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HMU3KOBOJIbTHBIE MUHUATIOPU30OBAHHBIE
QJIEKTPOHHO-OIITUYECKHUE CUCTEMbBI. OB30P

HU3KOBOJNIBTHEIE MUHHATIOPU30BAHHBIE DJIEKTPOHHO-ONTHUECKHE CHCTEMBI, KOTOPBIE TaKKe Ha3hbIBAIOT MHKPOKO-
JIOHHAMH, TIPEJCTABIAIOT COO0M CaMOCTOATENbHOE HAMPABICHHE B 00JACTH JIEKTPOHHOW ONTHKH H SIBISIFOTCS OC-
HOBOH HU3KOBOJIbTHBIX MHUHHUATIOPHBIX J3JICKTPOHHBIX MHKPOCKOIIOB, MHOT'OKOJIOHOYHBIX J'll/ITOl"pa(bOB U CHUCTEM
3JIeKTpOHHON rosiorpaduu. B 0030pe coOpanbl pabOTHl 10 MHKPOKOJOHHAM C PAa3JIUYHBIMU JJICKTPOHHO-
ONTHYECKUMH CXEMAaMH, BKIFOUAsT MOJEIUPOBAHKIE PACTIPEICIICHUS IJIEKTPHIECKOTO TIOJIS, 3JEKTPOHHBIX TPAEKTO-
puii, abeppalliii ¥ MPOCTPAHCTBEHHOTO Pa3peIIeHHs, a TAKKE OMMCAHUE UCTIONb3YEMBIX DIICKTPOHHBIX HCTOYHUKOB

1 TEXHOJIOTHH M3TOTOBJICHUS MHKPOKOJIOHH.

Knrouesvie cnosa: HU3KOBOJIBTHAS 3JIEKTPOHHAS MUKPOCKOTIHSI, MUHUATIOPHBIE 3JIEKTPOHHO-ONTHYECKHE CUCTEMBI,
MUKPOKOJIOHHBI, 3JIEKTPOCTATHUECKHE MUKPOJIUH3bI, TOUEYHbIE UCTOYHUKH 3JIEKTPOHOB, MPOCTPAHCTBEHHOE
paspelieHue, abeppanuu JIEKTPOHHO-ONTUIECKUX CUCTEM, TPYIIIOBBIC TEXHOJIOTHHA MUKDOJICKTPOHUKH,

KPEMHHCBBIC TCXHOJIOT U

BBEJEHUE

ONeKTpOHHAsT MUKPOCKONHS HMMEET CTOJCTHHIA
nyTh pa3BuThi. [lepBble M300paskeHHs, MONTyUYCHHBIC
C TOMOUIBIO 3JIEKTPOHHOTO Iy4yka Ha (IyopecueHT-
HOM 3KpaHe B CTEKJITHHOW Koj0e, U3 KOTOpOUl ObLI
OTKa4yaH BO3/yX, 3HAUUTEJILHO YCTYIAJIH 110 Ka4eCTBY
onrtudeckuM n3oopaxenusiMm. Ho B 1931 r. B ['epma-
Huu Makc Knomps u Opaer Pycka [1] co3mamu mpoto-
THIl COBPEMEHHOTO 3JIEKTPOHHOTO MHUKpockoma (OM)
C MArHuTHBIMU JIMH3aMU U MPOCTPAHCTBCHHBLIM pas-
peLICHNEM, MPEBBIAIOIINM Pa3peLIeHne ONTHYECKO-
ro MHMKpOCKOMa, a yxe B 1939 r. Hauasoch M3roToB-
JIEHWE MTPOMBINUIEHHBIX 00pa3ioB. CoBpeMeHHbI DM
UMEeT MPOCTPAHCTBEHHOE pa3pelIeHue, IM03BOJISIO-
miee HaOJIOAATh OTHENbHBIE ATOMBI, U MCHOJIb3YeTCs
B PA3JIMYHBIX O6HaCT$IX HAayKU U TE€XHOJIOTWH, OT Ma-
TEPUAIIOBEICHHS 1O LUTOJIOTUHU U 3JIEKTPOHHOM JINTO-
rpadun. [y moaydeHus: aTOMHOIO HPOCTPAaHCTBEH-
HOT'O pa3pelIeHus] CO3/al0T BBICOKOBOJIbTHBIE KPYII-
HorabapuTHble DM c sHeprueil chokycHpoBaHHOTO
snektponHoro mydka (10°—10% sB. Bmecrte ¢ Tem
OM, UCHONB3YIOIUE HU3KOIHEPIeTUUHBIE 3JIEKTPOH-
HbIE TYYKH, UMEIOT OIpeelieHHbIe MpenMyIIecTBa,
Cpeau KOTOPBIX  Hepaspyllaroliee  BO3ICHCTBHE
Ha oOpasel], MOBBIIICHHBIH KOHTPACT W300pakeHus
[2], oOycioBJieHHBI TPOHUKHOBEHHUEM JJICKTPOHOB
JUIIb B TIOBEPXHOCTHBIE ciou oOpasma (puc. 1),
U BO3MOXHOCTH HMCIIOJIB30BaHUA IUIOXO MNPOBOASANIINX
00pa31oB 06€3 HaNbUICHNS METAJUTMIECKHIX TTOKPBITHH.
VYxe B 1940-x rr. nosBunuck M, paboraromue npu
TIOHIDKEHHOM HaIlpshKeHuH |3, 4], 0{HaKo 3TO MO-TIPex-

HeMy OBUIM KPYIHOTA0ApUTHBIE W JIOPOTOCTOSIIIHE
npubopel. Bmecte ¢ Tem, coriacHO MPUHIMITY Mac-
MTa0OUPOBAaHUS  DIEKTPOHHO-ONTHYECKUX  CHCTEM
(30C), npu 0AHOBPEMEHHOM YMEHBIIEHUH BCEX I'e0-
METPHYECKUX XapaKTEPUCTUK U HATPSHKEHUHA Ha DITEK-
TPOAAX COXPAHSIOTCS (hOKYCHUDPVIOIINE CBOMCTBA CHC-
tembl. [loaToMy, HaunHas ¢ kouna 1980-x rr., ctanu
CO3/1aBaTh MHHHUATIOPHBIE HU3KOBOJBTHBIE U, €CTECT-
BeHHO, Oonee memeBbie DOC [5-14]. BaxssiM J0c-
TOMHCTBOM MHHHATIOPU30BAHHOHN 3JIEKTPOHHO-OITH-
yeckoil cuctemMpl (MDOOC) sBnsercs yMeHbIIEHHE
abeppanuii U CHIDKEHHE TpeOOBaHWH K BaKyyMHO
cucreme. O6pryHO MDOOC H3roTaBIMBAIOTCS C HC-
MOJIE30BAaHUEM DIIEKTPOCTATHYECKUX ITMH3, T.K. OHHU
Jierde MoAaroTcesl MUHHaTiopu3anui. OCHOBHBIM He-
nocratkom MOOC sBnsieTcst Manoe (OKyCHOE pac-
crosiaue. [lockonpky abeppariu yBeTHIUBaIOTCS TIPU
OTKJIOHEHHH TyYKa OT ONTHYECKOH OCH, 3TO HaKia-
IBIBa€T OTPAaHWYEHHE Ha YTOJI OTKJIOHEHUS M, BCIEH-
CTBHE MAaJOr0 (OKYCHOTO PpACCTOSIHUS, TPUBOIUT
K YMEHBIIIEHUIO TUTomaan 0030pHOTO Kaapa. [Ipu n3-
roroBiieHnu MOOC HCIONB3YIOTCS KaK TPaAHIIAOH-
HbIE TEXHOJOTMM TOYHOI'O MAIIMHOCTPOCHUS, TakK
¥ TPYNIOBbIE KPEMHHUEBBIE TEXHOJIOTHH MHUKPOIJIEK-
TpoHuKH. [lociennee OOCTOSTENBCTBO OTKPBIBAET
MyTh K CO3/IaHUI0 MHOTOKOJIOHOYHBIX MOOC, mpen-
CTaBJISIOIIMX OCOOBI MHTEpeC IS DIIEKTPOHHOM JIH-
Torpadmul B CBSI3U C BOBMOXKHOCTBIO PEBOIIOIIMOHHO-
ro yBEJIMUYEHHUs ee mpousBojauTenbHocTH. B 1986 1.
OpHer Pycka BMecTe ¢ m3o0peraresissMu CKaHUPYHO-
mero TyHHenbHOTO MuKpockona (CTM) I'epmom
bunnurom u I'eHpuxom Popepom cran naypearom



Puc. 1. Ynyumenue neranuzauuu OM-u300pakeHus mpu
YMEHBIICHUH HEPTUH ITyYKa 3JIEKTPOHOB.

W3o0paxkeHuss MEIHOW CETKH, TMOKPHITOW TOHKOH yriie-
POAHON IUIEHKOHM, IOJY4YEHHBIE MPU DHEPIHUM IydKa
20 k3B (a) u 1 3B (6) [2]

HoOGenesckoi mpeMun 1o dbusuke 3a GyHIaMEHTAIb-
HYI0O pabOTy IO DJJIEKTPOHHOIN OITHKE W CO3JaHHE
MEPBOTO DJIEKTPOHHOTO MHKpockoma [15]. Murepec-
HO, uro nosBiieHne CTM cTUMYIHPOBaaIo PaOOTHI
o M3OC, B KOTOPBIX CTaJli aKTUBHO HCIOJIb30BaTh
MPEIM3UOHHBIC  MbE303JICKTPUUSCKUE  aKTHATOPBI
u cruensgmue cucremsl, npuMensembie B CTM. Ha-
CTOSIIIUE 0030p OXBATHIBACT JIOCTYITHBIC HAM PabOThI
1o MDOC 1 HU3KOBOJBTHBEIM DM Ha UX OCHOBE.

C. O. BEPECOB, O. M. TOPBEEHKO, A. O. 'OJIYBOK

1. DJIEKTPOHHO-OIITUYECKA S CUCTEMA
HA OCHOBE 32JIEKTPOCTATMYECKUX JIMH3

1.1. Tunosvie cxemoi MUKDOKOJIOHH HA OCHOB€E
NeKmpocmamudecKkux 1uH3

O6p1uH0 Mukpokononna (MK) MDOC (puc. 2, a)
COCTOMT U3 CIACAYIOIINX YACTEH:

— 3MUTTEp (MCTOUHHK 3JIEKTPOHOB, KaTO/);

— JIMH3Bl HMCTOYHMKA, BKIIIOYAIONINE OrpaHHYH-
BaIONIYIO anepTypy;

— neduextop (OTKIOHSIOIIAS CUCTEMA);

— 00beKTUBHAS JIMH3a (OOBIYHO OMWHOYHAS JTHH3a
WM CHCTEMa JIMH3);

— neTekTop (OOBIYHO MHUKpPOKaHaNbHAs IUIaCTHHA
u [13C-marpuna).

JIMH3BI HMCTOYHMKA, HA3bIBAEMBIE TaKK€ MHKPO-
JMH3aMH, OOBIYHO NPEACTAaBIEHBl B BHUIE CHCTEMbI
W3 JIBYX MJIM TpeX 3JEKTpoJoB. B mepBoM ciyuae —
9TO BBHITATHBAIOUIMN 3IEKTPOA (IKCTPAKTOP) U aHOA
(yckopurenb). DKCTpakTop (HOpMHUpPYET IYUIOK C He-
00X0AMMOIi BENWYMHOW TOKA, a aHOJ| MPHUIACT MyUKY
3aJaHHYIO0 Hepruo. Bo BTopoMm ciydae, K KOTOpOMY
OTHOCHUTCSI OOJIBIIMHCTBO M3BECTHBIX CHUCTEM, MEXIY
9KCTPAKTOPOM M AHOJOM IIOMELIAl0T JONOJIHUTEIb-
HbII QoKycupyromuii anexTpon [7, 16—18].

B kauectBe oObexTuBHOHN suH3EI B MK THma A
00bI9HO wWcToNb3yeTcst onmHouHas nuH3a (Einzel-
mun3a, OJI) wim cucrema OJI [19]. Einzel-nmuH3b1 BbI-
OpaHBl B KadyecTBE THIIOBOW OOBEKTUBHOW JIMH3BI
B MK, T.Kk. oHM 00JIafial0oT XOpOIIO HacTpauBacMbIM
(dhoxycupyromuM 3¢pHeKToM Kak B YCKOPSIOMIEH (KO-
ria TOTeHIWal IEHTPaJbHOTO JJIEKTPOAa BBIIIE
MOTEHIHANa KpaHUX 3JIEKTPOAOB JIMH3BI), TaK U B
3aMemysioIed  (Kkorga IOTEHLMaldl —IeHTPajJbHOrOo
AIIEKTPO/Ia HWKE MOTEHIHANIa KPalHUX SJIEKTPOJIOB)
monax. Kpome toro, sueprust Beixomsmero uz OJI
My4yka paBHa DSHEpruM Bxonsmiero mydka. Einzel-
JUH3a OKpYXKeHa 001acThi0, CBOOOJHON OT DIEKTPH-
gyeckoro nons (field free). OObIYHO KpaiiHKEe AIEKTPO-
161 OJI 3a3eMJI€HBL, YTO MO3BOJISIET N30EKaTh IMOJIIPH-
3anun oOpasiua. PaccrosHue Mexay BBIXOJOM MHKPO-
TUH3BI ¥ BX0J0oM Einzel-mMH3BI cocTaBisieT HECKOb-
KO COTEH MHUKPOH.

[Momumo MK tumna A, B nureparype Takxke o0Cy-
xmaercss MK, B KOTOPBIX OTCYTCTBYeT OOBEKTHBHAS
nnH3a — MBI Oynem HasbiBath ux MK tuna b (puc. 2,
0). IlpenmymiecTBaMu TakOW CTPYKTYpBI SIBISIOTCS
CpaBHUTENbHAS TPOCTOTa IOCTHPOBKH U OTCYTCTBHE
abepparuii, co3aBaeMbIX 00bEKTUBHOU JuH30M. [To-
CKOJIBKY a0eppaiiy yBeJIHINBAOTCS IPU OTKIOHEHUHI
My4YKa OT OCH, 9TO OTPAHWYMBACT pazMep 0O30pPHOTO
KaJipa MpH CKaHWPOBAaHUM, OCOOCHHO MPHU MajoM ¢o-
KYCHOM PAacCTOSIHUH, XapaKTEpPHOM JUIs 3JIEKTPOCTa-
TUYECKUX JIMH3.
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4 TumA

=

Puc. 2. CxeMbl MUKPOKOJIOHH.
a MK Tunma A (c

Katon

- I':l MukporHm3a : | | ;

N ———  Jleduexrop

Obpazen

6 Tun b

O6BeKTHRHAS
JIMH3a

OOBEKTHBHOW  JIMH30M),

6 — MK tuna b (6e3 00beKTUBHOI JINH3BI)

1.2. llapamempvi MUKpPOKOIOHHBL

Cucremy, COCTOSIIYIO U3 IMHATTEPA (KaTO/1a) U MHU-
KPOJIMH3 OMHTTEpa, YacTO HAa3bIBAIOT AJIEKTPOHHOM
nymkoi. [Tydok 35eKTpoHOB B 001aCTH H300paskeHHs
(oOpasima) Ha3bIBaeTCS NMEKTPOHHBIM 30HIOM.

MK xapaxTepusyercs CieIylOIIMMH OCHOBHBIMU
napaMeTpamu:

— DHEPIUs JJIEKTPOHHOTO 30H1a £

— SIPKOCTB f3;

— TOK 2JIEKTPOHHOT'O 30H7a /);

— pa3zmep (IMaMeTp) 3JIEKTPOHHOTO 30H/a d,);

— yBenuueHue M,

— yroJ CXOIUMOCTH a,, (aiy).

Bce nepeuncnennsie napamerpsl MK B3aumocBsi-
3aHBI.

B nporecce paspaborku kaxmoii MK crpemsrcs
MONTyYUTh Ha 00pasiie Kak MOXHO OoJiee SIpKHid Iy90K
9NIEKTPOHOB, I/I€ SIPKOCTHIO Ha3bIBACTCS

_ TOK _ I, _
IWIOMmaAb X TEIEeCHBIH yroJ ndi ,
o o,
4]
== (1
272 27
/s dpap
rue 1, d, &, — TOK, AMAMETp M YroJ CXOXJCHHS

My4Yka B OOJIACTH M300pakeHUsI COOTBETCTBEHHO. M3
9TOTO BBIPQKEHHS BHIHO, YTO JUISl YBEIWYCHHS SIPKO-
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CTH CJIeAyeT yBEIMYMBATh TOK B IIy4Ke, a TaKKe
YMEHBILATH €r0 IUAMETP U YTOJI CXOXKACHUS.

Jis  XapakTepUCTHKH HCTOYHUKA 3JIEKTPOHOB
Ha MpaKTUKe NMpHUMeHseTcs "yMeHbIleHHas" (HOpMHU-
poBaHHas) PKOCTb f,, T.K. €€ BEIMYMHA COXPaHIETCA

HEU3MEHHOW HA MPOTSLKEHUM IPOXOXKACHHS ITydKa
o MK [20, 21]

2

rzae V — mnoreHnman my4ka 3J1eKTPOHOB.
Tok I, onpenensercss yriioM oy pacXoXIeHHs ITyd-
Ka [P BBIXOJIE€ U3 UCTOYHHUKA!

1
1, =na; d

P

2
dQ
rae d/ / dQ) — yrioBas TNIOTHOCTH TOKA 3MHCCHH.
YBenuyeHue MUKPOKOJIOHBI M ompenensercs or-
HOIIIEHUEM PACCTOSHUI OT TTIaBHOW INIOCKOCTH JIMH3BI
1o oobekra (P) u 1o nzobpaxenus (Q)
P p—

%

Ba)kHBIM COOTHOILIIEHNEM JUTS PacyeTa yBEINICHHS
O0C sBnserca 3akoH ['enpmronsiia—Jlarpanka, KoTo-
PBIi U MAJTBIX YTJIOB MOXET OBITH 3aImncaH B (popme:

)

3)

M = (4)

ah\V, =a,hV,,
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rae o;, h;, V; (i = 1,2 ) — NoJ0BHUHA yriia CXOXKICHUS
(pacxoxkmeHus) my4ka, BBICOTA 0OBEKTa M TIOTEHITHAT
B JBYX OOJACTSX BAOJHh OCH Jy4a ¢ MeTKamu | u 2
COOTBETCTBEHHO. OTOT 3aKOH SBISETCS BaXKHBIM
HMPUHLUIINAIBHEIM OTPaHUYEHHUEM, CBSI3bIBAsl alepTy-
pY ¥ pa3Mep IpeaMeTa C anepTypod U pa3MepoM H30-
OpaXeHHs, W TOKa3bIBAET, YTO CTPOCHHE MPeoOpas3o-
BAaHHOT'O ITy4YKa MOXKCT 6I>ITI) TOJIBKO TaKUM, KOTOpPOC
jonyckaet ycnosue Jlarpanxa—I ensmronbia.

KiroueBpIM mapameTpoM SIBISIETCS pa3Mep Iydka
AIIEKTPOHOB B 00JIacTH M300paxkeHus: (pazmep dieK-
TPOHHOT'O 30H/a) d,, T.K. IMEHHO OH BJIMSET HA JIaTe-
pansHOe paszpemienne MK. Ontumuzanus pasmepa
JIEKTPOHHOTO 30HJA 3aK/II0YaeTCsi B ONPEACICHUU
yrijia an€pTypbl 1 YBECJINYCHUA OT UCTOYHUKA OO 30H-
Jla, KOTOpbIe 00€CHeuyMBarOT HauMEHBIIUH pa3Mep
30H/1a WM HaUOOJNBLIMK TOK MPU ONpeAeIeHHOM pas-
Mepe 30H]a.

Pabouum paccrosanem (PP) HaswiBaeTcst paccTos-
HUE OT MOCJeIHEN anepTypsl 10 u3o0paxenus. Pabo-
4yee pPacCTOsIHUE NPUOIM3UTEIIEHO PABHO PACCTOSHUIO
Q; takum oOpasom, uyem Oonbiie PP, Tem Oosblie
yBenuuenne MK.

Nzobpaxenne B8 MK — 3T0 00bIMHO HEmocpeacT-
BEHHO M300pa’keHHe BUPTYaJbHOI'O HMCTOYHHKA, T.K.
B MK O0OBIYHO HET MPOMEKYTOYHOTO CKPEIICHWS.
BupTyanbHBIM UCTOUHHKOM Ha3bIBalOT 00JacTh mepe-
ceueHHs Jrydeil, oOpa3yromuxcs Ipu SMHUCCHH, €CIIU
WX IMPOAOIDKUTH B CTOPOHY, OOpaTHyIO pacmpocTpa-
HeHuto [22].

Kaxk u onrtuka CBETa, OITHUKA 3aps’KCHHBIX YaCTHUI]
CTpazaet oT abeppallnii U UCKKEHUH W300paKEeHHUS.
B mepByro ouepenp 3T0 Kacaercs chepUUECKHX
W XpOMaTHYeCKUX abeppanuii. B anexTpocraTndeckux
nuH3aX ceprueckas abeppallisi BO3HHKAET U3-3a TO-
0, 4TO Ja)Xe B JOCTATOYHO y3KOM ITyYKE TPAEKTOPUH
3JIEKTPOHOB MMEIOT Pa3JInYHbIE YIJIbl 10 OTHOILEHHIO
K onTHueckoi ocu. [IpuumHol xpomaruueckux adep-
paumii siByIsIeTCs pa3Has KMHETUYecKas 3HEprust B Oc-
TaJIbHOM HUACHTHUYHBLIX YaCTHUIL, KOTOPLIC MMO3TOMY HEC
choKycHpOBaHBI B OHOM | TOM ke To4ke. TakuMm 00-
pa3oM, DBIIEKTPOCTATHUYECKasl JIMH3a M3-3a HaJIM4Us
abeppauuii He MOKET CPOKYCHPOBATh TOUEUHBIH 00B-
eKT B TOUKY Ha IUIOCKOCTH N300paKeHuUsI.

