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BBeageHue

bunapubie coequnenus xanpkoreHu0B cBuHIa PbX (X = Te, Se,
S) 1 TBepJbIe PACTBOPHI HA UX OCHOBE SIBJISIFOTCSI B HACTOSIIIIEE BpPEMs
0a30BbIMU TIOJYNPOBOJIHUKOBBIMU MaTepuaiaMu il CUCTeM HH(]pa-
KPAaCHOW ONTORIEKTPOHUKA U TEPMOIIEKTPUUYECKUX YCTPOUCTB. HcTo-
PUYECKHU 3TO ObLIM OJHU U3 MEPBBIX AKTUBHO M3yYaeMbIX MOITYIPOBOI-
HUKOBBIX MaTEpHUaJIOB, UCCIIECIOBAHUSI KOTOPBIX 3aJ0KUJIM OCHOBBI (hU-
3UKW TOJYNPOBOAHUKOB M TIOJYIPOBOJHUKOBBIX MpuOOpoB. Credan
(Stefan) B 1865 1. mpu U3ydeHUU NPUPOAHBIX KPUCTALJIOB TaJIeHUTA
(PbS, galena) BnepBble HaOMIOAAT Pa3IMYHbIE 3HAKU TEPMOD/IC, COOT-
BETCTBYIOIIHUE DJICKTPOHHOU U JBIPOYHON MPOBOJUMOCTH TOJIYIIPOBO/I-
HuKkoB. B 1874 r. bpaynowm (Braun) Ob110 onucaHo SIBJICHUE BBITTPSIMIIE-
HUSl HA TOYEYHOM KOHTAKTE TaJICHUTa U METaJlIa, TIOJIOKMBILIEE HAYaJI0
Pa3BUTHIO HAYKM O KOHTAKTHBIX SIBJICHUSX B TBEPAOTEIBHOU 3JIEKTPO-
nuke. B 1888 r. [llanepon (Shaperon) moiay4ms1 BEICOKHE 3HAYEHUS KO-
ahurmeHTa TepMO3C B KpUCTAUIaX Cyab(duIa CBUHIIA B ITHPOKOM
WHTEpBAJIC TEMIIEpATyp, YTO MO3BOJIMIIO B JajbHEHIIIEM pa3paboTarh Ha
ocHoBe PbX sddexTrBHBIC TepMOdIEKTpUUeCKrue ycTpoiicTBa. [lepBbie
(GhOTOCONPOTUBIICHUS C paboueii JUTMHOW BOJTHBI OKOJIO 3 MKM Ha OCHOBE
rajeHura co3gan B YyHuBepcutere bepmuna B 1933 r. Kyrtnep
(Kutzscher), naB umMmybc pa3BUTHIO WH(PAKPACHON OMTORIEKTPOHUKH
Ha OCHOBE XaJIbKOT€HUJOB CBUHIA. B roasl BTopoil MHUpOBOM BOWHBI
0I00HBIE MPUOOPHI MPUMEHSUTUCh HEMEIIKON CTOPOHOM JJIsl PErucTpa-
MY U3ITyYECHHS] HArPEThIX MOTOPOB CaMOJIETOB.

3a mpoleame noaTopa Beka NpoieH 00bIIONW MyTh TEXHOJIO-
TUYECKUX pa3padOTOK, HAKOIUICH OOTaThiii MaTepuail O CTPYKTYPHBIX,
AMEKTPOPUZUUECKUX, ONTHUECKUX, TEPMODIJECKTPUUECKUX U JPYTUX
napameTrpax ouHapHsix coequnenuil PbTe, PbSe, PbS u TBepabix pac-
TBOPOB HAa UX OCHOBE, O MPUMEHEHUU KPUCTAUIOB U IJICHOK XaJIbKO-
TEHUJIOB CBUHIIA B YCTPOWCTBAxX pa3iMYHOrO0 Ha3HaueHusd. B Hauane
50-x rr. XX B. Obl1H pa3padoTanbl 3(PGhHEeKTUBHBIE METOIbI POCTa MO-
HokpuctaiuioB PbTe, PbSe, PbS, mo3posmBIIME IelIeHAIIPABICHHO
YOPaBJIATh AJAEKTPODUINYECKUMU U CTPYKTYPHBIMHU IMMapaMeTpamM U
MEPEUTH OT €CTECTBEHHBIX KPUCTAUIOB K UCKYCCTBEHHBIM. Uepes JBa
JNECATUIETUS HA CMEHY MOHOKPHUCTAJJIAaM MPUIIUIA TIJIEHOYHBIE CTPYK-
Typbl, HA OCHOBE KOTOPBIX (POPMHUPOBAIMCH CHayaiga OJHOCIOWHBIE
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NpUOOPHBIE CUCTEMBI, @ 3aTEM M MHOTOCJIOWHBIE CTPYKTYpHI (CBEpX-
pEUIeTKU, CTPYKTYpPhl C KBAHTOBBIMHU sIMAMH) C YHUKAJIbHBIMU (PU3H-
YECKUMH CBOMCTBAMH. DTH CBEJICHUS JIE€TAIBHO CHUCTEMATHU3UPOBAHBI
B OTEUYECTBEHHBIX U 3apyOeKHBIX MOHOTrpadusXx pa3HbIX JieT [1-8 u
Ip.], TO3BOJISISL CHEHUAIMCTY HAWTH HEOOXOAMMYIO WH(OPMAIIUIO O
JAHHOM KJIACC€ Y3KO30HHBIX MOJIYIIPOBOJHUKOBBIX MAaTEPHAIIOB.

B nocnenHre roapsl HTHTEPEC K XalbKOTE€HUAAM CBHHIIA PE3KO BO3-
POC B CBSI3U C HOBBIMH BO3MOKHOCTSIMH, TOSIBJISTIOIIIUMUCS TIPH TIEPEXO-
Jie MaTepuajioB B 00JacTh HAHOMETPOBBIX pazMepoB. Crienudpuyeckue
O0COOEHHOCTH XaJbKOT€HHJIOB CBHHIIA, CBS3aHHBIC C MaslbiMU 3¢ dek-
TUBHBIMU MacCaMH HOCHUTEJCH, BHICOKUMH 3HAYCHUSIMU JIUAJICKTpUYE-
CKOM MPOHUIIAEMOCTH AEJIAI0T ATOT KJIACC MATEPUAIOB NEPCHEKTUBHBIM
JUISl peaju3allii YCJIOBUM PAa3MEPHOTO KBAHTOBAHMS W JIOKAJIW3ALMH
Hocutenen. [lepexoa K KBaHTOBBIM pa3MepHbIM 3 deKTam OCyIIEeCTB-
JSIE€TCA B JAHHBIX MaTepuanax yxe npu pasmepax 30-50 HM, B TO BpeMs
KaK JUIsl KpeMHUS HEOOXOJIMMO JIOCTUTHYTHh pa3MepoB MeHee 4—5 HM.
[TepBbIMU TTyONUKAIIMSIMU IO CO3JJAaHUIO HU3KOPA3MEPHBIX cucteM PbX
Y U3YYCHUIO KBAHTOBBIX Pa3MEPHBIX dPPEKTOB ClIeyeT CUMTATh CTAThU
1980 1. [9, 10] mo dbhopmupoBaHUIO CBEXPEIIETOK HA OCHOBE TEJLUTypHAA
CBUHIIA METOJIAMHU TOPsIYE€ CTEHKU U J1a3€pHOr0 HarbuieHus. Yepes He-
CKOJIBKO JIET TMOSIBJISIOTCS Ba)KHBIE PaOOTHI MO CO3/IaHUI0 OAMHOYHBIX
KBAHTOBBIX SIM CEJIEHUA CBUHIIA U TEJUTypHIa CBUHIA i JazepoB NK-
nuariazona [11]. ITapamienbHo ¢ 3TUM 0COOBIN HHTEPEC BBI3BIBAIOT ITyO-
JUKauK aBcTpuiickux [12] u coBerckux [13, 14 u ap.] rpymm o dop-
MHUPOBAHUIO U MCCJIEIOBAHUIO CBEPXPELIECTOK. 3a MPOILIEIIINE TOIbI
MOSIBUJIOCH OOJIBIIIOE YUCIIO JIMTEPATYPHBIX UICTOUHUKOB O HAaHOpPa3Mep-
HBIX 00BEKTaX XaJbKOTCHUIOB CBHHIIA, OJTHAKO OTCYTCTBYIOT 0000IIIC-
HUE M CHCTeMaTH3allyds IMOJYYEHHBIX TEOPETUYECKUX U DKCIEPUMEH-
TaJbHBIX HccienoBaHuii. Cpeay 0030pOB MOCIEIHUX JIET TOJIBKO pado-
Thl [6—8] KacaroTcsi mpoOJieM CO37aHMsl M H3y4YeHUS XaJbKOTCHHJIOB
CBUHIIA B YCJIOBUSIX HAHOMETPOBBIX Pa3MEPOB.

CornmacHo omnpeaenenuto, ganHomy B. FO. KupeeBeim [15], mox
TEPMHUHOM «HAHOCTPYKTYPHPOBaHMe» OyJileM MOHUMATh «CO3JaHUE B
CTPYKTYpe MaTepuaja (pu3N4ecKUX WIN XUMHYeCKUX (pa3 cyodcra-
HAHOMETPOBLIX Pa3MepoB, KOTOPbIE CJeAyeT PACCMATPUBATH KAK
CB0€O0Opa3HbIe HAHOYACTHIIbI, OT/JAEJICHHbIC OT OCTAJIbBHOH CTPYKTY-
PbI IOBEPXHOCTAMMU pa3aenay. K HaHOCTPYKTypUpOBAaHHBIM MaTepua-
JaM, 10 MHEHUIO aBTopa [15], oTHOCATCS «AMCIEPTUPOBAHHBIE HAHOIIO-
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POILKH, HAHOKPUCTAIUTMYECKUE 3€pHA, HAHOPA3MEPHBIE MOTUMOPQHBIE
¢da3bl, HAHOpPa3MEpHBIE CTPYKTYPHBIE ACPEKThI, TOBEPXHOCTHBHIC HAHO-
CTPYKTYpbl (HAHOSIMKHM, HAHOBBICTYIbI, HAHOKAHABKH, HAHOCTEHKH),
00BbEMHBIE HAHOCTPYKTYpbI (HAHOMIOPHI M HAHOKANWUISAPHI), HAaHOpAa3-
MEpHbIe XUMHUYECKHE (a3bl, HAHOPA3MEPHBIE CTPYKTYpbl (HAHOHUTH,
HAHOCTEPKHU), IUICHKU Pa3HbIX BEIIECTB HAHOMETPOBOW TOJIIUHBI
(chopmupoBaHHBIE B IEPUOUUYECKON MOCIEIOBATETILHOCTH) U T. JI.».

ABTOpBI B JAHHOM W3JaHUM CTABST CBOEH 11€JIbI0O HA OCHOBAHUH
JUTEPATYPHBIX JNTaHHBIX W PE3yJIbTATOB COOCTBEHHBIX HCCIIEIOBaHUMN
MPOBECTU MPOMEKYTOUHBIA aHAIN3 COCTOSHUS MPOOJIEeMbl (POPMHUPO-
BaHUSI W U3YYECHHUS CBOMCTB HAHOCTPYKTYPUPOBAHHBIX OOBEKTOB
XaJbKOT€HUJO0B CBUHIIA. V3 paccCMOTpeHUs LEJIECHANPABIEHHO UCKIIIO-
YEeHBI pa3fieibl, ONUChIBaIONME (OPMHUPOBAHNE U CBOMCTBA CBEpXpE-
IIETOK U KBAHTOBBIX $IM, IMOJIPOOHO PACCMOTPEHHBIE, HATTpUMED, B [6,
7, 16]. ObparnaeM BHUMaHUE YATATEN HA BAXHYIO OCOOEHHOCTh MPH
yTeHUU KHUTU. [IOCKOJIBKY B TEKCTE HCIOJIb30BaHbl OPUTHMHAIBLHbBIC
rpaUUeCcKue 3aBUCUMOCTH U3 Pa3JIMUYHBIX UCTOYHUKOB, TO OJTHO 000-
3HAUYCHHE MOXKET COOTBETCTBOBATH PA3IMUHBIM (DU3NUYECKUM BEIUYU-
HaMm. Hampumep, o603HaueHrne R UCTONIB3yeTCsl M KaK paguyc 4acTH-
Ibl, 1 KaK €€ pa3Mmep (AuaMeTp), U Kak YHHBEpcalibHasi ra3oBasi Io-
cTosiHHasA. B 3ToM ciydyae HEOOXOAMMO CMOTPETh Ha pacuiu@poBKy
ATOTO 0003HAYECHUS B COOTBETCTBYIOIIEM (hparMeHTE TEKCTa.

ABTOpHBI OTJIAIOT ce€0€ OTUET B CYIIECTBYIOIIEH TPYAHOCTH pado-
ThI B YCIIOBUSIX OOJIBIIIOTO MOTOKA HOBBIX MyOJUKAIMI [0 paccMaTpu-
BAaeMOM TeMe, HO CUUTAIOT HEOOXOJUMBIM BBINOJIHEHUE 3TON PabOThI
JUISL IPEABAPUTEIIBHOM CHUCTEMATU3alMi UMEIOIINXCS TaHHBIX. B mep-
BOH TJIaBe OyJyT pacCMOTPEHBI BOMPOCH (hOPMUPOBAHUS HAHOCTPYK-
TYPUPOBAHHBIX MOJTYNPOBOAHUKOB PbX, omucaHbl OCHOBHBIE METO/IbI
CHUHTE3a HAHOKPUCTAUIOB M HAHOHUTEH. BTopas riiaBa mocBsieHa
CBOMCTBAM HaHOPA3MEPHBIX OOBEKTOB, XapaKTEPUCTHUKE BO3HHUKAIO-
X pa3MepHbIX 3P(DHEKTOB U aHATU3Y BO3MOKHBIX 001acTed mpume-
HeHMs. B TpeTbeil rinaBe onucaHbl NPEAJIOKEHHBIE aBTOPaMU HOBBIE
METOJIMKM HAHOCTPYKTYPUPOBAHUSI M3Y4a€MbIX MaTepHAJIOB, MOKa3a-
Ha BO3MOKHOCTh TMOJYyUYEHUS MOPUCTHIX KBAHTOBO-PA3MEPHBIX TJICHOK
XaJbKOT€HUOB CBUHIIA, PACCMOTPEHBI MPOIECChl HAHOCTPYKTYPUPO-
BaHMs MoBepxHOCTH PbX u popMupoBaHus HAHOHUTEHW XaTbKOTCHU-
JIOB CBHUHIIA 110 MEXaHU3MY «I1ap — KUJKOCTb — KPUCTALD» METOJaMHU
MJIa3MEHHOU 00pabOTKH.



Jlannas mMoHorpadus npenHa3sHayeHa ISl MHKEHEPOB W Hayd-
HBIX PaOOTHHUKOB, CHEHUATUZUPYIOMIMXCS B 00JIACTH TBEPIOTEIBLHON
ANIEKTPOHUKH M TEPMOIJIEKTpUUYECKUX cucTteM. Haneemcs, 4ro kHura
OyJeT moJie3Ha aclupaHTaM U CTYACHTaM, BBIMOJHSIONIUM Hay4yHBIE
pa3pabOTKU MO JAHHOW TeMaTUKE. ABTOpBI BBIPAXKAIOT TITyOOKYIO
IPU3HATEIBHOCTh BCEM KOJUIETaM, KTO NMPUHHUMAJ YYacTHE B BBINOJ-
HEHUU COBMECTHBIX HCCIIECIOBAHUM M OOCYXJICHUU TOJIYYEHHBIX pe-
3yabTaToB. OCOOEHHO HAC MOAAEPKUBAIIO BHUMAHUE CO CTOPOHBI JI-pa
Xanca [lora (H. Zogg) u3 IlIBelapckoro HalMOHAJIbLHOIO UHCTUTYTA
TE€XHOJIOTHH, y4acTBOBABILETO B MPOBEJACHUU PsAJla COBMECTHBIX pa-
0ot. CiioBa NpU3HATEIBLHOCTH aBTOPHI BhIpaXkaroT I-py (pu3.-mar. Ha-
yk W. . AmupoBy, kana. pus.-mat. Hayk B. B. HaymoBy, kaua. ¢us.-
Mmat. Hayk J. FO. byunHy, acnupanTam Haiel rpynmbl, 0e3 KOTOPbIX
IPOBEACHUE SKCIIEPUMEHTAIBHBIX UCCIEAOBAHUN U U3JaHUE JAaHHOU
KHUTU ObUTH OBl HEBO3MOJKHBI.
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[yiaBa 1. Pu3nYeCcKHe XapaKTepUCTUKH
XaJIbKOTeHUA0B CBUHIIA B 00bEMHOM COCTOSIHUM.
MeToAbl CHHTE3a HAHOKPHUCTA/IJ/IOB U HAHOHUTEH

B nanHo#i rimaBe OymeT mpoBesieH 0030p CYIIECTBYIOIMHNX METO-
0B  (OpMHUpPOBaHUS HAHOCTPYKTYPUPOBAHHBIX IMOIYHPOBOJIHUKOB
XaJbKOTeHUA0B CcBUHIIA PbX Ha mpumMepax ympapisieMOro CHHTE3a
aHcaMmOJiell HAaHOKPUCTAJUIOB U HaHOHUTEW. B Havayne KHUTH, YTOOBI
JaTh YATATEII0 BO3MOKHOCTh CPABHUBATH B JAJIBHEUIIIEM XapaKTEepH-
CTUKU HAHOMETPOBBIX OOBEKTOB C COOTBETCTBYIOIIUMHU JAHHBIMU JIJISI
OOBEMHBIX MaTEpPHUAIOB, MPUBOJIUTCS KPaTKOE OMHCAHWE OCHOBHBIX
napaMmeTpoB xajibkoreHu10B cBuHiia PbTe, PbSe u PbS B maccuBHOM
cocrosinuu [1-8, 17, 18].

1.1. Ceolicmea 06eMHbIX NOJYNPOBOJHUKO8
PbTe, PbSe, PbS

XanpKkoreHu1pl cBHHIIA PbX OTHOCATCS K KJIacCy MOJYIPOBO/I-
HHUKOBBIX coemuHennii A''B"' ¥ SBISIIOTCS y3KO30HHBIMH MaTepHalIa-
MU C IIUPUHON 3ampenieHHon 30ub1 MeHee 0,5 3B. B 3apy0exHoil Ha-
YYHOU JTUTEpaType JaHHbIe OMHAPHBIC COSTUHEHUS] UMEIOT €le OJTHO
Ha3BaHUe — OMHapHbIe «conu cBuHIA» (lead salts). B mpupone mare-
puUalbl CyIIECTBYIOT B Bujie MuHepanoB anrauta (PbTe), kinaycranura
(PbSe) u ranenura (PbS), ogHako s mpuOOPHBIX MPUMEHEHHUH 3TH
MUHEpAJIbl B HACTOSIIEE BpeMsl HE UCTOb3ytoTcs. [lo BHenHEMy BH-
Iy KPUCTAJUIbl XaJbKOT€HUO0B CBUHIIA HEMTPO3PAUHbI U 00JIaat0T Xa-
pPaKTEpPHBIM METANIMYECKUM OjieckoM. Bce OHM OoTian4arTcs 00Jb-
0¥ XpynkocThio. CIIOCOOHOCTH K pacKaJIbIBAHUIO T€M OOJIbIe, YeM
HIDKE TeMmIeparypa Kpuctauia. PackaibpiBaHuWe HMCU€3a€T C IMOBBIIIIE-
HUueM Temmepatypsl (s PbS — npu tremneparype Boiie 700°C, nist
PbSe — Brimie 350°C u g PbTe — Brime 300°C).

Kpucramnsl PbX o0namaroT kKyOM4eCcKoil rpaHEeIIEHTpUPOBAHHOM
pemetkor Tuma NaCl (ctpyktypHbii Tun Bl, mpoctpaHcTBeHHas
rpymma Fm3m — O°,). Benmunna mocTosHHOM perueTk B psixy PbS-
PbSe-PbTe yBennuuaercs ot 5,94 A 1o 6,46 A (1abn. 1). Temnepa-
TypHbI Ko duiment nuHerHoro pacmupenus (TKJIP) ais Bcex ma-
TEpUAJIOB MPUMEPHO OJMHAKOB M Haxoautcs B uHTepBaie (19,4—
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19,8)-10_6 K'. Baxknoli 0cOGEHHOCTBIO XaJIbKOTEHUIOB CBUHIIA SBJIS-
eTcst BbIcoKas Temriepatypa miasienus (1193—-1351 K) no cpaBHeHuto
¢ Temneparypoi miasienus ceunna (510 K). Oror addexr Oyaer ur-
paTh CBOIO MOJIOKHUTEIBHYIO POJb MpU (GOPMUPOBAHUN HAHOCTPYKTYP
PbX no merony «map — )KUJIKOCTh — KPUCTAILI.

Tabmuna 1

Ceoiicmea 6unapnvix noaynpoeoonuxkos PbX [1-8, 17, 18]

Ilapamemp PbS PbSe PbTe
Kpucrannuueckas ctpykrypa (cuc- | KyOuueckas, | Kybuueckas, | Kyouueckas,
TeMa, TPpyIna) 0’ o’ 0’
IMocrosiuuas pemerku (300 K), A 5,94 6,12 6,46
TKJIP (300 K), K’ 19,4:10° 19,4-10° 19,8:10°°
[LI0THOCT, T/CM® 7,6 8,3 8,2
Temneparypa nnasnenusi, K 1387 1355 1190
MonsipHast macca 120 143 168
Oueprus cyonmumanmu (300 K), 56.7 54 53.5
KKaJI/MOJIb
DHeprust IMCcCOai MOJIEKYI
raza (300 K), kkayi/moib 81,8 70,0 47
Iupuna 3anpemeHHo 30056l £,
(300 K), 5B 0,41 0,29 0,32
[Ivpuna 3anpenienHo 30861 £, (77
K). 5B 0,31 0,19 0,22
[TlvpuHa 3ampenieHHoi 30861 £, (4,2 0.29 0.17 0.19
K), 3B 9 s s
CraTuueckas AudJIeKTpudIecKas 178-184 297 1300
nponuaeMocts (77 K)
BricokodacToTHas TU3IEKTpUYe- 18-40 4 33.35
ckast npoHutaemocts (77 K)
IToxa3zarens npenomieHus
(A =3 mxmMm, 300 K) 41 4,6 >3
S(I)(beKTI/I’B;lHaZ{n ME(IZCZa IB(J')IGKTpOHOB 0,105 0,070 0,240
nll T7E0 T
mafmo (4.2 K) 0,080 0,040 0,024
& ‘1"1’6“;“‘3/‘;3"(2‘3"1‘3 ARIPOK 0,105 0,068 0,310
pll TR (7t
/g (4.2 K) 0,075 0,034 0,022
Konnenrtpaiust coOCTBEHHBIX HOCH- 1nls 1nl6 1nl6
Teneit (300 K), cm 210 310 1,510
Koaddunuent remmonpoBoHOCTH
(300 K), Brm K ! 3,0 L7 2,3
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XUMHUYECKas CBSI3b B XaJbKOT€HUJAX CBUHIIA B 3HAYUTEIBHOU
CTeneHu OOyCJIOBJIIEHAa KOBAJIEHTHOW cocTaBismomieil. BaxHas oco-
OCHHOCTh TEPMOJAMHAMUYECKUX MapaMeTPOB OMHAPHBIX COJICH CBUHIIA
COCTOUT B TOM, YTO TEIUIOTa CyOJIMMAalMy 3HAYUTEIHHO MEHBIIE WIH
CpaBHUMa C SHEPTUEH TUCCOLUUAIMHA MOJICKYJI. DTO MPUBOJUT K TOMY,
YTO TIpU cyonumanuu, 3Qpdy3un Win npu paadalioHHOW o0paboTKe
XaJbKOT€HUJOB CBUHIIA IMOBEPXHOCTh B OCHOBHOM IOKHJAIOT MOJIE-
KyJel PbX u ux xommiekcsl, 4to OyJer oOCyKIaTbCs B MOCIEAYIO-
IMX T1aBax. buHapHbie COMM CBUHIIA UMEIOT CIIOCOOHOCThH K OKHCIIe-
HUIO B atMocdepe Bo3ayXa, 4To TpeOyeT MPOIECCOB 3aIUThI OTKPHI-
THIX YYaCTKOB IOBEPXHOCTH U MPEJCTABISAETCS OCOOCHHO aKTyailb-
HBIM TIPU MIEpEX0/ie B 00J1aCTh HAHOMETPOBBIX Pa3MEPOB.

B xanpkoreHugax CBUHIIA a0COJIIOTHBII MUHUMYM 30HBI IIPOBO-
JTUMOCTH U aOCOJIIOTHBI MAaKCUMYM BaJ€HTHOW 30HBI HAXOJSATCS Ha
Kparo 30HbI bpuiimtosna B HanpaBieHusax <l 11> (L-toukax). [Toatomy
B HUX UMEETCS YEThIPE MAKCUMyMa U YEThIPE MUHUMYMa, & MaTepua-
JIbl OTHOCSITCA K TOJYIPOBOJHUKAM C MPSMOM 3alpEIICHHOM 30HOU.
[ToBepXHOCTH MOCTOSTHHOM SHEPTrUU BOJIM3M JTHA 30HBI MPOBOAUMOCTH
Y TIOTOJIKA BAJICHTHOM 30HBI UMEIOT (POPMY AJUIUIICOUJIOB BPAILICHHUS.

IIupuHa 3ampeIieHHon 30HbI £, IpH KOMHATHOH TEMIIEPATYpPE
coctaBaget 0,41 »B miag PbS, 0,29 3B gna PbSe u 0,32 »B mis PbTe.
IIpy NOHMKEHHMM TEMIIEpaTyphl BeauuuMHa FE, 11 BCEX COCTaBOB
yMeHbIaeTcs. s onpeneneHusi BETUYMHbBI 3alIPEIIEHHON 30HBI MPU
pa3HbIX TeMIiepaTypax I mpuMeHUMa sMIuprudeckas Gopmyia

E(T)=E +\E:+a*(T+0O), (1)

I7Ic 3HAUYCHUS BCIOMOraTelIbHBIX MapaMeTpoB £ paBHbl 263, 125,
171,5 m3B, E, cocrasistor 20, 20, 12,8 m3B, a cootBercTBy0T 0,506,
0,506, 0,440 m3B/K, ©® npunumarotcs paBHbiMu 0, 0 u 20 K mi1s PbS,
PbSe u PbTe coorBercTBeHHO. [loCKONBKY B MHTEpBAJE TEMIIEPATYP
4,2-300 K sHepretnueckuii 3a30p COOTBETCTBYET JHEPIMU KBAHTOB
HUK-uznyuenus u, kpome Toro, PbX sBisitoTCS TPSIMO30HHBIMU TTOTY-
POBOJIHUKAMHM, XaJbKOTEHU]IBI CBUHIIA TIPEACTABISAIOT COOO0N OCHOB-
HOM pabouunii MaTepuan Jjsi co3anusi (GOTOMPUEMHUKOB U H3JTydarTe-
Jer nHpakpacHOIo AuaIa3oHa Ha JJIMHE BOJIHBI 2—6 MKM.
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BaxHolt 0COOEHHOCTBIO XaJbKOTCHUOB CBUHIIA SIBJISICTCS Upe3-
BBIYAHHO BBICOKAsl CTATMYECKasl JUAJIEKTPUYECKAs MPOHUIIAEMOCTb
(10%-10°) 1 GombIuast (0 CPABHEHHUIO C APYTUMH IONYIPOBOIHUKAM)
BBICOKOYACTOTHAsI AUAJICKTpUUECKasl MpoHuriaeMocts (Tadm. 1). Kpu-
CTaJUIMYECKasi PelleTKa COJIE CBUHIA, BO-NEPBBIX, 3QPEKTUBHO K-
paHUpPYyeT BO3MOXKHBIC 3apsioBbie (iykryanuu. Bo-BTOphIX, Kak Oy-
JET MOKAa3aHO HHMXKE, YKA3aHHBIE 3HAYEHUSI BBICOKOYACTOTHOM JTUAJICK-
TPUUYECKON MPOHUIIAEMOCTH MPUBOJAT K BHICOKUM 3HAUYCHUSIM OOPOB-
CKOTO paJnyca 3KCUTOHA, YTO OMNpPEIEseT CPABHUTEIHLHO OOJBIIHE
pa3Mepbl HAHOOOBEKTOB, COOTBETCTBYIOUIUE YCJIOBUSIM Pa3MEPHOTO
KBAaHTOBaHUs. BBICOKMM 3Ha4YeHUSM OOPOBCKOTO pajuyca SKCHUTOHA
CIIOCOOCTBYIOT Tak)Xe Majible 3 (PEKTUBHBIE MACCHI AJIEKTPOHOB U JIbI-
pok. B Tabmn. 1 mpuBeAeHBI 3TH 3HAYEHUS JJIs1 TPOJOJBHBIX (71;) U TIO-
NEepPEYHbIX (7,) COCTaBIAIONIMX MO OTHOIICHUIO K Macce CBOOOHOTO
AIEKTPOHA M.

Marnas mupuHa 3ampenieHHOM 30HbI OWHAPHBIX COCJIMHEHUM
PbX mpuBOIUT K BBICOKOW COOCTBEHHOW KOHIIEHTPALIMM HOCUTEJICH
3apsiia, KOTOopas MPU KOMHATHOM TEMIIEPATYpPE COCTABIISIET 2:10"-
3-10" em°. DJIEKTPUYECKUE CBOMCTBA XaJIbKOTCHUIOB CBUHIIA BO
MHOT'OM OINPEIESAIOTCA OTKJIOHEHUSIMU OT cTeXxuomeTpuu. M30bITOK
aTOMOB CBHUHIIA BBI3BIBAET JICKTPOHHYIO 3JIEKTPOIPOBOJHOCTD, a U3-
OBITOK XaJIbKOT€HA — IBIPOUHYI0. TOJIBKO 3a CYET OTKIOHEHUS OT CTe-
XUOMETPUM MOKHO II€JICHANPABICHHO BAapbUPOBATH KOHIICHTPAIUIO
AJIEKTPOHOB U JBIPOK B MaTepHaye BIUIOTH 10 3HAYCHUU 10"-10"
cM °. Maible 3HaueHns >G(hEKTHBHBIX MAcC HOCHTENEH ONMpPenemsioT
BBICOKME BEJIMYMHBI TOABUKHOCTEN HOCUTENEH 3apsiia, KOTOPHIE BO3-
pacTaroT C MOHMXKEHUEM TeMmepaTypsl. B pe3ynbrare 3TOoro, Hampu-
Mep, MOJBHXKHOCTh Hocutenen 3apsaa B PbTe mpu 4,2 K nocturaer
sHaueHuit mopsiaka 10” M%/(B-c).

XalbKOT€HHUIBI CBUHITA 00JIaIaf0T BHICOKMMHU KO3 hUmmeHTaMmm
TEPMOD/IC, MAJION TEIUIOMPOBOIHOCTBIO U MO3TOMY SIBJISIIOTCS A dek-
TUBHBIMU MaTe€pUAIaMU JIJISI CO3/1aHUS TPOMBIIICHHBIX MOTYyITPOBOJ-
HUKOBBIX T€pMOdJIeMEHTOB. Hanbosee BhICOKHE MOKAa3aTed C TOUKHU
3pEHHS] TEPMOIIEKTPUUECKON 3(P(PEKTUBHOCTH UMEIOT IIMPOKO IPHU-
MEHsSIEMbIE YCTPONCTBAa HAa OCHOBE TEJUIypHUJla CBHUHIIA, paboTarolue
pu temmeparypax 300-700°C.

Jlo Hauganma 90-x rr. XX B. CYMTAJIOCh, UTO MapamMeTpsbl, MpUBE-
neHHele 11 PbX B Tabi. 1, ABisAOTCS HEM3MEHHBIMU. B ciieayrommx
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pazznenax OyAeT IMOKa3aHO, YTO MPOIECCHl HAHOCTPYKTYPUPOBAHUS
XQJIBKOT€HUJOB CBHHIA CIIOCOOHBI IEJCHANPABICHHO W3MEHUTD
CBOMCTBA MaTEPHUAJIOB, IPUIaTh UM HOBBIE MOJIOKUTEIBHBIE KAUECTBA.
[Ipu 3TOM 3HAYUTENBHHO PACIIUPAIOTCA 001acTu puMeHenus. Hapsay
C pemieHueM 0a30BBIX 337a4 MO YJIYUYIICHUIO MapaMeTPOB yCTPOWCTB
NK-0NTO3IEKTPOHUKA U TEPMOABJIEKTPUUECKUX CUCTEM, TOSBIISIIOTCS
HOBBIE TIEPCIIEKTUBHBIE HAITPABIICHUS UCIIOJIb30BaHUS XAJIBKOIE€HUJIOB
CBHHIIA, POCTUPAIOIIHAECS OT CUCTEM TEICKOMMYHUKAIUKA A0 MEJIH-
KO-OMOJIOTMYECKUX TPUMEHECHHUIA.

1.2. Memodwsl hopMmupos8aHusi HUBKOPA3MEPHbIX cucmem
Ha 0CHOBe Xa/1bK02eHUA08 C8UHYA

B nocnennee Bpems 60Jb1I0€ BHUMaHUE YACISIETCS YIyUIICHUIO
(GYHKIIMOHAJIBHBIX XaPAKTEPUCTUK MOJYTPOBOJIHUKOBBIX MaTEpHUaJIOB
XaJbKOT€HUJOB CBUHIA (TaKUX KakK TEPMORJIEKTpUUYECKasl J00pOoT-
HOCTb, CTIEKTPBI MIPOMYCKAHHUS, CIEKTPbl OTPAXEHUS U Tp.) MyTEeM Ha-
HECEHHUsI Ha MOJUIOKKY WM BBEJICHHS B ra3000pa3HyI0 Cpeny, Kul-
Kylo ¢azy Wiu TBEpAYI0 MaTpuIly 3JeMeHTOoB PbX HaHOMETpOBBIX
pasmepoB. Ecin pa3zMepsl 3TUX KPUCTAIUIMYECKUX 3JIEMEHTOB IO BCEM
TpeM HamnpaieHUsIM MeHblIe 100 HM, TO OHM OTHOCITCA K HAHOKPH-
ctajuiam. [Ipu yciaoBuu, 4TO 3THU pa3Mepbl MEHbIlIe OOPOBCKOIO pa-
uyca SKCUTOHA ag JUIsl JaHHOTO Marepuaia (CM. IaBy 2), Takue 00b-
€KThl UMEIOT MPABO HA3BIBATHCS KBAHTOBBIMH TOUKaAMH (OOBEKTAMHU C
HyJeBOU pazMepHocThbio, 0D cucremoit). [lo aHanoruu ¢ 3TuM omnpe-
JIEJICHUEM SICHA pa3HUlla MEXJIy HAHOHUTSAMH (pa3Mep B JIBYX Ha-
npaBieHuax MeHble 100 HM) U KBaHTOBBIMU HUTSAMU (pa3Mep B IBYX
HaIpaBJIEHUAX MEHbIIE ag, |D cucrema), Mex1y IUJIEHKAMU C HaHO-
METPOBOM TOMMMHON (TonmuHa MeHee 100 HM) U KBAaHTOBBIMH TIOC-
KOCTAMH (ToJIMHA MeHee ap, 2D cucrema). IlomynpoBOJHUKOBBIC
0D, 1D u 2D HaHOCTpYKTYphI 00JIaJIal0T YHUKAIbHBIMH CBOMCTBaMHU,
ONPEACISIIOMNMU UX HUCIOJIb30BAHUE B MHTErPAIBHBIX YCTPOMCTBAX
paznu4yHoro HazHaueHusa. C 3TOMl TOYKHM 3pEeHUsI pa3padOTKa HOBBIX
METOJOB CHHTE3a HAaHOCTPYKTyp PbX sBnsiercss akTyainbHOW M BOC-
TpeOOBAHHOM 3ajlaueil COBPEMEHHOM TEeXHOJIOTMH. BHUMaHUIO unTa-
TEs MpeasiaraeTca 0030p TEXHOJOTHMYECKUX MPHUEMOB CO3JaHUs Ha-
HOKpHucTaioB U HaHoHUTEH PbTe, PbSe u PbS. Metonbr pocta ToH-
kux ieHok PbX xoporo onucansl B MoHOTpadusx [6, 7, 16], TexHo-
JIOTUYECKHE TpueMbl (HOPMUPOBAHUS HAHOKPUCTALIMYECKUX TLJICHOK
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METOJIJaMU XUMHUYECKOT0, SJIEKTPOXUMUYECKOTO U BAKYYMHOI'O OCaX-
JICHUSI HA HEOPUECHTUPOBAHHBIE U OXJIAXKIAEMBIE TMOJJIO0KKH IIUPOKO
u3BecTHHI [ 19, 20, 21, 22 u ap.]. [ToaToMy METOAMKM CHHTE3a HAHOCT-
PYKTYPUPOBAHHBIX TUICHOK PbX B KHUTE HE MPUBOIATCS, a UX CBOM-
CTBa (KaK KBAHTOBBIX MJIOCKOCTEH, TaK M IJICHOK C HAHOKPUCTAIINYE-
CKOM CTPYKTYpOi) OYIyT paCCMOTPEHBI HUKE.

1.2.1. dopmuposaHue MOHOOUCNEPCHbIX HAHOKPUCMA/1/108
Xa/1bK02eHU008 C8UHUA

MogeryasipHo-
I'maporepmain- Jy4eBasi
HbIU METO OcHOBHBIE IMUTAKCUA

TEXHOJOIrnH4eCKue
NMPUHEMBI IMOJYYCHUSA

MOHOIHMCIIEPCHBIX
HAHOKPHCTAJLIIOB
e (KBaHTOBBIX TOYEK)
PbX
®opMuUpoOBaHHe Kostonanbie
B MaTpHIAX PacTBOpbI
Honumepsl Crexia IHopucreie Bebicoko- Cunre3
MaTpPHIbI TeMIeparyp- B BOJIHBIX
HbIH CHHTE3 pacTBopax

Puc. 1. Jluacpamma-kraccuguxayus 0ocHO8HbIX MEM0OO08 POPMUPOBAHUSL
MOHOOUCNEPCHBIX HAHOKPUCMALIO08 XANbKO2EHUOO8 CBUHYA

B nmanHOM paszgene Mbl OCTAHOBHMCS HAa aHAIM3E COBPEMEHHBIX
METOJIOB KOHTPOJHUPYEMOTO CHHTE3a M YNPaBICHUS pa3MepamMy Ha-
HOKpHucTaJIoB PbX, paccMoTpuM HamOoJjiee BaXKHbIC Pe3yiabTaThl IO
CO3/IAaHUI0 HAHOKOMITO3UTHBIX MAaT€pUAJIOB HAa WX oCHOBe. K HacTos-
eMy BPEMEHH pa3paboTaHO HECKOJBKO MOJIXO0J0B K (POPMUPOBAHUIO
HAHOKPHUCTAJUIOB XAJIBKOT€HUJOB CBUHIA. Ha puc. 1 mpexacraBnena
0a3oBasi cHUCTEMaTH3alus CYIIECTBYIOIIUX METOJOB. Jlanee Ha KOH-
KPETHBIX pUMepax OyIyT pacCMOTPEHBI KaXKAbIM M3 YKa3aHHBIX MO-
XO0JIOB U MPOBEJICH aHAIN3 pad0T, BHECHIMX HanOOJIee BECOMBINA BKJIaJ
B JaHHYIO0 00JlacTh HaHOTEeXHOJoruu. HeoOXoauMo OTMETHUTh, YTO
MPAKTUYECKU BCE PACCMATPUBAEMBIEC 37I€Ch MOAXOJbI OTHOCSTCS K
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TEXHOJIOTHYECKOU TpyIiIe «bottom-up» B KOTOPOH HU3KOPa3MEpPHbIE
CTPYKTYpPBhI CO3JAIOTCS TPH TOCTPOWKE W3 OTICIBHBIX 3JIEMEHTOB
(aTOMOB, MOJIEKYJI, KJIACTEPOB) B XOJI€ MHAYIIMPOBAHHBIX Pa3JIMYHbI-
MU CIIoco0aMH TporieccoB camodopmMupoBanus. [[puHMnuaIsHO HO-
BbIE «fop-down» TIOAXObI K HAHOCTPYKTYPHPOBAHUIO XaIbKOTCHUIOB
CBHUHIIA, pa3pa00TaHHbIEC aBTOPaMU KHUTH, OYAYT E€TaTbHO U3JI0KEHBI
B ITOCJIETHEN TJIaBe.

1.2.1.1. CuHTE3 KBAHTOBBIX TOYEK B MATPHULIAX
HAa OCHOBE IMOJIMMEPOB

[TonynpOBOAHUKOBBIE HAHOKPUCTAIUIBI B ONTHYECKH MPO3pay-
HOW MAaTpHIE NPEIACTABISAIOT B MOCJIEIHEE BPEMS 3HAYUTEIbHbBIN WH-
Tepec B CHIIy OOJBIIOrO MOTEHIIMANA UX HUCIOJIB30BaHUS B HEJMHEH-
HOH omnTHke, HampuMep B (DOTOHHBIX MNepeknoyaTensx. OpraHuye-
CKME MaTepuaibl, TAKAEC KaK IMOJUMEPHl U HEOPTaHWYECKUE CTEKIIA,
TPaJULIMOHHO UCIIOJb3YIOTCS B KAUECTBE MATPUIL JJIs TOTYyIPOBOIHU-
KOBBIX HAHOCTPYKTyp. l[lonmumepsl ciykar XOpomIMMH MaTpULAMH
JJII HAHOCTPYKTYPHUPOBAHHBIX MAaTEPHATIOB 3a CYET TOrO, YTO OHH
JIETKO TOJJAI0TCSl TEXHOJIOTMYECKOM 00pabOTKe U JEMOHCTPUPYIOT
JOJITOCPOYHYIO CTAOMIIBHOCTh. XOTS pa3Mep KiacTepa B MOJIUMEPHBIX
IJICHKAX HE TaK XOPOIIO OMPEJEIICH, KaK, HalpUMeEp, B [IEOIUTAX, OH
MOKET U3MEHATHCA OT MOHOMOJIEKYJIIPHOTO COCTOSIHUA JI0 O0OBEMHO-
ro Marepuasna, YToObl MOKPHITh MPAKTUYECKHU BECh UAIA30H.

