON HEHpOHHOW ceTh. B 3amauax ¢ mpeoOiamanieM KOHBEKTUBHOTO ITEPEHOCA BO3MOXKHBI
TPYAHOCTH TPH ANMPOKCUMAIIUH PE3KUX (PPOHTOB KOHICHTPALIMH, YTO MOKET MPUBOJIUTH K CIIaKUBa-
HUIO Tpoduiis perieHus. TeM He MeHee NI paccMaTpUBaeMOro Cllydasi MOJIeb IEMOHCTPHPYET CTa-
OmTpHOE 1 (PU3NIECKHU COTIIACOBAHHOE TTIOBE/ICHNE.

Takum 00pazoM, NMPOBEICHHBIC BBIYMCIUTEIBHBIC YKCIIEPHUMEHTHI IOITBEPIKIAIOT BO3MOXKHOCTh
MIpUMEHEHUs PU3NdecKr HHPOPMHUPOBAHHBIX HEUPOHHBIX CETEH [T MOACITUPOBAHHSI ITPOIECCOB Tepe-
HOCA 3arpsI3HSAIONINX BEIIECTB B IOPUCTHIX cpeax. MeTom MoKeT OBITh pacIIupeH i1 00JIee CII0KHBIX
3aj1a4, BKIIOUAIOIINX PEaKIIMOHHBIC MPOLECChI, COPOIIUIO 3arpsi3HUTENICH B TIOUBE, a TAKKE MOJCITUPO-
BaHHUE B JIByX- M TpeXMepHbIX oOmactsax. Ha puc. 2 npeacrasned rpaguk u3MeHEHNs KOHIEHTPAIIUU
3arpsI3HSIONIETO BENIECTBA JUTSl PA3HBIX BPEMEHHBIX CPE30B MPH HAYaIbHOM TIOJIOKEHUH HCTOYHUKA 3a-
rpsizaenus x, = 0,3. ComtacHO PUCYHKY, IPH YBEITHICHUH BPEMEHH ¢ MAKCUMYM (DYHKIIUH CMEIIASTCs,
KpHUBasi CTAHOBUTCS 0OOJIee MOJIOT0MH, YTO COOTBETCTBYET (PU3NYECKUM 3aKOHOMEPHOCTSIM KOHBEKTUBHOMN

T hy3uu.

0 0,2 0,4 0,6 0,8 1,0
Bpewms ¢

Puc. 2. 3aBUCHMOCTH KOHIICHTPALIUHU 3aTrPSI3HSIONIETO BEIIECTBA OT BPEMEHHU
Fig. 2. Dependence of pollutant concentration on time
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3aKJIroueHue

1. PazpaboTana ¢usnuecku HHOOPMHUPOBAHHAS HEHPOHHASI CETh JIJIsl PEILICHNs] OJJTHOMEPHOTO YpaB-
HEHMs KOHBEKTHBHOW AM((Y3uM TpU MOJACIMPOBAHMH MPOLECCa MUTPALUH 3arPsA3HAIONINX BEIIECTB
B TIPUPOIHBIX THCIEPCHBIX cpenax. BeIOpaHBI apXuTekTypa HEHPOHHOW ceTH, (yHKIMS aKTHBALIUH
U aJTOPUTM ONTHMH3AIMH, 00CCIICUYMBAIOIINE YCTOHYNBOCTD Tpoliecca 00y4YeHusI U TpedyeMyro Tou-
HOCTB anmpoKCUMAIU{ PEIICHHS.

2. Iloka3aHbl IPEUMYIIECTBA 1 BO3MOXXHOCTH NPUMEHEHHS (U3HYeCKH MH)OPMUPOBAHHBIX HEH-
POHHBIX CETeH JUI MOICTTMPOBAHHMS 3arPSI3HSIONINX BEIECTB B MPUPOAHBIX TUCTIEPCHBIX cpeaax. Kimro-
4eBOl 0COOCHHOCTBIO MPEIOKEHHOTO MOAX0MA SIBIAETCS OTCYTCTBHE TPAJULUOHHOIO O00YyYarolero
Habopa nanHex. OOydeHne ceTh OCHOBaHO Ha moncke GyHKIH C(x, ), yIOBIETBOPSIONIEH ypaBHECHHIO
KOHBEKTHBHOH I (y31H NpH BHITIOIHEHUH HAYaIbHBIX M TPAHHYHBIX YCIOBHUH.

3. Ilomy4eHHBIE pe3yNbTaThl AEMOHCTPUPYIOT CIIOCOOHOCTh (PM3MYECKH HH(POPMUPOBAHHBIX HEW-
POHHBIX CETeH BOCIIPOM3BOIUTH OCHOBHBIC 3aKOHOMEPHOCTH IPOLECCOB KOHBEKTHBHOW IH(Dy3un
u obecneynBaTh (U3NUECKU COTNIACOBAHHBIC PEICHHS TIPU OTPaHUYEHHOM O00beMe MCXOJHON HHPOP-
Manuy. DTO MOATBEPKAAET HX MPUMEHHUMOCTD B 33/1a4aX YKOJIOTMIECKOTO MOJICITHPOBAHUS, T/I€ JOCTYII
K TOYHBIM JIAaHHBIM 4acTO OTPaHHYEH.