Abeppauun u yBenuueHne MK ompenpensitor pas-
Mep 3JIEKTPOHHOI'0 30Ha, B COOTBETCTBUU C BhIpake-
HUAMU:

d,=(d>+d:+d’+d*)", (6)

d,=d,M, ™)

d, =0.5Ca;, (®)
1.5 A

d,=—"—>=122"", )
a, (eV) a,

AleV
d, =Ccapg, (10)

eV
riae d, — IuaMeTp dJIEKTPOHHOIO 30HJa, d — Pas-
Mep rayccoBa u3oOpaxkeHusi, d; — JMUGPaKIUOHHBIN
mpenen, dy, — pasMmep cdepudeckux adepparuid,

d. — pa3Mep XxpoMaTH4ecKux abeppaiui, o, — yroma
CXOJIMMOCTH DJICKTPOHHOTO ITyYyka B 00JAacTH W30-
OpakeHHs, A — JUIMHA BOJIHBI DIIEKTPOHOB, eV —

SHeprusi MIEKTPOHHOro my4ka B 9B, A(el) — pas-

OpOC BeNMYNH YHEPTHI SITEKTPOHOB.

Cnoco6 omnpenenenus d, Kak CpeJJHEKBaPaTHYHO-
ro 3HaueHus (popmymna (6)), ogHAKO, TOABEpraeTcs
KPHTHKE.

Bonee Tounoe BeIpakeHne npuBeneHo B [23]:

1/1.3

2 13 4 PN
4> =|a" +((dd+dc‘_) )

p

+de, (1)

rae d, — AuaMeTp 3JeKTPOHHOIO 30H[a, CoJeprKalle-
ro 50% roka (FW50), a BenmuuuHbl dg, dy, dy, d, —
FW50-3rauenust mist n300pakeHuid MCTOYHHKA, IH-
(hpakIMOHHOTO JKCKa, AMCKa cepuueckoi adbeppa-
UM ¥ AUCKA XPOMAaTHYECKOH abeppalyy COOTBETCT-
BEHHO, paccunTaHHble 1o ¢popmynam (7)—(10).

CornacHo uccrnenoanusMm [24, 25], pazmep amek-
TPOHHOTO 30H/Ia MOKHO OIICHUTH, TIOCTPOUB TrpaduKu
3aBUCUMOCTHU dg, ds, d, 1 d, OT 0, KOHEUHOIO yria
cxogumocTH. Paspemenne MK npu ucnonb3zoBaHUU
3TOTO METOJa pPaBHO MAaKCHMAJIILHOMY 3HAa4YEHUIO d,
KOrja ero rpauk nepecekaer JHHUM d,, d. WU d,
(yBenuueHHBIN pa3Mep uctouHuka). Ha puc. 3 npuse-
JIeH IpuMep orieHkH paspemtenns MK [25].

[Ipu sueprum 2.5 k3B mannas MK orpanmuena
XPOMAaTHUYECKUMHU abeppalysMi U IIPH ONTUMAIBLHOM
yrie CXOJUMOCTH, paBHOM 4 Mpaj, UMEET pacueTHoe

Paspewenne, A

1 2 4 10 20 40
VYroa cxoqumMocTa, Mpaj

Puc. 3. IIpumep rpaduaeckoro onpeneneHns pa3peeHns
MK [25].
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3HaueHue pasperneHus 3.8 M. CorjacHO OIIEHKaM
aBTopoB [25], s MK ¢ sHeprueit menee 2.5 x»B
XpomaTmdeckas abeppaiusi Bcerga npeoOiiafgaeT Haj
cheprueCcKoi.

Pasmep rayccoBa w300paK€HHS OIpenesieTcs
pa3MepoM BHPTYaJBHOTO UCTOYHUKA W yBEIHMUYCHHEM
MK. Jlns yMeHbIIeHUs! d, MOKHO YMEHBILIATh YBEIH-
YEHHe, HO 3TO BEJET K cokpameHuto PP u yBenuue-
HHIO 0, YTO MPHUBOJHUT K YBEIMYECHHUIO CHEepHUecKux
abeppanuii. M3 omwita cozmanus MK cnemyer, uro
ONITUMAaJIbHOE yBEJIMYCHUE B CHCTEME OJIM3KO K ellu-
aute [17].

1.3. Ilpunyunsl u Memoowvl MOOENUPOBAHUS
MUKDPOKOJOHH

CooTHoIIEH!s, TPUBEACHHBIE B IPEABIIYIIEM Ia-
parpade, moKa3pIBalOT, YTO OJHOBPEMEHHO MOJTYYHTH
ManieHbkoe (<K 1) yBenuueHue, OOJIBIIYIO SPKOCTh
Y MUHUMAJbBHBIN pa3Mep 3J€KTPOHHOIO 30H]1a HEBO3-
MOXHO. [IpuxomuTcss HMCKaThb KOMIIPOMHCC MEXKIY
napamerpamd MK, 9TO NpUBOIUT K HEOOXOIUMOCTH
MOJIETTUPOBAaHMSL.

MogenupoBaHu€e B TOW WM UHOW CTENEHU BBIIIOJI-
HseTCs BceMu pa3padotrunkamu MK nns onpenenenus
Toka u pacyeta mapamerpoB 0C, MO3BOJISIONINX
JOCTHYB TpeOyemble XapakTepucTuku MK.

IIpu 5TOM OCHOBHBIMH 33JJa4aMU SIBJISIFOTCSL:

1. IlocTpoeHue  pacrpeneneHuss  NOTEHIMAaNa
(¥ JIEKTPHUYIECKOTO TOJIs1) B paCUE€THON 001acTH.

2. Pacuet 3neKTpOHHBIX TPaeKTOPHUH.

3. OueHka BIMSHHS IIPOCTPAHCTBEHHOTO 3apsia
B 3JIEKTPOHHOM ITyYKe Ha pacIpelesIeHUue IeKTpuie-
CKOT'O TOJI.

4. OneHka BIMSHHUS YOPYroro M HEYNPYroro
B3aUMOJICUCTBUM 3IEKTPOHOB B IIyYKE HA 3JIEKTPOH-
HBIE TPAEKTOPHH.

Ilocmpoenue pacnpedenenus nomenyuana
[TocTpoeHue 3eKTpUUECKOro MOTEeHIIMaNa BhINOI-

HseTCs IyTeM pelleHus ypaBHeHus Jlammaca s o6-

nacteil, CBOOOJHBIX OT MPOCTPAHCTBEHHOI'O 3apsija:

VvV =0, (12)

rae V' — anekTpuyeckui moTeHuuan. XOTs MNpearo-
JIO’)KEHUE 0 CBOOOMHOM OT 3apsiaa o0JacT MpoCTpaH-
CTBa MOZCIIU HE ABJIACTCA CTPOro BEPHLIM H3-3a Ha-
JMYHUsL CaMOro ITy4Ka, BEJIMYMHA TOKA ITyYKa OOBIYHO
TaKkoBa, 4TO BhIpakeHre (12) MOXHO cCUWTaTh Tpa-
BHJIBHBIM JJIA U;enef/i IMPOCKTUPOBAHMS JIMH3.

IIpy moCTpoeHHH >IEKTPUUECKOro IOTeHLHANa
NPEUMYIIECTBEHHO HCIIOJIb3YETCSl OJWH U3 ClIeAyIo-
IMX METOJOB: METOJ KOHEWHbBIX pasHoctedl (FDM),
MeTos KoHeuHbIx anementoB (FEM), meron rpanuy-
HeIx 31emeHToB (BEM). Meronst FDM, FEM mnpen-
nojararoT pasOueHue 00JacTH pacnpOCTPaHEHHS
ANEKTPUYECKOTO TIONS Ha d3JEMEHTapHbIE SUeHKU
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U TIOCTPOEHHE OHJIEKTPHUUECKOTO MO IyTeM Ipo-
CTPAHCTBEHHOW WHTEPHOJSIUMU 3HAYEHUH, MOJIy4YeH-
HBIX B JUCKPETHBIX TOYKax peryisipHod FDM-cetku
WA CETKH, MOJYYEHHOM METOAOM TPUAHTYISLUUA
(FEM). HegocTtaTkoM 3THX METOIOB SIBIIIETCS HE00-
XOAMMOCTH OOJBIIOTO KOJIMYECTBA BIIEMEHTOB CETKH
JUTSE TOYHOTO TIPEJICTABICHUS 3JIEKTPOJOB HEPETYIIsIp-
HOW (OPMBI U JUIS TIOKPBITHSL BCEW pacueTHO# obuac-
ti. Metoael FEM, BEM peanu3oBansl B porpamm-
veix maketax SIMION, MEBS, LENSYS [26, 27],
COMSOL Multiphysics [28].

B ocnoBe MeTtoga BEM mexxur maes, 3akirodaro-
mjasicst B pacueTe paclpesesieHus III0OTHOCTH 3apsja,
COOTBETCTBYIOIIETO HAMPSHKCHUSAM, MPHIIOKEHHBIM
K 2JIEKTPOJaM, U B MOCTIEIYIOIIEM pacieTe pacrpese-
JIEHWs] TIOTEHIMANa B TIPOCTPAHCTBE, CO3/1aBa€MOTO
3TUM pacmpeneneHueM 3apsna [29]. [IpeumymiecTBo
BEM 3akmniouaeTcss B TOM, YTO OH HE 3aBUCHUT OT JUC-
KpEeTH3aI[iH MPOCTPAHCTBA BHYTPH 00JIACTH PELICHHUS,
MMO3TOMY HHTCPIIOJALUA IMOJICBOI0 PCHICHUA MEKIAY
TUCKPETHBIMHA TTPOCTPAHCTBEHHBIMH TOYKAMH HE Tpe-
Oyercs. Takum 0Opa3zom, moapoOHas CETKa IPU MOJIe-
nmupoBann BEM HeoOxonnMa TOTBKO Ha MOBEPXHO-
CTH DJIIEKTPOJIOB, 4YTO OOJerdaeT MOJACIUPOBaHHE
Y TIOBBIIIAET €T0 TOYHOCTh. DTOT METO][ XOPOIIO 3a-
peKoMeHToBaIT cest IPU MOJIEITMPOBAHNH AIIEKTPOIOB
MTPOU3BOIBHOMN (hOPMBL.

Pacuem snekmponnplx mpaexmopuii

1 mocTpoeHust 3JEKTPOHHBIX TPAaeKTOPUH BbI-
MIOJIHSIETCSl MHTETPUPOBAHUE YPABHEHWWM JIBUYKEHUS
3apsDKEHHBIX YaCTHIL IO JEMCTBUEM CHII 3JIEKTpUUe-
CKOro mojisi. TpaeKkTopuM 3apsDKEHHBIX YaCTHIl BbI-
YUCIAIOTCA NMYTEM HHTCTPUPOBAHUA CUCTCMbI YpaB-
HeHuil HeroToHa.

DJEeKTPOCTaTUYECKUE CHJIBI JOJDKHBI OBITH pac-
CUUTAaHbl HA OCHOBE TEKYILETO IMOJOXKEHHUS U CKOPO-
CTH 4YaCTHII. OTH CUJIBI 3aTEM HCIIOJIB3YIOTCA JIS1 BbI-
YHUCJICHUS TEKYILETO YCKOPEHHUS! 4acTUIBl, KOTOpPOE,
B CBOIO OYepe/lb, UCIIOJIb3YETCs] B METO/IaX YHCIEHHO-
'O UHTCTPUPOBAHHUA JId MPOTHO3UPOBAHUA IIOJIOKE-
HUS M CKOPOCTH YacTHUIIBl Ha CJIEAYIOIEM BPEMEHHOM
mare. B makere SIMION, x npumepy, UCTIOIB3YyETCS
cwIbHO MoaupunmpoBaHHbd Meton Pynre—Kyrra
YCTBCPTOr'o MopsAaKa, HBHHmMHﬁCH MONnyJIIPHBIM BbI-
YUCITUTENFHBIM METOJIOM pereHus nuddepeHnanb-
HBIX YPABHEHUH BBICIINX MOPSIAKOB.

Ouenka 6nuAnUA RPOCMPAHCMEEHHO20 3aPA0A
U 63aUMOO0CIICIEUA ITTEKMPOHOG 8 NYUKe

[TpoGiiema pacmmpeHHs 3IEKTPOHHOTO IMyYKa H3-
32 HaJW4Yusl IMPOCTPAHCTBEHHOTO 3apsiia (dhdexT
Bepmra) Bo3HMKaeT B 00macTsaXx ¢ HAMOOJNBIIEH TUIOT-
HOCTBIO TOKa, T.€ B KpoccoBepax (obmactsix ¢oxycu-
poBku mydka) [30]. Dddext bepma — 310 sBIEHUE,
P KOTOPOM pAacCessHUE SIIEKTPOHOB MO JHEPIHU
YBEIIMYUBACTCA 10 MEPE YBEIUYECHUSA TOKA DIIEKTPO-
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HOB, UCILyCKa€MBbIX 3JICKTPOHHOM IYIIKOW, MU3-3a KYy-
JIOHOBCKUX B3aWMOJACHCTBUI MEXIY SJICKTPOHAMH.
[Ipu yBenmueHun pa3Opoca BEJIMYUHBI S3HEPTHH HJICK-
TPOHOB YBEJIIMYMBAeTCd XpoMmaTudeckas abeppanus
SJEKTPOHHOM JHUH3bl. B pe3ynbrare yBeaInduBaeTCs
pacnpocTpaHeHHe 3JEKTPOHHOIO Jyda B Hampasliie-
HUM, TEPIEHAUKYJISIPHOM HAIIPABICHUIO [BI)KECHUS
3JIEKTPOHHOTO JIy4a, ¥ YMEHbBIIAETCS MPOCTPAHCTBEH-
HOE pa3pelleHne JIEKTPOHHOro MUKpockomna. B pabo-
Te [26] BBIMOIHEHA OIIEHKA MAapaMETPOB, MPHU KOTO-
pBIX HaJIWYMEM IPOCTPAHCTBEHHOI'O 3apsAna MOXKHO
npeHeOpeyb, u MmokazaHo, 4yro B MK amuHON 3 MM,
IpHU yIjie CXOJMMOCTH IydKa o, = 1 Mpaj, npu Toke
1 HA mpeHeOpeys 3apsioM MOXKHO, €CIH DJHEPTHus
ny4ka Oonbie 1 xk3B.

OneHka BIMSHUS YIIPYTOTO U HEYNIPYIOro pacces-
HUI 3JIEKTPOHOB B Mydke Ojarofapsi UX B3aUMOAeH-
CTBHIO, @ TaK)K€ B3aUMOJEHCTBHIO C MOBEPXHOCTHIO
o0pasua BBINOJHIETCS METOJAOM CTAaTHCTUYECKOrO
ananu3a Mounte-Kapio [31].

1.4. IIpakmuueckue acnekmul MOOEIUPOBAHUS
MUKPOKOJIOHH

[Ipu mpoexTupoBarnn MK nmeeT cMmbIcit 00paTuTh
BHUMAHUC HaA CICAYIOUICEC: IPH BBINIOJIHCHUU U pacye-
TOB, ¥ MOJISIMPOBAHNS YacTO yIOOHO CUHATATh, YTO
HYJIEBOM NMOTEHUMAJ HAaXOJUTCS HA KaTOJE, TaM, Tl
CKOpPOCTb 3JIEKTPOHOB paBHA HYJIIO, & aHOJI UMEET BBI-
COKHUH ITOJ0KUTEIbHBIN noreHuuan. OgHaKko, ¢ TOYKH
3peHHs] MPAKTHYECKOH peanu3anuyd U 0e30MacHOCTH
paboThI ¢ MPUOOPOM, IeIecoo0pa3Ho UMETh Ha KaTo-
Jie CWJIBHOE OTPHIIATEIbHOE HANPSKEHHE U 3a3eMJIeH-
HBI aHoj. Torma obpazern u kpaitaue smexktposr OJ1
Takxe OyayT 3a3zemiens [30].

MopenupoBanne MK kak enuHONl cHCTEMBI OcC-
JIO’)KHEHO TEM, YTO BEpPIIMHA SMHUTTEpPA HMEET CyO-
MUKPOHHBII pasMep (OOBIMHO paguyc 3aKpyTIICHHS
< 100mM), a mmuHa MK cocTaBiseT HECKOIBKO MM.
OOBIYHO MOJICTUPOBAHUE BHIMOIHSIIOT, pa3dous MK
Ha HECKOINbKO TojicucteM. Ipu aToM rpanuiamMu mosu-
CHCTEM CIY)XaT Y4acTKH, CBOOOIHBIE OT 3JIEKTpHUe-
ckoro mours [32].

Jis ompeneneHWs TOKa SMHUTTEPa MOACITUPYIOT
nojHopasMepHoe octpre. OOBIYHO B MOJENb BKIIIO-
YaroT BEPIIMHY 30H/A C 33JaHHBIM PanyCcoOM 3aKpyT-
JIEHUSI M 3JIEKTPOA-IKCTPAKTOp, MO3BOJIAIOUINI pac-
cuntaTh anekrpudeckoe mone. Ilokazano [33], yro
€CJIM anepTypa 3KCTpaKTopa Maja, TO TOJe CIeAyIo-
IIeTo JJeKTPo/a B KOJIOHHE HE MPOHHUKAeT B 001acTh
MEXIy 30HJOM W OKCTPAKTOPOM W HE OKa3bIBaeT
BJIMSIHUE HA SMUCCHUOHHBIN TOK. TOK AMUCCHM paccUu-
TBHIBAETCA B COOTBETCTBUM C Teopuel @Paynepa—
Hopnareiima [34]. MHorue ucciie[oBaTeNn YKa3bIBAIOT
Ha XOpOIlee COOTBETCTBHE TEOPHH W DKCIIEPUMEHTa
[35-37].

Tak kak B OONBIIMHCTBE pPabOT PACCTOSIHHE
OT IMUTTEPA JIO NMEPBOM anepTypsl (IKCTpakTopa) Be-

suko (Oosee 5 MKM) 1O CpaBHEHHIO C PAJUyCOM 3a-
Kpyrierus 30Haa (00br4HO Menee 100 HM), obnacThb
Ha BXOJ/I€ TIEPBOH amepTypbl CHCTEMBI (PKCTPAaKTOpPa)
MOJKHO CYHTATh CBOOOIHOMN OT DJIEKTPUUECKOTO TOJIS.
[Ty4ok 37eKTpPOHOB HampaBisieTcs B JIUH3Y TaKUM 00-
pa3oM, YTO TPAEKTOPUH DIIEKTPOHOB UCXOMAT OT BUP-
TyaJbHOTO MCTOYHHUKA, PACIOJI0KEHHOIO Ha HEOOJb-
IIOM PacCTOSHUM 332 (U3NYECKOW BEPUIMHOW 30HIA
[32, 38]. Takum 0Opa3oM, HET HEOOXOAUMOCTH BKIIFO-
4aTh I0JICBOM SMUCCHOHHBIM 30HJ B IIOCIIEJOBATEIIb-
HOCTB JJIEKTPOAOB. BMecTo 3TOro B MOJeNu NMpHHU-
MAaloT, YTO JIEKTPOHBI BO3HHKAIOT B OOJIACTH, COOT-
BETCTBYIOILIEN MOJIOKEHUIO U pa3Mepy BUPTYaJIbHOIO
WUCTOYHUKA, W PACIPOCTPAHAIOTCA MPSIMOJIMHEHHO
C 3aJaHHBIMHU KUHCTHUYCCKHMU SHEPrussMu MU yriiaMu
PacX0XIEHHs 110 HAIPaBJICHHUIO K JIMH3E.

Koadduruentsr chepudeckux u XpoMaTudecKUX
abeppaunii C;, C. 3aqat0TCsl WHTETPaIbHBIMU BhIpa-
KEHUSIMH [6], KOTOPBIE TIOXO TOAMAIOTCS aHATUTH-
YEeCKOMY pEIICHUI0, OJHAKO JIETKO BBIYUCIISIOTCS
KOMIIBIOTEPHBIMU MeTonamu. [IporpamMMHbie MakeTsl
SIMION, LENSYS BBIYHCIISAIOT (POKYCHBIC Iapamer-
pBl TUH3 B KO3 dUIMEeHTH abepparii aBToMaTnye-
cku [27].

B kadecTBe anbTepHATHBBI NMPOIPAMMHOMY OIpe-
neneHnto  koadduimenToB abeppamuu B [26, 39]
npeJiaraeTcs BBIIOIHUTH MOCTOOPaOOTKY rpaduKoB
3JIEKTPOHHBIX TPACKTOPUH U U3MEPUTH MUHUMAIIbHYIO
TONMHY Iy4yka B oOmactu QokycupoBku (disk of
least confusion) Dy ¢ (puc. 4).

Ecin ucrounuk QJICKTPOHOB B MOJC/IHN ABJIACTCA
TOYEYHBIM, TO IPH JOCTATOYHONH TOYHOCTH BBIYHCIIE-
HUM IIMpHHA 3TOr0 AMCKa paBHA BEJIMYMHE cepuue-
ckux abeppamuii d;. Jlanee, Bocnosib30BaBIIUCh (Hop-
MyIo# (8), MOXKHO onpeAeNuTh KodQPUIreHt chepu-
yeckux abeppauuii C;. 31ech mapakCHaIbHBIM JTy4OM
Ha3bIBACTCS JIy4, HMMEIOUIMHA MUHUMAJbHBIM Yroi
C HAaNpaBJIEHUEM OINTHYECKONM OCH Z, a MapruHallb-
HBIM JIy4OM — JIy4, UMEIOIIUIl MaKCHUMaJIbHBIH YIOJ
10 OTHOLICHUIO K OCH Z.

CreneHb XpoMaTHYECKOH abeppamnuu Takke MOXK-
HO OLICHUTH C IIOMOUIBIO MPSIMOM TPACCUPOBKH JIyUEH,
MpOoCIieIUB JIBa HA0Opa JIydei, HCXOISIUX OT ToYeU-
HOT'O MCTOYHMKA, OAMHAKOBBIX 110 KOJIWYECTBY M YT-
JIlaM OTHOCHTENILHO ONITHYECKON OCH, HO pa3AeiIeHHBIX
10 SHEPTUH Ha BeInduHy Ael [26].

