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KOHTPOJIb W TECTUPOBAHWE

JKCNpPecc-KOHTPONb 3/IeMeHTOB

NMHTEerpajabHbIX MUKPOCXEM

C NCNOJIb30BaHNEeM pacTpoBon
3/IeKTPOHHON MUKPOCKONUMN
N peXxXnma HaBefleHHOro ToKa

ANIEKCAHAP NETAULKWUIA, AMUTPUNA XXUT'YIUH, BAAGUMUP NAHUH

PaccmompeHa mMemoOuKa 8bli8/1eHUA OMKA308 3J1eMeHmMo8 UHMe2pasibHbIX
cxem pacmpogoli 3/1leKmpoHHOU MUKpockonueli 8 pexume HABeOeHHO020 MOKda
EBIC. JaHHbIl MemoO A8/15iemcs 0CHOBOU 3KCNpecc-KOHMpoJsia pabomocnoco6-
Hocmu UC u omOeibHbIX UHMe2PasibHbIX 371eMeHMOo8.

BBEJEHUE

CoBpeMeHHbI YpOBEeHb TEXHONOTNIN
No3BosAeT NPOU3BOANTb MUKPOINEKTPOH-
Hble CTPYKTYPbl Upe3BblYaliHO MasibiX pa3-
MepoB. Pasamep 3aTBOpa COBPEMEHHbIX
Haubonee masbiX MacCoOBO MPOV3BOAM-
MbIX TPAH3UCTOPOB cocTaBnAeT 18 HM.
HapgeXHocTb paboTbl TakNX CTPYKTYpP
onpepenaeTca He TONIbKO COBPEMEHHbIM
YPOBHEM pa3BUTMA TEXHONOTUN NPOU3-
BOACTBa U KBanuduKalmein nepcoHana,
HO 1 cnocobamu KOHTPONA PaboToCnoco6-
HOCTV 3N1eMEeHTOB VMHTErpasibHOM N1EeKTPO-
HUNKW.

[inAa onpefeneHnA 3HaYeHNA NUHEN-
HbIX pa3mepoB B CYOMUKPOHHOM Jna-
NnasoHe NPMMEHAIOT pa3nnyvHbie BUAbl
BblCOKOpa3pewatLwern MUKPOCKONUN,
TaKue Kak CKaHVpytoLLas 30HA0BasA MUKPO-
CKOMusA, NPOCBEUYMNBAIOLLAA eKTPOHHas
MUKPOCKONNWA, pacTpoBas 3NeKTPOHHas
MUKPOCKOMMWA, MUKPOCKOMNA Ha OCHOBE
bOKYCMPOBaHHbBIX MOHHbIX MYYKOB U T.[.
OpHako, ana peleHuns 3agay, TpebyioLmx

onepaTUBHOro KOHTponsa (6e3 cneunanb-
HoW NPO6OMNOAroTOBKM) MOAXOANT TONBKO
pacTpoBas 31eKTPOHHAA MUKPOCKOMNKA.
[epcneKkTUBHBIM METOLOM BbIABIEHUSA
OTKa30B, Kak Liesibix 6510KOB, Tak 1 OTAeNb-
HbIX 3IEMEHTOB UHTErpasibHbIX CXem
(UC) AaBnAeTcA pacTpoBadA 3/1eKTPOHHanA
MUKPOCKOMNUA B peXume HaBeeHHOro
ToKa (Electron Beam Induced Current)
EBIC [1]. AaHHbIN MeToA LIMPOKO pacnpo-
CTpaHeH B pAfe KPYMHbIX KOMMaHUA 1 npu-
MEHSAETCA B KaUeCTBe SKCMPeCc-KOHTPOnsA
pabotocnocob6HocTn NC nnm oTaenbHbIX
WHTErpasnbHbIX 3neMeHToB. OH OTAnYaeT-
CA CBOEW NpPoCTOTOM, bbiCTpOAENCTBUEM
1 He TpebyeT cneunanbHOW NOATOTOBKM
obpasyoB K nsmepeHmam. Metopg EBIC
MOXeT MCNoNb30BaTbCA ANA UCCNEe[0-
BaHMA 3neKTpodU3nyecKnx CBONCTB
noslynpoBOAHNKOB 1 NPUBOPOB MUKPO-
SNEKTPOHMKUN, NOCKOSIbKY OH Mo3BonsAeT
onpepenntb obnacTy nokanbHbIX aedek-
TOB, MeCTa yTeuek 1 npoboes., a Takxe
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Puc. 1. JHepreTuyeckas auarpamma p-n-nepexopa

OLEHWTb NapaMeTpbl U MeCTOMOMNOXEHNA
p-n-nepexopos.

