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Po3nin 5. TPAHCMICIMHA EJJEKTPOHHA MIKPOCKOIIIS

TpancwMmiciitHa (mpocBivyro4a) eIeKTPOHHA MiKpocKomis (aHri.: Transmissions
Electron Microscopy — TEM) Oepe cBiii moyaTok 3 MEpUIOTrO €JIEKTPOHHOTO
Mikpockomna, 30ymoBaHoro 1931 poky Himenpkumu imkeHepamu E. Ruska i
M. Knoll. Brmacae Tomi, moHaja BICIMJIECSAT POKIB Hazaa, Oylo BIAKPHUTO, IO
HEOJHOPiAH1 KoakciaibHi (y BUIJIANL T oOepTaHHS) MarHiTHI TOJS MOXHA
BUKOPUCTOBYBATH Il (POKYCYBAHHS €JICKTPOHHHUX ITy4YKiB, TOOTO BOHH SIBIISIOTH
coboto maruiTHi (esekTpoHH1) JiH3u. [locTiiiHI HAyKOBI MOITYKH B I[bOMY HAIPsIMi
NPUBEJIM JI0 CTBOPEHHS BHUCOKOSKICHUX EJIEKTPOHHUX JIH3 13 TIOJIOCHUMU
HAaKOHEYHUKAaMH, SKi BUKOPHUCTOBYIOTH y CYYaCHHMX EJIEKTPOHHUX MIKPOCKOIIaX.
Taki niH3M MaTh ayxke Maim (OKycHI BiiCTaHI Ta BIIMNOBIHO JTalOTh
HaJ[3BUYAHO BEJIMK1 30UTBIICHHS 300pakeHHs 00'€KTa.

Sx BimOMO, MaKCHMaJlbHa pO3IUIbHA 3AaTHICTH ONTHYHOTO MIKPOCKOIIA
MPsIMO TIPOTIOPITiHA JTOBKWHI BUKOPUCTOBYBAHOI XBWIII CBITia (mpaBmio A66e) i
He nepeBunlye 0,2 MkM. EjekTpoHu, B CBOIO Uepry, MOxHa pO3TJIsiAaTH SIK XBUJI
ne bpoins, noBxkuHa SKUX MPUOJM3HO HA M'STh MOPSAKIB MEHILIA Bl JOBXKUHU
ONTHYHUX XBWIb. lle oO3Hauae, 1m0 30UIBIICHHS EIEKTPOHHOTO MIKPOCKOIA,
TMOPIBHSIHO 3 ONTHYHKM (sike He mepeBuutye 3-10°), TeopeTndaHo MoXe OyTH B
CTiTBKH K pa3iB OimpmmM, To6TO mMpuGmU3no 10°. OxHak, y 3B'S3KY 31 3HAYHOIO
chepruHOlO abepalier0 CICKTPOMArHITHHX JIiH3, MAaKCHMAJIbHE 301LIbIICHHS
Cy4acHHUX eJIEKTPOHHHMX MIKPOCKOIIIB JEII0 HIKYE 1 CATae 2-106, 110 BIAIIOBIIAE
MeX1 po3JIIbHOI 37aTHOCTI Ha piBHI 0,1 HM.

3aBasKM Takiii BUCOKiW po3autbHilM 31aTHOCTI TEM MOXHA BUKOPHUCTOBYBATH
JUIsL JOCHIIPKeHHsI, BUMIPIOBaHHS Ta Bi3yaJbHOro KOHTpodio cTpyktyp BIC, ski
BUTOTOBJISIIOTh 32 TEXHOJOriyHUMHU mporecamu 10+ 100 HM, Yoro He MOXHa
3MIACHUTH 32 JIONOMOTOI0 3BHYAMHHX ONTHYHUX MikpockomiB. Tomy TEM
HaJICKUTh 10 BUCOKOC(PEKTUBHUX METOJIB aHami3y cyOMikpoHHUX cTpykTyp BIC.
Kpim TOro, 1me OauWH 13 Cy4YaCHMX METOJIB JOCIDKECHHS eIeKTpO]I3uIHNX
napameTpiB TBEPAHUX TiJI, HA OCHOBI SKOTO (POPMYIOTHCS CyO- UM HAHOMIKPOHHI
CTPYKTYPH, 30KpeMa KPEeMHII0, apCEeH1 Talif0 TOIIIO.

5.1. Texnosorist npuroryBanus B3ipuis aiasa TEM

OG'ektoM nocaimkenHs B TEM € ToHkui B3ipelb, SAKUWA IPO30PHI I
€JEeKTPOHIB 1 30epirae BCl XapaKTepPUCTUKH JOCIIKYBAaHOTO MaTepiaiy.
[Ipo3opicTh 00'exTy Al €MEKTPOHIB 3aJICKUTh HAaCAMIIEPE BiJl aTOMHOTO HOMEPA
Marepiay B3IpId Ta MPUCKOPIOKYOI HAMpyru, TOOTO BiJ €HEprii majgarouux Ha
B3ipellb eJIEKTPOHIB. MakcuMasbHa TOBUIMHA B31pis (Y BUIIISAAL (POJIBIH) 32 YMOBHU
npuckopiorouoi Hanpyru 100 kB, cranoButh mist ypany — 0,1 Mxwm; 3amiza —
0,5 MmxM; amtoMiHito — 1 MKM. I'paHudHy Mpo30picTh 00'€KTa CIIiJ BpaXxOBYBaTH B
TUX BUIAJKaX, KOJU 3a HEOOXiAHOI opieHTaIii (oSBT HE BIAETHCS OTPUMATH
JIOCTaTHBO KOHTPACTHOTO (oTorpadivHOro 3HIMKA YIPOJOBXK TPUBAJIOTO Yacy
OCBITJICHHS. MakcUMallbHUN Yac OCBITJIEHHS, B CBOIO YEpry, BU3HAYAETHCS Mapa-
MeTpaMu CTaOUTbHOCTI HAIPYTH Ta CTPYMY JIIH3, a TAKOXK CTAOUTBHOCTI B31pIIsl.

JlocTaTHiii CTymiHb KOHTPACTHOCTI TOB'S3aHUM 3 JeTali3aIli€elo camoi

89



CTpyKkTypu. Dobra To/i BBaXAETHCA 3Pa3KOM MACHUBHOTO MaTepiaiy, KOJIU BOHA
MICTHTbH yCi A€PEKTH KPUCTANIYHOI CTPYKTYPH B Till JK€ KIJIBKOCTI Ta PO3MOILICHI
TAaKUM K€ YMHOM, SIK 1 B OCHOBHOMY MaTepiaii, a B MPoIeci IpUroTyBaHHS B3ipIliB
HE BUHUKaE HOBUX JiedekTiB. [Ipo3opi s enekTpoHiB B3ipIl MOXKHA IPUTOTYBATH
6e3mocepeTHbO NUIAXOM OCAKEHHS 3 PO3unHy abo BUmapoByBaHHSIM. Kpim TorO,
MOKHAa KPHUCTATi3yBaTW JIETKOIUTABKI METald Yy BHUIJSAJI TOHKHX ILTIBOK,
HANPUKIIA, Y CEPEAMHI JPOTIHOTO KBS, SIKE BUTSATYIOTH 3 PO3IUIaBY METAIY.

Ha ocHOBI aHamizy TOHKHMX IUTIBOK Marepially MOKHa 3pOOMTH TEBHI
BHUCHOBKHM WIIOJ0 IXHBOI CTPYKTYPH, OJHAK HE 3aBXKIM MOXHA EKCTPAIIOJIIOBATH
OTpUMaHi pe3yJbTaTH Ha CTPYKTYPYy MAacHUBHOTO Marepiany. 3 1HIIOIO OOKY,
BJJaCHE MAaCHBHI MarepiaJd B pI3HOMaHITHHX (opMax, TaKuX SK 3JIHMBOK,
3aroTOBKA, B3ipelb /i BUNPOOyBaHb a00 TOTOBA MPOJYKINiS (KPEMHIEBI Uiln), €
371e0UTBIIOro 00'ekTOM Hociimkenas TEM.

Jlnst mocmiKeHHsT CTPYKTYPH MaTepiaiiB, METalliB Ta CIUIABIB 3a JOMOMOTOIO
ONTUYHUX KPUCTANOTPa(iIHIX MIKPOCKOITIB (IUB. PO3ALI 3) BUTOTOBIISIIOTH MLTIHU
ta Mikpouutipu. g mocmimxenns B TEM Taki B3ipii HE MIAXOIATh, OCKLIBKH
BOHM HAJATO TOBCTI Ta HEMpo30pi sl enekTpoHiB. Tomy 1ist TEM npurotoBisitoTh
crierianbHi 00'€KTH — peruriku (BiIOUTKHM) 3 TTOBEPXHI J0OpE BiAMOIIPOBAHUX Ta
IpOTpaBiIeHUX MIKpONUTI(IB (HEMPAMHUI METOH JTOCHIJKEHHSI MaTepialiiB) abo kK
MeTaneBl (OJIbIM, OTpPHUMaHI IIIAXOM CTOHIIEHHS MOCTIDKYBAaHMX MAaCHBHHX
B3ipIiB (TIPSIMUN METOJ| JTOCIHIKEHB). PO3riIsTHEMO OCHOBHI 3 BiJOMHX Cy4YaCHUX
METO/1B MPUTOTYBaHHS TaKUX 00'€KTiB (B31pwiB) I gociimkens y TEM.

1. Metoa pemurik. [IpocBiuyBaHHS peruiik (BIAOUTKIB 3 MOBEPXHI) € OAHUM 13
croco0iB  JOCHipKeHHS MarepianiB 3a Jjomomororo TEM. Ilim pemrikoro
pO3yMIIOTH MPO30pYy MAJIA €NEKTPOHIB IUIIBKY, CTPYKTypa SKOi BIITBOPIOE
CTPYKTYpPY MOBEPXHI 1OCIIIKyBaHOTO 00'ekTa. Llei MeTo 3aCTOCOBYIOTh JIJIsi:

— BUBYCHHS pesibe()y MAaCHBHHUX 00'€KTIB, HEIIPO30PHUX ISl €IEKTPOHIB;

— B3IpIIIB, SIKI HE MPOBOAATH EJIEKTPUYHHN CTPpyM (JOCIIIKEHHS TaKHX
MarepianiB  YCKJIQJHIOETbCSI BHACHIJOK HAKOMHMYEHHS Ha TOBEPXHI B3IpIs
€JIEKTPOHIB, Ki HOPMYIOTh 300paxeHHs: B TEM);

— JOCIIKCHHS CTPYKTYPH BUILIEHD, K1 (DIKCYIOTH 32 IOMIOMOTOI0 PETUTIKH.

Pemika moBHHHA MOBHICTIO BITBOPIOBATH pesibed) MOBEPXHI MikpoluTidha Ta
HE TIPOSIBIATH BIACHY CTPYKTYpy. SIK Marepian permiik 31e0LTbIIOro 3acToco-
BYIOTh PI3HOMaHITHI JJaku (B TOMY YHCJl IPOBIAHI) Ta BYyIJeneBi (KapOOHOBI)
TUTIBKU. PO3PI3HAIOTH PEIUTIKKA CTaloi Ta HEOAHOPIAHOI TOBIIMHU. 3a CIIOCOOOM
BUTOTOBJICHHSI BCl PEIUTIKM TOAUIAIOTHCS HAa TPU NPUHIMIIOBO PIi3HI TPYIH:
OIHOCTYIIeHEB1 (Oe3mocepeHl BIIOUTKH TOCIIIKYBaHOI ITOBEPXHI), IBOCTYIICHEB]
(Hacammepel OTPUMYIOTh HETATUBHUW BIJOMTOK, 3 SIKOTO 3HIMAIOTh PEIUIIKY -
NO3WTHB) Ta eKCTpPakKmiiHi (MaTepiajJoM peIulikKh  3aXOIUTIOI0Th  YaCTKH
JOCITIIKYBaHOT peYOBHHH Ha TTOBEPXHI B31pIIA).

OMHOCTYIIEHEBI PEIUTIKM BHTOTOBJISIOTH IUISXOM BaKyyMHOT'O PO3MHJICHHS
peUOBUHU (BYIJIELIO, KBapily, TUTaHy TOILIO) Ha IOBEPXHIO IOCIHIIKYBaHOTO
B3ipus. Ilicng HamwieHHS B3ipellb CTPABIIOIOTh, @ OTPUMAHy PEIUIIKYy YacTo
NOKPHUBAIOTH (1] KOB3HUM KYTOM) IIAPOM Ba)KKOT'O METAILy 3 METOIO MIIBUIICHHS
KOHTpacTHOCTI 300paxkeHHss TEM. Otpumani B Takuii CHoci0 peruTikk JaioTh
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MO>KJIMBICTh BIJITBOPIOBATH HaWApIOHIIII AeTali penbedy MOBEPXHI JOCTIIKY-
BaHOTO B3ipIIsl.

Jlns amoMiHIFO 1 HOTO CIUIaBiB, MiJl Ta JESKHX IHIIMX MarTepialliB MOJYKHA
BUKOPHCTOBYBATH OKCHJIHY IUTIBKY, SIKa YTBOPIOETHCS HA MPUTOTOBJICHIH MMOBEPXHI
B3IpIS [UISIXOM aHOAYBAaHHS Y BIAMOBIZHOMY PO3YMHI YW OKHCHEHHSM Y TI€BHIH
atMoc(epi. KpiM Toro, 3acTocoBYIOTh TaKOX PEIUIIKH, BUTOTOBJICHI HaHECEHHSIM
TOHKOT'O TIapy Jiaky (Hampukiaa, 4%-To po3uMHYy KOJIOJ1K0 B amimareraTi) abo
¢dororpadiunoro sxematuHy. Ilicns BucuxaHHS Takoi pEIUTIKM 11 aKypaTHO
BUIJIUVIAIOTH BiJI JIOC)KYBaHOT TIOBEPXHI, a KOHTPACTHICTh 300pakeHHss B TEM
MiABUILYIOTh, K 1 JUIsi BaKyyMHO HaNWJICHHX perulik (auB. Buine). Hemomikom
JTAKOBHX Ta JKETATUHOBUX PETUTIK € iXHS HU3bKA €JIEKTPOIPOBIAHICTb.

OpHocTyneHeBl peruriku € "HeraTuBHUMH' BiJOMTKaMH MOBEpXHI. SIKmo Ha
JJAKOBY YW JKEJIaTMHOBY "HETaTHUBHY' pEIUNKY HANmWIUTH IIap ByTJeHo ado
MeTaly, a IOTIM PpO3YMHHUTH PEIMTKA "HeraTuBy' y BIATOBIZHOMY PpO34YUHI
(ameToHi, amianeTari Tom), TO OTPUMAEMO JIBOCTYIICHEBY PEILTIKY — "TIO3UTUB",
sIKa Byke OyJie IPOBIAHOIO 1 MPUIATHOO IS JociimkeHHs B TEM.

ExcTpakuiiiHi peruiiku 4YacTo BHKOPHUCTOBYIOTh B aHamTUYHUX TEM,
OCKUIBKH BOHH JJAIOTh MOXKJIMBICTh €KCTPAryBaTH YaCTUHKU 3 OTOYYIOUOi MaTpHIIL
1 B Takui crocid mno30yrtucs ii ¢ony. Taki pemiku 4acTO BHUTOTOBISIIOTH B
nexinbka eraniB. Hacammepen B3ipenp HuTiyrOTh TAKUM YUHOM, IIOOU TOCIIIKY-
BaHI YaCTHHKHU PO3TAlIOBYBAIIUCH MOOIN3Y MOTr0 moBepxHi. Jlanmi BUKOPUCTOBYIOTh
CEJICKTUBHUNA TpPAaBHUK, SKUH PpO3UYMHSE MATPULIO B3IpLs, aje HE PO3UMHSAE
JacTUHKH. HacTymHMM eTamoM Ha TOBEPXHIO B3ipHs HANMUIIOIOTH BYTJICHEBY
IUTIBKY, sKa 3aXoIutioe (oOBorikae) yacTWHKU. [licnst 3TpaBiIFOBAaHHS 3aJIMINKIB
MaTpHLl B TOMY 5K TPaBHUKY OTPUMAaHY PEIUTIKY J0CAKYI0Th y TEM.

3a JI0MOMOroOI0 Ha3BaHWX METOJIB MPHUTOTYBAaHHS PEIUTIK JTOCSITAlOTh BEPTH-
KaJIbHOT PO3IUIBHOT 3/IaTHOCTI (BUCOTA CXOJIMHKH) Bi 1 110 2 HM, a TOPH30HTAIIbHA
po3auIbHA 3MaTHICTE CcTaHOBUTH 10+ 20 HM. Po3gurtebHa 370aTHICTH  peInIiK
00OMEKY€EThCS, TOJJOBHUM UHMHOM, BJIACHOIO CTPYKTYpoOro BinOuTKiB. He3Baxarouun
Ha 1Ie, pe3ysbTaTH, OTpUMaHi 3a gornomMororw perwtik y TEM, e kpamti, HIX Ti, K1
JOCATAIOTh 3 JOMOMOI'OI0 CKaHYI0YOi €1eKTPOHHOI MIKPOCKOII].

[lopiBHSIHO 3 MHpSIMUM MPOCBIYYBAHHSM TOHKHX B3IpIIB, MPO30pUX IS
€JICKTPOHIB, PEIUTIKK HE HECYTh XOJHOI 1H(opmarii 1o 0 BHYTPIIIHKOI OyA0BH
Martepiany. Kpim Toro, B mpolieci BUTOTOBJICHHS PEIUTIK y OUIBIIOCTI BHIAAKIB
pyHHYeThCs TTOBepXHA Martepiany. OgHaK 1HKOJIM PEIUIiK MOXYTh JaTH HabaraTo
Oinpme iHpoOpMarii, HDK Qoabsrosi B3ipmi. Ha puc. 5.1 mokaszani 300pakeHHST B
TEM MeX1 CTUKYBaHHS TPbOX 3€PEH CILIaBY, OTPUMaHI AK 33 JOMOMOT0I0 PEITIKU

Puc. 5.1. 300paxkeHHS ~ MEXK
MDK TpbOMa 3epHaMU CIUIaBY,
orpumanux 'y TEM 3a
JOIIOMOI'0X0  JIBOCTYIIEHEBO1
perutiku (a) Ta ¢osbru (6)
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(a), Tak 1 3a momomorow (Goaeru (0), BUTOTOBJICHUX 3 OJHIET 1 Ti€l X NUISTHKH
NOBEpXHi B3ipusg. MoKHa 3ayBa)KUTH, 10 HE3BAXKAIOYHM Ha JETaJIbHY 1H(OpPMALIIO
HI0JI0 CTPYKTYypH (POIBroBOro B3ipIls, IiHHA 1HGOPMAIIsI CTOCOBHO MEXI PO3ALILY
3epeH Ir'yOuThCS Ha T 300paKeHHsI CTPYKTYPH CaMUX 3€PEH.

2. llpuroryBanHsl mNPoO30poi Ajisl eJIeKTPOHIB (oabru 3 MaCHBHOIO
Matepiaay. HaiiGunbiie iHdopMallii Mmoo CTpYKTypH METaly Jia€ MPSIMHUN METO
€JIEKTPOHHO-MIKPOCKOMIYHOTO JOCIIIPKEHHS, KOJIU 00'€KTOM JTOCITIKEHHS € TOHKA
MeTaneBa (ojpra, BUTOTOBIEHA 3 00'eMHOro Marepiamy B3ipusa. Taka ¢oibra
NOBUHHA OyTH TPO30pa ISl eEKTPOHIB Ta 30epiratu BCi CTPYKTYPHI OCOOIMBOCTI
B3iplig MacuBHOro marepiany. Lle o3Hauae, mo ¢onbra, oTpuMaHa MUIISXOM PO3-
IUTFOIIYBaHHSA Marepiany, He € 3pa3KoM MacuBHOTo Mmatepiamy. OOHIBI MOBEpXHI
TOHKUX JUISHOK ()OJIbTM TOBUHHI OyTHM TapanenbHi OJHA OJHIM, IUIOCKMMH Ta
YUCTUMH, a 11 po3MipHu MOBUHHI BIANOBIIaTH TpUMauy B3ipIs B roHiomeTpi. Jlis
nociimkerads B TEM B3ipili po3MIlIyloTh Ha CHeliaTbHUX CITKaX I 3aKPITUICHHS
00'exTa a00 BUTOTOBISIOTH y BUIJIISAL (POTBIH 13 CAMOBCTAHOBIICHHSIM.

B enexkTpoHHMX  MIKpOCKOIax
1
O AN AN { AN AN AN \
; a
N\ ; N 2
i
T
1
[}
1
i

o0'eKTOTpUMaYi, 3a3BUYail, € yHIBEp-
CATPHUMH 1 TmependavaroTh JIiamMeTp
N AN AN A AN AN \\\\
\\ N
\% S SSSSSSSSSS \\‘\\\ B)

B3iprs 3,05 mM. Lle o3Hauae, mo s
Puc. 5.2. Bapiantn ¢opm dosbru  3i

toBmuHOWO 0,2 + 0,3 MM 3 mochimKyBa-
HOTO Marepiaiy, siKi MOTIM CTOHIIYIOTh
nutipysanasam go 0,1 + 0,15 mm. 3aBep-

0) BUTOTOBJIEHHSI B3IpIIB 13 CaMOBCTaHO-
CaMOBCTAHOBJICHHSIM: a) OJJHOCTOPOHHE

BJICHHSM IIepe]] BUKOHAHHSM OIleparrii
CTOHIIICHHS  HEOOXIAHO MIATOTYBaTH

CTOHIIIEHHS;, 0) IBOCTOPOHHE CTOHIIICH-

HS, B) IBOCTOPOHHE CTOHIICHHSA 3a

maioy (muck) miamerpom 3,05 MM i
JIOTIOMOT'OI0 PI3HUX €JIEKTPOJIITIB

MIAJIbHE CTOHIICHHS TUIACTHHKU 3JIiH-
CHIOIOTH XIMIYHUM YH €JICKTPOJITHYHUM
MOJIIPYBaHHSAM Y BIANOBIIHOMY pEak-
tuBl. Ha pwuc. 5.2 moxkaszani BapiaHTH

dbopMm ¢osbru 13 CaMOBCTAHOBJICHHSIM
i TEM. Taki dopmu, 3a3Bu4ail, BUTOTOBJISIIOTH 32 TEXHOJIOTIEID CTOHIIECHHS
KPEMHIEBUX IUIACTUH, $KYy BHUKOPUCTOBYIOTH [UUII BHUTOTOBJIICHHS MeMOpaH
€MHICHUX YU TEH30PE3UCTUBHUX CEHCOPIB TUCKY.

3. llpuuinbHe nNpuroryBaHHsA B3ipuiB. TakuM NpPUTOTYBAHHSIM B3IPIIIB
HA3WBAIOTh HE TMPOCTE CTOHIICHHS OO'€KTIB JOCHIKEHHS 10 MPO30POro s
€JIEKTPOHIB CTaHy, a ()OPMYBaHHS MPOCBIYYIOYUX IUISHOK y 3a3[aJieTib 3aJaHUX
30Hax oO'ekta. s 1Oro 3pyYyHO BHMKOPUCTOBYBATH MeETOAM JiTorpadii 3
TUTa3MOXIMIYHUM YY 10HHOIUIA3MOBUM TPABJICHHSIM.

5.2. BynoBa eJ1eKTPOHHOI0 MiKpocKomna

[TpuamunoBa cxema TEM momiOHa 10 CXEMH CBITIOBOIO MIKPOCKOIIa, B
SIKOMY pPOJIb IPOMEHIB CBITJIa BUIIIpa€ My4OK €JEKTPOHIB, IO MPOXOIUTHh KPI3h
00'eKT (ITpOCBIUy€E HOTO), a POJIB JIIH3 — CHEHIAJIbHI €JIEKTPOMAarHiTHI KOTYIIKH, K1
($OKyCYIOTH IIell Ty4OK Ta CTBOPIOIOTH 301IbIIEHE 300paKeHHS CTPYKTYPH 00'€KTa.
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[HKOJIM 3aMICTh €NEeKTPOMArHiTHUX BHKOPHUCTOBYIOTH €JIEKTPOCTAaTUYHI JIIH3U.
EnekTpoHHUN MIKPOCKOII CKJIAA€ThCA 3 TAaKUX OCHOBHUX YAaCTHH: CHCTEMHU
dbopMyBaHHS €IEKTPOHHOTO TMyYKa, OCBITIIOBAIIBHOI CHCTEMHU, Kamepu 00'€KTa,
cuctemMu GOpMyBaHHS 300paKEHHS Ta PEECTPYHOUOTO MPHUCTPOIO.

VY cuctemi popmMyBaHHS €TEKTPOHHOTO My4YKa €JIEKTPOHH, SIKi 3BUTBHAIOTHCS 3
BICTpSI MTITPIBHOTO YH aBTOEMICIHHOTO KaToja, MPUCKOPIOIOTHCS MPHKIIAIECHOIO
BHCOKOIO HAIPyrow. 3a JOTOMOTor0 IuJliHaApa BeHenbTa 111 eeKTpoHu 30uparoTh
y MYYOK, SIKUH (POKYCYETHCSI OCBITIIOBAILHOIO CHCTEMOIO HA MOBEPXHIO (TUIOILY)
o0'ektuBa. Takuii choKycOBaHUHN My4OK (IPOMIHB) HA3UBAETHCS KPOCOBEPOM (200
3oH10M). ['yctmHa CTpymMy KpocoBepa Ha O00'€KTI BHU3HAYA€ KOHTPACTHICTh
OTPUMYBAHOTO 300pakeHHs 00'€KTa 1 3aJIeKUTh HacaMIepe BiJ MUTLHOCTI MydKa
€JIeKTPOHIB Ha KaToji. [IOpiBHSHO 3 THUIIOBMMH BOJB(OPAMOBUMH MigIrpiBHUMU
KaToJaMu, sSKi BUKOPUCTOBYIOTh y mpocTux TEM, Haiikpaii mapaMeTpu Iydka
€JIEKTPOHIB JAIOTh KaToau 3 Tekcabopuny nantany (LaBg) 1 aBToemiciiiHi KaToau.
Jlo iXHIX HEJOIIKIB CIIiI BiHECTH HEOOXITHICTH BHCOKOTO (< 107 Ila) Bakyymy
JIJIsl aBTOEMICIHHUX KaTO/IIB Ta 3HAYHUM Yac HporpiBy s katoAdis 3 LaBg.

3MeHIlIeHe 300paXeHHs] KpOCOBEPa CTBOPIOETHCS OCBITIIOBAIBHOIO CUCTEMOIO
JIBOJIIH30BOTO KOHJICHCOPA, sSIKa 3a0e3reuye qiaMeTp Imydyka Ha TUIOMIMHI 00'eKTa B
Mexax 2 MkM. KonzieHcopHi iadparmMu oOMexXyIOTh aiepTypHUil KyT, THM CaMUM
3MEHIIYIOUH BIUIUB €JIEKTPOMArHITHUX JIIH3. ACTUTMATU3M JIPYroi KOHJEHCOPHOT
JH3U JTOJATKOBO KOPETYIOTh 32 JIOTIOMOTOI0 CTUTMaTopa. MaKCUMaIbHUM HAXWIT
€JICKTPOHHOTO IMy4yka BigHOCHO oci TEM He moBHHEH nepeBullyBat (3 + 6)°.

Kamepa o00'exta 3BHYafHOTO €JIEKTPOHHOI'O MIKPOCKOIA € JOBOJII MaJolo,
OCKLTBKH B31pellb PO3MIMICHHI 0€3M0CePeIHbO MOOIN3Y MOTOCHOTO HAKOHEYHHUKA
00'exkTuBHOT JiH3U. [Ipu mpomy ciif 3a0e3MeYUTH MOKIMBICTH JTOBOJI 3HAYHOIO
MOBOPOTY B3IPIls BITHOCHO MaJal0uoro eIeKTPOHHOTrO My4Ka sl TOro, o0u MaTH
JIOCTATHIO KUTBKICTh BapiaHTIB audpakmiifHux koHTpacTiB. Came TOMy [0
TOHIOMETPIB, AKI € HEBII'€MHOI YacCTHHOK OYIb-SKOT'O0 MIKPOCKOMA, CTaBIATh
MaKCUMalbHI BHMOTH IIIOJO [lafna3oHy KyTiB MOBOPOTY Ta TOYHOCTI iX
BUMIPIOBaHHS. 3a3BMYail BUKOPUCTOBYIOTh HAaXWJ IUIOMMHM B3ipis Ha 30°
BIIHOCHO JOBLILHO BHOpaHOi oci abo Haxmi Ha +60° BIZHOCHO HE3MIHHOI OCi
OJIHOYAacHO 3 oOepTaHHsAM B3ipus Ha 360°. I'oHIOMETpU MO3BOJSAIOTH TECTYBAaTU
B3ipellh 32 XOJ0OM MPOMEHS TAKUM YHWHOM, IIOOW TOYKA MEPETUHY OCi MOBOPOTY
B3IpIIA i ONTHYHOT OC1 MIKPOCKOTIA Jie)Kasia B TUIOIIHHI 00'€KTa.

Uepes ¢popBakyyMHY KaMmepy B3ipellb BBOASTH y KOJIOHY MIKPOCKOTA, B SIKIN
HiATPUMYIOTh BUCOKHM BakyyM. J[BOCTyIeHeBHIi UTFO30BUI MeXaHI3M 3a0e3neuye
TaKuil piBEHb BaKyyMy B KOJIOHI HaBiTh IIiJ] 4ac 3MIHHM B3IpId, IO JO3BOJISE
HENIEPEPBHO I0J[aBaTH BHUCOKY HAIPYry Ha aHOJ Ta IIiJBUIIYE EKCIPECHICThH
BUMIpIOBaHb. [lif Ji€10 €IeKTPOHHOTO MydYKa KOMIIOHEHTH 3aJUIIKOBOTO Ta3y B
KOJIOHI PO3KJIaal0ThCA Ha MPOAYKTH PO3May, iKi HAKOMMMYYIOThCS Y BUTIISAII TaK
3BaHUX 3a0pYyJHIOIOYUX IapiB HA BEPXHIW Ta HWXKHIH MOBEPXHAX (DOJBIH, IO
3MEHIIIyE PO3AUIBHY 3IaTHICTh 1 KOHTPAcT 300paKCHHS. 3HAYHO YCYHYTHU
HETaTUBHUM BIUIMB TAaKOTO $IBHMIA MOKHAa 3a yYMOBHM CYTTEBOrO IiJABUIICHHS
BaKyyMy B 30HI B3ipIisi, SKOTrO JOCSTAlOTh 3a JOIMOMOTOK BHUCOKOBAKYYMHOT
reTepoiOHHOT COpPOIIiTHOT TOMITH.
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dopmyBaHHSI 30UTBIIEHOTO 300pakeHHsT o0'ekta B kiacuuHid cxemi TEM
3MIACHIOETHCS 32 AOMOMOIOI0 TPHOX JIiH3: 00'€KTUBHOI, TPOMDKHOI Ta MPOEKIIiH-
HOi. Taki MIKpOCKOIM TMPUHHATO HAa3WBATH TPHUIIIH30BHUMH, XO4Ya BOHH, 3a3BHYAN,
MICTATh M€ JIOJATKOBI JIH3U KOHJEHCOpa sl (pOpMyBaHHS OCBITIIOBAIBHOTO
enekrponnoro nyuyka. Knmacuunuii TEM mepenbavae nBa pesxxumMu poOOTH: 3011b-
MIEHHS MIKpo300pakeHHsT 00'ekTa ab0 cmocTepekeHHs AUGPaKIiiHOI KapTHHH,
sKa BUHMKA€ B PE3yJbTaTl PO3CIFOBAHHS ITyyKa €JIEKTPOHIB Ha 00'eKTi (B3ipiii).
PosrnsiHeMo fetanbHINIE XiI €JIEKTPOHHUX MY4YKiB (TIPOMEHIB) y THIIOBOMY
TPHUIIIH30BOMY MiKpockori (puc. 5.3).

Enextponna rapmara 1 Ta enekTpomartiTHa KOHAEHCOpHA JliH3a 2 pa3oM 3
KOHJeHCOpHOIO0 miadparmoro (GopmMyroTh Ha B3ipii 6 ci1abo po30ODLKHUNA ITYyYOK
€JCKTPOHIB. B3ipens po3milieHuit B mepeiHid (oKaabHIN TUIOMKHI 00'€KTUBHOT
miu3u 3. EnexkTpoHu, poscisHi B3ipueM, (okycyroTbesi B 3aaHId (OKalbHIN
TUTOMIMHI 00'€KTHBA, € PO3TALIOBYETHCS anepTypHa Aiadparma 7, MpudiM B OJHY
TOUYKY 30MpaAIOTHCS EIEKTPOHU, PO3CISTHI PI3HUMH TOYKAMHU B31PILS i OJTHAM 1 TUM
e KyTtoM. lle o3Haudae, mo B 1ii MIONIMHI POPMYETHCS MEpBUHHE TUPpaKiiiiHe
300paskeHHs 00'ekta abc (enekTpoHorpama). IHTepdepenuis uux AupparoBaHuX
CJICKTPOHHUX TMYYKIB B IUIONIMHI CENEKTOpHOI miadparmMu 8 pae TEpBUHHE
301UIBIIEHE 300paXkeHHs 00'ekTa (3a3Buuaid npuoiu3Ho B 100 pasi).
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Puc. 5.3. 30BHIIHINA BUMIISA (2) Ta X1 IPOMEHIB Yy TPHIIH30BOMY €JIEKTPOHHOMY
MIKpPOCKOITI B peXuMi (pOpMyBaHHS MIKPOCKOMIYHOTO 300paxkeHHS (0) Ta B
pexuMi oTpuMmaHHa audpakiiiHoi kapTuHu (B). OCHOBHI BY3JIM: €JIEKTPOHHA
rapmata (1), miH3u: KoHAeHcopHa (2), oO'ektuBHa (3), mpomikHa (4) Ta
npoekuiiina (5), miomuna B3ipus (6), miadgparmu: aneprypHa (7), cenekropna (8)
Ta noawsoBa (9), expan (10)
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300pakeHHs 3 IUIONMIMHHU CEJIEKTOpHOI JiadparMu NPOMDKHOK JIiH3010 4
NEPEHOCHUTHCS B IUIOMIMHY MOJBOBOI miadparmu 9 3 HeBenmukum (~10-pa3zoBum)
30UTBIIICHHSM, a TOJIOBHA MPOCKITiIHA JIiH3a 5 TIEPEHOCUTSH 11€ 300paKeHHS 31 CBOET
nepennboi pokanbHOi mromuHu Ha exkpaH 10 (ToOTo B cBOrO 3a/iHIO (OKAJIbHY
wiomuny), 30ubmyroun npubnam3sHo B 100 paziB. Takum dYmHOM, 3arajbHe
30UTBIICHHS MIKPOCKOIIA 3 TphoMa (DOPMYIOUMMHU 300paKeHHS JIiH3aMU CTaHOBUTH
npu6am3Ho 10° pa3iB. 3aBsKK 3aCTOCYBAHHIO B MPOEKILiHHIH cHcTeMi 1BOX JriH3 (4
1 5) MOXHA JIETKO 3MIHIOBaTH 30UIBIIEHHS B [OBOJI IIMPOKUX MeEXax i3
BIJIMMOBITHOIO 3MIHOKO BiI0OOpaKyBaHOIr'0 IO 00'€KTa Ta 3 HE3MIHHHM PO3MIPOM
OTPUMYBAHOTO KiHIEBOrO 300paxkeHHs. [lmaBHa 3MiHa 30UIBIIEHHS J1OCATAETHCS
3MIHOIO CTPYMY B IPOMDKHIN JIIH31 Ta CTYIIEHEBO — B MPOEKITIHHIH.

[TpomixkHa JIiH3a TAKOX JI03BOJISIE OTPUMYBATH HAa €KpaHi 30uIbIIeHE 300pa-
KeHHs AudpakuiiHoi kapTuHU. JIIsi [BOTO CHiJl 3MEHIIUTH CTPYM MHPOMIKHOT
JH3M HACTUIbKH, IoOM ii ¢okycHa Bimctanb 30uThmmmack 3 f; mo f,. Tomi ii
nepeiHiid OKyC PO3TANIOBYBATHMETHCSI B IUIONIMHI MMEPBUHHOTO JTU(PPAKIIHHOTO
300paxkeHHs abc, iK€ MPOMDKHOIO Ta MPOCKIIMHOI JiH3aMu Oyje IepeHeceHe 31
30UTbLIEHHSIM Ha IUIOIIMHY €KpaHy. TakuM YMHOM, 3MIHIOIOUH CTPYM HMPOMIKHOIL
JH3A, MOXXEMO TEPEBOJUTH MIKPOCKON 3 PEXUMY CIIOCTEPEKECHHS MIKpO-
CKOMIYHOTO 300pak€HHS B PEXHUM CIOCTEPSIKEHHS JU(PAKIIfHOI KapTHHH
(Mikpoaudpakiii) Ta HaBIaKH.

BuxopucroBytoun cenekTtopHy niapparmMmy UM TEpeMillyloud  B3ipellb,
OTPUMYIOTH TU(PPAKIIIfHI KAPTUHH BiJl PI3HUX IUISHOK, PO3MIP AKUX BU3HAYAETHCS
(akTUYHUMH po3MIpaMU  CEJEKTOpPHOi JiaparMu Ta ONTUYHOK CHUJIOKO
o0'extuBHOI NinH3M. Lle#t po3mip, 3a3Bu4ail, CTAaHOBUTH MPUOIU3HO 1 MKM.

Jlns Toro, moOu MoxHa OyJIo 3MIHIOBATH 30UIBIICHHS B IIMPOKHUX MEXaX, B
YIOCKOHAJIEHUX CXE€MaX CYYacHUX MIKPOCKOIMIB 3a OO0'€KTUBHOIO JIIH30I0
pO3MIIIyIOTh HE 2, a 4 ;iH3W: AUQpaKIiiiHy, MPOMDKHY Ta JBI MpoekIiiHl. B
TaKOMY BHUIIQJIKy AudpakiiiiiHa JiH3a, sKa po3MilieHa 3a 00'€KTHBHOI, (hopMye
OlHE 3 JIBOX TMPOCKIIHHUX 300pakeHb. g OTpUMaHHS EJIEKTPOHOTPAM
o0'ekTHBHA anepTypHa Jiadparma, mo po3TamoBaHa B IUIONMHI 33 IHROTO (HOKYCY
00'eKTUBHOT JIIH3U, BUBOJUTKCS 13 30HU XOAY MPOMEHIB y TOM yac, sIK CEJIEKTOpHA
niadparma, HaBMaKu, BBOJUTHCS B IJIOLIMHY 300pa)keHHs! 00'€KTUBHOI NiH3U. s
CIIOCTEPEKEHHSI MIKPO300paKeHHS CTPYKTypH 00'eKTa OO0'€KTHBHY amepTypHy
niapparMy po3MIlIyIOTh Y 30HI XOAYy MPOMEHIB TOJI, K CeJIEKTOpHA Jiadgparma B
TJIOMIMHI 300pa)kKeHHsI 00'€KTUBHOI JIH3M BHUBOJMUTHCSA 13 30HU XOAY MPOMEHS.
Binomo, 1o eIeKTpoHu B MarHiITHOMY TOJI1 JITH3U PYXarOThCS B3IOBXK CHIpaibHOT
TpaekTopii. OCKIIBKU eJIeKTpoHOrpamMa 1 300pakeHHsSI CTPYKTYPH HpPU LbOMY
NEPEeIaAt0ThCsl HAa €KPaH 13 PI3HUX IUIOMIMH Y 30H1 X0y IPOMEHS, TO BOHU B3a€EMHO
NOBEPHYTI OJHAa BiNHOCHO iHMIOL. /IS aBTOMAaTHMYHOTO pEECTPYBAHHS Ta
OTIpAITIOBaHHSA MIKPO300pakeHb 1 €JIEKTPOHOTpaM 3aMiCTh (DIIYOPECIIEHTHOTO
ekpany B TEM BcTaHOBIIOIOTH (OTOpPEECTPYIOUl HPUCTPOiI, CUTHAN 3 SIKUX
BiToOpakaeThCsl OE3MOCEPETHBO HA €KpaHl MOHITOPY.

TpancMmiciiiHu (TPOCBIUYIOUHI) €TEKTPOHHUN MIKPOCKOI MOXE IpaIoBaTh
TAKOX Y PpEXKHUMI CKaHYH4Ooro (pacTpoBOro) TpPAaHCMICIHHOIO EJIEKTPOHHOTO
mikpockona (CTEM, anrm.: Scanning Transmissions FElectron Microscopy —
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STEM), K110 3MEHIIUTH PO3MIPH €JIEKTPOHHOTO 30HJa Ha B3IpIll 3 OJJHOYACHUM
CKaHyBaHHSM HHUM TOBEpXHi B3ipus. [y mbOro 3amicTh MOABIHHOI KOHACHCOPHOT
CHUCTEMHU 3aCTOCOBYIOTh TPWJIIH30BHI KOHJICHCOP, B SIKOMY MICJISI JIpyroi JIiH3U
pPO3TAlIOBYIOThCSI MArHIiTHI BIAXHWIAKOYI KOTYHIKM a0 3K eJeKTPOCTaTHYHI
IUTACTUHH. Briepie Takuil elneKTpOHHHM MiKpockom Oyio moOymoaHo 1938 p.
Mandpenom boH ApacHHe, skuil HaKTUYHO J0/1aB CKaHyrouy cuctemy 1o TEM. B
IIbOMY MIKPOCKOTIl OTpHMaHE 300pa)K€HHsI PEECTPyBaOCh Ha (DOTOILTIBKY, SKa
nepeMillyBajiaCh CHHXPOHHO 3 €JNEKTPOHHMM TydkoM. Jlns oTpuMaHHS
MOBHOIIIHHOTO 300pakeHHs1 HWOro HEeoOXigHO OyJ0 HAKOMWYyBaTH BIIPOJIOBK
3HAYHOI KITBKOCTI IMKJIB CKaHyBaHHS, N0 3aiiMaio OBOJI TpHUBAJIUK dac.
Cyuacui CTEM myist peecTpyBaHHSI CUTHAITy BUKOPUCTOBYIOTH (DOTOIIOMHOKYBadi
a6o tak 3BaHmil geTexTop EBepxapra-TopHii, NPUHIKIIT [Ti{ SIKOTO PO3TIISAIAE€THCS B
HACTYMHOMY po3iii (1. 6.3).

CriopiTHeHICTh CHUCTEM
TEM 1 CTEM, 3a3Buuai,
JIEMOHCTPYIOTH 32 JIOIIOMOTOIO
CXeM Xony mpomeHiB (puc. 5.4).
X MoskHa 3ayBaXkKUTH, IO CHiBBiJI-

HOIICHHSI amlepTyp Majgardoro

Ha B3ipelnp IMydKa eJeKTPOHIB Ta

IIy4yKa, 110 IPOMIIOB Yepes

B3ipenb, 411 TEM 1 CTEM e

B3a€MHO IHBEPCHUMH (J3€pKallb-

Humn). Y Bumagky CTEM,
0) sapnsxu BUKOPUCTAHHIO KOPOT-
KO(OKYCHOI TPeThOi KOHJEHCOp-
HOT JIIH3M, TIAJal0YUil Ha B3ipelhb
My4OK EJEKTPOHIB Ma€ 3HAYHY
anepTypy, IO BIAMOBIAa€E HOTO
CIIIBHOMY (OKYCYBaHHIO (3MEH-
HIeHe 300paKeHHS KpOocoBepa Ha
MOBEpXHI B3IpLs csirae 2 HM).
EnexTpoHu, sKi TpPOXOASATH dYepe3 B3ipelb, BIAXUISAIOTHCS YACTHHOIO MOJIA
00'extuBHOI JiH3U B AeTekTop CTEM. Ilpn nboMy npomMi>kHa Ta MpOEKIlIiHA JIIH3H
HE BHKOPHUCTOBYIOThCS. BenmumHa koedimienta 30utbmeHHss B pexkumi CTEM
3aJIeKUTh HacaMmIiepe/1 Bifl po3Mipy KpocoBepa Ha IMOBEPXHI B3IPIlI Ta MapameTpiB
ckanyBaHHsA (pacTpy). CydacHi eIeKTPOHHI MIKPOCKOIIH MOXKYTh MPAIIOBAaTH SK B
pexumi TEM, tak 1 B pexxumi CTEM.

A\
8

Puc. 5.4. Xig npomeniB B8 TEM (a) ta CTEM
(6). 1) anmeprypa OCBITJIFOIOYOTO €IEKTPOHHOTO
nmy4ka; 2) B3ipelp; 3) o0'eKTUBHA J1iH3a; 4) Tpe-
TS KOHJCHCOpPHA JI1H3a; 5) anepTypa 00'eKTHBA;
6) anepTypa AeTeKTopa; 7) eKpaH. §) IETEKTOp

5.3. OCHOBHI THII KOHTPACTY B €JIEKTPOHHOMY MiKpOCKOIIi

KoHTpacToM Ha3MBa€eTHCS PI3HULSA B ACKPABOCTI PI3HUX AUISTHOK (€JI€MEHTIB)
300paxKeHHs, sika BuzHauaeTbes BigHomeHHaM K = (I, - Iy)/1Iy, , ae I, — sckpaBicTb
ob'ekra, I — sAckpaBicte Tina (ony). KoHTpacT HeoOXigHMI A7 OTPUMaHHA
TAKOT0 PO3IMOALTY SICKPABOCTI €JIEMEHTIB 300pa)K€HHsI, SIKHi J03BOJSE 1X OJHO-
3HaYHy ieHTH(]IKAIII0 Ta BUMIPIOBaHHS IXHIX T€OMETPHYHUX po3MipiB. Brmacue

96



BiJl BEIMYMHU 3a0€3MEUyBAHOTO KOHTPACTY 3aJCKUTh TaKHH TapaMerp, sK
pO3AUIBHA 3IaTHICTh MPUJIAAY, B TOMY YUCHI €IEKTPOHHOTO MiKPOCKOTIA.

EnexTpoHHO-MiKpOCKOTiYHE 300paKeHHS € Pe3yJIbTaTOM B3a€EMOJIIi €IeKTPO-
HIB OCBITJIIOBAJIBHOI CHUCTEMHU 3 XBHJICIO 3aps10BOi I'YCTUHU 00'€kTa (MOTIMHAHHS
€JCKTPOHIB He3HayHe a0o BiACyTHE). EnexkTpoHm mydka B3a€EMOIIIOTH 3
€JIeKTPOHHUMH OOOJIOHKaMH aTOMIB B3IpIlsi Ta YaCTKOBO PO3CIIOIOTHCS HUMH. B
pe3yJIbTaTi LbOr0 3 HUXKHBOT MOBEPXHI B3IPIISl €IEKTPOHU BUXOATH SIK B HANpPsMI
Ma/IaI090T0 MyYKa, TaK 1 4aCTKOBO B IHIMX HAmpsMax. 3a JOMOMOIOI0 anepTypHO1
miadparmu (giadparma 06'eKTHBHOT JIH3H) BUIUISIIOTH 200 OCHOBHUM, ab0 po3cis-
HUH ITyYO0K, 3aBJISIKH YOMY JIOCSTaIOTh HEOOXiTHOT KOHTPACTHOCTI 300paKeHHSI.

