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OaHUM U3 IPUOPUTETHHIX HAMPABICHUI HAYKH B HACTOSIIIEE BPEMS SIBISIOTCS UCCIICIOBAHUS
B 00JacTH NPUHLMUIIKAIBHO HOBBIX MAaTEpUATOB CO CTPYKTYypOHl HaHOMETpPOBOrOo Maciurada. OTu
MaTepHabl COCTABISIIOT OCHOBY JUIS CO3/IaHUSI TBEPAOTENBHBIX DJIEKTPOHHBIX U OMNTO3JIEKTPOHHBIX
npuOOpPOB HOBOTO TOKOJEHHS JJIs CHUCTEM ONTOBOJIOKOHHOW CBSI3M, HAHOAJIEKTPOHHKH,
TEJIEeKOMMYHUKAIIUH, KBAHTOBBIX KOMIBIOTEPOB. OCOOEHHO MPUCTAILHOTO BHUMAHUS 3aCITyKUBAIOT
CTPYKTYpbI, BbIpalllUBaHHE KOTOPBIX BO3MOXHO C HCIIOJIb30BAHHEM MEXaHHU3Ma CaMOOpraHU3aluu.
[Tockonmbky MeXaHHM3M CaMOOpPraHU3allMd  TMO3BOJIAET IMOJIy4aThb MAaCCUBBI  MPAKTUYECKU
0e3neeKTHRIX HaHOOOBEKTOB, C HUM CBSI3aH Ka4€CTBEHHBIN MPOPHIB B CO3/IaHUH HU3KOPAa3MEPHBIX
CTPYKTYP.

Jns cozmanus npuOOPOB HAHO- M ONTODJIEKTPOHHKH C 3apaHee 3aJaHHBIMHA CBOWCTBAMH,
He00X0IUMMO 3HAHUE 3aKOHOMEPHOCTEM, CBSI3BIBAIOIINX yCIOBUS (DOPMHUPOBAHUS, CTPYKTYPY, COCTaB
U CBOWCTBA  TBEPAOTEIbHBIX  HAHOCTPYKTYp.  DONBIIMHCTBO  JaHHBIX O  CTPYKType
HAaHOCTPYKTYPUPOBAHHBIX MaTepuajioB B IMOCJEIHEE BpeMs MOIYdYaloT METOJaMU CKaHUPYIOIIeH
30H70BOM MuKpockomnuu (C3M), B 4acTHOCTH METOJIOM aTOMHO-CHIIOBOIM MUKpockonuu (ACM).

Jlannass nmabopatopHas paboTa BXOOUT B YUeOHO-METOJUYECKHH KOMILIEKC paboT Mo
CKaHUpYIOLEH 30HJOBOW MHUKPOCKOINWHU, TMpoBojsdmuxcsi B Jjaboparopun C3M  HayuHno-
o0pa3oBaTenbHOro neHTpa « Pu3nka TBEPAOTENbHBIX HAHOCTPYKTYPY.

Onucanre 1a00paTOpHON PAOOTHI IPEICTABISIET COOOH U3TI0KEHUE TIPOOIEMBI HCCIICTOBAHUS
CTPYKTYpbl ~ CaMOOPTaHW30BAaHHBIX  TMOJYNPOBOJHUKOBBIX  HAHOCTPYKTYp MetogoM ACM.
[IpuBonuTCcs  OmucaHWE  CBOMCTB  KBAaHTOBOPa3MEPHBIX  CTPYKTYp, METOAOB  IOJyUYEHUS
CaMOOPTraHU30BaHHBIX TOJIYNPOBOJHUKOBBIX HAHOCTPYKTYp, a Takxke meToauku ACM usmepenuit
HAaHOCTPYKTYPUPOBAHHBIX OOBEKTOB U YMCIEHHON XapaKTepu3aluy NOJyUYEeHHBIX N300pakKeHUH.

Onucanne mabopaTopHOil pabOTHl MpeaHA3HAYEHO [JIs CTYACHTOB, OOYYaroIIMUXCS IO
cnerpanbHOCTH 210601 - HAHOTEXHOJIOTHS B AJICKTPOHUKE, OAKAIIABPOB U MAaruCTPOB, 00YIAFOIINXCS
Mo HampapjieHut0 noarotToBku 210600 - HAHOTEXHOJIOTHA, acOUpaHTaM, CIYIIAIOIIUM KYpPChl IO
CKaHUPYIOILEH 30H10BOM MUKPOCKOIIMH U IPOBOISIINM CaMOCTOSITENIbHBIE HCCIIEA0BaHUS.
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BBenenne

[locnennsss TpeTb MPOLUIOrO BEKAa M HAYajJ0 HBIHEUIHErO IPOXOJAT IOJ] 3HAKOM BCE
BO3pACTAIOIIETO BIUSHUS DJJEKTPOHUKH Ha o0miectBo. CiloxHO cebe MpeAcTaBUTh KHU3Hb
COBPEMEHHOT0 uesoBeka 0e3 OBITOBOI TeXHUKH, ayJUO U BUIEO CHUCTEM, MOOMIBHBIX TeIe(pOHOB U
KOMIIBIOTEPOB. JTO CBSI3aHO C HEOBIBAIBIMHU JIOCTM)KCHUSIMH OOJIaCTeH TEXHHMKH, LEIUKOM
0a3upyroIMXcs Ha TOJYTPOBOJHUKOBOM MUKPO3JIEKTPOHHUKE.

A Mmexay TeM eme B 1965 roay (depe3 miecTh JeT mociie n300peTeHrs HHTETPATBLHOM CXEMBI)
aMEpUKaHCKUIl  ydeHbI, ocHoBaTenb kopnopamuu Intel, Topmon Myp chopmynupoBan
SMIIMPUYECKOE HAOIIOCHUE, IIUPOKO U3BECTHOE TEMeph Kak 3akoH Mypa — «Hucio TpaH3uCTOpOB
Ha KpHUCTaJUIe MUKPOCXEMBI y/IBaUBAaeTCA KaXKable aBa roja». I[Ipoucxoaur 3To, B MepBYyIO OYEpEb,
3a CYET YMEHBIIECHHS Pa3MEpPOB TPAH3UCTOPOB U APYTUX 3JIEMEHTOB MUKPOCXEMBI. Y TUBUTEIBHO, HO
BILJIOTH JI0 HACTOSIIET0 BPEMEHH HE HAONIOAAeTCs 3aMeNJICHHsI 3TOro TeMIa pocTa, M 3akoH Mypa
ocraercsi crnpaBeyIuBbIM. COBpPEMEHHBIE 3aBOJBI 110 IPOU3BOJACTBY IPOLIECCOPOB IPOU3BOISAT
3JIEMEHTbl MHUKpOCXeM Ha 0a3ze 45-HM TEeXHOJIOTMYECKOTo Ipoliecca, MPUYEM MpeAcKa3bIBalOT
YMEHBIIIEHNUE OTIEIBHBIX AMeMeHTOB 10 30 HM. DTo TOT (pyHIaMEHTaIbHBIN Mpeen, 3a KOTOPhIM
HAYMHAETCSl HAHOAJIEKTPOHHMKA, U B IOJIHOW MEpe HAYMHAET MOSBIATHCS KBAaHTOBOPA3MEPHBIN
¢ dekr.

D¢ ekt pasmMepHOro KBAaHTOBAHUS COCTOMT B TOM, YTO OTPaHUYCHHUE JBWKCHUS YACTUIIHI B
MPOCTPAHCTBE B KAaKOM-TMOO HAMpaBlICHUM CTEHKaMH MOTEHLUAJIbHOW SIMBbl TNPUBOAMUT K
KBAaHTOBAHUIO COOTBETCTBYIOIIEH KOMIIOHEHTbl €€ KHHETUYECKOM SHEpPruHM: OHa IIEepecTaeT
U3MEHATHCS HEIPEPHIBHO, KaK B KJIACCHUYECKOM MEXaHHKE, a IPUHUMAET TOJBKO CTpPOTO
orpeziesieHHbIE JUCKPETHbIE 3HAUEHUS.

CoryiacHO KBaHTOBOM MEXaHUKE, HE TOJBKO BOJIHBI IPOSIBIISIIOT CBOWCTBA YaCTHI], Kak

BIICPBBIC MTPCAIIOJIONKNUIT M. HJ'IaHK, HO U MHUKPOYACTHULILI ITPOABJIAIOT BOJIHOBBIC CBOIZCTBEI, KOTOPBIC

XapaKTepU3yloTcs IIMHOM BOMHBI yacTuibl A, =h/(2m E)"?, rie h — nocrosnnas [lnanka, m, —

s exTUBHAs Macca 4acTHIbl, £ — ee KUHEeTH4YecKas »Heprus. DPQeKT pa3MepHOro KBaHTOBAHUS

CTAHOBUTCA CYHICCTBCHHLIM, KOT'Aa MHUPUHA MOTCHIIUATLHOM  SMBI d consMepuma ¢C A

-
coctrapisitonier or 3 1o 30 HM. HaHomeTpoBblii Macmitad M ompenesseT XapaKTepHBIA pa3Mep
CTPYKTYp, B KOTOPBIX MpOSIBISETCS pa3MepHOe KBaHToBaHHE. OT HEro M NPOU3OILIO Ha3BaHHUE
INEKTPOHUKHU TAKUX CTPYKTYP — HAHOAJICKTPOHHKA.
JIUCKPETHBI JHEPreTUYeCKUil CHEeKTp dYacThll B OECKOHEYHO TiIyOOKOM OAHOMEpHOMH
MOTEHITUATBLHOM siIMe (OTPaHUYCHHOM 110 OCH z pa3MepoM d) MeeT HauboJiee MPOCTON BHI:
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rae h=h/2x, n— KBaHTOBOE YHCIIO, IPUHUMAIOIIEE IIEJIOYUCIICHHBIC 3HaUeHus 1, 2, 3, ...