[TepBoii paboTOM, B KOTOPOIl OBUIA MOJMYyYEHbl KBAHTOBBIE TOUKHU
XaJIbKOTE€HUIOB CBUHIIA B MAaTpHIIE MoJuMepa, Oblia pabota Banra [23].
bel1 Mcnonk30BaH monuMep 3THIEH-15%, comoimMep METakpuIoBOM
KucioThl (E-MAA). Ilpouenypa cuHTe3a IpeAcTaBisiiaa co0oil BHEApe-
Hre HOHOB Pb>' B MONMMEPHYIO IUICHKY H MOCIEAYIOLIYI0 PEAKIHIO C
cepoBogopoaoM H,S. Pazmep knactepoB PbS mpu sTom Moxer 3aia-
BaThCS IyTEM BapHALMH HCIIONB3yeMbIX KOHIEHTpammii Pb° u mocie-
TYIOIUX TEPMHUYECKUX IpoieccoB o0paboTku. COOCTBEHHBIM MeXa-
HA3MOM HM3MEHEHUSI Pa3MEpOB B IUICHKE MOHOMEpA SIBIISICTCS MOHHAA
arperamust. Vous! Pb™" CyIecTBYIOT B BU/Ie HOHHBIX IOMCHOB B IIOJH-
STUJICHOBOW IUICHKE, KOOPJAMHUPYEMBIX OTPULIATEIILHO 3apsHKECHHBIMU
KapOOKCUIBbHBIMHM Tpymmamu. B xoxe peaxkuuu ¢ H,S kmactepsr PbS
(GbopMUPYIOTCSI BHYTPU JAaHHBIX MOHHBIX JOMEHOB M OCTAlOTCSI OTHOCH-
TEJBHO JIOKAJIM30BaHHBIMU. HarpeB MojkeT MOOWIN30BaTh 3TH KJlacTe-
pbl U BBI3BATH arjoMmepaivio B Oolsiee KpynHble dactuilbl. Ha puc. 2

17



NPUBEICHBI CIIEKTPbI OTJIONICHHS B 3aBUCUMOCTH OT JUaMeTpa YacTHIl.
BuaHo, 4T0 MO Mepe yMEHbIIICHUSI CPEAHEr0 pa3Mepa HaHOKJIACTEPOB
(ISt ero omnpeAesieHrus UCHOJIb30BAIMCh PEHTIEHOBCKAE METOIbI) Kpaid
MOTJIONIEHUS] CMEIIAETCS B CTOPOHY 00Jiee BHICOKMX SHEPTUM — C JITTMHBI
BosTHBI 3200 HM 111 00bemMHOro mMatepuaia 10 530 HM JJisi OYeHb Ma-
JBIX YacTUIl. PEHTreHOBCKHME W3MEpEHUsl MOoKa3aiu, 4To KyOudeckas
CTPYKTypa KaMEHHOU coyin o0bemMHoro PbS coxpaHsiercss npuMepHo 10
25 A. Kpaii nornomeHuns st KiacTepoB pazmepoM Menee 13 A orno-
CUTEJIbHO HE3aBUCHUM OT TEMIIEpaTyphl B nuamna3one ot 298 no 4 K. 9to
OTJIMYAETCS OT HAOII0AAEMOM TEMIIEPATypPHOI 3aBUCUMOCTH 0ObEMHOTO
PbS, rae mmpurHa 3anpenieHHoM 30HbI CMEIIAETCS B CTOPOHY MEHBIINX
SHEPruil TPHU TOHWKEHUU Temreparypbl. [1o100Has HEUyBCTBUTEINb-
HOCTh K TEMIIEpaType U MOSBICHUE AUCKPETHBIX TMOJIOC MOTJIOIIEHUS
YKa3bIBAIOT Ha TO, YTO KiacTepsl PbS pasmepom menee 13 A spnsiorcs
MOJIEKYJIIPHBIMU 110 CBOEW MTPUPOJIE.
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Puc. 2. Cnexmpuwl noenowenus nanowacmuy PbS
8 nJeHKe noaumepa npu eapuayuu pamepa [23]

ABTOpHI [24] OKa3anu cuHTE3 HaHOKIacTepoB PbS B Mukpodas-
HOpa3JIeJICHHBIX IUIEHKAaX TUOJIOK COIMOJIMMEPOB, COACpIKaAIIUX KapoOo-
HOBBI€ KHCJIOTHI B OJTHOM U3 0JI0KOB. CBHUHEII BLIOOPOYHO MOTJIOMIAJICS
coJiep KalllMMH KUCJIOTY JTOMEHaMHU TpU 00pabOTKe MOJMMEPHBIX ILie-
HOK TeTpa’TWICBUHIIOM. PbS QopmupoBasics B xoje mocieayromiei
00paboTku mieHok H,S. ITonydeHnbsle HaHOKIacTepbl PbS Obun xa-

paKkTEepU30BaHbl METOAMH PEHTTEHOBCKON TU(DPaKIMU, TPOCBEYNBAIO-
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et anekTpoHHo mukpockonuu (ITOM), u Y®-cnexkrpockonuu. AB-
TOPBI [24] yCTaHOBWIH, YTO pa3Mep KIIACTEPA MOKHO KOHTPOJIUPOBATH,
U3MEHsST TapaMeTpbl 00pabOTKH, TaKHe Kak TeMIlepaTypy, HaJIddue
KOOpAMHHUPYIOMIMX 0a3 v BpeMs skcno3uiuu B H,S.
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Puc. 3. a — npoceeuusarowas s1ekmpoHHAsE MUKDOCKONUS HOTUMEPHO2O CNOS
co cghopmuposanuvimu Hanoxiacmepamu Pb; 6 — cnexmpol Y D-noenowenus
07151 NJIeHOK OUOJIOK conoaumepa co chepuieckumu HaHoknacmepamu PbS:

(1) oona obpabomra, (2) 0ee obpabomxu, (3) oopabomka ¢ dobasreHuem nupuouna [24]

Haumensime Hanoknactepsl (puc. 3,a) GOpMHUPOBAINUCH MPU KOM-
HATHOM TEMIIEpaType MPU OJHOKPATHOM IPOBEAECHUM MPOIIECCA CHH-
te3a. MccnenoBanuss metonoM Y D-CEKTPOCKONMUU B BUIUMOM 00-
JaCTH TIOKa3aJiM, YTO JIJIsl JAaHHBIX 00pa3IoB Kpai MOTJIOMIEHUSI COOT-
BETCTBYET HAaWMEHBIIIEH JyTMHE BOJHEI (puc. 3,6). BTopoi mpoxos ue-
pe3 3TOT MPOUECC MPUBOAUT K YBEIMUCHUIO pa3Mepa KIIACTeEpPa U B pe-
3yJbTaTe K CMEIICHUIO Kpas MOIJIONIEHUS B JJIMHHOBOJIHOBYIO 00-
nacte. CHHTE3 B IPUCYTCTBUU MUPHUANHA MMPUBOJIUT K €I11I€ OOJbIIEMY
YBEIMYEHUIO pa3Mepa KiacTepa H, CIeJ0BaTeIbHO, K OOJbIIEeMYy
KPAaCHOMY CMEILIEHUIO Kpas IOJIOCHI IMOrjomeHus. s oueHku pas-
Mepa KilacTepa OT Mopora MorjolieHus Oblia UCHO0JIb30BaHA TEOPETH-
yeckasi MOJIENb, U PacCCUMTaHHBIE pa3Mepbl KiacTtepoB B 1,7 u 2 HM
JUISl CIIy4aeB OJIHO-U JIBYXIIAroBoM 0OpabOTOK HaXOJIUJIUCh B TOM K€
JIMara3oHe, 4yTo 1 ganHeie IIOM.

B pabote [25] B kauecTBe MaTpHIlbI IJIT KBAaHTOBBIX To4YeK PbS
UCIIOJIb30BAJICS KaTUOHOOOMEHHBbIN monumep Nafion, JOCTYNHBIA 1O
KOMMEPUYECKUM MOCTaBKaM B BHJE MPO3payHbIX JUCTOB. Cyxue mo-
JUMEPHBIE TJICHKW TOJIIUHON 18 MKM OIyCKaJIMCh B pacTBOp arleTar
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Tpuryjapara Ha 24, 12 u 1 4 1 mocie 3Toro moJBEpPrajauch BO3JACHCT-
Buto H,S B Bakyyme. B pe3ynbraTe ObUIM MOMYy4YEHBI 00pa3lbl ¢ Ha-
HOKJacTepamu PbS co cpennum nuametpom 15 HMm. Ha cnexrpax omn-
TUYECKOr0 TMOIJIOIIEHUSI HAOMI0NANICA XapaKTEePHbIA 3HAYUTEIbHBIN
CABUT B KOPOTKOBOJIHOBYIO 00JIaCTh 1O CPABHEHUIO C OObEMHBIM Ma-
TE€pUAIIOM, HaXOJSIIUICS B COTJIACUM C pacueTaMU B paMKaxX MOJEIIH
cuiIbHOU cBs3u. B pabote [26] cunTe3 HaHowyacTull PbS nmpoBoauiics B
Matpuiie nonuakpwiamuaa (PAM). MeTon ocHOBaH Ha MOJUMEPHU3a-
IIMM MOHOMEpA B MPUCYTCTBUHU KoMILIeKcoB Pb. IIpexypcopHblii KoM-
MJIEKC BBIOMpAJICS TaKUM 00pa3om, 4TOOBI MMeJla MECTO TePMHYECKH
WHIYIUPOBAHHAS JACKOMIIO3UIIUS MPU TEMIEepaType MOoJTMMepU3aliui,
npuBoAsAias K (OPMHUPOBAHHIO HAHOPA3MEPHBIX YACTHI] CyJbduaa
cBuHIa. [TonydyenHsie HaHOKpUCTaLIBI PbS ¢ pasmepamu ot 2 10 6 HM
ObLIA OJTHOPOJHO PACIPE/ICSICHbI B MOJUMEPHON OCHOBE, U, HECMOTPS
Ha MX Majoe BecoBoe cojiepxanue B marpuie (1,3%), HaHOYaCTHIlbI
CYLIECTBEHHO U3MEHSIIN €€ CBOMCTBA. Tak, UMEI MECTO XapaKTECPHBIN
CABUT ONTUYECKOTO MOTJIOIIECHUS B BUIUMYIO 00JIaCTh CIEKTPA, TOBO-
pALIUI O OSIBJICHUU KBAHTOBO-Pa3MepHBIX 3P EKTOB.

B pabote [27] nanokpucrtamisl PbS u PbSe Obutn mosyuyeHsl B
apax MNOJHU-4-BUHUI NUPUAUH CaMO(DOPMUPYIONIUXCS COMOJIMMEP-
HBIX MHIET MOJUCTEePEH-0I0K-TI0Nu-4-BuHUN niupuaun (PS-P4VP).
MulienbHBIA PAcCTBOP TOTOBUJICA MYyTEM PACTBOPEHHUS OJIOK COMOJIU-
Mepa PS-P4VP B Tonyone nipu KoMHaTHOM Temriepatype u mnpu 70°C.
B kauectBe mpekypcopa B pactBop nobasisuics PbCl, B Bbicoko#
KOHLIEHTpauuu (MossipHoe oTHomieHnue PbCl, k MoHOMEpY BUHMII TTH-
punuH = 60). IToiyyeHHbIN T€TEPOTreHHBIN PaAcTBOP JaJiee MepeMeIIu-
BaJIiCs MPU KOMHATHOW Temmeparype Oosee 24 4 10 MOMEHTa ero Io-
TEMHEHUSI, KOTOPOE OMpPEEICHHO yKa3bIBaeT Ha (pOpMUPOBAHHUE Ha-
HokpucTtauioB PbX. [I9M-ucciienoBanus BEICOKOTO pa3pelieHust mo-
Ka3aJu, 4TO MOJyYEeHHBIC 00pa3libl COACPKaT HAHOYACTUIIBI BBICOKOTO
KPUCTAJUIMYECKOTO COBEPIICHCTBA (puUc. 4). AHAIU3 METOAOM HEPTO-
JTUCIIEPCUOHHOTO PeHTreHOBCKOro aHanu3a (3/IPA) noarsepaun npu-
CYTCTBHE DJIEMEHTOB CBHMHIIA M XaJIbKOT€Ha B JaHHBIX oOpasiax
(puc. 4,8). UHTeHCUBHOCTH (hOTOTIOMUHECIICHIIUM 00Pa3IoB C HAHOK-
puUCTajIaMU 3HAYUTENBHO YCHIMBAIAch OJHOBPEMEHHO ¢ HEOOIBIIUM
CIABUTOM MHKa B JJIMHHOBOJIHOBYIO 00JIaCcTh, yKa3bIBas Ha IPOsBIE-
HUE KBAaHTOBO-Pa3MEPHBIX 3(PPEKTOB.
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Puc. 4. [IDM-u306pasicenus na paznuuHolx macumaoax (a, 6)
u 3/{PA-cnexmp (8) obpaszya nHanoxpucmaiios PbS
6 noaumepHou mampuye [27]

ABTopamu [28] ObUT IPEATIOKEH aTbTEPHATUBHBIM MTOAXOM K CHH-
Te3y HAaHOKpUCTAIOB PbS B monmMepHO OCHOBE, 3aKIIOYAIOLIUIICS B
NPUMEHEHUH KapOOKCHiIaTa CBUHIIA M HEIOPOTMX SKOJOTHYECKH 0€30-
MacHBIX MPEKYPCOPOB CEPhl, CTAOMIM3UPOBAHHBIX oOJienaMuHOM. Ta-
KOW CHHTE3 MOXET MPOXOAUTh 0€3 JEKOMIO3UIMKA MPU HEBBICOKUX
temneparypax. KapOokcunar cBuHia u oneuHoast kuciora C;gHs340,
(OA) cmemmBaiuch ¢ pactBopureneM l-okraaenenom (ODE) u Harpe-
Bauch 10 150°C B atmocdepe aprona B TeueHue noiryqaca. Cepa pac-
TBOpsuiach B OA B yJIbTPa3ByKOBOM BaHHE M MHKEKTUPOBAIACH B pac-
TBOP C KOMIUIEKCaMU npeKypcopa cBuHLa npu 70-220°C, koTopsklil mo-
CJIE 3TOr0 MOJJIEPKUBAJICS MPU JIAHHOM Temmeparype B TedeHue 1 u.
JIis nperunuTanud HaHOKpUCTauioB PbS nobasinsics stanon. Pasmep
MOJIy4a€MbIX HAHOKPHUCTAIOB 3aBUCEN OT TEMIIEPATyp WHKEKIHH H
obi1 MuHuMatieH nipu 120°C, coctaBnisisi 5,6 HM C OTHOCUTEIBHO He-
ooabIM pazopocom (+£15%) (puc. 5).
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Puc. 5. [IDM-u3o06pasicenus nanokpucmannog PbS paznuunozo pazmepa 6 nonumepe:
(a) nanokpucmannvt PbS co cpeonum ouamempom 5,6 wm, nonyuennwvle npu 120°C;
(6, 8) HanokpucmaniwlPbS co cpednum ouamempom 8,9 um, nonyuennvie npu 180°C;
(2) Hanokpucmanvl PbS co cpeonum ouamempom 11 um, nonyuennwvie
npu NOGbLUEHHOU KOHYenmpayuu oneunogot kuciomul npu 180°C [28]

1.2.1.2. CuHTE3 KBAHTOBBIX TOYEK B CTEKJISIHHBIX MATPHUIIAX

[TepBoit paboToii, B KOTOpOH OB CPOPMUPOBAHBI 0OIATAIOIIHE
KBaHTOBO-pa3MepHBIMU 3 PeKTaMu HAHOKPUCTAILIBI XaJIbKOTEHUIOB
CBUHIIA B CTEKJIIHHOW MaTpHIIE, sBJIseTCs myonukanus [29]. Hanokpu-
ctauiel PbTe dopmupoBanuck B crekinax AByX cocTtaBoB: Si0,-ZnO-
Al,O3-Na,O u Si0,-Zn0-B,05-K,0, kotopwie nerupoBamuch 1,5%
PbO u mertainmuyeckum Te. JlaHHbIE KOMIIOHEHTHBIE MaTe€pHabl CIie-
kanuch npu 1350°C B Teuenue 50 mun. Hanokpucramiel PbTe B cTek-
JI€ CUHTE3UPOBAINCH B XOAE MOCIEAYIOIIETO TEPMUYECKOIO OTHKHUTA
npu 0oJjiee HU3KOW TeMmIiepaType, B X0Jie KOTOPOTO UX pa3Mep YIpaB-
JISUICST ¢ TIOMOIIIBIO BapHaIliU TeMITepaTyphl U JJIUTEILHOCTH 00paboT-
ku. [Ipu BEIOOpE COOTBETCTBYIONIECH MATPUIIbI CTEKJIA U KOHTPOJISL Tep-
MOOOpabOTKH (TeMIEpaTypbl U BPEMEHU) MOT MEHSTHCS pa3Mep KBaH-
TOBbIX Touek PbTe. Paanychl HAHOKPUCTAIOB, MOJMYYEHHBIE C MTOMO-
b0 TpuOMKeHus 3¢ deKTBHOM Macchl, coctaBuin 40,8, 42,6, 42,9,
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44,5 u 47,8 A s 20, 30, 45, 60 u 90 Mun ob6pabotku mnpu 525°C. B
pabote [30] mytem oTxura nipu 450°C OKCHUIHOTO CTEKJIa, OJTYYEHHO-
ro npu 1350°C, 6butn chopmupoBanbl kBaHTOBbIE TOukd PbS. Hyk-
jearusi HaHOKPUCTAILJIOB MPOUCXOJUT NMPH MEPBOHAYAIBHOM OTXKHIE,
koraa PbO u S pearnpyioT B BOCCTaHOBUTEIBHOM peakiinu oOpa3oBa-
Husi PbS, a Bropuunas TepmooOpaboTka npu 0osiee HU3KOW TeMIiepa-
Typ€ BBI3BIBACT UX JAJIBHEUMIINN POCT. BBIJIO YCTAHOBIIEHO, YTO pa3sMep
HAHOKPUCTAJIJIOB MOXKET KOHTPOJUPOBATHCSA IyTEM MPUMEHEHHS BTO-
pPOr0 HU3KOTEMIIEPATYPHOIO OTXKHUTA CTEKOJI, coiaepxammx PbS. O06-
miasi 3aBUCUMOCTb COCTOsUIa B TOM, YTO KBAHTOBBIE TOYKHM MEHBIIHX
pa3MepoB ObUIA TMOJYYEHBI MpU OoJiee JJIUTEIBHOM W HU3KOTEMIIepa-
TYpHOH MEepBOHAYAILHON TEPMHUYECKOM 00paboTKe U KOPOTKOM, HO 0O-
Jiee BBICOKOTEMIIEPATYpPHON BTOPHUYHOM TepMHuYecKkor oOpadboTke. Ha-
HOKPHUCTAJJIbI C MUHUMAJIBHBIM pa3MepoM 6,6 HM ObUIH MOJYYEHBI TIPU
TepMmoobpadoTkax 450°C B Teuenue 87 4 m 3aTteM npu 525°C B Teue-
Hue 1 4. Ha puc. 6 npuBeneHbl CIEKTPbI MOTJIOMIEHUS TP KOMHATHON
TEMIIepaType AJIg CTEKOJI, JIETUPOBAHHBIX KBAHTOBBIMU TOoukaMu PbS
pa3IUYHBIX pa3MepoB. PazMepHoe KBaHTOBaHME OTYETIIMBO HaOJIIOMA-
€TCsl B CIBUTE Kpasi MOTJIOIICHHs Ha 00Jiee BBICOKHE HEPTrUuu (KOPOT-
KHE BOJIHBI) C YMEHBIIICHUEM pa3Mepa YacTHll.
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Puc. 6. Cnexmpul noznowenuss npu KOMHAMHOU memnepamype
07151 CMeKoJl ¢ Keanmogvimu mouxamu PbS ouamempom 6,6 nm (cniownas kpusas),
7,5 Hm (wmpuxoeas kpusas), 9,3 um (nynkmupnas kpusas) [30]
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VYrpaBisieMblii CHHTE3 HAHOKPUCTAUIMYECKUX KBAHTOBBIX TOYEK
PbSe ¢ y3kum pacnpenesieHHeM 1o pa3MepaM MPOBOJUIICS IMyTeM (¢a-
30BOM gexkommnosuniuu PbSe B Marpunie docharnoro crekna aBTopa-
mu [31]. ITpobGremoii Tipu MOATOTOBKE JISTHPOBAHHBIX MOJYITPOBOIHH-
KaMH CTEKOJI SIBJISIETCS CJIOKHOCTh JOCTHUKEHHUS BBICOKON KOHIICHTpa-
IIUU TIOJIYIIPOBOJHUKA B MOJyYaeMbIX o0pas3iax. ITo MPOUCXOAUT H3-
32 HU3KOM PaCTBOPUMOCTH MOIYIIPOBOJHUKOB B TPAAULIMOHHO UCIIOb-
3YEeMbIX CTEKJISTHHBIX paciljlaBaX M BHICOKOM JIETy4YE€CTH XaJIbKOTCHUI0B
npy TUOUYHBIX TeMmiiepaTypax (opmupoBanus crekon (~1600°C). C
LEJIbI0 TOOUTHCS MOBBIIIEHHON KOHIIEHTPAIIMU MOJIYTPOBOJIHUKA aBTO-
pel [31] pa3paboTayii HOBBIM THIl COCTaBa Ha OCHOBE (ocdaTHOro
CTEKJIa C TMOBBIIIEHHOW PAacTBOPSEMOCTBIO XaJIbKOI€HUI0B P,0s—
Ga,05;—Zn0O—-AlF;—Na,O. C nenbto ymenblienus noreps PbSe 3a cuer
UCIIapEHHUsI COCTaB CTEKJIa ObUI BEIOpAH TaKUM 00pa3oM, YTOOBI TEMIIE-
patypa 1aBiieHust muxThl coctapisuia 1150°C, yto Ha 400°C Huxe,
YeM I BBIIICONMCAHHBIX CHUJIMKATHBIX CTEKOJ. Pexxumbl oTKuUra
BapbUpoBaiuch B uHTepBasiec 95-430°C u 1-2 4, 4TOOBI MOTYYUTH HA-
00p 00pa3loB ¢ HAHOKPUCTAIIIAMU C pa3MepaMu B UHTEpBasie 2—15 HM
C Y3KUM pacrpe/iesieHreM o pazMepam (puc. 7). ABTOpbI YCTaHOBUIIH,
YTO B COOTBETCTBUU C U3BECTHBIMU 3aKOHOMEPHOCTSIMU Pa3MEP YaACTHUI]
pacTeT ¢ yBEIMYEHUEM JUTUTEIBHOCTH U TEMIIEPATYPhl OTKUTA.

Puc. 7. [IDM-u306pasicenue keanmosvix mouex PbSe 6 cmexknannotl
Gocgamnoii mampuye. Ilonnwiii pazmep cnumka no copuzonmanu 90 um [31]

B pabote [32] ObL10 OPOBEIHO in Situ UCCIEIOBAHKE IIPOIIECCOB
dbopmupoBaHuss HaHOKpUCTALUIOB PbTe B CHUIMKAaTHOM CTEKJIE C HC-

IMOJIB30OBAHUCM MAJIOYIJIOBOI'O PCHTICHOBCKOI'O PACCCIHHUA B XOIC
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PaHHETO ATana U30TePMHUUECKOro OTKHUra. CoCcTaB MCXOJHOTO CTEKIa
obu1  59510,-15Na,0-15Zn0-5A1,05-2F-2PbO-2Te  (BecoBbix %),
criekaHue crekia npooawioch npu 1300°C (B COOTBETCTBUU C METO-
nukoi [29]). IToaAroToBI€HHOE CTEKJIO CHadasla MOABEPrajaoch Mpe-
BaputenbHOMy oTxuUry npu 500°C B Teuenuwe 19 u g Hykieanuu
HAaHOKPHUCTAJIJIOB U 3aTEM HCCJIEA0BAJIOCh PEHTT€HOBCKUMH METOJaMHU
B xojie omxkura npu 520°C. Teopernueckas (GyHKIMS, OCHOBaHHasl Ha
Mozaenu cepuueckux HaHokpuctamioB PbTe, okpyxeHHBIX o0en-
HeHHOM Pb u Te 00004K0#, XOpOIIO MOAXOIUT Jisi BCEX JKCIEPH-
MEHTAJIbHBIX KPUBBIX. 3ABUCUMOCTH PaJyca HAHOKPUCTAIIIOB U Pa3-
Mepa 00OJIOYKHM OT JJIUTEIbHOCTH COTJIACYIOTCA C MpeACKa3aHUSIMU
TEOPUH HYKJICAI[UU M POCTa MO KJIACCMYECKOMY MeXaHuzMmy Auddy-
3UM UHIWBUAYAIbHBIX aTOMOB CBHHIA W Tejutypa. [IpencraBneHHbie
pe3yJIbTaThl MOKAa3ajJu, YTO CTPYKTypa M3YUYEHHOTO HAHOKOMIIO3WUTA
MOET OBITh CMOJICIMPOBAaHA KakK chepruueckre HaHOKpUcTaisl PbTe
C PE3KOM TI'paHHUIIEH KPUCTAII-CTEKJIO, OKPYKEHHbIC TJIaJKOW 00e-
HEHHOU 000JI0UYKON U BCTPOCHHBIE B OJJHOPOIHYIO MAaTPHUILy CTEKJIA.

ABtopam [33, 34] ynanoch BbIpabOTaTh METOAMKY IOTYYEHHUS
KBaHTOBBIX To4YeK PbS co cTporo 3amaHHbIMU pa3MepamMu B CTEKIISH-
HbIX MaTpuilax. Mcnoyib30BAINCh CHHTETUUECKUE CUITMKATHBIC CTEKIIA
66S10,-8B,05;-18K,0-4Ba0-4ZnO c¢ pobaskoit PbS u 55S10,—
35Na,0-5A1,05—8Zn0O-27ZnS ¢ mobaskoii PbO. Ilocie cmemmBanms
HMCXOJHBIC TOPOIIKHK CIUIABILUIMCH Ipu Temmeparype 1400°C B Teue-
Hue 90 MuH Ha Bo3ayxe. @OPMUPOBAHHUE U PAANYC KBAHTOBBIX TOUEK
PbS KOHTpoNHMpOBAIUCH MyTEM TEPMUYECKOTO OTXKHUra M BapHhalluu
COCTaBa CTEKJIAHHOM Marpuubl. Tak, oTxkur npu 600—650°C B Teue-
Hre 20—40 49 1mo3BoIsI MOMydYaTh KBaHTOBBIE TOUKH PbS ¢ pamgmycom
2-5 uMm (puc. 8,a). Moaudukaius coctaBa CTEKJISHHON OCHOBBI My-
TeM Jo0aBiieHust ZnO yiyuiianga BO3MOXHOCTh KOHTPOJUPOBATH pa3-
Mep KBaHTOBBIX To4uek PbS.

[Tonyuennble 00pa3ilbl HAHOKOMIIO3UTOB JIEMOHCTpUpOBAIIU (Ho-
TOJIIOMUHECIEHIIUIO B UHTEpBajie 1—2 MKM, KOTOPBIM BKJIIOYAET BaX-
HOE OKHO JUJISl TeIEKOMMYHUKaIi. JlernpoBaHHble KBAHTOBBIMU TOY-
kamu PbS crekna mpeacTaBisiiOT HIMPOKHUE BO3MOKHOCTU HOBOTO Ha-
JIEKHOTO Marepuasa JJisi IIHUPOKOIOJIOCHBIX BOJOKOHHO-ONTHYECKUX
ycunuteneil. [llupokre mosockl NOrIoOMIEHHs, HENOCPEICTBEHHO CBSI-
3aHHbIE C 00pa30BaHWEM HaHOKpHUCTaLioB PbS, Obuu chopmupoBaHbl
Ha jymmHax BojH 1050, 1180, 1450 am mis oOpasioB, TepMooOpado-
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TaHHbIX TIpu 600°C B Teuenue 20 4, 600°C u 50 4, 620°C u 20 4 cooT-
BeTCTBEeHHO. CpeHUil paguyc KBAaHTOBBIX TOYEK PbS, orneHeHHBIN U3
CIIEKTPOB TOTIomeHus, ObuT 2,3—4,7 HM ¥ THIUYHO YBEJIMYHUBAJICS TIO
MEpe pocTa TeMIepaTypbl M MPOAOHKUTEIIBHOCTH TEPMOOOPaOOTKHU.
DOTONIOMUHECHECHIIUS TEPMUUECKH 00paOOTaHHOTO CTEKJIa TAKXKE M3-
MmeHsack. [lo Mepe yBennueHus pasMepoB KBaHTOBBIX To4YeK PbS muk
CMeNIaeTcsl B JUIMHHOBOJIHOBYIO 00y1acTh. BakHO OTMETUTH, YTO JJIHU-
HbI BOJIH (DOTOJIFOMUHECIICHITMM KBAaHTOBBIX Touek PbS moryT Bapbu-
pPOBaThCS MyTEM TEPMUUECKONW 0OpaOOTKHU IJI TOCTHXKCHHS YCUJICHUS
BO BCEM MHTEPBAJIC JIJIMH BOJIH CUCTEM TEIEKOMMYHHKaIUH (puc. 8,0).
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> |
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Puc. 8. a — [IDM-u3zo6pasicenue nanokpucmanna PbS, cunmeszuposannozco
6 cmexne npu omocuee 600°C 6 meuenue 50 uacos [33].

Paouyc keanmosoii mouku cocmasnsiem 2,3 um,; 6 — cnekmpbl
GomontomunecyeHyuu CmeKol ¢ K8AHMOBbIMU MOYKAMU CYIbPDUOA CBUHYA,
CchOpMUPOBAHHBIMU NPU PASTUYHBIX MEXHOTOSUYECKUX PEHCUMAX, NPU 8030VIHCOeHUU
nasepom onunou eoanwvl 800 Hm npu komHamuou memnepamype [34]

[Tponoipkas MCIOIBb30BAHUE BBIIICONTMCAHHON METOIUKH, B paM-
KaX OJIHOTO W3 CaMbIX IMOCIEIHUX 3KCIIEPUMEHTOB aBTOpPHI [35] npu-
MEHWIN 3TH CHJIMKATHBIE CTEKJA C CHUCTEMOW JIOMOJIHUTENbHBIX |—
1,5 monsaBIX % PbS. Ilpu ucnonszoBanuun ZnS-PbO BMecto PbS B
Ka4yeCcTBE MPEKypcopa KBaAaHTOBBIX Touek PbS pacnpenenenue no pas-
MepaM KBaHTOBBIX TO4eK PbS B cTekinax craHoBuTca Oojee paBHO-
MepHbIM. KBantoBbie Touku PbS co cpegnum aumamerpom 3—8 HM u
BapbUpyeMbIM HH(ppakpacHbiM cBeueHueM oT 1100 qo 2200 M ObuIH
MOJIYYEHBI MyTEeM KOHTPOJISI COCTaBa CTEKJIOOOpa3HBIX MATPHIl U pe-
KUMOB TepMOOOpa0OTKH. BblIIO MCCIE0BAaHO ONTHYECKOE YCUIICHUE B
okHax cBs3u 1,55 MM u 1,33 MKM, IOKa3aBIilee, YTO MCHOJIb30BAHUE
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ZnS-PbO nemoHcTpupyeT Oosbliee onthyeckoe ycwienue. Mcxons
U3 TOTO, YTO ONTHYECKOE YCHUJIEHHE IOCTHTaeTCS MPU AKCHUTOHHBIX
Nepexo/ilax OCHOBHOTO COCTOSIHMS, MOKHO CHENaTh BBIBOJ, YTO OMNTH-
YECKOE YCUJICHHE B CBEPXIIMPOKOM HWHTEPBAJC JJIMH BOJH MOXET
OBITh JJOCTUTHYTO B JIETUpOBaHHBIX PbS cTeknax mnpu KoHTpose pas-
MEPOB KBAaHTOBBIX TOYEK.

TakuM 00pa3oM, BBIIICONMUCAHHBIN MOAXO] MO3BOISET (POpMU-
pOBaTh HAHOKOMITO3HUTHI CTEKI0-PbX, mpeaHasHaueHHBIC I TTPAKTH-
YECKOro mpuMeHeHus. HaHOKpUCTaibl, BhIpAIIEHHBIE B CTEKISTHHON
MaTpuiie, 1o cBoeu hopMe OJIM3KHU K chepudeckoit u 00maaaroT dosee
WIK MEHEee y3KUM paclpelieJICHUEM IO pa3MepaM B 3aBUCHUMOCTU OT
TepMuyYecKko uctopun obOpasma. CTekIsHHas MaTpuila MpU STOM
CTPYKTYPHO OJHOPOJIHA W 00JiajaeT O4Y€Hb HU3KUM KOd(PGHUIIMEHTOM
MOTJIOLICHUSI B BUAUMOW U OJIM>KHEN MH(pakpacHOW 00IacTH CreK-
Tpa, 4TO JieJIaeT Takue o0pa3iibl MEPCIEKTUBHBIMU )11 TPUMEHECHUM B
ONTORJIEKTPOHHBIX ycTporcTBax MK-nuamazona.

1.2.1.3. ®opmMupoBaHUEe KBAHTOBBIX TOUYEK
B MIOPUCTHIX MATPULIAX (L[EOJUTbI, 30/Ib-T€eJIN)

[{eomuTsl — 3TO MUKPOHOPHUCTHIE ATFOMHUHOCHIMKATHBIE MaTe-
puanbl, IIMPOKO HCMOJb3yeMble B posin anacopOeHtoB. Ilopucras
CTPYKTypa CUMHTETHYECKHUX IEOJIUTOB MOJIY4YaeTCsl MyTEM MEJICHHOU
KPHUCTAJUIN3ALMU TEJIEH AIFOMOCHIMKATOB B IPUCYTCTBUU LIEIOYEN U
OpraHMYecKuX madaoHOB. OJHUM U3 BaXKHBIX MPOLIECCOB CUHTE3A 1ie-
OJINTOB SIBJISIETCS 30JIb-T€JIb TEXHOJOTHsA. 30JIb-T€Jb IPOLIECC — 3TO
KUJIKOCTHAs XUMUYECKass METOAUKA, KOTOpas IMIMPOKO HUCHOJIb3YETCA
B 00JIaCTH MAaTepUAIOBEACHUS U KEpaMHUUECKOW TeXHUKU. Takue me-
TOJbI UCIIOJIB3YIOTCSI B OCHOBHOM JIJISl U3TOTOBJIEHUS MaTEPUATIOB (KaK
paBUIO0, OKCUAOB METAJIOB), HAUMHAsA OT KOJUIOMJHOTO pacTBOpa
(30J1b), KOTOPBIN BBICTYNAET B KAUECTBE MPEKypcopa IUisi HHTErPUPO-
BaHHOU ceTu (WM refs), MO0 OTACIBHBIX YaCTHUIl WIIM CETYaThIX IO-
JMMEPOB.

[Tnonepckoii padbotoil no dopMupoBaHuto HaHodacTull PbS B
ueonute tuna Y asisiercs [36]. ABTOpbl HA OCHOBAaHUHM OTCYTCTBUS
CABUIOB B CHEKTPax MOTJOMICHUS CHENAIA BBIBOJ, YTO B LEOJIUTE
CyJib(puJ CBHHIIA CYIIECTBYET B OCHOBHOM B KQUECTBE MOJIEKYJISIPHBIX
KOMILJIEKCOB U YTO YBEJIMYEHHbIE HAHOKIIACTEPHI HE 00Pa3YIOTCS 1aXKe
IIPU BBICOKOW KOHIIEHTpauuu 35eMeHToB. [1o3xe aBTopamu [37] Oblia
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MoKa3aHa BO3MOXKHOCTb 00pa3oBaHMsl HaHOKJIacTepoB PbS B neonute
Y. CynbdunupoBanue TpoBOAWIOCH MMYTEM PEAKIIUU 1I€0JUTA C MOHA-
mu Pb>" ¢ Na,S mpu KoMHaTHO} Temmepatype B TedeHue 25 4. O6pas-
bl BeIcymnBanuch npu temneparype 100°C B Bakyyme B TeueHHe 2
4, CuHee cMmerieHrne Ha0Io1anoch KakK JJisl TUKOB MOTJIONICHUS, TaK U
JUTSL Kpast TIOTJIOIIEHHUS TI0 Mepe yBeJInYeHUs KoHleHTpauu PbS. O1o
MO3BOJIUJIO CJeiaTh BBIBOJ O TOM, YTO HaHOKJIAacTepbl PbS Obuin
chopMupoBaHbl B MaTpuile 1eonuTta. OIEHKH B paMKax KJIacTepHOMU
MOJIEIN CUJIBHOW CBSI3U MOKA3aJId, YTO LEOJUT COACPKUT STUYEHKHU CO-
nanura pasmepoM 5 A u cynepsueiiku pasmepom 13 A, T. e. knacTepsl
PbS, xoTopbie MHKANCYIUPYIOTCS B IMOpax, AOJKHBI ObITb MEHBIIIE,
gem 13 A.

Hcnonw3ys 301b-reib Mpolecc, aBTOphl [38] MOJy4Yynuiid TOHKUE
mwieHku Si10,-TiO,, JerupoBaHHbIC PA3IUYHBIMU KOHIEHTPALIUSIMU
KBaHTOBBIX Touek PbS (MomsipHOe cooTHomenue PbS/okcun ot 5% 1o
25%). CynbbuaHbie 4acTUIBI 00Pa30BBIBAIMCH B PE3YJIbTATE PEAKIIUU
anerata ceuHina (CH;COQO)2Pb-3H,0 B mMeTaHo/e ¢ THOALICTAMHUIOM
CH3;CSNH, (74). PactBop 70S10,-30Ti0, cmemmBanu ¢ 301610 PbS,
TepMO0OpaboOTKa MPOBOIUIIACE B aTMocdepe a3oTa IpU TeMIepaType
300°C B Teuenue | 4. [Tomyuaembie TakuM 0Opa30M HAHOKPUCTAILIbI
PbS umenu cpennuii nuameTp B nuamnaszone 2,3—3,5 HM C y3KHUM pac-
MPEACIICHUEM T10 pa3MepaM. JJaHHbIM METOJI CUHTE3a, KOTOPBIM BKJIIO-
4aeT B ce0sl OT/ENIbHYIO0 MOATOTOBKY KOJUIOMAHOW cycneH3uu PbS u
30J1b-MaTPHIIbI, JAET MPOCTOM CIIOCOO KOHTPOJIS pOCTa U pachpeene-
HUS MO pa3MepaM HaHOKpucCTauioB PbS u gomyckaer mpucyTcTBHE
BBICOKMX KOHILICHTpAIUi MPUMECEH.

B pa6orax [39, 40] manokpuctamisl PbS dopmupoBanuces B
TOHKHUX IUICHKaX OKCHUJA [TUPKOHUS U JTUOKCHUIA TUTAHA MO 30JIb-T€JIb
texHosioruu. [na matpun ZrO, dbopMupoBaHrEe HAHOKPUCTATIUTOB
pazMepaMu 2—8 HM HMMEJIO MECTO NMPU OTHOCUTENBHO HU3KOW KOH-
nentpanuu PbS (5-35 monbHBIX %) B 305b-Teib npekypcope. Ilo-
BblllIeHUE KOoHIeHTpauu PbS (>40 monbubix %) npu oxure 200°C
NPUBEJIO K CIIOHTAaHHOMY (OPMHUPOBAHHIO OCTPOBKOBOM U 3aTeM
CIUIOIIHOM TIJIeHKHU cynbduaa ceunna. s matpun TiO,, korjga KoH-
uentpanus PbS cocraBnsna 20 monbHbIX %, (opMUpOBaIUCH KBaH-
TOBBIE TOUKH C JuameTpoMm 2 HM. [Ipu Oojee BBICOKOUW KOHIIEHTpa-
i PbS (40 monbHBIX %) B MaTpulle JUOKCHJIa TUTaHA HAHOKJIACTe-
pbl PbS u ux ckorieHus co3Aal0TCid HE TOJBKO B MpeAenax Clos
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TiO,, Ho u Ha BHemHe# noBepxHocTH Ti10,. IIpu yBennuyeHUU KOH-
neHtpanuu PbS 1o 50 MmonbHBIX % B MuIeHKE AMOKCHAA TUTaHA 0Opa-
3yIOTCs HaHOKpucTauibl PbS nuamerpom 6-8 M u knactepsl PbS c
IUIOIIAILI0 OocHOBaHUA okxoyo 100 HM> U BBICOTOM no 20 HM Ha
BHEIIHEH nmoBepxHocTH cios Ti0,.

Hanoxkpucramisr PbX B maTpuiie Si0, 301b-T€lIb METOI0M OBLIH
nostyyeHsl B padote [41]. SiO,-rens popmupoBalicst myTeM cocTaBie-
HUS pacTBOpa TETPAdTHUIOPTOCUIIMKATA, ITAHOJA, A30THOW KHCIIOTHI.
[TomyyuBmMKCSA TpPO3payHbIA PACTBOP 3aTE€M CMEIIMBAICA C
Pb(CH;COOQ),:3H,0 u Na,S nis dopmupoBanus rens SiO,:PbS. I'enb
CYIIWJICS TIPM KOMHATHOHM Temmeparype B TeueHue 10 maHEl u 3aTem
omxuraiucs npu temneparype 200°C B Teuenue 2 4. B pesynbrare Obl-
JU TOJY4YEHbl JIIOMUHECIICHTHBIE MHOTOTpaHHbIE HaHOYaCTUIBI PbS
pazmepamu ot 10 10 50 HM™.

1.2.1.4. CuHTe3 KBAHTOBBIX TOYECK
THAPOTEPMATIBLHBIM METOA0M

['mapoTepMaibHBIA METOJI, UM METOJI XUMHYECKOTO OCAXKICHUS
Y3 BOJHBIX PAacTBOPOB, UMEET IMPEUMYIIECTBA IEpen APYTHUMHU H3-
BECTHBIMH METOJAMHM CHHTE3a XAJIbKOI€HUIOB CBUHIIA. TaK, METOJ
OCAXJICHUS U3 BOJHBIX PACTBOPOB ITO3BOJSET MOJIYYATh MOITYITPOBO/I-
HUKOBBIE HAHOKPHUCTAJJIBI MEHBILIETO pa3mepa. PopmupoBaHue 3apo-
JIBIIIIEN U UX POCT B PACTBOPE MPU XUMHUUYECKOM OCAXKIECHHUU, KAK IIpa-
BUJIO, TPUBOJIUT K MPABUIIBLHOW CUMMETPUYHOU (POopMe HAHOKpPUCTAI-
JIUTOB B OTJIMYHE OT METOAOB MOJIEKYJISIPHO-IyYE€BOM SIUTAKCUU WIIH
AJIEKTPOXUMHUYECKOTO oOcaxacHus. Popma HAHOKPUCTAIIIOB OYEHb
BAXKHA C TOYKH 3PECHUSA JOCTHKEHUS ONTUMAJIbHOTO JIHUCKPETHOTO
CIIEKTPa PHEPreTUYECKHUX YPOBHEU KBAHTOBBIX TOoueK. Cpeau Ipyrux
MPEUMYIIECTB METOJIA XUMUYECKOTO OCAXICHUS U3 BOIHBIX PACTBO-
POB MOKHO yKa3aTbh, YTO METOJ OTHOCUTEIIBHO JICIIEB, ITO3BOJIACT Ha-
HOCHUTH TUICHKH Ha TOJIONKKH PA3IMYHBIX Pa3MEpPoOB, 00XOIUTHCS 0€3
UCIIOJIb30BAHUSI TOKCUYHBIX Ta30BbIX MPEKYPCOPOB, HE TPEOYET 10pO-
TOCTOSIIIETO CIIOXKHOTO0 O0OpPYJIOBAHUSI M TO3BOJISIET BECTH IMPOLIECC
IIPH JTABJICHUSAX U TEMIIepaTypax, OJM3KUX K CTaHJAPTHBIM [42].

OnHoM U3 MEPBBIX U3BECTHBIX PAabOT, B KOTOPOU OBLI YCHEITHO
MPOBEJICH TUIPOTEPMATIbHBIA CUHTE3 KBAaHTOBBIX Touek PbSe u PbTe,
osu1a [43]. C menpio MOATOTOBKH XaJIbKOT€HHMIOB CBHHIIA MCIIOJIB30-
BAJIMCh TUAPOTEPMAIBHBIE PEAKIMU CEJIEHA WM TEJlypa C aleTartoM
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CBHHI]A B PACTBOPE TMAPOKCHAA HATPUSA B MPUCYTCTBUU THIIPA3ZUH
rujpaTa B KadecTBe BoccTaHoBUTeNs. OOpa3oBaHUE XaJbKOTCHHJIOB
CBHUHIIa ObUIO OCHOBAaHO Ha MPsIMOM peakiuu Se, alerara CBUHIIA,
NaOH, rugpaszun ruapara npu 100-160°C B teuenue 18—72 ygacos.
bbutn nmostydyeHbl HAHOKPUCTAIUIBI ¢ MUHUMAJIBHBIM pa3MepoM 23 HM C
paznuuHON MOpP(OJIOTHEN W SKCHEPUMEHTAIBbHO TOKa3aHO, YTO HC-
XOJIHbIE MATEPHUANbl U TEMIIEPATYPA PEAKIIMU UTPAIOT BAXKHYIO POJIb B
(dbopMupoBaHUU U MOP(POJIOTUN HAHOKPUCTAIIIIOB.

['uapoTepmanbHbIil METOT ObUT UCIIOIB30BaH B [44] nns hopmu-
pOBaHUs KyOMYecKHX HaHOKpucTauioB PbS. B kadecTBe MCXOIHBIX
MaTtepuayioB ucmnojs3oBanuch Pb(Ac),2H,0O u Na,S,03, B kauecTBe
cyppakranta — C1;H3;3COOK. JlaHHbIC TpHU peareHTa pacTBOPSUINCH B
TVMCTULTMPOBAHHOM BOJIE W 3all€YaTaHHBIM aBTOKJIAB MOAACPKUBAJICS
npu 180°C B Teuenue 24 4. B pe3ynbrare ObUIM MOTYYEHBI MOHOJIUC-
nepcHbIe KyOndeckue Kpuctaiuibl ¢ Tpansmu {200} u nmuHou pedep
22,6 HM, KOTOpBIE MPH OMPEACICHHBIX YCIOBUSIX MOTJIM COOMPATHCS B
TETParoHAJIbHYI0 yNakoBKy (puc. 9,a). IIDM-uccnenoBanusi BbICOKO-
ro pa3peuieHus NOKA3aIM MeXaToMHYK0 BennuuHy 0,291 Hwm, 4TO Co-
otrBeTcTBYET iockocTsaM (002) pemetku kyouueckoit ¢asel PbS. bbI-
JO0 YCTAHOBJIEHO, YTO pa3Mep HAHOKPHUCTAJLUIOB MOKET YIPaBIATHCS
COOTHOIIICHUEM KOHIIEHTpAIU Pb, u 82032_.

Jlist monmydenust PbS B pabote [42] nmpuUMEHSIN METOJ XUMHUYE-
CKOTO OCaXJIECHHS IPU KOMHATHOM TEMIIEPAaType, OCHOBAaHHBIA Ha
B3aMMO/JICVICTBUM PACTBOPUMBIX KOMIUJIEKCHBIX COEIUHEHUN CBUHIA
WM KaJAMUA C THOAMUJAMH, TAKUMHU KaK JHaMUJl THOYTOJIbHOM KH-
CJIOTBI M €ro MPOU3BOJIHbIE. Pazmep oOnacTeld KOrepeHTHOIO pacces-
HUS COBIIaJIa€T C Pa3MEpPOM YacTHIl, OOpa3yIOIIMXCs B BOJHOM pac-
TBOpPE MPU XUMHUYECKOM OCAXKJIACHHUU, MOATOMY ISl OIIEHKH pa3Mepa
yacTull ObUT MPUMEHEH NUPPAKIIMOHHBIA MeTo . MccnenoBanue noka-
3aJ10, YTO pa3Mep 4acTull Cyib(pua CBUHIIA MOHOTOHHO BO3pacTaeT
ot 100 1o 300 HM NpU YBEIMYEHUH XUMUYECKOTO CPOJACTBA PEAKIIUH
oOpazoBaHus cyiabduaa metaiia ot 31 10 39 x/[>x/Mob.

