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Annomayua — CTaTbsl NOCBSLIEHA AHAIU3Y 0CODEHHOCTEMH
HCIOIb30BAHHSI  MOHOKPHCTA/UIMYECKOr0 KpPeMHHMsl B
KayecTBe KOHCTPYKIMOHHOI0 MaTepHala 4yBCTBHUTEIbHBIX
3j1eMeHTOB MOMC. OcHOBHOe BHHMAaHHe Y/AeJIeHO aHAIU3Y
Mozeseil padoynx KpeMHHEBBIX MeMOpPaH 4yBCTBUTEJIbLHOIO
JJeMeHTa  Mpeo0pa3oBaHUs  AABJEHHS,  MOJTYYeHHBIX
Pa3HBIMH  MeTOJAMH:  JKHAKOCTHBIM  AHH30TPOIHBIM
TpaBJleHHeM H MarHeTPOHHBIM ME€TO/I0OM CYXOI'0 TPaBJIEeHHSI.

Knrouegvle cnoea — MOHOKPHUCTALUIMYECKHI KpeMHMIA,
MHKpoOJedeKThl, MexaHu4yecKHe aedopmanuyu, KpeMHUeBast
memOpana, MOMC-ceHcopsbl.

|. BBEJEHUE

Tomonormyecknit cuHTE3 MeMOpan i1 MOMC-
CEHCOPOB JIaBJICHUS SBIIAETCS aKTyalbHOM 3ajadei.
Hcnonp3oBaHue IS 3TUX [elell KPeMHHS OCHOBAaHO Ha
TOM, 4YTO KpHUCTAJNIMUECKas peméTka KpeMHHUS —
KyOmdeckasi TrpaHCIIEHTPHPOBaHHAs THUIIA alMas3a, HO M3-3a
Oonblieil JUIMHBL CBsI3M MeXIy aromMamu Si-Si, 10
cpaBHeHHIO ¢ JIMHON cBs3u C-C, TBEPAOCTh KpEMHUS
3HAYUTEILHO MEHBINE, YeM aiMasza. JTOT (akT menact
KpeMHU TIPEATIOYTHTETEHBIM MaTepHaIoM npu
pa3paboTKe YyBCTBUTEIBHBIX 3JICMEHTOB I U3MCPCHHUS
Majblx MexaHumueckux gedopmarmii  [1-8]. Tlomo6Hoe
pacIloNioKCHHE aTOMOB B KPHCTAJUTMYECKOW peméTKe
TOBBIIIAET YyBCTBUTEIHHOCTD MaTepurana K
MEXaHHYECKOMY  BO3ICHCTBHIO H3-32  BO3MOXHOCTH
YMEHBIIIATh MEXKATOMHBIC PACCTOSHUS 0€3 MPUIOKEHUS
OONBIMX YCHIIMH, TIPH 3TOM XOJ CONIMKEHUS aTOMOB
CTPOTO OTPaHUYEH pPaMKaMU KPUCTAJUIMUECKOW PEemIETKH.
[MosroMy ycuime ynpyrux nepopMariiif, BOSHUKAIOIINX B
MaTepuane TpH YCUJIMHM  CXaTHsd, TIOCHE  CHSTHS
MEXaHHMUYECKOH HArpy3KH OOECIIeYHBacT BOCCTAHOBIICHHC
MPEeKHUX MEXKATOMHBIE PACCTOSHHMA H, CIIE€I0BATEIBHO,
HCKJIIOYaeT BO3HUKHOBEHHE OCTATOYHBIX ILIACTHYECKUX
neopMaiiuif, KOTOpble PH  HM3MEPEHHUSIX  JafoT
MOTPEITHOCTh  Apeiida HyneBoro curHaima. HeobGxommmo
YYUTBHIBaTh, YTO MPH HOPMAIBHBIX YCIOBUSX KPEMHUN
XUMHYIECKH MAJIOAKTHBEH M aKTUBHO PEarupyer TOJBKO C
ra3oo0pa3HeiM (TOpPOM, TPHU ITOM OO0pazyeTcst JETYUHi
terpadpropun  kpemuust SiF,. Takas «HEaKTHBHOCTBH»
KpEMHHUS  CBSi3aHA C  [AcCUBAIe  MOBEPXHOCTH
HAHOPa3MEPHBIM CJIOEM JTUOKCHIA KPEMHUS, HEMEIJICHHO
00pa3yoIerocss B MpUCyTCTBUU KUCIOPOA, BO3AyXa HIIH
BOIBI (BOISAHBIX MapoB). ONHCaHHOE BBIINIE CBOWCTBO
KpEMHHUS, BMECTE C pa3pa0OTaHHBIMU 3a TIOCIIEIHUE TOJIbI
HOBBIMH TE€XHOJIOTHSIM B 00JIaCTH 00pabOTKH MaTepHaoB,

