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BBEOEHUE

OCHOBHBIE XMMHUYECKHE DJJIEMEHTHI, BXOJSIIUME B COCTaB
YEeJI0BEUECKOTO OpraHn3Ma, — 3TO KUCIOPOJ, YTIIEpO, BOJAOPOH, a30T.
Ecinu y4uThIBaTh 3JE€MEHTHI, BXOJSAIIME B HEOOJBIINX KOIUYECTBAX
(takue kak cepa, ¢docdop, xkeme3o U Ap.), TO HUX Habepercs
npubu3uTeasHO enie okoiio 20. bonee Toro, nepuoanyeckas cucrema
sanemeHntoB JI. 1. MeHaeneeBa COIEPKUT MX BCETO HEMHOTUM OoJiee
cTa. B CBSA3U C 3TUM OYEHb 3aMAaHUYMBOMU KaXKETCsS PELICHUE 3a1a4u
MOCTPOEHUST HJIEMEHTOB KaK MWBOW, TaK W HEXWBOU MPUPOIBI,
COEAUHASI aTOM C aTOMOM, MOJIEKYJIy C MOJIEKYJIOM M Tak Jalee.
Pemmenne momo0HOM 3amaun, WIN Jake YacTh €€, MMeJIo OBl TaKoe Ke
3HAYEHUE JIJIs1 YEJIOBEUECTBA B IIEJIOM, KaK, HAIPUMEDP, UCIIOJIb30BaHUE
CWIbl  MaJaloliel  BOABL, AJIEKTPUYECTBO, AHTUOUOTUKH U
MHKPO3JIEKTpOHUKA [ 1].

Korga peup 3axoguT 00 00BEKTaX HAHOMETPOBBIX Pa3MEpPOB,
MOXHO TIPUBECTM IIUPOKHM KJIACC B KayeCTBE NPUMEPOB: OT
TPEXaTOMHOW  MOJIEKYJbl ~ BOJBI  JO  OCJKOBBIX  MOJIEKYI
(KuCIOpo0COIepKAIIMX MOJIEKYJ TeMOTJI00MHA U3 THICSY aTOMOB) U
ruranrckux Mosuekyn JIHK u3 MuuimoHoB aTomMoB.

B nocnennue roapl yAanoch CHUHTE3UPOBATH HAHOCTPYKTYPHI
Pa3IMYHBIX THUIIOB, COCTABJISIONIME OCHOBY HOBBIX, TaK HA3bIBAEMBIX
BBICOKHX TE€XHOJIOTUW. MOJIEKYJIBI PAa3JIMYHOIO XUMUYECKOTO COCTaBa
u QopMbl yaaeTcs «CcoOUpaTh» B pa3jIUyHbIE (QUTYpHI, NpHaAaBas
BHOBb O0pa3ylolUMCs CTPYKTypaM MU MaTepuajaM Ha HX OCHOBE
HOBBIC CBOWCTBA: OJJICKTPUUECKUE, ONTHUYECKHE, MEXaHUYECKHUE.
KoHTpomnupys nporecchl CUHTE3a TaKUX CTPYKTYP, YIAAETCs CO3/1aBaTh
MaTepHabl C HOBBIMH HabopaMu (U3UKO-XMMUYECKHUX
XapaKTePUCTHK.

B 1993 roay mnpesunentom CIHIA Obin co3nan HaroHanbHBIN
Hay4yHbld W TexHosorumdyeckuii coser (National Science and
Technology Council - NSTC) [2]. OcHoBHOW 3amadeil sTou
OpraHM3aliii  cTaja KOOpJUHAIUg  JEWUCTBUUA  (eaepaibHOTO
NpaBUTENbCTBA B O0JACTH pa3BUTHUA HAyKH, TEXHOJOTUU W
uccnenosanus kocmoca. NSTC BozrnasisieT npe3uaeHT CHIA.

B 1997 rony mnpaButensctBo CIIIA wuHBecTHpoBaio B
HCccIeqoBauusa 1o HaHoTexHojorusMm ~$116 mwmwumonos, a B 1999
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roay yxe $260. B 2003 roay mpesmnoiaracMbie IIPaBUTEIbCTBCHHBIC
accurHoBanus B CIIIA B »To#i oGiacTu AOKHBI HpeBbICHTH $600
MUJUTMOHOB. SlnoHus u EBpoma BKIJIaIbIBAIOT MPUOIU3UTEIHLHO TaKHE
K€ CpElICTBA. YHHMBEPCUTETCKHE HAyYHO — MCCJIEI0BATEIbCKUEC
HEHTPbl U J1a0OpaTOpuM, a TaKXKe IPOMBIINUICHHbIE KOMIAHUU C
noMoIiblo NSTC KOOpAWHHUPYIOT CBOIO JIEITEIBHOCTH B 00JaCTH
UCCIICIOBAHUM 110 HAHOTEXHOJIOTHSIM.

HanoTexHojoruu — 3TO HOBBIA MHpP, HO HE HOBass 00JacThb
3HAHUW. XapAKTEPHBIM MMPUMEPOM, HILTFOCTPUPYIOLIUM 3TO, SIBIISIETCS
XUMHYECKUNA KaTaau3. OTO MPUMEP «CTapOMl HAHOTEXHOJIOTHUW,
BKJIIOUAIONIMA B ce€0s caMblii HIMPOKUM CHEKTP MPOILECCOB U HX
MPOJIYKTOB: OT MOJy4YeHHs] O€H3MHA U3 HEPTHU 10 CUHTE3a ajIMa30B U3
rpaduta. CoBpeMEHHBIE YCTAaHOBKM KaTajM3a IIUPOKO HCIOJb3YIOT
«YTIOPSAI0YEHHBICY METAITNYECKUE u/ Wi KepaMUYECKUe
HAHOCTPYKTYpbI, cnenuduyeckas ¢opmMa KOTOPHIX IO3BOJISET
B3aKMMO/JICMCTBOBATh TOJIBKO C MOJIEKYJIAMH BIOJIHE OIpEeICHHON
dhopMBI U pazMepa.

TepMUH «HAHO» WMEET KOPHM B TPEUYECKOM SI3BIKE U
UCIIONIb30BAJICA i1 00O3HAUeHUsI KapiuKkoB. B Hacrosiiee Bpems
UCIIONBb3YETCAd KaK IPUCTaBKAa K CUCTEMHBIM M BHECHUCTEMHBIM
eAUHUIIAM U3MEpeHUs (JTUTP, METP, CEKYHa) 11 00o3HaueHus 1/ 10°
yactu. B 1977 rogy aMepuKkaHCKUM CTYJIEHTOM (B HACTOSIIEE BpEMS -
podeccopom) Jpexcaepom OBLIIO pUAYyMaHO CJIOBO
"HAaHOTEXHOJIOTHUA" JJIsI TUIIOTETUYECKOM COOPKH IMOJIe3HBIX 00BEKTOB
U3 MOJICKYJISIPHBIX Iienouek. X XapakTepHbIM pa3MepoM JOJKHA
OblJIa CTaTh OJHA MWJUIMApJHAs JIOJS METpa — HAHOMETP: BEJIMYHMHA
MOPSIIKA HECKOJIBKUX aTOMOB, MOCTPOEHHBIX B LEMOYKY. A yXKe B
1990 rony 3a pyOeXoMm BbILIEN MEPBbIA HOMEP TOJICTOrO KypHalla
"Hanorexnousorus".

Pa3sMepb! OT/ENBHBIX IeMeHTOB B mpoueccope Intel“Pentium “II1
nocturanyu 200 HaHOMETPOB. A COBPEMEHHBIE MOJEIH MPOLIECCOPOB
HCTIOJB3YIOT YK€ TEXHOJOTHI0 ¢O 130 HAHOMETPOBBIM PaA3PELICHUEM.
[locTeneHHO mNpUCTaBKa «MHKpPO» BCE Yalle W Yalle 3aMEHSETCS
MPUCTABKOU «HAHO», BXOJIA B OOBIJICHHOE OOpallleHUE, UCTIOIb3YETCS
B Ha3BaHMUIX QPupPM, GaHTACTUUECKUX KHUTAX, PUIbMaX U T. I.

OmHuM U3 TEpBBIX, KTO Tpeackazail Oyiylliee pa3BUTHE

HAaHOTEXHOJOTuHU, Obln Jlaypear HoOeneBckol mpemuu mno (usnke
(1965 r.) Puuapn @&. O@eitnman (1918-1988). B 1959 rony
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npeacTanisisa B KamnpopHUiickoM TEXHOJIOIMYECKOM MHCTUTYTE CBOU
3HAMEHUTHIE JICKIUU N0 (PU3KKE, OH TOBOPUJI CPENIA BCETO MPOYETO U
o 6uonornyeckux oobekTax [3]. HecmoTpst Ha cBouM Malbie pa3Mephl,
OHM aKTUBHBI, MOTYT CO3/aBaTh ce0€ MOJI00HBIX, B3aUMOACICTBOBATD
C ApYruMHU OOBEKTAMU CTPOro ONpeAesieHHbIM 00pa3oM. bosee Toro —
Oouosoruueckue OO0BEKTHl XpaHAT HHopMaluioo. VCKIIOYUTENHHO
NPUBJEKATEIbHBIM  Ka3aJIoOCb B TO BpEeMsl pEIICHHE 3aJauu
UCKYCCTBEHHOTO CO3[laHHsl Takux oObekToB. Torama ero ciosa
Ka3anuch (aHTacTUKOW. B cBoeil peum, Ha3BaHHE KOTOPOM MOKHO
nepeBect Kak «Tam BHU3Yy — Mope mecray, DerHMaH roBOpuil O
HAaHOTEXHOJIOTMH TOTAa, KOrJa 3TOro TEpMHHA €lIe HE CyIIECTBOBAJIO,
KaK, BIIPOYEM, €IIE HE CYILIECTBOBAJIO M TEXHOJOTIMH, MO3BOJIOLIEH
ONEpUpPOBATH OTACIBHBIMM AaTOMaMH Ha aTOMapHOM K€ YpOBHE
(mozpazyMeBaeTcs BO3MOKHOCTb ONO3HATh OTACIIbHBIM aTOM, B3ATh
€ro U MOCTaBUTh Ha JApyroe Mecto). Takas BO3MOXHOCTh IMOSBHIIACH
mumb B 81-oM roay, korjna B miBeHUapckoMm otAeneHun IBM Obn
pa3paboTaH CKAaHUPYIOUIMA TYHHEJBHBII MHUKPOCKON - Mpudop,
YyBCTBUTEIBHBIA K W3MEHEHHUSIM TYHHEIBHOTO TOKa MEXAY
MOBEPXHOCTHIO Marepuajga M CBEPXTOHKON urioil. OTedecTBEHHAs
HayKa IMOJIy4rJia TAKOW UHCTPYMEHT TOJBKO B 1986 rony.

Jlist Toro, 4TOOBl CTUMYJHMPOBATH MHTEPEC HCCIEAOBaTeNed K
Ha"HoTexHonoruu, deitaman nocynun mo 1000 gommapoB TOMy, KTO
«YMEHBIINT» KHIKHYIO cTpaHully B 25000 pa3, u Tomy, KTO IOMECTHUT
ANEKTPUUYECKUM MOTOPUYHMK B KyOMK cO cTOpoHOM B 1/64 nroiima.
[IIupoTta B3rIAAa OJHOTO W3 MOCIEIHUX BEIUKUX (PU3UKOB XX
CTOJIETUSI HA MHUHMATIOPU3ALMIO SJIEKTPOHUKH COCTOUT B TOM, YTO
ObLTO Bce 3TO B 1959 roay, korjia TepMUH «YHUID» €I1le He ObLT BBEJICH
B HayudHbli JIEKCUKOH [4]. OcHOBbIBasgCh Ha (yHIAMEHTAJIbHBIX
bU3MYECKUX 3aKOHAX, OH yTBepXkKAajl, 4YTO BCO bputaHckyro
SHIUKIIONEIUIO MOXHO 3alucaTh Ha IUIOMIaAM MOpsiAKa OyJaBOYHOM
roJIOBKM. MUWJIJTMOH TakuX «OyJIaBOYHBIX TOJOBOK» 3ailMeT Bcero 35
OOBIYHBIX CTPAHHUII.

Cerognst Foresight Institute o6Gemraer $250 000 Tomy, KTO
MOCTPOUT HAHO - poOOTa («PYKY», KOTOpasi CMOKET OIEpUpPOBATh Ha
MOJIEKYJISIDHOM YpPOBHE), U TOMY, KTO cO37acT § - OUTHBII cyMMaTop,
yMEIIAIMNHCs B KyOuke co ctopoHod B 50 HanomeTpoB. LleHb
pacTyT, AeTajly MEJIbYAIOT.



[Iponmio yxe Oonee 40 ner, B TEUEHUE KOTOPHIX OYypHO
pa3BUBajach Hayka M COBEPIICHCTBOBAJIACh MHUKPOTEXHOJOTHS.
[TosiBUIIMCH HOBBIE METOJBI UCCIEAOBAHUN U TEXHOJOTHUM, TaKUE KaK
CKaHUpYIOIasi JJICKTPOHHAs MMKPOCKOMMS, aTOMHas CHJIOBas
MUKPOCKOIIHS, MOJIEKYJIIPHO MyYKOBas MUTAKCUS U MHOTOE JIPYToe€.
B Hacrosimiee Bpemsi Bce 0OoJjiee IIMPOKOE UCIOIB30BAHHE B
TEXHOJOTUSIX MHUKPO— M HAHOAJIEKTPOHUKHA HAXOJAT MPOIIECCHI
caMoopraHuzanuu. MUKpO3JIEeKTPOHHKA MO3BOJIMIIA CO3aTh MOIIHbIC
KOMITBIOTEPHI, UCIOJIb3YIOIIHUECS, B CBOIO OYEpelb, JJI1 PAcueTOB U
MOJICTTUPOBAHUSI HAHOCTPYKTYP M COOTBETCTBYIOIIUX (PU3MYECKUX
2 dexToB U SIBJICHUIA. 210 BCET/1a CII0COOCTBOBAJIO
COBEPILIEHCTBOBAHUIO TEOPETUUYECKUX MPEJICTABICHUIN U OCMBICICHUIO
SKCIIEPUMEHTAIBHBIX  PE3yJbTAaTOB,  MOMOTAJIO  PACCUUTHIBATH
OECKOHEUHOE KOJINYECTBO BO3MOKHBIX HAHOCTPYKTYP.
DKCIepUMEHTaNIbHAsI BO3MOXXHOCTh MAHMITYJMPOBAHUS OTACIbHBIMU
aTOMaMHM  CO3/1a€T TMEPCHEKTUBY JJII  CO3JaHUsl  KBAaHTOBOTO
KOMIIBIOTEPA.

Jlntepartypa

1. Amato I. Nanotechnology — Shaping the World Atom by Atom
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2. http://www.whitehouse.gov/WH/EOP/OSTP/NSTC/html/NSTC _
Home.html

3. Feynman R. There's Plenty of Room at the Bottom: An Invitation
to Enter a New Field of Physics. Talk at the Annual Meeting of
the American Physical Society, 29 December 1959. / Reprinted in
Engineering and Science. 1960. Vol. 23. P. 22-36.

4. B 2000 rogy Jxexy C. Kunbu Oblna npucyxaena Hobenesckast
npemMus 1o (U3MKEe 3a BKJIaJA B OTKPHITHE M Pa3BUTHE
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1. PUBNYECKUE OTPAHUYEHUA
MUHUMAIJIbHbIX PASMEPOB 3JIEMEHTOB

MUKPOJJIEKTPOHUKM.
CoBpemeHHasi MHKpodsiekTpoHuka (M3) — 5310 o00JacTh
AJIEKTPOHUKH, 00BeIUHSATOIIAS KOMILIEKC bU3NYECKUX,

PATUOTEXHUYECKUX U TEXHOJOIMYECKUX MPOoOJeM, HalpaBICHHbIX Ha
CO3/IaHHME CJIOXKHBIX DJICKTPOHHBIX CXEM JJIA epepadOTKU U Nepeiaun
uH@opmanu. OCHOBOI COBpeMEHHON MO SBISIOTCSI TBEPIOTEIbHbBIC
MHKPOCXEMBI, CO3JABAEMBIE HA OTIAEJIBHOM KPHUCTAJIE — YWIIE, Kak
npaBwio, kpemHueBoMm. HMurterpanpHas cxema (MC) moxeTr OBbITh
NpEJCTaBlICHa KaK  COBOKYMHOCTh  JINCKPETHBIX  JJIEMEHTOB,
B3aMMOJICUCTBYIOIIMX MEXKAy COO0ON 3a CyUeT CO3/IaHHBIX Ha YHIIC
MexcoeauHeHnd. Kaxapiii ke ¢QyHKIUMOHaIbHBIM 35eMeHT WC
oOJlalaeT  pa3NUYAONIMMUCS 10  CBOMM  XapaKTepPUCTHUKaM
OJIHOPOJHBIMU 00JacTIMU. MUHUMAIBLHO JOCTHXKHMBIE pPa3MephI
MMEHHO ATHUX 00JIacTell U ABISIOTCS HauOO0JIee MHTEPECHBIMU C TOYKU
3peHus GU3NYECKUX orpaHuyeHui [1].

OneMeHTsl, u3 KoTtopeix cocrour HMC, Moryr ObITh
OXapaKTEePHU30BaHbI CIACTYIOIMNMU ITapaMeTPaMu:

N — 4YHCIIO aKTUBHBIX 3JIEMEHTOB Ha YUIIE;

T — BpeMs NEPEKIIIOYCHUSI DJIEMEHTA MEXY JIBYMS DJIEKTPUUECCKUMHU
(JIOTUYECKUMHU ) COCTOSIHUSIMH 1O/ ICHCTBUEM CUTHAJIA;

v = 1/4t — TakTOBas YacTOTAa;

NV — byHKkimoHanbHoe ObicTpojeiicTBue (Pb) cxembr;

P — MoOUIHOCTB, paccenBaeMas B IpoIiecce MepeKIIOUCHUS IJIEMEHTa;

Pt — mokazarenb KadecTBa 3JIEMEHTA, ONPEAEISIONIMN KOJIUYECTBO
DHEPrUU, PACCEMBAEMOM DJIEMEHTOM B E€IUHUYHOM  aKTe
MEePEKITIOYCHHUS;

d — xapakTepHbIl pa3Mep aKTUBHOM 0O0JacTH »dJeMeHTa (IJIMHa
KaHaJla, MHUpUHA 0a3bl), KOTOPBIA OMpeNeNsieTcs pa3peniaronen
CIIOCOOHOCTBIO TEXHOJIOTMYECKOro Impolecca (MUHUMAJIBHOM
IIMPUHON JIMHUH )

Baxueitmmmu xapakrepuctukamu MC, 0cOOEHHO ¢ TOUKH 3peHUs
NOTpPeOUTENS, SABJISIIOTCS CTOMMOCTh OuTa mHdpopmanuu (C), TO ecTbh
(haKTU4YECKU CTOUMOCTh OJTHOTO JIEMEHTA U HaJIe)KHOCTh padoTel UC,
onpeaensieMasi BEpOSATHOCTBIO €€ OTKa3a.
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BBenennble mapaMeTphl IO3BOJAIOT  OLEHUTh COBPEMEHHOE
cocTtossHue M3, CpaBHUTH €r0 C MPOTHO3aMu, cAenaHHbiMU 15-20 net

Hazan (Tabn. 1.1) [1], xapakTepu3oBaTh AMHAMUKY U TEPCHEKTUBBI
pazsutus (Tabn. 1.2) [ 2, 3 ].

Tabmuna 1.1
Toger 1980 r. 1985 — 1990 rr.

N, sreMeHT/9nt 10* - 10° 3.10° - 10°

T,c 10°-10° 10%-107

v, 't 10° 2,5-10

®b, snement- Iy 10" - 10" 10"

P, Bt 10 10

Pr, [k 107 -10" 107 -10"

C, nomnnap/our 10™ 107

d, MKM 3.5 0,5

N3 npuBeAcHHBIX TaOdUIl BHJHO, 4YTO MmOporpecc B MD
JOCTUTAETCS 3a CYET YMEHBUIEHHUS pa3MEpoOB JJIEMEHTOB H
COOTBETCTBYIOILIETO  YBEJIWYEHUS  IUIOTHOCTH  MX  YIAKOBKH.
Vayumienne — onepannoHHbIX — xapakrtepuctuk  HMC  3a  cuer
MUHUATIOPHU3ALNHU 3JIEMEHTOB U YBEIIMUYECHUS TUIOTHOCTH UX YIIAKOBKHU
B HECKOJBKO pa3 0oJiee CYIECTBEHHO, YeM TOT ke 3(QeKT 3a cuer
YCOBEPILICHCTBOBAHUSI CXEMOTEXHUKM U YBEJIWYEHUS Pa3MEpPOB
KpHUCTAJ/UIa. YBEIMYEHUE 4YHCIA DJJIEMEHTOB Ha KpUCTAIUIE, MpH
MPaKTUYECKM HEU3MEHHOW €ro CTOMMOCTH, COMPOBOXKIACTCS
NaJICHUEM CTOMMOCTH OTAEJIBHOTO JIEMEHTA.

Takum 006pa3oM, eciii pa3BUTUE MUKPOIIEKTPOHUKH MOUJET Tak,
KaK MpeJICKa3bIBAIOT JaHHbIE, puBeaAcHHbIe B Tabnuue 1.2, k 2014
rojty Mbl OyJ1IeM UMETh:

" MHHUMAJIBHBIN XapakTepHbld pa3mep snementa UC ~ 20-30

HaHOMETPOB;

= Goree 10° Tpamsucropos/cm’ mst morndeckux MC;

= Gonee 10'° 6ur/cm’ st UC nmamsru;

= crouMocTh MeHee ueM 2,7-107 momnap/TpaHsucTop s

agoruuecknx UC;

= crommocTh MeHee ueM 7-10” gommap/6ut ans VC mamsity;

= pabouyto yactoTy ~ 13 I'T'1;

= PaccenBaemMas MOIIHOCTE IS 1.4-10° TPaH3UCTOPOB

mukponpoueccopasix MC menee 180 Br.
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Tab6muia 1.2

Ilapamempul, xapaxmepu3zyrowue cocmosiHue u npeonoiacaemyro
OUHAMUKY pazsumust MUkpodiekmponuxu 0o 2014 2. (Semiconductor
Industry Association — SIA Roadmap 3a 1999 2.) [3]

lox monysenus mepsoro | 541 15003 12005 | 2008 | 2011 | 2014
pe3yJibTaTa
ITamsTh
" MUHUMAaJbHBINA pa3Mep

sanementa DRAM 150 | 120 | 100 70 50 35
" OUT Ha YUII 2G | 4G | 8G | 24G | 68G | 194G
" pa3Mep 4uIa (MM°) 438 | 480 | 526 | 603 | 691 | 792
= mrotHocts (T6uT/cM®) | 0,49 | 0,89 | 1,63 | 4,03 | 9,94 | 24,50
" CTOMMOCTB OJIHOTO OHUTa

($10°) 21,0 | 11,0 | 53 0,7
Jloruka
" MUHUMAaJIbHBIM pa3Mep

sanementa MPU (nnuna

3atBopa, 10” M) 100 | 80 65 45 30 20
" TPAH3UCTOPOB HA YUII 48M | 9SM | 190M | 539M | 1,5G | 4,3G
" pa3Mep 4MIa (MM°) 340 | 372 | 408 | 468 | 536 | 615
" [UIOTHOCTH (MJIH.

TPAH3HCTOPOB / CM°) 13 24 44 109 | 269 | 664
" CTOUMOCTH OJJHOTO

Tpamsucropa ($10°°) 686 | 434 | 217 27
HuameTp mmactunsl (Mm) | 300 | 300 | 300 | 300 | 300 | 450
KonunuectBo cinoes
MEXKCOEUHEHUI 7 8 8-9 9 9-10 | 10
JlokanbHas wactora (ITm) | 1,7 | 2,5 3.5 6,0 | 10,0 | 13,5
Yacrora nepenauu
JaHHBIX MEXY YUTIaMU
(I'T) 14 | 1,7 | 2,0 2,5 | 3,0 | 3,6
PaccenBaemast MOIIHOCTD
(B1) 115 | 140 | 160 | 170 | 174 | 183
CronMocTs 3aBoja I
IIPOU3BOJICTBA ~ 2 mupa EBpo ooisiee 5 mapa EBpo

MHKPOCXEM




C Havajla CEMHUJIECATHIX TOJ0B PA3BUTUE MUKPOIICKTPOHUKU
MPOUCXOJAUT B COOTBETCTBUM C 3akoHOM Mypa (yaBoeHue
npousBoauTenbHoctn MC kaxnapie 18 mecsieB). OTO yBeIUYEHUE
ObLJIO JOCTUTHYTO TJIABHBIM O0pa3oM 3a CYET YyMEHbIICHUs
XapaKTEPHBIX pa3zmMepoB AJIEMEHTOB, ONTUMH3AIINU u
COBEpPUICHCTBOBAHUSI  CYIIECTBYIOIIMX W  BHEAPEHUS  HOBBIX
TexXHOJIOThi. CHenUaNUCThI, OJJHAKO, C MOTPSICAIOIIEH PETYIISIPHOCTHIO
TBEPASIT O MPEKPALICHUM JIEUCTBUS 3aKOoHa Mypa - MpPaKTUYECKHU C
TOTO MOMEHTa, KaKk OH ObLI copmynupoBaH. OgHAKO Temephb yxKe
OOJIBIIIMHCTBO CHEIUAIUCTOB COIJIAIIAETCA C TEM, UTO B Oyvbkaiiime
JECATh JIET 3aKOHOMEPHOCTbH, OIKCHIBAIONIAS PA3BUTHUE OCHOBHOM
TEXHOJIOTHH, TEPECTAHET CYIIECTBOBAaTh. BE3yCIIOBHO, yMEHBIICHHE
pa3MEpoB TPAH3UCTOPOB HE MOXKET MPOJOJDKATHCA BEYHO MO TOU
NpPOCTOM MpPUYMHE, YTO €CJIM CHUTyalus OyJAeT pa3BUBAThCS B
COOTBETCTBUU C 3aKOHOM Mypa, TO B KOHEYHOM UTOI€ 3TO MPUBENET K
CO3/IaHUIO0 YCTPOMCTB, B KOTOPHIX pa3Mep KPUTHUYECKU BaKHBIX
3JIEMEHTOB OKaxkeTcsi MeHbIe aroMa. (Puc.1.1)

B cooTBercTBUM C S3TUM 3aKOHOM B Ommkaitmme 5-7 et
XapaKTEepHbIA pa3Mep 31eMeHTOB naocturHer 100 HM, a 3apsn,
ONPEACIISIIOMINI COCTOSIHUE JIOTMYECKUX JJIEMEHTOB, IMOHMXEH JO
BenmuunHbl MeHee 1000 3apsiioB cBOOOHOTO 3eKTpoHa. DU3nUuecKue
(xBaHTOBBIE 3PPEKTH U OCOOEHHOCTH MOBEJCHUS MPU MaJbIX TOKAaX)
U TEXHOJOTMYECKHE OrpaHUYeHHs (MOBBIICHHE PACCENBAEMOU
MOIIHOCTH, YCJIOKHEHUE CXEMOTEXHUYECKUX PEIICHUMN, TyHHEJIbHbBIC
TOKHM) MOTYT B HEJAJIEKOM OYAYIlIEM CTaTh CEPhE3HBIM MPEIATCTBUEM
JUTSL TAJIbHEHMIIIETO Pa3BUTHSI MUKPOIJIEKTPOHUKH HA OCHOBE OOBIYHOTO
YMEHBIIEHUs XapakTepHbIX pazMepoB snemeHToB UC. C npyroi
CTOPOHBI, TEXHOJOTMYECKUE MPOOJIEMbI, BMECTE C HEOOXOIUMOCTHIO
CHWJIBHOTO YBEJIMYEHUS OOBEMOB WHBECTUIMNA ISl TMPOIABUIKECHUS
crangaptHoi CMOS TeXHOJOTUM, MOTYT 3HAYUTEIBLHO OOJErYUTh
MPOIBMIKECHUE MPUHIMITHATIEHO HOBBIX, albTEPHATUBHBIX
TEXHOJIOTUH, 3JIEMEHTOB U YCTPOMCTB.

[IpobneMa puznuecKkux orpaHUuEeHU HAa MUHUMAJIbHBIE pa3Mephl
JIEMEHTOB U MAaKCUMaJbHYIO  CTENEeHb  WHTErpanuu B
MHUKPOIJIEKTPOHUKE BO3HHKJA OJHOBpeMeHHO ¢ co3nanueM HC. B
MOCJIEIHEE BPEMS 3TH BOIPOCHI CTAHOBSITCA OCOOEHHO aKTyaJIbHBIMU
B CBSA3U C IIPOTPECCOM B TEXHOJIOTMU MO, MO3BOJISIIONIAM CO3/1aBaTh
oTnenbHbIe AeMeHTHl pasmepoM 100 HM u Menee. Takum obOpaszowm,
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9TH BEJIMYMHBI CTAHOBITCS CPAaBHUMBIMHU C XapaKTEPHBIMH JJIMHAMH,
OnpeAeIOIINMU paboty AJIEMEHTA: IIMpUHA o0stacTu
IIPOCTPAHCTBEHHOIO 3apsJia, JJIWHA Mpobera v T.II.

TpaH3nCcTopoB/CM’
A 10 210° 2,510° 4-10°~4-10
| | | | |
1cm | | |§ | |
| | I§ | |
| | I§_ | |
N | I 3
= e =
g | lo | | =3
(=) [<F}
= | = | | I
a x ] %
T | | Ig E | S
3 | | 2 2 | =
S o 2 =
= 1 MKM — | I e g I 3
- b
2 g B TSN 5 ! £
= 4 | | = r | ®
] o © E g = n
T = Iz 3= 1> Q& | T
@ z = e =8 = =
= 8 oOl=s lo ~lo o | o
= - = s o O X L Qo
S50 HM— = s'e g 8=s'° o ‘%, 5
< T T . ©d ®I,® s (o)
> @ ) [ 8 la —oIx = )
® o o0 E 2% o = % /
S ol 18 =818 2 I
S 82 £ 5835 ¢ 20
2 =2lg = F2I2 == | / 4'64‘
" A MMM A 14 _®
HM E | | I >
1950 1960 1970 1980 1990 2000 2010 2020
lNon

Puc.1.1. Pazeumue muxposnekmponuxu. Kpome
npamMot, uinrocmpupyuel 3akon Mypa, na epaghuke
ommeyeHbl OCHOBHbLE amanvl Pazeumuisi
MUKPOINEeKMPOHUKU [4].

C npyroil CTOpOHBI, TOSABISAETCS BO3MOKHOCTH MCIIOJIb30BaTh
HOBble (u3nmueckre 3PDEKTh, NPOABISIONIMECS KaK pe3yiabTaT
pa3MEpPHOrO KBAHTOBAaHWSI HoOcUTeNeH 3apsiga B anemMentax UC
HAHOMETPOBBIX pazMepoB. MIMEHHO MOATOMY BOMPOC O (PUIHMYECKHUX
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OTPAaHUYEHUAX MOXKET PACCMATPUBATHCS TOJBKO MPU OOCYKICHHUU
KOHKpETHBIX 351eMeHTOB M C.
JU1 TOCTHKEHUSI BBICOKOM CTENEHU MHTErpaluu He00X0IMMO:
"  yYMETb CO3JaBaTh JIEMEHTHI JOCTATOUYHO MaJIbIX Pa3MEPOB;
" 1100MBaTbCs  HOPMAJIBHOTO  (DYHKIMOHMPOBAHUS  KaXIOrO

OTZIEJILHOTO JIEMEHTA;

"  100MBaThCS HOPMAIBHOTO (PYHKIIMOHUPOBAHUS BCEX JIEMEHTOB B
cocrase 1C.

CietoBaTenbHO, BO3MOXKHBIE OTPAHUYCHHUS HA Pa3MEPhl DJIEMEHTOB

MO>KHO pa3OUTh Ha TPU TPYIIIHL.

1. ®usnueckne OrpaHUYCHHs, BO3HUKAIOIIME B TEXHOJIOTUU
npousBojctBa HMC (orpaHuyeHusi, CBSI3aHHBIE C PacCesHUEM
HKCTIOHUPYIOIIETO JIy4ya MpU JuTorpaduu, QIyKTyaluu JErupyomux
npuMeceid, OAHOPOAHOCTH M  MHUHUMAJIBHBIE  pa3Mepbl  IpHU
VCIIOJIb30BAHUM ITyYKOBBIX TEXHOJIOTHM U T.I1.).

2. ®duznyeckue OrpaHHYCHHs] PabOTOCIMOCOOHOCTH OTIEIBHBIX
JIEMEHTOB  (OTpaHUYEHHUs, OOYCIOBICHHBIE CMBIKAHUEM  p-7
Nepexo/I0oB, MNPOoOOEM  CBEPXTOHKHUX JUAJIEKTPUUYECKUX  CJIOEB,
pa3orpeBoOM HOCUTENEH U T.11.).

3. Odusnyeckue OIPAHWYCHUS HA CTEIEeHb UWHTErpauuu N
AJIEMEHTOB M pa3Mepbl 3JIEMEHTOB, CBSI3AHHBIE CO B3aMMOJAECHCTBUEM
UX JIPYT C IpYyroM (AKOyJeB pa3orpen).

1.1. Qu3udeckue o2paHUYEHUSsI 8 mexXHoJsIo2uu
npoussodcmea NC

Onementsl  UMC  mpeacTtaBisitoT  coOOH  COBOKYITHOCTH
Pa3HOPOAHBIX W HEPABHOBECHBIX 00JIACTEH C PE3KMMHU T'paHUIAMHU.
Jnst ux popMHUpOBaHMS B COBPEMEHHOW TEXHOJIOTMU HUCIONb3YIOTCS
CIIOCOOBI, Pa3INYAIONTUECS

— B3aUMHOW H30JsIMEeld NMpUOOPOB (pa3AelieHUe p-n MEePEXOoIaMU
WIH TUBJICKTPUYECKUMU CIIOSMH);

— crmocoboMm co3paHusi p-n  nepexonoB  (auddysus, HOHHAS
UMILIAHTAIMS, STTUTAKCHS);

— cnocoboM GOpPMHUPOBAHUS MEXKCOCAUHEHHM (MeTaNTUYeCcKue
COCIMHEHMUS, MOJIMKPUCTATNINYECKUE JVHUH, KaHaJIbI
MIPOBOJUMOCTH)

— MEXYPOBHEBOM U30JALMEN U T.J.
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Haubosiee 1mupoko B  HACTOAINIEE BpEMs  HCMOJb3YIOTCS
pazIn4HbIe JUTOrpaduuecKkue METOJIbl, JerupoBanue nuddysuei mo
OKHCHBIM MacKaM, JIOKaJlbHO€ OKHCIICHHE 10 HUTPHUIHBIM MacKam,
pa3zHoOOpa3Hble CMOCOOBl AMUTAKCHUATIBLHOIO HApaIMBAaHUS CJIOEB,
MOHHOE JIETUPOBAHME, aHOAMpPOBaHUE, MeTaum3anus. Jlutorpadus,
HaIpuMep, MO3BOJISET CO3/]aBaTh «OKHA» HA TMOBEPXHOCTH IJIACTHHBI,
Ui Toclenyromeit  o0paboTku martepuana B HuX. [Ipormecc
auTorpaduu BKIIOYAET B Ce0Sl HAHECEHUE OPTraHUYECKOTO PE3UCTa,
HSKCIIOHUPOBAHHUE €Tr0 KaKMM-THO0 oOJydeHueMm uepe3 (hoTomradiioH
WM HEMOCPEICTBEHHBIM «PHUCOBAHMEM» Jy4OM. ITO MPUBOJIUT K
noJuMepU3alu  Win  JenoiauMepusanuu  (Qoropesucra. [lanee
ciieyeT yAaJleHHue HEAIKCIIOHUPOBAHHBIX (/11 HETaTUBHBIX PE3UCTOB)
WM OKCIIOHUPOBAHHBIX (JJISI TO3UTHUBHBIX PE3UCTOB) YUYaCTKOB
pPacTBOPEHUEM, HArpeBOM WIH YJIbTPadUOJECTOBBIM OOJIyUYECHUEM.
[locne  nurorpaguu  TPOU3BOAUTCS  JIOKAJIbHOE  TPABJICHUE
JTURJICKTPUYECKUX WM METAUIMYECKUX IUICHOK. Takum oOpazom
PUCYHOK (oTomabioHa IIEPEHOCUTCS HA HEOPraHWYeCKUd u
HEYYBCTBUTEJIbHBIA MaTepuaj, paHee HAHECEHHBIM Ha MOBEPXHOCTH
MOJTYPOBOTHUKOBOM TJIACTHHBI.

st co3manusa CyOMHUKPOHHBIX 3jeMeHTOB MC wucmosb3yroTcs
CJICIYIOIIME METOJIbI: SJIEKTPOHHO-JIy4YeBasi, PEHTI€HOBCKAsi U UOHHAs
autorpadusi, HOHHOE U DJICKTPOHHO-IYUYE€BOE TPaBJICHUE, Ja3epHasi U
WOHHAsE O00pabOTKH, MOJICKYJISIPHO-TyueBasi »JIUTAKCUSA, HOHHAs
UMIUIaHTauus. B mocnenHee BpeMs Bce IIMPE HUCHOJBb3YIOTCS
MPOIECCChl CaMOOpTaHu3aluu sl (POPMUPOBAHUM HAHOCTPYKTYP.
Pa3zpabartpiBatoTcs HOBBIE JUTOTpadUUEeCKUE METOJbI, MO3BOJISIOIINE
MOJIy4aTh JIEMEHTBI C XapaKTEpPHBIMH pa3MepaMu BILIOTH 10 30 HM.
Oto EUVL (extreme ultra violet lithography), DUV (dark ultra violet
lithography), nanoimprint lithography. Ilporpecc B pa3Butuu
auTorpaduuecKux METOJOB TOKa3bIBAa€T, YTO HX paspeliaronias
CIIOCOOHOCTh HE HAKJIAJbIBAET CYIIECTBEHHBIX OrpPaHUYEHUM Ha
pa3sMepbl OTACHBHBIX JJIEMEHTOB, WM II0 KpaWHEW MeEpE OTH
OTpaHUYEHUS TOpa30 MEHEE 3HAYUTEIbHBI, YeM HEKOTOpBIE APYTHE
(HanmpuMep (IYKTyaluyu KOHIICHTPAIUK JIETUPYIOLIECH MPUMECH U €€
MOBEpXHOCTHAs Tudy3us).

PaccMoTprM OCHOBHBIE TEXHOJIOTHYECKUE OTPAHUYCHHUSI.
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1.1.1. Pa3amaska kpas 3KCnoHMpoBaHHOW obnactu

CuuTasg, UYTO OCHOBHOE  OrpPaHUYEHHUE, CBI3aHHOE C
dboTonutorpaduen, 0O0yCIOBICHO SABJICHUSIMU AUPPAKIUU CBETA C
JUIMHOM  BOJIHBI A, MOJKHO 3amMcaTh ISl pa3Masku  Kpas
3acBeUYnBaeMon ooacTu (Ax):

Ax> A

MuHUMAIIBHBIA pa3Mep ONPEACIACTCA JIMHON BOJIHBI UCIIOJIB3YEMOTO
ceera. Jlnmmua BomHbl BuauMoro cBera 0,35 — 0,7 MKwM;
ynbTpaduosnieroBoro uznyuenus (Y®) — 0,1 — 0,3 mxm. Takum
o0pa3oM, ucHoiab30BaHue Y@ MO3BOISET MOJYYUTh C TMOMOIIBIO
dboTonutorpadun MUHUMAILHBIN pazMep Ax = 0,1 mxm. OgHako s
JTOCTMKEHHUSI TaKWX  Pe3yJbTaTOB HeoOXoAuMMa MPOEKIIMOHHAs
dboTonutorpadgus U TIIATEIBHO CIPOSKTUPOBAHHAS W U3TOTOBJICHHAS
YO onruka. [lonyuuts Ax < 1 MKM ¢ OOMOIIBIO KOHTaKTHOWU
dboTonutorpaduy MPAKTUUYECKH HEBO3MOXKHO H3-3a Pa3MbIBaHUS
I'paHUIIBl TEHU OT (PoToI1IadioHa.

dpoToLabnoH
i )
S B
-'-'n | P
! : ., r‘/ HH"“*RH_'
S, pa3MbITasi rpaHMLUa Ha Kpar MacKu
 —— -
i NpPU KOHTaKTHOW hoTonuTorpacum

Puc. 1.2. Pasmaszvieanue 2epanuybl meHUu Om

Gdomowabona
Hcnonws3oBanue IPYTHUX BUJIOB doTonutorpaduu
(PEHTTE€HOBCKOM, AJIEKTPOHHOU 178105 TaK Ha3bIBAEMBIX

aUTOrpauecKux  METOJOB  HOBOIO  TOKOJIEHHUS])  TO3BOJISET
CYIIECTBEHHO YMEHBIIUTh A, a CJICAOBaTEIbHO, M MHHUMAIBHYIO
mUpUHY JUHUU. OLEHKA 3TOM BEJIMYMHBI JIJI SJIEKTPOHOB C SHEPTUEH
E=10-10°5B JaeT 3Ha4YCHUE:
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Ax>A=—t ~1-01A
2mkE

1.1.2. Tennosoe pacLwumpeHne mackn n NIC

B xome mporecca skcmoHupoBaHUsS —(HOTOIIA0JIOHA MOXKET
NPOU30MTH M3MEHEHUE TeMIlepaTypbl KaKk Mackv, TaK W
MOJIYTIPOBOAHUKOBON TUIACTUHBI. [[J1s1 OIIEHKH BEJIWYMHBI TEIIOBOTO
paCIIUPECHHUS TOJOXKUM KOI(PODUIIMEHT JHUHEHHOTO paCHIupEHUs
tBepabix Tea & = 2:107 1/K. ITycts pasmep dortormabnona / = 150 mm,
AT =1 K (1C), torma Al=[-&-AT=150-2-10"-1=3-10"mm, TO
ectb Al = 3 mkMm. EcTecTBeHHO, YTO CyOMUKpOHHas auTorpadus He
MOXXET JIOMyCTUTh TAaKWX M3MCHEHHH pa3MEpPoOB, BBI3BAHHBIX
KoJicOaHUsIMU TeMmrepaTyphl. 1loaToMy HeoOXoauma cTaOuIHU3aLMs
temnepatypsl 10 0,01 K B mpenemax ¢otomabdnona (Macku)
0o0pabaTbiBaeMOro 0OBbEKTA.

1.1.3. Chepuyeckada abeppaunst aNeKTPOHHOro ny4a

VYBenuueHue HTEHCUBHOCTH AJIEKTPOHHOTO Jiyya (/) MpUBOJUT K
YCUJICHUIO ¢ dekToB KYJIOHOBCKOT'O B3aHMMO/JICUCTBUS
(oTTasikvBaHUs) W, KaK CJIEJACTBUE, pPOCTy pa3Mepa MsATHA
(chepuueckoit abeppannu). YMeHbIIIEHUE [ — K YBETUUCHUIO BpEMEHU
OKCIIOHUPOBAHMS U, CIEJ0BATEIbHO, K YBEIMYCHUIO CTOMMOCTH
auTorpaduuecKoro npoiecca.

