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BBenenue

HccnenoBanue CTPyKTypbl, cocTaBa M (DPU3MUYECKUX CBOMCTB MOBEPXHOCTU U
PacHoJIOKEHHBIX Ha Majioil mTyOuHe ClI0EB TBEPABIX TEN MPEACTABISCT MPUHIUIU-
aJbHBIM MHTEpPEC NJIi MHOTMX pa3leioB (PU3MKM M TEXHHUKH. JTa 3a/ada peraercs
paznuuHbIMU MeTonaMu. Cpear HUX OJHO M3 LIEHTPAJIbHBIX MECT MPUHAITICHKUT Me-
TOJIaM, MCIOJIB3YIOIHUM OOIydYeHHE 00pa3IioB IMMyYKOM YCKOPEHHBIX AJIEKTPOHOB. O0-
JTY4YEHUE COMPOBOXKIACTCS SMUCCHUEN JIEKTPOHOB U (DOTOHOB C Pa3IMYHON IHEPrUeH,
JETEKTUPOBAHNE KOTOPHIX Ja€T pasHooOpa3Hyto uHpopmanuio [1]. B moToke wactwil,
BBIXOJISIINUX C MOBEPXHOCTH MACCHMBHOIO 00paslia, MPUCYTCTBYIOT OOpaTHOpPACCEsH-
Hble AEeKTpoHbl (OPD). TakoBbIMU SIBISIOTCS AJIEKTPOHBI, KOTOPBIE MOCIE OJHOTO
WIM HECKOJIBKUX aKTOB pAacCesiHUs Ha OONbIINE YIVIbl M3MEHUIIN HAIPABIICHUE JIBUXKE-
HUSl Ha MPOTHUBOIIOJIIOKHOE U MOKUHYNIH oOpasei. Dueprust OPD nexur B quana3oHe
oT ucxonHou sHeprun Fy no 50 3B. Hwxnsiga rpanuina ycioBHo otaensier OPD or
BTOPUYHBIX 3JIEKTpoHOB (BD). Ilydok paccesHHBIX 3IEKTPOHOB 3aloOJHSAET O0NACTb,
KOTOPYIO Ha3bIBAIOT «00BEM B3aMMOACUCTBHSY. [IpOTSIKEHHOCTD 3TOM 00IACTH BIOIb
OCH IyYKa COBMAJAeT C JUIMHOW mpobera 31MeKTpoHOB. MakcumanbHas miiyOuHa z,
Bbixoga OPD MeHbllle JUIMHBI TpoOera, Tak Kak JOCTHUTIINE 3TOM TIyOHHBI AIIEKTPO-
HbI JIOJDKHBI COXPAHUTh 3HAYUTENBHYIO YaCTh MCXOJHON HEPruu, 4TOObl BEPHYTHCS
Kk noBepxHocTu. [llupuna myuka OPD ompexaenseTcss MakCUMalbHBIM PAaCCTOSSHUEM
Ty OT TOYKH NAJACHUS MEPBUYHOIO ITydKa JI0 TOYEK IepecedeHust Tpaekropuit OPO
C MOBEPXHOCTBHIO OOpa3ia. BenuunHa OTHOIIEHUS Z—Z ompezenser Gopmy obimactu
smuccun OPD.

NutencuBHOCTh oToka OPD ¢ MOBEpXHOCTU HEOAHOPOIHOIO 00pasia, COCTOs-
HIET0 U3 JIByX WK 0oJiee CIOEB pa3IMYHbIX MATEpPUAJIOB, 3aBUCUT OT COCTaBa, TOJIIIH-
HbI ¥ B3aMMHOTO PACIIONOXKEHUS JUCKPETHBIX CIOEB. JTa 3aBUCUMOCTb IO3BOJIET HC-
MOJIb30BaTh U3MepeHus KoddduirieHTa 0OpaTHOro paccessHus ISl PEIIEeHUs] BaXKHOM
IPaKTUYECKOM 3a7auu — ONPENENICHUs TOJIIIMHBI TOKPBITHI, HAHECEHHBIX HA MACCHB-
HY10 MOoAJIoKKy. COCTaB M TOJIIMHA MPUIIOBEPXHOCTHBIX CIOEB 00pa3lia BIMSIOT HE
ToJIbkO Ha TOKk OPD, HO U Ha GopMy U TPOTHKEHHOCTH OOJACTH SMHUCCHUH, TPUUEM
3HAYUTENIbHO CUJIbHEE, YeM Ha TOK. B CBfI3M C 3THUM Ka)eTcsi BO3MOXKHBIM OOJer-
YUTHh paciupoBKy HHPOpPMAIUU, 3aMEHAS (WU JOMOJHAS) TPAAUIIMOHHBIE H3Me-

penus Toka OPD m3mepeHus MU JTUHEHWHBIX pa3MepoB obnacTu smuccuu. Ha nepBblit



B3I/, ONIPEETUTh MPOTHKEHHOCTHh oOnactu smuccurn OPD MHOTOKpaTHO ClIOXKHEE,
YeM U3MEPUTh UX TOK. VI3BECTHO JHIIb HEMHOrO paboOT MO OMpeAesieHUu0 (OPMBI
Iy4Ka 3JEKTPOHOB, PACCESIHHBIX B ra3ax WM B TBEPAbIX Tenax [2—4]. TpyaHopaspe-
MIMMOM MPOOJIEeMOM SBIISETCSI SKCIEPUMEHTAIBLHOE OINpEeIeHUE NIyOMHBI SMUCCUU
OPD. B 10 e BpeMs U3BMEPEHUE XaPAKTEPHOUN BEIMUUHBI JIATEPATTBHOTO PacipocTpa-
HeHust OPD He BcTpeuaeT MpUHIMNHAIBHBIX 3aTpyaHeHuil. C 3Toil 1enpio Ha olpa-
3€l] HAHOCAT IUIEHKY pPE3UCTa U OINPEAENSIIOT CMEIICHHE T'PaHUIIbl 3aCBEYEHHOTO U
MPOSIBIICHHOIO PE3UCTA MPH MOCIE0BATEIbHOM YBEJIMUEHUHU TOKa Jiyda [5—7]. Takue
U3MEPEHHUsI TTO3BOJISIIOT ONTUMHU3UPOBAThH MPOTPaMMy pa3BEPTKHU Jiyya Mpu o0paboTKe
00pa3IloB METOJIOM AIICKTPOHHOM auTorpaduu. HemaBHo Oblia mpeiokeHa METOIUKA
U3MepeHus paauanbHoro pacmpeneneHus OPD, cBoOogHas OT mepedyncIeHHbIX HEJl0-
ctatkoB [8]. OCHOBHAasl UAEsl COCTOMT B 3aMEHE PE3UCTA CIIOEM aJICOPOMPOBAHHBIX
yIJIEBOJOPOAOB, MOJICKYJIbl KOTOPBIX, KAK U MOJIEKYJIbI PE3UCTa, UCIIBITHIBAIOT pajua-
[IMOHHO-XMMHUUYECKHE TIpeBpalieHus. AJcopOMpOBaHHBIE YITIEBOAOPObI MPUCYTCTBY-
I0OT Ha TTOBEPXHOCTH BCEX 00pa3IoB, MOMEMIEHHBIX B Kamepy POM mpu TunudHOM
NaBJIeHUN ocTaTouHbIX razoB 1079 — 1077 Topp. IIpu obmydennn obpasua coKycu-
POBaHHBIM IMYYKOM 3JIEKTPOHOB MOJIEKYJIbI TU(POYHIUPYIOT K TOUKE MaJCHUS ITydKa
u, nomnajas B 30Hy smuccun OPD, pacnanarorcsi, 4ToO MPUBOAUT B KOHEYHOM HTOTE
K 00pa30BaHMIO KOJBIIEOOPA3HOTO CII0sl aMmop¢HOro yriepoaa. JluaMerp yrinepoaHoro
KOJIbI[A 3aBUCHUT OT JIOKAJbHOW IJIOTHOCTH TOKA M MOXET CIYXUThb MEPOW HIUPHUHBI
Tm JlaTepalbHOro pacupoctpaHeHus OPD. ImyOuny smuccun z, npu HE0OXOIUMO-
CTH MOXKHO HAWTH, UCTHIOJIB3YSl PE3YJbTaThl MOACIUPOBAHUS WM MOTYyIMIUPUUECKUE
AHAJIUTUYECKUE COOTHOIICHUS, CBA3BIBAIOLIUE 2, C Ty, -

Takum 06pa3om, u3MepeHre NpocTpaHCTBEHHOTo pactpeaeneHuss OPD mo3Bo-
JISI€T MPOBEPUTH KOPPEKTHOCTh PA3JTUYHBIX MOJIEJICH pACCESIHUS AIEKTPOHOB U SIBJISI-
€TCs IPOMEKYTOYHBIM 3TAllOM Ha MYTH K aHaJM3y DIYOMHHOM CTPYKTYpbl 00pa3ua.

Heablo quccepTalliOHHON pabOTHI ABISIETCSI BBISICHEHUE 0COOEHHOCTEN 00part-
HOTO PpAacCCEsIHUSI JIEKTPOHOB, KOTOPbIE MOTYT OBITh MCHOJIB30BAaHbI JJISI U3YUYCHUS
BHYTPEHHETO COCTaBa TBEPBIX TEJl, B YACTHOCTH, HEOJTHOPOJIHBIX 110 CBOEMY COCTABY.

JIist AOCTUXKEHUS 3TOM e NOTPEOOBAIOCH PEIIUTD CIEAYIOIINE 3aAaUH.

1. Pa3paboTka MeTO/I0B HCCIIeIOBaHUS JlaTepaabHOro pacnpeneneaus OPO, co-

YETAIOIIUX MPSIMbIE U3MEPEHHUSI C MOJCIUPOBAHUEM DJIEKTPOHHBIX TPAECKTO-
puii metogom Monte-Kapino, 1 ux npuMeHeHrne K HEOJHOPOAHBIM MO TIy-

OouHe oOpa3zuam.



2. ConocTraBieHue OlEHOK pazmepa U (opmbl obmaka OPD B HEOIHOPOAHBIX
oOpa3uax, NOJy4eHHBIX MPH KCIOIb30BAaHUM PA3IMYHBIX MOJENEH pacces-
HUA, 1 000CHOBaHHUE BHIOOPA ONTUMATBHON MOJIENN pacCesiHUs My4YKa yCKO-
PEHHBIX AJIEKTPOHOB B TBEP/IOM TEJIE.

3. DKclepUMEHTaIbHOE HCCIIEI0BAaHUE 3aKOHOMEPHOCTEH (OPMUPOBAHUS YT-
JIEPOIHBIX MUKPO- U HAHOCTPYKTYP Ha MOBEPXHOCTSX, 00ydaeMbIX CPoKy-
CUPOBAHHBIM ITyYKOM 3JIEKTPOHOB.

4. Tlouck xkoppensiuu MEeXIy TUaMEeTPOM YITIEPOAHBIX MUKPOKOJIEL U pacrpe-
JeJIEHHEM MO NIyOWHE NUCKPETHBIX CIOEB 00pa3ia, OTIIMYAOIIUXCS 1O 3Jie-
MEHTHOMY COCTaBY W IJIOTHOCTH MaTEpHUaOB.

5. O1leHKa OTHOCUTENIBHOTO BKJIa/1a BTOPUYHBIX 3JIEKTPOHOB B pacuIupeHue 3¢-
(EeKTUBHOM 30HBI paIMalIMOHHOTO BO3JIEHCTBHUSI HAHOMETPOBOIO MyYKa AJICK-
TPOHOB.

Hayuynast HoBU3HA:

BrniepBrie omnpenenensl pazmep u popma obmaka OPD B HEOTHOPOAHBIX 00pas3-
ax MOCPEACTBOM NPSIMBIX U3MEPEHUN THAMETPA YIIIEPOIHBIX MUKPOKOJIEL] B COUETA-
HUU C MOJICJIMPOBAHUEM JJIEKTPOHHBIX TpaeKTopuil MeronoM MouTe-Kaprio.

BrepBrie monydeHbl aHAIUTHYECKHUE 3aBUCUMOCTHU MPOTSHKEHHOCTH JaTepalib-
HOro pacnpocrpadeHuss OPD OT TONIIMHBI MMOKPHITUH, HAHECEHHBIX HA MACCHBHbBIC
no/10KkH. [TokazaHo, 4TO BUJ 3aBUCHUMOCTH OIPEAEIISAETCS COOTHOIIEHUEM IIOTHO-
CTU MaTepHUajoB MOMIOKKHA U MOBEPXHOCTHOTO CJIOS.

BrnepBrie 0TMEUEHO COBMAJEHNE MAKCUMAJIbHOM JUIMHBI TpaekTopuid OPD, pac-
CUMTaHHOW Ha OocHOBe Mojenu AU Y3HOTO paccesiHus U3 TOYEUHOTO MCTOUYHHKA, C
MaKCUMaJIbHOM JUTMHOM MPpoOeTa AJIEKTPOHOB, M3MEPEHHOM B SKCIIEPUMEHTAX I10 MPO-
IyCKaHUIO IEKTPOHHOTO ITyYKa YePe3 TOHKUE IUIEHKHU.

BrepBrie BbIABIICH JUHEHHBIN XapakTep pocta nyouHsl smuccun OPD u3 Heon-
HOPOJAHBIX 00Pa3l0B C YBEIUYEHUEM YCPETHEHHON OOpaTHOM IJIOTHOCTU TIEpeceKae-
MbIx OPD cnoés.

IIpakTnyeckasi 3HAUMMOCTB PadoThL. [Ipernoxena u anpodupoBaHa METOIMKA
HEpa3pyLIAOIIEr0 KOHTPOJISI U U3MEPEHUS TOJUIMHBI OJHOCIOMHBIX U MHOTOCJIOMHBIX
TOHKUX MOKPBITUN, HAHECEHHBIX Ha MAaCCUBHbIC MOUIOKKU. Takue MOKpbITUS TpUMe-
HSIIOTCSl B Pa3JIMUHBIX 00JacTsAx TexHUuku. [IpoBenenne uaMepenuii He TpeOyeT npea-

BapUTCIIbHOI'O U3IrOTOBJICHUA cepﬂﬁ CTaHAAPTOB, ATTCCTOBAHHBIX APYI'MMHU MCTOAAMH.



[IpenyioxxkeHHass METOIMKA B HECKOJIBKO pa3 MEHEe YyBCTBUTEIbHA K (IYKTyalusiMm
AMHUCCHUU KaToJa, YeM METOJUKH, OCHOBAaHHBIC Ha M3MepeHun Toka OPD.
MetoaoJiorusi 1 MeTOAbI HccaeqoBaHus. B paboTe MConbp30BaiIcs KOMIUIEKC-
HBIM TIOJIX0/ MCCIICIOBAHUS SIBJICHUH 3JICKTPOHHOTO PACCESIHUS M WHIYITUPOBAHHOTO
OCaXJCHUSI Ha TTOBEPXHOCTH HEOJAHOPOIHBIX 00pa3Il0B, BKIIOUAIOIIHNKI B ceOs Teope-
TUYECKOE UCCIIEAOBAHUE C TPUMEHEHUEM KOMITBIOTEPHOTO MOACITMPOBAHUS dJIEKTPOH-
HOTO paccessHus MeTogoM MoHTe-Kapio u COBOKYIMHOCTh MPAKTHYECKUX METO/IOB
MOJITOTOBKH (BaKyyMHOE TePMHUYECKOE HCIIApCHHE, BAKYyMHOE HOHHOE PaCIbIIICHHUE),
UCCJIEIOBaHMS MUKpopelibeda (CKaHUPYIOIIash JIEKTPOHHAsT MUKPOCKOMHS, CKaHUPY-
IOIIast 30HI0Basi MUKPOCKOTHS) ¥ BepUUKAIIUU BHYTPEHHEH CTPYKTYpHI (PopMupo-
BaHUE TMOIMEPEYHOTO Cpe3a) MHOTOCIONHBIX CTPYKTyp. Takke MpoBenEH Hepaspylia-
IONIMNA aHalli3 BHYTPEHHEH CTPYKTYpPhI HEOTHOPOIHBIX 00Pa3IloB ¢ MCIIOIh30BaHUEM
HOBOTO 3KCICPHUMEHTAJILHOTO METOAa, OCHOBAHHOTO Ha SIBICHUHW WHIYIIUPOBAHHOTO
AJIEKTPOHHBIM ITYYKOM OCQXKJCHHS YIIIEBOIOPOIOB.
OcHOBHBIE MOJI0KEHNS], BBIHOCUMbI€ HA 3aIUTY:
1. MeTon MHIYIIMPOBAHHOTO OCAXKIEHUS IIPEKypcopa cPOKYyCUPOBAHHBIM ITyU-
KOM 3JICKTPOHOB CPEJHHUX SHEPTUM MO3BOJISET PEAIM30BaTh IIeJICHAPABIICH-
HOEe (popMHUpOBaHUE KOJIBIIEBBIX HAHOCTPYKTYP Ha IMMOBEPXHOCTH.
2. Mogens MHAYIMPOBAHHOTO OCAXACHUS, CBs3bIBatoIIas AU¢dy3uOHHBIN MO-
TOK MOJIEKYJI YIJIEBOAOPOIOB C yAAJIEHHOM OT IEHTPa YacCThIO JIAaTEPATBHOTO
pacrmpeiesieHns] TUIOTHOCTH TOKa OOpaTHOPACCESIHHBIX AJIEKTPOHOB, OOBSIC-
HSCT U3MCHCHHE pa3Mepa KOJBIIECBBIX CTPYKTYP B 3aBUCUMOCTH OT ITapaMeT-
POB ITy4YKa TIEPBUYHBIX 3JICKTPOHOB.
3. IImoTHOCTH TBEPAOTrO TENA SBIASETCS OCHOBHOM (DPM3MUYCCKON XapaKTEPHUCTH-
KO, ompenenstomei GopMy U MPOTHKEHHOCTh 0071aka 00paTHOPACCESTHHBIX
AIIEKTPOHOB HA €r0 MOBEPXHOCTH.
4. XapakTep 3aBUCUMOCTH pa3Mepa MUKPOKOJIbIIA OT TOJIIUHBI CIIOs, HAHECEH-
HOTO Ha MAaCCHUBHYIO MOJIJIOKKY, ONPEEISETCS COOTHOIIEHUEM TUIOTHOCTEN
MaTepHaoB CJIOS W TOMJOXKKH. PasMmep Kosiblla MOHOTOHHO PAacTeT, KOrja
MJIOTHOCTh MaTepuaja CJIOsS MEHbIIE TJIOTHOCTH TMOMJIOKKH, U JIMHEWHO Ta-
JaeT B 00OpaTHOM CiTydae.
JI0CTOBEPHOCTb PE3YJIbTaTOB KOMITBIOTEPHOTO MOJICIMPOBAHUS IPOIICCCOB

ANIEKTPOHHOIO PacCesiHUs B TBEPJIOM TeEJE MOATBEPKIAECTCS UX COOTBETCTBUEM IPE/I-



CKa3aHUSAM TCOPETUUECKHUX MOJCIICH W pe3ysbTraTaM MOJCIUPOBAHUS, MOTYYEHHBIX
JIPYTUMHU aBTOpPaMU JJIsi TUTIOBBIX 00pa3IloB.

JloCTOBEpHOCTh M3MEPEHUN pa3MepOB YINIEPOAHBIX MHUKPOKOJEL obOecreunBa-
€TCs UX BOCIPOU3BOIUMOCTBIO ISl 00pa3ll0B OJJMHAKOBOIO COCTaBa, a TaK»XKe J0CTa-
TOYHBIM 00bEMOM HAKOTUICHHOTO MaTepuala.

JloCTOBEpHOCTH PE3yNIbTaTOB U3MEPEHHUS TOJIIIHUH CIOEB MHOTOCIOMHBIX CTPYK-
TYp MOATBEPKAACTCS MX COOTBETCTBUEM peE3yJbTaTaM M3MEPEHMI, MPOBEAEHHBIX Ha
MOTIEPEYHBIX Cpe3ax HEOJHOPOJHBIX 00pa3l0B C UCIOJIb30BAHUEM COBPEMEHHOTO BBI-
COKOTOYHOTO oOopynoBanus Zeiss CrossBeam 1540X B.

YcTaHoBIeHHas! 3aBUCUMOCTh MaKCHUMAaJIbHOW ITTMHBI TPpaeKTOpui oOpaTHOpac-
CESIHHBIX AJIEKTPOHOB OT IUJIOTHOCTH M DJIEMEHTHOTO COCTaBa 0OpaslloB COINACyeT-
Csl C IIMPOKO UCIOIB3YEMBIMH B JIUTEPATYPE MOIYIMIHUPUUECKUMH COOTHOIICHUSMH,
MOJTyYEHHBIMHU TIPU aHAJIM3€ MPOXOXKICHUS YCKOPEHHBIX AJIEKTPOHOB Yepe3 TOHKHE
IJIEHKU.

Anpobanus padorel. OCHOBHBIE pe3yibTaThl PabOTHI JOKIIABIBAIMCH HA Clie-
DyHOIUX KOHGEPEHIUAX U CEMHHAPAX:

1. XKnanos I'.C., Jloxxxkun M.C. HoBblll mogxon K riyOMHHOMY 30HAUPOBAHUIO

MHOTOCIONHBIX CTPpYKTYp B POM //B kH.: CoBpeMeHHbIE METO/IbI AJIEKTPOH-
HOM W 30HJOBOM MHKPOCKOMHH B HMCCJIEIOBAHUSIX HAHOCTPYKTYp W HAHO-
MaTepHuaioB: Te3. MOKJI. 25-it Poccuiickoit koHGEpEHIIMN MO AJIEKTPOHHOU
MHKpockonuH, T.1 — YepHoroinoska, 2014. — UepHoronoBka, uza-so YepHo-
ronoBka, 2014.

2. Transient stage of nanopillar growth by focused electron beam induced
deposition of carbon / Manukhova A.D., Lozhkin M.S., Zhdanov G.S.// B
kH.: The 4th International Scientific Conference «State-of-the-art Trends of
Scientific Research of Artificial and Natural Nanoobjectsy : Te3. 1oki. koH(.
— CI10, 2014. — CI10, u3n-Bo CIIOI'Y, 2014

3. Dynamics of carbon nanopillar growth on bulk and thin substrates irradiated
by a focused electron beam / Zhdanov G.S., Manukhova A.D., Lozhkin M.S.
// B xH.: Nanotech 2014 Vol.1 «Nanotechnology 2014: Graphene, CNTs,
Particles, Films & Composites» : Te3. noki. koHd. — 2014

4. Knanos I'.C., JIoxxkun M.C. Busyanu3zanusi noAMOBEPXHOCTHBIX HAHOCTPYK-
Typ B POM u onpenenenre ux mnojgoxkeHus B rryouHe oopasna /B ka.: XIX

Poccumckuit cuMno3nyM Io pacTpOBOW 3JIEKTPOHHOU MUKPOCKONMHU U aHa-



JUTUYECKUM METOJIaM MCCIIeIOBAaHUS TBEPABbIX TEI: Te3. NOKJI. KoHp. — Yep-
HoroJioBka, 2015. — YepHoronoBka, u3a-so YepHoronoska, 2015.
5. Reconstruction of a focused e-beam profile in amorphous carbon using
diffusion of n-alcane molecules along carbon nanopillar sidewalls /
Zhdanov G.S., Lozhkin M.S. // B xH.: Intenational Conference «Diffusion
fundamentals VII» : te3. mokn. koHd. — YepHoronoska, 2017. — YepHoro-
JIOBKa, n31-Bo YepHoroisoska, 2017.
JInunplii BKIaA. DKCIIEpUMEHTANIbHBIE PE3YJbTaThl, OMUCHIBAIOIINE TOBE/E-
HUE HAHOCTOJOMKOB Ha MAaCCHUBHBIX MOJJIOXKKAaX, MOJYyYEHbl aBTOPOM COBMECTHO C
I C. KnanoBeim u A. JI. MaHyXoBO# Mpy HEMOCPEACTBEHHOM Y4acTHHU aBTopa. Pe-
3yJBTaThl, OTPAKAIOIINE TOBEACHUE HAHOCTOJOMKOB HAa TOHKUX IUIEHKAX M MHUKPO-
KOJIEI] Ha MAaCCHBHBIX OJHOPOAHBIX U HEOJHOPOIHBIX OOpa3liaXx MOJyYeHbI aBTOPOM
anaHo. [ToaroroBka TOHKHX MIEHOK aMOP(HOTO yIieposa, MAaCCUBHBIX MOMIOKEK H
MHOTOCJIOMHBIX 00pa3I[0B METOJAOM BaKyyMHOTO T€PMHUECKOro ucrmapenus Aw/Si,
Al/Cwu, C/Pt, Ha KOTOPBIX BBIIOJIHEHA OCHOBHASI YaCTh pPabOTHI, IPOU3BE/ICHA JINY-
HO aBTOpoM. MI3roToBiieHnE cepuu MHOTOCTIOHBIX 00pasioB C'/ Pt MeTOI0M BakyyM-
HOTO MOHHOTO pacmbuieHus npousBeaeHa B. KO. MuxaiinoBCKuM 1moja pyKoBOJCTBOM
aBTOpa. ABTOp MPUHUMAJ aKTHBHOE ydacTHe B OOCYXKJICHHH, aHAIU3E W MHTEpIIpe-
TallUi SKCTIEPUMEHTAIBHBIX PE3YJbTATOB, a TAK)KE MOATOTOBKE MyOIMKAIIUN 1O TEME
pabotsl. KpoMe Toro, JM4HO aBTOPOM OBLIO MPOU3BEACHO KOMITBIOTEPHOE MOJEIH-
pPOBaHKE MPOIECCOB AMEKTPOHHOTO PACCESIHHS U BBHITIOTHEHBI TOCIEAYIOIMNE PACUETHI
JUTSL OTIPEACIICHUS TONIIUH CIIOEB METOJIOM JIEKTPOHHONW HAHOTOMOTpaduu.

Iyonmukanuu. OCHOBHBIE PE3YyJIbTaThl IO TEME JIUCCEPTALIMU HU3JIOKEHBI B &
MEYaTHBIX paboTax, 3 U3 KOTOPHIX M3JaHBI B KypHAJax, BKIIOYECHHBIX B CUCTEMY IIH-
tupoBanus Web of Science:

1. Controlling the Growth Dynamics of Carbon Nanotips on Substrates
Irradiated by a Focused Electron Beam / G.S. Zhdanov, A.D. Manukhova,
M. S. Lozhkin //Bulletin of the Russian Academy of Sciences. Physics. —
2014. — Cenr. — T. 78, Bem. 9. — C. 881-885.

2. A new approach to probing the depths of multilayer structures in SEM / G.S.
Zhdanov, M. S. Lozhkin // Bulletin of the Russian Academy of Sciences.
Physics. — 2015. — Hos16. — T. 79, Beimn. 11. — C. 1340-1344.

3. Anomalous Asymmetry of Carbon Nanopillar Growth on Both Sides of a
Thin Substrate Irradiated with a Focused Electron Beam / G.S. Zhdanov,
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M. S. Lozhkin, A.D. Manukhova // Journal of Surface Investigation: X-ray,

Synchrotron and Neutron Technique. — 2017. — T. 11, Bpim. 5. — C. 969-972.

5 paboT mpelcTaBlieHbl B Te3UCAX JIOKIAJ0B, CHMCOK KOTOPBIX MPHUBEAEH B
npeasayieM mnaparpade.

O0beM n cTpykTypa padorsl. Jluccepranusi COCTOUT U3 BBEIICHUS, YETBHIPEX

r1aB u 3akmroueHust. [TomHbIi 00péM quccepTanuu coctabnset 142 ctpaHutisl ¢ 53 pu-

cyHKaMu U 6 Tabnunamu. CrucoK JUTEpaTypbl coaepKuT 114 HauMeHOBaHMIA.
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I'maga 1. JluteparypHbiii 0030p

1.1 Metoabl pacTpoBOii 3JIEKTPOHHOM MUKPOCKOIUHU

OtkpebiTue snekrpona Tomconom (1T homson J.J.) B 1898 coBmecTHO ¢ mociie-
IYIOIIUMHA SKCIIEPUMEHTAIBHBIMU HcchenoBanusmMu Pesepdopma( Ruther ford E.),
MO3BOJIMBIIIKE CO3/aTh MEPBBIE CTPYKTYPUPOBAHHBIE MOJEIM BEIIECTBA, MOCTABWIH
nepe] Hay4YHbIM COOOIIECTBOM CepbE3HYIO 3a/1a4y HaOII0NeHU MUKPOOOBbEeKTOB. Oco-
Oyr0 poJib Ha MyTH K PEHICHHIO 3TOM MPOOJIEMBbl CHITPA0 YCTAHOBJIEHUE BOJIHOBOMU
OPUPOJBI MATEPUANBHBIX TENl U AJIEMEHTAPHBIX YaCTHI], B YaCTHOCTH, DJIEKTPOHOB,
npousBeAcHHOe e bpoitnem (deBroglie L.) B 1927 romy. 3T0 OTKpBLIO TIepe Uccie-
JOBATENIIMHU PUHITUITHATIEHYIO0 BO3MOXKHOCTD UCTIOJIB30BaHUSI DJIEKTPOHOB B KaUu€CTBE
30HAMPYIOUIETO BO3JAEHCTBUSA Ha OOpa3el] aHaJOTUYHOTO My4YKy (POTOHOB BHJIMMOTO
CBeTa B ONTHUYECKON MHUKpockomnuu. [losBIeHnE AMEKTPOHHOM MUKPOCKOIIUH, O€3 CO-
MHEHHSI, MOCITY>KHJIO OTPOMHBIM TOJIYKOM JJisi Pa3BUTHSl OECUMCIIEHHOIO 4HUCia Ha-
NPaBJICHUH HAYYHOTO MCCIICIOBAHMS, TAK WJIM MHAYE CBSI3aHHBIX C HAOIIOMCHUEM MUK-
pooObekToB. Co3aHue MEPBBIX MPOTOTUIIOB AIIEKTPOHHOTO MHUKPOCKOIA OBLIO OCY-
miectBaeHo B 1931 rogy OpHctoM Pycka u Makcom Kuomnom (Ruska E., Knoll M.)
B ['epmanuu, B 1934 - Mapronom (Marton L.) [9] B beasruu, a 8 1939 - rpynnoit
yu€HbIX 1o pykoBoactsoM Bepinepa B.H. 8 CCCP.

[lepBbie 37EKTPOHHBIE MUKPOCKOIBI OBUIM MPOCBEYMBAIOIIETO THIA M, TTOMHU-
MO MHOXKECTBA TEXHUUYECKHX CIOKHOCTEH, CBS3aHHBIX C (DYyHKIIMOHHpPOBaHHUEM (oO-
KyCUPYIOUIUX CHCTEM, MPOU3BOIWIN CHJIBHOE pa3pyllIarollre BO3ACUCTBHE HA 00Iy-
yaeMblil o0Opa3ell, CBSI3aHHOE, B YAaCTHOCTH, C HAarpeBOM HcclieqyemMoro obpasua. B
1938 rony don Apaenne (vonArdenne M.) [10; 11] 6buT co3qaH MPOTOTHUIT TIEPBOTO
CKaHMPYIOIIEro MPOCBEYMBAIOIIETO MUKPOCKOIIA, OCYIIECTBIISBIIETO Pa3BEPTKY dIIEK-
TPOHHOTO JIy4a BAOJb 00pa3ia. DTOT MOAXO AaJl BO3MOKHOCTh PacIpeleuTh dJIeK-
TPOHHYIO IJIOTHOCTH M0 IUIONIAJM CKAaHUPOBAHUS, CHU3UB TEM CaMbIM CTENEHb BO3-
JNEUCTBUA B KaXKI0M 00ydaeMoi Touke. [IpomomkeHue pa3BuTus uaei CKaHupyromen
(pactpoBoii) 31ekTpoHHON MHUKpockonuu (POM) Obl10 OCylIecTBIECHO IpyNnmnoni yué-
HBIX TI0JT PYKOBOJACTBOM 3BopbIkuHA (ZLworykin V.A.) [12]. Co3nanHblii uMu ipubop

ITO3BOJIAJI NOCTHUYb PA3pCUICHUA B 5OHM, 4qTO0 CYHICCTBCHHO YCTYIAJIO IPCACIbHBIM
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BO3MOXKHOCTSIM aKTHBHO pa3palaThIBa€MbIX B TO BpeMs IIPOCBEYUBAIOIIUX AJIEKTPOH-
HBIX MUKPOCKOIIOB. B CBSI3M € 3TUM METOJI CKaHUPYIOLIEH 3JIEKTPOHHOU MUKPOCKOIIMU
NOCUYUTANIN OECHEPCIIEKTUBHBIM U COOTBETCTBYIOLIUE UCCIIEAOBAHUS MPEKPATHIINCH.
Hanpreiimee pazsutue POM tecHo cBs3ano ¢ umenem Yapiwza Ot (Oatley C.W),
KOTOPBI c(HOpMyIHpOBal TE3UC O TOM, YTO JUIsSl PELLIEHUsI MHOXKECTBA 3a]1a4 BOBCE HE
HY>KHO BBICOKO€ paspelieHHe, a BCI0 HEOOXOAMMYI0 HH(popMaIuio 006 oOpasie MOox-
HO MOJYy4YUTbh, paboTasi NP YMEPEHHOM yBeIM4YeHUHU. PaboTsl OTiM U €ro y4eHHUKOB
ChIFPAjIM KJIIOYEBYIO POJIb B Pa3BUTHUHU U, YTO OCOOEHHO Ba)XHO, PACIpPOCTPAHEHUU
METOAMKN CKAaHUPYIOIIEH 3JIEKTPOHHONM MUKpPOCKONNHU. OIHUM U3 MEPBBIX YCHEIIHbIX
1IaroB B 3TOM HAIPABJICHHUH CTaJI0 CO3JaHHUE PACTPOBOIO JIEKTPOHHOIO MHUKPOCKO-
na ¥ MOJyYeHHE MEePBbIX U300paKEHUHN MCEeBAATPEXMEPHOTO pelibeda MOBEPXHOCTH,
c(hOpMUPOBAHHBIX U3 CUTHATA HU3KOOHEPTeTUUHBIX BTOPUUYHBIX AIEKTPOHOB [13] oa-
HUM U3 yueHukoB Otimn, MakMymianoMm(M cMullan D.). OTaenbHOro yrnoMuHaHUS
3aciy’KuBaeT paboTa 1o co31aHuio 00Jiee COBEPIIEHHOTO J€TEKTOpa BTOPUUHBIX JJIEK-
TPOHOB, IpOU3BeAEHHAA emEé AByMs yueHukamu Otiu, OBepxaptom (Everhart T E.)
u Topumu(T hornley R.F.M.) [14]. 3ameHa 3J€KTPOHHOTO YMHOXKUTEISI KOMOWHAIIH-
el CUMHTWILIATOPA U (POTOYMHOXKUTENS MPU AETEKTUPOBAHUU 3JIEKTPOHOB MO3BOJIMIIA
UM CYLIECTBEHHO YJIYUYIIUTh COOTHOIIIEHHE CUTHAJ-IIYM M MOBBICUTH BEJIMYHUHY HC-
XOJIHOTO curHasia. JIoCTUrHYTBIA MPOTrpecc MO3BOIMII YBEPEHHO 3asBUTh O TOM, YTO
pacTpoBasi AJIEKTPOHHAsT MUKPOCKOIUS MPEACTABIAECT COO0N KOHKYPEHTHOCTIOCOOHYIO
METOJIMKY, 00J1aJat01y0 HEOCIOPUMBIMHU JIOCTOMHCTBAMH: JIETKOCTHIO B IIPUTOTOBJIE-
HUU 00pa3lOB, BHICOKOW MIyOMHOM PE3KOCTH, HAIVISIAHOCTHIO M MIPOCTOTOM pacuiud-
POBKH MOJYy4aeMbIX CHUMKOB, a TaKXe TMOKOCTbIO B OTHOIIIEHUH Pa3MEpPOB U TUIIOB
HCCIIeTyEeMBIX 00pa3IioB.

C MoMeHTa MOSIBJICHUS MEePBbIX JIEKTPOHHBIX MUKPOCKOIIOB OJHUM U3 1MOO0Y-
HBIX SIBJICHUI HaONIOEHUs 00pa3lioB SIBISUIOCH OCAXICHUE, MHIYIIUPOBAHHOE DJICK-
TpoHaMmH, BrepBbie 3ameueHHOe CtioaptoMm (Stewart R.L.) B 1934 [15]. IlosBine-
HUE OCaJIKka Ha MOBEPXHOCTU 00pa3lOB MPHU 3IEKTPOHHOM OOIYYEHUH paccMaTpHBa-
J0Ch UCKJIIOUUTEIBHO Kak HeraTuBHBIA (akTtop. IIpupona ero BOZHUKHOBEHHs Oblia
onpexaeneHa DHHocoM (Ennos A.E.)[16], yCTAHOBUBIIUM MPEUMYIIECTBEHHO YIJIC-
poIHbIN cocTaB ocajika. [IpennoxkeHHbI UM MexaHu3M (OPMUPOBAHUS 3arpsi3HEHUS
COCTOMT B aJICOPOLIMH YITIEBOJOPOOB, MPUCYTCTBYIOLIMX B COCTaBe aTMoc(hephl ocTa-
TOYHBIX Ta30B BaKyyMHOH KaMepbl, Ha MIOBEPXHOCTH 0Opa3ma. Bo3aelicTBue 3nekTpo-

HOB Ha 3TH aJCOPOMPOBAHHBIE MOJIEKYJIbI MPUBOIUT K OOpa30BaHMIO HAOIIOTAEMOM
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AKCHEPUMEHTAIBHO YIIepoaHON Tu€HKU. Jljis OOpbObI C YINIEpOIHBIM 3arpsi3HEHU-
€M MPUMEHSIIUCH Pa3HOOOpa3HbIE METO/bI, BKIIOUAIOIINE OXJIAXKICHUE BHYTPEHHUX
JacTe BaKyyMHOW KaMepbl IJisl MPEAyNpekIeHUs KOHICHCAIUU YTIIEBOIOPOIOB Ha
oOpasiie, a Takke NMpUMEHEHUEe Oe3MacisHbIX (MPEUMYIIECTBEHHO, PTYTHBIX) HACO-
coB i BakyyMHbIX cucteMm. Jlumbs B 1960 Kpuctu (Christy R.W.) [17] nokazan
BO3MOKHOCTh MCIOJIb30BaHUSA MHIYIIUPOBAHHOTO OCAXKJIEHUS ISl KOHTPOIUPYEMOTO
CO3/IaHus MHUKpopenbeda Ha MOBEPXHOCTH oOpasia myTéM e€ oOIydeHUs AIIEKTPOH-
HBIM ITYYKOM B MPUCYTCTBHH MAPOB AIEMEHTOOPTAHUUYECKUX COSAMHECHHM. DTa Haes
Jeryia B OCHOBY METOJIMKH, U3BECTHOM KaK OCaXKJI€HUE, UHAYLIUPOBAHHOE 3JIEKTPOH-
HbIM y4ukoM (Electron Beam — Induced Deposition(EBID)). B HacTosiee Bpe-
Msl aKTUBHO M3YyYaroTCs MPOIIECCHI, JIeXkKAIIHe B OCHOBE JAHHOTO CII0C00a M3MEHEHHUS
MuKpopenbeda noBepxHoctu [18; 19]. Meroguka EBID mpennonaraer npuMeHe-
HUE Pa3IMYHBIX MPEKYPCOPOB JJIsi CO3MaHUS HAHOCTPYKTYP 3aJIaHHOTO XUMHUYECKOTO
coctaBa. B TO ke BpeMsi, IPUCYTCTBYIOIKE B Kamepe JIoooro cepuitHoro POM Mo-
JeKyJIbl YITIEBOAOPOJOB BIIOJIHE MOTYT HCIIOJIb30BAThCA B KaueCcTBE MpPeKypcopa JUis
OCaXJICHUS YIJIEPOIHBIX 0€3 HEOOXOAMMOCTHU BBEACHUS JTOMOIHUTEIHHOTO MCTOYHH-
ka Marepuana. B manHoi pabote mpearaercs OpUTHMHAIBHBIN METOJ PEeTUCTpAIiH
IPOCTPAHCTBEHHOTO (paJMaIbHOTO) paclpeAesieHus IIOTHOCTH ToKa oOpaTHopacce-
SIHHBIX 3JIEKTPOHOB IMPH MOMOIIY UHAYLIUPOBAHHOIO OCAXKIEHUS YIIeBoa0opo10B. OH
MO3BOJISIET CY/IUTh O BHYTPEHHEW CTPYKType HEOJHOPOIHBIX 00pa3LoB 1Mo (Gopme yr-
JEPOIHOTO OcajKa, (POPMHUPYIOIIETOCS HA MOBEPXHOCTU Npu obmydenuu. [Ipumene-
HUE MeTofa TpeOyeT MOHMMAaHMs OCHOBHBIX MPOIECCOB, CBSA3AHHBIX C PACCETHHEM

AJIEKTPOHHOTIO Iy4YKa B TBEPJOM TeJie, O KOTOPBIX Jajiee U MOUJIET PeUb.

1.1.1 QObaactb B3aumoneiicTBusi 1 MHGOPMANMOHHAA IIyOMHA

[TosiBeHue 001acTH B3aMMOICHCTBUS CBSA3aHO C MOBEJICHUEM I1aJIal0IIEr0 dJIeK-
TPOHHOTO Ty4YKa, MPOHHUKAIOIIIETO Yepe3 MOBEPXHOCTh BIIYOb oOpasua. B mporecce
JIBIKEHUS TIPOUCXOANUT B3aMMOJICHCTBHUE TTOTOKA MAIAIOIIUX JIEKTPOHOB ¢ 00pa3IioMm.
YacTp 3THX 3JIEKTPOHOB MOXKET OBITH paccessHa aTOMaMH KPHCTAJUTMYECKON PemIéTKU
WJIM 3JIEKTPOHAMU BellecTBa. B pesynbrare paccesiHus Ha TSHKENBIX aToMaxX JBUKYIIH-

€Cs BJICKTPOHBI OTKIIOHAKOTCA OT CBOCTO IICPBOHAYAJIBHOT'O HAITPABJICHUA. 9T0 IIPpUBO-
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IUT K PACIIMPEHUIO U TIepepacipeie]ICHUIO MIIOTHOCTH B U3HAYAIBHO C(HOKYCHUPOBaH-
HOM HaIlpaBJICHHOM IIOTOKE JIEKTPOHOB. B3auMoeliCcTBIIO MEPBUYHBIX AIIEKTPOHOB C
AIIEKTPOHAMU BEIIECTBA, B CBOIO OYEPE/Ib, COMMYTCTBYET Mepeaada IHEPruu U UMITYIIb-
ca. [lepBUYHBII 3JIEKTPOH 3aMeJISIETCS, a TIepeAaHHas JHEPTHS MOXKET PACXO0BATHCS
Ha reHepalrio BTOPUYHBIX MPOAYKTOB 0OnmydeHusi. COBOKYIHOCTh YIOMSHYTBIX MPO-
[IECCOB B3aUMOJICHCTBUS C BEIIECTBOM NMPUBOIUT K (POPMUPOBAHUIO PACIPEICICHHUS
AIIEKTPOHHOMW TJIOTHOCTH BJIOJIb HANPABIICHUS ABMXKCHUS Majaromero mydka. O0bem,
OTPaHUYMBAOIINNA 3TO pacHpe/eiCHHEe, Ha3bIBaeTCs 00JaCThI0 B3aUMOICHCTBUSI.
[Ipencrapnenue o pasmepax u hopmMe 00JaCTH B3aUMOJICUCTBUS UMEET OOJIb-
I0€ 3HA4YeHWE JJIi METOAUK aHaJM3a, CBSI3aHHBIX C MPUMEHEHUEM 30HAMPYIOIIETO
3NIEKTPOHHOTO O0NIy4ueHust oopasia. bypHoe pa3BuTHe MOI0OHBIX METOIUK MOCITYKH-

JIO TOJIYKOM IJIA psaaa SKCIICPUMCHTAJIBHBIX U TCOPCTUICCKUX U3bICKAaHUH Ha 9Ty TCMY.

Pucynok 1.1 — ®otorpaduu nonuctuposua, NOIydeHHbIE TPU 00TYUYEHUU ITYIKOM

31eKTpOoHOB ¢ 3Heprueit ot 10 k3B 1o 80 k3B. lanubie uz [20]
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OpHuM U3 TPAAUIIMOHHBIX METO/IOB UCCIICAOBAHUS 00hEMA B3aMMOICHCTBUS SIB-
JsieTcsl HaONIoJIeHUE JTIOMUHECHICHIIMY, BO3HHUKAIOUIEH Mpu 00ayueHun GpochopuToB
Cc(hOKYCHpPOBAHHBIM 3JEKTPOHHBIM MyYKOM. DTOT METOJ HauboJiee YCHEIIHO MpUuMe-
HSUJICSL TPYIIION yY€HBIX MOJ pykKoBoacTBoM Openbepra (Ehrenberg W.) B 1950-x
[20; 21]. 3ny4yeHne, BO3HUKAIONIEE BAOJIb BCEH TPACKTOPUU JBHXKEHUS BJIEKTPOHA
B oOpaslie, SIBISETCS CIEACTBHEM HEYNPYroro paccesHusl MEePBUYHBIX 3JIEKTPOHOB
U CBA3aHHOTIO C HUM BO30YyXJEHHUS aTOMOB BeulecTBa. M3myuarenbHas penakcauus
BO3ZHMKAIOIIUX BO30YXIEHHBIX COCTOSTHUN OTPa)XaeT IMyTh JIEKTPOHA B BEIIECTBE U
MOXET OBITh 3aduKcupoBaHa doTokamepoi. [Ipumepsr dororpadmuii, oTpakaroIux
pe3yNbTaThl HAOMIONCHUS TIOMUHECIICHIIMM TIPU OOIYYEHUU TOJUCTHUPOJia C(HOKYCHU-
POBAaHHBIM ITYYKOM 3JIEKTPOHOB ¢ 3Hepruen ot 10 kaB no 80xk3B, npeacrasieHsl Ha
Puc. 1.1.

B nawane 1970-x bproep (Brewer G.R.)[22], a rogoM Io3ke - Tpymmna ydé-
HBIX TIpH y4actuu IBepxapta (Everhart T.E.) [23], ucnonb3oBany JIjis HAOIIOICHUS
o0nacTu B3aUMOJICUCTBUSA 3JEKTPOHHBIE PE3UCThI. JlJIs 3JEKTPOHHOTO pe3ucTa, Ha-
npumep, nonumetrwiMmerakpuiara ([IMMA), xapakTepHO U3MEHEHHUE PACTBOPUMOCTH
B 3aBHCUMOCTH OT JI03bl 3JIE€KTPOHHOro oOjyudeHusl. Xumuueckoe TpasieHue [IM-
MA mnocie 3Kkcno3uiuu c(hOKyCHUpPOBAHHBIM 3JIEKTPOHHBIM ITYYKOM IMPUBOAMT K IO-
SBJICHUIO TOJIOCTH B cJioe pe3ucrta. Pesynbrarel TpaBieHusa (Puc.l.2), npeacranie-
HbI cepueld cHUMKOB npoduist [IMMA npu oquHAKOBOM BPEMEHU 3KCIIOHUPOBAHMUS
ANIEKTPOHHBIM ITYYKOM € HadalbHOM 3Hepruen 20k3B, HO pa3MYyHOM BpEMEHHU BO3-
nerctBusl TpaBuTens. VMcnonb3ys M3BECTHOE CBOMCTBO PE3UCTA, 3aKIHOYAIONIEECS B
TOM, 4TO OBICTPEE BCETO PACTBOPSIIOTCS TE€ 00JIACTH, KOTOphIe HauOoee MOABEPIKECHBI
BO3JICHCTBHIO JIEKTPOHOB, ObLTa MOy4YeHa 3aBUCUMOCTh ()OPMBI TIOTIEPEYHOTO cpe3a
00bEMa B3aMMOJICHCTBHS OT 3HAUYCHHUSI TIJIOTHOCTH TOKA.

N300paxkeHusi, COOTBETCTBYIOIINE HayajdbHbIM 3TanaM tpaeieHus (Puc.l.2a —
¢), TPEICTaBISIOT COO0OM HMJIMHIPUYECKUE TOJIOCTH, PACIOJIOKEHHBIE HEMOCpea-
CTBEHHO I0J] TOYKOW MAaJICHUSI 3JIEKTPOHHOrO Iydka. OJIHAKO MPU YBEIUYEHUU Bpe-
menu Tpasinenus (Puc.1.2 d — f) B mporecc BoBiekatorcst yuactku [IMMA, koTopsie
MEHBIIIE MOBPEKICHBI IEKTPOHAMHU, YTO MPUBOJUT HE TOJBKO K YBEIIMUYECHUIO, HO U K
U3MEHEHHIO (POpMBI 00JIaCTH B3aMMOJCHCTBUS BIUIOTH 10 TpymieBuaHon (Puc.1.2 g).
Juamerp nsiTHa CPOKYCHPOBAHHOTO AJIEKTPOHHOIO IMyYKa B AKCIIEPUMEHTE COCTAaB-
JISIT OKOJIO 1MKM, a pe3yabTHPYIOIIUE pa3Mepbl 00J1aCTU B3aUMOICHCTBUS B KaXKIIOM

n3 HaHpaBJ'IeHI/Iﬁ COCTAaBJHOT HCCKOJIbKO MUKPOMCTPOB.
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Pucynok 1.2 — CHumku nonepeyHoro cpesa nportpasiieHHoro IIMMA nocne
AIIEKTPOHHOTO OOy4YeHHUs MyYKOM ¢ HadalbHOU 3Hepruen 20 k3B ¢ paznuuHoit

030U SKCITIOHUPOBaAHHUS [23]

JlanbHeiiiiee pa3BUTHE MpencTaBlIeHUN 00 00JacTH B3aMMOCIHCTBUS CBSI3aHO
C Pa3BUTHUEM KOMIIBIOTEPHOTO MOJIEIMPOBAHMS JIIEKTPOHHOTO PACCESIHUS METOAOM
Mounre-Kapio. O0cyX1eHHI0 BO3MOXXHOCTENW MTPUMEHEHUS 3TOI0 METO/A UCCIIEI0Ba-

HUS TIOCBSIIEHA CISAYIOIIas I1aBa JaHHOW paOOTHI.

1.1.2 TIpoHMKHOBeHHE 3JIEKTPOHHOIO MY4Ka B TBEPIOE TEJI0

M3yueHue NpOHUKHOBEHHS M PACIIPOCTPAHCHHUS JICKTPOHHOTO MyYKa SIBJISCTCS
UCKJTIOYMTEIILHO BaXHOH 3amadeil. C TOYKHM 3pEHHs MPAKTUYECKOTO HCITOJIb30BAHMUS
AJICKTPOHHOW MHMKPOCKOIWH, OICHKAa (haKTHYECKOTO pa3pelieHUss METOIUK aHaIh3a
KaK TIOBEPXHOCTHBIX, TaK U BHYTPEHHUX CBOMCTB oOpasiia, omupaeTcs Ha GpopMy 00-
pa3yIoIIerocsi B MpoIecce pacipoCTPaHEHUs 3JICKTPOHHOTO TOTOKa 00bhEMa B3arMO-

JIEUCTBUSL.
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Pasmep u gopma obnactu B3auMOJIEHCTBUS OINPENETSIOTCA MOBEICHUEM DJIEK-
TPOHHOTO Iy4yKa MpU MONaJaHUU B IMOANOBEPXHOCTHBIE CJIOM BEIIECTBA. XapakTep
JBUKEHUS YCKOPEHHBIX 3JIEKTPOHOB BHYTPU TBEPAOIO Tella MEHSETCA MO MEpE yBe-
JUYEeHUS] TIyOUHBI MPOHUKHOBEHMS. [Ipu mpoxokaeHun depes3 BEIECTBO 3JIEKTPOH
MPETEPIIEBAET MHOXECTBO AKTOB PACCESIHUS, KOTOPHIE OTKJIOHSIOT €ro OT Hayallb-
HOTO HalpaBJICHUS, & TAKXKE NPUBOMAT K MOTEPSIM SHEPrUU. MHOTOKpaTHBIE 3JIEK-
TPOHHBIE COYHAPEHUS] MEHSIOT XapakTep PaclpOCTpPaHEHUs SJIEKTPOHHOTO Iy4YKa B
oOpasiie. Ynucno akToB yIpyroro paccestHus ABisieTcsl yioOHON XapaKTepUCTUKOM JJist
0003HaYeHUs TPaHUIl ATAMOB PACIPOCTPAHEHUS IEKTPOHOB B 00pasiie. MOXKHO BBI-
JE€UTh TPU OCHOBHBIX 3Tala, MOCJIEAOBATEIbHO CMEHSIOIMX JAPYT Apyra mo Mepe
YBEJIMYEHUS TTyOMHBI POHUKHOBEHUS AIIEKTPOHOB. HavdanbHbIN 3Tan «OIHOKpPATHO-
ro» (plural) paccesHUsE CMEHSIETCS «MHOTOKpaTHbIM» (multiple) paccesHreM mocie
20 — 30 coymapenuii. CormacHo TeopwH, mnpeioxeHHoi boze B 1929 (Bothe W.)
[24], B pekKMME MHOTOKPATHOTO pacCesHUS YIVIOBOE paclpeeieHUe MPOIIEAIINX Ye-
pe3 CIIoH BelllecTBa 3JIEKTPOHOB ONMUCHIBAETCS IByMepHOH (pyHkuuel ['aycca. B atom
clly4yae 4acTh Iy4yKa, pacCesiHHasl B €MHUILY TEJIECHOTO YyIJia B HampapieHuu 6, 3aaa-

€TCsl YpaBHEHUEM

1(6 . 62
N(§) = ]O(dg) — (272%) T exp (—%) , (1.1)

e [y Tok mepBuYHOrO myuka, (6) - Tok, cobupaemslii B TenecHbIi yroi df). nre-

rpupyst ypaBHeHue (1.1) mo yriy OTKJIOHEHHs], TOJIy4aeM 4acTh 3JIEKTPOHOB, COOpaH-

HBIX BHYTPHU KOHYCa C PaCTBOPOM (), IICHTPUPOBAHHOTO B TOYKE MAJCHUS ITy4Ka

0 H>2
Ny = / N(0)2m0d0 = 1 — exp (——2> :
0 275

npuuéM 2)\% SBIAETCS CPENHEKBAJPATHYHBIM YIIIOM PACCESHUS ISl PACTIPEENEHNUs
l'aycca, a \p - Hamboree BEPOSATHBIA yroy OTKIOHEHHs. CyIIeCTBYET HECKOJBKO
anmpOKCUMAIMN N1 OMMCAHMS 3aBUCUMOCTH Ap OT TOJIIUHBI CJOS, KOTOpbIEe 00-
Jee WIM MEHEe TOYHO COOTBETCTBYIOT DKCIIEPUMEHTAIbHO ToydeHHBIM KocciierTom
(Cosslett V.E.) u Tomacom (T'homas R.N.) B 1964 nanueiM [25]. B xadecTBe npu-

Mepa MOXKHO ITPUBECTU BBIPAXKEHUE, TPEIIOKEHHOE bo3se:

47\ ? px
M\ = (—) =10%,
B E,)] A
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rJe equHuIeH u3mepenus Fy seisercs 3B, a A\p - pan, aroMHbIH Bec A BbIpakaeTcs

B a.C.M, IINIOTHOCTL PO B %, a TOJIIIIWHAa T - B CM.
I[OJIH QJICKTPOHOB 7)p, IPOMICAIINX CKBO3b clioit TOJIIWHBI = B YCJIIOBUAX MHO-

TOKpPaTHOI'O paccesiHus, MOAUYMHAETCS XOPOIIO U3BECTHOMY 3akoHy JlambGepra:

np = exp(—ppr), (1.2)

rae ko3 UIIMEHT TMOIVOLICHUS [ip BBIpaXKaeTcsl yepe3 Haubosiee BEPOSTHBIA Yo
OTKJIOHEHHUS \p Kak
2 2
B _ pPL”
— =2.0-—7510".
x AEj

UB = 1.3

JIuHeiHOCTh 3aBUCHMOCTH 10g 77p () MOXKET OBbITh IPHHATA B KA4€CTBE KPUTE-
pusi GopMUPOBaHUS peKMMa MHOTOKpaTHOTo paccesuus. Ha Puc. 1.3 orpaxkeno mo-
BeZieHre Kod(huIMeHTa nponycKaHusi OT MacC-TOJIIMHBI PACCEUBAIOIIETO CIIOS IS
30J10Ta, Mojdy4eHHas skcnepuMmeHtanbHo Koccnerrom u Tomacom [26]. Hauano nu-
HEHHOTrOo yyacTka 0003HaYeHO MyHKTHUPHOU nuHue M S.

Hauunasi ¢ HEKOTOPO#i TOJIIMHBI PACCEHUBAOIIETO CII0s, TIoBeaeHue log 7p ((x)
NepecTaéT MOAUUHATHCS JIMHEMHOMY 3aKOHY. HeJllMHEeNHbI y4yacTOK KpHUBOW, HA4aJlo
KOTOPOro 0003Ha4eHO MyHKTUpHOU nuHuer D Ha Puc. 1.3, coorBercTByeT Anddy3uu
AIIEKTPOHOB. UKCIIO CTOJIKHOBEHHM, HEOOX0MUMOE s €€ AOCTHKEHUS, BAPbUPYETCS
ot 50 — 60 mst TsoKENBIX AmeMeHToB (Au, Pt) mo 80 — 90 mis nérkux (Al, Cu). Ton-
IIMHA CJI0sI, HAYMHASI C KOTOPOM pacipoCTpaHEHUeE AEKTPOHHOTO MydKa MOAUYUHAETCS
3aKOHaM JJIeKTpoHHOU MU dy3uun, Ha3bIBaeTcs I1yOuHoM nmonHou auddysuu. [oms-
3ysICh MOJIEJIBIO HEMIPEPHIBHOTO TOpMOXKeHHs bere st yuéra nmoteps sHepruu, B 1961
rony Apuapn (Archard G.D.) [27] npemioXun TeOpUIo, Ha3bIBAEMYIO MOJICIIBIO -
¢y3un. CoriacHO 3TOM MOJENH AIEKTPOHBI MOTYT JIBUTaThCsl B JIIOOOM HaIpaBlIEHUU
OT TOUKHU NOJAHOH nudy3un Ha nryouHe X TakuMm 00pa3oM, 4To oOuias JUIMHA Iy TH
Ka)KJI0OTO M3 HUX paBHa cpefHel miuHe npodera IR (Puc. 1.4). Cexkrtop OKpyXHOCTH,
nepeceKarouuicsa ¢ TOBEPXHOCThIO 00pa3iia, COOTBETCTBYET BBIXOLY oOpaTHopacce-
STHHBIX JIEKTPOHOB.

KiroueBoit BeMMUMHOMN 1711 MOJIETN SJISKTPOHHON Tuddy3un sSBISETCS TITyOH-
Ha nonHoiM mud¢ys3un. Ha stoil miybune, mo teopuu bose, Hambornee BepoOsSTHBIM
yroJl OTKJIOHEHHUS JJIEKTPOHA JOCTUTaeT CBOET0 MaKCHMMallbHOTO 3HaueHwus. [Ipemio-
xeHHoe bose omnpexnenenne Havana auddy3un 3aKirodaeTcss B TOM, 4TO Ko3hduimu-

CHT TIPOITyCKaHus cocTaBisieT 1/e. Bonee mo3aHue MCCICAOBAHUS HAYYHBIX TPYIII
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Pucynok 1.3 — 3aBucumocts jgorapudma koddPuiinerTa npormycKkaHus oOT
MacC-TOJIIIMHBI ¢J10s1 30710Ta. [lyHKkTHpHAsA TuHUS MS COOTBETCTBYET yCTAaHOBJICHHUIO
peKuMa MHOTOKPATHOTO pacCcesHUsl, MyHKTUpHas JuHuSA D - pexuma nuddysun

BIEKTPOHOB [26]

non pykoBoactBoMm Koccnerra (1964)[25] u Kanaits (Kanaya K.) (1972) [28] no-
Ka3alid, 4TO pe3yJbTaThl pacy€ToB, MOJYyUYEHHbIE COrIacHO Teopuu bose, 10cTaToyHO
CWJIBHO PACXOJISITCS C SKCIIEPUMEHTAIBHBIMU JJAHHBIMH U3MEPEHHS TapaMeTPOB AJICK-
TPOHHOTO paccesiHusl. B CBs3M ¢ 3TUM MepBBIMU ObUT MPEUIOKEH APYTOW CTIOCO0 IS
ompeaeNeHus NIyOrHbI MoaHo#N quddy3un. OH 0OCHOBaH Ha HAOFOICHUN O HE3aBUCH-
MOCTH HampaBJICHUS JABUKEHUS DJICKTPOHOB OT HAYaJIbHOTO HAINPABICHUS WX JBHXKE-
Hus. Crenyroumii U3 »Toro HaOmoaeHus kpurepuit nry = 0.5 oTpakaeT TOT (akKT,
YTO TOJOBHHA JJIEKTPOHOB JBUXKETCS BBEPX, a BTOpas IMOJOBHHA - BHM3. Kanaiis
(Kanaya K.), B cBOIO ouepenb, MOAUPUIIUPOBAIT MoOjeIb AUDPY3ur dJIEKTPOHOB.

[IpuMenenre MOTUPUIIUPOBAHHON UM MOJIEITH MTO3BOJIUIIO TIOTYUYUTh PE3YAbTaThl, KO-
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Konyc
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Pucynok 1.4 — Cxema pacnpocTpaHEHHUs ITyYKa YCKOPEHHBIX 3JIEKTPOHOB B

BelecTBe (Monenb Apuapna) [27]

TOpPBIE JIy4llle COOTBETCTBOBAIM pPE3ybTaTaM 3KCIEPUMEHTAIBHBIX UCCIEIOBAHUN U
pacuéram Koccnerra. Ita Mozellb CX0Xa ¢ MOJAEIbI0 Apuap/a, HO IIyOMHA MOJHOM
muddy3un 3ameHsieTcs NyoOMHOM HamOoJblIMX NOTeph 3Hepruu. KapruHa pacrpe-
JICJICHUsT 3JIEKTPOHOB B 00paslie, MOJy4YeHHas C UCIOJIb30BaHMEM Mojenu Kanaiis,
TaKKe JIyUIlIe COTJIACYETCS C IKCIIEPUMEHTATbHBIMU CHUMKAMH 3JIEKTPOHHOTO O0Jiaka
U AJIEKTPOHHOTO PE3UCTa Mocje 00IyUyeHusl.

OnHo#t u3 HanboJee 3HAUMMBIX BEJIMYUH, OMPEACTSIONINX AIEKTPOHHOE pacce-
SIHUE B BEILECTBE, SIBISETCA MTyOMHA MPOHUKHOBEHUS 3JEKTPOHHOro myuka. OleHka
ATOM MTyOMHBI IPEACTABISIET COO0M BaXKHYIO 3a/1ady, B YaCTHOCTH, CBSI3aHHYIO C OIpe-
JIETICHUEM pa3pelIaroIieil ClioCOOHOCTH METOANK TIYOMHHOTO aHalln3a TBEP/BIX TeE.

[Tonxon, ucnonp30BaHHbIA B 1972 rpynmnoi SIMOHCKUX YYEHBIX MOJ PYKOBOJI-
ctBoM KaHaiisi 1711 BBIUKMCIICHUSI TIYOMHBI MPOHUKHOBEHUS 2JIEKTPOHOB [28], CBsizaH
C UCCJIEIOBAHMEM TMOMIOUIEHUSI SHEPIUU NPHU JBMXEHUU MO HOPMAJU K MOBEPXHO-
ctu. OH MO3BOJISIET OLIEHUTh MAaKCUMAaIbHYIO TIIYOMHY MTPOHUKHOBEHMSI SJIEKTPOHOB B
oOpa3sell, a Takke IIyOMHY BbIXOJa OOPaTHOPACCESIHHBIX JEKTPOHOB, KOTOpas Mpe-

CTaBJISIET UHTEPEC I JAHHOU pabOTHI.
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9KCH€pHMCHT&J’IBHBI€ HCCJICAOBAHMA PACCCAHUSA ITO3BOJIAIOT CBA3ATh FJ'IY6I/IHy

NPOHUKHOBEHHUS TIEPBUYHBIX 3JIEKTPOHOB B 00pasel] R, ¢ ux sHepruen £:
pR, =CE". (1.3)

rJe p - IJIOTHOCTh Marepuana, kodpdumuent C' — BenuuuHa, cabo 3aBUCAIIAS OT
aTOMHOI'O HOMEpa 7, a MoKa3areib CTENEHU 1 JEXKUT B npeaenax 1.3...1.7.
MHuorounciieHHbIe TPUONTIKEHNUS, UCTIONIb3YyeMbIe B TEOPUU PACCESHUS, 3aTPy/l-
HSIIOT KOJIMYECTBEHHOE COTOCTAaBJIEHUE pe3ysbTaTroB pacuérta u usMepenusa I, . Ka-
Haiis u Okasma (Okayama S.) IPEIIOKIIIA OTKA3aThCS OT MOMBITOK CTPOTOTO pac-
4yéTa TeX WJIM UHBIX MapaMeTPOB U 3aMEHUThH UX MOAOOPOM HEKOTOPBIX YCPEAHEHHBIX
MOJATOHOYHBIX KOA((UIIMEHTOB, 00SCIEUNBAIOIINX ONTUMAIILHOE COBIAJICHUE JKCIIe-
PUMEHTAIBHBIX U TEOPETUUECKUX KPUBBIX B IIMPOKOM JHara3oHe 3HadeHut £ u 7. B
HWHTEpecyroleld Hac obiacTtu HanpsbkeHur 10 30k3B npubnmxénnas dhopmyna, onu-

ChIBAOIas TITyOMHY MPOHUKHOBEHHS 3JIEKTPOHOB, UMEET BU/I;

wlot

 27.64

R, ="+
pZo

B3, (1.4)

rae A - aToOMHBIM Bec Marepuaia; 2, u3MepseTcs B HM, p - B le/[g, a F-BxB.
VYkazaHHbIli MeTon pacuéra ryowHbsl R, ynqoOeH TeM, YTO MO3BOJIIET CBECTH
WHIUBUyaIbHBIE OCOOCHHOCTH PACCESHUS JJIEKTPOHOB Ha aToMaxX M COSIUHECHUSX
Pa3IUYHBIX 3JEMEHTOB K YHUBEPCAIbHOM 3aBUCUMOCTH, BKIIIOUAIOIIECH TOJIBKO Mapa-
MeTpHI p, 4, A. B cBs3u ¢ atumM, popmyna (1.4) mMPOKO MCTONB3YeTCs IPH MOJICITH-

POBAHHMH PACCESIHUS AEKTPOHOB B TBEPBIX 00pa3Iax.

1.1.3 OoOparHoe paccessHue 3J1eKTPOHOB (OPJ) n BropuvHas 3JieKTPOHHAS
ymuccus (BI)

HeB03MOXHOCTh HEMOCPEACTBEHHOTO MCCIIE0BAHUS MOANOBEPXHOCTHBIX IPO-
IIECCOB paccesiHus B TBEPIBIX 00pa3liaXx BHIHYKIAET dKCIIEPUMEHTATOpa mpuderarb K
aHaJM3y BTOPUYHBIX MPOAYKTOB 3JIEKTPOHHOTO paccesnus. Mudopmanuio o BHyTpeH-
HUX CBOMCTBax o0Opasiia MOTYyT HECTU oOpaTHOpaccessHHbIE AMEeKTpoHbl (OPD) u peHT-

reHoBckue (HoToHbl. [TTaBHBIM TpenumytnecTBoM OPD sBiseTCs] MEHBIIH 110 CpaBHE-
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HUIO PEHTTEHOBCKUM H3JTy4YeHHEM 00BbEM B3aUMOACUCTBHS. DTO 00ecreynBaeT MoTeH-
UaIbHO O0JIee BHICOKOE JIaTepaIbHOE Pa3pellIeHUe, a TAKKE pa3pellieHue Mo IITyOnHe.

DKcnepuMeHTaJIbHOE U TeopeTuueckoe uzydeHue OPD, nmpeacTaBiasiomux WH-
Tepec AJis JaHHON paOOoThl, TPOU3BOAMIOCH MHOXKECTBOM aBTOpOB [29—33]. Haubonee
TPaJULIMOHHBIM SKCIIEPUMEHTAIBHBIM METOAOM HCCIEAOBAHUS OOPATHOIO PaCCEsHUS
ABIISIETCA HAOMIOACHUE OTPAKEHUSI U MPOXOKACHUSI CPOKYCHPOBAHHOTO 3JIEKTPOHHO-
ro IMy4yKa 4epe3 TOHKUE MPOBOASIINE IIIEHKU. DTOT METO/ IPUMEHSJICS, HAIIPUMED, B
pabotax bumona(Bishop H.) u Xeunpuua( Heinrich K.F.J.) B cepequne 1960 — x.
Pa3znuunbie (HOpMBI JE€TEKTUPOBAHUS MOMYUYEHHBIX PACCESIHHOTO, MOIVIOIEHHOTO, a
TaK)X€ MPOLIEIEr0 TOKOB IMO3BOJSIOT TOBOPUTH O BIMSHUM XUMHYECKOIO COCTaBa

UCCIIETyeMOro o0pasiia U mapaMeTpoB MEPBUYHOTO MyYKa HA PE3yJbTaThl PACCEsSHUS.
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ATOMHBIT HOMEp

Pucynok 1.5 — 3aBucumocTtb ko3 dunrierTa oOpaTHOTO paccesHus JIEKTPOHOB OT

aTOMHOTO HOMepa MullieHu Z [34; 35]

DKCIEPUMEHTHI YIOMSIHYTHIX BhIlle bumona nu XeHapuya, CpaBHUBAIOIINE MOJT-
HBIH TOK my4ka ¢ TokoM OPD3, marT BO3MOXXHOCTH MPOCIECIUTh 3aBUCUMOCTh KO-
dunenTa oOpaTHOTO paccessHusi OT aToMHOTO HoMepa. C yBenudeHUueM MOCIeaHe-

ro 3HaueHue kod(dduimeHTa MOHOTOHHO pacTET, kKak BuaHo u3 Puc. 1.5. Drta 3aBu-
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CUMOCTb XapaKTEepU3yeTCs] CUIbHBIM HayaJlbHBIM POCTOM, KOTOPBIA OcllabeBaeT Mpu
yBEIWYCHUU 3apsaa sapa, 4. B obmactu Z > 50 cooTBeTCTByIomIas KpuBas CTa-
HOBUTCA T0JIOTOM. {151 00bsACcHEHUST POPMBI 3TOM 3aBUCUMOCTH MOKHO MPUOETHYTH
K KJIAaCCHYECKUM MPEACTABICHUSM O CEYEHUHU YIPYroro paccesHusi ekTpoHa. Poct
MOCJIETHETO MPHU YBEIMYEHUU Z OO0yClIaBIMBaeT HaOIIOIaeMylo 3aBUCUMOCTh. Kpu-
Basi, mpeacTaBieHHas Ha Puc. 1.5, 6puia annpokcumupoBana Peytepom (Reuter H.)

CJICAYIOIIUM BBIPAXKCHHUCM!

n=—0.025440.016Z — 1.86 - 107 *Z* +8.3- 10" 23, (1.5)

KOTOPOE€ YCHEIIHO MCIOJIb3YeTCs MPU MOJACIUPOBAHUU paccesHUA B o0pasiax
Pa3JIMYHOIO 3JIEMEHTHOTO cocTaBa [36]. OTaenbHO CIEAYyEeT OTMETUTh, YTO MTOBEACHUE
ko3 uimenTa 0OpaTHOTO pacCessHUs YAOBJICTBOPSET OOINEH 3aBUCUMOCTH, TPEI-
CTaBlieHHOHM ypaBHeHHeM (1.5), B ciyuae, Korja oOpaserl nmpeAcTaBiIseT co00i cMech
3JIEMEHTOB, OJHOPOJHYIO B aTOMHOM MaciiTade, HalpuMep, TBEPAbIA pacTBop. [lpu
sToM Ko3pduitmenT OPD MOKHO paccUuTaTh B COOTBETCTBUH C BECOBBIMHU (MaCCOBHI-

MH) KOHLIEHTPALMAMH 3JIEMEHTOB:
= Z Cim
i

TJIe ¢ COOTBETCTBYET HOMEPY dJIEMEHTa TBEPAOTO pacTBoOpa, a 1); - Koadpdunuent OPD

YUCTOTO ¢-TO AJIeMeHTa. MaccoBasi KOHIIEHTpAIUs K€ PacCUUThIBaeTCs 1Mo Gopmyre

CLZ'AZ'
D Ay

HpI/I‘-IéM Az 0003HaYaeT aTOMHBIN BE€C, a4 a; - BAJICHTHOCTh B XUMHUYCCKOM COCIUMHCHUHN

C; =

JUJIS ¢-TO dJIeMeHTa cmecu [37].

BiusiHue aTroMHOrO HOMEpa Ha MHTEHCHBHOCTH PACCESHHS JIEKUT B OCHOBE
dbopMHUpOBaHUS KOHTPACTA MAaTepUAIOB MIPU UCCIEAOBAHUHN CPEICTBAMU AIICKTPOHHOU
MUKPOCKOIIHUH.

N3 Puc. 1.5 HarsaaHo BUuaHO, uyTo Koddgduruent OPD B ob1acTtu cpeTHUX dHEp-
Tui, c1a00 3aBUCUT OT PHEPTHH IyYKa, TaK KaK pa3HHIIA MEXKTy 3HAYSHUSIMHU KOd(Phu-
nuenta OPO B Auana3oHe yCKOPSIOUIUX HAPSKEHUN AIEKTPOHHOIO Iy4yka H—50 k3B,
KOTOpBIN Xapaktepen it POM, cocrasiser menee 10%. Ha kauecTBEeHHOM ypOBHE

9TO MOKHO OOBSICHUTH TEM, 4TO CPCIOHIAA FJ'IY6I/IH3 IMPOHUKHOBCHUS JJICKTPOHOB pac-
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TET C YBEJIMYEHUEM DHEPIUHU, & CPEIHEE 3HAUCHUE YIEIbHBIX MOTEPh SHEPTUH BJIOJb
IPOWJIEHHOTrO MyTH nagaeT. Ha rmyOuHe, KoTopasi COOTBETCTBYET MPEKPALLICHHUIO JIBH-
YKEHHUSI CPEAHECTATHCTUYECKOTO 3JIEKTPOHA C HaualbHOM 3Hepruen 10k3B, 351ekTpoH ¢
sHepruer 20xk3B norepseT b MOJ0BUHY CBOEW HadyaiabHOW 3HEpruu. [loatomy oH
UMEET BO3MOKHOCTD JIOCTAaTOYHO CUJIBHO U3MEHHUTh HAIIPABJICHUE ABUKEHUS U BBIUTH
yepe3 MOBEPXHOCTh. Takum 00pa3oM, MPOUCXOJUT HEKOTOpasi KOMIICHCAIIUS yBEIUYe-
HUS JUIMHBI pooera ¢ sHeprueit, u korpduiment OPD npakTuyecku HEUyBCTBUTENICH
K DHEPruM NaJarolIero MmyJka.