3aMeTuM, 4TO NMPHU CPAaBHEHUM pa3Mepa IJEKTPOH-
HOTO 30H[Ia, OJIYYEHHOTO IPH MOJICIMPOBAaHHUHU B pa3-
HBIX paboTax, He0OXoauMO oOpamaTh BHUMAaHHE
Ha TO, KAKUM CIIOCOOOM ObLTa MPOBENICHA €ro OIICHKA.
Hcxons u3 TOro, 4to mMy4oK UMEET rayccoBy (Gopmy,
€ro pazMep 4acTo OLEHHMBAIOT KaK IIMPUHY MHKA TO-
NEPEeYHOro CEYeHHs IydyKa Ha €ro IO0JIyBBICOTE
(FWHM — Full Width at Half Maximum) [40].
B npyrux cinydasx, ucxons u3 Toro, 4ro ¢gopma pac-
TIpeIeIeHns IIEKTPOHOB B My4YKe B 00JacTH (hOKycH-
POBKHM MOXET OTJIMYAThCS OT rayccoBoil [39], mupuny

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 4
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Puc. 4. Kpynusriii iad o6mactu OKyCHPOBKH.

OTMEUYeHHBIC z-TIO3UIHU Zy;, Zic U Zp OTHOCATCS K W300paKCHHIO
MaprUHaIbHOTO JIyda, TUIOCKOCTH HAWUMEHbIIEH TOJIUHBI Ty4Ka
1 U300pKCHHIO MapaKCHAJIBHOTO Jydya COOTBETCTBEHHO; R 000-
3HaYaeT MUHUMAJIbHBIN PainyC My4Ka

My4Ka OLICHUBAIOT KaK IMPUHY CEYCHMUS, Yepe3 KOTOPOoe
npoxoauT 50% Ttoka anexkrponos (FW50) [17, 23].

Ilapamempul KoncmpyKyuu, énusaoujue
Ha pazpewtenue MK

OCHOBHBIMH (aKTOpaMH, BIUSIOIIUMH HA HINPHHY
SIIEKTPOHHOTO 30H[A, SBISIOTCSA: arepTypbl JIMH3,
paccTosiHUSL MEXIy JHH3aMHd, (OKycHpyrolee Ha-
MpsDKEHUE, HAIIPSDKEHUSI Ha OJMHOYHOM JuH3e. Jlanee
NpPEACTaBICHBl PE3yNbTaTbl HEKOTOPBIX YHCIEHHBIX
UCCIIEZIOBAHUI 3aBUCHMOCTH IIHPHHBI 3JEKTPOHHOTO
30H/1a d, OT Pa3INYHBIX (HAKTOPOB.

B pabore [41] mokazaHo, 4TO yBEJIMUEHHE aNepTy-
pb1 OJI cHmkaer d,, a ¢ pocroM PP d, ysenmnunsaercs.

B pabGore [17] BwimosHeHo MoxenupoBanue MK
tina b u mokazaHo, 4To pasmep d, yMEHbIIAeTcs
C POCTOM YCKOPSIIOILIETO HANpsDKEHHsI U HE CHIIBHO
3aBUCHT OT PACCTOSHHS MEXIy SMHTTEPOM M IKC-
TPaKTOPOM.

B pabore [42] mpexncTaBieHBl pe3yibTaThl MOJeE-
mupoBanust B SIMION 2-, 3-, 4- u 5-370€KTPOIHBIX
nuH3. [lonydeH monmHbli HaOOp (HOKAIBHBIX CBOWCTB
JMH3 B 3aBHCHMOCTH OT COOTHOIICHHS HAIpsHKEHHH
Ha JJIeKTpoJax. Pe3ynbTar mpeacraBieH B HOPMHUPO-
BaHHOM BHJI€, YTO MO3BOJISIET MCHOJIB30BATh PACcYeTHI
JUTSL TIOCTPOEHHS MOJEJIel B Pa3lUYHBIX MaciuTadax.
B pabote [27] mpomomKkeHsl pacdeThl, U ISl aHaIo-
TUYHOTO Habopa JTMH3 TpeacTaBlieHbl Tpaduku Benu-
yuH K03(duimeHToB abeppanuii B 3aBUCUMOCTH
OT COOTHOIICHUSI HANIPSDKEHUH Ha SJIEKTPO/IAX JIMH3.

B pa6ore [39] 00cyxnaeTcs BIUSHUAE T€OMETpUYEC-
CKHX IapaMeTpOB Ha TOYKU (DOKYCHPOBKH, yBEIHUE-

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 4

HUe U KodduuueHTsl abeppanmu. [IpoBenen cpaBHU-
TenbHbld aHanu3 MK ¢ anepTypHbIMHM M LMJIMHApPUYE-
CKHMMHU JIMH3aMHU. HOKa3aHO, 4TO, XOTA HUIUHAPUYICCKUEC
JIMH3bI, KaK MPaBUJIO, HE CYLIECTBEHHO NPEBOCXOIAT
amepTypHble JIMH3BI, OHH CIOCOOHBI paboTaTh
B ropasno Oojee LIMPOKUX JHANa30HAX H3MEHEHUS
SHEpruw, a Ojaromapsi CBOer OOINBINEH KOMITAKTHOCTH
W TIPOCTOTE OHU MOTYT MPEJCTaBIATh COO0H OOJIBIIONN
WHTEpeC MpHU IpaKkTudeckor padpadorke MK.

Cnenyer OTMETHTh, UYTO Ha TPAKTUKE pasMep
3JIEKTPOHHOTO 30HJAa 4YacTO IPEBBIMIAET pe3yibTaT,
HOJ'Iy‘IeHHI)II‘/'I npu MOACIUPOBAHUHN, YTO MOXKCT OBITh
CBSI3aHO co creayronmu dhakropamu [17]:

— YOPOLIEHHUS, NPUHSTHIE IPU 3aJaHUU NapameT-
POB JIMH3 ITPU MOACIIUPOBAHNU,

— HETOYHOE ONpEAETICHUE PpACCTOSIHUS MEXKAY
SMHUTTEPOM U IKCTPAKTOPOM;

— HaJIM4KMe HEYYTEHHOTO 00BEMHOTO 3apsiia;

— HeuzeanbHas popMa OTBEPCTHI dJEKTPOJIOB;

— HEUZICIbHOE BBIPAaBHUBAHUE 3JIEMEHTOB B KO-
JIOHHE.

2. IPAKTUYECKASI PEAJTU3 AL
MHKPOKOJIOHH.
KOHCTPYKIM1 MUKPOKOJIOHH,
IMPEJICTABJIEHHBIE B JIUTEPATYPHBIX
NCTOYHUKAX

Imanwst pazeumus MK
MomHsIM (QaKTOPOM, CTUMYJIHPYIOIIAM Pa3BUTHE
MDOC, sBunuchk nospuBimecs B cepeanne 80-x IT.
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pabotel B obnactu CTM u mpucyxaenue B 1986 r.
Hobenesckoit npemun mo ¢usnuke IpHCTY Pycke (3a
M300peTeHne DIIEKTPOHHOTO MHUKpoOckoma) u lepay
Bunnury u I'enpuxy Popepy (3a uzo0perenue ckanu-
PYIOIIEro TYHHETFHOTO MHKpPOCKoma). Pa3paboTunku
MK cpa3zy B3ssIM Ha BOOpY)KEHHE NpHUMEHsSEeMbIe
B CTM mpenn3noHHBIE THE30IBUTATENN W TIPUHIIHII
CTaOMIU3AIMY IEKTPOHHOTO TOKA C MOMOIIBIO OTPH-
[IATeIEHOM 00paTHOM CBSI3H.

B paGote [5] npeacraBieHa ofHa U3 MEPBbIX JOBE-
JNeHHBIX a0 peamm3auun MK, cocrosimas Bcero
U3 OJIHOIO 3JIEKTPOJA, O0ECHEUMBAIOILEI0 3HEPTHIO
myuka 15 3B. IIpu TakoM HanpsKeHUN yIbTPaoCTPhIA
Bostb(ppamoBeIit 30HA (W111), BEITOTHEHHBIHN 1O TEX-
HOJIOTHH, TPEAJIOKEHHOH aBTOpamH, padoTaeT B aB-
TOSMHUCCHOHHOM pEXHMe, 00ecIieunBasi TOK, paBHbII
1 HA. CkanupoBaHue o0pa3lia BBITOJIHIETCS MPH T0-
momy Tnbe3ockanepa CTM  HecdokycHpoOBaHHBIM
IyYKOM 3JIEKTPOHOB. JlaTrepanbHoe paspelieHue Io-
psiaka 3 HM obecrieuyrBaeTcs 3a CUET MaJIOTO PaccTos-
Hus 10 obpasmna (cxema b). Texnomornu CTM B ToM
WJIH WHOHM CTEeNeHW OLUIM HCIIOJIb30BaHBLI U ApyrumMu
aBTopamu ([9, 43]).

HauGonee pacnpocTpaHeHHOH MOJEIBIO SBISICTCS
MK c oowsexTuBHOU nuH30# (MK Tuna A), npeacras-
JieHHas Ha puc. 2, a. g u3BecTHBIX pa3paborox MK
aToro Tuma padora [8] sBisercs 0a3oBoit. B 3roii pa-
6ore mpencraBnmeHa MK c 3Heprued 3IEKTPOHOB
1 k9B 1 00bEKTUBHOM JIMH301 B BUIEC CUMMETPUIHON
OJI. JIuH3BI UCTOYHMKA DIIEKTPOHOB COCTOST M3 JKC-
TPaKToOpa, (OKYCHPYIOIIEro JJEKTpoJa H aHoJa
¢ pa3mepamu aneptyp S5, 100 u 2.5 MKM COOTBETCT-
BEHHO. Pammyc 3akpyrieHuss 30HIAa COCTaBIIsET
0.1 MxM, paccTostHHME OT 30HIA N0 IKCTpakTopa 50—
100 mxMm. Jlmametp otBepctusi oowvektuBa (OJI) co-
craBisger 200 MKM, a pacCTOSHUE MEX]y OObEKTHBA-
Mu — 250 mxMm. OOBeKTHB, paboTatonuii Ha pabodyem
paccTossHUM |MM B pEXHUME YCKOPEHHS, UMEET, CO-
TJIACHO TIPOBEIEHHOMY pacdery, Ko3(umeHTs
XpoMaTHUecKol U ceprueckoit abepparuii, cocTas-
JSI0IMKe MpuOIM3UTeNnsHO 2 U 50 MM COOTBETCTBEH-
Ho. [lokazano, uto pazmep 30812 9.9 HM MOXKET OBITH
AOCTUTHYT IIPU ONITUMAJIBHOM MOJJYYTJIC CXOAUMOCTH,
paBHOoM 6.3 Mpaa. Tok 30H7a coctaBiseT 1 HA. beuin
IPOTECTUPOBAHbl MUHHUATIOpHBIM Amutrrep IoTTKN
Y XOJIOHBIN aBTO3MHCCHOHHBIN KaTo B Buae W(111)
UrJibl, 00paboTaHHKIN KHUCToposoM. B pabote mpejn-
CTaBJICHO M300pakeHHE aJIOMUHUEBON PEHIETKH, IMO-
JY4EHHOE B MOJI€ CKaHHPYIOIIEro MPOCBEYNBAIOIIETO
AIIEKTPOHHOTO MHUKPOCKOIIA C MCIOJIb30BAHUEM IMUT-
tepa Illortkn mpu 7 = 1800 K u ypoBHe Bakyyma
5x10"-1x10" Topp. Ilnomans H306paKeHHs
nopsiaka 15 x 15 MM, IIpU yBEJIMYEHUU HA HEM pa3-
JIUYUMBI JieTanu pasmepoM 10 HM.

COopka MHUKpPOIWH3 W JTUH3BI OOBEKTHBA BBITIOI-
HSUIaCh IyTE€M aHOIHOI'O CBSA3BIBAHMS CIIOEB U3 KPEM-
HUS U TEPMOCTOMKHX Mpokianok. OnTuieckas rOCTH-

POBKa JIMH3 B KOJIOHHE BBIIIOJIHCHA € TOYHOCTBIO
1 MKM.

Camas mamopasmepHas MK tuma A mpencrasieHa
B pabore [43], rne npemioxen nuzaitH MK, cocros-
med U3 30H7a, aHoja M ogumHouHOW auH3BEL. MK co-
CTOUT M3 METAJUTMYECKUX JJIEKTPOAOB C anepTypamu
pazmepom 0.3—1.5 MkM, "TipocBepIeHHBIMH" TIPH TIO-
Mol C(OKYyCHPOBAaHHOTO HMOHHOTO IIydYKa, paslie-
JICHHBIX H30JINPYIOIIUM MaTepuaioM. Bcnencreue
CBOEro MUHHMATIOPHOTO pa3Mepa dTa KOJOHHa obiaa-
€T MUHUMallbHBIMU abeppauusMu. Pabouee paccros-
HHE B TAKOM CUCTEME COCTaBISIET 5 MHUKPOH. Y CKO-
psromee Hampspbkenue 300-500 B. PaccrosiHue
ot sMutTepa 10 aHoga — 500 aM. [lis Toro, 4TOOBI
BBINIOJIHATE CKAHUPOBAHUE, aBTOPBLI IMPEJIararor MUcC-
nmone3oBaTh The3onsurarenn CTM. ABrtopsr nexma-
PHUPYIOT, YTO MPH TOMOLIM pa3pabOTaHHON UMM MH-
HUATIOPHON KOHCTPYKLMH MOXHO TOJy4aTh M300pa-
KEHUsI OJMHOYHOM Monekynsl Oenka n JIHK, ograko
SKCIEPUMEHTAIIBHBIX Pe3yJIbTaTOB HE IPeJOCTaBIIs-
IOT.

Hurepecnas xonnenims MK MEMS-tumna ¢ snep-
rueil ot 2 1o 15 k3B, uHTErpUpoBaHHOM Ha OZHOM
KpUCTaJUle, npeyiokeHa B padore [44]. MK mpen-
CTaBIsieT U3 ce0s MHOTOCIOHHYI  CTPYKTYpY
U3 KPEMHHUSI M CTEKJIA, COACPXKALIYI0 3JIEKTPOHHYIO
MIIKY, OAWHOYHYIO JIMH3Y U aHOJI B BHUIE KpPEMHHE-
BOTO YHWIa ¢ TOHKOM MeMOpaHoi. MK xecTko coemm-
HEHa C BaKyyMHBIM MHKPOHAaCOCOM W MHKPOKaMepoii
JUTSE 00pasioB. DJIEKTPOHHAS ITyIIKA COCTOUT U3 aBTO-
SMHCCHOHHOTO KaTOZa Ha OCHOBE YIJIEpOJHBIX HaHO-
Tpy6ok (YHT). Bce »snexTponmbl ObUTH paseleHbI
U OTPETyJUPOBAHBI C MOMOLIBIO CHEIUAIBHOIO MOJIU-
MEPHOTO JepiKaTelisi, KOTOPBI ObII M3TOTOBIIEH Me-
togoM 3D-nevaru. Beuta nonydyeHa 37€KTpOHHAS IO-
JIEBad SMUCCHA U NIPOBEACHLI IIEPBLIC U3MCPCHUA (1)0-
Kycupyromux Bo3MoxHocTedl OJI, W3roroBieHHON
Ha KpeMHUEBOW nomiioxke. IIpu paccroaHum katoa—
3aTBOp 1.1 MM HOpPOroBo€ HANPSLKEHHE JIEKTPOHHOU
sMuccuu cocrtapiisuio okono 1100 B. Pasmep onek-
TpoHHOro 30H1a coctaBmi 0.163 x 0.163 mMm. Xapak-
TEpHOH OCOOEHHOCTBIO OIHMCHIBAEMOW pa3pabOTKH
SIBJISIFOTCSL JIMH3BI C MPSIMOYTOJBHOM ameptypoii [45].
[IpsmoyrospHast ¢Gopma amepTypbl 3JIEKTPOCTaTHYe-
CKUX JIMH3 ObUIa MpOaHAJIM3UpPOBaHA paHee B pabore
[46], rme mocpencTBOM MOIEIMPOBAHUS OBUIH TMOKa-
3aHBI MPEUMYIIECTBA MPSIMOYTOJIbHON (POPMBI B CpaB-
HEHUU C KOHBEHIIMOHAIBLHON KPYTJIOH.

B pabote [47] pazpabotannas aBropamu MK mo-
MOJIHEHA OTKJIOHAOUIEN CUCTEMOU, U MPUBEAECHBI T10-
JydEeHHBIE 3JIEKTPOHHO-MUKPOCKONUYECKUE H300pa-
XKeHus (puc. 5).

Hanmume o0bekTHBHOM TMH3BI B KOHCTpYKInu MK
ABJIACTCA CYIICCTBCHHBIM OIpaHUYCHUEM [JISA YBEJIM-
YeHUs IUIOLIAAN CKaHupoBaHus. M3-3a masnoro ¢okyc-
HOTO paccTosiHus, npucymero scem MOOC, yBemude-
HUE IUIONIAAU TPeOyeT OOJBIINX VYIJIOB OTKIOHEHHMS

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 4
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Puc. 5. O6nacte ckanupoBanus pazpadoranHoi MK ¢ OTKIOHSIONIEH CHCTEMOW B 3aBUCHMOCTHU

OT SHEPTUU JIEKTPOHHOTO MyuKa [47].

a— 2 3B, 6 — 3 k3B, B — 5 k3B; pabouee paccTosiHuEe PaBHO 5 MM; JMaMETp 3JIEKTPOHHOTO ITy4-

Ka COCTaBJIsAET 5 MKM

3JIEKTPOHHOIO My4Ka OT onTudeckoil ocu MK, uyTto,
B CBOIO OYepe]lb, MPUBOAMUT K OONBIINM abeppanusim
W HUCKOKEHUSM Ha Kpasx OO030pHBIX H300paKEHHI.
Hns pemenust 3Toil mpobiemsl B pabotax [48-50]
OBLJIO TIPEIOKEHO TIepeMeIIaTh onTudeckyto ock MK
CHHXPOHHO C OTKJIOHSIIOIIUMCS 3JCKTPOHHBIM My4-
KOM, T.€. OIHOBPEMEHHO C Iy4KOM OTKJIOHATH U OJI.
BcenmeactBue manbix pa3mepa W Beca OOBEKTHBHOM
muH3el B MOOC ocymiecTBieHHe TaKOro Mpelu3noH-
HOT'0 MEXaHHUYECKOI'0 CKAHUPOBAHUS HE IPEACTaBIISET
0c000ii MpoOIEMBI, B OTJIIMYHE OT CKAHUPOBAaHUS 00b-
€KTHUBHOW JIMH30M B 3JIEKTPOHHON KOJIOHHE CTaHIapT-
HOT'0 MUKPOCKOMA ¢ OOJBIINMH pa3MepaMy U BECOM.

[Toxookwuii TOIX0 MPOJIEMOHCTPUPOBAH U B Pado-
Te [51], rae myTeM MOJENMpOBaHUS MOKa3aHO, YTO
ucnonb3oBanue OJI, anepTypbl KOTOPBIX OTCIIEKUBA-
0T MOJIOXKEHUE LIEHTPa JIEKTPOHHOTO IIyYKa ITyTeM
UX CMEMICHUs] TEPHEeHANKYISPHO ONTHYECKOW OCH
CHCTEMBI, IO3BOJIAET yYMEHBIUIUTH aleppauuu. Ajb-
TEpPHATHBHBIM pPEHICHHEM MOXET OBITh HCIOJIBH30Ba-
Hue OJI ¢ sa;mmunTrdeckumMu aneprypamu [51].

OpHako, HECMOTPS HA TO YTO ONMHCAHHBIE yYCOBEP-
HICHCTBOBAHHS B TPUHIIMIIEC TTO3BOJISIOT CYIIECTBEHHO
yMeHbIUTh abeppammu B MK, oHu Bce-Takm He-
CKOJIBKO YCJIOXKHSIIOT HX MPAKTUYECKYIO PeaTn3aluio.
[TosToMy MHOTrHE pa3pabOTUMKH MOLUIM 110 IyTH YII-
poleHrsT KOHCTPYKUMH W paspabaTteiBaiin MK 06e3
00BbeKTHBHON JMH3BL. O Takux pa3zpaboTKax paccka-
3aHO HHXKE.

Koncmpykuyuu MK muna b

ITockoneky MK tuna A cogepxar OJI, To ux us-
TOTOBJICHHE OCJIOXKHSETCS HEOOXOJUMOCTBIO COBME-
IIEHUA U FOCTMPOBKHU BJIOJIb OJHOW ONTHYECKON OCH
JIEKTPOHHOHN MYIIKH, OTKIIOHSIOMIEH CHCTEMBIN 00b-
extuBHOM JMH3BL. OueBuaHo, uto MK Tuma b, rae OJI
BOOOIIle OTCYTCTBYET, TMPEACTaBIsET coOOW Ooee
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pOCTYIO0 TeXHUYeCKyro 3anauy. MK ¢ cambIx mepBbIxX
pa3paboTok mnpeaHa3Hayamch kKak s COM, Ttak
W Ui 3JIEKTPOHHOH JinTorpaduu, B TOM YUCIE MHO-
romny4koBoil. OCHOBHBIM MPENATCTBUEM JJISI BBINOJ-
HEHUS CKaHMPOBAHWA WX IUTOrpadguu 1o OONBIION
wiomanu npu nomou MK tuna A sBiserca orpa-
HUYEHWE, HAKIAJbIBaeMOEe arepTypoil OOBEKTUBHON
muH3bl. C LEenbl0 NPEeoJOJCHUsI 3TOr0 OrPaHUYEHUs!
obutn mpeanoxensl MK 6e3 0OBeKTHBHOM JTMH3BI
(MK Tumna b).