TI03BOJISIET pa3palaTeiBaTh KOHCTPYKINH HW3MEPHTEIBHBIX
MOBOMC-ceHCOpOB MUHHUATIOPHBIX Pa3MEpOB C LIMPOKHMHU
(GYHKIIMOHATBHEIME BO3MOKHOCTSMH [2]. Tlpu cosmannu
MOMC-ceHCOpOB  3aAEHCTBYETCS  NPEUMYILECTBEHHO
MIPUITOBEPXHOCTHBIM  ClOH Marepuana (IO JIECATKOB
MHUKpPOH), MOATOMY Ka4eCTBO ITOBEPXHOCTH KpHCTalIa
OKa3bIBaeT CYILIECTBEHHOE BIIMSTHHAE Ha
3NEeKTpoU3NIECKUe CBOWCTBa Marepuaia u,
COOTBETCTBEHHO, Ha CBOHCTBAa TOTOBOTO IpHOOpA.
IToBepxHocTh cama 1o cebe sBigercs Haubonee
CEpbE3HBIM Ie)EKTOM TPEXMEPHOH CTPYKTYpPhI KpHCTallIa:
Ha TpaHuIe pasJeia JBYX pasHBIX IO CTPYKType H
XUMHA9eckoMy coctaBy ¢a3 Si u SiO, mnpoucxogur
PEKOHCTPYKLIMS TIPUIIOBEPXHOCTHBIX obyactelt o0enx ¢as,
peruOpuan3anusi YacTH TOBEPXHOCTHBIX CBS3EH W
00pa3oBaHUE HOBBIX, CBOHCTBEHHBIX TOJILKO ITOBEPXHOCTH
XMMHYECKHX TPYNIHPOBOK. braronmapst mpucyTCTBHIO B
NOBEPXHOCTHOW (pa3e TNepeHaIpsHKEHHbIX XHMHUYECKHX
CBszel, BakaHcMH W OoJee CIOXHBIX HApYIICHUN
CTPYKTYpHBI TpaHnuHas (a3a CTAaHOBUTCS Oojiee ysS3BUMOM
K Ppa3IM4HOTO pOJa AaKTUBHBIM BO3ICHCTBUSM  IIO
CpPaBHCHMI0O ¢ 00BEMOM  KpucTalna.  AKTyaJbHOU
mpobIeMoil Tomonormdeckoro cuaTe3a MOMC-ceHcopoB
ocTaeTcss TO, 4TO JAe(eKTooOpa3oBaHME W JallbHEHIas
Jerpajiaiisl  KpUCTaJula HAYMHAIOTCS €  IOBEPXHOCTH
Hambonee aeOpMHUPOBAHHON OONACTH KpPUCTAIA, YTO
3aTpyJHSET TMOJYyYEHHUE YCTOHYHUBBIX, MOBTOPSEMBIX
XapaKTePUCTHK.

Il.  TIOCTAHOBKA TTPOBJIEMBI U [TPOTUBOPEUM S

[Ipy  W3roTOBIEHHMHM  KOHTPOJIbHO-U3MEPUTEHHBIX
YYBCTBUTENBHBIX JJIEMEHTOB TOBBHIIIAIOTCS TPEOOBAHUS K
KauecTBy KpEMHHA 10 BCEW TOJNIIMHE IJIaCTUHBL. B
pe3ynbTaTe yaaneHus Ae(eKTHOTO CJI0s Ha MMOBEPXHOCTH
00pa3yroTcs MHUKpoAe(heKTh, KOTOPBIE PaCIpOCTPAHSITCS
BrIyOb 00BEMa Marepuana. [IpudéM TOBEPXHOCTHBIC
aTOMBI TUIACTHH, MO CPaBHEHHIO C OOBEMHBIMH, WMEIOT
Ooipmiee  KOJNMYECTBO  HEHACHIMICHHBIX  XHMHYECKHX
CBs3EH, YeM OOBICHIETCS BBICOKAs —aJcopOIMOHHAs
CIOCOOHOCTh, NPHUBOIAIIAS K 3arpsA3HEHHAM padodei
MOBEPXHOCTH. B 3aBucHMMOCTH OT BUIAa B3aUMOJIEUCTBUS
3arps;3HEHUN C TIOBEPXHOCTBHIO Pa3iHYaroT (U3UIECKYIO0 U
XUMHUUYECKYIO ancopOrmo. dusmdueckas aacopOormst —
pe3ysibTaT  MEXMOJEKYSIPHOTO  DJIEKTPOCTAaTHYECKOrO
KYyJIOHOBCKOTO B3aumojieiicTBud. Yactuipl, coBepiias
TEIUIOBBIC JIBIDKEHHS, O0JagaloT JOCTATOYHBIM 3aracoM
SHEPTruHM, YTOOBl  TMPEOJONeTh  CWJIBl  CBSI3M W
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IepeMeaThesl, YAaIsICch C IIOBEPXHOCTH, WM, HA000POT,
10 MEXaHHYECKUM MHKpoJe(deKTaM IOoIajaloT BIIyOb
Marepuana. K (usnueckn azcopOupOBaHHBIM
3arpsi3HEHUSAM  OTHOCSITCSL BCE BHJABI MEXaHMYECKUX
YaCTHUI, & TaKXKE BCC BHIbl OPraHMYECKHX MaTepHalOB,
CBSI3aHHBIE C MOBEPXHOCTBIO CWJIAMH  (PU3HUYECKOM
agcopOonum. K XAMA9YECKU ascopOUpOBaHHBIM
3arpsiI3HEHUSAM OTHOCSTCS Pa3IMYHBIC BHUIBI OKCHUIHBIX U
Cynb(UIHBIX IUICHOK Ha HOBEPXHOCTHU IUIACTHH, KaTHOHEI
M QHUOHBl XHMHMYECKUX BEIIECTB, IPUMEHSEMBIX B
MIPOLIECCE OUMCTKH IIOBEPXHOCTH ITACTHUHBL