4. JlanpHeiiliee pa3BUTHE TPEIIOKEHHOTO MOAXOAA CBS3aHO C PACIIUPEHHEM MOJICTH Ha JIBY-
U TPEXMEpHBIE 33/1a4H, a TAKXKE C y4eTOM HEJTMHEHHBIX d((PEKTOB, BKIIOUAsi PEAKIIHOHHBIC POLIECCHI
1 COPOIIHIO 3arpsI3HSIONINX BellecTB. KpoMe Toro, nmepcreKTHBHBIM HANPABICHUEM SIBIISICTCS] HHTETPa-
s QU3MYecKy HH(POPMHUPOBAHHBIX HEHPOHHBIX CETEH C AKCIIEPUMEHTAIBLHBIMU U HAOMOaTeIbHBIMU
JAHHBIMH JIUTSI TTOBBIIICHUSI TOYHOCTH ITPOTHO3UPOBAHMS U PEIICHUS TIPHUKIIAJHBIX 3a/1ad4 MOHUTOPHHTA
OKpY’Karole cpebl.
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INTELLIGENT CT IMAGE ANALYSIS ALGORITHM
FOR 3D MODEL CONSTRUCTION

KANSTANTSIN KURACHKA, XUEMEI WANG, HUANHAI REN

Sukhoi State Technical University of Gomel (Gomel, Republic of Belarus)

Abstract. This paper presents an algorithm and associated software implementing a comprehensive computa-
tional pipeline based on the YOLOv8n-seg model (Ultralytics) for automated analysis of human lumbar spine
CT images, including localization of anatomical regions, segmentation and quantitative measurements of verteb-
rae, and 3D visualization. Geometric parameters (total lumbar spine height and segmental angles) are calculated
directly from segmentation masks and converted into physical units using the image resolution. This generates
an STL file that can be exported to third-party software (e.g., 3D Slicer) for 3D surface reconstruction. A critical
aspect of the developed approach is its emphasis on quantitative accuracy and reproducibility of results, rather than
solely on visualization: measurements obtained from masks translate the model output into clinically interpretable
metrics. This opens up opportunities for subsequent applications such as screening, patient stratification, and lon-
gitudinal studies.

Keywords: computed tomography, YOLOvVS, lumbar spine, deep learning, segmentation, geometric analysis,
3D visualization.
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AJITOPUTM UHTEJUIEKTYAJIbHOT'O AHAJIN3A KT-U30BPAKEHUI
JJIs1 HIOCTPOEHUA 3D-MOJAEJIN

K. C. KYPOUKA, CKOOMDBI BAHI, XYAHXAW PEH

Tomenvcruii eocyoapcmeennviil mexnuueckutl ynusepcumem umeru I1. O. Cyxozo
(I'omenw, Pecnyonuxa Benapycy)

AHHoTanusi. B cTarbe mpencTaBieHbl alrOPUTM M COOTBETCTBYIOLIME MPOrPAMMHBIC CPEACTBA, PECATU3YIOLIHNE
KOMILUICKCHBIN BBIYHUCIUTEIbHBIN KOHBEHep Ha ocHoBe moxenu YOLOv8n-seg (kommanus Ultralytics) mis aBro-
Maru3upoBaHHoro aHanuza KT-u300pakeHuil MosCHUYHOTO OT/IeNa TO3BOHOYHHKA YEI0BEKa, BKII0Yask JIOKaIH3a-
M0 aHATOMHYECKHUX 00JIACTel, CErMEHTAIMIO U KOJIMUECTBEHHbBIE N3MEPEHUSI II03BOHKOB, a TAK)KE TPEXMEPHYIO
BU3yanu3aluio. [Ipu 3TOM reoMeTpryeckie napaMeTpbl (00Ias BhICOTa MOSICHUYHOTO OTIeNa H CErMEHTapHBIC
YIJIbI) BBIYMCIISIIOTCSI HEMOCPEICTBEHHO HA OCHOBE CErMEHTAIIMOHHBIX MAaCOK M KOHBEPTHPYIOTCSl B pHU3NYECKUe
SIMHAIBI I3MEPEHHMS C UCTIONB30BaHUEM pa3pelieHus n3oopaxenus. B pesynsrare renepupyercs STL-daiin, ko-
TOPBI MOXET OBbITh IKCIIOPTUPOBAH B CTOPOHHEE IporpamMMHoe obecneuenue (Harmpumep, 3D Slicer) ms pe-
KOHCTPYKLMH TPEXMEPHOH MOBEPXHOCTH. KpUTHYECKH Ba)KHBIM aCIEKTOM pPa3pabOTaHHOIO MOAXOIa SBISETCS
AKICHT Ha KOJIMYECTBEHHON TOYHOCTH M BOCIPOM3BOAMMOCTH PE3YJIbTATOB, @ HE UCKIIIOUMTENIBLHO HAa BU3yajn3a-
LMK U3MEPEHUS, TOTydaeMble Ha OCHOBE MacOK, TPAHCIHPYIOT BBIXOIHbIC TAHHBIC MOJICITH B KIIMHUYECKH HHTEP-
NpeTHPyeMbIe MTOKa3aTeIn. ITO OTKPHIBACT BO3MOKHOCTH JUIS TIOCJIETYIOLIMX MPUIIOKEHHH, TAKUX KaK CKPUHHUHT,
cTpaTu(UKaLKs MALIUCHTOB U JOHTHTIOAHOE UCCIICIOBAHHUE.

KuroueBrble ciioBa: komnbrotepHas ToMorpadus, YOLOVS, noscHUYHBIN 0T/Je T03BOHOYHHKA, TITyOoKoe 00yye-
HHUE, CETMEHTALMsI, TEOMETPUIECKNI aHAIN3, TPEXMEpPHAs BU3yalu3anusl.

Kondaukt uHTEpecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBUHU KOH(IMKTAa HHTEPECOB.

Jas nurupoBanus. Kypouka, K. C. Anroputm uHTEIIeKTyansHoro ananmnza KT-m300pakeHuil s OCTPOSHHUs
3D-monenu / K. C. Kypouka, Croamait Banr, Xyanxaii Pen // [Joknanst BI'YUP. 2026. T. 24, Ne 3. C. 77-84. http:/
dx.doi.org/10.35596/1729-7648-2026-24-3-77-84.
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Introduction

Degenerative conditions of the lumbar spine, such as herniated discs, lumbar spinal stenosis, and ver-
tebral compression fractures (VCFs), are leading causes of lower back pain and functional impairment
worldwide, placing a heavy clinical burden on healthcare systems [1, 2]. The diagnosis, treatment plan-
ning, and prognostic assessment of these conditions rely heavily on the accurate interpretation of medi-
cal images such as computed tomography (CT) or magnetic resonance imaging (MRI) [3].