VYaa4HbIM MPUMEPOM TaKOH pa3pabdOTKH SBIISETCS
MK (puc. 6), mpeqnoxxerHas B paborax[13, 14], rue
W3BJICUCHHE, YCKOPEHUE B (JOKYCHPOBKA JIEKTPOHHO-
IO Iy4Ka BBINOJHSIIOTCS MPU MTOMOILM BCEro JHUILIb 2
MUKpPOJIMH3, CO3JJaHHbIX Ha OCHOBE KPEMHHUEBBIX IjIa-
cTUH. VICTOUHMKOM D3JEeKTpOHOB sABNsAeTcs W-Hria,
K KOTOpOW NPHWJIOXKEHO OTPULATEIbHOE CMEIIECHHUE

KpeMHHeBasi
HOJLIOKKA

ov)

OKRCHAHasA
H305IHA

IMHTTEp
-300V

1um
MHKPOJIHH3A i

H3BJIeKAK MM
A7 snexrpoa (0V)

400pm

H tokycHpyromHii
3aexTpoa (250V)

H choKycHpoBaHHOE
NATHO
AR NG—

Puc. 6. Cxema MK, cocrosmeil u3 3MHTTEpa U MHUKPO-
TUH3E [ 14].
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300 B, naxoasmasics Ha paccTosiHUA 1-2 MM OT mep-
BOT'O JIEKTPOAA-MHXKEKTOpa C alepTypol IuamMeTpom
1 MKM. DOMHCCHOHHBIH TOK cOCTaBisieT ~ 1 MKA.
B crarbe, mpaBna, HHYEro He CKa3aHO O pa3Mepax,
CTPYKTYpe M BeNMYMHE pPadOTHl BBIXOJA 30HIA.
Ha BTOpOIi 3mekTpoa, Ha3biBaeMblil (poKycHpyrOImnM,
NPUKIAJbIBAECTCS OTPULATENBHOE HaNpskeHue oT 150
1o 250 B, nu3MeHs KOTopoe MOXKHO KOPPEKTHPOBATh
pasmep ¢okycHoro mstHa. [Ipn onTumansHOM (pOKy-
cupytomieM Hanpsbkenuu 175 B u pabouem paccrosi-
HUU 1.3 MM IpPOCTPaHCTBEHHOE Pa3peIIeHHE COCTaB-
et 30 HM. PacrnonoxeHue MCTOYHUKA 3JIEKTPOHOB
Ha OONIBIIOM PAcCTOSIHUU OT 3JIEKTPOJOB H30aBIIET
0T HEOOXOJMMOCTH NPELNU3UOHHOTO COBMEILEHHS T10-
JIOXKEHHUSI 30HJa U LEHTpa anepTypbl HHKEKTOpa, YTO
SIBIISIETCS] BaXKHBIM npeumyiiectBoM Takod MK. Jlan-
Has koHuenius MK Moxer ObITh pacnpocTpaHeHa
Ha YCTpOWCTBA MHKPOIJIEKTPOHHOW JHTOrpaduu
B CyOMHKPOHHOM pa3pelIeHnH, YTO NPOAEMOHCTpPU-
poBaHO 3kcnepuMeHTambHO. C  HCHOIB30BaHHEM
npencraBieHHon MOOC BBHINONHEHA 3IEKTPOHHAS
mutorpaduss HU3KOPHEPreTHYHBIM Ty4dkoM 310 3B,
¥ Ha romamy (6 X 6) MKM® CO3/[aHa NepHONYeCcKast
CTPYKTypa W3 NapaJUIeNbHbIX JUHUN C IIUPUHOU JIH-
Hun ~200 uM [14].

B pa6ore [18] mpencraBnens 2 tuna MK: ¢ 005-
eKTHBHOM JuH30# u 0e3 Hee (MK Tuma A u b, moka-
3aHBl Ha pHUC. 7 Cl€Ba U CIIpaBa COOTBETCTBEHHO),
Y TPOJICMOHCTPUpPOBaHa X paboTa (puc. 8) mpu cka-
HUPOBAaHUH 00Pa3IOB MO OOIBIION TIIOIIATH.

C nomomrsio MK Ttumna b (puc. 8, a) 6e3 00beKTHB-
HBIX JIMH3 OBLIO JIOCTUTHYTO TOJIe cCKaHupoBaHUs 40
Ha 40 MM, Ha KOTOpPOM YETKO pPAa3JIU4YUMbl JIMHUU
tommuHoN 20 MKM. BBUTO TIOKa3aHO, YTO MpeeNbHAs
IUIOIIAAb CKaHWPOBAHMS IMPOIOPLMOHAIbHA paboue-

a 6
Tun A Tun b 1
S1 S1
— ) $2
= 3 S3
=== ==y ===
JHednexrop e
e b
J— PaGouee
. El paccToaHue
E2
. E3
== ==
Padouce Jednexrop
paccTosiune

Puc. 7. KoHCTpyKIusi MUKPOKOJIOHHBI, pa3paboTaHHas
Ut obecriedeHns 60bIIero mois 3peHus [ 18].

a — MK Tuma A ¢ oobektuBHO# Einzel-nuH30i, ocHa-
LIEHHAsl ~ PAa3/leNIiEHHOW  OTKJIOHSIOIIEH  CHCTEMOIL;
6 — MK tumna b 6e3 00beKTHBHOI JIMH3BI

Frassssssiy swat
SEsEsEEEENES EEa)
SEEECsnnEnn wen
SEREaiiee
SEsEsERsEnn
AL AL R RN

Puc. 8. 300paxxeHns: TECTOBBIX 0OBEKTOB, MOJTYyUEHHbIC
B pabore [18].

a — n300pakeHue MakcuMaibHOH romaau 40 x 40 M,
noxydeHHoe npu nomomu MK 6e3 0OBEKTHBHBIX JHH3
(MK tuna Bb) mpu sHeprum snmexTponHOro mydka 150 B
n pabouem paccrosamun 100 mm; 6 — Qparment 15 x
X 15 MM, B3ATHIH U3 0030pHOTO M300paKEHHUS IIIOMIAIHI0
168 x 168 mm, nomydenHoro npu nomou MK tuma A
¢ OOBEKTUBHOI JIMH30H M pacrpeeseHHONH OTKJIOHSIIO-
el CUCTeMOM MPU SHEPTUHU NIEKTPOHHOTO Mmydka 300 »B
u paboueM paccTosHuu 195 Mm

MY PacCTOSIHUIO U 0OpaTHO MPOMOPIHMOHATIbHA YHEP-
THH 3JIEKTPOHHOTO My4Ka. B pabote mokasano (puc. 8,
0), uro B MK tnma A, HO ¢ pa3aeneHHOH Ha JIBE 9acTH
OTKJIOHSIIOIIEH CUCTEMOM, MOXXHO IOJIYYUTh OYEHb
6oxpmmoe mone o63opa (170 mm Ha 170 Mm), ecrmm
00bekTHB-McTOYHUK 1 OJI TpaBUIBHO IOCTHPOBAHBI.
ABTOpBI CUHTAIOT, YTO JIF00AsT U3 CXEM, TPEACTaBIIeH-
HBIX Ha PHUC. 7, MOXKET OBbITh MCIIOJIb30BaHA IMPU pa3-
paboTKe MHCIIEKIIMOHHOTO 000pyA0BaHUS ¢ OONBITIM
0030poM Ha OCHOBE HU3KOo3HepreTndeckux MK.

B mpomomkenue paboT MO COBEPIICHCTBOBAHHIO
KOHCTpyKImu MK aBTopamMu OBIIO TIPEUIOKEHO [10-
MOJIHUTH TPAAULIMOHHYIO CHUCTEMY JIMH3 HCTOYHHUKA
(dhoxycupyromeit muu30# [33]. Habop nuH3 nerouyHmka
B MPEJIOKEHHON MOJIENI COCTOUT U3 YETHIPEX AIIeK-
TPOJOB: IKCTpakTop S1, POKyCHPYIOUIHI SIEKTPOX
S2F, yckoputenb S2 U 3JEKTPOJ ¢ OTpaHUUIHBAIOIICH
aneptypoir S3 (puc. 9, a). [umameTpsl aneptyp Tpex
JEKTPOOB COCTABIIIOT 50 MKM, 3a HCKIIOYEHHEM
OrPaHUYMBAIOLIEH alepTypbl, IUAMETP KOTOPOH pa-
BeH 2.5 MkM. K xaTony u Qokycupyromemy 3IeKTpo-
Iy TIpUJIO’KEHO oTpHIarenbHoe Hampspkenue 1000 B
n 700 B cooTBeTcTBeHHO, a 3MeKTponbl S2 u S3 3a-
3eMJieHbl. PaccTosiHMe OT KaTtoAa 710 9KCTPAaKTOpa Co-
craBimsier 50 MxMm. B paGore [52] aBTophl mokazanm
IPY [TOMOILM MOJETUPOBAHUS, YTO MPU HCIOJIb30Ba-
HUU MPEAJIOKEHHOW CUCTeMBbI JTUH3 McToyHrnKa B MK
Tuna b MOXXHO HONy4nThH pasMep Iydka Ha BBIXOJE
13 OTKJIOHSIOIICH CHCTEMBI HE OoJiee 5 HM TIpU 3HEp-
rurn 1 k3B u pabodeM paccTOSHUM OT BBIXOJa Je-
(aexTopa 10 oOpasia, paBHOM 1 MM.

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 4
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a
DMHATTEp
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JInn3e - S2F
HCTOYHHKA @ S2
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300

Puc. 9. YcosepieHcTBoBaHHas KoHCTpyKuus MK [33].

a — MMKPOKOJIOHHa 0e3 OJMHOYHBIX JIMH3 C YCOBEPIIEHCTBOBAHHOM
CHUCTEMOH JIMH3 UCTOYHHUKA (MUKPOJIHH30H) H ¢ KDEMHHEBEIM JIe(IIeK-
TOpoM; O — cxemMa MOAN(HUIIMPOBAHHOTO KPEMHUEBOTO AedIeKTopa

5

A0

A
AN
A

A

N/

Puc. 10. O6pa3np! n300pakeHu# staeeK METHON CEeTKH, MOIyUeHHBIX ¢ momomnisio MK
C MCTIOJIb30BaHIEM MOIM(PHUIINPOBAHHBIX Ae(DICKTOPOB Si M CTAaHIAPTHHIX Je(IIEKTOPOB
C OJJMHAKOBBIM OTKJIOHSIOMMM HanpspkeHuem 100 B [53].

Hanpspkenne Ha amutrepe 3adukcupoBano Ha yposHe 400 B. Otkionsroniee Hampsbke-
HUe nojaeTcs: a — Ha MeHbinue (30°) anmekTpoabl, 6 — Ha Gosnbirue (60°) 3AEKTPOIBI
nedanexropa Si, B— Ha YeThIpe AIEKTPOAA CTaHIAPTHOTO AedekTopa

Ha ocHoBaHuM 3THX pacueToB ObLIA CO3/IaHa | all-
pobupoBana MK Tuma b [53], ocoGeHHOCTBIO KOTO-
poli SIBIISIETCSI ONWHAKOBBIN AUAMETP anlepTyphl Y JIUH3
S1, S2, S2F (50 mMkM), 9TO 00JIer9aeT M3rOTOBJICHUE
U 1ocTUpoBKY. OrpaHn4MBaromas aneprypa S3 3a3em-
neHa u uMeeT pasmep 2.5 mxMm. B pabote [53] npen-
JIOXKEH OpUrMHalbHBIA Si-nednextop (puc.9, 0)
W WCCIEOBAaHO BIHSHUE pa3Mepa 3JIEKTPOAOB Jie-
¢rexTopa Ha IUIONa b CKAHMPOBAHMS U pa3Mep dJIeK-
TpoHHOTO 30HHa. [lyTeM MozenupoBaHUs B KOMMeEp-
yeckoi nporpamMme Opera 3D nosmy4eHo, 4TO IIpH HUC-
10JI30BaHUU MIHPOKUX (60°) 3MEKTPOIOB Ne(IICKTO-
pa IUIOmaas CKAHUPOBAHHS YBEIWYMBACTCS ITOYTH
BIIBOE, MIPU 3TOM, HAONIOAAETCS HEKOTOpOe yXYAIle-
HHUE pa3peuieHusi, KOTOpoe, OJHAKO, JaKe MpH ILJIo-
mamm 150 Mxm® He mpeBbiaer 18 HM. DKcrepuMeH-
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TanbHO OBIJIO TMOKa3aHO, YTO NPEAJIOKEHHBIH Si-
nedIIeKTop NMpU HMCHOJIb30BAHUM IIUPOKUX DIIEKTPO-
JIOB TIO3BOJIIET CKaHUPOBAThH MO TJIOMIAAH OOJNBIIEH,
YeM NPH HCIIOIb30BaHUM CTAHAAPTHOIO AediexTopa,
OpU  OAMHAKOBOM  OTKJIOHSIOIIEM  HANpsHKEHUH
(puc. 10).

Pacuetsl, nmpuBenennsie B [40], MOKa3pIBAIOT, YTO
B MK Tuna b, umeroieit HCTOYHUK C TpeMs IJIEKTPO-
JlaMu, Iy90K ¢ dHeprueit He 6onee 1 k3B MoxeT OBITH
c(hOKycHpOBaH B IISITHO ¢ pa3MepoM He Oojee 15 HM
pu pabodeM paccToSTHAN 0KOJI0 50 MKM.

Koppexuusa abeppayuii 6 MK

TpaguumonHo Bce paspabotunku MK crapatorcs
YMEHBIINUTh pa3Mep 3JIEKTPOHHOTO 30HJ]Aa IyTeM OIl-
TUMH3ALMN KOHCTPYKIUH U HANIPSHKEHUH Ha 3JIEKTPO-
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nax. [lpumeHenne koppekTopoB abeppauuii B MK
3aTPyIHEHO M3-3a CIOKHOCTM MX MHMHHUATIOPU3ALNU.
[IpuHuuMn, HA KOTOPOM OCHOBaHO ACHCTBUE KOPpEK-
Topa abeppaluii, 3aKJI04aeTcs B CO3JaHUN BOTHYTOM
JIMH3bI, KOTOPasi pacCeMBacT BHEOCEBBIE JIyUd TaKUM
00pa3oM, YTO OHH MOBTOPHO CXOIATCS B TOUKY, a HE
B JIMICK B TTOCKOCTH TrayccoBa u300paxeHus [54].

B pabotax [55, 56] B kauecTBe KOPPEKTOpa OJIHO-
BPEMEHHO CHEpHYEeCKUX W XpOMATHYECKUX abeppa-
it MK ObLIO MpesyioKeHO HUCIOJIb30BaTh TOHKYIO
METAJUIMYECKYI0 TUICHKY, 3a)XKaTyl0o MEXAy ABYyMs
astekTpoaamu. Ilyrem MonenupoBaHus IOKa3aHo, 4To,
€CIT DIICKTPOHBI MPOXOST Yepe3 IUICHKY C OJIM3KOH
K HYJIIO SHEprUeH U IUIeHKa UMEET JOCTaTOUHYIO MPo-
3pavyHOCTh AJISl DIIEKTPOHOB, TO K0d(dduuueHts! che-
pudecknx abeppanuii Ha HEOOIBIIOM PACCTOSHUHN
OT IJIeHKH oTpunarensbHsl (puc. 11). Kpome Toro,
TUIEHKa B TaKOH CHUCTEME CITy>KUT MOHOXPOMAaTOPOM,
T.K. HE NPOIIyCKAaeT 3JIEKTPOHBI, UMEIOLINE YHEPTUI0
MCHBIIYIO0, Y€EM BCJIMYUHA pa60TI)I BbIXOJAa IIJICHKH.
Pesynprarer pacuetoB, npuBeneHHbIe B [56, 57], mo-
Ka3bIBAIOT, YTO HIMPHHA 3JEKTPOHHOTrO 30HAa B MK
C BHeprueu 31eKTpoHoB 1 k3B mpu Hcnonb3o0BaHUU
KOppeKTopa abeppanuii B Buae ToHKOH (20 HM) 30510-
TOH TIIEHKA MOXKET COCTaBJISITh BCETO 2 HM, pabodee
paccTosiHUE MpU 3TOM PaBHO 15 MKM, a IauHa Bceil
MK — 215 MKM. ABTOpBI CUHTAIOT, YTO Takas KoOp-
peknus abeppanuii MOXKeT OBbITh HCIIOJIb30BaHA IIPH
co3ganuu MHoromydeBslx MOOC misi IUarHOCTUKU
MOJTYIIPOBOJHUKOBBIX CTPYKTYD.

HneHKla 20 uM
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Puc. 11. Bennunna xko3ddunuenra chepuyeckux adep-
pauuit Cs, BbIYHCIICHHAS [PU MOMOIM WHTEPHUPOBAHHS
KaK (QyHKIHS z.

B BepxHeii 4acTH Moka3aHa cxeMa KOJIOHHBI M MapaKkcH-
aNbHBIN JIy4, HAYMHAIOIIMICS OT IOJIOXKEHUs 00beKTa
[57]

3. ICTOYHUKU DJIEKTPOHOB,
HCTIOJIB3YEMBIE B MK

VYenex nocrpoenuss MK Bo MHOIOM CBsI3aH C Kaye-
CTBOM MCTOYHHKA DJICKTPOHOB.

N3-3a maneix reomerpuyeckux pasmepoB MK
B Hell OOBIYHO HET INPOMEXYTOYHOIO KpOccoBepa,
U n300paxeHue, ONpeAessIoNIee TUCK NIEKTPOHHOIO
30HIA, SBISIETCS HEMOCPEICTBEHHO N300paKeHneM
BUPTYAJIbHOTI'O HWCTOYHMKA. Onare K€, H3-3a MaJlbIX
pazmepoB koaddurnmeHnt yseiamueHuss B8 MK 00braHO
nopsiaka eAuHUIBL. TakuMm o0pazoM, pa3mep BHPTY-
QJIBHOI'O HCTOYHMKA BHOCHT CYIIECTBEHHBIH BKJIa
B pazpemenue MK.

JpyruM cyIecTBeHHBIM (aKTOpPOM, BIHSIOIIUM
Ha Ka4yecTBO HU3KOBOJIBTHBIX MK, siBisercs: Benuuu-
Ha pa3bpoca PHEPrHil >JIEKTPOHOB, T.K. XpOMaTH4e-
ckue abeppalMy NPONOPLHMOHAIBHBI COOTHOLICHHIO
A(eV) / (eV), rne A(eV) — pa3dpoc BEINYNH KHHETH-
YECKUX SHEPIHil, a el — 3Heprus mydka 3JeKTPOHOB.
Uem menbiie sHeprus mydka B MK, Tem Oonbmmit
BKJIaJI B BEJIMYMHY XpOMaTHUYeCKOW abeppamnuu BHO-
cut A(el).

Kak yxe ynoMmuHanmoce, il XapaKTEpPUCTUKH HC-
TOYHHKA 3JEKTPOHOB OOBIYHO HCTONB3yeTCs "yMEHb-
meHHas" (HOpMHpOBaHHas) SIPKOCTh f3,, BEIMYMHA
KOTOPOU IpPHU OTCYTCTBUM B3aUMOJEUCTBUS 3JIEKTPO-
HOB OCTaeTCsl HEM3MEHHOM MPH MPOXOXKICHUN MydKa
B KOJOHHE M CIY)XUT XapaKTEPUCTUKOW BEIMYHHBI
Toka B diekTpoHHOM 30HAe [20]. HopmupoBanHas
SAPKOCTb ﬁr SABIACTCA €AWMHCTBCHHBIM IMO-HACTOALICMY
WHBapUaHTHBIM CBOMCTBOM HCTOYHHMKA IEKTPOHHOTO
nznydeHus. OHa HE 3aBUCHT OT CBOWCTB (POKYCHPOB-
ku win abepparuii MK, onHako ee 3HaueHHE YMEHb-
maetcs u3-3a agdexra bepina.

BaxupiM (pakTopoM, XapaKTEpHU3YIOIIUM HCTOY-
HUK, SBJSIETCS TIPOCTPAHCTBEHHAsh KOI'€PEHTHOCTH,
KOTOpasi TPONOpLHOHAIBHA pa3Mepy HCTOYHHKA.
B upeane Bce 3NeKTPOHBI NOJKHBI BBUIETATh U3 OJ-
HoW Toukd. OJHAKO B peajbHOCTH YeM MEHbIIE pa3-
Mep HUCTOYHUKA, TEM MEHBIIIE €r0 CTa0MILHOCTH [58].

Takum 00pa3oM, OCHOBHBIMU XapaKTEPUCTHKAMHU,
OIIPEIEIIAIOIIMMU KaueCTBO HMCTOYHHUKA BIIEKTPOHOB,
ABJISIFOTCA:

— BUPTYaJIbHBIN pasMep;

— SIPKOCTBH, "yMeHbIIIeHHas" (HOpMHUpOBaHHAs) sIp-
KOCTB;

— BEJIMYMHA pa30poca Mo SHEPTusiv;

— MIPOCTPAHCTBEHHAS KOT€PEHTHOCTb.

B MK ucnonb3yroTcst pa3nuiHble TUITBI HCTOYHHUKOB:

— XOJIOJTHbIE aBTOPMHUCCHOHHBIE |3, 8, 59];

— kartonsl llloTTku [8];

— KaToJpI Ha OCHOBE YTJIEPOJIHBIX HAHOTPYOOK
(YHT) [53, 60, 61];

— rpad)eHOBBIC KaTobl [62];

— tyHHensHBIe (M/IM) [63];

— nazepHble poTodmMuccuonHbie [40].