Breipaxkenue (1) ompenensieT KBaHTOBBIE IOJIOKEHHMSI THA TOA30H C HEMPEPBIBHBIM s
JIBUKCHHSI B TUIOCKOCTH X, ) YHEPTeTHUECKUM CIEKTPOM. XOTs MOJ00HAss MOJIeNbh MOTCHIUATHHON
SAMBbI He oOecreynBaeT HEOOXOAMMON TOYHOCTH PAcCUYeTOB JHEPIreTHUECKOTO CIIEKTpa pPEealTbHBIX
KBaHTOBBIX 00BEKTOB, OHA IIPABUJILHO ME€PEIAET €r0 OCHOBHbIE KAUYECTBEHHbIE OCOOCHHOCTH.

B 6azoBoii pabore* emé B 1968 romy mpenckaspiBajioch: pa3MepHOE KBAHTOBAHUE MOKET
MPUBOAUTH K 3aMETHOMY YBEIMYEHHMIO LIMPUHBI 3alpelieHHON 30HbI B MOJIYNPOBOAHUKAX U K
nepexo/ly NoayMeTania B AUAJIEKTPUK, K MOSBIECHUIO PE30HAHCHOTO MOIJIOIIEHUS CBETa B IUIEHKAX, K
OCIIWJIISILIMOHHOM 3aBUCUMOCTH COITPOTHUBIICHHS INIEHKHU OT MPOI0JIBHOTO 3EKTPHYECKOIO OIS U T. 1.

Bce o5tu, wu MHOrMe  Jpyrue, TEOPETHUECKH  TNpPEJICKa3aHHbIE  OCOOEHHOCTH
KBaHTOBOpa3MepHOro 3¢dexra ObUIM BHOCIEACTBUU MPOJAEMOHCTPUPOBAHBI IKCIEPUMEHTAIBHO.
[Mommuunueli Oym B 3TOM oOmactm Hadaincs B 1980-x romax, Korja TEXHOJOTH HAYYHIIUCH
KOHTPOJINPYEMO BBIPALIUBATh HA MIOBEPXHOCTH KPUCTAIIOB OJHUX MOJYNPOBOJHUKOB COBEPIICHHBIE
MOHOKPHUCTAINTUYECKHE CIOM JPYTHX MOJYyMPOBOJHUKOB (T€Teporepexoa) TOJIIMHON BCEro B
HECKOJIbKO CJIOEB aTOMOB, T.€. MOpPSAKAa HAHOMETpPa, M CO3/1aBaThb HEOAHOPOJHBIE CTPYKTYpPbI
(TeTepoCTpyKTypbl) € TakUMH cJosMH. LleHTpandpbHBIM OOBEKTOM HCCICIOBAHUS  CTAU
reTepOHAHOCTPYKTYPbI ¢ KBaHTOBBIMU siMaMHu (KS) 1 kBaHTOBBIMU CBepXpelIeTKaMH U3 TaKUX SIM Ha
OCHOBE apCeHHJla rayius U ero TBepAbix pactBopoB (Al,Ga;As u In,Ga;,As) pa3HOro cocraBa
x=0,1-1. C nauana 1990-x ronoB MHTEpEC HCCIENOBATENEH NEPEMECTUIICS Ha T'€TEPOCTPYKTYPHI C
kBaHTOBEIMH Toukamu (KT), ocobeHHO mocie Toro, Kak ObuTa MPOJIEMOHCTPUPOBAHA BO3MOKHOCTH
camoopranuzoBanHoro pocrta KT.

YBuIeTh HAHOOOBEKTHI B OOBIYHBIA ONTHUECKUNA MUKPOCKON HEBO3MOXHO, T.K. UX pa3Mephl
3HAQUYUTENIbHO MEHbINE JJIMHBI BOJIHBI BUAMMOTO CBeTa. [l X HMCCIENOBaHUS MOTYT MPUMEHSTHCA
METOIbl AJIEKTPOHHON MHKPOCKOITMH, OJHAKO HaWOOJBIINX PE3YyJbTATOB B TOCIEAHEE JCCATUICTHE
YAQJIOCh TIOJYYHUTh C MCIOJIB30BAHMEM METOJIOB CKaHUPYIONIEH 30HI0BOM Mukpockomnuu (C3M), B
YaCTHOCTH METO/Ia aTOMHO-CHIIOBOM MUkpockornuu (ACM).

Meton ACM, mnonobHO MexaHWYecKoMy Mpo(UIOMETpY, OCHOBaH Ha HCIOJIB30BAaHUU
MEXaHHYECKOTO 30HJa IS MOJYYCHUS YBETUYCHHOTO M300paKCHHsI MOBEPXHOCTU. JTUM METOJIOM
MO>KHO T0JIy4aTh TPEXMEpPHOE n300paxeHue (MpoBOIUTh U3MEPEHHUS KaK B INIOCKOCTU 00pasla, Tak
U TI0 BBICOTE) Ha BO3/YXE, B KHUAKOCTU U B BaKyyMe C pa3pellleHHeM BIUIOThH /10 aTOMHOro. B Toxe
BpeMsl, TPUMEHUTENBHO K MCCIEAOBAHUIO MOJYIPOBOJHUKOBBIX HAHOCTPYKTYpP, pa3Mepbl KOTOPBIX
CPaBHHMMBI C PaJNycOM 30HAA (COCTAaBJIAOMNM OT 5 10 50 HM), [UIsl NPaBUIBHONW KOJIMYECTBEHHOM

WHTEPIPETAINN TOJTYYCHHBIX Pe3yJIbTaTOB HEOOXOIMMO YUUTHIBATh BIUSHHUE (HOPMBI 30HIA. DPPEKT

* o
Tasrep b.A., lemuxosckuii B. 5. KBaHntroBble pazmepHbie 3()(heKTHl B MOJYNPOBOJHUKOBBIX M HOIYyMETaUTMUECKUX
IUICHKAX. - Y CIexu Qu3nYecKux Hayk, 1968, 1. 96, c. 61-86.
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KOHBOJIFOIHUU HPOABIIICTCSA B TOM, YTO ITOJIYyUaEMOC ACM 1/1306pa>1<eHI/Ie BCerJa IMMpEeaACTaBIISICT coboit

CBEpPTKY peanbHON Tonorpaduu moBepxHocT U popmsl ACM 30H7a.

ean paéoTsi:

1. I/ISY‘IeHI/IC CBOMCTB M METOHOB MOJIYUYCHHUSA CaMOOPraHU30BAHHBIX ITOJYIIPOBOAHUKOBBIX

HaHOCTPYKTYD;

2. Ionyyenne ACM uzobpakeHust cTpykryp ¢ camoopranm3oBanHbiMu KT (GeSi/Si, Si Ha

candupe, InAs/GaAs);

3. OOpaboTka W 4ucleHHass Xapakrepuzauus noiaydeHHbIXx ACM mn3o00pakeHHil ¢ Lenbio

olnpezeneHus pasmepoB camoprann3oBanHbix KT.

OTtyeT 1Mo paboTe TOJDKEH coaepk aTh OOIIHE CBEACHHUS 00 00BEKTE UCCICAOBAHMS U METOE
ACM usmepenuii. B mpakTuueckoit 4acTu HEOOXOIMMO OTPa3UTh MOTyUYEHHbIE HABBIKU 00paboOTKU U

aHaJIn3a SKCICPUMCHTAJIbHBIX PC3YyJIbTATOB.
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3(l)q)eKT PAa3MEPHOT0 KBAHTOBAasA U THIIbI KBATHOBOPA3MEPHBIX HAHOCTPYKTYP

Kak 0ObU10 CKa3aHO BO BBEIECHHH, KBAHTOBO-pa3MepHBIA dPPEeKT — 3T0 3 (DeKT CBA3AHHBIHN C
IUCKpeTH3alMell SHepruM HOCHUTENeH 3apsjia, IBM)KEHHE KOTOPBIX OrPaHWYEHO B 001acTH

JOKaIN3aluu d, COM3MEpPUMON ¢ JUIMHON BONHBI A,. Cpeny HHU3KOPAa3MEPHBIX CTPYKTYP MOXKHO

BBIICTIUTH TPU DJIEMEHTAPHBIE CTPYKTYPBI — 3TO KBAHTOBBIE SIMbl, KBAHTOBbIE HUTH (MM IIPOBOJIOKH)
W KBaHTOBble Touku (puc. 1). DTH dieMeHTapHBIE CTPYKTYpbl MPEACTABISIOT  COOOM
KPUCTAJUTMYECKUN MaTepHaj, MPOCTPAaHCTBEHHO OTPAHUYCHHBIA B OJHOM, IBYX M TPEX M3MEPCHUSIX
COOTBETCTBEHHO.

