Jlexuus 12.
CIIEKTPOMETPHA B II9M.

PenTrenoBckast CIEKTPOMETPHSI. CrniekTpomMeTpsl PEHTTEHOBCKOTO U3ITy4YCHUSI.
[TomynpoBomaukoBeie aetektopsl (IIITJ1) pentrenoBckoro m3myuenus (PU). DmektpoHuka
HITA-cnextpomerpa. Aptedaktel XEDS. ®@on B XEDS-IIOM. KonuuecTBeHHBINH aHaIU3 B
XEDS. IlpoctpanctBennoe pazpemienue B XEDS. ChoexkrpoMerpusi MNOTepb SHEPrUU
annekTpoHoB (EELS). ®@okycupoBka crnektpomerpa. ITuk HyneBblx morepb. Manble notepu
sHeprun. O0IacTh OOJBIITUX MOTEPD.

Penmeenosckan cnekmpomempusi.

Bospiie  BO3MOXHOCTH, TIPEAOCTAaBISAEMbIE pa3IU4YHbIMU  pexkumamu  [IOM,
JIOTIOTHUTEBHO ~ BO3pAcTalOT TPU  HAJMYUM  T[PHUCTABOK  CIEKTPAJbHOIO  aHalIM3a
pentreHoBckoro (XEDS — X-rays Energy Dispersive Spectometry). Meroag ocHOBaH Ha
PETUCTpAIlM U aHAJHM3€ YHEPreTUYECKUX CIIEKTPOB XaPAKTEPHUCTUUYECKOTO PEHTTEHOBCKOTO
m3nydenus: (XPU), pwuc.la, Bo30yxmaeMoro mpoOXOIsAIIUMU dYepe3 oOpaser] 3JICKTPOHAMH
(JI1). Kom6unamus II9M+XEDS mnpespamiaer mukpockon B AEM (Analytical Electron
Microscope). IlpucraBku XEDS wmmerorcs kak mis [IOM, tak u mns COM. OcHoBHOE
nocrounctBo  XEDS B IIOM - nokansHOCTh. IloaToMy B pexume XEDS mydok
dokycupyercs Ha o0pasie 10 TpeOyemblX pa3MepoB, HampuUMep, IyTeM CHIBHOTO
B030yxneHus nuH3 Cl u mogbopom ameptypbl C2 u cuibl auH3 C2. YacTo MCHOIB3YIOT
pexum CIIDM+ XEDS miis moctpoenust n300pakeHus oopasia.

Cnekmpomempbl PEHMCEHOBCKO2O U3TYHUEHUA
CHGKTpOMeTpI:I BKJIFOUAOT TPU OCHOBHBIX KOMIIOHCHTA: IACTCKTOP, COOTBCTCTBYIOIIYIO
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Puc.12.1. a) XEDS cnektpsl cruiaBa
FeNiTiN, 6) cxema peructpauuu PU,
B)XED-cnekrpometp B IIOM.

reHepup
YET 3apsI0Bble UMIYJICHI, aMIUTUTYAa KOTOPBIX MPOMOPLHUOHAIbHA YHEPTHH PEHTTE€HOBCKOTO
KBaHTa. 3apsIOBbI MMITYJIbC KOHBEPTUPYETCS B HUMITYJIbC HANpPSIKEHUS U YCHUIMBAETCS C
nomorpio noseoro Tpansuctopa (FET), uzonupyercst ot npyrux (Ciaeayronux) UMITyJIbCOB,
YCHJIMBAETCSl OOJbBIIE, TMPOBEPSIETCSA, YTO OH NPUHAIJICKUT PEHTTEHOBCKOMY CHEKTpY,
KOHBEPTHUpYETCS B KOJA (C MOMOIIbI0 aHajoro-uuppoBoro mpeodpazoBatens — ALl umm
ADC) u 3anoMuHaeTcss B COOTBETCTBYIOIIEM KaHalle HHEPreTHYECKOro CIHeKTpa B
MHOrokaHanbHOM aHanuzarope (MKA unu MCA).



Llonynposoonukosvie demexmopwl (I111]]) penmeenosckozo uznyuenus (PH)
Herextop B XEDS — 310 nuon ¢ oOparasiM cmemienunem. [Ipaktudecku Bce AEM
ucnionb3ytoT  Si(Li)-momynpoBoanukoBsie  netektopsl  (ITIIJ]). B Hexoropeix [1OM
MIPOMEKYTOUHBIX HEPTuit ucnosb3ytorcs Ge coocTBeHHoM npoBoauMoctH (intrinsic Ge - IG)
M1,

Cxema Si(L1)-ITI1[] nmpuBenena Ha puc. 12.2.
X-rays -500V Bugno, uyro cxema Omuska k [T mis
peructpauuu 3JeKTpoHoB, puc. 4.1 [49]. Tak
O Db pmura K€ KaK M AJIEKTPOHbI, pEHTTEHOBCKUE KBAHTBI
e - (Mefmn;%foﬂ CO37AI0T AJICKTPOHHO-ABIPOYHBIE (€-h) mapsl,
. Ha 4To TpedyeTrca nsHeprus ~3.8 3B mpu
oGmacb Lhoematmon

patieA Aok Temmeparype SKUAkoro aszora. OcHOBHas
pasnuna B Tom, uro [I1/] ans snextpoHoB e-h-
napbl pas3/essioTcss OOpaTHBIM CMEIIEHUEM B

® 371eKmMpoHbL lloeepxHocmb o
o Zbipkt KoHmaKkma ~200 Hu Au OUYeHb y3KOi oOmactu p-n-nepexonos, B T1T1J]
Prc.12.2. Cxema Si(Li)-TTII st PU tpebyercss ropaszmo Oosee ToseTas
oOeHeHHAsT HOCHTENSIMU 00s1acTh. OOBIYHBIIMA
KOMMEPYECKUI KPEMHUN UMEET HEJOCTATOYHO
BBICOKOE JJIEKTPUYECKOE CONpOTUBICHUE.  JlI1 KOMIICHCAlMM HOCUTENEM B KPEMHUM
BBoguTcs Li nmubo muddysueir B mosne npuiaoKeHHOro HampstkeHus (T.H. «Li -mpeiidoBbrit
JIETEKTOp», b0, Ooee KOHTPOIUPYEMO, IMyTEM HMOHHOW HMMIUIAHTALMHM C TOCIEIYIOLUIHM
OTKUTOM JJIsl paBHOMEPHOT'O Tepepacipeienienus Li-puMecu U yCTpaHEeHUs paAualluOHHBIX

neeKTOoB.

Ha nepenntoro moBepxuoctb Si(Li)-TIITJ] Hanocutcst Torkuii (~10-20 HM) Ha 3aTHIOO
MOBEPXHOCTh — Oomnee ToncThil (~200 HM) cimoum Au win Ni, SBISIOIIAECS OMUYECKUMHU
KOHTakTamMu. [Ipu 3TOM Ha  mepeIHUuX MPUMOBEPXHOCTHBIX CIOSAX CO3/aeTCs pP-TUMa
MPOBOJAMMOCTh, @ Ha 3aJHEH CTOpPOHE N-MPOBOIUMOCTh. B pesymnbTare dopmupyercs p-i-n-
CTpyKTypa ¢ p-i- U i-n-nepexonamu B mpeaenax ~200 HM OT MOBEpPXHOCTEW U € ~3MM
HEHTPaIbHOU BEICOKOOMHOU 00J1acThIO.

Korpa x gerekTopy mHpuKIaAbIBaeTCs OTPULIATENbHOE HANpPsDKEHUE cMelleHus (T.e.
OTpUIATENBHBIN MOMIOC K P-00JIACTH Ha MEePEAHEH MOBEPXHOCTH U MOJIOKUTEIBHBIN MOIIIOC K
3a/lHel CTOPOHE), SJEKTPOHBI U IBIPKU Pa3/ESAIOTCS U OTPULATEIbHBINA 3apsI0BbIM UMITYJIBC
MOKET OBITh 3aperUCTPUPOBAH Ha 3aJIHEM OMHYECKOM KOHTaKTe. AMILUTUTYJa UMITYJbCa
NPOTIOPIMOHATIBFHA YHEPTUN PEHTTEHOBCKOTO KBAaHTA, TeHEpUpYIoHIero e-h-mapy.

