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CnKncoK cokpalLeHui

JINTIIIC -  §a3epHO-MHAYUMPOBAaHHBIE  IOBEPXHOCTHBIE  NEPUOIHYECKHE

CTPYKTYPHI.

TJIAIIIC — repmoxumuueckue JIUTIIIC.

[I9B — nmoBepXHOCTHAs AIEKTPOMArHUTHAs BOJIHA.

JIHITY — JIUIIIIC HU3KO0# IPOCTPAHCTBEHHON YaCTOTBHI.

JIBITY — JIMIIIIC BBICOKOW MPOCTPAHCTBEHHOU YaCTOTHI.

COM — ckanupyomas 3JIeKTPOHHAST MUKPOCKOIHSL.

ACM — aTOMHO-CHJIOBasi MUKPOCKOIIHS.

O/IP — sHepro-aucrnepcuoHHasi pEHTT€HOBCKAsl CIEKTPOCKOIIHS.
KPC — cniekTpockomnusi KOMOMHAIIMOHHOTO PacCesiHUs CBETA.

OUIT-COM — dokycupoBaHHBIA HOHHBIA MYyYOK M BHU3yaJIM3alUsi C MOMOUIBIO

CoOM.

NII® — nuckperHoe npeodpazoBanue dypre.
UK — undpakpacHslii CBeET.

YO — ynbrpaduoneToBbIi CBET.

[T — rma3MoOH-TIOJIAPUTOH.



BBeneHue

dopmMUpOBaHUE Ja3€pHO-UHYIUPOBAHHBIX MEPUOIUUECKUX
noBepxHOCTHBIX cTpyKTyp (JIUIIIIC) npu BO3aelCTBUYN Ta3epHOTO M3IyUYCHHs Ha
MMOBEPXHOCTh MOJYIPOBOIHKUKA OBLIIO 0OHApYskeHo emie B 1965 roxy [1]. JIUIITIC
MPEACTABISAIOT CO00M mMepuoaudecKkuii peiabed TOBEPXHOCTH, CBSI3aHHBIM C
MOJIApU3AlMe  JIa3epHOro  M3Jy4yeHHUs, HaOJMI0JaeMblii Ha  MOBEPXHOCTH
MPOBOJHUKOB [2], MOJyNIPOBOJHUKOB [3] U AUAIEKTPUKOB [4]. JlaHHBIE CTPYKTYPBI
dbopmupytoTCa B 00JIaCTH BO3IECUCTBUS JA3€PHOTO M3IIYUYECHHSI, IPU 3TOM MEPUO
CTPYKTYp MPUMEPHO paBeH, TUOO MEHBIIIE JUIMHBI BOJHBI JJa3€pHOT0 U3ydeHus. B
TO € BpeMsI JUAMETP BO3JECHCTBYIOLIETO Ja3€pHOIO MyYKa MOXKET CYIIECTBEHHO
(Ha HECKOJBKO MOPSIKOB) MPEBOCXOAUTH BEIUYUHY MEPHOJIa JAHHBIX CTPYKTYD,
YTO OTKPHIBAET BO3MOXXHOCTH JJIsI CO3JaHHS OOJIBIIOTO KOJMYECTBA IITPUXOBY
CyOBOJIHOBBIX MEPUOJUYECKUX CTPYKTYyp Ipu ciaboi (poKycupoBKe rayccona
nydyka Ha ToBepXHOCTHM Mmatepuana. Xapakrepuctuku JIUIIIIC (mepuon,
PEryJIPHOCTb, aMIUIMTY/Ia BHICOTHI) 3aBUCST KaK OT CBOMCTB MaTepUajoB, TaK U OT
yCJIOBUM 0OJydeHus: (AJIMHA BOJIHBI, UHTCHCUBHOCTb, JJIUTEIBLHOCTh HMITYJIbCA,
yroja TmajaeHus wu3iaydeHus) [5], 4dro oOecrneunBaeT OOJBIIYI0 THOKOCTh B
yIpaBJICHUU TTapaMeTpaMu CTPYKTyp. CTOUT OTIEIBHO OTMETUTH, UTO B IIPOIIECCE
coznanus JIMIIIIC ucnonb3yercst TONBKO OJIMH MyYOK, YTO KapJAUHAIBHO OTINYAECT
JAHHBIH METOJl OT IIHPOKO M3BECTHBIX HWHTEPPEPEHIIUOHHBIX METOJIOB,
OCHOBaHHBIX Ha MHTEP(HEPEHIIMH CKPEIICHHBIX JIa3epHBIX MydkoB. [loMmumo »ToTO,
JTAaHHBIE CTPYKTYpPbl MOTYT OBITHh C(POPMHUPOBAHBI HAa MPOU3BOJHHO OOJIBIION
TJIOIIAIM TIyTEM CKaHUPOBAHUS MMOBEPXHOCTH JIa3ePHBIM MMyukoM. Takum oOpaszom,
C TeXHOJOru4eckoi Touku 3perust meron Gopmuposanus JIMIIIIC npencrasnser
co0Ol BHEYATIAIONIE MPOCTOM TOJXOJ, KOTOPBI MOMXHO HCIOJB30BATH IS
pa3IUUHbIX MPUIoKeHUN. CTPYKTYyphbl MOTYT OBITH MOJYUYEHBI B OJHOCTAIUHHOM
mpolecce, KOTOpbIi obecneynBaeT (yHKIMOHATU3ALUUIO TOBEPXHOCTH C UEIbIO
W3MEHEHUS €€ ONTUYECKUX, MEXaHUYECKUX WIM XUMHUYECKHX CBOMCTB.
[Tpon3BOICTBEHHBIN TPOILIECC MOXKET OBITh peaiu30BaH B BO3IYIIHOW Cpelue H,

TakKUM 00pa3oM, MO3BOJIAET U30€kKaTh IOPOTOCTOSIINX U TPYJOEMKHUX BaKyyMHBIX
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TEXHOJIOTUH WM JOMOJHUTEIbHBIX XUMHUYECKUX mpoueayp. C TOUKH 3peHUs
npaktuyeckux npumeHeHuit JIMIIIIC Obutn mpoaeMOHCTPUPOBaHBI BO3MOXKHOCTH
10 U3MEHEHUIO CMAauyMBAEMOCTHU MOBEPXHOCTH [6], IBIEHHE CTPYKTYPHOU OKpPACKH
MeTaioB [7], yBeiaudeHHEe OHOCOBMECTUMOCTH THUTAHOBBIX HMIUIAHTOB [8],

yMeHblIeHne ko3 dunuenta tpeuus [9] u ap.

OTHOCHUTENBHO HEJAaBHO OBUIO NPOJAEMOHCTPUPOBAHO (OPMUPOBAHUE
HOBOIO THUMA CTPYKTYyp — TepMmoxumuueckux JIWAIIIIC (TJIAIIIC) [10,11].
Oo6pazoanue TJIUIIIIC oObscHsETCS JOKAJIbHBIM HAarpeBOM MaTepuaia B
MaKCUMyMaX UHTEepGEpEeHIIMN MEXIy MaJalolluM H3IYyYEHUEM U MOBEPXHOCTHOM
BOJIHOM, pACCEIHHOW Ha HEOAHOPOJHOCTSAX IOBEPXHOCTU. B omimume ot
noctarouHo AaBHO ucciaenyembix JIMIITIC, obpasyromuxcst BcaeAcTBUE abIALnH,
JaHHBIA TUI CTPYKTYp (GOpMHpYETCS BCIEACTBUE TEPMOXUMHUYECKUX MPOLECCOB
(okuceHue) Ha TOBEPXHOCTU 00pa3iia mpu o0aydeHuu ¢c umiynscamu. [1o aToi
IpUYMHE B JIaHHOM CJIy4yae NPOUCXOJIUT pOCT penbeda B BbicoTy. [pyrue
OCOOEHHOCTH JAHHOTO THUMA CTPYKTYpP COCTOSIT B CIEIYIOUIEM: B OTJIMYUE OT
abssaumonnbix JIMIITIC, TJIIUIITIC npucyiie BbICOKasi CTENEHb YHIOPS0UYEHHOCTH
CTpYKTYp (pa3dpoc 3HaueHMil Nepuoja CTPYKTyp cocTaBiseT ~l HM Ha oOuein
mnomamy 1 mm? [11]), orcyTcTBHE (Pa30BBIX CABMIOB, OPMEHTALHUS IIAPaILICIHEHO

MMOJEIPU3alA MMaJaromero n3J1y4CHuA.

Bcenencreue HOBU3HBI JAHHOIO THUIIA CTPYKTYP, K HACTOSIIEMY BPEMEHU
UCCJIEeIOBaHbl TOJBKO HEKOoTopble acnekTel QopmupoBanus TIIUIIIC wHa
MOBEPXHOCTH psiJla MaTEepUaNiOB, TAKMX KaK TUTaH (BKJIIOYas MepBble padOThI 1O
JAaHHOMY THUITY CTPYKTYp), XpoM, Hukedb, Huxpom [l11-13]. VuutsiBas
npusiekatenbHocTh TJIUIIIC nus nmpakTUYecKUx MPUIIOKEHUH, 00YyCIOBICHHON
UX BBICOKOW YIOPAJOYEHHOCTBIO M KOMIUIEKCHBIM XUMHUYECKUM COCTaBOM,
KOTOpBIM, MPEANOI0XKHUTEIbHO, MOXHO VYIOPABIATH ITyTEM BBHIOOpAa BHELIHEH
pearupytouieii cpeqbl, CylnecTByeT HeOOXOIUMOCTh B JIE€TaJIbHOM HCCIIEIOBAaHUU
JUHAMUKH UX 00pa3oBaHMs HAa HOBBIX Marepuaiax, U3y4eHHH BIUSHUSA yCIOBUN

3alluCHU Ha HX CBOﬁCTBa, TaKHC KakK O6H_IaSI MOp(i)OJ'IOFI/IH, nepruoa, OopucHTalu:1,



xuMuyeckuil coctaB. C 3TOM TOYKM 3pEHHS MPEACTABISET HMHTEPEC aHaAIU3
ocooenHocteir dopmupoBanus TJIUIIIIC kak ©Ha Meramnax, Tak HW Ha
MOJIYIPOBOJHUKAX, HMEs B BHUIY HUX OTIMYMUS B DJIEKTPOHHOM CTPYKTYpE,
MPUBOASAIIME K Pa3IMYHOMY IIPOLIECCY MOIJIOLIEHHs cBeTa. Kpome Toro, 10 cux
IOp XapakTEepHblE 3HAYEHUS CKOPOCTH CKAaHMPOBAHUS TMPU  CO3JAHUHU
ynopsigoueHnbix TJIMIITIC coctaBnsiiu  okono 1-10 Mkm/c mpu  auameTpe
3aMUCHIBAIOLIETO Mydka A0 20 MKM, 4TO OTPaHUYMBAET HUCIOJIb30BaHUE JAHHOIO
METOJa CTPYKTYPUPOBAaHUS MOBEPXHOCTH B MPAKTUYECKHX 3anayax. [loatomy
BAJKHBIM HAIlPaBJICHUEM HCCIIEIOBAHHUN TAKKE SBIJISIETCS MOUCK ITYyTEH MOBBIIICHUS

npousBoautenbHocty 3anucu TJIAIIIIC.

Lienb paboThl: uccienoBaHue  ocoOeHHocTed  (OpMHUpPOBaHUSA
YHOPSJOUYEHHBIX TepMoxumuueckux u abmsauunonHbix JIUIIIIC ¢ nomomibio
(eMTOCEKYHJOI0  JIa3epHOrO  H3JIyYeHUs Ha  IUIEHKaX  METAUIOB |
MOJIYyNIPOBOAHUKOB.  [loMCK  ONTHManbHBIX  PEXUMOB € TOYKH  3PEHUSA

MMPOU3BOAUTCIIBHOCTHU 3alIMCH U YIIOPATOYCHHOCTHU CTPYKTYP.

JIJist TOCTUXKEHUS TTOCTABIICHHOM 11eNu ObUTH C(hOPMYIUPOBAHBI CIETYIOIINE

3aJ1a4u:

Cdopmuposars JIUIITIC crpykrypsl Ha mnenkax metamioB (Cr, Hf, Ti) u
MOJIyIPOBOJAHUKA (S1) pa3au4HON TOJIIMHBI MPU PA3IUYHBIX MapaMeTpax
W3JIyYEHUS, 3a1IMCH U BHEIIHUX YCIOBHUSX.

[IpoBecT BCECTOPOHHEE UCCJEIOBaHHE MOPQPOJOTUUA  TOTYUEHHBIX
JINTIIIC, ux XMMHYECKOTO COCTaBa, BHYTPEHHEN CTPYKTYphbl. BBINOIHHUTH
YHCJICHHBIE PACUETHI JIJIs1 0OBICHEHUS psAJla HAOII0aeMbIX 3aBUCUMOCTEH.
IIpogeMOHCTPUPOBATh BO3MOXXHOCTA HPUMEHEHUs METOJa JIa3€pHOIo

CTPYKTYPHUPOBAHUA ITOBECPXHOCTU B IPAKTHYCCKHUX ITPUITOKCHUAX.
OCHOBHbIe M0N0XeHUA, BbIHOCUMbIe Ha 3allnTy:

1. HMcnonn30BaHue acTUTMaTHYSCKOTO rayCcCoBa ITy4Ka IIO3BOJIACT YJIYUIIUTDH

YnopAaaou4€HHOCTh TCPMOXUMHYCCKUX ITOBCPXHOCTHBIX TICPHUOIUYCCKUX



CTpyKTYyp, GopmupyeMbix Ha 1ieHke xpoma (Cr), W TOBBICUTH
MIPOU3BOJUTENBHOCTh 3allUCH Ha 2 MOPSAKA [0 CPaBHEHHIO C HMCXOIHBIM
rayCCOBBIM IIYYKOM KPYTJIOTO CEYEHHS.

2. BozaeiictBue (¢ nmazepHoro uziaydeHus Ha 1uieHKy TutaHa (Ti) B razoBoit
atMocepe azora MNPUBOAUT K (OPMHUPOBAHUIO TEPMOXUMUYECKHUX
MTOBEPXHOCTHBIX NEPUOAUYECKUX CTPYKTYP € KOMIUIEKCHBIM XHUMHUYECKUM
coctaBoM Ti0/TiN.

3. BosneiicTBue ¢ nazepHOro U3Iy4eHUs Ha MICHKH aMOp(pHOTO KpeMHHUs (a-
Si) npuBOIUT K (POPMUPOBAHUIO TEPMOXHUMHYECKUX TMOBEPXHOCTHBIX
nepuognyeckux crpyktyp (TJIUIIIIC) ¢ onHoMepHO W JByMepHOM
MEPUOJANYHOCTBIO MIPU 3aMKUCH OJHOKPATHBIM CKaHUPOBAHUEM C JTMHEHHOMN
nonsgpuzanueit. Kpome Toro, ¢opmupoanue TIIUIIIC Ha a-Si
CONPOBOKIAETCS KPUCTATUIM3ALUEN MOAMOBEPXHOCTHOIO CJIOS, YTO, BMECTE
C UMEIOIIUMCSA CTPYKTYpUPOBAaHUEM MOBEPXHOCTH U OKHUCIEHHEM Si,
MNPUBOJIUT K YMEHBIICHUIO KOd(DPUIMEHTa OTpakeHUsS B JUAINA30HE JIJIUH
BOJH 450-1100 uM. Ilpu yBenu4YeHUN CKOPOCTH CKAHUPOBAHMUS TOCTUTAETCS
pEXKUM PABHOMEPHON KpHUCTaUIU3aluu aMoppHOil ¢a3bl KpeMHus 0e3
0o0pa3oBaHus MOBEPXHOCTHBIX CTPYKTYP.

4. Bo3neicTBue (¢ Na3epHOTO M3ITYUYEHUS HA KPUCTAUIMYECKUM KpEeMHUU (c-
Si), mokpbITHI TOHKOM TUIeHkoM raduus (Hf), npuBonut x hopmupoBanuio
MMOBEPXHOCTHBIX  IMEPUOJUYECKUX  CTPYKTYp  pa3JIM4HOrO  TUNA, B
3aBUCUMOCTH OT SHEpPIrHM 3aluchiBalollero ummnyibca E, u ckopoctu
CKaHHpOBaHUs V: Mpu ManblXx Ep, M V 00pa3yroTcss TepMOXUMUYECKHE
JIUIITIC ¢ mepuomoMm ~A, Torjaa Kak Jjisi BeICOKMX Ep m V HaOmomaroTcs
JIUTITIC  abnsuMoHHOrO THIA ¢ TepuogoM ~A, N2, M4 u BBICOKUM

ACIICKTHBIM COOTHOILICHUECM.

CTpyKTypa n 06beM. TekeT auccepTali COCTOUT U3 BBEJCHHS, TPEX IJ1aB,
3aKJIIOYEHUS], CIMCKA IUTUPYEMOM JHuTeparypbl U npuioxkeHus. O6bem padoThl
coctaBisier 106 cTpaHul, BKIIOYas CIUCOK JATEepaTypsl u3 108 HaMMeHOBaHUM;

nMeetcs 45 pUCYHKOB.



Bo BBenenun naercsi kpatkoe onucanue sisienus: JIMIIIC, ero kimoueBbIx
OCOOCHHOCTEH; JaHbl CCHUIKM Ha MPUMEPHI MPAKTUYECKOTO0 MPUMEHEHHS JTaHHBIX
cTpykTyp. Kpome ToOro, mnpuBOIUTCS ONUCAHWE HEJABHO OOHAPYKEHHBIX
tepmoxumuyeckux JIMIIIIC, kOTOphIM yJI€IECHO OCHOBHOE€ BHHMAaHHE B
uccepTanuu, 000CHOBaHUE aKTyallbHOCTU UX u3ydeHus. ChopmyInpoBaHbl 11ETb
1 3ajaun paboThl. [IpeacTaBieHbl OCHOBHBIC TOJIOKEHHUSI, BRIHOCUMbIC Ha 3aIUTYy,

U COACPKAHUC NUCCCPTALUU T10 pa3aCIaM.

B mepBoil rnaBe mpuBeneH JUTEpATypHbIA 0030p MO TeMe auccepTariu.
Jlana wucrtopuueckas cmpaBka o 1nepBoM HaOmogenuun JIUIIIIC  wHa
MOJYIPOBOAHUKAX, PA3BUTHUU SKCIEpUMEHTANIbHBIX wucciaegoBanuii JIUIIIC u
ABOJIIOIMU TeopeTnueckux moxenei. Ilpuseneno onucanue sipnenus JIMIIIC, ero
XapaKTepHbIX OCOOCHHOCTEH, OTIUYAIOIINX JTaHHBIA METOJl OT JPYTUX M3BECTHBIX
TEXHOJIOTUH JIA3€PHOr0 CTPYKTYPUPOBAHUS IOBEPXHOCTH, TAKUX KaK IIOCTPOYHAs
MOAU(UKALUS KECTKO C(HOKYCHpPOBAaHHBIM IyYKOM U HHTepdepeHuus B
ckpemieHHbIx myudkax. IlpencraBnena knaccubukamus JIAIIIIC kak 1o
(bu3MYecKuM MeXaHu3MaM MX 00pa3oBaHMs, TaK U MO COOTHOIICHHUIO Mepuoaa K
JUIMHE BOJHBI 3aMHCHIBAIOLIETO0 H3MydYeHUs. OTAENBHO PacCMOTPEH MEXaHHM3M

oOpazoBanus repmoxumuueckux JIMIIIC u ux xapaktepHbie 0COOEHHOCTH.

Bropas rnasa nocssiniena gpopmuposanuto TJIUIIIIC Ha niueHkax MeTawioB
(Cr, Hf, T1) ¢ momompio ¢¢ J1a3epHbIX UMITYJIHCOB, UCCICIOBAHUIO MOP(OJIOTHU
MOJIyYEHHBIX CTPYKTYp, XHMHYECKOI'O COCTaBa B 3aBUCHMOCTH OT YCJIOBUU
Ja3epHoOro BosxaeicTBus. [IpuBeneHO ommcaHuWe HKCIEPUMEHTAIbHON YCTaHOBKH
st 3anucu JIMIIIC u metonoB ux aHanuza. OGHApYyKEHO YBEJIWYEHUE NEpPHOa
TJIUMIIIC npu yBeIWMYEHUU TOIIMHBI TNIEHKU Cr, KOppeIupyronee ¢ U3MEHEHUEM
OTHOCUTENIBHOTO coaepxkaHusi OKCUaoB CrO»/CrOs cOCTaBIAIONINE BBICTYIIBI
cTpyktyp. Habmomaemoe yxyamenue ynopspodenHocta TJIUIIIC npu
MOHW)KEHUH YacTOThl CJEJOBAHUS HUMIIYJIbCOB OOBSICHSETCS JIUCCUIALUEH
TEIIOBOro mnpoduis Mexay umiyibcamu. B ciywae mnenoxk Hf gocturnyTs

BBICOKHE CKOpOCTH 3anucH BeicokoymnopsaodeHusix TJIUIIIC — go 2 mm/c, uto Ha



MOPSJIOK BBIIIE 3HAYEHUM, TOTyuYeHHBIX 11 Cr. DKCIEpUMEHTAIbHO MOITBEPKIACH
JTUHENHBIN xapaktep 3aBucuMoctu nepuoga TJIAIIIIC ot pauHbl  BOJHBI
najamiiero u3aydeHus (B auanaso”e 256-1026 HMm) Ha mpumepe IUIeHOK Ti.
Kpowme Toro, nokasaHo, 4To U3MEHEHHE Ta30BOMl Cpe/ibl, B KOTOPOH MPOU3BOAUTCA
dbopmupoBanue TJIUIITIC, BnuseT kak Ha MOPGOJIOTHIO, TaAK U HA XUMUYECKUN

COCTaB CTPYKTYD.

B Tpertbeil ri1aBe MpeACcTaBIEHbl PE3YIbTATHI MO 3alMCU TEPMOXHUMHUYECKHUX
n abmauuonnsix JIMIIIIC na menkax amopdHoOro kpemuus (a-Si) u obOpasie
KPUCTANINYECKOTO0 KpeMHHus (c-Si), moKpbIToro ToHkou meHkoil Hf. Bmepsbie
npoaeMoHcTpupoBaHo ¢opmupoBanue asymepHsix TJIUIITIC c¢ rexcaronanbHOM
NEePUOJUYHOCThIO HA IJIEHKE a-Si MpU OJHOKPATHOM CKAaHWPOBAHUM JIA3€PHBIM
My4ykoM. J[aHHbBIE CTPYKTYphl 00pa3yloTcs B pe3yJibTaTe MPOIECCOB OKUCICHUS U
KpUCTAJIIM3aLUN u o0nagaroT AHTUOTPAKAIOLIUMHU CBOMCTBaMU.
[IponeMoHCTpUpPOBaHO MpPUMEHEHHE TMOJIydeHHbIX Ha TwieHke a-Si TJIUIIIIC B
MeTozie (PIIyopecueHTHON CIEeKTPOCKONMMH JIJIsi TOBBIMIEHUS YYBCTBUTEIBHOCTU
U3MEpPEHUs KOHUEHTPALMK TeCTOBOro aHaiauta. OOHapykeH pexXHuM Ja3epHo-
WHAYIMPOBAHHON KpHUCTAIM3allMM IJIeHKH a-Si 0e3 obOpaszosanus JIUIIIIC c
MHUHUMQJIBHBIM  TOBBIIIEHWEM  IepoxoBarocth  noBepxHoctu.  JIUIIIIC,
chopmupoBaHHble Ha c-Si, MOKpbIToM TieHkoW Hf (tommmuaa 20 HM),
JEMOHCTPUPYIOT OoraTtyto MOpGOJIOrUio B 3aBUCUMOCTH OT MapaMeTPOB JIa3epHOTO
oO0nyueHus (3HEprusi UMITYJIbCa, CKOPOCTh CKAaHUPOBAHMUS): HAOIIOAAIOTCS Kak
TepMoxumudeckue, Tak u admsuuonueie JIUIIIIC ¢ pa3nuyHbIM  TIEPUOAOM.
Aonsuuonnsie JIMIITIC ¢ mepuogom okono 450 HM ~ A2 pacmpoCTpaHsIOTCsS Ha
3HAYUTENBHYIO TIIyOMHY BHYTPb C-Si, a TaKKe NMpUMeyaTesbHbl CBOEUH BBICOKOU
YHOPSOUYEHHOCThI0, 0Oe3neeKTHOCThIO (MpU 3amucu B aTMocdepe a3ora) u

OOJIBIINM ACIIEKTHBIM OTHOIIICHUEM FJ'IY6I/IHBI K IIUPHUHC.

B 3axmrouenun IIoABOAATCS UTOTHU HHCCCpTaHHOHHOﬁ pa60T51 " IIPUBOOATCA

Ba)KHCHIIIME PE3YIbTATHI.

10



OCHOBHOE  COJIep)KaHHE pPabOTBl MPEACTABICHO B 8 CTAaThiX B
peLieH3UPYEMBIX KypHAlaX ¥ 8 marepuanax KOH(epeHIHid (CIHUCOK MPHUBEICH B
OPWIOKCHNUHU).  Pe3yiabTaThl  ObLIM  JOJOKEHBI JIMYHO HA  CIEAYIOIIHX
KoH(pepeHIHsx: MeKayHapoaHas koHdepenius «Fundamentals of Laser Assisted
Micro— & Nanotechnologies» (uronp 2019 1., Cankr-IlerepOypr, ouHOe
BBICTYILJICHHE), MexayHapoaHas koHgpepenius «2020 International Conference
Laser Optics (ICLO)» (nostops 2020 r., Cankr-IlerepOypr, oHIaiiH BBICTYILICHHUE),
MEXIyHapoaHas mikoia-koHdepenmus «School on Advanced Light-Emitting and
Optical Materials (SLALOM 2021)» (urons 2021 1., BmaguBocTOK, OYHOE
BBICTYILJICHHE), MeXayHapoaHas koHpepenius «2021 Conference on Lasers and
Electro-Optics  Europe  European  Quantum  Electronics  Conference
(CLEO/Europe-EQEC)»  (utonp 2021, r. Miouxen, ['epmanus, OHJaiH
BBICTYILJICHHE), MeXKIyHapoaHas koHpepenius «Advanced Laser Processing and

Manufacturing V» (oxts6ps 2021, r. Hanronr, Kutaii, oHlaiiH BEICTYILUICHHUE).
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["naBa 1. O630p NuTepartypbl.

11. VcTopua OTKpPbITUA  NasepHO-UHAYLMPOBAHHLIX  MOBEPXHOCTHbIX
nepuoanyeckux cTpykTyp (JINMMC).

BnepBeie BO3HUKHOBEHHE TIEPUOJMYECKH MOJYJIHUPOBAHHOTO pelibeda
MOBEPXHOCTH MOJI BO3JIEUCTBHEM MOIIHOTO JIa3€pHOr0 M3IyUYEHUs HAOII0AaIOCh
Muntonom bupnbaymom B 1965 1. B 3KcmepuMeHTax ¢ oOpasnamu
MOHOKpPHUCTAJIIOB NoJynpoBogHUKOB (Ge, Si, GaAs, InAs u np.) [1]. 3navanbHOM
LHEeJAbl0  UCCJENOBaHMNA  OblIa  perucrpanusi HW3MEHEHUs  OTpa)kaTeslbHOU
CIIOCOOHOCTH MOJYNPOBOJAHUKOB MPHU UX 0OJyYEHUH CBETOM PYOMHOBOIO JIa3zepa C
JUIMHOW  BOJHBEI  694,3 HM,  BO3HHMKAaBIIEr0 3a  CYET  TEHEpaluu
(GOTOMHAYIMPOBAHHON AJIEKTPOHHO-ABIPOYHON IJIa3Mbl B MPHUIIOBEPXHOCTHOM
cinoe mnosynpoBoaHuka [14]. Jlnsa HaOmOAeHUsS CYIIECTBEHHBIX WM3MEHEHHUH
kod(pdunmeHTa oTpakeHUsT TpeOoBajlach BBICOKAs IJIOTHOCTh  MOIIHOCTHU
JTa3epHOTO W3IIy4eHMs, KOTOpas B JKCIIEPMMEHTAX cOCTaBiswia mopsaka 104-10°
B1/cM?. DKCIIEpUMEHTHI ITPOBOIWIKNCH IIPH HAKIOHHOM IIaJC€HHH ITy4YKa MOJ YTJIIOM
Bproctepa s mOrIomArOMKUX Cpell, COCTABISABLIETO OKOJO 75°, ¢ JIMHEHHOU
MOJISIpU3allueil B IJIOCKOCTH MAJEHUS, YTO IMO3BOJISIIIO WM3MEPSATh YBEIUYEHUE
Kod(ppulMeHTa OTpaXE€HUS OTHOCHUTEIbHO MHUHHMYMa, JOCTUTaeMOro MpU yTiie
Bbproctepa. B xozxe skcrnepuMeHTOB B ciiydyae oOpaslia TepMaHus, TIpU aHaju3e
MMOBEPXHOCTH B 00JIACTU BO3JEHCTBUS Myuka, ObUIM OOHAPYKEHBI TapaslielibHbIC
JUHUM C TIEPUOJOM OKOJO 2 MKM, OPUEHTHUPOBAHHBIC BJIOJb HAIpPaBICHUS
nossipu3anuu (Puc. 1). BosnHukHoBenue nanHoro narrepHa buprHOaym oO0BscHUI
nudpakiuend u3NydeHus Ha aneptype GOKycHUpyIOUed JMH3bI, 4YTO TIpHU
HAaKJIOHHOM TaJ€HUU JOJKHO OBbUIO TPUBOAUTH K HAJIUYUIO MOIYJISIUU
MHTEHCUBHOCTU B BHJI€ NapaUICIbHBIX IOJOC HA Kpar BBITSAHYTOTO B AJUIUIIC
dbokanpHOro miaTHa. OgHako B (okaibHOM msATHE (Y30p DWpu) MHTEHCHUBHOCTH
TU(PaKIIMOHHBIX MAKCUMYMOB TIEPBOT0 U MOCJIEAYIOIINX MOPSIAKOB CYIIIECTBEHHO
CIaJaeT C PACCTOSIHUEM OT LIEHTPA, IO CPAaBHEHMIO C TVIABHBIM MAKCHUMyMOM. To
€CTh, NMPU MPEBBILICHUN MOpora abJsluU, TOCe Ja3epHOr0 BO3ACHCTBUS JOJKHA

ObL1a HaOMIOAATHCS LIEHTpaIbHas 00J1acTh CIUIOUIHOW MOAM(UKALIMKA MaTepHraia 1
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nepudepuitHbie TEPUOINUECKUE JIMHUK CI1a00i KOHTpacTHOCTU. TeM He MeHee, Ha
MpUBEJICHHOW MuKpodoTorpaduu, B3aATOW M3 myOnukanuu bupnbayma, MOXXHO
Pa3IUYUTh PABHOMEPHYIO IEPUOIUYECKYIO CTPYKTYPY Ha OTHOCUTENIHBHO OOJBIION
riomaau 6e3 obaacted crutontHoM admsiuuu (cM. Puc. 1). DTo cBUAETETHCTBOBAIO
00 MHOM MeXaHu3Me (POPMUPOBAHMS JTa3€PHO-UHAYIIMPOBAHHBIX MOBEPXHOCTHBIX

NEePUOUYECKUX CTPYKTYD.

Puc. 1. Mukpodotorpadus obmactu Mmogudukanuu oopasia KpUCTAUTHYECKOTO TepMaHHs
MOCJIe SKCIO3HUIMU T10]] C(hOKYCHPOBAHHBIM JIA3EPHBIM H3ITyIEHUEM ITPH HAKIIOHHOM TIaJICHHH
[1]. Bugna perynsipHasi CTpyKTypa ¢ epuoaoM ~2 MKM. MacmtaObHbIi 0Tpe30K — 40 MKM.

Puc. 2. Mukpodororpadun pa3InIHbIX TEPUOTUIECKUX CTPYKTYP, MOTYYSHHBIX B PE3yJIbTaTe
o0rydeHus o0pa3iia KpUCTAILTHYECKOT0 TePMaHUS TP OPTOrOHAIEHOM MaICHUH U3ITyYSHHS
[15].

B nanpHeiimeM, mpojoKas MCCIENOBaHHME Ja3epHOM MoauQuKaIuu
MOJIYNIPOBOJHUKOB, JPYTMMH aBTOpamMu ObUIO OOHapyxkeHO (HOpMUPOBAHUE

MOBEPXHOCTHBIX CTPYKTYP pPa3iUYHBIX THUIOB Ha 0O0pa3lax KpUCTALIIUYECKOTO
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repmanus [15]. HaOmoganuce kak o0nactu  abusAMu ¢ XaOTHYHBIM
PaCIIONIOKEHHEM OTACIBHBIX MHUKPOCTPYKTYp, TaK W 00JIaCTH C BBIPAKEHHOM
nepuoandHocThio (Puc. 2). JlaHHblE TNEepUOAMYECKUE CTPYKTYPbl HMMEIH BH]I,
xapakrepubii st JIMIIIIC, oOGpa3oBaHHBIX BCJIEACTBHUE THAPOIWHAMHUYECKUX
HecTaOWJIbHOCTEW paciuiaBieHHoro Marepuana [16]. 3anuce JIUIIIIC Ha
repMaHuU MPU UCIOIb30BAaHUU CYIIECTBEHHO OOJBIIECH JJIMHBI BOJHBI U3Ty4YCHUS
(A = 10,6 mxM) Obiia ocymectBieHa B 1973 r. JI. DMMOHM W Jp. B Xolze
AKCHEPUMEHTOB, IIE TEPMAaHUEBASI MULLIEHD CIIyKWJIa B KAUECTBE OJHOTO U3 3€pKaJl
pe3onaropa CO; na3epa, ONEpUpPOBABLIETO B UMITYJIbCHOM PEKHUME C YaCTOTOMU
nopropeuss 1 I'm m gnourenbHOCTBIO uMMylibca okoino 80 Hc [17]. Ilpum
OPTOTOHAJILHOM MaJICHUU IMy4YKa MEPUOJ MOJYYSHHBIX CTPYKTYP NMPUOIU3UTEIHLHO
COBMaJaJl C JJMHOM BOJIHBI WU3JIy4YeHMs, a UX IIyOuHa coctaBuia ~0,5 mxm. B
JaHHOW paboTe aBTOpbI BHepBbIe BbicKazanu uzaeio o dopmuposanuu JIUIIIIC
BCIEACTBUE HHTEpGEpPEHIMN TMAaJaloIero CBeTa M BOJHBI, PAcCesHHOM Ha
HEOJHOPOJHOCTSIX MOBEPXHOCTU 00paslia, YTO CTajI0 OCHOBOM JJIsl OCIEIYIOIINX
TeopeTudeckux mozeneil. M3 reometpuueckux coobpaxenuit (cm. Puc. 3) nepuon
COOTBETCTBYIOIIEH WHTEPHEPECHIIMOHHON KapTHHBI Ha TOBEPXHOCTU Marepuasa
3aBUCHUT OT yrja najecHus uanydeHus 0 kak d = A/(1 % sin @), npudem mnepuo
pasyInyeH U1l IPOTHUBOIOJI0KHBIX CTOPOH OTHOCUTEIBHO PACCEMBAKOLIETO LIEHTPA
(3Hak «*+» B 3HameHatene). [IpoBedeHHBIE aBTOpaMU JIOMOJIHUTEIbHBIE
skcepuMeHThl 10  gopmupoBanuto JIUIIIIC Ha o0paslie ¢ HMCKYCCTBEHHO
CO3JJaHHBIM JieeKTOM (IlapanmuHa) TPU HAKIOHHOM TAaJeHUU W3JIyUYCHUS
MOJTBEPAWIN BBIABHHYTYIO rumotesy: npu 0 = 30° mepuoa pasnuyancs s
obJlacTeil cieBa U ClpaBa OTHOCUTENBHO Jedekra u coctaBisl 7,3 u 19,9 MkwM,
9TO OBLJIO JOCTATOYHO OJU3KO K TEOpeTHYeCcKHM 3HadeHusMm 7,1 u 21,2 MM

COOTBC€TCTBCHHO.
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Puc. 3. I'eomeTpus nporiecca naTepdhepeHIIny Nagaroniei MI0CKOW BOJIHBI (BOJTHOBBIE ()POHTHI
paBHOI (a3pl 0003HaYEHBI TOPU3OHTAIBLHBIMU JIUHUSIMHU 1, 2, 3...) U paccessHHON Ha aedekTe
«0» cdhepudeckoil BOJIHBI TPH HAKJIOHHOM TaJieHuu u3nnydeHus [17]. Makcumymsl
WHTEHCUBHOCTH 0003Ha4YeHbI OykBamu X, Y, Z i neBoi ctoponsl u A, B, C, D nns mpaBoit
CTOPOHBI TOBEPXHOCTH OTHOCUTEIBHO LEHTPa «0».

®opmuposanue JIMIIIIC ¢ nepuogom ~1 MKM Ha KpPUCTaUIMYECKOM
KpeMHUHU 1o Bo3nericteueM ummyibcoB Nd-YAG nazepa ¢ anurensHocTbhio 110
HC, yactoToi mnoBTtopeHuss 6 kl'u, mmuHON BoiHBI 1064 HM W TUIOTHOCTHIO
momHocTH nopaaka 107 Br/cm? 6euto o6Hapyxero B 1978 r. [18]. B mannoi
pabore aBtopsl Bnepsbie mid 3anucu JIMIITIC npumeHnunu MeToa CKaHMPOBaHUS
oOpasua nazepHbiM JydoM ¢ 50% mepekphITUEM COCEAHMX HMIYJIbCOB, YTO
MO3BOJIMJIO PACIIPOCTPAHUTH MEPUOANMYECKUI NMATTEPH HA IUIOMIAAN CYIIECTBEHHO
Oonbiei!, yueM pa3Mmep (POKATIbHOTO TMATHA, MPUYEM HAOJIONANOCh COXPaHEHHE
ba3bl CTPYKTYp MEXKAY COCEIHUMHU O0JACTSIMU BO3ACHCTBUS MMIYJIbCOB. BbLIO
Takke MmokazaHo, 4ro oopazosanue JIMIIIIC mpoucxoaut B HEKOTOPOM JIMaIia3oHe
MOITHOCTH JIa3€pPHOI0 M3JIy4YEHUs, TJ€ NPU NPEBBILICHUN ONPEAECICHHOrO MOpora

Ha6JIIOIIaJIaCB CIUIONIHAA HCYIIOPpAAOUYCHHAA a6JI$II_II/I$I Marepuala.