CBITHOMONBHI ~ 300pa)K€HHS  OTPUMYIOTh [UIAXOM BHIUICHHS  TUIBKH
OCHOBHOTO ITy4Ka (PO3CisiHI €JIEKTPOHHU NOTIUHAIOTHCS alepTyPHOIO JTiadparMoro).
Bynb-SKuii €JIEMEHT CBITJIOMOJBHOTO 300pa)KEHHS BHUIUIAJIA€ TEMHIIIUM Ha
3aralbHOMY CBITIOMY Tii. HemomikoM Takoro 300pa’keHHS € HEBHCOKa
KOHTPACTHICTh CYMDKHUX €JIEMEHTIB 300pa)KE€HHSI, OCKUIPKA OCHOBHUW MYYOK, 1110
dbopmye TI10, 3/1eOUIBIIIOT0 Ma€ BHUIIY IHTCHCUBHICTD, HIXK PO3CITHHI.

TemMHOMOIBHI 300paKE€HHS, HAaBMAaKy, Iepea0ayatoTh MOTTMHAHHSI OCHOBHOI'O
nyuyka. B mpomy Bumanky 300pakeHHS (OPMYETHCS TUIBKH 3aBISKHA PO3CISTHUM
€JIEKTpOHAM, 10 3HAYHO TIJBUINYE KOHTPACTHICTh 300pa)KeHHS CYMDKHUX
eneMeHTiB. OHAK PO3CiAHI €JIEKTPOHU Baxkue C(HOKYCYBaTH, B PE3yIbTaTi 4OTO
JIETI0 3MEHIITY€EThCS PO3/AUIbHA 3aTHICTh. KpiM TOTO, pO3CisiHUI Ty4OK Y4acTO Mae
JIOCUTh HU3BKY IHTEHCUBHICTb, TOMY MAJii OTPUMAHHS SICKPABOT'O KOHTPACTHOIO
TEMHOIIOJBHOI0 300pa)kKeHHs] HEeOOX1IHO MiIBUILYBATH IHTEHCUBHICTD MMa1al040ro
MydKa EJEKTPOHIB, MIO0 MOXE TMOIMIKOJAUTA B3Ipellb. 3arajioM 300pakeHHS,
OTpUMaHi y CBITIOMY ¥ TEMHOMY IIOJISIX, YacTO HE € MPOCTO B3aEMHUMU
HeraTMBaMud — Ha HHUX I[OMITHI pi3HI JeTani. 3a3Buuyail oOuaBa Ccrocodou
300paXe€HHSI BAKOPUCTOBYIOTH NTapajiesIbHO.

B enekTpoHHOMY MIKPOCKOMNI KOHTpPacT MOXe OyTH JBOX BHJIIB:
abcopOriitHuit Ta audpakmiiauii. Jng amophHUX MaTepialdiB OCHOBHUM BHUIOM
KOHTPACTy € aOCOpOIIHHAN KOHTPACT, KWW 3yMOBIICHHU PI3HOK TOBIIMHOKO YU
OUTBIIIOI0 TYCTHHOIO CYMDKHHUX AUISHOK B3IpHs. [l TOBCTIIMX YW IIUIBHIIIMX
JUISTHOK PO3CIIOBaHHS €JIEKTPOHIB 3/11HCHIOETHCS HAa OUTBIIMI KYT, BHACIIIJIOK YOTO
IHTEHCHBHICTh €JIEKTPOHHOTO ITydYKa, 110 MPOXOIUTh Yepe3 B3ipellb, y Mekax
arepTypu o0'ekTrBHOI JiH3M (3a3Buuaii 0,05 + 0,5°) Oyme MeEHINOO, HDK IS
TOHIMUX JUISHOK YW JUITHOK 3 HH3BKOIO TYCTHHOK. TOMy Yy BHIAAKY
CBITJIOTIOJILHOTO 300pa)XKeHHSI TOBCTIII Ta UIUTBHINI JUISTHKA BUTJISAIATUMYTh
TEMHIIIMMH Ha 3araJIbHOMY CBITJIOMY TIII.

VYV Bunaaxky KpuUCTaliyHUX O0O0'€KTiB (B3IpLiB) OCHOBHUM € AUQPPAKIIHHUN
KOHTPACT, KU 3yMOBICHUH AU(PPAKIIfHAM pPO3CIIOBAHHIM ITydKa €JIEKTPOHIB,
10 TMajJa€ HAa TPUBUMIPHY MEPIOJAUYHY KPUCTANIYHY IPATKy. SKIIO Takui My4OK
PO3IJISAJIaTH K JIEAKY KOT€PEHTHY XBUJIIO, TO PE3YJIbTATOM AUQPPAKIIi 1[i€T XBUJIII €
CHUCTEMa ITYYKiB, IIIO BHUXOIATH 3 PI3HUX TOYOK B3IPIIA 31 CTAJOI0 PI3HHICIO (a3.
Bunukaroue 3a B3ipleM XBHJIBOBE IOJIE fABIIAE€ COOOI0 cHUCTEMY AUQPPAKIIAHUX
MaKCUMYMIB y (hOKaJIbHIN IUIONTMHI 00'€eKTUBHOI JiH3U. Po3MillieHa B 11ii TUIOMIKHI
aneptypHa aiadparmMa BHKOPHUCTOBYETHCS JUIsl (POPMYyBaHHSI KOHTPACTY. 3aJI€KHO
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BiJl CIIIBBIIHONICHHST MK BEJIMUMHOKO KyTa JU(PpaKilii Ta 3HAUCHHSIM anlepTypHOTO
KyTa (po3MipamMu anepTypHOi AiapparMu) po3pi3HIIOTH [Ba BUAM JUPPAKIIITHOTO
KOHTPACTY — aMILTITYAHUI Ta (a30BU.

VY BUMNajKy aMIUIITYJJHOTO KOHTPACTy IHTEHCUBHICTHh NU(paroBaHOro myyka
€JIEKTPOHIB BU3HAYAETHCS PO3MIMIECHHSAM KpPUCTAIIYHUX TUIOmUH (hkl) BIZHOCHO
HanpsMy MaJarydoro mydka. Skmo kyr ® MDK HMMHU IUIOIIMHAMHU Ta HalpsSMOM
naJiHHs 30iraeTbest 3 OpErriBCbKUM, TO 1HTEHCHBHICTh AM(PPAroBaHOTO Myuka I
Ma€e MakcuMaibHe 3HadeHHS. YUum Oiunpine momubu (hkl) BiOXWIAIOTBCS BIT
OperriBChbKOro KyTa, THM MEHINA Benu4nHa ;. Ko He BpaxoByBaTH MOTJIMHAHHS
€JIEKTPOHIB PEYOBHHOIO B3IPIS, TO IHTEHCHBHICTh EJIEKTPOHHOTO IIy4Ka, IO
IPOXOAMTH Yepe3 B3ipelh y HApsAMi MMaJarovyoro mydka iHTeHCUBHICTIO I,, MaTiMe
3Ha4YeHHd I, = I, - L.

Jlnst GUIBIIOCTI MeTaNliB Ta CIUIaBiB MIHIMalbHUN KyT au(pakiii cTaHOBUTH
0,7 +2,0°, mo gemnto OiTbIIe MAKCUMAJIBLHOTO anepTypHoro kyra. Lle o3Hauae, mo
gepe3 aneprypHy AiadparMy MOXe MPOWTH TUTBKH OJMH 3 MPOMEHIB: MPSIMHAN 49U
IudparoBaHuid, K MNPOJEMOHCTPOBAHO Ha pwuc.5.5,a,0. Ha mpoMmy pucyHky
JOCTIKyBaHa AUISTHKA B3ipIsl CKIaa€eThCs 3 IBOX 3epeH A Ta B, KokHe 3 SKHUX
Ma€ BJIACHY OpI€HTAIli0 BiAOWBatouux miomuH (Ak/). 3aBasKu pi3HUII B IHTEH-
CUBHOCTI Ju(paroBaHoro Ta NpsiMoro My4kKiB JJisl pi3HUX 3€peH B3PI B TUIOMINHI
300paxxeHHst 00'eKTHUBHOI JiH3U (hopmyeThes audpakuiinnii kouTpact (A'B'). s
OTPUMAHHS CBITJIOTIOJIBHOTO 300paKEHHSI BUKOPUCTOBYIOThH MPSMHMA MTPOMIHbB, JJIS
TEMHOIIOJbHOTO — audparoBaHuid. Ti AUISHKH (3epHA) B3IpIM, SKI MalTh
Opi€eHTaIlil0, OJMMXKYY N0 BIAOMBAIOYOro OPETTiBCHKOTO IJisi NESIKOTO CiMeicTBa

pit

2y

J\/ i

{ 4

B)

a)

6) |||

Puc. 5.5. Cxema ¢dopMmyBaHHS CBITJIONOJBHOTO (@), TEMHOMOJbHOTO (0)
TupakIiiHuX KOHTpacTiB Ta (¢aszoBoro (B) KoHTpacTty: 1)  B3ipems;
2) o0'ekTuBHA JiH3a; 3) amepTypHa miagparma, 4) MepBUHHE MIKPOCKOMIYHE
300paxkeHHs; A, B — 3epHa pi3HOi opieHTaIil
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wiouH (hkl) (B nmaHomy Bumajaky 3epHo B) OyayTh Ha CBITJIONOJIBHOMY
300pakeHHI BUTJISAATH TEMHIIINMU Ta, HABMAKHU, CBITIIIIMMHA HAa TEMHOIIOJIHLHOMY.

Jlnst oTpuMaHHsS 300payK€HHS B3IpIS B CBITJIOMY ITOJII BUKOPHUCTOBYIOTH
TUTBKUA TPSIMUH ITYYOK, IO MPOXOJUTh Yepe3 arepTypHy Aladparmy, po3MilieHy
Ha ONTHYHIA OCi MIKpOCKOma. SIKIIO 3MICTUTH amepTypHy aiadparMy TaKuM
YUHOM, IITOOM Yepe3 Hel MPOXOUB TUIBKH IMyYOK, MU paroBaHuii Ha OPETTiBChKHMA
KyT, TO OTPUMA€EMO TEMHOIOJbHE 300paxkeHHs. B 1mpomy pasi 300pakeHHS
bopMy€eTECSL €IIEKTPOHAMH, SKI MPOXOIATH JaJIeKO Bil oci O0'€KTUBHOI JIiH3M.
OckuibkH Ha repudepii 00'eKTHBHOT JIIH3M BHACIIIIOK HEOJHOPITHOCTI MarHiTHOT'O
MoJi CUJIbHINIE TMPOSIBISIOTHCS sIBUIIA aleparlli, TO 3MEHIIYEThCS YITKICTh
300pakeHHs KOXKHOT OKPeMOi TOUKH B3PI Ta MOTIPIIYETHCSA PO3AUIbHA 31aTHICTh
TEMHOIIOJIBHOTO 300pakeHHs. [[7s1 OTpMMaHHS TEMHOIOJBHOTO 300pa)KeHHS 3
TaKOI0 X PO3IILHOIO 3/IaTHICTIO, K 1 CBITJIONOJIBHOTO, HEOOXITHO CIIPSIMOBYBAaTH
najaroyuil Ha B3Ipelb IMyYOK €JIEKTPOHIB IiJ KyToM 20, IS 90ro CIIiJl HAaXUIUTH
B3ipenb Ha 1mei ke KyT. Toxai nudparoBanuii my4ox Oyzne CHpsIMOBAHUHN Y3IIOBK
IIEHTPaIbHOI OC1 MIKPOCKOIIA.

®a3zoBuil, a60 HTEpPEepeHIITHUNA KOHTPACT YTBOPIOETHCS B TOMY BHIAJIKY,
KOJIM 4Yepe3 amnepTypHy niadgparmy MNpoOXOAsATh JBa MNyYKH — MPSIMHA Ta
mudparoBanuii. Puc. 5.5, B JeMOHCTpye yTBOpPEHHS CHCTEMH TapajelbHUX
iHTepdepeHIIitHIX CMYT, IO BiAMOBIAAIOTH KprcTangorpadiunum miommHam (hkl),
Ha SKUAX BigOynace audpakilis magardoro eneKTpoHHoro mydka. Hacmpasai mu
Ma€eMO HE OJHOBUMIPHY KPHUCTaJI4Hy IPaTKy, a TPUBUMIPHY, TOMY MapajeibH1
IHTEepPEepeHLiiiHl CMYrH, HaKJIaJaloyuch OJHA HAa OJIHY i I[E€BHUMU
KpucCTanorpaiyHUMU KyTamH, JAal0Th CYKYIHICTh TOYOK — IHTEPhEpEeHIIHHNX
MaKCHUMYMIB, 5Kl (DaKTUYHO BIAMOBIIAIOTH 300paK€HHIO 0O0CPHEHO1 KPUCTAIIYHOT
rpatku  B3ipug. g oTpuMaHHs ($a3oBOTO KOHTpPACTy CIHil  3a0e3MeunuTH
anepTypHu KyT Oinpmie HiK 20, a TakoX pO3AUIbHY 3JaTHICTH BHILY, HIX
BiICTaHb MDK KpucTajorpadiuaumu miomuHaMmu (hkl). TakumMu MOMXITUBOCTAMH
BOJIOZIFOTH TUIBKU €NIEKTPOHHI MIKPOCKOIIM BUCOKOI pO3AUIBHOI 37aTHOCTI. Da3oBi
KOHTPACTH BHKOPUCTOBYIOTH ISl JIOCHIJKEHHS HEIOCKOHAIOCTEH KPUCTATIYHOT
CTPYKTYpPH: 3€pEH, MEX MK HUMHU, TUCIOKAIIN, HEOIHOPITHOCTEH TOILIO.

PeanbHi cTpyKTypH, Ki (OpPMYIOTbCSI B TBEPAOMY TUIl B Pe3ylbTaTi Mpo-
BEJICHHS PI3HOMAHITHUX 00pOOJIeHb, MOCTIHKYIOTh 3/1€0LTBIIOT0 32 JOMOMOTO0
TU(pakifHOro KOHTpAcTy. Po3risHeMo AeTanbHIIIE YTBOPEHHS MU(PpPaKIIHHOTO
KOHTpPAcTy B €IEKTPOHHOMY MIKPOCKOIII.

JludpakmiifHuil KOHTPACT 3aJIEKUTH BiJl BUKOPHCTAHO1 CUCTEMU pedIIeKCiB, a
fioro (opMyBaHHS MOSCHIOETHCS BIIOMUMH 3aKOHAMHM Teopii audpakmii. I'eomeT-
pUYHE pO3MIIEHHA IU(PPaKIIfHUX MaKCUMYMIB Yy IUIOIIMHI €JIIEKTPOHOTpaMu
BU3HA4Ya€ThCA 3aKOHOM bperris: 2d-sin® = n-A, ge d — BizicTanp MiX KpucTanorpa-
GIYHUMH TTIOIIMHAMHA, ® — OperriBCbKUN KyT, A — JOBXHHA XBWIi1 Je-bpois
€JIEKTPOHIB, N — MOPSI0K BiIOUTTA. Y TepmiHax oOepHEeHOi rpaTku ymoBa bperris

BUKOHY€TbCA TUIBKM TOJI, KOJNU PI3HUIL XBMIBOBUX BEKTOpIB majgarodoro kg i

nudparoBaHoro k mydkiB 30ira€Tbcs 3 BEKTOPOM g OOEpHEHOI IpaTku, TOOTO
ko cepa EBanibiia mepeTuHae ofiuH 13 By3JIiB I'paTKu B 00EpHEHOMY mpocTopi. B
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IIbOMY BHTIQJIKy 3aKOH bperriB Mae BUTIIS g —k= é .

Ha Binminy Bin nudpakuii peHTICHIBCbKUX MPOMEHIB, Y BUMAAKY AUPPAKIIL
CJIEKTPOHIB BiJAMazae HEOOXINHICTh y MOTPUMAaHHI TOYHHUX OPETTIBCBKUX YMOB,
OCKUTbKM Mayia JoBxkuHa XBWiIl enekTpoHiB (0,037 um mna eneprii 100 xeB)
3YMOBITIO€ 3HaYHY BEJIMYMHY XBUJIHOBHX BEKTOPIB Magal0doro Ta IudparoBaHOTO
Oy4YKiB Ta Jy)Ke BY3bKMH (MeHme 2°) KyTOBHM Jiama3oH AUQpakilii. 3aBasKku
BOMY €JIEKTpOHOTpaMa (haKTHUHO SBJISIE COOOI0 IUIOCKUN Tmepepi3 0OepHEHOi
rpatku kpuctana. KpiMm Toro, 300pakeHHs! By3/1iB 0OE€pHEHOI IpaTKu HaOyBalOTh
OPOTSDKHUX PO3MIPIB MEBHOI POpMHU, TOOTO IHTEHCUBHICTH AU(ParoBaHOTO MydyKa
PO3MOAUIAETHCA B MEXaX peQIIeKCy.

OCHOBHOIO yMOBOKO JIOCATHEHHSI KOHTPAacTy € 3MiHa CTyNeHs Iudpakiii
€JIEKTPOHIB y MEKax CIOCTEPEKyBaHOI NUISHII B31pIis, Ka MPU3BOJUTH J0 BiIO-
BiTHOT 3MIHM 1HTEHCUBHOCTI I, nudparoBanoro myuka, a OCKUIbKH IHTEHCHUBHICTh
mydka I, SKuil IPOHIIOB KPi3b B3IPELb 1 32 HAIIPSIMOM 301ra€Thes 3 NEPBUHHUM I,
BU3HAYA€ThCA CIHIBBIIHOIMEHHAM I, = I, - I,, TOo 1 10 3MiHM HOro iHTEHCHUBHOCTI.
JIns mocTaTHbO TOHKHX B3IPIIB (TakuX, sIKi BUKOPHCTOBYIOThcs B TEM) a6o y
BUIAJIKY 3HAYHUX BIAXWICHb IUIOMMH (hkl) Bim OperriBChbKOro MOJIOXKEHHS,
BenumunHa [, HabaraTo MeHIa L;p. IIppunHOIO LILOIO B OCTAHHBOMY BHIIAJKY € TE€,
mo neHTp By3da (hkl) obGepHeHoi rpaTku He HanexuTh chepi EBampaa, a gerno

3MIIIEHUN BiJ HEi Ha BEKTOp s (puc. 5.6, a). Lle o3Hauae, 1Mo BekTop audpaxiii
g=(k-ky)/h=g+s He 30iractbca 3 BEKTOPOM OOEpHEHOI IpaTKu g.
TeopeTuuHU pO3rIIsA 3 BUKOPUCTAHHAM 0Oy n0BU DpeHerst 1ae TaKy 3aeKHICTh

IHTEHCUBHOCTI JAM(PPAaroBaHOr0 IydyKa B BEJIWYUHU MOJYJIS BEKTOpa §:
. 2 2 .

I, = [sin"(rts)]/(m's)”, Aae t — TOBHIMHA B3ipIA. 3 LBOIO BUpa3y BHILIMBAE, IO

BeNMuuHa [, Mae MakcuManbHe 3HadeHHs 1 s = 0, a 71 3HaueHsb s = +1/t, £2/1,...

BOHA piBHA HYJIIO.

a) 0) I A B) 2] 3
¥

— [0

Ko/A oy
20f L
5 4

.,
Lr B S . ~ ]
000) & (hkl) s<0 7 R ¢/

Puc. 5.6. [ToGynoBa EBanpna st BUMagKy TOHKOTO KPHUCTAIIYHOTO B3ipIis (a),
po3moAll 1HTEHCHUBHOCTI I, nudparoBaHoro mydka 3aJeXHO Bia 3HaKa
nudpakiiifHoro BigxuieHHs (0) Ta UTIOCTpaIlis 40 OTpUMaHHS OCHOBHOT GOopMynn
mudpakmii enexTpoHiB (B). 1) chepa EBanpaa; 2) nepBuHHHI mydoK; 3) B3ipellb;
4) my4oK, 110 IPOUIIOB; 5) nudparoBanuii mydok; 5) ekpaH (poToruracTuHa)
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TakuM 4YMHOM, KOXKHUH 13 BY3J11B OOEPHEHOI IpaTKHU MPO30POT JIJIsl €JIEKTPOHIB
boNbru  BUPOIKYEThCSI B PsAd  IIKIB  IHTEHCUBHOCTI  B3JIOBXK  HAmpsIMy
I paroBaHoOro ImydvKa, BiICTaH MK SIKUMU TniporiopuiiHa 1/t (puc. 5.6, 0), ae t —
ToBIIMHA osibru. 3 puc. 5.6,a,0 BHIHO, IO 3aBASKA LbOMY HMOBIPHICTh
nepeTuHy pediekciB 31 cdeporo EBanbna 30UTBIIYETHCSA, OCKUIBKH HEOOXITHOIO
YMOBOIO BHUHHKHEHHS JUQPPAKIIIHHOTO MaKCUMyMY € MEPETHH By3Ja OOCpHEHOI
rpatku 31 cdeporo EBanpna. BracHe IIMM TIOSCHIOETHCS BeJIMKAa KUIbKICTh
pedIekciB Ha eJIeKTpOHOTrpaMi TOHKO1 (hOJIBIH.

Kpim TOro, SIKI10 HAXWISTH B3Ipelb B €JIEKTPOHHOMY MIKPOCKOMI1 (3MIHIOBATH
BEJIMYMHY S), TO OyJe 3MIHIOBAaTHUCh SCKPABICTh $K CBITJIONOJBHOTO, TaK 1
TEMHOTIOJIBHOTO 300pakeHHs. Y BHUIMAIKY BHUKOPHCTAHHS B3IPIiB 3MIiHHOL
TOBIIMHHM t, SIKI 3a3BHYail OTPUMYIOTH y MpPOIECi CTOHIIYBAHHS 3a JOIOMOTOFO
TpaBJICHHS, Ha 300paKEHHSAX TaKWX IUISTHOK OyIyTh TPOSIBIATUCA TakK 3BaHi
eKCTUHKIIIHHI JiHil, a0o KoHTypu. Take siBumie aemo MomiOHEe J0 YTBOPEHHS

Puc. 5.7. 306paxkenns aucnokariitHoi crpykrypu B Si K/IB-10(111): a) nuna-
MIYHHA BapiaHT JABOX Myd4kiB (s=>0); 0) cBitnomonsHmii BapianT (s> 0);
B) TEMHOMOJBHUN BapiaHT (s > 0); I') TEMHOIOJIbHE 300paKEHHS B CIA0KOMY Iy4-
Ky (s = 0); 1) TeMHOMOJIFHE 300pakeHHs 3 OCHOBHOIO anepTypHOIO JiadparMoro i
HAXWJIOM ITyYKa; €) TEeMHOMOJIbHE 300pakeHHS 3 anepTypHOIO AiagparMor0 30BHI
oci; ) 0araTompoMEHEBE CBITJIOINOJIbHE 300pa)K€HHS; 3) MIKpOEJIEKTPOHOIpama,
10 BIATIOBIZA€ PUCYHKY (K); K) 300paxeHHsi, orpumane B CTEM
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iHTepPepeHiiitnux cMyr HbloToOHa HAa TOHKUX IJTIBKaX Y IPOXIHOMY CBITJIL.

Ha puc. 5.6, B moka3aHo CHpoIIeHy CXeMy YTBOPEHHs peiiekciB Ha eKpaHi
(doToruriBiti), sKi BimoOpaxkarTh OCOONMMBOCTI oOepHEHOI IpaTku B3ipipt. Jlis
Maiaux KyTiB gudpakmii @ moxHa 3anucatd sin(20) = 2sin®-cos® = 2-sin0d.
Ockinbky, BignmoBigHO a0 cxeMu sin(2®)=R/L =2-sin®, TO migcTaBUBIIM IIei
BUpa3 y 3akoH bperriB, orpumaemo R-d = A-L. Beauuuny A-L Ha3uBaroTh CTaol0
KaMepH MiKpOCKOTIa, BOHA 3aJICKUTh Bijl 3HaUeHHS L, Ke CyKynmHO BH3HAYAETHCS
napaMeTrpamMu OO0'€KTMBHOI, MPOMDKHOI Ta mpoekmiiHoi min3. Cramy KaMmepH
BUKOPUCTOBYIOTh JIJISl BU3HAUCHHS MMapaMeTpiB KPUCTAIIYHOI IpaTku B3ipus. Jlis
OO JIOCTATHHO BHUMIPSITH BeJUuMHY R Ha oTpumaHoMmy audpaxkuiiHoOMy
300pakeHH1 B3IpI, SKa y BUMAAKY KUIBIEBHX E€JIEKTPOHOTPAM piBHA paalycy
KUTBIIS, a JUISl TOYKOBUX — BiJICTaHI BiJl HYJIbOBOT'O ITy4Ka 710 pediekcy.

EnextpoHorpama sik mepBuHHE 300pakeHHsI 00'ekTa 1 qudpakiiitHuil KoH-
TPAacT — sIK BTOPUHHE pa3oM (GopMyroTh moBHE 300pakeHHs. CyTTEBOIO MEPEBATOI0
€JIEKTPOHHOTO MIKPOCKONA € MOXJIMBICTh IIBHJIKOTO TIEPEXOy BiJ PEXKUMY
nudpakuii 0 pexxuMy 300pakeHHS HUISXOM MPOCTOTO MEepEeMUKaHHS Mpuiamy.
s Toro, mobu crocrepiraTd AMHAMIKY mpoiecy, B TEM BBOIATh n0AaTKOBi
IPHUCTPOT JIJIsT HArpiBaHHS, OXOJIO/KEHHS, teopmartii Ta HamMarHiayBaHHS.

KinbkicHu# aHaIi3 KOHTpACTy Bij Je()EeKTIB KpUCTATIYHOI CTPYKTYpU BUMarae
JETAJIBHOTO TOPIBHSAHHS CBITJOMOJBHOTO Ta TEMHOIIOJBHOTO 300pakeHb 3a
NEeBHOTO Haxwiy B3ipus. Ha puc. 5.7 moka3zaHo BIUTMB PI3HUX YMOB 300paKCHHS
omHiel 1 Tiei X auciokamidHoi cTpykTypu B kpemHii KJIb-10(111)-4, sxuii
BUKOPUCTOBYIOTH ISl (JOPMYBAHHS CTPYKTYpP OIMOJISPHUX CXEM.

5.4. Buxopucranus TEM s eqekTpodi3u4HOro AiarHOCTYBaHHS
cyOmikponnux crpykryp BIC

TEM € eheKTUBHHM METOIOM JOCIIIKEHHS CTPYKTYp CyO- 1 HAHOMIKPOHHOL
TEXHOJIOT1H, OCKIIbKH 3a0e3redye BHUCOKY IPOCTOPOBY PO3IUIBHY 3/IaTHICTH Ha
piBHl 0,1 HM. Sk yxke Oyno 3a3HadeHo (M. 5.1), My4OK €JIEKTPOHIB, MPOXOASUU
Kpi3hb 00'€KT-B3ipellh, MPUTOTOBIICHUN Yy BHIJISAI TOHKOI MemOpanu (¢obru),

w HL2 6)

Puc. 5.8. ®opmyBanus 300paxkeHHst ctpykrypu BIC 3 kyToBUM pO30pi€HTYBaH-
HSM B3IpHS METOJOM MPOCBIYYIOUOi €JIEKTPOHHOI MIKPOCKOIIi: a) BEpTHUKAIbHE
pO3MIIIEHHS Tepepi3y ABOGA3HOTO €leMeHTa; 0) HaXWICHHWH B3ipelb; B) 300pa-
KEHHS y BUMAJIKy BIIXWJICHHS Mepepi3y B3IpIs BiJl BEpTHUKAI1

L,
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dbopmye 300pakeHHS, IKE TIepeiae CTPYKTYPHI Ta MOP(OI0TiuH1 0COOIUBOCTI €Jie-
MEHTIB, 1[0 MICTATHCA y Wi MeMOpaHi. MakcuMaibHa TOBIIMHA TaKOi MeMOpaHH
3aJIeKUTH BiJl EHEPTil IEPBUHHUX €JIEKTPOHIB ITy4Ka, SIKa B CY9aCHUX MIKPOCKOIax
ctanoBuTh 60 + 350 keB. Bumii eneprii nydka Aat0Th 3MOTY MPOCBIYYBaTH TOBCTI-
111 B3ipii, HAPUKIIAJ, MAaKCUMallbHA TOBIIMHA KPEMHI€BOT MeMOpaHH, MPUAAaTHOT
s gocmipkeHHs B TEM, crtaHoBUTH mnpuOIuM3HO 1,5 MKM, SKIIO €HEprist
enekTpoHiB myuyka — 200 keB, ta 0,5 + 0,7 mxm y Bunagky eneprii 80 keB.

[Tix gac gocaimkenns ctpykryp BIC 3a gonmomororo TEM wacto BUHHKaIOTH
cutyairii, Ko MOpQoJoris JOCIHIAKYBAHOTO O00'€KTa XapaKTepU3YEThCS HAsB-
HICTIO (pa3oBUX Mex 1o o0uaBa OOKM mMpocBiuyBaHOT MemOpanu. lle Haknamae
JOJJTATKOBI OOMEKEHHSI HA MAaKCUMAaJbHO JOMYCTUMY TOBIIMHY Takoi MeMOpaHH,
10 B CBOKO YEPry BU3HAUA€ HEOOXIHY TEXHOJIOT1I0 Mpenu3iiHOTO TpaBieHHs. Ha
puc. 5.8 moka3aHo B3ipellb, BUPI3aHMA 3 KpHCTada MIKPOCXEMH MEPIICHIUKYISIPHO
foro moBepxHi (ska 30Ira€TbCs 3 IJIOMMHOIO PUCYHKA). 300pa)K€HHS MUITHKH
B3ipIIs, IO SBIISIE COOOI0 TOHKY, T00PE 30pI€EHTOBAHY OKCHUJIHY IUTIBKY Ta MICTUTh
¢da3y moJKpUCTAIIYHOTO KpeMHi0 TOBUIMHOIO 0,5 + 1 MKM, CKIamaeThcs 3 ABOX
JHIM, KOJKHA 3 IKUX BIJMOBIAa€ MeX1 PO3ALTY Ha OJIHIM 13 MOBEpXOHB (puc. 5.8, a).
Axmo Takwi B3ipenb JICNI0 HAXWICHWH BITHOCHO TNIEPBHHHOIO EIICKTPOHHOTO
nyuka (puc.5.8,0), To 300paxkeHHs MexX (a3 moaBoreThCs. OCKUIBKHA Take
PO3JIBOEHHSI 3MEHIIY€E PO3AUTbHY 3JaTHICTH MeToAy ('po3MHBarOThCS" MeEXi) Ta
3pocTae 31 30UTBIIICHHSIM TOBIIIUHHU B3IPIls, TO BJACHE BOHO BU3HAYa€ MAKCHUMAIbHO
MO>KJIMBY TOBIIMHY JOCIIKYyBaHOT MeMOpanu. Tak, y BUIAAKY pPO30pIEHTYBaHHS
IoMMHU MeMOpanu Ha 0,5° BIACTaHb MIXK JIIHISIMU 300pa’KeHHsI HaXWIeHO1 (pa3Hoi
MEXi CTaHOBUTh | HM s B3ipusg ToBmuHOK 100 HM Ta 5 HM I B3ipusd
toBimHOWO 500 HM. Puc. 5.8, B UnmiocTpye cutryanito, ska BUHUKA€E Yy BHUIAIKY
PO30pIEHTYBaHHS JIOCIIPKYBaHOI MeMOpaHU BITHOCHO IOBEpPXHI Kpucrtaia abdbo
YTBOPEHHS TEKCTYpH Ha MexXi (a3. Taka TeKCTypa 4acTO BHHHUKAE HA MEXI1 PO3ALLY
MOJIIKPEMHIIO Ta OKCHAY (IICIsA TEPMIYHOTO OKCHIYBaHHS IMOdI-Si) Ta Ha Kpasx
€JIEMEHTIB TOMOJIOT 1.

KonTpacT 300paxkeHHs B3ipiiB cyOMikpoHHUX cTpYKTyp BIC oTpumyroTs, sik
OyJI0 3a3HAaYCHO B MONEPEAHBLOMY MIIPO31Ii, BOMa criocobamu. Judpakiiifamii
KOHTPACT BUKOPUCTOBYIOTH JUJISl TOCIIIPKEHHST KPUCTAIYHUX MaTepiaiiB (KpeMHIii,
QTIOMIHIN, TOJIKPEMHIN, CWIIIIHI, MOJIIHA TOIIO), a abcopOmiiHmi — ISl BUB-
yeHHs aMOp(GHUX OO0'€KTIB Ha KIITAJT JICTOBAHMX OKCHIB, Hampukian, bOCC —
6opodochopocuIikaTHOTO CKIIA.

VY BUNAAKy AOCIKEHHS KPUCTAIIYHMX MaTepiajiB JIOKaJdbHI 3MIHM 1HTEH-
CHUBHOCTI, AU(paroBaHOro Ha KPHUCTAJIYHIA IpaTIl MEPBHHHOTO EJIEKTPOHHOIO
My4yKa, al0Th MOXJIHMBICTh OTPUMATH KOHTPACT CBITJIIONOJBHOTO YM TEMHOIIOIb-
HOTO 300pakeHHS, SIK MPOJIEMOHCTPOBAHO HA PHUC. 5.7 JUIS B3IpIsl MOHOKPEMHIIO
KJIb-10(111)-4°. Kpim TOro, Ha IHTEHCHBHICTh ITy4Ka, IO IIPOMIIOB Yepes
B3IpeIlb, BIUIMBAE HE TUIBKM 3MiHa 1HTEHCHUBHOCTI JUGParoBaHOro Iy4ykKa
(Inp = I, - 1), ane it ToBuIMHA B3ipLsd, 3aBAAKHA YoMy I, € nepioguuHoI0 QyHKIi€0
fioro ToBIIMHM. BennunHa Takoro nepioay (€KCTUHKIIIMHA TOBIIHWHA) I KPEMHIIO
neprneHauKkysapHo r1iomuHi (111) cranoButs 60,2 HM, a NEPHEHAUKYISIPHO
wiomumHl (110) — 75,7 am. Tomy 31 301TBIICHHSIM TOBIIUHU B3ipls BiAOyBaeThCs
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nepioMvHe OCBITIEHHS Ta 3aTeMHeHHs TEM-300paxkenHs. Oco0auBo 1ei edexT
MIPOSIBIISIETHCS TSI KITMHOTONIOHNX KPUCTAJIIB, €IEKTPOHHO-MIKPOCKOIIIYHE 300pa-
KEHHS SIKHX XapaKTePU3YEThCS YePryBaHHSM TEMHHUX 1 CBITJIMX CMYT, TaK 3BaHUX
CKCTUHKI[IHHUX KOHTYpPIB OJIHAKOBOT TOBIIMHU. UepryBaHHs aHAJIOTIYHHUX CMYT
BUHUKA€ TaKOXX Ha 300paKC€HHSIX 3IrHYTOi (ONBrU; — B TAKUX BUIAIKAX CMYTH
Ha3UBaIOThCA 3ITHYTUMH EKCTUHKIIMHUMHU KOHTypaMH. Pi3Ki 3MIHM TOBIIHWHH,
(dazoBoro ckiany 4yu KpucrajgorpadigHoi opieHTaIlli 3yMOBIIOIOTh BHHUKHEHHS
YITKUX TIEPenajiB KOHTPACTY, TOMY TakKi CTPYKTypud €(EKTUBHO BHSBIAIOTH 3a
nonomoroxw TEM.

Tak, Hanmpukiaaa, MOXHa JIETKO PO3PI3HUTH MEX1 MDK IIapaMy HariB-
npoBimHuKOBOT Haarpatku (AlAs);s-(GaAs);s, KOXKEH 3 SKUX B CBOI YeEpry
MicTuTh Tpubnu3Ho 15 atomapuux mapiB (puc. 5.9). Ciing 3BepHYTH yBary Ha
YiTKE MO3aiyHE EKCTHHIIIIHE 300pakKeHHS KPUCTAIIYHOI CTPYKTYPH HAJAIPaTKH,
3ymMoBiieHe nudpakuieio enekTponHoro mydyka TEM nHa Buxomax rutommH (110).
OCKUIBKHM BIICTAHP MDK 300pa)KCHHSAM TaKHX IUIOMIMH CTaHOBHTH 0,325 HM, TO
MOXKHA 3MIMCHIOBATH TOYHI BHUMIPIOBAHHS IIapaMeTpiB INapiB HaArpaTKu 0Oe3
JOAATKOBOTO KaliOpyBaHHS, Hampukian, ToBmuHa mapiB AlAs Ta GaAs,

Bu3HaueHa 3 TEM-300paxenHs, ctaHOBUTH npuOim3HO 4 uM (~15-0,325- V3172 ).
Hapenenuii mnpukiaag TakoX AEMOHCTPYE MOKIUBOCTI METOAY OCAIKEHHS 3
razoBoi (a3m IIIIXOM PO3KIaay MeTajoopraHiyHux crnoiayk (Metalorganic
Chemical Vapor Deposition — MOCVD) nis BupolTyBaHHS eITiIIapiB HaATPaTOK
Ta OTPUMAaHHS HAJ3BUYANHO PI3KUX rerepodazHuX MeX pO3JUTy TOBUIMHOIO B
OJIVH aTOMapHUM 11ap.

Ha Bimminy Bix momepennboro Bunaaky retepomepexin (AlysGagsAs)-(Gey);
MICTUTh AUQY3iiHYy MibK(azHy mexy. Puc. 5.10 nemonctpye TEM-300paxeHHs
JIBOX HAJIIPATOK, OTpHMaHe 3a jgonomoror Mikpockona H-9000 NAR, ne moxxHa
MOMITUTH AU y3iiiHe mepeMIITyBaHHs, 10 BIIOYBAETHCS Mij YaC CyMICHOTO POCTY

(Gay5Aly 5A8)1(Gey)y

Puc. 5.9. TEM - 306paxxennss  Pue. 5.10. Temuononsne TEM-300pakeHHs Haj-
mwiomuan  (111) waarpatku rpatok (AlgsGagsAs)-(Gey); Ta (AlgsGagsAs)ioo-
AlAs-GaAs, chopmoBanoi ra-  (Gey)ig0, BHPOIIEHUX METOJIOM MOJIEKYJISPHO-
30(ha3HOIO €miTaKCIel 3 MeTa- MpOMeHeBoi emitakcii. [1 — map AlysGag sAs)ioo,
JIOOPTaHIYHUX CHOTYK 2 —map (Gey)100]
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marepiany IV-rpymu ta cionyku A"B" 3
OJTHAKOBOIO CTPYKTYPOIO  KPHUCTATIYHOT
rpatku. OdYeBUAHO, MO Take AuQy3iiiHe
nepeMilllyBaHHs HaWOUIbI MOMITHE IS
Haarpatku (AlgsGagsAs)-(Ge,);, KoxeH
map gKoi (PakKTUIHO MOHOATOMHHM 1
MPAKTUYHO  HEIOMITHE, SKIINO  IapH
HaaIrpaTku moctaTHbOo ToBcTi (100 aTtom-
HuX mapiB s (AlysGagsAs)ioo-(Ger)100)-
TakuM 4YMHOM, HAJIPATKH, BHPOIICHI
METOJIOM MOJIEKYIIPHO-IPOMEHEBOT eIi-
takcii (Molecular Beam Epitaxy — MBE),
MAOTh Taki X 49itki mexi posainy, six i PHE S.11. TEM-300paxeHHs  CTpyK-
HaATPaTKu, BUpoineHi merogom MOCVD TYPH Si-Si0,-moi-Si, OTPHMaHOT 3a
(puc. 5.9), 3a yMOBH [0CTATHHO TOBCTHX AOTIOMOIOX0 OKCHIYBAHHA MIAKIAIKH
ixHix mrapiB. HuTkomoziOne Kiactepo- kpemHiro KJ1-80(100)

YTBOPEHHS, SKE CIIOCTEPIra€ThCs B Hal-

rpatmi (AlysGag sAs)-(Ge,)1, 3yMOBICHO aCHMETPUYHUM TMPOIIECOM ETITAKCIHHOTO
pPOCTy 3 PE3YyJIbTYIOUOI CETperaIficlo 3aJaHoro CKJIaay TMiJ Yac OCa/KEHHS
AlGaAs Ha nigknaaky eaeMeHTis [V-rpymnu.

Puc. 5.11 gemonctpye TEM-300pakeHHsI MeXi MK KPEMHIEBOO TMIIKIATKOIO
Ta TOHKUM InapoMm SiO,, cpopMOBaHUM IMIBUAKUM (POTOHHUM OKCHAYBAHHSIM M
OCapPKeHHsI JIETOBAHOT'O TOJIIKPEMHII0, SK efekTpoga 3atBopa. [lmiBky SiO,
TOBIIMHOK 7 HM BUPOIIYBAJIA MBUJIKAM (OTOHHUM OKCHJIYBAaHHSIM T1AKIQJKA
kpemuito KJIb-80(100) Ta mnokpuBadud ImapoM JErOBaHOTO IOJi-KPEMHIIO B
peakTopi moHuxkeHoro THCKy ("I30Tpon-3") posknagom MoHocuiaHy. Mexa Si-
Si0, € 70CUTh YITKOO Ta MJIOCKOIO, a il TOBIIIMHA HE TIEPEBUIIY€E TOBITUHU OTHOTO
atomuoro mapy (0,27 um). Ile roBoputs mpo
MOXIJIUBICTh €(EKTUBHOTO BHUKOPUCTAHHA
TaKUX IMapyBaTUX CTPYKTyp Ha Si, s
dbopMyBaHHS PE30HAHCHO-TYHEJIBHHUX J10]11B
Ta TPAH3UCTOPIB.

SAx  wmoxHa mobaumtH 3 pwuc. 5.11,
KOHTpACT 300pakeHHs aMOp()HUX 1 MOTIKpH-
CTaNMIUYHUX (MOHOKPHUCTAIIYHUX) MaTepiajiB
BU3HAYAETHCS JIOKATBHUMH 3MiHAMU PO3CitO- - «~—W~ ¥
BaHHS CJICKTPOHIB, MOB'SI3aHUMHM 31 3MIHOIO = oo oo
TOBUIMHM  B3Iplsi, WOro XIMIYHOTO Ta plfAlGaAs
¢dazoBoro ckmaxy. Tyt auistHkm MemOpaHH AL -
HEeIepepBHO 3MIHHOT TOBIIUHU 3YMOBJIIOIOTH,
Ha MpoTHBary AudpakuiiHOMY KOHTPAcCTy,
HENEepepBHY 3MIHY CTYNEHS TOYOPHIHHS
300pakeHHA. Tomy eJeKTPOHHO-MIKPOCKO-
miyHe 300paxkeHHs okcupiB, HiTpuaie Tta Puc. 5.12. TEM-300paxeHHs KoH-
immux amopdHUX Marepianmis nerme imTep- TakTiB 1o AlGaAs n- i p-tumis

Merai, koHTakT 110 n-AlGaAs

Meran, KOHTaKT 10 p-AGaAs
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NPeTyBaTH, HIXK 300payKEHHSI KPUCTAIITYHUX O0'€KTIB.

TpaHcMiciiiHa eTeKTpoHHA MIKPOCKOIIS TaKOXK ePeKTHBHA IJIS JOCITIIHKCHHS
X1JJTOKOYTBOpPEHHsI B Tmporeci (opmyBaHHs KOHTakTiB (puc. 5.12). Ilig wyac
TEPMOBIAJIIOBAHHA OMIYHMX KOHTaKTiB Ha ocHOBI Au g0 AlGaAs uu GaAs
BiIOYBA€THCS PICT MOJIKPUCTATIYHUX BHUCTYIIB (XULIOKIB), SIKi TOJTOBHUM YHWHOM
CKJIaJIaloThCs 3 Au, Ha ruouny Ounbiry 100 HM y rmuOUHY HamiBIPOBITHHUKA, IO
€ TIPUYMHOIO 3aKOPOYCHbB Y IapyBaTUX CTPYKTypax. Taka MoBeaiHKa KOHTAKTIB 710
HaMBOPOBITHIKA 000X THUIIIB N 1 p MOSICHIOETHCA B3aeMoiero MK Au i Ga Ta Au i
Al, a Takox pi3HUMH Koe(ili€eHTaMH TEPMIYHOro po3mupeHHa. Ha Bkazanomy
PUCYHKY YITKO BUAHO AUQY3IHHY Mexy MK n- 1 p-mmapamu AlGaAs, sika
CTAHOBUTH Jewio outbie 60 HM.

5.5. Texnomoriss ¢opmyBannss memOpannux B3ipuiB  aas  TEM-
aiarnoctyBaHHs cTpykrTyp BIC

['onoBHUM YMHHUKOM, IO 0OMexye 3acTocyBanHs TEM mis mociipkeHHs
cyomikponHux cTpykTyp BIC, € mpoGiemu, moB's3aHi 3 BUTOTOBJICHHSM B3IpPIIiB.
OpnHa 3 HUX MONSATa€ B CKJIAAHOCTI OTpUMaHHS MeMOpaHu ((onbru), A0CTaTHbO
TOHKOT JIJIsl CIIOCTEPEIKEHHS B TPAHCMICIHHOMY MIKPOCKOIIi, 1HIIIA — B HEOOX1THOCTI
30epexeHHs TOCHTIKYyBaHOTO ejlemMeHTa Mopdoiorii B i MmemOpaHi. Po3risinemo
i TEXHOJIOT1UHI MPOOJIEeMH Ta iXHE BUPIMIEHHS 3 TOYKU 30py aBTOMATH30BAaHOTO
TECTOBOTO KOHTPOJIIO eJIEKTPOo(di3nyHuX mapameTpiB cTpykryp BIC.

Touky MemOpany (¢osbry), HalOUIBI 1HGOPMATUBHY JIA J1arHOCTYBaHHS
ctpykryp BIC, BupizaioTh NepHeHAMKYISIPHO MOBEPXHI KPEMHIE€BOI MNIACTUHU
(BeprukanpHUil miepepi3). HocmimxeHHs merogqom TEM Takux mnepepiziB gae
MOXUIMBICTh OTpUMAaTH IH(QOpMaIlil0 IIOAO0 B3aeMOli BEIHUKOI KLIBKOCTI
MOBEPXHEBHUX INAPiB, a TAaKOXK MIOAO0 TC€OMETPUYHHX XapaKTEPUCTUK CXOIUHOK,
YTBOPEHHX KpasMH €JIEMEHTIB CXeMH Ta KoHTakTamu. Ha pwuc. 5.13 mokasani
OCHOBHI TEXHOJIOT1YHI1 eTanu (OpMyBaHHS BEPTHKAJIBLHOIO Iepepizy. TpuBajicTh
MPUTOTYBaHHS TaKUX TECT-B3IPI[IB 3 BUKOPUCTAHHSM IPOIIECIB 10HHO-IJIa3MOBOTO
TPaBJICHHsI HE TIepeBUIy€e 24 + 48 TOJIUH, 110 JIO3BOJISIE ABTOMATHYHO (OPMYBATH
HacKpi3Hi OTBOpH y ¢Goyib3l Ta 1030aBiase HEOOXIMHOCTI Yy HEMepepBHOMY
CTIIOCTEpEKEHHI 3a XOJ0M Tporiecy cToHmieHHs. dompra-memOpaHa, ITOCTaTHHO
TOHKa JUIs TpoBeAeHHS nociikeHHss B TEM, yTBOpIOEThCS MO mepuMeTpy

OO0,

Puc. 5.13. Texnonorisa opMyBaHHS BEPTUKAIBHOTO TEpepi3y B3IpLs IS aHATI3Y
MetronoM TEM: a) BupizaHHa ¢pparMeHta 1X2 MM 13 miIKIanok; O) CKICIOBaHHS
Takux ()parMeHTiB OJHMH 3 OJHUM; B) (POPMYBaHHS HACKPIZHOTO OTBOPY IUISIXOM
TpaBJIEHHS Ta 10HHOTO po3nmieHHA. (TyT TOBCTUMU YOPHUMHU CMYT'aMM MOKa3aHO
1HGOPMAaTUBHI IIApU MJIACTUHU Ta OTPUMAHOI (POJIBrU-MEMOPaHH )

1 MM
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KUTblieBOoro oTBOpy po3Mmipom 20 + 100 mxM, sike (HOpMYIOTh 3a JIOIOMOIOHO
nporecis Jitorpadii Ta J1a3epHUX TEXHOJOTIH.