[ToBepXHOCTHBIE P- U N-00JACTH HA3BIBAIOT «Mepmevimu crosimuy. CUUTAeTCs, 4TO B
THX o0nacTax Li He KOMIEHCUPYET (ITOJHOCTHIO) UMEIOLYIOCS POBOJUMOCTD U, TIO3TOMY,
reHepupyemsbie e-h-mapel ObICTPO PEKOMOMHHUPYIOT U HE JAIOT BKJIa/a B 3apSIOBBIA UMITYJIbC.
Ha npakTtuke Ba)xHOE 3Ha4EHHE MMEET TOJIBKO IEPEIHUN MOBEPXHOCTHBIN CIIOW, MOCKOJIBKY
OH OrpaHW4yuBaeT oOnacTb HHepruil cHu3y. [loaTOMy, OOBIUHO HUMEHHO 3TOT CIIOH
MOJIPa3yMeBalOT, KOT/Ia TOBOPSIT O Mmepmeom cioe. Pabodas obmacts Si(Li)-TITITJ] mexmy
JIBYMSI MEPTBBIMH CIIOSIMH Ha3bIBACTCS AKMUBHBIM CLOEM.

Si(Li)-ITITI TpeOyIoT OXJIaXKACHHS IO TEMITEPATyPhI )KHIKOTO a30Ta. DTO CBSA3aHO C a)
HEOOXOJMMOCTBIO TOAABICHUSI TEPMHUYECKU-aKTUBUPOBAHHON TeHepaluu e-h-map, naromieit
OCHOBHOM BKJIaJ] B yPOBEHB IIyMOB, 0) HEOOXOAUMOCTHIO moAaBieHus auddys3un Li-atomoB
B TOJIe TPUIIOKEHHOTO HAIpsDKEHUs, KOTopas paspymuia Obl  p-i-n-CTPyKTYpy, B)
HEOOXOJUMOCThIO TOAABIATH IIyM mosieBoro Tpansucropa (FET), HenocpeactBeHHO
koHTakTupytouiero ¢ [1I1/] u sBisromierocs nepBsIM KackajoM IpeaBapUTEILHOTO YCUITUTENS
3apsAI0BBIX UMITYJIbCOB.

Heobxonumocts oxnaxaenus Si(Li)-ITIIJ u FET co3maer HeynobcTBa cBsi3aHHBIE C
MOCTOSIHHBIM KOHTPOJIEM M TMOJJEpKAaHUEM YypOBHSA JKUAKOro aszora. CyliecTBeHHOE
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OTPaHUYEHUE CBS3aHO C HEOOXOAMMOCTBIO 3alIUTUTh  JIETEKTOP OT  OCAKICHUS
HOJMKapOOHATOB U JIbJA, BBI3BIBAIOIIUX JOMOJIHUTEIBHOE MOTJIOIEHNE HU3KOAHEPTeTHUHOTO
PU. Nmeercs nBa pemeHus: JIUOO0 HW30IUPOBATh JECTEKTOP OT BAaKyyMHOH CHCTEMBI
MHKpOCKoMa, J100 yiay4dmuTh BakyyM. Ilociennee — noporocrosdiias Mepa, IOTOMY Hallie
BCETO0, JIETEKTOP TePMETH3UPYIOT B MPEABAPUTEIHHO BAaKyyMHUPOBAaHHOH TpyOKe C TOHKHUM
oxrHom, miporumaemeiM 11t PU. B cootrBerctBum ¢ atum I nns PU OwBator a) c
OepUIITMEBBIM OKHOM, 0) YIBTPAaTOHKAM OKHOM, B) 06€3 3aIIUTHOTO OKHA.

B IIITJ] ¢ Be-oxHom wncmonb3yeTcsi TOHKas Qoiibra (JKeaaTeIbHO 7 MKM) OepHILIus,
KOTOpasi mpo3payHa i Oonbmeit yactu XPU u BblnepkuBaeT aTMocepHOE IaBliCHHE,
OJTHaKo, oueHb jgoporas (~$6M/kr) m HemHoOro mopuctas. Yamie Bcero HCmoib3yercs: Ooiee
tosncras ¢ospra (>~12mkMm), B kotopoir PU <1k3B uHTEHCHBHO noruyomaercs, Tak 4o K, ot
aneMeHToB Hmxke Z = 11 (Na) He peructpupytorcs. T.o. Be-okHO mpensiTcTByeT
MUKPOAHAJIN3y TaKUX MIEMEHTOB, kak B, C, N u O, nMeromux Ba)KHOE 3HAUYECHUE B HAYKE O
MaTepragax U COCTABISIONINX OCHOBY MOJUMEPOB U OHosorudecknx o0bekToB. Merox EELS
311ech Oosiee mnoseseH!

Yavmpamonxue oxna (YTO) nenarot u3 maTepuasioB, MeHee ajcopoupyronmx P yem
Be-okna. OOBIYHO 3TO — HOJMMEp, aiMas, HUTpUJ Oopa wiau HUTpUI KpeMHUs. IlepBbie
MOJIMMEPHBIE OKHAa HE BBLACPKHUBAIM aTMocepHoro aasieHus. B Hactosmee Bpems YTO
TaKXKe BBIIEPKUBAIOT aTMoc(epHoe aasneHue (atmospheric UTW), Ho, B oTiauuue oT Be,
npomnyckaioT K,-192 3B uznyuenue 6opa. Hy>kHO UMeTh B BHIy, UTO KaXKJbIi U3 Ha3BaHHBIX
MarepuasioB YTO moriomaer mno-cBOEMYy, MO3TOMY HYKHO 3HATh HX XapaKTEPUCTHUKHU.
Hampumep, YTO, conepxxamue yriaepon, cuibHo nornomarot N K, PH.

I 6e3 3awumnoco  OKHa  WCTONB3YIOTCS  TOJNBKO B CHCTEMax C
UHV (ynbTpaBbICOKUM BaKyyMOM) ~10® Ta. [TpoBepuTh pabOTOCIOCOOHOCTH MOKHO ITyTEM
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OTHOocHTENbHBIE TPOHUIIAEMOCTH PAa3JIMYHBIX OKOH IpHBEIeHbl Ha puc. 12.4. B
muanazone 2-20 k3B Si(Li) IIITJ mormomator (ctamo ObITh, peructpupyior) PU ¢
npaktuuecku 100%-Hoi »ddexTuBHOCTRIO. B 3TOM nuama3oHe Bce 3ieMEHTH (32
WCKIIIOYCHHEM OYeHb Jerkux) umeroT XPU, uTto, Hapsgy ¢ OZHOPOJAHOW W BBICOKOM
3¢ heKTUBHOCTBIO, M 00ecTeunBaeT BocTpedboBanHOCTh MeToa XEDS.

HI][ na Ge cobcmeennou nposooumocmu (1G). Cnan spdexruBnoctu na Si(Li) I ms
PN ¢ E>20 k3B BbI3BaH TeM, 4TO C yBeauueHHeM sHepruu PU Bblle 3TOH, KBaHTHI
ocrapisitor B Si(Li) TITTJ] Bce MEHBIIYyI0 4acTh dHEPTHU. DTO OTPAHUYMBAET BO3MOKHOCTH



ucnons3zoBanus Si(Li) T[] B ATIOM c npomexxytounbiMu dHeprusimMu B 300-400 k3B, Tre
MOTYT reHepupoBatbcsi K-muHum Tspkenbix s5eMeHToB. B Ge-nmerekropax PU mornomaercs
cuipHee, 4yeM B Si-uerektopax. Kpome toro, Ge MokeT ObITh MoiydyeH ¢ 0osee BBICOKON
YUCTOTOM, 4eM Si, mo3ToMy KommieHcanus Li He Tpedyercs.

Taxxe, xak u Si(Li) [T/, IG IIITJ] moxeTt 6b1Th ¢ Be-okHoMm , ¢ YTO, unu 6e3 okHa.
IG Oomee XW3HECTOGK — OH MOXET HArpeBaThCs, OH Oojee paJualMOHHO CTOCK (HET
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Puc.12.6. XEDS cnexTpsl, cofepxalinue TMHUNA
Ko 1 Ky Pb st o6pasma cBUHIIOBOTO
CTEKJIa.

