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MockoBcKkMit TOCYIapCTBEHHbIN TeXHUYeCKuli yHuBepcuteT umMeHu H. D. baymana
(HauunoHanbHBIN McclienoBaTeNIbCKUI YHUBEepCcUTeT), MockBa

PACHET ABMOXKEHUS TTOAAOXKU AAA TTOBILLEHNA
PABHOMEPHOCTHU NMOKPbITUMN B YCTAHOBKAX
C NAAHAPHbLIMN ULUAMHAPUHECKUMU MATHETPOHAMU

Ilocmynuaa é pedaxyuro 06.04.2017

Paccmompenvt 6udsi épawenus nooaoxcku Ha ycmaHoeke ¢ paouanbHbiM pacnonodiceHUem NAAHAPHbIX YUAUHOPUHECKUX Mae-
HempOHO8 U PAccHUmMAaH 3aKOH N08OPOMA NOOA0NCKOOepICcamens ¢ BPAWAouelicss NOOL0NCKOU, 0becneuusauwull HepagHomep-
Hocmb nokpoimust mernee 0,1 %, 4mo no3eonsem Ucnoab306amo A1a00PAMOPHbIE YCMAHOBKU C YUAUHOPUHECKUMU NAAHADHbIMU Ma2-

HempoHamu 045 0mMpaboOMKU NPOMbLUAEHHOU MEXHOA02UU.

Karoueevie caoea: MUKDPOKOMMYMAUUOHHbLE Ni1ambl, MOHKONAEHOYHble NOKPblMUL, HEPABHOMEPHOCNb, uuﬂundpuwecxuﬁ naa-

Haprlﬁ MAcHempoH, noaﬂoafclcoc)epofcameﬂb, C/0JICHOe epauierHue

BBenenune

B nocnenHee BpeMsl HaMeTUJICS 3HAUMTEJIbHBIN
WHTEPEC K pa3paboTKe MUKPOKOMMYTAIIMOHHBIX TUIAT
HOBOTO TIOKOJICHHMSI CO BCTPOCHHBIMM TACCHUBHBIMU
TOHKOIUIEHOYHBIMU 3JIEMEHTaMU (pe3UCTOpaMU, KOH-
JeHcaTopaMu, MHAYKTUBHOCTIMU) [1, 2]. Ilpu sToMm
MpeaIoaaraeTcsl mepexo OT CTaHAAPTHBIX MaTepUaioB
(cuTasut, MOJIMKOpP) M pa3MepoB MoTokeK 60 X 48 mm
K HUTPUIY aJTIOMUHUS C pa3MepaMH ITOUIOKEK BIUIOTh
1o 300 X 300 MM, ¥ CylIECTBEHHOE Y>KECTOUECHHME Tpe-
0OBaHMII K HOMHUHAJbHBIM 3HAUYEHUSIM IaCCUBHBIX
TOHKOTUICHOYHBIX 3JIEMEHTOB. Tak, IS TOHKOILJIE-
HOYHBIX PE3UCTOPOB Pa3dopoc 1Mo 3HAYEHUIO COMpPO-
THUBJICHUsI HE IOJDKEH IpeBblIaTh +2 %, Torma Kak
ceityac 3TOT pa3dpoc HaxoauTcs B mpeaenax 5 % [3],
YTO BJIEYET 3a COOOI yxXecToueHue TpeboBaHUI K Xa-
paKkTepUCTUKaM YCTaHOBOK BaKyyMHOTO HaHECEHMSI
MTOKPBITUM, pealn3yiomnx (GopMHUpOBaHUE TAHHBIX
TOHKOILIEHOUHBIX 3JieMeHToB. Hanbosee BaxHOI xa-
pPaKTEpUCTUKON B 3TOM cllyyae SIBJISIETCS HEPaBHO-
MEPHOCTb 0CaX/1aeéMOT0 TOHKOTUIEHOUHOTO MOKPBITUS,
KOTOpasi Jjisi o0ecreyeHUs] BBIXOAHBIX MapaMeTpOB
JIOJKHA COCTaBlsATh MeHee +2 %. [nsa obecrnieueHUst
TaKHX XeCTKUX TPeOOBaHMIT IO HEPaBHOMEPHOCTH MC-
MOJIb3YIOT YCTAHOBKU, OCHAIIEHHBIE MPOTSKEHHBIMU

HWIMHIPUYECKMMU WJIM TUJIAaHApDHBIMU MarHeTpoHa-
Mu [4, 5], pa3Mepbl KOTOPbIX IMPEBBIIIAIOT pa3Mepbl
notoxKu. [1pu 3ToM noanoxka nepemMeniaeTcs: nep-
MEeHAUKYJISIPHO OCU TIPOTSIKEHHOTO MarHeTpoHa B
objacTu, rae odecrieunBaeTcs 3agaHHasi HepaBHOMeEp-
HOCTb, BCJIEJICTBUE Uero Ha TMOMJIOXKe (opMupyeTcs
MOKpPBITHE ¢ TpebyeMbIMU Mmapamerpamu [5, 6]. On-
HaKO MarHeTpOHbI MOJOOHOro Kjacca U MUILIEHU JJIsI
HUX SBJISIIOTCSI KpallHE HOPOTOCTOSIIUMU, U C 3TOU
TOYKM 3pEeHUs UX IpUMEHEHHE HelleJlecoo0pa3Ho Ha
aTane oTpadOTKU TEXHOJOTMYECKOTO Mpoliecca, KOTo-
pyI0 TIPOBOAST Ha JaOOpaTOPHBIX YCTAHOBKAaX, OCHAa-
IIEHHBIX HEOOJbIIMMU TJIAHAPHBIMU LIUJIMHAPUYEC-
KMMM MarHetpoHamu [7]. HepaBHOMEpPHOCTh MOKpPHI-
TUSI TIPU PACCTOSIHUSIX OT MMIIEHU MarHeTpoHa o0
TTOUTOXKKHM M pa3Mepax IMOUIOKKHU, PaBHBIX TUAMETPY
MarHeTpoHa, cocTaBisgeT 35...40 % [8, 9], uTo Ge3y-
CJIOBHO SIBJISIETCSI HEOOMYCTUMbIM 3HaueHueM. Jlis
JOCTUXKEHUS 3aJaHHBIX TPEOOBAaHUI MPU HAHECEHUU
TMOKPBITUSl UCIOJB3YIOT pa3jiMyHbie BUIbI BpallleHMS
nomioxkonaepxarenss [10], KkoTopble MO3BOJISIOT CY-
IIECTBEHHO CHU3UTHh HepaBHOMEPHOCTH 10 10 %.

B nutepatype, Kak npaBuJio, IPpUBOLST OOLLME CBeE-
JIeHUsI O pacrnpeAe/ieHUU MaTepuaja pyu MarHeTPOH-
HOM pacHblJIEeHUM Ha HEMOABMXKHYIO MOMIOXKY [11].
CywectByeT psig pa6ot [9, 12, 13], mocBsiLeHHBIX
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MaTeMaTUIeCKOMY MOIEIMPOBAHMIO pacIipeneeHUs
DPaBHOMEPHOCTH TMOKPBITUSI MPU MArHETPOHHOM pac-
NbUIEHUU HA IUIOCKOM MOAJIoxKe 0e3 BpauleHus. Pa-
0OTHI MO OLIEHKE HEPaBHOMEPHOCTU MOKPBITUS TPU
pacmbUICHUM Ha Bpallalolluecs MOMJIOXKHU HOCAT
Oousblle BKCIepUMeEHTaNnbHbIN XapakTep [10]. PaGor,
MTOCBSIIIEHHBIX pacyeTy IBMXKEHHS TOMIOXEK, obec-
MeYMBAIOLLIETO 3aJaHHYI0O HEPAaBHOMEPHOCTD, TTPaKTH -
YECKU HeT.

B naHHOil paboTe MNpemIoXeHbl CXeMbl U IPO-
BEIEHBI PacyeThl ABMKCHMS TIOMJIOXKN pasMepoM
100 X 100 MM, mo3BoJsiolIMe 00eCIeYnUTh HEPABHO-
MEpHOCTh TUIEHKHN OT TUIAHAPHOTO IMMIMHIPUIECKOTO
MarHeTpoHa meHee *1 %.

1. KomMnbloTepHoe Mojie/IipOBaHue

B omimyue OT TepMHUUYECKOro HCMapeHMs, IpU
MAarHeTpOHHOM pAacCIbIJIEHUHU, KaK MOKa3aHo B padoTe
[14], pacopeneneHre mMaTepuajia IIPOUCXOIUT IO KO-
CHMHYCHOMY 3aKOHY B ctenieHU n. KoadduiimeHT # 3a-
BUCUT OT dHEPruu OoMOapAupPyOLIMX MUILLIEHb MOHOB
1 OT MapaMeTpoB MMIIIEHU: MaTepraga, OMHOPOIHOC-
TH, pa3Mepa 3epeH, cTpyKTyphl [15]. Koadduiiment n
oAOUpaeTcs IKCIEPUMEHTAIBHO 11 KaXKIO0N MUIIe-
HU, MarHeTpoHa U PeXXMMOB OCaXIEHUS U UMeeT aua-
na3oH 3HayeHuit ot 0,4 go 1,7 [14].

IIpu MomenmpoBaHWM MUIIEHb MarHETPOHA pac-
cMaTpuBaeTCsl KaKk MHOXECTBO TOUYEUYHBIX MCTOYHM-
koB. PacnpeneneHue pacmblIsieMOro Marepuana Mo
MOJJIOXKKE SIBJISIETCS] PE3YyJbTaTOM BIMSIHUS BCEX TO-
YEYHBIX MCTOYHUKOB C MOBEPXHOCTU MulleHu. Hau-
0oJjiee MOJIHOE BBHIpAaXXE€HME, YUYUTHIBalollee OoJibllice
YHCJIO MapaMeTpoB, UMEET claeayroluii Bua [4]:

T(r, 1) = “ COs ((p(R T, a, t))cos(e(R r,a,t))x
C(R 1, q, t)

, 2
x J1+(fr(R 1) &(R, t)Rde(x, (1

IJe ¥ — paauyc TOUYKM Ha TIOUIOXKE, B KOTOPOM U3-
MepsIeTCS HEPAaBHOMEPHOCTD; ¢ — BpeMs; R — paauyc
30HBI 9PO3UU, UMEHSAETCA OT R i, 10 R, ,; 00 — yroia
WHTETPUPOBAHUS B MWIMHIPUIECKUX KOOPAMHATAX;
n — Ko3¢pGUUUEHT ISl MULLIEHW, MarHETPOHA U Ta-
paMeTpoB TIpoliecca; ¢ — YTOJI pacIbIICHUST YaCTHIIBI,
0 — yroa ocaxaeHus 4yactulbl; fp(R, 1) — dyHKUMA
mpoduiist 30HbI 3po3un; g(R, ) — QYHKIUS CKOPOCTU
pacnbuieHust; C — paccTOSTHUE OT TOUKM PaCIbLICHUS
JI0 30HBI ocaxaeHus1; T — OTHOCUTEIbHOE 3HAYCHUE
TOJIIIIMHBI TTOKPBITAS Ha TIOMIOXKE B TOYKE Ha pac-
CTOSIHUU 7 OT LIEHTpA.

PaBHOMEpPHOCTh MOKPHBITUS OMpPENeIsieTCs] OTHOIIIEe-
HUEM MaKCUMaJIbHOW TOJIIWHEI TUIEHKNA Ha TTOMIOX-
K€ K MUHUMAaJILHOMY €€ 3HadYeHM10. JIJIs KaxKaoro Buaa
BpallleHUsI COCTaBJIsIeTCsl pacueTHast cxema (puc. 1).
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Puc. 1. TeomeTpryeckas cxema pacyeTa CKOPOCTH OCAXKIEHHS MOK-
PLITHS NPU MATHETPOHHOM PACHbLICHUH

Fig. 1. Geometrical scheme for calculation of the deposition rate of a
coating during a magnetron sputtering

| T |
| | |
| Maenempon N S Substrate |
! Magnetron ] BS S |
| - |
! Muywene s LJ |
! Target |N § |
: | L] |

Puc. 2. PacueTrHas cxema npouecca 0e3 BpamieHus
Fig. 2. Design diagram of the process without rotation

ITo pacueTHOil cxeMe BBIYMCISIETCSI 3aBUCUMOCTh
paccTosiHUSI, yriia paclblIEHUs] U OCaXAEHUs OT clie-
JIYIOLIMX MTePEeMEHHBIX: paauyca 30Hbl 9PO3UU; KOOP-
JUHAT TOYKM, B KOTOPOI OLIEHMBAETCS HEpaBHOMEP-
HOCTb; yIJIa MHTETpUMpOBaHMS; BpeMeHU. IIpoduib
30HBI 3PO3UU Y CKOPOCTb paclbUICHMSI, KOTOpasl sIB-
JISIeTCSI HOPMUPOBAHHOM (DYHKLMEH Ipouis 30HbI
5pPO3UHU, OLIEHUBAIOTCS 1JISI KaXKIOTO UICTOUHUKA U3Me-
peHMEM IMOBEPXHOCTU IIpopaborasiieil MuiieHu. [1pu
MOJEJMPOBAHNM MOXHO HE YUYUTHIBaTb W3MEHEHMUE
MpoGuIst 30HbI 3PO3UU, TaK KaK MPU YBEJTUUEHUU TIy-
OUHBI TPODUIIST 30HBI 3PO3UU PABHOMEPHOCTD IIJIEHKU
noBeIaetcs [16]. KoagdumeHT creneHn KocuHyca
yIJIa paclblIeHUsT MMOA0MpPAETCs T10 pe3yabTaTaM 3KC-
MEePUMEHTOB JIsl KaXXKI0i CUCTeMBI U pexxuma. Moje-
JIUpOBaHME pacIipenejeHUsI HepaBHOMEPHOCTU ITOK-
PBITUSI TTPOBOAMTCS C TTOMOILBIO MPOrPaMMHBIX MPO-
JIYKTOB, pean3ylolux ynciaeHHbie metonbl (MathCad,
MATLAB).

1.1. PacnpenejieHde TOMIUHBI NOKPHITHSA
1o NMOAJIOKKe 0e3 BpaumeHus

IIpn HaHeceHMM TIOKPBHITUS Ha HEMOABMXHYIO
MOJJIOKKY IPU ITHMaMETpe MarHeTpoHa, PacCTOSTHUU
JI0 TIOMJIOKKHW U JJIMHE CTOPOHBI MOUTOXKH, PAaBHBIX
100 MM (puc. 2), MoaeaupoBaHUe MOKa3aJI0 HEPaBHO-




Puc. 4. IIpodunp nieHkn 0e3 BpameHus MO AMATOHATN MOMJIOKKHA
Fig. 4. Profile of the thin film without rotation along the substrate
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Puc. 5. PacueTHas cxema npouecca BpalmeHus NOAJI0XKKOAepxKaTes
Fig. 5. Design diagram of the process of rotation of the substrate holder

MEPHOCTh TOJIIUHBI 36,8 %. MakcumanbHast TOJIIM -
Ha HabJofaeTcsl B LIEHTPE MOUIOXKU, a MUHUMATb-
Hasi — Ha Kpasx (puc. 3, CM. TPETbIO CTOPOHY 00JIOXK-
KU, U puc. 4).

1.2. HenpepbiBHOE BpalieHHe MOMJIOKKOAEPKATEA
OTHOCHTEJIbHO BEPTHKAJIBHOM OCH

Ilpu BpalleHUMM MNOMJIOXKOAEpXKaTeass (puc. J)
Npoduib MOKPHITUS Ha MOMIOXKKE UMeeT (popmy TH-
repOoamyeckoro napadosonna (puc. 6, cM. TPETHIO
CTOPOHY OOJIOKKM), B OTJIMYME OT APYTMX BUIOB Bpa-
LIEHUSI, Y KOTOPBIX MPOodUIb MOKPHITUS UMeET Pop-
My HOPMAaJIBHOTO paclipefesieHUsI ¢ KCTPEMYMOM B
LIeHTpe noaoXKu. HepaBHOMEPHOCTDb MOKPBITUST IS
IJIAHAPHOTO LIWIMHIAPUYECKOTO MarHeTpoHa Ha ITOMI-
JIOXXKE MpU BpalleHWU TMOMJIOXKOAEepXKaTessl, C pac-
CTOSTHHEM IO MOIJIOXKW W pasMepaMiu TTOITIOXKH,
paBHBIMU ITHAaMETPY MarHeTpoHa, cocraBisieT 26,5 %
(puc. 7).

s moaTBepXKAeHMST JAaHHOIO pe3yJibTaTa ObLI
MPOBEJeH BKCIEPUMEHT B JlabopaTopuu Kadeapbl
"DJeKTPOHHbIE TEXHOJOIMU B
MallMHOCTPOEHUU" Ha YCTaHOB-
ke BVII-11M. Ha kBagpaTHyIO
MOJUIOXKKY U3 aJJIOMUHUS CO CTO-
poxoit 100 MM HAaHOCHJIOCH TTOK-
peite Ta,Os mnpu BpaleHUU
noajoxkoaepxkaress. LIBeT mok-
PBITUST CBUIETEILCTBYET O TOJI-
IIMHE TJIEHKU B JaHHOUW TOYKe.

W CMOIETMPOBAHHON Ha KOMITbIOTEpe JIUarpaMMbI
pacrnpezeseHusl TOJILIMH.

1.3. HenpepbiBHoe BpamieHne MOMJIO0KKOAEPKATENS
OTHOCHUTEJIbHO BEPTHKAJIBHON OCH M TOAJIO0XKKHA
BOKPYT CBO€H OCH

B pesynbraTte npu BpallleHUX MOMIOXKOIEpXKaTe-
JIsi OTHOCUTEJIbHO BEPTUKAJIbHONH OCHM MaKCUMaslbHast
TOJIIMHA TTOKPBITUS HaOJII0AaeTCd HAa MAKCUMaJIbHOM
pPacCTOSIHUM OT LIEHTpa MO OCU adCLMCC, a MUHUMAaJIb-
Has TOJIIIMHA — Ha MAaKCMMaJbHOM PacCTOSIHUW OT
ueHtpa no ocu opauvHat. [lostomy ecnu n00aBUTH
BpallleHWEe MOMJIOXKW OTHOCUTEJIbHO CBOErO LIEHTPA,
TO MakKCMMaJlbHass U MUWHUMaJbHasl TOJUIMHA OyayT
KakK ObI KOMIIEHCHMPOBATh ApyT apyra (puc. 9). Penbed
TMOBEPXHOCTH TUIEHKU COOTBETCTBYET pesibedy, Kak B
ciyyae 6e3 nBukeHus (puc. 10, cM. 4eTBEpTYIO CTOPO-
Hy 00JI0XKH), HO HEPAaBHOMEPHOCTb MOKPBHITUS TOJTY-
yaeTcsd B 2 pa3a MeHblIIe 1 coctasiseT 18,9 % (puc. 11).

B ToM ciydae, eciv npu IaHHOM BUJE BpalllCHUS
MOJUIOKKOIEpXKAaTesi COOTHOLIEHUE CKOPOCTU Bpallle-
HUS TTOJJI0XKHU BOKPYT CBOE OCU U CKOPOCTHU MOBO-
poTa nmojioxXkKoaepxaress oynetr MeHblie 10, To Tou-
Ka C MaKCHUMaJIbHOM TOJIIMHON IJIEHKU OyIeT cMme-
1IEHa OTHOCUTEJBHO LIEHTPa MOMJIOXKM OoJiee yem
Ha 2,5 MM B CTOPOHY TOUKM C HYJIEBbIM 3HAUEHUEM
MTHOBEHHOU CKOpPOCTU, YTO YBEJIMYMUT HEpPaBHOMEp-
HOCTb MOKpbITUS. [ToaTOMY HEOOXOAMMO, YTOOBI CO-
OTHOLLUEHNE CKOPOCTM BPALIEHUS IOIAJIOXKKUA BOKPYT
CBOEI1 OCU ¥ CKOPOCTU MOBOPOTA MOMTOXKKOAEPXKATES
6bu10 Gonbuie 10.

1.4. HenpepbiBHOE BpamieHne MOIJIOKKHA
BOKPYT CBOEil 0CH NpH (PMKCHPOBAHHOM YTJie

INoxpeITHE MMeeT HepaBHOMepHOCTh 18,9 % mipm
paBHOMEPHOM BpallleHUH TTOMTOKKOAEepXKATENs, U CKO-
POCTB BpallleHUsT TTOIJIOXKKHA MHOTO OOJIBbIIE CKOPOCTH
BpallleHus nomioxkoaepxarenas. Eciu 3aduxcupo-
BaTh MOMJIOXKY IMOJ YIJIOM K MarHeTpoHY M BpalllaTh
€€, TO MOXHO IOOUTHCS HEPaBHOMEPHOCTH ITOKPBI-
tus 2,1 % npu yrae 22°16' (puc. 12, 13, cM. yeTBep-
TYIO CTOPOHY 00J103kKM). B 3TOM cityyae MuHMMaIbHAasK
TOJNIIMHA OyAeT B LIEHTPe M Ha Kpasx IMOIOXKHU, a

Hpocure naenxu no 2opusonmany
/ Horizontal film profile

/| Vertical film profile

X Ha 00HOM paduyce om yewmpa

The ratio of film thickness along vertical
to the thickness along horizontal
at the same radius from the center

M3 puc. 8 (cM. TpeTbl0O CTOPOHY
00JIOXKKM) BMIHO, YTO LIBETa U .
JIMTHUM OTHOW TOJIIMHBEI COBIIA-
JAIOT Y TOJIYYEHHOTO MOKPBITUS

|
|
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I
I
|
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Puc. 7. IIpodunp njieHKH npu BpamIeHNH MOIJIOKKOIEPKATES
Fig. 7. Thin film profile during rotation of the substrate-holder
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Puc. 9. PacuerHas cxema mpoumecca BpamleHHs NOJJIOXKKH BOKpPYT
cBOeil OCH U BPAIIEHHUS MOMJIO0XKKOAEPKATENS

Fig. 9. Design diagram of the rotation process of the substrate around
its axis and rotation of the substrate holder

Puc. 11. Ilpoduis niaeHKH NpH BPALIEHHH MOMI0KKH BOKPYT CBOEi
OCH ¥ BpAIlleHNH MOJIOKKOEPKATEA

Fig. 11. Thin film profile during rotation of the substrate around its axis

and rotation of the substrate holder
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Puc. 12. PacyernHas cxema mpouecca BpamieHHs MOIJIOXKKH BOKPYr
CBO€ii OCH NP 33JaHHOM YIJie

Fig. 12. Design diagram of the process of rotation of the substrate around
its axis at a set angle

MakKcHUMaJjbHasl TOJIIMHA — Ha PaBHOM yIaJeHUM OT
ueHtpa (puc. 14).

VYMeHblas 3HaueHue GUKCUPOBAHHOIO yIJia, pa-
IUYC, Ha KOTOPOM TOJIIIMHA MaKCHUMajbHa, OyneT
YMEHbBIIAThCSI K OKCTPEMYMY B LIEHTPE, a yBeJIUUMBas
yroa — OynmeT yBenuuuBathbesl (puc. 15). Do mo3Bo-
JISIET TIPEATION0XUTb, UTO TIPU OMpPeNeIeHHOM 3aKOHe
JIBWXKEHUST TOMJIOXKOAEpKaTesT MOXHO TOJYYUTh
OYEeHb HU3KYI HEpPaBHOMEPHOCTb.

1.5. HenpepoiBHOE BpalleHHe MOAIOKKH
BOKPYT CBOEii OCH C IOBOPOTOM NOMJIOKKOAEPKATEIA
1o 3aJaHHOMY 3aKOHY

[Tpu BpallleHUM MOAJOXKH BOKPYT CBOEH OCHU Mpu
(GUKCUPOBAHHOM YIJIE MOIJIOXKOIepKaTeass, O0Jb-
meM 21°, MakcUMasibHasl TOJIIMHA TUIEHKW Ha TMOJ-
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JIOXKKE paBHOMEPHO ymajeHa OT IIEHTpa BpallleHHUs.
IIpu yBenuueHUM yria MOMIOXKOAEpPKATENsl paguyc
pacrnoyioKeHUsT MaKCUMaJbHON TOJIIMHBI TUIEHKU
pacTeT, Ipu 3TOM YMEHBIIIAETCSI CKOPOCTh OCAXKICHUS.
Ecam Bpamarek momIoXKy BOKPYT CBOEi OCH, a TTOA-
JIOXKKOAepXKaTelb TOBOpAYMBaTh, YMEHbIIIasi CKOPOCTh,
TO pacroJjIoXeHHasl Mo paauycy MakCUMalbHasl TOJI-
IIrHA OymeT Kak ObI KOMIIEHCHPOBAaTh HepaBHOMeEp-
HOCTb IJICHKU 110 BCeii MomIoxKe (puc. 16).
ITonoOpaH 3aKOH, MPU KOTOPOM TMOIT0XKKOAEPKa-
Tesb Bpalaercs ot 9°18° 1o 52°, mpu 3TOM CKOPOCTh
rnoBopota ymeHsbluaercs (puc. 17). IIpu gaHHOM 3aKo0-
He BpallleH!s TTOIJIOXKOAEepKaTeIs U BpallleHUH IO -
JIOXXKHM BOKPYT CBOEil OCM HEPaBHOMEPHOCTh ITOKPHI-
THS MOXeT cocTaBiaTh MeHee 0,1 % (puc. 18).
IIpoBeneHHOE MoOJEIMPOBAHUE ABMXEHUS, IpU
KOTOPOM TTOJIOXKKA BpalllaeTcsl BOKPYT CBOEH ocH, a

Puc. 14. IIpodnis niaeHKn npu BpameHus MOAJIOKKH BOKPYT CBOE
OCH TIPU 32JIaHHOM YTJie

Fig. 14. Thin film profile during rotation of the substrate around its axis
at a set angle
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Puc. 15. IIpodnab niieHKH npu BpamieHUH NOAJIOXKH BOKPYT CBOeil
OoCH B 3aBHCHMOCTH OT YIJia

Fig. 15. Thin film during rotation of the substrate around its axis
depending on an angle
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Puc. 16. PacueTHas cxeMa BpameHds NMOAJIOKKH BOKPYT CBOei 0OCH
C MOBOPOTOM NOJIOKKOAEPKATENS MO 32JAHHOMY 3aKOHY
Fig. 16. Design diagram of rotation of the substrate around its axis with
a turn of the substrate holder in accordance with the set law
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MOJUTOXKOAEepXKaTeJb MOBOpAaYMBaeTCsl B Juana3oHe
oT 9°18' mo 52° ¢ yMeHbIIEHHUEM CKOPOCTH ITOBOPOTA
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Tightening of the non-uniformity requirements to the functional thin film layers of the micro-switching boards with passive thin
film elements up to =2 % leads to the use of expensive vacuum coating systems with linear magnetrons. But the industrial technology
can be realized at the laboratory systems equipped with small planar cylindrical magnetrons, which usually ensure non-uniformity
of the thin films of about 35...40 %. In order to reach the required non-uniformity level of less than £2 % different types of move-
ments of substrate holders have to be used. This article presents different types of substrates’ movement, and the non-uniformity level
is calculated for each type of the movement. The law of sophisticated substrate motion with non-uniformity of 0.1 % is calculated,
which allows us to use the laboratory systems with small planar cylindrical magnetrons for developing of the industrial technology.
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Introduction

There is a growing interest to development of micro
switching boards of a new generation with the embed-
ded passive thin-film elements (resistors, condensers,
inductances) [1, 2]. It is planned to implement a tran-
sition from the standard materials (polycrystalline glass,
polikor) and the sizes of substrates of 60 X 48 mm to
the aluminum nitride with the sizes of substrates up to
300 x 300 mm and essential toughening of the require-
ments to the rated values of the passive thin-film ele-
ments. Thus, for the thin-film resistors the spread by re-
sistance should not exceed 2 %, while this spread is
within the limits of =5 % [3], which involves toughen-
ing of the requirements to the characteristics of the sys-
tems for the vacuum deposition of coatings, intended
for formation of the thin-film elements. The most im-
portant characteristic is a non-uniformity of the depos-
ited coating, which in order to achieve the target pa-
rameters should be less than =2 %. Such rigid require-
ments concerning non-uniformity are met by the sys-
tems equipped with lengthy cylindrical or planar
magnetrons [4, 5], the sizes of which exceed the sizes
of a substrate. At that, the substrate moves perpendic-
ularly to the axes of the lengthy magnetron, to the areas
where the set non-uniformity is ensured, owing to
which a coating with the demanded parameters [5, 6]
is formed on the substrate. However, the magnetrons of
such class and the targets for them are extremely ex-
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pensive, and from this point of view, their application
is not expedient at the stage of development of a tech-
nological process, which is done on the laboratory sys-
tems equipped small planar circular magnetrons [7].
Non-uniformity of the coating at the distances from a
magnetron to a substrate and the sizes of the substrate
equal to the diameter of the magnetron is 35...40 %
[8, 9], which, no doubt, is unacceptable. In order to
achieve the set requirements during deposition of the
coating, various kinds of rotation of the substrate holder
[10] are used, which allow us to lower the non-uni-
formity essentially down to 10 %.

The literature, as a rule, contains general data on
distribution of material during the magnetron disper-
sion on a motionless substrate [11]. There is a number
of works [9, 12, 13] devoted to the mathematical mod-
eling of the uniformity distribution of the coating at a
magnetron dispersion on a flat substrate without rota-
tion. The works concerning estimation of the uniform-
ity of a coating during its dispersion on the rotating sub-
strates are basically of an experimental character [10].
The works devoted to calculation of the movement of
the substrates, ensuring the set non-uniformity, practi-
cally do not exist.

The work presents schemes and calculations of
movement of a substrate with the size of 100 X 100 mm,
allowing us to ensure non-uniformity of a film from a
planar circular magnetron less than =1 %.




1. Computer modeling

Unlike thermal evaporation dispersion, the magne-
tron sputtering dispersion, as shown in [14], makes dis-
tribution of material in accordance with cosine law in
degree n. The coefficient » depends on the energy of the
ions bombarding a target and on the target parameters:
material, homogeneity, size of grains, and structure
[15]. The coefficient »n is selected experimentally for
each target, magnetron and modes of deposition, and
has a range of values from 0.4 up to 1.7 [14].

During modeling the target of a magnetron is con-
sidered as a set of numerous dot sources. Distribution
of a sputtered material on a substrate is a result of the
influence of all the dot sources from the target surface.
The fullest expression taking into account the biggest
number of the parameters looks like the following [4]:

Tty = [ cos"(@(R, r, o, t))cos(e(zR, ro.f)x
aR C(R ra,t)

, 2
X 1+ (fR(R 1) g(R, t)Rdea, W

where r — radius of the point on the substrate, in which
non-uniformity is measured; f — time; R — radius of
the zone of erosion, varies from R ;, up to R ,; o —
integration angle in the cylindrical co-ordinates; n —
coefficient for the target, magnetron and process pa-
rameters; ¢ — angle of sputtering of a particle; 6 — an-
gle of deposition of a particle; fz(R, f) — function of the
profile of the zone of erosion; g(R, f) — function of the
sputtering rate; C — distance from the point of sput-
tering to the deposition zone; T — relative value of the
thickness of the coating on the substrate in the point at
the distance r from the centre.

Uniformity of a coating is determined by the ratio of
the maximal thickness of the film on a substrate to its
minimal value. For each kind of rotation a design dia-
gram is prepared (fig. 1).

In accordance with the design diagram, the depend-
ence is calculated of the distance, angle of sputtering
and deposition on the following variables: radius of the
zone of erosion; point co-ordinates in which it is esti-
mated; integration angle; time. The profile of the zone
of erosion and the sputtering rate, which is the normal-
ized function of the profile of the erosion zone, are es-
timated for each source by measurement of the surface
of the worked target. During modeling it is possible not
to take into account variation of the profile of the ero-
sion zone, because at an increase of the depth of the
profile of the erosion zone the uniformity of a film is
improved [16]. The coefficient of the degree of cosine
of the sputtering angle is selected by the results of the
experiments for each system and mode. Modeling of
the distribution of uniformity of a coating is done by

means of the software products realizing the numerical
methods (MathCad, MATLAB).

1.1. Distribution of the thickness of a coating
on a substrate without rotation

During deposition of a coating on a motionless sub-
strate at the diameter of the magnetron, distance to the
substrate and length of a side of the substrate equal to
100 mm (fig. 2), modeling demonstrated the non-uni-
formity of the thickness of 36.8 %. The maximal thick-
ness was observed in the substrate centre, while the
minimal one — at its edges (fig. 3, see the 3-rd side of
the cover and fig. 4).

1.2. Continuous rotation of the substrate holder
in relation to the vertical axis

During rotation of the substrate holder (fig. 5) the
coating profile on the substrate has the form of a hy-
perbolic paraboloid (fig. 6, see the 3-rd side of the cov-
er), unlike the other kinds of rotation, at which the
coating profile has the form of a normal distribution
with the extremum in the centre of the substrate. The
non-uniformity of the coating for a planar circular
magnetron on a substrate during rotation of the sub-
strate holder, with the distance to the substrate and the
dimensions of the substrate equal to the diameter of the
magnetron, makes 26.5 % (fig. 7).

In order to confirm the given result an experiment
was done in the laboratory of the Chair of Electronic
Technologies in Machine Building on VUP-11M sys-
tem. Ta,O5 coating was deposited on a square substrate
of aluminum with a side of 100 mm during rotation of
the substrate holder. Color of the coating testifies to the
thickness of a film in the given point. From fig. 8 (see
the 3-rd side of the cover) it is visible, that the colors
and lines of the same thickness of the obtained coating
and of the diagram of distribution, simulated on the
computer, coincide.

1.3. Continuous rotation of the substrate holder
in relation to the vertical axis and the substrate
around its axis

As a result, during rotation of the substrate holder in
relation to the vertical axis the maximal thickness of the
coating is observed at the maximal distance from the
centre on the axis of abscissas, while the minimal thick-
ness — at the maximal distance from the centre on the
axis of ordinates. Therefore, if we add rotation of the
substrate in relation to the centre, the maximal and
minimal thicknesses will somehow compensate for each
other (fig. 9). The relief of the surface of the thin film
corresponds to the relief as in case without movement
(fig. 10, see the 4-th side of the cover), but non-uni-
formity of the coating is 2 times less and equals to
18.9 % (fig. 11).
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In the event, if at the given rotation of the substrate
holder, the correlation of rotation of the substrate
around its axis and the speeds of the turn of the sub-
strate holder is less than 10, then the point with the
maximal thickness of the film will be displaced from the
centre of the substrate by more than 2.5 mm towards
the point with the zero value of the instant speed, which
will increase the non-uniformity of the coating.
Therefore, it is necessary, that the correlation of the
speed of rotation of the substrate around its axis and
the speed of the turn of the substrate holder would be
more than 10.

1.4. Continuous rotation of the substrate
around its axis at a fixed angle

The coating has non-uniformity of 18.9 % at an
even rotation of the substrate holder, and the speed of
rotation of a substrate is much more than the speed of
rotation of the substrate holder. If we fix the substrate
at an angle to the magnetron and rotate it, it is possible
to achieve non-uniformity of the coating of 2.1 % at
the angle of 22°16" (fig. 12, 13, see the 4-th side of the
cover). In this case the minimal thickness will be in the
center and edges of the substrate, while the maximal
thickness — at the equal distance from the center
(fig. 14).

With a reduction of the value of the fixed angle, the
radius, on which the thickness is maximal, will decrease
to the extremum in the centre, and with an increase of
the angle it will increase (fig. 15). This allows us to as-
sume that at a certain law of movement of the substrate
holder it is possible to obtain a very low non-uniformity.

1.5. Continuous rotation of the substrate
around its axis with a turn of the substrate holder
in accordance with a set law

During rotation of the substrate around its axis at the
fixed angle of the substrate holder over 21° the maximal
thickness of a film on the substrate is evenly remote
from the rotation centre. In case of an increase of the
angle of the substrate holder, the radius of arrangement
of the maximal thickness of the film increases, at that,
the deposition rate decreases. If we rotate the substrate
around its axis and turn the substrate holder reducing
the speed, then the maximal thickness located on the
radius will somehow compensate for the non-uniform-
ity of the film on all the substrate (fig. 16).

A law was selected, at which the substrate holder ro-
tates from 9°18 'up to 52°, at that, the speed of the turn
slows down (fig. 17). At the given law of rotation of the
substrate holder and rotation of the substrate around its
axis, the non-uniformity of the coating can be less than
0.1 % (fig. 18).

Modeling of the movement, at which the substrate
rotates around its axis, while the substrate holder turns
within the range from 9°18 " up to 52° with a reduction
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of the speed of the turn under the set law, demonstrated
that in case of the use of a circular planar magnetron it
is possible to obtain non-uniformity of a coating less
than 0.1 % on the substrates with the sizes not less than
100 X 100 mm, at the distance from the magnetron to
the axis of the substrate holder of 250 mm and the dis-
tance from the axis of the substrate holder to the sub-
strate of 150 mm.

For obtaining of thin-film coatings with non-uni-
formity of 0.1 % it is necessary to ensure a correlation
of the speed of rotation of the substrate around the axis
and the speed of the turn of the substrate holder more
than 10 for reception of a symmetric film in relation to
the substrate’s centre. Otherwise, the profile of the film
will look as in case of a continuous rotation of the sub-
strate holder in relation to the vertical axis.

Conclusion

The considered kinds of movement of the substrate
reduce the system’s productivity, however, they raise
uniformity of the coating, which allows us to use the
laboratory systems with circular planar magnetrons for
developing of the industrial technology.

Non-uniformity of the film is influenced by the pro-
file of the zone of erosion, function of the sputtering
rate, material and diameter of a target, etc. Therefore,
it is necessary to calculate the law of the turn of the sub-
strate holder depending on the configuration of the sys-
tem of sputtering of the system and requirements to the
coating.
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MCIMNMOAb3OBAHUE TEEKCALUMAHO®EPPATOB AAAl CO3AAHUA
NMOAUMEPHbBIX PELIETNTTOPHBIX CAOEB CEHCOPHbBIX TETEPOCTPYKTYP

Ilocmynuna 6 pedaxuyuro 03.05.2017

IIpednoocen HOBBLI cnOCOO POPMUPOBAHUS 6000HEPACMBEOPUMO0 INEKMPONPOBOOSUE20 PeUenmoPHO20 CA051 HA NOBEPXHOCHU
OusIeKmpuKa Ha 0CHo8e MOOUPUUUPOBAHHO0 YUAHODEppamamu 6000pacmeopumozo noaumepa. Mccredosarsl ghuzuko-xumuuec-
Kue C80liCmea NOAYYeHHbIX NACHOK, ONpedensiouiie Kauecmeo 4y8cmeumenbho2o caos, U ONMuMU3UPOEaHsl YCA08Usl UX opmu-
posanus. Ha ocrose cozdannbix eemepocmpykmyp nOAYyHeHbl CEHCOPHbIe 0amHUUKU, NPOBEOeHbl USMEPEHUS COOePHCAHUS 81A2U 603~
OyWHOU cpedsl, OYeHeHbl MempoaouecKue XapaKmepucmuKy MemoouKy ee onpeoeseHus.

Karouesnie caoea: cerncop, 6000pacmeopumbiii Hoaumep, MOOUDUKAMOP, INeKMPU1ecKas nposooUMOCMb, 8AANCHOCHb 6030yYXd,
DeUenmopHblil CAOU, NAOMHOCMb, MUKPOMEEPOOCMb, 0OHOPOOHOCMb, CMAOUABHOCHb, OMHOCUMENbHAS NOZPeUHOCHb

BBenenune

BnaxHocTh Bo3ayxa SIBISIETCSI OMHUM W3 OCHOB-
HBIX TTapaMeTPOB OKPYXKAaoIlel cpembl, OKa3bIBaIO-
IIMM BJIMSIHUE HA OPraHM3M 4YeJIOBeKa, ero XXU3Hee-
SITEJIBHOCTb U pabOTOCIIOCOOHOCTh, Ha (DYHKIIMOHMU-
poBaHuEe 00OpYIOBaHUsI, MPUOOPOB U CPEACTB U3ME-
peHus. [asg MOHUTOPUHIA W KOHTPOJISI MapameTpoB
BO3IYIIHON CpeIbl MCIOJB3YIOT PA3IUYHBIE METOIBI
aHaju3a C IIpUBJeYeHUEM KaK CTallMOHAPHBIX CPEJCTB
U3MEpPEeHUsI, TaK M aBTOHOMHBIX MEPEHOCHBIX YCT-
poiicTB. llenecoobpa3HbiM sBAsSETCS pa3paboTKa U
BHEJpeHUEe MaJlorabapuTHBIX aBTOHOMHBIX YCTPOMCTB
CEHCOPHOTO THUIIa, KOTOpbIe 00JIafal0oT YyBCTBUTEIb-
HOCTBIO U CEJIEKTMBHOCTBIO K KOMITOHEHTaM BO3AYylI-
HOW cpenbl, GopMUPYsT aHATUTUYECKUIA CUTHAT B 3a-
BUCHMMOCTHA OT WX COIEpXaHMS B BO3MyXe B pEKUMeE
peasbHOro BpEMEHHM.