Pannyc niatHa 35eKTpoHHOTO jyda (R) M10mKeH OBITh OOJBIIE €T0
MOTNEepeyHOM pa3mMasKku BeiaeacTBUE d(PEKTOB abeppaluu:

J 3/2 73/2 3/2
R>—(BS)" " I"" =kI
4( ) , (1.1)
raie f — mnoctosHHas cdepudyeckod abeppanuu, B — SPKOCTh

VUCTOYHMKA, S — IUIONIAJb W3JIydarolerd NmoBepxHocTu. llycte N, —
HEKOTOPOE MHHHUMAJIbHOE YHCJIO DJICKTPOHOB, HEOOXOAUMOE JIs
SKCIOHMpOBaHUsA. [lonmHOE YHCIO 3MEKTPOHOB N, , MOMNAaBIIMX HAa
MUILIEHb 3a BpPEeMs KCIIOHUPOBAHUSI £, , JOJDKHO OBITh JOCTaTOYHO
BEJIMKO B CWJIY CIIY4alHOTO BO BPEMEHHM MPOIECcCa <«JOCTABKW
AJIEKTPOHOB /10 MUIICHH, T. €. N, > N, . 3HaueHue N, onpeaensercs
U3 YyCJIOBUA, 4TO Npu N, = N, CpEAHEKBAJIPATUYHOEC OTKJIOHCHUE
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(mucnepcusi) MHOTO MeHbIe N, . 3Has N,, BO3MOXXHO OIICHUTH
MHUHUMAaJIbHYI0 HHTEHCUBHOCTb, U, MoAcTaBiss ee B (1.1) momyunm:

R>Rl<r>=k(efmj (1.2)

VYBenuueHne BpEeMEHW OKCIOHMPOBAaHMS TISATHA (f) BEIEeT K POCTY
MOJTHOTO BPEMEHHU SKCIIOHUPOBAHUA (1,) YUIIa MIIOAJIBIO S,

[ = Sr 5
r_7Z_R2 (13)

] -

tﬂ] t i

Puc. 1.3, 3asucumocmu  R;(t) u  Ryt),
ocpanudugalowjue  pasmepvl — NeMeHmo8  U3-3d
chepuueckux abeppayuii u pocma CMOUMOCMU
npoyecca 5SKCNOHUPOBAHUS COOMBEMCMBEHHO. t —
8pems dKcnonupoganus, R,, — munumanvusiu pazmep
onemenma, t, —  8peMsA  IKCNOHUPOBAHUS
coomeemcmsyowee R,. Obracmv paspeuiennvix
pasmepos namua: R >R, R,

Ecnu ctoumMocTh pab0Thl SKCIIOHUPYIOIIEH YCTAHOBKU B €IMHUILY
BPEMEHU paBHA ¢ , TO CTOUMOCThH Ipouecca dKcronuposanusa C,=t,q
HE JIOJDKHA TPEBBIINIATh HEKOTOPOM MakcUMaibHON BeaWYUHBI C)y.
VYuutsiBas (1.3) nonydyaem orpaHudyeHre Ha paInyC MATHA:

1/2
S.1q

R2R,(1)=k (1.4)

M
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MunumanbHOE 3HaUCHHE pajnyca nsaTHa R, Haxoaum u3 (1.2) u (1.4):

1/4 3/8
S S,qeN
R,=\=| k5 1.5
m | 4 2C,, BS (1.5)

Kpome aGepparinii, BOSHHUKAOIIUX B ONTHYECKON CHCTEME, CIIEAYyeT
MIOMHUTH O TPEOOBAHUSX, TPEABSABISIEMBIX K )KECTKOCTH KOHCTPYKIIUU
U 3aIIUTe OT BUOPAIIHA.

1.1.4. PaccesHue ny4ya B pe3ncte 1 B NnoslynpoBoagHUKE

Hcnosnb3yeMbie B TUTOTpaduu OPraHUuECKUE PEe3UCThI, TAKUE KaK
nonuMetriMeTakpwiat ([IMMA) win noauMeTUIN30NPOIICHUIIKETOH
(TIMUIIK), MMeIT MUHUMAIbHYIO TONIHMHY okono 50 A. PaccesHue
Jyda B PE3UCTE MPUBOAUT K pa3Ma3Ke JUHUM HA BEIMUYMUHY TMOPSIKA
TONIIMHBI pe3ucTta. Fcmons3oBaHWEe JAPYrUX THUIOB PE3UCTOB
MO3BOJISIET JOCTUYL ellle OoJbIel paspernraroiniei cnocooHoctu. B
MPOIECCEe TPABJICHUS XapaKTEPHBIM Pa3MEPOM, OIPEICSIONUM
pa3MasKy, SBJISETCS JJIMHA MOJIEKYJ PE3UCTA.

Puc. 1.4. Paccesanue »s1ekmpono8 & pesucme.
ol mooicem docmueame 0,5 mxm. Ilpu E > 100 k3B
paccesanue y8eauyusaenmcs.

B 1mpormecce SKCIOHUPOBAHUSI AIEKTPOHBI, IOMABIIME B
MOTYTIPOBOJHUK, MOTYT 3aCBETUTh PE3UCT U3-3a F3(HPEKTOB 0OpaTHOTO
paccesiHUsl. OTO NPUBOJUT K JIONOJHUTENIBHON pa3Ma3Ke Kpas
3aCBEYMBAEMOM 00JaCTH Ha BEJIMYMUHY MOPSIKA IJIWHBI CBOOOJIHOTO
npoOera 3JIEKTPOHOB B mosynpoBoaHuKke (/). s 3IEKTpOHOB C
sHeprueit 25 k9B mimHa npodera gocturaetr 3 MKM. COOTBETCTBEHHO,
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BEJIMUMHA pa3Ma3Kd MOXKET ObITh YMEHBIIIEHA MPU KMCIOJIb30BaHUU
AJIEKTPOHOB MEHBIIUX JHeprui. OMHAKO BJIEKTPOHHBIM IYy4YOK C
majioit sueprueit E =5 — 10 k3B ropazgo tpyanee chokycupoBaTh.

Hcnonp3oBaHME MOHHOW JIUTOrpauu, a TAKKE AJIEKTPOHHOU B
COYETaHUU C PEHTTCHOBCKOW IIO3BOJIAET 3HAYUTEIBHO CHH3UTh
BiusHue 3(PekToB paccesHus. Hampumep, BTOpUUYHBIE 3JIEKTPOHBI,
BO30Y’KJICHHbIE PEHTI€HOBCKHUM HM3Jy4€HHUEM, BO3BpAIasiChb B PE3UCT,
naloT pasMasKy nopsiaka 100 A.

1.1.5. BnuaHue dpnykryauun npumecu

Kak wuzBectHo, npu audPy3nOHHOM JIETUPOBAHUHU TPOUCXOJAUT
pa3MbIBaHUE Kpa€B 00JACTU JETUPOBAHMS. JTOTO HEAOCTATKA JIMIIEH
MpOIECC HOHHOM HMIUIAaHTAUUW (MOHHOIO JIETMpoBaHusA). B 3Tom
cllydae MoJIy4aroTcsl pe3Kue Kpas 30HbI ierupoBanus (Puc.1.5.)

SiO,

nt §/

Puc. 1.5. @opmuposanue epanuyvt necuposanus npu
UOHHOU umnianmayuu (a) u oughgysuu (6)

C 1moOMOINIBI0O HOHHOW WMIUIAHTAIlMU BO3MOXKHO TOJYyYEHHUE
3arfyoJIeHHOTO JierupoBaHus TpeOyemoro mnpoduis. Jlms sToro
noabupaercss  dHeEprus  HMOHHOro  myuyka.  OKOHYATENbHOE
dbopMupoBaHue  JETUPOBAHHOM  0O0JACTM  MNPOUCXOAUT  MPH
nocieayromen 1updy3noHHON pa3ToOHKeE.

Sio,

A A A A A WA Vi 4 4 4 S S A N
L S S S S S A o S S S S S A X
Y =

35 o~ 1]
a. X 0.
+

Puc 1.6. ©opmuposanue cxkpvimoco n - Cl0s

Jlecuposanus moawunou Ol Ha enyoune [ npu
UMRIAHMAYUU 8bICOKOIHEPLEMUYHbIMU UOHAMU (a).
Ha puc. (6) npeocmaenen npoguns necuposaruis
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Onementbl UC ¢ p-n mepexojaMu 4YyBCTBUTEIBHBI K YPOBHIO
JIETUPOBAHMS, YTO MPUBOJIUT K OTPaHUYCHUSM Pa3MEPOB JJIS TAKUX
pabouux oOnacteil. HewnszOexxHble B TEXHOJOTMYECKUX Mpolieccax
dayKTyanuu npuMecei oka3bIBaloT 0COOCHHO 3aMETHOE BIUSHUE MPHU
MaJIbIX 3HA4YE€HHUSX pa3Mmepa akTUBHOM oOnactu (d) U cpenHen

KOHIIEHTPAlMU JIETUPYIOIIEH MPUMECH (ﬁ ) Jomyctum, 49TO

pacrpejieieHue npuMeceil mo o0beMy sBisieTcs rayccoBbiM. IlycTh
N,- cpenHee KOJMYECTBO MPUMECH B aKTUBHOW 00JIACTH 3JIEMEHTA

1

AT — 73
(M =nd ), &, — MAakCHUMallbHO JOIYCTUMOE OTHOCHUTEIIBHOE

OTKJIOHCHHE KOJIMYECTBa MPHUMECH OT CPEJHEro  3HAYCHHS,

N\ N 3
&=(N,—N,)/N,. BepoATHOCTb TOrO, YTO B 3aJaHHOM O0OBeMe d
OyZAeT CIIpaBeIuBO & > &£,, paBHa!

P=l1-= | ey (1.6)

YHCII0 IeMeHTOB Ha unre N=S/d°, yMHOXEHHOE Ha BEPOSITHOCTD
P, nmaer u4mcno 53JIeMEHTOB, HE YJIOBJIETBOPSIOIMIMX BLIOPAHHOMY
KpUTEpHUIO pachpeneseHuss npumeceid (T.e. AedeKkTHbIX). ITa
BEJIMYMHA JJIsl YMIa J0JKHA OBITh MEHBIIIE €UHUIIBL:

d’ 28MN1/2 -y*/2

IloncraBias B (1.7) 3nauenus ¢, = 0,1, n=10" em>, $=107 cm’
HAXOMM OrPaHUUYCHHE HA Pa3Mep dIEMEHTa, a UMeHHO d > 107 cm.

Ha npakTrke u3BECTEH €lie psi CYIIECTBEHHBIX OIPAaHUYEHUH,
IPOSIBISIOIINXCS B TEXHOJOTMYECKHX Ipoleccax. ITO, HaIpUMEp,
BIIMSIHUE MOBEPXHOCTHOM U dy3un Ha pa3Mephbl aKTUBHBIX 001acTen
WIM  HAKOIUJICHHE  OWMOOK, TOSBIAIONICECS B  pe3yJbTaTe
MHOTOKPAaTHOTO TPUMEHEHHUSI MACOK.

Takum 00pa3oM, OrpaHUYEHHS] BO3HUKAIOT B JUTOrpaduu MOpu
XapakTepHbIX pazMepax okojao 10 ©HM. Brausaue nerupyromieit
OpUMECH U TMOBEPXHOCTHON auddy3um MoxkeT ObITh Oosee
cymiecTBeHHO. OJHAKO 3TH OTPAHUYECHUST MOTYT OBITh MPEOJO0JICHBI
NepexXoAOM K JAPYrMM THNaM AaKTUBHBIX JJIEMEHTOB (HAmp.
reTeporepexoaam), COBEPIIIEHCTBOBAHUEM TEXHOJIOTUYECKUX
IIPOLIECCOB.
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1.1.6. CTatuctnyeckass BOCNpon3BogMMoOCTb
TEXHONOrM4eckoro npowecca

IIycthb [ — pazMep KOHCTPYKTUBHOT'O 3JIEMEHTa MUKpOocXeMbl. [1pu

[>>a, rae a — aTOMHBIA pa3mep, MOCTOSIHHAST PEUIETKU (a = 3Aj,

JTUCKPETHOCTh KPUCTAJUTMYCCKON CTPYKTYPBI HE MPOSBIIACTCS, TO €CTh
pa3Mep / MOKHO CUMTaTh MakpockomudeckuM. IIpu 3TOM Marepua
paccMaTpuBacTCs, Kak HempephiBHas cpena. Ecom [ = a, pasmep
CUMTACTCS MMKPOCKONMYeCKUM. Kakaplii aroM wiM HeOOJIbIas
rpyIma aTOMOB JIOJDKHBI PacCMaTpPUBATBCS KaK CaMOCTOSTEIbHBIN
00bekT. Ilpu l:(10+100)a 00BEKT HA3bIBACTCS ME30CKOIMUYECKUM.

CBoiicTBa Takoro oOOBEKTa CTAaTUCTUYECKA HEyCTOM4MBHL. Wiu,
IPYTUMH  CJIOBAaMH: ME30CKOMUYeckrne d(PdeKkTsl CBsA3aHBl CO
CTATUCTUYECKOW HEONPEAEICHHOCTHIO CBOMCTB N3Yy4aeMbIX OOBEKTOB.

MOXHO  OLIEHUTh pa3Mepbl KOHCTPYKTHMBHOTO  DJIEMEHTa
TpPaH3UCTOPa, IPU KOTOPOM €TI0 CBOMCTBA CTAHOBSITCA CTAaTUCTUYECKHU
YCTOWYMBHI, T.€. DJIEMEHT MOKHO CUMTATh MaKpoCKonmu4deckuM. I1ycTh
3T0 Oyner mobas obnacte UMC, nosiyyaemasi myTeM JIETUPOBAHUSA:
0a3za OWMOJISIPHOTO TPaH3UCTOpa WM O0JacTH CTOKa WM MCTOKa
MII Tpan3ucropa.

Ecim N — 4ucino atoMOB JIETUPYIOLIEW INPUMECH, a4 N - HX
KOHIIEHTpauusi, To JJsi oO0beMa J MoxHOo 3anucath N =n-V.
CpenHekBapaTuyHOe OTKJIOHEHUE AN CIIy4YallHOM BEJIMYMHBI

cp.K8

N ot cpenHero 3HaueHus N, , OTIPEZIeIIsieTCst KaK

— %
AN,,.=|(N-N,) (1.8)
N3 Teopun BEpOSITHOCTEN UMEEM:
AN 1
Cp.K6. — (1.9)
NCp. Ncp,
OTO chopaBemIuBO JUIsl CIIYYalHOrO IMpolecca, MOTYUHSIOMETOCs
AN

HOpMalbHOMY pacmpenenenmio. Ilpu N, =107, — = 0,03 (3%).

HOquaeTCﬂ, 4qTO IMIPpU YMCHBIICHHUHN KOJIMYCCTBA ATOMOB IIPHUMCCHU OO0
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10° oIeMEHT CTAHOBHMTCS ME30CKONMYECKHM M €ro  CBOMCTBA
HeycTonuuBbl. [IpoBenemM pmanee OLIEHKY pPa3sMEpOB  DJIEMEHTA,
COAEPKAILETrO TH TPUMECH.

TunuyHas KOHIIEHTpalUMs TpUMECEd MpU TETUPOBaHUU Oa3bl

16 -3
OUIIOISAPHOTO TPaH3UCTOpA n=3-10"cm". Torna
Ncp. 103 -14 3
V= = —113,3-10 " cm’. Eciu mpeamnonokuTh, YTO IJIEMEHT
n .

1o gopme - Ky6, To nomyuaem: V U L' u L ~3,2-10cM =~ 0,3 MKM.

Takum o00pa3zoM, pa3mepnl djeMmeHTa (0a3za, 00JacTh CTOKa M
MCTOKA M T.J.) CTaHOBATCA  ME30CKOIMYECKHMHM,  TepSIOT
CTATUCTHYECKH yCTOHUYMBBIE XaPAKTEPHCTUKU MPH Pa3Mepax MEHbIIIe
~ 0,3 Mxm. Ecmn n>3-10"cu™, pasmep snementa L MoxeT OBbITH
MEHBIIE B HECKOJILKO Pa3.

1.2. du3uyeckue o2paHuUYeHUsl, HaKnaodbléaeMblie
MexaHu3mMom pabomsi anemeHmoe UC.

1.2.1. Knaccundpmkaumnst npnbopos rno pasmepam

Kinaccudukamus snementoB C no pasmepam (d) MOXKET OBITh
MpoBeJCHA HA OCHOBE CpaBHEHHS C XapaKTEPHBIMHU JJIMHAMH,
ONpEeNENAIMUMU  PYHKIMOHUPOBAHUE Tpubopa. IDTO IMIMpUHA
00JlacTH MPOCTPAHCTBEHHOTO 3apsanaa (L), ayirHa cBOOOAHOTO mpodera
Hocutene (/), anmuHa BOMHBI dyekTpoHa (A). Ha mnpaktuke
BBITIOJIHSIETC  ycnoBue: L > [ >A. Hcxoas W3 3TOr0 MOXKHO
OTNPEICTUTh 4 TPYIIIBI MPUOOPOB:

— MaccuBnsbie pubopsi cd > L, [, A.

— IIpubopsr mpomexyTouHo rpymmsl ¢ L > d > [, A.
— bamnmuctuueckue npudopsi ¢ [ > d > A.

— KsanToBbie mpudopsi ¢ d < A.

OneMeHTsl UC IUPOKOrO0 NPUMEHEHHSI OTHOCATCS B OCHOBHOM K
nepBoi rpynne. CylIeCTBEHHYIO JOJI0 PbIHKA B HACTOSILEE BpEMs
3aHUMAIOT NpuoOopkl 2-i1 u 3-i rpynn. [Ipubopst 3-i u 4-i1 rpynn u
COCTaBIIAIOT 3JEMEHTHYI 0a3y TOro, 4ro B HACTOAILIEE BpeMs
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IPUHATO Ha3bIBaTh HAHOBJEKTPOHUKOU. W ecnu B mpubopax MmepBbIX
JIBYX TPYIII IPOBOJUMOCTb OIMCHIBAECTCS BBEACHHUEM IOJABUKHOCTH,
TO B IOCIECOHUX [JBYX SBJICHUA IIEPEHOCA OCYILECTBISIOTCS
KBa3HOAJTUCTUYECKH WIIM TYHHEIIMPOBAHUEM.

1.2.2. Nonesown TpaH3nctop. CKeNnMHr napamMeTpoB

Pabora 110J1eBOro TpaH3ucTOpa.

[ToieBO n — KaHAJIBHBIK TPAH3UCTOP C U30JUPOBAHHBIM
3aTBOPOM TMPEACTABISET COOON CTPYKTYpPy METaT — IUAJICKTPHUK -
nonynpopoauuk  (MII) ¢ MeTamMyeckuM  3aTBOPOM U
MOJIYIIPOBOJIHUKOBOW TOJIOKKOU p — TUIIA, HA IIOBEPXHOCTU KOTOPOM
c(hOopMHUpPOBaHbI JIBE I00OIACTH 7' - THIA — UCTOK U CTOK. B OCHOBe
paboTel moJsieBoro Tpanzucropa (IIT) nexuT sBICHUE MOIYISALUU
MMOBEPXHOCTHOW MPOBOJAUMOCTH MOJIYIIPOBOJHUKA MEXKAY MCTOKOM U
CTOKOM IIpYM M3MEHEHMU IOTEHIMAIa METAIMYECKOro 3aTsopa V.
YBenuuenue V, 10 TOpPOroBOro 3HadeHus V), NPHUBOAUT K
0o0pa30BaHUI0O HA MOBEPXHOCTH TMOJYIPOBOJHUKA HHBEPCHOHHOTO
cnoss n — Tuma. TakuM o06pa3oM o06nacTH 7' HCTOKA M CTOKA
OKa3bIBAIOTCA COCIMHECHHBIMU MPOBOASAIIAM KaHAIOM. 3HadueHue V,
ONPENEIACTCA U3 YCIOBHS PABEHCTBA MTPOBOJIMMOCTH HWHBEPCUOHHOTO
KaHaJla U 00bEMHOM TPOBOJIUMOCTHU MOJTYPOBOIHUKA!

2
I/H:Z‘PB+%:2‘PB+E1/5SeNa‘PB (1.10)
O — 3apsg B obmactu OO€IHEHHS TMOJYyNPOBOJAHUKA, N, —

KOHIICHTPAIlAsl AKIENTOPOB B MOJYNPOBOAHUKE, € F3 — pPa3HOCTh
nojnoxkeHun ypoBHsSs Depmu I ABYX IMOJYNPOBOAHUKOB —
COOCTBEHHOTO M MOMIOKKH, C, =&, /a — eMKOCTb JH3JIEKTPHKA, d —

TOJIINHA AUBJICKTPUKA, &N & — HUIJICKTPUYCCKHC ITPOHUIACMOCTHU

JTASJIEKTPUKA U TTOJYIIPOBOJHUKA COOTBETCTBEHHO.

Beenem oOo3HaueHus: Vp — HampsokeHHE MEXKIY CTOKOM U
HUCTOKOM, Vgg — HAIPSKEHUE MEXKAY HCTOKOM U MOIJIOKKOH, W —
IMpuHa KaHaia, d — JUIMHA KaHala, (4, — MMOJIBMYKHOCTh JJICKTPOHOB B
kaHaine. BoaeT-ammepHas  xapaktepuctuka (BAX) moneBoro
Tpan3ucTopa npu Vp < Vps (Vps = Vg - 2'Wg HanpsizkeHue HaChIILICHUS
BAX) onpenensiercsi BeIpaxeHHUEM.
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\ V, 2 3/2 3/2
Jp :gﬂnci (Vg —-2%, _zde _a\/gseNa [(Vd +2\PB) _(ZLPB) }
(1.11)
UcTok (Vs) 3atBop (Vo) CTOK (Vo)

[

LIManeKkTpuk
—  __kaHan

---.-
.""-H.-._

Y J/

-—--------—--'

KpemMHun p-tuna

Fionnoxka: (Vesseo

Puc. 1.7. Ocnosnvie snemenmvl  cmpyKmypwl
n-kananvro2o MOII - mpauzucmopa

[Ipu ManbIx HaNpsKEHUAX Vp CONPOTHUBIICHUE KaHAJIA MMOCTOSHHOE U
3aBUCUMOCTh Jp OT Vp nuHeiHasa. C yBennueHueM }'p yMEHbIIAETCs
ryOrHa KaHajla BOJIM3M CTOKA, CONMPOTHBJIICHHE KaHaJa pacTeT U
IIPOUCXOAUT HACBIIIEHUE Jp.

MunanmanpHas muprda OI13 mig KMIT.

[IpoBenemM  OIEHKY  MUHUMAJIbHOM  IIUPUHBI  00JIACTH
npoctpancTBeHHoro 3apsga (OII3) nama  KoOHTakra  MeTasui-
nonynpoBoaHuk (KMII) [5]. Haynem ¢ OIleHKM MUHHUMaJIbHOIO
3HaueHuss mupuHbl OlI3 L B KOHTaKkTe, Il KOTOPOTO pa3MEPHBIC
3¢ (}eKThI, CBI3aHHBIE C d, HE TMPOSBIAIOTCS. cmonp3yeM u3MeHeHue
BAX c¢ ymenpmenneM L. O4YeBHIHO,YTO NpPH YMEHBIIEHWH L
BO3MOXHO H3MEHEHHE BHAa W mnapameTpoB BAX, ompenensiemoe
U3MEHEHNEM (PU3NYECKUX MPOLIECCOB, KOTOPBIE ONMPEETSIOT TOK.

Ecim wucxonutb u3 kpurepueB IudPy3noOHHON TEOpHUH, TO
MHUHHMAaJIbHAS IUPUHA L HE MOXKET ObITh MCHBIIIE, YEM
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3 *
“u,my,

L0 = (1.12)

8e
u, - MOJBHKHOCTB DJIEKTPOHOB B AMAJIEKTpUUecKkoM cioe. Hampumep,

I KoHTakTa Ha n-Si npu L =5/ mupuna L nomkHa OBITH OOJBIIE
0,043 MxMm. IIpm MeHbIMX L BBIOJHIETCS AUOAHAS TEOPHUS 10
3HAYCHHM, MPU KOTOPBHIX CTAHET CYIIECTBEHHBIM TYHHEIMPOBAHHE
Hocutenen yepe3 OII3. JlomycTthm, dYTO  TYHHEJIHPOBAHUE
OTCYTCTBYET. J[jist TOro 4ToObI ONMPENEIUTL X0 MOoTeHnuana ¢(x) u

3HaueHusa napamerpoB OII3 B momynpoBoanuke mna cios [loTkw,
KOT'/Ia BBICOTA MOTEHIIMAIIBHOTO Oapbepa @, U3MEHSAETCs B Ipeeiax

*
m}’[

* b
mP

2,3kT <@, < E, —2,u+%kT1n

HE0OXoauMO pemuTh ypaBHeHue Ilyaccona st paBHOMEPHOTO
pacrpefiesieHusi [pUMece B MOJYNPOBOAHUKE. PesyiapTraTom
UHTETPUPOBAHUS OYIyT BBIPAKECHUS

627/1 en
p(x)= S (Lox), E(x) == (1)
0 0

3mech: ¥, - BHICOTA IOTEHIMAILHOrO Oapbepa, L - mmpuna

noreHnuansHoro 6apsepa (OI13), £ - manpskenHocTs mons, £, -

IIMpPUHA 3aIPEIICHHONW 30HbI MOJTYIPOBOJHNUKA, M - SHEPrus paBHas
Pa3sHULIE MEXIYy MOJIOKEHHEM YpoBHA PepMHU ©U JHOM 30HBI

* *
MPOBOAMMOCTH, M, W m, - 3(PEKTHBHBIC MACChl 3JIEKTPOHOB H
JIBIPOK COOTBETCTBEHHO. [Ipn x = 0

2
_en

28,8
(00_ 0 ¢0

en
5 L, E,=——2L, L= |—/" (113)
&&, g&, en,

Hcnonb3ys aiist L npuBeeHHbIE OLEHKH, HEPaBEHCTBO (1.12) MoxHO

nepenucars B BUJIE [S]
L[] o —eU, \/ n’

(1.14)

Vo —eUs J Pl
kT 2m L
Hanpumep, aius KMIT wa n-Si, eciu ¢, —eU, =0,53Bu 6 =0,2, 0 L

kT 2m'

3HaueHue L MOKHO OIIEHHTB, €CJIM 3a1aTh
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= 0,05 mxm. Takum oOpazom, MpeHEOPEKEHUE TYHHEIMPOBAHHEM
MPUBOIUT K TOCTATOYHO MaJbIM MpeAebHBIM 3HadeHusIM L. OmHako
clielyeT OTMETUTh, UTO YMEHbIIICHUE L, ompeaeisieMoe U3 YCIOBUS
NPEHEOPEIKEHUST TYHHEIUPOBAHUEM, JO €Il€ MEHBIINX Pa3MEPOB HE
SABIACTCA  NPUHOUIUAIBHO  HEBO3MOXHBIM.  J[eMCTBUTEIBHO,
BBITIPSMUTEIIbHBIE CBOMCTBA KOHTAKTA MPHU 3TOM COXpaHsAroTcs [ S .
Ho cymecrBenHo wu3MeHseTca Buj BAX M MOXET NOMEHSTHCS
HaIpsOKEHUE BBIMPSMIICHUS ISl IPSIMOTO U OOPAaTHOTO HaIpaBJICHUN
TOKa B KOHTakTe. [loaTomy 3HaueHust L, momydeHHBIC W3 aHAIHM3a
BAX, Moryr ObITh 3HAQUUTEIBHO MEHBIIUMHU, 4YEM 3aJaHHBIC
BeipaxkerusiMu (1.12) u (1.14). IIpu maneix L 0osiee CylieCTBEHHBIMU
CTAHOBATCSI OIPAHUYCHUSA, CBA3aHHBIE C JUCKPETHOCTHIO 3apsaa. Tak,

P  pelleHuH ypaBHeHHs IlyaccoHa U monydeHun ¢ (x)

UCIIONIb3YETCS MPENIOI0KEHNE O HenpepblBHOCTH 3apsana B OII3. B
TO K€ BpeMs 3apsijl, CBA3aHHBIM C MOHU3UPOBAHHBIMU IMPUMECSIMH,
SIBJISIETCSI JUCKPETHBIM. B CBSI3M ¢ 3TUM BBeJieHHE L, CTPOTO TOBODA,
BO3MO>KHO TP BBITIOJIHCHUU HEPABEHCTBA

2
LO (n,)?, (1.15)
TJIE 7, - KOHLIEHTpal¥sd HOHU3UPOBAHHBIX NpuMecei. Ecim n,, = ny,
TO MOYHO BOCHOJIb30BaThCA BhIpaxkeHueM st L (1.13) u nepenucats
MOCJIeIHEE HEPABEHCTBO B BUJIE
12
L] (1.16)
2¢¢, (@, —eU,)
=0

12
Eciu 3amaTh 3HaYeHHE TO MOHO OIIEHUTh
A 2¢¢,(py—eU,)L ° H

MHUHUMabHOE 3HaueHue L, Hampumep, miis KoHTakTa Ha Ha n-Si, €
®,—eU,=0,5>Bnpu 6 =0,2 L =0,2 Mmxm.

PaccMOTpeHHOE OrpaHMdYEHHME IIUMpWHBI L, cBA3aHHOE C
TUCKpeTHOCThIO 3apsana B OII3, onpenenser MUHUMAJIbHOE 3HAUYCHUE
L xax mis BAX, tak m mos BDX, a Takke HampsHKEHHOCTH
snektpuyeckoro nons £, B OIN3. Ormerum, uto BAX u BDX He

MPETEPIICBAIOT MPUHIUITHAIBHBIX W3MEHEHUW NpU U3MEHEHHH L B
npeaenax or L </ mo L >/, HO mapamMeTpsl HEKOTOPHIX MPHOOPOB C
KMII - cTpykTypaMu MOTYT CYyIIECTBEHHO U3MEHSATHCA. TaK, JaBUHHO
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- TIPOJIETHBIE MPUOOPHI pabOTAIOT JIMILL B TOM CJydae, KOrja JJIMHa
cBOOOMHOrO IpodOera osyekTpoHoB [ L, T. €. IpuU YCIOBHIX
BBITIOJIHEHUST U(Pdy3uOHHON Teopuu (MHaue He OyJeT JaBUHHOTO
pa3MHOXKEHHMsSI ~ HOCUTENeM  3apsiga). PaccMOTpeHHblE — 37€Ch
orpanuuenus mupuasl OI3 L ompenessitoT MUHHMAIbHBINA pa3Mep
KMII B HanipaBiieHnH, NEPIICHAUKYIIPHOM €TO MIOCKOCTH.

MuHanManbpHas ToamuHa IeHkn Metamia KMIT

OrpaHnyeHuss MHMHUMAQJIBHOW TOJIIMHBI IUIEHKM  MeTajula
OIIPENETAIOTCS CAEAYIOMUMH (PU3MUECKUMHU IPUYMHAMH. Bo-1epBhIX,
MUHUMAaJbHas TOJIIMHA METaula ONPENEISIeTCS TPEOOBaHUAMHU K
BeIcOTE Oapbepa ¢,. Tak kak Oapeep (opMHUpYyeTCs YxKe IpH
TOJIIIMHAX METa/la MOpPsJKa HECKOJIBKHX MOHOCIIOEB, TO C 3TOH
TOYKH 3pEHHs ToJmMHa Metamia moxer Obrth [ [1 0,001 mxm. Bo-

BTOPBIX, MUHUMAJIbHAS TOJIIIMHA METAJUIA ONPEAECIACTCI U3 YCIOBUS
JIOCTaTOYHO MaJIOTO COINPOTHUBJICHUS IUICHKU R,. Ilo3TOMYy TONIIMHA

R
metaia [ >—* (p, - yIEIbHOE CONPOTUBIEHUE MeTauia). Ecim

y
p., =107 -10°0Om" -cm™", To mpu R, =1 OM TONmMHA ILICHKHU
meramia [ < 0,01 - 0,1 mxm. 3HaueHue [, B cpeHEM MEHBLIE, YEM
pasmepsl L u d. Takum oOpa3om, TOJIIMHA IUICHKH METajia, Kak u
TYHHEIBHO-TIPO3PAYHOT0 JUAIEKTPUUECKOTO MEePEX0aHOro cios (d, <

0,006 MKM), He ABJISIETCS OMNPEACISIONIUM TPU PACCMOTPEHUU
MHHUMAaJIbHBIX BEPTUKAJIBHBIX pa3MepoB CTpykTyp KMII.

M3MeHeHne mapamMeTpoB IpruOOPOB IPHU VMEHBIIEHHH WX DA3MEPOB —
monenb ckermara [1T.

[TockobKy yMEHBIIIEHHE pa3sMepoB MPUOOPOB TMPHUBOJUT K
U3MEHECHUI0O MX pabOuMX XapaKTEPUCTUK, TO KaKAblM TakKoM Imar
TpeOyeT HOBBIX MPOIIECCOB ONTUMHU3AIUK PAOOUMX MapaMeTpOB
MHKPOSIJECKTPOHHBIX YyCTpoucTB. CyIIEeCTBYET, OJIHAKO, AWAIa30H
F€OMETPUUYECKUX PpPa3MEpoB, TJI€ MOXKHO CpPaBHUTEIBHO IIPOCTO
OLICHUTh WM3MEHEHUE IapaMETPOB MNPUOOPOB MPU YMEHBIIEHUH HX
reOMETPUUECKUX pa3mepoB B K pa3. s OLEHKH NPEUMYIIECTB,
KOTOpbIE  JlaeT  MUHMATIOpU3alMs,  UCHOJIB3YIOTCS  MPOCTHIC
MacITaOHbIE COOTHOIICHUS, Ha3bIBa€Mble CKEHIHMHroMm (scale —
MacITao).
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Tabawnua 1.3

CreliuHe 21eMenmos U MeNccoeOUHeHUll

[TapameTpsl PacueTHbie (hopMyJIbI F(K)
['eomeTpuyeckne pa3Mepsl e
d,w,L,a
Hanpsokenust V,, V), E =const,V,=E,d K
Konuenrpanus npumecu B
nomiokke N, E U \/(Vg —Ela)N 4 ®const K
Tox B IMHENHHOW 001aCTH we

J,=—=VV, K
BAX J, da ¢
d* CJV
Bpems 3anepxku 7 = max L ee K
IEPEKIIIOYCHUA T W, J,
1
JxoyneBa MOLIHOCTD I P=—c, AV; e
YIIPaBIICHUS IEPEKITIOUCHUEM 2
OyHKIIMOHAIBHOE — 3
osicTposericteue MUC, @b ®b= Nt K
ConpoTuBiieHNE TUHUM R=p ! I%
Mexxcoeauaenuit (JIMC) o wh,
Rl CI
T, =
"oy,
Bpewms orkinka JIMC, 7, C, - eMKOCTb COEJIMHEHMS, 1
V, - CKOPOCTb
AJIEKTPOMArHUTHOM BOJIHBI
. J
[TnotHoCcTh TOKA B JIMC, j, j,=—2 K
wh,
HopManu3oBaHHOE BpEMs 7, _RC X
otkiuka JIMC T T

Takum oOpaszom, 3a7a4u, peliaeMbie 3TUM CIIOCOOOM, COCTOSIT B
ONpEeNIeICHNA HEKOTOPBhIX MacmTaObHbIX MHOXuTenen F(K), c
MOMOIIbI0 KOTOPBIX MapaMeTphbl MpUOOPOB, YMEHbIIEHHBIX B K pa3,
MOTYT OBITh BBIpAXEHBI 4Yepe3 IapaMeTpbl HCXOJHOr0 Ipubdopa.
Hcnonp3yroTcsi pa3inyHble MOJAEIHM CKEWJIMHTa, B 3aBUCUMOCTH OT

00BEKTA,

27

K KOTOPOMY OHHU TMPUMEHSIIOTCS WIM OT XapakTepa




BEJIMUMHBI, TPEOOBAHME IMOCTOSIHCTBA KOTOPBIX 3aKJIaJIbIBACTCA B
TEOPHIO.

[lycTh, HanIpuMep, TEOMETPUUYECKUE MapaMeTphbl TpaHucrtopa (w
— IIMpUHA KaHana, d — JJIMHA KaHajla, a — TOJIIMHA AUDJICKTPHUKA)
yMeHbIaoTcss B K pa3. HanpsikeHHOCTh 3JeKTpudeckoro nojisi Eg B
obnmactu mpoctpaHcTBeHHoro 3apsga (OII3) momynpoBogHUKA
JOJI’KHA OCTaBAThCSl TOCTOSIHHOM:

E; ~\(Ve-Ea)N, (1.17)
3nech E; — Hanps>KEHHOCTH OIS B AUAJIEKTpUKe. Takum 00pa3oM, s
HEU3MEHHOCTH TIoisi B paboumx  o0OmacTsAx, HEO0OXOIUMO
KOHIICHTpAIIMIO TIpUMecel yBeauduTh B K pa3, a Bce HaIPsHKCHUS

yMeHb1uTh B K pas. U3 (1.11) cnenyer, uro npu V, >> V,, Belpaxenue
JUTSL TOKA:

W&

I =;ﬂn;’VgVD (1.18)

OTtcroa cneayeT, 4To 3HaueHue Jp o0paTHo mpomnopiroHaibHo K. B

Tabnuue 1.3 npuBeaeHbl 3aBUCUMOCTH HEKOTOPBIX napamerpoB MJIII

TPAH3UCTOPOB U MEXKCOEAMHEHUN MPU YMEHBIIEHUU UX pa3mMepoB B K
pas.

I lpnunHBl OTKa3a CKEMJINHTA

Hcnonp3oBaHue MeroAa MacITaOMPOBAHUS HA TEPBBIM B3IV
MO3BOJIIET CHIeJaTh BBIBOJ, YTO pPa3MEpPbl 3JIEMEHTOB MOXKHO
yMEHbIIaTh 0€3 Kakux-aubo orpanudyeHuii. HeoOXoamMo TOnbKO
BHOCHUTH COOTBETCTBYIOIIME MAaCIITAOMPOBAHUIO KOID(PUIMEHTHI B
COOTBETCTBYIOIIIME XapPAaKTEPUCTUKU padbouux obOmnacteil. OmaHako
paKkTUKa TMOKAa3bIBA€T, YTO, HAUMHAs C HEKOTOPBIX pa3MepoB (s
KPEMHUEBOM TEXHOJOTMU — 3TO CYOMHKPOHHBICE MAacIITaOBbI)
3aKOHOMEPHOCTH CKeWsmHra He pabotator. Hampumep mnsa Si0O, —
TPAAUIMOHHOTO MaTepuaia H30JIUPYIOIINX CJI0EB MHUHUMAaJIbHAs
TOJIIMHA OLEHWUBAeTCss B 2,3 HM. OJTOT NpEaesl ONpeAecseTcs
mpolieccaMy yTEUKH 3apsfia 4epe3 AMDIICKTPUK 3a CUET IPOIIECCOB
TYHHEJIUPOBaHUSA. YMEHBIIECHNUE TIyOUMHBI JIETUPOBAHUS KOHTAKTOB B
oOnacTsix croka U uctoka MeHee 30 HM NOPUBOJUT K POCTY
KOHTAKTHOTO COMPOTHUBIICHUS U JIETpafaliii pabounx XapaKTepUCTUK
TpaH3uctopa. B Ttabmuue 1.4 mpuBeneHbl 3HAYEHUSA MapaMETPOB,
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OrpaHUYMBAIOIIME TPUMEHEHUE MeToAa MaciTabupoBanus s M
TPaH3UCTOPOB. [6]

Tabnuma 1.4

[TapameTp IIpenen ITpnuuna
TomnmmAaa okucia 2,3 M | YTeuka
TosmyHa KOHTAKTHOW 00JaCcTH 30 am | ConpoTuBiieHUE
JlernpoBaHue KaHana Vr=25B | Yreuka
SDE nuddy3unonnsliii pazmep 15um | ConporuBieHue
JlnnHa xaHana 0,06 MmxkM | YTeuka
JlmmHa 3aTBOpa 0,1 MmkMm | YTeuka

B tabnuue: SDE — source/drain extension - ymdpeHnue obyacteit
HCTOKAa U CTOKa JISTUPOBAaHUEM ATUX 00JacTeld Mo Kparo Ha IIyOuHY
30 - 40 um s ycunenus 3PpHEKTOB KOPOTKOro KaHaja.

[Io mepe yMmeHbILICHUS JIMHBI KaHaja TOJIIHWHA IUAJIEKTPUKA
yMeHbpmaace oT 10 mxkm go 0,1 mxm. TommmHa Mmoa3aTBOPHOTO
OKHCJIa (T OX) JUHENHO 3aBUCHUT OT [UIMHBI KaHaJa (LE) Ha ocHose

aHaJIN3a TEXHOJIOTUH 3a mocienaue 20-25 et noiaydeHo BhIpaKEeHUE,
CBA3BIBAIOLIIEE OTU napameTpsl: L, =45xT,, .

pd

< e
]
................ /
3aTtBop Mognoxka
nt p

Puc 1.8. Mexanuzm ymeuku nocumeneu eciedcmaeue
NPAMO20 MYHHEeAUPOBAHUSL yepes MOHKULL
OUBJIEKMPUK.

COBpeMeHHaﬂ TCXHOJIOTHA IO3BOJACT HM3IroTaBJIMBATL CJIOHU
OKCHMIOB MW OKCHHUTPpUIOB KPCMHHA, IIPHMCHACMBIX B KadYCCTBC
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MOJI3aTBOPHBIX JTUAJICKTPUKOB, TOJIIUHON MeHee | HM. OrpaHuyeHust

10 TOJIIMHE HUKAK HE OTPAaHUYEHBI TEXHOJIOTHEN. OCHOBHAS MPUYNHA

— O3TO YTEYKM BbI3BAHHBIE TYHHEJIUPOBAHUEM HOCUTEIEH YeEpPE3

TOHKMM amdiekTpuk. Ha pucynke 1.8 1okazan MexaHu3M

TYHHEJIUPOBAHUS HOCUTENICH uepe3 MOTECHIUAIbHBIN Oapbep s n-

MIII Tpan3ucTopa B pexxuMe uHBEpcUH. Kak M3BECTHO, CyIIECTBYET

pa3HUIla B BBICOTE MOTEHIMAIBHOTO Oapbepa IJisd AJICKTPOHOB U JJIs

neIpoK. KpoMe TOro, BEpOATHOCTh TYHHEJIHPOBAHHUS B OKHUCEN IS

JBIPOK 3HAYUTEIBHO MEHBIIE, YeM ISl AIeKTPOHOB. Takum oOpazom,

MPEICIbHOE 3HAYCHUE TOJIINHBI MTOJ3aTBOPHOTO TUAJICKTPUKA IS 11 -

M/II tpan3uctopoB Oomblie, yeM s p — MIL.

[To moBOY BO3MOKHBIX ITPUYHH, IPUBOIAIINX K HEBBIIIOJIHEHUIO
3aKOHOMEPHOCTEN MaciTabupoBaHusi, aBTopamu [l] mpuBenEHBI
CIEIYIONINE COOOpaKEHUS:

. Jlns  oOpa3oBaHusi  HWHBEPCHOHHOIO  KaHala  HEOOXOJIUMO
BBITIOJIHEHHE COOTHOLIEHUS V', > V), T. €. HalIpsKEHHWE Ha 3aTBOPE
V, Oonbuie moporosBoro V, , KoTropoe mnpaktudyecku or K He
3aBHCHT. Torga HauMHasg ¢ HEKOTOPOro 3HaveHusa K BennuuHa V,
JIOJDKHA OCTaBaThCsl MOCTOSIHHOW. BBINOJIHEHHWE 3TOTO YCIOBHUS
HEBO3MOHO, ITOCKOJIBKY HAIPSKEHHOCTD AJIEKTPUUECKOrO Mo £
(a2 UMEHHO OHa JOJKHA OCTaBaThCSl MOCTOSIHHOM MpU M3MEHEHHH
XapakTepHOro pasmepa d) u V, cBA3aHbl COOTHOWEHUEM V=F.d

. TemnoBsie QuyKTyanuu ToKa AOTKHBI ObITh 3HAUUTEIIBHO MEHBIIIE
COOCTBEHHO TOKa. JTO YyCJIOBHE OyAeT BBINOJHATHCA B cllydae,
KOTJIa HAIIPSIKEHUE MEXKTYy CTOKOM M UCTOKOM OYJIET CYIIECTBEHHO
oomnbie kT/e (Vp > 10 kT/e).

. JlnvHa xaHana JoJKHA OBITh CYIIECTBEHHO OOJIbIlIE TOJIIUHBI p-n
nepexona (d > 2L). D1o ycioBue HE0OXOIUMO JIsl TOTO, YTOOBI HE
OBLJI0O CMBIKAHUS O0JacTed MPOCTPAHCTBEHHBIX 3aPSI0B MEKIY
00JaCTAMH MEPEXOJ0B UCTOK-MTOAJIONKKA U CTOK-TTOJIJIOKKA.

. Hcrok, momnoxka u crtok IIT d¢aktuyecku o0Opasyotr n-p-n
TpaH3ucTop. JIpIpku, TeHepupyeMbie B 00JaCTH OOCTHEHUS CTOKa,
BBI3BIBAIOT TOK Y€pe3 IMOMJIOKKY, SBISACH [JI1 Marepuana
MOJIJIOKKH OCHOBHBIMU HOCUTEIISIMH. B pe3ynbpTare yBeanunBaeTcs
MOTEHIMAN TMOJJIOKKH BOJIM3M KMCTOKA, M KaK CIEJICTBUE —
YBEJIIMYMBAECTCS MHXKEKIMA HOCUTEIIEN U3 n-p IEepexola UCTOKA B
MOJJ1I0KKY. OUEBUHO, YTO C YMEHBIICHUEM JIJIMHBI KaHAJIA BCE ITU
3G (PEeKThl HAYMHAIOT MPOSBIATHCS MPU MEHBIINX HANPSKCHUSX.
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Hna  MJII  TpaH3ucropa TOK 4Yepe3 TOMIOXKKY  SABJISETCS
Napa3uTHBIM, & YBEIMYEHUE €r0 C YMEHBUICHUWEM JIJIMHbI KaHaja,
MPUBOIAUT K aHOMAJIbHOMY YMEHBIIIEHUIO HATIPSKEHUS POOOs.

. Ecimu mupuHa obmact oO€JHEHHS HMCTOKAa M CTOKAa CTAHOBUTCS
CpaBHMUMON C IUHOW KaHana (d), NPOUCXOJIUT YMEHBIIEHUE
noporoBoro Hampspkenus V, ( adhdext xkopoTkoro kaHaia ). ITo
CBA3aHO C TEM, YTO C YMEHBIICHUEM JJIMHBI KaHallda YMEHbIIAETCS
BeIMuMHa 3apsaa  (Jg, HaxoJdmerocss B cI0o€  OOETHEHHUS
nosynpoBoaHuka. Takum oOpazom, corimacHo (1.10) V, Taxxke
YMEHBIIAETCS.