OIACHOCTH paaranoHHO-
WHIYIIMPOBAHHOTO TiepepacnpeencHus Li-mpumecn) u, KpoMe TOTro, 001acTh COOCTBEHHOM
MPOBOJAMMOCTH MOXET OBITh CcleNaHa TONIMHOW ~SmM, obecneunBaromieir 100%-Hyro
apdexTuBHOCTD st ~75 K3B Pb K. Ha puc. 12.5 comocrapnstorest apdexruBroctu Si(Li) n
IG I B nnana3zone no 100 k3B, a Ha puc. 12.6 — XEDS cnektpsl, conepxaiue TuHIN Ky
u Ky Pb nns oGpasua cBunioBoro crekina. Emie ouens BaxHoe qocronHctso G I — nns
redepanuu e-h-maper B Ge tpebyercs ~2.9 3B, a He 3.8 3B, xak B Si. DT0 HpUBOANT K
0oJbIIeMy KOJIHUYECTBY e-h-map Ha QOTOH, K Jy4lIeMy SHEPreTHYeCKOMY Pa3pelIeHHI0 U K
6onee BricokomMy oTHomieHnto S/N. HemocraTkaMul SIBISIFOTCS @) HU3KOE CEUYCHHE HOHHM3AINN
npu sHeprun 3nekTpoHoB 300-400 k3B, Tak 4rO cHekTpaibHas HUHTEHCHUBHOCTH
BBICOKO?HEPTeTUYCCKUX JIMHUN HHU3KaA, Kak BUAHO u3 puc. 12.6, 0) IG IIIIJ] tpebyercs
oxnaxnaate Ha 25 K Hmxke, yem Si(Li), nmpu Tom ke yposHe 1mymoB, u B) IG IIIIJ Goxee
YyBCTBUTEIbHBl K HMH(PAKpPaCHOMY H3IIyUYEHHUIO, IO3TOMY OHM Oe3ycloBHO TpeOyioT Al-
nokpeitust Ha Y TO. Si(Li) —nerdye u3roraBnuBaTh U oHH OoJiee HamexHbl, ueM 1G TTIT/I.

Inekmponuxa III1/[-cnekmpomempa

Cnenyromas 3a IIITJl »yeKTpoHMKA JODKHA HMMETh JIMHEWHBIE XapaKTEPUCTHUKH,
JOJKHA OBITh JTOCTaTOYHO OBICTPO M HE JIOJDKHA BHOCHUTH JOMOJHUTEIbHBIA HIyM. bbuio
cKa3aHo, 4To FE-TpaH3ucTOp SBJISETCS NMEPBBIM KAacCKaJOM IPEABAPUTENBHOIO YCUJIEHUS U
npeoOpa3yeT 3apsa0BbIN UMITYJIbC B AMIUTMTYIHBIH. DTOT aHAJIOTOBBIN CUTHAJI YCHUIIMBACTCS B
HECKOJIBKO THICSIY pa3 U (hopMUpYyeTCs B BUJ YAOOHBIN 17151 KOHBEPTHPOBAHUS B UUCIO (KON),
MIPOTIOPITMOHAIBHOE aMILIUTY i€ (1, ciienoBaTeabHo, sHeprun PU) ¢ momornisio AIIIT.

Haubonee cymiecTBeHHBII mapaMmeTrp YCTpOMCTB (OPMHUpPOBAHUS HUMIYJIbca —
nocmosunasn epemenu (t). I[lo BenmuumHe T BeIOUpaetrcs B npenenax 10 — 50 mxc. Kopotkoe
BpeMs (OOBIYHO HECKOJBKO MKC) IIO3BOJISIET 00pabaThiBaTh OONBIIYI0 HMHTEHCHBHOCTD
MOCTYNAIONIMX HMITYJIbCOB (CKOpOCTh CYeTa), HO MPUBOAUT K XyALIEH TOYHOCTH
aMIUIMTYIHOTO aHAJN3a, U, COOTBETCTBEHHO, K XYALIEMY JHEPre€THUECKOMY DPa3pPELICHUIO.
bonbmias mocTosHHas BpeMeHU OyneT aBaTh JIyylllee SHEPreTHYEecKOe paspelieHue, HO
MaJIyl0 CKOpPOCTh c4yeta. KoMpomuce BEIOMpPAeTCst UCXOs U3 KOHKPETHBIX YCIOBUIA.




[To mpuOBITHH OYEpPEeNHOTO HMITyJIbca B TEUEHHE MeEHee, 4YeM IMKC, DJJIeKTpOHHUKa
OJIOKMpYETCSI Ha KakKoe-TO BpeMs mJisi 00paOOTKM TMOCTYNUBIIETO M OTKA3bIBACTCS
BOCTIIPUHUMATh CJEIYIONINE HMITYJIbChl. OJTO BpPEMSI HA3BIBACTCS MepmEblM BpPeMeHeM.
OOBIYHO, TMOJ MEpPTBHIM BPEMEHEM IIOHHMAETCS OTHOCUTENIbHOE BpeMs, HU3MepsieMoe B
MPOLICHTAX (a HE B CEKyHaX):

MeptBoe Bpemst,% = [(4acoBoe BpeMs — )KuBoe BpeMs)/ xxuBoe Bpemsi |x100%,

(12.1)
«0KuBoe BpeMs» - BpeMsa, B TEYEHHE KOTOPOTO
Deadtime a8 s0d son” | CTIEKTPOMETP OBLIT OTKPBIT AJISl perucTpauuu. MepToe
oup] BpeMs MOXHO OLCHHTb, HW3MEPHB OTHOILICHHE
hepe) shore @ CKOPOCTH CYETa Ha BBIXOAE, Ry, K CKOPOCTH cueTa Ha
Bxoxe, Riy:
e © MeptBoe BpeMs,% = (1- Rout /Rin)x100%.

N tong ¥ (12.2)
] IIpencrasneHue o BIUSAHUM ITOCTOSIHHOW BPEMEHU T HA

] T toputrae MepTBOE BpeMs naet puc. 12. 7 [2].

(keps)
Puc.12.7. BeixogHast CKOpOCTb
cyeTa IS pa3HbIX T NpH
3aIaHHOM HMHTEpBAaJ€ BPEMEHH.

Ouepeemuueckoe  paspewenue I/, OE,
ABIIIETCS  OJAHMM M3  OCHOBHBIX  IapaMeTpOB
criektpomerpa. OHO ompeaensercss BKIaJOM IIyMOB
nerekropa, OEp, BkmagoMm anekTpoHukH, OEg, u

BKJIQJIOM CTAaTUCTUYECKHX (IyKTyalud B T'eHEpALHUIO

520000 7 e-h-map, oFE;,
" 8E; =2.35(F¢E)'"?, (12.3)
Counts rie F — ¢akrop daHo, € — 3HEprus reHepanuu e-h-
vso0an | s . napel, E — osnHeprus PH. Paspemenue perexropa
: FWHM OOBIYHO OMpeAeNsAloT MO LIMPUHE Ha IOJY-BBICOTE
- (FWHM), puc. 12.8.
| 250 6V Tunuunoe 3"Hauenne OE cocrasisger ~ 140 3B mo K-

A e E?;frgy(ke‘i;ﬁ P TuHAM Mn, ¢ HamydimuM 3Hadennem 127 3B. [l 1G

HawIy4lllee IOJYyYEeHHOE paspelieHue cocrasuwio 114
Puc. 12.8. K onpenenetnio sB. Pazpemenue I1I1[] moxeT nerpaaupoBath nU3-3a a)
PaspeIICHIS IETCKTOpA. paMallMOHHBIX HAPYIMIEHUH B (OTOHAMHU BBICOKHX

sHepruii, 0) oOpazoBaHHWs Ty3bIpE B Jbl0ape C
KUJKUM a30TOM TIPU POCTE KPUCTAUIOB Jbaa. BBUAY mocieqHero HeoOXoIuMo TIIATEIHHO
n30erarhb MomaiaHusi BOJIbI UJIH JIbJa B IbIOAp.