In clinical practice, the geometrical parameters of the spine, particularly lumbar lordosis (LL), ver-
tebral height, and segmental angles, are crucial for maintaining sagittal balance [4—6]. Studies have
shown that loss of LL angle is significantly associated with functional impairment and increased pain,
and is a key indicator for assessing spinal health and the effectiveness of surgical correction [7, 8].
Similarly, accurate measurement of vertebral body height is crucial for the diagnosis and classification
of VCFs, especially in patients with spinal trauma [8, 9]. However, traditional imaging assessment
methods rely on radiologists or orthopaedic surgeons manually measuring these parameters on two-
dimensional slices. This process is not only labor-intensive and time-consuming, but also suffers from
significant between- and within-observer variability due to differences in operator experience and sub-
jective judgment, thus affecting diagnostic consistency and the accuracy of surgical planning [3]. There-
fore, developing an automated, repeatable, and efficient quantitative analysis tool is of significant clini-
cal value for improving the diagnosis and treatment of spinal diseases.

To overcome the limitations of manual measurements, initial research explored automated methods
based on classical computer vision, including threshold-based segmentation, watershed algorithms,
and active contour models. While these approaches achieved some success under constrained condi-
tions, they are generally sensitive to image noise and lack the robustness to accommodate the spine’s
complex anatomy, significant inter-individual morphological variation, and prevalent artifacts
in CT imaging. Consequently, their generalization capability remains limited.

In recent years, deep learning (DL), particularly convolutional neural networks (CNN5s), has driven
revolutionary progress in medical image analysis [10]. Unlike traditional methods that rely on hand-
crafted features, DL models can autonomously learn hierarchical, task-relevant features directly from
large-scale data. This has led to superior performance in key tasks such as image segmentation, clas-
sification, and object detection [11]. Within spinal image analysis, DL has been extensively applied
across imaging modalities — including CT, MRI, and X-ray — achieving diagnostic accuracy that matches
or even surpasses that of human experts in specific domains [1].

In medical image semantic segmentation, U-Net and its derivative networks (Attention U-Net,
3D U-Net, etc.) have long been considered benchmark methods, mainly due to their encoder-decoder
structure and skip connections, which can simultaneously preserve high-resolution details and deep
semantics, thus achieving stable and precise segmentation results on tasks with fine anatomical boun-
daries, such as the spine [1]. In contrast, instance segmentation models like Mask R-CNN are geared
towards “multiple targets of the same type” scenarios, capable of distinguishing different vertebrae
such as L1, L2, and L3 within the same image. They are more suitable for tasks requiring vertebral-by-
vertebra measurement, ratio calculation, or lesion localization. In recent years, the two-stage stra-
tegy of “detection first, segmentation later” has been widely adopted in medical imaging. Its core idea
is to first use an efficient detector to lock the region of interest (ROI), and then run a more computatio-
nally intensive segmentation network within a smaller area to simultaneously reduce background inter-
ference and computational overhead. Within this framework, YOLOvVS8, with its high speed, anchor-free
architecture, and native support for segmentation branches, has become a suitable choice for building
lightweight, locally reproducible automated spinal CT analysis workflows.

This study focuses on the design and validation of an ROI-guided lumbar CT analysis pipeline
(LCAP) for lumbar spine CT analysis. The proposed LCAP integrates four linked stages: lumbar re-
gion localization, ROI-constrained vertebral segmentation, mask-derived geometric measurement,
and 3D reconstruction. In contrast to studies that primarily emphasize algorithm benchmarking, the pre-
sent work concentrates on process integration and practical translation, showing how routine CT data
can be transformed into structured quantitative indicators and visually interpretable 3D outputs within
a reproducible workflow. The main contribution of this study lies in the construction of a lightweight
and transparent analytical pathway based on publicly available data and open-source tools. By combi-
ning YOLOv8-based localization, mask-based morphometric analysis, and 3D visualization in a single
framework, the study provides a methodological template for lumbar CT quantification that is acces-

78



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 3 (2026) V.24, No 3 (2026)

sible, modular, and extensible. This design is intended not only to support proof-of-concept validation,
but also to facilitate future expansion toward larger cohorts, more advanced architectures, and clinically
oriented validation studies.

Research methods

The data for this study came from the publicly available training dataset of the VerSe 2019 Challenge,
a multi-center, multi-scanner benchmark dataset for vertebral segmentation and labelling. This dataset
was established to provide a standardized platform for evaluating and comparing spinal image analy-
sis algorithms. It contains multi-scanner CT (MDCT) scan images and segmentation masks for each
vertebra accurate to the voxel level, generated by a “human—machine” hybrid algorithm, providing
a high-quality gold standard for supervised learning. To validate this workflow, we randomly selected
CT scan data from 30 patients from the VerSe 2019 training set as the research cohort. This sample size
was considered sufficient for an exploratory study aiming to demonstrate the feasibility of the frame-
work and conduct preliminary comparisons of models.

All raw data were in 3D DICOM or NIfTI format. In the preprocessing stage, we converted
the 3D CT volume data of each patient into a series of 2D sagittal slices. To enhance the visibility of ske-
letal structures, intensity values of all images were normalized to the bone window through window
width/window level adjustments (e. g., window width 1500 HU, window level 300 HU). The frame-
work shown in Fig. 1 provides a schematic overview of the proposed ROI-guided LCAP. It summa-
rizes the main stages of the workflow, including CT preprocessing, YOLOv8-based lumbar localization,
vertebral segmentation within the detected ROI, and downstream quantitative and visualization tasks.

CT/DICOM Vertebra detection Segmentation
lumbar spine (YOLOV8) (U-Net / Mask R-CNN)

Geometric
measurements

(3D Slicer)

3D visualization}

Fig. 1. Flow chart of lumbar spine through-the-body CT analysis

In the actual implementation, geometric measurements and 3D visualization are both derived from
the segmentation masks obtained within the ROI. The role of YOLOVS is therefore to provide robust
anatomical localization and reduce irrelevant background before fine-grained analysis. This design im-
proves processing efficiency and supports a practical 2D slice-based workflow that can be reproduced
with open-source tools and extended in future studies.