B mnocnenyrommue HECKOIBKO JIET pa3iMYHBIMM MCCIEAOBATEISIMU  OBLIO
oOHapyxxeHo oOpazoBanue JIUIIIIC Ha menoMm psjne maTepuanoB: MOMUMO YxKe
ynoMsiHyThiX Ge u Si, Jia3epHO-UHAYLHUPOBAHHBIE TMEPUOAUYECKHE CTPYKTYpPbI

Oobutn momyueHbl Ha moBepxHocTH Al, Cu, NiPix nu GaAs ¢ ucnonbpb3oBaHUEM
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HUMITYJIbCHBIX JIA3CPHBIX HCTOYHUKOB C I[HHHOﬁ BOJIHBI OT ~1 a0 10 MKkM m

HAaHOCEKYHIHOW JUIMTENBbHOCTHIO UMITyJbca [19-22].

Cy11ecTBEHHOTO MPOJBIKCHUSI B MOHUMAHHM MeXaHU3Ma (POpMHUPOBAHUS
JINTITIC ynanock poctuub B Havaie 80-X TOMOB, KOorja OBUIM MPEJI0KECHBI
TEOPETUYECKHE MOJICNIM, PACCMATPUBAIONIME B3aUMOACHUCTBHE MAJAIOIIETO
M3JIy4YeHUSI CO CIyYallHBIMH pEIlIeTKaMHU, MPUCYTCTBYIOIIMMU B  CIEKTPE
MPOCTPAHCTBEHHBIX YAaCTOT IIEPOXOBATOM MOBEpXHOCTH oOpasma. IlpakTuuecku
OJTHOBPEMEHHO ATO OBUIO CAelaHO 3apyOexHbIMU [23] U OTEYECTBEHHBIMU [24]

Hay4YHBIMH TPYIIIaMH.

O6001MB U3BECTHBIE K TOMY BpeMeHH JaHHble 00 oOpazoBanuu JIUIIIIC
Ha MOBEPXHOCTHU MOJYIPOBOJHUKOB U METAJUIOB, a TaKXe MpOBe/si COOCTBEHHbIE
AKCIIEpUMEHTAIbHBIE HcclieqoBaHus ycioBuil  ¢gopmupoBanus JIUIIIIC wHa
MOBEPXHOCTH Psiia METAIJIOB U MOJYIPOBOAHUKOB, KoJuieKTUB npod. [x. Caiina
n3 YuuBepcurera Toponro (Kananma) mnpemiokusi TEOPEeTHUECKYI0 MOJIENb,
onmuChIBalOIy0 MexanusMm o6OpazoBanust JIUIIIIC u HaGmromaembie CBOMCTBA
(opuenTanus, nepuon) [25]. B cBouX 3KcliepuMEHTaX aBTOPbI CHCTEMAaTHUYECKH
uccnenoBanu popmupoBanue JIWIIIIC Ha MOBEPXHOCTH MOJUKPUCTATUIMYECKUX
0o0pa3loB repMaHus MpU UCHOJIb30BAHUU JIA3€PHOTO U3IYUYEHHS C JJIMHOW BOIHBI
1060 HM B mIMPOKOM IHMAaNa30HE YTJIOB NAJCHUS U C Pa3IMYHBIM HaIpPaBICHUEM
JUHEWHOW TMOJSpU3allMd OTHOCUTEIBHO IUIOCKOCTH mnaaeHusd. I[lomumo yxke
HaOmoAaBIIMXCA CTPYKTyp ¢ nepuoaoM A/(1 +sinf) u oOpUEHTHUPOBAHHBIX
MePNEeHIUKYJIApHO Mojsipusaiuu, Obutn obHapykenbl JIUIITIC c opuenTanuei
BJIOJIb TIOJISIPU3AIIMHU U YTIIOBOM 3aBUCUMOCTRIO Tiepuoa B Bujie A/ cos 6 (Puc. 4a)
[23,26]. Kpome TOro, B JONOJHEHHE K aHAIN3y IOJYYaeMbIX CTPYKTYyp C
MIOMOIIBIO  JJIEKTPOHHOM W  ONTHUYECKOW MHKpockonuu, rpynna Caiina
uccienoBana  xapakrepuctuku  JIMIIIIC ¢ Toukm  3peHHMss  cocTaBa
MPOCTPAHCTBEHHBIX YacTOT MyTeM HaOoJeHus AUGPAKUUOHHOW KApTHUHBI MpU
OTPaXXEHUM OT CTPYKTYyp MAJAIOLIEro MO HOPMaju Ja3epHOr0 H3JIYYCHHS B

BHUIMMOM JHAIIa30HC. Takoi pe(pJICKCOMeTpI/ILIeCKI/II‘/JI MCTOA IIO3BOJIMJI BBIABHUTDH
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HaJIM4YHUC Ha6opa MMPOCTPAHCTBCHHBLIX YACTOT, YTO BBIPAXKAJIOCH B IIOABJICHUU AYT

NepeceKaroInXcsi OKpYKHOCTeH Ha nudpakiuonHoi kaptune (Puc. 40).

\f-“ : ' :'.:'I"‘

Puc. 4. (a) Mukpodororpadus JIMIIIIC, 3anucanHbIX Ha TOBEPXHOCTU IepMaHUs pu
HAKJIOHHOM NaJICHUU P-MIOJIIPU30BAHHOTO (BEKTOP JIEKTPUUYECKOTO MOJIS JIEKHUT B INIOCKOCTH
najieHust) u3irydenus noa yriom 58°. (6) Audpakunonnas kaptuHa npu otpaxenun ceera HeNe
nazepa ot JIMIIIIC, npuBeeHHbIX HAa pUCYHKE (@); BUJIHBI HYJIEBOM NOPSAIOK Tudpakiuuu, a
TaK)Ke NePBbIE U BTOPBIEC MOPAIKU JUPPAKIHHU, SABISIOLMECST TOUKAMU [IEPECEUCHUS
COOTBETCTBYIOIIMX OKpYy>KHOCTEH [23].

B npennoxkeHHoil aBTOpaMHM  TEOpPETHYECKOW Mojenu  oOiydaemas
MOBEPXHOCTh MMEET MIEPOXOBATOCTh, XapaKTepU3yeMylo aMIumiTygon | <K A u
CIIEKTPOM TPOCTPAHCTBEHHBIX YACTOT C BOJHOBBIM BEKTOpOM K, HampaBlIeHHBIM
BJI0JIb MTOBEPXHOCTU. B030ykmaembie BCIECTBUE pacCcesHUs HA HIEPOXOBATOCTAX
BOJIHBI MMeIOT BoiHOBOH BekTop Ky = K; £ K, rae ki — koMnoHeHTa BOIHOBOTO
BEKTOpa MaaoNICH MJI0CKOH BOJHBI BI0Jb oBepxHOCcTH: |K;| = 21 /A sin 6 (Puc.
5a). llepmomuueckass MOAYJSIHS HWHTCHCHBHOCTH, B MaKCHMyMaX KOTOPOii
MIPOUCXOANT a0IAINS MaTepuana, OpMUPYETCs BCICACTBUE HHTEPPEPEHIIUN ITHX
paccestHHBIX BOJH C TMAJalolIUM H3IyYeHHEM B MPHUIIOBEPXHOCTHOM CIIOE
marepuana. Ilpu stom uHTeHcuBHocTh [(K) Ha Habmomaemol audpakIuOHHON
KapTHHE NpHHHMaeTcs mnponopiunoHansHoii npomsseacHuio 1 (K; K;)|b(K)|, rae
b(K) — amruintya mepoxoBaTocTs s JanHoi Dypre kommoneHTs K, a n(k; K;)
xapakrepuzyeT 3(h(HEeKTHBHOCTB, C KOTOPOH MIEPOXOBATOCTh C MPOCTPAHCTBEHHOU
yactoroi K Biouser Ha pe3yNbTUPYIOLICE pACHpee/iCHUe WHTCHCHUBHOCTH.
JleTanbHBIE pacydeThl, MPOBEACHHBIC ABTOPAMHU, C TMOTYYCHHEM aHATUTUYCCKHX
BBIPQXKCHHUI I TIOJICH B MPHUIIOBEPXHOCTHOM CIIO€ MaTepuaia, MoKa3ajiu, 4TO

ukius 1 (K; K;) uMeer octpble MaKCUMYMBI JIJISL ONIpeIesIeHHBIX K (TIpu TaHHOM
y n i P y P p
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ki), a umenHo — mpu BeimonHenun ycinoBus |K; £ K| =2n/4 wmm |Kk; £ K| =
2nmn/A, toe N — mokasaTelsb MPEIOMIICHUS MaTtepuaia. Takum o0pa3oM, U3 BCEro
HAJUYECTBYIOIIETO  CIEKTpa IMPOCTPAHCTBEHHBIX  YacCTOT  IIEPOXOBATOCTHU
MOBEPXHOCTH, TOJBKO K, yIOBICTBOPSIOIIME NPUBEACHHBIM BBIIIC YCIOBUSIM,
BHOCAT BKJIaJ] B UTOTOBYIO niepuoandHocTh Gpopmupyembrx JIUTITIC. Kpome Toro,
MOCKOJIBKY pacCesHHBbIE BOJHBI HMMEIOT BO3MOXHOCTh PACHPOCTPAHATHCS B
MPOU3BOJILHOM HAMpaBJICHUW, Ha AUGPAKIMOHHOW KapTUHE HaOJI0a0TCs
OKPY>)KHOCTH, a HEPaBHOMEPHOCTh UX SIPKOCTH OIpEeiseTcs HaludyueM
BBIJICJICHHOTO HampaBieHuss Ki ©  3aBucsmero ot Hero Kod(duiueHTa
s dexruBHocTu 717(K; K;). Paguyc kaxmoi audpakiiMOHHOW OKPY>KHOCTH PaBEH
2m/A, a WX UEHTPBI PACHOJOXKCHBI Ha pacCTOsHUU 21 sinf/A or HyneBoro

nopsanka nudpaxuuu (Puc. 50).

a

VACUUM -

]T)\ , SELVEDGE 1

P g
\ o li](_) _E_/_f\f—J

Puc. 5. (a) ['eomeTpus nageHust U3IydeHHsl Ha IIEPOXOBATYIO MOBEPXHOCTH. (0) CxemaTuuHoe
n3o00paxeHune 1udpaKIuOHHBIX KapTUH (TIEPBbIH MOPAIOK AU(pakunn) IpU pa3IMuHbIX yriax
MaJieHus U nojspuszanuu [25].

[IpennoxkeHHass aBTOpaMH TeOpUsl TMO3BOJMIA OOBSICHUTH, BO-NEPBBIX,
HaOmoaemMyo JUGpaKkUUOHHYIO0 KapTUHY MPH OTPAKEHUU CBETA OT 3alMCaHHBIX
CTPYKTYp, U BO-BTOpbIX — BO3HUMKHOBeHUE JIMIIIIC paznuyHoil opueHTaluu U
Iepuojia B 3aBUCUMOCTH OT MOJIIpU3alMU MaJatolero U3Iy4eHus, yIiia najicHus u
JUTMHBI BOJIHBL. B 4acTHOCTH, ObUIM UCCIIEI0OBAaHbI Pa3IMYHbIE PEKUMBI T€HEpaIuu
JINIIIIC na noepxnoctu Ge, Si, Al U naTyHu NpU UCHOJIB30BAaHUU JIA3€PHBIX
UMITYJbCOB € JIMHOKW BOJHBI 1060 m 530 HM M MOIYYEHO Ka4eCTBEHHOE U
KOJIMYECTBEHHOE  COOTBETCTBUE  DKCIIEPUMEHTAIBHBIX U TEOPETHYECKUX

pe3yabsTatoB [27]. JlaHHas Mozenbs HE pacCMaTPUBAET MEXaHU3MbI O0OpPaTHOM CBA3U
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Y IMHAMUKY pOCTa CTPYKTYp NP MHOTOUMIYJILCHOM 3aMUCH, UTPAIOIINE BAKHYIO
poib B mpouecce (opmupoBanus JIUIITIC wu oka3piBaromue BIUSHUE Ha
KOHEUHYIO MOP(OJIOTHIO, a TAKXKE HE 1a€T KOPPEKTHOTO OMUCAHUS JJIsI HEKOTOPBIX
BujaoB JIUIIIIC [2,28]. Tem He MeHEe, OHA U B HACTOAILIEE BPEMS SIBIISIETCS OJHUM
M3 OCHOBHBIX TMOJIXOAOB JISI TEOPETHUYECKOrO0 OINHUCAaHWUS U OLEHOK MpH
npoBeneHun wuccinenoBanuii no 3anucu JIUIIIIC [29], a ¢ HEKOTOpHIMH
MOAU(MUKAUSIMUA  TIO3BOJISIET YUUTHIBATh HM3MEHEHUE ONTHYECKUX CBOMCTB
Marepuanga BCJIEACTBUE TeHepaluu (OTOMHIYIHUPOBAHHBIX KBa3U-CBOOOIHBIX

AIEKTPOHOB B JUAJIEKTPUKAX U MOJIyIpoBogHUKaxX [3,30].

B CCCP xomnexktuBoMm wi.-kopp. A. M. bonu-bpyesuya Obla npeniioxxeHa
TeopeTHYecKasi Mojielib, 00bsicHstomas Bo3HukHOBeHUe JIUIIIIC Ha moBepxHOCTH
MIPOBOJISIIIIUX CPEJI BCIAEACTBUE BO3OYXKIACHUS MTOBEPXHOCTHBIX JIEKTPOMATHUTHBIX
BosH (II9B) — nmna3MoH-MOMAPUTOHOB — HA IIEPOXOBATOCTSIX MOBEPXHOCTH M HUX
uHTepdEepeHIMel C TaJaloMKUM H3Ty4eHUEM, MPUBOAAIIEH K MPOCTPAHCTBEHHO
MIPOMOIYJIUPOBAHHOMY pa3orpeBy M IUIaBIEHUIO/abnsuuu Marepuana [24,31].
Taxxe ObUTH MpeICTaBICHBI IKCIIEPUMEHTATBHBIE PE3YJIbTaThl MO0 (OPMUPOBAHUIO
JIUIITIC Ha MOBEPXHOCTH KPUCTAJUIMYECKOTO TepMaHUsA M AHTUMOHUJEC WHIUA
(InSb) ¢ momorIIbI0 Ja3epHBIX UMIYJIbCOB UIUTENbHOCTRIO 10-20 HC W AIUHON
BonHbl 1060 ©HM. B cepum mnyOnukanuit [32-34] aBTOpBl HCCIEA0BAIU
Mopdonoruto JIUIIIIC, nmonyyaeMpIx Npy MajeHUU S- U P-TIOJISIPU30BAHHOTO CBETA
MoJ Pa3IWYHBIMU YIJIAMH W C Pa3JIUYHON MOIHOCTBIO, a TakKe IPUBEIU
TeOpeTHYecKoe OOBSICHEHHE OOHApYKEHHBIX OCOOCHHOCTEH Ha  OCHOBE
paspabortanHoit moxenu. [l ananmza Mopdoiorud ObUT TakK)Ke MCIOJIb30BaH
pediekcoMeTpruiIecKrii MeToa ¢ HaOIoeHreM Au(PaKIMOHHON KapTUHBI MPU

OTPa’XCHUHU CBCTA reJIni-HeOHOBOT O Jla3epa OT CTPYKTYP.

CormacHo JAaHHOMY IIOAXOOY IMaJaromee 1o HCKOTOPbIM YITIOM S JIa3CPpHOC
HU3JIYYCHUC C BOJIHOBBIM BCKTOPOM k() 13036y>1<11aeT IIOB nHa r'panune poOBOJIHUK-
BO3AYyX BCICACTBHUC PACCCAHHA CBCTA HaAa HCOAHOPOAHOCTAX ITOBCPXHOCTH,

IIC(I)CKTEIX. Takom HlepOXOBaTOﬁ MMOBCPXHOCTU MOKCET OBITh COITOCTABJICH CIICKTP
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MPOCTPAHCTBEHHBIX YAaCTOT C BOJHOBBIMH BEKTOpaMH &, HAIPaBICHHBIMU BIOJb
rpanunbl paszznena. Cpenu Habopa § HAXOJATCSA TaKue «CIydailHbIE peuieTKn» d,

AJIA KOTOPBIX BBIITOJHACTCA YCIIOBUC (1)a3OBOFO CUHXPOHHU3MA:

kS == kt + g (1)
rne K; — tanrennmaneHas npoekiys Ko (k; = kysin8), a Ky — BOTHOBO# BEKTOp
[13B, 4bs abcoytoTHAs BEIMYMHA CBSi3aHA C Ko M3BECTHBIM JHUCIEPCHOHHBIM
cooTHouieHuem [35]:

€183

ks =kon =ko | —— (2)
& t&

rac €& M & — KOMINICKCHBIC TUIJICKTPHYCCKHEC IMPOHUIIACMOCTHU BCpXHCﬁ Cpcabl

(Bo31yX) ¥ HIKHEN (IIPOBOJHUK), HA TPaHUIIE KOTOPhIX BO30yxkaaetcs [1OB.

I'enepupyembie I[19B, B mnpuHOMIE, MOTYT pPacHpOCTPaHATHCS B
MPOU3BOJIBHBIX HampaBieHusx mox yriaom [ mexay Ko m K;, HO ¢ pasHoi
3 PEKTUBHOCTHIO, B 3aBUCHUMOCTH OT HallpaBJIeHUs TMOJSPU3AINUU TOJs B
najaroleld BOJHE, YTO OMpEACSsIeT HEKOTOPBIH CEKTOp yriaoB AP, B KOTOpoM
B30y xkaeHue [19B nambonee s>ddexTrBHO. 3HaueHue AP ompenensercs Takke
BIIMSHUEM TEIUIONPOBOAHOCTH CpEIbl Ha CriaXuBaHUe HWHTEPEpPEeHIIMOHHON
kaptunbl [31]. Takum 006pa3om, OAHOBPEMEHHO reHepupyeTcs 1enbiii Habop [19B,
KOTOpbIE MOTYT WMHTEep(hEpHpOBaTh C MAJAIOIMIMM H3IyYCHHEM M MEXIY COOOM.
Hcnonp3oBanue KpyroBbIX BEKTOPHBIX JUarpamMM IO3BOJIUIIO aBTOpaM HArJISIAHO
MPEJACTAaBUTh YKa3aHHbIE OCOOCHHOCTH M ONPEACNISATh NEPUOJ] W OPUEHTAIHIO
pesyapTupytomux crpyktyp (Puc. 6a). Tak, mepuoa pemerkd, Ha KOTOPOM

Bo30Oyxnaercsa [10B, 3anaercs hopmynoit

21 _1
d=g=/1(n2+sin29—2nsin9cos,8) 2, (3)

B npocretitiem ciydae nipu f = T, 0 JaHHOE BhIpaXKEHUE CBOJAMUTCS K

A

= — 4
n tsinf @
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JUis cpen ¢ BBICOKOM MPOBOJAMMOCTBIO (METAIJIOB M IMOJIYIPOBOAHHUKOB C
OO0JBIIMM YUCIOM (DOTOBO3OYXKACHHBIX CBOOOIHBIX JIEKTPOHOB), TPAHUYAIIMX C
BO3yXOM, N = 1 u BbIpaxkeHue (4) MEepexXoJUT B YINOMHUHABIIYIOCS BBIIIE

aMIUpUYecKyto 3aBucuMocth d = A/(1 % sin ).

WuTtepdpepenius mexay mnagarouied BoJHOM M Bo30yxkaeHHoi [I9B
BO3MOXKHA W TPH OPTOrOHAIBHOM majaeHun cera (0 = (), korma HOpMaabHAs
MIPOEKLHUS MMOJS NMAJAOIIEN BOJHBI PaBHA HYJIO, TOCKOJIBKY IMOBEPXHOCTHAs MOJA
MMEET HEHYJIEBYI0 TAHI'€HUMAJBbHYI) KOMIIOHEHTY OJJIEKTpUYeckoro moissa [35].
Kpome Toro, bonu-bpyeBud ¢ koiieramu BbICKa3aly UJICH0, YTO B JAHHOM CIIy4ae
MOTYT BO3HHMKaTh JBe [IDB (MOCKOJIBKY OTCYTCTBYET BBIJCIICHHOE HAIpaBJICHUE,
3anaBaemoe K;), pacmpocrpansionuecs B MPOTHUBOMOJOKHBIX HAMPABICHUAX U
uHTEpPepupyIomme Mexay coboil, uyrto OyAeT JAaBaThb  YJIBOEHHYIO

npocTpaHcTBEeHHYI0 yacToTy gopmupyembix JIUIIIIC (cm. mpumedanue Ha CTp.

1188 B [31]).

Puc. 6. Bextopnsle ruarpammsl [32], rpadudecku WutocTpupyoue cootomenue (1) u
OPHEHTAINIO CTPYKTYP C BOJTHOBBIM BeKTOpoM § oTHOcHuTenbHO K, 1 K. Taxke mokazaHsr
HaIpaBJICHUS TaHT€HLIMAIbHBIX MPOEKIUI BEKTOpa 3JIEKTPUUECKOI0 MOJIs B MaJatollel BOJIHE C
p-nonsipusanueii EY u smanazon yrios AB.

B xone mpoBeIeHHBIX YKCIIEPUMEHTOB aBTOPHI TOTYUYWIH MOJIHOE COTIIacHe
¢ popmyinoii (3) 3aBucumocteit nepuoaos Gopmupyembix JIUIIIIC kak ot yria 3
(TO €CTh OpUEHTAIIMHM OTHOCHTEIHHO TOJSIPU3AINN 3aHCHIBAIONIETO U3ITydeHUs),

TaK " yIJjia IMaaCHHA 0. K MIpUMEPY, IpPHU MAACHUHN P-TIOJISIPU30BAHHOTO CBETA 110N
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yriioMm B < 45° nabmronaeTcss HAOOp PEIIETOK C OpHEHTAlMel B mpenenax +Af =
30-40°, yeit nepuoy ctporo cooTBeTcTBYET (3) [32]. [Ipu 3TOM 1151 YTIIOB MaICHUS
0 > 45° oOpa3yroTcs CTPYKTypbl C OpHEHTAIMeH JIMHWA Mapauie]bHO
nosigpuzanuu. [IpyuunHy HX MOABICHHMS TAaKKE€ MOXKHO IMOSCHUTH C TOMOIIbIO
BEKTOPHOM JuarpaMmbl, MpejcTaBieHHOM Ha Puc. 60, rme BUIHO, 4YTO MpHU
noctarouHo Oonpmux K (Oonbiime yribsl maneHust 0) CyIIeCTBYIOT PEIIETKH ¢
BEKTOPOM (12, Ha KOTOPBIX BO3MOXXKHO BO30yxaeHue I[I9B ¢ Ksiso mon
MakcuMalbHbIM yriioM By < AP. Takwe pemietku, (aKTHUECKH, MPEACTABISIOT
co6oii OomHY peadpHYI0 pemerky ¢ mepuogoM d = A(n? — sin?0)"Y? (d =
A/ cos@ npu n = 1). DKCHEpUMEHTAIIBHO OBUIO YCTAHOBJIEHO, YTO IO Mepe
yBenuueHus yria 8 JIMIIIIC Takoro Tuma Bce B OOJBIICH CTENCHU MOIABJISIOT

o0Opa3oBaHue CTPYKTYpP C OpUEHTALMEN JTUHUI OPTOTOHAIBHO MOJIAPU3AIIH.

Ilomumo 3TOro aBTOpPBHl paccmoTpenn Bompoc aucnepcun [IOB  Ha
HIEPOXOBATOM IOBEPXHOCTH, MPUBOJAIIEH K PACIICIUICHUIO JTHCIEPCHOHHOU
KpPUBOM M YBEIWYEHUIO BOJHOBOro BekTopa IIOB, mo cpaBHeHMIO C riagkou
rpanunei pasgena cpea [33]. Takum oOpa3oMm, Mpu MHOTOMMITYJIECHOM
Bo3feicTBuM U yBennueHuu riyounsl JIMIITIC O6yneT npoucxoauTh NOCTENEHHOE
HeOO0JIBIIOe YMEHBIIICHHE WX Tepuoaa mpornopunonansio d < 1/(ky + Ak), rae
Ak — BenuuMHa pacileryieHUus: AUCIEPCUOHHON KpuBOW. JlaHHBIE paccykIeHus
HallUIM TOJTBEPXKJIEHUE B HKCIEPUMEHTE MpU HAOMIOJACHUM JMHAMHKU POCTa

JIUIIIIC pedrekcoMeTpuyecKuM METOIO0M.

1.2. OnucaHue asneHns JINMIC, ero xapak TePHbIX 0CO6EHHOCTEN.

[lonsiTue <«J1a3epHO-UHAYLIUPOBAHHBIE TIOBEPXHOCTHBIC TEPUOIUUECKUE
ctpyktypb» (JIUIITIC) oOwvenunsier mon coboit psan duzumdeckux 3¢ EeKToB,
MPOUCXOJAIIUX B MPUIIOBEPXHOCTHOM CJIO€ TBEPIOTO BeEIIeCTBAa B 00JaCcTU
BO3JICHCTBUS JIA3€PHOTO0 H3JIYUYCHHMs] BBICOKOH MOIIMHOCTH W TPHUBOIAIIUX K
00pa3oBaHUIO TIEPUOANYECKON MPOCTPAHCTBEHHOM MOIYJISIIMN CBOMCTB BEIIECTRA,
BBIDQXKEHHONW B H3MEHEHUHU pelibeda TOBEPXHOCTH, XUMUUYECKOTO COCTaBa,

¢dazoBoro cocrossHus.  XapakTepHas ~BelWYMHA ~nepuoja  (hopmMupyemMoit
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MOJYJISIIIMHM 3aBUCUT OT JIJTMHBI BOJIHBI MAJAIONIETO M3IYYCHUS A U MOXKET OBITh
(mpu HOpPMAaJIbHOM TMAaJCHHUH) MPHOIU3UTEIBHO paBHAa JIMOO MeHbiie A. Takum
oOpa3oM, B 0OO0JacTH JIa3€pHOTO IMSITHA BO3HUKAET OJHOBPEMEHHO MHOKECTBO
nepuooB cTpykTypbl. Jlanuwiii dakr ornuyaer ssienue JIUIIIIC ot mponecca
npsiMoil azepHoOi Moau@UKauuU CHOKYCHPOBAHHBIM IYYKOM, I/i€ MEPHOJ] HE
MOXXET OBITh CYHIECTBEHHO MEHbILIE pa3MepoB (DOKATBHOTO MSATHA, a KaXIbId
AJIEMEHT CTPYKTYpbhl (JIMHUS WU TOYka) (HOpMUPYIOTCS TOcieaoBaTenbHO [36].
[Tpomiecc o6pazoBanus JIUIIIIC Ttakxke OTIMYEH OT TEXHOJIOTHU Ja3epHOU
MOAM(pUKALMA 32 CYET HUHTEpPEepeHIMd B CKpelleHHbIXx myukax [37,38],
nockoiibky B ciyyae JIMIITIC ucnonp3yercs olMH My4YOK, a UHTEPPEPEHIIMOHHbIE
3¢ dexTrl, TPUBOIAIIME K MOSBICHUIO MEPUOJUYECKOTO MATTEpHA, BO3ZHUKAIOT
MEKIY MaJaroIIIM U3IIyYEHUEM u paccesiHHbIMU/BO30Y KIEHHBIMU
MOBEPXHOCTHBIMH BOJIHAMU. J[aHHOE OOCTOATENHCTBO ABIISETCS MPEUMYILECTBOM C
TOYKH 3pEHUsl mepcrnekTtuB npaktudeckoro npumeHenus JIMIIIIC mis co3nanus
MOBEPXHOCTHBIX PEHIETOK, IMOCKOJIbKY CHI)KAeT TpeOOBaHMUS K CTaOMIBHOCTU
ONTUYECKOW CUCTEMBI U CUCTEMBI MO3ULMOHUPOBAHUS 00pa3la MO CPABHEHUIO C
METOJ/IOM, UCIOJIb3YIOIUM MHTEP(EPEHIINIO CKPEIIEHHBIX MyYKOB, OCOOEHHO NpHU
(bopMHpPOBAaHUU TMPOTSKEHHBIX MO IUIOMIAAA CTPYKTYp IYTEM JIaTepaibHOro
ckanupoBanus. [lepuoguunocts JIMIIIIC moxker ObITh Kak OJHOMEPHOMW, TaK W
JIBYMEPHON — ¢ 00pa3oBaHHWEM KBaJPATHBIX, MPSIMOYTOJIbHBIX U T'€KCArOHAJIbHBIX
pemeToKk, npu 3ToM (OPMHUPOBAHME MEPUOJAMYHOCTH ONPENEIEHHOTO THUIIA
3aBUCUT KAaK OT MaTepualia, TaKk U OT MapaMeTPOB JIa3epHOro Bo3AehcTBUs. CTout
OTMETUTh, YTO B METOJAE CKPELICHHBIX IIy4KOB TaKH€ CTPYKTyphl C
NEPUOJUYHOCThIO B JIBYX HANpaBlI€HUAX MOTYT OBITh CO3/aHbl TOJBKO MpHU
uHTeppepeHrn Tpex u Oornee myukoB [37,38], Torma kak momoousie JIMIIIIC
o0pa3yloTcs NpU ABYKPATHOM CKaHHPOBAHWU C OPTOTOHAJIBHO HaIpaBiICHHBIMU
MOJIAPU3ALMAMHU, @ B HEKOTOPBIX Ciy4asX — W MpU OJHOKPATHOM, Kak Oyner
npeactaBieno B paszaene «3.1. ViccnegosaHnue dhopmuposanna TAUMTMC Ha

MneHKax aMopgHOro Kpemuus (a-S).».
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1.3. Knaccudgpmkauyma JINMC.

C Touku 3peHust GpU3NUECKOro MexaHusma (popMupoBaHus, HauboJiee 4acTo
Berpevaromumcs tunoM JIUTITIC sBasitoTest cTpyKTyphl, 00pasyembie BCIICACTBUE
nepuoguyeckoil  abmsiuMM  MaTepuasa B MaKCUMyMmMaxX  HMHTEHCHUBHOCTHU
UHTeP(OEPECHIIMOHHOW  KapTUHBI HAa  TOBEPXHOCTHU ¢  (GOpMHUPOBaHUEM
yrayonenuit/tpeniud.  I[lepBeie momyuennsie JIMIITIC, waGmronmaBiimecs Ha
MOJIYIPOBOJHUKAX W METaJulaX, HauUMHas ¢ yKe ynoMmsiHyTod pabotsl bupHabyma
[1], ObutH abnAIMOHHBIMU. B nomonHeHue K abJISIIIMOHHOMY MEXaHU3MY MPOIEece
oOpazoBanus JIUIITIC MoxkeT conmpoBOXKIaThCA MepepacipeieieHueM MaTtepuana
B Ipejaesiax OOJacTH JIa3€pPHOr'0 BO3ACHCTBUS, MPUBOASIIMM K CIJIaKMBAHUIO
Moayisiuun  penseda moBepxHocTH [39]. Ilpu wucnonb30BaHUM  J1A3€PHOTO
U3JIy4eHHUs] C MOIIHOCTBhIO, HE JOCTHUTAloOUled mopora aOisluuy s JTaHHOTO
Marepuaia, Bo3MoxHO popmupoBanue JIUIITIC nHOro THUMA — TEPMOXUMHUYECKHX,
KOTOpbI€ BIEPBbIE ObUIM OOHAPYXKEHbI OTHOCUTENBbHO HefaBHO — B 2008 r. mpu
OO0Jy4yeHUH IUICHOK THUTaHa JIa3epHbBIMU HMIIYJIbCAMU BUAMMOrO JAuana3zoHa
HaHocekyHaHoU mmurenbHocTH [10]. Tepmoxumuueckue JIUIITIC (TJIUTITIC)
00pa3yloTcs B pe3ysibTaTe XMMHUECKON peakiuu oopasiia ¢ OKpYyKarolllen cpeoi,
HaIrpuMep — KUCIOPOJ0M, coaepKaliemMcs B Bo3ayxe. Takas peakuus MpOUCXOIAT
BCIIEICTBHE HAarpeBa Marepuaja C MPOCTPAHCTBEHHOW NEPUOJANYHOCTHIO,
COOTBETCTBYIOIIEH MaKCUMyMaM WHTEHCUBHOCTU MHTEP(PEPEHIIMOHHONW KapTHHBI.
IIpu stom, B ommmuue ot abusmuonHwsix JIUIIIIC, dopmupyemas cTpykrypa
MPEACTaBIAeT COOOM MacCUB BBICTYNOB HaJ IOBEPXHOCTbIO, COCTOALIUX U3
HOBOOOpA30BaHHOIO BellecTBa, K mpumepy — okcuga [11]. Taxxe, B ciyuae
paboThl B Cy0-aOJIsIMOHHOM PEXHMME U TPU OINPECICHHBIX MapaMeTpax 3alucH
(yacToTa TOBTOPEHHSI HMITYJIBCOB M CKOPOCTh CKaHUPOBAHMS) BO3MOMXHO
u3MeHeHue (a3pl TBEPIOTrO BEIIECTBA C MPOCTPAHCTBEHHON MMEPUOIUYECKON
monyisiuen [40,41]. Ilpum peanuzanuu JaHHOTO MEXaHHW3Ma B MAaKCHUMyMax
WHTEHCUBHOCTH oOpa3zyeTrcsi amopdHas ¢daza marepuana, Ju00 HaoOOpoT —
KpUCTAIM3alUsl U3HAYaJIbHO aMOppHOro oopaszna. OTIMUUTEIbHON YepTON 3TOT0

TUTIA CTPYKTYp SBISIETCS HE3HAYUTEIbHOE HU3MEHEHHE penbeda (OTHOIIECHHE
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aMIUIMTYObl MOAYJIALMH K nepuopy nopsaka 10°-102) ¢ ¢opmupoBanuem
MOJMOBEPXHOCTHBIX YEPEAYIOLIUXCS BKIIOUEHUNH aMOPPHOU/KpUCTALINYECKON
¢da3bl. Eme onHMM BO3MOXXHBIM MEXaHHU3MOM, NPUBOSALIUM K OOpa30BaHUIO
JINIITIC, saBnsercss BO3HUKHOBEHHME  TUApOAMHAMUYECKUX  3PGPEKToB B
pacIUIaBICHHOM MOJ JE€HCTBHEM Ja3epHOTO H3IydyeHus marepuane [16,42]. B
JAHHOM CJyyae B MPUIIOBEPXHOCTHOM CcJIO€, MPeOBIBAIOIIEM B XKUAKOHN (a3ze,
pa3BHUBAIOTCA HECTAOUIIbHOCTH, O0YCIIOBICHHBIE IEMCTBHEM CHJI MOBEPXHOCTHOIO
HATSKEHUSI, HEPABHOMEPHBIM YCKOPEHHEM pas3lIMyHbIX o0JjacTeil pacruiasa,
JIOKaJbHBIM HcmapeHueM u aomsuuen [43]. [lomyuaemble B pe3ysibTaTe TaKOTO
npouecca JIMIIIC umeror xapakTepHbd BU 3aCTBHIBILIUX «TpeOHE» U Kamelb, a
V(S 0)5 (O CTPYKTYP MOYET ONPEAEIATHCS CKOpPOCTBIO pa3sBUTHSA

rUApoAMHAMHUYEcKoro 3 dekra, Takoro kak HectabuinbHOCTh Panes-Telnopa [42].

Takum o6pazom, JIUIIIIC moxHO kiaccuduiupoBaTh Mo (GuU3MUECKOMY

MeXaHu3My ux GopMUpOBaHUs Ha yeThipe Kateropuu (Puc. 7):
- AOISAIIMOHHEIE;
- Tepmoxumuueckue;
- O6pa3oBaHHbIE B pe3yJibTaTe U3MEHEHUS (pa3bl TBEPJOTO Tea;
- O6pa3oBaHHbIE B pe3yJbTaTe THIPOIMHAMUYECKUX HECTAOMITHLHOCTEH.

[IpeoGnananuie TOro Wi MHOTO THUIA 3aBUCHUT OT HCIOJIb3YEMOI0 MaTepuaa
W ycJOBHMM JazepHoro Bo3aedcTBua. Kak mpaBuiio HaOM0gaeTCs MPUCYTCTBUE
OIHOTO WM  JBYX MEXaHU3MOB  OJHOBPEMEHHO: HampUMeEp, YHUCTO
TepMoxumudeckoro [11], aGAsSMOHHOTO H TEpPMOXUMHYECKOTO [44] win
a0JISITMOHHOTO M BKJIIOYAIONIETO THAPOJUHAMUYECKHE HecTtabwibHOCcTH [43].
OpxHako, B HEKOTOPBIX CIy4asiX BO3MOXHO OJJHOBPEMEHHOE AeHCcTBUE Oojiee IBYX
U3 TpPUBEICHHBIX BbIlIe MexaHu3moB. Jlanee B pazgene «3.1. ViccneposaHue
topmuposaHms T/IAMTMC Ha nneHkax amopHoro kpemuus (a-S).» Oyayr
npuBeAeHbl pe3ynbTarbl 1o  ¢GopmupoBanuto JIMIIIIC Ha TOHKMX mJIEHKAaX

aMop(QHOro KpeMHMs, TIJe HaOmojaercs BKJIaJL cpa3dy Tpex (U3HUECKUX
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MEXaHU3MOB: oOpa3oBaHue okcuga Si0O; (TEPMOXMMHYECKUH MeEXaHU3M),
MOJAMOBEPXHOCTHAA KpHUCTAM3aMs aMop@HOW ¢a3bl W JTONOJHUTEIbHAS

MOAyJIIuA BCJICACTBHUC PA3BUTHUA FHI[pOI[HHaMquCKOﬁ HECTAOMIILHOCTH.