[Tpumecu W JIOKAJIbHBIC HapyIeHUs
KPUCTAUTMYECKOH pemeéTki o0pa3yloT B Marepuaie
HEYCTpaHUMBIE OYard MEXaHMYEeCKUX HAalpsHKCHUH, Tak
Ha3bIBaeMbIX JUcIoKarwid [3]. Jluciokanuu OKa3bIBaIOT
CYIIECTBEHHOE BIIMSHUE Ha 3JIeKTpo(du3MUecKue CBOIHCTBA
MOHOKPHCTAJUIOB ~ KpeMHHSI H  paboTy  TpHOOpOB,
W3rOTABIIMBAEMBIX HA €ro OCHOBE. YUYWTHIBas, 4YTO
ckopocTh A (y3HOHHOTO TTOTOKA BAOJH AWCIOKAIMH Ha
HECKOJIbKO MOPSIZIKOB BBILLIE, YEM B OKpYIKalolieM 00bEMe,
¢porr muddy3smm TpH  co3maHWM  p-N-Tiepexona
OKa3bIBaeTCs HETUIOCKUM, cozjaBas BBICOKHE
HaNpsDKEHHOCTH  3JIEKTPUYECKOTO II0JIs, KOTOPBIE MOTYT
CIIOCOOCTBOBATH 3JIEKTPUYECKOMY MPOOOI0, UTO yXYAIIAET
KaueCcTBO M BBIXOJA TOAHBIX mpubopoB. Kpome Toro,
HaJIMYHMe JUCIOKALUH B NCXOIHOM MaTepHaje MPUBOINUT K
TeHepalvy HOBBIX IMCIOKAIMH B MpoLEcce MPOBEICHUS
muddy3nu WM B IpoIiecce OXIIaXKACHNS KPUCTaIIa MOcIie
quddy3uu oT BBICOKHX TEMIIEPATYp JI0 TEMIIEPaTyp HUXKe
IUTACTUYECcKOi aedopmanuu. M3 BIME CKa3aHHOTO SICHO,
qyTO AJIsL TMOJIy4YCHUA BBICOKOTOYHOI'O KOHTPOJIbHO-
HM3MEPHUTENILHOTO 3JIEMEHTAa HEOOXOIMMO HCIIOIb30BATh
MOJIYIIPOBOJTHUKOBBIE ~ KPUCTAJJIBI €  COBEPIUEHHOM
KPHCTAJUTNYECKOW PEIMETKOW MM XOTS OBl MaKCHMalbHO
OJIM3KOM K uzaeany.

Ilpy M3TOTOBJICHWHM YYBCTBUTENBHBIX 3JIEMEHTOB JUIA
KOHTPOJIbHO-M3MEPHUTENBHBIX ~ JaTYMKOB B 00BEME
KpHCTaIIa (dopmupyroTCs paboure 3JIEMEHTH,
NOBBIMIAIONINE  YyBCTBHUTENBHOCTh  KpHUCTAIa K
W3MEHEHWAM BEJIWYMHBI M3MEPSIEMOM  MeXaHHIECKOi
nedopmarmu  [9-12]. B jgarumkax daBieHHsS TaKuM
pabouYMM 3JIEMEHTOM CIYXKHT MeMOpaHa KBaJpaTHOM
bopmsl, MOJTyYeHHAs METO/IOM KUIAKOCTHOTO
AQHM30TPOITHOTO TPABJIEHUS B OOBEME KPHCTAIA, Kak
MOKa3aHo Ha puc. 1.