In the first stage, the lumbar spine was examined using YOLOvS. Target detection is the initial
step in this process, aiming to quickly locate the lumbar spine region on the entire CT slice. We used
yolov8n-seg.pt provided by Ultralytics as the detection backbone. This model is small and fast, con-
sistent with our research’s vision of building a lightweight framework that can run locally. We fine-
tuned the model for approximately 100 epochs to output single-class detection results sufficient to cover
L1-L5 on sagittal lumbar spine slices. Considering that the model may generate multiple adjacent small
boxes on individual slices, we merged all detection boxes in the same slice, calculated their minimum
bounding rectangle as the final lumbar spine ROI, and then passed this ROI to the subsequent segmenta-
tion stage for fine vertebral delineation. The visualization of the results of the YOLOVS detection stage
is presented in Fig. 2.

In the second stage, segmentation of the vertebrae within the lumbar ROI was performed. Within
the lumbar ROI identified by YOLOVS, vertebral segmentation was performed to obtain masks suitable
for subsequent quantitative analysis and visualization. At this stage, two representative segmentation
paradigms were considered: semantic segmentation and instance segmentation. Representative results
of vertebral segmentation within the detected ROI are shown in Fig. 3.

U-Net was adopted as a representative semantic segmentation architecture. Owing to its encoder-
decoder design with skip connections, it effectively combines high-level semantic information with
low-level spatial details, thereby producing continuous and well-defined foreground regions in medical
images. In the present study, U-Net was trained as a binary segmentation model, in which all vertebral
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YOLOv8-seg prediction
+ postprocessed lumbar ROI

CT slice (z = 29) Reference mask (VerSe)

Fig. 2. Visualization of YOLOvVS detection phase results: a — original sagittal CT slice;
b — reference segmentation mask provided by the VerSe dataset; ¢ — initial detection bounding box (small green
rectangle) predicted by the YOLOvV8 model and the final lumbar ROI (large green rectangle)
generated by post-processing

YOLOvV8 + mask U-Net Mask R-CNN
Mask R—CNN /

a b c
Fig. 3. Results of vertebral segmentation within the detected ROI:
a —YOLOV8 detection bounding box superimposed on the reference mask; b — semantic segmentation creating
a continuous mask of vertebrae; ¢ — segmentation of individual vertebral instances

pixels within the ROI were labelled as foreground to generate coherent masks for subsequent geometric
analysis. Mask R-CNN was employed as a representative instance segmentation architecture. By ex-
tending the Faster R-CNN framework with an additional mask prediction branch, it enables pixel-level
delineation of individual vertebral targets within the ROI. In the present workflow, this model provided
vertebra-specific masks that were used for qualitative illustration and segmentation evaluation (Fig. 3).

In the third stage, after obtaining a two-dimensional segmentation mask of the lumbar spine, the seg-
mentation results were transformed into a set of clinically significant quantitative indicators for an ob-
jective description of the spine morphology and potential pathological changes. Previous studies have
shown that geometric parameters extracted based on automated segmentation can effectively reduce
inter-observer variability and provide stable quantitative evidence for issues such as spinal degeneration
and sagittal imbalance. This study first extracted vertebral body height: the vertical distance between
the upper edge pixels of the mask for the uppermost lumbar vertebra (usually L1) and the lower edge
pixels of the mask for the lowermost lumbar vertebra (usually L5) was considered an approximation
of the overall height of the lumbar spine on the sagittal slice [10]. Furthermore, the vertical distances
to the anterior, mid-high, and posterior edges of each vertebra within the mask of a single vertebra
were measured to obtain three indicators — anterior/mid/posterior edge height, — used to identify comp-
ressive or wedge-shaped deformities, consistent with clinical quantitative fracture assessment practi-
ces [9]. At the implementation level, we first identify the top and bottom lumbar spine masks within
the same slice, calculate their respective centroids, and connect them to form a lumbar spine principal
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axis. The length of this principal axis in the pixel coordinate system is denoted as H,,,.. Combined with
the image’s pixel spacing S (mm/px), it can be converted to the actual scale

H,,=H,S. (1)

Furthermore, to characterize the posture of the lumbar vertebrae in the sagittal plane, we select
a representative anatomical boundary (such as the posterior margin of the superior vertebral body) near
the principal axis, construct its direction vector v,, and calculate the angle between it and the lumbar
vertebral principal axis direction v, to obtain the approximate segmental lordosis angle of this section:

0= arccos[&]. 2)

[villlv.

The above-mentioned automated extraction method can not only meet the clinical need for overall
height and local edge height measurement, but also directly convert the segmentation results into struc-
tured features that can be used for subsequent classification or follow-up analysis. The total lumbar spine
height H and the approximate LL angle were automatically calculated and marked on the segmentation
mask. An example of automated extraction of geometric parameters is shown in Fig. 4.

ic on lumbar slice

H = 157px
= 235.5 mm

Fig. 4. Example of automated extraction of geometric parameters

In the fourth step, a 3D model of the lumbar spine surface was created by reconstructing the 2D seg-
mented mask using 3D Slicer software, where different colors represent different vertebrae. To intuiti-
vely evaluate the segmentation quality and observe the overall 3D morphology of the lumbar spine,
we reconstructed the 2D segmentation results into a 3D model. The process proceeds through the follo-
wing steps: first, the 2D segmentation masks from all sagittal slices of a patient are sequentially stacked
along the Z-axis to reconstruct a three-dimensional (3D) label volume. This volume is subsequently im-
ported into 3D Slicer, an open-source and widely adopted platform for medical image computing. Leve-
raging the platform’s dedicated “Segmentations” and “Model maker” modules, the 3D label data is con-
verted into a surface mesh model (e. g., in STL format). The final output is an interactive, three-dimen-
sional reconstruction of the lumbar spine, suitable for visualization and quantitative analysis (Fig. 5).

Fig. 5. 3D visualization results

This study primarily aimed at process validation; therefore, both qualitative visualization and typical
segmentation metrics were employed in the evaluation phase. Qualitatively, by comparing the original
CT slices, VerSe reference segmentation, and the lumbar spine ROI obtained through YOLOVS post-
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processing, the consistency of model localization and segmentation across different cases and vertebral
levels could be visually assessed (Fig. 2—4).