BaxxHeimM 3716 MEHTOM XUMUYECKOTO CEHCOPHO-
TO dJIeMEHTa SIBJIIeTCS YyBCTBUTEIBHBIN CITOM, chop-

MUPOBaHHbBIN UJIM HAHECEHHBIN Ha MOJJIOXKY, 00Ja-
JalolIMiA BbIPaXX€HHON CEeJeKTUBHOCTbIO MO OTHO-
IIEHWIO K OompenessieMoOMy KOMIIOHEHTY. B KauecTse
(hopMUpyeMoOro aHaJUTUYECKOIO CHUTHajJa pPeLernTop-
HOTO CJI0S1 YIOOHO MCITOJIb30BaTh YAEAbHYIO SJIEKTPH-
YeCKyl0 MPOBOAMMOCTb, 3HAUEHUE KOTOPO 3aBUCUT
OT comepKaHUsI OIPenesIIeMOro KOMIIOHEHTa B pabo-
yeM o0beMe.

CylIeCTBYIOT pa3HbIe CITOCOOBI (POPMUPOBAHMS PE-
nenTopHoro cios. OmMHUM W3 HaIlpaBJIeHU MCCIIeno-
BaHUIA SIBJIIETCS, HAIPUMED, UCMOb30BAHUE BUCMYT-
comepXKalliXx OKCUIHBIX KPUCTAJUIMYECKUX MaTepHa-
JIOB (MOHOKPHMCTAJ/UIOB TepMaHOCUJIJICHUTA, TepMaHoO-
spiuTvHA) [1], a Takxe crekos cocraBa Bi,O3—B,0;
[2], B1203—B203—MOO3 [3], B1203—B203—G602—
MoOj5 [4—7], Ha TOBEPXHOCTH KOTOPLIX MOCJIE COOT-
BETCTBYIOLLEH XMMUYECKOI 00pabOTKM cHavaja ¢op-
MUDPYIOT MaTpUYHBbIA CJIOH Ocaika, KOTOPBIA 3aTeM
MOINGUITUPYIOT COOTBETCTBYIOIIMMHM peareHTaMM,
noJjiyyast pelernTOPHbIA CJION ¢ aKTUBHBIMU LIEHTPaMU,
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YYBCTBUTEJIBHBIMU K TapaM BOIBl U TOKCUYHBIM CO-
eMHEHUsIM B BO3AylIHON cpeae. Hemocrarkamu cy-
IIECTBYIOIINX NaTYMKOB SIBIISIIOTCS Majasl CTaOWIb-
HOCTb PELENTOPHOrO CJIosl, OOYCIOBJIEHHAsI CTPYK-
TYPHBIMU HaMPSDKEHUSIMU U TIPUCYTCTBUEM OOpPaTHBIX
¢a3 B obbeMe ciios.

Apyrum HarpaBjieHUEM SIBJISIETCS] MCITOJIb30BaHUE
MOJIU(PUUIKMPOBAHHBIX TMOJUMEPHbBIX MIEHOK, YYBCT-
BUTEJIbHBIX K KOMIIOHEHTaM BO3IYIIHOM cpedbl. Tak,
B KaueCTBe MCXOJHOro MOJUMEPHOIro MaTepuasa Mc-
MOJIb3YIOT BJIEKTPOIPOBOIAIINNA BOAOPACTBOPUMBINA
noauMep Moyau-N,N-nuMeTus-3,4-1uMeTUICHITUP-
pomuaunuii xnopun (ITIIMIIX), HaHeceHHBI Ha OU-
9JIEKTPUYECKYIO MOIJI0XKY U3 OKCUIHOrO cTekia. [1o-
BEPXHOCTB ITOJTMMepa 06pabaThIBAIOT YIIbTPa3BYKOBBIM
HaHeceHHeM lLiMaHogeppaToB, B pe3yjbTaTe yero 00-
pa3yeTcsl BOJOHEpAcCTBOpUMAs 3JIEKTPOIPOBOAsIIAs
mieHka moau-N,N-nuMeTun-3,4-1MMeTUIeHITUPpPO-
quaunauii unanuaa (IMJIMIIL), yyBcTBUTEIbHAS K TT1a-
pam Bonbl B BO3aylIHoM cpene [8, 9]. [ToayyeHHBbIl Ta-
KHMM CITOCOOOM PELIENITOPHBIN CIIOM, KaK M CO3MaHHBIN
pacCMOTPEHHBIM BHIIIE CIIOCOOOM, 00J1agaeT HeJoCTa-
TOYHON CTaOMJIBHOCTBIO, OJHOPOMHOCTHIO, a TaKXke
CJIOXXHOCTBIO TIOJy4YEHUsI TOHKHX CJIOEB.

s ynydieHus mokasaresieil KadecTBa IOoJIMMep-
HOTO PELeNTOPHOIO CJI0S1 MPEeaoXKeH HOBBII cocob
ero (hopMUpPOBaHUS, TTO3BOJISIIOIIMI B ONHY CTaIUIO
nojy4yaTb MOAMMULIMPOBAHHYIO BOAOHEPACTBOPUMYIO
2JIEKTPONPOBOASAIIYIO TIJIeHKY Ha ocHoBe ITAMIIX
Ha MOBEPXHOCTU TOJIIMHON OT 8 10 15 MKM, KOTOpas
MMEET JIy4llre MokKaszaTejyd KayecTBa: IIOTHOCTb, MUK-
pPOTBEPIOCTb, OMHOPOIHOCTD, CTAOMIBLHOCTD, a TaKXKe
MMO3BOJISIET MOJTyYaTh 0OJIblliee 3HAaUYEHNE aHAJIUTUYEC-
KOTO CUTHAaJIa TIpYU OTpeNeIeHUN COACPKaHUsS ITapoB
BOJIbI B BO3IYIIHOM cpeje.

MeToauka 3KCnepuMeHTa

dna peanusanuu TIpoliecca B3aWMOIECTBUS
KOMITOHEHTOB PeaKIIMOHHOM cMecH TpH (popMHUpoBa-
HHUY PEeNTOPHOTO CJI0SI TOTOBWJIM BOTHEIE PACTBOPHI
IIMIIX c ero comepxxanuem ot 0,17 mo 0,44 % wmac.
A BOAHBIE PacTBOPBI MOIM(MUKATOPOB IIMaHOpeppa-
ToB: rekcauuaHodeppara(ll) kanus, rekcauuaHogep-
parta(Ill) xanusi, HUTpoIpyccUaa Kaausl.

B xadecTBe TTOMIOXKKY IJIT CO3MaHUS TETEPOCTPYK-
TYpPbl MCMOJb30BAIM TPEABAPUTEIBHO OUYMILEHHOE U
00€3XXKMPEHHOE OKCUIHOE CUJIMKATHOE CTEKJIO pa3me-
pom 24 X 24 X 0,17 mm [10], HA KOTOPOM TOKOIIPO-
BOISIIINM KJIeeM 3aKPeTUISUTN 3JIEKTPOIBI M3 MEIHOTO
MMpOBOAHMKA. PaccTosiHMe MeXmy 3JeKTpomaMu CO-
craBmsio 1 cM. ITomimoXXKy ¢ KOHTaKTaMu CYIIWIA B
TeYeHME CYTOK ITpU KOMHATHOM TeMIIepaType, Corjiac-
HO MHCTPYKLUMM IO TpUMEHEeHUIo Kies. Mamepsnu
Maccy MOIOXKMU.

[ HaHeceHMST PeleNTOPHOTO CJI0S Ha TOBEPX-
HOCTb MOJJIOXKH C KOHTaKTaMM €€ KPemnuaud B TOpu-
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30HTAJIBHOM TTOJIOXKEHUU OTHOCUTEIBHO TTOBEPXHOCTH
CTOJIa K YCTAHOBKE, KOTOPAas MO3BOJISIET OCYLIECTBISITh
MMOTBEM C TOCTOSTHHOM CKOPOCTBIO, W OITyCKaJIX TTOM-
JIOXKY B TaKOM ITIOJIOKEHUM B CTaKaH C PacTBOPOM
JIBYX pearupymolimux KOMIIOHEHTOB: MOJIUMepa U MO~
¢ukaropa. [ns obecrieueHusT OQHOPOIHOIO pacipe-
JeJIEHUs YacTULL TIPOAYKTa peakluu B paboueii ssueiike
pacTBOp IepeMellNBaIu ¢ UCITOJIb30BaHUEM MarHUT-
HOW MELIAIKU.

BEITATHMBATM TTOMJIOXKKY M3 pacTBOPA C YCTAHOBJICH-
HOI CKOPOCTBIO, He MpeBbilamiei (2...3) * 107° M/cC
n obecrnieyuBarollleil 0osee paBHOMEPHOE pacmpeie-
JIeHV€e TIPOAYKTa B3aMMOJEWMCTBUSI Ha TOBEPXHOCTHU
cTekJa. 3aTteM Cyluau 24 4 B €CTeCTBEHHBIX YCJIOBU-
ax. M3aMmepsim Maccy MOIIOXKH C HAHECEHHBIM MO-
JUULMPOBAHHBIM MOJUMEPOM U TOJIIMHY OCaXKACH-
HOTO CJIOSI.

HccnenoBanu uMcxoaHble peareHThl U MOAUGUIIU-
poBaHHbIe TIeHKU MeTtogoM MK-cnekTpockonum.

s noaydyeHus MIeHOK TOIIMHOM 8...15 MKM Hc-
cJieI0BaIM 3aBUCUMOCTbD TOJILIMHBI TIJIEHKU OT COAEP-
JKaHUS TIOJMMepa B pacTBOpPE INPU yCTaHOBJIEHHOM
CKOPOCTHU BBITATUBaHUS MOJJIOXKHU U3 pacTBopa (CKO-
pOCThb BBITITMBaHUS U3 pacTBopa (2...3) - 107> Mm/c).

WccnenoBaiu BAUSHUE COOTHOILEHMSI pearnupyro-
X KOMITOHEHTOB PEaKIMOHHON CMecCH TMoJnMepa
u MoaudukaTtopa Ha (QU3MYECKUE XapaKTEPUCTUKU
MOJIyYEHHbBIX OMUCAHHBIM CIIOCOOOM TIJIEHOK (ILIOT-
HOCTb, MMKPOTBEPAOCTb, OMHOPOIHOCTD).

ITnoTHOCTD (p) PacCUMTHIBAIM C UCHOJb30BAHUEM
pe3yJNbTaTOB, MOJYYEHHBIX METOAOM THIPOCTATHYeC-
KOro B3BelllMBaHusl, 1o gopmyie (1)

p= mc)‘[p)[(/(AmCH - AmCT)’ (1)

1€ m.; — Macca CEHCOPHOIO CJIOf; Py, — IUIOTHOCTh
KMIKOCTH, B KOTOpPOH IIPOBOIMTCS B3BEIIMBAHME;
Am,, — pa3HuLA B Macce IPU UBMEPEHUSX HA BO3LyXe
U B BOJE CEHCOPHOW I€TEPOCTPYKTYPbI; Am.. — pa3-
HMIIA B Macce MpU U3MEPEHUSIX Ha BO3AyXe U B BOJE
CTEKJISTHHOM TIOUTOXKHM (10 HAHECEHUS PeleIITOPHO-
ro cjosl).

HcrbiTanne MpOYHOCTHRIX XapaKTePUCTUK MOIM-
(bULIMPOBaHHBIX TJIEHOK MPOBOAWUIU MyTeM HU3Mepe-
HUS ux MukpoTBepaoctu (H) nmo merony Bukkepca.
Ha noBepXHOCTb IJIEHOK HAHOCWJIM OTIIEYaTOK C MO-
MOIIBIO aJIMa3HOM MTUPAMUIKH C YTIIOM MEXIY TpaHs-
Mu 136°, HaxomslIeiicd MON OECTBAEM CTaTHYECKOM
Harpy3ku Maccoit 100 r B Teuenue 10 c. U3Mmepenus
npoBoAuan Ha MukporBepaomepe IIMT-3. Pacuer
BBIMOJIHSUIM 10 (hopmyIie

6
H= P10 ), @)
d

rae P — HopMasibHast Harpyska, MpUJIOXeHHas K aj-
Ma3HOMY HAaKOHeUYHUKY, H; d — cpemnnee apudpmern-




yeckoe JJIMH 00enx AuaroHajei orrnevyarka, MKM. I1o
pe3ylibTaTaM U3MEPEeHUs] MUKPOTBEPAOCTU OLICHUIUN
XapaKTePUCTUKY OTHOPOIHOCTA MOIU(PUIIUPOBAHHBIX
ILUICHOK.

3aTeM MPOBOAMIN OLEHKY BO3MOXHOCTH MCIOJIb-
30BaHMS MOJYYEHHBIX CEHCOPHBIX JIEMEHTOB B LIEJISIX
oIpeAeIeHNsT COAepKaHMs BOMSHBIX ITApOB B BO3-
IyLIHOU cpene. s 3Toro UCIoab30Baad Ipudop uM-
mutaHcometp E7-8 (ITO "Kanubp", Pecny6auka be-
JlapyCh) C 32JIEKTPOHHOU WHAMKaIMEH pe3yJbTaToOB
nsMepeHusi. KoHTaKThl MOMIOXKH ¢ HAHECEHHOM MO-
IUGULIPOBAHHOM TUIEHKOW KPEITMIN B 3aKMMaX M-
MUTaHCOMETpA, MOCJIe YeTO CEHCOPHBIIN BJIEMEHT T0-
Melllaii B pabouyio 30HY, B KOTOPOU co3aaBajiv OI-
pele/leHHYI0 BJaXXHOCTb BO3AYIIHOM Cpeabl MyTeM
HCIIOJIb30BaHUSI PACTBOPOB CEPHOM KMCIOTHI KBAJIM-
dukanmum "oc.4" pa3nuyHON KOHUeHTpauuu. U3mepsi-
JIN 3JIEKTPUYECKYIO MTPOBOAUMOCTb B 3aBUCUMOCTU OT
BJIAXKHOCTU B pabouem oObeme. Ilo pesyiabraram u3-
MEpEeHUI OLIEHUBAIM METPOJOrMYeCKre XapaKTepuc-
THUKM METOIWKHN W3MEPEHUs BJIAXXHOCTH BO3MYITHOM
Cpenbl C UCTIOJIb30BAHUEM M3TOTOBIEHHBIX CEHCOPHBIX
reTepPOCTPYKTYD.

DKCnepaMeHTAJIbHBIE PEe3YJIbTATHI H HX 00CYKIEHHE

JI1st momy4eHusl TUIEHOK TOJIIMHOM OT 8 10 15 MKM
KCCJIeIOBAIN 3aBUCUMOCTh TOMIIUHBI ILUIEHKA OT CO-
JIlep>XXaHUs IToJMMepa B pacTBope. 1 3Toro B onbITax
U3MEHSIIM KOHLIEHTPALMIO MOJIMMepa B BOAHOM pac-
TBOpe B nuarasoHe ot 0,17 mo 0,44 % mac., coxpaHss
IIPY 3TOM MOJIBHOE COOTHOIIIEHNE PEarupyonmx KoM-
IIOHEHTOB IoJuMep:moaudukarop 1:1 [8] u oguHa-
KOBYIO CKOPOCTb BBITSITUBAHMS TTOIJIOXKKN M3 00beMa
peakLMoHHOI cMecu. TOJIIMHY IJIEHOK ONpeaessin
JBYMSI METOAAMM: KOCBEHHBIM, MCIIONb3YSI U3MEPEH-
Hble 3HAYEeHMs] MacC ITOIJIOXKH M CJIOsI, M3BECTHEIC
3HAYEHUS MX IUIOTHOCTEH M IUIOLIAAM ITOBEPXHOCTH
IUIEHKU, U IPSIMbIM U3MEPEHUEM C TTOMOIIBIO MUKPO-
meTpa 03501 ¢ morpenrHocThi0 n3MepeHus: +0,5 MKM.
IMonyyeHHBIE pa3IMUYHBIMU METOAAMU 3HAYEHMST TOJ-
LIMHBI JJIs1 KaXI0# TJIEHKU COBMNAJIU B Mpeaeliax Mmor-
PEIIHOCT M3MEpeHMs. DKCIepUMEHTaJIbHbIE JaH-
HbIE 3aBUCHMOCTH TOJIIIMHBI TUIEHKU OT COAECPXKAHUS
INIAMIIX B pacTBOpe IOKas3aju JUHEHHYIO 3aBUCH-
MocTh (puc. 1). PazpaboraHHEIN cIOCOO HaHECEHUS
PELENITOPHOTO CJIOS TTO3BOJISIET B OAHY CTaAUIO TTOJY-
YUTh TOHKUIA CJI0A BOJIOHEPACTBOPUMOM MJIEHKU C XO-
polleil anre3uei K ToBepXHOCTU BbIOpaHHOM MOAJIOX-
KU, UCIIOJb3Yys MPU 3TOM HECOMOCTABUMO MEHbIIINE
00BEMBI MCXOIHBIX PACTBOPOB PEareHTOB MaJIbIX KOH-
LICHTpaLUA.

Jng viccnenoBaHUsT IPUPOILI TTOJTYYEHHBIX MOIU-
(UUMPOBAHHBIX TUIEHOK MCIOJb30oBaau meton MK-
cnektpockonuu Ha UK-Dypre criekTpoMeTpe 1o Me-
tony nuddysHoro orpaxkenus (mogeab EQUINOX 55
(BRUKER)).
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Puc. 1. 3aBucumocts Toamunbl mwieHku ITIJIMIILL ot KoHueHTpauu
nosumepa [IJIMIIX, momudunmpoBanHoro rekcanuanogepparom(Il)
KaJIus

Fig. 1. Dependence of the thickness of a film of PDMP-hexacyanofer-
rate(1l) on the concentration of PDMPC polymer modified by potassium
hexacyanoferrate(11)

I1pu cpaBHeHnu MK -crieKTpoB IpoayKTa B3auMO-
nericteusg ITJIMIIL u MK-cnekTpa MCXOAHOIO I10-
numepa [TIMIIX yctaHOBUIM, YTO B CHEKTpax Bcex
MOAN(PUIMPOBAHHBIX TIJIEHOK OTCYTCTBYET COBOKYII-
HOCTh TIOJIOC, COOTBETCTBYIOIIMX O0JIACTU BOJIHOBBIX
qucen 880...800 cm !, XapaKTepHBIX IJIsI UCXOAHOIO
rnojuMepa 1, Mo-BUAMMOMY, OTBEYAIOIIMX 32 HATUYUE
cBsizu azor—xiiop (N—CI) [11]. BMmecTe ¢ Tem B 00-
JIacT! BOMHOBBIX uncen 2800...3600 cvm ™! MpPUCYTCTBY-
IOT pa3MbIThI€ TOJIOCHI MOIJIOLIEHUS, CBUIETEIbCTBY-
IOLIKME O HAIMYUU B CTPYKTYpe UCXOJHOTO TMoJuMepa
U MPOAYKTOB €ro MOAU(PULIMPOBAHUS KPUCTAJLIM3A-
muoHHou Boawl (rpymnmna O—H) [11]. IIpu cpaBHeHUN
MK-cnekTpoB npoayktoB Bzaumopaectsus ITIMITLL
n UK-cnekTpoB MoanuKaTopoB ObLIO YyCTAHOBJIEHO
nosieHue B cnekrpax ITJIMIIL pe3kux WHTEHCUB-
HBIX TToJIoc noryoueHus B odsactu 2000...2150 CM_I,
KOTOpbIE MOIYT yKa3blBaTh Ha IMPUCYTCTBME BaJE€HT-
HbIX KoJjeOaHuii (yHKuMoHanbHON rpynmnbl C=N B
MOJIeKyJie MpoayKTa, xapakrtepHoil a1 MK-crekrpon
WHAVMBUAYAJIbHBIX LMaHugoB. Kpome Toro, B MK-
CMEeKTpaxX MPOAYKTOB B3aMMOACHCTBUSI MoOJMMepa U
MOJIM(MUKATOPOB MOSIBISIOTCS HM3KOYACTOTHBIE Ba-
JIeHTHBIe KosiebaHus cBsizu Me—CN, xapaKTepHbIe
st UK -crnekTpoB MoaudrKaTopoB, IIPpU 3TOM MX MO-
JIO)K€HME B YaCTOTHOM WMHTEpBajie U MHTEHCUBHOCTHU
OCTaIOTCSl HEM3MEHHBIMU 110 OTHOIIEHWIO K TAKOBBIM
B UK-cnekTpax ucxoaHeix moaudukaropo. Ha sto
YKa3bIBa€T COIOCTABJIEHUE OTHOCUTEIbHBIX WHTEH-
CUBHOCTE OMHMX U TeX e IMO0JOC MOIU(PUKATOPOB
u TTAMIII. Hanpumep, OTHOCUTEIbHAS UHTEHCUB-
HOCTb MOJIOCHI, XapaKTepHasi Fe"™—CN s cliydae Ipu-
meHeHus1 K4[Fe(CN)g] cocrasnser 0,60 (oTHOCUTEB-
HO HauOoJiee MHTEHCMBHOIO MUKa, XapaKTepHOTO s
BAJIEHTHBIX KOJieOaHU (PYHKIIMOHABHOU TpYMIIbI
C=N). OtHocuTeNbHas UHTEHCUBHOCTD TOM e T0JI0-
col B [TAMIILI cocraBnger 0,58. AHaJTOrMYHBIM 00pa-
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Puc. 2. 3aBHCMMOCTD IJIOTHOCTH ILIEHOK OT COOTHOIIEHHSI MACC MO-
auduxarop/momamep: | —  Ky[Fe(CN)(|/TIAMIIX; 2 —
K;5[Fe(CN)gl/TIAMIIX; 3 — Nay[Fe(CN)sNO]/TIAMIIX

Fig. 2. Dependence of the films’ density on the correlation of the masses
of modifier/polymer: 1 — K, [Fe(CN)g[/PDMPC; 2 —
K;/Fe(CN) 5//PDMPC; 3 —Na,[Fe(CN)sNO]/PDMPC

30M TMIPOUCXOMAT U3MEHEHUSI MHTEHCUBHOCTEH TTOJI0C
MPU UCMOJb30BAaHUN APYTUX MOAU(DUKATOPOB.

TakuM o00pa3zoMm, pacIOJIOXEHHUE XapaKTepPUCTU-
yecKMX JUHUI B paccMoTpeHHbix MK-crnekTpax Mo-
IUULIPOBAHHBIX TUIEHOK W MCXOTHBIX pEareHTOB
yKa3bpIBaeT Ha TO, YTO MPHU MX 00pa30BaHUU ITPOUCXO-
JIIUT B3aMMOJIEHCTBME NOHOB Kayiusl (HaTpus) Moaudu-
KaTopa M MOHOB XJIOpa MOJIUMEpPA, B pe3yJibTaTe Yyero
O/lHA MoJIeKyJla MoHa MoaudUuKaTopa CBI3bIBAECTCS C
OIHVM 3BE€HOM CTPYKTYPBI TTOJIMMEpPa TI0 CIEAYIOIIM
cxemaM B3auMojaencTBust (3—5):

nK,[Fe(CN)¢] + [CgH (NCI],, + nH,0 =
= [CgH gN(K5[Fe(CN)g)H,0],, + nKCl;  (3)

l’lK3[FC(CN)6] + [CSHIGNCI]H + }’leO =
= [CgH N (K, [Fe(CN)()H,O0],, + nKCl; “4)

nNa,[Fe(CN)sNO] + [CgH 4NCI], + nH,0 =
= [CgH (N(Na[Fe(CN)s(NO)])H,0],, + nNaCl. (5)

OTO B3aUMOAEUCTBUE TIPUBOIUT K U3MEHEHUIO KC-
XOJHOI BOAOPACTBOPMMOM MOJMMEPHOM 1IeTu ¢ oOpa-
30BaHMEM HEPACTBOPHMOI B BOJE U BHICOKOAATE€3UOH-
HOI MOIu(UIMPOBAHHON MOJMMEPHON IUIEHKA Ha
TMMOBEPXHOCTU JUBTEKTPUIECKUX MOIITOXEK.

Coomnowenue Mace Moduduramop/nonumep
The weight rafio of modifier/polymer
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Puc. 3. 3aBacMMOCTD MUKPOTBEPAOCTH ILUIEHOK OT COOTHOIIEHHS MACC
momupukatop/mommmep: I — Ky[Fe(CN)(|/TIAMIIX; 2 —
K;5[Fe(CN)gl/TIAMIIX; 3 — Na,[Fe(CN);NOJ/TIAMITX

Fig. 3. Dependence of the films’ microhardness on the correlation of the
masses of modifier/polymer: 1 — K, [Fe(CN)s]/PDMPC; 2 —
K;[Fe(CN)4l/PDMPC; 3 — Na,[Fe(CN)sNO|/PDMPC

Ana ycTaHOBJIEHUSI TPABUIBHOCTHA CHEIAHHOTO
MPEANoJOXEeHUS O XapaKTepe MpoTeKalolleil peakuu
U YCTaHOBJIEHUSI cOocTaBa oOpasytolieiics dasbl Mpo-
BeJM MCCIIeIOBaHUSI 3aBUCMMOCTU CBOMCTBa (TJIOT-
HOCTb, MUKPOTBEPAOCTh) OT COOTHOILIEHUSI pearupyto-
IIUX KOMIOHEHTOB. [1peaBapuTeibHO B COOTBETCTBUU
¢ [12] oueHMBaNIM METPOJIOTUYECKHIE XapaKTepPUCTUKHI
METOIMK U3MEPEHMS TUIOTHOCTU M MMKPOTBEPAOCTU
MOJIYUEHHBIX IJIEHOK B YCJIOBUSIX BHYTpUJIabOpaTop-
HO# MPen3nOHHOCTH. [1IOTHOCTE M3MEpSIIN METO-
JIOM TMIPOCTATUYECKOTO B3BEIIMBaHWSI, OTHOCUTEb-
Has MOrpelIHOCTh METOAUKU U3MEPEHUSI KOTOPO He
npeBbinaeT 2 % (tabi. 1). MUKpOTBEpIOCTh U3MEPsI-
Ju no merony Bukkepca, oTHocuTelbHasi Morpell-
HOCTbh METOJIMKU U3MEPEHUIN KOTOPON HE IIpEeBbIILA-
eT 3 %.

3areM MoJIyYWIu TIJIEHKU 10 ONMCAHHOM BBILIE Me-
TOIMKE M3 PacTBOPOB C Pa3IMUYHBIM COOTHOIIEHUEM
Macc noJrMepa 1 UCToJIb3yeMbIX MOA(UKATOPOB. Pe-
3yJIbTaThl UCCIeAOBAaHUI MpeACTaBIEeHBI Ha puc. 2, 3.

Ha nonyyeHHBIX rpacuKkax "CBOMNCTBO — COOTHOILLIE-
HUE KOMIIOHEHTOB" HaJlMuMe 3KCTpeMyMa TOATBEpK-
JnaeT obpasoBaHKUe HOBOM (pa3bl B pe3yJibTaTe MpoTeKa-
IOILIe XUMUYECKOM peakliuyi MeXay Moau(uKaTopoM
U TIOJMMEpPOM, MPUUYEM COOTHOLIEHWE KOMITOHEHTOB

Ta6auua 1
Table 1
MerTposiornyecKkne XapakTepuCTHKH METOIMKA U3MEPEHHs IIOTHOCTH TIEHOK
Metrological characteristics of the technique for measuring of the density of films
duiero pesynsraton | CBEEE | aropmenocr | ot mpetmons | mpammocn | toumocrn
Yucno cepuii €AMHUYHOTO p 5 P 3 pett 3 p 3 3
Number of aHaIM3a Peps T/CM c,, T/cM HOCTb Gp, I/CM Ag s T/CM *A,,, T/cM
series Number of the results | Arithmetic mean, | Repetition index, Inside laboratory Correctness index | Precision index
of a single analysis Peps g/cm3 o, g/cm3 precision, cp, g/cm3 Ao g/cm3 A, g/cm3
5 25 1,59 0,004 0,006 0,008 0,03
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peakiimyd COOTBETCTBYET TEOPETUUECKHU PACCUMTAaHHO-
MY U3 NPEATO0XEHMS, YTO UX MOJIbHOE COOTHOILLIEHUE
B Mpolecce peakiuu cocrasisieT 1:1. TeopeTnuecku
paccuMTaHHOE OTHOIIEHWE Macc Moaudukarop/mno-
mumep cocrasinger g Ky[Fe(CN)gl/ITAMIIX —
2,28:1; nna K;5[Fe(CN)gl/IIAMIIX — 2,03:1; mia
Na,[Fe(CN);NO]/ITAMITIX — 1,62:1.

[TnotHOCTB TUIEHOK, MOJIUGULIMPOBAHHbBIX
K4[Fe(CN)gl, Ks[Fe(CN)gl, Na,[Fe(CN)sNO] npu
ONTUMAJIBHOM COOTHOIIEHWH cocTaBisieT 1,59, 1,56,
1,51 F/CM3 COOTBETCTBEHHO, a X MUKPOTBEPAOCTh —
62, 59, 55 H/MM2 COOTBETCTBEHHO.

InotHOCTH TUIEHOK MOAN(PULIMPOBAHHBIX
K4[Fe(CN)gl n K5[Fe(CN)¢] mpakTnyecku cosnaia-
0T. B ciydyae mpuMeHeHUsI HUTPOIIpyccuaa odpasy-
€TCsl TIJIEHKA C MEHbBIIIMM 3HaU€HUEM TIJIOTHOCTU. DTOT
(akT sBAsIETCS MOMOJHUTEIbHBIM CBUAECTEIHCTBOM
MPaBUJIBHOCTU TOTO YTBEPXKIAEHUS, UTO MOAUMDUIIM-
pOBaHHas IJIEHKa HE3aBUCHMO OT MCITOJb30BaHHbBIX
MOIM(PUKATOPOB B CBOEM COCTaBE COICPXWT YacTh
MoOJIeKyIbl MoaudukaTopa. OTHOCUTENbHBIN 00bEM,
KOTOPBI 3aHUMaET B MOJIeKyJie MOAUGUIUPOBAHHOTO
MoJjiuMepa 4acTb Mo GUKaTOpa, 3aBUCUT OT €ro MO-
JIEKYJIIPHOU Macchl M, cJeaoBaTeIbHO, BIMSIET Ha
Maccy M IUIOTHOCTb MOJYYEHHOM TMJIEHKU.

s OLleHKU COCTOSIHMSI CTPYKTYPBI IIJIEHKM MC-
MOJIb30BAJIM XapaKTePUCTUKY €€ OJIHOPOIHOCTH, pac-
CUMTAHHYIO IO pe3yjbTaTaM U3MEpPEHUs] MUKPOTBEP-
noctu. MccnenoBanu MoauuLMpOBaHHbIE TUIEHKU C
pa3IMYHBIM COOTHOLIEHUEM MacC B3aMMOIEHCTBYIO-
X KOMIIOHEHTOB MoaMpuUKaTtop/moanmep. MuK-
POTBEPIOCTh U3MEPSIIM Ha KaxaoM obpasle B 12 ero
obOsactsax nmo 5 pa3. CraTuctuueckyro oopaboTKy pe-
3yJIbTaTOB M3MEPEHUN MPOBOAMIM B COOTBETCTBUM C
T'OCT [13]. B pe3yabraTte 3KCNIEPUMEHTOB YCTAaHOBU-
JIK, YTO XapaKTepUCTUKA OJHOPOIHOCTU MOAUDUII-
POBaHHBIX IMAHUIAMU TUIEHOK B 00JIACTH ONITUMAJb-
HBIX COOTHOILLEHUN MoaubuKaTop/moJuMep HMeeT
MMHUMAaJIbHOE 3HAUYeHWE U €€ 3HAaueHHEe B OTHOCH-
TeJBbHBIX eIUHULIAX cocTaBWIO 1,5 % 11 TIJIEHOK, MO-
IuduurpoBaHHbIX rekcauraHodepparom(ll) kanus u
rekcamadodeppaTom(111) xamms, 1,7 % mnd TIeHOK,
MOAM(PULIMPOBAHHBIX HUTPOIIPYCCUIOM KaJIusl.

M3MepeHus coaepkaHus Blaru B BO3MYIIHOM cpe-
Jie C TOMOIIIbIO TTOJTYYEHHBIX CEHCOPHBIX T'€TePOCTPYK-
Typ MIPOBOAWIN B SUeiiKe, B KOTOPYIO ITOMEIIAIN pac-
TBOP CEPHOI KUCIOThI Pa3IMYHON KOHLIEHTpaLuu: 15,
30, 45 u 60 % Mac., coaep:KaHue IIapoB BOAbI HAJ pac-
TBOPAaMU KOTOPBIX M3BECTHO U SIBJSETCS TaOJIUYHBIM
3Hayenuem (mpu 25 °C 21,15; 17,37; 10,68; 3,78 r/M3
cooTBeTcTBeHHO) [14]. Tlo pesynbTaTaM HM3MEpeHUI
MMOCTPOIIM TPAagyMPOBOYHYIO 3aBUCUMOCTh YIEIbHOM
BJIEKTPUUYECKON MPOBOAUMOCTU PELIENITOPHOIO CJIOS
OT colep:KaHMs Biaru B pabouem oobeMe (puc. 4).

M3MeHeHue 3ieKTpuyecKoil MpoBOAMMOCTU B 3a-
BUCUMOCTH OT M3MEHEHMSI BJIAXKHOCTU BO3MYIIHOM

Coodepacanue napos 600st, Zm*
The content of waler vapor, g/m*
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Puc. 4. 3aBucHMOCTDb y/€JIbHOM 3JEKTPHYECKOil MPOBOJUMOCTH pe-
HENTOPHBIX CJIOEB, MOJYYEHHBIX MPH MOJbHOM COOTHOINEHHH MOJIM-
¢ukarop/mosmmvep 1:1, oT BAAKHOCTH BO3AYIMIHOM cpembl: | —
[TOAMIIX, momuduuuposannsiii Ky[Fe(CN)gl; 2 — IIAMIIX, mo-
muduumposanHbiil K3[Fe(CN)gl; 3 —TTAMIIX, MmonuduumposaH-
Helii Nay[Fe(CN)sNOJ

Fig. 4. Dependence of the specific electric conductivity of the receptor
layers received at a molar correlation of modifier.polymer of 1:1 on
humidity of the air environment: 1 — PDMPC modified by
K Fe(CN)4l; 2 — PDMPC modified by K;/Fe(CN)4l; 3 — PDMPC
modified by Nay[Fe(CN)sNOJ

cpeabl 1151 peLieNITOPHbBIX CJIOEB, TTOJYYEHHBIX ITPU OTl-
TUMaJIBHOM COOTHOIICHUMW MOIM(PUKATODP/TIOIUMED,
OIMUCHIBACTCSI CTETIEHHBIM ypaBHEHUEM. DTO yKa3bl-
BaeT Ha aJCOpPOLMOHHBIE IIPOIECCHI, MPOTEKAIOLINe
MEXIY aKTUBHBIMU LIEHTPAaMU CJI0SI TIJIEHKU U TTapaMu
BOJbI B Bo3ayxe. B cilyyae Kak MEHbIIUX, TaK U 00Jb-
LIKX COOTHOIIEHUI MoauduKaTop/moauMep 3aBUCH-
MOCTb OMNMCHIBAETCSI 3KCMOHEHLIUAIbHON (PYyHKUMEN,
YTO CBUIETEJLCTBYET 00 OIpeneJeHHON PO XUMM-
YeCcKOM peaklluu B COBOKYITHOM I'€TepOreHHOM Ipo-
necce. [1pu nTuHeapu3ay CTeEHHBIX 3aBUCUMOCTEMH
yAEJIbHON 3JIEKTPUUECKOI MTPOBOAUMOCTHU G OT COAEP-
kaHusg Biaard C Wi TJIEHOK, MOIM(DUIIMPOBAHHBIX
K4[Fe(CN)gl, K3[Fe(CN)g], Nay[Fe(CN)sNO], 6pita
YCTAHOBJIEHA MpaKTUYecKass MACHTUIHOCTb Koa(ddu-
IIUEHTOB, OTNPEIESIONINX YyBCTBUTETbHOCTD METOIUK
orpeJesieHusI, YTO CBUIAETEJIbCTBYET 00 OJAMHAKOBOM
XapakTepe MpoLEeCCOB, MPOTEKAIOIINX MEXIY aKTHB-
HBbIMM LIEHTpaMM YYBCTBUTEJILHOTO CJIOSI CEHCOPHOM
reTepOCTPYKTYPHI U TTapaMU BOJIbI, HE3aBUCUMO OT LI -
aHUIHOTO MoguduUKaTopa.

I OLIeHKM METPOJIOTUYECKUX MapaMeTPOB METO-
JUKW U3MEPEHUS BJIAXHOCTU BO3MyXa WMCHOJb30BAIU
CEHCOPHbIE TETEPOCTPYKTYPHI B KOJIMYECTBE 4 1IT., pe-
LENTOPHBII CI0M KOTOPBIX MOMYyYaIu MOAU(DUIIAPO-
BaHueM rekcanmaHodepparom(ll) kanus B MOJIbHOM
COOTHOLIIEHUU MOAM(UKATOP:MOJIUMEpP, paBHOM 1:1.
M3mepeHust a1eKTpU4ecKoii MpOBOAUMOCTHY MPOBOIU-
JIM JUIS1 KaXA0T0 CEHCOPHOTro 3j7eMeHTa 5 pa3. B pabo-
Yyell ssyeiike BIaXKHOCTh BO3MYLIHOM cpeabl Oblia Ioc-
TOSIHHOI 1 cocTtasisuia 17,37 r/M3. CTaTuCTUYECKYIO
00paboTKy pe3yJbTaTOB U3MEPEHUI MTPOBOAWIMN B CO-
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Tabauia 2

Table 2

Mertposoruueckne XapakTepuCTHKH METOIUKH ONpe/esieHdsl COIePKAHNUs BJIArk B BO3AyXe
Metrological characteristics of the technique for determination of the moisture content in the air

Cpennee apudpme- INokasarenn BuyTtpuia6oparop- IMokasarenn IMokasarens

Yncio cepuit Yucio pesyabTaToB TUYECKOe, MTOBTOPSIEMOCTU Has TIPELU3UOH- MPaBUJILHOCTU TOYHOCTU

Number of eﬁﬂﬂgq’{{c’;?haiaﬂﬂl?a Ceps T/ v’ Gy T/M3 HOCTb GR, T/M> Aemo /™3 +A,, /M3

series OL}’Z sin;f)le aiza(l?;;ss Arithmetic mean, Repetitionindex, Inside laboratory Correctness index, | Precision index,
.. 3
Cep g/m’ S, g/m’ precision, o, g/m N *A,, g/m’
5 20 17,2 0,29 0,15 0,7

otBeTcTBUU ¢ PMI [12]. Pe3ynbTaThl MpeacTaBieHbl B
Tabm. 2.

AHanu3 JaHHBIX TabJ. 2 MOKa3bIBaeT, YTO OTHOCH -
TeJIbHasl TIOrPelIHOCTD OIpPeAeIeHUST COAePXKaHUS Ta-
POB BOJIBI TTO pa3pabOTaHHOM METOMUKE He MpeBbIIIa-
eT 4 %. XOoTa OTHOCUTEIbHAsI TTOTPEIIHOCTh U3Mepe-
HUS BJIQXXHOCTHU BO3AyXa HE3HAUMTEJbHO OTJIMYAETCS
OT YCTAaHOBJICHHOM TSI aHAJOTUYHBIX TIJICHOYHBIX Te-
TEPOCTPYKTYP [9], cTaOMIBHOCTD JaTUMKOB, IMOJYIESH-
HBIX TI0 pa3pab0TaHHOMY CTI0CO0Y, TIPEBHIIIAcT 6 Mec.

3akimouyenue

Pazpaboran cmocob6 (opMHpOBaHUS CEHCOPHOM
TETEPOCTPYKTYPHI C TOBEPXHOCTHBIM CJIOEM B BUJE BO-
JIOHEPACTBOPUMOM MOJUMEPHOM IUVIEHKU ITyTEM OCaX-
neHust npoaykTa peakuuu [TIMITX 1 nmuanoconepxka-
IIMX MOAM(MUKATOPOB HA MOBEPXHOCTU IUIJIEKTPH-
YeCKOM MOJJI0XKM BHITSITMBAHUEM €€ U3 pacTBOpa pe-
AKIIMOHHOM CMECHU C IOCTOSIHHOM CKOPOCTHIO.

MeTtomamMu (PU3MKO-XMMUYECKOIO aHalIn3a U Me-
TogoM MK-crnekTpocKonuu ycTaHOBJIEHO, YTO Ha TO-
BEPXHOCTU CTEKJIOOOPA3HOM MOJJIOXKHU MPU B3aUMO-
neiictBun I[MIJIMIIX u umaHogeppaToB B COOTHO-
meHuu 1 Moisib nuaHodeppara Ha 1 MoJIb MOHOMEpaA
nojumMepa odpasyeTcss HEpacTBOPUMBI B BOJEe MpPO-
JIIYKT, MOHOMEP KOTOPOTO COIEPXUT B CBOEM COCTaBE
BMECTO MOHa XJIOpa aHMOH, OoOpa3ylolIuiics 3a cyeT
B3aMMOJEHMCTBUSI OMHOTO MOHA KayiMsl (HATpus) ¥ MOHA
xjiopa oT mosiekyabl TTIMITX.

IIpu aHanM3e MIOTHOCTU, MUKPOTBEPAOCTU U OfI-
HOPOJHOCTH TJIEHOK YCTAHOBJIEHO, YTO MAaCCOBBIE CO-
OTHOILIEHUSI MOAU(DUKATOP,/TIOTUMEDP, COOTBETCTBYIO-
IIME IKCTPEMYMY XapaKTEPUCTUKM Ha JaAuarpamme
"cocTaB—cBoOicTBO", cocTaBistioT 2,3:1; 2,0:1 1 1,6:1
s Ky[Fe(CN)ol/IIAMIIX; K;[Fe(CN)gl/IIAMIIX;
Na,[Fe(CN);NOJ/ITAMITIX cooTBeTCTBEHHO. DT
3HAUEHUS B MpeAesax IMOTPElIHOCTH COBMAJAI0T C
TEOPETUUECKM PACCUMTAHHBIMM COOTHOILIEHUSIMU B
MPEeaIoJI0XEHUH, YTO OfHA MoJieKyJa MoaudukaTopa
BCTYIIaeT BO B3aUMOJECHCTBUE C OJHUM 3BEHOM TOJIU-
MmepHoit uenu ITIAMITX.