[IpocTpaHCTBEHHOE OTpaHUYEHUE MPUBOAUT K TOMY, UTO SHEPTETUUYECKUI CIIEKTP 0OBEMHOTO
MaTepuasia TpaHCPOpPMHpPYETCs. 3OHHBIC CHEKTPHl PpACIICIUIIOTCS Ha TIOA30HBI  Pa3MEPHOTO

KBaHTOBAHUS I KBAHTOBBIX SIM M HUTEH M Ha JAUCKPCTHLBIC YPOBHU JJIS1 KBAHTOBBIX TOYCK (pI/IC 2)

)

a) 6)
Puc. 1. CxemaTnueckoe n3o0paxxeHne: a) KBAHTOBOU SIMbI, 0) KBAaHTOBOI HHUTH, B) KBAHTOBOW TOUYKH.

n=3

OO0BeMHBII KBanrTosag ssma KsanTosasa
MOJTYTPOBOTHUK A HUTH TOYKa

Puc. 2. Tpanchopmariusi 3JHEPreTUYECKOro CIeKTpa B HAHOCTPYKTYpax.

KBaHTOBBIE sIMBI CO3JAIOT HA OCHOBE TETEPOCTPYKTYp, TNOMEIAs TOHKHM CJIOU
TTOJTYTIPOBOJTHUKA C Y3KOH 3alpeIIeHHON 30HOM MEXAy JABYMsI CIOsIMU Matepuaja ¢ 6osee mMpoKon
3ampenieHHoi 30H0il. B pesynbpTaTe 3MeKTpOHBI OKAa3bIBAIOTCS 3alepThHIMH B OJTHOM HAIpPaBIICHUH,

4YTO U NMPUBOJUT K KBAHTOBAHHIO DHCPIUH MONCPCYHOI'O ABUIKCHUS. B 10 *xe BpEMs B IBYX JPYIrux
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HaIlpaBJICHUAX JIBHUKCHHUC JJICKTPOHOB 6y,[[CT CBO6OI[HLIM, MMO3TOMY MOXHO CKasaTb, 4YTO

JJICKTPOHHBIN I'a3 B KBAHTOBOW sIME CTAHOBUTCS JBYMEPHBIM. B KBaHTOBOM HUTH HOCHUTEIU 3apsna
OTrpaHMYEHbl B JIBYX HAIpPABJICHUSAX U CBOOOJHO MEPEMELIAIOTCS TOJIBKO BJIOJIb OCH MPOBOJIOKH,
00pasys OJTHOMEPHBIN SJEKTPOHHBINA Ta3. B KBaHTOBOHW TOYKE MBM)KEHHWE HOCHUTETIEH OTpaHUYEHO B
TPEX HAIPABJICHUSAX U DHEPreTHUECKUN CIEKTP IMOJHOCTBIO AMCKPETHBIM, Kak B arome. Iloatomy
KBaHTOBBIE TOUKH HA3bIBAIOT €I11€ MCKYCCTBEHHBIMM aTOMaMH, XOTs KaXk/asl Takasi TOUKa COCTOUT U3

TBhICAY HUJIN OAaXKE€ COTCH ThICAY HACTOAIIIUX aTOMOB.

MeToabl MOJIYYCHUA KBAHTOBOPA3MEPHBIX HAHOCTPYKTYP

[Iporpecc B 3KCHEPUMEHTAIHLHOM H3YYCHHUH (PU3UUECKHX CBOWCTB KBAaHTOBOPAa3MEPHBIX
CTPYKTYp TECHO CBSI3aH C Pa3BUTHEM TEXHOJOTHM WX MOJydeHHs. M3roToBICHHE HAHOCTPYKTYp B
OOJIBIIMHCTBE CIy4yaeB TpeOyeT co3JaHus MOTYTPOBOJHUKOBBIX T€TEPONEPEXOI0B C HEOOXOAUMBIMU
cBoiictBamu. J[ms 3TOrO, TpEkKAE BCEro, HEOOXOAMMO MOAOOpaTh MOAXOAIIYI0 Tapy
MOJTYTIPOBOTHUKOBBIX MAaTEPHAIIOB.

Jst co3manust ctpyktyp ¢ KSI ocHOBHBIM ycioBHEeM sBIsIeTCsl TpeOOBaHHME pPaBEHCTBA
MOCTOSIHHBIX PELIETKH y 000UX MOTYNPOBOAHUKOB. HapyiieHue 3Toro ycioBHsl MOXKET MPUBECTH K
00pa30BaHMIO BHICOKOH MJIOTHOCTH UCIOKAIMNA HECOOTBETCTBUS BOJIM3U IE€TEPOTPAHUIIBI, YTO PE3KO
YXyAIIAeT CBOWCTBA IEPEXOJ0B M JIEaeT HEBO3MOXKHBIM HaOIo/eHNue I(PPEKTOB Pa3MEPHOTO
KBaHTOBaHUS.

I'ereponepexon GaAs—Al,Ga; As Haubojee 4YaCTO UCHONB3YIOT MJII HW3TOTOBJICHHUS
KBaHTOBO-Pa3MEPHBIX CTPYKTYp. DTH MaTepHalbl OOJaZar0T XOPOIIUM COTJIACHEM PEIIETOK MpH
J000M COCTaBe TBEPAOrO pacTBOpa H TOTOMY TIO3BOJISIIOT CO3/aBaTh TETEPONEPEXOMbl C
pa3IMYHBIMH pa3pbIBaMH 30H HA TPAHUIIE.

JlpyruM Ba)KHBIM TpeOOBaHMEM K TEXHOJOTHU SIBJISETCS BO3MOXHOCTH MOMYUEHUS CIIOKHBIX
npoduneit cocraBa u serupoBanus. [lpu u3rotoBneHun ToHKMX K5 u cBepxpemeTok w3 sSMm
HEOOXOIMMO CTPOTO KOHTPOJIUPOBATH COCTAB PACTYIIETO CJIOS, MIPUYEM JJIsi CBEPXPEIICTOK MEPUO.T
W3MEHEHUS MOXKET COCTABJISITH JIUIITh HECKOJIBKO JIECATKOB aHrcTpeM. [Ipu BeipanmBanuu O-CJI0€B U
CTPYKTYp C MOAYJIHPOBAaHHBIM JIETUPOBAHUEM HEOOXOAMMO CO CTOJIb € BBICOKOW TOYHOCTBHIO
MEHSTh KOHIIEHTPALUIO JIETUPYIOUIUX PUMECEH.

Jlarmeko He BCsKas SMUTaKCHATbHASI TEXHOJIOTHUS YIOBJICTBOPSICT MMPUBEIACHHBIM TPSOOBAHHMSIM.
B nacTosimmee Bpemsi HauboJiee 4acTo NIl M3TOTOBJICHHS KaY€CTBEHHBIX T€TEPOCTPYKTYP MPUMEHSIOT
METOJIbI MOJIEKYJISIPHO-TYY€BOM JMHUTAKCHH M Ta30()a3HON SMUTAKCUU U3 METAIOOPTraHMYeCKHX

COEIMHEHUN.



MonexynapHno-nyuesas snumaxcusi.

MornexymsipHO-Ty4eBas WM MOJEKyJsipHO-nyukoBas snuTakcus (MBE — Molecular Beam
Epitaxy) mnpexacraBisier co0oil yCOBEpIICHCTBOBAHHYIO Pa3HOBHUIHOCTh METOJA TEPMHUYECKOTO
HamnbUICHUS MAaTepUAIOB B YCJIOBUAX CBEPXBBICOKOrO Bakyyma. Maero merogma MBE MoxkHO
MOSICHUTD C MOMOIIBIO OJIOK-CXeMbI TEXHOJIOTHYECKOM YCTaHOBKH, H300pakeHHoi Ha puc. 3. [lotoku
aTOMOB MJIM MOJIEKYJI CO3/1al0TCs B 30HE reHepauuu (1) 3a cueT ucnapeHus sKUIKuX Wi cyOarMaIum

" sraeiiku (ucrounuku). IloTokum aTomoB

TBEPIBIX MaTEepPHaJiOB, IMOMENICHHBIX B 3(dy3noHHbIC
(MoJIeKyJ1) HampaBJSIIOTCS HA MOJUIOKKY, TTpoxoas 30Hy cMmemmuBanus (I1), u ocaxxmarorcst Ha HEel B
3oHe pocTa (III), 00pasys mieHKy u3 BeuecTBa TpedyeMoro cocTana.