(a) (0)

Puc. 1. Bug meMOpaH, moJ1iy4eHHBIX IYTEM aHU30TPOMHOI0
(a) M JIa3MeHHOr o (0) TpaBJeHUS KPeMHUS

Pazmepsr MeMOpaHbI, BETMYMHA CTOPOHBI KBajgpaTa U
TOJILIMHA 3aBUCAT OT BEJIMYUHBI U3MEPSIEMOIO [aBICHHUS.

Il.  AHAJIN3 PEATTM3ALIMM MEMBPAH
YYBCTBUTEJILHOI'O SJIEMEHTA

AHH3OTpOHHO€ TpaBJICHUEC OCHOBAHO Ha PpasHUIC

CKOpOCTeH TpaBJICHUS Ppa3HbIX IJIOCKOCTEH
MOHOKpHCTaIH4eckoro kpemuus [13]. B OosbiruHCTBE
ClydacB  JKUIKOCTHBIE  aQHU30TPOIIHBICE  TPABUTEIH

MIPEACTABIAIOT COO0W MHOTOKOMIIOHEHTHBIE PAacTBOPBHI,
COCTOSIIIME U3 OKHUCIMUTENS, KOTOPBIA OKHUCISAET KPEMHUIl
JO  THIPAaTHPOBAaHHOTO  JUOKCHJIA  KPEMHHS, U
KOMILIEKCO00pa3oBarels, npeHa3HAYEHHOTO ULt
00pa3oBaHUsl PACTBOPHMOTO KOMIUIEKCHOTO MOHA U BOJBI
[4]. Hemocratkm maHHOrO MeTOHAa: HEOOXOAUMOCTH
3alIMTHl JIMIEBOH TOBEPXHOCTH, HU3KOE KauecTBO BCEX
THIIOB CPEJCTB 3alUThl MPH TIIyOOKOM TPaBJICHHH,
BEPOSITHOCTh TIPOHMKHOBEHMSI DPAcTBOpa TPABHUTENS I10
JnedektaM B MacKMPYIOIIEM CIIO€ K DJIEMEHTaM JaT4uKa U
WX TIOBPEXIECHWIO, 00pa3oBaHHE HEPOBHOCTEH Ha
MMOBEPXHOCTH TPABJICHHS U CIIOKHOCTH MOJIYYECHHsT TOHKON
paboueii memOpansl [11]. HauGosbiliee KOJIHUYECTBO
MuKpoaedekToB oOpasyeTrcss Ha TpaHWIE W3MEHEHUS
TOJIIIUHBI MaT€pUajla U NOBCPXHOCTU AHA.

COBpeMCHHLIe METOJHUKH
TIO3BOJIAIOT HarJsiJHO II0Kas3aThb

3D-MonenpoBaHus
TIOJITPaBhI U

MHKPOAE(EKTsl Ha IOBEPXHOCTH MEMOpaHBl W B 30HE
KperuieHus MeMOpaHsI (puc. 2).
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Puc. 2. Pacnpenesienne 3Ha4eHu i (30HbI BbIeJIEHBI
rpaganueii ceporo corJjiacHo Jierenjae) ynpyroi aegpopmauuu
10 IOBEPXHOCTH MeMOPaHbI, MOJy4YeHHON MeTOI0M
AHM30TPONHOI0 TPABJIEHUS

IMoarBepxaatoTcs Ppe3ysIbTaThl pacuéToB u
MOJICTUPOBAHUSI ~ TIPH  TIPOBEACHHH  KOHTPOJBHBIX
WCTIBITaHUH qyBCTBUTEIEHOTO JJIeMEHTa Ha

MEXaHHYECKYI0 INPOYHOCTh: pa3pylleHHe MeMOpaHBI BO
BCEX CIIydasX INPOUCXOTUT IO TpaHuIle (GpOpMUPOBAHUS
MeMOpaHbI ¥ B TIEPBYIO OYEPEAb B MECTaX MAaKCHMAJIbHBIX
3HAYEHMH OTYETIIMBO BUAMMBIX YIIPYTUX JAehopManuii.

Kpome OCHOBHBIX 30H yHpyrux aedopmanmit
BBIJICTISIFOTCSL obiacTtn yIpyrux nedopmarui,
PacIoJIOKeHHBIE 10 YIiaM MeMOpaHbl M 3aBUCSIIME OT
MPaBUIBHOCTH TEOMETPHH KOHTYPOB 30HBI TpABJICHHUS,
KOJIMUECTBA ¥ BEJIMYMHBI JAUCIOKAINH, c(hOPMUPOBAHHBIX
B IIPOLIECCE TPABIICHUSL.