Quantitatively, we used the intersection over union (IoU) and Dice similarity coefficient (DSC),
commonly used in medical image segmentation, to measure the degree of overlap between the predicted
mask and the reference mask. IoU, also known as the Jaccard index, is a metric that measures the degree
of overlap between the predicted and ground truth regions and is widely used to evaluate the perfor-
mance of object detection and image segmentation. Its calculation formula is as follows:

|anB TP
|4UB| TP+FP+FN’

IoU(4,B) 3)

where 4 is the predicted region (boundary box or mask); B is the ground truth region; TP (true positives)
is the number of correctly predicted pixels; FP (false positives) is the number of incorrectly predicted
pixels; FN (false negatives) is the number of pixels that were not predicted.

DSC is the most commonly used evaluation metric in medical image segmentation. It also mea-
sures the overlap between the predicted and ground truth masks, but the weight for overlapping regions
is twice that of loU, making it more sensitive to the accuracy of segmentation boundaries. Its calculation
formula is as follows:

2-|AnB| 2TP
|4+|B]  2TP+FP+FN’

DSC(4,B)= “)

This study primarily aims to validate the feasibility of the proposed LCAP rather than to establish
state-of-the-art segmentation performance on a full 3D benchmark. Accordingly, IoU and DSC are re-
ported here as reference indicators for process-level effectiveness within a lightweight exploratory set-
ting based on sagittal lumbar slices from VerSe. In future work, when the framework is extended to lar-
ger datasets and more diverse imaging conditions, evaluation can be expanded to include finer-grained
metrics such as mean surface distance, 95 % Hausdorff distance, and agreement analysis against expert
manual measurements.

Research results and their discussion

The proposed ROI-guided LCAP demonstrated stable qualitative performance across the major sta-
ges of lumbar CT analysis. Accurate localization of the lumbar region of interest was achieved on sagittal
CT slices (Fig. 2), followed by vertebral segmentation within the detected ROI (Fig. 3). On the basis
of these segmentation results, the framework automatically extracted clinically relevant geometric pa-
rameters, including lumbar height and segmental angular information (Fig. 4), and further supported
three-dimensional surface reconstruction in 3D Slicer for intuitive visualization of lumbar morpho-
logy (Fig. 5). Overall, the qualitative results confirm the technical feasibility of the integrated work-
flow summarized in Fig. 1. The main strength of the proposed LCAP lies not only in the performance
of individual stages, but also in its ability to connect localization, segmentation, quantitative analysis,
and visualization within one reproducible analytical process.

To objectively evaluate the performance of each stage of the system’s operation, a quantitative
analysis was conducted, the results of which are summarized in Tab. 1, which presents the results
of YOLOV&’s operation at the first stage of the lumbar spine ROI detection task.

Table 1. YOLOVS detection efficiency

Index Accuracy Recall mAP@0.5 mAP@0.5:0.95
Values 0.975 0.982 0.981 0.886

The results in Tab. 1 show that the model that the model performs excellently in locating the lumbar
spine region, with both precision and recall exceeding 0.97, indicating that the model can accurately
identify the target region with very few false negatives or missed detections. The mAP@0.5 (mean ave-
rage precision at an IoU threshold of 0.5) reached 0.981, further confirming the model’s high reliability
in localization accuracy. These data strongly support the effectiveness of using YOLOvVS as a robust
initial localization tool in this process.
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Tab. 2 summarizes the segmentation performance obtained with two representative implementations
used within the ROI segmentation stage (SD — standard deviation).

Table 2. Comparison of segmentation model performance

Model DSC +SD IoU + SD
U-Net 0.905 +0.05 0.826 + 0.06
Mask R-CNN 0.923 +£0.04 0.857 +£0.05

Both approaches achieved high overlap with the reference masks. Mask R-CNN yielded slightly
higher mean DSC and IoU values, whereas U-Net also demonstrated stable and satisfactory segmen-
tation performance. In the context of the present study, these results are reported primarily to support
the feasibility of the segmentation stage within the proposed LCAP rather than to establish an extensive
benchmark comparison.

The present study demonstrates the feasibility of an ROI-guided LCAP for automated lumbar spine
analysis based on open-source tools and public data. A key finding is that YOLOv8-based localization
can reliably identify the lumbar region in sagittal CT slices, thereby restricting subsequent analysis
to a focused anatomical area. This design reduces irrelevant background information and creates a more
efficient basis for segmentation, quantitative measurement, and visualization. A second important result
is that the proposed workflow does not stop at segmentation output. Instead, the segmentation masks
are further converted into clinically meaningful geometric indicators, such as lumbar height and seg-
mental angular measures, and then translated into 3D surface models. This step is methodologically
important because it moves the analysis from image-level prediction toward structured quantitative
description, which is more relevant to clinical interpretation and follow-up applications. Taken toge-
ther, these findings suggest that the LCAP is not simply a visualization workflow, but a reproducible
framework for lumbar CT quantification. Its value lies in connecting image processing, measurement,
and 3D representation within one coherent analytical pathway, which may support future applications
in screening, longitudinal monitoring, and computer-assisted diagnostic research.

The framework proposed in this study is consistent with current developments in DL-based spinal
image analysis. Previous studies have demonstrated that modern segmentation methods can achieve
high overlap with reference annotations, often with DSC values above 0.90. The results obtained
in the present study fall within this range and therefore support the practical feasibility of the proposed
workflow. Compared with studies based on fully three-dimensional CNN architectures, the present
slice-wise 2D strategy combined with ROI-guided analysis offers a more lightweight and accessible
implementation. Although full 3D models may better exploit inter-slice context, they usually require
greater computational resources and more complex training procedures. In contrast, the present work-
flow emphasizes reproducibility, practical deployment, and the integration of localization, segmenta-
tion, quantitative analysis, and 3D visualization within one coherent process.