. YMEHbIICHHE M[IHPUHBI KaHala W, HauuHasg C HEKOTOPOro
3HAYEHMS], MPUBOJUT K YBEJIMUYCHHUIO MTOPOTOBOTO HampsikeHus V,
(@pdext y3koro kaHama). ITO CBsizaHO C APOEKTUBHBIM
YBEIMYEHUEM 3apsiia B CI0€ 00EAHEHUS MOIYTPOBOJHUKA.

. YMenblienne ummHbl kKanaina MJII Tpan3ucropa mnpuBOAUT K
YBEIUYEHUIO TPEANOPOrOBOIO TOKa W €ro 3aBUCHUMOCTH OT
HaIPSHKEHUS MEXY CTOKOM M UCTOKOM. ITOT 3(PPEKT MOKET ObITh
CYILIECTBEHHO TOJABJICH, €CJIH MPOU3BOJUTH ONTUMHU3AIHUIO
npyrux. B yacTHOCTM, MUHMMAaJIbHAsl JJIMHA KaHaja, HauuHasi C
KOTOpPOI PE3KO YBEIMYMBAETCS MPEANOPOrOBBId TOK, MOXKET OBITH
oTpeJiesieHa U3 CIIEIYIONIET0 SMIUPUUYECKOTO COOTHOILICHHUS:

d, = c(Xjawl2 )1/3 (1.19)

173
rae ¢ — nocrosiHas (¢ = 0,41A7"), a — TomuyHa AMANEKTPUKA, W)
— CyMMapHasi ImdpuHa obJjlacTeil 0OeqHEeHUs] CTOKa M UCTOoKa. M3
(1.19) BugHO, 4TO B OTJIIMYME OT CKEWJIMHTOBOTO MOAXOJa, KOTra

1 4/3
dn~ K, onmtumMu3anus mapaMeTpoB jaeT dy,~ K .

1.2.3. OrpaHnyeHuns anekTpodmnandecknx napameTpoB

[Ipu npunoxennu PUKCUPOBAHHOTO HAMPSHKEHUS MUHUMAIIbHBIN
XapakTepHBIM  pa3Mep  dJieMeHTa  (TOJIIMHA  [OJ3aTBOPHOTO
TUBJIEKTPUKA, TOIIIMHA OOCAHEHHOIrO CJIOSA, TOJIIMHA Oa3bl U T.II.)
ompenensiercs mpodoeM Matepuana. [IpoOuBHas HaNPSHKEHHOCTD
monst s KadectBenHoro SiO, cocrasmser 10° Blewm. Ilns Toro,
4TOOBl CHU3UTH BEPOSITHOCTH MPO00s, HEOOXOAUMO CHHUXKATh
HarpspKeHue, npukiaasiBaemoe k anementy MC. [lpeiid moporosoro
HaIPSDKEHUS TPaH3UCTOpa MOXKET OBbITh, HaIpPUMEP, YMEHBIICH 3a
CYET OTJIQJIKH M COBEPIICHCTBOBAHUSI TEXHOJIOTMYECKOTO IIpoIlecca.
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HeycTpaHuMbIMU  SIBJIIFOTCSI  TEIUIOBBIE (iyKTyanuu. PaccMoTpum
HECKOJIBKO BO3MOKHBIX BApUAHTOB OTpaHUYCHUN
anekTpoduzndeckux napamerpos UC [7].

MuHUMAIBLHOE HANPSOKEHUE NUTAHUS 1O 1ynpoBoaHUKOBOM NC.

[Iycte E bsHeprus, KOTOpYHO HOCHUTENM 3apsAia JOJDKHBI
pPeoA0JIeTh, YTOOBI TEPEKIIOUUTHh IIeMb (OTKPBITH TPaH3UCTOD,
NEPEKIIOYNUTh COCTOSIHUME Tpurrepa u T.i.). [lomoxum, uto E = eU,
rae U — HanpsbKeHuMe MCTOYHMKA NUTaHus cxembl. Hocurenu 3apsaa
HaXOJATCS B TEIUIOBOM JIBUKCHUMU.

BeposTHOCTh TOTO, 4TO OHM HAOEPyT B MPOLIECCE TEIUIOBOIO
nBKeHus sHepruto E, , onpenensercs pacupeaeneHueM [ 'ndoca :

W =A4 e_E%T (1.20)
n n .
[Tonoxxum, npubIMKeHHO, 4yTO cocTosinue ¢ E, = 0 ocyiiecTBisiercs ¢
BEPOATHOCTHIO, paBHOW eaunHune. [loatomy A, = 1. Takum oGpazom,
BEPOSITHOCTh TOTO, YTO 1I€Mb MEPEKIIOYUTCS B Pe3ybTaTe TEIJIOBOTO
JIBHKCHUSL:
U kT
W=e Vo , Pr= ?

b

otkyaa 1ia T = 300 K nonygaem, uto @1 = 0.026 B.
ITycte B UC 10° BJIEMEHTOB, Kb U3 HUX MOXKET MEPEXOJIUTH
B HOBBIE cOCTOSHIS 10 pa3 B cexkyHnay. [loTpebyem tenepb, 4TOOBI B
teuenne 10° cexyHn (20 MHH) B CPEIHEM TOIBKO B OIHOM DIEMEHTE
IIpU OJHOM MEPEKITIOUYECHUHN MOXKET ITpou3ounTu cooil. Tora :
11 1 108

T10° 10° 10°

-U
BosBparascs k (1.20), moayuum e for =W =10"". Orciona BbITeKACT
TpeOoBaHUE K HalpspkeHHIo nutaHus: U =@, -2,3-18=41¢p,. Ilpu

T = 300 K, ¢, = 0.026 B, nonyuaem, uro Uy, = 1B. IloHmxkenue

paboueil TeMmmeparypbl JaeT BO3MOXKHOCTh MHOHU3UTH Uy,
Upir=0.25 B g T=78K 1 U, = 0.013 B g T=4K.

Y4uuTeiBas, 4TO HANPsHKEHHOCTH MOJS MPOOO0s ISl XOPOIIEro
IMDTIEKTpUKA Epos = 10" — 10° B/M, TonmuHa CiOSI MO3aTBOPHOTO
JUBJIEKTPUKA MOXKET OBITh OLICHEHA CIICIYIOIIUM 00pa3oM:
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U 1B
Z‘min = =
E,  (10+100)8/
Cpenusist TONIMIMHA AWDJICKTPHUKA, YCTOMYMBOrO K MpoOOI0 mpu
HanpspkeHusx U=1 B cocraBager 30 — 300 vm (T.e. ponu
Mukpometpa). [Ipu Tonmuuae IU3IeKTpruKa MEHee 3 HM yTeuKa 3apsijia

OCYILIECTBJISCTCS HE 3a CUET MP000sI, a 32 CUeT TYHHEIbHOTO d(PdheKxTa.

=0,1+0,01 mrm

MunuMaiapHO qonyctuMbid TOK B MIC.

HeOonpmine OecmopsimouHble  OTKJIOHEHHS TOKa Kak B
AJIEKTPOBAKYYMHBIX, TaK M B TOJYNPOBOJHUKOBBIX MpUOOpax,
BBI3BAHHBIE HEPABHOMEPHOCTHIO MHXKEKIIMM HOCUTEJIEH, HA3bIBAKOTCS
npoOoBbiM 3 dexktoM. OH CONMPOBOXKIAET JIOOBIE MPOLECCHI,
CBA3AHHBIE C  MPOTEKAHHEM  DJIEKTPHUUYECKOTO  TOKa  4epes
nonynpoBogHUK. [loatomy muHMManbHO npomyctumbli TOK B HC
TaKxXe ornpenensiercs QIyKTyalusiMu TOKa, T.€. APOOOBBIM 3P (DHEKTOM.

n-e
=€
z— M
rac n — 4Ymciio 3JICKTPOHOB, a T - JUIMTCIIbHOCTDb UMITYJIbCA TOKA.
CpeI[HeKBaI[paTI/IIIHoe OTKJIOHCHHUCEC quciia 9JICKTPOHOB B

UMITYJIbCE OT UX cpeliHero yucina (cM. 1.8) :

)2
M= (11, ) |

YuuThiBas, 4To Aj1 CTATUCTUUYECKH HE3aBUCUMOI'O YKCJIa YaCTHII :
An 1

cp.K8.

Al An 1
[Tomygaem, 4To 7 =

n ncp

Jlst Toro, uto0n! Al/l He npeBbIiano 1 %, Hy>KHO UMETh ncp=104.
Iycts T =2-10""¢ £, = 1000 MT'rg (cm. puc 1.9). Torna

; _Twe 10*-1,6-107"

. o =8-10°4=210°4
’Z' .
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. T=2410"
-~ T=10% —

Puc. 1.9. Ilepuoo u onumenvHocms UMNYIbCO8

Ecan HalineHHOE 3HAYEHHE - 3TO TOK B IIENM 0a3bl, TO B IIEIH
KOJIJIeKTOpa MoXeT ObITh B 100 pa3 Oombiie, T. €. [, =10A = 1MA.
[TosToMy 0ObIYHas BeamuyuMHa Toka UMIynbcoB B MC BeIpakaeTcs
TIOJIIMH WJIM €IUHUIIAMHU MA.

MuHHMAIIBHOE 3HAYE€HUE TOKA, JIOCTATOYHOTO ISl MEpe3apsaKku
eMKoCcTel (B TOM 4YHCIIE M Mapa3UTHBIX EMKOCTEHM B CXeMe )
OMPECIISIETCS CICIYIOIIUM 00pa3oM:

-12
HHHC=1HCD,U:1B,T:10-IOC,]:CUZIO

=004 (10m4)

T

JlonmycTuMBbIe TIOTHOCTH TOKOB B mmHax MC.

[Iycth S = wx ¢ — mIomaap MNOnepevyHoro CEYEHusl INHBI.

) \%Y

!
wwial ] t
NOANOXKa f

A J

Puc 1.10. Ilapamempor moxonposoosiueri wunbl

[Ipunsiteie cTangapthel pazmepoB :w = 10; 5; 2.5; 1.25; 0,5 MM, t =
1.0; 0.5; 0.2 Mxm, S=10 ... 0.1 MM
[Iyctb Tok 0.1 — 1 MA. Torma MIOTHOCTh TOKa MOJY4YaeTcCs

pPaBHOM:
I 0,1-10° A A
=—=————=10"| = |=10
=5 010" (sz (mﬁj

WJIN B CAMOM TSKEJIOM CIIydae:
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I 1107 A kA
J=_=—_12=1010 — =10 -

S 0,1-10 M MM
O6pryHO B A/ mmHaX Ha Si TOIOKKE HE HCIOIB3YETCS TOK
wIoTHOCTBIO Goubire 100 A-mm ™. Hampssk@HHOCTB 3IIEKTPHYECKOTO

MOJIA BJIOJIb IITWHEI :E:lj. Hna Al : o = 310" 1/Om*M. ITpun
o

18 A Jai2
J=10°A/m" monnyyaem E = 3 B/M. B macmtabax C 310 npuBeneT k
HUYTOXKHO MajioMy TaJIeHUI0 HanpsbkeHus. [[10THOCTh MOIITHOCTH Ha
SAMHUILY TTOBEPXHOCTU ITUHBI TOJIUHOM f:

.2 1 16

noe 7

Bm

2

107 =300[ 2 | = 0,3
M M

Tako# MOTOK MOIIIHOCTH JIETKO OTBOJUTCS 34 CUET TEIJIOMPOBOIHOCTH
KPEMHUSL.

DIEKTPOMUTPAITHSA

2
[Ipu mnorHocTH Toka Oomnee 100 A/MM~ BO3MOKHA MMTpAIIUS
aTOMOB M€TaJula B CTOPOHY OJIHOTO U3 3JIEKTPOJIOB.

s o

><1F

< XK, KKK
R
R L
s WioTotetetetete!
e eaatee et
oS tea e tetetetede!

Puc. 1.11. HW3zmenenue pazmepog (moawumvl)
MEMALIUYECKOU UWUHBL NPU JJIeKMPOMUSPAYUU

B pesynbraTe HabOMoAaeTCss M3MEHEHUE Pa3MEpPOB METANIMYECKOM
IIMHBl Ha HW30JMPOBAHHOW TMOMJIOKKE 3a CUeT IepeHoca aTOMOB
MeTaJla.

B mpoiecce TEmIOBOro JABUXKEHHS HWOHBI MeTajia MOTYT
3aHUMATh HEPETYJISIPHBIC MOJI0KEHUS B KPUCTAUIMYECKOM perieTke. B
MPOLECCE TEIJIOBOIO JBMKEHUS MPOUCXOJUT JBHKEHUE HOHOB IO
MEKJIOY3JIASIM, TEHEPALUS U 3alI0JIHEHUE BaKaHCHIL. DTO T.H. MPOLECC
camonuddy3uun uoHoB. Ilpum Hamuuum apeida >JIEKTPOHOB, OHU
«MOATAIKUBAIOT» MWOHBL. [IpoMCXOAUT HampaBIEHHOE JBH)KEHUE
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MOHOB.  3axBaT HOHOB  Jpei(oM  BJIEKTPOHOB  HA3bIBAIOT
“3JIEKTPOHHBIM BETPOM .

HampaBnenHoe JBWKE€HHME HWOHOB MeETala II0J JCWCTBUEM
MOTOKA 3JICKTPOHOB HA3bIBAIOT IJIECKTPOMUTPAIUEH.

o O O o O O O
—(O— O

O i O o - O O

/0 O o O O O

BakKaHCKA dTOM B MeXXJ0VY3IT1Kn

Puc 1.12. Mexanuzmvi camooughgysuu

Murparusi MPOUCXOJUT B CTOPOHY IOJIOKHUTEIBLHOTO 3JIEKTpoAa, a

JBUKEHHE HOHOB YPaBHOBEIIMBAETCS TEILJIOBOU T y3HUeH.
D-gradn=u-n-E,

r7ie, | - TOJABUKHOCTh HOHOB, YBJICKAEMbIX 3JIEKTPOHHBIM BeTpoM, D -

kodppunuent qudysun, E - HaMpsHKEHHOCTH 3JIEKTPUUYECKOTO TOJIS.

N g T N
[lo dopmyne OiumTerina D = uk—. OTtciona ais OJHOMEPHOM

e
g dy3un UMeeM :
kT dn
AR unk
e dx
150107
dn E dx
—=—dx=—,
n (DT Muep
TJI€ UCIIOJIL30BAaHO 0003HAUEHME lMuzp = %

Pemenune 3anmcaHHOTO ypaBHEHUS UMEET BH/I
X
lwue
n(x) = n(O)-e/ ’,
rae n(X) — 9UCII0O MOHOB MeTajljla Ha €IWHHUITY JJIWHBI TOKOBEMYIICH
IIUHBI, [y, — XapakTepHas JymHa Murpanuu. HeoOxomumo, 4ToOBI

pasMepsbl yyurp, ObUIM MHOTO Oonbmie JuIMHBI TpoBoaHMKOB IC. ITycTh
l\urp ~ 1 ¢M —TOT@ MUTpanus OyIeT MaJIo CKa3bIBaThCS.
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—ﬁ=¢T.0,OTKYI[a j<

g I 1072

muzep

2

%azmm07uﬂzmTAj
M

[Ipomiecchl MHTrpandM CYHIECTBEHHO YCHJIMBAIOTCS B Ciydae
HEPAaBHOMEPHOM TOJIIIUHBI ITUHBI.

+h(x) $hix) 4 hix)
3nekTpoHHLIA BETEp
——
— —
mMeTann mMeTann MeTann
= < >
ry E[X) A E(X) & E(X}
ﬂ
< ~ =

Puc. 1.13. Hzmenenue moawunol (h) memaniuuecxkou
Wunbl U coomeemcmayrowas HanpsaicenHocmo (E)
INEKMPULECKO20 NOJIS

31ech MOKAa3aHO M3MEHEHHE MPOPUIIS METAUIMYECKOW IIMHBI B
pesynapTare wmurpanuu atomoB. Ilapamerp h(x) — TommmHa
TOKOBeAylIeH muHbL. [1og AEUCTBUEM «3JIIEKTPOHHOTO BETPA» TOHKAs
4acTh IIMHBI YTOHBIIAETCS BIUIOTH A0 paspyuieHus. CyliecTBYIOT
IMIIMpUYEcKre (OPMYJIbI, JAIOLIHE OLIEHKY CPEIHETO BPEMEHH KU3HU
IITUHBI TTOJ] TOKOM JI0 0OpbhIBa (T)

s Al Ha Si :

T 75 \Jo
E, — sHeprus aktuBanuu oOpa30BaHUs BaKaHCHHM B KPUCTAJUITMYECKOM
-0,5

pemetke Metamna. Js Al : E, = 0.5 3B u nanee €™ J e’ =10°°

[Ipu j = jo U3 mpUBEAEHHON SMIIUPUUECKON (HOPMYJIIBI TTOTyYaeM T
= 1,°10°. 3mecs jo , To — XapaKTepHAas IUIOTHOCTb TOKA M XapaKTEPHOE
BpEMsl, UCIIOJIb3yEMbIE KaK MapaMeTpbl Mojieau. OHU ONpeaestoTcs
OamaHcoM  mporeccoB  murpanuu u auddysuun. doa Al

1_1 (7 e_E%T
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OPUEHTHPOBOYHAS BEJIMYMHA XAPAKTEPHBIX MPAMETPOB: jo = 10
A/ , To = 10 gac. 3HaueHHe moKa3aTess N U3MEHSICTCS OT 2 10 6 B
3aBUCUMOCTH OT KaueCTBa TEXHOJIOTMH MOJIYYEHUS IUICHKHU (Haau4ue
TPEUINH, 0P, HEOAHOPOAHOCTH O TOJIIUHE U IIUPUHE IIUHBI ).

1.2.4. 3agepxka 1 uckaxeHme MMMNynbCOB Ha CBA3SX

[Tycts Mexay naByMst 0sokamu MC cyiiecTByeT coeMHUTEIbHAs
IIAHA, JUTMHA KOTOPOU MOXKET JOCTUTaTh 1 cM.

AN

UC-B03 NC-B04

NC-602

nC-B05

AV
UUUUU LY

Puc. 1.14. Coeounumenvras wuna medxncoy 08yMsi
onoxkamu UC.

BaxkxnHenien XxapakTepUCTUKON CBSI3U SIBJISIETCS BPEMsI, B TCUEHHUE
KOTOPOro UMMYJbC (WM (PPOHT UMITyJIbCa) MPOOEraeT BAOJIL CBA3H.
OTa JIUTENBbHOCTh OIPENEsAeTCS UIMHOW CBSI3M M CKOPOCTBIO
PACIIPOCTPAHEHUS AJIEKTPOMArHUTHOU BOJIHBI BAOJIb JINHUU TIEPENAYH,
00pa30BaHHO CBSI3bIO.

L
T= >
C — CKOPOCTb CBETa, &,py — OPPEKTHBHASA IUDIIEKTPUYECKAs

IIPOHMIIAEMOCTh MaTepHuaa, OKpy>Karolero JUHUI CBs3H, L — mmHa
cBsa3u. PaccMoTpuM naBe MoOAenu IS COCAWHHUTEIHBHON IIMUHBI B
coctaBe C [7].
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Miyibe, HecyvIMil MHOOPMAMIO, JUIMHHEE BPEMEHH mpobera 1mo
CBSI3H.

DTO yCJIOBUE MOXKET OBITh 3aMHUCAHO KaK: Tyyy > T, TAE Tyun -
JIJIMTEIIBHOCTh ~ UMIyJbca. B 3TOM  ciay4yae IIMHA  MOXET
paccmarpuBarbcsa kKak RC memnb, a 3a1epKa CUrHajga ONpEAEseTCs
BpeMmeHeM 3apsiga émkoctu C yepe3 comnpotuBieHue R. OueBuaHo,
YTO 3TO BpPeMs MPOMOPIMOHAIBHO KBaJpaTy JJIMHbBI CBA3U, TAK KaK U
EMKOCTB CBSI3U M €€ CONPOTUBIICHUE NPONOPIIUOHAIBHBI JJTUHE.

Nmnyiaese, Hecyumid WHMGOPMAIMIO, KOPOYEe BPEMEHU MOpoOera 1o
CBS3U.

DTO yCJIOBHE MOXKET OBITh 3aMHUCAHO KaK: Tyyy < T, THAE Tyun -
JUIMTENIBHOCTh ~ MUMIyJibca. B 3TOM ciydae I1IMHY  CIIEyeT
paccMmatpuBath kKak RLC nuHUIO niepeayu, 1 Toria NpakTUYeCKH BCE
BOIPOCHI 3aJ€PKKH U UCKAKEHUSI UMITYJIbCHBIX CUTHAJIOB CMBIKAIOTCS
C BONpPOCAMM TMEepeayd CHUTHAJIIOB MO JIMHUSIM CBSI3H, KOTOpBIE
pelaroTcs TEXHUKON cBepXBhIcOKHUX yacTtoT (CBY).

Janepxka nudposoro curtaia Ha cBia3sax (RC — MOJIEJIB)

=T
T T

Puc. 1.15. Dxeusanenmnas cxema o RC mooenu

3necb R; — moroHHoe comnpotuBieHWe MmUHBL, C; — MOTOHHaA

€MKOCTD IIIUHBI.

1 1
R =——— ,
o w-h

r7J€ G - NPOBOJUMOCTh MaTtepuana muubl (s meau npu T = 300 K
7

¢ = 6-10" 1/Om-M), w, h — mupuHa 1 ToJNIIMHA ITKUHBL. YeM MeHbIIe

pasMepbl TPAaH3UCTOPOB, TEM MEHBIIE MPUXOIUTCS JIENIATh U Pa3MEPHI

MONEPEYHOI0 CEUEHMSl IIMH, O0ECIEYMBAIOIINUX

2 2 CBSI3M Mexay TpaHuctopamu. [lonoxkum, dyTo
fILIi npubmmkénro w- h = [ % 3neck | — xapakTepHas

nuHa (nuHa kaHana aius MJIIT tpansucropa). B

FCo Cly4a€ MHOTOCIOWHOTO PACIIOJOKEHUS CBSA3CU

% Z) | moronHas MKOCT OIpENEIISIeTCA KaK EMKOCTBIO
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muHbl Ha pazgenstomuii skpaH (Cp.g, ground plane), Tak u Ha
AJIEMEHTBI KOHCTPYKIIMH, PACTIOJIOKEHHBIE psiloM ¢ muHOMU (Cpp).

OreHka mapaMeTpoB 3aI€P>KKH ITU(DPOBOro CUTrHaNa (UMITYJIbCOB)
Ha RC cBs3sx npencrasiieHa B [8].

Pacuér IIOTOHHOM EMKOCTH IS JTADJIEKTPUUECKON
MPOHUIIAEMOCTH MaTepuaa U30JIUPYIOLIUX CIOEB €, = 15 MpUBOAUT K
3aBUCUMOCTHU MOTOHHOU €MKOCTH OT XapaKTEPHOr0 pa3Mepa dJeMeHTa
VHTETPATBHOW CXEMBbI, KOTOPBIA MpEACTaBieH Ha puc. 1.16. MoxHO
OPUEHTUPOBOYHO CUHMTaTh, YTO JUISI HMHTErPAIBHBIX CXEM C
JOCTaTOYHO BBICOKUM ypoBHeM uHterpaumuu ([ = 0,25 — 1,0 mMxm)

C’ =2.5-10""° d/mrm.

4
3 ,/
=
=
5 C
=y TOTAL
e 2 —
= Cs
xx—
© 1
C..
Vv —
0 1 2 3
XapaktepHas AnuHa, MKM

Puc. 1.16. 3asucumocms NOSOHHOU eMKOCMU OmM
paszmepa xapakmepnoz2o dnemernma UMC

Tenepp MOXEM  OUECHUTH BEJIWYMHY IIOCTOSSHHOM  BPEMEHU
Nepe3apsaiKy IUHBI JJIUHOM L.
2
’CCB = RC = RlCl'L )
rae R u C - nmosHOe cONpoTHBIEHUE U MOJIHAS EMKOCTh IIMHBI, Ry 1
C, — eé moronnbsle nmapameTpbl. CoOupass BMECTe CJeJaHHBIC BBIIIE
OLICHKH, MOJIYYHM:
oL 1 p 1.21
Tcezcl_._z'[’ ( ) )
o [
JIns cpaBHEHHUS PUBEIEM OLIEHKY 3aJ€PKKU UMITYJIbCHOTO CUTHAJIA B
TPaH3UCTOPE:
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12
Tmp' = W, (122)
r7ie | - TOJBMXXHOCTh, U — pabouee HaNps>KeHUE TPaH3UCTOpA.

Ha pucynke 1.17 npuBeaeHbl 3aBUCUMOCTH BPEMEHHU 3aJCPKKHU B
TpaH3ucrope ( KpuBas 1) u Ha cBs3sX (KpuBble 2 U 3) B PYyHKIIMU OT
XapaKTepHOro pasmepa mii 6 = 6-10" 1/Omm, pu = 0,004 M*/B-c,
U=IB, L =5 mm (kpuBas 2) u L = 3 mm (kpuBas 3).

[IpuBen€HHBIC OIIEHKM MOKa3bIBAIOT, uTO Npu L = 3 - 5 MM 1ys
TPAH3UCTOPOB C JJIMHOW KaHayia MeHbIEe 0,5 MKM 3aJiep>KKa Ha CBA3AX
OKa3bIBaeTCsl OOJIbIIICH, YeM 3aJepKKa Ha OIJHOM TPAH3UCTOPE.
3aMeThM, 4YTO JIOTHYECKHUE CXEMBI COJIepKaT OOJIbIIIE O HOTO
TPaH3UCTOPA HA OJIHY JIOTUYECKYIO ONEPAIHIO, TIOATOMY 3aJICPXKKaA Ha
OJIHy JIOTUYECKYIO OIEpalyio OKa3bIBaeTCsl OoJibllle, YeM Ha OJUH
TpaH3uctop. IloaTomy cTpemieHue emE OoJibllle YMEHBIIUTH
3aJ€PKKY HA OJUH TPAH3UCTOP OINPABIAHO, TO €CTh OIPABIAHO
COKpallleHUE JUIMHBI KaHajla, U onpaBJaHa pa3padOoTKa TPaH3UCTOPOB
C JUIMHOW KaHaja MEHEE YeTBEPTH MUKPOMETPA.

3
.2 4
I“2 ‘ /
4]
T /
@ 1
() 3\ /
\\ //
N>l
0 1 2 3
XapaKkrepHas grnvHa, MKm

Puc. 1.17. 3asucumocmu epemenu 3a0epixcKu 8
mpanzucmope ( kpusas 1) u na ceazsax (kpusvle 2 u 3)

CymMapHas 3aJIepKKa ONpeAesseT TOMYCTUMYI TAKTOBYIO YaCTOTY, C
KOTOPOW IIPOM3BOJATCSA BBIUHMCIUTEIbHBIE omneparuu B MC. s
OPUEHTHUPOBOYHOM  OIIEHKM  MOXHO  MCIIOJIb30BaTh  MPOCTOE
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COOTHOLIECHUE MEXKIAY TAKTOBOW YACTOTOM U CYMMApHOM 3aIEpKKOMN

CUTrHaja:
1

f= (1.23)

Tc YMM.

Ha pucynke 1.18 mpuBeneHa 3aBUCHMOCTb TAKTOBOM YacTOThI OT
XapaKkTEpPHOro pasmepa akTuBHOro anemenra MC.

II::r 3,0 1
© 2,9 /2_
|_
T < //
I
= 15 /74///
% 1,0 /,é/
= S
8 0,5
5
250 200 150 100 75 50

XapakTtepHas anuHa, Hv

Puc. 1.18 Taxmoeas wacmoma, xax @yHKyus
XapakmepHoco pazmepa akmuerozo snemenma MC

[TocTpoeHHbIE Ha PUCYHKE KpHUBBIE OTBEYAIOT CJEAYIONIUM
napamMmeTpam uerneu cea3u B UC:
1) Cgsa3u o0pa3oBaHbl IUIEHOYHBIMH IIPOBOJHUKAMH W3 MEJH,
M30JIMPYIOIINE MPOCIOWKUA BBIIOJHEHBI U3 MOJMMEPHBIX MaTEpHaIOB
C AUAJICKTPUUECKON MPOHUIIAEMOCTBIO TIpsJIKa 2,
2) Cas3u 00pa3oBaHbl MIEHOYHBIMU MPOBOJHUKAMU U3 aJTIOMUHUS,
M30JIMPYIOIINE MPOCIOUKHA BBIIOJHEHBI U3 MOJMMEPHBIX MaTEpHaIOB
C AUAJICKTPUUECKON MPOHUIIAEMOCTBIO TIPsJIKaA 2,
3) CBs3u o00pa3oBaHbl IUIEHOYHBIMH IIPOBOJIHUKAMH W3 MEJH,
W30JIMPYIOIINE  TMPOCIOWKHA  BBIMOJHEHBI U3  OKCHJIOB  C
JTUBJIEKTPUYECKOW MPOHUIIAEMOCTBIO Mpsaka 15,
4) Cas3u oOpa3oBaHbl TJIEHOYHBIMU TTPOBOJHUKAMU U3 ATIOMHHUS,
V30JIMPYIOIIME  MPOCIOWKH  BBIMOJHEHBI U3  OKCHJIOB  C
JTUBJIEKTPUYECKOW MPOHUIIAEMOCTBIO Mpsaka 15.
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Janepxka mudposoro curdana Ha cBsa3ax (RLC — monenn)

B stom ciiyuae muny crenyer paccmarpuBath kak RLC nuHMIO
Mepenavyr, BAXKHOW XapaKTEPUCTUKOM KOTOPOM SBISIETCS BOJHOBOE

Ll
COMpOTBIICHHE 7, = |—L
Cl

Puc. 1.19. Dxeusanenmnuas cxema o RLC mooenu

3neck C; u L} — moronHast EMKOCTh Y MOTOHHAsI WHAYKTUBHOCTh
auHud. J{ns MUKpornonockoBbiX JiHUN Zy = 50 —120 Om. B stom
ciyyvae OTIICIbLHOM 3aJiayen CTaHOBUTCS corjiacoBaHue
TPAH3UCTOPHBIX CXEM C TAKUM MAJIBIM BOJIHOBBIM COIPOTHUBJICHUEM
JUHUU CBsi3u. st 3TOro HEOOXOJIMMO BBEACHUE CIEHUATBHBIX
TPAH3UCTOPHBIX  KAackajoB,  OOECHEYUBAIOIIUX  COIVIACOBAHUE
VMMIIEJTAHCOB BXOJIAa M BBIXOJA C BOJHOBBIM COINPOTHUBJICHUEM JIMHUU
nepeadm.

—

/7744

MNapatowmi umnynsc

\
OTpakaeHHBIA KMNYNLC —
y\f *

77227272

Puc.1.20. Ompaosicenue umynvca

CKOpOCTh pacpOCTpPaHEHHUS CUTHAJIA 110 JJUHUM NEpeaadH :
CO

12

Vzp
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IIpu &4 = 9, nonyunm v, = 10® m/c. ITycts L cHOBa 0Go3HauaeT
JJIMHY JIMHWH, T - BpeMs nmpobera nmmyisca T = L/vy,. IIpp L = 1 cm
moimy4daeM Bpemst mpobera: T =107/10°=10""¢

Ecnu  nauTenbHOCTh  HUMIYJbCA  KOpoYye, YeM  Bpems
pacmnpoCTpaHeHUsT 1O JIMHUM, TO BO3MOXXHO BO3HUKHOBEHHE
orpaxkeHus (Puc 1.20). MHOrOKpaTHOE OTpaKEHUE UMITYJIbCOB MOXKET
NPUBECTH K HApYyIICHUIO paboThl cxembl. Takum oOpa3oMm, B
IU(PPOBYIO TEXHUKY MPUXOAAT MeTO bl TexHuku CBY.

[Ipu Hanmuuu OoONBIIMX TMOJEH paccessHus (a3oBas CKOPOCTH
BOJIHBI B JIMHUM CTAaHOBUTCS (YHKIMEW 4YacToThl. TakuM o0Opazom,
UMEET MECTO SIBJICHUE Aucnepcur (a3oBOM CKOPOCTH B JIMHUU
nepenayu. [Ipu 3ToOM BO3HHKAET UCKAXKEHUE CIIEKTPA UMITYJIbCA.

Puc. 1.21. Hckaosicennas ¢opma u onumenbHoCmy
umMnyIvea

[Ipyn pnurenpbHOCTH UMMyJbca T < 10" u f rakr > 3.10° T
BO3HUKAET Mpo0IeMa OTPAKEHUN U UCKaXEHUsT (POPMBI UMITYILCOB 32
cuéT mmcnepcun. YMeHsbieHne pasmepoB MC obierdaer 6opn0y ¢
3aJE€PKKON U TUCIIEPCUEN, TTOCKOJIBKY CTAHOBSTCS KOPOYE BCE CBA3U
BHyTpu WC m mexnay paznuuabiMu MC. YacTe BHYTPEHHHX CBA3EU
Ja)k€ IMPU  BECbMa  BBICOKOM  TaKTOBOM  YAaCTOTE  MOXET
paccmatpuBarbcsa Kak RC cBs3u. [pyras yacte cBsi3el, KOTOpPBIE
UMEIOT OOJIBIIYIO JUIMHY, JOJKHA corjacoBbiBaThesl kKak RLC nuHum
nepegayd. IOTO  CO3MAET  JIOMOJHUTENbHBIE  TPYJIHOCTH  TPH
npoektrupoBaHun MC ¢ BBICOKOW TaKTOBOW YaCTOTOM.
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1.2.5. OrpaHnyeHuns Ha pasmMepbl 3NEMEHTOB,
0OycnoBneHHble CUMbHBIMU ATIEKTPUYECKUMU MOSIAMUA

1. ITone B mogzaTtBopHOM okucie IIT qomkHO OBITE 10CTaTOYHBIM
I 00Opa3oBaHWs MHBEPCHOHHOTO CJIOS M OJHOBPEMEHHO MEHBIIIE
npoOUBHOrO MOl OKHcia. KpoMme TOro, He JOJKHO MPOUCXOIUTH
cMmbikanusi OII3 p — n mepexog0B UCTOKAa UM CTOKA. ITH TpeOOBaHMS
HAKJIaJIbIBAIOT CYIIECTBEHHBIE OrpaHUYCeHUA Ha JyIiuHy KaHaia [1T.
JI711 KOJTMYECTBEHHOM OLIEHKM OTPAaHWYCHUN CUMTAEM, YTO IPOKOJ HE
MIPOMCXOJIUT, TTOKa JIJIMHA KaHalla OoJbIle TpeX JUIMH p-n TEepexXoj0B
cToka u uctoka (d > 3L) [1]. Beicota OapbepoB p — n MEPEX00B
~ 2e¥g. Torna

ES\PB
1eN (1.24)

a
Jns  ymenbmieHuss d HeoOxoauMo yBenuuuTbh N, Ilpu sTom
BO3pACTa€T MoJie B JIUDJIEKTPUKE, KOTOPOE HEOOXOAUMO s
oOpa3oBaHMs 1 — KaHaJa:

Ei :3E?n :i Vgsﬂ-e‘{lBNa N (125)

. &

1 1

d=>3

KOTOpPOC HOOJIDKHO OBITH MEHBIIIE HpO6I/IBHOF O IIOJI1I B OKHUCIIE EC =

6-10° Blewm. [IpupaBuuBas E; = mE, , tne m = 1/4, Haxomum
MAaKCHUMaJIbHY0 KOHIEHTPALMIO IPUMECEU Ny,
&'m’E’
m = —167[8‘9\{,3 (1.26)

u, noxacraisiga (1.26) B (1.24) ompenensieM MUHUMAIbHYIO JJIUHY
OII3 p-n mepexoma, a CIEIOBATENIbHO, U MHUHUMAIBHYIO IUHY
KaHaja:

RYZAS
- emkE,
s kpemuuesoro [T g/g =~ 3, Y= 0,5 B, N, = 3.10"7 em>, d, = 0,2
MkM. Jlna HopMmaneHOM paboTel IIT MuHHMManbHas TONIIMHA
IUAJIEKTPUKA @ JOJDKHA OBITh OOJIbIlIE€ JUIMHBI TYHHEIUPOBAHUS
271eKTpoHOB. Jlsi kpemuuesbix 11T oTa BenmumHa coctaBiser 50 A.
Ecnu npuHMMaTh BO BHUMAHHE BO3MOKHOCTH MPOOOST TUAJIEKTPHUKA,

d

m

(1.27)
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TO OTPaHMYEHME BBINIAIMT CIEAYIOIUM 00pasoM: a > Vy/mE.. Ecau
Vg=2B,Toa>13OA.

2. MuHHAManpbHOE HANPSKEHUE MEXKIY CTOKOM M HCTOKOM —
BEJIMYMHA MOCTOsSIHHAsg W paBHass Vp, = 10k7T/e. Kak cnenactBue, ¢
YMEHBIIICHUEM JUIMHBl KaHalla YyCUJIMBAIOTCS 3(QEeKThl pa3orpena
eKTpoHOB. [Ipu penakcanuu Ha PoHOHAX pazorpeBa HE MPOUCXOIUT
B TOM cCilyuyae, eciu ApeiioBasi CKOPOCTh AJIEKTPOHOB (Vy) MEHbIIIE
uV,  10ukT
CKOpoCTH 3BYyKa (). B npyroit dpopme 3to0: y = od <
5 10ukT _
= o m (1.28)

Bosznukaromuii ripu d < d,,, pa3orpeB 3JI€KTPOHHOIO T'a3a MPUBOJUT K
JaBUHHOMY MPOOOI0, K TOSBICHUIO TOKOB YTE€UKH, K HACBIIICHUIO
nperidoBoit  ckopocth. BO3MOXHO TakKe Takoe SBJICHHE, Kak
WHXKEKIHS DSJEKTPOHOB B OKHUCEI M3 KaHajda. OTO BbI3bIBACT
HeCTaGHIBHOCT OPOroBoro Hamnpsvkerus. pu i = 10° cM?/B-c, T =
300 K, u = 5-10° cm/c MoJy4aeM MUHUMAIbHYIO JUIMHY KaHana d,, =
0,5 MKM.

3. BeaeacTere nocTOSIHCTBA MUHUMAJIBHOTO HANIPSIKEHHST MEXKTY
CTOKOM U UCTOKOM (Vp,), YMEHBUIEHHWE pPa3MEPOB 3JIEMEHTOB
MPUBOJIUT K POCTY DJICKTPUUYECKUX TMOJIeH, a CIeJOBaTEIbHO, U K
YBEIIMUCHUIO JIperipoBOi CKOpOCTU HOcHUTeNe. Eciu He mpouCXOoauT
npo0osi, TPU CUJIbHBIX TMOJIIX BO3MOXKHO HAacChIIeHUE ApeidoBoi
CKOPOCTH, 4YTO OTPAHUYMBAET IUIOTHOCTh TOKa. TakuM 00pa3zom
BO3HUKAET OTPAHMYECHHUE HA IUIOLIA/Ib MOMEPEYHOrO CEYEHHUs KaHalla
IIT.

4. lnst toro 4toObl JpoOOBBIM IIyM B KaHajie ObUT Mad,
HEOOXOQMMO, 4YTOOBI 4YHCIO Hocurenaern B kaHaie IIT Obwio
JIIOCTAaTOYHO BEJIUKO, T. €. nywd >> 1, toe ny = 10" om? —
MaKCHUMaJlbHas MOBEPXHOCTHAS! TUIOTHOCTh HOCUTEJIEH, OTPAaHUYCHHAS
MEKTpUYEeCKOrM MpouHocThio Si0,. [lpuHuUMas paBHBIMH JIMHY U
WHpHHY KaHala (W ~ d), momyunM dy, ~ 10 (my)"? = 107 cm
dusznuecku Majas BeIUYMHA JPOOOBOTO IIyMa O3HAYaeT, 4To 3apsij,
nporekmud 4depe3 ka”ain IIT BO BpeMs NEpeKIItOYEHUs, MHOTO
OO0JIbIIIE 3apsijia OJJHOTO JICKTPOHA.

U pnn

d
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1.2.6. OrpaHnyeHns pasmepoB 3NeMEHTOB NAaMATU

Kpome orpannuennit, paccmorpenssix s [IT u cripaBeqmmBeix
TaKXe NI 3JIEMEHTOB MaMSTH, JJISI IOCIEIHUX CYIIECTBYIOT U CBOH
crenrpruuecKrue OrpaHuYCHHUS.

O6yiacTh, B KOTOPOW HAXOIUTCS WH(DPOPMAIIMOHHBIA 3apsi
AJIEMEHTa MaMsITH, JOJDKHA OBbITh OTJEJI€HAa OT JpPYrux ooJsacteit
MOTEHINATBHBIM 0apbePOM JOCTATOUYHBIX IIMPUHBI U BBICOTHIL. B 3TOM
ciydyae He OyJeT TPOUCXOAUTh YTEYKU 3apsija BCIEICTBHE
HaJI0apbEepHOr0 MJIM TYHHEJBHOTO MepeHoca. MUHUMaIbHAs ITUpUHA

MOTEHIIMAIBHOTO Oapbepa (MUHUMAJIBHBIN pa3Mep 3JIEMEHTa MaMsTH)

10
OIIPENENACTCS  BBIPAXKEHUEM d, z;ZmAg, rie m — Macca

aeKTpoHa, Ag - BeicoTa Oapbepa, Ac > kT. JIna T=300 K nonydaem
dyn = 0,01 MKM.

CyliecTBEHHOM MPUYMHOM COOEB B pabOTE 2JIEMEHTOB MaMSTH
MOXET  OKa3aTbCAd  BIHMSHUE  HOHU3UPYIOIIUX  HW3TyYCHUIH
(pammoaktuBHOCTH). Ilomamas B TOMYMPOBOJHHWK, O, - YaCTHIIBI,
HAIPUMep, MOTYT reHepHpoBaTh 10 10° AIEKTPOHHO - ABIPOYHBIX ITap
B oObeMe 10 MEM’. Pazniennienue HocUTENEH B BICKTPUUECKHUX IMOJISIX
IPUBOJNUT K IIOSBJIICHUIO 3aXBAaYCHHOI'O 3apsjia, KOTOPHIM B MajbIX
o0beMax MOXKET BOCIIPHMHUMATHCS KaK MH(POpMAIMOHHBIN 3apsid. Jis
TOTO YTOOBI MHIYIIMPOBAHHBIM OOJIyYCHHEM 3apsiji HE MPUBOIUI K
WHBEPCUU COCTOSHHSI B DJIEMEHTE IaMSTH, HEOOXOIUMO, YTOOBI OH
ObLT MaJ MO CcpaBHEHUIO ¢ WH(OpManMOHHBIM 3apsaoM. C apyroit
CTOPOHBI, HICTUHHOE 3apsI0BOE COCTOSIHUE JIEMEHTA MaMATH JTOHKHO
OBITh TaKOBO, YTOOBI IIOJIe B Oapbepe OBUIO MHOIO MEHBIIE
npoouBHOT0. OIEHKH BEIMYMHBI MUHUMAJIBHOTO pa3Mepa AaroT d, =
0,6 MKM.

1.3. OepaHu4yeHUs1 uHMe2payuu 3J1IeMeHMmMos

MakcumanbHOe YHCIO HEB3aUMOJEUCTBYIOIIMX 3JIEMEHTOB C
JAUHEHHBIMH pa3MepaMu d, KOTOPOE€ MOXXHO DPa3MECTUTh Ha YMWIIE
wiom@aabld S TNOpU  HCNOIb30BAHWU  IJITAHAPHOW  TEXHOJIOTHH,
ompenemsiercss Kak Ny = S/d°. ECTECTBEHHO, 4TO 5TOT mpeel
ABJIIETCSI TEOPETHUYECKUM, a pealbHO JOCTHXKUMAsi CTEIEHb
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uHTerpanu N Bcerga 3HA4YUTENIbHO MeHbIle Ny OCHOBHOE
OTPAHUYEHUE  COCTOMT B  TOM, 4YTO  D3JIEMEHTHl  MOTYT
B3aMMOJCHUCTBOBAaTh APYr C JPYroM. OTH  B3aUMOJIECUCTBUSA
CTAHOBSITCS OCOOEHHO CYIIIECTBEHHBIMU IIPU YMEHBIIICHUU Pa3MEPOB.