Henonnoe cobupanue 3apsaoa (HC3) o0ycnoBieHO HAIUMYUEM MEPTBBIX CIOEB B JACTEKTOPE.
HC3 otpaxkaercs HCKa)XKEHHEM TaycCOBOM (OpMBI THKA W MOXET OBITh OIIEHEHO II0
OTKJIOHEHUIO OTHOIIEHHWsS IIMPHUH Ha TOdy-BblIcoTeé W Ha ypoBHe 1/10 or Makcumyma
(FWTM/FWHM, puc.12.8) ot rayccoBoro 3Hauenus 1.82 B muanu Mn K, wmu Cr K. Ecin
FWTM/FWHM > 2, TOo 4TO-TO NEHCTBUTENBHO CEPbE3HOE C IETEKTOPOM H, BO3MOXKHO,
TpebyeTcs ero 3aMeHa.

3acpaznenue  Odemexmopa  OCaXJACHUEM THAPOKApOOHATOB W/WIAM  JIbJa  CHWXKAET
3¢ (dEeKTUBHOCTh peructpanuu (HOTOHOB HH3KOW dSHepruu. OIEeHKAa CTCTICHH 3arps3HCHUS
MpOBOUTCS ITyTeM u3Mepenust otHomeHus NiKy/ Nil,,.

Apmecdaxmor XEDS




HeobxomuMo wumeTh BBHIYy crienytomme ocobenHoctn XEDS mpuBoasimue k

apredakTam.
5000 Tux evinema (escape peak). Yactb >HEprUH
dboToHa MoxeT OBITh TOTpayeHa Ha
. 4‘:00 174 keV —> ¢ayopecuennuio Si K, -xBanra (3ueprus 1.74
ounts v
20001 K3B), KOTOpBIf NOKHIAeT aKTUBHYIO 30HY
[TIT/1 u He co3maeT perucTpupyemoix e-h-map.
20001 Cuk B »stoM ciywae, JETEKTOp perucTpupyer
esc :
L sHepruto E-1.74 x3B. Ilpumep npuBenen Ha
1000
ko puc. 12.9 [2]. bnarogmapst sToMy mporleccy
o . . . C MOSIBIISIETCS MUK BbUIETa. ETO MHTEHCUBHOCTH
5 6 7 8 9 10 ~50-
Baergy @V B ~50-100 pa3 mMeHbIIE, YeM OCHOBHOTO IHKA.
Puc.12.9. TTuK BBUIETA B CIIEKTpE [Ipy KOJIMYECTBEHHOM aHaju3e Mporpamma
wmcroro Cu. JOJDKHA YMETh OOHapyXHWTh NHK BBUIECTA, H
M00aBUTH €r0 MHTEHCUBHOCTDH K MUKy XPU, k

KOTOPOMY NPHUHAIJICKHUT 3TOT MUK BBUICTA.

10000 Counts
SiK !

8000 1
Counts
6000

4000

2000 7

0 ? T T T T

0.0 0.5 1.0 1.5 2.0 25 3.0 0 1 2 3 4 5
Energy (keV) X-ray energy (keV)

Puc.12.10. Tluk BHyTpeHHEH (i1yopecieHInu (CeBa) i CyMMAapHBIM MUK

(cmpaBa).

Tux enympenneu guyopecyenyuu, puc. 12.10 [50]. D10 XapaKTEpUCTUICCKUI MUK JTUHUH Si
K, mm Ge K/L, Bo3Oyxxmaemoil mamaromum (GOTOHOM B MepTBbIX cinosix Si win Ge u
perucTpupyeMoOil B aKTHBHOW 30HE HapaBHE C BHemHUMH (oToHamu. [IMK BHyTpeHHEH
¢ryopecueHIIMY MOXKET MPUBOAUTE K OMIMOKAM OCOOCHHO B CIIydae MHKpOAHaIHM3a C MaJlon
KOHIIEHTpaluell KpeMHHUs, MOCKOIbKY 3TOT MUK 0053aTelbHO MpUCyTCTBYeT. B 3aBucumocTu
OT KOHCTPYKIIMH JIETEKTOPa, U B OCOOCHHOCTH, OT TOJIIIMHBI MEPTBOTO CJIOSI, HHTEHCUBHOCTb
mKa MoxkeT cocTaBIIATh OT 0.1% 1mo 1% oT HHTEeHCUBHOCTH OCHOBHBIX JIMHUIA.

Cymmapmubiti nuk BO3HHMKAET €CIH JJIEKTPOHUKA OOpabOTKM HMIyJbca HE JOCTaTOYHO
obicTpas. [IpuyrHaMu SIBISIFOTCSL BBICOKAsi CKOPOCTh CU€Ta, BBICOKHH YPOBEHb MEPTBOIO
BpeMeHu (>~60%), Hanuuue BBICOKOMHTEHCHUBHBIX MUKOB B crekTrpe. Kak BUIIHO U3 puc.

12.10 (cnpaBa), cyMMapHBIi MUK MPAKTHYECKH OTCYTCTBYET MPU MEPTBOM BPEMEHH MEHEE
14%.

©@on 6 XEDS-T1I9M
Cxema pacnonoxenus [1I1/] B [I9M npusenena na puc. 12.11 [2]. Jlerektop pacnonaraercs
Mexay nomocamMu  oObekTHBIX JmH3. [lepen TIIIJ] pacmomaraercs Kojummmartop,
sammmaromui I/ oT HexenaTeabHOro U3ay4eHus OT OKPYXKAIOIUX AETalIe MUKPOCKOIIA,
a TaKkKe OrpaHWYMBAIONINN TEJeCHBIN yroi () coopa wu3mydeHus oT oOpaszma. Yem OombIie
TEJIECHBII yroJl, TEM BBILIE CKOPOCTh CYETA, OJJHAKO, IIPU 3TOM MOXKET CTpa/aTh pa3pelieHne




JeTekTopa. B kakoil Mepe KOJTMMATop cracaeT OT MOCTOPOHHEro M3nydeHus (spurious X-

Incident beam Incident beam

Upper — Electrons
T o A | asired X-rav
¥iv 3 Upper objective pole e lg)a..kt‘tn_d )\xl ays
Be window S ; ] tpole picce piece Spurious X-rays
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- ——— - it \ ~ . .
Si(Li) = V] ~—— Anti-contaminator
detector

< - Desired X-ray rd T T==—Back-scattered electrons
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AN ttf‘_ e L Specimen : | ’ — — Specimen
- -- — e !

Collimator ,‘I‘ / R XEDS = - '”/
; L Iransmitted pole piece . ) _ Specimen-
L |;g(icfui-:c! electrons J Continuum A I\ ; generated
cniical.'tit::l}ililnlt‘ fi I [ B ’ fluoresced ~ ¥ m r continuum
¢ . s spurious \ i1\ ;
" : X-rays R i _——Scattered
- N | = electrons
Puc. 12.11. Cxema pacnonoxeHus Back-scattered =\ [« o _
electrons \ \ / Anti-contaminator
HHI[ B HSM [— | v e
! Lower
/ pole
1000 ‘ prece
Counts CrK o CiKp Transmitted Electrons
800
o0 Puc.12.12. IToTeHIIMaILHBIE HCTOYHUKHA
CuK .
ox * MMOCTOPOHHETO (spurious X-rays)
ky
w00 sk e HA3ITy4YEHUS.
2001 Cuk p
or : : - r - rays) MpOBEpPSAIOT, H3Mepsis W3IYYEHUs OT
Energy (keV) «myctoro»  obOpasma, T.e. 0e3  OHOro.
Puc.12.13. Tunuuno, Cu K, ITorenmuanbHbple  HMCTOYHUKH MPUBEACHBI
npucyTCcTBYIOT B ciektpe XEDS, ecinun cxemaTuyHo Ha puc. 12.12 [51]. Hmnm
oOpaser] KpenmuTcs Ha METHOM CeTKe. SIBIISTIOTCS MOIIOCHBIE HAaKOHCYHUKH,

JIepkatenb o0pas3noB, auadparmMbl, W T..I.
Ecnu obOpazen kpernutcst Ha (MEeIHON) CETKe,
TO (hOH HEeHM30€KEH MOTOK OT MEIHBIX MEepPEMBbIUEK B ceTke, puc. 12.13 [50], maxxe ecnu 3Th
MEPEMBIYKHU PACIIOIOKEHBI HA MHOTHE MUKPOHBI OT my4ka. J[is ymenbinenust ¢ona ot Cu-
CETKH, KaK TPaBWIO, MPU MHUKpPOAHATIN3€ HCIOJIB3YIOT OepUUIMEBBI (prkcaTop 00pasioB
(HE0OXOIMMO OCO3HABaTh, YTO OKHUCh OSPHIUIHS TOKCHYHA MPH BABIXAHUHM — WCIOIB3YHTE
MepPYaTKH, MUHIIET U CACPKUBANTE JbIXaHue MpH padoTe ¢ Be-kommonentamu!).