ITpoBeeHHBIMU KUCCAENOBAHUAMHU IO U3MEPEHUIO
3JIEKTPUUECKON MPOBOAUMOCTU MOAUMDULIMPOBAHHBIX
TUIEHOK B 3aBUCUMOCTH OT COOTHOIIIEHUS KOMIIOHEH-
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TOB TMOKa3aHO, YTO MPU MOJBHOM COOTHOIIEHUU MO-
nudukarop/moaumep 1:1 aymekTpuyeckas MPOBOIM-
MOCTb ITPU YBEJIMYEHUU COJIep>KaHUs BlIaru pacrterT 110
CTENIEHHOMY 3aKOHY, YTO COOTBETCTBYET aicoOpOIIM-
OHHOMY MeXaHu3My B3auMozaeicTBusl. OTKIOHEHUE OT
YKa3aHHOTO COOTHOIIEGHUS MPUBOAMT K TOSIBICHUIO
KOMIOHEHTbl XUMUUYECKOU peaklud U 3KCHOHEHILIM-
aJbHOMY POCTY 2JIEKTPUYECKOM IMPOBOIMMOCTH, YTO
CBSI3aHO, MO-BUAMMOMY, C IMOSIBJEHUEM BKJIIOUEHMI
BTOpOI#i (ha3bl B 00bEME MOBEPXHOCTHOIO CJIOSI.

Pa3paboraHa MeTonMKa ornpeaeaeHus coaepXKaHus
BJIar'M B BO3AYIIIHOM cpeje B Auaria3oHe ero 3HauYeHUi
3...95 % mac. ¢ UCTIOJIb30BAaHNEM CEHCOPHBIX 3JIeMEH-
TOB, MOJYYEHHBIX 10 pazpaboTaHHOMY crioco0y. Pac-
CUMTaHHAas IO pe3yJibTaTaM MPOBEAEHHBIX 3KCIEePU-
MEHTOB OTHOCUTEJIbHAs MOTPEUIHOCTh OIpeaeSeHUs
COJIEpPKaHMS BIary He mpesbiiiaet 4 %, mnpenen ooHa-
pyxeHust coctapiser 1,50 r/M3, a rokasarejb CTa-
OMIBHOCTH COCTaBJISIET OoJiee 6 MEC., YTO CYILIECTBEH-
HO TIpeBbIIIaeT BO3MOXHOCTU pa3pabOTaHHBIX paHee
aHaJIOTOB.
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A new method of formation of insoluble electrically conductive receptor layer has been proposed and optimized. The layer was
Jformed by a modified cyanoferrate water-soluble polymer. The physicochemical properties of these films, determining the quality of
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Introduction

Air humidity of is one of the key environmental pa-
rameters, influencing a human body, its ability to live
and work, functioning of the equipment, devices and
sensors. For monitoring and control of the parameters
of the air environment various methods for analysis, in-
volving stationary sensors and portable self-contained

units, are used. It is expedient to develop and introduce
small-sized self-contained units of a sensor type, which
possess sensitivity and selectivity to the components of
the air environment, forming an analytical signal de-
pending on their content in the air in a real time mode.

A major element of a chemical sensor is a sensitive
layer formed or deposited on a substrate, possessing an
expressed selectivity in relation to an assignable com-
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ponent. As an analytical signal for the receptor layer it
is convenient to use the specific electric conductivity,
which depends on the content of an assignable compo-
nent in the working volume.

There are different ways to form a receptor layer.
One of the research directions is the use of the bis-
muth-containing oxide crystal materials (monocrys-
tals of germanium-selenite, germanoevlitin) [1], glass-
Bi,0;—B,05;—Ge0,—Mo005 [4—7], on the surface of
which after chemical processing, first, a matrix layer of
a deposit is formed, which then is modified by the cor-
responding reagents, and a receptor layer is obtained
with the active centers, sensitive to the water vapors and
toxic compounds in the air environment. A drawback of
the existing sensors is a low stability of the receptor lay-
er, which is due to the structural stresses and presence
of the borate phases in the layer volume.

Another direction is the use of the modified poly-
meric films, sensitive to the components of the air en-
vironment. Thus, as the initial polymeric material, they
use electroconductive water-soluble polymer poly-N,N-
dimetil-3,4-dimetilenpirrolidine chloride (PDMPC),
deposited on a dielectric substrate from an oxide glass.
The polymer surface is processed by an ultrasonic dep-
osition of cyanoferrates, as a result of which a water
insoluble electroconductive film is formed of poly-
N, N-dimetil-3,4-dimetilenpyrrolidine cyanide (PDMP-
hexacyanoferrate (II)), sensitive to the water vapors in
the air environment [8, 9]. The received receptor layer,
just like the above considered method, is characterized
by insufficient stability, uniformity, and complexity of
reception of the thin layers.

For improvement of the quality indicators of the
polymeric receptor layer a method was proposed for its
formation allowing us to get in one stage a modified
water insoluble electroconductive film on the basis of
PDMPC on a surface with thickness from 8 up to
15 um, which has better quality indexes; density, mi-
crohardness, uniformity, stability, and ensures higher
values of an analytical signal during determination of
the content of the water vapors in the air environment.

Experiment technique

For interaction of the components of a reactionary
mix during formation of a receptor layer, water solu-
tions of PDMPC were prepared with its content from
0.17 up to 0.44 % of the mass and water solutions of the
modifiers of cyanoferrates: hexacyanoferrate (II) of po-
tassium, hexacyanoferrate (III) of potassium, nitro-
prusside of potassium.

As a substrate for manufacturing of a heterostructure
a cleaned and degreased oxide silicate glass was used
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with the size of 24 X 24 X (0.17 mm [10], on which elec-
trodes from a copper conductor were fixed by a con-
ductive adhesive. The distance between the electrodes
was 1 cm. The substrate with contacts was dried during
a day and night at a room temperature, according to the
instruction for application of the adhesive. The mass of
the substrate was measured.

For deposition of the receptor layer on the surface
of the substrate with its contacts it was fixed in a hor-
izontal position in relation to the table surface on an in-
stallation, which allowed to lift it with a constant speed,
and lowered the substrate in such a position into a glass
with a solution of two reacting components: a polymer
and a modifier. For a homogeneous distribution of the
particles of the reaction product the solution was mixed
in a working cell with the use of a magnetic mixer.

The substrate was drawn out from the solution with
the speed not exceeding (2...3) * 1076 m/s and ensuring
a more uniform distribution of the product of interac-
tion on the glass surface. Then it was dried during 24 h
in natural conditions. The substrate’s mass with the de-
posited modified polymer and the thickness of the de-
posited layer were measured.

The initial reagents and the modified films were in-
vestigated by the method of IR spectroscopy.

For obtaining of films with thickness of 8...15 um
the dependence of the film thickness on the polymer
content in the solution at the set speed of drawing of a
substrate from the solution (the speed of drawing
equaled to (2...3) - 1070 m/s) was investigated.

The influence of the correlation of the reacting
components of the reactionary mix of the polymer and
the modifier on the physical characteristics of the re-
ceived films (density, microhardness, uniformity) was
investigated.

Density (p) was calculated with the use of the results
received by the method of hydrostatic weighing, ac-
cording to the formula (1)

p= mlp[iq/(Ams - Amg)’ (1)

where m; — mass of the sensor layer; p;, — density of
the liquid, in which weighing was done; Am; — differ-
ence in mass during measurements of the sensor het-
erostructure in the air and water; Amg — difference in
mass during measurements of a glass substrate (before
deposition of the receptor layer) in the air and water.
Testing of the strength characteristics of the modi-
fied films was done by measurement of their micro-
hardness (H) by Vickers’ method. An imprint was de-
posited on the surface of the films by means of a small
diamond pyramid with an angle of 136° between its fac-
ets, which was subjected to the influence of a static load
of 100 g during 10 s. Measurements were done on




PMT-3 microhardness meter. Calculation was carried
out according to the following formula

7 0.189. P 10°
d2

, [H/mm?], 2)

where P — normal load applied to a diamond tip, H;
d — arithmetic mean of the lengths of both diagonals
of the imprint, in micrometers. By the results of meas-
urement of microhardness the characteristic of uni-
formity of the modified films was estimated.

Then, an estimation of a possible use of the sensor
elements with a view to determine the content of water
vapors in the air environment was done. For this pur-
pose E7-8 immittance meter (Calibre Co., Byelarus)
was used with an electronic indication of the results.
Contacts of the substrate with a deposited modified film
were fixed in the clips of the immittance meter, then,
the sensor element was placed in the working zone, in
which certain humidity of the air environment was cre-
ated by the use of solutions of the sulfuric acid of var-
ious concentrations. The electric conductivity was
measured depending on the humidity in the working
volume. By the results of the measurements the metro-
logical characteristics of the technique of measurement
of humidity of the air environment were estimated with
the use of the manufactured sensor heterostructures.

Results of experiments and their discussion

For reception of films with thickness from 8 up to
15 um the dependence of a film’s thickness on the pol-
ymer content in a solution was investigated. For this
purpose the concentration of the polymer in a water so-
lution was changed from 0.17 up to 0.44 % of the mass,
at that, preserving the molar correlation of the compo-
nents of polymer:modifier 1:1 [8] and the identical
speed of drawing the substrate from the volume of the
reactionary mix. The thickness of the films was deter-
mined by two methods: an indirect method, using the
measured values of the mass of the substrate and of the
layer, the known values of their density and area of the
film surface, and a direct method of measurement by
means of 03501 micrometer with an error of measure-
ments of £0.5 um. The received values of the thickness
for each film coincided within the measurement error.
The experimental data of the dependence of the thick-
ness of a film on the content of PDMPC in a solution
demonstrated a linear dependence (fig. 1). The devel-
oped method of deposition of the receptor layer allows
us to receive in one stage a thin layer of a water insol-
uble film with a good adhesion to the surface of the se-
lected substrate, at that, using non-comparably smaller
volumes of the initial solutions of the reagents of small
concentrations.

For research of the nature of the received modified
films the IR spectroscopy method on IR Fourier spec-
trometer by the method of a diffuse reflection (model
EQUINOX 55 (BRUKER)) was used.

As a result of comparison of IR spectra of the prod-
uct of interaction of PDMP-h and the IR spectrum of
the initial polymer of PDMPC it was established, that
in the spectra of the modified films there was no a set
of the strips corresponding to the area of the wave num-
bers of 880...of 800 cm_l, characteristic for the initial
polymer and, apparently, responsible for the presence of
nitrogen-chlorine (N—CI) bond [11]. At the same time
in the area of the wave numbers of 2800...3600 cm™!
there were dim strips of absorption testifying to the
presence of the initial polymer and products of its mod-
ifying crystallized water (group O—H) [11]. As a result
of comparison of IR spectra of the products of inter-
action of PDMP-h and IR spectra of the modifiers an
occurrence was detected in the spectra of PDMP-h of
sharp intensive strips of absorption in the area of
2000...2150 cm™ ! which could point to the presence of
the valent fluctuations of the functional group C=N in
the molecule of the product, characteristic for IR spec-
tra of individual cyanides. Besides, in IR spectra of the
products of interaction of the polymer and the modifi-
ers there appeared low-frequency valent fluctuations of
Me—CN bond, characteristic for IR spectra of the
modifiers, at that, their position in the frequency inter-
val and intensity remained invariable in relation to
those in IR spectra of the initial modifiers. A compar-
ison of the relative intensities of the same strips of the
modifiers and PDMP-h points to that. For example, a
relative intensity of a strip, characteristic for F et —CN
in case of application of Ky4[Fe (CN)¢] equals to 0.60
(in relation to the most intensive peak, typical for the
valent fluctuations of the functional group of C=N).
Relative intensity of the same strip in PDMP-h is 0.58.
Similar variations occur in the intensities of the strips in
case the other modifiers are used.

Thus, the arrangement of the characteristic lines in
the considered IR spectra of the modified films and the
initial reagents points to the fact that during their for-
mation there is an interaction of the ions of potassium
(sodium) of the modifier and the ions of chlorine of the
polymer, as a result of which one molecule of an ion of
the modifier bonds with one link of the polymer struc-
ture under the following schemes of interaction (3—5):

}’ZK4[F6(CN)6] + [C8H16NCl]n + nH2O =
= [CgH N (K;5[Fe(CN)¢])H,0],, + nKCI; 3)

nK3[Fe(CN)¢] + [CgH (NCl], + nH,0 =
= [CgH sN(K,[Fe(CN)¢)H,0],, + nKCI;  (4)

}’lNaz[Fe(CN)SNO] + [C8H16NCI]}1 + l’leO =
= [CgH ;sN(Na[Fe(CN)s(NO)|)H,0], + nNaCl. (5)
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This interaction leads to a change of the initial wa-
ter-soluble polymeric chain with formation of an insol-
uble in water and highly adhesive modified polymeric
film on the surface of the dielectric substrates.

In order to establish correctness of the assumption
concerning the character of the proceeding reaction
and to determine the structure of the formed phase, a
research of the dependence of property (density, mi-
crohardness) on the correlation of the reacting compo-
nents was carried out. According to [12], the metrolog-
ical characteristics of the techniques for measurement
of the density and microhardness of the received films
in the conditions of inside-laboratory precision were
preliminary estimated. The density was measured by
the method of hydrostatic weighing, a relative error of
measurement of which did not exceed 2 % (table 1).
The microhardness was measured by Vickers method,
a relative error of measurement of which did not ex-
ceed 3 %.

Then films were received by the above described
technique from the solutions with various correlations
of the mass of the polymer and of the used modifiers.
The results of the research are presented in fig. 2, 3.

On the received diagrams of "property — correla-
tion of components” the presence of the extremum
confirms formation of a new phase as a result of a
chemical reaction between the modifier and the pol-
ymer, at that, the correlation of the components of the
reaction corresponds to the theoretically calculated
one on the basis of the assumption, that their corre-
lation in the course of reaction would be 1:1. The the-
oretically calculated correlation for the masses of
modifier:polymer for: Ky[Fe(CN)¢]/PDMPC —
2.28:1, for Kj[Fe(CN)¢]/PDMPC — 2.03:1, for
Na,[Fe(CN);sNO]/PDMPC — 1.62:1.

The density of the films modified by K4[Fe(CN)],
K;3[Fe(CN)gl, Nay[Fe(CN);NOJ at the optimal corre-
lation equals to 1.59, 1.56, 1.51 g/cm3, and their mi-
crohardness — 62, 59, 55 H/mm2.

The densities of the films modified by K4[Fe (CN)]
and K;[Fe (CN)¢] practically coincide. In case of ap-
plication of nitroprusside a film with a smaller value of
density is formed. This fact is an additional proof of
correctness of the statement, that irrespectively of the
used modifiers a modified film in its composition con-
tains a part of a molecule of the modifier. The relative
volume, which is occupied by a part of the modifier in
a molecule of the modified polymer, depends on its
molecular mass and, hence, influences the mass and the
density of a film.

For estimation of the structure of a film the char-
acteristic of its uniformity calculated by the results of
measurement of the microhardness was used. The
modified films with various correlation of the masses
of the interacting components of modifier:polymer
were investigated. The microhardness was measured
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on each sample in 12 of its areas, 5 times. The statis-
tical processing of the results was done according to
GOST [13]. As a result it was established, that the
characteristic of uniformity of the films modified by
cyanides in the field of optimal correlations of modi-
fier/polymer was minimal and its value in relative
units was 1.5 % for the films modified by hexacyano-
ferrate (II) of potassium and hexacyanoferrate (I1I) of
potassium, and 1.7 % — for the films modified by ni-
troprusside of potassium.

The moisture content measurements were done in
the air environment by means of the received sensor
heterostructures in a cell, in which solutions of sulfuric
acid of various concentrations were placed: 15, 30, 45
and 60 % of mass, the content of the water vapors over
solutions was known and had a tabular value (at 25 de-
grees 21.15; 17.37; 10.68; 3.78 g/m3) [14]. By the re-
sults of the measurements a calibration dependence was
constructed of the specific electric conductivity of the
receptor layer on the moisture content in the working
volume (fig. 4).

Variation of the electric conductivity depending on
the change of humidity of the air environment for the
receptor layers at the optimal correlation of modifi-
er:polymer, is described by an exponential equation.
This testifies to the adsorptive processes going on be-
tween the active centers of the layer of a film and vapors
of water in the air. In case of smaller and bigger corre-
lations of modifier:polymer the dependence is de-
scribed by an exponential function which testifies to a
certain role of a chemical reaction in the heterogeneous
process. In case of linearization of the power depend-
ences of the specific electric conductivity (c) on mois-
ture content C for the films modified by K4[Fe (CN)g],
K;3[Fe (CN)gl, Nay[Fe (CN)5NO], a practical identity
was established of the coefficients determining the sen-
sitivity of the definition techniques which testifies to the
identical character of the processes proceeding between
the active centers of the sensitive layer of the sensor
heterostructure and the vapors of water, irrespectively
of the cyanide modifier.

For estimation of the metrological parameters of the
technique for measurement of the air humidity the sen-
sor heterostructures were used, 4 pieces, the receptor
layer of which was received by modifying by hexacy-
anoferrate(Il) of potassium in a molar correlation of
modifier:polymer, equal to 1:1. The measurements of
the electric conductivity were done for each sensor el-
ement 5 times. In the working cell the humidity of the
air environment was constant and equal to 17.37 g/m3 .
The statistical processing of the results was done ac-
cording to [12]. The results are presented in table 2.

An analysis of the data presented in table 2 shows
that a relative error in determination of the content of
the water vapors by the developed technique does not
exceed 4 %. Although a relative error in measurement




of the air humidity insignificantly differs from the data
established for similar film heterostructures [9], the sta-
bility of the sensors received by the developed method
exceeds 6 months.

Conclusion

A method was developed for formation of a sensor
heterostructure with a surface layer in the form of a wa-
ter-insoluble polymeric film by deposition of a reaction
product of PDMPC and cyanide-containing modifiers
on the surface of a dielectric substrate by drawing it
from a solution of a reactionary mix with a constant
speed.

Due to a physical and chemical analysis and IR
spectroscopy it was established, that on the surface of
a vitriform substrate during interaction of PDMPC and
cyanoferrates in correlation of 1 mole of cyanoferrate
per 1 mole of a monomer of polymer, a product is
formed insoluble in the water, the monomer of which
contains an anion instead of an ion of chlorine, due to
interaction of one ion of potassium (sodium) and an ion
of chlorine from a molecule of PDMPC.

An analysis of the density, microhardness and uni-
formity of the films established that the mass correla-
tions of modifier:polymer, the characteristics corre-
sponding to the extremum on the "composition-prop-
erty" diagram, were equal to 2.3:1; 2.0:1 and 1.6:1
for K4[Fe(CN)gl/PDMPC; K;[Fe(CN)¢]/PDMPC;
Na,[Fe(CN);NO]/PDMPC. These values within an
error coincided with the theoretically calculated corre-
lations of the assumption, that one molecule of the
modifier enters into interaction with one link of the
polymeric chain of PDMPC.

Research concerning the measurement of the elec-
tric conductivity of the modified films depending on a
correlation of the components demonstrated, that at a
molar correlation of modifier/polymer 1:1, when the
moisture content increases, the electric conductivity al-
so increases in accordance with the power law, which
corresponds to the adsorptive mechanism of interac-
tion. A deviation from the correlation leads to occur-
rence of a component of chemical reaction and an ex-
ponential growth of the electric conductivity, which,
apparently, is connected with the appearance of in-
clusions of the second phase in the volume of the sur-
face layer.

A technique was developed for determination of the
moisture content in the air environment in the range of
contents of 3...95 % of mass with the use of the sensor
elements received by the developed method. A relative
error in determination of the moisture content calcu-
lated by the results of the experiments does not exceed
4 %, the detection limit is 1.50 g/m3 , and the stability
index is more than 6 months, which essentially exceeds
the possibilities of the analogues developed before.
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BAUAHUE ABAEHUNA NMPOCKAAbB3bIBAHUSA CKOPOCTHU
HA PEXXUMbI PABOTbl 1 APYTUE XAPAKTEPUCTUKU
FA30BOIO XMMUHYECKOTO MMUKPOPEAKTOPA

Ilocmynuna 6 pedaxyuio 11.05.2017

Onucbigaemcs H08AsL MeOPeMUHecKas Mooeab 05 PACHeMa 2a308020 XUMUYECK020 MUKDOPEAKMOpa, YHUMbleaouas S16AeHUs
NPOCKanb3bl8anus ckopocmu Ha epanuyax. Ilokazano, 4ymo 6 maKom MUKpopeaKkmope yMeHvuiaemcs OUCHepCusi PeMeHU Haxoxc-
denus, ymo moxucem Obimb UCNOAB308AHO 0151 NPOBEOCHUS XUMUHECKUX NPOUECCO8 C YAYUUIeHHOU 0OHOPOOHOCMbIO 8bIXOOH020 NPO-

aylcma U MOUYHBIM KOHmMpOaAeM napamempoe npouecca.

Karoueesvie caosa: muxpopeakmop, MUKpoKaHan, npockanb3vieanue, peaKmop uoeaibHoeo 8blMeCHeHUs.

BBenenue

XUMUYECKME MUKPOPEAKTOPhl B IOCJIEIHEee Bpe-
Ms1 HaXoJAsIT Bce OoJiblliee MPUMEHEHME JJIs1 CUHTE3a
HOBBIX BeUIECTB W Apyrux eneit [1—4]. B kayecTBe
OCHOBBI JUIsI TAKMX CUCTEM CITy>KaT MUKPOQIIIOMIHbBIE
CTPYKTYpPHI, CO3JaHHbIC MO TEXHOJOTHMU MUKPOCUC-
TeMHOI TexHUKU. OCHOBHBIM (PYHKIIMOHAJIbHBIM
CBOMCTBOM MMKPOPEAKTOPOB SIBJISIETCS IPOBENECHUE
3aJIaHHOTO XUMUUYECKOTro mpolecca Npu KOHTPOJIUPY-
€MBbIX YCJIIOBUSX (TEMIEpaTypa, JaBjieHe, KOHLIEHTpa-
LIMsl BeleCTB U Jip.). PacnpocTpaHeHbl U IIMPOKO U3Y-
YaloTCs MUKPOPEAKTOPHI KaK C XUAKOM, TaK 1 C ra3o-
BO# (pa3oii, OmMHAKO MOAXOAbI, METOIbI UCCIEAOBaAHMS
U pacyeTbl XMMUYECKUX MUKPOPEAKTOPOB BO MHOTOM
3aMMCTBOBaHbl M3 TPAAULIMOHHONU XUMMWYECKOW TEX-
HOJIOTMU. DTO MPUBOIUT K TOMY, UYTO MHOTHE BaxKHbIE
(PU3MKO-XUMUYECKUE SIBJICHUS, UTPAIOIIUE CYIIECT-
BEHHYIO POJIb B MUKPOCTPYKTYpax, 4acTo IOJKHBIM
00pa3oM He yYUThIBAIOTCS IIPU pa3paboOTKe MUKpPOpe-
akTopoB. COOTBETCTBEHHO CYILIECTBYET 3ajJa4a pa3pa-
0OTKM HOBBIX METOAOB U MOJAXOAO0B, KOTOpPbIE ObI JTyU-
e oTpaxaau (U3UKO-XUMUYECKUE SIBICHUS, TIpOTe-
Kawlie B MUKpOpeaKkTopax.

B HacTosieit paboTe Mbl paccMaTpUBaeM SIBICHUE
MPOCKaJIb3bIBAHUSI CKOPOCTHU JJIS1 Ta30BOTO MOTOKA Ha
TPaHUIIAX MUKPOPEAKTOpPa U MCCIEIyeM, KaK 3TO SB-
JIeHWE BJIMSIET Ha XapaKTepPUCTUKU BCEW CUCTEMbl B
LIEJIOM.

MaremaTnyeckas Mojelb
XHMHYECKOT0 MHUKPOPEAKTOPa

B xadyecTBe OCHOBHOTO METONA MCCJIEIOBAHUS MBI
MPUMEHSIEM METOJ, MaTeMaTHMYecKOro MOJeIMpoBa-
Hus. 715 mpoBeaeHusT CpaBHEHMS TIOBEACHWSI MUKPO-
CHUCTEM C TPAAULMOHHBIMU XHUMUYECKUMU peakTopa-
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MU PacCMOTPHUM MOJIEIbHBIA MUKPOPEAKTOp, KOTO-
pBIii TIpeACTaBIsAeT COOOM LMJIMHAP paauycoM R u
JUIMHO# L, TI0 KOTOPOMY Te4eT ra30Basi CMECh XMMHU-
YeCKM B3aMMOJICICTBYIOLIMX KOMIIOHEHTOB. JJIs1 mpo-
CTOTHI OyleM MpeArojarath, YTo B CUCTEME IIPOUCXO0-
JIUT TOMOT€HHAsl peaKiys

A+ B= P+ B, (1)

rae A — pearupymoliee BelllecTBo; B — ra3-HOCUTEJIb,
HE BCTyMNalolIUil B XMMUYECKHUE TIpoliecchl; P — mpo-
JIYKThI, TOJIyYalolMecsl Mociae XUMMUUYECKUX peakluil
13 BELIECTBA A.

Taxue MoneabHbIE CUCTEMBI C OMTMCAHHOM reoMeT-
pueit ABISIOTCS CTaHAAPTHBIMM JJ1s1 pa3paboTKMU Me-
TOAOB pacyeTa XMMMYECKUX peakTopoB. [Ipu aTom
AHAJIMTUYECKM paccMaTPUBAIOTCS OOBIYHO ABa CIIy-
yas: XUMUYECKUI peakKTop MIeaTbHOTO BHITECHEHUS C
IUIOCKUM ¥ NapadoIMYeCKUM MPOOUISIMU CKOPOCTH.
IIpoueccel nugdy3un BelllecTBa B JAaHHBIX MOIEIISX
HE YYMTBIBAIOTCSI, a TIJIOTHOCTh BEIIECTBA CUMTAETCS
mocTossHHOM. {11 paccMOTpeHus peakTopa ¢ napabdo-
JIMYECKUM MOpo(dUIeM CKOPOCTHM BHYTPEHHUII 00bEM
MBICJIEHHO pa30MBaloT Ha psiJi TpyO C MOTMEpeyHbIM Ce-
YeHUEeM B BUJE KPYIJIOrO KOJiblla, PACIIOJOXEHHBIX Ha
ofHOM ocu. Eciu 4yKncio 3TUX 371€MEeHTOB 10CTaTOYHO
BEJIMKO, MOXHO CUUTaTh, YTO CKOPOCTb B KaXKJ0M OT-
JIeJIbHO B3SITOM 3JIEMEHTE MOCTOSIHHA U MMeEET TLIOC-
Kuii npodunb. [Jdajee paccMarpuBaeTcsl MIealibHbIN
peaxkTop C IJIOCKUM TIpodueM TeueHuUs, a KOHeEUHOe
pelIeHue TONYyYaloT CyMMHUPOBAHUEM BCEX 3JIEMEH-
ToB. Ha puc. 1 npuBeneHa cxema Takoro peakropa, a
Ha puc. 2 moKa3aH Mpodujib CKOPOCTHU B MOMEPEUHOM
ceyeHUU. MoJesbHbIE pellieH s, onpeaesstonme aud-
(bepeHLIMaNbHBIE Y MHTErpajibHble (YHKIWUM pacipe-
JIeNeHusl BpeMeHU HaxoxnaeHust (pynkuuu E(7) u F(7)




Puc. 1. Xumnueckuii peakTop, npeJcTaBleHHbIi B BUe Habopa dJ1e-
MEHTApPHBIX TPYO

Fig. 1. A chemical reactor in the form of a set of elementary pipes

Puc. 2. ITapaboaunueckuii npo¢uib CKOPOCTH B CEYEHUH NMIMHIAPH-
9eCKOro peakropa

Fig. 2. Parabolic profile of the velocity in section of a cylindrical reactor

COOTBETCTBEHHO), [IJIS1 PACCMOTPEHHBIX CJIy4aeB U3JIO0-
XKeHBI B padote [5].

B xuMuuecKkux MUKpOpEaKTOpax TOXKe MOXHO MPH-
MEHSITb MOA00HBIE MOJIEIU, UTO YACTO U MTPOUCXOIUT.
OnHako 1JIsl KOPPEKTHOTO MCHOIb30BAHUS TAKUX MO-
JieJiei ISl Ta30BbIX CUCTEM HEOOXOOMMO JOKa3bIBaThb
pPaBEHCTBO HYJII0O CKOPOCTH Ha CTeHKax peakTopa, 1moc-
KOJIbKY UMEHHO 3TO YCJIOBME 3aJI0XKEHO B TPaAULIUOH-
HYyI0 Mojeib. M3BeCTHO, OHAKO, YTO BO MHOTHUX CJy-
yasx [6, 7] 3T0 He BEpHO IJisI TA30BbIX M XUIKOCTHBIX
MOTOKOB B MUKPOCHCTEMax, YTO MOJABEPracT COMHe-
HUIO KOPPEKTHOCTh MCITOJb30BAaHUS TaKUX MOJeNei
ISl pacyeTa MUKpOpeaKkTopa.

B Hacroseil padote Mbl pa3padoTain 0000ILEeH-
HYI0O MOJeJIb XMMUYECKOTO peakTopa, B KOTOPOM yu-
TEHO BJIUSIHUE SIBIICHUS IMPOCKAIb3bIBAHUSI CKOPOCTU
Ha IpaHUlIaX peakTopa. DTO MO3BOJSET MPUMEHSTh
MPEeIJIOKEHHYI0 MOZENb JIJig 0ojiee TOYHOrO pacuera
XUMUYECKUX MUKPOCUCTEM.

Pacyer mapaMeTpoB XMMHYECKOT0 MHKPOpPEAKTOpa
C YYeTOM SBJICHHS MPOCKAIb3bIBAHMA CKOPOCTH
HA rpaHUNax

SBlleHNe TIPOCKAIB3bIBAHUA MOXHO MJLTIOCTPUPO-
BaTh CXEMOI, TTOKa3aHHOM Ha puc. 3.

CyTb sSBIEHUS NPOCKAJIL3bIBAHUS 3aKJTIOYAeTCsd B
HEHYJIEBOM CKOPOCTH IOTOKA Ha IpaHMIle MUKPOKa-
Hama. [l MareMaTUYeCcKOro OIMMCAHUS 3TOIO SIBJIE-
HUS BBOJAT TaK Ha3bIBAEMYIO JIMHY IPOCKaIb3bIBa-

Husa L, Hanuuue JUIMHBI TPOCKAIb3bIBAHUS aHaJO-
TWYHO YBEJMYEHUIO paguyca KaHajia, IT03TOMY MOXHO
Moau(ULIMPOBaATh BhIpaXKeHNUE 111 CKOPOCTHU ITOTOKA B
3aBUCUMOCTHU OT paJudyca KaHaia:

UG = Uo[l ’(RIL ﬂ ?)

rae Uy — MakcuMasibHasi CKOPOCTh TEUEHUS KUIAKOCTU
[0 LEHTPY KaHajia; R — panuyc KaHana; L, — uiMHa
MpocKayib3biBaHUsI. JlJisi ynoOCTBa pacyeToB BBEIEM
HOBBII ITapamMeTp

0<y<l. )

BaxxHO OTMETUTB, UTO B 3TOM CJiyyae UaealbHOMY
napaboan4yeckoMy IpouIlo CKOPOCTU 0e3 IpocKaib-
3bIBAHUSI COOTBETCTBYET y = 1, a TMMOTETUYECKOMY
UaeaIbHOMY TJIOCKOMY Mpoduiito ckopoctu — y = 0.
Boipaxenue nias U(r) 3anuilercs B BUIE

v = gyl 1-(%) 2} . (4)

Pacuer cpemHeli CKOpOCTH IOTOKA IIPU CYLIECTBO-
BaHWUM SIBJICHUSI TIPOCKAJTB3BIBAHUS MOXHO TTPOBECTH
MyTeM JeJIeHUs MOToKa rasa Q Ha IUIOIIaab CCUCHMS
KaHasa:

R

2n| U, 1-(12)*)ra
-0 - 0 | (R””=%’<2—x2>-<5>

nR2

dusnyeckas BeIMYMHA, KOTOpasi Ha3bIBaeTCs Bpe-
MeHeM HaxoxzaeHus (residence time) u obo3HauaeTcsl
KaK f,., OTIPEJIEJISIET, KaK JOJIT0 3JIEMEHTapHas XKUIKas
YyacTHUlla HaXOAUTCsl B oobeMe peakTopa. [1oCKoabKyY B
XUMHUYECKOM pPeakTope CKOPOCTh HEOTHOPOIHA, Bpe-
MsI HaXOXIEHMSI UMEeT HEKOTOpOe paclpenejeHue u
11e7IeCO00pa3HO TOBOPUTH O CPETHUX, MAKCUMATbHBIX
1 MUHUMAJIbHBIX 3HAUEHUSIX 3TOil mepemMeHHoM. Eciu
o01as JIMHa MUKPOPeaKTopa COCTaBisieT L, TO cpel-

“m(y) HN(Y)

Puc. 3. CxemaTHuHOE H300paxkKeHHe SBJIEHHS NPOCKAIb3bIBAHNSA CKO-
POCTH HA TPAHMIE MOTOKA

Fig. 3. Layout view of the slip velocity on the flow boundary
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Puc. 4. 3aBucumocTs npoduiis HOPMAIH30BAHHON CKOPOCTH MOTOKA
OT mapameTtpa y

Fig. 4. Dependence of the profile of the normalized speed of a flow on
parameter y

fr/fmin

Puc. 5. 3aBucumocTb pacnpesesieHuss BpeMeHH HAXO0XKIeHHs OT ma-
pamerpa y
Fig. 5. Dependence of distribution of the residence time on parameter y

Hee BpeMs HaXOXIeHUS t_, Ha BBIXOJIE U3 peakTopa 0y-
JIET OIpPEIEISIThC 10 (PopMyIie

- (©)

Uy2- 1>

\N
i~

P acCrip€acjiCHUC BPCMCHMN HaXOXICHUA IO IICPEC-
MEHHOH 7 6y,Z[CT OIMUCBIBATHCA BBIPAXKCHUEM

270
(-]

OO0cyauM, Kak siBieHUE MPOCKaIb3bIBAHUST BIUSET
Ha TaKOM BaXXHBIN MapaMeTp, KaK BpeMs HaXOXICHUS.
AHanusupys BbipaxeHus (5)—(7), MOXHO 3aMETUTb,
yTO Mpu y = 1 OHU NpeBpalarTcs B HOPMYJIbl, Bep-
Hbl€ JIJII MOJEJIM C HYJIEBOW CKOPOCTBIO Ha CTEHKAaX

1(r) = . (7)
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peakrtopa [5]. YMeHbllleHUe 3HaUe€HUs y MPUBOIUT K
BO3pacTaHUIO CpelHell CKOPOCTH MOTOKA, COOTBETCT-
BYIOILIEMY YMEHBIICHUIO CPEITHEr0 BpEeMEHM HaXOX-
neHus. Kpome Toro, mockojibKy Ha rpaHUIle CKOPOCThb
MOTOKAa HE paBHaA HYJIO, TOSIBJSETCS BO3MOXKHOCTb
BBECTM 3HaYEHUE MaKCUMaJIbHOIO BPEeMEHU HaXOXIe-
HUs, KOTopast OyaeT onpeaensiThecs no dopmyie

L2-%)

R) =
201 -%’]

8)

trmax(r =

Ha puc. 4 u 5 nokazaHsl rpaduky 3aBUCUMOCTU
CKOpPOCTU M BPEMEHU HAXOXIAEHUS TPU PasInIHbIX
3HaYeHMSIX IapameTpa . Ha puc. 6 1 7 mokasaHo, Kak
U3MEHSIETCSI COOTHOILLIEHUE MEXAy CPeIHWM, MUHU-
MaJIbHBIM M MaKCHMAaJbHBIM BpEMEHEM HaXOXKICHMS
B 3aBUCHMOCTH OT y. VI3 mpencraBieHHbIX rpauKoB
CJIeIyeT, YTO C YMEHBIIIEHUEM y OTHOIIICHUE BCEX Bpe-
MEH CTpeMUTCS K 1, UTO OTBEYAET PEAKTOPY C IMJIOCKUM
npoduieM CKOPOCTH.

1.0 #// .

0,0 0,2 04 06 08 1,0

Puc. 6. OTHOmEHNE CpeTHEr0  MUHMMAJIBHOTO BPEMEHH HAX 0JKIEHNS
B 3aBHCHMOCTH OT NapameTpa y,

Fig. 6. Correlation of the average and the minimal residence time
depending on parameter y

fmax/ fmin
.
SN

Puc. 7. OTHOImEHNE MAKCHMAJIBHOTO 1 MHHAMAJILHOTO BPEMEHH Ha-
XO0XK/eHHsI B 3aBUCMMOCTH OT NapaMeTpa y,

Fig. 7. Correlation of the maximal and the minimal residence time
depending on parameter y
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Puc. 8. ®ynkuna F(7,) npu pasiMYHbIX 3HAYEHHSAX MApaMeTpa y
Fig. 8. Function F(t,) at various values of parameter y
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Puc. 9. ®ynkumna E(7,) npu pa3IMyHbIX 3HAYEHHAX NapaMeTpa y

Fig. 9. Function E(t,) at various values of parameter y

IIponoikas paccMOTpeHHe CBOMCTB MUKPOPEaKTO-
pa, HaliieM BhIPaXKEHMSI JJIS1 UHTeTpajJbHON DYyHKIIUU
pacrpeneneHust BpemeHu HaxoxaeHus F(f). Ha yuac-
TKE MEXIY %, min U . max €€ 3HAYEHME MOXHO OIIpee-
JINTb UCXOJS U3 CIAEAYIOIIETO BbhIpaxkKeHUs :

(j;(l —(%)ﬁrdr
Hzt,) = P 9
(3

3HaMeHaTeJ b BTOr0 BbIpaXXeHUsS MPEACTaBIISIET
OO0 BECh MOTOK Y€PE3 BBIXOJIHOE CEYEHUE PEaKTO-
pa. YucnauTenb NpeAcTaBisieT co00il MOTOK Yepes3 -
JUMHAP ¢ paguycoM r < R, rae I KaxXKAOM XUIAKON
YaCTULbI BBITIOJHSIETCS] YCJIOBUE, UTO €€ BpeMsl HaXOX-
IeHUs B peaKTope MEeHbllle BpPeMEHHU f,.. MIX oTHollIe-
HUE — 3TO nepedopMyInpOBaHHOE OMNpeaeaeHUe s
dynkumu F(7,) 1ud paccMaTpUBAEMOIO LIWJINHAPUYEC-
Koro peakropa. MHTErpupyss mo COOTBETCTBYIOLIUM

npeaeaaM U IOACTaBss ojaydeHHoe u3 (7) 3HaueHue
r(t,), OKOHYATEIbHO MOJYYUM

0 npu ¢.<t

rmin>®

1_(@2—&}2

At) = 21 ~(10)

rmax’

npu f, i, <7.<ft

x2[2—x2]

1 mpu 7,.> ¢, 0

Hubdepenuupys ynkuuio F(7,), moaydyum aud-
(hepeHLIMANIBHYIO (DYHKLMWIO BpeMEHM HaXOXIECHUS
E(1,). Xapakrep 5TuX QYHKUMIA B 3aBUCUMOCTH OT 3Ha-
YyeHus mapamMeTpa y Moka3aH Ha rpagukax puc. 8 u 9
COOTBETCTBEHHO.

Kak Hec1oXHO 3aMeTuTh, Npu y = 1 rpaduku no-
JIy4daloTcsl TaKMMMU XK€, KaK U JJIs1 MOZAEJIM peakTopa 6e3
yyeTa IpocKalb3blBaHud, Koraa F(7) u E(t,) acumi-
TotTyecku crpeMsarcss K 1 m 0 coorBercTBeHHO [3].
VYMeHbllieHUe 3HaUeHUSI TTapaMeTpa y 10 HyJIsl, HaIlpo-
TUB, NpeBpallaer rpaduk GyHkumu F7,) B uaeanbHyio
CTYIIEHbKY, a E(f,) — B GECKOHEUHBIH KK, YTO COOT-
BETCTBYET XapaKTePUCTUKAM peakTopa ¢ TJIOCKUM IPO-
dunem ckopoctu. JItodboe apyroe 3HaueHue napameT-
pa y COOTBETCTBYET MPOMEXKYTOUHBIM CaydasiM. Takxke
MOXHO OTMETUTb, YTO 3HAYEHUE 7, . C YMEHBIICHU-
€M 7 CTPeMUTCS K eIUHULIE, UYTO COOTBETCTBYET CMe-
LLIEHWIO IPaHULIbl HEHYJIEBOU 001acTh 3HaYeHU I (DyHK-
uuu E(t,) BieBo.