[IpoGaemy, noB's3any 31 30epeKCHHSAM HEOOXITHUX €IeMEHTIB MOp(OJIOTii B
MPUTOTOBIICHIN ()OJIB31, MOXKHA BHUPINIUTH 3@ JIOMOMOIOI0 CIEHIaIbHUX TECTOBUX
ctpyktyp mis TEM. Jlo iXHBOTrO CKiamy BXOIATH BCi MOP(OJIOTiIUHI €JIEMEHTH,
xapakTepHi mis KoHkpeTHoi TexHojorii BIC: 6inonspuoi, KMOH uym SOI
(puc. 5.14), sxi hopmyroTh Ha 6a30Bil TIACTHHI OAHOYACHO 31 cTpykTypamu BIC.
Habip MopdonoriyHux eIeMeHTiB pO3MILIyIOTh Y BUIJISIII CMY>KKH TOBIIUHOIO IO
2,5 MKM Ha JUISHI[l NJACTHHH JIOBXKHHOIO 18 MKM, siKa SIBJIsIE COOOI0 TECTOBHUM
nepioa. Lleit mepiox MOBTOPIOIOTH ACKUIbKA (3a3BHYA 5) pa3iB y BUTIISA1 KOHBEPTA
Ha MiOKIanmni, B sAKid ¢opmyrotecs crpykTypu BIC. V mepnenmukysisipHomMy
HAMPsIM1 IPOTSDKHICTh KOKHOTO eJIeMeHTa CTaHOBHTH 100 MKM.

2-i1 map l-ii wap  mig3aTBOPHUI  130JFOFOYUIA TR ——
Meranizalii Meramisanii OKCUJL OKCUA AEARS
)
>
N
B AL ¥ DR
1,012{1,0 1,5 [1,0] 1.5 2,0 2,0 1,5 2,0 2.5 1LO| 1.5 |3 &

18,0 MKkM

Puc. 5.14. TecroBa cTpykTypa mainsa gocuimkenHs B TEM

Tenep po3risiHEMO TEXHOJIOT1I0 (OpMyBaHHS KpeMHIEBUX MeMOpaH ((hosibru)
st pociimkeHHss B TEM. OCHOBHUM TEXHOJIOT1YHHM METOAOM JUIS MIiKpoO-
00pOOJICHHS KPEMHIIO € aHI30TPOITHE PIIUHHE TPABJICHHS B IMOEIHAHHI 3 METOJIOM
CyXOro IJIa3MOXIMIYHOTO TpaBiieHHA. [[1s1 aHI30TPOIMHOro TpaBjieHHS HaMIBIPO-
BITHMKOBOTO KpHCTajda BUKOPHUCTOBYIOTH 3aJICKHICTh HIBHUAKOCTI TPAaBICHHA BiA
KpUCTAIOrpadiyHOTO HANPSMY, a B IKOCTI PEaKTHUBIB — BOJAHI PO3YMHH TiIpa3uHy,
eTWJICH/I1aM1HY, JIYT1B.

Ha puc. 5.15 nokazana giarpama 3aaeXHOCTI IIBUAKOCTI TPAaBICHHS KPEMHIIO
y BOJHOMY PpO3YHMHI eTWJEHJiaMiHy Bl KpHcTajgorpadiqHoi opieHTaIlii.
[IpakTuyHO HYJIbOBA MIBUAKICTH PO3UMHEHHS MEpHEeHIUKYIsIpHO TuiommHi (111),
po3mimieHoi mix kKyrom 54,7° 10 TOBEpXHI, A€ MOXIHUBICTH (OpMyBaTH
3arauOJICHHS YW JKOJIOOKHM Tparemnienoaionoro abo V-nomibHoro mpodinro B
IIacTUHAX KpeMHito 3 opieHTaniero mnoepxHi (100). [ToTpiOHuM uynHOM MOXKHA
chopMyBaTH rIMO0KI YU BY3bKi KOJIOOKH (CMY)KKH) 3 BEpTUKAILHIUMH CTIHKAMU B
macTiHax 3 opieHTamiero moBepxHi (110). Taki XiMi4HI peakTHUBH, 3a3BHYA,
MPOSBIIAIOTH CENIEKTUBHICTh TPABJIEHHS (BIAHOCHO KpHUCTAIOTpadiuHOTO HAMPAMY)
1 10 IHIIUX HAMIBIPOBINHUKIB. [IJ1g OTpUMaHHS CKIAAHIIINX KOHCTPYKII TOHKUX
MeMOpaH HeoOXiJHI KOMOiHOBaHI omepamii 3 000X OOKIB IUIaCTUHH HaIliB-
MIPOB1IHUKA.

Ha reomerpito CTBOpDIOBaHHMX IUISIXOM  aHI30TPOMHOTO  TPAaBJICHHS
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0)

Puc. 5.15. Jliarpama 3aneHOCT1 IIBUAKOCTI TpaBICHHS Si Bif
KpucTtamorpadiuHoi opieHTaIlii (a) Ta TeOMeTpis 3araubaeHb Y
BUITQJIKY TPaBJICHHS IIaCTUHHM 3 opieHTaIiero (100) (6)

TPUBUMIPHUX CTPYKTYp BIUIMBae ¢opma BikHA B Mackyrodid 1oriBmi. Ha
puc. 5.15, 6 nokazaHo BUAM 3ariaubJIeHb s pi3HUX (OPM BIKHA OJHOCTOPOHHBOL
Macku B Si-mmactuHax opieHTtamii (100), ska 3abe3neuye V-momiOHy KaHaBKY, a
opierraris (110) — Tpanernienoniony.

VY Bunajgky MackyBaHHS 3 OAHOTO OOKYy TNIMOMHA k0J100a 4u 3ariuOJICHHS
BU3HAYAE€ThCA TPUBATICTIO PIAMHHOTO TpaBleHHSA. MOXIHMBICTh KEepyBaHHS
MpoIleCOM TpaBJEHHsA 3a0e3medye BiATBOPIOBAHICTh Y MAacOBi TEXHOJOTI]
dbopmyBaHHS Si-CTPYKTYp. 3 MIJIBUIIEHHSM KOHLEHTpauii 0opy, MOYMHAIOYU 3
510" CM‘3, MIBUAKICTH TPABJICHHS Pi3KO CIaa€, a Y BUMAAKY KOHIIEHTpAIliil TOHa
2:10%° cMm™ mporiec TpaBIeHHS MPAKTUYHO MpHIHHSEThCS. Lleit edekT mo3Bomse
BUKOPUCTOBYBAaTH TakKl CTOK-IIapu i (OpMyBaHHSA JdyXK€ TOHKMX MeMOpaH
(menme 0,1 mxm). Ha puc. 5.16 moka3aHo TEXHOJOTIYHHUN MapIIpyT (eTarm)
BUTOTOBJICHHSI 0araTopiBHEBOI MEMOpPaHHU 3 BUKOPHCTAHHSAM MAacKH 3 JI€JIEKTPUKIB

Si0O; + SizNy.

Hes3Baxaroun Ha Te, IO HOCTIHHO
a) pO3pOOIISIIOTE HOBI  MeToau (opMyBaHHS
Takux MemOpaH He Tinmbku st TEM, ane

B* a6o BF.™ W A7 pI3HUX CEHCOPIB, HAMOLIBII 3pYIHUM

Il lalol | 13 | 1 yHIBepCaJbHHUM METOJOM TpPaBJICHHS

e e ———— — Si 3anummaeThcs XiMiyHE TpaBieHHS. 3a3BH-

______________ | R 0) wait BUKOPHCTOBYIOTh TaKi TpPaBHUKH:
—_—]

eTwieHIiamiH + nipokarexin + Boga (EI),
KOH + H20 Ta HF + HNO3 + CH3COOH

——1 — TpaBuuk EJIIl ani3oTpomHui, BHCOKO-
______________ I &_____ B) cenexruBHmii 1o macku SiO,, SisN; 1 Au.
Moro nis 3anexuTts Bix JIETyHY01 JAOMIII-
Puc. 5.16. Texnonoriyni eranu Go- Kxu — BiH Mae Maibke HYIbOBY MIBHAKICTH
pPMyBaHHS KPEMHI€BOI MeMOpaHH TpaBICHHS KPEMHIIO 3 KOHLEHTPALICIO GOpy
(dbonbru) <110 em™. Jis posumny KOH y Boxi
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TaKOX 3aJieUTh BiJ opileHTamil. [le#i TpaBHUK gae Ayke BHUCOKI BIIHOIICHHS
mBuaKocTei TpaBneHHs mwiomuH (110) 1 (111), 6inpmi, vixk EJITT-400:1. Tomy BiH
Ty’K€ 3pYYHHI JIJIsi TPABJICHHsS KaHABOK, jK0100iB, MemOpaH Ha twionuHi (110),
OCKIJTbKM BHUCOKHN KOE(DIIEHT CENEKTUBHOCTI J03BOJISIE OTPUMYBATH TIUOOKI
KaHaBKM 31 3HAYHOI BEJIWYMHOIO BINHOIICHHS TJMOWHHM A0 MIHPUHU Ta 3
MIHIMaTbHUM MiATpaBieHHsIM Mackd. Kucmothmit TpaBHuk HF + HNO; +
+ CH3COOH wmae nepeBary mnepes Jy>KHUM, OCKUIBKH 3a0e3Meuye BHIINY YHUCTOTY
(BiICYTHICTh MBUAKOIUGYHAYIOUMX JYXKHUX MeTaniB). [ oTpuMaHHA Mainx
HACKPI3HMX OTBOpPIB a00 3ariaubOiIeHWX JUITHOK Yy TUIACTHHI  KPEMHIIO
BUKOPUCTOBYIOTh METOJI €JIEKTPOXIMIYHOIO TpaBieHHs. Hampyra 3miimieHHs, ska
MOIAE€THCA Ha N-Iap, MPUIHHAE POZYMHEHHS KPEMHIEBOI MIAKIAAKUA pP-TUIY Ha
Mexi 3 n-tunom. [lepeBara 1pOoro MeETOMy TPABJICHHS IOJIATA€ B TOMY, IO BiH
30epirae BCl xapakTepucTuku adizorponHoro tpamieHHs B KOH 1 EJIII, ne
noTpeOyIoYH 3aX0BAaHOTO P+ CTOM-IIApYy.

[ToBepHemoch Temep /10 BHOOPY MPOCBIUYIOUUX E€IEKTPOHHHUX MIKPOCKOIIIB
JUIs eNeKTpo¢i3UYHOTO AlarHOCTYBaHHA CyO- 1 HaHOMIKpOHHHX cTpykTyp BIC.
Ewmiciiinuii enektpoHHuid mikpockon EF6 (puc. 5.17,a) € ocobiuBo 3py4yHUM,
OCKUIbKHM 3a0e3rneuye BeluKe 30UTIICHHSIM CTPYKTYpH NOBEpXHI 00'ekTa 3a
pPaxyHOK €JICKTPOHHO1 emicii. Beaukor HOro mepeBaror0 € BHUKOPUCTAHHS i€l
BJIACTHUBOCTI JJIA SKICHOTO W KUIBKICHOTO aHaji3y, a TaKOoX JIarHOCTUYHOTO
KoHTpoIto cTpykTyp BIC y mporieci ix po3po0iierHs Ta popMyBaHHS.

VY mpoleci BUTOTOBJICHHS €JIEMEHTIB Cy4acHOI MIKpPOEIEKTPOHIKHM — CyO- 1
HaHOMIKpOHHUX CTpyKTyp BIC BHKOpPHCTOBYIOTH XiMIYHE, IIa3MOXIMIYHE TpaB-
JICHHS, 10HHO-TUTA3MOBE HAINWJIEHHS, 0araro3apsiHy IMIUTaHTaIio, oOpoOIeHHs
€JIeKTPOHHUM, I0HHUM MTPOMEHEM ToI[0. BHACTIIOK TaKuX 1 €1eKTPOHHOAKTUBHI

Puc. 5.17. EMiciiiHUIl  €JIEKTPOHHHUI MIKpO-
ckonn EF-6 BupoOnunrsa Carl Zeiss Jena (a)
Ta 300paKCHHS METAJICBUX JIOPIKOK pPO3BE-
JICHHSI TUTAaHAPHOTO KPEMHIEBOTO TPaH3UCTOpa
ctpykrypu KP140Y 16, otpumane 3 iioro
nomomororo (0)
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NOBEPXHI MarOTh TEBHY CTPYKTYpYy, SKy MOXHa OCOOJMBO KOHTPACTHO i
IUTACTUYHO TTOKa3yBaTH 3a JOMOMOTOI0 IMOTOKY €JEKTPOHIB, IO MAaJal0Th MiA
HEBEJIMKAM KYTOM JI0 TTOBEPXHi. SAKIO0 i eMICIHHUM eNeKTPOHHUM MIKPOCKOIIOM
PO3TISAAATH TIOBEPXHIO Y BUOWTHX EJIEKTPOHAX, 3YMOBJIICHHX KOCO TaJIal0uuMU
NEPBUHHUMU €JICKTPOHAMH, TO 3aBASKU PO3MOILTY OMPOMIHIOBAHHX Ta TIHHOBHUX
JISHOK OTPUMYEMO 300pa’keHHS, MOJI0HE TOMY, K€ OTPUMYIOTH ITiJl ONITHYHHM
MIKPOCKOIIOM 32 yYMOBHM OI14HOTO OCBITIEHHS. OCKUIBKM BTOPHUHHI €JIEKTPOHU
BUOMBAIOTHCS TUTBKM 3 THX OUISTHOK 00'€KTa, Ha SKi MOMAJIN MEPBUHHI EICKTPOHH,
TO 3aJIeKHO BiJI KyTa OMPOMIHEHHS CIOCTEPIrar0Th OLIBIII YM MEHII TIHBOBI
JUISTHKA HAaBITh 32 YMOBH HE3MIHHOTO KoedilieHTa BTOpPUHHOI emicii. KibKicTh
€MITOBaHUX EJIEKTPOHIB 3aJ€KHUTh NIPH [[OMY BiJl TYCTUHU CTPYMY Ta HIBHUAKOCTI
NEPBUHHUX YaCTUHOK. SIKIIIO CTPyM BUIPOMIHIOBAHHSI CTAHOBHUTH JIEKUJIbKA COTCHb
mikpoammep (ryctiaa ~ 10 MA/cM™) mpu mpuckoprorodiii Hampysi 10 + 200 B,
TO €JNEKTPOHIB, fAKi MOKUIAIOTh IOBEPXHIO, € JOCTaTHHO I OTPUMAHHS 3
1000-kpaTHuM 30UTBIIEHHSAM 300pa)keHHsT 4acTUHU 00'ekTa abo Ha CBITIOMY
ekpani, a0o Ha (oTOIIaCTHHI €MICIMHOro eJIeKTpOHHOTOo Mikpockormna. [lepeBara
JOCHIIKeHb M1 eMICIHHUM MIKPOCKOTIOM TOJIATae y BUIIIN pO3AUIbHINA 3MaTHOCTI
OJIHOYACHO 3 BEJIMKOIO TITMOMHOIO Pi3KOCTI.

B ewmiciitHomy enektpoHHoMy Mikpockori EF6 (Carl Zeiss Jena) xyT mix
najarodrM eJIEKTPOHHUM ITOTOKOM 1 IMMOBEepXHE MOKHA 3MiHIOBaTH Big 0 mo 10°.
Tum caMuM J0OCATAETHCSI MOXIIMBICTH IMPUCTOCOBYBATH KYT OIPOMIHEHHS [0
BIJIMTOBIIHOT CTPYKTYPH MOBEPXHI cyO- Ta HaHOMIKpoHHUX BIC.

Ha puc. 5.17, 6 xyT onpomiHIOBaHHS IEPBUHHUMU E€JIEKTPOHAMH CTAaHOBUTH
10°. 3 ypaxyBaHHSIM BEIMYMHH 30UTBIICHHS MOXHA 0O€3MOCEepeHhO O00UYMCIUTH
TOBIIMHY IIapy METAIECBUX JOPDKOK pO3BeJeHHs, sike cTaHOBUTH 0,8 + 0,9 MkM, a
TaKOXX TOBIIUHM eMiTepa, Oa3u Ta KOJIEKTOpa IUIAHAPHOTO KPEMHIEBOTO
tpansuctopa crtpykrypu KP140V]I6, piBanx 0,2 Mxm. HepiBHICTH TOpIXKOK
po3BeacHHsA cTaHOBUTH 0,05 + 0,1 MKM 1 9ITKO BUAUISIETHCSA HA TJ1 PIBHOT OBEPXHI
enemeHTiB. HaGarato MeHIII HEpIBHOCTI €IE€MEHTIB TaKOX KOHTPACTHO 1 YITKO
BiJOOpaX)ar0ThCS 32 YMOBH ILIOCKIIIOTO MaIHHS TIEPBUHHUX €IIEKTPOHIB.

SAx BumHo 3 puc. 5.17, 6, MOXKHA JIETKO BH3HAYUTH TOBIIMHY OYIb-SKOTO
¢yHKI10HATBHOrO 1Iapy ToBiIMHOKO Ha piBHI 0,01 Mxm (10 HM). Hanpuknan, y
Takui cnoci0 Jsermie mepeBipuTy mpodisni KpaiB HAMMICHUX IIAPIB 1 JOTPUMAHHS
KOHCTPYKTOPCBKO-TEXHOJIOTIYHUX OOMexeHb. Benuka mnepeBara IIbOr0 METOIY
JOCTIKEHHS TIOJIATAE HacaMIepe/] B TOMY, III0 MOYKHA YiTKO KOHTPOJIFOBATH BEChH
KOMIUIEKC TEXHOJIOTIYHMX omepariii ¢opMyBaHHS CTPYKTypH Ta ii Tomosorii, 0e3
BUKOPUCTaHHS MEXAaHIYHUX KOHTAKTIB JJI MOJAaHHS MOTECHIIANIB YU KUBJICHHS Ha
KOHTAKTYIOU1 IJIOIIAIKN IHTETPAIBHOT CXEMHU.

Ewmiciitnmit  enexktponnuit mikpockon EF6 mae MOXIuBICTE OTpUMyBaTH
300pakeHHS HE TUIBKM 3a JOMOMOTOI0 BTOPMHHHX €JEeKTPOHIB, ale i 3a
JIOTIOMOI'OI0  €JIeKTPOHIB, BHOUTHX 10HaMHM, a TaKOX TEIUIOBUX EJEKTPOHIB.
OO6'ekTH, MPOBIAHICTD SKUX € HEIOCTATHBOIO JIJISl CTIKAHHS 3apsAy 3yMOBJICHOTO
najaloyuM MPOCBIUYIOUUM EJIIEKTPOHHUM IyYKOM, MOKHA HANWISATH IIapoM
BYIUICIIO TOBIIMHOKO 5 + 10 HM. Takuii map Byrieiro € npo30puM i €JIEeKTPOHIB
1 He 3MIHIOE KOHTPACTHOCTI Ta YITKOCT1 300 pa>KeHHSI.
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Ille omauM BucokoTexHonoriuauM TEM
€ wmikpockonr H-9000 NAR ¢ipmu Hitachi
(puc. 5.18), saxuii BOJNOJIE BHCOKOK PO3-
JIIBHOK 3JaTHICTIO, IO 3a0e3MeuyeThes
pobouoro Hampyrow mo 300 keB. Bim mae
JieKUIbKa MoAu(dIKaImii A pi3HUX METOIB
omnpaitoBaHHsl 300paxeHb cTpyktyp BIC Tta
AHATITUYHAX JOCIIJKEHb. Takuil MiKpPOCKOIT
norpedye  yIbTPAaBUCOKHM  BakyyM (10
10" Mm.pr.cT.), sKuii 3a6esmeuye TypOGOMO-
nexynsipaa momna. CraOuibHe (QYHKIIOHY-
BaHHS BCIX BY3JiB MIKPOCKOIIA HE BHMArae
KPIOTEHHOTO OXOJIOJDKEHHS, TOMY BijImanae
HEOOXITHICTh y PIAKOMY BOJHI YH a30Ti.

TEM wmoaeni H-9000 NAR, sx anami-
TUYHUI THCTPYMEHT, BUKOPUCTOBYE POOOUMIA
MPOCTIp 3 BEpXHIM 1 OOKOBHM 3aBaHTakKEH-
HIM Ta 3a0e3ledyye TapaHTOBAaHY PO3AUIBHY
3natHicTh 0,1 M. Criiike (yHKIIIOHYBaHHS
mikpockona npu 300 keB 3a0e3nedyeTnes
10-cTyrneHeBO IMPUCKOPIOIOUOK CHCTEMOIO.
Takuif  MIKPOCKOIN ~ CHPOEKTOBAHWUN  CHELIAIbHO ISl  BUCOKOE(EKTHUBHOT
TPaHCMICIHHOT MIKpPOCKOMIi Ta eJIeMEHTHOrO MIKpPOaHali3y 3 BUKOPHUCTaHHSIM
CKaHYIOUMX CUCTEM 3a0€3MEUCHHS 300pa)KEHHS B JIBOX PEKUMAX: IS MaJUX KyTiB
BimOuBaHHA (10 22°) 1 Ay BEIMKHUX KYTiB BigOWBaHHsS (> 68°), mo poOUTh HOro
VHIKaJIbHUM JJI  €JIeKTPO(I13UYHOr0 KOHTPOJIO Ta J1arHOCTYBaHHS CyO- 1
HaHOCTpYyKTYp BIC.

3aKkiHUYIOUM LIeH Po3ALI, CIiJ IIe€ pa3 BIAMITUTH, IO BHUCOKAa PO3LIbHA
3/IaTHICTh TPAHCMICIHHOI €JIEKTPOHHOI MIKPOCKOIII J03BOJII€ BUKOPUCTOBYBATH il
JUTSL TOCJTIJIKEHHS, BUMIPIOBAHHS Ta Bi3yaJIbHOTO KOHTPOJIO MIAPYBATUX CTPYKTYP
(maarpatrok) BIC. 3 1iero MeTor po3poOJieHa OpUTriHAJbHA TEXHOJIOTLS
(dbopMyBaHHS TOHKHUX KpeMHIeBUX MeMOpaH — B3ipuiB ansi TEM-miarHocTyBaHHS
ctpyktyp BIC. BukopucTtanHs cremiani3oBaHUX TECTOBUX CTPYKTYp JIO3BOJISIE
3a0€3MeUnTH KOMIUIEKCHE JOCIIIKEHHS mapaMeTpiB GyHKIioHaabHuX mapis BIC
Ta MEX PO3AUTY MK HUMHU, 1110 HEOOX1THO IS MIJBUINICHHS HAIIMHOCTI Ta BUXOTY
npunatux ctpykryp BIC.

Puc. 5.18. Tpancwmiciitnuii enek-
TpoHHui Mikpockorn H-9000 NAR
(Hitachi).
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Po3nin 6. PEHTTEHOCIIEKTPAJIBHUIM MIKPOAHAJII3 TA
CKAHYIOYA EJJEKTPOHHA MIKPOCKOIIIA

Ha Temep Bakko Ha3BaTH rajgy3i HayKd Ta TEXHIKH, JI€ JJIs1 JOCIIKEHHS
00'eKTIB HE 3aCTOCOBYBABCS O METOJ] PEHTICHOCIICKTPAIBHOTO MiKpoaHalizy abo,
SK WOTO 1HaKIIe Ha3UBAKOTh, EIEKTPOHHO-30H0BOr0 MikpoaHanizy (E3MA, aHr.:
Electron Probe Microanalysis). [IpakTiuHa 1{iHHICTE METO/Y TIOJISITA€ HE CTIILKHU B
Horo BUCOKIiH JOKaJIbHINA YyTIUBOCTI Ta HEPYHHIBHOMY BIUIMBY Ha B3Ipellb, CKiIb-
KA Yy BUCOKIM TOYHOCTI KUTbKICHOTO BU3HAYEHHS €JIEMEHTHOTO CKIIAy B3IpI, SKa
MOX€ B OKpEeMHX BHUIaJKax csratu £2%. Came TOMy 3 yCiX aHaJITUYHUX METOJIIB
E3MA Halikpamie BiATIOBiZa€ 3aBAaHHSAM Ta BHMOTaM KiITbKICHOTO BH3HAYCHHS
JIOKAJIBHOTO CKJIAJy TBEPAMX TUI, MO OCOOIMBO BAXKIMBO ISl JOCIIHKCHHS Ta
KOHTPOJIIO CTPYKTYp BEJIHMKHX IHTETPATBHUX CXEM, a TaKOX EJICKTPOQi3HIHOTO
JIarHOCTYBaHHS €TalliB TEXHOJIOTTYHOTO MpoIlecy iX hopMyBaHHS.

Ha mouarkoBuX cTamisx po3poOJeHHS PEHTICHIBCHKUX MIKpPOAHAII3aTOPIB,
SIK1 TO3BOJISJTM BUKOHYBAaTH PEHTICHOCIIEKTPAIbHUM aHa13 MIKPOJUISHOK JTlaMeT-
POM y JeKiIbKa MIKPOH 3a JOMOMOTro0 30yaKeHHS OOMOYIOUMMH €IEeKTPOHAMH,
BifOyBajach MapajeibHO Ta HE3AIEKHO BIA PO3BUTKY METOJY CKAaHYKOYOI
eJeKTpoHHOiI Mikpockomii. Ha neskoMy erami koMOiHalis 000X METOIB pHU3BeEa
70 CTBOPEHHS €JIEKTPOHHO-30HJIOBOTO MikpoaHanizy. Cy4acHi Tpwiagd — IIe
KOMOIHOBaH1 MPUCTPOT, SIKi 3a0€3MeYyI0Th OJHOYACHO K PEHTIEHOCTICKTPATbHUI
aHaji3, TaK 1 CKaHyIOUy €JIEKTPOHHY MIKPOCKOIII0. SIKIIO PEeHTICHIBCHKI MIKPO-
aHaI3aTOpPU OKPEMO B)KE€ HE BUKOPUCTOBYIOTHCSA, TO CKaHYIOUl EJIEeKTPOHHI
MIKPOCKOIIM MOXYTh OyTH y BHUIJISIII OKPEMUX HEKOMOIHOBAaHHMX MPUCTPOIB, MPHU
IbOMY TPWIAJAHI XapaKTePUCTUKH TaKUX MIKPOCKOIIB, 3a3BHYai, BWII, HDK Yy
npuctpoid E3MA. B 3B'I3ky 3 UM y 1boMy po3auli OyJae OKpeMO PO3MIISTHYTO
NPUHIUIN Ta MOKIUBOCTI CKaHYIOUYO1 €JIEKTPOHHOT MIKPOCKOTIIi.

6.1. OcHOBM €JIEKTPOHHO-30H/10BOT'0 MiKpOaHaJi3y

E3MA momisirae B JOCHIIPKEHHI CYKYITHOCTI CHUTHAJiB, SIKI BHHHKAIOTh
BHACJIIIOK MAaJiHHA TOYHO C(OKYCOBAHOI'O EJIEKTPOHHOI'O Iy4yka Ha IMOBEPXHIO
JOCIKyBaHOro B3ipus. Taki CUTHamM (BUOPOMIHIOBAHHS) € PE3yJbTaTOM
B32€MO/I1i BUCOKOCHEPTeTUYHUX EJICKTPOHIB My4yKa 3 EJICKTPOHHUMH OOO0JIOHKAMHU
atomiB B3ipi. Jlo HuX (curHaiuiB) HajexaTh (puc. 6.1): XapaKTepHUCTHYHE Ta
raJlbMIBHE DPEHTTCHIBCHbKI BUIIPOMIHIOBAHHS; BIIOUTI, MOTJIMHYTi, BTOPUHHI Ta
OXe-eNeKTPOHU, a TAKOK KaTOOJFOMIHICIICHTHE BUIPOMIHIOBAHHSI.

KoxeH 13 curHaiaiB MoOXe BHUKOPUCTOBYBATUCA JJIsi OTPUMAaHHs IEBHOL
iHopmallii mo/10 MaTepiay (CTpyKTypH) B3ipiis, 30kpema ctpyktyp BIC. Axuio B
PEHTTEHOCTIEKTPATbHUX  MIKpoaHali3aTopax Juisi OTpUMaHHA  iH(opmarlii,
3a3BMYail, BUKOPHUCTOBYIOTh CYKYIIHICTh YCIX 3a3HAUYE€HUX BHILE CUTHAJIB, 3a
BUHATKOM IIOTJIMHYTHX €JIGKTPOHIB, TO JESIKI Cy4YacHI HaJIBUCOKOBaKyyMHI
(10° = 10" MM.pT.CT.) NpHIAAM JAIOTH MOXIMBICTh BHAUISATH Ta AHAII3YBAaTH
OKpE€MI1 3 Ha3BaHUX CUTHAIIB, 30kpeMa Oxe-eIeKTPOHHU.

Posrnstnemo nHacammnepen (i3uyHi mpolilecM BUHUKHEHHS PEHTICHIBCHKOIO
BUIIPOMIHIOBAHHS Ta HOTO MOTIMHAHHS PEYOBUHOIO B3IpIIS.
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Puc. 6.1. CurHanu, sKi BHHHKAaIOTH ¥
pe3yabTaTi B3a€MO/IIi MaJal0u0ro eJIeKTPOH-
Horo myuka (1) 3 wmarepiasom B3ipus:
Bimouti (2), BTopuHHi (3) Ta Oxe-
enexkTpoHu  (4), KaTO/I0JFOMIHICIIEHTHE
ButipoMiHioBaHHs (5), xapakrepuctudne (6)
ta TanbMmiBHe (7) PpEHTICHIBCBKI BHIIPO-
MIHIOBAHHS; IOTJIMHYT1 €JIEKTPOHHU (8)

JUis OTpUMaHHS PEHTIEHIBCHKOIO BHUIIPOMIHIOBAHHS 3aCTOCOBYIOTH KJIacH4-
HUW Metoj, 3ampornoHoBaHui 1ie I [1. Ilymroem, sxuii mossirae B pi3KOMY
raJbMyBaHHI MaTepiajioM B3ipIs MydYKa eJIEKTPOHIB, MPUCKOPEHUX 32 JOMOMOTO0
Bucokoi Hanpyru Uj. SIKuio enekTpoHH Nydka (Tak 3BaH1 NEPBUHHI €JIEKTPOHU)
TATBMYIOTBCS JIUIIE KYJTOHIBCHKAM €ICKTPUYHUM TIOJIEM aToMa, TO IXHS KiHeTHYHA
€Heprisi MOBHICTIO a00 YaCTKOBO BUTPAYAETHCS Ha 30yKEHHS €JIEKTPOMArHiTHOTO
BUIIPOMIHIOBaHHS, $K€ HA3UBA€ThCS TaJbMIBHUM PEHTICHIBCBKUM BUIIPO-
MiHIOBaHHSIM. OCKUIbKY KIHETUYHA €HEPrisl B LIbOMY NPOLEC MOKE 3MEHIITYBaTUCh
Ha Oy/Jb-sIKy AOBUIBHY BEIMYMHY, TO MOXHA OTPHUMATH BCl 3HAYEHHS BEIWYUH
eHeprii eJeKTpPOMAarHiTHHUX KBaHTIB (Bil HyJIsA JO0 MaKCHMaJIbHOIO 3HAYCHHS
eHeprii MepBUHHUX EJIEKTPOHIB), [0 B KIHIEBOMY pe3yJbTaTi Ja€ HenepepBHUN
CHEKTp TajJbMIBHOTO pPEHTTEHIBCHKOTO BUIPOMiHIOBaHHS. KOpOTKOXBHIILOBA
IPaHUIIA LILOTO CHEKTPY (B HM) BIANOBIIA€ MAaKCUMAIbHOMY 3HAUE€HHIO KIHETHYHOT
eHeprii nepBuHHUX enekTpoHiB Ej=e-U, BignoBigHo 10 3akoHy JlyaHa-XaHTa
(Duane-Hunt):

7\,0 = hC/EO :hC/eUO = 1,2398/U0, (61)
ne Uy — npuckoproroyda Harnpyra (B keB).

JInst  peHTIeHOCNEKTPabHOTO  MIKpOaHali3y TallbMIBHE PEHTICHIBChKE
BUIIPOMIHIOBAHHS € IPUYIHNHOIO (POHOBOTO (IIIyMOBOT0) CHUTHATY, OJHAK MOBHICTIO
HOTro yCYHYTH HEMOXXJIMBO. B 3B'I3Ky 3 IITUM BHHHKAa€ HEOOXIIHICTH ONMTHUMI3aIlii
YyMOB 30Yy/’KCHHS  PEHTTCHIBCHKOTO  BUIIPOMIHIOBAHHS [T T1ABUIICHHS
BITHOLICHHSI CHUTHAJI/IIyM, MO0 B KIHIEBOMY pe3yJabTaTl BU3HAYA€ YYTJIMBICTH
BUMIPIOBAJIBLHOIO IPUJIAAY.

[lagatoul nNEpBUHHI ENEKTPOHU TaAIbMYIOThCS HE TUIBKH KYJIOHIBCHBKUM
€JICKTPOHHHMM TIOJIEM aTOMIB, ajie¢ i Oe3mocepeHbO eNEKTPOHHUMHU O0OJIOHKAMH
aToMiB B3ipmd. BHacmimok 3iTKHEHHS IIEPBUHHI €JICKTPOHU MOXYTh BHOUTH
BHYTPIIIHI €JIEKTPOHU IHMX OOOJOHOK. BHOWTHII eneKTpoH NOKWIA€e aToM, a
YTBOpEH1 B 000JIOHKAX €MEeKTPOHHI BaKaHCII 3aIIOBHIOIOTHCS €IEKTPOHAMH BHUIIUX
eHepriii 3 IHMKUX OOOJOHOK aroma. Takui mepexia eJNeKTPOHIB 3 BHIIUX
EHEepPreTMYHUX MiAPIBHIB HA  MOAPIBHI 3  HWKYOK  EHEPri€l0  MOXKe
CYIPOBO)KYBAaTUCh BUIUIEHHSM 3aliBOi €Heprii y BHIUIAI BUIIPOMIHIOBAHHS
(emicii) peHTreHIBCbKOTO KBaHTa (puc. 6.2).

OCKUIbKM €Heprisi BUIPOMIHEHOTO PEHTICHIBCHKOTO KBAHTA 3AJICKUThH TUIBKU
BiJl €Heprii eJeKTPOHHUX MiPIBHIB, SIKI OEPYTh Y4aCTh Yy MPOLIEC] BUIPOMIHIOBaH-
HSl, @ KO)KHUH OKpEMHUH €JIeMEHT MEePIOAMYHOI CUCTEMU Ma€ CBO€ BJaCHE (Xapak-
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Puc. 6.2. CxeMa BUHHMKHEHHS XapaKTepHC-
TUYHOT'O PEHTIEHIBCHKOIO BUIPOMIHIOBAH-
s K-, L- Ta M-cepiii BHacijoK ioHi3arii
aToMa NEepBUHHUM enekTpoHoM E;. Tyt
E, — BinOutuit (nepBunuuii), E. — emiro-
BaHUI (BTOPUHHMI) €JIEKTPOHU

TEpHE) 3HAYCHHS EHepril 1mux mija-
PIBHIB, TO Take PEHTICHIBChKE BU-
NPOMIHIOBAaHHSI HA3WBAETHCS XapaK-
TEPUCTUYHUM. BHacHiIoKk TOro, 1o
KUTBKICTh €HEPreTUYHUX TMiAPIBHIB,
MDK SKAMHM MOYJIMBI BKa3aHI BUIIE
NEPEXO0/IM, CKIHYCHHA, a CHEPreTHY-
Ha MUpWHA (HEBU3HAYCHICTH €HEP-
ril) miapiBHA HAJ3BUYAIHO Maya, TO
XapaKTEPUCTUYHE  PEHTICHIBCHKE
BUITPOMIHIOBAHHS Ma€ JTUCKPETHUU
miHidgaTuil ciextp (puc. 6.3). Crin
3ayBaKUTH, IO JIESKI CHEKTpaibHI
miHii Ha puc. 6.2 Ta 6.3 HacmpaBmi
BIJIOOpaKarOTh IOJBIMHI €JIEKTPOH-
Hi nepexonu. [lpuumHOIO 1BOTO €
oy’Ke Malla pI3HULS eHeprid Iux
THINA, HEAOCTYIHUX JIJISI PO3/IUICHHS
3a JIONIOMOT'OK CYYacHHUX pPEHTIe-
HIBCHKHX CIIEKTPOMETPIB.
BunpomiHtoBaabHI  IEpEXou
MOKJIUB1 HE MIXK JOBUIBHUMHU €JIEK-
TPOHHUMH MIAPIBHSIMHU, a TUIBKH

MDK TaKAMH, 110 33JI0BUTHHSIIOTH TPaBHIaM BiIOOPY, fKi € y3araJlbHEeHHSIM 3aKOHIB
30epe’KeHHs] MOMEHTY IMITYJIbCY Ta MapHOCTI KBAHTOBOI CUCTEMHM "aToM + KBaHT'".
Jnst HalOUTbII IMOBIPHUX BUIPOMIHIOBAJILHUX MEPEXO1B, SIKMM BIANOBIIAIOTH
HAMIHTEHCUBHINIl CHIEKTpaibHI JiHII, NpaBwia BIAOOPY MOXHA 3amucaTu y

BUTJISAL:
Al =+1;

A =

+1, 0, (6.2)

ne [, j — KBaHTOBI ymWCla, SKI BU3HAYAIOTh OPOITATHHUI Ta TOBHUH MOMEHT
IMITYJIbCY €JIEKTPOHA BIAMOBIAHO (IUB. po3aia 1).

A THTeHCHBHICTD,
BIJIH. OfI.

SbLO(l SHL(Xl

A

Puc. 6.3. ®parMeHT pEHTICHIBCHKOTO CIEKTpa B3IpI, IO

aTOMH CTaHYMY Ta CTi0it0
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CucremaTrika MO3HAYCHb CHEKTPAIBHUX JIHINH XapaKTePUCTHYHOTO PEHTTE-
HIBCBKOTO BHIIPOMIHIOBaHHS, SIKy IIe Ha3uBaloTh cucrematukoio CirGana (Karl
Manne Georg Siegbahn, maBpeat HobemiBchbkoi mpemii 3 ¢izuku 1924 poky),
CKJIa/Iajiach YIPOJIOBXK TPUBAIOTO Yacy i € JJOCTaTHBO 3aruTyTaHoro. BoHa dakrtuy-
HO BigoOparkae IMpoIec CTAHOBJICHHS KBAHTOBOI TEOpil Ta €Tamy BIOCKOHAJICHHS
PEHTICHIBCHKOTO CIEKTpaIbHOTO OONamHaHHA. Ha mepmux mopax 3 MOMEHTY
BIJIKDUTTSI PEHTICHIBCHKOTO BHMITPOMIHIOBAHHS JIJIi MOTO IOSICHEHHS BHUKOPHCTO-
ByBaM Teopiro bopa-3omepdensaa. ToHKa CTpyKTypa CHEKTPAJIbHUX JIiHIA Oyra
HEJIOCTYITHOIO JUISI TOTOYaCHUX CIIEKTPOMETPIB, TOMY PEECTPYBAIHCH (32 JOTO-
MOror (pOTOTUTACTHHOK) TIIBKH OCHOBHI 1HTeHCHBHI JiHII. Cepen HUX BHIUISIIH
CHEKTpasbHI cepii JMiHIN I BCIX TUX MEPEXO/iB €JIEKTPOHIB, IO 3aKIHIYIOTHCS Ha
enuHil 3aranpHiil enekTponHiid obomonmi (K, L, M, N ..). B mexax cepii
€JIEKTPOHHI OOOJIOHKH, 3 SIKMUX BIIOYBA€ThCS TMEpexij eJeKTPOHa, IO3HayaIu
I'PENbKOI0 JIITepoto d, B, ¥, ... .

[li3Hime BUABWIOCH, IO HE BCl CHEKTpalibHI JiiHIT Oynu  BIpHO
i1eHTr¢iKOBaHi, a TAKOXK Te, IO JACSIKI 3 HUX HACIIPaB/li CKJIAIAF0ThCS 3 JEKUTBKOX
OJM3bKO PO3TAIIOBAHUX JIIHIA pi3HOI IHTEHCUBHOCTI. JIJIs MO3HAYECHHS TaKUX JIIHIM
1oyaju J0JaBatu apadcbkl UpH, NpUyiM HAWOUIBII IHTEHCHUBHIH JiHIT 1y0seTy
(TpumeTy TOIO) BiAmoBimae iHAekc 1, a MEHII THTEHCUBHIN HiHIl — OiLIBIIHI
iHaekc. Taka cucTeMa TO3HAUY€Hb PEHTICHIBCHBKUX CIEKTPAIbHUX JIHIH €

Taoauuns 6.1. ExexTpoHHI1 nepexoau, SKUM BIJNOBIIAIOTh CIEKTpaabHi JiHil K-,
L- ta M-cepiii

[Mepexin |Cnexrpanb-| Ilepexing |Cnekrpans-| Ilepexin |Cnekrpaib-
€JICKTPOHA Ha JIHIA €JICKTPpOHA | Ha JIHIA eJICKTPOHA Ha JIHIA
K-cepis
Ln — K K(Xz L]]] — K K(l] M]] — K KB3
My — K KB, My, v— K KBs Npm— K KB,
NIV, v—K KB4 OII, m— K Ko
L-cepis
My — L LB4 M; — Ly Ln My — Ly Ls
My — L LB My — Ly LBy My — Lig Loy
My — L LBIO My — Ly LBl My — Ly Loy
My — L LBy N;— Ly Lys N;— Ly LBs
Np— L Ly, Ny — Ly Ly, Ny — L LBis
Ny — Ly Ly; O— Ly Lysg Ny — Ly LB,
Ny — L; LYH O — Ly L% NVI, vii — L Lu
Onm— L Ly, M| — Ly L/ O1— L LB,
Ppm— L LY]3 My — L Lt OIV, v — L LBS
M-cepis
Ny — My My N — My Mo Ny.v—My | M
On, m — M Mn Np— My Mﬁ] Nm — My M&z
Ny; — My Ma, Ny — My Moy
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TPAJMIIIMHOIO 1 HIMPOKO 3aCTOCOBYETHCSA Y OLIBIIOCTI JOCHiIKeHb (Tabia. 6.1).
SKI10 BUSABIISETHCS TOHINA CTPYKTYpA MESAKUX JIIHIA, TO JJIA IXHBOTO MO3HAYEHHS
BHKOPHCTOBYIOTh JOJATKOBMH BepxHiil imgexc, Hampukiman, KpBs' ta Kps
BIJIITOB1/1a10Th epexogaM My — K ta My — K BignosigHo.

Taxkum ymHOM, B cuctemartuii Cir6aHa TUTbKM 3aranbHa HaszBa cepii (K-, L-,
M-, N- ...) OTHO3HAYHO BIAMOBIJA€ TOJOBHOMY KBAaHTOBOMY UYHUCIY OOOJOHKH, HA
AK1H 3aKIHIY€THCS NIEKTPOHHUN MIEPEXi.

1991 poky opranizamiero [IUPAC (International Union of Pure and Applied
Chemistry) 3ampomnoHOBaHa IHIIA CHCTeMaTHKa PEHTICHIBCHKUX IEPEXOJIiB, SKa
BINIOBIZA€ Cy4YyaCHOMY pO3yMiHHIO Teopii artoma. B wmid cucremaTuil
PEHTTEHIBChKI XapaKTePUCTHYHI JIiHII MO3HAYAIOTHh 32 JOMOMOTOI0 EJIEKTPOHHHX
HiAPIBHIB, IKi O€pyTh ydacTh y MpPOIECi BUIPOMIHIOBAHHS, MPUUOMY CIIOYATKY
3aMUCYIOTh KIHIIEBUM MiAPIBEHb, a TOTIM TiJpIBEHb, 3 SKOTO BiJIOYBa€ThCS
nepexin. [lpy npomy IHAEKCHM WiAPIBHIB 3amHCYIOTh apaOChKuMu LUppamu.
Hampuknan, nepexony My — Ly (LPy; 3a Cirbanom) 3 Tab6un. 6.1 Binmosinae
IUPAC-nepexia L, - M3. OCKUTbKM KOXXHHI €JIEKTPOHHUM MIAPIBEHb OJTHO3HAYHO
OMUCYETHCA 32 AOMOMOTOI0 TPbOX KBAHTOBHX YHCEN 71, [ Ta j, TO CHCTEeMAaTHUKa
IUPAC nabarato 3pyuHimnra cucremaruku CirbaHa.

Jns po3BUTKY Teopii PEHTIEHIBCHKOTO BHIIPOMIHIOBAHHS BEIIMKY pOJIb
BiJlirpaB 3akoH Mo3ii, eMIipu4HO BiAKpuTUid HUM 1913 poky. Mo3mi onpaiftoBaB
Ta y3arajJbHUB pe3yJbTaTH BHUMIPIOBAHHS NOBXKUH xBWiIb JiHII Ko gms 33-x
JOCTIKEHUX HA TOW Yac XIMIYHHUX €JIEMEHTIB 1 OTpUMaB HaOIIKEeHy popmyy:

#:C12+C2, (63)

}‘Ka
ne Z — TOpSAKOBHM aTOMHUN HoMep XiMmiuHoro einemenrta, C; ta C, — meski
eMIIpUYHi KOHCTAHTH.

CBoro wacy ¢opmyna Moszni Bigirpana cyTTeBY poJib Y 1AeHTHQIKALIT
XIMIYHUX €JIEMEHTIB Ta BCTAHOBIICHHS IXHBOTO MICIISI B TIEPIOAWYHIN TaOIUII,
OCKUIBKH JTO3BOJII€ BH3HAYHTH aTOMHHMM HOMep Z 3 TouHICcTI0O AZ < 1. 3aBasku
Teopii bopa Baanocs mosscHUTH 3akoH Mo03J11 Ta HaJaTH HOMY 3arajJbHOTrO BUAY:

1 1 1
X—R(Z—Gmn) n—2—§ . (64)

ne R — crana PinGepra, o,, — Tak 3BaHa CTajla €KpaHyBaHHS, N Ta M — TOJOBHI
KBaHTOBI YKCJIA MIAPIBHIB, 1110 OEPYTh YUacTh y MPOIEC] EICKTPOHHOTO MEPEXOTY.
Takuii 3ak0H M03711 Bi)K€ MOYKHA 3aCTOCOBYBATU HE TUIBKU 10 CHEKTPATbHUX JIIHIH
Ko, ane takox /uist Oy1b-sIKWX 1HITUX PEHTTCHIBCHKUX JiHIH.