N = o) s YMEHBIIECHHUS ¢dona oT
coms | - paccestHHOTrO W3ITy4eHus HE00X0 MO
1000 | T | Hmepxarb oOpaserm C HaKJIOHOM, ONU3KHM K
0] L« Y | Hymo, T.e. HOPMaIBHO K IMydKy. OGEIYHO, yTom
2: e HaKJIOHAa cocTaBlsieT He Oomee 10° B 3TOM
20 | - - cilydae ()OH He BO3PaCTaeT 3HAYUTENIBHO.
P [ToMrMO HeENpepbIBHOTO CHEKTpa OT
Prc.12.14. Tumum Izzy";elv;I/IBcneKTpe TOPMO3HOTO  PEHTT€HOBCKOTO  M3JIYUYECHHS
XEDS 1 cxema X 06pasoBaHis. (TPHU), ynommuaBmerocs B JIlI, B ciydae
MHOHOKPUCTAINIMYECKMX  O0pa3loB  MOTYT
MIPUCYTCTBOBATH TUKU KO2epeHMHO20

mopmo3znoeo uznyuenus (KoTPH)(coherent bremsstahlung-CB), puc.12.14a [52]. TlosBnenue
THX TUKOB OOYCIIOBICHO B3aMMOJCWCTBUEM OJJICKTPOHOB Iy4YKa C TMEPUOIUICCKU
MepeceKaeMbIMA  aTOMHBIMH  IUIOCKOCTSMH B Kpucramie, puc. 12.146. Dueprus
TeHEPUPYEMBIX TIPH 3TOM (DOTOHOB OTPEAEIIIETCS COOTHOIICHHEM

Ecs = 12.4 B/[d(1-Bcos(90+a))] (12.4)



rae B = v/c, d — paccrosiHue MexAy nepecekaeMbIMu TiockocTsimMu (L- Ha pucynke, = 1/H B
OpHUEHTAIIMH BJIOJIb OCH 30HBI).

Konuuecmesennwviu ananuz 6 XEDS

Bo MHOrux cimydasx moyib30BaTeNM YJIOBJIETBOPAIOTCS aHainn3oM cnektpoB XEDS Ha
KayeCTBEHHOM YPOBHE: IPHUCYTCTBUEM WM OTCYTCTBUEM HHTEPECYIOLIETO 3JIEMEHTA,
OTHOCHUTENIbHAsl KOHIIGHTpalus B ABYX OOpas3lax M, B JIydllleM clydae, rpyOas OIleHKa
a0COTIOTHON KOHIEHTPALUH.

J1J1s1 KOMUYEeCTBEHHOM OLIEHKH KOHIIEHTPAIMH 1-TOT0 AneMeHTa, Ci, ObII0 MPeaoKeHo
[53], comocTaBisTh U3MEPAEMYIO UHTEHCUBHOCTh JUHUU PU, 1i, ¢ MHTEHCUBHOCTBIO TOHM XKe
nvHuy, I, M3Iydaemoil B Marepuane ¢ M3BECTHOM KoHUEeHTpauueH, C), TOro e 3JIeMeHTa.
Torna,

Ci/C(i) = [K] Ii/ I(i), (125)
rae K —r.H. ZAF-nonpaBka, (akTop, y4UTHIBAIOUINI pa3indyie B aTOMHBIX HOMepax Z, B
norjiouieHnu A, B Bbixoje ¢uyopectieHiuu F, B uccrienyemMom u ctaHaapTHOM oOpasmax. B
[I9M A u F-nompaBku MOXHO HE YYUTBIBAaTh, MOCKOJIbKY 00paslibl TOHKHE, MOITOMY BO
MHOTHX CIy4asX JOCTaTOYHO Y4YECTh TOJIbKO Z-TOMPaBKY.

st 6unapubix AB-cucteM konueHtpauuu 3jeMeHTOB Cp u Cp COOTHOCATCS C
U3MEPSIEMbIMH HHTEHCUBHOCTSIMU COOTHOIIIEHUEM

CA/CB = KAB(IA/ IB) (1263)
npu Ca+Cg=1 (12.66)
rne Kap — QaxTop, aHamornyselii ¢akropy K B

(12.5) m 3aBucsmmiA OT Z, B COOTBETCTBHH CO
CKa3aHHBIM BbIe. YpaBHeHus (12.6) nerko
paclpoCTpaHsIOTCS Ha O0Jee CI0KHBIE COCTAaBBHI,
pacmupsist yenosue (12.60) 1o

%iCi=1 (12.7)

Yyem ¢ona wHaubomee MPOCTBIM CIIOCOOOM
MPOU3BOMAT Memoodom okHa, puc. 12.15, xorma
dboH TON THKOM OMpeAensercs JIUHEHHOU

80 30 40 50 60

o
30 40 50 60 70
Energy (ke¥)

Puc. 12.15. Metoz okHa 1o y4eTy
dona.

MHTEPIOJIALKEN MPUIETalolIMX YYaCTKOB CIIEKTpa WM 110 BBIXOJAaM B UAEHTUYHBIX y4acTKax
CreKTpa 1o obeuM cropoHaM oT nuka. llupuna
OKHa BbIOMpaeTcs ymbo paBHoH FWHM, torma
T moops Kpmmepeacwona 4acTh HWHTCHCHBHOCTH TMHKa TepsieTcs, Ju0o
"""" foosm e FWTM, Torga HMHKOPHOPHMpPYETCS HacTh (OHa
TPU, mu6o 1.2FWHM, uTo Oojee onTUMAaIIBHO.
bonee CTpOTo (GOH  YUYHUTHIBAIOT
paccunteiBas cnektp TPH. Cormacao Kpamepcy
4 it [54] uucno Ng ¢oronoB TPU c sueprueri E
Ty s | PaRro
Energy (keV) Ng=KZ (Eo - E)/E (12.8)
Prc.12.16. Yaer TPU B moxxoxe rae Z — cpeonuti aTOMHBIN HOMep obOpasua, Ey —
SHEPTUst ITy4Ka, K- KO3 UIIMEHT,
YUUTBIBAIOIIMKA  psii  (PAKTOpOB:  COOCTBEHHO
dakTop Kpamepca, >ppeKTHBHOCTh AETEKTOpA,

1000

Counts
800

600

400

200

Kpamepca-Cmomna

norjiouieHue B oopasiue, puc. 12.16.

Emre Gonee amekBaTHbIN MOaX0a 6azupyercs Ha MoauduupoBanHoi Gopmyne bere-
[aiitnepa (Bethe-Heitler). B nem paccmarpuBatoTcst ToHKHE OJIBIU U BHICOKO-KIBHBIE
anektpoHbl. Ceuenne TPU anpokcuMupyercst BbIpakeHHEM
Ng = (ao/E + a; + a;E)g, (12.9)
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IJie a; — MMOATOHOYHBIE TapaMeTPhl U € — 3PPEKTUBHOCTD JeTeKTopa (cM. puc.12.5).

Kax wimoctpupyercs Ha puc. 12.17 yyem nozcrnowenuss He00OX0auM, eclid oOpaselr He
OuYeHb TOHKHH, 1100 PU mmeeT HU3KYI0 3HEpTuUto, 1160 yron o Ha puc. 12.18 man [2]. Torna
TIOTJIOIIEHHUE YUUTHIBAaETCS Mouukanuei kodgdumnenta Kap B (12.6a) Ha paxtop Ab

%
KaB — KAB'Ab.