OTH JOTOJIHHUTENbHBIE 00JaCTH YIPYrux aedopMaruii
CYLIECTBYIOT 110 CBOMM HE /10 KOHIIA U3YYEHHBIM 3aKOHaM.
B HacTos1ee BpeMs HEM3BECTEH TOYHBII MaTeMaTHUECKHH
amnmapar 51 HaAEKHBIN annapaTHbII crocob



KOPPEKTUPOBKHU MIOTPEITHOCTEN U3MEPEHUH,
00YCIIOBJICHHBIX HMMEHHO JIAHHBIMU o0nacTsIMu
nedopmaruii. HeliTpanu3oBath WX BIMSHUE HA ITapaMeTPhl
YyBCTBUTEIHHOTO 3JeMeHTa TEXHOJIOTMYECKUMHU

METOJaMHU YAACTCS TOJNBKO YacTHYHO. UyBCTBUTENBHBIA
9JIEMEHT paboTaeT B YCIOBHSAX IEPEMEHHBIX 3HAUYCHHH
TEMIIEpaTypsl U JABICHUH, H, CIE€A0BATEILHO, OCTATOYHBIE
HampsHKeHUss B 30HE  C(OPMHUPOBAaHHBIX  YHPYTHX
nedopMaItiii Mo BIUSHAEM H3MEHEHHH YCIIOBHIA pabodeit
cpeapl OYAyT CHOCOOCTBOBaThH OOpAa30BaHHIO HOBBIX
obnacTel IUCIOKAIMii B CTPYKType KPEMHHS, a 3TO, B
CBOIO O4Y€pellb, MPUBEIET K UCKAKEHUIO NPSIMOJMHENHON
XapaKTCPUCTUKH  WM3MEHEHHS  BBIXOZHOTO  CHTHala
YyBCTBUTEJILHOTO 3JIEMEHTa OT U3MEHEHUS JaBJICHUs, YTO
0cOOEHHO 3aMETHO Ha 0O0paTHOM XOJe MeMOpaHBl MpU
cOpachIBaHUH JIaBJICHUS, Korza MIPOSIBIISIETCS
JUHAMHUYECKUN Trucrepe3uc. JIMHaMUYECKUI TUCTEpE3nC
BO3HHMKaeT B  pe3ylbTaTe M3MEHEHHs  IOJIOKEHUS
MHUKpOIC(HEKTOB M PACTBOPEHHBIX B KPUCTAJUINYECKOH
pemérke KpEeMHHUSI aTOMOB 3arpsi3HEHHS I0J] BIIUSIHUEM
NPWIOKEHHBIX HanpsHkeHHH. OcTaTOYHbIE HANPSDKCHUS
L[e(bopMauym, CBs3aHHBIC C MUT'PAIITMOHHBIMU ITpoHeccaMu
MHUKpPOZC(EKTOB, TaKKe€ OKa3blBAlOT  BIMAHHE Ha
JIONTOBPEMEHHYO CTaOMIIBHOCTD Ha4YaJIbHOTO "
BBIXOJIHOTO cHrHaoB [12].

I\V.  AHAJIN3 ITPOIIECCOB CYXOTI'O TPABJIEHUA

[InasMeHHOE W pEaKTHBHOE HOHHOE TpPaBJICHHUE
ABJIAIOTCS HanOoJee pacpoCTpaHEHHBIMH BUAAMH CYyXOT'O
TpaBineHus. Kpome Toro, B mociegHee BpeMs Oonblnoe
BHUMAaHUE YIENSAETCS MarHeTPOHHOMY METOIy CYyXOro
TpaBleHMs.  MarHeTpoHHBIM  paspsiioOM  Ha3bIBAIOT
JUOIHBIA Tra3oBbId pa3ps], B CKPELICHHBIX IOJIAX
(cymecTByeT 00acTh MPOCTPAHCTBA B Pa3psAHOM 00BEME,
re 3JEeKTPUYECKOE M MAarHUTHOE IOJI1 OPTOrOHAJIbHBI
apyr npyry BLE). Dtor Meron Xopomr TeM, 4To HpoLece
MpOXOIUT Oe3 Harpesa U, ClIeI0BaTeNbHO, 0e3 HapylIeHHs
CTPYKTYpBl MaTepuana ¥ CO3JaHHs HOBBIX JHCIOKAIMH.
OpueHTalUsl KpUCTaJUla TPU «CYXOM» TPABICHUH HE
UMeEeT 3HAYeHMs, XUMHUYECKHE pPEaKIUU 3allyCKaroTcs
BHEIIHEH 3HEPIUedl B BUJE BbICOKOYACTOTHOM MOIHOCTH
IpU MOHMKEHHOM JaBlieHHH B kamepe. [lo cpaBHeHuIo ¢
AQHU30TPOINHBIM IITa3MEHHOE TPABJIEHHE MEHEE TOYHOE,
MOCKOJIBKY B 3aBUCHMOCTH OT JIABJIEHHS M COCTaBa rasa,
TEOMETPHHU NIEKTPOJAa U PACCEUBAEMON MOLTHOCTH MOXKET
CYIIECTBOBaTh HEOOJNIBIION OOKOBOW MOATpaB, HO OHO
MOXeT obecrneunBath (GOpPMy yIPYroro 3JeMeHTa,
KOTOPYIO JOCTaTOYHO TSDKENIO CO3JaThb MpU IMOMOIIU
aHU30TPOIHOTO  TPABJIEHHs,  HampUMEp  KPYIIIYyIo
MeMOpaHy (puc. 10), W MEHBIIYIO TONIIMHY pabodei
MeMOpaHBl, 4TO BaXKHO MpHU pa3paboTKe TaTYMKOB Ha
CBEpXMajble JaBICHHUS C MaJbIMH  TraOapUTHBIMU
pasmepamu. Taxke NPEUMYILECTBOM SBJISETCS BBICOKAs
aHM30TPONHUS Mpolecca U OTCYTCTBHE HEOOXOIUMOCTH
MpOBEIEHNs JONOIHUTENbHBIX ONEpaluil Ui yaaleHus ¢
MOBEPXHOCTH  NPOTYKTOB  PEAKIMH W  CTOPOHHHUX
IpUMeceH, COEPAKALIUXCSI B UCXOJHBIX peareHTax.