1.3.1. lNpegensHasa cteneHb MHTerpaumm

Pematomum  gakTtopoM, ONpenesnsiomuM CTeNeHb WHTErPallH,
aisiercst xapakrepHelii pasmep MC - B ciiywae KMJII cxem 3t0
JUIMHA KaHajma. JlmMHa KaHama ONpeneNsieTcs  pa3peliaroieu
criocoOHOCThIO JuTorpadguu. B o6o3pumom Oyaymiem mutorpadus B
MaccoBoM npousBoAcTBe MC — 310 ontuueckas ¢otonurorpadus. Ha
PUCYHKE MOKa3aHO COBEPIICHCTBOBAHKUE pa3pelIaronIeii CHOCOOHOCTH
TPEX OCHOBHBIX BUJOB jJuTOrpaduu mo rojgam: 1 — ¢otomurorpadus,
2- 3neKTpoHHas nutorpadusi, 3 — noHHas TuTOTrpadus.

10°

—
Q
/]

AN

-

XAPAKTEPHbIVN PASMEP, mkm
o

//N /é

/[

—
Q

R
"~

10?
1960 1970 1980 1990 2000 2010
roabl
Puc.1.22. Cosepuiencmeosanue aumozpaghuueckux
Memooos

MuHuMaIbHAas II0Naapr 0aHoro ementa MC

Paccmorpum M/ITI-tpansuctop. [onoxum : I+ =10 [y , w =20 /g
Kpome Toro, g muomaned TpaH3UCTOpA Sp,=lrw = 200-/°,
So=3Syp, THE: S;, — mIOW@Ab, 3aHMMaeMas HENOCPEICTBEHHO
TPaH3UCTOPOM, a S, — IUIOMIA b, TIPUXOSIIASACS HA OJJUH TPAH3UCTOP
C YY4eTOM IOABOAAIIMX IIMH U HEOOXOJWMOIO PACCTOSHHS MEKITY
HuMH. U3 npuBenéHHBIX 1BYX (QopMyn IodydaeM Cleayrolee
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COOTHOIIIEHUE, KOTOPOE CBS3BIBACT IUIONIAJb, MPUXOAIIYIOCS Ha
2
OJIMH TPAH3UCTOP, C €ro XapakKTepHbIM pazMmepom: S,; = 1000-/

4 4 i
4.{> - { ‘/ o S}/'
4 A A 4 44 A
1 A’/pl ’,/,/’,/’,/,/' F’A’/',

el > L

-« ,@T
T
7 3 C

Puc. 1.23. Pazmepuol oonacmen M1 mpanzucmopa

100 —

\\ \\ \\\\
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} Ay
= \_6
E 40 \ \\|\\
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T NN\
= 20 VAN
g N 5N
g A NN
® 5 INCIN
5 NN
= NN
3 \
ﬁ 2,0 \\ \\\\
\ \\
N

1,0
01 02 04 1,0 2,0
XapaKkTepHbI pa3mep, MKM

Puc. 1.24. I[Inomnocmv snemenmos Ha uune npu
MHO20YPOBHEBOU PA3800Ke

[Tonydyennas oreHouyHas (opMyna copaBemjiuBa IJisg Ciaydas
PACHoOJIOKEHUST TTPOBOJHUKOB Pa3BOJIKA TOJIKO Ha OJHOM YpPOBHE.
Cratuctuyeckue manHble npou3BojacTBa MC moOKa3bIBalOT, 4YTO C
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JOCTaTOYHOM  CTEMEHBIO  HAJIGKHOCTM  MOXXHO  TOJIOXKHUTh:
S,,=(1000-/x*)/m, Tie m — YKCII0 YPOBHEH PasBOIKH MEXKCOCTHHCHHUIA.

D10 nmoaTBepxkAacTcs rpadukaMu, NpUBEAEHHBIMU Ha puc. 1.24,
Ha KOTOpPOM TMOKa3aHa IUIOTHOCTh pasmernieHusi anemeHtoB MC B
ThICAYaX TPAH3UCTOPOB HA KBAJPaTHBIA MUUIMMETP B (PYHKIUU OT
XapakTEepHOTO pa3Mepa TpaH3ucTopa (AuHbl KaHama). [udpsr Ha
rpaduKax OTBEUAIOT YUCITY YPOBHEN Pa3BOIKH.

IInoTHOCTR 3anucu i 3Y Ha ocHoBe MJIII TpaH3mncTOpOB.

Ha onun snement namsitu (3Y) npuxoastces ase napsl KMJIT —
TpaH3uCTOpOB. [lockonbKky KOHCTpyKIHsS 3Y TaKoBa, UTO OHO UMEET
PETYJISIPHYIO CTPYKTYPY, MOKHO CUUTATh, UTO

12
S,y =128, = 1200i
Uucno out uHdopMaiu, KOTOPOE MOXKET ObITh 3aMMCAHO TakKuM 3V,
U3 pacyeTa Ha €IMHHUILY TUIOIIA/IN:

N = 1 m
s 120072

971.3y

IIpr m = 6 nomyyaem: Ny =5+ 107 -l'2k

Ipu /= IMKM Npi = 0,5 M6ur/cm?

ITpu [, = 0,25 MkM  Np; =8 M6uT/cm?
MosxHOo npeanosioxuth, yto miomaas O3Y na KMJIT UC nocturaer
10 cm? . Torma momxasgs eMkocTh mamsath oxuHoro O3V ma UC c
TPaH3UCTOPaMH, UMEIOIIUMU JIMHY KaHana 0,25 MM coctaBut 80
Mo6utr unu 10 Moaiit. Ilpu panpHelieM pa3BUTHUU TEXHOJIOTHUU
00béM mamsitu O3Y yBenmuuutcs em€ Oonbiue. [lpu /i, = 0,07 Mxm
Ny;i= 100 M6I/IT/CM2, 10 cm® momamu UC obecreuar 10° OuT, T.€.
O3Y ¢ o06bpémom namsaTu 10 1Gbit B ognoit UC.

1.3.2. Tennodgunandeckmne orpaHN4YeHNst Ha pocCT
MHTEerpaunn
Haubonee cymniecTBeHHOE BiIUsiHUE Ha padoune xapakrepuctuku NC
MOXKET OKa3bIBaTh pa3orpeB 4uma. [IOTHOCTh AIEMEHTOB Ha YHMIIC

onpenenuM Kak N = N/S (N — 4ucio 31eMeHTOB Ha YMIIE), CpeIHss
4acToTa OOpallleHHs K KaXJI0My 3JIEMEHTY (TaKTOBasl 4acTOTa) paBHA

v. Kaxgoe  mnepexio4eHUE  COMPOBOXKIAETCA  HM3MEHEHHUEM
HanpsokeHuss Ha BenuuuHy AV=nkT/e (n > 10), u npu 3TOM B
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2
MEKCOEIMHEHUSIX U caMUX 3JeMeHTax pacxoayercs sHeprusi C(AV)”,
C — eMKOCTh BJIEMEHTAa, K KOTOPOMY MPUIOXKEHO HampspkeHue. B
eaunuily Bpemenu B UC BbIIENSAETCS KOJUYECTBO TEIJIA, PABHOE

C(AV)?
ny EA)°
2
[Iycte Qv — MakcUMajdbHOE KOJUYECTBO TEIJIa, OTBOJAMMOE C
CIMHMIIBI TUTOIIAIN unmia. Torna ajs COXpaHeHUsI TEIUIOBOTO OaaHca
C(AV)
HA UHIe JO/DKHO BBIIONHATBCS ycioBue: NV————<<0,S .
Orpannuenue Ha GyHKIIMOHAIbHOE ObIcTpoelicTBue (DPb)
20,,8
Ny <—=—""— (1.29)
C(AV)
2
ed ]
Emkocth snementa C=——=¢& d, T1e a — TONIIMHA TUAJIEKTPUKA,
4ra
. &d .
g = el BEJIMYMHA, KOTOPYIO MOKHO CUHUTaTh ITOCTOSIHHOM.
ra

OyHKIIMOHATFHOE  OBICTPOJCHUCTBHME C€AWHUIIBI ITUIOMIAAM  YHIIA

ompenensercss kak Nv=Nv/S. Brpaxenne (1.29) MoxKHO
nepenucaTh B Ipyrom BUJIE:
2
Nv < *2Q w
& dn’(kT)’
Takum o6pazom, ®b 3aBUCHUT TOJIBKO OT pa3Mepa dJIEMEHTOB,
TEIUIOOTBOJIa M TEMIIEpAaTypbl. 3HAYCHUS BEIWYMH Oy I
BO3JYIIHOTO W BOJSHOTO CIOCOOOB OXJaXKJACHHUS COCTaBIISIOT 4.10°
spr/em>c u 2-10° apr/em*c coorercTBerHO. Orerkn Bemmunabl O
I ATUX 3HadeHud (v JaroT 10" ['11 nnemeHTOB U 10% I
AJIEMEHTOB.
OtBox Temna n3 MC mpoucxoaut 3a CYET TEIUIONPOBOJAHOCTH
MaTepualia U OMUCHIBAETCS BHIPAKECHUEM

q=—k-gradT

(1.30)

31ech  — MJIIOTHOCTh MOTOKa Tema. PazmepHoCTh [(] Br/M’, & -
KO3 GUIMEHT TeTIoNnpoBoAHOCTH. PasmepHocTs: [ K | BT/M*

Koadduuuent rtennonpoBogHOCTH TexHUYEecKon mean K =200
Bt/M*K u cimabo 3aBucut ot Temnepatypsl npu T > 100 K.
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M-K 1 - anmas
2 - kepamuka BeO
104 P . 3-Si

\\4—Can¢mp
10 /74._ ™~
/ { TN \\1

10° //4 \\\\\3 ~2—

7 e—
10' 4

K 2

10°

0 100 200 300 T,K

Puc. 1.25. Temnepamyphuvle  3a8ucumMocmu
Koauyuenmos menionpo8oOHOCMU MAMEPUATLIOB
MUKDOINEKMPOHUKU

PaccmarpuBas UC ¢ Touku 3peHust TEIIO(PU3MKH, MOXHO CKa3aTh

CIeAyIoLIee:

. HC oOpazoBaHa W3 MHUKPOMOIIHBIX KJtOUe. DHEprusi B HeH
pacxodayercsi TOJBKO Ha mepe3apsaky  emkocren. llpum
Mepe3apsAKe BCSl SHEPTUs TPEBPAIIACTCS B TEILIO.

. Temo ygansercs 3a c4eT TEIUIONPOBOAHOCTHA MaTepHana.
BplunciaMM IUIOTHOCTH TEIUIOBOM MOIIHOCTH, PACCEUBAEMOM B

o6beme MC. PaccMOTpUM JIIEMEHT cXeMbl — KyOHK ¢ 00bemMoM L.

EMKOCTBh 3JIEKTPOJIOB, PACIOJOKCHHBIX BHYTPH PacCMaTPHUBAEMOIO
KeS

anemenTa: C = =¢KL, tne K=30+100 — KOHCTpYKTHBHBIU

KOd(DPUIMEHT, € - AUDIIEKTPUYECKas MPOHUIAEMOCTh Marepuaa.
Iycts € = 107" ®/m, L = 30 MkM, Torma npu K =30+100 momydaem
g émkoctd dieMenTa: C =0.1 — 0.30d .

CU*  ¢KLU?
22
KOJIMYECTBO OMEpaIfii B CEKyHY - V, TOTIa MOIIHOCTb, MOTJIoNaeMast

svKLU?

DHeprus, 3anaceHHas B dJieMeHTe F =

. Ilyctp

OJTHUM dJIeMeHTOM : P = Ev =

Ecau o0003HauuTh uepe3 o - OTHOIICHHWE YHCIa AaKTHUBHBIX
AJIEMEHTOB K HX MOJHOMY uuciay, To g UC, npeacrabistonien
coboit mporeccop, MoxkHO monoxkuTh o = 0,01-0,1. Ecm WC
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BBITIOJHACT (DYHKIIUIO OINEPAaTHUBHOIO 3allOMHUHAIONIETO YCTPOMCTBA,
TOo mnpaBwibHee cuutath o = 0,001-0,01. YnaenmpHass mnIOTHOCTH
MoiHocTd B MIC, TO e€cTh MOIIHOCTb, NMPUXOIAIIASACS Ha CIUHUILY
00BEMa,

2

H= Pg = Pg = lgvocK(gj
v L 2 L

Pemum npocTyro Temnopu3nyuecKylo 3aady B MPEANOI0KEHUH,

yro MC wumeer ¢opmy 1mapa paguyca » M HCTOYHMK TEIUIA,

CBSI3aHHBIN ¢ mepe3apsaakor emkocrel. Ha mosepxnoctu MC 3anana

(¢ukcupoBaHHas Temmeparypa [,. BeluucimM pacnpenencHue

TemnepaTrypsl B Tako MC
[InoTHOCTH TOTOKA TEIJIOBOM MOIIHOCTH 4epe3 chepy paauyca

q(r) =—K- grad[T(r)}
Hcnone3ysa 3aKOH COXPAaHEHUS 3HEPTUU, Mbl JOJKHBI NPUPABHATH
MOIIIHOCTh, MPOXOJAILYI0 uepe3 cdepy paamyca r, U MOUIHOCTb,
KOTOpasi BBLACIISIETCS MICTOYHUKAMU TeIUIa B 00BEME 11apa pajuyca r:

47zr2q(r) = %72’]”31_[
Torna q(r) = %I"H u umeeM nuddepeHanbHOe ypaBHEHUE IS

1 dT (r)
TeMIIEpaTyphL: ng:—Kd— C I'PaHUYHBIMH YCIOBUAMH 1 =T,
r
npu r=R. B pe3ynbrare nojyyaeM pelieHue aud@epeHinaibHOro

yYpaBHEHUS C 3aJJaHHBIMU TPAHUYHBIMH YCIOBUSIMMU:
P
T(r)=T,+—(R*-+*)
6K
Haiiném neperpes B nientpe UC ipu r= 0

AT =T(r) r

~T, —_— R?
r=0 6K

[ToncraBum Crozia BeIpakeHUeE 11 P 1 moimyyum:

2
AT :L. evak (gj . R?

12 « L
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Ecnu uuciao anementoB B UC

A7 R? R 3V
:Na TO Z:(_) NA nu

3L 4

RY (3Y' ¥ 3\
(_j :(—j N3 HQCKOHBKY — =0,3848, TO OKOHYATEIILHO
L 4r 4r

MOJY4YUM
1 evKU’a %

N 3
32 (1.31)
Haiimem Takke TMOJHYIO MOTPEOIsIEMyl0 MOIIHOCTh U O0O0BEM,
saummaemsrit UC: P =11-I, V=N-I

NOJIH.

AT =

[Tycts 3agansl cienyromue napameTpsl: U =1 B,
v=10"Tn a=0.1 e=10"" /™
k =20 Bt/m*K (ana Si) AT=20K K =100

KakoBo MakcuMallbHO JomycTumoe 4uciao 3neMeHtoB HMC w3
pacyeToB HOpMAJIBLHOTO TerioBoro dbananca. 13 (1.31) umeem :

3
N=| L. | 32K AT
U \Keva

\/32K -AT:\/IO2 32:20:20 e 0t =110

Keva 107'°-10°-0,1
npu U = | B mony4aem arcio anemenTtos B cocrase UC: N = 10°
Takum o0pa3om, mpH TEMIOOTBOJE 3a CYET TEILIONPOBOJHOCTU
kpemuusa ogHa C na ocnoBe KM/III (MukpoMoniHas 3mekTpoHukal)
MOXET COIepXKaTh B OXHOM Kopmyce 10 10° tpansucropos. [Ipu sTom
npu L =30 MxM noJiHas moTpedsisieMast (M paccernBaeMasi) MOITHOCTh U
00BEM KOpITyca COCTaBSAT:

P = %gvaKLUzNZ 15 Br,

NoOJIH

V=10%310")=27-10" »’ =27 M’
HOCKOJIBKy I 3JICMCHTOB IHaMATH TaKTOBas1 qacTtoTa
SBHAUUTCIIBHO HHIXKC, YCM, HAIIpUMCP, B IIPOOCCCOPC, OIPaHUYUCHUA,
06YCJIOBJI€HHLIC Harp€BOM 4wuIia, I HHUX 3HAYUTCIIBHO «MAT4YC)H.

32k
ITapametp o, MOXeT ObITh CHIKEH 0 o = 10, Torma :,/m =1100,

9
a JIONMYCTUMOE 4YHUCJIO 3JieMeHTOB BhipacTeT A0 N = 10°. Ilpu sTtom
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noTpeodsieMas MOITHOCTD BeIpacTeT 10 150 BT, a 006eM MC coctaBur
27em. O coopyxkeHuu Takoro poaa O3Y MOXKHO TOBOPUTH KakK O
NepCreKTUBe 0003pUMOro, HO HE OYEHb JAJIEKOTo Oyayiiero. MoxHo
MpeJCTaBUTh cebe pa3Mep CTOPOHbI KyOWKa, BMEILAIOUIWNA OJIUH
snement: L = 10mkm. Torma mst UC O3Y npu N = 10° moxyaum: P =
50 Br, V=1cw’

Cpenu Ipyrux MPUYMH, KOTOPbIE€ MOTYT OTPAaHUYMBATH CTEICHb
UHTETpallMM, MOXKHO TIEPEUUCIUTh TMAPA3UTHBIE CBSI3U  MEXKIY
JIEMEHTAaMHU, Pa30TPEB MEXKCOCAMHEHUM M BBIXOJ HMX U3 CTpOd, a
TaKXe Mapa3suTHHIC CBSI3U MEXKTy COSTUHECHUSIMH.

1.4. 3aKknro4eHue

Takum o0Opa3oM, MBI PacCMOTPEIM OCHOBHBIC IPUUYUHBI,
npuBOAAIIME K (U3UYECKUM OTPAHUUYCHUSIM TIPU  YMEHBIICHHUU
pa3mepoB snemeHToB NC.

Orpanndenusi B urorpaguu, 00yCIOBIECHHbBIE PACCEIHUEM Jyda
B pE3UCT€ U B TMOJYNPOBOJHUKE, AIOT MHUHUMAIBHYIO IIUPUHY
TexHojiornyecknx JmHUM ~ 0,01 wMxM. OueBHIHO, UYTO OTO
OTpaHUYCHUE HE SIBJISICTCS CTOJIb KPUTUUECKUM, KaK HapuMep, JIuHa
BOJHBI CBETa TMpPU TPAAUIMOHHOM ONTUYECKOW JUTOrpaduu.
CMATYUTh 3TO OTPAHUYEHUE MOXKHO HCIOJIb30BAHUEM H3IIYUYECHHH C
MEHBIIIUMU JUIMHAMU BOJIH. B Hacrosiee BpeMs HHTEHCHUBHO
pa3pabaThIBalOTCS HOBBIE JUTOrpadUuecKue METObI, MO3BOJISIOIINE
MOJIYy4aTh 3JEMEHTHI C XapaKTEPHBIMU pa3MepamMu BIUIOTH 10 30 HM.
Oto EUVL (extreme ultra violet lithography), DUV (dark ultra violet
lithography), nanoimprint lithography. Kpome Ttoro, Bce 1upe
UCIIOJIB3YIOTCSL TIPOLIECCChl  CaMOOpTaHu3alMu i1 (PopMUpOBaHUS
HaHOCTPYKTYP.

OnyKTyallud KOHUEHTPAIMU JIETUPYIOIIEH MPUMECH, SIBICHHE
MOBEPXHOCTHOU u(y3un, dSIESKTPUYECKHE TPOKOIBI M Ipobdou
TUBJIEKTPUKOB W p-n TEPEXOJ0B  OTPAaHUYUBAIOT  Pa3MEphI
OUMOJIAPHBIX U TIOJIEBBIX TPAH3UCTOPOB C p-1 TIEPEX0JaMU BETUIHMHOM
0,1 MxMm.

OYHKIIMOHATLHOE OBICTPOJEHCTBUE U pa3MeEPhl 3JIEMEHTOB
OTPaHUYEHBI TAKXKE SBJICHUEM JHKOYJIEBAa Pa3orpeBa, BO3HUKAIOIIUM
BCJICJICTBHME HEJOCTATOYHOI'O TEIJIOOTBOJA. JTO OTPAaHUUYCHHUE MEHEE
CYIIECTBEHHO JJIsl 3JIEMEHTOB NaMSITH, U MOKET ObITh B 3HAUUTEILHOU
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CTEIICHU CHSTO MCIOJIb30BAHUEM HU3KOTEMIIEPATYPHOTO OXJIKICHUS
ncC.

CymecTByeT Takke ImpobiiemMa pagualliOHHOM CTOWKOCTH

sneMeHTOB. OCOOCHHO CYIIECTBEHHA OHA JJIsi JJIEMEHTOB MaMSTH,
MOCKOJIBKY MOET MPUBOJAUTH K UHBEPCUU OUTOB U COOSM B padoTe.
B ctpykrypax ¢ pazmepamu menbiie 0,1 MKM HAYMHAIOT MIPOSABIATHCS
HOBBIC MEXaHU3MBbI TPOBOJUMOCTH — TYHHEJIBHBIN U OaJITTUCTUYECKUM.
Kpome TOro, CTaHOBUTCSI BO3MOXHBIM HCIOJIb30BAaHUE HOBBIX
buznueckux 3(HPEKTOB, MPOABISIOMIUXCS KaK pe3yJbTaT pa3MEepHOTO
KBAaHTOBaHUs HocuTenel 3apsiia B anemeHTax MC HaHOMETPOBBIX
pasmepoB. TakuMm 00pazom, BOZHUKAET MpodiieMa pa3pabOTKU HOBBIX
CBEPXMUHHUATIOPHBIX JJIEMEHTOB, B OCHOBY palOOThl KOTOPBIX
MOJIO’KEHBI HOBBIE (DU3UUYECKUE MPUHITUTIBI.

Nutepec k mnpobneMe (U3MUECKUX OrpaHUYCHUN HEU30€KHO
BO3PACTAET, TMOCKOJBKY 3TO ONPEHEISETCS BCEM  Pa3BUTHEM
MUKPORJICKTPOHUKHU. Pa3BuTHE TEXHOJIOTUM, OCOOCHHO B IOCJIEIHEE
JNECATUIETUE, TMO3BOJUIIO0 HE TOJBKO MPUOIU3UTHCS K XapaKTePHBIM
CyOMUKpDOHHBIM  pa3MepaMmM, HO U  copMmupoBaTh  paziaeln
MUKPOIJICKTPOHUKHU, KOTOPBIM MOJYy4YHJT OOIIEIIPU3HAHHOE HAa3BaHUE -
HAHO3JIEKTPOHMKA. JlanpbHEeHui mporpecc B 3Tol 00yacTu TpedyeT
MOCTOSIHHOTO ~ aHaliu3a  NPUHLIMIOB  PabOThl  3JIEMEHTOB  C
NpuUBJICUCHUEM  (QyHIAMEHTAIBHBIX  (U3WYECKUX  TIOJXOJIOB.
BakHelluM  3JE€MEHTOM  COBEPIICHCTBOBAHUA  TEXHOJIOTHUH
CTAHOBATCS ~ (PU3MYECKME  TMPUHLMUIBI, JeXKalllhe B  OCHOBE
HAHOTEXHOJIOTHH.
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2. KBAHTOBAS! MEXAHUKA MPOCTENLLNX
CTPYKTYP

Ecnu o6nacTe nokanu3anvu HOCUTENEW 3apsijla CpaBHUMA WU
MEHBIIIE JJIMHBI BOJHBI 3JIEKTPOHOB (ABIPOK), TO B TAKOW CTPYKTYpE
BO3HUKAIOT 3(PPEKThl pa3MEpHOro KBaHTOBaHUA. DPPEKTh TaKOTO
TUIa HAYaJll BIEPBBIE HCCIEIOBAThCA TeopeTudecku [1], a 3aTem u
IKCIIEpUMEHTaNbHO [2] B mieHkax. Pabora [3] Obuia mepBoi, rie
00CyXaaJ10Ch KBAaHTOBaHUE SHEPIruu AJIEKTPOHOB B
MPUIIOBEPXHOCTHON 00jacTu mpocTpaHcTBeHHOro 3apsga (OII3)
MOJTYNPOBOJAHUKOB. Hayano MHTEHCUBHBIX MCCIIEIOBAHUN KBAHTOBBIX
3(pPeKTOB B MPUIOBEPXHOCTHBIX 00JACTAX MOJYNPOBOJHUKOB
oTHOCUTCA K KOHIy 60-x romoB. K HacrosmemMy BpeMeHU
chopMupoBasiach 00IIUpHAsA 00JacTh (U3MKHU, W3ydarolias KBAHTOBO
- pa3MepHbIe CTPYKTYphI U siBjieHusi. Haubosiee moaHo B 0030pax Ha
ATy TEMY MNPEJCTABJICHBI IBYMEPHbIE CUCTEMBI [4, 5, 6]. Baxknenmen
YaCThIO0 MCCJIEAOBAHUN SBISETCS W3yYEHUE MOBEPXHOCTHBIX KAaHAJIOB
U TpaHUI] pa3jiesia MOJYIPOBOJHUKOB IMPU YCIOBUM KBAaHTOBAHUS B
HUX DHEPruv HOCUTENeu 3apsga. [imd y3KuX KaHaluoB, TI€ €CThb
KBaHTOBAaHMUE, YyAAJIOCh IMOJYYUTh HauOojee  OINpeJeiIcHHBIC
pe3yJbTaThl O MEXaHU3MaX pacCesHUs HocuTeseH 3apsia: GOHOHHOM,
3apsHKEHHBIMU [IEHTPAMH U IIEPOXOBATOCTSIMUA MOBEPXHOCTH.

B HACTOSIIIEE BpEMsl TE€XHOJIOTHS U3TOTOBJICHUS
MOJTYNPOBOJHUKOBBIX HAHOCTPYKTYp HAxXOAUTCA Ha JOCTaTOYHO
BBICOKOM YPOBHE M MOCTOSHHO MPOJOJIKAET COBEPIICHCTBOBATHCS.
I'ereponiepexonbl GaAs-Al,Ga; (As U CTPYKTYpbl METal — OKUCEN —
nonynpoBoguk (MOII) sBasitoTcs Haubojee HCCleI0BaHHBIMU
TUMAMU KBAaHTOBO-PA3MEPHBIX CTPYKTYp. B Hacrosmee Bpems
COBEPLICHCTBOBAHUE TEXHOJIOTHUHU MO3BOJIHIIO MOJTy4aTh
reTeponepexojbl Ha  OCHOBE  JAPYTMX  MOJYyIPOBOJHUKOBBIX
MaTepuajgoB — Hampumep repmanus u kpemHus — Ge,Siy,/Si umm
Ge,S1y,/Ge. Bo Bcex BBIIICIEPEUUCICHHBIX THUMAaX JBYMEPHBIX
CTpykTyp (2D) pABMXKEHHE OrpaHWYEHO B OJIHOM HaIpaBJICHUMU.
CylecTByeT psi METOJ0OB, MO3BOJISIIOIIUX CO3/1aBaTh CTPYKTYpPHI, B
KOTOPBIX JBUXKEHHE HMEET OJHOMEpHBIM (1D CcTpykTypsl WM
KBAHTOBBIC HUTH) WM HYJIbMEpHbIA (0D CTpyKTYpbl WM KBAaHTOBbBIC
TOYKH) xapakrep. [Ilpumepamu Takux MaTepuagoB U CTPYKTYP
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SIBJISIFOTCS. KBAHTOBBIE MOCTUKM HAa MOBEPXHOCTH IMOJYIPOBOJHUKOB,
pUOOPHI OJTHOSIICKTPOHUKH, Ja3epbl HA KBAHTOBBIX TOUYKAaX U MHOTHE
npyrue. [loHmwkeHne pa3MepHOCTH, YUET U UCIOJIb30BaHHE B paboTe
npuOOpPOB HOBBIX (pr3nyecKkux 3(PPEKTOB U SBJICHUM CTAIO OJHUM U3
OCHOBHBIX  HalpPaBJICHUN  WCCICAOBAHUM B COBPEMEHHOMU
HAHOBJIEKTPOHUKE.

B kBaHTOBOI MeXaHUKE U3BECTEH PsiJl OJJHOMEPHBIX MTOTEHIIMATIOB
U(x), s KOTOPBIX CYIIECTBYET aHAIMTUYECKOE PELICHUE YPaBHEHUS
[penunrepa. [IpocThie KBAaHTOBBIE MOJAEIU OOBIYHO HCIOJIB3YIOTCS
JUISL OTMMCAHMS DJICKTPOHHBIX COCTOSIHUM B PEaJbHBIX CTPYKTypax.
Takol MOAXOX TMO3BOJAET € JAOCTATOYHOW TOYHOCTBIO HAWTH
BOJTHOBbIE (YHKIIMM U CIEKTPbl SHEPrUU B HEKOTOPHIX THUIAX
KBAHTOBBIX CTPYKTYpP: KBAaHTOBBIX sIMax, HUTSAX, TOUKAX, JIBYMEPHBIX
KaHamax W T. 1. [7] PaccMoTpeHne OOBIYHO BEIETCS B pamKax
npubamxkeHus 3G(PEeKTUBHON Macchl (m), B KOTOPOM JJIEKTPOHHBIN
CHEKTp OIpeaensiercda HTUM napameTpoM. PaccMmoTrpum  psia
IIPOCTEULLNX ITIPUMEPOB.

2.1. llpsimoyaonbHas sima

J1d OMHOMEPHOTO Cily4asi MPsIMOYTOJIbHOW MOTCHIUAIBHON MBI
KOHe4YHOU 1i1yOunsbl U, ypaBHenue lllpeaunrepa 3anuiiercsa B BUIE

n’ d*¥
-— +U((x)¥ = &?,
S e (x) (2.1)
rac NnOTCHUMUAJIbHAA SHCPIrUA ONIPCACIIACTC KaK
Ux) = -U,, |x]<L/2
Y70, WsLe (2.2)

3neck m — 3 PeKkTuBHaAs Macca, - octosiHHas IlnaHka, & - sHeprusl.
B ame npu & < 0 cnekTp COOCTBEHHBIX 3HAYEHUW HSHEPTHH OyIeT
JTUCKPETHBIM, a BHE sMbI, Ipu & > (0 — HempepwIBHBIM. B cuity
CUMMETpUU ToTeHlHanma U(Xx) MO OTHOIICHUIO K 3aMEHE X Ha —X
coOCTBEHHBIC (YHKIIUU OYyyT JIMOO YETHBIMU, JIMOO HEUETHBIMHU.
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Puc. 2.1. Bonnosvie ¢ynkyuu u yposuu sHepeuu 8
NPSAMOY20JIbHOU KEAHMOBOU AMeE.

s obnactu |x| < L/2 monyuum:

cosk x

¥ (x)[
. (X) sink x (2.3)

2
rne k, =\/2m(Uo—|5n|)/h , & IpU X —> F00 BOJHOBBIE (YHKIHMHU
HKCIIOHEHIIMAILHO OOpaIllaloTCs B HYJIb:

Y, ()0e™ (24)

2 \vd
rie K, =+2mle,|/h’  onpenenser ckopocTh yGBIBAHUS BOTHOBOIA

GyHKIMHU. 3HAKU «1+» U «-» OTHOCATCS K o0nactsm x < -L/2 u x > L/2
COOTBETCTBEHHO. COOCTBEHHBIE 3HAUEHUS] DHEPTUU &, HAXOAATCS M3
pellleHus] TPAHCIICHICHTHOTO ypaBHEHUS, KOTOPOE, B CBOIO OuYepelib,

ciaexyer u3 yciaoBuit HenpepblBHOCTH Y u dW/dx Ha rpaHuinax siMbl.
Uucnmo JAUCKPETHBIX YpOBHEM B siIME (YETHBIX W HEUYETHBIX)
OTIPEICIISIETCS YCIOBUEM

(R —1) <A[2mU, L () <n,,, (2.5)

2 2
Eciu BeimonHsieTcs HepaBenctso 2mUyL" /(7h)” >>1, 1o ama moxer

CUMTAThCsl OECKOHEUHO TIyOOKOM U TpH |x| < L/2 1j1s1 HOpMUPOBAHHOM
BOJIHOBOM (PyHKITUY UMEEM

2 .
Y, (x)= 7SI (0=1,2,3..) (2.6)

CoOcTBEeHHBIC 3HAUCHUS OHCPI'uy, OTCUMTBLIBAEMOM OT AHa AMBI
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T°ht
n (2.7)

g =
2
" 2mL
I[Hf[ MeHKOﬁ SIMBI, T. C. Koraa BLBITTOJIHACTCA HepaBeHCTBO

2 2
2mU L" (7mh)” <<1 cymecTByeT TONBKO OJHO (YETHOE) DEIICHHE
TPAHCUEHAECHTHOTO YPaBHECHUS
2712
mUjL
&= 2.8
1 .
27’72 ( )
EMVMHCTBEHHBI CYIIECTBYIOIIMKA B MEJKOW SIME JHEPreTUYECKUU
YPOBEHb pacmojiokeH BOMM3U €€ «Bepxa». (CoOTBETCTBYIOIIAS

BOJIHOBasd (I)YHKI_II/I}I II04YTHU IIOCTOsAHHA B sAMC MW JKCIIOHCHIHAJIBHO

yOBIBaeT BHE €€:

1/4

Yi)=|—5"] ¢ (2.9)

B opgHoMepHON mMOTEHUMAIBLHOM sMe JI000H (opMbl Bceraa
MMEETCSI MO0 KpauHEW Mepe OIAWH YPOBEHb JHEPIMU — JAXKE €CIU
riiyOuHa sMbl OY€Hb Majia. JTO CBOMCTBO, OJHAKO, CIEHU(PUYHO
MMEHHO IS OJHOMEpPHOro cliydyas U HE HMEEeT MecTta B Ooliee
peaJbHOM Cilyyae TpPeXMEpHOM MOTeHIMaabHON siMbl. Ecnu riyOuHa

2 2
ambl |U] takosa, uro|U|<<h’/mL’ rpe L — mnopsmok BenuUMHEI

JMHEMHBIX Pa3MEpPOB SIMbl, TO B HEW HET HHU OJHOTO JIHUCKPETHOTO
YPOBHS 3HEpruu. J[lpyrumm cioBamu, €CiIu siMa HEJOCTATOYHO
r1yOOKa, TO B HEM HET CBSA3AHHBIX COCTOSIHUM — YacCTUIIA HE MOXKET
«3axXBaTUTBCA» sAMOU. Ciydyall TpPEXMEPHOW NOTCHIMAIBHOM SIMBI
OTHOCHUTCSI K PACCMOTPEHUIO COCTOSTHUM B KBAHTOBBIX TOUKAX.

2.2. TpeyzaonbHas sima

DNeKTpOHBl  BOJM3M  TpaHUIBl  pa3jelia  MOJYyIMPOBOIHUK-
JTASJIEKTPUK JIBHXKYTCS B TIOJIE€ JOBOJIBHO CJIOXKHOTO moreHnuana. C
OAHOW CTOPOHBI TPAaHUIBl pa3lelia HAa HHUX JECUCTBYET MOJIE
MEPUOJINYECKOTO TOTEHIMAIa NOoJaynpoBojgHuka. Ha 310 mome
HAKJIQJABIBACTCS MEIJIEHHO MEHSIONMIEECS JJIEKTPUYECKOE TOJIE,
CO3/laBa€MO€ MPWJIOKECHHBIM HaMpsHKEHUEM, Pa3HOCThIO  pabdoT
BBIXOJIa METaula W  IOJYyINPOBOJHUKA W  HEMOJBWKHBIMU
3apsKeHHBIMU  NpuMecsiMu. C  Ipyrod CTOPOHBI Ha DJIEKTPOHBI
JNEUCTBYET TI0JIE aroMoOB JuajekTpuka. Ha rpanune paspgena
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dbopmupyeTcs, Kak MPaBWIO, BHICOKWM MOTEHIIMAIBHBIA Oapbep, 4TO
MPUBOIUT K OTTATKUBAHUIO JIEKTPOHOB OT AUAJICKTPHKA.
B npubmmxkennn 3¢gpheKTUBHON MacChl I OJTHOMEPHOTO CiTydas
BosiHOBas (yHkuus Wi(z) ynosnerBopsier ypaBueHuto [lpenunrepa:
nt d*y,
———+[E, -V (e)¥,(2)=0 (2.10)
2m_ dz
[ToTennuanbayto 3Hepruto V(z), MOKHO MPEICTAaBUTh B BUIE CYyMMBI
TpEX ClIaraeMbIX:

Nz)=V(z) + Vi(2) + Vi(2) (2.11)

B Belpaxenun (2.11) paszgeneHsl BKIaAbl HEMOABUKHOTO
npoctpanctBeHHoro 3apsaa (I13), mo ecmv nomenyuanvuas snepeus 6
obedHenHOM cloe, WHIYUUPOBAHHBIX 3apsiioB B cioe I[I3 wuu
HOMEHYUAIbHASL  DHepaus  DJIeKMPOHO8,  00pasyrowux  cliou
HNPOCMPAHCMBEHH020  3apsaod, U u300pakeHuM  3apsJioB,
0OYCIIOBJICHHBIX CYIIECTBOBAHUEM I'PaHUIIbI pa3jiesia MOJTYIPOBOIHUK
— MUBNEKTPHUK, M. e. C pa3iuyuem OudIeKmpuyeckux NpoHuyaemocmeu
nonynpogoodHuka u ousdnekmpuka. Ilpeanonaraercs, 4To 3Ta TpaHUIla
pazzena pe3kas M Ha Hel oOpaszyercs OCECKOHEYHO BBICOKHM
MOTEHIIMATBLHBIA Oapbep, CYIIECTBOBAHUE KOTOPOTO MPHUBOAMUT K
OTTAJIKUBAHUIO AJICKTPOHOB OT JUAJIEKTPHUKA.

Tak kak cnmaraemoe Vy(z) B cooTHomieHUH st 3G(PEKTUBHOTO
OJIHO3JIEKTPOHHOTO moTeHuuana (2.11) Bblpaxkaercst yepe3 BOJIHOBbBIC
bynkuuu, TO pemieHue ypaBHenus Illpenunrepa  sBhsiercs
HEJIMHEWHON 3aJaueid Ha cOOCTBEHHBIE 3HAaUYeHUd. TakoWl TUO 3ajad
OOBIYHO pelIaeTCs UTEPAIIMOHHBIMA METOIAMH.

Ecnru B cooTtHomienuu (2.11) UCKIIOYUTH  MOTEHIUAN
n3o0paxkeHus: Vy(z), TO ocTaBIIuecs ciaraeMble OyJyT ONHUCHIBATh
MOTEHI[MAJ, KOTOPBIM MO Mepe yAaJleHUs OT TpaHUIlBl paszjena
JUHEWHO BO3pacTaer, a 3aTeM u3rudaercs, MNOpuUOIUKaAsACh K
MOCTOSIHHOMY ~ 3HaueHWI0. Bkiajy WHBEPCHOHHOTO ciosi  V(z)
CTAaHOBUTCA TOCTOSHHBIM YK€ Ha PACCTOSHHH, COCTABJISIONIEM
HECKOJIBKO 3HA4YE€HUH Z,, (CpemHEro yJaleHHus DJIEKTPOHOB OT
IpaHUIlbI pa3jena), a BKiaa o0eJHEHHOTO ciios Vy(z) — Ha pacCTOSITHUU
MpEBbIIIAIONEM Zy (TOMIMMHY OOeqHEeHHOTro cyios). [TOoCKONIbKY Z4
OOBIYHO 3HAYMTENBHO IPEBBIIACT Z,, , KPUBU3HOM IIOTCHLMANA
o0eqHEeHHOTO cJios Vy(z) MOXKHO MpeHeOpeub, 0COOCHHO €CIU 3apsjl
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OO€THEHHOT'0 CIIOSl MaJl MO CPaBHEHHUIO C 3apsiOM WHBEPCHOHHOIO
CJIO4.

B pamMkax npuOamkeHus: TpeyroJbHOU MBI [ 8 | mOTeHIIMaIbHAS
SHEprusi 0ECKOHEYHO Beiuka npu z < 0 U JTUHEWHO BO3pacTaeT Mpu Z
> 0.

eFz, z>0

V(z)= o 7<0 (2.12)

3necb F — HanpsKeHHOCTh 3()@PEKTUBHOIO AIIEKTPUUECKOrO TMOJIA,
KOTOpasi ONPEIEISAETCS BIPAKECHUEM:

. 4z(N, + fN)e

(2.13)

Puc. 2.2 Bonuosvie ¢pynkyuu u yposHu dHepeuu 8
mpeyeoabHou  Keanmosou  saAme.  Ilynkmupom
uz0bpasicen 8U0 cOOCMBEHHBIX Gdyukyutl,
OMBEUAOUWUX WUeCTU HUSUUUM VPOBHIM dHEPeUU

rae N, —4YMCIO HENOJBWKHBIX 3apslOB Ha EIAMHUILY IUIOIAIU B
00eTHEHHOM cJio€, Ny — KOHIIGHTpAIUs JICKTPOHOB B HHBEPCHOHHOM
Clloe, Ki — JUPJEKTpUUYECKash TMPOHUIIAEMOCTh IMOJIYMNPOBOIHUKA.
Yucnennsie 3Ha4YeHUs KOdPUIIMEHTA [ OMpEACNSIOT: IoJie Ha
rpa"uiie paszaena (f=1), moie, co3gaBaeMoe TOJIbKO 00€THECHHBIM
cioem (f=0), cpeaHee noje B MHBEpCUOHHOM ciioe (f=1/2).
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Pemennem ypaBHenus llpenuHrepa ¢ rpaHUYHBIMU YCIOBUSIMU,
COrJIaCHO KOTOPBIM BOJHOBasi (PyHKUHMs paBHA Hyto npu z = 0 1 Ha
OECKOHEUHOCTH, SIBIsIeTCS QyHKUUSA DpH.

| 2m_eF E,
‘PKz):Al[ e (Z—eFﬂ, (2.14)

riae CoOCTBEHHBIE 3HAUCHHS E; UMEIOT aCUMITOTHYECKUM BUJ TMPHU

OOJIBIIUX [
2 1/3 2/3
E - h 3meF (. 3
T ) Z+Z , (2.15)

rae m, — 3(pQPexkTuBHAA Macca JJIEKTPOHA B MHBEPCHOHHOM CJIOE B
HAIPaBJICHUH OCU Z, MEPIEeHIUKYISIpHOM K moBepxHocTH. KopHu
byukuu iipu oy (k=1, 2, 3...) onpenensitoT JUCKPETHBIE YPOBHU
HEPTUU B TPEYTOJBHOM sIME.

e2F2h2 1/3
E; =£7j a,, (=01..) (2.16)
B gacTHOCTH, SHEPTrHUsS OCHOBHOTO COCTOsAHUS (011=2,34) paBHa:
214242 1/3
e F°h
E =186 ——
0 ( m, j (2.17)

Tounsle CcOOCTBEHHBIC 3HAYEHHUS  IIOJIY4YArOTCS, €CIHM B
cootHomeHuu (2.15) 3amenuts i + (34) pu i=0, 1, 2 COOTBETCTBEHHO
yuciamu 0,7587, 1,7540, 2,7575. Cnenyer OTMETUTh, YTO CPEIHSIs

BEJIMUMHA Z B i-i M0130He paBHa 2F, /3eF, a cpeaHss BEIUUUHA Z

daBHa éZ2

1

2.3. BapuauyuoHHasi eosiHo8asi hyYHKUUSI OJisi HUXKHeU
MOO30HbI 8 CJI0€ MPOCMPaHCMe8eHHO20 3apsioa

Jns uccnenoBaHus CBOWCTB CIIOEB IMPOCTPAHCTBEHHOIO 3apsia
KPOME YMCJICHHBIX CAMOCOIVIACOBAHHBIX PELNICHUM WU TPOMO3JKHX
aHATUTUYECKUX  BbIpakeHUHM  Tuma  (QyHKOuUA  Dilpu  yacTo
UCIIOJIB3YIOTCSI  MPOCThIE  aHAJUTUYECKHUE BOJIHOBBIE  (DYHKIIUH,
naromue npuOamkeHHble petieHus. [Ipocreiiniee perieHue OBLIO
npenoxeHo @3Hrom u Xosapaom [9] s onvcaHusi ”THBEPCUOHHOTO
CJI04.
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3 1/2

b bz
Y, (2)= Y z exp(— 7) (2.18)

Hanee HeoOxoaumo pemuTh ypaBHeHue I[lyaccoHa, ompenaensroliee
MOTEHIMA sSIMbI, B KOTOPOM HAXOAWUTCS DIIEKTPOH, U HAWTH
NOTEHIMAJILHYIO PHEPrUI0 AEeKTpoHa B cocrosinuu (2.18). Cpennee
yAaJd€HUe DJJIEKTPOHOB HWHBEPCHOHHOIO CIIOSI OT IOBEPXHOCTH
MOJIYyIIPOBOJHUKA B 3TOM ClTy4ae paBHO zy=3/b.