B [45] nanokpuctamibsl-TeTpanoasl PbS ¢opmupoBanuce ruji-
porepMmanbHbIiM criocobom ¢ peareHramu Pb(CH;COO0),:3H,O wu
TUOMOYEBUHON U cypdakTtanToM akpuiamujom (4A4). Mccienosa-
HUSI METOJAMU CKaHUPYIOUIEW 3JIEKTPOHHOU Mukpockonuu (COM)
NO3BOJIMIN ONPEAETUTh XapakTepHble MIUHY (1,5 MKM) U MIUpUHY
(400-500 BM) TerpamonoB (puc. 9,0). PentreHoBckas audpakTo-
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METpHsl TOKa3ajla MPUCYTCTBUE BBICOKOKPUCTAIIINUYECKOW KyOude-
ckoit ¢a3pl PbS u npeanoutuTenbHy0 OpUEHTAIIUIO B HAIIPABICHUHU
[220]. K ¢opmupoBanuio TEeTpanogoB MPUBOAUT OoJiee BBICOKAsS
CKOPOCTh pocTa i miockocte {110} mo cpaBHEHHIO C APYTUMU
KpucTajiorpadpuueckumMu miockoctamu. [Ipouecc pocrta kpucraiia
MOXET OBITh pa3JieJieH Ha JBa dTala: HadaJbHBIM dTall 3apOKIACHUS
U ToCHeayonme craaud pocta. IlepBonauvansHo Hykieanus PbS
ABJISIETCA KUHETUYECKU KOHTpoaupyeMoul. IlockoisibKy pactBopu-
MOCTh PbS B mpuBeneHHOM BBIIIE€ CUHTETHYECKOM DPACTBOpPE MpPH
140°C mana, qocTUraeTcs MepechIiEHHOE COCTOSHUE U 00pa3zyeTcs
00JIBIIIOE YKCIIO OJHOPOJHBIX HEOONBIINX KyOuueckux vactul PbS,
ciaykamux 3aTrpaBkamMu. OgHako HaHOKYObl PbS TepMomunamuue-
CKM HEYCTOWYMBBI, MOCKOJIbKY OHA UMEIOT 3HAYNUTEIBHO YBEIMYECH-
HYIO MOBEPXHOCTHYIO PHEPTUIO M3-3a UX OOIIEH pacHIUpeHHOU MOo-
BepxHOCTH. [Ipu cunTe3e nauTenbHOCThIO 10 4 KyOBl pa3pacTaiuch
0 TeTpamnoJHOoi (OpMbI MyTEM OPUEHTUPOBAHHOTIO MPUCOEIUHE-
HUSI, MUHUMU3UPYSI TAKUM 00pa3oM MOBEPXHOCTHYIO YHEPTHUIO.

Puc. 9. COM-uzobpasicenuss Hanocmpykmyp paziuyHou mopgpoao2ul,
HONYYEHHBIX 2UOPOMEPMATLHBIM MEMOOOM:
a — kyouueckue nanokpucmaiivt PbS [44], 6 — mempanoowr PbS [45]
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1.2.1.5. ITony4yeHune KOJNJIOMIHBIX MOHOAMCIIEPCHBIX
HAHOKPHUCTAJJIOB XaJIbKOT€HU/10B CBUHIIA
B BOJAHBIX pacTBoOpax

CHHTE3 HAaHOKPHUCTAJIOB B BOAHBIX PACTBOpAaxX WM MEPEHOC W3
OpraHUYeCKUX Cpell B BOJY SIBJISICTCS KpallHE >KeJaTeIbHbIM JJISl CO-
BMECTUMOCTH METOJIa C METUIIMHCKUMHU U OMOJIOTUYECKUMHU TTPUMEHE-
HUsSMU. JlpyrumMu BaKHEHIIUMU OCOOEHHOCTSIMH JaHHOTO crocoda
CHUHTE3a KOJUIOUHBIX KBAHTOBBIX TOYEK SIBJISIIOTCSI MPOCTOTA, UCIIOJIb-
30BAHME HETOKCUYHBIX PACTBOPUTENECH W YMEPEHHBIE TEMIIEPATYPHI
peakiuu. C TOUYKHM 3pEHUSI CBOMCTB MOJYy4aeMOro MaTeprualia HaHOKPH-
CTaJUIbl JJIs 1eJed BBIICYTIOMSIHYTBHIX MPWIOXKEHUM JOJDKHBI UMETh
pasmep, Bappupyembiii B OmmxHelr MK-o6mactu cmektpa, BBICOKHI
KBAaHTOBBIN BBIXOJ U CTaOWJIbHBIC y3KHE MUKW (hIyOopecleHINH, 0e3
OCYIIIECTBIICHUSI Pa3MEPHO-CEIIEKTUBHOIO ocaxkiacHus. B pabore [46]
BIIEpPBbIC OBUIM MOJYYEHbI KOJUIOMAHBIC pacTBOpbl PbS, monrorosinex-
HBIE MIyTeM KOHTPOJIMPYEeMOro ocaxjaeHus PbS B mpucyrcTBuM mosu-
BuHUI0BOro crnupra, Pb(CH3;CO,),. H,S nrxekTupoBajics B ra3oBylo
dazy Hax pactBopoMm. [Tomyuaemblie KoJulouHbIE YacTUIbl PbS umenu
cpeanui nuametp 10-50 A. CrekTp NOrJaomIeHUs 3TUX YaCTHUIL MOKa3al
CABUT B CTOPOHY 0OoJiee BBICOKMX SHEpruil mpumepHo Ha 1,4 3B mo
CpaBHEHUIO ¢ 00BEMHBIM MaTEPHAJIOM 3a CUYET 3(PPEKTOB KBAHTOBAHUSI.

['pynne Capmxenrta u3 yHuBepcutetra TopoHTo [47] yaanoch
BbIpa0bOTaTh 00Jiee MPOCTOM OJHONIATOBBIA TEXHOJIOTMUYECKHUM MpO-
[IECC CMHTEe3a CTaOWIBbHBIX U PbS MoHOAMCTIEPCHBIX HAHOKPUCTAJIIOB
Ha BogHOM ocHOoBe. Hanokpuctamisl PbS Obli moATroTOBIICHBI B BO-
HBIX pAacTBOpax C UCIOJIb30BAHHEM CMECH THOJIOB B KaueCTBE CTaOU-
JU3UPYIOLIEr0 areHta. JDTOT MOAXO0J A0 3TOr0 HE MPUMEHSUICS: Ipe-
IBIAYIIHE paOOThl IO CUHTE3Y HaHo4dacTull PbS B BogHBIX pacTBOpax
VCTI0JI30BaJIY MOJUBUHWIOBBIA CIUPT [46], MOJIUBUHUITIAPPOIUIOH,
xenatud U [IHK B kauecTBe crabunuzatopoB. [lokpsiBatole areHThl
tuornuuepul (TGL) n qutuornuuepun (DTG) npuBoawin Kk Gopmu-
POBaHHIO HAHOKPUCTAIOB BBICOKOro KadectBa (puc. 10, a). Ilomy-
yeHHbIE B [47] KBaHTOBbIE TOYKH 00beIUHWIN 3P(DEKTHBHYIO, CTa-
OWIbHYIO0, CHEKTPAJIbHO MEPECTPauBacMyl0 JIFOMUHECICHIIUIO OT
1000-1400 HM ¥ OAHOIIArOBBIM BOJHBIM CHUHTE3. JTH MATEPHUAJIBI
MPEACTABISAIOT COOOM HOBBIM MPOCTOM M MacIITaOUPYeMbld MyTh K
Pa3HOOOpa3HbIM MPUIIOKECHUSIM B OHOJOTMYECKOW MapKUPOBKE M
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BCTPOCHHBIM ONTHUYECKUM JIMHUSM KOMMYHHUKAIIMHM, YTO OYyJIEeT OIu-
caHo 0oJiee OAPOOHO B MOCIEIYIOMINX pa3jieiaax KHUTH.

ABtopamu [48] ObLIO OOHAPYKEHO, YTO HAHOYACTHIIBI CYIbDHIa
CBUHIIA oOpa3yrorcss npu YD-001ydyeHHH BOJHBIX PACTBOPOB KOM-
IJIEKCOB THOCYIb(aTa cBUHIA. BBIXOM M pasmep HAHOYACTHUI] CYJib-
dbuga cBUHIIA 3aBUCENIM OT KOHIEHTPAIUU PACTBOPAa M COOTHOIICHUS
MOHOB CBHUHIIA U THOCYJb(DaTa B pactBope. M3Menenus: popmsl u poc-
Ta KOJUTOMAHBIX YacTull PbS, oOpasyromuxcs B xone GoToausa, ObUIH
ucciaegoBanbl MetogamMu COM. Ilpu oOnyueHun B HaYaJbHBIM MO-
MEHT BpemeHU (~1,5 MHMH) Ha TOUIOKKE O0pa3yloTCs KOJUIOUIHBIC
TJICHKH HemnpaBwibHOW (opMmbl. C yBelmnueHHEM BpeMeHHU (OToJr3a
10 5 MUH UMEET MECTO MOSIBICHHE TEMHBIX y4acTKOB (~10 HM) ¢ ApKo
BBIPQXXEHHBIM TPOCTPAHCTBEHHBIM pa3ACICHUEM, MPEACTABISIONIIM
SYEUCTYI0 CTPYKTYpy (puc. 10,06). BeposiTHO, 3TU TEMHBIE y4YacCTKHU
SBJISIFOTCA 3aTpaBKaMu Cysibduaa ceuHua. [Ipu obmydenuun 6osee yem
10 MUH POUCXOIUT 0OpA30BaHKNE HOBBIX YACTHUIl U UX arjioMepanus.

St 2 A

Puc. 10. Snexmponno-muxkpockonuyeckue uzodbpaxcenus HaHokpucmainos PbS
(a —[47], 6 —[48], 6 — [49]), nonyuennvix nymem cunmesa 8 60OHbIX pACMBEOpPaAx

B pabote [49] Obl10 yCTAaHOBIIEHO, YTO TEPMUUYECKUN OTIKUT MOKPHI-
THIX THOJIOM KOJUIOMJHBIX KBAaHTOBBIX Touek PbS obecneunBaeT BO3-
MOYKHOCTb CYKEHHS PACIIPEICIICHUs Pa3MEPOB HAHOYACTHLI, YBEINYE-
HUE pPAa3MEPOB KBAHTOBBIX TOYEK M COACHCTBUE HMX KOAIECIECHIUH
MPEUMYILIECTBEHHO BJIOJb KPUCTAIIOTPAPUUECKUX HaMpaBICHUM
<100>. [lnsa uccieaoBaHus aBTOphI [49] MCHOIb30BaIM KOJJIOUIHbBIC
KBaHTOBbIE TOUKU PbS, cuHTEe3npoBaHHbBIE B BOJIHOM PacTBOpE MO Me-
TOAY, BOEPBbIE MpemioxkeHHoMy rpynnoit Capmxenrta [47]. KBanro-

BbIE€ TOYKH UMEJU MPUMEPHO chepruyeckyro popMy u auameTp B aua-
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na3oHe 3—12 HM B 3aBUCUMOCTH OT MOJISIPHOTO OTHOIIIEHHS PEareHTOB
Pb*/S*". TIDM-u306paeHe KBAaHTOBBIX TOouek PbS mocme rumpo-
TEPMAJIBHOTO OTXHUra B BogHOM pactBope (90°C, 10 muH) nmpuBeaeHO
Ha puc. 10,6. CpenHuii 1uamMerp KBAaHTOBOM TOYKM YBEIIMYMIICS OT
NepBOHAYANIBHBIX 4 HM 110 (6£1) HM, U pacnpejieseHue pa3MepoB Ha-
HOYACTUIl IIPU 3TOM CTayo Oojee ogHOopoAHbIM. [Ipu Oosee BhICOKHMX
TEMIIepaTypax OTKHUTa CMEIICHUE THOJI-JTUTaH[ CIOCOOCTBYET CIUS-
HUIO OJIM3JIeKAIIUX KBAHTOBBIX TOYEK, UTO MPUBOJIUT K 0Opa30BaHUIO
B3aMMOCBSI3aHHBIX HAHOKPHUCTAJIJIOB.

1.2.1.6. ITony4yeHnune KOJNJIOMIHBIX MOHOAMCIIEPCHBIX
HAHOKPHUCTAJLJIOB XaJIbKOT€HU/I0B CBUHIIA
METO/I0OM BBICOKOTEMIIEPATYPHOI0 CHHTE3a

Ecnu B nepBoe BpeMsi 3HAYWTENIbHBIN MHTEPEC MPUBIICKATT CUH-
T€3 KOJUIOWJHBIX YaCTHI B BOJAHBIX PacTBOpax, TO ceilyac MpeicTaB-
JSI€TCSl OUEBUHBIM, YTO BBICOKOTEMIEPATYPHBIN CUHTE3 B OpraHuye-
CKMX PacTBOPUTENSAX (OpraHOMETANIMYECKUNA METOJ) AAeT JIydIlHe
pE3yAbTaThl ¢ TOYKH 3PEHUS MOHOJUCIEPCHOCTH MOATOTOBJICHHBIX
KOJUIOMAHBIX HAHOKPUCTAIUIOB. ba3oByr0 METOJIMKY TAaKOro CHUHTE3a
KBaHTOBBIX Touek PbX BriepBrie mpemioxuin Mioppetii [50]. B kauect-
BE€ PACTBOPUTEISI ObUT MPUMEHEH (PP C BHICOKON TeMIEPATYpOil Ku-
neHus (qudeHuadup), 10 ITOro y>Ke yCHelurHo UCIOIb30BaABIIUICS B
CUHTE3€ HAaHOYACTHI[ MeTaJljla, B COYETAaHUHU CO 0JIEaTOM CBUHIIA (1O~
TOTOBJICHHBIM i1 Situ W3 aleTaTa CBUHIA U OJICMHOBOW KHUCIIOTHI) U
IpU COXPaHEHWU TPAAUIIMOHHOTO MpeKypcopa Se Tpu-n-okTuidoc-
¢un cenenuna (TOPSe).

B ocHOBe MexaHu3Ma BBICOKOTEMIEPATYPHOI'O KOJUIOUIHOIO
CHUHTE3a MOHOJIMCIIEPCHBIX HAHOKPUCTAJUTMYECKUX OOpa3IOB JIEKHUT
OJIMHOYHBIN HENPOJOJKUTENIbHBIA IO BPEMEHM MPOLECC HyKJealuHu,
3a KOTOPBIM CleAyeT Oojiee MEAJIEHHBIM POCT Ha CYIIECTBYIOLIUX 3a-
TpaBKax. ITO MOXKET OBbITh JTOCTUTHYTO MyTEM OBICTPOTO J00aBJICHUS
PEareHTOB B PEAKLMOHHBIA COCYJ, COACPKALIUMN TOPSIYUNA KOOPAUHHU-
pyIOLIMi pacTBOpUTENb. TeMneparypa pacTBOpa JOJKHA ObITh 10CTa-
TOYHA ISl Pa3J0KEHUs PEareHTOB, MPU 3TOM 00pa3yloTcs Mepechl-
[IEHHbIE KOHUEHTPALlUU PEAreHTOB B PACTBOPE, KOTOPHIE CHUKAIOTCS
OyTEM 3apOoXKIAEHUA HaHOKpucTauioB. llocne 3apoxkaeHUs KOHIIEH-
Tpalusi B paCTBOpPE MaJaeT HUKE KPUTUUECKON KOHUEHTPALMU 3apo-
IBIIICH, a B JaJdbHEHIIEM MaTepual MOXET TOJbKO J00aBISATHCS K
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CylllecTBYIOIMM 3aTtpaBkaM. Hanokpucramisl PbSe cuHTe3npoBainch
npu OBICTPON HWHXKEKIIMM TPU KOMHATHOW TeMIlepaType pacTBopa
ojieata CBHHIIA M TPUOKTWI()OocPuH ceneHuaa B ObICTPO NEepeMelIu-
Ba€MbIil pacTBOp, cojiepKamui AudeHuIdGUp MNpu TeMrepaType
150°C. Tlocne wHXEKIUU 3apoKAaroTcsi Majiblie (<2 HM) HaHOKpH-
ctauibl PbSe u HaunMHaIOT pactu, gake Korja TemrepaTypa pacTBopa
nagaet 10 80°C u3-3a 100aBJIeHUSI peareHTOB KOMHATHOM TeMreparTy-
pbl. [ToBbIlIeHHE TEMIEpaTypbl paCTBOPA YCKOPSIIO POCT, U 00Jiee BbI-
COKHE TEeMIIEpaTypbl UCIOJIb30BAIUCH JJIsl HOATOTOBKM KPYIHBIX Ha-
HOKPHCTAJUIOB CeJleHuJia cBUHLA. [ Bapumanuu pa3Mmepa HaHOKpH-
ctauioB PbSe B mupokoM nuanazone ot 3,5 HM J10 15 ObLiu mpume-
HeHbI TemnepaTypsl oT 90 no 220°C.

[I9M-u300pakeHus1 XapakTEPHBIX MOJTYYEHHBIX aBTOpamu [50]
KBaHTOBBIX To4Yek PbSe mpuBenensl Ha puc. 11. MoHoaucnepcHbie
dbpakuuy, MOJy4YeHHBIE IMOCTE Pa3MEPHO-CEJICKTUBHOTO OCAXKIICHMS,
o0nazany pa3sMEpPHO-3aBUCUMBIMHU CIIEKTpaMU TMOTJIOIICHUS, COCTO-
SABIIMMHU HApSy C SKCHUTOHHBIM MUKOM, PacHoOJIOKEHHbIM Ha 1200—
2200 HM B 3aBUCHUMOCTH OT pa3Mepa HAaHOKPUCTAIUIOB, U3 HECKOJIBKUX
YETKO ONPEICIICHHBIX JIMHUI Ha 00Jiee BHICOKUX SHEPIUsX.

Puc. 11. [I9M-u306pasxcenus nanokpucmannos PbSe npu evicokom paspewenuu,
O0eMOHCmpUpyrowue KPUCMALIUYecKy0 CMpyKmypy K8aHmMOo8blX moyex (a)
u ancambav Hanocmpykmyp (6) [50]

B pab6ote [51] nmpoBoauiicsi cMHTE3 HaHOKpUCTAILIIOB PbSe B co-
OoTBeTCTBMU C Metoaukon Mrioppesa [50]. [ng TunuyHOro CcHHTE3a
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alieTaT CBMHIIA M OJICMHOBAs KHUCIJIOTa PacTBOPSUIUCH B (peHumn adupe.
Peakunonnyro cmech Harpesasm a0 140°C B teuenue | 4 npu nepe-
MEIIUBAHUM MOJI HEMPEPHIBHBIM MOTOKOM a30Ta, a 3aTEM OXJIAXKIAJIH.
Korga temnepatypa pactBopa ¢denun sdupa ynana Humxke 70°C, B
K010y Obu1 goOaBieH TOPSe, 00pa3yronuii MOJEKYJISPHBIA PacTBOP
npekypcopa. [Ipekypcop nanee momemasncs B mmpuil oobemom 50 mi
U OBICTPO BBOJAWJICS B KOJIOY, COJEPIKAIIYI0 YHEPTUYHO TEpPEMEIIIH-
BaeMbIil peHus >3pup 1Mo HeNMpepbIBHLIM MOTOKOM a3oTa. Temmepary-
bl MHXKEKIIUH U pocTa BapbupoBanuck ot 80 go 150°C nmns momyye-
HUS pa3Mmepa 4acTul] OT 3 10 8 HM. bbIJI0 yCTaHOBIIEHO, YTO IMOJIy4ae-
MbI€ KOJIJIOUJHBIE KBAHTOBBIE TOUKHU 00JIaJIal0T BHICOKUMH CTPYKTYP-
HbIMUA TIapaMETpaMU M SIBISFOTCA COMOCTABUMBIMH 10 Kauy€CTBY C
nyummmu Hanokpuctamiamu A'BY u A"BY. Oxu moryt 651 moNy-
YEHBbI MPAKTUYECKU MOHOJUCIIEPCHBIMU U 001a7aTh BBICOKMM KBaH-
TOBBIM BBIX0JIOM (DOTOTFOMUHECIICHIIUH.

B 2003 r. Xunec u Ckon3 [52] cooOmmim o CHHTe3€ HaHOKPH-
ctauioB PbS ¢ ucnonb30BaHMEM METATIOOPTaHUYECKUX IMPEKYpPCOo-
poB. OOpasiisl AEMOHCTPUPOBAIA CHIIBHYIO (POTOJIOMUHECHICHIINIO B
onmkueit MK-o6mactu. CioHTaHHOE CY>KE€HUE paclpe/IeJICHUs YaCTHI]
o pa3MepaM MPOUCXOUIIO MOCIE CUHTE3a U PACHPEACIICHUS YaCTHI]
B OPraHUYECKOM pacTBOpUTENE. B 3TOM cilydyae HEKOOPIUHUPYIOUIUNA
pactBoputeiab ODE Obl1 IPUMEHEH B COYETAaHUU C OJIEMHOBOM KHUCIIO-
TOM Kak ctabunuzatop, PbO u Ouc-rpumeruncunun-cynbhua (7MS)
Kak mpekypcopbl Pb u S coorBeTcTBeHHO. [ITOM-HM300paskeHus mosy-
YEHHBIX KOJUIOWJHBIX KBAHTOBBIX TOYEK CyJb(Haa CBUHIIA MIPUBEJIEC-
Hbl Ha puc. 12. ABTOpPBI YCTAHOBWIIM, YTO IS MOJy4Ya€MbIX HAHOCH-
CTEM BBIPAKECHHBIA 3KCUTOHHBIM IHUK, BUAWMBIN B CIIEKTPaX MOTJIO-
IIIEHUs, OXBaThIBaeT auamna3oH JiauH BoJH oT 800 mo 1800 HM B 3aBH-
CUMOCTH OT pa3Mepa HaHOKPHUCTAJIOB.

B [53] meTamioopraHM4ecKUM METOAO0M OBLIA CHHTE3HPOBAHBI
KOJUIOUJIHbIE HaHOKpHUCTaUbl PbS B nmrannnoit o6osouke. Okcup
ceuHia PbO pactBOopsiin B onemHoBou kuciore npu 150°C B armo-
chepe aprona, KyJa MHXEKTUPOBAJICA OUC-TPUMETIICHINCYIbPUI U
tpuoktuidochun cynvhpun (TOPS). Ilonyyaemble TakuM 00pa3zom
HAHOKPUCTAJUIBI PbS ObulM CTAOMIM3UPOBAHBI CIOEM OJieaT JIMTaH],.
Puc. 13 npencrasisier [I19M-uzobpakenue HaHokpuctaiioB ¢ C18
JUTaHJaMH, PacTBOPEHHBIX B Tojiyosie. CpeaHuil pasMep HaHOKpPHU-
CTaJUIOB COCTaBWJI 5 HM C pazopocom 12%. ITonumep-HaHOKpUCTAN-
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JMYECKUE KOMIIO3UTHI OBbUIM MOJYYEHBI IyTEM CMEIICHHS TOJUMEp-
HOI'0 IIPEKypcopa ¢ HAHOKPUCTAIJIAMH B TOJIYOJIE U OT)KUI'a B BaKyyMe
npu Temmepatype 80°C. Pesynbrarel MHPpaKpacHOM 3JIEKTPOIIOMU-
HECLICHIIMM HAaHOKOMITIO3UTOB PbS B MaTpuiie mpoBOASIIETO MOJIUMe-
pa YKa3bIBalOT Ha BO3MO>KHOCTbH HCITOJIb30BAaHUS 3TOM KOMIIO3UTHOU
CHUCTEMBI JIJI1 CO3/IaHUSI CBETOU3IIYYAIOIIUX CTPYKTYP JJIs1 ONITUYECKOU

CBS3M (DOTOHHBIX HMHTETPAJbHBIX CXEM B CHEKTpaIbHOM 00JacTH
1000-1600 HM™.

Puc. 12. I[IDM-u306pasicenus KoIIOUOHBIX KBAHMOBLIX MOUEK CYIbPuUia CeUHYaA,
CUHME3UPOBAHHBIX C UCHOIL30BAHUEM OP2AHOMEMALIUYECKUX NpeKypcopos [52]

Puc. 13. IIDM-uzobpasicenue nanokpucmaniog PbS
¢ noxpvimuem aueanoamu C18 [53]
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BrICOKOKaYeCTBEHHBIE MOHOJMCIIEPCHBIE KOJUIOMJHBIE HAHOK-
PUCTAILIBI TEJUTypHia CBUHIIA BIIEPBbIC ObLIN MOJYYEHBI METOJIOM BbI-
COKOTeMIIepaTypHOTo cuHTe3a B padote [54]. Chepruueckre HAHOKPH-
ctayisl PbTe dhopmupoBanuch myTeM OBICTPOM MHKEKIIUHU XOJIOTHOTO
pactBopa (~10°C) amerar Tpuruapara CBHUHIIA M TPUOKTHIPOCHUH
teutypuna (TOPTe) B MHTEHCUBHO TEpEeMENIMBaeMblid ropsianii ¢e-
HUJI 3(Up B IPUCYTCTBUU OJIEMHOBOM KuCi0ThI pu 200°C B Tpexrop-
JIOBUHHOM K0J10€ B aTMocdepe aporoHa.

Hyxneanuss maneix kiactepoB PbTe mpoucxonmuna B MOMEHT
WHXKEKIIUM, U MX POCT JO KBAHTOBBIX TOUEK cepudeckoil (Gpopmbl
(puc. 14,a, 6) npogoxKaics NPy CTAOUIU3ALNN OKPHIBAIOIIUMU JIH-
raigamMu (TpUOKTHI(POCPUH U OJICMHOBAsI KUCIIOTa) B TEUYCHUE 5 MUH.
YBenuueHrne BpEMEHU POCTa NPUBOAUIIO K JaTbHEUIIEMY NU3MEHEHUIO
Mopdostorun kpuctaiiioB PbTe, nms mporecca JIUTEIBHOCTBIO 25
MUH OBLIM MOJy4eHBbl KyOuWdeckne HaHOKpucTauibl. Ha puc. 14,8, 2
npeacTanieHbl [IDM-n300pakeHust OTAEIBHOTO KyOUYeCKOro HaHOK-
pucTajia TeUTypuJa CBUHIIA BBICOKOIO KPHCTAJLUIMYECKOTO COBEpP-
IICHCTBA U F€KCAroHaJbHO YIOPSAI0YCHHOTO aHCAMOJIsl YaCTHII.

B cooTBeTCTBMM ¢ M3BECTHOM 3aKOHOMEPHOCTHIO MOBEPXHOCTH
cepruueckoro ogHO(pa3HOro Kpucraia ¢ pazMepoM meHee yem 10—
20 HM J0JDKHA MPEACTABIATh COO0N MHOTOTPAHHHUK C TPAHSIMH, COOT-
BETCTBYIOIIUMHU KPUCTAIIIOTPAPUUECKUM TMJIOCKOCTAM C BBICOKMMU
MHJIEKCAMH, YTO MOXET MPUBOJUTH K 00Jie€ BHICOKOW MOBEPXHOCTHOM
sHepruu. JleMcTBUTEIHLHO, COOCTBEHHBIE CBOMCTBA IMOBEPXHOCTHOM
DHEPrUMU SABJISIOTCA OYEHb BAXKHBIMHU IS CKOPOCTH POCTa HAHOKPHU-
cTa/uioB. B cilyyae CTpyKTypbl KAMEHHOM COJM KpucTauiorpaduue-
ckue tIockoctd {111} wmMeroT Ooyiee BBICOKYIO TMOBEPXHOCTHYIO
sHepruto, yeM miockoctu {100}. Takum obpas3om, koraa B [54] BeicO-
KOTEeMIIEpaTypPHBIN POCT MPOBOAWIICS JOCTATOUHO JJIUTEIHLHOE BpEMSI,
dbopMUpOBaIHCH UI€aNIbHBIE KyObl, orpaHeHHbIe TiockocTsmu {100},
KOTOpPbIE MMEIOT OTHOCHUTEIBHO HHU3KYI0 3Hepruto. ABTopamu [54]
ObUT CIeNlaH BaXKHBIM BBIBOJI O TOM, YTO B HMCIIOJB3YEMBIX 3KCIEpH-
MEHTAJIbHBIX PEXKUMaX MOXKHO KOHTPOJIUPOBATH MU3MEHEHHE (DOPMBI
KBaHTOBbIX Touek PbTe mpocroil Bapuanueid MpoaoIHKUTEIbLHOCTH
npoliecca ux pocTa.
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Puc. 14. [I5M-u306pasxicenus monocnos chepuueckux nanoxkpucmannos PbTe (a),

omoenbHoU cghepuueckoli (6) u Kyouueckol (8) keanmosvlx mouex PbTe,

MOHOCN05 Kyouueckux Hanokpucmanios PbTe (2)
U KapmuHa 21eKmpoHHoU ouppakyuu nocieonezo (0) [54]
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TexHoJOoTHs BBIIICONMCAHHOTO CUHTE3a Obljla MO3KEe M3MEHEHa
yTEM HCIIOJb30BaHUSI B KAUE€CTBE HEKOOPAMHUPYIOIIETO PACTBOPHU-
Tens oktaaeneHa ODE [55]. Hanokpuctamisl PbSe Obuiu cunTe3MpO-
BaHbl B TPEXTOPJIOBHHHOM KOJIOE, CHA0KEHHOM MarHUTHOM MeIa-
KOW, TEpPMOIApOW M 4YexXJIOM s HarpeBa. CMeECh OKHCH CBUHIIA,
0JICMHOBOM KUCIOTHI U ODE octaBanack OECIIBETHOM MpU HArpeBaHUU
no 180°C. 3arem pactBop TOPSe ObICTPO MHXKEKTHUPOBAICS B 3TOT
ropsidMii pacTBOp U TEMIIEpATypa PEaKIIMOHHOW CMeCH MOHWKalach
no 150°C mgns pocta HaHokpuctamioB PbSe. Bce marum B peakium
IpOBOAWIN B aTMocdepe aproHa. B TUNMHMYHOW peakiuu MOHOJIMC-
MEPCHBIC YaCTHUIIbI pazMepoM 3,5 HM popmupoBaiuch yxe nocie 10 ¢
npu 150°C, HO BBIXOJ 3THX MEJIKHUX YaCTHIl ObLI HU3KHUM, MTOCKOIBKY
3HAYUTEIbHAS YaCTh UCXOJHOTO MaTepuaja OCTaBajlach HEIpOpearu-
poBaBieil. boabiiee BpeMs oOpabotku, Hampumep 800 c¢, maBajo
oyt 100-mpOLEHTHBIN BBIXOJ HAHOKPUCTAIIOB pazmepoM 9,0 HMm.
[I9M-uccnenoBanusi oopasuoB (puc. 15,a) mokazanu, 4To HaAHOKPH-
CTaJUIbl MOTYYaIOTCSI BBICOKOMOHOAUCIIEPCHBIMU 0€3 HEOOX0AMMOCTH
MPUMEHEHHs TIPOIIECCOB (PPAKIIMOHUPOBAHUS, TAKUX KaK pPa3MEpHO-
CEJEKTUBHOE ocaxacHne. CBEXKECHHTE3UPOBAHHBIE HAHOKPHCTAJLIbI
PbSe kak npaBuio o6aananu chepudeckoit popmoit u pacrpeiesieHme
0 pa3MepaMm ObLIO OYE€HBb y3KUM — 5—7%, 32 UCKITIOYCHUEM CITy4acs,
KOrJla AuaMeTp npeBbimai 10 HM ¥ cTaHAAPTHOE OTKJIIOHEHHUE BO3pac-
tano 10 10-15%. [I19M-u300pakeHus BICOKOTO pa3pelieHusi HaHOK-
puctaioB PbSe (puc. 15,0) mokaszanm, 9To OHHU SBIISIIOTCS MOHOKPH-
CTAJUTMYECKUMU, 0€3 BBISIBICHHBIX JI€()EKTOB YIIAKOBKH WK AC(EKTOB
KpucTajyla. B oTiMuMe OT CyIIECTBYIOIIMX COOOIICHUH o OoJjee
KpyIHBIX Kpuctaiuiax PbSe, HaHouacTHIlBl OCTaOTCS CHEPUUECKUMU
Jaxke Mpu KpymnHbIX pasmepax (a0 13 um). Judpakuus 31eKTpoHOB U
PEHTTEHOBCKUE TU(PPAKIIMOHHBIE CIIEKTPHl MOATBEPUIIN, YTO HAHOK-
pucTasUIbl 00J1aIaI0T COBEPIICHHOM CTPYKTYPO KaMEHHOM COJIH.

ABTOPBI [56] cOOONMIN O CMHTE3€ KOJUIOMIHBIX HAHOKPHUCTAJI-
noB PbTe npu ucnonb30BaHUM HEKOOPIUHUPYIOLIETO PACTBOPUTEIIS
ODE, a TakXe ONTUYECKUX XapPaAKTEPUCTHUKAX ATOr0 Marepuana (Ju-
HEWHBIC CIIEKTPHI TOIJIONMICHUS, KBAaHTOBBIA BbHIXOJA (DOTOIOMUHEC-
IEHIINU, KBAHTOBBIN BBIXOJ MHOXXECTBEHHOW T'€HEpallMh YKCUTOHOB).
CrannmaptHbiit qudenmn 3gup ObLT 3aMeHeH 00Jiee IKOJIOTHYHBIM pac-
TtBOpuTeneM ODE, a Tpuruapar anerat 3ameiieH PbO B kauecTBe Ha-
YaJIbHOIO MCTOYHWKA CBUHIA Ui pPeakiuu. Takou OJHOTHUIJIEBBIU
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CUHTE3 HEe TpeOyeT OXJIaKICHUS MPEKYPCOPOB H, CIEA0BATEILHO, 00-
nee ynoOeH IS SKcrepuMeHTa. B pesysibraTe ObLIM CUHTE3UPOBaHbBI
chepuueckue HaHokpuctaiel PbTe, umeronue manoe pacnpenene-
HUe 1o pazmepaM (~7%) u quametp ot 2,6 1o 8,3 um (puc. 16).

100nm

Puc. 15. a — I[IDM-uzobpasicenue ancamobis MOHOOUCNEPCHbIX HaHOKpucmaios PbSe
co cpeoHum ouamempom 6,8 HM U y3KUM pasopocom no pasmepam 6,2%,
6 — [IDM-u30bpasicenue 8bicok020 paspeuieHus 0moeabHblX HaHOKpucmaiioe PbSe
C 04eBUOHOU MOHOKPUCMAIUYECKOU CIMPYKMYPOU.
Macwmabnas memxka coomeemcmeyem 5 Hm [55]

.- . “ ‘
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Puc. 16. a — I[I9M-u306pasicenue ancamons nanokpucmannos PbTe
co cpeoHum ouamempom 5,8 Hm u pazopocom no pazmepam 8%,
0 — [IDM-u3006pasicerue 8b1cOK020 paspeuteniss HAHOKPUCALL08 MEeLLYPUod C8UHYA
8 2eKCACOHANLHOU YNAKOBKe, 8 — AaHCambOb Kyouueckux Hanokpucmanios PbTe
co cpedHum pazmepom 14,3 nm [56]
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[lepBblii MUK 3KCUTOHHOTO MOTJIONIEHHUS] HAHOKPUCTAILIOB COCTAaBIISII
1,3—1,6 MKM, COOTBETCTBYSI BA)KHOMY C ITPAKTUYECKOU TOUKHU 3PEHUA
MHTEpBaly 0a30BbIX JUIMH BOJH ISl TEJIEKOMMYHHUKAIIUNA. ABTOPBI yC-
TAHOBWJIM, YTO B UCIIOJIL3YEMbIX yCIOBUSAX peakuuu st PbTe npouc-
XOJIUT TIepexoj] OT cepuyeckoil Kk KyOuueckon gopme mnpu pazmepe
gactull ~9,3 HM. [IoCKOJIBKY Takou Nepexoa MPOUCXOAUT MPU MEHB-
mux pazMepax HaHokpuctaiioB PbTe o cpaBuenuto ¢ PbSe, aBTopbl
JIeJIal0T BBIBOJI O TOM, YTO Pa3HUIIA B MOBEPXHOCTHBIX AHEPTHUIX MEXK-
ny mnockoctamu {111} u {100} Gonwine nns PbTe, uem s PbSe,
YTO MPUBOJUT K OBICTPOMY POCTY B HampaBiieHUsx <111> mist PbTe u
npeoOnananuio rpaneid {100} nmpu MEHbIINX pa3Mepax.

B [57] moHOIUCTIEpCHBIE KOJUIOUIHBIE HAHOKpHUCTALIBI PbSe co
CPEAHUM pa3MePOM OT 3 10 7 HM CHHTE3UPOBAHBI C UCIOJIb30BAHUEM
ONTUMHU3UPOBAHHOIO BapuaHta Metoauku Mroppes [50], ocHOBaHHO-
ro Ha ¢popmupoBanuu PbSe uz TOPSe u Pb(OA), B npUCyTCTBUU U3-
obITouHbIX TpuokTHIPochuna (TOP) u OA B u"eptHOU cpene. Anep-
Has MarHUTHO-PE30HAHCHAsl CHEKTPOCKONHUS pacTBOpa HCIOJIb30Ba-
Jach IS OMpEACNICHUS] COCTaBa OPraHUYeCKOM OO0OJIOYKH KOJIJIOWI-
HBIX HaHOKpHUCTaIoB PbSe, 1 Obl10 MOKa3aHO, YTO OHA COCTOMUT B OC-
HOBHOM M3 CWJIBHO CBSI3aHHBIX JINTAHJ] OJICMHOBOM KHUCJIOTHI. 3a CUeT
ATOTO KOHTPOJIh pa3Mepa KBaHTOBBIX ToueKk PbSe B xone cuHTe3a noc-
TUTAJICA IIyTEM BapHUAIMU OJIEMHOBOW KUCIIOTHI B pacTBOpe. ABTOpaMHu
[57] Oblna npensiokeHa CTPYKTYpHas MOJICNb IOJYIIPOBOJIHUKOBOIO
apa B 000JI0UKE OPraHUYECKUX JIMTaHJ, TJe SApO SBISETCS HECTe-
XUOMETPUYECKUM, C OOOTallEHHOM aTOMaMu CBUHIIA TTOBEPXHOCTHIO.
OO0enHeHne TOBEPXHOCTU aTOMaMU CeJIeHa BbI3BAHO B3aWMO/ICHCTBHU-
€M C JIMTaHIHOU 000JIOUYKOH.

ABTopamu [58] omnmcaH BBICOKOTEMIEPATYPHBIM CHHTE3 MOHO-
JTUCTIEPCHBIX HaHOKpucTauioB PbSe u PbS ¢ ucnonb3oBanuem mpo-
CTOr0, MEHEE TOKCUYHOIO M 3KOHOMUYHOIO moaxonaa. B manHou pa-
00Te B Ka4ECTBE XaJbKOTCHUIHBIX MPEKYPCOPOB UCTOJIB30BAUIUCH MO-
pouiku Se u S, a He TpaguunoHHbie TOPSe u TMS, KOTOpBIE SBIISIOT-
C TOKCUYHBIMU U JOPOTOCTOSIIUMU. XaJbKOT€HUIHBIE TPEKYPCOPHI,
UCIIOJIb3yEMbIE B 3TOM METO/IC, SIBJISIOTCS HEJOPOTUMH U BO3TYIITHO-
CTAOMJIbHBIMM, UTO HE TOJILKO CHHMIKAET 3aTpaThl HA SKCIEPUMEHT, HO
U YIOPOIIAET MPOLECC CHUHTE3a. BbUIM MOIy4YeHbl MOHOJMUCIIEPCHBIC
HaHOKpucTaiuIbl PbSe u PbS chepuueckoit u kyOuueckoit popmsl
pasMepoM, IeJICHAPaBICHHO BapbUPYEMbIM B IIUPOKOM JIMATIA30HE
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6-25 um miist PbSe u 10-80 um 11 PbS myTtem m3meHeHUs KOHIICH-
TpallluK OJICMHOBOM KUCJIOTHI U ojeunaMuHa (OAm).

B onHOl M3 mociaeaHux paboT Mo JaHHOM TeMatwke [59] Obln
NPEAJIORKEH METOJA OBICTPOM WHXKEKIMHU JJIsi TMOATOTOBKH MOHOMC-
nepcHbiX PbTe HaHOKpUCTAIIOB B HEKOOPIMHUPYIOIIEM PACTBOPUTE-
ne. ABTopsl [59] npoBoauian ObICTpYIO HHXeKIM0 ODE [jist pe3Koro
YMEHBILICHUS] TEMIEPaTyphl pearecHToB U 3((PEKTUBHOTO pa3AeICHUS
MIPOLIECCOB 3apPOKAECHUS U POCTA HAHOKPUCTAJUIOB. TakoW yHHUKaJb-
HBIN npornecc uHxkekuun ODE obecrieuns MojaydyeHre BhICOKOMOHO-
JUCTIEPCHBIX KBaHTOBBIX Touek PbTe, koTopbie IeMOHCTpUpOBAIU
CUJIbHYIO MHTEHCUBHOCTHh (POTOJIFOMUHECIICHIIUU U OOJIbIIIOE CMeIIle-
HUSI Kpas MOTJIOMIEHUS.

Heob6xoauMo Takke ykaszaTh Ha CYIIECTBOBAaHUE allbT€PHATUB-
HOT'O MOJIXOJ]a B paMKaX BBICOKOTEMIIEPATypPHOTO CUHTE3a, & UMEHHO
Ha HCIOJb30BaHUE 00JIe€ CIIOKHBIX MOJUMEPHBIX MpeKypcopoB. B
pabore [60] nHanokpuctamisl PbSe popMupoBanuch myreM xumuue-
CKOM peaKINU MEXy TPEKYPCOpaMU CBUHEI[-IIUKJIOTEKCAH-0yTUpaT U
Tpu-OyTUi-hochuH-ceieH B pPacTBOpPUTENE TPU-OKTHI-PochuH mpu
118°C. YBenuueHrne KOHUEHTPAIMU MPEKYPCOPOB, COMPOBOKIAEMOE
JTOMOJHUTENBRHBIM HarpeBoM 110 150°C B teuenue 10—60 muH, nmpuBo-
U0 K (OPMUPOBAHUIO MOHOAMCIEPCHBIX CPEPUUYECKUX YACTHUI[ CO
CPEIHUM JUAMETPOM, BapbupyeMbIiM B HHTEpBaJIE S0—500 HM.

TakuMm o0pa3om, K HACTOSIIIEMY BPEMEHM OIyOJIMKOBAH IIEJIbIN
pAl TEXHOJOTMYECKUX PEKUMOB BBICOKOTEMIEPATYPHOTO KOJLIOUI-
HOro cuHTe3a. B Tabm. 2 [61] cBemeHbI SKCIIEpUMEHTANIbHBIC TTapaMeT-
pBI 110 OCHOBHBIM paccMOTpeHHbIM padboTtam. HeoOxoaumo moadepk-
HYTh, YTO TMPAKTUYECKH OJIMHAKOBBIC MPOILEAYPhl MOTYT OBITH HC-
MOJIb30BaHbI 11 (POPMUPOBAHUS MOHOJUCIIEPCHBIX HAHOKPUCTAILIIOB
BCEro psja XaibkoreHugoB cBuHia PbTe, PbSe, PbS ¢ manbim pac-
npeaeaeHuem o pazmepam 10 ~5—10% [56].

NHuTepecHOl 0COOCHHOCTBIO BBIIIEUBIIONKEHHBIX METOJ0B (KO-
JOUAHBIE, TUJIPOTEPMAIIbHBIN) B MIPUIIOKEHUH K MaTepuanaMm PbX sB-
JsieTCsl TpUMeYaTeabHasT BO3MOXHOCTbh TIOJIYYEHHSI HAHOCTPYKTYP
CJIO)KHOM M 3a4acTyl0 YJIWBHUTEILHOW (POpMBbI: HAHOKYOOB [62—66],
HaHOKOpPOOOK [67], HaHOchep [68], HaHno3Be3n [64, 68—72], HaHO-
UBETKOB [67, 73], a TakKe CIOXKHBIX HEPAPXUUECKUX HAHOCTPYKTYP
[74, 75]. B nuTepaType paccMOTPEHBI pa3IMYHbIE MEXaHU3MBbI (op-
MUPOBAHUS CTPYKTYp pasHoit mopdosoruu [71, 76]. K coxanenuto, B
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paMKax JaHHOW KHUTH Mbl HE MOXEM pacCMOTPETh JETAIBHO 3TH pa-
OOTBbI, MO3TOMY OTpaHUYUMCS TOJOOPKON HambOJee HHTEPECHBIX
N300paKeHU HEOOBIYHBIX HAHOCTPYKTYpP XaJIbKOT€HUJOB CBHUHIIA
(puc. 17).