OTaenbHON SKCIIEPUMEHTAIBHOM 3a/1aueil SIBISIETCA PErucTpalysi SHEPreTuye-
CKOTO U yriioBoro pacmpeneieHus Toka OPD. E€ pemenne Tpebyer Hanmu4us creru-
aJIbHOTO SKCIIEPUMEHTAILHOTO 000PYIOBAHMS U HE MOXKET OCYILIECTBISTHCS B CEpPHil-
HbIX POM.

[Tomumo notoka OPD uepe3 moBepXHOCTh 00pa3lia TAKKE BBIXOJAT 3JIEKTPOHBI,
POXAEHHBIE B pE3YJIbTAaTe HOHU3ALUN aTOMHBIX 000JI0YEK MOBEPXHOCTHBIX CIIOEB. DTU
AIIEKTPOHBI HA3bIBAIOTCA BTOpUUHBbIMU (BD) u 0061a1a10T cpaBHUTENBHO MaJION 3HEp-
ruei (mopsiaKka HeECKOJIbKuX 3B).

Cymectyer noist OPD, morepsiBiias OOJIbIIYI0 YacTh CBOEW DHEPruUU B pe-
3ynbrare paccesHusa. OtaenuTs Takue Hu3kosHepretnunble OPO ot BO npaktuyecku
HEBO3MOKHO, TIO3TOMY MPUHATO Ha3bIBaTh BD Bce 3neKTpoHbl, 001a1a101I1e SHEPTH-
et MeHee 50 7B, a OPD - or 50 5B u BrIIIIE.

[To ananoruu ¢ xod3pduruentrom OPD, MoxHO BBeCTH KOAPPUIIMEHT BTOPUY-
HOM 35eKTpoHHOU 3Muccuun (BD9)

§—DSE_ B (1.6)
npg B
rae ngg - uiciao BD, nmokuHyBHIMX 00pasel, np - YUCIO HNEPBUYHBIX AJIEKTPOHOB.
AHAJIOTMYHO ISl 3allMCH B MPEJCTABICHUH TOKOB igp U ip - TOK BD, NOKMHYBIINX
oOpasell, ¥ TOK IEPBUYHOTO Iy4YKa, COOTBETCTBEHHO.

[Tonumanue npuHIMNOB (popMuUpoBaHUsl TOka BD M OCHOBHBIX 3aBUCUMOCTEN
€ro MOBEICHUS SIBISIETCA KpallHE BaXXHBIM JUISI COBPEMEHHOM AJIEKTPOHHOM MHUKPO-
CKOIIMU B LIEJIOM U JJI IPUJIOKEHUH, CBA3aHHBIX C JTUTOrpadueil, a Takke HHTEepecy-
IOIMM Hac MHAYLHUPOBAHHBIM OCaXICHUEM.

3nayeHune kod(duirieHTa BTOPUYHON AIIEKTPOHHOM SMHUCCHUU TAJIaeT C YBEJIH-
YEHUEM DPHEPruu NepBUYHOrO nydka. OObsiCHEHHWE TaKOMY MOBEICHHIO MOXHO JaTh

B TEpPMHUHAX ITTyOWHBI MPOHUKHOBEHUS MEPBUYHBIX JICKTPOHOB B oOpaserl. [myOuna
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BBIX0/Ia BTOPUYHBIX AIEKTPOHOB MaJia (IOPsSAKAa HECKOIBKMX HAHOMETPOB), IIOITOMY
BD, Bo3HukmMe Ha Oonbliel IyOuHe, He MOKuaaT oOpasen. OIHAKO YMEHBIICHHE
HauyaJIbHOW 3HEPryy MAJAIOLIMX 3JEKTPOHOB MPUBOJUT K TOMY, YTO UX ITyOMHA MpO-
HUKHOBEHHUSI CTAaHOBHUTCSI BCE Kopoue. M3-3a 3TOro BcE OobInasi 4acTh BTOPUYHBIX
AIIEKTPOHOB POXKJIa€TCsl BOIM3U MOBEPXHOCTH U UMEET BOBMOXKHOCTh MOKUHYThH 00pa-
3e1l. [lanpHeillnee yMeHbIIEHHE YHEPTUU BEAET K emé OoJblIeMy pocTy Kod(pduiu-
enta BOD 1o eaununbl U Bbilie. ABTopaMu [38] ObUIO MPEAJIOKEHO YHUBEPCATHHOE
COOTHOILIEHUE, CBI3BIBAIOIIEE SHEPTUIO AIEKTPOHA C €r0 CPEAHEN JIIMHOM HEYIIPYTOTro

npobera B BemiecTBe. Bua 3Toit 3aBUCUMOCTH TipeacTaBieH Ha Puc. 1.6.

=
o
=

[ myOuHa BhIXOJ1a, HM

10* 10° 10’
DHeprus MeKTpoHa, 3B

Pucynok 1.6 — 3aBUCUMOCTh CpeIHEH JUIMHBI HEYIIPYTOro mpobera B BEIIECTBE OT

SHEPTUM dJEKTpoHa [38]

[TopaBnsromas yacte BO poxaercs B pe3ysibTare B3auMOICVCTBHSI MEKTY BbI-
COKOOHEPIeTUYHBIMU MEPBUYHBIMH AJIEKTPOHAMHM W 3JIEKTPOHAMH MPOBOJIUMOCTH B
MeTajJlax WU 3J€KTPOHAMU BHEUTHUX aTOMHBIX 000JI0YEK B OJIYNPOBOJHUKAX U U30-
astopax. Pacnipenenenue BD no sHeprum cocpenoToueHo B y3KOM 0OJacTU U UMEET
nuK B obnactu 2 — 53B. BriGop BepxHero mpejena suepruii B 503B cBsizan ¢ ucro-
puyeckoii Tpagunueii. B To ke Bpems 6osee 90% BTOPHUYHBIX JIEKTPOHOB 00JIaJA0T
sHepruei menee 103B.

['maBHBIM clieICTBUEM HU3KOM sHEeprur BD sBIIsIeTCS CpaBHUTENBHO Majas (Me-
Hee b0 HM) m1yOmHa BhIxoAa. ['eHepanus BD mpoucxonuT BAOIL BCEH TPaeKTOPHUH

JIBUKCHUS TIEPBUYHOTO IMy4ka BHYTpU oOpaszna. OnHako Henb3s 3a0biBaTh, yTo BD
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TaKXe IMOABEPKEHbI HEYNPYTOMY PACCESIHUIO U COMYTCTBYIOIIMM IOTEPSM SHEPIUU
B IpoIlecce MPOXOXKIEHUsl uepe3 oOpaser. Takke CTOUT OTMETUTh, YTO KOTJA AJIEK-
TPOH JIOCTUTaET MOBEPXHOCTH, OH JIOJKEH MPEOJ0JIETh MOTEHIUAIBbHBIN Oapbep, co-
OTBETCTBYIOIIUN pabOTe BBIXOJA 3JIEKTPOHA. DTO TpeOyeT KUHETUUYECKON SHEPruM B
HECKOJIBKO 3JIEKTPOH BOJIBT. Tak kak Tok BD cuibHO ocnabisieTcss u3-3a HEynpyroro

paccCinusd, BECPOATHOCTD BbIXOAad SKCIIOHCHIUAJIBHO CIIaJAacT C FJ'IY6I/IHOI712

zZ

P 2 exp (_X) , (1.7)

TJI€ p - BEPOATHOCTH BBIXOJQ, 2 - NIyOuHa nosiBiieHus B, a A\ - cpennsist 1yiuHa cBo-
6oxHoro pobera BD. B 1983 rony Ceiinep (Seiler H.) [39] olleHnIT MaKCUMaIbHYIO
m1yOuHy BbIxojga BD kak 5\, mpuuéM BenMUYMHA A COCTAaBJISIET OKOJIO 1HM ISl Me-
TaJuI0B U BhImie 10HM A u3onsaTopoB. CyllleCTBEHHO Oofibliias JJIMHA CBOOOTHOTO
npoOera B U30JATOpax OOBSCHIETCS TeM, YTO HEymnpyroe paccessuus BD nmpoucxoaut
B IIEPBYIO OYEpPEb Ha 3JIEKTPOHAX MPOBOJMMOCTH, YUCIO KOTOPHIX B IPOBOJHHUKAX
BEJIMKO, @ B M30JISTOPAX TOCTATOUHO HE3HAYUTEIIBHO.

Cpenu BD, renepupyeMbIx B IPOLIECCE PACCESHUS MEPBUYHOTO My4Ka, MOKHO
BBIJICTIUTH JIBA THUIA MEKTPpoHOB: SF; u SFEs. IlepBUUHBIN My4OoK TEHEPUPYET BH-
TuMBbIe (BBILIEAIINE Yepe3 MOBEpXHOCTh) BD B mporecce nBrkeHus BrTyOb oOpasia
BIUIOTH J0 DA IIyOWHBI BBIXO/Aa OT MOBEPXHOCTH. Takue 3NEeKTPOHBI Ha3bIBAIOT S Fy,
NOYEPKUBAs UX CBSI3b C MEPBUYHBIMU AMEKTpoHaMU. Tok S FE) 3MEKTPOHOB OOBIYHO
CUJIBHO JIOKaJIM30BaH BOJMM3HM 00J1aCTH MajeHus Mmyyka. B To jxe BpeMs, MHOTOKpPaTHO
paccesTHHBIM BHYTPH 00pa3iia MepBUYHBIN JICKTPOH, BBIISAIINN Yepe3 MOBEPXHOCTh
B KauecTBe 0OpaTHOPACCESIHHOTO JIEKTPOHA, TaKkKe MPOU3BOJUT FeHEPaLUI0 BTOPUY-
HBIX JIEKTPOHOB. BD, mosBuBIINECS HA TIIyOMHE MEHEE DA OT MOBEPXHOCTH, UMEIOT
BO3MO)XHOCTh BBIUTH 4€pe3 MOBEPXHOCTb. DTH JJIEKTPOHBI MOJYyUYUSIM 0003HAUYCHUE
SFE,. Tak xak SFE, (hakTuuecKu SBISIOTCS CIEACTBUEM OOpPaTHOTO PACCESHUS, MX
XapaKTEePUCTHKA, KaK TMOJIE3HOTO CHUTHAaja, ONpeaeseTcs U3MEHEHUsIMU B pacipee-
nenun OPD.

JIns HU3KUX SHEpPruil nmepBUYHOro nydka fy < Hx3B, mryOuHa NMpoHUKHOBE-
HUS TIEPBUYHBIX AJIEKTPOHOB M NIyOMHA BbIxoga OPD yMeHbIaeTcsi HaCTONBKO, YTO
1yOuHa Bbixona S E mepecTa€T 3aBUCETh OT DHEPTUU IMEPBUYHOTO ITyUKa.

[Tonueiid K03 dunmenT BOD d7 cocTOUT U3 IByX KOMIIOHEHT 01 M 02, COOTBET-

cTByroiux SFE; u SEs:
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o1 = 61 + 1ds, (1.8)

rae Ko3pUIUEHTHI d1 2 NPEACTABIAIOT BKJIA]] HA KayKAbIH JIEKTPOH MEPBUYHOTO Myd-
Ka. 3HaYCHUS 01 U 0o HE PaBHBI MEXTYy COO0O. DTO TOBOPUT O pazinyHOU 3¢ dek-

TUBHOCTH reHepauuu BO snekTpoHOM nepBUYHOrO nmydka U cpegauM OP3. O0b1uHO

1

OTHOIIIEHUE — cocTaBiseT nopsaka 3 — 4. CoorBerctBeHHo, OPD cymecTtBeHHO 00-
2

nee 3¢ deKTUBHO TeHepupyoT BD, ueM Te ke camble JIEKTPOHBI, KOTJa OHU TOJBKO

nonajaroT Ha oOpasell B KauecTBE NEPBUYHBIX. Takoe moBeaeHHE OOBACHSIETCS Cy-
IIECTBOBAHUEM JIBYX OCHOBHBIX (pakTopoB. Bo-nepBbix, 3eKT OT MHOXKECTBEHHBIX
YOPYTMX CTOJIKHOBEHWI NPUBOAUT K TOMY, YTO 3HauMTesbHas 4acTe OPD nBuxkercs
K MOBEPXHOCTU MOJI YIVIOM, MEHBIIMM HOpMasbHOTO. Takum o0Opa3oMm AjiMHA MyTH
B cllo€ TONMIMHOW HA Oymer Oosbiie. JlomonHuTenbHAs IMHA TMYTH B CPABHEHUU C
HOPMAJIbHO MaJal0IIUM MEPBUYHBIM 3JIEKTPOHOM TMPUBOAUT K TeHEpaIMu OOJIBIIETO
yuciia BO, nokunyBmmx oOpazeu. Bo-BTOphIX, HEyNpyroe paccesiHue 3JeKTpOHA B
npolecce JABMXKEHUS depe3 oOpaszell o0yciaBlMBaeT MOTepHu 3Hepruu. B pesynbrare
OPD nMeeT MEHBLIYIO SHEPTHUIO, YEM MEPBUYHBINA 3JIEKTPOH. B CBsA3M ¢ 3TUM ceueHue
ctonkHoBeHUs: OPD OonbIiie U, COOTBETCTBEHHO, 3(P()EKTUBHOCTD MEpEaaund SHEPTUH
c1ab0 CBSI3aHHBIM AJIEKTPOHAM BEILIECTBA BBIILIE.

B otnmmume ot koaddunmenta OPD, KoTOpbIii MOHOTOHHO MEHSETCSI C U3MEHE-
HUEM aTOMHOTo HoMepa, Koddduiuent BOD moutu HeuyBCTBHUTENEH K COCTaBy 00-
pasma. s mogaBmstomniero OOJBIIMHCTBA 3JIEMEHTOB 3HaYeHUE Koddduirenta BOD
npy (UKCUPOBAHHOM 3HAUEHHH YHEPTUU MEPBUYHOTO MyYKa HE MEHSETCs, HallpuMep,
st 20k3B koappunment BOD cocransier 0.1. MckitoueHueM SIBASIOTCS YITIEPOI U
30JI0TO, ISl KOTOPBIX 3TO 3HaueHue paBHsiercs 0.05 u 0.2, coorBercTBeHHO. OJiHa-
KO CJIEAYET OTMETUTH, UYTO IPOLECC BTOPUYHOM IIEKTPOHHOU SMUCCHM KPAWHE YyB-
CTBUTEJICH K COCTOSIHUIO MccaeayeMon noBepxHoctu. Hampumep, B cepuitHpix POM,
KaMepa KOTOPBIX HE OUMILAETCS MPU MOMOIIM CHEIUAIbHBIX METOAMK, B MPOIECCE
UCCJIeIOBaHMs 00pa3lla Ha €ro MOBEPXHOCTU (OPMHUPYETCS CIION YITIEPOJHOTO 3a-
rpsI3HEeHMS, BIUsomui Ha BOD.

[Ipn m3ydyeHHHn MOTOKA ANEKTPOHOB YEpe3 MOBEPXHOCTh 0€3 JOMOIHUTETHHOM
SHEPreTUYeCcKOr (UIbTpaluu Mpoucxoaut peructpanus kak OPD, tak u BD. [ns
TOr0, 4TOOBI CBSI3aTh MH(OpPMAIMIO O BHYTPEHHHX CBOWCTBaxX oOpa3lla U CBOWCTBA
IIOTOKA 3JIEKTPOHOB, PACCMOTPUM IIPOLIECCHI, COITYTCTBYIOLIME IPOHUKHOBEHHUIO DJIEK-

TPOHHOT'O MTy4Ka B TBEPAOE TEIIO.
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1.2 MeToauKHu MOCJIOMHOI0 aHAJN3a 00pa3LoB

B coBpemMeHHON HAyKOEMKOW MPOMBIIUIEHHOCTH, HANPABIECHHON HA MPOU3BO/I-
CTBO U MCIIOJIb30BAaHUE MUKPOIJIEKTPOHUKH, 0CO00€ MECTO 3aHUMAIOT MHOTOCJIOMHBIE
CTPYKTYpHI. B cBsi3u ¢ 3TuM, pa3paboTka METOIWK aHAJIW3a COCTaBa MHOTOCIIOWHBIX
00pa3loB SABISAIOTCS BAXXHOW U aKTyanbHOU 3amadeit. Hanbonee pacnpocTpanEéHHBIM
UHCTPYMEHTOM JIJI1 KOHTPOJIE MOP(OJIOTUH U COCTaBa MPOBOMASIIINX 0Opa3IOB SIBJIsSI-
ercsa POM.

CaMbIM MPOCTHIM M HATJISIHBIM CITIOCOOOM ISl KOHTPOJISI COCTaBa MHOTOCJIOMN-
HOTO oOpasla ClIy*aT METOJWKH, CBSI3aHHBIE C €ro PacIbUICHUEM WJIA CO3JaHUEM
MONEPEYHOT0 cpe3a MPH MOMOIIUA OCTPO CHOKYCHUPOBAHHOTO HMOHHOTO Myuka. Jljis
METOJMK PaCMbUICHUS MaTepualia XapakTePHO COBMECTHOE HCIIOJIB30BAHUE WUHCTPY-
MEHTOB HEIMOCPEACTBEHHOI'O TpaBJieHHUs 00paslia U METOJ0B aHajlu3a XUMHUYECKOTO
COCTaBa TMOBEPXHOCTH WJIM MOTOKA BTOPUYHBIX HMOHOB, (DOPMHPYEMBIX B IMpOIECCE
pacnblICHHUS.

OpnuM 13 HanboJiee MPOCTHIX U TOYHBIX METOJ0B MCCIEIOBAHUS COCTaBa CIO-
ucroro obpasna sipisgercs HaOmoneHue ero ckosa [40]. CkanpiBaHUE, KaK IPaBUIIO,
OCYILIECTBIISIETCS BJIOJIb KPUCTAIIIOrpaduIeCKOM MIIOCKOCTH, YTO IPUBOJIUT K TOSIBIIE-
HUIO TJIaJKOW OOKOBOM MOBEpXHOCTHU. MccnenoBanue moy4eHHON MOBEPXHOCTH 03~
BOJISIET TIOJTYYHUTh MH(OPMAITHIO 0 TITyOMHE 3a7eTanusl CI0EB, a TaKKe UX HEOTHOPO/-
HOCTH IO TOJIIIWHE BJIOJIbL CKOJIA VISl Pa3HBIX MPOCTPAHCTBEHHBIX YUAaCTKOB OOpasiia.
JlaHHasg METOJIMKa MCCJIEAOBAHUS OTIUYHO MOAXOAUT I MOHOKPHUCTAJIOB, OJTHAKO
JUTsl MaTepUajoB, 00 al0INX KOBKOCTHIO, B TIEPBYIO OY€pE/lh, METAIIOB, TIONYYHTh
CKOJI JIOCTaTOYHO CJIOKHO. DTO OOCTOATENIBCTBO CYIIECTBEHHO OTPAaHUYHBACT MPUME-
HUMOCTh JJAaHHOTO METO/IA.

Hamuoro 6osee yHuBepCcaIbHBIMHU, 10 CPABHEHUIO C METOIUKON (POpMUPOBAHUS
CKOJIa, SIBJISIIOTCSI METOJIbI, OCHOBAHHBIC Ha pacibUieHUH oOpasiia. OqHuM U3 pacmipo-
CTpaHEHHBIX METOJIUK MOXKET CIYKUT OIHMCaHHOE B paboTe [41], COBMECTHOE MCIIOJIb-
30BaHME pachbUIeHHUs] 00pasiia yCKOPEHHBIM IMMOTOKOM MOHOB aproHa W PEruCcTpariuu
Oxe-3MeKTPOHHBIX CIEKTpoB. MennenHoe (MeHee 1 HM/MHUH) pacHbUICHHE aprOHOM
Mocjie KaTuOPOBKHM MO3BOJISET OYEHb TOYHO MPOCIEAUTH MOCIOUHYIO CTPYKTYPY 00-
pasua, a Oxe-3IeKTPOHHBINA CIEKTP MOBEPXHOCTH JAET BO3MOXKHOCTH KOHTPOJIUPO-

BaTh XMMUYECKUN COCTaB B Ipoliecce pacibuieHus. JlarepanbHoe pa3pelieHue JaaH-
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HOTO METOJ]a OIPAHUYEHO Pa3MepoM IsiTHA CHOKYCHUPOBAHHOTO AIIEKTPOHHOIO My4Ka
npu OOC, KOTOPBIM JOCTUTAET BETUYUHBI 1 MKM. JIOMOJHUTENBHON CIOKHOCTBIO IS
HIMPOKOTO PaCIPOCTPAHEHUS TAaHHOW METOAMKHA KOHTPOJISI COCTaBa o0pa3lia sBIsSeTCs
YCJIOBHE CBEPXBBICOKOTO BaKyyMa, HEOOXOIUMOTro Juisi peructpanuu Oxe-371eKTpoH-
HOT'O CIIEKTpA.

HamHuoro Oosiee BHICOKUM JIaTE€PAJIbHBIM pa3pelICHUEM (JIECSITKU HAaHOMETPOB)
obOnanaeT Meron (OPMHUPOBAHMS MTONIEPEUHOTO Cpe3a MPU NOMOIIHU CHOKYCHPOBAHHO-
ro MOHHOTO Nyyka. Mcnonb3oBaHue mpuOOpoB, 00OPYIOBAHHBIX CKPEIICHHBIMU ITyY-
KaMH, IMO3BOJISIET OCYIIECTBISATh KOHTPOJIb Cpe3a MOCPEACTBOM 3JIEKTPOHHOM MHK-
pockonuu 6e3 M3MEHEHHS TOJIOKEeHUsI o0pas3iia. IT0 Aa€T BO3MOXKHOCTH COKPATUTh
BpEeMs HCCIIEOBAHUS U M30€KaTh HAKOILJICHUS OIIMOOK, CBA3aHHBIX C MO3UIIMOHHUPO-
BaHHEM. HecOMHEHHBIM MPEUMYIIECTBOM IO CPABHEHUIO C METOIMUKON MOCIONHOM
peructpanuu OOC sgBisieTCs] BO3MOXKHOCTh BbIOOpAa HEOOJBIINX YYaCTKOB JIs1 (op-
MHUPOBAaHUS MONEPEYHOrO Cpe3a U IMOCIEAYIOIEr0 aHajdu3a BHYTPEHHEW CTPYKTYpPbI
oOpa3ua B gaHHOM oOnactu. TpeOoBaHuS K BaKyyMHOM 4YacTU TakXKe CYIIECTBEHHO
HU)KE€ M COOTBETCTBYIOT YCJIOBHSAM paboThl cepuilHbix POM. [aBHBIM HeZOCTaTKOM
MeToJla SIBNsieTCsl OOJIbIlIasi CIOKHOCTh (POPMUPOBAHUSI OTBECHOM IUIOCKOCTH Cpe3a.
ConyTcTBytollee JiaTepaibHOE TpaBieHus oOpasiia HapsIy C TPaBICHUEM BINIYOb HC-
KQKAET PE3YJIbTAT U3MEPEHUS TOJNIIMH AIEMEHTOB UCCIEAYEMOM CTPYKTYpPhI Ha Cpe3e.
Hckaxxenue ycunmBaercs ¢ yBeJIMYEHHEM ITyOuHBbI TpaBieHusi. Kpome toro, snex-
TPOHHAs MUKPOCKOIHSI TIO3BOJISIET JIMILIb ONPEACIUTh TPAHULIBI CJIOEB, HO JJI OIpe-
JIEJICHUSI UX XUMUYECKOT0 COCTaBa TPEOYeTCsl AOMOIHUTEIbHOE 000PYI0BaHUE.

AJIBTepHAaTUBHON METOIMKOM, TAaKXE IIMPOKO PACIHPOCTPaHEHHOM B 001acTH
KOHTPOJISI COCTaBa CJIOKHBIX 00pa3IoB, CIIYKUT METOJ MacC-CIIEKTPOMETPHUU BTOPUY-
HBIX HOHOB. AHAJIU3 CTPYKTYpPbI MOCPEICTBOM 3TOIO METO/Ia OCHOBAH HA PETUCTPALINU
U3MEHEHUSI MacC-CIIEKTpa B Mpouecce pacnblieHus oopasua. KiroueBoil ClI0XKHOCThIO
JUTSl IPELIM3UOHHBIX U3MEPEHUH SBIISIETCSI HEOOXOIMMOCTh KaTMOPOBKHU Ha 3TAJTOHHBIX
oOpasiax, CBsi3aHHasl C Pa3IMYHON CKOPOCTBIO TPABJICHUS ISl Pa3HBIX MaTEpHUasoOB.
Taxxe TpeOyeTcsi yUuThIBaTh BIUSHUE HOHHOW MMIUIAHTAIINH U TIEPEMEIIHBAHUS CIIO-
€B B IIpoliecce TPaBICHUA.

Bce nepeunciieHHble METOJMKH JAl0T NOTEHIIMAIbHYI0 BO3MOXKHOCTb OIpEJie-
JICHUSI CTPYKTYpPBI oOpasia Jr00H CIOKHOCTH U TONMMUHBL. OgHAKO KaKaas U3 HHUX

IPUBOJIUT K Pa3pyIlICHUIO UCCIEeyeMOoro oopasiia. B cBA3U ¢ 3TUM aKTyaJlbHBIM CTa-
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HOBHUTCA BOIIPOC O HCPA3ZPYHIAOINNX MCTOAMKAX dHAJIM3ad, O KOTOPbLIX MbI IIOTOBOPHUM

nanee.

1.2.1 AmnHaau3 CTPYKTYpPbI 00pa3na npu NOMOIIM PEHTTeHOBCKOI0 M3JIy4YeHMsI

Heymnpyroe B3auMopeicTBHE SIIEKTPOHOB IydKa C HCCIEAYeMbIM OOpa3loM
OPUBOJIUT K BO3BHUKHOBEHMIO, B YMCJIE MPOYETO, XapaKTEPUCTUUYECKOTO PEHTICHOB-
CKOT0 M3Jy4Y€HHUs. AHAJIU3 3TOTO U3IY4YEHHUS! MO3BOJISIET MOJYUYUTh HE TOJIBKO Kade-
CTBEHHYIO MH(OPMALIMIO O HAJTMYMK TEX WM UHBIX XUMHYECKUX AJIEMEHTOB B COCTa-
Be o0pa3la, HO TaKXe OMPEJEIUTh UX KOJIUYECTBEHHOE COOTHOUIEHHE B HCCIenye-
MO o0macTu. DHEPro-IUCIEPCUOHHBIN aHAIU3 PEHTTEHOBCKOTO M3IYUYEHUS SIBIISACTCS
HauOoJIee MUPOKO PACHPOCTPAaHEHHOU METOAUKOM, MPUMEHIEMOU NI UCCIEOBAHUS
XUMHUYECKOTO cOcTaBa 00pa3lOB B AMEKTPOHHBIX MHUKpockomnax. CyTh METOIMKH 3a-
KJIfo4aeTcs B cienyromeM. [Ipu nomomennn xapakTepucTui4eckoro (oToHa peHTre-
HOBCKOT'O M3JIy4EHUs MOJYyIPOBOAHUKOBBIM JUOJOM (HAapUMEpP, HA OCHOBE KPEMHHUS,
JOTIUPOBAHHOTO JIUTUEM) BBIOMBAETCS (POTOAIEKTPOH. DHEPTHUsl 3TOr0 (HOTOIIEKTPO-
Ha PacXoQyeTcsi Ha TEHEPALMIO AJIEKTPOH-IBIPOUYHBIX AP, KOTOPHIE PACTITMBAIOTCS
BHEILIHUM 3JIEKTPUYECKUM T10JIeM U (POPMUPYIOT UMIYJIBCHBIN pa3psia. Benuunna sto-
ro pas3psija NpoNOpPLUUOHAIbHA SHEPTUU BHIOMTOTO (DOTOANEKTPOHA U, COOTBETCTBEH-
HO, YaCTOT€ MOMIOMIEHHOTO MEPBUYHOTO (POTOHA.

BaxHOW 4acThi0 METOJIMKHU SIBJIIETCS BO3MOXHOCTH KOJIMYECTBEHHO OLICHUTH
coJiep KaHue Pa3IMUYHbIX XUMUUECKUX 3J1eMEHTOB. CylliecTBYeT OOLIECIPUHATAS CUCTE-
Ma norpaBok (ZAF — correction), mo3BOJSIONIAsE BEIYUCIUTh ACHCTBUTEIBHEBIC Be-
JUYMHBI KOHIEHTPAIUI M0 SKCIIEPUMEHTAIbHBIM JaHHBIM O COOTHOILLIEHUSX CUTHAJIOB
Pa3HBIX 3JE€MEHTOB. YNOMSHYTHIN Mepepacy€T uucia XapaKTepUCTHIeCKUX (OTOHOB
JUTSL OIPEIETICHUSI COACPKAHMS DIIEMEHTA ONPeIeNsAeTCsl MIPOU3BEAECHUEM TPEX MOIIpa-
BOUHBIX KOd(PuimenToB. [lonpaBounblii KO3)PUIIMEHT aTOMHOTO HOMEpPA / YUYUTHI-
BAaeT M3MEHEHUE MHTEHCHBHOCTU XapaKTEPUCTHUECKOIO PEHTI€HOBCKOTO W3JIy4YECHHUS
B 3aBUCHMOCTH OT aTOMHOT'O HOMEpa. JDTO U3MEHEHHUE CBSA3aHO, C OJHOW CTOPOHHBI,
C BIMSHUEM / Ha pacCceuBaIOLIME CBOMCTBA BEIIECTBA, OMpeAesromue KodpQuiu-
eHT OP3; ¢ apyroii cTOpoHBI, Ha TUIOTHOCThH 3JIEKTPOHHBIX COCTOSIHUI B Marepuae.

Hcmonp3oBaHue MOMPAaBOYHOTO KOAPGUIIMEHTA TOMIOIMICHUS A CBSI3aHO C TEM, UTO
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XapaKTePUCTUUECKUN (POTOH MOXKET OBITH MOIVIOMIEH aTOMaMHU BEIIECTBA, B MEPBYIO
ouepenpb, 3a cuét Gororddexra. BepoarHocTh momionieHrs GOTOHA 3aBUCUT OT XH-
MHUYECKOTO cocTaBa 00pasia, a Takke DIyOWHBI ero BO3ZHUKHOBEeHMs. KomreHcamus
BTOPUYHON (PIIyOPECIICHIINH, BBI3BAHHOW TMOIVIONMIEHUEM TEPBUYHOTO XapaKTEPUCTH-
4eCcKoro ()OTOHa aTOMOM JPYroro 3JeMEHTa ¢ MOCIEAYIONUM HCITyCKaHUEM pPEHTTe-
HOBCKOTO HM3JIy4YEHHUS MEHbIIEH YHEPTrUu, OCYIIECTBISAECTCA MPHU MOMOIIM MOMPaBOY-
Horo ko3 duimenta dayopecienuuu F. Takum 00pa3zom, MPUMEHEHUE CUCTEMBI T10-
npaBok Z AF' TO3BOJISIET MEPECUUTATD JOJIEBOE COJEPKaHNE XUMUYECKHUX JIEMEHTOB
B MHOTOKOMIIOHEHTHOM Matepuaie. OJHUM K3 Hanbosee MHTEPECHBIX TPUMEPOB Ta-
KOTO MHOTOKOMIIOHEHTHOTO MaTepHaa sSBISIOTCS MHOTOCIOWHBIC CTPYKTYPHI.
Cy1iiecTByeT HECKOIBKO PaboT, MOCBSIIEHHBIX U3YYEHHUIO MOIIMOBEPXHOCTHOU
CTPYKTYpPbl MHOTOCIIOMHBIX 00pa3lioB MPU MOMOIIM JUCIIEPCUOHHOTO aHaJIn3a PEHT-
TE€HOBCKOTO M3iyudeHus [42—46]. He cMOTps Ha CylIEeCTBEHHBIE pa3uyus B JETAJIAX,
KaCarolIUXCs BHIYUCIUTEIHLHON YaCTH PEIICHUsI 3a1a4u O TOJIIMHE CIIOEB B 00pasiie,
MOYKHO BBIJIEJIUTH OOIIYIO /17151 OOJNBIIMHCTBA aBTOPOB MOCJIEI0BATEIbHOCTD ACUCTBHIA.

1. HabGnioneHue cmekTpa XapakTepUCTUYECKOTO PEHTTEHOBCKOTO W3Ty4YEHUs
UCCIIETyeMbIX MHOTOCIIOMHBIX 00paslloB U COOTBETCTBYIOIIUX JTAJIIOHOB C
COITYTCTBYIOIIECH KOppEeKIei mo cucreme ZAF uimu cpencrBaMu KOMMEp-
4eCKOro mporpaMMHoro obecrieuenusi, Hanpumep Oz fordI NC A.

2. IlocTpoeHne KpUBBIX 3aBUCUMOCTH JIOJIEBOTO COJEP KAHMSI UHTEPECYIOIIETO
AIIEMEHTA B HCCIEAYEMOI CTPYKTYpe OT SHEPTUH MEPBUYHOTO JIEKTPOHHOTO
myJKa.

3. IlocTpoeHue Mozeny B3auMOACHCTBUS 00pa3iia ¢ MEPBUYHBIM JIEKTPOHHBIM
My4YKOM JUIsl pacuéTa TTyOMHBI BBIXOAA XapaKTEPUCTUUYECKOTO H3IIyUYEHUS
C MOCHEAYIOIIMM BBIYMCIEHUEM TOJIIUHBI cllosl B oOpasue. s TeopeTu-
YECKOrO OMHMCAHMsI 0COOCHHOCTEW T'eHepallii PEHTIC€HOBCKOTO WM3YYCHHS B
MHOTOCJIOWHBIX 00pa3IaXx UCIOIb3YIOTCS PA3IMYHbIE METOJIbI: MOJISTHPOBA-
Hue meroaoM Monte-Kapio [46; 47], ucnonb3oBanue mnpoueaypsl [loydoy
u [Muuya (Pouchou J. — L., Pichoir F.(PAP)) [43], nocTpoeHne KpHBOii
a¢deKkTUBHON MIOTHOCTU oOpa3ua [44].

Ha Puc. 1.7 nmmroctpupyercs NpUHIUI pacuéTa HEU3BECTHOM TOJIIUHBI CIIOS

30JI0Ta Ha KpeMHuu [47].
Beicokast tourocTs (0T 2% 10 10%, yKa3aHHas pa3HbIMA aBTOPAMH IS pa3jind-

HBIX UCCJICAYCMbIX CI/ICTCM) N HIUPOKass JOCTYIIHOCTb COOTBCTCTBYIOIIUX ACTCKTOPOB
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Pucynok 1.7 — 3aBUCUMOCTh HHTEHCUBHOCTH PETUCTPUPYEMOTO PEHTTEHOBCKOTO

U3JIy4EHUS! OT SHEPTUU MEPBUYHOIO 3JIEKTPOHHOTO IyyKa [47]

B COBpEeMEHHBIX POM nenaeT MeTOAUKY OMNpEeNesICHUs] TOJNIIUH CJIOEB B MHOTOCJION-
HBIX O0Opa3nax MpHu MOMOIIY JAMCIIEPCHOHHOIO aHaIn3a PEHTI€HOBCKOTO H3IIy4ECHHUS
BeCbMa IMepcrekTuBHON. TeM He MeHee, OHa O0JIaJlaeT PAJIOM HEIOCTAaTKOB, B YUCIIE
KOTOPBIX TPYIAHOCTHU MPHU UCCIEIOBAaHUU JErKUX (4 < 11) 1eMeHTOB, CBA3aHHBIE CO
CJIIOKHOCTBIO WJIM NMPUHIMIHATHLHON HEBO3MOXXHOCTBIO JIE€TEKTHUPOBAHUS XapaKTEpH-
CTUYECKOTO M3JIYyYEHHsI COOTBETCTBYIOLIMX 3JIEMEHTOB. B mepByro odepenp Ipu Ha-
OJIOIEHUH PEHTI€HOBCKUX (DOTOHOB IS JIETKUX AJIEMEHTOB MPOSBIISECTCA UX CUIIBHOE
NOMIOUIEHUE B CaMOM 00pa3ie. XUMHUYECKOE OKPYKEHUE aTOMOB UCCIEAYEMOIO Be-
IIECTBA OKAa3bIBAET BIMSIHUE HA MOJOKEHUE PETHMCTPUPYEMBIX CIEKTPAJIbHBIX JIMHUM,
YTO TaK)K€ HETaTUBHO CKa3bIBACTCS HA IETEKTUPYEMOM CUTHauE. [[pyroi CI0KHOCTBIO
ABJIIETCS HEOOXOAUMOCTh HAJM4YMsI HTAJOHHBIX OOpPa3lOB C U3BECTHBIM COCTAaBOM U
Mopdonorueit. Takue craHgapTHBIE 00PA3IBl JOPOTH U HE BCETIa HAXOIATCS B pacIio-
PSYKEHUU SKCIIEPUMEHTATOPa, YTO MOXKET CYLUIECTBEHHBIM 00pPa3oM OrpaHUYHUTh KPYT

MaTCcpralioB, JOCTYIIHBIX OJIA UCCIICIOBAHUA.
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1.2.2 MeToabl aHAJU3a MHOTOCJIOMHBIX 00PAa3110B NMPHU MOMOIIHN PacCeTHBIX
3JIEKTPOHOB

JleTexkTpoBaHKEe PEHTTEHOBCKUX (DOTOHOB CaMoO IO ceOe SBISAETCS JOCTATOYHO
HEeTPUBHUAJILHON 3aja4ueld. B otinnune oT (OTOHOB, 3JIEKTPOHBI SBIISIIOTCS 3apsKEHHBI-
MU YaCTHIIaMH, YTO CYIIECTBEHHO oOierdaer mporecc coopa u oOpabOTKU COOTBET-
CTBYIOIIIETO CUTHAJIA. B CBSA3M € 3TUM CYIIIECTBYET Macca METOJMK aHaJIN3a, OCHOBAH-

HBIX Ha ACTCKTHPOBAHUU J3JICKTPOHOB, KdK BTOPHYHBIX, TdK U O6paTHOpacce$IHHI>IX.
BHEPFCTI/I‘ICCKaH CCJICKINA BTOPUYIHBIX JJICKTPOHOB

ITpoueccsl, cBsi3aHHbIE ¢ BO30YXACHUEM U HOHU3aLMEl aTOMOB BEIIeCTBa, (pop-
MUPYIOT IOTOK BTOPUYHBIX 3JIEKTPOHOB. PacrpeneiieHre 3TUX 3JEKTPOHOB 110 DHEP-
ru Hec€T B cebe MH(OpPMALMIO O CTPYKTYpE IHEPreTHUEeCKUX YpPOBHEH HCCIemy-
€MOro BellecTBa. Takue METOJUKU aHajn3a, KaK PEeHTI€HOBCKAasl (POTODIEKTPOHHAS
cnekrpockonus (PO®IC) u Oxe-3neKTpoHHas CIEKTPOCKONUS, BKIIIOUAKOT B ce0s pe-
TUCTPALIMIO PACIPEACIICHUS ICKTPOHOB MO YHEPIUU M YCIEIIHO NPUMEHSIOTCS IS

OIPCACIICHUA TOJIIMWHBI ITIOBEPXHOCTHBIX CJIOEB.

PentrenoBckas ¢porodiekrpoHHas cnekrpockonusi (P@IC) |, B oCHOBE KOTOPOM
JICKUT HUCTIOJIb30BaHue sBJieHus (hoTodddekra, cBsA3aHa ¢ BO3ACHCTBHEM Ha oOpasell
My4Ka PEHTIeHOBCKUX (hOTOHOB. DOTOAIEKTPOHBI, MOSBISIONINECS B PE3YJIbTaTe ITO-
T'O BO3JCHCTBHUS, OTPaXKatOT 0COOCHHOCTH PHEPTETUUYECKON CTPYKTYPHI UCCIIETyEMOTO
BEIIIECTBA, CBSA3AHHBIC KaK C XMMUYECKUM COCTABOM, TaK U C XUMHYECKUM OKpPYIKe-
HueM. Metog POOC 3ayacTyro NpUMEHSIETCS JJIs ONPEACICHUS TOJIIMHBI TOHKUX T10-
BEPXHOCTHBIX TUIEHOK [48]. Jlis aTOoro mcmoib3yercss mHOOpMaIKs O COOTHOIICHUH

WHTCHCUBHOCTEH IMHUKOB Marcpuaia CJIOA U IIOAJIOKKH, BbIPpA)KCHHAA YPABHCHUCM:

. Icn
der = A Oln| — +1 1.9
CII sin n<ﬁfn+ ) , (1.9)
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rae dej - TONIIMHA MIAEHKU, [y U Iip - MHTEHCUBHOCTH (DOTORJIEKTPOHHOTO IHKA
JUTSL CTIOSI W TIOJJIOKKHA COOTBETCTBEHHO, A\ - CpPEeAHss JIJuHAa CBOOOMHOrO mpodera
¢doTosneKTpoHa B MaTepuale closi, f - yroia Mexay MOBEpXHOCTBhIO oOpaslia M Ha-
MpaBJeHHEM TaJICHUsI 30HIUPYIOIIEro myudka, a § = (I5°/I3%) - COOTHOIIEHHE BBICOT
MTUKOB TIOJUIOKKHA U MaTepHaia, COOTBETCTBYIOIIMX MAaCCUBHBIM oOpa3iiaM. TOYHOCTH
U3MEPEHUS TOJIIIUHBI MOBEPXHOCTHOTO CJIOSl, TOCTUTHYTasi COBPEMEHHBIMH HCCJIe-
JI0BAaTEIbCKUMHU TPYNIaMH B JHANA30HE M3MEPSIEMBIX TONIIMH A0 2HM, COCTAaBJISET
0.1am [49; 50]. TemMun ke ucClIeNOBaTEIbCKUMHU TPYIIaMH OTMEUYAETCS, YTO OIpe-
JICJICHUE TOJIIIMHBI TOBEPXHOCTHOTO CJIOSl B Avana3oHe cBbilie 10HM, IpencTaBisieT
Oomnpire mpobiaemMbl. BepxHsis rpaHuiia TOMIMIMHBI CJIOS, KOTOopas MoAdaéTcs aHaH-
3y MerogoM PDIC cocraBnser 30HM, YTO COOTBETCTBYEM MAaKCUMAJbHOM TITyOMHE

BbIX0/1a ()OTO3JIEKTPOHOB.

O2xe-3/1eKTPOHHAS CHEeKTpPockonus YnomuHaBiasicss panee ODC, Takxke MOXET
CIY>KHUTh JIJI1 aHaliu3a MHOTOCIOWHBIX oOpasioB [51]. B omiumume or POOIC, npu
peructpanuu Oxe-3IeKTPOHHOTO CIIEKTPa MPOU3BOIUTCS OOMyUEHHE IMYyYKOM YCKO-
PEHHBIX 2NIeKTPOoHOB. Hepaspyaronuii aHanus CTpyKTyphl 00pasiia OCylIeCTBISAECTCS
Py MOMOIIY CPABHEHUS! MHTEHCUBHOCTH NMHUKOB Oxe-3neKkTpoHOB. KiroueBbiM Ha-
OMIOCHUEM TIPU 3TOM SBJSETCS DKCIMOHEHITMATBHBIN CIaJl CUTHAJA MOMJIOKKHU C PO-
CTOM TOJIIMHBI MOBEPXHOCTHOTO CJIOSA. YpaBHEHHE, CBS3bIBAIOIIEEC MHTCHCUBHOCTH
OKe-3MeKTPOHHOTO MHUKa IS TIOIOKKH [, TIOKPBITOM ClIoeM MaTepuaja TONIIMHON

T, ¢ COOTBETCTBYIOIICH HHTEHCUBHOCTBIO ISl YHCTOM MOIOKKA [, IMEET BUJI:
I =Iyexp(—x/)\), (1.10)

rae A\ - cpeaHss aymHa npodera Oxe-3/IeKTpoHa B Marepualie NoUIoKKA. AHAJIOTHY-
HOE€ YpaBHEHHE JIJII MHTEHCUBHOCTU OKe-3JIEKTPOHHOIO MHKa JJI Marepualia Cios

MMEET BUI:
Icn = Icnoexp (—x/Acn) (L.11)

r7e UHAEKC "ci''yka3plBa€T Ha COOTBETCTBYIOIIME MapaMeTphl JJisi Marepuaia Ciosl.
Pacuér TonmuHel cosi, B TAaKOM cliydae, 0a3upyeTcs Ha COOTHOIIEHWU BBICOT MHKOB
cl10s ¥ nomIoKKu. B HacTosee BpeMs npumeHenne OOC no3BOMISIET U3MEPSThH TOJ-
IIUHBI CJIOEB B CyOHAaHOMETPOBOM jauanaszone [52; 53]. OgHako NPUMEHUMOCTb Me-

TOJla OTPaHUYMBACTCS JHUIIL cBepXxToHKUMHE Tui€HKaMu (0.1 — 10HM). DTO CBsI3aHO ¢
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MaJIol BEJIMYMHON cpeAHel AnuHbl mpodera Oxe-371eKTPOoHa, BXOAAIICH B ypaBHEHHUS
JUI. MHTEHCUBHOCTHU TUKoB (1.10, 1.11).

TakuM 00pa3oM, MOXKHO 3aKJIIOYUTh, UYTO METOJbI aHAJIN3a MHOTOCIOMHBIX 00-
pa3lioB, OCHOBaHHBIE HAa YHEPreTUYECKON (PUIIBTpAlid BTOPUYHBIX 3JIEKTPOHOB ((o-
TODJIEKTPOHOB M OXKeE-3JEKTPOHOB), NMPEACTABISIIOT HCKIOUUTEIBHBIA UHTEPEC IS
UCCIICIOBAHNs YJIBTPATOHKUX IUIEHOK. B TO Ke Bpemsi, BEpXHUU NIPENEN TOIIIUHBI
IJIEHKHU, OTPAaHUYMBAIOIINN BO3MOXXHOCTHA IIPUMEHEHUS 3TUX METOIMK, HE TMO3BOJIA-
€T UCCIEeA0BaTh NIYOMHHYIO CTPYKTYpy 0OpasloB, aHAIN3 KOTOPOM SIBISETCS LEIbIO
JTAaHHOU PaOOoTHI.

OcCHOBOH ISl LEJOM CEepUM Pa3IW4yHBIX METOAMK HEpPa3pyLIAOLIEro aHAIN3a
MHOTOCJIOMHBIX CTPYKTYp B POM cinyxut npumeHeHue oOpaTHOPACCESTHHBIX AJIEK-
TpoHOB. MHpopmanonHas myouna OP3D MoxeT JoCTUrarb HECKOJIbKUX MUKPOH, UTO
CYILIECTBEHHO OO0JIbIlIe ITyOUHBI BBIXO/1a BTOPUYHBIX AIEKTPOHOB, O U€M OBLIIO CKa3aHO
BhIIe. B TO ke Bpems, 00bEM B3aMMOIEHCTBHS, COOTBETCTBYIOIIHNI PETUCTPUPYEMO-
My curHainy OPD omyTuMo MeHbIIIE, YeM I XapaKTEPUCTUUECKOTO PEHTIEHOBCKOTO
U3JIy4EeHUS], IPOU3BOAUMOMY TeM ke MmydkoM [1D. DTo mo3BossieT pacCcUUTHIBATH HA
Jdydliee MPOCTPAHCTBEHHOE pPAa3pelleHUe MPU aHaJIM3€ MHOTOCIONMHBIX 00pasloB C

HCITOJIb30BaHUEM METOJIMK, OCHOBAHHBIX Ha HMcciemoBanuu OPO.

HUccaenoBanue nzmenenusa toka OPD

Haubonee npocTsiM M OYEBUAHBIM MOAXOJOM K HCCIEIOBAaHUIO MOAIOBEPX-
HOCTHOM CTPYKTYphl oOpa3sua npu nomoinu OPD ciiyUT n3MepeHue BeJIMYMHbI TOKA
OPD. PaccmoTpuM AaHHBIN TOAXOJ MOAPOOHEE HA MPUMEpPE METOIUKHU, MPEIIOKEeH-
HOU Hay4yHOU rpynnou noj pykoBoAacTBoM Xaiimosuua (Haimovich J.) [54; 55].

B ocHoBe meTona JEXHUT MCHOJb30BaHUE MOHATUS MH(POPMALIMOHHOW ITyOu-
HbL. DJEKTPOH MEPBUYHOIO ITyYKa MPOXOJUT HEKOTOPOE PACCTOSIHME BHYTPHU 00pasla
IPEK/E, YeM BEpPHYThCS K MOBEpXHOCTU B KauecTBe OPD. OH Hecét undopmaiiio 06
oOpa3slie B onpeAesi€HHbIX Mpeeiax Mo MIyonHe. DToT mpezel U Ha3zbiBaeTcs: uHpop-
MallMOHHOMN 1yOuHON. B ciyuae, ecnu uH(poOpMalMOHHAs TIyOMHA MEHbIIIE TOJIIH-
Hbl HAHECEHHOTIO €JI05, 00paTHOE paccessHue OyZleT MPOUCXOANUTDH TOJIBKO B 3TOM CJIO€.

Koadpunment OPD mpu stom Oyner coorBercTBoBaTh KOPD marepmana cios 7coy.
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B npoTuBOINON0KHON CUTyalluy, KOTZIA TOJIIMHA HAHECEHHOIO CJIOSI MHOTO MEHBIIIE
UH()OPMAITMOHHOW TIIYOMHBI, pacCeTHUE TEPBUYHOTO IMy4dka OyIeT OCYIIeCTBISATHCS
TOJILKO B MOI0kKe. B aToM ciyyae kKOP3 cTpykrypsl onpenensercss KOPD marepua-
J1a TOIOKKH 7. [Ipu cpaBHUMBIX BeTMUYMHAX WH(POPMAITMOHHON TITYOWHBI W TOJIITH-
HBI cnost KOPD obpasia npuHUMaeT MpoMEeXyTOYHOE 3HAUCHHE 7)T, JIEXKAIIEe MEXKIY
Ticn ¥ 7

Jnst onpenesieHus: TOJIIMHBI TOHKOTO CJIOS HEOOXOIUMO 3HaTh, kKak KOPD nr
MEHSIETCS TPU U3MEHECHUHW TOJIIHUHBI CIOS ¢ JJIsi JaHHOW Tapbl MaTE€pUAJIOB CIIOW-
MOJIOXKKA. JTA 3aBUCUMOCTh MOXET ONMPEAEIATHCS SKCIEPUMEHTAIBHO MMOCPEICTBOM
CO37aHUsl CEpUU MOJACIBHBIX 00pa3IOB C M3BECTHON CTPYKTYPOH M TOCIEIYIOIIUM
u3mepenueM KOPD nnsa kaxjoro w3 Hux. [ns mpenckazaHus pe3yJbTaToOB dKCIEPH-
MEHTAJIbHOTO MCCJIEIOBAHUS TPUMEHSIIOCH MOJICIIUPOBAHUE SJIEKTPOHHOTO PaCcCEIHUSA
MetoaoM Monte-Kaprio. BeiOpanHas Mojielib BKJIIOYAET MCIOIb30BAHUE TPATUIIMOH-
HOro moxaxoza, omucanHoro J»suaom xoem ( Joy D.C.) [56]. Ceuenune ynpyroro
paccestHus SJIEKTPOHOB B paMKaX 3TOH MOJIENTH PACCUUTHIBACTCS TIPH MOMOIIH (HOpPMY-
as1 Pesepdopna mist ciydas skpanupoBanHoro siapa (3.3). i yuéra noreps sHepruu
IpU NPOXOXKIACHUU AICKTPOHA Yepe3 BellecTBO npumeHeHa popmyna bete (3.1.2).

ITo pe3ynbraraM MOJAEIUPOBAHUS JJISl PA3JIMYHBIX HA4aJbHBIX YCIOBUH MPOU3-
BOJMJIOCH TOCTPOCHHUE UCKOMOM KpUBOM 3aBUCHUMOCTH KOPD OT ToNmMHEI cios. Pu-
CYHOK 1.8 WILTFOCTpUPYET KPUBBIE MIPU PA3IMYHBIX HAYAJIbHBIX SHEPIUSAX JIEKTPOHA.

Petienne oOpaTHOM 3a/1a4l HAXOXKJICHUSI TOJIIUHBI CJIOS 1O U3BECTHOW BEJHU-
yrHe Toka OP3D npou3BOoWIOCH aHATUTUYECKHU, UCXO/IS U3 AllPOKCUMAIIAN TTOJTYyYEH-

HOU 3aBUCUMOCTH.

JKCIepUMEHTAJILHOE HCC/Ie0BaHue dHepreTuyeckux cnekrpos OPD

OaHuM U3 MOIXOAOB K TOMOTpaduu MHOTOCIOMHBIX CTPYKTYp MpPHU MOMOIIU
OPD sBnsgercst aHamu3 UX PHEPreTUYECKUX CHEKTPOB. s TOro, 4ToObl HCHOIB30-
BaTh HHEpreTuyeckue xapakrepuctuku OPD s mpeackazaHusi CTPYKTYpbl MHOTO-
CJIOMHBIX 00pa3IoB rpynmoil y4€HbIX Mol pyKoBojicTBOM Pay D.1. 06110 mIpeyioxkKeHo
co3arh AIIEKTpOCTaTUueCcKuid TopouaanbHblii cnekrpometp (ITC) [29; 57—59]. B

OCHOBC COOTBCTCTBy}OIHef;I MCTOAUKH MOCJIOMHOr0O aHaiau3a JICKUT 3aBUCUMOCTh MaK-
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Pucynok 1.8 — Kpussie 3aBucumoctu ko3dduirieHra o0paTHOro paccesHus
AIIEKTPOHOB OT TOJIIMHBI TOBEPXHOCTHOTO CJIOS JUIsl CTPYKTYPBI CIIOM-TTOJITIOAKKA IS
napbl HUKEIb-30JI0TO MPU PA3IMYHBIX HAYalIbHBIX SHEPIHsIX 3JEKTPOoHa (a) - 5 k3B,
(b) - 10 x3B, (¢) - 15 k3B, (d) - 20 k3B [54]

CHUMaJIbHOTO ITpo0era 3J1eKTPOoHa B BEIIECTBE [y OT HayanbHOU 3Hepruu. g pacuéra
Ry aBtopsl [60] ucnonb3oBanu 3akoH TomMcoHa-BuaauMHITOHA U TOTY3IMIUPUYECKYIO

dbopmyiry, monyuennyio Kanaiist (Kanaya K.) m Okasma (Okayama S.), B Buze:
Ey — ET =CY, (1.12)

rie Fy - HauaapHas SHEPTHs JIEKTPOHA, [ - SJHEPTHUS AIEKTPOHA MOCIIS TTPOXOXKICHUS
nytd Y, C' - KOHCTaHTa, 3aBUCAINAs OT aTOMHOTO HOMepa ./, aTOMHOW Macchl A m
IJIOTHOCTH Marepuaja odpasima p. [loka3arenb cTeneHr n IPUHAMACST 3HAYCHUE 2 IS
3akoHa Tomcona-Bugaunarrona (T'homson — Widdington) nmm 1.67 nns dopmMyiibt
Kanaits-Oxkasma (K anaya — Okayama).

YToOBl COOTHECTH IMHY IIpolera ¢ MIyOMHOW 3ajieTaHMs CJIOS OCYIIECTBIIS-
eTCs TMOWCK IMHKa B 3HepreTudeckoMm criekrpe OPD. Ilpenmonaraercs, yto oOparHOe

paccesiHie dJIEKTPOHA OCYIIECTBISIETCS Ha OOJNBION yroi  OTHOCUTEIHLHO HOPMAJU
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K TIOBEpXHOCTH MOCPECTBOM €AMHUYHOTO paccesiHusl Ha Tnyoune X . B stom ciyuae

X
cosf"

SHEpTHs paccesHHBIX Ha yroix § OPD cooTHOoCUTCS ¢ HCKOMOU ITyOnHON X BBIpaKe-

i B {1 — (EE())TL} COSQ. (L13)

Ry 1+ cost

Ha Puc. 1.9 npencraBieHbl CIEKTPBI, SKCIIEPUMEHTAIBHO MTOJIYYECHHBIE TIPU T10-

MOJIHAs JJIMHA MyTH Y MOXeT ObITh 3amucaHa Kak ¥ = X + COOTBETCTBEHHO,

HHUCM.:

Mot DTC [60]. M300paxéHable KpUBBIE OTpaXkaroT pacmpenencaue OPD mis mac-
CHUBHBIX TIo[uIoKek anmroMunust (Al) u menu (C'u), a TakxKe ISl ABYXCIOHHBIX CTPYK-
Typ THUIIA CIOW-TIOAJIOKKA HA OCHOBE AJIFOMUHUA U Meau. [lomMumo sKkcnepuMeHTa b-
HBbIX KPHUBBIX, Ha PUCYHKE TAK)K€ OTPAXEHbl PE3yJbTaTbl MOJEIUPOBAHUS OTKIIMKA
CJIIOUCTHIX 00pa3noB, noilydeHHble MeTogoM MoHnTte-Kapio. B ocHoBe ncnonb30BaH-
HOM MOJENH JICKUT MPEJICTABICHUE YIIPYTOro CEYEHUsl paccessHusi B popme, mpeso-
xeHHoit MottoMm(Mott N.F.)(3.4), u MOTEpPH SHEPTUU PACCUUTHIBAIUCH 10 (popmye
bere (BetheH.A.).

Cy1iecTByeT MHOM METOJ| ONpEEICHUsI TONIIUHBI TOHKUX TMJIEHOK Ha MacCUB-
HBIX MOJJI0KKaX MPHU MOMOILH 3HEPreTudeckux cnekrpoB OPD, npemnyioxKeHHbIN TpyIl-
1ol y4€HbIX 101 pyKoBoACTBOM JKeHnwto (Zhenyu T.) [61]. [IpumeHsemblil anroputm
Oa3upyeTcsl Ha aHainu3e OOIIEH CTPYKTYphl 3HepreTuueckoro cnekrpa OPD u mpen-
[0JIara€T COBMECTHOE HCIIOJIb30BAaHUE SKCIIEPUMEHTAIBHBIX JAHHBIX U PE3YJIbTaTOB
MozeaMpoBaHus MeTosioM MonTte-Kapio.

PaccMmoTpeHHbIe BbIlIE HEpa3pylIalolie METOJUWKH aHaln3a 0azupyroTcs Ha
perucTpanuyu CyMMapHOH HUHTEHCUBHOCTH JIETEKTUPYyEMOro curana. Kak ormeuanoce
BBIIIIE, CYLIECTBYET pacrpeiesieHre MIeKTPOHHON IUIOTHOCTH 10 00bEMY 00acTu B3a-
umoznelicteusi. 3menenue toka [19 odeBHIHBIM 00pa3oM MPUBOAMUT K U3MEHEHUIO
OTHOCHUTEJIBHOTO BKJIaJla OT pPa3HbIX 4acTeil 00bEMa B3aMMOJEHCTBUS B PE3YyJIbTUPY-
IOIIMNA CUTHAJI. YIIOMSHYTHIE METOAMKU HMCCIIECIOBAHNSA HUKAaK HE OTpa)xaroT 3TO 00-
CTOSATENBLCTBO. B 1aHHON paboTe paccMaTpUBaeTCs CyIIECTBEHHO MHOM MOIXO K HC-
CJIEIOBAaHUIO PE3YJBTATOB PACCESHUSA IMyUYKa MEPBUYHBIX AIEKTPOHOB, OCHOBAHHBIN Ha
IPOCTPAHCTBEHHOM pacnpenenenuu noroka OPJ. U3yuenue pacnpeeneHus nopepx-
HOCTHOM TI0THOCTU ToKa OPD ecTecTBEHHBIM 00pa3oM CBSI3aHO C pacipeesieHueM
AJIEKTPOHOB B 00BbEME B3aUMOJICUCTBUS, TTOITOMY MpEIIaracMblil MOAXO OTKPHIBACT
HOBBIE BO3MOXKHOCTH JIJIsl U3yUYEHHUs BHYTPEHHEH CTPYKTYypbl 00pa3loB, 00IydaeMbIX

C(I)OKYCI/IpOBaHHBIM ITYYKOM JOJICKTPOHOB.
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Pucynok 1.9 — Dnepreruueckue cnekrpsl OPD 0T MacCCHUBHBIX U MHOTOCIOMHBIX
o0pa3noB: 1 - maccuBHbIN anmtomuHuit (Al), 2- maccuBHas menp (Cu), 3 - 800um Al
Ha nookke Cu, 4 - 400um Al Ha nomyoxke Cu, 3/ — 4/ - COOTBETCTBYIOIINE

CIIEKTPBI, TOJTYYEHHBIE MOeIMpoBaHueM MeToaoM MoHnTte-Kapiio [60]

B nocnenyromux miaBax OyaeT JaH 0030p HMCHOJIb30BAHHBIX METOIUK IIPO-
OOMOJATOTOBKM M JKCHEpUMEHTanbHOro aHanu3a (ImaBa 2), a Takke TeOpeTHUUECKOE
ONMCAaHME IMPOLIECCOB, JIEKAUIMX B OCHOBE METOJUKUA PETUCTPALMH MMOBEPXHOCTHOM
IUIOTHOCTH TOKa, & TAK)KE€ PACCMOTPEHBI BO3MOXXHOCTH MOJEIUPOBAHUS ATHX MPOILIEC-
coB(ImaBa 3). B 3axnrountensHoii rase (I7aBe 4) OyayT npuBEACHBI PE3yabTaThl MO-
JETUPOBAHUS PACCESTHUS JIEKTPOHOB MeToAoM MonTe-Kapiio ajis peanbHbIX CUCTEM

B CPaBHCHHUHU C JaHHBIMHU COOTBCTCTBYIOININX 3KCIICPUMCHTAJIbHBIX I/ICCHGJIOBaHI/II‘/II.
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I'maBa 2. JkcnepuMeHTAJIbHBIE METO/bI

B npenpinymieii riaBe Mbl KpaTko OOCYIMIIM TE€OPETHUECKUE OCHOBBI U MPHUH-
LUITAAJIbHBIE BO3MOXXHOCTU MCCIIEOBAaHUS BHYTPEHHEH CTPYKTYpbl TBEPABIX TEI B
AIIEKTPOHHOM MUKpOCKone. Takke pacCMOTpPEHbl HECKOJIbKO METOAMK aHaiau3a MoJ-
MOBEPXHOCTHOIO COCTaBa o0Opa3loB. Peanuzaiust npeajioxkeHHOTO B JaHHOW padote
MeTOZia TOCJIOMHOTO MCCIIEIOBAHMS HEBO3MOXKHA 0€3 MPOBEACHUS TPAKTUUECKUX IKC-
NEPUMEHTAIIBHBIX HCCIEAOBAHUM MPHU TIIATEIBHOM KOHTPOJIE YCIOBUN BO3ACHCTBHUS
Y BO3MOXKHOCTH BepU(PHUKAIINH MOTYYEHHBIX PE3yJIbTaTOB HE3aBUCUMBIMH CTIOCOOAMH.
B nanHoil maBe nmpuBeIEHBI OMUCAHUS SKCIEPUMEHTAIbHBIX YCTAHOBOK U METOOB,
HEMOCPEJACTBEHHO HCIOJIb30BAHHBIX MPU MPOBEICHUM SKCIIEPUMEHTOB U TMPOBEPKU

JIOCTOBEPHOCTH WX PE3YJIBTATOB, & TAKXKE MPU MOJATOTOBKE MOJEIHHBIX 00Pa3IloB.

2.1 OnucaHue 3KCHEPUMEHTAIBLHOM YCTAHOBKU

OCHOBHBIM MHCTPYMEHTOM, KOTOPBIA HCIIOJIB30BAJICS AJI NPOBEIACHUS DKCIIE-
PUMEHTAJIBHBIX HCCICAOBAHMUM, SIBISACTCS ABYXJy4e€Bas CHUCTEMA CO CKPELICHHBIMU
nydkamu ZeissCrossBeam1540X B. Jlanablid npuOop OCHAIIEH AIICKTPOHHOU KO-
JoHHOM (Gemini, pacCUNTaHHON Ha HCIIOJIIb30BAHHME YCKOPSIOUIETO HAIMPSKEHHUS B
nuana3ode or (0.1xB mo 30kB. B0o3MOXXHOCTH peryinupoBaHUsl TOKA 3JIEKTPOHHOIO
Iy4YKa OrpaHUYEHbl IPUMEHEHUEM pexuma highcurrent, yBeIMUUBaIOMIUM TOK MPH-
mepHo Ha 50%, a Takke HUCIOJIL30BaHHEM alepTyp Pa3IUYHOIO AUAMETPA OT 7,5MKM
10 120mkm. B pesynprare AOCTYHHBIM AMAaNa3OH 3HAYEHUM TOKA IyYKa COCTABIISIET
OT €IWHHUIL] MUKOAMIIEP 10 HECKOJIbKUX HaHoamIep. KOHTpOiap BEIWYMHBI TOKA OCY-
miecTBisieTcss mocpeacTBoM yvamku dapajges, pasMeniéHHONW Ha CTOJIMKE OOpasIioB.
[IpuOan3uTENHHO OLIEHUTHh 3HAYEHUE TOKA, IPOXOISALIETO yepe3 oOpasel B mpolecce
HCCIIIOBAHMUS, TIO3BONISIET Specimen current monitor(SC M), KOTOpbIii MOKa3bIBa-
€T BeJIMUMHY TOKa, CTEKAIOIIETO uepe3 CTOIUK 00pasnoB. Tounocts nokazanuit SC'M
3aBUCHUT OT MPOBOJSIINX CBOMCTB 00pasiia, a TAKXKE KOHTaKTa CO CTOJMKOM 00pa3IioB.

MuHuMaIIbHOE HU3MCPACMOC 3HAYCHHUC TOKA COCTABJIACT CAMHUIBI ITMKOAMIICP.
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Pucynox 2.1 — Dnexrponusiii Hanonutorpad Zeiss Crossbeam 1540X B

Jlns uccnenoBanusi MUKpopenbeda MoBepXHOCTH 00pasiia METOJJaMHU JIEKTPOH-
HOM MHKPOCKOIIMU 3JIEKTPOHHAs KOJIOHHA OCHAILlEHa ABYMs JeTeKTopaMu In —lens u
SE2( Puc.2.1). IlepBbIii pacmonoXeH HEIMOCPEICTBEHHO HaJl BBIXOJHBIM OTBEPCTHEM
3MEKTPOHHOU MylIKd. OH (QYHKIIMOHUPYET TOJBKO B IIPHU YCKOPSIIOIINX HAMPSIKEHUSIX
10 20kB BKIIOUMTENBHO W MPUMEHAET 3aTdruparoniee Hamnpsbkenue S8kB mis cOopa
BTOPUYHBIX U PACCESTHHBIX AJEKTPOHOB. BTOpoil HaxoguTcsi COOKY OT 3IEKTPOHHOM
KOJIOHHBI U COOMpPAET BTOPUUYHBIE AIEKTPOHBI, FEHEPUPYEMBbIE TPEUMYILECTBEHHO BHE
OCH TIIPOXOXKICHHUS DJIEKTPOHHOIO Iy4yKa. JIeTeKTOp OCHAIIEH CETKOW, Ha KOTOPYHO
MOXET noaaBarbcsl HamnpsbkeHue oT —200B no 400B. D10 mo3BossieT 0CyniecTBIATh
HEKOTOPYIO CeNeKLHI0 cobupaemoro curHaia. CkaHupoBaHue oOpasiia MOXKET OCy-
HIECTBISATHCS B JIMHEHHOM U PacTPOBOM pexkuMe. B pamkax naHHoOW paOOThI UCIIONb-
30BaJICSl TOJILKO PACTPOBBIN PEKUM paOOTHI ANEKTPOHHON KOJOHHBI.

BaxxHoil 4acThl0 yCTAaHOBKM HAHOJUTOrpaduu SBISETCS rajiieBas HMOHHAs
nyimka. C €€ TOMOIIBIO MOYXHO OCYLIECTBIIATh HOHHOE TPaBJIEHUE 0€3 UCIIOIb30BaAHUS
MacKH, Mmo3Boiisitoniee (GopMHUPOBATH MONEPEUHBIH cpe3 o0pas3ua. AHalu3 Mnorneped-

HOTO cpe3a Ja€T BO3MOXKHOCTh KOHTPOJUPOBATH CTPYKTYPY, TOJIIUHBI U B3aUMHOE
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pacroyioKeHHe CI0EB B MHOTOCIOWHBIX oOpasmax. JlocTymHbIe peKUMBI TPABJICHUS
OTPaHMYMBAIOTCS TUANIa30HOM TOKOB MOHHOTO Iydka 1 mA — 50 HA 1 HabopoOM yCKO-
psArommx HanpspkeHud 5 — 30 kB.

Taxke  ycTaHOBKAa  OCHAIllEHA  KBAJPYyHOJIBHBIM  MAacCC-CIEKTPOMETPOM
Hiden Analytical HAL 7 RC, MO3BOJSIFONIMM TPOU3BOAUTh M3MEPEHHE CIIEKTPa
OCTaTOYHBIX Ta30B B Kamepe o00pa3ioB. COBMECTHOE HCIIOIH30BAHUE MAacCC-CIeK-
TPOMETpPa W TPABJICHHUS MPU MOMOIIM HOHHOW MYIIKU MAET BO3MOXKHOCTH TAKKE
OCYIIECTBIISITh aHAJIM3 COCTaBa OOPa3llOB METOJAOM BTOPUYHOW MOHHOM MacC-CIIeK-
TPOMETPHHU.

st moaTBepKACHUST TIPUCYTCTBUSA YITIEBOIOPOJOB B Kamepe oOpasiioB POM
OB TIOyYEeH MacC-CHEKTP OCTAaTOYHBIX ra3oB. [IpucyTcTBHE yITIEBOIOPOIOB B Ka-
Mepe 00pasIoB MPOSBIISIETCS Ha MACC-CIIEKTPE HAJUYUEM CBOETO Pojia «TPEOEHKNY,
COOTBETCTBYIOIIEH JUCCOIUAIIMY JJIMHHOMN YTIIEBOIOPOIHOM MOJICKYJIBI Ha OoJiee MeJl-
ke (¢parMeHTsl [62; 63]. 3HaueHWe BaKkyyMa B KaMepe MpH U3MEPEHUHU CIIEKTPa CO-
craBisio 4 x 1077 — 1 * 10~°m0ap, 4To mM03BONSAET OLUEHUTH NAPLUANLHOE JABICHHE
YIJIEBOJIOPOOB C MOJICKYJSIPHBIMA Maccamu B auariazoHe ot 30 mo 150a.e.Mm. Kak
1078 — 10~"mbap.

2.2 BplpamuBaHMe YIVIEPOAHBIX HAHO- U MUKPOCTPYKTYP NpPH 001y4YeHUH
HEMOJABUKHBIM JIEKTPOHHBIM My4YKOM

OnrcanHas BBIINIC yCTaHOBKAa HaHonuTorpaduu Zeiss CrossBeam 1540X B
MO3BOJISIET PeaIM30BaTh METO MHIYIIUPOBAHHOTO 3JICKTPOHHBIM ITYYKOM OCaXKICHHUS
MUKPO- ¥ HAHOCTPYKTYP. DTOT METO/I SIBISICTCS] YIOOHBIM HMHCTPYMEHTOM JUIsI CO37a-
HUSA U MoauduKanuu MUKpopenbeda moBepxHOCTH. B ocHOBe maHHOTO MeTona Jie-
KUT PA3NIOKCHUE PA3IUIHBIX MMPEKYPCOPOB OPraHUIECKOTO U HEOPTAHUYECKOTO THUTIA.
Nx nmpuMeHeHre CONpsKeHO ¢ MHOXKECTBOM JIOTOJHUTEIBHBIX TEXHHYECKUX CII0KHO-
CTeH, BBI3BAHHBIX HEOOXOJUMOCTHIO COOJIFOJICHUS YCIIOBHHM WX XpaHEHHWS W HaITycKa
B pabouyro kamepy. [[s penieHnss HeKOTOPBIX THIIOB 33J1ad yA00HEe MCIIOIh30BaTh B
Ka4eCTBE MPEKypcopa IJis MHAYIIUPOBAHHOTO OCAXIEHHUS MOJEKYJbI yIIIEBOJOPOIOB
u3 aTMocdepbl OCTAaTOUYHBIX T'a30B BaKyyMHOW KaMepbl, YTO M30aBJIsSET SKCIIEPUMECH-

Taropa oT HGO6XOI[I/IMOCTI/I pa6OTBI C BHCIIHUMHU HCTOYHUKAMHU IIPCKYpPCOpa.
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Jlns mccnenoBaHUsl 3aKOHOMEPHOCTEH PacCEstHUSI JEKTPOHHOIO IMydKa HaMu
UCIIOJIB30BAJICS CJiel], KOTOPbIA OCTAa€TCs Ha MOBEPXHOCTH oOpasla Ipu OOJyUYECHHH.
DTOT ciell npeAcTaBisieT co0oil ciioit aMopdHOro yriepoaa u o0pazyeTcsi B pe3yibra-
T€ UHAYLUHUPOBAHHOTO OCAXKJCHUS YIIIEBOJOPOIOB, B3aUMOJEHCTBYIOIIUX C JIEKTPO-
HaMU Ha TTOBEPXHOCTHU. V3ydeHne JaHHOTO YIIIEPOJHOTO OCajKa, Kak OyldeT moKa3aHo
najnee, OTpaXkaeT NpOCTpaHCTBEHHOE pacnpenenenue OPD. Ananus storo pacnpene-
JI€HUs1 MO3BOJISIET CyAUTh O opMe 00bEMa B3aMMOACHCTBUSA JIEKTPOHHOIO Iy4Ka C
JAHHBIM 00pa3loM, a TakKe BHYTPEHHEHN CTPyKType oOpasia.

@opMUPOBAHUE YITIEPOJIHBIX CTPYKTYP OCYIIECTBISECTCS HEMOABHKHBIM OCTPO
c(hOKyCUpPOBAaHHBIM SJIEKTPOHHBIM My4KOM (pexxkum spot). 3BecTHO, 4TO MOM0OHBIM
CHoco0 KCMO3UIMK B MPUCYTCTBUU MPEKYPCOpPa MPUBOAUT K YCTAHOBIECHUIO OJJHOTO
U3 IByX BOBMOXKHBIX PEKMMOB OCaXI€HHs Marepuaia. [lepBoiil Ha3pIBaeTCSA PEXKUMOM
pOCTa, OrpaHUYECHHBIM CKOPOCTBIO PEAKIIMH, a BTOPOH - PEKUMOM POCTa ,0rpaHUYCH-
HBIM TEPEHOCOM Macchl. boree moapoOHO 0 pekuMax OCakJIeHus OylIeT CKa3aHO B
CIEAYIOLIEM pa3lele.