[TapameTp b B cooTHouieHuu (2.18) ompexnensiercs U3 yCIOBUS
MUHUMYyMa MOTEHINATBHON SHEPIUH, COOTBETCTBYIOIIEH
ONPEACICHHBIM 3HAYEHUSIM IUIOTHOCTH 3apsjla WHBEPCHOHHOTO U
oOoramieHHoro cyioeB. IIpocToil BUJI BOJHOBOW (PYyHKIIMU TO3BOJISET
JIETKO HAWTU CpPEJHUE 3HAYEHUS BCEX YJICHOB, COCTaBJISIOIINX
raMUAJIbTOHUAH:

(T) =% (2.19.1)

V)= 1222: L - 24,Z ZZVA (2.19.2)
<Vs>=% (2.19.3)
) =K K € _ 5 € (2.19.4)

K, +k, 8k, "8k,
3nech N,y — KOHIEHTpalMs 3apsiKEHHBIX aKIENToOpoB, NV, — YHCIIO
HETMOABMKHBIX 3apsI0B HA €IMHUILY IUTOMIaJAN B 00ETHEHHOM cJioe, NV
— KOHIIEHTpAIUs 3JIEKTPOHOB B HHBEPCHOHHOM CIIOC, Ky U Kips —
TUBJIEKTPUYECKUE TTPOHUIAEMOCTH TOJYIIPOBOJIHUKA U JTUDJIEKTPUKA
COOTBeTCTBEHHO. Bripakenus (2.19.1)-(2.19.4) onpenensitoT cpeanue
3HAYECHUSI KHUHETHUYECKOM SHEPIrUM BJIEKTPOHA, MOTCHIHUAIBHOU
DHEPTrUM  DJIEKTPOHA, B3aUMOJICWCTBYIOIIETO C  3apsgaMu B
OOCTHEHHOM  CJlo€,  TOTEHUUAJIbHAas ~ DHEpPrus  DJIEKTPOHA,
B3aNMOJCUCTBYIOIIETO C JPYTUMH 3JECKTPOHAMU HWHBEPCHUOHHOTO
CJIO, W TIOTEHUIHAT H300pKEHUS. DHEPrusi HWKHEW TOA30HBI
ONIPENIENACTCA CYMMOM:

E,=(T)+WV )+ )+{V,) (2.20)
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[TosHas sHEpPrUs Ha DIIEKTPOH
1
EIN=(T)+V)+ V) + i), (2:21)

II€ MHOXMTENb 2 KOMIIEHCUPYET JABYKPATHBIM YYET 3JIEKTPOH-
AJIEKTPOHHBIX B3aUMOJEHUCTBUM.

Ecnu npenebpeub noTeHManoM u300pakxeHus: 1 BTOPbIM YJIE€HOM
B (V,), TO MOJIHAs SHEPIUS HA OJHMH SJIEKTPOH MUHMMAJIbHA [PH

b 48mm_e’ N N
RO : (2.22)

rme N =Np+£NS. Hcnonp30oBaHE BapHAalMOHHOM  BOJIHOBOM
32

dbyukiuu  (2.18) 1o3BONISIET MOJY4YdMTh 3HaueHus £, u  zp,

MPEBBIIAIONINE PE3YyJbTaThl CaMOCOIJIACOBAHHBIX pPAacyeToOB B

NpUOMIDKEHUN XapTpu 0e3 yuyeTa MOTEHIHalla U300paKeHUsT MEHee

yeM Ha 7%.

2.4. KeaHmoebie coCmosiHUs1 8 HUMSIX U MOYKax

B KBaHTOBOW HUTH JBUXEHUE JJICKTPOHA OrPaHUYCHO B JBYX
HaIpaBJICHUAX M CBOOOJHO B TPEThEM HAMNPABICHUM. Y pPaBHEHUE
[[IpenuHTEepa B 3TOM ClIydae MOXKET ObITh 3alIMCaHO KaK
hZ 82 82 62

+ + Y+V(x,y)=EY )
2m\ ox>  o0y* oz’ ’ (2.23)
BonHoBass QyHKUMS, yIOBIETBOpsIONIas ypaBHEHHIO (2.23), MOXeT
OBITH Hali[lcHA B BUIIE:

Y(x,y,2)= feXp ( ipff j Y(x,y) (2.24)

Jlnst citydasi, KOorja MOTEeHIMAIbHAS DHEPTUS UMEET LIUINHAPHIECKYIO
cummerpuio, T.e. V' =V(p), ypaBuenne Illpeaunrepa HODKHO OBITH
3allMCaHO B COOTBETCTBYIOLIEM CHCTEME KoopAauHaTr. Eciu
paccMaTpuBaTh UIMHHYIO KBAaHTOBYIO HUTH PajMyca py, TO MOKHO
3aIMCaTh

0, p<p
V(p)={ "
0, P> Py

Pemennem takoit 3anauu [8] aBisiercsa pyHKuus

(2.25)
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J [] pj
v _ 11 Lo
" (LY po| T ()

3necw J, - pynkuus beccens m-ro nopsiaka, a j,, - n-i KOpeHb ATOM

GyHKIMH.
CrekTp COOCTBEHHBIX 3HAUYEHMM SHEPrUM B UUIUHAPUYECKOU

KBAHTOBOM SIM€ OMPEEIISIETCS BHIPAXKECHUEM
2 . 2
_um P
. 2
2mp, 2m

exp(ig) exp (%j . (2.26)

E

n,m,p,

(2.27)

O0s13aTeNIbHOE CYIIECTBOBAHKUE XOTSI OBl OJTHOTO YPOBHS YHEPTUU
B MOTCHIIMATILHOU sMe JIF000H (HOpMBI U TIIYOHMHBI MPHUCYIIE TOIBKO
OJIHOMEPHOMY JIBUKEHHIO. B HEIOCTaTOYHO TIIyOOKOW TpEeXMEpHOMU
MOTEHIINATBHON SIME HET CBSI3aHHBIX COCTOSIHUM — YacCTHIIA HE MOKET
«3aXBaTUTBHCS» SIMOM, TO €CTh B HEM HET HU OJHOTO JUCKPETHOTO
YPOBHS SHEPTUH.

B mpsMOyroiapsHOM MOTEHIMAIBHOM SIIIUKE C JJIMHAMH pedep a,
b, ¢, noteHuuanbHOM 3Heprueit U=0 BHyTpu 310 00naactu u U= BHE
e€ CBOOOJHOE JBM)KEHUE YaCTHUII MPOUCXOJUT HE3aBUCUMO B TPEX
HarnpaBieHuaX. [lo3ToMy ypoBHH 3HEpPruu [arOTCS CyMMaMU TpeX
BbIpakeHuit Buja (2.7):

R (nl N N
Enmy = B ?+?+? (2.28)
BosiHOBBIE ()YHKITMU CTAITMOHAPHBIX COCTOSTHUM
8 . ZTnX . WN,X . TNX
Y o= sin sin sin ) (2.29)
re abc a b c

I7I€ OCH X, ), Z HalpaBJIE€HbI BJIOJb TPEX peodep sIuKa.
VYpaBuenue Ilpenunrepa B ciydae cPEepUYECKM CHUMMETPUYHOIO
IOTEHIINAJIA, 3aBUCSALLETO TOJIBKO OT 7

n {8 +2£+L{ ! i(singij+ L 9 }}‘P+V(r)‘P=E‘P(2_30)

2m o’ ror r|sind a0 00 ) sin’ 0 09’
AOITYCKACT pasaACJICHUC IICPEMCHHBIX

V,0.0) =~ 1), (0.0) (2.31)
OyHKIUA y,(7) YIOBIETBOPAET pAOUAIbHOMY BOTHOBOMY YPAGHEHUIO
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n(d’y N1+))
2m\ dr’ r

Benuuuna [(/[+]) wurpaetr poib TOCTOSHHOW  pa3JiesieHUs
nepeMeHHbIX ¥ U 6, @. Pemenus (2.32) cyliecTBYIOT, €ciau [-11eyoe
gucio: [ = 0, 1, 2,... Jlng dacTuipl, Haxoasmiehcs B chepuuecku
CUMMETPHUYHOM TTOTEHIIUAILHOM SIIHUKE ¢ OECKOHEUYHBIMU CTCHKAMH U
pamuycom R [10], pamuanbHas BOJHOBas (PYHKIHUS YJIOBIETBOPSET
YPaBHEHUIO

Z/]"‘V(’”)Zz =Ly, (2.32)

hZ
B nHTepBaie 0 < r < R u paBHa HyJ10 BCoy BHE ero. [locne BBeneHus

y [(I+1 2mE
z,+[k2— (rz )}zfo, k== (2.33)

1
HOBOHM IEpEMEHHON z=kr W 3aMeHbl J, = 2"g(z) ypasaenue (2.33)
IPUBOJUTCS K BUILY

z

14 1 ! l+l ’
Q" +—¢ {1——( 22) }0=0 (2.34)
4

Pemenusamu ypasaenus (2.34) ssisrores Gyukuuu beccens J i(,%)(Z)

u ob1iee permeHre ypaBHeHus (2.33) 3anuimieTcs B BUIC

kr

711 =[5 G () + €l () (2.35)

r 2
JI71s1 BBIMIOJIHEHUS YCIIOBUSI HOPMUPOBKH I|Zz| dr=1 HeoOXxoxuMo
0

noyioxkuth C, = 0. CoOcTtBeHHbIE (YHKIMHU OTOUPAIOTCS IyTeM
HanoxeHus ycaosus J,,,(kR)=0. KaxngoMmy QukcupoBaHHOMY
3HAQYEHUIO BEJIIMYMHBI [1)2 COOTBETCTBYET OECKOHEUHOE YMCIIO HYJICH

¢dbyukuu beccens. Takum oOpazom, nmosydaercsi OECKOHEUHOE YHCIIO0
3HAYCHUH k, , 1 OECKOHEYHOE YHMCII0 DHEPIETHYECKUX YPOBHEH

£ =g (2.36)
n,,l 2m n,,l .
JJI KaXXJI0ro 3HadyeHus BenuuuHbl [ (n,=1, 2, 3 ... — paguaibHOe
KBAHTOBOE YHCJIO, ONPEACIAIONIEE YUCIIO HYJICH).
PaccmoTpum TeTeph chepudecku CUMMETPUIHYIO

MPAMOYTOJIbHYIO MOTEHIIMAIBHYIO SIMY, JJI1 KOTOPOU
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Vi) —V,, r<R
V)=
0. r>R (2.37)

Eciau BBecTH 0003HaYEHUA
o _2mlE| o 2mV, o, 2m(V, —|E] i

X = 0 —

hZ ’ h2 ) h2 (2'38)

TO paauanbHoe ypaBHeHue lllpennHrepa misi CBA3aHHBIX COCTOSHUU
BHYTPHU U BHE SIMbI COOTBETCTBEHHO OYJI€T UMETh BHU/I

, [(I+1

Zﬂ{kz— (rz )}ZJZO (2.39)
, [(I+1

;c,{—aez— (rz )})&:0 (2.40)

BBoas B paccMoTpeHHMe Tak HaszbiBaeMble cdepuueckue GyHKIUU

beccens:
, Tz
JI(Z):\/TJH%(Z) (2.41)

U y4duThIBas TpaHudHoe ycaosue y,(0)=0, ypaBHeHue (2.39) umeer
pelICHHE:

x,(r)=4j(kr), r<R (2.42)

Pemenuem ypaBHeHust (2.40) yObIBarommM TIpH  OOIBIITUX

SHAQUYCHUAX 7 Kak € SBIAETCS chepuueckass (QyHKIUS XaHKEIs
MHHMOTO apTryMEHTa:

7,(r)=Bh"(i®r), r>R, (2.43)

rie A u B MOCTOSIHHBIC, ONpEEsieMble U3 YCIOBUM HOPMHUPOBKHU U

HEMPEPBIBHOCTH COOCTBEHHBIX (YHKIHMMI. YCJIOBHE HEMPEPHIBHOCTH

JorapupMHUUECKON TPOU3BOAHOMN OT 7' X (7) Ha rpa”uiie Ml (r = R)
JaeT:

WY i=R) _ o JIKR)
h"@i=R)  j,(kR)
Hnsa [ =0, 1, 2 chepuueckue ¢pynkiuu beccens u XaHkens UMEIOT
BU/T

1R (2.44)

Jo(z) =sinz h"(z) = —ie”
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. l iz
jl(Z):San_COSZ hl(l)(Z):(_——lje (245)

z z

Jy(2) = (%—ljsinz—écosz WY (z) = (—3—§—E+ijeiz
z

z z z
Ecau BBecTH 0003HaUEHUS

k
KR=x, kR=x, ==& @R=x1-& (4

0
TO ypaBHeHHE (2.44) MOXKET OBITh IIPEJCTABICHO B BUJIC

tg(x,&)=f, (x,8) (2.47)

[IpaBas yactb ypaBHeHus (2.47) OyaeT UMETh BU:

fo(xoa‘g):_ 5 >
E:

XS
1+1§2€;2(1+x0 1-¢)

187+ X1 -8)
1+ xo\/@[l —;xééz(l _gz):| (2.50)

VYpaBuenuem (2.47) onpenensitoTcs, HeSIBHBIM 00pa3oM, HCKOMBIE
YPOBHHU dHEPrUuu. B34Thl JOKHBI OBITH TOJIBKO T€ KOPHHM YpaBHEHUS,

s Korophix  tg(x,8) <0, uro sBiAsSETCA CIIEACTBHEM BBIPAKECHUS

(2.48)

fl(xo 6) =

(2.49)

S5(x58) = X8

(2.48). IlepBbiii u3 3THX ypoBHEH (/ = () sABIAETCS B TO KE Bpems
CaMbIM TJTyOOKHM M3 BCE€X YPOBHEW JHEPIrUH, T. €. COOTBETCTBYET
HOPMAaJIbHOMY COCTOSIHUIO YacTULbl. 3HAYEHHS IIEPEMEHHOM &,
yIOBJIETBOPsIOLINE ypaBHEHUAM (2.48-2.50), mpoliie BCEro HaXoasaTcs
rpapuyeckum  metoaoM. Ilpu choumkom Manod riyOuHe V)
NOTEHIMAJIBLHON SIMbl YPOBHM OTPHUIATEIBHON SHEPrUM BOOOIIE
OTCYTCTBYIOT, T. €. YacTHUIA HE MOXKET «yAepxkKarbCs» sMou. [11]
MuHumanbpHas TIyOMHA SIMbI, NMPU KOTOPOM TMOSBISETCS TEPBBIM
OTPULIATEIbHBI YPOBEHb

222
_Th
K)min - 8m R2
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Ota BenuuMHA TeM OOJbIIEe, Y€M MEHbIIEe paguyc sMbl R.
BennurHa nepBOro ypoBHs B MOMEHT €O MOSIBJICHUS ONPEAEIseTCs

T
u3 kR:z u paBHa Hymo. Ilo Mepe panbHEHIIEro yBEIUYECHUS

TTyOUHBI SIMBI HOPMaJIbHBIA YPOBEHb TAK)KE MOHUKACTCS.

B KBaHTOBBIX TOYKax CHEKTp OYJIET YHUCTO JHUCKPETHBIM.
XapakTep U CTENEeHb BBIPOXKIACHUSA OyAET ONPENeisaThCd CUMMETpUEH
MOTeHIMANA. [ onmmMcaHusi COCTOSHUM 3JIEKTPOHOB B KBAHTOBBIX
TOYKAaX MCIOJIb30BAIUCHh PA3JIMYHBIE MOJEIBHBIE MOTEHIMAIBI — OT
MPOCTEHIIIEr0 TMOTEHI[MAa TPEXMEPHOH mapaboJIMYecKOd SIMBI 0
TPEXMEPHOM MBI, UMEIONIEH (HOopMy MUPAMUJIBI.

2.5. [IlnomHocmb cocmosiHul

JUiss  BbIsBIIEHHS (DU3MYECKUX XapaKTEpPUCTHUK M aHaIU3a
(u3MUECKNX CBOWCTB pEabHBIX CHCTEM HEOOXOJUMO HUMETh
uH(}OpMaLIHIO O paclpeAeICHUN SHEPTEeTUUYECKUX COCTOSIHUNA. To ecTh
HEOOXOOUMO 3HAThb KOHKPETHBIM BHJ (PYHKIMH, XapaKTepU3YIOLIEH
YUCJIO DJIEKTPOHHBIX COCTOSIHMM, NPUXOIAIIMXCS HA 3aJaHHBIN
UHTEpBaJ S3HEpPruu. M3BECTHO, YTO MIIOTHOCTh COCTOSIHUN B #-MEPHOM
IPOCTPAHCTBE BOIHOBOrO BekTopa paHa (2m)" . Ilyctbs uwmcio
IHEPreTUUYECKUX COCTOSIHUM 3JIEKTPOHOB B KpHCTAIIE 00beMOM () ¢
BEJIMYMHAMH SHEpruii B uHTEpBaie ot E no E+dE Oyner paBHO
D(E)dE. Torna ninoTHOCT cocTossHui D(E) 3anuchIBaeTCs Kak

3
D(E) = % ;iE [k, (2.52)

I7Ic MHTETPUPOBAHHE IMPOBOJUTCSI IO 00beMy K-mipocTpaHCTBa,
3aKJIIOYEHHOMY BHYTPH TIIOBEPXHOCTH S TOCTOSHHOW »Hepruu E.
BeckOHEYHO Maiblii 00beM d'k paBeH MPOM3BEICHHUIO GECKOHEYHO
Majoro »JIEMEHTa yKa3aHHOW MOBEPXHOCTH dS Ha paccTosiHue (1o
HOPMAaJIM) MEXK]ly IOBEPXHOCTSIMU ¢ dHeprusimu E u E+dE.

Hcxonst u3 JaHHBIX ONpEEICHU MOYKHO BBIYMCIHUTH TJIOTHOCTD
COCTOSIHMI B HHM3KOpPa3MEpPHBIX CTpYKTypax. [IpoBemeM 3TOT pacuer
st 2D anexTpoHoB. byjieM cuuTaTh, 4TO COOCTBEHHBIMU (DYHKIIUSIMU
SIBJISIFOTCS TUIOCKME BOJHBI, HOPMHUPOBAHHBIE Ha IJIONIaAb o0pasua S =
LyxLy.

71



1 i
V= ﬁeXp%(prpyy) (2.53)

a CHEKTp JJIEKTpOHA B NpuOIMxeHuu >PPeKkTuBHON Macchl (m)

V30TPOIHBIN U KBAAPATUYHBIN
2

p
E-E =2
. (2.54)

VuntsiBas rpaanunbie yenosus s (2.53) V(x, y)=Y(x+L,,y) u

Y(x,y)=¥(x,y+ Ly) pa3pelICHHbIE  3HAYEHUS  KOMIIOHEHT

2rh 27h

npoekmuii uMmyasca: Px = 7 o Py= I3 M, rtme ny u n, —
X y

ICJIbIC YHUCIIA. B MNPpOCTPAaHCTBC UMITYJIbCOB ILIOIIAAb, IIPUXOAAIIAACS
Ha OJTHO COCTOsIHUE, OyJIeT paBHa:
b p = (27h)’ B (2zh)’

x4y LxLy S (255)

Pamguyc okpykHOocTH  p=+2m(E—E,) oOrpaHM4uMBacT T€

COCTOSIHUSA, SHEPTUA KOTOPBIX MeHble £. CocTtosiHus ¢ sHepruen £, >
E nexar BHE 3TOM OKPY>KHOCTH B UMITYJIbCHOM IPOCTPAHCTBE. Takum
o0pa3oM, €ciiu pa3feiauTh IJIONMaAb 3TOM OKPY>KHOCTH Ha IUIONIA[b,
MPUXOJAIIYIOCS Ha OJHO cocTosiHHE (2.55), U ydecTb JABYKpaTHOE
CIIMHOBOE BBIPOXKJICHUE, MOXKHO HAWTH TOJHOE YHCIIO COCTOSIHUH C
SHEPTUEU MEHbIIIE E:

zp’ _y zp°S :mS(E—En)

N(E)=2
[[TOTHOCTE COCTOSSHUM — DJTO YHUCIO COCTOSHUU B €OUHUYHOM
_ dN(E)
WHTEPBAJIC SHEPT U JE Ha €IMHUILY TUIOMIAAu S, TO €CTh:
1 dN(E) m
D(E) = STIE HE-E,), (2.57)
rae
I, E>E,
HE-E)= 0. E<E (2.58)

BunHO, 4TO mosyyeHHasi IByMEpHasi MJIIOTHOCTb COCTOSIHUM npu E >
E,, Bo3pacTaet ckaukoMm (eciu mpeHeOperaTh pa3ynopsioueHUueM Uiiu
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YIIUPEHUEM YPOBHS) 10 ONPEACIICHHOTO 3HAYEHUSI U HE U3MEHSIETCS

Inpu I[aJII)HGI\/IIHICM YBCINYCHHUU OSHCPIHH.

Ecom npu E > E|

CYIIECTBYIOT APYTHE ABYMEPHBIC 30HBI, TO B IUIOTHOCTU COCTOSIHUI

MOSIBJISIIOTCSL  IOTIOJIHUTENBHBIE  CTYIIEHHM, COOTBETCTBYIOIUME €€
YBEJIIMYCHUIO.
O6beMHbIEe CBOMCTRA. 1D kBaHTOBaHwMe.
Het kBaHTOBaHUSA Asymeptibii crion.
S e ,i ____________
é [ §
: 5
3 &
Q o
£ a
: :
g £
c 2
cC
SHeprng ——> QHeprusg —
5D KBAHTOBAHME 3D KBaHTOBaHME.
' KsaHTOBas To4Ka
KBaHTOBas HUTD.
200 A
B B A A A A A
I I
5 5
2 2
(&} Q
(] o
bbbl
E E
OHeprng —— OHeprng ——

Puc. 2.3. IInomnocme cocmosinuu npu pasmepHom

KearHmoeseaHuu
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Ecnu 3amoiHeHa TOJBKO HUXKHSS MOJ30HA, TO YUCIO 3JEKTPOHOB Ha
€AUHUILY IUIONIAJU MIPY TeMIepaType adCOIIOTHOTO HYJISI pAaBHO

g m
Ny==—(E.-E)) 2.59
S F .
7Z'h2 n ( )
TIc. gv — KpaTHOCTL JOJIMHHOTI'O BBIpO)KI[CHI/ISI, paBHaH t-II/ICJIy
DKBUBAJICHTHBIX BHGPFGTHIIGCKI/IX 3OH, EF — 3Hepr1/151 CDepMI/I.

[ToBepxHocth @epMu B JIBYMEPHOW  DJIEKTPOHHOM  CUCTEME
Ipe/ICTaBIsAeT cOO0N KPUBYIO, KOTOPYIO TaK)KE€ HA3bIBAIOT JIMHUEH WK
koHTypoM Depmu. B npocreitiem cirydae n30TponHon 3¢ PpekTuBHON
macchl KoHTyp dDepMmu mipecTaBiiseT coo0i OKPY>KHOCTh C paIuyCcoM

27N
— S
kp = (2.60)
g,
Ha3bIBA€MbBIM BOJIHOBBIM BEKTOpOM Depmu.
IlomHass MJIOTHOCTH COCTOSIHMM HECKOJBKMX MOJI30H — JTO

ctyneHyarass (QyHkius sHepruu. llpm Oonbmmx sHeprusx D(E)
CTPEMHUTCS K TUIOTHOCTH COCTOSIHHM JJIEKTpOHOB B 00BeMe (3D),
KOTOpas IPOIOPLHOHATbHA VE .

B KBaHTOBOW HHTH 3JEKTPOH CBOOOIHO IBMIKETCS B OJHOM
HampaBiieHud. Eciau  BHOBb OOpaTUTBCS K  PacCMOTPEHHUIO B
UMITYJIbCHOM  TPOCTPAHCTBE (TE€Nepb YK€ OJHOMEpPHOM), TO
HEOOXOUMO HAWTH TIOJHOE YHCIO COCTOSHHUH C HMMITYJIbCOM, HE
npeBbIIaomuM |p,|. i sToro HeoOxomumo pazaenutbh 2p, (cC
y4€TOM BO3MOXXHBIX 1p,) HA MHTEPBAJI B UMITYJbCHOM IIPOCTPAHCTRBE,

27h
IPUXOASIIMICS Ha OJHO KBAHTOBOE COCTOSHHE T. €. Ha IR BHoOBB
zZ

YUUTBIBAs JBYKPATHOE CIIMHOBOE BBIPOXKICHUE, UMEEM:
2p 2p_L
N(p.)=2-"=2] === 261
: 27zh ©  7h ( )
[To aHanorum ¢ ABYMEPHOW CHUCTEMOM MOKHO 3alMCaTh BBIPAKECHUE

JUJI SHEPTUU B OTHOMEPHOU MOJ30HE:
2

P
E =F +—=
(P =+ (2.62)

Beipaxas p, u3 (2.62) u noacrasisis B (2.61), HailgeM MOJIHOE YUCIO
COCTOSIHMM C SHEpPruer MeHbie £:
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2L.\2m(E - E,,)

N(E)=
(E) pors (2.63)
[11OTHOCTH COCTOAHUM HA €IVMHUITY JJIMHBI PaBHA!
dN(E) 1 \2m
pE)y=NE L _ (2.64)

dE L zhJ(E-E,)

OpHomepHasi TUJIOTHOCTH cOCTOSIHUM (2.64) mMeeT OCOOCHHOCTH B
TOYKaxX FE, , SBISIOMNUXCA HIKHUMHU TPAHUIIAMU TIOJI30H, U YOBIBAET
¢ poctom E.

B cucreme kBanTOBBIX TOueKk (0D cucTeMe) 3>HEPreTUYECKUI
CHEKTp SBISETCS TMOJHOCTbIO AUCKPETHBIM. ILIOTHOCTH COCTOSHMIA
kak (yHkusa ’Hepruu B 0D mpeacrtapisier coboi psiag O - oOpa3HbIX
NMUKOB. B KkadyecTBe MOAEIM TaKOM CHCTEMBI MOXKHO PacCMOTPETh
JBYMEPHBIA JJICKTPOHHBIA Ta3, HAXOIAIIMKUCA B KBAHTYIOIIEM
MarHuTHOM ToJsie. CIeKTp TaKoil CUCTEMBI BhIpaKaeTcs GopmyJion

E =ho,(n+)), n=0,12... (2.65)
eH
rae @ =~ - IUKIOTPOHHAS HaCTOTA. C yyeTroM KpaTHOCTH
BBIPDOKJCHUS MAarHUTHBIX YPOBHEN BBIPAXEHUE [ IUIOTHOCTHU
COCTOSIHUM UMEET CIICAYIOLINN BU/I:
D(E) = ef §[E—ha)c(n+%ﬂ (2.66)
27rch

[IpuBeneHHbIC BBIPAXKEHUS JIA IUIOTHOCTH COCTOSIHUM ObLIH
MOJIYYEHBI JUIsl UJI€alIbHBIX KBAHTOBO-PA3MEPHBIX CUCTEM, TO €CTh 0€3
ydeTa OJJICKTPOHHOTO PACCESIHMs, MPUBOJAIIETO K «Pa3MBITHIO»
MOJIYYEHHBIX B pacueTax ujeaibHbIX cTyneHel (2D), nukoB (1D) u d -
dbyukiuii  (0D). Mcxoas u3 COOTHOIIEHUS HEOMNPEACTICHHOCTEH,
OSHEPreTUUYECKUN YPOBEHb DJICKTPOHA BCJICICTBHUE PACCESHUSI UMEET

h
KOHEYHYIO LIHUPUHY % , TIE€ 7, - BpeMs peJaKcalud HMIIyJIbCa
p

(BpeMsl KM3HM JJIEKTPOHA B OJHOM KBAaHTOBOM COCTOSIHMM). [lms
COXpPAHEHUSI OCOOEHHOCTEH IJIOTHOCTH COCTOSIHUA WU JUCKPETHOTO
XapakTepa CIEKTpa HEO0OXOAUMO, YTOObI PACCTOSIHUE MEXKIY
JTUCKPETHHIMU YPOBHSIMU OBbLIO OOJBIIE YIIMPEHUS, J1aBa€MOTO

COOTHOIICHUEM HGOHpGI{@J’IGHHOCTCﬁZ

h
gn+1 - gn > (267)

Ty
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B 9KCIICPUMCHTAX MOKHO HU3MCPUTH IMOABHKHOCTH, CBA3AHHYIO C

%

BPEMEHEM pellaKcalnu cooTHomenuem A =€ T

2.6. lNonsipuszyemocmb U 3KpaHupoesaHue

[IycTe wuaeanbHBIM JIBYMEPHBIA JJICKTPOHHBIA Ta3 JICKUT B
miockoctd z = (. PaccMOTpuUM €ro OTKIMK Ha 3JEKTPOMArHUTHOE
1oJie, CO3JaBaeMoe CJIa0bIM CTAaTUYECKUM MOTEHIIMATIOM, MEJJICHHO
MEHSIOIIUMCS B IPOCTPAHCTBE. JlOMyCTUM, YTO IIOCKOCTh MOMENIEHA
B OJTHOPOJIHYIO cpeny, cTaTu4yecKas TUBJICKTPUYECKAS
IIPOHULIAEMOCTBb KOTOpOU Iipu z<0 paBHA &,;,,, a pU z>0 paBHA &\yy;.
JIOTOJIHUTENBHBIN AJIEKTPOCTATUYECKUI TIOTEHIHA, CO3JaBa€MbId
BHEIITHUM HCTOYHUKOM, CBS3aH C IUIOTHOCTBHIO 3apsijia O YPAaBHECHUEM
[Iyaccona

V(@Vg)=—-4np, (2.68)
TN€ P = Pasem - Punn — CYMMapHas IUIOTHOCTh BHEIIHETO U
WHIYIIUPOBAHHOTO 3apsja, & — CTaTU4YecKas MAJICKTpUYecKas

MPOHUIIAEMOCTh. ECIM MOTEeHIMan W3MEHSETCS B MPOCTPAHCTBE
JIOCTAaTOYHO MEIJICHHO, TO IUIOTHOCTh WHAYIHUPOBAHHOTO 3apsaa B
TOYKE I Ha TJIOCKOCTH z=0 sBISETCS (PYyHKIHMEH TOIBKO JOKAIBHOTO
MOTEHIINaNa, JEUCTBYIOIIETO HA JJIEKTPOHbI. DAaKTUYECKU CUTyalus
Takas >k€, Kak M B TPEXMEpPHOM cllyyae B mpuOmmkeHun Tomaca-
depmu.

P (1) =—€| Ny(#)— N(0) |5(2). (2.69)
rne ¢ =¢(r,0) - BeJIUUYMHA DIIEKTPOCTATUYECKOTO IMOTEHI[AAIA B TOYKE
r, YCPEIHCHHAsd MO PACHPEICICHUIO JJIEKTPOHOB BJAOJb OCU z. B
MPOCTEUIIIEM CIydae 3TO paclpe/ielieHue ONMUChIBAaeTCsS O - (DYHKIIUEH.

VpaBuenue (2.69) mnpencraBisieT CcoOOM  ABYMEpPHBIM — aHaIOT
npubamxenus Tomaca — @epMmu.

[ToTeHIMAan ¢ CMEIAeT SHEPreTHIECKUE YPOBHU MEKTPOHOB Ha
BEJIMUYMHY —e@ U U3MEHSET PAcCTOSHHE MexIy ypoBHeM ®epmu Er n
JHOM 30HBI IPOBOAMMOCTH Ha e@. Eciu moTeHmuan CYUTaeTcs
ciabbIM, TO MocIe JuHeapu3auu (2.69) nmeem:

P =)L) == ()

5(z) (2.70)
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VYpasuenue Ilyaccona (2.68) Torna npeodpasyercs K BULY

V(xV §) 223, (1)5(2) = -47p,,, (2.71)
rme 9s - OoOpaTHEIl pagWyc SKPAaHHUPOBAHMS, OIPEIeIIeMbIii
COOTHOILLIEHUEM

_ 2z’ dNy
ds z dE, (2.72)
= ?Emm; &y (2.73)

JIluHEHOE SKpaHUPOBAHUE B OJHOPOJHOW TPEXMEPHOU CHUCTEME
OMUCHIBAECTCS YPABHEHUEM

—4
Vg0l = —Lme, (2.74)
&
rne Og - oOparHelii pagumyc »kpaHupoBaHus Tomaca-Depmu.

VYpaBuenue (2.74) o popme BechMa HallOMUHAET aHanoru4Hoe (2.71)
IUId IBYMEPHOW CHUCTE€MBbI. EcCiM BHEIIHUM TOYEYHBIM 3apsy Ze
pacrojio)keH B Hayaje KOOpJWHAT, TO pemieHueMm (2.74) Oyner
OOBIYHBIN SKPAHUPOBAHHBIN KYJOHOBCKUN MOTEHIIUAI:

4= %exp(—gsm (2.75)

B ciydae, korga BHEIIHUN 3apsA PACHOJIOKEH B TOUke + = 0, z =
zo < 0, ypaBHeHue (2.71) moxeT ObITh pemieHo. s JByMEpHOro
ClTydas, Py OOJBIIMX 3HAUCHUAX r Koraa ¢s+ O, BeIpaskeHue yist
YCPEAHEHHOTO TMOTEHIMaa MPUOOpETaeT aCHMITOTUYECKUN BHU]T

[12,13]
F(r)0 202 4%) (2.76)
&q,r
[TonydyeHHas cTeneHHasi 3aBUCUMOCTb IMOTEHI[MAaIa OT PACCTOSHUS
3HAYUTEIBHO cJladee IKCIOHEHIIUAIBHOM, XapaKTepHOU sl 0ObeMa
(3D). D10 M ecTh OAHO M3 TJIABHBIX KAauyE€CTBEHHBIX OTJIUYMI
DKPAaHUPOBAHUSI B  JBYMEPHOW  DJIEKTPOHHOM  CHUCTEME  OT
DKPaHUPOBAHUS B TPEXMEPHOU.
PaccmoTpenue 6osiee peauCTUYHON MOJIENIA AJIIEKTPOHHOTO rasa,
3aMOJIHSIONIETO  CJIOM, TOJIIMHA KOTOPOrOo OTJIMYHA OT HYJIH,
npeanojaracT uYTO YYWUTHIBAETCA IIONEPEYHOE  pachpeiesieHue
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AJIEKTPOHOB, Hampumep, wucnoyb3dys ¢GyHkuo @Osnra-Xosapna.
Paanyc skpaHUpOBaHUs B 3TOM CIIy4ae BBIPAXKaeTCs Kak:

27e’ dNj
qds = s
& dE,.
CpaBHHMBas MapaMeTpbl SKPaHUPOBAHMS I TOYCHHOTO 3apsijia B

KBa3WJIBYMEPHOM W MJI€aJIbHO JBYMEPHON CHUCTEMaX B MPUOIMKCHUU
Tomaca - depmu, JETKO 3aMETUTh, YTO

__ 27é’N
s =BGy =—— > (2.78)

d

(2.77)

dE . 5
rne BemmumHy Lo =N s N, HaspIBAIOT  OHEprueH muddysun,
S

y y y E,
BXOJAIIE B OOOOIIEHHOE COOTHOIICHHME OWHmTEeHHA D=—-u,
e

cBsi3bIBatolee KodpPuuueHT 1udPy3un 1 NOABUNKHOCTD.
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3. PEBOHAHCHOE TYHHEJNTIMPOBAHUE

B nocnenaune 40 neT KOMNOBIOTEPHI U UX BO3MOKHOCTH PAaCTyT
ropa3io ObICTpee, Y€M YMEHBIIAIOTCS pa3Mepbl HX OCHOBHOIO
(GYHKIIMOHAIBHOTO 3JIEeMEHTa — TpaH3uctopa. OpHAKO 3aKOHBI
KBAaHTOBOM MEXaHWKH, OTPAHUYECHUS, CBSI3aHHBIEC C HUCIOJIb3yEeMbIMU
MarepuagaMyd U TEXHOJOTHUEW, ENal0T HEBO3MOXKHBIM OECKOHEYHOE
YMEHBIIIEHHE Pa3MEPOB OOBIYHBIX TPAH3UCTOPOB. YKE€ CErOAHs
MNOHSTHO, YTO HW3BECTHBIE 3aKOHOMEPHOCTH ISl  OOBEMHBIX
MOJYIPOBOIHUKOBBIX 3JIEMEHTOB YAaCTUYHO HE OYAYT BBINOJHSITHCA
IIPpA YMEHBIIICHUH pa3MEPOB 31eMEHTOB 10 100 HAHOMETPOB U HUXKE.
ANbTEpHATUBOM MPSMOMY YBEJIMYEHHIO IUIOTHOCTH 3JIEMEHTOB
MUKPOCXEM MOXKET CIyKUTh HCIOJIb30BAHHE B MHKPOIJICKTPOHHBIX
YCTPOMCTBaX HOBBIX (U3UYECKUX APEHEKTOB MW 3aKOHOMEPHOCTEH,
MPOSIBIISIFOIIUXCS] TP YMEHBIIICHUU XapAaKTEPHBIX Pa3MEPOB ATUX K€
sanemeHToB (Puc. 3.1). Bce mnpuOopbl HaHOSJIEKTPOHUKH MOKHO
pa3AeNUTh Ha JIBE TPYIIIIHL:

. TBEpPAOTEJbHbIE KBAHTOBBIC MPUOOPHI, MPUHLUUIBLI PAOOTHI

KOTOPBIX OCHOBAHbI HAa KBAHTOBBIX d(D(PEKTAX U SABJICHUSIX;

. TpUOOPHI MOJICKYJISIPHOU JIEKTPOHUKH.

Korga Mbl TOBOpUM O HAHORJIEKTPOHUKE U €€ AJIEMEHTHOH 0ase,
TO HEOOXOJMMO BCErja MOMHHUTb O TOM, YTO peyb HJET O pa3Mepax
MeHee 0,1 mxm. [Ipu 3TOM MOBECHUE AITEKTPOHOB B MOJIYPOBOJHUKE
HE MOJXET YK€ paccMaTpUBAThCS KaK MPOCTOE JBUKEHUE YACTHIL -
HocuTenel 3apsana. Heo0XxoauMo yYuThIBaTh UX BOJTHOBYIO MPUPOIY.
Takoe moBeneHHE OOBIUHO HA3bIBAECTCS «KBAHTOBBIM PEXKUMOM» H
TpeOyeT  KBAaHTOBO-MEXaHMYECKOr0  MOAXO0Aa K  OINHCAHMIO
bu3IIEeCKUX SBJICHUU B (GyHKIIMOHAIBHBIX AJIEMEHTax
HaHOBJIEKTPOHHBIX YCTPOMCTB.

B koHeuHOM wuTOre HEOOIBIIME «OCTPOBKW» MOJYNPOBOJAHUKA
WIM METallJla, B KOTOPBIX HAOJIOAAeTCs pa3MEpHOE KBAHTOBAHHE
HOCHUTEJICH, SBIISIIOTCS TOM OCOOCHHOCTHIO, KOTOpAas JIGKUT B OCHOBE
paboThl BCEX MPUOOPOB HAHOZJIEKTPOHUKU. OCTPOBKM MaTepuajia B
HAHORJICKTPOHHBIX MPUOOpPAX BBIMOJHAIOT POJIb AHAJIOTUYHYIO POJIH
KaHayia, (OPMUPYIOIIETOCs TMOJ 3aTBOPOM TMIPU  MNPUIIOKEHUHU
HaIPSKEHUS] B OOBIYHOM TOJIEBOM TPAaH3UCTOPE.
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CocraB, ¢opma u pa3Mep O3THUX OCTPOBKOB OMNPEACISIIOT
BO3MOYKHOCTHA CO3[IJaHHSI COBEPILICHHO PA3JIUYHBIX NPUOOPOB C
COOTBETCTBYIOIIMMH XapPAaKTEPUCTUKAMHU. KOHTpOJIIb MMEHHO 3THX
XapaKTEPUCTUK MO3BOJIIET  pa3pabOTYMKaAM HaHOIIPUOOPOB
UCIIOJIb30BATh PA3JIMYHbIE BO3MOKHOCTH, CO3/1aBA€MbIE KBAHTOBBIMU
peXKUMaMM, U KOHTPOJIMPOBATH MEPEHOC HOCUTENEH 3apsla dYepe3
aKTUBHbBIC 00J1aCTH MaTepuaa.

B ocHOBY pabOThl KBAaHTOBBIX MPUOOPOB MOJOKEHBI J1Ba 3(PpdekTa
— TYHHEJIMPOBAaHME U pa3MepHoe KBaHTOBaHue. [Ipumepom
npuOOpHON peanu3auuu 3TUX IPDEKTOB SABISIOTCS PE3OHAHCHBIE
TyHHEJIbHbIE MPUOOPHI. [ MOHMMaHUsa KBAaHTOBBIX 3(DPEKTOB U UX
pOJIM B pabOTE 3JIEMEHTOB HAaHOMIPHUOOPOB HEOOXOIUMO TTOMHUTH, UTO
JIEKTPOH JBUIKETCS MO KPUCTAJUTY MOJYIPOBOJHUKA Kak biioxoBckas
BOJHA. BaXHbIM CBONCTBOM SIBJISIETCS KOIE€PEHTHOCTH BOJIHOBOTO
nakeTa WIM BOJHOBOW (PyHKIMU. B pe30HAHCHBIX TYHHEIbHBIX
npuoopax (PTII) pa3mepbl KBAaHTOBOW SIMBl MEHBLIE JIJIMHBI
KOIe€peHTHOCTH biaoxoBckoil BoyiHBL. CTpyKTypa THIA «pPE30HATOP»
CO3/IaeT BO3MOXKHOCTh HMHTepdepeHIun TpsMOM U  oOpaTHOMU
(OTpak€HHOM OT TrpaHUIIbl pa3fiena) BOJIH, TAaK, YTO YCHUJIMBAETCS
TyHHEJIBHBI TOK. AHamoroM 3Toro 3(Qexkra MOKET CIyKHUTh,
HalpuMep, yCuieHue 3Byka B TpyOax oprana. ®akrtuuecku PTII — ato
NeKTpUUeckuil anaior pesonaropa ®adpu-llepo. TyHHeNbHBIA TOK
OTIpeeIIeTCsl KaUeCTBOM I'PaHULl CTPYKTYPBI U 3JIEKTPOH-(POHOHHBIM
paccesnreM. CoOBpeMEHHBIE TEXHOJIOTHUU, TAKHME KaK MOJICKYJISIPHO-
My4YKOBasg 3MUTAKCHS, MO3BOJISIIOT MOJYyYaTh CTPYKTYPbl C BBICOKHM
KaueCTBOM I'PaHUIL pa3iena.

XOpomio HM3BECTHO, YTO ©Oa30BBIM MAaTEPHAJIOM COBPEMEHHOM
MUKPO3JIEKTPOHUKH ABJsieTCs KpeMHuil (Si) — anemeHT IV rpynmbl
nepuogudeckoil cucrembl. OpHaKo OOJBIIMHCTBO COBPEMEHHBIX
npuOOpPOB  HAHODJIEKTPOHMKM  M3rOTABIMBAETCS  HAa  OCHOBE
marepuasioB III u V rpynmn, Hanpumep AlAs u GaAs. HecomHeHHBIM
IPEUMYIIECTBOM 3THX MATEPHUAJIOB SIBJISIETCS BBICOKAs MOJBHXHOCTb
HOCUTENEH U BO3MOXKHOCTH (OPMHUPOBAHUS TpaHUIl paszjena
BBICOKOTO KauecTBa. ClieIyeT OJIHAKO OTMETHThb, YTO B IOCJIECIHEE
BpEMsl BCE LIMPE HAYMHAETCS MCIIOJIb30BAHUE B HAHODJIEKTPOHHUKE U
anemenToB IV rpynmer:Si u Ge.
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3.1. [eyxb6apbepHasi cmpykmypa

Jns MeTannoB JIMHA BOJIHBI e bpouis Ha MOPSAIOK MEHbIIE,
yeM B noynpoBoaHukax (~200 - 300 aarctpem). IMEHHO TIpU TaKuX
TOJIIMHAX IJICHOK CIEAYET OKUAATh MPOSBICHUN BOJIHOBBIX CBOMCTB,
B YaCTHOCTU TyHHeIHUpoBaHus. Kpome Toro, momoOHBIE OIEHKH
O3HayarwT, 4YTo A3TU  3Q(QEeKTbl  Jierye  OCyUIECTBUTh B
NOJYNPOBOJHUKAX, YEM B MeETalaX. OJTO CBA3aHO C TEM, 4YTO
BO3MOKHOCTb CO3/IaHUsI TOHKOM IIJIEHKM C HEOOXOJUMBIMU IS
KBAaHTOBaHUs pa3MEpaMH M COXPAaHEHHEM MOHOKPHCTAJUIMYECKOU
CTPYKTYpPBI TEM JIETUE, YEM OOJIbLIE €€ TOJIIHHA.

HauOonpmuit uHTEpeC s CO3/IaHUsI HOBBIX BBICOKOYACTOTHBIX
IpUOOpPOB COCTABIIIOT HE OJUHOYHBIE Oapbepbl, a CTPYKTYpHI,
MMEIOIIME JIBOMHON MOTEHIUAIbHBIN Oapbep [1]. Bbicokuil ypoBeHb
Pa3BUTHSI COBPEMEHHOM TEXHOJIOTHM IMO3BOJISIET CO3/1aBaTh CIIOMCTHIC

CTPYKTYpHI [2,3].