Ha pucyaxke 3 moka3ano, d9rto Qopma Kpyra
obecrieyrBaeT 3HAYNTEIHHO MEHBIINE 3HAYCHUS YIPYTHX
nedopmariii B 001acTH TpaHUIsl (OPMHUPOBAHHS pabodeit

MeMOpaHBbI, M, 4TO caMoe TJIaBHOE, 3HaUeHHs Aedopmanuit
PAaBHOMEPHO pacIpeeCHbl M0 KOHTYPY MeMOpaHbl U B
Marepuaje MeMOpaHBbI.

Stress von Mises (WCS)
(MPa)
Loadset:LoodSet] :

624.744
585.788
545.832
507.876
468.921
429,965
391.009
352.054
313.098
274142
235.186
196.231
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157.215
118.319
79.3634
40,4077
1.45193

"Windowl® - membrono.sfatic.r - membrono.static..

Puc. 3. Pacnpenesienne 3Ha4eHuii (30HbI BbIIeJICHbI
rpajganueii ceporo corJjiacHo Jieren/je) ynpyroii gepopmanumn
10 MOBEPXHOCTH MeMOPAHDI, MOJYy4YeHHO METO0M «CYXOI0)»

TpaBJIeHHs

IMomo6GHOE  pacmpenencHWe  3HAYCHWH  yIIPYToit
nedopmaiy  TMO3BOJISIET paccMaTpHBaTh KPEMHHEBYIO
MeMOpaHy Kak IUIOCKYI0 MeMOpaHy, 3aKpeIUIEHHYIO IO
KOHTYpY W 3arpyeHHywoo mgaBieHueMm [5]. Xapakrep
nedopMari MeMOpaHbI 3aBUCHT OT BEJIMYUHEI IPOTHOOB,
KOTOpbIE OHa IIOJMy4yaeT IOA Harpy3koil. Ilpu Mmambix
mporudax, a B JAaTYWKaxX AaBieHus — He Oornee 0,15 mwm,
HepeMelieHnss MeMOpaHbl BO3HHKAlOT B OCHOBHOM B
pe3yabpTaTe HM3THOHBIX Ie(OpMAIlHid, pPaCIIONATAIOIINXCS
MEXJy TpaHHIEeH OCHOBHOTO MaTepHuaia KpUCTaula U
CpeIMHHOM  MmiIocKocThlOo.  CpeaMHHash  IJIOCKOCTb
(cpenMHHOII  IUIOCKOCTBIO  HA3bIBA€TCSl  IUIOCKOCTB,
paBHOCTOSIIAsT OT TUIOCKOCTH KpHUCTAIIa) MeMOpaHBI
COXpaHseT CBOM pa3Mepbl B  0o0OJacTM  MajbIxX
epemernieHnid. CleqoBaTeNlbHO, 00JIaCTh MaKCHMAIIbHBIX
3HauUeHUH ynpyroi aegopmamnmu OCTaéTcsi HEU3MEHHON U
IMO3TOMY HE MOXET aKTUBHO BIMATH Ha (OPMHUPOBAHHE
JHMCIIOKalMii B 001acTh MeMOpaHbl, IIOJBEpraroleics
mrubHpIM  neopmarmsiM.  OTcroma BBIBOA: MeMOpaHa
UMEET BBIPAXCHHYK JIMHEMHYI XapakTepucTtuky. Ilpu
pacu€re MeMOpaHBI B OO0JIaCTH MaIlBIX TIepPEeMEIICHUHA
MOJYKHO BOCIIOJIb30BAThCS JIMHEHHON Teopuedl wu3ruba
KpYTJIbIX IJIACTUHOK.