Tabnuiia 2

Pesrcumul 6vicokomemnepamypnozo cunme3sa Koi1i0UOHbIX
K8AHMOBBIX MOYEK XANbKO2eHU008 ceunya [61]

Marepuan IIpexypcopsl PactBopu- |Pasmep, dopma Ccpui-
U CTaOUITN3aTOPBI TEJb HM Ka
Arnerar cBUHIIA Judennnn-
PbSe Pb(ac),, OA, TOPSe|  dup DPE 1-15 | Chepuueckas | [50]
[uknorexcunOyTu-
part cBUHIIA TpuokTui-

PbSe Pb(chbt),, Tpu-n- | dochunok- | 50-500 | Chepuueckas | [60]
oytundocdar cene- | cux TOPO

uujg TBPSe

PbSe PbO, OA, TOPSe ODE 3-13 | Chepuueckas | [55]
PbO, O4, Tpume- Cdepuueckas

PbS TUJICUITUI CYJIb(UT ODE ~6,5 MHO for aHHa;; [52]

(TMS),S P

PbTe |Pb(ac),, OA, TOPTe|  DPE g 14 |Chepuucckas,| g,
KyOmdeckas

PbTe | PbO, OA, TOPTe ODE 2.6-1g |Chepuacckas, | c,
KyOndeckas

PbSe, PbS [Topommku Se u S, ODE 6-30 Cdepuueckast, 58]
04 KyOnueckas
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Puc. 17. COM-uzobpasicenuss HanocmpyKmyp XaivK02eHUO08 CBUHYA CTLOHCHOU Pop-
Mbl, NOJIYYEHHbIX KOJIOUOHBIM U 2UOPOMEPMATbHLIM MEMOOAMU.
a — Hanokyowvl PbSe [62], 6 — nanosse3dvt PbS [64], 6 — nanoxopobka PbTe [67],
2 — Hanoysemox PbTe [67], 0 — nanozee30w1 PbS [72]

1.2.1.7. BeipamuBaHue KBAHTOBbIX TOYEK XaJIbKOTC€HHUI0B
CBHHIIA METOA0M MOJIEKYJISIPHO-JIY4Y€BOM MU TAKCHHU

ABnenue camoopMHUpPOBaHKS OCTPOBKOB Ha PaccOrIacOBaHHOMN
M0 MapamMeTpy KPUCTATUIMYECKOW PEHICTKH IMOJJIOKKE B TMOCIECIHUE
roJibl JIETJIO B OCHOBY OJIHOW M3 HauOOJee MEPCIEKTUBHBIX METOJUK
CUHTE3a MOJYNPOBOJHUKOBBIX KBAaHTOBBIX TOYeK [77]. dusnuecku
OHO COCTOMUT B poju (GyHIAMEHTAIbHOW MOP(OJIOTHYECKON HEYCTOM-
YMBOCTH HANPSKEHHBIX MOBEPXHOCTEU, KOTOpasi MPUBOIAUTCS B JCH-
CTBUE PENAKCAUMEN YIPYTOU SHEPTUU OTIACIBHBIX OCTPOBKOB, CIIOH-
TaHHO 3apOKJIAIOIIMXCSA HA MTOBEPXHOCTH PACTYLIErO SMUTAKCUATBHO-
r'0 CJIOSI IOCJIE 3aBEPUICHUs] CMAadynuBaroOIIero ciiosd. Ha panHux cragusax
pocTa Takhe HaHOOCTPOBKH HE 00JIaJIal0T AUCIOKAUAMHU U APYTUMU
nedexramu CTpyKTyphbl. OHU JTOTKHBI OBITH MTOJTHOCTHIO KOT€PEHTHBI-

MU K momsioxkke. Takum oOpa3oM, KBAaHTOBBIE TOUKH Ha TPEOYEMBIX
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MO/JIOKKAX MOTYT OBbITh MOJTYUYEHBI i1 Situ, 4TO TO3BOJISET U30ABUTHCS
OT 3aTPYJHEHUM, CBA3aHHBIX, HAIIPUMED, C IEPEHOCOM U OCAXKJICHUEM
KOJIJIOMIHBIX KBAHTOBBIX TOYEK.

['pynna IInpunrxonsiia U3 yHuBepcureTa JIunia B padote [78]
BIIEPBBIC TTOKA3aja BO3MOXKHOCTh CAaMOOPTaHU3aINU TUPaAMUITBHBIX
ocTpoBKkOB PbSe mo mMexanusmy pocra Ctpanckoro-Kpactanosa. bol-
JIO0 YCTaHOBJIEHO, YTO 3MHUTAKCUAIBHBIA POCT HAIPSXKEHHBIX CBEpXpE-
metok PbSe/Pb,_,Eu,Te (x = 0,05-0,1) conpoBoxxaaercs oOpa3oBaHU-
€M KBAaHTOBBIX TOYEK. CTPYKTYpbl BbIPAIIUBAIUCH METOJOM MOJIEKY-
asipHO-ITydeBoil snutakcuun (MJID) nHa Oydepubix crnosx PbTe Ton-
IIMHOM HECKOJIbKO MKM Ha mnomioxkax BaF,(111). B xome pocra
cBepxpemieTok cocta cioeB Pb,_Eu, Te moabupancs takum obpazom,
yTOOBI PACTATUBAIONINE HANPsKEHUS B cllosix PbSe B TOUHOCTH KOM-
MEHCUPOBAIMCH CKUMaromuMu HanpspkeHussMmu B Pb_Eu,Te. B no-
TOOHBIX CUMMETPUYHO-HAMPSIKEHHBIX CBEPXPEIIeTKaX YUCIO OUCIIO-
€B MOXET OBITh CKOJIb YTOJHO OOJBIINM 0€3 00pa3oBaHUs JUCIOKA-
UK. 3a CYET PacCOrjlacOBaHUSl MOCTOSHHOW KPHUCTAIIMYECKOM pe-
meTku B 25,5% mexny PbSe u PbTe Ha moBepxHoctu (hopmupoBa-
JIUCh KOT€PEHTHBIE OCTPOBKU PbSe mocie npeBblllieHnus] KpUTHYECKON
TONIIUHBI B 1,5 MOHOCIOA. J[aHHBIE OCTPOBKM HMMENIU MUpPaMUAATb-
HY10 (OpMy C TPEYTrOJIbHBIM OCHOBAHUEM, UYTO OBLIO YCTAHOBJICHO Me-
TOJaMU aTOMHO-CUJI0BOM MuKpockonuu (ACM) (puc. 18,a). bokoBbie
IrpaHU HaKJOHEHBI 1oJ1 yrioM 54,7° k mnockocTtu pocrta (111) u obpa-
30BaHbl TpeMs Kpuctaiiorpadpuueckumu miockoctsmu {100} ¢ Hau-
MEHBIIEH cBOOOJHOM sHepruei. s omgHoro cimosi PbSe xkBaHTOBBIC
TOYKHU OBLIN CIy4alHBIM 00pa30oM pacrpeacieHbl 10 MOBEPXHOCTH CO
CPEIHUM PACCTOSHUEM MEXKIy HUMH ~61 HM, TOorjga Kak JJisi CBEpX-
peleTok ¢ yuciaoM nepuoaoB cBbiie 30 dhopMupoBaiach rekcaro-
HaJIbHas yIakoBKa CTPYKTYp (puc. 18,0).

B oxnoit n3 mocneayromux paboT JaHHOW TPYIIIBEI aBTOPOB [79]
Uccie0Banach TeEMIlepaTypHas CTaOMIBHOCTh KBAaHTOBBIX TOUeK PbSe
Ha nomioxkax PbTe/BaF,(111). ObnapyxeHo, 4YTO MpU YBEIUYECHUU
BPEMEHU OTKHra npu temrieparype pocra 350°C nmpoucxoauT CHOH-
TaHHOE YBEJIIMYCHUE Pa3MEPOB OCTPOBKOB M YMEHBIIICHHUE UX TIJIOTHO-
cTu. B TO e Bpemsi HaOII0AaeTCs Nepexo]] OT NUpaMUIaIbHON (op-
MbI ¢ Tpadsmu {100} [78] (puc. 18) K CTpYKType C IUIOCKOM BepIIu-
HOM, 4TO 00BsICHSIETCS co3peBaHreM no OcCBajbly — HEPABHOBECHBIM
pOCcTOM 00beMa KBAaHTOBBIX TOUEK.
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Puc. 18. a — ACM-uzobpasicenue nupamuoanbhsvix K6aumoswvix moyexk PbSe
¢ bokosvimu epauamu {100} na nooroscke PbTe (111); 6 — COM-uzobpasicenue
8epxHe2o cl0s Keanmosvix mouek PbSe 60-nepuoonoii ceepxpewiemxu
PbSe/Pb;_Eu,Te, na ecmaske npuseden 0gymephuiti Pypve-cnexmp [78]
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Puc. 19. ACM-uso6pasxcenus (0,5%0,5 mxm’) kéanmogvix mouex PbSe
monwuHou 5 monocioes na noonodxcxke PbTe(111), chopmuposarnnwvix

npu memnepamype noonodxcku 280°C (a) u 420°C (6). B nepsoti yacmu nokazamwl
coomeemcmayruue 2Ucmozpammol 01 pacnpeoenerus no gvicome [80]
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Jlanubie (pakThl yKa3bIBalOT HAa TO, YTO OCTPOBKHU HE SIBJISIIOTCSA
PAaBHOBECHOM CHCTEMOM, a UX Yy3KO€ pacIpejieiieHue Mo pa3Mepam
€CTh YUCTO KUHETHYEeCKU d(pPekT. KitoueBbIM MOMEHTOM YCIEHTHO-
ro BHEAPEHUS] CaMOPOPMUPYIOIINXCS MACCUBOB KBAaHTOBBIX TOYEK B
TEXHOJIOTHUIO MPOU3BOJICTBA YCTPOMCTB SIBJISIETCS BO3MOXKHOCThH CTPO-
roro KOHTPOJS UX IJIOTHOCTH U T€OMETPUUYECKUX MapaMeTpoB. B mo-
cnenyromieid padbore [80] mccienoBazach caMOOpraHu3aIvsg HAHOCT-
pyktyp PbSe, nonyuaembix Mmerogqom MJID nHa PbTe(111) B 3aBucu-
MOCTHU OT TEMIIEPATYyPbl POCTa U HOMUHAJIBLHOW TOJIIMHBI OCAKICHHO-
ro cios. beulo MOKa3zaHO, YTO TMPU YBEIWYEHHUH TEMIEPATyphbl OT
240°C ngo 420°C maoTHOCTh KBAHTOBBIX TOYEK CHHMIKAETCS, a BBHICOTA
yBEIUYUBAETCS MO JiorapugmMuyeckoMy 3akoHy (puc. 19), npu stom
TOJIIIMHA CMAYMBAIOIIETO CJIos U (hopMa HAHOCTPYKTYp MPaKTHUUECKU
He MeHsAtoTCs. [Tpu yBelnMuYeHnr TOMIMHBI CJI0OS TPOUCXOIAIIO TOIBKO
JMHEWHOE YBEJIMYEHHUE BHICOT KBAaHTOBBIX TOUEK. B pe3ynpTare aBTO-
paM yJaJIoCh MOJIYYUTh CUCTEMY MapaMETPOB, MO3BOJISIIOIINX CTPOTO
KOHTPOJUPOBATH MapaMeTpbl MacCUBa HAHOCTPYKTYp PbSe.

JI1s1 TpakTU4YECKOr0 UCIOIb30BaHUSI KBAHTOBBIE TOUKHU JOJIKHBI
OBITH 3aKPBITHl 3ALIUTHBIM CJIOEM, YTOOBI MPEAOTBPATUTH MOBEPXHO-
CTHOE OKHCJICHHE M O€3bI3NIy4aTelIbHYI0 PEKOMOWHAIIUIO0 HOCUTEIEH.
Takou ci0¥ OJHOBPEMEHHO CIIYKUT IIHUPOKO30HHOW MAaTPULEH, JTOKA-
JU3YIOIIE HOCHUTENIM B HAHOCTPyKType. B ouepemnoit pabote
[Inpunrxonena [81] ObL1a McciegoBaHa MOJAU(HUKAIMS KBAHTOBBIX
Touek PbSe/PbTe(111) B mporecce ux mokpeitus ciosmu PbTe u
Pb,_Eu,Te. B pe3ynbraTe Nporucxoauao 3HAYUTEILHOE YMEHBIICHHE
BBICOTHI KBAHTOBBIX TOYEK M OKpyTJIeHUE uX (HopMbl 3a cueT audpdy-
3ur. OgHaKo Takoi 3PHEKT MOKET OBITh 3HAUUTEIIBHO CHIDKEH ITyTEM
PUMEHEHHUSI 0OaphEPHOTO CJIOS C COACP)KAaHUEM E€BPOIIUSI, YTO OOBAC-
HseTcsl Ooublel sHepruei cBsizu s EuTe no cpaBHeHuto ¢ PbSe u
PbTe. CepxpemieTku co closiMu KBaHTOBBIX Touek PbSe/Pb;_ Eu,Se
ObUTH paccMOTpeHbl B padote [82]. [lokazaHo, 4TO 3a CUET CUMMET-
PUYHON KapTUHBI HANPSXKECHUN CBEPXPEIICTKH CTPOro MEPUOIUUYECKHU
PACIIOJIOKEHHBIX KBAHTOBBIX TOYEK MOTYT OBITH C(HOPMHUPOBAHBI C
OOJBIINM YKCIIOM MEPUOAOB 0€3 perakcalliy HalpsKeHU Osaroaaps
00pa30BaHUIO TUCIOKAIIUN HECOOTBETCTBUSI.

B pabote rpymnmner AGpamod [83] kBanTtoBbie TOuku PbTe ¢op-
MUpOBAIKCH Ha nojyioxkkax BaF,(111) meromom MJID no MexaHuszmy
pocta ®onbMepa — Bebepa. OHOPOIHOCTh MOTYYEHHBIX HAHOCTPYK-
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Typ MO pa3MepaM U BEIWYMHA UX MMOBEPXHOCTHOM MJIOTHOCTH OBLIU
CpPaBHMMBI C BEJIWYMHAMHU JJI1 BBIIICONUCAHHBIX PE3YJbTATOB C pe-
xuUMoM pocta CtpaHckoro — KpactaHoBa, 4To yKa3bIBaeT Ha TIep-
CIIEKTUBHOCTH ITPUMEHEHUSI TAHHON METOJIUKHU.

ABTOpBI [84] TPOBOAMIN SKIIEPUMEHTHI MO MOJYYEHUIO KBAHTO-
BbIX Touek PbTe nHa BaF,(111) meTtomom «ropsiueit cTeHKW», MO3BO-
JISIFOIIMM BBIPAIIMBATh CJIOW B YCJIOBUSX, OJIM3KUX K TEPMOJUHAMUYE-
CKOMY PaBHOBECHIO TPU MaJIbIX IEPECHIIICHUSIX TapoBON (a3bl.
ACM-uccnengoBanus (puc. 20) mokasajin, 4To B TAKUX YCIOBUSIX POCT
HaHOCTPYKTyp PbTe mpoucxogut Takxke mo mexanusmy dDojabmepa-
BeOepa, T. €. MPOUCXOAUT MPSIMOE 3apOKIACHUE OCTPOBKOB Ha IO/I-
J0KKe 0e3 MPUCYTCTBUA cMaduBaroliero cios. [Ipu paccorinacoBanuu
napaMeTpoB PELICTOK W YaCTUYHOM CMAuYMBAHUU 3TO OOYCIOBJIIEHO
TEM, 4TO yjeiabHasi cBoOOIHas sHeprus noBepxHocTu (111) ansa PbTe
oonbiie, ueM 1t BaF,.

X¥: 282 nm

Puc. 20. ACM-uzobpasicenue keanmogvix mouex PbTe na BaF,(111) [84]

OOpa3oBaHHE TPEXMEPHBIX 3apOJABIIIEH MPOUCXOINIIO HEMPEPHIBHO B
TEYEHHUE NEPBBIX MUHYT IMPOLECCA, YTO MO3BOJISJIO KOHTPOJIUPOBATH
IJIOTHOCTh OCTPOBKOB. ABTODHI [84] yKa3bIBalOT, UTO MPHU OTCYTCTBUH
nedexroB Ha moBepxHoctu (111) BaF,, koTopsie ABISIOTCS LIEHTPaAMHU
3apoKJIeHUs, (POPMUPOBAHNE OCTPOBKOB HOCUT CIIyYalHBIA XapakTep
U COMNPOBOXKIAETCA MPEOJOJECHUEM aKTUBAIMOHHOTO Oapbepa 3apo-
neiieoopa3zoBanus. [loBbIllIEHHE TEeMIIEpaTypbl CTEHKH MPUBOIUT K
BO3pPACTaHHUIO MOJIEKYyJIspHOTO ToToka PbTe u yBenuueHuro mnepechl-
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HieHus1 mapoBoi (a3bl B 30HE KOHACHCAIIMU. AKTUBAIMOHHBIN Oaphep
YMEHBIIIAETCS, U TNIOTHOCTh KBAHTOBBIX TOYEK yBeau4yuBaeTcs. B pa-
0oTe To ke TpynIbl [85] MccaeaoBaIuCh MPOIIECChl POCTa KBAHTO-
BbIX Touek PbTe Ha nedopmupoBaHHBIX Harpy3kou mojioxkax BaF,.
ACM-n3MepeHus NoKa3aiau, YTO OCTPOBKU UMEIOT KIIACCUYECKYIO ITH-
pamunansayto gopmy c¢ rpansmu (100) u ocnoBanmem (111). Ota
dbopMa OCTPOBKOB COOTBETCTBYET MUHHUMAJIBLHON CBOOOJHOM MOBEPX-
HOCTHO# 3Hepruu s Matepuanos A BY'(111).

B pabote rpynmel [ora u3 IlIBeiiniapckoro HalMOHAIBHOTO TEX-
HOJIOTMYECKOT0 MHCTUTYTa [86] HCClenoBaIuCch MacCUBBI OJHOPOJ-
HBIX KBAaHTOBBIX Touek PbSe, BeIpamennsie metooM MJID no mexa-
Hu3my Ctpanckoro — Kpacranosa Ha noajoxkax PbTe/CaF,/Si(111).
CpenHnil TaTepalibHbIN pa3Mep NUPaMHUAAIBHBIX HAHOCTPYKTYP Y OC-
HOBAHMS COCTaB/IsI 75 HM, BbIcoTa — 15-20 HM, INIOTHOCTH ~10"
cM ~. BBIIO MOKa3aHO, YTO HYKJICAIHs OCTPOBKOB IIPOMCXOIUT HA HE-
OJTHOPOJIHOCTSIX TOJIOKKH, KOTOPHIMU €CTECTBEHHBIM 00pa3oM Clly-
&KaT xapakTtepHbie mia mieHok PbX Ha kpemuun opuentauuu (111)
CTyNEeHHU HaHOoTeppac. KBaHTOBbIE TOUKHU MPU 3TOM UMEIOT (GOpMY MH-
paMHJ C TPEYTOJbHBIM OCHOBAHHEM COOTBETCTBEHHO OPHUEHTAIIMU
(111) mognoxku (puc. 21). AHaTOTUYHBIN pe3yJIbTaT NPUBOJAWICS U B
[83, 84], rme HaOmrogaICs POCT KBAHTOBBIX TOYEK HA CTYMEHBKAX
BaF,. B [86] koppensamus co CTpYKTypOH MHOBEPXHOCTH MOJIONKEK
IPUBOAMIA K BECbMa HEOOJBIIOMY pa30poCy HAHOCTPYKTYpP IO pa3-
Mepam. Uit mIoTHOCTH 1,1:10" em® CpelHss BBICOTA COCTaBUJIA
18,76 HM, cpenHee KBaJpaTUYHOE OTKJIOHEHHE IO BBICOTE PaBHSJIOCH
3,11%, nas nmjaoTHOCTH 0,85°1010 oM 2 — 15,06 aM, cpenHee xkBaapa-
TUYHOE OTKJIOHEeHHE — Bcero 2,08%. B pabdote [82] nuHTepBan cocras-
as1 7%, a B [84] — 26%. IIpuuriHa 0Opa3oBaHUs OJJHOPOIHBIX KBAHTO-
BBIX TOYEK XaJIbKOTCHHUJIOB CBHUHIIA B AKCIIEpUMEHTE [86] 0OBbsICHSIETCS
cienyromuM o0pasoM. Kak n3BeCTHO, MOBEPXHOCTH MOTYIPOBOIHUKOB
PbX na Si(111) xapakrepusyercs Teppacamu U IMKaMU BBIXOJA JIHC-
nokanui [86]. IIITOTHOCTh NPOHU3BIBAIOIIMX AUCIOKAIIMH, BEIXOASIINX
HA MOBEPXHOCTh, HAXOJAUTCSA B JHAAIIA30HE 10-10° cm 2. JlaHHbIC IMC-
JIOKaIlUM HE MOTYT OOBSICHUTh CHHXPOHHOE 00pa30BaHUE OJTHOPOIHBIX
KBAaHTOBBIX TOUYEK, MOCKOJIbKY UX IJIOTHOCTh, IO KpailHEN Mepe Ha JiBa
nopssika MeHsbIe. Jpyrumu neexraMu MmoBEpXHOCTU SIBISIFOTCS TIpe-
CEUYEHHUs JUCIOKAIMOHHBIX JIMHUM, CTYNEHU HaHOTeppac. ABTOpaMu
[86] ObLIO oOmpeAesieHO, YTO IUIOTHOCTh BBICTYHAIOIIUX KpaeB
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(amekcoB) TPEyroJIbHBIX HAHOTEPPAC COOTBETCTBYET IJIOTHOCTH IIO-
Jy4aeMbIX KBAaHTOBBIX TOYEK. Takum 00pa3oM, YHHUKAJIbHO BBICOKAs
OJIHOPOJTHOCTHh HAaHOCTPYKTYp PbSe mo pasmepam umena MecTo B CBs-
31 C UX 3apOXKJIeHHEM BOJM3M MOHOATOMHBIX CTYIEHEW HaHOTeppac
Ha noBepxHocTu PbTe(111) (puc.21). B pabore [84] 3apoxaecHue
ocTpoBKOB o Mexanusmy Donbmepa — BebGepa mpu Hamuyuu CBO-
OOJHBIX MECT Ha MOJJIOKKE MPOUCXOJIUIIO HEMPEPHIBHO B MpPOLIECCE
pocCTa, YTO ONpPEIEIAI0 OOJIBUIYIO TUCTIIEPCHIO TI0 pa3Mepam, Mo CpaB-
HEHHIO C HAHOCTPYKTYPaMH XaJIbKOT€HHIOB CBHHIIA, BHIPAILIEHHBIX MO
mexanu3my Ctpanckoro — Kpacranosa [84].

1] 0 nm e ﬂ. T A 6

h=15.1+ 0.3 nm ]
std = 2.1%

10 F

# of Dots

cdall 4T :

014 15 16 17
Height h [nm]

Puc. 21. ACM-uzobpasicenue (a) u cucmozpamma pacnpedeieHus no evicome (0)
NUPAMUOAIbHLIX K8aHMoeblx mouek PbSe co cpeoneti evicomoti 15 Hm
U cpeOnum Keadpamuynbim omrionenuem 2% [86]

[TogBoast UTOr CKa3aHHOMY B pazjeiie 0 (OpMUPOBAaHUU HAHOK-
PHUCTAJUIOB XaJbKOTE€HUJIOB CBUHIIA, OY€Hb BAXKHO yKa3aTh, YTO K Ha-
CTOSIIIIEMY BPEMEHH BBIPAOOTaHBI W OOCYXKIAIOTCS €Ie HECKOJIBKO
abTEPHATUBHBIX METOJIOB, HE BOUICAIIMX B MPEIIOKCHHYI0 HaMu
o01y10 Kiaccu(uKkaiupo, Ho, TeM HEe MEHee, BeCbMa IepPCIEKTUBHBIX U
WHTEPECHBIX JJII KOHKPETHBIX 3a/Jad. DTO XUMHUYeckoe [87] u aiek-
TpOXUMHYECKOE [88] ocaxIeHHE HAHOKPHUCTAIOB, 3MUTAKCUATbHBIN
POCT KBAHTOBBIX TOYEK B IMIHPOKO30HHOH obomouke A'BY
(PbTe/CdTe) [89], MukpoBoHOBBIM cuHTE3 [90], MEXaHOXUMHYECKUM
cuHte3 [91], 3KONOruYeCcKH YUCThIE KOJUIOUAHBIE METOABI [92], cuHTE3
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mieHoK Jlenrmiopa — biomxert ¢ HaHowactutiamu PbX [93], ocaxne-
HUE HAHOKPHUCTAJUIOB B mopuctbie ocHoBaHus Ti0, [94-96], ynbrpa-
TOHKHE IUJIEHKH, COCTOSIIIUE U3 OTIEIbHBIX HAHOKPUCTALIUTOB [97—
101], viomumueiii cunte3 [8]. OTAEABHO ClIEayeT OTMETUThH IIPHUBIIC-
Karolue Bce OOJBIINN UHTEPEC B TIOCIICIHEE BPEMS JIa3€PHbBIC METO/IbI,
KOTOpbIe OBbLITH OCBOCHBI JiJ1s1 PbX TONBKO OTHOCHUTEIHLHO HEAABHO: UM-
nyJbCHOE JazepHoe ocaxiaecHue [102-104], ummynbcHas na3zepHas
(parmMeHTalMsl HAaHOMOPOIIKOB B BOJHBIX pactBopax [105], mazepnas
00paboTKa MOBEPXHOCTH MUTAKCUATBHBIX TUICHOK 11 (POpMUpOBaHUS
peryisipHoro HaHopenbeda [106, 107]. Pan uzoOpaxenuii Hauboiee
WHTEPECHBIX HAHOCTPYKTYpP XaJbKOT€HHUJIOB CBHHIIA, MOJYYEHHBIX C
MPUMEHEHHEM JaHHBIX METOJIOB, TPEACTABIIEH HA PUC. 22.

z/nm |

50+
40
30 +

20

x/um

Puc. 22. Hanoxkpucmannwl Xanvko2eHUu008 c8UHYA, NoIyYeHHble MeMmoOaMU.:
anekmpoxumuieckozo ocaxcoenus [88] (a), popmuposarnus nienox
Jlenemropa — Brooscemm [93] (6) u ynompamounkux nienox [99] (8),

nazeprot oopabomku [107] (2)
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1.2.2. dopmupoeaHue HaHOHUmMell
Xa/1bK02eHU008 C8UHUA

OnHOMEpHbIE HAHOCTPYKTYPHI (KBAHTOBBIE HUTH) IO CPABHEHUIO
C APYTrUMHU HHU3KOpPa3MEPHBIMU CUCTEMaMH 00JIaJjal0T ABYMSI KBAHTO-
BO-OTPAaHUYEHHBIMU HAIIPABJICHUSIMH, a4 TPETHE HAIIPABJICHUE OCTAETCS
CBOOOJIHBIM ISl DJICKTPUYECKOTO IMEepPEeHOca HOCUTENIeH. DJTO JaeT
YHUKQJIbHYIO0 OCOOCHHOCTH JJI UCIOib30BaHus 1D cuctem B ycTpoii-
CTBaX, I'Jle HEOOXOAUMa AJIEKTPUUECKAs] MPOBOJUMOCTh B OJHOM Ha-
npaBieHud. [Ipy MosiBIEHUM KBaHTOBO-pa3MEpHBIX 3(PPEKTOB B IO-
MIEPEYHOM HAITPABIICHUU Pa3Mepbl KBAHTOBBIX HUTEW BIOJb UX JJIMHBI
JIOCTATOYHO BEJUKHU, YTOObI OHU COXPAHSIM MOHOKPUCTAJUIMYECKYIO
CTPYKTYPY, UTO MO3BOJISIET MPOBOJUTH PACUYETHI KX CBONCTB HA OCHOBE
JAHHBIX JJI1 00bEMHBIX MarepuanoB. B 00jiacTu HaHOCTPYKTYpPHUPO-
BAHHBIX XaJbKOT€HUJOB CBHHIA ()OPMUpPOBAHUE KBAHTOBBIX HUTEM,
HAHOHHUTEN (HAHOMPOBOJIOK, HAHOCTEPXKHEHN) B CHIIy HECOMHEHHOIO
NOTEHIMAaa UX MPAKTUYECKUX MPUMEHEHHN MMeeT OOJblIoe 3Haye-
HUE€, CPAaBHHUMOE C CHUHTE30M HAHOKPHUCTAIOB. [Ipu 3TOM mnpuemsl
dbopMupoBaHus HaHOHUTEH PbX BO MHOTOM SIBJISFOTCS OCHOBAHHBIMU
Ha TPATUIIMOHHBIX METOAAaX CUHTE3a KBAHTOBBIX TOUEK (KOJUIOUIHBIH,
TUPOTEPMATILHBIA METOJIBI U TIp.), KpoMe Toro, MMerT MeCTo U crie-
nududecKkre Mmoaxobl sl OJJHOMEPHBIX HAaHOCTPYKTYp (Hampumep,
[Tpunin-texnonorus). Ha puc. 23 npuBeneHa kpaTkas KiaccupuKaiys
OCHOBHBIX METOAOB (OPMUPOBAHUS HAHOHUTEH XaJIbKOI'€HU]IOB
CBHHIIA, KOTOpbIE OyAyT pacCMOTPEHBI HUXE Ha MpUMEpax 0a30BbIX
pabot. Kak u B cilyyae ¢ HaHOKpUCTAJIJIaMU, MOJIABJISIONIAsl YaCcTh HC-
MOJIb3YEMbIX METOJAUK OTHOCHUTCSI K TEXHOJIOTUYECKON KOHIIEIIIUU
«bottom-upy». HoBble moaxoapl K pocTy HaHompoBojok PbX mpu uc-
MOJIb30BAHUM METOJIOB IJIa3MEHHOM 00pabOTKH, pa3pabOTaHHBIE aB-
TOpaMU KHUTH, OyAYT paCCMOTPEHBI OT/ICJILHO B TJIaBe 3.
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Koa1onauelii cuures XuMHuYecKoe ocaxkie-

HHUE
OcCHOBHBIE TEXHO-

JIOTHYeCKHUe
npuemMsl (popmMu-

poBaHUAA HAHOHM-

Tel PbX
I'maporepmaibHbIii DIEKTPOXHMHYECKOE
METOoa 0CaAXKIACHUC
OnurakcuaabHbIi
POCT IO MeXaHU3MY IpuHI-TeXHOI0rUA
«map — KUAKOCTDb —
KPHUCTAJLD»

Puc. 23. Knaccughuxayus ochosHwvix memooos
Gopmuposanusi HaHOHUMeN XanbKO2eHUO08 C8UHYA

1.2.2.1. KoyLiouaHbIid CHHTE3 HAHOHUTEH

Kak ObUIO paccMOTPEHO BBIIIE, METObI KOJUIOMAHOTO CUHTE3A
ABJISIIOTCS. OJTHUMH M3 HauOoJjiee MHUPOKO MPUMEHIEMBIX NI CUHTE3a
KBAaHTOBBIX TOYEK XaJIbKOT€HHAOB CUHIA. [I03TOMYy €CTECTBEHHO, 4YTO
JAHHBIA TOAXOJT OKa3ajlcsl YCHEIIHbIM W il (POpMUPOBAHUS OJHO-
MEpHBIX HAaHOCTPYKTYp. B padote [108] MeTO 1 KOJIIIOMAHOTO BBHICOKO-
TEMIIEpAaTypHOrO CHUHTE3a ObLI MCIOJIb30BaH sl (POPMUpPOBAHMS Ha-
HoHuTel PbS ¢ 3amanHoi BenmunHoM nuametpa. CyTh dKCIEPUMEHTA
COCTOsIJIa B TOM, YTO aHM3OTPOIHBINA POCT Cyib(duaa CBUHIA pa3Inuy-
HOI MOP(OJIOTUU UMENT MECTO B XOJI€ CTAH/IAPTHOT'O BBICOKOTEMIIEpa-
TYpPHOTO CHUHTE3a MpH J0OaBICHUH B pacTBOp HaHOo4acTull Au. Okcua
CBHUHIIA, TE€KCAACIUIAMKH, OJIEMHOBAsI KUCJIOTAa U HAHOYACTHUIIBI 30J10-
Ta pacTBOpsIUCH B (heHmi1 3dupe. [lonyyennas cmech HarpeBanach 10
200°C B Teuenue 15-30 mun B atmMocdepe aprona. J/lanee B ropsuuii
pacTtBop uHekTupoBaiics TOPS u TemnepaTypa peakiuyuu MOoaIepKu-
Basiack mipu 200°C B Tedyenue 1 4. B pesynbrare umeno Mmecto GopMu-
POBaHUE HAHOCTPYKTYP pa3anyHON (OPMBI, 3aBUCSIICH KaK OT KOH-
HEHTpalu Au B KOJUIOUJHOM PACTBOPE, TAK U OT COOTHOIIECHUS Mpe-
KypCOPOB CBUHIIA U cepbl (puc. 24).
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S rat
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0 ~0.0025 ~0.025 ~0.050
Au NPs concentrations (mmol metal atoms)

Puc. 24. Jluaepamma ons mopghonocuu nanocmpyxkmyp PbS
8 3ABUCUMOCTNU OM PEHCUMOB CUHMESA.:
coomuowernuss Pb:S u konyenmpayuu nanouacmuy Au [108]

ABtopsl [108] yka3bIBarOT, YTO BBEICHUE HAHOYACTHUI[ 30JI0Ta
MOCTEIIEHHO MU3MEHSET MEXaHU3M POCTa OT YIPABISIEMOr0 JIUMOJIBHO-
OPUEHTUPOBAHHOM arperanuend 10 aHU30TPOMHOrO ¢ TBEpA0(ha3HBIM
KaTajau3aTopoM. B momo0OHbBIX cliydasix pOoCT HAHOHUTEH C 3aTpaBKaMHU
OOBIYHO MOXET OBITh OOBSICHEH B pamMKaxX MEXaHU3Ma «KPHUCTaJUI —
KHUIKOCTh — KPUCTAIUD», KOTOPBIM SIBJISICTCA BapUallM€ MEXaHU3Ma
«map — JXKUJAKOCTb — KPUCTAUD), UMEIOIIETO MECTO MPHU CUHTE3E C UC-
MI0JIb30BaHUEM IIPEKYypPCOPOB razoodpa3zHoil (a3pl. B 000ux JaHHBIX
ClIly4asix OJJMH WK 00Jiee IPEKYPCOp PACTBOPSIETCS B METAIIUYECKOM
4yacTuIle-3aTpaBKke (KUAKOW Karie) W BBITAJKUBACTCS, UHAYLUPYS
POCT HAHOHUTHU, KOTOPBIN UJIET MO IEUCTBUEM HEMPEPHIBHOTO IIUKIIA
pPacTBOPEHUS IPEKYpPCOpa B KaIIE U €r0 KPUCTAILIM3ALUA HAa TTOBEPX-
HOCTU. JIjisi TOro d4YTOOBI OCYILECTBISJICA MEXAHU3M «KPUCTAILIT —
KUJKOCTh — KPUCTAJUDY, B PAaCcCMAaTPUBAEMOM Ciydyae HEO0OXOJUM
cMelnmBaeMblil craB Au-Pb-S ¢ HU3KOM TeMmeparypoil IiaBJIeHHUS.
OnHako W3BECTHBIC JAHHBIC YKa3bIBAIOT HA TO, YTO HAHOKPHUCTAJUIbI
Au guametrpom 4 HM He OyIyT TUIABUTHCS MPU UCTIOIB3YyEMOM B IKC-
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nepumente temreparype (~200 °C). ABTopbl AenatoT BbIBOA, YTO OC-
HOBHAasl POJib 3aTPABOYHBIX YaCTHUI[ COCTOUT B TOM, UTOOBI MPOCTO
NPEACTaBUTh HU3KOIHEPTETUYECKYIO MTOBEPXHOCTh JJISI T€TEPOTr€HHOM
HYKJI€allud HaHOKpHUcTauia PbS W nanpHeiiniero ero aHM30TPOIHOTO
pocta. Takue HaHOKPUCTAUIBl MOTYT CJIY>KUTh B Ka4€CTBE Pa3MEpPHO-
ro madjaoHa JiJis JaJTbHEUIIIEr0 pocTa MyTEM OPUEHTUPOBAHHOTO MPU-
COCIMHEHUsI HAaHOKpUCTALIOB PbS, uTo mpuBoauT K (OPMUPOBAHUIO
OAHOPOAHBIX HaHOHUTEW. Ho B ciiydae manoi KoHIEHTpanuu Au ux
MOpP(QOJIOTHS JeTeHEPUPYET, MPEACTaBIsAA CO00M CilyyallHbIE CKOILIe-
HUS U30THYTBIX HEOJHOPOAHBIX O AuaMeTpy Hutel (puc. 24). C apy-
ol CTOPOHBI, MPU TMOBBIIMICHUU KOHIIEHTPAIIUU 30JIOTHIX YacCTHUIl B
pacTBOpE MPOUCXOJIUT TOSIBIICHUE PA3BETBJICHHBIX CTPYKTYp, CO-
crosiux Oosee yeMm u3 100 HaHOHUTEH, PACTyIIUX U3 30JI0TOTO SAPa,
SKBUBAJIECHTHOrO 10 pa3mepam 25-30 3aTpaBOYHBIM 4YacTHUIIAM
(puc. 24). Hapsiny ¢ 3TUM B CUHTE3€ HAHOHUTEW BAXKHYIO POJIb UTPAET
U MosibHOE cooTHoueHue Pb:S. Kak npaBuiio, oiHOpoAHBIE HAHOHUTH
PbS co cpennum auameTpom ~35 HM MOJYYaaUCh MPU COOTHOIIEHUU
Pb:S 1:1. Ero yBenuuenue 10 3:2 npuBOAMIO K POCTY 00Jiee KPYIHBIX
HUTEW ¢ auameTrpoMm A0 55 HM. Korma cooTHOmeHue CHMXKAIOCh 10
1:4, dopMupoBaHrsi HAHOHUTEN HE MTPOUCXOJIUIIO, & UMEJIO MECTO 00-
pa3oBaHUE KOJUIOUIHBIX KyOMUYECKUX HAHOKPHCTAJIIOB.

B xoae BBICOKOTEMIIEPATYPHBIX KOJUIOUIHBIX MPOLIECCOB YaCTO
UMEET MECTO OPUEHTUPOBAHHOE COOMPAHUE KOJUIOUIHBIX HAHOYACTHII
B HAaHOHUTH Oojiee cioxxkHOW (opmbl. Tak, rpymmoit Mroppes [109,
110] ObLT paccMOTpPEH POCT B PacTBOpPax MOHOKPHUCTAIIMYECKUX Ha-
HoHUTeW PbSe paznuunoii Mmopdonoruu, oOpa3oBaHHBIX OPUEHTUPO-
BAHHOM arjioMepanuer HaHoyacTull. [IpoBoauiicss cTaHIApPTHBIN BbI-
cOKOoTeMnepaTypHblil cuHTe3 npu temreparype 190-250°C. Iuamerp
MOJy4YaE€MbIX HAHOHUTEN BapbUpOBaiCA B uHTepBaiie 4—20 HM ¢ JJTH-
HOM 10 30 MKM MpH U3MEHEHUH PEKUMOB peakiu. ABTOPHI YCTaHO-
BUJIA, YTO MEXKJIUIOJIBHOE B3aUMOJICCTBUE MEXKTY OTIICJIbHBIMU KOJI-
JOUAHBIMU HaHOKpHUcTallaMu PbSe cobupaeT ux B 1EMOYKH, KaK IO-
ka3zaHo Ha puc. 25. IIpu Beicokol Temmeparype peakiuu (250°C) ot-
JeJIbHbIC HAHOKPUCTAJUIBI CHEKAIOTCS U OOBEIUHSIOTCS B MOHOKPH-
cTajuimyeckue HaHOHUTU. J[oOaBouHble CypdaKTaHThl MOTYT H3Me-
HATh KHHETUKY POCTa OTJEIbHBIX TPAHEH HAHOYACTHUI] U TaAKUM 00pa-
30M MmoauduimpoBats popmy HaHonuted. Kpucramisl PbSe coenu-
HSIOTCS MEXITY cO00M KpucTamiorpabhudeckuMu miockoctsamu {100},
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{110}, {111} B 3aBHCUMOCTH OT THIIa cyp(daKkTaHTa, YTO MPUBOJUT K
BO3MOYKHOCTH TOJYYE€HUS MPAMBIX, 3UI'3aroo0pa3HbIX, CIUPaJIEBU-
HBIX, PA3BETBIICHHBIX U KOHUYECKUX HAHOHUTEN (puc. 25). BaxkHbiM ¢
MPAKTUYECKOW TOYKM 3PEHUS CBOMCTBOM SIBUJIOCH TO, YTO JAHHBIC
KOJIJIOMIHBIE OJTHOMEPHBIE CTPYKTYPhI MOTYT ObITh OPUEHTUPOBAHBI B
pacTBOPE BHEUIHUM DJIEKTPUUYECKUM IOJIEM, YTO JIOJKHO YIPOCTUTH
WX UHTErPaIMIo B IPUOOPHBIE yCTpoKCTBa. B nepcnekTruBe mogo0HbIe
MPOBOAIINE HAHOHUTU MOTYT OBITh BBIPAIICHBI U3 CTPOUTEIIHHBIX
3JIEMEHTOB-HAHOKPHUCTAJUIOB HEMOCPEICTBEHHO HA YUIIE.

Puc. 25. Hanonumu PbSe, cghopmupoearnvle npu opueHmupo8aHHom coeouHeHuu
Hanokpucmannos PbSe: cxemamuueckoe uzoopasicenue npoyecca cunmesa (a),
1IDM-u306pasicenuss mpumepa Ha paurell cmaouu pocma (6), HaHoHUmMet NPsAMou (8),
3U23a2000pA3HOI (2), cCnupanvbHoll (0—oic) U pazeemenenHol (3) mopgonocuu.
Macwmabnas memxa coomsemcmayem 10 um [110]

dopMupoBaHue MOJOOHBIX CIOKHBIX HAHOHUTEH OBLIO MpOBEIe-
HO /st PbS B pabote [111]. Auerar TpuruapaT CBUHIIA U OJICHHOBAs
kuciora HarpeBamch npu 150°C 10 MOJHOTO PacTBOPEHMS aleTara
CBHUHIIA, B OTAenbHOM eMkocTH TOPS cmemmBancs ¢ OAm n ODE. 3a-
TEM CEpHBIM PaCTBOP MEAJICHHO MHKEKTUPOBAJICS B TOPSUYUI pPacTBOP
osieata ceuHA npu 200-250°C u peakuusi CHHTE3a NPOBOAWIACH MPU
175-200°C B Teuenune 1 4. IlonmydyeHHbIE HAHOHUTHU OCAXKIAIUCH Ha
MOJJIOKKY METO/IOM HeHTpuyrupoBanus. HauMmenbiive no AuameTpy
HAHOHUTHU OBUIM MOJYYEHBI PU UCTOJIb30BAHUU MEHBIITUX TEMIIEPATYP
urxekuuu (200°C) u pocra (175°C), a 6osiee KpyIHbIe IPU MOBBIIIEH-
HbIX Temreparypax — 250°C u 200°C cOOTBETCTBEHHO. 3a CUET MOJAB-
JSIEMOT0 OJIEWJIAMUHOM pocTa miiockoctet {111} poct HaHoKpucTa-
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JIOB TIPOXOAMIT B OCHOBHOM i1 rpaneit {100} u {110}, yto npuBoauio
K (DOPMHUPOBAHHMIO aHU3O0TPOITHBIX 3BE3/I000pPa3HBIX U BOCBMUTPAHHBIX
HAHOKPHUCTAILJIOB C OCTPHIMU KPAsIMHU.

100 nm
—

Puc. 26. Cxemamuueckas ouazpamma npoyecca camocoopku
HamoHumeu Cl0HCHOU Mopghonocuu uz Hanoxkpucmainos PbS [111]

JlaHHbIE YaCTHUIIbI CIY>XUJIU CTPOUTEJIBHBIMU AJIEMEHTaMU ISt
caMo(OpMHUPOBAHUS HAHOHUTEH, KOTOPOE CBSI3aHO C MOBBIIIAOIICHCS
MOJIAPU3YEMOCTBIO U JIBUKECHUEM JUIIOJEN BAOJIb OCU pocta. [TomHo-
CTBIO JAHHBIA MPOLIECC TPOMJUIFOCTPUPOBAH HA pUC. 26, U3 KOTOPOTO
BUJIHO, KaK camMocOOpKa 3B€31000pa3HbIX HAHOKPUCTALIIOB TPUBOIUT
K (OopMUPOBAaHWIO HAHOHUTEH C KPYIMHBIMU «BETKAMHU», a BOCHMH-
rpaHHbIX B0 HanpaBieHus <001> — k 3urzarooOpa3HbIM.