CpaBHUTENbHbIN aHann3 rogHbix UC
c 6pakoBaHHbIMK, MO3BONAET onpepe-
NINTb OTKa3aBLUMe SNEeKTPOHHbIE MOAYNN,
a fanbHeNWWn Nx aeTaNbHbIN aHann3 —
YCTaHOBUTb MPUUYMHY OTKa3a. Takum
06pa3om, No3TanHbIN aHanNn3 KpucTanna
NC no3BonaeT He TONbKO NPOU3BOAUTL
O0TOPaKOBKY MMKPOCXEM, HO 1 BbIABMATH
MeCTO 1 NPUYNHY oTKa3sa. MeTop HaBeaeH-
HOTrO TOKa TaK»e MOXeT OblTb UCMOSb30-
BaH 1 ANA N3yyeHns anekTpoduranyeckmnx
CBOWCTB MONYNPOBOAHNKOBbLIX CTPYKTYP
Ha OTAesIbHbIX 3Tanax TeXHONOrM4Yeckoro
npotuecca.

METOAUKA EBIC

Mpwn B3aumogencTBnn aNeKTPOHHOro
nyyka C NOBEPXHOCTbIO TBEPAOrO Tena
nponcxonmT obpasoBaHmne 3NEKTPOHHO-
AbIPOYHbBIX Map, BbI3blBalOLWMX reHepaLmnio
TOKa B MOJynpoBoAHMKax. Ha ocHose aHa-
Nn3a pacnpepeneHna curHana HaBefjeHHo-
ro TOKa MOXHO [iaTb OLLeHKY pa3inyHbIM
CBOWCTBAM MONYNPOBOAHMKA.

Ha pucyHke 1 nokasaHa sHepreTuye-
cKkaA gmarpamma p-n-nepexopa. Korga
My4YoK 3/1eKTPOHOB nomnagaeT B obnactb
p-n-nepexofa (6), TO 3N1eKTPOHbI 1 AbIPKY,
BO3HVKaloLMe Noj [eNCTBUEM SNIeKTPOH-
HOrO MyYKa, PaCXOAATCA B pa3Hble CTO-
POHbI 3a cyeT aneKTpuyeckoro nons E,
npucyTCTBYIOLEro B 06nacTu nepexona.
Hocutenu 3apapa, KoTopble BO3HMKAOT
B 06beme NonynpoBOAHKKa (a), rae oTcyT-
CTBYeT aNeKTpuyeckoe nose, ¢ 60nbLION
BEPOATHOCTbIO PEKOMOUHMNPYIOT APYT
c apyrom.

[lnAa npoBefeHNA M3MepeHnin 1 nosyye-
HVA N306paKkeHNI N1eKTPOHHbIN MUKPO-
CKOM AOMIXEH 6bITb OCHaLLeH JeTEKTOPOM
EBIC. Ecnv nogkntoumntb yCTPONCTBO, COAep-
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Kallee p-n-nepexof K TaKoMy AeTeKTOpY,
TO Ha N306paKeHNN CTaHYT BMAHbI 06/a-
CTU, CopepXaLlme p-n-nepexoa, APKOCTb
KOTOpbIX 6yfeT 3aBUceTb OT NapaMeTpoB
nepexofa. Ha pncyHke 2 nokasaHa cxema
n3mepeHna metogom EBIC. B metoge EBIC
3/IEKTPOHHbIN NYYOK CKaHMpyeT nosy-
NPOBOJAHUKOBbLIN 0b6pa3el, Copepxa-
Wwuid p-n-nepexon nmbéo 6apbep LLoTTKN.
DHepruiA 371eKTPOHOB B NMyyKe COCTaBnAeT
ot 1 go 30 k3B, B TO BpemsA Kak MUHUMasb-
Haa 3Heprus, Heobxognmas ans obpa-
30BaHNA 3NEKTPOHHO-AbIPOYHON Napbl
B MONYNpPOBOAHMKE 1 onpepensdemas
LUMPVHON 3anpeLyeHHO 30Hbl, COCTaBNAET
nopagka 1-3 3B.