[lomumo ¢u3uku mpouecca, MNPUBOASAIIEH K O0Opa30OBaHHUIO CTPYKTYD,
JINTITIC Taxke kiIaccU(PUUIMPYIOT MO BEIUMYMHE MEPUOJAa M €ro OTHOIICHHUIO K
JUIMHE BOJHBI HCIOJIB3YEMOIO JUIs 3alldCU HW3JIy4YeHUsA. B  aHIIosA3bIYHOU
nuteparype ycioBHO pazgernsatorT JIMIIIIC Hu3KoM mpOCTPaHCTBEHHOW YaCTOTHI
(JTHITY) — low spatial frequency LIPSS (LSFL) — ¢ nepuogom A > N2 u JIUIITIC
BbICOKOM mpocTpaHcTBeHHOM yacTtoThl (JIBITY) — high spatial frequency LIPSS
(HSFL) — ¢ mepuogom A < N2. Jlonomuutensno JIHITY muorma mensat Ha THIT
JIHITY-I ¢ A ~ A, opueHTHPOBaHHBIC TICPIICHINKYIIIPHO HAIIPABICHUIO JTHHEWHOM
noJjiapu3aluy najaroriero usnydenus, u tan JIHITY-II ¢ A ~ Mn, toe n —
MoKa3arelb MpeJoMIICHUs MaTepuaia oOpas3la, OpUEHTUPOBAHHBIE MapalieIbHO
HAIpaBJICHUIO JIMHEWHOM Tojsspu3anuu. B cBoro ouepens, JIBIIY pazpensror no
BEJIMYMHE OTHOUIEHUS MTyOMHbI MoayJsiuuu K nepuony A Ha tun JIBITY-1c A> 1
u tun JIBITY-II ¢ A < 1 [29]. Pa3nenenue mo yKa3zaHHBIM KaTETOPHSIM

IIPOMJUTIOCTPUPOBaHO Ha Puc. 7.

JIHITY-I game Bcero HaOII01al0T HA MaTepUaliax ¢ CUIbLHBIM MOTJIOIMICHUEM,
TaKMX KakK MeETaJUlbl M TOJYyIPOBOJHHKHU, a HUX oOpa3oBaHUE OOBICHSIETCS
B3aUMOJICHCTBUEM TAJIAIOIIETO M3JIYYEHUS W MOBEPXHOCTHO-PACCESTHHBIX BOJIH U
BO30YKJIEHHBIX MOBEPXHOCTHBIX TJ1a3MOHOB [3,25,45]. Tun JIHITY-II obpa3yetcs
Ha JURJICKTPUKAX U MaTepuasiax ¢ IMUPUHON 3anpenieHHON 30HbI OOJIbIIe YHEPTUU
nagawmero ¢ortona [4,29]. Ux dopmupoBaHrue TakKe MOXHO OOBSCHHUTH C
npuBiedeHueM Teopun Caiina, rjie B Ka4YeCTBE MOBEPXHOCTHON BOJIHBI BBICTYIIAIOT
crenuuyecKre HEU3IIy4yarolue MOJIbl, Ha3bIBAEMbIC B aHTJIOA3BIYHOM JINTEpATypE
«radiation remnantsy [46]. JIUIIIIC wmanoro nepuona xateropuu JIBITY
HaOJII0IAF0TCS PU MCIIOJIb30BAHUH W3JIYYEHHUS C MOITHOCTBIO OJIU3KOW K MOPOTY
a0JISIUU U JUTUTENBHOCTHIO UMMyJibca Gc u nic auanazonos [29]. Tum JIBITY-I, B

OCHOBHOM, O6p33y10TCSI Ha OUIJICKTPUKAX W MOJYIIPOBOOAHHUKAX W IPCACTABIIAOT
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co0oll TiIyOOKHe y3KH€ BHAAWUHBI M TPEUIMHBI IIMPUHON B HECKOJBKO JIECATKOB
HanoMeTpoB [47,48]. B cBoto ouepenp, JIBITU-II umeroT HermyOoKyt0 MOAYJIAINIO
Mo BBICOTE, Mayblid Tiepuoa okojo 100 HM u Hmwke, a uUx (OpPMUPOBAHUE
HaOJoaeTcsl Ha  MeTalllaX, HampuMmep, TUTaHe U Hukene [2,49,50].
Bo3uuknoBenue JIBITY yxke He omnuchiBaercs Teopuei Caiima M B KaudecTBE
TEOPETUYECKUX MOJeNed MPUBJIEKAIOT pa3JIMyHble IJIa3MOHHBIE 3P (EKTHI,
TE€HEPAIMIO BBICIINX TaPMOHUK, ABaHECHEHTHBIX noseit [30,51-53].

no MEXaHWU3My no Benu4unHe

dhopMmnpoBaHus nepuoga
JINMNC

| consuonbe M o) )
e  A0NALUMOHHBIE
- D

n3meHeHune dasbl

TBEpAoro Tena ( NBNY (A < 1/2) )4_

rmapoanHaMuyecKmne
HecTabunbHOCTU

Puc. 7. Knnaccudukarus JIMIITIC no ¢puszngeckoMy MeXaHH3MY HX 00pa30BaHHUs, JTHOO 11O
OTHOIIICHUIO BEJIMYMHBI IEPHOa A K JJTHHE BOJHBI A MaIAI0IIEr0 H3JIyYCHHUs, OPUCHTAIINU
OTHOCHTEJIBHO JIMHEHHOW Tonsipu3anuu JE ¥ OTHOIIEHHUIO rTyOHMHBI MOTYJISIIIAM K repuoy A.

3a nocinennue necatwietus oodnacte uccienosanuii JIUIITIC 3HauynTenbHO
BBIPOCIIA, U 0030PBI MOCIETHUX HAYYHBIX PE3yJIbTATOB MO JAHHOW TEMATHUKE MOTYT
OBITh HaiiJieHBl B MyOnukanusx [29,54,55], B paborax, MOCBSIIEHHBIX aHAIU3Y
cymectByromux teopuid Bo3HMKHOBeHMs1 JIUIIIIC [56] u cnekTpy BO3MOKHBIX

npuMmeHenui [S7-59].

1.4. Tepmoxumundeckme JINAMC (TIAAMTMC).

®opmupoBanue Ttepmoxumuueckux JIUIIIIC Obpuio sKcHeprMEHTaTIbHO
oOHapyx)eHO oTHocUTeNbHO HegaBHO — B 2008 r. — rpynmoit C. Kamado-Jlones u
ap. [10]. B cBoeM wuccienoBaHMd aBTOPHl MCIIOIB30Baly IUJIEHKH TUTaHA
tonmuHoi 320 HM, HamnbUICHHBIE HAa KPUCTAIUIMYECKUA KPEMHHM, KOTOpbIE

MOJIBEPraJIuCh  BO3JCHCTBHIO JIA3€PHBIX HMIYJbCOB ¢ A = 532 HM W
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JIUTENBbHOCTRIO T = 9 He. IInoTHOCTh 3HEpruum B ummynbce coctabisiia 0,24
Jx/cM?>  mpum  guamerpe  (okampHOro mATHa 2,4 MM (MCIIOJB30BaCH
pac(oKyCHUpOBaHHBIN TayCCOB MYy4YOK), HaImpaBIECHHOM Ha o0pasel] 1Mo HOpPMAJIH.
brnarogapst Tomy, 4TO BBIOpaHHBIN ypOBEHb SHEPrUU ObUI CYIIECTBEHHO HUKE
nopora abnsuuu turana (0,8 Jx/cm? 1 HC UMITYJI65CoB [60]) npu o0nydeHnn He
MPOUCXOJUIO0 AKTUBHOM aOJISIIMU TUICHKH, HO OCYIIECTBIISJICS TOCTEIEHHBIN
HarpeB W OKHCJICHHE TuUTaHa ¢ oOpazoBanueM Ti0, C TPOCTpaHCTBEHHOMU
MEePUOAUYHOCTHIO, YTO OBUIO BBISABICHO MPHU aHAIN3E XUMHUYECKOrO0 COCTaBa
MetonoM KP-cniektpockonuu. [omydeHHbIE aBTOpaMHu CTPYKTYPBI UMEIU HUBKYIO

yHOPSAA0YEHHOCTh U uX nepuos coctanisut 400-600 um (Puc. 8a).

Heckonbko net cnyctrs b. Oxktem u ap. onmyOiMKOBaayd 3HaYUMYIO padoTy,
rae MPOJAEMOHCTPUPOBAIU dbopmupoBaHue TJIUTITIC c BBICOKOW
YHOPSIOYEHHOCThIO IMyTeM JaTepalibHOro ckanupoBanusi [11]. Taxxke Obuin
WCMOJIb30BaHbl IUICHKU TUTaHa pa3nuyHod TonmuHbl ot 50 go 400 Hw,
HaMbUICHHBIE HA CTEKJISTHHYIO MOJJIOXKKY. JUJIsl 3aMcH CTPYKTYp HMCHOJIB30BAIUCH
na3epHbie uMiyibeol ¢ T= 100-170 ¢c u A = 1060 1M, creqoBaBinne ¢ 4acToToM f
= 1 MI'u, chokycupoBanHbie B MATHO auameTpoM 12 mxm. Mcnonw3zoBanue ¢c
Ja3epHbIX HMIYJbCOB MO3BOJMJIO JIOKAJIMW30BaTh TEIJIOBOE  BO3JCUCTBUE
W3JIy4eHHUsT Ha MaTepual U CHU3UTh BIUsHHE Muddy3uu Teruia, MPUBOIAIIEE K
Pa3MBITHIO  TIEPUOJUYECKOM MOIYJISIMM  TeMIlepaTypbl Ha TMOBEPXHOCTH.
CdopmupoBannsie TJIUIIIIC umenn ocOOCHHO BBICOKYIO CTENIEHb OHOPOIHOCTH
06e3 ¢aszoBeix caBUroB u jAedekToB ¢ nepuogom A = 646,2 HM, a
CpeIHEKBAaApaTUYHOE OTKJIOHEHHE MEepHoja Ha Iuomanu 1 Mm? He mpessimano 1
HM (Puc. 86). B skcniepuMeHTax MCMOIB30BAIMCh UMITYJILCHI ¢ dHepruei 100-300
H/lX W HU3Kasg CKOpOCTh ckaHupoBaHus 1-8 mkwm/c. CoriacHo JeTaJbHOMY
HccleI0BaHui0, MOPQOJIOTUsl CTPYKTYp (Ieproj, IIMpHHA BHICTYIIOB) OKaszajiach
HEUYBCTBHUTEJIbHA K U3MEHEHUSAM CKOPOCTH CKAaHUPOBAHUS W YHEPTUM UMITYJIbCA B
BHIOpaHHBIX JHANa30HaX, YTO JlaeT JOINOJHUTENIbHbIE MPEUMYIIECTBA IPHU
MPAKTUYECKOM  HCIOJB30BAaHMM  JAHHOTO  METoJa  CTPYKTYpPUPOBAHUS

noBepxHocTH. Kpome Toro, Obul oOHapyxkeH 53(P(dEKT 3SKCIOHEHIIUAILHOIO
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3aMeJIEHUs] pOCTa OKCUHBIX BBICTYIIOB C YUCIOM HUMITYJIBCOB, UTO 0OECTIeUnBaIIO
BbICOKY10 oiHOpoaHOCTh TJIMIIIIC no BeicoTe. Takke Nnpu yBEIUYEHUH TOJIIIIUHBI
IUICHKW TUTaHa HaOJI0/1aJI0Ch HEIMHEHOE TOBBILIEHUE MEproJia CTPYKTYp ¢ ~650

10 850 HM, 0OJIHAKO aBTOPHI HE J1alid OOBSICHEHUSI TAHHOMY SIBJICHUIO.

/ 20kU K25, 000 L s

Puc. 8. Mukpodororpaduu TJIUIITIC, chopMupoBaHHBIX Ha TUICHKAaX TUTaHA B paboTax a) [10]
no)[11].

[Tockonbky TJIMIIIIC wuMeEOT OpHUEHTAUMIO MAPAIICIBHO MOJApU3ALUU
3aMMCHIBAIOIIETO M3IY4YeHHUs, TO HX OOpa3oBaHHE YK€ HE OIUCHIBACTCS C
MOMOIIBIO BO30YXAa€MbIX MOBEPXHOCTHBIX AJIEKTPOMArHUTHBIX BOJH — IJIA3MOH-
MOJISIPUTOHOB. VICXOAs M3 MOTYyYEHHBIX YKCIEPUMEHTAIbHBIX NaHHBIX b. OxTeM n
Ap. TPEIJIOKWIN  CIEAYIOIYI0 TEOPETHUECKYI0 MOJENb, OOBSCHSIOIIYIO
dbopmupoBanue TJIUIITIC. Ilagarommii a3epHBI UMIYJIbC pacceUBacTCS Ha
ManbIX Jedexrax TOBEpPXHOCTH (XapakTepHb pasmep aedekta a K A) ¢
00pa30BaHUEM PACCESTHHBIX BOJIH, PACIIPOCTPAHSIOUIUXCS BJIOJIb TPAHULIBI pa3iena
MeTaI-Bo3yX. Ilomaraercs, 4TO Takue BOJIHBI HMMEIOT BHUJ JIUIOIBHOTO
W3JIyYEHUs, T/I€ HABOJAUMBIN HUIOJbHBIA MOMEHT NMPONOPLHOHANEH MAaJarolEMy
MOJI0, BBICOTE JedeKkTa M TMOoSIpPU3yeMOCTH BellecTBa. PaccestHHble BOJIHBI
UHTEPPEPUPYIOT C MAJAIOUIEH YacThIO MMITYJIbCa, 32 CYET Yero Ha MOBEPXHOCTHU
IUIEHKK ~ oOpa3yercs  NEpUOJUYECKHM  MOJIYJHMPOBAHHOE  paclpeselieHue
MHTEHCUBHOCTHU. Eciin paccmaTpuBaeMasi IOBEPXHOCTh PacIOOkKEHA B IIIIOCKOCTH
XY, u3iyyeHUe JMHEHHO MOJIIPU30BAHO BAOJL OCHM X, MAJAET IO HOPMalId U
MMEET TayccoB Npo(iib UHTEHCUBHOCTH, TO B JlaJibHEH (BOJIHOBOM) 30HE IOJIE B

TOYKE ¢ KoopAauHaTaMu (X, y) MOXHO 3amucath Kak [11]
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E(x,y)

= Ei(x,y) (5)
(x" —x0)* + (¥ — y0)?

2w?

k .
+ YE, ﬂ h(x',y")sin?6 ;e‘kr exp | — dx'dy’,

2
(x —x0)? + (y_yo)
2w2 ’

E;(x,y) =Eqexp| —

rae E; — maparornee mone, Y — KoaHUIMEHT mpomopironansuocta, h(x’, y') -
byHKIUsA, 3amaronias pachpenesieHue JAeQeKTOB B BHAC BapHAllMU  BBICOTHI
MOBEPXHOCTH, 6 — yroJl MeKAy HaIlpaBlIcHHEM Mospu3aniu (0chio X) U pajuyc-
BEKTOPOM I, I — paaMyc-BeKTOp coeauusiommii Touky (x',y’), rme Haxomutcs
pacceuBaroiuii qeekT ¥ Touky Habmrogenus (x,y), k = 2m/A — BoJHOBOE
YMCJIO PACCEAHHOM BOJHBL, W — pajuyc Iy4Ka, Xo M Y, — KOOPJMHATHI LEHTPa
nyuyka. TakuMm oOpa3oM, BTOpoe ciaraeMoe B (5) — 3TO MOJIe pPaCCESIHHOW BOJIHBI,
KOTOPOE HaXOIMTCS MyTEM MHTEIPUPOBAHUS 1O BCeM JedeKTaM MOBEPXHOCTH Ha
ILIOLA M, OCBEIIAeMOM IyuKkoM. BaXKHBIM SIBISCTCS HATMUYMEe MHOXHUTENS Sin“6 B
NOJBIHTETPAILHOM ~ BBIPAKCHHHM,  KOTOPBIM  ONpPEICNIACT  OPUCHTAIUIO
UHTEePPEPEHIIMOHHBIX TOJIOC, M, B UTOT'¢ — OPUCHTAIIUIO (POPMHUPYEMBIX CTPYKTYD
(mapasuiesbHO HAIPABICHHUIO MOJISAPH3AIMHM B TMajarolield BojHe). Takke CTOMT
OTMETHTh, 4YTO TEPUOJMYHOCTh HHTCP(EPCHIIMOHHOW KAPTHHBI  3a7aeTCs
BOJHOBBIM uuciioM k = 2m/A, rne nepuon A Oyaymeirn TJIUIITIC crpykrypsl

BBOJAUTCA HCKYCCTBCHHO.

Ecau sHeprust usjiydeHus MEHbIIE IOPOra abisluu, TO MPH IOIIOMIEHUH
UMIIyJIbCA IPOMCXOAUT IOCTENEHHBIM HArpeB METAIIMYECKON IMOBEPXHOCTH U
noiydyeHHoe pacrnpenenesne uHtencuBHoctd I(x,y) = |E(x,y)|* onpenenser
HEOJHOPOIHEBIM NpoduiIb Temieparypsl. B HMHTEphEPEHIMOHHBIX MaKCHMyMaXx
IPOMCXOJNT YCKOPEHHOE OKHCJIEHHE MeTalla Ha BO3ayxe. B ciywae TuraHa
syieMeHTapHbIi 00beM ero okcuaa TiO, GoJblIe 3JeMEHTAPHOrO 00bheMa YHCTOTO
Metaimna B 1,78 pa3 (otnHomenue I[lwnnunra-beasopra) [61], 9TO OpUBOAMT K

YBCIIMUCHUIO BbICOTHI penbe(ba. O6paBOBaHHBIC IMoCJIC TICPBBIX HUMITYJIbBCOB
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HEOOJIbIINE OKCUIHBIC BBICTYIHI YCHUJIMBAIOT PACCESTHHE CBETa M CIOCOOCTBYIOT
paclpoOCTpaHCHHUIO TMEPHOJUIECCKON MOIYJISAIUN HWHTEHCUBHOCTH Ha OOJBIIYIO
IUIOMIA(b. DTOT IMPOLIECC OMPEACIIsAeT MOJOXKUTENbHYI0 00paTHyIo cBs3b. Ha Puc.
O9a mpuBeAeH pe3yJabTaT TEOPETUYECKOTO pacueTa penbeda IMMOBEPXHOCTH,
c(OpPMHUPOBAHHOTO TOCJIE€ BO3JACHCTBUS HECKOJIBKHUX HMITYJIbCOB Ha TUICHKY C
pacToNOKEHHBIM Ha HEW OJWHOYHBIM paccemBaTeleM; IOJyYCHHBI MaTTepH
UMEET XapaKTepHBIA <JIUTMONBHBINY» BHI. OKCIEPUMEHTAJIbHO MOTydYeHHas
CTPYKTypa MpHu 00JIy9eHUH OJUHOYHOW YaCTHIIBI HAa TIOBEPXHOCTH IJICHKH THTaHA
MMEeT KayecTBeHHO cxoxui Bua (Puc. 906), UYTO CBUIETENBCTBYET O

INPUMCHUMOCTH JAaHHOI'O TCOPCTHUYCCKOIO IoAxXxoJa K OIMCAHHIO SBJICHHA

TJIAIIIIC.
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Puc. 9. Mmroctpanuu u3 padbots [11]. (2) pe3ysnbraT 4uciIeHHOTO pacyeTa chopMUpOBAHHOM
CTPYKTYpBI Ha IOBEPXHOCTH TICHKH TUTaHA BOKPYT OJMHOYHOTO PACCEUBATEINS B PE3YJIbTaTe
BO3/ICUCTBUS HECKOJIBKUX UMITYJILCOB (IIBETOBAS IIKaja — BEICOTa B HM), (0) COM m300paxenue
AKCTIEPUMEHTATBHO TOTYYEHHOU CTPYKTYPBHI, (B) HIUTIOCTPAIHS K IPOLECCY KOTEPEHTHOTO
dopmuposanust TJIUTITIC npu ckanupoBaHuH 00pa3iia, () cxemMa B IOMEPEYHOM pa3pese
a¢deKkTa 3aMeUICHHS pOCTa CTPYKTYP BCIEACTBUE OTPAHUYCHHS JJOCTYTa CBOOOTHOTO
KHCJIOPOJIa B 00JIaCTh peakiuu (OTMEeUeHa KPACHBIM).

[Tpu Hanmuuu ckaHUpOBaHUS o0Opasiia Ja3epHBIM MydykoM U eciu df /v K 1,

rne d — pasmep myuka, f — yacToTa MOBTOpPEHHS HMMITYJIBCOB, V — CKOpPOCTB
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CKaHUpPOBaHUs, TO CcHOPMUPOBAHHAS TMEPUOAUYECKAs] CTPYKTypa KOTE€pPEHTHO
MPOJIOHKAETCS HA HOBYIO 00JIACTh MO XOAy JBMKEeHHS (okanbHOro mnsatHa (Puc.
98B). BMmecte ¢ Tem, BBICOTa OKCHIHBIX BBICTYIIOB HE YyBEIWYUBACTCS
HEOTPAaHUYEHHO BCJIEACTBUE CHIDKEHHUS JOCTyna CBOOOJHOIO KHUCIOpoAa K
METAJTMYECKONW TMOBEPXHOCTH, JIeKalllel Mo OKCHAHBIM OOpa3oBaHHEM, YTO
ompejieNsieT OTPULIATEeNbHYI0 OOpaTHYI0 CBsI3b B Ipoliecce (POpMUPOBAHMS
TJIAIIIIC (Puc. 9r). Dtum oObsicHsieTCS HAOMIOMABIIMNCA SKCIEPUMEHTAIBLHO
3 eKT HaCBIINIECHUSI POCTa CTPYKTYP U MX BBICOKass OJHOPOJHOCTH IO BBICOTE.
ITockonbky mnepuoguunocts TJIUIIIC B nanHOW MoAENM  ONpenesieTcs
UCKJIIOYUTEILHO  MHTEepdepeHimeid cBera, TO TNPH HAJUYUU  CHJIBHBIX
pacceuBateseil B Bujae chOPMUPOBAHHBIX MOCJIE MIEPBOTO CKAHUPOBAHUS BHICTYIIOB
KOTE€PEHTHOCTh CTPYKTYpPbl COXpaHSETCS M MPU HOBOM IapajuICIbBHOM IPOXOJIe
My4Ka 1Mo HeMOAU(DUITMPOBAHHOMY yYacTKy MaTepualia ¢ YaCTUYHBIM HaJ0KEeHUEM
Ha 3aMHUCaHHYI 00J1acTh. DTO MO3BOJISET MOKPHIBATH CTPYKTYpaMH MPOU3BOJIBHO

OoJIbIIIE momaayn MOBEPXHOCTU METOAOM IMOCTPOYHOT'O CKAHUPOBAHMU.

3aknoyeHve K nase 1. IlpencraBneH aHanu3 JUTEpaTyphbl MO Ja3epHO-
MHIYLIIMPOBAHHBIM TOBEPXHOCTHBIM Mepuoandeckum crpykrypam (JIUIIIIC).
Jlana wucrtopuyeckas cCHOpaBKka [0 TE€PBOMY HaOJIOJEHUIO U  Pa3BUTHIO
UCCleIOBaHU B JaHHOW oOsactu. [IpuBefeHbl OCHOBHBIE TEOPETHUYECKHUE
MOAXOJAbl K onucaHuiro wmexanusmMoB (opmupoBanus JIUIIIIC. IlpuBeneno
onucanue sipneHus JIUIIIIC, ero xapakTepHbIX OCOOEHHOCTEH, OTJIMYAIOLIUX
JAHHBIM METOJ OT IPYI'MX U3BECTHBIX TEXHOJIOTHMH JIA3EPHOIO CTPYKTYPUPOBAHUS
MOBEPXHOCTH, TAKUX KaK MOCTPOYHAsT MOAU(PUKALUS KECTKO CPOKYCHPOBAHHBIM
My4YKOM U UHTepdepeHIus B CKpeleHHbIX myukax. [IpeacraBiena kinaccupukams
JIUIIIIC kak mno ¢Qu3myeckuM MexaHu3MaM UX o00pa3oBaHMs, TaK U IO
COOTHOUIEHUIO MEPUOJA K JJIMHE BOJHBI 3alMCHIBAIOIIETO M3NydeHUs. OTAEIbHO
paccMOTpeH MexaHu3Mm oOpaszoBanus Ttepmoxumuueckux JIUIINIC wu wux

XapaKTepHble 0OCOOCHHOCTH.
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"naBa 2. ®opmuposaHmne TJINTMTC Ha NoBepPXHOCTU MNJIEHOK METaNoB (c

nasepHbIM UMMTyNbCaMu.

2.1. SKCnepnMeHTa/lbHadA ycTaHoBKa. MeToAbl XapaKTepusauum CTPYKTYp.
OkcnepuMenTtsl 1o ¢opmupoBanuto  TJIMIIIIC  BemonHsMCh,  Ha
TEXHOJIOTHYECKOM  KOMIUIEKCE  BBICOKOTOUHOW  (pemTocekyHmHou  (¢c)
MoAU(pUKALIMKA MaTEpUaNIOB, KOTOpbIK cocTouT u3 ¢c nazepa PHAROS 6 W (Ligth
Conversion Ltd.) co cieayomumMu mapameTpaMu: JJIMHA BOJHBI M3IyYeHUS A =
1026 HM, IUTENILHOCTL UMITyJIbca T = 232 (¢, YacToTa CleJ0OBaHUs UMITYJIbCOB f
= 1-200 xI'm; BeicokotouHoro mo3unuonepa ABLI1000 (Aerotech Inc.) co
CIEAYIOIMMHU TapaMeTpaMu: auamna3zoH nepemenieHuid 100x25x6 MM, TOYHOCTH
nozunuonupoBanus 200 HM, nosropseMocth 50 HM, pazpemenue 0,5 M. B psge
HKCIIEPUMEHTOB JJisi 3allUCU CTPYKTYp HCIONB30BAJIUCh BTOpas M YeTBepTas
TrapMOHHMKHU Jiazepa ¢ JUIMHaMu BOJIH 513 u 256 HM cooTBeTcTBeHHO. OOpasiibl
IUICHOK OBUIM CO3/1aHbl METOJIOM MAarHeTPOHHOTO HAMbUICHUS HCCIEAYEMOIo
Marepualia Ha CTEKISIHHYIO MOJIOKKY. 3amuch MPOBOAMIACH MPU HOPMAIbHOM
najieHuu usnydeHusa. Kpome Toro, uccienoBajnoch BIUSHUE BHEIIHEH Tra3oBOM
cpeasl Ha mporiecc o6pazoBanus TJIMIITIC, ans yero oGpasen momerniancs B
repMETUYHYIO0 KaMepy C MMEBUIMMCS B HEW CTEKJISIHHBIM OKHOM JJis 3aBEACHUS
Ja3epHOr0 M3Iy4YeHUs U TPyOKaMU JJIsi OTKAUYKW/HAIMOJHEHUS KaMmepbl razom. B
HKCIIEPUMEHTAX MPUMEHSUIMCH TPU T'a30BBIX aTMOC(HEPHI C PA3IMUHBIM JaBICHUEM:
Bo3ayx (760 topp), cnabwiii Bakyym (4 Ttopp) u aszor (1900 Topp), rme
BaKyyMHUPOBaHHE KaMmepbl MPOU3BOAUIOCH C MOMOIIBIO MACISHOTO BaKyyMHOTO

Hacoca. Cxema BKCHepI/IMCHTaJIBHOﬁ YCTAHOBKHU ITOKAa3daHAa Ha Puc. 10.

Crtpyktypa chopmupoBannbix Tepmoxumudeckux JIMIIIC uccnenopanace ¢
MOMOIIBIO CKaHUPYIOMIMX 3JIEKTPOHHBIX MUKpockonoB (COM) Hitachi S3400N u
Carl Zeiss Ultra 55+ c¢ mnpoctpanctBeHHbIM paspemieHueM 30 u 1 HM
COOTBETCTBEHHO, MPO(Ib penbeda U3Mepsics Ha aTOMHO-CUIIOBOM MHUKPOCKOIIE
(ACM) «HUHTETPA TIIpuma—HanoJlaGopatopuss» (3AO0 «HT-MIAT») ¢

MIPOCTPAHCTBEHHBIM pa3pelieHneM S5 HM. sl aHanu3a BHYTPEHHEH CTPYKTYpbI
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TJIUIIIC npou3BOAMUIUCH TONEpeUYHble BbIPE3bl (POKYCHUPOBAaHHBIM HOHHBIM
nyykoM ¢ mnoMmoimieio anmapata lonLINE (Raith), a mnomydyeHHbie cedeHus
HaOmofauch € ucnoiib3oBaHueM wmoayiasi COM B 3IEKTPOHHO-IYYEBOM
mutorpage 150-TWO  (Raith). Ontuyeckue cBoiicTBa cPOPMUPOBAHHBIX
TJIAIIIIC wuccnegoBanuCh MyTEM H3MEPEHUsS] CHEKTPOB IMPOMYCKAaHHUS U
orpaxkxenust ¢ mnomotnblo HK-Oypre cnektpomerpa Vertex-80 (Bruker) wu

onTHYeCcKOoro uHTerpupytomiero cnekrpomerpa Cary 5000 (Agilent Technologies).

KMOIT kamepa
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Puc. 10. Cxema skcriepumenTanbHoM yctanoBku uist 3anucu JIUIIIIC. M — 3epkano, BS —
CBeTOJIeNUTEIb, PD — u3MepuTens MOITHOCTH J1a3€pHOro U3iydeHus, L — nuH3a.

XUMHUYECKHUI COCTaB CTPYKTYp HCCIEAOBAJICS HECKOJNbKUMHU MeTojamu: 1)
METOJIOM SHEPro-JAMCIEPCUOHHON peHTreHOBcKoM crnekTpockonuu (D/P) ¢
nomoipio Moayisa X-max (Oxford Instruments), Bctpoennoro B COM Ultra 55+,
2) MeToAoM creKTpockonuu komOuHanuonHoro paccesaus cseta (KPC). B KPC
aHanM3e B KayeCTBE MCTOYHUKA BO30YXAAIOUIETO M3JIYyYEHHUs HCIOJIb30BAJIC
TBepAoTenbHbIi nazep Millennia II (Spectra Physics) ¢ nnunoit BosmHbl 532.1 HM.
OKCHEepUMEHT TMPOBOJMJICS IO CXEME paccesHHs Hazald, s (POKYCHPOBKH
BO30YXKJIAlOIIETO M3JIy4YeHHs] U cOopa pacCesHHOTO CBETa HCIOJIb30BAJICS
MUKPOCKOTHBIN 00BeKTUB ¢ NA = 0.75. CHnexkTp paccessHHOTO H3Iy4YeHUs
u3Mepsicss ¢ momolibio MoHoxpoMatopa SP-25001 (Princeton Instruments),
ocHaieHHoro MHorokaHanbHbeiM I13C nerexkropom Spec-10:256E/LN (Princeton

Instruments).
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I[JISI MPOBCACHUA YHCICHHBIX PACUYCTOB MCTOAOM KOHCYHLIX 3JICMCHTOB

UCIOIb30BaNIOCH crermanuzupoBanHoe [10 COMSOL Multiphysics.

2.2. NccnepoaHune dropmuposaHus TJ/IUMTIC Ha nneHkax Cr B 3aBUCMMOCTH
OT TOJILWMHBLI NNEHKN MET ana.

®opmuposanue TJIUIIIIC Ha muienkax xpoma (Cr) Tonmuuou h = 28-350
HM, HaIlbUICHHBIX Ha CTEKJISHHBIE MOJJIOXKKH, HNPOU3BOAWIOCH IMPHU CIEIYIOIIHUX
OKCIIEPUMEHTAIBHBIX mapamerpax: A = 1026 um, f = 200 kl['m, auamerp
dokanpHOrO mATHa <15 MKM, sHeprus ummnynbca Ep = 85-150 w/lxk, uro maer
wiotHocTh dHeprum F = 0,1-0,2 JIx/cM?. BbIOpaHHBIA aMANa3’oH >HEPrui
MMITyJIbCA HAXOAUTCS HIbKe mopora abmsmmu s xpoma (0,2 Ix/cm? [62]), uTo
MO3BOJISIET MPOU3BOJUTH MOCTEIIEHHBIM HarpeB IUIEHKU Oe3 e€ paspyuieHus. Bo
BpeMsi 3alUCHU CTPYKTYP OCYIIECTBIISIIOCh CKaHUpOBaHHE o0Opaslia Ja3epHbIM
My4KOM CO CKOpPOCThIO 1 MKM/C B HampaBiI€HUU JHMHEHHOW MOISpU3aLUU

MMagaromero n3J1y4YCHU:A.

B xone mpoBeneHHBIX JKCIEPUMEHTOB OBLIO YCTAHOBJIEHO, YTO TEPHOJ
CTPYKTYP YBEJIMYMBACTCA MPU YBEIMYEHUM TOJILIMHBI IJIEHKA OT 678 HM s
TOHKMX TUIeHOK (MeHee 40 uM), 10 930-950 HM mpu ToJIIUHE TIEHKHU CBBIme 180
HM (cM. Puc. 11, Puc. 13a). Cpenuss Boicota TJIUIIIIC pacrer ¢ yBeaudeHueM
TOJIIIMHBI TJICHKUA MeTajuia oT 23 HM Mpu ToJiuHe ieHKu Cr oT 28 um 10 121 M
npu toamuHe wieHku 100 um (cM. Puc. 12, Puc. 136). Ilpu sTom B cityuae 6osee
ToscThIX TWieHOK (100, 125 HM) BbICOTa CTPYKTYpPhI HEOJHOPOHA U MaKCUMalbHa
B IICHTPAJbHONW 00JacCTH, YTO COOTBETCTBYET MaKCUMyMy HWHTEHCUBHOCTH B
obsactu (POKYCHUPOBKHU IydKa, UMEIOIIETO OJM3KOE K TayCCOBOMY pacipeicicHue

nHTeHcuBHocTH (Puc. 12r, m).
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h=142 um h =70 5Mm r) h =100 EM

5 MKM

h=125um =180 um

Puc. 11. COM uzo6paxenust TJIUTITIC, chopmupoBaHHBIX Ha TuieHKax Cr pa3IMIHON TOJIIIHHBI

h.

B cnyudae nanpHeliero yBeIMueHHs TOJIIMHBI MUIEHKU MeTaia g0 180 um
W BBIIE HAOMIOJAETCS yMEHbIIeHHe BBICOTHI cTpykTyp TJIUIIIIC wu
dbopmupoBanue OpycTBepoB Ha kpasx oOjactu Momudpukauuu (Puc. 1le-3, Puc.
12e), 4TO CBHIETENHCTBYET O MPHUCYTCTBUHM HApSAYy C MPOLECCOM XUMHUYECKOTO
OKHCJIEHUS METajllla TaKXke Tpoliecca aOisiuu OKCUIHOW CTPYKTYphl. JlaHHBIN
nporiecc abisauu, HabM01aeMblil B ClTydae TOJICTBIX CIIOEB MeTajlia, MOXET ObITh
CBsI3aH C BO30Y’KJIEHHUEM MOBEPXHOCTHBIX IJIA3MOHOB IMOCJE CO3JaHUSI OKCHIHOMN
CTPYKTYpbl Ha TPaHHMIIE pa3/iesla METAIUI-OKCHJI U JOKAJIbHBIM YCUJIEHUEM IIOJIS B
o0nacTM  okcuAHOW  cTpykTypbl. Kak  wu3BectHo, Mg  QopMUpOBaHUS
MMOBEPXHOCTHBIX IUIA3MOHOB Ha T'PAHULE pas3zena ABYX Cped C £ U & JIOJKHBI
BBITIOJIHATHCS Clieytone cooTHomeHus: € > 0 (awdnektpuk) u Re[gx] < 0
(npoBosHUK) [63]. B HaieMm ciiydae B KaueCTBE MEPBOM CPebl BHICTYIIAET OKCHUJT
xpoMma ¢ € = 4,4, a BTOpo# cpefoil siBiseTcs XpoM ¢ & = -0,67 + 124,9 — takum
o0pa3oM, MOBEPXHOCTHBIE TUIa3MOHBI MOTYT BO30YXKIAThCS HAa JAHHOW TpaHMIIE
paznena cpen. B cmydae ToHkuxX mieHok mpouecc ¢opmupoBanus TJIUIITIC
MPUBOJUT K CKBO3HOMY OKHCJEHHIO MeTajula, YTO XOpoIlo Habironaercs B

ONTUYECKUN MUKPOCKOII.
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Puc. 13. 3aBucumocts nepuoa (a) u BicoThl (0) crpykrypbl TJIMIIIIC ot TomumHb mieHkH h.