B pa6ote [112] Obu1 mpeasio’)KeH METO OJIHOIIArOBOI0 CHHTE3a
CBEPXTOHKUX KOPOTKMX HAHOHUTEW MyTeM JEKOMIIO3UIIUU TOJIBKO
OJIHOTO MPEKYypcopa — KCAHTOT€HATa IeCKaJICIWI-CBUHIIA B JIMTaHAaX
B cypdakrtante Tpuoktuiamue (70OA) npu HU3KOW TemmepaTrype B
atMoc(epe azota. B pesynbrate dpopmupoBanuch nokpuiteie 7OA Ha-
HOCTPYKTYphl PbS niaunoit 12—15 aM u auamerpom 1,7 HMm. CriekTpsl
AJIEKTPOHHOW AUPAKIIUK MOKa3adud CTPOTYI0 MOHOKPHUCTAIIMYHOCTD
JAQHHBIX CTPYKTYpP, ONTUYECKUE HU3MEPEHUS — TMOSIBJICHUE KBAHTOBO-
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pasmepHbix 3hdekToB. B mocnenyroleld craThe JaHHBIX aBTOPOB
[113] ObuT mpensiokeH METOJl KOHTPOJIS JUaMeTpa MOoJ00HBIX HaHO-
HUTEH, 3aKTI0YAONIMIACS B BapUallMM TEMIEPATypbl HHXKEKIIMU Opra-
HOMETAJUIMYECKOTO Mpekypcopa. s cuHte3a HaHoHute PbS mua-
MetpoM 1,7 HM KcaHToreHat noodasisuics B TOA npu 65°C u niporece
MOJJICPKUBAJICS TIPU NAHHOU Temmeparype B TeueHue 40 muH. [ns
MOJTy4YCHHUS HAHOHUTEH AuaMeTpoM 2,5 HM TaKoM k€ 00beM MPeKyp-
copa umxektupoBayicsa npu 90°C um peakuusi npoBoawnach 15 MuH
npu 100°C. Ha pwuc.27,a npexacraBieHo TtemHomnoiabHoe [[OM-
M300pakeHUE HAHOCTPYKTYp € AUaMeTpoM 1,7 HM U JJIMHON ~12 HM.
JlaHHBIE MUKPOCKOMIUHU YKa3bIBAIOT, YTO HAPaBJICHUE POCTa HAHOHU-
Tl COOTBETCTBYET KpucCTajiorpaduueckomMy HampasiaeHuto <110>.
Ha puc. 27,6 nokazana MojienbHas CTpyKTypa HaHOHUTEH PbS, u3 xo-
TOPOM BUJIHO, UTO TOpLAMH SBJISIOTCS miiockoctu {110} mnu Hakio-
HEHHBIC K HUM 11011 yriaoM 45° mmockoct {100}.

Puc. 27. [I3M-u3obpasicenue (a) u mooenvrnas cmpykmypa (6)
ceepxmonkux HanoHumeu [113]

Ycnemnoe nonydenue HaHonuted PbTe co cxoxkeit mopdoro-
ruei obuto BriepBbie mpoBeAeHo B 2010 r. aBropamu [114]. Beut pas-
paboTaH HOBBIM JBYXIINAroBbIM KOJIOWIHBIA METOM, IO3BOJISIOIINAM
MoJIy4aTh CTPYKTYPHI 3aJlanHON Mopdosoruu. Temrypua CBUHIIA CUH-
TE3UPOBAICS IMyTeM J00aBIEHUS BOJHON B3BECH COJIM CBHHIIA (XJIO-
puaa, HUTpaTa WM KapOOHaTa) B CBEKEMOJTOTOBIICHHBIA pPacTBOP
NaHTe. TBepaplii NPOAYKT pEaKIIUM OCAXKIAICA C MOMOIIBIO IEHTPH-
dyrupoBanus, pactBopsuicss B TOP U MHXEKTUPOBAJICA B TOPSUMIA
rekcanenuiaamud (HDA) npu temneparype 190, 230 unu 270°C, u pe-
aKIUsl NOAJIEP/KUBAJIACh MIPU 3TOM TeMIEepaType B T€UCHUE 2 WK 4 u.
[Ipu Oonee HU3KUX TemmepaTypax MPOUCXOAUIIO (POPMUPOBAHUE TH-
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NUYHBIX KOJUIOUJHBIX KYOMUYECKHUX HAHOKPHUCTALIOB, OJHAKO IpHU
270°C B cinyuae npekypcopa PbCO; umen mMecto CMHTE3 KOPOTKHX
HaHOMPOBOJOK (puc. 28,a). [IpuunHo#i Takoro nepexoja siBISETCA TO,
YTO B JJAaHHOM cliy4yae miockoctd {111} pactyT ObicTpee, yem IIOC-
koctu {100}, uyro nmemaer oOpa3oBaHME AHU3OTPOIHBIX HAHOHUTEH,
BBITSHYThIX B HampaBiaeHuu <100> (puc.28,6), Oosiee BBITOJHBIM
SHEPreTUYECKU, YTO, OJHAKO, BO3MOXHO TOJBKO JJISi UCIOJIb3yEeMOMN
KapOOHATHOM PEKYPCOPHOM CPEIbI.

Puc. 28. I[IDM-u306pasicenus ancambns (a) kopomxux nanonumeii PbTe,
nonyyenHvlx npu memnepamype 270°C, u cmpykmypul (6) omoenvrou yacmuysi [114]

1.2.2.2. I'maporepMaibHblii MeTOa GOpMUPOBAHUSA
HAHOHUTEH

B pa6ote [115] MOHOKpUCTAIITUYECKHE KOPOTKUE HAHOHUTU PbS
ObLIM YCHEIIHO CUHTE3UPOBAHBI C MUCIOJb30BAHUEM MPOCTOTO THAPO-
TEPMaJIbHOIO METOJIa, BKIIFOYAIOLIEr0 MCIOJb30BaHUE TPUOJIOK COIO-
aumepa P123 B kaudecTBe CTpyKTypooOpasyroliero areHrta. JlaHHbIi
noJMuMep mpeacTasisier codor tpubnoxk PEO-PPO-PEQ, xyaa BXo-
AT nonvdTUieHokeu (PEQO) n nonunponuwieHokcus (PPO). P123
pacTBOpSUICS B NWCTUJUIMPOBAHHOW BOJIEC, M TMOJYYEHHBIA OJHOPO/I-
HbII BOAHBIN pacTBOp cMmemmuBaica ¢ Pb(NO;3), U THOMOYEBUHOM.
I'maporepmansubiid cuHTe3 npoBoawiics npu 100°C B teuenue 24 u.
[Tony4yeHHbIE HAHOHHUTH, OCAXKJICHHBIE HA MOMJIOKKY IyTEM LIEHTPH-
dyrupoBanus, IpeAcTaBiIeHbl Ha puc. 29,a. JluameTp OTIENbHBIX Ha-
HoHuTel coctaBisul 40—70 uM, niauHa 200-600 vM (puc. 29,6). Xo-
pOLIO BUAMMAs KpHUCTaJM4uecKkas pemerka ¢ nepuogom 0,348 Hwm, co-
OTBETCTBYIOIIMM PACCTOSHUIO MEXKIY MiockocTsmu {111} nns xyOu-
yeckoro PbS, yka3piBaeT Ha MOHOKPUCTAIUIMYHOCTH CTPYKTYpP
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(puc. 29,6) 1 ux poct B Hanpasiiennu <111>. MexaHnu3m pocrta B J1aH-
HOM CJIy4yae coCTosul B TOM, uto, koraa Pb(NOs), BBoauicsa B pacTBOp

2+
P123, noBepxHocth PEO uMena cUIbHOE CPOJACTBO K KaTHOHaM Pb”™ .
[Tocne goGaBieHUs THOMOYEBUHBI B X0Ji¢ ruapoiusza H,S B pacTBop

2- 2+

BBOJIWJIMCh aHUOHBI S° , KOTOphIE pearupoBaiu ¢ Pb™ Ha moepxHo-
ctu PEQO, opmupys 3apoasimm PbS. [To Mmepe npoTekanus peakiuu

3aTpaBku PbS aHM30TPONHO BhIpacTajyd B HAHOHUTHU 0] yIIPaBJICHU-
eMm P123.

50 nm

Puc. 29. COM-uzobpasicenue (a), [IDM-uzobpasicenue (6)
u IIOM-uzo06pasicenue evicoko2o paspewenus (8) Hanonposoiok PbTe,
CUHME3UPOBAHHBIX 2UOPOMeEPMATbHbIM Memoodom [115]

I'mpporepMasibHBIM  OAXOMA MPEACTABISIET BO3MOXKHOCTH HC-
MOJIb30BAaTh COBEPIIECHHO PA3JIMYHBIE PEAr€HThl B KAY€CTBE BOCCTAHO-
BUTEJS JJIsI CHHTE3a HAHOHUTEH XaJIbKOIreHHUA0B CBUHLA. Tak, B [116]
HaHoHuTH PbTe nmamerpom 25 HM, MOKPBITHIE 000JO0YKON yIiepojia
TONIIMHON 8§ HM, OBLJIM YCIEIIHO CMHTE3UPOBAHBI B XOJI€ OJIHOIIIArO-
BOI'0 THIAPOTEPMAIBLHOIO IIpollecca MpH HUCIOIb30BaHUN aCKOPOUHO-
BOW KHCJIOTHI B POJIM BOCCTAHOBHUTENS M MCTOYHMKA KapOOHU3AIIUH.
A B [117] rugpoTepMalibHbIA CUHTE3 UEPAPXUUECKUX HAHOHUTEH PbS
MPOBOIUJICS C UCTIOJIF30BAaHUEM THOJBHBIX OMOMOJIEKYJI TIyTaTHOHA.

1.2.2.3. XumMHu4ecKoe oCa:KIaeHue

@OpMUPOBAHUE HAHOHUTENM METOAOM XHUMHUUYECKOTO OCaXKIe-
HUA SIBJISIETCS AOCTATOYHO MPOCTHIM M YHUBEpPCAIbHBIM JJIsI MaTe-
puanoB PbX [118]. ABTOpbI COOOLIMIM O CHHTE3€ MOHOKPHUCTAILIH-
yeckux HaHoHuted PbS, PbSe u PbTe u uccnenoBanuu ux tepmo-
NEKTPUUYECKUX U DIEKTPUUYECKUX CBOUCTB. CTPYKTypbl QPOpMHUPO-
BAJIMCh XMMHUUYECKUM OCaXKJieHHueM Ha moaioxkax Si(100) ¢ ucmonin-
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30BaHreM razooOpasnoro Pb (ucmapenuem u3 PbCl,) u npexypco-
POB XaJIbKOTEHOB B TOPU3OHTAIILHOW TpyOuyaToil medyu. Xapakrtep-
HbIC JTHAMETP U AjrHa HaHOHUTeW cocTtaBisiin 40—100 um u 10-70
MkM i PbS, 40-200 am u 10-100 mxMm miis PbSe, 100200 uM u
40-100 mxm gna PbTe coorBeTcTBeHHO. HaHoHMTH pociu B Ha-
npaBieHuu <100>. beuto oOHapykeHO, YTO TEIJIONPOBOAHOCTh Ha-
HOHUTEN PbSe 3HAUMTENBHO CHUXKAETCA MO CPAaBHEHUIO C O0BEM-
HBIM MaTepualioM, 4YTO JejaeT NOoJy4daeMmble JIaHHBIM METOJ0M
CTPYKTYPbI NEPCIEKTUBHBIMU JJISl UCMOJIb30BAHUS B TEPMOIJIEKTPH-
YECKHUX YCTPOMCTBAX.

B [119] nytem coucnapenus PbSe ¢ HEOOJIbIIMM KOJIUYECTBOM
nopoika In,Se; B TpyOuaToit meuu BrepBbie OBLT MPOBEIACH CUHTE3
Pa3BETBJICHHBIX HAHOHUTEH CeJleHHAa CBUHIA. HaHOCTpYKTyphI
ocaxaanuch Ha nomioxku Si(100) u NaCI(100) npu temneparype
600-700°C B Teuenue 30 muH. J{uametrp OOJBIIMHCTBA BETBEH MO-
JYYEHHBIX CJIOXXHBIX HAaHOCTPYKTYp cocTtaBisiii ~100 HM U HE Me-
HSJICSL CYIIECTBEHHBIM 00pa3oM B XOJie CHHTe3a. MakcumaiabHas
JTJIMHA BeTBeW Oblla orpanuueHa BennumHon 10-20 mxm. Kpome
3TOT0, BCe (POPMUPYIOIMINECS BETBH JEMOHCTPUPOBAIM MPEATOUTH-
TEJIbHYI0 OPUEHTALMIO POCTa U ObLIM MapajjielibHbl JU00 TepreH-
TUKYJISIPHBI APYT APYTY, YTO OOYCIOBJIEHO KpUCTAIOTpadUuuecKuM
XapakTepoM mpoluecca. ABTOPBI MPEANOIAralT, YTO HyKJICAUsl HU-
Te MpoUCXOJiMjia HAa HAHOPA3MEPHBIX XKUIKUX KaIIsgX UHAUA, IMO-
Jy4aeMbIX NMPU ucrapeHuu In,Se; B CHIly €ro HU3KOW TEMIIEpaTyphl
niapieHus. [IpeanokeHHass METOIUKA MOXXET ObITh dP(DEKTHBHA U
IpyU MPUMEHEHHUU IPYTUX HU3KOIMIaBkux MetainoB (Ga, Bi) B kaue-
CTBE KaTaJIu3aTopa.

B nenaBHeil cepun pabot rpymmsl Jlay [120—122] Obu1 npen-
CTaBJICH 3aMEUaTeNIbHbIN pe3yJibTaT (POPMUPOBAHUS CIOKHBIX CUCTEM
HAHOHHUTEN XAJIBKOTE€HHUJIOB CBUHIIA, MOJIYyYa€MbIX METOJOM XHUMHYE-
ckoro ocaxiacHus. CHHTE3 Pa3BETBJICHHBIX MOHOKPUCTALIMYECKUX
HaHoHUTeW PbS n PbSe npoBoauics ¢ ucnoiab30BaHuEM MPEKYPCOPOB
PbCl, u S/Se npu temmeparypax ~600°C B motoke Bogopoaa. B pe-
3yJIbTaTe Ha MOJJI0KKAX Pa3IMYHOr0 THUMA MUMEJI MECTO POCT Hepap-
XUYECKUX Pa3BETBICHHBIX HAHOHUTEHM, B KOTOPHIX MOOOYHBIE BETBU-
HUTU (POPMHUPOBAIUCH CTPOTO MEPICHAUKYISIPHO OCHOBHBIM, 00pa3ys
CJIIOKHYIO CTPYKTYpY (puc. 30,a).
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Puc. 30. COM-u30b6pasicenue cemeticmea pazeemenienHvlx HaHOHUmel (a)
U omoenbHoU 6uHMOBoU cmpykmypul (0) [122]

BbLI0 0GHAPYKEHO, 4TO pacxos Bogopoxa (1-2,5 Hem'/MuH) n
JUTUTEILHOCTh €r0 TMOoJa4yd OKa3bIBAIOT CYIIECTBEHHOE BIIUSIHUE Ha
Mopdostoruro pocta PbS/PbSe u npu CHM)XKEHHHM €ro KOHIICHTpAaIuu
pOCT mpekpaiaercsa. B xone cuHTe3a HUKaKkue ClieluaibHbIe KaTalu-
3aTOpbl HE HUCIOJB30BAJIMCh, HO aBTOPHI AENAIOT BHIBOJ O TOM, YTO
aTOMapHbBIA CBUHEII, OCAXJAAEMbI U3 Ta30BOMl (ha3bl BOJOPOIOM, MO-
KET CIY)KHUTh KaTallu3aTOPOM B MEXAHU3ME POCTA «Iap — KUJIKOCTh —
kpuctaun. CniupalieBUIHBIA BUJl OTACJIBHBIX HaHOHUTEH (puc. 30,0)
YKa3bIBA€T HA TO, YTO UX POCT UHAYIUPYETCS MPUCYTCTBUEM CIIOH-
TaHHO BO3HUKAIONIUX B XOJI€ MEPEHACHIIICHUS BOJOPOJIOM HCIIOKA-
U C BUHTOBOM KOMITIOHEHTOW. DJIEKTPOHHBIE U3MEPEHUA IMOJYUYCH-
HBIX HAHOCHUCTEM BBISIBUJIIA MEPEXO]] METAIUI-TUAIICKTPUK MPU TEMIIE-
parype Bbimie 100 K, 4To MOXkeT yka3bIBaTh Ha BBICOKYIO KOHIIEHTpa-
IIUIO TTpUMECE B HAHOHUTSIX.

Hanonutu PbTe dhopMupoBaiich METOJOM XUMUUYECKOTO OCaXK-
nenus B [123]. B mpouecce cuntesa nopoiku PbCl, (99,999%) u Te
(99,8%) ucnapsnuce npu temneparype 1100°C B Teuenue 2 4 B noto-
Ke aproxa pacxomgom 300 HCM’/MHH B KBapLEBOM TPyOUaTOM PEaKTo-
pe. UcnapuBmmecss atToMapHble CBHHEL U TEIUIyp pPEarupoBaiv CO
CIIEMAIbHO OCAXJICHHBIMU KaTATUTUUECKUMHU HaHOUYAaCTUIIAMHU AU Ha
TEPMUYECKU OKHUCJICHHOW MoBepXHOCTH Mmoaiokku Si(100), oOpazys
xunakuii crmaB PbTe. CrimaB janee KpUCTAIM30BAJICS HA TPaHUIIC
pazaena KUIKOCTB/KPUCTAI IO MEXaHU3MYy  «Iap-KUJIKOCTh-
kpuctai». Kak nmoka3zano Ha puc. 31, ¢hopMupoBajcs MaCCUB OJIHO-
POAHBIX M MPAMBIX HaHOMPOBOJIOK PbTe muamerpom ~180-500 HM C
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BBICOKHM AacCIIEKTHBIM COOTHOLIEHUEM. M3MepeHus TeIonpoBOIHO-
CTH OTJICJIbHBIX HAHOHUTEW MOKA3AJIM, YTO €€ BEJIIMYMHA CHUXKAETCSA C
YMEHBIIICHUEM JuaMeTpa, YTO OOBSICHSIETCS YCHICHHEM pPacCesHUS
(OHOHOB Ha TpaHUIIAX CTPYKTYPHIL.

Tdm = 0.32 nm i

Puc. 31. a — COM-uzobpasicenue nanonumeti PbTe, nonyuennvix memooom
Xumuyeckoz2o ocadxcoenus, 6 — [IIM-uzobpasicenue 00UHOUHOU HAHOHUMU.
Ha ecmasxe npusedena kapmuna oughpaxyuu snekmponog [123]

B MeTone XUMUYECKOro OCaXXI€HHSI HY>KHO YUUTHIBaTh [124], uro
POCT ¢ OOJIBITICH TTOBEPXHOCTHOM 3HEprueH 1mo HampasiaeHuto [110] pas-
pEIIeH MPU HU3KUX TeMIepaTypax («TepMOJMHAMUYECKH YIIpaBisieMble
yCJIOBUSI POCTa»), TOrjaa Kak pocT B HampasieHuu [100], cooTBerct-
BYIOIIUI MEHBIIIEH CBOOOAHON SHEPTUH, aKTUBU3UPYETCS TIPU BHICOKOM
TeMIiepaType («KKUHETHYECKHU YIPaBIIIeMbIe YCIOBUS POCTA» ).

1.2.2.4. JnuTaKCHAJbHBIN POCT HAHOHUTEH
XaJIbKOT€HU/0B CBHHIA 10 MEXaHU3MY
«Iap — KUAKOCTh — KPUCTAJLID)

OnuH 13 HamboJiee MHTEPECHBIX IKCIEPUMEHTOB MO (HOpPMUPO-
BaHuio HaHoHUTeW PbTe metomom MJID nHa momioxkax GaAs(111)
Obl1 omucad B [125]. Jlins pocTa HAHOMPOBOJOK CO34aBaJICS CICIIH-
aJbHBIN «3aTPaBOYHBIN» CIOM AU TOMUHOM | HM Ha OKUCICHHOU
MMOBEPXHOCTU apceHua ramus. [locime mepeHoca B Kkamepy 3IUTaK-
cuu MatepuatoB A'VBY' HOIOKKH OTXKHTaTICh B CBEPXBBICOKOM Ba-
kyyme mipu temneparype 600°C. B xozae sToii TepmMooOpabOTKM Ha
MOBEPXHOCTH O0OpPa30BBIBAIMCH JBTEKTHUYECKHWE HaHOKarm Au-Ga.
Onurtakcust PbTe npoBonunacek npu temneparype noainoxku 380°C.
B pesynbTaTe pMen MECTO IMPOIeCC POCTa HAHOHUTEH 10 MEXaHU3MY
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«map — XUIKOCTh — KPUCTaUD», HAYMHAIOLIWWCS C HyKJI€aluu Ma-
JIEHBKOT'0 KPUCTAJIJIMTA HA MOBEPXHOCTHU 30JI0TOM Karumi. [[nuHa mo-
Jy4aeMbIX OJHOPOJHBIX HaHOHUTEW cocraBwia 470-520 am. MoHno-
KPUCTAINIMYECKUE HAHOHUTH POCIM BAOJIb HampasieHus [100] mep-
NEeHIUKYJISIPHO K TOBEPXHOCTH, MMENIU KOHYCO00Opa3Hylo GopMy ¢
nrameTpoM ~90 HM y ocHOBaHusA U 60 HM y BEPIIMHBI, HA KOTOPOWU
pacrmoJjiarajgach 3aTpaBouHas yactuia Au (puc. 32).

EHT = 500 k¥ 00 EHT= 5.00 kv s
WD = 6.3 mm Heon 40-35-18 | i W= 5.3 mm s
File Name = 15208-03.tr Mag= 10.00 K X File Name = 152-08-01.tif Mag= 3000 K X 5

Puc. 32. Muxpockonuueckue uzobpasxicenus Hanonumeti PbTe,
noayuenuvix memooom MJ13, na paznuuneix macumabax [125]

bimzkue o mopdoaorun HaHonutu Sn;_ Pb,S 6pun chopmupo-
BaHBI SMHUTAKCHATIBLHBIM METOJIOM «TOpsUei CTeHKM» B pabote [126]. B
X0JIe pocTa MPOJOJKUTENLHOCTRI0 30 MUH TeMreparypa MOAJI0XKKU U
creHok kamepbl coctaBisia 300-320°C u 600°C coorBeTrcTBeHHO. B
pe3yJsibTaTe ObLIN MOTYUYEHBI MOTUKPUCTATUINYECKUE HAHOHUTH CpeTHEN
BbIcOTOM 500 HM 1 rameTpom 300 HM, pacTyiue B HanpapiieHuu [001 ]
NEPHEHANKYJISIPHO K MOUI0kKKe. [loBepXHOCTHAsI KOHIIEHTpAIUSI CTPYK-
Typ YMEHBIIAIACH [0 MEPE YBEJIMYEHHUS COJACPKAHUS CBUHIIA B MaTe-
puane. J/IPA-uccnenoBanus nokazanu npuCyTCTBUE Kanenb Sn ¢ 0,6
at.% Pb u 1,2 at.% S Ha BepmmMHax HAHOCTPYKTYp, UYTO YKa3bIBAECT HA
UX POCT 110 MEXAHU3MY «Iap — JKUJKOCTb — KPUCTAILID).

HNutepecHbIM pe3yabTatoM padotsl [127] cTtano ¢popmupoBanue
10 MEXaHU3MY «Iap — KUJIKOCTh — KpUCTAI» HaHoHuTel PbTe mps-
MoyroibHOTO ceueHus (puc. 33). CTpykTypsl (HOpMUPOBATUCH C HUC-
MOJIb30BAaHUEM KaTajJu3aTOPHOro cjiosg Bi TommuHON 9 HM Ha moj-
noxkax KCI(001). Obnanast CTpyKTypol KaMEHHOM COJIM, HAHOHUTH
OBLIM OJHOPOJHBI MO AUAMETPY M pociu B HampasiaeHuu [001] mep-
NEHIUKYJISIPHO MTOBEPXHOCTH MOIOKKH. CeueHne HaHOHUTEN OKaza-
JIOCh TPSAMOYTOJBHBIM, U TPAaHM HAHOHUTEW MPEICTABISUIM COOOM
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miockoctu {100}, KoTOpbIe SBISUIMCH HanOoJee PHEPTETUYECKH BBI-
rogubiMA i1 cTpyKTypbl NaCl. CpenHsisi TONIIMHA HAHOHUTEH CO-
crasisia 5S0-200 HM M 3aBUCENa OT pa3Mepa KaTAIIMTUYECKUX Karelb
BucMyTa. [Ipr 3TOM HAHOHUTH MEHBILIETO AUAMETpa POCiiu ObICTpEE.
DTO yKa3bIBaeT HA TO, YTO MEXAHU3MOM UX POCTa CIYKUT MOBEPXHO-
ctHas nuddy3ust a1aTOMOB MO0 OOKOBBIM CTEHKaM HAaHOHUTEH.

Puc. 33. COM-uzobpasicenus nanonumeu PbTe noo yenom k oopasyy (a)
u no Hopmanu (6), Ha 6cmasxke npugedeHa Kapmuna ougpaxyuu 31ekmponos [127]

1.2.2.5. DeKTpOXMMHYECKOE 0CAKICHHUE

CuHTE3 HU3KOpPa3MEPHBIX CTPYKTYP METOJIOM AJIEKTPOXUMHUYE-
CKOTO OCaXICHMSI, KaK TIPABIJIO, BKITFOYAET B C€0s1 TEMIUIATHBIA CUHTE3
KaK OJWH W3 HamOoJjee MPOCTHIX U YHUBEPCATBHBIX METOJ0B (popMHU-
pOBaHUSI HAHOCTPYKTYPHUPOBAHHBIX MaTepuaioB. JlaHHBIM METOHd CO-
CTOUT B 3aIIOJHEHUH TIOP CIIEIUATBHO MOATOTOBICHHBIX MEMOpaH Tpe-
OyeMbIM MaTepuaioM, KOTOPBIM mpuHUMaeT ux ¢opmy. Ha mpaktuke
OOBIYHO HWCHOJB3YIOT JBa THUIAa MEMOpPaH: aHOJUPOBAHHBIM OKCH]T
ATIOMUHASIT U WOHHO-TPEKOBBIE MeMOpaHbl, HO I OMPECIICHHBIX
KOHKPETHBIX 1IeJIeli MOTYT MPUMEHSATHCS] TEMIUIATHI CICIIUAIIBHOTO TH-
na. B pabdote [128] omnomepnbie ctpyktypsl PbTe u PbSe ¢ ogaOpOa-
HBIMU TI0 BBICOTE JUAMETpaMu (POPMHUPOBATHCH METOAOM DJICKTPOXH-
MUYECKOTO OCAXICHUS C HCIOJIb30BAHMEM TMOJUKAPOOHATHBIX MEM-
opan. PbTe u PbSe ocaxxnanucek U3 pacTBOPOB KUCJIOT, COJAEPKAIIUX
HNO;, TeO,, Pb(NOs), u HNO;, SeO,, Pb(NO;), mipu moTeHIHazax
— 0,345 u — 0,2 B cootrBercTtBeHHO. Tunuunasi Mopdosorus noryyae-
MBIX B PE3yJIbTaT€ HAHO- 1 MUKPOCTPYKTYp MpUBEEHA Ha puc. 34.
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Puc. 34. COM-uzobpasicenus muxpompybokx PbTe ¢ ouamempom ~1,5 mxm (a)
u nHanompybox PbSe ¢ ouamempom ~300 um (6),
NOJIYYEHHBIX INEKMPOXUMUUECKUM ocaxcoeHuem 6 memopanul [128]

ABTopsl [128] oOnapyxunu poct ctpykryp PbTe u PbSe ¢
TpyOuaToi MopQosiorued, 4To ObUIO OOBSCHEHO MOTJIOIMICHUEM
cBuHIla 00paboTanHbiMu B NaOH nonukapOoHaTHBIMU MeMOpaHa-
MU. DTO MPUBOJIUIO K (POPMUPOBAHUIO TOHKHUX OCTPOBKOBBIX ILjIE-
HOK PbX Ha BHYTpeHHUX CTEHKax Mop, KOTOpPbIE B XOJIe¢ CHHTE3a CO-
CAUHSUTUCH B TPyOUaThie CTPYKTYPHI.

[IpumeyaTenbHbIM pe3yIbTaTOM B 00JIACTH SJEKTPOXUMHUYECKOTO
OCAXKJIEHUS CTAJl POCT PA3BETBICHHBIX CTPYKTYP, OMIMCAHHBIX B pabOTe
[129]. DnekTpoxumMuueckoe ocaxkaeHue PbTe mpoBoauiaoch B Tpex-
NeKTpoaHON Auelike u3 pactsopa Pb(NO3), u Na,TeO; ¢ nodapneHu-
€M BHHHOM KHMCJIOTHI C INIOTHOCTBIO TOKa 3,3 MA/cM® B Teuenne 30
MuH. Korja 3JIeKTpOXMMHYECKOE OCaXKIACHHE OCYIECTBISIOCH IMPHU
BBICOKOM roTeHImae (>—0,5 B), Boccranosnenue Pb>' B Pb u HTeO™
B Te 0IHOBPEMEHHO MPOXOJUIO Ha MOBEPXHOCTU KATOAA, YTO MPHUBO-
JIWJIO K TBEPJOTENIbHOM peakinu Mexay Pb u Te u o6pazoBanuto PbTe.
C npyroi cTOpOHBI, KOTJa 3JEKTPOOCAKACHUE BBITIOIHSIIOCH PYU HU3-
koM noteHImaie (<—0,6 B), Ha MOBEpXHOCTH KaToa MPOXOAMIO dJIEK-
tpoBoccranosienne HTeO>' B Te’ u nomsr Pb” u3 pactBopa pearn-
posamu ¢ Te*, o6pasys PbTe. B pesyinbrare ocaxaenust 6e3 mpruMeHe-
HUS KaKUX-JIMOO 11a0JI0HOB ObUTH MOJTYYEHBI CIIOKHBIE CUMMETPUYHBIE
HaHOCTPYKTYpbl PbTe ¢ nenaputHoit mopdonorueit (puc. 35,a). Llen-
TpaJbHBIM CTBOJ JACHAPUTHBIX CTPYKTYP COCTOUT U3 PETYJISIPHBIX
3B€3/1000pa3HbIX HaHoyacTull pazmepamu 400—650 um. BTopuunbie
BETBHU COCTOST U3 TPEeXTrpaHHbIX dacTtull pazmepom 100-250 um. Bcee
BTOpUYHbIe BeTBU PbTe mapamienbHbl Apyr Apyry ¥ pacnpocTpaHs-
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I0TCA TIOJ yIJIoM 66° K LeHTpaJibHOMY CTBONY. [Ipu m3meHenun pe-
KUMOB 3JieKTpoocaxaenus (60 muH, 1,0 MA/cMm) LEHTPaJIbHbBIA CTBOJI
COCTOSUI U3 PETYJSIPHBIX TPEXTPAHHBIX CTPYKTYP C pasMEPOM OKOJIO
700 HM, OT HErO OTXOJMIIM UEPAPXUUYECKUE BTOPUYHBIE, TPETUYHBIE U
YETBEPTUUYHBIE BETBH, MMPUYEM Bce moj yriioM 62° (puc. 35,0). ABTO-
pol [129] 0OBACHWIN MOSABJICHUE NCHAPUTHON MOPQOJIOTUU OCIIHILIS-
IUSMU MTOTEHIMAA B XOA€E JIEKTPOOCAKCHHS.

Puc. 35. COM-uzobpasicenus denopummnwix cmpykmyp PbTe,
chopmuposanuwix npu niomuocmu moxa 3,33 MA/em’
(a, macumabnan memka 1 mm) u 1,0 mA/er’ (6, macumabras memra 10 mrn) [129]

1.2.2.6. IIpyHI-TEeXHOJIOTUS

OpnHOM U3 MEepPCIEeKTUBHBIX HOBBIX METOJIUK (OPMUPOBAHUS OA-
HOMEPHBIX CTPYKTYp CIYKUT [IpUHII-TEXHOJIOTHS, B OCHOBE KOTOPOH
JEKUT OTCIOCHUE HAMNPSHKEHHBIX TMOJYIMPOBOJHUKOBBIX IIEHOK OT
PacCOTJIACOBAHHOM IO MapaMeTpy PELICTKH MOJIOKKHA U MOCIETYIO-
IIEr0 CBOPAYMBAHUS UX B TPYOKY-«pPYJIOH». BaKHBIM pe3ysbTaTOM C
TOYKH 3pEHHS HAaHOCTPYKTYyp PbX crtamm mpencraBieHHBIE TpymHIoin
[IIn u3 yHuBepcutera OxiiaxoMsl [130] mepBbie pe3ynbTaThl 0 Gop-
MHUPOBAHUIO MUKPOTPYOOK XaJIbKOT'€HUJIOB CBUHIA. BydepHbIil cioii
PbSe tonmunoit 0,37 MxM BeIpamniuBaics merogom MJID Ha moamox-
ke BaF,(111), 3ateM Ha HEM co3gaBaIMCh KepTBEHHBIN cioit BaF, u
CTPYKTypa C KBaHTOBBIMHU siMaMU PbSe/Pb 0451 osSe, cocrosBiias us
14 map cnoeB PbSe TtommmHOM 20 HM W HIMPOKO30HHBIX CJIOCB
Pb 94519 06S€ TOMmuHON 30 HM. [[ns OTHENeHHs 3MHUTAKCHAIBHBIX
CJI0€B OT MOJIJIOKKH MPOBOAWIOCH PACTBOPEHUS B Boje (propuma Oa-
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pus. [lo Mepe oTAeneHns SMHUCIOs €ro )KECTKOCTh TEPSIACh U IIPOUC-
xoawna aedopmaiiys, KOHTpOIUpyeMas CKUMAIOIUMU HaPSKESHUS -
Mu B cioe (puc.36,a). B xozae mporiecca, Npoa0IKaBIIErocs He-
CKOJIBKO 4acoB, (popMUpOBaIuCh TpyOKH quaMeTpoM 597 MKM U -
HO# 4821 MM (puc. 36,6). U3 COM-u3o0paxeHuid BUJIHO, YTO KEPT-
BEHHBIU ciior BaF, HEe pacTBOPSICA MOJHOCTBHIO, @ TOJNBKO OTIEIISIICS
ot Oydepnoro cios PbSe.

=ah M— Maw

=— PbSe

Ban Substrate

o0 S00krm

Puc. 36. a — Cxemamuueckas ouazpamma omcioeHus MHO20CI0UHO20
INUMAKCUATLHO20 CIOSI NPU pacmeopeHuu Oypeprozo cios pmopuda bapus;
6 — COM-uzobpadsicenue nonyuennou muxpompyoxu [130]

B pamMkax JaHHOW METOAMKHU JUAMETP MHUKPOTPYOKH MOKET
KOHTPOJUPOBATHCS MyTEM BBIpPAIIMBAHUS BEPXHETO CIIOS U3 JAPYroro
MaTrepuaia, HalpssKeHHE B KOTOPOM H3MEHUT OOIee HAMpsKCHHE
MHOT'OCJIONHOM AMUTAaKCUATIBHON CTPYKTYphl U pa3mep Tpyoku. [ns
matepuanoB PbX B kauecTBe Takoro cios MoryT BeicTynaTth BaF, nnmn
CaF,. ABtopsl [130] Habmoganu CUIIbHYIO (POTOJIOMUHECHICHITUIO U3
Toplia TPyOKU. DTO JAelaeT MoAOOHbIE CTPYKTYpPbl MEPCHIEKTUBHBIMU
TSl IPUMEHEHUS B KAUECTBE BOJTHOBOJIOB.

B 3akntouenue JaHHOTO pasjena HeoOXO0AMMO yKa3aTh, 4To, IMO-
MHUMO METOAOB, MPEACTABICHHBIX Ha PUC. 23, MOCTOSHHO MIpeiara-
IOTCSl HOBBIE aJIbTEPHATHUBHBIE METOJAUKH, CPEU KOTOPBIX B MOCIHE/-
HEe BpeMsl OTMEYAIOTCSA: CUHTE3 HAHOTPYOOK XaJIbKOT€HHUOB CBUHIIA
C HCIIOJIb30BaHUEM OMOMOJICKYJ B KayeCTBE OCHOB-TeMIuiaToB [131],
cuHTE3 HaHOTPpYOOK PbSe B pamkax mojaxoza peakTUBHOIO TemIuliaTa
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IIPU COJIbBOTEPMAJIbHOM TpaHc(opMaIiu HaHOTPYOOK CelieHa B ITH-
neH raukotie [132] u NaOH [133], cnoHTtanHoe (hopMUpOBaHUE Ha-
HOTPYOOK Ha reTepodNuTaKCHalIbHON rpanuiie Mexay PbSe u ZnTe 3a
cueT 3¢ dexra Kupkennamna [134], TeMmiaTHbIN KOJUIOMIHBIN CUHTE3
B ME30I10pax OpraHnuvecKkoro kpemuesema [135].

B 1abn. 3 cobpaHbl OCHOBHBIE MapaMeTpbl AJis HaHOHUTEH PbX,
MOJIYYEHHBIX C MOMOILBIO PA3JIUYHBIX MOJX0/I0B B COOTBETCTBUU C Oa-
30BBIMH pa0OTaMH, PACCMOTPEHHBIMH B JAaHHOM pasJiele KHUTH.
BaxxHo otmeTuTh 00mIyt0 crnenuduyuecKkyro TeHACHIUI0 (GopMupoBa-
HUS CIIOKHBIX Pa3BETBICHHBIX CTPYKTyp PbX, mposisronryrocs B
pamMKax pa3HbIX METOJIOB.

Tabmnuia 3

Hapamempbl HAHOHUMEIl XATITbKOZEHUOO08 ceunua

Tmsie Merton nony- | MccnenoBannbie
Cocras dopma TUaMeTp U A0y ® Ccplnka
YEHUS CBOICTBa
JUTMHA, HM
PasperaicH- ~50 Komnonnnsii CIZIOi?OHZFEI)’g_
PbS | mas, 3ursaro- 4 A PYKTYDa, [111]
nu~10 CUHTE3 TOJXOMUHEC-
oOpazHas
LEHLHUS
PbTe Kopotkue ~7-9 Konnounneiii | Mopdomorus, [114]
HUTHU u ~35-52 CUHTE3 CTPYKTypa
pos | Kovomwe | 4070 | e cnex | 115
HUTH 1 200-600 PYKLYpe,
TOJ TPBI MOTJIONIECHUS
Mopdoorus,
PbSe PasserBien- 100 1 ~10* XHUMHYECKOE crpykrypa, mpo- | [119]
Has OCaXKJEeHUE
BOJAMMOCTD
PbTe Tpsimas 180—5(10 u | Xumudeckoe | Mopdomorus, [123]
~10 OCaXJCHUE CTPYKTypa
Monexkysip-
PbTe (f%"‘gf{zﬂ 40-60 1 ~500 | Ho-mydeBas Mc"p‘bii"”;"’ [125]
p AMUTAKCUS TPYKTYP
DJeKTpo-
PbTe PaSBIe{szHeH_ N408;g? 0u | vmaeckoe Mopgonorus | [129]
OCAKJEHUE
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['1aBa 2. PasmepHble 3P PpeKThbI
[IPpU nepexoje XaJbKOreHuA0B CBUHIA
B HAHOMETPOBbIX JUANIA30H

N3BecTtHO [cM., Hampumep, 136, 137], 4To npu yMEHBIICHUU
pa3MepoB TBEPABIX TEJl XOTA ObI 10 OJHOMY UX TPEX HAIpaBJICHUU 10
3HAYECHHUI B HECKOJIBKO HAHOMETPOB (AJIsI HEKOTOPBIX MAaTEPHAIIOB 10
JECATKOB HAHOMETPOB) MPOUCXOUT U3MEHEHUE TEPMOTUHAMUYECKUX
U Qusnueckux napaMmeTpoB oObekTa. CBOIICTBAa MaTepuana HAYMHAIOT
3aBUCETh OT Pa3MEPOB M PA3MEPHOCTH, YTO OOBEAMHEHO B HAYYHOMH
auTeparype Imoj OOIHUM TEPMUHOM «pasmepHbie 3ddexTe». [Ipu
TOM 4YE€M HHKE pa3MEpHOCTh 00bekTa B psaxy 2D-1D-0D, tem Bapua-
1S CBOMCTB Marepuala BelpaxeHa Ooiiee sipko. [lapameTpsl BemiecTs,
KOTOPbIE CUUTATIUCH MTOCTOSTHHBIMU (TeMIIepaTypa IJIaBJICHUs], TIOCTO-
SHHAsl PEIIETKH, IMPUHA 3alPEIICHHON 30HbI U T. J1.) MPETEPIEBAIOT
CYILIECTBEHHBIE MPEBPAILICHUS MPU NIEPEXOJE B HAHOCTPYKTYPUPOBAH-
Hoe cocrosinne. CylecTBYIOT JiB€ (pyHIaMeHTalbHbIE NMPUYUHBI, OT-
BETCTBEHHBIE 3a pasmepHbie 3¢ dexThl. [lepBas mpuurnHa cBs3aHa C
U3MEHEHHWEM OTHOIICHHUS TOBEPXHOCTHBIX U OOBEMHBIX aTOMOB, UYTO
IPUBOAUT K MOSIBJICHUIO OCOOCHHOCTEW TEPMOJMHAMUYECKUX CBOWCTB
HaHocpea. Ha ocHOBe 3TOro noaxojia 0OObIYHO aHATU3UPYIOTCS ajlbTe-
palyu TeMIepaTyphl TUIABJICHUS, YHEPTUM CBS3H, OMMCHIBAIOTCS TIO-
auMopdHbBIEC TIpEeBpallleHUsT B HAaHOCUCTeMax U pyrue 3pdextol. Bto-
pasi mpuyMHa O0YyCIJIOBJIEHA pealin3aluell KBAaHTOBBIX Pa3MEpPHbBIX A(-
(GheKTOB, KOTJia HEMPEPHIBHBIA YHEPTETUUECKUN CIIEKTP HOCUTENEH 3a-
psila CTAaHOBUTCSI TUCKPETHBIM M HEPreTUYECKUE YPOBHHU HOCUTEINEH
3apsA/ia CMEIIAITCA MPU BapHvaluu pa3MepoB ydacTuilbl. Moauduka-
IUsl 3HEPreTUYECKOro CIIEKTpa HOCUTEEH BBI3BIBAET OCOOEHHOCTH
ONTHUYECKUX U DJIEKTPUUECKUX CBOWMCTB HAHOOOBEKTOB, MPUBOJUT K
W3MEHEHUIO IIIMPUHBI 3aIPEIICHHON 30HbI MOIYTPOBOJHUKA U T. II.

CornacHo Teopuu pazMepHbix 3¢ dextoB [138], mocnennue mou-
pa3nensIoTcs Ha Kilaccuueckue U kBaHToBble. Kitaccuueckue pasmep-
HbI€ 3((PEKTHI MPOSIBISAIOTCS B TOM Clly4ae, KOrja JUHEHHbIE pa3Mepbl
CTPYKTYPbI CTAaHOBSITCSI MEHBIIIE WJIM CPABHUMBI C JIJTHHON CBOOOIHO-
ro npobera Hocutenen (/.), n1ebaeBCKOM JIMHOM AKpaHupoBaHus (/p)
WM 000U ApYyroil JIMHOM, XapaKTEepU3YIOUIEed HOCUTEIh KaK Kilac-
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cudeckyro dactuily (/). DHepreTuueckui CIEeKTp HOCHUTENIEH B 3TOM
ClIyyae OCTaeTCsl HEM3MEHHBIM, 4 KHHETUYECKHE KO3(P(UIIMEHTHI CY-
IICCTBEHHO 3aBUCST OT OCOOCHHOCTEH MOBEICHHS HOcuTesel. B kaue-
CTBE KJIACCHYECKHUX pa3sMepHBIX d3PEHEKTOB 0OBIYHO pacCMaTPUBAIOTCS
3aBUCUMOCTHU YAEIBHOTO CONPOTUBJICHUS U MOJBUXHOCTH HOCUTEJICH
3apszia OT TOJIIMHBI TOHKUX TUICHOK, 4TO il PbX oTpakeHo B myO-
JUKAIMAX, HAaUYMHAs OT MCTOPUYECKH mepBoi padoTwl [139] u 3akan-
yuBas nociaeaHumu padboramu [140 u ap.].

KBanToBbIE pa3zMepHbie 3PGEKThl peaqnu3yloTcs MpU yCIOBHH,
€CJIM pa3Mep 00beKTa XOTsS Obl B OJHOM M3 HAIpaBJICHUN CTAHOBUTCS
MEHBIIIE UM CPaBHUM C JIMHOMN BoJiHbl [le-bpoiins (L;), 00poBCcKUM
paguycoM S3KCUTOHA (ag) WM JIFOOOW Npyrod UIMHOM, XapaKTepu-
3YIOIIE KBAHTOBBIE CBOMCTBA CUCTEMBI (L). DHEPreTUYecKuil CeKTp
HOCHUTEJIC KBAHTYETCs, NMIPUBOJISI K TOSIBICHUIO HOBBIX creruduye-
CKUX CBOMCTB HaHOOOBEKTOB. OOBIUHO B MOJIYNIPOBOAHUKAX U TOJIY-
MeTajulaX MpU YMEHBIICHUH T€OMETPUUECKUX Pa3MEpPOB CTPYKTYPhI
BCJICACTBUE BBINIOJHEHUS yCI0BUS maxi{l., lp, [} > max{l,, ap, L}
CHaJayia MpOSIBIIAIOTCS KJacCHUuecKue pazMepHbie 3PQeKThl, a 3aTeM
UM Ha CMEHY NpPHUXOJAT KBaHTOBBIC. MHasi cuTyalds MMEEeT MECTO B
xajapkoreHuaax ceuHia. I1o onenkam aBTopoB [141, 142], 3Hauenus /.
U [p B XaJpbKOT€HUAAX CBUHIIA B TemiieparypHoM auamna3zone 100-300
K ne npessimarot 50 1 25 HM COOTBETCTBEHHO. B cuity ocobeHHOCTeH
MarepraioB PbX mMakcuMallbHYIO JUIMHY JJI peain3alii KBAaHTOBBIX
pa3MmepHbIX 3¢ dexkToB U3 Habopa {L, ap L} nMeer OOPOBCKUMN paiu-
yC 3KcuTOHa. B ciexyromiem paszene OyIyT mpoaHaIU3UpPOBAHBI Be-
JUYUHBI ag JJ11 OuHapHBIX coearHeHul PbSe, PbTe u PbS u cnenansr
BBIBO/JIBI O JIMAMIA30HE PEaIU3alii YCIOBUN pa3MEPHOr0 KBAHTOBAHUS
JUISl TAaHHBIX MaTEpUAJIOB. 37I€Ch K€ BaXKHO 3aMETUTh, YTO B XaJIbKO-
TE€HUJIaX CBUHIIA BEJIMYUHBI dp UMEIOT JIOCTATOYHO OOJIBIINE 3HAYE-
HUS, CPABHUMBIE€ CO 3HAYEHUAMHU /., YTO HE MO3BOJSET KIACCUUYECKUM
pasMepHbIM 3 deKkTaM MpPOsSBUTHL ce0si B UMUCTOM BHUJI€ B MPOTIKECH-
HOM HHTEpPBAJ€ N€OMETPUUECKUX pa3sMepoB HaHOOOBEKTOB. O BO3-
MOXHOCTHA OJTHOBPEMEHHOW peaN3alii KJIACCUYECKUX U KBAHTOBBIX
pa3mepHbIx 3¢ PexToB B PbX ormeuanocs u B padore [140].