3.1.1. KoadhpunumneHTbl NpoxXoXaeHns n oTpaKeHud
[Iycte Ha #AByXOaphepHYI CTPYKTYpPY B IMOJOKUTEIbHOM
HAIPaBJICHUU OCHU Z MAJAIOT AJIEKTPOHBI C dHEpruerd E U uMmyiabcom

hk =~2mE (Puc. 3.2.). HalimeM aMmuiutyasl oOTpaxeHus R u
npoxoxaeHuss D depe3 CTpyKTypy. PaccMOTpyM MHOTrOKpaTHbIE
OTpaKEHUS BOJIH OT rpaHull] 6apbepoB [1].

A

U U,
U
Sl BN 5
L I
0 a, a+L a:+a,+ |

Puc. 3.2. Jlsyxbapvepnas keanmogas cmpyKkmypa
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CunTass W3BECTHBIMU AMIUIMTYABI OTPaXXCHHA R, W INPOXOKICHHUS
D, g mepBoro U BTOPOro 0apbepoB U Y4YHUTHIBas (ha30BbIM HaOET
BOJHBl kL B sAMe IIMPHUHBI L, MOEM 3aIlHCATh BBIPAKECHUS IS
aMIUTUTYJ OTpaXeHUs R v npoxoxaeHus D.

' . ' ' ' . DZR eZikL
R=R +De"Re" D +De" Re"“Re" R D +..=R +— 21—

1-RRe”

172
(3.1)
. . . . D.D.e™
D=De" D, + D" R, Re™ D, +..=— 2 (3.2)
1- R R,e*™
172
Beipaxkenuss it R uw D OpeacTaBisiOT  coOOM  CyMMBbI
TCOMETPUUICCKUX IIPOTPECCHI. O003HaYUM R, = ‘Rl,z e

2
Koaddurment npoxoxaeHus ‘D ‘ MOYET OBbITh MPEJICTABJICH KaK
2
[D.D,

D =
D 1+|R1R2|2 —2|R R,|cos(2kL + ¢, + ¢,) (3.3)
Ecmu AJIs1 BOJTHOBOT'O BCKTOPaA k BBITIOJIHACTCSA YCJIOBUC
@L+9@%@Q=nm re n=0,12.. (3.4)
TO [T KO3 (pHIIMEHTA IPOX0KICHUS OJYyUYNM BhIPAKCHHE
|D|2 B |D1|2 |D2|2 s
(1-[R &)} o)

Ecnu cuurtaTh Oapbepbl JHOCTATOYHO TOJICTBIMHU, TO KO3(P(PUIMEHTHI

—a&a,

—&a
D;, OyayT 9KCIIOHEHUIMAIBbHO Manbl (IPOMOPLUUOHATIBHBL € ~ ,€ =

rae he , = \/2M(U1,2 -E ) ), a KO3(h(GUIIUECHTHI OTPAKEHUSA OJIM3KH 10

MOJIYJIIO K SIUHUIIC:
2
D
Rol =i [pf ~1- 12 56

[Toncrasiss (3.6) B (3.5), noyuynm
4D [ 10,
2
(|D1|2 + |D2|2) ’

D(E=E,) = 3.7)
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nk’
roe L, = 2—" Eciu Gapbepbl OIMHAKOBBIE, T. €. |D)| =|D,
m

‘D(E: En)‘2 ~1. Takum o00pa3oM, 0pH YKa3aHHBIX YCIOBUSX

, IOy YUM

HAO0JII01aeTCA SIBJICHUE PE30HAHCHO20 myHHeauposanus. 110CKoIbKy
YUCJIO YacTUIl TPHU MPOXOXKICHUU uepe3 MOTEHIHUAJIbHBIN Oapbep

0.

Hecmotpss Ha TO, 4TO Oaphepbl BHIOpAHBI HaMU JIOCTATOYHO

coxpamsiercst, o nonyunm |R(E =E,)

2
TOJICTBIMH, W TPOHMI[AEMOCTH MX Manbl |D,| [ 1, mpu HEKOTOPBIX

3HAUCHHUSAX DOHEPrud JTH Oapbepbl I  YaCTHUIBI  SIBJISIOTCS
«mpo3pauynbiMu». KapTuHa anamoruu"a wuHTepdepomerpy Dadpu-
[lepo: u3-3a uHTEepdEepEeHIINH IEKTPOHHBIX BOJH MPU OTPAKEHUU OT
OapbepoB CHApPY>KM OCTAIOTCA JIMINh TAJAomas W IMPOIIeAIasi
JIEKTPOHHBIE BOJHBL. OOpaTHas OTpakeHHash BOJIHA TP ATOM
MOJIHOCTBIO TaCUTCHL.

[TonoxuB aMIIUTYyZly MAJAONIEH BOJHBI PABHOW ECIWHMUIIE,
MOKEM 3aIuCcaTh BBIPAKEHHUE ISl BOJTHOBOM (DYHKIIMU B ME MEXKIY
OapbepaMu:

V(g <z<a+L)= A" 4 gt (3.8)
rae
ikL ikL Dl |
A=D, +De""R,e Rl+m:1—RR e (3.9)
172
. . ' . D R eikL
ikL ikL ikL ikL
B=De""R,+De" " Re"Re" R, +..= - 11211232821.& (3.10)
N3 dopmyn (3.9) u (3.10) npu ycinoBuu, 4to k=k, NOIyIuM

2 i
1_|R1||R2| |D1|2+|D2|2

A= B~ (3.11)

, TIOJly4uM, 4YTO |A|z|B|zLD 1. Takum
D)

o0pa3oM, amIUIUTyJa BOJIHOBOM (yHKIMU BHYTpU siMBI (4 u B)

3HAUUTEJIbHO MPEBBIINIACT AMIUIUTYAY BOJIHBI BHE JBYXOaphepHOil

CTPYKTYpPhI (KOTOPYIO MBI TOJOXWIM PaBHOW €IMHUIIE). DJIEKTPOH

3aJIep’)KUBAETCSl B sIME Ha OOJIBIIOW MPOMEXYTOK BpPEMEHU H

Monaras |D,|=|D,
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MHOTOKPAaTHO OTpaxkaeTcs oT OaphepoB. B pe3ynbTaTe MHOTOKPATHO
BO3pacTacT BEPOSATHOCTh TYHHEIMPOBAHUS JICKTPOHA U3 SIMBI.

3.1.2. KBasucrtauuoHapHble COCTOSAHUA B AMe Mexay
bapbepamu
JI1st yacTuLIbl, HaXOALICHUCS B AME MEXKIy OaphbepaMu, pelIeHue
ypaBHeHnue llIpenunrepa

2 2
¥
2 —=EY¥,a <z<a+L (3.12)
2m Oz
HMEET BUJL
Y(z)=Ce" " + Ce ), (3.13)

2mkE

rae C; u C, — NpoOU3BOJIbHBIE TTOCTOSIHHbBIC, k = . ITockonbky

penienreM ypaBHeHus (3.11) sBuseTcs QyHKIUS, ONMUCHIBAIOIIAS JIBE
BOJIHBI, OETyIHue B MPOTUBOIMOJIOKHBIX HAINPABICHHUIX, & aMILUIATY/IbI
R, cunTaroTcs U3BECTHBIMU, TO A KoddduuuentoB C; u C, MOKHO
3aMnucaTh CIACAYIOIINE BHIPAKCHHUS:

C, =Re"C,, C,=Re"C, (3.14)
Henynesbie 3HaueHust C; v C, CYIIECTBYIOT IPH YCIOBUH
RR ™ =1 (3.15)

[TockoabKy |R1R2| <1, ypaBHenue (3.14) HE UMeeT NEUCTBUTEIBHBIX

KOpPHEWM M B SIME HE CYIIECTBYET CTAllMOHAPHBIX cOCTOsAHUU. [Ipum
|R1R2| ~1 kopHu ypaBHeHus (3.14) Onu3KM K JEUCTBUTEIIBHBIM, U

MOXHO TOBOpUTb O KBAa3HCTAIUMOHAPHBIX COCTOSHHAX B SIMC,
XapPaKTCPU3YIOIUXCA KOMIINICKCHBIMHA 3HAYCHUAMU DHCPIUU:

E,=ReE, +ilmE,, |mE,(|0 ReE, (3.16)

NN 1J11 KOMIIJIEKCHOI'O 3HAYCHHKS BOJITHOBOI'O YK CJIa

- 'mE . . ~
knzqf ’Zz" =Rek, +ilmk , ‘Imkn

YuuthiBas, 4TO

0 Rek, (3.17)

- iR
Re £ ~—

. N2 &
" om )

(Rek,)’, ImE, ~—Rek, Im#, (3.18)

n n

m
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ei¢1,2

W3 ypaBuenus (3.15), ucmonb3ys oOo3Hauenue R, =‘R1,2

C
ydeToM (3.17) u (3.6) MOXKHO MOJYYUTh
~ 1
ReknL+5((o1+g02) ~zn, n=0,1,2.., (3.19)

k:ReI;n
OuyeBuaHO, uTO ypaBHeHus (3.17) u (3.4) coBmnanarT. ITO MO3BOJISIET
crenarb BbIBOJ, 4ro ReE =FE ,Rek =k , T1.. pe3oHaHCHOE
TYHHEJIUPOBAHUE HUJIET Yepe3 KBa3UCTAIMOHAPHBIE YPOBHH AJIEKTPOHA
B sIME.

Ecnu BBecTH BpeMs penlakcallui KBa3UCTallMOHAPHOTO COCTOSTHUSA
(pe3yJIbTaT COyJapeHuil O CTEHKH SIMBI JJI 3JIEKTPOHOB) C HOMEPOM H

Kak Im £ =——, TO OHO MOXET OBITb OIPEJEIICHO U3 BBIPAXKCHHUS
Tﬂ
| 4
T, R —— > , (3.20)
v, |D\|" +|D,| e,
Rek Rek
rne v, =h Z” - yacToTa yaapoB o Oapwepsl. IIpu stom 7 -
m m

n

MOXET OBbITh HMHTEPIPETUPOBAHA KAK CKOPOCTh KIIACCUYECKOIO
IBIDKEHHMS  DJIEKTpoHAa Ha  ypoBHe ReFE , a  BenuyuHa

Zn :L_'_ld(% +(ﬂ2)
2 dk k=Rek

MJIOCKOCTSAMHU d(PPEKTUBHOTO OTPaKEHUS IJICKTPOHHOMN BOJIHBI.
PaccmatpuBasi peaibHbIE CTPYKTYphl, B KOTOPBIX BO3MOKHO

HaOmoneHne s(dekTa pPe30HAHCHOTO TYHHEIUPOBAaHUS (HAIpUMEp

mis GaAs/Aly3Gag;As), pu U;=U,=0,2 3B, m=0,067m,, L=50 A,

a=a,=70 A nonyuum 7, ~10™""¢c, a ipu a;=a,=50 A, 7, ~8-10 " c.

HMCCT CMBICII  pPACCTOAHHUA  MCKAY

[Ipouecchl paccesiHus HA MPUMECAX, (POHOHAX, AeeKTax Ha rpaHUIlaX
OapbepoB  HApyIIAlOT  KOTEPEHTHOCTh  JJICKTPOHHBIX  BOJIH,
UHTEpPEPEHIIMOHHYI0 KapTUHY M B KOHEUYHOM HTOr€ MPUBOAAT K
YIIUPEHUIO SHEPTETUUECKUX YPOBHEN 3JIEKTPOHOB, T.€. K YBEIUUYCHUIO

‘Im En‘ Eciu 0003Ha4uTh BKIJIAJ] IPOLIECCOB pacCcesHus B £ Kak——,

%

TO MOXHO KOHCTATUPOBATHL, 4YTO BpPCMsA PCIIAKCAIIMHM BO3pPACTACT C
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YMEHBILIEHHEM KOHIIEHTPAIUU NMpUMeceil, 1e(heKTOB U C MOHUKEHUEM

temmeparypsl. g uncroro GaAs temmneparypHas 3aBUCUMOCTb JA€T
CHEAYIOIINE 3HAUYCHUSA:

T =77K qﬂ]lO”zc
T =200K sz1o4zc
T =300K 7,10 ¢

3HaYeHUE aMIUIUTYJbl TPOXOXJeHUs (3.2) mpu 3HAYEHUIX k

Omm3kux K Rek,, T.e. mpu 3HAYEHHAX SHEprum OIM3KUX K E
BBIpa)KaeTCs KaK

h2
) "
IDf = 4|2D1D2|22 2 . (3.21)
2
(o )], -2y

n

2 2
Eciu yyectp paccessHUE BIIEKTPOHOB, TO JAXE IIPU |D1| =|D2|

2
MaKCHUMaJIbHOE 3HadYcHHUE |D| # 1, olHaKO MPUOIMKAETCS K SIUHUIIE
IO MEpe YBEINYCHHS OTHOLICHHS 7, / T .

Inteparypa.
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4. OOHOJ3NEKTPOHUKA

VYBenuueHue CTENeHW MHTErpalid B  MHUKPOIIIEKTPOHUKE,
COMPOBOXKAAIOIIECECS MUHUATIOPU3AILIUEH TBEPAOTEIIBHBIX TPUOOPOB U
YCTPOMCTB, NPUBOJUT K HEOOXOAUMOCTH OTBETa Ha BOMPOC:
«HackoJIbKkO MUHHATIOPHBIMU MBI MO>KEM H3TOTOBHUTH TPaH3UCTOPBI,
pPE3UCTOPHI, AWOABI W T.M., HE 3aTparuBas OCHOBHBIX (PU3MYECKHUX
MPUHIIMIIOB, JIEKAIUX B OCHOBE HUX PadOThI?». MOXKHO IMOCTaBUTH
Bornpoc 1 uHaye: «Hackoiabko Maibl JOJIKHBI OBITH pa3Mephbl 3TUX
3JIEMEHTOB, 4YTOOBl KOPEHHBbIM OOpa30M HU3MEHWINCh HX pabouue
CBOMCTBAa M XapakTepuctuku?» Ilog HOBBIMH CBOWCTBAMH OOBIYHO
MOHMMAIOT TaKue, B KOTOPBIX MPOSIBISIOTCA 3aKOHBI KBaHTOBOW
MEXaHUKH WJIM KBAaHTOBAHUS 3apsijia B €AMHUIIAX (€ ) - 2JIEMEHTApHOI0
3apsiga dJekTpoHa. Takoro poja 3¢@ekTsl Hanbosiee BaKHBI s
CUCTEM HEOOJIBIINX Pa3MEPOB, MOpsAAKa aTOMHBIX. O Kakux xKe
CUCTEMax WM Jaxe YCTPOWCTBAX MOXET AT peub? Jlroboii
ATOMHBIN KJIACTEpP, UMEIOIIUNA UCTOKOBBIA U CTOKOBBIM KOHTAKThI, U
YbU XapPaKTEPUCTUKU MOTYT PETYJIMPOBATHCS C MOMOIIBIO JIEKTPOJA,
BBITIOJTHAIONIET0 (QYHKIMIO «3aTBOpa». Ha mpakTuke 3T0 MOTYT OBITh
MOJICKYJIbl, METAJUIMYECKUE OCTPOBKH, WM DBJEKTPOHHBIE MPUOOPHI,
W3TOTOBIICHHBIE [0 COBPEMEHHOM MHMKPOAJIEKTPOHHOW TEXHOJIOTHH.
OTO B CBOIO OYEpE/lb O3HAYAET, UYTO (PU3NYECKUE XAPAKTEPUCTUKU
TaKUX PA3HBIX CTPYKTYpP MOTYT OBbITh OOBSICHEHBI B paMKaxX €IUHOTO
MOAX0/1a, CBSI3aHHOTO C WM3YyYEHUEM SIBJICHUU NEPEHOCAa B CUCTEMAax
IIOHU>KEHHOU Pa3MEPHOCTH.

OgHUM W3 TUIIOB TaKOTO HWCKYCCTBEHHO HM3TOTOBJIEHHOTO
YCTpPOWCTBA ABJISIETCS KBaHTOBass To4Ka. (OOBIYHO KBaHTOBBIMU
TOYKAaMHU Ha3bIBAIOT IPOCTPAHCTBEHHO - OTPAaHUYEHHBIE OO0JACTH
MOJYIIPOBOJTHUKOBBIX ~MAaTEpUAIIOB ¢ pazMmepamu nopsaaka 100
HaHoMmeTpoB. C koHma 1980-x rogoB ucciaenoBaHusi B 3TOM o0jacTu
aKTUBHO pa3BUBalOTCsA. KBaHTOBbIE TOYKHM OKa3ajluCh CHUCTEMaMu
oueHb J(OPEKTUBHBIMH JUISI H3YYCHHS OOJBIIOTO KOJUYECTBA
(bU3UYECKUX SIBICHUN: UCKYCCTBEHHO CO3JaHHBIE aTOMbI, KBAaHTOBBIM
xaoc, KBaHTOBbIM »ddexkr Xomra, u T.4. B 3KcnepumeHrax,
CBSI3aHHBIX C HCCIICIOBAHUSIMU SIBJIEHUW 3JIEKTPOHHOI'O MEpPEHOCa,
ObLJIO MOKAa3aHO, YTO aHAJOTHYHBIM MOAXOJ MOXET ObITh MPUMEHEH
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IIPU U3YUYECHUU MOJICKYJISIPHBIX CUCTEM M HEOOJIBIINX METAJUIMYECKUX
qacTuIl (3epeH).

XOTs TOJA TEPMUHOM «KBAHTOBas TOYKa» OOBIYHO MOHUMAETCS
oOpa3oBaHME OYEHb MaJoro oObeMa, CclieyeT TM[OMHHUTb, YTO
NOJYNPOBOJHUKOBAsE KBAaHTOBAs TOYKAa — OTO TEM HE MEHEe
MPUOIU3UTETHHO 10° aromoB ¢ COOTBETCTBYIOLIIUM  YHUCIIOM
JEKTPOHOB. YHCIIO CBOOOJHBIX 3JIEKTPOHOB B TOUKE HEBEIIMKO — OT
OOHOW JI0 HECKOJbKUX cOTeH. JlnmuHa BoJHBI Ae¢ bpoina 3Tux
JJIEKTPOHOB CpaBHMMa C pa3MepaMud KBAaHTOBOM TOYKU U
DHEPreTUYECKUN CHEKTP UMEET IAUCKPETHBIM XapakTep, TUIIUYHBIN
JJI. KBAHTOBBIX CUCTEM. Y KBAHTOBOM TOYKH €CTh XAapaKTEPUCTHKA,
AQHAJIOTUYHAs DHEPIMM MOHU3ALMM B aTOME, Ha3blBaeMas 3aps0BOM
SHEpPruen. ITO Mo CYIIECTBY PHEPTUS, HEOOXOAUMAsI JIJIsl TOTO, YTOOBI
n00aBUTh WIM YIAIUTh OJWH JJIEKTPOH M3 TOuku. U3 - 3a sToi
AQHAJIOTUM KBAHTOBBIE TOYKH HMHOTAA HA3bIBAOT HMCKYCCTBEHHBIMHU
atomamu. B 93TOH CBSI3M OCOOCHHO MHTEPECHBIMHU  SBIISIOTCS
UCCIICAOBAHUS  ONTHUYECKMX  CBOMCTB  TOYEK, a  HMEHHO
B3aMMOJEHUCTBUE  CO  CBETOBBIMM  BOJIHAMH,  CIIEKTPAJIbHBIE
XapaKTEePUCTUKHU MPOLECCOB MOTJIOMIEHNs U u3ilyyeHus. Kpome toro,
TOYKH SIBJISIOTCS YHUKAIBHBIM MOJCIBHBIM 00BEKTOM, TTO3BOJISIOIIUM
U3y4daTh SIBJICHUS TOKOIIEPEHOCA 4YEPE3 «UCKYCCTBEHHO CO3JIaHHBIN
aToM».

4.1. KBAHTOBOE TYHHEJINPOBAHUE

4.1.1. Teopus KyrioHOBCKOW Briokagbl

Hackonapko Masl MOKeT ObITh TPOBOJAHUK U KaKOBa JOJKHA OBITh
TeMmrepaTrypa, 4ToObl W3MEHEHHE YHCJIa BJIEKTPOHOB HAa EIUHUILY
npuBeno K dpdexkram , KOTOpble MOKHO U3MEPUTH B IKCIIEPUMEHTE?
Jpyrumu ciioBamMu, BO3HHMKAE€T BOINPOC O BEJIWYHMHE KYJOHOBCKOIO
B3aMMO/JICUCTBUSI U €r0 BIUSHUU HA COCTOSIHUE cHCTeMBbl. Jjisi Toro,
9TOOBl OTBETUTH HAa ATOT BOIPOC, PACCMOTPUM DJIECKTPOHHBIE
CBOMCTBA HEOOJIHIIIOTO MPOBOJAHUKA, U300pakeHHOTO Ha puc. 4.1(a) u
MPEJICTABIISIONIETO COO0M CBOEOOpa3HbIM TpexmnotocHuK. IlepeHoc
YaCTHUI[ OCYILECTBIISIETCSI TOJIBKO Yepe3 JIBE I'PaHUIIbl, KaK MOKa3aHO
Ha pucyHKe. JIBa »5JIeKTpojla TPEXIOMIOCHUKA (MCTOK U CTOK)
COCMHEHBI B II€Mb, BKJIOYAIOIIYIO HPUOOPHI ISl U3MEPEHUS] TOKa
U/ WIH HaIpsOKCHUS. Tperuii AIEKTPOJT obecrieuynBacT
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QJICKTPOCTATHYCCKYIO HWJIM CMKOCTHYIO CBA3b HU  MOXKCT OBITH
HCII0JIBb30BAaH KakK 3aTBOP

a)nonepevHas b)BepTuKanoHas
reoMeTpus reoMeTpus
KBaHTOBOM KBAaHTOBOM
UCTOK TOUYKM CTOK TOYKU
N
N

3aTBop
(4

N—

Puc. 4.1. Cxemamuuecxoe uzobpasicenue Kk6aHmMogou
mouKu, 8 popme OUcKa, COeOUHEHH020 C UCMOKOM U
CMOKOM MYHHENIbHLIMU KOHMAKMAMU U eMKOCHBIM
3ameopom. (a) bOoxosas eceomempus u (0)
BEPMUKATILHASL 2e0MEMPUSL

Ecnu cTOK M MCTOK HE COEAMHEHBI, TO €CTh IIEMb HE 3aMKHYTA,
TOTJla IIEHTpaJIbHAasi YacTh MPOBOJHUKA CTAHOBUTCS CBOEOOPA3HBIM
OCTPOBKOM ISl 3JEKTPOHOB. KOJIMUECTBO 3JIEKTPOHOB Ha OCTPOBKE
ONpeaesieTCs UEIbIM YHCIOM N, TO €CTh 3aps]l KBAHTOBAH U PAaBEH
eN. Ecnu nmonycTuTh BO3MOXKHOCTH TYHHEJIMPOBAHUS AJIEKTPOHOB B
CUCTEME «UCTOK — KBAHTOBAsl TOYKA — CTOK», TO YHCJIO 3JIEKTPOHOB N
pEeryJupyeTcss CaMOCTOSITEJIbHO, TaK 4YTOOBI SHEPrusi 3aMKHYTON
CHUCTEMBI CTajla MUHUMAJILHOM.

Teopusi 0JIHOAEKTPOHHOTO TYHHEIUPOBAaHUS OblLIa MPEaJIOKEeHA
OCHOBOIIOJIOKHUKOM HayKH, MOTy4YHBIIEN Ha3BaHUE
«onHoanektponukay, K. K. JluxapeBsim [1]. Cpeau Hambosee yacto
IUTUPYEMBIX 0030pOB Ha 3Ty TEMY ClielyeT Ha3BaTh [2, 3].

PaccmoTpuM cructemy W3 OJHOTO TYHHEIBHOIO MEPEX0/ia, MEXKIY
JIBYMsI METAJTMYECKUMH KOHTAKTaMH. ECIM éMKOCTh TaKOil CUCTEMBI
C, TO DHEPTUSl TAKON CUCTEMBI, IPEACTABIISIONICH COO0M KOHAEHCATOP
C 3apsI0M Q Ha OOKJIaJKaxX, BBIPAXKAETCS KaK

QZ
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[TockOonbKy MUHHUMAJIBHBIN KBAHT 3aps/ia PaBEH 3apsay JJIEKTPOHA, TO

MHWHUMAJIbHAA BCJIIMYMHA UBMCHCHHSA DOHCPIruu AE COCTaBJIACT

2
e

AE=—— (4.2)

Jnsa wHaOmogeHuss 3(¢GEeKToB HEOOXOIUMO, YTOOBl MHUHHUMAIBHOE
W3MEHECHHUE DHEPTUH MPEBBIIIAIO0 TeMIepaTypHbie (QIyKTyaluu

AET kT, (4.3)
rne k - mocrosHHas bombrmana, 7 - temmeparypa. Heobxomumo
TakXke, 4ToObl AE TIPEBBIIATIO KBAHTOBBIE (ITYKTYaIHH

hG
AED =
c (4.4)

M

rie G - 3TO MakCHMaJlbHas BEJIMYMHA W3 JIBYX BO3MOXHBIX: G, -
IPOBOJUMOCTH, UIYHTUpYIOIEW mepexon, U G, - INPOBOAUMOCTU

TyHHENIBHOTO nepexona. Ecmu R, = h/ e’ =25,813kOm - KBaHTOBOE

COMPOTHUBJIEHUE, TO UCXOIs U3 (4.4) cripaBeTMBO HEPABEHCTBO
GO R, (4.5)

TunuyHnoe BpeMs 3apsiAKd WM Pa3psIKU METANIMYECKOTO OCTPOBKA
OMpEeeISIETCd TMPOU3BEICHUEM €EMKOCTH U COMNPOTHUBJIEHUS, T.€.

At=RC. C npyroii CTOPOHBI W3 COOTHOUIEHUS HEOIPEAEIEHHOCTEN
2

['eitzendepra AE - At = % -RC > h cnenyeT, yto R 1OJDKHO OBITH

3HAYMUTENIBHO OONblIC KBAHTOBOIO CONPOTHBICHHSA R,. Takum

obpazom, (4.3) u (4.5) sBIAIOTCS YCIOBUSIMU  HAOIIOJICHUS
OJIHOBJICKTPOHHOTO TYHHEIMPOBAHUS.
HauaneHblil 3apsa O, Ha TYHHEIBHOM HEPEXO/€ MOXKET OBbITh HE

TOJIBKO OTJIHMYCH OT HYJIsI, HO W MOXCT IIPHHHUMATb 3HAUCHHUA HC

KpaTHBIE 3apsay d1eKTpoHa. Bee meno B Tom, uto Uy MoxkeT GBITH

CO3/laH noJiApusayuell OIU3IEKANMX 3JIEKTPOJIOB, 3aAPSKEHHBIX
npuMeced M MO3TOMY HMETh Jt0Ooe 3HaueHue. Toraa B ypaBHEHHUH

e e
(4.1) O=0,—e. CnenopaTenpHo, eciu 5 < 0< 5> T0 z100aBenne

WIM BBIYUTAHUE LEJIOr0 YUCIA DJIEKTPOHOB YBEJIMYMBAECT SHEPTHUIO
(4.1), 4TO MPOTHBOPEUMUT BBICKA3AHHOMY paHEE COOOPAKEHHUIO O
MUHUMyME 3Hepruu. M3 puc.4.2 BHUIHO, 4TO €CIM 3apsi] MEHBIIE
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BEMMUMHBI €/2, TO 10GABIEHHME MM BHIYNTAHHE OJHOTO JIEKTPOHA
OPUBOJUT K YBeIWYeHUIo oOuiedl sHepruu. Eciu 3apsg Oosblie
BEIMYUHBl €/2, TO BBITOAHBIM CTAHOBUTCS TYHHEIUPOBAHUE
3NIEKTpOHAa uepe3 JuANIeKTpuK. [lockonbKy HampshkeHHe Ha
e

kouzgencarope V' =0-C, 10 npu HampsKEHUAX 50 <V<_2 C
yepe3 TYHHEIbHBIM TepexoJ; MpoTekatb He Oyner. Oddext
OTCYTCTBUSI TOKAa TMpU MPUIOKEHUU HAINPSIKEHUS B YKa3aHHOM
WHTEpBaJIe MOTY4Ynsl Ha3BaHue d(PeKTa KyJOHOBCKON OJIOKAIbI.

Y 0*/2c

TOK

---------

—e:/2 ei/Z

Puc. 4.2. 3asucumocmv  3apsoosol  dHepeuu
nepexooa om 3apaca. Cmpenxamu NOKA3AHbI
0obasnenus Uiy 8bIYUMAHUSL 0OHO20 JIEKMPOHA OJIs
cayyaes KYJIOHOBCKOLL O10Kanbl (1) u
mynneaupoganus (2). [4]

SIBneHne OTCYTCTBUSI TOKA NPU MPUIO0KECHUU HAINPSIKEHUS K
TYHHEJIBHOMY IIEPEXOJy M3-3a HEBO3MOXKHOCTU TYHHEJIUPOBAHUS
AJIEKTPOHOB BCJIEACTBUE UX KYJIOHOBCKOTO OTTAJIKWBAHUS HA3bIBACTCS
KYJIOHOBCKOM 0J10Ka10i1. MUHUMAaIbHOE HANIPSHKEHUE

e
Vi =—, 4.6

KOTOpPO€ HEOOXOJIUMO TMPUIIOKHUTh K TYHHEIbHOMY MEpPEXoay IS
NPEOJIONEHUsI KYJIOHOBCKOW OJIOKaJbl, HA3bIBACTCS HAIPSKEHUEM
OTCEUYKH WUJIU HaPSHKEHUEM KYJIOHOBCKOM OJIOKaIbI.

[Iporexkanue TOKa 4Yepe3 EIUHUYHBIM TYHHEIBHBIM IE€PEX0]
OPOUCXOAUT ciaenyromuM o0pa3oM. IlockonbKy TOK —sBIsEeTCA

93



HENPEPBIBHOW BEIWYMHOW, TO 3aps] HAa OLHOW CTOPOHE Ilepexoja
TIOCTENIEHHO HAKAIUIMBACTCS, IIOKA HE JOCTHTHET BEeIMUHMHBI €/2 .
Jlanee mnpoOUCXOOUT TYHHEIUPOBAHHE OJHOTO BJIEKTPOHA 4Yepes
nepexoa, U TMPOIEecC MOBTOPSETCSA. AHAJIOTUsS 3TOro Ipolecca ¢
HEIUIOTHO 3aKPBITBIM KPAaHOM, M3 KOTOPOrO MO Karuie majgaeT Boja,
obL1a npeioxkerna K. K. JIuxapeBsiM [5]. 3apsia olHOTO 3JIeKTpOHA e,
HAaKaIUIMBAIOLIMICA NIpU TOKE [ 3a BpeMs ¢, BbIpaxaercs Kak e =1 1.
[Tocne HakomuieHUs 3apsifi TYHHEIUPYET U MPOLECC IMOBTOPSIETCA
MEPUOJNYECKHU C YACTOTOU

f=1I/e 4.7)
Takue oOCHWIIALMM  TMOJYYWIM  HAa3BAHUE  OJHOAJIEKTPOHHBIX
TyHHeNbHBIX (SET) ocuuisiiui.

Ycnosue (4.3) HakIagpIBA€T OCOOCHHO JKECTKUE OTPAaHUUYCHUS Ha
KOHCTPYKIIUM OTHOAJEKTPOHHBIX mpubopoB. M3 (4.2) m (4.3)
MOJIy4aeTCsl, YTO 3HAYECHUE €MKOCTH, HEOOXOAUMOE JIJisi HaOJI0ICHHUS
KYJIOHOBCKOM OJIOKaJbl MOpW JaHHOW Temmeparype 1, JOJDKHO

YIAOBIIETBOPATH YCJIOBHIO:

2
e

kT (4.8)
HucneHHble OLICHKU IS PA3JIMYHBIX TEMIIEPATYp AAKOT CIEAYIOLINE
sgavennst: CLU 2x107°@ (qua T=42K), C0 107® (gqua T = 77 K),
CU 3x10""® (ma T =300 K).

Ha puc. 4.3(a) npuBeieHa SKBUBaJICHTHAsI CXeMa PacCMOTPEHHOMN
CUCTEMBI, B KOTOPOM K MEPEXOy IMPUI0KEHO HampshHkenue V.
TyHHenpHBIA  TEpexol]  Xapakrepuzyercs eMkocTteio C m
conmpoTuBiieHneM R. EMmkocTe moaBoasmmx KoHTakToB C',
[Tockonbky emkoctd C' m C COeTMHEHBI MapaiebHO, TO €MKOCTh
C' 6ynet mryHTHpOBaTh eMKOoCcTh C B TOM citydae, eciim C'>C .

B peanpabix npubopax C'>10"° @ | 10 ectb C'Ul C pgaxke s
TeJIUEBBIX TEMIEpaTyp, TO €CTh HAOIIOJICHUE OIHOJICKTPOHHOIO
TYHHEJIUPOBAHUA B CUCTEME C OJHHUM IEPEXOJOM IMPHU HBIHECIITHEM
YPOBHE Pa3BUTHUSA TEXHOJIOTUH SIBIISIETCS] HEBBIIIOJIHUMOM 3aa4EN.

DKBUBAJICHTHAsl cXeMa KOHCTPYKIIUU C ABYyMs mepexojamu (puc.
4.1), TNO3BONAIOIIEH  pEUIUTh  3a7adyy  JIKCHEPUMEHTAIBHOTO
HAOJIOJIEHUS OJHOXJICKTPOHHOTO TYHHEJIHMPOBAHUS, IpHBEACHA Ha

puic. 4.3(6).
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RC ¢ V V
R,C

2
a) 0)
Puc. 4.3. Dkeusanenmmuvlie cxemvi: a) O0OuH

MYHHENbHbI nepexod; 0) 08a Nnociedo08amenbHO
COEOUHEHHBIX MYHHETIbHBIX Nepexooa

al

DHeprusi TaKoM CUCTEMBI BBIPAKAETCS KaK
o O
E==4+ =2 (4.9)
2C, 2C,
EMKOCTh KOHTaKTOB HE€ SBISETCS IIYHTUPYIOIMIEH JUISI KaXIoro
TyHHEJIbHOTO mepexonaa (ummeromero wHAEKCH 1 u 2). Ilockoabky
IeHTpajbHas dYacTulla (KBAHTOBas TOYKA) OTJEJICHA OT KOHTAaKTOB
TyHHEJIBHBIMU  TEpexXoJaMu, 3apsj, HaxOoIdIIMICId Ha  HEW,
BeIpaxkaercs kak O =0, =0,. Otkyna (4.9) npuoOperaeT Bu
QZ
b= 2. (4.10)
®opwmyna (4.10) — ato nonueii ananor (4.1), rae BMecto emkoctu C
¢urypupyer C; =C, +C,. CymmapHas eMKOCTb — 3TO €MKOCTb JIBYX
MEePEX0/I0B, BKIIOUEHHBIX MapajuiebHO, €CJIU CMOTPETh C YaCTHUIIHI.
PacimivpeHHass SKBHUBAJICHTHasi cXeMma [JJs CTPYKTYpbl C JBYMs
TYHHEJIbHBIMU KOHTAKTaMH M 3aTBopoM (puc. 4.1 (a)) mpeacTtaBiieHa
Ha puc. 4.4.
[TonHast eMKOCTh CKIabIBaeTCsl U3 CyMMbI eMkocTeil sieBoro (C))

1 mpaBoro (C,) mepexoioB U 3aTBOpHOI eMKocTH (C, ). DaKkTHIeCKH

CIpaBeJIUBbIMU ocTatotrcsi  gopmynsl  (4.2), (4.4), (4.8), ecnu
3aMeHuTh B HUX C Ha C;. Kpome Toro, B (4.3) u (4.4) Hago 3aMEHUTH

G na max (G,,G,).
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_|_

$Cy [~

IIl I
[ C, C,
«—V)

Puc. 4.4. Oxeusanenmmuas cxema 08yxbapvepHOll
CMPYKmMypol, HA KOMOPOU MYHHENbHbIe Nepexoobl
npeocmasiienvl 8 ude pe3ucmopa u KoHoeHcamopa,
COeOUHeHHbIX napaienvHo. Paznuunvie 603modmcHbIe
munwi 3ameopos npeocmasiensl 00HOU
9KBUBANEHMHOU — eMKOCbIO ZCg. 3apsaoosas

SHep2ls MaKoll cucmemvl: e’ / (CI +C + ZC g) [2]

KynoHnoBckas 0iokana
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Puc. 4.5. Pacnpeoenenue nomenyuana 6 cucmeme
«UCMOK — MYHHENbHbIU KOHMAKM - KEaHmoeas
MOYKA — MYHHENbHBIU KOHMAKM — CIOK»
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Ha puc.4.5 noka3zaHo pacripeneiicHue MNOTEHIMajla B CHUCTEME
«UCTOK — TYHHEJbHBIM KOHTAKT - KBAaHTOBAs TOYKA — TYHHEIbHBIN
KOHTAKT — CTOK». Pa3HOCTh MOTEHIIMAIIOB MEXKAY CTOKOM U MCTOKOM

V,= ( Py = Hrigh ) / e. COCTOSIHMSL B JIEBOW M MPABOM 4acCTSIX CUCTEMBI

(Ha MCTOKE M CTOKE) 3amoJIHEHBI JI0 YPOBHEH, COOTBETCTBYIOIIUX
NEKTPOXUMHUYECKUM TOTEHUMANAM (L4, M, ).  JAHCKpETHBIE 0D

(HynTbMEpHBIE), COCTOSHHS B KBAaHTOBOHM Touke, 3amomHeHsl IV
JJEKTPOHAMHU 10 YpPOBHA ,Udo,(N ) IIpu HyneBou TemIieparype

IEPCHOC HOCHUTEJICH IMPOUCXOOUT II0 CICAYIOUIUM IIpaBUJIaM: TOK HC
pPaBCH HYIIIO, CCIIM CCTb HC3AIIOJIHCHHBLIC COCTOSHHUSA B HWHTCPBAJIC

DHEPIUM MEXAY My U M, . YHCIIO BO3MOXKHBIX COCTOSHHMM B
KBAaHTOBOW TOYKE OMPEIECISIETCS M3 PACUYETOB AJICKTPOXUMHYECKOTO
MOTeHIIMAaNa ,Udm(N ) Ilo ompeneneHnto — 3TO MHUHHUMAaJbHA
SHEprus, HeoOXxoaumasi i pgobOamiaeHuss N - TO DJIEKTpOHA B
KBAHTOBYIO TOUKY, T.e. t,, =U(N)—U(N-1), rne U(N)- nonnas

SHEPIHsl OCHOBHOTO COCTOSHHS 1 [N DJIEKTPOHOB B TOYKE MPH
HYJICBOW TEMIIEPATYPE.
Berunciernre U(N) W3 MepBbIX HPUHIMIOB - 3a1a4a CIOXKHASL

VipoumeHnHas Mojelb IPUBOIUT B JIMHEHHOM NPHOIMKEHUH (T. €.
V,0 AE/e, V0 ¢/C ) k Boipaxenuto mis A, (N) B kBaHTOBOI

TOUKEC
(N-N,-1/2)¢* C
1, (N)=E, + - eV, (4.11)
BHCKTpOXI/IMI/ItIeCKHﬁ IIOTCHIIHMAJI ONnpCacIsACTCA KaK

e (N ) = U, (N )+egpN, T. €. KaK CyMMa XUMHYECKOI0 MOTEHIHAJIA
,uch(N ) = E,, 1 DJJIEKTPOCTATHUYECKOro moreHuuana e, . CocrosHue
JUIS OAHOM Y4acTUIbl £, WIS N - TO DJIEKTPOHA OTCUUTHIBAETCS OT JHA

30HBI NMPOBOJUMOCTH M 3aBUCHUT OT BHJAa KOHKPETHOI'O MOTEHIMAJA,
3aJ1af01LEro KBaHTOBO - pa3MepHbIe OTrpaHUYECHUS.

OnexTpocTaTuyeckuil moTeHHuan Py  COACPKUT IUCKPETHYIO U
HENpeppIBHYI0 dYacTu. B  Beipakenuun (4.11) N - 310 UwMco

JIEKTPOHOB IIPY HANpsKeHMH Ha 3atBope V,, Ny- ux uucino mpu
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HYJIEBOM HANpsOKEHMM Ha 3aTBope. HempepsiBHAas 4YacTh ¢y
IPOTOPIMOHATILHA HATIPSHKEHUIO Ha 3aTBOpe. [lpu QuKCHpOBaHHOM
V,, uncno snextponoB /N B ToUKe BBIPaKaeTCs OOJBIIAM LENBIM
YHCIIOM, JUISt KOTOPOTO BBITIOJIHSETCS YCIOBHE
Mo (N) < t,(N) = p1,,,,,(N). HN3MeHeHHE dHCTAa 9IEKTPOHOB Ha

CANHULIY ITPUBOIUT K UBMCHCHHUIO JJICKTPOXHUMHUYCCKOI'O ITIOTCHIIUAJIA
2

a (N +1) = 13, (N) = AE +° (4.12)

4.1.2. KynoHoBcKas necrtHuua

PaccMoTpuM cucteMy ¢ ABYMsSI HECUMMETPUUYHBIMU Oapbepamu
(puc. 4.6) Temn TyHHEIUPOBaHUS YEPe3 OJUH U3 MEPEXO0J0B MOKHO
3aMucaTh Kak

SE,
I = 7R (4.13)
2
e
rne oE, =elV, ——— - U3MEHEeHHUe dHEpPIrun Ha MEpBOM MEpEXOE NpH

1
NaJcHUM Ha HEM HanpsokeHus V] OONbIIEro  HanmpsOHKEHUs
KyJIOHOBCKOM Onokanpl. CnenoBatenbHo, (4.13) MoxeTr OBITh
MPEJCTABIICHO KaK
_h 1
' eR 2RC,
CoBepIIEHHO aHAJOTMYHOE BbIpaKeHHE [, MOXKET ObITh

(4.14)

3alMCcaHo U JJia apyroro mepexona. M3 ycnoBus (4.14) BugHO, 4TO
TeMN TYHHEIHPOBAHHUS 3aBHUCUT OT €MKOCTEH W CONPOTHBJICHUM
nepexonoB. Ecim cucTteMa cUMMETpHUYHAs, T.€. €CIH IapaMeTphI
Mepexo00B OJMHAKOBBIE, TO OyIeT HAOII01aThCs MIABHOE HapacTaHUe
TOKa Ha BOJBT - aMIICPHOM XapaKTEPHUCTHUKE, T.K. KOJHUYECTBO
ANIEKTPOHOB, MPHINCAMNX M YIICANNX Ha «KYJIOHOBCKHI OCTPOBY,
Oyler OJWHAKOBBIM. IIpH HECMMMETPHUYHOCTH IIEPEXOJ0B Ha
OCTPOBKE OYJIET CYIIECTBOBATH 3apsaa U3 N AJICKTPOHOB. YBEeIHUHUBAs
HaIpsDKeHUe, Mbl OyJeM HaOIoJaTh pe3Koe yBEIWYEHUE TOKa. ITO
OyZeT MPOUCXOAUTh TOTJa, KOT/Ia HampsoKeHHE OyIeT JTOCTaTOYHBIM
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IUISL yBEIUYEHHs YHCIIa 3JEKTpOoHOB a0 3Hadenust N +1. PaGoraer
IIEPEXO0/1 C BEICOKUM TEMITOM TYHHEJIUPOBAHMSL.

KYHOHOBCK&H JICCTHHULIA
N snexkTpoHOB N+1 anekrpoHoB

\

Puc. 4.6. IHepeemuueckas ouazpamma,
UTLTIOCMPUPYIOWAs nosieleHue KVJIOHOBCKOU
necmuuysl. llpu yeenuueHuu HAnNpdHCeHUusr mexicoy
UCMOKOM U CHMOKOM HE3ANOJHEHHble COCMOSHUS
HAO KYJIOHOBCKOU WeNbl0 8 30He NPOBOOUMOCMU
MO2ym 3aNOJIHAMbCAL.

JlanpHelee yBeInueHUe HAMPSHKEHUs IPUBOJUT K MEJICHHOMY
pOCTYy TOKa M OOYyCJIaBIMBAETCA IMEPEXOJOM C HHU3KUM TEMIIOM
TyHHEJIUpoBaHuA. M 3T0 OylIer HpOUCXOAUTh JI0 TE€X IOp, IOKa
HaIpsSHKEHUE HE JOCTUTHET 3HAYEHUS, COOTBETCTBYIOIIETO MEPEXOAY
(N +2) — ro sjekTpoHa Ha OCTPOBOK. TOK CHOBa Ha4MHAET pacTu
ObIcTpee, W CcUTyalus MOBTOpsieTcsA. B pe3ynbTaTe HENmpepbIBHOTO
NpPOTEKaHUs TOKa uYepe3 JiBa TMepexoJa, Ha OCTPOBKE OyAeT
CYIIECTBOBAaTh OMNPEACICHHOE YHCIO DJCKTPOHOB, 3aBUCAIIECE OT
MIPUIOKEHHOTO HAMPSKCHUS.