Temneparypa 3pPy3uOoHHON SUYCHKU OmpenesieT BeINUNHYy MOTOKA YaCTHIl, MOCTYIAIOIINX
Ha MOJIOKKY, M IO3TOMY TIIATEJIbHO KOHTPOJIHMPYETCs. YTNpaBICHHE COCTaBOM BbIPAIlMBAEMOI0O
MaTepuaga ¥ KOHIEHTpaluued JEeTUPYIOIUX NpHUMeced OCYLIECTBISETCS C MOMOILIBIO 3aCIOHOK,
KOTOpBIE€ MEPEKPBIBAIOT TOT WM MHOW MOTOK YacTUll. Ecnu mpu BeIpallMBaHUU CTPYKTYPBI HYKHO
PE3KO MEHSTHh KOHLIEHTPAIMIO OJHOM M TON K€ MPUMECH, TO UCIOIB3YIOT HECKOIBKO 3(PPy3nOHHBIX
siYEEK C JIETUPYIOLIUM BEILLECTBOM, HArpeThiX A0 pazIU4HbIX TemmepaTyp. OJHOPOJHOCTh COCTaBa
IUICHKM 1O IUIOMIaJd M €€ KpHUCTAJUIMYecKas CTPYKTypa OMpeenseTcs OJHOPOJHOCTHIO

MOJICKYJISIPDHBIX ITYYKOB. I[J'IH MOBBIIICHUA OJAHOPOAHOCTH, BO MHOI'MX ClIy4dasaX, HIOIAJIOXKa C

pacTyl1leu INIEHKON TOCTOSIHHO BPAaIaeTCsl.

Puc. 3. Cxema MBE yctanoBku: 1 — nmojuioxka, 2 — pactyimas MieHKa, 3 — 3aCJIOHKH,
4 — 3¢ dy3uoHHBIC TUSHKH OCHOBHBIX KOMIIOHEHTOB, 5 - 3 y3nOHHbIC TUCHKH
JIETUPYIOIIUX IIpUMeceil; | — 30Ha reHepanuy MOJIEKYIJISIpHBIX My4KoB, I — 30Ha

CMEIHUBaHUS IMy4KoB, [II — 30Ha KpHCTAITH3alMK Ha TTOIOKKE (30HA POCTA).

" Dddysus — MeUIEHHOE HCTEUEHHE Ta30B Yepe3 Mallble OTBEPCTHUSL, HccienoBanHoe B 1911 roay narckum duzukom M.
Kuyncenom.



l'azoghaznasn snumakcus.

OnuTakcuaidbHBIH POCT MaTepHalioB IYTEM OCAXAEHUS Ha TMOJIOKKY HPOJYKTOB
TEPMHUYECKOTO pa3joKeHUs (MUPOJIU3) MOJIEKYJ] OPraHMYECKUX ra3oB, COJEPXKAIIUX HEOOXOAHMbIE
XUMHUYECKHE SJIEMEHTHI, HAa3bIBACTCA METOJOM OCAKICHHS METAJUIOOPTaHMYECKUX COCTUHEHHH W3
razoobpaznoit azel (MOCVD — Metalorganic Chemical Vapour Deposition). B ornuune ot MBE
pu MOCVD pocTt nmpoucxoauT HE B BaKyyMe, a B IPUCYTCTBUU Ta3a NMPU YMEPEHHBIX TaBICHUSIX.
[Ipy KOMHATHBIX TeMIlepaTypax MeTaNIOOPTaHUYECKUE COCTUHEHUS HaXOASATCS B )KUJIKOM WJIH J1aXKe
TBEpAOM cOoCTOsHUU. [IOCKONBKY 3TH BelIecTBa, Kak MPaBUIIO, UMEIOT BHICOKOE JaBIICHUE MapOB, HX
MOKHO JICTKO JOCTAaBUTH B 30HY XUMHYECKOU pCakun myTeM IPOAYBKH Tra3a HOCHUTCIA YCpC3
KHUJAKOCTHU WJIM HaAd TBCPABIMU TCJIaMH, UT'PAOIIUMU POJIb UCTOYHUKOB. B kauectBe raza Hocutes
WCIIONB3YIOT BOAOPOJA WM HMHEpPTHhIE rasbl (renuii, aproH). Mupero meroma MOCVD MoxHO
MPOUJUTIOCTPUPOBATh C TOMOMIbIO puC. 4, CXEeMaTHYECKH H300pa)Kalollero peakTop, B KOTOPOM
MPOUCXOAUT AMUTAKCUATIBHBIA POCT CTPYKTYPBL.

Kpucrannuzanus marepuana Ha HArpeTol MOMI0XKKE, PACIOJIOKEHHONM B PEaKTOpe C
XOJIOHBIMHU CTE€HKaMHU, OCYIIECTBISICTCS MpU MPOMYCKAaHUM HAJl HEHl OJHOPOJHON ra3oBoil cMecu
peareHToB ¢ razoM-HocuTeneM. B pesynpTaTe muposn3a, Ipu KOTOPOM ra3000pa3Hble COeIUHEHUS
pasnaraloTcs HAa KOMIIOHEHTHI Ha TOpSYed MOBEPXHOCTH, OOpa3yercsi CTaOMIBbHOE TBEpIOe
MOJTYNIPOBOTHUKOBOE coenuuenne. Merogom MOCVD moryT ObITh MOCHEIOBATEIBHO BBIPAIICHBI
MHOTOCJIOIIHbIE, MHOTOKOMITOHEHTHBIE JMHUTAKCHAIBHBIE CTPYKTYpPbl B €JMHOM POCTOBOM LIHKIIE,
MOCKOJIbKY K PEAaKTOPY MOXKHO TOJKIIOYHTh HECKOJIbKO HMCTOYHHUKOB PA3IMUYHBIX MaTepuaioB U

HU3MEHSTh COCTaB ra30BOM CMECH B PEAKTOPE.

Puc. 4. Cxema ropu30oHTAIBHOTO PEAKTOPa OTKPHITOTO THIA C OXJIaKAaEMBbIMU
creakamu st MOCVD: 1 — kBapueBsIid KOpIryc, 2 — KaTyIlIKa BEBICOKOYaCTOTHOTO
TeHepaTopa Ui HarpeBaHus MOII0XKKH, 3 — OJIOK HarpeBaHus, 4 — MOAIIOKKH, S5 —
BOJSIHOE OXJIAXIEHUE (BILYCK), 6 — BOISHOE OXJIaXIeHue (BbITYCcK). CXxeMaTnuecKu

MIOKA3aHO paclpeeseHre ckopocTel V' u Temnepatypsl 7' B ra30BOM IOTOKE B

TG Y3NOHHOM CII0€ BOJIM3H MTOTIOKKH.
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CamoopranusoBanHoe ¢GopMHpoOBaHHe MOJIYNIPOBOHUKOBBIX HAHOCTPYKTYP

CoBepllIeHCTBOBaHHE METOO0B MOJIEKYJISIPHO-TY4eBOW U ra3zo(a3HON AMUTAKCUH MO3BOJIUIO
TexHosjoram emie B 1980-x romax KOHTPOJUPYEMO BbIpalIMBATh TOHKHE CJIOW MOJYNPOBOJHUKA C
y3KOH 3alpelieHHOl 30HOM MeXay ABYMs CJIOSMU MaTepuana ¢ 0ojee HIMPOKOH 3ampenieHHON

30HOH, cO37aBasi, TAKUM 00pa3oM, CTPYKTYyphl ¢ kBaHTOBbIMH ssMaMu (KSI) u cBepxpemerkamu u3 KA

(puc. 5).

QW4 | Substrate

Puc. 5. U300paxenune cTpykTypsl BoipaienHoi MmeronoM MOCVD c wetbippMmst KA Ing 53Gag 47As/InP,
MOJTy4EHHOE Ha MOIEPESYHOM CKOJIE CTPYKTYPBI C IIOMOIIBI0 MUKPOCKOITHUH COTIPOTHBIICHUS
pacTekaHusi, OHHOU M3 pasHoBHIHOCTeH MeToga C3M. Pasmep ckana — 3,5x3,5 MkMm.
(K.Maknys at al. — APL, 2003, v. 83, Ne 11, pp. 2184-2186).

[lepBrie momnbITKM TnomydeHusi KkBaHTOBbIX HuTedl (KH) wu xBantoBeIXx TOuek (KT)
3aKJIIOYAIUCh B MCIOJIB30BAaHUM  JIMTOrpaMuecKod TEXHMKHM BBICOKOTO pa3pelleHus s
HEMNOCPECTBEHHOTO «BBIpE3aHUs» Ha cTpykType ¢ K5I y3koii monocku uinum obnactu B popme Kpyra ¢
pasmepom nopsiaka 100-500 um. OgHAKO eCTeCTBEHHBIE OTPAaHUYEHUS ONTHYECKON TuTOrpaduu He

JTATM Pa3BUTHS TTOAO0HOM TEXHUKH IS TTOJTYYEHUSI MICTUHHBIX KBAHTOBOPA3MEPHBIX CTPYKTYP.

Hacrosmuii mpopsiB B 3TOM 007acTH mpou3oIies okoyo 20 JeT Ha3aa, KOrjaa BBISICHUIIOCH,
YTO CYIIECTBYET MPHUPOAHBIN MPOIlecC CaMOOTPaHU3AlMKA TBEPAOTENBHBIX HAHOCTPYKTYp. B ocHOBe
mpolecca CaMOOPTaHW3alluK JIC)KUT CBOWCTBO HEPABHOBECHBIX (U3WYECKUX CHCTEM TIpHU
NpUOIKEHUH K TEPMOJMHAMHYECKOMY PAaBHOBECHIO NEPEXOJUTh B COCTOSIHUE C MHUHUMAalIbHOMN

CBOOOJTHO DHEpPTHUEH.