Takum oOpa3zoM, Ha IIeHKaXx xpoma ToamuHod 180 HM u OoJsee 3amuch
BbIcOKOynopsinoueHHbIX  TJIMIIIIC HeBO3MOXKHa U3-3a HEYHOPAIOYEHHOTO
paccesiHus CBeTa Ha HAHOYACTULIAX, SABJISAIONIMXCS MpoayKTaMu abnsauuu (cm. Puc.
l1e). B To e Bpemsi Ha MOBEPXHOCTH IJICHOK THUTaHA BBICOKOYHOPSIOUYECHHbIE
TJIUIITIC o6pa3yroTcst BILIOTH 10 TOJIIMH METaNIMYeCKON TuieHKu nopsaka 500

M [11,12]. Pa3Hunma B moBeACHUHM TUTaHA U XpoMa OOBSICHSIETCS TEM, YTO
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HaIbUICHHBIE TJIEHKU XpoMa MMEIOT TBEPAOCTh B 2-3 pasa 0oJiee BBHICOKYIO [64],
yeM TIUICHKM TWUTaHa [65] wu3-3a TOro, 4YTO Ha TpaHMIAX 3€peH IUICHKU
pacTBOpeHHbIN Kuciopoa obpasyer cBsizu Cr-O cyliecTBEHHO Oojiee MpOYHbIE,
yeMm cBsizu Cr-Cr. Beicokasi TBEpIOCTh M, COOTBETCTBEHHO, HU3KAs TJIACTUYHOCTh
XpoMa TPUBOAUT K Pa3pylICHHIO IUIGHOK B pe3yJibTare TEPMOHAMPSIKEHUN,
BO3ZHUKAIOLIMX B MPOLIECCE HAMbUICHUS WM JlazepHoM oOpabotku. Ilostomy B
pe3yabTaTe COBMECTHOIO JEHCTBHUS TEPMOHANPSHKEHUHW U MPOCTPAHCTBEHHOM
MOJYJISIIIAM ~ WHTEHCUBHOCTH  (DEMTOCEKYHIHOTO H3JIydeHUs GOpPMUPYIOTCS

cnaboymnopsigoueHnsie adnsuronnsie JINIITIC.

Jlamee ObL1 HcclieqoBaH XuMmuueckuii coctaB 3amucaHHpix TJIMIITIC ¢
nomoipio KPC cnekrpockonuu B cotpyanuuectBe ¢ K. A. Oxorpyoom (MAu3
CO PAH). Cnektpsl, MOJIy4eHHbIE OT Pa3HbIX JIOKAJIbHBIX 00JacTel OIHOM U TOU
K€ CTPYKTYpPBl, B LEJIOM BBIMJISIASAT MOXOXKHMH, YTO TOBOPUT 00 OJHOPOJAHOCTH
TJIUIIIIC mo cocraBy. Jlanee crnekTpbl ObLIM yCpeAHEHBI ¢ Koppekiuen ¢oHa,
KOTOpbI  OBUI ~ MHTEPHOJMPOBAH  C  MCIOJb30BAHMEM  3aTyxarouiei
HKCMOHEHIMATBHON (yHKUMU. B crekTpax MOXKHO BBIACIHUTH JIBE€ KOMIIOHEHTHI,
otHOCcsamumecs kK Cr,O3 (muumu B okpectHoctH 305, 348, 552 u 612 cm™') u CrO,
(muk #a 660 cm!) (cm. Puc. 14a). Jlng GOmbIIMHCTBA IIMKOB HaOIIONAIOTCS
HEKOTOpble M3MEHEHHMs B MOo3UIUsIX u Qopme. Bmecre ¢ Tem, NOMHMO
KPUCTAJTUYECKUX JIMHUKM HAOII0aeTcs NONMOoHUTENbHBIN (hoH oT 300 10 700 cm !,
KOTOpbI MOXHO Takke oTHecTH K CrO,, aHaJoOrMyHO MHTEpHpeTanuu B padore
[66]. Hns xapakTepusallid OKCHJIHOTO COCTaBa OBUIM BBIJICJICHBI BKJIAaJbl B
cniekTpbl 0T Cr203 u CrO,. B kauectBe atanona g CryOsz 6611 B3sIT criektp KPC
ot TJIUIIIC, chopmupoBaHHbIX Ha TUieHKe TonmuHoN 350 HM nmpu E, = 90 u/lx.
OTa CTpyKTypa MOYTH HEMpo3payHa U B HEeW JOMUHUpYET BKaJ oT JuHUM CryOs
6e3 BuaMMOro curHaina, xapakreptoro g CrO;. B kauectBe stanmona jist CrO;
ob1 BeIOpan crnektp KPC ot TJIUIIIC, chopmupoBaHHBIX Ha IJIEHKE 28 HM C
BbIUTEHHBbIM BKJIaJOM CrOs3. Jlnsi pa3nokeHus CHEKTPOB HAa KOMIOHEHTHI OBLI
UCIIOJIb30BaH METOJI MHOKECTBEHHOW JIMHEWHOM perpeccuu. Takum oOpazom,

OblIa TMoJy4yeHa 3aBUCUMOCTh OTHomeHus KoHueHtpauuit CrO; xk CrO3 B
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3aBHCHMOCTH OT TOJIIMHBI TUIeHKH MeTaina (Puc. 140). Beimo yctaHoBieHO, 4TO
kommuecTBO CrO, CHMXKAeTCs JIMHEHHO B JIOTapUPMUIECKOM MaciiTabe BMECTe ¢
YBEIIMYCHUEM TONIIMHBI HAMBUICHHOM IUIGHKH. OTO MOXHO OOBSCHUTH
cienyromuM obpazoM. [ ToHkoM miueHku nuddys3us kucaopoaa u3 arMoc@epbl
¥ MOHOB MeTajla K FpaHMlle pa3zena ¢ aTMocepoit obecrieunBaeT yCIoBUS IS
dopmupoBanuss CrO,. [lpu yBenwueHWW TOJNIIMHBI IUICHKH XpOMa BIIMSHUE
mupdy3un  KUCIOopona Ha CJIOW, YAaJCHHBIE OT TPaHUIBl METAI-BO3IYX,
CHIDKAETCSI. B ycnoBusix ~ oOemHEHHs ~— KHCIOpoaoM  (GOpMHUpPYETCs
npeumyniectBeHHO okcup Cr,Os. Kpome 3TOro napieHne, BO3HUKAIOILIEE H3-3a
TEPMOHANPSDKEHUH B TOJCTOM  IJIEHKE, TakkKe MOXKET CIocoOCTBOBAThH

nexkommnosuiuu copmupoBanHoro CrO; [67].

(a)

350 um :

’=0.992
240 um

2=0.979 180 1M

R2=0.97 125 im

R?=0.97 100 um | [

lcroyIcr03

*=(0.986 70 um 1 b

WHTEHCHUBHOCTH, OTH. €]1.

2=().999

T T ' I L rrrr e
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1

KombuHaunoHHas yactora, CM Tonmuna menku Cr, HM

Puc. 14. (a) Pa3noxenue ycpeIHEHHBIX CIIEKTPOB JJIsl Pa3HbIX TOJIIUH IUIEHKH Ha KOMIIOHEHTBI
CrO; u Cr20;. UepHble TUHUYM — YCPEAHEHHBIE CIIEKTPHI, 3€JI€HAsI U CUHSS — STAJIOHHBIE CIIEKTPbI
CrO; u Cr203 COOTBETCTBEHHO, HCIIOIb3yEMbIE P MOJTOHKE, KPACHbBIE JIMHUU — PE3YJIbTaThl
MIOJITOHKH YCPEIHEHHBIX CIIEKTPOB JIMHEWMHON KOMOMHAIMEH 3TaloOHHbIX; (0) OTHOILIEHHE
unteHcuBHoctel Bki1ajoB KPC ot CrOz u Cr2O3 B 3aBUCUMOCTH OT TOJIIMHBI IIJIEHKU XPOMa.

CpaBHeHue (u3MUECKUX XapakTepucTHK OKcuaoB xpoma Cr:O3 u CrO;
(Tabn. 1) maeT ocHOBaHME MPEIONOKUTH, YTO HAOIIOJaeMOE B DKCIICPUMEHTE
m3Menenue nepuoja pemerku TJIMIIIIC ot ucxogHoN TONIIMHBI MJIEHKU XpoMa
CBSI3aHO C M3MEHEHUEM XHMMHYECKOTO COCTaBa OKCHJA, YTO B CBOIO OYEpEb

MNPpUBOAUT K PpPa3jIMdHbIM YCIOBUAM pPACCCAHUA CBCTa M, CJICAOBATCIIBHO, K
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pa3IUUHBIM  PE3YJbTUPYIOIIUM KapTUHaM uHTepdepeHuu (c  gazepHOro
n3nydeHus. [loxoxas 3aBUCUMOCTh paHee Oblla 0OHapy>KeHa JJis IJICHOK THTaHa
[11], 9TO MOXET TOBOPUTH 00 OOIIHOCTH AAHHOTO SIBJICHUS JJI pa3HbIX METaJIIOB.
Ctoutr OTMETHTh, YTO B MPOIUTHUPOBAHHOM BHIIIIE PadOTe aBTOpaMU HE OBLIO

CACIaHO ITOIIBITKH OOBSICHUTH JaHHOC SABJICHHUC.

Tabn. 1. ®dusnyeckue cBOWCTBAa OKCUAOB XpoMa.

Cr0; CrOy
ITokazaTens mnpenomiieHus | 2,1 1,97 +i1,54
npu A = 1 Mkm, N + ik
[Tn0THOCTS, P 5,21 r/em? 4,95 r/em’
Tur 371eKTpONPOBOTHOCTH | AUBJIEKTPUK MIPOBOJTHUK

JUiss TpoBEepKH BBIABUHYTOM THIOTE3bl OBUIO TPOBEIECHO YHUCIEHHOE
MOJICJINPOBAHUE pACCEsSIHUS CBE€Ta Ha OJUHOYHOM OKCHJIHOM  BBICTYIIE,
pAacIlONIO)KEHHOM Ha IUIEHKE XpoMa. 3ajada CTaBWJIAch B CIEAYIOIIEM BUJE:
IUIOCKAsl JIMHEWHO TOJSPU30BaHHAsT MOHOXpoMaTHueckas BOJHA (A = 1 MKM)
najaeT Ha OECKOHEUHBIN CJIOM XpoMa, HAXOASIIMICS Ha TIIOCKOW rpaHuIle pa3zelia
JIBYX TOJyOECKOHEUHBbIX cped — Bo3ayxa (N = 1) U CTEKISAHHON Mmoioxku (N =
1,45). Ha crmoe xpoma HaXOJUTCS OAMHOYHBINA OKCUAHBIA BBICTYI C MONEPEUYHBIM
ceyeHreM B ¢Gopme MOy3JuIunca, OoJblIas OCh KOTOPOIrO PacloioXeHa BIOMIb
IpaHUIBI pa3zena. ITOT BBICTYIl COOTBETCTBYET HeHTpainbHol yactu TJIUIIIC, ot
KOTOpOM MIPOUCXOIUT (OPMHUPOBAHHME OCTAJbHBIX OOKOBBIX CTPYKTYp B
MaKCUMyMaX MHTEHCUBHOCTH UHTEpP(HEPEHIMOHHOW KAPTUHBI U, TAKUM 00pa3oM —
dbopmupoBanue Beeil ctpykTypbl TJIUIITIC. TToxoxuit Mmexanusm GhopMHpPOBaHUS
MEPUOJUYECKUX CTPYKTYp MPU XUMHUYECKOM OCAXICHUM M3 ra3oBod (a3bl Ha
KPEMHHUHU C OpUEHTAIMEN MapayieIbHO MOJISIpU3aliy MaJalolero u3aydyeHnus ObLl
npeanoxeH B [68]. DnekTpuueckass KOMIIOHEHTa MaJarollel BOJHBI HampaBiIeHA
Brons TJIMIIIC. IIpoHMKHOBEHHME OKCHIAa XpoMa B METAI IPUHATO

MPOUCXOAAIINM HACKBO3b U CMOACIUPOBAHO 001aCTHI0 METAJNIMYECKOT'O CJI0S 1o
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BBICTYIIOM C TCM XK€ IIOKAa34aTCJICM IIPCIOMJIICHUSA, YTO MU Y BBICTYIIA. 3HaueHU
TOJIIIUHBI CJI0s, BBICOTHI U IIMPUHBI BBICTYIIA OBLIN B3STHI U3 OKCIICPUMCHTAJIBHBIX
JaHHBIX. OnTuueckue CBOMCTBA XpoMa i I[aHHDfI TOJINIUHBI CJI041

PacCUMTHIBAIIMCH B COOTBETCTBUM C [69].

Ha Puc. 15a mnokaszaHo pacnpeaeneHue TOJisi Ha TMOBEPXHOCTH ILJICHKHU
tonmuHor 40 HM mnpu uHTEpPEpPEeHIMH HOPMAJIBHO TMAAIOIIETO HM3IYyYCHHS U
pPaccessHHOTO OT OJAMHOYHOIO OKCHUIHOTO BbicTyma (coorBercTByMOmEero CryOs3)
mupuHot 345 Hm. Kak BHIHO W3 puUCyHKa 1O 00€ CTOPOHBI OT BBHICTYyIA
dbopmupytoTcs OOKOBBIE MAKCUMYMbl C MepuoaoM <660 HM, YTO OJIM3KO K
AKCTIIEPUMEHTAIBHBIM 3HAUYCHHSIM. JlOMOJHUTEIBHBIE pacueThl MNpPH Pa3IUYHON
TOJIIIMHE TUJICHKHM W HEU3MEHHBIX ONTHYECKUX IMapaMeTpax OKCHUIHOTO BBICTYIIA
MOKa3ajdu OTCYTCTBHE HM3MEHEHHUs TMepuoja HHTEpPPEepEeHIIMOHHONW KapTUHBI, TO
€CTh BJIMSTHUE CBS3aHHBIX C 3TUM JJICKTPOMATHUTHBIX 3(PPEKTOB HE3HAYUTEIHHO.
Ha Puc. 156 nokazansl mpoduian pacnpeaeneHuss MHTEHCUBHOCTH MPHU Pa3TUIHBIX
marepuanax BbicTyna — Cr;O3; um CrO,, paccuuTaHHbI€ I TOJIIMHBI IUICHKH
Metauia 70 aM. Bunno, uto ais CrO; nepuoa CTpykTypbl MeHble, yeM 11t CroOs3
u cocrtaBiisieT 616 HM, TOrga Kak BO BTOpPOM cilydae OH paBeH 652 HM. Takum
o0pa3oM, pacueTHble pe3yJbTaThl TaKKE CBHJETEIbCTBYIOT 00 YBEIUYCHHUU
nepuoaa CTPYKTYp IPU HM3MEHEHMM XUMHUYecKoro cocraBa okcuaa ¢ CrO; Ha
Cr;03. OpHako, JaHHbIE 3HAYEHUS IMEPUOAOB 1O AaOCOJIOTHBIM 3HAYCHUSIM
HECKOJIbKO OTJIMYAIOTCA OT DSKCIECPUMEHTANIBHBIX MaHHBIX. [IpuunHON 3TOMY
MOXKET SIBJSTHCSI OTJIMYKME CTPYKTYPhI OKCUAO0B OT 4uCThIX (hopMm CrO,, Cr,03, uTo
MOXET MPUBOJIUTH K HEKOTOPOMY M3MEHEHHUIO ONTHYECKUX cBOMCTB. Hampumep, B
cnyuyae TJIUIIIIC Ha TuTaHOBOM TIUICHKE HAOMIOAATIOCH OTJIMUME TTOKa3aTess
npesiomieHus: okcuaa ot uuctoro TiO, B cropoHy ymensbiieHus [12]. Ilo sroit
Mpu4YrHEe ObUTM TPOBEACHBI pacyeThl MPH W3MEHEHHMH IOKa3aTess MpeIoMIICHUs
okcuga B auanaszone 2,1-1,4 B cimyyae Cr,O3 (Puc. 158) u 2—-1,4 B caydae CrO;
(Puc. 15r). Takxke, B mocieaHeM cirydae 3HaueHue K m3mensuiocs ot 1,54 1o 0,8. B
cinydyae okcuga Cr,Os HaOmogaeTcss pocT mepuoja CTPYKTYPhl IPU yMEHBIICHUH

IMOKa3aTeJIA MPCIIOMIICHUA OKCUIHOT'O BBICTYIIA, KOTOpBIﬁ J0CTUTI'aCT 3HAYCHUA 765
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HM 1ipu N = 1,4. B cnyuae okcuaa CrO; niepuoj; CTpYKTYphl TAKKE YBEITUUUBACTCS
MIPY YMEHBIIIEHUHU TTOKA3aTeNs MPEJIOMIICHUS] U JOCTUTAeT 3HaYeHus 647 HM mpu N

+ ik = 1,6 + 10,8, 94TO XOPOIIIO COrIaCyeTCs ¢ IKCIEPUMEHTAIbLHBIM 3HAUYCHUEM.
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Puc. 15. (a) PacueTHoe 3HaUeHME pacnpeeICHHs OIS TPU HHTEPPEPEHITNH MTaIal0IIEeTO
U3JIyYEHUs U PacCeSHHOr0 OT OJUHOYHOTO BBICTYIA (ILIKaJa IIBETOB 00pe3aHa Jisl MOBBIIIEHHS
KOHTpacTHOCTH), (0) IIpoduib HHTEHCUBHOCTH B 3aBUCUMOCTHU OT MaTepraja OKCUIHOTO
BbIcTyMa (CrO2, Cr203), [Ipo¢duins MHTEHCUBHOCTH NP Pa3IUYHbIX 3HAUEHUSAX [TOKA3aTENs]
MpesoMIIeHHs OKCUAHOro BeicTyna B citydae Cr203 (B) u CrOz (1). Bo Bpeskax Ha (0-1)
npeAcTaBieHbl rpaduku B MaciTabe Bceil 0071acTH MOICTTUPOBAHUS.

2.3. UNccneposaHne dpopmuposaHns TJIUMTC Ha nneHkax Cr B 3aBUCMMOCTH
0T yuncna MMMy/bCOB U YaCTOT bl MOBTOPEHUS.

B mpexacraBiieHHBIX BbIIIE pE3yJbTaTax MCCIeI0BaHUE (OPMUPOBAHUS
TJIUIITIC npoBogmiock NpH CKaHUPOBAHMM 00paslia BAOJIb MOBEPXHOCTU C
MOCTOSIHHOM CKOPOCTBIO, KOT/Ia MOCJEAYIOIUNA YU4aCTOK CTPYKTYpbl (hOpMHUPYETCS
3a cueT C(HOPMHUPOBAHHOIO paHEE Yy4yacTKa YIOPSAOYEHHOW CTPYKTYpbl U HeE

paccMaTpuBaJiICa ACTAJIBHO BOIIPOC O HAYAJIbHOM  3TaIlC (1)OpMI/IpOBaHI/I$I

42



YHOPSJOYEHHOTO TEPUOIUYECKOro penbeda, T. €. MpU BO3ACUCTBUM JIa3€pPHOTO
U3ITyYEeHUS] Ha «UCXOJHYIO» METAIIMYECKYI0 MOBEPXHOCTh 0e3 cTpykryp. bomee
TOTO, TOCKOJBKY TMpOIECC SBISIETCS TEPMUYECKUM (T. €. CTUMYJIMPOBAHHBIM
JIOKAJbHBIM JIA3€pPHBIM HArpeBOM IOBEPXHOCTH), TO BaXHBIM (PaKTOpOM,
onpenensronuM  npouecc  popmupoBanus  TJIMUIITIC, sBasercs yacrora
CJIEJOBAaHUS UMILYJIbCOB, T. K. 3TO ONPEAEAET JUHAMUKY Harpesa IOBEPXHOCTH U,
CJIE0BATEIIbHO, MPOLIECC IPOTEKaHUsI XUMHUUYECKOM peakuuu. [loatomy BaxHOU
3ajlayell sBJSETCS MccienoBaHue (OPMHUPOBAHUS CTPYKTYp MpU PA3THUUHON
4acTOTE CJIEAOBAHUSA MMIIYJIbCOB U IIPU BO3JCUCTBUM PA3IUYHOIO KOJIUYECTBA

MMITYJIbCOB Ha HETIOJBUKHBIN 0Opasell.

Hcnonp3oBaHue  aCTUTMAaTHUYECKOIO rayccoBa IIy4yka, Yy  KOTOPOro
IIOTIEPEYHOE CEUYEHUE MNEPETSIKKU IPENCTaBIsAET COOOM 3JUIMIC C OTHOIIECHHEM
IIOJIyOCEH CYIIECTBEHHO OTJIMYHBIM OT 1 mo3BojsieT OoJiee IeTanbHO MCCIEA0BaTh
nuHamuky gopmupoBanus TJIUIITIC, nockonbKy B OTAWYHE OT KPYTJOro IMmydka
MOTIEPEYHBIN pa3Mep 30HbI BO3JAEHCTBUA U (hopMUpoBaHUs CTPYKTYpHI (=100 MKM)
MHOro 0Oojbllle €€ Nepuoja, NO3TOMY B 30HY BO3AECHCTBMS IOMagaeT OoJbIIOe
KOJIMYECTBO IIEPUONIOB CTPYKTYpP U, COOTBETCTBEHHO, yIOOHEE NpOCIEIUTh 3a

JUHAMUKON UX GOpPMHUPOBAHUS.

®opmupoanue TJIAIIIIC na menke Cr tommuuor h = 30 HwMm,
HalbUIEHHOM Ha CTEKISHHYIO TOMJIOXKKY, IPOU3BOJWIOCH IPU CIEIYIOIIHNX
OKCIEPUMEHTANBHBIX MmapameTpax: A = 1026 um, f = 2, 20, 200 x['u. s
MOJIyYEHHUs aCTUTMaTUYECKOr0 rayccoBa My4yka B ONTUYECKUN TPAaKT NOMEIIAIach
uIMHApHUeckas paccenBaromas yma3a (L1 Ha Puc. 10) ¢ fr; = -1 M, uto, mocie
MPOXOXKJeHUs1 (POKycHUpyIOIeil CHCTeMBbl, JaBajo Ha MOBEPXHOCTH oOpa3ua
(dokanbHOE NATHO AIUIMNTUYECKOHM (OpMbI ¢ cooTHomeHueM ctopoH 1:10 u
amHoM ~150 mMkM Bnonb Oonblioi ocu. B Xxoje mpoBeneHus: 3KCIEpUMEHTOB
OBLIN 3aIMCaHbl CTPYKTYPBI KaK B HEMOJIBHY)KHOM COCTOSIHMH, KOTJ]a HA OJTHY TOUKY
BO3JIEHCTBYET pazianuHoe koaudyecTBO uMnyibcoB N = 1-200000 mipu paziaudHoin

qaCTOTC CICIOBAHUA UMITYJIBCOB U paSHI/I‘{HOﬁ OHCPTUU UMITYJIbCA B IUAIIA30HE OT
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1 1o 1,7 mxJIx (F = 0,1-0,2 Jl)/cM?), Tak ¥ IIpH IEPEMELIEHHUH CO CKOPOCTHIO 100-
150 mkwm/c. HampapieHue Mossipu3aliviy NaJaroIIero U3Iy4YeHHsl COBHAAANo C

HaIpaBJICHHEM CKaHUPOBaHUs o0Opasla.

Ha Puc. 16 npencraBneHsl pe3ysbTaThl 0 BO3JAEUCTBUIO aCTUTMATUYECKOTO
rayccoBa Iy4Ka B 3aBHCUMOCTH OT KojmdecTBa uMIysibcoB N = 20-200000 mpu f =
200 xI'u u E, = 1,7 mx/Ix. B ganHoM ciiydae MOXXHO YETKO BBIICIIUTH [IBE
o0JacTH: IeHTpajbHas, MOKa3aHHas KpacHbIM 3JumMricoM Ha Puc. 16, co cnaboi
YHOPSOYEHHOCTBIO CTPYKTYpbl M nepudepuiiHasi C YETKO BbIPaKEHHOU
MEPUOJANYHOCTBI0O M OpPUEHTAIMEN MapajuleIbHO TMOJSAPU3ALUM  [AJArOIIETO
u3nydyenus. DopMuUpOBaHHE UEHTPAIBbHONM 00JIACTU TNPOUCXOAUT YK€ TMpHU
Bo3neiicTBun 40 ummnybcoB. PazMep nieHTpanbHOM 00J1aCTH PaCcTET CTPEMUTEIIHHO
¢ 37 mxm mipu N =40 no 82 mkm nipu N = 1600 u cyriecTBEeHHO He YBEJIIMUMBACTCS
OT KoiuuyecTBa uMIyibcoB B auamazoHe N = 3000-200000 (cm. Puc. 17).
[lepudepuitnas o0nacTe C YNOPSAOYEHHOM CTPYKTYpOW, HaoOOpOT, HAYMHAET
dhopmMupoBaThCS TPU BO3ACHCTBUM KojuuecTBa MMIyjbcoB cBbilie N = 3000 u
pasmep ee yBenuuuBaetcss ¢ poctoM N (Puc. 17). Ha navampHOM »3Tame
dbopmupoBanus TJIUIIIIC npu N < 20 naGmromaercs pacTpeCKUBaHUE METAIlNa,
KOTOpOE€ W SIBJISIETCS 3aTPAaBOYHOM CTPYKTYpoil s Havaina QopMUpOBaHUS
uentpanbHoi obnactu TJIUIIIIC. [Ipu 3ToM NOKanbHOE yCUIIEHHUE MO Ha Kpasx
JaHHBIX TPEUIMH TMPUBOAUT K HAYAJbHOMY POCTY OKCHJIHOM CTPYKTYpbl
MPEUMYLIECTBEHHO MapajuIeIbHO HAIMPABICHUIO MOJSIPU3ALMM  [aJa0LIETO

W3IIyYEHUS.

[Ipy yMeHbLIEHUU YacTOTHI CIEAOBAHMS JIa3epHBIX UMITYJIbcOB 0 20 kI
HaOmoaeTcst cxoxkas kaptuHa ¢opmupoBanus TJIUIIIC c¢ wanuumem AByX
obnacteit (Puc. 18). Ognako B JaHHOM ciiydae, nepudepuiiHas o0nacTb MeHee
yHOpsIIOYEHHAss U €€ 00pa3oBaHME HAYMHAETCS IPU CYIIECTBEHHO OOblIEM
KonuuecTBe magaromux umiyiabcoB N > 10000. B To ke Bpems Ha HayaJlbHOM
starne (N < 100) dpopmupoBanue CTPyKTYpbl Masio oTiauuaetcst oT ciay4das f = 200

KFI_I 1 TAKIKC HAYUHACTCS C JIOKAJIBHOT'O PACTPCCKUBAHUA METAJUINYSCKOM MJICHKH.
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Puc. 16. V300paxxenue o0r1actu MoAU(PUKALIMY PU BO3AEHCTBUM aCTUTMATUYECKOTO rayccoBa
Mmyd4Ka B 3aBUCHMOCTH OT KosimuecTBa umiyibcoB N = 20-200000 npu f =200 k' u Ep = 1,7
MK/ (BepxHsis 4acTh — H300pakeHHe, MOJIy4eHHOE ¢ oMOoLIbI0 COM, HUXKHSS 4acTh PUCYHKA
— n300paXkeHHe, MOITy4EHHOE Ha ONITUYECKOM MUKPOCKOIIE Ha IIPOCBET).

100 , reer S . 25
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Puc. 17. 3aBucuMOCTb JUIMHBI LICHTPAIbHOM U nepudepuitHoi o0nactu MoIu(pUKALIUUA OT

KoJIMuecTBa UMITyJibcoB mipu f = 200 kI 1.

IIpu nanpHeMIEM YMEHBIIEHUH YaCTOThI CIEAOBAaHUSA UMIYJbCOB 10 2 KI'IT
HaOJI0aeTCsl CYHIECTBEHHO OTJIMYarouasics JuHAMUKa (OPMUPOBAHUS CTPYKTYP

(Puc. 19), nockonbky B JaHHOM ClIy4ae€ OTCYTCTBYET 30HA YIOPSIAOYEHHOTO
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dbopMUpOBaHUs CTPYKTYPhl, BMECTO 3TOTO HaOJI0/IaeTCsl 30HA aOJISIIIUU OKCHIA
(cMm. Puc. 20B), xoropas HaumHaeT ¢dopmupoBaThes npu N > 3000 Ha KoHIAx
OKCUJHBIX BBICTYNOB. JIuHamuka QOpMHUpPOBaHUS CTPYKTYpbl TIpU MajoM
konudyectBe umnysibcoB N < 100 Takke coBMmagaeT co ciydaem 0oJiee BBICOKOM

JaCTOTEI TIOBTOPCHUA UMITYJIBCOB.

200 000
._ 25000 6 000

1600
400

Puc. 18. N3o0pakenne o61acTv MOAU(PHUKAIINH ITPU BO3JACHCTBHH aCTUTMATHYECKOTO rayccoBa
My4YKa B 3aBUCHMOCTH OT KosindecTBa umiysibcoB N = 40-200000 mpu f=20 k' u Ep = 1,7
MKJDK.

[lockonbKy B XOJi€ OKCIEPUMEHTOB HAOJI0AaeTCd BIUSHUE YaCTOTHI
cienoBaHus uMiyiabcoB Ha popmupoBanue TJIUIIIIC, To HEOOXOIUMO BBIICHUTH
MPUYUHY 3TOU 3aBUCUMOCTH. CyIlIeCTBEHHOE BIUSHHUE HA MTPOLECC POCTA CTPYKTYP
MOXXET OKa3blBaThb A((PEKT HAKOIIIEHHsS TeIjia, KOorja 30Ha BO3JEHUCTBUSA HE
YCIIEBAET OCTBITh JO HAYaJIbHOM TEMIIEPATYPhl U MOCIEAYIOIIUE HMITYJIbCHI
BO3JICHCTBYIOT Ha YK€ pa3orpeThiii oOpasell, BCIEACTBHE YETrO MPOUCXOAUT POCT

CpeaHel TeMIeparypsl oopasia.

46



Puc. 19. M300paxxenue o0r1actu MoAU(PUKAIINHI IPH BO3ACHCTBUN aCTUTMATUYECKOT0 rayccoBa
My4Ka B 3aBUCUMOCTH OT KosimuecTBa uMityibcoB N = 20-200000 nipu f=2 k[ u Ep = 1,7
MK/[x.

0 MKM 5 10 15 20 0 MKM 5 10 15 20

601 HM O (6) 1.26 MKM

1.00
0.80
0.60
0.40

0.20
0.00

Puc. 20. M3006paxenus eHTpaIbHOM YacTH 00JaCTH MOAU(PUKAIINHI B 3aBUCUMOCTH OT 4aCTOTHI
cienoBanus umnyibcos: 200 kI'x (a), 20 kI’ (0) u 2 k[ (B), mostydeHHsle ¢ momouiso ACM.

Jlist 3TOM 1enu ObUIO MPOBEIEHO YUCIEHHOE MOJIETUPOBAHME OCTHIBAHUS
PAacIoIOKEHHON Ha CTEKIITHHOW MOJJIOKKE TUIEHKH xpoma (TonmuHa h = 30 HM),
HarpeToil B pe3ylbTare BO3ACHCTBUS OJHOrO JIA3€pHOTO HUMITyJbca. Pa3zmep
pacuetHor oOnactu: 400x40x30 mxMm. TemneparypHslid pouiib MIEHKHU MOCIE
BO3JICHCTBUS JIA3€PHOrO0 MMITYJIbCAa 3aJaBaJliCi ACCUMETPUYHBIM TayCCOBBIM
pacrpesieieHueM ¢ MaKCHMaJIbHbIM 3HA4€HUEM B IEHTpe To = T.mp + 2XAT,

KOTOpPOE€ OLIEHUBAETCsl W3 MOIJIouieHHOM sHeprun (Q) nazepHOro MMIysibca B
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MPEANOI0KEHNH, YTO IHEeprus naaaromiero uznyuenus (Ep = 1,7 mx/[x) yactuuno
TepsieTcsl IpHU OTPaKeHUU OT IeHKH (R = 62%) M 4acTUYHO MPOXOJUT CKBO3b
mwieHKy ¢ ko>dpunuentom nponyckanus 3 = exp(-ah) = 30%, rae o = 4,3x107

cM™! — KOO PUIMEHT MOTTIOIEHUS XPOMa:
Q=E,XA-R)x1- e *") = 1,7 Mmx/lx X 0,38 x 0,7 = 450 u/x.

[Mpu stom AT = Q/C X m, rne C = 936 Ix/krxK (mpu 1800 K) — ynenbHas
TEIUIOEMKOCTh XpOMa, M — Macca Harperoro ywyacTka Xpoma, KoTopas
BBIUUCIIAETCS Tak: M = pV, rae p = 7200 kr/m> — mioTHOCTH XpoMma, V = hS= 30 am

x 155 Mxm % 17 mxm = 79 MkM>, otkyza m = 5.7x107"3 kr. Takum obpazom: AT =

850 K, otkyna Tp =300 K + 2xAT = 2000 K.

Pe3ynbpTaThl YHCIEHHOTO MOJEIUPOBAHUS OCTHIBAHUS IUJICHKH Xpoma C
TEYEeHUEM BpEMEHHM mpeacTaBieHbl Ha Puc. 21, w3 KOTOpOro BHUIHO, YTO
MaKcUMaJlbHasl TeMIepaTypa Ha MOBEPXHOCTH K MOMEHTY BpeMeHu t = 5 mkc
(BpeMeHHO# MHTepBan Mexay umiyiascamu npu f = 200 x['n) paBuHa 363 K, yto
CBUJIETENBCTBYET O HEMOJHOM OCThIBaHMM IieHKU. [lpu t = 50 mkc (BpeMeHHOM
uHTEepBaJI Mexay ummynbcamu npu f = 20 x[') gaHHas Temmeparypa magaer 1o
311 K, 4ro Takxe BbIllIe HICXOAHOW TeMIIepaTyphl IUICHKH, T. €. U B JAHHOM clly4dae
IJIEHKA HE YCIEBAET OKOHYATENIBHO OCTBITh JO0 MNpPHUXOAA MOCIEAYIOLIETO
uMmIynbca. B ciayuae xe t = 500 Mmkc (BpeMEHHOW MHTEpBall MEXIAY MUMITYJIbCaMu
npu f =2 k') HaOGnromaeTcs mpakTUUECKU TOJTHOE OCThiBaHKe IuieHkH ¢ AT ~ 1 K.
Takum oOpa3zom, Tpu BO3AEHCTBUU OOJBIIOTO KOJUYECTBA HMITYJIbCOB IMPH
gactote cnemoBanus 20 u 200 kI['m Oyxer HaOmogaThCs pPOCT cpeaHen
TeMIiepaTypbl 00pas3lia M IUJIEHKH, YyTO OyAeT CrnocoOCTBOBAaTh OKHUCIEHUIO W,
cleloBaTelbHO,  (OPMUPOBAHUIO  YHOPSJAOYEHHBIX  OKCHIHBIX  CTPYKTYP.
JluHaMuKy yBEJIMYEHMsI CpelHeW Temmeparypsl o0pasna B 3aBUCHUMOCTH OT
KOJIMYECTBA HUMITYJIbCOB JIOCTATOYHO CIOXKHO pacCYUTaTh, IOCKOJBKY TIOCIE
BO3JICHCTBUS JIa3€PHOTO M3JIyYEHUS] HA HCXOJHBIM MaTepuasl, ONTHYECKUE
CBOICTBa MOBEPXHOCTH HU3MEHSIOTCS, YTO MPUBOAUT K H3MEHEHHUIO BEIMYMHBI

OTp&)KCHHOﬁ u HOI‘JIOH.ICHHOﬁ OHCPI'UU. Tem He MCHEC, IIPCACTABJIICHHLIC
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pE3yAbTaThl MOJEIUPOBAHUS MO3BOJISIIOT CAENATh BBIBOJ, YTO B CIIy4a€ BBICOKOM
YacTOThl CJIEIOBaHMSI MMITYJILCOB CPEIHsIsl TeMmIepaTypa oOpas3la J0JKHAa ObITh

CYIICCTBCHHO BbIIIC, YCM B CJIy4dac HHU3KOM 4aCTOThI IOBTOPCHUA.

(a) Bpemsi = 0 MKc 2000 (6) Bpems = 5 MKC
rsaloa
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| {1.6 | |350
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Puc. 21. Pe3ynbTaT 4nciI€HHOr0 MOJIEIMPOBAaHUS OCThIBaHMsI MIeHKU Cr Ha CTEKIISIHHOM
ITOJIOKKE ITOCJIE BO3JAEHUCTBUS OJMHOYHOIO Ja3€pHOr0 UMITYJIbCA C TEYEHUEM BPEMEHH I10CIIE
BozaeictBus: 0 ¢ (a), 5 Mxc (6), 50 mkc (B), 500 mxc (T).