B npouecce skcrnepuMeHTaNbHBIX UCCIEA0BAaHUN U3MEHSIIOCH YCKOPSIIOLIEE Ha-
OpsDKEHUE U, COOTBETCTBEHHO, YHEPTHUsl NMEPBUUHBIX 3JIEKTPOHOB. BennunHa yckopsi-
FOLIETO HANPsDKEHUS BapbupoBasiachk OT o 10 30 kB. Takxe HaMu BapbUPOBAJICSA TOK
MaJIal0IIEeT0 MEPBUYHOIO MydKa BO BCEM JIOCTYNMHOM Juana3oHe oT 1 mA mo 4 HA.
Bpems skcno3uuuu B pa3HbIX SKCIEPUMEHTAX COCTABIISUIO OT JAECATHIX JAOJEH CEKyH-
JIbI 10 HECKOJIbKUX JECATKOB MUHYT.

HekoTopseie acekThl JTaHHOW padoThl NOTPEOOBAIN MPELIM3UOHHOTO UCCIIEI0Ba-
HUSI U3MEHEHUI MHUKpopesbeda yrepoaHblXx HAHOCTPYKTYpP, 0Opa3yIolIUXcsl Ha TO-
BEPXHOCTH TIOCJIE JJIUTEIHLHOTO 00IydeHHs] C(HOKYCHPOBAHHBIM JJIEKTPOHHBIM ITy4-
koM. Jlis 9TUX Leneldl HaMu HUCIOJIb30BAJICS aTOMHO-CHUJIOBOM Mukpockon NT' —
MDT NTegra Mazrimus, NO3BOJISIOMMN OTCIEKUBaTh niepena BoicOT OoT 0.01HM
10 10MkMm B oOmacTu mpoTsKEHHOCTHIO 10 100MKM C MpeAesbHbIM MPOCTPAHCTBEH-
HBIM paspemeHneM 10 10 — 35HM B 3aBUCHUMOCTH OT UCHOJIb3YEMOTO PEKUMA CHEMKH

M THIIAa KaHTHUJICBCPA.
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2.3 IlpuroroBjieHHe MHOTOCJIOHHBIX 00Pa310B

B pamkax pgaHHOW paOOThl NPOM3BOAMIIMCH MCCIEAOBaHMS Ha oOpa3uax

HCCKOJIbKHUX PAa3JIMYHBIX THUIIOB.

Monnoxku (Si, GaAs, nuporpa¢pur(HOPG), niiaruna, meanb)

Jlist BbISIBJIEHUST OOIIMX 3aKOHOMEPHOCTEH MHIYLUPOBAHHOTO OCAXICHMS HUC-
N0JIb30BAJIMCh MAaCCUBHBIE OJJHOPOAHBIE MPOBOASIINE NOAI0KKH. OCHOBHBIMU TpeOO-
BaHUSIMUA TIPU BBIOOPE MOMJIOKEK SBIISUTUCH OAHOPOJHOCTh XUMHUYECKOTO COCTaBa H
Majas IIepoXoBaTOCTh MOBEPXHOCTHU. [lepen HauamoM SKCIIEpUMEHTAIBHBIX UCCIIEN0-
BaHMI KKl 00pa3ell MmoaBeprajcs JOMOJTHUTEILHON 00pabOoTKe I UCKITIOUYCHUS
BJIMSIHUS TIOCTOPOHHET0 OPraHUYECKOTO 3arpsi3HEHUs Ha POLECChl HHIYIIUPOBAHHOTO
OCaXICHUS.

Kpemnawii (57). B kaguecTBe 00pa3iioB KpeMHHsI HAMH HCTIOJb30BaJIach (PparMeH-
Thl TOJUPOBAHHBIX MOHOKPUCTAJIIMYECKUX MOMJIOKEK, IPEIHa3HAYCHHBIX ISl POTO-
mutorpaduu. Ilepen mcnonb3oBaHreM 00paslibl BBIIECPKUBAINCH B YIBTPa3BYKOBOM
BaHHE B EMKOCTH ¢ aueroHoM npu temieparype 90°C' B Tteuenue 10 MUHYT ¢ mO-
CJIEIYIONIMM BBICYIIMBAaHUEM IPU KOMHATHOM TEMIEpaType B BBITSHXKHOM IKa(y B
TeueHue 5 — 10 MUHYT.

Apcenup ramums (GaAs). Jlyis npoBeieHUs: SKCIIEPUMEHTOB Ha apCEeHUIE Tall-
AUl TPUMEHSUIUCHh (PParMEHThl MOJIMPOBAHHBIX MOHOKPHCTAITIMYECKUX MOJIOKEK,
IPEIHA3HAYCHHBIX ISl MOJIEKYJISPHO-IIy4eBOM snuTakcuu. [lonroroBka nepen uccie-
JIOBaHUEM ObljIa aHAJIOTMYHA 00pa3liaM KpeMHUSI.

[Muporpadur (HOPG). DKCHEepUMEHTH ¢ MacCHBHOW TOJUIOKKON YIepojaa
OCYIIECTBIISUINCHh Ha BRICOKO OPUEHTUPOBAHHOM nuposintudeckoM rpadure (HO PG).
BBuay ero ciaouctoil cTpyKTypbl HOATOTOBKA MOBEPXHOCTH 3aKJIHOYaach B CKaJlbIBa-
HUU TOBEPXHOCTHOTO CJI0s 00pasiia, 4To MO3BOJSIIO YAATUTh BEPXHUHN CIION U MOIy-
YUTh YHUCTYIO aTOMapHO INaJKYH0 MOBEPXHOCTb.

[Inatuna (Pt). Jns u3ydyeHus paccesHHs] U UHIYLUPOBAHHOTO OCAXIACHUS

Ha INIATUHC IIPHUMCHAINCH IIJIATUHOBEIC )ma(bparMH QJICKTPOHHBIX NCTOYHHUKOB. I[JI}I
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yAQJICHUS OPraHUYECKOrO 3arpsA3HEHUS MOMJIOKKH MPOrPEeBAIUCH 0 TEMIIEPATYyphI
900 — 1000 B BaxyymHOM yHHBepcaibHOM rocte BYII — 2.

Menp (C'u). MenHble TTOMJIOKKH TMPEACTABIAIOT co0oi nuirdoBaHHBIC ¢par-
MeHThI MeAaHou ¢onbru. [lnudoBka mpousBoaUIach B HECKOJIBKO ATANoOB Ha IUIH-
(hOBaIBHO-TIOJIMPOBAIIEHOM CTaHKE JIJIsi OBICTPOI MOATOTOBKH 00pa3IoB B jJaboparop-
HbIX ycnoBusix Struers Fobos — 100/200F. Pasmep 3epHa abpasusa i GUHUIIHOM
MOJrOTOBKHM MOBEPXHOCTH cocTaBisul 100 HM. YianeHue opraHM4ecKoro 3arpsi3HeHUS

OCYIIECTBIISUIOCH COTYIACHO MPOLEAYpE, MPUMEHsIeMoi At o0pa3ioB St U GaAs.

HaneceHune TOHKMX IUIEHOK; TepMUUYecKoe ucnapenue Al, Au, Cu; 1yropoe ucna-

peHue aMmop¢HOro yriepoaa

st uccnenoBaHusi 0COOEHHOCTEH 3JIEKTPOHHOTO PACCESIHUSI U COOTBETCTBY-
IOIIETO MHAYUHMPOBAHHOTO OCAXACHUS B 3aBUCUMOCTH OT XMMHMYECKOTO COCTaBa M
CTPYKTYpbl 00pa3iia HaMu ObLIU MOATOTOBIIEHBI CIIOUCThIE 00pa3IIbI.

[ maBHBIM METOAOM ISl CO3IAHUSI MHTEPECYIOLIMX HAC MHOTOCIOMHBIX CTPYK-
Typ SIBJSIETCS HAHECEHHE TOHKHUX IUJIEHOK Ha MACCHUBHBIE MOMJIOKKHA METOJAMH BaKYy-
YMHOIO TEPMHYECKOIO M JYTrOBOTO MCHApPEHMs, a TaKK€ METOIOM HMOHHOIO pacIibl-
jeHus. MeTol BakyyMHOIO TEPMHYECKOTO HUCHApPEHUs NMPUMEHSUICS Uil HAHECECHUS
metaiioB (Al, Au, Cu). MeToapl HOHHOTO PacTbUICHUS W JAYTOBOTO WCIIAPCHHS UC-
MOJIb30BAJIMCH JIJII HAHECEHHUS IUIEHOK YIIIEpOa.

CaMbIM pacnpOoCTpaHEHHBIM U LIMPOKO BOCTPEOOBAHHBIM HPUMEPOM MHOIO-
CJIOMHOW CTPYKTYPBI ABJISETCS CUCTEMA TUIA TOHKUM CIOM HA MAaCCUBHOM MOJJIOXKKE.
JIns uccnenoBaHui, MOCBAIIEHHBIX HEPA3PYILIAKOIIEMY AaHAJIN3y BHYTPEHHEU CTPYK-
TYpbI CJIOUCTBIX 00pa3LOB, OOJBIIOE 3HAUEHUE UMEET COOTHOILIEHUE XapaKTEPUCTUK
MaTepHala, ONpeACISIIONINX AIEKTPOHHOE paccesHue (£, A, p). Uem Oombliie pa3HHIA
MEXy 3HAYEHUSIMH COOTBETCTBYIOIIMX IIAPAMETPOB I MAarepualioB CJIOS U IOA-
JOXKHU, TeM 0oJiee ApKO NPOSBISIOTCS (D (PEKThI, CBSI3aHHBIE C BIMSHUEM XUMHYECKO-
IO COCTaBa HA PacCesiHUE DJIEKTPOHHOTO IydKa. B CBsA3M ¢ 3TMM Ha paHHMX dTarax
3KCHEPUMEHTAIBHOTO aHAJIN3a MHOTOCIOMHBIX CTPYKTYP HAMU MCIIOJIb30BaJIUCh ITapbI

MaTEPHAJIOB C CYIIICCTBEHHO pa3IMUYHbIMU cBoricTBamu: Au Ha Si, Au Ha C, C' Ha Pt,

Al na GaAs, Al na Cu.



46

Jns uccrnenoBanusi cnenuUKH WHAYLUMPOBAHHOTO OCAXACHHUS HA TOHKHUX
IUIEHKaX HaMM KCIONB30BANIKUCH TUIEHKH amopdHOro yriepoga. MeTonuka momyde-
HUS TaKuX TUIEHOK BKIIIOUAET B ceOs IyroBO€ BaKyyMHOI'O MCIIapeHue yriepoaa Haj
¢parmentamu kpuctaimioB K Cl. Tlocme HaHeceHUs YIIEpOTHON TUIEHKH 0OpasIlbl
NOMEIIAIACH B BO/lY, HA IOBEPXHOCTH KOTOPOM MOCJIE PACTBOPEHHUSI COJIM OCTABAIACh
TOJIKO yIiiepoaHas IiéHka. [InéHka BbLIaBIMBaIacCh HA MEJHYIO CETKY C Pa3MepoOM
ssuerku 300MKM U BBICYIIIMBAJIACh.

HaHecenune TOHKMX IUIEHOK METOJAMH BaKyyMHOIO TE€PMHYECKOTO HCIape-
HUS U JIyTOBOT'O MCIIApEHUs MPOU3BOAUIIOCH ITOCPEACTBOM BaKyyMHOIO YHHBEPCAIb-
Horo nocta BYII — 2. MonHoe pacnbuUieHHE OCYIIECTBISIOCH Ha OOOpYIOBaHHUU
Gatan Precision Etching&Coating System Npu MOMOIIM aprOHOBBIX UCTOYHUKOB

B PEKUME C BEIMYMHOM yCKOpsromero HanpsbkeHus 10 kB.

2.4 Tlony4yeHme momepeyHbIX CPe30B

Bepudukauus pe3yapraroB MOJACIMPOBAHUS U dKCIEPUMEHTA TPEOyeT MpuMe-
HEHUS METOJIOB KOHTPOJs. MBI OTIalii MpearnoYTeHnue MeToay (GopMupoBaHus Morie-
pPEUHOro cpe3a oOpasiia Npy NOMOIIM TPaBiIeHUsS CHOKYCUPOBAHHBIM HOHHBIM ITyYKOM
0e3 MpUMEHEHMs] MACKU BBUJy €ro MPOCTOTHl U HamISAHOCTU. [IpuHIMN newcTBus
JAHHOTO METO/A 3aKJIFOYAeTCsl B TOM, YTO YCKOPEHHBIM MOTOK MOHOB MpU OOIYYSHHUH

06p33ua MEXaHUYECKH BBIOMBAET aTOMBI KpHCT&J’IHH‘lCCKOfI peﬂléTKH, co3gaBasl TCM
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caMbIM yITyOneHue 3aJlaHHOW (OPMBI, M3YYEHHE KOTOPOTO IMO3BOJSET OMPEACIUTh
CTPYKTYpY HcclieqyemMoro oobekTa. CxeMa MpUMEHEHHs TAaHHOTO METOja MpHUBEACHA
Ha Puc. 2.3.

Kosnonna POM
IIydok
3JIEKTPOHOB OPD
N IToBepxHOCTH
oOpa3ma

IIygok noHoB

Pucynok 2.3 — Cxema GpopMupoBaHUs NONEPEUYHOTO Cpe3a MyTEM TPABICHUS

c(hOKyCHpPOBAHHBIM ITyYKOM MOHOB TaJUIHs

Hawnnyummx pesynsratoB npu GOpMHUPOBAHUH MOMEPEUHOTO Cpe3a yAalIoCh J10-
CTHYb, UCIOJNB3Ys JIBa MOCIEN0BATeNbHBIX TpaBieHus. [lepBoe (rpyboe) TpaBieHue
IPOU3BOJMIIOCH B PEXKUME OCAXKACHUSA ITyYKOM C TOKOM H0NA MpH yCKOPSIOIIEM Ha-
npsbkeHun B 30kB 1t co3ganusa mepBUYHOTO cpesa. Ilpu M3ydyeHur moay4eHHOTO
cpe3a OYEBUIHO OTCYTCTBHE PE3KOro Kpasi UM 4ETKUX T'paHMI] BBITPABICHHOW 00ja-
ctu(Puc. 2.4 a), a npopuib nu3ydaemMon CTPyKTYPhl Pa3MBbIT.

Bropoe TpaBiieHre OCYLIECTBIISIOCH B PEKUME TPABJICHUS IO BPEMEHU ITyYKOM
C TOKOM bIA mpu yckopsitomieMm HamnpsikeHuu 30 kB. OHo npeacTaisiio coOoi cBoe-
00pa3Hy10 MOJIMPOBKY OJHOM M3 CTEHOK yITyOJeHMsl, IEPBOHAYAIBHO MOJyYEHHOIO B
pe3ynbrare rpyooro tpasinenus (2.4 b). Mcnonp30BaHue 3HAYUTEIHHO MEHBIIIETO TOKA
MOHHOTO My4YKa, a Takke HeOONbIIONH 00bEM pachbUIIEMOro MaTepualia MO3BOJIUIH
c(opMupOBaTh KaU€CTBEHHBIN CpPE3 C JAOCTATOYHO PE3KUM KpPaeM M YETKUMU T'pAHU-

nHaMH.
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a b
Pucynok 2.4 — ®opMupoBaHre TOMIEPEYHOTO Cpe3a IBYXCIOMHOTO oOpasma
(MOBEpXHOCTHBIN CJIOM alFOMUHUS HA TIOJIOKKE apCEeHUJIA TauIus) MyTEM
TpaBJieHUs C(HOKYCHPOBAHHBIM ITyYKOM MOHOB rajuIMs MOA yriioM H4°: a) pe3yibrar

rpyooro TpasieHus; b) pe3ynbrar 1eITuKaTHOTO TPaBJICHUS

[Tocnenyrommii aHanu3 3anuTMGOBaHHON OOJTACTH MPU MOMOIIU AJICKTPOHHOU
MUKPOCKOIIMU TI03BOJISIET HAIPSAMYIO HaOM0MaTh NpoPuiis U3ydyaemMoil CTPYKTYpHI, a

TAKIKC IMPONU3BOAUTE U3MCPCHNC TOJINIMHBI IIOBCPXHOCTHBIX CJIOCB.
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I'maBa 3. TeopeTuyeckue MeTOAbI UCCJIEIOBAHUSA

CaMbIM pacnpocTpaHEHHBIM MOAXOAOM TEOPETUUYECKOTO UCCIIEOBAHMS paccesi-
HUS DJIEKTPOHOB U MHTEPIIPETAIIMN COOTBETCTBYIOIIUX SKCIIEPUMEHTAIBHBIX JTaHHBIX
SBIISIETCS KOMITBIOTEPHOE MOJISTUPOBAHUE.

JIJisi MOAeTMpOBaHMsI PACCESTHUST YCKOPEHHBIX IYYKOB 3apsOKEHHBIX YACTHIL B
BEIICCTBE JIy4llle BCEro moaxomuT meton Monte-Kapimo. B ero ocHoBe JexHUT HC-
MOJIb30BAaHUE TCEBIOCITYYalHBIX MOCIIEI0BATEILHOCTEN JI1 ONKCAHUS MTHOBEHHO-
r0 COCTOSIHUS M3y4daemoill cucteMbl. COOTBETCTBHE BEPOSTHOCTHBIX XapPaKTEPHUCTUK
ATHUX MOCJIEI0BATEILHOCTEH aHAIOTMYHBIM BEJIMUNHAM CUCTEMBI ITO3BOJISIET TTOTYIUTh
HEKOTOPOE CTAaTUCTUYECKOE PACIIPEICTICHUE COCTOSTHUH, OTpajkaroIiee 00IIne 3aKOHO-
MEPHOCTH €€ MOBEACHM. Pa3BUTHE NMPEICTaBICHN O TIOBEICHUH DJIEKTPOHOB B TBEP-
JIOM TeJIe TMPUBENIO K MOSABICHUIO Pa3HOOOPA3HBIX MOAXOI0B K pacyETy XapaKTEpHbIX
BEJIMYMH, OINPEACISIONINX IEKTPOHHOE paccesHue. [JTaBHBIMU U3 HUX SIBISIFOTCS Ce-
YeHHS YIPYTroro U HEyIpyroro paccesHus. J{Jis onvcanus paccemBaromieil cpeipl ya-
CTO MMPUHUMAETCS JOIMYIICHHE, YTO 00pa3ell SABISETCS OMHOPOIHBIM [0 XUMHUECKOMY
coctaBy U amop(pHBIM 1O cBoel cTpykType. [locnennee TpeboBaHne 0COOEHHO BaXK-
HO MPU MOJEIMPOBAHUH, IIOTOMY YTO MBI MPEATNONATraeM CIy4dailHOe pacmpeeiceHue
pacceuBarouX IIEHTPOB IO Bcel 06macTu B3aumoaecTusi. OIHaKo, HCTIOIb30BaHUE
METO/a MOXKET OBITh 0000IIEHO U HA MOJMKPUCTAIUIMYECKUE 00pasIlbl, €CJIM 00JIacTh
B3aMMOJCHCTBUS MHOTO OOJIBIIIE Pa3MEPOB KPHCTALTHYECKUX <«3EpPeH» oOpasma. B
TaKOM Ciy4ae, Kpuctamiorpaguueckue 3QpQpexTol, HanpuMmep AUPpaKus, «pa3Masbl-

BalOTC» d(HPEKTOM MHOKECTBEHHOTO PACCESHHUS.

3.1 Bpi0op auppepeHIMATBHBIX CCUYCHUI YIIPYTOro M HEYNPYroro paccesiHus

B Hacrosimee BpeMs CylIECTBYET MHOXKECTBO IIPOTPAMMHBIX IMPOMYKTOB IS
MOJICJIIMPOBAHUS PACCESHUS 3apsLDKEHHBIX yacTull MetogoM Monte-Kapio. 1o nHame-
My MHEHHIO, CaMbIM YJAOOHBIM M THOKHM C TOYKH 3PEHHS BO3MOXHOCTEH BBIOOpa

apaMeTpoB paccessHus sBIsieTcs mporpaMMHubiii maker CASTNO [64]. Dromy na-
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KETy ¥ ObLJIO OTAAHO MPEANOYTEHUE MPU NMPOBEACHUN TEOPETHUECKUX MCCIICOBAHUM,
CBSA3aHHBIX C MOJEJIMPOBAHUEM PACCESHMs], B paMKax TaHHOW paOOoThl.

Bri6op mapameTrpoB (pu3nueckod Monenu, B MEPBYI0 Ouepelb, CBSI3aH C pac-
CMOTPEHHEM U3MEHEHUS HalpaBJiCHUsl JBUKEHUS 3JIECKTPOHA MPU CTOJIKHOBEHUH U C
YYETOM COITYTCTBYIOIIMX MNOTEPH IHEPTUU. HacTO UCMOIBb3yEMON MPAKTUKOW MPU MO-
JNETUPOBAHUU DIEKTPOHHOIO PACCESIHUS SBISETCS JOMYIIEHHE O TOM, YTO HEYIPYroe
paccessHUEe HE IPUBOJUT K U3MEHEHMIO HAIIPaBJICHUSl JBUXKEHUS JIEKTPOHA. ABTOPHI
CASINO Ttakxe TpeanoyararoT, 4YT0 OTKJIOHEHUE MPOUCXOAUT JIUIIL MPH YIPYToM

paccessHuU. YUET NOTEPh SHEPTUU MPOUZBOAUTCS OTIACIBHO.

3.1.1 Mogeau ynpyroro paccessHusi 3J1eKTPOHOB
Ceuenue Pesepdopaa

TpaaumoHHBEIM METOZIOM JIJIS1 pacuéTa OTKJIOHEHHS 3JIEKTPOHA B IIPOIIECCEe IBU-
JKEHUsI SIBJIsIeTCsl ucnojib3oBanue Gopmynnsl Pesepdhopna. Moaens paccesinust Pesep-
dbopaa onuchHIBaCT B3aMMOICHCTBHE CUCTEMBI IBYX 3apsOKCHHBIX dacTuil. OHa MOo3BO-
JISI€T pacCYUTaTh OTKIOHEHHE JIBIKYIIEHCS YaCTHUIIBI PY CTOJTKHOBEHUH C HETIOABU K-
HBIM PAaCcCEMBAIOIINM IIEHTPOM. B3anMopaeicTBre 4acTuIl CBA3aHO HCKIIOYUTENHHO C
ANIeKTpocTaTuueCKuMu cuinamu. Paccessaue Pesepdopna cunraercss abCoMOTHO YIIpy-
TUM, TO €CTh YHEPI'Usl HAJIETAIONIECH YAaCTHUIIbI TTOCTE COyAapeHus: OCTaETCsl HEM3MEH-
HOW.

®dopmyna mrst pacuéra gudPepeHINATBFHOTO CEUSHUs YIPYTOro paccessHus do

B TeNecHbI yron df) B pamkax monenu Pesepdopna umeer Buj

2
do ( Ze? ) - 1 G.1)

dQ 2mu? in% g’

r1e Z - 3aps]l pacCEeUBarOUIEro UeHTpa (sapa), m, v - Macca U CKOPOCTh HAJIETAIOIIETO
AIIEKTPOHA, - YTOJl paccessHus MOCIe COyIapeHHsl, € - 3apsil JIEKTPOHA.
B sBHOM Buze 3.1 ¢popmyna Pezepdopaa He moaXoaUT isi OMUCAHUS YIPYTOTrO

pacCCiaHus 3JICKTPOHA B BCHICCTBC. DTO CBA3aHO C TCM, YTO OHA HC YYHUTBIBACT DKpa-
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HUPOBAHUE S7Ipa aTOMHBIMHU AJIEKTPOHaMH. Hanudue 3JeKTpOHHBIX aTOMHBIX 000JI0-
YeK BOKPYT Spa MPUBOAUT K YMEHBIIEHUIO €T0 KYJIOHOBCKOTO 3JIEKTPOCTATHIECKOTO
nosist. JlaHHBINA 3 ¢deKT U Ha3bIBaeTCA dKpaHUpOBaHUEM sijapa. J[ias Toro, yToOBI ero
y4ecThb, B popmyny Pesepdopna BBOIUTCS Tak Ha3bIBaeMbIH IapamMeTp SKpaHUpPOBa-
HUS (3, KOTOPBIN OTMPENeNsieTCs] CTPYKTYPOH BHEITHUX JIEKTPOHHBIX 000JIOUEK aroma.
CymiecTByeT HECKOJIBKO BapuaHTOB ompexaeicHus (3. Hanbomee oOmMEnpHHATHIM U3
HUX SIBIISICTCSI DKCIIOHEHIIMAbHAST (hOpMa ONMKMCAHUS SKPAHUPOBAHMS, TIPEITIOKESHHAS
HeMenkuM ¢u3ukoMm Bentiienem Wentzel G. [65]. [loTeHman B3anMoaeicTBHS Ha-

JICTAOIICTO 3JICKTPOHA C AAPOM B CIIydac IMMPUMCHCHHA JAHHOTI'O IMOAXO0Ada IIPUHHUMACT

BUJI ,
e r
Vir) = — ——), 3.2
(r) = == exp(=3) (32)
. . 0.885ay
a paJnyc dKpaHUPOBAHMS MPUOTMKEHHO OoMHUCHIBaeTCs popmymont S = T, rae
3

ag - OOPOBCKUI paguyc aTomMa BOIOPO/A.
VYpaBHeHHE 7151 CeUeHUs ynpyroro paccesusi Pezepdopna ¢ yu€rom addekra

SKpaHUPOBAHHUSA MOXKHO Tepenucarb B popme, npemioxenHoit Mypara (Murata K.)
[66]:

d ZQ 4
@ _ ‘ . (3.3)
d}  4E%(1 — cosf + 203)
mu?
e B = o KMHETUYECKasi PHEPrusi HajeTarImero siekrpona. Ilo stoit dop-

MyJI€ MPOU3BOAUTCA PACUET B CIIy4ae HCHOJb3yEeMOI0 HaMH MPOTrPaMMHOTO IMaKeTa
CASINO.

BBuay cBoeit mpoctotsl, popmyna Pesepdopna mmpoko npumMeHsercs s Mo-
JEIIMPOBAHUS YIIPYTOro paccesHus B TBEpJoM Tene [67]. OgHako, CyleCcTBYIOT Onpe-
NeNEHHBIE TPAHUIBI €€ MPUMEHUMOCTU. DKCIIEpUMEHTaIbHbBIE UCCIEAOBaHUS, MPE-
crasiaenusie Mommukasa(Y oshikawa H.) n Jluarom (Ding Z. — J.) [68], moka3si-
BAIOT, YTO MPAKTUYECKHU HaOIroaeMasi KapThHa AJIEKTPOHHOTO PACCEesTHUSI MOXKET Cy-
IIECTBEHHO PACXOIUTHCS C pesyiabraraMu pacuéroB mo ¢opmyne Pesepdopna. Ito
nposBiIgeTcs B ciiyyae Maibix (MeHee H003B) 3HaueHnii HaualbHOW SHEPTrUM MajIako-
IIETO IEKTPOHA, a TaKXe MPH MOJACIUPOBAHUU PACCESTHUS Ha sAJpax TSKENBIX dJie-
MeHTOB. [loaxon, MpemIoKEHHBIN 11 pacu€Tra CEYEHUsT YIPYTroro paccessuust Motrom
(Mott N.F.), sBasieTcs anbTepHATUBOU MpuMeHeHHI0 popmynsl Pezepdhopna u mydrre

OIMHUCBIBACT ((HpO6.TICMHI)Ie» curyaluu, 0003HaUEHHEIC BHIIIIE.
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Moaeas MotTa

Hcxons m3 BOTHOBBIX CBOMCTB AMEKTpOHA, nuddepeHimaibHoe CeYeHne pac-
CEesTHUSI MOXKET OBITh PACCUUTAHO HA OCHOBE 3aKOHOMEPHOCTEH, MPUHATHIX B PaMKaxX
KBaHTOBOW MexaHUKH. [loBeieHne 3NIeKTPOHA B 3TOM CiTy4ae OMHCHIBACTCS BOJHOBOM
dbynkmuein. s toro, 4ToObl paccumTaTh auddepeHnraIbHOe CCUCHUE PacCesHUs,
Mortt (Mott N.F.) npuMeHHUN METOJ MaplUHalIbHBIX BOJH. B pamkax merona pac-
CesiHUE PJIIEKTPOHOB HA aTOMHBIX sIpaX paccMaTpHUBAaeTCs, KaK JBM)KEHHE B HEKOTO-
POM LIEHTPAJIHHOM I10JIE, BO3ACHCTBYIONIEM HA BOJHOBYIO (DYHKIIHIO eKkTpoHa. [lo-
TOK DJIEKTPOHOB MPEICTABICH MHOKECTBOM MaplMAIbHBIX BOJIH, Kaxaas U3 KOTOPBIX
HE3aBHUCHUMO OT OCTaJIbHBIX B3aUMOJICUCTBYET C IIEHTPOM paccestHusi (TO €CTh, C Si-
poM). Ha Gonblinx paccTOsSHUSX OT pacCEMBAIOIIECTO IIEHTPA BKJIAJ KaXKI0W U3 HUX B
aMIUTMTYy paccesHus (a cienoBarenbHo, B quddepeHmaibHoe U MOJTHOE CEUCHUS
paccesiHus) OMpeesieTCsl BCETrO JIMIb OJHUM BEIIECTBEHHBIM MapameTpoM - ¢a3oi
paccesHus. BenuunHa ¥ 3aBUCUMOCTh (a3bl paccessHUsl OT DHEPTUU OMPENEISIOTCS
dopmoii morenmmana V (r). JudpdepeHimanbHoe ceueHrE pacCesHusl ICKTPOHA IS

PEIATUBHUCTCKOI'O CiIydad UMCCT BU/

do? ()

-0 = OF +lg@O)F, (3.4)

amruuTyabl paccesus f (6) u g (6)onpenensiorcsi COOTHOIICHUSIMU

1 . .
f0) = 5= ZZO: [(1+ 1)(exp(2i6]") — 1) + I(exp(2i6; ) — 1)] Pi(cos b),
1 « o .
g(0) = e 12_; (exp(2i6; ) — exp(2i6}")) P (cos ).
3necy K? = e-1 SHEPrUsl JNIEKTPOHA B enunuuax mc®, Pj(cos6)
i = Gimap ¢ p p muHAIAX mc’, P

151 Pll(cos 0) - monmurom JlexxkaHapa U MepBbIi MPUCOCTMHEHHBIH TTONMHOM JIexkaHapa
+/- . .

COOTBETCTBEHHO, a 0, /= da3bl paccesHus (-1 MapiuaibHON BOTHBL. Beipaxenus ais

HUX OMpPEACIIOTCS BHIOOPOM MOJEINH, OMMCHIBAIOIIECH MOJe siapa (3KpaHUPOBAHHOE

WIM He’KpaHupoBaHHoe). [l pacuéra (a3 paccessHusl NMpU PEUICHUU KOHKPETHBIX
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3a7a4 Ha MPAKTUKE, KaK MPaBUIIO, MCIIOIB3YIOTCS YHCICHHBIE METOIBI M aJlTOPUTMBI
[69—T71].
CTOMT OTMETHUTD, YTO B HEPEIATHBHUCTCKOM Cilydae o, = 0; = 0; U NPEACTaB-

nenue aquddepeHnranbHOro ceueHus MoTrTta umeeT BU/l

oo

> (20 + 1)(exp(2id; — 1)) Pi(cos 6)

dO’el . 1
aQ  |2K

B stom ciiyyae npumenenue moaxoaa MoTTa AJis 3J€KTPOHOB HU3KUX DHEPTUM WIH
JUTSL 3a]1a4d PACCESTHUSI Ha sipaxX THKENBIX JIEMEHTOB Aa€T CHIIBHOE PACXOXKICHHUE C
IKCTIICPUMEHTOM, KaK M IIPH MCIOIb30BaHUU Gopmyisl Pesepdopaal72].

Peanuzanusa mpornenypbl pacuéra cedeHHsl yHpyroro paccesHuss mo MoTty B
CASINQO wumeer HECKOIBKO BO3MOXHBIX BapHaHTOB. [IepBbIi U3 HHUX MPEICTaBIIS-
eT co00l MOUCK aHATMTUYECKOW (PYHKIMH JJI almpOKCUMAIIUU JUCKPETHOTO Habopa
muddepeHanbHeIX ceueHuil. OTnpaBHOM TOYKOM Il TIOMCKA TakoW (PyHKIMM 3a-
4acTyro ciaykut ¢gopmyna Pesepdopna, k KOTOpoil H00aBISIOTCS JOMOIHUTEIbHBIE
YJICHBI 711 KOPPEKTUPOBKH MOBEACHUS ceueHus. [IpuMepaMu Takux anmpoKCUMUPY-
fouux QYHKIUHN sBIsit0TCsS GOopMynbl, npemiokennbie ['aysunom (Gauvin R.) [73] u
bpaynunrom (Browning R.) [74]. I'maBHBIM npeuMyIIiecTBOM MPUMEHEHHS aIpoOK-
CUMUPYIOIIUX (QYHKLIMI SIBISETCS MPOCTOTAa WX HMCHOJIb30BaHUS Ui pacuéra cede-
HUs paccessHusl. Kpome Toro, oHM MO3BOJISIOT M30€kKaTh HEOOXOAUMOCTU BHIYUCIICHHUS
BKJIQJIOB MapIUAIbHBIX BOJH, YUCIO KOTOPBIX MOXKET JOCTUraTh HECKOJIBKUX COTEH
JUTsE OOJBIINX 3HAYEHUHN SHEPTUU IEKTPOHA.

ATNBTEpHATHBON HCIIONH30BAHUIO aHATUTUYCCKUX (OPMYI SIBISETCS MPUMEHE-
HUE TabIuL], COAepKAIIUX BbIYUCIEHHBIE TPAAUIIMOHHBIMU METOAAMH 3HAUEHHUS cede-
HUW U1 pa3IUYHbIX 3HAYEHUN HEPTUM AJIEKTPOHA JJIsi KaXKJAO0ro U3 3JIEMEHTOB [75;
76]. aTeprionsauus NaHHBIX TaOIHIl, KAaK U MPUMEHEHHE allllPOKCUMHUPYIOMINX (PyHK-
1A, He TpeOyeT OOMNBIIMX 3aTpar BRIYUCIUTEIBHBIX pecypcoB. B pamkax C'ASTNO
npeiaraeTcs JiBa pa3IMYHBIX MaccHBa AaHHBIX. [1epBbIi U3 HUX, OMyOJWKOBAHHBIN
Paitmepom (Reimer L.) [75], ucnionb3yet pacué€t o ¢popmyne Pesepdopna aist 3Ha-
YeHUW yma paccessHuss MeHee 10° u MeTop CIoKeHUs HaplLualbHbIX BOJIH JJISL pac-
yéTa ceyeHusl paccessHusl Ha Oonbuil yroi. Bropoil, npencraBineHHslii KxnxeBcku
(Czyzewski Z.) [76], oCHOBaH WCKIIFOUNTEIHLHO Ha MPUMCHECHUU METOAA CIOXKCHUS

mapnruaJibHbIX BOJH JIA pacqéTa CCUCHHA PACCCAHUA T10 MOTTy.
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Emé ogHa BO3MOXKHOCTH MOMYYUTh 3HAYEHUE CEUCHMsI YIPYroro paccesHus B
pamkax C'ASTN O sBnsieTcsi HHTEPIIOJISNS JTaHHBIX, TOJyYEHHBIX ¢ UCTIOIb30BaHUEM
nporpammuoro maketra K LSEPA [77]. B ommuune ot cxoxero nmoaxona Czyzewskt,
YIOMSIHYTOTO BbIle, aBTopamMu F LS EPA noapoOHO paccMaTpUBAarOTCS BO3MOXKHO-
CTH OINUCAHUS MOTEHIMANa B3aUMOJECUCTBUS MAJIAIOLIEr0 AIEKTPOHA U PaCCEnBalo-
IIMX LIEHTPOB B M3yyaeMoM BemlecTBe. [Ipumensiemas mozpens y4éra 3TOro B3auMo-
JCHCTBUS BKIIIOYAET B ce0sl ONMMUCAHKUE pacIpeIeeHHs 3apsia B SApe B COBOKYITHOCTH
C pacmpeelieHHeM AICKTPOHHOM TUIOTHOCTH aTOMHBIX 00O0JIOYEK JJIsl MPEACTaBICHHUS
AIIEKTPOCTATUUECKON COCTaBiIsAIoLIEeH noTeHnrana. OHa Takke BKJIIOYAET YWICHBI, CBS-
3aHHbIE ¢ OOMEHHBIM B3aUMOJIEHCTBUEM M B3aUMOJCHCTBUEM KOPEIUISLIUU-TIONSpU3a-
U, TPOSIBIIAIOIIMECS MPU HEOONbIINUX U cpeanux (meHee 10 kaB) 3HaueHUsX SHEP-
UM 37eKTpoHa. Kpome Toro yuutsiBaeTcs ocnabieHUE 3IEKTPOHHOTO TTOTOKA BBUILY
MOTJIOIICHUS TIPU HEYIIPYTOM pacCesHUU.

B kauecTBe nmonxona Juisi pacyéTa ceUeHus yIpyroro paccestHus 3JeKTpoHa HaM
M0Ka3aJIoCh Iiesiecoo0pa3HbIM BbIOpaTh moaxod MoTTa BBUAY JIYYIIETro COITIACHS C
IKCIEPUMEHTAJILHBIMU JaHHBIMU 110 CpaBHEHUIO ¢ ceueHueM Pesepdopaa. M3 muoro-
o0Opa3us BapUaHTOB IMPEICTABIECHUSI ITOTO CeUeHHUs ObUT BBIOpaH METOJ] WHTEPIIOJsI-
iy JaHHeIX LS E P A, KoTophlil Takke HanOojee OJIM3KO ONMKMCHIBAECT IKCIIEPUMEH-

TAJIbHOC IMOBCACHUC CCUCHUA YIIPYI'Oro pacCCsaHusA B MCCIICAYCMBIX HAMH CHUCTCMax.

3.1.2 Heynpyrue cToJIKHOBEHHS U NOTEPH IHEPTUH

B npouecce nBuxkeHUs B TBEPIOM TeJ€ AIEKTPOH HAPSAY C YIPYTUMU CTOJIKHO-
BEHUSIMH MOXXET UCIBITBIBATh U HEynpyrue. Heyrnpyroe paccesHue 31€KTpOHOB NPHU
MPOXOXKAECHUU Y€pe3 BEIIECTBO IMPUBOAUT K MU3MEHECHUIO UX SHEPIUU U HMITYJIbCA.
DHeprus, nepeaaBaeMas TBEPAOMY Telly, MOXKET MPeoOpa3OBBIBATHCA PaA3IMUYHBIMU
crioco0aMu, IPUBOAS, B YACTHOCTH, K MCITyCKaHUIO ()OTOHOB PA3JIMUHBIX SHEPTUU U
BTOPUYHOU AJIEKTPOHHOM dMUCCUU. [IpOIMYKTHI COOTBETCTBYIOIINUX ITPOLIECCOB ITPUME-
HAKOTCS B PA3JIMYHBIX METOJIAX JIEKTPOHHOM CIIEKTPOCKOIIUU U MUKpOoaHain3a. Mox-
HO CKa3arb, YTO YYET MOTEPh DHEPTUM DJIEKTPOHA B IPOLIECCE MPOXOXKICHUSA UEpE3

TBépI[O@ TCJIO ABIACTCA OI[HOﬁ 13 Ba)KHEHIIINX 3a1aq IMpHu UCCIICTOBAHNUHN 3JICKTPOHHO-
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ro paccessHus. PacCMOTpUM OCHOBHBIE NIOAXOABI K YUETY ITOTEPH DHEPIUU DIEKTPOHA

B TBEPIOM TEJIE.

IIpubiankeHue HeNMpPepPbLIBHOTO TOPMOKEHHS

TpanuuuoHHas TEOPUsT HEYNPYTOro paccestHus BO MHOIOM MOBTOPSET MOAXO/,
ucnoibs3oBaHHbI Pesepdopaom (Ruther ford E.) mpu pacCMOTPEHUN MPOXOKICHUS
(:-9aCTHIl Yepe3 TOHKUE MUIIIEHU. BBICTPBIN ANMEKTPOH, MPUOIMKAOITANCS K SAPY CO
CKOPOCTBIO ¥ 10 TPAEKTOPUH, XapaKTEPU3yeMOU MPULEIBHBIM PACCTOSSHUEM D, IIEpe-
JNAET OJHOMY M3 BHYTPHUATOMHBIX 3JIEKTPOHOB SHEPIHUIO:

2¢t

W= (3.5)

rac €,m - 3apiad U MaccCa 2JICKTPOHA COOTBCTCTBCHHO, &g - AUIJICKTPUYICCKAA ITPOHU-
HacMOCThb BaKyyMa. VYron pacccianua 0 cBsi3aH C INPpULICIBbHBIM PACCTOAHHUCM P COOT-

HOIIIEHUEM 7o y
et 1
g3 (3.6)

= ——=ct
Adrreg mu? 2

MHOXKECTBO aKTOB paccesHUs MOXKHO pacCMaTpHBATh KaK TOCIEIOBATEIHHOE
3aMeJIEHUE AIIEKTPOHA, TEPSIOLIETO SHEPTUio d Y Ha OTpe3ke TpaeKTopuu dx. Yieb-

HBIC ITOTCPH SHCPIuM ONPCACIIAIOTCA COOTHOIICHUEM

dE Winax da- 27-‘—64NApZ Pmaz dp

¥ _Nz 29 waw = AP i 3.7

dx /I/Vmin dW (47T€0)2AE /p'mi,n p ( )
e N = % — IUIOTHOCTh BHYTPHUATOMHBIX 3JIEKTPOHOB; p U A — aroMHas macca

U IUIOTHOCTh PACCEMBAIOIIETO JIEMEHTAa, COOTBETCTBEHHO; /N4 —- YUCIO0 ABOTaJpo.
BBenenue momnpaBku p,,;, 7 0 1m03BONSET M30€KaTh CHHTYISIPHOCTH, CBOMCTBEHHOMN
dbopmyne Pezepdopna npu p — 0, HO OLIEHKA STOM BEIMYMHBI, KAK U BEPXHETO Ipejie-
Jla UIHTETPUPOBAHUSA Py gz, HE ABISECTCS OJHO3HAUHOM. DUBNYECKUN CMBICI MONPABKU
COCTOWT B TOM, YTO OBICTPBIN AJIEKTPOH HE MOXKET MPONTH CKOJIb YTOAHO OJU3KO OT
sApa U3-3a SKPAHUPOBAHUS BHYTPUATOMHBIMHU 3JIEKTpOoHaMu. CBA3aB P, C JIIAHON
BOJIHBI i€ bpoiisg magaromero 3JIeKTpoHa U BBEIS CPEAHUN MOTECHIMAT WOHU3AIUU

J 000J04YeK, KOTOPBIA MPEACTAaBISET U3 ceOsl cpeHee 3HAYCHHUE MOTEpPh DHEPTUU B
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pE3yibTare reucpanmuu pCHTICHOBCKOI'O M3JIYUYCHHA, BTOPUYHBIX U O)K@-BJ'IGKTpOHOB,

a Takke (POHOHOB PEemIETKH, beTe BhIBEIN cleAyroliee COOTHOIIICHHE

I

dE  2me*NypZ E
= In(b 3.
ds  (4mep)?EA N ( ) ’ (38)

Trac KOE)(I)(I)I/II_[I/IGHT b B 3aBHCHMOCTH OT HCXOAHLIX MPCAIIOCBUIOK MOXCT MCHATLCA B

npeaenax oT 1 1o 2. Cinyvait b = 1 COOTBETCTBYET KJIIACCUUYECKONW TEOPUHU PACCESIHMUS,

b = 1.166 - xBaHTOBOM , b = 2 - monykiaccuueckoi [78]. Yacto norapudpmMudeckuii

28
J

TAKKC OTOXKIACCTBILACTCA CO CPCAHHUM IIOTCHIIMAJIOM HMOHHU3AIIHUM. Tor):[a TOPMO3A1Iad

wiieH B popmyne (3.8) ympoliarot, 3aMeHsis ero Ha In ( ), rae BenuunHa J ~ 11.57

CIIOCOOHOCTh BCUICCTBA B OTHOIICHHUH SJICKTPOHOB MOJKCT OBITH MpEaAcCTaBJICHA B BUJC

dE  2me*NypZ 2F
= n _

ds  (4meg)’EA J

[Tocne moncTaHOBKU COOTBETCTBYIOLIMX KOHCTAHT, OHA MpHOOpeTaeT Oosee ynoOHbIiH

JJIs1 UCITOJIB30BaHMS B BBIYHMCIICHUAX BU

dE p1 . 1.666FE
i = —2ne* Nyl —In ——, .
(dx)Bethe e AAE ! J (3 9)

CpenHuii moTeHIMaN HOHU3ALMKU J MOXET ObITh PaccuuTaH COINIACHO MOJY-
IMIOUPUYECKON (popmyne, mpemnoxkeHHo beprepom(Berger M.J.) m 3enpriepom
(Seltzer S.M.) [79]

J
7= 9.76 4+ 58.82 119, (3.10)

[TpuBenénnas popma ypaBHeHus bere (3.9) uMeer oueBUIHYIO OCOOCHHOCTH
JUTsl 3HaUeHU F Onu3kux K J, Korga JorapuMuYecKuil YjieH ypaBHEHHUsS] CTAHOBUT-
Csl OTPULATENbHBIM. BbUIO IPEANPUHITO HECKOJIBKO MOMBITOK O0OUTH 3Ty IpOOIEMYy.
Uccnenosarenu Pao-Caxub(Rao — Sahib T.S.) u Yurtu (Wittry D.B.) [80] npen-
JOXKHWIIA UCTIONIb30BaTh MOATBEPKAEHHYIO SMIIUPUUECKU NapabOIMYECKyI0 IKCTparo-
asuuto 3akoHa bete ot Touku F = 6.338J no E = 0, xoTopasi mocyie NoACTaHOBKHU

3HAYEHUM OCHOBHBLIX KOHCTAHT MMEET BH/JT

_dE  6400Z
ds EJA
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Cxokee COOTHOLIEHUE ISl 00JaCTH HU3KUX SHEpruil Obuio mpeayiokeHo Jlos

(Love G.) u xonneramu [81], a BmocaeactBuu npuseacHo Kenwto (Zhenyu 1) [82]
K BUIY

dE _ pZ 10*
ds— JA0303(Z)"2 4+ 1.16 (£)* + 0.147 (£)

Hakownern, [dxoii (Joy D.C.) u Jlyo (Luo T'.) [83] npenioxunu e onHy ¢Gop-
My ypaBHeHUs (3.9), MO3BONMBIIYIO MPAKTUYECKA OOOWUTH OCOOEHHOCTH, HE MEHSS

O6H.[I/II>1 BHUJ 3aBUCHUMOCTH.

dE p 1l  (1.666E +0.85.J)
— — ome* Ny L1 . 3.11
(dx)Bethe " AAE ! J ( )

[IpumenumocTts ypaBHeHus (3.11) orpanudena obnacteio sHepruit £ < 0.1.J.

TeM He MeHee Jaxe B ciiydyae TSDKEIBIX AJIEMEHTOB ¢ OOJBIIMMH 3HAYEHUsIMU .J, 3Ta
BEJIMYMHA COCTABIAECT OKOJIO 03B, 4TO SABIAETCS MANIOW BEJIMYMHOW B CPABHEHHM C
HayaJIbHOW >Hepruen 3eKTpoHa. Takum 00pa3oM, MOXKHO C YBEPEHHOCTbIO TOBOPHTb,
yTo Qopmyna bere MokeT MCTOIB30BATHCA AJI pacyéTa MOTePbh YHEPTUU AJIEKTPOHA
IpU MPOXOXKICHUU Yepe3 TBEPAOE TEJI0 B OOJBIIMHCTBE 3ajay, HE 3aTparvBaroNInuX
BTOPUYHYIO JJIEKTPOHHYIO IMUCCHIO.

B CASINO pacy€r motepb d3HEPrHH MPOU3BOTUTCS MIPH MOMOIIN MOAUDHIIN-

poBaHHO# popmynsl bere, npennoxennoi J>xoem u Jlyo:

s R J

dE pZ n {1.666 (E + kJ)] | (3.12)
rae J - cpeanuit nmoreHuuan monuzanuu. Koapduuuent k, ornuyarommii Gopmyry
Jlxos u Jlyo ot popmynsl bere oTpakaer u3MeHEHUE CPEIHEro MOTEHIMAla MOHU-
3allMU MPU YMEHBIICHUH 3HEpruu 3MekTpoHa F. HeoOXxonuMocTh BBEIEHMS JaHHOMN
IONPABKH CBSI3aHA C TEM, YTO CHUIKEHHUE DHEPTUU DIIEKTPOHA MPUMEPHO 10 3HAYe-
HUM E ~ 2.5 nIpuUBOIUT K TOMY, YTO SHEPTUHU HIEKTPOHA CTAHOBUTCS HEAOCTATOYHO
JUTSI MOHU3AIIMU BHYTPEHHUX JIEKTPOHHBIX 0005104eK atoMa. [lanpHeiiliee yMeHblie-
HUE DHEPrUU UCKJIOYAeT BKJIAAbl 000J0YEK, HAXOMAIIUXCS CHapyXu. B pesynbrare,
HAuMHAsl C HEKOTOPOTO 3HAYECHUS YHEPTruH, (PaKTUUECKUI BKJIaJ B TOPMO3SIILYIO CIO-

COOHOCTBH BEIIIECTBA BHOCST JIMIIIb CBOOOHBIE WM BaJICHTHBIE IEKTPOHBL. DopMyy
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(3.12) moxHO mepenucarb B hopme

dFE pZ 1.666 K
— = —T785 1 3.13
ds AE [ 7 ] ’ (3.13)
e J = H‘é + - 3(ppeKTUBHBIN cpeHNI MOTEHIMAI HOHU3ALMU BEILECTBA.
E

He3aBucuMblii Y4€T HHAMBUAYAJIbHBIX MPOLECCOB TUCCUNIAUU IHEPT UM

[aBHBIM HEIOCTATKOM HCMOIb30BaHUS QopMynbl Bethe sBiseTcss OTCYTCTBHE
BO3MOXKHOCTH OLICHUTh BKJIAJl PA3IMYHBIX KAaHAJIOB JAWCCHUNANMK dSHEpPruu. OOBIYHO
paccMmarpuBaeTcs TPHU TIIABHBIX MpoIlecca: BO30YXKICHHE KOJeOaHWI 3JIEKTPOHHOMN
I1a3Mbl, B3aUMOJICUCTBUE C DJIEKTPOHAMH MPOBOAMMOCTH W BaJICHTHBIMU 3JIEKTPO-
HaMU, 1 MOHU3AIMs BHYTPEHHUX aTOMHBIX 00osouek. Psom aBTopos [67; 71; 84; 85]
OPEINPUHUMAIIUCH MOMBITKU y4€Ta MOTEPh YHEPTHH MYTEM CYMMUPOBAHUS BKJIAJI0B
0003HaYCHHBIX BBIIIE KaHAIOB auccurnanuu. Onrcanue mpoeccoB HOHU3AIMHA aTOM-
HBIX 3JIEKTPOHOB M B3aUMOJECHCTBUS C AJIIEKTPOHAMH MPOBOJUMOCTH, KOTOPBIC Yallle
BCETO MPUMEHSIOTCS TpH pacyéTtax, Obuio mpemioxeHo ['pesuncku (Gryzinsk: M.)
[86]. CooTBeTCTBYIOIIAsA TEOPHS IOCTPOECHA HA OCHOBE KJIACCHYECKOTO ONMCAHUS Mmap-
HBIX CTOJIKHOBEHMI 3apsKCHHBIX YacTHIl. Pacuér B3anMoaeicTBHs MaJaroniero dJieK-
TPOHA C JIEKTPOHHOMU TUIa3MOM OCYIIECTBISICTCS B paMKax MPUOIMKEHUS COOCTBEH-
HOW SHEPTHH IMAJAIoNIeH 3apsKEeHHONW YacTHIlBI, ToiydeHHoro KyunnoMm (Quinn J.)
u Geppemnnom (Ferrell R.) [87].

JAumadiiekTpuyeckas (pyHKUUA

Emeé oM BO3MOXKHBIM MOJIXOA0M JUIsl pacuéra mapameTpoB HEYHpPyroro pac-
CESIHUS DJIEKTPOHA B TBEPAOM TEJI€ MOXKET CIYKUTh UCIIOIB30BaHUE JUAIECKTPUUECKON
bynkiuu [88; 89]. s €€ moCcTpoeHHUs UCTIONB3YETCS TOTYIMITMPUIECKUN METO/, OC-
HOBAaHHBIM Ha SKCTPAMOJISAIUN IKCIIEPUMEHTAIBHBIX JAHHBIX ONTHYCCKUX U3MEPECHHI

IMoKa3areid IpPCIOMIICHUS.
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Teopetnyeckuii pacuér AudIeKTpUdIecKoil GyHKIMH €(q, w) MOXKET OBITh MPO-
U3BEAEH JUIIb IJI1 OTPAHUYEHHOI'O YMClia MaTepHalIOoB, B TOM YHUCIE, METAJJIOB CO
CBOOOJHBIMH 3JIEKTPOHAMHU, HAIIpUMEpP altOMUHUS. [[151 OCTalbHBIX 3JIEMEHTOB HEOO-
XOAMMO MNPUOETHYTHh K HMCIOJB30BAHUIO SKCIEPUMEHTAIbHBIX JaHHBIX. [Iporpecc B
chepe CUHXPOTPOHHOTO U3TyUEHHUs Cliesial BOZMOKHBIM co3/jaHue 0a3bl JaHHBIX, CO-
JepKallell ONTUYSCKHUE MTUINIEKTPUUecKre KOHCTaHThI, €(0,w), sl GONBIIOro Yuciia
MarepuanioB. Ha ocHoBanuu s>tux naHHsix lloysmnoMm(FPowell) [90] u Tlennom [91]
ObLIM MpEeUIOKEHbl BapUaHThl MPEACTaBICHUS (PYHKIUU BO30YXKJACHHUS HEYIpPYroro
paccesHusl.

CpenHue AMHBI CBOOOAHOTO MpobOera, pacCUMTaHHbIE COTNIACHO MPUBEAEHHBIM
BBIIIE YPAaBHEHUSIM, COIIACYIOTCA C AKCIEPUMEHTAIBHBIMU JaHHBIMH, a TaKXe pe-
3yJIbTaTaMU, MOJIYYEHHBIMU JUIsI COOTBETCTBYIOIIMX pacu€ToB 1o (opmyne bere [92;
93].

Bo160p Toro mim uHOro noaxoAa K y4é€Ty NoTepb SHEPTUU U OTKIOHEHUS AJIEK-
TPOHA IPHU YIIPYTOM PAcCESHHUM ONPENEIAETCs MOCTAaBICHHOM 3anadeil. C oqHOM CTo-
POHBI, HEOOXOIUMO JAOCTAaTOYHO TOYHO OTPA3UTh B UCIIOIB3YEMON MOJEIN KIIFOUEBbIE
0COOEHHOCTH HCCIIeyeMoro mnpoiecca. bojee nmoapoOHble annmpoKcUMaluu, B TaAKOM
cilyyae, 00eCreunBaroT Jydlllee COOTBETCTBUE PE3y/IbTaTOB MOJICIIUPOBAHUS SKCIIEPH-
MEHTaJIbHbIM JaHHBIM. C JIpyroil CTOpPOHBI, MPUMEHEHUE OOJee CIOXKHBIX MOJenei
BJIEUYET 3a COOOW yBEIMYEHHE 3aTpaT MPOLECCOPHOrO BPEMEHU, HEOOXOIUMBIX IS
MoJIeTpoBaHusl. B pamkax gaHHOU pabOThI MPEANONaraeTcs Co3qaHue METOAUKHU IS
PaKTUYECKOTO MPUMEHEHHS, TIOATOMY dYepecuyp O0bIION 00bEM BHIYUCICHUN HEXe-
narenieH. B ¢Bsi3u ¢ 3TUM, BO3MOXKHBIM BEIOOPOM JJI1 METO/IA pacy€Ta MOTepb SHEPTUU
SBJISIETCS TPAJULIUOHHOE MPUOIIMKEHUE HEMTPEPHIBHOTO TOPMOKEHUS JIEKTPOHA.

Bompoc BbiOOpa OoNTUMAanbHBIX YCIOBHM I MOJCIUPOBAHUS AJIEKTPOHHOTO

pacCcciadua MCTOAOM MOHTC-KapJIO paccMarpuBarOTCA B CICAYIOLICM pas3aciic.

3.2 TIporpaMMHBIi NPOAYKT JJIsi MOIEJTHPOBAHNUS JIEKTPOHHOIO PACCESTHUS B
TBépOOM Teae Electron Scattering. BSE

TCOpeTI/I‘IGCKOG HCCIICAOBAHUC IMMPOLCCCOB MHAYIHPOBAHHOI'O OCAXKIACHHA CBS-

3aHO C pelleHueM ypaBHeHUs nuddy3un, 4To SBISIETCS BEChbMa CJIOXKHOMW 3ajayuei u,
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3a4acTylo, MPUBOJUT HCCIIEAOBATENS] K HEOOXOIMMOCTH BBOAUTH MHOXXECTBO YIPO-
HIarmux npeanojoxeHu [94; 95]. JIonmoaHUTENbHBIE CIOXKHOCTH MOXET BbI3BATh
HeoOxoaumocTh yuéta OPD u BD, Takke y4acTBYIOIIMX B IpoIleccax MepeHoca Be-
1iecTBa. AJBTEPHATUBHBIM MTOAXOJIOM K TEOPETUYECKOMY U3YUECHHUIO UHIYIIUPOBAHHO-
IO OCaXJICHHUS SIBISIETCSI KOMITIBIOTEPHOE MOJICIIMPOBAHUE.

s Gonee riryOOKOTO MOHUMAHUS OCOOCHHOCTEH SJIEKTPOHHOTO PACCESHUS
HaM I[10Ka3aJoCh LEJIECO00pa3HbIM CO3AaTh COOCTBEHHBIM MPOrPAMMHBIN HPOAYKT
Electron Scattering. BSE.(ESBSFE). Ha Puc. 3.1 mpencraBieHa THNWYHAS IS
MOJEINPOBaHUs METOAOM MoHTe-Kapio cxema moCTpOeHHs! 3JIEKTPOHHOM TPaeKTO-
puu. 31ech IPEANnoaraeTcs, YTo CIOXKHASI TPACKTOPHUS MAJAOIIETr0 AIEKTPOHA MOKET
OBITh MpE/ICTaBIICHA B KAYECTBE JIOMAHOM JTMHHUH. JTa JOMaHasi JTUHUS COCTOUT U3 OT-
PE3KOB ONpENEIEHHOMN UIMHBI, CBI3aHHOW CO CpeIHEN IIIMHON CBOOOIHOTrO Ipobera
ANEKTpOHA. [[BH>KEHUE AIEKTPOHA MPEPHIBACTCS CIIyYANHBIMU CTOJIKHOBEHUSAMU YIIPY-

roro WM HEYNpPyroro Xapakrepa nocje MPOXOKICHUS y4acTKa ONPEIeIEHHON JIUHBbI,

S.

Bakyym [TepBuuHBIi
1 My40K

O6pasen
Ynpyroe
CTOJIKHOBEHHE
(CED)
Bropuunsiii
AJIEKTPOH Heynpyroe
CTOJIKHOBEHHE
(0,p,AE)

Pucynok 3.1 — CxemaTudeckuii BUJI TPACKTOPUHN JABUKEHUS JIEKTPOHA MPU

MozaenupoBanun meronoM Monte-Kapio

Jna mpenckazaHusi KapTUHBI pacOpeAeICHUs] TOKa BTOPUYHBIX M PACCESTHHBIX
3JIEKTPOHOB M OMHUCAHUS COOTBETCTBYIOIIMX IPOLECCOB JUCCOLUAIMUA U TOJTUMEPU-
3allMy, Kak MPaBUJIO, TPUMEHSIOT MojeaupoBaHue meronoM Monte-Kapio. 3agauy

MOACIHMPOBAHUA HMHAYHOHPOBAHHOI'O OCAXKACHHUA MOXHO YCJIOBHO PasAC/IMTb Ha ABC
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YaCTHU: IIPEACKA3aHUE NMPOCTPAHCTBEHHOTO PACIIPEIEICHHS II0TOKa BTOPUYHBIX U pac-
CESIHHBIX AJIEKTPOHOB Yepe3 MOBEPXHOCTh 00pa3iia U pacu€T TUHAMUKHU MTePEMEIICHHUS

MOJIEKYJ MpeKypcopa U GOPMHUPOBAHUS OCAKAEHHOTO CIIOSL.

IIpumep Busyanuzanum o0béMa B3auMoelicTBUS NPH MOMOIIHA MOEJTUPOBAHUS

metoaoM MonTte-Kapuio

A

Pucynoxk 3.2 — O6uuit Bua 001acTy B3aUMOJEHCTBHSI, TOCTPOEHHBIN MyTEM
MOJIETTUPOBAHUSI AJIEKTPOHHOIO paccesHus MetoaoM Monte-Kapio nms 1MiiH.
yacTur B o0pasie GaAs(apceHu ] rajins) Ipu HadadbHOU dHepruu mydka 20 k3B;
Oenblii IIBET HAa U300PaXKEHUU COOTBETCTBYET OTCYTCTBUIO AIEKTPOHOB, a YEPHBIH -

MaKCHUMaJIbHOM 3JIEKTPOHHOMN MJIOTHOCTH)

st Toro, 4To0bl OOBSICHUTH AKCIEPUMEHTANIBHBIE PE3YJbTaThl, MPEICTaBICH-
Hble Ha Puc.1.2, cnenyer nonpobGHee paccMOTPETh KapTUHY paclpeaesIeHus dJeKTPOH-
HOW IJIOTHOCTH, BO3ZHUKAIOUIYIO MPHU AJIEKTPOHHOM 0O0iMydeHHH. JJis 3TOr0 MOXKHO
UCIOJIb30BaTh MOJICIMPOBAHUE PACCESHUS AIEKTPOHHOTO MMyYKa B BEUIECTBE METOJIOM
Mounrte-Kapno. Ha Puc.3.2 npuBenén nomydennoe npu nomouin £ SBSE pacnpene-

JIEHHE TUIOTHOCTH TOKa BHYTpH 00bEMa B3aMMOJEUCTBUS, 00pa3yIOIIErocs B pe3yiib-
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TaTe paccesHUs IMy4YKa 3JIEKTPOHOB ¢ HadalbHOU 3Heprueit 20 k3B B nmomybeckoHeu-
HOM oOpa3siie u3 GaAs (apcenuna rammus). OOIaCTH pa3HON SPKOCTH COOTBETCTBYIOT
Pa3IMYHBIM JUCKPETHBIM 3HAUEHUSIM IUIOTHOCTU TOKAa. OUEeBUAHO, YTO PE3YyIbTAThI
KOMIIBIOTEPHOTO MOJICJIMPOBAHUS JOCTATOYHO AJE€KBATHO OTPAXKAIOT PACHPENCIICHUE
AJIEKTPOHHOU TUIOTHOCTH BHYTpPH 00JacTU B3aumojencTBus. Mcmonb3ys 310 HaOmro-
JICHUE, MOXKHO MPOCIEIUTh 3aBUCUMOCTD pazmepa U (OpMbl 00JIaCTH B3aUMOICHCTBHUS
0T HamOoJiee BaXXKHBIX MMAPaMETPOB: MaTepuana oOpasia, SHEPTUH NEPBUYHBIX DJIEK-

TPOHOB, a4 TAKKC yITId MMaJACHUA SJICKTPOHHOI'O ITy4dKa.

7 Kx)B 10 kDB

15 1B 20 kDB

Pucynok 3.3 — 3aBUCUMOCTh pa3zmepa 00acTH B3aUMOJCHCTBUS OT YHEPTUU
MIEPBUYHOTO 3JIEKTPOHHOTO Iy4YKa (MOACIMPOBAHUE JICKTPOHHOTO PACCESIHUS
MetogoM MonTe-Kapmo mms 1maH. gactuil B o6pasne GaAs (apceHuaa rajaius);
OeIbIil IBET Ha M300PaKEHUSIX COOTBETCTBYET OTCYTCTBUIO AJICKTPOHOB, a YEPHBIH -

MaKCHUMaJIbHOM 3JIEKTPOHHON MJIOTHOCTH)

Ha Puc.3.3 n3o0paxkeHa 3aBUCUMOCTb pa3mepa OOJacTH B3aUMOACHCTBUS OT
HAYaJbHOW SHEPTUU ANEKTPOHHOro mydka. CedeHue YIpyroro paccesHusi 3JIeKTpo-
Ha 00OpaTHO MPONOPIMOHAIBLHO KBAIPATY SHEPTHHU Oyrp ~ # B cBsi3u ¢ aTHM Tipu
YBEJIMUEHUW SHEPTUU IIEKTPOHHOTO Iy4YKa HadajbHas TPACKTOPHUS DJIEKTPOHOB CTa-
HOBHTCS O0JIee MPSMOi, a TITyOnHa MMPOHUKHOBEHMS B 00pa3ell pacTéT. B To ke Bpems,
CKOpPOCTBH TIOTEPh dHEPIHH, cornacHo popmyne bere, o kotopoii 6omee moapoOHO Oy-
JeT CKa3aHO HIKe, 0OpaTHO MPOMOPLHUOHATbHA YHEPTUU % ~ % Takum o6pazom,

IIpHU YBCIIMUCHUU SHCPTUU HepBI/I‘-IHI:Jﬁ QJICKTPOH MOXCT ITPOHUKHYTb BHYTPb TBépI[O—
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ro Teja Ha OONbIIYIO ITyOHHY, TaK KaK OH UMeeT OOJbIINI 3amac SHEPrUH, HO TePSET
e€ memsieHHee. OTMETHM, UTO JIaTepaJIbHBIE pa3Mepbl 00JIaCTH B3aUMOJICHCTBHUS TAKXKe
YBEJIUYHUBAIOTCSI C POCTOM 3HEPIUH, OATOMY €€ opMa HEe MPETEPIIeBAET CYILIECTBEH-
HBIX U3MECHCHUU.

Al a i -

GaAs Pt
7=13 7=32 7=T78

Pucynok 3.4 — 3aBucuMOCTh pa3mepa 001acTy B3aUMOACHCTBUSL OT aTOMHOTO
HOMEpa MUIIeHH (MOACIMPOBAHUE IEKTPOHHOTO paccesiHus MeTooM MoHnTte-Kapio
I | MJTH. 4acTHI] C Ha4aJIbHOM 3HEprueut 3nekTpoHoB 20 k3B 1 MunieHnei us

30J10Ta, TUIATUHBI U apCEHU A TaJlIHsl)

Puc.3.4 nmemoHCTpupyeT yMEHBIIIEHHWE JTUHEHWHBIX pa3MepoB OOJIACTH B3aWMO-
JNEUCTBUSA TPU YBEJIUYEHUH aTOMHOTO HOMEpPa paccMaTpPUBAaEMOro BEIIECTBA. ITO SIB-
JS€TCS MPSMBIM CIICJICTBUEM TOTO, YTO CEYEHHUE YIPYTOro pacCessHus MPOIMOPIIHO-
HAJIbHO KBAJPaTy aTOMHOIO HOMEpa oymp ~ 4 2. B 06pa3suax ¢ GONbIIUM aTOMHBIM
HOMEPOM IJIEKTPOH MpeTepIieBaeT OONbIINE YIPYTUX CTOJIKHOBEHUHN HA €UHUILY Ty TH,
a CpeIHUI yroJl paccesHusi OOJbIle, YeM ISl MAaTePUAJIOB C HU3KUM aTOMHBIM HOME-
pom. Takum 006pa3zoMm, ¢ pOCTOM aTOMHOTI'O HOMEPA AJIEKTPOHHbIE TPACKTOPUH UMEIOT
TEHJICHITMIO K 0osiee OBICTPOMY OTKJIOHCHHIO OT MEPBOHAYAJILHOTO HAIPABIICHUS, YTO
BEJIET K YCUJICHUIO TAaKOTO SBJICHMS, KaK OOpaTHOE paccesiHue, a TakKe YMEHbBIIaeT
1yOMHY NMPOHUKHOBEHUS. DopmMa 001aCcTH B3aUMOICUCTBUS TAKKE MEHSIETCS C aTOM-
HBIM HOMEPOM OT PACHIUPSIONICUCS TPYIICBUIHON JIJIsi OOJIBIINX 3HAUEHUN K MOYTH
nosiyc(epruyeckoi B cilydae MaJibIX 3HAYEHUH aTOMHOTO HOMEDA.

OTKJIOHEHHE HAMpaBlICHUs] MAJCHUS MEPBUYHOIO Iy4yKa 3JEKTPOHOB OT HOP-
MaJii UCKaXaeT 00JIacTh B3aMMOJICHCTBUSA. YMEHBIIICHUE yTiIa MEXKIY MOBEPXHOCTHIO
oOpasia u maJaronuM dIEKTPOHHBIM ITyYKOM MPUBOAMT K TOMY, YTO 00JIACTh B3aHMO-
JEUCTBUS CTAHOBUTCS MEHbIIIE M MpUOOpeTaeT acuMMeTpudHyto ¢opmy. Ha Puc.3.5

MMPpCaACTABJICHBI CPABHHUTCIILHBIC I/1306pa)KeHI/I$I A pa3iIMIHBbIX 3HAYCHUM yiiia majac-
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Pucynok 3.5 — 3aBucumMocth popMbl 007aCTH B3aUMOACHCTBUS OT yIJia MaJCHUs
MEPBUYHOTO AJIEKTPOHHOTO Mydka (MOAEIUPOBAHUE DIIEKTPOHHOTO PACCESTHUS
metonoM MonTte-Kapno mansa 1miH. gactuil B obpasie GaAs (apceHuna rauims);
OeIbIil IBET Ha N300PaKEHUSIX COOTBETCTBYET OTCYTCTBUIO JICKTPOHOB, a YEPHBIH -

MaKCHUMaJIbHOM 3JIEKTPOHHOMN MJIOTHOCTH)

Husi. HaGmonaemoe uckaxxeHue 06JacTy B3aUMOJICHCTBUSL B COOTBETCTBHH C U3MEHE-
HUEM HAYaJIbHOTO 3HAUYCHHUS yTIIa MOXKHO OOBSCHUTH CIEIYIONINM 00pa3oM. Ympyroe
paccesiHie MEPBUYHOTO AJIEKTPOHA B HAYaJIbHOM YaCTH €ro TPaeKTOPUH, B OOJIBILINH-
CTBE CJIy4aeB, MPOUCXOANUT Ha JIOCTATOYHO MaJjble YIIbl. B ciayyae HopmanbHOrO ma-
JI€HUS My4YKa 3TO MPUBOAUT K TOMY, YTO 3JIEKTPOH MPOXOAUT BIIIyOb 00pa3na. OnHako
IPU MEHBIIIEM 3HAUEHHUH yIvla JIBH)KEHHE AJIEKTPOHA OTYACTH OCYIIECTBISETCS BIOJIb
noBepXxHOCTH. [l03TOMY ¢ yMEHBUIEHHMEM yIiia MaJeHHs] NEPBUYHOTO 3JIEKTPOHHOTO
ny4dKa MPOUCXOIUT YMEHbIIEHUE MTyOHHBI 001acTH B3auMozehcTBus. UTo kacaercs
JarepanbHbIX Pa3MepPOB, MOXKHO CKa3aTh, YTO MPOUCXOAUT CMEIICHUE B HANPABICHUU
najzieHust 6e3 CyleCTBEHHOTO U3MEHEHUs BEJIMYMHBI o0nacTu. B pamkax naHHOro mc-
CJIEIOBaHMSI MBI pACCMATPUBAEM TOJIBKO HOPMAJIbHOE IMaJICHUE DIIEKTPOHHOIO MyYKa.

Takum oOpazom, myTéM MoaenupoBanust MeroioM MonTe-Kapio, ynaércs npo-
CJIeIUTh OOIIME TEHJEHIIMA U3MEHEHHUSI T€OMETPUUYECKUX pa3MepoOB 00bEMa B3anMMO-
NEICTBUS B 3aBUCUMOCTH OT YCJIOBHMM OOIy4YeHUs M MaTepualia UCCIEAyeMOro Belle-
cTBa. B pamkax maHHod paOOTbl MCKIIOYUTENIBHO Ba)KHBIM SIBJISIETCSI BOIPOC, MOA-
YUHSETCS JIM TEM KE CaMbIM 3aBHCHUMOCTSIM IPOCTPAHCTBEHHOE PACHPEECICHUE I0-
BEPXHOCTHOM MIOTHOCTH Toka OPJ. IlonbITKke OTBETUTH HA 3TOT BOMPOC MOCBSIICHA
cienyromas masa. Ho npexne, yeM NpUCTYIUTh K PACCMOTPEHUIO COOTBETCTBYIOLIE-
IO HUCCIEI0BaHUs, HEOOXOAMMO CKa3aTh HECKOJIBKO CJIOB O MapaMeTpax U YCIOBUSX

MOZACIMPOBAHUA PACCCAHUA IJICKTPOHOB B PACCMATPUBACMBIX CUCTCMAX.
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Cnocod pacuyéra mNPOCTPAHCTBEHHOI0 paclpeaejeHusi 00pPaTHOPACCEeTHHBIX

AJICKTPOHOB

MonenupoBaHue paccesiHus IEKTPOHHOTO My4YKa B BEUIECTBE MPOU3BOJIUIIOCH
npu rioMotu nporpaMmuoro nakera CASINO v.2.48 [64]. U3 mHOrooOpaswusi Bapu-
AHTOB TPEJICTABICHUS CYIIICCTBEHHBIX MapaMETPOB paCCESTHUS MPEANOYTEHUE OBLIO
OTJIaHO CEYEHHUI0 MOTTa B PEJSITUBUCTCKOM MPEACTABICHUM JJIsl pacuéra CEYCHHs
YIPYTroro paccessHusl U MPUOTUKEHUIO HEMPEPHIBHOTO 3aMEISIONIETOCS JBHXCHUS,
BBIPAXKEHHYIO ypaBHEHUEM bere s TOpMo3siied CrocoOHOCTH BeliecTBa B (op-
me JIxos (Joy D.C.) u Jlyo (Luo T.), TeopeTHdecKoe ONMHMCaHUE KOTOPHIX JaHO B
NpeAbLIyIIEM pa3aese. YKa3aHHbIE allpOKCUMAIMKU B JOCTaTOYHOW CTENEHH BOCHPO-
U3BOJAT MoBeneHrne ancamoOns OPD B ciydae cpeqHUX SHEPTHM MEPBUYHOTO ITydKa.
I'enepanyisi BTOpUYHBIX 3JIEKTPOHOB, B 3TOM Cly4ae, HE YUUTHIBACTCS.