B pe3synbTaTe BO3AENCTBUA d€EK-
TPOHHOTO MyYKa B MONYNPOBOAHUKE
o6pasyeTcaA 60/bLUOE YNCTIO SNEKTPOHHO-
ObIPOYHbIX Nap. NeKTPOHHO-AbIPOYHbIE
napbl reHepupPYIOTCA B MaTepurasne BHyTpU
orpaHunyeHHoro obbema (06bema reHepa-
Lu1u). BaxkHbIMM 34€Cb ABNAIOTCA HEOCHOB-
Hbleé HOCUTENN 3apAda — SN1eKTPOHbI AnA
nonynpoBoAHWKa p-Trna, N AblpkKn AnA
nonynpoBoAHMKa n-Tvna [2].

B036yXAEHHbIe NYYKOM 3NMeKTPOHbI
1 ObIPKY ABUFAOTCA CNyYaiiHO, reHepu-
pytoTCA 11 PEKOMOVHUPYIOT APYT C APYFOM.

Moaynb EBIC ucnonbsyetca ansa
HacCTPONKN napameTpoOB ycuneHUn
TOKa, HaBeJeHHOro 31eKTPOHHbIM Myu-
KOM, C Liefibio NOoNyyYeHnA KapTbl TOKa,
CO6pPaHHOr0 B Ka)K[OW TOUKE CKaHM-
poBaHuA. HaBeAeHHbIN 31E€KTPOHHbIM
Ny4ykoM TOK nonajaeT Ha 30HA MaHU-
nynaTopa B BblI6PaHHbIX 0611aCTAX KOH-
TakTa (cM. puc. 2). MNpun ckaHMpoBaHUNK
3NeKTPOHHbIM NYYKOM BblCOKO3Hepre-
TUYECKME SNEeKTPOHbI NHXEKTUPYOTCA
B 06pasel, NPOHMKAIOT Yepes oKCuHbIe
1 MeTanAnyecKmne Criom NoNynpoBoHMKa
L0 p-n-nepexofa y reHepupyT dnek-
TPOHHO-AbIPOYHbIE Mapbl, KOTOPble pas-
LenATCA BHYTPEHHUM 3N1EeKTPUYECKUM
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Puc. 2. Cxema n3mepeHna nonynpoBoAHNKOBOI CTPYKTYpbl meTofom EBIC

nonem p-n-nepexopga [3]. SneKTpOoHbI nnu
LbIpKK, Monagas B NposogALlyo obnacTb,
BbI3bIBAIOT TOK, fleTeKTUPYEMbI/i 30HLOM
1 obpabaTbiBaeMblil 3aTeM ycUnmTenem.
ToK, BbI3BaHHbIN NpW 3TOM, TPeo6pa3oBbl-
BaeTCA B HaNpsXXeHne, KoTopoe nojaeTca
Ha BUAEOYCUNNTENIb MOHUTOPA MUKPO-
cKkona.

[lnAa npoBefeHNA N3MepeHni B pexnme
EBIC npymeHAIT pacTpOBbIA SNEKTPOH-
Hbl MUKpockon POM tuna S-4800 durpmbl
HITACHI (AnoHunA) n yeTbipex30HAO-
Bbli HAaHOMaHunynaTop PS4 dupmbl
KLEINDIEK (FepmaHus). Ha pucyHke 3
nokasaH M3MepuUTeNbHbIA KOMMIEKC
no KoHTponto snemeHtoB IC meTogom
EBIC. Dkcnpecc-aHanu3 oTKasaBWMX
Kpuctannos metogom EBIC Heobxopnmo
NPOBOAUTbL MO CPaBHEHMIO C 3aBEAOMO
rofiHbIM KpucTannom. [1na sToro BHavane
HeobX0AMMO 3aKpenuTb 3aBeJOMO roj-
Hbln KpucTann MIC Ha ob6beKToaepKaTenb
C NOMOLbIO TOKONPOBOAALLErO Kies.
Kpenex Kpuctanna fonxeH NnpousBo-
OUTbCA Ha NOAHATBIX Pabounx anemMeHTax
MaHunynaTopa. [JaHHbI KpucTann byget