V. PE3VJIbTATBI UCCJIEJOBAHUS Y PEKOMEHJALIUA

Kpyrnas memOpaHa — BBUy OTCYTCTBUSI KPUTUIECKUX
3HAYCHUH MEXaHWYeCKHX JedopMaluii Ha TpaHHIE

¢dbopmupoBaHusT MeMOpaHbI — CHOCOOHA BBIIEPKATH
Oonpmme MeXaHHMYeCKHe IMeperpy3kd, 4eM KBaJpaTHas
0e3  JOIOJIHUTENBHBIX ~ KOHCTPYKTOPCKUX  JTOPaOOTOK

qyBCTBUTENHHOTO 35ieMenTa [7].

Pacripenenenne ynpyrux apedopManmii  CTporo 1o
30HaM ITO3BOJISIET METO/IOM TEXHOJIOTHYECKHX MPHUPabOTOK
paspaboratb YHHUBEPCAIbHYIO TEXHOJIOTHIO,
MTO3BOJISIIOIIYI0  HEWTPaIW30BaTh BIUSHHUE JIOKAJIBHBIX



JIUCIIOKauii B 00bEME KpeMHUS
napameTpoB Jatdnka [6].

Ha MOTrPELIHOCTb

Pacripenenenue ynpyrux aedopmarmii o0ecrieuuBaceT,
NP YCIOBUM MAaJBIX MEPEMEIICHUM, NPSIMOIUHECHHYIO
XapaKTEePUCTUKY HU3MCHEHU I HAIpPSHKSHHSI c
WU3MEPUTEIBHOTO MOCTA YYBCTBUTEIBHOTO 3JIEMEHTa OT
W3MCHEHUS JaBJICHHSI, BO3ICHCTBYIOIIETO0 HA MEMOpaHy.

OOnacTp MakCHMalIBHBIX YIpYyrux zaedopMmanuii B
HEHTPaNIbHOM dYacTH MeMOpaHBl TIpu  CcOpachHIBAaHUU
Harpy3ku C MeMOpaHbI, CTPEMsIChb K PaBHOBECHIO CHII,
Oymer cHocoOCTBOBAaTH BO3BPAIICHHIO MeMOpaHBl B
NEepBOHAYAJIBHOE COCTOSHHE W TEM CaMbIM yMEHBIIATh
TIOTPEIIHOCTh H3MEPEHHSI Ha 00paTHOM X01e MeMOpaHBI.

VYMeHbllIeHne B MpoLecce W3TOTOBJICHHS KpUCTallia
(akTopoB, BIUAIOIIMX HA BO3HUKHOBEHHE B CTPYKTYpe
Marepuajga  JIOKaJbHBIX  OYaroB  JMCIIOKAIMH |
MHUKpPOIe(hEeKTOB, obecrnieunBaeT JIOJATOBPEMEHHYIO
CTa0MIBHOCTD MTapaMETPOB JIaTYHKA.

Yérkas opMa OKPYKHOCTH MO3BOIISIET HCIIOIb30BATH
HapabOTaHHbIE METOABl MAaTEMATHYECKOTO aHalh3a |
pacuéra ONTHUMAIbHBIX C TOYKHA 3PCHHUS OOeCIeUCHHUsI
pabounx MmapaMeTpoB JaTYMKa, PasMEpPOB MeMOpaHbl U
pacuéTa  HMHTCIPaIBHOM  CXeMbl  OpeoOpa3oBaHMsI
MEXaHH4YeCKO aedopmanuyd MeMOpaHbl B YETKHH H
cTabuIbHBI dnekTpryeckuit curaan [9, 10].
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ABSTRACT

Topological synthesis of membranes for MEMS
pressure sensors is an actual task. Using of silicon for these
purposes is based on the fact that the crystal lattice of
silicon is cubic face-centered like diamond, but because of
the bigger length of between atoms of Si-Si in comparison
with communication length of C-C, hardness of silicon is
much less than that of diamond. This does silicon
preferable material when developing sensitive elements for
measurement of small mechanical deformations.

At production of control and measuring sensitive
elements, requirements to quality of silicon through all
thickness of a plate raise. Because of removal of a
defective layer, surface microdefects are formed, which
extend into the depth of the material. In addition,
superficial atoms of plates in comparison with volume
atoms have bigger quantity of nonsaturated chemical
bonds, that explains the high adsorptive ability leading to
contamination of working surface. Depending on the type
of interaction of contaminants with the surface, physical
and chemical absorption are distinguished. Physical
adsorption is the result of intermolecular electrostatic
Coulomb interaction: a particle, making the thermal
movements, possess a sufficient stock of energy to
overcome the binding forces and to move, being removed



from the surface or, opposite way, get into the depth of
material through mechanical microdefects. Physically
adsorbed contamination are all types of mechanical
particles, as well as all types of organic materials
connected to the surface by forces of physical adsorption.
Different types of oxide and sulphide films on surfaces of
plates, cations and anions of the chemicals applied in the
course of cleaning of plate surface, refer to chemically
adsorbed contaminants.