[Tporpammuslii maker CASTNO naét BO3MOXHOCTH OINMKCATh 00pas3ell B BUJE
CIIOKHOW MHOTOCJIOMHOW CTPYKTYPbl MPOU3BOJIBHOIO XHUMHUUYECKOTO cocTtaBa. B pam-
Kax JaHHOW pabOThl MBI OTPAHUYMBAEMCS TJIAHAPHBIMHU (CIOUCTBHIMU) CTPYKTYypPaMH.
BappupoBanne XHMHUYECKOTO COCTaBa MaTepHAIOB OTPaHUYCHO CBOOOIHBIM 3HAYe-
HUEM IUIOTHOCTH, B TO BpeMs, KaK aTOMHBI HOMEpP U aTOMHBINH BEC IJi1 JaHHOTO
BelecTBa (pukcupoBaHbl. CyleCTBEHHAs Il MPUOJIMKCHUST HETPEPHIBHO 3aMeEIIsi-
IOIIETOCS JABW)KCHUSI BEIMYMHA CPEIHEro IMOTEHIMAajla MOHU3AIMU PAaCCUYUTHIBAIACH
B COOTBETCTBHHM C aNNpOKCHUMAIMEN, npencraBieHHod beprepom (Berger M.J.) u
3enptiiepom (Seltzer S.M.) [79] (ypaBHenue 3.10).

Uuco HIeKTPOHOB I MofeaupoBanus coctasnsio ot 10° no 107, Dto xomu-
YECTBO YACTHUII, C OTHOW CTOPOHBI, TO3BOJISIET OMPENEIUTh HHTEPECYIOLIUE HAC Tapa-
METPBHI 3JIEKTPOHHOTO PACCESHUSI, CBSI3AHHBIE C MMPOCTPAHCTBEHHBIM PACIPEICICHUEM
IIOBEPXHOCTHOW IUIOTHOCTH TOKA, C TOCTAaTOYHOM TOYHOCTBIO, 4, C APYTOW CTOPOHHI,
SIBJISIETCSI ONTUMAJIBHBIM C TOYKH 3PEHHS 3aTpar BBIYUCIUTEIbHBIX pecypcoB. Brus-
HUE KOJIMYECTBA MOJECIUPYEMBIX YACTHUI] Ha TOYHOCTh MOJIYy4aeMOro pe3yibrara Io-
HATHO U3 Puc. 3.6. Ha HéM npencTaBieHbl KPUBBIE TOBEPXHOCTHOM MJIOTHOCTH TOKA
JUIS PA3IMYHOIO YHCIIa MOJETUPYeMBIX 21ekTpoHoB oT 10° 1o 107, Buaso, uto dopma
pacnpeieNieHs] He U3MEHSIETCS, HO pacTET aOCONMIOTHOE 3HAYCHHE IUIOTHOCTH TOKA.

OOparuM BHUMaHUE Ha JAJbHUN Kpall «XBocTa» KpuBOH. PocT ymcia yactuiy

CINIAKUBACT IIIYM B 9TOM 4YacTH pacnpcacicHust, 4To0 COOTBCTCTBYCT YMCHBLIICHHIO
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Pucynok 3.6 — KpuBsie 3aBucuMOCTH MIIOTHOCTH TOKa OP3D oT paccTossHus 10
TOYKM MaaeHus 119 miig pasHoro yuciia MOAEIUpPyEMbIX YaCTUI] B IPeAeIax OT 10°
10 107, monydeHHsle IS paccessHUs IEPBUYHOTO Myuka ¢ sHeprueii 15 k»B B

MaCCHBHOM 06pa3ue MCIH IIpU HOPMAJIbHOM ITaJICHUH

ommbOKku mpu pacuére MerogoM Monrte-Kapno. Takke MOKHO OTMETUTh HEKOTOPOE
yoaJdeHue KpallHEeH TOUKHM paclpefesieHusl OT Hadaja koopauHar. OIHaKo, axe OT-
HOCHUTEIIbHO HEOOJBIIOE YBETWYCHHE TOYHOCTU MOITYUYEHHBIX PE3yJIbTaTOB TpeOyeT
YBEJIMYCHHS BPEMEHH BBIUHCICHUN B HECKOJIBKO Pas3.

[Tporpammuslii maket CASTNO 2.48 npeaoctaBiisieT BO3MOXKHOCTb CIIEIUTH 32
MHOKECTBOM CTAaTUCTUYECKUX MTapaMETPOB, ONPEACIIIIONIMX NIEKTPOHHOE PACCESHUE
JUIS 3aJaHHOU CUCTEeMBI. B paMKax JaHHOIrO MCCIENOBAaHUS Mbl OTPAHUYHUBAEMCS PaC-
IpeNeIEHUEeM TTOBEPXHOCTHOW IUIOTHOCTH TOKa, KOTOPOE paccMarpuBaeTcsi B Gopme
KPHMBOW 3aBUCHMOCTH IUIOTHOCTH TOKa (B 3JI€KTPOH\HM?) OT PacCTOSHMS IO TOYKH
NaJICHUs] IEPBUYHOIO 3JIEKTPOHHOTO My4YKa. 3aMETHM, YTO YIIOMSHYTOE paclpejerne-
HUE CTPOUTCS B OTHOCHUTEIBHBIX €IMHUIAX, COOTBETCTBYIOIINX HOPMHUPOBKE MOJIHO-
ro Toka OPD na egunuiyy. JJanublii moaxon ynoOeH A KaueCTBEHHOIO CPAaBHEHMUS

KPHUBBIX HOBerHOCTHOﬁ INIOTHOCTH TOKa JIA pa3JIMYHBbIX YCHOBHﬁ. B Tex clIy4dadax,
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KOrJga Ha HCO6XOI[I/IMO IMPOU3BCCTU KOJIUYCCTBCHHYIO OLICHKY U PA3JIMYNC B a0COoJIIOT-
HOM BEJIWYUHE IIIOTHOCTH TOKA MOXKET HUrparb CymcCTBCHHYIO POJIb, UCII0JIb30BAJIUCH
SHAYCHUSI, ITOJTYUCHHBIC HYTéM YMHOXCHHUA KAKIOI'0 JICMCHTA PACIIPCACIICHUA HA BC-

nmyuHy TojHoro Toka OP3, Inpry (Iopny = nlo).
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Pucynok 3.7 — Annpokcumanusi KpuBOW pacupeacsieHus NTOBEPXHOCTHON IIJIOTHOCTH
TOKa 0OpaTHOPACCESHHBIX 3JIEKTPOHOB, MOJIYYEHHON MyTEM MOJEIUPOBAHUS

paccesiHus MEePBUYHOrO Mydka ¢ 3Heprueit 20k3B B apcenuie ramius

N3 pesynsraroB moaenupoBanus (Puc. 3.7) BUAHO, 9TO 3aBUCUMOCTH IOBEPX-
HOCTHOM IIJIOTHOCTH TOKa OT PACCTOSIHUSI 10 TOYKHU IMAJCHUS MEPBUYHOTO MyYKa BO

BHEIIHEN 00aCTH OMUCKHIBAETCS FBYCCOBOﬁ KpHBOﬁ
) = J0 €X —7‘2 202 3.14
Jr Jo €Xp ( / ) ( . )

OT0 comacyercs ¢ SKCIIEPUMEHTATbHBIMUA 3aBUCUMOCTSIMHU, KOTOpbIE 00CykKa-
10TCs B paborax [5; 96; 97]. LlenTpanbHas 4acTh pacrpeiesieHus: He yIOBIETBOPSET

ypaBHeHuto (3.14). IIpennonaraercs, 4To MUK BOJIU3M TOUYKU MAJEHUS CBSI3aH C TIOTO-
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KOM PaCCESHHBIX 3JIEKTPOHOB, UCHBITABIINX paccesHUE Ha OOJIBIION yroi Wil Majoe
YUCJIO aKTOB CTOJIKHOBEHHMs. MIHTepecyromuii HaC PeXUM pocTa, OTPAaHUYECHHBIN I1e-
PEHOCOM MACChI, MMOAPA3yMEBAET, YTO MPOUECCHl HHAYLIMPOBAHHOTO OCAXJICHUS IPO-
UCXOAAT HA HEKOTOPOM YJIAJICHUH OT LEHTPa U, COOTBETCTBEHHO, HE 3aTPAaruBarOT LIEH-
TPaJIbHYIO YacCTh PacCHpeNeSICHHUs] TOBEPXHOCTHOW IUIOTHOCTH TOKA, ITOATOMY MbI HE
OyZeM BBOJIUTH JOMOJHUTEIbHBIC alMPOKCUMUPYIOLIUE WICHBI MPU OMUCAHUU HTOTO
paclpeeseHus.

[IpruMeHeHne MOAECNIUPOBAHUS PACCEIHUS JIEKTPOHOB MeToaoM MonTe-Kapiio
NO3BOJISIET MPEACKA3aTh KapTUHY IPOCTPAHCTBEHHOTO pactpenenenus OPD, Bbixons-
MX Yepe3 MOBEPXHOCTh O0pa3na. DKCIepUMEHTalIbHasl MPOBEPKAa TOYHOCTHU 3TOTO
npeCcKa3aHus MpeCTaBIsieT coOoi crnoxHyro 3amady. CyliecTByeT HeMajo padorT,
NOCBANIEHHBIX peructparuu OPD, BHIXOIAIIUX Yepe3 MOBEPXHOCTh 00pasiia, OJJHAKO
TEXHHUKa SKCIIEpUMEHTAa NoJipa3yMeBaeT cOop NaHHbIX 0 pacnpeneneHuun OPD no yrmy
BbIxoza. PaccTossHMe OT TOUKM najeHus mydyka [ID 1o Touku mepecedeHus! TpaeKTo-
puu OPD ¢ noBepxXHOCTHIO HUKAK B HUX HE OTpakaercsd. B nanHoi pabore pa3BuBaert-
Csl METOAMKA PErUCTPAlMU MPOCTPAHCTBEHHOTO pacnpeneneHus OPD, npennoxxeHHas
Knanoseim ['C. [8]. CyThb M€TO/Ia COCTOUT B HUCIMOJIb30BAHUU SIBIICHUSI WHAYIUPO-
BAHHOT'O AJIEKTPOHHBIM IYYKOM OCAXEHHUS MPEKYpPCOPOB Ha MOBEPXHOCTH OOpasiia.
Janee OyneT nokasaHo, 4To popma NpoCTPaHCTBEHHOTO pacnpeneneHuss OPD 3aBucut
OT XMMHUYECKOTO COCTaBa U BHYTPEHHEH CTPYKTYpPBhI HCCIeayeMoro odpasia.

@aKTUYECKUE YCIOBUS SKCIIEPUMEHTAIIBHOTO UCCIEN0BAHUS OCAXKICHHUS, UH/TY-
LAPOBAHHOIO IEKTPOHHBIM ITYYKOM, MMOAPA3YMEBAOT B3aUMOICHCTBAE MOJIEKYJI Ipe-
Kypcopa He TOJIbKO ¢ 00paTHOpPACCESTHHBIMU U TIEPBUYHBIMU AJIEKTPOHAMH, HO B 0O0JIb-
1ICW CTENIEHU CO BTOPUYHBIMM 3JIEKTPOHAMU. BBUY HU3KOM SHEPTHH, COCTABIISAIONICH
meHee 50 3B, BTOpUYHBIE AIEKTPOHBI 00JAAAIOT 3HAYUTEIHHO OOJIBIIUM CEUCHHEM
B3aMMOJECHUCTBUS MO CPABHEHUIO C DJIEKTPOHAMM IMEPBUYHOIO U PACCESHHOTO ITyd-
koB. TouHOE MO/IENIMPOBAHNE T€HEPALIMK BTOPUYHBIX 3JIEKTPOHOB TpeOyeT AeTaabHO-
ro y4éra 3HEpreTH4eCKON CTPYKTYpPhl MCCIIEyEMOrO BEUIECTBA U COOTBETCTBYIOIINX
NOTEepPh SHEPIrUM Ha HOHHU3AIMIO aTOMOB U BO30YXKIEHHUE IJIa3MOHHBIX KOJICOaHMI.
Bo3MOXXHBIM pellleHneM CIyXUTh NPUMEHEHHE JaHHBIX O JUDJIEKTPUUYECKOU (yHK-
LM BEILECTBA, MOJYYEHHBIX IyTEM onthueckux uzmepenuu [90; 91]. Ilpumenenue
ATUX JAHHBIX JJISI pacdy€Ta BTOPUYHOM 3JIEKTPOHHOM T€HEpaluu OCYyUIECTBUMO [88;

89], HO TpeOyeT OOIBIINX 3aTpaT BIYUCIUTEIBHBIX PECYPCOB.
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Bo3moreH nHOM MoAXo/ K YU4ETYy BTOPUUHOM AJIEKTPOHHOM amuccuu (BOJ). 13-
BECTHO, YTO €€ MHTEHCUBHOCTH CJIa00 3aBUCUT OT MaTepuaiia oOpas3lia U COCTABIISET
npumepHo 0.1 nst 60NBIIMHCTBA MaTepuanioB (MckKiIroueHrue cocTaBisatoT Au (0.2) u
C (0.05)). I'enepanus BD, Be3BanHas OPD, obnagaeT 0COOCHHOCTSIMH 110 CPAaBHEHHUIO
¢ BD, koTopble BO3HHKAIOT B pe3yibrare B3auMoaeicTsus ¢ [19. Bo-nepBbIx, BBIXO-
asmue yepes3 moBepxHocts OPD 065agatoT HEKOTOPHIM paclpeieieHueM o YIy Bbl-
X071, CYIIECTBEHHO OTIMYAIOIIMMCS OT HOPMAJIBHOTO K IMOBEPXHOCTH, XapaKTEPHOTO
st 112, OPD, BeIxoasiuil Mo HEKOTOPHIM YITIOM K MOBEPXHOCTH, MPOXOAUT OOIb-
Iee paccTosiHue B 001acTH, JOCTYIHOM /Ui Bbhixoga BD. Bo-BTOphIX, U3BECTHO, YTO
ko3 unrenT BOD pacTé€T ¢ ymeHbIIEHHEeM SHEPTUM TMaaromero (WM BBIXOASIIIC-
ro) anekTpoHa. B mpouecce B3aumozeiictBusi ¢ oopasnom OPD Tepsier yacth cBoeit
sHepruu, nodromy OPD 005analoT HEKOTOPBIM pacipenesieHueM no 3Hepruu. OHo
TaK)X€ OTIMYAETCS OT KBa3MMOHOAHEPIeTHUECKOro pacmpeieneHus s mydka [19.
Takum 06pa3om, pe30HHBIM MPEINOIOKEHUEM ABIISIETCS 00Jiee BHICOKOE 3HAYCHUE KO-
s punrenta BOD nns OPD no cpasuenuto ¢ [19. 3nas 3aBucumocTt ko3pduimenra
B33 ot yria Beixoga u sHeprun OP3, MOXKHO O1IeHUTh BeluuuHy BOD 1715 1aHHOTO

marepuara.

Isg = (Ipp + Ipsg) 0 = Ippd (1 +nd(0, E)), (3.15)

e 7 - ko3pduiment OPD, 6 - koaddurment B3, 4(0, E) - 3aBucumoctb k03hdu-
uuenta OPD ot ynia Beixoaa u sueprun OPJ. /{1 npoCcTOTHI MBI IPEANOIAraeM, 4To
IPOCTPAHCTBEHHOE PACIIPEIEIEHUE IITIOTHOCTH TOKA BTOPUUYHBIX 3JIEKTPOHOB IPOIIOP-
[IUOHAJILHO PacHpeeICHUI0 00paTHOPACCESTHHBIX IEKTPOHOB. B CBS3M ¢ 3TUM Jaib-
Helmme pacy€Thl, 3aTparuBalollie MPOCTPAHCTBEHHOE pachpesesieHne OyayT OTHO-

CUTBHCA UCKIIIOYUTEILHO K OPD.
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I'maBa 4. Pe3yabrarbl 1 HX 00CyKACHUE

4.1 MHccaenoBanue MexaHuzMa ()OPpMUPOBAHUSA YIJVIEPOAHBIX MUKPO- U
HAHOCTPYKTYP NPH HeNPEePHIBHOM 00.Iy4eHUH HeNOABHKHBIM 3JIEKTPOHHBIM
MY4YKOM

OcaxaeHue yrIeBOJOPOAOB, BO3HHUKAIOIIEE MPU OOIYyUYEHUHM HETOABUKHBIM
ANEKTPOHHBIM ITYYKOM, OIIPEAEIISIETCA COBOKYITHOCTBIO MPOLIECCOB AIEKTPOHHOIO pac-
CessHUs B TBEPAOM TEJE M NMEPEHOCca BEIIECTBA HAa €ro MoBepXHOCTU. COOTHOILIEHUE
MEXy TMOTOKOM JJIEKTPOHOB, MPOXOASIINM Yepe3 MOBEPXHOCTh 00pa3iia, ¥ MOTOKOM
MOJIEKYJI, KOTOPBIE CIIy’KaT NPEKYPCOPOM ISl MOCHEAYIOMIETO OCAXKICHUSA, 3aAaET TOT
WJIA UHOW PEKHUM PpOCTAa HAHOCTPYKTYPHI.

[IpyumMeHeHre Aa)e JTOCTAaTOYHO IMPOCTBIX MOJAEIEH JJIsl ONMUCAHUS JIBUKECHUS
MOJIEKYJT Ha TIOBEPXHOCTH B YCJIOBUSX 3JIEKTPOHHOTO OOTyUEHHUsI MTO3BOJISET BHISIBUTD

o0111e 3aKOHOMEPHOCTH MHIYITUPOBAaHHOTO ocaxxaeHus [98; 99].

® [TepBuunbIi
IIpexypcop % ITy90K IToTok
® g9 OPD
¢ Ipexypcopa
o o % Y
JuddysnonHbIii OP3 N * JH
orox @0 o8 °  eofg
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Pucynoxk 4.1 — Cxematndeckoe n300pakeHUE MPOIECCOB OCAKIACHUS,

HHAYOHUPOBAHHOI'O JJICKTPOHHLIM IIYYKOM

B coctaBe arMocdepbl 0CTaTOYHBIX Tra30B BaKyyMHOUW Kamepbl POM mpucyt-
CTBYIOT YIJIEBOJOPO/Ibl. DTH YIIIEBOAOPOABI UMEIOT BO3MOXKHOCTH aIcOpOUPOBATHCS U
JecopOupoOBaThCSl ¢ OBEPXHOCTH o0pasiia, a Takke pabouyux MOBEPXHOCTEH U die-

MEHTOB BaKyyMHOHM Kamepsbl. [IpogomkuTensHoe HaxoxkaeHHe o0paslia B 3TUX YCIIO-
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BUSX MPUBOJUT K MOSBJICHUIO HA €r0 MOBEPXHOCTH CJI0S aICOPOMPOBAHHBIX MOJIECKYI.
[Ipeanonaraercs, 4T0 OHU C1abO CBA3aHbBI C MOBEPXHOCTHIO, TO €CTh UMEET MECTO
dbusnueckas aacopouus. [lokpbiTHE MOJIEKYIaMU YIIIEBOAOPOJIOB B OTCYTCTBUE 00IY-
YeHUsl cocTaBisieT MeHee onHoro moHoctos [100]. Ognako, korga HaUMHAETCS TPO-
necc o0iydeHust 00pasiia yCKOPEHHBIMU 3JIEKTPOHAMH MPOUCXOAUT TaK Ha3bIBAEMBIii
«Kpa3KUHT». OH NMpeAcTaBiIseT coO0l pa3pyllieHue JUIMHHON MOJIMMEPHON LIeTH MoJie-
KyJIbl YIJIEBOAOPO/A Ha MeJKUE PparMeHThl. @parMeHThl 00JiIee XUMUUYECKH aKTUBHBI,
YeM MOJIEKyJIa LEIUKOM, TO3TOMY OHU BCTYMNAlOT B XUMHUYECKHE PEaKIUU MEXKIY CO-
OoH, a TakXke MOTryT OOpa30BBIBaTh CBS3M C MOBEPXHOCTHIO. IIpomcxomuT mponecc
HOJIUMEPU3ALUH, B PE3yJIbTaTe KOTOPOrO HAa MOBEPXHOCTH BO3HHUKAET aMOpP(HBIN yr-
JEPOMHBIN 0CaJoK. XUMUYECKH CBSI3AHHBIE MOJICKYJISIpHbIE ()parMEeHTHI UMEIOT 3Ha-
YUTEIBHO OOJBLIYIO HEPTUIO AECOPOLMH, YEM B MEPBOHAYAIIBHOM COCTOSIHUH. JTO
OPUBOJUT K (POPMHUPOBAHUIO HA MOBEPXHOCTHU YIIIEPOAHOMN MIEHKH, KOTOPAsl SIBISETCS
CTaOMJIBHOM M CTOMKOM K pa3pylieHuto. JlampHeimiee o0ydeHne MIEHKH dJIEKTPO-
HaMU IPUBOAUT K «CIIMBAHUIO» C HEH MOSBIAIOMIUXCS MOJEKYISPHBIX (PArMEHTOB.
[Ipouecc mpopomkaercs, moka akKTUBHO OOIMydYeHHE U ToKa B 0oOiIyyaeMoil obiacTu
ecTb yreBogopoabl. COOTBETCTBEHHO, IUJIEHKA MPOAOJKAET PACTH IMOJ JIEHCTBUEM
AIIEKTPOHHOU 3KCMO3ULIMM, JOCTUTAsl TOJIIMHBI B COTHU MOHOCJIOEB.

[ToMrMO MPSIMOTo MOTOKA MOJIEKYJT YITIEBOJOPOJIOB B 00JIaCTh B3aUMOJIEUCTBHUS
U3 arMoc(epbl, TaKKe CYLIECTBYET MOTOK, CBSI3aHHBIN ¢ MOBEpPXHOCTHOU auddysueit
Mouiekyn. COOTHOILIEHHE BKJIaa Ka)KJOro M3 MOTOKOB B (POPMHUpPOBAHUE OCa)kaae-
MBIX CTPYKTYp BO MHOTOM OIpezesieTcs: pexxumom pocta. Ha Puc. 4.1 cxematuuecku
M300pakeHbl OCHOBHBIE MPOLIECCHI, MPUBOASIINE K UHIYIIUPOBAHHOMY OCAXICHUIO
10J| IEHCTBUEM 3JIEKTPOHHOTO OOITyUYEHUSI.

[IpuHATO BBIAEHATH JBa OCHOBHBIX PEXUMA OCAXKACHUS, Pa3IMYaAOLIUXCS CO-
OTHOLIEHUEM MOTOKA MOJIEKYJ MPEKYpPCcopa U MOTOKA JIEKTPOHOB, MPOU3BOASAIINX UX
nuccormanuio. IlepBplil U3 3TUX PEKUMOB, PEKHUM, OTPAHUYECHHBIM CKOPOCTBIO pe-
aKIMM, YCTaHABIMBAETCs, KOIZA IOTOK 3JIEKTPOHOB HENOCTAaTOYHO BEIMK IS Oca-
KIEHUSl CYIIECTBEHHOM 4YacTH MpeKypcopa. J[MHaMuKa pocTa CTPYKTYphl IIPU 3TOM
ONpeaesieTcs CKOPOCThIO PEAKIIUI B3aUMOJICUCTBUS, JUCCOLMAIIMU U TTOCIIEIYIOIIETO
ocaxaeHus. [Ipyu yBenInyeHUH TOKAa B KaKOW-TO MOMEHT BO3HHMKAET CUTyallus, KOTAa
MOTOK 3JIEKTPOHOB CTAaHOBUTCSA JOCTATOYHO BEJIMK, YTOOBI MPOMU3OINIO OCAXKJICHUE
BCEX MOJIEKYJ, HaxoJsiumxcs B oOmydaemoil obnactu. HaunmHasg ¢ 3T0ro MomeHra,

JNAJIbHEUIIIEE YBEIMYECHUE TOKA HE BIMUSAET HA CKOPOCTh POCTA CTPYKTYPBI, U CKOPOCTH
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OCaXJICHUS OIPEIEIACTCA BEIMYMHON NIOTOKA IPEKYypCcopa. YCTAaHABIMBAETCS BTOPOU
U3 PEXKUMOB POCTA - PEKUM, OTPAHUYECHHBINA IEPEHOCOM Macchl. [IpakTuyecku 3Haun-
MBIM SIBJISIETCS MOHMMaHHE (PaKTOPOB, BIUSIOMIMX HA YCTAHOBJICHUE TOTO WM UHOTO
pexKUMa OCAXKIACHUS, a TAKKE ONPEACISIIOIIUX TUHAMUKY POCTa OCAXKIAEMbIX CTPYK-
Typ B 3aJjaHHOM pexuMe. OOCYInM KaKIIbIi U3 PeKUMOB OCaXIeHUs OoJee moapoo-

HO.

4.1.1 OcaxaeHue HAHOCTOJIOMKOB B PesKUMe, OTPAHUYCHHOM CKOPOCTbIO

peaxkumi

HccnenoBanue mpolieccoB MmoBepxHOCTHON auddy3un ymoOHEe BCEro ocy-
HIECTBIATh B PEKUME, OTPAHUYEHHOM CKOPOCTBIO peakuuu. [IponomkurensHoe 00my-
YeHue 00pasia B COOTBETCTBYIOIIUX 3TOMY PEXKUMY YCIOBHIX HPUBOJUT K (OPMHUPO-
BaHMIO yriiepoaHoro HaHoctonouka(’ nonopillar”). JlunaMuka pocTa HAaHOCTOJIOUKA
3aBHUCHUT OT JJIMTSIHLHOCTH 00MydeHus [95], a Takke MaTeprana o0pasia U COCTOSHUS
ero nosepxHoctu [101].

VYrepoHble HAHOCTOMOMKU TPEICTABISIOT CO00M yIOOHBIN MHCTPYMEHT IS
U3yYCHUS TMOBEPXHOCTHON MUPPYy3UH U HHIYIUPOBAHHOTO SJIECKTPOHHBIM ITyYKOM
OCaXJeHUs yriieBojopoaoB. MccnenoBanue TMHAMUKHA POCTa HAHOCTOJIOMKOB MO3BO-
JSIeT MPOCJIEANTh BIUSHUE PA3IMYHBIX (DAKTOPOB HA MPOIECCHl MEPEHOCca BEIeCTBa
U B3aUMOJICUCTBUS aJCOPOUPOBAHHBIX MOJIEKYJ C IOTOKOM PACCESHHBIX AJIEKTPOHOB.
Kpome Toro, HaHOCTOIOUKY MPEICTABIIAIOT OTACIbHBIN MPAKTUUYECKU UHTEPEC B CBSI-
3U C BO3MOXKHOCTBIO UX MPUMEHEHHUS] B KaY€CTBE KaHTUJIEBEPOB JJI 30HIO0BOM MHUK-
POCKOTIHH, a TaKXke JJIsT MOAU(UKAIIMKA TTOBEPXHOCTH C LIEbIO MOBBIIIECHUS YyBCTBHU-
TEIBHOCTU CONHEUHbIX Oarapedt [102] unu co3nanust aHTHOAKTEpUATIbHBIX MOKPBITHIMA
[103].

OCHOBHBIM MCTOYHUKOM Marepuaja MpU OCAXKIECHUU HAHOCTOJIOMKA SIBIISAETCS
noBepxHocTHas quddysus. B mpoiiecce 31eKTpOHHOT0 00IyUYeHUs TPOUCXOAAT peak-
MW JUCCOIMAIMK U TOJMMEpHU3alluu YTIIeBOAOPOIOB, (HOPMUPYIOIIHNE YITIEPOIHBIM
ocanok. Peakuuu, mpoucxonsiue BOJIM3M TOUKHU MaJ€HUS TEPBUYHOTO IMy4YKa, 00y-
CJIaBJIIMBAIOT POCT HAHOCTONOMKA. OTHAKO TOMUMO HETO MPH JJIUTEIbHON SKCIIO3ULINH

TAKKC SKCIICPUMCHTAJILHO Ha6JIIOI[aeTC$I POCT CJI0A MOoJIUMCEpa B 06J'IaCTI/I, OXBaTbIBa-
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IOIIEH TUIOIIA/Ib B HECKOJIBKO KBAJIPAaTHBIX MUKPOMETPOB. [losiBIIeHUE YTIEpOIHOTO
ocaJika Ha 3HAYUTEIBHOM PACCTOSSHUM OT TOYKU MaJCHUS DJICKTPOHHOTO JIydya CBSI-
3aHO C B3aMMOJICMCTBHEM MEXIY MOTOKOM PACCESHHBIX M BTOPUYHBIX JJICKTPOHOB
1 1u(dy3rOHHBIM MOTOKOM YTJIEBOAOPOIOB, HAIPABIECHHBIM K 00JIACTH pOCTa HAHO-
CTOJIOMKA.

B pa6orax [94; 104] nmoka3aHO, YTO HAJIWYUE MOBEPXHOCTHOW MIIEHKH HA MO-
BEPXHOCTH 00pa3lia BIUAET Ha ycJioBUs 1U(Pdy3UH U, COOTBETCTBEHHO, HA JUHAMUKY
pocTa ocTpHus. ITO CBSI3aHO C MOSABJICHUEM OCAXKIEHHOTO CJIOSI U MPOIAYKTOB JIUCCO-
[UAlMA MOJIEKYJ YIJIEBOJOPOJOB Ha M3HAYAIBHO YUCTOW MOJJIOKKE, KOTOphIe 00Jer-
YaloT 3aXBaT JBIKYIIUXCS BAOJL MOBEPXHOCTH MOJIEKYN. B pesynbrare mpoucxoguT
ocnabnenue nudPy3MOHHOTO MOTOKA YIIIEBOJOPOAOB M, KaK CJIEACTBHE, HAOIIOMACT-
Csl CHWDKEHHME CKOPOCTU BEPTUKAIBLHOIO POCTa HAHOCTOJIOUKA BILJIOTH JI0 MOJHOTO €0
npekpamenuss. OcaxaeHrue MOJIeKyJd Ha yJaJeHWH OT TOYKU TaJeHUS] MEPBUYHOTO
My4ka MOXKET YKa3bIBaTh Ha WX B3aUMOJIEUCTBUE C 0OpAaTHOPACCESIHHBIMU 3JIEKTPOHA-
MHU. DKCIIEPUMEHTHI MTOKA3bIBAIOT, YTO CKOPOCTh POCTa YIIIEPOAHOTO OCTPHUS 3aBHCUT
OT aTOMHOTO HOME€pa Marepuajia MmoJJjioKku. EE€ BenuunHa OosbIne s MOJJIOXKEK
C MEHBIIIUM aTOMHBIM HOMEPOM, YTO COIVIACYETCSl C MPEINOI0KEHUEM O BIUSHUU
00paTHOTO paccestHUs AMEKTPOHOB. HTEHCHBHOCTh OOPATHOTO paccesHus pPacTéT ¢
aTOMHBIM HOMEpPOM MaTepuayia 00pasiia, 4YTO 03HAYAET YBEIWYEHUE MOTOKA IJIEKTPO-
HOB, BBIXOJSIIEIO 4Yepe3 MOBEPXHOCTh BHE TOYKH MAJICHUS NEPBUYHOIO IMydKa. ITO
ocnabmnser audy3MOHHBIN TTOTOK YITIEBOAOPOIOB K 00JIACTH OCAXKICHUS U 3aMeISICT
POCT HaHOCTOJIOMKA.

C 1enbio BBISICHEHUS POJM Pa3IMYHBIX TUIIOB AJICKTPOHOB B (HOPMUPOBAHHH
YIJIEPOAHOTO OCajJKa Ha MOBEPXHOCTH Oblja MPOBEJEHA CEPUsS IKCIIEPUMEHTOB, IS
KOTOPBIX B Ka4€CTBE IMOMJIOKEK HCIIOIH30BaIUCh TOHKUE TUIEHKH aMOpP(HOTO yTiiepo-
J1a, TMOJTYyYEHHBIE METOJOM TEPMHUYECKOIO BAKYYMHOIO UCIIAPEHUS] BMECTO MaCCUBHBIX
MoHOKpucTauioB (Puc. 4.2).

Paznuune Mexay MIEHKOM W MACCHBHOM TMOMJIOKKOM MOYKHO IMPOCIIEIUTh Ha
cxeMme, npeacTaBiieHHoN Ha Puc. 4.3.

[IpruMeHeHne TOHKUX IUJIEHOK MO3BOJIAET MPAKTHYECKU HCKIIOYUTH BIIUSHUE
MIPOIIECCOB, CBSI3aHHBIX C OOPATHBIM PACCESIHUEM DIIEKTPOHOB, TaK KaK AJIEKTPOHBI
MEPBUYHOTO ITy4YKa MPOXOIAT 4epe3 obOpasell, mouTu He copepiras coyaapeHuid. Co-
[JIACHO pPe3ysibTaTaM KOMIIbIOTEpHOTO MojenupoBaHus [105], npoxoxkaeHue mnagaro-

IETO IMy4YKa 4yepe3 IUIEHKY BBI3BIBAET BTOPUUYHYIO AJIEKTPOHHYIO SMHUCCHIO C 00euX
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Mag = 150.00 K X 200 nm EHT = 20.00 kv
Tilt Angle = 45.0° J | WD = 5.0 mm

Pucynok 4.2 — HanoctonOuk Ha miaéHke aMoppHOTro yriaepoaa ToamuHoi 40um,
MOJIYYEHHBIN METOIOM OCaXICHUS, NHIYUPOBAHHOTO AJIEKTPOHHBIM ITyUYKOM C

HavabHOM 2Heprueit 20k3B u Tokom 10nA (Bua moa yriom 45°)

CTOpOH MIEHKH (B oOnactu npoHukHOBeHUs [1D u B obnactu ux BbIxona). Bropuu-
HBIE AJIEKTPOHBI, TEHEPUPYEMBIE B 3THX OOJACTSIX, YYaCTBYIOT B MpoOIEccax AUCCOIU-
alMy ¥, COOTBETCTBEHHO, OCYIIECTBISAIOT UHIYLIUPOBAHHOE OCAXJACHHUE YIIIEBOAOPO-
n0B. B mpoBei€éHHOM 3KCIIiepuMeHTalIbHOM HccieaoBanuu [106] HaM yianochk HaOro-
JaTh BEPTUKAIBHBIN POCT YIIEPOIHBIX CTPYKTYpP ¢ 00enx cTtopoH miéHku (Puc. 4.4).

MoHO yTBEpkKAaTh, YTO OCAXKACHUE YITIEBOJOPOAOB HA TOHKMX IIEHKAaX MPO-
W3BOJUTCS MEPBUYHBIMU M TE€HEPUPYEMBIMU MMH BTOPUYHBIMH SJIEKTPOHAMH. Tem
HE MEHee, MPHU YBEJIMYECHUH TOKA MEPBUYHOIO My4YKa CKOPOCTh BEPTHUKAIBHOTO PO-
CTa HAaHOCTOJOMKA YMEHbIaeTcs. MimocTpaiueil MOXXeT CIy>KUTh CPAaBHEHHE BBICOT
YIJIEPOJHBIX OCTPUH, MONYYEHHBIX MPHU JIByX PA3IMUYHBIX 3HAYEHUSX TOKa, MPEICTaB-
neHHble Ha Puc. 4.5 a. MBI nipeanonaraem, 4ro 3TO CBA3aHO C AGMUCCHEN BTOPUYHBIX
3MeKTpOHOB (S FE7) ¢ BEepmIMHBI B OOKOBOW TMOBEPXHOCTU PACTYIIETO HAHOCTOJIOMKA.
[ToTok BD ¢ 00k0BOI MOBEpXHOCTH 00YCIIABIMBAET OCAXACHUE U POPMUPYET JIOKATb-
HOE M3MEHEeHHue peiibeda Ha HEKOTOPOM YIAJEHUU OT TOYKH MaJIeHUs TEPBUYHOTO
mydka. 1o ocnabmiser nud@y3uoHHBIM MOTOK MOJIEKYN U 3a1epKUBAECT MOBEPXHOCT-
Hy10 nuddy3uro yrieBogopooB K LIEHTPY HAHOCTOJIOWKA, YMEHbIAs CKOPOCTh €ro
pocta (Puc. 4.5 6). BBuny Huskoil sHeprun BD mpakTudecku HE MPOXOAST 4epe3
MIEHKY, TOATOMY HE HaOJI0aeTCsl MOSBICHUE aHAJOTUYHOTO penbeda ¢ e€ oOpaTHOM

CTOPOHBI Ha YIAJICHUU OTHOCUTEIBHO OCH Imyuka [13.
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PI/IcyHOK 4.3 — Cxema OKCIICPUMCHTA IIO HHAYIUPOBAHHOMY OCAXIACHHUIO

HAHOCTOJIOMKOB: a)Ha TOHKOM IJIEHKE; O0)Ha MAaCCUBHOM TOJIOKKE

VYBenuueHue TONIMHBI MIIEHKU BEAET K pocTy Toka OPD uepe3 moBepXHOCTh
BIUIOTh J10 3HAYEHM, COOTBETCTBYIOIUX PACCESHUIO OT MacCUBHOro oodpasma. OPD
B3aMMOJEHCTBYIOT C aICOPOMPOBAHHBIMU MOJIEKYIaMH, a TaKXe ¢ MOJIeKyJaMu JAud-
¢y3uoHHOTO MOTOKA. Tak, Ha MOBEPXHOCTH MUPOIUTHUUYECKOrO TpaduTa poCcT HAHO-
CTOJIOUKOB IIpHU OOJTYyYEHUH IYYKOM AJIEKTPOHOB ¢ sHepruer 20x3B u Tokom 10mA
HaOII0aeTCsl pOCT ¢ OOJIBIION CKOPOCTHIO B TeUEHUE HECKOIbKUX cekyHa. [Tpu Gonee
JUIUTETIbHOM OOJyYE€HUU CKOPOCTh POCTA YMEHBIIAETCS BIUIOTH 0 MOJHOTO MpeKpa-
LIEHUS] TIPOLECCOB OcaxaeHus. JlanpHelee yBeauueHne BpeMEeHH 00ydyeHus Mpu-

BOAHUT K YMCHBUICHHIO BBICOTBI HaHOCTOJI6I/IKa, TO €CTb Ha6HIOI[aCTC$I Cro TpasJic-
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Pucynok 4.4 — HaHOCTOJIOMKH, MTOJIy4YEHHBIE METOIOM MHAYLUPOBAHHOTO
OCXKJICHUS C JIByX CTOPOH IUIEHKU aMOp(dHOro yriepoja ToianmHon 180HM moa
JNEUCTBUEM TIEPBUYHOIO Iy4YKa ¢ 3HEPTUEN 31eKTPOoHOB 20k3B u Tokom 370nA B

tedeHue 320 ceKyH/: a) BUJl CO CTOPOHBI MAJCHUs MyuKa; 0) BUA ¢ 0OpaTHOM

CTOPOHBI IUIEHKU

Hue. Ha nnénke amopduoro ymiepoaa tonmuaod 100HM Bo3IeCTBUE aHAIIOTUYHOTO
AJIEKTPOHHOTO MTyYKa BBI3BIBAJIO POCT YIVIEPOJAHOIO HAHOCTOJIOMKA HA 00EUX CTOpPOHAX
wi€HKU. OHAKO CKOPOCTh pOCTa ObljIa HA JBAa-TPU MOPSIKA MEHBIIE, YeEM B ClIydae C
NUPOJIUTUYECKUM rpadurom [95].

[TomMuMO TONIIMHBI ¥ MaTepHaia MOAJIOKKH, a TAK)KE COCTaBa aTMOc(epbl 0CTa-
TOYHBIX Ia30B, HA POCT YIVIEPOAHBIX CTPYKTYpP OKAa3bIBAE€T BIUSHUE COCTOSHUE IIO-
BepXHOCTU oOpas3ua. Hampumep, HaHeceHHe HA MOBEPXHOCTH MOJMPOBAHHOIO allio-
MUHMS TTOJTUKPUCTATUIMYECKON AJFOMUHHUEBOM IIJIEHKKM METOAOM TEPMHYECKOIO pac-
NBUIEHUS MPUBOAUT K YBEIMYEHHUIO LIEPOXOBATOCTH. CKOPOCTh POCTa HAHOOCTUPS

IIPU 3TOM YMEHBIIAETCS B HECKOJIBKO pa3s.
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Mag= 20000 KX  200nm EHT=2000kvV  SignalA=Inlens  Date :20 Mar 2014
Tilt Angle = 450 ° | WD=44mm  Photo No. = 6875 Time :15:14:55

Pucynoxk 4.5 — PocT HaHOCTOJIOMKOB Ha TOHKOM TIEHKEe aMOp(HOTO yriiepoaa: a)
CpaBHEHHUE CTPYKTYp, NMOJIYYEHHBIX MPU pa3HoM BenuunHe Toka [13; 6) cHUMOK
OCTpPHSI U OKPYXKAIOIIET0 MUKpOpeinbeda, BOZHUKAIOIIETO Ha TOHKOM TJIEHKE MpU

OOJTy4eHUHU TTyYKOM CO CPaBHUTEIHHOM OOJBIITUM 3HAYCHHEM TOKa

OCHOBHBIM yNIIPaBJIsIEMbIM IAPAMETPOM, ONIPEAEIISIIOIINM XAPAKTEP U JUHAMUKY
WUHIYLIUPOBAHHOIO OCAXACHUS, SBISIETCS TOK IIEPBUYHOIO JIEKTPOHHOIO ITy4Ka.

Ha Puc. 4.6 npexacraBieHbl CHUMKA HaHOCTOJIOMKOB, MOJYYEHHBIX AJI TPEX
pa3TUYHbBIX BeNW4YuH Toka [1D mpu oOnydeHNN MOBEPXHOCTU MOJUKPUCTATUTHYECKON
AJOMUHUEBON TUIEHKHW, HAaNbUIEHHOM HAa MACCHUBHYIO MOJIOKKY KpemHus. lIpu Ha-
OJIOZICHUHU CBEPXY HAHOCTOJIOMKHU MPEACTABISIIOT COOOM KPYIJIbIE MATHA, SIPKOCTh TO-
Y€K BHYTPHU KOTOPBIX IIPONOPLUMOHAIbHA BEICOTE OTHOCUTEIBHO OBEPXHOCTH. OTUET-
JUBO BHJIHO YMEHBIIEHUE JAMAMETPA U SPKOCTHU MATHA, @ COOTBETCTBEHHO, U 00BbEMaA

pacTyIero HaHOCTOJIOWKa ¢ yBenuueHueM Toka (Puc. 4.6 a - 6), mpudém 117151 3HaYCHUI
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Pucynok 4.6 — Mmmtoctpaiusi 3aBUCUMOCTH 00bEMa HAHOCTOJIONKA, BHIPAILIEHHOTO
METOJIOM MHIYLHPOBAHHOTO OCAXKJICHHSI HA MACCUBHOW MOJJIOKKE KPEMHHUS C

HaIlbUIEHHBIM CJIOEM AJIOMHHUS ITyYKOM JIEKTPOHOB C HadalbHOU sHeprueit 20x3B,
ot Toka: a) 100mA, 6) 175mA, B) 300mA

TOKa MEpPBUYHOTrO Mmy4ka Oompine 275 nA (Puc. 4.6 B) popMupoBaHus HaHOCTOJIOUKA
He HaOII0AaI0Ch BOBCE. YBETUUYCHUE TOKA TPUBOIUT K U3MEHEHHIO PEKUMaA OCaXKIe-
HUS OT pPEeXUMa, OTPAHUUYEHHOTO CKOPOCTHIO PEaKIuH, K PEeKUMY, OTPaHUUYCHHOMY
MEPEHOCOM MAacCChl, KOTJIa OCaXJCHHUE MPOUCXOAUT Ha yAAJICHUW OT TOYKH TaJCHUS
AIIEKTPOHHOTO MyYKa.

BnusiHue marepuana W COCTOSHHUS MOBEPXHOCTH OOpa3iia Ha CKOPOCTh POCTa
HAHOCTOJIOMKOB MOXHO OOBSICHUTD, aHATM3UPYS JUTHHY 1uddy3noHHOTO TTpodera Mo-

JCKYIBI \ mudy MPEKypeopa.

1 Dt TIH/IC
Mg = (D) = | —222 , (1)
Tud + Tauc

rne D - ko3 dHuIueHT moBepXHOCTHOH aubdysuu, 1/7 = 1/ Toudy + 1/Tuce -
CpelHee BPeMs KM3HHU MOIEKYIbl Ha MOBEPXHOCTH, Ty dy - CPETHES BPEMS HAXOKJIE-
HHUSI MOJICKYJIBI Ha TIOBEPXHOCTH 10 €€ mecopOuu, Tauc = €/(0j) - cpenHee Bpems
JUCCOITMAIIMN MOJICKYJIbI, 0 — CEUEHHE JAUCCOIMAIIMU MOJIEKYIbI, j - TJIOTHOCTh TOKA.

OcHoOBaHUS OCTPHS JOCTUTAIOT MOJICKYJIbI, TTOMABIINE B KPYT PagdyCcoOM )‘IIPI(l)’
KOTOpbIE CMOTYT mepeceub 00sacTh Bhixoaa OPD u BD. OToMy criocoOCTByeT YucTOoTa
Y TJIAJKOCTh TMOJJIOKKH, OKA3bIBAIOIIUE MOJOXHUTEILHOE BIUSHUE Ha KOd(DuImeHt
nmoBepxHOCTHOU Auddy3un D, a Takke HEOOIbIION KOIPDUIIMEHT SMUCCUN U MaJtas
IUIOTHOCTb IIEPBUYHOTO TOKA, ONPENENIAIONIE BPeMs JUCCOLMALUN MOJIEKYI Tiuc-

[110THOCTH TOKA B TOUKE MAJACHUS DJICKTPOHHOTO MyYykKa MaKCUMaJIbHA, TOATOMY

JUCCOLIMAIIAS MOJIEKYJ MPEKypcopa TaM HauOoliee BeposiTHA. HeneTydne mpomyKThI
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Pucynoxk 4.7 — CpaBHeHHE HAHOCTOJIOUKOB, TTOJYYCHHBIX HA MAaCCUBHOM

BBICOKOOpUETUPOBAHHOM nupoauTudeckoMm rpagure(HOPG) npu obGnydeHnn mydykom

AJIEKTPOHOB ¢ HayanbHOU sHeprueit 20x3B u BenuunHoM Toka: a)350nA; 6) 10nA

pacmnaja MOJIEKYJ B pe3yJbTaTe B3aUMOACHCTBUS C 3JIEKTPOHAMHU C TEUEHHUEM BPEMEHU
dbopMHPYIOT B TOUKE MaJICHUS penbed), HAMOMUHAIOIIMKN 110 opme cTonduk. M3mene-
HUE BEJIMYMHBI TOKA MAJAIONIETO AJICKTPOHHOTO Iy4YKa MEHSET HE TOJIBKO CKOPOCTH
€ro BEpPTUKAJIBLHOTO pOCTa, HO Takxke (hopmy HaHoctonOuka. Ha Puc.4.7 npencrasine-
HO CPaBHHUTEIbHOE U300paKeHUE JABYX HAHOCTOJIOMKOB, MOIYUYEHHBIX MTPH OOIYUEHUH
CBeXepackoaoToro nuponuruueckoro rpadura (HOPG) mydkoM 3IIEKTPOHOB C Ha-
gaiapHOUW sHepruei 20k3B m 3HaueHumeM Toka mydka 350mA (a) m 10mA (6). Beibop
MOJITIOKKHU CBSI3aH C aTOMAapHOM maakocThio nmoBepxHoctd HO PG U, COOTBETCTBEH-
HO, MTO3BOJISIET TOCTHYD OONBIIEH BEIUIUHBI KOd(PHUIeHTa TOBEpXHOCTHONU AUDPY-
3MM, YTO, B CBOIO OY€pelb, YBEIMUMBAET AIUHY AU(G(Y3MOHHOTO Mpodera MOIeKyi
npekypcopa. Taxke 3TO MO3BOJIIET UCKIIOUUTH BIUSHUE pelibedpa MOBEPXHOCTU Ha
MPOLIECCHl UHIYIIMPOBAHHOTO OCAXKICHUSI.

W3 pucyHka BUIHO, YTO MPU yBEIMUYEHUU TOKA IyYKa CKOPOCTh BEPTUKAIBHO-
rO pocTa HAaHOCTOJIOMKA YMEHBIIIA€TCsI, B TO BpeMsl, KaK JiaTepajibHas COCTaBIISIONIAs
CKOPOCTH pOCTa yBEJIIMYUBAETCS, TO €CTh MPOUCXOANUT YBEIUUEHHUS paJnyca OCHOBa-
HuUs ocTpus. [IpuunHO# 3TOrO SBISETCS YBEIMUECHUE BKJIa/la BTOPUYHBIX AIEKTPOHOB,
BbIOMBaemMbix OPD, B mporecchl Aucconuanuyd MOJEKYd Ha yIaJdeHHH OT TOYKH Ta-
neHus. B anekTpoHHOM nuTorpaduu TaHHOE sIBIEHHWE HOCUT Ha3BaHue 3¢ dexra Omu-
3octi. U3 pabot, mocBAmEHHBIX ero n3ydeHuto [107], u3BeCTHO, 4TO pacnpeaeicHue
AIIEKTPOHHOW TJIOTHOCTH, BO3HHUKAIOUIEE MPU HOPMAIHHOM MaJCHUH MTyYKa YCKOpPEH-
HBIX 2JIEKTPOHOB, MOXKHO MPEJICTaBUTh CyMMOU ABYyX KpuBbIX ['aycca. OmHa U3 HUX

OIIMCBLIBACT pacCHpCaACJICHUC IIJIOTHOCTH TOKA B MaJarOmicM IICPBUYHOM IIYUKE, 4 BTO-



80

pasa - B IIOTOKC O6paTHOpaCC€HHHLIX QJICKTPOHOB, BBIXOJAIICM YCPC3 ITIOBCPXHOCTD.

C' exp {— (r/ 31)2} — TIEPBUYHBIC BJICKTPOHH,

Cyexp [— (r/ 32)2} — 00paTHOPACCESTHHBIE DIIEKTPOHBI 4.2)

e By ~ 0.1 — 0.2um, By &= 1.0 — 1.2um, C1/Cy ~ 1.5 — 3 a1t NEpBUYHOTO 3JICK-
TPOHHOI'O IIy4Ka C Ha4YaJbHOW dHEpPruer 25K3B, magaromero Ha MoaIOKKy KPEMHMUS.

W3 mpuBeAEHHOW BHINIE OIICHKHA COOTHOIICHUS TapaMeTPOB pacmlpeaeicHus
AJICKTPOHHOU TUIOTHOCTH B TICPBUYHOM M PACCESIHHOM ITOTOKaX MOXKHO CJIejaTh BbI-
BOJI, 4TO pactpezenenue [1D umeeT cyiecTBEeHHO OOJIBIIYI0 aMILTUTYAY, YEM pacipe-
nenenne OPD. Taxke BenmmumHa Toka [I9 HamMHOTO OBICTpEE CIazaeT MpH YIAICHUN
OT TOYKU TAJCHUSI.

B peaknmsax guccormanuy MoJIeKyll IpeKypcopa NMPUHUMAIOT ydacTue Kak 119,
tak 1 OPD. Ilporiecc ocaxieHuss B IEHTPAIbLHONW 00JIACTH BOJIM3U TOYKHU IaJICHUS
AJIEKTPOHHOIO MyYKa OCYIIECTBISETCA, IMIABHBIM 00pa3oM, MEPBUYHBIMU 3JIEKTPOHA-
mu. OpgHako, BBUAY CPAaBHHUTEIBHO PE3KOTO CIaja COOTBETCTBYIOIIETO pacmpeserie-
HUS, TI0 MEpe yaaJeHus OT TOYKH MajeHus, Bkiaa Toka OPD pactér. B TepmunHax
u3MeHeHus Au¢QGy3HOHHOTO MOTOKA 3TO O03HAYAET, YTO YacCTh MOJIEKYN MpEeKypcopa
Oyzner pasnararbcs npu B3aumonericteuu ¢ OPD, He 10Xons 10 TOYKH MajeHUs Tep-
BUYHOTO Mmyuka. ClieoBaTesIbHO, IPOLIECCHI OCAXKIEHHUS U pOCTa HAHOCTOJIOUKA B 11€H-
Tpe pacupeeseHUs MOBEPXHOCTHOM TUIOTHOCTH AJIEKTPOHOB, HAYMHASL C HEKOTOPOTO
3HAYEHUS TOKA, ONPEACISICTCS HE YMCIIOM MaJaroIuX SJIEKTPOHOB, a KOJIMYECTBOM MO-
JeKyN, AOUIEAIUX A0 HeHTpaibHON 001acTi. COOTBETCTBYIOUIUI PEXHUM OCAKICHUS
HA3bIBACTCS PEKUMOM POCTa, OTPAHMYCHHOTO TIEPEHOCOM MaccChl. B aToM pekume 1o-
MHMO POCTa HAHOCTOJIOMKOB BO3MOKHO (DOPMHUPOBAHKE APYrOro TUIIA MUKpopeabeda
- MUKPOKOJIEIL.

Takum 00pa3om, HaOMIOICHNE 32 TMHAMUKON HHIYIIUPOBAHHOTO OCAXKICHUS yT-
JI€BOJIOPOJIOB B PEKUME, OTPAHMUYEHHOM CKOPOCTBIO PEaKIMH, MO3BOJIECT BBIICIUThH
(baKkTOphI, ONPEACIISIIONINE MOBEPXHOCTHYIO MU Y3HUI0 B YCIOBUAX 00aydeHUs Cho-
KyCHPOBAHHBIM IMyYKOM YCKOPEHHBIX AJIEKTPOHOB.

1. CocTosiHHE TOBEpPXHOCTH 00paslla OKa3bIBACT BIUSHUE HA BEIUYHHY AU]-

(Gy3MOHHOTO MOTOKA, KOTOPBIN AOCTUTAET 0OnacTu oOnydyeHus. Bricokas 1ie-

POXOBATOCTh yMEHbIIAET Kodpuiment quddy3un, 4To NPUBOAUT K COKpa-
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HICHUIO JIUHBI Tuddy3un )‘III/I(b (4.1) U, COOTBETCTBEHHO, OTPAHUYUBAECT
pasMep o0IacTH, C KOTOPOH OCYIIECTBIsAETCS cOOp IpeKypcopa.

2. Marepuan obpa3mna 3agaéT BEIWYMHY M pACTpEeiCHHUE TUIOTHOCTH TOKa,
OIpe/IeNAIONMe BpEMs AUCCOLMALUMM MOJIEKYN Tphpc, M, COOTBETCTBEHHO,
ey auddy3uu.

3. Tox m 3HEprus AMIEKTPOHOB MEPBUYHOTO MydKa TAKKE CYIIECTBEHHOE BIIU-
SHHE Ha XapaKTep WHIYIHUPOBAHHOTO OCAXJCHUs. B 4acTHOCTH, TOK IMy4ka
SIBIIICTCST OTIPEICIISIOIINM TTapaMeTPOM IS YCTAaHOBIICHHS PEKUMa OCaX Ie-
HUsA, a dHeprus 11D ompenenser pa3mep 00JacTH BBIXOJA JICKTPOHOB, KO-
TOpasi WrpacT UCKIIOYMTEIIHO BAXKHYIO POJb IS OCAXIACHHS B pPEKUME,
OTPaHUYECHHOM TMEPEHOCOM MAaCCHI.

MuKpoKoJIbIla, BO3HUKAIOIIUE TP JJIUTESILHOM OCAXICHUU B 3TOM PEKHME,

OyaIyT MpeIMEeTOM OOCYKICHHS B CIICIYIOIIEM pasjesie JaHHOU paboTHhl.

4.1.2 OcaxaeHue MUKPOKOJIel B Pe:KUMe, OTPAHUYCHHOM MEPEHOCOM MACCHI

NHayuupoBaHHOE 3JEKTPOHHBIM IMYYKOM OCAXKJICHHUE B PEKHUME, OIpaHUYCH-
HOM TIEPEHOCOM MAacCChl, MO3BOJISIET CO3/1aBaTh OOBEKTHI, Ha3bIBAEMbIC MUKPOKOJIbIIA-
mu. M3MeHeHue pazmepoB U GOPMBI ITUX MUKPOKOJIEI] TECHO CBSI3aHO C 0COOCHHOCTSI-
MU paccestHusl CPOKYyCHPOBAHHOTO IMy4YKa YCKOPEHHBIX JJICKTPOHOB B TBEPIIOM TeJE,
HaIlpuMep, ¢ UCKaXEHUEM O0JacCTHh B3aUMOJICUCTBUSI B HEOJHOPOAHBIX MO XUMHUYE-
CKOMY COCTaBy 0Opa3sliax MO CPAaBHEHUIO C XUMUYECKU OJHOPOAHBIMU KPHUCTAJIAMH.
JlanpHeiimee o0CyXeHNE HAIIPaBJICHO Ha BBISBICHHE MPUPOIBI ATOM B3aUMOCBSI3HU.

Oo6nydyenue oOpasia cPOoKyCUPOBAHHBIM AIEKTPOHHBIM JTy4oM (OPMHUPYET MO-
TOK BTOPHYHBIX M PACCESHHBIX 3JEKTPOHOB B HEKOTOPOI 007acCTH BOKPYT TOUKH Tia-
nennsi. COOTBETCTBYIOIIEE MPOCTPAHCTBEHHOE PACIIPEAEICHUE AIEKTPOHHOM TIOTHO-
CTH UMEET MaKCUMyM B IICHTPE WU MOHOTOHHO YMEHBIIIACTCS MPHU YAAJCHUH OT HETO.
[Tamaromye u paccessHHbIE SJIEKTPOHBI, BBIXOIAIINE YEPE3 MOBEPXHOCTh, MOTYT MPO-
W3BOJUTH JAMCCOIMAIIUIO acOpOUPOBAHHBIX MOJEKya. COMyTCTBYIOIIEE OOIYICHUIO
YMEHBIIIEHNE KOHIICHTPAIIMK MOJICKYJI TPUBOIUT K MOSBICHUIO AU((Y3UOHHOTO TO0-
TOKa B HampaBjieHUU oOaydaemMon obmactu. [Ipu HekoTOpOi BeIMYMHE TOKA MOAaBIs-

oIast 94aCTb MOJICKYII pa3jiaracTrcs, HS JOCTUTasA TOYKHU IMaJICHUA IICPBUYIHOTI'O ITyYKa. B
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Pucynoxk 4.8 — IIpumep yrepoaHOro MUKpOKOJIbLIA, BEIPAILIEHHOTO Ha MOMAJIOKKE
apceHu/ia rajuis Ipu oOIydeHUH B TeUeHUE 15 MUHYT IyYKOM DJIEKTPOHOB C

sHepruen 3eKTpoHoB 20k3B 1 BenmunHOM Toka 385mA

pe3yibTare YCTaHABIMBACTCS PEKUM OCAXKIACHUS, OTPAHUYEHHBIA TEPEHOCOM MACCHI.
B sTom peskume BOJIM3M TOUKU MaJCHUS MydKa MPAKTUYECKU HE TPOUCXOAUT UHITYIIU-
pPOBaHHOTO OocaxieHus. PacrpeseneHre 3MEKTPOHHON TJIOTHOCTU MPU HOPMaJIbHOM
MaJieHUHd TydYKa MEePBUYHBIX AJIEKTPOHOB 00JaacT HWJIMHIPUYECKON CHUMMETpHUEH.
[Ipu mpoaomKUTETHFHOM OOyYeHUH HA MMOBEPXHOCTH 00pa3iia BOZHUKAET OOBEKT, IO
dbopMe HaMOMHUHAIOIINN BYJIKaH WIJIA KOJIBIIO.

Ha Puc. 4.8 npeacrasieH npumep yriepoaHOro KoJibla, OCaXKAEHHOTO Ha TOJI-
JI0)KKe MOHOKpHcTauta apcenuaa raums (GaAs) mpu o01ydeHUH 3JIEKTPOHHBIM TTyd-
KOM C HadajupHOM »Hepruen 20x3B m Toxom 385mA B TeueHue 15 muHyT. B Kaue-
CTBE MPEKypcopa BBICTYNAIOT MOJICKYJIBI YIJIEBOAOPOIOB, CoAeprKairecs B atMmocde-
pe OCTaTOYHBIX Ta30B BaKyyMHOW Kamephbl. [lodydyeHHOE KOJblO, KaK BUIHO U3 pHU-
CYHKa, SIBJIIETCS CUMMETPUYHBIM M UMEET JOCTATOYHO YETKHUE TPAHUIIBI.

[Ton neficTBHEM 3JEKTPOHHOTO OONYYEHHUs Ha MOBEPXHOCTH OAHOTO U TOTO K€

o6pasua BO3MOKHO BO3HHMKHOBCHHUC KaK HaHOCTOH6HKOB, TaK U MHKPOKOJICII. Ycao-
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BUA YCTAHOBJICHHA PCIKHMaA POCTAa 3a4dr0TCA IIPOCTPAHCTBCHHBIM PACIPCACIICHUCM
HOBerHOCTHOI\/’I INIOTHOCTH TOKAa BTOPHUYHLIX W PACCCAHHBIX 3JICKTPOHOB. Tunuunas

dbopma 3TOrO pacnpeacieHus UMeeT BUJ, NpecTaBieHHbIn Ha Puc. 4.9.
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Paccrosinue ot TO4ku [MagaCHUs I1y4Ka, HM
Pucynok 4.9 — KpuBasi 3aBUCUMOCTH TJIOTHOCTH Toka OPD oT paccTosiHUs 10 TOUKH

NaJICHUs] IEPBUYHOIO 3JIEKTPOHHOTO MyYKa, MOJy4YeHHass MOJICIHUPOBAHUEM
paccesinusi 10MiH. 35eKTpOoHOB ¢ sHepruei 20 k9B B MaccuBHOM 00pasiie apceHuaa
rajuins; ooJactb 1 COOTBETCTBYET PEKUMY OAHOKPATHOIO paccesiHus, o0nacTh 2 -

PEXKUMY MHOKECTBEHHOTO PACCESHUS, IEPEXOAIIETO B AIEKTPOHHYIO U] Py3uto

Ha kpuBOM 3aBHCHMOCTH IUIOTHOCTH TOKAa OT PACCTOSAHHUS O TOYKH IAJCHUS
NEPBUYHOTO IMy4YKa MOXKHO YCIIOBHO BBIIENUTH ABE oOnacTu. [lepBast obmacts pacmo-
naraercsa BOJIM3M TOUKH MAaJI€HUS My4YKa U MPeJICTaBIseT U3 cedsl pe3Kuil cnaj IioT-
HOCTH TOKa OT MaKCUMaJIbHOrO 3HaueHMs1. OCHOBHOM BKJIAJl B paCIpele/IEHUE Ha 3TOM
ydactke cBsi3aH ¢ OPD, BOZHMKIIMMH M3-32 OTKJIOHEHHUs Ha yrou Gombine 90 rpamy-
COB B pe3yJibTare HeOOJBLIOrO YHCiia CTOJIKHOBEHUH. Bropas obnactb - 310 Oonee

MOJIOTU M criag IINIOTHOCTHU TOKa, pacnonomeHHmﬁ Ha HCKOTOPOM YAAJICHHUHU OT TOY-
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ku nagenus. OHa, MIaBHBIM 00pa3oM, gopmupyetcs 3a cu€t OPD, mosBuUBHIUXCS B
pe3yJIbTaTe MHOTOKPATHOTO PacCEsTHUS.

CornacHO TEpMHUHOJIOTMH, UCIIOJNB3YEeMOW B TEOPUHU SIEKTPOHHON auddy3uun
(Pazmen 1.1.2), obmacth 1 COOTBETCTBYET PEKUMY OTHOKPATHOTO pacCesiHUs, a 00-
JacTh 2 - peXXUMY MHOKECTBEHHOTO pacCesiHUsl, MEPEXOASAIIETO B AIEKTPOHHYIO JUd-
¢y3uro. U3 onyOIuKoBaHHBIX pabOT MO MOACIUPOBAHUIO UHIYIIUPOBAHHOTO OCAXK/Ie-
Husg [98; 104] uzBecTHO, 4TO 00JIACTH 1 UrpaeT CyIIeCTBEHHYIO POJb MPU PaACCMOTpE-
HUU MPOIECCOB MHAYLIUPOBAHHOTO OCAXKCHUS B PEKUME, OTPAHUUYEHHOM CKOPOCTBIO
peakuuii. B a3ToM pexxnme 00pazyroTcs yriiepoJHble CTPYKTYpbl, UMetoIIue Gpopmy Ha-
HOCTOJIOMKOB, KOTOpPBIE 00CYKIaUCh BbIlIe. POCT yIIEpOAHBIX CTPYKTYp THUIIA MUK-
POKOJIE, TPOUCXOAAIINI B PEKUME, OTPAHUYEHHOM NEPEHOCOM MACChl, ONpPEnes-
eTcs, MPEUMYIIECTBEHHO, 001acThi0 2. [loBeneHne AeKTpPOHHON TIOTHOCTH B ATOM
YacTH pacIpe/iesICHHs] CBSI3aHO C BHYTPEHHUMH CBOMCTBaMM 00Opasiia, B YaCTHOCTH,

dbopmoit 00bEMa B3aMMOICHCTBHUSI, U 3aCTyKHBaeT 00jee MoaApoOHOTr0 pacCCMOTPEHHS.

HOBeIleHI/Ie HOBerHOCTHOﬁ INIOTHOCTH TOKa Ha YIAJCHHHM OT TOYKH ITaJACHUHA

MNEPBHYHOIO IIY4YKa JJICKTPOHOB

CBsi3bp MEX]ly IPOCTPAHCTBEHHBIM pactipenenacHueM OPD Ha moBepxHOCTH 00-
pasma u popmoit 00pEMa B3aMMOICHCTBHS B €r0 TOJIIIE SBISICTCS OYSBUIHON C TOUKHU
3pEHUs TEOPUU ANIEKTPOHHOU TudPy3uun. PaccMarpuBas MOBEPXHOCTh KaK CEKYIYIO
IJIOCKOCTh MO OTHOIICHHUIO K 00bEMY B3aUMOJEUCTBUS, JIETKO MOHSTH, YTO MOBEPX-
HOCTHOE€ paclpeIelIcHHe IJIOTHOCTH TOKa SIBJSETCS 4acTbhio oO0bémHOTO (Pmc. 1.4).
Jlyis TOrO, YTOOBI ONPEAETUTh COOTHOIICHHE MEXKAY MaKCUMAaJbHON ITyOMHOM Tpo-
HUKHOBEHUS (4, ) Y JTATEPATBHBIM pa3MepoM obactu amMuccur OPD uepes moBepx-
HOoCTh (R), a Tak e ryouHoit Beixoga OPD (Z;) anst 00pasiioB, pa3indyaronmxcs mo
XUMHUYECKOMY COCTaBy, OBLJIO MPOU3BEIECHO KOMIIBIOTEPHOE MOICIMPOBAHUE pacces-
HUS DJIEKTPOHHOIO Iydka metogoM Monte-Kapio. Puc.4.10 wimoctpupyert nosnoxe-
HUE TPaHUIl UHTEPECYIONINX Hac olnacTel MpoHUKHOBeHUs U Beixoga OPD (Tpaek-
TOPUM BBIIIEAIINX Y€pPEe3 MOBEPXHOCTh AIEKTPOHOB 00O3HAUEHBI KPACHBIM LIBETOM).
PesynbraTel MonmenupoBaHus mpeAcTaBieHbl B Tabmuie 1 (3HAYCHUS 4., £y U R

onpenemsumck st 1% seimenmmx OPD).
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Tabnuna 1 — Tabnuua cpaBHEHUs TITYOUHBI IPOHUKHOBEHUS( L)),y , Z)) U pAAUyCa

BeIxoga OPO(R)
Marepuan Zmax, HM Zy, HM R, HM Zmaz] 2 Zmaz| R
C 5670 2430 4700 2,33 1,21
Si 3820 1650 3090 2,32 1,24
Al 3420 1420 2800 2,41 1,22
Cu 1050 445 830 2,36 1,27
Au 565 240 430 2,35 1,31
Pt 510 212 380 2,41 1,34
== Y00m
» A
S1
3
N !
I
! 1250.0 nm
N
2500.0 nm
3750.0 nm
-3759,3 nm 18786 nm aomm 1879.6 nm 3759.3 nm

Pucynok 4.10 — Mttoctpaiiust pacnoyioKeHUs TpaHull 00JacTei MPOHUKHOBEHUS U

BBIXO/1a 3JIEKTPOHOB Ha MPUMEPE TPACKTOPUIN pacCesiHUs TIEPBUYHOTO MyYKa C

HavyaJbHOU dHepruen 20xk3B B kpeMHun

W3 mpencraBieHHBIX JaHHBIX MOXKHO CJIeJIaTh BBIBOJ, YTO OTHOIISHUS MaKCH-
MaJbHOM TIyOMHBI BbIxoga K myoune Bbixoma OPD Z,,,./7Z, u k pasmepy obmactu
Boixona OPD 7.,/ R cnabo 3aBUCST OT MOJOKEHHS JIEMEHTa B MIEPUOANYECKOM CH-
cteme. To ecTb MOXHO CKasarh, 4TO opMa 00bEMa B3aMMOJCHCTBUS HE 3aBUCUT OT
HCCIIeTyeMOro MaTepuarna.

MakcumanbHasi TIyOWHA MPOHUKHOBEHUS /4, SABISCTCS BEIUYHMHOM, Xapak-

TepU3yIOIel pasMep o0bEMa B3aUMOJICHCTBUS MarepHana, Mo3TOMY CBS3b pa3mepa



86

obmnactu smuccun R ¢ miryouHoit Beixoga OPD 73, a, COOTBETCTBEHHO U C Z,y, 4, AAET
HaM BO3MOXXHOCTB OIIEHHBATh pa3Mepbl 00bEMa B3aUMOICHCTBHUS Uyepe3 HabIromaeMoe
npoctpancTBeHHoe pacnpeneneaue OPD. C Touku 3peHus: NpakTUYECKOTr0 UCIOIb30-
BaHMS, 3aJ7ja4a CBOJUTCS K OIpeeeHUI0 pa3MepoB obiactu Beixoga OPD.
N3BecTHO, 4TO pazMep obiacTu Bbixona Tpaekropuii OPD 3aBUCHUT OT yCKOpsi-
IOIETO HaMpsDKEHUsT W Marepuania obpasma. J{ms Ttoro, 9ToObI OLICHUTH R, MIHUPOKO
WCMOJIB3YIOTCA TOJYYEHHbIE B [28] MOMy3MIUpUYECKUE COOTHOLIECHUS. PaccunTaH-
HbI 10 opmyne (1.4) panuyc R, cTporo orpanu4uBaeT o0nacth Beixoga Bcex OPD
yepe3 MOBEPXHOCTh. B JIEMCTBUTENBHOCTH, TPOCTPAHCTBEHHOE pacnpeaeneHue OPD
HE MMEET PE3KOW TPaHUIBI U MOXKET MPUOMMKEHHO OMMCHIBATBHCS KpuBou ['aycca.
Pacnpenenenue Toka I, 00OpaTHOPACCESHHBIX JIEKTPOHOB, SMUTUPYEMBIX C BHEIIHEH

CTOPOHBI KpyTa paJiInyCoOM 7", OTBEYAET YPABHECHUIO:

00 2 2
I, = / 21 jrdr = 2w 2]y exp (—%) = [yexp (—%) : (4.3)

[IpoTsixéHHOCTh 0oOsacTu Bbixoga OPJD, kak BujgHO U3 (4.3), XapakTepusyer-
Csl CpEIHEKBAIPATUYHBIM OTKJIOHEHUEM 0. CBSA3b MEXKY STUMHU BEJIMUYNHAMU MOXKHO
BBIPA3UTh COOTHOIIEHUEM [ = o, TAe 7y ABJISETCS MapaMeTpoM, 3HaU€HUE KOTOPOTro
BbIOMpAETCS B COOTBETCTBUU C OLIEHKAMM YMCIEHHBIX Kodd¢uuuentoB B (1.4). s

IMPAKTHUYCCKOIo IIpUMCHCHMA B z[anLHeﬁmeM MBI 6YI[CM HUCIIOJIB30BaTh BMCCTO BCIINYH-

Irk
Iy

pOHBI Kpyra. /[aHHas 3aMeHa OIpaBaHa TEM, UYTO PAJUYC 7'; PACTET MPONOPUUOHAIIb-

HBl 0 paiuyc Kpyra 7y, OTCEKaIOLIEro 3alaHHylo 4yacTb o = = OPD ¢ BHewHel cro-
HO 0, U HYXHa JJI1 TOro, 4ToObl CBsI3aTh pa3mep obaacTu Beixoga OPD ¢ paanycom
yIJIEPOJHOTO MHUKPOKOJIbIIA, (POPMUPYEMOTO Ha MOBEPXHOCTU 0Opasiia B pe3ylbTaTe
MHIYLIUPOBAHHOTO OCAXKJEHUs. J[JI1 MHTEpPECYIOLIEro HaC peKUMa, OrPAHUYEHHOTO
EePEeHOCOM Macchl, AM(P(Yy3UOHHBIN MOTOK, HAITPABICHHBIN K TOUKE MaJeHUs NepBUY-
HOTO Ty4YKa, HAMHOTO MPEBBIIIACT MPSIMON MOTOK MOJIEKYJ, aICcOpOUPYIONIUXCS Ha
HNOBEPXHOCTH M3 ra3oBoil ¢asbl. B pesynprare nucconuan U OCaXXI€HUS MOJIEKYI
IpeKypcopa MoJ AEHCTBHEM PACCESHHBIX M BTOPUYHBIX AJIEKTPOHOB IO MEpE Mpo-
JBUKEHHUS K LIEHTPY 00sacTu 3Muccuu AU Py3MOHHBIA MOTOK OCla0eBaeT, a 00bEM
OCaXJIEHHOI'0 Marepuaa, COOTBETCTBEHHO, yBenuuuBaercs. Ha HekoTopoM paccros-
HUU 7}, OT TOYKHU MAJICHUS IEPBUYHOTO ITy4YKa JIEKTPOHOB BeIMUMUHA TU(DPYy3MOHHOTO
MOTOKa CTaHOBUTCS MPAKTHUYECKH paBHOU HYymo. PesynpTupytomas ¢gopma yriepoa-
HOTO OCaJiKa MPEACTaBISIET COOOM KOMBIIO C paguycoM 7. Pazmep 3Toro yriepoaHoro

MUKPOKOJbIA MOKCT OBITh MCITOJIB30BaH JJIs1 OOCHKH HpOTSDKéHHOCTI/I 001aCTH BEI-
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xona OPD. OcrtanoBuMcs moJpoOHee HA U3MEPEHUU AUaMeTpa U OCOOCHHOCTSAX €ro

npous.

N3mepeHue 1uaMeTpa M CKOPOCTH BEPTUKAJIBHOIO POCTA YIJIEPOAHBIX MUKPOKO-

Jiel

OaHuM U3 IIaBHBIX OOBEKTOB, pacCMAaTPUMBAEMbIX B paMKax JaHHOW padoThl,
SIBIIAETCSl YIIIEPOJHOE MHUKPOKOJBIO. B CBSI3M € ATUM, BO3HHKAeT MpobiemMa usme-
pEHUSl TuaMeTpa U3y4aeMOro MUKpPOKOJbIA MyTEM 00paboTKu Mukpodororpadui,
nojiyueHHbIX npu nomou POM. Korma Mbl MmMeeM J1€710 CO CHUMKOM ITOBEPXHO-
CTH, HaM JIOCTyIIHA JIMIIb KapTa pacupenesieHus WHTEHCUBHOCTU PETUCTPUPYEMOTO
CUTHaJa, BRIpaKEHHAs B IpalallusiX ceporo 1BeTa. B 3ToM cinydae, uamepeHue pasme-
POB KaKoOTro-T100 00hEKTa CBOAUTCS K IMOUCKY KOHTPACTHBIX 00JaCTEH, OTpasKaroIInX
BEpPHOE, Ha Hall B3MJIAJ, MOJOKEHUE TPAaHULl. DTU 00JaCTH, BOOOIE TOBOPS, MOXKHO
BBIOpaTh MO-Pa3HOMY.