ABNATbCA TANIOHHbBIM, OTHOCUTENBHO KOTO-
poro 6yayT CpaBHMBATbCSA BCE OCTaJIbHble
Kpuctannol NC.

C nomolyblo NMHLUETa Ha NOAHATbIE
paboune aneMeHTbl MaHMNynATopa
HajeBaloT 3a0CTPEHHbIE M 3arHyTble
cneumnanbHble BoNbGpamMoBbie UMb,
nocsie Yyero akkypaTHO onycKaiT pabo-
Yyune 31eMeHTbl BMecTe C 30HAaMMN Kak
MOXHO 6JI/XKe K MOBEPXHOCTU KpUcTan-
Na, HO He Kacaacb ero. MexaHn4yeckum
yCcunmem CBOAAT 30HAbI B LEHTP KpU-
cTaja, Kak Nokas3aHo Ha puUcCyHke 4.
3oHpopepxatenb ¢ Kpuctannom UC
yCcTaHaBNMBalOT B pabouytlo Kamepy
3NeKTPOHHOr0 MMKpOCKona (cm. puc. 5).
[anee noAHMMAOT CTONUK MUKPO-
CcKoMa BMecCTe C 30HJoAepKaTenem
B MaKCMMaNbHO BbICOKOE MOJIOXeHne
(WD = 1,5 mm).

[ina nepesofa POM S-4800 B pexum
n3MepeHna HaBeeHHbIX TOKOB B MEHI0
ynpaBneHua ycTaHaBNNBAOT YCKOPALIO-
wee HanpaxxeHue 15 KB; Tok amuccun
(le) 10 mKA; Tok o6pa3sua (Probe Current)
B pexum High; B curHane ynpasneHusa

Amnanusarop
rapameTpoB
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BBIX MPUOOPOB

Puc. 3. U3meputenbHblit Komnnekc KoHTpons anemeHToB UC metosom EBIC
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Puc. 5. 3arpy3ka 3onpopepxartens B PAM S-4800
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Puc. 6. Bnok ynpaBnenus HaHo3oHgom N°1

(Signal Select) Boi6bpaTtb SE. Ha nesom
JKpaHe NnoABUTCA N306paxKkeHune NoBepx-
HOCTK KpucTanna B SE anekTpoHax.
MpaBbin 3KpaH NpegHa3HavyeH AndA oTo-
6pakeHNA MOBEPXHOCTN B HaBeAEHHbIX
TOKax.

Mpw 3anycke 6noKa ynpaeneHys YeTbl-
pPeX30HAOBbIM HAHOMaHUNYNATOPOM
Ha MHPOPMALMOHHOM 3KpaHe (CM. puc. 6)
oTobpasnTca nHdopmaLma o KoopanHa-
Tax 30HAA (3) (HavyanbHoe 3HayeHue Hyne-
BOe€), Ware nepemMelyeHua (4) n ckopoctu
nepensuxeHus (5). HayanbHaa ckopocTb
ABUXKEHNA NO yMONYaHMIo paBHa 6. 3To
camas 6bICcTpasn CKopocTb. OHa MOXET ObITb
MOHMXeHa A0 1 ¢ nomoLbto KHonKu (1) unn
yBennyeHa Ao 6 C MOMOLLbIO KHOMKMN 2.