[IpencraBum cebe, YTO KakMM-THOO W3 METOAOB, OMUCAHHBIX BHIIIE, HAa MOBEPXHOCTH
MOHOKpHCTaJIa U3 MaTepuana A (IOAJ0KKA) OCaXKIaeTCsl TOHKUN OJHOPOIHBIN coif MaTepuana B.
Ecoim  Temmepatypa u  BpeMs  BBIACPKKH ~ CHUCTEMbI  O0OECIEUMBAIOT  yCTAaHOBJICHHE
TEPMOJIMHAMHYECKOTO PAaBHOBECHUS, TO B €j10€¢ B BO3HMKAaeT aTroOMHas CTPYKTypa U OH NPHUHHUMAET
(dhopMy, Ipr KOTOPOM CBOOOIHAS PHEPTHs CUCTEMbI Oy/IeT MUHUMalbHa. BaxkHeilmumu ¢akropamu,
ONPEACISIIOIMMY HANpPaBJICHUE W KOHEYHBIM pe3ysbTaT IpoLecca CaMOOpraHu3aly SBISAETCS

paccoriacoBaHie MOCTOSHHBIX pemieTok A u B, co3pamomux ynpyrue HampsbKeHUs B CHCTEME U
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NOBBIIAKOIINE €€ BHYTPCHHIOIO SHCPIrUi0, a TaK K€ TOJIINHA CJI0s, BEJIMYNHDBI CBO6OI[HOI>1 OHEPIrun

MOBEPXHOCTHU MOJUIOKKH, TPAHHIIBI pa3elia U OCAXIAeMOTro CIIOsl, IpaHeil 1 pedep KpUCTAIUIMIECKUX
KJIaCTEpPOB, KOTOPBIE MOTYT 00pa30oBaThCs, U HEKOTOpbIe npyrue. Kak 1moka3pIBalOT TEOPETHUECKHUE
pacueTsl, NpH ONpPEAEICHHBIX 3HAUEHMsI MapaMeTpOB MOXXET 00pa30BBIBATHCS OAHOPOIHBIA IO
CTPYKTYpE U TOJILIMHE CJIOM MaTepuasia B, moBTOpsIOMUI CTPYKTYpYy MOATIOKKHU (SMUTAKCHATbHBIN
cioif). Ilpu apyrux 3HaUyeHUSX MapaMeTPOB MOXKET OKa3aTbCs SHEPreTHYecKH OoJjiee BBITOTHBIM,
9T00bI MaTepuan B o00pa3oBan MacCHB HaIpsDKEHHBIX TPEXMEPHBIX KIACTEPOB OIPENEICHHBIX

pa3mepoB u (popMbl 1l cOOpascs B OAWH OONIBIION Ki1acTep.

:‘)KCHepI/IMCHTaJ'ILHO YKC TaBHO OBLIO YCTAaHOBJICHO, YTO IIPU OCAXACHUU U3 HaPOBOﬁ (1)2131:1

HaOJIIOAFOTCS TPH THIIA HAYAJIBHOM CTAaJJMK POCTa CJI0s Ha TMOJI0XKKE (puc. 6, a—6):

a) TOCTONHBIA (IBYMEpHBIN) pocT ciosg mo mexanudmy @Ppanka — BaH nep Mepse. OH
MIPOUCXOIUT, €CIM MaTepuall B «cmMaunBaeT» MOIOKKY, T.€. 00J1aaeT OOJBUINM CLETJIEHUEM C Hel,

" Cro MOCTOSIHHAA pCHICTKH MaJIO OTIIMYACTCA OT IMOCTOSTHHOM PCHICTKU MAaTCpUia A,

0) OCTPOBKOBBIN (TpEeXMEpHEBI) pocT cios o mMexanusmy Dombpmepa — Bebepa. O umeer

MCCTO IIpH IIJIOXOM CMauUWBaHUU,

6) IPOMEKYTOUHBIH MEXaHU3M pocTa o Mexanusmy Ctpancku — KpactanoBa, korja cHauanza
MIPOUCXOAUT MOCIOMHBIN pPOCT ciosg B, KOTOpBIA NpH HEKOTOPOM TONIIMHE CMAYMBAIOIIETO CIOA
CMEHSIETCSI OCTOPBKOBBIM POCTOM. JTOT MEXaHHW3M HaOJIONAeTCs MPU HATUYUHM CMAYUBAaHUA U

3HAYUTEIILHOM PacCOoTrIacOBaHUU peuieToK A U B (HECKOJIBKO MPOIICHTOB).

a

Puc. 6. MexaHu3Mbl caMOOPTaHIM30BAaHHOTO POCTA TOHKOTO CJIOSI Ha
MOBEPXHOCTH MOMJIOKKH: @ — MexaHu3M PpaHka — BaH niep Mepse, 6 —
Mexanu3M Ponbmepa — Bebepa, 6 — mexannsm Ctpancku — KpacraHnosa.
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MexaHn3m CTpaHCI(I/I - KpaCTaHOBa IHUPOKO HUCHOJB3YCTCAd I CO3AaHUSA MaCCHBOB

KOT€PEHTHBIX HAHOKJIACTEPOB, 00JIQJAIOMINX JUCKPETHBIM (0-MEpPHBIM) HEPreTHUECKUM CIIEKTPOM
(kBaHTOBBIX TOYEK) Ha ocHOBe Ge/Si u momynpoBogHUKOB A3Bs (prc. 7). OcoO0eHHOCThIO MEXaHU3Ma
Crpanckn — KpactanoBa sBIsIeTCS OZHOPOJHOCTH Pa3MEpOB KBAaHTOBBIX TOUCK M 0Opa30BaHUE

IIpaBWIBHOM NpsMOyrobHOM pemerku u3 KT B mnockocTu pactyiero cios.

el

. Tt

VT

1

= T W LS

Puc. 7. ACM u3o0pakeHre caMOoOpraHU30BaHHBIX M0 MexaHn3My CTpaHCKH —
KpacranoBa KT InAs/GsAs (cieBa) u Gey ¢ Sip4/Si (cipaBa), moay4eHHbIE B
naboparopun C3M HOIL| ®THC. Pa3zmepsl ckaHoB — 2,5 x 2,5 MKM.

Takxe ObUIO YCTAaHOBJICHO, YTO MPH BhIPAIIMBAHUM MHOTOCIOMWHBIX CTPYKTYp ¢ MaccuBamu KT,
KJIaCTEphl B IIEPBOM CJIO€ CO3AAIOT IMOJI€ YIPYTUX HANpPsHKEHUH, epeAatolieecsi CKBO3b CIIEHCEpPHBIM
cioil Ha 3HauMrTenbHOoe paccrosHue (10 20 HM). OnHO crtumynupyer ¢opmupoBanue KT B
MOCIEAYIOIUX CIOSIX TOYHO HaJl BEepIIMHAMHU KiacTepoB mepsoro cios (Puc. 8). Oto oTkpbsiBaer

BO3MOXXHOCTH (DOpMHpOBaHHS TpEXMEpHBIX YyropsaoueHHbIXx cucreM KT (Tak HazbIBaeMBbIX

«CYTHEPKPHUCTAIIIOBY).

Puc. 8. I300pakeHre MacciBa BEpTUKAIbHOCBS3aHHBIX KBAHTOBBIX ToUeK InAs/GaAs,
MOJIYY€HHOE Ha TIOMIEPEYHOM CKOJIE CTPYKTYPBI METOI0M CKaHUPYIOIIEH TYHHEIIbHON
MUKPOCKOIIUH, OJJHUM U3 pazHoBUaAHOCTEH MeToa C3M. Pa3zmep ckana — 0,3x0,3 Mxwm.
(D.M.Bruls at al. — APL, 2003, v. 82, Ne 21, pp. 3757-3760).
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ATOMHO-CHJI0Basi MUKPOCKOTIHSA
CaMOOPraHU30BAHHBIX NMOJIYNPOBOJHUKOBBIX HAHOCTPYKTYP

MeTtoa aTOMHO-CHJIOBOH MHUKPOCKOIINH, IOJ00HO MEXaHWYECKOMY MPO(UIOMETPY, OCHOBAH
Ha WCIOJB30BAHWM MEXAaHMYECKOTO 30HIA JUIS TOJNY4YeHHS W300paKEHHS MOBEPXHOCTH.
TpaauLMOHHBIM 1aTYMKOM CHIJIOBOTO B3aUMOJEHCTBUS SBISETCS KPEMHUEBAsh MUKpPOOaika, KOHCOJb
WIM KaHTuiaeBep (OT aHrI. cantilever) ¢ ONTHYECKOM CXEMOH perucrpalvy BEJIWYMHBI U3ruda
KaHTHJIEBEPa, BO3HUKAIOIIETO BCJIEICTBHE CHJIOBOTO B3aUMOJCHCTBUS MEXIy 0O0pa3lioM M 30HIOM,

pacIoJIOKEHHBIM Ha KOHIIE KaHTujeBepa (puc. 9).

nasep (boToneTexTop
T
B

KaH
30HI

obpasert

Puc. 9. Cxema cuioBoro cencopa.