ABTOpBI T0OJIarat0T, YTO YUTATEIIF0 3HAKOMBI OCHOBHBIE TTOJIOMKE-
HUS TEOPUU KBAHTOBAHUWS YHEPTETUUECKUX YPOBHEN B MOTEHIMAIBHBIX
aMax (HaHOOOBEKTAX) W M3MEHEHUS UX IOJIOKEHUS IMPU Bapualvu
pa3MepoB MoclieHUX. B JaHHOM W3IaHUM HE CTAaBUTCS 3ajada IMoJI-
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POOHOTO TEOPETUYECKOTO OINKCAHUS JAaHHBIX MPOILECCOB C MpHUBJICUE-
HUEM COOTBETCTBYIOIIETO MaTeMAaTHUYECKOro amnmnapara. J[jisa tex, komy
HE3HAKOMBI IIPOLIECCHI PA3MEPHOTO KBAHTOBAHUS, PEKOMEHIyEM IpE-
BapUTEIILHO MTOYUTATh PabOTHI MO TaHHOU TemaTuke [143—146 u ap.].

2.1. Beau4yuHa 60p08CK020 paduycda 3KCumoHa
8 XA/ 1bK02eHUdax ceUHYya

BopoBcKkuii paanyc 3KCUTOHA (CBS3aHHOM 3JIEKTPOHHO-IBIPOYHOM
napbl) ag JUIsl XaJIbKOT€HU/IOB CBUHIIA, PACCYMTAHHBIN JJI1 U30TPOITHOTO
CiIy4asi, UMeeT OOJbIMe 3HaueHus, coctaBisisa s PbTe — 50 um, s
PbSe — 46 um, miis PbS — 18 um. JIyist cpaBHEHUsI: U3BECTHBIE MOIYTIPO-
BoaHuku CdS, CdSe, InP, GaAs o6manaroT O0OPOBCKUM PalyCOM SKCH-
ToHA Bcero 2, 3, 9 u 10 M coorBeTCcTBEHHO. Bonpmire 3Ha4eHUS ap 03-
HAYaIOT, YTO SKCUTOH B MOJYMPOBOIHUKE SIBIISIETCS MAKPOOOBLEKTOM, 00-
pa3oBaHUE KOTOPOTO COMPOBOXKIAeTCs AchopMalMe 3JIEMEHTapHON
suerk. BopoBCKMiA paaryc SKCUTOHA OTpenessieTcs 1o hopMmyrie:

CIB:2 v, (2)

rae /i — nmoctosiHHas Ilnanka, &€ — BRICOKOYACTOTHAS UAJICKTpUUYECKas
MIOCTOSIHHAs Marepuaia, e — 3apsjl dJIeKTpoHa, a m™* — 3¢ PeKkTuBHasA
Macca SKCUTOHA, OIpeaesisieMast CIeIyIOIMHIM 00pa3oM:

lll+l
m 2\m mZ 3)

e

[Tockonbky m,um, (3 dexTrBHBIE MACCHI ANEKTPOHOB U JIBIPOK CO-
OTBETCTBEHHO) IUIS XaJIbKOTCHHIOB CBHHIA MAJBIL, TO BeluunHa 1/m’
IpUHEMAET GoJblINe 3HaYeHns. KpoMe Toro, m', W m j, JUIS JQHHBIX
MaTepuaioB ONM3KKM O CBOMM 3HAUCHUSIM, B PE3YJIbTaT€ YEro dag
MPAKTUYECKU B PABHOU CTEMEHU 3aBUCUT OT KXKIOW U3 3TUX BEJIUYUH
U TIOSIBJICHHE KBAaHTOBO-Pa3MePHBIX d(PHEKTOB MOXKHO paccMaTpHBATh
JJ11 000MX BUJ0B HOCHUTEJEH B OTAeIbHOCTH. Kak BugHO U3 . (2), ap
3aBUCHUT OT BEJIMYMHBI €. DTO O3HAYAET, UTO B SKCUTOHE KYJIOHOBCKOE
MPUTSHKEHUE DJICKTPOHA M JIBIPKU OCJIa0JIEHO TMOCPEJCTBOM &, B TO
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BpeMs KaKk caMO HaJIM4YHe Yy XaJbKOTC€HU/IOB CBUHIIA YPE3BbIYAiHO BBI-
COKHUX 3Hau€HUM & 00yCJIIOBIMBAET CUJIBHOE OCJIa0JICHUE KYJIOHOBCKO-
ro B3aUMOJEUCTBUS 3apSHKEHHBIX YACTHI], €CJIM OHU HAXOJATCS NPYT
OT Jpyra Ha PacCTOSHHMH, IPEBBIIIAIOIIEM pa3Mephbl AJIEMEHTAPHOM
sueiiku. [loaToMy B pe3yibTaTe BBICOKUX € XaJIbKOTCHHJIOB CBHUHIIA
MMEET MECTO BBICOKAsI CTENEHb JIOKAIU3AIMUU AJIEKTPOHOB U OTCYTCT-
BHUE (UIyKTyalui MoTeHIIMala B MaTepraiax MOHWKEHHON pa3MepHO-
CTH, B YaCTHOCTH B HAHOCTPYKTypax.

KBaHTOBO-MEXaHWYECKHE PACUEThl YKa3bIBAIOT HA TO, YTO CBOM-
CTBa HAHOCTPYKTYP B 3HAUYMTEIIHLHON CTEMEHHU 3aBUCAT OT OTHOIICHUS
UX XapaKTepHOTO pazMepa R K OOPOBCKOMY pajilyCy 3KCUTOHA 00b-
€MHOIr0 MaTepuala, pyu 3TOM MOTYT UMETh MECTO TpHU ciydas: R >>
ag, R ~ ag , R << ag. IMEHHO B NOCJIEIHEM ClIydae NBUKEHUE U DJICK-
TPOHOB U JBIPOK KBAHTOBAHO, a UX IMOBEJACHUE OyJIeT aHAJTOTUYHO TTO-
BEJICHUIO HEB3aMMOJAECHCTBYIOIIUX YACTUI[ B IMOTCHIUAIBHOU SIME.
MO>XXHO TOBOPHTH, YTO B O3TOM CJy4Yae HMEET MECTO KBaHTOBO-
pa3MepHbIil 3G PeKT, 00yCIOBICHHBIM BEITUYNHON OOPOBCKOIO pajiny-
ca 3kcuToHa. OAMHAKOBO Majbl€ MAacChl JIEKTPOHOB W ABIPOK IS
PbS, PbSe u PbTe npuBoaar k OOJIbIIMM BETUYMHAM SHEPIUU KBaH-
TOBAaHUS, Pa3/ICJICHHBIM MTPAKTUYECKU MOPOBHY MEXKY JIByMSI TUTIAMHU
HOCHUTEJICH. DJIEKTPOHHBIE CIIEKTPhI KBAHTOBBIX TOYEK XAJIBKOI'€HU]IOB
CBHMHIIA TTIOATOMY JOCTaTOYHO MPOCTHIC, C PHEPreTUUYECKUMH 3a30pa-
MU, KOTOPbIE MOTYT 3HAYUTEIHHO MPEBBIIATh BEJIMUYUHY IIUPUHBI 3a-
IpeIeHHON 30061 00beMHOTO MaTepuana (puc. 37) [147].
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Puc. 37. Obwuii 610 nepsvix HeCKONbKUX dIHEp2eMmUYecKUx yYpPosHell
971eKMPOHO8 U ObIpOK Keanmogol mouku PbS unu PbSe [147].
O603HaueHUs KBAHMOBBIX YUCE]l COOMBEMCMEYIOM 3aNUCU | jr >
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Jlpyro#i 3aMedatenbHON ¢ TOYKH 3peHUS (PU3UKH HU3KOpa3zMep-
HBIX CHUCTEM OCOOCHHOCTHIO HAHOCTPYKTYpP XaJbKOT€HHJOB CBHUHIIA
SBJISIETCSI BO3MOYKHOCTh JIOCTHKEHHUSI CHIIbHOTO KBAHTOBAHUSI HOCUTE-
Jey 3apsaa 6e3 Toro, 4ToObl CBOMCTBA KBAHTOBOW TOUKH KOHTPOJIH-
pPOBAJIMCh €€ MOBEPXHOCTHIO. JIJist oTHOIIEHUs R/ag paBHoro 1 u 0,3,
st PbSe vacth aTOMOB, HaxOASIIMXCS Ha MOBEPXHOCTH KBAHTOBOM
TOYKH, cocTaBisieT Bcero 5 u 15%. [nsg cpaBHEHHs: 3TH BEJIMYHHBI
st CdSe paBubl 30 1 90% cooTBeTcTBeHHO. KpoMe 3Tor0, Xanbkore-
HUJIbl CBUHIIA UMEIOT MOTEHIMAJIbHbIE MPEUMYIIECTBA OTHOCUTEIBHO
OPYTUX MAaTEPUATIOB AJIEKTPOHUKH B OTHOIIEHWHA HEJIMHEWHOTO OMNTH-
YECKOr0 OTKJIMKA H3-32 BO3MOXKHOCTH JOCTHXEHUS 00Jie€ CUIBHOTO
pa3zmMepHoro 3¢ekTa SIKCUTOHOB M MEHBIIICH ITUPUHBI COOCTBEHHBIX
JUHUNA 32 CYET CHUXKEHHOT'O SKCUTOH-(OHOHHOTO B3aMMOJICUCTBUSI.
[IpumMep M30IMPOBAHHBIX SKCUTOHHBIX MEPEXOJI0B, HAOIIOJAEMbIX HA
CIEKTPE TMOIJIOMICHUS NPU KOMHATHOM TeMmmepaType sl CUCTEMBbI
KBaHTOBBIX Touek PbS [148] ¢ y3kum pacnpeneneHueM mo pasmepam
(AR/R~4%), npeacraBieH Ha puc. 38,a. I3MepeHne CIeKTpOoB MOTJIO-
HIECHUS JUIsl CUCTEM YaCTHI] C Pa3JIUYHBIM JIMAMETPOM IO3BOJISET MO-
CTPOUTH 3aBHCUMOCTh IHEPIMH SKCUTOHOB OT Pa3MEPOB KBAHTOBBIX
Touek (puc. 38,0). TeopeTnueckue acreKThl JaHHON 3aBUCUMOCTH OY-
IyT pacCMOTPEHBI TOAPOOHO B ClIEAYIONIEM naparpade KHUTH.
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Puc. 38. Cnexmp noenowenus keanmogvix mouex PbS ¢ ouamempom 8,5 um (a)

U paccuumarnHvle SHepeUuU IKCUMOHO8 8 3A8UCUMOCU OM pazmepd
keanmoswix mouex PbS (0) [147, 148]

B pabote [56] onmucaHo mojydyeHHe KOJUIOMAHBIX KBAHTOBBIX TO-
yek PbTe u BnepBbie nccae0BaHbl ONTUYECKUE CBOMCTBA MOI00HOTO
HaHOMaTepuajaa. ABTOpPHI COOOIIMIA 00 U3MEPEHUU CIIEKTPOB IMOTJI0-
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HICHUS, KBAHTOBOTO BBIXOJAa (POTOJIOMUHECIICHIINN, KBAHTOBOI'O BbI-
X0Jla MHOKECTBEHHOU TeHepalluyi 3KCUTOHOB. MHTepec K KOJIoui-
HBIM KBaHTOBBIM TOYKaM 3Ha4yUTEIbHO BhIpoc B 2004—2005 rr. BO
MHOIOM MMEHHO B CBSI3U C 3KCIIEPUMEHTAJbHBIM IOATBEPKICHUEM
apexkTa MHOKECTBEHHOUM TeHepaluu 3KCUTOHOB [149]. JlanHoe sB-
JIEHUE 3aKJIo4aeTcs B (QOPMUPOBAHUU OOJIBIIIOTO KOJIUYECTBA HKCUTO-
HOB OJIMHOYHBIM (POTOHOM M MPEICTABIISIET MOTCHIIMAIBHYIO BO3MOXK-
HOCTh 3HAYUTEIBbHO TOBBICUTH 3P(DEKTUBHOCTH MPeOOpa3OBAHUS
SHEPIMM B COJIHEUHBIX Oarapesx TPEThero IMOKOJIEHUS Ha OCHOBE
KBaHTOBBIX TOYEK (0oJiee MOAPOOHO acHeKThl MEPCIEKTUBHOCTU MPH-
MEHEHHUS HAHOCTPYKTYP XaJIbKOTE€HUJIOB CBUHIIA OYIYyT PACCMOTPEHBI
HUKE). ABTOpbI [56] MCMONB30Bald HOBYHO METOIUKY IOJYyYEHUS
KBaHTOBBIX TO4YeK PbTe, ocHOBaHHYIO Ha M3BECTHON METOAMKE MOJIY-
YEHUSI HAHOCTPYKTYp XaubKoreHunoB kammus [150]. UM3mepenus
KBaHTOBBIX TO4YeK PbTe meTomamu mpocBeUMBAIONIECH 3JIEKTPOHHOM
MHUKPOCKOITMY MO3BOJIAIIA YCTAHOBUTh, YTO CTAHAAPTHOE OTKIOHEHUE
pa3mepa coctaBuio 8% (puc. 39).
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Puc. 39. [I5M-uzobpasxcenus ancamoas keanmosvix mouek PbTe co cpeonum
ouamempom 5,8 HM u pazopocom no pazmepam 8% (a, 6). Cnexmpul noznoujenus
ons keanmogwvlx mouex PbTe, PbSe u PbS (8), oemoncmpupyrowue nepguiti nuxk
IKCUMOHHO20 No2ioujeruss Ha oaure 8oanvl 1450 nm [56]

HccnenoBanus METONAMHU PEHTTEHOBCKOM AU(PAKTOMETPUH H
MIUPOKOYTOJIbHON NU(PAKIUU 3JIEKTPOHOB MOKa3ajdd BBICOKOE KpHU-
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CTaJUIMYECKOE COBEPIICHCTBO KBAHTOBBIX TOYEK. B COOTBETCTBUHU C
U3BECTHBIM MEXaHU3MOM MOJU(UKAIUU MOP(OJIOrur, KBAHTOBBIC
TOYKH C AuaMeTpoM 8,3 HM SBISIMCH CHEpUUECKUMH, TOT/Aa Kak
KBaHTOBbIE TOYKH C pazMepaMu 9,3 HM CTaHOBWJIUCH NPAKTUYECKHU
KyOuueckumu. J[isi CTPyKTyp C KPHUCTAUIMYECKOM PEIIECTKOM THUIia
NaCl Ttakoit pa3zmepHbIiii 3QdekT u3MeHeHus MOp(OIOTUH HAHOCT-
PYKTYp MPOUCXOJUT B BBICOKOTEMIIEPATYPHOM pekume (PopMHUpoOBa-
HUS, KOTJa pocT B HanpasieHuu <111> npoucxoaut ObicTpee.

ABTOpEHI [56] Takke ucciea0BaIn KOJIOUAHBIE pacTBOPsI PbS u
PbSe, koTopbie MMeNX NEPBbIA KCUTOHHBIN MUK moriomieHus 1450
HM U CTaHJAPTHYIO JAUCIIEPCHIO KBAaHTOBBIX TOouek MeHee 10%. Pas-
Mep KBaHTOBBIX TO4YeK B psagy PbS — PbSe — PbTe cooTBeTcTBOBaN
IIMPHHE 3aNpelleHHol 30HbI Marepuana (tadim. 4). Bennuuna E, —
HauMmeHbIas st PbSe, BcieacTBUe yero B JaHHOM cllyyae /i CIBU-
ra repBOM SHEPTUU SKCUTOHA K TEM K€ 3HAYEHUAM, uTo U aia PbTe u
PbS, tpebGoBanach 6oJiee BbICOKas CTEMEHb pa3MepHbIX 3(DPEKTOB H,
CJI€JOBATEIbHO, MEHBIIIME KBAHTOBBIE TOUKHU.

[Ipu pacuerax 30HHOM CTPYKTYpbl CepUUYECKUE MOBEPXHOCTH
MOCTOSTHHOM 3HEPruu, MPUCYIIME H30TPOMHBIM MaTepuaiam, Oosee
a7IcKBaTHO BOCHPOU3BOJIATCS KaK 3JUTUIICOUIAJIbHBIE MOBEPXHOCTU B
aHU30TPOITHBIX MaTepuanax. ABTOPHI [56] CMOIJIM paccUUTaTh MPO-
nonbpHy0 (<111> HampaBieHHE) U TONEPEUHYIO COCTABJISIOIINE DJI-
aurica bopa i XadbKOT€HUJOB CBHUHIIA, KOTOpPbIE MNPUBEICHBI B
Tab1. 4. AHU3OTPONHUS CTAHOBUTCS 00Jiee BBIPAKEHHOW MPHU JBUXKE-
HUU B psny, coctaBiss 1,4 nnsa PbS, 2 nna PbSe u nocturas ~12 nis
PbTe. Takum oOpazom, pazmepHbie 3PHEKTh Oy IyT UMETHh MECTO JJIsI
KBAaHTOBBIX TOYEK TEJLTypUAa CBUHIA C pa3Mmepamu 152 HM (1o cpas-
HeHuto ¢ 66 M 11 PbSe u 23,5 um na PbS). BaxkHo oTrMeTuTsb, 4to
PbTe obmamaeT camoit 0ONBIION BEIUUYMHOW OOPOBCKOTO pajinyca IK-
CUTOHA CpEIUd BCEX KPUCTAUIMYECKUX MOIYyHPOBOAHUKOB. OYeHb
OombplIas MPOJIOJIbHAS COCTaBisAomas O0opoBckoro paauyca B PbTe
o0ecrieynBaeT NOTEHIUAIBHYIO BO3MOXHOCTH MOJYUYECHUS! BBICOKOAC-
MEKTHOIO0 HaHOMarepuayia (T. €. HaHOIMPOBOJIOK), KOTOPBIA JIEMOHCT-
pupoBas Obl KBAHTOBO-pa3MepHbIe 3(PPEKTH BO BCEX TPEX HaIpaBlie-
HUsX. bosbIue BEIMYUHBI ag NPUBOAT U K BBICOKOU 3 (PEKTUBHOCTH
MHOXECTBEHHOU TeHepanu 3KCUToHOB (puc. 40). B padote [151] my-
TE€M pacueTa BbIX0/1a SKCUTOHOB Ha KaXKJbI MOTJIOUICHHBIN (POTOH U3
CIIEKTPOB MEPEXOJIHOTO MOTJIOMIEHUS U (OTOTIOMUHECIICHIIUU TPU
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y4eTe MOCTOPOHHHMX 3(PeKkToB (PoTo3apsaKyd OBLJIO MOKa3aHO, YTO
3 PEKTUBHOCTH MHOYKECTBEHHOM T€HEPAITMU SYKCUTOHOB JIJISI CUCTEMBI
KBaHTOBBIX Touek PbSe, mo kpaitneit mepe, B 1Ba pasza BbIIIE, YeM JJIs
00BEMHOTO CEJIEHNA CBUHIIA.

Tabnuua 4

Benuuunovl nonepeunoii u npooo0IbHOU COCMABNAIOULUX
axcumona bopa ona keanmoevix mouex xaibKko2eHuooe ceunya [56]

Pagnyc _
Marepuan | kBaHTOBOH | FE,, 5B (BEg)/ ( € “ an
TOYKH, HM ErEy) 1 H
PbS 5,5 0,41 1,82 17,2 23,5 17,4
PbSe 4.4 0,28 1,4 22,9 66 34,7
PbTe 5,1 0,31 1,23 33 152 12,9
300 '“:,. I ! III —
m PbSe 0.82eV u
_ » PbSe091ev " L
¥ 250 e PbSe0.71eY N + /-
o * Pb5-085eV
;-_"" M PbTe-09eV
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Puc. 40. Keanmoswiii 861x00 MHOMCECMBEHHOU 2eHEPAYUU IKCUNMOHO8
ons keanmogvix mouex PbS, PbSe, PbTe [56]

Takum 00pa3oM, KIIFOYEBBIM CBONCTBOM HAHOCTPYKTYpPUPOBAH-
HBIX MTOTYyNpOBOAHUKOB PbX, 00yCIOBIE€HHBIM UX BBICOKUMHU JUAJIEK-
TPUYECKUMH MPOHUIIAEMOCTSIMU U OCOOCHHOCTSIMU 30HHOM CTPYKTY-
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pBI, SIBIISIETCA YHHKAJIbHAs BO3MOXXHOCTb HAOJIOJCHHS KBaHTOBO-
pa3MepHbIX 3(PHEeKTOB MPU OTHOCUTENIBHO OoJbIIUX pazmepax (~150
HM I Teutypuaa cBuHia). Kpome toro, pasmepHbie 3Q¢heKThl B
XaJIbKOTEHUIaX CBHHIIA MOTYT HAOJIOMAThCs MPU OTHOCUTEIIBHO He-
OOJIBIIIOM COOTHOIIICHHH MOBEPXHOCTHBIX U OOBEMHBIX aTOMOB B OT-
JIEBHBIX HAHOCTPYKTYpax.

2.2. HlupuHa 3anpewjeHHOl 30Hbl
HAHOCMPYKMypupo8aHHbIX XA/1bK02eHUJ08 CBUHYA

ITupuHa 3anpereHHon 3006l E,, pa3aeisroneil 300y IIPOBOIM-
MOCTHU ¥ BJICHTHYIO 30HY, SBJISECTCS OAHOM U3 (PyHIAaMEHTAIBHBIX Xa-
PAKTEPUCTHUK IMOJYNMPOBOJAHUKA. MHOTrHME CBOKWCTBA IMOJIYIPOBOIHUKA,
TaKue KaK TEeMIIEpATypHBIM WHTEpPBajl COOCTBEHHOW IPOBOIMMOCTH,
ONTUYECKUE W DJICKTPOHHBIE TEPEXOJIbl, ONPEACISIOTCS BEIMYUHOU
E,. JItob0e M3MEHEHUE MIMPHHBI 3alIPEUIEHHON 30HBI MOXKET 3HAYH-
TEJIbHBIM 00pa30M OTPA3UThCS HA (PU3MYECKUX U XMMHUUYECKHUX CBOM-
CTBax Marepuaya. XOpOIlIO M3BECTHO, YTO IEJICHANPABICHHO YIIPAB-
75T (PyHIaMEHTAIBHOM XapaKTEPUCTUKON MOJYNPOBOAHUKA MOKHO
YMEHBIIIEHUEM I€OMETPUUECKUX Pa3MEPOB B 00JIACTH HAHOMETPOBOTO
nuanasona. [lostomy u3mMeHeHue BenU4YUHbl £, U €0 BIMAHUE HA MO-
Tu(UKAIUI0 CBOMCTB KOHKPETHOT'O HAHOCTPYKTYPUPOBAHHOTO Mate-
puaia ABJISIOTCS BaXXHBIMU BOIIPOCAMU TEXHOJIOTHUH HU3KOPA3MEPHBIX
MOJIYNPOBOHUKOB. B gaHHOM pazjene OyayT CyMMHpPOBAaHBI KCIIE-
PUMEHTAIBHBIEC TAHHBIE 110 MIUPHUHE 3aIIPEIICHHON 30HbI JJIsl HAHOCT-
PYKTYp XaJbKOT€HHUJOB CBHHIIA W MPHUBEJICHBI HAHOOJIEE HM3BECTHBIC
TEOPETUYECKUE MOJEIH, ONUCHIBAIOIINX 3T U3MCHEHUS.

[lepBo#i sKcTIEpUMEHTATBHON paboTOM, B KOTOPOM ObUIO OOHa-
PYKEHO YBEJIMYEHHUE MIUPUHBI 3aMPEIICHHON 30HbI B HAHOKPUCTAJIH-
YECKUX IUJICHKAaX TEJUTypUJa CBUHIIA, MO BCEW BUIAWMOCTH, CIEIYET
cuuTaTh padboTy ydeHbiX u3 Jlonerka [152]. ABTOpBI IPOBOAMIN OCa-
XKIeHue TieHok PbTe MeTooM KaToaHOIro pachbUICHUSI Ha CTEKIISTH-
HBIC MOJJIOKKH, TEMIIEPATYPa KOTOPHIX U3MEHSIIACh OT KOMHATHOU J10
77 K. Pazmep 3epHa nipu 3ToM BapbupoBaica oT 50 Mxm 10 2 M. U3-
MEpPEHHUSIMHM SHEPTUM aKTHUBAIIMU MPOBOJUMOCTH OBLJIO YCTAHOBJICHO,
YTO JUIA TUICHOK C KPYIHBIMU 3€pHAMH IIMPUHA 3ANPEIICHHON 30HBI
npu 0 K cocrasisier 0,18+0,01 3B, 4TO COOTBETCTBYET HU3KOTEMIIEC-
paTypHBIM 3Ha4E€HUAM F, 11 00bEMHBIX MaTepuanoB B Ta0i. 1. Ilpu
pasmepax 3epeH oT 10 HM 10 2 HM HaOIIOAAIOCh yBeNnnYeHue £, 10
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sHauenut 0,36-0,44 3B, mpeBocxoagmux Oosiee 4eM B JBa pasa JaH-
Hble 17151 o0beMHoro PbTe. [lonydeHnslit pesynbTaT aBTopsl [152] mo-
NBITATUCH OOBACHUTH AeOPMAIMOHHBIMU SIBIICHUSIMU B IUICHKAX, HE
npuoeras K TCOpUH KBAaHTOBBIX pa3MepHBIX 3P(EKTOB.

biu3kuii moaXoJ, OCHOBaHHBIM Ha aHaM3e Je(POopMaIMOHHBIX
MPOLIECCOB, ObLT UCMOIB30BaH B [13] mpu cpaBHEHUH CHEKTPOB (POTO-
JTIOMHUHECIICHIINM TOHKUX IUIeHOK p-PbTe/BaF, B nuamazone TonmuH
20-300 HM. DKCHEpUMEHTAIBHO OOHAPY>KEH CABUT LIMPHUHBI 3arpe-
IIEHHOW 30HBI JUIA IUIEHKH Teiutypuaa cBuHua npu 2 K or 189 m3B
(Toncras mienka) a0 211-245 mdB (menka TommuHOM 60 HM), KOTO-
pBhIil OOBSICHEH MEXaHWYECKMMHU HaNpsKEHUSIMH B CHUCTEME CJIOH-
noioxkka. [Ipy 3ToM aBTOpBI OLIECHWIM BKJIaJ KBAaHTOBO-PAa3MEPHBIX
2 (PeKxToB KaKk HecyllecTBeHHBIN (MeHee 8 MaB). Uepes aBa roga B pa-
oote [14] anamoruunblii 3QPEKT yBEIUUCHUST IMIUPUHBI 3aMPEIICHHON
30HBI JIJI1 TOHKUX IUICHOK Cyibduaa cBuHIA Ha mominoxkax KCI ot
0,23 o 0,44 3B npu 80 K npu ymeHblieHUN TOAIMMHBI OT 150 HM 110
4,5 HM ObLT MpOaHAIM3UPOBAH HA OCHOBE MOJIEIH, CBSI3aHHOM C pas-
MEpPHBIM KBAHTOBAaHMEM. bBBUIM paccUMTaHbl MOJOXKEHUS YPOBHEU
HEPTUU AJIEKTPOHOB U JILIPOK B KBAHTOBOM sIME C OECKOHEUHBIMU
CTEHKaMU, IIUPUHA KOTOPOIl paBHsUIACh TOJIIMHE TUIEHKU. bplio noka-
3aHO, YTO IPHU YYETE CJIBUTa MEPBBIX KBAHTOBBIX YPOBHEWU 30HBI IMPO-
BOJUMOCTH Y BAJICHTHOW 30HBI NMPU MU3MECHEHUM IIUPHUHBI KBAHTOBOWU
SAMbl yIA€TCS C JOCTATOYHOM TOYHOCTBHIO OINMHUCATh AKCIEPUMEHTAIIb-
HYIO 3aBUCUMOCTb U3MEHEHUS £, IPU BapHALMK TOJNIIMHBI TJICHKH.

Banr u coaBtopsl B 1987 1. [23] o1HM W3 NMEPBBIX MPOBEIU JiE-
TaJlbHOE CPABHEHUE IKCIEPUMEHTAIBHBIX JAHHBIX NIJI IIUPUHBI 3a-
MpEIeHHON 30HbI HaHOYacTHIl PbS B 3aBHCHMOCTH OT pa3Mepa C pe-
3yJIbTaTaMU TEOPETUUECKUX PACUETOB B paMKaxX pa3IUYHBIX MOJEJICH
JUIsl KBAaHTOBO-PAa3MEPHBIX CTPYKTYp. POpMUPOBAHUE KOJIOUIHBIX
KBAHTOBBIX TOYEK B OMUCHIBAEMOM 3KCIEPUMEHTE MPOBOAWIOCH My-
TEM CUHTE3a B IOJIMMEPHON OCHOBE. XapaKTepHbIM pazmep DD HaHOYa-
CTHII, 3aBUCAIIAN OT TEMMEpaTypbl CUHTE3a, OMPEACISICA C UCIOIb-
30BaHUEM DBJIEKTPOHHOM MHUKPOCKONUW M PEHTTE€HOBCKUX METOJIOB,
BEJIMYMHA F, HAXOIWJIACh U3 CIEKTPOB IOIJIOLICHUA. DTO MO3BOIMIIO
aBTOpaM MOJYYUTh SKCIEPUMEHTAIbHBIM HAOOp JAHHBIX IO 3aBUCH-
MOCTH E,(D), npencTaBieHHbIi Ha puc. 41.
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Puc. 41. llupuna 3anpewennoti 301el 015 Hanowacmuy PbS:
«0O» — IKCNEePUMEHMATIbHbLE OAHHbLE, NYHKMUPHAS TUHUSL — MeOPemuieckas Kpueas
0J1s1 MOOeNU «INeKMPOH — ObIPKA — 8 — suuKe» 8 npubauxiceruu 3gpexmusnvix macc [153],

CNJIOWHASL TUHUSL — PACden 8 COOMBEMCMBUU ¢ MOOeblo eunepborudeckux 301 [154],
«+» — OaHHble, NoyYeHHble U3 pacuema 8 pamkax KiacmepHou mooenu [23]

B npubnmxennn 3pPEeKTUBHBIX MacC B paMKax MOJICIH «DJICK-

TPOH — JBIPKA — B — SIIMKE» IIMPUHA 3aAMPENICHHON 30HbI KBAHTOBBIX
%
TOYEK £ , painycoM R 3aaBajiach BBIPAKEHHUEM BHJIA:

2 2 2
P ATt (1 1) 18

&R v “)

+
oR% \me  mp

rine E, — myUpHHa 3aNpelleHHOM 30HbI Ul 00bEMHOIO COCTOSIHHMA, 1,
u my; — 3(PQPEeKTUBHBIE MacChl AIEKTPOHOB U ABIPOK, & — BBICOKOYAC-
TOTHAsl AUDJIEKTPUYECKAs MPOHULAEMOCTh, () — MaJIbIi 110 BEJIUYUHE
NOJISIPU3aUMOHHbBINA uiieH. 13 puc. 41 BUIHO, 4TO JaHHAs MOJEIb Iie-
pecTaeT aJeKBaTHO ONMCHIBATH MaJble YacTUIEl ¢ pasmepoM <100 A,
YTO TOJBKO OTYACTU OOBACHSETCS OTCYTCTBHEM IONPABOK Ha KYJIO-
HOBCKO€ B3aumoJjiericteue. Takum oOpa3zoM, BaHr mpuiien K BhIBOIY,
YTO MOJENb «AJEKTPOH — JIbIPKAa — B — AIIUKE» B MPUOIMAKEHUU (-
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(EeKTUBHOM MacChl MPUBOAUT K 3aBBIIICHHBIM 3HAYCHUSIM IITUPHUHBI
3alpelieHHON 30HbI JIsI KBaHTOBBIX ToueK PbS. B kauecTBe perieHus
OBLIIO MPEII0KEHO BBECTH MOMPABKY Ha d(PheKThl HEMapaboIUIHOCTH
30H. B paMkax runep0oJnyecKoil MOJENN 3Ta 3aBUCUMOCTb OIpeJie-
nsiercst GopMyIIoi:

o |2 2h2Eg7z2 )
g =\Egt—— % >
Rzm*

rje o0paTHOE 3HAYEHUE m ™ eCTh CPeIHSS BEJIMYMHA OOpaTHBIX 3HAYe-
HUW >(PEKTUBHBIX Macc AEKTpoHa U Ablpku. Dopmyna (5) B malib-
HelmeM (Mpy JIOMOJHUTEIBHOM y4YeTe€ MPOJOJBHBIX M MONEPEUHBIX
3(PEeKTUBHBIX MACC DJIEKTPOHOB U JIBIPOK) CTajla OAHON M3 4acTO MC-
noJib3yeMbIiX (GopMyIl Ipu pacuete E *g st HaHovacTtul, PbX. Ona ot-
HOCUTEIIBHO MPOCTa B OTJIMYME OT MATEMAaTUYECKH YPE3BBIYANHO
CJIO)KHOM KytacTepHOM Moaenu. JloctomHCTBOM paboThl [23] siBUjIach
JEMOHCTpAIUs TOr0, YTO MIPU YMEHBIIICHUU pa3Mepa 4acTHUIIbl 3ampe-
IIEHHAs] 30Ha PacTeT W MOCTEIEHHO CBOJMTCS K MEPBOMY Pa3peIICH-
HOMY BO30Y>KJIECHHOMY COCTOSIHUIO MOJeKyJibl PbS, npeBsimias Benu-
uuny 2 3B. DT0 npoucxoauT npu pasmepe okono 20 A, ykassias, 4o
KJIACTEPHI 10 CBOMM ONTHUYECKHUM CBOMCTBAM CTAHOBSATCS «MOJIEKYJIO-
NOAOOHBIMUY». DTOT SKCIEPUMEHTAJIbHBIN Pe3yJIbTaT SIBUJICS OJHUM
U3 TEePBBIX MPSIMBIX HAOIIOJEHUNM HEMPEPHIBHOTO TMEPEX0J/ia CBOWCTB
MOJIYIIPOBOJAHUKA OT 00bEMHOT0 COCTOSIHUSI K MOJIEKYJISIPHOMY .
['opepom B 1995 1. [87] pazmepublii 3pPeKT U3MEHEHUST TUPU-
HbI 3aMPEIICHHON 30HbI U3yYaJCsl B MJIEHKAX HAHOKPUCTAILINYECKOTO
PbSe, mosiydeHHBIX METOJOM XUMHUYECKOTO OCAXICHHUA. YUHUTHIBAS,
YTO HAWJIy4Illas anfpoKCUMAaIlUsl paHee Oblla JOCTUTHYTA JJI CUCTe-
MbI PbS npu ncnonb30BaHUK MOJENH TUIIEPOOIMUECKUX 30H, aBTOPHI
[87] BOCHOJIB30BAIUCHh MOCJIEAHEN, BBEAS JOMOJIHUTEIBLHO IOMPABKY
Ha 3JICKTPOHHO-ABIPOYHOE KYJIOHOBCKOE B3aUMOJIEUCTBUE, YTO TTO3BO-
JUJIO0 UM YJIOBJIETBOPUTEIHHO aNMPOKCUMHUPOBATH 3KCIEPUMEHTAIb-
HbIE JaHHBIE IS E,, TIOJyYeHHbIE U3 CIEKTPOB noriomeHus. Kernnom
B 1996T. [155] ¢ wucnonmp3oBaHWEM TMOIYIMIMPUYECKOTO METOJIA
CIWJILHOM CBsI3M OblJIa paccuMTaHa AJIEKTPOHHAsI CTPYKTypa chepude-
ckux HaHovactuil PbS, cocrosmux u3 912 atomoB (quameTpom 35 A).
ITpu ydete 3¢(PexkToB CIMH-OPOUTAITHLHOTO B3aUMOJICUCTBUS pacCUu-
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TaHHBIE NTAPAMETPBI 30H OKA3aJIMCh B YJIOBIECTBOPUTEIHLHOM COOTBET-
CTBHUH C SKCIIEPUMEHTAIIbHBIMU JTAHHBIMHU [23].

Taxkum 00pa3oM, TEOPETUUECKOE U3YyUECHHE DJIEKTPOHHON CTPYK-
Typbl KBAHTOBBIX TOYeK PbX ObLIO MPOBEIEHO C UCIOJIH30BAHUEM I1a-
pabonnueckoir moaenu 3 PekTuBHBIX Macc [23, 156], mpubnmxeHus
TUNEPOOTNYECKUX 30H U pacueToB CWIbHOU cBsizu [155]. [lapabonu-
YyecKkasi MOJIelb MoKa3ajaa ce0sl He BIIOJHE aJ€KBAaTHOM JJIS ONMKCAHUS
KBAHTOBBIX TOUEK XaJIbKOI'€HUJIOB CBHHIIA, TaK KaK OHA MpeHeOperaer
HEeMapaOOJUYHOCTHIO 30H JaHHBIX MaTepuanioB. Mojenb runepoosu-
yeckux 30H [23] mo3Bosimiia 0ojiee TOYHO yKa3zaTh DHEPTHU HUBIINX
SKCUTOHHBIX TMEPEXO0J0B, HO HE ObLIa CIIOCOOHA paccuUTaTh SHEPTUU
0oJiee BBHICOKMX BO30YKIEHHBIX COCTOSIHHM, MOCKOJIbKY OHAa MpPUHH-
Majila BO BHUMaHUE TOJIbKO HU3IIMI 3JIEKTPOHHBIN MEPEXO]] KaK mepe-
HOC 3JIEKTPOHOB MEXJy MOHAMH CBUHIIA U CEPHI.
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Puc. 42. Cpasnenue sxcnepumenmanbHuviX OAHHBIX OJis1 HUMCHEU YHepeUuU
9KCUmMoHa keanmoguvlx mouek PbSe (copusonmanvhuvle nunuu) c pacuemamu
8 PAMKAX YeMbIPEX30HH020 POpMaAIu3Ma QyHKyuu 02ubanus (CRIoWHAs Kpusas),
MOOenu UnepoOoOIUYeCcKUX 301 (WUMpPUXo8as TuHUs) U napaboIuLecKoll Mooeau
agpgpexmusHou maccol (nynkmupHas aunus) [157]
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Kanr u Baiiz B padote [157] BOoepBbie MpOBENIN pacueThl dJIeK-
TPOHHOM CTPYKTYpbl KBaHTOBBIX TO4eK PbS u PbSe B pamkax 4eTsh-
pex30HHOTO opManu3Ma QYHKIIMU OruOaHus. DTU pacdyeThl OCHOBBI-
BAJIUCh HA PEATUCTUYHOU MOJICNIM HEMapaOOJIMYHON M aHU30TPOITHOM
30HHOM CTPYKTYphI JaHHBIX MaTepuaaoB. OJIHAKO B XOJ€ CPaBHEHUS
pPE3yIBTATOB TEOPETHYECKUX PACUYETOB OBLIO YCTAaHOBJIEHO, YTO B
OOJIBIIIEM COTJIACHH C SKCIEPUMEHTAIbHBIMU TAHHBIMH HAXOJATCS pe-
3yJBTAThI JJIs1 MapaOoINYeCKON MOJEIU B MPUOIKEHUU 3(PPEeKTUB-
HOM Macchl (puc. 42).

Tynypu B 2000 r. [158] mpoBen pacueTbl AIEKTPOHHON CTPYKTYPbI
chepuueckux KBaHTOBbIX Touek PbS, PbSe, PbTe ¢ ucnonb3zoBanuem
dbopManm3Ma YEeTHIPEX30HHOW (PYHKIMM OrubaHus, BBEIS JOIOJIHU-
TENbHYIO MOIMPABKy Ha aHU30TPOIUIO 30H. CpaBHUBAs MOIYUYEHHBIE pe-
3yJIbTaThl C AaHATUTUYECKUMHU pacyeTaMu CheprUIeCcKOi anmnpoKCuMaIin
raMiwibTOHHAaHA kp, ObLIO TIOKa3aHO, YTO d(PPEKTh aHU30TPONUHU 30H
Oosiee BBIPAKEHBI NIl BO30YXICHHBIX COCTOSHUM W yCUJIMBAIOTCS IO
Mepe BO3ZHUKHOBEHUS pa3MepHbIX 3 PexToB. B mocnemyronmx padoTax
HAHOCTPYKTYPbI XaJIbKOT€HHJIOB CBHHIIA HCCIICIOBATUCH B OCHOBHOM C
UCIOJIb30BaHUEM (PYHKIIMM OTHOAHMS U allllPOKCUMAIIMKA TaMUJIbTOHHA-
Ha k'p [157-159] u nanHBIC TOAXO/BI OKA3AIUCH YAOOHBIMU JIJIs OIKCa-
HUS (PU3UKH KBAaHTOBO-pa3MepHBIX 3P hekToB. OHAKO XOPOIIO U3BECT-
HO, YTO OHH MOT'YT OBITH JJOBOJIHHO HETOUHBIMH, KOT/Ia SHEPIUsl KBAaHTO-
BAHUS CTAHOBUTCS Mopsaka coteH M3B. [Toatomy aBTops! [160] ripose-
JIM pacyeThl CUIIBHOM CBSI3U JJIsI HAHOCTPYKTYP, COBIAJIAIOIINX IO CBO-
UM pa3MepaM C SKCIEPUMEHTAIbHBIMU OOpasiiamu. PacuerHbie mapa-
METpPbI OBLIM MOJYYEHbI MOJCTAHOBKOW IKCIEPUMEHTATbHBIX BEIUYHMH
3 (HEKTUBHBIX MAaCC U UCTOJIB30BAHUEM «ITAJIOHHONY» 30HHOU CTPYKTY-
PBL, PACCUUTAHHOM C UCIIOJIL30BaHUEM ab initio TICEBIONOTEHIIUATBHOTO
koja ABINIT B npuOimkeHny JTOKaIbHOM IIIOTHOCTU. B cityyae HaHO-
gactuil PbSe pe3ynbTaThl CpaBHUBAIUCH C JTaHHBIMH pacueTa raMib-
ToHuaHa k-P. Ba)XHO OTMETHUTh, UTO IIMPHUHA 3aNPEIICHHON 30HbI 00b-
eMHOro PbSe CUIIbHO 3aBUCUT OT TeMIEpPATypbl B COOTBETCTBUU C BbI-
paxenneM Buna E, (M3B) = 125+(400+0,256:7)" [161], xotopoe s
KBaHTOBBIX TOYEK MOXKET MEHSATh CBOM BHUJ B 3aBHCHUMOCTHU OT Xapak-
TepHoro pasMmepa. Ha puc. 43 npuBeneHa sHeprusi pa3MepHOro KBaHTO-
BaHUs JJI1 HAaHOKpUCTAUTUTOB PbSe B 3aBHCHMOCTH OT MX pa3MEpOB.
[IlupuHa 3anpereHHON 30HbI E*g KBAaHTOBBIX Touek PbSe Moxer ObITH
aTlIpOKCUMHUPOBaHa cleayroIiei yHKIuen ux pazMepa:
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Eg(D)=Eg + 1 (6)

& 0.0105D2 +0.2655D + 0.0667

rie D — 3dQexkTuBHBIN auaMeTp KBAHTOBOM TOYKH CQeprUuecKoin
dbopmbl. PaccunTaHHble BEIMUUHBI SHEPIrETUYECKUX 30H OKA3aJUCh B
XOpOIIIEM COOTBETCTBUU € IKCHEPUMEHTOM (puc. 43).