METHODS

At production of sensitive elements for control and
measuring sensors, working elements increasing sensitivity
of a crystal to changes of size of the measured mechanical
deformation are formed in its volume. In pressure sensors
such working element is the membrane of square shape
received by method of liquid anisotropic etching in volume
of a crystal. The membrane size, length of square side and
thickness depend on the size of the measured pressure.

Anisotropic etching is based on difference of speeds of
etching of the different planes of single-crystal silicon. In
most cases, liquid anisotropic etchants are multi
component solutions consisting of an oxidizer which
oxidizes silicon to the hydrated silicon dioxide, and the
complex basis intended for formation of a soluble complex
ion and water. Shortcomings of this method are the need of
protection of a front surface, poor quality of all types of
protection means at deep etching, probability of
penetration of solution of etchants through defects in the
masking layer to elements of the sensor and their damage,
formation of roughnesses on surfaces of etching and
complexity of receiving thin working membrane. The
greatest number of microdefects are formed on border of
change of material thickness and on bottom surface.

Modern  techniques of 3D modeling allow
demonstrating etching defects and microdefects on surface
of membrane and in zone of membrane attachment. Results
of calculations and modeling when carrying out control
tests of a sensitive element for mechanical durability are
confirmed: in all cases destruction of membrane occur just
on border of formation of membrane, and first of all in
places where the maximum values of elastic deformations
are clearly visible.

Besides the main zones of elastic deformation, the
following zones can be noted as areas of elastic
deformations: the zones of etching, located on corners of a
membrane and depending on correctness of geometry of
contours, quantity and size of dislocations created in the
course of etching.

Plasma and jet ionic etching are the most widespread
types of dry etching. Moreover, magnetron dry etching
method has been discussed recently.

Orientation of crystal at "dry" etching doesn't matter,
chemical reactions are started by external energy in the
form of high-frequency power at the lowered pressure in a
chamber. In comparison with anisotropic, plasma etching
is less accurate as depending on pressure and composition
of gas, geometry of an electrode and the disseminated

power. Small side etching defects san exist; however, it
can provide a form of an elastic element, which is rather
difficult for creating by means of anisotropic etching, for
example, a round membrane. Smaller thickness of a
working membrane is important when developing sensors
for midget pressure with small overall dimensions. In
addition, advantage is in high anisotropy of process and
lack of need of carrying out additional operations for
removal of products of reaction and the third-party
impurity, which are contained in initial reagents, from the
surface.

The form of a circle provides considerably smaller
values of elastic deformations in the field of membrane
border formation of a working membrane and the most
important is that these values are evenly distributed on a
contour of a membrane and in membrane material.

Such distribution of values of elastic deformation
allows considering the silicon membrane as the flat
membrane fixed on a contour and loaded by pressure.
Nature of deformation of a membrane depends on the size
of deflections, which it receives under loading. At small
deflections, and in pressure sensors no bigger than 0.15
mm, movements of membrane arise generally as the result
of flexural deformations, which are settling down between
border of the main material of the crystal and the median
plane. The median plane (the median plane is the plane
equidistant from the crystal plane) membranes keep the
sizes at small movements. Therefore, the area of the
maximum values of elastic deformation remains invariable
and therefore cannot actively influence formation of
dislocations in the area of membrane exposed to flexural
deformations. Conclusion is that the membrane has the
distinct linear characteristic. When calculating a membrane
in the field of small movements it is possible to use the
linear theory of bending of round plates.

RESULTS

The round membrane, in view of lack of critical values
of mechanical deformations on border of formation of a
membrane, is capable to sustain bigger mechanical
overloads than square membrane, without additional
design completions of sensitive element.

Distribution of elastic deformations strictly on zones
allows developing the universal technology allowing
neutralizing influence of local dislocations in volume of
silicon at error of sensor parameters, by method of
technological extra earnings.

Distribution of elastic deformations provides, at
condition of small movements, rectilinear characteristic of
tension changes, received from the measuring bridge of a
sensitive element, from change of pressure affecting the
membrane.

Area of the maximum elastic deformations in the
central part of membrane, when dropping loading from a
membrane, will strive to balance of forces and help return
of a membrane to the initial state; and by that reduce
measurement error on reverse motion of membrane.



Reduction of factors, influencing appearance of local
centers of dislocations and microdefects in structure of
material, in the course of production of a crystal, provides
long-term stability of parameters of the sensor.

The accurate form of a circle allows using the best
practice methods of mathematical analysis and calculation
of optimum structures, from the point of view of ensuring
working parameters of the sensor, the sizes of a membrane
and calculation of the integrated circuit of transformation
of mechanical deformation of a membrane to an accurate
and stable electric signal.
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