OO0o011as cka3aHHOE, MOXHO YTBepXaaTb, 4TO
yUeT BJIUSTHUS SIBIICHUS POCKaTb3bIBAHMSI HAa TPAaHULIE
MMKpPOpeaKkTopa CYLIECTBEHHO BIUSIET Ha XapaKTepuC-
TUKM TIOTOKA U XapaKTepHble BpeMeHa. MOXHO TakxKe
3aKJIIOYUTh, YTO OJHOPOAHOCTD pacipeneaeHusl BpeMe-
HU HaxOXAEHUS TOBBILLIAETCS, a PEXXUM pabOThI peak-
TOpa CTPEMUTCST K PeXUMY pabOThl peakTopa uaeaib-
HOTO BBITECHEHUS C IJIOCKUM IPOduUIeM CKOPOCTH.
BDTOT (aKT MOXKET ChIrpaTh CYILIECTBEHHYIO POJIb IIPU
pelIeHur TexX 3a1ad, rae HeoOXOAMMO TMOBBIIIATh Ofl-
HOPOAHOCTb BpeMEHU HaXOXACHUSI, 111 TOUHOTO KOH-
TPOJISI CTETIEHU KOHBEPCUU peareHTa U Jpyrux 3aaau.

3akioueHue

B nacrosieii pabote mpeacTaBiieHa HOBast MOJIEITh
XUMUWUYECKOTO MUKPOPEAKTOpPA, KOTOpas YUMTHIBAET
SBJIEHWE IIPOCKAJIb3bIBAHMS CKOPOCTH Ha CTEHKaX.
Camo 3TO sABJIEHUE SBISIETCS XapaKTEPHBIM JIJIST MUK-
pOCHCTEM, TIO3TOMY IJis pacyeTa MHKPOpPEeaKTOpPOB
HeoOXOIMMO BHOCHUTH MOTNPABKUA B MOAEIHN W METOIBI
pa3paboOTKN pPeakTOpOB, 3aMMCTBOBAaHHEIC W3 Tpamay-
IAOHHON XMMMWUYECKO# TexHoyioruu. PaszpaboraHHas
MOJE/Ib YYUTHIBAET SIBJIEHWE IPOCKAJIb3bIBAHUS Ha
rpaHUIaX ¥ B 3aBUCUMOCTH OT NMPUMEHSEMBIX BEJIU-
YYH IIapaMeTpa y MOXET OIUCHIBATh KaK PEeaKTOPHI C
WIeaJbHBIM MapaboInyecKuM TMpoduaeM CKOpPOCTH,
TaK M T€YeHUs C TUTOCKMM TpodmieM ckopocTh. [Ipen-
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JIOXKEHHAsI MOAEb sIBJIsIeTcsl OoJiee 001l 10 CpaBHE-
HMIO C U3BECTHBIMU YACTHBIMU MOJAEISIMU UIEaTbHbIX
XUMMWYECKHUX PEakKTOPOB. AHalMU3 pe3yJbTaToB IOKa-
3aJI, YTO SBJICHUE TPOCKATb3BIBAHUS CKOPOCTH TIPH-
BOJAUT K CHMIKEHMIO NUCIEPCUU BPEMEHM HaXOXIe-
HUSI, YTO MOXET OBbITh MCITOJIb30BAHO Ha MPaKTUKE JJIs
MOJTYyYeHUs OMHOPOMHOTO XMMMUYECKOTO IPOAYKTa B
MMKpPOpeaKkTope.
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Introduction

Chemical microreactors find an increasing number
of applications for synthesis of new substances and for
other purposes [1—4]. A basis for them is provided by
the microfluid structures created by the microsystem
technology. The basic property of the microreactors is
carrying out of a chemical process under controllable
conditions (temperature, pressure, concentration of
substances, etc.). The microreactors with liquid and gas
phases are wide spread and widely studied, however, the
approaches and methods of the research and calcula-
tions of the chemical microreactors are in many re-
spects borrowed from the traditional chemical technol-
ogy. This leads to the fact that many important physical
and chemical phenomena, playing an essential role in
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the microstructures, are often not considered in devel-
opment of the microreactors. Accordingly, there is a
problem of development of the methods and approach-
es, which would better reflect the physical and chemical
phenomena proceeding in the microreactors.

In this work we consider the phenomenon of the ve-
locity slip for a gas flow on the boundaries of a micro-
reactor and investigate, how it influences the charac-
teristics of the system as a whole.

Mathematical model of a chemical microreactor

As the basic method for the research we will apply
mathematical modeling and compare the behavior of
the microsystems with the traditional chemical reac-
tors. Let us consider a microreactor, which represents




a cylinder with radius R and length L, via which a gas
mix of the chemically interacting components flows.
For simplicity reasons we will assume, that a homoge-
neous reaction goes on in the system:

A+ B= P+ B, (1)

where A — reacting substance; B — gas-carrier, which
does not enter the chemical processes; P — products,
received as a result of the chemical reactions from sub-
stance A.

Such modeling systems with the described geometry
are standard for development of calculation of the
chemical reactors. At that, two cases are usually con-
sidered analytically: a chemical reactor of an ideal dis-
placement and of flat and parabolic velocity profiles.
The diffusion processes in the given models are not
considered, while the substance density is assumed as
constant.

For consideration of a reactor with a parabolic ve-
locity profile the internal volume is mentally broken in-
to a number of pipes with the cross-sections in the form
of a round ring, located on one axis. If the number of
these elements is big enough, it is possible to consider,
that the speed in each separately taken element is con-
stant and has a flat profile. Then, an ideal reactor is
considered with a flat profile of current, and the final
solution is obtained by summation of all the elements.
Fig. 1 presents a scheme of such a reactor, and fig. 2 —
the velocity profile in cross-section. The modeling so-
lutions, which determine the differential and integral
functions of distribution of the residence time (func-
tions E(f) and K(¥), accordingly), for the considered
cases are presented in [5].

In chemical microreactors, too, it is possible to ap-
ply similar models, which really happens frequently.
However, for a correct use of such models for the gas
systems, it is necessary to prove the equality of the
speed to zero on the reactor walls, because this condi-
tion is a part of the traditional model. However, as is
known, in many cases [6, 7] this is not true for the gas
and liquid flows in the microsystems, which calls in
question the correctness of the use of such models for
the microreactor calculations.

We have developed a generalized model of a chem-
ical reactor, in which the influence of the phenomenon
of the velocity slip on the reactor boundaries is taken
into account. This allows us to apply the proposed
model for a more accurate calculation of the chemical
microsystems.

Calculation of the parameters of a chemical
microreactor with account of the phenomenon
of the velocity slip boundary condition

The velocity slip phenomenon can be illustrated by
the scheme in fig. 3.

The essence of the slip consists in the nonzero speed
of a flow on the microchannel boundary. For a mathe-

matical description of this phenomenon a slip length —
L, is introduced. Its presence is similar to an increase
of the radius of the channel, therefore, it is possible to
modify the expression for the speed of a flow depending
on the channel radius:

UG = UO[I *(RIL )2} ?)

where U — the maximal speed of a liquid current in the
channel centre; R — channel radius; L, — length of the
slip. For convenience of calculations we will introduce
a new parameter

R
=——, 0<y<1 3
LT RV LL x 3)
It is important to point out that in this case y = 1
corresponds to an ideal parabolic no-slip velocity pro-
file, and — y = 0 to a hypothetical ideal flat velocity

profile. Expression for U(r) will look like the following:
2
= (X
U 00[1 ( R) J : @

Calculation of the average speed of a flow in the
condition of the existing slip can be done by division of
the gas flow of Q by the area of section of the channel:

o _ ZnEUo[l —(%)2}'@'

nR2

U

3 =5 2=
nR

The physical value, which is called residence time
and is designated as 7,, determines, for how long an el-
ementary liquid particle stays in the reactor volume.
Since in a chemical reactor the speed is non-uniform, the
residence time has a certain distribution and it is expe-
dient to speak about average, maximal and minimal val-
ues of this variable. If the total length of the microreactor
is L, the average residence time t_r at the output of the re-
actor will be determined by the following formula:

- _ L _ 2L
T e D ©
U()(2 )

Distribution of the residence time by variable 7 will
be described by the expression

- 2
— -
21-(3)]

R
Let us discuss how the slip phenomenon influences
such an important parameter as residence time. Ana-
lyzing expressions (5)—(7), it is possible to notice, that
at y = 1 they turn into the formulas, true for a model
with a zero velocity on the walls of a reactor [5]. Re-

duction of y leads to an increase of the average speed
of the flow, corresponding to the reduction of the av-

Ar = ()
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erage residence time. Besides, since on the boundary
the speed of a flow is not equal to 0, there is a possibility
to enter the maximal residence time, which will be de-
termined under the following formula:

02—
201 -4

Fig. 4 and 5 present diagrams of dependences of the
speed and residence time at various values of param-
eter y. Fig. 6 and 7 demonstrate variation of the cor-
relation between the average, minimal and maximal
residence times depending on x. From the diagrams it
follows, that due to reduction of y the correlation of the
times aspires to 1, which corresponds to a reactor with
a flat velocity profile.

If we continue consideration of the properties of a
microreactor, we will find expressions for the integral
function of distribution of the residence time F(7). On
the site between ¢ and ¢ its value can be deter-

; - ‘rmin rmax . ’
mined, proceeding from the following expression:

g’(l_(%)z)rdr.
f(1-(5) )

0
The expression denominator represents all of the
flow through the output section of the reactor. The nu-
merator represents a flow through the cylinder with ra-
dius r < R, where for each liquid particle, the condition
that the residence time in a reactor is less than time 7,
is met. Their correlation is a reformulated definition for
function H(z,) for the considered cylindrical reactor. In-
tegrating by the corresponding limits and substituting
the value of H(z,) from (7) we will finally receive

t

r,max(r =

R) = 8)

A1) = ©)

0atr<t

rmin>®

(e’
At)= 1" 21 e ~ (10)

at 1 rmax’

2 P rmin
x (2271

latz,>1, .

Differentiating F(z,), we will get the differential
function of the residence time £(#,). The character of
those functions depending on the value of parameter y
is presented in fig. 8 and 9.

It is easy to notice that at ¥ = 1 the diagrams turn
out the same as for the reactor model without account
of the slip, when F(#,) and E(f,) asymptotically aspire
to 1 and 0 [5]. Reduction of the value of parameter y
down to zero, on the contrary, transforms the diagram
of function F(#,) into an ideal step, and E(#,) — into an
infinite peak, which corresponds to the characteristics
of a reactor with a flat velocity profile. Any other value
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of parameter y corresponds to the intermediate cases. It
is also possible to point out that with reduction of y the
value of #, .. aspires to one, which corresponds to a
displacement of the boundary nonzero area value of
function £(z,) to the left.

Generalizing what was said above, it is possible to
assert, that account of the influence of the slip phe-
nomenon on the microreactor boundary essentially in-
fluences the characteristics of a flow and characteristic
times. It is also possible to conclude, that uniformity of
distribution of the residence time raises, while the re-
actor operating mode aspires to the operating mode of
a reactor of an ideal displacement with a flat velocity
profile. This fact can play a role for solving of those
problems, which require higher uniformity of the resi-
dence time for an accurate control of the degree of con-
version of a reagent, and other problems.

Conclusion

This work presents a model of a chemical microre-
actor, which takes into account the slip velocity phe-
nomenon on the walls. This phenomenon is typical for
the microsystems, therefore, for calculation of the mi-
croreactors it is necessary to make amendments to the
models and methods of development of the reactors,
borrowed from the traditional chemical technology.
The developed model takes into account the slip on the
boundaries, and, depending on the applied values of
parameter y, it can describe both the reactors with an
ideal parabolic velocity profile and the flows with a flat
velocity profile. The proposed model is more general in
comparison with the known private models of the ideal
chemical reactors. An analysis of the results demon-
strated that the velocity slip phenomenon leads to a de-
crease of the dispersion of the residence time, which
can be used in practice for reception of a homogeneous
chemical product in a microreactor.
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ABTOMATU3NPOBAHHASA UHCIEKUNA AEOEKTOB AMUTOITPAOUU
KAK METOA KOHTPOAAl KAMECTBA MOMC-DAEMEHTOB

Ilocmynuna 6 pedaxyuio 04.04.2017

IIpedcmasnenvr ocHoGHbBIE pe3yabmambl pa3pabomKu agmoMamu3upo8arHoOU CUCMEMbl OeMeKMmUpo8anus degexmos onmu-
ueckoll aumoepaghuu. BuedpeHue onucwvieaemoti cucmemol 6 npouzeodcmeo MIMC-anemenmoe OO0 "MAIIIIEP" no3zéonruno
YMEHbUUMb 8peMs PYHHOU ONMU4ecKoU UHCNEeKYUU NOciAe Npouecca Aumozpaguu, yeeiusums 6eposmHoCbs PACRO3HABAHUS 0e-
hekmos, a makice cokpamums 00410 OPAKA, EbI36AHHYIO Oedhekmamu aumozpaguu.

Karoueesvie caoea: deghexm, noaynposoduuxosoe npouszsoocmeo, MOMC, onmuueckas aumoepaghus, KOHMpoab Kavecmad,

bpax

BBenenne

Bce Oonbiryio poiib B Hallleli XM3HA UTPAeT BHICO-
KOTEXHOJIOTUYHAsI TIPOMYKIINS, B CO3MAHUU KOTOPOM
HCTIONB3YIOT TEXHOJIOTUHY MPOU3BOACTBA MUKPOIIIEKT-
pomexannvyeckux cucrem (MOMC) [1]. IIpumepamu
TaKoOU MPOAYKUMHU SIBJISIIOTCS aKCeJIepoOMeTphl, T’MPO-
CKOITBI, KPEMHUEBbIE MUKPOMOHBI, MUKPOINCILICH,
MMKpPO3€pKaja, YCTPOHCTBA MUKPOABTO(POKYCUPOB-
KW, MUKPOJATYUKU, Ta30Bble CEHCOPbI, CEHCOPhI JaB-
JIEHMSI, DJIEMEHThI 3JIEKTPOHHOI ONTMKU, MUKPOKa-
MUJUISIpPHBIE YCTPONCTBA, OMOMENULIMHCKUE MMILIaH-
TaHTHI [2].

MBOMC-TexHOoa0rUM NOSIBUIUCH B KOHIIE 40-X ro-
noB aeaauaroro croyerus B CIIIA u ¢ Tex mop pa3Bu-
BaJIUCh OYpPHBIM TEMIIOM BO BceM Mupe. Oxupaercs,
yro B nepuond 2015—2021 rr. eXeromHblid ITPUPOCT
perHka MOMC B Mupe coctaBuT 8,9 % [3]. B Teuenne
MOCJAEAHUX TSATU JIET HaOMIoMaeTcsl 3aMETHBIA poCT
poccuiickux MOMC-npous3BoAcTB (CM., Hampumep,
UCTOYHUKU [4—6]). s TIOBBIIEHUS] KOHKYPEHTO-
crnocobHocTr poccuiickux MOMC-¢pabpuk TpedyeTcs
pa3BUTUE cUCTeMbl MeHeakMeHTa KadyecTBa (CMK) u
KOHTPOJIsI BBIXOJIa TOAHBIX, KJIIOUEBBIM METOAOM KOH-
TPOJISI KOTOPOW SIBJISIETCSI AETEKTUPOBAHUE Ne(PEKTOB
Ha pa3IMYHbIX TEXHOJOIMYECKUX dTarax Mpou3BOJCT-
Ba usnenud [7, 8].

B nanHoil pabGote Mbl nmpengaraeM KOHLEHUIUIO 00-
HapyXeHus1 Ae(eKTOB JUTOrpaur U OMUCHIBAEM OC-
HOBHbIE XapaKTEPUCTUKU pa3pabOTaHHONW HAMU CUCTE-
Mbl 1€TEeKTUPOBAHMSI, a TAKXKE OCHOBHbIEC PE3YJIbTaThl
€e BHEIPEHMSI B TEXHOJOTMUYECKUI MpollecC NeiCTBY-
touiero npoussoactsa OO0 "MAIIITEP". B 3aknioue-

HUE JaHa OlIeHKa BIUSHUS TIPEITOXEHHOM aBTOMATH -
3UPOBAHHON CUCTEMbI JI€TEKTUPOBAHUS 1e(HEeKTOB JIU-
torpaduu Ha 3PHEKTUBHOCTL PAOOTHI MPEAIPUSITHSI.

1. ITocTanoBKa 3ama4u

MHcrnekyst mpoayKuuu U pacro3HaBaHusl Aedek-
TOB Ha 3Tare ONTUYECKON JUTOrpaduu UMeeT Heoc-
MOpPUMOE TMPEUMYIIECTBO Tepel MHCIEeKUMSIMM Ha
MOCJIEAYIOIINX TEXHOJOTUYECKUX 3Tarmax — BO3MOXK-
HOCTh TepepadOTKM OpakOBaHHBIX 2JIEMEHTOB 03
MOTePb Ha ChIpbe (MOJYNPOBOJHUKOBBIE IIACTUHDI).
B nporecce onTuyeckoii iuTorpacduun CTpyKTypa 3Jje-
MEHTa HaredaTaHa (BbITpaBjieHa) ellle He Ha camou
MJIaCTMHE, a JIMIIb B CIelMaJIbHOM (DOTOUYBCTBUTEb-
HOoM cioe — dortopesucte (PP) [9—11], KoTophIid
MOXKeT OBITh yAaJeH CTaHAAapTHBIM criocoboM. Ilocie
3TOr0 IMJIacCTUHA TOTOBA K MOBTOPHOMY HAHECEHUIO
pe3ucra.

Cpeny OCHOBHBIX TPUYMH BOBHUKHOBEHUS nedek-
TOB JIUTOrpauu MOXHO BBIAEIUTH CIAEAYIOLINE: He-
OIHOPOAHOCTh TMOKpHITUS TuiacTUHBI PP (BKiIouast
OpbI3ry, BCIIEHUBAHUSI, LIapaluHbI, CKOTJIEHUS Pe3UC-
Ta); napanuHbl Ha PP; yacTUIIBI TBUIM U BOPCUHKMU,
yIIaBUIME BO BpEMs IpOliecca Ha IUIACTMHY WJIM Ha
®DP; oTcyTcTBUE YaCTH PE3UCTA; HEMPABUIBHO chop-
MUpPOBaHHAasl CTPYKTYpa Ha pe3UCTe; HEIOIHasl MPOsIB-
ka @P; nedekThl Ha onTuyeckoil macke (poroirasd-
JIOHE); KOHTaKT Macku ¢ ®P, npuBoasIInil K OTPBIBY
yacTu pe3ucrta oT IuractuHbl [11]. OmHako He Bce
CTPYKTYPHI, IMSATHA WU AedeKThl, TPUCYTCTBYIOIIME
Ha dJIEeMEHTe MocJje JuTorpacdun, oCTaloTCs HEU3MEH-
HBIMM TIOCJIE BCEX ITAIOB MTPOM3BOICTBA U HE BCE OHU
B KOHEYHOM MUTOTe MPUBOASIT K OpaKOBaHHOU MPOIYyK-
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muu. JIas pa3IudHbIX 110 popMe U pa3Mepy CTPYKTYp
Mpolecc MIa3MEeHHOro TPaBAEHUST MPOXOAUT IMO-pa3-
HOMY — MOTYT MEHSTBCS pa3Mephbl CTPYKTYPHI, WU
K€ TpaBJIEeHWE MOXET ObITh HEMOJHBIM, HE HACKBO3b
IUIacTUHBL. Takke, HATIpUMep, YaCTUIIBI, OCEBIINE Ha
CJI0#1 pe3ucTa B Ipolecce JuTorpaduu BHE CTPYKTYPhI
3JIeMEeHTa, TTOCJIe Mpollecca TPaBIeHUsI TTPOCTO YIS -
I0TCS C TIJTaCTUHBI BMECTE C OCTaTKaMM pe3ucTa. B cBs-
3M CO CKa3aHHbIM BbIlE, Ha JIOOOM IPOU3BOACTBE
00s13aTeIbHO TpeOyeTcsl cTporast KiaccuguKkalus ae-
(exTOB NUTOrpachuu, MO3BOJSIONIASI COOTHECTU HAl-
JIEHHbIH neheKT C TOM UM UHOU rpyImoi (TUIoOM) Je-
(GeKTOB M pelIuTh OyAeT JU OH KpUTUUYHBLIM (Kkiller
defect B aHTJIOSI3BIUHONM JIUTEPATYype) WU HE KPUTUY-
HbIM (non-killer defect) nnsi manpHeiilero mpoiecca
TIPOU3BOACTBA N3ICIINSI.

Ha mMupoBOM pblHKE JOCTYITHO COBpeMEeHHOE 000-
pyIoBaHUE, ITO3BOJISIONIEE METEKTHpOBaHUE IedeK-
TOB JIuTOrpaduu B mpousBoactee MOMC (Hampumep,
dupmbl  KLA-Tencor, Hitachi, Rudolph Technologies
[12] 1 ap.), omiHAaKO MUHUMAaNIbHAsI CTOMMOCTb TAKOTO
obopynoBaHus coctapisgeT 500 ThIC. 10T, a 1IeHa IT0JI-
HOCTBbIO aBTOMATU3MPOBAHHOW CUCTEMBI COCTaBJISET
0oKoJIo 1 MJIH A0oJUl., TOrAa Kak ce6ecToMMOCTb pa3pa-
0OTaHHOI HAMU CUCTEMbI JETeKTUPOBaHUS Ae(hEeKTOB
BMECTE CO CTOMMOCTBIO ONTHYECKOrO0 O0OpYIOBAHMSI
yKJ1aapiBaeTcsl B cymmy 140 ThIC. 1OJUT. M OTBEYAET Tpe-
0OBaHUSIM, MIPEIBSBISIEMbIM K MOJOOHON cUCTEME Ha
MBMC-npousBoactse pupmbl "MAITITTEP".

B pamxkax 3amaum BHeApEHUS CUCTEMBI JETCKTHPO-
BaHUS Oe(eKTOB JuTorpauu B MPOU3BOACTBEHHBIN
npouecc ¢pupmbl "MAIITTEP", npousBoasiieii sne-
MEHTBI 3JIEKTPOHHON ONTUKU, MBI IIPOAHATN3UPOBATIN
HauOoJjiee 4acTo BcTpeyarouyecs: nedekThl JTUTorpa-
UM 1 MPoBENIN CePUI0 IKCIIEPUMEHTOB B 1IEJISIX MO-
JeJTMPOBAHMS UM UMUTALIMM BOBHMKHOBEHMS Ha 2Ta-
e ONTUYECKOM JIMTOrpacuy M SBOJIOINM Ha Jajb-
HEHIIMX MPOU3BOACTBEHHBIX 3TalaxX TUMWYHBIX He-
dekToB B m3nenmn. buim pa3paboTaH TeCTOBBIN JIOT
U3 25 KpeMHUMEBBIX IUIACTUH TOJIIMHON 150 MKM C
BHEJAPEHHbIMU jAedeKTaMUu pa3HbiX (HOpM U pas3me-
poB. JIj1st co3maHmsI 3TOTO JIOTA UCTIONB30BAIN CTETIIep
(stepper) — YCTaHOBKY NPOEKLMOHHON IOIIAroBoit
MYJBTUTIIMKAIIAN, W TIPOM3BeIcHA CIIelabHAasT JTUTO-
rpacuyeckasi Macka, Ha KOTOPOii ObLIN TPeACTaBICHbI
HE TOJIBKO 3alaHHas 3aKa34YMKOM CTPYKTypa M3IEITHS,
HO M CMOJEJIMPOBAHHBIC NEe(GEKThl Pa3HBIX TUIIOB C
3aKOHOMEPHO UW3MEHSIOIMMUCS TeOMETPUUYECKUMU
XapakTepUCTUKAMU WK MMapamMeTrpaMu. TakuMmu ma-
paMmeTpaMu SIBJISIIOTCSI, HAIPUMED, PacCTOSTHUE OT Jie-
¢ekra g0 OaMKallei 3a1aHHON CTPYKTYPhI 3JIeMEeH-
Ta, nojoxeHue naedekra (BHYTpU 3aJaHHOM CTPYKTY-
pHI WK BHE ee), (popma, 3HAUCHUST KPUTHUECKHUX pas3-
MEpOB, OTHOIIIEHWE KPUTUYECKUX pa3MepoB JedeKra
npyr K apyry. Ilocime kaXmoro sTtama CTaHAApTHOTO
MMPOM3BOACTBA TECTOBBIC TJIACTUHBI MHCIIEKTUPOBAJIH,
yTOOBI MPOCJIEIUTh 3a IBOJIOLMENH NeheKTOB U OTBe-
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TUTh Ha BOIIPOC, KaK MEHSIETCS TOT WJIM WHOMN THUII Ie-
(hexTa Ha NPOTSKEHUU TTPOU3BOJCTBA, a TAKXKE KaKOM
u3 ne¢eKTOB MPUBEAET K Opaky B KOHEUHOM IIPOLYK-
. Ha ocHOBaHMM BceX MOJYYEHHBIX JaHHBIX CO3/a-
Ha Kjaccudukanus aedeKToB 1Mo TuIry "killer — non-
killer' (XpuTUYHO IUISI KOHEYHOTO 3yaeMeHTa (Opak),
WK HeT (He Opak)), a TakxKe MO MPUYMHAM UX IIpO-
HMCXOXIEHUS B YCIOBMSIX PEaIbHOTO TTPOM3BOJICTBA.

2. ABTOMATH3HMPOBAHHASI CHCTEMA MHCIEKIUH
JnedexToB auTorpaduu

ITocie mpoilecca onTuyeckoi JUTOrpachuu Kpem-
HUEBBIE THIACTUHEBI co citoeM PP, B KoTopoM TIposiB-
JICHA 3alaHHasl CTPYKTypa U3IeJusd, OOHA 3a APYrou
WHCHEKTUPYIOTCS B aBTOMAaTUUECKOM PEeXXUMeE: BCS T10-
BEPXHOCTh 3JIEMEHTa ITOKPBIBAETCSI HAOOPOM KaapoB
(1300paxeHuit), caeJaHHBIX C TTOMOIIbIO MUKPOCKOTIA
¢ uyBcTBUTEeNbHOI TI3C-MaTpuueit 1 MOTOPU3UPO-
BaHHBIM cToJuMKOM (puc. 1). [TonyuyeHHbIe U300pake-
HUSI TOBEPXHOCTU 00pasiia COXPaHSIIOTCS Ha KEeCTKOM
nucke kommnelorepa (ITK), mocie yero oHu oopadaThi-
BaloTcsl MporpaMMHbIM obecrieueHreMm (ITO) B mensix
pacro3HaBaHus Ae(PeKTOB U1 OCOOEHHOCTEe!, He SIBJISI-
IOIIMXCS CTPYKTypoit aiemeHTa. HalineHHbIe medek-
THl CPAaBHMBAIOT ¢ TUMWYHBIMM nedeKTaMu U3 0a3bl
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Puc. 1. MoaysibHas cxeMa CHCTEMBI JeTeKTHPOBAHHS Je()eKTOB
Fig. 1. Block scheme of the defect detection system




JaHHBIX ¥ KJ1accUuPuupyoT. OcoOOEHHOCTSIMU TaKOM

CHUCTEMBbI JIETEKTUPOBaHUS Ae(DEKTOB SIBJISIIOTCS:

e BO3MOXHOCTb pacro3HaBaHus AedeKTa pazMepoM
Oosiblie 1 MKM M OmpeAesieHUe ero 0CoO0eHHOCTe
(killer, non-killer);

e OIIpele/ieHNE MOJIOKEeHUs (KoopauHaT) nedekra Ha
o0pazsiie;

e AaHAIM3 3aKOHOMEPHOCTU TOSIBIEHUs JedeKTOB
(TToBTOpSIOIINECS OT TUIACTMHEI K TUIACTHHE OTHO-
TUIHbIE Oe(EeKThl YKa3bIBAIOT HAa MeXaHUYeCcKoe
MmoBpexaeHue aubo 3arpsi3HeHue JuTorpapuyec-
KO MacKu);

e TPUHSITUE PEIIEHMS, TOITyCKAeTCs JU DJIEMEHT Ha
CHAeAYIOIM TEXHOJOTMYECKUI 3Tall WK Xe UAET B
nepepaboTKy.

Puc. 1 nmpencraBisieT NpeaIOXEeHHYI0 KOHIEHIINIO
aBTOMAaTU3UPOBAHHON CHUCTEMbl AETEKTUPOBAHUS Je-
¢exroB autorpadun. Ha MoTopu3npoBaHHBII CTOJIMK
CHUCTEMBI M0 ouepear MOAAIOTCs IUIacTUHbI. CHSTHE
U300paXKeHU BBIMOJHSIETCSI ¢ aBTO(OKYCUPOBKOIA,
KOTOpasl, B CBOIO 04epe.b, SIBJIIETCSI BO3MOXKHOI OJ1a-
rojgapsi BCTpOGHHOMY B YCTAHOBKY Z-Ce€HCOpY (MHTep-
dbepomeTpy I onpeneIeHUsT PacCTOSTHUS 10 TTOBEP-
XHOCTH Tu1acTuHbI). [IpOTOKOJ CHATUS U300pakeHU
VIIPaBJISIET MepeMellleHeM CTOJIMKA U TTO3BOJISIET ITOK-
PBITh BCIO MHTEPECYIOLYIO HAC MOBEPXHOCTh HAOOPOM
usobpaxeHuii. I[Ipy ob6padboTKe MoOJydyeHHBIX U300pa-
JKeHUN MPOUCXOIUT aBTOMATUYECKOe CIIIMBaHUE BCEX

KaJpoB B o0lliee U300paxkeHe MOBEPXHOCTU DJIEMEH-
Ta W pacro3HaBaHUe Ne(EKTOB B KaxXIOM Kalpe.

IIpencraBiaeHHasT BBIIIE KOHIIETIIINS IETEKTAPOBA-
HUg 6bUTa BHeapeHa HAa MOMC-npoussoactse OO0
"MAIIITEP". B0 mokasaHo, YTO BHeIpeHHUE Ilara
aBTOMAaTU3MPOBAHHONW WMHCMEKIMKU Ie(eKTOB IOCIe
ONITUYECKON UTOrpad B TEXHOJIOTMYECKHE MapIIl-
PYTHI TIPOM3BOACTBA M3IEINM HE OKa3bIBaeT HEraTUB-
HOTO BJIMSIHUSI Ha WHCIIEKTUPYEMbIE 3JIEMEHTHI, T. €.
He TIPUBOINT K OpaKy M He BBI3BIBAET 3arPsSI3HEHMS T10-
BEPXHOCTEH.

3. OcHoBHbIE PE3YJIbTATHI

OpHUM U3 TUIIOB 1e(PEKTOB JUTOTpacduu, BHEAPEH-
HBIX B 3JIEMEHTbI TECTOBOIO JIOTA, ObUIM OTBEPCTUS B
cinoe ®P pasmepom 3...12 MKM, HaxoAsiuecs psaoM
(Ha paccrositHuu ot 0,5 10 15 MKM) €O CTPYKTYpOii a1e-
MeHTa (taba. 1). Takue necdekTbl MOTYT BO3HMKATh
MpU HAUTMYMHU MEXaHUYEeCKUX MOBPEXICHUI JUTOrpa-
(wmueckoit macku. [loBeneHre W BHEITHWI BU TaKUX
JIeeKTOB OBLIM OTCJIEXKEHBI MOCJe IIpolecca OITH-
YyecKoi utorpacduu, rmocje TpaBIeHUsI OKCUAA KpeM-
HUSA (I CO3MaHUS KeCTKOM MaCKM JUISI TNTa3MEeHHO-
ro TpaBjeHUs] KPEeMHUEBOM TJIACTUHBI) U Ha KOHEY-
HOM CTaJany TPOU3BOICTBA, KOTAA DJIIEMEHT COCTOUT
U3 pa3IMYHBIX CTPYKTYP, MPOTPABIEHHBIX B KPEMHU-
eBoil miactuHe. st mpumepa B Taba. 1 mpuBeaeHbI
pe3yabTaThl aHaau3a aedekra pasmepoM 3 MKM. s

Tabnuua 1
Table 1

IIpumep 3Bomounu nedexrta, BHeAPEHHOrO B ciioii DP BOIM3HM CTPYKTYPbI 3J1eMEeHTa
Example of evolution of the defect introduced in PR layer near the structure of an element

BapbupyemMblie mapaMeTphbl

OnTuueckue n300paxkeHust gedekra psiioM ¢ 3aJlaHHON CTPYKTYpOi
(otBepctrieM nuameTrpoMm 100 MKM) 3JIeMEHTa MOCie Pa3TMYHBIX TEXHOJIOTUIECKUX ITAIOB

micrometers

nedekra, MKM | 3JIeMEHTa, MKM Jlutorpadust KPEMHUS
Size of the defect, | Distance to the Lithography Etching of the silicon
micrometers element structure, oxide

(CKBO3HOE OTBEPCTHE
B IUTACTUHE)
Bosch-process (a through
hole in a wafer)

Varied parameters Optical images of the defect near the set structure (a hole with diameter of 100 micrometers) of the element
after the technological stages
KoHeuHbIi 3JIEMEHT,
Paccrosinue
Bosch-miponiecc obpaTHas CTOpoHa
Pazmep JIO CTPYKTYPhI TpaBineHue okcuna

110 OTHOLICHUIO K
nutorpaduyecKoit
The final element,
the back side in relation
to the lithography one

0,5

1,5

3,5

o
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X Profile: AX=19.2885 pm; AZ=-70,2747 pm
M

pm
58
__!.._n-f—."—‘.

Y Profile: AX=14 5424 ym; A7=-58 0589 pm

Puc. 2. X— Y-npouiib noBepxHOCTH MiIacTHHbI ¢ nedekrom urorpacuu (orsepcrue B P quamerpom 5 Mkm)
Fig. 2. X—Y profile of the surface of a final element with a defect caused by the litho defect (a hole of 5 um in diameter into the photoresist layer)

JIPYTUX pa3MepoB JedeKTOB BhISIBJEHHbIE 3aKOHOMEP-
HOCTU TaKXe BbINOJHEHbI. [Ipu pacronoxeHuu ae-
dekTa Ha pacCTOSIHUM OyinXke, yeM 1 MKM OT CTPYKTY-
pbI, HabJIOJAETCsl HapylIeHUe MPaBUJIbHOTO KOHTYpa
CTPYKTYPbl B KOHEYHOM 3JIEMEHTE, UTO XOPOIIIO 3aMeT-
HO ¢ 00eux CTOpOH o0Opaslia (JTUIIeBOIl, Ha KOTOpPOM
BBITOJIHSIETCS TUTOrpadusi, U 000POTHOI, HAa KOTOPOW
OTBEPCTUSI OTKPBIBAIOTCS TOJBKO B pe3yJibTaTe Ilia3-
MeHHoro TpapiieHus). Ilpu monoxeHuu nedpexkra Ha
paccTosiHUM, 00JbliieM YeM 1 MKM OT CTPYKTYpHI, Ae-
(eKT oKa3bIBaeTCs TMOBEPXHOCTHBIM, T. €. YaCTUYHO
MPOTPABJICHHBIM, U HaOJI0AaeTCsl B KOHEYHOM DdJie-
MEHTE TOJIbKO CO CTOPOHBI JIuTOrpacduu. BoisiBieHHbIE
0COOEHHOCTU OOBSICHSIIOTCS (PU3MUECKUMU 3aKOHAMU
IJIA3MEHHOT'0 TPaBJIEHUSI: CKOPOCTh TPaBJI€HUSI 3aBU-
CUT OT IUIOLIAAM MOBEPXHOCTU OTKPHIBAEMbBIX CTPYK-
Typ Ha IIaCTUHE U UX QOopM.

Ecu nedexkt (moBpexxneHHbIir MP) pacrionaraercs
BHE CTPYKTYpHI 3JIeMEHTa, TO B 3aBUCUMOCTH OT pa3-
Mepa JedeKTa B KOHEUHOM BJIeMEHTE MOJIyYaeTcs JIU-
00 MOBEPXHOCTHHIN IedeKT, TU0O0 MTOITOJHUTEIHLHOE
MOJTHOCTBIO TMPOTpaBiIeHHOE (CKBO3HOE) OTBEPCTHE,
YTO MPUBOAMT K OpaKky MpORyKIMU. SABASIETCS JU NpU-
eMJIEMbIM HaJIMuMe MOBEPXHOCTHBIX Ne(heKTOB Ha 00-
pasie, 3aBUCUT OT TpeOOBaHUI 3aKa3uMKa K MPOIyK-
. Kak mokasaiy Halllm UCCIIeTOBaHUS, JaXe B CITy-
yae MaJIeHbKMX pa3MepoB MOBpexaeHUs (3...5 MKM),
[JIyOrMHa MOBEPXHOCTHOIO jAedekTa B KOHEUHOM dJie-
MeHTe TipeBbitnaeT 60 MkM. Ha puc. 2 nmpuBenaeHs! pe-
3yJlbTaThl MU3MEPEHUsT MPOGUIs TaKOTo MOBEPXHOCT-
Horo nedekra auameTpoMm 5 MKM. M3mepeHue mpo-
BOIWIN Ha ontuueckoM mpodunomerpe ConturGT-K
¢upmbl Brucker. B cBsizau ¢ TeM, 4TO KOHEYHas1 4Yuc-
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JIoBas1 arepTypa MHTepGepeHIIMOHHOTO 00bEKTUBA Or'-
paHUUYMBaeT U3MEpeHue TJyOUHBI 1S CTPYKTYP C BbI-
COKMM OTHOILLIEHUEM TJIyOMHBI TPABJIEHUS K XapaKTep-
HOMY pa3Mepy B IIJIOCKOCTH, a Y pacCMaTpUBaeMOro
IedekTa 3To OTHOIICHHE OoJIbIe YeM 12, MBI MOXeM
TOBOPUTH O TOM, UTO TJTyOMHA TpaBJIeHUs OOIblle, YeM
60 mxM. Eciin ke pasmep nedexra mocie aurorpadun
npeBocxoauT 30 MKM B IOIIEPEYHOM CEYEHHUH, B KO-
HEYHOM 3JIEMEHTe TOJIy4aeTCs MOJHOCTbIO MPOTpPaB-
JIECHHOE TOTIOJTHUTEILHOE OTBEPCTHE.

HedexTsl murtorpadpum MOXHO pa3fejnTh Ha 4e-
ThIpE OCHOBHBIE TPYIIIBI, MPEACTaBICHHBIE B Ta0I. 2.
K nepBbIM ABYM IpyImnaM OTHOCSITCSI YaCTUILIbI U BOP-
CHHKU, yrasime Ha OP wim 1macTuHy BHE CTPYKTYPHBI
aneMeHTa. Kak mpaBuiio, pasMep 4acTull He MpeBOC-
xoaut 15 MkMm, a mauHa BopcuHOK — 200 Mxm. O0e
TPYIIHI clieAyeT OTHOCUTD K AedekTaM non-killer, Tak
KaK 9TW YacCTHUILIbl U BOPCUHKU CHUMAIOTCSl BMECTE C
pPE3NCTOM Ha JaJIbHEHIINX 3Tarax IMPOM3BOJACTBA U He
BJMSIIOT HAa KOHEUHbIe 3JieMeHThl. K TpeThell rpyrre
OTHOCSTCA HedEKTBI, CBA3aHHBIE C MEXaHUYECKUM
noBpexxaeHueM ciost @P. Ix nocieacTBus 3aBUCST OT
pasmepa M MecCTOMNOJIOXEeHUsT nedekTa — MoBpexIe-
HUS auameTpoM OoJbiie 30 MKM MPUBOAST K CKBO3-
HBIM JIOITOJTHUTEIbHBIM OTBEPCTUSIM B IIJIACTUHE, TTOB-
pexmeHnus nuaMeTpoM MeHee 30 MKM IIPUBOIST K T10-
BEPXHOCTHBIM IedheKTaM, MPU STOM IMOBPEXICHUS,
Haxonsiuecs: oauxe, yeM 1 MKM K CTPYKType 3Jie-
MEHTa MPUBEAYT K HAPYIICHWIO KOHTYpa CTPYKTYPHI.
Bce a1 gedekThl oTHOCATCS K killer-nedekram, 3a Uc-
KITIOYCHHEM, BO3MOXHO, TTOBEPXHOCTHBEIX Ie(eKTOB
BHE CTPYKTYpPBI 2JIEMEHTa — 3TO 3aBHCHUT OT TpeboBa-
HUI K TOBEPXHOCTHU IJIACTUMHBI 3aKa3uuka. YeTBepras




Knaccudukanus nedexroB onTuueckoii Jurorpapun
Classification of the defects of the optical lithography

Tab6nuua 2
Table 2

OnTuyeckoe nU306pa-
KeHue nedekTa mocie
sirorpadun
Optical image of a defect
after lithography

OnTuyeckoe U300paxkeHue nedexra
B KOHEYHOM 3JIEMEHTE
Optical image of a defect in the final element

KomMmmeHTapun
Comments

Bo3MoxkHbIe TTPUYUHBL
Possible reasons

Non-killer

Killer

Hert BausHust
No influence

Her BnusHus
No influence

CKBO3HOE OTBEPCTHE B KPEMHUEBOI Tu1ac-
THHE, BeI3BaHHOE nedekrom B DP. Kaap
CHSIT Ha MPOCBET MPU UCIOIb30BAHUU
CBETOLMOAHOM JIAMITbI, BCTPOEHHOM B CTO-
UK (cM. puc. 1)

A through hole in the silicon wafer, caused
by a defect in PR. The image was made with
the use of the light-emitting diode embedded
in the little table (see fig.1)

[IpoTpaBieHHOE B KDEMHUEBOI TUIACTUHE
otBepctre (100 MKM) MMeeT MCKaxKeH-
HBII KOHTYp BCJICACTBHE HaIW4Ms nedek-
Ta JuTorpaduun (JacTuia Mbuld B IPO-
tpaBieHHoM B MP oreepcTun)

The hole etched in a silicon wafer

(2 100 micrometers) has a deformed contour
owing to the presence of a lithography defect
(a dust particle in the hole etched in PR)

Cuumaercsi BMecte ¢ OP
Removed together with PR

CHumaercs BMmecte ¢ OP
Removed together with PR

Ecnu pasmepnl gedexra
>30 MKM, MPUBEICT K BO3-
HUKHOBEHHUIO OTBEPCTHS B
MJIACTUHE;

pa3mep <30 MKM — HeEmoJI-
HOE TpaBJeHHe, TPUBEAET K
MOBEPXHOCTHOMY Je(DeKTy
If the sizes of a defect

>30 micrometers, they result
in ahole occurrence in a wa-

Jer;

if the size <30 micrometers —
incomplete etching, will result
in a surface defect

HapyiieHne KoHTypa CTpyK-
Typbl HA OOpPaTHOM IO OTHO-
1IEHUIO K JUTorpaduu cTo-
pOHE TUIACTUHBI
Infringement of the contour of
the structure on the back side
of the wafer in relation to
lithography

YacTuupl, ynasuiue Ha OP
WJIY TUIACTUHY BHE CTPYKTYPbI
aJIeMEeHTa.