Several limitations of this study should be noted. First, the sample size remains relatively small
and does not fully represent the anatomical variability, pathological complexity, and imaging hetero-
geneity encountered in routine clinical practice. Second, the present workflow is based on slice-wise
2D analysis and therefore does not explicitly exploit full 3D spatial continuity. As a result, segmentation
consistency may still vary at superior and inferior vertebral margins or in anatomically complex regions.
Third, although the extracted geometric parameters are clinically meaningful in principle, they have
not yet been systematically validated against manual measurements performed by radiologists or spine
surgeons.

Future work should therefore proceed in three directions. The first is data expansion, including va-
lidation on the full VerSe dataset and on additional multi-center CT cohorts. The second is methodologi-
cal extension toward 2.5D or 3D architectures that can better capture inter-slice context while preserving
the workflow logic of the current LCAP. The third is formal clinical validation, including agreement
analysis between automated and expert-derived measurements and assessment of the framework in spe-
cific disease settings such as VCFs, lumbar spinal stenosis, or sagittal imbalance.

Conclusion

1. This study developed an ROI-guided lumbar computed tomography analysis pipeline for auto-
mated analysis of lumbar spine computed tomography images. Built on YOLOv8-based localization,
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ROI-constrained segmentation, mask-derived geometric measurement, and 3D reconstruction, the pro-
posed framework establishes a coherent workflow that transforms routine image data into structured
quantitative and visual outputs.

2. The main significance of the study lies in workflow integration rather than in broad algorithm benchmar-
king. By linking localization, segmentation, morphometric extraction, and 3D visualization within a reproducible
open-source framework, the lumbar computed tomography analysis pipeline demonstrates a practical route from
pixel-level prediction to clinically interpretable information. This makes the framework suitable as a methodologi-
cal basis for future expansion toward larger datasets, advanced architectures, and clinically validated decision-sup-
port applications.
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AN APPROACH TO TRANSFER OF CONTROL
BETWEEN AUTOMATED VEHICLE AND DRIVER
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Abstract. In vehicles with level 3 automation, the driver can transfer control of the vehicle to the automated dri-
ving system without monitoring its operation. However, in critical situations or if the automated vehicle exits
the normal operating domain, the driver must take control. In these cases, the driver may be unable to safely
operate the vehicle due to insufficient awareness of the road situation and unpreparedness for the driving task.
This problem is currently being addressed by monitoring the driver’s condition and prompting them to take ma-
nual control using a multimodal interface. However, due to its complex, interdisciplinary nature, this problem
has not yet been fully resolved. The aim of this study was to propose a new approach to mitigating safety risks
during the transition from automated to manual driving. Based on an analysis of existing methods for solving this
problem, a new approach is considered that takes into account the individual psychophysiological characteristics
of the driver before transferring control of the vehicle. This approach provides greater flexibility, validity, and re-
liability of decision making in critical driving situations when switching between driving modes.
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MOJIXO/ K CMEHE PEKHUMA BOKJIEHUS
B ABTOMATH3WPOBAHHOM TPAHCIIOPTHOM CPE/ICTBE

B. A. IYBOBCKNI, B. B. CABUEHKO

Obvedunennbvlil uHcmumym mawurnocmpoenus Hayuonanvrou akaoemuu nayk benapycu
(Munck, Pecnybnuka Benapycyw)

AHHOTanusi. B aBTOMOOWIISIX ¢ ypOBHEM aBTOMATH3alUK 3 BOJMTENL MOXKET TEepeAaTh yIpaBlieHne TPAHCIIOPT-
HBIM CPEJICTBOM CHCTEME aBTOMATH3MPOBAHHOTO BOXK/ICHHS M HE KOHTPOJIHMPOBATh € padoTy, HO B KPUTHUECKHUX
CUTyallUsIX WIM B CIIydae BBIXOJ]a aBTOMATH3UPOBAHHOTO TPAHCTIOPTHOTO CPE/ICTBA U3 IOMEHA MITaTHOM KCIUTya-
TaIMW OH JOJDKEH B3STh YNPaBICHUE B CBOM PYyKH. B 3THX Cilydasx BOIUTENb MOXKET OKa3aThCsl HE B COCTOSTHUU
0e30I1acHO YyIpaByIATh TPAHCIIOPTHBIM CPEACTBOM U3-32 HEAOCTATOYHOM OCBEOMIICHHOCTH O JOPOKHOM CUTyalluy
1 HETOTOBHOCTH K BBITTOJTHEHHIO 33]]a491 BOKJCHUS. B HacTosmee BpeMs 3Ta npodiema penraercs Ha OCHOBE MO-
HUTOPUHTA COCTOSHHSI BOJUTENS U BBIAAYH €My COOTBETCTBYIOIIETO 3apoca Ha PyYHOE BOXKACHHUE C HCTIOIb30Ba-
HHEM MYJIETHMOAAIbHOTO HHTepdeiica. OnHaKo M3-3a CI0KHOTO MEX TUCIUITTMHAPHOTO XapakTepa 3Ta mpoodieMa
He pelieHa okoHuarenbHO. L{ens ncenenoBanms cocrosiia B TOM, YTOOBI MPEIOKUTH HOBBIN MOIXO]] K CHUKEHHIO
PHCKOB Jy1st 6€30MaCHOCTH TIPH Mepexojie OT aBTOMAaTH3WPOBAHHOTO BOXKJICHMS K pydHoMy. Ha ocHOBe aHanmsa
W3BECTHBIX METOJIOB PEIICHUs] JAHHON MPOOJIEeMbI PACCMOTPEH HOBBIN MOAXO0[], KOTOPBI IPHHUMAET BO BHUMAHHUE
WHIUBHUIyaJIbHBIE ICUXO(H3NO0IOTHYECKHE KadecTBa BOANUTENS, TIPEKAE YeM TepeaTh eMy yNpaBiIeHHe TpaHC-
MOPTHBIM CpeAcTBOM. Takoif moaxoa obecrnednBaeT OOIbIIYI0 THOKOCTh, 000CHOBAaHHOCTh M HA/ICKHOCTh MPHHS-
THSI PELICHNsI B KPUTHYECKHUX JOPOXKHBIX CUTYALMSIX TTPH CMEHE PEXXUMa BOXKJICHNUS.