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 4
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B kauecTBe aBTOAIMMCCHOHHOTO KaToja, Kak Ipa-
BWJIO, UCIIOJIB3YIOT W-HIJIBI, 3a0CTpsieMble C IIOMO-
IIBIO JIEKTPOXUMHUUYECKOTO TPABJICHUSI ITOJUKPUCTAII-
mmdyeckoil W-npoBosiokd. 13BeCTHO, UTO Ha BEPIIUHE
OCTpPOM MIJIbl, U3rOTOBJICHHOW W3 MOJHUKPUCTAIIINYE-
CKOHM TIPOBOJIOKH, KaK IMPaBWJIO, JIOKAIU30BAHO KpH-
CTAJUIMYECKOE 3E€PHO C KpHUCTAIOrpapUuecKUM Ha-
npasieHueM <100>, OpHEHTHPOBAHHBIM BJIOJIb OCH
MpoBOJOKHU. [loaTOMYy Ha BepIIMHE TAaKOW HIJIbI, KaK
MPaBUJIO, UMEETCS TUIOCKUII HAaHOMETPOBBIA YYacTOK,
OpPUEHTHPOBAHHBIN MEPNEHANKYISIPHO K ee ocu. On-
HaKoO, €CJIM M3TrOTaBIMBATh UIJTy U3 KPUCTAJUINYECKOM
3aroTOBKH, JUTMHHasg OCbh KOTOPON COBIAJaeT C KpH-
craiorpadpudeckuM HampaeieHuem <l111>, To ee
BepuIHa OyJeT 3aKaH4YMBaThCS OCTPBIM TpPEXTpaH-
HBIM YIJIOM, 4TO NPHONMXKAET TaKOH 3MUTTEp K HIe-
aJbHOMY TOYEYHOMY HMCTOYHUKY. Pammyc 3akpyriie-
HUA OCTpHUA AJId MOJTYYCHUA aBTOOMHUCCHOHHOI'O TOKa
B MK momxen ObiTh MeHee 100 HM. B pabote [5]
MPEJIOKEH XOJIOJHBINA MOJIEBOM HWCTOYHUK, UCHOJIb-
3ytomii BombpamoBeii 30HA (W111), copmupo-
BaHHBI TakUM OOpa3oOM, YTO SMHCCHUSI MPOUCXOTUT
U3 IPYMNIbl HECKOJBKUX aTOMOB Ha BEPIUMHE HIJIbI.
ONEeKTPOHBI, TYHHEIUPYIOIINE CKBO3b TPEYTOJIBHBIN
NOTEHIUANBHBIA Oapbep B CiIydae XOJIOAHBIX IOJIe-
BBIX KAaTOJOB, MUMEIOT Mallblii SHEPreTUYECKUd pas-
opoc AE ~ 0.5 3B, 4T0 0COOESHHO BaXKHO JUISI HU3KO-
BOJIbTHBIX CHCTEM, K KOTOPBIM KaK pa3 OTHOCHUTCS
MK, n3-3a 3aBUCUMOCTU BCJIMYHUHBI XPOMATHYCCKHUX
abeppanuii ot AE.

ABTO3MHCCHOHHBIN KaTOJ| 00JaacT OYCHb IPH-
BJIEKATEJIbHBIMU XapaKTEPUCTUKAMH: MalbIi pa3Mep,
BBICOKAs! SIPKOCTh, MaJblil pa3dpoc 3HEPruu IIEKTPO-
HOB. OIHaKO, YeM MEHbIIIe paJuyc 30H/a, TEM MEHee
CTaOWJIBHBIM B OOILIEM ciydae SBJISETCS TOK aBTO-
OMUCCHUH, 33BI/IC§IHIPII>1 OT YUCTOTHBI TOBEPXHOCTHU KATO-
Ja ¥ ypoBHs Bakyyma. Hu3kas craOuibHOCTH aBTO-
OMHCCHUOHHOT'O TOKa N TIIOBBIIICHHBIC TpC6OBaHI/I51
Kk BakyyMmy (p < 10 Topp) orpaHMUMBAIOT HPHMEHE-
HUE XOJOJTHBIX aBTOKaTo/10B B MDOC 11t 31eKTpOH-
HOWM MUKPOCKOITUH U JIUTOTPauu.

Karon IoTTKHM — 3TO TEpMOABTO3MHCCHOHHBII
KaToJI, TaKKe NPEICTABISAIONINI OO0 WIIy, W3ro-
TOBJICHHYIO U3 W-IPOBOJIOKH WM KPUCTAIMYECKOU
3arOTOBKU C JUIMHHOM OCBIO, COBNAJANOLIEH C KpH-
craiorpadudeckum HampaeineHunem <100>. Ha Bep-
IrHax TaKuX MUIJI HUMECTCA IUIOIIaJKa pasMEpoM
~10 x 10 HM, KOTOpPYIO MOKpBIBAaIOT IUIeHKOH ZrO.
OTO cHWXaeT paboTy BHIXOJla TOBEPXHOCTH, W TIPH
HarpeBe g0 1800-1900 °C Takoii katony pabotaeT
B peXHMe TePMOABTOIJIEKTPOHHOH »muccun [38]. He-
CMOTpS Ha TO, YTO XOJOJHBIA TIOJIEBOW SMUTTEP
[0 pa3Mepy HCTOYHHKA M Pa30poCy 3HEPruM 3ieK-
TpoHOB Jyumie katoja IIoTTku, Ha MpakTHKe yalle
BCETO HCHONB3YEeTCSd TEPMO-3MHUCCHOHHBIA KaTOX
[HoTTkm, Omaromapst ero Oojiee BHICOKOM YCTOWYHBO-
CTH ¥ CTaOMIIBHOCTH.
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[lepcneKTHBHBIM pelIeHHeM MpobjeM aBTOIMHMC-
CHOHHBIX KaTOJOB MOJKET CTaTh HUKEJIEBBIM TOYEU-
HBII KaTo[ ¢ Tpad)eHOBBIM MOKPBITHEM [62]. DTOT HC-
TOYHHK TaKXKE ABIACTCA XOJIOAHBIM aBTO3MUHCCUOH-
HBIM KaTOAOM. OKCIEPUMEHTHI MOKa3bIBAIOT, YTO OH
o0ecrieynBaeT CTa0MIbHYIO DIIEKTPOHHYIO 3MHCCHIO
IIPU OTHOCUTEIHHO OOJIBIINX pasMepax ocTpus, Mo-
eT paboraTh npu aaBineHuu p > 10° Topp u umeer
CBEepXHM3KOe 3HaueHue padots! Beixoaa 1.10 = 0.07 3B.
Takoii kaTtoa MMeeT pacueTHOe 3HaueHHE ,HOPMHPOBAH-
HOil "ymenbmenHoi" spxoctu 1.46 x 10° Am cp 'B”
mpu paguyce octpus 170 HM, a U3MEpEeHHBIH pa3dpoc
sHepruu coctaniseT ot 0.246 no 0.420 »B mis auama-
30Ha paauycoB octpus ot 260 HM 10 500 HM, yTO CO-
MMOCTaBUMO CO CTaHJApTHBIMU XapaKTePUCTUKAMHU
XOJIOZHBIX aBTOSMHCCHOHHBIX KaTOOB.

Tak»e 10CTaTOYHO aKTHBHO Pa3BUBAETCS HalpaB-
JIeHHE, B KOTOPOM B KaueCTBE 3JIEKTPOHHBIX 3MUTTE-
poB mist MK ucnionb3yrorcst yriaepoaHble HAaHOTPYOKH
(YHT). Artops! paboTsl [61] cpaBHWIM CTaHAAPTHBIN
aBTOAMHUCCUOHHBIA W-KaTtog ¢ 2D pacnpeneneHHbIM
karonqoM Ha ocHoBe YHT mpu mx pabore B MK
C OJJMHAKOBOM KOHCTPYKLHEW C IHAMETPOM arepTyp
100 MkM. BBUTIO yCTaHOBIIEHO, YTO MIPH PHEPTUU IJICK-
TpoHHOro nyuka meHee 600 »B Tok smurrepa ¢ YHT
Ha TPH IOPsAKa MIPEBbILAN TOK W-30HIa U COCTaBIISI
okojio 100 MA. ABTOpBI OTMEUAIOT TaKXkKe, 4To, Oya-
rozapsi MpOTSDKEHHOMY pa3Mepy KaToja Ha OCHOBE
YHT, rocTupoBKa TAKOr0 MCTOYHUKA OTHOCUTEIBHO
aneptyp MK ropasno mpomie, 4emM Npu HCHOJb30Ba-
HUU cTaHpaptHoro W-amutrepa. B padore [53] noka-
3aHBl M300pakeHus, MOoIXy4YeHHble npu nomomu MK
¢ 2D pacnpeneneHHbIM KaTogoM Ha ocHoBe YHT.

B pabote [64] B kauecTBE UCTOYHUKA JJICKTPOHOB
rcrnonb3oBanach W-uria ¢ paauycom ~ 100 HM, npu-
OMmKeHHas 10 PacCTOSHUS Z K TUIOCKOMY WH)KEKTOPY
C KpYIJIOH anepTypod U OAMHOYHOU 3JIEKTPOCTaTHUE-
CKOM MHKpPOJIMH30H. MogjenupoBaics pexuM aBTo-
3JEKTPOHHON 3MHCCHH YEPE3 TPEYroNbHBIA NOTCHIIN-
IBHBIA Oapbep ¢ y4eToM CHJI M300pakeHHs IIpH Ha-
npspkenuu Vot 10 no 120 B. HeoOxoaumast jyist aB-
TOSMHUCCHH HANpPSDKEHHOCTh 3JIEKTPHUUYECKOTrO OIS
JOCTHUTANIACh 33 CUET MPEUU3UOHHOTO cOMmKkeHns W-
WIJIBl C TUIOCKUM MHXXEKTOPOM A0 paccTosiHuil oT 10
10 500 M. [as1 cOMmmKeHns ¥ CTaOMIU3alKl SMHCCH-
OHHOI'O TOKa McHosib3oBanack mMeroauka CTM. Dkc-
MEpPUMEHTANBHO 0€3 MpeIBapUTeNLHOrO nporpesa | W-
WTIIBl TIOTydeH cTabumibHb Tok [ = 0.5 x 107 A
Y U3MEpEeHBI 3aBUCHUMOCTH Z( V), coBIafaromue ¢ pac-
YCTHBIMU JAaHHBIMU IIPU YCJIOBHUHU, YTO pa60Ta BbIXOJa
~1.23B.

B pabote [63] mpemiokeHa OpUTrMHAJIbHAS KOH-
LENUYsi UCTOYHHKA 3JIEKTPOHOB HAa OCHOBE TYHHEIb-
HOTO KOHTaKTa "MeTaUI-IU3JIEKTPUK—MeTamt" ¢ uc-
MOJIb30BAaHUEM BOJIB()PAMOBOIO 30HIA, ITOKPHITOTO
CJIOEM OKcHa Boib(pama, U TOHKOH (~20 HM) 3070-
TOM TUIeHKH (puc. 12, a).
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Pnc.12. CxemMa UCTOUHHKA 3JIEKTPOHOB HA OCHOBE TYHHEIBHOTO
KOHTaKTa "MeTayui—AmdJeKTpuk—meramn” [63] (a) u cxema naszep-
HOTO (hoTOIMHUCCHOHHOTO KaTtoxa[40] (0).

JIOCTOMHCTBOM 3TOTO MCTOYHMKA SIBJISIETCS] 1OCTa-
TOYHO TPOCTOH CIOCOO HM3TOTOBIICHHS, HU3KOE Ha-
MPsDKEHUE DMHUCCHU (€IUHHIIBI BOJBT), OTCYTCTBHE
ocoObix TpeboBaHMii Kk Bakyymy. [Ipeamomaraercs,
YTO TAKOM HCTOYHUK MMEET BBICOKYIO SPKOCTh, a IIy-
YOK TYHHEJIMPYIOIINX 3JEKTPOHOB 00JIalaeT BHICOKOI
MOHOXPOMAaTHYHOCTBIO, OOYyCIIOBIIEHHONW HE00XOIu-
MOCTBIO TIPEOIOJIEHHUSI JHEPreTHYecKoro Oapnepa,
paBHOTO PabOTe BBIXOJA 30JI0TOW IUICHKU. DKCIEPH-
MEHTAJIbHO IIOJIyYEHHBI TOK 3MHUCCHH COCTaBIIET
necatkd MA. CyliecTBEHHOW MpoOieMOH, OJHAaKO,
SIBJISIETCS] HU3Kasi CTaOMIIBHOCTh SMUCCHOHHOTO TOKA.

Hakowner, B pabore [40] oOcyxmaercs mpumeHe-
Hue B MK mazepHBIX (DOTOIMHCCHOHHBIX KaTOOB,
KOTOpPbIE MOT'YT HMMCTb XapaKTCPHUCTHUKHU, CXOJHBIC
¢ moJjieBbIMU Katomamu: pazmep 10 x 10 uwm, pazdpoc
sHepruit AE ~ (0.1-0.2) »B. Kak oTmeuatoT aBTOpHI,
JOCTOMHCTBOM (I)OTOC-)MI/ICCI/IOHHI)IX KaToad0B SABJISACTCA
BBICOKasl SPKOCTb H3JIy4€HMs, HU3KOE DPaccerBaHHUE
SHEPTUH, HU3KOE HaNpsDKEHHE SMHCCHUH M MPOCTOTa
OIITMYECKOI'0 YIpaBleHUs 0e3 MCIOIb30BaHUS JKpa-
HUPYIOIUX TYYKOB. OTH OCOOCHHOCTH IO3BOJISIOT
SHAYUTCIIBHO YNPOCTUTHL KOHCTPYKIHWIO MHKPOKOJIO-
HOK U TIOBBICUTH UX KOMITAKTHOCTb.

4. TEXHOJIOT'MU N3TrOTOBJIEHNA
MHKPOKOJIOHH

IIpn wmsroroBnennn MK uHCHonb3yrTCs caMble
pa3HOO0Opa3Hble TEXHOJOTUH, BKIIOYAs: TOYHYIO Me-
XaHo0OpabOTKy, TPYIMOBYI0 KPEMHHEBYIO TEXHOIO-
THI0 MHKPODJIEKTPOHUKH, TEXHOJIOTHIO (QOKYCHPO-
BaHHBIX 3JIEKTPOHHBIX W HOHHBIX IIy4YKOB, OITHYe-
CKYI0O M JJeKTpoHHYI nuTorpaduu. Koneuno, mop-

poOHOe oOCyXJeHHe BCeX TEXHOJIOTWYECKHX HIOAH-
coB usrororyienuss MOOC TpedyeT OTAEIBHOIO CIie-
LUAIBHOT0 0030pa, MO3TOMY 3[€Ch MBI JIMIIbL KPAaTKO
MpeJCTaBUM HEKOTOpPhIE PaOOTHI.

B pabore [44] o6cykmaeTcst TEXHOJIOTHUS CO3/TaHUS
MHOTOCJIOMHBIX CTPYKTyp M3 KpPEMHHUS H CTEKJa
Ha OCHOBE TOYHOW MEXaHOOOpabOTKH M ONTHYECKOU
FOCTUPOBKH.

B pab6ore [11] nmpu uzrorosiennn MK mpumensi-
Jach Ja3epHas MukpoobpaboTka. [Ipm momomu naze-
pa ObUIM MPOCBEPIIEHBI OTBEPCTHS C TUAMETPOM OKO-
70 20 MKM cpa3y B 5 closIX MeTaiia U KkpemHus. W3-
MEpEeHHOE CyMMapHOe CMEIIeHHE IIEeHTPOB OTBEPCTUH
He npeBbimano 1 MkMm. M3o0pakeHus: anepTyp, U3ro-
TOBJICHHBIX JIA3€PHBIM CBECPJICHUCM, IMOKA3BIBAIOT, YTO
Ha UX Kpasx oOpa3yloTcsl IIEpOXOBATOCTH MeTaja,
KOTOpbIE NPUBOIAT K HEPAaBHOMEPHOMY paclpelelie-
HUIO 3JeKTprudeckoro mons. Yem MeHble pasmep
aneptyp MK, Tem crnoxHee TexXHONIOTHS COOPKH
U IOCTHPOBKH 3JIEMEHTOB BJOJb onTtudyeckoit ocu MK.
HetouHoe coBMelieHHe LEHTPOB alepTyp HMPUBOIUT
K PE3KOMY POCTY T'€OMETPHUYECKHX aleppaiuii, 4ro
MoKa3aHo myTeM mMonenupoBanus [11, 40].

HauOonee nmepcneKTHBHBIM C TOYKM 3pEHUS] Hau-
BBICIIEH, CYOMHUKPOHHOH, TOYHOCTH BBIPAaBHUBAHUS
OTBEPCTUM B 3JIEKTPOJaXx SBISETCA METOH, OCHOBAaH-
HBI Ha (pe3epoBaHUM OTBEPCTHs JIMH3bI HOHHBIM
MyYKOM Yepe3 C3HIBHY, COCTOSIINN M3 HECKOIBKHX
MIPOBOJISIIIIUX CJIOEB, Pa3/IeI€HHBIX TOHKUMH U30JIATO-
pamu [65] (puc. 13). OgHaKo W OH HE JWIIIEH HEeIOC-
TaTKOB. IlpuMeHeHHe NaHHOrO MeTOoAa COIPSKEHO
¢ o0pa3oBaHWEM KOHHYECKOH CTPYKTYPBI OTBEPCTHI
[66], Tme yrom HAKJIOHAa CTEHOK CHJIBHO 3aBHUCHUT
OT ToNmuHbBI (pe3epyemoro ciost. Kpome Toro, atot
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Puc. 13. Ilpoueaypa U3roTOBICHUSI MUKPOKOJIOHH.

0O603HaueHusT MaTepuasioB: 1 — 30510T0, 2 — MOJIMAMHIHAS [UICHKA, 3 —
HUTPUJT KPEMHUS, 4 — MaIagui, 5 — OKCHUJI aTIOMUHHUS;

a — TPHW KPEMHHUEBBIX YHIIA YKIIaJbIBAIOTCS APYT HA Apyra JUIl U3TOTOBJIE-
uus Einzel-nmua3er; 6 — otBepeTrs Einzel-miuH3BI Gpe3epyroTcs ¢ HCIOb-
30BaHUEM C(HOKYCHPOBAHHOTO IyYKa MOHOB TaJUINA; B — OTBEPCTHS IO-
KPBIBAIOTCS HAITBUICHHEM 30J10Ta, YTOOBI MOKPHITh HUTPHJ, KPEMHHS, BBISB-
JICHHBII BO BpeMs (ppe3epoBaHusi; I' — CTONKa MUKPOJIMH3 TPUKPETLISETCS
k Einzel-nuH3e; 1 — anepTypbl MUKpPOJIMH3 (pe3epyroTcsl 4epe3 OTBep-

crus Einzel-nmua3bl

METO/I OTPaHUYEH TOJIIMHON AJIEKTPOAOB U HEMPOBO-
JSIIUX TPOKJIAJOK Ha YPOBHE HECKOJIBKHMX MHUKPO-
MeTpoB. Takke co3gaHHBIE TAaKUM METOIOM JIMH3BI
4acTo MOoABEpKEHBI d(pdexTaM 3apsaku. Bo m3bexa-
HHUE 3apsiIKM OTBEPCTHE B MPOKIAIKE IOJDKHO OBITH
HaMHOTO OOJIbIIE, YeM OTBEPCTHS B DJICKTPOJaX.

B OGompmmucTBe MK OCHOBOW &7t WX CO3MaHUSA
SBTISIFOTCS Si-TUTACTHHBI M TEXHOJOTHS X 00padoTKH,
pa3BuTas B MUKpO3JIeKTpoHHKe. B paborax [9-11, 13,
14, 17, 36, 37, 65-73] onmcarsl MK, H3roToBICHHBIE
C HCIOJIb30BaHNUEM TEXHOJIOTHI 00pabOTKH KpeMHUe-
BBIX TUIacTHH. B [25, 70] ommcaHa TEXHOJIOTHS CO3/1a-
Hus MK, cocTosIMX W3 MHOTOCIIOMHBIX COHJIBUYCH
B BUJIC KPEMHMEBBIX IUIACTHH, TOHKUX JUIJIEKTpHUe-
CKUX W MPOBOISIIUX CJIOEB, TPEOYIOINX MPEH3HOH-
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HOT'O COBMEIIIEHHS anepTyp B JMH3aX HMCTOYHHKA, Jie-
¢daexTopa u B OJI, ncnonp3yromas TpynioBbie METO-
Il MUKPO3JIEKTPOHHKH.

BaxnpiM sTanmom wusrorosneHuss MK sBisercs
MPEUU3NOHHAsT MEXaHUYECKast FOCTUPOBKA OTIEIbHBIX
nsieMeHTOB. OHUM U3 cIIOCOOOB BBIIOIHUTEH OITHYE-
CKYIO FOCTHPOBKY CITy’KUT OTHMCaHHBIN B [35, 71] aHa-
T3 KapTHHBI Ja3epHON TUQpaKIIH.

OpuruHaneHeIM TIpEMepoM MuHHaTIOpHOH D0C
SIBIIIETCS TIPUOOpP DJIEKTPOHHOUN romorpaduu [72],
K CO3JJaHHI0 KOTOPOTO MPHUBENH pa3pabOTKU, HauaThIe
B pabote [5]. B ycraHOBKE >NEKTPOHHOU TOIIOTpa-
¢un  (puc. 14) wumeercss TOYEUHBIH MCTOYHHUK
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50 HM

Puc. 14. TlpuHnun paOoOTBI YCTaHOBKH DSJEKTPOHHOHW romorpaduu (a)
U BOCCTaHOBJIICHHOE M300paXCHUE DIICKTPOHHOH TOJOrpaMMBI C KHHETHYE-
cKkoii aHepruei 53 3B, cocrosiiee U3 HECKOIBKUX MOJIEKY) (peppUTHHA, TIPH-
KPEIUIEHHBIX K Iy4YKY yrJIepoJHbIX HAHOTPYOOK (0) [72].

anektpoHoB W(111) u nume OOWH 3IEKTPOA-IK-
ctpakTop. Ha paccrosiHun MeHee 1 MUKpoHa OT 1uioc-
KOCTH, B KOTOPOH TIOMEIIEH 00BEKT, YacTh KOTePEeHT-
HOM 2JIEKTPOHHOH BOJHBI paccerBaeTcsi (eppUTHHOM,
MPUKPETICHHBIM K YTJIEPOJHONW HAHOTPYyOKe (BCTaB-
Ke), oOpasyroliei BOJIHY, HCXOIIYI0 OT o0bekTa. Ha
9KpaHe JETEKTOpa, PAacIONOKEHHOIO0 Ha PacCTOSHUHU
68 MM, peructpupyeTcs MHTEp(EpPEeHIIMOHHAS KapTH-
Ha JAJIBHEro MOJsl MEXIy OObEKTOM U OIOPHOH BOJI-
HOW — ToJIorpaMMa, Ha OCHOBaHHUH KOTOPOM BHIMOJI-
HSIETCS YHCIIEHHAsI PEKOHCTPYKLUS OeliKa.