XapaxkTepHblil pazmep —
10...15 Mxm

The particles which fell on PR
or a wafer outside of the struc-
ture of the element.

The typical size is 10...15 mi-
crometers

Bopcunku, ymapime Ha ®P
WJIU TJIACTUHY BHE CTPYKTYPBI
3JIeMeHTa.

XapakrtepHast IJIMHa —
30...200 mxm

The fibers, which fell on PR or
the wafer outside of the struc-
ture of the element.

Their typical length is

30...200 micrometers

Ortsepctue B OP BeneacTeue
MPsIMOTO KOHTAKTa Pe3ucTa ¢
JmTorpaduiyeckoil Mackoil;
nedeKT B ciioe XpoMma Ha Jiu-
Torpaduyeckoil Macke

An hole in PR owing to a direct
contact of the resist with the
lithography mask; a defect in
the chrome layer on the
lithography mask

YacTuiibl, BOpCUHKU BHYTPU
CTPYKTYpPbI MOCJIE TUTOTpa-
(buu; gonosHUTENbHBIC Yac-
™™ ®P BHYTPU CTPYKTYpBI;
nedekt JuTorpaduieckoii
MacKu

Particles and fibers inside the
structure after lithography;
additional parts of PR inside
the structure; a defect of the
lithography mask

IpyImna Takxke oTHocutTcd K killer-nedexram. Cioma
OTHOCSITCSI YaCTUYKU, BOPCUHKU U JOIMOJTHUTEIbHbBIC
YacTH Pe3nCTa, HaXOMSAIIMeCs BHYTPU CTPYKTYPHI BJie-
MeHTa. Takue nedekTbl MPUBOAAT K HAPYILLISHUSIM KOH-
Typa CTPYKTYpPbl KOHEYHOTO 3JIEMEHTA Ha OOpaTHOU Mo
OTHOULIEHMIO K ONTUYECKOMN JIUTOrpachuu CTOPOHE.

3akioueHune

HeTtekTrpoBaHue Ae(heKTOB MOCe KaXa0Tro TeXHO-
Jjornyeckoro 3tarna B MOMC-npous3BoacTBe — OIUH
M3 OCHOBHBIX METOIOB KOHTPOJSI KauyecTBa MPOIYK-
LIMY U BbIXOJA TOAHBIX. BhIsiBIeHUE nedhekTa B KOHeU-
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HOW MPOAYKLIMU TTO3BOJISIET MTPOM3BOIUTEISM U3BSIThH
OpakoOBaHHYIO TTPOAYKLIMIO M3 MAPTUH, a TAKKE UCCIIE-
JIOBaTh MIPUYMHY U TIPELYIPEINTD MOsIBIeHNE AedeK-
TOB B JaJbHEHNIIEM B CIEIVIOLIMX MapTUsIX. ABTOMa-
TU3UPOBAHHOE JETeKTUPOBaHUE Ne(heKTOB JIMTOrpa-
(uu, BHenpenHoe Ha MBOMC-npoussoactee B OO0
"MAIIITEP" naeT BO3MOXHOCTh U30eXaTh Opaka B ca-
MOM TIpoIiecce TTPOM3BOACTBA BJIeMEHTa, a TaAKKe T1a-
JIEHWST TOJIM TOTHBIX 3JieMeHTOB. [IpemiokeHHasT cuc-
TeMa AeTeKTUpoBaHUs ne¢deKTOB JuTorpadum odec-
MeYnBaeT OBICTPOIEUCTBIE 3 IMUTACTUHBI/4ac, M MOXET
OBITH TTOBHITIIEHA TTPH MCIOJIBE30BAHNY KaMephl ¢ boJiee
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yyBcTBUTENIbHON TI3C-Marpulieili 1 OOJbIIUM I10JIEM
3peHus. BaXHBIM NPEMMYLLECTBOM IIPENCTABICHHOM
aBTOMATU3MPOBAHHON CHCTEMBI WHCIEKIUU TIEPe]
DPYUYHOI sIBJISIETCS TOBBILIEHUE BEPOSITHOCTU Pacro3-
HaBaHUS 1e(EeKTOB M UCKITIOUCHNE OIIMOKI OIepaTo-
pa[11, 13].

[anHag cucteMa MOXeT OBITh BHEIpeHa TaKKe U
Ha IPYTMX POCCHUCKUX MPEINPUSITUSX TTOIYIIPOBOI-
HUKOBOH MPOMBIIUICHHOCTU MPU YCJIOBUU BbINIOJIHE-
HUS JOTOJHUTETLHONM HACTPOUKM: HEOOXOIUMO TIPO-
BeCTU KilacCuUKalUIO N1e(heKTOB COITAaCHO CHELM-
duKanuM MPOU3BOACTBA, OIPEACTUTh KPUTHUYCCKUE
rnmapamMeTpbl JIe(eKTOB, pas3rpaHuuuBalolive killer u
non-killer-nepekThl, KOTOphIE, B CBOIO OYepeIb, 3aBU-
CSIT OT OCOOEHHOCTE TeXHOJOTUYECKHX ITPOIIECCOB,
TaKMX KaK TOJNIIWHA HaHocuMoro cjtost @P, TommHa
IJIACTUH, BpPeMsI, TTapaMeTphl TPaBJICHUS M JIp., a TaK-
K€ OT TpeOOBaHMI 3aKa3uMKa K AOIMYyCTUMOCTU MOBEPX-
HOCTHBIX J1e(EKTOB.

Buipascaem  b6aaeodaprocme  unucenepam 000
"MAIIIIEP" Examepune Cemenoeoti u Eeeenuu Toxape-
601 34 NOMOWb NPU NPOBEOCHUU MEXHOA0SUHECKUX ONe-
payuil.
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Introduction

An ever increasing role is played by the hi-tech
products, in creation of which the microelectrome-
chanical systems (MEMS) technologies are used [1].
Examples of such products are accelerometers, gyro-
scopes, silicon microphones, microdisplays, micro-
mirrors, micro-autofocusing devices, microsensors, gas
sensors, pressure sensors, elements of electronic optics,
microcapillary devices, and biomedical implants [2].

MEMS technologies appeared in late 1940s in the
USA and developed rapidly all over the world. It is ex-
pected, that in 2015—2021 the annual growth of MEMS
market in the world will be 8.9 % [3]. Recent five years
witnessed an appreciable growth of Russian MEMS
manufacturers (for example, [4—6]). In order to improve
compatibility of the Russian MEMS fabs it is neces-
sary to develop quality management systems (QMS) and
product yield control, the key method of control in
which is detection of products’ defects at various tech-
nological stages [7, 8].

In this work we offer a concept for detection of li-
thography defects and describe the basic characteristics
of the detection system developed by us, and also the
major results of its implementation in the technological
process of a real MEMS manufacturer. In conclusion,
we discuss estimation of the influence of the proposed
automated system for detection of lithography defects
on the overall performance of a manufacturer.

1. Problem statement

Inspection of the products and detection of defects
at the stage of the optical lithography have an obvious
advantage over inspections at the subsequent stages —
a possibility of processing of the defective elements
without a loss of the raw materials (semi-conductor wa-
fers). In the course of the optical lithography an ele-
ment structure is printed (etched) not on a wafer yet,
but only on the photosensitive layer — photoresist (PR)
[9—11], which can be removed in a standard way. Af-
ter that the wafer is ready for a repeated deposition of
the resist.

Among the main reasons for appearance of the li-
thography defects, we can name the following: non-
uniformity of the PR wafer coating (including splashes,
foaming, scratches, accumulations of resist); scratches
on PR; particles of dust and fibers on the wafer or PR;
absence of a part of resist; incorrectly formed structure,
incomplete development of PR; defects on the optical

mask (photomask); contacts of the mask with PR lead-
ing to separation of a part of the resist from the wafer
[11]. However, not all of the structures, stains or de-
fects, which are present on the element after lithogra-
phy, remain invariable after the production and not all
of them lead to the defective products. For the struc-
tures of various forms and sizes, the process of plasma
etching goes differently — the sizes of a structure can
vary, or etching can be incomplete, not through the wa-
fers. Also, for example, the particles which are accu-
mulated on the resist layer in the course of lithography
outside of the structure of an element, after etching are
simply removed from the wafer surface together with
the layer of the resist. In connection with this, any
manufacturer needs a strict classification of the lithog-
raphy defects, allowing them to correlate a defect with
this or that group (type) of defects and decide, whether
it will be critical (killer defect) or not critical (non-killer
defect) for the further manufacturing of a product.

In the world market there is equipment allowing to
detect the lithography defects in MEMS manufacture
(from companies KLA-Tencor, Hitachi, Rudolph Tech-
nologies [12], etc.), however, the minimal cost of such
equipment is 500 thousand dollars, the price of a com-
pletely automated system is about 1 million dollars,
while the cost of the presented here system for detection
of litho defects together with the cost of the optical
equipment is within the sum of 140 thousand dollars
and meets the requirements for MEMS production.

Within the framework of implementation of the
litho defect detection system in the manufacturing of
the elements of electronic optics, we analyzed the most
frequent litho defects and undertook a number of ex-
periments in order to model or imitate the typical de-
fects at the production stage of the optical lithography
and their evolution. We developed a test lot of 25 silicon
wafers with thickness of 150 um and embedded litho
defects of different forms and sizes. For creation of the
lot, a stepper was used — an equipment of projective
step-and-repeat multiplication, and a special lithogra-
phy mask was manufactured, on which not only the
structure of a product set by a customer is presented,
but also the simulated litho defects of different types
with regularly changing geometrical characteristics or
parameters. Such parameters are, for example, a dis-
tance from a litho defect to the nearest set structure of
an element, a position of a defect (inside of the set
structure or outside of it), a shape, a value of the critical
sizes, and a relation of the critical sizes of the defects
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to each other. After each standard production stage the
test wafers were inspected in order to track the evolu-
tion of the defects and to answer the question, how this
or that type of defect changes throughout the produc-
tion process and also what kinds of defects result in
spoilage of the end products. On the basis of all the re-
ceived data a classification of the defects was created by
"killer — non-killer" types (critical for a final element
(defective product), or not (no defects, customer re-
quirements are fulfilled)), and also by the reasons for
their origin in the conditions of a real manufacturing.

2. Automated system for inspection
of the lithography defects

After the optical lithography the silicon wafers with
PR layer, in which the set structure of a product was de-
veloped, are inspected one after another in an automat-
ic mode: all the surface of an element is covered by a
set of pictures (images) made by means of a microscope
with a sensitive CCD matrix and a motorized little table
(fig. 1). The received images of the surface of a sample
are preserved on a hard disk of a personal computer,
then, they are processed by means of software with a
view of recognition of the defects and the features,
which do not belong to the structure of the element.
The detected defects are compared with the typical de-
fects from a database and are classified. The specific
features of such a system for detection of defects are the
following:

e possibility of recognition of a defect with the size
over 1 um and determination of its features (killer,
non-killer);

e determination of the position (coordinates) of a de-
fect on a sample;

o analysis of the regularity of occurrence of the defects
(the same defects, repeating from a wafer to a wafer,
point to a mechanical damage or pollution of a li-
thography mask);

o taking of a decision, whether an element is admitted
to the following technological stage, or must be re-
worked.

Fig. 1 presents the concept of the automated system
for detection of lithography defects. The wafers, in turn,
are supplied to the motorized table of the system. The
pictures are taken with autofocusing, which, in its turn,
is possible due to the built-in Z-sensor (interferometer
for determination of the distance to the wafer surface).
A protocol for taking pictures controls movement of the
table and allows us to cover the surface, interesting for
us, with a set of images. During processing of the im-
ages separate frames are integrated into a common im-
age of the surface of an element and defects are detect-
ed in each frame.

The presented concept for detection was imple-
mented in the MEMS production. It was demonstrat-
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ed, that implementation of a step of the automated in-
spection of defects after the optical lithography in the
technological routes of manufacture of products did not
render a negative influence on the inspected elements,
i.e. it did not result in spoilage and did not pollute the
surfaces.

3. Main results

One of the lithography defects, introduced in the el-
ements of the test lot, are holes in PR layer with the siz-
es of 3...12 um, situated next to (at the distance from
0.5 up to 15 um) the structure of the element (table 1).
Such defects can appear as a result of mechanical dam-
ages of the lithography mask. The behavior and appear-
ance of such defects are traced after the optical lithog-
raphy, after etching of the silicon oxide (for creation of
a rigid mask for the plasma etching of a silicon wafer)
and at the final stage of the manufacture, when the el-
ement consists of various structures etched in the sili-
con wafer. For example, table 1 presents the results of
the analysis of a defect with the size of 3 um. For the
other sizes of the defects the revealed regularities were
also implemented. When a defect is situated closer than
1 micrometer from the structure, we observe a disrup-
tion of the correct contour of the structure in the final
element, which is clearly visible on both sides of the
sample (on the front side, on which the lithography is
done, and on the back side, on which the holes are open
as a result of the plasma etching). If a defect is situated
at a distance over 1 micrometer from the structure, the
defect turns out to be a surface one, that is, partially
etched, and in the final element it is observed only from
the side of the lithography. The revealed specific fea-
tures are explained by the physical laws of plasma etch-
ing: the speed of etching depends on the area of the sur-
face of the opened structures on a wafer and their
shapes.

If a defect (damaged PR) is situated outside of the
element structure, then, depending on the size of the
defect, in the final element we get a surface defect or an
additionally etched (through) hole, which results in
spoilage of a product. Whether the presence of the sur-
face defects is acceptable on a sample, depends on the
customer’s requirements. As it was demonstrated by our
research, even in case of small damages (3...5 um) the
depth of the surface defect in the final element exceeds
60 um. Fig. 2 presents the results of measurement of the
profile of such a surface defect with diameter of 5 um.
The measurement was done on optical ConturGT-K
profilometer from Brucker Co. Since the final numer-
ical aperture of the interference lens limits the meas-
urement of the depth for the structures with a high re-
lation of the depth of etching to the characteristic size
in a plane, and for the considered defect this relation is
more than 12, we can say, that the depth of etching is




more than 60 um. If the size of a defect after lithogra-
phy exceeds 30 um in cross-section, in the final element
a fully etched additional hole is obtained.

The lithography defects can be divided into four
groups presented in table 2. The first two groups include
particles and fibers, which have fallen on PR or the wa-
fer outside of the structure of an element. As a rule, the
size of the particles does not exceed 15 um, and the
length of the fibers — 200 um. Both groups should be
referred to as non-killer defects, because these particles
and fibers are removed together with the resist during
the production phases and do not influence the final el-
ements. The third group includes the defects connected
with a mechanical damage of the PR layer. Their con-
sequences depend on the size and location of a defect —
damages with diameter more than 30 um lead to the
through additional holes in a wafer, damages with di-
ameter less than 30 pm lead to the surface defects, at
that, the damages, which are closer than 1 um to the el-
ement structure, will lead to infringement of the con-
tour of the structure. These defects belong to the killer-
defects, except for, probably, the surface defects outside
of the element structure — this depends on the custom-
er’s requirements to the surface of a wafer. The fourth
group also belongs to the killer-defects. Here we also
have particles, fibers and additional parts of the resist
inside the element structure. Such defects lead to in-
fringements of the contour of the structure of the final
element on the back side in relation to the optical li-
thography.

Conclusion

Detection of defects after each technological step in
MEMS productions is one of the basic methods of the
product quality control and of product yield control.
Detection of defects in final products allows us to with-
draw the defective products from a batch, and also to
investigate the reasons for and to eliminate occurrence
of the defects in the next batches. The automated de-
tection of the defects in lithography, introduced in the
MEMS production, makes it possible to avoid spoilage
in the course of the element manufacture and reduction
of the share of good elements. The proposed system for
detection of the lithography defects ensures a through-
put of 3 wafers per hour, which can be increased due to
the use of a camera with a more sensitive CCD -matrix
and a bigger field of view. An important advantage of
the presented automated system of inspection in com-
parison with a manual one is a higher probability of rec-
ognition of defects and elimination of an operator’s er-
ror [11, 13].

The given system can also be introduced in other en-
terprises of the Russian semi-conductor industry, if ad-

ditional adjustment is done: it is necessary to imple-
ment classification of the defects according to the pro-
duction specification, to determine the critical param-
eters (criteria) of the defects differentiating the killer
and non-killer defects, which depend on the specific
features of the technological processes, such as the
thickness of the deposited PR layer, the thickness of
wafers, time, etching parameters, etc., and also on the
requirements of the customers to the admissibility of
the surface defects.

We express our gratitude to engineers E. Semenova
and E. Tokareva from MAPPER LLC for their assistance
in carrying out of the technological operations.
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Cmambs nocesuena paspabomie c8epxebicOKOCKOPOCMHbIX INeKMPUHECKUX MUKPOMAUUUH, NPe0cmasieH MHO200UCUUNAUHAD-
HblIl aneopumm npoeKmupoBanus, paccHumana c8epxebiCOKOCKOPOCMHAs INeKmpU4ecKas MUKpOMAuUHa ¢ 4acmomotl 8paujeHus
pomopa 1,2 man 06/mun u mowsHocmoio 123 Bm. Beinoanens: 63aumocesa3anHbie MexaHuuecKue, menioguvle u 21eKmpomMasHumHble
pacuembl, onpedener mun nOOUWUNHUKOBbIX ONOP, OCHOBHblE KOHCHMPYKMUGHbIE MAMEPUAAbL, A MAKICE BbIABAEHO OanbHeluee Ha-
npaenenue uccredosanuii. Cozdannble modeau U aseopumm OblAU BepUDUUUPOBAHBL IKCNEPUMEHMANbHO. Pe3yrbmamor moeym
ObIMb UCNOb308AHBL 8 MeOUYUHe, POOOMOmexHUKe, CMAHKOCHPOeHUU.

Karoueevie caosa: CBEPXE6bICOKOCKOPOCHHbLE SAeKmpUHeCKUe MUKPOMAULUHDBL, MHOZO@UCL{LH’L/ILIH(I‘DHI)IIZ aneopumm npoeKkmupo-
6AHUA, NOCMOAHHbIE MACHUMDbL, becnazosas KOHCMpPYKUUA cmamopa

BBenenue

Pa3BuTHE BBEICOKOTEXHOJIOTUYHBIX OTpACIeil Tpo-
MBIIIJIEHHOCTH, TaKUX KaK MEIUIIMHA, pOOOTOTEX-
HUKa M CTAaHKOCTpOEHHuEe, TpeOyeT co3JaHue HOBBIX
CBEPXBBICOKOCKOPOCTHBIX BJIEKTPUUECKUX MUKpPOMa-
mwuH (CBOM). Kak npaBuio, coBpemeHHbie CBOM
UMEIT 4acToTy BpaiieHuss potopa oT 200 000 mo
1 000 000 06/MWH, MOIIHOCTE 10 1 KBT IIp1 ymeabHBIX
nmokazatesisix 0,2...0,25 kr/kKBT ¥ BBIOMHEHBI ¢ MOC-
TOsIHHbIMU MarHutamu [ 1—3]. I1pu 3TOM 3ampockl not-
peouteneit CBOM HampaBieHbI Ha OBBILLIEHUE MOIILI-
HOCTHM M 4acToT BpaileHus: poropa CBOM nipu cHuxe-
HUU UX MaccorabapuTHEIX TToKa3areseil. B vactHocTH,
11 MEAULMHCKON TeXHMKM TpeOyeTcss pa3paboTka
CBOM g cucteM nepekauykud KpoBU, UMILIAHTUPY-
e€MOM TEXHMKH, a TAaKXKe I Pa3sTMIHBIX MEIUITMHCKIX
MHCTPYMEHTOB (B TOM YHCJI€ CTOMATOJIOTMYECKUX).
B pa6ote [4] moka3aHo, 4TO JJ11 CTAHKOCTPOUTETBHOM
MIPOMBIIIUIEHHOCTH yXe TpeOytorcss CBOM c yacroroit
BpaiueHus 1,1...1,2 miiH 06/MuH. OnHAaKO Ha TaHHbIN
MOMEHT MaKCHUMaJIbHasl TOCTUTHYTAas YacToTa Bpallle-
Hust poropa CBOM cocrasisier He 6oJiee 1 MITH 00/MUH
[4—T7].
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ITosTOMY OCHOBHOI MAECH U 1IEJIbIO TaHHOM CTaTbU
sIBNIsIeTCsl pa3paboTka 1 ucciaenoBanus CBOM c yac-
TOTOM BpalleHust poropa 1,2 MiaH 006/MuH. 1151 momy-
YEHMsI JAaHHOTO pe3yJsibTaTa HeoOXOIUMO pa3paboTaTh
aJITOPUTM MHOTOAUCUMITIMHApHOTO pacueta CBOM.
[Ipu npoekTUpOBaHUU TPEOYETCSI COBMECTHBIN aHATU3
TETJIOBBIX, MEXaHNYECKHNX 1 DJIEKTPOMArHUTHBIX ITPO-
LIECCOB C YYeTOM AMHAMUKU poTopa. B paborax [4—7]
npeacTaBiaeHbl MeToauku pacuera CBOM, Ho ob1ero
aJropuTMa MHOTOJAMCLMITIMHAPHOIO MOJAX0Aa K pac-
yery CBOM He npuBeaeHo. M3BeCTHHI aJroOpUTMBL
MHOTOAUCHUTUIMHAPHOTO MPOEKTUPOBAHUSI BBICOKO-
00OPOTHBIX JIEKTPUIECKUX MAIIIMH C YacTOTaMU Bpa-
mweHust ot 48 000 no 120 000 06/MUH Y MOLIHOCTBIO
6osee 10 kBt [8—10]. Ho TpeOyioTcsa 4yacToThl Bpa-
meHust poropa 1 MoiitHoct CBOM B 10 pa3 6ouibliie,
MO3TOMY Pe3yJbTaThl 3TUX PabOT MCIOJIb30BaTh He
MPeACTaBISIETCS BO3MOXKHBIM.

3agayn naHHOW paboThl: pa3paboTKa ajJropuTMa
MHOTOIMCUUIUIMHAPHOTO TMpoeKTupoBaHus CBOM u
co3gaHue Ha ero ocHoBe mpoekta CBOM, a Takke pe-
LIEHUE BOMPOCOB OMNpeeeHUs ToTepb B poTope (1oc-
TOSTHHbIX MarHuTax u 6annaxe) CBOM. Bce pa3paba-
ThIBa€Mble KOMITbIOTEPHbIE MOAEIU ObUIM MPOBEPEHBI




9KCIIEpUMEHTaJbHO B ABUTraTesibHOM pexume CBOM
npu yactore 500 000 06/MuH.

MeToum(a pacuyeTra OCHOBHBIX r€eOMETPHYECCKHUX
pasmepos CBOM

ITpu cBepXBBICOKHUX CKOPOCTSX BpalleHUsI poTopa
MNEePBOOUYEPEAHON 3adauyeii MpU ONpPeaeICHUM TeOMET-
PUUYECKUX pa3MepOoB SIBJISIETCS] TOCTUXKEHME 3aJaHHOM
apdexktuBHocTr (KITI) CBOM c yyeTom aspoavHa-
MMUYECKMX TOTepb M MEXaHUYEeCKOW MPOYHOCTU, TaK
Kak npu yacrotax 6osee 500 000 06/MMH UMEHHO 3TU

ayano (Begin

1. OcHOBHBIE MTAPaMETPEL: MOILIHOCTb, YaCTOTA
BpAlLICHH, JVIHHA H BHYTPCHHHH QHAMETD POTOPa H T.A.
(Main parameters: power, rotational frequency, length
and inner rotor diameter, etc.)

1
2. Pacuer a3ponHHAMHYECKHX MTOTEPh
(Aerodinamic loss calculation) |

dexrraHOCTE Gonee 80 %?
Is efficiency over than 80 %?

H3MeHeHHE| 3 Pacyer MexaHHUECKOH IPOYHOCTH POTOPa

TapaMeTphl ONIPENeISTIOT BCIO KOHCTPYKTUBHYIO CXEMY
CBOBM u ee reomerpuueckue pasmepnl [9, 10]. Ha
puc. 1 mpeacTaBieH IpenjiaraeéMblil aITOPUTM MHOTO-
JOUCLUILTMHAPHOTO MpoeKThpoBaHus CBOM.

Kak BugHO 13 puc. 1, MAaKCUMAaJbHO JOMYCTUMBINA
IVaMeTp pOTOpa M €ro IJIMHA OMNpPEenessIoTCS UCXOMIs
W3 a3POJMHAMUYECKUX MOTEPb, T. €. ONPEAeIsIOTCS Ta-
K1e reoMeTpruyecKre pasmepsl, IIpu Kotopbix CBOM
nmeeT 3POEeKTUBHOCTD MO a3POAMHAMUYECKUM IOTE-
psim He MeHee 80 %. 3aTeM auaMeTp IPOBepsieTCsl Ha
MEXaHWYECKYI0 IPOYHOCTb, CTPOSITCS dJEKTpoMar-
HUTHBIE W TEIJIOBBIE MOJIENH, OIle-
HUBaeTCsl AMHAMKUKA pOTOpa U BbIOU -
parTCsT  TMOAITUITHUKOBEIE  OIOPHI
CBDM. D10 no3BosisieT u3HAYaIbHO
npoektupoBaTb CBOM ¢ BbICOKUM
KIIJI 1 y4uThIBaTh MPaKTUYECKU BCE
MpoLecChl, MpoTeKalollre B HEM Ha
pacyeTHOM 3Tare, YTO MUHUMU3UPYET
3aTpaTbl Ha cO3daHuEe U JO0PabOTKY
MIPOTOTHIIA.

Ha ocHoBe mpennaraemMoro ajuro-
putMa ObL1 pazpabotaH nmpoekt CBOM
MoinHocThio 300 Bt ¢ yacroToii Bpa-

(Parameter|
change

napaMeTpo ; ;
( PI;: e (Rotor mechanical strength calculation)
change)

Pesynbrarsl
TIOBIIETBOPAIOT YCIOBHAM IPOYHOCTH?
(Results satisfy strength

Bribop conditions?
ApYTHX
MATEpPHATOB 4, DneKTPOMArHHTHBIH pacyer
(Another ‘ (Electromagnetic calculation) ‘
material
selection)

SpextrBrOCTS Gonee 80 %?
Is efficiency over than 80 %?

5. [1poeKTHPOBAHHE CHCTEMBI OXMTAXICHHA
(Cooling system design)

€MIepaTypa HHKE €NbHOH?
Temperature is under limit?

6. Buibop nogmHmHAKOB
(Bearing selection)

e3yNBTaTl

TIOBJIETBOPAIOT YCAOBHAM NPOYHOCTH?
(Results satisfy strength

TIposepountiit pacuer
(Check calculation) ‘

YZIOBIETBOPAIOT TpeGOBaHHAM?
Resulls satisfy requirements?

‘ 7. Cosjanue NpoTOTHIA ‘
(Prototyping)

Puc. 1. Anroput™ MyJbTHIMCHMILIMHAPHOTO nMpoekTnposanns CBOM
Fig. 1. Algorithm of UHSEM multidisciplinary design

meHust poropa 1,2 MaAH 00/MuUH
(puc. 2). Crarop CBOM 0ecmna3oBblit
C TOpPOMIAJILHOM OOMOTKOiI1, pOTOp
BBIIIOJIHEH M3 LIEJBHOIO LMJIMHAPHU-
YeCKOro MarHuTa, 3aIllpecCOBaHHOIO
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Buifop B TUTAHOBBIN OaHIAX.

Ipyroii

CHCTEMEL
OXTT&KIEHHS Pacuer asponunamMuuecKux norepb
(Another

cooling Ha niepBom 11are He0OXOIMMO OII-
selection) peneuTh NMepBOHAYAIbHbBIN TUana3oH

TeOMETPUUYECKIX pa3MepOB aKTUBHOMN
yactu CBOM. JIns1 olleHKU aspoau-

Bribop HaMUYECKUX TIOTEPh W OIpeneeHus

H’:ﬂ:{”{‘[_ nuamerpa poropa CBOM c¢ yacroToii
HHKOB BpaleHus poropa 1,2 MJIH 00/MUH

(gerrO{her MPEACTABISIETCS LEIECOOOPA3HBIM UC-
aring

selection) MOJIb30BaTh BbIPaXKEHUS, TOJYYEeH-

Hble B pabore [11]:

— c(ano3Q3Dzl
Faop = 6

(D
e ¢ = 0,006 — ko3 duLIMEeHT Tpe-
HUSI MEXIIy POTOPOM U OKpYKalollei
Cpeloi; pg,, — IUIOTHOCTb BO3/1yXa;
D, — nuametp poropa; Q — yacTora
BpallleHUsI poTopa, pan/c; / — ImuHa
yyacTKa, Ha KOTOPOM ONpeAesiioTCs
MOTepU.

Ha puc. 3 (cM. 4yeTBepTyI0 CTOpPO-
HY O00JIOXKKHW) MpeAcTaBieHa 3aBUCH-
MOCTh a3POJUHAMUYECKUX MOTEPh OT
muamerpa poropa CBOM mnpu pas-
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Puc. 2. Pacyetrnas cxema CBOM
Fig. 2. UHSEM design diagram

JIMYHBIX YacTOTaxX, OTKyIa BUIHO, YTO BBHIMTOJTHEHHE
CB5OM momtHocThio MeHee 40 BT ¢ yacToToli Bpalie-
Hus potopa 1,2 MiiH 06/MUH HelleJaecooOopa3Ho, Tak
kak jgoctxeHue KIIJ 6Gonee 50 % HEBO3MOXKHO
MpaKTUYECKU MpU JtoOoM auameTpe potopa. M3 aHa-
JIU3a TIOJIyYEHHBIX 3aBUCUMOCTEH ObUIM BBIOpaHbI
npeaBapuTebHble reoMmeTpuueckue pasmepoel CBOM,
IS KOTOPBIX a3pOAMHAMUYECKIE TTOTePHU TIPY 4acTOTE
1,2 maH 06/MuH coctassT 30 Br.

Pacuersl Mexanuueckoii nmpounocta poropa CBOM

MexaHn4yecKre pacyeThl poTopa MPOBOASATCS aHa-
JINTUYECKMMU METOIAaMHM C IOoC/enyoleii Bepuduka-
LIMel METOIOM KOHEYHBIX 3JIEMEHTOB.

M3navanpHO ompenenseTcs mpeaBapuTeIbHasT TOJ-
mKrHa 6aHgaxa poropa CBOM:

2 2
_ Q7p(r;+ry)D

b 166

ks, (2)

M

rae c,, — Ipeaes IPOYHOCTU Ha TEKYy4YeCTb MaTepu-
aja O6aHmaxa; D — BHELWIHUN TMAMETP MOCTOSIHHBIX
MarHuToB; k; — KO3(MQOUUMUEHT 3amaca NPOYHOCTH
bangaxa poropa CBOM, koTopblii mpuHUMAETCS B
npegenax 1,2—1,5; r; = Dy/2 — paguyc GaHmaxa;
ry = D/2 — paanyc IOCTOAHHBIX MarHUTOB.

ITpu pacuerax 6aHAaXKHOK 000JIOUKM OCHOBHBIMU
VYCJIOBUSIMM SIBJISIIOTCS: HAIpsiKeHWsT B OaHAaXKHOM
000J104Ke JOJKHBI ObITH MEHBIIIE Mpejaesia TEKy4eCTr
Matepuaia; OaHIaX IOJDKEH Co3daBaTh IaBJICHME,
MpYKMMalolee MaruuThl [12]:

=p,+p,—p,>0;
{pN Pyt P> 0; 3)

k6(0p+ 0;+0,) <0y,

IJI€ py — OCTaTOYHOE JaBJIeHNe OaHlaXxa Ha IMOCTOSTH-
HBIC MAarHUThl; p,, G, — COOTBETCTBEHHO NaBICHHUE U
MeXaHU4YeCKOe HalpskeHue, co3naBaeMble TTpeaHaTs-
roM OaHpaxa; p, 6, — COOTBETCTBEHHO JaBJICHUE U
MeXaHW4YeCcKoe HalpsikKeHue, co3IaBaeMble TepMUuYec-
KHMM pacllipeHHeM POTOpa U MOCTOSSHHBIMM MarHU-
TaMu; p,, G, — COOTBETCTBEHHO NABJICHUE W MEXaHU-
YecKoe HampsKeHHe, co3laBaeMble 1IEHTPOOSKHBIMU
CUJIaMU.
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I[aBJICHI/IC 1 MEXaHMYECKOEC HaIIpsSAKEHUE, CO3daBa-
C€MbIC MIPpEAHATATOM, OIIPEACIAIOTCA BbIPAKCHUAMMUA

24D, .
°»~ Tp v
_ 4
A
Pp =% 5 51 TS|
fi=rs 13

rne AD, — npenHaTar 6aHgaxa poropa; r; = Dy/2,
ry = D/2, r; = D, /2 — cpenHnii paiuyc MarHuTOB;
E, — Monynb ynpyrocru.

HaBiieHue 1 MexaHW4YecKoe HalpsbKeHue, co3aBa-
e€Mble TEPMUUYECKUM paclliMpeHreM poTopa, BHIYMCIISI -
IOTCSI CACAYIOIIUM 00pa3oM:

2AD;

5
s 5)
t tRb

rne ADp = agD(T, — T|) — nuHeiiHOEe pacluMpeHne
MOCTOSIHHBIX MarHUTOB MOJ ICMUCTBUEM TEMIIEPATYPHI;
o, g; — KO3(MOULIMEHT TMHERHOTO PACILIUPEHMS ITOCTO-
SAHHBIX MarHuToB; T,, T} — COOTBETCTBEHHO TEMIIE-
paTypa MOCTOSIHHBIX MarHWTOB B Hayajie dKCIulyaTa-
uuu CBOM u ycTtaHoBMBIIAsICSI TeMIlepaTypa.

HaBiieHue U MeXaHWYeCKOoe HaIpsiKeHue, co31aBa-
eMBle IIEHTPOOEKHBIMU CUIAMU:

2272
GZZQ r3pb,

X (6)
P, = PpQ r3b,

e p, — IUIOTHOCTb MaTepuaa GaHaaxa.

ITocne pacuera naBjieHUsI U MEXaHUUYECKUX HaIpsi-
JKeHUI B baHIaxe MPOBOIMTCS MPOBEPKA €ro MEeXaH!-
YeCKON TIPOYHOCTH TI0 ypaBHeHUIO (6). [T OleHKH
MPaBWIHLHOCTHU TOJYYEHHBIX PE3YJIbTATOB BHITTOTHEHBI
MEXaHUYECKUE pacyeTbl pOTOpa C MOMOIIbIO METOAA
KOHEYHBIX 2JIeMEeHTOB. TakuM 00pa3oM, U3 COBOKYM-
HOCTU MEXaHUYECKUX M adpOIMHAMUYECKUX PACUETOB
MOSIBJISIETCS BO3MOXHOCTb OMNpPEAEeIeHUSI TeOMETpU-
YecKHUX pa3MepoB poropa. Ha ocHOBe MOJTydeHHBIX
reoOMEeTpUUYECKUX pa3MepoOB ObLIM MPOBEACHBI BJIEKT-
pomarHuTHbIe pacueTbl CBOM u omnpenesieHbl 3JI€KT-
POMarHUTHBIE MOTEPHU.

DnekTpoMarautHeie pacyersi CBOM
| ompeJeJieHne noTepb

DJIeKTPOMarHUTHBIE pacuyeThl MPOBEACHbI B MPO-
rpaMMHOM Komiuiekce Ansys Maxwell. Ha nmanHom
MPOEKTHOM 3Tare ObIM BbIOpaHbI aKTUBHBIE MaTepu-
ansl CBOM, BBINOJIHEHBI pacye€Thl MArHUTHOIO I10JISI
B aKTUBHBIX 2jeMeHTax CBOM, omnpeneneHbl 2J1eKT-




pomarHutHble moTepu CBOM. Bce pacueTsl B JaHHOM
paznesie NpoBOAUIMCH B IMHAMUYECKOM PEXUME.

Bovioop nocmoannvix mazcnumos pomopa. I1octosiH-
Hele MarHuThl (ITM) poropa obecrieunBaloT HEOOXO-
aumble xapaktepuctuku CBOM. Bribop IIM nmocra-
TOYHO MOAPOOHO omucaH B paboTax [4—7], Ha OCHOBe
KOTOpPBIX B KayeCTBEe MaTepuasia MarHUTa OBLT BBI-
6paH Sm,Co;7, MOCKOJNBLKY OH OONANaET JOCTATOYHO
BBICOKOM paboueit Temneparypoii (1o 250 °C) u obec-
MeYNBACT XOPOIIINe SHEPTEeTUUECKHE XapaKTePUCTUKU
(H= 850 kA/m, B.= 1,08 Tu). I[Ipu npeasapuTeabHbIX
9JIEKTPOMATHUTHBIX pacyeTax paccMaTpUBaIUCh Ter-
JIOBBIE XapakTepucTuku Sm,Coy; Npu TemIeparype
20 °C, HO TocJIe TEeIUIOBBIX PACYETOB B MOJIE]Ib BHOCH -
JINCh HEOOXOTMMEIE KOPPEKTHUBEI.

Botbop mamepuasa macnumonpoeoda cmamopa.
B CBOM BBUAY BBICOKMX YacTOT IlepeMarHu4yunBa-
HUS IS CHIDKEHUS TIOTEPh B CepACYHUKE MCTIOIb3Y-
eTcsa amopdHOe Xeie30, Kak npaBuio, Metglas Alloy
2605SA1. Ho oHO oGiamaer psaoM HEAOCTaTKOB, Ta-
KMMM KaK HM3KUII KO3(h(GUILMEHT 3aIll0JHEHUSI cep-
JeyHuka (He Oosee 0,85) M HMU3KasE MexaHUYecKast
MIPOYHOCTD.

JpyruM BO3MOXHBIM BapMaHTOM BBHITTOJTHEHMUS
MarHurtornpoBojga cratopa CBOM sBnsieTcsl UCIONb-
3oBaHMe (DeppUTOBLIX Kojiell. Ho MX 3HAYMUTETbHBIM
HEIOCTaTKOM SIBJISIETCS HU3Kas WHOIYKIWS HacChIIIe-
HUsA. B paccmaTpuBaeMoM ciyyae MHIYKIINMS B MarHU -
ToIpoBoe craropa He npesbiaeT 0,3 Ti u3-3a 601b-
IIMX BO3AYIIHBIX 3a30poB. [loaTomMy BMecTo amopd-
HOTO 3keJie3a BbIOpaHbl (pepputoBbie Kosiblia Epcos N78.
CpaBHeHUE CBOMCTB 3THX MaTepUaOB MPUBEACHO B
Taby. 1, M3 KOTOpO BUAHO, YTO yIAEIbHEBIC ITOTEPH B
Epcos N78 B 3 pa3a MmeHbllIe, 4eM B aMOP(MHOM Xe-
ne3e Metglas Alloy 2605SA1. A Tak KakK TJIOTHOCTb
Epcos N78 mensliie B 1,48 paza, To (pakTUIECKUE Yae/Ib-
Hble ToTepu B cepaeuHuke u3 Epcos N78 MeHble B
4,5 paza. Kpome toro, npu npoexktupoBanuu CBOM
HEOOXOAMMO YYMThIBATh HU3KYIO TemmepaTypy Kiopu
y (beppUTOBBIX KOJIELl.

Botbop npoeoonuxoe cmamopa. W3-3a BBICOKMX
yactoT HamnpsikeHust (20 k') B mpoBogHUKAX OOMOT-
KU npoektupyeMoro CBOM noMumo oMuyecKux Imo-
Teph (P, = mIzR) 3HAYMTEJIbHO IIPOSIBIISIIOTCS €lle 1
MTOTEpH, BHI3BAaHHBIE BUXPEBBIMU TOKAMU B OOMOTKE.
ITosTomy B CBOM 00BIYHO MCIOJBL3YETCSI BBICOKO-
YaCTOTHBIN JIUTLEHAPAT.

[Tpu BeIOOpE AUMaMeTpa MPOBOJHUKA, a TAKXKe MPU
pacyeTe TOTeph Ha BUXPEBbIC TOKU B IIPOBOIHMKAX He-
00X0aMMO OMepupoBaTh CUCTEMOI ypaBHEeHUI Makc-
BeJUTa, OMMCHIBAIOIINX MAaTHUTHOE TT0JIe BHYTPHU TIPO-
BOIHUKA:

rotE =—28 (7

rotH = 4rj; o

j=okFE, divB=0;

rae H — BeKTop HaINpSXeHHOCTH MAarHUTHOTO ITOJIS;
B — BeKTOp MarHUTHOM WHAYKIIUW; j — BEKTOp TIIOT-

HOCTHU TOKAa; ¢ — 3JIEKTpUYecKasl MPOBOAUMOCTh Ma-
Tepuasa MpoOBOJHUKA.