(12.10).

d)aKTop HOTJIOMCHUA MOXXHO OLICHUTH MCXOJA M3 COOTHOIIICHU A

Ab = Jo *{pr(pt)exp[-(1/p)s pteosec o ] d(pt)/ Jo *{pa(pt)exp[-(w/p)a pt cosec a ] d(pt)

Uncorrected
data

(12.11)

rae ¢p(pt) — 3aBUCUMOCThH ucmyckanus PU
aneMeHTOM B B oOpasiie JaHHOro cocraBa
OT TIIyOWHBI pt B MAaCCOBBIX €AMHHUIAX, P —

Puc.12.17. K yuety normnouieHus.

Puc

. 12.18. K yuety nornouienus

NUM;
i)f]—t:\ysgity I~ yAciibHagd IUIOTHOCTHL MaTcpualia, noo-
o | Partially corrected KodpUIMeHT mnornomeHus, a (up)a —
data
036 1
J_ Incident bean
T T
0.32 il l - XEDS
L Corrected
= % §_§—§_ 1 é_d;;m t :
0.28 f . r L Z | nwu'. o
150 250 350 450 550 650 t
Thickness (nm) A\

v

Fe 100keV

Fe 10kev

Fe  30keV

Puc.12.19. K npocTpaHCTBEHHOMY pa3pelIeHUIO B
XEDS.
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Specimen 20

Puc. 12.20. YBenuuenue pazmepon
My4Ka ¢ TITyOHuHOM.




MaccoBbIi KO3(pPUIMEHT TOTIONIEHUs B 00pasIle, T.€. BCEMHU 3JIEMEHTAMH C MX BECOBBIMU
MHOKHUTEIISIMH (KOHIICHTPALUSIMH )

(Wp)a= Zi (Ci/p)ia,
AHaJIOTUYHOE COOTHOIICHHUE CIIPABEATUBO U I (LW/P)p .

(12.12)

IIpocmpancmeennoe paspewenue ¢ XEDS

I[To cpaBuenutro ¢ POM, XEDS B IIDM wuMeer CymIeCTBEHHO JIydllee
NPOCTPAHCTBEHHOE pa3pemeHne. OTO OOYCIOBIEHO MEHBIINM pacCesHHEM HIIEKTPOHOB
Onarogapsi TOMy, 4TO MCIOJIb3YIOTCS TOHKHE 00pa3Lbl U 6oJiee BBICOKAsi YHEPTHS SJIEKTPOHOB.
Orto wimoctpupyerca Ha puc. 12.19. Teopus npocTpaHCTBEHHON AUCIIEPCUU JIEKTPOHHOTO
My4yka C TOJIIMHOW pa3Buta B [55,56]. Bospacranue ceueHHss Tydka C TOJIIIMHON
IIPOMJEHHOIO CJIOS t XOPOIIO ONUCHIBAETCSI COOTHOIIEHUEM

b=7.2-10° (Z/Eo)(p/A) "t (12.13)
rie Eo B 9B, p B r/eM’, b i t B v, [Tpu 5TOM AHameTp myuka oXBaThiBaeT 90% Iyuka, TaKKe
Kak ¥ d — quameTp mydka Ha OBEpXHOCTH, puc. 12.20. Tak 4To 1MaMeTp MmydKa CTAaHOBUTCS

R = (b*+d?)"?, (12.14)
Ha Beixome R 2> Ry, MO3TOMY CpeaHmii pa3Mep Iydka,
IPOCTPAHCTBEHHOE Pa3peIIEHUE COCTABIISAET

R = (d + Rinay)/2 (12.15)

KauyecTBeHHOE coOMOCTaBlIEHHE OTHOCUTENIBHBIX pa3MepoB obsacteid reHepanuun PU B
pa3IMYHBIX METOJAMKaxX MpuBeAeHO Ha puc. 12.21, u3 kotoporo BuaHo, yto XEDS-IIOM
obnamaeT HeCpaBHEHHO 0o0Jee BBICOKHM
MPOCTPAHCTBEHHBIM pa3pelIeHueM [2].

MPUHUMAEMbI  3a

EPMA AEM

or
SEM
U uq - 10 nT N 1nm
~ VT S IV
. EE mT CneKmpomempuﬂ nomeps 3Hepcuu
¢
1100 nm 10 nm anekmponoe (EELS)
Volume axt:lfsl; : Volume excited Volume excited CHeKTPOMeTpHH SHCPICTHICCKHX

NOTEPh JJEKTPOHOB SIBISETCS Ba)KHBIM
METO/OM, CYILIECTBEHHO OO0OramarmemM
BO3MO>KHOCTH aHAJIMTUYECKHE
Bo3MokHOCcTH [IOM. Meton EELS
0azupyeTrcsi Ha TOM, 4YTO OJJIEKTPOHBI
TEPSAIOT 3HEPTUI0 B 00pasle Mo MHOI'MM
kaHanam (cm. JI1), a He Toimpko Ha
Bo30yxnenne PU. C mnomompio EELS MOXHO CyIIecTBEHHO YBEIMYUTh KOHTpAcT
n300paKeHMIA, BBIICIMB U3 CIIEKTpa JIMOO MUK HYJIEBBIX MOTEPb, THO0 HEYNPYTo pacCESTHHBIC
3JIEKTPOHBI. DTO OCOOEHHO CYILECTBEHHO

&4 l»lma_i.'. = ~ 105 pm3 ~ 108 um3
FEG
source

Thermionic
source

Puc. 12.21. KauecTBeHHas WILTIOCTpaIus
OTHOCHUTENIFHBIX Pa3MepoB 00JIaCTH T'eHEpaLuN
PH.

Spec‘m'en ‘0 projector lens crossover
i i rshondimtw NP  HUCCJICAOBAHUM HE OYECHb TOHKHUX
intermediate lens [
Dt 00pa3LoB, Korja HEynpyrue IOTepH
P UCIIBITHIBAET 3HAYUTEIIbHASA YaCTh ITydKa.
lens
<;0-: Intermediate lens 2 B HacTOAMICC BpeNISI EELS_
. CIIEKTPOMETPHI BBITYCKAlOT JBYX THIIOB:1)

TUMa MAarHUTHOM TPU3MBI pa3paboTKu
¢upmer Gatan, W THma omera-QUIbTpa

I
Slit s; 5253 54 S5 56
N

Sextupoles

Viewing screen

Image

Puc. 12.22. EELS-cniekrpomeTpsl upMbl
LEO (A) u ¢pupmsr Gatan (B).

12

pa3pabotku Zeiss (ceituac LEO). Cxema
ATHX CIIEKTPOMETPOB IpPHUBEICHA HAa PHC.
12.22 [2]. Ilpu3aMaTuyecKuii CHEKTOMETP
Gatan OpHEHTHpPOBAaH IPEXKIE BCEro Ha
CIIEKTPOMETPUIO HEYNPYIHX MoTeph, -



(GUIBTp — HA MOTYYEHUI SHEPreTHYECKU-(DUIBTPOBAHHBIX N300pasKEeHU.

Dokycuposka cnekmpomempa

EELS —cnektpomeTp — 3TO MarHWTHas JIMH3a, UMEIoIas cBou jaedekTol. [loatomy
TpeOyeTcsl ONTUMH3UPOBATh ONTHKY ITydKa B CIIEKTPOMETpPE, YTOOBl MHHHMH3HPOBATH
BIUsHUE abeppamuu W acturmatusma. Omeparuu 1o CcTUpoBKe crnektpomerpa B LEO-
912AB npusenensl B Jlononnennu x JIS.

HaunbGonee cymiecTBeHHON omepanueit sBiaseTcs (POKycHpoBKa crHekTpomeTpa. B
OTJIMYUE OT JAPYTHX JIMH3, CIIEKTPOMETP SIBJISICTCS ACUMMETPUYHOMN JIMH30M. JIJIMHA TTyTH J1s1
JJIEKTPOHOB , JBIJKYIIMXCS BHE-OCH, pa3jiMyHa, MO3TOMY Cpe€3 BXOJHBIX M BBIXOJHBIX
MOJIFOCOB TIIATETHFHO TMOAOWpAETCS W HM3TOTaBIMBACTCS, C TE€M, YTOOBI CKOMIIEHCHPOBATh
pa3HUILY B ITyTH U JTOCTHYH TpeOyemoil hokycupoBku. dopma morocoB 00eCTiCUnBaET TAKKe
(OKYCHPOBKY 3JIEKTPOHOB, ABIKYIIMXCS BHE IEHTPAIBLHOU IIOCKOCTH CIieKTpoMeTpa. Takue
CIIEKTPOMETPHI HA3BIBAIOTCS «C JABOWHON (hokycupoBkoi». IIpomemypa ¢oxycupoBKu
CIIEKTPOMETpPA 3aBUCUT OT KOHKPETHOTO BapHaHTA U OMKCHIBAECTCS B PYKOBOJICTBE K HEMY.