Pa3nnyaroT KOHTaKTHBIM, HEKOHTAKTHBIA U MPEPHIBUCTO-KOHTAKTHBIM («I1OJYKOHTAKTHBIN»)
croco0bl  IPOBEAEHUS  CHJIOBOM  MHKpOCKOoNuu. Vcronp30BaHME  KOHTAKTHOTO — crocoda
npeanosiaraeT, 4ro 30HJ ymupaercs B oOpasen. [lpu u3rube kaHTwieBepa IMOJX ACHCTBUEM
KOHTaKTHBIX CHJI OTPa’KCHHBIN OT HETO JIyd JIa3epa CMEIAECTCS] OTHOCUTEIIBHO LIEHTpa KBAJPAHTHOIO
doronerexkropa. TakuM 00pa3oM, OTKIOHEHHE KaHTWIIEBEpa MOXET OBITh ONPEAEICHO 10
OTHOCUTEIIbHOMY MU3MEHEHHIO OCBEILIEHHOCTH BEPXHEH U HI)KHEH MOJIOBUHOK (POTOAETEKTOPA.

[Ipu ucnonb3oBaHUE HEKOHTAKTHOTO CIIOCO0A 30H/ yIaleH OT MOBEPXHOCTU M HAXOAMUTCS B
00J1acTH AEUCTBHS NATbHOACHCTBYIOUINX MPUTATUBAIOMINX CHII. CHIIBI IPUTSKEHUS U UX TPATUCHTHI
ciabee OTTAJKUBAIOLIMX KOHTAKTHBIX CUII. [1o3TOMY AJ1 MX JETEKTUPOBAaHUS OOBIYHO MCIOJIB3YETCS
MOJYJIIIUOHHAsI METOAMKA. J[J1s1 3TOTr0 ¢ MOMOIIBIO Tbe30BUOpaTOpa KAHTUIIEBEP PACKauMBAETCS 110
BEPTUKAJIM HAa PE30HAHCHOW 4acToTe. Bamu oT MOBEpXHOCTH aMIUIUTYyJa KojeOaHUil KaHTHUIIeBepa
UMeeT MaKCHUMaJbHYIO BelnuuHy. [lo mMepe mpuOIMKeHHs K TMOBEPXHOCTH BCIEACTBUE JECHUCTBUS
IpajueHTa CUJ MPUTSKEHUs Pe30HAHCHAsI YacToTa KoyieOaHUI KaHTHIIEBEpa U3MEHSETCs, IPU 3TOM
YMEHBIIAETCS aMIUIUTY/1a €ro KojebaHuil. DTa aMIUTUTyIa PETUCTPUPYETCS C TIOMOIIBIO ONITHIECKOM
CHUCTEMBI II0 OTHOCUTEIBHOMY W3MEHCHHMIO IIEPEMEHHOM OCBCILIEHHOCTH BEPXHEHM W HIDKHEU
MIOJIOBUHOK (POTOJIETEKTOPA.

[Ipy «IMONYKOHTAaKTHOM» CIIOCOOE M3MEpPEHMH TaKXKe MPUMEHSETCS MOAYJISALUOHHAS

MCTOAWKA U3MCPCHUSA CHUIIOBOI'O BSaHMOILCfICTBHﬂ. B (IIOJIYKOHTAKTHOM» PCKHUME 30HA YaCTUYHO
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KacCcacTCia MOBCPXHOCTHU, HAXOAACH IHNOICPEMCHHO KaK B obnactH IIPUTAKCHHUA, TaAK U B obnactH

OTTaJIKUBaHUA.

Jlnst uccnenoBaHusl CTPYKTYpPbl CaMOOPIaHU30BAaHHBIX IOJYIPOBOJHUKOBBIX HAaHOCTPYKTYP
METOZIOM aTOMHO-CHJIOBOM MHUKPOCKOITMH MOXXET OBITh UCIIOJIb30BaH JIt000H pexum padbotsl ACM —
KOHTAKTHBIM, HEKOHTAKTHBIA WJIM TOJYKOHTAKTHBIH. KOHTaKTHBIM crocod u3MmepeHuil Hambolee
YI[06GH C TOYKH 3pCHHA JCTCKTUPOBAHUA CHIIOBOI'O BSaI/IMO,Z[eI\/'ICTBI/ISI, T.K. BCIWYHUHBI CHII
OTTAJIKUBAaHUI B 00JIACTH KOHTAKTa MOTYT 3HAQUUTCIIbHO IMPCBLIIIATL BCIIMYMWMHBI CUJI MPUTAKCHUSA.
OmHaKo TpH €ro WCIOJF30BAaHUH CYIIECTBYET OMACHOCTh OBICTPOTO M3HOCA WU JaKe IMOJOMKH
30Ha. [Ipy GECKOHTAKTHOM CIIOCO0E M3MEPEHHIA pa3pyIllIeHUe 30H1a MEHEE BEPOSTHO, OJJHAKO MaJIbl
n HU3MCPSACMBIC CHUTHAJIBI. HOE)TOMy HaI/I6OJIeC JaCTO Jid BU3yalIU3allUd PA3JIMYHBIX CBOMICTB
IIOBCPXHOCTHU B CHIIOBOH MHUKPOCKOITHU HCIIOJIB3YCTCA ((HOHYKOHTaKTHBIﬁ>> CHOCO6 ACTCKTUPOBAHUA
B3auMoJieHcTBHs. [Ipy ATOM BClIENCTBHE KPAaTKOBPEMEHHOCTH KOHTaKTa BO3ACHCTBHE 30HIA HA
MOBEPXHOCTh MHUHHMAJIbHO, a W3MEPSIEMbIe CHUTHAIBl JIOCTATOYHBI JIII HMX HAJEKHOTO
ACTCKTUPOBAHUA. I[OHO.HHI/ITCJIBHLIM NpeuMyniecCTBOM «IIOJIYKOHTAKTHOT'O» cn0c06a ABJIISACTCS
OTCYTCTBUEC CI[BPIFOBOfI COCTaBJ'IHIOHICﬁ CHUJIbI BOSILGﬁCTBHH Ha HCCICAYCMYIO HNOBEPXHOCTb, 4YTO

CYILLIECTBEHHO YMEHbIIAET UCKAXKEHHUS MOJTy4aeMbIX U300paKeHHI.

OnpenesieHne reoMeTpUYECKUX MApaMeTPOB caMoOprann3oBaHHbix KT

u3 pe3ynbTaToB ACM H3MepeHui

OcHOBHOH 3a7aueil HccaeIoBaHUS CaMOOPTaHM30BaHHBIX MOBEPXHOCTHBIE KBAHTOBBIX TOUEK
MetozoM ACM sBrnsieTcs noiyyeHue n3o0paxenus yuactka nosepxaoctu ¢ KT, o6paboTka u ananus
M300paXkeHUsl, BKIIOYAOIIKE ONpeAeICHUE CAEAYIOUX TapaMeTPOB:

1. BbicoTa KBaHTOBBIX TOYEK /1

2. JlatepanbHble pa3Mepbl KBAHTOBBIX TOUYEK d

3. IlocTpoeHue rucTrorpaMM pacopelefeHus yKa3aHHBIX MapaMeTpoB U OMNpe/esieHue
CPEIHHUX BETUYNH

4. IToBepXHOCTHAsI TNIOTHOCTh KBAHTOBBIX TOUEK Nj.

JlJ1s TOCTOBEPHOTO OMPE/IENICHUs] CPEIHUX BEIMYMH T€OMETPUUIECKIX MapaMeTPOB KBAHTOBBIX
TOYEK, a TaK K€ MX MMOBEPXHOCTHOH IUIOTHOCTHU, BEIOOP pa3Mepa CKaHa HEOOXOAMMO MPOU3BOIUTH
TakuM 00pa3oM, 4TOOBI Ha N300pakeHnH ObLT0 BUIHO mopsika 20-50 onuHounbix KT.

st onpenenenusi reomeTpudeckux napamerpoB KT moskeT OBITH MPEIOKEH CIICTyIONUH
AITOPUTM:

1. Onpenenute CpeaHIOID BBICOTY IOBEPXHOCTH CMAYMBAIOUIETO CJOA /i, Ha KOTOPOM

pacrionoskensl KT. Jlist aToro Bocnoss3yiitech (yHkuen ['ucrorpamma (Histogram) wmu

Kputnueckue paszmepsr (Critical Dimensions) nporpammsl SPMLab (puc. 10). TIpu sTom
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6YI[6T MMOCTPOCHA T'UCTOTrpaMMa BBICOT I/I306pa)KeHI/I$I. Ha nem JOJIKCH OBITh Xopomo

BUJICH THK, COOTBETCTBYIOIIEH BHICOTAM OCHOBaHMsA, Ha KOTOpoMm pacnonaratorcs KT.
MaxkcumyM 3TOro muka OyJeT XapaKTepH30BaTh CPEAHIOI (TI0 BCEH IUIOMIATN CKaHA)

BBICOTY CMa4YMBAarOIICTO CJI0s.