Takum 4MHOM, SIKIIO BUMIPSATH €HEPrii 4M MOBXHWHU XBWJIb BHUIIPOMIHIOBA-
HOTO B3IpIIEM CIIEKTPY, TO MOXHa 3pOOUTH BHCHOBOK IOJO HOTO €JIEMEHTHOTO
ckiany. BnacHe el mpuHIMI i MOKIAJACHO B OCHOBY PEHTICHOCHEKTPAIHLHOTO
agamizy. KpiM TOro, BUMIpIOIOYM BIAHOCHY IHTEHCHBHICTH JIHIA XapakTe-
PUCTUYHOTO CIEKTPY, MOKHA 3IMCHIOBAaTH KUIBKICHHH aHai3 eleMeHTIiB. J[ms
HaWOIbIl 1HTeHcWBHuUX JiHIM K- abo L-cepiii ixHS cepeaHsi BIIHOCHA
IHTEHCUBHICTD MiJNOPSAKOBYETHCS TaKii 3aJI€KHOCTI:
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K-cepist — oy : 0, : By : B2 :B35= 100 : 50 : (15+30) : (1+10) : (6+15);
L-cepiss—ay: o :Br:B2:Bs:Pa:yiiya=
=100:10:50:20:(1+5): (3+5) : (1+10) : (0,5+2).

[Tagaroui mepBUHHI €NEKTPOHU BUKJIMKAIOTH PEHTICHIBCHKE XapaKTEPUCTHIHE
BUIIPOMIHIOBaHHS TUIBKM B TOMY BHIAJKy, KOJIM IXHS EHEpris HE MEHIIa
KpUTHYHOT eHeprii 30ymkeHHs E. BiAMOBIIHOTO PEHTICHIBCHKOTO IMiIPiBHS.
ToBuHa npunoBepxHeBoro mapy d (B MKM), B SIKOMY €HEPTis NEPBUHHUX
€JICKTPOHIB 3MEHIIYEThCS Ha BENUYHMHY E., Ha3MBAa€ThCA TIIMOWHOIO 30YIKCHHS
XapaKTePUCTHYHOTO PEHTICHIBCHKOTO BUIIPOMIHIOBaHHS. 3rigHo 3 KacteHoM, BoHa
BU3HAYAETHCS POPMYIIOHO:

d=0,033-(E;®" —E7)- Alp- 2), (6.5)

ne Eg — eHepris nepBUHHHUX €JIEKTPOHIB, A — aTOMHa Maca, Z — aTOMHHI HOMeEp,
p — TyCTHHA MaTepiay.

[Tpoxomsian uvepe3 Marepian B3ipIs, PEHTICHIBCHKE BHUIPOMIHIOBAHHS 3
IHTEHCUBHICTIO [() 3aTyxae BIANOBIAHO 10 3aKOHY nornuHaHHA byrepa-JlamGepra:

[=1,-e™*7, (6.6)

e U — KoeilieHT MOTIMHAHHS, X — TOBIIWHA B3ipms. KoedillieHT morauHaHHS
3aJIeKUTh BIJl CKJIQay B3IPI Ta JIOBKWUHU XBUJIl MOTJIMHYTOTO BHUIIPOMIHIOBAHHSI.
3a3Buuail, y peHTICHOCTIEKTPAIIbHOMY MIKpOaHasi3l BAKOPUCTOBYIOTh TaK 3BaHUMN
MacoBUH Koe(]illi€eHT IOTJIMHAHHS, CIIBBIAHECEHUH 00 TYCTHHH B3ipus (U/p).
Takuii TmiaXia 103BOMISE PO3paXyBaTH MacoBil KOS(hIIIEHTH MOTJIMHAHHS B31pIlsd HA
OCHOBI MacOBHX KOE(IIIEHTIB MOTJIMHAHHS YHCTHX €JIEMEHTIB 3a (DOPMYJIOHO:

/)i =2C;(1;/p;)is (6.7)

J

ne (u/p); — macoBuit Koe(illieHT MOTIMHAHHS B3IpI JUIS i-TO BUIIPOMIHIOBaHHS,
(1/ p;)i — MacoBuil KOe(IUIEHT MOINIMHAHHA j-IO €IEMEHTa AJS -0 BHIIPOMI-
HI0BaHHs, C; — MacoBa KOHIIEHTPALILA j-TO €JIEMEHTA.

[TpyurHOIO MNOIIMHAHHS PEHTIEHIBCHKOTO BUIIPOMIHIOBaHHS € (poToedekTt,
SKUI TOJsTae B 10HI3aIil atoMa pPEHTICHIBCBKMM KBaHTOM. B mporeci Takoi
B3a€MO/IIi PEHTICHIBCHKMU KBaHT TIepeJae eJIeKTpOHy, 1o TnepedyBae Ha
€JICKTPOHHOMY MIAPiBHI, CBOIO €HEPIil0, KA BUTPAYAETHCS, TOJIOBHUM YHHOM, JIJIS
MOJIOJIAHHST €HEPrii 3B'SI3KYy €JeKTPOHA Ta YAaCTKOBO /Ui HAJaHHS 10HI30BAaHOMY
€JIEKTPOHY JesiKoi KiIHeTUYHO1 eHeprii. loHizaris BianmosigHoro miapisas (K, L, M),
10 BUHUKAE B pe3ynbTaTi (oToePeKTy, MOkKe OyTH NPUUYUHOIO eMICli BTOPUHHOTO
PEHTICHIBCHKOTO BUIIPOMIHIOBaHHS. [HIIMMH CJIOBaMH, TIEPBUHHE PEHTICHIBCHKE
BUIPOMIHIOBaHHS (XapaKTepUCTHYHE a00 rajabMiBHE), 110 BUHHMKA€E B PE3yJbTaTi
OTIPOMIHIOBaHHS TIEPBUHHUMU €JICKTPOHAMH, B CBOIO UEPTy 37]aTHE BUKIIUKATH SIK
BTOPWHHI €JIEKTPOHH, TaK 1 BTOPUHHE XapaKTEPUCTUYHE PEHTTCHO(DIYyOpECIIEHTHE
BUIIPOMIHIOBAHHS.

PosrnsitHemo Temep CHIBBIIHOIICHHS OanaHCy BCIX BHJIB €JIEKTPOHIB, SKi
3yMOBJIEHI TEPBUHHHUM EJICKTPOHHUM Ty4KOM. YacTWHA MEPBUHHHX EIEKTPOHIB
MOTJIMHAETRCS B3iplieM, 1HIIA — BiAOMBAETHCS Bim Moro moBepxHi. [[o BimOuTmx
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CJIICKTPOHIB JIOJyYAlOThCA TAKOXK BTOPUHHI EJIEKTPOHH, SKi BHHUKAKOTh Vy
pe3ynbTaTi €NEeKTPOHHOT YW BTOPUMHHOI PEHTTEHIBCHKOI i0Hi3amii aTtomiB. Tomy
piBHSIHHS OallaHCy €JIEKTPOHIB MATUME BUTJISI/I;

ip =iRg +isg +1AE, (6.8)
ne 1p, Irg, 1sp, 1A — CTPYMH IEPBUHHUX, BIJOUTHX, BTOPMHHUX Ta MOTJIUHYTHX
CIEKTPOHIB BIAMOBIMHO. SIKmO po3mimtu Bci uineHn ¢GopMynw Ha ip, TO
OTPUMAEMO I[IKaBe CITIBBITHOLICHHS:

(irg +1igg +1pg)ip =mn+d+a=1, (6.9)
ae 1M — KoedilmieHT BiZOWTTA, 0 — BHUXIJA BTOPUHHUX €IEKTPOHIB, 0 — KOEQIIEHT
HOTJIMHAHHS.

Bi16wuTi enekTpoHH 3/1e0UIbIIOT0 MpPYK-

AN 2 HO po3cisHi. He3Bakaroum Ha Te, 10 iXHS
0.54 N TpaekTopis OuThi, HXK Ha 90° BimxuieHa Bij
’ \ HampsiMy  TAJIHHA TEPBUHHOTO  ITyYKa,
044 1 eHeprii MepBUHHUX Ta BINOUTUX €JIEKTPOHIB
npubnM3HO piBHI MK cobor. Binbusna

0,3+ 3MaTHICTh B3PI 3aJIeKUTh B HOro aToM-
HOro Homepa Z. BuUKOpUCTOBYHOYHM BiAOMY

0.21 3aJIeKHICTh BEIMUMHU KOEilli€eHTa BIAOUTTS
o014 Bil aTOMHOTro Homepa Z (pwuc. 6.4.) MOKHa
’ 7 3pOOUTH BUCHOBOK II0JI0 CKJIaTy B31pIis. Jlms
CKJIAQAHOTO B3ipms KoeimieHT BiIOWUTTS

20 40 60 80 100 PO3PaxoBYIOTH 3T1IHO 3 (HOPMYJIOLO:

=) C:n; 6.10
Puc. 6.4. 3anexuicts KoedirienTa " ZJ: i (6.10)

BIIOUTTA 1 BiJ aTOMHOTO HOMeEpa
Z nuis eHepriii MEpBUHHUX EJIEK-
TpoHiB 5 keB (1) ta 40 xeB (2)

Taka 3anexHICTh KOEQILIEHTIB BIAOUTTS 1|
BiJl aTOMHOTO HOMepa Z eJeMEHTa BHKOpHC-
TOBYETBCS ISl OTPUMAaHHSI KOHTPAcTy 300pa-
KEHHS y BIIOUTHUX €JIEKTPOHAX.

Enexkrponn, ski Oynu BUOWTI 3 €IEKTPOHHUX OOOJOHOK TEPBHHHUMHU
€JIEKTPOHAMU Ta MOKHHYJIH MOBEPXHIO B31pIls, HA3UBAIOTHCS BTOPUHHUMH. BoHU
XapaKTepU3yrThCs ayxe HU3bKow eHepriero (< 100 eB) i 3ymoBieHi i0HI3aIlI€O
npunoBepxHeBux artomiB B3ipusg (1 + 10 um). Lo BracTUBICTP BTOPUHHUX
€JICKTPOHIB BUKOPUCTOBYIOTH IS OTPUMAaHHs 300pakeHHs MMOBEepxHi (Tomorpadii)
B3ipiig. BTOpUHHI €JIeKTPOHM € TOJIOBHUM JpKepeioM 1H(opmallii B cKaHyrOYii
€JIEKTPOHHIM MIKPOCKOTTIi.

[TornmuHaHHS €IEKTPOHIB, TAKOXK SK iX BIIOMBAHHS, 3aJICKHUTH BiJI aTOMHOI'O
HOMepa elieMeHTa. B 3B'SI3Ky 3 IIMM MOTIK MOMVIMHYTHUX EJIEKTPOHIB MOXe OyTH
JOTAaTKOBHM JDKEpESIoM iH(opMaIii IoI0 TOBEPXHEBOTO cKiamy B3ipus. Jlms
BOTO CJII TOMICTHTH B3Ipelb y Take eJCKTPUYHE TIO0Jie, B SKOMY TIOTIK
BTOPMHHUX E€JIEKTPOHIB CTa€ piBHUM HyIHO (KoediuieHT Buxoay 0 = 0). OcKuUIbKu
€Heprisi BTOpUHHUX €NEKTPOHIB Ha0araro MeHIIa eHeprii BITOUTHX eIeKTPOHIB, TO
Ha BEIMYMHY KoedimieHTa BIOWTTS 1 TaKe MPOTHUIIOJE MPAKTUYHO HE BILJIUBAE.
Tomia=1-n.
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6.2. PenTreniBcbKa eJIeKTPOMeTPisA

[leHTpabHOIO JIAHKOKO PEHTICHOCIIEKTPAIBLHOTO MIKpOaHaIi3aTopa € KOJIOHA
€JIEKTPOHHOTO MiKpockomna (puc. 6.5), sika BHKOPHCTOBYETHCS IS OTPUMAaHHS
BY3bKOTO C(OKYCOBAaHOTO EJIEKTPOHHOTO Iy4yKa. Y BEPXHIH YaCTHHI KOJIOHH
po3MillleHa €JIEKTpPOHHA rapMmarta, sika 3a3BHYail CKIQJAa€eThCs 3 TEPMOEMICIHHOTO
BOJIb()PAMOBOTO TOJIKOBOTO KaTO/1a, 1[0 EMITYy€ eleKTPOHU, IuIiHapa BenensTa, 32
JIOTIOMOT'OI0  SIKOTO ()OPMYIOTh BY3bKHH CICKTPOHHUK ITy4OK Ta aHOMQ, SIKUU
MIPUCKOPIOE €JICKTPOHM 1 Hamae iM HeoOxiaHy eHepriro. Ha muminap BenenbTa
BIJIHOCHO KaToJia MOJIaf0Th MoTeHIan npubausao -100 B, 3a momomororw sikoro
PEryNIOI0Th TMOTIK €JNEKTPOHIB. 3aBAsku cBoid (opmi 1mwriHap Benenbra
Oe3nmocepelHbO Tiepe] aHOAHOIO aiaparMoro GopMye BY3BKUN €IEKTPOHHUI
My40K (TaK 3BaHUU KpocoBep), mo Mmae mpiametp Big 20 mo 50 mxm. Enextponna
OTITHKA, SIKAa CKJIAJIA€ThCs 3 IBOX 200 TPhOX MATHITHUX JIIH3 Ta CUCTeMU Jiadparm,
3MEHIITy€e KPOCOBEP 10 HEOOXITHOTO AiameTpa i PoKycye HOro Ha MOBEPXHI B3IPIIs.

1
Puc. 6.5. [IpyHnunoBa cxema pEHT- +U ap
T€HOCMIEKTPAIILHOTO MIKpOaHaJi3aTo- S 3
pa: 1) karox; 2) mwriHap Benenbra; —R— 4

3) anon; 4) KOHIEHCOpHa Jiarpama;
5) KOHAEHCOpHA JiH3a; 6) 00'eKTUBHA
niarpama; 7) o0'ekTuBHa J1iH3a; 8) Ki-
HEecKoIl; 9) BiAXmisgoya KOTYIIKA;
10) neTekTop BIZOUTHX EJIEKTPOHIB;
11) nerekTop MOIIIMHYTUX EJIEKTPO-
HiB; 12) peHTI€HIBCbKUN CHUTHAI;
13) renepatop po3ropTku; 14) peHT-
TeHIBCBKMH  crnexkTpometrp; 15) nme-
TEKTOP  BTOPUHHUX  €JIEKTPOHIB;
16) B3ipeub

EIIEKTPOHHUM

3HM3Y J10 KOJIOHHU €JIEKTPOHHOrO0 MIKpPOCKOMa Mia'€eHaHa Kamepa B3ipis Ta
IITIO3 JUTA BBEIGHHS B3IpI B CHCTEMy, L0 mepebyBae mia Bakyymom ~ 10° Ia. B
KaMmepi B3IpId PO3MINTYyIOTh TOHIOMETp, KU 3a IONMOMOTOK0 KPOKOBHX JBUTYHIB
3a0e3mneuye MepeMilieHHs B3IpI B TPhOX KOOPJAWHATHHX HaIpsAMax 13 TOYHICTIO
0,1 MxM. 3a JOMOMOroI0 TOHIOMETpa TaKOX 3AIMCHIOIOTH HAaXWUJ B3IpI Ta HOro
oOepranHsi HaBKOJO 3amaHoi oci. KpiM roniomerpa, B KaMmepi pO3MIIIyIOTh
JNETEKTOPU BINOUTUX, BTOPUHHUX 1 MOTJIMHYTHX €JEKTPOHIB, a TAaKOXK CHCTEMY
NiA'€THAHHS CIIEKTPOMETpa XBHJIbOBOI JAHUCHEpPCii Ta EHEepPreTUYHOro AHcCIlep-
CITHOTO CIIEKTPOMETPA.

3a IOMOMOrOI0 CIEKTPOMETPIB PEECTPYIOTh IHTEHCUBHICTh PEHTICHIBCHKOTO
CUTHaJy, SKUWA BUIPOMIHIOETHCS B3IpIIEM, BIAMOBIMHO A0 JTOBXHWHU XBUJII YU
eHeprii KBaHTY BUIIPOMIHIOBaHHS. SIKIIO CIIEKTPOMETP BUMIPIOE IHTEHCUBHICTH SIK
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(GYHKIIIIO A, TO BiH HAJIEKUTh JI0 CIEKTPOMETPIB XBUIIbOBO1 AUCHEpcii. Y BUMAIKY,
KOJIA CIIEKTPOMETP PEECTPYE KBAHTU PEHTI€HIBCHKOTO BUIIPOMIHIOBaHHS Ta COPTYE
iX BIIMOBIHO A0 IXHBOI €HEPTii, TO TAKWM NPHIIA)T HA3UBAETHCS CHEPTrETHUYHUM
JTUCTIEPCIMHUM CIIEKTPOMETPOM.

Po3rnsinemo OynoBy Ta IPUHLMUII A1l XX CIIEKTPOMETPIB.

CunekTpoMeTp XxBUIbOBOI qucnepcii (CX/]) ckiianaeTscsi 3 peHTIEHIBCHKOTO
CIIEKTPOMETpa, JETEeKTOopa, a TaKOoX EJIGKTPOHHUX OJIOKIB  TJCHUJICHHS,
pEeECTPYBaHHA Ta OMPAIIOBAHHA CUTHANIIB (pHC. 6.6). PeHTIeHIBCEKMI CHTHAM, IO
BUIIPOMIHIOETHCS 3 B3IpIl MMiJ KyToM ®, Hacammepe. rmonajgae B PeHTICHIBCHKUI
CIIEKTPOMETp, SIKUM (PYHKI[IOHYE 3a TMPUHIIMIIOM OpEriBCbKOTO BiJOWBaHHS.
BumnpominioBaHHs, fKE IIOManae B CIEKTPOMETP, BiIOMBAETHCS KPUCTAIOM-
aHAII3aTOPOM, SIKIIO BiACTaHb d MK KpucTaorpadiyHUMH IJIOMIUHAMH KPHUCTANA,
KyT TaJiHHS ¢ Ta JIOBKHHA PEHTICHIBCHKHX XBWJIb A 3aJ0BUIBHSAIOTH YMOBY:
2d-sing = n-A, 1e n — MOPAIOK BiTOUBAHHSI.

Jnst oTpuMaHHS SIKOMOTa BUIIO1 IHTEHCUBHOCTI PEHTICHIBCHKOTO CUTHAIY Ha
BXO/I1 IETEKTOpa HEOOX1IHO BUKOHATH TakK 3BaHy YMOBY Poynanja, 3riiHO 3 KOO
PEHTICHIBChKE JIKEPEIIO, KpUCTaI-aHaII3aTop 1 AETEKTOp MOBUHHI PO3MILLyBaTUCS
Ha Kouti poxycyBaHHS (puc. 6.6). ko paniyc kona Poynanaa He3MIHHUH, TO KyT
BUXOAY ® 3aJeKUTh BiJl JOBXWHU XBWJII A PEECTPOBAHOTO BUITPOMIHIOBAHHSI.
OCKUTBKY Bill BENMYMHH KyTa ® Oe3mocepeaHbo 3ajeKUTh 3HAYSHHS TTOMIPaBKU Ha
NOTJIMHAHHS, TO II€ € CYTTEBUM HEAOIIKOM TaKoi cXeMu mpwiany. B 3B'3Ky 3 mum
OCTaHHIM YacoM Jie/lajll YacTille 3aCTOCOBYIOTh TUIBKM JIIHIWHI CIIEKTPOMETPH, B
AKX KyT BUXOAYy ® 3aiumaerbcs He3MiHHUM. L[poro mocsAraroTh HUIIXOM 3MiHU
paziyca xosa Poynanaa st KoxkHOTO 31 3HaUeHb @ 1 A (puc. 6.7). J{ns Toro, mobu
JTOCTIINTH BECh MOJKJIMBHI 1iama3oH eneMmeHTiB Bin Be mo U, B aHamizaTopi
BUKOPUCTOBYIOTh Ha0lp KpPHUCTAJIB 3 P13HOIO BETUYHHOIO d.

6
L 4
7m0

Puc. 6.6. [IpunuunoBa cxema Ccrek-
TpOMETpa  XBHJIBOBOI  JIMCHEPCii:

Puc. 6.7. Cxema, sika JIEMOHCTpPYE
IPUHIMT Jii JTIHIAHOTO CIIEKTPOMET-

1) eneKTpOHHMIA MYYOK; 2) KpHCTaI-
aHamizatop; 3) aiadparma; 4) B3ipelib;
5) nerexrop; 6) migcwitoBay; 7) aHa-
nizaTop; 8) caMmomucenb; 9) MUnIIb-
HUK
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Binbuti Bij KpucTana-aHalli3aTopa PEHTICHIBCbKI KBAHTH MOTPAIUISIOTH Y
JIETEKTOp (200 MPOMOPIIHHUH JTIYMIBHKUK), 1€ BOHU IIJITXOM 10HI3aIlii CTBOPIOIOTH
NIEPBUHHI 3aps/KEHI YaCTUHKH. BUHUWKaO4l MpH MbOMY €JIEKTPOHH IHTCHCHUBHO
MPUCKOPIOIOTHCS.  HEOTHOPITHUM  CIEKTPUYHUM TOJIeM. 3aBIsIKHM BTOPHHHIN
yoapHiil ioHi3alii MOTIK ENeKTPOHIB Ta BIAMOBIIHO CTPYM JIYMIBHHKA Pi3KO
3pocTae, MO0 MPU3BOAUTH JO 3HAYHOTO MAJiHHA HANpyrd Ha poOodYoMYy oOmopi
HaBaHTa)XeHHA. OTpUMaHUM E€IEKTPUUYHHUN CHUTHAN MIJICHIIIOIOTh Ta IOJal0Th B
OIHOKAHAJIILHUN aHai3aTop, SKUA BUAULIE (CENEKTyE) IMIYIbCH HEOOXiTHOT
eHeprii. 3a JOMOMOTOK JIYWIBHUKA 1[I IMITYJIbCH HAKOMHUYYIOTh ISl OTPUMAHHS
3HaYEHHS IHTEHCUBHOCT1 BUIIPOMIHIOBAHHS.

PosrnsnemMo Temep eHepreTHYHMIA
aucnepcuuii  cnexkrpomerp (EJC), fl
KA CKIIAJAE€ThCSA TEPEBAXHO 3 KPEeM-

HIEBOTO NIETEKTOpa, MiACHIIoBada Ta Oa-
raToKaHaJbHOTO aHaiizaropa (puc. 6.8).
KpemHieBUii T1ETEKTOP ABISIE€ COOOIO 1101
3 MIUPOKUM pP-N-NIEPexo] oM, cPhOopMOBa-
HUM nuixoM audysii Li. 3a BigcyTHOCTI
PEHTIEHIBCBKUX KBAaHTIB CTPyM dYepes

EJICKTPOHHUMN
My40K

. g |
JIETEKTOP NPAaKTUYHO PIBHUUA HYJIIO, I A | 3 I ILI
OCKUIBKM Ha J10J IOJAETHCS 3BOPOTHA
Hanpyra. SIKIo B JETEKTOP MOMNaJaroTh | 5 7 |

PEHTICHIBCBbKI KBAHTHU, TO B pe3yibTaTl
ioHI3awii B o0JsacTi p-n-niepexony yTrBo- Puc. 6.8. IlpunuumoBa cxema eHepre-
PIOIOTBCA €1EKTPOH-AIPKOBI MapH, KUlb- THYHOIO AWCIEPCHOrO CIEKTPOMETpA:
KICTp ~ AKMX IponopuiiiHa  eHeprii 1) pimkuii a30T; 2) AeTeKTOP; 3) BXigHE
KBaHTIB. Y pe3ynbTaTi LbOro Ha BuxoAl BikHo (Be); 4) migcumroBau; 5) 6araro-
JETEKTOPA MOABIAETHCS CUTHAJL, IPOIIOP-  KaHAIBHUK aHalizaTop; 6) o0umcIiio-
LIMHWNA €HEeprii PeHTICHIBCBKOIO BHUIIPO- BalbHHM  NPHUCTPii;  7) iHIZUKATOP
miHoBaHHA. [licas mincuieHHS IMIynb- OaHuX; 8) B3ipelb
CH MOTPAIUIAIOTh y OaraTOKaHaJIbHUM
aHaJi3aTop, KWW BIAMOBIIHO 10 iXHBOT
BEJIMYMHU HAKOTIMYYE 111 IMITYJIBCH Y BU3HAUEHUX KOMIPKaxX rmam'sTi (KaHamax).
Henonikom EJZIC € npubin3HO Ha MOPSIOK HU)KYA €HEPreTHYHa pO3JiUIbHA
3natHicTh nopiBHAHO 3 CX/1. IlepeBaroto EJIC, HaBnaku, € BUCOKAa UyTJIMBICTH (10
10" A), o0 Ha Tpu mopsiaky Bume, Hik B CXJI.

6.3. Cxanyw4a eJleKTPOHHA MiKpOCKoOMisi

B ocHoBi ckanyrouoi (pactpoBoi) enektponHoi Mikpockomii (CEM)
BUKOPHCTOBYIOTh NMPUHIUI CKaHYBaHHSA MOBEPXHI 3a JOMNOMOIOI0 €JIEeKTPOHHOTO
ny4yka. 3aJIeKHO BiJl BUAY CHTHAITY, SIKHM BHUKOPHUCTOBYETBHCS JUISI OTPUMAHHS
300paXeHHsI TIOBEPXHI 3 BUCOKOIO PO3AUTBHOIO 3[JaTHICTIO, pO3PI3HAIOTH TakKi TPH
BUJY 300paKeHb: Y BTOPUHHUX, BIIOUTHUX Ta MOTJIMHYTUX €JIEKTPOHAX.

300paxeHHs Y BTOPMHHUX eJIeKTPOHAX. BTOpUHHI €1eKTPOHM BIIrparoTh
BRXIIMBY POJb B OTPUMaHHI 300pakeHHs mMoBepxHi (Tomorpadii) B3ipus. Borwu
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MaroTh J10BOJ1 HHU3bKY eHeprito (50 + 100 eB) i emiTyroThCS 3 Jly’)KE€ TOHKOTO
NPUMIOBEPXHEBOTO IIapy B3ipisd. MakcuMaibHa TIMOMHA mapy, SKuid ¢Gopmye
BTOPHWHHI €JIEKTPOHH, CTAHOBUTH JJISI METAJIB =~ 5 HM, a /IS HAIIBIIPOBITHUKOBHX
matepianiB — =~ 50 HM. Y Mexax IbOT0 HIapy pPO3IIMPEHHS IMy4YKa MEePBUHHUX
€JIEKTPOHIB 1 HOTO €HepreTHYH1 BTPATH, NOB'sI3aH1 3 PO3CIIOBAaHHAM, € HE3HAYHIUMH.
Jo uporo cuix aoxatu, mo Maibke 50% eMmiTOBaHMX BTOPHUHHHX €JEKTPOHIB
BUXOJIUTH 13 1Iapy, sk cTaHOBUTH 1/10 mMakcumManbHOT riuOuHM eMicii. [HmmmMu
CJIOBAaMH, HE3BAXKAIOYHM HA T€, 1[0 NIEPBUHHI €JIEKTPOHH NMPUHUKAIOTH y B3ipelb Ha
rMOWHY B JEKUJIbKa MIKPOMETPIB, BTOPUHHI €JIEKTPOHH BUXOMSTHh OE3IIOCEPETHBO
3 IPUIIOBEPXHEBOI 30HM B3iplid. B 3B'I3KY 3 IUM TeopeTUYHA PO3/A1IbHA 3JaTHICTh
300paXeHHsI Yy BTOPUHHHUX EJEKTPOHAX BHU3HAYAETHCS HAcaMIlepell OdiaMeTpOM
HNEePBUHHOTO 30H/1A.

KinbKiCTh BTOPMHHHUX €NIEKTPOHIB, SIKI €MITYIOTbCS 3 B3IpILIsl, 3HIKYETHCA 31
30UTBIIEHHSIM €Heprii MEepBUHHHUX ENEeKTPOHIB. 3a BuMipioBaHHAMH PaiiMepa
TUTIOBUH BUXI1JI BTOPHHHUX €IEKTPOHIB cTaHOBUTH 5, 10 1 40% mns Al Ta 10, 20 1
70% nns Au 3a eHeprii nmepBuHHUX elekTpoHiB 50, 20 1 5 keB BiamorigHoO.
KinbKICTh BTOPMHHHUX €NEKTPOHIB MOe OyTH [IOAaTKOBO 30uIblIeHA 3a
JIOTIOMOTOI0 HAXWJIy B3IpI BIIHOCHO TEPBUHHOTO 30H7AA. Taka BIACTHBICTH €
BAXIIMBAa ISl OTPUMAHHA KOHTPACTY, OCKUIBKH TOMOrpadiyHuii KOHTPACT
300pa)XeHHs] y BTOPMHHUX €JIEKTPOHAX 3aJIEKUTh BiJl KyTa MaIiHHS €IEeKTPOHHOTO
nyuyka. He3Bakaroum Ha Te, M0 MaKCHUMaJbHHI BHUXiJ BTOPUHHUX EJIEKTPOHIB
BIJITIOB11a€ HU3bKUM E€HEPrisiM MEPBUHHUX €JIEKTPOHIB, 3a3BUYall BUKOPUCTOBYIOTh
BTOPUHHI €JEKTPOHU BHIIUX EHEPrild, OCKUIbKH MyYOK HH3bKOCHEPTeTHYHUX
€JIEKTPOHIB MOTaHO (POKYCYETHCS BHACTIAOK XPOMATHIHOI abepariii.

Jnsg oTpuMaHHA BHCOKOi PO3AUIBHOI 3JaTHOCTI PacTpOBOro 300pakKeHHs
HEOOX1JIHO MaTH €JEKTPOHHUN 30H] AiameTpoM = 10 HM, 4Oro MO>KHa JOCSITHYTH
TiTbKH 3a yMOBH HeBenuknx crpymiB (= 107" A). V 3B'i3Ky 3 mum st aHamisy
BMICTY eJIeMeHTIB 3a jomnoMororo CEM BHKOPHCTOBYIOThH, 3a3BUYail, TUIBKH
€HEPreTUYH1 AUCTEPCiitHI CIEKTPOMETPH. Y BUMNAAKY 3HAYHUX 3MIH CKJIAaay B31pIsd
BUHWKAE HEOOXTHICTh HAMWJICHHSI TOHKOTO TIapy Au JiJIsi 3SMEHIIICHHS PI3HUIII MK
Koe(ilieHTaMld BHXOAY BTOPHHHUX CJICKTPOHIB (3MEHIIEHHS KOHTPACTHOCTI
300pakeHHsI ), 3yMOBJIEHOT 3MIHOIO XIMIYHOTO CKIIaYy.

Jns BUSBIEHHS BTOPHMHHHX €JEKTPOHIB BHUKOPHUCTOBYIOTH TaK 3BaHHUA
nerektop EBepxapta-Tophni, sikuii mnokasaHo Ha puc. 6.9. Konektop Mae
nonatHui moteHmian <~ +250 B, 3aBasku 4domy 30upa€e BTOPUHHI EJIEKTPOHHU,
emiToBaHi 3 B3ipusd. BcepeauHi KOJIEKTOpa €JIEKTPOHH MPHUCKOPIOIOTHCA
noTeHIiagoM cuuHTIIsITopa (+12 kB) Ta HaOyBarOTh MOCTAaTHBHOI €HEPrii s
30y/I’KeHHS CBITJIOBUX CIajaxiB y CUUMHTHIATOPL. OTpuMaHi GOTOHU BIJIBOASTH 3a

Puc. 6.9. [lerextop EBepxapra-Topuni ans
PEECTpPYBAHHS  BTOPUHHUX  EJIEKTPOHIB:
1) xonmexTop, 2) CBITIOBOA, 3) CHMHTHIISA-
TOp, 4) B3ipelb, 5) BTOPUHHHI E€IEKTPOH-
HHUM IOMHOXYBa4
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JIOTIOMOT'OI0  CBITJIOBOJIa Y BTOPMHHUN eneKTpoHHU nmomHoxyBad (BEII), xe ix
peectpyiots. Koediuient miacnaenns takoi cxemu csrae 102,

3o00paxeHHsi y Bin0uTux ejexkTpoHax. Take 300pakeHHS BIITBOPIOE
XIMIUHAM CKJIaJ] B3IpIls 3aBISIKU 3aJI€KHOCTI KOoeillieHTa BIIOUTTS €JICKTPOHIB Bif
MOPSAKOBOTO aTOMHOTO HOMepa eneMeHta. Ha miockoMmy B3ipmi  AUTIHKH
Marepialy 3 BHIIUMH aTOMHHMH HOMEpaMH BIJOMBAaIOTh OUIBIIY KUIBKICTh
€JIEKTPOHIB MOPIBHSIHO 3 JUISHKAMU MaTepialy 3 MEHIIUM MOPSIKOBUM YHUCIIOM. Y
3BSI3KY 3 IIMM BHHUKA€ KOHTPACT, SKUH 3aJIeXHUTh BiJ MOPSAKOBOIO HOMeEpa
eneMeHTa. JIUISTHKY 3 MiABUIIEHOIO €MICIEI0 BIIOMTHX EISKTPOHIB BUTJISIAIOTh HA
€KpaHi CBITIIIIMMH TOPIBHSHO 3 IHITUMH AUISHKaMHU B3IpIl. TomMy aHaIi3yrOUuu
CTYIIHb TIOYOPHIHHS 300paXeHHSA y BIIOWUTHX EJIEKTPOHAX, MOXKEMO 3POOUTH
BHCHOBOK I10J10 KUTBKOCTI (ha3 y B3ipIli Ta HOT0 XIMIYHOTO CKJIadYy.

Jlyis peecTpyBaHHS BiIOMTUX E€JIEKTPOHIB TaKOX BHKOPHUCTOBYIOTH JIETEKTOP
EBepxapra-Toprii, ogHaKk y HpOMY pa3i Ha KOJEKTOp HE MOJAIOTh TOAATHOTO
3MIIICHHS. 3aBASKUA LBOMY JETEKTOP HE PEECTPYE BTOPHHHI €IEKTPOHH. TaKOX
BUKOPUCTOBYIOTh CHUHTWIALINAHI €KpaHW, $KI pO3TAlIOBYIOTh Oe3mocepeHbo
noosm3y B3ipusa. [lIupokoro po3moBCIOMKEHHS HaOyIuW HaMiBNIPOBIIHUKOBI
KOAaKCiaJbH1 JICTEKTOPH, SIKI BCTAHOBIIIOIOTH O€3IOCEPETHBO HAJl B3ipIeM 1 sKi
MalOTh HEBEIIMKHA OTBIp JUIS MPOIMYCKAaHHS TIEPBUHHOTO EJIECKTPOHHOTO ITy4YKa.
Taki geTeKTopu 4acTo po3AiIeHI HA CEKTOPH, IO JO3BOJISE PEECTPYBATH OKPEMO
CHUTHAJ BiJl KO)KHOT'O CEKTOpa.

Binbuti enekTpoHM MalwTh JOCTAaTHBO BHCOKY €HEPrifo, TOMY BOHH
pyXaroTbcsl MPSAMONIHIAHO BiJ €JeMEHTa MOBEpXHI B3IpLsl OO0 JETEeKTopa Ta He
BIIXWISIOTHCSL €NEKTPUYHUM II0JIEM Ha BIJIMIHY BiJi BTOPMHHHX EJIEKTPOHIB. 3a
HAsIBHOCT1 MOBEPXHEBUX HEPIBHOCTEH TaKe SIBUILE MPU3BOAUTH 0 TaK 3BAHOTO
edexkTy TiHeH, mo nae Bxe TomorpadiuyHuii kKoHTpacT. KpiMm TOro, mamiHHs
NEPBUHHOTO €JIEKTPOHHOTO MyYKa i KyTOM JI0 TIOBEPXHI B3IpIst 30UIBIIYE BUXIA
BIIOUTUX €NEeKTPoHIB (puc. 6.10), 1m0 TakKoX MNPU3BOAUTH JO ITIABUIICHHS
TONOTPaQIYHOTO KOHTpPACTy. SIKIIO AJIS pEeecTpyBaHHS BIMOUTHX EINEKTPOHIB
3aCTOCOBYIOTh IPOCTHI OAMHApHUN neTeKTop (Hampukian, aetrekrop EBepxapra-
Tophii), TO KOHTPACT 3a CKJIaJIOM Ta TOMOJIOTIYHUN KOHTPACT HAKIAAAlOThCA OJUH
Ha ojiHoro. J[yis Toro, mo6u po3aUIUTH 111 JBa KOHTPACTH, BUKOPUCTOBYIOThH JIBa
AQHAJIOTIYHI JETEKTOPH, SKI PO3TAlIOBYIOTH IiJ] PI3HUMHU KyTaMu 10 TOBEpPXHI
B3IpIA (Tak 3BaHui nerektop Kimoro, puc. 6.10, B). Toai cymapHuii curaai 000x
JIETeKTOpIB OyJie TaBaTH KOHTPACT XIMIYHOTO CKJIQIy B3PI, a PI3HUILI 1IUX CHUT-
HaIiB — Tonorpadiunuii KoHTpacT. s po3aiieHHsT KOHTPACTIB 9acTO BUKOPHC-
TOBYIOTbH HaIiBIPOBITHUKOBHM KOAKCIalbHUN ETEKTOP, PO3AUICHUIM Ha CEKTOPH.

300pakeHHs1 B NOIJIMHYTHX eJIeKTpoHax. J[ns oOTpuMaHHS TakKoro
300paX€HHsI BUKOPUCTOBYIOTh 3HAUYEHHS BEIUYMHU CTPYMY, IO CTIKA€ i3 B3ipId,
CIIBCTaBIIEHE 3 TOYKOIO CKaHYBaHHS KpocoBepa (MMOBEPXHEBUN PO3MOJLI I'YCTUHU
cTpymy). 300pakeHHs B MOTIMHYTUX €JIEKTPOHAX JIOTIOBHIOE 300paKEHHS Y B1OU-
THUX EJIEKTPOHAX 1 TAaKOX BHKOPUCTOBYETHCS IJISI OTPUMAHHS KOHTPACTY, 3aJI€XK-
HOTO BiJl MOPSAKOBOTO HOMepa eineMmeHTa. [[jis aHanmizy MOTJIUMHYTHX E€JNEKTPOHIB
y)X€ He MOTPIOHO CreniaJbHOro jAeTeKTopa. JloCcTaTHRO TUIBKK MIJICHIUTH TOTIK
HNOTJIMHYTHX €JIEKTPOHIB 1 IepeaTH OTPUMAaHUA CUTHAN y OJOK BigoOpakeHHs. 3a
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Puc. 6.10. Xapakrepuctuku emicii BIIOMTHUX €JEKTPOHIB (3a 3eitnenem):
a) BepTUKAJIbHE TMaJiHHS TEPBUHHHUX €JIEKTPOHIB;, 0) MaJiHHS TEePBUHHUX
enekrpoHiB mig kytoM o = 60° (E = 10 keB); B) pozainenns tonorpadigHoro
KOHTPACTy Ta KOHTPACTY 3a XIMIYHUM cKJaoM (nerektop KiMoTo)

JIOTIOMOTOI0 PO3TOPTKU €KPAaHa, CHHXPOHHOI 31 CKAHYBAHHAM KPOCOBEPOM Y3JI0BXK
MOBEPXH1 B3ipLs, OTPUMYIOTh KOHTPACT 3 Pi3HUM CTYyNEHEM MOYOPHIHHS, 32 SIKUM
BCTAHOBJIOIOTh KUIBKICTh (a3 B3ipIs Ta iXHIN XiMidyHUN ckiafn. st mopiBHSHHS
Ha puc. 6.11 mpoaeMOHCTpOBaHO TpU 300pakeHHs MoBepxHi cruiaBy Poysa (Pose),
OTpUMaHi1 y BTOPMHHHUX, BIJOUTHX Ta TOTJIMHYTUX €JIEKTPOHAX.

Puc. 6.11. 306paxxeHHs1 moBepxHi cruiaBy Poy3a y BropuHHUX (@), Binoutux (0)
Ta TMOTJIMHYTHX (B) €JIEKTPOHAX

6.4. Oco0IUBOCTI pEHTIEHOCTIEKTPAJIBHOI0 MiKpPOaHAai3y

PenTrenocnexkTpanbHU MIKpOAHAJI3 € JIOKAIBHUM, TOOTO J03BOJISIE SIKICHO Ta
KUIbKICHO aHATi3yBaTH MIKPOOO'€KTH PO3MIPOM y HEKiTbKa MKM°. 30YIKCHHS
PEHTIeHIBCHKOTO BUIIPOMIHIOBAHHS Y B31pIli 3[1HCHIOIOTH 3@ TOMOMOTOI0 BY3bKOT'O
c(hOKyCOBAaHOTO Ty4YKa EJIEKTPOHIB, €HEPris SIKUX BHU3HAYAE BEIUYMHY aHAII30-
BaHOTO 00'eMy. [ uOuHY 30yMIKEHHS XapaKTEPUCTUIHOTO PEHTICHIBCHKOTO ITy4Ka
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MOXHa OIIIHUTH 3a Jonomororw dopmynu Kacrena (6.3), po3rissHyTOi BHIIE.
YMOBOIO KOPEKTHOTO aHAJI3Y € SKICHE MPUTOTYBAaHHS MOBEPXHI B3ipLisd, sKa 3a0e3-
nedye MiHIMalbHY KUTBKICTh a00 TOBHY BIJICYTHICTh PI3HOMAHITHUX MIKpPO-
ne(deKTiB MOBEpXHI, 110 BUHUKAIOTh y PE3yJIbTaTl BUKOPHUCTAHHS MOJIPYHOUOIO
MaTepiany, HuTidyBaIbHOI MacH, MPOAYKTIB TPABICHHS MOBEPXHI TOLIO.

3a3Buyail, y mpoleci MNPUTOTYBaHHA MeETalleBUX B3IPIIB HE BHUHHUKAE
0COOJIMBUX TPYIHONIIB. B3ipIli AJIs1 pEeHTICHOCTIEKTPATBLHOTO MIKPOaHAIII3y MOXKHA
IPUTOTYBATH 32 JOTIOMOTOI0 3BUYHUX MeTanorpadidHuX METOAIB HUTI)yBaHHS Ta
MOJIIPYyBAHHS, SIKI BAKOPUCTOBYIOTh Y TEXHOJIOT1] BUTOTOBJICHHSI KPEMHIEBHUX TLIIAC-
TuH. /{151 3anoOiraHHs CHMJIBHOMY TMeperpiBaHHIO B3IpIls 3aCTOCOBYIOTh MOKpHUU
cnoci6 uwripyBanusA. [lomipyroTe B3Ipili BUHATKOBO MEXaHIYHHM CIIOCOOOM,
OCKUIBKH XIMIYHE MONIPYBaHHS MOXe OyTH MPUYMHOIO 30aradyeHHs 4u 301HEHHS
MOBEPXHI KOMIIOHEHTAMHU TMOJIPyIOUYOTro peareHta. J[ims Toro, mobuw BigUTyKaTH
JIOKQNBbHY IUISHKY B3IpIl, SKY HEOOXIIHO JOCHITUTH 3a IOMOMOTOI0 PEHTICHO-
CHEKTPATBHOTO MIKpOAHaTi3y, CIiI 0JIpa3y K IICIs MOJIPyBaHHS MMO3HAYHUTH ITHO
JUISHKY 32 JOTIOMOTOI0 XIMIYHO CTIMKOTIO JIaKy Ta 3JIeTKa MiATPaBUTH B3IPEIlb.

Y pesynbrari nutipyBaHHA Ta TOJIPYBaHHS YTBOPIOETHCS MEXaHIYHO
o0pobiieHa MOBEpxHS B3IpIs, sSKa HE BIUIMBAE€ HA pe3yJbTaTH aHamily. B3ipi,
npu3HadyeHl IS JOCHKeHHs Tororpadii 3a JI0MOMOror BTOPUHHUX a0o
BIIOWTHX EJIEKTPOHIB, 32 YMOBH JIOCTaTHBOI iXHBOI MPOBIAHOCTI HE BHUMAraroTh
CHEIIaTbHOTO TPUTOTYBaHHA. B neskux BUmMagkax sl MiJBUINEHHS MPOBIIHOCTI
HEOOX1IHO HaHeCcTH (HANMJICHHAM) TOHKUW Imap rpadiTy, alOMIHIIO YH Mii,
OJIHAK TPH IOMY CJiJ AOTPUMYBATHCS HAIIBIPOBIIHUKOBOI YHCTOTH IIPOIECY,
30KpeMa BCi pO3YMHM TPaBJICHHS MOBHHHI BUTOTOBJISITUCH HA OCHOBI JICI0OHI30BaHOT
BOIM Ta XiMpeakTuBiB KBaridikaiii OCY.

AHani3 XIMIYHOTO CKJIaay B3ipilsi MpOBOASATH y JBl cranii. Hacammepen
3IHCHIOIOTh SIKICHUM aHali3, SIKWW TOJIATAa€ y BH3HAYEHHI KUIBKOCTI Ta THUITY
€JIEMEHTIB Yy 3aJaHiil nuIsgHIl B3ipusd. Jpyra cramis — KUIbKICHUN aHaTI3 13 BU3Ha-
YEHHSM KOHIICHTpAIliil IUX eIeMEHTIB. Ko B3ipellb Mae AeKuIbKa (a3, XIMIUHUH
CKJIAJ] SIKUX HEBIJOMHI, TO BUKOHYIOTh KUIBKICHUN aHaji3 KOXXHO1 Okpemoi (a3u.
OO6unaBi cranli aHamizy nependadarTh TOCTUHKEHHS JIHIHHOTO YM MOBEPXHEBOIO
po3MoLTy eaeMeHTIiB. Takuil aHani3 MokHa OyTH SIKICHUM, HaMiBKUIBKICHUM YU
KUTbKICHAM 32 YMOBH HETIEPEPBHOTO a00 IMCKPETHOTO PEXUMIB BUMIPIOBaHHS.
JIns  BU3HAuYEHHsS PO3MOAUTY €JIEMEHTIB Y3JO0BXK 3aJaHoi JiHIi 3a3BUYail
3aCTOCOBYIOTH TaKi METOJIM JOCIHIIKEHHsI, SIK CJICKTPOHHUHN JIHIMHUN aHami3,
HETICPEePBHUI MEXaHIYHUHN JIHIHHUI aHaMI3 Ta TUCKPETHUN MEXaHIYHUHN JTiHINHMHI
aHaJI3 IUIAXOM CIIBCTABIEHHS PE3Y/IbTaTiB TOUKOBUX BUMIPIOBAHb.

EnextpoHHuii NiHIMHUN aHAII3 MOJSATa€E B JIHIMHOMY MEPEMIIIEHHI B3/I0BXK
HEPYXOMOT'O B3PIl €IIEKTPOHHOTO 30H]1a OJJHOYACHO 3 BiJIOOpa)KEHHSM Ha €KpaHi
MpUIaay BEJIMYMHH 1HTEHCHBHOCTI PEHTICHIBCHKOTO BHIIPOMIHIOBAHHS JTOCIIIKY-
BAaHOT'O €JIEMEHTA, SIK QYHKIIII IPOCTOPOBUX KOOPJIMHAT, TOOTO CKaHYBaHHS B31pIs
Ta PO3ropTKa 300pa)kKeHHS Ha €KpaHl 3IIHCHIOIOTHCA CHHXpPOHHO. Hemomikamu
€JIEKTPOHHOIO JIHIHHOIO aHajizy € OOMEKeHa BEJIMYHMHA CKAaHOBAHOI JUISHKH
noBepxHi (mpubnuszno 0,5%0,5 MM) Ta HEBUKOHAHHS yMOB PoynaHzia BHACIIJIOK
BIIXWJICHHS €JIEKTPOHHOTO ITyYKa BiJ HOPMAaJbHOTO TOJIOKEHHS. B pesymbrari
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[bOTO 1HTEHCHUBHICTh PEHTICHIBCHKOIO BHUIIPOMIHIOBAHHS 3MEHIIYEThCA, IO
MO’KHA IHTEPIPETYBATH SIK 3MEHIIICHHS KOHLIEHTpAIlii eJIeMeHTa.