Ha Puc. 4.11 npencraBiieH CHUMOK YITIEPOAHOTO KOJIbLIA U OTMEUYEHBI BO3MOXK-
Hbl€ BapUaHThI BbIOOpa ero rpaHuilbl. OTMeTka 1 COOTBETCTBYET HauyallbHOW CTAUU
OCaXJCHUS YIJIEBOJIOPOIOB U, BOOOIIIE TOBOPS, MOXKET TPAKTOBATHCS KaK rpaHuUIa 00-
nactu Beixoga OPD. O6nacTh 2 COOTBETCTBYET MAaKCHUMAaJbHOMY Iepenaay BBICOT, a
OTMETKa 3 - OTCYTCTBUIO OCaKJIEHHUS BOJM3M TOUYKU NMAJEHUS BJICKTPOHHOIO ITyuKa.
Kak BuaHO M3 pucyHka, rpaHuipl 1 U 3 JOCTaTOYHO CUJIBHO Pa3MbITHI, B TO BpeMs,
KaK IpaHuIla 2 SBJISETCS 3HAUUTENBbHO OoJiee Pe3KOH. DTO BBI3BAHO, B MEPBYIO OdYe-
penp, pa3audreM B MexaHu3me (popmupoBaHus ux KoHTpacTta. U3 mpuBeaéHHOrO Ha
N300paXeHUN CHUMKA C aTOMHO-CHUJIOBOTO MUKPOCKOIIa MOXKHO CZENIaTh BBIBOJ O TOM,
YTO U3MEHEHUE pebeda BOIM3HU TOUEK 1 U 3 HECYIIECTBEHHO, I03TOMY BO3MOXKHOCTD
pa3IMYUTh CBSI3aHA C KOHTpacToM marepuanioB B POM. B To ke Bpems, CylIeCTBEHHO
0osee cepbE3Hoe N3MEHEHNE MOP(OJIOTHH B 00JIACTH 2 MPUBOIUT K MOSBIICHHUIO TOIIO-
JIOTUYECKOTO KOHTPACTa. Y UUTHIBAs, YTO I JIETKUX BEIIECTB, OJIM3KHUX [0 aTOMHOMY
HOMEPY K yIJIEpOAY, KOHTPACT MAaTe€puajioB IMPOSBISETCA XyKE, U3MEPEHUE Xapak-
TEPHOT0 pa3Mepa MpHU MOMOIIKA OCOOEHHOCTH MOP(OJOTHH KaKeTcsl OoJiee Mpero-
YTUTEJIbHBIM. TakuM 00pa3oM, Mbl OCTAHOBHWJIM CBOM BBHIOOpP OINOPHOM T'paHUIIBI Ha

oOyactu 2.
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Pucynok 4.11 — DkcnepuMeHTaIbHO NOJYYEHHOE TPU 00TyYEHUH MEPBUYHBIM

nmy4ykoM ¢ 3Hepruer 20 k3B Ha GaAs ymepognoe konpuo. Caumkun POM u ACM

YroObl cBsA3aTh NlaHHbIE, MOTy4yaeMble B XoJe 0o0paboTku MuKpodoTorpaduii
POM c aneMeHTaMu peasibHBIX YIIIEPOIHBIX CTPYKTYP, PACCMOTPUM ITONIEPEYHOE Ce-
yeHue cHuMmka Ha Puc. 4.11. MHTEepecytomas Hac 061acTh MpeACTaBIsIeT CO00M HEKO-
TOPBIA ACHMMETPUYHBIN UK, C PE3KUM ITOABEMOM H ITOJIOTHUM CIaJ0M, €CIIM paccMart-
pUBaTh OTHOCUTENIbHO IIEHTpa KoJiblia. BepIiunHa 3Toro nuka mnpossisieTcs Haubosee
ApKoil 061acThio n300paxeHuss B POM, a ero ocHoBaHHE CO CTOPOHBI LIEHTpA - HaU-
oonee TémHON. C OAHOM CTOPOHBI, MPU HEKOTOPBIX AKCIEPUMEHTAIBHBIX YCIOBUSIX
MUK MOXKET HE 00J1a7aTh SPKO BBIPAKECHHONW OCTPOM BEPIIMHOM, a COOTBETCTBYIOIIAS
spKasi 00JIacTb Ha CHUMKE Pa3MbIBA€TCs; C JIPYroil CTOPOHBI, OCHOBAaHME IHKa BCe-
I71a JOCTAaTO4YHO pe3Kko BeiaessieTca. [loaToMy m3mepsieMas HaMu IpaHUMLA YITIEPOJI-
HOM CTPYKTYpPBI, KOTOpasi MO3BOJISIET CYAUTh O pa3Mepax MOJYYEHHBIX MUKPOKOJIEL,
COCTABJISIETCS U3 TOUYEK, OTBEUAIOIINX OCHOBAHUIO MTUKA MPOQUIIS KOJIbLIA.

Ha mpaktuke mnpolenypa NOMCKa T'PaHULbI YITIEPOJHOIO KOJIbIIA CBOJIUTCS K
U3YUYEHHIO PACHPENICIICHUSI SIPKOCTH, MOCTPOEHUE KOTOPOM MOXKET OCYIIECTBISETCS
IpU MOMOIIY BCTPOCHHOTO HHCTPYMEHTA IporpaMMHoro obdecneuenust Smart SEM,
MIOCTABJISIEMOTO0 BMECTE C MUKpPOCKONIOM. [Iprumep ero nmpuMeHeHus: npeacTaBieH Ha
Puc. 4.12.
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Pucynok 4.12 — M3mepeHune auameTpa yrmiepoaHOro KoJblia Ipy MOMOIIY aHaIu3a

pacrnpeieNieHus SIpKoCTU n300paxkenus B POM

bonee yno6HbIM criocoOoM 00pabOTKU SBISETCS UCIONb30BAaHUE CPENICTB, MO3-
BOJIIOIIUX PACCUUTATh YCPEAHEHHOE paclpeiesieHre SPKOCTH, HalpruMep HEOObIIOHN
MporpaMMHBINA TIpoayKT RadialScan. Ita mporpaMMa MpoU3BOAUT paz0UeHUE U300-
pPaXEHHS Ha CUCTEMY KOHIICHTPHUYECKHUX KOJICII C IIaroM B OJIMH MHKCeNb. [[anee mpo-
U3BOJIUTCS BBIUMUCIIEHUE CPEIHEr0 3HAYEHUS SIPKOCTH MHUKCENS MO KaXKIOMY M3 3TUX
KOJIEL] U CTPOUTCS KpuBas pacmnpeneneHuss uateHcuBHOCTH (Puc. 4.13). [Ipumene-
Hue RadialScan mo3BoiseT n30ekaTh OMMUOKH MPU OMPEACICHUH pa3Mepa KOJbIla,
BBI3BAHHON acUMMeETpHel ero opMbl WU TPHUCYTCTBUEM OCOOEHHOCTEHN penbeda,
HarnpuMep, NbUIMHOK WJIK MUKPOTPEIINH, XapaKTEPHbIX JJI1 TOHKUX IUIEHOK 30J10Ta.

[Tpu n3yueHun MHAYLUPOBAHHOTO OCAXKACHUS YIIIEBOIOPOAOB B pEKUME, Orpa-
HUYEHHOM MEPEHOCOM MacChl, BOZHHUKAET BOIMPOC O BO3MOXKHOM 3aBUCHUMOCTHU pa3-
MEPOB PE3YABTUPYIOMICH CTPYKTYPbl OT BPEMEHHU BO3IECUCTBUS ANEKTPOHHOTO ITy4Ka.

[Inomanpk, ¢ kKOTOpoil mpoucxoaut audPy3ust MOJIEKyN, CYIIECTBEHHO pa3 MpeBbIlIa-
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Pucynok 4.13 — M3mepenue quaMeTpa yriiepoJIHOro KoJiblla MyTEM aHaIu3a

pacrnpenesieHusl SpKOCTH H300pakeHus TpH oMoty nporpammbl RadialScan

eT miomanas obnactu Beixoga OPD. DTo yTBepxkaeHHE OCHOBAHO Ha COOTHOIICHHH
MEXIy JUTMHOM TTpoOera MOJICKYJIbl B aJICOPOMPOBAHHOM COCTOSIHUH, )\IU/I(I)’ U paauy-
COM HaOJIOIaeMbIX 3KCIEPUMEHTAIBHO YIVIEPOAHBIX MUKPOKOJIEL, 7" )‘J_IH(I) > 1. B
TAaKOM CJIy4ae Ka)KeTcs 11eJ1eco00pa3HbIM MPEANOIOKUTh, YTO AU(P(Y3UOHHBIN TOTOK
TaK)Xe SBISETCA JTHMHAMUYECKH PAaBHOBECHBIM. JTO O3HAYAET, YTO CKOPOCTh BEPTH-
KaJIbHOTO POCTAa MUKPOKOJIEI] JOKHA OBITh MOCTOSIHHA BO BPEMEHHU.

DKCHEpPUMEHTAIBHOE HCCIEIOBAHUE OCAXJEHUs Ha IOBEPXHOCTH apCEHUIa
rayust GaAs py TOMOIIM aTOMHO-CHIJIOBOTO MUKPOCKOTIA TAET TIOYTH JTUHEHHYIO 3a-
BUCHUMOCTB BBICOTHI KOJIbLIa OT BPEMEHH 3KCIo3ulnu. B TO ke Bpemsi, pa3Mep KoJblLia
MeHsieTcst ¢1abo (menee 15% npu yBennvyeHUH BBICOTHI B 3 pa3a). JlaHHbIe H3MEpEHHiA
npeacTaBieHsl B Tabmuie 2.

JIuneliHast 3aBUCUMOCTh BBICOTBI MUKPOKOJIbLIA OT BPEMEHU SKCIIOHUPOBAHUS
oOpasiia 31eKTpOHaMU MO3BOJISIET TOBOPUTH O TOM, YTO BOJIU3U TOUKHU MaJCHUS DJIEK-
TPOHHOT'O IyYKa YCTAaHABIMBAETCS KBA3UCTALMOHAPHBIA PEXHUM pPOCTa YIIIEPOTHOM

CTPYKTYyphl. Jpyrumu cioBamu, BOIU3H 00ydaeMoOl OONAacTU MOTOK OCAKIAEMOTO
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Tabnuna 2 — Tabnauna 3aBUCUMOCTH pa3MEPOB MUKPOKOJIbIIA OT BPEMEHHU

OCaXICHUS
Bpewms o6nydenus, muH. | Beicota konbua (4 1), um | Paguyc xonbua (+ 20), HMm
20 06 804
40 10 835
60 15 953

IpeKypcopa HAXOAUTCS B JUHAMUYECKOM PaBHOBECHH C TIOTOKOM JTHCCOIUUPYIOITUX
MOJICKYJIBI JIEKTPOHOB.
B cnenyromem pasnene 6osee neTanbHO OOCYAMM MPOIECCHI, CBSI3aHHBIC C MH-

OYLHUPOBAHHBIM 3JIEKTPOHAMM OCAXJIECHUEM IPEKypcopa.

Mopeab HHAYUMPOBAHHOIO OCaKIAeHHs JU(PPY3HOHHOIO MOTOKA B YCJIOBHIAX 00-

JYIYCHHSA JICKTPOHAMHA

Jlist onucaHus MPOIECCOB MHAYLUPOBAHHOTO AJIEKTPOHAMHU OCAXKJEHHUS Tpe-
Kypcopa UCHOJB3yeM ypaBHEHHE JiI CKOPOCTH OCAXICHUS, OCHOBAHHOE Ha 3aKOHE

COXpPaHCHUA MACCHI:

0
_”:s<1_£)Jrag+me— - (4.4)
ot no TIlI/I(b THUc

IJ€ N - MIOTHOCTh (KOHLEHTpAaIMs) aJcopOMpPOBAHHBIX MOJEKYJ, S - KOIPPUIUEHT
OPWINIAHUSA, Ny - BEJIMYMHA, 0OOpaTHas IJIOIIAIM, 3aHUMAeMON MOJIEKYNOH, Jras -
IOTOK MOJIEKYJI, aJICOPOMPYIOLINXCS Ha IMOBEPXHOCTU U3 ra3oBoi (hasbl, J)mcp - 1o-
TOK MOJIEKYJI, JOCTaBISIEMbIX MTOBEPXHOCTHOU nudPy3ueit Ha eUHUILY TUIOIIaAH T0-
BEPXHOCTHU B €IMHUILY BpeMeHU. UsleH B CKOOKaX CBsI3aH C OTPaHUYEHHOMN 00JIaCThIO
MOBEPXHOCTH, JOCTYIMHOU aJisi JIeHrMIOpOBCKO# aacopOIuu.

AHanuTH4eckoe peuieHue ypasHenus audgysuu (4.4) mist ciaydas OIHOPOIHO-
ro 110 UHTEHCUBHOCTHU 00JIy4deHus: obnactu B popme Kpyra paanyca R ¢ rpaHUYHBIMU

YCIIOBUSIMH

. dng

= 2 = Ryim(r = 0) =0,

(4.5)

n(r — 00) = nee;n(r = R) = ng; —
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IJIC M1 U Ny - KOHIIEHTPALUs MOJIeKy) cHapyxu (1 > R) u BHyTpH (r < R) oOmyuae-
MO# 00J1aCTH COOTBETCTBEHHO, ObLIO MoyueHo Mromnepom(Muller) [108].
Ha ocHOBaHMH 3TOTO PEIIEHHUs 3HAYCHHUE KOHIICHTPAIlMKM Ha TpaHuIle 00Iydae-

MO 001acTH N MOXKET OBITh IIPEJCTABIEHO, KaK

1
1 + ()\,Z[I/IC/)\)&’

Nrp =~ N

(4.6)

_ Ko(R/N) Ii(R/Auc) . .
TIE O = EUR/N To(R/ AHC)” R - monoxeHre BHEITHEH TpaHUIbI 00TydaeMoi 00macTH,

A= AIII/ICI) = (DT)l/ > _ jumHa 1nQy3HOHHOTO mpobera MOJIEKYIbl PeKypcopa,
Ae = (DTﬂﬂc)l/ 2 _ uHa npobera MoJIeKyIbl B 00y4aemoii obiactu, a ly(x),l1(x)
u Ky(x),K;1(z) - mogudummposantsie GyHKImu beccens mepBoro 1 BToporo mopsiaxa
COOTBETCTBECHHO.

BennunHa np onpenenser GopMy pacrpeeleHnss KOHIIEHTPAIUU MpeKypcopa

n(r) BOJU3M TPAHUIIBI 00TydIaeMOi 00JIaCTH, KOTOpasi OMKCHIBACTCS YPaBHCHUEM

Io(r/Ammc)

n(r) ~ nR—IO(R/)\I[I/IC)

4.7)
¥ UMEET BU/I, TIpeJcTaBlIeHHbIN Ha Puc. 4.14

B cnydae Gosnee cia0XKHOTO pacmpeseneHus INIOTHOCTH TOKa BHYTpH oOiydae-
Mol obnactu, HampuMmep, umeromiero Ggopmy kKpuBoil ['aycca, 3HaueHHe KOHIIEHTpa-
MU N B Pa3HbIX TOYKaX OyaeT MeHATbes. Jljis Toro, 4yToObl OMUCATh MOBEICHHE
n(r), MOXXHO MIPOM3BECTH YUCICHHBINA pAaCUET BEIUYUHBI N IS TOUCK, HAXOMSIIIMXCS
Ha pPa3HBIX PACCTOSIHUSAX OT IEHTpa paCHpeAesICHHs 3IEKTPOHOB COMIacHO GhopmyIie
(4.6). Ilpu mpoBenenuu pacu€ra mivHa AudPy3uoHHOTO mpodera )‘HI/I@ = 10um, a
Takke paguyc R = 2.429um (COOTBETCTBYET paguyCy MUKPOKOJIbIA, SKCIEPUMEH-
TaJIbHO MOJYYEHHOMY MpHU OOJIYyYEHWH MACCHBHOIO KPEMHHUSI IMYYKOM 3JIEKTPOHOB C
sHeprueit 20k3B u Tokom 385mA) umeroT puKcUpoBaHHbIE 3HAaUeHMs. VI3MeHeHne Be-
JIMYMHBI Tipc U COOTBETCTBYIOINEH Ajqpc € PACCTOSHUEM A0 TOYKH HAJEHUs ITydyKa
CBSI3aHbI C IUIOTHOCTBIO TOKA j(7), KOTOpask MOXET ObITh B3sITa, HAIPUMED, U3 PE3YIib-
TAaTOB KOMIBIOTEPHOTO MOJAEIUpOoBaHUsl MeToaoM MoHte-Kapno. Pesynbrar pacuéra
M3MEHCHHUSI KOHIICHTPAIMK 1(7") B YCIOBHSX, COOTBETCTBYIOIIMX OOIYYCHUIO MACCHB-
HOTO KPEMHHSI ITyYKOM 3JIEKTPOHOB € HadyaibHOM 3Heprueil 20k3B u Tokom 385MA,

npeacrasiieH Ha Puc. 4.15 a.
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Pucynoxk 4.14 — KpuBas pacnpeneneHus KOHIIEHTPAIUU MIPEKypcopa AJIs

pPaBHOMEPHOI 3aCBETKU 00JacTu paaunycoM R = 2.429 pu m

3Has MoBeJIeHUE KOHIICHTPAIMH MPEKypcopa B 00acTU OOITyUYEHHUS AIIEKTPOHA-
MU H pacupeiesieHrne TUIOTHOCTH MOTOKa 3JIEKTPOHOB, MBI MOXKEM OIEHUTH PE3yJIbTH-
pyromui mpouis yriaepoaJHOTO MHUKPOKOIBIIA, MOCIEA0OBATEIbHO MEPEeMHOXasl 3Ha-
YeHUE KOHIICHTPAIIMU M TUIOTHOCTH TOKa B COOTBETCTBYIOmICH Touke. IlomydeHHBII
npodUITh MPEACTABIACT COOOM KPUBYIO CKOPOCTH OCAXIACHHS B 3aBUCUMOCTH OT pac-
CTOSIHHSI JIO TOYKH IMaJICHUs] IEPBUYHOTO 3JIEKTpOHHOTO mydka. [Iporecc uaayumpo-
BAaHHOTO OCAXJICHHUS B PEKMME, OTPAaHUUYCHHOM MIEPEHOCOM MAacChl, P KOTOPOM IPO-
UCXOIUT 00pa30oBaHUE MUKPOKOJICI, CAUTACTCS KBA3UCTAIMOHAPHBIM, TOATOMY MOX-
HO CUMUTaTh, YTO KpHBasi CKOPOCTH OCAXKICHHS MOJ00HA MPOdUIII0 00pa3yoIIerocs
Ha 00ayd9aeMON TOBEPXHOCTH MHKpOKoJbIa. Puc. 4.15 0 wmumrocTpupyeT mporecc
noJy4eHus] mMpoduis MUKPOKOJIbIIa. BhICOTa MUKPOKOJIBbIA, OYEBUIHO, OTIPEICTACTCS
JUTUTEIIBHOCTBIO OCAXKIEHHUS, TTOATOMY JIJIs HAITISITHOCTH CPaBHEHUSI BBICOTA TTUKA pac-
4ETHOW KPHUBOH HOPMHUPOBAaHA HAa CPEIHIOIO BBICOTY SKCIIEPUMEHTAIILHO MOYIESHHOTO

MHUKPOKOJIbLIA.



94

a0

n(r)/n

1 ] ! ] ! | ! | ]
2000 4000 6000 8000

PaccrosiHue 10 TOUKM NajieHust ITy4Ka, HM

® j(r)
* n(r)
+ n(r)*j(r)

] ] | 1 ] 1 | 1 ] ] | ! ] ]
0 1000 2000 3000 4000 5000 6000

PaccToanue 10 TOUKHM mageHus myyka, HM

Pucynok 4.15 — a) KpuBas pacrnipeneneHusi KOHIIEHTpaIMy IIpeKypcopa Ha
MTOBEPXHOCTH KPEMHUSI IPU 00JTyYECHUU TTyIKOM IJIEKTPOHOB ¢ 3Heprueit 20xk3B; 0)
Kpusble pacnpeneneHuss KOHUEHTPALMU OPEKYyPCOpa, MIIOTHOCTH TOKA
00paTHOPACCESTHHBIX JIEKTPOHOB M CKOPOCTH OCAXKIEHHUS B 3aBUCUMOCTH OT

pacCTOoAHNA A0 TOYKH IAACHHA SJICKTPOHHOI'O ITy4YKa
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CpaBHeHUE pacCUMTaHHON Ha OCHOBe Mozenu nuddy3um u rayccopa pacripe-
nenenus OPD kpuBoil ¢ mpoduiieM MHUKPOKOJBIA, SKCIEPUMEHTAIEHO HU3MEPEHHO-

ro METOJIOM aTOMHO-CHUJIOBOM MHMKPOCKOIWH, TpejncTtaBiieHo Ha Puc. 4.16. Ha npen-

o Mojgemiposanue

Jlannsie ACM
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I, HM
Pucynok 4.16 — Kpunast hbopmbl 0cajika Ha MIOBEPXHOCTH KPEMHHUS TP OCAXKICHUU

IIy4YKOM 3JIEKTPOHOB ¢ 3Hepruen 20xk3B u Tokom 385mA

CTaBJICHHOM PUCYHKE MOYXHO BBIIETUTH TPH IVIaBHBIE OONACTU: pacTylias K LIEHTPY
BHEIIIHSASA CTEHKa MUKPOKOJIbIIA, CIIAAI0IIAs B CTOPOHY LIEHTPa BHYTPEHHSS CTEHKA U
LHEHTpaldbHasl 00J1acTh BHYTPU MUKPOKOJIBLIA.

Cnaapl BHYTPEHHEW CTEHKHM IS 3KCIEPUMEHTAJIbHOW M pPAacCUYETHOW KPHUBBIX
IPEKPACHO COIVIACYIOTCSI MEXKIY COOOHM, COOTBETCTBHE KPUBBIX JJIsl BHEIIHEW CTEH-
KM MOKHO Ha3BaTh JOCTATOYHO XOopomuM. [IpruunHON pacxoKIeHUs MOTYT CIIYKUTh
HEJAOCTaTO4YHasi TOYHOCTh MpPUMEHsieMoil moaenu aud@y3un, a Takke OTKIOHEHHE
KpUBOW pacrpezeneHus MmioTHocTh Toka OPD oT rayccoBoil (opMbl, CBSI3aHHOE C
BKJIaZIOM BTOPUYHBIX JJIEKTPOHOB, KOTOPBIE MOT'YT IPUHUMATh Yy4acTUE B JIUCCOLMA-
LIMA MOJIEKYJI IIPEKypcopa, HO B paMKax JaHHOM MOJEIM HE YYHUTHIBAIOTCS. B 1eH-
TPaJIbHOW YaCTH MHKPOKOJIBLIA MOYXHO T'OBOPHUTH JIMIIb O KAYECTBEHHOM COITIACOBa-

HHUH MOACIIN U SKCIICPUMCHTA. I'maBHO HpI/I‘{I/IHOﬁ 9TOTO ABJIACTCA OTCYTCTBHC yqéTa
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HayaJIbHOW CTaJAMM OCAXJICHUSA B pe3ylbTUpyloumil npoduib. Takke BIOIHE Bepo-
SATHOW KaXKETCS BO3MOXKHOCTH YYacCTHs B IPOIIECCE OCAXKICHUS MOJICKYJ C pa3HOM
JUTMHHOM yIJIEpOJIHOM 1ienu. B manpHeleM 3ToT Bonpoc OyaeT oOcyx)aaThes 0osee
noapo6Ho. TakuM 006pa3oM, MOXKHO CJieJIaTh BBIBOJ O JJOCTATOYHO XOPOIIEH CTEICHU
COOTBETCTBHS MEXIYy OMUCAHHOW MOJIENBI0 HHAYIIUPOBAHHOTO AJIEKTPOHHBIM ITYyYKOM

OCaXJICHUS YTIIEBOJIOPOIOB C yUETOM MOBEPXHOCTHOU nupPy3un.

AHaJIM3 cocTaBa aTMOC(l)epl)l OCTATOYHBLIX I'a3oB AJd OIIPEaAcJICHUA YIJICBOAOPO-

0B, y4aCTBYIOIIUX B (OPMUPOBAHMH MUKPOKOJIEIl

3agadya wACHTU(PUKAIMU MOJEKYJ, NPUBOASIIMX K MOSBJICHUIO YIIEPOIHOTO
CJI0s Ha MOBEPXHOCTH 00pa3lloB, BO3HMKJIA Oosiee MOITyBeKa Ha3aJ BMECTE C IOsB-
JIEHUEM TIEPBBIX AJIEKTPOHHBIX MHKPOCKOIIOB M JO CHUX IOp SIBJISIETCA aKTyaJlbHOM.
WuTtepec k 3T0il mpolineme W3HAYaIbHO ObUT CBA3aH C MPOOJIEMOM MOCTENEHHOTO
YXyAIMICHUST pa3perieHuss CHUMKOB MPU JTUTEIHHOM HAOTIONCHUM OJHOM M TOW XKe
oOnactu nosepxHocTH. [Ipeanonoxkenue o0 OpraHMYECKON MPUPOAEC BO3HUKAIOIIETO
Ha TOBEPXHOCTH JEIMO3UTa BO3HHMKIIO jgoctarouHo gaBHO [109; 110]. Taxxe Oblia
yKazaHa ero amop(Hasi CTPyKTypa W MPEHUMYIIECTBEHHO YIJIEPOIHBIN XUMHUYECKUI
cocTaB. B pesynbrare mampHeWIero u3y4eHus: ObLI MpeIoKeH MeXaHu3M (popMupo-
BaHUS aMOP(HOTO0 YIJIEPOIHOTO OCaaKa MyTEM THUCCOLMAIMA MOJIEKYJ YITIEBOJOPOI0B
C UX TOCIEAYIONIEeH MoIuMepu3alueil Ha oorydyaeMoin moBepxHoctu [16].

AHalM3 cocTaBa OCTAaTOYHBIX Ta30B B KaMepe 00pa3lioB UCIIOJIb3yeMOro B JIaH-
HON paboTe AIEKTPOHHOTO MHMKPOCKOIIA IMOCPEICTBOM METOJa BTOPHUYHON HOHHOM
CIIEKTPOMETPHUHU MOJTBEPKJIACT HAIIMUKUE B HEH YIIIEBOJOPOJOB. Macc-CHEeKTp aTMO-
c(epbl OCTATOUHBIX Ta30B, MpeAcTaBieHHbIM Ha Puc. 4.17, nomydeH mpu MOMOIIU
KBaJIpyTHOJIbLHOTO Macc-criekTpomerpa Hiden Analytical HAL 7 RC' nist BpeMeHH
HakoruieHus: 200mc ¢ marom 0.2a.e.m. CriekTp uMmeeT nuiioodpasHyro ¢hopmy, moapa-
3yMEBAIOIIYI0 MPUCYTCTBUE 1 —AaJKaHOB C MOJIEKYJISIpHBIMU Maccamu M, pa3nenéH-
HbIMU 14 aTOMHBIMU €JMHUIIAMU MacChl. BpicOoTa MuKa najiaet ¢ yBeJIM4eHUEM HOMEpa
N aromoB yreposa B rienu juist [N < 10, a 1oTOM BBIXOIUT Ha HackieHue. [Toxoxee
noBeieHre Habmoaanock apropamu [100] ams mpucyTCTBHS YITIEBOJOPOJIOB B CIETKa

3arpsA3HEHHON CBEPXBBICOKOBAKYYMHOM KaMepe.
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Pucynok 4.17 — Macc-ciekTp 0CTaTOYHBIX ra30B B KaMepe 00pas3iioB POM,

KOTOPBII JEMOHCTPUPYET MPUCYTCTBHE YIIIEBOIOPOAOB B COCTaBE aTMOC(ephl

MOJ'IGKYJ'H:I HpI/I6BIBaIOT CO CKOPOCTBIO Jrag (MOJ’IeKyJ'I / CMZC) M BO3BPAlIAIOTCA
06paTHO B BaKyyM IIO IMPOIIECCTBUU CPEAHECTO BPEMCHU THI/I(I) B (131/IBI/I‘I€CKI/I az[cop61/1-
POBAHHOM COCTOSHHHU HJIN JUCCOLHUUPYIOT U IIPHUIIMIIAIOT K IIOBECPXHOCTH B TCUCHHC
BpPEMCHU Trhuc-

KOHI_IGHTpaI_[I/IH HAaCbIICHUA TN, U3 YPABHCHHA (44) MOJKET OBITH paccuruTaHa
M3 YCJIOBHA PABHOBCCHA Ha H606JIyI-IaeMOI71 INOBEPXHOCTHU, KOraa OTCYTCTBYIOT AHMC-
conuanusa M, CJI€J0BaTCIIbHO, I[I/I(l)(bYBI/I}I MOJICKYII. B »Tom clIydae, nojarada s — lnu

oTOpachiBasi COOTBETCTBYIOIINE YJICHBI B ypaBHEHUH (4.4), omydaeM

1
J 1
Noo = Jras ( s ) : (4.8)
no

THHq)

N3 ypaBHeHus AppeHuyca:

D = Dyexp (~ ey BT ) s Ty = 70.©xP (Enec/ BT) (4.9)
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rae EIII’I(l) U Enec - sHeprum axktuBauuu Jud@ysun U gecopOLuM, COOTBETCTBEH-
HO, R - yHHMBepcalibHasi ra3oBasi MOCTOsIHHAs, a 1' - Temmeparypa. 1 EHHQP u Enec
yBeNMunBarTcs ¢ pocrtoMm N. VX oTHomeHune [ = EJIH‘I) / Enec, COITIaCHO pe3yJbTa-
tam [111], cocransier npubmusurensHo 0.3 s n—ankanos Ha Ru(001). ABropamu
[111] Tak ke mokazaHO, 4YTO 3HaYeHHE KoddduimuenTa [y NpaKTUUYECKH HE 3aBUCHUT
or N. Bens o6o3HadeHus D = bTJ}ﬁ o8 b = Doty ¥ & const, MOKHO 3armcaTh

npousBeieHue Dn., Kak (QyHKIUIO Tud’

bTiﬁ Jrag
[msz@m@):J a7 (4.10)
ras/no + T ey
Oynkuus F <THH(1)) (4.10) umeeT MakCUMaJbHOE 3HAYCHHUE MPU
ng 1—p
T = - 4.11
e 10

Makcumym F' (Tﬂmb) COOTBETCTBYET MOJIEKYJIaM, UTPAIOIIUM IJIABHYIO POJIb B IIPO-
1eccax MHAYIHUPOBAHHOTO OCAXIEHUs, HAOII0JaeMbIX B SKCIIEPUMEHTE.

CpaBHUBas MOJHBIA TOK BTOPUYHBIX HOHOB, COOTBETCTBYIOUIUMW KaXKIOMy W3
n—aJKaHOB, C TOKAMH, MOJYYEHHBIMH JIJI1 MOHU3UPOBAHHOW BOJBI M MOJIEKYJ a30Ta,
MBI OIICHIJIH TapIHaIbHOE JTaBICHHE T MoJieKyl ¢ Macco M ~ 130 a.e.m nmpuOnu-
sutenbHo Kak 3% 10~ Topp. B cOOTBETCTBHY ¢ KJIaCCHUECKOH KMHETHYECKOH TeopHeit
ra3oB, 3TO 3HAYEHHME COOTBETCTBYET MOTOKY Jraz &~ 5 * 10'momexyn/cm?c mpu xom-
HaTHO# Temneparype. Ilonaras ng = 2 * 101em 2 u B = 0.3 B ypaBnenuu (4.11),
MBI TOJTy4aeM CIICAYIONIYI0 OICHKY IJii BPEMEHH MPeOBIBAaHUS MOJIEKYIBI B aJICOp-
OMPOBAaHHOM COCTOSIHMH, UTPAIOIIIETO KJIIOYEBYIO POJIb B IIPOIECcca HHIYIIUPOBAHHOTO

OCaXICHHA:
o 043710

TI[I/I(b =

CornacHo uccnenoBanusM [112], BenuunHa T 11 OOJBIINX MOJEKYJ MOXKET

~ 9 % 10%c. (4.12)
Jraz

OBITH 3HAYUTEIILHO MEHbILE TUITMYHOro 3HadeHus 10~ 3¢ u, nmpeamonoxkurensHo, Ha-
xomutcsa B auanasone or 1071° mo 1071'%c. Ha Puc. 4.18 oTpaxeHa 3aBUCHMOCTb
Trugy OT ATHHBI yriiepogHoit uenu N. Ilpu moctpoenuun rpaduka MCIOIb30BATUCH
3HAYEHHs PHEPTUM aKkTUBaluu Aecopouuu ans rpadura [100] u 3omota [112] ¢ 7 B

nuanazone ot 107 no 10~ 'c. INepeceueHne KpuBbIX I rpaduTa M 30J10Ta C To-
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6 8 N 10 12

Pucynok 4.18 — I'paduk 3aBUCUMOCTH BPEMEHH HaXOXKIEHUS MOJICKYIbI B
a7cCOpOMPOBAHHOM COCTOSIHUM OT JUIMHBI YIJIEPOIHOM LETH JJIs MOAJIOKEK

nuporpacdura(l) u 3o0mota(2)

PU30HTAJIBHOM JIMHHUEHN Tud = 9 % 10%c cmyuaercs npu N ~ 10, uTo yka3bIBaeT
Ha [IaBEHCTBYIOIIYIO POJIb n—JAeKaHa B (POPMUPOBAHUU OCAXKIAEMOTO YITIEPOIHOTO
CJO4.

Pe3ynbrar oneHKH, TOJTY4eHHOM HaMH, comiacyeTcs ¢ BhiBogaMu aBTopoB [100]
0 KIFO4YeBOi ponu n—HoHaHa (N = 9) B MHAYLHMPOBAaHHOM YJBTPa(HOIETOM OcCa-
KIEHUU YITIEBOJIOPOAOB Ha MOBEPXHOCTHU JIMH3 B CBEPXBBICOKOBAKYMHBIX YCIOBUSX.
HeOounbiioe otauumne OT OLIEHKHU, OJTYYEHHOW HaMH, MOXKET ObITh BBI3BAHO TEM, UTO
aBTOPBI UCIOJIL30BaIU 3HaYeHue 7p = 107 13¢c B cBoux pacuérax. YMeHblIeHHE Ty Je-
JaeT JJIMHHBIE MOJIEKYJbl 00Jiee BEPOSITHBIM KaHAMAATOM, KaK MOJIYyYUJIOCh B HAIleM
clIyyae.

Takum 00pa3oM, MOKHO YTBEpXkAaTh, YTO OCHOBHOW BKJAJ B (hOPMUPOBAHHE
YIJIEPOJHOIO OCAJIKa HAa TOBEPXHOCTH, 00Ty4aeMOM MyYKOM YCKOPEHHBIX 3JI€KTPOHOB,

JAI0T YIJIEBOAOPOAHBIE COCTUHEHUS C JTIMHON yriepoaHoi nenu N = 9 — 10.
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3aBucuUMOCTb ()OPMBI YIVIEPOAHOIO O0CAAKa OT CBOMCTB 00pa3ua

Kak oTmMeuanoce BbllIE, OCAXKACHUE B PEXKUME, OTPAHUUEHHOM IEPEHOCOM Mac-
Chl, XapaKTEePU3YETCs HEKOTOPBIM PaJANYCOM 7';, OKPY>KHOCTH, OTCEKAOUIEH BHEIIHIOIO
4acTh TWIOTHOCTU Toka OPD j,1, IOCTAaTOYHYIO IS TUCCOLMAITUN BCEX MOJIEKYI aUd-
(Gy3HMOHHOTO TTOTOKA, HAIIPABJIECHHOTO K 00J1acTH OOIydCHUS.

Ha Puc. 4.19 a npencrasneH pe3ysbraT MOAEIUPOBAHUS PACCEAHUS JIEKTPOH-
HOTO ITyuKa ¢ 3Hepruen 20k3B B MaccuBHOM 00pasue u3 maruHsl Pt, a Ha Puc. 4.19 6
- OJTHO U3 YIJIEPOIHBIX MUKPOKOJIEL, TOJYYEHHBIX Ha TOBEPXHOCTH IIJIAaTUHOBOW JMa-
dbparmbl 1o IeMCTBUEM OOIYUYEHHUS MYYKOM 3JIEKTPOHOB IPHU YCKOPSIOIIEM Hampsi-
weHun 20kB B Teyenue 7 muHyT. CpellHHIl 1HaMeTp KOJIel B TAHHOM 3KCIIEPUMEHTE
cocraBui (718 & 14)HM, a cooTBeTcTBYIOLIMI paxuyc ry; (Pt) ~ 369HM.

[Ipou3sBenss CyMMUpPOBAaHHE AIIEKTPOHHON MIIOTHOCTU BO BHELIHEN OOIACTH, OT-
ceKaeMOM KOJIBIIOM paauyca 1y (Pt) (3akpaiieHHas 1BeToM 00iacth Puc. 4.19 a), Mbl
MOJIy4yaeM HEKOTOPOE 3HAYCHHE IUIOTHOCTH TOKa j,.i (Pt). BenuuuHa j,.; HaOpsAMyro
CBsI3aHA C BEIMYMUHOMN NU(PPY3MOHHOTO MMOTOKA, TOITOMY OyIET MEHSTHCS B 3aBUCUMO-
CTH OT ycioBuil nuddy3un, Hanpumep, COCTOSTHUS MOBEPXHOCTH WJIM MapUUaIBLHOTO
JaBJICHUS IpPEeKypcopa B Kamepe o0OpasiioB.

OcranoBuMcsl moipoOHEe Ha BIUSIHUM Marepuaia oOpasna Ha Kodh@uimeHT
muddysun. [locne Hauanma SKCIO3UIIMH AJIEKTPOHAMH Ha MTOBEPXHOCTH HAUYMHAET MPO-
[IECC UHIYLIMPOBAHHOTO OCAXKJEHUS U MOSBISETCS yriepoaHas micHka. O6pa3oBaHue
IJIEHKA Ha MOBEPXHOCTH MPOUCXOIUT HE3aBUCUMO OT Marepuaina obOpasua. B cimydae
JUTUTEJIBHOW AKCMO3ULIMM (AECATKH MHUHYT) IPU OCAXKJIEHUU B PEKUME, OTpaHUYCH-
HOM TIEPEHOCOM MAacChl, MOXKHO CUMUTATh, YTO MOBEPXHOCTHAs AU(PYy3Us OCYyIECTB-
JseTCs BAONb oCaXaA¢HHOW TiEHKU. C 3ToM ToUukH 3peHus kodddunuenT auddy3un
HE 3aBUCHUT OT Marepuaia odpasua.

YTBepKIAEHUE O TOM, UTO j,; HE 3aBUCHT OT CBOWCTB oOpaslia U OIpenesns-
€TC COOTHOIIEHUEM MOJEKYJISAPHOIO MOTOKAa U MOTOKA NMEPBUYHBIX, BTOPUUYHBIX U
PAaCCESTHHBIX AJIEKTPOHOB, SIBISETCS KIIFOYEBBIM IMPEIIOI0KEHHEM IS BO3MOXKHOCTH
MPAKTUYECKOTO MCTOIB30BaHUSI MUKPOKOJIEIl TIPH CPABHEHUH 00PA3Il0B PA3IUIHOTO
XUMHUYECKOTO COCTaBa.

Ha Puc. 4.20 a npencraBieHbl KpPUBBIE PACHPEACIECHUS NPOCTPAHCTBEHHOU

wiotHocTH Toka OPD mis Pt, GaAs u Si, monydeHHbIe TyTEM MOJCIUPOBAHUS pac-
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Pucynok 4.19 — ®opMupoBaHue yriiepoJHOI0O MUKPOKOJIbIa HA HOBEPXHOCTH
IUTATUHBI TPU OOTYYEHUH ITyYKOM 3JIEKTPOHOB ¢ sHepruen 20x3B u Toxom 350nA: a)
KpHUBas 3aBUCHUMOCTH IJIOTHOCTH Toka OPD OT paccTosHUs 10 TOYKU NaJEHUs

MNEPBUYHOTO My4YKa; 0) SKCIIEPUMEHTAIBHO MOTYYEHHOE MUKPOKOJIBIIO
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Pucynok 4.20 — Pe3ynbraTsl rccienoBanus MacCUBHbIX 00pasioB Pt, GaAs u Si: a)
KPHBBIE 3aBUCUMOCTH IUIOTHOCTH TOKa OPD oT paccTosiHus 10 TOUYKH NaJCHUS
IIEPBUYHOTO ITy4Ka, [IOJyYECHHbIE MOJAEIUPOBAHUEM PACCESHUSA | MIIH. 2JIEKTPOHOB €
HadanbHOU 2Hepruen 20 k3B B ; 6) YmiepoaHbie MUKPOKOJIBIIA, TOTYYEHHBIE MO/
JEHUCTBUEM OOJydeHHUS MyYKOM 3JIEKTPOHOB C HadalibHOM sHeprueit 20x3B u Tokom

3850A B Teuenue 10 MuHYT
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cestaust 106 ANEKTPOHOB C HadYabHOU dHEpruer 20k3B B COOTBETCTBYIOMINX MOIIOK-
Kax. YIiepoaHble MUKPOKOJIbIIA, n300paxEéHHbie Ha Puc. 4.20 6, ObIM MOIy4YEeHBI TIPH
00JIy4YEeHUH MOJJIOKEK 3JIEKTPOHHBIM ITyYKOM C TOKOM 38DMA MHpHU YCKOPSIOLIEM Ha-
npsokeHuu 20kB B Tedenue 10 MunyT. Bee Tpu MouiokKu HaXOAWINCH B Kamepe 00-
pasloB 3IEKTPOHHOIO MHUKPOCKOIAa OJHOBPEMEHHO, YTO OOECHEeYMBAET OAMHAKOBHIE
ycloBUs AJig (POPMUPOBAHUS MEPBUYHOTO MOKPHITUS UX MOBEPXHOCTH MOJIEKYIAMHU
YITIEBOAOPOAOB.

3akpaiieHnbie oonacty Ha Puc. 4.20 a, 0603Ha4aroT JOJIIO JIEKTPOHHOM TIIOT-
HOCTH, COCTaBIAOIYIO j.kx(Pt) = ju(GaAs) = jx(Si) = jpp AT KaKIAOTO U3
oOpa3uoB. s onpeneneHusi BEIUYUHBI j,; ObUla MPOCYMMUpOBAaHA BHEIIHSS 4acTb
mioTHoctH Toka OPD, orcekaemas pamuycom 7i(Pt) ~ 369um. Kak BugHO 13
Puc. 4.20 a, BHyTpeHHUH Kpail 3akpamieHHOW oOmactu 111 GaAs m S HaXomuTCs
Jajnblle OT TOYKU MaJCHUs My4YKa MEPBUYHBIX IEKTPOHOB. JTO O3HAYAET, YTO IpaHu-
bl ocaxeHus 1y (GaAs) u ry(Si), Takke CHIbHEE ylaJeHbl OT LEHTPa pacipeese-
HUS, TO €CTh pa3Mephbl COOTBETCTBYIOIIMX YITIEPOAHBIX KOJel OyayT OoJblle, 4eM Te,
4TO OCaXJaloTcsl Ha noBepxHocTu Pt. [Tomyuennsie 3HaueHus ri(GaAs) = 1332uM
U 1:(S7) = 2429HM GIU3KH K SKCIEPUMEHTAIbHO u3MepeHHbIM (1420HM u 2750HM
COOTBETCTBEHHO), YTO MOXXHO CUMTATh KOCBEHHBIM MOJTBEPKICHUEM HAIIEeTo Mpea-
IIOJIOKEHHSI O HE3aBUCUMOCTH j i OT MaTepuaia IMOIJIOKKHY.

OTMEYeHHOE HaMU BBILIE CMEUIEHUE IPAHUIIBI OCAKICHUS 7' ISl PA3HBIX MaTe-
pHAJIOB IIPU HEU3MEHHBIX YCIOBUSX MOBEPXHOCTHOU AU(PYy3Un MPUBOIUT K HEOOXO-
JUMOCTH 00Jiee MOAPOOHO U3YUUTh CBA3b C PACCEUBAIOLIMMU CBOMCTBAMH BEILIECTBA.
B Tabnuue 3 npencraBieHbl HapaMeTPhbl, ONPEACISIONIEe HHTEHCUBHOCTh PACCESIHUS
AJIEKTPOHOB B TBEPAOM Teje (COMIACHO MOJAEISM, PACCMOTPEHHBIM B IPEIbIIYIIEM
paszzene JaHHOW paboThl) Ui HEKOTOPBIX MaTepUajoB: aTOMHBII HOMEp Z, aTOMHBIN
BeC A M MIOTHOCTS p.

Ha Puc. 4.21 uzoOpaxeHa 3aBUCUMOCTb pajuyca yriiepoJJHOIO MUKPOKOJIbIIA OT
IUIOTHOCTH MAaTepuaja MOMJI0KKH Il Pa3IMYHbIX XMMUYECKUX 2JIEMEHTOB. 3HAYEHHUS
s 1, (IpeACTaBIeHbl B IPaBOM CcToJ01E Tabiauilsl 3) MOIy4eHbl MYyTEM MOJEIUPO-
Banus paccesHus 10° snekTpoHOB ¢ HayanbHOM >Heprueii 20k5B B COOTBETCTBYOIMX
MOVIOKKAaxX B KauecTBe OTHPaBHOM TOYKU MCHOJIB30BAJIOCH 3HAYCHHE j,(S7), mocyn-
TAHHOE JIJISl MUKPOKOJIbIA C 7' (S7) = 1356HM, BBIPAIIIEHHOTO ITyYKOM 3JIEKTPOHOB C
TokoM 240nA npu yckopsiromieM HanpspkeHud 20kB B Tedenue 10 munyT. Jlerko 3a-

METHTb, YTO 3aBUCUMOCTH 71 (Z) u 1;(A) HMEIOT HEMOHOTOHHBII Xapakrtep. B To ke



104

Tabnuna 3 — Tabnauna 3aBUCUMOCTH pajuyca yIiIepOgHOTO KOJIbIla OT aTOMHOI'O

HOMCpaA U INIOTHOCTHU Marcpuralia IoJJI0KKH

Marepuan A A, a.em p, T/cm3 T, HM
Al 13 27 2.70 1238
Si 14 28 2.33 1356
Ti 22 48 4.54 1004
Fe 26 56 7.86 644
Cu 29 64 8,96 591
GaAs 32 72 5,81 857
Pd 46 106 12,02 479
Ag 47 108 10,50 534
Ta 73 181 16,65 390
W 74 184 19,30 341
Pt 78 195 21,40 313
Au 79 197 19,30 348
1500 |-
Si (14)
([}
Al (13)
B [ )
= Ti (22)
< 1000 |- °
Q GaAs (32)
~ )
>
< - Fe (26)
A . Cu(29)
° Ag (47)
500 |- . 1)
A
4 b (78
I W (74)
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
5 10 15 20

[110THOCTB, T/CM?
PucyHnok 4.21 — 3aBUCUMOCTb pajinyca YIJIEPOJHOTO MUKPOKOJIbIA OT IJIOTHOCTH

Marcpuajia ImoaJI0KKHU, B CKOOKax YKa3aH aTOMHBIN HOMCP XUMHUYCCKOT'O 3JICMCHTA
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BpEeMsi, H3BECTHO, 4TO OTHOMICHHE A /7 cnabo 3aBHCHUT OT MOJIOKCHUS JIEMEHTA B T1e-
PHUOANYECKOM CUCTEME, TIOATOMY OCHOBHOM XapaKTEPUCTUKON MATEpUAIIA, BIUSIOLIEH
Ha MPOTSHKEHHOCTh o0nacTu Bbixoga OPD, sBnsercs mioTtHOCTh [113]. MoHOTOHHOE
U3MEHEHHUE 7', C p MOATBEPKIAET 3TO YTBEPKJICHHUE.

MBI MOXEM BOBCE UCKJIIOUUTH BIIASIHUE U3MEHEHUM aTOMHOTO HOMEPA U aTOM-
HOTO BecCa, €CJIM PACCMOTPHUM PACCESTHUE NIEKTPOHOB B MOJIOKKAX U3 OJHOTO U TOTO
K€ marepuaia, HO C pasJIM4HoOM mroTHocThro. Ha Puc. 4.22 mpencraBineHbl KpUBbIE
pacupeneneHusl MPOCTPAaHCTBEHHOM TIOTHOCTH Toka OPD, mosiydyeHHBIE TTyTEM MO-
JIETUPOBAHMSI AJIIEKTPOHHOTO paccesiHusl B TPEX MACCUBHBIX 0Opasiia yrepoaa. Equn-
CTBEHHBIM pa3lInurMeM MEXIy 00pas3liaMu SIBISIETCS IJIOTHOCTh, KOTOpasi BapbUPOBa-
mack or 1.5 1o 3.5r/cM?, 4TO MOXKHO pacCcMaTpuBarh, Kak YIIEPOA B Pa3HBIX all-
JIOTPOITHBIX COCTOSIHUAX. JIETKO 3aMeTHUTh, UTO pasmep ooOsacTu Beixoga OPD mpak-

THYCCKHN MOHOTOHHO YMCHBIIACTCSA C POCTOM IINIOTHOCTH Marcpuajia: OH COCTAaBJIACT

okoso 5000uM 11t amopdHoOro yriepoaa (MIOTHOCTh 1.5#
Ta (2.25015[3) u 2500HM 11a anmasa (3.501{43). B To xe Bpemsa, kKOPD nmia Bcex Tpéx

MMOAJIOXKCK OAUHAKOB.

), 3700uM ms Tpadu-

Takum 06pa3zoM, MOKHO BBIJEIUTH ABE OCHOBHBIX OCOOCHHOCTH MHAYLIMPOBAH-
HOTO OCAXJECHUSl Ha MOJUIOKKAX M3 Pa3HbIX MaTepualioB: BO-NEPBBIX, IPU HEU3MEH-
HBIX YCJIOBHSX (DOPMHPOBAHUS MEPBUUYHOTO YITIEBOJOPOJHOTO MOKPHITHS HA MOBEPX-
HOCTH 00pa3iia, MpOoLECcC OCAXKICHUS ONpeAesieTcs, IIaBHbIM 00pa3oM, MpOCTpaH-
CTBEHHBIM pAaCIPEAEICHUEM ILNIOTHOCTH Toka OPJ; BO-BTOPBIX, MPOTSHKEHHOCTH 00-
nactu Bbixoga OPD u (hopma COOTBETCTBYIOIIETO paclpeeieHuUs IEKTPOHHOM TIOT-

HOCTH, B IIEPBYIO OYEPE/Ib, 3aBUCUT OT IJIOTHOCTU Marepuaia 00JydyaeMoi MOAJIOKKH.

N3y4yenue 3aBUCMMOCTH (POPMBI YIVIEPOXHOIO O0CAAKA OT YCJIOBHH 00/1y4YeHUs

[Tomumo ycnoBuii (GopMUPOBaHHS TEPBUYHOTO YITIEBOAOPOIHOTO TOKPBITHUS
Noo U TOBEPXHOCTHOU AM(PQY3UH HA MOBEPXHOCTH 00IydyaeMoro odpasia, mpoiec-
Chl MHAYIUPOBAHHOTO OCAXKICHUS OMPEICISIIOTCS YCIOBHUIMH JIEKTPOHHOTO 00Iyde-
Husl. CyIIecTBYeT JIB€ XapaKTePUCTHKHU MMEPBUYHOTO MyUYKa IJIEKTPOHOB, KOTOPHIE MBI
MOYKEM KOHTPOJIMPOBATH MPHU MPOBEACHUN IKCIIEPUMEHTA: YCKOPSIOIIEe HAIPSKCHHE,

3a/a101llee HAYaJIbHYI0 SHEPTHIO ANEKTPOHOB [y, U BEIMYMHA TOKA MEPBUYHOIO MyY-
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Pucynok 4.22 — KpuBbie 3aBUCUMOCTH IUIOTHOCTH Toka OPD oT paccrosiHust 10
TOYKH IaJICHNs IEPBUYHOTO IEKTPOHHOIO IIyYKa ¢ HadajabHOM 3Hepruei 20x3B,
NOJIyYEHHBIE MOJIEIMPOBAHUEM PACCESHUSA ICKTPOHOB B PA3JIMUHBIX aJUIOTPOIHBIX

MonudUKaMIX yriiepona: aamasa, rpadura u amopdHoro yrieponaa

Ka. Yrojl majeHusl MEPBUYHBIX AIEKTPOHOB TAKKE OKA3bIBAET BIIMSHHUE, HO B PAMKax
JaHHOW pabOThl MBI pacCMaTPUBAEM UCKIIOUMTEILHO BEPTHKAIBHOE IMAaJIEHUE MyYKa
Ha oOpa3sell.

Ha Puc 4.23 a n300pakeHbl KpUBbIE€ MPOCTPAHCTBEHHOTO PACTIPEACICHUS TIJI0T-
HocTu Toka OP3 1711 HECKOIBKUX 3HAUCHU Ha4YaJIbHOM SHEPTUM JICKTPOHHOTO My4YKa
B IIOJIOKKE apCeHMa raaius. Moaemuposanue mpoussoauinock aas 108 smexrpo-
HOB P HOPMAJILHOM TaJICHUH My4Ka. 3aKpalleHHbIe 00JaCTH COOTBETCTBYIOT YacTH
IJIOTHOCTH TOKA, KOTOpasi NP CyMMHPOBAHUU NAET 3HAYCHUE 7.

B nuanazone cpeanux suepruit (5 — 40x3B) koaddunment OPD mensiercs cina-
00, nosToMy BenuunHa obuiero Toka OPD coxpansiercs. B To ke Bpems, U3MEHEHHE
(OpMBI KPUBOI1 C POCTOM YCKOPSIFOIIETO HAMPSKEHUSI CXOXKE CO CIyYaeM yBEIMYCHUS
IJIOTHOCTH Marepuaia. [ paHulbl 3aKpalleHHBIX 00JacTeil, COOTBETCTBYIOIIUX pa3-

JIMYHBIM 3HAYSHUSIM HadaJIbHOM OHCPIruu SJICKTPOHOB, YAAAIOTCA OT TOYKH IIaACHMA
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PucyHok 4.23 — 3aBUCMMOCTD pacupeneneHus INIOTHOCTH TOKA OT PAaCCTOSHUS 10
TOYKH IMaJICHUs NEPBUYHOTO My4YKa MPU PA3IUYHBIX 3HAYCHUSIX YCKOPSIOIIETO
HanpspkeHus: 11t GaAs: a)pe3ynbrarbl MOACIUPOBAHUS | MITH. 3JIEKTPOHOB;
0)3KCIepUMEHTAIBHO MOJYYEHHBIE B COOTBETCTBYIOIINX YCJIOBUSIX YIIIEPOIHbBIE

MHKPOKOJIbIIA
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y4Ka ¢ pOCTOM dHepruu. B kauecTBe j, B3sTa BEJIMUYMHA IJIOTHOCTH TOKA, COOTBET-
CTBYIOIIAsl OCAXKICHHIO YITIEPOTHOTO KOJbI[a paauycoM 7 (20) = 1353HM Ha TOBepX-
HOCTH apCeHUJa TaJus Mpu OOJYyUYEHHH MYYKOM 3JIEKTPOHOB MPHU YCKOPSIOIIEM Ha-
npsokeHuu 20kB (Puc 4.23 6). Usmepenue paauyca ry sl Ipyrux 3HaYCHUN SHEPTUU
3JIeKTPOHOB HaéT cienyromiee: 1 (7) ~ 288um, 71(10) ~ 485uM u 7(15) ~ 882HM.
N3mepenue yriepogHbIX MUKPOKOJIEI, MpeacTaBieHHbix Ha Puc 4.23 6, nemoHcTpH-
pPYIOT aHaJoOTMYHYyI0 TeHjeHuuto. [lomobHoe "pacnon3zanue'pacnpeaeneHus MI0THO-
ctu Toka OPD OTHOCUTEIBHO TOUKM MAJICHUS] My4YKa NPU YBEIUUYECHUN SHEPTUU SBIISI-
€TCs BIIOJIHE 0XKMJIAEMBIM PE3YyJIbTaTOM C TOYKH 3PEHMSI pocTa 001el JUIMHbBI Tpodera
AJIEKTPOHOB.

[Ipy W3MeHEeHHHM TOKa IMy4YKa BO3HUKAET MPOTHBOIOJIOXKHAS cUTyauus: (op-
Ma pacupeAeCHHs] TPOCTPAHCTBEHHON MIOTHOCTH Toka OPD ocTaércss HeM3MeHHOM,
3HAYCHUE IUIOTHOCTU TOKAa B Ka)XJIOW TOYKE BO3pacraer. BenuunHa j,;, O4EBUIHO, HE
MEHSIETCSI, TO3TOMY BO3HUKAET CMEIIICHHUE TpaHuIlbl ocaxaenus. Ha Puc. 4.24 6 npen-
CTaBJICHbl CHUMKH YITIEPOAHBIX MUKPOKOJIEL, MTOJIYYEHHBIX I Pa3HbIX 3HAYEHUH TO-
Ka MEPBUYHOIO ITy4Ka AJIEKTPOHOB HA MOBEPXHOCTH MOHOKpHUCTajla KpeMHus. Pe-
3yJIBTaThl COOTBETCTBYIOLIETO MOJIEIIMPOBAHUS TpuBeIeHbI Ha Puc. 4.24 a. U3 pucyHka
BHUJIHO, YTO KPHBBIE PACIPEIAECICHUS] TPOCTPAHCTBEHHOW TUIOTHOCTH TOKa OTIMYAIOT-
Csl aMIUIUTYIOW. 3aKpallleHHbIe 00JaCTH COOTBETCTBYIOT YAaCTU TOKa, (hOPMUpPYIOIIEH
Jrk. B KauecTBe j,, B34Ta BEJIWYMHA IUIOTHOCTH TOKA, COOTBETCTBYIOLIAS OCAXKJIE-
HUIO YIJIEPOTHOTO Kojblia pamuycom 7 (240) = 1356HM Ha MOBEPXHOCTH KPEMHHUSI
npy O0JyYEHUH ITYyYKOM AJIEKTPOHOB ¢ TOKOM 240NA IpH yCKOPAIOIIEM HANpPsKEHUU
20xB. MU3mepenue paauyca ry ISt MUKPOKOJIEL, COOTBETCTBYIOIIUX APYTUM 3HAYCHU-
SIM TOKa MepBUYHOTO myuka: 1 (15) ~ 257uM, 75 (70) ~ 912uM u 7,(640) ~ 1641HM,
OTPaXKarT TEHACHIIMIO K CMEILIEHUIO TPAHMIIbI OCAXKICHHUSI BMECTE C BETUYMHOM TOKA.

OpgHuM K3 pacnpOCTPaHEHHBIX METOAOB ONPEACIICHUS IIOTHOCTUA TOKA SBIIS-
€TCsl MPUMEHEHUE TTOBEPXHOCTHOTO CJIOS MOJIMMEPHOIO PE3UCTA, YyBCTBUTEIBHOTO K
ekTpoHaMm. IIpouecc u3mepeHuss B 3TOM Cilydae sIBJISIETCS MHOTOCTaAUMHBIM, BKIIIO-
yaeT B ceOd XMMHUYECKOE BO3JEUCTBUE, CYIIKY U MOCIEQyIollee HAaOMIOAeHUE Mpo-
SABJIICHHOW CTPYKTYpbl. [IpuMeHEHNE OTMEUEHHOW BBIIIE 3aBUCMMOCTH JHAMETpa yT-
JEPOAHOTO KOJIbIa OT IUIOTHOCTHU TOKa MO3BOJSIET M30ekaTb HEOOXOIWMOCTH B JI0-
MOJIHUTENIbHON 00paboTke 00pa3la M HapyIIEHUH BaKyyma IUIsl IPOSBKUA U CYLIKH
pe3ucra. M3MepeHus: NOJy4eHHOrO YIIIEPOJHOIO Clie/la MOXKHO MPOU3BOIUTH Cpasy

IIOCJIC OKOHYaHHA O6J'Iy‘1€HI/I5L KpOMC TOIro, paCCCAHUC B CJIOC ITIOJIUMCPHOI'O pE3rUCTa
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PucyHok 4.24 — aBUCHMOCTB pacnpenesieHusl ITIOTHOCTH TOKA OT PAaCcCTOSIHUSA 110
TOYKHU MaJIeHUs TEPBUYHOTO MTyYKa MPH Pa3IMYHbIX 3HAYEHUAX TOKa IS Si:
a)pe3yJIbTaThl MOACIUPOBaHUS | MITH. 3JIEKTPOHOB; 0)IKCIIEPUMEHTATHHO

IMOJIYUYCHHBIC B COOTBCTCTBYIOIINX YCIOBUAX YITICPOAHBIC MHUKPOKOJIbI[A
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Tabnuia 4 — Tabnuia cpaBHEHUS PAIUYCOB YIIIEPOIHBIX KOJICH U T

DHeprus 31EKTPOHOB, K3B 7 10 15 20
ri(GaAs), HM 288 485 882 1353
Pamnyc mukpoxonbna (GaAs), HM 305 621 861 1353
Tok mepBUYHOIO MyyKa, MA 15 70 240 640
r,(S7), HM 257 912 1356 1641
Pannyc mukpoxomisua (Si), HM 388 733 1356 1549

HEN30€KHO UCKaXKaeT Pe3ysbTaT U3MEPEHHS IIOTHOCTH ToKa. MHaylupoBaHHOE Oca-
KJICHUE, B CBOIO OYEpE/lb, IIPAKTUYECKU HE BIUSIET HA JIBUKECHUE MEPBUYHOTO DJIEK-
TPOHHOTO MyYKa.

N3yyenne ocoOEHHOCTEW MHAYLUHUPOBAHHOTO OCAXACHUS YIIIEBOAOPOIOB IM03-
BOJISIET TOJYYUTh BaXKHYIO MH(MOpMAIMI0O 00 0COOCHHOCTSIX AJIEKTPOHHOTO paccesi-
HUS, a TaKXKe TTOBEPXHOCTHOU Mupdy3un aacopOupoBaHHbIX Mojekyl. HaOmronenue
OCAXJECHHUS B PEKUME, OTPAHUYCHHOM CKOPOCTBIO PEAKINH, JAET OCHOBAHUS yTBEP-
J1aTh, YTO INIABHBIM UCTOYHUKOM MPEKYypPCOpa JJIsl OCAXKICHUS SIBISCTCA IOBEPXHOCT-
Has quddysus. Kpome toro, oOparHopaccestHHbIE 3JEKTPOHBI U CO3/1aBa€Mbld UMHU
IIOTOK BTOPUYHBIX JIEKTPOHOB S F CyIIIECTBEHHBIM 00pa30M MEHSIOT TUHAMUKY OcCa-
KIACHUS, TaK Kak ociaadnsaroT qudPpy3uoHHBIA TOTOK, HAITPABICHHBIM K IEHTPY HAHO-
CTOJIOMKA W U3MEHSIOT ycioBHs auddy3un Ha yaajdeHUU OT TOYKH MMaJCHHS TEpBUY-
HOTO 3JIEKTPOHHOTO ITyyka. B paMkax JaHHOro ucciaeaoBaHus enlé 00aee BaKHbBIM SIB-
JsieTCA U3yYeHUE MHAYLUHUPOBAHHOTO OCAXKJICHUS YITIEBOJOPOAOB (IIPEANOI0KUTEb-
HO, n—aJKaHoB ¢ JuHOU 1enu N ~ 9 — 10) B pexxuMe, OrpaHUuYE€HHOM TIEPEHOCOM
Macchl. MBI cauTaeM, 9To (hopma u pazmep YIIepOTHBIX MUKPOKOJIEI], TOSBIISTFOIITUXCS
Ha MOBEPXHOCTU MPU JJIUTEIBHOM OCAXJICHUU B JIAHHOM PEKUME, TECHO CBSI3aHBI C
IPOCTPAHCTBEHHBIM pactpeaenenueM OPD B obinyyaembix oOpasuax. Ha mpakrtuke,
CBs3b MEX1y moTtokoM OPD u yriieponHol CTpyKTypoi, KoTopas (GOpMHUPYETCs MO
JIEeWCTBHUEM OOJTyYEHHsI, BRIPA)KAETCsl BHEIIHEH JacThIO IJIOTHOCTH TOKA j,%, OTCEKae-
MO KOJIBIIOM pajuyca 1 U JOCTaTOYHOM JJIS JUCCOITUAIIN MOJICKYN MU Py3HOHHOTO
MOTOKA, HAMPaBIEHHOTO K MEHTPY o0mydeHwus. [lomoxkeHne j,; OTHOCUTEIHHO TOYKH
NaJICHUs] IEPBUYHOTO IMyYKa MPU HEU3MEHHBIX YCJIOBHUSAX MOBEPXHOCTHOU nuddy3nu
yIJIEBOJIOPOIOB OINPENEIAETCs, B IEPBYIO OYEpelb, ITIOTHOCTHIO Marepualia oopasiia,
a TaKKE HAYAJIbHOM JHEPTHMEHW M BEJIWYMHOM TOKA MEPBUYHOIO ITy4YKa JJIEKTPOHOB.

Ucxons u3 3Toro, udydyeHue U3BMEHEHU POPMBI YITIEPOAHBIX MUKPOKOJICI] OTKPHIBAET
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BO3MOYKHOCTH JUJIsI KOHTPOJIS TAPaMETPOB 3JIEKTPOHHOIO Iy4YKa U AK€ JUIA XapaKTe-
pu3aluu coctaBa 00pasiia, B YaCTHOCTH, HEOMHOPOAHBIX CTPYKTYpP, p€4b O KOTOPBIX

MOWJIET B CIIEAYIOLIEM pa3fere.

4.2 MHccaenoBanue 3aBUCUMOCTH pa3Mepa odsaactu 3vmuccur OPD or ToJIMHBI U
COCTaBa CJIOEB B MHOTOCJIOMHBIX CTPYKTYpPax

CBs13b IPOCTPAHCTBEHHOTO pacnpeaeseHus mioTHoctu Toka OPD ¢ pacceunna-
IOLMMH CBOMCTBaMM Marepualia o0pasia JISKUT B OCHOBE METOAUKH aHaJInu3a MHOTO-
CJIOMHBIX IUTAHAPHBIX CTPYKTYP, MPeIokeHHOM B [8]. B oOpasie, cocTosimem u3 1Byx
MaTepUaJIOB, PAINYC 7' MOKET IPUHUMATHh IIPOMEKYTOUHBIE 3HAUCHUSA MEXAY 71 U
T2 COOTBETCTBYIOIIMX MarepuaioB. Eciau Ha MOMI0KKY HAHECTH CJION OoJiee JIETKoro
Marepuaia TOJIIUHOMN T, T, PACTET ¢ POCTOM . 3HAs 3aBUCHMOCTb 7', (), MBI MOXKEM
MpeAcKa3aTh JIEMEHTHBIA COCTAaB U TOJIIIHUHY CIO0EB B MHOTOCIIOMHOM 00pa3Iie.

[IpakTHYeCcKO€ HCHOJB30BAHHE AHAIW3A MPOCTPAHCTBEHHON IUIOTHOCTH TOKa
OPD nns mpencka3aHusi BHYTPEHHEH CTPYKTYpbl MHOTOCJIOMHOTO 00pasla Moixydu-
JI0 Ha3BaHUE METOJA AIICKTPOHHON HaHoTOMorpadun. J[aHHBIA METOJ MOApa3yMeBacT
COBMECTHOE HCIIOJIb30BAHUE KOMIIBIOTEPHOTO MOIEIMPOBAHUS PACCESHUS AIEKTPOH-
HOTO My4YKa B CJIIOMCTBIX CUCTEMAX M AKCIEPUMEHTAJIBHOIO UCCIEA0BAHUS MMPOAYKTOB
WHYIIUPOBAHHOTO OCAXJEHHUs YIIIEBOJOPOAOB Ha MOBEPXHOCTH OOpa3lloB COOTBET-
CTBYIOILIETO COCTaBA.

B npenpiayiiem paszziene Mbl NEPEUUCIUIN TPU OCHOBHBIX (haKTOpa, Onpeness-
IOLIMX pa3sMep yITIEPOIHBIX KOJIEII, MOJyYaeMbIX B PE3YyJIbTaTe WHIYLUPOBAHHOIO OCa-
AKIEHUSI MOJIEKYJ YITIEBOJOPOIOB HA MACCUBHBIX MOMJIOKKAX: TOK M SHEPIrUsl EPBUY-
HOTO TyYKa 3JEKTPOHOB, a TaKXKe MaTepual oopasia. B ycnoBusx skcepruMeHTa Mbl
UMEEM JIENIO C UX COBOKYMHOCTHIO. HacTo ObIBAaET CIOXKHO Pa3AEeIUTh BIUSHUE KaX]10-
ro (hakTopa Ha pPe3yAbTUPYIOILLYIO0 KAPTUHY PACCESHUS U COOTBETCTBYIOIIUN PE3YIbTAT
ocaxJieHus. B cBA3U ¢ 3TUM, JJI UCCIIEIOBAHUS U3MEHEHUN B PAcIpEAeIeHUN Mpo-
CTPAHCTBEHHOM IIOTHOCTU ToKa OPD npuMeHsieTcsi MOICTMPOBAHUE B3aUMOJICHCTBUE
NaJaromIero myyka ¢ o0paslaMu pa3indyHON CTPYKTypbl MeTogoM MonTe-Kapio.

Ha Puc 4.25 u300pakeHbl 3JIEKTPOHHBIC TPACKTOPHUH, MOTYYCHHBIE MOJEIHPO-

BaHUCM PACCCAHHUA B CTPYKTYPC THIIA CJ'IOIZ—HOI[JIO)KK& Ha IMMpUMCPC I1apbl AJTIOMUHUM -
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Meab. TonmmHa ciios alFOMUHMS Ha MOJUI0KKE Meau cocrasisaeT 350am. Tpaekropuu,

0003HaYEHHBIE KPAaCHBIM LIBETOM COOTBETCTBYIOT OPD, BhlIEAIIMM 4Yepe3 MOBEpX-
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Pucynok 4.25 — PacnpenesieHue 3J€KTPOHHBIX TPACKTOPUNA ITPU MOJEIMPOBAHUHN
MetosioM MonTte-Kapio nis MHOrociHoHOU cTpyKTypsl 350uM amtomunus(Al) Ha
nooxke Meau(Cu), monydeHHbIe MOACIMPOBAHUEM PACCESIHUS AIEKTPOHOB C

sHepruen 20k3B pu HOpMAJIBHOM MMAICHUU

BinsiHue moBEpXHOCTHOTO CJIOS HA MPOIECC PACCESIHUS DIICKTPOHOB MPUBOIUT
K U3MEHEHMIO TIPOCTPAHCTBEHHOTO paclpeeseHus mioTHocTh Toka OPD no cpaBHe-
HUIO C COOTBETCTBYIOIIMMHU pAaCHpeCICHUIMH B MacCUBHBIX oOpasmnax. C yBenuue-
HUEM TOJIIIMHBI CJIOS1 PACTET BKJIAJ COOTBETCTBYIOIIEIO Marepuana U CTENEeHb U3Me-
HEHHI, BHOCUMBIX B KapTUHY 3JIEKTPOHHOTO PACCESAHMS, BILUIOTH JO TOTO MOMEHTA,
KOIJIa pacupeAeCHUe MPOCTPAHCTBEHHON MIIOTHOCTH Toka OPD He HAaYHET COOTBET-
CTBOBAaTh MAaCCUBHOMY 00pa3ily W3 marepuaia cios. Ouenku [31; 114] moka3bIBaior,
YTO MaKcUMasbHas rmyouHa Beixoga OPD Z;, cocraBiser mopsaka 0.25 — 0.30 Rxo,
rne Ryo paccuuThIBaeTCs s Marepuana cios mo ¢opmyne (1.4).

PaccmorpuMm mapy marepuaiioB amomMuHui-mMenb. CornacHo (1.4) mmyOuHa BbI-
xoma Zy(Al) ~ 1050uM, a Z,(Cu) ~ 440um. Ha Puc. 4.26 npencrapieHbl ABe Cepuu
KPUBBIX 3aBUCUMOCTH pacCIpee/ieHus] MPOCTPAaHCTBEHHON TUIOTHOCTH Toka OPD ot

TOJIIIIUHBI TIOBEPXHOCTHOTO CJIOS aJFOMUHUS Ha mojuiokke meau (Puc. 4.26 a) u Ton-
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IIMHBI CJIOS MEI Ha Tojioxkke amomunus (Puc. 4.26 6). Kak Op110 oTMedueHO paHee,
CYIIECTBYET HEKOTOpasi KpUTUUECKAasl TOJIIIUHA CJI0sl, TIPU KOTOPOM 0OpaTrHOe pacce-
STHUE TIPOMCXOAUT UCKIIOUMUTENBHO B Marepuaie cios, Z, ~ 0.25 — 0.3Rxo. Rxo
OTIPEICIISIETCS XapaKTePUCTUKAMH BEIIECTBA U SHEPTUEH, TOATOMY KPUTHYECKAs TITy-
OWHa Z; 75 IEPBUYHBIX MTyYKOB Pa3HBIX SHEPTUil OyneT pa3nuuHoi. B cBs3U ¢ 3TUM,
SHEPTHs TIEPBUYHOTO IydKa MPH MOCTPOCHUHU KAXKJION M3 KPUBBIX BHIOMpPANIaCh OJH-
HakoBOM paBHOU 20Kx3B. Puc. 4.26 wtoctpupyeT nepexon OT pacupeAciaeHus: mpo-
CTPAHCTBEHHOW TWIOTHOCTU Toka OPD myis marepuana MmojjiokKh K pacupeacaeHUIO
aust matepuana cios. CpaBHuBast mpoMexxytodnbie kpuBbie (50 — 200 — 500um( Al) Ha
Cun 125 — 250 — 375aM(C'u) Ha Al) erko 3aMeTHTh, YTO U3MEHEHHE pa3Mepa ooa-
CTU BbIXOJIa R TPOMCXOAUT MOHOTOHHO C TOJIIMHOM cJiosi. Pa3yMHO MpeanoaoxXuTh,
4yTO pasMep u popMa oObEMa B3auMoAeHCTBUS (IO KpalHEW Mepe, ero 4acTb, COOT-
BETCTBYIOILAsl TyOuHe Bhixoga OPD 7)) Takke MOHOTOHHO MEHSIETCSA C TOJIIMHOM.
AHaJOrM4HOE MOBEICHUE JO0JKHA JEMOHCTPUPOBATH CBSI3aHHAs ¢ K TpaHUIa OCax/Ie-
HUS 7'}, TO €CTh PAIMYC YITIEPOJHOIO MUKPOKOJIbIIA HA MOBEPXHOCTU. B 3TOM ciydae
MBI MOXXEM MOCTaBUTh B COOTBETCTBUE KAXOW TOJIIUHE CIIOS & 3HAYCHHE 7' (L), KO-
TOPOE SIBISACTCA IKCIEPUMEHTAIBHO U3MEPSIEMON BeIMUMHON. C MPAKTUYECKON TOUKH
3pEeHUs, KaKETCS pasyMHBIM CUMTATh, YTO M3MEHEHUE TOJIIIUHBI CJIOSI TO3BOJIAET B
HEKOTOPBIX MpeeTax KOHTPOJIUPOBaTh (HOpPMY MPOCTPAHCTBEHHOTO pacIpenesCHUs
[IIT OPD.