KroueBble ci10Ba: aBTOMaTH3MPOBAHHBIE aBTOMOOWIIH, TIepeada YIpaBJIeHNs, B3aUMO/ICHCTBUE BOJUTEIS C aB-
TOMOOMIIEM, YeJIOBEKO-MaIlIMHHBINA nHTEepdeiic, nHPOPMAIMOHHBIE TEXHOJIOTHH, OE30IIACHOCTh JTOPOXKHOTO JIBHU-
JKEHUS, PEXKUM BOJKICHUS.

85



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 3 (2026) V.24, No 3 (2026)

KoHpukT HHTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.

Jas nurupoBanus. /[yoosckuii, B. A. [Tonxon k cMeHe pesknMa BOKJICHHUS B aBTOMAaTH3UPOBAHHOM TPaHCIIOPT-
HoM cpezctie / B. A. [lyoosckuii, B. B. Cauenko // Joknanst BI'YWP. 2026. T. 24, Ne 3. C. 85-91. http://dx.doi.
0rg/10.35596/1729-7648-2026-24-3-85-91.

Introduction

Currently, automotive vehicles evolve towards autonomous cars with fully automated driving sys-
tems (ADS) [1]. This process can be illustrated in a general way by the standard, SAE J 3016, developed
by the Society of Automotive Engineers (SAE International) [2], which formally defines the levels
of driving automation from 0 (no driving automation) to 5 (full driving automation). In accordance with
this standard at level 1 the driver is in control of the vehicle and may be assisted in steering, accelerating
or braking; at level 2 in specific driving conditions the longitudinal and lateral control of the vehicle
is performed by the automation, but the driver must be engaged in the driving task at all times; at level 3
in specific driving conditions the vehicle is fully controlled by the ADS without any driver involvement,
but the driver must be ready to take control of the vehicle at all times in case of the system failure; level 4
is similar to level 3, differing only in that the driver is not obliged to take control of the vehicle even
in the case of a system failure, while the driver may have the option of controlling the vehicle.

Level 2 vehicles are already available on the market and level 3 vehicles are expected to be avail-
able shortly [3]. But in order for this to happen, the human factors issue of transfer of control between
automated driving (AD) and manual driving (MD) must be solved in the most efficient and safe way.
This issue is associated with driver complacency, lack of attention to the road, loss of situation aware-
ness, sudden changes in workload, and degradation of driving skills and abilities due to the fact that the
automated vehicles allow the drivers to be out of the control loop for extended periods but don’t exclude
resuming the manual control at any time [4]. The aforementioned factors can affect driver performance
negatively since they could lead to a delayed and inadequate response of the driver during transitions
between automated and manual vehicle control and therefore need to be carefully studied and properly
taken into account in designing a control mode switching system for level 3 vehicles [1, 5].

Many research studies have been carried out on this topic to find the most efficient and safe methods
for transferring vehicle control from AD to MD, however, due to the complex, interdisciplinary nature
of this problem, it has not yet been finally solved [3]. In order to mitigate safety risks during driver take-
over process, a good understanding of the current driver’s state and the opportunities that exist for fast
regaining of driver readiness to take back control is needed first of all [3].

An approach to a control transfer

A basic diagram of the transition of vehicle control between AD and MD is depicted in Fig. 1.
This transition process includes four main stages: (1) driving conditions monitoring during AD for de-
termining whether all necessary conditions for AD are satisfied or not; (2) take-over request (TOR)
is issued by the ADS to the driver in emergency situations or when the conditions for AD are not met;
(3) determining whether the driver is ready for MD based on a continuous monitoring of the driver state
during AD; (4) control mode switching from AD to MD when the driver is ready for MD, otherwise,
the ADS performs a minimum risk maneuver and stops the vehicle.

The level 3 automated vehicle should be able to detect its failures or when the specific conditions
under which it is intended to drive in the automated mode are not met anymore. The necessary condi-
tions for AD should be documented by the vehicle manufacturers in the operational design domain that
should include the following information at a minimum: roadway types; geographic area; speed range;
environmental conditions (weather as well as day/night time); and other domain constraints [6].

The TOR can be performed in the form of visual, auditory, or vibrotactile cues, or any combination
thereof. The most common TOR design concepts are aimed at restoring the driver functional state and
situational awareness as soon as possible in order to minimize the driver response time which depends
on a number of factors such as traffic density, driver state, driving situation, road conditions, environ-
mental conditions, TOR notification modalities and non-driving secondary task [3]. Therefore, TOR
must be flexible and take the mentioned factors into account to be effective.
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AD

TOR

Take-over
process

the driver prepared
for MD?

MD Minimum risk maneuver
and stop AD

Fig. 1. A basic diagram of the transition of vehicle control between automated driving and manual driving

The driver readiness to take-over control of the vehicle is evaluated based on analysis of a driver’s
psychophysiological and behavioral data (eyes, head, and body movements, heart rate, electrodermal ac-
tivity, and so on) combined with the data on the driving situation. In this regard, it is essential to recognize
potentially dangerous driver states, such as distraction, fatigue, drowsiness, and other undesirable states
that affect takeover performance negatively [3]. In accordance with the UNECE ALKS regulation [7],
the driver readiness (availability) recognition system shall detect whether the driver is in an appropriate
driving position and whether the driver’s psychophysiological state (attention) is appropriate to the dri-
ving conditions. The driver’s driving position is determined by monitoring the position of his/her trunk,
head, hands/arms, and feet/legs based on video recording, pressure sensors embedded into driver’s seat,
steering touch and force sensors, seat position sensors, steering position sensors and the seatbelt buck-
le switch [4]. The driver’s psychophysiological state is evaluated in terms of the presence and levels
of abnormal states primarily such as drowsiness, distraction, and emotions (stress or anger) [8]. Various
physiological and behavioral parameters are used as indicators of these abnormal states. In order to iden-
tify whether the driver is in a drowsy state and determine the level of drowsiness the indicators such
as the brain activity (pattern of the electroencephalogram), heart activity (heart rate, and heart rate vari-
ability), breathing activity (breathing rate or inspiration-to-expiration ratio), electrodermal activity (skin
conductance), pupil diameter instability (amplitude and frequency of the pupil diameter fluctuations),
eye activity (eye movement analysis using electrooculography signals or video sequences of the eyes),
and eye closure dynamics (percentage of closure, mean blink duration, mean blink frequency or in-
terval, and eye closing and reopening speeds) can be used [8]. In order to identify whether the driver
is in distraction and determine the level of distraction the indicators such as the driver’s hands behavior
(positions and movements), gaze activity (gaze direction, fixation duration, glance frequency, and gaze
distribution), head behaviour (head pose and movements), brain activity (pattern of the electroence-
phalogram) are mostly used [8]. The main indicators used to detect the driver’s negative emotions
are the heart activity, electrodermal activity, breathing activity, brain activity, speech and facial expres-
sions [8].