81.06 rim

Hist. Peakl 9.24 rm

Opm -
0.00 40.53 £1.05 nm Oom 1.250m

Puc. 10. Ucnonp3oBanne pynkunu ['mcrorpamma (Histogram) mporpammsr SPMLab
JUTSL OTIPENICNICHHs] CPeTHEN BHICOTHI MOBEPXHOCTH CMAYUBAFOIIIETO CIIOS.

2.5um

2. HSMCpLTe IMOJIHYIO BBICOTY ht KaXxa0i KT kak MaKCUMAJIbHYIO BBICOTY Ha €€ BCPUIMNHC,

ucnob3ys GyHKIuio n3Mepenus mauu (Line Measure) nporpammer SPMLab (puc. 11).

Z Data

Distance

Puc. 11. Ucnonbs3zoBanue ¢pyHkuu usmepenus nuHuu (Line Measure) nporpammsl SPMLab
JUTsl OTIpeieIeHHs BBICOTHI KBAHTOBOM TOYKHU.

Ilpumeyanue: ACM uccnedosanus nokasanu, umo nogepxuocmuvie KT, xax npasuno,

OKpYIHCEHbL KONIbYeoOpasHbiMu Kanaskamu (cm. puc. 11), @ozuuxarowumu 6 pesyivmame

PA3pblea CMA4uBarowe2o Clos 8 npoyecce pocma 0CMpOoBKOs.

3. Beramcnute BoicoTy kKaxmaoi KT 6e3 ydera BEICOTHI CMauUBAIONICTO clIost A=h—h,.

4. Ecnmu KBaHTOBBIC TOYKH HMMCIOT CHUMMETPUYHYIO ¢GopMy, Kak Ha puc. 7, TO s
onpeneneHus arepaibHoro pazmepa KT moctaTouHo ogHOTO M3MEpEHUs, TPOBEICHHOTO,

HanpuMep, BAOJIb 0cH X.
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Line1
Fom]  Ym) - Zlhm)

Paint]: 0128 96
Paint2: - 0.208 )

o

Diff: 0.170
Length: 0.170 ym
Pt Angle: 0.23°

ZData

Distance

Puc. 12. Vcionp3oBanune Gpynknun n3mepenus suanu (Line Measure) mporpammsr SPMLab
JUTSL OTIPEICNICHUS JIATEPABHBIX pa3MepPOB KBAHTOBOU TOUKU. OTCEUKH, MEX/Yy KOTOPBIMH
HPOM3BOINUTCS U3MEPCHNUE, BEIOPAHBI Ha CPeTHEN BBICOTE MOBEPXHOCTH CMAYHBAIOIIETO CIIOS
h=9 HM, onpeaeneHHoi Ha puc 10.

Jlns m3mepenust narepaibHbIX pasmepoB KT, Bocmonb3yiitech (QyHKIMEH H3MEpeHHS
nuauu (Line Measure) nporpammbel SPMLab (puc. 12). [IpoBeaute npoduib TMHUN Yepe3
cepenuny KT. [Ipumure 3a natepanbHbI pasMep KBAaHTOBOM TOYKHU d ee pa3Mep OT Kpas
710 Kpasi, OTIpeIeIeHHBIN Ha CpeHel BHICOTE CMAuMBAIOUIETo CiIos (CM. puc. 12).

5. 3aHecuTe pe3yJbTaThl U3MEPEHUS BBICOTHI U JaTepasibHbIX pazMepoB KT B mporpammy st
YUCJICHHOTO aHaJIW3a IaHHbBIX, HAIpUMeP Origini.

6. IlocTpoiiTe rucTorpaMMbl paclpeiesieHus BBICOT M JarepaibHbIX pa3mepoB KT,
OIIpEEIIUTE CPEAHEE 3HAUEHUE U3MEPEHHBIX BEJIMUYHH U CTAaHIAPTHOE OTKJIOHEHHUE.

7. 11oBEpXHOCTHYIO IUIOTHOCTh KBAaHTOBBIX TOYEK Ng ONpPENEIUTe KaK OTHOIICHUE

KOJIMYeCcTBa Nomnapiux B npeaensl ckaHa KT Ha ero mmomass.
Bausinue paanyca 3aKkpyrJieHusi 30H1a Ha pe3yJabTaThl ACM u3mepennit

HecmoTpsi Ha BO3MOXHOCTH AOCTHKEHHUS METOA0M ACM BBICOKOTO MPOCTPAHCTBEHHOTO
paspelieHust, nHpopMalus o pesibede UCCIeayeMON MMOBEPXHOCTH MOXET HEaJeKBAaTHO OTOOpakaTh
peanbHble 0COOCHHOCTH TIOBEPXHOCTH BeieCTBHE (P (deKTa KOHBOMIOMUN WK 3PdekTa "ymupeHus
npodpwisa”. Jlro6oe ACM m3o0OpakeHHe SBISIOTCS KOMOMHAIMEH TMOBEPXHOCTH 00paslia W 30HIA,
KOTOPBIM HMCIONB3YeTCsl Il OTOOpakeHUsS] MOBEPXHOCTH. JTOT apredakT, Kak MpPaBUIIO, JIETKO
YUUTHIBAETCS HA KAYECTBEHHOM YPOBHE IPHU UHTEPIPETAINU PE3yIbTaTOB (0COOCHHO €CiTH pa3Mephl
MOBEPXHOCTHBIX OCOOEHHOCTEH HAMHOTO TMPEBBIIIAIOT PaJAWYC KOHYHMKA 30HJA), OJHAKO JJIs
KOJIMYECTBEHHBIX OIICHOK BaKHO 3HAHUE METOJIOB BOCCTAHOBIICHHSI pEallbHON T€OMETPHUU OOBEKTOB.

Haunbonee »ddexkTuBHBIM METOIOM BOCCTAHOBJIICHHS TTOBEPXHOCTH SIBIIACTCS METO/I
YHCJICHHOM JIEKOHBOJIIOIINHU, MCIOJB3YIOMUN (HOPMY 30HIA, MOJyYaeMyI JKCIEPUMEHTAIBHO MPHU
CKaHMPOBAHUU TECTOBBIX (C XOPOIIO M3BECTHBIM peiibe(hOM MOBEPXHOCTH) CTPYKTYp. PaccMorpum

JAHHBIN METOJT B OIHOMEPHOM citydae (puc. 13).

T
* Jlis TOCTPOEHMS THCTOIPaMMBbl AAaHHBIX W ONpEAEICHHS CpEIHEro pasMepa 3epHa BO3MOXKHO HCIIOJIb30BAHHE
nporpammbl Microsoft Excel.
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y 4 P(x) y 1
Xy I (x)
:: R(x) :: :: R(x)
a 1 Hgy
i| b Xl ; P(x)
A4 > x ' I > x

@ (®)

Puc. 13. Cxemaruueckoe nzo0paxenue mnporecca rnoyydenus nzoopaxenus B ACM (a) u mporiecca
YaCTUYHOTI'O BOCCTAHOBJICHUS peiibeda ¢ yIeTOM KOHEUHBIX pa3MepoB U (popMsbI 30H1a (0).

Ecnu ¢popma 30812 onuceiBaeTcst pyHkuueit P(x), a popma UCTUHHOTO penbeda MOBEPXHOCTH

ornuceiBaeTcs pyHkmen R(x), To ACM u3o0pakeHre MOBEPXHOCTH TOIY4IaeTCs B BUJIE:
I(a) = R(xx)—P(x;-a), nipu ycnoBuu dR/dx = dP/dx B Toukax kacaHus Xy,
IJle a — CMEILeHHE 30H/1a B CUCTEME KOOPAMHAT, CBA3aHHOM C TTOBEPXHOCTBIO.

BoccranoBnenne ucxonHoro penabeda MOBEpXHOCTH B JAHHOM METOJIE MPOU3BOAUTCS ITyTeM
obparHoro mpeoOpazoBanusi. CyThb 3TOr0 MeTOJa COCTOMT B TOM, 4TO THoiydeHHoe C3M
n300pakeHNe MOBEPXHOCTH MOBTOPHO (HO YK€ YUCIIEHHO, C TIOMOIBIO CIENHUAIBHOM NporpaMMsbl Ha
KOMIIBIOTEPE) CKAHUPYETCA ¢ 0OpaTHOW CTOPOHBI MHBEPTUPOBAHHBIM 30HAOM. Toraa n3oOpaxeHue
BOCCTAQHOBJICHHOTO pelibe(ha TOBEPXHOCTH MOyYUTCS B BUIE:

R'(x) = I(xx;) —P(x-xy;), mpu ycnoBuu dI/dx = dP/dx B Toukax KacaHUs Xy;.

3nech xp; — abcmucca Touku kKacanws (yHknuum C3M m3o0pakeHuss W (QYHKIIMU 30HIA,
WHBEPTUPOBAHHOMH 110 OCH Y U 110 OCH X.