B nomonnenue Obl1u mpoBeaeHbl dkcniepuMeHThl no 3anucu TJIWIIIIC na
IJeHKEe Xpoma TOoamuMHOW 30 HM acTUTMaTUYECKUM TayCCOBBIM IMYYKOM IpH
BBICOKHX CKOPOCTSIX CKAHUPOBAHUA ISl JEMOHCTPAIIMK BO3MOKHOCTH MOBBIIIIECHUS
MPOU3BOAUTEIIBHOCTH  3aMKMCU  YIOPAJOUYECHHBIX TMEPUOJUYECKUX  CTPYKTYP.
MakcuMainbHasi CKOpPOCTh 3allMCH, MPH KOTOpOiMl (opMmupyeTcs CTpykTypa 0e3
nedexToB u ¢Ga3oBbIX CABUTOB, paBHa 100 MKM/C B IIMPOKOM JUAIa30HE SHEPTUU
nmnyibca 1,15-1,7 mx/[x. JlaHHOE 3HAYEHHE CKOPOCTH CKAaHUPOBAHUS Ha MOPSIOK
BhIlIIE TpeacTaBieHHbIX panee [11,12]. Ilpu 3TomM pasmep MoauduiupoBaHHON
obnactu paeH 110 MM, a nepuoj cTpykTyp — 680 um (Puc. 22a). Takum o6pazom

MPOJIEMOHCTpUpOBaHO (opmupoBanue Oosiee 140 mepuoaOB yHOpsAOUYESHHOU
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ctpyktypel TJIMIIIIC, uto Ha NOpSAIOK NpEBBIIAECT MpeackazaHHbii B [11]
MPOCTPAHCTBEHHBIN Npenen dhopmupoBanus CTpyKTyphl (=10A). Ilpu yBenuyeHuun
ckopoctd 10 125 Mxm/c u Bbime (150 mkm/c) Bo3HUKaiOT nedeKThl B BHUIE
obnacrteit causiaust otAenbHbIX JuHUE TJIUIIIIC u da3zossix casuros (Puc. 220,
B), OOYCJIOBJICHHbIE MEHBIIUM YHCIOM HMITYJIbCOB Ha €IUHHUIY I[UJIOLIATU
MOBEPXHOCTH, YTO MPUBOJUT K HEJOCTATOYHOMY PA30TPEBY IUICHKH U MOJIOKKU.
OTHOCUTENBEHO BBICOKasi CKOpOCTh 3anucu ynopsgodeHHsix TJIUIITIC 100 mxwm/c
BMECT€ C UIMPOKUM DJJUIMOTHYECKUM MpoduiieM IMydyka JaeT YyBeJIWYEHUe
MPOU3BOJUTENLHOCTH CO3[IaHUs CTPYKTYp Ha 2 TOpsAJiKa IO CPaBHEHUIO C
JOCTUTHYTBIMU  paHee  pe3yjbTaTaMH, 4YTO  OTKPBIBAET  MEPCHEKTHUBBI
UCIIOJIb30BAaHUSl  TMOJIYYEHHBIX CTPYKTYp JJIS  pa3IMYHBIX  MPAKTUYECKHUX

npuMeHenuit [57].

20 MEM ' 20 MEM
—_— —_—

Puc. 22. N3o6paxkenune B ontuaeckoM Mukpockorne TJIUTITIC cTpykTyp, cOpMUPOBAHHBIX C
MOMOIIIBIO aCTUTMATHYECKOTo rayccoBa myuka mpu f =200 k't 1 CKOPOCTSIX CKaHHpOBaHUs: (a)
100 mxm/c, (6) 125 mxm/c, (B) 150 mrm/c.

2.4. BbicokockopocTHasa 3anuce T/INTMIMC Ha nneHkax Hf.

Kax BuHO U3 IIpe/ICTaBIEHHBIX BBIIIE Pe3yJIbTATOB, B CIIy4yae IUIEHOK XpoMa
pU UMEIOIIMXCA pazMepe (POKaIbHOrO MATHA U YaCTOThI MOBTOPEHUSI UMITYIBCOB
CYIIECTBYET MaKCHUMaJIbHOE 3HAUYCHHE CKOPOCTH cKaHupoBaHus (okojo 100
MKM/C), TIpH KOTOpOM (HOPMHUPYIOTCS OJHOPOJHBIE Oe3/ePeKTHbIE pPEIIeTKH

TJIUIIIIC. ITockonbky ob6pazoBanue TJIUIITIC oOycnoBieHO BIUSHHEM, B TOM
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yuclie, TEIUIOBbIX 3((EKTOB, TO AajbHEWIIEe TMOBBIIIEHUE CKOPOCTH 3aIllUCH
CTPYKTYp BO3MOHO IIyT€M HCIOJb30BaHHWA METallla CO 3HAYCHUSIMU
TEIUIOEMKOCTH M TEIUIONPOBOJHOCTH  Oojiee  ONarompusiTHBIMM  JJIs
BbICOKOCKOpocTHOM 3anucu TJIUIIIC. [JeiicTBUTENbHO, MEHBIIIAS TEMIOEMKOCTh
oOecrieuuT Oosiee OBICTPBIN HArpeB IJIEHKH, TO €CTh OyJleT TpeOOBaThCSI MEHBIIIEE
YUCJIO HMIYJIbCOB HA €IWHHUIYY IUIOIIAAN JUIS JIOCTHXKEHHS OINpEIEICHHON
TEMIEPATYPhbl, a 3HAYUT — BO3MOYKHO YBEJIMYEHHE CKOpPOCTH 3aIllUCH TpH
HEU3MEHHOW YacTOTE CIEA0BaHUs UMITYJILCOB. B TO e Bpemsi, MaTepuai ¢ HU3KOu
TEIUIONPOBOJHOCTBIO  OyZET CHOCOOCTBOBATh COXPAHEHUIO MEPUOIUYECKOU
MOAYJISIIUU TEMIIEPaTypHOTO MPOQUIIsl MOBEPXHOCTH C TEM K€ KOHTPAcTOM B
T€YEeHUH OOJIBIIETO0 BPEMEHH, IO CpPaBHEHUID C MaTepuasoM C OOJbIIUM
3HAYEHUEM TEIUIONPOBOJHOCTH, YTO IIO3BOJIUT COXPAHUTh YHOPSAIOYEHHOCTH

CTPYKTYP Ha BBICOKUX CKOPOCTAX CKAHUPOBAHMU.

JIJIss MpOBEpPKW JaHHOW THUITOTE3bl OBLIM TPOBEICHBI SKCIEPUMEHTHI T10
sanucu TJIUIITIC na tonkux miuenkax raduus (Hf). danubeiii meramn obnamaer
O0ojee HU3KMMH TEIUIOEMKOCTBIO W  TEIUIONPOBOJHOCTBIO, HO  OOJbIICH
IJIOTHOCTBIO, IO cpaBHEHUIO ¢ Cr (CpaBHEHHUE PEICBAaHTHBIX (PU3NUYCCKUX CBOMCTB
o0oux MatepuanoB npuBeieHo B Tabn. 2). IIpu ydere paznuuuii B MJIOTHOCTH,
OTHOIIIEHUE 3HAUYCHUM yICNbHBIX TEIJIOEMKOCTEeN Ha enuHUIly oObema (Cxp, rae C
— yIenpHas TEIUIOEMKOCTh Ha EIUHUILy MAacChl, 0 — IUIOTHOCThH) JJIA XpoMma M

raduus coctaBisier: CorXPer/(Cupxpur) = 1,7.

Tab6mn. 2. CpaBuenue pusnyeckux corcts Cr u Hf.

CBoOICTBO Cr Hf

VY. remoemkocts, JIx/(kr-K) 448 144
TennonpoBogHocTs, B1/(M-K) 94 23
[IpoBoaumocTs, Cm/M 7.9 - 10° 3,3-10°
Temneparypa miasnenus, °C 1907 2233
[1oTHOCTD, T/cM? 7,19 13,31
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Ha o6pasne radpuust tommmuuot 15 uM Obimu 3anucansl TJIUAIIIIC npu
sHeprun umnynbca Ep = 0,75-1,5 Mk u ckopoctu ckanuposanusi 100-2000
MKkM/c. 3anuch mipu masou sHepruu (0,75 mk/x) 1 MunumanbHOM ckopoctu (100
MKM/C) IPUBOJUT K (DOPMUPOBAHUIO CJIA00YTOPSIOYEHHBIX CTPYKTYP € TIEPHOIOM
~670 M (Puc. 23a) ¢ (da3oBbIMU CABUTAaMU U MEpEeMEHHBIM HampasieHueM. C
MOBBIIIEHUEM CKOPOCTH IMEPUOJMYECKasl CTPYKTypa IepecTaeT (pOpMHUPOBATHCA.
ITpu Gonbmieit sneprun (1,25 MxJlx) Gopmupyrotcs ynopspodenusie TJIAIITIC
(Puc. 2306), npudeM ux mepuo]; HE3HaUYUTEJIbHO Bo3pactaet oT ~670 mo ~700 HM u
YBEJIMYMUBACTCS PACCTOSSHUE MEXAY BBICTyaMU C YBEJIWYEHUEM CKOPOCTHU

ckaraupoBanus ot 100 o 2000 mxm/c (Puc. 24a, 6).

Puc. 23. COM cuumku TJIUIIIIC, 3anucaHHbIX Ha TUICHKE TadHUS TOJIMUHON 15 HM co
CKOpocThIO ckanupoBarus 100 MxkM/c ipu 3Hepruu ummyisca: (a) 0,75 mx/x u (6) 1,25 MxJ[x.

Puc. 24. COM cuaumku TJIUIITIC, 3anucaHHBIX Ha TUICHKE TadHUS TOJIIMUHON 15 HM ¢
napamerpamu: (a) 1,25 mx/Ix, 300 mxm/c, (0) 1,25 mx/Dx, 2000 mxm/c, (B) 1,5 mx/Ix, 2000
MKM/C.

[lomumo  3TOro, YyBEIMYEHHE CKOPOCTH CKAaHUPOBAaHUS  MPUBOJUT K
(hOpPMUPOBAHUIO YETKOM MEPIECHANKYISIPHON CYOCTPYKTYpHI ¢ nepuojoM ~160 HM
(Puc. 246), Bunumoii kak KOpOTKHE TEMHBIC JIMHUM, PACTIONOKEHHBIE HA BBICTYIIAX
TJIAIIIIC. IlogobHoro Buma cyOCTpyKTypa paHee Oblla oOOHapykeHa IS
TJIMIIIC Ha nyieHkax TUTaHa, xpoma W Huxpoma [13]. OnHako B JaHHOM cilydae

s Hf takue rubpunnHbie CTPyKTYpbl (DOPMUPYIOTCS CO 3HAUUTEIBHO OOJbIICH
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CKOPOCTBIO ¥ UMEIOT JYUlIyI0 perysipHocTh. C najnpHeNIIUM MoBbILIEHUEM Ep 110

1,5 mxJIx TIIUIIIIC He n3mensitot cBoeit Mopdosoruu u nepuosa (Puc. 24B).

10 MEM - 10 MxM

o

10 Mmxm = 10 MKM

—

Puc. 25. COM cuaumku TJIUIITIC, 3anucanHbIX Ha TUIeHKe radHus Tommuaoi 150 am. (a) 1,38
Mk/[x, 100 mxm/c, (6) 1,38 mx/Ix, 150 mxm/c. TJIMIITIC 3anucannsie npu 1,63 mx/[x, 500
MKM/C: (B) OJTHOPOJHAS CTPYKTYPA, (T) (ha30BbIiA CIABUT.

Ha o6pasue rabuus tommmuuor 150 um Obutm 3anucansl TJIMIITIC mpu
sHeprun mMmmyinsca Ep, = 1,38-1,63 mx/[x n cxkopoctu ckanuposanus 100-500
MkM/c. Jlns manHoro oopasna hopmupoBanue peryisipabix TJIUIITIC nocturaercs
nipu 3Hepruu Boie 1,38 mx/x. Ctpykrypa, chopmupoBanHas mpu ckopoctu 100
MkMm/c (Puc. 25a), umeer Oomblioe KOIUMYECTBO JACPEKTOB, TAaKUX KaK TOUYKH
a0JyALMK, B TO BpeMs KakK yYBEJMUYEHHE CKOPOCTH CKaHHpoBaHud 10 150 mkm/c, npu
TOM K€ YPOBHE MOIIHOCTH, YMeHbIlaeT Hannuue nedexroB (Puc. 250). Ilepuon
ATUX CTPYKTYp OOJIBIIE MO CPABHEHUIO C TUICHKOW TOJIIMHON 15 HM M cocTaBiseT
~880 HM u ~940 HM cootBeTcTBeHHO. TJIUIIIIC, cdopmupoBannsle npu Ep = 1,63
MkJ>k 1 ckopoctu ckanupoBaHus 500 Mkm/c, mokazanbl Ha Puc. 25B, r. OHu
MMEIOT HaUMEHBIIIEe KOJUYECTBO Ne(DEKTOB U €J1a00 BBIPAKEHHYIO CYOCTPYKTYpPY
(Puc. 25B). Ongnako, 37ech Bce ele MPUCYTCTBYIOT AedeKThl (a3oBOro CABUTA,

MpUMEP KOTOPHIX MpUBEEH Ha Puc. 25r.
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3aBucumocts niepuoaa TIIUIIIIC, chpopMupoBaHHBIX Ha 0Opasiie TOJIUHON
150 HM, OT CKOpPOCTH CKaHMpPOBAaHHS MpejcTaBieHa Ha Puc. 260 u mokas3bpiBaeT
HEOONBIIOW POCT, KaK WU JJis IUIeHKH Toimuuoil 15 um (Puc. 26a). Taxke
NPUCYTCTBYET W 3aBUCUMOCTh II€pHOJa OT TOJILIHWHBI IUICHKH, AaHAJIOTMYHO

TJIUIIIC Ha xpoMme: B JTaHHOM Clly4yae CpeIHUM Meproi Bo3pactaeT Ha ~250 HM.

7304 (4 = ; 1 = l
(a) dr = 15 HMm 1 _-— (6) dr = 150 HmM 3

-
(=]
[=1
(=]
1
1

950 4 .

900 - B

Mepuon TNUMMNC, Hm

850 4 -

T T T T T T T T T
0 500 1000 1500 2000 100 200 300 400 500
CKOpPOCTb CKaHUPOBaHWA, MKM/C CKOpOCTb CKAaHUPOBAHUA, MKM/C

Puc. 26. 3aBucumocts nepuoaa TJIMUIIIIC ot ckopocTr cCKaHUPOBAHUS JUIsl IBYX 00pa3IioB: (a)
tonmuHa 15 HM, MottHOCTh 1,25 MK, (0) Tommuua 150 HM, MomHOCTH 1,63 MK/[X.

2.5. VccneposaHue opmuposaHna T/INMIMC Ha nneHkax Ti B 3aBUCUMOCTH
OT A/IMHbI BOJ/THbI 3arCbIiBalOLLIETO N3TYHEHNA U BHELLIHEI ra30BOW Cpeabl.
OkcnepuMenTsl 1o 3anucu TJIMIIIIC Ha nieHkax TUTaHa NPOW3BOAUIMCH
npu Bo3jaercTBun (e tazepHoro uziaydeHus ¢ A = 1026, 513, 256 um, f = 200 kI,
MIPY U3MEHEHUU CKOPOCTH CKaHUpoBaHMs B quanaszone 1-200 mxwm/c. [Tpu 3anucu c
JUTMHOM BOJIHBI U3IydeHus A = 1026 HM HCIIOIB30BAJICS ACTUIMATUYCCKHIA rayCCOB
My4OK C COOTHOHIEHHEM CTOpoH 1:10 m nuamerpomM BIOIb AJIMHOW CTOpOHBI 150
MkM. [lpu 3amucu ¢ aIuHOM BOJHBI A = 513 HM (OKyCHPOBKAa IMPOU3BOAMIACH C
MOMOIIBIO MPOEKIMOHHON NHUTOrpaduu B MATHO B (hOopME MOJOCKU C pa3zMepoM
30x1 MKM C TUTOCKUM TpOQHIeM HHTCHCHBHOCTH, a IPH A = 256 HM — B KpyIJjoe
MSATHO C TayCcCOBbIM mpoduieM guamerpoM 2 MKM. OOpasipl COCTOSIM W3
IBYXCIOMHONW  CTpyKTypbl  T1/a-Si, HambUIGHHOM C TOMOIIBIO  METoJa
MarHeTpOHHOTO HAIbUICHUS Ha CTEKJISHHYIO TMOUIOKKY, rae Ti Obul BepXHUM
cinoeM. Tonmuua cinos amopdHOro kpemHus Obuia 250 HM IS IPEIOTBPAIICHUS

BO3MOXHOT'O BJIMAHUA KHCIOpOA4d M3 CTCKJIIHHOM MNOJJIOKKM Ha IIPOUCCC
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dbopmMupoBaHusa CTPYKTyp, TojimuHa IwieHoK Ti cocraBmsuia 90 u 180 Hwm.
DOKCIEpUMEHTHI BBIMIOJHSIIUCH TIPU BO3JAECUCTBUU (PC JTa3epHOr0 U3IYy4YCHUS B

Bo3aymiHoM (760 Topp) u aszotHoi atmocdepe (1900 topp), a Takke ciiabom

Bakyyme (4 Topp).

[Mpu Bo3mericTBuM u3inydenus ¢ A = 1026 HM, sHeprueir ummynbcoB Ep =
1,125 mxJx (F = 90 mJ[x/cM?) M cKOpocTH CKaHMpoBaHus V = 1-25 mkm/c
HaOmonaercst pexxkuMm  GopMmupoBaHus BbeicokoynopsanoueHusix TJIUIIIIC c
nepuoaoMm ~850 HM Ha TuIeHKe ToimuHoW 90 HM B atmMocdepe Boznyxa (Puc. 27).
B naHHOM cilyyae cTpyKTypa HamnpasiieHa MAPAIIIENbHO MOISPU3ALMH [1a1aAF0IIETO
M3JIyYEHUS, U KaXKIas OKCHIHAs IMOJOCKAa COCTOMT U3 HAaHOKPHCTAJUIUTOB PYyTHJIA
Ti0, pa3nuuHoil opueHTanuu U Gopmbl (CM. yBeTUYeHHOE U300pakeHue Ha Puc.
27a), 4YTO TOATBEpPXKAACTCS XMMHYECKUM aHaiauzoM ¢ nomompio KPC
CIIEKTPOCKOIMH, NPUBENECHHOM HMKe. [[15 nccnenoBaHuss BHyTPEHHEN CTPYKTYpPbI
okcuaHbix yyactkoB TJIMIIIIC B corpynuuuectse ¢ A. A. Kyummkakom (IBOY)
OBLIIM BBITMOIHEHBI pa3pe3bl C MOMONIBI0 (POKycHpoBaHHOTO HOHHOTO myyka (DUII-
COM), U3 KOTOPBIX BHJIHO, YTO POCT OKCUAHOW YaCTU CTPYKTYpbl HAUYMHAETCA C
MOBEPXHOCTH TUIEHKU M mpopaonkaercs K rpanuue Ti/Si (Puc. 276). Tlockonbky
bopmupytouuiics TiO, UMeEeT MOPUCTYIO CTPYKTYPY, @ TaKKe BBICOKOE 3HAYEHUE
cootHomienusa Ilunnuura—bensopra paBHoro 1,78 [61], okcuaHbIi MaTepual
3aHMMAeT CYIIECTBEHHO OOJBIINI 00bEM IO CPAaBHEHHIO C HMCXOJHOHN IUIEHKOU
Metaiia. [1o 3Tol nprynMHe NPOUCXOAUT BHITECHEHUE OKCHIHOW YaCTH CTPYKTYPBI
B BBICOTY HaJl IieHKoM. Kak Toibko pyTuin qocturaet rpanuiibl paszaena Ti/Si, non
BBICTYIaMH HaOtofaeTcss AedopManusi MOBEpXHOCTH IieHKH a-Si. Crout
OTMETUTh, YTO PEXHUM Ja3epHOU 0OpabOTKH MO3BOJISET PETYIUPOBATH pa3zMeEp
¢dpakiuu TiO,, kak mokazaHo Ha COM n300paxeHUU JOMOTHUTEIHLHOTO BBIpE3a,
caenannoro g TJIMIITIC, nomy4eHHBIX € TOM K€ CKOPOCThIO CKAHUPOBAHHUS, HO
C BABOe MeHblIeW sHepruedt umnynbca (Puc. 278). Kak BHAHO, BBICTYIIHI,
MOJIyYeHHbIE MpU Oojiee HU3KOM HSHEPruu, UMEIOT MEHbBIIYIO TONIIUHY, OCTaBIIssA
cioi a-Si IMPaKTUYECKH HETPOHYTHIM, MPU 3TOM HX TOPU3OHTAJIbHAs IIMPUHA

Takke ymenbaercs A0 320 um. Ilpu Gonbumiux sHeprusix umnyibca 1,5 MxJx
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MIPOUCXOJIUT YK€ OKUCIEHUE TIUIEHKH a-Si ¢ oOpazoBanueM SiO; BBICTYIOB

BbIcOTOM oKkoJi0 500 uMm (Puc. 27r, n).

OkucneHve B Makcumymax nHTepdepeHummn |

Hanpaenenue ckaHuposavus N

Puc. 27. (a) COM TJIUIIIIC, chopmupoBanubix Ha 90-uM mienke Ti npu A = 1026 um, Ep =
1,125 mx/Ix, V=1 mkm/c. Bpe3ka moka3bIiBaeT JByMEPHOE TUCKpPETHOE peodpazoBanne Oypobe
(2D-AI1®), npumenenHoe k COM uzobpaxkenuro. (0, B) COM nonepedHbIX pa3pe3oB CTPYKTYpP

npu V = 1 MKm/c ¥ 3Hepruu umnyibscoB Ep = 1,125 (6) u 0,6 (8) mx/x. (r) COM TJIUIIIIC,

chopmupoBanHbIX pHu Ep = 1,5 M/l u v =1 mxm/c. (1) COM nonepedHoro paspesa
CTPYKTYpBI, IPUBEJICHHON Ha pucyHKe (T). MacmTaOHble OTPEe3KH Ha BCEX PHCYHKaX — | MKM.

[lockonbky oOpazoBanue TJIUIIIIC oObsacHseTcs uHTEppEepeHIHei
MaJaIIET0 U PACCESTHHOIO M3JIYyYEHHs Ha HEOJHOPOJHOCTAX IMOBEPXHOCTH, TO
IIPU YMEHBIICHUM JUIMHBI BOJHBI NAJAOLIETO W3JIYyYEHUS NEPUONL CTPYKTYp
JOJDKEH TaKKe NPONOPLUOHAIBHO YMEHbIIATHCA. [l MOATBEpPkKAECHUS NaHHOU
TUNoTe3bl ObUIM MpoBeAeHbl dKcrepuMenThl no 3anucu TJIUIIIC ¢ nomombio
BO3JICUCTBUS JazepHOro (¢ u3IydeHus: ¢ JUIMHOW BojHBI 513 HM. B nanHoM
cly4yae Takxke HaOmtogaeTcss (opMuUpOBaHHE YHOPSIAOYEHHBIX CTPYKTYp C
nepuoaoM ~416 um mpu V = 3 mm/c u Ep = 0,1 mx/Ix (F = 50 m/x/cm?) (Puc.

28a). OpueHTanus, KaK U B ciiy4ae Bo3aercTBus ¢ A = 1026 HM, HampaBjieHa BJIOJIb
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MoJIsIpU3alluy nagaromero udnydeHus. [Ipu noBopoTe HamnpaBiIeHUs NOJISPU3ALUU
HalpaBJIeHHE CTPYKTypbl Takke usMmeHsiercss (Puc. 28B). Ilpuuem usmeHenue
OpUCHTAIIMU TIPOUCXOAUT B TMEPEXOAHOM 00JacTh pa3MepoM <2 MKM BJIOJb
HamnpaBJI€HUs CKAHUPOBAHMWSA, T. €. JAHHOE TEPEKIIOYCHUE HaIpaBJICHUS
CTPYKTYPBI POUCXOJUT JOKATBHO, YTO MOXKET ObITh UCIOIb30BAHO MPHU CO3AaHUU
MOJISIPU3ALUOHHBIX M JBYJIYYEHPETOMIISIOMINX ONTUYECKUX 3JIEeMEHTOB. Tak ke,
Kak ¥ B ciaydae ¢ A = 1026 uM, okcuaHas vacte TJIMIIIIC Bo3BbIlIaeTcs Haj
IJICHKOM, HO C MEHbIIEeW BbICOTOM ~40 HM, a IIMPUHA OKCHUIHBIX BKIIOYEHUM
cocraBisger <170 um (Puc. 286). B wnenom, ymnopsigodyeHHbBIE CTPYKTYpbI
dbopmupytoTcs B 1uana3one ckopocreit 1-5 mxm/c u Ep = 0,1-0,15 mx k. Bepxuuit
npeaen no ckopoctu s hopmupoBanus ynopsnodeHHbix TJIUIITIC (5 Mxm/c)
HIOKEe TakoBOTo s ciaydas A = 1026 M (25 MKM/C) BCICACTBHE 3HAYMTEIBHO
MEHBIIEH MHUPUHBI MyYKa, UCIOJIb30BABIIETOCS JJIs1 3allMCH Ha JJIMHE BOJIHBI 513

HM, B HAIIPABJICHUN CKAHUPOBAHUAI.

Jlis  nanbHEWIIero yMEHbLIEHUs Mepuojaa CTPYKTYyp ObUIM MpPOBEIEHBI
skcnepumenThl 1o 3anucu TJIUIITIC npu Bo3neicTBuu e 1a3epHOTo U3ITyUSHUS C
JUTMHOW BOJIHBI 256 HM. B nanHOM cnydae Takxke HaOmromaercs GopMuUpoBaHUE
TJIUIIIC ¢ nepuonom <180 uM mpu sHepruu umnyibcoB 0,7 w/lx (F = 35
m/Ix/cM?) u ckopocTn ckanupoBanus 1 Mxm/c (Puc. 28r), HO yHOPSAZOYEHHOCTh
CTPYKTYp CYIIECTBEHHO XyXke, ueM B ciydae A = 1026 u 513 M. BosmoxHoM
MPUYMHON HU3KOM YHNOPSAOYEHHOCTH B ciaydae Y@ wu3IyyeHus ABISETCA
CylleCTBEeHHO Oonbiiee mnoryomenue 110, dYem B ciaydae JApYyrux
MCIIOJIb30BABUIMXCS JIJIMH BOJIH, KOTOPOE€ BBI3bIBAET JIOKAJIBbHYIO a0sAIUI0 U
3arpsi3HeHHE NMPOAYKTaMU a0IsIMU 00J1aCTH 3aIIUCH, YTO MPUBOAUT K HAPYIICHHUIO
NEePUOJUYHOCTH MPOQPUISI UHTEHCUBHOCTH. DTH CT€HEPUPOBAHHBIE B pe3yJbTaTe
a0JIAMM HAHOYACTHUIIBI, MOKPHIBAIOIINE HEOOIYUEHHBIH YYacTOK IMOBEPXHOCTH,
xopoto BuHbI Ha COM nzo0paxenuu (Puc. 28r) u npakTuyecku OTCYTCTBOBAIU

IS OITUMHU3UPOBAHHBIX PEXUMOB 3anucu rpu A = 1026 u 513 uMm.
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Puc. 28. (a) COM TJIUIIIIC, chopmupoBantbix Ha tuieHke Ti ¢ Tomuaoit 90 M mpu A = 513
HM, Ep = 0,1 mx[Ix, v =3 Mmxwm/c. (6) COM nonepeunoro paspesa cTpykrypsl, (8) COM
TJIUIITIC 3anucaHHbIX OpU AUCKPETHBIX U3MEHEHUSAX HAMpaBICHUS MOJSPU3ALINU B IIpOLIEcCce
3amucu CcTpykryp, (r) COM TJIMIIIIC, chopmupoBanubix mpu A =256 um (Ep = 0,7 uJlx, v =1
MKM/c). MaciitabHble OTpe3KkH Ha pUcyHKax: 5 MkM (a, B) 1 500 um (0, 1). (1)
DKcrepuMeHTallbHas (dYepHble MapKepbl) U pacueTHas (KpacHbIE MapKephl) 3aBUCUMOCTH
nepuoaa TJIMIIIIC ot niuHBI BOJTHBI Majaromero u3nydenus. () Pacnpenenenue
MHTEHCUBHOCTH Ha MOBEPXHOCTH T1 MpHu UHTEpPEpEeHINH MaJalOLIEr0 U PacCesHHOTO
usnydenus ot TiO; npu pa3nuyHbIX IMHAX BOJIH.

Ha Puc. 281 mnpuBenen rpadux 3Hauenuid mnepuoxa TJIMIIIIC npu
PA3JIMYHBIX JJIMHAX BOJIH 3aIIMCBIBAIOLIEIO U3JIYyYECHUS, OTKYAA BUAHO, YTO JTaHHAas
3aBUCUMOCTh HMMEET JIMHEHHbIH Xapaktep. s oObsICHEHUS 3TOM 3aBUCHUMOCTHU
OBbUIM TPOBENIEHBI pPACUEThl METOJOM KOHEYHBIX 3JeMEHTOB. [[Jii MpOCTOTHI
paccmaTpuBasicss OAMHOYHBIM BbicTyn TiO,, oO0dyyaemblii cBepXy IUIOCKOU

SHCKTpOMaFHHTHOﬁ BOJIHOM C JJIIMHaAMH BOJIH )\, COOTBCTCTBYHOIIIMMHU

58



HCIOJIB3YyEMBIM B JKCIIEPUMEHTE. ['€OMETpHUsi MOJAEIUPYEMOTr0 BBICTYIIA, a4 TaKKe
€ro COCTaB W CTPYKTypa OyIayT BIUSATH HAa PE3yJbTaThl PacueTOB JJIsi JTAHHOU
JUTMHBI BOJIHBI M, XOTs OOIIYI0 T€OMETPHIO BHICTyNa (BBICOTY, IUPUHY, (HOPMY)
MOXHO TOYHO BocrpousBectd u3 COM-uzo0pakeHuil TONEPEYHBIX BBIPE30B,
BHYTPEHHIOIO  CTPYKTYpY, ONpEACIAeMYyIl0  CIy4allHbIM  PaCHOJIOKEHUEM
HAaHOKPUCTAJUIUTOB, CJIO0XKHEE y4eCTh B MOJAENH. JJisl yueTa MOPUCTON CTPYKTYPHI
BbicTyna TiO, ero KOMIUIEKCHBIN MOKa3aTeNb MpeIoMIIeHUs ObLI B3ST B BUJIE N =
(1 — Mm)XNtio2 + MXNgir, TAE M — KOIDOUIMEHT TOPUCTOCTH, Nrioz U Nair —
nmokaszaTtesu rnpeiomiieHus ciuonHoro TiO; u Bo3myxa coorBeTcTBeHHO. Ha Puc.
28e mpencTaBiICHbl PacpeesiCeHus] MHTEHCUBHOCTH, PACCUMTAHHBIE HA TPAHUIIE
paznena Ti—Bo3ayx BOJIM3M OKCHIHOTO BbICTyma. Kak MOXHO BUIIETH, NJIsI BCEX
MOJICTTUPYEMBIX JJIMH BOJIH MAaKCUMYMbl MHTEHCHUBHOCTHU TOSBIISIOTCS O 00EHUM
CTOPOHAaM BBICTyIla HA HEKOTOPOM PACCTOSIHUM OT €ro ILEHTPA, ONpPeACISIONIUM
nepuoa Oyaymiei cTpykTypel. [Ipy m = 0 pe3ynabTaThl pacueToB AAIOT MEPHO]
TJIUTIIIC paBubiii 160 u 392 aM npu A = 256 u 513 HM COOTBETCTBEHHO, YTO
JOCTaTOYHO OJIM3KO K OSKCHepUMEHTaNbHbIM 3HaueHusM (180 u 420 HMm
COOTBETCTBEHHO) M YyKa3blBa€T HAa HE3HAYUTEIBHYIO IMOPUCTOCTh O0pazyeMbIX
BeicTynoB  (Puc. 28m). Jlyumiee COOTBETCTBHE MEXIYy pAaCUE€THBIMU U
AKCTIIEPUMEHTATIBHBIMU PE3YyJIbTaTaMU MOXKET ObITh IOCTUTHYTO MyTEeM HEOOJIBIION
KOPPEKTUPOBKU K03 duImeHTa mopuctoctu. [Ipu 3ToOM aHamoOrMYHBIC pacyeTshl,
npoBeicHHbIe TP M = 0 1 A = 1026 HM, JAIOT CYIIECTBEHHO MCHBIIUN MEPUOT
CTPYKTYp, paBHbiii 700 HM, MO CPaBHEHHIO C AKCIEPUMEHTAILHO HAOJIOAaeMbIM
(850 HM). DTO MOXeET yKa3plBaTh Ha 3HAYUTEIbHOE HECOOTBETCTBUE MEXIY
TaOJUYHBIMM 3HAUYCHHSMU TMoKazatens npenomiieHus TiO, W peanbHBIM
MoKa3aTejeM MPEJIOMJICHHS MOPUCTHIX BBICTYIIOB 1102, COCTOSAIIUX U3 CIIyYaiHO
PacMoI0KCHHBIX HAHOKPUCTAILTUTOB (YTO IKCIIEPUMEHTAIBHO HAOII0AACTCS IpU A
= 1026 um, cM. Puc. 27a). CucteMatnueckue pacueThl MOKa3bIBAIOT, YTO XOPOIIIEe
COTJIaCUE€ MEXY BBIUMCICHHBIMH UM u3MepeHHbIMU niepuojgamu TJIAIITIC moxet

OBITH JOCTUTHYTO TTpu M = (,5.
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[lockonbky  dopmupoBanne TJIUIIIIC npoucxomaut B  pe3ylbrare
TEPMOCTUMYJIUPOBAHHOIO XHUMHYECKOT0 TMpollecca OKUCIEHUs IUIeHKH Ti, ux
MopdoJorus U cocTaB OyAyT ONpeneNsaTbCs OKpyKarolied armocdepol, T. e.
COAEPKAHUEM MOJIEKYJ KHUCJIOPOJAa WM JAPYIMX Tra30oB B OKDPYXKAIOLIEW cpene.
Yro6bl u3yuuTh 3TOT 3Pdekr, O6buto nposeaeHo GopmupoBanue TIIAIIIIC B
BO3J/IyXe, BAKyyMe M a30T€ MOJI AaBJICHUEM IPU CICAYIONINX MTapaMeTpax 3amuch: A
= 1026 uMm, f =200 x['u, E, = 1 mMx/Ix, v =1 mxm/c. Kak MoxHO BuIeTh U3 Puc.
296, i BaKyyMHOM Cpellbl PEryJSIpHOCTh CTPYKTYp YXYAIIAECTCS, a MEXIy
BBICTYIaMH 00pa3yeTcsi JIONOJIHUTEIbHBI OKCHUIHBIM MaTepual. DTO TaKkKe
MO>KHO BHJIETh Ha Ipaduke IByMepHOro rnpeodpazoBanus Oypwe, MOKa3bIBAIOIIEM
IIyM B LIMPOKOM JIMara30HE MPOCTPAHCTBEHHBIX 4acTOT (Bpe3ka Ha Puc. 290).
Xapaxkrepusiit nepuoa TJIMIITIC, copmupoBaHHBIX B BakKyyme, HECKOJIBKO
yBenuuuBaercss A0 ~940 HM (10 CpaBHEHUIO C TaKOBBIM [JIsi CTPYKTYP,
chopmupoBaHHBIX B Bo3ayxe, ~870 HM). Anamornunbii nepuoj (<940 HM) u
HECKOJIBKO JIydYIllasi yHopsSJA0YeHHOCTh Obutk oOHapyxeHbsl mis  TJIMIITIC,
3anucaHHbIX B a3ote (Puc. 298). Otnuuune nepuona cTpykTyp, COPMUPOBAHHBIX B
Pa3IUYHBIX CPEaX, MOXHO OOBSICHUTH Pa3NMuHON reomerpueit BeicTynoB Ti0,,
X BHYTPEHHEU CTPYKTYpoH (CTENEeHBbIO MOPUCTOCTH) U XUMHUYECKUM COCTaBOM,

BJIMATOIIUM Ha ITOKA3aTCJIb IMTPCIIOMIICHUA.

Xumunueckuii coctaB TJIUIIIIC, chopmupoBaHHBIX B pa3iWyHBIX cpefax,
Ob1 uccienoBaH MeTtojgoM KP-cmektpockonuun B corpyaHudectBe ¢ K. A.
Oxotpyoom (MAu3 CO PAH). Tunuunsie KP-cnextpsr TJIUIIIIC, ycpennennbie
M0 HECKOJBKUM Y4YacTKaM OOJAacTH CTPYKTYp, BBIIBUIM HECKOJBKO XapaKTEpPHBIX
NuHUM Ha KonebarenbHbix yactorax 230, 320, 445 u 610 cm™!' (Puc. 29r). Kpome
curnana Ha Jactore 320 ¢cM'!, OCTalbHbIE IMHUHM MOKHO OTHECTH K XapaKTEPHBIM
KosebarenbHbIM MojaM pyTuia [70,71], 4To CBUAETENBCTBYET O JOMUHHUPYIOLIEH
pOJIM TIpolecca OKUCIEHUsI MPU O00pa30BaHUU BBICTYINOB Ja)Xe B Cllydae 3alucu
TJIUIIIC B a3otHoit atmocepe. Peakuus okucnenuss ¢ obpazoBanuem TiO,
MOXET MPOXOAUTH MPU YYACTUU KaK KUCIOPOJa, pACTBOPEHHOI'O B METAJIINYECKON

IIJICHKE [72], TaK U OIMPCACICHHOIO KOJIMYCCTBA KUCJIIOPOAd, IMPUCYTCTBYIOUICTO B
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razoBoy cpene (BKiIOuYas a30THYIO), OCOOCHHO YUYWTHIBas 0oJjiee BBICOKYIO
BEPOSITHOCTh TpOIlECCAa OKHUCIEHUS THUTAaHA 110 CPaBHEHHUIO C MPOIECCOM
nutpuganuu [73,74]. TlomoOHble JIUMHUU TaKXKE MOXKHO HACHTU(UIIMPOBATH B

TUMIUYHBIX CHEKTPax CTPYKTYp, CHOPMHUPOBAHHBIX B BO3AYLIHOM U BAaKyyMHOM

cpenax (puoseroBas u cuHsg KpuBbie Ha Puc. 29r).

q

MHTEHCUBHOCTL, OTH. eq.

250 500 750
KombuHauunoHHas 4actoTa, cM”

1

Puc. 29. (a—8) COM-m300paxkenus TJIUIITIC, chopmupoBanHbIX Ha rieHKe Ti TonmuHoi 180
HM B Bo3yxe (a), Bakyyme (0) u azore (B). [Ipu 3ammcu TJIUIITIC ucnons30Baiuch
(bUKCHUpPOBaHHBIC YCIIOBHS Jla3epHoi 00paboTku: A= 1026 um, f =200 k', Ep = 1 mxJIx, v=1
MKM/c. Macmtabubie oTpe3ku — 4 MkM. Ha Bpe3kax nmpuBeneHsl n3oopaxenus 2D-J/{I[1D
cootBeTcTBYIOIUX COM cHuMKOB. (1) Ycpenuennsie KP-ciektpsr TJIMIITIC, 3anucanHbix B
azote (KpacHasi KpuBas), Bo3ayxe ((puosieToBasi KpruBasi) v Bakyyme (CuHsst Kpuasi). st
cpaBHeHHs npuBeacHb KP-ciektpsl amopdHoro (a-TiN) u kpuctamummaeckoro (c-TiN) HaTpuma
tuTaHa. Takke yka3aHbl XapaKTepHbIe THHWH, cBs3aHHbIe ¢ Ti0s (pyTmi) u TiN.