[nAa Toro 4Tobbl NepesecTn 610K
ynpasneHua B pexum EBIC (cm. puc. 7)
HeobXxoAMMO nepekyaTeieM pexnma
ynpasnexusa (1) (Mode) BbibpaTb pexum
DC (pex1m HaBeleHHOr 0 TOKa); MepeKio-
yatenem (4) ycTaHOBUTb KOIGPUUMEHT
ycunenus Gain Ha 7. Mpu Heobxoanmo-
CTU TOHKOWN HaCTPOWKN YCUNEHUSA MOXHO
ncnonb3oBaTtb perynatop (3). 3atem
nepeknioyatesnb (7) nepeBecTy B NooXe-
Hue Invert off; nepeknioyatens (8) nepe-
BecTy B nonoxeHue Tip Volt Int; perynatop
KOHTpacTHOCTK (5) (rpy60) U (6) (TOHKO)
YCTaHOBWTb B CPEAHEE NONOXKeHNe.

[nAa sKkcnpecc-aHanusa BbibupatoT
HEO6XOAMMY0 KOHTAaKTHYIO Miowanky
Ha KpucTanne n ofauH U3 YeTblpex 30H-
[0B, KOTOPbIN ByAeT KOHTaKTUPOBaTbCA
K Hell. [IpucoeauHAIOT BbIGPaHHbIN 30HA
K 610Ky ynpaBfieHUA YeTblpex30HAO0BbIM
HaHOMaHuNynAaTopom PS4 yepes BxogHom
pasbem 2 1 ¢ nomouybio pyyek CLKW (9)
(aBukeHue 30Haa BneBo-Bnpaso), UP (10)
(nogbem—-onyckaHwue), RETRACT (11) (aBu-
XKeHune 30HAa Bnepef-Ha3aj) U KHONoK
(12) (yBenmunTb CKOPOCTb NepemeLleHuns),
(13) (yMeHbLNTb CKOPOCTb NepemeLLeHIs)
NoABOAAT 30H[ M KacatoTcA BbibpaHHON
KOHTaKTHO MyiowwagKkun. B MomeHT KacaHuA
Ha NPaBOM 3KpaHe MOHMUTOpPa NoABATCA
pa3Bogbl B BUAE NOSOC.

KHonko1 Slow (3) Ha 3KpaHe MOHUTOpPa
3anycKalT MUHUManbHO BO3MOXHYIO CKO-
POCTb pa3BepTKU; MPON3BOAAT HACTPOW-
Ky NOMy4YeHHOW KapTUHKMN B HaBeleHHOM
TOKe C NOMOLWbI0 pyyeK ynpaBneHus
(3-6) 6noka ynpaBneHua. Heobxogumo
NMOMHUTb, YTO YeM Bbllle Ko3bduLneHT
ycuneHua curHana, Tem 6osnblue ycunmsa-
I0TCA WYMbl, MTOMEXM 1 HaBoAKK. [lo3aTomy,
npeAnoYTeHre OTAAIOT He Ko3bduLmeHTy
YCUNEHVA CUrHana, a BeNiMunHe ToKa, naga-
towero Ha obpasel. Ecnv Bce maHunynsa-
LUK NpoBefeHbl NPaBuIbHO, TO JOMKHO
nonyunTbCA cnepyiolyee nsobpaxxeHve
NOBEPXHOCTU KpucTanna (Cm. puc. 8).

[nsa nonyyeHuns nsobpakeHUs KprcTan-
na B pexkume EBIC Ha faHHOW KOHTaKTHOM
nyoLwaaKke Ha yCKOPALWNX HaNPAXKeH-
ax 20 n 30 kKB HeobxoaMMO, He nogHKMas
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achi 54800 Scanning Electron Microscope

Record © A & B

Puc. 7. Bnok ynpaBneHua 4eTbIpex30HA0BbIM
HaHoMaHunynaTopom PS4
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a) roAHbIi Kpuctann 6) oTka3aBLmii Kpucrann
Puc. 9. BoiAiBnenune oTkasasLero kpucranna merogom EBIC

NRPN (E<30B), Emiter bez GK NPN bez GK (E<30B). Emitter-Baza proboy. Emitter
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a) pabouwnii GunonApHbIil TpaH3uCTOp 6) oTKa3aBLWKii GUNONAPHBIIE TPaH3UCTOP

Puc. 10. BunonapHblit TpaH3ucTop B pexxume EBIC, c nokanusoBaHHbIM MecTom npo6os smuTTep—6asa