VpaBHeHue (7) mompasymeBaeT, UTO CBSI3b MEXAY
TOKOM U TIOJIEM JIOKaJIbHA, INIOTHOCTb TOKA B HEKOTO-
poli TOUKe MPOBOAHUKA OMpPeAcIsieTCs] HaNPsSIKEHHOC-
ThI0O MAarHUTHOIO TIOJISI B 3TOM TOYKE, T. €. JUAMETP
MPOBOJHMKA NOJIKEH OBITh MHOTO MEHbIIIEe TJTyOUHBI
MMPOHUKHOBEHUS 1oJIsI. [103TOMY OOBIYHO OIlpenesisi-
eTcsl IIyOMHA NMPOHMKHOBEHMUS MAarHUTHOTO IIOJiSI B
KWy, TIOCJIe 4ero AuaMeTp IpoBojAa MPUHUMAETCS
MEHBbIIIe TJIyOMHBI IIPOHUKHOBEHUS B 2...4 pa3a. [lanee
OIpeeIsIIOTCS] TOTEPU Ha BUXPEBbIE TOKU B BbIOpaH-
HOM JMaMeTpe MPOBOJa, M TIPU HEOOXOAMMOCTU JTHA-
METp MNPOBOAHMKA KoppeKTtupyercs. InmybuHa mpo-
HUKHOBEHHUS MOJISI BEITEKAaeT U3 ypaBHeHUH (7):

_ 2
5,= /7t s (8)

rae 8, — DIyoKrHa IPOHUKHOBECHUSL; f— yacroTa ToKa;
U — MarHuTHasi MMPOHUIIAEMOCTh MaTepuayia MPOBOJI-
HUKa.

ITorepu B npoBonHukax CBOM Ha BUXpeBbIE TOKU
onpeaesitotest hopmysoit [11]:

H 2ln30u0 f zd?
Pty = ——— 2, ©)
rae d; — AMaMeTp NPOBONHMUKA; / — JJIMHA MPOBOJI-
HUKA; Iy — MarHUTHas MPOHULAEMOCTb BaKyyMa.

B pesynbraTe pacuyeToB OBLIO YCTAHOBJIEHO, YTO
IyOMHA IPOHMKHOBEHMS IIOJISI B IIPOBOJXHUK IIpU
yactore 20 kI'y cocrasnsier 0,46 MM, MUHUMAJIbHBIN
JIOIYCTUMBII TUaMEeTp IPOBO/A 10 YCIOBUSIM JIOKAJIb-
HOCTH MarHUTHOTO 1oJ1st coctapisiet 0,15 mM. I1o BbI-
paxeHuio (9) ObUIM paccuUTaHbl MOTEPU HA BUXPEBbIE
TOKM B IIPOBOJHMKE B 3aBUCUMOCTH OT JUaMETpa W
oIpenesicH IMaMeTp IMMPOBOTHUKA TT0 YCIIOBUSIM MIUHM -
MHU3AIU TTOTEPb.

Tabauua 1
Table 1
Cpasnenue coiicts EpcosN78 n Metglas Alloy 2605SA1

Comparison of the properties of Epcos N78
and Metglas Alloy 2605SA1

[TapameTp Epcos Aﬂez[tlglas
Parameter N78 oy
2605841
WMHuayKumst HachIIeHUs TIPU TeMIIepaType 0,39 1,56
100 °C, Tn
Saturation induction at 100 °C, T
Temneparypa Kiopu, °C >200 395
Curie temperature, °C
YnenbHble ToTepu nipu nHAyKImu 0,2 To, 11,7 32...35
yactoTe 25 kI'u u Temmneparype 100 °C
Specific losses at the induction of 0.2 T,
frequency 25 kHz, and temperature 100 °C
[lnoTHOCTS, Kr/M3 4850 7180
Density, kg/m3
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Daexmpomaznumnsie pacuemwvt. Ilpu co3gaHuun
KoMmITbloTepHO#t Monenun CBOM u ee pacueta MeToga-
MU KOHEYHBIX DJJIEMEHTOB HEOOXOAMMO ITOJHOCTBIO
OIpeaeUThCSI ¢ TeOMETPUEil cTaTopa W BO3MYIIHOTO
3a30pa MpU YCIOBUU (PUKCUPOBAHHBIX INIOTHOCTH TO-
Ka ¥ IUIOLIAAM CeYeHUs ITpoBogHuKa. Ha ctaguu temn-
JIOBBIX PAacyeToOB CHUCTEMA OXJIAXIECHUS BbhIOMpanach
JIJIs1 obecrieueHMs 3alaHHOM IUIOTHOCTU Toka. Hampsi-
keHue CBOM He OBLI0 3a1aHO TEXHUYECKUM 3aJaHN-
€M, TO03TOMY ONTUMAJIbHOE 3HAUCHUE HAMPSDKEHUS U
YHMCJIO BUTKOB OCHOBBIBAJIMCH HA 3JEKTPOMArHUTHBIX
pacuerax. Huke mpuBemeHBI OCHOBHEIE IapaMeTphl
cnpoekTupoBaHHoro CBOM:

OcHosuble napameTpsl CBOM

MomutHocts, B-A .. .. 138
YacroTa BpailleHUs] poTopa, 0O0/MUH . . . ... ... 1 200 000
®aszHoe HanpsikeHue, B

Da3HBIA TOK, A . . oottt 4
TWIT MaTHATA . .. ... Sm,Coy7,
H =850 kA/Mm,
B.=1,08 Tn
Marepuain cepaeyHUKa CTaToOPa . .. .. ....... Epcos N78
MarHuTHast UHIYKLMSI B BO3AYIIHOM 3a30pe,
T o 0,114

Daexmpomaznumnoie nomepu. CIeayOIINM IIIaTOM
ObLIO OIlpele/IeHNe IOTEPh B aKTUBHBIX 3JIEMEHTax
CB5M mownocTthio 138 Bt ¢ yacToToit BpalieHus po-
Topa 1,2 MaH 00/MuH. Pesynbrarel pacuyeta moTepb
MpuBeAeHbI B Ta0OJ. 2.

Takum 00pa3oM, BBHITIONTHEHBI 3JIEKTPOMAaTrHUTHEIC
pacuetsl CBOM M mosydeHBl ee TeOMETPpUICCKHE Xa-
PaKTEPUCTUKU.

BbiOOp cHCTEMBbI OXJIaXkKIEHHS
H Temiosbie pacuersi CBOM

CaenyrommM stanoM co3ganusgs CBOM c¢ yacroroit
BpaieHus 1,2 MJIH 00/MUH SBJIsIETCS BbIOOp €ro cuc-
TEMbl OXJaXIEHUSI U TeIIoBble pacueThl. Kak BUIHO
u3 Tabi. 2, ocHoBHbIe Totepu CBOM npuxoasarcs Ha
DPOTOPHYIO cUCTeMY (a’poaMHAMUYECKUe TOTepH),
OoXJIaXIeHUE KOTOPOU SIBISIETCS MOBOJILHO CIOXHOM
3agaveii. OcHOBHAs 3ajaya JaHHOU paboThl — obec-
MeyeHue TeIa00TBoAa moTepb oT poropa. Ilpu 3ToM
HauOosee 3(pGEeKTUBHBIM IS 3TUX LieJieil SIBIsSeTCs

Oxnaxnaroumas
e
KHIKOCTH
Coolant

Oxnaxaaioniye kaHambl
Cooling channels

Puc. 4. Cucrema oxnaxnenns CBOM
Fig. 4. UHSEM cooling system
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Tabnuua 2
Table 2
ITorepu CBOM
Losses in UHSEM
3aBUCUMOCTb,
Tan noTeps XapakTepu3syiollasi NoTepu Snaverme
Loss type Loss-specific dependence Value
AsponnHaMu- 34 asp
p
yeckue MnoTepu Py = M =30 W
Aerodynamic 16
loss
Motepn 2,3 2 4 Poou
B 0GMOTKE P = H'In"opof” dy +mPR | =545W
. . . obM 4 k]
Loss in winding
[otepu s depputa Epcos N78 ucnoinb- P. =
B MarHUTOIPO- | 30BAJIUCh IKCIIEPUMEHTATIbHBIE =0,036 W
BOJZIE CTAaTOpa | KPUBBIE, MPEIOCTABISIEMbIe TTPOU3-
Loss in stator Boautesem [12]
magnetic With Epcos N78 ferrite, the
conductor experimental curves provided by the
producer [12] were used
[Torepu B 6an- | OnpenensoTcss KOMIbIOTEPHBIM P, =
JaXHOI 000- | MOJETUPOBAHUEM B MIPOTPAMMHOM | = (),022 W
JIouKe poTopa | Komrmiekce Ansys Maxwell
Loss in rotor Loss is estimated by computer
shroud simulation using Ansys Maxwell
software package
. n=
Total eficiency | = L 100 5| 80%
P+Pp+PC+P06M+Pa3p

KoJiblieBo#t 3a30p [13]. OOGBIYHO €ro BBIMOJHSIOT U3
MJIACTUKOBBIX MaTEPUAIOB C OUeHb HU3KOM TEILIOIPO-
BOOHOCTEIO. [105TOMY B KauecTBe CHCTEMBI OXJIaXKIe-
HUS ObL1a UCIIOJb30BaHA KOMOMHMPOBaHHAs CUCTEMA
OXJIAXICHNS, B KOTOPOII 0OMOTKa pacrojlaracTcsl Ha
BeicoTe 0,3...0,5 MM OT poTOpa 1 BHICTYIAET B POJIU pa-
JIyaropa, OTBOJSILEro TeIUIoBblAeeHus: poTopa. [1pu
3TOM cama OOMOTKa OXJIaXXZAeTCs MO BHEITHEHW IOo-
BEPXHOCTHU XUAKOCTbIO (puc. 4), 4TO MO3BOIsIeT (-
(exkTuBHO oxs1aauTh porop CBOM, a ucrnonab3oBaHue
TOPOMIATBLHOW OOMOTKM TIPMBOIUT K MaKCHUMAaJIbHO
BBICOKOMY KOG GUITMEHTY 3aTTOTHEHMSI.

Hnst omeHku 3¢p@GEKTUBHOCTA IIPEACTABICHHOM
CHUCTEeMbl OXJIaXIEeHHUsI ObLJIO MPOBEIEHO KOMIIbIOTEP-
HOE MOJEIMPOBAHKE, KOTOPOE ITOKA3aJI0, YTO MAaKCH-
MaJibHasl TeMmIlepaTypa IIOCTOSIHHBIX MAarHuTOB He
npesbiiiaer 70 °C, tutaHoBoro 6aHmaxa — 77 °C, a
Temieparypa ooMoTku cocrapisiet 64 °C. Ilpu mone-
JIUPOBaHUM paccMaTpuBajiach BoJa ¢ HAYAJIbHON TeM-
nepatypoii 20 °C 1 CKOpOCTbIO MOCTYTUIEHUS B OXJ1aXK-
Jaiolme KaHajsl 16 r/c.

[To nonyyeHHBIM 3HAYEHUSIM TeMIEpaTypbl ObLIU
paccUnTaHBI TOTIOJTHUTEIBHBIE MEXaHUIECKIE HATPy3-
KH, cO3laBaeMble TEIJIOBbIMU PACIIMPEHUSIMU MaTe-
puanos: o, = 67,2 MIla, p, = 23,17 MIla. Koadbdu-
LIMEHT 3araca 1Mo MeXaHU4eCKON MPOYHOCTU COCTaB-
nsieT 20 %, KOTOpHIN COOTBETCTBYET 3aIlacy MeXaHU-
yeckoit mpouHoctu 100 MIla. ITosTomy TemaoBbie
pacIIupeHns MOCTOSHHBIX MATHUTOB M MEXaHWUECKHe
HAarpy3Ku He MPUBEIYT K pa3pylIeHWIO OaHTaKHOMN
000JI0uKM poTtopa. Ilpu yBennueHUM TemIiepaTyphbl




NOCTOSTHHBIX MarHuToB Ha 50 °C uMx ocrarouyHas WH-
oykuust ymeHemutesa go 1,06 T, a KospLUTHBHAS
cuna — g0 765 xkA/M. Ha paspaboTaHHOII Momeau
ObLIY TIPOBEACHBI pacueThl IPU JAHHBIX XapaKTEPUC-
THKAaX IIOCTOSIHHBIX MarHUTOB, Pe3yJIbTaThl IIPEACTaB-
JIEHBI HUXKE.

Xapakrtepuctukd CBOM npu padoueii Temneparype

MomHocTs, B-A .. ... 123

Yacrora BpailleHus1 poTopa, 00/MUH . . . .. ... 1200 000

daszHoe HampskeHue, B ... ... .. L., 14,37

Da3HBI TOK, A . ... ot 4

TWITI MATHUTA . . ... ... Sm,Co7,
H=765xA/Mm,
B.= 1,06 Tn

Marepuain cepaeyHuKa CTaTopa . . .......... Epcos N78

MarHuTHast THAYKIS B BO3MYLITHOM 3a30pe,

T 0,101

Takum 00pa3oM, HMpoBeneHbI TEIUIOBHIE PAaCUYETHI
CBOM u BbINOJHEHBI KOPPEKTUPOBKU MEXaHUYECKUX
1 3JIEKTPOMArHUTHBIX PACUETOB MO UX pe3yIbTaTaM, a
Takke 000CHOBAH TUI cUCTeMbl oxyaxaeHuss CBOM ¢
4yacToToM BpallleHus1 poropa 1,2 MaH 06/mMuH. Ha oc-
HOBE pa3pabOTaHHOU METOAMKM BBHIMOJHEHbBI MPOEKT-
Hble pacueTbl CBOM moniHocthio 123 BT ¢ yacroroii
BpaieHust poropa 1,2 MiIH 06/MUH.

DKcnepuMeHTAIbHAA BepupUKanus
3JIEKTPOMATHUTHOW MOJIeH

st oueHku 3(p@eKTUBHOCTU pa3pabOTaHHBIX
KOMIBIOTEPHBIX MOJE/e U aIroOpuTMa pacyeTa ObLIn
npoBeneHbl ucnbiTanusg CBOM, paspaboTaHHOIO 1O
MIpeACTaBICHHOMY aJITOPUTMY, Ha YacTOTE BpalllcHUS
500 000 06/MuH (BBUIY OTCYTCTBUS MOMIIUITHUKOB Ha
1,2 MaH 06/mMuH) u MoiHocThio 100 BT B pexume

Tabnuua 3
Table 3
Xapakrepuctukn uccieayemoro CBOM c wacroToii BpameHus
500 000 mun !

Parameters of the UHSEM studied at the rotational speed
of 500 000 rpm

Pacuer
[TapameTp DKCHepUMEHT
. Calcu-
Parameter Experiment lati
ation
MouHocTs, Bt 100
Power, W
YacroTta BpallleHUsI poTopa, 00/MUH 500 000
Rotor rotational speed, rpm
Twr maraura Sm,Co7,
Type of magnet H=1765xA/Mm,
B.=1,06 Tn
MomeHT uHepuu poTopa, KT * M2 1,95- 1078
Rotorinertia moment, kg +m
AspoauHaMuueckue norepu, Bt 8 8,2
Aerodynamic losses, W
Temmepatypa potopa, "C 50 53
Rotor temperature, °C
OMMueckue norepu B ooMoTke, BT 8 7,8
Ohmic losses in winding, W
[Morepu B cepaeuHunke craropa, Br 1,6 1,67
Losses in stator core, W

Dasumlii Tok, 4
Phase current

4
32
24 L~ }
1.6
0.8
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Puc. 5. Dkcnepumentaiibhbie ucciaenopanuss CBOM mommHocTbIO
100 Bt u wacroroii 500 000 mun~! NPH Pa3roHe W TOPMOXKEHHH

Fig. 5. Experimental studies of UHSEM with the power of 100 W and
rotational speed of 500 000 rpm at acceleration and braking

snekTpoasuratesst. OxnaxaeHne CBOM ocyiecTBis-
JIOCh caMoOBeHTUJsuMel. Pe3yiabrarhl sKcnepuMeH-
TaJbHBIX UCCIENOBAaHUI U CPaBHEHHUE MX C TaHHBIMU
KOMITBIOTEPHOTO MOJEIMPOBAHUST TIpeACTaBIeHbl Ha
puc. 5, napameTtpsl uccienyemoro CBOM — B Tab. 3.
PacxoxneHue paspaboTaHHBIX MoOJEieil M 3KCIe-
PUMEHTAIBHBIX JAHHBIX HE MpeBbIIAOT 5...7 %, 4TO
MOKAa3bIBACT MOCTATOYHYIO TOYHOCTh MCIOJb3YEMBbIX
Mozeseil U, CIeIoBaTeIbHO, aIeKBaTHOCTh CO3MaHHOTO
npoekta CBOM c vacrotoii BpaieHus 1,2 MiaH 06/MUH
M aJTOpUTMa MHOTOIMCUMIIMHAPHOTO IPOEKTUPO-
BaHuss CBOM. HeoOxonnMo OTMETUTh, YTO HAIpSIKe-
Hue CBOM B mpoliecce 3KCIUTyaTalluyd CHUXKAETCS MO/
JelicTBUEM TeMIepaTyphl, a Moaeiab Ansys Maxwell
3TOTO HE YYUTHIBAET, UTO MPUBOIUT K YBETUIECHUIO TT0-
TPEITHOCTH MOIEIN Bo BpeMeHU. [1oaToMy BaxkHO TIpm
npoektupoBaHu CBOM mnepecuuThiBaTh 3/1€KTpoMar-
HUTHBIE XapaKTepUCTUKHU TIOCIIE TETUIOBBIX PacUeTOB.
Tak xaK maTyuk TeMrepaTrypbl ObUI YCTAaHOBJIEH B
oobmorke CBOM, TemMmrmepaTypa MOCTOSIHHBIX MarHu-
TOB POTOpa HEe U3MepsUIach, HO 00 UBMEHEHUM TeMIle-
patypbl [IM poTopa MOXHO CyIUTb IO CHUXKEHUIO Ha-
MpSIKEHUsI, TaK KaK OHO MPSIMO MPONOPLHUOHATBLHO
CBOWCTBaM TTOCTOSTHHBIX MarHuToB. [Ipu 3TOM 3aBU-
CHMOCTbh JEHCTBYIOIIET0 TOKA MPU SKCIIePUMEHTAb-
HBIX MCCIIENOBAaHUSIX UMeeT MUKW M HOCUT HeJTMHE-
HBI XapakTep, B OTJAWYME OT JAaHHBIX MOIEIMPOBA-
HUs. DTO 0OYCJIOBJEHO KOMMYTallMell TpaH3UCTOPOB.
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Takum oOpa3om, 3KCIIepUMEHTaIbHbIE UCCIen0Ba-
HUS TOATBEPAUIN MpeACTaBIeHHbIEe BbIIIE TEOPETU-
YeCKHMe PACCYXICHUS W IO3BOJISIOT peKOMEHIOBATh
MPeTOXKEHHYIO METOIMKY M ITPOEKT K MCIOIb30BaAHUIO.
A Takke nmokaszaHa BO3MOXHOCTb co3fnaHuss CBOM c¢
yacToTOM BpalleHus1 potopa 1,2 MJIH 00/MUH.

BbiOOp MOJMMITHAKOBBIX ONOP

I'maBHOII mpo6IEeMOii, KOTOpask He IMO3BOJIMJIA CO-
31aTh 1eMOHCTpallMOHHbI MakeT CBOM ¢ yacroroii
BpauleHus 1,2 MiaH o6/MUH U 3acTaBWJIa BepUDULIM-
poBatb Monenu Ha yactote 500 000 06/MUH, SIBIASIOTCS
MTOAIIMITHUKOBEIE Omophl. Hike TpuBeneHBI pas3md-
HbI€ THUITBI TOAIIMITHUKOBBIX OMOP, KOTOPHIE MOTYT
npuMeHsiTecst B CBOM.

Mexanuyeckue nodwunnuky — HauboJjiee MpoCTOi
BapMaHT, MpeAe YaCTOThl BpallleHUs IPU MaJIOM CPO-
ke Xu3Hu pocturaer 1,1 muH 06/MuH. OCHOBHBIMU
HX MPEUMYIIECTBAMMU SBJISIOTCS MaJIble pa3Mephbl, BbI-
COKasl KeCTKOCTh M HAaJIeKHOCTb IIPU OTPaHUYECHHOM
BpeMeHM 3Kcrutyatauuu. HemocraTkaMu — moTepu
Ha TpEeHMWE, YTO MOXET 3HaUuTeabHO CHU3UTHh KIIJ]
CBbBM.

Tazodunamuueckue noowunHuKY TOCTUTAIOT YacTOT
BpameHust 1o 600 000 06/MUH, UMEIOT HU3KME TOTE-
pM Ha TpeHHE, KOTOPBIE OIPEAeNIIIOTCSI TaK Ke, Kak
adpoJMHAMUYECKUE IOTEPU pOTOopa, U He TpeOyloT
CHCTeMBI yrpaBiieHnsa. OgHAKO IO JOCTIKEHUS dJac-
TOTBI BCIUJIBITUST 9KCIUTYaTUPYIOTCSI C BBICOKMMU MOTe-
psiMu Ha TpeHue. Haubosblliasg 1OCTUTHYTasi 4YacToTa
BpamieHus 1 203 000 06/MuH [14], mo3TOMY 3TH IO~
IIATTHUKY PacCMAaTPUBAIOTCSI KaK OCHOBHOM BapMaHT
st mpoekta CBOM, HO Ha JaHHBIA MOMEHT OHU He-
JTOCTYITHBI B TIPOIAKE.

Maenumnoie nodwunnuxu (aKTUBHBIE MarHUTHBIC
MOABECHl WY TMOPUIHBIE MArHUTHbBIE MOAIIUITHUKN)
AMEIOT BBICOKHME XapaKTEPUCTUKM KECTKOCTH M IIIH-
pOKUe TEePCIIeKTHBBI TIPUMEHEHHUS B BBICOKOOOOPOT-
HBIX BJICKTPUYECKHX MaIlIMHAX, HO CJIOXXHOCTD VX CHC-
TEMBbI yIPaBICHUS, L1 QYHKIMOHUPOBAHUS KOTOPOA
HEeoOXOAMMbl MUKPOAATUMKHU, a TakKxke radapuTHbIC
pa3Mephsl OoTpaHMYMBAIOT uX IpuMmeHeHue B CBOM
Ha TaHHOM 9Tarne. B To ke Bpems pa3BUTHE Oe31aTuu-
KOBBIX CIIOCOOOB YIpaBJeHUsI, a TAKXKe CO3AaHUE HO-
BBIX KOHCTPYKTMBHBIX CXeM MAarHUTHBIX MOAILIMITHU-
KOB B OyIyIIIeM MOXET CIeIaTh X KOHKYPEHTHBIM pe-
IIEHNEM C Ta30AMHAMUYECKUMU TTOMIITUITHUKAMMU.

P €3yJbTAThl U BbIBO/bI

B crathe mpencTaBiIeH MHOTOIMCIIATUIMHAPHBINA
anroput™M mpoektupoBaHus CBOM, coszgaH mpoekT
CBOM c yacroroii BpailieHUs1 poTopa 1,2 MJIH 06/MWH
n moiHocThio 123 Br ¢ KIT/ 80 %: BoInmoaHEHBI B3a-
MMOCBSI3aHHBIE MEXaHWYECKHe, TETIJIOBBIC U 3JIEKTPO-
MAarHUTHBIE PacyeThbl, OIPENe/IeH TUIl HMOMIIMITHUKO-
BBIX OITIOP, OCHOBHBIC KOHCTPYKTHBHBIC MaTepHalbl U
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BBISIBJIEHO JAJIbHEHIIIEE HAIlpaBJICHUE UCCICAOBAHUMA.
Co3gaHHble MOIENM U aJITOPUTM ObLIM BepUUIIN-
pOBaHBI 3KCHEPUMEHTAIbHO. Pasznmumuue pe3yabTaToB
KOMIIbIOTEPHOTO MOJEIMPOBAHMS 1 3KCIIEPUMEHTAIb-
HBIX JaHHBIX He TIpeBbIacT 5...7 %.

Paboma evinoanena npu noddepicke Poccuiickoeo
HayuHoeo gonda (npoexm 17-79-20027 — meopemu-
yeckass 4acmo). DKcnepumeHmanvHvle UCCAC008AHUS
6bINOAHEHbl HA YCMAHO8KE, NOAVYEHHOU N0 NPOeKmy
HIII-6858.2016.8.
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Introduction

Development of high-tech industries such as medi-
cine, robotics, and machine-tool building demand for
new ultra-high-speed electrical machines (UHSEMs).
As a rule, the rotation speed of a modern UHSEM’s ro-
tor makes 200 000 to 1 000 000 rpm and the power is
up to 1 kW, their specific performance laying within the
range of 0.2 to 0.25 kg/W,; the rotor structure is usually
based on permanent magnets [1—3]. The demands of
UHSEM users, though, imply power enhancement
with a simultaneous decrease in mass and dimensions.
In particular, for medical equipment, it is necessary
that UHSEM be developed for the use in blood pump-
ing systems, implantable devices, and various medical
tools (including dental ones). Machine-tool building
industry already requires UHSEMs with the rotational
speed of 1.1 to 1.2 min rpm [4]. Maximum speed of an
UHSEM rotor, though, does not exceed 1 min rpm
[4—T7].

The main idea and the goal of the present paper are
research on and development of an UHSEM with the
rotor speed of 1.2 mln rpm. To achieve the result, it was
essential to build a multidisciplinary calculation algo-
rithm for the target UHSEM. In the course of the
UHSEM design, it was necessary to perform the joint
analysis of thermal, mechanical, and electromagnetic
processes, taking into account the rotor’s dynamics.
Procedures for an UHSEM calculation were reported

in [4—7], but no general UHSEM calculation algo-
rithm was available. Multidisciplinary design algo-
rithms are known for high-speed electrical machines
with the rotation speed of 48 000 to 120 000 rpm and
the power more than 10 kW [8—10]. The results of
these works, though, were useless, since it was neces-
sary to build a rotor with the rotational speed and power
ten-fold as high.

Goals of the work: a) to build an algorithm for
UHSEM multidisciplinary design and creation of
UHSEM project based thereon; b) to solve problems
related to the determination of UHSEM rotor losses
(due to the permanent magnets and a shroud.

All models developed are tested experimentally at the
speed of 500 000 rpm in the motor mode of UHSEM op-
eration.

Procedure of UHSEM main geometric
dimensions calculation

At a hypervelocity rotor speed, the first-priority task
for UHSEM dimensions determination is achievement
of the target UHSEM efficiency, taking into account
aerodynamic losses and mechanical strength, since at a
speed over 500 000 rpm these very parameters are de-
termining for the whole design map and geometric di-
mensions of the UHSEM [9, 10]. The offered UHSEM
multidisciplinary design algorithm is presented in the
Fig. 1. As it is obvious from the Fig. 1, the admissible
rotor diameter and its length are determined from the
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aerodynamic losses, that is, the geometric dimensions
are determined, which provide for UHSEM efficiency
not less than 80 %. Then the mechanical strength cor-
responding to the determined diameter is tested, elec-
tromagnetic and thermal models are built, rotor dy-
namics is estimated and UHSEM’s bearing assemblies
are selected. This procedure makes possible the ab initio
design of high efficiency UHSEMs, taking into account
almost all processes taking place in the UHSEM on the
computational stage, this minimizing expenditures for
creation and improvement of a prototype.

On the basis of the offered algorithm, a project is de-
veloped on an UHSEM with the power of 300 W and
rotor velocity of 1.2 mln rpm (Fig. 2). The stator of the
UHSEM is slotless, with a toroidal winding; the rotor
is implemented as a solid cylindrical magnet pressed in
a titanium shroud.

Aerodynamic losses calculation

As a first step, it is necessary to determine the initial
range of the geometric dimensions of the UHSEM’s
active part. To estimate the aerodynamic losses (P,
and determine the diameter of an UHSEM rotor with
the velocity of 1.2 mln rpm, it is reasonable to use the
expressions obtained in [11]:

3 4
Py = L2Par Dbl ()
16

where = 0,006 is the coefficient of friction between
the rotor and environment; p,;,. is air density; D, is the
rotor shroud diameter; Q is rotor velocity (rad/s); / is
the length of the distance, on which the losses are de-
termined.

Aerodynamic losses dependence on the UHSEM
rotor diameter at various rotational speeds is presented
in the Fig. 3 (see the 4-th side of cover). As one can
observe, realization of UHSEM of the power less than
40 W and rotor speed of 1.2 mln rpm is not practical,
since achievement of 50 % efficiency is impossible
whatever rotor diameter. The obtained plots were ana-
lyzed and preliminary UHSEM geometric dimensions
were selected, for which the aerodynamic losses at the
speed of 1.2 mln rpm would make 30 W.

UHSEM rotor mechanical strength calculation

Mechanical calculations of the rotor are realized by
analytical methods with subsequent verification by the
finite element method.

At first, the preliminary thickness of UHSEM rotor
shroud is determined:

2 2
_ Qp(r;+ryD X
16c,, ©’

b (2)
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where o, is the yield stress of the shroud material; D is
the external diameter of the permanent magnets; K is
UHSEM rotor shroud safety factor assumed within the
range from 1.2 to 1.5; r; = D,/2 — is shroud radius;
r, = D/2 is permanent magnets’ radius.

Main conditions for the shroud calculation are that
stresses in the containment not exceed the yield stress
level of the material and that the shroud provide pres-
sure, which would force the magnets [12]:

=p +p,—p.>0;
{P N=PpT PP, 3)

kc(cp-i- 0;+6,) <0y,

where p is the residual shroud pressure onto the per-
manent magnets; p, and o) respectively, are pressure
and mechanical stress generated by the shroud preload;
p; and o, respectively, are pressure and mechanical
stress generated by rotor thermal expansion and by the
magnets; p, and o, respectively, are pressure and me-
chanical stress generated by centrifugal forces.
Pressure and mechanical stress generated by the
preload are determined with the following expressions:

2AD,
°~ Tp v
2 21 “4)
_ A Hrz
Pp = Spl 551 TS|
rn-n r3

where AD), is rotor shroud preload; r; = D,,/2 is the av-
erage magnet radius; Ej is modulus of elasticity.

Pressure and mechanical stress generated by rotor
thermal expansion are calculated according the follow-
ing formulae:

2AD;
°= —p ‘v )
P = o

t tRb

where ADy= agD(T, — T)) is linear expansion of the
permanent magnets under the effect of temperature;
a g, is expansion coefficient of the permanent magnets;
T, and T, respectively, are permanent magnet temper-
ature in the beginning of UHSEM operation and the
steady-state temperature.

Pressure and mechanical stress generated by the
centrifugal forces:

222
o, = QF
3Pp>
A (6)
P, = PpQ r3b,

where p, — is shroud material density.




After calculation of pressure and mechanical stresses
in the shroud, its mechanical strength is proved under
the equation (6). To estimate the adequacy of the ob-
tained results, the rotor mechanics is calculated by the
finite element method. Thus, the combination of me-
chanical and aerodynamic calculations provided the
possibility to determine the geometrical dimensions of
the rotor. Based on the calculated geometrical dimen-
sions, UHSEM electromagnetic calculation and deter-
mination of electromagnetic losses were realized.

Electromagnetic calculation of UHSEM
and determination of losses

Electromagnetic calculations were realized using
Ansys Maxwell software package. On this design stage,
active UHSEM materials are selected, magnetic field in
the active UHSEM materials is calculated, and elec-
tromagnetic losses in UHSEM are determined. All cal-
culations mentioned in this section were carried out in
the dynamic conditions.

Selection of rotor permanent magnets. Rotor perma-
nent magnets (PMs) ensure the necessary character-
istics of UHSEM. PM selection is described thorough-
ly enough in [4—7]; basing on these works, Sm,Co;
was selected as the magnet material, since its working
temperature is high enough (up to 250 °C) and it pro-
vides for good energy performances (H = 850 kA/m,
B, = 1.08 T). In a preliminary electromagnetic calcu-
lation, the thermal characteristics of Sm,Co;; at 20 °C
were considered, but after the thermal calculations, the
necessary corrections were introduced into the model.

Selection of stator’s magnetic conductor material.
Taking into account high magnetization reversal rates,
the amorphous iron Metglas Alloy 2605SA1 is ordinary
used for the stator core to reduce losses. The material,
though, has a number of drawbacks such as low core
filling factor (maximum 0.85) and low mechanical
strength.

Another possible way of UHSEM stator’s magnetic
conductor implementation is the use of ferrite rings.
Their substantial disadvantage, though, is low satura-
tion induction. In our case, the induction in stator’s
magnetic conductor does not exceed 0.3 T because of
large air gaps. For this reason, Epcos N78 ferrite rings
were chosen instead of the amorphous iron. Compari-
son of the materials’ properties (see Table I) shows that
the specific losses in Epcos N78 are 3 times smaller
than in Metglas Alloy 2605SA1. And since the density
of Epcos N78 is lower than that of Metglas Alloy
2605SA1 by the factor of 1.48, the actual losses in Ep-
cos N78 core are 4.5 times lower than those in the core
made of Metglas Alloy 2605SA1. Low Curie tempera-
ture of the ferrite rings should also be taken into ac-
count at UHSEM design.

Selection of stator conductors. Because of high volt-
age frequency (20 kHz) in the winding conductors of

the designed UHSEM, besides the Ohmic losses
(Poy = mIZR), there are also losses generated by eddy
currents in the winding. Therefore they usually use
high-frequency RF cable in UHSEMs.

When choosing the conductor diameter and calcu-
lating eddy-current losses in the conductors, the set of
Maxwell’s equations should be used to describe the
magnetic field inside a conductor:

_0B

rotE=—=—, (7)

rotH = 4xj; o

j=oF; divB=0;
where H is magnetic field vector; B is magnetic induc-
tion vector; j is current density vector; ¢ — is conductor
material’s electric conduction.

Equation (7) implies that the correlation between
the current and the field is local and current density at
a certain point of a conductor is determined by the
strength of the magnetic field at that point, i.e., that the
conductor diameter is much smaller than the depth of
the field penetration. For this reason, the depth of mag-
netic field penetration into a core is usually determined,
and after that, the conductor’s diameter is supposed to
be 2- to 4-times smaller than the depth of the field pen-
etration. Further, the eddy-current losses are deter-
mined for the chosen conductor wire diameter and the
latter is corrected if necessary. Field penetration depth
follows from the equation (7):

_ 2
" o ®

where §, is field penetration depth; fis current frequen-
cy; u — is the permeabilty of conductor material.

Eddy-current losses in UHSEM conductors are de-
termined with the equation below [11]:

2, 3 2
Hln opg f d
Peday = 40 B ©)

where d is conductor diameter; / is conductor length;
no — is the vacuum permeability.

As the result of the calculations, the magnetic field
penetration depth at the frequency of 20 kHz and the
minimal wire diameter admissible under the condition
of magnetic field locality, were found to make 0.46 mm
and 0.15 mm, respectively. The equation (9) is used for
calculation of eddy-current losses in the conductor, de-
pending on the conductor diameter, and for the deter-
mination of the conductor diameter that would ensure
minimization of the losses.

Electromagnetic calculation. To build an UHSEM
model and calculate it by the finite element method, it
is necessary to become completely clear with the ge-
ometry of stator, as well as with that of the air gap, un-
der the condition of fixed current density and -conduc-
tor cross-section area. On the stage of thermal calcu-
lation, a cooling system was selected that was capable
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of assuring the assigned current density. UHSEM volt-
age was not specified in a draft proposal, so the deter-
mination of the optimum voltage value and the number
of winds was based on electromagnetic calculations.

The main parameters of the UHSEM:

Power P . ... .. . ... 138 V-A

Rotor rotational speed . ................. 1... 200 000 rpm

Phase voltage . ....................... 16.1 V

Phase current . ............. ... .. ..... 4 A

Type of magnet . ...................... Sm,Coy;
(H=2850kA/m,
B.=1.08 T)

Stator core material . ................... Epcos N78

Magnetic induction in the airgap .......... 0.114 T

Electromagnetic losses. Next step is the determina-
tion of losses in the active elements of a UHSEM with
the power of 138 W and rotor rotational speed of
1.2 min rpm. The results of the calculation are pre-
sented in the Table 2.

So, electromagnetic calculation of the UHSEM is
carried out and its geometrical characteristics are ob-
tained.

Selection of a cooling system
and thermal calculation of UHSEM

Next stage of the development of an UHSEM with
the rotational speed of 1.2 mln rpm is selection of a
cooling system and thermal design. As it is shown in the
Table 3, in UHSEM, the major part of the losses is re-
lated with the rotary system (aerodynamic losses),
which cooling is a rather difficult task. The main goal
of the present work is to secure the removal of heat
from the rotor. Annular clearance is considered the
most efficient for that purpose [13]. The clearance is
usually realized using plastic materials with extremely
low heat conductance. As a consequence, in our design,
a combined cooling system is used, where the winding
is situated 0.3 to 0.5 mm higher than the rotor and
serves as a radiator for heat rejection from the rotor.
The winding itself is cooled over its external surface
with a liquid (Fig. 4), which ensures the efficient cool-
ing of UHSEM’s rotor. The use of the toroidal winding
leads to the maximum fill factor.

To estimate the efficiency of the offered cooling sys-
tem, a computer simulation was executed that showed
the maximal temperature of the permanent magnets not
to exceed 70 °C and that of the titanium shroud and
winding not to exceed 77 and 64 °C, respectively. In our
simulation, water was assumed to have the initial tem-
perature of 20 °C and the rate of inflow into the cooling
channels to be 16 g/s.

Basing on the temperature values obtained, the ad-
ditional mechanical loads generated by thermal expan-
sion of the materials are calculated: o, = 67.2 MPa and
p; = 23.17 MPa. Mechanical strength safety factor
makes 20 %, which refers to the mechanical strength

624 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 10, 2017

reserve of 100 MPa. That means that neither thermal
expansion, nor mechanical loading might lead to the
rotor shroud destruction. At permanent magnets’ tem-
perature increase by 50 °C, their residual induction and
the coercive force will decrease to 1.06 T and 765 kA/m,
respectively.

Results of calculation conducted using the built model

with the above permanent magnets’ characteristics
are reported below:

Power, V- A ... . 123

Rotor rotational speed, rpm . .. ............ 1 200 000

Phase voltage, V. . ......... ... . ........ 14.37

Phase current, A .. .......... . ... .. ..... 4

Type of magnet .. ...................... Sm,Co,,
H=765kA/m,
B.=106T

Stator core material . .................... Epcos N78

Magnetic induction in the airgap, T ......... 0.101

Thus, thermal design of the UHSEM is realized and
mechanical and electromagnetic calculations are cor-
rected basing on the thermal design results. Also, the
type of a cooling system for an UHSEYV with the rotor
rotational speed of 1.2 mIn rpm is substantiated.

The developed procedure was used as the basis of a
design study on UHSEM with the power of 123 W and
rotor rotational speed of 1.2 min rpm.

Experimental verification
of the electromagnetic model

To estimate the efficiency of the developed models
and calculation algorithm, an UHSEM designed fol-
lowing the offered algorithm was tested in the electric-
motor mode at the rotational speed of 500 000 rpm
(since no bearings for 1.2 mln rpm were available) and
power of 100 W. The cooling was realized by means of
self-ventilation. In the Fig. 5, the results of experimen-
tal study are presented and compared to those of mod-
eling; the parameters of the UHSEM under study were
the ones shown in the Table 3.

The discrepancy between the developed models’ da-
ta and the experimental ones do not exceed 5...7 %,
which proves the sufficient accuracy of the models and,
consequently, the adequacy of the design of an UHSEM
with the rotational speed of 1.2 mln rpm, as well as the
efficiency of the algorithm offered for the multidisci-
plinary design of UHSEMs. It should be mentioned
that UHSEM stress decreases on-stream under the ef-
fect of temperature. This fact is not taken into account
in the Ansys Maxwell model, this resulting in an in-
crease in the model’s error with time. For this reason,
it is important to correct the electromagnetic parame-
ters of the designed UHSEM after the thermal design
execution.

Since a temperature sensor was located in UHSEM
winding, the temperature of rotor’s permanent magnets
was not measured, but changes in rotor’s permanent
magnets’ temperature changes can be tracked by a de-




crease in voltage, since it is proportional to the prop-
erties of the permanent magnets. Unlike the data ob-
tained by modeling, RMS current dependence in ex-
periment shows peaks and is nonlinear. This is due to
the transistor switching.

So, the experimental studies have proved the above
theoretical considerations, and make the offered pro-
cedure and design deserving a recommendation for the
use in practice. Also, the feasibility of an UHSEM with
the rotor rotational speed of 1.2 mln rpm is proved.

Selection of bearing assemblies

Main problem that made impossible creation of a
demonstration model of an UHSEM with the rotor ro-
tational speed of 1.2 mln rpm and has forced us to verify
the models experimentally at the rotational speed of
500 000 rpm lay in bearing assemblies. Different types
of the assemblies that can be used in UHSEMs are list-
ed below.

Mechanical bearings are the simplest choice; service
life being short, the top speed capability reaches 1.1 min
rpm. The main advantages are the small size, high stiff-
ness and reliability within a limited operating period.
The drawbacks are friction losses that can considerably
decrease the efficiency of the UHSEM.

Aerodynamic gas bearings may reach the rotational
speed of 600 000 rpm, have low friction losses deter-
mined in the same way as the rotor aerodynamic losses,
and do not require a control system. However, before
the ascent frequency is reached, the friction losses are
rather high. Maximum rotational speed that has been
achieved so far is 1 203 000 rpm [14], which makes
bearings of this type considered the basic version in
UHSEM design, but they are not available off the shelf.