HenepepBHuii  MexaHIUHMI  JTIHIWHUKA ~ aHami3  3AIMCHIOIOTH  [UIIXOM
nepeMIleHHs B31pIis B3JI0BXK 3aaHO1 TPAEKTOPIl BITHOCHO HEPYXOMOTO €JIEKTPOH-
HOTO ITydYKa. 3a JOMOMOTOI0 CaMOMKCIS PEECTPYIOTh IHTCHCHUBHICTh PEHTICHIBCH-
KOTO BHUIIPOMIHIOBAHHS JIOCHIIJDKYBAHOTO €JIEMEHTa, SK (YHKIIIO TOJOKEHHS
TOukd Ha TpaekTopii. LIBUAKICT, pyXy B3ipUs 3aJal0Th y Mexax Bix 1 10
500 MkM / XB, IO JO3BOJIAE BHOpATH ONTUMAJIBHUNA BapiaHT sl OYyIb-SIKOTO
nociimpkeHds. OTpuMaHi TAKUM YWHOM JIiHIHHI TPod Il KOPENIOITh 3a JI0MOMO-
TOK0 PO3MOAUTY TYCTHHU CTPYMY B3JIOBXK 3aJ1aHOI TpaekTopii B3ipis. JJis criiBcTaB-
JICHHSI OKPEMHX J[iarpaM TaKOX BPaXOBYIOTb PO3IMOJLI I'yCTUHU CTPYMY B 3aJaHii
nutstHI B3iprsa. OCKUIBKM IHTEHCHBHICTh XapaKTEPUCTHUYHOTO PEHTICHIBCHKOTO
BUIPOMIHIOBaHHS 3aJIC)KUTh BIJ KOHIIGHTpAIlli €JIeMEeHTa, TO jlarpama sIKiCHO
BIATBOPIOE 3MiHY KOHIIEHTpAIlii aHAII30BAaHOTO €JleMeHTa. BUKOPHCTOBYIOUH
BIJIMIOB1/THI €TaJIOHH, 3aBXK/IM MOXKHA 3aJ]aTH MacITad KOHIICHTPAIIii, 10 JIO3BOJISE
HaITIBKUIBKICHO OLIHMUTH ii 3MiHYy. B cydacHUX KOMIT'TOTepHU30BaHUX MIKPO30HAAX
JIHIAHUNA aHal13 BUKOHYETHCS NHCKPETHO LIIAXOM MOKPOKOBOTO CKaHYBaHHS 3
aBTOMAaTUYHHUM PEECTPYBAHHSIM PE3YIIbTATY.

HaiiyacTimie 3aCTOCOBYIOTh METO/] aHAII3Y PO3MOLTY €JI€MEHTIB Ha MJIOIIMHI,
SKUW TIOJATaE B OTPUMAHHI CKAaHOBAHOTO (pacTpoBoro) 3o00pakeHHs. Take
300pakeHHS /A€ MIBUJIKY SKICHY KapTUHY PO3MOALLY €JIEMEHTIB. 3a JIOIOMOTO0
BIIXWIAIOYMX KOTYIIOK €JIEKTPOHHUN 30H] CKaHy€e BUOpaHy AUISHKY MPSAMOKYTHOT
(dbopMH Ha MOBEpXH1 B3ipisd. XapaKTepUCTUUHE PEHTTCHIBCbKE BUIIPOMIHIOBAHHS,
sKe 30yIDKYEThCSI B TIPOIECT CKaHYBaHHS B3ipIs, PO3AUISIIOTH Ta PEECTPYIOTH 32
JIOTIOMOT'OI0 CTIEKTPOMETpa Ta JETEKTOPA, MICIs YOTO MIACHIIOITh 1 MOJal0Th Ha
CITKY KIHECKOoNa ekpaHa BigoOpaxeHHs. [IpoMiHb KiHecKOma MepeMILy€eThCs
CHHXPOHHO 3 €JIEKTPOHHHUM ITyYKOM Ha TMOBEPXHI B3ipisd. B pe3ynbprari mporo Ha
€KpaHi KiHEeCKONa BUHHUKAE 300paKE€HHS CBITJIMX Ta TEMHHUX JUISHOK, A€ T'YCTHHA
TOYOK € MIPOI0 KOHIICHTpAIlli JOCIiPKyBaHOTO eneMeHTa. Puc. 6.12 nemoHcTpye
pactpoBe 300pakeHHs1 cruiaBy Ni-In, JeroBaHOTO PiAKICHO3EMEIBHUMH CIIEMEH-
TaMH CaMapilo 1 TOJIbMIIO, OTpHMaHe 3a JIOMOMOIOI0 BIIOUTHX EJIICKTPOHIB Ta
PEHTICHIBCHKOr0 BUIIPOMIiHIOBaHHS. Lleli craB TpuBanuii yac BUKOPUCTOBYBAJIM B
SIKOCTI KOJIGKTOPHOT'O CIUTaBY BUCOKOYACTOTHUX T€PMaHIEBUX P-N-p TPAH3UCTOPIB.

Puc. 6.12. 306paxkenHss cruaBy Ni-In, JeroBaHoro piaKiCHO3eMEILHUMH
enxementamMu Sm 1 Ho, orpumane 3a 10moMororo BiIOMTHX €JIEKTpOHIB (a) Ta
peHTreHiBchbkux Bunpominiobadb HoLa (6), SmLa (B) Ta InLa (T)
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[IpyHIMD KUIBKICHOTO PEHTTEHOCIEKTPAILHOTO MIKpOAHaIi3y IOJIArae B
TOMY, IIIO IHTEHCHBHICTH 30yI)KEHOTO €JIEKTPOHHUM ITYYKOM XapaKTEPUCTHUHOTO
PEHTICHIBCHKOTO BHUIIPOMIHIOBAHHS €JIEMCHTIB B aHAII30BaHIN JUISHII € MIPOO
iXHbOi KOHIeHTpallii. /{1 BU3HAYEHHS MAaCOBHUX KOHIICHTpAIlid C'; €JIEeMEHTIB
B3ipus KacteHn 3ampomoHyBaB MOpIBHIOBAaTH 1HTEHCHBHICTH [} emiToBaHOTO
B3ipIlIeM XapaKTePUCTUYHOTO PEHTTEHIBCHKOTO BUIIPOMIHIOBAHHS 1-T'O €JIeMEHTa 3
BIJIMOBIIHOIO €TaJJOHHOIO IHTEHCHBHICTIO [; 4MCTOTO eneMeHTa, OTPMMAaHOK 3a
IZICHTUYHUX YMOB e€KCcTiepuMeHTy. Toal BiTHOIIEHHS

k; =T /1; (6.11)
€ MIpOIO KOHIIEHTpAIlii 1-r0 eJIeMEeHTa B JOCIHIKYBAaHOMY B3ipIli. J{js BUSHAUCHHS
IHTEHCUBHOCTEH, 110 BXOIATHh y opmyny (6.11), HE0OX1IHO BUMIPIOBATH 1HTEH-
CHUBHICTh XapaKTEPUCTUYHOTO PEHTICHIBCHKOTO BHIIPOMIHIOBAHHS aHAJi30BaHUX
JiHiA 1-ro ememenTa B3ipis (I'L); Ta IHTEHCHUBHICTh CTaHAAPTHOTO, €TAJIOHHOTO
B3ipus (IL);, a Tako>XX 1HTEHCUBHICTH raJIbMIBHOT'O BHUIIPOMIHIOBaHHSI B IHTEpBal
agamizoBanux miHIA g B3ipusa (I'y); ta eramona (Iy)i. B upomy Bumaaky
IHTEHCUBHOCTI BU3HAYAIOThCS 32 POPMYJIaMH:

Ii=I"p); —(T'y);i a1 =(Ip); — (Ty); (6.12)

BinHomeHHs 1HTEHCHBHOCTEH K; y mepimioMy HaONMKEHHI MOKHA BBaXKAaTH
pPIBHUM BiJHOIIICHHIO KOHIICHTpAIlId 1-TO €JIEMEHTa B JIOCIIPKYBAaHOMY B3ipIi Ta
€TaJIOHI:

¢ /c; =k;. (6.13)
Y OiNbIIOCTI BHIAJKIB MOXMOKAa TaKOrO OIIIHIOBAHHSA € 3HAYHOI, TOMY JIs
TOYHIIIOTO BU3HAYCHHSI BITHOIIEHHS KOHIICHTpPAITii C';/ C'; CITiJI BpaXOBYyBaTH:

— PI3HMITI0 TalbMIBHMX MUISAXIB TaJal0YUX EJICKTPOHIB Ta PI3HULIO B
koe(imieHTax BiIOUTTS B3ipIs Ta eTajoHa (MOIpaBKa Ha aTOMHHUI HOMeED);

— pI3HUII0O B KOE(QIII€EHTAX TOTJIMHAHHSI TIEPBUHHOTO XapaKTEPUCTUYHOTO
BUIPOMIHIOBaHHSA, 30Y/KEHOTO €JIEKTPOHHMM ITy4KOM Y B3IpIll Ta €TaJOHI1
(mompaBKka Ha MOTJIMHAHHS);

— BTOpUHHE (DITyOpECIIEHTHE 30y KEHHS XapaKTePUCTUIHOTO PEHTICHIBCHKO-
IO BUIIPOMIHIOBAHHS JIOCTI/DKYBAHOTO €JIEMEHTa XapaKTePUCTUIHUM BUITPOMIHIO-
BaHHSIM IHIIUX EJEMEHTIB, fKI MICTATBCA B aHAJII30BaHOMY 00'eMi B3IpIs
(mompaBKa Ha JTOATKOBE (IIyOPECIICHTHE 30Y/KCHHS ).

BpaxyBanHs momnpaBok y BHUIJIAA1I KOe(III€EHTIB Ja€ 3HAUYCHHsS KOHIIEHTpaIlil
c'i B ApyroMy HaOJIMKEHHI:

ci=c; ki (Kz)i - (Kp)i - (Kp);. (6.14)
[TompaBouni koedimieatu (Kz)i, (Ka), (Kg)i B cBow uepry € QyHKIisIMU
KOHIIEHTpAIlii C';, TOMYy iX BU3HAYUTH 0€3MOCEPEIHBO BAXKKO, B 3B'I3KY 3 UMM JJIS
PO3PaXyHKY IUX KOe(]iI[i€EHTIB BAKOPUCTOBYIOTh iT€paIliiHi METOIH.

6.5. Jocaipxxenns amwominieBoi Mmertamdidaunii crpykryp BIC meromom
PEHTIeHOeJIeKTPOHHOI CIIeKTPOCKOMil

SAx BimoMo, KOpO3isi TOHKOILTIBKOBOI Meramizamii iHTerpanbHux cxem (IC)
HOCHUTh EJIEKTPOXIMIYHMI XapakTep 1 BiIOYBa€ThCSA JIOKAJIBHO Ha 11 MOBEpPXHI
BHACIIIJIOK YTBOPEHHS PI3HOMAaHITHUX €JIEKTPOJIITIB Yepe3 HaTIKaHHS BOASHOL mapu
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B nijKoprycHuii 06'em 1C Ta po3unMHEeHHs 10HHUX 3a0py/IHEHbD.

[IpoBeneni mochmimKeHHS TMOKa3aud, MO KOPO3iHI PYHHYBaHHS CTPYKTYP
Benukux iHTerpanbHuXx cxem (BIC) moumHaroThcss Ha MeEX1 TOHKOILUTIBKOBOT
aJTIOMIHIEBOI MeTasizalii 3 JIOKCHJOM KpEeMHil0 Ta To0Ju3y i1 KOHTaKTiB 0
JIETOBAHOTO KpeMHit0. PyiiHYBaHHA TOHKOIUTIBKOBOI aNIOMIHIEBOI MeTami3alii
3HAYHO MPUCKOPIOETHCS BHACTIIOK TOTO, IO QIIOMIHIM B3a€EMOJIE 3 JTIOKCHJIOM
KPEMHIIO IT1J1 Yac TepMOOOPOOIICHHS 32 TAKOIO PeaKIli€ro:

4A1+ 3Si10, < 2A1,0; + 3Si + Q. (6.15)
[Ipu mpoMy BUALISAETHCS 3HAYHA KUIbKICTh Teruia Q. JlokanbHe mMiABHUICHHS
TEMIIEpaTypu Ha MEBHHUX JUIIHKAX cTpyKTypu BIC BHKIIMKAE MPOIEC pO3UYUHEHHS
BIZHOBJIEHOTO KPEMHII0 Ta YacTUHH OKCHAY AaIIOMIHII0O B TOHKOTUTIBKOBIH
ATIOMIHIEBIM MeTaji3allii, a TaKoX MPU3BOIUTH IO IIJABHINCHHSA B HId TCPMITHUX
HanpyxeHb. [lomajaHHs BOJIOTM B TaKy JUISHKY TPU3BOJUTH JIO PO3BUTKY
KOPO31HHOTO pPYHHYBaHHA HAMpPY)KEHHMX YAaCTHH TOHKOI IUTIBKH ajJIOMIHIIO, a B
pe3ynbTaTi Takok Bciel 3aTBOpHOi cuctemu ctpyktyp K-MOH BIC. Kpim Toro,
KOPO31ifHOMY pPYWHYBaHHIO CIPHUSIOTH XJIOPUI-10HH, SIKI 3aBXKAM MICTATHCA B
NiA3aTBOPHOMY OKCHUJI KPEMHIIO, OCKUIBKM OCTaHHIA (OpPMYEThCS NUIIXOM
XJIOPHOT'O OKCHJTYBaHHS.

30,IMKeHHS €JIEKTPOIHUX TOTEHITIAIB KATOAHUX 1 aHOJHUX 30H, 301TBIIICHHS
CyMH KaTOJHOI Ta aHOAHOI MOJIAPU30BAHOCTI MIXK BKa3aHHUMH 30HAMH TPH3BOIUTH
70 301IbIICHHS Yacy pyWHYBaHHS TOHKOIUTIBKOBOI allFOMIHI€BOI MeTamizallii, ska
CTa€e aHOJOM Yy KOPO31MHIN cXeMi.

JleryBaHHS allIOMIHIIO K KaTIOHOAKTUBHUMH, TaK 1 aHIOHOAKTUBHUMHU JOMIIII-
KaMu € ¢(EeKTHBHHM 3aco00M 3MIHHM CTaIllOHAPHUX EJICKTPOAHUX ITOTCHI[IAJIIB.
Tak, neryBaHHsa anioMiHilo ToiaeMieM (go 1% 3a macor), migawo (~0,8%),
kpeMHieM (~1,55%) 3Milllye cTalfioHapHUN EJIEKTPOJHHUM MOTEHINal aTlOMIHIIO B
Jiana3oH OUTHII MO3UTHUBHUX 3HAYEHb. 3MiHA MOTEHIIATY ATFOMIHIIO JUIS PO3TIIs-
HYTHX JIETYIOUHX AoMmimok ctaHoBuTh 0,37, 0,31 1 0,24 B BianoBigHo. Haiibinbire
30JIMKeHHST TTOTEHINAiB aJTIOMIHIEBOI MeTali3allii Ta TOHKOIUIIBKOBOTO 3aTBOpa
MOH BIC nocsraeTbes MUISXOM BBEJICHHS B TOHKI IDIIBKHM aJTIOMIHIFO PiJIKICHO-
3eMETbHUX METAJIB: JIJAHTAHY, TOJIbMIIO, 1Tpito Tomo. [IiABUIIIEHHS BMICTY Mial 10
6% He J1ae MOXJMBOCTI JIOCATTH CTalllOHAPHOTO TMOTEHIlaly [Jis CIUIaBy
Al + 1%Ho.

3MIHY CTaI[lOHAPHOTO EJEKTPOIHOTO IMOTEHIIANy ATIOMIHIIO KaTIOHOAKTHB-
HUMH YU aHIOHOAKTUBHHMH JIOMIIITKAMH METATIB MOKHA TOSCHHUTH SK KpPAIIOIO

Tabauusa 6.2. XapakreprcTrKa rmacupalii aJtoMiHIEBUX CILIaBiB

Ne Martepian misku Koedirient TopmMHa OKCHﬂgoi'
T/11. 3aJIOMJICHHS TUTIBKY (TIacHBaIlis)
1 YuctHii agroMiHii 1,64 +1,7 40 + 45
2 Al + 1%Si 2,58 +2,65 55+ 65
3 Al +1,5%Si + 4%Cu 1,56 ~ 1,65 60 + 70
4 Al + 1%Ho 1,7+ 1,75 75 + 80
5 Al + 1%Si + 1%Ho 1,67 +1,72 70 + 77
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nacHBaIli€ro criaBiB (Tabm. 6.2), Tak 1 3aTHICTIO OKCHIIB PIAKICHO3EMEIBbHUX
METaNiB 3B'A3yBaTH XJIOPUI-IOHM y BaXKOpPO34uMHHI cronyku tumy P3M-O-ClL
OcTaHHE MATBEP/KYETHCS JTOCTIHKCHHIMHI TTOBEPXHI IUTIBOK YUCTOTO QITIOMIHIIO,
cruiasiB Al+ 1%Ho Tta Al+ 1%Si+ 0,8%Ho MeTonom peHTIeHOEIeKTPOHHOT
cnekTpockomii (puc. 6.13).

1
Cl2p
2
102,0
82
CI2p Si2p
933.4 9349 5311 BL7 100,5 192>
9325 7200 202 7333283 1993 2003 2005 —== 85 109
177 114 110 114 73
\ NS ¥
WAA S~ M,\/\ 3
Cu2p CI2p Si2p
531.6
3714 I 1653
161.0 7106 —== 108
84
533,7
780 4
CL2p
Ols Ho4d i
5317 108,1
3634 1004 84
1616 162,9 2002 202.9 69
94 o3 94 90
V‘\/\a—\_\ 5
Ols Ho4d CI2p Si2p

Puc. 6.13. PeHTTeHOENIEKTPOHHI CIIEKTPU TOHKHX IUTiBOK Al Ta ioro cmasiB
(micns mamunenus): 1) Al; 2) Al + 1%Si1; 3) Al + 1,5%Si1 + 4%Cu; 4) Al + 1%Ho;
5) Al + 1%Si1 + 0,8%Ho
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[TniBku Al 1 Al+ 1%Ho ¢opmyBanu nuisixoM MarHeTpOHHOTO PO3IMUJICHHS Ha
ycTatkyBaHHI "Opartopis-5" Ha TeCTOBHX OKHCICHHX KpEeMHI€BUX TuiacTuHax. Ha
PEHTICHOCTIEKTPOHHUX CIIEKTPax IHUX TUIIBOK HE BHUSIBJICHI ITIKH, SIKI BiJIOBIIAIOTH
SHEPreTUYHUM PIBHAM 2p, XapaKTEepHUM IS XJopy (puc. 6.13, xpusi 1, 4).

[licns BUTpUMYBaHHA IMX TECTOBUX B3IPIIB 3 HAMWICHWMHU TUTiBKaMu Al,
Al+ 1%Ho, Al + 1%Si+ 0,8%Ho ta Al + 1,5%Si1+ 4%Cu B 3% po3unni NaCl B
iHTepBasi norteHuianie 0,6 + 0,8 B ynpoaosx 10 XBUIMH Ha pEHTTEHOENEK-
TpoHHHX crekTpax (puc. 6.14, kpusi 1', 2', 3', 4', 5' BiANOBIAHO) CTAIOTh MOMITHI
piBHI 2p, sIKi MOB'S3aHI 3 HASBHICTIO XJIOPY HAa IOBEPXHI IUTIBOK, NPHUOMY Y

5313
6582

5303
5418

199,2 2016 i
112 102

W

Cl2p

1634 1644

161,6 —== 207 '
?\ 8{‘ /82 4
Ols Ho4d
1015
74.5 200.0 202.7 1000 176 5!
Al2p Cl2p Si2p

Puc. 6.14. PenTreHoeneKTpoHHI CIEKTPH TOHKUX IJTIBOK Al Ta oro cruiaBiB micis
o0pobnennss B 3% po3uuni NaCl: 1) Al; 2) Al + 1%Si; 3) Al + 1,5%S1 + 4%Cu;
4) Al + 1%Ho; 5) Al + 1%Si + 0,8%Ho
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Bumaaky 1iiBok Al + 1%Ho BusBieHo MakcumanbHEe 30UIBIICHHS KOHIIEHTpAIlii
XJIOpU-10HIB HA TTOBepXHi (puc. 6.14, kpusi 4').

Jns momiBok craBiB Al + 1,5%Si1 + 4%Cu migBHIEHHS KOHIIGHTpAIii XJIo-
pUI-10HIB HE BUABICHO. Lle MOXHA MOSCHUTH SIK 30UTBIICHHSIM TOBIIUHH OKCHY
Ha IMX TUTIBKaX, TaK 1 yTBOPEHHSAM Ha iXHil MOBEPXHI JIETKOPO3UMHHUX CIIOTYK.

[Ticns o6pobnenns B 3% posunHi NaCl Ha peHTTeHOEIeKTPOHHUX CIIEKTpax
3HUKAIOTh MKW, XapakTepHi Juisi Al, BHaCI1I0K HOro mepexoy B OKCUHUM CTaH.
BinOyBaeThcss 36aradends mnosepxui cmmaBy Al+ 1,5%Si+ 4%Cu wmigmo. i
KOHIICHTpAIIlsl IMIBUITYEThCS Maibke Ha 15%. B craBax aifoMmiHiiO, 0 MICTHTh
Ho, naBmaku, BiOyBaeThCsl 3HM)KEHHS KOHIIEHTpALlli rojibMil0 Ha MoBepxHi. B
ctaBi Al+ 1%Ho mne 3HwkeHHs BinOyBaerbcss Ha 20%, a B cruiaBi
Al + 1%S1 + 0,8%Ho — 6inpmr, Hix BaBidi (Ha 50%).

VY KpeMHIMBMICHUX CIUIaBaxX ajloMiHiIO miciasi oOpobsieHHs B 3% po3uuHi
NaCl 3poctae KkoHIEHTpamis Si Ha MOBEPXHI IUIIBOK, 30KpeMa ISl IUIIBOK
Al + 1%S;i, Al+1,5%Si+4%Cu B 2,0+273 pasu, JUIsI  IUTIBOK
Al+ 1%S1+ 0,8%Ho tuteku Ha 10%, a mua miiBok Al + 1%Ho Take 3pocranHs
KOHIIEHTpAIlii B3araji BiZICyTHE.

3mataicth maiBok  Al+ 1%Ho 1
Al+1%Si+ 1%Ho  yrBOptoBatu  Ha
MOBEPXHI  OKCHAHI  IIapu  OUIBIION
TOBILIMHU, HDK HA 1HIIMX ILUTIBKaX CIIJIABIB
ATIOMIHIIO, a TaKoX BaXKOPO3UMHHI
TiIpOXJIOpUIN AK TOJBMIIO, TaK 1 1HIIMX
PIIKICHO3EMEIbHUX METalliB, MPU3BOIHUTH
1o toro, 1mo B 3% po3unHi NaCl miiBku
Al+ 1%Ho 1 Al+ 1%S1+ 1%Ho maroth -1.0
HAWBUIII Jiana3oHu nacusaiii (puc. 6.15,

KpuBi 2 Ta 5), sKi CTaHOBIATH 2,4 Ta ’
2,9 B BigmoBinHO. BBemeHHs B TUTIBKY -3,0
anmroMminiro 1%Si 3HMKYye niama3oH macu-

anii 3 1,6 10 1,4 B. Haitnukuuii niana- Puc. 6.15. IloreHmionuHamMiuHi KPHUBI,
30H MAacUBallll XapakTepHUH AN MJIIBOK OTpPMMaHi ]Il TOHKHMX IIiBOK Al Ta
crnaBy Al + 1,5%Si +4%Cu i cranourp HOTO CruiaBie B 3% posuuni NaCl:
mumens 1,1 B. 1) Al; 2) Al+ 1%Ho; 3) Al + 1%Sg;

Juis  tomkux twriBok  amominito  4) Al+ 1,5%Si+ 4%Cu;
aHOHA MOIAPH30BaHicTh 3Minoanacs y o) Al+1%Si+ 1%Ho
miana3oni 3”HayeHs 10,5 + 12,5 Om. Bse-
JICHHSI B TUTIBKY aitoMiHii0 1%S1 3MeHIllye aHOAHY MOJSPU30BAHICTh CIUIABY 10
9+100m. Beemenns 1%Ho 30imbirye aHOAHY TMOJSIPU30BAHICTh —CILJIABY
Al+ 1%Ho no Bemwmumam 12 + 15 Om. HailimeHmma aHogHa TOJAPHU30BaHICTh
0,25+ 0,50m xapakrtepHa miua cmiaBy Al+ 1,5%Si+ 4%Cu. [Hns cmiaBy
Al+ 1%Si+ 1%Ho anomna mossipu3oBaHICT, Oylla HaWBWINA 1 CTaHOBHIIA
16 =17 Om. CtpykTypa 1 mimens 31 cmaBy Al + 1%Si+ 1%Ho nponemoncTpo-
BaH1 Ha puc. 6.16.

Kopozsiitni BunipodyBanas MOH BIC cepiit KP580 1 K564 3 omgnakoBumu

-300 -100

100

300 I, MA
: —p

4
1
3
2
5
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Puc. 6.16. Mimens 3 antominieBoro cmiaBy Al + 1%Si+ 1%Ho nns
MarHeTpOHHOTO PO3IMIICHHS (2) Ta CTPYKTypa cIiaBy (0)

IJIOIIAMHU KAaTOJHUX Ta aHOJHUX 30H, TOOTO MpHIIAJIIB, 310paHUX HAa OJHAKOBUX
miaTax 1 po3BapeHUX AIIOMIHIEBUM Ta 30J0THUM MIKPOJIPOTaMH, MOKa3ald, IO
30JIKeHHST €JIEKTPOJHUX TOTEHIIAIB KaTOJHMX 1 aHOAHUX 30H 3MEHIIYe
HIBUJIKICTH KOPO31HHUX PYHHYBaHb.

[TouatkoBi BimMoBu MOH BIC Bkazanux cepiii, po3BapeHHX aJtOMIHIEBUM
MIKpOJIPOTOM Ha TO30J04YeHY IUIaTy 3 TOHKOIUIIBKOBOIO MeTamizamiero Al i
Al + 1%Si, Bunpo6oByBaHi 3a temnepatypu 308 K ta BimHOCHOT Bojorocti 95%,
HACTYNaloTh yxke miciiga 46 roAuH TaKuX BUIPOOYBaHb, a y pa3i TOHKOIIIBKOBOI
metam3amii Al + 1,5%S1 + 4%Cu 3a neit yac BIIMOB Maiie BABIY1 OLIbIIEe, TOOTO
npubmszHo 40% cxem 13 Bubipku 125 mt. [louatkoBux BimMoB (10 10%) npunasis
3 TOHKOIUTIBKOBOIO Metaiizarnicio cruiaBaMu Al + 1%Ho 1 Al + 1%Si1 + 1%Ho
MICJS] BUTPUMYBAHHS iX B [IUX PEKUMAax € BIAMOBIIHO B 2,6 Ta 4,9 pa3u MeHIle.

Binmosa monosunn Bubipkm MOH BIC 3 meramizamiero Al ta Al + 1%Si,
pPO3BapEeHUX aJIOMIHIEBUM MIKPOJIPOTOM, HACTylae Bxe Mmicias 568 roauH
BunpoOyBanb y kamepi Ttemna 12KTB 3a temnepatypu 308 K Ta BigHOCHOI
BosiorocTi 95%, a y Bumaaxy metamizamii crmaBoMm Al + 1,5%Si + 4%Cu — Bxke
yepe3 225 roauH. [l BIAMOBM TOJOBHHHM BHOIPKH 3 METali3alli€l0 CIUTaBaMH
Al+ 1%Ho 1 Al+ 1%Si+ 1%Ho neoOximuuil yac B 4,4 pazu OUIBIIMNA, HDK Y
Bunaaky cmiaBy Al+ 1,5%Si+4%Cu. Tyr cnig 3ayBakwTd, IO BCI THUIH
MiKpocxeM Oyiu 310paHi B IJIaCTMAaCcOBHX KOPITycax.

Taxum uriHOM, MO>’XKHA 3pOOUTH BUCHOBOK, 110 BBEJICHHSI B aTIOMIHI€B] CTUIaBU
PiIKICHO3eMEeNbHUX METaNliB THITYy TOJIbMIIO, JIaHTaHy, ITPil0 IMIOHAWMEHIIE Ha
MOPAIOK MIABHINYE KOPO31MHY CTIAKICTh altoMiHieBoi meTamizaiii crpykryp BIC.
Kpim Toro, texnosorisi jeryBaHHs ajitoMiHieBoi Mertanizanii P3M edexktuBHO
PO3KHUCITIOE KOHTAaKTHI BiKHA Ta CTaOUIi3ye€ MUTOMHUU OIip 1 €MHICTH BEPXHBOTO
piBHA po3BeneHHs cTpykTyp BIC. OTpumani pe3ynbTaTu 1€ pa3 miATBEPIXKYIOTh,
00 32 JIONOMOIOK) PEHTICHOEJIEKTPOHHOI CHEKTPOCKOMIi MOXXHa e()EeKTUBHO
MPOBOJUTH €JIEKTPOPi3uIHE 1arHOCTyBaHHs KOpO3iiHOi cTiiikocTi cTpykTyp BIC.

6.6. CEM pocaimxkenHss OaratomapoBux cTtpyktyp BIC y Bin0dutux
eJIeKTPOHaX

CkaHylo4a eJIeKTPOHHA MIKPOCKOIIIS 3JIMILAETHCSI OCHOBHUM JIalrHOCTHYHUM
METOJIOM, SIKUA BUKOPHCTOBYIOTH Mail’)keé Ha BCIX eTamax po3poOJIeHHs Ta
BUTOTOBJIEHHsI cyOMikpoHHUX cTpykTyp BIC. CEM no3Bomsie BuMiproBaTH
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PO3MIpH TMOBEpPXHEBUX CTPYKTYp 3 ToumicTio 2-107 +2-107 MM, crocrepiratn
tToriorpadidHi Ta KOMITO3HIIIIHI HEOJHOPIAHOCTI 3 MPOCTOPOBOIO PO3IUILHOIO
sgatHiCTIO 70 5-107 MKM, BH3HA4aTH mapamMerpd i Ae(EeKTH p-n-IepexoniB 3
nokanbHicTIo 5107 MM y Meskax rm6us 0,1 + 2 MkM. OCHOBHUMH Pi3HOBHIAMH
metony CEM € enekTpoHHA MIKPOCKOITIS 3 PEECTPYBAHHIM CHTHAIIB BTOPHUHHHUX,
BIIOUTHUX, TOTJIUHYTUX €JIEKTPOHIB, KaTOJIOJIOMIHICIIEHIII Ta PEHTICHIBCHKOIO
BUIIPOMIHIOBAHHS.

[adopmaniitna rmuébuna CEM B pexxumi Binoutux enekrponiB (BE), To6T0
BIJICTAHb BiJ] IOBEPXHI B TMTUOMHY 00'€KTa, /IS SKOI IIe MOXJIMBE (OPMYBaHHS
300pakeHHsI, 3aJI€KUTh BiJl MIHIMAJIBHOI BEJIMYMHU CIIOCTEPEIKYBAHOTO KOHTPACTY,
BiJl MakcuManbHO1 TMOMHM Buxony BE Ta Bim pisHUIlN KOe]illi€eHTIB BiIOUTTS
€JICKTPOHIB BiJl €JIEMEHTIB CTPYKTypu B3ipus. Llg BenmumHa 3a TUIOBUX YMOB
podotn CEM mae 3nauenns 0,1 + 10 Mxwm, 1m0 1o3Bossie BukopuctopyBatu CEM
JUTS TIaTHOCTYBaHHs 0araTopiBHEBHX Ta TPUBUMIpHUX cTpyKTyp BIC.

B excniepumenTi nociipKyBanu Tec-

TOBl CTPYKTYpU-IUIACTUHU KPEMHIIO 3 Ak

HAHECEHMMH Ha HHX HIIIXOM T.epMOiOH— 75l
HOTO HANWJIEHHS IIapaMH Miai TOBIIU-
oo 0,05-+0,2 MmxM, sxi 3Bepxy Oymm -od
nokputi ToHKUM (0,1 + 0,4 MKM) mapom
amrominiro. Taka koHirypamii (BctaBku 151
Ha pwuc. 6.17-6.18,) mganm MOKIHUBICTH
YCYHYTH BIUTHB MeXi Mk mBoma mimsa- 107
KaMy CTPYKTypH. BenwmumHa KOHTpacty
BUMIPIOBAJIACH SK PI3HUILISI CUTHAJIB MIX
JUISTHKaMU, TTIOKPUTUM TUIBKU aJIOMIHIEM .
1 TIITHKaMU 3 TPOMDKHUM 1apom Cu. 5 10 15 20 25

Pe3ynbratu qocaiaKeHHs. KOHTPACTy
IUX TECTOBUX CTPYKTYp SK (QYHKIL
MPUCKOPIOIOYOT HAMPYTH, TOOTO EHeprii
enektpoHiB  Ey 30mayrouoro myuka,
HaBeJeHI Ha puc. 6.17-6.18. MoxHa
IIOMITHUTH, 10 3aJICKHICTh BEIUYUHHU
KOHTpacTy k BiJ mpuCKOproI0YOi HallpyTu
MICTUTh YITKO BUPAXKEHHI MaKCHUMYM,
TIOJIOKCHHSI SIKOT'O 3QJICKUThH SIK BiJI TOBIIMHUA KOXKHOTO APy, TakK 1 BiJ TTMOWHU
Horo 3anaranHs. KpiM Toro, 30UIbLIEHHS] TOBUIMHU BEPXHBOI IUIIBKH NMPU3BOAUTD
710 3MIIICHHS KPUBUX y OIK BUIIMX €HEPTid OJHOYACHO 3 iXHIM PO3IIUPEHHSIM.

[TomiTHHIA KOHTPACT MPOSBISETHCS MPAKTUYHO I OJHMUX 1 THX )K€ 3HAUEHB
MIPUCKOPIOIOYOT HANPYTH HE3aJIeKHO BiJ TOBIIMHU MiAmIapy mimi (puc. 6.18, a), a
MIOJIOKEHHSI MAKCHMYMY KPHBHX BU3HAYAETHCS, 3/1€0UIBIIOTO, TOBIIMHOK BEpPX-
HBOTO aoMiHieBoro mapy (puc. 6.17). Bcei kpuBI MaroTh YITKO BUpPaXKCHUIM
MaKCUMYM, IOJIO’KEHHS SKOI'0 3aJIeKUTh Bl MapaMmeTpiB K wapy Al, Tak 1 mapy
Cu Ha KpemHIEBIM miAKIAAli, a KOHTpacT BiA rmOmux mapie Cu moxe OyTu
OUTBIIMM 32 BEIMYMHOIO, HIX JUIA THX MIAPIB, MO 3aJSITaI0Th OJIMKYEe JI0 TIOBEPXHI.

Puc. 6.17. 3anexHICTh KOHTPACTy 30-
OpakeHHST BMOHTOBAHOTO IIapy BIJ
MPUCKOPIOIOYOT HANPYTH JUISL PI3HUX
touH Al: 1) 0,1 Mmxm; 2) 0,2 MKM;
3) 0,3 mxm; 4) 0,37 mxm. ToBmwuHa
mapy Cu - 0,15 Mxm
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Hocnimkenns 6araromapoBoi ctpyktypu Cu-Al-Cu-Si (puc. 6.18, 6) moka-
3y€, MO OUIBII 3arTUOJCHUH Map Mili TAaKOX Ja€ KOHTPACT y YITKO BU3HAYCHOMY
THTEpBAIl €HEPTiid MyYKa, a TAaKOX Te, 10 3a curHaioM BE mpuHIMIOBO MOXIUBO
BU3HAUUTH MapaMeTpu TUX IapiB OaratomapoBux cTpykryp BIC, sxki 3ansramoTb
HIDKYE Ta SKI BUKOPHCTOBYIOTH B OaraTopiBHEBOMY po3BeneHHI. Hampuxman, 3

Sk a) sk 6)
301 | Cu | 30%
25" Sl 25.. 77
Al - 0,16 Mkm
204 2 Cu: 201
154 1-0,18 MkMm 154
3 2 -0,12 MM 10 2 AL 0.45
10+ T - 0,45 Mxm
3 - 0,06 MM Al - 0,30 MkM
5t 54
U, kB U, kB
4 5 3 3 3 3 > % 3 4 3 4 —
5 10 15 20 25 30 35 5 10 15 20 25 30

Puc. 6.18. 3anexHicTh KOHTpACTy 300paK€HHsS BMOHTOBAHOTO Iapy BiJ MPHUCKO-
proroyoi Hampyrd ais pisHuX ToBmmH Cu (a) 1 s G6araTomapoBoi CTPYKTYpH
Cu-Al-Cu (0)

Puc. 6.19. 300pakeHHsT KPEMHI€BOI IJACTUHM 3 IUISHKAMU Pi3HOI TIMOUHM 10H-
HOTO JieTyBaHHs 10HaMu (pocdopy Ta Oopy, OTpUMaH1 3 TPUCKOPIOIOYNMH HAIpPY-
ramu 6 (a) Ta 15 keB (0). 300paxennst pparmenta ctpykrypu BIC 3 nBopiBHEBOIO
MeTali3alli€ro, OTpuMaHe 3 Mpruckoprorouoro Hanpyrow 10 (B) Ta 25 keB (T)
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puc. 6.18, a, BUKOPHCTOBYIOUH KaJliOpOBaH1 3a71€KHOCTI KOHTPACTy K B MPUCKO-
protoyoi Hanpyru U, MOKHA OLIIHUTH TOBIIUHY 3aXOBAaHOTO MiTHOTO IIapy.

Puc. 6.19, a, 6 neMoHCTpy€e TpUKIaAH Bizyauizalii riiuO0oKo 3aXOBaHHUX IIAPIB
cyomikponHux ctpykTyp BIC meTonom Bapianii npuckoproroyoi Hanipyru CEM Ta
¢inpTpanmii BE 3a eHepriero. Ha mmx pucyHkax BuHIHO AudepeHITiaIliio
MikpocTpykTypH BIC st pisHuX rimuOuH IMIUTaHTAIli] TOMIIIOK.

6.7. CkaHyw4a eJIeKTPOHHO-aKYCTHYHA MiKpPOCKOMisi Ta if 3acToCyBaHHS
JJIA eJIEKTPO(IZMYHOr0 JiarHOCTYBaHHA cyOMiKpoHHHMX cTPYKTYp BIC

Ckanyroua enekTpoHHO-akycTuuHa Mikpockoris (CEAM) — HoBuil meTon
Bi3yauizalii TeTUIOBUX HEOAHOPIMHOCTEH 1 AedeKTiB y mMarepianax, peanxi3oBaHHi
Ha ocHoBi TexHikm CEM. Meton no3Bossie 3AiiCHIOBATH HEPYHHIBHY
OE3KOHTaKTHY JIIarHOCTUKY MOBEPXHI Ta MPUIOBEPXHEBUX INAPIB PI3HOMAHITHUX
MaTepiariB 3 PO3AUTBHOIO 31aTHICTIO 10 0,5 MKM.

Jenami wacrimme i KOHTPOJK SKOCTI CYYacHHX MIKPOCIEKTPOHHHUX
CTPYKTYp HeoOXigHa iHdoOpMaIlid M[IOJ0 3MIHHM TEIUIOBUX Ta MPYKHUX
BJIACTUBOCTEH MikpooO'exTiB. lle moB'si3aHO0 3 TUM, 110 HaMIBIPOBIIHUKOBI
MaTepiaii 4acTo MICTSITh HEOJHOPITHOCTI Ta AePEKTH, BIACTHBOCTI SIKHX MOXYTh
CWJIBHO 3MIHIOBaTUCh. 30KpeMa, MOXKE 3MIHIOBATHUCS EJICKTPUYHA a00 ONTHYHA
AKTUBHICTB Ae(PEKTIB, IO YHEMOKIUBIIIOE iX BUABIICHHS 1HIIMMH J1arHOCTHYHHAMHU
meTogamu. Taki gedeKkTd MOXYTh MPOSBISATUCS Y BUIIIAAI SK TEIUIOBUX
HEOJHOPITHOCTEH, TaK 1 MEXaHIYHUX HaIpyr MDK mapamu pizHuX ¢a3. Kpim toro,
B HAIIBOPOBIAHUKOBUX IUTACTUHAX MICHS pAdy TEXHOJOTIYHUX Omneparii
dbopMyBaHHS CTPYKTYp YH TETEPOCTPYKTYp, KpiM 3rajlaHuX TeIUIOBUX
HEOJHOPIMHOCTEH, ICHYIOTh 3axOBaHl Mia MeTamizamielo abo MIDKIIapOBUM
JIeTeKTpUKOM Audy3iiHI 4YM  IMIUIAHTOBaH1 JUISHKWA, AaKTHUBHI €JEeMEHTH
CyOMIKpDOHHHUX CTPYKTYp, HOJIKPUCTAJIIYHI Ta eMITaKCiiiHI IIapu, KOHTaKTH 1
MeTalli30BaHI MOBepxHI. BcCl 11 AUIIHKM Ta KOHTAaKTH MDK HHMH, SKI TaKOX €
TETJIOBUMH HEOJTHOPITHOCTSMH, 3a3BUYAl PO3TAIIOBaHI M1/l TIOBEPXHEIO 1 MICTATH
pi3HOMaHITHI Je(heKTH aare3ii Ta CTPYKTYpPH.

[ToTeHIiaIbHO BUCOKI MOXIJIMBOCTI JJIsI BHUPIIMIEHHS MHTaHb Bizyamizarlii
TEIJIOBUX MIKPOHEOJHOPINHOCTEH Ta IXHbOI JIarHOCTHKHM Ma€ po3poOiIeHui
HeroyaBHo Meton CEAM, peanizoBanuii Ha OCHOBi icHytouoi TexHiku CEM.
PosrasiHemo ¢i3ndHi Ta CXeMOTEXHIYHI OCHOBH I[LOTO METOY.

Ckanyrounii mOBepxHI0O 00'ekTa C(HOKYCOBaHUN EIEKTPOHHHM IY4OK
MOJIYJIOIOTh 32 iHTEHCUBHICTIO B jaiana3zoHi yactot 0,01 + 10 MI'n. I[lepiognune
HArpiBaHHS JIOKAJIbHOT 30HU MOOJU3Y MOBEPXHI B3IPIs, sIKE BUHUKAE B 3B'A3KY 3
MOTJIMHAHHSAM ~ CHEprii  €JICKTPOHIB, € JDKEPEJIOM TEIUIOBUX XBWIb, IO
MOITUPIOIOTECS BIIIMO CTPYKTYpH Ta EKCHOHEHIIHHO 3aTyXaloTbh. JloBkHHA A,
TaKo1 TETUIOBOT XBHII B €(DEKTUBHIN TEIIJIOBIM 30H1 OITUCYETHCA POPMYIIOIO:

2k )2, (6.16)

Ap=2n-dt=2n-(——

p-c-

ne k — TemnonpoBimHICTh, p — TYCTHHA, C — TEIUIOEMHICTh, ® = 27"V — 4acTOTa
MOJTYJTIOBaHHS €JIEKTPOHHOTO ITyUKa.
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TeruioBi XBUJII MOXYTh BiJIOMBaTHCS Ta PO3CIIOBAaTHCS Ha TEIUIOBHX
HEOMHOPIMHOCTAX 1 Je(eKTax, CTBOPIOIOYM, TAKUM UYHUHOM, YMOBHU IS IXHBOI
Bi3yamizamii. B HaOamkeHIM OJHOBUMIPHIM TEIIOBIM Mojaeni dt BU3HAYAE
e(peKTUBHUN PO3MIP MPUIOBEPXHEBOI 30HHU, B SIKIH B1IOYBAETHCS PO3CIFOBAHHS
TEIUIOBUX XBWJIb. THM camMuM BenuurHa dt BU3HAYa€ pO3AUIbHY 3JaTHICTh METOMY.
PeecTpyBaHHS TEMIOBHX XBHJIb MOXE 3A1MCHIOBATUCH LUISIXOM BUMIPIOBaHHS 3a
JIOTIOMOT'OI0  PI3HOMAHITHUX METO/(IB JIOKAJbHOI 3MIHM TEeMMEpaTypH MOBEPXHI.
[Hmuit  cmoci® AeTeKTyBaHHS TEIJIOBHX XBWJIb TIOJSTa€ B PEECTPYBaHHI
TEPMOAKyCTHYHOTO CHUTHANy, SKWAH BHHHKAE B Marepiail 3 HEHYJIbOBHM
Koe(iIieHTOM TEPMIYHOTO PO3MIUPEHHS 3a JIOMOMOTOK I'€30€JIEKTPUUHOTO
HepeTBOPIOBaya, 1o nepedyBae B aKyCTUIHOMY KOHTAKTI 3 00'€KTOM-CTPYKTYPOIO.
['mubuny Bi3yamizamii dt MOKHa JIETKO 3MIHIOBATH B HIMPOKUX MEXAX 3MIHOIO
KyTOBOT 4acTOTH MOJYJALIl ®. XapakTepHi 3HaueHHs dT AJis JIeIKUX MaTepiaiiB
ctpyktyp BIC monani B Tabm. 6.3.

Tadauus 6.3. 3HaueHHs ePEeKTUBHOI TEIJIOBOT 30HU JIJIsl PI3HUX MaTepiaiiB

Ne
/i

1 dtmpu 100 k' (Mxm) | 17,5 | 20,1 17,1 1,4 8,8 1,2
2 dt mpu 1 MI'm (MKM) 5,5 6,4 5,4 0,4 2,8 0,2

Marepian Al Au Si Si0, | GaAs | SiNg

OcobnuBicTio mMetony CEAM € MOXIMBICTD HWOTO 3aCTOCYBaHHS IS
Bi3yaurizallii JIOKAJIbHUX 3MiH (PI3MUHHMX BIACTHBOCTEH PI3HOMAHITHHUX MaTepiajis,
OCKIIbKA BOHM B TiMl YW IHINIA Mipl BUKJIMKAIOTh 3MIHY TEIUIOBHX Ta MPY>KHUX
XapaKTEePUCTUK 00'eKTa-B3ipILIA.