3AKJIIOYEHUE

HuskoBoJIbTHEIE MHWHHUATIOPU30BAHHBIC 3JICKTPOH-
HO-ONTHYECKUE CHCTEMBI, KOTOPhIE TAKXKE Ha3bIBAIOT
MHUKPOKOJIOHHaMH, MPEACTaBIAIOT cO00H caMOCTOs-
TEJNBbHOE HaIlpaBJieHWE B OOJIACTH DIIEKTPOHHOW OMTH-
KU U SIBJISIFOTCS. OCHOBOW HM3KOBOJIBTHBIX MUHHUATIOP-
HBIX 3JICKTPOHHBIX MHUKPOCKOIIOB, MHOT'OKOJIOHOYHBIX
muTOorpadoB M CUCTEM AIIEKTPOHHOI romorpadum.

JT10 HamparieHue mnosiBuioch B 80-x rr. XX B.
B CBSI3U ¢ ()OPMHUPOBAHHEM JIOCTYITHOW TEXHOJIOTHYe-
CKO#l 0a3el I CO3MaHUS U COOPKM MWHHATIOPHBIX
QJICKTPOHHBIX JIMH3; OHO TAaK¥XKC 6I)IJ'IO CTUMYJIMPOBAHO
MOSIBJIECHUEM CKaHUPYIOIIEH 30HI0BOM MHKPOCKOIUU
C ee cHUcTeMaMd MPEeUU3UOHHOTO MepeMeleHHUs
Ha OCHOBE IIbE30aKTIOATOPOB U CIEAALIMMHU CUCTEMA-
MU I CTa6I/IJ'II/I3aHI/II/I TOKa. I/IHTepCC K HU3KOBOJbT-
HeiIM MOOC cBsizaH ¢ (yHIaMEHTaIbHBIM MPUHIIH-
IIOM yMEHbIIEHHs adeppanuil Ipu OJHOBPEMEHHOM
YMEHBUIEHUU PAa3MEPOB U HANPSIKEHUN B JJIEKTPOH-
HO-ONTHYECKUX CHCTEMAax, HEPa3pyIIalOLUIMM BO3ACH-
CTBHEM Ha o6pa3eu, IMOBBINICHHBIM KOHTPACTOM H30-
OpaxxeHns1, 0OYCIIOBICHHBIM TPOHUKHOBEHUEM O3IIEK-

TPOHOB HU3KHUX C-)HCpFI/Iﬁ JIMIIb B TIMOBEPXHOCTHBIC
ciion 00pasua, 1 BO3MOKHOCTBIO HCCIIEIOBAHMS IUIO-
X0 TMPOBOASANIMX 00pa3oB 0e3 JAOMOIHUTEIHLHOTO Ha-
HECEHUSI MPOBOASIIUX MOKphITHHA. OCOOBIC HAICKIBI
CBSI3BIBAIOT C  MHOTOKOJOHOYHBIMH  CHUCTEMaMH
Ha 4uI1ie i BI)ICOKOHPOI/I?:BOI[I/ITCHI)HOI\;I MHOT'OJIy4c-
BOM JuTorpaduu, a TaKKe CUCTEMaMH [Tl MHCTIEKLIUH
Oonpmmx 1acTuH. CyliecTBOBaHWE U JOCTYHMHOCTD
Pa3sHOOOPa3HBIX NPOTrPaMMHBIX IAKETOB [UIS 3JIEK-
TPOHHO-OIITHUYECKUX PaCYCTOB M PA3BUTUC T'PYHIIO-
BbIX TEXHOJOTMI MUKPONIEKTPOHUKH, TEXHOJIOTUMN
(OKYCHPOBAHHBIX BJIEKTPOHHBIX U HMOHHBIX ITyYKOB,
JIA3EPHBIX TEXHOJIOTMM M TEXHOJIOTUHN MPELU3UOHHOU
3D-nedat MO3BOJIAIOT MOJENIHMPOBAaTH M CO3/1aBaTh
MDOOC npakTu4ecku JIO0BIX KOH(PUTYypaluii ¢ arep-
TypaMu JIIOOBIX Pa3MepOB, BIUIOTH 0 CYOMHUKPOHHBIX.
[Ipu co3mannu MK HaiiieHbl OpUTHHAJIBHBIE pelle-
HUSI, HAIPUMeEp, AJIsl KOppeKTopa abeppanuil 1 MOHO-
XpOMaTopa Ha OCHOBE METAJUIMYECKOH IJIEHKH HaHO-
MGTpOBOfI TOJIIWHBI, WIX JJI1 UICTOYHUKA 3JICKTPOHOB
Ha OCHOBE JIOKAJIbHOT'O TYHHEJIBHOIO KOHTaKTa 'Me-
TaT—TUANEKTpUK—MeTa1". OCHOBHBIM HEIOCTATKOM
M3BOC sBasercs manoe (OKYCHOE PacCTOSHUE, SB-
JSIoIIeecsl MPUYMHOW Majoro pasmepa 0030pHOTO
Kazpa. JTO CBS3aHO C yBeNWYeHHEM abepparuu mpu
OTKJIOHEHHMHU IIy4Ka OT ONTHYECKOW OCH, YTO HaKJa-
ABIBACT OI'paHUYCHUC HaA YIroJl OTKIIOHCHUA U, KaK
CJIEZICTBUE, IPUBOIUT K yMEHBIIEHHIO IUIOMAAN 00-
30pHOrO Kazapa. Ho 3Ty mpoGiieMy MOXHO pelunTh
MyTEM CHHXPOHHOI'O OTKJIOHEHHUS ONTHYECKOH OCH
OJTHOBPEMEHHO C OTKJIOHEHHEM 3JIEKTPOHHOTO ITy4Ka.
YunteiBas Manbeie pazmepsl U Manbiii Bec MOOC, ato
HE CIIO)KHO peaju30BaTh Ha MpakTHUKE, B OTIUYHE
oT 6OHI)H_[I/IX U TAKCIBIX JBJICKTPOHHO-OIITUYCCKUX
CHCTEM, HallPUMED, C IOMOLIbIO IbE303IEKTPUIECKUX

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 4
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Puc. 15. Dnexrponnsiit Mmukpockon 8500 FE-SEM.

a — m3o0pakenue paszpesa konoHHH 8500 FE-SEM; 6 — wacTurpl ToHepa (CMech yriiepoia U MOoJIuMepa), oIydeHo 0e3
HAHECEHUs TPOBOJIAIIETO MOKPHITHS; B — MeMOpaHa-cenapaTop JUTHH-HOHHOTO akkymyistopa Celgard 2325, momxydeHo
0e3 HaHeceHus mpoBoasmIero mokpeIThs (https://www.unitest.com/meas_eq/agilent/8500 fesem.html)

JBUTATEICH. Y4uThIBas Oojiee HHU3KYIO Ce0eCTOM-
Moctb MK 10 cpaBHEHHIO ¢ OONBIIAMHU HIIEKTPOHHO-
OINTUYCCKUMU CUCTEMAMU U BCC NECPCUYUCIICHHLIC BbI-
mre gocroudcTBa MOOC, a Takyke BO3MOYKHOCTH 3Ha-
YUTCJIBHOTO YBCJIIMYCHUA IMMPOU3BOJUTCIIBHOCTU 3JICK-
TPOHHOH JInTOrpaguu B ciy4yae MPUMEHEHUsT MHOTO-
KOJIOHOYHBIX CHCTEM, Ka3aloch Obl, MIOCJIE CTOJIBKUX
JIeT pe3yNbTaTHBHBIX MCCIEAOBAHHN CIEAOBAIIO OXKHU-
JaTh MOSABJIECHUS NPOMBIIUICHHBIX HNapTH NpuOOpoB
Ha ocHoBe MOOC. OpHako 3TO JajeKo OT peasbHO-
ctu. Ham wm3BecTHBI yMip aBa nmpubopa HAa OCHOBE
QJICKTPOCTATUYCCKUX MK, BBIBCACHHBIC Ha PBIHOK
9JEKTPOHHBIX MuKpockonoB, — 8500 FE-SEM
n Voxa’s MOCHIL. Muxkpockon 8500 FE-SEM
(puc. 15, a) co3man kpymHOW kKommnanuei Agilent
Ha ocHOBe pabor Chang, Kretchmer, Muray [4, 68,
69]. TIpubop ocHallleH HarpeBaeMbIM IOJICBBIM KaTO-
nom orTku, a ero MK H3rorosieHa ¢ HCITOIb30Ba-
HUEM KpPEMHHUEBBIX TexHonorwii. [Ipubop pabotaer
B Auana3oHe HamnpspkeHuil ot 500 B no 2 kB u umeer
MPOCTPAaHCTBEHHOE pa3pelicHue MeHee 10 HM mnpu
HanpspkeHun 1 kB. Kommanus Agilent ocranoBuna
npou3BoAcTBO Mukpockoma 8500 FE-SEM, HO MBI
CUNTAcM IOJIC3HBIM IMPUBECTHU HHUKE €TI0 HOI[pO6HI>IC
xapakrepuctuku (cM. [Ipunoxxenue).

Ha puc. 15, 6, B, moka3aHbl MIPUMEPBI U300paxe-
HUH, morydeHHbIX mpu oMoty 8500 FE-SEM.

Muxkpockon Voxa’s MOCHII pa3paboran B pam-
kax npoekra NASA Ha ocHoBe MK, mpeanosxkeHHON
B pabote [12]. OH n3HaYaNBHO aIaNTHPOBAH K HCCIIe-
JIOBaHUSIM Ha IOBEpXHOCTU JIyHBI M ApPYruUx IUIAHET
B KocMoce [37, 58, 74-76]. [Ipubop MOXXHO TIepeHo-
cuth B pyke (Bbicota 0.25 M, Bec MeHeel2 Kr), OH
uMeeT Hu3Koe dHepromoTpebinenue (MenHee 80 BT),
yInoOHBIA BCTPOEHHBIN HHTEpdeiic OecrpoBOIHOTO
ITaHIIETa U MHOI'OIIOJIB30BATCIBCKUEC BO3MOXHOCTH

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 4

JIMCTAaHIIMOHHOTO YTpaBJieHHsA. JTOT MHUKPOCKOI OC-
HallleH BCTPOCHHBIM HCHApUTENIeM METAJIOB s
MOJArOTOBKM  00Opa3lloB Ha MeCTe H  JHEepro-
JIUCIIEPCUOHHBIM PEHTTEHOBCKHM  CIIEKTPOMETPOM,
1 10 MOHATHBIM NpHUYWHAM B HEM OTCYTCTBYCET CHUC-
TEMa OTKAa4YKM BO3ayXa. I/I3yquHe T'€OJIOTHYECCKHUX
U APYTUX NPUPOIHBIX MAaTEPHAJIOB C MCIIOIb30BAHUEM
MOCHII BbIMONHSETCS TaKUM 00pa3oM, YTOOBI 00-
pasipl  OCTAaBAINCH HEMOBpeXIeHHbIMU. Crenosa-
TEJIbHO, 00pa3er] MOXeT ObITh MPOaHATH3UPOBAH
MHOT'OKPAaTHO, YTO MO3BOJIUT COCTaBUTh OoJjee MoJ-
HYI0O KapTHHY NPOUCXOXKAEHUS obOpas3la M ero BoO3-
MOJKHO# 3BOIIOIMH (pUC. 16, a).

Xotst mukpockon Voxa’s MOCHII mporen ucrisi-
TaHusE B KocMmoce (puc. 16, 0), mo-BUIUMOMY, IOKa
9TO OTBITHBIN 00pa3zer.

Msl cuutaeM, uto B ciydae ¢ MOOC neicTByer
a¢ ekt 3akoamoBaHHOTO Kpyra. JlelcTBUTENbHO, IS
MPOMBIIIJICHHOTO ¥ PEHTa0eNbHOT0 TMPOU3BOJACTBA
MPHUHLUIINAIBHO HOBBIX IPUOOPOB, C OIHOW CTOPOHBI,
TpeOyeTcs BO30YAWTh K HUM HHTEPEC YUCHBIX U WH-
JKCHEPOB IMYTEM JACMOHCTpAllMU PCUHICHUA psAda HOBBIX
aKTYaJIbHBIX 3ajlad, KOTOPble HE MOT'YT OBITh PEIIEHBI
C TIOMOMIBI0 UMEIOIIUXCS TPUOOPOB, a C APYrou CTo-
POHBI, TIOKa He OyJeT M3TOTOBIEHO TaKWX MPHOOPOB
B JIOCTaTOYHOM KOJIMYECTBE, HE OYACT U NPUMEPOB,
JEMOHCTPHUPYIOLINX HMX aKTyaJbHOCTb. BcrmomHuM
Taxke, yro HoOeneBckuii komuTeT emie B 1986 .
00BeTUHHI SJIEKTPOHHBIN M CKaHUPYIOLIUHA 30HIOBBIH
MHUKPOCKOITBI, TIPUCYINB 332 WX HM300peTeHrne OOIIyIo
npeMuto o ¢usnke. B HacTosmee BpeMs CyIIecTBY-
10T pemennus ansi coBMmemieHuss C3M ¢ OM, moBsI-
HIaromue I/IH(I)OpMaTI/IBHOCTI) HUCCIICAO0BaHUA, IIpU
stoM C3M BBICTymaeT B Ka4ecTBE IOMOIHUTEIHHON
omuu k COM [77, 78]. MBI gymaeM, 4TO HMEIOTCS
BCE NPEANOChUIKA  JJIA COBMEIICHUSA C3M
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Puc. 16. Dnexrponnsiit Mukpockon MOCHII.

a — nuyurHKa KypaBimuHod myxu (https://www.voxa.co/solutions/mochii); 6 — n300pakeHHE BKIJIIOUEC-
HUI yriepona B oopasen 3epHa ALH84001, nonyuennoe npu nomormn COM MOCHII HenocpeicTBeHHO
Ha opOuTanbHOM cranimu B 2022 1. [76]

U 3JEKTPOHHOTO0 MHUKpockona Ha ocHoBe MK myrem  cpeactBamu. Bo3moxHO, 3T0 0MH U3 MyTell NpakTu-
CO3J1aHMsI €IUHOTO YCTPOWCTBA C €IUHBIM aHAIUTHYE- YECKOI'O HCIIOJIb30BaHUS PE3YJIbTAaTOB, MOJIYYEHHBIX
CKHM Y3JIOM U €AMHBIMH allapaTHO-NPOTPaMMHBIMH  IpH HccieqoBaHusIX B oomactu MOOC.

TTPUJIOXXEHUE
8500 FE-SEM Specifications Image
Paiformiieg Image formats JPEG, TIFF, BMP, PNG
I solution: ser s 4 ixels
Beam voliage: 500 1020007 Cmage re: -oLunnn lc.l‘ er eLectabLg up to 2048 x 2048 pixel
T Do A Scan rate: Slow scan to video rate
- — Noise reduction: Frame and pixel averaging
Resolution: <10nm at 1000V
Magnification® 250 to 65,000 X Motorized Stage
Digital zoom: 10X Piezo stage: 1 um accuracy
Scan field 1 x Tmm (max) X, Y, Z travel 50 x 50 x 10mm
Electron source: Schottky field emission 1 System
Detector modes: SE. BSE, Topo Chamber vacoum: Te-4 Torr
Sample Pumpdown time: 3 minutes
Sample size 100 x 60mm (max) Turbo pump: 80 liters per second
Sample thickness: 30mm (max) UHV pump: lon pump with gettering
Viewable area: 50 x 30mm (max) Dimensions
Sample mounts Standard SEM stubs Microscope 584(W) x 470(D) x 584(H) mm; 72 kg
Electrical activation Vacuum feedthrough Pump unit 203(W) x 254(D) x 203(H) mm; 4 kg
System Control ) Installation Requirements
PE: Windows 7 Power. 100/120/220-240 VAC, 50/60 Hz
Basic user interface: Simple image capture and controls Operating temperature: 5 to 40°C
Expert user interface: Expert image optimization Humidity: 20 to 80% RH
Compressed air Not required
Dry nitrogen: Not required**
Water cooling Not required
* Electron optical magnification relative to a 3nm pixel on a VGA monitor.
= AN2vent portis configured and available.
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Low-voltage miniaturized electron-optical systems, which are also called micro-columns, represent an inde-
pendent direction in the field of electronic optics and are the basis of low-voltage miniature electron
microscopes, multi-column lithographs and electronic holography systems. The review contains works on mi-
cro-columns with various electron-optical schemes, including modeling of electric field distribution, electronic
trajectories, aberrations and spatial resolution, as well as a description of the used electronic sources and tech-
nologies for micro columns manufacturing.
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INTRODUCTION

Electron microscopy has a century-long history of
development. The first images obtained using an elec-
tron beam on a fluorescent screen in a glass flask from
which the air had been evacuated were significantly
inferior in quality to optical images. But in 1931 in
Germany, Max Knoll and Ernst Ruska [1] created a
prototype of a modern electron microscope (EM) with
magnetic lenses and a spatial resolution exceeding
that of an optical microscope, and in 1939, industrial
prototypes began to be manufactured. Modern EM has
a spatial resolution that allows one to observe individ-
ual atoms and is used in various fields of science and
technology, from materials science to cytology and
electron lithography. To obtain atomic spatial resolu-
tion, large-sized high-voltage EMs with a focused
electron beam energy of (10°-10°) eV are created.
EMs with low-energy electron beams have certain
advantages, including a non-destructive effect on the
sample, increased image contrast [2] due to the pene-
tration of electrons only into the surface layers of the
sample (Fig. 1), and the possibility of using poorly
conducting samples without depositing metal coat-
ings.

Fig. 1. Improved EM image detail with decreasing
electron beam energy.

Images of a copper grid coated with a thin carbon
film, obtained at beam energies of 20 keV (a) and 1
keV (6) [2]

As early as the 1940s, EMs operating at reduced
voltage appeared [3, 4], but these were still large-sized
and expensive devices. Meanwhile, according to the
principle of scaling electron-optical systems (EOS),
a simultaneous decrease in all geometric characteris-
tics and voltages on the electrodes preserves the fo-
cusing properties of the system. Therefore, starting
from the late 1980s, miniature low-voltage and, natu-
rally, cheaper EOSs began to be created [5—14]. An
important advantage of the miniaturized electron-
optical system (MEOS) is the reduction of aberrations
and the lowering of requirements for the vacuum sys-
tem. MEOS are usually manufactured using electros-
tatic lenses, since they are easier to miniaturize. The
main disadvantage of MEOS is the small focal length.
Since aberrations increase when the beam deviates
from the optical axis, this imposes a limitation on the
deviation angle and, due to the small focal length,
leads to a decrease in the area of the viewing frame. In
the manufacture of MEOS, both traditional precision
engineering technologies and group silicon microelec-
tronic technologies are used. The latter circumstance
opens the way to the creation of multi-column MEOS,

which are of particular interest for electron lithogra-
phy due to the possibility of a revolutionary increase
in its productivity. In 1986, Ernst Ruska, together with
the inventors of the scanning tunneling microscope
(STM), Gerd Binnig and Heinrich Rohrer, won the
Nobel Prize in Physics for their fundamental work in
electron optics and the creation of the first electron
microscope [15]. It is interesting that the advent of the
STM stimulated work on MEOS, which began to ac-
tively use precision piezoelectric actuators and track-
ing systems used in STM. This review covers the
available work on MEOS and low-voltage EMs based
on them.

1. ELECTRON-OPTICAL SYSTEM
BASED ON ELECTROSTATIC LENSES

1.1. Typical schemes of microcolumns
based on electrostatic lenses

Usually, the microcolumn (MC) of the MEOS
(Fig. 2, a) consists of the following parts:

— emitter (electron source, cathode);

— source lenses, including a limiting aperture;

— deflector (deflecting system);

— objective lens (usually a single lens or a system
of lenses);

— detector (usually a microchannel plate and
a CCD matrix).

The source lenses, also called microlenses, are
usually presented as a system of two or three elec-
trodes. In the first case, this is an extraction electrode
(extractor) and an anode (accelerator). The extractor
forms a beam with the required current value, and the
anode imparts a given energy to the beam. In the
second case, which includes most of the known sys-
tems, an additional focusing electrode is placed be-
tween the extractor and the anode [7, 16—18].

Fig. 2. Microcolumn diagrams.
a— A-type MC (with objective lens),
6 — B-type MC (without objective lens)

A single lens (Einzel lens, OL) or an OL system
[19] is usually used as an objective lens in A-type
MCs. Einzel lenses are chosen as a typical objective
lens in MCs because they have a well-adjustable fo-
cusing effect in both the accelerating (when the poten-
tial of the central electrode is higher than the potential
of the outer electrodes of the lens) and decelerating
(when the potential of the central electrode is lower
than the potential of the outer electrodes) modes. In
addition, the energy of the beam emerging from the
OL is equal to the energy of the incoming beam.



The Einzel lens is surrounded by a field-free region.
The outer electrodes of the OL are usually grounded,
which avoids sample polarization. The distance be-
tween the microlens output and the Einzel lens input
is several hundred microns.

In addition to A-type MCs, the literature also dis-
cusses MCs that lack an objective lens — we will call
them B-type MCs (Fig. 2, b). The advantages of such
a structure are the comparative simplicity of adjust-
ment and the absence of aberrations created by the
objective lens. Since aberrations increase with beam
deviation from the axis, this limits the size of the
overview frame during scanning, especially at a short
focal length, typical of electrostatic lenses.

1.2. Microcolumn parameters

A system consisting of an emitter (cathode) and
emitter microlenses is often called an electron gun.
The electron beam in the image (sample) region is
called an electron probe.