Ncxons u3 BBIIECKA3aHHOTO, MOXHO MPEANOJIOKUTh, YTO CYIIECTBYET OJIHO-
3HAYHOE COOTBETCTBUE MEXKIY TOJIIMHOW MOBEPXHOCTHOIO CJIOS CJIIOXKHOIO oOpasia
U PaguyCcoM YIJIEPOJHOTO MHUKPOKOJIBIA, 00Pa3yIOMIErocs MPH €ro OO0IyUYeHHH DJICK-
TpoHamu. [lanpHelee o0cykaeHrne OyaeT HalpaBjIeHO Ha MPOBEPKY JTOCTOBEPHOCTH

9TOI0 MpPCAIOJIIOKCHUA.

4.2.1 /IByXc/JIOMHBbIEC CTPYKTYPbI

JIByXCIIOMHBIE CTPYKTYpbI THUIIA TOHKUH CJIOW Ha MAaCCUBHOW ITOJIOXKKE SIBIISA-
IOTCS CaMbIM MPOCTHIM OOBEKTOM [IJISl MCCJIEIOBAHUS MOANOBEPXHOCTHBIX CBOWCTB
HEOJIHOPOJHBIX MO ITyOMHE M cocTaBy o0Opa3uoB. CTPYKTYphbl 3TOrO THIIA JIETSATCS

Ha ABC KATCTOpHUHU OTHOCHUTCIbHO COOTHOMICHUA paCCCUBAIOIIUX CBOMCTB MaTcprualioB
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Pucynok 4.26 — KpuBbie 3aBUCUMOCTH IUIOTHOCTH Toka OPD ot paccTosiHusa 10

TOUYKH MaJICHUS IEPBUYHOTO IyYKa I ABYXCIOWHON CTPYKTYpPBI C Pa3INYHOU
TOJIIIMHOW CJI051, TIOJyYEHHBIE MOJAEITUPOBAHUEM PACCESHUS | MIIH. JIIEKTPOHOB C

sHeprueit 20k3B: a) cioit amomunusi(Al) va meau(Cu); 0) cnoit Cu Ha Al
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CJIOS Y TOUIOKKHU: OoJiee JIETKUNA CIIOU Ha THKEIION MMOIIOKKE M 00JIee TSHKEIBIA CII0M
Ha JIETKOM MOJJIOKKE. PaccCMOTpUM BIMSHUE U3MEHEHUS TOJIIUHBI MOBEPXHOCTHOIO
CJI0S HA UHTEPECYIOIIEE HAC MPOCTPAHCTBEHHOE PACIPEACICHUE NPOCTPAHCTBEHHOM

toTHocT Toka OPD i1 00enx cucreM.

Iaénka Jérkoro marepuasa Ha Tsxkeénou moaioxke: C na Pt

B kauecTtBe mpumepa CTPYKTYpPBI, COCTOAILIEH M3 JIETKOTO CIIOA Ha MOMJIONKKE
M3 TSOKENOrO MarepHaia, BO3bMEM yIIepoaHyro miéHky (Z = 6,p = 1,5r/cm®) Ha
MaccuBHOM marune (7 = 78, p = 21,4r/cm?). Ha Puc. 4.27 npeacTaBieHbl pe3yiib-
TaThl (OPMUPOBAHUS YITIEPOAHBIX KOJIEI JUJISi CEpUU 00pa3lOB C YIIIEPOIHBIM CIOEM
PA3JIMYHOM TOJIIMHBI HA IUIATUHOBOW MOJIOKKE. VcXomst U3 COOTHOIIEHUS TUIOTHO-
CTEH IMJIaTUHBI U YTIIEPOJIa, JIETKO MPEANOI0KUTh, YTO pa3Mep oOJacTH BbIXoAa 00-
paTHOpACCEeSTHHBIX AJIEKTPOHOB R OyIeT yBeIMYMBATHCSA MPU YBETUYEHHH TOJIIMHBI
cios yrmepona. MoXXHO paccMarpuBarh YBEJIMYEHHUE TOJIUIMHBI YIJIEPOIHOIO CIIOf,
KaK YMEHBILIEHUE CPEIHEN IJIOTHOCTH Marepuaia BOIM3U nmoBepxHocTH. IIpu 3tom,
OYEBMJIHO, TPAHUIIA OCAKACHUS 7 OylIeT YAAISITHCS O LIEHTpa paclpeesieHus. 3aBu-
CUMOCTh pajinyca yIIepOAHOTO KOJIbIa OT TOJIIIMHBI IIOBEPXHOCTHOTO CJ0SI, KOTOpAst
Habmonaercs Ha Puc. 4.27, noaTBepkaaeT JaHHOE MPEANOI0KEHHE, 10 MEHBIIEeH Me-
pe, Ha KaU€CTBEHHOM YPOBHE.

B03MOXXHOCTh KOJMYECTBEHHOW OLIEHKHU TOJIIIHWHBI YIJIEPOJAHOTO CJOS Ha II0-
BEPXHOCTH TUIATUHBI TPEOYET COOTIONCHUS OJTMHAKOBBIX YCIOBUN YCTaHOBIEHUS TU(]-
¢dy3un, a TakKe YCIOBUN 0OMyUeHHS JIEKTPOHAMH JIJIsl KAKI0TO U3 00pa3ioB. C 3Tou
LIEJIbI0 BCE UCCieyeMble 00pasiibl, BKIIIOYash YUCTYIO TUIATUHOBYIO MOMJIOXKKY, ObUTH
NOMEIIEHBI B KaMepy 00pa3loB OAHOBpeMEHHO. Jljis ompeneneHus j,, UCIOIb30Ba-
JIOCh MUKPOKOJIBIIO paauycoM 7 (Pt) = 359 4+ THM, noiydyeHHOE NpU OOIy4eHHH
IJIATUHOBOW JuadparMbl AIEKTPOHHBIM MTyYKOM TOKOM 350MA mpu yCKOpsIOIIeM Ha-
npspkeHuu 20kB B Teuenne 10 MUHYT. AHAJIOTUYHBIE MTPOLIECCHI OCAXKIAECHUS MUKPOKO-
jer ObLIM Tak)Ke MPOU3BEICHBI Ha BCEX CIOMCTHIX 00pasiax. Pe3ynbraTsl n3mepeHuit
NOJIYYEHHBIX KOJIEIl MpeJCTaBleHbl B Tabmure 5.

Perienne oOpaTHO# 3aauu ONIPEACIICHUS TOJIIIUMH TUIEHOK 10 TTOJI0KEHUIO Tpa-

HHIIBI OCAXKICHHS 7'y TPEOYyeT MOCTPOCHHUS 3aBUCUMOCTH 7'k () paanyca MUKPOKOJIbIIA



116

Tabnuma 5 — ComnocTaBlieHHE TaHHBIX MOJACITHPOBAHUS U DKCIIEPUMEHTAIBHOTO

U3MEPEHUS TOJIHUH CIOEB ISl IBYXCIOWHBIX CUCTEM

Panunyc konbia, HMm | TonmuHa ciost (9kci.), HM | TonmuHa cinost (Mojen.), HM
C na Pt
1520 + 90 370 £ 30 355
1290 + 70 276 + 20 276
1060 £ 60 200 + 20 206
760 + 40 114 + 13 115
560 + 30 61 £7 61
Au Ha Si
750 4+ 50 159 + 18 171
970 4+ 60 138 + 15 130
1100 £ 60 111 £ 12 103
1200 + 70 86 £ 6 84
1280 + 90 65 £ 6 67
1330 £ 90 60 £ 6 53
1350 £+ 90 37+ 7 50
Al na Cu
830 £+ 70 471 £+ 40 414
980 4+ 70 321 + 30 314
1240 + 90 219 + 30 183
1440 + 90 114 + 13 120
1600 £+ 100 26 + 6 57
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Mag= 30.00K X EHT = 2000 &Y Sigresl A = InLene Diate 11 Jul 3014 Mag= 30.00 K X EHT=20000 K¢  Signal & =InLans Diste 11 2014
TEANgE = 3007 WE=22mm  Photo Mo, = TOMS Tiowe 1 1:28:38 TEAnghe = 300" i) N WL=a3mm  Phats Mo, = T085 Tie (143204

Mag = 30.00 KX EMT=2000%Y  Signal A=inlens  Dabe 11 Jul 2014 EHT=20008Y  Signal A=Inlens  Debe 11 Jal 2014
Tt Angle = 300° 4 WD=45mm  Photobo.=7066  Time 1326.08 I WO=45mm  Protobo.=7103  Time 154808

Mag= 30.00 KK EHT= 2000 kY Signsl A =InLens Date 11 Jul 2014 Mag= 30.00 KX EHT=200 KV  Signal A =InLens Date 11 Jud 2014
TitAngle = 3007 Wh= £25mm  Photo Mo, = 708G Tives 145640 Tl Angle w5007 WD=45mm  Phato Mo, = 7082 T | 25833

Pucynok 4.27 — 3aBUCUMOCTb pa3MeEpPOB YITIEPOAHBIX KOJIEL] OT TOJLIUHBI CIIOS
yIiIepoJia Ha MOAJIOKKE TUIAaTUHBI, MOTYUYEHHBIX MPU 0OJYyUYEHUHU ITYyYKOM 3JIEKTPOHOB

¢ HayanbHOU sHeprueil 20xk3B B Teuenue 10 MuHyT

OT TonmuHI cros. C 3Toii LebIo ObLIO MPOM3BENCHO MOEIMPOBaHUe paccesHuii 100
AJIEKTPOHOB C HayaiabHOU sHepruen 20k3B B 00pa3iax ¢ TOMIIMHON cos yIyiepoaa OT
25HM 70 3JMKM Ha MacCHUBHOM IUIATMHOBOM MojyioxkKe. COOTBETCTBYIOIIAs KPUBAs
n3o0paxxeHa Ha Puc. 4.29 a, a pe3ynbraThl CONOCTABICHHS pa3MEPOB MUKPOKOJIEI U

COOTBETCTBYIOIIUX TOJIIHMH cJIos - B Tabnuie 5.
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JIByXCnoMHass CTPYKTypa C MOBEPXHOCTHBIM CIIOEM M3 MEHEE IJIOTHOIO Mare-
puaja mo3BoJsIeT HaOII0MaTh N3MEHEHNE XapaKTepa pacipoCTpPaHEHUs JIEKTPOHOB C
pOCTOM TOJIIMHBI closi. Ha KpuBOii 3aBUCUMOCTH 71 () ISl CUCTEMBI YIICPOJI-TIIa-
THUHA, MpeacTaBieHHoN Ha Puc. 4.29 a, MOXXHO BBIJICJIUTH JiBa MIaBHBIX ydacTka. [lep-
BbIM COOTBETCTBYET TouHE ¢jios oT 600 go 1500HM, a BTOpO# - ot 1500 1o 3500HM.
Kaxxap1ii U3 3TUX y4acTKOB MOXKET ObITh anmpOKCUMHUPOBAH MpsiMOii JuHHUEH. Pasym-
HO MPEANOJIONKUTH, YTO FIEKTPOHHOE PACCESHHUE MPOUCXOINUT B JBYX PEKHUMAX, BKIIA]L
KOKJOTO U3 KOTOPBIX B UBMEHEHHE MPOCTPAHCTBEHHOW IIOTHOCTU Toka OPD MeHs-
€TCsl C POCTOM TOJIIUHBI ¢10sl. C TOYKHU 3pEHUS] TEPMUHOJIOTUN MO AJICKTPOHHOM
muddy3un, mepBbIi y4aCTOK COOTBETCTBYET YCTAHOBICHHUIO PEKHMMa MHOXKECTBEHHO-
rO PacCesiHUS ICKTPOHHOTO MyYKa B MaT€pHae CJIos, a BTOPOU - peKUMa AJIEKTPOH-
HOM muddy3un B HEM. YBEIMUYEHUE CPEHETO YKCiia COYIApCHUI TPU MPOXOKICHUU
cj10s1 00yCIaBIMBaET OCa0IeHNEe 3aBUCUMOCTH pajuyca YIJIepOJIHOTO KOJIbIla OT TOJI-
IIUHBL. DTO OOBSCHIET U3MECHEHHE HAKJIOHA KPUBOW HAa y4acTKE, COOTBETCTBYIOIIEM

AIIEKTPOHHOU AUPPY3HUH.

Ilnénka TKEJI0Tr0 MaTepuaJia Ha JIErKOM MOMJI0KKe: Au Ha Si

[loBenenue pacnpeneneHus 3IEKTPOHHOU MIIOTHOCTH OPD st ABYXCIOWHOMU
CTPYKTYpBI OyJI€T CYHIECTBEHHO MHBIM B ClIyyae, KOrJja COOTHOILIEHHUE aTOMHBIX HO-
MEpOB M IUIOTHOCTEH MOJIOKKUA M CJIOS MEHAIOTCA MecTamu. B kadecTBe mpumepa
TaKOi CHCTEMBI MBI B3SUIM NMOMI0KKY Kpemuus Si(Z = 14, p = 2.33r/cm?) ¢ mosepx-
HOCTHBIM cjloeM 305101a Au(Z = 79, p = 19.30r/cm?).

PaccmarpuBaemasi panee 3aBUCUMOCTH pactipenenenusi OPD ot marepuana 06-
pasiia Mmo3BOJISIET MPEANOJIOKUTh, YTO HAHECEHUE Ha MOJIOKKY KPEMHHSI CJIOS 30J10-
Ta, UMEIOIIETO CYIIECTBEHHO OOJBIIYIO MJIOTHOCTbh, JIOJXKHO BBI3BIBATh CHKATHUE MPO-
CTPAHCTBEHHOI'O pacHpe/esieHNs B HAlpaBJIE€HUU TOYKHU MAJEHHUS NEPBUYHOIO IMyyKa
anektpoHoB. [Ipeacrasnennas Ha Puc. 4.28 cuctema MUKpOKOJIEL, IOJTy4YeHHas Ha 00-
paslax ¢ pa3IMYyHON TOJIIMHOM CJIOS 30J0Ta Ha MOJJI0KKE KPEMHUS, MOATBEPKIAET
ATO MPEATNOIOKEHHUE.

[Ipouienypa uccienoBaHusi KOJIMYECTBEHHOTO COOTBETCTBUSI TONIIHUH CIOEB 30-

JIOTa IO U3MCPCHHBLIM paJnyCaM YITICPOAHBIX MHKPOKOJICH IMOJHOCTBIO aHAJIOTMYHO



EHT=20008Y  CrossBeam 1540XB EMT=2000k CrossBeam 1540XB Date 22 Apr 3015
mm

TifT
Mag= WBOOKK || Signal A=inLens o gg Time $12:58:95

i - Date 22 Apr &
|un-nmkxi | Signal A=INLens Wi~ 4 mm Time -10:56:15

Pucynok 4.28 — 3aBUCHUMOCTb pa3MepOB YIIIEPOJIHBIX KOJIEI] OT TOJIIIUHBI CJIOS
30J10Ta Ha TOMJIOKKE KPEMHHUS, TTOJIYYSHHBIX TPH OOJIyYEHHUH ITYyYKOM 3JIEKTPOHOB C

HavaJibHOU 3Hepruer 20k3B B Teuenue 15 MunyT

TOM, KOTOpasi MPUMEHSIACh ISl CUCTEMBI YIJIEpOA-TIJIaThHA, ONUCAHHOM BhIIIE. J[iis
ONpeeNICHUs 3HAYCHUSI J, KCIOJIB30BAIOCH KOJbILO paanycoM 7y (S7) = 1400£30HM,
OCAXAEHHOE HA MOBEPXHOCTU YHUCTOW KPEMHHEBOW MOIJIOKKH ITYYKOM DSJIEKTPOHOB
¢ TokoM 300nA npu yckopstomeM HanpspkeHun 20kB B Teuenune 15 munyT. Kpu-
Bas 3aBUCUMOCTH 7 (x) JUIS CIIOS 30JI0TAa HA MACCUBHOM KPEMHHH TMpPEACTAaBICHA Ha

Puc. 4.29 6, a COOTBETCTBYIOIINE U3MEPECHUS TOJIIUH CIOEB - B Tabmurie 5.



120

3000 - a C/Pt

100

2500 g

80 -

[ 60 |

2000 F 4o [

- 20
1500 - 0 [ ] 1 ] 1 | ]

400 500 600 700

Tonmuua IMOBEPXHOCTHOTO CJI0A, HM

1000
500
0 ] ] ] | ! l : I
500 1000 1500 2000 2500 3000 3500
Pagunyc yriaepoaHoro KoJbua, HM

300
2 250 N
= [
o -
= 5
o b
o 200 i
[
= L
T - L
E‘
3
2 150
b
o i
]
g
g 100 |
o
= N
g
= 50
@}
[_. -

0, l ; I : [ : [ ! ] h

500 750 1000 1250 1500
Paguyc yrnepoaHoro konela, HM
Pucynok 4.29 — 3aBUCUMOCTb TOJNIIMHBI TOBEPXHOCTHOIO CJIOSI OT paguyca
YIJIEPOJAHOIO MUKPOKOJIbLIA, TIOJyYEHHAs! MOACIMPOBAHUEM paccessHus 1 MIIH.
AJIEKTPOHOB ¢ HadanbHOU sHeprueit 20x3B Ha cucteme: a) C Ha Pt; 6) Au Ha Si.

KpaCHI)IM OTMCYCHBI 3HAYCHHS TOJIIINH CJ'IOéB, HN3MCPCHHBIC OKCIICPUMCHTAJIBHO.
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Nzyuenue kpuBoi, uzodpaxéHHoil Ha Puc. 4.29 0, BbI3bIBae€T PE30HHBIN BO-
IIPOC O NMPUYHUHE OTCYTCTBHS PA3JIMYAOLIMXCSA YYACTKOB MHOTOKPATHOTO PacCesiHus U
ANEKTPOHHOU TudPy3un, KoTopble TPUCYTCTBYIOT Ha Puc. 4.29 a. Bo3MoxkHbIM 00b-
SICHEHHEM Ka)KETCSl pa3jInuhe B HAIIPABICHUM W3MEHEHHS MPOCTPAHCTBEHHOIO pac-
npeaenenus OPD npu HaHECEHWH MOBEPXHOCTHOTO Cio0sl. boiiee MIOTHBIA MOBEpPX-
HOCTHBIN CJIOM OCYILIECTBIISIET, CBOETO pojia, SKpaHupoBaHue pacrnpenenenus OPD ot
NOJJIOKKHU. BiMsiHuE MOBEPXHOCTHOTO CIOs, IIaBHBIM O0Opa3oM, 3aTparuBacT 4acTb
AJIEKTPOHOB, PACTIPOCTPAHAIONINXCA B pexuMe Auddy3un. ITo CBA3aHO C UX MEHb-
ICW CPEIHEN YHEPTUEN MO CPABHEHHUIO C AJIEKTPOHAMHU, KOTOPBIE IBUKYTCSI B PEKUME
MHOTOKpPATHOTO paccesHus. Takum o0Opa3oM, COCTABIISIONIAS MOTOKA JIEKTPOHOB OT
TIOJIJIOKKH, pacTpOCTpaHsroNIas B pexxume nuddy3un, MpakTUIeCKH He BHOCUT BKJIa-

Ja B pe3yJIbTUPYIOIIee pacipeaesieHue mioTHocTu Toka OPD.

OO0mast 3aKOHOMEPHOCTD JJIfl ABYX KOMOMHAMH

3aBUCUMOCTbh pa3Mepa YIIEPOAHOTO KOJbIA OT TOJIIMHBI MOBEPXHOCTHOIO
CJ1051, MOCTPOEHHAs COIIaCHO JAaHHBIM MOJICIIUPOBAHUS IJIEKTPOHHOTO PACCESIHUSI Me-
TonoM Monte-Kapio, npencrabieHa Ha Puc. 4.29. PucyHok oTpakaeT MOBEJACHHUE U
JUIsL cllydast JIETKOTO CJIOS Ha TSHKEIOW MOJITIOKKE Ha TPUMEpE Maphl yIiepoA-TuiaThHa
(Puc. 4.29 a ), u nua TsHKENOro Ciosg Ha JIETKOW MOJJIOKKE HA MPUMEpPE TMaphl 30-
noro-kpemuuid (Puc. 4.29 6 ). Jlerko 3aMeTUTh, YTO U3MEHEHHUE PANYCa YIJIEPOJHOTO
KOJIbI[A C POCTOM TOJIIIMHBI CJIOS MPOUCXOAUT MOHOTOHHO OT 3HAYEHUs, XapaKTEpPHO-
rO i1 MAaCCUBHOM TMOJIJIOKKH, IO 3HAUYEHHUS, OTTMCHIBAIOIIETO MAaCCUBHBIA 00paser] u3
MaTepHraia NTOBEPXHOCTHOTO CJIOS.

HNHTepecHOl 0COOEHHOCTBIO, KOTOPAasi MPOSBIISIETCS B 000MX TUIIAX CUCTEM, SIB-
JseTCsl meperud KpuBOW B 00JaCTH MajibIX (HECKOJBKO JCCATKOB HM) TOJIIMH CJIOS
(npencraBneH Ha Bpe3kax Puc. 4.29). Hanmnune nmepernda yka3piBaeT Ha TO, YTO BIIH-
STHUE CJIOSA MaJIOl TOJIIMHBI HA PACCEUBAIOIINE CBOMCTBA CTPYKTYPhl HOCUT HECKOJIb-
KO MHOM XapakTep IMpHU CPABHEHHUU CO CJIOSMHU OOJBIINX TOJIIUH. DTy OCOOCHHOCTH
NOBEACHUS JIBYXCIOMHBIX CTPYKTYP TAKKE MOXKHO OINHUCATHh B TEPMUHAX TEOPUH DIICK-
tpoHHou auddy3un (Pazgen 1.1.2). Ilpu npoxoxxaeHUn ciiosi MaJiod TOJIIUHBI Mep-

BUYHBIC U 06paTHOpaCC€}IHHI)I€ QJICKTPOHLBI UCIBLITBIBAIOT KOJIUYCCTBO CTOHKHOBeHHﬁ,
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HEI0CTAaTOYHOE JIJISi TOTO, YTOOBI YCTAHOBUJICS PEXKUM MHOXECTBEHHOTO PACCESHHUSL.
Torpa pacnpocTpaHeHHe IEKTPOHHOTO IMOTOKA IPOUCXOIUT B PEKUME OTHOKPATHOTO
paccesHus. B aToM ciydae, 3HauUMTENbHAs YaCTh 3JIEKTPOHOB CJ1a00 MEHSET HaIlpaB-
JIEHWE CBOETO PACIHpPOCTPAHEHUSI MPHU MPOXOKICHUHU CIOSl. DTO MPOSBISETCS B OIILY-
THMO MEHBIIEM BJIUSHHUM TOJIIMHBI HA PAJAYC YITIEPOJHOIO MUKPOKOJIbIA, YEM IPH
JAJIbHEUIIIEM XOJE KPUBOM.

MOHOTOHHBIN XapakTep 3aBUCUMOCTH IIOJIOKEHUS TPAHULIBI OCAXKICHUS ') Ha
JBYXCIIOMHOW CTPYKTYpPE€ OT TOJIIMHBI IOBEPXHOCTHOTO CJIOS TAET BO3MOKHOCTD CBSI-
3aTh JIB€ ATU BEJIUYUHBI MPOCTHIM COOTHOIIEHUEM ISl TAIbHENIIErO UCITOIb30BAHUS.
Poct TONmMHBI €O MOXET OKa3bIBaTh BIMSIHHE HA MPOCTPAHCTBEHHOE pacIpesie-
JeHue TIoTHOCTU Toka OPD Ha MOBEpXHOCTU BIUIOTH A0 KPUTHYECKOW TOJIIMHBI
Zy = 0.25 — 0.3Rk0, o003Hauaroeld MakCUMalibHy10 n1youHy Bbeixoga OPD. Cre-
TICHb BIMSIHUS CJIOSI, TIPH 3TOM, JJOJDKHA OBITh MPONOPLIHUOHAIbHA OTHOIICHHIO X/ R0,
KOTOPOE OTPAXKAET JOJIIO MyTH IEKTPOHA, TPOUAEHHYIO B CIO€, OT MAKCUMAJIBHO BO3-
MOXKHO#. Mcxozis U3 BUa KPUBOMW, OTpaKaroUIell UCKOMYIO 3aBHCUMOCTh 7 (x) s
CJI0SI 30JI0Ta Ha MOJJIOKKE KPEMHHUS, MOKHO MPEATNOJIOKUTh JTMHEUHYIO 3aBUCUMOCTh
oT z. B Takom ciydae, BBIpaKE€HHE I CBSI3M pajinyca YIIIEPOIHOTO MHUKPOKOJIbIA
ren (@) A ABYXCIOHHOM CTPYKTYPBI C TONIIMHON €€ TOBEPXHOCTHOTO CIIOSI T UMEET

BHUJ

x
p— —_— 1 —_— —_—_—
ren () = remo + ("rmomo — Temo) < O.BRKO) ;

IA€ Tcimo - PaAUyC MUKPOKOJIbIA HA MACCUBHOM 0Opaslie U3 MaTepualla CIos, I'omo
- Ha YUCTOU MOJLIOXKKE.

Hcnons3ys Beipaxkenue s Ry o u3 (1.4):

/
pZ"? > (4.13)

pu— - 1 -
ren (-T/') Tci,0 + (THOILO TC’H’O) ( x03 * 276AE5/3

Ha Puc. 4.30 mpuBeieHO CpaBHEHUE 3aBUCUMOCTEH 7' (x) Ui pa3iuyHbIX CHU-
CTEM CJIOM-TIOJJIOXKKA, IMOJyYEHHOE MyTEM MOJEINpOBaHus MeTogoM MoHte-Kapio u
myTéM pacuéra o opmyse (4.13). OueBunHo, uto mis cucrem Au/Si u Cu/Al, toe
MaTtepuail cjiosi 0oJiee TUIOTHBIN U TSXKENBIN 10 CPAaBHEHUIO C MaTepUalioM MOJJIOKKH,
pe3yJbTar anmpoKCHMAIMK 3aBUCUMOCTH 7' () XOPOIIIO COTIIACyeTCs C pe3ysibTaTaMu
MOJICITMPOBAHUS MPAKTUYECKHU BO BCEM JIMaria3oHe TOMIIUH ciios. st cuctem ¢ oopat-
HBIM COOTHOIIICHUEM PACCEHUBAIOIIMX CBOWCTB MarepHajoB cios u nomiaokku C'/Pt

1 Al/Cu pacxoxeHue sBISETCS HAMHOTO Ooliee cyiiecTBeHHbIM. Kak yxke ormeua-
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Pucynok 4.30 — 3aBucHUMOCTH pagnyCOB YIJIEPOIHBIX MUKPOKOJEL OT TOJIIUHBI
MOBEPXHOCTHOIO CJIOS, MOTYYEHHAsi MOICIMPOBAHUEM pacCesiHUs | MIIH. AJIEKTPOHOB

¢ HadaibHOU sHeprueit 20k3B 171 crucTeM pa3IMyHOro0 XMMHUYECKOTO COCTaBa

JIOCh paHee, OCHOBHOM MPUYMHOM 3TOTO, C HAIlIeH TOUKHU 3pEHUS, SBIISIETCS U3MEHEHHUE
XapakTepa pacupOCTPAHEHUsS] PACCEIHHOTO 3JIEKTPOHHOI'O MOTOKA OT MOJJIONKKH MPHU
TOJIIIUHAX CIIOEB, COOTBETCTBYIOIINX YCTAHOBJICHUIO PEXHMa 3IEKTpoHHOU auddy-
3un. TeM He MeHee, MO)KHO CUMTaTh, UTO ypaBHeHHE (4.13), B 11e7I0M, OTpakaeT X0
3aBUCUMOCTH pajJinyca KoJiblla OT TOJIIUHBI CJIOSI U B cliyyae Oosiee TSxKETOTO Mare-

puajia IMOJJIOXKKH.

Onpez(e.ﬂelme YYBCTBUTECJIBbHOCTU M Pa3pelicHUA 10 TOJIIHHE. CpaBHeHne C pe-

3yJdbTaTaMi, INOJYICHHBIMA METOAOM IIOIICPCIHBIX ceueHmil

LI}/BCTBI/ITGJ'IBHOCT]E: MCTOJHUKHN I ONMPCACICHUS TOJJIIHH ITOAIIOBCPXHOCTHBIX

CIIOEB 3aBUCHUT OT BEIHUYUHBI TpagueHTa dry/dxr, ONpeaesionero n3MeHeHHE pa3Me-
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pa MUKpOKOJIbIIA 7 C TOMIMHON x. OUeBHIHO, YTO YeM OOJbIlIe pa3HHUIAa B Xapak-
TEPUCTUKAX MAaTEPHUAIIOB, OMPEICIISIONINX PACCEUBAIOIIUE CBOMCTBA U, COOTBETCTBEH-
HO, BIIMSIHAE TIOBEPXHOCTHOTO CJIOS, TeM OoJIbIie OyleT BeTnYMHa PacCMaTpUBAEMOTO
rpajueHTa.

PaccmarpuBasi 3aBHCHMOCTD TTOJIOKEHHSI TPAHUIIBI 7', OT TOJNIIUHBI CIIOS X Ha
npUMepe CJo0s yIiepo/a Ha MOMJIOKKE IUIATUHBI, MOXKHO BBIICIUTH TPU y4acTKa, Ha
KaXIOM U3 KOTOPBIX IPaJUEHT OyJeT UMETh Pa3IMuHyI0 BenuynHy. HauansHbIil oTpe-
30K KPUBOM, COOTBETCTBYIOIINN PEKUMY OJHOKPATHOTO PACCESIHUS, XapaKTePU3yeTCs
HAWMCHBIIMM HU3MEHEHHEM pa3Mepa MHUKPOKOJIbIA C TONIINHOMN, a TpamgueHt dry/dx
mai. Creayromuid y4acToK KPUBOM, HA KOTOPOM T'paJUEeHT MaKCUMaJIeH U MpakTuye-
CKU HE 3aBHCHUT OT TOJIIIMHBI CIIOSI, OTBEUAET PEKUMY MHOTOKpAaTHOTO paccesinus. [o-
CJIEITHSISL YacTh KPUBOM, COOTBETCTBYIOIIAs YCTAHOBICHUIO peskuma nuddy3uun siek-
TPOHOB B MaTepualie CJIos, OKa3bIBACT MEHBIITUH TPAJUCHT U3MEHEHHS panyca MUK-
POKOJTbIIA C TOJIIMHOM CIIOS, YeM Ha MPEIbIAYIEM Yy4acTKe MHOTOKPAaTHOTO pacces-
Hus. [IpoAOIKUTETPHOCTh YYAaCTKOB KPUBOM HAMpSMYIO 3aBUCUT OT YCKOPSIOIIETO
HaMNpPsDKEHUs], MPUIOKEHHOTO K MEePBUYHOMY MyuKy. [[J1si MOBBIIEHUSI YyBCTBUTEb-
HOCTH OIpEAENICHUs] TOJIIUHBI CIIOSI HEOOXOAMMO MOA00paTh SHEPTUI0 TEPBUYHBIX
AJIEKTPOHOB TakK, YTOOBI MHTEPECYIOIIas HAaC TOJIIIMHA CJIOS MPUXOIUIACh HA 00IacTh
MaKCHUMaJIbHOTO TPaJUEHTAa. DTO OCTHTACTCS YMEHBIICHHUEM YCKOPSIOIIETO Harps-
KEHHS MIPU UCCJIeI0BAaHUU TOHKUX IUIEHOK M, HAIPOTUB, €T0 YBEIMYEHUH B Cilydae
OOJBIINX TOJIINH CJIOSI.

OmauM u3 (HaKTOpOB, OTPAHMYMBAIONIMX TOYHOCTH OMPEIEICHHS TOJIIIMHBI
CJIOSI, SIBJIIETCSI TOTPEIIHOCTh W3MEPEHUs pa3Mepa MUKPOKOJIbIA. JTa BEIUYHMHA
00paTHO MPOMOPIHUOHAEHA BEJIMYWHE PaTnyca KOJIbLA, MOITOMY JJIsi MOBBIIICHHS
TOYHOCTH M3MEPEHHUI pa3yMHO MOA00paTh yCIOBHUS, COOTBETCTBYIOUINE OCAXKICHUIO
CTPYKTYpbl MaKCUMaJbHOTO pa3mepa. Kak HEOTHOKpAaTHO yKa3bIBaJIOCh PaHbIIe, pa-
INYyC YITIEPOAHOTO MUKPOKOJIbIIA HA TIOUIOKKE U3 HEKOTOPOTO Marepuasia CUIbHO 3a-
BUCUT OT TOKa M DHEPIHMU TMEPBUYHOTO SJIEKTPOHHOTO IMydYKa. YBEIMUYEHHE MOTOKA
NaJaroMX EKTPOHOB MPUBOIUT K POCTY pa3MepoB ocaxaaeMoi cTpyKTypsbl. [lpu
OOJIBIIMX 3HAYEHUAX TOKA IMMy4YKa MOKET HabmonaTecs 3((GEKT 3apsiiKi MOBEPXHOCTH,
BBI3BaHHBII T€M, YTO MOMA A0 Ha MOAJI0KKY MOTOK 3JIEKTPOHOB HE YCIIeBaeT CTe-
KaTh ¢ 00pasma. B aToM cirydae BOIHM3M TOUKM MMaICHUs CKAITMBACTCSI OTPHUIIATEILHBIN
3apsil, MPUBOISAIINN K MUCKQKEHUIO pacpeAeNieHHs YIEKTPOHHON IIIOTHOCTH H, COOT-

BETCTBEHHO, HAPYUIAIOUINI PEXUM OCAXACHUSI MUKPOKOJbIA. Dh(DEKT 3apsaKd CHU-
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KaeT TOYHOCTh OINPEACIICHHUS Pa3MEPOB KOJIbIIA, TOATOMY HCIOJIb30BAaHUE CIIMIIKOM
OOJBIIMX TOKOB HE AAET 0KUAEMOT0 YMEHBIIICHHsI TTOTPEITHOCTH U3MepeHus. Takxke
CYIIECTBYIOT IOJIOKKH, YyBCTBUTCIBHBIC K BO3JICHCTBHIO AJICKTPOHOB, MPH HCCIIC-
JIOBaHUU KOTOPBIX HMCIOJB30BaHUE OONBIIMX TOKOB TaKXe HEXKeIaTelbHO. Bimsaue
YCKOPSIFOIIETO HAMPSHKEHUST 00CYKIaI0Ch BBIIIE B CBSI3H ¢ rpaaueHToM dry/dz. Poct
pasMepa KoJiblla IPU YBEIWYCHUU DHEPTUU DJIEKTPOHOB MOAPA3yMEBAET, UTO CIEHY-
€T UCIOJIb30BaTh MAaKCHMAaJIbHO BO3MOXKHOE YCKOPSIOIIEE HAMPSHKEHUE, TTO3BOJISIONICE

HaXOJUTHCS B JIMHEMHOMN 00JaCTH KPHUBOM.
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Pucynok 4.31 — 3aBUCUMOCTD TMOJIOKEHUS TPAHULIBI OCAXKICHUS OT TOJIIIUHBI
MOBEPXHOCTHOTO ciiosi Al Ha TofyIoKKe Si, MOTydYeHHAs] MOACIUPOBAHUEM PACCETHUS

| MJIH. 3JIEKTPOHOB C HaYanbHOU 3Hepruen 20x3B

C TOYKH 3peHHs ONPECICHUS TMPUHIUIHATBHOW YyBCTBUTEIBHOCTH ME-
TOIUKH HHTEPECHO PACCMOTPETh MMapy MaTepHajioB, ONMU3KUX II0 CBOHUM pac-
CEHMBAIOIIMM XapakTePUCTHKaM. PaccMoTpuM Tmapy amomMuHui(Z = 13,p =
2.70r/cm?)-kpemunii(Z = 14,p = 2.33r/cm?). Ha Puc. 4.31 usobpaxeHa Kpupas

3aBUCUMOCTH pagnyca yriacpoaHOIrO MHUKPOKOJbLA OT TOJIIMHBI CJI0A aJJIOMHHHA Ha
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IIOBEPXHOCTH MACCUBHOIO KpEMHUs. TOYHOCTh M3MEPEHUS paguyca KOJbLA COCTaB-
asieT 5 — 10HM. COOTBETCTBYIOIIMIT MHTEPBAI TONIIMH CJIOS ATIOMUHHS B JTUHEHHON
4acTU KpUBOW cocTaBisieT 16 — 33HM. DTy BEIMYMHY MOXXHO NPHUHATH B KAYECTBE
NPUOTU3ZUTEIIBHON OLICHKHU YYBCTBUTEIHLHOCTH METOA.

B Tabnume 5 mpencraBieHbl pe3yibTaThl CPaBHEHUs TOJIIIUH MOBEPXHOCTHBIX
CIOEB Pa3JINYHBIX CUCTEM, INOJYYEHHBIE DKCIIEPUMEHTAIBHO NPU MOMOIIA METOAA
(GbopMHpOBaHUS MONEPEUYHOIO Cpe3a MOHHBIM ITyYKOM (CpeIHss KOJIOHKA) U Paccuu-
TaHHbIE 110 METOJY AJIEKTPOHHON HaHoTOMOrpaduu (mpasasi KOJIOHKA) UCXOS U3 IKC-
NEPUMEHTAIIBHO IOJYYEHHBIX JAHHBIX O pa3Mepax COOTBETCTBYIOIIUX YIIIEPOIHBIX
kojer. M3 Tabnuupl BUJHO, YTO TOYHOCTH IMpeAcKa3aHusi B 00JACTH TOJIIMH, COOT-
BETCTBYIOIIUX CPEAHEHW YacTU JIMHEMHOIO y4YacTKa KPUBOM 3aBUCHUMOCTH JIHWAMETpa
KOJIbLIa OT TONIMHBI cios (Puc. 4.29), BroliHE COOTBETCTBYET OLICHKAM, MPUBEAEH-
HBIM BbIlIE. B oOmactu OONbIIMX TOJIIMH M B CIyyae TOHKUX IUIEHOK, KOTJa MpOsiB-
JSI€TCs HEJIMHEWUHOE MTOBEICHUE 3TOM 3aBUCUMOCTH, TOYHOCTD ONPEIEIEHUS TOJIILNHBI

CJIOA MMagacrT.

4.2.2 CTpyKTypBHl, coaep:kaiue 0ojiee AByX CJI0EB

Ha Puc. 4.32 n300pakeHa 3aBUCUMOCTD pajiiyca YIIIEPOTHOTO MUKPOKOJIbIIA OT
TOJILIMHBI CJI0s YITIEPOAA, TAE B KaUECTBE MOMJIOKKHU BBICTYIIAET ABYXCJIOMHAs CTPYK-
typa Au50HM Ha MaCCUBHOM KPHCTAJUIC KPEMHHUSI.

Hanuuue cnos 30510Ta MEXTy KPEMHHEBOM MOJJIOAKKON U MOBEPXHOCTHBIM CJI0-
€M yIepoJia MPUBOJUT K CHHXKEHHUIO YYBCTBUTEIHLHOCTH METOAMKHU 3JICKTPOHHOMN Ha-
HoTOMOrpaduu. ITO BBI3BAHO, B MEPBYIO OYEPE/b, YMEHbIICHHEM TpaaueHTa dr/dx
JUIS TPEXCIOMHOM CTPYKTYpPBI IO CPAaBHEHHIO C JBYXCIOMHOW. PaccesHue oT cios
30J10Ta 3KPAaHUPYET CUTHAJ OT MOMJIOKKU U MU3MEHSIET pacipe/iesieHue 3JIEKTPOHHON

IINIOTHOCTH.
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Pucynok 4.32 — CpaBHeHHE 3aBUCUMOCTEH MOJOKEHUSI TPAHUIIBI OCAXKICHUS OT
TOJILIMHBI IOBEPXHOCTHOTO €101 Al, MOTy4YeHHBIX MOAECIHUPOBAHUEM PACCEIHUS
I MJIH. 3JIEKTPOHOB C Ha4aJIbHOM »HEprueut 7k3B Ha MacCUBHOM MOUIOKKE Si U Ha

MOJJIO’KKE KPEMHUSI C TIOBEPXHOCTHBIM ciioeM SO0HM Au

4.2.3 IlepcneKTHBBI HAHOTOMOIPa(uH

B03MOXXHOCTH HEpa3pyLIAIOMIET0 KOHTPOJS TOJNIIMHBI MOBEPXHOCTHBIX CIOEB
MOCPEJICTBOM aHajiM3a MPOCTPAHCTBEHHOTO pactnpeneneHuss OPD MOryT HalTH Tpu-
MEHEHHuE B cepe IEKTPOHHOU ToMorpaduu CIOKHBIX MHOTOCIOMHBIX CTPYKTYp. Ha
Puc. 4.33 n3o0pakeHbl CpaBHUTEIbHBIE CHUMKH IMOBEPXHOCTH IIJIATHHBI IMOCIE OT-
xura mipu temrieparype 1000°C' miis 4ucToi MOBEPXHOCTH () W I TIOBEPXHOCTH
C HAHECEHHBIM CJIOEM aTOMUHUA TOMMHOW 210HM. Meron 35eKTpOHHOM HAHOTO-

MOFpa(l)I/II/I MMO3BOJIACT OIIPCACIUTb TOJIIHWHY INOBCPXHOCTHOI'O CJIOA IIO pE3yiibTaraM
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Pucynok 4.33 — N3o0paxkeHus cucTeMbl Teppac(CBepXy) U COOTBETCTBYIOLIUX UM

YIJIEPOHBIX KOJICII, MOTYYEHHBIX MPU OOTYyUYEHUHU ITYyYKOM 3JIEKTPOHOB ¢ HaYaIbHOU
sHeprueit 20x3B npu Toke 370mA B Teuenue 10MuH.(CHU3Y): a)Ha OBEPXHOCTHU
OTOXKEHHOU IJIATHUHBI; 0)HA MOBEPXHOCTHU IJIATUHBI MO CIOEM aJTFOMUHUS
tonuuHou 210uM. Ha Bpe3kax mpuBe/ieHbl yBEIMYEHHBIE U300paXKEHUsI YUaCTKOB

MMOBEPXHOCTH BOJIM3U TPAHUIIBI pa3zielia IBYX 3€PEH C Pa3IMUHON OPUEHTAIIMCH.

M3MEPEHHUS pa3Mepa COOTBETCTBYIOIIETO YIIIEPOAHOTO MUKPOKOJbIA. JTH JIaHHBIE, B
JaabHEHIIIEM, MOTYT OBITh MCTIOJIB30BAHBI JUIsl PEIICHUs] OOpaTHOW 3aJa4u O BOCCTa-
HOBJICHUW MCXOIHOW KapTHUHBI TOBEPXHOCTHOTO MUKpopenbeda. Hampumep, B cirydae
MOBEPXHOCTH IUIATUHBI, 3HAHUE TOJIIIUHBI MOBEPXHOCTHOTO CJIOS AJTFOMUHUS MOXKET

MO3BOJIUTh CKOPPEKTUPOBATH IIUPUHBI U (HOpPMY Teppac, KOTOPhIE OTYETIMBO BUIHBI
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Ha Puc. 4.33 a, HO «pa3mazanbly Ha Puc. 4.33 6 u3-3a paccesiHus JEKTPOHHOTO MMyUKa

B ITOBCPXHOCTHOM CJIOC.

4.3 CpaBHeHMe MOJTYYECHHBIX Pe3yJbTATOB C Pe3yJbTaTaAMH, OCHOBAHHBIMHU Ha
usMepenun Toka OPJ

[IpuHIIMTIMAIbHAS BOBMOXKHOCTH ONPEIEICHUS TOIIIUHBI TOBEPXHOCTHBIX ILIE-
HOK Ha MacCHBHOW IMOMJIOKKE IMOKa3aHa B MpeablaylleM paszziene. MHTepecHo cpas-
HUTb OTHOCUTEJIBHYIO OIIMOKY U3MEPEHUS MPEAJIOKEHHBIM HAMU METOJIOM C METOJIOM
AJIIEKTPOHHOU MHUKpOTOMOTpaduu, OCHOBAaHHOM Ha aHanuze pacnpenenenus OPD mo
sHepruu [60]. B Tabnuue 6 npuBeaeHs! JaHHBIE OMPEIEICHUS TOIIUHBI TOBEPXHOCT-
HOM IUIEHKU JJIS aTTECTOBAHHBIX HE3aBUCUMBIMU MeTolamMu 00pa3ioB. CpaBHEHUE
OCYIIECTBISETCS JUIsl ABYX TUIIOB CTPYKTYP: JETKHM CIION Ha TsokEnoi nmoioxkke (Al
Ha C'u) ¥ TSOKENBIN cioi Ha Nérko momioxke (Au Ha St 11 MeToma AIEKTPOHHOM
HaHotoMmorpaduu u C'u Ha Al 11 3MEKTPOHHONH MHKpPOTOMOTpadun).

Mo:xHO crenarb BbIBOJ O TOM, YTO 00a METO/Ja JAIOT CXOIHYIO0 TOUHOCTh U3Me-
pEeHUS AJi TOJIIUHBI CJI0s, MHOTO OOJbIIel UIMHBI CBOOOMHOTO Mpobera AlieKTpoHa
B COOTBETCTBYIOIIEM Mmarepuaiie. JlJis MalbIX TOJIIMH OIIMOKAa OKa3bIBAaeTCs CyIlle-
cTBeHHO BbIlie. Kak u aBrophl [60], MBI CBSI3BIBa€M 3TO C TE€M, UTO PEXKHUM MHOIO-
KpPaTHOIO PacCesiHUsS MPH MaJbIX TOJNIIMHAX MUIEHKH €IIE€ HE YCIEBAET YCTAHOBUTHCS U
3JIEKTPOH HCTBITHIBACT HEOOJBIIIOE YUCTIO coynapeHuil. [lorepu sHeprun u npocTpaH-
cTBeHHOE pacnpeaenenue OPD B 3ToM ciiydae I10X0 ONMUCHIBAKOTCS MPUMEHSAEMBIMHU
MOJIETISIMU PACCESHUS.

BosmoxkHocTn METoaa IIOCJIOMHOTO aHajmnza HEOJIHOPOJIHBIX
CTPYKTYD MPOJIEMOHCTPUPOBAHBI Ha psane KOHKPETHBIX MIPUMEPOB
(Au/C/Pt, Au/Si, Al/C/Si, Al/Cu). Tloka3aHo, YTO THIIMYHAS MOTPEUIHOCTH
ONpeNEeCHUsl TOJIIMHBI W TIIyOWHBl 3aJIETaHUsI JNHUCKPETHBIX CIIOEB COCTABIISIET
10 — 15HM B CTpyKTypax TOJIIWHOW HECKOJIBKO COTEH HaHOMETpPOB. OTHOCHUTENIbHAS
TOYHOCTh M3MEPEHUN HE YCTYMAaeT APYTMM METOJaM, OCHOBAaHHBIM Ha WU3MEPEHUAX
TOKa 00paTHOPACCESHHBIX AEKTPOHOB B POM, HO nocTHraercs CymecTBeHHO Oosee
OPOCTHIMU CpeACTBaMH: HaOdroneHueM ciena uHayuupoBanHoro OPD ocaxaeHus

YINICBOAOPOOAOB HA IMOBCPXHOCTH.



Tabnuia 6 — CpaBHEHHE TOYHOCTH OMPEICIICHUS TOIIIUHBI CIIOEB B MHOTOCJIOMHBIX
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CTPYKTypax i Pa3jIdudHbIX METOJIOB

TonmuHa 3KCI1., HM TommwuHa (METON), HM \ Ommuobxka, %
MeToa u3mMepeHusi MUKPOKOJIeI]

Al ma Cu

471 £+ 14 414 12

321 £ 6 314 02

219 + 4 183 16

114 + 4 129 05

26 = 4 57 119
Au Ha Si

55 37 54

70 65 07

90 86 04

108 111 03

135 138 02

175 149 15

Meton snekTpoHHON MuUKpoToMorpaduu [60]

Al ma Cu

800 740 £ 30 7,5

400 470 £+ 30 17,5
Cu Ha Al

100 110 £ 5 10

50 84 L+ 5 68
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3akiouenue

OcHOBHBIE pe3yNbTaThl padOThl MOKHO CYMMHPOBATh CJIEIYIOIIMM 00pa3oMm.

1. MccnenoBanbl Ba TUIAa HAaHOCTPYKTYp (HAHOCTOJIOMKM M MHUKPOKOJIbLA),

(bopMHpYIOLIKUXCS B MPOLIECCE UHAYLUPOBAHHOTO C(HOKYCHPOBAHHBIM ITyY-
KOM DJIEKTPOHOB OCQXICHHS YIIIEBOAOPOAOB. M3yueHue pasznuuuii MEexXIy
pe3yJIbTaTaMy WHIyLUPOBAHHOTO OCAX/ICHHS HA IOBEPXHOCTAX TOHKUX IUIE-
HOK M MacCUBHBIX 00PAa3I0B MMO3BOJIMIIO BBISIBUTH OINPEAEISIONLYIO POJib 00-
PaTHOPACCESIHHBIX 3JIEKTPOHOB B YCTAHOBIICHUU PEXUMA OCAXIECHHUSI, COOT-
BETCTYIOLIErO MOSBJICHUIO HA MOBEPXHOCTU YINIEPOAHBIX MUKPOKOJIELL.

. IIpennoxeHa MoAEeap WHIYUHMPOBAHHOIO 3JIEKTPOHAMHU OCAXKJICHUS, CBA3bI-
BaroI[ast MPOIECChl TOBEPXHOCTHOM U dy3un yriaeBoaopoaoB u HopMupo-
BaHUs JIaTepPaJIbHOTO pacIpesiesieHUs] MIOTHOCTH TOKa 00paTHOPACCESHHBIX
ANeKTpOHOB. [IpruMeHeHune 3Toil MoJEeNH NO3BOJISIET OOBSICHUTD 3aBUCUMOCTh
MEK/ly CMELIEHUEM TPAHUIbI YIIIEPOJHOTO MUKPOKOJIbIA 1 ©3MEHEHUEM OC-
HOBHBIX MMapaMETPOB Iy4Ka IMEPBUYHBIX 3JIEKTPOHOB (TOKa U 3Heprun). [lo-
Ka3aHo, 4TO pa3Mep MUKPOKOJIbIA, (POPMUPYIOLIETOCS Ha MOBEPXHOCTH 00-
Jy4aeMOr0o IEKTPOHAMU TBEPAOTO TeNa, ONPEAEIACTCS YIAIEHHOW OT LEH-
Tpa 4YacThIO JaTepajibHOTO pacIpeesieHHs IJIOTHOCTH TOKa oOpaTHopacce-
SHHBIX DJIEKTPOHOB.

. IIpousBeneHo cpaBHEHUE PE3YIBTATOB KOMIIBIOTEPHOTO MOAEIMPOBAHHUS pac-
CESHUS MIEKTPOHOB B TBEPABIX TENAX U AKCIIEPUMEHTAIBHOIO MHIYLIUPOBAH-
HOTO OCaXJCHHUS MUKPOKOJICL Ha 00pa3lax pas3IMYHOIO0 XMMHUYECKOTO CO-
CTaBa. YCTAaHOBJICHO, YTO IJIABHBIM IMMAPAMETPOM TBEPIOIO TEJA, ONPEAEIIs-
IOIIUM JIaTepalIbHOE pachpe/ielieHne MIOTHOCTH TOKa 0OpaTHOPACCESIHHBIX
AIIEKTPOHOB, SIBISAETCS IJIOTHOCTb.

. Pa3BUT opurvHaNbHBII METOJ ITyOMHHOTO 30HAMPOBAHUS MHOTOCIOWHBIX
CTPYKTYp, OCHOBAaHHBI! HAa YCTAHOBJIECHHON 3aBUCUMOCTH JIATEPAIILHOTO pac-
MpeesieHNs! IJIOTHOCTH TOKa OOpPaTHOPACCESIHHBIX 3JIEKTPOHOB OT 3JIEMEHT-
HOT'O COCTaBa, IVIOTHOCTH WU TOJIIMHBI IIEPECEKAEMBIX UMM CJIOEB, a TAKXKE
apaMeTpoB MEPBUYHOIO ITy4Ka 3JEKTPOHOB, METOJ IEKTPOHHOW HAHOTO-
Morpaduu. Bo3aMoKHOCTH MeTO/Ia TPOAEMOHCTPUPOBAHBI HA PsAJIe KOHKPET-

Heix cucteM (Au/C/Pt, Au/Si, Al/C/Si, Al/Cu). IlokazaHo, 4TO TUNUYHAS
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MNOTPEIIHOCTh OMPECICHUS TOJNUIMHBI U TIYOMHBI 3aJIeTaHusl AUCKPETHBIX
cinoeB cocTaBiAeT 10 — 15HM B CTPYKTypax TOJIIMHON HECKOJIIBKO COTEH Ha-
HOMETPOB. OTHOCUTEIIbHAS TOYHOCTh U3MEPEHUN HE YCTYIIAET TOYHOCTH ME-
TOJIOB, OCHOBAHHBIX Ha U3MEPEHUH TOKA OOPATHOPACCESHHBIX AJIEKTPOHOB B
AIIEKTPOHHOM MMKPOCKOIIE, HO JOCTUTAETCs CYIIECTBEHHO 00Jiee MPOCThIMU
CpPEACTBAMM.

. MeToz 31eKTpoHHOW HaHOTOMOrpaduu TPUMEHEH Uil U3YUYEHHUS HECKOJb-
KHX Cepuil 00pa3loB TUIa TOHKUM CIIOM HAa MAacCHUBHOW MOJUIOKKE C pa3-
JIMYHOM TOJIIMUHOM cios. I3MeHeHne pa3mepa ymiepoJJHOTO MUKPOKOJIbIA C
POCTOM TOLIMHBI IIOBEPXHOCTHOTO CJIOS1 UMEET JIMHEWHBIM XapakTep B JAua-
Ma30HE TOJIIINH, CPABHUMBIX 110 BEJIMYUHE C MPOTSHKEHHOCTHIO 00BhEMA B3a-
MMOJEHCTBUS JJIEKTPOHOB B TBEPAOM TEJE aHAJIOTHYHOro cocrasa. [Ipemo-
*eHa (opMyIia, ONKCHIBAIONIAs U3MEHEHUE pa3Mepa MUKPOKOJIbIIa B 3aBUCH-

MOCTH OT TOJIINIMHBI IIOBECPXHOCTHOI'O CJIOA.
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Cnmcok cOKpalieHui ¥ YCJI0BHBIX 0003HAYCHU

PIM - PactpoBas 35IeKTpOHHAs] MUKPOCKOIIHSI, PACTPOBBIA AJIEKTPOHHBIA MHK-
pockon

OP3 - ObparHOE paccessHUEe AIEKTPOHOB, OOPATHOPACCESIHHBIN 3JIEKTPOH

kOPI - Kosddunment oOpaTHOro paccessHus 3JIEKTPOHOB

119 - [lepBUYHBII JIEKTPOH

B9 - BropuuHsblii 3J1€KTPOH

B2J3 - BropuuHas 351€KTpOHHASI SMUCCHS

EBID - Electron Beam-Induced Deposition (Ocaxaenue, MHAYLUPOBAHHOE
AJIEKTPOHHBIM ITyYKOM )

ITC - DnexTpocTaTH4ecKuil TOPOUJATIbHBIA CIIEKTPOMETP
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Introduction

The study of the structure, composition and physical properties of the surface and
layers of solids located at a shallow depth is of fundamental interest for many branches of
physics and technology. This problem is solved by various methods. Among them, one
of the central places belongs to methods that use the irradiation of samples with a beam
of accelerated electrons. Irradiation is accompanied by the emission of electrons and
photons with different energies, the detection of which provides a variety of information
[1]. The flow of particles emerging from the surface of a massive sample contains
backscattered electrons (BSE). These are electrons that, after one or several large-angle
scattering events, reversed their direction of motion and left the sample. The BSE energy
lies in the range from the initial energy F to 50 eV. The lower boundary conditionally
separates the BSE from secondary electrons (SE). A beam of scattered electrons fills
the region, which is called the "interaction volume". The length of this region along
the beam axis coincides with the electron path length . The maximum depth z,, of the
BSE exit is less than the path length, since the electrons that have reached this depth
must retain a significant part of the initial energy in order to return to the surface. The
width of the BSE beam is determined by the maximum distance 7, from the point of
incidence of the primary beam to the intersection points of the BSE trajectories with
the sample surface. The value of the Z—: ratio determines the shape of the BSE emission
region.

The intensity of the BSE flow from the surface of an inhomogeneous sample,
consisting of two or more layers of different materials, depends on the composition,
thickness, and relative position of the discrete layers. This dependence makes it pos-
sible to use measurements of the backscattering coefficient to solve an important prac-
tical problem, namely, to determine the thickness of coatings deposited on a massive
substrate. The composition and thickness of the near-surface layers of the sample af-
fect not only the BSE current, but also the shape and extent of the emission region, and
much more strongly than the current. In this regard, it seems possible to facilitate the
interpretation of information by replacing (or supplementing) the traditional measure-
ments of the BSE current with measurements of the linear dimensions of the emission
region. At first glance, it is much more difficult to determine the extent of the BSE

emission region than to measure their current. Only a few works are known to deter-



mine the shape of an electron beam scattered in gases or solids [2—4]. An intractable
problem is the experimental determination of the depth of the BSE emission. At the
same time, the measurement of the characteristic value of the lateral spread of the BSE
does not encounter fundamental difficulties. For this purpose, a resist film is applied to
the sample and the displacement of the border of the illuminated and developed resist is
determined with a successive increase in the beam current [5—7]. Such measurements
make it possible to optimize the beam sweep program during sample processing by
electron lithography. Recently, a method for measuring the radial distribution of the
BSE, free from the above disadvantages [8], has been proposed. The main idea is to
replace the resist with a layer of adsorbed hydrocarbons, whose molecules, like those
of the resist, undergo radiation-chemical transformations. Adsorbed hydrocarbons are
present on the surface of all samples placed in the SEM chamber at a typical residual
gas pressure of 1079 — 10~" Torr. When the sample is irradiated with a focused electron
beam, the molecules diffuse to the point of incidence of the beam and, falling into the
zone of emission of the BSE, decompose, which ultimately leads to the formation of an
annular layer of amorphous carbon. The diameter of the carbon ring depends on the lo-
cal current density and can serve as a measure of the width r,,, of the lateral propagation
of the BSE. The emission depth z,, can be found, if necessary, using simulation results
or semi-empirical analytical relations relating z,, to r,, .

Thus, the measurement of the spatial distribution of the BSE makes it possible
to check the correctness of various models of electron scattering and is an intermediate
step on the way to the analysis of the deep structure of the sample.

Aim dissertation work is to elucidate the features of electron backscattering,
which can be used to study the internal composition of solids, in particular, those that
are inhomogeneous in composition.

To achieve this goal, it was necessary to solve the following tasks.

1. Development of methods for studying the lateral distribution of the BSE, com-

bining direct measurements with the simulation of electron trajectories by the
Monte Carlo method, and apply them to samples that are inhomogeneous in
depth.

2. Comparison of estimates of the size and shape of the BSE cloud in inhomoge-

neous samples, obtained using different scattering models, and substantiation
of the choice of the optimal model for the scattering of a beam of accelerated

electrons in a solid body.



3. Experimental study of the patterns of formation of carbon micro- and nanos-
tructures on surfaces irradiated by a sharply focused electron beam.

4. Search for a correlation between the diameter of carbon microrings and the
depth distribution of discrete layers of a sample that differ in elemental com-
position and density of materials.

5. Estimation of the relative contribution of secondary electrons to the expansion
of the effective zone of radiation action of a nanometer electron beam.

Novelity:

For the first time, the size and shape of the BSE cloud in inhomogeneous sam-
ples were determined by direct measurements of the diameter of carbon microrings in
combination with Monte Carlo simulation of electron trajectories.

For the first time, analytical dependences of the extent of the lateral propagation
of the BSE on the thickness of coatings deposited on massive substrates have been ob-
tained. It is shown that the type of dependence is determined by the ratio of the density
of the materials of the substrate and the surface layer.

For the first time, the coincidence of the maximum length of the BSE trajectories,
calculated on the basis of the model of diffuse scattering from a point source, with the
maximum length of the electron path, measured in experiments on the transmission of
an electron beam through thin films, was noted.

For the first time, a linear nature of the increase in the depth of the BSE emission
from inhomogeneous samples with an increase in the average reciprocal density of the
layers crossed by the BSE has been revealed.

Influence of study. A technique for non-destructive testing and measurement of
the thickness of single-layer and multilayer thin coatings deposited on massive sub-
strates has been proposed and tested. Such coatings are used in various fields of tech-
nology. Carrying out measurements does not require preliminary production of a series
of standards certified by other methods. The proposed technique is several times less
sensitive to cathode emission fluctuations than the techniques based on the measurement
of the BSE current.

Methods. We used a comprehensive approach to studying the phenomena of elec-
tron scattering and induced deposition on the surface of inhomogeneous samples, which
includes a theoretical study using computer simulation of electron scattering by the
Monte Carlo method and a set of practical preparation methods (vacuum thermal evap-

oration, vacuum ion sputtering), microrelief studies ( scanning electron microscopy,



scanning probe microscopy) and verification of the internal structure (formation of a
cross section) of multilayer structures. A non-destructive analysis of the internal struc-
ture of inhomogeneous samples was also carried out using a new experimental method
based on the phenomenon of hydrocarbon deposition induced by an electron beam.

Basic depositions submitted for defense:

1. The method of induced deposition of a precursor by a focused medium-energy
electron beam makes it possible to implement the targeted formation of ring
nanostructures on the surface.

2. The model of induced deposition, which relates the diffusion flow of hydro-
carbon molecules to the part of lateral distribution of the current density of
backscattered electrons remote from the center, makes it possible to explain
the change in size of ring structures depending on the parameters of primary
electron beam.

3. The density of a solid body is the main physical characteristic that determines
the shape and extent of the cloud of backscattered electrons on its surface.

4. The nature of the dependence of microring size on layer thickness for the layer
deposited on the massive substrate is determined by the densities ratio of the
layer materials and the substrate material. The size of the ring increases mono-
tonically when the density of the layer material is less than the density of the
substrate material, and decreases linearly in the opposite case.

Reliability of the results of computer simulation of the processes of electron scat-
tering in a solid are confirmed by their compliance with the predictions of theoretical
models and the simulation results obtained by other authors for standard samples.

The reliability of measurements of the dimensions of carbon microrings is en-
sured by their reproducibility for samples of the same composition, as well as by a
sufficient amount of accumulated material.

The reliability of the results of measuring the thicknesses of layers of multilayer
structures is confirmed by their agreement with the results of measurements carried out
on cross sections of inhomogeneous samples using modern high-precision equipment
Zeiss CrossBeam 1540X B.

The established dependence of the maximum length of the BSE trajectories on the
density and elemental composition of the samples is consistent with the semi-empirical
relations widely used in the literature, obtained by analyzing the passage of accelerated

electrons through thin films.



Probation. The main results of the work were reported at the following confer-
ences and seminars:

1. Zhdanov G.S., Lozhkin M.S. A new approach to deep probing of multilayer
structures in SEM // In the book: Modern methods of electron and probe
microscopy in the study of nanostructures and nanomaterials: abstracts. re-
port 25th Russian Conference on Electron Microscopy, v.1 — Chernogolovka,
2014. — Chernogolovka, publishing house Chernogolovka, 2014.

2. Transient stage of nanopillar growth by focused electron beam induced depo-
sition of carbon / Manukhova A.D., Lozhkin M.S., Zhdanov G.S.// In book:
The 4th International Scientific Conference «State-of-the-art Trends of Scien-
tific Research of Artificial and Natural Nanoobjects» :abstract report conf. —
St. Petersburg, 2014. — St. Petersburg, publishing house of St. Petersburg
State University, 2014

3. Dynamics of carbon nanopillar growth on bulk and thin substrates irradiated
by a focused electron beam / Zhdanov G.S., Manukhova A.D., Lozhkin M.S.
// in book: Nanotech 2014 Vol.1 «Nanotechnology 2014: Graphene, CNTs,
Particles, Films & Composites» : abstract report conf. — 2014

4. Zhdanov G.S., Lozhkin M.S. Visualization of subsurface nanostructures in
SEM and determination of their position in the depth of the sample. re-
port conf. — Chernogolovka, 2015. — Chernogolovka, publishing house
Chernogolovka, 2015.

5. Reconstruction of a focused e-beam profile in amorphous carbon using diffu-
sion of n-alcane molecules along carbon nanopillar sidewalls / Zhdanov G.S.,
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Chapter 1. Literature review

1.1 Scanning electron microscopy methods

The discovery of the electron by Thomson J. J. in 1898, together with subsequent
experimental studies by Rutherford E., which made it possible to create the first struc-
tured models of matter, posed a serious problem for the scientific community to observe
microobjects. De Broglie L. in 1927 played a special role on the way to solving this
problem. This opened up to researchers the fundamental possibility of using electrons
as a probing effect on a sample, similar to a beam of visible light photons in optical
microscopy. The advent of electron microscopy, no doubt, served as a huge impetus for
the development of countless areas of scientific research, one way or another connected
with the observation of microobjects. The creation of the first electron microscope pro-
totypes was carried out in 1931 by Ruska E. and Knoll M. in Germany, in 1934 by
Marton L. [9] in Belgium, and in 1939 - by a group of scientists led by Vertsner V.N.
in USSR.

The first electron microscopes were of the transmission type and, in addition to
many technical difficulties associated with the operation of focusing systems, produced
a strong destructive effect on the irradiated sample, associated, in particular, with heat-
ing the sample under study. In 1938 von Ardenne M. [10; 11] created a prototype of
the first scanning transmission microscope that scanned an electron beam along a sam-
ple. This approach made it possible to distribute the electron density over the scanning
area, thereby reducing the degree of impact at each irradiated point. The continuation
of the development of the ideas of scanning (scanning) electron microscopy (SEM) was
carried out by a group of scientists led by Zworykin V.A. [12]. The device they created
made it possible to achieve a resolution of 50nm, which was significantly inferior to
the limiting capabilities of the transmission electron microscopes actively developed at
that time. In this regard, the method of scanning electron microscopy was considered
unpromising and the corresponding studies were stopped. The further development of
the SEM is closely related to the name of Oatley C.W., who formulated the thesis that
solving many problems does not require high resolution at all, and all the necessary in-

formation about the sample can be obtained by working at moderate magnification. The
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work of Otley and his students played a key role in the development and, most impor-
tantly, in the dissemination of the technique of scanning electron microscopy. One of
the first successful steps in this direction was the creation of a scanning electron micro-
scope and the acquisition of the first images of a pseudo-three-dimensional surface relief
formed from a signal of low-energy secondary electrons [ 13] by one of Otley’s students,
McMullan D. Special mention deserves the work on the creation of a more advanced
secondary electron detector, produced by two more students of Otley, Everhart T. E.
and Thornley R. F. M. [14]. Replacing the electron multiplier with a combination of
a scintillator and a photomultiplier for electron detection allowed them to significantly
improve the signal-to-noise ratio and increase the magnitude of the original signal. The
progress achieved has made it possible to confidently state that scanning electron mi-
croscopy is a competitive technique with undeniable advantages: ease of sample prepa-
ration, high depth of field, clarity and ease of interpretation of the resulting images, as
well as flexibility in terms of the size and types of samples under study.

Since the advent of the first electron microscopes, one side effect of observing
samples has been electron-induced deposition, first noticed by Stewart R.L. in 1934
[15]. The appearance of a precipitate on the surface of samples under electron irradia-
tion was considered exclusively as a negative factor. The nature of its occurrence was
determined by Ennos A. E. [16], who established the predominantly carbon composi-
tion of the sediment. The mechanism of pollution formation proposed by him consists
in the adsorption of hydrocarbons, which are present in the composition of atmosphere
of the residual gases of SEM vacuum chamber, on the surface of the sample. The action
of electrons on these adsorbed molecules leads to the formation of an experimentally
observed carbon film. A variety of methods have been used to combat carbon contam-
ination, including cooling the interior of the vacuum chamber to prevent condensation
of hydrocarbons on the sample, and the use of oil-free (predominantly mercury) pumps
for vacuum systems. Only in 1960 Christy R. W. [17] showed the possibility of using
induced deposition for controlled creation of a microrelief on the sample surface by irra-
diating it with an electron beam in the presence of vapors of organoelement compounds.
This idea formed the basis of a technique known as electron beam-induced deposition
(Electron Beam — Induced Deposition(E BID)). Currently, the processes underly-
ing this method of changing the surface microrelief [18; 19] are being actively studied.
The E'BID technique involves the use of various precursors to create nanostructures of

a given chemical composition. At the same time, hydrocarbon molecules present in the
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chamber of any serial SEM can be used as a precursor for carbon deposition without
the need to introduce an additional source of material. In this paper, we propose an
original method for recording the spatial (radial) distribution of the current density of
backscattered electrons using induced hydrocarbon deposition. It makes it possible to
judge the internal structure of inhomogeneous samples from the shape of the carbon de-
posit formed on the surface during irradiation. The application of the method requires
an understanding of the basic processes associated with the scattering of an electron

beam 1n a solid, which will be discussed below.

1.1.1 Interaction area and information depth

The appearance of the interaction region is related to the behavior of the incident
electron beam penetrating deep into the sample through the surface. In the process of
motion, the flow of incident electrons interacts with the sample. Some of these elec-
trons can be scattered by atoms of the crystal lattice or electrons of matter. As a result
of scattering by heavy atoms, moving electrons deviate from their original direction.
This leads to expansion and density redistribution in the initially focused directed elec-
tron flow. The interaction of primary electrons with the electrons of matter, in turn,
1s accompanied by the transfer of energy and momentum. The primary electron slows
down, and the transferred energy can be spent on the generation of secondary irradia-
tion products. The totality of the mentioned processes of interaction with matter leads
to the formation of an electron density distribution along the direction of the incident
beam. The volume that limits this distribution is called the interaction area.

The idea of the size and shape of the interaction region is of great importance
for the analysis methods associated with the use of probing electron irradiation of the
sample. The rapid development of such techniques served as an impetus for a number
of experimental and theoretical studies on this topic.

One of the traditional methods for studying the volume of interaction is the ob-
servation of luminescence that occurs when phosphorites are irradiated with a focused
electron beam. This method was most successfully used by a group of scientists led by
Ehrenberg W. in the 1950s [20; 21]. The radiation that appears along the entire trajec-

tory of the electron in the sample is a consequence of the inelastic scattering of primary
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Fig. 1.1 — Photographs of polystyrene obtained by irradiation with an electron beam
with energies from 10 keV to 80 keV. Data from [20]

electrons and the associated excitation of the atoms of the substance. The radiative re-
laxation of emerging excited states reflects the path of an electron in a substance and
can be recorded by a camera. Examples of photographs reflecting the results of lumi-
nescence observation upon irradiation of polystyrene with a focused electron beam with
energies from 10 keV to 80keV are shown in Fig. 2. 1.1.

In the early 1970s, Brewer G.R.[22], and a year later, a group of scientists with
the participation of Everhart T. E. [23], used electronic resists to observe the interaction
region . An electron resist, such as polymethyl methacrylate (PMMA), is characterized
by a change in solubility depending on the dose of electron irradiation. Chemical etching
of PMMA after exposure to a focused electron beam leads to the appearance of a cavity
in the resist layer. The results of etching (Fig.1.2) are presented by a series of PMMA
profile images with the same exposure time by an electron beam with an initial energy
of 20keV, but different etchant exposure times. Using the well-known property of the

resist, which consists in the fact that those areas that are most exposed to electrons
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dissolve the fastest, the dependence of the shape of the cross section of the interaction
volume on the value of the current density was obtained.

Fig. 1.2 — Cross-section images of etched PMMA after electron irradiation with a

beam with an initial energy of 20 keV at various exposure doses [23]

Images corresponding to the initial stages of etching (Fig.1.2a — ¢) are cylindrical
cavities located directly below the point of incidence of the electron beam. However,
with an increase in the etching time (Fig.1.2 d — f), the PMMA regions that are less
damaged by electrons are involved in the process, which leads not only to an increase,
but also to a change in the shape of the interaction region up to a pear-shaped one (Fig.
1.2 g). The spot diameter of the focused electron beam in the experiment was about
1um, and the resulting dimensions of the interaction region in each of the directions are
several micrometers.

Further development of ideas about the interaction region is associated with the
development of computer simulation of electron scattering by the Monte Carlo method.
The next chapter of this work is devoted to discussing the possibilities of using this

research method.
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1.1.2 Penetration of an electron beam into a solid body

The propagation of electrons in a solid is an important problem from the point
of view of methods for analyzing internal properties. The study of the penetration and
propagation of an electron beam is an extremely important task. From the point of view
of the practical use of electron microscopy, the assessment of the actual resolution of
methods for analyzing both surface and internal properties of a sample is based on the
shape of the interaction volume formed during the propagation of an electron beam.

The size and shape of the interaction region are determined by the behavior of
the electron beam when it enters the subsurface layers of matter. The nature of the
motion of accelerated electrons inside a solid body changes as the penetration depth
increases. When passing through matter, an electron undergoes many scattering events,
which deviate it from its initial direction, and also lead to energy losses. Multiple elec-
tron collisions change the nature of the electron beam propagation in the sample. The
number of elastic scattering events is a convenient characteristic for designating the
boundaries of the stages of electron propagation in a sample. Three main stages can
be distinguished, successively replacing each other as the depth of electron penetration
increases. The initial stage of plural scattering is replaced by multiple scattering after
20 — 30 collisions. According to the theory proposed by Bothe W in 1929 [24], in the
multiple scattering regime, the angular distribution of electrons passing through a layer
of matter is described by a two-dimensional Gaussian function. In this case, the part of

the beam scattered per unit solid angle in the 6 direction is given by the equation

1(6 . 02
N(9) = [O(dg)z — (27A%) ' exp (—%) , (1.1)

where [ is the primary beam current, /() is the current collected in the solid angle

dS). Integrating the equation (1.1) over the deflection angle, we obtain the fraction of
electrons collected inside the cone with the 6 solution centered at the beam incidence

point
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0
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where 2)\% is the rms scattering angle for the Gaussian distribution, and Ap is the most

probable deflection angle. There are several approximations for describing the depen-
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dence of A\p on the layer thickness, which more or less exactly correspond to the exper-
imental data obtained by Cosslett V. E. and Thomas R. N. in 1964 [25]. An example

is the expression proposed by Bothe:

47
2 10
AB < E ) A 10 ’

where the unit of EO is eV, and \p is rad, the atomic weight A is expressed in a.m.u.,

the density is p to and the thickness of = to cm.