Po3rnsiHeMo cxeMy npuiiMaHHs Ta 3alKCy €JIeKTPOHHO-aKyCTHYHOTO CUTHATY
(EAC), 300paxenns (EA3) ta ¢ynkuionansny cxemy CEAM. Meton CEAM

MOJKHA pealli3yBaTh 3 BHUKOPHC-

k ‘ TaHHSIM ~ OYJIb-SIKOTO  CEpIHHOTO
| I CEM. Moaymsiio 1HTeHCUBHOCTI

Teneparop| f Expan €JIEKTPOHHOTO My4YKa 31HCHIOIOTH
JLIL | CEM 32 JOTIOMOTOI0 €MHICHOTO MOJY-
, JSATOpa, SIKAUH BXOJUTH JIO CKJIA

Bsipeup N Expan T pa, A 10 CrIany
/\ / Bineo cyyacHoro CEM. Opnak 13 wiero
mincumosau | METOIO TAaKOXX MOXHAa BHUKOPHC-
2 4 TOBYBAaTH JOBUIbHY KOHCTPYKIIIIO

JletexTop A oD oo Moaymiropa.
P — B sxocrti gerexktopa TepMo-
OropHwit MiKPOBOJIETMETP aKyCTHYHOTO CHUTHANy 3a3BHYaid
CHUTI'HaJ ' _
St Crmpormii BUKOPHCTOBYIOTh IT'€30€JIEKTPUY

Hui meperBoptoBau i3 L[TC-
KepaMiki y BUIISAI JUCKa fia-
Puc. 6.20. dynkmionansHa cxema CEAM MetpoM 5+ 10 MM 1 TOBIIMHOIO

11 ACUJTFO BaY

\ 4
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Puc. 6.21. 300paxkeHHs ¢parMeHTa KPEMHIEBOTO CHJIOBOTO TPaH3HUCTOpa
KT803: a) y BTOpUHHHUX eJIeKTpOoHaX; 0) eIeKTPOHHO-aKyCTHYHE 300paKeHHS
CEAM Ha uacroti f= 174 xI'1y (piBens neryBanns emirepa 107 cm™, Gazu —
10" CM‘3, TOBIIMHA Au-meTanizaiii 0,5 MKM)

0,2+ 0,5 MM, KUl TPHUKPIIUTIOIOTH /10 HWXKHBOTO OOKY B3ipIs 3a JOTIOMOTOIO
TOHKOTO LIapy KJIEH 4M JierkoraBkoro mpunow. dyukiionansna cxema CEAM
nokazana Ha puc. 6.20. CTpykTypa B3Ipelib-JIETEKTOP PO3MIIIYEThCS B CHEIIab-
HOMY eKpaHi. MoayisTop KEepyeThCs OTHOTOJISPHUMHU TPSIMOKYTHUMH IMITYJIb-
camu yactotoro 10 10 MI'1 Bix 3agai04oro reHeparopa, pu 1[bOMY BUX1JT IPYTOro
KaHally BHKOPHUCTOBYETHCS SIK OIOpHA Hampyra CHHXPOHHOTO TiJCHIIIOBaYa.
[lonmatoun B omopHM KaHad CHHXPOHHOTO ITi/ICHITIOBAaYa MapHi rapMOHIKH, TOOTO
21, 4f...., oTpuMy€eMO Ha €KpaHi eICKTPOHHO-aKyCTUYHE 300paKEHHS.

Onniero 3 nepeBar metoqy CEAM € #ioro 34aTHICTh BUSABIISATH €JIEKTPUYHO-
akTUBHI 30HH B cTpykTypax BIC 0e3 sxux-HeOyIp €NEeKTPHYHUX KOHTAKTIB 13
LIMMHU 30HaMH, K 1€ Ma€ MicIlle Y BOJIbTOBOMY KOHTpacTi. B sikocTi mpukiaay Ha
puc. 6.21,6 mnogaHO EJEKTPOHHO-AaKyCTUYHE 300pakKeHHsS €JIEMEHTa CHJIOBOIO
tpan3ucrtopa KT803, ske mposiBise BUCOKY KOHTPACTHICTH JIETOBAaHMX OOJacTeit
eMitepa, Oa3u Ta Metamizamii. TemHa o00macTh BiATIOBiZae mepexony Oasa-
KojekTop. /[l mopiBHSHHS Ha puc. 6.21,a nogaHo 300pa)K€HHS BKA3aHOIO
dbparmenTa, OTpuMaHe y BTOPUHHUX €JIEKTPOHAX.

Puc. 6.22. 306paxkenns nedexTiB B cTpykTypi Si-Au Tpanzuctopa KT803: a)y
BTOpUHHUX enekTpoHax; 0) EA3 (124 xI'n); B) EA3 (203 xI'm); 1) EA3 (490 xI'1)

Metonq CEAM pno3Bomsie TakoX BHUPIIUTH TpobOiemMy Bizyanizamii Ta
KOHTpPOJITt0 JtepeKTHOCTI B iHTEpdeici MeTan-HaliBIPOBIAHUK-KOHTAKT. XapaKTep
300paxkeHHsT JaedekTiB aaresii Au-meranizaiii emiTepa IbOro X KPEMHIEBOTO
TPaH3UCTOpPA AEMOHCTPYE pHC. 6.22. EnekTposa 6a3u Mae OJHOPITHUN KOHTPACT, B
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TOW Yac K €MITEepHUH KOHTAKT MPOSBIISLE XapaKTePHY 3EPHHUCTY CTPYKTYpy Ha
CIEKTPUYHO-aKyCTHIHOMY 300pakeHHI. L{e Bka3zye Ha meBHY ne(eKTHICTh aaresii
Si-Au Ta poO3MyHICHICTh €MITepHOI 00J1acTi TiJ BIUIMBOM HOTO TEIJIOBOTO
HarpiBaHHs. TakuM YWMHOM, BKa3aHUH METOJ JIOCTIDKCHHS € JyKe 3PYYHUM
IHCTPYMEHTOM  JOCTIIKEHHS  €JIEKTPOKOPO3IHHOI  CTIMKOCTI  alOMiHIEBOT
MeTani3alii B cyOMIiKpoHHUX cTpykTypax BIC.

6.8. CEM-niarnoctuka kpemHieBux cTpykryp BIC y pe:xxnmi HaBegeHoro
CTpymMy

3actocyBanHas CEM g aHamizy HEOJHOPIAHOCTEH  eNeKTpOoi3MIHUX
XapaKTEePUCTUK HAMIBIPOBITHUKOBUX MaTepialiB Ta CTPYKTYp IOIOMAarae
BUPIIIUTH 3aBJAHHA J1arHOCTYBAaHHS Ta KEPYBaHHS TEXHOJOTIYHMMH IPOIECAMHU
Ha aTOMHO-MOJIEKYJIIPHOMY piBHI. J{JI1 KOHTPOJIIO TeHepaiitHO-peKOMOTHAIIIITHUX
HEOJHOPILAHOCTEH HAIMIBMPOBIIHUKOBUX CTPYKTYpP 3 P-N-TIEPEXOJOM IIHPOKO
3actocoByioTh CEM y pexumi nHaegeHoro crtpymy (HC). Ilpu upomy
BUMIPIOETbCS PpO3MOAUT AUGY3IMHOI JOBXKUHU, 4Yacy JKATTS Ta KOHIIEHTparii
neHTpiB pexomo6OiHanii. CEM y pexuMi HaBeAEHOro CTpyMy MO>KHA BUKOpHC-
TOBYBATH /IS BU3HAYEHHS PO3IIOAUTY HAIIPYKEHOCTI €JIEKTPUYHOTO OIS, 30KpemMa
y BHCOKOBOJIFTHUX TPWIIAJIaX, SKi MPAIIOI0Th Y PEKUMI JIABHHHOTO TTOMHOXCHHSI
HoCIiB, y kaHanax MOH-TpaH3uCTOPIB UM KOJIEKTOPHHUX P-N-TIEPEX0AaX.

HaBenenmit ctpym, sIKuil 30yIKY€ThCS €JIEKTPOHHHM 3apsiioM Y 3a/aHid
TOYII CTPYKTYPH, MPOMOPIIAHUNA IBUIKOCTI F'eHepallil eIeKTPOHHO-IIPKOBUX Tap
1 3B'S13aHUH 13 PO3MOALIOM €JIEKTPUYHOTO MOJISl B30BK HUIAXY NPOOITy eIeKTPOHIB
1 7Aipok. Y CWIBHHX EINEKTPUYHUX TOJSAX, B PEKUMI JABUHHOTO ITOMHOXKCHHS
HaBEJCHUH CTPyM CYTTEBO 3al€XHUTh Bl IHPOCTOPOBOI HEOIHOPITHOCTI
€JIEKTPUYHOTO ToJisl B 00'eMi Apeiidy HOCIiB 3apsany. SKuio 4ac BUIBHOTO Mpooiry
HOCIIB 3apsay depe3 B3ipelb MEHIINN, HUK 9ac iIXHBOTO KHUTTA, TO PEKOMOIHAIIIIO
MO’KHA HE BpaxoByBaTH. B KpeMHIi B pe:KHMi JTaBUHHOI'O TOMHOXKEHHS Ll YMOBa
no00pe BUKOHYETHCS.

Takum 4YnMHOM, BUMIPIOBAaHHS HABEJACHOI'O CTPyMY B3JOBXK IUIOUIMHHU P-N-
nepexoAy ado B HampsiMi MEPHNEHIUKYISIPHOMY HOMY, HAIPUKIIAM, Y3JIOBX CKONY
IUTAHAPHOI CTPYKTYpH, B PEXHMi JABUHHOTO TTOMHOXCHHS J1a€ MOJKJIHBICTD
KOHTPOJIFOBATA OJHOPIMHICTD PO3MOJALTY E€JIEKTPUYHOTO TOJNSI B JIOKAJTBHUX
ainsakax crpyktyp BIC. Kopuctyrounch piBHsHHsIM [lyaccona Tta ekcnepu-
MEHTAJIBHOIO 3aJICKHICTIO HAIMPY>KEHOCTI €JIEKTPUYHOIO IOJIS BiJ] KOOPJAUHATH Ha
CKOJIi, MO’KHA OIIIHUTH (PITyKTyallii KOHIEHTpAIii JeTyr40i JOMIIIKA Ha MEX1 p-n-
nepexoay, AKa BU3HAYa€ HEOAHOPIAHICT CTPYKTYPH.

Jns KUTBKICHOTO BHUMIPIOBAHHS Ta OIPAIFOBAHHS PO3IMOALTY HaBEJICHOTO
ctpymy BukopuctoByBaBcsi CEM JSM-35, min'ennannii o K. Taker mpuxian-
HUX MpOrpaM Ja€ MOMJIMBICTb HAaKOIMMYYBAaTH B MaM'sATl 3aJ€KHOCTI HABEJEHOIO
CTpPYMY BiJl KOOpJIMHAT Ha B3IpIll Ta 3/11IMCHIOBATH IX MaTeMaTUYHE ONMPAIIOBAHHSA 3
BUBOJIOM PE3yJIbTATIB Ha EKpaH.

TectoBi ctpykTypu (TC) BUTOTOBIAIUCH 3a MJIAHAPHOIO TEXHOJOTIEI 1 CKIIa-
JTAKCh 3 BUCOKOOMHOT0 KpeMHito p-tuny nposigHocTi (KB-80 (100)) ToBumHo0

40 + 50 MKM Ta JITOBAHOTO MIapy 3 KOHIEHTpamieio p-mxomimok =~ 10'® cm™ ToB-
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IUHOI 6 + 8 MKM (KHIIEHIO), a TaKOX TOHKOTO IMapy n -Turmy (= 1 MKM), sKwuii
dbopmye p-n'-mepexin. B AKOCTi KOHTAaKTy JO BHCOKOOMHOTO HIApy BHKOPHCTO-
BYBAJIM CHIJILHOJIETOBAHY IIi/IKJIAJKy 3 YTBOPEHHSAM i30THIIHOTO P-P -NEPEXOJY.
ITin'eqnanns Takoi TC 10 30BHINIHBOTO BUMIPIOBAIBLHOTO KOJa 3/1HCHIOBAJIOCH 32
JIOTIOMOTOI0 METAJICBUX QIIOMIHIEBUX KOHTAKTHUX TUIONIANOK, C(POPMOBAHUX Ha
TIOBEPXHi ' -Iapy Ta MiJKIaaKa P -1apy.

Jlnst mociiJipKeHHsT po3noauly eyiekTpuyHoro mojisi B 00'emi TC ¢dopmyBaiu
CKOJHM, TepIEeHANKYISpHi TUomMHI p-n -mepexony. Ha puc. 6.23, a mokazaHo
300p2KEHHS TECTOBOi CTPYKTYpPH 3 HAKIAJECHUMHU pO3IMOAUIAMH HABEJECHOTO
CTPYMYy CKaHOBAHUX Yepe3 BIKHO B KOHTAKTHIN TUIOMIA/II B3/I0BK TOPU3OHTAIIBHOT
MiHil WIOMMHN p-n’-Hepexoxy. 3adeKHIiCTh 2 OTpMMAaHA IPH HANpPY3i 3MillleHHS
10 B 1 3a BimcyTHOCTI MOMHOXEHHs, KpuBa 3 — mpu Hampysi 250 B y pexumi
JJABUHHOTO TTOMHOXKEHHS HOC11B. [TOpIBHSAHHS IUX JBOX 3aJICKHOCTEH MOKA3YeE, 110
CTPYKTYypa, SIKa OJHOpiIHA TpPH HHU3bKIA HaAmpy3i 3MIOIEHHS CTa€ CYTTEBO
HEOJIHOPI/ITHO B YMOBax JIABHHHOTO TOMHOXEHHA. lle moxke OyTu 3ymMOBIIEHO
MalliMH  (PIIyKTyamissMd ~ JOMIIIKOBOI J1I03M B JIETOBAaHOMY Iapl P-THITY
MPOBIAHOCTI. 3BIACH BHUIUIMBAE, 110 BUCOKOBOJBTHI MPUJIaJd BUMAararoTh AYyKe
BHCOKOTO PIiBHSI OJHOPITHOCTI JIETYBaHHS B AaKTUBHHUX JUISHKaX CTPYKTYpPH 3
BUCOKMM pPIBHEM HAaNpyXEHOCT1 €JEKTPUYHOTO TMOJs, OCKUIBKA BHACIIJIOK
€KCITOHEHIIMHO1 3aJIeKHOCTI MK HANPYKEHICTIO TOJIsA Ta KoedimieHToM ioHi3amil
HaBITH Maji QUIyKTyallii KOHIIEHTPAIii JIeTYyI0401 JOMIIIKK Ta €NEKTPUIHOTO TTOJIS
IPU3BOJSATH 1O BIJHOCHO BeMUKUX GIyKTyalid KoedimieHTa 1oHIZaIil Ta
HABEJIEHOTO CTPYMY B PeKUMi JJaBUHHOTO TOMHOKECHHS.

Puc. 6.23. Buxopuctanast CEM B pexumi HaBEIEHOTO CTPyMy JUIS
niarHoctuku  cTpyktyp BIC ckaHoBaHMX uyepe3 BIKHO B KOHTaKTHil
TUTOMIA/II: a) PO3MOALT HAaBEJEHOTO CTPYyMy Ha T 300pakKeHHS TECTOBOI
crpyktypu (1, 2, 3 — manpyru 3mimensas 0, 10 ta 250 B BiamosigHO);
0) a"anorigHe 300paxeHHsa cTpykTypu BIC B miIsHII MiKpoIia3Mu

[Ile omHi€0 OCOONMBICTIO AOCHIIKYBAHUX CTPYKTYp, SIKi TMPAIIOIOTh IPH
BUCOKUX HAampyrax 3MILIEHHS, € Tak 3BaHa Mikpomnasma (MII) ska BuHUKae B
JUISTHKAaX 3 MEHINOI, HIK y BCI€i CTPYKTypH, MpOOMBHOI Hampyrow. Pexum
HaBEJCHOTO CTPYMY € €(QEeKTHBHUM 3acO00M BUSIBJICHHSIM TaKWX JUISTHOK Yy
ctpyktypax BIC. Binomo, mo xapakrepuctuku ctpyktyp BIC 3 MII, B Tomy uncii
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M 1IyMOBI, € 3HAYHO TipmIUMHU, HIXK cTpykTypu 6e3 MII. Lle ocobnmBo BakiIuBO
TS TOCTIKEHHS CTPYKTYP 3 HU3bKUM 1IyMoM eneMeHTiB BIC.

Ha puc. 6.23, 6 306paxena crpykrypa BIC y pexumi HaBeAeHOr0o CTpyMy
CKaHOBaHA uepe3 BIKHO B KOHTAKTHIN TUIOMIAALi. B Aeskux JOKanbHUX TUISHKAX
CIIOCTEPIraloThCS aHOMAJIBHO BHCOKI 3HAYEHHS HABEJACHOTO CTPyMy, SIKi
Bignosigatots MII. Ha 300paxxeHHs CTPYKTypH HaKJIaJAeHO PO3NOAUIA HABEIEHOTO
CTpyMy B IIMX JUISHKaX. Y mpaBiii yactulHi Qororpadii 300paxkeHHsT O/HIET 3
nistHok MIT momideHo pamKoIo.

Takum unHOM, KpemHieBi cTpykTypu BIC 3 p-n-mepexonamu, siki OgHOPITHI
32 yMOBHM HHU3BKHX TOTYXKHOCTCH EJIEKTPUYHOTO TIOJs, CTalOTh CYTTEBO
HEOJHOPIAHUMH MPU BUCOKUX HAIpyrax 3MIMICHHS B PEXHUMI JIJABUHHOTO TTOMHO-
xeHHs1. CEM y pexumi HaBeJ€HOTO CTPyMy € e(pEeKTHBHUM 3acCO00M KOHTPOIIIO
TaKWX HEOJHOPITHOCTEH JJIsi BUZHAYCHHSI IIyMOBUX XapaKTEPUCTHK CJIEMEHTIB Ta
€eKTpo(I3MIHIM METOJIOM IIIYMOBOTO AiarHOCTYBaHHs cTpyKTyp BIC.

6.9. Buxopucranuss CEM y pe:knMi NOTEeHIiAJIbHOI0 KOHTPACTY

VY 3B'13ky 3 1HTEeHCUBHUM po3BUTKOM BIC oco0amuBoi akTyanbHOCTI HaOyBae
3aBaaHHs TecTyBaHHs cTpyKTyp BIC 3a momomororo CEM y pexumi moTeHIiab-
HOro KoHtpacty. Ilpu npomy st 3abe3nedeHHs €KCIPECHOCTI BUMIpIOBaHb [0
CUCTEM JICTeKTYBaHHS TIOTEHITIATBHOTO KOHTPACTY BUCYBAIOTh ITiJIBUIICHI BUMOTH
100 MIBUAKOIT Ta pEECTPYBAHHS CUTHAIY.

HaiiyacTinie 3aCTOCOBYIOTh CHCTEMH 3 aKClaJIbHOK (BIIHOCHO E€JIEKTPOHHOTO
30H/1a) CUMETPIEIO, SIK1 3[IHCHIOIOTh PEECTPYBaHHS BTOPMHHHUX EJIEKTPOHIB Ta iX
aHaniz 3a eHepriero. Jlo HHX HajJeXaTh KOJIEKTOPH-aHAII3aTOPH 3 IUIAHAPHUMHU
CITKOBUMH €JIEKTPOJAaMHU, a TaKOXK
aHaJi3aToOpyu 3 TOB3JI0OBXKHIM MarHiT-
HUM monieM. KoJekTopu i3 CITKOBUMHU
EJIEKTPOJIaMHU PO3paxoBaHi HA BUKOPHUC-
taHHsi cepiiHux CEM, oaHak MaroTh
3HaYHUM HEAOJIK, a caMe: HH3bKY
€(eKTHBHICTh PEECTPYBAHHS BTOPHH-
HUX €JIEKTPOHIB (= 25%), 3HauHuil PoH
TPETUHHUX €JEKTPOHIB, BUOUTHX 13
CITKOBHUX €JICKTPOHIB, Ta HEIOCTATHIO
JIHIAHICTD B Jlala3oHl BUMIPIOBaHHS
MO3UTUBHUX MOTeHIianiB. Komektopu 3
MOB3/IOBXXHIM MarHiTHUM TOJIEM MAiOTh
3aJOBUIbHI TIapaMeTpH, OJIHAK BHMa-
rarotb 3HauHOi MoxepHizamii CEM,
OCKUIBKH JICTEKTYBaHHS BTOPHHHHX
CJICKTPOHIB 3IMCHIOEThCS Haj 00'€K-

NNNNNNNNNNNNWN

Puc. 6.24. Koncrpyxkitis KOJIEKTOpa-
eneproanaiizatopa CEM: 1) enekrpon-
niadparMa; 2) BIAXHISIOYUN €IEeKTPO/I;

3) 3'enHyBaJIbHA TTACTHHA; 4) €JIEKTPOH-
HUUW 30HI; S5) BXiJHE BIKHO KOJIEKTOPA;
6) MarHiTHa KOTYIIKA; 7) BUTATYIOUYUH
eJIEKTPOo/; 8) MoaysTOp; 9) B3Ipelhb
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TUBHOIO JIIH30IO.

OTpuMaHHS BHCOKHX EKCIUTyaTa-
MIMHUX XapaKTEepPUCTUK Oe3 MOoJIepHi-
3amii cepiitnux CEM Oyno peanizoBaHO



B KOHCTPYKIIil KOJEKTOpa, MoKa3aHiid Ha puc. 6.24. AHanizaTopHa yacTHUHa CKJIa-
JA€TBbCA 3 TOBCTOI aHaNi3ylo4oi giadyparMu, CyMilleHO1 3 MarHiTHOI KOTYIIKOIO,
HUKYE SIKOT PO3MIMICHI BHUTATYIOUWN €JIEKTPOJ Ta MOAYIATOp. Bimxwmstouwmii
MUAJTIHIPUYHUN €JEKTPOJl, Ha SKHH TOMA€ThCs BI'€MHE 3MIIIEHHS, 3'€IHYE
GUIBTPYIOUY YACTHHY 3 €JIEMEHTOM KPITUICHHS, SKUH BMOHTOBYETHCS B MOJIOCHHUH
HaKOHEYHHUK 00'ekTuBHOI JiH3M CEM. Takum 4yuHOM, BiJl TUNY BUKOPUCTAHOTO
CEM 3anexuth TUIBKM KOHCTPYKIISI €JeMEHTa KpIIJIEHHS Ta BHCOTa
BIIXWISIOYOTO €JIEKTPOIA.

MarsiTHe mone B Takiid CUCTEMI BUKOHYE JIBOSKY POJIb — 3MEHIIYE JIIH30BI
e(eKxTH, PO3IMIUPIOIYH T0Jie 30PYy, Ta MIJIBUILYE, B TaKUM crmocid, ePeKTUBHICTH
CHUCTEMH, YTPUMYIOUN HU3bKOSHEPreTHYHI BTOPUHHI €JIEKTPOHH Bil 3aXOIJICHHS
aHATI3YI0YUM eneKTpogoM. DinbTparlisi BTOPUHHUX EJIEKTPOHIB 3IHCHIOETHCS
TUTBKM 32 HOPMAJIBHOIO CKJIQJIOBOIO INBHJKOCTI. TakuM YHHOM, TOMIIICHHS
€JIeKTPOCTATUYHOI JIIH3M B MAar”iTHE IOJIe CHPUAE CTBOPEHHIO CBITIOCHIBHOTO
BHCOKOPO3AUIBHOTO €HEProaHaIi3aTopa eeKTPOHHOTO IMTOTOKY.

BennunHa MarsiTHOro moJis migoMpaiach Ha OCHOBI MPOOHOTO €KCIIEPUMEHTY
Ha CEM tuny JSM-35CF 1 cranoBuna 17,5c. Ilpu upomy 30UIbLICHHS
€(hEeKTUBHOCTI JACTEKTYyBAaHHSI BTOPUHHUX E€JICKTPOHIB CATaN0 BenuduHu 38 + 42%
npu 1 kB Ta 82 + 98% mpu 20 kB noporosoi Hanpyru Mikpockona.

Puc. 6.25. Tonorpadis (a) Ta mnoreHmianbHuid KoHTpacT (0) pembedy
MIKPOCXEMH OllepaliiiiHoro migcuitoBaya cepii 140Y /16

EdexktuBHiCT, BimoOpaXe€HHS MOTEHIIAIBLHOTO (BOJBTOBOTO) KOHTPACTY
JIEMOHCTpYye puc. 6.25, Ha IKOMY 300pakeHO (PparMeHT KpucTajia OnepariiHoro
npenu3iiHoro miacwioBada cepii 140V]16. B poGodomy pexxumi mifcuiroBada
MO>KHA YITKO PO3JUIUTH Tonorpadiune 300pakenns (puc. 6.25, a) Ta MOTEHITIATb-
HUW KOHTpacT (puc. 6.25, 6). 3a pobounx HANPYT >KUBJICHHS HAa MIKPOCXEMI, SKi
CTaHOBJATh + 20 B, CHMOTBOpeHHS JIHIHHOCTI Ta TOMWIKH 300paKeHHS He
nepesuiysanu 3%.

TakuM 4YMHOM, ONHCAHHWII  KOJEKTOp-eHeproaHayizaTop Moxe OyTu
peani3oBaHU B €JIEKTPOHHO-30HIOBHX TecTepax, cTBopeHux Ha 0a3i CEM mis
OE3KOHTAKTHOTO BHUMIPIOBAHHS TOTEHINAMIB ISl (DYHKI[IOHAIEHOTO KOHTPOJTIO-
JIIarHOCTUKH CIIPOCKTOBAHOI TOIOJIOTI 3 po3AUThbHOIO0 3AaTHICTIO 0,5 + 0,6 MKM.
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6.10. BitOMBHA eJIeKTPOHHA MIKPOCKONIA 1J BHBYEHHSI CTPYKTYpHM i
MiKpoOMop§oJ10rii AaTOMapHO-4UCTOI MOBEPXHI KPEeMHiI0

P03BUTOK T€XHOJIOTIi MOJEKYJIAPHO-IIPOMEHEBO]1 €IiTaKCii BUMarae oTpruMaH-
HS aTOMAapHO-YMCTUX ITIOBEPXOHb HAIMIBIPOBIIHUKOBUX IUIACTUH, BU3HAYCHHS
NPUPOIN HAACTPYKTYPHHUX IepeOynoB, BUSCHEHHS MeXaHi3MiB Jii aacopOOBaHUX
aTOMIB Ha YMCTIH MOBEPXHI Ta IXHBOI B3a€EMOJIII 31 CTOKaMH, KEpyBaHHS MIKpO-
Mopdororieto moBepxHi. [ BupimieHHs Takux mpodieM HEeOoOXiTHO PO3BHBATH
HOBI METOJIH JIOCJIPKCHHS IMOBepXHi. BiacHe 3 1iero metoro B HJII mikpornpunaais
ta HBO "Carypu" (m. KuiB) Oymna po3poOiieHa cucTeMa HaJBHCOKOBAKyYMHOT
BiIOMBHO1 enexTpoHHoi Mikpockorii (HBB BEM), sika BukopuctoByBajiach st
BHUBUYEHHS IPOIIECIB, IO BiIOYBAaIOTHCS HA aTOMAPHO-YHUCTIM MOBEPXHI KPEMHIIO 1
apceHiAy Tallito MiJ] 9ac cyOriMarii Ta MOJIEKYJIIPHO-IIPOMEHEBOI eMiTaKCii.

Meronq HBB BEM Bomoaie nmarepaibHOO pO3AUTHEHOIO 3MaTHICTIO 10 0,5 HM,
JIOCTaTHBOIO JUIS Bizyaniizalii OKpEMHUX MOHOATOMHHMX CXOJMHOK 1 HaJACTPYKTYp-
HUX JOMEHIB Ha YMCTIA MOBepXHi. BaxinBOIO 0COOIMBICTIO IOTO METOAY €
MO>JIMBICTD TIPOBEICHHS EKCIIEPUMEHTIB in situ (ToOTO Oe3mocepenHpo Mmia Jac
nporecy). Sk 1 B TpaHcMiciiiHil enekTpoHHii Mikpockomii (TEM), y BEM nmus
dbopmyBaHHS 300pa’KCHHS BUKOPHCTOBYIOTh OJWH a00 JEKUIbKa JuQparoBaHUX
CJIEKTPOHHUX MYYKIB, SIKI IONaJalTh B amepTypHy HAlagparMy MIKpOCKOIa,
po3mimeny Ha ontu4Hiil oci. Ha Bimminy Bin TEM, y BEM enexkrponHmii my4ox,
chOpMOBaHMI  OCBITIIOBAJIBHOI CHCTEMOIO MIKPOCKOIA, 3a  JIOIIOMOTOIO
€JIEKTPOMAarHiTHUX KOTYIIOK BIIXHIIAE€THCS BiJl ONTUYHOI OC1 MIKpPOCKOIIA Ta MaJiae
Ha TOBEPXHIO KPHCTana miz kKyrom ©. Manmi 3HauenHs xyta © (107 = 107 pax)
3a0e3MeuyloTh HEBENWKI 3HAYCHHS aHATI30BAaHMX TOBIIMH MPUIIOBEPXHEBUX
nustHOK ctpykTyp BIC (1 + 10 Mi>xkaTroMHUX BifICTaHEH) 1, SIK HACTIIOK, — BUCOKY
qyTauBicTb BEM 110 CTpyKTypu MNpUIIOBEPXHEBOro MIapy. 3aBASKU LbOMY
30UIBLICHHS! B HANPSAMI MaJiHHS €JIEKTPOHHOIO Iy4YKa MEHIIE, HDK 30UIbIICHHS B
HaNpsIMi, IEPICHANKYIIPHOMY ITydKy npuoausnHo B 20 + 30 pa3is. Uepes pi3HHLIIO
y 30UIbIIIEHH], OTPUMaH1 300paXeHHS CTHUCHYTI B HAIpsIMi MaiHHS €JIEKTPOHHOTO
nmydka. 3aBIsSKH BHUCOKIH 4yTiauBocTi MeTony BEM 1o cTpyKkTypu mnpumoBepx-
HEBUX IIIapiB KOHTPACT PeasbHOI MOBEPXHI BU3HAYAETHCS, 3/1€0LTBIIOTO, MIIBKOIO
OPUPOJAHOTO OKCHLY Ta BHECEHUMU XIMIYHUM 0OpOOJICHHSAM 3a0pyAHCHHIMU.

Jlis BEBUEHHSI KPUCTAJIIYHOI CTPYKTypH MOBepxHi minkmanku Si abo GaAs
HEOOX1JTHO crioYaTKy chopMyBaTH 111 TOBEPXHI Ta 30€perTH iX aTOMapHO-YUCTUMH
B ipotieci crioctepexeHHs. B Mmeroai BEM 1ie 3a0e3neuyeThest MUIIXOM CTBOPEHHS
HAJBUCOKOTO BaKyyMy MOOJHM3y NOBEPXHI B3IpLs 32 TJOMOMOIOI0 MPUCTPOIO Aude-
PEHITIITHOTO KPIOTEHHOTO BiJKauyBaHHS, BMOHTOBAaHOTO B KOJIOHY MiKpOCKOIIa,
111710/1000BOTO HETIEPEPBHOTO BIIKAYYBAHHS MIKPOCKOIIA aICOPOYIOUYO0I0 TOMIIOO 3
06e3MacIsHOI0 CUCTEMOIO, @ TAKOK BCTAHOBJICHHSIM JI0JJATKOBUX a30THUX €KPaHIB.

VYcratkyBanHa BEM 3abesneuye: 1) HarpiBaHHA JOCHIIKYBAaHOTO B3IpIs
NPONYCKAHHAM E€JIEKTPUYHOTO CTPyMy Yepe3 KpHUCTal; 2) o0epTaHHS KpHcTaja B
OperriBChKiil Ta a3MMYyTaNbHIN IUIONIMHAX; 3) HUTIO3yBAHHS B3IpIs 0€3 MOPYIICHHS
BaKyyMy B caMiil KOJOHI; 4) KOHTPOJIbOBAaHE HAMWICHHS pI3HUX PEYOBUH Ha
JOCIIIPKYBaHy MOBEPXHIO 3 BOJIb()pPaMOBUX THUTIIB ab0 METOAOM CyOiimMarrii;
5) BumiproBaHHS AUQPPAKIIHHUX ITYYKIB 32 JOMOMOTOIO JETEKTOpa EJIEKTPOHIB;
6) aHaJi3 CKJIAQy Ta30BOrO CEPEOBHINA Yy BaKyyMHIM cHCTeMi MIKpOCKoma 3a
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JIOTIOMOT' 010 Mac-CIIEKTPOMETpa.

Jlnst excriepuMeHTIB BinOupanuch B3ipli KpeMmHieBUX miIacTuH 0,3X1x8 mm,
SK1 TICTS MOJIpyBaHHS MiIJaBaINCh TEPMIYHOMY OKHCHEHHIO. [lepen momimeH-
HAM y MIKPOCKOIl TEPMIUYHMNA OKCHJ BHJAISABCS B IUIABUKOBiM kucioTi. Ha
puc. 6.26, a mokazaHo 300paK€HHs NMPUTOTOBJICHOT B TaKWM CIloci0 moBepxHi Si, a
Ha puc. 6.26, 6 — peduexcu mikpoaudpakiiii. Kontpact 300pakeHHs € TIHBOBUM 1
3YMOBJIEHUH MiKpopenbe(OoM TOHKOI TUTIBKA TpUpOmHOTO okcuay SiOy, BHCOTa
SIKOTO CTAHOBUTH | + 2 HM, a XapaKTepHHI PO3Mip y IIOmHuHI 00'ekTa — 4 + 5 HM.
HarpiBanns xpucrana go 900 ~ 100 °C B HaABHCOKOMY BaKyyMi HPH3BOJIUTH 10
BUJIQJICHHSI TPHUPOJHOTO OKCcHAy 1 (OpMYBaHHS Ha TOBEPXHI KPEMHIKO IIapy
emiTakciiiHoro kap0Oigy kpemuiro SiC 3 po3mipom 5+ 6 HM (puc. 6.26, B), 1m0
TaKOXX MPOSIBISIETHCA JOAATKOBUMH pediekcamu Mikpoaudpakmii (puc. 6.26, 1).
3a remneparyp Buiie 1000 °C map SiC cyOniMyeThes (BUTIAPOBYETHCS) 3 MOBEPXHI
kpeMmHi0. 3a Temneparypu 1200 °C vac Buganenss mapy SiC He nepesuiye 30 c.
[Ipu oMy Ha Mikpo3oOpaxeHH1 B3ipug (puc. 6.26, 1) MOMITHI MOHOATOMHI
CXOJMHKH, a Ha nudpakuiiHiii kaptuHi (puc. 6.26, €) — HAACTPYKTYpHI pedIieKcH,
SIKl BKa3ylOTh Ha mnepeOyaoBy moBepxHi. [Ipo moBHe oduIleHHs MOBepxHI Si 10
aTOMapHO-YMCTOTO CTaHY CBITYUTH BIJACYTHICTh JOJATKOBUX IU(PAKIIHHUX pe-
¢rexciB. AHaJIOr14YHa KAPTUHA Ma€ MICLE 1 /U1l aTOMapHO-4YUCTO1 moBepxH1 GaAs.

Puc. 6.26. BEM-300paxenns (a, B, 1) Ta KapTuHU Mikpoaudpakuii (0, r, €)
MOCTIAOBHUX CTafiii OTpUMaHHS aTOMAapHO-4YHMCTOI TMOBEpXHI Si: MepBUHHA
wacTuHa (a, 0); Bakyymawnii Bignan 3a T = 950 °C (B, ) Ta3a T = 1250 °C (7, )

Takum YHHOM, METOAOM PEHTICHOENEKTPOHHOI CIIEKTPOCKOMIl BIepIie
JIOCTTI/PKEHO TOHKOILUTIBKOBY aJFOMIHIEBY MeETali3alifo CyOMIKPDOHHUX CTPYKTYp
BIC Ta BHM3HaueHO ONTUMaJbHUM CKIaJ MEPBUHHUX AJTIOMIHIEBUX CIUIABIB IS
3a0e3neyeHHss 11 BUCOKOT KOpO3iiiHOi cTikikocTi. TakoX MOKa3aHO YHIKaJIbHI
MOXIUBOCTI CEM-iarHOCTHKM B peXHMM1 BOJIBTOBOTO KOHTPACTY MJIs JOCHIA-
KEHHsSI PO3MOJAUTYy €JNEeKTPUYHOTO TMOTEHIIady B CTPYKTypax ONepamiiHuX
TMIJICUJTIOBAYiB 1 CHIIOBUX KPUCTAJIB.
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Po3zin 7. MAC-CIIEKTPOMETPISI BTOPMHHUX IOHIB TA IOHHUI
MIKPOAHAUJII3

bomOyBaHHS TOBEepxHI TBEpPAOrO TiLTAa 10HAMH 3 EHEPri€r0 BiJ ACKUIBKOX
COTEHb eJIEKTPOH-BOJIbT J10 20 keB Bukinkae psii epekTiB, MOB'A3aHUX 3 EMICIEI0
yacTUHOK (puc. 7.1), Kl mpuaaTHi ajsg OTpUMaHHS 1HQoOpMalii MOA0 CTaHy
NOBEpXHI TBEPAOro Tula. bBulbmIiCTh 1UMX €(EeKTIB BUKOPUCTOBYIOTh Y
PI3HOMaHITHHX aHAJIITHYHUX METOJax eJeKTPO(PI3UYHOIO AIarHOCTYyBaHHS
cyomikponnux cTpyktyp BIC:

—Ipy>XHE pO3CilOBaHHS TepBUHHUX 10HIB Ha moBepxHi (lon Scattering
Spectroscopy, ISS — cnekTpockormist po3cisaux ioHiB, cuHOHIM: Low Energy Ion
Spectroscopy, LETS);

— ingykoBaHa ioHamu Oxe-enexkrponHa eMicia (Ion Induced Auger Electron
Spectroscopy, IIAES);

— iHAyKoBaHa ioHamu emicis cBitina (Bombardment Induced Light Emission,
BILE; Surface Composition by Analysis of Neutral and Ion Impact Radiation,
SCANIIR — anani3 ckiaay MoBepXHi HEUTPATHHUM Ta IOHHUM ONPOMIHEHHSM);

—ewmicis HedTpanpHUX dYacTHHOK (Sputtered Neutral Mass Spectrometry,
SNMS — mac-cnexkTpomeTpist po3cisiHuX HelTpanbaux yacTuHOK; Glow Discharge
Mass Spectrometry, GDMS — mac-criekrpomMeTpist TIIHIOYOTro PO3psiay);

— eMiciga BTopuHHUX 10HIB (Secondary lon Mass Spectrometry, SIMS — mac-
CIIeKTpoMeTpisi BTOpMHHUX 10HIB; lon Probe Microanalysis, IPMA — ioHHui
MIKpo30H I, cuHOHIM: Fast Atom Bombardment, FAB).

3aranbHUM IS BCIX METOJIB € T€, 10 MEePBUHHI 10HU (POKYCYIOTh Yy MYUOK,
niamerpoM Big 1 MKM 10 Jekinbkox mimimerpiB. [IpykHe po3citoBaHHS MOXHA
CIIOCTEPITaTH JUIs JOBUIBHUX 3HAYEHb CHEPT1l IEPBUHHUX 10HIB, OJTHAK SKIIIO BOHA
NEepEeBUIILYE ACSKHUIl OPIr, IKUM 3aJeKUTh K BiJ pEYOBUHU B3IpLIs, TaK 1 B TUIY
BUOpaHWX MEPBUHHMX 10HIB 1 3a3Bu4ail ctaHoBHUTH 0,1 + 1,0 keB, To Take i0HHE

OoMOyBaHHS TIOBEpPXHI TBEPIOro Tiia

1 BUKJIMKa€ B HbOMY HE3BOPOTHI 3MIHU 200

R3 ’\f 2 f3 R3 p HaBITh € TPUYMHOIO HOTO pPYHHYBaHHS
(posnmmiieHHs). SBHIIE TPYKHOTO PO3CIIO-

/ BaHHSI BUKOPHUCTOBYIOTH Y METOJIi 3BOPOT-

HOTO pe3epOopAiBCHKOTO PO3CIIOBAHHSI,
AKUKA po3rIsaHyTO B posnim 14. Emicis
OxXe-eNeKTpoHIB, 1HAYKOBaHAa 10HAMH,
NPaKTUYHO HE BIIPI3HAETHCSA Bif TaKoi,
10 BUKJIMKaHA MIEPBUHHUMU €JIEKTPOHAMHU

Puc. 7.1. llpouiecu po3nuieHHs Ta

eMicii 3 TMOBEpXHI TBEpPAOro Tija.
1) nepBUHHI 10HH; 2) OPYKHO BiJIOU-
Ti MEPBUHHI 10HW, 3) YACTUHKH, SIKi
BUJICTUIM: BTOPHUHHI  €JIEKTPOHHU,
HeUTpasbHI Ta 30y/KeH1 aToMu 1
MOJIEKYJI, BTOPUHHI 10HU; 4) iH(DOP-
MarliiiHa rIu0HHa; 5) rmubunHa
NPOHUKHEHHS IEPBUHHUX 10HIB
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Ta sIKa onucaHa B po3aun 9. SBuie ¢oro-
eMicii, BUKIWKAaHOI ioHamu, Ta edexTw,
NOB'sI3aHI 3 HEHUTPaJbHUMH YaCTHHKAMH,
Ternep nepedyBaroTh y CTajli IHTCHCUBHUX
JIOCIIKEHD.

HaijimomupeHimuM METOIOM aHali3y
€JIEMEHTHOI0 CKJIaay B CYOMIKPOHHIN TeX-
nonorii BIC € wmac-cnekrpockorisi BTO-



punHux 1oHiB (MCBI). MCBI Mo)XHa BHUKOPUCTOBYBATH [JISl JIOCIHIJKEHHS
pPI3HOMAHITHHX MaTepiamiB: MeTaliB, CKJIa, KEpaMiKd, CIUIaBiB, OpPraHIYHUX
MeTaJliB TOIO. PO3rIsTHEMO TEOPETUIHI OCHOBH IIHOT'0 METOTY.

7.1. OcHOBHM MAC-CIIEKTPOCKOIil BTOPUHHUX i0HIB

Meton MCBI 6a3yeTbest Ha SIBUIII pO3MUJICHHS (PO3MOPOIIEHHS) MaTepiany
B3IpI 32 JOTMOMOTrOI0 TMEPBUHHHUX 10HIB 13 HACTYHNHUM aHATI30M (32 Macoro)
YaCTHHOK, [0 MOKUHYJIU TOBEPXHIO B3iplsi. B mpoiieci po3nuieHHs NEpBUHHI
10HM, 3aJIe)KHO B €HEprii, 3apsay Ta KyTa MaJiHHA Ha IMOBEPXHIO, a TaKOXK
TYCTHHH Ta aTOMHOI MacH PEYOBHMHHU MIIICHI, MPOHUKAIOTH (IMIUIAHTYIOTBHCS) Y
B3IpeIlb Ha PI3HY INIMOMHY, JIe KacKaJaMH yJIapiB MEePeIaroTh CBOK €HEPTiio Horo
yacTHMHKaM. SIKiio HaOyTa YaCTHMHKOI €HEpris NEPEBUIIY€E €HEPrito 3B'A3KY II€i
YaCTUHKA 3 TBEPAMM TUIOM, a CaMa BOHA pPO3TAIIOBYETHCS HA IOBEPXHI a0o
noosm3y Hei (B Mexkax 1HGOopMalliifHOT TTTHOMHM), TO BiIOYBAETHCS eMICIS JEIKUX 3
IIUX YaCTUHOK, TOOTO BUX1J 1X 3a MEX1 B3IpIIs.

BennunHa BUXONY BTOPHHHHMX 10HIB (YaCTHHOK), sIKa YHCEIbHO pIiBHA
BIJIHOIIEHHIO X KUIBKOCTI JI0 KUIHKOCTI MEPBUHHUX 10HIB, 3aJICKUTh SIK BIJ] MacH
Ta eHeprii MepBUHHUX I0HIB, TaK 1 BiI XIMIYHOTO CKJaay B3ipus Ta reoMmeTpii
eKkcriepuMeHTy. Teopis [OOCTaTHBO TOYHO OIKCYE BEJIMYUHY BHUXOAY IS
JOBUIBHUX Tap Ha KIITAJAT NEPBUHHUMN 10H — XIMIYHO MPOCTAa PEYOBUHA, OJIHAK Y
BUTIA/IKy 3MIIIAHOTO XIMIYHOTO CKJIaay B3IpIld 3arajibHOi TeOpil MEXaHi3MiB eMicii
HEMae, € JIMIIeHh OKpPeMi MOJIelN, SKI OMUCYIOTh BHOpaHI acleKTH IIpoIecy
PO3THIICHHS.

Jliarma30H 3HA4YEHb BEIWYHWH BUXOAY OXOILUIIOE CIM IMOPSIKIB, OJTHAK JIJIs 10HIB
CepeIHbOi Macu 3 €HEpricrw JeKuTbka keB, ski HaluacTilie 3aCTOCOBYIOThCS IS
BUBYEHHS TPOQLIIB PO3MOALTY IOMIIIKKA 3a TIUOMHOIO, XapaKTepHe 3HAYCHHS
BEITUYMHY BUXOAY cTaHOBUTH BiA 0,5 1o 20. 31 30UIbIIEHHSM €HEprii IEPBUHHOTO
10Ha BEJIMYMHA BUXOAY CIIOYATKY 3POCTA€, CATAIOYM MaKCUMyMY, a Jali CyTTEBO
3MEHIIYETHCS 1 JJIsi OUTBIIOCTI PEYOBHH, Y BUMAJAKY JETKUX TEPBHHHUX 10HIB 3
eHepriero nekinpka MeB, Mae 3HaueHHs nprbamsHo 107,

Jns psay CIUlaBiB Ta CIHOJYK TMPOIEC PO3MIICHHS (eMicii) OKpeMHX
CKJIQJIOBUX €JIEMEHTIB Ma€ BHOIPKOBHH XapakTep, IO € NIPUYUHOIO 3MIiHH
XIMIYHOTO CKJIaay TMoBepxHI. KpiM Toro, KpucTalidHi B3iplli, 30KpeMa MeETaleBi,
K1 B pe3yJbTaTi 00MOYBaHHS 10HAMU HE CTalOTh aMOP(PHUMU, MOXKYTbh MPOSIBISATH
pi3HI 3HAUEHHS eMICii 3aJIeXHO Bija KprcTaimorpadiunoi opieHTarii nosepxHi. Take
SIBUIIE aHI30TPOIII1 pO3NUICHHS BUKOPUCTOBYIOTh He TUIbKH B MeToai MCBI, arne i
B IHIIUX METOJaX aHalli3y MOBEPXHi, 30kpemMa MeTo 1 Oxe-CeKTPOCKOMii.

VY mnpotieci po3MUICHHsS] TOBEPXHEB1 MIapU PYHHYIOTHCS, TOMY BUMIPIOBaHHS
BITHOCHOT'O BMICTY TNPOAYKTIB PO3MUJICHHA € MPSIMUM METOJOM BH3HAUCHHS
CKJaay 3pyWHOBAHOTO Imapy. AHai3 TPOAYKTIB PO3MWICHHI € OJHUM 3
HaWYyTIMBIIIAX METO/I1B OCITIKEHHS MTOBEPXHI. 3a3Buyail Horo
BUKOPUCTOBYIOTh ISl BUMIPIOBAHHS PO3MOJILTY HE3HAYHUX KOHIEHTpAIllil aTOMIB
JOMIIITKY B IPUIIOBEPXHEBUX IIAPAX TBEPIAUX TiI.

Jlnst BUMIpIOBaHHS TOYHUX MPOQUIIB PO3MOJULY €JIIEMEHTIB 3a IIIMOMHOIO
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HEOOXiTHO OTpPUMATH KpaTep, SKHi Mae SKOMOra IUIOCKINEe JHO, MapalieibHe
noBepxHi. [lporo mocsraroTh NUIIXOM CKaHyBaHHS MEPBHHHUM 1OHHUM ITyYKOM
BEJIMKOI TUTONII MOBEpXHi B3ipist. s Toro, mobw Ha BUMIPIOBaHMI CHUTHAT HE
BIUIMBAJIM 10HM 31 CTIHOK Kparepa, 3aCTOCOBYIOTh €JIEKTPOHHO-ONTUYHE abo
MexaHiyHe JniadparMyBaHHS.