The MC is characterized by the following main pa-
rameters:

— electron probe energy E,;

— brightness f;

— electron probe current /,;

— size (diameter) of the electron probe d,;

— magnification M;

— convergence angle a, (a;).

All of the listed MC parameters are interrelated.

In the process of developing each MC, they strive
to obtain the brightest possible electron beam on the
sample, where the brightness is called

f= current 1, B
square % solid angle (ﬂ'd 127 j 5
T ﬂ'ap
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d @

where 1, d,, a, are the current, diameter, and conver-
gence angle of the beam in the image area, respective-
ly. It is clear from this expression that to increase the
brightness, the current in the beam should be in-
creased, and its diameter and convergence angle
should be reduced.

In practice, to characterize the electron source, the
"reduced" (normalized) brightness S, is used, since its
value remains unchanged during the passage of the
beam through the MC [20, 21]

B, == 2

where V' is the potential of the electron beam.

The current /, is determined by the angle a, of the
beam divergence at the exit from the source:

_ 2
Ip =7, E, (3)
where d/ / dQ is the angular density of the emission
current.

The magnification of the microcolumn M is deter-
mined by the ratio of the distances from the main
plane of the lens to the object (P) and to the image (Q)

m=-L£_% @)

An important relationship for calculating the mag-
nification of the EOS is the Helmholtz—Lagrange law,
which for small angles can be written in the form:

alhl Vlzazhz Vs (5)

where a;, h;, V; (i = 1, 2 ) is half the convergence (di-
vergence) angle of the beam, the height of the object,
and the potential in two regions along the beam axis
with marks 1 and 2, respectively. This law is an im-
portant fundamental limitation, linking the aperture
and the size of the object with the aperture and the
size of the image, and shows that the structure of the
transformed beam can only be such that the La-
grange—Helmholtz condition allows.

The key parameter is the size of the electron beam
in the image region (the size of the electron probe) d,,
since it affects the lateral resolution of the MC. Opti-
mization of the size of the electron probe consists in
determining the aperture angle and the magnification
from the source to the probe, which provide the smal-
lest probe size or the highest current at a certain probe
size.

The working distance (WD) is the distance from
the last aperture to the image. The working distance is
approximately equal to the distance Q; thus, the larger
the WD, the greater the magnification of the MC.

The image in the MC is usually a direct image of
the virtual source, since there is usually no interme-
diate crossing in the MC. The virtual source is the
area of intersection of the rays formed during emis-
sion if they are extended in the direction opposite to
propagation [22].

Like the optics of light, the optics of charged par-
ticles suffers from aberrations and image distortions.
First of all, this concerns spherical and chromatic ab-
errations. In electrostatic lenses, spherical aberration
occurs because even in a sufficiently narrow beam,
the trajectories of electrons have different angles rela-
tive to the optical axis. The cause of chromatic aberra-
tions is the different kinetic energy of otherwise iden-
tical particles, which are therefore not focused at the
same point. Thus, an electrostatic lens cannot focus



a point object to a point on the image plane due to the
presence of aberrations.

Aberrations and the magnification of the MC de-
termine the size of the electron probe, according to the
expressions:

d,=(d>+d:+d’+d?)", (6)

d,=d,M, ()

dx = Oscva;’ (8)
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where d, is the diameter of the electron probe, d, is
the size of the Gaussian image, d; is the diffraction
limit, d, is the size of spherical aberrations, d. is the
size of chromatic aberrations, a, is the angle of con-
vergence of the electron beam in the image area, 4 is
the electron wavelength, eV is the electron beam ener-

gy in eV, A(eV) is the spread of values of electron

energies.

The method of determining d, as a root-mean-
square value (formula (6)), however, is subject to crit-
icism.

A more precise expression is given in [23]:

2
va 13 1/1.3
d;:[{d;-u((d;wdgs) ) } +dZ, (11)

where d, is the diameter of the electron probe contain-
ing 50% of the current (FW50), and the quantities d,,
dy, ds, d. are the FW50 values for the images of the
source, diffraction disk, spherical aberration disk, and
chromatic aberration disk, respectively, calculated
using formulas (7)—(10).

According to studies [24, 25], the size of the elec-
tron probe can be estimated by plotting graphs of the
dependence of d,, d;, d. and d, on a,, the final conver-
gence angle. The MC resolution using this method is
equal to the maximum value of d,, when its graph in-
tersects the lines d, d. or d, (increased source size).
Fig. 3 shows an example of MC resolution estimation
[25].

Fig. 3. An example of graphical definition of the MC
resolution [25].

At an energy of 2.5 keV, this MC is limited by
chromatic aberrations and, at an optimal convergence
angle of 4 mrad, has a calculated resolution value of
3.8 nm. According to the authors' estimates [25], for
MCs with energies less than 2.5 keV, chromatic aber-
ration always prevails over spherical one.

The size of the Gaussian image is determined by
the size of the virtual source and the magnification of
the MC. To decrease d,, the magnification can be re-
duced, but this leads to a reduction in WD and an in-
crease in a,, which leads to an increase in spherical
aberrations. From the experience of creating MCs, it
follows that the optimal magnification in the system is
close to 1 [17].

1.3 Principles and methods of modeling
microcolumns

The relationships given in the previous paragraph
show that it is impossible to simultaneously obtain
a small (< 1) magnification, high brightness, and the
minimum size of the electron probe. It is necessary to
seek a compromise between the MC parameters,
which leads to the need for modeling.

Modeling is performed to one degree or another by
all MC developers to determine the current and calcu-
late the EOS parameters that allow achieving the re-
quired MC characteristics.

In this case, the main tasks are:

1. Construction of the distribution of potential (and
electric field) in the computational domain.

2. Calculation of electron trajectories.

3. Estimation of the influence of the space charge
in the electron beam on the distribution of the electric
field.

4. Estimation of the influence of elastic and inelas-
tic interactions of electrons in the beam on electron
trajectories.

Construction of the potential distribution
The electric potential is constructed by solving the
Laplace equation for regions free of space charge:

ViV =0, (12)

where V' is the electric potential. Although the as-
sumption of a charge-free region of the model space is
not strictly true due to the presence of the beam itself,
the magnitude of the beam current is usually such that
expression (12) can be considered correct for lens de-
sign purposes.

When constructing the electric potential, one of the
following methods is predominantly used: the finite
difference method (FDM), the finite element method
(FEM), or the boundary element method (BEM). The
FDM and FEM involve dividing the electric field dis-
tribution area into elementary cells and constructing
the electric field by spatial interpolation of the values
obtained at discrete points of a regular FDM grid or a
grid obtained by the triangulation method (FEM). The
disadvantage of these methods is the need for a large
number of grid elements to accurately represent irre-
gularly shaped electrodes and to cover the entire com-
putational domain. The FEM and BEM methods are



implemented in the SIMION, MEBS, LENSYS [26,
27], and COMSOL Multiphysics [28] software pack-
ages.

The BEM method is based on the idea of calculat-
ing the charge density distribution corresponding to
the voltages applied to the electrodes and then calcu-
lating the potential distribution in space created by
this charge distribution [29]. The advantage of BEM
is that it does not depend on the discretization of space
inside the solution domain, so interpolation of the
field solution between discrete spatial points is not
required. Thus, a detailed mesh in BEM simulation is
only needed on the surface of the electrodes, which
simplifies the simulation and increases its accuracy.
This method has proven itself in modeling electrodes
of arbitrary shape.

Calculation of electron trajectories

To construct electron trajectories, the equations of
motion of charged particles under the action of elec-
tric field forces are integrated. The trajectories of
charged particles are calculated by integrating a sys-
tem of Newtonian equations.

The electrostatic forces must be calculated based
on the current position and velocity of the particles.
These forces are then used to calculate the current par-
ticle acceleration, which, in turn, is used in numerical
integration methods to predict the position and veloci-
ty of the particle at the next time step. The SIMION
package, for example, uses a heavily modified fourth-
order Runge—Kutta method, which is a popular com-
putational method for solving higher-order differential
equations.

Assessing the influence of space charge
and interaction of electrons in the beam

The problem of electron beam expansion due to the
presence of space charge (the Bersch effect) occurs in
areas with the highest current density, i.e., in crossov-
ers (beam focusing areas) [30]. The Bersch effect is
a phenomenon in which the scattering of electrons by
energy increases as the current of electrons emitted by
the electron gun increases, due to the Coulomb inte-
ractions between electrons. With an increase in the
spread of the electron energy, the chromatic aberration
of the electron lens increases. As a result, the spread
of the electron beam in the direction perpendicular to
the direction of movement of the electron beam in-
creases, and the spatial resolution of the electron mi-
croscope decreases. In [26], an estimate of the para-
meters for which the presence of a space charge can
be neglected is performed, and it is shown that in a
3 mm long MC, with a beam convergence angle of
a, = 1 mrad, at a current of 1 nA, the charge can be
neglected if the beam energy is greater than 1 keV.

An estimate of the influence of elastic and inelastic
scattering of electrons in the beam due to their interac-

tion, as well as interaction with the surface of the
sample, is performed using the Monte-Carlo statistical
analysis method [31].

1.4. Practical aspects of microcolumn modeling

When designing a MC, it makes sense to pay atten-
tion to the following: when performing both calcula-
tions and modeling, it is often convenient to consider
that the zero potential is at the cathode, where the
electron velocity is zero, and the anode has a high
positive potential. However, from the point of view of
practical implementation and safety of work with the
device, it is advisable to have a strong negative vol-
tage on the cathode and a grounded anode. Then the
sample and the extreme electrodes of the OL will also
be grounded [30].

Modeling the MC as a single system is compli-
cated by the fact that the emitter apex has a submicron
size (usually the radius of curvature is < 100 nm), and
the length of the MC is several mm. Modeling is
usually performed by dividing the MC into several
subsystems. In this case, the boundaries of the subsys-
tems are areas free from the electric field [32].

To determine the emitter current, a full-size tip is
modeled. Usually, the model includes the tip of the
probe with a given radius of curvature and an extrac-
tor electrode, which allows calculating the electric
field. It has been shown [33] that if the extractor aper-
ture is small, the field of the next electrode in the col-
umn does not penetrate into the region between the
probe and the extractor and does not affect the emis-
sion current. The emission current is calculated in ac-
cordance with the Fowler—Nordheim theory [34].
Many researchers point to good agreement between
theory and experiment [35-37].

Since in most studies the distance from the emitter
to the first aperture (extractor) is large (more than 5
um) compared to the radius of curvature of the probe
(usually less than 100 nm), the region at the input of
the first aperture of the system (extractor) can be con-
sidered free of the electric field. The electron beam is
directed into the lens in such a way that the electron
trajectories originate from a virtual source located at a
small distance behind the physical tip of the probe
[32, 38]. Thus, there is no need to include a field
emission probe in the electrode sequence. Instead, the
model assumes that electrons originate in a region
corresponding to the position and size of the virtual
source and propagate rectilinearly with given kinetic
energies and divergence angles toward the lens.

The coefficients of spherical and chromatic aberra-
tions C,;, C, are given by integral expressions [6],
which are difficult to solve analytically but are easily
calculated computationally. The SIMION and LEN-
SYS software packages calculate the focal parameters
of lenses and aberration coefficients automatically
[27].



As an alternative to software determination of ab-
erration coefficients, it is proposed in [26, 39] to per-
form post-processing of electron trajectory graphs and
measure the minimum beam thickness in the focusing
region (disk of least confusion) of the D, ¢ (Fig. 4).

Fig. 4. Close-up of the focusing region.
The marked z-positions Zy;, Z; ¢ and Zp refer to the
marginal beam image, the plane of smallest beam
thickness, and the paraxial beam image, respectively;
R, ¢ denotes the minimum beam radius

If the electron source in the model is point-like,
then the width of this disk is equal to the value of
spherical aberrations d; with sufficient accuracy of
calculations. Then, using formula (8), we can deter-
mine the coefficient of spherical aberrations C;. Here
the paraxial ray is the ray having the minimum angle
with the direction of the optical axis Z, and the mar-
ginal ray is the ray having the maximum angle with
respect to the axis Z.

The degree of chromatic aberration can also be es-
timated using direct ray tracing, following two sets of
rays emanating from a point source, identical in num-
ber and angles relative to the optical axis, but sepa-
rated in energy by Ael [26].

Note that when comparing the size of the electron
probe obtained by modeling in different studies, it is
necessary to pay attention to the method of estimation.
Based on the fact that the beam has a Gaussian shape,
its size is often estimated as the width of the peak of
the beam cross section at its half-maximum (FWHM)
[40]. In other cases, based on the fact that the shape of
the electron distribution in the beam in the focusing
region may differ from Gaussian [39], the width of the
beam is estimated as the width of the cross-section
through which 50% of the electron current passes
(FW50) [17, 23].

Design parameters affecting the MC resolution

The main factors affecting the width of the electron
probe are: lens apertures, distances between lenses,
focusing voltage, and voltages on a single lens. Below
are presented the results of some numerical studies of
the dependence of the width of the electron probe d,
on various factors.

In [41], it was shown that an increase in the aper-
ture of the OL reduces d,,, and with an increase in WD
d, increases.

In [17], B-type MC was simulated, and it was
shown that the size d, decreases with increasing acce-
lerating voltage and does not depend much on the dis-
tance between the emitter and extractor.

In [42], the results of simulating 2-, 3-, 4-, and 5-
electrode lenses in SIMION are presented. A complete
set of focal properties of the lenses was obtained de-

pending on the voltage ratio on the electrodes. The
result is presented in normalized form, which allows
the calculations to be used to construct models on var-
ious scales. In [27], the calculations were continued,
and for a similar set of lenses, graphs of the aberration
coefficients were presented depending on the voltage
ratio on the lens electrodes.

In [39], the influence of geometric parameters on
focal points, magnification, and aberration coeffi-
cients is discussed. A comparative analysis of MCs
with aperture and cylindrical lenses is carried out. It
has been shown that, although cylindrical lenses are
generally not significantly superior to aperture lenses,
they are capable of operating in much wider energy
ranges, and due to their greater compactness and sim-
plicity, they may be of great interest in the practical
development of MCs.

It should be noted that in practice, the size of the
electron probe often exceeds the result obtained in
modeling, which may be due to the following factors
[17]:

— simplifications adopted when setting the lens pa-
rameters in modeling;

— inaccurate determination of the distance between
the emitter and the extractor;

— the presence of unaccounted space charge;

— non-ideal shape of the electrode holes;

— non-ideal alignment of the elements in the col-
umn.

2. PRACTICAL IMPLEMENTATION
OF MICROCOLUMNS.
MICROCOLUMN DESIGN
PRESENTED IN LITERARY SOURCES

Stages of MC development

A powerful factor stimulating the development of
MEOS was the work in the field of STM that ap-
peared in the mid-80s and the awarding of the Nobel
Prize in Physics in 1986 to Ernst Ruske (for the inven-
tion of the electron microscope) and Gerd Binnig and
Heinrich Rohrer (for the invention of the scanning
tunnel microscope). MC developers immediately
adopted the precision piezoelectric motors used in
STM and the principle of stabilizing the electron cur-
rent using negative feedback.

The paper [5] presents one of the first MCs
brought to implementation, consisting of only one
electrode providing a beam energy of 15 eV. At this
voltage, the ultra-sharp tungsten probe (W111), manu-
factured using the technology proposed by the au-
thors, operates in the field emission mode, providing
a current of 1 nA. Scanning of the sample is per-
formed using an STM piezo scanner with an unfo-
cused electron beam. Lateral resolution of about 3 nm
is ensured due to the small distance to the sample.



(Scheme B). STM technologies have been used to va-
rying degrees by other authors ([9, 43]).

The most common model is an MC with an objec-
tive lens (A-type MC), shown in Fig. 2, a. For known
developments of MCs of this type, the work [8] is ba-
sic. In this work, a MC with an electron energy of
1 keV and an objective lens in the form of a symme-
tric OL is presented. The electron source lenses con-
sist of an extractor, a focusing electrode, and an anode
with aperture sizes of 5, 100, and 2.5 pm, respective-
ly. The radius of curvature of the probe is 0.1 um, the
distance from the probe to the extractor is 50-100 pum.
The diameter of the objective aperture (OL) is
200 um, and the distance between the objectives is
250 um. The objective, operating at a working dis-
tance of 1 mm in the acceleration mode, has, accord-
ing to the calculation, the chromatic and spherical ab-
erration coefficients of approximately 2 and 50 mm,
respectively. It is shown that a probe size of 9.9 nm
can be achieved at an optimal convergence half-angle
of 6.3 mrad. The probe current is 1 nA. A miniature
Schottky emitter and a cold field emission cathode in
the form of a W(111) needle treated with oxygen were
tested. The work presents an image of an aluminum grat-
ing obtained in the scanning transmission electron micro-
scope mode using a Schottky emitter at 7= 1800 K and
a vacuum value of 5x10"'=1 x 10"° Torr. The image
area is about 15 % 15 pm, due to magnification, details
of 10 nm in size are distinguishable in it.

The assembly of the microlenses and the objective
lens was performed by anodic bonding of silicon lay-
ers and heat-resistant gaskets. Optical adjustment of
the lenses in the column is performed with an accura-
cy of 1 pm.

The smallest A-type MC is presented in [43],
where a design of MC consisting of a probe, anode,
and a single lens is proposed. MC consists of metal
electrodes with apertures of 0.3-1.5 pum in size,
"drilled" using a focused ion beam, separated by an
insulating material. Due to its miniature size, this col-
umn has minimal aberrations. The working distance in
such a system is 5 pm. Acceleration voltage is 300—
500 V. The distance from the emitter to the anode is
500 nm. In order to perform scanning, the authors
propose using STM piezoelectric motors. The authors
declare that with the help of the miniature design they
developed, it is possible to obtain images of a single
protein and DNA molecule, but they do not provide
experimental results.

An interesting concept of a MEMS-type MC with
an energy of 2 to 15 keV integrated on a single crystal
was proposed in [44]. The MC is a multilayer struc-
ture made of silicon and glass, and containing an elec-
tron gun, a single lens and an anode in the form of
a silicon chip with a thin membrane. The MC is rigid-
ly connected to a vacuum micropump and a micro-
chamber for samples. The electron gun consists of

a field emission cathode based on carbon nanotubes
(CNT). All electrodes were separated and adjusted
using a special polymer holder, which was manufac-
tured by 3D printing. Electron field emission was ob-
tained, and the first measurements of the focusing ca-
pabilities of the OL manufactured on a silicon sub-
strate were carried out. At a cathode-to-gate distance
of 1.1 mm, the threshold voltage of electron emission
was about 1100 V. The size of the electron probe was
0.163 x 0.163 mm. A characteristic feature of the de-
scribed development is lenses with a rectangular aper-
ture [45]. The rectangular shape of the aperture of
electrostatic lenses was analyzed earlier in [46], where
the advantages of the rectangular shape in comparison
with the conventional round shape were shown by
means of modeling.

In [47], the MC developed by the authors is sup-
plemented with a deflection system, and the obtained
electron microscopic images are presented (Fig. 5).

Fig. 5. The scanning area of the developed MC with
a deflection system depending on the electron beam
energy [47].

a—2keV,06—3keV, B— 5 keV; the working dis-
tance i1s 5 mm; the diameter of the electron beam is
5 um

The presence of an objective lens in the MC design
is a significant limitation for increasing the scanning
area. Due to the short focal length inherent in all
MEOS, increasing the area requires large deflection
angles of the electron beam from the optical axis of
the MC, which, in turn, leads to large aberrations and
distortions at the edges of the overview images. To
solve this problem, it was proposed in [48-50] to
move the optical axis of the MC synchronously with
the deflecting electron beam, i.e., to deflect the OL
simultaneously with the beam. Due to the small size
and weight of the objective lens in the MEOS, the im-
plementation of such precision mechanical scanning
does not present a particular problem, in contrast to
scanning with an objective lens in the electron column
of a standard microscope with large dimensions and
weight.

A similar approach was demonstrated in [51],
where it was shown by means of modeling that the use
of OLs which apertures track the position of the elec-
tron beam center by shifting them perpendicular to the
optical axis of the system allows for a reduction in
aberrations. An alternative solution could be the use
of OLs with elliptical apertures [51].

However, despite the fact that the described im-
provements in principle allow for a significant reduc-
tion in MC aberrations, they still somewhat compli-
cate their practical implementation. Therefore, many
developers have taken the path of simplifying the de-



sign and have developed MCs without an objective
lens. Such developments are described below.

B-type MC designs

Since A-type MCs contain an OL, their manufac-
ture is complicated by the need to combine and adjust
the electron gun, deflection system, and objective lens
along one optical axis. It is obvious that the MC of B-
type, where the OL is completely absent, is a simpler
technical task. From the very first developments, MCs
were intended for both SEM and electron lithography,
including multi-beam. The main obstacle to perform-
ing scanning or lithography over a large area using A-
type MC is the limitation imposed by the aperture of
the objective lens. In order to overcome this limita-
tion, MCs without an objective lens (MC B-type)
were proposed.

A successful example of such a development is the
MC (Fig. 6), proposed in works [13, 14], where the
extraction, acceleration, and focusing of the electron
beam are performed using only 2 microlenses created
on the basis of silicon wafers.

Fig. 6. Schematic diagram of a MC consisting of an
emitter and a microlens [14].

The source of electrons is a W-needle, to which
a negative bias of 300 V is applied, located at a dis-
tance of 1-2 mm from the first electrode-injector with
an aperture diameter of 1 um. The emission current is
~ 1 pA. The article, however, says nothing about the
size, structure, and value of the work function of the
probe. A negative voltage from 150 to 250 V is ap-
plied to the second electrode, called the focusing one,
by changing it, it is possible to adjust the size of the
focal spot. At an optimal focusing voltage of 175 V
and a working distance of 1.3 mm, the spatial resolu-
tion is 30 nm. The location of the electron source at
a large distance from the electrodes eliminates the
need for precise alignment of the probe position and
the center of the injector aperture, which is an impor-
tant advantage of such a MC. This MC concept can be
extended to microelectronic lithography devices at
a submicron resolution, which has been demonstrated
experimentally. Using the presented MEOS, electron
lithography was performed with a low-energy beam of
310 eV, and a periodic structure of parallel lines with
a line width of ~200 nm was created on an area of
(6 x 6) um* [14].