Crnenyer OTMETHTH, YTO IOJHOE BOCCTAHOBIICHHE IOBEPXHOCTH 00paslia BO3MOXKHO JIHUIIb
IpU COOJIIOJICHUU JIBYX YCJIOBHUH: 30HJ B TMpOILECCE CKAHUPOBAHMS KOCHYJICS BCEX TOYEK
MIOBEPXHOCTH, ¥ B KaX/IbIii MOMEHT 30HJ KacaJcsl TOJIBKO OJHOM TOYKM MOBEPXHOCTH. Ecin xe 30H7
B INIPOLIECCE CKAaHMPOBAHUSA HE MOXKET JIOCTUTHYTh HEKOTOPBIX YYAaCTKOB IOBEPXHOCTH (Hampumep,
ecnu oOpasel] MMeeT HaBUCAIOIIME YYacTKU penbeda), TO MPOUCXOAUT JHMIIb YacCTUYHOE
BOoccTaHOBNIeHHE pernbeda. [Ipuuem, yem OoiblIEro yucia TOYEK MOBEPXHOCTH Kacajics 30HI MPHU
CKaHMPOBAHUH, TEM C OOJBIIEH TOCTOBEPHOCTHIO TPHU JIEKOHBOIIOIHMH MPOUCXOTUT PEKOHCTPYKITHS
MIOBEPXHOCTH.

Jlns mpoBelneHMsT Mpollecca YWCIEHHOW JEKOHBOJIOLMM HEOo0XOAWMO 3HaHUE (HOpMBI
CKaHHPYIOIIETO 30HAA, YTO SBIAETCS CaMOCTOATENBbHOM 3ajgaueil, TpeOyroumiel mpoBeneHHs
CKaHMPOBAHUS TECTOBBIX OOBEKTOB. B OONBIIMHCTBE CilydaeB, BIUSHHE (POPMBI 30HIa MOXKET OBITH

YUCJIEHHO OLIEHEHO M3 MTPOCTHIX T€OMETPUUECKUX MOJENIEH, IPEeACTaBICHHbBIX Ha puc. 14.
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Paouyc 30n0a npubnusumenvHo pagen paouycy 3akpyeienus N08epXHOCMHbIX 0COOEHHOCME.

Paccmotpum citydaii B3amMoeicTBust uccienyemoro oobekra u ACM 3onma (puc. 14a) B
cllydae, KOrja KOHYHMK 30HJa XapaKTepu3yeTcsl pajAuycoM R, NpUONM3UTENBHO PaBHBIM paguycy
3aKpyIJIEHUS! 7 MOBEPXHOCTHBIX ocoOeHHocTel — R ~ r. B ngaHHOM ciyyae JBMKEHHE 30HJAA IO
MIOBEPXHOCTU OOBEKTa MOXHO paccMaTpuBaTh Kak JABMKEHME IIapa paauyca R MO MOBEPXHOCTH

11apa pajauyca v, To €CTh 30H] Oy/IeT ONUCHIBATh YTy paguycoM R+r.

/, \\ (04
’ \
’ \
k"A T~
” Ipoduns Ha ACM
C B n300paKeHNH

\Ir

!
1

a) 6) d

Puc. 14. Cxema ipodwist MoBEpXHOCTH U 30HAA: a) R ~7, 0) R << r.

PaccmarpuBas nipsimoyrosibHbIN TpeyroibHUK ABC Ha puc. 14a s ero CTOpoH Mo TeopemMe
ITudaropa MOXKHO 3anMCaTh COOTHOILIEHHE AB? = AC? + BC?. Jlmnna cTOopoHbl AB = (R+7), CTOpOHBI
AC = (R-r), cropousi BC = d. Torma ans mUpuHBI TPOJOJBHOIO pa3Mepa MOBEPXHOCTHBIX

0COOEHHOCTEHN d MOXKHO MOJTYYUTh COOTHOIICHHE:!

d=2~Rr.

PacyeTsl moka3pIBalOT, 4TO MpHU OTOOPaKEHHWU MOBEPXHOCTHBIX OCOOEHHOCTEH pazMepoM
=20 HM 30HAOM c pamuycoM R=20 HM, pa3mep ocoOeHHOCTel Ha Tomorpaguu MOBEPXHOCTHU
coctaBuT 40 HM, T.€. B JIBa pa3a MPEBbICUT UCTUHHBINA pa3Mmep.

Paouyc 3on0a namnoeo menvuie paouyca 3axkpyaneHus NOBEPXHOCMHBIX 0COOEHHOCMELL.

Ha puc. 146 u3o0OpaxkeHa reoMeTpHs UCCIEyeMOro 00bEeKTa 1 KOHUYECKOTO 30H/1a B CITyYae,
korma R<<r. Mcxons u3 paccMaTpuBaeMOW T€OMETPUU MOXXHO IOKa3aTh, YTO B JAaHHOM cCllydae

HIMPUHA MPOJOJIBHOTO pa3Mepa o0bekTa d OyIeT paBHa:

. tano
d =r(cosa+_|cos’ a+(1+sina) —1|+tan’
cosa
Ile O — TOJOBMHA YIJIa pAacTBOpa KOHyca. PacueTsl MOKAa3bIBAIOT, YTO TNPH OTOOPAKEHHH

MOBEPXHOCTHBIX 0cobeHHocTell pasmepoM =130 uM ctanaapTHbiM ACM 30HIOM C yTJIOM pacTBOpa
KoHyca 20=36°, pasmep OcoOeHHOCTel Ha TomorpadMu MOBEPXHOCTH COCTaBUT 174 HM, T.e.
yipeHue npoduis cocraBut 25%.

Takum o0pa3zoMm, [UIsi MpaBWIBHOM KOJMYECTBEHHOM HHTEprpeTanuu noigyuyeHHbIx ACM

Pe3yNbTaTOB HEOOXOAUM yUeT BIAUSHUS (OPMBI 30HA.



19
MeToanyeckue yKasaHus

[Ipexxne yem NpUCTYNUTh K paboTe Ha CKaHUPYIOIIEM 30HAOBOM MMKPOCKOINE CIEIyeT

M3Y4YHUTh PYKOBOJICTBO IOJIb30BaTENs Mprudopa.

Texnuka 0e30mMacHOCTH

[Ipubop ympaBmsieTcs HampspbkeHueM 220B. DkcmmyaTaruio CKaHUPYIOIIETO 30HIOBOTO
MHUKPOCKOIIa ciieyeT Npou3BoauTh B cooTBeTcTBUU ¢ [ITD u IITh snekrpoycraHoBOK moTpeOuTeneit

HanpspkeHueM a0 220 B.

3amanue

1. W3yuurte cBOMCTBA M METOJBI MOITYYEHHMsS] CaMOOPraHU30BaHHBIX IOJIYNPOBOJHUKOBBIX

HaHOCTPYKTYP.

2. H3yunre MeXaHHU3MBl CAMOOPTaHM30BAHHOTO  (OPMHUPOBAHUA  MOBEPXHOCTHBIX

KBAaHTOBBIX TOYCK.

3. Tomyunre ACM wuzobOpaxenue camoopranusoBanHbix KT (GeSi/Si, Si na candupe,

InAs/GaAs wm ap.).

4. Omnpenenure wu3 mnoidydeHHOro ACM  u300paKeHHs BEIMYMHBI T'€OMETPUUYECKUX
MapaMeTpoB KBAaHTOBBIX TOYEK, & TaK K€ UX MOBEPXHOCTHYIO MIOTHOCTH. [locTpoiiTe ructorpammy
pacnpeneneHuss BbICOT M JarepaibHbIX pasmepoB KT, ompenenute cpeaHue 3Hau€HUs yKa3aHHBIX

BCJIMYMH U BCPOATHOCTHBIC MMApaMETPhI paCIpCaACICHUA.

5. CpnenaiiTe KOJWYECTBEHHYIO OIIGHKY BIUsSHUA (GOpPMBI 30HAA Ha TOJYYCHHBIC

pe3yJIbTaThl.

KoHnTpo/ibHBIE BOIPOCHI

1. UYro takoe 3dpdekT pasMepHOro KBAHTOBAHUS W KaKHWE THUIBI KBaTHOBOPAa3MEPHBIX
CTPYKTYp BbI 3HaeTe?

2. Ha3zoBuTe 0CHOBHBIE METO/IBI IOJTYUYCHHUS TIOTYTIPOBOTHUKOBBIX HAHOCTPYKTYD.

3. Pacckaxure 0 MeXaHM3Max CaMOOPIaHM30BAaHHOTO (HOPMHPOBAHMS MOBEPXHOCTHBIX
KBaHTOBBIX TOYEK.

4, OnuninTe OCHOBBI METOJa aTOMHO-CHJIOBO MHKPOCKOIIMU U €TI0 OCHOBHLIC THUIIBL.
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5. Onumure MCTOOUKY OMIPCACIICHUA reOMETPHUICCKUX napameTpoB

camooprann3oBaHHbIx KT u3 pesynbratoB ACM n3mepeHuit.
6. Pacckaxxute o BAusSHUM paaMyca 3akpyrJieHus 30HAa Ha pesynbratel ACM

U3MEPEHHUI.
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