The control mode can be switched from AD to MD immediately and completely after the TOR
is confirmed by the driver or gradually with increasing authority, depending on the driver state
and the driving situation [7].

Thus, the primary task to be solved during the developing of methods for transferring control
to the driver is to reduce the take-over time (the time between the TOR and the first measurable response
to the situation [5], taking into account the requirements of safety, comfort, and quality of the take-over
performance.

The immediate control transfers from automation to driver (Fig. 1) can be performed if the dri-
ver readiness (driver state and situation awareness) for MD at the moment of issuing the TOR is high
enough for the required driving task. In this case the average take-over time may be around 3 seconds
depending on the driver individual characteristics and driving circumstances [9].
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If the driver readiness for MD does not meet the required level it is necessary to help the driver
to increase his/her control capability to required level. For this purpose, the approach based on concept
of driver-automation shared control (for instance through a haptic control interface) during take-over
process is the most promising solution since it allows to allocate the execution of the driving task
between automation and driver in accordance with the current driver state and driving situation until
the driver state reaches the desired level and take-over is complete [4]. A basic diagram of the transition
of vehicle control between AD and MD via shared authority mode, and conceptual diagram of the autho-
rity transfer method via shared authority mode are depicted in Fig. 2 and Fig. 3 respectively. In accor-
dance with research literature the mean take-over time for shared control authority transition ranges
from 0.69 to 19.79 s, depending on the different conditions [10].

Take-over
process

Is
the driver prepared
for MD?

Yes

Insufficiently
prepared

v

Shared
control

< J
<

3 Minimum risk maneuver
=] MD and stop AD

Fig. 2. A basic diagram of the transition of vehicle control
between automated driving and manual driving via shared authority mode

Intention to intervene

Request
to intervene 1 Authority transferring
! :
System :
|
I
]
1
}
1
1
. 1
Driver L
Automated Shared Manual
driving mode authority mode driving mode

Fig. 3. A conceptual diagram of the authority transfer method via shared authority mode

Such an approach may help driver to take back control of a vehicle in a safe and smooth manner
if the time budget (the time between the TOR and the moment when the vehicle would have reached
the system boundary assuming no driver response [11]) allows to do it. But in critical situations when
urgent take-over is required due to the ADS failure the shared control during authority transition can
be risky. In such critical situations when the driver readiness for MD does not meet the required high
level and is close to the minimum allowable value, the solutions that take into account the driver’s abi-
lity to mobilize the required internal resources to meet the task demands are needed.
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In addition, it should be noted that the existing research on this topic mainly focuses on characte-
rizing the current state of the driver without prediction of his/her future behavior that can be affected
by the intrinsic variability of human nature [8].

To overcome these shortcomings of existing research, we propose an approach to a control trans-
fer that uses the driver’s relatively stable individual psychophysiological characteristics as indicators
(predictors) of his/her ability to mobilize the required internal resources for decision-making in critical
situations during the transition from AD to MD.

The approach is based on collecting data on the driver’s individual psychophysiological charac-
teristics (IPC) such as motor reaction, ability to act urgently, concentration and distribution of atten-
tion, and so on, during periods of MD and using them for decision-making in critical take-over situa-
tions during AD. Such IPC of the driver are important for traffic safety, especially in critical situations,
and must be taken into account as an additional risk factor during take-over process [12].

Two diagrams of the transition of vehicle control between AD and MD were developed in accor-
dance with the proposed approach and are presented in Fig. 4 and Fig. 5. Fig. 4 shows the binary ap-
proach of shifting control entirely with taking into account the current driver’s IPC and Fig. 5 shows
a diagram that combines a shared authority mode with the decision-making based on the current driver’s
IPC information.

Take-over
process

Is
the driver prepared
for MD?

Yes

_ closeto the
minimum allowable
value

Is the
overall indicator of the
driver’s IPC high
enough?

Yes

A 4

‘ . . .
: Minimum risk maneuver
= MD and stop AD

Fig. 4. A diagram of the immediate transition of vehicle control entirely
with taking into account the current driver’s IPC

In order to determine the overall value of the driver’s IPC the indicators of various IPC of the driver
should be determined based on monitoring of the vehicle, driver, and environment states during MD.
Such psychophysiological characteristics as reaction time, ability to act urgently, vigilance, concen-
tration and distribution of attention, perception of speed and distance, and risk propensity during MD
are essential for this purpose. One way to determine the numerical values of indicators of such IPC can
be implemented by using a collision avoidance system, which allows to detect the unintentional devia-
tion from the driving lane, unsafe distance from the vehicle ahead, potential collision with a pedestrian
in front of the vehicle, and speed limit signs along the road. To ensure the reliability of the IPC asses-
sment, the necessary data must be recorded only in cases when the weather conditions are favorable
for driving.
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Fig. 5. A diagram of the transition of vehicle control between AD and MD using shared authority mode,
or decision-making based on the current driver’s IPC information

Conclusion

In this paper, we propose a new approach to transfer control from automated vehicle to a human

driver based on the use of information about driver’s individual psychophysiological characteristics
during decision-making in critical situations to mitigate safety risks. The approach involves collecting
data on the driver’s individual psychophysiological characteristics such as motor reaction, ability to act
urgently, concentration and distribution of attention, and so on, during periods of manual driving and
using them in critical take-over situations during automated driving. This approach allows for more
flexibility, validity, and reliability in the decision-making during critical take-over situations.
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