Cm3 ’
The fraction of electrons 77 passing through a layer of thickness x under multiple

scattering conditions obeys the well-known Lambert law:

np = exp(—pp), (1.2)
where the absorption coeflicient 1 is expressed in terms of the most probable deflection
angle \p as
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The linearity of the dependence lognp () can be taken as a criterion for the
formation of the multiple scattering regime. On Fig. 1.3 reflects the behavior of the
transmittance versus the mass thickness of the scattering layer for gold, obtained exper-
imentally by Cosslett and Thomas [26]. The beginning of the linear section is indicated
by the dotted line M S.

Starting from a certain thickness of the scattering layer, the behavior of
lognp ((z) ceases to obey a linear law. corresponds to electron diffusion The num-
ber of collisions required to achieve it varies from 50 — 60 for heavy elements (Au, Pt)
to 80 — 90 for light ones (Al, C'u). electron beam obeys the laws of electron diffusion,
called the depth of total diffusion. Using Bethe’s continuous deceleration model to ac-
count for energy losses, in 1961 Archard [27] proposed a theory called the diffusion
model. According to this model, electrons can move in any direction from the point of
complete diffusion at a depth of X 4 in such a way that the total path length of each of
them is equal to the mean path length R (Fig. 1.4). The sector of the circle intersecting
with the surface of the sample corresponds to the escape of backscattered electrons.

The key quantity for the electron diffusion model is the total diffusion depth. At
this depth, according to Bothe’s theory, the most probable deflection angle of an elec-

tron reaches its maximum value. Bothe’s definition of the start of diffusion is that the
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Fig. 1.3 — Dependence of the logarithm of the transmittance on the mass thickness of
the gold layer. The dotted line MS corresponds to the establishment of the multiple
scattering regime, the dotted line D - to the electron diffusion regime [26]

transmittance is 1/e. Later studies by scientific groups led by Cosslett V.E. (1964)[25]
and Kanaya K. (1972) [28] showed that the results of calculations obtained according
to Bothe’s theories differ quite strongly from the experimental data of measurements of
the electron scattering parameters. In this regard, another method was first proposed
for determining the depth of total diffusion. It is based on the observation that the di-
rection of electron movement is independent of the initial direction of their movement.
The nr = 0.5 criterion following from this observation reflects the fact that half of the
electrons move up and the other half move down. Kanaya K., in turn, modified the
electron diffusion model. The use of the model modified by him made it possible to
obtain results that were in better agreement with the results of experimental studies and

Cosslett’s calculations. This model is similar to the Archard model, but the depth of
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PE

BSE cone

Fig. 1.4 — Scheme of accelerated electron beam propagation in matter (Archard
model) [27]

total diffusion is replaced by the depth of the greatest energy loss. The picture of the
distribution of electrons in the sample, obtained using the Kanaya model, also agrees
better with the experimental images of the electron cloud and the electron resist after
irradiation.

One of the most significant quantities that determine electron scattering in a sub-
stance is the penetration depth of the electron beam. Estimation of this depth is an
important task, in particular, related to the determination of the resolution of methods
for deep analysis of solids.

The approach used in 1972 by a group of Japanese scientists led by Kanaya to cal-
culate the penetration depth of electrons [28] is related to the study of energy absorption
when moving along the normal to the surface. It allows one to estimate the maximum
penetration depth of electrons into the sample, as well as the exit depth of backscattered

electrons, which is of interest for this work.
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Experimental studies of scattering make it possible to relate the depth of penetra-

tion of primary electrons into the sample R, with their energy E:
pR, =CE". (1.3)

where p is the density of the material, the coefficient C' is a value weakly dependent on
the atomic number Z, and the exponent 7 is in the range 1.3...1.7.

Numerous approximations used in scattering theory make it difficult to com-
pare quantitatively the results of calculation and measurement of R, . Kanaya K. and
Okayama S suggested abandoning attempts at rigorous calculation of certain parame-
ters and replacing them with the selection of some average fitting coefficients that ensure
optimal agreement between experimental and theoretical curves in a wide range of £
and Z values. In the voltage range of interest to us up to 30keV, the approximate formula

describing the electron penetration depth has the form:

 27.6A

R, = 7 E3, (1.4)

where A is the atomic weight of the material; 12, is measured in nm, p is measured in

g

e and F 1s measured in keV.

This method of calculating the R, depth is convenient because it allows one to
reduce the individual features of electron scattering on atoms and compounds of various
elements to a universal dependence that includes only the parameters p, Z, A. In this

regard, the formula (1.4) is widely used in modeling electron scattering in solid samples.

1.1.3 Electron backscattering (BSE) and secondary electron emission (SE)

The impossibility of directly studying subsurface scattering processes in solid
samples forces the experimenter to resort to the analysis of secondary products of elec-
tron scattering. Information about the internal properties of a sample can be carried by
backscattered electrons (BSE) and x-ray photons. The main advantage of the BSE is
the smaller amount of interaction compared to X-rays. This provides potentially higher

lateral resolution as well as depth resolution.
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Experimental and theoretical studies of the BSEs of interest to this work were
carried out by many authors [29-33]. The most traditional experimental method for
studying backscattering is the observation of the reflection and transmission of a focused
electron beam through thin conducting films. This method was used, for example, in
the works of Bishop H. and Heinrich K.F.J. in the middle of 1960 —s. Various forms of
detection of the obtained scattered, absorbed, and transmitted currents make it possible
to speak about the influence of the chemical composition of the sample under study and

the parameters of the primary beam on the scattering results.
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Fig. 1.5 — Dependence of the electron backscattering coeflicient on the target atomic
number Z [34; 35]

The experiments of Bishop and Hendrich mentioned above, comparing the total
beam current with the BSE current, make it possible to trace the dependence of the
backscattering coefficient on the atomic number. As the latter increases, the value of
the coeflicient increases monotonically, as can be seen from Fig. 1.5. This dependence
is characterized by a strong initial growth, which weakens as the nuclear charge, 7,
increases. In the region Z > 50 the corresponding curve becomes gentle. To explain

the shape of this dependence, one can resort to the classical concepts of the electron



21

elastic scattering cross section. The growth of the latter with an increase in Z causes
the observed dependence. The curve shown in Fig. 1.5, was approximated by Reuter

H. by the following expression:

n = —0.0254 4 0.016Z — 1.86 - 10122 +8.3- 107" 23, (1.5)

which is successfully used in modeling scattering in samples of various elemental
composition [36]. Separately, it should be noted that the behavior of the backscattering
coefficient satisfies the general dependence represented by the equation (1.5) in the case
when the sample is a mixture of elements that is homogeneous on an atomic scale, for
example, a solid solution. In this case, the BSE yield can be calculated in accordance

with the weight (mass) concentrations of elements:
n= Z Cini
i

where ¢ corresponds to the number of the solid solution element, and 7); is the BSE yield

of the pure i-th element. Mass concentration is calculated by the formula

CLZ'AZ'
> i iy

where A; denotes the atomic weight, and a; is the valence in the chemical compound

C; =

for the i-th element of the [37] mixture.

The influence of the atomic number on the intensity of scattering underlies the
formation of the contrast of materials in the study by means of electron microscopy.

From Fig. 1.5 It is clearly seen that the BSE coefficient in the medium-energy re-
gion weakly depends on the beam energy, since the difference between the values of the
BSE coeflicient in the range of accelerating voltages of the electron beam 5 — 50 keV,
which is typical for SEM, is less than 10%. On a qualitative level, this can be explained
by the fact that the average penetration depth of electrons increases with increasing en-
ergy, while the average value of specific energy losses along the path traveled decreases.
At a depth that corresponds to the cessation of motion of an average statistical electron
with an initial energy of 10keV, an electron with an energy of 20keV will lose only half
of its initial energy. Therefore, it has the ability to change the direction of movement

quite strongly and exit through the surface. Thus, there is some compensation for the
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increase in the free path with energy, and the BSE yield is practically insensitive to the
energy of the incident beam.

A separate experimental task is to record the energy and angular distribution of
the BSE current. Its solution requires special experimental equipment and cannot be
carried out in serial SEMs.

In addition to the BSE flux, electrons produced as a result of the ionization of
atomic shells of the surface layers also escape through the sample surface. These elec-
trons are called secondary (SE) and have a relatively low energy (on the order of a few
eV).

There is a fraction of the WEM that has lost most of its energy as a result of scat-
tering. It is practically impossible to separate such low-energy BSE from SE, therefore
it is customary to call SE all electrons with energies less than 50 eV, and BSE from
50 eV and higher.

By analogy with the BSE yield, you can enter the coeflicient of secondary electron
emission (SEE)

5= NSE _ USE (1.6)
ng B
where ngp is the number of SEs that left the sample, np is the number of primary
electrons. Similarly, for the notation in the representation of currents ¢gr and ip - the
current of SE that left the sample and the current of the primary beam, respectively.

Understanding the principles of the formation of the SE current and the main
dependences of its behavior is extremely important for modern electron microscopy
in general and for applications related to lithography, as well as induced deposition of
interest to us.

The value of the coefficient of secondary electron emission decreases with in-
creasing energy of the primary beam. This behavior can be explained in terms of the
depth of penetration of primary electrons into the sample. The escape depth of sec-
ondary electrons is small (on the order of a few nanometers), so SEs generated at greater
depths do not leave the sample. However, a decrease in the initial energy of the incident
electrons leads to the fact that their penetration depth becomes ever shorter. Because of
this, an increasing part of the secondary electrons is born near the surface and has the
opportunity to leave the sample. A further decrease in energy leads to an even greater

increase in the SEE coeflicient to unity and higher. The [38] authors proposed a univer-
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sal relation relating the energy of an electron to its mean inelastic free path in matter.

The form of this dependence is shown in Fig. 1.6.
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Fig. 1.6 — Dependence of the energy of an electron to its mean inelastic free path in
matter [38]

The vast majority of SE is produced as a result of interaction between high-en-
ergy primary electrons and conduction electrons in metals or electrons of outer atomic
shells in semiconductors and insulators. The SE energy distribution is concentrated in
a narrow region and has a peak in the 2 — 5eV region. The choice of the upper energy
limit of 50eV is connected with the historical tradition. At the same time, more than
90% secondary electrons have energies less than 10eV.

The main consequence of the low SE energy is a relatively small (less than 50 nm)
exit depth. SE generation occurs along the entire trajectory of the primary beam inside
the sample. However, one should not forget that SEs are also subject to inelastic scat-
tering and concomitant energy losses in the process of passing through the sample. It is
also worth noting that when an electron reaches the surface, it must overcome a potential
barrier corresponding to the work function of the electron. This requires a kinetic en-
ergy of several electron volts. Since the SE current is greatly attenuated due to inelastic

scattering, the yield probability decreases exponentially with depth:

prep (-3, (1.7)
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where p is the exit probability, z is the depth of occurrence of the SE, and A is the
mean free path of the SE. In 1983, Seiler H. [39] estimated the maximum depth of SE
to be 5\, and the value of ) is about Inm for metals and above 10nm for insulators.
The significantly longer mean free path in insulators is explained by the fact that the
inelastic scattering of SE occurs primarily on conduction electrons, the number of which
in conductors is large, while in insulators it is quite small.

Among SEs generated during the scattering of the primary beam, two types of
electrons can be distinguished: SFE; and SFE5. The primary beam generates visible
(emerging through the surface) SEs in the process of moving deep into the sample up
to 5\ of the exit depth from the surface. Such electrons are called S E;, emphasizing
their connection with primary electrons. The electron current S E} is usually strongly
localized near the beam incidence region. At the same time, the primary electron repeat-
edly scattered inside the sample, which emerged through the surface as a backscattered
electron, also generates secondary electrons. SEs that appeared at a depth less than 5\
from the surface have the opportunity to exit through the surface. These electrons are
designated S F,. Since S Es are in fact the result of backscattering, their characteristic
as a useful signal is determined by changes in the distribution of the BSE.

For low primary beam energies £y < 5HkeV, the penetration depth of primary
electrons and the BSE exit depth decrease so much that the exit depth SE' ceases to
depend on the primary beam energy.

The total SEE coefficient i1 consists of two components d; and 05 corresponding
to SE; and S Es:

O = 01 + 10, (1.3)

where the coefficients d; » represent the contribution per electron of the primary beam.
The values d; and J, are not equal. This indicates the different efficiency of SE gener-
ation by the primary beam electron and the average BSE. Usually the ratio 5—; is about
3 — 4. Accordingly, BSEs generate SEs much more efficiently than the same electrons
when they only enter the sample as primary ones. This behavior is explained by the
existence of two main factors. First, the effect of multiple elastic collisions leads to the
fact that a significant part of the BSE moves towards the surface at an angle less than
normal. Thus, the length of the path in the 5 layer will be larger. The additional path
length in comparison with a normally incident primary electron leads to the generation

of a larger number of SEs that have left the sample. Second, the inelastic scattering of
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an electron in the process of moving through the sample causes energy losses. As a
result, the BSE has a lower energy than the primary electron. In this regard, the cross
section of the BSE collision is larger and, accordingly, the efficiency of energy transfer
to weakly bound electrons of the substance is higher.

In contrast to the BSE coeflicient, which changes monotonically with atomic num-
ber, the WEE coeflicient is almost insensitive to the composition of the sample. For the
vast majority of elements, the value of the SEE coefficient at a fixed value of the primary
beam energy does not change, for example, for 20keV, the SEE coeflicient is 0.1. The
exceptions are carbon and gold, for which this value 1s 0.05 and 0.2, respectively. How-
ever, it should be noted that the process of secondary electron emission is extremely
sensitive to the state of the surface under study. For example, in serial SEM, the cham-
ber of which is not cleaned using special techniques, during the study of the sample, a
layer of carbon contamination is formed on its surface, which affects the SEE.

When studying the flow of electrons through the surface without additional en-
ergy filtering, both BSE and SE are registered. In order to relate information about the
internal properties of the sample and the properties of the electron flow, let us consider

the processes accompanying the penetration of an electron beam into a solid.

1.2 Methods of layer-by-layer analysis of samples

In the modern science-intensive industry aimed at the production and use of mi-
croelectronics, a special place is occupied by multilayer structures. In this regard, the
development of methods for analyzing the composition of multilayer samples is an im-
portant and urgent task. The most common tool for monitoring the morphology and
composition of conductive samples is SEM.

The simplest and clearest way to control the composition of a multilayer sample
is by sputtering or creating a cross section using a sharply focused ion beam. Material
sputtering techniques are characterized by the joint use of tools for direct sample etch-
ing and methods for analyzing the chemical composition of the surface or the flow of
secondary ions formed during sputtering.

One of the simplest and most accurate methods for studying the composition of

a layered sample is to observe its cleavage [40]. The shearing, as a rule, is carried out
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along the crystallographic plane, which leads to the appearance of a smooth side surface.
The study of the obtained surface makes it possible to obtain information about the depth
of the layers, as well as their inhomogeneity in thickness along the cleavage for different
spatial sections of the sample. This research technique is excellent for single crystals,
however, for materials with malleability, primarily metals, it is quite difficult to obtain
a chip. This circumstance significantly limits the applicability of this method.

Much more versatile than the cleavage technique are methods based on sample
spraying. One of the common methods is the combined use of sample sputtering with an
accelerated flow of argon ions and registration of Auger electron spectra, described in
[41]. Slow (less than 1 nm/min) sputtering with argon after calibration makes it possible
to very accurately trace the layer-by-layer structure of the sample, and the Auger electron
spectrum of the surface makes it possible to control the chemical composition during
sputtering. The lateral resolution of this method is limited by the spot size of the focused
electron beam in OES, which reaches 1 um. An additional difficulty for the widespread
use of this technique for monitoring the composition of a sample is the condition of
ultrahigh vacuum, which is necessary for recording the Auger electron spectrum.

A much higher lateral resolution (tens of nanometers) has a method of forming a
cross section using a focused ion beam. The use of instruments equipped with crossed
beams makes it possible to control the cut by means of electron microscopy without
changing the position of the sample. This makes it possible to reduce the exploration
time and avoid the accumulation of errors associated with positioning. An undoubted
advantage over the method of layer-by-layer recording of OES is the possibility of se-
lecting small areas for forming a cross section and subsequent analysis of the internal
structure of the sample in this area. The requirements for the vacuum part are also sig-
nificantly lower and correspond to the operating conditions of serial SEMs. The main
disadvantage of the method is the great difficulty in forming a vertical cut plane. The ac-
companying lateral etching of the sample, along with etching in depth, distorts the result
of measuring the thicknesses of the elements of the structure under study on the cut. The
distortion increases with increasing etch depth. In addition, electron microscopy only
makes it possible to determine the boundaries of the layers, but additional equipment is
required to determine their chemical composition.

An alternative method, also widely used in the field of monitoring the composi-
tion of complex samples, is the method of mass spectrometry of secondary ions. The

analysis of the structure by this method is based on the registration of the change in the
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mass spectrum during the sputtering of the sample. A key challenge for precision mea-
surements is the need to calibrate on reference samples due to the different etch rates for
different materials. It is also necessary to take into account the effect of ion implantation
and layer mixing during etching.

All of the above methods provide a potential opportunity to determine the struc-
ture of a sample of any complexity and thickness. However, each of them leads to the
destruction of the test sample. In this regard, the issue of non-destructive analysis meth-

ods, which we will discuss below, becomes topical.

1.2.1 Analysis of sample structure using X-rays

The inelastic interaction of beam electrons with the sample under study leads
to the appearance, among other things, of characteristic X-ray radiation. The analysis
of this radiation makes it possible to obtain not only qualitative information about the
presence of certain chemical elements in the composition of the sample, but also to de-
termine their quantitative ratio in the study area. Energy-dispersive analysis of X-ray
radiation is the most widely used technique used to study the chemical composition of
samples in electron microscopes. The essence of the technique is as follows. When a
characteristic X-ray photon is absorbed by a semiconductor diode (for example, based
on silicon doped with lithium), a photoelectron is knocked out. The energy of this pho-
toelectron is spent on the generation of electron-hole pairs, which are stretched by an
external electric field and form a pulsed discharge. The magnitude of this discharge
is proportional to the energy of the ejected photoelectron and, accordingly, to the fre-
quency of the absorbed primary photon.

An important part of the technique is the ability to quantify the content of vari-
ous chemical elements. There is a generally accepted system of corrections (ZAF —
correction) that makes it possible to calculate the actual values of concentrations from
experimental data on the ratios of the signals of different elements. The said recalcula-
tion of the number of characteristic photons to determine the abundance of an element
1s determined by the product of three correction factors. The atomic number correction
factor Z takes into account the change in the intensity of the characteristic X-ray radia-

tion depending on the atomic number. This change is connected, on the one hand, with
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the influence of Z on the scattering properties of the substance, which determine the
WSE coefficient; on the other hand, on the density of electronic states in the material.
The use of the absorption correction factor A is due to the fact that the characteris-
tic photon can be absorbed by the atoms of matter, primarily due to the photoelectric
effect. The probability of photon absorption depends on the chemical composition of
the sample, as well as the depth of its occurrence. Compensation for secondary fluores-
cence caused by the absorption of a primary characteristic photon by an atom of another
element, followed by the emission of X-rays of lower energy, is carried out using the
fluorescence correction factor F'. Thus, the use of the Z AF' correction system makes it
possible to recalculate the fractional content of chemical elements in a multicomponent
material. One of the most interesting examples of such a multicomponent material is
multilayer structures.

There are several works devoted to the study of the subsurface structure of mul-
tilayer samples using X-ray dispersion analysis [42-46]. Despite significant differences
in the details concerning the computational part of solving the problem of the thickness
of layers in a sample, it is possible to single out a sequence of actions common to most
authors.

1. Observation of the characteristic X-ray spectrum of the studied multilayer

samples and corresponding standards with accompanying correction using the
Z AF system or using commercial software, such as Oz fordI NC A.

2. Plotting curves for the dependence of the proportion of the element of interest
in the structure under study on the energy of the primary electron beam.

3. Building a model of the interaction of a sample with a primary electron beam
to calculate the depth of exit of the characteristic radiation with subsequent
calculation of the layer thickness in the sample. Various methods are used to
theoretically describe the features of X-ray study generation in multilayer sam-
ples: Monte Carlo simulation [46; 47], using the Pouchou and Pichua proce-
dure (Pouchou J.— L., Pichoir F.(PAP)) [43], plotting the sample effective
density curve [44].

On Fig. 1.7 illustrates the principle of calculating the unknown thickness of the

gold layer on silicon [47].

The high accuracy (from 2% to 10%, indicated by different authors for various

systems under study) and the wide availability of the corresponding detectors in modern

SEMs make the technique for determining the layer thicknesses in multilayer samples
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Fig. 1.7 — Dependence of the intensity of the detected X-ray radiation on the energy

of the primary electron beam [47]

using X-ray dispersion analysis very promising. However, it has a number of disadvan-
tages, including difficulties in the study of light (7 < 11) elements, associated with
the complexity or fundamental impossibility of detecting the characteristic radiation of
the corresponding elements. First of all, when X-ray photons are observed for light
elements, their strong absorption in the sample itself is manifested. The chemical envi-
ronment of the atoms of the substance under study affects the position of the registered
spectral lines, which also negatively affects the detected signal. Another difficulty is
the need for reference samples with known composition and morphology. Such stan-
dard samples are expensive and not always available to the experimenter, which can

significantly limit the range of materials available for research.
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1.2.2 Methods for analyzing multilayer samples using scattered electrons

The detection of X-ray photons is in itself a rather nontrivial task. Unlike photons,
electrons are charged particles, which greatly facilitates the process of collecting and
processing the corresponding signal. In this regard, there are many methods of analysis

based on the detection of electrons, both secondary and backscattered.
Energy selection of secondary electrons

The processes associated with the excitation and ionization of atoms of a sub-
stance form a stream of secondary electrons. The energy distribution of these elec-
trons carries information about the structure of the energy levels of the substance under
study. Analysis techniques such as X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy include registration of the electron energy distribution and are

successfully used to determine the thickness of surface layers.

X-ray photoelectron spectroscopy (XPS) , which is based on the use of the photo-
electric effect, is associated with the action of an X-ray photon beam on a sample. The
photoelectrons that appear as a result of this action reflect the features of the energy
structure of the substance under study, associated both with the chemical composition
and with the chemical environment. The XPS method is often used to determine the
thickness of thin surface films [48]. For this, information is used on the ratio of the in-

tensities of the peaks of the layer material and the substrate, expressed by the equation:

dg = AsinfIn <£+1> (1.9)
sl BIn 7
where dj is the film thickness, /(; and Iy are the intensity of the photoelectron peak for
the layer and substrate, respectively, A is the mean free path of a photoelectron in the
layer material, 6 is the angle between the sample surface and the direction of incidence
of the probing beam, and § = (Iﬁo /1 é’f) 1s the ratio of the heights of the substrate and

material peaks corresponding to massive samples.
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The accuracy of measuring the thickness of the surface layer, achieved by modern
research groups in the range of measured thicknesses up to 2nm, is 0.1nm [49; 50].
The same research groups note that determining the thickness of the surface layer in
the range above 10nm presents big problems. The upper limit of the layer thickness
that can be analyzed by XPES is 30nm, which corresponds to the maximum depth of

photoelectron escape.

Auger electron spectroscopy The OES mentioned earlier can also be used to analyze
multilayer samples [51]. In contrast to XPS, when registering the Auger electron spec-
trum, irradiation is performed with a beam of accelerated electrons. Non-destructive
analysis of the sample structure is carried out by comparing the intensity of the Auger
electron peaks. The key observation here is the exponential decay of the substrate signal
with increasing thickness of the surface layer. The equation relating the intensity of the
Auger electron peak for a substrate / covered with a layer of material x thick, with the

corresponding intensity for a clean substrate /(, has the form:
I =Iyexp(—x/N), (1.10)

where )\ is the mean path of an Auger electron in the substrate material. A similar

equation for the intensity of the Auger electron peak for the layer material has the form:

Iq = Iggexp (—z/Xg) » (1.11)

where the index "sl" indicates the corresponding parameters for the layer material. The
calculation of the layer thickness, in this case, is based on the ratio of the peak heights
of the layer and the substrate. At present, the use of OES makes it possible to measure
the thickness of layers in the subnanometer range [52; 53]. However, the applicability
of the method is limited only to ultrathin films (0.1 — 10nm). This is due to the small
mean free path of the Auger electron, which is included in the equations for the peak
intensity (1.10, 1.11).

Thus, we can conclude that methods for analyzing multilayer samples based on
the energy filtration of secondary electrons (photoelectrons and Auger electrons) are of
exceptional interest for studying ultrathin films. At the same time, the upper limit of the
film thickness, which limits the application of these techniques, does not allow one to

study the deep structure of the samples, the analysis of which is the goal of this work.
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The basis for a whole series of different methods of nondestructive analysis of
multilayer structures in SEM is the use of backscattered electrons. The information
depth of the WSE can reach several microns, which is significantly greater than the
depth of the exit of secondary electrons, as mentioned above. At the same time, the
amount of interaction corresponding to the recorded BSE signal is significantly less
than for the characteristic X-ray radiation produced by the same PE beam. This makes
it possible to expect better spatial resolution in the analysis of multilayer samples using
techniques based on the study of the WSE.

Investigation of the change in the WSE current

The simplest and most obvious approach to studying the subsurface structure of
a sample using the BSE is to measure the BSE current. Let’s consider this approach in
more detail on the example of the methodology proposed by the scientific group led by
Haimovich J. [54; 55].

The method is based on the use of the concept of information depth. The primary
beam electron travels some distance inside the sample before returning to the surface as
a BSE. It carries information about the sample within certain depth limits. This limit is
called the information depth. If the information depth is less than the thickness of the
deposited layer, backscattering will occur only in this layer. The BSE coeficient in this
case will correspond to the BSE of the layer material 7)¢y. In the opposite situation, when
the thickness of the deposited layer is much less than the information depth, the primary
beam will be scattered only in the substrate. In this case, the FOS of the structure
1s determined by the FOS of the substrate material 7. For comparable values of the
information depth and layer thickness, the CSE of the sample takes on an intermediate
value ¢, which lies between 7)) and 7 .

To determine the thickness of a thin layer, it is necessary to know how the CODE
nm changes with a change in the layer thickness ¢ for a given layer-substrate pair of
materials. This dependence can be determined experimentally by creating a series of
model samples with a known structure and then measuring the RSE for each of them.
To predict the results of the experimental study, the simulation of electron scattering by

the Monte Carlo method was used. The chosen model involves using the traditional ap-



proach described by Joy D.C. [56]. The electron elastic scattering cross section within
this model is calculated using the Rutherford formula for the case of a screened nucleus
(3.3). The Bethe formula (3.1.2) is used to take into account energy losses during the

passage of an electron through matter.

Based on the results of modeling for various initial conditions, the desired curve

of the dependence of the CSE on the layer thickness was constructed. The figure 1.8
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illustrates the curves for different initial electron energies.
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Experimental study of energy spectra of the BSE

One of the approaches to the tomography of multilayer structures using the BSE
is the analysis of their energy spectra. In order to use the energy characteristics of the
WSE to predict the structure of multilayer samples, a group of scientists led by Rau
E.L it was proposed to create an electrostatic toroidal spectrometer (ETS) [29; 57-59].
The corresponding method of layer-by-layer analysis is based on the dependence of the
maximum electron range in the substance R on the initial energy. To calculate Ry,
the [60] authors used the Thomson-Widdington law and the semi-empirical formula

obtained by Kanaya K. and Okayama S., in the form:
Ey — ET =CY, (1.12)

where L is the initial energy of the electron, F/; is the energy of the electron after
passing the path Y, C' is a constant depending on the atomic number 7, the atomic
mass A and the density of the sample material p. The exponent n takes the value 2 for
the Thomson-Widdington law or 1.67 for the Kanaya-Okayama formula (Kanaya —
Okayama,).

To correlate the path length with the depth of the layer, a peak is searched for in
the energy spectrum of the WSE. It is assumed that electron backscattering occurs at
a large angle 6 with respect to the normal to the surface by means of unit scattering at
depth X. In this case, the total length of the path Y can be written as Y = X + =

cosf"

Accordingly, the energy of the WSE scattered through the angle 6 correlates with the
desired depth X by the expression:

O]

ﬁo: 1+ cost

(1.13)

On Fig. 1.9 shows the spectra experimentally obtained using the ETS [60]. The
plotted curves reflect the distribution of the BSE for massive aluminum ( Al) and copper
(C'u) substrates, as well as for two-layer structures of the layer-substrate type based on
aluminum and copper. In addition to the experimental curves, the figure also shows
the results of modeling the response of layered samples obtained by the Monte Carlo

method. The model used is based on the representation of the elastic scattering cross
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section in the form proposed by Mott N.F.(3.4), and the energy losses were calculated
using the Bethe formula:
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Fig. 1.9 — WSE energy spectra from bulk and multilayer samples: 1 - bulk aluminum

(Al), 2 - bulk copper (Cu), 3 - 800nm Al on Cu substrate, 4 - 400nm Al on Cu
substrate, 3/ — 4/ - corresponding spectra obtained by Monte Carlo simulation [60]

There is another method for determining the thickness of thin films on massive
substrates using the energy spectra of the BSE, proposed by a group of scientists led by
Zhenyu T. [61]. The applied algorithm is based on the analysis of the general structure
of the energy spectrum of the WSE and involves the joint use of experimental data and
Monte Carlo simulation results.

The above non-destructive analysis techniques are based on the registration of
the total intensity of the detected signal. As noted above, there is a distribution of the
electron density over the volume of the interaction region. A change in the PE current
obviously leads to a change in the relative contribution from different parts of the in-
teraction volume to the resulting signal. The mentioned methods of research do not
reflect this circumstance. In this paper, we consider a significantly different approach to
studying the results of scattering of a beam of primary electrons, based on the spatial

distribution of the BSE flux. The study of the distribution of the surface current density
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of the BSE is naturally related to the distribution of electrons in the interaction volume;
therefore, the proposed approach opens up new possibilities for studying the internal
structure of samples irradiated by a focused electron beam.

In subsequent chapters, an overview of the used sample preparation and experi-
mental analysis techniques will be given (Chapter 2), as well as a theoretical description
of the processes underlying the technique for recording surface current density, and the
possibilities of modeling these processes will be considered (Chapter 3). In the final
chapter (Chapter 4), the results of Monte Carlo simulations of electron scattering for
real systems will be presented in comparison with the data of corresponding experi-

mental studies.
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Chapter 2. Experimental methods

In the previous chapter, we briefly discussed the theoretical foundations and fun-
damental possibilities of studying the internal structure of solids in an electron micro-
scope. Several methods for analyzing the subsurface composition of samples are also
considered. The implementation of the method of layer-by-layer research proposed in
this paper is impossible without practical experimental studies with careful control of
the exposure conditions and the possibility of verifying the results obtained by inde-
pendent methods. This chapter contains descriptions of the experimental setups and
methods directly used in conducting experiments and verifying the reliability of their

results, as well as in preparing model samples.

2.1 Description of the experimental setup

The main instrument used for experimental studies is the
ZeissCrossBeam1540X B two-beam system with crossed beams. This device
is equipped with a Gemins electron column designed to use an accelerating voltage in
the range from 0.1kV to 30kV. The possibility of controlling the electron beam current
is limited by the use of the " highcurrent” mode, which increases the current by about
50%, as well as by the use of apertures of various diameters from 7.5um to 120um. As
a result, the available range of beam current values is from a few picoamperes to several
nanoamperes. The current value is controlled by means of a Faraday cup placed on the
sample table. The Specimen current monitor(SC M), which shows the magnitude
of the current flowing through the sample table, allows you to approximately estimate
the value of the current passing through the sample during the study. The accuracy of
SC'M readings depends on the conductive properties of the sample as well as contact
with the sample table. The minimum measured current value is units of picoamperes.

To study the microrelief of the sample surface by electron microscopy, the elec-
tron column is equipped with two In — lens and S E2 detectors (Fig.2.1). The first one
is located directly above the outlet of the electron gun. It only functions at accelerat-

ing voltages up to and including 20kV and applies a pulling voltage of 8kV to collect



38

Primary electron beam

Filter grnd

Detector In-Lens

Accelerating — — .: |

voltage

Scanning coils ——Magnetic lenses

\ Electrostatic lenses
E ‘-]I

Detector SE2 _._jjf_?_\ .
Collector grid

Sample

Fig. 2.1 — Electronic nanolithograph Zeiss Crossbeam 1540X B

secondary and scattered electrons. The second one is located on the side of the elec-
tron column and collects secondary electrons generated mainly outside the axis of the
electron beam. The detector is equipped with a grid that can be supplied with voltage
from —200V to 400V. This allows some selection of the collected signal. Scanning of
the sample can be carried out in linear and raster mode. In the framework of this work,
only the raster mode of operation of the electron column was used.

An important part of the nanolithography setup is the gallium ion gun. With its
help, ion etching can be carried out without the use of a mask, which makes it possible
to form a cross section of the sample. Cross-sectional analysis makes it possible to
control the structure, thicknesses and relative positions of layers in multilayer samples.
Available etching modes are limited by the range of ion beam currents 1 nA — 50 nA
and the set of accelerating voltages 5 — 30 kV.

The setup is also equipped with a Hiden Analytical HAL 7 RC' quadrupole

mass spectrometer, which makes it possible to measure the spectrum of residual gases
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in the sample chamber. The combined use of a mass spectrometer and etching with an
ion gun also makes it possible to analyze the composition of samples by the method of
secondary ion mass spectrometry.

To confirm the presence of hydrocarbons in the SEM sample chamber, the mass
spectrum of residual gases was obtained using a Hiden Analytical HAL 7 RC
quadrupole mass spectrometer.

The presence of hydrocarbons in the sample chamber is manifested in the mass
spectrum by the presence of a kind of “comb” corresponding to the dissociation of a
long hydrocarbon molecule into smaller fragments [62; 63]. The value of the vacuum in
the chamber when measuring the spectrum was 4% 10~7 — 1% 10~ %mbar, which makes it
possible to estimate the partial pressure of hydrocarbons with molecular weights ranging
from 30 to 150a.m.u. as 10~° — 10~ “mbar.

2.2 Growing of carbon nano- and microstructures under irradiation with a
stationary electron beam

The Zeiss CrossBeam 1540X B nanolithography setup described above makes
it possible to implement the method of electron beam-induced deposition of micro- and
nanostructures. This method is a convenient tool for creating and modifying a surface
microrelief. This method is based on the decomposition of various organic and inor-
ganic precursors. Their use is associated with many additional technical difficulties
caused by the need to comply with the conditions for their storage and venting into the
working chamber. To solve some types of problems, it is more convenient to use a vac-
uum chamber as a precursor for induced precipitation of hydrocarbon molecules from
the atmosphere of residual gases, which relieves the experimenter of the need to work
with external sources of the precursor.

To study the patterns of electron beam scattering, we used the trace that remains
on the surface of the sample during irradiation. This trace is a layer of amorphous
carbon and 1s formed as a result of the induced deposition of hydrocarbons interacting
with electrons on the surface. The study of this carbon deposit, as will be shown below,

reflects the spatial distribution of the WEM. An analysis of this distribution makes it
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possible to judge the shape of the volume of interaction between the electron beam and
a given sample, as well as the internal structure of the sample.

The formation of carbon structures is carried out by a motionless, sharply focused
electron beam ("spot" mode). It is known that such a method of exposure in the presence
of a precursor leads to the establishment of one of two possible regimes of material
deposition. The first is called the reaction rate limited growth mode, and the second is
called the mass transfer limited growth mode. Deposition modes will be discussed in
more detail in the next section.

In the process of experimental studies, the accelerating voltage and, accordingly,
the energy of primary electrons changed. The accelerating voltage was varied from 5 to
30 kV. We also varied the current of the incident primary beam over the entire available
range from 1 nA to 4 nA. The exposure time in different experiments ranged from tenths
of a second to several tens of minutes.

Some aspects of this work required a precise study of changes in the microre-
lief of carbon nanostructures formed on the surface after long-term irradiation with
a focused electron beam. For these purposes, we used an atomic force microscope
NT — MDT NTegra Mazximus, which allows us to track the height difference from
0.01nm to 10pum in a region up to 100um with a maximum spatial resolution of up to

10 — 35nm, depending on the used imaging mode and cantilever type.

2.3 Preparation of multilayer samples

Within the framework of this work, studies were carried out on samples of several

different types.

Substrates (Si, GaAs, pyrographite(HOPG), platinum, copper)

Massive uniform conductive substrates were used to reveal the general regulari-
ties of induced deposition. The main requirements in the choice of substrates were the

uniformity of the chemical composition and low surface roughness. Before the start of
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experimental studies, each sample was subjected to additional processing to exclude the
influence of extraneous organic pollution on the processes of induced deposition.

Silicon (S7). As silicon samples, we used fragments of polished single-crystal
substrates intended for photolithography. Before use, the samples were kept in an ultra-
sonic bath in a container with acetone at a temperature of 90°C for 10 minutes, followed
by drying at room temperature in a fume hood for 5 — 10 minutes.

Gallium arsenide (GaAs). To carry out experiments on gallium arsenide, frag-
ments of polished single-crystal substrates intended for molecular-beam epitaxy were
used. The pre-study preparation was similar to the silicon samples.

Pyrographite (HO PG). Experiments with a massive carbon substrate were car-
ried out on highly oriented pyrolytic graphite (HOPG). Due to its layered structure,
surface preparation consisted in chipping off the surface layer of the sample, which
made it possible to remove the top layer and obtain a clean, atomically smooth surface.

Platinum (Pt). Platinum diaphragms of electron sources were used to study scat-
tering and induced deposition on platinum. To remove organic contamination, the sub-
strates were heated to a temperature of 900 — 1000° in a universal vacuum post VUP — 2.

Copper (C'u). Copper substrates are polished fragments of copper foil. Grinding
was carried out in several stages on a grinding and polishing machine for rapid prepara-
tion of samples in the laboratory Struers Fobos — 100/200F'. The abrasive grain size
for surface finishing was 100 nm. The removal of organic contamination was carried

out according to the procedure used for S7 and GaAs samples.

Deposition of thin films; thermal evaporation of Al, Au, Cu; arc evaporation of
amorphous carbon

To study the features of electron scattering and the corresponding induced depo-
sition depending on the chemical composition and structure of the sample, we prepared
layered samples.

The main method for creating multilayer structures of interest to us is the depo-
sition of thin films on massive substrates by vacuum thermal and arc evaporation, as

well as by ion sputtering. The method of vacuum thermal evaporation was used for de-
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position of metals (Al, Au, C'u). Ion sputtering and arc evaporation methods have been
used to deposit carbon films.

The most common and widely demanded example of a multilayer structure is
a system of the thin layer type on a massive substrate. For studies devoted to the
non-destructive analysis of the internal structure of layered samples, the ratio of ma-
terial characteristics that determine electron scattering (7, A, p) is of great importance.
The greater the difference between the values of the corresponding parameters for the
layer and substrate materials, the more pronounced are the effects associated with the
influence of the chemical composition on the scattering of the electron beam. In this
regard, at the early stages of the experimental analysis of multilayer structures, we used
pairs of materials with significantly different properties: Au on Si, Auon C, C on Pt,
Al on GaAs, Al to Cu.

To study the specifics of induced deposition on thin films, we used films of amor-
phous carbon. The technique for obtaining such films includes arc vacuum evaporation
of carbon over fragments of K C'l crystals. After applying the carbon film, the samples
were placed in water, on the surface of which, after the dissolution of the salt, only the
carbon film remained. The film was caught on a copper grid with a cell size of 300um
and dried.

The deposition of thin films by vacuum thermal evaporation and arc evaporation
was carried out using a universal vacuum station VUP — 2. Ion sputtering was carried
out on Gatan Precision Etching&Coating System equipment using argon sources

in the mode with an accelerating voltage of 10 kV.

TE=ITe 1

Fig. 2.2 — Installing Gatan Precision Etching&Coating System
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2.4 Getting cross sections

Verification of the results of simulation and experiment requires the use of control
methods. We preferred the method of forming a transverse section of a sample using
focused ion beam etching without the use of a mask due to its simplicity and clarity.
The principle of operation of this method is that the accelerated flow of ions during
the irradiation of the sample mechanically knocks out the atoms of the crystal lattice,
thereby creating a depression of a given shape, the study of which makes it possible

to determine the structure of the object under study. The scheme of application of this

T SEM Column

method is shown in Fig. 2.3.

Electron Beam

Ion Beam

Fig. 2.3 — Scheme of forming a cross section by etching with a focused beam of

gallium ions

The best results in the formation of a transverse section were achieved using two
successive etchings. The first (coarse) etching was carried out in the beam deposition
mode with a current of 50nA at an accelerating voltage of 30kV to create the primary
cut. When studying the resulting cut, the absence of a sharp edge and clear boundaries
of the etched area is obvious (Fig. 2.4 a), and the profile of the structure under study is
blurred.

The second etching was carried out in the time etching mode by a beam with a
current of 5nA at an accelerating voltage of 30 kV. It was a kind of polishing of one of
the walls of the recess, originally obtained as a result of rough etching (2.4 b). The use
of a much lower ion beam current, as well as a small amount of sputtered material, made

it possible to form a high-quality cut with a fairly sharp edge and clear boundaries.
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) SN
Fig. 2.4 — Cross-section formation of a two-layer sample (surface layer of aluminum
on a gallium arsenide substrate) by etching with a focused gallium ion beam at an
angle of 54°: a) the result of rough etching; b) result of delicate etching

The subsequent analysis of the ground area using electron microscopy allows
you to directly observe the profile of the structure under study, as well as measure the

thickness of the surface layers.
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Chapter 3. Theoretical research methods

The most common approach to the theoretical study of electron scattering and
interpretation of the corresponding experimental data is computer simulation.

The Monte Carlo method is best suited for modeling the scattering of accelerated
beams of charged particles in matter. It is based on the use of pseudo-random sequences
to describe the instantaneous state of the system under study. Correspondence of the
probabilistic characteristics of these sequences to similar values of the system makes it
possible to obtain some statistical distribution of states, reflecting the general patterns
of its behavior. The development of ideas about the behavior of electrons in a solid
body has led to the emergence of various approaches to the calculation of characteristic
quantities that determine electron scattering. The main ones are the elastic and inelastic
scattering cross sections. To describe a scattering medium, it is often assumed that the
sample is homogeneous in chemical composition and amorphous in structure. The last
requirement 1s especially important in modeling, because we assume a random distri-
bution of scattering centers over the entire interaction region. However, the use of the
method can be generalized to polycrystalline samples, if the interaction area is much
larger than the size of the crystalline "grains" of the sample. In such a case, crystallo-

graphic effects such as diffraction are "smeared out" by the multiple scattering effect.

3.1 Choice of differential cross sections for elastic and inelastic scattering

Currently, there are many software products for simulating the scattering of
charged particles by the Monte Carlo method. In our opinion, the CASTNO [64] soft-
ware package is the most convenient and flexible in terms of the choice of scattering
parameters. Preference was given to this package in carrying out theoretical studies
related to scattering modeling in the framework of this work.

The choice of the parameters of the physical model, first of all, is connected with
the consideration of the change in the direction of electron motion during a collision and
taking into account the accompanying energy losses. A common practice in modeling

electron scattering is the assumption that inelastic scattering does not lead to a change
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in the direction of electron motion. The authors of CASINQO also assume that the
deflection occurs only in the case of elastic scattering. Energy losses are accounted for

separately.
3.1.1 Models of elastic scattering of electrons

Rutherford Section

The traditional method for calculating the deflection of an electron in motion is to
use the Rutherford formula. The Rutherford scattering model describes the interaction
of a system of two charged particles. It allows you to calculate the deflection of a moving
particle in a collision with a stationary scattering center. The interaction of particles is
associated exclusively with electrostatic forces. The Rutherford scattering is assumed
to be absolutely elastic, that is, the energy of the incident particle after the collision
remains unchanged.

The formula for calculating the differential cross section of elastic scattering do

into a solid angle df) within the framework of the Rutherford model has the form

dO’_ Ze2 \? 1 (3.1)
A\ 2ma? sin4g’ '

where Z is the charge of the scattering center (nucleus), m, v are the mass and velocity
of the incident electron, 6 is the scattering angle after the collision, e is the electron
charge.

In an explicit form 3.1 Rutherford’s formula is not suitable for describing the
elastic scattering of an electron in matter. This is due to the fact that it does not take
into account the shielding of the nucleus by atomic electrons. The presence of electron
atomic shells around the nucleus leads to a decrease in its Coulomb electrostatic field.
This effect is called core screening. In order to take it into account, the so-called screen-
ing parameter /3, which is determined by the structure of the outer electron shells of the
atom, is introduced into the Rutherford formula. There are several ways to define 3. The

most common of them is the exponential form of screening description proposed by the
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German physicist Wentzel G. [65]. The interaction potential of an incident electron

with a nucleus in the case of applying this approach takes the form

Ze? r
V(r)=— —— 3.2
(r) = =~ ep(=3), (3.2)
. . . . 0.885a
and the screening radius is approximately described by the formula / = —————, where

3
ag 1s the Bohr radius of the hydrogen atom.

The equation for the Rutherford elastic scattering cross section, taking into ac-

count the screening effect, can be rewritten in the form proposed by Murata K. [66]:

d Z2 4
@ _ ¢ ' (3.3)
d)  4E?(1 — cosf + 23)
muv? | _ . . .
where I/ = — 1 the kinetic energy of the incident electron. According to this for-

mula, the calculation is made in the case of the CASINO software package we use.
Due to its simplicity, Rutherford’s formula is widely used to model elastic scat-
tering in solids [67]. However, there are certain limits to its applicability. Experimental
studies presented by Yoshikawa H. and Ding Z.-J. [68] show that the practically ob-
served pattern of electron scattering can differ significantly from the results of calcula-
tions using the formula Rutherford. This manifests itself in the case of small (less than
500eV) values of the initial energy of the incident electron, as well as in the simulation
of scattering by nuclei of heavy elements. The approach proposed for calculating the
cross section of elastic scattering by Mott N.F. is an alternative to the application of the

Rutherford formula and better describes the "problem" situations identified above.

Mott Model

Based on the wave properties of an electron, the differential scattering cross sec-
tion can be calculated on the basis of the regularities accepted in the framework of
quantum mechanics. The behavior of an electron in this case is described by a wave
function. In order to calculate the differential scattering cross section, Mott N.F. ap-

plied the partial wave method. Within the framework of the method, the scattering of
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electrons by atomic nuclei is considered as a motion in a certain central field that affects
the wave function of an electron. The flow of electrons is represented by a set of partial
waves, each of which, independently of the others, interacts with the scattering center
(that is, with the nucleus). At large distances from the scattering center, the contribution
of each of them to the scattering amplitude (and, consequently, to the differential and
total scattering cross sections) is determined by only one real parameter, the scattering
phase. The magnitude and energy dependence of the scattering phase are determined
by the form of the potential V' (). The differential electron scattering cross section for

the relativistic case has the form

do ()

-0 = OF +lg@)F, (G4

scattering amplitudes f (/) and g () are determined by the relations

1 o
£(6) = e S [0+ 1)(exp(2id ) — 1)+ Uexp(2id)) — )] Pi(coso),
1=0
1 = .o 1
= 5K ; exp(2i6; ) — exp(2id;")) P/ (cos ).
e —1
Here K? = hmE ¢ is the electron energy in units of mc?, P;(cosf) and

P! (cos ) are the Legendre polynomial and the first associated Legendre polynomial,
respectively, and 5l+/ ~ are the phases scattering of the [-th partial wave. The expres-
sions for them are determined by the choice of a model that describes the kernel field
(screened or unscreened). To calculate scattering phases in solving specific problems
in practice, as a rule, numerical methods and algorithms [69-71] are used.

It is worth noting that in the nonrelativistic case §,;” = §; = ¢; and the represen-

tation of the Mott differential cross section has the form

00 2

dael Z (20 4+ 1)(exp(2id; — 1)) Py(cos @)

In this case, the application of the Mott approach for low-energy electrons or for the
problem of scattering by nuclei of heavy elements gives a strong discrepancy with ex-

periment, as well as when using the Rutherford formula[72].
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The implementation of the procedure for calculating the Mott elastic scattering
cross section in C ASTNO has several possible options. The first of these is the search
for an analytic function for approximating a discrete set of differential cross sections.
The starting point for finding such a function is often the Rutherford formula, to which
additional terms are added to correct the behavior of the section. Examples of such
approximating functions are the formulas proposed by Gauvin R. [73] and Browning
R. [74]. The main advantage of using approximating functions is the simplicity of their
use for calculating the scattering cross section. In addition, they make it possible to
avoid the need to calculate the contributions of partial waves, the number of which can
reach several hundred for large values of the electron energy.

An alternative to using analytical formulas is the use of tables containing cross
sections calculated by traditional methods for various electron energies for each element
[75; 76]. Interpolation of table data, as well as the use of approximating functions,
does not require large computational resources. C'ASTN O offers two different datasets.
The first one, published by Reimer L. [75], uses the Rutherford formula for scattering
angles less than 10° and the partial wave addition method to calculate the scattering
cross section at a larger angle . The second, presented by Czyzewski Z. [76], is based
solely on applying the partial wave addition method to calculate the Mott scattering
Cross section.

Another possibility to obtain the value of the elastic scattering cross section
within CASINO is the interpolation of data obtained using the ELSEPA [77] soft-
ware package. In contrast to the similar Czyzewski Z. approach mentioned above,
the authors of £ LSFE P A consider in detail the possibilities of describing the interac-
tion potential of an incident electron and scattering centers in the material under study.
The applied model for taking this interaction into account includes a description of the
charge distribution in the nucleus in combination with the distribution of the electron
density of atomic shells to represent the electrostatic component of the potential. It also
includes terms associated with the exchange interaction and the correlation-polarization
interaction, which manifest themselves at low and medium (less than 10 keV) values of
the electron energy. In addition, the weakening of the electron beam due to absorption
during inelastic scattering is taken into account.

As an approach for calculating the electron elastic scattering cross section, it
seemed reasonable to us to choose the Mott approach due to better agreement with the

experimental data compared to the Rutherford cross section. From the variety of rep-
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resentations of this cross section, we chose the £ LSFE P A data interpolation method,
which also most closely describes the experimental behavior of the elastic scattering

cross section in the systems under study.

3.1.2 Inelastic collisions and energy losses

In the process of motion in a solid body, an electron, along with elastic collisions,
can also experience inelastic ones. The inelastic scattering of electrons passing through
matter leads to a change in their energy and momentum. The energy transferred to
a solid body can be converted in various ways, leading, in particular, to the emission
of photons of various energies and secondary electron emission. The products of the
corresponding processes are used in various methods of electron spectroscopy and mi-
croanalysis. It can be said that taking into account the energy losses of an electron in
the process of passing through a solid body is one of the most important problems in the
study of electron scattering. Let us consider the main approaches to taking into account

the energy losses of an electron in a solid.

Continuous deceleration approximation

The traditional theory of inelastic scattering largely repeats the approach used by
Rutherford E. when considering the passage of a-particles through thin targets. A fast
electron approaching the nucleus at a speed v along a trajectory characterized by an
impact distance p transfers energy to one of the intraatomic electrons:

2¢*

- 3.5
W (47eg)2p?mu?’ (3:3)

where e,m are the electron charge and mass respectively, ¢ is the permittivity of the
vacuum. The scattering angle @ is related to the impact distance p by the relation
Zet 1 0

= e s, ctgi (3.6)
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The set of scattering events can be considered as successive deceleration of an
electron losing energy d E on a segment of the trajectory dz. Specific energy losses are

determined by the relation

— =Nz WAW =

dE /me do 2wet Ny rhoZ /Pm dp 37
dx w,. dW (4meg)2AE ’ '

Pmin

where N = % is the density of intraatomic electrons; p and A are the atomic mass
and density of the scattering element, respectively; N4 — Avogadro’s number. The in-
troduction of the correction p,,,;;, # 0 makes it possible to avoid the singularity inherent
in the Rutherford formula at p — 0, but the estimate of this quantity, as well as the upper
limit of integration p,,.., 1S not unique. The physical meaning of the correction is that a
fast electron cannot pass arbitrarily close to the nucleus due to screening by intraatomic
electrons. By relating p,,;, to the de Broglie wavelength of the incident electron and
introducing the average ionization potential J of the shells, which is the average value
of the energy loss due to the generation of X-rays, secondary and Auger electrons, and

also lattice phonons, Bethe derived the following relation

7 (3.8)

dE  2me*NypZ 1 bE
= n
ds  (4mep)’EA ’

where the coeflicient b, depending on the initial assumptions, can vary from 1 to 2. The
case b = 1 corresponds to the classical scattering theory, b = 1.166 to the quantum
theory, b = 2 to the semiclassical [78]. Often the logarithmic term in the formula (3.8)
is simplified by replacing it with In (%), where J ~ 11.57 is also identified with the
average ionization potential. Then the stopping power of a substance with respect to

electrons can be represented as

dE  2me*NypZ 2F
ey n _

ds  (4meg)?EA J

After substituting the corresponding constants, it acquires a more convenient form for

use in calculations

dE p 1l 1.666E
— — me* Ny o =1 . 3.9
(dx>B€th6 i AAE ! J ( )
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The average ionization potential J can be calculated according to the semi-em-

pirical formula proposed by Berger M.J. and Seltzer S. M. [79]

J
- = 9.76 + 58.82 119, (3.10)

The reduced form of the Bethe equation (3.9) has an obvious singularity for values
of E close to J, when the logarithmic term of the equation becomes negative. Several
attempts have been made to circumvent this problem. Researchers Rao-Sahib T.S. and
Wittry D.B. [80] proposed to use the empirically verified parabolic extrapolation of
Bethe’s law from the point £/ = 6.338J to £ = 0, which, after substituting the values

of the main constants, has the form

CdE  6400Z

ds EJA

A similar relation for the low energy region was proposed by Love G. and col-

leagues [81], and subsequently brought by Zhenyu T. [82] to the form

dE _ pZ 10°
ds JAg303(Z) 7" 4 116 (£)? +0.147 (£)

Finally, Joy D. C. and Luo T. [83] proposed another form of the equation (3.9),

which made it possible to practically bypass the singularity without changing the general
dependency type:

dE p 1l  (1666E +0.85J)
— — et Ny L1 . 3.11
(dx)Bethe e AAE ! ‘] ( )

The applicability of the equation (3.11) is limited to the energy range & < 0.1.J.
Nevertheless, even in the case of heavy elements with large values of .J, this value is
about 50eV, which is a small value compared to the initial electron energy. Thus, we
can say with confidence that the Bethe formula can used to calculate the energy loss of
an electron when passing through a solid body in most problems that do not affect the
secondary electron emission.

In CASINO, energy loss is calculated using the modified Bethe formula pro-
posed by Joy and Luo:

— = —785
J

dE pZ  [1.666(E + kJ)
— = o ln[ ] : (3.12)



53

where J is the average ionization potential. The coefficient k, which distinguishes the
Joy and Luo formula from the Bethe formula, reflects the change in the average ioniza-
tion potential with decreasing electron energy . The need to introduce this correction
1s due to the fact that a decrease in the electron energy approximately to £ ~ 2.5J
leads to the fact that the electron energy becomes insufficient for ionization of the inner
electron shells of the atom. A further decrease in energy eliminates the contributions
of shells located outside. As a result, starting from a certain energy value, only free or
valence electrons actually contribute to the stopping power of a substance. The formula

(3.12) can be rewritten in the form

dFE pZ 1.666 K
— = —785 1 3.13
ds AE [ 7 ] ’ (3-13)
where J' = 1+{<: + 1s the effective average ionization potential of the substance.
E

Independent consideration of individual processes of energy dissipation

The main disadvantage of using the Bethe formula is the inability to estimate
the contribution of various energy dissipation channels. Three main processes are usu-
ally considered: excitation of electron plasma oscillations, interaction with conduction
and valence electrons, and ionization of inner atomic shells. Some [67; 71; 84; 85] au-
thors attempted to take into account energy losses by summing the contributions of the
dissipation channels indicated above. The description of the processes of ionization of
atomic electrons and interaction with conduction electrons, which are most often used in
calculations, was proposed by Gryzinsk: M. [86]. The corresponding theory is based
on the classical description of pair collisions of charged particles. The calculation of
the interaction of an incident electron with an electron plasma is carried out within the
framework of the self-energy approximation of an incident charged particle, obtained
by Quinn J. and Ferrell R. [87].
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Dielectric function

Another possible approach for calculating the parameters of inelastic scattering
of an electron in a solid can be the use of the dielectric function [88; 89]. For its con-
struction, a semi-empirical method is used, based on the extrapolation of experimental
data from optical measurements of the refractive index.

The theoretical calculation of the dielectric function €(q, w) can be made only for
a limited number of materials, including metals with free electrons, such as aluminum.
For other elements, it is necessary to resort to the use of experimental data. Progress in
the field of synchrotron radiation has made it possible to create a database containing
optical dielectric constants, €(0,w), for a large number of materials. On the basis of
these data, Powell [90] and Penn [91] proposed representations of the inelastic scattering
excitation function.

The mean free paths calculated according to the above equations are consistent
with the experimental data, as well as the results obtained for the corresponding calcu-
lations using the Bethe formula [92; 93].

The choice of one or another approach to taking into account energy losses and
electron deflection during elastic scattering is determined by the problem posed. On the
one hand, it is necessary to accurately reflect the key features of the process under study
in the model used. More detailed approximations, in this case, provide better agree-
ment between the simulation results and experimental data. On the other hand, the use
of more complex models entails an increase in the amount of CPU time required for
simulation. Within the framework of this work, it is supposed to create a technique for
practical application, therefore, an excessively large amount of calculations is undesir-
able. In this regard, a possible choice for the method of calculating energy losses is the
traditional approximation of continuous deceleration of the electron.

The question of choosing the optimal conditions for simulating electron scattering

by the Monte Carlo method is considered in the next section.
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3.2 Software for modeling electron scattering in solids Flectron Scattering. BSE

The theoretical study of the processes of induced deposition is associated with
the solution of the diffusion equation, which is a very difficult task and often leads the
researcher to the need to introduce many simplifying assumptions [94; 95]. Additional
difficulties may be caused by the need to take into account the BSE and SE, which
are also involved in the processes of substance transfer. An alternative approach to the
theoretical study of induced deposition is computer simulation.

For a deeper understanding of the features of electron scatter-
ing, it seemed to wus appropriate to create our own software product
"Electron Scattering. BSE.”(ESBSFE). On Fig. 3.1 shows a typical Monte
Carlo simulation scheme for constructing an electron trajectory. It is assumed here that
the complex trajectory of the incident electron can be represented as a broken line.
This broken line consists of segments of a certain length associated with the mean free
path of the electron. The motion of an electron is interrupted by random collisions of

an elastic or inelastic nature after passing through a section of a certain length, .S.

Vacuum Primary beam

Sample

Elastic scattering
(0.)

Inelastic scattering
(0.9,AE)

Secondary electron

Fig. 3.1 — Schematic view of the electron motion trajectory in Monte Carlo simulation

To predict the current distribution pattern of secondary and scattered electrons
and to describe the corresponding processes of dissociation and polymerization, as a

rule, Monte Carlo simulations are used. The task of modeling induced deposition can
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be conditionally divided into two parts: predicting the spatial distribution of the flux
of secondary and scattered electrons through the sample surface and calculating the
dynamics of the movement of precursor molecules and the formation of a deposited

layer.

Example of interaction volume visualization using Monte Carlo simulation

Fig. 3.2 — General view of the interaction region, constructed by Monte Carlo
electron scattering simulation for 1 million km. particles in a GaAs (gallium arsenide)
sample at an initial beam energy of 20 keV; white color in the image corresponds to

the absence of electrons, and black - to the maximum electron density)

In order to explain the experimental results presented in Fig.1.2, one should con-
sider in more detail the pattern of electron density distribution that occurs during elec-
tron irradiation. To do this, one can use the simulation of electron beam scattering in
matter by the Monte Carlo method. Figure3.2 shows the £/.SBSFE distribution of the
current density inside the interaction volume formed as a result of scattering of an elec-
tron beam with an initial energy of 20 keV in a semi-infinite sample of GaAs (arsenide

Gaul). Areas of different brightness correspond to different discrete values of the cur-



57

rent density. Obviously, the results of computer simulation quite adequately reflect the
electron density distribution within the interaction region. Using this observation, one
can trace the dependence of the size and shape of the interaction region on the most
important parameters: the sample material, the energy of primary electrons, and the

angle of incidence of the electron beam.

7 keV 10 keV

15 keV 20 keV

Fig. 3.3 — Dependence of the size of the interaction region on the energy of the
primary electron beam (electron scattering simulation by the Monte Carlo method for
I million particles in a GaAs (gallium arsenide) sample); white color in the images

corresponds to the absence of electrons , and black - maximum electron density)

Fig.3.3 shows the dependence of the size of the interaction region on the initial
energy of the electron beam. The elastic scattering cross section of an electron is in-
%. In this regard, as the
energy of the electron beam increases, the initial trajectory of electrons becomes more

versely proportional to the square of the energy gexec ~

direct, and the penetration depth into the sample increases. At the same time, the en-
ergy loss rate, according to the Bethe formula, which will be discussed in more detail
below, is inversely proportional to the energy % ~ % Thus, with an increase in energy,
the primary electron can penetrate into the solid body to a greater depth, since it has a
larger supply of energy, but loses it more slowly. Note that the lateral dimensions of the
interaction region also increase with increasing energy, so its shape does not undergo

significant changes.
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Fig. 3.4 — Dependence of the size of the interaction region on the atomic number of
the target (electron scattering simulation by the Monte Carlo method for 1 million
particles with an initial electron energy of 20 keV for gold, platinum and gallium

arsenide targets)

Fig.3.4 demonstrates a decrease in the linear dimensions of the interaction region
with an increase in the atomic number of the substance under consideration. This is a
direct consequence of the fact that the elastic scattering cross section is proportional to

the square of the atomic number o.,1 ~ Z2. In samples with a high atomic number,

exl
the electron undergoes more elastic collisions per unit path, and the average scattering
angle is larger than for materials with a low atomic number. Thus, as the atomic num-
ber increases, the electron trajectories tend to deviate more rapidly from their original
direction, which leads to an increase in the phenomenon of backscattering, and also
reduces the penetration depth. The shape of the interaction region also changes with
atomic number from expanding pear-shaped for large values to almost hemispherical
for small values of atomic number.

The deviation of the direction of incidence of the primary electron beam from
the normal distorts the region of interaction. A decrease in the angle between the sam-
ple surface and the incident electron beam leads to the fact that the interaction region
becomes smaller and acquires an asymmetric shape. Figure3.5 shows comparison im-
ages for various angles of incidence. The observed distortion of the interaction region
in accordance with the change in the initial value of the angle can be explained as fol-
lows. Elastic scattering of the primary electron in the initial part of its trajectory, in
most cases, occurs at fairly small angles. In the case of normal beam incidence, this
leads to the fact that the electron passes deep into the sample. However, at a smaller

value of the angle, the motion of the electron is partially carried out along the surface.
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Fig. 3.5 — Dependence of the shape of the interaction region on the angle of
incidence of the primary electron beam (electron scattering simulation by the Monte
Carlo method for 1 million particles in a GaAs (gallium arsenide) sample; white color
in the images corresponds to the absence of electrons , and black - maximum electron
density)

Therefore, as the angle of incidence of the primary electron beam decreases, the depth
of the interaction region decreases. As for the lateral dimensions, we can say that there
is a shift in the direction of incidence without a significant change in the size of the
region. In the framework of this study, we consider only the normal incidence of the
electron beam.

Thus, by Monte Carlo simulation, it is possible to trace the general trends in the
change in the geometric dimensions of the interaction volume depending on the irradia-
tion conditions and the material of the substance under study. Within the framework of
this work, the question of whether the spatial distribution of the surface current density
of the BSE obeys the same dependences is extremely important. The next chapter is de-
voted to an attempt to answer this question. But before proceeding to the consideration
of the corresponding study, it is necessary to say a few words about the parameters and

conditions for modeling electron scattering in the systems under consideration.

Method for calculating the spatial distribution of backscattered electrons

The simulation of electron beam scattering in matter was carried out using the
CASINO v.2.48 [64] software package. Of the variety of options for representing the
essential scattering parameters, preference was given to the Mott cross section in the

relativistic representation for calculating the elastic scattering cross section and to the
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approximation of continuous decelerating motion, expressed by the Bethe equation for
the stopping power of matter in the form of Joy D. C. and Luo T., the theoretical de-
scription of which is given in the previous section. These approximations sufficiently
reproduce the behavior of the BSE ensemble in the case of average primary beam ener-
gies. Generation of secondary electrons, in this case, is not taken into account.

The C'ASTN O software package makes it possible to describe a sample as a com-
plex multilayer structure of arbitrary chemical composition. In the framework of this
work, we restrict ourselves to planar (layered) structures. The variation of the chemical
composition of materials is limited by the free density value, while the atomic number
and atomic weight for a given substance are fixed. The value of the average ionization
potential, essential for the approximation of continuously decelerating motion, was cal-
culated in accordance with the approximation presented by Berger M. J. and Seltzer S.
M. [79] (equation 3.10).

The number of electrons for simulation ranged from 10° to 107. This number of
particles, on the one hand, allows us to determine the parameters of electron scattering
that are of interest to us, associated with the spatial distribution of the surface current
density, with sufficient accuracy, and, on the other hand, is optimal from the point of
view of computational resources. The influence of the number of simulated particles on
the accuracy of the result is clear from Fig. 3.6. It shows surface current density curves
for various numbers of simulated electrons from 10° to 107. It can be seen that the
shape of the distribution does not change, but the absolute value of the current density
increases.

Let’s pay attention to the far edge of the "tail" of the curve. An increase in the
number of particles smooths out the noise in this part of the distribution, which cor-
responds to a decrease in the error in the Monte Carlo calculation. It is also possible
to note some distance of the extreme distribution point from the origin of coordinates.
However, even a relatively small increase in the accuracy of the results obtained requires
several times more computation time.

The CASINO 2.48 software package provides the ability to monitor a variety of
statistical parameters that determine electron scattering for a given system. Within the
framework of this study, we restrict ourselves to the distribution of the surface current
density, which is considered in the form of a dependence curve of the current density (in
electron\nm?) on the distance to the point of incidence of the primary electron beam.

Note that the mentioned distribution is constructed in relative units corresponding to
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Fig. 3.6 — Curves of the dependence of the current density of the BSE on the distance
to the point of incidence of the SE for a different number of simulated particles
ranging from 10° to 107, obtained for the scattering of a primary beam with an energy

of 15 keV in a massive copper sample at normal incidence

the normalization of the total current of the BSE per unit. This approach is convenient
for qualitative comparison of surface current density curves for different conditions. In
those cases where it is necessary to make a quantitative assessment and the difference in
the absolute value of the current density can play a significant role, the values obtained
by multiplying each element of the distribution by the value of the total current BSE,
Igsg UBSE = o).

It can be seen from the simulation results (Fig. 3.7) that the dependence of the
surface current density on the distance to the point of incidence of the primary beam in

the outer region is described by a Gaussian curve

jr = joexp (—r*/207) (3.14)
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Fig. 3.7 — Approximation of the distribution curve of the surface current density of

backscattered electrons obtained by modeling the scattering of a primary beam with

an energy of 20 keV in gallium arsenide

This agrees with the experimental dependencies discussed in [5; 96; 97]. The
central part of the distribution does not satisfy the equation (3.14). It is assumed that
the peak near the point of incidence is associated with the flux of scattered electrons that
have experienced scattering through a large angle or a small number of collision events.
The mass transfer-limited growth regime of interest to us implies that the processes
of induced deposition occur at some distance from the center and, accordingly, do not
affect the central part of the surface current density distribution; therefore, we will not
introduce additional approximating terms when describing this distribution.

The use of Monte Carlo simulation of electron scattering makes it possible to
predict the pattern of the spatial distribution of the BSE escaping through the sample
surface. Experimental verification of the accuracy of this prediction is a difficult task.
There are many works devoted to the registration of the BSE emerging through the

surface of the sample, however, the experimental technique involves the collection of
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data on the distribution of the BSE over the exit angle. The distance from the point
of incidence of the PE beam to the point of intersection of the BSE trajectory with
the surface is not reflected in them in any way. In this paper, we develop a technique
for registering the spatial distribution of the BSE, proposed by Zhdanov G.S. [8]. The
essence of the method is to use the phenomenon of electron beam-induced deposition of
precursors on the sample surface. Further, it will be shown that the shape of the spatial
distribution of the BSE depends on the chemical composition and internal structure of
the sample under study.

The mode of precursor deposition under the action of electrons, in turn, is related
to the electron density distribution in the irradiated region. The current density of the
incident and scattered electrons through the sample surface can be represented as the
sum of two Gaussian curves with different amplitudes and standard deviations. One
of them corresponds to the electron density distribution in the primary beam, and the
second corresponds to the BSE current density. At a certain value of the beam current,
the deposition mode is established, which is limited by the mass transfer, which is of
interest to us. In this regime, the growth dynamics of structures is determined by the
totality of BSE flows and precursor molecules. The latter is surface diffusion to the
irradiated area. In the deposition mode limited by mass transfer, the precursor molecules
do not reach the center of the deposition region (the point of incidence of the PE beam)
and are deposited by electrons at some distance from it. Most of the incoming molecules
end up in some fairly narrow region. The shape of this region is determined by the
distribution of the current density of the BSE, which has axial symmetry about the
center. As a result of deposition, a volumetric figure of rotation appears on the surface
of the sample, resembling a ring.

The actual conditions of the experimental study of electron beam-induced de-
position imply the interaction of precursor molecules not only with backscattered and
primary electrons, but to a greater extent with secondary electrons. Due to the low en-
ergy, which is less than 50 eV, the secondary electrons have a much larger interaction
cross section compared to the electrons of the primary and scattered beams. Accurate
modeling of the generation of secondary electrons requires a detailed account of the
energy structure of the substance under study and the corresponding energy losses for
the ionization of atoms and the excitation of plasmon oscillations. A possible solution

is the use of data on the dielectric function of matter obtained by optical measurements
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[90; 91]. Several works [88; 89] can be used to calculate secondary electron generation,
but it requires large computational resources.

Another approach to accounting for secondary electron emission (SEE) is possi-
ble. It is known that its intensity weakly depends on the material of the sample and is
approximately 0.1 for most materials (the exceptions are Au (0.2) and C' (0.05)). The
generation of SEs caused by the BSE has features in comparison with SEs that arise as
a result of interaction with SEs. First, the BSEs emerging through the surface have a
certain distribution over the exit angle, which differs significantly from the normal to the
surface characteristic of PE. The BSE, which exits at a certain angle to the surface, trav-
els a greater distance in the area accessible for the exit of the SE. Secondly, it is known
that the SEE coefficient increases with decreasing energy of the incident (or outgoing)
electron. In the process of interaction with the sample, the BSE loses some of its energy,
so the BSE have some energy distribution. It also differs from the quasi-monoenergetic
distribution for the PE beam. Thus, a reasonable assumption is the higher value of the
SEE coeflicient for the BSE compared to the PE. Knowing the dependence of the SEE
coefficient on the exit angle and the energy of the BSE, it is possible to estimate the

value of the SEE for a given material.

Isg = (Ipp + Ipsg) 0 = Ippd (1 +nd(0, E)), (3.15)

where 7 is the BSE coefficient, § is the SEE coefficient, 0(6, F) is the dependence of the
BSE coefficient on the exit angle and the BSE energy. For simplicity, we assume that
the spatial distribution of the current density of secondary electrons is proportional to
the distribution of backscattered electrons. In this regard, further calculations affecting

the spatial distribution will refer exclusively to the BSE.
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Chapter 4. Results and their discussion

4.1 Study of the formation mechanism of carbon micro- and nanostructures
under continuous irradiation with a stationary electron beam

Deposition of hydrocarbons that occurs during irradiation with a stationary elec-
tron beam is determined by a combination of processes of electron scattering in a solid
and the transfer of matter on its surface. The ratio between the flow of electrons pass-
ing through the sample surface and the flow of molecules that serve as a precursor for
subsequent deposition determines one or another mode of nanostructure growth.

The use of even fairly simple models to describe the motion of molecules on a
surface under electron irradiation makes it possible to reveal the general patterns of
induced deposition [98; 99].
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Fig. 4.1 — Schematic representation of electron beam-induced deposition processes

Hydrocarbons are present in the atmosphere of residual gases of the SEM vac-
uum chamber. These hydrocarbons can be adsorbed and desorbed from the surface of
the sample, as well as working surfaces and elements of the vacuum chamber. Pro-
longed exposure of the sample to these conditions leads to the appearance of a layer of
adsorbed molecules on its surface. It is assumed that they are weakly bound to the sur-
face, i.e., physical adsorption takes place. The coverage with hydrocarbon molecules in

the absence of irradiation is less than one monolayer [ 100]. However, when the process
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of irradiating the sample with accelerated electrons begins, the so-called "cracking" oc-
curs. It is the destruction of a long polymer chain of a hydrocarbon molecule into small
fragments. Fragments are more chemically active than the whole molecule, so they en-
ter into chemical reactions with each other, and can also form bonds with the surface.
A polymerization process occurs, as a result of which an amorphous carbon deposit ap-
pears on the surface. Chemically bound molecular fragments have a significantly higher
desorption energy than in the initial state. This leads to the formation of a carbon film
on the surface, which is stable and resistant to destruction. Further irradiation of the
film with electrons leads to "crosslinking" of the emerging molecular fragments with it.
The process continues as long as irradiation is active and as long as there are hydrocar-
bons in the irradiated area. Accordingly, the film continues to grow under the action of
electron exposure, reaching a thickness of hundreds of monolayers.

In addition to the direct flow of hydrocarbon molecules into the interaction re-
gion from the atmosphere, there is also a flow associated with the surface diffusion
of molecules. The ratio of the contribution of each of the flows to the formation of de-
posited structures is largely determined by the growth regime. On Fig. 4.1 schematically
depicts the main processes leading to induced deposition by electron irradiation.

It is customary to single out two main modes of deposition, which differ in the ra-
tio of the flow of precursor molecules and the flow of electrons that produce their disso-
ciation. The first of these regimes, the reaction rate limited regime, is established when
the electron flux is not large enough to deposit a significant portion of the precursor. The
dynamics of structure growth in this case is determined by the rate of reactions of in-
teraction, dissociation, and subsequent precipitation. The establishment of this growth
mode can also be considered from the point of view of the smallness of the electron
flux. An increase in the current of the primary electron beam at a constant amount of
the precursor leads to an increase in the growth rate of the deposited structure. When
the current increases, at some point a situation arises when the electron flux becomes
large enough for the deposition of all molecules in the irradiated region to occur. Start-
ing from this moment, a further increase in current does not affect the growth rate of
the structure, and the deposition rate is determined by the precursor flux. The second of
the growth regimes is established - the regime limited by mass transfer. It is practically
significant to understand the factors that influence the establishment of one or another
mode of deposition, as well as determining the growth dynamics of deposited structures

in a given mode. Let us discuss each of the deposition modes in more detail.
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4.1.1 Deposition of nanopillars in the reaction rate-limited mode

It is most convenient to study surface diffusion processes in a mode limited by
the reaction rate. Prolonged irradiation of the sample under the conditions correspond-
ing to this regime leads to the formation of a carbon nanopillar ("nonopillar”). The
nanocolumn growth dynamics depends on the duration of irradiation [95], as well as
the sample material and the state of its surface [101].