-4 3 2 -1 0 1 2 3
HATIPSDKEHUE (MB)

Puc. 4.7. BAX cucmembt ¢ 08yMsi HeCUMMeEMPUYHBIMU
boapbepamu — KyJI0HOBCKAS 1eCMHUYA
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B wurore BAX nByXmepexoJHOW HECUMMETPHUYHOW CHCTEMBI
OyJeT HMMETh CTYNEHYaThli BHUJ TaK Ha3bIBAEMON «KYJIOHOBCKOM
aecTHUlbD (puc. 4.7.)

3apsan O B ypaBHeHuH (4.1) cxianeiBaercs u3 J, u N 3apsa10B

AJIEKTPOHOB, HAXOJSAIIMUXCS HA KyJTIOHOBCKOM OCTPOBE.
O=0,—Ne
[lockonpky (), uMeeT NOJAPU3ALMUOHHBIA XapaKTep, OH MOXKET

U3MEHSThCS  HEMPEPhIBHO TMOJ JEWCTBMEM  BHEIIHEro MO,
CO3/1aBa€MOr0 3aTBOPHBIM 3JIEKTpoJoM. Takum oOpa3om, mpH
HENPEPBIBHOM HM3MEHEHUM (J, NEPUOAMYECKH OYAET BBIIOIHATHCS

YCJIOBUE KYJIOHOBCKOM OJIOKa/Ibl, MPOUJUIFOCTPUPOBAHHOE Ha puc. 4.2.
CrnenoBaTenpbHO, MPU TOCIEIOBATEIbHOM HW3MEHEHUU 3aTBOPHOIO
HAIPSKEHUS IEPUOJUYECKH OyAeT BO3HUKATh KyJIOHOBCKas OJ0Kana,
U 3aBUCHMOCTb TOKa 4e€pe3 KYJOHOBCKHUH OCTPOBOK OYyIET HOCHTH
OCLIMJUTALIMOHHBINA XapakTep.

CnenyeT OTMETHUTb, YTO HApSANY C KJIACCHYECKMMH 3P dexTaMu
KYJIOHOBCKOTO B3aMMOJICUCTBUSI BCErja MPUCYTCTBYIOT 3((PEKThI
KBAaHTOBOTO TYHHEIUPOBaHUS. B  OJIHOANIEKTPOHHBIX CHUCTEMaxX
peanu3yloTcsi U KBAHTOBO - pa3MepHble 3(ddexTsl. B mnepexomHbix
00JacTAX MOTYT HaXOJIWUTHCS Majble OOBEKTHI, KOTOpPBIE TIPH
OTpEJICTICHHBIX YCIOBUSIX (TeMIepaTypa) MOTYT pacCMaTpUBATHCA Kak
HYJIbMEPHBIE OOBEKTHI C AUCKPETHBIM HA0OpOM 3HEPreTUYECKOro
cnekrpa. B ornuume or MeTaiuioB, JUis TOJYIPOBOJHUKOBBIX TOUYEK
«paboyas Temreparypay sl KBaHTOBBIX A(D(PEKTOB OyAET BHIIIE HU3-32
HU3KOW IUIOTHOCTHU COCTOSIHMK. ECTECTBEHHO, UTO CYIIECTBOBAaHUE
IOUCKPETHOTO  CIEKTpa  HYJIbMEPHOro OOBEKTa  Mpearnojaraer
BO3MOKHOCTb TYHHEJIMPOBAHUS 3JIEKTPOHOB YEPE3 3TU YPOBHU. ITOT
a3 dexT mposBaseTcs B AKCiepUMeHTax no usMmepenusiMm BAX B Buze
TOHKOW CTPYKTYPBI 3HEPreTUYECKUX YPOBHEHN, HAKIAAbIBAIOINXCS Ha
KYJIOHOBCKYIO JIECTHHILY.

4.2. Knaccugukayusi u KOHCMpykuuu
O0O0HO3JIeKMPOHHbIX Npubopoe

K HacrosimeMy BpeMEHM SKCIEPUMEHTAJIbHO PpPEAJM30BAHO
OOJIBIIIOE KOJTUYECTBO MPUOOPOB OAHODIECKTPOHUKH, OTIMYAIOIINXCS
JIPyr OT Apyra CBOEHM KOHCTPYKIMEW. XapaKTEPHBIMU MPU3HAKAMU,
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KOTOPbIE MOTYT OBITh MOJIOXKEHBI B OCHOBY KJIacCHU(PHKALUK 3TUX
npuOopoB, sABIAOTCS [3]:

. HampaBJICHUE MPOTEKAHUS TOKA;

. cnoco0 (popMHUpPOBaHUS KBAHTOBBIX TOUYEK;

. KOJMYECTBO KBAaHTOBBIX TOYEK;

. YOPaBIsIEMOCTb MMapaMeTPaMU KBAHTOBBIX TOUEK.

[lo HampaBIEHWIO NPOTEKaHUs ToKa MNpUOOPHl JAENATCS Ha
TOPU30HTAIBHBIE W BEpPTUKaIbHbIE. HampaBiieHHEe NpPOTEKaHUS TOKa
napajiebHO (TOpU3OHTABHBIC) WIn HePIEeHIUKYISPHO
(BEpTUKAJIbHBIE) TIIIOCKOCTH TOBEPXHOCTU CTPYKTYPHI.

KBaHTOBBIE TOYKM B mnOpuOOpax MOTryT OBbITb HOCTOSIHHO
chOPMUPOBAHHBIMU ~ WJIM  UHAYUMPOBAHHBIMH  (BPEMEHHBIMHU).
[TocTositHHAsA KBAaHTOBAs TOUKA CYIIECTBYET BCE BPEMSI U IIPE/ICTABIISIET
coOOM  METAUIMYECKUW  WJIM  TOJYNPOBOJHHUKOBBIA  KJIACTEP.
MHnyuupoBaHHass KBaHTOBAas TOYKA CO3Ja€TCsi B JIBYMEPHOM
JIEKTPOHHOM Ta3e BO BpeMsi pabOThl MpUOOpa IMyTeM MPUIOKEHHUS
oOenHArONMX  HanpspkeHuid.  [IpuOopel Ha  MHIYUUMPOBAHHBIX
KBaHTOBBIX TOYKAaX ACJISTCS MO coco0y GOpMHUPOBAHUS ABYMEPHOTO
AJIEKTPOHHOTO Ta3a Ha HWHBEPCHBIE U TETEPOCTPYKTYpHble. B
WHBEPCHBIX MpUOOpax IBYMEPHBIN AIEKTPOHHBIN ra3 GopMUpyeTcs B
WHBEPCUOHHBIX  IPUIOBEPXHOCTHBIX KaHajax TMoJ JACHCTBUEM
NPWIOKEHHOTO HAMNPSHKEHUS, a B F€TePOCTPYKTYpax CYIIECTBYET Ha
reTeEpPOrpaHuLIe.

[lo KOIMYECTBY KBAHTOBBIX TOUYEK MPUOOPHI MOXHO Pa3/IeiUTh

Ha:
. HYyJIbBMEpHBIE WJIM OJHOTOYEYHBIC, T.€. TaKue, B KOTOPBIX
paboumii KJIacTep COCTOUT U3 OJHOM TOUKH;
. OJHOMEpHBIE, IPEJCTABIISIONINE COOOM IIEMOYKY TOYEK;
. JBYMEpHBIE, COCTOAIINE U3 MAaCCHUBA TOYCK.
[lo ympaBasieMOCTH MapamMeTpaMH KBAHTOBBIX TOYEK IPHOOPHI
pa3ieNsItoTCsl  Ha  JIBYXDJEKTPOJHbIC, T.€. HEYNpaBjseMble, W
MHOTO3JIEKTPOJHBIE, YIPABISIEMbIE C TIOMOIIBID OJHOTO  WIIH
HECKOJIBKHX 3aTBOPOB.
B o0030ope [3] paccMoTpeHbl Hambojee 4YacTo BCTpEUYarOLIUECs
KOHCTPYKIIMH OJTHOAJICKTPOHHBIX TPUOOPOB.
. IIpuGopsl Ha OCHOBE CKAaHUPYIOLIETO TYHHEIBHOTO MUKPOCKOIIA.
. BeprukanbHble = OZHORJIEKTPOAHBIE MNPUOOPHI HA  OCHOBE
COHJBUYEBBIX CTPYKTYP.
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. IIpubopsl Ha OCHOBE MacCMBOB KBAaHTOBBIX TOYEK.

. IIpubopsl Ha OCHOBE KBAaHTOBBIX MPOBOJIOK.

. KpeMHueBbie 0IHORIEKTPOHHBIE TPUOOPHI.

. IIpubopsl Ha OCHOBE JBYMEpPHOTO 3JEKTPOHHOIO Ta3a B

AlGaAs/GaAs TreTepoCTpyKTypax.

. IIpuGopsl Ha ocHOBE CTPYKTYpBI AlI/AL,O,/Al
OcTaHOBMMCS HA HEKOTOPBIX U3 HUX.

Ecimu mMexay npoBOAALIEH MOIJIOKKOW U UIJION CKaHUPYIOLIETO
TYHHEJIBHOTO MHKPOCKOIIA PACIHOJ0KUTh METAUIMYECKYH) YACTHUILY
(k1acTep), M30JIMPOBAHHYIO TYHHEJIBHBIMU MEPEX0JIaMH OT MOJIOKKH
W WIJbl, TO Takas d4acTthia OyAeT urparb poJib KYJOHOBCKOTO
octpoBka. Ilo  mpuBeneHHOW  BhIMIE  KJacCHU(pUKAIUM  3TO
BEPTUKAJIbHBIN HYJIbMEPHBIA HEYNPABIAEMbI IpHUOOP HA TOCTOSTHHOMN
KBaHTOBOM Touke. (puc. 4.8.)
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Puc. 4.8. Oonosnexmponunas cucmema Ha OCHOGe
CTM: a) — Mmemaniuyeckuu  Kiacmep Ha
uzonupyrowem cioe; 6) — memaniuyeckas yacmuyda
OKPYHCEHA USOTUPYIOWUM CAOEM, USPATOWUM DOJIb
myHHenbHo20 bapvepa [7]

PeanuzoBaHHOE TakuM CHOCOOOM YCTPOWCTBO OBUIO MEPBHIM
OJIHODJICKTPOHHBIM ~ MPUOOpPOM, padOTaroMIUM TPH  KOMHATHOM
temreparype. JlIS  HM300A1MM  METAUIMYECKOro  Kiactepa OT
MOJ/JIOKKHA HWCIOJIb30BAINCH JIMOO HEMPOBOISIINE OpPraHUYECKHE
JUTaHJbBI, JTUOO AUANICKTPUUECKUM CJIOM Ha TOIOXKKe. B kadecTBe
METATMYECKUX YaCTHUI[ OOBIYHO HCIIOJb30BAJIOCh 30JI0TO, Cepedpo
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WM TUIATMHA, MaTEepUaliOB MOJIOKKH — 30J0TO WM OKHCICHHBIN
amtoMuHuN. ToNIIMHA JUAJIEKTpPUKA OOBIYHO cocTaBisia ~ 1 HM.
M3BecTHbl paboOTH, TA€ B KaueCTBE KYJOHOBCKOTO OCTpPOBKa
UCIIOJIb30BAJIMUCh OPraHUYECKUE MOJIEKYJIbI KUAKUX KPUCTAIOB WM
MOJIeKyIbI ysiepeHa [6].

Hcnonb30BaHUE  MHOTOCIOMHBIX — CTPYKTYp,  BBIPAII€HHBIX
METOJIOM  MOJEKYJSApHO-NydykoBoil  snutakcun (MIIJ), Ttakke
MO3BOJISIET CO37aBaTh OJHOAJIEKTPOHHbIE NPUOOPHL. [loCKOIBKY
MetooM MIID BO3MOXKHO BBIpAIIMBAHUE CTPYKTYP C TOUYHOCTBIO JO
OJIHOTO MOHOCJIOSA, 111 (GOPMUPOBAHUSI KBAHTOBOW TOUKHU JIOCTATOYHO
HAJIOKUTh OTPAaHUYCHUS] B JIByX HAIMpPABICHUSX, COOTBETCTBYIOIIUX
IJIOCKOCTH IByMEPHOT'O KBAHTOBAHHSI.

>

I KBAaHTOBAA
CToK TOYKa

3atBop|| n-GaAs

AlGaAs
\V W’ma%eﬁ? InGaAs

! . AlGaAs

>
A/&)’\ 1004000000000 0 0% é >

-’ e

NcToK n-GaAs

Puc. 4.9. Cxemamuuyeckoe uzobpasicenue
CYOMUKPOHHO20 B8ePMUKAILHO20 0OHOIIEKMPOHHO20
mpaH3ucmopa

CxemaTnueckoe H300paKCHUE BEPTHKAIBHOW ABYyXOaphepHO
TYHHEJIBHOU CTpYKTYyphl, n3rotoBiieHHOW B NTT Corp. (SAnonus),
npeacTaBieHo Ha puc. 4.9. KBantoBas Touka oOpaszyercss B 00JacTu
TOHKOT'O CJIOSl, MEXIy ABYMSI TYHHEJIbHBIMH Oapbepamu. OO01acTh
JOKaJIU3alMu 3JIEKTPOHOB B JByMepHOM cioe InGaAs u3MeHseTcs
noJ JEHCTBHEM BHELIHErO 3JIEKTPUYECKOro mojs. Takum o0pazom,
U3MEHEHUE HaNpsKEHUS Ha 3aTBOpPE MNPUBOJAUT K 0OpPa30BAHUIO
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KBAaHTOBOM TOYKH, «3a)KaTOW» JBYMSA TYHHEJIbHbIMH Oapbepamu
(AlGaAs) 1 BHELIHUM 3JIEKTPUUECKUM TOJIEM.

B pab6ote [8] Takxke ucciaeaoBagach pe30HaHCHAs JIByXOapbepHas
TyHHEJIbHAA CTPYKTypa. BepXHHIl MeTaIIMYecKuil KOHTakKT (MUCTOK)
nuametpoM 0,3 + 0,7 MKM, HAHECEHHBIM Ha MPEABAPUTEIHLHO
U3TOTOBJICHHYIO JIBYXOAapbepHYIO CTPYKTYpYy, HCIOJb30BAJICA B
KadecTBe Macku aid cTpaBnupanus 3000 A. Ha o6pasopasuiyrocs
CTYIIEHbKY HAHOCWJICS 3aTBOPHBIM KOHTAKT. PacctosiHue oT 3aTBOpa
10 AByxOapbepHOil CTpyKTyphl coctasisno 500 A. Ilpu mosaue
OTPULIATEIILHOTO HAMNPSHKEHUS HA 3aTBOP OOpPa30BBIBAIUCH 00JIACTH
OoO€THEHHsI B TMOJYNPOBOJHUKE, OOpa3ylollle€ KBAaHTOBYIO TOUYKY
MeXIy AByMsa Oaprepamu. [lojydeHHass TakuM 00pa3oM CTPYKTypa
npeAcTaBiIsieT cOOOM BEPTUKAIBHBIA yIpaBiIsieMbld IPUOOP HA OJHOM
VHAYLUHUPOBAHHOW TOYKE.
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5. MUKPOJIUTOITPA®UA

CrpeMuTEnbHbBIN IPOrpecc B MUKPOIIEKTPOHUKE — 3TO PE3YJIbTAT
MOCTOSIHHOTO ~ COBEPILICHCTBOBAHUSI TEXHOJOTMYECKUX IIPOLIECCOB
KOJUIEKTUBHOM 00paboTku maTtepuanoB. [IoCkonbKy 10 HacTOAIIETO
BPEMEHU OCHOBHBIM MaTEpUajoM [JIsi MNPOU3BOJICTBA MHUKPOCXEM
ABJISIETCS KPEMHHMM, 3Ta TEXHOJOTHS HOCUT HA3BaHUE KpPEeMHUEBOU
NIAHAPHOU MeXHOo2UuU W PE3YIbTATOM €€ SBISIOTCA TOTOBBIE
WHTETPUPOBAHHBIC HA KPHUCTAJIEC 3JIEKTPOHHBIE KOMITIOHEHTHI. Cxema
MPOU3BOACTBA UHTErpaibHBIX MC C BBICOKOM CTENEHBIO MHTETpaIlluu
npeacTanieHa Ha puc. 5.1. TpeTbs yacTh IPOU3BOACTBEHHBIX 3aTpPaT B
IPOU3BOJICTBE MOITYNPOBOJHUKOBBIX NprbopoB 1 MMC npuxoaurcs
Ha JuTorpaduuecKue U BHICOKOTEMIIEpAaTypHbIe npoueccsl [1].

C ngpyroil CTOpPOHBI, JHUTOTrpaUUECKHUE METOABl OCTAKOTCA
OCHOBHBIM CAEP>KUBAIOIIUM (PAKTOPOM B TMPOIECCE MOBBIIICHUS
CTeneHu HHTerpauuu. Jlutorpadpuueckue MeTo[bl, UCIOJIb3yEMBIE B
MUKPOIJICKTPOHHON TEXHOJIOTUH, OepyT cBoe Hauvano B XIX Beke, kak
IpolleCC  M3rOTOBJICHMS Me4aTHhIX (GopM g nojurpadumu.
Hcropuuecku autorpagueil Ha3pIBA€TCA METOJ MEYaTH C IJIOCKUX
METAJUTMYECKUX WM KaMEHHBIX TUJIACTHH, HAa KOTOPBIX OYKBBI ( WU
KaKON-TO JPYrodl pUCYHOK ), yAE€pKUBAIOUIUE KpacKy, popMUpyroTcs
C MoMoIlb0 (OTOUYBCTBUTENBHOTO Matepuana ( (oropesucra ). U
Tonbko B 1960-x Tomax »Ta TEXHOJIOTHA ObLIa MPHUCIOCOOJIEHA
AJIEKTPOHHOM MPOMBIIIJIEHHOCTHIO TSt U3TOTOBJICHUSA
MOJIYIIPOBOAHUKOBBIX TPUOOPOB, a B fanbHemeM u UMC.

[Ipu mr000M cmoco0e TepeHoca HM300paKeHUs METOIA0M
dboTonedaTy yxXyamaeTcss pe3KocTh Kpas. IToT 3PDEeKT MposBISETCS
Opu BceX cmocobax medyaTu - KOHTAaKTHOW, C 3a30pOM I
NPOEKIMOHHOM. Eciin ecTh ABe I11eNn, pa3MElIeHHbIE HA HEKOTOPOM
paccTOSIHUM JIpyr OT Jpyra, TO HEIKCIOHHPOBAHHBIM YyYacCTOK
YaCTUYHO OyAET 3KCIOHUPOBaH. BO3MOXHBIE MPUUHUHBI 3TOTO COCTOSIT
B CIEAYIOLIEM:

e udpakuys HA MIEH;
r1yOuHa (pokyca OnTUYeCcKOil CUCTEMBI (1I€OKYCUPOBKA);
HU3KOKOHTPACTHBIN (DOTOPE3UCT;
OTpa)K€HUE OT MOJIOKKHA U 00pa30BaHKUE CTOSUYUX BOJIH;
IPEJIOMIIEHUE CBETA B (DOTOPE3HUCTE.
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5.1. TexHosnoausi u Mamepuasnbl 1UMozpaguu

B koneynom wutore 3amgada (OTOIUTOTpadUU COCTOUT B TOM,
4TOOBI BOCIIPOU3BECTH JIBYMEpPHBIM PUCYHOK (oTomadiona (PII) B
dboropesucre (PP) wum obOecneuuth COBMEIICHHE PHUCYHKOB C
TOYHOCTBIO B mpeaenax + 15% or HopMmanbHOTrO pazMepa 3JIEMEHTOB
OIII [1]. TlocnoitHoe COBMENICHUE MOJKHO OCYIIECTBISATHCA C
TOYHOCTBIO HE MeHee + 25% OT MUHHUMAJIBHOTO pa3Mepa PJIEMEHTA.
KpoMe TOYHOro BOCHPOM3BEACHUS TOIOJOTUU TpeOyeTcs BBICOKAs
CTENEHb BOCHPOU3BOAMMOCTH TEXHOJIOTMYECKOIO MPOIEcca B LEIOM.

[Ipu >TOM JOJKHBI YYUTBHIBATHCS BCE MPOOJEMBI - HE TOJIBKO
CBSI3aHHBIE C ONTUYECKUMHU SBJICHUSMH, HO W MEXAHUYECKUE
OTPAHUYCHUS YCTaHOBOK SKCITOHUPOBAHMUS, TEPMUYECKUE

VICKPUBJIEHUS TJIaCTUH, cBorcTBa OP U 1p.

Hcnonb3yeMble B OOBIYHON ONTHYECKOW JTUTOTpaduu MCTOUYHUKHU
SKCIIOHUPYIOIIETO U3JIy4YeHHs OBIBAIOT TOYEUHBIC (JIa3ephl) W
OpOTSDKEHHbIE  (pTyTHhlE  Jamnbl) CHEKTp  HMBIYYEHHS  3THUX
VMCTOYHHUKOB MOYKHO YCJIOBHO Pa3JICJINTh Ha 3 AUaIia3oHa:

. Janpauit ynerpaduoner (AY®) - or 100 mo 200-300

HaHOMETPOB.

. Cpennuit ynerpaduonetr (CY®D) — ot 300 1o 360 HaHOMETPOB.
. bawxunit ynerpadpuonet (bY®P) — ot 360 1o 450 HaHOMETPOB.

B kauyecTBe TOUEYHBIX MCTOYHHUKOB MOTYT OBITh HCIIOJIb30BaHbBI
azotubeie (N), remmii-kagmuensie (He-Cd), skcumepnsie nazepsl. Y
PTYTHOM JlaMIbl MOIITHOCTh U3JIy4Y€HUSI MaKCUMaJIbHA Ha JIJIMHAX BOJIH
365 um (I — nmunusg), 405 am (H — nunus), 435 am (G — nuHus).

CymectBytomue GoToauTorpapuieckue ycTpoicTBa ONTUYECKON
auTorpaduu MOKHO pa3feiauTh Ha 3 TPYMIIbL:

. YCTaHOBKH TEHEBOT'O IKCIIOHUPOBAHHS;
. MPOEKIIMOHHBIE YCTAHOBKU C MPETOMIISIFOIIEN ONITUKOM;
. MIPOEKIIMOHHBIE YCTAHOBKHU C OTPAXKATEIbHON ONTUKOM.

[Ipu teneBom skcnionupoanuu OIII, BeimoaHEHHBIN B MaciiTade
1:1, HaxoAUTCA B KOHTAKTE C MOJIOKKOM (TOuHEe - ¢ PoTOpe3ucToM)
WIM OTACJIEH OT HEEe Ha HEKOTOPOE pPACCTOSHUE (HECKOJIBKO
MUKPOMETPOB) B CIIydae MeUYaTu ¢ 3a30poM. [ TaBHBIMU HEJOCTATKaMU
KOHTAaKTHOM TMeYaTH SBJISIOTCS OTPAHUYEHHUS MO COBMEIICHUIO H
BO3MOKHBIE TTOBPEKICHUS (DOTOIIA0TIOHOB.
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[IpoeKIIMOHHBIE CHUCTEMBI UCIOJB3YIOT JIMH3bI WM 3€pKaja,
MO3BOJISAIONINE IPOCHUPOBATH PHUCYHOK C  (oTomabioHa Ha
KBaJpaTHOE IOJIE OrpaHMYEeHHOM Tomaan (Hamp. 20x20 MMm) win
MOJIOCKY IIMPUHON HECKOJBKO MUJUITUMETpOB. MacimTab neuatu: 1:1,
5:1 wim 10:1. OGnacte meyaTd 3aTeéM CKAHUPYETCS MO IUIACTHHE.
[TomaroBele CUCTEMBI ASKCIHOHUPOBAHUSI JIOJKHBI YJIOBJIETBOPATH
CJIEIYIOIIUM YCIIOBUSIM:

I. Xopomiee  coBMeENIEHHWE  OTACIBHBIX  KPUCTAUIOB IS
KOMITEHCAI[UU UCKPUBJICHUS IA0JIOHOB U IJIATHUHBI.

2. BBICOKOTOYHBIM MEXAHU3M INEPEMEIICHUS - KOOPJIAUHATHBIN CTOI,
MO3BOJISIONINI TTPOU3BOJAUTE TOYHOE COBMEIIICHUE PUCYHKOB MIPHU
KOKIOW oOmepauyd JKCHOHUPOBAHHMS, Ja)Xe TOrjaa, Koraa
Pa3IMYMMOCTh METOK IaJIaeT HUKE MPUEMIIEMOTO YPOBHSI.

3. BO03MOXHOCTh U3MEHEHHUSI KOOPJAUHATHON CETKU 0€3 CHUIKECHUS
IPOU3BOJAUTEIBLHOCTH.

4. Hebonbime pasMepbl yCTAHOBKU YKCTIOHUPOBAHUSI, BO3MOKHOCTb
€€ MOHTa)ka B CBEPXUMCTOU KOMHATE.

5. BbIicOoKas mpoOU3BOAUTEIILHOCTD.

B cranpgapTHOM NpoeKIMoHHOW cucTeMe Pokyc oObekTuBa ( f)

saBisieTcss QYHKIIMEW auaMeTpa ero BXomHoro 3pauka (D). Uucmosas
aneprypa (NA) B cpene ¢ ToKazareieM TMPEIOMIICHHUS 7
OTIpeIeTAeTCS Kak

NA:n-siné?:E (5.1)
2f

Pazpemenue (W) o0beKTHBA, ONIpeaeasieMoe IS IBYX HEMPO3payHbIX
00BEKTOB B COOTBETCTBUH C KpuTepueM Pases, paBHO

W = ﬂ (5.2)

NA

3naueHust kodpdunmenta K paznuuHbl s pa3HbIX TUIIOB PE3UCTOB:
or K 20,3 mns pe3uctoB, GOPMHUPYIONTUX H300paKEHUE B BEPXHEM
MMOBEPXHOCTHOM cJjioe, 10 K >1,1 mis pe3nucToB Ha OTpakaroleu
noBepxHOCTU. [IpakTHUUecKUM pa3pelieHuEM MPUHATO CUYUTATh
TPEXKpPaTHOE 3HAYCHHUE pa3pelieHHs, ompejiesieHHoe 1o Pajero Ha

JJIMHE BOJIHBI OKCIIOHUPOBAHUA.

W =183 (5.3)
NA
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[HTa6mon

IImactuna

Puc. 5.2. Bzaumnoe pacnonodicenue 31emMeHmMo8
ONMUYECKOU cucmemvl Npu onpeoenreHul 3HaAYeHUs
YUCTI080U anepmypbl

Takum o0Opaszom, pasperieHue yaydlllaeTcs C HCIOJIb30BaHUEM
0oJiee KOPOTKOBOJIHOBOTO W3JIYyUYCHHSI U OOBEKTHBA C OOJbIIeH
YUCJIOBOM  amepTypod (32  CcUeT  yMEHBIICHUS  pa3Mepa
sKcroHupyemoro  mousist). I'nmybuna  ¢okyca (DF), opnakxo,
yMEHbIIIaeTcsi ¢ poctoM NA U TO3TOMY OINpPECIICHUE TOJIO0KESHUS
Ka)KJIOTO HOBOTO KpPHUCTaJIa Ha IJIACTUHE TPeOyeT IOMOIHUTEIbHON
(bhOKyCHPOBKH:

DF=+—" (5.4)

2(NA)’
B Tabnume S5.1. mpenacraBieHbl 3HAuYCHUS TIyOWHBI (oOKyca H
YHUCJIOBOM anepTypsl IS PA3TUIHBIX JJTUH BOJIH.
Tabnuia 5.1.
3nauenus uucnosou anepmypwi (NA) u enyounvt ghoxyca (DF) npu
PA3TUYHBIX OJIUHAX BOJIH U3TYYEeHUs.

Yucnosas anepTypa I'nyouna dokyca (DF), Mkm
(NA) A=400 am A=200 Hm

0,2 5,0 2,5

0,3 2,0 1,0

0,4 1,5 0,8

0,5 0,8 0,4

Hanpumep, mis oObekTHBa ¢ 4ucioBor ameprypoir NA = 0,35
IpU AKCIIOHUPOBAaHUM Ha JyiHe BOJHBI 300 HM rimyOuna ¢okyca DF

110



He Oosiee 1,5 mxMm. IIpu ucnonb30BaHMU MIACTUH OOJBIIOTO AMAMETpPA
UX  HEIJIOCKOCTHOCTh, HaJduuue Tomorpadguyeckoro peibeda,
HEPAaBHOMEPHOCTh B TOJIIMHE PE3UCTa MOTYT CO3JaTh CHUTYAIUIO,
KOTJia HEBO3MOXHO (hopmupoBanue 3jieMeHTOB UMC cyOMUKPOHHBIX
pa3MepoB.

KauecTBo U pa3mepsl CKPBITOTO U300paKeHus,
chopmupoBanHoro B OP, BenuurHa KpaeBoro rpaaveHTa npoduiei B
pe3ucTe  OrpaHuUYMBacTC  (QYHIAAMEHTAIbHBIMU  (U3UUYECKUMHU
XapaKkTePUCTUKAMU CBETOBBIX BOJH, TaKUMHU Kak Audpakius,
KOT€PEHTHOCTh, AaCTUTMaTu3M, HWHTEpPEpEHIUs, XpPOMaTUUECKUE
abeppauun. Vcnonb3oBaHWe Ja3epoB B KAue€CTBE HCTOYHUKA
KOTE€PEHTHOTO M3JIYyYCHHUs MO3BOJIAET M30€KaTh BIUSHUS psifa dTUX
(dakTopoB. IIpoCcTpaHCTBEHHO KOrE€PEHTHOE JIA3€pHOE U3IyUYECHHE
00J1alaeT BBICOKOM SIPKOCTHIO M HU3KOM YIJIOBOM PacXoJUMOCThIO &,
OrpaHMYCHHOMN qudpakimeit

K-2
0=—, (5.5)
d
rie A - JUIMHA BOJHBI, d - JAWAMETP BBIXOAHON JuadparMbl

nasepHOro pesonaropa, K =1,2 s ogHopoaHoro nyuka u K =2/
JJIs1 TayccoBa Imydka. JIupakiMOHHBIM Tpeies pa3perieHus JIMH3bI
paBeH

K-f-2
D
3necb f - ¢dokycHoe paccrosiHue, D - aneptypa. OCHOBHBIM

D= (5.6)

HEJIOCTATKOM HCIIOJIb30BAaHUS KOTE€PEHTHBIX MCTOYHHKOB HM3TyUCHHS
ABJIIETCSI  CEPbE3HOE  YXYIUICHUWE  HM300paKeHHUs  3a  CYeT
TuppakmoHHBIX 3P GHEKTOB.

5.1.1. KoHTakTHas ne4yaTb 1 nevaTb C 3a30pOM

[Tpu kontakre DI ¥ MOAITOKKA MOKET OBITH MOJTYYEHO CKOJb
YIOJHO BBICOKOE paspeuieHue. Ha mpakTrke, 0OJHAKO, MHOTOKPaTHOE
UCIIOJIb30BaHUE IIA0JIOHOB MPUBOJUT K UX  TOBPEXKICHUSM.
[Tepemenienus 1o IIaCTUHE, MPOLECCHl COBMEIECHUS U KaK CIICICTBUE
TOr0  «yXOI» PasMEPOB OIPAHUYMBAIOT IIPEAEA TOYHOCTU [I0
BelMuMHbl ~ | MkM. B koHTakTHOM JsuTOrpaduu  OOBIYHO
IIPUMEHSIETCSA Y3KOHAIPaBJIECHHOE KOI'€pEHTHOE U3JIy4YEeHUE
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(pacxoauMOCTb HECKOJIbKO  TpaaycoB  JJId  yMEHBIICHHUS
Tu(ppakioHHBIX 3PGHEKTOB)

Monynsunonnas nepenatounas Qynkuus (MII®) npornecca
BBIPAXXKAET CBSA3b MEXKAY OOBEKTOM U M300paKeHUEM U ONpEesaeTCs
KaK

I -1
MITcp = —tmax " “min_ (5.7)
Imax +Imin

IIpn kontakTHOM medatu MII® pocrarouno Benuka (> 0,8).
Wcnons3oBanue 0Oo0Jee COBEPIICHHBIX KOHTAKTHBIX IIa0JIOHOB M
MHOT'OCJIOMHBIX PE3UCTOB MO3BOJISIET MOTYYUTh U300pakeHue 0,1 MkM
u Hwke. [Ipu nedatu ¢ 3a30poM 7 MexXay HIA0JI0OHOM M TUIACTUHOMU
npenenbHoe paspemienne W coctaBisier 1-2 mxm s 3a3opa 5-10
MKM:

W040,7-1-Z (5.8)
ObvekT (choTowabnoHr)
R N3obpaxeHne
— e - =] =y =] - Imax
7 N A ’ \

o

il
\
\

~
— —
=
. e
~
ﬁ"‘-‘-

MHTEeHCUBHOCTbL

~
|

min

Puc. 5.3. Onpeoenenue mooynayuonuou
nepedamounoul pynxyuu (MIID).

BIIM3KO PacHoNOKEHHbIE JIMHUM IIPU KOHTAKTHOM Ie4aTd I
meyaTd C 3a30pOM  PAacIUIBIBAIOTCA M3 - 3a KOHCTPYKTHUBHOM
uHTepQEPEeHIIMM  MeXJy  BOJHAMM, JU(PpParupoBaBUIAMU  Ha
cooTBeTcTByrOIMX OkHax PII. Ecim Ha OgHO M3 COCEOHUX OKOH
HAaHECEeHO IMOKpPHITHE, M3MeHsomee (pazy NPOXOAAIIEr0 uYepe3 Hero
u3TydeHns Ha 180°, TO MpH TONIMIMHE 9TOrO HOKpBITHS f=A(2n—1)

MEXK]Iy CBETOBBIMU MOTOKAMH OT PA3JIUYHBIX OTBEPCTUM MPOUCXOJUT
uHTepPepeHIns, MUHUMU3UpYIoast AUGpakiiuoHHbIC 3PDEKTHI.
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[IpeumyiiecTBa U HEAOCTATKM KOHTAKTHOM IMEYaTH U TE€YaTH C
3a30pOM TIPECTABICHBI B TAOIUIIE 5.2.

Tabnuia 5.2.
KoHTakTHas nieyathb ITeyats ¢ 3a30poM
IIpeumyiectBa | Beicokoe paszperienue, | Y 10BIETBOPUTEIBLHOE
1o 0,1 Mmxm pazpemenue 10 1,0 mxm
bosnbias sxcnonupyemas
TJI01A b
Bricokas
MPOM3BOJIUTEIHLHOCTh
Cosmemnienue 10 05 Mxkm
1 MEHEE
Henocratkn Hewnneanpubiii koHTakT | Manas rimyounHa dokyca
[ToBpexaeHus BiusHue KpUBU3HBI
mabyoHa MJIACTUHBI
[Iponeuatka nedexroB | XKecTkue TpeOOBaHMS K
Tpynoemkoe pPacxoauMOCTH
COBMEIICHUE SKCITOHHUPYIOIIETO
W3JTyUYCHUS.

5.1.2. INpoeKkunoHHas neyartb

I[Ipy OpOEKUMOHHOW I€YaTu B CKAaHEpax U YCTPOUCTBAX
MOIIArOBOr0  COBMElIEHUsS  (CTemmepax)  MCHOJIB3YETCS  Kak
OTpaXkaTelibHas, TaK W MPEIOMIISIONIasl ONTHKa. B COBpeMEHHBIX
CTEMMnepax MPOBOJIUTCS COBMEIICHUE HA KAXKIOM IOJIE U JTOCTUTACTCS
COrJIaCOBAHUE MO KOOpJAMHATAM, YIIIy MOBOPOTa, OKYCY M HAKIIOHY.
MeTtoa MpOEKIIMOHHOM MEYaTH MO3BOJSET BOCIPOU3BOJIUTH 3JIEMEHTHI
B PE3UCTE€ C MUHUMAIBHBIMHU pazMepamu Hmxke 0,1 mxm. Pasznuunbie
METOABl TE€YaTH MOTYT OBbITh KJIACCU(UUUPOBAHBI MO TOYHOCTH
COBMEIIICHUS, TTPOU3BOAUTEILHOCTH, pa3peliaronieid cnocoonoctu. B
pabore [2] Obu1 BBEIEH mapaMeTp MNPEANOYTUTENbHOCTH M mjis
CpPaBHEHMS METOAOB CKaHEpPa U CTENIEepa.

6
M- 10°TY ,
cr
rae T- mpomsBoautensHocTs ( mmactuHa/dac ), Y =exp(—ADN) -
BBIXOJl TOJHbIX, C — CTOMMOCTb, THIC. NOJUIapoB, L — MHUHUMaILHO

TOCTH)KUMAs MIUPYHA JIMHUU B MUKpOMETpax, A — IJIomiaapb mabdioHa

113



(cM®), D - IUIOTHOCTH nedextoB  ( z[e(peKT/CM2 ), N — wuwncio
MAaCKUPYIOIINX CIIOEB.

KpoMme paccMOTpeHHBIX JTUTOTPAPUUIECKUX METOJIOB U MPUCYIITUX
UM TIPEMMYILECTB M HEAOCTAaTKOB, CJEAYyeT MOMHUTbH O JIPyTrUX
(dakTopax, CKa3bIBAIOUIMXCA HA KOHEUHOM pe3yiibTrare. Upe3BblyaliHO
BAKECH, HAaNpuUMEp, MNOpOrpecc B  TEXHOJOTUH  HW3TOTOBJICHUSA
GboTOIabI0OHOB,  COBEPIICHCTBOBAHME  METOJIOB  COBMEIIICHHUSI.
BuayTtpennue u B3auMHbie 3()EKThl OJIU30CTH CTAHOBSITCS TJIABHBIMU
npobsiemaMu (oToNMUTOTpaPuu MO MEPEe YMEHBIICHHUS XapaKTEPHBIX
pa3MepoB AJIEMEHTOB.

YuuteiBas, 4TO onTUYecKass JUTOrpadusi SIBISETCS KIIOUYEBBIM
3JIEMEHTOM BCE  TEXHOJIOTHU MUKPOAJIEKTPOHUKH, VISt
HAHODJIEKTPOHHON TEXHOJIOTUU POJIb JUTOrpadur BO3paACTaeT eIle
OoJsiece. YBeNMYEHUE CTENEHU HHTErpaluu TPeOyeT YMEHBIICHUS
XapakTEePHbIX  KPUTUYECKUX  pa3MepoB, a  CIEJ0BaTEIbHO,
UCIIOJIb30BaHUS BCE MEHBIIMX JJUH BOJH cBeta. Kpome Toro,
UCIIONB3YIOTCSI  BCE Oonee COBEPIICHHbIC (boTOpE3UCTHI,
dazocaBuramIme Mackku ©  Koppekius d(PpdekToB  OIM3OCTH.
CoBpeMEHHBI  YPOBEHb TEXHOJIOTMU  (PAKTUYECKH  YMEHBIIWII
HIDKHIOIO TpaHuly BILUIOTH 10 100 HM. DTO moapa3yMeBAET, OIHAKO,
UCIIOJIb30BAHUE OOJIBIIOTO KOJUYECTBA COMYTCTBYIOIIUX TEXHOJIOTUH,
YTO  3HAYUTEIBHO  TOBBIIIAET CTOMMOCTb  TEXHOJIOTUYECKOIO
npoiiecca. B HacTtosimee Bpems, Ha psae BeAymux (GupMm Mupa,
3aHATBIX B BBICOKOTEXHOJOTMYHOM AJIEKTPOHHOM TPOU3BOJICTBE,
pa3pabaThIBalOTCS TEXHOJOTHMM M M3rOTaBIMBAETCS OOOpYJOBaHUE
UL 1EJoro  Kilacca JUTOrpaduyeckux METOJOB, Ha3bIBaeMbIX
«atorpagueil HOBOrO  TMOKOJICHHS». ITO  ylbTpaduoisieToas,
PEHTTCHOBCKas, JJEKTPOHHO-JIydyeBass M HOHHAs MPOEKI[MOHHAs
auTorpadum.

Cy1iecTByeT MHOTO CIIOCOOOB CO3/JaHUS CTPYKTYP U DJIEMEHTOB C
MaJIbIMU pa3sMepaMu. B OCHOBHOM BCE€ TEXHOJIOTMU CBSI3aHBI C
U3TOTOBJICHUEM I1a0JIOHOB, MPECTABIISIIONIMX COOOM PEIIMKY TOTO
WM UHOTO THNA CTPYKTYyp. Mcronbp30BaHUE 3TUX MIA0JIOHOB U MAacOK
IpeanojaracT HAaHECEHWE PHUCYHKAa Ha IUIACTUHY W JaJIbHEHIIne
TEXHOJOTHUYECKHE ONEpalyu, MPEeIyCMOTPEHHBIE TEXHOJIOTUYECKUM
npoiieccoM. HoBbIe TEXHOJOTUM HUCIOIB3YIOT, OJHAKO, MACKU Kak
HEKOTOPBIEC TPOMEKYTOUHBIE IIary JJIs1 U3TOTOBJIECHUSI HAHOCTPYKTYP.
[To onienkam ITRS [3] MuHuManbHbINA pa3Mep OBICTPO YMEHbIIIACTCH,
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4TO TpeOyeT U3MEHEHUA W JAPYIHuX MapaMeTpOB TEXHOJOTHUYECKUX

IPOIIECCOB.
Tabauna 5.3.
IIpozpecc 6 pazeumuu rumozpaghuu
['ox mosyyeHus 2001 | 2003 | 2006 | 2009
MuHUMaIbHBIN pa3Mep, HM 150 120 90 65
TonmmHaa BEpXHETO CJI0s, HM 55 45 35 25
Onruyeckas gutorpadus 193 um v v
Onruyeckas guTorpadus 157 um v v
JanpHuil yneTpaduoser v v
PEHTIeHOBCKOE U3ITydeHHE v
DIIEKTPOHHBIN Iy4 v v
VOHHBIA ITy40K v v
HaHOTHCHEHNE ¥ ITeYaTh v

CpaBHEeHHE pPE3yIbTATOB IMOJYYEHHBIX C MOMOIIBIO PA3IMYHBIX
auTorpaUuecKux  METOJO0B  HOBOIO  TOKOJICHUS IS  HOBBIX
TEXHOJOTHN W MpuOOPOB MpeacTaBieHo Tabmureh 5.4. TexHomorus
MUKPO ¥ HAHOXJICKTPOHHUKH MOJKET OBITh YCIOBHO pa3jciicHa Ha JBE
rpynimsbl. [lepBas — 3TO TEXHOJIOTHS, UCTOJIB3YIOIIAsl TPaAUIIMOHHBIC
METOJIbI ONTHUYECKOW JmTOorpaduu, TpaBlICHHS, JETHPOBAHUS M T.II.
BTopass — akTUBHO MPOJIBUTAEMBIE B MOCJIEAHUE TOJbl TEXHOJOTHUH,
HamnpaBJICHHbIE Ha CO3/JaHHE MPUOOPOB MOJEKYJISIPHOM AICKTPOHUKHU
¥ OJHORJICKTPOHHBIX ITPHOOPOB.

Tabnuia 5.4.
ITpoeKk1IMOHHBIE METOIbI MeTo bl IpsIMOTO PUCOBAHUS
Ha3zanne metona | Kputnueckuii | Hazganue merona | Kputnueckuii
pazmep - CD pazmep - CD
Extreme Ultra 30 HM Scanning Probe ~1 HM
Violet - EUV Method (SPM)
Ion Projection 50 HM Focused Ion 50 HMm
IPL Beam (FIB)
Proximity 60 HM Electron-beam ~20 M
X-Ray direct write
1X X-ray (EBDW)
Electron-beam 70 HM Multi electron- ~100 aMm
projection beam direct write
SCALPEL (multi-EBDW)
BrICcOKasi CTOMMOCTh Hwu3kas npu3BOAUTEIBHOCTD
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5.2. Jlumoepagpuu dnss KMOIT mexHosnozauu

5.2.1. OnTnyeckas nutorpadpumsa

Metoabl onTHYecKoi auTOrpadru SIBISIOTCS TPAAUITMOHHBIMA U
B HACTOSIIEE BpEMs MM NPUHALICKUT JOMUHUpPYIOMIAs pOJb B
texHosiorun.  CylecTByer  psii TyTed  COBEPIICHCTBOBAHUS
COBPEMEHHOTO  (hOoTONMUTOTpauyIeckoro  oOOpyJAOBaHUS.  IDTO
yIy4dllleHHe KOHCTPYKIIMU OOBEKTHBOB W CHUCTEM COBMEIICHUS,
VICTIOJIb30BAHUE TUIACTHH C JIYUIIEH NIOCKOCTHOCTBIO, UCITOJIb30BAHUE
IJIaHApU3UPYIOMIUX CIIOEB, pa3pab0TKa HOBBIX PE3WCTOB. B kadecTBe
MCTOYHUKOB KOIE€PEHTHOI'O0 H3JTYYEHHS] MCIOJb3YIOTCS SKCUMEPHBIC
nazepsl, B yactHocTtu KrF (248 um) nns mpoueccoB co 180 HM
paspemieaneM, ArF nna 197 am, a F2 misa 157 um. Benerca nouck
HOBBIX ONTUYECKUX MaTECPUAIOB ISl U3TOTOBJICHUSA JWH3 C HU3KOU
abeppaleii, BRBICOKMM anepTypHbIM YKMCIIOM, BBICOKOM pa3peliaronieit
CIIOCOOHOCTBIO.