Magnetic bearings (active magnetic suspensions or
hybrid magnetic bearings) possess high stiffness and
wide prospects for application in high-speed electrical
machines, but the complexity of the control system,
which operation requires microsensors, and also their
dimensions restrict their application in UHSEMs. At
the same time, the development of sensorless control
techniques and magnetic bearings of new structures
may make magnetic bearings a solution competing with
the aerodynamic gas bearings.

Results and conclusions

Algorithm for UHSEM multidisciplinary design is
presented; the design of UHSEM with the rotational
speed of 1.2 min rpm, power 123 W, and 80 % effi-
ciency is developed. Interrelated mechanical, thermal,
and electromagnetic calculations are executed, the type
of bearing assemblies and the main structural materials
are determined; further direction of the research is as-
certained. The algorithm and the models built are ver-
ified experimentally. The discrepancy between the

computer simulation results and experimental data does
not exceed 5 to 7 %.

The work was executed with financial support from the
Russian Science Foundation (Project 17-79-20027 —
theoretical part). Experimental studies are executed on the
equipment received under the project NSh-6858.2016.8.
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MATHUTOUMMNEAAHCHbBIN YYBCTBUTEAbHbIM DAEMEHT
HA OCHOBE AMOP®HOIO ®EPPOMATHUTHOTIO MHUKPOTTPOBOAA
M TOHKONAEHOYHOM KATYLLKH

Ilocmynuna 6 pedakuuro 04.04.2017

Ilpusedenvl KOHCMPYKUUS U OCHOBHblE XAPAKMEPUCMUKU MUHUAMIOPHOSO YY8CHMBEUMENbHO20 2AEMEHMA MacHumomempa,
DyHKUUOHUpPYIOWe20 Ha Sghexme 2ueaHmMcK020 MaeHUMHO20 umnedanca. dyecmeumenvruiil s1emenm, 006e0UHAIOWUT HA 0OHOU
KpeMHUe8ol nodnodicke amop@uuli (eppomMacHUmMHbLU MUKPONPOBOO, MOHKONACHOUHYIO NPUEMHYI0 KAMYWKY U KOHMAKMHble
cmpykmypbl, 6bia uzeomoenen ¢ ucnoavzoearnuem MIMC-mexnonoeuu. [lokazano, umo pazpabomanmblii dam4ukx no3eossem pe-

eucmpupogams maeHummste noas amnaumyoou I uwTh na wacmome 1 Iy ¢ 8bICOKUM OMHOUIEHUEM CUSHAN/UYM.

Karoueewie caosa: eueanmcekuil maeHumuwiy umneoanc, MOMC, damuuk maeHUmMHo20 noas

BBenenue

3amaya pa3paboOTKM M CO3MaHUS MHHUATIOPHBIX
BBICOKOYYBCTBUTEILHBIX MATHUTOMETPOB [IJIST U3MeEpe-
HHUS KOMITOHEHT BEKTOpa MAarHUTHOTO TIOJIST SIBIISICTCST
BechbMa aKTyaJbHOW M BocTpeboBaHHOM. MHTepec K
TaKUM MarHUTOMETPAM CBsI3aH C MX MCITOJIb30BaHUEM
IIPY CO3TaHUH HABUTAIIMOHHBIX OJJOKOB OECITVIIOTHBIX
JIeTaTeIbHBIX aIlllapaToB, CUCTEM OPUEHTALIMU U CTa-
OUIM3allMM HaHO- U MMKPOKOCMUUYECKMX arliapaToB
[1, 2]. OcHOBHBIMM TpeOOBaHMUSIMMU MpPH pa3pabOTKe
MarHUTOMETPOB JIJIs1 YKAa3aHHBIX IPUMEHEHUIA SIBISIET-
¢Sl TOCTVKEHME MaKCUMAaJIbHON IyBCTBUTEITBHOCTH TIO
MarHUTHOMY TIOJTIO, ITOBTOPSIEMOCTH MapaMeTpOB MPU
CHUXXEHMHM MacCorabapUTHBIX XapaKTEPUCTUK U SHEP-
rornotpebiieHus. B mociaenHee BpeMsT 3aMeTHO YBEJIH-
YUJIUCh pa3pabOTKHU IO CO3TAHUI0 MarHUTOMETPOB, B
KOTOPBIX YyBCTBUTEIbHBINA 3JEMEHT (PYHKIIMOHUPYET
Ha OCHOBe 3(p(PeKTa TMTaHTCKOTO MATHUTHOTO MMIIE-
npanca (FTMUW) [3, 4]. D10 00yClIOBIEHO BeChbMa BhI-
cokuM (6osee 500 %) msmenenuem I'MU-a3dpdekra
('MW s dekT 3akaoyaeTcss B OTHOCUTEIBHOM U3Me-
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HEHUM MMIIeIaHca YyBCTBUTEIBLHOIO 3JIEMEHTa BO
BHEIIHEM MarHUTHOM moje). CToib BHICOKHME 3Haye-
HUSI UBMEHEHUST UMIIeJaHCca XapaKTepHbI 1Sl aMopd-
HBbIX (DEPPOMATHUTHBIX MUKPOIPOBOJOB HAa OCHOBE
crnaBoB Tuna Co—Fe—Si—B B crekiisiHHOI 060/104-
K€, U3TOTaBINBaeMbIX MeTomoM Teitsmopa — YauToBc-
Koro [3].

OTHOCUTEILHO HEAABHO MOSBUINCH COOOILIECHUS O
TOM, 4TO pa3paboTraHbl JabopatopHble MakeThl [ MU -
MAarHUTOMETPOB C MAarHUTHON 4YYBCTBUTEJIbHOCTBIO
nopsiaka eqwHAL T (~3 mTn) Ha gacrore 1 I'ix [6, 7].
PazpaboraHHble MakeThl ObUIM IIpeAHA3HAYEHBI OIS
MpOBeACHUS] OMOMEIULIMHCKUX UCCIASAOBAHUIA U UC-
MOJIb30BAHUSA MIPU PETUCTPALIMM MATHUTHBIX CUTHAJIOB
00pa3LoB INIaJKUX MBILIL 1 MarHUTOKApAUOTPaMMbI
yejgoBeka. PaKTUUYECKH, B JAHHBIX paboTax IIpole-
MOHCTPUPOBaHA MPUHLUINATILHAS BO3MOXHOCTD IIPH-
OJIM3UTD MO MOPSIKY BEIUYUHBI MATHUTHYIO UYBCTBU -
TelbHOCT 'MW MarHuToMeTpoB K MarHUTOMETpam
Ha ocHoBe CKBW/I0B (cBepXnpoBOASILIMIT KBAHTOBBIN
WHTEep(MEPEHIIMOHHBIN AaTUMK), SIBJASIOLIMXCS B Ha-
cToslIee BpeMsI CaMbIMU YyBCTBUTEIbHBIMU MTPpHUOOpa-




MU JJI1 U3MEPEHUS CIa0bIX HU3KOYaCTOTHBIX MAarHUT-
HBIX MOJICH.

Bo3MmoxXHOCTA COBpeMEHHBIX TEXHOJIOTMI 1 Tpebo-
BaHUSI MMHUATIOPU3ALMU CTUMYJIMPYIOT CO3AaH1e Ma-
snorabaputHeix 'MW -MarauToMeTpoB, B KOTOPHIX U
MUWHUATIOPHBINM YYBCTBUTEBHEIN 31eMeHT (UD) u pe-
TUCTPUPYIOLLAsT BJIEKTPOHHAS ToAcUcTeMa OyayT W3-
rOTaBIMBATLCSI B MHTETpasibHOM ucnoiaHeHuu. Co-
31aHue MuHuaTopHoro YD, coBMelaloliero B cede
MUKPOIIPOBOJI HMJIUHAPUIECKON (DOPMEI C TIPUEMHBI-
MU 3JIeMEHTaMU, BBIIMOJIHEHHBIMU I10 TEXHOJIOTUHU I10-
BEPXHOCTHOM MUKPOOOPAOOTKHU, SIBISETCS OTIEILHOMN
Hay4yHO-TEXHMYECKOU 3amayueii, TpeOymolleil mpoBeae-
HUSI CHelMaJbHBIX HAYYHO-TEXHOJOTMYECKUX HKCCIIE-
JIOBaHUA.

Ilenp Hacrosleir pabOTBl — HMCCIEIOBAaHME BO3-
MOXHOCTH CO3JaHUsI MUHHATIOpHOTO YD, 00beanHsI-
fo11ero aMopHbIN (heppoOMarHUTHBII MUKPOIIPOBOJ, B
CTEKJISTHHOI 000JIOUKE C ITPUEMHON TOHKOIUIEHOYHOMN
KaTylLIKO U UCCeI0BaHUE €ro XapaKTepUCTUK.

KoncTpykuusa munuatiopaoro 4D

ITpu cozpanuu YD BaXKHBIMU BOMIPOCAMMU SIBJISIOT-
cs1 BBIOOP amop(dHOro eppoMarHUTHOrO MUKPOIIPO-
Boja (ADPM), obecrieueHrE HAMEXKHBIX DJIEKTPUUECKUX
KOHTakTOB K KoHLIaM ADPM u hopMupoBaHue MHOIO-
BUTKOBOW TOHKOIUIEHOYHOU MPUEMHOM KATyIUKMU.

OcnoBoit YD  aBmsgnca ADPM  cocraBa
CogoFe CrySijHB|| B cTeknssHHON 000/104Ke, M3ro-
TOBJICHHBII II0 TEXHOJIOTMM YIUTOBCKOro— Teimopa.
Hcnonb3yemblit AOM uMen auaMeTp MeTaInyecKon
KXWITBI d = 14,6 MKM ¥ IOJTHBIN guaMetp D = 18,5 MKM.

T T T T T T T v T T
-600 -400 -200 0 200 400 600
MaruuTtHOe mone, A/M

Magnetic field, A/m

Puc. 1. Ilunamuyeckas netas rucrepesuca AO@M, ucnoJib3yemMoro
B UD. Ha BcTaBke npeacrasiena mukpodororpadms konna AOM
C yZAaJIeHHO# CTEeKJISIHHOi 000JI04KO0ii

Fig. 1. Dynamic hysteresis loop of AFM used in SE. The insert presents
a micro-photo of an end of AFM with a removed glass coating
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Puc. 2. ®ororpadus munnatiopaoro Y9 I'MMU maranromerpa
Fig. 2. Photo of a miniature SE GMI of magnetometer

ITpenBaputenbHo, nepen u3rotopieHueM YO npoBo-
IWUIM KOHTPOJb OTWMHAMUYECKUX IeTeb TMcrepesuca
A®M, B xome KoTOoporo orbupaau orpe3ku AOM c
JIMHEWHOU TIeTJIE TUCTEPE3UCa, HEBBICOKUM I10JIEM
anuzotporuu (H = 100...160 A/M) 1 Majoit Kospiu-
TUBHOM cuioi. Ha puc. 1 B kauecTBe mprumepa Mnpu-
BelleHa XxapaKTepHas JMHaMUYecKasl MeTsl TUCTepe3u-
ca A®M, ucrnoias3yemoro B UD.

@DopMupoBaHUe BJEKTPUUYECKMX KOHTAKTOB Ha
koHIIax ADPM OCYIIeCTBIISITIOCh 3a CUET TpaBICHUS
YaCTU CTEKJISTHHON 00O0JIOUKM B TJIAaBUKOBOW KUCJIOTE.
BOnekTpoHHas1 MUKpodoTorpacdusi OAHOTO U3 KOHILIOB
A®M c mpoTpaBIeHHON CTEKISTHHON 000JIOYKOI ITpH-
BelleHa Ha BCTaBKe puc. 1.

MunuatiopHble YD U3roraBimmBajivi Ha KpeMHHUEBOM
MOJUTOKKE C AUBJIEKTPUUECKUM CJIOEM IO TEXHOJIOTUU
MOBMC, Bxioualolleit poroauTorpaduio ¢ UCHONb-
30BaHMEM HETaTWBHBIX TOJICTOTUIEHOYHBIX (hOTOpE3MC-
ToB [8]. OtnenbHbIr UD umMen pasmep 4,5 X 0,9 Mm.
KoHncrpykTuBHO YD mipencrasisit coboit otpe3ok AOM
JJIMHOM 4,3 MM, pacrnoJIOXKeHHBI BHYTpU C(POpMUPO-
BaHHOM 3JIEKTPOXUMHUYECKAM OCaXKICHUEM MeI TIPU-
eMHOM KaTylKu (85 BUTKOB). DIIEKTpUUECKUE BHIBO-
IIbl, TIONBEIEHHbIE K KOHIIAM MUKPOIPOBOAA U MpU-
€MHO1 KaTyIlIKW, 3aKaHIYNBAJIMNCh KOHTAKTHBIMHM TIJIO-
magkamu pasmepom 0,5 X 0,2 MM, pacroaoXeHHBIMUA
B LieHTpajabHOM yactu YD. BHeumrHumii Bua 4yBCTBU-
TEJbHOIO BJeMEHTA TPEeACTaBIeH Ha puc. 2.

XapakrepucTHKH MHHMATIOPHOTO YD

7151 ucceqoBaHUit XapaKTepUCTUK MUHUATIOPHBIX
YD kaxablii oOpasel] u3roropieHHoro Y9 ¢ukcupo-
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TUCTPALIMM CHMTHAJIOB, IPOIOPLIMO-

HaJbHBIX HeIMaroHaJbHOM (Z(Pz)
KOMITOHEHTE TEH30pa MAarHMUTHOTO
umrieaaHca. MisMepeHus: BBIXOAHOTO
curHama YD, oTpaxkaroliero 4yBCT-
BUTEJIBHOCTh K TPOJOJIBHOMY Mar-
HUTHOMY TIOJIO, TIPOBOAVMIIM ITyTeM
peructpauuu curHana DAC, uHgy-
LIMPOBAaHHOTO B MPMEMHON KaTylll-
Ke, npu Bo30yxaeHnu A®M cuHy-
couJagbHBIM TOKOM [I_ 4acToToil
f=4 MI'n u ammurygoi 1 MA Bo

BHEIIIHEM MAaTHUTHOM TMOJie, Ha-
MpaBjieHHOM BIOJb ocu ADM. BrI-
XOOHOU curHajn YD JOMoJHUTEIb-

Puc. 3. YacToTHble XapaKTepUCTHKH NPHeMHO¥ KaTymiKu. JleBasi mkana coorsercTByeT AUX
(cnuomHas KpuBas), npaBas mKaja coorsercTsyer @UX (mrpux-nyHkTupHas kpusas). Ha
BCTaBKe MpUBeAeHa cxeMa BKIwoYeHus YD B pexume usmepenns AUYX/DPUX

Fig. 3. Frequency characteristics of the receiver coil. The left scale corresponds to frequency
response (solid line), the right scale corresponds to phase response (chain line). The insert presents
the closed circuit of SE in the mode of frequency response/phase response measurement

BaJIM Ha CIIeIMAJIbHON IUIaTe-AepKaTesie, IMPH 3TOM
BbIXOAbl YD ¢ MOMOIIIbIO YIBTPAa3BYKOBON MUKPOCBAp-
KM COEIUHSIIN C KOHTAKTHBIMU TLIOLAAKAMM TLIAThI
nepxatens. B xome uccienoBaHUl M3ydalu 4yacTo-
THbIE, MAaTHUTOMMIIEJJAHCHbIE U IIYMOBBIE XapaKTe-
puctuku 439.

AMmuntyaHo-yactoTHble (AYX) um pazo-yacTor-
Hele (PUX) xapakTepucTuK YD MU3MEPSIN METOIOM
reHepaTopa-ocuusuiorpada B YacTOTHOM Juana3oHe
0,35...50 MTI't1 mo cxeme MOOKJIIOYEHHUS, IIPUBEICHHO
Ha BcTaBke puc. 3. PesynbraThl nsmepenust AUX u
®UX mpuBeneHbl Ha puc. 3. Kak cimemyer u3 mpen-
CTaBJIeHHBIX JaHHBIX, PUX comepKUT IBe HYJIEBbIC
TOYKH, COOTBETCTBYIOLIME TapajieIbHOMY pPe30HaH-
cy Ha vyactore 12 MI' u nociienoBaTeJIbHOMY Pe30-
HaHcy Ha yactorte 28 MTI'1. JIoGpoTHOCTE napauienb-
HOro pe3oHaHca 0m3Ka K 1, 10OpOTHOCTh IIOCIEa0-
BaTeJIbHOIo pe3oHaHca — mnopsaka 100. B oGnactu
yacrot 10...50 MTI'u noBeneHue YD 611M3K0 K pacrpe-
JICJICHHOM CUCTEME TUIIA IBYXIIPOBOAHON KOPOTKO3a-
MKHyTOi JuHUU. B obGnactu yactoT Huxe 10 MI'n
noBeneHue YD HOCUT MHAYKTUBHBIM XapakTep, MpU
9TOM 3HauyeHNe WHIYKTUBHOCTHU U3MEHSJIOCh B 3aBU-
CHUMOCTH OT TIPWJIOXKEHHOTO BHEIIHET0 MarHWTHOTO
MoJist U B MakcuMyMe cocTaBisiia ~2 MKI'H. cxons
W3 TIOJYYEeHHBIX TaHHBIX, IS MCCIeI0BaHWS MarHM-
touMmnegaHcHbix (MU) cBoiictB UD Obla BhIOpaHa
yactota 4 MI'l, B 3 pa3a HIXKe 4aCTOTHI IIEPBOTO pe-
3oHaHca UD.

ITpu uccnegoBanuu MU xapaxkrepuctuk YD uc-
MOJIb30BAJIM CXeMY BO30YXIEHUS, MPeaCTaBICHHYIO
Ha BcTaBke puc. 4. JlaHHasi cxemMa COOTBETCTBYET pe-
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HO YCWJIMBAJICS Y AETEKTUPOBAJICS C
TTOMOIIIBI0 CHHXPOHHOTO IETEKTOpA.
BHelliHee MarHuTHoe MoJjie MakKCH-
MaJibHOW amruiutyabl =800 A/M
C03[1aBAJIOCh C MOMOILBIO KaIMOpO-
BOYHOUM cucTeMbl Kojel [eabMm-
rojiblia, KOTOpbI€ 3alUTHIBATUCH OT
BHEIIHEro MCTOYHMKA HHU3KOoYacC-
TOTHOTO IMUJI0O00pa3Horo Toka. s
MWHUMMU3ALUUUA BIUSHUS TEIUKOU-
naabHOU aHm3orporuu ADPM [9] yepe3 Hero mOIOI-
HUTEJIbHO MPOIyCKaIcs HeOObIION, MOpsIIKa eIMHUIIL
MIUITIAMIIEpa, TTOCTOSTHHBIN TOK CMEIICHMSI.

Ha puc. 4 npuBeaeHbl 3aBUCUMOCTH aMILIATYIbI
curHana BJIC npueMHOI KaTyliku (c yueToM (asbl)

0,01

-0,01

-0,02 — T T —

-800 -600 -400 -200 O 200
MaruuTtHoe none, A/M
Magnetic field, A/m

Puc. 4. 3aBacumMocTh HeTHATOHAJIbHOM KOMIIOHEHTbI MU oTKIMKA OT
TPUJIOKEHHOTO BHEHIHET0 MATHUTHOTO TOJIsA MPH Pa3JIMYHbIX 3HaYe-
HHSAX MOCTOAHHOTO TOKA cMemenus: kpuBasi / — 0 MA; kpuBast 2 —
0,6 MA; xpuBast 3 — 3,1 MA. Ha BcTaBke mpuBeseHa cxemMa BKITIO-
yeHusa YD B pexxume naMepenuss MU xapakrepuctuk

Fig. 4. Dependence of the off-diagonal component of M1 response on the
applied external magnetic field at various values of the bias current: curve
1 — 0 mA; curve 2 — 0.6 mA; curve 3 — 3.1 mA. On the insert is the
circuit scheme of SE in the mode of measurement of MI characteristics
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Puc. 5. DKBuBa/IeHTHBI myMOBOii cnekTp UD B AMana3oHe 4acToT
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Fig. 5. Equivalent noise spectrum of SE in the range of frequencies of
0.01...10 Hz

OT MPUJIOXEHHOIO BHEILIHEr0 MarHUTHOTO MOJSI TIpU
pa3IMYHBIX 3HAYEHUSIX TOCTOSIHHOTO TOKA CMEILeHUS.
Kak crenyeT U3 mpeacTaBiIeHHBIX JaHHBIX, IIPH yBeE-
JndeHny Toka cMeueHus ot 0 (kpusas /) mo 0,6 MA
(kpuBas 2) pazmax curHajia BJ1C npueMHO KaTylIKu
JMOCTUTAJ MAKCUMYMa, a 3aTeM, IIpU JaJbHeIeM yBe-
JudyeHuu Toka a0 3,1 MA (KpuBasi 3), CUTHaJl CHOBa
cHmxancs. JInga MU KpuBoil, COOTBETCTBYIOLIEH TOKY
cMeneHus 0,6 MA, MaKCUMaJIbHbIe 3HAYEHUST CUTHA-
o8B BJIC ¢ pasHoil ¢a3oii HabIOHAIN IIPU 3HAYSHU -
SIX TIPUJIOKEHHOro MarHuTHoro noust +45 A/m. Co-
OTBETCTBYIOIIAsl KPYTU3HA KBA3WJIMHEHHOTO yJacTka
MM kpuBoil MexXmy ee 3KCTpeMyMaMM COCTaBMJIa
~0,35 MmB/(A/m) (0,28 mxB/uT).

OLIeHKY COOCTBEHHBIX 3KBUBAJICHTHBIX MAarHUT-
HBIX 1IYyMOB YD MpoBOAWUIN BHYTPYU MarHUTHOTO K-
paHa B HYJIEBOM ITOCTOSTHHOM MarHUTHOM moJjie. [1pu
5TOM C TOMOIIBIO KoJell ['exbMrosbiia co3maBajioch
MepeMeHHOe KaJIuOpPOBOYHOE MArHUTHOE TOJie aMIl-
ymtygoi 1 a1 Ha yacrore 1 I'i. B xone 1mryMoBBIX n3-
MEpEHUI BBIXOAHOM curHaja YD mociie neTeKThpoBa-
HUS YCUJIMBAJIU C TIOMOILbIO HU3KOYAaCTOTHOTO YCH-
nutens. Ha puc. 5 mpuBeaeH XapakKTepHbI CHEKTP
SKBUBAJIEHTHOT'O IIIYMOBOTO curHaia YD B auama3zoHe
yacrtor 0,01...10 T'u. M3 npeacraBieHHbIX JaHHbBIX Clie-
JIyeT, YTO B CIIEKTPE BBIXOJHOTO CUTHAJIa YBEPEHHO pe-
TUCTPUPYETCS TECTOBBIN CUTHAA aMIuiuTyaoi 1 HTn ¢
OTHOIIIEHNEM CUTHAJ/IryM OoJbie 10, a SKBUBaJICH-
THOe 1IyMOBoe HarmpsikeHue YD Ha vactote 1 'l co-
crapisiet ~0,1 HTJI/FL[I/Z.

3akiouyeHune

B xone uccinenoBaHuii ObLIM IIPOBEACHBI U3MeEpe-
HUsI U3TOTOBJIEHHBIX MUHMATIOPHBIX YD, KOTOpHBIE T0-
Kaszajyd XOpOLIyI0 MOBTOPSIEMOCTb BCEX XapaKTepucC-
TUK. TakuM 00pa3oM, YCTAHOBJIEHO, YTO BBINIOJIHEH-
HbIIA Ha ocHOBe MBOMC-TexXHOIOTUM MUHUATIOPHbII
YD anst marHutToMeTpa, (pyHKLIMOHUPYIOIIETo Ha 3(-
(pekTe TMTAaHTCKOTO MarHMTHOTO UMIMeaaHca, obaana-
€T JIMHEMHON IepeaaTOYHOM XapaKTePUCTUKOMN C Kpy-
TU3HOI TIpeobpa3oBaHus Ha ypoBHe 0,35 MB/(A/M) B
Jurara3oHe MarHUTHBIX mosiei +45 A/M U ypoBHeM
9KBUBAJIEHTHOTO MarHuTHOro iryma ~0,1 HTJI/FL[I/ 2y
obOmacTtu yactot Bhie 1 I'u. YD xapakTepusyercs Tex-
HOJIOTUYHOCTBIO B U3TOTOBJIEHUU, TTOBTOPSEMOCTBIO
OCHOBHBIX ITApaMeTPOB M B CMOHTPOBAaHHOM Ha CTEK-
JIOTEKCTOJIMTOBOM TLJIaTe BUIE MOXET MCIOJIb30BaThCs
COBMECTHO C 2JICKTpOHHOM noacucteMoir 'MW mar-
HUTOMeETpA.

CHHCOK JUTEPATYPbI

1. IIpokogwes U. B., Cyxanos B. C., Amesmues B. B. [1pu-
MEHEHHME TOHKOITJICHOYHBIX PE3WCTUBHBIX TIpeobpasoBaTesei
MAarHUTHOTO TIOJIS IS CUCTeM OPUEHTAIIMU Y WHTEJICKTYallb-
HOTO MOHUTOPMHIA TPAHCIIOPTHBIX cpeAcTB // HaHO- 1 MUKpO-
cucreMHast TexHuka. 2013. Ne 4. C. 53—54.

2. Han Ke, Wang Hao, Tu Binjie, Jin Zhonghe. Pico-sat-
ellite Autonomous Navigation with Magnetometer and Sun
Sensor Data // Chinese Journal of Aeronautics. 2011. Vol. 24.
P. 46—54.

3. Panina L. V., Mohri K. Magneto?impedance effect in
amorphous wires // Applied Physics Letters. 1994, N. 65.
P. 1189—1191.

4. Gudoshnikov S., Usov N., Nozdrin A., Ipatov M., Zhu-
kov A., Zhukova V. Highly sensitive magnetometer based on the
off-diagonal GMI effect in Co-rich glass-coated microwire //
Phys. Status Solidi A. 2014. Vol. 211, N. 5. P. 980—985.

5. Peng Hua-Xin, Qin Faxiang, Phan Manh-Huong. Ferro-
magnetic Microwire Composites. From Sensors to Microwave
Applications. Springer, Switzerland, 2016.

6. Uchiyama T., Nakayama S., Mohri K., Bushida K. Bio-
magnetic field detection using very sensitive magnetoimpedance
sensor for medical applications // Phys. Status Solidi A. 2009.
N. 4.

7. Mohri K., Uchiyama T., Panina L. V., Yamamoto M.,
Bushida K. Recent Advances of Amorphous Wire CMOS IC
Magneto-Impedance Sensors: Innovative High-Performance
Micromagnetic Sensor Chip // Journal of Sensors. 2015.
P. 1-8.

8. Honkura Y., Yamamoto M., Hamada N. Magneto-im-
pedance sensor element and method for producing the same. US
Patent 0181705 A1, 2013.

9. Usov N. A., Gudoshnikov S. A. Giant magneto-imped-
ance effect in amorphous ferromagnetic wire with a weak helical
anisotropy: Theory and experiment // Journal of Applied Physics.
2013. Vol. 113. P. 243902 (1—10).

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 10, 2017 629



A. A. Baranovl, Postgraduate Student, Engineer, alexsoft17@mail.ru, S. A. Zhukoval, Ph. D,

Head of the Complex, D. Yu. Obizhayevl, Ph. D., Chief of Department, V. E. Turkovl, Ph. D.,

Head of the Center, A. A. Zarutskys, Principal Engineer, S. A. Gudoshnik0v2’3, Ph. D., Senior Researcher

I State Research Centre of the Russian Federation "Central Scientific Research Institute of Chemistry

and Mechanics", Moscow

2 National Research Technological University "MISiS", Moscow

3 Institute of Terrestrial Magnetism, Ionosphere and Propagation of Radio-waves named after N. V. Pushkov,
RAS, Moscow Region, Troitsk

Corresponding author:
Baranov Aleksandr A., Postgraduate Student, Engineer, State Research Centre of the Russian Federation "Central
Scientific Research Institute of Chemistry and Mechanics", Moscow

Magnetoimpedance Sensitive Element Based on Amorphous Ferromagnetic
Microwire and Thin-film Coil

Received on April 04, 2017
Accepted on May 15, 2017

The article presents the design and main characteristics of a miniature sensitive element for a magnetometer operating on the
effect of a giant magnetoimpedance. The sensitive element consisting of Co-rich amorphous ferromagnetic microwire, thin-film pick-
up coil and contact pads were manufactured with the use of MEMS technology on a silicon substrate. The frequency response and
the phase response of the sensitive element in the range from 0.35 up to 50 M Hz were investigated. The phase response had two zero
points at 12 and 28 MHz, which corresponded to the parallel and series self-resonance of the sensitive element, respectively. The
quality factor of the parallel resonance was close to 1, while the series resonance was about 100. The sensitivity of the developed
sensitive element of the GMI magnetometer in the off-diagonal configuration to the external magnetic field was studied at different
values of the dc bias current (0, 0.6, 3.1 mA). It was established that the maximal sensitivity of 0.35 mV/(A/m) corresponded to
the dc bias current of 0.6 mA. The equivalent magnetic noise in the range from 0.01 up to 10 Hz was estimated. The signal to noise
ratio over 10 and equivalent magnetic noise of 0.1 nT/HzI/ 2 at 1 Hz were achieved. The developed sensor allows us to measure
the magnetic fields with the amplitude of 1 nT at 1 Hz frequency with a high signal fo noise ratio.
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Introduction Such high values of variation of impedance are typ-
ical for the amorphous ferromagnetic microwires based
on Co—Fe—Si—B alloys in a glass jacket and made by

Taylor — Ulitovsky method [5].

Messages appeared that laboratory models of GMI
magnetometers with the magnetic sensitivity of units of
pT (~3 pT) on frequency of 1 Hz [6, 7] had been de-
veloped. The models were intended for biomedical re-
search and use for recording of the magnetic signals of
the samples of the unstriped muscles and magnetocar-
diograms of persons. Actually, the given works demon-
strated a possibility in principle to make the magnetic
sensitivity of GMI magnetometers closer by certain val-

The task of development of miniature highly sensi-
tive magnetometers for measurement of the magnetic
field vector components is very topical and necessary.
The interest to such magnetometers is connected with
their use for development of the navigation units of the
pilotless aircraft, orientation and stabilization systems
of the nano- and micro-spacecraft [1, 2].

The basic requirements to development of the mag-
netometers for the specified applications are achieve-
ment of the maximal sensitivity in the magnetic field,
repeatability of the parameters at a simultaneous de-

crease of the weight-size characteristics and energy
consumption. The number of works devoted to devel-
opment of the magnetometers, in which a sensitive el-
ement (SE) functions on the basis of the effect of a giant
magnetic impedance (GMI) [3, 4], increased consid-
erably. This is due to a rather high, more than 500 %,
variation of the GMI effect (the GMI effect consists in
a relative change of the impedance of SE in the external
magnetic field).
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ues to that of the magnetometers on the basis of
SQUIDs (superconducting quantum interference de-
vices), which are the most sensitive devices for meas-
urement of weak low-frequency magnetic fields.
Possibilities of the modern technologies and re-
quirements to miniaturization encourage creation of
small-sized GMI magnetometers, in which both the
miniature SE and the recording electronic subsystem
will be manufactured in an integrated version. Devel-




opment of a miniature SE, combining a microwire of a
cylindrical form with the receiving elements made by
the surface microprocessing technology, is a separate
problem demanding special scientific-technological re-
search.

The aim of the present work is research of a possi-
bility of creation of a miniature SE, integrating an
amorphous ferromagnetic microwire in a glass jacket
with a thin-film pick-up coil and research of its char-
acteristics.

Design of a miniature SE

For development of SE the important questions are
selection of an amorphous ferromagnetic microwire
(AFM), provision of reliable electric contacts to the
ends of AFM and formation of a multiturn thin-film re-
ceiver coil.

The basis of SE was AFM of CoggFe Cr,Sij)By;
composition in a glass jacket, made by technology of
Ulitovsky-Taylor. The used AFM had the diameter
of the metal core d = 14.6 um and full diameter —
D = 18.5 pm. Prior to manufacturing of SE, a control
was carried out of the dynamic loops of hysteresis of
AFM, in the course of which sections of AFM were se-
lected with a linear loop of hysteresis, a low field of an-
isotropy (H = 100...160 A/m) and small coercive force.
Fig. 1 presents as an example a typical dynamic loop of
hysteresis of AFM used in SE.

Formation of electric contacts on the ends of AFM
was carried out by etching of a part of the glass jacket
in the hydrofluoric acid. An electronic microphoto of
one of the AFM ends with the etched glass jacket is pre-
sented in fig. 1 on the insert.

Miniature SE were made on a silicon substrate with
a dielectric layer by MEMS technology including a
photolithography with the use of the negative thick-
film photoresists [8]. A separate SE had the size of
4.5 x 0.9 mm. Structurally SE represented a section of
AFM with the length of 4.3 mm, located inside of a re-
ceiver coil formed by an electrochemical sedimentation
of copper (85 winds). The electric outlets brought to the
ends of the microwire and the receiver coil, ended with
the contact platforms with the size of 0.5 X 0.2 mm, lo-
cated in the central part of SE. Appearance of the sen-
sitive element is presented in fig. 2.

Characteristics of a miniature SE

For research purposes a miniature SE sample was
fixed on a special board-holder, at that, SE outlets were
connected with the contact platforms of the board-
holder by means of ultrasonic microwelding. During
the research the frequency, the magnetoimpedance and
the noise characteristics of SE were studied.

The amplitude-frequency characteristics (AFC) and
the phase-frequency characteristics (FFC) of SE were
measured by the generator-oscillograph method in the
range of 0.35...50 MHz in accordance with the closed

circuit presented on the insert, fig. 3. The results of the
measurements of AFC and FFC are presented in fig. 3.
As it follows from the data, FFC contains two zero
points corresponding to the parallel resonance on fre-
quency of 12 MHz and consecutive resonance on fre-
quency of 28 MHz. Good quality of the parallel reso-
nance is close to 1, good quality of the consecutive res-
onance is about 100. In the range of frequencies of
10...50 MHz behavior of SE is close to the distributed
system of a two-wire short-circuited line type. In the
range of frequencies below 10 MHz the behavior of SE
has an inductive character, at that, the value of the in-
ductance varied depending on the applied external
magnetic field and in its maximum was ~2 pmH. Pro-
ceeding from the received data, for the research of the
magnetoimpedance (MI) properties of SE the frequen-
cy of 4 MHz was selected, which was 3 times below the
frequency of the first resonance of SE.

During research of MI characteristics of SE the cir-
cuit of excitation presented in the insert, fig. 4, was
used, which corresponded to recording of the signals,
proportional to the off-diagonal (Z(pz) component of the
tensor of the magnetic impedance. The measurements
of the output signal of SE, reflecting the sensitivity to
the longitudinal magnetic field, were done by recording
of EMF signal induced in the receiver coil, during ex-
citation of AFM by the sinusoidal current I_ with fre-
quency f= 4 MHz and amplitude 1 mA in the external
magnetic field directed along AFM axis. The output
signal of SE was additionally amplified and detected by
means of a synchronous detector. The external mag-
netic field of the maximal amplitude £800 A/m was
created with the help of Helmholtz calibration ring sys-
tem, which had a power supply from an external source
of a low-frequency sawtooth current. In order to min-
imize the influence of the helicoidal anisotropy of AFM
[9], a low displacement current equal to about units of
milliampere, was additionally passed through it.

Fig. 4 presents dependencies of the amplitude of
EMF signal of the receiver coil (with account of the
phase) on the applied external magnetic field at differ-
ent values of the direct displacement current. As it fol-
lows from the data, at an increase of the displacement
current from 0 (curve 7) up to 0.6 mA (curve 2) the sig-
nal swing of EMF of the receiver coil reached its max-
imum, and at the further increase of the current up to
3.1 mA (curve 3), the signal decreased again. For the
MI curve, corresponding to the current of displacement
of 0.6 mA, the maximal values of EMF signals with dif-
ferent phases were observed at the values of the applied
magnetic field of £45 A/m. The corresponding steep-
ness of the quasi-linear section of the MI curve between
its extremums was ~0.35 mV/ (A/m) (0.28 uV/nT).

Estimation of the own equivalent magnetic noises of
SE was done inside a magnetic screen in a zero constant
magnetic field. At that, by means of Helmholtz rings a
variable calibration magnetic field with amplitude of
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1 nT on frequency of 1 Hz was created. During the
noise measurements, after detection, the output signal
of SE was amplified by means of a low-frequency am-
plifier. Fig. 5 presents a typical spectrum of the equiv-
alent noise signal of SE in the frequency range of
0.01...10 Hz. From the presented data it follows that in
the spectrum of the output signal the test signal with the
amplitude of 1 nT and signal to noise ratio over 10 was
recorded for sure, while the equivalent noise voltage of
SE on frequency of 1 Hz equaled to ~0.1 nT/Hzl/ 2

Conclusion

Measurements were done of the miniature SE,
which demonstrated a good repeatability of character-
istics. So, it was established, that a miniature SE made
on the basis of MEMS technology for a magnetometer,
operating on the effect of a giant magneto-impedance,
had the linear transfer characteristic with a steepness of
transformation at the level of 0.35 mV/(A/m) in the
range of magnetic fields of £+45 A/m and the level of the
equivalent magnetic noise of ~0.1 nT/Hzl/ 2 in the fre-
quency range over 1 Hz. SE is characterized by adapt-
ability to manufacture, repeatability of the key param-
eters and, if installed on woven-glass reinforced sub-
strate, it can be used in combination with the electronic
subsystem of GMI of a magnetometer.
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denepalbHOE TOCYIAPCTBEHHOE 00pa30oBaTelibHOE YUpeXIeHHWEe BhICIIEro MpogeCCUOHAILHOr0 00pa3oBaHus
HauumoHanbHbIN uccaenoBateabckuii yHuBepcurer MUOT

MCCAEAOBAHME NMAPAMETPOB HEMT-TPAH3UCTOPA

B TMTATEPLOBOM AUATNA3OHE

Ilocmynuna 6 pedaxyuro 15.05.2017

IIpodemorcmpuposarvl npeumyuwecmea pehaeKmomempu4eckKo2o Memood Uccie008aHus, NO360AAI0Ue20 68 00HOM YuKAe NPo-
6ecmu usMepeHus Napamempos mpan3ucmopa 6 ouHamu4eckom pexcume. Ilpedcmaenena u anpobuposana Memoouxka 3Kcnepu-
MEHManbHo20 uccaedosanus napamempos HEM T-mpan3ucmopa pegrexmomemputecKum memooom, OCHOBAHHAS HA AHAAU3E OM -
PANCEHHO20 U NPOXOOH020 cueHanos. lloayuenst 3asucumocmu napamempos HEM T-mpansucmopa 045 pazauyHslX pejicumos pa-
bomol 6 eueazepyosom ouanazore. IIpoeederbvl npsmvie uzMepeHuss 6peMeHu 3a0epiucku npu nepexaoverHuu mpansucmopa. Ha
OCHOBe U3MEePEeHHbIX NapamMempos npogedeH pacuen MaKCUManbHol 4acmoms. ycusenus no moxy Fr, nokasana ee auneiinas 3a-

eucumocnib om O6pamH011 6E/UHUHbL 6peMEHU 3at3ep:ucicu.

Karueevie caoséa: CBY, I'Ty, konaranapuas aunus, HEMT, pegaexkmomempus

Bsenenue

[TapamMeTpbl MOJIEBOIO TPaH3MCTOpa, TaKue Kak
BXOJHAasl, IPOXOAHAss €MKOCTU M KPYTU3HA, UMEIOT
YaCTOTHYIO 3aBUCUMOCTb. [1oaToMy MX M3MepeHue Ha
BBICOKMX YacTOTaX — 3TO BaXkKHasl 3amaya, pelleHUe
KOTOPOM JaeT BO3MOXHOCTh aJIeKBaTHO HACTPOWTH
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MoJeJib TpaH3ucTopa aist pacueta CBY nHTerpanbHbIX
MukpocxeM [1]. OgHUM U3 cOCOOOB pelleHUsT 3TOU
3a/1a4M SBJISIETCSI MpUMeHeHUe pedIeKTOMETPUYECKO-
ro MeToja uccieaoBaHus [2, 3].