Curnan Ha yactore 320 cm™! xapakrepen misg autpuaa tirana TiN [75], uro
TaK)ke€ BUAHO W3 aHanu3a dSTaloHHbIX KP-cnekTpoB, M3MepeHHbIX OT oOpasla
kpuctammuyeckoro TiN (¢-TiN), a Takxke ot oOpasua amopdHoi miuenku TiN (a-
TiN), monydeHHOM METOAOM MATrHETPOHHOTO HANBUICHUS HAa CTEKISTHHYIO
nmomioxkky (cm. Puc. 29r). DOrta nunums 3ametHa B crnektpe TJIMIITIC,
chOpMHPOBAaHHBIX B a30THOM cpejie, U He HabJt01aeTcsa B CIEKTPaxX, U3MEPEHHbBIX
OT CTPYKTYp, TOJYYEHHBIX B BO3JAYIIHOM W BakyyMHOH cpemax. Hebombioe
cojepkanne oOpazoBapmierocs TiN MOXXHO Takxke uaeHTuduimpoBat B KP-
CIIEKTpE 110 HU3KOMHTEHCHBHOMY CHMIHaly Ha uactore 545 cm!, wactuuno

3aKpBITOMY OCHOBHOM MO0 pyThia Ha 610 cm™.

3akntoveHue K I'nase 2. Chopmuposansl TJIUIITIC Ha miieHKax METAILIIOB

(Cr, Hf, Ti) c nmomomipto (¢ nazepHbix UMIyiabcoB. MccnenoBana mopdosorus
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IIOJy4YEHHBIX CTPYKTYpP, XUMHMUYECKUH COCTaB B 3aBUCUMOCTH OT YCJIOBUU
nazepHoro BozaedcTBus. OOHapyxeHo yBenuuenue nepuoga TJIAIITIIC npu
yBeIMYeHUH TonmuHbl IeHku Cr, Koppenupyromee ¢  HU3MEHEHUEM
oTHOCUTENIbHOTO cojepkaHusi OoKcuAoB CrO2/Cr,Os COCTaBISIONIME BBICTYIIBI
cTpyktyp. Habmomaemoe yxyamenue ynopspodennoctu TJIUIITIC mpu
MOHI)KEHUH YacTOThl CJEJIOBAHUS HUMIIYJIbCOB OOBSICHSETCS JIUCCUIALUEH
TEIIOBOro mnpoduis Mexay umiyibcamu. B ciydae miueHok Hf pgocturnyTs
BBICOKHE CKOpOCTH 3anucH BeicokoymnopsaodeHHsix TJIUIIIC — go 2 mm/c, uto Ha
MOPSIAOK BBIIIE 3HAYCHUH, OJNy4eHHbIX 111 Cr. DKCIEPUMEHTAJIBbHO MTOATBEPKACH
JTUMHENHbIN  xapaktep 3aBucuMoctu nepuoga TJIAIIIIC ot pauHbl  BOJHBI
najarouiero u3naydeHus (B auamna3zoHe 256-1026 M) Ha mpumepe IuieHOK Ti.
Kpome Toro, nokazaHo, 4To U3BMEHEHNE Ta30BOM CPENIbl, B KOTOPON MPOU3BOIUTCS
dbopmupoBanue TJIUIITIC, BnuseT kak HA MOPGOJIOTHIO, TaAK U HA XUMUYECKHUN

COCTaB CTPYKTYD.
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"naBa 3. ®opmupoBaHue TJIATTIC Ha NOBEPXHOCTM MONYNPOBOAHMKOB (b

nasepHbIM UMMTyNbCaMu.

3.1. WccneposaHue opmupoBaHns TIMMC Ha nneHkax amopgHOro
KpemHus (a-Si).

3anuch  CTPYKTYp HpPOU3BOAMIACH Ha  JIaDOpPAaTOPHOM  YCTaHOBKE
dbeMTOoCeKyHAHOW  JazepHOM  MoaU(UKAlMK,  HMCMHOJb30BaBIIEWCS IS
dbopmupoBanus TJIUIIIC nHa MeTammumyeckux IJIEHKaX, JETadd KOTOPOH ObLIU
MpeCTaBIeHbI paHee B pasnene «2.1. JKCNepuMeHTaNbHaa ycTaHoBKa. MeTobl
XapakTepusaumn CcTpykKTyp.». Hccnegyemble oO0pas3ibl NpenCTaBIsId CcOOOM
wieHKn amopdHoro Si TonmuHoM 370 HM, HaNbUICHHbIE HA CTEKJISIHHbBIE
NOJUTOKKH. BO Bcex AKCIEpUMEHTaX HMCIOJIb30BaIach OCHOBHASI TAPMOHHUKA C A =
1026 uM, a yactoTa (¢ uMmysbcoB Obuta paBHa f = 200 k['m. [ns 3anmucu ObuI
HCIIOJb30BaH aCTUIMATUYECKUI TayCCOB MY4YOK € pazmepamMu 0koio 15x150 mxm.
@®opmuposanue TJIUIIIC ocymecTBisuioch HOpH  Pa3iIUYHOM  CKOPOCTH
CKaHUpOBaHUS V W dSHepruu umnyibca E,. B memom ckopocTs ckaHUpOBaHMS
U3MeHsu1ach B nuamnasone V = 1-500 MKwm/c, a sHEprus Jia3epHOro MUMIyJbCa — B
nuana3zone E, = 1,15-1,8 mxJlx, 4ro, ¢ yyeToM pa3MepoB (POKaIbHOIO MSTHA,
JaBajio IUIOTHOCTH dHeprun F = 0,13-0,2 Jbx/cm?. Amnanus mopdosoruu
3anucanubix TJIUIITIC, nccienoBanne XMMUYECKOTO COCTaBa, a TAKKE€ U3MEPEHUE
CHEKTPOB TMPOMYCKAHUS/OTPAKEHUsI MPOBOIUIOCH B COTPYIHHUYECTBE € A. A.

Kyummxakom (JIBOY) u E. B. Munaem (UX JIBO PAH).

ChopmupoBannsie  TJIUIIIC  umeror  pasnuuHyio  Mopdosoruto,
3aBUCAIIYIO OT ckopocTu ckanupoBanus (Puc. 30). Tak, mpu Maabix ckopocTsax 1-3
MKM/C 00pa3yloTcsi CTPYKTYPBI B BHJIE€ OKPYTIIBIX «TpaHys» ¢ nepuoaoM ~980 HM
(Puc. 30a, 6). [Togpoonoe COM wuzobpaxenue TJIUIITIC, 3anucannpix npu V = 3
Mkm/c u Ep = 1,35 wMmk/[k, mo3BojisieT YBHAETb, YTO JaHHBIE CTPYKTYpbI
MPEACTaBIAIOT CcOOOM mMapaieNbHble PAIbl KOHYCOOOpPa3HBIX BBICTYNOB C
nonepevyHsiM pazMmepoM okojio 650 uM (Puc. 316). Ilpudem oTnenbHbIC BBICTYIIBI

PACIIOJIOKCHBI B IMAXMATHOM ITIOPAAKC OTHOCHUTCIIBHO COCCIHHUX PAOOB, TO CCTb
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00pa3yloT rekcaroHajgbHylo pemetky (Puc. 31a). D10 Takxke MOXHO BHUIIETh Ha
rpadukax JBYMEPHOTO JAUCKPETHOro mpeoOpa3zoBaHus Dypbe, MPUMEHEHHOTO K
COM wuzoOpaxenuto cTpyktyp (Puc. 300, mnpaBelii cronber): MHOMHUMO
MaKCUMYMOB, COOTBETCTBYIOIIIMX OCHOBHOH IEPUOJMYHOCTH JIMHUH BIOJb
BEPTUKAJILHON OCH, NMPHUCYTCTBYIOT TaKKe JOIOJHHUTEIbHBIC MPOCTPAHCTBCHHBIE
YacTOThl, COOTBETCTBYIOLIUE CYyO-pelieTke, € HaKJIOHOM ~65° OTHOCHTENbHO
BepTUKaIbHON ocu. Tawke w3 Puc. 30 B BHJIHO, YTO YBEIWYEHUE CKOPOCTH
CKaHMPOBAHUS TPHBOJUT K CMEHE KOHYCOOOpa3HBIX CTPYKTYp Ha MPOJOJbHBIC
BBICTYIIBI XYJIIICH YMOPSAA0YEHHOCTH M HEBBICOKOTO MPOMUIISA ¢ YIIIyOJICHUSIMH B
Hux. Kak yxe ObUIO yKa3aHO paHee, NMaJCHHE YIMOPSAAO0YEHHOCTH C YBEIUYCHHEM
CKOPOCTH BBI3BAHO YMCHBIICHHWEM IUIOMIAAN IEPEKPHITHS MEKIYy COCCTHUMHU
UMITYJIbCAMH, YTO HE  IO3BOJSET  CHOPMHUPOBATHCS  JOMUHUPYIOIIEMY
HAIPaBJIICHUIO CTPYKTYPBI, KOTOPOE MOTIJIO OBl MOJACPKUBATH CHIBHYIO
MOJIOKUTENBHYI0 O0paTHYI0 CBs3b. JlOMOTHHUTENHHOE H3MEpeHue NpoPuiIs Ha
ACM 103BOJIMIO YCTAaHOBUTH, YTO BBICOTA KOHHUYECKHUX BBICTYIIOB COCTaBJISCT

okoi0 600 uMm (Puc. 32).

HaGmrogaetcss  QgopMupoBaHue CyOCTPYKTypbl Majoro mnepuojaa s
TJIUIIIC, chopMupoBaHHBIX HpPH CKOPOCTH CKaHWpoBaHus 10 MKM/C U BbIlIe
(Puc. 33a). JlanHas cyOCTpyKTypa ¢ mepuojaoM okojio 150 HM, pacmojokeHHas
MEXJy BBICTYIIAaMH OCHOBHOW CTPYKTYpbl, 1O BCEH BHIAUMOCTH, SBIISICTCS
HEOJHOPOJHOCTSIMHM  Marepuana, JeXalluMH IoJ IOBEpXHOCThIO. Takoe
MPEANoIOKEHNEe MOXKHO chaenath u3 aHanmuza COM  cHuMKa ¢ OOJbUIUM
yBeJIMUEHUEM, TpencraBieHHbBIM Ha Puc. 336. B mectax TemHBIX MMOJIOC HE
Ha0JII01aeTCsl 3HAYUTENbHOTO U3MEHEHUS BBICOTHI pelibeda, YTO CBUIETEIbCTBYET
0 TOM, YTO IPUYMHOMN pa3NUUUsd KOHTPACTA SIBJISAECTCA HAIMYME HEOJHOPOIHOCTEN B

XUMHWYCCKOM COCTAaBC MaTCpHaja.
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Ckopocts CKaHupoBaHug

Puc. 30. COM cunmvku TJIUIITIC, 3anucanHbIX Ha TJICHKE KpeMHUS TodmuHou 370 uMm ipu Ep =
1,35 Mx/JI>x ¥ pa3sTUIHBIX CKOPOCTSAX CKaHUpoBaHus V: (a) 1 mxm/c, (0) 3 Mxm/c, (B) 5 mkm/c, (T)
50 mxm/c, (1) 100 Mxm/c. CheMKa POU3BOAMIIACH IO HOPMAJIHM CBEpXY (JIEBBIH cTONOCI) U TTOJT
yriioM 45° (cpenuuii crosdenr). B mpaBom cTonliie npencraBiieH pe3yibTaT nerctus 2D-AT1D

Ha M300paXKeHUs U3 KpallHero JIEBOTO CTOJIONA.

Puc. 31. COM cuumku TJIUIITIC, 3anucanHbIX ITpH V = 3 MKM/C Ha IJICHKE KPEMHUS TOJIIIUHOM
370 am.
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BeicoTa, HM

/ 5 MKM \

Puc. 32. ACM uzobpaxenne TJIUIIIIC, 3anrcaHHbIX Ha TUIGHKE KPEMHUS TOMMHON 370 HM
mpu V = 3 MKM/C.

Puc. 33. COM uzob6paxenus ¢ pazabiM yBeamaenuem TJIWIIIIC, 3anrcanHbIX Ha IJICHKE
KpeMHUs ToimuHoN 370 HM nipu V = 75 MKM/C.

C uenplo ucclenoBaHUs BHYTpEHHEW CTpyKTypbl 3anucaHHbix TJIUIITIC
ObUTM  MPOM3BENECHBI  BBIPE3bl HMOHHBIM IYYKOM B  JBYX  IJIOCKOCTSX,
MEPHNEHNKYJIAPHBIX TMOBEPXHOCTU: NEPHEHIUKYJSPHO MPOJOJIBHBIM BBICTyIIaM
(mapannensHo ocu X Ha Puc. 34a-B) u mapaienbHO UM (MapajijieIbHO OCH Y Ha
Puc. 34r). Ha momyuennpix COM CHUMKax, CIEJIaHHBIX IIOJ] YIJIOM, TakKXke
HaOmomaroTcss  o0JacTM € pa3iM4YHbIM  KOHTpacTtoM.  [IpucyTcTByrOT
MOJIITOBEPXHOCTHBIE BKIIIOUEHUSI, pacnofioxkeHHble Mexay BbicTynamu TJIAIIIIC ¢
TeM xe nepuoaom ~980 HM (OKpalieHbl KpacHbIM 1BeTOM Ha Puc. 34a-r). [Ipuuem
MIPU MaJIbIX CKOPOCTSIX ATO M30JMpoBaHHbIe BKItoueHus (Puc. 34a), a yBenuuenue
CKOPOCTH MPUBOJUT K yBenuueHuto ux oobema (Puc. 340) u cnusauto (Puc. 34B).
[TpoBenennbiit Mukpo-KPC ananu3 BBISIBUII HaTW4YUE PE3KOro muka B obsactu 518

-1

CM™', CBHUJIETEIBCTBYIOIIETO O MPHUCYTCTBUHM KPUCTAUIMYECKOM (Da3pl KpeMHUS B

noAnoBepxHocTHOM ob6nactu (Puc. 34m1). DTOT NUK OTCYTCTBYET B CHEKTpE
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ucxoaHo mmieHku Oe3 3amucaHHbix TJIUAIIIIC u Takke HEMHOro CABHUHYT B

HU3KOYAaCTOTHYIO 00J1aCTh OTHOCHTEIBHO JIMHUU CIIEKTpa pedepeHCHON MIaCTHHBI
MOHOKpHCTAaIM4ecKoro  kpemuus (521  cm!), uro  ykaseBaer Ha

HAaHOKPUCTAUIMYECKYIO MPUPOAY BKIOYeHU [76]. JIBymepHOe pacmpenesicHue

naTeHcuBHoctu KPC curnana B obmactu 518 cM’!, mpuBenenHoe BO Bpeske Ha
Puc. 34x, mnoaTBepknaer HaIWYUE TEPUOAMYECKHX  MOJIMOBEPXHOCTHBIX

BKJIIOUEHU C MpeoljafaroniuM CoJepKaHUeM HaHOKPUCTAIIOB KPEeMHUS

PaCIIOJIOKCHHBIX MCKAY BLICTYIIAMU.

5

tdem’

N
v

SiO, . . Kpwctann. Si

__518cm’
521 cm

ncxogHas nneHka a- SI

pecbepeHc c- -Si

300 350 400 450 500 550
KoneGaTeanaﬂ yacrtoTa [CM 1

CkopocTe CKaHMpoBaHug

Puc. 34. (a)-(r) COM u3zo6paxenus Boipe3oB TJINUIIIIC, 3anrcaHHbIX Ha MJIEHKE KPEMHUS
tosmmuHOoM 370 HM ipu Ep = 1,35 mx/Ix u v: (a) 1 Mm/c, (6) 3 mxMm/c, (B) 50 MkM/c; (T) BBIpE3BI
B TOM K€ CTPYKTYp€, UTO NpUBEACHA Ha (B) BJI0JIb HAIIPaBJICHUN, 0003HAYEHHBIX 3€JIEHBIM
MyHKTUPOM. (1) criekTpbl KPC 11t CTpYyKTYpHI C TapaMeTpamMu 3aIicH V = 3 MKM/C,
COOTBETCTBYIOIIHE TTOBEPXHOCTHBIM BBICTYIaM (KPaCHBIN) M 0071aCTH MEX Iy HUMU (KENTHIN), a
TaKKe CIEKTPBI HCXOAHOU TJICHKH U peepeHCHOTO KPUCTAIUINUECKOT0 KpeMHust; Bpe3ka — KPC
KapTa, M3MEPEHHAs ITyTeM CKaHUPOBAHMSI 00JIACTH TOH ke CTPYKTYyphL. (¢) COM mu3o0pakeHus
TJIUTIITIC (Ep = 1,35 mx/Ix, V= 75 MKM/C), TIOTYYCHHBIX C JETEKTOPOB PACCEHHBIX (CIICBA) U

BTOPUYHBIX (CIIpaBa) SJEKTPOHOB.
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Taxoxe Obu1 ipoBeaeH ananu3 TJIUIIIIC ¢ momomeio DJIP criekTpockomnuw,
KOTOPBIM TIOKa3bIBA€T 3HAUMUTENIBHOE YBEIMYCHHUE COJIEpXKAHUS KHCJIOpOoJa B
coctaBe CTPYKTYyp (~60%) 1Mo cpaBHEHHIO ¢ UCXOAHOM MmiIeHKOUW kpeMHus (<~14%)
(Puc. 35). M3 »TOoro MOXHO 3aKjIIOYWTh, YTO MaTepual, OKpPY>KaroIIul
KPUCTAJITMYECKUE BKIIFOUCHUS, SIBISETCS OKCHJIOM KpeMHHUs (00JIacTh 3€JIE€HOTO

nuBera Ha Puc. 34a-r).

BbIpe3bl, Mpou3BeJEHHBIE BIOJIb BBICTYIIOB OCHOBHOM  CTPYKTYpBHI,
MO3BOJIJIA BBISICHUTB, YTO CYOCTpYKTypa ¢ nepuojaom ~150 M, Habmonaemas B
BUJIE TEMHBIX mojioc Ha cHuMKax COM (Puc. 33), sBisercsa mnepuogudyecKoin
MOAYJISIMENH TMOAMOBEPXHOCTHBIX KPUCTANIMYECKUX BKItoYeHuil. Obnactu
MOJAYJISIUU PACIOJIOKEHBl MPEUMYIIECTBEHHO MEXIYy OCHOBHBIMU BBICTyIaMHU.
Oto Takxke noareepxaaercss COM u3zo0pakeHHeM, CHATBIM CBEPXY MO HOPMaJU K

o0pa3Ily ¥ MOJy4YeHHBIM C JICTEKTOpa BTOPUYHBIX IeKTpoHOB (Puc. 34e, cipagra).

ymncran TAUAMNMNC npu TNUNNC npn
nnexHka a-Si v=100 Mxm/c v=1 MKM/cC
] 70
a 5] B "P?“ff? r
e
° L 160
o
150 Q
=]
140 8
%
41}
130 =
o
120 2
o
yucTan 110
nnexka a-Si
—_— — 0
0.5 15 25 05 15 25 05 1.5 2.5 1 255075100

SHeprua, K38 SHeprua, K38 SHeprua, K38 v, MKM/C

Puc. 35. CpaBaurensubie D/IP crexTpsl: (a) HCXOJHOMN IUIEHKH aMOP(QHOI0 KPEMHUS;
TJIAIIIIC, 3anucanubix npu Ep = 1,35 mx/x u v: (6) 100 mxm/c, (B) 1 Mxm/c; (T)
OTHOCHUTEJIBHOE COJIEpKaHUE KUCIOPO1a, pacCUUTaHHOE U3 D/IP crieKTpoB B 3aBUCUMOCTH OT
CKOPOCTH CKaHHPOBaHUS (KaXkJ1asi TOuka — ycpeaHeHue 1no >30 cuexkrpam).

JlaHHble  3KCHEPUMEHTAJIbHBIE PE3yJbTaThl  IO3BOJSIOT  MNPEIJIOKUTH
MexaHu3M (OpMUPOBAaHMS JIa3epPHO-UHAYLHUPOBAHHBIX CTPYKTYp Ha IIJICHKaX
KpeMHus. VMiynbe ja3epHOro M3JIy4eHUs, MaJaloldidi Ha MOBEPXHOCTh IUICHKH,
UHTEPPEPUPYET C MOBEPXHOCTHON BOJTHOM, BHI3BAHHOM JIOKAIbHBIMU AUMOIBHBIMU
pacceuBaTeIs MU Ha TMOBEPXHOCTU (HEOJHOPOIHOCTHU, AEPEKThI), B pPE3yJbTaTe

qero B MaKCHUMYyMax HMHTCHCUBHOCTH, OPUCHTUPOBAHHBIX ImapaJuICJIibHO
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NOJISIpU3aIlK,  pacTeT  TemImepaTypa  BCICACTBHE  TOTJIOIICHUS  CBETa.
[Tocnemyronue UMITYJIBCHI TPHBOJAT K JallbHEHIIEMYy pa3orpeBy IUIeHKH. [Ipu
JOCTIKEHUW OMPEJEICHHOr0 IOopora BBICOKas TeMIleparypa IMpPOBOIUPYET
OKHCIICHHE TMPHUIIOBEPXHOCTHOTO CIIOSI KPEMHHUS MOJIEKYJaMH  KHCIIOpOJa
OKpy’Karomero Bo3ayxa. IIoCKONBKY B CETKy Marepualia BCTPaWBAIOTCS HOBBIC
aTOMBI 00beM 00J1aCTEH MHTEHCHBHOT'O OKHCJICHUS BO3PACTAET, YTO BBIPAYKACTCS B
BUJIE pocTa penabeda B MHTESPPEPECHIIMOHHBIX MakcuMyMax. HoBooOpa3oBaHHBIE
MOJHSTHS pelibepa yCHIIMBAIOT paccessHue W MHTEP(EPEHIINI0 B JaHHBIX MECTaXx,
CO3/1aBasi TOJIOKHUTEIBHYI0 OOpaTHYIO CBS3b M TPUBOAS K PACIPOCTPAHCHHIO
napajyieIbHO HAINpaBICHHOW CTPYKTYpbl. EciM Ha eIMHWYHYIO IUIOMIATh
MMOBEPXHOCTH TIOMAJIO JIOCTATOYHOE KOJIMYECTBO HMITYJIBCOB, TO €CTh CKOPOCTH
CKaHHPOBAHUS JIOCTATOYHO Majia, TO B JAHHOW OO0JIACTH ycCIieBacT O(POPMHUTHCS
MPEUMYIIIECTBEHHOE HAMpPAaBJICHHE TMapaJlIeIbHBIX BBICTYIIOB, KOTOpOE Oyner
3aJaBaTh WHTEP(PEPEHIIMOHHYIO KapTUHY IS COCEOHHMX oOlacTeil mo Xomy
IBWOKCHUS Jyda. EciM k€ CKOPOCTh CIMIIKOM BBICOKA M YHCIO HMITYJIbCOB
HEJOCTAaTOYHO IS 3TOro, To B Mopdoioruu Oyaer mpeobiagaTh XaoTHYHAsS
OpHEHTAIUs BBICTYIIOB, COpPMHpOBaHHAs B Hadayie okucieHus. [Ipu Oonbimom
KOJIMYECTBE MMITYJIbCOB OKCHIHBIC BBICTYIBI HAOHUPAIOT CYIIECTBEHHYIO BBICOTY,
YTO 3aTPYIHSACT MUTPAIHIO KHUCIOPOJa B TIyOWHY IUICHKH. DTO NPUBOIUT K
OCTAaHOBKE TMpollecca OKCHIAIMU U pocTa CTPYKTypel. llpm sToM Temuo,
nepeJaHHoe B TIyOWHHBIE CIIOM MaTepHalia, U JaBlIeHUE, OKAa3bIBAEMOE PACTYIIUM
OKCHUJIOM CBEpXY, CIIOCOOCTBYET KPHUCTAUIM3AIMd KPEMHUS MPEUMYIIICCTBEHHO B
MPOMEKYTKAaX MEXIY BbICTyNaMu. MexaHu3M (ha30BOro IMmepexojia MOKET OBITh,
TeM HE MEHee, He TEepMHUYECKUM (C TPOMEXKYyTOYHOW (a3oi pacruiaa), a
OOyCIIOBIIGHHBIM  peJaKcalliel 3JIeKTPOHHO-ABIPOYHON TIa3Mbl B Ooiee

CTaOMJIbHYIO KpUCTAJUIMUECKYIO a3y O0e3 pacmiiaBieHus kpemuus [77].

HaGnrogaemast ais onpeneneHHbIX MapaMeTpoB 3alHMCcH CyOCTpYKTypa B
BUJIE MIEPUOANYECKOIN MOZYJIALINA KPUCTAJTINYECKHUX BKJIFOUEHHUH,
OpUEHTUPOBaHHAsi MomepeKk OKCUAHBIM BbicTynam (Puc. 34r), moxer OBbITh

BbI3BaHA IIOTJIOIICHUCM IIJIIA3MOHOB-IIOJIAPUTOHOB (HH), B036Y)KIICHHBIX Ha

69



CIIy4alHBIX pemieTkax Ha (OoT0-BO30YXKICHHOM moiiynpoBoaHuke. [Ipyn Hamuuuun
yke c(OopMUpPOBAHHBIX BBICTYNOB Ha moBepxHocTu IIIl koHUEHTpUpYIOTCS B
MPOMEKYTKaX MEXJy BBICTYIIaMH KaK B €CTECTBEHHOM BoiHOBojae [78]. Ilpu
unrepdepennru BcTpeunbix [I1 mepuon cyOCTpyKTyphl MOKHO TPyOO OIICHUTH
kak A = M2n, rme A — JUIMHA BOJIHBI MAJAIONIETO M3IydeHHUs, N — IoKa3aTelb
npenomiieHus Matepuania [78,79]. Ha nnune BoiHBI ucnoiib3yemoro Jiazepa (1026
uM) Re[n] = 3,5 nna kpemHus, toraa nepuos cyoctpykrtypbel A = 150 HM, 4TO
COBIIAJIAET C DKCIEPUMEHTAIBHBIMU 3HAYEHUAMU. J[pyroil BO3MOXKHBIA MEXaHU3M
oOpa3oBaHUs TaKOW CYOCTPYKTYypbl MOXET OBITh aHaJOTUYEH MPOLeccy
BO3HUKHOBeHUs cyOBOTHOBBIX JIMIITIC Ha quanexkTpukax, KOTOPBIM 3aKIH0YaeTCs
B TOSBJICHUU CTOSYEH BOJHBI TPU OTPAXKEHUM OT HAHOPAa3MEPHBIX oOJacTei
IJ1a3Mbl, BO3HUKAIOUIMX BHYTPH CJIOS KPUCTAJUIMYECKOTO KPEMHMUS MO AECHCTBUEM
MHTEHCUBHOTrO ¢c¢ sazepHoro wusnyudenus [80]. MuHuManpHas MJIMHA TakKOTO
pe30HATOpa TaKXKe OKa3bIBACTCS PAaBHOW A2N, YTO 3agaeT MEpUON CTPYKTYPHI,
dbopmupyrolieics B pe3yibTaTe abysIuy B MyYHOCTSIX CTOsSYEH BOJIHBL. B manHoM
pabote, ognako, s 3anucu TJIUIIIIC momHOCTh M3IyUYeHHS yCTaHABIWBACTCS
HIDKE Mopora abJsiuy, TO3TOMY MOTJIONIEHUE U3TyUYCeHHS TIPUBOJIUT HE K BEIOPOCY
Marepraia, a K OKHUCIEHUIO KPEMHUS W MOAYJHPOBAHUIO JICKAIIUX TOJ

MMOBCPXHOCTHIO KPUCTATIIINICCKUX BKJIIOYCHUH.

[lepronuyeckyto  MOIYJALMIO  OKCUAHBIX  BBICTYIIOB IO  BBICOTE,
HaOI01aeMy10 JUIsl HU3KUX CKOPOCTEW CKaHMpPOBAaHHUS B BHJIE KOHYCOOOpPa3HBIX
CTPYKTYpP, MOXHO OOBSICHUTH 3PGHEKTOM TUAPOIUHAMUYECKON HECTaOUIbHOCTH
Pones-Ilnato. Ecnu npeanonoXuTh, 4YTO pa3orpeTble pacTyLIME OKCHUJIIHBIC
BBICTYIIBI HEKOTOpPOE BpeMsl MPeOBIBAIOT B PACIIABICHHOM COCTOSIHMHM, TO TPHU
JOCTH)KEHUW UMHU  ONPEJEJICHHOr0 IOIMEPEeYHOro JuaMeTpa OHU  MOTYT
pacnagaTbCsi Ha OTHENbHBIE YAaCTU C MEPUOJIOM, COOTBETCTBYIOIIMM HauOoliee
owicTpopacTyiieid Mmoae HectabunbHocTH [81]. Ilpu Gosee BBICOKMX CKOPOCTSX
CKaHUPOBAHUS TMONEPEUHbI pa3Mep PpACIUIABIEHHOTO BBICTYNAa CTaHOBUTCS

JO0CTaTOYHO MaJl, YTOOBI MMOJAaBUTb MOAYJIAALIUIKO BbBICOTHI, 100 MaTcpuall
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OKa3bIBAETCSl HEAOCTATOYHO PAa30TpeT, YTOObI MepelTH B KUIKYIO (a3y. B satom

cinydae popMupyeTcsi CTpyKTypa 0ObIYHON MOP(OJIOTHH.

IIpuBeneHHbIE pACCYKIECHHS MNPOWUIIOCTpUpOBaHbl Ha Puc. 36, rne
MOKa3aHa pOJb  OMUCAaHHBIX TPOLECCOB B  (OPMUPOBAHMM  J1a3€pHO-
WHYIIUPOBAHHON CTPYKTYPHI Ha IJIEHKE KpeMHHs. TakuM oOpa3oM, JaHHBIA THIT
CTPYKTYp, HPEIINONI0KUTENIbHO, 00pa3yeTcs B pe3ysibTaTe COBMECTHOIO JIEUCTBUS
cpazy Tpex (U3NYECKMX MEXaHU3MOB: OKHCIEHHUS, KpUCTAUIM3aluu |

TUAPOINHAMUYECKON HECTaOUIIbHOCTH.

Puc. 36. Mimroctpanmst pa3inyHbIX GU3NIECKUX MEXaHU3MOB, MPEIUIOKECHHBIX IS OOBSICHEHUS
dbopmupoBanus koMruiekcHo Mopdonorun TJIUIITIC Ha TuteHKe KpeMHUS.

s uccrnenoBaHusl ONTHYECKUX CBOMCTB 3alMCaHHBIX CTPYKTYp ObuH
M3MEPEHBI CHEKTPhl MPOIMYyCKaHUS W OTpakeHus B nuamnazone 450-1100 uvM npu
HOopMaibHOM TazeHuu. [lpuBenennsie Ha Puc. 37a rpaduku mokasplBalOT, 4TO
s3anuck TJIUIIIIC wa ckopoct 3 MKM/C Ha IUIGHKE aMOpP(HOTO KPEMHUS
MO3BOJIIET B HEKOTOPOW CTEMEHH BBIPOBHATH CIEKTP IPOMYCKAaHHUS B JaHHOM
auana3oHe, a MMEHHO — YBEJIUYUTh NPOIMYCKAHHE B BUIUMON 00JacTH, 4YTO
o0ycnoBieHO (HOPMUPOBAHUEM OKCHJIA U KPUCTAJIUTOB, U yOpaTh MUK B paiioHe
850 HM, BBI3BaHHBIM, MO BCEW BUAUMOCTH, PE30HATOPOM, OOpPA30BAHHBIM
rpaHUIaMU  pa3jesia IUIeHKU. lloBbIlIEHME CKOPOCTH 3amuCcu NPUBOAUT K

ACUMMETPHUH CIIEKTPa C YMEHbBIIEHUEM MPOMYCKaHUs B BUAMUMOW 00JACTH U €ro
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yBennuenreMm B OnmxHem MK. C apyroil cTopoHbl, Kak BUAHO U3 rpaduMKOB Ha
Puc. 376, TIJIMIIIIC, 3anucaHHble MNpU MajiblX CKOPOCTSIX, IO3BOJISIIOT
KapJUHAIbHO CHU3UTh KOA((UIMEHT OTpakeHUs IUIGHKM U chejaThb ero
CpaBHHMBIM, a B HEKOTOPOM [HAaNa30HE [JIUH BOJH — Ja)X€ MEHbBIIUM, YEM
KO(pUIIMEHT OTpak€eHUs TaK Ha3blBaeMoro «depHoro» kpemuus (Puc. 370),
IIMPOKO HKCIOJIB3YEMOTIO B pa3JIMYHBIX NPUIOKEHHUSIX OJlaroapss BBICOKOMY
ypoBHio morjomenus [82]. Kpome Toro, QopmMupoBaHME KOHHUYECKHUX
MHUKPOCTPYKTYpP NMPUBOJIUT K MOJHOMY MOJABIECHUIO MO/l INIEHOYHOTO pPE30HATOPA,
MPUCYTCTBYIOIMX B ciaydae yuctor mmieHku u TJIMIIIC, 3anucaHHbIX mnOpu

0O0JBIINX CKOPOCTAX CKAaHUPOBAHMU.
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Puc. 37. Ontuueckue coiicrBa TJIUIIIIC, 3anucanHbIX Ha MIeHKE KpeMHUS TouHON 370 HM
npu Ep = 1,35 mx/Ix. (a) Koaddunment nponyckanusi B 3aBUCUMOCTH OT JUIMHBI BOJIHBI JUIs
CTPYKTYP, 3allUCAaHHBIX MPU CKOPOCTAX ckaHupoBaHus 3 Mkm/c, 10 mxm/c, 50 MKkM/c, a TaKxke

yucTol ieHkH (a-Si); (6) KoadduumenTt orpaxkenus tex xe 00pasiioB ¢ IPUBEIEHHBIM
JIOTIOJIHUTEIBHO CIIEKTPOM OTpaXeHHsI «depHOro» kpemuus (b-Si).

JIns u3y4eHust BO3MOXKHOCTH UCITOIB30BAHUS PaCCMaTPUBAEMBIX CTPYKTYP B
CEHCOPHBIX NpUIIOKEeHUSIX B coTpyaHnuectse ¢ M. B. TyrossiM (JIBOY) u A. 1O.
Muponenko (MUX JIBO PAH) Obuin mpoBeaeHbl 3KCIEPUMEHTHI MO U3MEPEHUIO
curHanga (pyopecueHuuu OT TECTOBOI'O aHajuTa, HAHECEHHOTO BUE pacTBOpa Ha
noepxHocts TJIMIIIIC wm 3atrem nerunpupoBaHHoro. B kadecTBe aHanuta
HCIIOJIB30BAJICS ~ PacTBOpP  Pa3jIMYHOM  KOHLIEHTpPALUUM  CHUPOJIAKTAMHOIO

MPOU3BOJHOTO OT opranudeckoro kpacurtens Pomamun (RC), akTuBHpOBaHHOTO
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xkatoHamu 30101a  Au’*. B o06buHOM cocrosamm RC  Haxomurcs B
MPOCTPAHCTBEHHOW  KOH(UTypalMu, TMpPH  KOTOpPor  (JIyOpecUeHIMU  He
npoucxoaut. Ilocne cBsi3pIBaHMS C ABYMsS KaTMOHamMu 30j0Ta MolJiekyina RC
MEPEXO/IUT B aKTUBHOE COCTOSIHHE U JAaeT CUJIbHBIM CHUTHAN (PIyOpecIeHIIUU MO
nevictBueM 532 HM Hakaukd. B 3KCmepuMeHTax HCHOJb30BajiCcs 00pasell
TJIAIIIC, 3amucannbix npu Ep = 1,35 mx/x m v = 3 mxm/c. O6pazen
BBIJICP)KUBAJICSL B paCTBOPE B T€UEHUE | MUHYTHI, 3aT€M BBICYIIMBAJICS HA BO3AYXE.
CxemaTndecky INpouecc NpOWJUIIOCTpUpoBaH Ha Puc. 38a. B ponm ucTtouHmka
BO30YXKIAIOIIET0 M3JyYCHHUs] MCIOJIb30BasICs HenpephiBHBIN J1azep (Miles Griot),
U3NTy4eHHe KOToporo ¢okycupoBasoch Ha mnoBepxHocTh TJIMUIIIIC wyepe3
CTEKJIIHHYIO TOJUIOKKY CHU3Yy (muameTtp nisitHa ~400 MKM), a CHUTHAI
bayopectieHIIMM coOUpaics ¢ MPOTUBOIOIOXKHON CTOPOHBI, TO €CTh HU3MEPECHHUS
MPOU3BOIWINCH IO CXEME «HA MpOCBET». HampapneHne JIMHEMHOW MOJISIPU3aALUU
M3JIyYEHUs1 HAKAaUYKW YCTAaHABIMBAJIOCh BAOJb HampasieHus BeicTynos TJIMIIIIC.
dnyopecieHIusl perucTpupoBaitack ¢ nomoiibio oobekTrBa 20% (Nikon), NA =
0,3, BoJOKOHHOTO cBeToBojla U crekTtpomerpa Shamrock 3031 (Andor),
ob6opynoBanHoro [13C kamepoit Newton (Andor). KaxxabIii criekTp ycpeaHsics mo
10 ogHOTUNIHBIM M3MEPEHUSM. BBIIO MPOBEAECHO HECKOJIBKO CEpUil U3MEPEHUN C

Pa3IMYHON KOHIIEHTpALIMEN KATUOHOB 30J70Ta OT 0 710 25 HMOJIb.