Ha puc. 12.23 Ka4yeCTBEHHO MPOJEMOHCTPUPOBAHO  BIHMSHUE (DOKYCHUPOBKH U
[IMPUHBI ETH Ha (GOpMY MHKA HYJIEBBIX MOTEPh
e e [2]. Bumso, uyrto moxas (OKYCHpOBKA U

limited CJIMIIKOM IIUPOKas 1IENb MPUBOAAT K YIIUPEHUIO
MUKa HYJIEBBIX MOTEPb.
Ha puc. 12.24 npuBeneH TUNHUYHBIN

Aberration
R limited
Intensity

[Resclution|
E e
FWHM

, A\
)

[ [
Energy Scale eV

A 10T T T y T
Coants T

[ |mm i

Puc. 12.23. ®opma nuKa HyJIEBBIX L

MOTEPb B YCIOBUSAX OTCYTCTBHUS

(OKYCUPOBKH U CIIMIIKOM HIMPOKOH 10 b 1 o ccrgy hoss

LLIEJIM CIIEKTPOMETpA. _—J..,....__—}l]ghmﬁlﬂu i
EELS-cniektp, KOTOpbIN JEMOHCTPUPYET ¢ =g 200 %00 600 800
a) OOmNbIIyI0 WHTEHCUBHOCTh IHKa Enecgy-Lot {6V)

HYIEBBIX TOTEPh M 0) OrpPOMHEIA | Pyc. 12.24. Tunuunsiii cektp EELS.
IUHaAMUYecKui nuama3oH Metona EELS

- UHTEpBaJl MHTEHCHUBHOCTEH
OXBaTBIBAET OoJjiee 6 MOPSIKOB.
TunuuHele XapakKTEPUCTUKU SHEPTETUUECKUX MOTEPD JIEKTPOHOB NpUBEIeHbI B Tal.

12.1

Tabn.12.1.

[Iponecc [Toreps snepruu, 3B O (Mpan)
DOHOHBI ~0.02 5-15
Buytpu- u wmex3oHHbIE | 5-25 5-10
epexo/ibl

[TnazMoHBI ~5-25 <~0.1
WNonmzanuss  BHyTpeHHux | ~10-1000 1-5
000J10ueK

B Tab6m. 12.1 6 — yrom paccesHus 3J€KTpOHa B pPE3yJbTaTe OMPEICIECHHOTO
npoiiecca ¢ norepeit sueprun AE
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0r = AE/(2Eo) (12.16)

Lluk nynesvix nomeps

Kaxk BugHo u3 cnektpa 12.24 nuk HyJ€BbIX NOTEPh — CAMBIM MHTEHCUBHBINA. OH
MPEACTABIISIET 3JIEKTPOHBI, KOTOPbIE, B OCHOBHOM, COXPAHUIIA CBOIO SHEPTHIO, ABUKYTCS B
Y3KOM KOHYCE B Mpefenax HecKolbkux Mpas u co3aaroT peduiexc 000 B JIK. Eciin Ham
HE00XO0IMMO HAKIIOHUTh BXOJIHOM MyYOK, TaK 4TO AU(parupyromuil mydoK MomnajgacT B
CIIEKTPOMETP, TO OH TOXKE OYJIET TaBaTh MUK HYJIEBBIX MOTEPh. YT0oa audpakuun (20g) ~20
MpaJ], TaK 4TO a HOPMaJbHON reoMeTpuu (BXOJHOM MMy4OK HE HAKJIOHEH) Au(parupyommi
My4OK OOBIYHO HE MOMAJIaeT B CIIEKTPOMETP.

Opnako, cieyeT UIMeTh BBUY, UYTO CIIEKTPOMETP UMEET KOHEUHOE SHEPreTUUYECKOE
paspemenue (B myumiem cirydae ~0.3 3B), Tak 4uro B
HEM COJEPIKATCS JIEKTPOHBI, KOTOPBIE TOXKE
° MOTEPSUIH, XOTS U HEU3MEPHUMO MaJlo, SHEPTUH.
Hanpumep, Ha Bo30yxnenue poHonos (cm. Tabm.1).
EELS B [I9M He ciocoOeH pa3nuuuTh BKIA
(OHOHOB B MOTEPIO FHEPTUU IEKTPOHOB. B 11em1om,
EE 1 | TuK HyJIeBBIX TOTEPh ¢ TOUkH 3peHust EELS
- {1 | mpuHOCHT GoIbIIe Bpeaa, YeM TMOJIb3bI: MOCKOIBKY

T T T T T

T m s - OH OYEHb UHTEHCHUBEH, OH MOXKET MIOBPEIUTh
Energy-Loss (eV) CLUUMHTWUIATOP WK nepeHacslTuTh MmaccuB CCD
Puc. 12.25. IHTEHCUBHOCTBL B kamepsbl. Ha puc. 12.25 BuaHO, 4TO clipaBa OT NHUKa
CIEKTPE CYIIECTBEHHO HIXKE, YEM | HYJIEBBIX MTOTEPh [y UMeeTcs ToXke MUK, HO OH
WHTEHCHUBHOCTD MHUKA HYJIEBBIX ropasio MeHee HHTEHCHUBEH (JIoTapuMuIecKuit
noteps Io. MmaciTa0l), Tak ke Kak U OCTaJIbHas YacTh CIEKTpa

[2]. DTO mpeAcTaBIsIET OCHOBHYIO MPOOJIeMy METO1a
EELS.

Manvie nomepu snepeuu
[Tox ManpiMu TIOTEpAMH TIOJIpa3yMEBAIOTCs MoTepu B nuamazoHe a0 50 »B. Kak mbr yxe
Bugenu B JI1 (puc.l.5) nnazmownst COCTaBISIOT AOMUHHUPYIOUIYIO YacTh MOTEPh SHEPTUU
AIIEKTPOHOB U POPMHUPYIOT NHK CIIEAYIOMINN TI0 HHTEHCHBHOCTH 332 TUKOM HYJIEBBIX ITOTEPb.
Ilnazmonvr. VI3 JI1 MBI Takke 3HaEM, YTO IUIA3MOHBI — 3TO KOJJIEKTUBHBIE IMPOJOJILHBIC
6bicTpo 3atyxaromue (~10" ¢) ocuuIsuy c1aGo CBS3aHHBIX YIEKTPOHOB. [loTepu dHepruu
Ha IUIa3MOHBI YaCTOTOH m, COCTaBIIAET
AE, = ho,/(21) = h/(2m) [ne¥/(gom)]", (12.17)
rae h-nocrosianas [Inanka, € U m — 3apsa U Macca SIEKTPOHA, €)-TPOHUIIAEMOCTh BaKyyMa, n
A s | — IJIOTHOCTh CBOOOIHBIX
oLzt T Coz;;:: I et i AJEKTPOHOB. THUNWYHBI 3HAYECHUS
et 1o IUIa3MOHHBIX MOTEPH — 5-25 5B.
] [TnazmonHbBIE noTepu
ol ;o IIPUCYTCTBYIOT BO BCEX

oL -
210 b,

2m0° 1 wth - 1 Marepuailax © JOMUHUPYIOT B
O % o 10 10 o !60 TR Marcepuaiax CcO CBO6OI[HO'
Energy-Loss (eV) Energy-Loss (eV) o o

ANIEKTPOHHOM  CTPYKTYpOH  30H,
takux kak Li, Na, Mg, u AL
CrnexTpsl JEMOHCTPUPYIOLIUE
IJIA3MOHHBIE TOTEPU MPHUBEICHBI
Ha puc. 12.26 [2]. Ilockonbky

IUIA3MOHHBIE MOTEPU 3aBUCIT OT KOHIIEHTpPALMM CBOOOJHBIX AJIEKTpOHOB, To Meroa EELS

510°¢
810° | -

410°

T T T
'

Puc. 12.26. [Tima3zmonubie Kotebannsa B Al.
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NO3BOJISIET, B NPUHIMUIE, ONPENENATh XUMUYECKOoe COCMOsAHUe 3JIEMEHTa, T.e. SBISAeTcs
MUKpoananumudeckum memooom (B npuHIme). [11a3MOHBI MOTYT OBITh YIaJICHBI U3 CIIEKTpPa
JUIS TIOJTy4eHUs] n300pa’keHHsI, TEM CaMbIM, YCTPAaHUB UCTOUHUK XpOMaTHYeCKOi abeppanui,
MO>KHO TOJTYYUTh 00JIee KOHTPACTHOE U300pakeHHE.