In the work [18], 2 types of MCs are presented:
with and without an objective lens (MC of types A
and B, shown in Fig. 7 on the left and right, respec-
tively) and their operation is demonstrated (Fig. 8)
when scanning samples over a large area.

Fig. 7. Microcolumn design developed to provide a
larger field of view [18].

a — A-type microcolumn with an Einzel objective
lens, equipped with a split deflection system; 6 —
Type B microcolumn without an objective lens

Fig. 8. Images of test objects obtained in [18].

a — image of the maximum area, 40 x 40 mm, ob-
tained using a MC without objective lenses (B-type
MC) at an electron beam energy of 150 eV and
a working distance of 100 mm; 6 — fragment of
15 x 15 mm, taken from a survey image of 168 x
x 168 mm, obtained using a MC type A with an ob-
jective lens and a distributed deflection system at an
electron beam energy of 300 eV and a working dis-
tance of 195 mm

Using B-type MC (Fig. 8, a) without objective
lenses, a scanning field of 40 by 40 mm was achieved,
on which lines with a thickness of 20 um are clearly
distinguishable. It was shown that the maximum scan-
ning area is proportional to the working distance and
inversely proportional to the energy of the electron
beam. It is shown in the work (Fig. 8, 0) that A-type
MC but with a deflection system divided into two
parts, lets us obtain a very large field of view
(170 mm by 170 mm), if the objective source and the
OL are correctly adjusted. The authors believe that
any of the schemes shown in Fig. 7, can be used in the
development of inspection equipment with a large
field of view based on low-energy MCs.

In continuation of the work on improving the MC
design, the authors proposed to supplement the tradi-
tional system of source lenses with a focusing lens
[33]. The set of source lenses in the proposed model
consists of four electrodes: extractor S1, focusing
electrode S2F, accelerator S2 and electrode with limit-
ing aperture S3 (Fig. 9, a). The diameters of the aper-
tures of the three electrodes are 50 pm, with the ex-
ception of the limiting aperture, the diameter of which
is 2.5 um. A negative voltage of 1000 V and 700 V,
respectively, is applied to the cathode and focusing
electrode, and electrodes S2 and S3 are grounded.

Fig. 9. Improved design of the MC [33].

a — microcolumn without single lenses with an im-
proved source lens system (microlens) and a silicon
deflector; 6 — diagram of a modified silicon deflector

The distance from the cathode to the extractor is
50 um. In the work [52], the authors showed using
modeling that applying the proposed system of source
lenses in a B-type MC makes it possible to obtain



a beam size at the output of the deflection system of
no more than 5 nm at an energy of 1 keV and a work-
ing distance from the deflector output to the sample
equal to 1 mm.

Based on these calculations, a B-type MC was
created and tested [53], the peculiarity of which is the
same aperture diameter for lenses S1, S2, S2F
(50 um), which simplifies manufacturing and adjust-
ment. The limiting aperture S3 is grounded and has
a size of 2.5 um. In [53], an original Si deflector was
proposed (Fig. 9, b) and the effect of the deflector
electrode size on the scanning area and the size of the
electron probe was studied. By modeling in the com-
mercial Opera 3D program, it was found that when
using wide (60°) deflector electrodes, the scanning
area increases almost twice, while some deterioration
in resolution is observed, which, however, does not
exceed 18 nm even with an area of 150 um”. It was
shown experimentally that the proposed Si deflector,
when using wide electrodes, allows scanning over an
area larger than when using a standard deflector, with
the same deflection voltage (Fig. 10).

Fig. 10. Sample images of copper grid cells obtained
using MC, modified Si deflectors, and standard def-
lectors with the same deflection voltage of 100 V
[53].

The emitter voltage is fixed at 400 V. The deflection
voltage is applied: a — to the smaller (30°) elec-
trodes, 6 — to the larger (60°) electrodes of the Si
deflector, B — to the four electrodes of the standard
deflector

Calculations given in [40] show that in a B-type
MC, which has a source with three electrodes, a beam
with an energy of no more than 1 keV can be focused
into a spot with a size of no more than 15 nm with a
working distance of about 50 um.

Correction of aberrations in MCs

Traditionally, all MC developers try to reduce the
size of the electron probe by optimizing the design
and voltages on the electrodes. The use of aberration
correctors in MCs is difficult due to the complexity of
their miniaturization. The principle underlying the
aberration corrector is to create a concave lens that
disperses off-axis rays so that they reconverge to
a point rather than a disk in the plane of the Gaussian
image [54].

In [55, 56], a thin metal film sandwiched between
two electrodes was proposed as a corrector for both
spherical and chromatic MC aberrations. It was shown
by modeling that if electrons pass through the film
with energy close to zero and the film has sufficient
transparency for electrons, the spherical aberration
coefficients at a short distance from the film are nega-

tive (Fig. 11). In addition, the film in such a system
serves as a monochromator, since it does not transmit
electrons with an energy lower than the film work
function. The calculation results presented in [56, 57]
show that the width of the electron probe in the MC
with an electron energy of 1 keV when using an aber-
ration corrector in the form of a thin (20 nm) gold film
can be only 2 nm, the working distance is 15 pm, and
the length of the entire MC is 215 pum. The authors
believe that such aberration correction can be used in
the creation of multi-beam MEOS for diagnostics of
semiconductor structures.

Fig. 11. The magnitude of the spherical aberration
coefficient Cs, calculated by integration as a function
of z.
The top part shows a diagram of the column and
a paraxial ray starting from the position of the object
[57]

3. ELECTRON SOURCES USED IN MCs

The success of constructing a MC is largely de-
pendent on the quality of the electron source.

Due to the small geometric dimensions of the MC,
there is usually no intermediate crossover in it, and the
image defining the disk of the electron probe is direct-
ly the image of the virtual source. Again, due to the
small dimensions, the magnification factor in the MC
is usually of the order of unity. Thus, the size of the
virtual source makes a significant contribution to the
MC resolution.

Another significant factor affecting the quality of
low-voltage MCs is the magnitude of the electron
energy spread, since chromatic aberrations are propor-
tional to the ratio A(elV) / (eV), where A(el) is the
spread of kinetic energies, and eV is the electron beam
energy. The lower the beam energy in the MC, the
greater the contribution to the chromatic aberration
value made by A(eV).

As already mentioned, the "reduced" (normalized)
brightness Pr is usually used to characterize the elec-
tron source, the value of which, in the absence of elec-
tron interaction, remains unchanged during the beam
passage in the column and serves as a characteristic of
the current value in the electron probe [20]. The nor-
malized brightness g, is the only truly invariant prop-
erty of the electron radiation source. It does not de-
pend on the focusing properties or MC aberrations,
but its value decreases due to the Bersch effect.

An important factor characterizing the source is
spatial coherence, which is proportional to the size of
the source. Ideally, all electrons should emerge from



one point. However, in reality, the smaller the size of
the source, the less stable it is [58].

Thus, the main characteristics that determine the
quality of an electron source are:

— virtual size;

— brightness, "reduced" (normalized) brightness;

— the magnitude of the energy spread;

— spatial coherence.

Different types of sources are used in MC:

— cold field emission [5, 8, 59];

— Schottky cathodes [8];

— carbon nanotube (CNT) cathodes [53, 60, 61];
— graphene cathodes [62];

— tunnel (MDM) [63];

— laser photoemission [40].

W-needles, sharpened by electrochemical etching
of polycrystalline W-wire, are usually used as field
emission cathodes. It is known that at the top of
a sharp needle made of polycrystalline wire, as a rule,
a crystalline grain with a crystallographic direction
<100> oriented along the wire axis is localized.
Therefore, at the top of such a needle, as a rule, there
is a flat nanometer section oriented perpendicular to
its axis. However, if the needle is made from a crystal-
line blank which long axis coincides with the crystal-
lographic direction <111>, then its apex will end in an
acute triangular angle, which brings such an emitter
closer to an ideal point source. The radius of curvature
of the tip to obtain a field emission current in the MC
should be less than 100 nm. In [5], a cold field source
exploiting a tungsten probe (W111) is proposed, the
source is formed so that emission occurs from a group
of several atoms at the tip of the needle. Electrons
tunneling through a triangular potential barrier in the
case of cold field cathodes have a small energy spread
of AE ~ 0.5 eV, which is especially important for low-
voltage systems, to which the MC belongs, due to the
dependence of the magnitude of chromatic aberrations
on AE.

The field emission cathode has very attractive cha-
racteristics: small size, high brightness, small spread
of electron energy. However, the smaller the probe
radius, the less stable in general is the field emission
current, which depends on the cleanliness of the ca-
thode surface and the vacuum level. Low stability of
the field emission current and increased requirements
for vacuum (p < 10~ Torr) limit the use of cold field
emission cathodes in MEOS for electron microscopy
and lithography.

A Schottky cathode is a thermal field emission ca-
thode, also a needle made of W-wire or a crystalline
blank with a long axis coinciding with the crystallo-
graphic direction <100>. At the tips of such needles
there is a platform measuring ~10 x 10 nm, which is
coated with a ZrO film. This reduces the surface work
function, and when heated to 1800-1900 °C, such
a cathode operates in the thermal field emission mode

[38]. Despite the fact that a cold field emitter is better
than a Schottky cathode in terms of source size and
electron energy spread, in practice a thermal field
emission Schottky cathode is most often used due to
its higher stability and resistance.

A promising solution to the problems of field
emission cathodes may be a graphene-coated nickel
point cathode [62]. This source is also a cold field
emission cathode. Experiments show that it provides
stable electron emission with relatively large tip sizes,
can operate at pressures p > 10 Torr, and has an ul-
tra-low work function of 1.10 £ 0.07 eV. Such a ca-
thode has a calculated value of the normalized "re-
duced" brightness of 1.46 x 10° Am *sr 'B™' for a tip
radius of 170 nm, and the measured energy spread is
0.246—0.420 eV for a range of tip radii of 260—500 nm,
which is comparable with the standard characteristics
of cold field-emission cathodes.

Also quite actively developing is the direction in
which carbon nanotubes (CNTs) are used as electron
emitters for MCs. The authors of the work [61] com-
pared a standard field-emission W-cathode with a 2D
distributed cathode based on CNTs during their opera-
tion in MCs with the same design and an aperture di-
ameter of 100 pm. It was found that at an electron
beam energy of less than 600 eV, the current of the
CNT emitter was three orders of magnitude higher
than the current of the W-probe and was about 100
mA. The authors also note that, due to the extended
size of the CNT-based cathode, the alignment of such
a source relative to the MC apertures is much simpler
than when using a standard W-emitter. In [53], images
obtained using a MC with a 2D distributed CNT-
based cathode are shown.

In [64], an electron source was a W-needle with
a radius of ~ 100 nm, brought close to a distance Z to
a flat injector with a round aperture and a single elec-
trostatic microlens. The field emission mode was
modeled through a triangular potential barrier, taking
into account the image forces at a voltage V' from 10
to 120 V. The electric field strength required for field
emission was achieved by precisely bringing the W-
needle closer to the flat injector at distances from 10
to 500 nm. The STM technique was used to bring the
emission current closer and stabilize it. A stable cur-
rent of 7 =0.5 x 10° A was obtained experimentally
without preheating the W-needle, and the Z(V) depen-
dences were measured, they coincided with the calcu-
lated data, given that the work function was ~ 1.2 eV.

Fig. 12. Schematic diagram of an electron source
based on a metal-dielectric-metal tunnel contact [63]
(a) and a diagram of a laser photoemission cathode
[40] (6).




In [63], an original concept of an electron source
based on a metal-dielectric-metal tunnel contact using
a tungsten probe coated with a tungsten oxide layer
and a thin (~20 nm) gold film is proposed (Fig. 12, a).

The advantage of this source is a fairly simple
manufacturing method, low emission voltage (units of
volts), and no special requirements for vacuum. It is
assumed that such a source has high brightness, and
the beam of tunneling electrons has high monochro-
maticity due to the need to overcome the energy bar-
rier equal to the work function of the gold film. The
experimentally obtained emission current is tens of
pA. However, a significant problem is the low stabili-
ty of the emission current.

Finally, the paper [40] discusses the use of laser
photoemission cathodes in MCs, these cathodes can
have characteristics similar to field cathodes: a size of
10 x 10 nm, an energy spread of AE ~ (0.1-0.2) eV.
As the authors note, the advantages of photoemission
cathodes are high radiation brightness, low energy
dissipation, low emission voltage, and ease of optical
control without the use of shielding beams. These fea-
tures make it possible to significantly simplify the
design of microcolumns and increase their compact-
ness.

4. TECHNOLOGIES FOR MANUFACTURING
MICROCOLUMNS

A wide variety of technologies are used in the
manufacture of MCs, including precision machining,
group silicon microelectronics technology, focused
electron and ion beam technology, optical and elec-
tron lithography. Of course, a detailed discussion of
all the technological nuances of MEOS manufacturing
requires a separate special review, so here we will
only briefly present some works.

In work [44], a technology for creating multilayer
structures from silicon and glass based on precision
machining and optical alignment is discussed.

In work [11], laser micromachining was used in
the manufacture of MCs. Using a laser, holes with
a diameter of about 20 um were drilled simultaneous-
ly in 5 layers of metal and silicon. The measured total
displacement of the hole centers did not exceed 1 pm.
Images of apertures made by laser drilling show that
roughness of the metal is formed at their edges, which
leads to an uneven distribution of the electric field.
The smaller the size of the MC apertures, the more
complex the technology of assembly and adjustment
of elements along the optical axis of the MC. Inaccu-
rate alignment of aperture centers leads to a sharp in-
crease in geometric aberrations, which is shown by
modeling [11, 40].

The most promising method from the point of view
of the highest, submicron, accuracy of alignment of
holes in electrodes is the method based on milling

a lens hole with an ion beam through a sandwich con-
sisting of several conducting layers separated by thin
insulators [65] (Fig. 13). However, it is not without
drawbacks. The use of this method is associated with
the formation of a conical structure of holes [66],
where the angle of inclination of the walls strongly
depends on the thickness of the milled layer. In addi-
tion, this method is limited by the thickness of the
electrodes and non-conductive spacers at the level of a
few micrometers. Also, lenses created by this method
are often susceptible to charging effects. To avoid
charging, the hole in the spacer must be much larger
than the holes in the electrodes.

Fig. 13. Microcolumn fabrication procedure.

Material legend: 1 — gold, 2 — polyamide film, 3 —
silicon nitride, 4 — palladium, 5 — aluminum oxide;
a — three silicon chips are stacked to fabricate an
Einzel lens; 6 — the holes of the Einzel lens are
milled using a focused gallium ion beam; B — the
holes are coated with gold evaporation to cover the
silicon nitride exposed during milling; r — a stack of
microlenses is attached to the Einzel lens; g — the
apertures of the microlenses are milled through the
holes of the Einzel lens

In most MCs, the basis for their creation is Si wa-
fers and the technology of their processing developed
in microelectronics. In works [9-11, 13, 14, 17, 36,
37, 65-73], MCs manufactured using silicon wafer
processing technologies are described. [25, 70] de-
scribes a technology for creating MCs consisting of
multilayer sandwiches in the form of silicon wafers,
thin dielectric and conductive layers requiring preci-
sion alignment of apertures in the source lenses, def-
lector and in the OL, using group methods of micro-
electronics.

An important stage in the manufacture of MCs is
the precision mechanical alignment of individual ele-
ments. One of the methods for performing optical
alignment is the analysis of the laser diffraction pat-
tern described in [35, 71].

An original example of a miniature EOS is the
electron holography device [72], the creation of which
was started with the developments described in [5].
The electron holography setup (Fig. 14) has a point
source of electrons W(111) and only one extractor
electrode. At a distance of less than 1 micron from the
plane in which the object is placed, part of the cohe-
rent electron wave is scattered by ferritin attached to
a carbon nanotube (insert), forming a wave emanating
from the object. On the screen of the detector, located
at a distance of 68 mm, an interference pattern of the
far field between the object and the reference wave is
recorded — a hologram, on the basis of which a nu-
merical reconstruction of the protein is performed.



Fig. 14. Operating principle of the electron hologra-
phy setup (a) and the reconstructed image of the elec-
tron hologram with a kinetic energy of 53 eV, con-
sisting of several ferritin molecules attached to
a bundle of carbon nanotubes (b) [72].

ical axis simultaneously with the deviation of the elec-
tron beam.

Considering the small size and light weight of the
MEOS, this is not difficult to implement in practice,
in contrast to large and heavy electron-optical sys-
tems, for example, using piezoelectric engines.

CONCLUSION

Low-voltage miniaturized electron-optical systems,
which are also called microcolumns, represent an in-
dependent direction in the field of electron optics and
are the basis of low-voltage miniature electron micro-
scopes, multi-column lithographs and electron holo-
graphy systems.

This direction appeared in the 80s of the twentieth
century in connection with the formation of an access-
ible technological base for the creation and assembly
of miniature electron lenses; it was also stimulated by
the emergence of scanning probe microscopy with its
precision movement systems based on piezo actuators
and tracking systems for current stabilization. Interest
in low-voltage MEOS is associated with the funda-
mental principle of reducing aberrations with a simul-
taneous decrease in the size and stresses in electron-
optical systems, a non-destructive effect on the sam-
ple, increased image contrast due to the penetration of
low-energy electrons only into the surface layers of
the sample, and the possibility of studying poorly
conducting samples without additional application of
conductive coatings. Particular hopes are associated
with multi-column systems on a chip for high-
performance multi-beam lithography, as well as sys-
tems for inspection of large wafers. The existence and
availability of various software packages for electron-
optical calculations and the development of group mi-
croelectronics technologies, focused electron and ion
beam technologies, laser technologies, and precision
3D printing technologies make it possible to model
and create MEOS of virtually any configuration with
apertures of any size, down to submicron. When creat-
ing the MC, original solutions were found, for exam-
ple, for an aberration corrector and a monochromator
based on a nanometer-thick metal film, an electron
source based on a local tunnel contact "metal-
dielectric-metal". The main disadvantage of the
MEOS is the short focal length, which is the reason
for the small size of the survey frame. This is due to
an increase in aberration when the beam deviates from
the optical axis, which imposes a limitation on the
deviation angle and, as a consequence, leads to a de-
crease in the area of the survey frame. But this prob-
lem can be solved by synchronously deviating the opt-

Fig. 15. Electron microscope 8500 FE-SEM.

a — image of a section of the 8500 FE-SEM column;
6 — toner particles (a mixture of carbon and poly-
mer), obtained without applying a conductive coat-
ing; B — a membrane separator of the Celgard 2325
lithium-ion battery, obtained without applying a con-
ductive coating
(https://www.unitest.com/meas_eq/agilent/8500 fese
m.html)

Considering the lower cost of the MC compared to
large electron-optical systems and all the above-
mentioned advantages of MEOS, as well as the possi-
bility of a significant increase in the productivity of
electron lithography in the case of using multi-column
systems, it would seem that after so many years of
effective research, one should expect the appearance
of industrial batches of devices based on MEOS.
However, this is far from reality. We know of only
two devices based on electrostatic MCs that have been
introduced to the electron microscope market — the
8500 FE-SEM and Voxa's MOCHII. The 8500 FE-
SEM microscope (Fig. 15, a) was created based on the
works of Chang Kretchmer, Muray [4, 68, 69] by
a large company Agilent. The device is equipped with
a heated Schottky field cathode, and its MC is manu-
factured using silicon technologies. The instrument
operates in the voltage range from 500 V to 2 kV and
has a spatial resolution of less than 10 nm at 1 kV.
Agilent has discontinued production of the 8500 FE-
SEM, but we find it useful to provide detailed specifi-
cations below (see Appendix).

Fig. 15, 6, B, shows examples of images obtained
with the 8500 FE-SEM.

Voxa’s MOCHII microscope was developed based
on the MC proposed in [12]as part of a NASA pro-
gram. It was initially adapted for research on the sur-
face of the Moon and other planets in space [37, 58,
74-76]. The instrument can be carried in the hand
(height 0.25 m, weight less than 12 kg), it has low
power consumption (less than 80 W), a convenient
built-in wireless tablet interface, and multi-user re-
mote control capabilities. This microscope has a built-
in metal vaporizer for in-situ sample preparation and
an energy-dispersive X-ray spectrometer, and for ob-
vious reasons it lacks an air pumping system. The
study of geological and other natural materials using
MOCHII is carried out in such a way that the samples
remain intact. Consequently, the sample can be ana-



lyzed multiple times, which will provide a more com-
plete picture of the sample's origin and possible evolu-
tion (Fig. 16, a).

Although Voxa's MOCHII microscope has been
tested in space (Fig. 16, b), it is apparently still a pro-
totype.

Fig. 16. MOCHII electron microscope.

a— crane fly larvae
(https://www.voxa.co/solutions/mochii);

06 — image of carbon inclusions in the ALH84001
grain sample obtained using the MOCHII SEM di-
rectly on the orbital station in 2022 [76]

We believe that in the case of MEOS, a vicious
circle effect is at work. Indeed, for the industrial and
cost-effective production of fundamentally new de-
vices, on the one hand, it is necessary to arouse the

interest of scientists and engineers by demonstrating
the solution of a number of new urgent problems that
cannot be solved using existing devices, and on the
other hand, until such devices are manufactured in
sufficient quantities, there will be no examples de-
monstrating their relevance. Let us also recall that the
Nobel Committee back in 1986 combined the electron
and scanning probe microscopes, awarding a joint
prize in physics for their invention. At present, there
are solutions for combining SPM with EM, increasing
the information content of the study, while SPM acts
as an additional option to SEM [77, 78]. We think that
all the prerequisites for combining SPM and an elec-
tron microscope based on MC by creating a single
device with a single analytical unit and single hard-
ware and software are in place. Perhaps this is one of
the ways to practically use the results obtained in the
field of MEOS research.