TexHuyeckre BO3MOXHOCTU COBPEMEHHBIX H3Me-
PUTEIBLHBIX CHUCTEM TO3BOJISIOT (OPMHUPOBATH U pe-
TUCTPUPOBATh UMMYJILChl MUKOCEKYHIHON IUTENb-




HOCTH, obecIieuynBasi aHaJu3 CUTHAJIOB B IOJIOCE IO
COTHM Trurarepii. 9To, B CBOIO 04Yepe/b, 1aeT BO3ZMOX-
HOCTb MCCJIEIOBATh ITPOCTPAHCTBEHHO-BPEMEHHBIE Xa-
PaKTEepPUCTUKM OOBEKTOB C pa3pellieHueM B HECKOJIbKO
MUKOCEKYHJ M pa3nyaTh JIOKaJbHble HEOIHOPO.-
HOCTU MeHee MuuIMMeTpa. OCHOBHBIM MHCTPYMEH-
TOM JUISl TAKWUX MCCAEAOBAHUM SIBJISIETCS ILIMPOKOIIO-
JIOCHBIM pedIEKTOMETp C YMCJIOM KaHAJIOB HE MeHee
JIBYX U T€HEPaTOPOM MUMIIYJIbCOB B KaxKIOM KaHaje C
IUTUTEIBHOCTBIO (ppoHTa/cpe3a meHee 10 mc. Pediex-
TOMETPUYECKUI METOA JAaeT BO3MOXHOCTb U3MEPSITh
€MKOCTH M WHAYKTMBHOCTU AKTUBHBIX M ITACCHBHBIX
KOMIIOHEHTOB MHTerpalbHbix MuKpocxeM (MMC) u
5JIEMEHTOB UX KOHCTPYKIIMU B MOJOCE YacTOT AO Je-
CITKOB rurarepl. Bricokasi paspeliaroiass croco0-
HOCTb COBPEMEHHBIX TEXHUUECKUX CPEICTB MO3BOJISIET
U3MEepATHh BpeMEeHHbBIE ITapaMeTphl, TaKue Kak 3a1epK-
Ka, JUIMTeJIbHOCTh UMMYJIbCA, JJIMTEIbHOCTh (DPOHTA B
IHara3oHe JeCsATKa MMKOCEKYH ¢ TOUHOCTBIO 0 €11 -
HULI TMKOCEKYH]I, YTO AT BO3MOXHOCTb MPSIMbIX 13-
MepeHuit BpemeHu nepekiatoueHuss CBY tpaH3ucro-
pPOB B IHMamna3oHe AecATKa MUKOCEKYHII.

MeToauka uccjie10BaHUs

Cxema 3KcnepMMeHTa IJisl UCCaedoBaHus IIpudo-
poB 1 CBY TpakToB pedaeKTOMETPpUUECKUM METOI0M
npuBeaeHa Ha puc. 1. B kauecTBe M3MepUTEIbHOIO
npubopa UCIOIb30BAICS CTPOOOCKONMYECKMI OCIIMI-
sorpad komnanuu Keysight (momens 86100D), ocHa-
LLIEHHBIH 0J10KOM pedekromeTpa. [1pndop mo3sosseT
(opMupoBaTh Tepenaabl HaIMpsSKeHUST aMILIUTYI0M
F =200 MB ¢ MUHUMAaIbHOI AINTENHHOCTBIO (PPOHTA
6 1c. Bo3MOXHBI MccaenoBaHUS OOBEKTOB MO peak-
uuu Ha npoxonaHout (Vp,,,) ¥ Ha OTPaXEHHBI (VReﬂ)
CUTHaJIbl. B mepBoM ciyyae pesysibTaToM OyAeT u3me-
peHUe TMOJIOChl MTPOITyCKaHUs YCTPOMCTB, KO3 duiim-
€HTOB YCUJIEHUS Y MOTePh Ha MPOXOXKIEHUE CUTHAJIA.
Bo BTOpOM Cilydyae BO3MOXHBI U3MEPEHMST MMITeIaH-
COB TPaKTOB BBOIA/BbIBOJA MHTETPAJIbHBIX CXEM, pe-
aKTUBHOCTE BXOJHBIX, BBIXOAHBIX LieMeil U OTAesb-
HbIX KoMIToHeHTOB UMC [4—6].

st ucciienoBaHusl mapaMeTpoB MpUOOPOB (MHTET-
palbHBIX €MKOCTEM, WHAYKTUBHOCTEH, CONPOTUBIEC-
HUIT) pedreKTOMETPUYECKUM METOIOM MCITOIb30BaIN
nevatHble riathl ¢ CBY KomiaHapHbIMU JIMHUSIMU T1e-
pefayd CUTHAJIOB, M3TOTOBJIEHHBIE Ha OCHOBE (DOJIb-
rupoBaHHoro marepmana Rodger, Ha
KOTOPOM CMOHTHPOBAH MCCJIENYEMBbII
00BEKT, B JAHHOM CJlyyae KpUCTaJLI C
noaeBbIM TpaH3uctopom HEMT. 3a-
TBOp M CTOK TPaH3UCTOpa COeqUHe-
HBI TIPOBOJIOYHBIMM BBIBOJIAMU C JI-
HUSMU Mepenayu, a UICTOK — C 3eM-
el (puc. 2).

Ha nnate BBIMOJHEHBI ABE KOTLIA-
HapHble IuHUM ChA u ChB c BojiHO-
BbIM corpotusieHueM 50 OM, KOTO-

BT A tmetmimaed

| |
| |
| —— (L |
: _ Y Mcecnepyembiit :
| Keysight “\__ | npu6op ‘
| 8s100D Vios « — | Device under |
1 ChB test |
| |
| |

Puc. 1. CrpykrypHas cxema uccienosanus npuoopos u CBY rpakros
pedlieKTOMETPHYECKMM METOI0M

Fig. 1. The block diagram of the devices and RF transmission line
researching by the TDR method

pble ¢ 00euX CTOPOH COeAMHEHbI C pa3beMaMu TUIa
SMA ¢ nonocoii mponyckanus 6osee 26 I'Tu. B ueHr-
paJibHOM YacTH IJIaThl KOTJIAHAPHbBIEC JIMHUW CXOISTCS
Ha MUHUMAaJbHO BO3MOXHOE PAcCTOSIHUE, UCKIIoYa-
OlIEE B3aMMHOE BJIMSIHUE CUTHAJIOB B 3TUX JIMHUSX
JIpyr Ha apyra. PaccTosiHue MexXy JMHUSIMU Nepea-
YU NOJDKHO OBITh MUHMMAJIbHBIM, YTOOBI YMEHBIIUTh
JUIMHBI TIPOBOJIOUHBIX COEAMHEHUUN MeXIy KOHTaKT-
HBIMU [UIOLAJKaM1 TPAH3UCTOpa U JIMHUEH TMepeaayn.
HMccnenyeMbiit 00beKT pacroiarajicst CTporo B LIEHT-
pe MeXAy KOIJIaHAPHBIMU JIMHUSIMUA Ha OJMHAKOBOM
paccTosIHMM OT Pa3beMOB, YTOObI OOECHEYUTh paB-
HBI€ 2JIeKTpUIecKMe IIUHBI oT KpucTtaaia ¢ HEMT no
KaX/I0ro U3 4YeThipeX pa3beMOB. DTO MO3BOJMJIO HE
YUUTBHIBATh JJIMHBI COEAWHEHUW TpU UCCIeT0BaHUU
JTUHAMUYECKMX TTapaMeTpPOB.

[nst omnpeneneHus IMapaMeTpoOB CUIHajla HeIoc-
pEICTBEHHO Ha TPaH3UCTOPE ObLIU MPOBEAEHBI MC-
clieJ0oBaHusl MOJOCHI MPOIYCKaHUS U3MEPUTEIbHOM
ocHacTKu. Jist 3TOro ObLIM M3MEPEHbI MOTEPU IIPU
TMPOXOXJIEHUU CUTHAJIA OT UICTOYHHMKA J0 UCCIIENyEMO-
ro o0beKTa U OT 0ObeKTa 10 PETUCTPUPYIOIIETO YCT-
poricTBa.

TpakT nepegaum curHajga oT UCTOYHUKA K UCCle-
JIyeMOMY OOBEKTY M OT 00bEKTa K PEruCTpUpPYIOILEeMY
ycTpoiicTBy cocTouT (puc. 2) uz CBY kabens (7), nByx
agantepos (2), obecreynBaloIuX MOAKIIOYEHIE pa3-
JmyHBIX TUIIOB CBY coeqmnHuTeneii, 0J10Ka pa3BsI3KU
OT IOCTOSIHHOM cocTaBistoieit (DC-06moka) (3), aman-
Tepa ¢ KOAKCHMAJbHOTO BOJHOBOAA Ha KOIUIAHAPHYIO
JIMHUIO (4) U MOJIOBUMHBI JJIMHBI CaMO KOTLIaHapHOM
quaun (5). KannOpoBka M3MEPUTEIBLHON CHUCTEMBI
obecreunBaeT MIOCKOCTh U3MepeHuit Ha koHax CBY
Kabeneid, UYTo MCKIIIOYAeT UX BIMSHUE HA MOTEpPHU.

Puc. 2. HEMT-tpan3ucrop na CBY neuyaTtHoii niare
Fig. 2. HEMT transistor on a RF PCB
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OrnpeneneHue MOJIOCH TTPOITYCKAHUS U3MEPUTEIb-
HOI CUCTeMBbI 10 00bEKTa UCCIIENOBAHUS OCYIIIECTRIIS -
JIoch cienyroluM obdpaszoM. Ha Bxoa cucteMbl moma-
BaJICA UMITYJIbC JIIUTENBHOCTBIO PpoHTa f;, = 0,01 He
1 U3MePsIIach [UIATETbHOCTh (PPOHTA TIPOXOMHOTO CUT-
HaJla Ha BbIXOJ€, KoTopas cocraBuia f#,,, = 0,032 Hc.
Otcroia U3 BhIPAXKEHMUS

F= ;),35 - (1)
tout_ ’in

HaxXOIWM IO0JIOCY IPOITYCKaHMs BCEM M3MEPUTEIHHOMI
cucteMbl, kotopas coctapisier 11,51 I'T'n. Tak kak o
OTHOILIEHUIO K HCCIIeIyeMOMY OOBEKTY CUCTEMa CUM-
METPUYHA, TO T10JI0Ca MPOIMYCKAHUS TPaKTa A0 00beK-
Ta, oIpenaesieMasl BRIpaXkKeHUueM

F= 0,35 ,
2 2
(tout_ tin)/z
coctapiser 16,28 I'Tu. Takum o6pa3oM, MMpu IJIUTEb-
HOCTU (DpOHTA CUTHAJIa MCcTOYHMKA 10 mc aauTesb-
HOCTb CUTHAJIa HAa BXOJIE UCCIEAYEMOT0 OOBEKTa OyAeT

paBHa 23,7 11c.

(2)

Brok paseaski no
NOCTOAHHOMY TOKY

Ch BO—

DC-block

Bnok cmeweHua
Bias tee

7

N3mepenue BXOIHOH M NMPOXOTHOM
eMKOCTeil TpaH3ucTopa

ITpu u3MepeHUU BXOAHOM U MPOXOJHON eMKOCTel
TpaH3MCTOpa UCIOIb30BaHa CXeMa BKIIIOUYEeHMsI, TTOKa-
3aHHas Ha puc. 3.

HM3mepurenbHass cUCTEMa COACPXKUT TOIOJTHU-
TeJIbHbIe YCTPOCTBA, obecreyrBalollve 3aJaHue pa-
60YMX PeXXMMOB TPAH3UCTOPA, a TAKKE Pa3BA3KY BXO-
0B pedeKTOMeTpa OT MOCTOSIHHONM COCTaBJSIOLIEH
(DC-block).

OcuusutorpaMMbl - OTPaXXE€HHOTO U IIPOXOAHOIO
CUTHAJIOB TPU U3MEPEHUU €MKOCTU (IMOCTOSIHHbIE
3HAUCHUS HANPSDKEHMS Ha 3aTBOPE U CTOKE PaBHBI HY-
JII0) TIOKa3aHbl Ha puc. 4.

EMKocTh ompenensiiii ImyTeM ITOAcCYeTa ILIOIIAmu
MoJ, OTPaKEHHbBIM WJIM MPOXOIHBIM CUTHAJIOM B COOT-
BETCTBUM C BBIpaxkeHueM [2]

o0
C=+-2 [uv(nar, 3)
WE

rae W — BOJIHOBOE COMPOTHBJCHUE JIMHUU Mepea-
yy; F — aMIummTyna 30HOUPYIOIIEro curHana; v(f) —
aMIUIUTYIa OTPaXKeHHOTO WJIU Mpo-
XOIHOIO CHUrHaja; 3HakK "+" mis
MIPOXOAHOTO CuUrHama, 3Hak "—"
ISl oTpaxxeHHoro. I[Ipu uccneno-
BaHMSIX B KAUECTBE MHTEpBala UH-
TeTpUpPOBaHUSI BHIOpAH BpPEMEH-
Hoit mepuon (77 — 75), paBHbIA
JIJIATEJIbHOCTU MEPBOrO0 MMITYJIbCa
B MepexXoaHOM Ipoliecce (puc. 5).
B oTOoM cnyyae eMKOCTb MOXHO
paccuuTaTh Mo BbipaxeHuio (3a),

Bnok pa3BA3KK NoO ?
NOCTOAHHOMY TOKY / \
Ch AO—

DC-block

Bnok cmeweHus
Bias tee

IIPX 3TOM ITOTPEIIHOCTh M3Mepe-
HUA He mpeBbimaer 10 %:

Puc. 3. Cxema BKJIIOYEHHS MPH M3MEPEHHN MAPAMETPOB TPAH3HUCTOPA
Fig. 3. Schematic for parameters transistor measurement

T,
2
-4
C _—_WE;IU(t)dL (3a)

BxonHast eMKOCTb ompeaensier-

Cd I1I0 OTpaXC€HHOMY CHUTHAJIy aB-
TOMAaTHUYECKU C HMCIIOJb30BAHUEM

OTpaméHHLIR
‘/_..Rsﬂacred__._’

anmnmapaTHO-IMporpaMMHBIX CPEACTB

. ~Mpoxopwodt |
Transition

P

CTPOOOCKOITMIECKOTO OCIIMJLIOTpa-
da. s onpeneaeHUsI MPOXOIHOMN
€MKOCTM HU3MepsieTcsl TIolaib
IOJ CUTHAJIOM, a 3aTeM W13 BbIpa-
XeHus (3a) paccuMThIBaeTCs ee

3HayeHwue [6].
OcuusiorpaMma  OTpaskeHHO-

womyy @  Timedase
200.0 mv 50,00 pef
5.0 mvf Pos: 972.50 s
ov

Current
7 286.31F

Mean
TTEF

@

Puc. 4. OcumyuiorpaMMbl OTPAXKEHHOTO W MPOXOAHOTO CHTHAJIOB NMPH M3MEPEHUN BXOIHOM H

npoxoaHoii emkocreit (V, = 0,0 B; ¥,= 0,0 B)

Fig. 4. Oscillograms of the reflected and the transition signal for input and transfer capacitances

(V,=00V; Vy=00V)
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T'O CUrHaia Ipmu USMEPEHUN BXO/ -

________ 4 HOM €MKOCTU [JISI BKJIIOUEHHOTO

TpaH3UCTOpa (HAIpsSKeHNEe Ha 3a-
tBOope V, = —0,6 B, HanpsskeHue
Ha cTtoke V;= 2,0 B) moxasanbl Ha
puc. 5.




CUIrHaJjia (CXCMa BKIIIOYE€EHHUA ITOKaA-

3aHa Ha puc. 3) IpU HaANPSIKEHUSIX
Ha ctoke V; = 0 B u nHa 3arBOpe

| Part 1* s—
Port 2% =—=

OTpaméHHBIR

Vg = 0 B, a mng nmosoroii obnactu

------ “Reflected-

NP HaNpsKEHUSIX Ha CTOKE W 3a-
tBOpe V,; = 2,0 B; Ve = —0,6 B, utO

CurHan Ha cToke

B peaJlbHOM pPEXVME€ B YCHIUTEJIb-
HBIX yCTpoiicTBax. BxogHoii curHan
MOJAETCS MO KOIUIAHAPHOM JIMHUU,

/_( Drain signal|

C KOTOPOM COEAMHEH CTOK TPaH3UC-

i —
| 1 | 1
[Measurement | Current | Mean e WO Thncbase
AT[-1Mid,-1Mid] 38 2400 ps 739,96 ps 2000 m¥ S000
— 50.0 mvf Pos: 57250 ps
Excess C[Left] B 72439F 7249.11F ov

Puc. 5. OcumiiorpaMMbl OTPAKEHHOTO CHTHAJIA M CHTHAJIA HA CTOKE TPAH3MCTOpA NpPH M3Me-

PEHNH BXO/IHOW €MKOCTH ¥ 3aJePKKH (V:,,, =-0,6B; V,= 2,0 B)

Fig. 5. Oscillograms of the reflected and the transition signal on the transistor drain for input

capacitance and delay measurement ( Ve = —06V; V,=20V)

Topa. IIporpamMmmHoe obOecrieueHue

|
|
|
|
|
|
|
|
|
| COOTBETCTBYET pabOTe TpaH3UCTOPa
|
|
|
|
|
|
|
|
| pedekToMeTpa IMO3BOJISIET aBTOMa-

________ 4 TUYECKN pPACCUUTHIBATHL MMIICOAHC.

OcuwutorpaMMbl  UMIIETAHCOB T10-
Ka3aHbl Ha puc. 8.

ConpoTuBieHUE UCTOK — CTOK
TpaH3ucTOpa R;; BKIIOYEHO Napa-
JIeJTbHO JIMHUU TIepenadr, MO3TOMY

Puc. 6. OcuuiiorpaMmel 0TPaXKEHHOTO W MIPOXOTHOTO CHTHAJIOB NPH M3MEPEHUN MPOXOTHOM

€MKOCTH (Vg =-0,6 B; V;= 2,0 B)

Fig. 6. Oscillograms of the reflected and the transition signals for transfer capacitance

measurement (V, = —06V;V;=20V)

IIpu ompeneneHWM MPOXOAHON €MKOCTH BXOOHOM
CUTHAJI TTOJABaJICS HA JIMHUIO, C KOTOPOW COEAWHEH
CTOK TPaH3MCTOpa, U €€ 3HAYEHUE PACCUMTHIBAJIOCH 10
MPOXOJHOMY cUTHany (puc. 6).

M3mepeHHbIe 3HaYE€HUST BXOAHOU 1 IIPOXOIHOM eM-
KOCTEW ISl pa3UYHbIX PEXUMOB NMPUBEIECHbI B Ta0-
JIMLe.

3aBUCUMOCTU BXONHON €MKOCTH OT HAaIlpsSLKeHUS
Ha CTOKE NP pa3IUUHbIX 3HAYEHMSIX HATIPSIKEHUST Ha
3aTBOpe IMpuBeaeHbl Ha puc. 7. I3 pucyHKa BUIHO,
YTO NPU HANpPSAXKEHUM Ha cToKe Gonee V,; = 1,0 B
BXOJIHasi EMKOCTb MPAKTUUYECKU HE 3aBUCUT OT HAIpsi-
>KEHWI Ha 3aTBOPE U CTOKE TpaH3UCTOopa, paboTarolile-
rO B JIMHEMHOM pEXUME.

HccaenoBanue COnpoOTHBIEHHS HCTOK — CTOK
B KPYTOii B moJioroii odaactax BAX

OrnpeneneHue CONpOTUBIIEHHSI UCTOK — CTOK B Kpy-
TOI 00JIaCTH BOJIbT-aMIIepHOI XapakTepucTuku (BAX)
OCYILECTBIISJIOCh HAa OCHOBE aHajin3a OTPaXkKeHHOTO

I V9725003 1 T |
| . Sk A | BBIpaXXeHME I pacueTa COIpPOTHB-
i Pt zs —— | JICHMS MMECT BHI
| S N R R |
‘ T MpoxoaHoi ! = ZOZ
| L. wrd | Ry = —e (4)
| |
e <3A

| |

S = I N jyi = M, Z — UMITeJaHC JIA-
| : | e Zy=500m, Z eIaHc
I 4 o T—————"—— | HHMBTOUKE COENMHEHUs CO CTOKOM
| Ofpax@HHmi i | (u3mepsieMoe 3HauUCHUE).
I R ; | Pesynbrarel  mpuBedeHBl  Ha
| ! 1 ] | 5336 ! puc. 9
I' | Measurement | Current | Mean | 5.0 m/ Timebase |
I ((Excess cRight] [RED) P6TAIF | 76824 .. it I
| : @ o AT i M3mepeHns U pacyeT JMHAMHYIECKHX

XAPAKTEPUCTHK TPAH3UCTOPA

CxeMa BKJIIOYEHUST MIPU U3Mepe-
HUU IWHAMWYECKUX XapaKTePUCTUK
TpaH3UCTOpa MpUBEAeHA Ha puc. 3.
BxonHoii curnan ammautynoii 0,2 B
MOJAETCS MO KOIUIAaHAPHOM JIMHUU, K KOTOPOU IOA-
KJII0YEH 3aTBOp TpaH3uctopa. K 3aTBopy M CTOKY
TPaH3UCTOPA TMOIKIIOYEHBI MTOCTOSTHHBIC CMEIICHMS
(V;=2,0B; Vg = —(0,6 B), obecreunBaronye paboTy
TpaH3MCTOPa B JIMHEHHOM peXXUMe TP BXOTHOM Iie-
peMmeHHOM curHaje amrurynoii 0,2 B. KoHTponb ot-
paXXeHHOTO CHWTHAaJIa OCYIISCTBIISICTCS Ha JIMHUU, K

H3mepennbie 3HAYEHUS HHTETPAJIbHBIX MAPAMETPOB TPAH3UCTOPA
Measured values of the integral transistor parameters

IMpoxomHast
Pesxkum Bxonnas eMKOCTE CornpoTtusieHue
M3MepeHuit | eMKOCTb C, c > HCTOK — CTOK
Modes of oD T;i;‘a]\’/;i}g Ry, OM
measure- | Input capaci- capacitance Source — drain
ments tance Cy,, fF Cp fF resistance R, 0
TRANS»
V,=0V; 287,6 146,5 15,56
Ve=0V
Vy=2,0V; 249,1 110,5 262,5
Ve=—06V
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Puc. 7. 3aBucHMOCTH BXOJHO# €MKOCTH OT HANPSDKEHHS HA CTOKE M
3atsope HEMT

Fig. 7. Dependences of the input capacitance versus voltage on HEMT
drain and gate
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Fig. 8 The impedance oscillograms
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Puc. 9. 3aBucHMMOCTH CONPOTHBJIEHUS UCTOK — CTOK OT HANIPSDKEHHUS
Ha cToke U 3atBope HEMT

Fig. 9. Dependences of the source — drain resistance versus voltage on
HEMT drain and gate
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KOTOPOI OAKIIIOUEH 3aTBOp TpaH3ucTopa. CUTHAT CO
CTOKAa TPaH3UCTOpa IOCTYIMAaeT Ha JBe MapasuiebHO
BKJTIIOUEHHBIC KOIJIaHApHBIC JIMHUHU C BOJTHOBBIM CO-
npotusiaeHueM 50 OM, ogHa U3 KOTOPBIX COeNMHEeHA
C KaHaJIoM pedIeKTOMETpa, Apyrasg — C Harpy3Koi
50 Om. TakuM ob6pa3oM, Harpy3Koii Ijis1 TpaH3UCTOPA
SIBJIIETCS BOJTHOBOE compotuBieHue 25 Om. Ocoumi-
JIOTpaMMBI CUTHAJja, OTPaXXEHHOTO OT BXOIHOM eM-
KOCTH Y BBIXOJHOIO CUI'Hajia Ha CTOKE, MPUBEICHbI
Ha puc. 6. [1o aMIIuTye BEIXOOHOTO CUTHAJIA MOXHO
OIpeJeIUTh TMHAMUYECKYIO KPYTU3HY TPaH3UCTOpA B
3aJjaHHOi paboueit Touke. s paccMaTpuBaeMoro
o0Opasiia TpaH3UCTOpa aMIUIUTYIa BEIXOMHOTO CUTHAJIA
Vour coctaBnger 150 MB. Ilpu amrumiryae BXOZHOTO
curHana V;, = 200 MB 1 conpoTuBIEHNN HArpy3Ku
R; = 25 OM KpyTH3Ha TpaH3UCTOpa S, OInpeaensgeMas
BeIpaxkeHueM (5), coctaBut 30 MS:
V

§= o ©)
RV

ITpu BXxonHoit emxoctu C;, = 249,1 P makcu-
MajibHasl 4acToTa YCWJIEHMs 110 TOKY Fr, paccunmTaH-
Has 1o ¢opmyde (6), cocramster 19,2 I'To:

S

= 6
T Ci, ©)
3amepkKa pacrpoCTpaHeHUs] CUTHAja B TPaH3MC-
TOpE ) (BpEMs BKJIIOYEHM/BLIKIIIOYEHNS), UBMEPEH-
Hasi 110 ypoBHIO 50 % BXOOHOIO U BBIXOAHOIO CHUTHA-
JI0B, cocTtaBisuia 39,96 nc (cMm. puc. 6). DKcrepuMeH-
TaJlbHbl€ MCCJIENOBAaHUSI 3aBUCHMOCTU BpPEMEHU 3a-
JIEPXKKU OT JUTUTEJIbHOCTU (PpOHTA BXOAHOI'O CUTHaja

npuBeneHbl Ha puc. 10.

HccnenoBanus 1mokasajin, 4YTO U3MEHEHUS BpeMe-
HU 3aepXKU OT UIMTEIBLHOCTH (PpOHTAa BXOZHOIO
CHUTHaJIa coCTaB/sIIOT MeHee 10 1c B [uama3oHe 4acToT
7,7...14,76 I'Tu. CnenoBaTeibHO, MOXHO IIPOBOJIUTH
usMepeHus: BpeMeHu 3aaepxku CBY TpaH3ucTopos,
MMEIIINX MaKCUMaJIbHYIO0 YacTOTY, CYIIECTBEHHO
MIPEBBIIIAOIIYIO TI0JIOCY TPOMYCKAHWS W3MEPUTEThb-
HOM ocHAcTKuU. Bbicokas pa3peiiapiiasi CliIoOCOOHOCTh
COBPEMEHHBIX CPENCTB M3MEPEHUsI BPEMEHHBIX Tapa-
METpOB, olpeienseMas eIMHUIIAMU MUKOCEKYHI, U
HEBBICOKME TpeOOBaHMS K M3MEPHUTEITEHON OCHACTKE
MMO3BOJISIOT MCIIOJIb30BaTh BPEMEHHOM METOM ISl OTI-
penenenns CBY mapameTpoB TpaH3MCTOPOB B AUAaIla-
30HE HECKOJBKNX MECSITKOB TUTarepil.

7151 1oCTaTOYHO GOJIBIIMX 3HAYEHUI 1UMPUHBI TTO-
JIEBOTO TPAH3UCTOpPAa, CYIIECTBEHHO ITPEBHIIIAIOIINX
paccTosiHie UCTOK — CTOK, BJIMSIHME OOKOBBIX 3G eK-
TOB HE3HAYUTEJBHO, TTO3TOMY BpeMs 3alepKKU He
OyIeT 3aBUCETh OT LIMPUHBLI. DTO CBSI3aHO C TEM, YTO
BpeMsl 3alIepXKKU OIpeaesisieTcsl BpeMeHeM IMpoJieTa
HOCHUTEJIEH MO 3aTBOPOM M BPEeMEHEM Tepe3apsaKu
€MKOCTel, KOTOpbIE, B CBOIO O4Yepelb, UMEIOT JTUHEH-
HYIO 3aBUCUMOCTD OT IIMMPHUHBI TTOJIEBOTO TPAH3UCTO-
pa. AHAJIOTMYHO, MaKCHMMaJlbHasi 4acToTa YCHUJIEHUS
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N ”’rx/*_’kx-"
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Trise . PS (Bx00 HEMT/HEMT gate)
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Puc. 10. 3aBucumMocTh BpeMeHH 3a[I€PKKH OT JUIMTEIbHOCTH BXO/A-
HOro curHana Ha sarsope HEMT

Fig. 10. Dependence of the time delay versus input signal rise time on
HEMT gate

IO TOKY TaKkKe He 3aBHCUT OT IMMPHWHBI TPaH3UCTOpA
(cM. BbIpaxkeHue (6)), MO3TOMY 3alepxKKa /) U MAKCU-
MaJjibHasl YacTOTa €AMHUYHOTO YCWIEHUS F CBA3AHBI
3aBUCHUMOCTBIO BUIIA

=X (7)

rae koagduuueHT K 3aBUCUT OT Cloco0a U3roTOBJIe-
HUS TPAH3UCTOPA Y MOCTOSIHEH IJIsI JIIOOBIX pa3MepoB.
Hnst mccnenyemoro obpasua HEMT-Tpan3ucropa Ko-
appunment K = 1,53.

ITpu uzBectHOM KO3 puLmeHTe K, yYUTHIBasT OT-
HOCHUTENIBHYIO TIPOCTOTY W MPEHU3NOHHOCTh M3Mepe-
HUSI BpEMEHU 3aJIepKKHM, MOXHO C BbICOKOI TOUHOC-
ThIO OINPENEIUTh MAKCUMAJIBHYIO YacToOTy Fr, u3Mepe-
HUE KOTOPOM MpU OOJBLIMX 3HAYEHUSX YACTOTHBIMU
MEeTOIaMM TpeOyeT CHeINaTbHOr0 000pyIOBaHMSI.

3aKkmoueHne

IIpogeMOHCTPUPOBAHBl TPEUMYyIleCTBa pedIiek-
TOMETPUYECKOTO METOJA MCCJIEIOBAHMUS, ITO3BOJISIO-

LLIETO B OAHOM LIMKJIE POBECTU U3MEPEHNS MapaMeT-
pPOB TpaH3KUCTOpa B AMHaAMUYecKoM pexume. [Toka-
3aHO, UTO YACTOTY €NMHUYHOIO YCWIEHUA F MOXHO
OTpeesITh 10 U3MEPEHUSIM BPEMEHH 3aJIeP>KKHU C BbI-
COKOM CTENMEHBIO TOUHOCTU B IMANa30HE 10 HECKOJIb-
KHUX [IEeCSITKOB rurarepl. Pa3zpaboraHa MeToguka u
MPOBENEeHbl 3KCIEPUMEHTabHbIE MCCJEIOBaHUS Ma-
paMeTpoB noseBoro TpaHsucropa HEMT ¢ ucrnonb3o-
BaHUEM pedJiieKToMeTpuyeckoro meroaa. IlpoBeaeHbl
MpsIMble U3MEPEHUS 3aAePXKKU paCIIPOCTPAHEHUS CUT-
HaJla B TPAH3UCTOPE 7 (BpeMs BKIIIOUEHMS/BBIKIIIOYE-
Hus) u napamerpoB HEMT-Tpan3ucTopa B aKTUBHOM
pexxume (BXOAHOUM U MPOXOJHON eMKOCTH, COMPOTUB-
JIEHUsI KaHajla B KPYTOM 1 MOJIOroil 00J1acTIX, KpyTU3-
HBI TPAH3UCTOpA) B IMamna3oHe yactoT g0 16 I'T.
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This paper demonstrates the advantages of the time-domain reflectometry (TDR), which allows to measure the transistor pa-
rameters in one cycle in a dynamic mode. It presents a tested approach for research of HEMT parameters by an analysis of the re-
[flected signals and the transition signals. It also presents the dependences for different operation modes in the GHz frequency band.
Direct measurements of the transistor switching time delay (1) were performed. The high cut-off frequency Fr versus current was
calculated and its linear dependence on the inverse value of the time-delay was demonstrated based on the measured parameters.
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Introduction

Such parameters of a metal-oxide semiconductor
(MOS) transistor, as input capacitance, transfer capac-
itance and transconductance, have a frequency de-
pendence. Therefore, their measurement on high fre-
quencies is an important task, a solution to which
makes it possible to adjust adequately a transistor model
for calculation of integrated microcircuits [1]. One of
the possible solutions is application of the reflectomet-
ric method of research [2, 3].

The technical potentials of the measuring systems
allow to form and record pulses of picosecond duration,
ensuring analysis of signals in a band up to hundreds of
gigahertz. This leads to provide an opportunity to in-
vestigate the spatial-temporal properties of objects with
a resolution of several picoseconds and to distinguish
local discontinuity, which are less than a millimeter in
size. The basic research tool is a broadband reflectom-
eter with the number of channels not less than two and
a pulse generator in each channel with the rise/fall time
less than 10 ps. The reflectometric method makes it
possible to measure the capacitance and inductance of
the active and passive components of the integrated mi-
crocircuits and elements of their design in the band of
frequencies up to tens of gigahertz. High time resolu-
tion of the modern equipments allow to measure such
time parameters, as delay, pulse duration rise and fall
time within the range of ten picoseconds with accuracy
up to units of picoseconds, which makes possibility di-
rect measurements of the RF transistor switching time
of within the range of ten picoseconds.

Researching method

The circuit of the experiment for research of the de-
vices and RF transmission lines by the reflectometric
method is presented in fig. 1. Keysight stroboscopic os-
cillograph (model 86100D) with a unit of reflectometer
was used as the measuring device. The device allowed
to form voltage swing with amplitude of £ = 200 mV
and minimum rise time of 6 ps. Research of the objects’
reaction to the transition signals (V7,,,,) and the re-
flected signals (VReﬂ) is possible. In the first case the re-
sult would be measurement of the device bandwidth,
power gain and signal losses In the second case the
measurements of the integrated circuit input/output
impedances, measurements of the input and output re-
activities of separate components and integrated cir-
cuits (IC) [4—6] are possible.

For research of the device parameters (integrated
capacitances, inductances and resistances) by the re-
flectometric method a printed-circuit board (PCB) was
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used with RF coplanar lines for a signal transfer made
on the basis of Rodger foiled material. The investigated
object in this case — a crystal with a HEMT-transistor
was mounted on PSB with coplanar lines. The gate and
the drain of the transistor were connected to transmis-
sion lines by wires, and the source — to ground (GND)
(fig. 2).

On PCB two coplanar lines of ChA and ChB were
made with the impedance of 50 Q, which from both
sides are connected to SMA connectors with bandwidth
over 26 GHz. In the central part of the board the co-
planar lines are located at the minimum possible dis-
tance each other excluding a mutual influence of their
signals. The distance between the transmission lines
should be minimum, in order to reduce the length of
the bond-wires between the pads of the transistor and
the transmission line. The investigated object was
mounted strictly in the centre between the coplanar
lines at an identical distance from the RF connectors in
order to ensure equal electric lengths from the crystal
with HEMT to each of the four connectors. This allowed
not to take into account the lengths of the RF connec-
tions during the research of the dynamic parameters.

In order to determine the signal parameters directly
on a transistor a bandwidth research of the measuring
equipment was done. For this purpose the transmission
line losses were measured during a signal passing from
a source to an object and from an object to the record-
ing device.

The path of a signal transmission from a source to
the investigated object and from the object to the re-
cording device consisted of a RF cable (/), two adapt-
ers (2) providing connection of various types of RF
connectors, DC block (3), an RF connector from a co-
axial wave guide to a coplanar line (4) and a half of the
length of the coplanar line (5). The calibration of the
measuring system ensured a flatness of measurements at
the ends of RF cables, which excluded their influence
on losses.

Determination of the measuring system bandwidth
to the object was carried out as follows. A pulse with the
rise time of #;,, = 0.01 ns was supplied to the input of the
system, and transition output rise time was measured.
The value of output rise time was #,,, = 0.032 ns. From
the expression (1):

F= 2335 - (D
’out_ tin

possible to find the bandwidth of the one half part of the
measuring system, which equals to 11.51 GHz. Since
the system is symmetrical in relation to the object, the




pass-band to the object determined by the following ex-
pression
F= @)

2 2
(tout_ tin)/z

equals to 16.28 GHz. Thus, at the rise time of the signal
of 10 ps, the rise time of the signal at the input of the
object equals to 23.7 ps.

Measurement of the input and the transfer
capacitance of the transistor

For measurement of the input and transfer transistor
capacitances the schematic of transistor connection to
equipments (fig. 3) was used.

The measuring system contained additional devices
ensuring the task of the operating modes of the tran-
sistor, and a decoupling of the inputs of the reflectom-
eter from a direct component (DC-block).

The oscillograms of the reflected and transition sig-
nals during measurement of the capacitance (the con-
stant values of the voltages at the gate and drain were
equal to zero) are presented in fig. 4. The capacitance
was determined by calculation of the area under the re-
flected or transition signals according to expression [2]

_L 27
C=+0m (I)v(t)dt, (3)

where W — impedance of the transmission line; £ —
amplitude of the probing signal; v(f) — amplitude of the
reflected or transition signals; sign "+" for the transition
signal, sign "—" for the reflected one. During the research
as an integration interval the time period (7 — 75), equal
to duration of the first pulse in the transition process
(fig. 5) was chosen. In this case the capacitance can be
calculated by expression (3a), at that, the measurement
error does not exceed 10 %

T2
= .__2__
C=+ E ;lv(t)dt. (3a)

The input capacitance was determined by the re-
flected signal automatically with the use of the hard-
ware-software of a stroboscopic oscillograph. For de-
termination of the transition capacitance, the area un-
der the signal is measured, and then from expression
(3a) its value was calculated [6].

The oscillogram of the reflected signal during meas-
urement of the input capacitance for the transistor in
operating mode (voltage on the gate V, = —0.6 V, volt-
age on the drain V; = 2.0 V) are presented in fig. 5.

During determination of the transfer capacitance
the input signal was supplied to the line, where the tran-
sistor drain was connected, and its value was calculated
by the transition signal (fig. 6). The measured values of

the input and transfer capacitances for various modes
are presented in the table.

The dependences of the input capacitance versus the
voltage on the drain at various voltages on the gate are
presented in fig. 7. It is visible that at voltage on the
drain over V;= 1.0 V the input capacitance practically
does not depend on the gate and the drain voltages for
the transistor operating in a linear mode.

Research of the source-drain resistance
at different operating mode

Determination of the source-drain resistance in the
steep area of the Volt-Ampere Characteristic (VAC)
was done by the analysis of the reflected signal (sche-
matic — fig. 3) at drain and gate voltages V,; = 0V,
Ve = 0 V accordingly, and for the sloping area at drain
and on the gate voltages V,; = 2.0 V; Vg = —0.6 V ac-
cordingly, which corresponded to the real operation
mode of the transistor in amplifiers.

The input signal was supplied by a coplanar line, to
which the transistor drain was connected. The software
of the reflectometer allowed to calculate impedance au-
tomatically. The oscillograms of the impedances are
presented in fig. 8.

Source-drain resistance of transistor R, was con-
nected in parallel to the transmission line, therefore,
the expression for calculation of the resistance looks
like the following

Ry = 2 4
&= 7 g (4)
where Z, = 50 Q; Z — line impedance in the point of
connection with the drain (measured value). The results
are presented in fig. 9.

Measurements and calculation of the dynamic
characteristics of the transistor

The schematic for measurement of the transistor dy-
namic characteristics is presented in fig. 3. The input
signal with amplitude of 0.2 V is supplied via the co-
planar line, to which the transistor gate is connected.
DC biasing are connected to the gate and the drain of
the transistor (V;=2.0V; Vo= —0.6 V), ensuring func-
tioning of the transistor in a linear mode at the input
variable signal with amplitude of 0.2 V. Control of the
reflected signal is carried out on the line, to which the
transistor gate is connected. The signal from the tran-
sistor drain arrives to two coplanar lines connected in
parallel with the impedance of 50 Q, one of which is
connected to the input of the reflectometer, another to
a load of 50 Q. Thus, the load for the transistor is the
impedance of 25 Q. The oscillograms of the signal re-
flected from the input capacitance and the output signal
on the drain are presented in fig. 6. By using of the out-
put signal amplitude it is possible to determine the dy-
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namic transistor transconductance at working point.
For the considered sample of the transistor the ampli-
tude of the output signal equals to V,,, = 150 mV. At
the amplitude of the input signal of V;, = 200 mV and
load resistance of R; = 25 Q the transistor transcon-

ductance S determined by expression (5) will be 30 mS:

Vout (5)

S = .
RViy

At the input capacitance of C;, = 249.1 fF the max-
imum high cut-off frequency of amplification F7. cal-
culated under the formula (6) is 19.2 GHz:

- S
Fr Tl c. (6)

The delay of signal propagation in transistor 7
(switching on/off time), measured by the 50 % level of
the between input and output signals, was 39.96 ps (see
fig. 6). Experimental research of the time delay depend-
ence versus rise time of the input signal is presented in
fig. 10.

The research demonstrated that variations of the
time delay depending on rise time of the input signal
were less than 10 ps in the range of frequencies of
7.7...14.76 GHz. Hence, it is possible to provide meas-
urements of the transistors time delay, which have the
maximum frequency essentially exceeding the band-
width of the measuring equipment. High power reso-
lution of the modern equipments for measuring of the
time parameters, defined by units of picoseconds, and
low requirements to the measuring equipment, allow to
use the time method for determination of transistor pa-
rameters in the range of several tens of GHz.

For the rather great values of the width of a MOS
transistor, essentially exceeding the source-drain dis-
tance, the influence of the lateral effects is insignificant,
therefore, the delay time will not depend on the width.
This is due to the fact that the delay time is determined
by the carriers flight time under gate and the recharging
time of the capacitances, which have a linear depend-
ence on the width of a MOS transistor. In a similar way,
the maximum high cut-off frequency of amplification
does not depend on the width of a transistor (see ex-
pression (6)). Therefore, delay ¢, and maximum high
cut-off frequency Frare connected by the following de-
pendence:

FTZ_B (7)

where coefficient K depends on the transistor manufac-
turing method and is constant for any dimensions. For
the investigated sample of HEMT-transistor coefficient
is K=1.53.

At the known coefficient K, considering a relative
simplicity and precision of time delay measurements, it
is possible to determine with high accuracy the maxi-
mum frequency Fr, the measurement of which at great
values by the frequency methods demands special
equipment.

Conclusion

The authors present the advantages of the reflecto-
metric method allowing in one cycle to provide tran-
sistor parameters measurements in a dynamic mode.
They demonstrate that the high cut-off frequency Fr
can be determined by the measurements of a time delay
with a high accuracy in the range up to several tens of
gigahertz. A technique was developed and experimental
research of the parameters of a HEMT transistor with
the use of the reflectometric method was demonstrated.
Direct measurements of the transistor signal propaga-
tion delay 7, (switching on/off time), the parameters of
HEMT-transistor in the active mode (input and transfer
capacitances, channel resistance, transistor transcon-
ductace) were done in frequency range up to 16 GHz.
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