0 2 4 6 8 10 12
1.6 1

12
1.0t

Energy (eV)

0.2

00 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

D (nm)

Puc. 43. Paccuumannas memooom CUIbHOU C85A3U SHEPIUS PAZMEPHO20 KBAHMOBAHUS
015 cghepuueckux u Kyouueckux kganmoaguvlx mouex PbSe xax ¢pynkyus ux pazmepa
(Ouamemp D ons chepuueckoul yacmuywl, onuna eparu L ons kybuueckotr) [160].
TIynkmupras aunus: pe3yibmamul paciema amuivmonuana k-P. Dxcnepumenmanshvle
3HaueHus (nepevlil SKCUmMoHHulll nepexod).: [162] (m), [31] (@), [163] (A), [S0] (¢)

B onHoli u3 mocneayroomnmx pador [164] dyucieHHBbIE pacyeThl
SHEPTETUUECKUX 30H OBLIM MPOBEACHBI C HMCIOJIH30BAHUEM METOAA
TpaHc(opMalvK MOTEHIIMAIA, BIIEPBbIE TPUMEHEHHOTO K Y3KO30HHBIM
noJIynpoBogHUKaM. Dd@eKTrBHas 3anpenieHHas 30Ha Obula paccyu-
TaHa JJis1 KOJUTOUAHbIX Touek PbS u PbSe B npubmmxennn 3¢extrn-
HBIX Macc JJisl IPSIMOYTOJIbHOM KBAaHTOBOM SIMbI OTPAHUYEHHOMN TITyOU-
HBI C YYETOM Pa3MEPHOU 3aBUCUMOCTH JURJIEKTPUUECKON ITOCTOSIHHOM.
[TomyueHHbIEe pe3ynabTaThl OKA3aJMCh B XOPOIIEM COOTBETCTBUM C JKC-
NEPUMEHTAIbHBIMU JTAHHBIMU. B 0HOM M3 caMbIX MOCIEIHUX PadoT
10 JIaHHOM TemaTuke [165] mpoBeleHbl pacyeThl HA OCHOBE TEOPHUU
IJIOTHOCTU (DYHKITMOHAJIA B paMKax anmpOKCUMAaIIUK JIOKAJIbHOM IJI0T-
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HOCTH. CIIOKHBIE pacyeThl OJO0OHOTO THUIIA CTAJTH BO3MOKHBI TOJIBKO B
nocJyieIHee BpeMs OJjiaroaps MCHOJIb30BAHUIO BBIYUCIUTEIBHON TEX-
HUKU C BEKTOPHOW apXUTEKTypou. B pesynbrare s MHUpPHUHBI 3a1mpe-
IICHHOM 30HBbI KBAHTOBBIX TOUEK XaJILKOTEHUJIOB CBHUHIIA ObLIa IMOJY-
YeHa 3aBUCHUMOCTE BHUJA £, = D—o,s) YKa3bIBarolllas Ha TO, YTO MOJEIH
chepudeckux MOTEHIMAIBHBIX SIM HE BIOJIHE aJC€KBATHO OIMCHIBAIOT
OSHEPTHIO PA3MEPHOTO KBAHTOBAHUSI MAJbIX CHCTEM KBAHTOBBIX TOYEK.
B camoe Ommkaiiiiiee BpemMsi MOKHO OXKHMJIATh IMOSBJICHUST Oojiee TOY-
HBIX PACUETHBIX Mojesield pazMepHOro 3(dexra s MUPUHBI 3arpe-
IEHHOM 30HbI HAHOYACTUI] XaJIbKOT€HUI0B CBUHIIA.

B pabote [166] Obutn uccinenoBanbl HaHOTIPOBOJIOKKM PbSe nua-
MetpoMm 100 HM, BBIpAIIEHHBIE METOJOM MAarHETPOHHOTO pPAacCIbLIC-
HudA. JlaHHBIE CTPYKTYphI JOCTATOYHO OOJBIIOTO pa3Mepa MPOSIBUIU
KBaHTOBO-pa3MepHbie 3 dekThl. PaccunTanHas U3 CHEKTPOB MOIJIO-
meHust BennunHa E, cocrasuna 0,496 5B, 4ro mpeBbliaeT 3HaAYCHUS
0,278 nns 3B o6bemMHoro PbSe. MuTepecHbM (akToMm cTano HabIto-
JICHUE KBaHTOBO-pa3MepHOro 3dpdexra 1y JOCTaTOYHO TOJICTHIX Ha-
HOTIPOBOJIOK. DTO OOBACHSIOCH CHJIBHBIM BCTPOCHHBIM IOJIEM IIO-
BEPXHOCTHBIX COCTOSIHUN, U3TMOOM 30H M TEM, YTO HA MX MOBEPXHO-
CTH NPUCYTCTBOBAJIM CJIOM OKHCIIa U OOCTHEHHBIN CIION OOIIei ToJ-
mHOM 10 50 HM. B 3TOM ciyudae sppeKkTUBHBIN JuaMeTp HUTEH CO-
CTaBJISLT ~8 HM, YTO rOpa3/i0 MEHbIIE BEIIMYUHBI dp.

JleTanbHOE TEOPETUYECKOE HW3YUCHHUE IIUPUHBI 3aMpeiieHHON
30Hbl B IWJIMHJPUYECKUX HAHOHUTSAX CEJIICHUJA CBUHIIA MPOBEAECHO B
pabore [167]. ABTOpamMH BBIIIOJHEHBI PACYETHI BEIUYHMHEI £, B 3aBU-
CHMOCTH OT IOIIEPEYHOro auamMeTpa HuTel W u kpucrauiorpaduye-
CKMX HalPaBJIE€HUH MX POCTA. Y CTAHOBJIEHO, YTO 3aBUCUMOCTL L (W)
B UHTEPBAJIC MONEPEUHBIX Pa3MEPOB 1—7 HM UMEET BU/I

Eg=t (7)

rje mapamerpsl f U o cocTaBisitoT s [111] opuenTUpoBaHHON Ha-
HOHWUTH 3HaueHus 1,726 u 0,8734; nna [110] opueHTupoBaHHON Ha-
HoHUTH — 1,564 u 0,8592; nns [100] opuenranum — 1,87 u 1,072 co-
OTBETCTBEHHO.
Ecnu nmpoananu3upoBaTh OMyOJMKOBaHHBIC PE3yJbTaThl AJiA Ha-
HOCTPYKTYPUPOBAHHBIX TUICHOK PbX, TOo BO Bcex 0€3 UCKIIIOUCHUS pa-
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00Tax HaOMIOJAeTCs OJWHAKOBas 3aBUCUMOCTh. B MOHOKpHCTaIMye-
CKHMX IUICHKAX C HAHOPA3MEPHOM TOJIIIMHON U B HAHOKPUCTALTAYECKUAX
IUICHKax C pa3mepaMu 3epeH MeHee 50 HM MPOUCXOJUT YBEIUYEHUE
HIMPUHBI 3aMPEIICHHON 30HbI. [Ipy 3TOM 4eM MEHbIIE TOJIIMHA SMU-
TaKCUAIBHOM TUICHKU WM pa3Mep 3epHa, TeM OOJIbIlie CTAHOBUTCS Be-
mnunHa E, nis mtenok PbTe, PbSe, PbS [152, 13, 14, 168-170 u ap.].
B 3akitoueHrne OTMETHM BaKHBIM C TOYKH 3peHUST (PU3UKHU TPOU-
HBIX TBEPJIbIX PACTBOPOB HAa OCHOBE XaJbKOTE€HHJOB CBHUHIIA PE3YJIb-
TaT, MOJyYeHHBIA B pabdoTe [171] mms KOMIOMAHBIX HAHOKPHCTAJIOB
Pb;_,Sn, Te. bb1o ycTaHOBIIEHO, YTO B pPe3yibTaTe KBAaHTOBO-pa3Mep-
Horo s¢¢exra yBeaudeHusa L, OTCyTCTBYET IEPEXO] B COCTOSHHE C
HYJIEBOW 3aIpEIICHHON 30HOM, XapaKTEpHbIA JJIsI 00BEMHOIO Mare-
puana npu cogepxann Sn x = 0,65 npu 300 K. Ilokazano, yto s
HAHOKPHCTAJIJIOB BMECTO HYJIEBOrO 3HaueHus npu x = 0,67 pocrura-
€TCSI MUHUMYM IIUPHHBI 3alPEIIEHHON 30HbI BennunHou 0,28 3B.

2.3. H3meHeHUe 3HaAKa memnepamypHoll 3agucumocmu
WUPUHbI 3anpewjeHHOll 30Hbl

OaHuM U3 HEOOBIYHBIX CBOWMCTB MOJYHPOBOAHUKOB XaJbKOTCHU-
JIOB CBHHIIA B OOBEMHOM COCTOSIHUH SIBIISICTCS TTOJOXKUTEIbHBIN TEM-
neparypHbiil KOOQPUIIMEHT U3MEHEHUS ITUPUHBI 3alPEIIeHHON 30HBI.
Ecau st 607BIIMHCTBA U3BECTHBIX MOTYIPOBOIHUKOB KOA(PHUITUEHT
dE,/dT orpunarenes, To Uil XaJdbKOTCHHUIIOB CBMHIIA OH IOJIOKUTE-
JeH, uMmes nis uHTepBana temneparyp 77-300 K g PbTe, PbSe u
PbS onunakoBoe 3HaueHUE ~4- 107 sB/rpan.

OnbxoBen B 1998 1. [172] coobmmit 0 HOBOM pazMepHOM 3 dek-
T€ JJI1 HAHOCTPYKTYp — U3MEHEHHUH 3HAKa TEMIIEpaTypHOU 3aBUCUMO-
CTH IIUPUHBI 3alpenieHHON 30HbI. MccnenoBaniuch KBAaHTOBBIE TOUKH
PbS u PbSe auamerpom ot 3 10 15,5 HM B pa3nu4HbIX MaTpuiiax (Ok-
cuf, pocdar, noaumep). B xone usyueHus pasMepHoOi U TeMIiepaTyp-
Hol (12-300 K) 3aBucHMMOCTH SHEPTU MEPEXOI0B B KBAHTOBBIX TOY-
KaxX ObLJIO OOHAPYXKEHO, YTO TEMIEPATyPHbIA KOA(PPUIIMEHT HUBIIETO
BO30Y’>KJICHHOTO COCTOSIHUS TMPOSIBISET 3HAYUTEIBHBIA pa3MepHbIN
s dekt. I3 rpaduka, MpUBEAECHHOTO B Ka4eCTBE MpUMeEpa s Mare-
puana PbS (puc. 44), MOXXHO BHJIETh, YTO Il KPYMHBIX KBAHTOBBIX
TOYEK JIaHHAs 3aBUCUMOCTH OJIM3Ka MO 3HAYCHHIO K CIydaro JJid 00b-
€MHOTro Marepuaina. [ Manbix yacTun BenmunHa dE,/dT npakrnde-
CKH oOpalmiaeTcs B Hy/Ib, IPUYEM NpH AUaMeTpe MeHee 4,5 HM OHa
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yXOJIUT B 00JaCTh HEOONBIINX OTPULIATEIBHBIX 3HAUeHUH. M3BeCTHO,
YTO JOMUHUPYIOIIUN BKJIAJ B U3BMEHEHUE IIMPUHBI 3alPEIICHHON 30-
Hbl OT TEMIIEPATypbl BHOCAT TEIUIOBOE PACIIMPEHHE KPUCTAIJIA U
B3aMMOJICICTBME HOCUTENICH ¢ KoJeOaHUAMHU pemieTKUu. I[IoCKoIbKy
SHEPreTUYECKUE YPOBHH B HAHOYACTHUIIAX OMPEAECISAIOTCS, IJIaBHBIM
o0pa3oM, HE BEJIMYMHON MOCTOSIHHOW PEIIETKH, a pa3MepaMy HaHOYa-
CTHLl, TO C YMEHBIICHUEM pa3Mepa KBAHTOBBIX TOYEK MNPOUCXOIUT
YMEHBIIICHUE BIIUSHUS MEPBOTO U3 MEePEeYUCICHHBIX (hakTopoB. Brian
3JIEKTPOH-()OHOHHOTO B3aMMOJEHCTBUS B 3aBUCUMOCTD dE /dT Taxxke
YMEHBIIIAETCA C YMEHBIIEHUEM Pa3MEpPOB, MOCKOJIBKY YBEINYUBACTCS
pacCTOSIHUE MEXKAY DJHEPreTUYeCKUMH YPOBHSIMH B KBAaHTOBO-
OTpaHUYEHHON CHUCTEeME. JTO B COBOKYIMHOCTH OIpEACNsieT Clalyro
3aBUCHUMOCTB E, OT TeMIeparypsl B HaHO4YacTHLax PbS maineix paszme-
POB.
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Puc. 44. 3asucumocmuo senuuunvt dE/dT om ouamempa kéanmosvix mouex PbS:
CNNIOWIHAS TUHUSL — PACYEN NO CYMMe BCeX BKA008, CUMBONbHbIE 0003HAUEHS —
9KCHEPUMEHMATIbHbLE Pe3Yibmambl 018 K8AHMOBLIX MOoUYeK 8 patuinbix mampuyax [172]

B pa6ote [173] nanubiit 3¢gdext ObLT MOATBEPKACH Ha IPUMEPE
BBICOKOTOYHOI'0 IKCIEPUMEHTA C UCMOJIb30BAHUEM MOHOJIUCTIEPCHBIX
KOJUIOMJIHBIX KBAaHTOBBIX To4eK PbSe, nis xotopeix Bennuuna dE,/dT
CTaHOBWJIACh OTPULIATEIIBHON NIPU AUAMETPE YACTULl MEHbLIE 5,1 HM.
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2.4. H3meHeHUe du3jieKmpu4veckKou oyHKYyuu
0151 Xa/1bK02eHUJ008 CBUHUd

B pabote [174] npu uccienoBaHUU METOJAMU AJUIUIICOMETPUH
ANIEKTPOOCAXKICHHBIX HAHOKPUCTALUIMYECKUX cJioeB PbSe TosmuHOM
HECKOJILKO HM ObUT 00HapykeH 3 (PEeKT 3aBUCUMOCTU JUAJIEKTpUYC-
ckoi (pyHKIUU &(w) OT TOJIIMHBI JAHHBIX MJIEHOK. ABTOPHI IPOBEIH
CpaBHEHHUE HKCIEPUMEHTAJIbHBIX PE3YyJIbTaTOB C pacueTaMu 3JieK-
TPOHHOU CTPYKTYPbl MHHUMOM COCTAaBJSAIOLICH JOUBJIEKTPUYECKOU
dbynkuun HaHokpuctamutoB PbSe. Ha puc. 45 npuBenena muumas
4acTh IUAJIEKTpUuYecKor (yHKIMuU &" ToHKoro ciost PbSe Tonumuon
1,6 u 8,8 HM, nojlydyeHHass U3 00pabOTKHU AITUIICOMETPUYECKUX JaH-
HBIX B auamnazoHe mexnay 1,5 m 3,5 3B, ¢ ykazanueMm BKJaja 000HMX
OoCUMILIATOPOB JIOpeH1a U pe30HAHCHBIX dHEPTUn Ey; 1 Ep,.

h=1.6 nm h=8.8 nm
| | | | I I
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Puc. 45. Mnumas cocmasnarowas ousiekmpuieckou npoHuyaemMocmu cios
Hanokpucmaiiumos PbSe monwunou 1,6 (cnesa) u 8,8 um (cnpasa).
Omobpadsicen UHOUBUOYANbHBIU BKIAO 0O0UX JIOPEHYEBCKUX PE30OHAMOPO8
u ykasamwl snepeuu pezonamopos Ey; u Eg; [174]

Tak kak mHpHHA OCUWILIATOPA JI0BOJBHO BEJIMKA, PE30HAHCHBIE SHEP-
TMA HEMHOTO CABUHYTHI OTHOCUTEIbHO MakcuMymMma &". Criektp &', no-
JYyYEHHBIN JIJI1 HAHOKPUCTAIIOB 8,8 HM, OJIM30K K clIy4aro 00beMHOTO
PbSe. U3 puc. 45 cieayer 3HaYMTENbHOE M3MEHEHHUE IUAJIEKTpUYE-
CKOM (DYHKIIMM MPU CHIKEHUHU pa3Mepa HAHOKPUCTAIIOB (TOJIIUHBI
ciost). OTHOCUTENBbHBIN BKJIaJ 000MX OCHUIIISTOPOB CHIIBHO MEHSET-

csi. Eciu B cinydae o6beMHoro PbSe BTOpoi ocUUILISTOP TOMUHHPY-
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€T, TO MPU YMEHBIICHUH HAaHOKPUCTALIUTOB A0 1,6 HM 00a ocruiis-
TOpa AT MPUMEPHO paBHBIN BKIad. [Ipu 3TOM MMeeT MecTo yBelu-
YEHHE IBYX PE30HAHCHBIX 3Heprur Ha Bennuuny 0,4-0,5 3B no cpas-
HeHuto ¢ 00beMHBIM PbSe (E; = 1,60 3B u £, = 2,73 3B). Ota pabora
MoKaszana, 4TO JUAJISKTpHUYeCKas MPOHUIIAEMOCTh HU3KOPa3MEPHBIX
noJIynipoBOAHMKOB PbX MOKeT HaXOaUThCA MOJ CUIBLHBIM BIUSHUEM
3 PEeKTOB pa3sMepHOTO KBAHTOBAHMS, YTO MPHUBOIUT K H3MEHEHHIO
DHEPTHH DSJEKTPOHHBIX IEPEX0J0B, OMPEACISIONIUX IHUAJICKTpUYe-
ckyro ¢ynkmuo. Ograko B padore Mopuica 2010 r. [175] ¢ ucnosb-
30BaHUeM TeopuH 3¢ deKkTuBHOM cpeapl MakcBemia — ['apHerTa u co-
otHoweHud Kpamepca — Kponura Obuta TeopeTHuecKu MOKa3aHa He-
U3MEHHOCTh JIUAJIEKTPUUECKON MPOHMUIIAEMOCTH JIJIi KBAHTOBBIX TO-
yek PbX 1o cpaBHEHHIO ¢ 00bEMHBIMUA MaTepHaIaMH.

2.5. Tens10npo80dHOCMb HAHOCMPYKMYPUPOBAHHBIX
Xa/1bK02eHUd08 c8UHYda

st onieHku 3 (PEKTUBHOCTH TEPMOIICKTPUUECKOTO Mpeodpa-
30BaHUS MaTepuajga 0OBIYHO HCIIOJB3YIOT Oe3pa3sMEpHYI0 TEPMOIJICK-
TPUUYECKYIO TOOPOTHOCTD:

zr=2"1 (8)

I7ie 0 — JIEKTPONPOBOAHOCTD, S — KO3 DuIMeHT 3eedeka, k — TeIIo-
MPOBOJHOCTh JAaHHOTO Marepuana. O4eBUHO, YTO JOOPOTHOCTH OY-
JIET TEM BBIIIE, YEM BBIIIE TPOBOIUMOCTh U HUKE TEIMJIOMPOBOTHOCTD.
OpgnuM n3 cnocoOoB (GopMHUPOBaHMS BBICOKOA((PEKTUBHBIX TEPMO-
AIEKTPUUECKUX MATEpUAJIOB SIBISIETCS IMOJYYEHUE CUJIBHO HEOHO-
POJHBIX CJOEB MyTEM HMX HAHOCTPYKTypupoBaHusA. B Takom ciyuae
OKUJIAETCS. yMEHBIIICHUE TEIUIONPOBOJHOCTH pEIIETKH Oyaroaaps
paccessHui0O (POHOHOB Ha TMOBEPXHOCTAX TPAHUI[ M TETEPOrPAHMII
[176]. HanGonwimuii mHTEpEC B 3TOM HarpaBieHuu yaensercs PbTe,
SBJISIIONIEMYCST OJJHUM W3 OCHOBHBIX TEPMOAJICKTPUUYCCKUX MaTepra-
JOB B OOBEMHOM BHUJIE M 00JaJar0lieMy TEIIONPOBOJIHOCTHIO ~2,2
Bt/M'K mipu komHaTHOM Temrieparype. HeoOxoqumMo ykazath, 4TO B
00bEMHOM TEJLTypHUAEC CBUHIIA OOBIYHO MUMEIOT MECTO HEOOJbIITNE Ba-
pHUaIu COCTaBa, CO3/AI0IINE KOTePEHTHBIE U TOJyKOT€PEHTHBIE Tpe-

LIUANUTAThl HAHOMETPOBBIX Pa3MEPOB B KPUCTALUIMUECKOW MATPUILE.
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O1u 007aCTU MPENATCTBYIOT JIBHXKEHHUIO (POHOHOB B KpHCTajuie 0Oe3
OIIyTUMOT'O BJIIUSHHS Ha AJICKTPONPOBOIHOCTh MaTepHuaia, YeM 00b-
SACHSIETCS BO3MOKHOCTh JOCTHKEHUS BbICOKUX BennmduH Z T (10 ~0,8).

JIist cuHTe3a HAHOCTPYKTYPUPOBAHHBIX TEPMOIJIECKTPUUECKUX
MaTeprajoB Ha OCHOBE XaJbKOTCHHJIOB CBHHIIA HA JAaHHBIMK MOMEHT
MIPUMEHSIOT JBA OCHOBHBIX moaxoxa. llepBelii OCHOBaH Ha in situ
dbopmupoBanun HaHoda3 B 00beMHOM Matepuane (PbTe) myTtem cos-
JTaHUS TBEPIbIX pacTBOpoB. Jlisg mpuMepa, BBICOKHE BEJIWYHHBI
ZT>1,4 Obum momydeHsl s coctaBoB AgPbgSbTe,, [177] u
AgsPbsSn,Sby,Teyy, conepxkammx odorameHHble AgSb BKIIFOUEHUS

[178]. Ky u coaBTOphI HETaBHO cooOmMIn 0 Benuuune ZT = 1,5 mis
Ag0,8Pb22,5 SbTez() [179]
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Puc. 46. Tennonposoonocms pewiemku 051 NEpUOOUHECKUX NICHOYHBIX CIMPYKIYD
PbTe/PbTe 755e) 25 ¢ paznuunvim nepuooom ceéepxpeutemsu
6 cpasHenuu ¢ oanuvimu 05t nieHok PbTe u PbTe g5Sey 15 [180]

BTopbiM 11071X0/10M SBISIETCS POPMUPOBAHKE HAHOCTPYKTYpPH-
POBaHHBIX MaTEpPHAJIOB B paMmKax «bottom-up» TEXHOJIOTHYECKUX
npueMoB. OTHUM M3 TaKUX HAJICKHBIX METOIOB MOJYYEHUs] HAHOCT-
PYKTypUpoBaHHBIX MaTepuaioB PbTe crtano ucnons3oBaHue CBEpX-
pewerok. B pabore [180] misa ceepxpemerok PbTe/PbTe;755€q,5 ¢
nepuojoM ~70 A Habmoanoch yMeHbIIeHHe TEMIONPOBOAHOCTH B 3
pasa no cpaBHeHHIO ¢ 00beMHbIM PbTe (puc. 46) u Bo3pacTtanue Be-
anuuHel Z1 B 1,6-2,5 pas.
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AJbTepHAaTUBHBIM TOAXOAOM K (POPMHUPOBAHUIO BBICOKOI(DQEK-
TUBHBIX TEPMOAJIEKTPUUECKUX MaTEpUaIoB B paMKaxX KOHIEMIUHN «bot-
fom-up» HAHOCTPYKTYPUPOBAHUS SBJISETCS CHUHTE3 HAHOAUCIICPCHOH-
HBIX MOPOIIKOB U MX JAJTBHEHIIETr0 CHEKaHUs IJIsl MOTy4YeHHUs] 00beM-
HBIX HAHOKOMMO3UTOB. B pabote [181] B COOTBETCTBUU € TaKUM IOAXO-
70M OBUIM TIOJTy4€HBI 00pa3iibl HAHOCTPYKTypupoBaHHoro PbTe ¢ pas-
mepoMm 3epeH 200400 uMm. [ 00pa3ioB ¢ MUHUMAIBHBIM Pa3MepoOM
3epeH ObLIa MOJyuyeHa Hu3Kas TerionpoBoaHocTs ~0,75 Bt/m-K mpu
300 K (puc. 47). CHrm>KeHUE TEIUTONPOBOJHOCTH B JJAHHOM CIIy4ae CBs-
3aHO C YCWJICHHBIM paccesiHueM (POHOHOB Ha IPaHUIIAX 3€PEH.

1.8
1.7
1.6} _______%:_—-'_f:___'___:__._—_-:_::'_:_:::;
15} PN
< jal—% ¢ & _— A
Tl — F
=13f < 4 — — "
v Y S :
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Puc. 47. 3asucumocmo mennonposoonocmu om pasmepa Harnoepauyn PbTe [181]

B pa6ote [123] Oblia ucciaegoBaHa TEIJIONPOBOIHOCTD OTAC/b-
HbIX MOHOKPHUCTaJUIMYECKUX HaHOMpoBOJOK PbTe nuamerpom 182—
436 HM, BBIPAIICHHBIX METOJIOM XUMHAYECKOTO OCAXKICHUS U3 MapOBOU
¢da3pl. bbUIO MOKa3aHO, YTO TEIUJIOMPOBOJAHOCTh YMEHBIIIACTCS IMPO-
HNOPLIMOHAJIBHO CHM)KEHUIO JMaMeTpa HaHOIPOBOJIOK U COCTaBIISIET
1,29 Bt/m-K nis HanompoBoJioK ToiamuHoM 182 HM (puc. 48), 4drto
IpPUMEPHO B JiBa pasza HIKe, yeM s oobeMHoro PbTe. O0bsacHenue
naHHoro 3¢ @exra aBTOpaMu CBSI3aHO C Te€M, YTO (DOHOHHBIM TpaHC-
OPT B OTJIeJIbHOW HaHOTpoBoOJIoke PbTe mojaBisieTcss CUIIbHBIM pac-
CESIHUEM Ha TPAHUIAX OJHOMEPHOM CTPYKTyphl. [Ipum 3TOM maHHBIM
MPOIIECC CTAHOBUTCS 00Jiee BHIPAYKEH MPU HU3KHUX TeMIlepaTypax, mo-
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CKOJIbKY MOBEPXHOCTh HAHOMPOBOJIOK SIBISIETCS TJIABHBIM HCTOYHH-
KOM paccessHusl Jig JJIMHHOBOJHOBBIX (POoHOHOB. B mociemyroiieit
pabore »Toi rpymnmbl [182] cooOmamock O TEPMOIICKTPUUSCKUX
CBOMCTBax OTACIBHBIX HaHOIMpPOBOJOK PbTe ¢ amamerpom ot 76 no
436 HM, BBIPAIICHHBIX Ta30TPAHCIOPTHBIM METOAOM, MO3BOJIAOIIAM
MOJy4aTh CTPYKTYPbl BBICOKOTO KPUCTALUIMYECKOTO COBEPIIEHCTBA.
[Ipu Bapuanuu aguaMeTpa MPOBOJIOK ObUIa TMOJyYE€HA BEJIMYMHA
k = 1,2 Bt/m-K 1ipu KOMHaTHO Temneparype.
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Puc. 48. Temnepamypuas 3asucumocms menionposooOHOCmu
OMOeNbHBLIX MOHOKpUCMaiiuieckux Hanonposonok PbTe ouamempom d = 182, 277,

436 um. Ha 6cmaske npugedena 3as8ucumocms menionpo8oOHOCMU 0m ouamempa
npu memnepamype 50, 120, 180, 300 K [123]

B pabote [183] nccienoBainuch TEPMOIIEKTPUUECCKHUE CBOKMCTBA
OTIIeNIbHBIX HAaHOMPOBOJIOK p-PbSe. Tlo cpaBHeHUIO ¢ 00BEMHBIM Ma-
TE€pUAJIOM HAHOIPOBOJIOKK 00safanu Oiu3kuM koddduirentom 3ee-
OeKka W 3HAYMUTEIbHO MEHBIIEH TEeIMJIONPOBOJHOCTHIO B HMHTEpPBAE
temneparyp 20-300 K. ABTOpel nOpemIoKWAIA METON KOHTPOJIA
CBOMCTB HAHOMPOBOJIOK MPU MPOBEICHUU TEPMHUYECKOTO OTKUTra 3a
CUET MOBBIIIEHUS KOHIICHTPAIIUU HOCHUTEJICH WUIW TOABUKHOCTH JIbI-
pok. Ilpy KOMHAaTHON TeMmIiepaType TEIUIONPOBOIHOCTb HAHOIPOBO-
a0k PbSe cocraBuia 0,8 Br/M-K (puc. 49), uto 6osee yeM B JBa pasza
HIDKE, 4eM 11 o0beMHoro Marepuana (2 Bt/m-K).
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Puc. 49. Tennonposoonocms oounouroti Hanonpogoaoku PbSe
6 3asucumocmu om memnepamypul. Ha eacmaske: s1eKkmpoHHO-MUKPOCKONUYeCKoe
U3006pasdiceHue HaHONPOBOIOKU U cucmemvl KOHMakmos [183]

B pa6orte [Jxoncena 2011 r. [184] co3ganue BbicOk03h(PEeKTUB-
HOTO TEPMORJICKTPUYECKOTO MaTepHayia MyTeM HaHOCTPYKTYpHUPOBa-
HUS TPU BBEJICHUHU BTOPON HaHO(a3pl ObUIO BIEPBbIE MPHUMEHEHO K
cucteMe Ha ocHOBe PbS. HccnenoBaHus TEpMOIIEKTPUUECKUX
CBOMCTB AByX(da3ubix oopasmoB PbS,_ PbTe, (x = 0-0,16) mokazamm,
yTO J00aBKa BCEro HECKOJIBKUX IPOIEHTOB TEJUIypHJa CBHUHIIA B
CyJb(HU CBUHIIA MO3BOJISET MOJYYUTh CUIILHO HAHOCTPYKTYPHUPOBAH-
HBIM MaTepual, B KOTOpoM mpenunutatel PbTe korepeHTHO U moiy-
KOTE€pPEeHTHO pacmhpejaesieHsl B Kpuctamwie PbS. Takue o06pa3iibl
PbS,_PbTe, nmokazanu 3HaYUTEIbHOE YMEHBILICHUE TEILJIOMPOBOIHO-
CTH PEIICTKH M0 CPaBHEHHUIO ¢ 00beMHBIM PbS, B TO BpeMs Kak 3jek-
TPUUYECKHE CBOMCTBA MaTepHaia OCTaBaJMCh MPAKTUYECKU HEH3MEH-
HBIMM. DTO, B CBOIO OYepe/lb, ITO3BOJMUIIO HAOII0AaTh 3HAYMUTEIIHHBIN
POCT TEPMOIJIEKTPpHIECKON T0OpOoTHOCTH (pHc. 50).
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Puc. 50. bespazmepnas doopomnocmo ZT 0ns Haubonee KauecmeeHHbIX
HaHocmpyKkmypuposantulx oopasyoe PbS;_.Te,. /[na cpasnenus npusedenni
senuuunsl ZT 015 onmumanvHo necuposantuvlx oopaszyos n-PbTe [184]

TakuM 00pa3oM, MPHUBEJEHHBIC PE3YyJIbTaThl MO3BOJISAIOT TOBO-
PUTH O BBICOKOW MPAKTUYECKON BaXHOCTU pa3zMepHOro >dekra cHu-
YKEHHS TEIUIONPOBOAHOCTA B HAHOCTPYKTYPUPOBAHHBIX XaJbKOTCHU-
JaXx CBUHIIA, KOTOPBIN MOXKET OBITh 1I€JICHANIPABICHHO JOCTUTHYT MPHU
MPUMEHECHUN CHEHHATBHBIX TEXHOJIOTUYECKUX METOJUK HAHOCTPYK-
TYPUPOBaHHsS Marepuayia. ACHEKThl MPAKTHYECKOrO HCIOIb30BAHUS
HaHOCTPYKTYp PbX ¢ BbicOKO# BenmnunHON Z7 B TEPMOITEKTPUIECKUX
yCTpOMCTBaX OyIyT pacCMOTpEHBI B pazjaene 2.11.

2.6. Ocyuaasayuu KuHemu4yeckux Ko3agpgpuyueHmoea
8 KBAHMOBVLIX IMAX

B 1966 r. OrpunsiM, JIynkum n Enuaconom [185] OputH BBITION-
HEHbl MUOHEPCKUE UCCIEAOBaHUSA KBAHTOBO-Pa3MEpPHBIX 3(PPEKTOB B
MOJIYIIPOBOJAHUKOBBIX IUICHKAaX, CBSI3aHHbIC C HAOJIIOJICHHEM OCLHUJI-
JSIMUU  KAHETUYECKUX KOA(P(ULIHUEHTOB B YIBTPATOHKUX IUIEHKAaX
BUCMYTa B 3aBUCUMOCTH OT TOJIIIMHBI. DTa padoTa MOJIOKUIIA HAYAIIO
Pa3BUTHUIO HOBOW HAyKH IO ONMCAHUIO HU3KOPA3MEPHBIX CUCTEM C
NOMOIIBK0 3aKOHOB KBAaHTOBOM MEXAHWKH. 3a MPOLIEIIIME IOJBEKa
3TOT 3 (PEeKT ObLI HEOJHOKPATHO MOATBEPKIAECH HE TOJIBKO Ha TOJIY-
IPOBOJTHUKOBBIX MaTepuajax, HO U Ha YJIbTPATOHKUX METAJUIMYECKUX
wieHkax. CrnenoBano 0XUAaTh, YTO ¢ TEYEHUEM BpeMeHH d(PdeKT oc-
UUWUSIUNA KUHETUYECKUX KOA(P(PUIUEHTOB MPOSBUT CEOS1 U1 B TOHKUX
IUIEHKAX XaJIbKOT€HUJOB CBUHIIA.
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Puc. 51. 3asucumocmu konyenmpayuu nocumenetl 3apsaoa, Koagpguyuenma 3eebexa,
NeKMponposooHocmu om moawunst ciosi PbS u PbSe [186]

Ot0 ObUIO cnenaHo B paborax PoraueBoii [186 u ap.] HA TOHKHMX
(2400 uMm) menkax PbX ¢ 3ammuTHbIM oKkpeiTHEM EuS, momyueHHbIX
METOJ0M TEPMHUYECKOTO UCIapeHus B BakyyMme Ha momiioxkax KCl u
cmonpl (puc. 51). Dpdext uMmeer MecTo Kak JJis IJICHOK C dJIEKTPOH-
HOM mpoBoaumMocThio (n-PbTe, n-PbSe, n-PbS), Tak u q1s mieHok, B
KOTOPBIX OCHOBHBIMH HOCHTEIISIMU 3apsijia sSBISIOTCS IbIpku (p-PbTe,
p-SnTe), a Takxe A1 rerepocTpyktyp n-PbTe/p-SnTe/n-PbTe.
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3aKOHOMEPHO CBA3aTh MPUCYTCTBUE OCHUJUISIIIUN C MPOSBICHU-
€M KBaHTOBO-pPa3MepHBIX d(PPEKTOB B KBAHTOBBIX sIMaxX XaJbKOT'CHU-
JIOB CBHHIIA NPW MaJbIX TOJIIWHAX. B 3ToM ciydae HabmomaeTcs
KBAaHTOBAHME JHEPreTUYECKOrOo CIEKTpa HOCUTEEH 3apsiia BIOJb
TOJIIMHBI TUICHKH, a WX JABWKEHHE B IIJIOCKOCTH IUICHKU SIBJISETCS
cBoOoaubIM. Tonkas meHka PbX, pasMemenHnas mMexay AByMS JH-
anektpukamu KCl u EuS npencrasisier co6oil KBaHTOBYIO sIMy, IS
KOTOPOH BBITIOJIHSIOTCSA YCJIOBUS KBAHTOBO-pa3MEpHBIX 3 (PEKTOB.
['pyGas orenka neproaa ocouusiiuid Ad Obliia TIpoOBeIeHA C UCTIOJIb-
30BaHUEM MOJIeNIU OECKOHEUHO TITyOOKOW MPSAMOYTroJIbHOW MOTEHIHU-
AJIbHOM SIMBI ¥ TIpHOIIKeHns G (EKTHBHOI Macch (/1) B COOTBETCT-
BUU C POPMYIIOIA:

M=, 9)
|8m | Ep

rae h — nocrosinHadg [lnanka, Er— sneprus ®@epmu. Beruncnenune Ad
OBLIIO MPOBEJECHO C PAIOM YNPOUIAIOIIUX JAOMYUIEHUN (M30TPOMHOCTD
U MapaOOIMYHOCTh HOCUTENIEH 3apsia, 3epKajJbHbIN XapakTep pacces-
HUSI HOCUTEJIeH, UAEHTUYHOCTh 000MX OaphepoB, OTCYTCTBHUE JIe(eK-
TOB) ¥ MO3BOJIMJIO MOJAYYUTh BeMYUHY Ad = 25-30 HM, 4TO HaXOUT-
Csl B YJIOBJIETBOPUTEIBLHOM COTJIACHUU C KCIIEPUMEHTOM.

PoraueBoii Takxke [187] 3KCIEpUMEHTAIBHO M TEOPETUYECKHU
OBLJIO MCCIENOBAHO BIIMSIHUE IMPOLECCOB OKUCIEHUS Ha BO3AyXE Ha
raJlbBAHOMarHUTHBIE U TEPMOIIEKTPUUECKHE CBOMCTBA TOHKHUX ILIE-
HOK XaJIbKOI€HUIOB CBHHIIA, BBIPAIICHHBIX 0€3 3allIUTHOTO MOKPBITHS.
BbI10 MOKa3aHO, YTO B3aMMOJICUCTBUE MOBEPXHOCTU IUIEHKU C BO3-
TyITHON aTMoc(epoi Nake MpU KOMHATHOM TeMIleparype CyIIecT-
BEHHO HW3MEHSET 3aBUCHMOCTH KHUHETHYECKUX CBOMCTB IIJIEHOK OT
TOJIIUHBI, TPUBOJIA K MHBEPCUU THUNA MPOBOJUMOCTH U HE MO3BOJISS
OOHapyKUTh KBAHTOBBIC pa3MEPHbIC OCHIMILIALMY. B pamMkax Mozeneit
JBYXCJIIOMHOT'O CIHJBHUYA U MOJYNPOBOJHUKA C JBYMS COPTAMHU HOCHU-
TEJNEH 3apsia C y4eTOM MOBEPXHOCTHBIX AKIENTOPHBIX COCTOSIHUM
ObLJIO JaHO aHAJIUTHUYECKOE OMUCAHHME 3aBUCUMOCTEH KMHETUYECKHUX
napaMeTpoB TOHKHMX IUIEHOK XaJbKOTE€HUJIOB CBUHIIA C Pa3IMYHON
KOHLICHTPALMEN 3JIEKTPOHOB B 3aBUCUMOCTH OT TOJIIIIVHBI.
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OddekT ocrmuiauu KodpPUIUeHTa TEPMOIJIC B 3aBUCUMOCTHU
OT TOJIIIMHBI JIsI TOHKUX MIeHOK n-PbTe, n-PbSe, n-PbS, Bripaien-
HbIX Ha nojyioxkkax KCl u 3amuimeHHbIx cBepXy MHUPOKO30HHBIM 10~
TynpoBOAHUKOM EuS, TeopeTnyecku aHAIM3UPOBAJICS TaKKe aBTOpa-
mu [188]. Ha ocHoBanuu BenuuuHbl nepuoga ocuuiuisiuuu (30—100
HM) ObUTHM TIPOBEEHBI pacyeThl d3Heprun Mepmu, KOTOphIE 11 UCCe-
JTyEMBIX MaTepUAIOB HaXoIITca B uHTEpBAe 1,5—7,8 MaB.

2.7. H3mMeHeHuUe NnOCMOsHHOU peulemKu

[lepexon XanbKOTE€HHUJIOB CBUHIIA B HAHOCTPYKTYPHUPOBAHHOE
COCTOSIHHE COIPOBOKAACTCS HE TOJIBKO MOAM(HUKAIIUEH X CBOWCTB,
BBI3BaHHOU pa3MepHbIMU 3 (PeKTamMu, HO U CTPYKTYPHBIMU U3MEHE-
HusMH. [lepBoii pabOTON MO M3YyYEHHIO U3MEHEHUS! TIOCTOSIHHOM pe-
meTKu B HaHouyacTtuiax PbX crmemyer cuurarh padory [189], B koTO-
POl IS MOHOAMCIIEPCHBIX KOJJIOMAHBIX HAaHOKpHUCTaIoB PbS Obuio
OOHapyXE€HO, YTO YMEHbIIIEHHEe UX cpenHero pasmepa ot 300 1o
60 HM NMPUBOJUT K YBEIWYEHHIO NOCTOSHHOM pemerkn Ha 0,0003 aMm
u nedopmanuu pemietku Ha 0,1%. B padote [190] meTonamu peHtre-
HOBCKOM nu(pakTOMETpUHU OblJIa U3YyUEHA KPUCTAIUIMYECKAST CTPYKTY-
pa mwieHok PbS TommuuaO0M 100 HM, BRIpAIIECHHBIX METOAOM THIPOXH-
MUYECKOTO OCaXKJCHHUSI, U BIIEPBbIC OBLIO YCTAHOBJICHO, YTO TaKHE
MJICHKU UMEIOT MOJAUGPUIIMPOBAHHYIO KyOMYECKYI0 KPUCTAIIINYECKYIO
CTpYKTYypy. PeHTreHorpammbl HaHOIUIeHKH PbS, momydeHHBIE CheM-
KOW in Sifu TPHU Pa3IMYHBIX TEMIEpaTrypax, MOKa3aHbl Ha puc. 5S2.
N3 conocTaBiieHrs 3KCNEPUMEHTAIBHBIX PEHTTEHOTPAMM C HHCTPY-
MEHTaJIbHON (D)YHKIIMEH pa3pelieHus ClIeIyeT, YTO BCce HaOII0gaeMble
Tu(dpaKkIMOHHBIE OTPaXKEHUS 3aMETHO YymupeHbl. [lo HalaeHHBIM
3Ha4YeHusiM 0y B COOTBETCTBUU C ypaBHeHUEeM Bynbha—bparra obuin
BBIYHMCIICHBI MEXIUIOCKOCTHBIE PACCTOSIHUS U ISl KaXKI0TO pediekca
paccuuTaH TEpUoJd KyOMYECKOW KpHuCTanueckon permeTku. Kak
BUIHO U3 puc. 53, nmociue HarpeBa A0 423 K u oxnmaxnaenusa no 293 K
nepuo pemeTkd cau3uicsa 10 a = 0,59326 HM, 4To 3aMETHO MEHBIIE,
yeM nepuoa a = 0,59395 um ucxoanout miaenku. [locnenyromiee (1mo-
cie oxJyaxjaeHus: 10 293 K) KOHTpoiIbHOE MOBBIIICHUE TEMIEPaTyphl
10 393 K npuBOIUT K YBEJIWYECHUIO NIEPUOA PELIETKU 10 BEJIWYHHBI
a =0,59492 uwm, T.e. Ha Besimuuny Aa = 1,7 nm.
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Puc. 52. Penmeenoepammul Hanokpucmaniuieckou niewku PbS,
NOJYYeHHble N Situ NPU PasiudHbIX MeMnepamypax Omucuza.
Ha ecmaske noxazano cucmemamuueckoe cmewerue pegpaexca (200)
npu nosviuieHuu memnepamypuot [190]

Takoe OopIIOe M3MEHEHHUE Meproia pemeTku PbS npu Bo3mei-
CTBUU TemIepaTypbl oOHapyskeHo aBTopamu [190] Bnepsbie. [Ipuuu-
HOW M3MEHEHUS MOCTOSSHHOW PEIIETKU B COOTBETCTBUM C PE3YJIbTAaTa-
MU TIPOBEJICHHOTO MCCJIEAOBAHUS SIBISETCS TO, YTO peajbHasl CTPYK-
Typa U3y4aeMbIX HAHOCTPYKTYPUPOBAHHBIX TJICHOK CYJib(Ha CBUHIIA
OTJIMYAETCSI OT U3BECTHOM CTPyKTYyphl TUMa B1. OOHapykeHHas HOBas
CTpyKTypa 1ieHOK PbS sBisercs kyOuueckoil ¢ pasmerieHueM aro-
MOB CEpPbI B OKTA3JIPUUECKUX U TETPAIAPUUECCKUX MEXKIOY3NIHUSIX Ipa-
HELICHTPUPOBAHHOW KyOMYECKOW MOJAPEIIETKHA, 00pa30BaHHON aToMa-
MU cBuHIIA. B mocieayronux padorax [191, 192] Obuio mokazaHo us-
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MEHEHHE ONTUYECKUX CBOMCTB B IJIeHKaX PbS ¢ Takoil HOBOW CTpyK-
TypoM, OTIIMYHOW OT Bl, B CHIly MMEOMMX B HUX MECTO CHIIbHBIX
pa3MepHbIX Y PEKTOB.
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Puc. 53. Bausinue memnepamypul Ha nepuoo peuwemku a
HAHOKPUCMAIUYECKOU NIEHKU CYIb@UOa C8UHYA:
1 — uzmenenue nepuoda a npu nosviuenuu memnepamypol om 293 0o 423 K,

2 — nepuoo pewtemxu, uzmepernusii npu 293 K nocie oxaasicoenus nieHKUu u npu memnepa-
mype KOHMpOoabHO20 Hazpesa, pasnotl 393 K, 3 — nepuoo pewemxu, uzmepentuiil npu 293 K
nocjie OXAAXHCOeHUs Om memMnepamypbl KOHMPOIbHO20 Hazpesd, 4 — nepuoo peuemxu,
usmepennwiil npu 293 K cnycms wecmo mecayes nocie nposedeHus omucueos nienku [190]

bnuszkuii mo cBoeit ¢uzmueckor kaptuHe IPDHEKT HM3MEHEHUS
MOCTOSIHHOM PEUIETKH MPU HAHOCTPYKTYPUPOBAHUM ObLT OOHAPYKEH
Uil HaHOKpHUcTauioB PbTe, momydeHHBIX METOAOM XHMHUYECKOTO
ocaxxaenus [193]. Uzyuenne pedekcon (200) u (220) BbIIBUIO Ma-
JBIA CUCTEMATHUYECKUNA CABUT B 00JIACTh MEHBIIMX YTJIOB MPU CHUMKE-
Hun pazmepa yactur ot 600 mo 100 HM. ABTOpHI yKa3alid, 4TO 3TOT
CIBUT COOTBETCTBYET pazMepHOMY (D PEKTy pacliupeHusi KpUcTaau-
4ecKOil pelIeTKN OT BETHMYUHbI a = 6,459 A nns o6beMHOro MaTepua-
na 10 6,476 A nna nanowactun pasmepoMm 100 HM, YTO COCTaBISAET
oTHOcuTenbHOE m3MeHeHne B 0,26%. Kpome Toro, Oputn 3adpukcupo-
BaHbl HEOOJBIINE OMOJHUTENbHbIE MUKU aToMapHoro Te, yKa3bl-
BaOIIME HA HEKOTOPOE HAPYIICHUE CTPYKTYPhl B HAHOKPUCTALIUTAX
PbTe. Ilonpobuee cnermudpuueckuii pazmepHbiii 3PGeKT U3MEHEHUS
CTEXMOMETPUM B KBAHTOBBIX Toukax PbX Oymer paccMOTpeH HUXKeE.
BaxkHO OTMETUTB, YTO €CJIM JJIsi OOJIBIIMHCTBA APYTUX KPUCTATLIMYC-
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CKHUX MaTepHaJIOB MEPEX0J]] B HAHOPa3MEPHYI0 00JacTh COMPOBOXK/A-
€TCA YMEHBIICHHEM IapaMeTpa KpUCTALINYECKOM pemeTku [136], To
JUISL XaJIbKOTEHUIOB CBUHIIA HaOo/aeTcs oOpaTHasi 3aBUCUMOCTb,
YTO MOXKET OBbITh OOBSICHEHO H3MEHEHHEM COOTHOILIECHHUS aTOMOB
CBUHIIA U XaJIbKOT€Ha B HAHOYACTHUIAX U MOAU(PUKALMENH KPUCTAIIIU-
YECKOU PELIECTKH.