Ha Puc. 380 mnpuBeneHbl crnekTpbl (IyopeclUEHIINH, H3MEPEHHBIC s
HECKOJIbKMX 3HAYeHUN KOHIIEHTpAIlMU KaTHOHOB. M3 rpadukoB BUIHO, YTO CUTHAI
3HAYUTEIBHO BO3PACTAET JAaXKe JJIsl MaJIbIX KOHUECHTPAIIMNA aHAIUTA, B OTJIMYUE OT
KOHTPOJIBHBIX ~ M3MEPEHUH, MPOBEACHHBIX OTAEIBHO C PacTBOPOM, Tli€
MHTEHCUBHOCTh (IIyOpeclieHIIMM u3MeHsieTcss Ha ypoBHe Imyma (Puc. 38B).
AHanmu3upysi 3aBUCHUMOCTh CHUTHaja (IyopecleHIUH OT KOHIEHTpalluu U
MPUHUMAsT COOTHOIIICHHE CHUTHAJ/IIYM pPaBHBIM 3, MOXHO HaWTH TIpejen
YyBCTBUTEJIBHOCTH JaHHOTO ceHcopa — 0,5 uMosb. [1og00HBIN pe3yabTaT TOBOPUT
0 BO3MOKHOCTHM Hcnosib30BaHusl koHnueckux TJIUIITIC Ha kpeMHHM B KauyecTBe
mI1aTHOPMBI ISl METOJIa TIOBEPXHOCTHO-YCWICHHOW (hITyOpECICHIIUU ¢ TIPEIesIoM

YYBCTBHUTCJIIBHOCTH Ha ABa IMOPsAOKa 6OJ'IB]_HG, M IJIs1 METOJ0B Ha OCHOBC aHAJIM3a
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pacTBOpoB, TMpuyYeM O€3 CYIIECTBEHHOTO YCJIOXKHEHHs Tmporeaypbl. Ctout
3aMETUTh, YTO JHWANa30H KOHIEHTPAllUM C NPUOJU3UTEIBLHO JIMHEHHBIM
W3MEHEHHEM HWHTEeHCHUBHOCTU coctaBmsieT 10 wmons (Puc. 38B). Dddekr
HACBIIIEHUs CUTHaNIA (uiyopeciieHnnu, Habmogaembiii Ha Puc. 38B nis 3HaueHUi
>10 HMOJIb MOXET OBITh OOBSICHEH OTPAaHUYECHHBIM KOJMYECTBOM YCHJIMBAIOIIUX
TOYEK — HAHOPA3MEPHBIX HEOJHOPOAHOCTEW TMOBEPXHOCTH, KOTOpBIE, MPHU
OCaXJCHUM MOJIEKYJIbI KpAacUTENsl, MPUBOASAT K JIOKAIBHOMY YCHJICHUIO IMOJIA.
Kpome Ttoro, mpu OOJBIION KOHIEHTPAIIMH MOTYT (POPMHPOBATHCS KPHUCTAJUIBI
Mosekyl1 AuRC ¢ cunbHBIM TIo1aBieHUEM (DITYyOPECIICHITUH.

a BhicylweHHLIR CNOW aHanuTa Ha
P -‘ War 1: NOBEPXHOCTH CTPYKTYPbI
Bblnepxcu BaHWe B

pacteope 1 MUH

Pryopecurpyowmi
amua

LWar 2: Cywka

Curran
550 HMm

Hakavka
532 HMm

Cnoi MMaKoro aHanvTa Ha NOBEPXHOCTH
CTPYKTYpPSI
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Puc. 38. UccnenoBanue cencopubix cBoiicTB TJIUIIIIC na kpemuuu. (a) Unnroctparus
rpoIriecca HAaHECEHUs aHaJUTa Ha CTPYKTYPY U usmepenust uryopecueHiuu. (0) CriekTpbl
(ryopeciieHIMY TIPU Pa3IMUHbIX KOHIEHTPALUAX KaTHOHOB 30510Ta AU’ B pacTBOpe; BO Bpe3Ke
npusesieHs! poTorpaduu CTpyKTypsl pazMepoM 60x300 MKM? Ipy BHENTHEM OCBENIEHUM U IIPH
M3MEpeHnH QIIyopecleHINH. (B) 3aBUCUMOCTh YCPEIHEHHOW HHTEHCUBHOCTHU (ITyOPECHECHITHH
oT koHLeHTpauu Au’; Bo Bpeske IpUBeeH HOPMUPOBAHHBIH IpauK 3aBUCUMOCTH ISt
MHTEPBAJIA C OKOJIO-THHEHHBIM OTKIIKOM.

74



3.2. JlazepHo-UHAYyUMpoBaHHast KpUCTannmsaums naeHkn aMopHOro KpeMHus
(a-Si).

[Ipu wu3yuenun ¢opmupoBanus JIUIIIIC wa mnmenkax a-Si ObulH
OOHapyXeHbl PEXHUMBI JIa3epHON 00pabOTKM 00pa3loB, MNpU KOTOPHIX HE
MPOUCXOIUII0O O00pa30BaHUs KAaKUX-TMOO CTPYKTYp Ha IOBEPXHOCTH, OIHAKO
HaOroanach MoauduKanus TUICHKA B 00JIACTH BO3JCHCTBHS, BBIpAKCHHAs B
yBEJIMYCHUHU TIPOMYCKAaHUsI B BUAUMOM Auanaszone. JlaHHbii (heHOMEH 00paTil Ha
ce0s1 BHUMAHUE C YYETOM CJEAYIOIIUX OCOOCHHOCTEH: MOAU(UIIMPOBAHHAS
o0nacTe OblIa JOCTATOYHO PABHOMEPHOM, MPOLIECC MPOMCXOAMSI HA BBICOKUX
CKOPOCTSIX CKaHHPOBaHHUS OKOJO 1 MM/C, 4TO TpEACTaBIseT MHTEPEC C TOUKHU
3peHHs] BO3MOXKHBIX MPAKTUUECKUX MPUMEHEHUU. bbulio pemieHo 6oliee AeTalIbHO
UCCJeI0BaTh NaHHbINH 3()(PEKT MOCKOIbKY CYIIECTBOBajJa HEOAHO3HAYHOCTh B €I0
MPUYMHAX: OH MOT OBITh BhI3BaH KaK OKHCIIEHHEM KpeMHus ¢ oopazoBanuem SiO-,
Tak ¥ nepexoaoM aMophHOU ¢a3bl B KPUCTALIMNYECKYIO, a TaK)Ke€ COBMECTHBIM

JNENCTBUEM ITUX JIBYX MPOLECCOB.

O6pazenr mwieHku amopdHoro kpemHus (a-Si) TommuHoN 365 HM,
HalbUIEHHOTO HAa IMPEAMETHOE CTEKJIO METOAOM MAarHeTPOHHOIO HalbUICHUS,
nojiBeprajics Ja3zepHoil 00paboTKe MO CXeMe U C MapaMeTpaMu H3JIy4yeHus,
ONMCAHHBIMU B pasjeine Bbile. OTIMYUEM OT NPEABIAYIINX IKCIEPUMEHTOB, TIE
uccnenoBaioch  (popmupoBanue JIUIIIIC, sBnsmach BBICOKAash  CKOPOCTH
CKaHupoBaHus V — okoJyio 1 mwm/c. Tlpu maHHON CKOPOCTH M SHEPTrUU uMItyibca Ep
= 1,5 mx/Ix e nmpoucxonuno ¢popmuponanue JIUIIIIC, a Takxe kakoi-mnn60 HHOU
CTpyKTYypbl penbeda. bputa 3ammcana cepusi oOnactedt MoauUIMPOBAHHOMN
IUIEHKH KPEMHHUS C Pa3IMYHOM CKOPOCTBIO, MOIIHOCTBIO WU IIaroM Ay Mexnay
cocenHuMH Tpekamu ckanupoBanus (Puc. 39). Cnepyrommue napamerpsl ObUIH

BBIOpaHbI B Ka4ecTBE ONTUMaNIbHBIX: Ep = 1,5 MxJIxk, V=1 mm/c, Ay = 30 MKM™.

[lepexpriTre coceqHUX TPEKOB ¢ maroM 30 MM mpH 3G HEKTUBHOMN MHUpPUHE
Tpeka ~100 MKM MO3BOJWIO MOJYYHUTh CIUIOMIHYIO O00JIAaCTh MOAM(PUKALMUU C

JIOCTAaTOYHOM OJHOPOAHOCTBRIO pasmepom 6x10 wmm  (Puc. 40), xotopas
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HCITIOJIB30BaJIaCh B IlaJIBHefIHJCM aHaJIn3e. Ananms MOp(I)OJIOFI/II/I

MoauduupoBaHHou mieHkn Ha ACM, ucciegoBaHHe XMMHUYECKOrO COCTaBa, a

TAKKC U3MCPCHUC ONITUYCCKUX CIICKTPOB IIPOBOAUIIOCH B COTPYAHUYICCTBC C A.A.

Kyummxakom (JIB®Y) u E. B. Munaem (MX JIBO PAH).

200 mkm/c 1,4 mrx

Puc. 39. ®otorpadus obnacteit MOAUPUIIMPOBAHHOTO KPEMHUS C PA3IMYHBIMU TapaMeTPaMH,
MOJIyYeHHAsI HAa ONTHYECKOM MHKPOCKOIIE B TIPOXOJISIIEM CBETE.

a
P

Puc. 40. (a) Maxkpo-hoTo oOpa3siia rmiaeHkr a-Si ¢ MOAUGPUITUPOBAHHOMN MPSIMOYTOJILHON
obnactrio 6x10 MM, (0) maHHass 006J1aCTh MO MUKPOCKOIIOM.

Habntonenne Ha COM He BBISIBUIIO KAaKUX-TTHOO CYIIECTBEHHBIX U3MEHEHUN
MOpPGOJIOTHH TOBEPXHOCTH TMPU CPABHEHUUM HCXOAHOW TUICHKM U 0O0JaCTH,
oOpabotannoit  yazepom. CpaBHuTeNnbHBIM aHammu3 Ha ACM  mokasan

HE3HAYUTEILHOE TOBBIIICHUE MIepoXoBaTOCTH MoBepXxHOCTH (Ra) ¢ 0,5 mo 1,3 HM
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(Puc. 4la wu ©6) mocne unazepHoit oOpaboTku. IlogoOHOE yBenMUeHHE
IIEPOXOBATOCTH MOXET OBITh OTHECEHO K TOSBICHHUIO HEKOTOPOrO0 KOJIMYECTBA
HaHoyactull SiO,, oOpa3oBaHHBIX B pe3yJibTaTe OKCHIAIMH a-Si B MecTax
JIOKaJbHOTO  YCWUJIEHHWS  TOJsi Ha  HAHOPa3MEPHBIX  HEOJHOPOJIHOCTSX.
He3nauutenpHoe yBENIMUYCHHE COAEpKaHUS KHCIOPOJa TaKKe MOATBEPKIAACTCS
pesyapTatamu DJ[P cnekTpockomuu: s OIEHKHM XUMHU4YecKkoro coctaBa JJ[P-
aHajgu3 TPOBOJAWIICS TPU  YCKOpSIOmIeM HampsokeHuu 3 kKB,  4ToOBI
MUHHMU3HUPOBATh BIMSHUE TMOJJIOKKH. Pe3ynbTaThl MOKa3ai HE3HAYUTEIBHOE
yBEJIMUEHHUE JIOJIM KHCIIOpoa B 00JacTH nociie JazepHoro ooimyyenus (c 6,5 no 7,5
aT.%), TOTEHIMAIbHO YKa3blBalollee Ha OOpa30BaHME OKHUCIEHHOTO CJIOS
HAaHOMETPOBOM TOJIIIMHBI (aTOMHBIM MpoIeHT Si coctaBmwil 93%), 4TO, OJHAKO,
HEJIOCTATOYHO IJIs1 (POPMHUPOBAHUS BBICOKOKOHTPACTHOM 00JIacTH MOAM(UKAIIUN
BUJIUMOM B OKCIepuMeHTe. TeM He MeHee, HaOJIOJaeMblii  ypOBEHb
IIIEPOXOBATOCTH MOBEPXHOCTU R, = 1,3 HM Mo kpaitHel Mepe Ha MOPsI0K HUXKE,
4eM JIEMOHCTPUPOBAJIOCH paHee B paboTax IO Ja3epHO-UHIYIIUPOBAHHON
KPUCTAJTU3AIMU TIJICHOK a-Si ¢ ucrnosib3oBaHueM (pc umiynbcoB OmmkHero MK
Jauana3oHa Mpu KOMHATHOHM Temrmepatype Ha Bozayxe (Ra ~28 um [83] umu ~150
M [84]). B mpenpiaymux myOauKamusx cooOIanoch, YTO IIEPOXOBATOCTH
MMOBEPXHOCTH YBEIUYMBACTCS C YBEJIUYCHUEM IUIOTHOCTH HHEPTHHM HU3ITy4YCHUS
[85], onHako, ucrnonb3dyeMasi B JaHHOM HCCJEIOBAaHUU IIOTHOCTH 3Hepruu (150
m/Ix/cM?) BeIlIE, YeM MCIONB30BaHHAA B padote [83], rie oHa COCTaBIsIa OKOJIO
70 mJIx/cm?. Takum 00pa3oM, IPHYMHAMH Ha MOPAAOK Oojee HU3KOro R, Moryt
ObITH OoJice TJagKash MCXOJIHAsl MOBEPXHOCTh a-Si U 0oyiee HU3Kas CKOPOCTh

CKaHUPOBAHUAI.

[IpoBenennbiit ananu3 obpasua metogoM KPC crnexTpockonuu mo3BOIHII
BBISIBUTH, YTO B OCHOBE JIa3epHOW MOIU(MUKAIMU JIKUT TMEPEX0] KpEeMHUS M3
amoppHOil (a3pl B TMOINHKpUCTALINYECKYIO (monu-Si). PemnpeseHTaTHBHEIC
ycpeanennbie KP ciekTpbl nexomHOTo a-Si 1 00pa3oBaBIIeTOCs MOIH-Si MOKa3aHbl
Ha Puc. 41r. [lo cpaBHeHUIO ¢ HEOOpaOOTAaHHOW MIIEHKOW a-Si, KOTopas MMena

TOJIBKO HIUPOKYHO IIOJIOCY KPC curnana HM3KOH WHTEHCHUBHOCTH C HCHTPOM Ha
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480 cM’!, masepHO-MHIYLUPOBAHHBLIA MONU-Si TEMOHCTPUPYET OCTPHIM HHMK Ha
gactote 518 cm!, KOTOpBI HEMHOrO CMEIIEH OTHOCHTEIBHO STAJOHHOIO
3Ha4YeHMs JUI1 MOHOKpHcTammueckoro Si (c-Si), pasroro 520,8 cm™!' (mokasano
BEpTUKAIBHOU TIpsiMOM Ha Puc. 41r). DTOT CHeKTpadbHBIA CIBUT YKa3bIBacT Ha
HaJIMYhe HAHOKPUCTAJUIMUECKOW (pa3bl KpeMHHUs C MpeArojiaraeMbiM pa3MeEpoOM
HAaHOKPUCTAIUTOB OK0J0 10 HM cornacHo [76]. KapTupoBanue MHTEHCUBHOCTHU
nansoi monockl KP crextpa (518+4 cM™') BOMM3M rpaHULBI MEXKTy HMCXOIHON
IUICHKOM ¥ MOAM(PUIMPOBAHHONW O00JACTHIO MO3BOJWIO HAIJISIAHO Pa3leuTh
obnactu nmonu-Si u a-Si a3 (Puc. 41.).

B Ontuy. KPC
nonu-Si a-Si

=
I
B
o "
o]
3
ra]

nonu-Si

:F nuHuna c-Si (520,8 cm)

N\ a-Si
200 200 600 800
KoM6uHaunoHHas yacToTta, cM™!

Puc. 41. (a) u (0): M306pakenns c ACM myist orieHKH MOP(OTIOTUH TOBEPXHOCTH U
LI€pPOXOBATOCTH UCXOAHOM IUIEHKH a-S1 (a) U mocie JiazepHoit 06padboTku (0); (B)
CKOPpETMPOBAHHBIE N300payKEHHS TPAHUIBI MOAU(PUIIMPOBAHHON OOJIACTH B ONITUYECKOM
MHUKPOCKOIIE U B BHJIE JIBYMEPHOTO pactpeeneHus nareHcnBHOCTH KP curnana Ha actore
51844 cm’!; (r) KP criekTpbl HCXOMHOTO a-Si M J1a3epHO-MH Iy LIHPOBAHHOIO OJIHU-Si.

OnrTryeckue CBOMCTBA UCCIEAOBAJIUCh IIYTEM HM3MEPEHHUSI CIEKTPOB
otpaxkeHus/mponyckanusi. Ha Puc. 42a um O mnpuBeneHbl COOTBETCTBYIOIIME
rpaduku. MOXKHO BHI€Th, YTO CHEKTPbI MIPOIMYCKAHUA U OTPAKEHUS KakK B ClIyyae
HUCXONHOW IUIEHKH, TaK W IIOCJIE JIA3€PHOTO BO3JCUCTBUSA, IEMOHCTPUPYIOT

TUMIUYHBIE MOIYJISIMU, COOTBETCTBYIOIIHME IUIEHOYHOMY pe3oHatopy Dadpu-
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Ilepo. B TO ke Bpems, i Ja3epHO-WHIYIHUPOBAHHOTO TOJM-Si aMIUIUTY]a
MOJYJISIIIUU  yBeIMYMBaeTcs (O0COOCHHO B BUJIUMOW O00JACTH CHEKTpa), YTO
yKa3blBaeT Ha HEKOTOPOE yMeHbIIeHHe Koddduimenta skctukimu K. Kpome
TOTO, OTYETIUMBOE CMEIIEHHE B KOPOTKOBOJHOBYIO OOJAcTh  CIEKTPOB
OTpakKeHUs1/TIPOIyCKaHUsl, HaOI0gaeMoe JUIsl TUICHKU MOJIU-Si (110 CPaBHEHUIO CO
CHEKTpaMu MCXOAHOro a-Si), YKa3plBa€T HAa COOTBETCTBYIOIEE HW3MEHEHHE

IIOKa3aTeyIsl NpeIOMIICHUS N.
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Puc. 42. Cnektpsl oTpaxkenus (a) u nmporyckanus (0), u3MepeHHbIe OT IJICHKHU a-Si,
MOABEPTIICHCS JIazepHON 00paboTKe (KpacHasi KpUBasi) U UCXOIHON HEOOTyUYEeHHOH TIIICHKH
(cunsis kpuBas). (B) [Tokaszarens mpeaomieHus N U (r) K03QHUIUEHT SKCTHHKIMK K BCX0qHOM
IUIeHKH a-Si (roiay0as KpuBasi) U MO/ABEprieiics Ja3epHoMy 00yueHuIo (KpacHasi KpuBas),
paccuuTaHHBIE U3 U3MEPEHHBIX CIIEKTPOB (a, 0); TaKKe MPUBEACHBI JINTEPATYPHbIE TaHHBIE IS
a-Si (cunue mapkepsl) [86] 1 MOHOKpHUCTATTHYECKOTO Si (depHas KpuBasi) [87]; Bo Bpe3ke Ha
pucyHKe (B) ITOKa3aHa pa3HUIIa MEXKIy IMOKa3aTeIIMHU MIPEIOMIICHUS UCXOTHON 1
KPUCTAJIJIM30BAaHHOM IJICHKU B BUAMMOM JHAIa3oHe.

Ha ocHOBe TOJNIydEHHBIX CHEKTPOB OTPAXKEHUS/TPOIMYCKaHUsS ObLIN
BBIUMCJICHBI ITI0Ka3aTeNb MPEIOMICHHS N W KO3(PQOUIMEHT SKCTHHKIUMH K B
3aBUCUMOCTHU OT JJIMHBI BOJIHBI C HCIOJb30BAaHUEM OOIIETO (POTOMETPUUECKOTO
noaxona [88]. Pe3ynbTaThl 3TUX pacdyeToB NpuBeAcHbI Ha Puc. 42B u r BMecTe Co

CIIpaBOYHBIMU  JaHHBIMU JJI1  IUJIEHKHM amopdHoro [86] u  0O0BEMHOrO
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MOHOKpUCTaJIMYeckoro kpemuus [87]. [IpumeuarenbHO, 4YTO TOJyYEHHbIE
CHEKTpaJIbHbIE KPUBBIE [JII MCXOAHOW IUIEHKH a-Si MOJIHOCTHIO COBMAJAIOT C
COOTBETCTBYIOIIMMH CIPABOYHBIMU JaHHBIMH [86], 4YTO CBUIETENBCTBYET O
MpaBWIBHOCTH U3MepeHuil u pacuetoB. Kak BunHo u3 Puc. 42, B ciiyyae noiu-Si
K03 PHIMEHT IKCTHHKIMU K yMEHBIIIaeTCsl BABOC B BHIUMOM OOJIACTH CIIEKTpA.
BolunciieHHbIN oKa3aTenb NpeoMIIeHUsI N TakyKe YMEHbIIAETCS IO CPABHEHUIO C
UCXOMHOM meHkod npumepHo Ha 0,1 eIMHULBI B BUAMMOM CIEKTPaTbHOM
nuana3zoHe (mpu aynvHe BodHBL >500 HM) W yBeJIMYMBaeTCS B 3HAUUTEIIbHON
CTENIeH! B KOPOTKOBOJIHOBOW YaCTH CIEKTPa, MOBTOPSISL AHAJIIOTMYHYIO TEHICHLIHUIO
Ui MOHOKpHUCTAUIMUECKOro Si.  OTH  OCOOCHHOCTHM  XapakKTepHbl IS
MOJIMKPUCTAJUTMYECKOTO  KpPEeMHHMsI H B II€JIOM  COIVIACYIOTCI C  paHee
OIyOJIMKOBAaHHBIMH MCCJIEIOBAHUSMHU IJIEHOK, MOJABEPTHYTHIX JTa3€pHOMY OTKHUTY
[89]. Cucremarnuecknue H3MEPEHUS pA3IMYHBIX YYAaCTKOB Ha IOBEPXHOCTHU
00JacTH MONM-S1 TAaKXKe MOKa3alld, YTO CPEIHss TOJIIMHA KPUCTAJUIM30BAHHOMN
IUICHKM cocTaBisier 360+5 HM, 4Yro OIM3KO K TOJIIMHE MCXOAHOro a-Si.
HeGomnbioe ymMeHbIlIeHHE BBICOTHI MOXKET CBUIETENLCTBOBATH 00 ycalKe IJICHKU
npu orxure [90]. OngHako aHAJOTMYHOE OTKJIOHEHHE 110 BBICOTE OBLIO
O0OHapy’KEHO U MPU U3MEPEHHUH MPOOHBIX ONTUYECKUX CIIEKTPOB UCXOTHOM MIICHKU
a-Si. Kpome toro, msmepenus npoduist Ha ACM, mnpoBeneHHbIE Ha TpaHUIIE
MeXAy mnoiau- u a-Si (mokazaHHoW Ha Puc. 41B), He BBIIBUIM 3aMETHBIX
U3MEeHeHU  BbICOTHL.  Mcxoas w3 3TOro  ycaAKy  HENb3sl  HaJIekKHO

I/IIICHTI/I(I)I/II_[I/IpOBaTB B TAHHOM JKCIICPUMCHTC.

Tor ¢akr, yTto mpu wHcnoab3yeMol sHepruu umnyisca 1,5 mx/x npu
MEHBIIHNX CKOpOCTAX ckaHupoBanus (1-100 mkm/c) mpoucxoauno ¢hopMupoBaHUe
JINIIIIC, cBUIETENBbCTBYET O HAIIMYMHU OINPEACICHHOIO MOPOora mo CKOPOCTH I
JAHHOTO TMpollecca KPUCTAIU3alUU TJIEHKH aMmopdHoro kpemuusi. Kpome Ttoro,
MHUHHMMAaJbHBII BPEMEHHOW HHTEPBAI MEXAY ABYMS COCEIHMMHU HUMITYJIbCAMH,
oTpeJieNsieMblii YaCTOTOM ClIeI0BaHus, MCIOJIb30BaHHOM B sKkcrepuMenTtax (200
k['11), OBLT HAa HECKOJBKO MOPSIAKOB OOJIBIIE MO CPAaBHEHHIO C JIUTEIBHOCTHIO

XApPaKTCPHBIX JJAa3CPHO-MHAYIUPOBAHHBIX IMponeccos, MMPOUCXOAAITNX B
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aMOp(HBIX TUIEHKaX, TaKUX KaK TepMaju3allus/IuiaBieHue (3JIeKTpOH-(POHOHHOE
B3aMMOJICCTBHE) U MMOBTOPHOE 3aTBEPJEBAHKE, KOTOPhIE UMEIOT MUKOCEKYHIHbIE
U HAHOCEKYHIHBIE XapaKTEpHbIE BpEMEHa COOTBETCTBEHHO [91]. B aTOM
OTHOIICHUH JPYyrue TMapaMeTpbl Jia3epHOW oOpabOTKH (PHEPrusi HMIyJbca U
CKOPOCTh CKaHHPOBAHUSI) MOTYT OBITh JIETKO ONTHMHU3UPOBAHBI I MEHBIIEH
YacTOThl TOBTOPEHUS Uil JOCTHXKEHHUS aHAJIOTMYHOM KpUCTaUIM3aluU TUJICHOK
amopuoro Si. Eciiv roBOpUTH O BO3MOXHBIX MPEUMYLIECTBAX TAaKOTO METOAa
JA3epHOr0 OTXKHUra B MPAKTUYECKUX MPUMEHEHHSIX, TO, YUUTHIBASI HCIIOJIb3yeMbIe
napametpsl 00pabotku (F = 150 M x/cm?, A = 1026 mm, T= 230 ¢c, f =200 xI'm),
MaKcUMaJlbHasl TeMIlepaTypa Ha MOBEPXHOCTU IUIEHKU OLEHUBAETCS MPUMEPHO B
700 °C B COOTBETCTBHM C JIUTEPaTypHBIMU JaHHbBIMH [92]. D10 3HaueHue
3HAYMTENILHO HIKE TeMIiepatyphl tiaBiaeHus kpeMuus (1400 °C) u cooTBeTCTBYET
TeMIeparype, CBS3aHHOW C mporeccamu TBepaodaszHoi kpucramummsanuu [93].
BaxxHo oTMeTHUTH, YTO H3-3a HHU3KOW MudPy3um Temna npu Bo3OYyKIaeHUU ¢ce-
Ja3epoM peajbHas TeMmIeparypa BOJM3M TpaHULbl pasziefia IUICHKA-CTeKJISHHAs
MOJJIOKKA MOXET OBbITh €Ille HUXKE, YTO JIeNAaeT JaHHBIA METO]| MepCIEeKTUBHBIM
JUISL U3TOTOBJICHUS HU3KOTEMIIEPATYPHOTO MOJUKPUCTATUIMYECKOTO0 KPEeMHHS Ha
MOJIMMEPHBIX  MOJUIOKKAX, KOTOPbIM  SIBISIETCS B HACTOALIMA  MOMEHT

MHOT'000€IIAIIINM MaTepUajIoM JJIsl OJMMEPHBIX THOKUX AucIuieeB [94].

3.3. dopmuposaHme BbicokoacneKTHbIX JIMMTIC Ha NoBepXHOCTUN 06BLEMHOIO
KPUCT aNINYecKoro KpemMHus (c-Si), NOKpbITOoro nneHkon Hf.
UccnenoBapmmecss oOpasiel npeacrabisuin coooil miuenku Hf paznmuunoi
touHbI (20 < dyr < 500 HM), HaHECEHHBIC Ha TUIACTHHBI MOHOKPHUCTAILINYECKOTO
Si MeToJIOM MAarHeTpOHHOrO HambUIeHHs. B JKclepuMeHTax UCIOIb30BaJICS
ACTUTMATUYECKHH TayCCOB IMyYOK M JUIMHA BOJHBI A = 1026 HM aHAJIOTMYHO
AKCIIEPUMEHTAM, OMUCAHHBIM B MpEAbIAyIINX pa3aenax. C yueToM MakCUMallbHOU
4acTOThI ciieqoBanus uMIynbcoB f = 200 xI['1, mpuMeHSBIICHCS MPH 3alUCH, U
ckopocTu ckaHupoBaHus g0 2000 MkMm/c, MakcUMajbHas IPOU3BOIUTEIHLHOCTD
CTPYKTYPHUPOBaHHMS IOBEPXHOCTH COCTaBMIA 0KoJo 0,2 MM?/c. DHeprus MMITyIbca

E, usmensnacy B auanazone 1,3-2,5 mk/[k, 4TO JaeT IIOTHOCTH 3Hepruu F =
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150-280 m/Ix/cMm?. POpMHUPOBAHUE CTPYKTYP MPOBOAMIOCH IMOO B OKPYKAIOIIEM
BO3/yxe, JHMOO B a30THOM aTmocdepe Moj AaBieHUeM. AHanu3 MopdoIoruu
3anucanubix JIMIIIIC, a Takke YHUCICHHBIE pacyeThl MPOBOAWINCH B

corpynnuuectse ¢ A. A. Kyummkakom u A. 0. XKwmxuenko (IBDY).

Cepuss COM wu300pakeHuil, npuBejeHHbIX Ha Puc. 43, nemoHcTpupyer
pa3HooOpa3ue MOBEPXHOCTHBIX MOP(OJIOTUi, KOTOPbIe MOTYT OBITh MOJTYYEHBI Ha
mienke Hf tommuuoi 20 HM, MyTeM BapbUPOBAaHUS JBYX OCHOBHBIX IapaMeTpOB
Ja3epHOM 3amucH: SHEPrUM UMITysbca Ep u ckopocTu ckanupoBaHusi oopasua V. B
4acTHOCTHU, MaJibie 3Hepruu (Ep = 1,38 Mk/[x) 1 60mb1110€ TEpEeKphITHE UMITYIBCOB
(mpu CKOPOCTAX CKaHUpOBaHMsI B aAuamnaszoHe V = 1-10 MKm/c) mO3BOJSIOT
nony4dats TepMmoxummudeckue JIUIIIIC ¢ nmepuonmunocteio Ay = 960+£20 HM u
OpUCHTAIIMEH BJOJIb HAIpaBIIEHMs MOJSPU3ANNHU Majaaroniero usnydeHus (Puc.
43a). Ilpumeuarensayto ogHopoaHocts TJIUIITIC, cocrosmux u3 nmapamieabHbIX
BBICTYIIOB OKHUCJIEHHOT'O MaTepuaia, MOKHO OOBSICHUTh CUJIBHON TMOJIOKUTEIBHON
o0OpaTHOM CBSI3bIO, pEATU3YEMOM TMPU 3HAYUTEIHLHOM MEPEKPHITUM TaJAIOIINX
UMITYJILCOB (OOJIBIIIOE YHCIO TAJAOIIMX HMITYJIHCOB Ha EIUHHIYY IUIOMIATN
noBepxHocTH). llocie TmosBICHHUS YMOPSAIOYCHHBIX OKHMCIICHHBIX BBICTYIIOB B
MHTEeP(EPECHIIMOHHBIX MaKCUMyMax IOCIEAyIolee MEIJIEHHOEe CKaHUPOBaHUE
JIA3€PHBIM JIYUYOM MO3BOJISIET BOCIIPOU3BECTH TaKUE BO3BBIIICHUS TIPU COXPaHEHUU
cuibHOM oOpatHo# cBsizu [11]. Yxyamenue onropoanoctu TJIUIIIIC npu Gomnee
BBICOKMX CKOPOCTSIX CKaHUpPOBaHHUS U Oojiee BBICOKMX Ep CBHIETETBCTBYET O
CHIDKEHUM TIOJIOXKUTEIbHOU oOpaTHoil cBsizu (Puc. 436). Hapsgy c astum
MOSIBIIACTCS CIaO0yIOpsIIOUEHHAs] TIEPUOIMUECKass MOYJISIITUS, OPUCHTUPOBAHHAS
MEPNEHIUKYJIAPHO BEKTOPY TMOJSpHU3alMU, 4YTO MOXHO HaOIoaaTh Ha
cootBercTBytomieM cHuMke COM (Puc. 436). IlpumeuarenbHo, 4YTO MpHU
HECKOJIbKO Oounblied sHepruu umnyibca (Ep, > 1,5 Mk/[x) u Gosee BBICOKHX
CKOpocTsiX ckaHupoBaHusi (>100 MKM/C) Takas NepHeHAMKYJISpHAs CTPYKTypa
CTAaHOBUTCSI JOMUHUPYIOIEH ¢ HOPMUPOBAHUEM BBICOKOYIIOPSIOUEHHON PEIIeTKH
C OKOJIOBOJIHOBBIM TmiepuojgoM A. = 950+£10 um (M1,08), COM wuzobpakeHue

KOTOpOM npuseaeHo Ha Puc. 43B.
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Puc. 43. (a-n) COM cuumku JIUIIIIC, 3anucannsix Ha mieHke HE Tommunaoit 20 HM,
HAIBUICHHOW HA MOHOKPHUCTAJI Si, MPH CIIEAYIONINX 3HAYCHUSX YHEPTUH UMITYJIbca Ep n
cKopocTH ckanupoBanus V: (a) 1,5 mxJx, S mxm/c, (0) 1,5 mxJlx, 50 mxMm/c, (B) 1,63 mMx/lx, 300
Mkm/c, (1) 1,88 mMxJlx, 500 mxm/c, (1) 2,1 Mx/lx, 500 mxm/c. (¢) PexxumHas kapTa mosrygaeMbIX
tunoB JIUIITIC npu n3aMeHeHnn mapaMeTpoB jazepHoit oopadboTku (Ep u V).

VYBenuuenue SHEPrUn UMITyJIbCa MO3BOJISIET noJiy4yaTh
BbicOkOoynopsinoueHuele  JIAIIIIC ¢ aHamormyHoil ~ OpuUeHTauuMen  u
IpUOIM3UTEBHO BIBOE MEHBIIUM mepruoaoM A1 ~ 450+5 um (M2,28) (Puc. 43r).
[Ipu nanbHelimeM yBenuyeHUM Ep perylispHOCTh TaKMX pEHIETOK yXyAIIaeTcs 3a
CUET PACTPECKHBAHUSI HAJABOE KAXKIOTO MPOMEXKYTKA MEXAY YriayOJaeHUsIMU
(cBeripie oOsactT Ha Bpe3ke Puc. 43r), uyTto TNPUBOAUT K OOpa30BaHHIO
HEOJHOPOJHBIX MEPUOJUYECKUX CTPYKTYp C BHU3yalbHO BJBO€ MEHBUIUM

nepuogom ~225 um (Puc. 43 ).

[IpoBeneHHbIE CUCTEMATHYECKUE W3MEPEHMsI CTPYKTYp, 3alHUCaHHBIX IPU
Bapualuu JHepruu wumnyibca E, wu ckopoctu ckanupoBanus V (>100

KOMOMHAIMI), MO3BOJIMIM COCTaBUTh KapTy MapaMeTpoOB, HIUTIOCTPUPYIOLIYIO
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nepexon Mexay pasnuudbiMu Turnamu JIUIIIIC (Puc. 43e). Kak M0XXHO BHIIETH,
ontuMu3upys Ep, U V, BO3MOXKHO J10OUTHCA (QOPMUPOBAHUS PETYISIPHBIX
abmaumonneix JIMIIIC (¢ AL = 950 u 450 HM) npu MaKCUMalbHOW CKOPOCTH
ckanupoBaHusi V = 2000 MKm/C, 4TO JAEMOHCTPUPYET YCTOMYHUBOCTH peXKUMA
(bopMHpOBaHUSL BBICOKOYMOPSJOUYEHHBIX CTPYKTYp B IIMPOKOM JHMAara3oHe
apaMeTpoB M €ro NEepPCHeKTUBHOCTb ISl  JAJbHEWINEro  IOBBIIICHUS

MMPONU3BOAUTCIIBHOCTHU 3aIIUCH.

Jlist uccrnenoBaHus BHYTPEHHEH MOPQOJIOTMH TOJYYEHHBIX CTPYKTYp C
nepuogoM A1 = 450 HM ObUIH clenaHbl MONEepeYHbIe BhIPE3bl CPOKYCUPOBAHHBIM
MOHHBIM My4YkoM B obOusactu 3anucanubix JIMIIIIC, npenBapuTeabHO MOKPBITHIX
clioeM IUJIaTHHBL. YTiyOsieHHs Ha mnoBepxHocTH IieHkn Hf yxonar BHYyTph
KPEMHUEBOW IJJACTUHBI, WMMes BBICOKOE acnekTHoe cooTHomeHue. CpenHsis
IIMPUHA JIaHHBIX yriyosenuid coctaBisier 80+20 HM. YuuThiBasg CyOBOJIHOBOM
MEepHoJi 3alUCAaHHOM PEIIEeTKH W €€ OpPHUEHTALUI0 OTHOCUTENbHO JIMHEHHOU
MOJIAPU3ALMH, JIJII TEOPETUYECKOTO OMHCAaHUS HaOII0AaeMOro YHopsaodeHUs
JIUTITIC ~ MOXHO  paccMOTpPeTh  pas3iiMyHble  BapHaHThl  BO30YXKIEHUS
MOBEPXHOCTHBIX BOJH. B wactHoct, mienka Hf Tommmuoit 20 HM uMeer
k03 dunment npomyckanus okono 0,15 mpu A = 1026 HM, 4TO yKa3bIBaeT Ha
BO3MOXKHOCTh BO30YXKJEHUsI IIJIa3MOHHOM Moael Ha rpanune Si-Hf, wu
(dbopMHpOBaHUS TOANOBEPXHOCTHON MOIYJISIIIUM MHTEHCUBHOCTH, BO3HUKAIOUIEH
3a cueT MHTep(EpEeHUUH STOW IJIA3MOHHOM BOJIHBI C MAJAIOIMIUM H3IYyYEHHUEM.
Opnako, rpy0asi oleHKa mepuoja MOJYJISILUA WHTEHCUBHOCTH, OKHUJAEMOM Ha
rpaHulie paszfena OObEeMHBIX MaTepuajoB, COOTBETCTBYIOIIAS JJWHE BOJIHBI
ia3MoHa Aspp = 2T/Ks, Tre ks onpenensercs mo ¢opmyne (2), naet cymecTBEeHHO
Menbluee 3HaueHue nepuona JIMIIIC =300 HM npu UCMONB30BAaHUU CIIEIYIOIINX
3HAYCHHH AMAJICKTpUUYecKoi mponuaemoctu st Hf u ¢-Si (A = 1026 uMm): €pr = -

3,55 + 128,15 [95], &5 = 12,67 [87].