5.2.2. Jlutorpadma npeaensHOro ynoTpaduorneTa

JIutorpadus npenenvHoro ynsrpaduonera (Extreme Ultraviolet
lithography - EUV) wunm nurorpadus B 007aCTH  MSTKOTO
pentreHoBckoro usnydeHusi (Soft X-Ray lithography) mo cymectBy
SBJISICTCSI  Pa3BUTUEM  METOJIOB  ONTHYECKOW  JuTorpadum,
UCIIOJIb3YIOMIEN MCTOYHUKU HU3YyYECHUSI C MEHBIIUMU JJIMHAMU BOJIH.
BaxxHelmum oTIMYMeM SBISIETCS HEOOXOJMMOCTh HCIOJIb30BaHUS
MHOTOCJIOMHBIX 3€pKaJl U JJIsl OTPAKATEIHbHON ONTUKU U JIJIT MACOK B
uHTepBasie JiauH BoiaH 10-15 HM. Mertom OBICTPO MW JTOBOJIBHO
ycnemHo pa3BuBaercs. Ecnu, Hanpumep, B 2000 roay pekopAHbIMU
obutn pesynbTarhl: 100 HM paspelieHue Mo PaCCTOSHUIO MEXKIY
muHAsIMA U 70 HM ISt OTJIENIBHOTO B3JIEMEHTA, TO K HACTOSIIEMY
BpEeMEHH 3TH HUPpbl cHU3UIUCH 10 30 HM. MeTon siBisieTcs BecbMa
npuBJIeKaTebHBIM U MHOTOOOemaromuM g KMOII texHosioruu, Ho
M0 OLICHKAaM 3KCHEPTOB B MPOMBIIUICHHOCTH OH 3aliMET CBOE MECTO
yepes 4-5 ner.

B xauecTBe MCTOYHMKA U3TydeHUsT 00bII0M MonTHOCTH 1t EUV
auTorpad@uu UCHONB3YeTCs MO0 CHUHXPOTPOHHOE H3JIy4deHHue, JHOOo
U3JIydCHHE TIUIa3Mbl, TIOJYUYCHHOM B3aMMOJCHCTBUEM JIa3€PHBIX
MMITYJIbCOB CO CBEPX3BYKOBBIM MTOTOKOM rasa (cM puc. 5.4.).
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UMNYSbCHBIN Nasep

WUCTOYHUK
CEBEPX3BYKOBOIO 4
rasoBoro noToKa

YO nany4veHve

>

nrnasma

YO koHgeHcop "‘_”_’—’»

Puc. 5.4. Cxema nnazmennozo ucmounuxa uziydwerus ona EUV

B orinune OT CMHXpPOTpPOHA, IUIA3MEHHBIE UCTOYHUKHU Wit EUV
autorpaduu  3HaAYMTENbHO JemieBie. OAHAKO CYILIECTBYET Ppsif
TEXHUYECKHX Tpo0jeM, B yacTHOCTH ¢ Y@ onrukoit. Jlroboe
000Opy1I0BaHUE JUIL  3TOr0 METOJA HCHOJIB3YeT 3€pKajia C
MHOTOCJIOMHBIMU METANIMYECKUMH TOKPBITUSIMU. TpeOoBaHUs K
ONTUYECKUM XAPAKTEPUCTUKAM OYEHb KECTKMe. B dyacTHOCTH
MOBEPXHOCTH M TPAHMIBl pa3fena 3epKal U APYrUX ONTHYECKUX
AJIEMEHTOB JIOJUKHBI HMETh HEpOBHOCTHM He Oosiee 0,25 HM.
HeoOxoauMo Takke TepMOCTaTHUpOBaHHWE PAOOUYMUX IJIEMEHTOB WIIU
KOMIIEHCAIlUsl ~ «yXOAa» pa3MepoB, BbI3BAHHOIO  HW3MEHEHHEM
TEMIIEPATYPBHI.

B 2002 rony ¢upma Canon 00bsiBUIIa O 3HAYUTEILHOM MIPOTpecce
B paspabotke 157 HM ckaHepoB misi 70 HM nutorpaduu. I'maBHOM
MPUYMHON 3aJICPKKH, BCTaBIlIEW HA MyTH Pa3pabOTKU 00OpY/I0BAHUS
JUIsT TPOW3BOJACTBA YHMIIOB MO HOBOMY, Oojiee MNPEelU3UOHHOMY
TEXIPOLIECCY, CTAIM MPOOJIEMbl C TPOCKIMOHHON ONTUKOW, TOYHEE,
npoOJeMbl ¢ TBOMHBIM TpesioMIIeHHeM Jiyder (intrinsic birefringence,
IBR), npucymue smH3zam wu3 @ropuna kaneuua  (CakF,).
[Togpaznenenue Semiconductor Equipment komnanuu Canon U.S.A.
cAenano 3asBJICHHUE, B KOTOPOM paropTOBajlO O 3HAYUTEIHLHOM
MPOJABMIKCHUH Ha TTyTH pa3paboTku 157 HM MPOEKIIMOHHOW ONTHKH, B
YaCTHOCTH, CEPbE3HBIX MOJU(PUKAIUAX KOH(GUTYpallUM ONTHYECKHUX
cucteM, mno3Bojstomux oboktu IBR. W Ttemepp, mo cioBam
npeAcTaBUTeNe KOMIIAaHUU, OHU OyAyT FOTOBBI MPEIOCTABUTH TIEPBOE
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MOKOJIEHUE CHUCTEM DJKCIO3MIMM s Y3/10B mnopsaka 70 HM Ha
BCECTOPOHHEE HUCIBITAHUE U ONPOOOBAHUE yKE B NEPBOM MOJIOBHHE
2003 roma. IlepBeiIM moTpeOuTeneM, TBEPAO 3aABUBIIUM O
npuoOpeTeHnH HOBOM CHUCTEMBbI, crTaja repManckas Infineon
Technologies AG, HamepeHHas 3amyCTUTh MPOU3BOACTBO IO
Texmpoueccy ot Canon yxe B Havaie 2005 roja.

Takum 00pazom, pa3paboTka KaTaAUONTPUUECKUX JIMH3 MPOILIA
YCHEUIHO, U TENeph Ha OCHOBE 3TOM onTuku ¢pupma Canon HamepeHa
pazpabotats npombiluieHHYI0 cuctemy FPA-5800FS1. ITloka uro
KOMITAHUSI TapaHTUPYET, YTO HOBas oONTHKa OyJeT wu30aBieHa OT
addexra npeaomiieHus Jyderd B pamkax 100 HM nurTorpadwuu, a
paboTa Haja Oosee MPEUM3UOHHBIM IPOIECCOM OyIeT MOCTpOeHa Ha
TOM K€ MPUHITUIIC — ONITUMU3AIUN OPUEHTAIIUH.

Eme B 2000 rogy koanuiusi HalMOHaIbHBIX Jadopatopuil CIIIA,
takux Kak Lawrence Livermore National Laboratories u Sandia
National Laboratories, a Takxe KpymHEHIITUX TPOU3BOIUTEIIEH YUIIOB,
Takux kak Intel, AMD u T1.1., npoieMOHCTpUpPOBAIX NPOTOTUI HOBOU
EUV nurorpadguyeckoit TEXHOIOTHUH, KOTOPask MO3BOJIUT MPOIOJIKUTh
MUHHUATIOPU3AIMIO DJIEMEHTOB MHKpocxeM. HoBas TexHosorus
nmo3BoauT co3aarek K 2005 rogy mpoueccop ¢ TakToBow dactoron 10
[Tu. Tem cambiM mOpenesn MHUHHUATIOPU3ALMUA, TPEAPEKACMBIN
MHOTMMH 3KCHEPTAMH, OTOABHHYT €lle Kak MUHUMYM Ha 8-10 iner.
OpmHako HOBasi TEXHOJIOTHS UCTIOJBb3YET BeCh MOTEHIIMA KpeMHUs 0e3
octatka. 1 mocne 2011 roma npupeTcs HalTH HOBBIA MaTepual IJis
CO3/IaHMSI YUIIOB WJIM K€ pa3padoTaTh MPUHIIUNHAIBLHO HOBBIA METO]
WX TTPOU3BOJICTBA.

5.2.3. [lntorpadusa dbnmkHero peHTreHoOBCKOro
auanasoHa

Jlutorpadust ONMIKHETO PEHTIEHOBCKOIO Juama3oHa (X-ray
proximity lithography) ucnons3yer niuHy BOJHBI M3dyudeHHs | HM.
OTOT METOH SIBISIETCS, MO-BUAUMOMY, MOCIEIHUM IIaroM Ha IyTH
YMEHBILICHUS]  JJIMHBl  BOJHBI ~ U3JIYYEHUS, HCIOJIb3YEeMOro B
HaHonuTorpaguu. MeToa pa3BUBAaeTCSd WHTEHCHUBHO mocieanue 20
JeT W TOYTH FOTOB K HCIOIb30BaHHIO. B OTCyTCTBHE HEOOXOAMMOM
PEHTIEHOBCKOM  ONTHMKKM METOJ OCHOBAaH Ha MPOCIUPOBaAHUU
n3o0paxkenusi (¢QoromadbioHa Ha IUIACTUHY B Mmacmrtabde 1:1.
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WNctounuku wu3nydeHus — Takue ke kak u B EUV nurorpaduu.
CroumocTh 00OPY/IOBaHUS €XKETOJHO TMOHUXKAETCS U B HACTOSIIEE
BpEMSI OHO SBJISIETCSl BIIOJIHE JIOCTYIHBIM JJII KOMMEPUYECKOTO
UCIIOJIb30BAaHUS KPYITHBIMU AJIEKTPOHHBIMU (hUPMaMHU.

5.2.4. AnekTpoHHo-ny4vyeBas nutorpadma n SCALPEL

N3 Tteopum gudpakmud W TOPAKTHIECKOW  CIIEKTPOCKOITHH
U3BECTHO, YTO pa3periarolias CIoCOOHOCTh ONTUYECKUX MNPUOOPOB
OrpaHHY€Ha JJIMHOW BOJIHBI HCHOJIb3yeMOro wu3iydeHus. VIMeHHO
MOATOMY JUIsl M3YUEHUSI OOBEKTOB aTOMHBIX Pa3MEPOB MCIOJIB3YIOTCS
0oJiee BBICOKOPHEPIETUYHBIC YACTUIIbI: PEHTICHOBCKUE (POTOHBI,
AJEKTPOHBl U HMOHBI. JTU aHAJUTUYECKHWE NPUOOPHl U COCTABUIIH
OCHOBY JIUTOTpapuiIecKoro 000pyA0oBaHUs JJIs1 HAHOAJICKTPOHUKHU.

[TepBoil 001aCTHIO MPUMEHEHUS TAKUX SKCIIOHUPYIOIIUX CUCTEM
OBLIO MPOU3BOJICTBO, KOHTPOJIb U BOCCTAaHOBJIEHUE (POTOIIAOIOHOB.
3aTeM TMOCJEIOBAIIO HCHOJIb30BAHUE CKAHUPYIOMIMX CHUCTEM IS
npsIMOM  JTUTOTpauu MO KPEMHHMIO M OSKCIIOHUPOBAHUE IIUPOKUM
ny4ykoM. JlmuHa BOJIHBI HKCHOHUPYIOIIETO M3JIYYEHUS] BBICOKOU
SHEPrUU MU3MEPSETCS aHICTPEMaMU, a PE3UCTOM MOXKET CIYKHUTh
ao0oi  monumep MO0  HEOPraHWYECKUM  TUIEHKOOOpa3yronui
Matepuasl. JHEPrus U3JIyUYEHHs TaKOBa, UTO €€ JOCTATOUYHO HE TOIBKO
U1 BO30YKICHHS aTOMOB, HO M JJIl TEPECTPOUKU JIFOOBIX
XUMUUYECKUX CBsizel. Takum o0pa3om, HCIOJIB30BAaHUE IMYUYKOBBIX
METOJIOB, C OJJHOM CTOPOHBI, CHUMAET OTPAHUYCHUS 10 Pa3pPEIICHUIO,
a C JpYrod — BeIET K CHIKEHUIO IMPOU3BOAUTEIBLHOCTH IIpoIliecca
SKCIIOHUPOBAHMUS U MTOBBIIICHUIO CTOUMOCTH TEXHOJIOTHH.

[lyuykoBOoe SKCIOHUpPOBaHUE (MCIIOIB3YETCS TaKXKEe TEPMHUH
«pauaIMOHHOE JKCIOHUPOBAHUE») MPUMEHSETCS B TeX Clydasx,
KOrJa TMapamMeTpbl ONTHYECKON JuTorpadur HE YIOBICTBOPSIOT
TpeOOBaHUAM MO TOYHOCTH COBMEIIICHUS U ITyOuHe Qokyca.

TpaekTopust IBKEHUS CBOOOJHOTO 3JICKTPOHA B BAKYYME MOXKET
U3MEHSTHCA TI0J] JCUCTBUEM DJEKTPUYECKUX W MArHUTHBIX TMOJICH.
DTO SBIEHUE U JIGKUT B OCHOBE METOJa BJIEKTPOHHO-Ty4YEBOM
mutorpabun. DyHIaMEHTAIbHOE OTPAaHMYCHHE TI0 Pa3peIICHUIO
OMpEeeIISIETC COOTHOIIICHUEM HeompeaeneHHocTe ['eiizenbepra
(Aprth) M MOXET aocturarb 3HadeHud Huxke 10 aM. Kak yxe

OTMCYAJIOCh B HepBOﬁ I'J1IaBC, MHUHHUMAaJIbHAas IrpHUHA
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JTHUU Ax [ 1/ \/E . B 1967 roay ObLIO TPEeaoKeHO MCIOJIH30BaTh

AJIEKTPOHHO - JIY4EeBYID TPYOKYy B KadeCTBE SKOHOMUYHOIO H
OBICTPOACHCTBYIOIIETO reHeparopa b oTo11a0JIOHOB TUIs
crenuanu3upoBanubix MMMC [4], a B 1968 »siekTpoHHO-ITyueBOE
SKCIIOHUPOBAHWE ObUIO MPUMEHEHO [JIi  HEMOCPEJACTBEHHOIO
«PUCOBAHMS MO PE3UCTY [J].

B HacTosiiee BpeMsi MpOU3BOUTEIBHOCTh 3JIEKTPOHHO-TY4YEBOMN
(e-beam) nurtorpadum orpaHuue€Ha TOJIBKO CKOPOCTBbIO CKaHEpOB,
UCIIOJIb3YEMBIX JUIsi HAHECEHUs] PUCYHKA, U METOJ SBIISIETCSA YKe
cepuiinpiM B nipousBoacTBe UMC. OnuH U3 mpeajiaraéMbiX Crmoco0oB
YBEIIUUCHUSI TPOU3BOAUTEIBHOCTH — HCHOJIb30BAHUE MATPHUIIBI
napajulebHbIX AJEKTPOHHBIX MNydykoB (puc 5.5.). OpHako 3To
HaKJIaJbIBACT JKECTKHME TPeOOBaHUS K XapaKTEPHUCTHKAM KaxKJIOTO
UCTOYHMKA  DJIGKTPOHOB B  MATpUIle IO  HMHTEHCUBHOCTH,

MOHOSHCPICTUYHOCTHU U MCTOJJaM YIIPABJICHUA ITYUKOM.

MaTpuua
BNEKTPOHHBIX
nyLlex

Puc. 5.5, Cxema ucnonvzosanuss  mampuybl
NAPAIeIbHbIX IJIeKMPOHHBIX NYYKO8 OJisl NPAMO20
HaHeceHuss pUCYHKa HA NIACMUHY KPEeMHUS

B  kawectBeé  MCTOYHHMKOB  BJIEKTPOHOB  IPEJJIAraeTcs
UCIIOJIH30BATh AJIMa30MOA00HbBIE COEAMHEHU yriiepoa - (yJiepeHbl
WM HaHOTPYOKH. MeanbHBI MCTOYHUK JOJDKEH OBITh HE TOJBKO
MEXAHUYECKH IPOYHBIM, HO U YCTOMYUBBIM K JKECTKUM YCJIOBHIM
TEXHOJOTHYECKOW cpenbl (HampuMep YCTOMYMBBIM K IIpoIieccam
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Jerazaliyd TMOBEPXHOCTH IUIACTHUH), UMETh BBICOKHE 3MHUCCHOHHBIC
XapaKTEPUCTUKHU MTPU HU3KOU SHEPTHUU TyUKa.

BrICOKORHEpPTreTUYHBIE ITYYKH, TPOHUKAS B MOJJIOKKY, HAPYIIAIOT
MIPUTIOBEPXHOCTHBIN CJI0#, 00pa3yOT BBHICOKYIO IUIOTHOCTh JAE()EKTOB
B TOHKOM MPUIOBEPXHOCTHOM cjoe. ITOoT 3(PheKT 0coOeHHO
YyBCTBUTEJICH MPU MOBBIIIEHUH CTENIEHU MHTETPALIMM U YMEHBIICHUU
Bcex pasmepoB aneMeHToB MMC. Pemienwe 53Toil mpoOieMbl B
MOHWKEHUU DSHEPrUM  HJIEKTPOHOB U  YMEHBIICHHM TJIyOUHBI
IIPOHUKHOBEHUS B TMOJJI0KKY. B 4aCTHOCTH, 3JIEKTPOHBI C SHEPTUEH
Hwke 300 5B umeroT jiMHy ¢cBOOOJIHOIO Mpodera B KPEMHUU MEHEe
I BM u, Takum o0Opa3oM, NPAKTUYECKHM HE BHOCAT J€(PEKTOB B
MIPUIIOBEPXHOCTHBIN CJIOM.

Jlns popmupoBaHUs pUCYHKA Ha OOJIBIIONW TLIOMIAAM TUIACTHHBI,
KpOME€  PAacCMOTPEHHOM  BBIIIE CXE€Mbl MHUKPOKOJOHH (WU
MUKPOMYIIEK),  MCIOJb3YETCS  TaK  Ha3blBaeMsi  TEXHOJIOTHUSA
MUKPOMYYKOB.  MUKPOKOJIOHHBI  HCHOJIB3YIOT  «HEIUJIaHAPHYIO»
KOHCTPYKIIUIO YCTPOMCTBA — pa3Mep HECKOJIbKO MUJIIIUMETPOB,
UCTOYHUK 3JIEKTpOHOB 10 cxeme LlloTTku, puibTpbl, MUKPOJIMH3BI U
neTekTophl. IIpu HCHONB30BaHUM MUKPONYYKOBOW TEXHOJIOTUM
KOHCTPYKIUSI TAaKOBa, YTO OJJIEKTPOJbI, OTKJIOHSIOIIME CHUCTEMBI H
JNETEKTOPBI PACIIONOKEHBI B INIOCKOCTH KPEMHHUEBOM TIJIACTHUHBI.

OlLeHKH MPOU3BOJUTEIHBHOCTA CHUCTEMBl MHMKPOKOJOHH B
yctanoBke miia 100 HM nutorpaduu ciaeayroIme:

. paspemenue 10 50 HM;

. 1aactuabl & 300 MM;

. NPOU3BOAUTEIBHOCTH 10 macTuH B 4ac;

. KOJIMYECTBO MUKPOKOJOHH — 50;

. pabounii Tok — 30 HA Ha KOJIOHHY.
B cnyudae yBennuenus uncna KoJoHH 10 200 Tok nmonmxaercs 10 0,8
HA Ha KoJoHHY. Eciu konnuecTBO 00padaThiBaeMbIX IIJIACTUH OyJIeT
YBEIIMUECHO, Hampumep, A0 25 IMTyK B Yac, TO BCE MapameTphl
COOTBETCTBEHHO JOJIKHBI ObITh U3MEHEHBI B 2,5 pa3a. YMEHbIIICHHUE
BPEMEHU DSKCIIOHMPOBAHUS KakK JJIsI MHKPOKOJIOHH, TakK MW A
MUKPOIYYKOB CIAEPKUBACTCS OTPAHUYCHUSIMU POCTA BEIUYMUHBI TOKA
Ha My4oK. MICTOYHUK OJKeH paboTaTh MPU HU3KUX DHEPTHUAX, OBITH
CTaOWJIbHBIM, KOTE€PEHTHBIM, HAJICKHBIM.
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B wHacrosiiee Bpemsi pabOThl  BEAyTCS B  HaIpaBJICHUH
COBEPIICHCTBOBAHUS AIEKTPOHHO-TTYYEBBIX MIPOEKITMOHHBIX
AUTOTrpaUUEeCKUX YCTAHOBOK C IEJIbI0 YBEIUYCHUsS pa3pelraroiiei
cnocoOHoctn (Menee 100 HM). DKCHEPUMEHTHI C €IMHUYHBIMU
JIEKTPOHHBIMH ITyYKaMHU TOKAa3bIBAIOT, YTO JAOCTIKUMBIM IPEIEIOM
3TOM TEXHOJIOTMH sBiAeTca 30 HM paspemeHue, a Uil CUCTEM C
MUKPOKOJIOHHAMH WJIM MHUKPOITYYKaMH TPOMBIIIUICHHBIA Mpeen
nexutT B oosmactu 40-50 HM.

[IpeumymiecTBa e-beam MNPOEKIIMOHHONW JUTOTpauu H3BECTHBI
HECKOJIbKO JecaTuiieTud. Pas3Bure 3TOro Meroma A0 HEKOTOPOTO
BPEMEHH CIICPKUBAJIO JBE MPUUUHBI:

1. TloBbllieHHME TemmepaTypbl MAacOK Kak pe3yJbTaT MOIJIONIEHUS
SHEPrUM  MAJAIOIIET0  Iy4YyKa  DJICKTPOHOB,  OrpPaHUYCHUS
YCKOPSIIOIIUX HAMpPSKEHUH, HEBO3MOXKHOCTh CO3J/IaHUSI PUCYHKA B
BUJIC 3aMKHYTOIO KOJbI[a W MCHOJb30BAHUSA JIOMOIHSIOIMIMX
MacoK.

2. [IlonHolieHHass oONTHMKAa, HE MacliTadbupyemass B CBSI3U C
YBEIIMYEHUEM pa3Mepa IUIaCTUH U YWUIOB M yMEHBUICHUEM
MUHHMAJIBHBIX Pa3MepPOB 3JIEMEHTOB. /(11 yMEHbIIIEHUS BIUSHUS
abeppali HEOOXOJIMMO Majoe amnepTypHOE YHUCIO0. 3apsioBbIC
3¢ peKThl, BO3HUKAIOIIUE IPH MNPUEMIIEMOM JJisd JOCTHIXKCHHS
MPOU3BOAUTEILHOCTH TOKE IIy4yKa, pa3pyllaloT JdOCTUTaeMOe
pa3pelieHue MEeTo/1a.

Paborta [6], /1€ 3TH BOIIPOCHI OBLIIM PACCMOTPEHBI, CTaa TOJTYKOM
K pazpabotrke Ha pupme Bell Laboratories koHueniuu 3aeKTpOHHO-
Jy4eBOM MPOEKIMOHHON JuTorpaduu C OTPAaHUYCHHEM II0 YTy
paccesuusi - SCALPEL® (SCattering with Angular Limitation
Projection Electron-beam Lithography) [7]. Orta mnporpamma
KOMIUIEKCHAs M BKJIIOYaeT B ceOs pa3pabOTKy Kak MPOEKIIMOHHOTO
00Opy/IOBaHMs, TaK U TEXHOJIOIMU M3TOTOBJICHUS] MACOK, PE3UCTOB,
METOJI0B 00paboTku MatepuayioB. OJTHO U3 OCHOBHBIX TpeOOBaHUN —
3TO  COBMECTUMOCTh CO  CTaHJAPTHBIMHU  TEXHOJIOTUYECKUMHU
MPOLIECCaMHU.

[Ipuniun  pabOThl MPOEKIIMOHHOM S3JIEKTPOHHO - JIy4EeBOU
mutorpadun SCALPEL npexacraBieH Ha pucyHke 5.6. DIEKTpOHBIN
Iy4OK, WCIIOJIb3YEMBIM B IIPOLIECCE, HEKOTEPEHTHBIM. [ JIaBHBIM
OTJIMYMEM 3TOTO METOJIa OT BCEX OCTAJIbHBIX SIBJICTCS KOHCTPYKIIUS
Macku (puc. 5.7).
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3ANEKTPOHHbIN

pacceupatowas | V10K
macka
wer I\

H LA R E LA
SCALPEL
anepTypa

nWH3a
L~ il BT A 1500 TR s ar=

n3obpaxeHwe

Puc. 5.6, Ilpunyun pabomvl  npoexyuoHHoOU
anexkmponuo-ay4esou rumoepaguu SCALPEL

MembOpana TtommmuOM 75 - 150 HM u3 SiN_ Ha pemerky

BBITpPaBJICHHYI0 B Si mojyioxkke. Ha meMOpaHy HaHeCeH pPHUCYHOK,
KOTOPBII COOCTBEHHO U sABIsieTcs oTonadioHoM. Maciitad pucyHka
4:1. To ectb »neMEHTBl C XapakTepHbiM pasmepoMm 100 HM Ha
pacceuBarOUIEM MACOYHOM MOKpHITUM uMET pasmep 400 HM.
Tonmuua nokpeituss 50 HMm, marepuan — ciou W u Cr. TonmmHa
CTEHOK pemeTku — 0,2 Mm.

noanopKM SCALPEL macka

ans
MemBpaHb!

APy Y P
i

iy

Si nnactuHa

noaaepxuBawLlee
KOMbLO

SiNx (membpaHa)

Si nnactuHa
(npoTpasneHHasn)

Puc. 5.7. Konempyrxyus macku ona SCALPEL mexnonozuu.
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ONEKTPOHHBIA MYyYOK TIOYTH HE pacCeuBaeTCs MEMOpaHOW W
paccenBaeTCs Ha yrojl B HECKOJNBKO MuwuMpannan ciosmu W u Cr.
OTOro  paccessHusi  JIOCTaTOYHO, 4YTOOBI  amepTypHOE  OKHO,
pacnoyioxkeHHOe B (DOKAIbHOM IJIOCKOCTH, 3a/I€pPHKajI0 PACCESTHHBIE
AIEKTPOHBI. Pesynbprarom 3TOTO nporecca SABJISICTCS
BBICOKOKOHTPACTHOE  HM300pa)k€eHWe  MacKH, IoJydaeMoe  Ha
MIOBEPXHOCTH KPEMHUEBOM IIACTUHBI.

[Ipon3BOAUTENBHOCTh IPOLECCA 3aBUCHT OT TOKA IIy4dKa M
YyBCTBUTEIBHOCTH PE3UCTA. B3auMOAENCTBUE JIIEKTPOHOB B IIy4YKe
IPUBOJIUT K €ro CYILIECTBEHHOW pa3masKe, MPONOPUUOHAIBHOU [ o
orpannumBas pazpemenre 35 HM npu Toke 10 MKA. CneacrBuem
HEKOT€PEHTHOCTU U3JIYUYEHHUSI SIBJIAETCS OTCYTCTBUE AU(PPAKIIMOHHBIX
U UHTEPPEPEHIMOHHBIX  SIBICHUM, COXpPAaHEHHE  JIMHEUHBIX
3aBUCUMOCTEH J/JIg BCeX pabouux MapameTpoB IPU YMEHbIICHUU
pa3MepoOB AJIEMEHTOB 110 35 HM. DTO B CBOIO OYEpE/lb 03HAYAET, YTO
HET HEOOXOAMMOCTH B KOPPEKIMH IMOTIPEUIHOCTEH, 00YCIOBIEHHBIX
s dexkTamu OJIU30CTH.

5.2.5. loHHO-Ny4KoBaga npoekumoHHas nutorpadpud

HNonHO-ITy4eBble CHUCTEMBl JJIi DKCIIOHMPOBAHHS PE3HCTOB
MIUPOKUM TIYYKOM CO3JIaHbl HA OCHOBE IPOMBIIUICHHBIX YCTaHOBOK
WOHHOW MMIUTaHTaMu. VICTOYHWKM HMOHHBIX ITYYKOB CYIIIECTBEHHO
YCOBEPIICHCTBOBAIMCH 3a TOJbI PA3BUTHUS CKAHUPYIOIIMX HOHHBIX
MHUKPOCKOTIOB M UMIUIAHTATOPOB. [ JIaBHBIM JOCTOMHCTBOM HMOHHBIX
MyYKOB SIBJISIETCA Majioe OOpaTHOE paccesHue, a Cle0BaTeIbHO,
MUHUMAaJIbHBIA 3P dEeKT OJIU30CTH.

®oKycHpOBaHHBIC HOHHBIC M DJICKTPOHHBIC TTyUKH HUCIIOJIB3YOTCS
JUISL PUCOBAaHUSI HEMOCPEJCTBEHHO IO IUTACTMHE DJJIEMEHTOB C
pasmepamu MeHee 20 Hm. IlockoibKy TmpollecC 3aHMMAET MHOIO
BPEMEHHU, HCIOJB30BaHME €ro B  MAacCOBOM  IPOM3BOJICTBE
HerpueMiieMo.  MIOHHO-TTy4YKOBBIE  NMPOEKIIMOHHBIE  yCTaHOBKH
COUETAlOT B ceO€ BBICOKHE pa3pelialollyl0 CHOCOOHOCTh H
POU3BOJUTEILHOCTh.  UyBCTBUTENBHOCTh  PE3UCTa  BBICOKAS,

MOCKOJIBKY JUIMHA Tpo0era JISTKMX HOHOB (H +,He++) HPU SHEPTHIX

50-100 3B 15eXuT B TOM KE UHTEpBAjE, 4YTO HU TUIUYHO

UCIIOJIb3yeMasi B TEXHOJOTMYECKOM IPOLIECCE TOJIIMHA PE3UCTOB.
12 13 2

[Ipu uyBcTBUTENBbHOCTH pe3ucta 10" - 107 moH/cM”™ HE0OXOIUMO
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MeHee | CeKyHbI T SKCIoHupoBanus miomanku ot 10 go 100 MM
HMoHBI Takke MOT'YT HMCIIOJb30BaThCs B 0€3pE3UMCTUBHBIX IMpOIIEccax,
KOrJa MPOUCXOAWT TpsAMas MoauduKkaiys IoBepXHOCTH. Ha
MOJJIOKKAX PA3JIMUHBIX TUIOB TOJ| JEWCTBUEM HOHHOI'O OOJy4YEHUS
MOT'yT 00pa30BBIBAThCS OCTPOBKM MArHUTHBIX MaTepHajioB, MACCUBBI
KBAHTOBBIX TOUYEK WUIM BOJTHOOOpAa3HBIN peibed.

Tabsuma 5.5.
JIutorpadus Jo3a
HNonHas npoeknmoHHas 11,3 m/Ix/ cM”
OnektponHo-nyuyeBasi (SCALPEL) 400 m/x/cm”
IIpenensubiii YO 10 m/Ix/ cM’

JUIst cpaBHEHHUSI CKOPOCTH PHCOBAHUS 3JEKTPOHHBIM U HOHHBIM
Iy4YKaMH CJIEAYET MOMHUTH, YTO HOHBI ¢ d3Hepruen 50-100 k3B Bcro ee
MEPENAOT PE3UCTY, TOrJa Kak JJIEKTPOHbBI C TakOW JHEpPrucu
MPOHUKAIOT TJIYOOKO B MOJJIOXKKY. JTO MPUBOAUT K CYILIECTBEHHOMN
pa3HUIE B YYBCTBUTEJIBHOCTU PE3UCTOB. B Tabnuiie 5.5. nmpuBeneHbl
JAHHBIE AJIS PA3JIMUHbIX JINTOrPAPUUECKUX METOIOB [8].

5.3. Hoeble HaHOMexHos102UU

5.3.1. OneKTpoHHO-Ny4YeBasi HaHonMTorpadus

B  Hacrosimiee  BpeMsi  DJIGKTPOHHO-JydeBasi  Jitorpadus
COCTABJISIET CYIIECTBEHHYIO YacTh npou3BojcTBa MMC. YcraHoBku ¢
['aycCOBBIM NyYKOM W CKAHUPYIOIIUE BJIECKTPOHHBIE MHUKPOCKOIIBI
pabotatoT B uHTepBaje sHepruii or 100 mo 200 k3B u auametpe
nydska g0 1 - 10 #M. Hcnosb3ys BBICOKYHO pa3pelIarollyro
CIIOCOOHOCTh METOJIa U HHU3KOUYyBCTBUTEIbHBIE pe3ucthl ([IMMA),
MUHUMaJIBHBIA pa3mep snemeHTa a0 30 HM ynaercss Mmoiydarh C
BBICOKOM  CTemeHbto  Bocmpou3Bogumoctu.  CoolOmanock 0
JOCTUKEHUN PEKOPJHBIX PE3YJbTATOB B HECKOJIBKO HAHOMETPOB C
UCIIOJIb30BAHMEM HEOPraHWYECKHX pPe3ucToB. (OCHOBHBIC YCHIIUS
HallpaBJIEHbl  HA  MOJYYEHHE  XOpOIIO  BOCIPOU3BOJMMBIX
XapaKTEePUCTHK MPU YMEHBIIICHUH pa3MepoB dJieMeHTOB. B padore [9]
coo0uanoch 00 OJTHOANIEKTPOHHOM TpaH3HCTOpE, padoTarolmeM MHpu
KOMHATHOW TeMmIepaType U HM3rOTOBJICHHOM METOJIOM 3JIEKTPOHHO-
ayudeBoit sutorpaduu. Pazmep Si OCTpoBKa B ATOM TpaH3UCTOPE
yAQJIOCh MOAYy4nuTh 10 HM, a UPUHY TYHHEIBLHOTO Oapnepa - 1 HM.
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[J1aBHBIM ~ HEIOCTAaTKOM  BCEX  JJIEKTPOHHO -  JIYYEBBIX
AUTOrpa(UUEeCKUX METOJIOB OCTAETCS HHU3Kash CKOPOCTh HAHECEHUS
PUCYHKA, a CJIEAOBATEIbHO, U HU3Kas IPOU3BOAUTEIBHOCTD, BBICOKAS
CTOMMOCTB MPOILIECCa, HEMpUEMIIEMas i1 MacCOBOIO TPOU3BOJICTBA.

Bo3MOXHBIE TIyTH pELIEHHs OSTUX NOpoOJEM COCTOAT B
CIIEAYIOLIEM:

. mapauienbHoe 3kcnionnpoBanne 1 SCALPEL Texnonorns;

. PDHCOBaHHE DJJIEKTPOHHBIM IIYYKOM CBEPXHU3KOW DHEPIUU:
HEOOXOJIMMO YBEJIIMYEHHUE YYBCTBUTEIBHOCTU PE3UCTA, KOTOPOE
MOXET IIPUBECTM K YBEIMYECHUIO TPOU3BOJIUTEIIBHOCTH Ha
nopsoK. B Hacrosimee BpeMs 3TOT METO HE O3BOJINJII ITOJYYUTh
pazpenienue ay4dmie 50 HM;

. MapaJuleIbHOE PHUCOBAHWUE C  HCHOJIB30BAHUEM  MATPHILBI
MHKPOKOJIOHH;

. pazpaboTka 0oJiee YyBCTBUTEIBHBIX PE3UCTOB U CBSI3aHHAS C ITUM
ONTUMHM3ALUS IIEKTPOHHO-ITYYKOBBIX IIPOLIECCOB.

5.3.2. MeToabl Ha ocHoBe CTM

IIporpecc B pa3BUTUM METONOB, OCHOBAaHHBIX Ha TEXHUKE
CKaHUPYIOLIEH TYHHEJIbHOU MUKPOCKOIIMM TE€M HE MEHEE HE pellacT
IJIaBHOW MTpoOJieMbl — HU3KOM mnpousBoautenbHocTH. Meton CTM
MOXKET  OBITh  XOpOIIMM  JONOJHEHHEM K  CYLIECTBYIOLIUM
AUTOrpaUuecKuM METOIaM.

5.3.3. MeToabl ne4yatu

CymiecTByeT JBa OCHOBHBIX METOJla Tie4aTH HaHO(OpM,
UCIIOJIb3yEMbIX B HaHOTeXHOJoTuM. IlepBriil cBsizaH ¢ opMOBaHUEM
TOHKOT'O TIOJIMMEPHOTO CJIOSI, HAHECEHHOr0 Ha MOJUIOKKY. [Ipu s3TOM
KOHTPOJIUPYETCSI ~ TEMIIEpATypa W JAABIICHUE, HCIIOJIb3YyEMOE INIpHU
neyatu. Pe3ysbTar 3TOW TEXHOJIOTMYECKOW OIEpaluy Ha3blBaCTCs
HAHOOTIICYAaTKOM WJIA TUCHEHHEM. BTOpPOW COCTOUT B MEPECHECECHUU
MOHOCJIOS CAMOOPIraHU30BAHHBIX MOJIEKYJI C 3JIACTUYHOTO IITaMIa Ha
MOJIOKKY, T/I€ OHU M 00pa3yroT pucyHok. O0a Tuma rnedyatd UMEIoT
INPUMEPHO OJMHAKOBBIE MPOOJEMBI Ha MYyTH HX IIHPOKOTO
UCMOJIb30BAHMUS. IJTO TIOBBIINIEHUE HAJIEKHOCTH M  Ipoliecca,
YBEJIMUYECHUE TTPOU3BOAUTEILHOCTA U CHUKEHUE CTOUMOCTH.

126



TucHeHune

PucyHok 5.8 neMOHCTpUPYET OCHOBHBIE 3TAIlbl 3TOr0 MPOIECCA.
dopMa U3TOTABIMBACTCA METOJAMU ONTHUYECKOW WIIA BJIEKTPOHHO-
JydeBOoM nUTOrpaduu U TMOCIHEAYIOUMM CYXuUM TpaBiieHneMm. Ha
TOJIJIOKKY HAHOCUTCA TOHKHH CJIOM mosumepa. Popma U MOMJI0KKA
IIOMELIAIOTCA B JE€PKATEIIN, UMEIOLINE TEMIIEPATYPY HECKOIBKO BBILIE
TEMIIEPATypbl ~ CTEKJIOBaHWS mnonuMmepa. llocie  ycraHOBIEHUS
TEMIEPATyPHOrO peKumMa Jyisl MOJJI0KKHA U (POPMBI OHU TTPUBOJISTCS B
KOHTaKT ¥ B TOJUMEpe O0Opa3yeTcss OTMEeYaToK U  CIeayeT
OXJIQXK/ICHUE.

nevatb
noanoxka
oTnevyaTok obpaboTka

s W

Puc. 5.8. Cxema npoyecca nanomucnenus

Hpoueccm Harp€BaHuA M II€HYATH 3aHHUMAIOT HCCKOJIbBKO MHHYT.

Paznenenue dhopmbl u noasioxkku npoucxoaut npu 17 =50°C. Ilocne
oOpa3oBaHusi penbeda B MOJUMEPHOM IMOKPBITUM OH MOKET OBITh
UCIIOJIb30BaH Kak Macka Juisl Mpollecca TpaBieHUS WM KakK dTall
MOATOTOBKM  KakOro-imbo  Apyroro  mporecca.  Bo3MOXHO
UCIIOJIb30BAHUE CTPYKTYpbl, OOpa30BaHHON B TMOJUMEpPE, Kak
CaMOCTOSITEIBHOTO DJIEMEHTA, UMEIOILIETO cnenuduaeckue
MEKTPOPUZUUECKHE WJIU ONTUUECKUE XapaKTEepUCTUKU. B mpunIume,
UCIIOJIb3YS 3TOT METOJ MOT'YT OBITh MOJYyYEHBI pazmepsl MmeHee 10 HM.
OpHako JUisi TOJMYyYeHHUS PEKOPAHBIX PEe3yJIbTaTOB HEOOXOIMMO
pEIIUTh Pl CEPhE3HBIX MPOOJIIEM. DTO M YBEIWYEHHUE pPa3MEpPOB
(GbOopMBI, TIOBBHIIICHUE TUIOTHOCTH JJIEMEHTOB Ha macTtep — ¢opme,
BpeMsi €€ CIYy>KObl, HeXejaTellbHOe MPWIWIIAHWE T[OoJuMepa K
MOBEPXHOCTH (POPMBI U HEKOTOPBIE APYTHE.
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PucosaHue

Cxema mnpormecca mpenacrtaBieHa Ha puc. 5.9. Ha mramm c
AIACTUYHBIM MOKPBITHEM HAHECEH PUCYHOK, KOTOPBIN MEPEHOCUTCS B
BHUJIC MOHOCJIOS Ha TOUIOKKY. OOpa3yromuiics OTIEeYaTOK CIIYXKUT
MAacCKOM ISl TOCJSAYIONIMX TEXHOJOTHUYECKUX OIepaluil, TaKux Kak
TpaBJICHHUE.
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Puc. 5.9. Cxema npoyecca nanopucosanus

OueHnBasi IPOU3BOJUTEIBHOCTD METO/A, CIETYET IPUHUMATH BO
BHUMAaHHE BpPEMsSI PHCOBAaHHS M IEPEHOCA PUCYHKA, BPEMSI OUHUCTKHU
mramna W T.1. [lyTH ycCOBEpIIEHCTBOBaHMA METOAA C LENbIO
IIOBBILICHUS IIPOU3BOJAUTEIBHOCTY U HAJEKHOCTH B OCHOBHOM TE XK€,
YTO U JJISI METOJA TUCHEHUS.

3akno4dyeHne

B  HacTosimiee BpeMs NIPOMBINUIEHHOCTBIO  MCIIOJIB3YETCS
BBICOKOITPOU3BOJIUTENbHBIA ~ METOJl  ONTHYECKOW  JIUTOrpaduu,
nocturmert ypoBHs 130 HM. B TO ke BpeMst METOJ SIEKTPOHHO-
JaydeBo nuTOorpaduu, HUMEIOMHUA HU3KYI0 TPOU3BOJUTEIBHOCTD,
no3BosisieT pocthdb pazmepoB 30 oM. Bemmyck MPU u DRAM cxem
BEpOSITHEE BCEro OYJIET OMUpPaThCsl HA ONTHYECKYIO JUTOrpauIo 10
100 am. [lanmbHeiiee yMEHbIICHHE pa3MepOB MOTPEOYET pasyMHOTO
KOMIIPOMHUCCA MEXKJy TPAJAUIMOHHBIMA ONTHYECKUMH METOJIAMHU H
HOBBIMM, HA OCHOBE IIyYKOBBIX TEXHOJIOTHHA. TO ecTh KOMIpomucca
MEXKJly BBICOKOM NPOM3BOJMUTENBHOCTRIO M MAJIBIMH pa3MepamMu
anemeHTOB. [lepexonHblii 3Tamn, NoO-BUAMMOMY, OTHOCUTCA K 00JIacTH
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100-50 BHM u BOmNpOC 3/€Ch OKa3bIBA€TCAd HAMOO0JIEE OTKPBITHIM,
MOCKOJIbKY Pa3BUTHUE HOBBIX JINTOrPAPUUECKUX METOIOB UAET KpailHe
HepaBHOMepHO.  PentrenoBckas  smrorpadus u  SCALPEL
MOKa3bIBAIOT HEIIOXUE PEe3yNbTaThl, CyAs Mo Jureparype. OmHako
ClIelyeT YYUThIBaTb, YTO MOMEHT ILIUPOKOIO BHEIPEHUS HOBBIX
JAUTOrpaQUUECKUX METOJOB B MPOMBIIIIEHHOCTh CHJIBHO 3aBUCHUT OT
NOCTYIIHOCTA TOW WJIM HWHOM TexHojoruu. WM rnaBHBIM BOIpoOC,
KOTOPBIA BO3HMKAaE€T HA 3TOM 3Tall€é — 3TO BONPOC CTOMMOCTH
npolecca, BKIIIo4as CTOUMOCTb 000pYAOBaHMS.

Crnenyet, ogHaKO, 3aMETUTh, YTO Pa3MEPbI, KOTOPbIE MOTYT OBITh
NOCTUTHYTBl ~BHEJIPEHUEM HOBBIX JINTOIPAPUYECKHX METOJOB,
OTHOCSITCS KaK pa3 K TOi 00J1acTH, TJIe JIeKaT HHTEPEChl COBPEMEHHOM
HAHORJICKTPOHHOW HAayKW. ODTO KBAaHTOBO — pa3MEpHbIE MPUOOPHI,
PE30HAHCHO — TYHHEJIbHBIE JHO[IbI, OJHO3JIEKTPOHHBIE YCTPOUCTBA U
MHoOroe japyroe. HeoO0XoIMMOCTh AOCTHXKEHUS Pa3MEpPOB DJIEMEHTOB
BIUIOTh 10 | HM SBIs€TCS OYE€Hb CEPHE3HBIM CTUMYJIOM JJIst
JalbHEHUIIEr0 pa3BUTH HAHOTEXHOJIOTHH.
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