LB B R aE L LR ALK LR RARLE LR

AL O (sapphire)

FTT

Al;03 MgO (spinel)

AIN

‘_LLf; Al (metal) p
AR IR PR waw s s ' i

10 20 30 40 50 60 70 80
Energy-loss (eV)

Puc. 12.27. EELS cnexTpsl
MaJIbIX TIOTEPh Ha

COCIUHCHUAX, COACPKAIIUX
Al

-

Paccessuue ¢ BO30yXXICHHEM IUIa3MOHOB HE
MPUBOAWT K OOJBIIOMY YIJIOBOMY pa3z0pocy (THIAYHO
<~0.1 mpaz), MOATOMY Takue 3JIEKTPOHBI INONANAIOT B
CHEKTPOMETP IpakTHYeckH Oe3 morepb. TunuyHoe
3HaueHHe CBOOOHOrO Mpodera MmIa3MOHOB A, COCTaBIISAET
~1008M. [To3aToMy, pa3yMHO OXUAATh MO KpalHeH Mmepe
OJIUH CUJIbHBIH MJIa3MOHHBIN MUK, U KOJIMYECTBO TAKOBBIX
JIOJKHO BO3pacTaTh C yBEIMYEHUEM TOJIIMHBI 00pasia,
puc.12.26 [2].

Buympu- u mesic3onnvie nepexodsi. DNEKTPOH TydyKa
MOET COOOIIMUTH IIEKTPOHY aTOMHOT'O KOpa B OMHAPHOM
B3aUMOJICCTBUU 3HEPrUI0 JOCTATOYHYIO MJIsl IEepexoaa
Ha JIpyryro opoutanb. [lorepu Ha Takoe B3aMMOJIEHCTBHE
MOTYT COCTaBIIsITb 10 ~25 »B. B3saumogeiictBue c
MOJICKYJISIPHBIMH OpPOMTANIIMU, TAaKUMH KaK T-OpOHTAIN
MPUBOAMUT K MOSIBJICHUIO XapaKTEPHBIX NMHKOB B CIIEKTpPE
Majeix 1OTeph. C TMOMOIIBIO ASTUX THUKOB HMHOT/AA
BO3MOXXHO HIEHTHPHUIMPOBaThL coctaB oOpasma. K
COXAJICHUIO, allpUOPHBIE PACyYEThl B HACTOAILEE BpEMs
HEJOCTYIIHBI, HO BBIBOJbI MOXHO CJI€JIaTh, COMOCTABIIAS
CO creKTpamMu u3 0a3bpl JaHHBIX CO CTAaHIAPTHBIMHU

oOpazuamu. Puc. 12.27 nmaet mpencTtaBieHHE O TaKOH BO3MOXKHOCTH Uit Al-copepxaminx

COEIMHEHUN.

Obnacmsv bobuiux nomeps

[Totepu 60mee 50 5B oTHOCATCS

Is 25 2 3s 3p 3d 45 4p

M shell

Energy

K shell L shell

N shell

Puc. 12.28. Homenknarypa kKpaeB HOHU3ALUU

K 00J1aCTH OOJIBIINX TTOTEPh.
Honuzayua enympennux obonouex —
SIBJISIETCS. OJJHAM U3 TaKUX MPOLIECCOB.
BaxxupiM (akTopom SIBIASETCS TO, YTO
AJIEKTPOH, MOTEPSIBIIMI JHEPTrUI0 Ha
MOHM3AIINIO, «HE 3HaeT» KaK IOTOM
aTOM  «pacHopsIUTCA» JOCTaBILIEHCS
€My DHeprueil, To Jiu Ha HUCIyCKaHHE
XPU, 10 1  OxXe-3JE€KTPOHOB.
ITostomy EELS He mnoaBepxkeH
BIIMSIHUIO OTPAHUYCHHM, CBSI3aHHBIX C
BBIXOJIOM (pIyopecueHlnd, Kak 3TO
ectb B XEDS.

BTtopoii BaxHBIi MOMEHT —

i 5 Sp Sd Onarojapsi CYIIECTBEHHO JIydIlIEMy
[t sHepreTHueckoMy paspemenuio EELS
IIO3BOJISICT HUccijaeaoBaThb TOHKYIO

CTPYKTYpy AaTOMHBIX 0O0O0JIOUEK IO

dopme cmektpa B 0O0NacTH  Kpas
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MOHU3AIlUK, T.€. MPHUCYTCTBUE pPA3NIUYHBIX DHEPreTMUECKHUX COCTOSHUM B 00OJIOUKe.
[lepeyeHp COCTOSHUN pPa3IUYHBIX 000JI0YeK npuBeAeH Ha puc. 12.28. K-351eKTpoHbI
HAXOAATCS B 1S COCTOSIHMM W JTalOT OJMHOYHBIA Kpal B CIEKTpe. DIEeKTPOHbI L-0005104Kku
HaxonATcs Jubo 2s, MO0 B 2p COCTOSIHUHM, W €CIIH 2S-3JICKTPOH HCITyCKAeTCs, TOTAa MBI
nonmyyaeM Lj-kpail, ecau — 2p-31ekTpoH, Toraa - L, wim Ls-kpail. L, u Ls-kpast moryTt He
paspemarbes MpU HU3KUX SHEPTUsSX MOHU3aluU (OHU He pasperiaiorcs B Al, HO pa3pematorces
B Ti), moaromy 3TOT Kpaii o603HayaeTcss MHOTAa Kak L, 3. Takux cOCTOSIHUN MHOTO Ha pHC.
12.28 [57].

HonunzanmoHHoe cedeHne Majlo 10 CPaBHEHMIO C IUIa3MOHHBIM cedyeHueM. [loatomy
BEPOSITHOCTh KPATHOW MOHM3AaLMHA TEM K€ JJEKTPOHOM Majla, B OTJIMYHME OT TEHEepaluu
w1a3MoHOB. OJHAKO, BEPOATHOCTh WOHM3AIMH U BO30YXKIEHHUS IUIA3MOHOB OJHUM
3JIEKTPOHOM — HE penkocTh, puc.12.29E. dopma kpaeB MOHU3AIMH OYCHH PEIKO ObIBaeT
nUI000pa3HoON, Kak Juisg Kpas morjomieHus, puc. 12.29A [58]. Ona mpakTH4ecKd Bceraa
JIOCTAaTOYHO CJIO’KHAsI, TTIOCKOJIBKY OOYCIJIOBJICHA HAJIOKEHHEM C OBICTPO pacTymuM (hoHoM
kpatHoro paccesausi (B), adbdextsr cBs3u (C- ELNES- energy-loss-near-edge structure),
nudpakaronnsie 3¢ dexTrr oT okpysxkaronux atoMoB (D, EXELFS —extended energy loss fine

T— T T T T T T T B

Counts Counts

_ - ¢ B .

Plural-scattering
. . background

250 300 350 400 450 250 300 350 400 450
Energy-Loss (V) Energy-Loss (eY)

T T T T T T T T D

Counts Counts

L 1 1 L L

1 L
250 300 350 400 450 250 300 350 400 450

Energy-Loss (V) Energy-Loss (eV)
E T T T
Counts Combination of
- ionization B
.« and plasmon
losses
N 4
Increased
plural
o scattering
background
1 1 1l 1
250 300 350 400 450
Energy-Loss (V)
Puc. 12.29.
structure).

[Ipumep ompenenenus cocraBa npenunuraroB ¢ nomoipio EELS nmpusenen Ha puc. 12.30
[59].
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Puc.12.30. IIpenunurats! B Hepxasetomieit cranu A-TiC, B-TiN.
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