30HA, NepeBecTn POM B pexxum 20, a 3atem 30 KB. Takum 06pa3om,  Hble OT FOAHOrO KprCTansa, Co BCEMU OCTaslbHbIMY KpucTanna-
ONA KaXKAoW KOHTaKTHON niolwaaku 6yaeT nonyyeHo Tpu nso-  mu UC. CywecTBeHHbIE OTANYUA B M306PaKeHNAX yKa3blBatoT
6paxkeHus NnoBepxHOCTW B pexume EBIC ¢ pasHbiM yckopAlWwMM  Ha NPo6ieMHble Ui OTKasaBLUMe MecTa MKPOCXeMbl, Hanpumep,
HanpsXeHueMm. [lanee cpaBHUBAIOT N306paKeHNsA, MONyUYeH-  MOBPEeXAeHNe NPOBOAHNKa (CM. puc. 9).
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30.0kV x200 OTHER2

a) rofHbIN KOHAEeHCaTop
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6) oTKa3aBLKii KOHAEHCATOP

Puc. 11. Konpencatop B pexkume EBIC c nokanusoBaHHbIM MecTom npo6os

3apayva pa3bpakoBKM TOMOMOTMYECKNX IN1EMEHTOB Cylle-
CTBEHHO ynpoulaeTca, eCcnu faHHble deMeHTbl HaX0[ATCA
B TeCTOBOM mopysie. B 3Tom cnyyae Kax[oMy 371eMeHTy COOT-
BETCTBYeT CBOA KOHTaKTHas niowajKka (Mmbo HeCKoNbKo KOH-
TaKTHbIX MI0LWAAO0K), YTO CYLECTBEHHO YMEHbLUAEeT KONMYeCTBO
N3MepeHUil, a 3HaunT, N Bpems, HEOOXOAUMOe Ha BbiABIEHNE
N npeHTudrKaumno oTKkasaBluero afieMmeHTa. Ha pucyHke 10
nokasaHbl pabounii 1 OTKa3aBLUNIN GUNONAPHbIE TPAH3MCTOPDI
B CpaBHeHUM B pexume EBIC.

Ha pucyHke 11 nokasaH OTKa3aBLUWI KOHAEHCATOP B CpaBHe-
HUW C roaHbIM B pexkume EBIC.

BbIBOAbI

Jkcnpecc-aHanu3 metogom EBIC no3sonseT 6bicTpo 1 onepa-
TUBHO NPOBOAUTbL OTOPAKOBKY KpurcTannos UC, otaenss 6pako-
BaHHble KpucTanibl. OTCYTCTBYE CeLuanbHON NPo6onoaroToBKY,
ero NpocToTa U JOCTYNHOCTb — OCHOBHOE NPEenMyLLeCcTBO fiaH-
HOro metofa aHanu3a. NloMMMO CPaBHUTENbHOrO aHanmsa
rogHbix U 6pakoBaHHbix MIC, meton EBIC no3BonseT getanbHo
nccnefoBatb Hepaboune MecTa CXeMbl U YCTaHOBUTb MPUUYUHY
MX OTKa3a. B yacTHOCTW, fAaHHBIM METOJOM MOXXHO ONpesenuTb
NPUYKHY BbIXxofa TpPaH3UCTOpa UmM anoaa U3 CTpos, NoKanumso-

BaTb MeCTO Npobosa KoHAeHcaTopa. Takum o6pazom, metog EBIC
MOXET NCMOMNb30BaTbCA ANA NCCNe[0BaHNA INEKTPOPU3NYECKUX
CBOWCTB NOMYNPOBOAHMKOBBIX MPUOOPOB, onpefensTs 06nacTu
NIOKanbHbIX fedeKTOB, MecTa yTeuek, NpoboeB, a TakXe y3HaTb
napameTpbl ¥ MECTOMOJIOKEHNSA p-N-NEPEXOA0B.

MeTop EBIC MoxeT 6bITb peKOMeHA0BaH Kak HepaspyLuaroLuii
METO[, 3KCNPECC-KOHTPONA paboToCNoCOOHOCTI UHTErPabHbIX
KOMMOHEHTOB. &=
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