EmiToBaHi BTOpHHHI 10HM MOXYTh HaOyBaTH 3Ha4€Hb €HEPrii B IIUPOKOMY
niama3oHi. CTaTUCTUYHO HMOBIpHI 3HAYEHHS iXHBOI €Heprii CTAHOBJIATH JEKUIbKa
eB, ogHAaK s JIeSKMX BHUCOKOGHEPreTMYHHMX 10HIB BOHA MOXKE MEPEBHIYBATH
1 xeB. Kpim 3apskeHnX aTOMHUX 10HIB, y 3HAYHINA KUIBKOCTI €MITYIOTBCS TaKOX
MOJIEKYJISIpHI 10HM Ta KJIacTepH, SIKI CKJIAJAl0ThCs 31 3HAYHOI KUIBKOCTI aTOMIB.
EmitoBaHi 10HM MOXXyTh OyTH K TO3WTHBHO, TaK 1 HETaTHBHO 3apsKECHUMH,
IPUYOMY €JICKTPOMO3UTUBHI E€JIEMEHTH, 30KpeMa MeTalu, JaloTh IO3UTHUBHI, a
€JIEKTPOBIJI'€MHI, HANpHUKIAJ, TaJOreHHU, — BiA'€eMHI aTOMHI 10HM. Y BHUIMAJKy
KJIACTEPHUX 10HIB IXHIN 3aps]l BaXXKO NMEpen0avynTH, OCKUIBKU BIiH 3aJIEKUTH Bij
pany 4uHHUKIB. g mpukiany Ha puc. 7.2 mogaHo MCBI-criekTp KpeMHito,
oTpuMaHH# 60MOYBaHHSIM IIOBEPXHI KPEMHI€BOI MITACTHHY i0HAMHK KHCHIO O, .

PosristHemo Tenep mpakTUYHI aCTIEKTH PEECTPYBaHHS BTOPUHHHX 10HIB Ta X
anamizy. Ha pwuc. 7.3 mokazaHa cTpykrypHa cxema peamizamii metony MCBI.
AHaJi3 BTOpUHHUX 10HIB 3/1IHCHIOIOTH 3a JIOMOMOT0I0 Mac-criekTpometpa (3), Kyau
BOHM TOTPAIUISIOTH Mi/I BILITABOM CTATHYHOTO €IEKTPUIHOTO OIS, MPHUKIAJEHOTO
MDK Mac-CIIEKTpPOMETPOM 1 MoBepXHer B3ipus (2). B skocTi mac-criekTpomeTpa
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Puc. 7.2. Ciektp BTOpPMHHUX 10HIB, OTPUMaHHHA MUIIXOM OOMOyBaHHS
. . +
KpEeMHII0 10HaMu KucHIO O,
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BUKOPUCTOBYIOTh $IK JIMHAMIuHi (HaIpu-
KJIaJ KBaJApyHOJbHUN Mac-QiabTp), TaK 1 ¢

CTaTUYHI CHCTEMH (CTaTU4YHI EJIEKTPUYHI S
Ta MAar”iTHi MOJA), 3a JOTNOMOTOI AKHX |2 3 P4
3MIHCHIOIOTH PO3MIUICHHS 10HIB BiJIIIOBITHO 6

JIO IXHBOI MacH Ta 3apsuay.

JleTekTyBaHHS  BTOPUHHUX  10HIB
3JIINCHIOIOTH 3a JIOMIOMOTOK) BTOPHHHOTO
enektponHoro miacwioBadya (BEII), B
SKOCT1 SIKOTO MOXXE BHUKOPHCTOBYBATHCS
mikpokananeauid  BEIl, MikpokaHaibHa
1acTUHa, Oe3MocepeAHbO  BIIKPUTHIA
dotoenexkTpoHHuii nomHo)kyBau (DEII)
a060 KOMOIHOBaHMI 10HHO-ENEKTPOHHUH nepeTBoproBad-cuuHIUIATOP-DEIL Pee-
CTpYBaTU BTOPMHHI 10HM MOXHa SIK y JIUCKPETHOMY, TaK 1 B HENEpEepBHOMY
peXHMi, BIATIOBIIHO PO3PI3HAIOTH 1Ba pi3HOBUAN MeToay MCBI:

1. Cratnuna MCBI: nmy4ok nepBHHHHUX 10HIB 3 BIZTHOCHO HHU3BKOIO €HEPTIEI0
(10 5 keB) mae moBomi mamy rycruny crpymy (< 10”7 A/em?), Taky, mo 3a €ac
BUMIPIOBaHHS PO3MIISIOTHCS YACTHHKU TUIBKM 3 MOHOmmapy. Jlyis BUSBICHHS
eNIEMEHTIB y MeXaX MOHOIapy Ha piBHi 107° miamerTp my4ka HOBHHEH MaTH
posmipu 1+ 3 mMm. Yepe3 3HAyHUK BIUIMB 3aJUIIKOBOTO Tra3y Ha €MICI
BTOPHUHHHUX 10HIB HEOOXIiHO, IOOK BaKyyM y Kamepi B3ipis Oys menme 107° ITa.

2. [Ilunamiyna MCBI: mnepBuHHI 10HM MarOTh EHEPril0 BiJ OJUHHIL IO
ecATKIB KeB, TycTHHA CTpyMy nmepBHHHOTO mydka — Bix 1 MkA/cm® 1o 1 MA/eM’, a
JiaMeTp Mmy4yka CTaHOBUTH Bif 1 MKkM 10 1 MMm.

KinbkicTe Marepiany, HEOOXiTHOTO JUIsl aHaji3y, MOXKHa OIIIHHTH, SKIIO
BpaxyBaTH THUIOBI MapaMeTPH PEKHUMIB JTOCTIKEHb. Y Bumnaaky crarnanoi MCBI
9yac, HEOOXIAHUW ISl PO3MUIICHHS MOHOIIAPY CTAaHOBUTH MPHUOIM3HO 10*c. Lle
O3Hayae, MO 3 HOCTIMKYBaHO! AUTSHKM rwromero 0,1 cM® BHAAISETBCS OIH3BKO
1075 cm® 3a 1 ¢. IBuakicTs po3nuieHHs B tuHamivHoMy MCBI Buia i cranHoBUTh
npuOau3Ho 1 HM/c. OCKIIBKH JIiaMeTp 10HHOTO ITydYKa HabaraTo MEHIIHMHN, HDK IS
cratnyHoro MCBI, To nmocnimxkyBaHa QUISSHKA Ma€ 3HaA4HO MeHIy ruionry. Tomi 3
ninsHKy wiomero 5-107 cm? Bupanserses MPUOIH3HO 510" em’3a 1 c.

Takum unHOM, MeToa MCBI mae Taki xapakTepHi O3HAKU:

— MOKJIMBHUM aHAI3 YCIX XIMIYHUX €JIE€MEHTIB, B TOMY YHCJI1 130TOIIIB;

— pe3yNbTaTH aHaNi3y BIAHOCATHCS OO BEPXHBHOTO a00 BEPXHIX aTOMHHUX
apis;

— MOJIMBHHA TPUBHUMIPHHI aHasi3, TOOTO Ha IUIOMIMHI Ta B TIUOWHY,
PO3JUTbHA 3/IaTHICTh CTAHOBUTH BiJI MOHOIIIAPY JIO 5 HM;

— MOXJIMBUM SKICHUW Ta KUIBKICHUW aHail3; OCTaHHIA BUMarae CTaHAApTHUX
B3IpIIiB 13 TOTO X Marepiany, mo 1 JOCIiKyBaHUN B3ipellb 3 BiJOMHUM BMICTOM
JOCIIKYBAaHOTO €JIEMEHTA;

— aHaJIi3 y IMHAMIYHOMY PEXHUMI € PyHHIBHUM.

Puc. 7.3. CtpykrypHa cxema peaii-
3amii  metomy MCBI: 1) mnasmo-
TPOHHE JKEepesio 10HIB; 2) B3ipelb;
3) mac-cunexktpometp; 4) BEIIL; 5) cra-
THYHUHA peecTparop; 6) IMHAMIYHUMA
peectparop

300paxeHHs] AOCTIKYBAHOI MUITHKM B3IpI y BTOPUHHUX 10HAX METOAOM
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MCBI oTpuMyoTh 3a JONOMOTOI0 CKAaHYBaHHS IUIONIl NEPBUHHUM MYYKOM
(pacTpoBOi po3ropTkH) ad0 3 BUKOPUCTAHHSAM MPUHIHUIY il I0HHOTO MIKPOCKOTIA.
(B ioHHOMY MIKpPOCKOIII JUIsl OTPUMaHHS 300pakeHHSI BUKOPUCTOBYIOTh CPOKYCO-
BaHMM Ty4OK 10HIB aHAJOTIYHO, SK EJICKTPOHHUU IMYYOK — B CICKTPOHHOMY
MIKPOCKOITi).

PactpoBa posroptka peanizoBana B mpuiagax IMMA (ARL, CIIA), IMA
(Hitachi, Anonis) ta A-DIDA (Atomika, Himeuunna). Ha puc. 7.4 moxazano
npuHIUIOBY cxemy npunany IMMA. TlepBuHHI 10HU 3 TIa3MOTPOHHOTO JKepena
HaNpaBJISIOTHCS B MaC-CEMapaTop, i3 SKOTO0 BUXOJAUTDH 130TOMHOYMCTAN MTEPBUHHUIMA
ionHn# my4ok. [lyaxom miamerpom 2 + 200 MKM MOKHA BUKOHATH aHaJIi3 y TOYII],
B3JIOBX JIiHIT 4d Ha IomuHl. ONTHYHUN CTEpEeOMIKpOCKON 31 30uIbIIeHHIM 150%
JI03BOJISIE CIIOCTEpIraTH JUITHKY IOBEpXHI B3ipls, sika OomMOyerbcs. Tpumau
B31pIIS BUBOJUTHCS B 33J]aHE TTOJIOKEHHS 3 TOUHICTIO 1 + 0,5 MKM.

13 |O|1|4|2|1|4|1|2|

-15xB |11 =7
(+15KB) | e _

]

\ +T30KB ﬁ B £0 kB

3 == 20xB

<~—___TIepBUHHI

BTOPWHHI
10HH +

Puc. 7.4. IlpunnunoBa cxema ckanyrouoro MCBI IMMA: 1) mnazmo-
TPOHHE JIXKEPEIO 10HIB; 2) Mac-cenapaTrop MEpBUHHUX 10HIB; 3) KOH/EH-
copHa JiH3a; 4) ONTUYHUIA MIKPOCKOIT; 5) B3ipelb; 6) eJIeKTPOCTATHIHUI
eHeproaHaizaTop; 7) MarHiTHUN aHaIi3aToOp BTOPUHHKUX 10HIB; §) 10HHO-
CJIEKTPOHHUN mnepeTBopioBay; 9) cuuutuistop; 10) poToeneKkTpoHHMIH
noMHOKyBay; 11) ocimtorpad; 12) camonucenp; 13) aiunabHUK
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Bropunni ionu 3a jnomomororo Hampyru +1,5 kB Mix B3ipuem 1 JiH30BOIO
cUCTEMOIO (pOpMyBaHHS Iydka "BUTATYIOTBCA" 3 00'eMy MoOJM3y aHalIi30BaHOI
OUISHKM Ta TNOTPAIUBIIOTH B C€JIEKTPOCTATUYHMNA  EHEproaHaizaTrop, e
BII0OYBa€ThCs iXHIM PO3MOJLT 3a eHeprier. BujineHuil mydyok BTOPUHHUX 10HIB
OTHAKOBO1 eHeprii (OKYCyIOTh Ha BXIiJHIA IIUIMHI Mac-CIEKTPOMETpA, SKH
BUJUIAE 3 MyYKa 10HU 3 OJIHAKOBOIO MAacol0. 3a JOMOMOI0I0 10HHO-EJIEKTPOHHOTO
MepeTBOPIOBaYA OTPUMYIOTh TOTIK €JIEKTPOHIB, KUIBKICTh SKUX 3aJICKUThH BIJ] MacH
Ta eHeprii BuaIeHuX ioHiB. [10TiK €1eKTPOHIB 32 JOMOMOT0I0 (POTOECTEKTPOHHOTO
NOMHO)XYBaya IJICHIIOIOTh Ta TEPETBOPIOIOTh B EINCKTPUYHUN CHUTHAN, SKHH
PEECTPYETHCS BIIMOBITHUM 10HY KaHAJIOM.

Jnst oTpuMaHHs 300pakeHHS Y BTOPUHHHX 10HAaX BY3bKO C(OKYCOBaHUMN
y4OK NEPBHHHMX iOHIB CKAHYE IOBEPXHIO IUIOMCIO ACKITbKA COTEHb MKM .
BropuHHuii 10HHUN CHTHaJI MOJYIJIOE SICKPaBICTh EIEKTPOHHOTO IPOMEHS
€JIEKTPOHHO-TIPOMEHEBOI TPYOKH, SIKUU MEPEMILTyE€TbCSI CHHXPOHHO 3 MEPBUHHUM
1I0HHUM My4YKOM. TakuM YMHOM, Ha €KpaHl EJICKTPOHHO-IIPOMEHEBOI TPYyOKH
OTPUMYEMO KapTUHY PO3MOJILTY aHATI30BAHUX €IIEMEHTIB 3 JIIHIHHOIO PO3LTFHOIO
3JIaTHICTIO, 10 BU3HAYAETHCS MIaMETPOM Iy4Ka NEPBUHHUX 10HIB. 3a IOMOMOTOIO
EOM Tta BigmoBimHOro iHTepdeiicy MO)KHA BHUKOHATH P (QYHKIIN 11070
KEepPYBaHHS MacC-CIIEKTPOMETPOM Ta OMPAIIOBAHHA PE3YJbTaTIB BUMIPIOBaHb.

[Ipunuun ioHHOTO MiKpocKoma peanizoBano B mpmiagax SMI 300 ta ims 3f
(Cameca, @panmis). Ha puc. 7.5 mokazana nNpuHIIMIIOBA CXeMa Mac-CIIEKTPOMETpa
ims 3f. [TeppunH1 10HU 3 mIa3MoTpoHHOTO (O), No, Ar, O) abo 11€31€BOT0 KEpeIa
(GOKYCYIOTBCSI CUCTEMOIO JIiH3, AKa 3abe3nedye giameTp mydka Big 2 10 200 Miwm.
TakuM Ty4KOM MO’KHA BHUKOHATH aHAJI3 y TOYIll, B3JOBXK JIiHII Ta Ha IUIOMIHHI
B3ipusg. OTpumani BTOpUHHI 10HM "BUTATYOThCc" Hanpyroro 1,5kB Ta
MOTPAIUIAIOTh B IMEpCIWHY JIiH3Y 4-JIIH30BOI MPOMIKHOI ONTHYHOI CHCTEMHU.
BcTaHOBIIIOIOYM IICBHI 3HAYEHHS 10HHO-ONTHYHOI'O 30UIBIICHHS JIIH3 CHCTCMH,
3a0e3neuyloTh ONTUMalIbHI MapaMeTpu Mydyka BTOPMHHHUX 10HIB Ha BXOJl B Mac-
aHaimizarop. Mac-aHami3aTop CKIAIA€ThCs 3 ENeKTPOCTATUYHOTO aHaji3aTopa, B
SKOMY PO3JUICHHS BiIOYBAa€ThCA TiJ IEI0 EIEKTPOCTATUYHOTO KYJIOHIBCHKOTO
MoJi Ta KJIIACUYHOT'O MArHITHOTO aHaji3aTopa, SIKUW PO3JUIsS€ 10HM B MAarHiTHOMY
noni 3aBAskud cwiai Jlopenma (Moro poib BHKOHYE TaK 3BaHAa CTUTMAaTHYHA
MmarHiTHa npu3Mma). [locimimoBHE 3acTOocyBaHHS 000X aHAI3aTOPIB J1a€ CYTTEBE
MIABHUINCHHS PO3JUIHBHOT 34aTHOCTI MpwiIaay (3a Macow), TOMY Taka CHCTEMa
HA3WBAETHCS Mac-aHAII3aTOPOM 3 MOABIHHUM (HOKYCYBaHHSIM.

Jlnst ananizy ta peectpyBaHHs ioHiB (pexxum MCBI) 3actocoBytors ®EII abo
mtiHap Papazess, sl OTpUMaHHS 300pakeHHs (PEXHUM 10HHOTO MIKPOCKOILY)
BUKOPHCTOBYIOTh KOMOIHAIlII0 MIKpPOKaHaJIbHOI IUIHTH Ta (IyOpPECIEHTHOTO
ekpaHy. B pexumi 10HHOTO MIKpOCKONa (PAKTUYHO OTPUMYIOTh CTHTMaTUYHE
300paXeHHsI JTOCIIHKYBaHOI MOBEPXHI, HAJAIITOBAaHE Ha MEBHY Macy ioHa. [Ipu
IIbOMY JIiHIHA PO3JUIbHA 3MaTHICTh NpHiIaay (300pakeHHsS) BU3HAYAETHCS HE
JlaMeTpOM Iy4Ka TMEPBUHHUX 10HIB, @ BJIACTUBOCTSAMHU BJACHE 10HHO-OMTHUYHOL
cuctemMu Ta cTaHOBHUTH < 0,8 MKM. ONTHYHHUIA CTEPEOMIKPOCKOI 31 30UTBLICHHIM
80% m03BOJISE CIOCTEpIraTH aHalli30BaHy IUISHKY I 4ac 6oMOyBaHHs. Tpumau
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V15

Puc. 7.5. IIpunnumnosa cxema mac-criektpometpa ims 3f. 1) IltazmorporHe abo
Cs-mxepeno; 2) cucreMa (pOKyCyBaHHS IEPBUHHOTO My4Ka; 3) iMepciiiHa J1iH3a;
4) B3iperp; S5) cCUCTeMa TEPEHECEHHS 300pakeHHs; ©6) eNeKTPOCTaTUYHHUN
aHajizaTtop; 7) mpoMiXHa JIiH3a; §) CTUrMaTUYHA MarHiTHa mpu3Ma; 9) BUXigHA
mrinHa; 10) npoexkiiiina min3a; 11) Binxumnsaioda cucrema; 12) Binkputuit OEII;
13) umnniaap Papanes; 14) pmyopecuentnuit ekpan; 15) 10 crepeomikpockona;
16) MikpokaHaJIbHA IJIACTHHA

B3IpISl BUBOAUTHCS B 3aJaHE IOJOXKEHHS 3 TOYHICTIO 0,5 MKM 3a JOMOMOTORO
KPOKOBHX JBHUTYHiB.

Jns oTpuMaHHs pO3MOALTY TOMIIIKH 3a TIIMOMHOIO, 3a3BHYal, 3aCTOCOBYIOTh
Metoq MCBI sk Takuii, 1110 BOJIOJII€ HAMBUILIOK YYTIMBICTIO Cepel IHIUX METO 1B
poQLILHOTO €JIEMEHTHOTO aHamizy. Jliama3oH KOHIEHTpAIli JOMIIIOK, K1 MOKHA
BU3HAYUTHU 3a Jonomorow Meroaxy MCBI cTtaHOBUTH 10" = 10% cm™. Kpim Toro,
METOJI JIO3BOJISIE BUBHAYHUTH ITOBHY KOHIICHTPAIIIIO JIOCIIKYBAHOTO JOMIIITKOBOTO
€JIE€MEHTa Ta € HaA3BUYANHO €(EeKTUBHUM IHCTPYMEHTOM JUISI JOCIIKEHHS
Mepepo3NOaLTY AOMIIIOK Ha MixdazHiid Mexi Si-Si0s,.

B Tab6un. 7.1 HaBe/ieHO OCHOBHI MMapaMeTpu MPOMUCIOBHUX ycTarkyBaHb MCBI
U1 CyOMIKPOHHOT TEXHOJIOT11.
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Tabauus 7.1. TexHONOTIYHI TapaMeTpyd THUIMOBUX IPOMHUCIOBHX YCTaTKyBaHb
MCBI, sKi BHKOPUCTOBYIOTH [IJIsi €JEKTPO(PIZUYHOTO aHamizy CyOMIKPOHHUX

ctpyktyp BIC

Ne ITapamer MCBI, SMI 300, IMMA, ims 3f, Cameca
n/m P p Balzers Cameca ARL ’
Typ6omo- Macngljnn FF:Tepo- TypGomosexy-
1 |BakyymHa cuctema | JekyispHa | audysiiiHa 10HHA
JIIpHA MoMIIa
MoMIIa MoMIIa nommna
o [BaxyyM y kamepi 105 |10 +10° | 10%+10° | 10°+107
B31pu, Ila
IlepBUHHI 10HU
3 |Mixepeno PosDsLLHe [Tmazmo- [Tnasmo- | IlmazMoTpoH 1
p e TPOH TPOH Cs-mxepeno
4 |Tun ioHiB + + +, - +, -
5 |®ueTp Mac Hewmae Hewmae € €
6 MachMaana 3 15 2 25
eHepris, keB
MaxkcumaiibHa
7 |rycTrhHa 10HHOTO 5107 5 10 50
cTpyMy, MA/cM®
8 |Mdiamerp myuka, MkM| 1 +2mm | 25+ 500 2+30 2+30
O, N, AKTHBHI O, N,
9 |[lepBunHI i0HU Ar, O  |O6maroposHi | 6maropoani | OiaropoHi
rasm rasu razu, Cs
Bropunni ionn
10 |Tun ionis +, - +, - +, - +, -
11 |liama3on mac, a.o.m.| 1+ 511 1 +300 1 +240 1 +250
Tur Mac- KBaz[py: MariHui EneKTpo-u MaruitHui Ta
12 MOJbHUI . CTaTUYHUU |€JIEKTPOCTATHY-
CHEKTPOMETpA . aHalizaTop : . .
GbinpTp Mac aHaJII3aTop | HUM aHaAII3aTOp
13 |Uyrusicts, cM™ 10" 10" 10" 10"
14 H1H11/11.{a po3AUIbHA 0.8 0.6 0.5 0.5
3/1aTHICTh, MKM
15 |Tounicts, % <10 <5 <10 <5

7.2. AHaji3 noadinuaHux miiiBok Mmerogom MCBI

Sk Oynmo 3a3HadeHO BHIE, OCHOBHMMH IepeBaramu metony MCBI e iioro
BHUCOKA YYTIUBICTh JI0 MaJUX KOHIIEHTPAIIIH JOMIIIOK Ta JOKAJbHICTh TPOBECHHS
anaiizy. Came TOMy MOro 3py4HO 3aCTOCOBYBATH [UJIsi BU3HAYCHHS (Pa3oBOTO
CKIany cuwrinuay (MOoMiuay), sSIKHd BUKOPUCTOBYIOTH 3 METOIO 3HIDKCHHS SK
MEPEXITHOTO OMOPY KOHTAKTHUX BIKOH, TaK 1 OMOPY MEpIIOro (MOJIIKPEeMHIEBOTO)
piBHS OaraTopiBHEBOTO po3BeneHH: CTPYKTYp BIC. @opmyroTs cuminua (MOIinum)
3a JOIMOMOTOI0 PI3HOMAHITHMX TEXHOJIOTIYHUX TMPOIECiB, 30KpeMa Ipodi3oM
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MOHOCWJIaHy (IUCHJIaHy) B peakTopax IMOHMW)KEHOTO THCKY a00 MarHETPpOHHHM
PO3MUICHHAM MIIICHI.

Jns nocmimkenass Oyna BuOpaHa IUTIBKA JUCWIIIIUAAY THTaHY, SKa HaITHIIO-
Bajlach 10HHO-TIJITA3MOBUM METOJIOM Ha ycTaTKyBaHH1 "Opatopis-5" 3 BHKOpHC-
TaHHSIM MO3ai4HOi MimieHi 3 TuTany Ta kpemHito KED 4,5 (100) y cniBBigHOIIEeHH]
Ti:Si=1:2 nna 3abe3medeHHs cTexioMeTpuuHoro ckmamy TiSi,. Pexum
posnuieHHs MimeHi: Ppos = (3 + 4)10° mm.pr.ct, U=380+20B, I=1,5+2A.
[Ticns HamuieHHA TUTIBKM BEJIMYMHA IIOBEPXHEBOIO  ONOPY CTAaHOBWJIA
ps =200 £ 10 Om/o. JIiist oTpuMaHHS HEOOX1THOT BEJIMYUHH ITOBEPXHEBOTO OIOPY
Ta yTBOpeHHs cTiikoi ¢a3u TiSi, i1 IMIYyJIbCHO BiJNANIOBAIM HA yCTaTKyBaHHI
"®oton 3-100" B inTepBani Temmepatyp 750+ 950°C. Ilicnst IMITyJIBCHOTO
(OTOHHOTO BiAMANIOBAHHS BEJIMYMHA IOBEPXHEBOTO OMOPY 3HU3WIACH JI0
PEKOPAHO HU3BKOTO 3HaueHHs 12 + 2 Om/O, 110 CBIAYMTH NMPO yTBOpPEHHs (asu
mucuminuay tatany TiSi,.

Amnani3z miiBok TiSi, smiiicHioBaBcs 3a metogoM MCBI Ha cnekrpomerpi
MC-720 IM. ToBmuMHAa IUIIBOK, SKi JOCIIKYBAINCh HAa CTEXIOMETPUUYHICTH
YTBOPEHOI'0 JUCHIINUAY TUTaHy, ctaHoBuia 80 HM. Puc. 7.6 neMoHCTpye TUIOBY
3aJIeKHICTh iHTEHCHBHOCTEH cTpyMiB BTOpuHHUX ioHiB Ti i Si' B mouaTkoBmii
nepioJ] po3NMUIICHHS TUTIBKH, SIKa MOB'sI3aHa 3 HASBHICTIO Ha 11 MOBEPXHI JIOMIIIOK Y
BUTJISITI CIIOJTYK BYTJIEITIO.

11l a) T Isi/Ini o) 1 dEN B)
0,94 -
Sl 4:0__
Ti" J C W U
1 1,5¢ 5 Ti Si
0:4 . . L XB . ___ txs S.l . 1.0 L. eB
01 25 50 25 50 7.5 200 400 600 1600

. . o . . . . o+
Puc. 7.6. 3anexHICTh IHTEHCUBHOCTEW CTpyMIB BTOpMHHMX 10HIB Ti1 1 Si (a),
CITIBBITHOIIIEHbh MK HUMHU 3aJISKHO BiJ Yacy pO3MWICHHs mominuay (0) Ta iXHii
Oxe-criexTp (B)

Ha wmixdasniit mexi po3auly MK IUIiBkor TiSi; Ta KpeMHIEM cIo-
cTepiraeThcsa 3MiHa (aszoBoro ckiany. lle o3Hauvae, 1m0 KpeMHIM Ha 3HAYHIM
BiJICTaHI BiJl MiAKIAAKKA BCTymae B XiMmiuHi 3B's3ku 3 pomimkamu C 1 O,, sKi
nepeOyBaloTh B aJCOPOOBAHOMY BUIJISIAI B MPUCTPOI MiJi BAKYYMHUM KOBIIAKOM
yCTaTKyBaHHSA. TakKWil MpPOIEC BHMArae BiJIMIOBIIHOTO BJIOCKOHAJICHHS IPOIECY
XIMI9HOTO OOpOONEHHS MIAKIAJA0K 3 BHUKOPHCTAHHSM BHCOKOE()EKTHBHOTO
PO34YHHY HAJIOITOBOI KUCJIOTH B MEPETAPOII, AKY MPOBOAATH Niepen (popMyBaHHIM
IUTIBKYU, SIKICHOTO BiAmaiay 00'eMy I KOBIMAKOM a00 BHUKOPUCTAHHS IPOIIECY
dbopMyBaHHS AMCWIINHUIHOI IUTIBKM THTaHY Ta30(a3HOI PEaKIi€l0 CHIAHOBOI
TEXHOJIOT1i Ha OCHOB1 aMOp(PHOTO KpEeMHil0.

VY BUMNAAKYy IMITYJIBCHOIO TEPMOOOPOOJICHHS, K 1 Yy pa3l TpaJuliiHOro
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TEPMOOOPOOIICHHS B T€4l, TOYATKOB1 €Taly NEePEeTBOPEHHS IUJIIBKM TUTaHY CYIPO-
BOJDKYIOThCS IHU(Y3i€I0 aTOMIB KHCHIO Ta BYIJICHIO B3JOBX T'PAHULb 3€pEH B
o0'emi turiBku. HactymHe TepMooOpoOIeHHS BOPOAOBXK MOHAT 5 C IPU3BOIUTH 110
3HMKHEHHS Ha PEHTICHOrpaMax ITiKiB KHCHIO Ta BYIJICHIO B TOHM Yac, SIK BHCOTa
MiKiB, O BiAmMoBimarTh TiSiy, 3aMUMIA€THCA Maibke He3MIHHOIO. TOBIIMHA IHapy
JUCHIIIHIAY, CPOPMOBAHOTO IMITYJILCHUM TEPMOOOPOOICHHSIM, CTAHOBUTD 52 HM 3
nuroMuM omiopoM 14,2 mkOm-cM. 3a MOmanblIoro TepMooOpoOeHHs BinOyBa-
€THbCS 3HAYHHIA MEPEPO3NOALT TUTAHY, KPEMHIIO, KICHIO Ta BYTJICIIO, B PE3yibTaTi
4Oro Ha MEXI1 po3July KpeMHil-tuTan popmyerbest cwrinua. [lap cuminuny, mo
pocTte, BIATICHSE PO3UMHEHMM y THTaHI KUCEHb 1O MOBEpXHI. TUIbKM HE3HAauHa
YacTHHA TUTAHY MEPETBOPIOETHCS B TUCHIILHI YIPOAOBXK 4 ¢ TepMOOOpOOICHHS
TOMI, SIK michsi 15 ¢ TMUTaH y)Xe MOBHICTIO MEepeTBOPIOEThCs B TiSiy, BUTICHAIOUH
Maifke BECh PO3UYMHEHUM KUCEHB 1 BYTJICIh 3 00'€EMY CHITIITUY.

7.3. lonnnii  MikpoaHadi3aTOp 3  BHCOKOI)  MAC-CHEKTPAJIbHOI0
PO3AiJIbHOIO 3IATHICTIO

Hns MCBI ananizy mnponeciB CyOMIKpOHHOI TeXHOJOTil (opMyBaHHs
ctpyktyp BIC HeoOximHO 3a0e3nmednTH OJHOYACHO BHCOKY KOHIICHTPAIIHHY
aytmmsicts (107 + 10" cm™) 3a ocHoBHuMu neryrounmu nomimkamu (B, P, As,
Sb), Bucoky nomapoBy (1 + 3 HM) Ta Mac-CIIeKTPaJIbHY PO3IUIbHY 3JaTHICTb.

KoHnenTpariiiina 9yTimBICTh TpUIAAy BHU3HAYAETHCS TMapaMETpaMH ITy4Ka
MIEPBUHHUX 10HIB, IIBUIKICTIO PO3MUICHHS B31pIA Ta €()eKTUBHICTIO IIPOITYCKaHHS
peecTpyrodoro TpakTy. Bucoka mMac-ciekTpalibHa po3AUibHa 3JaTHICTh HEOOX1aHa,
HaNpUKIaa, Ui JociipkeHHs MetojgoM MCBI  koHmenTpamidHuX IpodiiiB
pomimok As, P, B, immiantoBanux B Si ta SiO,, e MOXKJIMBE HakjJaJaHHS ITIKIB
MOJICKYJISIPHUX 10HIB #81°°8i'°0" (m/Z = 75) Ha MK 10HIB PAs” ta Si'H
(m/Z =31) na nik Sp*, Jlnst po3aiiieHHsT BIAMOBIAHUX AyOJneTiB HeoOXigHa mac-
CIIeKTpaJibHa po3aabHa 37aTHICTh M/Am = 3200 mis As Ta m/Am = 4000 nis P.
3a0BUTHHUTH IO BUMOTY, OJTHOYACHO 30epiraroyu MaKCHUMalbHE MPOITYCKAHHS
PEECTPYIOUOr0 TPAKTY, € JOCTATHBO CKIIATHO.

Ha 06a3i cepiiitHoro mac-criektpomerpa MK-1201B Oyno cTBOpeHO HOBHUIA
ioHHUN MikpoaHanizaTtop (IMA). OnHUM 3 OCHOBHHMX BY3JiB NMPUIATY € KOJOHA
¢dbopMyBaHHS MydKa NEPBUHHHUX 10HIB, TApaMETPH SKOi BU3HAYAIOTh TEXHOJIOTIUHI
MOXIHBOCTI podotu IMA. PospobiieHa KojoHa BKiIIOYae B cebe IUTa3MOBe
JUKepeno 10HIB (AyOIUTa3MOTPOH 3 XOJIOJAHMM KaTOJOM), TpH MOCHIAOBHO
pO3MilleHl HAa O/HIM ONTHYHIA OCi JIIH3H, CemapaTop MEPBHHHOTO mydka (piibTp
Bina), kBaapymnonbHi AehIeKTOpH Ta MPOXIiAHI alepTypH Pi3HOTO MPU3HAYCHH.

Ionn pob6ouoro razy (O,, Np, Ar, Kr, Xe), ki TeHEpyHOThCS TyOIJIa3MO-
TPOHOM, TPUCKOPIOIOTHCSI MK aHOJIOM 1 BUTSATYIOUUM €JIEKTPOIOM Ta 30MPArOThCS
KOHJICHCOPHOIO JIIH3010 B My4YOK, 1110 Ma€ Maidy po30DKHICTh. Jlami meit my4ok 10H1B
CHpSIMOBYIOTh Ha BXIJHY amnepTypy ¢uibtpa Bina niamerpom 2 mm, 1€ BiH
MOTpAIUIsie B MOJIE i eNEeKTPOMArHiTHOTO ot GinbTpa. [IpOoTSKHICTE eneKTpo-
MarHiTHOro moJisi ctaHoBUTh 100 MM, a BiicTaHb BiJ BUXOAY (LIbTpa 0 alepTypH
nudepenuiiinoi miman — 400 mm. Kpim toro, B npoctopi Mmixk ¢iibTpom Bina i
anepTyporo audepeHIiiHol IIIIMHA BCTAaHOBJICHAa KOHACHCOPHA JIiH3a Ta KBaJpy-
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noJibHUM ieiekTop it GOKyCyBaHHS 1 KOPEKIli My4YKa Ha OTBIp anepTypH, IKU
po3MileHuit mepes JTiH3010 00'ekTuBY. KBampymonbpHUMI AedaeKkTop po3roprae
10HHUM Iy4OK Yy pacTp Ha MOBEPXHI JOCIIHKYBaHOTO B3ipipgl. Po3mip 1 cTpym
30H/1a MOXHA 3MIHUTH 3a JOOMOTor0 BUOopy aneptyp aiametpom 1,0; 0,5; 0,3 Ta
0,1 MM, K1 pO3MIIIYIOTECS HA PyXOMiH TUIAHIIL.

Jlns po3mupeHHs MOKIMBOCTEH 10HHOTO MikpoaHaiizaTtopa (IMA) takox me-
peadauveHa 3aMiHa JKepena 10HIB (J1yoIia3MOTPOHA) B KOJIOHI IEPBUHHOTO ITy4Ka
Ha 1e3ieBe mkepeno ioniB (Cs'). Taky 3aMiHy 3iliCHIOIOTh, AKIIO TIEPEXOAATh Y
PEXKUM PEECTPYBAHHS BIJ'€MHUX BTOPHHHHUX 10HIB, BHXIJ SKUX TPH I[LOMY B
10 + 1000 pasip Bummii, HiX y BUTMAAKy 60oMOyBaHHS B3ipus iomamm O, um Ar'.
OCHOBHI XapaKTEpUCTHUKUA KOJOHU (OpPMYBaHHS IOHHOTO ITydKa HaBEICHI B
Tabmn. 7.2.

Tab6auus 7.2. TexaiuHi XapaKTepUCTHKH 10HHOTO MIKpoaHaiizaTopa

[TepBuHHI i0HH Hopir N R s
YYTJIUBOCT1 T 2 S 2
c:sNE E 8".‘ = NPE E gﬁ % g X
ng E E é’ ‘% E{ Ea % o 5:“ E é é* CEE CreriajibHi
| 5 | &|S7 T|BE|E2E 88|85 E | yvosn
S =~ s |SS E|E8|ETE|lex |2 ER
o Z|EE| 2 |cE|cEF3|EE =2
a4 | 5|58 =55 E[2Z|3
> = = | X S = 2
Arf [5+10] 10 ] 10 | "™B"|510"% | 510" [510°| 400 |Hamyck O,
O, [5=10l 10 10 ["B"[1-10"°] 1-10" [ 1-10*] 400
3MIIEeHHS
0," [5+10| 10 | 10 |®As"]1-10"| 2:10" |1-10*| 2000 |3a emepriero
AE =50 B
O, [5=10] 10| 10 |°P |2-10"7] 810" [1-10°] 5000
Cs" [10+20] 2 | 20 |°'P"|3-10™| 7:10" [ 1-10°| 5000

3 MeTor miABHIIEHHS e()eKTHBHOCTI 300py BTOPHMHHUX 10HIB BHUTATYIOUHA
€JCKTPOJ IMEpCIHHOro 00'€eKTHBa TMOAIICHUM Ha CeKIii B IUIOMIHHI, IO
NEepHeHAUKYJIIpHA Ocl MepBUHHOrO myyka. [logaroun BiAMOBIAHI MOTEHIIaNX Ha
CeKIlii BUTATYIOYOTO €JEeKTPOJa, MOKHA HaJAIITyBaTH IMEpCiiiHWiA 00'€KTUB Ha
MaKCHMYM CHTHAJy BTOPUHHUX 10HIB. B mpocTopi Mix iMepcCiiHUM 00'€KTUBOM 1
BXIJTHOIO NIUTMHOK MAac-CTIIEKTPOMETpa BCTAHOBJICHO KBaJPYMOJBHUHN JeIIeKTOD,
SIKUH 3[IIHCHIOE TOAATKOBY KOPEKIIiF0 BTOPHHHOTO ITyJKa.

BropunHi i0HM, SKi TPOWNUIM BXIAHY IUIMHY, TOMAMAOTh Yy MOae il
CTUTMAaTUYHOI MarHiTHO1 npu3Mu. [IpoMixkHa IIiIMHA po3MIlIeHa B MpEeAMETHIN
IUIOIIMHI €HeproaHaiizaTopa, Auciepcis skoro D, piBHa gucmepcii MarHiTHOTO
ananizatopa D, (D.=-D,), 3aBasgku dbomy mnpunaa nepebyBae B pexumi
no/iBiitHOro (hokycyBaHHsa. BToprHHI 10HM BUAUIEHOI MacHu B MOJII €eHEproaHaiza-
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Topa (QOKYCyIOTh (32 €HEpri€r) Ha BUXITHY
HIUTMHY, SIKy MOJKHa PEryjiioBaTH B MeEXax 10194
0+ 1,5 MM Ta 32 sIKOXO BCTAHOBJIEHO MpUiiMay 10184
10H1B — kaHanotpoH BEII-6.

BumiproBaHHS MeXi 9yTJIMBOCTI 10HHOTO 1071
MiKpoaHaiizaTopa (3a 6opoM) mpoBoamwinocs  1(lo4
Ha tuiactuHax kKpeMmHuito KJ[B-80, KJIb-10, 151
KJB-1 Ta KJB-0,04 opienramii (100) 3 1Y
BUKOPHCTaHHAM INEpBUHHUX ioHiB Xe', Ar i 10'*f
O,". TlepBUHHUIA TTy4OK PO3rOPTABCA B PACTP 1 DA i
po3mipom 500 x 500 MKkM Ha MOBEpXHi B3ip1id, 101 10% 10° 10*10° 10°
CTPyM Tydyka y BCIX BHUINAJKaX CTAaHOBUB
0,85 MKA, mac-CIieKTpaJibHa pO3JUIbHA 3]1aT-
HicTe — m/Am = 400. Sk BumHO 3 puc. 7.7, 3a
nornoMororo IMA MokHa JOCSTHYTH TpaHUIT
gyTuBocti (3a Gopom) Ha piai 10™ em™ (y
BUMAJKy HepBUHHHX i0HiB O, ).

BumiproBanHs npodi1iB KOHIIEHTpAIIil IMITIAaHTOBAHUX JoMimok B, As Ta P
MPOBOJAWIIOCH JIJI1 TJIACTUH Si JlaMeTpoM 76 MM 3 PI3HOK TTOYaTKOBOIO
koHnentpaiiero 6opy (K/Ab-80, K/Ib-10 ta KJIb-0,04), siki BUKOpHCTOBYBaIU K
MiAKIAAKA CyOMiKpoHHOT TexHomoril. Ilpwm 1poMy BU3HAYaIM MaKCUMAaTbHUN
JUHAMIYHUN J1ala30H Ta Mopir 4yTiauBocTi npuiany IMA (3a gomimikorw) B
peXHMi OTpUMaHHS KOHUeHTpauiiiHoro mnpoduro. IIpodimi koHueHTpamii
nomimku 6opy y B3ipmi — mmactuHi Si (KED-1 Tta KE®-4,5) micns ioHHOT
iMmianTanii ionamu 6opy 'BY 3 eneprio E = 50 keB Tta gosoro D =1,9-10" cm™
OyJI0 OTpUMAaHO JIJISl PI3HUX 3HAa4Y€Hb IUIONII B110OpY BTOpUHHUX 10HIB — 80 Ta 5%
(puc.7.8, a). BumipioanHs 3jiiicHIOBamM 3a yMOBH 6oMOyBaHHsA ioHamu O, 3
enepriero E = 7,5 xeB Ta ctpymy ioHHOro myuka I = 0,6 MKA.

PeectpyBanHs 10HIB 75As+, 0coO0NMMBO Ha "XBocTax'" KOHIICHTpAIIMHUX TPO-

I, immm./c

Puc. 7.7. Buxia BTOpUHHHX 10HIB,
OTPUMaHHWKA JJIsi  OJHOPiIHOJIE-
TOBaHUX IUIACTUH Si 3 PI3HOK
00'€eMHOIO KOHIICHTpaIIi€l0 00py

I, imm/c N, cm™ Al imm/c N,, em™
" 10\ AE=0 eB  SAs" + . 104 b’
10 ) 29¢;30g;O* 10 10
5 54
1019 104 1020 104 1021
018 103 10" 103" 30 1020
3L ——————
1017 10 1018 10 m/Am=5000 1019
102+ =1400 10%+ AE=0 eB
10' 1 AE=50 eB 5 10" 1 10"
d +
o1 10 As e 10 o7
1 m/Am=600 1 1+
.f AE=0eB 1, XBof T, XB 1 T, XBof
15 30 45 Q) 15 30 45  0) 15 30 45  B)

Puc. 7.8. IIpodini xonnenrpariii 6opy (a), apceny (6) ta ¢ocdopy (B), iMIUIaH-
TOBaHMX B mutacTuHU Si Mapku KJIb
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dinie, y nprmagax MCBI femo yckinagHeHe yepe3 HAKIAAHHS HA TTiK ioHiB ~As”
miky MonekymspHoro iony >Si’'Si'®0". B mpunazi IMA meii HeIOmK yCyBaroTh
OUIIXOM 3MIINICHHS E€HEePreTUYHOI CMYTH MPOMYyCKaHHS €HeproaHaiizaropa B
Jiarna3oH BUCOKMX 3HAUYC€Hb BTOPUHHUX 10HIB. Ha puc. 7.8, 6 mokazaHO KOHIIEH-
TpauiHuit mpodine As y B3ipui — miactuni Si (KED-1) micns ionHOT iMmumaHTamii
ionie "As” 3 enepricio E=50keB Ta mosoro D=7,510" cm?, orpumanuii
6oMOyBaHHSIM TOBEPXHi MepBUHHNMH ioHamu O, 3 emepricio 7,5 keB i ctpymom
[ = 0,5 MxA. Bennunna 3MimieHsst eaepretuyHoi cmyru ctanoButh AE = +50 eB.

Ha puc. 7.8, B mokazano mnpodimi konieHrtpaiii ¢ocdopy y B3ipusgx Si
(KE®-1) micns ionHOT iMmmanTamii ionamu pochopy P 3 enepriero E = 50 keB
Ta 103000 D =6,3-10" cm?, orpumani GomGyBaHHsM iomamu Cs™ 3 eHepriero
7,5 xeB 1 ctpymom myuka [ = 0,1 MxA.

Kpim Toro, nasBanmii mpwmiang IMA pgo3Boiisie peecTpyBaTé JIBOBUMIpPHY
KapTHHY PO3MOJLTY €JIEMEHTIB Ha MOBEPXHI KPEMHIEBOI MJIACTHHU y BTOPUHHUX
ioHax. [y mporo B mpuiaai mepeadadeHo cuctemy IUGPOBOTO OIMPAIOBAHHS
CUTHaJIiB BTOPUHHHUX 10HIB.

7.4. KBaapynoJbHUii Mac-CIeKTPOMETP 3 BUCOKHUMH XaPAKTEPUCTHKAMHU
PO3AUIBHOI 31aATHOCTI

KBanpynoneni mac-criekrpomerpu (KMC) mopiBHSHO 3 MarHiTHUMH Mac-
aHai3aTOpaMH MalOTh Ha0araTo MEHIII pO3MIpM Ta HE BHMArarTh BHUCOKHX
IPUCKOPIOIOYUX HAIPYT, LI0 CIPOIlYye CHUCTeMy 3a0e3rnedeHHs Bakyymy. Taki
KMC Takox [03BOJSIIOTH ONEPAaTHUBHO 3IIMCHIOBAaTH aHalI3 CKJIagy TEXHO-
JIOTIYHOTO CEPEIOBUIA PEaKTOPIB 1 KUIBKICHHM aHaji3 MOBEPXHI CTPYKTYp Y
MOTOIl BTOPMHHHUX 10HIB. KpiM TOro, He3Ba)kaloun Ha HEBHCOKY PpO3AUIBHY
3MaTHICTh M/Am Ta HHU3BKY MEXKY
aHam3oBanux Mac ioHiB, KMC
HabaraTto JELIEBIIl, HDK MAarHiTHI
Mac-aHali3aTOpu, IO BIAKPUBAE
OIMPOKI MOXIIMBOCTI iX 3acTOCy-
BaHHA JUIsI KOHTPOJIO IMPOILECiB
cyomikponHoi TexHosorii BIC.