Carbon nanopillars are a convenient tool for studying surface diffusion and elec-
tron beam-induced hydrocarbon deposition. The study of the growth dynamics of
nanopillars makes it possible to trace the influence of various factors on the processes of
substance transfer and the interaction of adsorbed molecules with the flow of scattered
electrons. In addition, nanopillars are of particular practical interest due to the possibil-
ity of their use as cantilevers for probe microscopy, as well as for surface modification
in order to increase the sensitivity of solar cells [102] or create antibacterial coatings
[103].

The main source of material during nanopillar deposition is surface diffusion.
In the process of electron irradiation, reactions of dissociation and polymerization of
hydrocarbons occur, forming a carbon deposit. Reactions occurring near the point of
incidence of the primary beam cause the growth of the nanocolumn. However, in addi-
tion to it, during long-term exposure, the growth of a polymer layer in a region covering
an area of several square micrometers is also experimentally observed. The appear-
ance of a carbon deposit at a considerable distance from the point of incidence of the
electron beam is associated with the interaction between the flow of scattered and sec-
ondary electrons and the diffusion flow of hydrocarbons directed towards the region of
nanopillar growth.

[94; 104] shows that the presence of a surface film on the sample surface affects
the diffusion conditions and, accordingly, the tip growth dynamics. This is due to the
appearance of a deposited layer and dissociation products of hydrocarbon molecules on
an initially clean substrate, which facilitate the capture of molecules moving along the
surface. As a result, there is a weakening of the diffusion flow of hydrocarbons and, as
a consequence, a decrease in the rate of vertical growth of the nanopillar up to its com-
plete cessation is observed. The deposition of molecules at a distance from the point of

incidence of the primary beam may indicate their interaction with backscattered elec-
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trons. Experiments show that the growth rate of a carbon tip depends on the atomic
number of the substrate material. Its value is greater for substrates with a lower atomic
number, which is consistent with the assumption about the effect of electron backscat-
tering. The intensity of backscattering increases with the atomic number of the sample
material, which means an increase in the electron flux escaping through the surface
outside the point of incidence of the primary beam. This weakens the diffusion flow of

hydrocarbons to the area of deposition and slows down the growth of the nanocolumn.

Mag = 150.00 K X 200 nm EHT = 20.00 kv
Tilt Angle = 45.0 ° ] WD = 5.0 mm

Fig. 4.2 — Nanopillar on a 40nm thick amorphous carbon film obtained by electron
beam induced deposition with an initial energy of 20keV and a current of 10pA (view

at an angle of 45°)

In order to elucidate the role of various types of electrons in the formation of a
carbon deposit on the surface, a series of experiments was carried out, for which thin
films of amorphous carbon obtained by thermal vacuum evaporation instead of massive
single crystals were used as substrates (Fig. 4.2).

The difference between the film and the massive substrate can be traced in the
diagram shown in Fig. 4.3.

The use of thin films makes it possible to virtually exclude the influence of pro-
cesses associated with electron backscattering, since the electrons of the primary beam
pass through the sample almost without collisions. According to the results of computer
simulation [105], the passage of the incident beam through the film causes secondary
electron emission from both sides of the film (in the area of penetration of PE and in the

area of their exit). Secondary electrons generated in these areas participate in dissoci-
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Fig. 4.3 — Scheme of experiment on induced deposition of nanopillars: a) on a thin

film; b) on a massive substrate

ation processes and, accordingly, carry out the induced precipitation of hydrocarbons.
In our experimental study[106], we were able to observe the vertical growth of carbon
structures on both sides of the film (Fig. 4.4).

It can be argued that the deposition of hydrocarbons on thin films is produced
by primary and secondary electrons generated by them. However, as the primary beam

current increases, the vertical growth rate of the nanocolumn decreases. An illustration
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Fig. 4.4 — Nanopillars obtained by the method of induced deposition on both sides of
a 180nm thick amorphous carbon film under the action of a primary beam with an
electron energy of 20keV and a current of 370pA for 320 seconds: a) view from beam

incidence sides; b) view from the back of the film

1s the comparison of the heights of carbon tips obtained at two different current values,
shown in Fig. 4.5 a. We assume that this is due to the emission of secondary electrons
(S E4) from the top and side surface of the growing nanocolumn. The SE flow from the
side surface causes deposition and forms a local change in the relief at some distance
from the point of incidence of the primary beam. This weakens the diffusion flow of
molecules and delays the surface diffusion of hydrocarbons to the center of the nanopil-
lar, reducing its growth rate (Fig. 4.5 b). Due to the low energy, SE practically do not
pass through the film; therefore, the appearance of a similar relief on its reverse side at

a distance relative to the PE beam axis 1s not observed.
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Tilt Angle = 45.0 * WD=44mm  PhotoNo.=6875  Time :15:14:55

Fig. 4.5 — Growth of nanopillars on a thin film of amorphous carbon: a) comparison
of structures obtained at different values of the PE current; b) a snapshot of the tip and
the surrounding microrelief that appears on a thin film when irradiated with a beam

with a relatively high current value

An increase in the film thickness leads to an increase in the BSE current through
the surface up to values corresponding to scattering from a bulk sample. BSE interact
with adsorbed molecules, as well as with the molecules of the diffusion flow. For exam-
ple, on the surface of pyrolytic graphite, the growth of nanopillars upon irradiation with
an electron beam with an energy of 20keV and a current of 10pA is observed to grow at
a high rate for several seconds. With longer irradiation, the growth rate decreases until
the complete cessation of the deposition processes. A further increase in the irradiation
time leads to a decrease in the height of the nanocolumn, i.e., its etching is observed. On

an amorphous carbon film with a thickness of 100nm, the action of a similar electron
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beam caused the growth of a carbon nanopillar on both sides of the film. However, the
growth rate was two to three orders of magnitude lower than in the case of pyrolytic
graphite [95].

In addition to the thickness and material of the substrate, as well as the compo-
sition of the atmosphere of residual gases, the growth of carbon structures is affected
by the state of the sample surface. For example, applying a polycrystalline aluminum
film to the surface of polished aluminum by thermal spraying leads to an increase in
roughness. In this case, the nanowire growth rate decreases several times.

The main controlled parameter that determines the nature and dynamics of in-

duced deposition is the current of the primary electron beam.

Fig. 4.6 — Illustration of the dependence of the volume of a nanocolumn grown by
induced deposition on a massive silicon substrate with an aluminum layer deposited by
an electron beam with an initial energy of 20 keV on current: a) 100 pA, b) 175pA, ¢)

300pA

On Fig. 4.6 images of nanopillars obtained for three different values of the SE
current upon irradiation of the surface of a polycrystalline aluminum film deposited on
a massive silicon substrate are presented. When viewed from above, the nanopillars
are round spots, the brightness of the dots inside of which is proportional to the height
relative to the surface. One can clearly see a decrease in the diameter and brightness
of the spot, and, accordingly, the volume of the growing nanocolumn with increasing
current (Fig. 4.6 a - b), and for values of the primary beam current greater than 275 pA
(Fig. 4.6 ¢) no nanopillar formation was observed at all. Increasing the current causes
the deposition mode to change from a reaction rate limited mode to a mass transfer
limited mode where the deposition occurs at a distance from the point of incidence of

the electron beam.
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The influence of the material and the state of the sample surface on the growth
rate of nanotips can be explained by analyzing the balance equation between the flow of
molecules to the tip and the sum of the flows deposited and desorbed from the region
of the tip. It looks like

The effect of the material and state of the sample surface on the growth rate
of nanopillars can be explained by analyzing the diffusion path A ;g of the precursor

molecule.

1
Aifp = (D7)* = (—DTdifdeis ) , (“.1)
Tdiff T Tdis

where D is the surface diffusion coefficient, 1/7 = 1/74;g + 1/74is is the av-
erage lifetime of a molecule on the surface, 74; - average time of a molecule on the
surface before its desorption, 74;; = €/(0j) - average time of molecule dissociation,
o — dissociation cross section molecules, j is the current density.

The bases of the tip are reached by molecules that have fallen into a circle with a
radius of A ;> Which can cross the exit region of the BSE and SE. This is facilitated by
the purity and smoothness of the substrate, which have a positive effect on the surface
diffusion coeflicient D, as well as a low emission coeflicient and a low primary current

density, which determine the dissociation time of molecules 7g4j..

Fig. 4.7 — Comparison of nanopillars obtained on massive highly oriented pyrolytic
graphite (HOPG) upon irradiation with an electron beam with an initial energy of 20
keV and current value: a) 350pA; b) 10pA

The current density at the point of incidence of the electron beam is maximum;
therefore, the dissociation of precursor molecules is most probable there. Non-volatile
decay products of molecules as a result of interaction with electrons eventually form
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a relief at the point of incidence, resembling a column in shape. Changing the value
of the current of the incident electron beam changes not only the rate of its vertical
growth, but also the shape of the nanocolumn. Figure4.7 shows a comparative image of
two nanopillars obtained by irradiating freshly split pyrolytic graphite (HOPG) with
an initial energy of 20keV and a beam current of 350pA (a) and 10nA (b). The choice
of the substrate is related to the atomic smoothness of the HO PG surface and, accord-
ingly, makes it possible to achieve a higher surface diffusion coefficient, which, in turn,
increases the diffusion path of the precursor molecules. This also makes it possible to
exclude the influence of the surface topography on the processes of induced deposition.

It can be seen from the figure that with an increase in the beam current, the verti-
cal growth rate of the nanocolumn decreases, while the lateral component of the growth
rate increases, i.e., the tip base radius increases. The reason for this is an increase in the
contribution of secondary electrons knocked out by the BSE to the processes of dissoci-
ation of molecules at a distance from the point of incidence. In electron lithography, this
phenomenon is called the proximity effect. From the works devoted to its study [107], it
1s known that the distribution of electron density that occurs during normal incidence of
a beam of accelerated electrons can be represented by the sum of two Gaussian curves.
One of them describes the distribution of the current density in the incident primary
beam, and the second describes the distribution in the flow of backscattered electrons

emerging through the surface.

Cy exp [— (r/ 31)2} — primary electrons,

Cy exp {— (r/ 32)2] — backscattered electrons 4.2)

where By ~ 0.1 — 0.2um, By ~ 1.0 — 1.2um, C;/Cs ~ 1.5 — 3 for a primary electron
beam with an initial energy of 25keV, silicon incident on the substrate.

From the above estimate of the ratio of the electron density distribution parame-
ters in the primary and scattered flows, we can conclude that the PE distribution has a
significantly larger amplitude than the BSE distribution. Also, the magnitude of the PE
current decreases much faster with distance from the drop point.

Both PE and WRE are involved in the reactions of dissociation of precursor
molecules. The deposition process in the central region near the point of incidence
of the electron beam is carried out mainly by primary electrons. However, due to the

relatively sharp decline in the corresponding distribution, as we move away from the
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point of incidence, the contribution of the BSE current increases. In terms of a change
in the diffusion flux, this means that a part of the precursor molecules will decompose
upon interaction with the BSE, not reaching the point of incidence of the primary beam.
Consequently, the processes of deposition and growth of a nanocolumn at the center of
the surface electron density distribution, starting from a certain current value, are de-
termined not by the number of incident electrons, but by the number of molecules that
have reached the central region. The corresponding settling regime is called the mass
transfer limited growth regime. In this mode, in addition to the growth of nanopillars,
the formation of another type of microrelief, microrings, is possible.

Thus, observation of the dynamics of induced hydrocarbon deposition in the
regime limited by the reaction rate makes it possible to identify the factors that de-
termine surface diffusion under conditions of irradiation with a focused beam of accel-
erated electrons:

1. Sample surface condition affects the amount of diffusion flux that reaches the
irradiated area. High roughness reduces the diffusion coefficient, which leads
to a reduction in the diffusion length Ajy;¢ (4.1) and, accordingly, limits the
size of the area from which the precursor is collected.

2. Sample material specifies the magnitude and distribution of the current den-
sity, which determine the dissociation time of molecules Tdis’ and, accord-
ingly, the diffusion length.

3. Current and energy of the primary beam electrons also has a significant effect
on the nature of the induced deposition. In particular, the beam current is the
determining parameter for establishing the deposition regime, and the PE en-
ergy determines the size of the electron exit region, which plays an extremely
important role for deposition in the mass transfer-limited regime.

Microrings that appear during long-term deposition in this mode will be the sub-

ject of discussion in the next section of this work.

4.1.2 Deposition of micro-rings in a mode limited by mass transfer

In addition to nanopillars, electron beam-induced deposition also makes it pos-

sible to create microrings on the surface. Electron beam-induced mass-transfer-limited
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deposition allows the creation of objects called microrings. The change in the size and
shape of these microrings is closely related to the features of the scattering of a focused
beam of accelerated electrons in a solid, for example, to the distortion of the interac-
tion region in samples that are inhomogeneous in chemical composition compared to
chemically homogeneous crystals. Further discussion aims to reveal the nature of this

relationship.

Mag= 45.00 KX  1pm EHT =19.99kV  Signal A=InLens  Date :29 Jun 2013
Tilt Angle = 0.0° I WD = 4.6 mm Photo Mo, = 4525 Time :14:25:10

Fig. 4.8 — An example of a carbon microring grown on a gallium arsenide substrate
by irradiation for 15 minutes with an electron beam with an electron energy of 20 keV

and a current of 385 pA

Irradiation of the sample with a focused electron beam generates a stream of sec-
ondary and scattered electrons in a certain region around the point of incidence. The
corresponding spatial distribution of the electron density has a maximum at the cen-
ter and decreases monotonically with distance from it. Incident and scattered electrons
escaping through the surface can dissociate the adsorbed molecules. The decrease in
the concentration of molecules accompanying irradiation leads to the appearance of a
diffusion flux in the direction of the irradiated region. At a certain current value, the
majority of molecules decompose without reaching the point of incidence of the pri-
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mary beam. As a result, a settling regime is established that is limited by mass transfer.
In this regime, almost no induced deposition occurs near the point of beam incidence.
The electron density distribution at normal incidence of the primary electron beam has
cylindrical symmetry. With prolonged irradiation, an object appears on the surface of
the sample, shaped like a volcano or a ring.

On Fig. 4.8 shows an example of a carbon ring deposited on a gallium arsenide
(GaAs) single crystal substrate upon irradiation with an electron beam with an initial
energy of 20keV and a current of 385pA for 15 minutes . Molecules of hydrocarbons
contained in the atmosphere of residual gases of the vacuum chamber act as a precursor.
The resulting ring, as can be seen from the figure, is symmetrical and has fairly clear
boundaries.

Under the action of electron irradiation, both nanopillars and microrings can ap-
pear on the surface of the same sample. The conditions for establishing the growth
regime are specified by the spatial distribution of the surface current density of sec-
ondary and scattered electrons. The typical shape of this distribution is shown in
Fig. 4.9.

On the curve of the dependence of the current density on the distance to the point
of incidence of the primary beam, two regions can be conventionally distinguished.
The first region is located near the point of incidence of the beam and represents a
sharp drop in the current density from the maximum value. The main contribution to
the distribution in this section is related to the BSE, which arose due to the deviation
by an angle of more than 90 degrees as a result of a small number of collisions. The
second region is a more gentle decrease in the current density, located at some distance
from the point of incidence. It is mainly formed due to the BSE, which appeared as a
result of multiple scattering.

According to the terminology used in the theory of electron diffusion (Section
1.1.2), region 1 corresponds to the single scattering regime, and region 2 corresponds
to the regime of multiple scattering passing into electron diffusion. It is known from
published works on simulation of induced deposition [98; 104] that the 1 region plays a
significant role when considering induced deposition processes in the reaction rate lim-
ited regime. In this mode, carbon structures are formed that have the shape of nanopil-
lars, which were discussed above. The growth of microring-type carbon structures oc-
curring in the mass-transfer-limited regime is determined mainly by the 2 region. The

behavior of the electron density in this part of the distribution is related to the internal
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Fig. 4.9 — Curve of the dependence of the current density of the BSE on the distance
to the point of incidence of the primary electron beam, obtained by modeling the
scattering of 10 mln. electrons with an energy of 20 keV in a massive sample of
gallium arsenide; region 1 corresponds to the single scattering regime, region 2 - to

the regime of multiple scattering passing into electron diffusion

properties of the sample, in particular, the shape of the interaction volume, and deserves

more detailed consideration.

Behavior of the surface current density at a distance from the point of incidence of
the primary electron beam

The relationship between the spatial distribution of the BSE on the surface of the
sample and the shape of the volume of interaction in its thickness is obvious from the

point of view of the theory of electron diffusion. Considering the surface as a cutting
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Table 1 — Comparison table for penetration depth(Z,,,.., Z;) and BSE exit radius(R)

Material Zmax, NM Zp, NM R, nm Zmaz] 2 Zmaz| R
C 5670 2430 4700 2.33 1.21
Si 3820 1650 3090 2.32 1.24
Al 3420 1420 2800 2.41 1.22
Cu 1050 445 830 2.36 1.27
Au 565 240 430 2.35 1.31
Pt 510 212 380 2.41 1.34

plane with respect to the interaction volume, it is easy to understand that the surface
current density distribution is a part of the volume distribution (Fig. 1.4). In order
to determine the ratio between the maximum penetration depth (Z,,,.) and the lateral
size of the BSE emission area through the surface (R), as well as the BSE exit depth
(Zy) for samples differing in chemical composition, computer simulation of electron
beam scattering was performed using the Monte Carlo method. Fig.4.10 illustrates the
position of the boundaries of the BSE penetration and exit regions of interest to us
(the trajectories of electrons emerging through the surface are marked in red). The
simulation results are presented in Table 1 (values of Z,,,,, Z, and R were determined
for 1% of published BSEs).

From the presented data, we can conclude that the ratios of the maximum exit
depth to the exit depth of the BSE Z,,,../Z; and to the size of the exit region of the BSE
Zmaz/ R weakly depend on the position of the element in the periodic system. That is,
we can say that the shape of the volume of interaction does not depend on the material
under study.

The maximum penetration depth Z,,,.. is a value that characterizes the size of the
interaction volume of the material, so the relationship between the size of the emission
region I? and the depth of the BSE exit 7, and, accordingly, with Z,,,,., makes it possible
for us to estimate dimensions of the volume of interaction through the observed spatial
distribution of the BSE. From the point of view of practical use, the problem 1s reduced
to determining the size of the BSE output region.

It is known that the size of the exit region of the trajectories of the BSE depends
on the accelerating voltage and the material of the sample. In order to estimate R, the
semi-empirical relations obtained in [28] are widely used. The radius R, calculated by
the formula (1.4) strictly limits the area of exit of all BSE through the surface. In fact, the

spatial distribution of the BSE does not have a sharp boundary and can be approximately
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Fig. 4.10 — Illustration of the location of the boundaries of the penetration and exit
regions of electrons by the example of the scattering trajectories of the primary beam

with an initial energy of 20keV in silicon

described by a Gaussian curve. The distribution of current [, of backscattered electrons

emitted from the outer side of a circle with radius r corresponds to the equation:

0 2 2
I = / 21 dr = 210, exp (—T—) — Iyexp (—T—> | (4.3)

202 202

The length of the BSE output region, as can be seen from (4.3), is characterized
by the standard deviation o. The relationship between these quantities can be expressed
as R = o, where -y is a parameter whose value is chosen according to the estimates
of the numerical coefficients in (1.4). For practical application, in what follows, instead
of the value o, we will use the radius of the circle 7, cutting off the given part o = I[—O’“
of the FEM from the outside of the circle. This substitution is justified by the fact that
the radius 7, grows proportionally to o and is needed to relate the size of the BSE
exit region to the radius of the carbon microring formed on the sample surface as a
result of induced deposition. For the regime of interest to us, which is limited by mass
transfer, the diffusion flux directed to the point of incidence of the primary beam is
much greater than the direct flux of molecules adsorbed on the surface from the gas

phase. As a result of the dissociation and deposition of precursor molecules under the
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action of scattered and secondary electrons, as one moves towards the center of the
emission region, the diffusion flux weakens, and the volume of the deposited material,
correspondingly, increases. At some distance 7; from the point of incidence of the
primary electron beam, the diffusion flux value becomes almost equal to zero. The
resulting shape of the carbon deposit is a ring with a radius of r;. The size of this
carbon microring can be used to estimate the extent of the BSE exit region. Let us dwell

in more detail on the measurement of the diameter and the features of its profile.

Measuring the diameter and vertical growth rate of carbon microrings

One of the main objects considered in this work is a carbon microring. In this
regard, the problem arises of measuring the diameter of the microring under study by
processing microphotographs obtained using SEM. When we are dealing with a surface
image, we only have access to a map of the intensity distribution of the recorded signal,
expressed in grayscale. In this case, the measurement of the size of any object is reduced
to the search for contrasting areas that reflect the correct, in our opinion, the position of
the boundaries. These areas, generally speaking, can be chosen in different ways.

On Fig. 4.11 a snapshot of a carbon ring is presented and possible options for
choosing its boundary are marked. The 1 mark corresponds to the initial stage of hy-
drocarbon sedimentation and, generally speaking, can be interpreted as the boundary
of the BSE outflow area. The 2 region corresponds to the maximum height difference,
and the 3 mark corresponds to the absence of deposition near the point of incidence of
the electron beam. As can be seen from the figure, the boundaries of 1 and 3 are quite
strongly blurred, while the boundary of 2 is much sharper. This is caused, first of all, by
the difference in the mechanism of formation of their contrast. From the atomic force
microscope image shown in the image, we can conclude that the change in the relief
near the points 1 and 3 is insignificant, so the ability to distinguish 1s associated with
the contrast of materials in the SEM. At the same time, a much more serious change in
the morphology in the region 2 leads to the appearance of a topological contrast. Given
that for light substances close in atomic number to carbon, the contrast of materials is

less pronounced, the measurement of the characteristic size using the morphology fea-
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Fig. 4.11 — Experimentally obtained by irradiation with a primary beam with an

energy of 20 keV on GaAs carbon ring. SEM and AFM images

ture seems to be more preferable. Thus, we have chosen the reference boundary for the
area 2.

To relate the data obtained during the processing of SEM micrographs with el-
ements of real carbon structures, consider the cross section of the image in Fig. 4.11.
The area of interest to us is a kind of asymmetric peak, with a sharp rise and a gentle
decline, when viewed relative to the center of the ring. The top of this peak appears
as the brightest area of the image in the SEM, and its base from the side of the center
1s the darkest. On the one hand, under certain experimental conditions, the peak may
not have a pronounced sharp peak, and the corresponding bright area in the image is
blurred; on the other hand, the base of the peak always stands out quite sharply. There-
fore, the boundary of the carbon structure measured by us, which makes it possible to
judge the sizes of the obtained microrings, is composed of points corresponding to the
base of the peak of the ring profile.

In practice, the procedure for searching for the carbon ring boundary is re-
duced to studying the brightness distribution, which can be plotted using the built-in
Smart SEM software tool supplied with the microscope. An example of its applica-

tion is shown in Fig. 4.12.
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Fig. 4.12 — Measurement of the carbon ring diameter using image brightness
distribution analysis in SEM

A more convenient way of processing is to use tools that allow you to calculate
the average brightness distribution, for example, a small software product RadialScan.
This program divides the image into a system of concentric rings with a step of one pixel.
Next, the average value of the pixel brightness for each of these rings is calculated and
the intensity distribution curve is plotted (Fig. 4.13). The use of RadialScan makes
it possible to avoid errors in determining the ring size caused by the asymmetry of its
shape or the presence of relief features, for example, dust grains or microcracks, which
are typical for thin gold films.

When studying the induced deposition of hydrocarbons in a regime limited by
mass transfer, the question arises about the possible dependence of the dimensions of
the resulting structure on the time of exposure to the electron beam. The dynamics
of the formation of carbon microrings upon irradiation of samples with electrons is

rather complex. The area from which diffusion of molecules occurs is significantly times
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Fig. 4.13 — Measuring the diameter of a carbon ring by analyzing the image

brightness distribution using the RadialScan program

Table 2 — Table of dependence of microring dimensions on deposition time

Irradiation time, min. | Ring height (= 1), nm | Ring radius (£ 20), nm
20 06 804
40 10 835
60 15 953

greater than the area of the BSE exit region. This statement is based on the relationship
between the molecular path in the adsorbed state, A diff> and the radius of experimentally
observed carbon microrings, 7: )‘diff > r;. . In this case, it seems reasonable to assume
that the diffusion flux is also dynamically balanced. This means that the rate of vertical
growth of microrings must be constant in time.

An experimental study of the deposition on the surface of gallium arsenide GaAs
using an atomic force microscope gives an almost linear dependence of the ring height
on the exposure time. At the same time, the size of the ring changes only slightly (less

than 15% with a 3 increase in height). Measurement data are presented in Table 2.
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The linear dependence of the height of the microring on the time of exposure of
the sample to electrons suggests that near the point of incidence of the electron beam, a
quasi-stationary mode of growth of the carbon structure is established. In other words,
near the irradiated region, the flux of the deposited precursor is in dynamic equilibrium
with the flux of electrons dissociating molecules.

One of the parameters determining this regime is the current density of the inci-
dent beam. In the next section, we discuss in more detail the processes associated with

electron-induced precursor deposition.

Model of induced deposition of a diffusion flux under conditions of electron irra-
diation

To describe the processes of precursor deposition induced by electrons, we use

the equation for the deposition rate based on the mass conservation law:

on ( ) n n
l—— ) Jgas + Jgif ——— — —, 4.4)
ot no . ! Tdiff  "dis

where n is the density (concentration) of adsorbed molecules, s is the sticking coef-
ficient, ng is the reciprocal of the area occupied by the molecule, Jgas is the flow of
molecules adsorbed on the surface from the gas phase, Jg;g is the flux of molecules
delivered by surface diffusion per unit surface area per unit time. The term in brackets
1s related to the limited surface area available for Langmuir adsorption.
Analytical solution of the diffusion equation (4.4) for the case of a region uniform
in intensity irradiation in the form of a circle of radius 12 with boundary conditions
= @(r = R);ny(r =0) =0,
4.5)

where n; and ns are the concentration of molecules outside (r > R) and inside (r < R)

n(r — 00) = nee;n(r = R) = ng; —

of the irradiated area, respectively, was obtained by Miiller(Mwller) [108].
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Based on this solution, the concentration value at the boundary of the irradiated

area np can be represented as

(4.6)

LR/ 5;
where o = ?ﬁﬁ% Ioé R; Agi:;, R - position of the outer boundary of the irradiated area,

A= \Jiff = (D7)"? s the diffusion path of the precursor molecule, Mis = (D74is) /2

is the molecular path in the irradiated region, and Iy(x),/;(x) and Ky(z),K;(z) - mod-
ified Bessel functions of the first and second order, respectively.

The quantity np determines the shape of the distribution of the precursor con-
centration n(r) near the boundary of the irradiated region, which is described by the

equation
Io(r/Agis)

n(r) = nR—IO(R/AdiS)

4.7)

and has the form shown in Fig. 4.14

0.8 -
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0.6

n(r)n
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Fig. 4.14 — Precursor concentration distribution curve for uniform illumination of an

area with radius R = 2.429 ym

In the case of a more complex current density distribution within the irradiated
region, for example, having the form of a Gaussian curve, the value of the concentration
ng at different points will change. In order to describe the behavior of n(r), one can
numerically calculate the value of np for points located at different distances from the

electron distribution center according to the formula (4.6). During the calculation, the
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diffusion path length A4if = 10um, as well as the radius R = 2.429pm (corresponds to
the radius of the microring, experimentally obtained at irradiation of massive silicon by
an electron beam with an energy of 20keV and a current of 385nA) have fixed values.
The change in the value of 74;, and the corresponding Aj;s With the distance to the
point of beam incidence is related to the current density j(r), which can be taken, for
example, from the results of computer simulation by the Monte Carlo method. The
result of calculating the change in concentration n(r) under conditions corresponding
to the irradiation of massive silicon with an electron beam with an initial energy of
20keV and a current of 385pA is shown in Fig. 1. 4.15 a.

Knowing the behavior of the precursor concentration in the region of electron
irradiation and the distribution of the electron flux density, we can estimate the result-
ing profile of the carbon microring by sequentially multiplying the concentration and
current density values at the corresponding point. The resulting profile is a curve of
the deposition rate as a function of the distance to the point of incidence of the pri-
mary electron beam. The process of induced deposition in a mode limited by mass
transfer, in which the formation of microrings occurs, is considered to be quasi-station-
ary; therefore, it can be assumed that the deposition rate curve is similar to the profile
of a microring formed on the irradiated surface. Rice. 4.15 b illustrates the process
of obtaining a microring profile. The height of the microring is obviously determined
by the duration of deposition; therefore, for clarity of comparison, the peak height of
the calculated curve is normalized to the average height of the experimentally obtained
microring.

Comparison of the curve calculated on the basis of the diffusion model and the
Gaussian distribution of the BSE with the profile of the microring, experimentally mea-
sured by atomic force microscopy, is shown in Fig. 1. 4.16. In the presented figure,
three main areas can be distinguished: the outer wall of the microring growing towards
the center, the inner wall falling towards the center, and the central region inside the
microring.

The slopes of the inner wall for the experimental and calculated curves are in ex-
cellent agreement with each other, the correspondence of the curves for the outer wall
can be called quite good. The reason for the discrepancy can be the insufficient accuracy
of the applied diffusion model, as well as the deviation of the BSE current density dis-
tribution curve from the Gaussian shape, associated with the contribution of secondary

electrons, which can take part in the dissociation of precursor molecules, but are not
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Fig. 4.15 — a) Curve of distribution of precursor concentration on the silicon surface
under irradiation with an electron beam with an energy of 20 keV; b) Distribution
curves of the precursor concentration, backscattered electron current density, and
deposition rate as functions of the distance to the point of incidence of the electron

beam

taken into account within this model. In the central part of the microring, we can only
speak of a qualitative agreement between the model and experiment. The main reason
for this is the lack of consideration of the initial stage of deposition in the resulting
profile. It also seems quite probable that molecules with different long carbon chains
can participate in the process of deposition. In the future, this issue will be discussed

in more detail. Thus, we can conclude that there is a fairly good degree of agreement
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Fig. 4.16 — Deposit shape curve on the silicon surface during deposition by an
electron beam with an energy of 20 keV and a current of 385 pA

between the described model of electron beam-induced hydrocarbon deposition, taking
into account surface diffusion.

Analysis of the composition of the atmosphere of residual gases to determine the
hydrocarbons involved in the formation of microrings

The problem of identifying the molecules that lead to the appearance of a carbon

layer on the surface of samples arose more than half a century ago with the advent of the
first electron microscopes and is still relevant. Interest in this problem was initially asso-

ciated with the problem of a gradual deterioration in image resolution during long-term

observation of the same surface area. The assumption about the organic nature of the
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deposit appearing on the surface arose quite a long time ago [109; 110]. Its amorphous
structure and predominantly carbon chemical composition were also indicated. As a
result of further study, a mechanism was proposed for the formation of an amorphous
carbon deposit by dissociation of hydrocarbon molecules with their subsequent poly-
merization on the irradiated surface [16].

Analysis of the composition of residual gases in the sample chamber of the elec-
tron microscope used in this work by means of secondary ion spectrometry confirms the

presence of hydrocarbons in it. The mass spectrum of the atmosphere of residual gases,

6x10° F C4H10
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4x103
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Secondary 1on mass, a.m.u.

Fig. 4.17 — Mass spectrum of residual gases in the SEM sample chamber, which

demonstrates the presence of hydrocarbons in the composition of the atmosphere

presented in Fig. 4.17 was obtained using a Hiden Analytical HAL 7 RC quadrupole
mass spectrometer for an accumulation time of 200ms with a step of 0.2amu. The spec-
trum has a sawtooth shape, implying the presence of n—alkanes with molecular weights
M separated by 14 atomic mass units. The height of the peak decreases with an increase
in the number NV of carbon atoms in the chain for N < 10, and then reaches saturation.
Similar behavior was observed by [100] for the presence of hydrocarbons in a slightly

contaminated UHV chamber.



91

Molecules arrive at a speed of J. gas (molecules / chS) and return back to vacuum
after the average time 74;¢ in a physically adsorbed state or dissociate and stick to the
surface during the time 7gj,.

The saturation concentration n., from the equation (4.4) can be calculated from
the equilibrium condition on a non-irradiated surface when there is no dissociation and,
therefore, diffusion of molecules. In this case, setting s = 1 and discarding the corre-

sponding terms in the equation (4.4), we get

J 1\
Noo = Jgas ( g4 + ) . (48)
o Tdiff

From the Arrhenius equation:
D = Dyexp (—Ediff/RT) , Tdiff = To €Xp (Edec/RT) , 4.9)

where E ;¢ and E4. are the activation energies of diffusion and desorption, respec-
tively, R is the universal gas constant, and 7" is the temperature. Both F ;g and Ejeq
increase as [V increases. Their ratio 5 = Ediff/ FE4eg» according to the results of [111],
is approximately 0.3 for n—alkanes on Ru(001). The [111] authors also show that the
value of the coefficient Dy is practically independent of /NV. By introducing the notation

D = b7'(1iﬁﬂD and b = Dy7, SN const, we can write the product Dn., as a function of

Tdiff

b
gas
Do = F (rgiff) = ~ diff” =7 _ (4.10)
gas/ 10+ Tyify
The function F' (Tdiﬁ‘) (4.10) has a maximum value at
o 1— ﬁ
T = ————. 4.11)
diff Jgas 5

The maximum F' (Tdiﬂt‘) corresponds to the molecules that play the main role in the
induced deposition processes observed in the experiment.

Comparing the total current of secondary ions corresponding to each of the
n—alkanes with the currents obtained for ionized water and nitrogen molecules, we
estimated the partial pressure for molecules with a mass M ~ 130 a.m.u. approxi-
mately as 3 x 10~ Torr. According to the classical kinetic theory of gases, this value

corresponds to the flow Jgas ~ 5 * 10" molecules/cm?s at room temperature. Setting
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ng = 2 * 104cm™2 and 8 = 0.3 in the equation (4.11), we get the following estimate
for the residence time of the molecule in the adsorbed state, which plays a key role in

the process of induced deposition:

043710
Jgas

Tdiff = ~ 9% 10%s. (4.12)

According to [112] studies, the value of 7 for large molecules can be signifi-
cantly less than the typical value of 10~ 3¢ and, presumably, is in the range of 1071° to
10~1%s. Fig. 4.18 shows the dependence of 74iff on the carbon chain length N. When

10°

10°
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n
T 49
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10°
I I ]
6 8 N 10 12

Fig. 4.18 — Plot of time spent in adsorbed state versus carbon chain length for

pyrographite(1) and gold(2) substrates

constructing the graph, the desorption activation energies for graphite [100] and gold
[112] with 7y ranging from 10~* to 10~1%s. The intersection of the curves for graphite
and gold with the horizontal line Tdiff = 9 * 10%¢c occurs at N ~ 10, which indicates
the dominant role of n—decane in the formation of the deposited carbon layer.

The result of our estimate agrees with the conclusions of [100] authors about the

key role of n—nonane (N = 9) in ultraviolet-induced deposition of hydrocarbons on
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lens surfaces under ultrahigh vacuum conditions. A slight difference from our estimate
may be due to the fact that the authors used the value 7y = 10~ s in their calculations.
Reducing 7y makes long molecules a more likely candidate, as happened in our case.
Thus, it can be argued that the main contribution to the formation of a carbon
deposit on a surface irradiated by an accelerated electron beam is made by hydrocarbon

compounds with a carbon chain length of N =9 — 10.

Dependence of the shape of the carbon deposit on the properties of the sample

As noted above, deposition in a mode limited by mass transfer is characterized by
a certain radius 7 of a circle that cuts off the outer part of the BSE current density 7,,
which is sufficient for the dissociation of all molecules of the diffusion flux directed to
the irradiation region.

Fig. 4.19 a shows the result of modeling the scattering of an electron beam with
an energy of 20keV in a massive sample of platinum P¢, and Fig. 4.19 b - one of the
carbon microrings obtained on the surface of a platinum diaphragm under the action of
electron beam irradiation at an accelerating voltage of 20kV for 7 minutes. The average
ring diameter in this experiment was (718 &+ 14)nm, and the corresponding radius was
i (Pt) ~ 369nm.

Summing up the electron density in the outer region cut off by the ring of radius
i (Pt) (the area shaded in Fig. 4.19 a), we obtain some value of the current density
Jrk (Pt). The value of j, is directly related to the value of the diffusion flux, so it will
vary depending on the diffusion conditions, for example, the state of the surface or the
partial pressure of the precursor in the sample chamber.

Let us dwell in more detail on the influence of the sample material on the diffusion
coefficient. After the start of exposure to electrons, the process of induced deposition
begins on the surface and a carbon film appears. Film formation on the surface occurs
regardless of the sample material. In the case of a long exposure (tens of minutes) during
deposition in a mass transfer-limited mode, it can be assumed that surface diffusion
occurs along the deposited film. From this point of view, the diffusion coefficient does

not depend on the sample material.
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of the primary beam; b) experimentally obtained microring
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The statement that j,; does not depend on the properties of the sample and is
determined by the ratio of the molecular flux and the flux of primary, secondary, and
scattered electrons is a key assumption for the possibility of practical use of microrings
when comparing samples of different chemical composition.

Fig. 4.20 a shows the distribution curves of the spatial current density of the BSE
for Pt, GaAs and Si, obtained by modeling the scattering of 10° electrons with an
initial energy of 20keV in the corresponding substrates. Carbon microrings shown in
Fig. 4.20 b were obtained by irradiating substrates with an electron beam with a current
of 385pA at an accelerating voltage of 20kV for 10 minutes. All three substrates were
in the sample chamber of the electron microscope simultaneously, which provides the
same conditions for the formation of a primary coating of their surface with hydrocarbon
molecules.

The shaded areas in Fig. 4.20 a denote the electron density fraction j,(Pt) =
Jre(GaAs) = j,1(Si7) = j.i for each of the samples. To determine the value of j,,
the outer part of the BSE current density, cut off by the radius 7(Pt) ~ 369nm, was
summed. As can be seen from Fig. 4.20 a, the inner edge of the shaded area for GaAs
and S is farther from the point of incidence of the primary electron beam. This means
that the r;(GaAs) and r(Si) deposition boundaries are also more distant from the
distribution center, i.e., the sizes of the corresponding carbon rings will be larger than
those deposited on the Pt surface. The obtained values r;(GaAs) = 1332nm and
r,(S7) = 2429nm are close to the experimentally measured ones (1420nm and 2750nm
respectively ), which can be considered an indirect confirmation of our assumption that
Jr& 1s independent of the substrate material.

The shift of the deposition boundary 7 noted above for different materials under
constant conditions of surface diffusion leads to the need to study in more detail the re-
lationship with the scattering properties of a substance. Table 3 presents the parameters
that determine the intensity of electron scattering in a solid (according to the models
considered in the previous section of this paper) for some materials: atomic number Z,
atomic weight A and density p.

It can be seen from the figure that the shape of the BSE surface current density
distribution curve is retained for both materials. However, the lengths of the BSE outlet
regions for carbon and platinum differ significantly.

Fig. 4.21 shows the dependence of the radius of a carbon microring on the

density of the substrate material for various chemical elements. Values for r; (pre-
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Fig. 4.20 — The results of the study of bulk samples of Pt, GaAs and Si: a) curves of
the dependence of the current density of the BSE on the distance to the point of
incidence of the primary beam, obtained by modeling the scattering of 1 mln.
electrons with an initial energy of 20 keV in ; b) Carbon microrings obtained by
irradiation with an electron beam with an initial energy of 20 keV and a current of 385
pA for 10 minutes
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Table 3 — Table of dependence of carbon ring radius on atomic number and density

of substrate material

Material 7 A, am.u. p, g/cm? T, NM
Al 13 27 2.70 1238
Si 14 28 2.33 1356
Ti 22 48 4.54 1004
Fe 26 56 7.86 644
Cu 29 64 8.96 591
GaAs 32 72 5.81 857
Pd 46 106 12.02 479
Ag 47 108 10.50 534
Ta 73 181 16.65 390
\%% 74 184 19.30 341
Pt 78 195 21,40 313
Au 79 197 19.30 348
1500
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- e
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Fig. 4.21 — Dependence of the radius of a carbon microring on the density of the

substrate material; the atomic number of the chemical element is given in parentheses
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sented in the right column of Table 3) are obtained by modeling the scattering of 10°
electrons with an initial energy of 20keV in the respective substrates. The value of
Jre(St)wasusedasastartingpoint calculated for a microring with r(Si) = 1356nm
grown by an electron beam with a current of 240pA at an accelerating voltage of 20kV
for 10 minutes. It is easy to see that the dependences 71 (Z) and r;(A) are nonmono-
tonic. At the same time, it is known that the A/Z ratio weakly depends on the position
of the element in the periodic system, so the main characteristic of the material that
affects the length of the BSE output region is the density[113]. The monotonic change
of r;, from p confirms this assertion.

We can completely exclude the effect of changes in atomic number and atomic
weight if we consider the scattering of electrons in substrates of the same material,
but with different densities. On Fig. 4.22 shows the distribution curves of the spatial
density of the BSE current obtained by modeling electron scattering in three bulk carbon
samples. The only difference between the samples is the density, which ranged from 1.5
to 3.5g/cm?, which can be seen as carbon in different allotropic states. It is easy to
see that the size of the BSE exit region decreases almost monotonically with increasing
material density: it is about 5000nm for amorphous carbon (density 1.5 g ), 3700nm

cm?

for graphite (2.25 Cl%lg) and 2500nm for diamond (3.5%). At the same time, the

CORE for all three substrates is the same.

Thus, two main features of induced deposition on substrates made of different
materials can be distinguished: first, under constant conditions for the formation of
a primary hydrocarbon coating on the sample surface, the deposition process is deter-
mined mainly by the spatial distribution of the BSE current density; secondly, the length
of the BSE exit region and the shape of the corresponding electron density distribution

primarily depend on the density of the material of the irradiated substrate.

Studying the dependence of the carbon deposit shape on irradiation conditions

In addition to the conditions for the formation of the n., primary hydrocarbon
coating and surface diffusion on the surface of the irradiated sample, the processes of
induced deposition are determined by the conditions of electron irradiation. There are

two characteristics of the primary electron beam that we can control during the experi-
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Fig. 4.22 — Curves of the dependence of the current density of the BSE on the
distance to the point of incidence of the primary electron beam with an initial energy
of 20 keV, obtained by modeling electron scattering in various allotropic modifications
of carbon: diamond, graphite and amorphous carbon

ment: the accelerating voltage, which sets the initial electron energy Ej, and the value
of the primary beam current. The angle of incidence of primary electrons also has an
effect, but in the framework of this work, we consider only the vertical incidence of the
beam on the sample.

Figure 4.23 a shows the curves of the spatial distribution of the BSE current den-
sity for several values of the initial energy of the electron beam in the gallium arsenide
substrate. The simulation was carried out for 10° electrons at normal beam incidence.
The shaded areas correspond to the part of the current density, which, when summed,
gives the value j,.

In the medium energy range (5 —40keV), the BSE coefficient changes slightly, so
the total BSE current remains the same. At the same time, the change in the shape of the

curve with an increase in the accelerating voltage is similar to the case of an increase



100

a E

o 107 GaAs ® 07 keV
E . ©® 10 keV
HE 104 @15 keV
§ ® 20 keV
T g

z

7]

5 —0

8 10

k=

[1}]

g 107

]

5

£ 10

-

aa]

109 :|

0 500 1000 1500
Distance from the beam incidence point, nm

20keV ” 15 keV

Mag = BOOUK % 300 EHT=20.00K¢ SgesA=inlens Dot 27 Bug 2 | Mag= SQUUK A 20 am EHT = 1500kY  Signel & =lalems  Dme 32 Aug 2042
Tl Argle = 7.0 I WOT EZmM Ao Mo = 8357 Tie 1161748 Tik deghe = THO WO = EAme  Plols M = 8338 Tima 16:31:04

10 keV 7keV

M= S000KK  EO0Am EHT=20.008Y  Sigas A= lnlons  Dube 22 g 2014
TikAngo= 780" T WO=aSmm  Frooto =843 Timed 7765

Mag= SOCOKK  Sem EHI=2000K0  SemalA=inlans Dt 32 hug 2014
TRANe = THOC Wh= 4Emm  Shoto Mo = B20T Time 1 711:24

Fig. 4.23 — Dependence of the current density distribution on the distance to the point
of incidence of the primary beam at various values of the accelerating voltage for
GaAs: a) simulation results for 1 million electrons; b) carbon microrings

experimentally obtained under appropriate conditions

in the density of the material. The boundaries of the shaded regions corresponding
to different values of the initial electron energy move away from the point of beam

incidence as the energy increases. As j,;, we took the value of the current density
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corresponding to the deposition of a carbon ring with radius 74(20) = 1353nm on the
surface of gallium arsenide under electron beam irradiation at an accelerating voltage of
20kV ( Fig 4.23 b). Measurement of the r; radius for other electron energies gives the
following: 71 (7) ~ 288nm, r;(10) ~ 485nm and 7(15) ~ 882nm. Measurements of
the carbon microrings shown in Fig 4.23 b show a similar trend. Such a "spreading" of
the BSE current density distribution relative to the beam incidence point with increasing
energy is a quite expected result from the point of view of an increase in the total electron
path length.

When the beam current changes, the opposite situation arises: the shape of the
distribution of the spatial current density of the BSE remains unchanged, the value of
the current density at each point increases. The value of j,; obviously does not change,
so a shift of the sedimentation boundary occurs. Figure 4.24 b shows images of carbon
microrings obtained for different values of the current of the primary electron beam on
the surface of a silicon single crystal. The results of the corresponding simulation are
shown in Fig. 4.24 a. It can be seen from the figure that the distribution curves of the
spatial current density differ in amplitude. The shaded areas correspond to the part of the
current that forms j,;. As j,, we took the value of the current density corresponding to
the deposition of a carbon ring with a radius of r;(240) = 1356nm on the silicon surface
under irradiation with an electron beam with a current of 240nA at an accelerating
voltage 20kV. Measurement of r radius for microrings corresponding to other primary
beam currents: 7;(15) ~ 257nm, r;(70) ~ 912nm and r(640) ~ 1641nm, reflect the
tendency for the deposition boundary to shift along with the current value. It can be seen
that the change in the size of the microring depending on the magnitude of the current
1s monotonic. Knowing the value of the limiting current density for any value of the PE
beam current, it is easy to predict the value of the limiting current density for any other
value of the current. At the same time, the invariance of the shape of the distribution of
the spatial current density of the BSE allows solving the inverse problem of determining
the magnitude of the current from the dimensions of the carbon microring formed on
the surface upon irradiation with a corresponding beam. Thus, the method of electron
nanotomography can be successfully used to control the beam current.

One of the common methods for determining the current density is the use of a
surface layer of a polymer resist that is sensitive to electrons. The measurement process
in this case 1s multi-stage, including chemical exposure, drying and subsequent obser-

vation of the developed structure. The use of the dependence of the diameter of the
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of incidence of the primary beam at different current values for Si: a) simulation
results for 1 million electrons; b) carbon microrings experimentally obtained under

appropriate conditions

carbon ring on the current density noted above makes it possible to avoid the need for

additional processing of the sample and breaking the vacuum for developing and dry-
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Table 4 — Comparison table for carbon ring radii and r

Electron energy, keV 7 10 15 20
rk(GaAs), nm 288 485 882 1353
Microring radius (GaAs), nm 305 621 861 1353
Primary beam current, pA 15 70 240 640
rr(S7), nm 257 912 1356 1641
Microring radius (Si), nm 388 733 1356 1549

ing the resist. Measurements of the obtained carbon footprint can be made immediately
after the end of irradiation. In addition, scattering in the polymer resist layer inevitably
distorts the current density measurement result. The induced deposition, in turn, has
practically no effect on the motion of the primary electron beam.

The study of the features of the induced deposition of hydrocarbons makes it pos-
sible to obtain important information about the features of electron scattering, as well
as the surface diffusion of adsorbed molecules. Observation of deposition in the regime
limited by the reaction rate gives grounds to assert that the main source of the precur-
sor for deposition is surface diffusion. In addition, backscattered electrons and the S F
secondary electron flux generated by them significantly change the deposition dynam-
ics, since they weaken the diffusion flux directed to the center of the nanocolumn and
change the diffusion conditions at a distance from the point of incidence of the primary
electron beam. Within the framework of this study, it is even more important to study
the induced precipitation of hydrocarbons (presumably n—alkanes with a chain length
of N = 9 — 10) in a mode limited by mass transfer. We believe that the shape and
size of carbon microrings that appear on the surface during long-term deposition in this
mode are closely related to the spatial distribution of the BSE in the irradiated samples.
In practice, the relationship between the BSE flux and the carbon structure, which is
formed under the action of irradiation, is expressed by the external part of the current
density j,x, cut off by a ring of radius r; and sufficient for the dissociation of molecules
of the diffusion flux directed to the center of irradiation. The position of j,; relative to
the point of incidence of the primary beam under constant conditions of surface diffu-
sion of hydrocarbons is determined primarily by the density of the sample material, as
well as the initial energy and current of the primary electron beam. Based on this, the
study of changes in the shape of carbon microrings opens up possibilities for control-

ling the parameters of an electron beam and even for characterizing the composition of
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a sample, in particular, inhomogeneous structures, which will be discussed in the next

section.

4.2 Investigation of the dependence of the size of the BSE emission region on the
thickness and composition of layers in multilayer structures

The relationship between the spatial distribution of the current density of the BSE
and the scattering properties of the sample material underlies the technique for analyz-
ing multilayer planar structures proposed in [8]. In a sample consisting of two materials,
the radius 7 can take intermediate values between 7 and 79 of the corresponding ma-
terials. If a layer of lighter material = thick is applied to the substrate, r;, grows with
x. Knowing the 7, (x) dependence, we can predict the elemental composition and layer
thickness in a multilayer sample.

The practical use of the analysis of the spatial current density of the BSE for pre-
dicting the internal structure of a multilayer sample is called the electron nanotomog-
raphy method. This method involves the joint use of computer simulation of electron
beam scattering in layered systems and experimental study of the products of induced
hydrocarbon deposition on the surface of samples of the appropriate composition.

In the previous section, we listed three main factors that determine the size of
carbon rings resulting from the induced deposition of hydrocarbon molecules on mas-
sive substrates: the current and energy of the primary electron beam, and the sample
material. In the experimental conditions, we are dealing with their totality. It is often
difficult to separate the effect of each factor on the resulting scattering pattern and the
corresponding deposition result. In this regard, to study changes in the distribution of
the spatial current density of the BSE, the simulation of the interaction of the incident
beam with samples of various structures by the Monte Carlo method is used.

Figure 4.25 shows electron trajectories obtained by modeling scattering in a lay-
er-substrate structure using an aluminum-copper pair as an example. The thickness of
the aluminum layer on the copper substrate is 350nm. The trajectories marked in red
correspond to the BSE that emerged through the surface.

The influence of the surface layer on the electron scattering process leads to a

change in the spatial distribution of the BSE current density compared to the corre-
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Fig. 4.25 — Distribution of electron trajectories during Monte Carlo simulation for a
350nm aluminum(Al) multilayer structure on a copper(Cu) substrate, obtained by

simulating the scattering of electrons with an energy of 20 keV at normal fall

sponding distributions in bulk samples. With an increase in the layer thickness, the
contribution of the corresponding material and the degree of changes introduced into
the electron scattering pattern increase, up to the moment when the distribution of the
spatial current density of the BSE does not begin to correspond to a massive sample
from the layer material. [31; 114] estimates show that the maximum depth of BSE 7,
exit 1s about 0.25 — 0.30 Rxo, where Ry 1s calculated for the layer material by the
formula (1.4).

Consider a pair of aluminum-copper materials. According to (1.4), the exit depth
is Zp(Al) ~ 1050nm, and Z,(Cu) ~ 440nm. Fig. 4.26 shows two series of curves
of the dependence of the distribution of the spatial density of the BSE current on the
thickness of the aluminum surface layer on the copper substrate (Fig. 4.26 a) and the
thickness of the copper layer on the aluminum substrate (Fig. 4.26 b). As noted earlier,
there is a certain critical layer thickness at which backscattering occurs exclusively in
the layer material, 7, ~ 0.25 — 0.3Rxo. Rxo is determined by the characteristics of
matter and energy, so the critical depth Z;, for primary beams of different energies will
be different. In connection with this, the energy of the primary beam, when constructing

each of the curves, was chosen to be the same equal to 20keV. Fig. 4.26 illustrates the
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transition from the distribution of the spatial current density of the BSE for the substrate
material to the distribution for the layer material. Comparing the intermediate curves
(50 — 200 — 500nm(Al) on C'u and 125 — 250 — 375nm(C'u) on Al) it is easy to see
that the change in the exit region size 12 occurs monotonically with the layer thickness.
It is reasonable to assume that the size and shape of the volume of interaction (at least
its part corresponding to the depth of the BSE exit Z) also changes monotonically with
thickness. A similar behavior should be demonstrated by the deposition boundary 7
associated with R, that is, the radius of the carbon microring on the surface. In this
case, we can assign to each layer thickness x the value r (), which is an experimentally
measured value. From a practical point of view, it seems reasonable to assume that a
change in the layer thickness makes it possible, to some extent, to control the shape of
the spatial distribution of the PPT of the BSE.

Based on the foregoing, it can be assumed that there is a one-to-one correspon-
dence between the thickness of the surface layer of a complex sample and the radius of
the carbon microring formed during its irradiation with electrons. Further discussion

will be directed to verifying the validity of this assumption.

4.2.1 'Two-layer structures

Two-layer structures such as a thin layer on a massive substrate are the simplest
object for studying the subsurface properties of samples that are inhomogeneous in
depth and composition. Structures of this type fall into two categories with respect
to the ratio of the scattering properties of the layer and substrate materials: a lighter
layer on a heavy substrate and a heavier layer on a light substrate. Let us consider the
effect of changing the thickness of the surface layer on the spatial distribution of the

spatial density of the BSE current of interest to us for both systems.
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A film of light material on a heavy substrate: C on Pt

As an example of a structure consisting of a light layer on a heavy material
substrate, let’s take a carbon film (Z = 6,p = 1.5g/cm?®) on massive platinum
(Z = 78,p = 21.4g/cm?). Figure 4.27 shows the results of carbon ring formation
for a series of samples with a carbon layer of various thicknesses on a platinum sub-
strate. Based on the ratio of the densities of platinum and carbon, it is easy to assume
that the size of the backscattered electron exit region 12 will increase with increasing
thickness of the carbon layer. An increase in the thickness of the carbon layer can be
considered as a decrease in the average density of the material near the surface. In this
case, obviously, the deposition boundary r; will move away from the distribution center.
The dependence of the carbon ring radius on the thickness of the surface layer, which
is observed in Fig. 4.27, confirms this assumption, at least qualitatively.

The possibility of quantifying the thickness of the carbon layer on the surface of
platinum requires that the same conditions for establishing diffusion, as well as condi-
tions for electron irradiation, be observed for each of the samples. For this purpose, all
samples under study, including the pure platinum substrate, were placed into the sam-
ple chamber at the same time. To determine j,, we used a microring with a radius of
r(Pt) = 359 4+ 7nm, obtained by irradiating a platinum diaphragm with an electron
beam of 350pA at an accelerating voltage of 20kV for 10 minutes. Similar microring
deposition processes were also carried out on all layered samples. The results of mea-
surements of the obtained rings are presented in Table 5.

Solving the inverse problem of determining the film thicknesses from the position
of the deposition boundary 7, requires plotting the r;(z) dependence of the microring
radius on the layer thickness. For this purpose, scattering of 10° electrons with an initial
energy of 20keV in samples with a carbon layer thickness from 25nm to 3um on a mas-
sive platinum substrate was simulated. The corresponding curve is shown in Fig. 4.29 a,
and the results of comparison of microring sizes and corresponding layer thicknesses
are in Table 5.

A two-layer structure with a surface layer of a less dense material makes it pos-
sible to observe a change in the nature of electron propagation with increasing layer
thickness. On the 7 (x) dependence curve for the carbon-platinum system shown in

Fig. 4.29 a, two main segments can be distinguished. The first one corresponds to the
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Table 5 — Comparison of modeling data and experimental measurement of layer

thicknesses for two-layer systems

Ring radius, nm | Layer thickness (exp.), nm | Layer thickness (model), nm
Cto Pt
1520 £ 90 370 £ 30 355
1290 £ 70 276 £+ 20 276
1060 + 60 200 £ 20 206
760 £ 40 114 + 13 115
560 + 30 61 +7 61
Au to Si
750 £ 50 159 £ 18 171
970 £ 60 138 £ 15 130
1100 + 60 111 £12 103
1200 £ 70 86 £ 6 84
1280 + 90 65+ 6 67
1330 + 90 60 + 6 53
1350 + 90 37 +£7 50
Al to Cu
830 £ 70 471 + 40 414
980 £ 70 321 £ 30 314
1240 + 90 219 £ 30 183
1440 £ 90 114 £ 13 120
1600 + 100 26 £ 6 57
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Fig. 4.27 — Dependence of the dimensions of carbon rings on the thickness of the
carbon layer on the platinum substrate, obtained by irradiation with an electron beam
with an initial energy of 20 keV for 10 minutes

layer thickness from 600 to 1500nm, and the second one - from 1500 to 3500nm. Each
of these sections can be approximated by a straight line. It is reasonable to assume
that electron scattering occurs in two regimes, the contribution of each of which to the
change in the spatial current density of the BSE changes with increasing layer thick-

ness. From the point of view of the terminology of the electron diffusion model, the
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first section corresponds to the establishment of the regime of multiple scattering of the
electron beam in the layer material, and the second - to the regime of electron diffusion
in it. An increase in the average number of collisions during the passage of the layer
causes a weakening of the dependence of the radius of the carbon ring on the thickness.
This explains the change in the slope of the curve in the region corresponding to electron

diffusion.

A film of heavy material on a light substrate: Au on Si

The behavior of the distribution of the electron density of the BSE for a two-layer
structure will be significantly different in the case when the ratio of atomic numbers and
densities of the substrate and layer are interchanged. As an example of such a system,
we took a silicon substrate Si(Z = 14,p = 2.33g/cm?®) with a gold surface layer
Au(Z =179, p = 19.30g/cm?).

An increase in the film thickness in this case has the opposite effect on the distri-
bution of the spatial density of the BSE current compared to the previously considered
aluminum film on a copper substrate: the distribution shrinks towards the point of inci-
dence of the primary beam, and the intensity of the central region increases accordingly.
The displacement of the BSE exit boundary, by analogy with the previous case, should
occur in the direction of the distribution center, thereby causing a decrease in the size
of the formed carbon microrings.

The previously considered dependence of the BSE distribution on the sample ma-
terial suggests that the deposition of a gold layer with a significantly higher density on
the silicon substrate should cause compression of the spatial distribution in the direc-
tion of the point of incidence of the primary electron beam. The system of microrings
presented in Fig. 4.28, obtained on samples with different thicknesses of the gold layer
on a silicon substrate, confirms this assumption.

The procedure for studying the quantitative correspondence between the thick-
nesses of gold layers along the measured radii of carbon microrings is completely simi-
lar to that used for the carbon-platinum system described above. To determine the value
of j,1, we used a ring with a radius of (57) = 1400+ 30nm deposited on the surface of

a clean silicon substrate by an electron beam with a current of 300pA at an accelerating
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Fig. 4.28 — Dependence of the size of the carbon rings on the thickness of the gold
layer on the silicon substrate obtained by irradiation with an electron beam with an

initial energy of 20 keV for 15 minutes

voltage of 20kV for 15 minutes. The dependence curve 7 () for the gold layer on bulk
silicon is shown in Fig. 4.29 b, and the corresponding layer thickness measurements are
shown in Table 5.

Studying the curve shown in Fig. 4.29 b raises a reasonable question about the
reason for the absence of distinct multiple scattering and electron diffusion regions that
are present in Fig. 4.29 a. A possible explanation seems to be the difference in the
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direction of change in the spatial distribution of the BSE when applying the surface
layer. A denser surface layer provides a kind of screening of the BSE distribution from
the substrate. The influence of the surface layer mainly affects a part of the electrons
propagating in the diffusion mode. This is due to their lower average energy compared
to electrons that move in the multiple scattering regime. Thus, the component of the
electron flux from the substrate, which propagates in the diffusion mode, practically

does not contribute to the resulting distribution of the current density of the BSE.

General pattern for two combinations

The dependence of the size of the carbon ring on the thickness of the surface
layer, constructed according to the data of electron scattering simulation by the Monte
Carlo method, is shown in Fig. 4.29. The figure reflects the behavior both for the case
of a light layer on a heavy substrate, using the carbon-platinum pair as an example
(Fig. 4.29 a ), and for the heavy layer on a light substrate, using the gold-silicon pair
as an example (Fig. reffig:FIGMCRingVa b ). It is easy to see that the change in the
radius of the carbon ring with increasing layer thickness occurs monotonically from a
value characteristic of a massive substrate to a value describing a massive sample of the
material of the surface layer.

An interesting feature that manifests itself in both types of systems is the inflection
of the curve in the region of small (several tens of nm) layer thicknesses (shown in the
insets in Fig. 4.29). The presence of a kink indicates that the effect of a thin layer on
the scattering properties of the structure is somewhat different in comparison with thick
layers. This feature of the behavior of two-layer structures can also be described in
terms of the theory of electron diffusion (Section 1.1.2). When passing through a layer
of small thickness, the primary and backscattered electrons experience a number of
collisions that is insufficient for the multiple scattering regime to be established. Then
the propagation of the electron beam occurs in the mode of single scattering. In this
case, a significant part of the electrons slightly changes the direction of their propagation
when passing through the layer. This manifests itself in a significantly smaller effect of
the thickness on the radius of the carbon microring than with a further course of the

curve.
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The monotonic nature of the dependence of the position of the deposition bound-
ary rj on a two-layer structure on the thickness of the surface layer makes it possible to
relate these two quantities by a simple relation for further use. An increase in the layer
thickness can affect the spatial distribution of the BSE current density on the surface up
to the critical thickness 7, ~ 0.25 — 0.3 Rk, which indicates the maximum depth of
the BSE exit. The degree of influence of the layer, in this case, should be proportional
to the ratio x/ R o, which reflects the fraction of the electron path traveled in the layer
from the maximum possible one. Based on the shape of the curve reflecting the desired
dependence 7 (x) for the gold layer on the silicon substrate, we can assume a linear
dependence on x. In this case, the expression for the relationship between the radius of
the carbon microring rg () for a two-layer structure with the thickness of its surface

layer x has the form

i
a1 (2) = 710 + (Tunder,o - TSl,O) (1 B O.SRKO> ’

where 7, 1s the radius of a microring on a massive sample of the layer material,

sl,o

Tunder.o 1S 0N a clean substrate.

Using the expression for R from (1.4):

,0Z8/9
pl (T) = Tslo + (Tunder,o - Tsl,o) (1 - 370.3 N 27.6AE5/3> : (4.13)

Fig. 4.30 shows a comparison of 7(x) dependencies for different layer-substrate
systems, obtained by Monte Carlo simulation and calculation by the formula (4.13).
Obviously, for the Au/Si and Cu/Al systems, where the layer material is denser and
heavier than the substrate material, the result of the approximation of the r;(x) depen-
dence is in good agreement with the simulation results in almost the entire range of layer
thicknesses . For systems with an inverse ratio of the scattering properties of the C'/ Pt
and Al/Cu layer and substrate materials, the discrepancy is much more significant. As
noted earlier, the main reason for this, from our point of view, is a change in the nature
of the propagation of the scattered electron beam from the substrate at layer thicknesses
corresponding to the establishment of the electron diffusion regime. Nevertheless, it
can be considered that the equation (4.13), in general, reflects the dependence of the

ring radius on the layer thickness in the case of a heavier substrate material as well.
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Fig. 4.30 — Dependence of the radii of carbon microrings on the thickness of the
surface layer, obtained by modeling the scattering of 1 million electrons with an initial

energy of 20 keV for systems of various chemical compositions

Determining sensitivity and thickness resolution. Comparison with results ob-
tained by the cross-section method

The sensitivity of the technique for determining the thicknesses of subsurface lay-
ers depends on the value of the gradient dry/dx, which determines the change in the
size of the microring 7, with thickness x. It is obvious that the greater the difference
in the characteristics of the materials that determine the scattering properties and, ac-
cordingly, the influence of the surface layer, the greater will be the magnitude of the
considered gradient.

Considering the dependence of the position of the boundary r; on the thickness
of the layer = using the example of a carbon layer on a platinum substrate, we can
distinguish three sections, each of which has a different gradient. The initial segment of

the curve, corresponding to the single scattering mode, is characterized by the smallest
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change in the size of the microring with thickness, and the gradient dry/dz is small.
The next part of the curve, where the gradient is maximum and practically does not
depend on the layer thickness, corresponds to the multiple scattering regime. The last
part of the curve, corresponding to the establishment of the electron diffusion mode
in the layer material, shows a smaller gradient of change in the microring radius with
the layer thickness than in the previous section of multiple scattering. The duration of
the curve segments directly depends on the accelerating voltage applied to the primary
beam. To increase the sensitivity of determining the layer thickness, it is necessary
to choose the energy of primary electrons so that the layer thickness of interest to us
falls within the region of the maximum gradient. This is achieved by decreasing the
accelerating voltage when studying thin films and, conversely, by increasing it in the
case of large layer thicknesses.

One of the factors limiting the accuracy of determining the layer thickness is
the measurement error of the microring size. This value is inversely proportional to
the radius of the ring; therefore, in order to improve the accuracy of measurements,
it is reasonable to choose conditions corresponding to the deposition of a structure of
the maximum size. As has been repeatedly pointed out earlier, the radius of a carbon
microring on a substrate made of some material strongly depends on the current and
energy of the primary electron beam. An increase in the incident electron flux leads to
an increase in the size of the deposited structure. At high values of the beam current,
the effect of surface charging can be observed, caused by the fact that the electron flux
that hits the substrate does not have time to drain from the sample. In this case, a neg-
ative charge accumulates near the point of incidence, which leads to a distortion of the
electron density distribution and, accordingly, disrupts the microring deposition mode.
The charging effect reduces the accuracy of ring sizing, so using too high currents does
not give the expected reduction in measurement error. There are also substrates that
are sensitive to the action of electrons, in the study of which the use of high currents
is also undesirable. The influence of the accelerating voltage was discussed above in
connection with the gradient dry /dx. The growth of the ring size with increasing elec-
tron energy implies that the maximum possible accelerating voltage should be used,
allowing one to be in the linear region of the curve.

From the point of view of determining the fundamental sensitivity of the tech-
nique, it 1s interesting to consider a pair of materials that are similar in their scattering

characteristics. Consider a pair of aluminum(Z = 13,p = 2.70g/cm?)-silicon(Z =
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Fig. 4.31 — Dependence of the position of the deposition boundary on the thickness
of the Al surface layer on the Si substrate, obtained by modeling the scattering of 1

million electrons with an initial energy of 20 keV

14,p = 2.33g/cm?®). On Fig. 4.31 shows the dependence of the radius of a carbon
microring on the thickness of the aluminum layer on the surface of bulk silicon. The
ring radius measurement accuracy is 5 — 10nm. The corresponding range of aluminum
layer thicknesses in the linear part of the curve is 16 — 33nm. This value can be taken
as a rough estimate of the sensitivity of the method.

Table 5 presents the results of comparing the thicknesses of surface layers of
different systems, obtained experimentally using the method of forming a cross section
with an 1on beam (middle column) and calculated using the electron nanotomography
method (right column) based on experimental data on the sizes of the corresponding
carbon rings. It can be seen from the table that the prediction accuracy in the range
of thicknesses corresponding to the middle part of the linear part of the curve of the
dependence of the ring diameter on the layer thickness (Fig. 4.29) is quite consistent

with the estimates given above. In the region of large thicknesses and in the case of thin
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films, when the nonlinear behavior of this dependence is manifested, the accuracy of

determining the layer thickness decreases.

4.2.2 Structures containing more than two layers

400 = ® AI(X nln')_|-Au(50nln)-f-Si(SubStI‘ate)

- Al(x nm)+Au(50nm)+Si(substrate)(experiment)

[ —e— Al(x nm)+Si(substrate)(simulation) =
°

W

o)

o
|

Aluminum layer thickness, nm
= S
[ s
| |

o

450 500 550 600 650 700

Carbon microring radius, nm
Fig. 4.32 — Comparison of the dependences of the position of the deposition

boundary on the thickness of the Al surface layer, obtained by modeling the scattering
of 1 mln. electrons with an initial energy of 7 keV on a massive Si substrate and on a

silicon substrate with a surface layer of 50 nm Au

On Fig. 4.32 shows the dependence of the radius of a carbon microring on the
thickness of the carbon layer, where the two-layer Au50nm structure on a massive sili-

con crystal acts as a substrate.



120

The presence of a gold layer between the silicon substrate and the surface layer of
carbon leads to a decrease in the sensitivity of the electron nanotomography technique.
This is caused, first of all, by a decrease in the gradient dr /dx for a three-layer structure
compared to a two-layer one. Scattering from the gold layer shields the signal from the

substrate and changes the electron density distribution.

4.2.3 Prospects for nanotomography

The possibilities of non-destructive control of the thickness of surface layers by
analyzing the spatial distribution of the BSE can find application in the field of electron
tomography of complex multilayer structures. On Fig. 4.33 shows comparative images
of the surface of platinum after annealing at a temperature of 1000°C for a clean surface
(a) and for a surface with a deposited aluminum layer 210nm thick. The method of
electron nanotomography makes it possible to determine the thickness of the surface
layer by measuring the size of the corresponding carbon microring. These data, in
the future, can be used to solve the inverse problem of restoring the original picture
of the surface microrelief. For example, in the case of a platinum surface, knowing
the thickness of the aluminum surface layer can make it possible to correct the width
and shape of the terraces, which are clearly visible in Fig. 4.33 a, but are "smeared" in

Fig. 4.33 b due to electron beam scattering in the surface layer.

4.3 Comparison of the obtained results with the results based on the measurement
of the BSE current

The fundamental possibility of determining the thickness of surface films on a
massive substrate 1s shown in the previous section. It is interesting to compare the
relative measurement error by our proposed method with the electron microtomography
method based on the analysis of the BSE energy distribution [60]. Table 6 shows the data
for determining the thickness of the surface film for samples certified by independent

methods. The comparison is carried out for two types of structures: a light layer on a



121

F- = ¥ r

Fig. 4.33 — Images of a system of terraces (top) and their corresponding carbon rings
obtained by irradiation with an electron beam with an initial energy of 20 keV at a
current of 370 pA for 10 minutes (bottom): a) on the surface of annealed platinum; b)
on the surface of platinum under a layer of aluminum 210 nm thick. The insets show
enlarged images of surface areas near the interface between two grains with different

orientations.

heavy substrate (Al on C'u) and a heavy layer on a light substrate (Awu on St for electron
nanotomography and C'u, on Al for electron microtomography ).

It can be concluded that both methods provide a similar measurement accuracy
for a layer thickness much greater than the mean free path of an electron in the corre-

sponding material. For small thicknesses, the error is much higher. Like the authors
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Table 6 — Comparison of accuracy of determining the thickness of layers in

multilayer structures for various methods

Thickness exp., nm | Thickness (method), nm | Error, %
Micro-ring measurement method

Al on Cu

471 + 14 414 12

321 +£6 314 02

219 +£4 183 16

114 + 4 129 05

26 + 4 57 119
Au on Si

55 37 54

70 65 07

90 86 04

108 111 03

135 138 02

175 149 15

Method of electron microtomography [60]

Al on Cu

800 740 + 30 7.5

400 470 4+ 30 17.5
Cuon Al

100 110 £ 5 10

50 84 +5 68

of [60], we attribute this to the fact that the multiple scattering regime at small film
thicknesses has not yet had time to be established and the electron experiences a small
number of collisions. The energy losses and the spatial distribution of the BSE in this
case are poorly described by the applied scattering models.

The possibilities of the method of layer-by-layer analysis of inhomo-
geneous structures are demonstrated on a number of concrete examples of
(Au/C/Pt, Au/St, Al/C/Si, Al/Cu). Tt is shown that the typical error in determin-
ing the thickness and depth of discrete layers is 10 — 15nm in structures several hundred
nanometers thick. Relative accuracy of measurements is not inferior to other methods
based on measurements current of backscattered electrons in the SEM, but is achieved
by much simpler means: by observing the trace of the BSE-induced deposition of hy-

drocarbons on the surface.
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Conclusion

The main results of the work can be summarized as follows.

1. Two types of nanostructures (nanopillars and microrings) formed during the
deposition of hydrocarbons induced by a focused electron beam have been
studied. The study of differences between the results of induced deposition
on the surfaces of thin films and bulk samples made it possible to reveal the
decisive role of backscattered electrons in establishing the deposition regime
corresponding to the appearance of carbon microrings on the surface.

2. A model of electron-induced deposition is proposed, which relates the pro-
cesses of surface diffusion of hydrocarbons and the formation of a lateral dis-
tribution of the current density of backscattered electrons. The application of
this model makes it possible to explain the relationship between the displace-
ment of the carbon microring boundary and the change in the main parameters
of the primary electron beam (current and energy). It is shown that the size
of a microring formed on the surface of a solid body irradiated by electrons
is determined by the part of the lateral distribution of the current density of
backscattered electrons that is far from the center.

3. The results of computer simulation of electron scattering in solids and exper-
imental induced deposition of microrings on samples of different chemical
composition are compared. It has been established that the main parameter of
a solid body, which determines the lateral distribution of the current density
of backscattered electrons, is the density.

4. An original method for deep probing of multilayer structures based on the
established dependence of the lateral distribution of the current density of
backscattered electrons on the elemental composition, density and thickness of
the layers they cross, as well as the parameters of the primary electron beam,
the method of electron nanotomography, has been developed. The capabili-
ties of the method have been demonstrated on a number of specific systems
(Au/C/Pt, Au/Si, Al/C/Si, Al/Cu). It is shown that the typical error in deter-
mining the thickness and depth of discrete layers is 10— 15nm 1n structures sev-
eral hundred nanometers thick. The relative accuracy of measurements is not

inferior to other methods based on measurements of the current of backscat-
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tered electrons in an electron microscope, but is achieved by much simpler
means.

. The method of electron nanotomography was used to study a series of
thin-layer samples on a massive substrate with different layer thicknesses. A
change in the size of a carbon microring with an increase in the thickness of
the surface layer has a linear character in the range of thicknesses compara-
ble in magnitude with the length of the volume of interaction of electrons in
a solid body of a similar composition. A formula is proposed that describes
the change in the size of a microring depending on the thickness of the surface

layer.
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List of abbreviations and conventions

SEM - Scanning electron microscopy, scanning electron microscope
BSE - Backscattered electron

BSEy - Backscattered electron yield

PE - Primary electron

SE - Secondary electron

SEE - Secondary electron emission

EBID - Electron Beam-Induced Deposition

ETS -Electrostatic toroidal spectrometer
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