Bo3nukHoBeHne HHTEp()EPEHUMOHHON KapTUHBI C OONBIIMM MEPUOIIOM,

paBHBIM HA0JIIO1AEMOMY IKCIIEPUMEHTAIBHO 3HaUeHUIO AL = 450 HM, MOXKET OBIThH
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OOBSCHEHO M3MCHCHHMEM ONTHYECKMX CBOWMCTB ¢-Si  ymbO0 Tmpu  €ro
¢dotoBo30yxkaeHUN [96], nmubo mpu obpasoBanuu coenuHenuit HfSiy [97]. B
MIPEAMOI0KEHNN HEU3MEHHOCTH CBOHCTB Hf, MOXXHO OIIEHUTh KOHIICHTPALIHIO
(bOTOMHAYIIMPOBAHHBIX CBOOOJHBIX AJIEKTPOHOB Ne § B KPEMHHU, HEOOXOIUMYIO
JUTSL TIOJTYYCHHS ONTHYECKHUX IMapaMeTpoB Si, COOTBETCTBYIOIIMX MEpUOAY AL =

450 aM. I[I/IC-)JICKTpI/ILICCKYIO MPOHHUIACMOCTD KPCMHUSA MOKHO 3allMCaThb B MOACIIN

Hpyne B Buze [98]:
.
SETSU w(w + i)’

I7ie £; — IPOHUIIAEMOCTH Si B COCTOSIHUU 0€3 (OTOBO30YKICHUS ISl TAHHON w =

2mc/A, ¢ — ckopocth cBeta, ' = 1/7, T — Bpemst CBOOOJHOTO mpobera 3IeKTPoHa,

wy = \/ 4me®n, 5;/m; — IUIA3MEHHAsl 4acToTa, € — 3apsiJ DJICKTpOHA, M, —
s dexTrBHAsS Macca cBOOOTHOTO 3JIeKTpoHa. Mcrnonb3ys B pacuerax cleayronme
3HaueHUs mapameTpoB: m, = 0,26m, [99], rme m, — Macca dJIEKTpOHA, E;

12,67 [87], B xauecTBe BapbUPYEMBIX BEJIMYHMH OCTAIOTCHA M, g; U T. TUIMUYHBIE
3HAQYEHUST I8 T B JuTeparype 10  (HOTOBO3OYXKIECHUIO  KPEeMHUS
(heMTOCeKyHAHBIMU J1a3epHbIMU umnyibcamMmu MK wu Buaummoro auamazoHa
COCTaBJISIOT Mopsiaka Heckoabkux (e [98,100]. B3sB 3a olieHOYHOE 3HAUEHUE T =
3 ¢c, myTem MOJATOHKH MOJYYHM KOHIEHTPALUIO CBOOOIHBIX JJIEKTPOHOB N, g ~
2x10%! cml, MIPUBOSIITY IO K  JURJIEKTPUUYECKOU MIPOHUIIAEMOCTH
(hOoTOBO30YKICHHOTO KpeMHHs £g; = 5,5 + 11,3, KoTopas gaet Tpedyemblil epuo
AL = App = 450 HM. JlaHHOE 3HAYEHHE M, 5; COINACYETCS C JUTEPATypHBIMU
JAHHBIMUA TO Jia3epHOW MoauduKanuu c-Si uUMnylbcaMud (GC IITUTEILHOCTH
ompkaero MK nuanazona mnpu OJM3KOM K HMCHOJNB3yeMOW B JaHHOW paboTe

BEJIMYMHE IUIOTHOCTH 3HEpruu [96,100].

Kpome »sddexra Bo3HUKHOBEHUS (HOTOMHAYLUMPOBAHHOW 3IEKTPOHHOM
11a3Mbl B KPEMHHH, ISl 00bSICHEHUST HAOI0jaeMOoil MOP( OO MOYXKHO Y4ECTb,
4T0 () (PEKTUBHBIN MMOKA3aTENb NPETOMICHHS Nefr TUIA3MOHHOW MOJIBI Ha TPAHULIE

Hf-Si s3aBucur ot TOJIIWHBI ITJICHKHU I‘a(i)HI/ISI dHf, 4dTO 3a4acT MCPHOAHNYHOCTDH
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UHTEPPEPEHIIMOHHON KapTUHBI B BUIC MNefr. C MOMOIIBIO YUCIECHHOTO pacyera
(Mode Solutions, Ansys, Inc.) Obu1 TpoBeAeH MOJOBBIA aHAIM3 IS
paccmarpuBaemoii rpanuiiel Hf-Si u monydena 3aBucuMocThb Nes(dur) (Puc. 440,
cuHss kpuBas). Kak MoxHO Buaeth, mpu Odgr > 100 HM pacyeTHBIH HEpHO
JIUTITIC me u3MeHsieTCs ¢ TOJIIMHOMN IUIEHKHA U cOCTaBIET AL K MNegr = 300 HM,
COOTBETCTBYIOLIMIA CIy4yar0 IPaHMIIBI pazzesia MmoyoeckoHeuHbIX cpen. Criemyer
OTMETUTb, YTO MJIEHKU TaQHUS TAKOW TOJIIMHBI YK€ MOJHOCTHIO HEMPO3PAUHbI
npu A = 1026 HM, YTO CBOJUT K MHUHUMYMY BO3MOXXHOCTh Pa3BUTHS CIICHAPHS
dbopmupoBanuss MHTepPepeHInoHHoN kapTuHbl Ha Tpanuue Hf-Si. Jlng OGonee
TOHKUX TUIeHOK Hf Nerr cooTBeTCTBYIOMIEH MIIa3MOHHON MOJBI YMEHBIIAETCS, YTO
nemnaer Bo3MoxkHOM mnepuoguuyHocts JIMIIIIC, Onu3kyro K SKCHEpUMEHTaIbHO
HaOmomaemont (AL = 450 um). OHAKO, COTVIACHO pe3yJbTaTaM MOJEIMPOBAHUS,
npu toimuHe twieHku radpuus dyr < 30 HM BO30YKIACHHE IIa3MOHHOW MOJBI Ha

rpanutie Hf-Si y>xe HeBO3MOXKHO.

C uenplo IpoBEpPKH HAWJIEHHOUN pacueTHOM 3aBucuMocTH nepuoaa JIMIIIIC
oT TonmuHbl 1ieHKkn Hf ObUlM mMpoBeneHBl CPaBHUTEIBHBIC SKCIEPUMEHTHI 10
sanucu JIMTITIC Ha muenkax ¢ tonmuHao# dyr = 150 u 500 HM. CoOTBETCTBYIOIIHE
CTPYKTYpBI, IIOJIy4YEeHHbIE C TEMU e napamerpamu oopadotku (Ep = 2,3 mx/{x u v
= 1 mM/c), mokazanel Ha Puc. 44a (1LeHTpasbHOE W TMPaBOE H300PAKEHUSA),
neMmoHctpupyroiiem Gopmuposanue JIUIITIC ¢ ananornyHoit opueHTaIuen, HO ¢
XyAIIEH yHOpsSA0YEHHOCThIO. YCpEeIHEHHAs MEPUOJUYHOCTh AL TOIYyYECHHBIX
JINTITIC oka3zanach paBHoOM 440+15 u 480425 um nist mienok Hf Tonmmuuoi 150 u
500 HM COOTBETCTBEHHO. DTH PE3YyJIbTaThl CBUIAETEILCTBYIOT O cxoacte JIUIIIIC,
BO3HUKAIOIIUX Ha MOBEPXHOCTH MOyrpo3padyHor (dpr = 20 HM) M MOJTHOCTHIO
Henpo3paunoit mienku Hf (dpe= 150, 500 HM), 94TO MO3BOJISIET MPEANOIOKHTD, YTO
HaOmromaemMass MOPQOJIOTUST BPSJ JIM MOXKET OBITh BbI3BaHA HHTEpQEpEHIIUCH ¢
y4acTHEM IUTa3MOHHOM MOJIbI, pacrpocTpaHstomeiicss Ha rpanuie Hf-Si. Oto
MPENOI0KEHUE MOATBEPKIACTCS MPU aAHAINU3E CEPUM TMOMEPEYHBIX BBIPE30OB

ctpyktyp (Puc. 44a, HuwxHUM psin), T1e TIIyOMHA KaHABOK B KPEMHHUH MOCTETIEHHO
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YMCHLIIACTCA C YBCIUMUYCHHUCM TOJIIWHBI IMJICHKHU Hf, B TO BpEMA KaK JIA IIJICHKH

raduus ToamHon 500 HM MoaU(UKALIMKY TTOAIOKKHA S1 HE HAOII01aeTCs.

il i .1 B i
HanpaBneHwe CKaHMpOBaHUA

500 ................
= , . o
I
5 450 ... 05 1.0 15 20
<

400 }

350 +

300

0

Puc. 44. (a) Canvmku COM JIUIIIIC, chopMupoBaHHBIX ITpHU MapaMeTpax 3amucu Ep = 2,3
Mk, V=1 mM/c Ha mienkax Hf pasmuanoit Tommuuasr: dur = 20 (ciesa), 150 (B tieatpe) u 500
HM (cripaBa). BHn3y npuBenensl cooTBeTcTBYOMIHE COM BBIPE30B CTPYKTYP, BHITOTHEHHBIX
nonepek Hanpasienus JIUIIIIC, npenBapuTensHO MOKPHITHIX cioeM Pt; st HarsimHOCTH
pa3IMYHbIC MaTePUAIIBI PEACTABIICHBI IBETAMHU (MacIITaOHBIN O0Tpe30K — 1 MkMm). (0)
DKcnepuMeHTanbHas (TOYKH) U TEOPETHUECKHE (CIUTONIHBIC KPUBBIC) 3aBUCUMOCTH TIEPHOIA
JIATITIC AL ot tommunsl miaeHku rapuus dur (ITIT — moBepXHOCTHBIH T1a3MOH). (B)
3aBucumocts niepuosa JIMIITIC ¢ 0k0I0BOIHOBOH MEPHUOMUHOCTEIO A ~ A OT CKOPOCTH
CKaHUPOBAHHUS V IIPU Pa3IMUHOMN SHEPTrUU UMITYJIbCa 3alMChIBAIOIIEr0 N3TyUEHHS; BCTABKU —
CDM CHUMKH COOTBETCTBYIOIIHMX CTPYKTYP (MacmTaOHbIi 0Tpe3ok — 1 MkMm). (r) Caumox COM
yuactka JIUIITIC, 3amucannbix ipu Ep = 1,75 mxJx, v =300 MKM/C, TEMOHCTPHUPYIOIIHIA
MEePEX0JT OT MEPUOTUIHOCTH A1 K AL/2.

Hns o6bsicHenus HaOmogaemor Mopdonorun JIUIINIC nenecoobpaszHo
paccMaTpuBaTh TOJBKO TIOBEPXHOCTHYIO MOAY, BO30YKTaeMyH0 Ha TpaHHIIC
BO3JyX-METaUl, B TO BpeMs KakK IMOMJIOXKKa C-Si, MPEaNOoJ0KUTENbHO, Oyaer

OKa3bIBaTh cJla0oe BIMSHUE Ha TIpoliecc GOpMHUPOBAHUS CTPYKTYP. DD PEeKTUBHBIN
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MOKa3aTeNIb MPEIOMIICHUS Nefr 3TOW MOJIBI cocTaisger 1,002 mis mieHok ¢ dyr <
100 HM coriacHO NpoBeACHHOMY MojaoBoMy aHanu3y (Puc. 446, opamxeBas
KpHUBas), 4YTO yKa3bIBaeT Ha TO, 4To Habmomaaemsbiid nepuon JIUIIIC AL = 450-500
HM MOTEHUHUAJIBLHO MOXET ObITh 00BsicHeH yaBoeHueMm nepuoaa JIUIIIIC ¢ AL =
950 um (cm. Puc. 438 u e). Takue ctpyktypsl ¢ AL = 450 HM, 3anMcaHHbIE Ha
noBepxHocTH MieHok Hf Tommmuoit 20 HM, JEMOHCTPUPYIOT BBICOKYIO
peryiaspHoctb. Kak Toiabko mepBOHadalibHas OJHOPOAHAs IOBEPXHOCTHAs
pemierka Cc Manod TIyOMHOW Moayisiuuu chopmupoBaHa, 3()PEKTUBHOCTH
NepeKaykd OHHEPruM TMaJalllero CcBeTa B  IMOBEPXHOCTHBIE  IJIA3MOHBI
YBEJIMUMBAETCS. DTO MPUBOJUT K (HOPMHUPOBAHUIO MOAYJSLMUA UHTEHCUBHOCTH C
OOJIBIICH aMIUTUTYJIOW C TEPUOIMYHOCTBIO A2Nefr, BBI3BAHHOW WHTEpQEpeHIHe
MOBEPXHOCTHBIX MJIa3MOHOB, pacpoCTPaHIOLIUXCS BO BCTPEYHBIX
HampaBieHusX. J[aHHbIi cuieHapuii xopoiro o0bsicHseT nepuoauyHocTs JIUIIIIC
A1 = 480 um, nabmonaemyto s miaeHok Hf tommumuoit 500 um (Puc. 446).
Mexay teMm, s Oosiee TOHKHX IUICHOK raduus (dgr < 150 HM) HM3MEpEeHHBIH
MEePUOJ, HECKOJIbKO MeHble — ~450 HM, YTO MOTEHLHAIBLHO CBUIETEIBCTBYET O
COOTBETCTBYIOIIEM YMCHBIICHUH HAYaJIBbHOTO MEpHoaa pemeTku Ar oT MNeg 110
~900 M. Takoe mocTeneHHOE yMEHBIIEHUE MeprUoaa MOIYJIAIMA HHTEHCUBHOCTU
JKCIIepUMEHTanbHO  HaOmiomaetcs s JIMIIIIC ¢ oxosioBOJIHOBOM
NEePUOJUYHOCTHIO, MOJIYYEHHBIX Ha MoBepXHOCTH IieHoK Hf Tommuuoit 20 HwM,
IIPY YBEITMYEHUU YHEPTUU UMITyJIbca Ep M 4ucia UMIyIbCoB Ha €AMHMILY IJIOILAIN
(ymeHnbienue ckopoctu V; Puc. 44B). 310, B 4aCTHOCTH, YKa3bIBaeT Ha TO, YTO
uMeer Mecto (oTo-(TepmMo-)MOoAN(PUKALINSI ONTUYECKUX CBOMCTB cuctembl Hf/Si.
XOoTs I  COOTBETCTBYIOIIETO MOJEIUPOBAHUS  JIA3€pPHO-UHAYLUPOBAHHBIX
W3MEHEHUM CBOMCTB MCCIEAYEMBIX MaTepuaioB TpeOyroTcs Oosee moapoOHbIe
UCCJIEIOBAHUS, BBIXOMSIIHUE 32 pPAMKU JIaHHOM paboOThl, 3KCHEPUMEHTAIBHO
HaOJIoaIach BO3MOJKHOCTh TOJIy4eHHs] CTPYKTypel ¢ AL = 900 HM u ee
noclieyloniee  yABOCHHME,  MOATBEpKAarollee  MpeaslaraeMblii  MeXaHU3M

dbopmupoBaHus BeicoKoynopsigoueHHbIX cyoBoHOBBIX JIUIITIC (cm. Puc. 44r).
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Cnenyer ormeruth, yto Hf mpencraBiaser coboi TyrormjaaBKUil MeTaml, ¢
temneparypamu 1iaBinenuss 2500 K wu xunenuss 4876 K (manst cpaBHeHus, Si
rwiaButes npu 1683 K u kunut npu 3533 K). D10 03HayaeT, 4To mociie JIa3epHOro
BO3JICHCTBHSI PACIUIaBICHHBIM S1 OCTaeTcsl 3aKpbITHIM TYTOIUIABKOM IJICHKOM, U
OOBIYHBI MEXaHU3M OXJIAXKICHUS IMyTEeM MCIApeHHsl HaYMHAeT paboTaTh HE cpasy
[101]. 3amepkka BCKHIAHUS M UCHAPEHHUS MOXKET IPUBECTH K CHIBHOMY
MeperpeBy paciuiaBieHHOro Si 0 pa3pbiBa mokpeiBatomiei ieHku Hf. Tlockonbky
MOBEPXHOCTh HE OCTBIBAET, TEIJIO NUPIYHAUPYET OT MOBEPXHOCTU U YBEITUUUBAET
TOJILMHY PACIIABJIEHHOT'O CJIOSI, YTO, MPEANOI0KUTENBbHO, 00€CTIeUnBAET rOpas3ao
OOJIBbIIYIO0 MTYOMHY KaHaBOK CTPYKTYpPBI IO CPABHEHHMIO C TEMH, KOTOPbIE OOBIYHO
HaOmonarotess s abssiuonHeix JIMIITIC. Kak tonmpko mimenka Hf Tepsier
LEJIOCTHOCTH JINOO 3a CUeT JaBJICHUs paciiupsromerocs Si, MO0 JTOCTUras cBoen
TeMIlepaTyphl IUIABJICHUS, PUBOJS K OOpa30BaHUIO MEPUOAMYECKON CTPYKTYpPHI
(cm. Puc. 43B), HaunHaeTcs ucnapeHue Si B 00pa3oBaBUIMIICS KaHaJ, aHAJIOTUYHO
npoueccy (popMupoBaHHs MAapOra3oBOro KaHaja IMpHU INIyOOKOH Jia3epHOU cBapke
(mpu KOTOPOM BO3MOKHO cooTHomieHue cropoH >10) [102,103]. DTo ucnapenue
BbI3bIBAET JIABJICHHME OTAA4M, KOTOpPOE CTaOWJIM3UPYET CTEHKH KaHaBOK U

MPEIOTBPAIIAET UX CMBIKAHHUE JO MOMEHTA 3aTBEPAEBAHUA KpeMHus [42].

[Ipu 3amucu B OKpY>KarolleM BO3JyXe BbIOpOC meperperoro Si U3 KaHaBOK
MoJ1 ACHCTBUEM JIaBJICHUS OTJIaYd U €ro OBICTPOE OKHUCIEHHE OOBIYHO MPUBOJUT K
oOpa3oBanuio Hanera yactul SiO; Ha noBepxHocTH (Puc. 43a, 6 u 1), 4TO MOXKET
MPUBOJIUTH K YXyIlIeHUIO ynopsaodeHHoctu popmupyembix JIMIITIC, ocobenno
B CJydYa€ 3aluCU NPOTSHKEHHBIX M0 IUIOWAAW CTPYKTyp. Jns cHukeHus
nedeKTHOCTH ObUIM NIPOBEICHBI aHAJIOTUYHbIE SKcniepuMenThl 1o 3anucu JIMIIIIC
B armocdepe azora. Kak moxno Bugetp Ha COM-uzobpaxkenuun JINUIITIC,
nosiydeHHbIx npu Ep = 2,5 mx/lx u v = 2000 Mkm/c, CTpYKTyphl 00JaaaroT
UCKITFOUYUTEIHHO BHICOKUM KaYECTBOM U OJTHOPOJHOCTHIO (cM. n3obpaxenue 1D
BO Bpeske Ha Puc. 45a). [Tono6no JIUIITIC, 3anucanusiM B atMocdepe BO3ayXxa,

c(OpMHUPOBAaHHBIE MTOBEPXHOCTHBIE CTPYKTYPhI COXPAHSIOT MEPUOAUYHOCTh AL =
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450+5 HM, 4YTO, B YaCTHOCTH, YKa3bIBAET HA HE3HAUUTEIILHYIO POJIb OKUCIICHUS

(Hf, nmu6o Si) B nmporecce popmupoBanus gannoro tuma JIMIIIIC.

Puc. 45. (a) Canmox COM JIUIITIC, chopmupoBannbix Ha uienke Hf Tommmuoi 20 HM B
atMocdepe azora ¢ mapamerpamu 3anucu: Ep = 2,5 MxJ[x, V = 2 MM/C; Ha Bpe3Ke MpeIcTaBlieH
pesyabTat aeiictBus AI1®. (6) u (8) COM uzobpaxenue nonepeunsix pazpezos JINIIIIC,
MOJTy9eHHBIX B atMochepe azora mipu Ep = 2,5 Mx/Ix u (6) v = 2000 mxm/c, (B) V=700 MmxM/c
(macmTabubii oTpe3ok — S00 uMm). (1) Pactipenenenre HOpMUPOBAHHON aMILTUATY BT
anekTpudeckoro nois E/Eo mpu mageHuy miockoif MOHOXpOMAaTHYECKOW BOJHBI Ha IIEJbh
mupuHoi 100 HM B ruienke Hf, pacnonokeHHo# Ha 00beMHOM C-Si, JUIs JIMHEHHOU
MOJISIPU3AIlMY, HAITPaBJICHHOM morepek (JIeBbIi pUCYHOK) U BJOJIb (ITPaBbIii pUCYHOK) OCH IIEH.

C TOYKM 3peHHs NPAKTUYECKOW MPUMEHHMOCTU MPOJAEMOHCTPUPOBAHHON
TEXHOJIOTUHU CO3/IaHMsI TNEPUOJUYECKUX CTPYKTYp BaXHO KOHTPOJIHMPOBATH
rnyOouHy kaHaBoK h (wim coortHomienue h/A), Ha KOTOpPYIO JOJDKHBI BIIHSATH
napaMeTphl Jla3epHOi 00pabOTKH (CKOPOCTh CKAHUPOBAHMS V U IHEPTUSI UMITYJIbCa
Ep). COM  caumku nonepeunbix Bbipe3oB JIWIIIIC, 3amucaHHbIX 1npu
¢bukcupoBaHHOM sHeprun Ey = 2,5 MxJlk U paznu4yHONW CKOPOCTH CKaHUPOBAHMS
npuBeaeHbl Ha Puc. 450 u B. Kak MOXHO BHJETh, MpPU HCIOJIB30BAHUM OoJiee
HU3KUX CKOpOCTEH (OOJblliee YMCIIO MMITYJIbCOB Ha €IMHMILY IUIOIIAIN) T1yOuHY
KaHABOK MOXHO TOCTeneHHo yBenuuuBaTh C¢ 340+20 mo 560+20 HM, uyTO
MO3BOJISIET CO3[]aBaTh BOCHPOM3BOJAUMYIO MEPUOJUYECKYI0 MOp(oJIoruo Ha

00BbeMHOM ¢-Si ¢ acIeKTHBIM cooTHoIIeHueM h/A = 1,24, nmpu 3TOM OTHOIICHHUE
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rIIyOMHBl K IIMPUHE KaHABOK JIOCTUTaeT §. YBelMueHue TIIIyOMHBbI KaHaBOK
JINIITIIC npoucxonuT TMpU MHOTOMMITYJICHOM aOnsiuuMuM Marepuaina, Yemy
CIOCOOCTBYET  MOJSPU3AUOHHO-3aBUCMMOE  NPOHUKHOBEHHE  TOJSI B
oOpasyroniyrocss BbleMky [104]. B uyacTHOCTHM, TNpU OpHUEHTAIIMU BEKTOpa
AJIEKTPUYECKOrO TMOJISI MaJaroliero uMmysibca BAodab ocu kaHaBku JIWIIIIC
U3JTy4eHHE TMPAKTHUYECKHM HE NPOHUKAET BHYTPb 00JacTH, 3aHUMaeMon Si.
HanpoTtuB, 11 na3epHOro HW3IY4YEHHUs, TMOJSIPU30BAHHOTO MEPIECHIUKYIISPHO
opuentranuu Juauil JIMIIIIC, nagaromiee mnosne NMPOHUKAET BHYTPb KPEMHUS Ha
CYLIECTBEHHYI0  TIyOWHY,  CHOCOOCTBYS  yINIyOJICHHIO  KaHaBKU  MpH
MHOTOMMITYJIbCHOM BO3JEHUCTBUU. JTU PACCYKICHUS MOJIKPEIUISIIOTCS YUCIEHHBIM
MOJEIUPOBAHUEM  MPOCTPAHCTBEHHOTO  PACHPENCIICHUS  HOPMUPOBAHHOMU
aMIUTUTYIbl dnekTpuueckoro noinsa (E/Eg) B oO6beme c-Si B ciyuae paznuyHOro
HaIpaBJICHHs MOJIAPU3ALMK TUIOCKOW BOJHBI, TMajaroniel Ha mienb B ruieHke Hf

mupunoi 100 HM (cM. KpuBbIE paBHOM aMIUIMTYABI 1oJist Ha Puc. 45r1).

IIpyHrMass BO  BHHMAaHME  BBICOKYIO  OJHOPOJHOCTH  IOJY4YaeMbIX
NEePUOJUYECKUX CTPYKTYpP, a TAKXKE C y4eTOM MacHITabupyeMOCTH Ipoliecca HX
CO3JaHusl M MpUMeYaTesbHOM MOP(OJOrMU C BBHICOKUM COOTHOILIEHHWEM CTOpPOH
(oTHOMIIEHME TITYyOUHBI K iepuoay 10 1,24 u oTHOLIEHUE TIIyOUHBI K IIHPUHE J0 §),
nanHass texHonorus 3anucu JIUIIIIC wMeer mnepcrneKTUBBI MPaKTHYECKOTO
NPUMEHEHUS B ONTOXJIEKTPOHUKE, HAHOPOTOHUKE U ceHcopuke. Hampumep,
M0I00HBIE PEUIETKU C OOJIBIIUM aCTEKTHBIM COOTHOIIEHWEM Ha KPEMHHH MOKHO
UCIIOJIb30BaTh I TMOBBIMLEHUS S(PQGEKTUBHOCTH COJHEYHBIX JJEMEHTOB U
($hOTONETEKTOPOB BCEACTBUE YyBeauueHHoro moriomieHus [105]. Kpome Toro,
CyOBOJHOBBIE PEIIETKU SBISAIOTCS KIIOUEBBIMU 3JIEMEHTAMU HWHTErpalibHOMN
(GOTOHMKM Ha OCHOBE KpEeMHHS, TaKOW KaK BOJHOBOJHBIE pPa3BETBUTEIH,
YacTOTHbIE  (PUIBTPBI, MOJAPU3ALMOHHBIE CBETOJEIUTENIM UM  MOJHOCTHIO
nudaeKkTpudyeckue MmetanosepxHoctu [106,107]. Hakonel, KpeMHHUEBBIE PEIIETKH C
BBICOKUM OTHOILIEHHEM TJIyOMHBI KaHAaBOK K MX IIHpUHE (TakoM, Kak
MPOJEMOHCTPUPOBAHO B JIaHHOM paboTe) MOTryT MCIOJb30BAThCS B KayecTBE

ma6soHoB (kiaumie) s (GOPMUPOBAHUS COOTBETCTBYIOIIETO MEPHOIMYECKOTO
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MMaTTCpHA HA MATKUX OPraHUYCCKUX MATCPpHAIaX, B TOM YHCIC OPTraHUYCCKUX

kpacutensx [108].

3aknyeHre K [naBe 3. IlpencraBieHsl pe3ynbTaThl MO 3alUCH
tepmoxumuyeckux 1 abmaunonueix JIMIIIC na nmnenkax amopdHoro kpemuus (a-
Si) u obOpasie KpUCTAUNIMUECKOTO KpeMHUS (C-Si), TOKPHITOr0 TOHKOHW IJIEHKOM
Hf. Bnepsbie mnpoaeMmoHcTpupoBano ¢opmupoBanue asymepHbeix TJIMIIIIC c
reKCaroHaJlbHOM  NEPUOJUYHOCTBIO HA IUIEHKE a-Si  Opu  OJHOKPaTHOM
CKaHUPOBAHUU JIA3€PHBIM My4YKOM. JlaHHbBIE CTPYKTYphl 00pa3yloTCs B pe3yibTare
MPOLIECCOB OKHUCICHUS W KPHUCTAIJIM3alMM M 00JIaJaloT aHTHOTPaXaloUUMHU
cBoiicTBaMu. [IpoaeMOHCTpUPOBAaHO NPUMEHEHUE MOJYYECHHBIX HA IUIEHKE a-Si
TIIAIIIIC B wmetone (IyopeclieHTHONW CHEKTPOCKONMM JJIi  TTOBBIMICHUS
YYBCTBUTEJIBHOCTH W3MEPEHUS] KOHIEHTpAIMM TeCTOBOro aHanuta. OOHapykeH
PEXKUM JIa3epHO-UHIYIIUPOBAHHOM KPUCTANIIIU3AIMY IUICHKHU a-Si 6e3 o0pa3oBaHus
JINTIIIC ¢ MuHMMaNbHBIM MOBBIIEHUEM IIepoxoBaTOCTH noBepxHocTh. JIUIIIIC,
chopmupoBaHHble Ha C-Si, MOKpbIToM IieHko Hf (Ttommmua 20 HM),
JEMOHCTPUPYIOT OoraTyto MOpGOJIOruio B 3aBUCUMOCTH OT [apaMeTPOB JIa3epHOTO
oOnyueHus: (3HEprusi UMITYJIbCa, CKOPOCTh CKAaHUPOBAHMUSA): HAOIIOAAIOTCS Kak
TepMoxumuyeckue, Tak u admsuuonHeie JIUIIIC ¢ pa3nuyHbIM TIEPUOAOM.
Ao6nsuuonnsie JIMIITIC ¢ mepuogoM okoino 450 HM ~ A2 pactpoCTpaHsSIOTCsS Ha
3HAYUTENBHYIO TIIYyOMHY BHYTPb C-Si, @ TakKKe NMpUMedaTelIbHbl CBOEH BBICOKOM
YHOPS0YEHHOCThIO, 0e31eeKTHOCThIO (MpU 3amucu B aTMocdepe a3ora) u

OOJBIINM aCIIEKTHBIM OTHOIIICHHUEM FJ'IY6I/IHBI K IIUPHUHC.
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3aK/iroyeHune
B X0€ HpOBeIIeHHBIX pa6OT 6BIJII/I I[OCTI/IFHYTBI CJ'ICI[y}O]_HI/Ie pCBYJIBTaTBI:

1) ChopmupoBaHbl M ucCnefoBaHbl  TEPMOXUMMUYECKME  Jla3epHO-
NHAYLMPOBaHHbIe NOBEPXHOCTHbIE nepunoanyeckume CTPYKTYpbI
(TNMMNC) Ha nneHkax meTtannos (Cr, Hf, Ti).

O6HapyxenHast 3aBucuMocTth rnepuoaa TJIUIIIIC ot ToauuMHbBI TUICHKUA B
ciydae Cr MoxkeT ObIThb OOBSICHEHAa BBISIBJICHHBIM HM3MCHEHHEM
OTHOCUTENBbHOTO cojepkanus okcusoB CrO,/Cr,Os B chopMHpPOBaHHBIX
BBICTYIIaX CTPYKTYp, YTO IIOATBEPKAAETCS Pe3yJabTaTaMH YHCIECHHOTO
MO/JIEJINPOBAHUS.

B cBs3u ¢ addexrom auccumnanuu teria B wieHke Cr CHUKEHHUE YaCTOTHI
CJICIOBAaHUS HWMIYJIbCOB IMPUBOJUT K YXYIUIEHUI YIOPSAIOYEHHOCTH
TJIUIIIIC. Mcnonp30BaHHE aCTUTMATHYECKOTO TayCcCOBa IMy4yKa MO3BOJISIET
YBEJIUYUTh TPOU3BOAUTEIBHOCTh 3alUCH CTPYKTYp Ha 2 TMOpAAKa IO
CPaBHEHUIO C I'ayCCOBBIM ITYYKOM KPYTJIOTO CEYEHHS.

bnarogapss 6onee HU3KOW TEMJIOEMKOCTH U TeruionpoBogHoct Hf nHa
JaHHOM MeTaiie Bo3MOxkHO QopmupoBanue TIIUIIIIC ¢ na mopsaok
Oompiieit ckopocThio, o cpaBHeHuto ¢ Cr. Kpome Toro, B cimydae Hf,
MOBBLIIICHUE CKOPOCTH CKaHUPOBAHUS 1O 2 MM/C TNPUBOJIUT K
(GOpPMUPOBAHUIO BBIPAKCHHOW TMEPICHAUKYISIPHON CYOCTPYKTYphl €
MaJibIM TIepruooM ~\/7.

OOGHapy>xeHHas JIMHEWHAs 3aBUCUMOCTD rnepuoaa TJIUIIIIC,
chopMUpOBaHHBIX Ha TUIeHKE T1, OT JJIMHBI BOJIHBI JIA3€PHOTO U3IIYUYCHUS
AMEET JJIEKTPOMArHUTHYIO MPUPOAY, YTO MOATBEPKIAACTCA pE3yJbTaTaMu
YUCJICHHOTO MOJEIMPOBAaHMUA. 3alllCh B PaA3JIMYHBIX Ta30BBIX Cpeaax
(BO31yX, BakyyM, a30T) TMPUBOJUT K M3MEHEHUIO MOP(OJIOTUU
oOpazyromnuxcsi CTpyKTyp, a Takxke K obpazoBanuto TJIUIIIIC ¢

KoMIuieKCHbIM cocTaBoM Ti0/TiN B cityyae a30THOM Cpeibl.
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2) CopmupoBaHbl 1 uccnegoBanbl  JIUMTMC  Ha  MOBEPXHOCTU
nonynposogHuKa (Si).

Ha nnenke amopduoro Si momyuensr TJIUIITIC, cocrosiiue u3 OKCHIHBIX
MHKPOKOHYCOB € I'€KCaroHaJIbHOM MEPUOIMYHOCTHIO U MOMOBEPXHOCTHBIX
MEPUOANYECCKUX BKJIIOYEHUN MOTUKPUCTALINYECKON (a3pl. 3amuch TaKuX
TJIUIIIC cymecTBeHHBIM 00pa3oM M3MEHSIET OINTHYECKHE CBOWCTBA
UCXOJHOM  TUIGHKM  a-Si, a TakXke TO3BOJSET  HCIOJIb30BaTh
CTPYKTYPHUPOBAHHYIO MOBEPXHOCTH JJIsl MOBBIIICHHUSI YyBCTBUTEIBHOCTH B
MeTojie (DIIyOpecIieHTHOTO aHaIu3a.
O6nyuenue ¢c na3epHBIMH HMMITYJIbCAMU IUICHKH a-Si TPH  BBICOKOHU
CKOpOoCcTH ckaHupoBaHus (1 Mwm/c) TPUBOOUT K  paBHOMEpPHOU
KpUCTAUIM3allMd C  MHUHUMAaJIbHBIM  H3MEHEHHEM  IIEPOXOBATOCTHU
MOBEPXHOCTH, YTO MOXET OBITh TEPCHEKTUBHBIM [JI1 TOJy4YCHUS
MOJUKPUCTAIITNYECKOTO KPEMHUS HA TIOJIMMEPHBIX MOJJI0KKAX.
Hab6mronaercs dpopmupoBanue pasnooOpaszubix tunos JIMIIIIC Ha ToHKOMN
menke Hf, nHanbuieHHoW Ha ¢-Si, B 3aBUCUMOCTH OT DJHEPrUH
3aMMChIBAIOIIETO UMITYyJbca Ep M ckopocTu ckaHupoBaHus V: ipu Maibix Ep
u V oopasytorcs Tepmoxumudeckue JIMIIIIC ¢ mepuomoM ~A, Torga Kak
st Bbicokux Ep u v nabmopatorcs JIMIIIIC abnsiuoHHOrO THMa C
nepuogoM ~A, M2, M4. Hcnonp3oBanue a30THOW aTMocdepbl MO3BOJISICT
CHU3UTh A(PEKTUBHOCTh OKHUCJICHUS U TMOJYy4YUTh Oe3ePeKTHBIC
cyoBosHoBeie (M2,3) abmsuuonusie JIMIITIC ¢ BBICOKMM acIEeKTHBIM

COOTHOIIIEHUEM ~&.

ABTOp BbIpaXkaeT OJaroJapHOCTb CBOEMY HAyYHOMY PYKOBOJUTEINIO, K.(.-
M.H. JloctoBanoBy Aunekcanapy BraaaumupoBuuy 3a oOuiee pyKOBOJICTBO,
BCECTOPOHHIOIO TMOAAEPKKY, IMOCTAHOBKY HWHTEPECHBIX 3aJa4 M HEOLICHUMYIO
noMoIbs B pabore. ABTOpP HUCKpEHHE NpHU3HATEIEH KojuleraM, MPUHUMAaBIIUM
NpsIMOE y4acTUE B DKCINEPUMEHTAIBHOM, TEOPETUUYECKON paboTe U OOCYKIECHUU
pe3ynbratoB, a uMeHHo: cotpyauukam UAu3 CO PAH k.¢.-m.H. K. A. Okotpy0y,
K.p.-m.H. C. JI. Mukepuny, k.¢.-m.H. B. C. TepentseBy, A. 3. Cumanuyky, K. C.
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Kyummxaky, k.@.-m.H. E. B. Munato, x.¢p.-m.H. A. 10. XKwmxuenko, k.x.H. M. B.
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