KBanpynoneHuit  aHamizaTop
(puc. 7.9) siBnsge coboO CHCTEMY 3
YOTUPHOX CTEPKHIB (€IEKTPOIIB),
JI0 SIKUX TIPUKIIAJIEHO SIK TIOCTIHHY,
TaK 1 3MIHHY BHCOKOYaCcTOTHY
HAIIPYTd, a pe3y/bTyrda Harpyra
3MIHIOETHCS 3a 3aKOHOM
U = Ujeer + Ugsin(ot). Tlpu mpomy
PI/IC. 7.9. By,[[OBa KBa,upynoanoro aHanisa- MUTTEBA Hanpyra Ha HpOTI/IJ'IG)KHI/IX
Topa: 1) BXiTHMI Iy4OK 10HIB; 2) CTEPKHI- omun OJIHOMY CTEpXKHSAX M€ OfHa-
CICKTPOAH; 3) ACTEKTOp; 4) JUKEPENO IMO-  koBwii 3HAK. TaKUM YHHOM, y TIPO-
CTIHHOI ~HANpPYrW; 5)JUKEpEeno 3MIHHOT cropi MiX eNeKTpojaMu BHHHKAE
HAIpyrH; 6) TPAaeKTOpii 10HIB CYKyMHICTh TIOCTIHHOTO Ta 3MiH-
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HOT'O €JICKTPUYHUX TOJIIB, HATIPSIMIICHUX MTEPIICHINKYISIPHO CTEPIKHIM. 3apsiKeH1
JacTHHKY (10HH) MOTPAIUIAIOTh B aHAJII3aTOP 3aBIAKH NMPHUCKOPIOIOYiN HAmpys3i Ta
pPYXarThCsl B HHOMY MapaliebHO eleKTpoaM. [1ig i€t mocTiiHOTO Ta 3MIHHOTO
CJICKTPUYHUX IIOJIIB 3apsDKEHI YaCTHMHKW TOYMHAKOTH KOJMBATHCS B HAIPSIMI,
NEPIEHANKYIAPHOMY PYXY, 30UIBIIYIOUN aMIUTITyly KOJHWBAHb 10 THX IIip, TIOKH
He OylyTh HeHTpami3oBaHi elekTpogaMu. TUIBKH T1 YACTHHKH, JJIs SKUX BEJIMUMHA
m/Z Binnoigae cmiBBiAHOMEHHIO Uo/Uy, MawTh CcTaOUIBHY aMIUITYIy
KOJINBaHb 1 MOXXYTh MOTPAIlUTH HAa BUXOJ1 aHami3aTopa B IETEKTOp. 3MIHIOIOUH
CHiBBIiTHOIIEHHS MDK Hanmpyramu U, 1 Uy Ta iXHIO BEIWYHHY, 31HCHIOIOTH
CKaHyBaHHS BChOTO CIEKTPY Mac. 3aBASKH Takid OCOOJIMBOCTI KBaJApYyMoOJsi, HOTO
I1Ie Ha3WBaIOTh PLIBTPOM Mac.

CrnemianeHo st cyomikponHoi TexHomorii BIC pospobneno KMC, sikuii
JIO3BOJISIE OTPUMATH SIKICHUN CIIEKTP Mac BaXXKKUX 10HIB 3 Macoro moHag 600 a.o.m.,
a TpaHMYHA pPO3AUTPHA 3JaTHICTP M/Am B [Jiama3oHi MAacOBHX YHCEN
10 = 600 a.o.m. He menma 1500. Kpim Toro, takmii KMC xapakrepusyroThCs
MaJIMMH Ta0apUTHUMH PO3MipaMH KBaAPYIOJILHOTO GUILTpa Mac Ta 3abe3nedye Ha
MOPSJIOK MEHIIMA Yac CKAHYBaHHS CIEKTPY Mac IOHIB, IO € BaXXIIMBUM JJIS
KOHTPOJIIO TIPOIIeCy Oararo3apsIHOi I0HHOT IMIUIaHTAIlil B TEXHOIOT1i (hopMyBaHHS
cyOMikpoHHux ctpyktyp BIC.

AmnanmizaTop Ma€ MIWIIHAPUYHI E€JIeKTPOIU TIaMEeTpPOM 8 MM Ta JOBXHHOIO
15 cm. JIxepeno 10HIB BIAKPUTOrO THUITY MICTUTH J[Ba KAaTOJW, OJHMH 3 SKHX
pesepBHui. Jlnsg  ekcTpakiii Ta (GOKyCyBaHHS 10HIB BHKOPHUCTOBYETHCS
JBOXeJIeMeHTHa JiH3a. Buxinna notyxHicte BU reneparopa cranoButh 250 Br.

Tabmn. 7.3 nemoHcTpye otpumani 3a qonmoMmororo KMC 3HaueHHs! puBEICHUX
IHTEHCUBHOCTEH MAaCOBHX MIKIB OCKOJOYHHUX 10HIB HepPTOPTpUOYTUIAMIHY
(C12F4N), saxuii nepeOyBaroTh y Kamepi MiJi THCKOM 10 Ia. IIpu oMy eHepris
ioniB ctanoButh 30eB a crpym ewmicii — 0,4 MA. Jlns MOpIBHAHHS HaBEICHO
IHTEeHCHBHOCTI ITKiB, oTpuMaHi Ha Mac-criektpomeTpi SQ-30 ¢ipmu "Finnigan
MAT". 3 taGaumi 7.3 BUAHO, MIO TPAHCMICIS BaXXKHX Mac 10HIB JIJISI BKa3aHUX
THUIIIB MPUJIAIIB € PUOIM3HO OHAKOBOIO.

Puc. 7.10 imrocTpye BHCOKY SKICTh (OpPMH MacoBOro IMiKy 10HIB
neppTopTpuOyTUIaMiHy, a TaKOX 3MIHY BEJIMYMHU HOTO IHTEHCHUBHOCTI 3
MiIBUIIEHHSM PO3JIUTBHOI 3/1aTHOCTI, fIKa XapaKTePU3YEThCS BEIWYMHOIO Ry s,
Bu3HaueHo0 Ha 50%-0oMy piBHI BHUCOTHM MAacoBOro MiKy. IHTEHCHBHICTH B

Taoauuns 7.3. [lopiBHsuIbHA TaOIUIISI IHTEHCUBHOCTEH MAaCOBUX IMIKIB OCKOJIOYHUX
ioHiB ieppropTpudytrnaminy Ci,Fo4N, %, Bumipssaux 3 qonmomororo KMC ta mac-
criektpomerpa SQ-30

Macose
qUCIIO

31 | 69 | 114131169 | 176|181 | 214 254|414 464|576 | 614

KMC |2,0]100]58|45(21]09[09/05]|85/|22[27/0,7]0,7

SQ-30 | 1,9 |100| 4,8 {30,5|2,70,5|0,6 | 0,6 10,312,9|2,1]0,2|0,3
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MaKCUMyM1 3MEHIIY€EThCS 3 1] BUIICH-

A1, mac.imm./c : . .
HSAM PO3JAUILHOI 3AaTHOCTI HMPHUOIH3HO

60t 9200 730 nponopiiiHo 1/Rgs.

BuGip neppropTpudyrunaminy sk
407 00'eKTa IOCITIIKCHHS OYJIO MPOAMKTO-
204 BaHO MOTO MIMPOKUM 3aCTOCYBaHHSIM Y

CyOMIKpOHHIM TEXHOJOT1i B SIKOCTI

' » PE3UCTy Uil €NEeKTPOHHOI, 10HHOI Ta
414 m/Z  pentreniscbkoi goronitorpadiii. Brac-
He merogq MCBI 3 BUKOpUCTaHHSIM
KMC € ogHuM 3 OCHOBHUX IHCTpY-
MEHTIB JIOCIIJDKCHHSI TIPOIIECiB HaHe-
CEHH$, CYIIIHHSA, 3a7yOJeHHs, eKCIo-
HYBAaHHS, TPOSBIEHHS Ta TpPaBJICHHSA
PE3UCTIB Yy TEXHOJOT1l POPMYBaHHS TOTIONOTII CYOMIKPOHHUX CTPYKTYP.

PosristHemo Tenep OCHOBHI YMHHHUKH, IIO OOMEXKYIOTh OTPUMAaHHS MaKCH-
MaJIbHOI PO3IUTIbHOI 3/IaTHOCTI, sIKa BU3HAYA€THCSA KIHIIEBUM YacOM COPTYBaHHS
10HIB y KBaJpyIOJbHOMY aHamizatopi. Takwil dac, 3a3BUYail, BUPAKAETHCS
KUTBKICTIO N mepiofiB BU-mosis, BIpoAOBXK SKOro aHalli30BaHMN 10H mepedyBae B
Mmac-cenapaTtopi. Po3ainbHa 3matHicTh Ros Bu3HauwaeTbes 3a 50%-uM piBHEM 1i
KBQIPATHIHO 3aJICKHUTh BiJl YMCIIa MIEPIOAIB N:

Ros=n"/h, (7.1)
ne h — crana, sika As pi3HUX OpraHIYHMX MaTepiaiiB ctaHoBUTH 10,5 + 30, a 3a
TUTIOBE 3HAYEHHS MpUiiMaioTh h = 25.

®Di3MYHOr0 OOMEKEHHS PO3JIUIBHOI 31aTHOCTI IMEBHOIO MIPOIO MOYKHA YHUK-
HYTHU 32 paxyHOK MiJBUIIeHH YacToTH BY — momns, noBkuHu aHamnizaropa L abo x
3a paXyHOK 3MEHIIICHHS €Heprii aHani3yrouux 1oHIB, ockutbku n = (L-¢)/V, (V, —
HIBUAKICTH 10HA). JloBxkuHa enekTposiB L oOMekeHa TeXHOJOri€0 BUTOTOBICHHS
CJIIEKTPOJIIB aHaji3aTopa 3 MIKPOHHOIO TOYHICTIO 1 He mnepesumrye 300 mm.
[TinBumenuss wactotu BY-reHepatopa NpU3BOAUTH 1O 3MEHIIEHHS BHUXITHOI
aMIUTITYJU KOJUBaHb, 1110 OOMEXYE Jiarna3oH MacoBux 4ucesn. Tomy yactota BU-
nons He mnepeBumnye 1 +2 MI'm. 3MeHneHHs eHeprii 10HIB NPU3BOAUTH [0
pO3CIIOBaHHSAM iX Yy KpaHOBUX MOJSX aHalizaTopa, M0 € MPUYMHOKI BTpaT
TpaHCMICIi BaXKKUX Mac 10HiB. MiHIMalIbHEe 3HaYEHHS €HEPrii aHaJi3ylouuX 10HIB Y
ra30BOMY aHaJIi31 y BUIMAJKY MalUX PajiycCiB Iy MMOJIA aHaIi3aTopa CTaHOBUTH | eB
1 TaKOXK € 0OMEXEHOI0 BEJIMUYMHOIO (TYT BEJIMUYMHA I € BiacTaHb Bifg oci KMC no
CTEP>KHIB-€JIEKTPO/IIB).

TakuM YWHOM, MIABWINATA PO3AUIBHY 3JAaTHICTP MOXHA TUIBKHA IUIIXOM
3MmeHIeHHa KoedimienTa h. 1o BennunmHy h HEOOXiTHO 3MEHITYBAaTH TAKOXK JJIsS
TOTO, MIO0W 30UTHPIIMTH TPAHCMICIO BaXXKWX Mac 10HIB. JlificHO, sl TOrO 1100
10HA TPOXOAMIN KpaloBI MOJS PO3MIPOM Iy 0€3 CYyTTEBUX BTPAT, BOHU TMOBHHHI
Matu MmBUAKICTE UV, > (ro'V)/(n'h). 3Bimcu MoXHa BCTAaHOBUTH 3B'I30K MK
pajiycom moJis 1y, JOBKUHOIO aHai3aTopa L Ta iloro po3aiibHOIO 31aTHICTIO:

Rgs5=n2PL? / (1°h). (7.2)

Puc. 7.10. 3anexHictb GopMu MacoBOro
. . . + .

mka 10HIB CgFigN  Big BeanmyuHU

PO3AUIBHOI 31aTHOCTI Ry 5

158



Hampuknan, y BUNQAKy BHKOPUCTAHHS
aHaji3aTopa B Jiama3oHi BEIMKAX MAacCOBUX
yucena m= 1000 a.o.M, J1I1 OTpUMaAHHS BUCO-
KOi SIKOCTI MacoOBOTO CHEKTPY HEOOXigHO,
moOu  po3minbHa 3AaTHICTE  Rgs = 2000.
Bubpapmu h =25 1 ry= 0,35 cM, 3HaxX0auMO
L >39 cm. OckiibKM BUTOTOBJICHHS aHaji3a-
TOpa 3 MaluM paaiycoM Ty 1 BEJIHKOIO
JTOBXKHHOK L € CKIaHUM TEXHOJOTIYHUM
3aBJIaHHSIM, TO CJIIJI 3MEHIIUTH Yac cemaparii
10HIB 711 JOCSATHEHHS 3aJaHOi PO3IUIBHOI
3JIaTHOCTI, IO TaKOX JIO3BOJISIE PO3IIUPUTH
J1alia3oH €HEprii  aHaj;i3oBaHMX I10HIB 10 Puc. 7.11. CnekTp OCKOJIOYHUX
60 + 90 eB. Kpim Toro, maBUIIYeTbCA YyTIH- ioHiB  nepdTopTpuOyTHIAMIHY
BiCTh eneMeHTHOro ananisy merogom BIMC. macoro 502 i 503 a.o.m. (3anmu-
BracHe 3acTOCyBaHHS KBAaJApYINOJIbHHX Mac- koBuil Tuck 2107 [la, enepris
CIIEKTPOMETPIB I aHaNli3y BaxKKuX 10HIB (10 iowuiB 50 €B, ctpym emicii 0,4 A)
4000 a.0.M) A03BOJIIE JIOCATHYTH PO3AUTBHOL
3/IaTHOCT1 Ha PIBHI 10* = 106, [0 HEOOX1THO
JUTSE KOHTPOJTIO TIPOIIECIB Cy0- 1 HAHOMIKPOHHO1 JiTorpadii.

JIJist pO3TIIIHYTOTO BHINE MAac-CIIEKTPOMETpa JocsiraeTbest 3HadeHHs h = 0,77,
0 HAa TOPSJOK MEHIe TUMOBMX 3HadyeHb h. Lle miaTBepKyeTbcs NUISTHKOIO
CIEKTpa OCKOJOYHHUX 10HIB mepPTopTpuOyTUIaMiHy 3 MacoBUMH uuciamu 502 1
503 (puc. 7.11). HesBaxkaroum Ha wmaiy noBxkuHY aHnamizaropa (L =15 cm),
JIOCATAETHCA PO3JLIbHA 30aTHICTh Rg 5 > 1500.

TakuM 4YMHOM, KBaJApPYMOJbHUM MAac-CIIEKTPOMETP JI03BOJISIE  SIKICHO
IPOBOJIUTH AHAII3M TUIA3MOXIMIYHMX Ta JITOrpadiyHUX MPOLEciB CyOMIKpOHHOT
TEXHOJIOT1{ HE TUIBKU 3 BUCOKOIO PO3AUILHOIO 3/IaTHICTIO 32 MACOBUM YHUCJIOM, alie
it 3 BHCOKOIO UyTIHBiCTIO, sika csrae 1072 =+ 107 A Ha pisiB mrymis 107 A.

7.5.MCBI sk edeKTMBHHI MeTOA KOHTPOJI SIKOCTI IOBEpPXHI
KpPeMHi€BHX NJIaCTHH Nepea ¢popMmyBaHHsAM cTpyKTYyp BIC

31 3pocTaHHSAM CTyHEHs IHTerpamii Ta 3MEHIIEHHS TOMOJOTIYHHX PO3MIpiB
eneMeHTiB cTpykTyp BIC migBHINYHOTBCS BUMOTH J0 SKICHOTO OOpOOJIeHHs IIO-
BEpPXH1 KPEMHI€BUX MiNKIaT0K. OJTHOYACHO 3 HEOOXITHICTIO 3a0€3MeUeHHs TUI0C-
KO-TIapajieIbHUX JIOCKOHAJTMX IOBEPXOHb MIAKIAAOK miamerpoM 150 + 250 mm
Ha/J3BUYAHO BaX/IMBUM € (OpMYBaHHsA O€30MIIIKOBOIO CTPYKTYPHOIO Ta
CTEXIOMETPUYHO BIOPSIKOBAHOTO MIOBEPXHEBOT'O MIAPY, SKUH BU3HAYAE BEIMUUHY
3apsgoBoro crany Ha Mexi Si-SiO, i WOro TepMonoiaboBY CTaOiMBHICTH. Jms
KOHTPOJTIO SIKOCT1 TOBEPXHI MIAKJIAIKH HAI3BUYaliHO 3pyaHUM € MeToq MCBI.

Posrnsitnemo pesynbratu MCBI nocnimgkenp SIKOCTI MOBEPXHI KPEMHIEBHX
IUTACTUH, SIKI BHUKOPUCTOBYIOTH 1isi ¢opmyBaHHS cTpykTyp BIC. OO6poGneHHs
MOBEPXHI KPEMHIEBUX IUIACTHMH OYJI0 TMPOBEICHO METOAOM 10HHO-XIMIYHOTO
nosiipytoyoro TpasineHHs (IXIIT) nampaBineHum notokom ioHiB Ar, O,, CFs; Ta
iXHIX cymimiedl 3 pi3HUM CITIBBIIHOIMICHHSAM KOMIIOHEHTIB y Jiala30Hl €Heprii
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0,4+20xkeB. [lis KOHTPOIIO SIKOCTI OYHUIIEHHS IOBEPXHI Si-MJIACTUH Bij
METAJIEBUX 1 OPTaHIYHUX 3a0pyAHEHb MOCITIIKYBAJIM MAac-CIEKTPH BTOPUHHUX
iOHiB, OTpHMaHi PO3NMICHHAM IOBEPXHi IydKkoM iOHiB Ar 3 eHepriero 6 keB Ta
mBuAKicTIO po3nwieHHs 100 um/xB. Ilpu 1bOMY BHUMIpIOBaJIM 1HTEHCHUBHOCTI
BropuHHKX ioHiB Si, SiO’, SiOH', Si,", Na', K', Br' Tta Fe'. Ixni inTerpansni
IHTEHCUBHOCT] PO3pax0OBYBAJIM OJJHOYACHO 3 MOIIAPOBUM TPABJICHHSM MIapiB Si Ha
rmmbuny 0,15+ 0,2 mxm. Kpim Toro, meroaom peduexrometpii (A =337 Hm)
BU3HAYaJIM BIJHOCHY 3MiHY KoedimieHTa au(y3iHHOTO pO3CiIOBaHHS CBITIIA
AP = B,/B1 TOpIBHSHO 3 MEPBUHHOK (BUXIIHOK) MJIACTHHOIO Ta CEPEIHBOKBAIPA-
TUYHOTO BIHOIICHHS MIKPOHEPIBHOCTEH (0).

Hezamexno Bim ckimagy momipytodoi razooi cymimi IXIIT 3menmye
KOHIIEHTPAI[II0O HATPII0 HA MOBEPXHI KpemHito. s kajito MaeMo Jenio iHiry
kapTuHy. OCKUIBKM Kallii, Ha BIAMIHY BIJ HaTpilo, MICTUTBCS B TJIMOMIKX
npunoBepxHeBux mapax kpemHiio, To IXIIT 3 BukopucTaHHAM OE3KHUCHEBHX
CyMIllIeil MPaKTUYHO HE BIUIMBAE HA HOTO BMICT. 3 1HIIOTO OOKY, 3aCTOCYBAHHS
cymimeir O, + Ar 1 O, + CF,, HaBmaku, pi3Ko 3MEHIIYE I1HTCHCHUBHICTh IIIKY
BTOpUHHHX i0HIB K' TIOpiBHSHO 3 TIEPBHHHOIO IIOBEPXHEIO KpeMHil0 (10
o0poOnenns). KoHmeHTpallis Kajil0 Ha MOBEPXHI 3aJICKUTH Bif MPOMOPIT Mik
KOMITOHEHTaMH TIOJIIPYIO4oi cyMmilri, a i MIHIMYM CIOCTEPIraeTbcs y BUNAIKY
Bukopuctanus cymimi O, + CHy y criBBigHOIIEeHH] 1 : 2. 31 30UTbIIEHHSAM TYCTHHH
MOTOKY 10HIB MOJIIPYIOYOT0 CEPEJTOBUINA KOHIIEHTPAIIS KATil0 B IPUIIOBEPXHEBHUX
mapax Si 3pocTae 1 MOXKE HaBITh IEPEBHINYBAaTH KOHIECHTPAIIO Kalilo Ha
NOBEPXHI MEPBUHHOI KPEMHI€BOI IJIaCTUHU. BcTaHoBineHa mpsiMa jorapugmivyHa
3aJI©KHICTh MiX IHTEIPAJbHOIO iHTEHCHBHICTIO BTOPHHHMX i0HiB K Ta ryctnHOIO
MOTOKY 10HIB MOMIPYIOYOT CyMIIII.

Hicns IXIIT iomamu Ar HOBepXHi KpPeMHII0 3MEHIIYEThCS il BiTHOCHHIA
KoedirieHT audy3ifHOro po3citoBaHHs cBiTIa 10 BenmunHu AP =0,05, a
CepeHbOKBAIPATUYHE BIIHOIIEHHS MIKpOHEpiBHOCTEHN & — 10 1,7 HM. BBenenns B

ra3oBy CyMIlll XIMIYHO aKTHBHOTO

0% O, 50%0, 100% O, razy (O, uun CF,) npusBoauth 10

é_ MOAANBIIOr0 3MEHIICHHS Koediri-
& 0,107 €HTa AP, MiHIMaJIbHE 3HAYEHHS SIKOTO
I cnocrepiraerbest  micas  IXTIT B
= 0,08¢ Ar+CF, . . :
< cymimi O, + Ar y CHiBBIAHOIIEHH1
0,064 3:1 (puc. 7.12).
IXIIT  moBepxHi  KpeMHIIO
0,04+ CF,+0, ionamu O, CYNMPOBOIKYETHCA TAKONK
PI3KUM  3pOCTaHHSIM 1HTEHCUBHOCTI
0,021 BTOPUHHUX i0HiB SiO' 10 3HAaUeHHS,
Ar+0, ] 0 TEPEeBUINY€E IHTEHCHUBHICTh BTO-

=} i | . . . ~+ o
100% Ar 50% Ar 0% Ar ~ PHHHHX 1OHIB SlQ Ha [EpBUHHIA
noBepxHi KpemHito. Kpim  Toro,

Puc. 7.12. 3anexuicth koedilienTa 1udy- BenudMHA IPUPOCTY IHTEHCHMBHOCTI
3IMHOrO PO3CIIOBaHHA CBITJIA BIA XIMIY- 30UIBLIYETHCS 31 3POCTAHHAM dacy

HOTO CKJIaJly TIOJIIPYIHOYOTr0 TpaBHUKA Si TPaBJICHHS Ta 3MEHIIYEThCA y pasi
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A I56$i2+a

4+ YM. On.
a) 6)
I44Sio+, AB:
L. OF —B2/Bs
o /F—+ { 4 4 '
0,1 0,2 0,3 0,02 0,04 006 0,08

2

Puc. 7.13. 3anexHOCTI MiXK: a) IHTETpAIbHUMHU IHTEHCUBHOCTSMH BTOPHWH-
. . «+ . . ~+ . .

HUX 10HIB Si; 1 SiO'; 0) iHTerpaJbHUMH IHTEHCUBHOCTSIMH BTOPUHHHX

10HIB Ta KoedilieHToM AUQYy31HHOTO po3citoBaHHs CBITIa AP

nonaBaHHs A0 kucHO Ar a6o CF,. Ilicns TpaBieHHS KpeMHIlO MOJIPYHOYUMHU
CyMilllaMH B IPUIIOBEPXHEBUX IIapax TOBUIMHOO A0 0,16 MKM He CrocTepiraeThest
BTOPHHHHUX 10HIB SiO". Ha BimMiHy Bif cymimi O; + Ar y Bumaaky O, + CH,
iHTEHCHBHICTh BTOPHHHUX i0HIB SiO' IPaKTUYHO HE 3alEKHTh BiJ BMICTy KHCHIO
B CyMIllll, OJTHAK SIKIO MOT0 KOHIIEHTpAIlisl CTaHOBUThH 75%, TO Ha moBepxHI Si
BiKE MOKHA BUSABMTH BTOpHHHI ioHM O, .

B npunosepxueBux mapax Si micns [XIIT crnioctepiraloTbecsi TaKOXK BTOPUHHI
ioan SiOH', iHTeHCHBHICT SKMX (IIOPIBHSHO 3 TIEPBHHHOI KPEMHIEBOIO
IUTACTUHOIO) 3pOCTa€ y BuManky Bukopuctanus cymimi O, + CFs; Ta myxe
3aJleKUTh BiJ HampsMKy TOTOKY 10HIB. s cymimi O, + Ar iHTEHCHBHICTb
BTOpUHHUX i0HIB SIOH " 3MiHIOETECS HE3HAYHUM YHHOM.

B xomi mpoBedcHHS €KCIIEpUMEHTY OyJi0 BHUSBJICHO, IO IHTEHCUBHOCTI
BTOpUHHUX ioHiB SiO" Ta Si,” npsmo mponopuiiui Mix coboro (puc. 7.13, a). Kpim
TOTO, BCTAHOBJIEHO XapakKTep 3aJeXHOCTI MK AP Ta IHTEHCHUBHICTIO BTOPHUHHHMX
iomis SiO’, SiOH' i Si,’ (pmc.7.13,6). Ilpy IbOMYy MEHIIMM 3HAYEHHSM
intencuBHocTi SiO' BiAMOBINAOTH MEHIN 3HAYCHHS AP, a MOMEHT IIOBHOI'O
3HUKHEHHS 3i CTeKTpa BTOPUHHUX ioHiB SiO" BiAnopizae MakcumMymy Ha rpadiky
3ase)HOCTI Isiop+(AP) moomm3y AP = 0,045. MenmmmM 3HadueHHsIM AP BiamoBimae
TaKO’X BHUIIA IHTCHCUBHICTH BTOPUHHHUX 10HIB Si,", 1110 MOXHa PUOIN3HO OIHUCATH
dopmynoro AP = -R-In(Isj+ + Lo).

Takum ynHOM, OTpUMaHI Pe3yJIbTaTH HAOUYHO NEMOHCTPYIOTh BHCOKY UYTJIH-
BicTb Metogy MCBI no crany nocmimkyBaHOI MOBEPXHI KPEMHIEBHX IUIACTHH 1
MOXJIMBICTh HOTO BHUKOpUCTaHHS st KoHTpodito sikocTi IXIIT kpemHieBHX
TUTacTUH neped GopMyBaHHAM (QYHKIIOHAIBHUX mapiB cTpykTyp BIC.

7.6. Ckanyrwuuii ioHHH# Mikpo30oHa " IIIunoBHUK"

EdextuBHe po3po6sieHHST HOBUX BHUPOOIB MIKPOENEKTPOHIKM Ta ONTUMI3ALlis
TEXHOJIOTIi iX BHTOTOBJICHHS HEMOXJIMBI 0e3 gocToBipHOi iH(pOpMAarii 11010
XIMIYHOT'O CKJIaIy Ta PO3MOJALTY JEryrouuX 1 ()OHOBHUX JOMIIIOK SIK B 00'eMi, Tak i
Ha TMOBEPXHI TOHKOIUTIBKOBHX IIApyBaTHX CTPYKTyp. Taky iH@opmalio MOXkHa
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Cucrema
Ionna rapmara 3 »| DPEECTPYBAHHS Ta |
AyOIIa3MOTPOHOM ~— Ar+, 02+ ,N2+ 06pobku - EOM
r Cucrema Y
lapmara 360Dy brnoxk
HEUTpa3alll | BTOPUHHMX JKUBJICHHA

Ta KEPYBaHH:
A |
Mac-cenaparop
(pineTp Bina)

bnok
JKUBJICHHA
Ta KEPyBaHHA

Konexrop
BTOPHUHHUX

10H1B

Baipens

lonna rapmara
3 PILAMHHOMETAJICBUM
10HHUM HKEPEIOM

BakyymHa
cucrema

Puc. 7.14. ®yHkIioHanpHA CX€Ma CKAaHYKYOrO I10HHOTO MIKPO30H/Ia
"IumoBHUK"

OTpUMATHU 3a JIONIOMOTOI0 (Hi3UKO-aHATITUYHOTO KIJIACTEPHOTO OOJaJHAHHS, SKE
6a3yeThCsl HA METOIUIII BTOPUHHOI 10HHOI Mac-criekrpometpii (MCBI). 3aBasku
BUCOKMM aHAJITUYHUM XapaKTEPUCTHUKAM, BTOPUHHO-10HHI Mac-CIIEKTPOMETPHU
PI3HUX THUIIIB € HE3aMIHHUM KOMIIOHEHTOM OOJIaJIHaHHS IIEHTPIB PO3POOJIECHHS Ta
BIOCKOHAJICHHS TEXHOJIOT11 OpMyBaHHS Cy0- 1 HAHOCTPYKTYP.

Ckanyrounii ioHHHA Mikpo3oH7 YAE.OILE.0.0001-008 (puc. 7.14) npu3sna-
YeHUU JUIsl TPOBeAeHHS MPO(GUILHOTO €JEMEHTHOIO aHalli3y HaIiBIPOBIIHUKOBUX
1 MeTaJeBUX IUTIBOK Ta OTpUMaHHS 300pa)keHb (MIKporpaM) MOBEpPXHI JOCIif-
KyBaHHUX 00'€KTIB y BTOPUHHHX €JIEKTPOHAX Ta 10HaX 3 PO3JUICHHSAM OCTaHHIX 3a
BETMYMHOIO  BINHONIEHHS 1XHBbOi Macu Jo 3apsagy m/Z. 3a  cBoiMu
XapaKkTEepUCTUKAMH MIKPO30H/I BIAMOBIZA€ aHATIOTIYHOMY yCTaTKyBaHHIO M1Q-256
(Riber-Cameca, ®@paniris).

o ckiany 10HHOTO MIKPO30H]1a BXO/ISITh:

— BaKyyMHUH OJIOK i3 3aco0aMy BifKayyBaHHS, BUMIPIOBaHHS BaKyyMmMy Ta
CHCTEeMOIO BIOPOI30JIAIIiT;

— KaMmepa I JAOCIIKEeHb, B SIKIM PO3MILIYIOTH JuKepesna 30yIKeHHs (10HHI
rapMaTH), Mac-CIIEKTPOMETP, KOJIEKTOp BTOPUHHHX 1OHIB (EJIEKTPOHIB) Ta
MaHIITyJIATOP B31pIliB;

— 3aBaHTAXKYBAJIbHO-IIIJIFO30BUI  MPUCTPil 3  arperaToM JOMNOMDKHOIO
BiJIKauyBaHHS,

— cHcTeMa KepyBaHHS i aBToMarm3ailii Ha 6a31 EOM;

— OJIOKM peeCTpyBaHHs, BinoOpakeHHsI i1H(poOpMallli, CKaHyBaHHS 10HHUMH
rapMaTamu;

— cTabi1i30BaH1 HU3bKOBOJIBTHI Ta BUCOKOBOJIBTHI JKepesia )KUBJICHHS.
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HocmipkyBanuit  B3iperp  jgiamerpom  jgo 100 MM po3MimiyeTbesi  Ha
MiAKIagKOTpUMadi pobo4yoi Kamepw 1 3a JOMOMOTOI0 HaliBaBTOMATHYHOTO
MaHIIyJISITOpa MOXKE MO3UIIIOHYBATUCS I aHATI3y Oy/b-sSKOI TOYKH TOBEPXHI 3
TOYHICTIO 10 =5 MKM. KOHTpOJIb MO3UIIIOHYBaHHS 31MCHIOETHCSA 3a JIOIOMOTOIO
dboTtokamepu. Ha B3iperns Takok MOXKHA TTogaBaTH moteHIian o 500 B.

[lepBUHHI 10HU OTPUMYIOTH 32 JOTIOMOTOK J1YOIJIa3MOTPOHHOTO TeHepaTopa
a00 piIIMHHOMETAJIEBOIO aBTOHOMHOIO JpKepena. Jyoria3sMOTpOHHHUIN TeHepaTop
joniB Ar, O, i N, 3 xomomuuM Ni-KaToaoM mT03BOJSE OTPUMYBATU Mac-
cemapoBaHi 10HHI my4ku giametpoM g0 10 mxMm 3 enepriero ioHiB 1 + 15 keB Ta
MaKCHMAIbHOK TYCTHHOW CTpyMy 10 10 MA/cm®. Binbip BTOpHHHMX ioHiB
3MIHCHIOETBCS Mac-cemaparopoM (¢pizeTpoMm Bina). Po3ramoBani mepen 00'ek-
TUBOM BIIXWISIOUI IJIACTUHU B PEKUMI CKaHYBaHHS PO3TOPTAIOTh 10HHHH ITy4YOK
Ha TMOBEPXHI1 B3PI B pacTp 3 MakCUMaJbHUM po3MipoMm 1x1 mm. BinkauyBaHHs
KOJIOHH 3AIHCHIOITE TypOomonekyisapHoo mommor 01AB-450-003 Ta kpioreH-
Hoto mommnoro 010BK-600-0B, siki mepexkpuBalOTh CHCMIAIBHAMHU IMTHOSPHUMU
3acyBamu. PimuHHOMETaneBe aBTOHOMHE JKepeno 3abesneuye cTpyM 1oHIB Ga B
miarmaszoni 10° = 10" A ta miniMansauit giamerp myuxa | mxM. Exeprist mepBuu-
HUX 10HIB Y IIbOMY pPEXHUMIi CTaHOBHTH 15 keB, a po3mipu pactpy Ha B3ipii —
100%100 MmM.

B pouni mac-cemaparopa BTOPUHHHUX 10HIB BUKOPHUCTOBYIOTH KBaJIPYIOJIbHHIA
Mac-CIEKTPOMETP 3 aMIUTITYIHOI MOJYJISIIEID, PO3PAXOBAHWW HA JTiama3oH
MacoBux yucen 1 + 300 ta 2 + 600 a.0.M, 3 TPAaHUYHOIO PO3AUTHHOIO 3JIaTHICTIO 32
Macoro Ha piBHI 50% BHCOTH MIKY, IO CTAHOBUTH M/Am = 5Sm.

st ckanytodoro ioHHOrOo Mikpo3oHaa "lllunmoBHuk" mnepembaueHo Taxi
PEXKUMU:

— OTPUMAaHHS Mac-CIEKTPy BTOPHMHHMX IOHIB y 3aJaHiid IUISHIII TOBEpPXHI
B3iplIsE HEPYXOMUM a00 CKAaHYIOYMM 10HHUM IyYKOM, a TaKOX OTPUMaHHS Mac-
CIIEKTpa 10HIB 3aJIUIIKOBOI aTMoc(epu BakyyMHOro 010Ky (pexxum MC);

— MPOBEJICHHS MOIIApPOBOr0 aHaJ3y 3a IIICTbMa XIMIYHUMH eJieMeHTaMu (abo
iXHIMU CIIOJIyKaMH) Ha INIMOMHY /10 5 MKM LUISIXOM CKaHYBaHHS 10HHOT'O IydkKa 3
€JICKTPOHHHUM CTPOOYBaHHAM OJIOKY peecTpyBaHHs (peskuM [1A);

— OTpUMaHHS 300pa)keHb (MIKpPOrpaM) MOBEPXHI Y BTOPUHHUX EJIEKTPOHAX,
K1 30yIKYIOThCS I0HHUM TTydkoM (pexum BE);

— OTpUMaHHs 300pa)kKeHb (MIKpOrpaM) IOBEpPXHI Yy BTOPHHHHUX IOHax 3a
TphOMa XIMIYHUMH eJIeMEeHTaMU a0o iIXHIMH crioiaykamu (pexum BI).

B pexumax MC i [TA BUKOPHCTOBYIOTH JyOIUIa3MOTPOHHE JIXKEPEIIO 10HIB, a
B pexxuMax BE 1 Bl — pinuaHOMeTaneBe.

MOXJIMBOCTI Takoro MIKpO30HAa B pekuMi mnomapoBoro anamizy (IIA)
JEMOHCTPYIOTh ~ pe3yidbTaTh  aHamizy  B3ipusg  kKpemHiro  (puc. 7.15, a),
immiarToBanoro Gopom (E = 100 xeB, D =250 mxKi/cm?). Mexa BHSBICHHS B
IbOMY BHNAJKy CTaHOBHJIA 10" CM‘3, a TMHAMIYHUU J1ama3oH 3MIHU CUTHAly Ha
cnajHid JadgHIl  — 10°, Pesynbrati momrapoBOro aHaiildy TOHKOIUTIBKOBOI
ctpyktypu GaAs, neroBaHoi Al, nemoHcTpye puc. 7.15, 6. B 000x BHmaakax B
AKOCTi TIEpBMHHHMX BHKOPHCTOBYBamuch ioHM O, 3 eHepriero E,=13 keB,
ctpymoM Iy = 200 HA, a po3mip pactpy ctanoBuB 500x500 Mxm.
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MOXJIMBOCTI MIKpPO30OHJa Il  OTPUMaHHS MIKpPOrpaM Yy BTOPUHHHX
CICKTPOHAX JEMOHCTpye pwuc. 7.16,a, Ha skoMy 300pakeHa JUISHKA
MIKpOKaHAJIBHOI IUTACTUHU BTOPUHHOTO €JIEKTPOHHOTO TIOMHOKYBaya 3 A1aMeTpOM
oTBOpY | MKM, OTpMMaHa 3a JONOMOrol mnepBHHHHX ioHiB Ga (E =15 keB,
1=10"" A). KigsKicTh eqeMeHTIB po3KIaLy MiKporpaMu CTAaHOBHTb 256x256, a
rpagailii IHTEeHCUBHOCTI BTOPHHHOI €JIEKTPOHHOI eMiCii BIAMOBITAIOTh XIMIYHOMY
Ta TONorpadyHOMY KOHTPACTY OBEPXHI MJIACTUHHU.

Ha puc. 7.16, 6 300paxkxeno mikporpamy ctpyktypu BIC y BTOpMHHHX i0HaX
YAI', orpumany 3a momomororo myuka iomieB Ga' (E=15xkeB, I1=10""A).
KinbkicTh enieMeHTiB po3kiaay Mikporpamu — 128x128, yac HakoNmUYeHHsI CUTHA-
Ty KOKHHM 13 eneMeHTiB ctaHoBuTh 0,05 c. I'pamamii iHTEHCMBHOCTI BTOPUHHO1
10HHOT eMicii TPOMOPIIiHI KOHIEHTpAIlii AJFOMIHIIO B MPUIOBEPXHEBOMY MIapi
B3ipus. [llupuna nopixkok 3 Al Ha MiKporpami CTaHOBUTH | MKM.

N, om? Sit? N, om?
31 Al
44 TOBIIMHA
Al - okcuny
3 400 A

o1
1 0)

h, am h, Hm

; : : e ; : ! —
200 400 600 800 50 100 150 200

Puc. 7.15. Tlomaposwuii anani3 B3ipus Si, iMmiantosanoro 6opom (B') (a) Ta
B3ip1s GaAs, neroBanoro Al (0)

Puc. 7.16. Mikporpamu AUISSHKY MOBEPXHI MIKPOKaHAJIbHOI INTACTUHU Y BTOPHUH-
HIX €IEKTPOHaX (a) Ta moBepxHi crpykTypr BIC y Bropunnmx ioHax *’Al” (6)
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7.7. EnexkrponHi rapmartu 1ist popmyBanns Mikpo3onais MCBI ta Osxe-
CIIEKTPOMeTPiB

Jlo ckiamy ycTaTKyBaHHS €IIEKTPOHHOTO aHai3y MOBEPXHI CYOMIKpOHHHX
ctpyktyp BIC BXOmaTh chemiaibHI €JIEKTPOHHI TrapMaTh 3 €JIEKTPOCTATHUUYHUM
GboKyCyBaHHSIM, 3a JOMOMOTOIO SIKUX (DOPMYIOTh MYyYOK NMEPBUHHUX EJICKTPOHIB
(MIKpO30H]1) HOMIHAJIBHUM JiaMeTpoM 1 15 MM (puc. 7.17).

l'apmara ckiagaeTbest 3 iMep-
ciilHoro o0'ekTMBa 31 3MIHHUM
KaTOJHO-MOJAYJIITOPDHAM  BY3JIOM,
MOABIMHOTO KOHJCHCOpPA, KOPETryko-
401 CUCTEMHU Ha BUXO/li KOHJIEHCOPa,
30H70(OPMYIOUOT JIIH3U Ta BUXITHOT
BIIXWJIAOUOI cuctemu. Ejexktpomu
JIIH3 130JIbOBAaHI OJWMH Big OJHOTO
KepaMiuHUMH KUTbIsIMU. EneMenTn
€JIEKTPOHHO-ONITUYHOT CUCTEMH BHU-

TOTOBJEHI 3 BHUCOKOIO TOYHICTIO 1
3i0paHi B KaniOpOBaHOMY IHITiH- Puc. 7.17. 30BHIIHIN BUIIISA] €1EKTPOHHUX

JPUMHOMY KOPITyCi rapMary (Tpy6i) TFapMar Juis dbopMyBaHHS MIKPO3OHAIB 3
3 BIKHAMU JUIS 3pDYYHOCTI MOHTAXKY. HOMIHAIILHAM J{laMeTpoM Iydka 1 MM (a)
B Takmii cmoci6 3aGesmeuyerhes TA O MKM (6)

BHCOKa CITIBBICHICTbH €JIEMEHTIB OII-

TUYHOI cHUCTeMH rapMatd. Ha KkaTom, MOAyIATOp Ta CepeaHi eIeKTPOIu
MTOOIMHOKHUX JIIH3 MOJAI0Th Bif'eMHM noTeHmian y mexax 0 + 10 kB B Toit yac, sk
Ha eJeKTpoAax IMepciiHOro ob'ekTuBa Ta OJMKYOI A0 HBOIO MEPIIOi KOHJEH-
COpPHOT JIIH3U MO3K€ OYTU MOTEHI[ia] JOBILIBHOI MOJSPHOCTL. AHOJ Ma€ JOJaTHUMI
MOTEHIIIaJ, PEITa eJIEKTPO 1B — HYIHOBHA.

KaTonauit By3onm rapmatu po3poOJieHO B JIBOX BaplaHTax: 3 €MITEpPOM 13
MOHOKpHUCTATY TekcaTopuay JlaHTaHy Ta BOJIb(QPaMOBUM eMiTepoM V-MOAI0HOT
¢dopmu. [Ipu poMy mepenbdadeHo momepeHe IOCTYBaHHS KaTOMHOTO By3ja SIK B
OCHOBHOMY, TaK 1 B paJlaJIbHOMY HampsMax.

Koperytoua 1 Bigxuiso4ya CUCTEMU rapMaTi BUKOHAHI Ha OCHOBI JedieKTopa
Bonmrenra. Koperyroua cucrema moBepHyTa Ha 45° BIJHOCHO BIAXWIAIOUYOi
CHUCTEMM HaBKOJIO ocl rapmatu. Ilpu 1pomy oOHIBI CUCTEMH CILUIBHO MOXKYTb
BUKOHYBAaTH (YHKIIi OKTYNOJBHOIO CTUTMAaropa, OJHAK 3aBISKH BHUCOKIN
CHIBBICHOCTI €JI€MEHTIB rapMaTtu Ta Maiiil adepamii geduexkropa bonmrenra taka
noTpeda BUHMKAE TUIBKU Y BUIAJKY BUKOPUCTaHHA BoJb(ppamMoBoro karoga. Kpim
TOTO, 32 YMOBM MAaKCHMaJbHOTO CTPYMy 30HJA, KOJIM MapaMeTpu TapMaTH
HaWOLTBIIIe 3a71€KaTh BijJl HECIIBBICHOCTI €JIEKTPO/IIB, CIIIJ] 3/1IICHIOBATA KOPEKIIitO
HanpsMy NOLIMPEHHA MMydka. UyTIMBICTh BIAXWISIOYOI Ta KOPETYIOUOi CUCTEM IS
npuckoprorouoi Hanpyru 10 kB cranoButs 1 Mmxm/B.

EnextponHi rapmatu B Jiana3oHi mpHCcKoproounx Hampyr 5 + 10 kB maiorh
TaKl TEXHIYHI XapaKTePUCTHUKH:

Emirep LaBeg:

— JiaMeTp 30H1a, MKM: — 1 (cTpym 30Hma > 5-10° A);
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— — /- — 0,1 (ctpym 3omma > 1-10"° A);

— MAKCHUMAJIBHUM CTPYM 30HAA — 1-107 A;

Emitep W:

— JlamMeTp 30H]1a, MKM: — 1 (ctpym 30Hma > 5-107 A);
— — /- — 0,12 (ctpym 3omma > 5-107"" A);
— MakCUMaJIbHUU CTPYM 30HJIa — 1-110° A;

—rabapuTHi po3mipu rapmat, MM —  65%200.

Buxigna dactmHa rapMaté Mae ¢GopMmMy ycid€HOro KOHyca 3 KyToMm 72° Ouis
BepIIMHU. BijcTaHp Bl BUXIHOTO TOPIS TapMaTH JO CITKH CTAaHOBHTH 9 MM.
MinimansHuit giametp 3081 — 0,1 MKM.

XapakTepuCTUKU rapMaTH 3 IPUCKOPIOIOYNMEU Hanpyramu <5 kB nemro inmi:

Emirep LaBeg:

— JiaMeTp 30HIa, MKM: — 5 (ctpym 30mma > 1-10° A);
— -/ - — 2 (ctpym 30Hma > 1-107 A);
— MakCUMQJIbHUW CTPYM 30HIa — 1-10™ A;

Emitep W:

— aiamMeTp 30H]1a, MKM: - 5 (ctpy™m 3o0H1a > 2:107A);
— — /- — 2 (ctpy™ 30H1a > 2-10™ A);
— MAKCHUMQJIBHUMI CTPYM 30HAA — 1-10° A;

— rabapuTHi po3mipu rapmat, MM —  D475x148.

Taki eleKTpoHHI TapMaTH MOXYTh MOHTYBaTHCS Ha OKpeMmoMy (uranIi ado
BMOHTOBYBAaTHCSl B €HEpPreTHMYHUN aHamizatop "LHuimiHApUYHE A3epkano”. Kpim
TOTO, TapMaTH TakOl KOHCTPYKIIli MOXHAa BHKOPHUCTOBYBAaTH TaKOX JIJIs
dbopmyBanHs Mikpo30HAIB Oxe-criekTpoMmeTpiB. [l 3abe3medeHHs BHCOKOT
HAJIIHOCTI Ta TPHUBAJIOrO0 TEPMIHY MPUJATHOCTI HEOOXiAHI BHCOKOCTaOLIbHI
JDKeperia JKUBJICHHSI TapMarT 3 IyJibcallisiMu Harpyry He Buiie 10 mMB.

Ckanyrounii ioHHHA MiKpo30H[ "llIMmoBHUK" 3a CBOIMH XapaKTEpUCTUKaMU
¢daxkTruHO BianoBigae Mikpo3oHay MIQ-256 (Riber-Cameca). 3 #oro 70moMororo
MOJKHA 3/IIMCHIOBATH Mpenu3iitHui npodiTbHMIA eIEMEHTHAN aHaJli3 METAJIEBUX YU
HaITIBIPOBIAHUKOBHUX IIJIIBOK Ta OTPUMYBATH 300pa’keHHS (MIKpOrpaMH IMOBEPXHI)
y BTOPMHHHUX €JIEKTpOHax abo 10Hax 13 BUCOKHMM PO3JUICHHSM iX 3a Macolo Ta
3apsIOM.

Orxe, Bukopuctanus metronqy MCBI nns aHanizy TeXHOJOTTYHHX MPOLECIB
cyOMIKpOHHOI TexHoJoT1l popmyBaHHs cTpykTyp BIC 3a0e3neuye omHOYAaCHO K
BHCOKY KOHIICHTPAIIHHY Yy TIHBICTh (10" + 10" cm™) 3a ocHOBHUMH JETYIOUNMU
nomimkamu a1 Si ta GaAs, Tak 1 BuUcOoKy momapoBy (1 +3 HM) Ta Mac-
CIIEKTPAJIbHY PpO3JIUIBHY 3AaTHICTh. Heponikamu MeTOoAy € WOro pyWHIBHMIMA
XapakTep 1 BUCOKa BapTiCTh 00JaJHAHHS.
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