2.8. PazmepHulil 3¢hhekm
8 ucnapeHuu u KpucmaJaausayuu

B pabGote [194] MeTomoM crnekaHUsS a’poO30Jiel C W3BECTHBIM
pa3ZMepoM YacTHll ObLI MCCIEIOBAH pa3MepHbId A3(hPEeKT B ucrapeHuu
chepuueckux HaHouyactul] PbS. OOHapyxeHo, 4TO TeMnepaTrypa, npu
KOTOPOM pa3Mep YacTHI] YMEHBIIAETCA B pe3yJIbTaTE€ UCHAPEHUS, SB-
JsieTCA 3aBUCMMOM OT pa3Mepa HAaHOYACTHI] U YMEHBIIACTCS IPU CHU-
KEHUU UX XapaKTEpHOIo pazmepa. Mexay teMrneparypou ucnapeHus
U 00paTHBIM pa3MepOM HAaHOYACTHI] ObLIa yCTAaHOBJIEHA JIMHEWHAs 3a-
BUCHUMOCTb, IOKa3aHHas Ha puc. 54.
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Puc. 54. Pazmepnuwiii 3¢pgpexm 6 ucnapenuu nanouacmuy PbS
C paznuyHol nogepxHocmHot sHepeueti [194]
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JlaHHBIA pe3yapTaT MPUMEUYATENIEH TEM, YTO BIEPBBIE MPEACTA-
BUJI IPSIMOE SKCIIEPUMEHTaIbHOE MoaATBepkAcHUE 3P dexTa KenbBuHa
[195], B COOTBETCTBUM C KOTOPHIM JABJICHUE HACHIIICHHOTO Mapa Haj
BBINTYKJION C(eprUUYECKOl MOBEPXHOCTHIO HAHOYACTHIIBI JUaMeTpa d
(ps) BBIIIIE, YEM HaJl TUIOCKON MOBEPXHOCTHIO (Py)), YTO OMUCHIBACTCS
ypaBHeHHeM KenbBrHa:

—=expl ——— |, (10)

rae Y — Mexx(a3zHoe MOBEpXHOCTHOE HaTshKEHUE, M — MOJsIpHasi Macca,
pp— TJIOTHOCTh MaTepuaa, R — yHUBepcallbHas ra3oBas IOCTOSHHas.
N3MeHeHne TeMiiepatypbl UCIIAPEHUs MPU BapUallUM pa3Mepa YacTHIl
[0 CBOEMY XapaKTepy CXOK€ C BapHallMeil SHEPIUM IUIABJICHUS U TaK-
K€ 3aBHUCUT OT ITOBEPXHOCTHOM JHEPruM Marepuana. B yacTHOCTH,
JaHHBIA PE3yJIbTaT MO3BOJISIET OOBACHUTh MEXaHU3M CO3PEBaHUS IO
OcTBajibay, B COOTBETCTBUU C KOTOPHIM KPYITHBIE YaCTHUIIBI PACTYT 3a
cueT ucnapenus, muddy3un u KoHaeHcauu 6ojee Menkux. B mpoioi-
Karolier nydeHue npoodsiemsl padote [196] O6bUTIO MokazaHo, YTO U3
UCCIIEIOBaHMS pa3MepHOTo 3¢ dekTa mpoleccoB UCHApEeHus: IUCIEpC-
HBIX HAHOKPUCTAJUIOB MPHU MCIOJb30BaHUM ypaBHeHUs KenbBuHA MO-
I'yT OBbITh pacCuMTaHbl 3HEprusi cBs3u (paBHas it PbX Termiore cyO-
JUMAaIMU B CUJTy WCTIAPEHUsSI OTICIbHBIX MOJIEKYJ) U MOBEPXHOCTHOE
HaTSDKEHUE JUIsi 00beMHOro matepuana. C TOYKHM 3pEHHs TEXHOJIOTUU
(hopMHpOBaHUA HAHOCTPYKTYP, pa3MepHbIN 3(PPEKT B HMCIapeHuu IMo-
3BOJIAET PACTIBUISATh OJJHOBPEMEHHO HECKOJIBKO MAaTEPUAIIOB MIPU OJHOM
TEMIIepaType MyTeM CO3JaHus HAHOYACTHUIl PA3JIMYHOIO pazMepa s
Pa3HBIX MATEPUAJIOB, YTO MOXET OBITh IMOJIE3HBIM MPU CUHTE3E HAHO-
YaCTUIl WM TOHKUX IIJIEHOK CJI0KHOTO COCTABA.

PasMepHblil 5PheKT B KpUcTaUIM3auy ObT 0OHAPYKEH U OTH-
caH CaJOBHUMKOBBIM M COABTOPAMHU OTHOCUTEIBHO HemaBHO [197].
MerogamMu pEeHTTEHOBCKON MU(PPAKIIMU U CKAHUPYIOUIEH 3JIEKTPOH-
HOM MUKpPOCKONHM ObUTa M3y4Ye€Ha PEeKPUCTAUIM3ALMS U OIpejesieHa
00JIaCTh TEPMHUUYECKOW CTAOWJIBHOCTA HAHOCOCTOSIHUS CYJib(uia
cBuHIa. Hanouactunper PbS pasmepom ot 10 1o 20 HM ObuTH TIONTYYE-
Hbl XUMUYECKUM OCaXJCHUEM U3 BOJHBIX pacTBOPOB. s u3ydeHus
TEPMHUUECKON CTaOUIIBHOCTHU pa3Mepa HaHouyactul] PbS Hanokpucran-
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JUYECKUE TOPOIIKU OTKUTAIU HA BO3IYXE W B YCIOBHSX JUHAMUYE-
CKOT'O BaKyyma 10~ Tla npu temreparype ot 433 no 930 K ¢ marom
50 K. ABtopsl [197] ycTaHOBWIIH, YTO OTKUT BILIOTH JI0 TEMIEPATYPbI
700 K mpuBOAMT K HE3HAYUTEIIBHOMY POCTY HAHOYACTHUI[ U OTKUTY
MUKPOHANPSKEHU, YTO MO3BOJISIET CYATATh ATOT AUAIMA30H TEMIIepa-
Typ 007aCThI0 TEPMHUUECKON CTAOMIHLHOCTH HAHOCOCTOSIHUS CyJIbhua
ceuHIa. /[nanazon temmeparyp ot 700 qo 900 K, B koTopom pazmep
yacTull yBeanunBaeTca B 5—10 pa3, COOTBETCTBYET TEMIEPATYPE PEK-
pucTtamun3anu HaHomnopoika PbS. CpaBHUTENBHBIN aHAIN3 OKUCIIH-
TEJIbHON aKTUBHOCTU CyJib(uia CBUHIA MOKa3aJ, YTO JJIsi HAHOIO-
pomka PbS TemmepaTyphl Hauajga BCEX OKHUCIUTENIBHBIX IMPOIECCOB
HAMHOI'0 HIXKE, YEM JJISi KPYHNHOKPUCTAILUIMYECKOTO, a KUCIOPOJCO-
JepKalye NpUMECH KaTAIU3UPYIOT MPOLECChl OKUCIeHus. B Temme-
parypHom uHTepBaie 700—800 K pexkpucrammzaiys 4acTull Cyiabdu-
Jla CBUHIIA 3aMeisieT ux okucienue. Temmeparypa 700 K BnBoe Hu-
KE TeMIlepaTypbl IUIaBleHus 1,; KpYMHOKpHUCTauindeckoro PbS,
paBHou 1387 K. B KpymHOKPUCTAUIMYECKUX TBEPJBIX TEIAX PEKPU-
CTAJUIA3aLMs, T. €. YKPYIIHCHUE 3€PEH, HAUMHACTCA MPU TEMIIEPATYpE
okoso (0,5-0,6)T,,, Toraa Kak B HAHOKPUCTAUIMYECKUX MaTepuaiax
coOuparenbHasl PEKpPUCTAIN3AlMA HAYMHACTCS NMPU MEHBILIEH TeM-

neparype ~(0,30-0,35)7 ..

2.9. Pa3zmepHulil 3¢hhekm 8 npoceemsieHUuU

B pa6ote [136] moapoOHO paccMOTpPEeHBI BOMPOCH MU3MEHECHHS
ONTUYECKUX XaPAKTEPUCTUK MaTEPHAJIOB (TIOTJIOIIEHUE, PACCESTHUE U
Ip.) TpY Tepexo/ie 0T 00BEMHOI0 COCTOSIHUS K HAHOPa3MEPHOMY JTHa-
nazony. OaHa U3 BaXHEUIIMX (PU3NYECKUX MPUYHMH TOSIBICHUS pas-
MepHBIX 3((HEKTOB CBs3aHA C TEM, YTO €CIIU B MAKPOCTPYKTypax JJIMHA
BOJIHBl M3JTyYEHHS] MEHBIIE T€OMETPHUUYECKHX pa3MepoB OOBEKTa, TO
JUIsl HAHOYACTHUI[ 3TO COOTHOIIEHUE CTAHOBUTCS MPOTHUBOMIOJIOKHBIM.
JInmHa BOJHBI BUAMMOTO cBeTa coctaBiseT 380—760 HM, YTO HAMHOTO
MPEBBINIACT HAHOMETPOBBIE pPa3Mephl OOBEKTOB. ECTECTBEHHO OXKU-
JaTh, YTO HAHOYACTHUIIBI XaJIbKOT€HUJIOB CBUHIIA, HAXOSIIUECS B MAT-
pUIle Pa3IUYHOTO COCTaBa WX BBIPAIICHHBIC B BUIC HAHOCTPYKTYpPH-
POBaHBIX TJICHOK, OyAyT MPOSBIIATH pa3MepHbIe dPHEKTHI.

MansipeBuuem [198-201] B pe3ysibTaTe M3ydeHUs pellakCalluOH-
HBIX TPOIIECCOB B CTEKJaX C HAHOYACTHIIAMHU CyJbpuaa U celeHuaa
CBHUHIIA OBLIO MOKAa3aHO, YTO BO30YXKJEHNE Ha JUTMHAX BOJH, COOTBET-
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CTBYIOILIUX OCHOBHOMW MOJIOCE MOTJIOUIEHUS WJIM 00Jiee BBICOKUX IIO
SHEPrUU DJICKTPOHHO-ABIPOYHBIX COCTOSIHUM, BBI3BIBAET MPOCBETIIC-
HHUE OCHOBHOM IOJIOCHI morjonieHus. HaumHas ¢ HEKOTOpoW BEIWYHU-
Hbl UHTEHCUBHOCTH BO30Yykaaromiero motoka (I, = 0,2 FBT/CMz), MO-
HOAKCIOHEHIIMAJIbHAS PeaKcallysl MPOCBETICHUS TpaHCHOPMUPYETCS
K JBYXKOMIIOHEHTHOMY BHUIy. JlaHHBIN 3(DdekT OblT 00BSICHEH C uC-
noyib30BanreM Orke-MexaHu3Ma penakcanuu Bo30yxaeHus. Tak, npu
OTHOCHUTEJIBHO CJIa00M BO30YXKJIEHUM peJlaKcallds HOCUTENEH 3apsjia
OPOUCXOJUT MPEUMYIIECTBEHHO 3a CYET NPSMOM BJIEKTPOHHO-
IBIpOYHON pexkomOuHanu. C pocTOM MHTEHCUBHOCTH CBETOBOIO IO-
TOKa BO3PACTAET BEPOSITHOCTHh (POPMUPOBAHUS B OJTHOM HAHOYACTHUIIC
IBYX (1 06oJiee) 2NMEeKTPOHHO-ABIPOYHBIX Map. B3anmoneicTBrue Mexmy
HUMU TPUBOJAUT K PEKOMOMHAIMKM OJHOM W3 Map C 3aXBaToM, IIO
KpailHel Mepe, OHOTO U3 OCTABIIMXCA HOCUTENEH 3aps/ia B rITyOOKUe
JOBYIIKH, BPEMSI ’KU3HU B KOTOPBIX JOCTATOYHO BEJIUKO (COTHU MHUKO-
CEKYH]l — HAHOCEKYH/IbI). DTO MPUBOAUT K IMOSABJICHUIO BTOPOH (MeI-
JIEHHOW) KOMIIOHEHTBI B pejlakcalliyd MPOCBETICHUSI U 3aTSATUBAHUIO
BPEMEHU IOJHOIO0 BOCCTAHOBJIEHUSI HAYaJbHOTO MOIJIONICHUS HAHO-
4acTull CyJb(pu1a CBUHIIA.

JIByXKOMIIOHEHTHBIA XapakTep pEIaKCaluu MPOCBETICHUS Ha-
HOYACTHIl XaJIbKOI€HUJIOB CBUHIIA YKA3bIBAET HA TO, YTO pEIaKcalus
BO30Y’KJICHHBIX HOCUTEJIEH 3apsia MPOUCXOIUT, IO KpalHel Mepe, u3
JIBYX Pa3HbIX COCTOSIHUM. DTO MPOSBIISIETCS B TOM, YTO JIJIsi CBEPXKO-
POTKUX UMITYJIbCOB MOXKET JOCTUTaThCsl 00Jiee BHICOKAs CTEMEHb MPO-
CBETJICHUS 0/0ys (g — ITO KOIGDPUIIMEHT TMOTJIOMICHHS, 0O, — KOd(]-
(UIIMEHT OCTATOYHOrO TMOIJIONICHUS B TOJHOCTHIO MPOCBETICHHOM
coctosinun). [Ipu B3auMOAENHCTBUY ¢ HAHOYACTUIIAMH CBEPXKOPOTKO-
ro UMITYyJIbCa WM3JIYUYECHUS MOTJIOIIECHNE BO30YKICHHBIMU HOCUTEISIMU
3apsiia TPOMCXOJUT B CHUCTEME KBAHTOBOPA3MEPHBIX YPOBHEH 3HEp-
ruu. [lpu pacmpocTpaHeHuu uepe3 oOpaszell ¢ HAaHOYACTHIIAMU HM-
MyJIbCa HAHOCEKYHIHOU (M OO0JIbIIE) JIUTETBHOCTH 32 BPEMS UMITYJIb-
ca 4acTh BO30YXKJICHHBIX HOCUTENEH 3aps/ia yCIEBaeT MOMacTh B JIO-
BYILIEYHBIE COCTOSIHMS, YTO MPUBOJUT K MOSIBICHUIO TOMOJHUTEIBHO-
ro KaHaJla MOTJIOMIECHUS B CUCTEME JIOBYIIIEYHBIX COCTOSIHUM.

ManspeBuueM ObLIT TPOBEICH aHAIU3 PE3YJIbTATOB HEIMHEWHOTO
MOTJIOIIECHHSI HAHOYACTHUIL XaIbKOT€HUIOB CBHHIIA B paMKaX CIEKTPO-
CKOITMYECKOM MOJICNIM, COCTOALIEH U3 5 YPOBHEHM IHEPIrUH, MO3BO-
JSIIOIIEH y4EeCTh HallMuKe JIBYX KaHAJOB IOIVIOIICHUS! BO30YK/ICHHBI-
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MM HOCHUTENSAMH 3apsjga (B CHCTEME KBAaHTOBO-Pa3MEPHBIX yPOBHEM
SHEPIMU U JIOBYIIEYHBLIX COCTOSHUIA), a TakXkKe ABYX IIyTEH perakca-
MK BO30YXKIEHUS — MPSIMOM 3JIEKTPOHHO-ABIPOYHON PEKOMOMHAIMH
¥ Uepe3 JOBYIICYHbIE COCTOsHMA. [0Ka3aHo, YTO U3MEHEHHE pa3Mepa
HAHOYACTHIL] COIPOBOXKAAETCA M3MEHEHHUEM MX OCHOBHBIX CIIEKTPO-
CKOITMYECKUX XaPAKTEPUCTHK: BPEMs IIPIMOU 3JIEKTPOHHO-ABIPOUHON
PEKOMOMHAIMHK 7] PACTET C POCTOM Pa3Mepa HAHOYACTUII, 4 BEINYMHA
TIIOIIEPEYHOTO CEUECHHUS MOMIOMIEHUS B MAKCUMYME OCHOBHOM IIOJIOCHI
HOTJIONIEHUS Gy IPU TOM yMeHbIIaercs (puc. 55).
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Puc. 55. 3uauenuss napamempos t,(m), oy (0)
0215 Hanouacmuy PbS paznuunozo pasmepa D

2.10. lpyzue pazmepHbie 3ghhekmul
8 Xa/1bK0o2eHUudax ceUuHuUd

I'pynmont Mopwuiica B [57, 202, 203] B x01€ MCCIEI0BaHUS MO-
HOJMCIIEPCHBIX KOJUIOMIHBIX PAacTBOPOB KBaHTOBBIX Touek PbSe co
CPEOHUMHM pa3zMepaMu OT 3 J10 8 HM ObLJT OOHAPYKEH €Ille OJIUH UHTE-
pecHbIl pazMepHbIil dPddexT, cnenudbudecKuil s XaaIbKOT€HUJIOB
CBUHIIA. DPHEKT 3aKII0YANICS B TOM, YTO KBAHTOBBIE TOUYKH SIBJISUIUCH
HECTEXMOMETPUUECKUMH C OTHOIIeHuEM aToMoB Pb/Se ~1,4. ABTopbl
MPENOIO0KWIN, UYTO HAHOCTPYKTYPBI COCTOST U3 KBA3UCTEXHOMETPHU-
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yeckoro sjapa PbSe B HecTexmoMeTpuyHOM OOOJOYKE C aTOMamMu
CBUHIIA HAa MOBepXHOCTHU [203]. Takoe sBIIEHHME, HECOMHEHHO, Ba’KHO
YYHUTHIBaTh B X0JI€ TEOPETUUYECKUX PACUETOB CBOMCTB KBAaHTOBBIX TO-
YeK XaJIbKOre€HUJ0B CBMHIA. OYEBUIHO TaK»Ke, 4TO JJIA pacyeTa Yuc-
jJa aToMOB Pb m Se B OTHEIBLHOM KBAHTOBOM TOYKE HEJB3S I10JIb30-
BaThCs IOCTOSIHHOM perieTku oobeMHoro PbSe.

Tounblil pacuer KO3 PuUIIMEHTA MOJSIPHOTO MOTJIOMEHUs (dKC-
TUHKIMM) JJIsI KBAHTOBBIX Touek PbSe Obu1 npoBeneH B [204] Ha oc-
HOBE aHaju3a OOJBIIOTO YKCJIa MUKPOCKOMHUYECKUX H300pakeHUM
(mms 10000-20000 yactuir), u3MepeHuit aTomHo abcopOuuu u Y O-
UK cnektpodoroMerpun. ITO MO3BOJMIO OLUEHUTHh pa3MEpHBIN -
(eKT HEeCTeXHOMETPUYHOCTH U IMOCTPOUTH CTAaTUCTHYECKU YIOBJIE-
TBOPUTEJIBHYIO KpUBYIO A cooTHomieHus: Pb/Se (puc. 56,a). ABto-
paMu ObUTa TPEaIoKeHa MOJEh HECTEXUOMETPUIECKUX HAHOYACTHIL
PbSe co ciroem m30BITOYHOTO CBHHIIA Ha MOBEPXHOCTH (pwucC. 56,0),
TOJIILIMHA KOTOPOTO 3aBUCUT OT pa3Mepa KBAHTOBBIX TOUEK.
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Puc. 56. a — coomnowenue amomos Pb/Se ons keaumoeswvix mouex PbSe

8 3a8UCUMOCTU OM Juamempa, O — cxeMamudHas Mooeb Keanmosotl mouku PbSe
ouamempom D, cocmosweti uz siopa PbSe u ob6onouxu Pb monwunoti dg,.; [204]
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om pazmepa Hanokpucmainos PbSe [204]

B pabote [205] m1s1 MOHOIUCIIEPCHBIX KOJUTOMIHBIX KBAaHTOBBIX
Touek PbS ¢ pazmepom ot 4 10 7 HM OBLIIO MIPOBEAEHO W3YUYECHHE pa3-
MepHoro 3¢ dekTa 11 KodpduireHTa 3KCTUHKIIUN, KOTOPBIM paccuu-
ThIBAJICSA ¢ Ucmoib3oBaHueM (Gopmysl Illeppepa U3 peHTTE€HOBCKHUX
nudpakTorpaMM M 3JEMEHTHOTO aHajn3a HAaHOKPUCTALIMUECKUX 00-
pas3ioB. bblI0 yCTAaHOBIEHO, YTO YAEIbHBIA KO3(P(UIIMEHT SKCTUHK-
WU JUISl OTJICJIbHOM YaCTHIIBI 3aBUCUT OT €€ pa3Mepa B COOTBETCTBUH
CO CTENEHHBIM 3aKOHOM CO CTENEHbIO ~2.5. M3yuyeHune pa3zmMepHOro
s dexTa MOJIIPHOTO KO3 (PUIIMeHTa SKCTUHKIIMY €* HA JJIMHE BOJIHBI
MIEPBOTO PKCUTOHHOTO MHKa TakXe MpoBoAuiaoch U B [204]. Ins ero
pacuera ucnoJib3oBaiics 3akoH byrepa — JlamOepra:

A=¢e*CL, (11)

rae C— MoJibHas KOHIEHTpAIMs HAHOKPUCTANOB, L — JJIMHA MYTH
cBeToBoro notoka (1 cm). beuto o6HapykeHO, YTO IS HAHOKPUCTAI-
710B PbSe umeetr MecTo cuibHasi pa3MepHasi 3aBUCUMOCTb MOJIIPHOTO
ko3 duimenTa SKCTUHKIUM (pUC. 57), anmpoKCUMUpyeMasi CTEIEH-
HOM 3aBHCHMOCTBIO TaK)Ke C IOKazareyieMm ~2,5:

e*=0,03389D>*%" (12)
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rie e* msmepsiercs B 10° M -em ', D — B uM. CTOHT OTMETHTH paboTy
[206], B koTopoitl ayst yactuly PbS pasmepamu 400 uM koddpuiiueHt
SKCTUHKIIMM UMEJI CTENIEHHYIO 3aBUCUMOCTh C IOKa3aTeJIeM CTETIeHU
3, 4TO COOTBETCTBYET OOBEMHOMY MaTepualy W YyKa3blBaeT Ha OT-
CTYTCTBHE KBaHTOBO-pa3MepHBbIX 3(PPEKTOB NJis MCIOIb3YEeMBIX pa3-
MEpOB KPUCTAJIIIOB.

Cpenu npyrux BakHbIX 3Q(EKTOB, MPOSBIAIOMIMXCS B 00pa3iiax
XaJIbKOTC€HUIOB CBHHIA MAJIBIX Pa3MEpOB, CIEAYEeT OTMETUTD SIBICHUE
u3MeHeHus ckopocTer Oxe-pekoMOnHaIMKM B HaHOKpHcTaiuiax PbSe,
onrcanHoe KnumMoBeiM B [207]. Bbuio moka3aHo, 4TO MPHU Bapualuu
pajaryca HaHOYACTHI] CyJb(GUaa CBUHIIA R B IUamna3oHe OT 2 10 5 HM
HaOJII0JaeTCs 3aBUCUMOCTD

C,=pR, (13)

rae C,— sddextuBHbil kKodhPunment Oxe-pekomMOUHAIUH, [ - KO-
3¢ UIMEHT TPONOpIHOHATBHOCTH. [IprMedaTensHO, YTO BhIpaKEHNE
(13) umeetr yHUBEpCaIbHBIN XapakTep Kak I MPSIMO30HHBIX, TaK U
JUTSI HEMPSIMO30HHBIX MOJTYTTPOBOTHUKOB.

2.11. O6aacmu npumeHeHUsl
HAHOCMPYKMypupo8aHHbIX XA/1bK02eHUd08 C8UHYA

HanocTtpykTypupoBaHHbBIE MOIYyIpPOBOAHUKH PbX mpencrasis-
I0OT 0COOBIN MHTEpEC JIsl MPAKTUYECKUX MPUMEHEHHUI B CUJTy coueTa-
HUSL Ppsifla YHUKAIBHBIX CBOWCTB, OIPEACISEMBbIX KBAaHTOBO-
pasMepHbIMH dpdeKkTaMu (yBelndeHue F,, MHOXKECTBEHHAas I'€Hepa-
I[YsI 5KCUTOHOB U JIp.), U HAIMYUS TEXHOJIOTUUECKUX METOJIUK CUHTE3a
HAHOOOBEKTOB C 33JJaHHBIMU T€OMETPUUECKUMHU MapaMeTpamMu. Mox-
HO BBIJICIUTH CIEIYIOLIME OCHOBHBIE 00JACTH MCIOJIb30BAHUSI HAHO-
CTPYKTYPUPOBAHHBIX XaJbKOT€HUJIOB CBUHIIA: AJIbTCPHATUBHAS DHEP-
reTUKa C BBICOKOW BETMYMHOU 3(()EKTUBHOCTH, YCTPONCTBA HAHO- U
ONTORJIEKTPOHUKHU, OHMOJIOTMYECKHE M MEIUIMHCKUE MPUMEHEHHUS.
BaxHol 0COOEHHOCThIO HAHOKPUCTAUIOB XaJIbKOTCHUIOB CBHUHIIA
CIIyKUT BO3MO>KHOCTh UX CHHTE3a B PA3JIMYHBIX CPENAX C BapUaLUEU
pa3MepoB U (opM B IMIMPOKUX MpeAesiax MpU COXpPaHEHUU MOHOJIMC-
MEPCHOCTH, YTO JAET BO3ZMOKHOCTh CO3/1aBaTh (PYHKIIMOHAJIBHbBIC YCT-
POMCTBA C PA3JIMYHBIMUA ONTHYECKUMU U JIEKTPOHHBIMU CBOMCTBAMH.
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Bapuanus pa3zmepa KBaHTOBBIX TOYEK MO3BOJSET «MOJICTPAUBATHY
CIIEKTPhI TMOIJIOMIEHUSI (POTORIEMEHTOB U CIEKTPhI 3JIEKTPO-, POTO-
JFOMUHECLICHIIMM B ONTOARJIEKTPOHUKE TOJ HYXKHBIM IWANA30H JJIVH
BOJIH, a B paMKaX OMOJIOTHUYECKUX MPHIOKEHUHN 3PHEKTUBHO UCTIOJIb-
30BaTh MPUEMBI CIIEKTPAIBHOTO MYJbTUILICKCUPOBAHUS U KOAUPOBA-
Hus. [Ipy 3TOM 71 TOAABIAIONIETO Psi/ia MPAKTUYECKUX TPUMEHEHUM
TpeOyeTcsa paboTa B MHGpaKpaCHOM Auaria3oHe JJIMH BOJIH (TEIEeKOM-
MyHUKauu 1,5 MKM, CIEeKTpajJibHbIE OKHAa BOJbI U OHMOJIOTUYECKOIO
MOTJIOIIEHUSI W T. J.), KOTOPbIA MpPHU BapuallMl HU3KOPA3MEPHBIX
CTPYKTYp XaJIbKOI'€HUJOB CBUHIIA MOKET OBITh MOKPHIT MPAKTUUYECKU
MOJTHOCTHI0. ABTOPBI JAHHOW KHUTH OCO3HAIOT, YTO cepa mpuMeHe-
HUW HaHOCTPYKTYPHPOBAHHBIX XaJIbKOT€HUJOB CBHHIA JUHAMHYHO
pacmupsieTcs. Mbl He CTaBUM 1I€JIbIO MTPOBECTH MOJHBIM 0030p IMpak-
THYECKOI'0 HCIIOJIB30BaHUSI HaHOOOBEKTOB PbX, HO XOTHM, C OJHOM
CTOPOHBI, TPEACTABUTh YUTATENIO CaMble U3BECTHBIC 0a30BbIC PaOOTHI
B JAHHOW 00JacTH, a C JPyrol — MpoaHaJM3UPOBATh IMOCICIHHUE U
MEPCIIEKTUBHBIE UJICH, 0OCYKIaeMbIe B JINTEPAType HAa MOMEHT Hallu-
CaHUs MaTepuala.

2.11.1. Ycmpolicmea aabmepHamueHol IHep2emukKu

Jlna pelieHus 3a1a4 COBPEMEHHOW allIbTEPHATUBHOW SHEPTETUKHU
B IOCJIe/IHEE BpeMsl Bce 0osiee aKTUBHO MPUMEHSIOTCS HAHOTEXHOJIO-
ruyeckue noaxoasl. OMHUM U3 HauboJee MePCHEeKTUBHBIX HaMpaBJe-
HUU ABJISIETCS pa3padOTKa HOBBIX COJHEYHBIX (POTOAIEMEHTOB Ha OC-
HOBE HAHOCTPYKTYPUPOBAHHBIX MAaTEPUAIOB C MOJUPUIIMPOBAHHBIMU
CBOMCTBAMM W YJYUYIICHHBIMU TapaMeTpamu. TpaauIMOHHBIE COJI-
HEYHBIC 3JIEMEHTHI U3TOTABJIMBAIOTCS U3 KPEMHHUS, UMEIOIIETO OTHO-
CUTEIbHO HU3KUH Ko3(dPuuueHt noriomeHus B OnmxHend HWK-
00J1aCTH, Ha KOTOPYIO MPUXOAUTCS OOJIbIIIAasi YaCTh COJIHEUHOW SHEp-
run. [1o3ToOMy Takue CTPYKTYpbl JOJDKHBI OBITh JOCTATOYHO TOJICTHI-
MU (OT €IMHUIL MKM J0 MM) JiJisi ooecrieueHus: 3 (PEeKTUBHOIO MOTI0-
meHus nagaromux ¢otoHoB. OmHako auddy3noHHAS IIMHA HEOC-
HOBHBIX HOCUTEJNICH OTpaHHYEHA Pa3IUYHBIMU MEXaHU3MaMU PEKOM-
OuHauuu B pemetke Si. YToObI MUHUMHU3UPOBATH PEKOMOUHAIINIO HO-
CUTEJIEH B TOJCTBIX CIOSIX M ONTHUMHU3HPOBATH 3P (HEKTUBHOCTH pabo-
ThI, 3JIEMEHTBI JOJIKHBI ObITh M3TOTOBJIEHBI U3 BHICOKOYMCTOTOTO MO-
HOKPUCTAJUIMYECKOTO KPEMHHUSI, YTO SIBJIAETCS JIOBOJIBHO 3aTpPaTHBIM
noaxoaoM. Jlpyrum 0a30BbIM BapUAHTOM COJIHEUHBIX (hOTODJIEMEHTOB
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SIBIISIETCS. KOHCTPYKIMS TUIIA Y3KCUTOHHOU STYEWKH, B KOTOPOM B Kaue-
CTBE (DOTOHOMOTIIOMIAIOLIETO0 MaTepHalia UCHOJIb3YIOTCA MOJEKYJIISp-
HBIE KJIACTEPHI, MOJUMEPHl WM KBAHTOBBIE TOYKH, B KOTOPBIX IO
JEUCTBHEM MaAalollero CBETa MPOUCXOAUT TEeHEpalus SKCUTOHOB.
[Tocnennue paboThl B 007aCTU THOPUAHBIX OPTraHUYECKUX/HEOP-
TFaHUYECKUX COJIHEUHBIX AJIEMEHTOB MO3BOJIMIM TMOJIYYUTh MEPCIEK-
TUBHBIC KOHCTPYKIIMM TaKUX YCTPOMCTB Il KPYyHMHOMACHITaOHOTO
npeoOpa3oBaHusl COJHEUHOU PHEPruu, 00Jee SIKOHOMUYHBIE 110 CpaB-
HEHUIO C KpeMHHUEBBIMU. B monumepHbIX (OTO3NIEeMEHTaX, MCIOJb-
3YIOIIMX HU3KOPAa3MEpHBIE Y3KO30HHBIE MaTepHalibl, Takue kak PbX,
¢daza HAHOYACTHI SIBJISETCS OJJHOBPEMEHHO KaK IMOIJIOTUTEIEM JHEp-
U, TaK U «IIEPEHOCUUKOMY» 3JEKTpOHOB. IIpu paciimpeHuu Crek-
TPaJIbHOTO Jlhana3oHa MOTJIOIICHHs] BJIEMEHTA JaHHBIE YCTPOMCTBA
MOTYT JEMOHCTPUPOBAThH MPAKTUYECKU YJIBOCHHYIO BeIMUUHY 3 Pek-
TUBHOCTH II0 CPAaBHEHHUIO C MIUPOKO3OHHBIMH TBEPIOTEIHLHBIMU
cTpykTypamu. Tak kak it 3(pdekTHBHON padOThl OPraHUYECKOTO
dboTosrneMeHTa TpeOyeTcsi JIBa Marepuaia — JTOHOPHBIA U aKIEeNTOp-
HBIM, TO pacIIUPUTh O0JACTh CHEKTPAIbHOM UyBCTBUTEIBLHOCTH IIO-
JTUMEPHBIX (OTOIEMEHOB MOXKHO C MIOMOIIBIO aKI[ENTOPHOTO KOMIIO-
HEHTA C CWJIbHBIM MOTJIOIIEHUEM B OOJIACTM ONTHUYECKOHN IENU CO-
npsbkeHHoro nonumepa [208]. TakuM KOMIOHEHTOM MOTYT BBICTY-
naTh HEOPraHMYECKUE HAHOYACTUIIbI, B KAYECTBE KOTOPBIX MPUMEHU-
MbI KBAaHTOBBIE TOUKH Ha OCHOBE XaJbKOT€HUJIOB CBUHIIA, CTAOMIN3H-
pPOBaHHbIE MOJIXOMSIIMMHU JUTaHgaMu. M3MeHsis pa3Mep KBaHTOBBIX
TOYEK, MOKHO MOJ00paTh UX CHEKTp sl o0ecredeHus 3PpHEKTUBHO-
ro MOTJIONIEHUsI B 00JIACTH 3aMpPEIEHHON 30HbI MOJUMEpa U pasjelie-
HUS 3apsA0B. BOTBIIMHCTBO KOMMEPYECKH MPOU3BOIUMBIX KOJUIOW/I-
HBIX KBaHTOBBIX ToueK PbX MoryT OBITH IPUMEHEHBI B KAUECTBE DKO-
HOMHUYECKH BBITOJIHOW aJIbTEPHATUBBI i1 pa3pabOTKH THOPHUIHBIX
COJIHEUHBIX OaTapeil. DTo obecreunBaeTcss BO3MOXKHOCTBhIO MX 00Opa-
OOTKM M HaHECEHUS B PacTBOpax, MOAXOAIIUMHU ONTUYECKUMU CBOM-
CTBAMU M COBMECTUMOCTBIO C COMNPSIKEHHBIMU MHoJiMMepaMu. boiib-
IIMHCTBO ONHUCAHHBIX HAa CETOJHSAIIHUN JeHb (HOTODIEKTPUUECKUX
YCTPOMCTB, OCHOBAaHHBIX Ha KOJJIOMJHBIX KBAaHTOBBIX TOYKaX, 00Ja-
JAI0T TUOPUIHOW KOHCTPYKIIMEH «IIOJIUMEP-HAHOKPUCTAIIIBD). JKC-
TUTyaTamusl TaKUX COJHEYHBIX JIEMEHTOB OCHOBBIBAETCSI Ha DJIEKTPO-
XUMHUUYECKUX TMPUHIMIAX, KOTJIa CBETOUYBCTBUTEJIHHBIN CIIOW 3a)KaT
MEXKly ABYMS JIEKTPOJAMU C pa3inyHON padoToi Bbixoda. D dek-
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THUBHAsl paboTa COJIHEUHBIX PJIEMEHTOB 3aBUCHUT, MPEXKIE BCETro, OT re-
HEpaluM 3aps0oB U MOCIEAYIOUIEr0 HUX IMEPeHOoca K COOTBETCTBYIO-
IIUM 3JIEKTPOIaM.

CeHcuOMIM3MpPOBaHNE COMPSHKEHHBIX MOJMMEPOB HAHOKPHUCTAII-
JUYECKUMH KBAaHTOBBIMM TOYKAMH OOECIIEUMBAET CHEKTPAIBHO Mepe-
cTpanBaeMoe cpenctBo gocrymna k MK-o6mactu, coxpanss npu 3Tom
MoJIe3HbIE CBOMCTBA NOJUMEPOB. ConpsiKEHHBIE TTOJIUMEPHI 00J1a/1at0T
JIETKOCThIO 00pabOTKHU, HU3KON CTOMMOCTHIO, MEXAaHUYECKON THOKO-
CThIO U OOJIBIIION 30HOM MOKPBITHS. Takue akTUBHbIE THOPUIHBIC OII-
TOAJICKTPOHHBIE HAHOMATEpHaJbl MOTYT d(PHEKTUBHO COOMpPATh CBET B
BuauMon u onkHet MK-obmactu criektpa. 9T QyHKIUHU TPEOYIOTCS
B oOsactsax tenekommyHukamuii (1300-1600 HM), TemIOBHACHUS
(1500 BM u BeIIIE), OHMOTOTHUECKONW ToMorpadun (OKHaA MPO3pavHO-
ctu TkaHe Ha 800 uMm u 1100 HM), TermoBoi dhotoBonabTauku (>1900
HM) U colHeUHBIX (potoanmemenToB (800-2000 am). B pabdore [209]
ObLITM HMCCJIEIOBAHBI MOJYYEHHBIE MPU OCAXICHUU U3 PACTBOPOB Ha-
HOKOMIIO3UTHBIE ()OTORIEMEHTHI ¢ KBAHTOBBIMU TOukamu PbS B mart-
pHULIE CONPSIKEHHOI'O IOJIUMEPA IOJU-2-METOKCHU-S-2-3TUITEKCUII-
okcu-penunieneBunmwieH (MEH-PPV). Astopsl [209] Habmoganu s
TaKuX YCTPONCTB YYBCTBUTEIBHOCTH 3a MPECIIAMU JIJIMHBI BOJIHBI
800 aMm mpu cobope MK-dhoToreneprpoBaHHbIX HOCUTENIEeH. Takxke ObI-
Ja HKCIEPUMEHTAIBHO TMOKa3aHa BO3MOXXHOCTh PabOTHI B TpeX pas-
muyHbix obnactax MK-cnektpa mpu M3MEHEHUM CBOWMCTB HAHOKPH-
ctauioB. HaHOKOMIO3UTHI C KOJUIOMJHBIMU KBAaHTOBBIMH TOYKaMU
PbSe pasznuuHoro pasmepa B conpsbkeHHBIX nonumepax MEH-PPV u
RR-P3HT Oblnu uccienoBansl B padore [210]. Habmonancs ¢oto-
anekTpudeckuil oTkink B UK-obmactu 1o 2 mxm (0,6 3B), uto siBis-
€TCS >KeJIaTeJIbHBIM B CHJIy MOTEHIIMAIBHBIX TPEUMYIIECTB MHOXKECT-
BEHHOM TreHepaluu dKcuToHOB. B [211] Obw1o mpoBeaeHo dhopMupo-
BaHHE TUOPUAHBIX (POTODIEMEHTOB C KBAaHTOBBIMH TO4YKamu PbS B
nonuMepe mnonu-3-rekcuntuodene-2,5-nuun (P3HT) Ha MOIIOXKKaX
CTEKJIa C TOKPBITUEM OKcuja uHausg-ojoBa (/70), paboTaronux B
nuanazone 810—-1145 am.

HeoOxoamMo ykaszaTbh, YTO MOJIYNPOBOJHUKOBBHIE HAHOYACTHUIIHI
MEPCIEKTUBHBI JUISl COMHEYHBIX 3JIEMEHTOB, MOCKOJBKY MO3BOJISIIOT
npeononets npenen kna loknu-Kyucce, cocrapmstommit ~30% s
oJIHOKacKaJHbIX (oTo3seMmeHToB [208]. B psae pabot 6su10 00HApY-
KEHO, UTO B HAHOYACTHUIIaX MOXKHO MOJIydaTh 00Jee OJHON JIEKTPOH-
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HO-JBIPOYHOM maphl Ha magarnmid GoToH (3PHEKT MHOKECTBEHHOM
reHepaluy SKCUTOHOB), HAaIlpUMep, B HaHo4yacTulax PbSe moxHO 110-
JAYYUTh 70 7 BAEKTPOHHO-IBIPOYHBIX TMap OT MOTJIONMIEHHOro (POoTOHA
[212, 213]. Mex30HHOE ONTHYECKOE BO30YXKICHHE HAHOKPHUCTAJIOB
PbSe npu HU3KMX MHTEHCUBHOCTSX HAKA4YKH, JIJI1 KOTOPBIX MEPBOHA-
YaJIbHO T€HEPUPYETCS] MEHEE OJIHOTO SKCUTOHA Ha KBAHTOBYIO TOYKY,
MPUBOJUT K OOpa30BaHUIO ABYX WM 00jiee SKCUTOHOB (YMHOKEHHE
HOCHTEJEH), Korja sHepruu (OTOHOB OoJiee YeM B 3 pa3a MpEeBHILIAIOT
HMIMPUHY 3alpelieHHON 30Hbl HaHOKpHCTaIoB. KoimonaHbeie KBaHTO-
BbIe TOukH PbSe 1 PbS criocoOGHbI mpou3BOaUTh OT 3 10 7 SKCUTOHOB
Ha (OTOH mpu oOmyueHuu poroHamu ¢ 3Heprueit B 4—7,8 paza 00ib-
e F,, 94TO yKa3bpIBacT Ha TO, YTO 3TH MaTEPHANbl MOTYT OBITH OoJee
3¢ (PEKTUBHBIMU TIPU UCIIOJIB30BAHUM B BUAMMOM HU3JIYYEHUU, TPOU3-
BOJSI MHOXECTBEHHBIC OSKCUTOHBI B JomoiHeHue k coopy HK-
U3JTyYEHUSI COJTHEYHOTO CBETA.

CpaBHeHHE MapaMeTpoB 0OBEMHOTO MaTepuaia U KBaHTOBBIX TO-
yek PbSe Obl1o mpoBeneHo B HenaBHUX padotax [214, 215]. ABTopsl
MPUIIIIA K BBIBOJTY, YTO, HECMOTPSI HA YMHOXEHHE HOCUTENIEH B KBAHTO-
BbIX Toukax PbSe, 3Q(eKTHBHOCTh CONHEUHBIX JIEMEHTOB HAa OCHOBE
PbSe HecyiiecTBeHHO MoBbIIIaeTCs 3a cueT 3Toro addekra. Ilormome-
HUE BBHICOKOPHEPTeTUYHOTO (POTOHA B KBAHTOBOW TOYKE MPUBOJIUT K Te€-
HEpalUuKu ropAdnx Hocurener. Mx pemakcanusi B OCHOBHOE COCTOSIHUE
MOJICJIUPYETCS KaK KOHKYPEHIIUS ABYX MPOIIECCOB pellaKCallK — Peliak-
caly 4epe3 yIapHyI MOHHU3AIUIO U PEJIaKCallUIo MPU FeHEepaliy TeTl-
na. B oObeMHOM MaTepuare MOCISAHsS MPOXOAUT Yepe3 IMOCeoBa-
TEJBHOE UCITyCKaHe ()OHOHOB, HO B KBAHTOBBIX TOYKAX T'e€HEpaIlns Te-
T1a MOKET MPOUCXOJUThH depe3 (POHOHHOE M3ITyueHHE (IIPH BBICOKUX
sHeprusx), Oke-peyakcalio Wik Iepeady 3HEpruu JIMraHjam, BCE
9TH MPOLECCHI ITI0 BPEeMEHHOM IITKaJie CBEPXObICTPhIE (OOBIYHO CYOITHUKO-
ceKyHiHbIe). Icxoms U3 aToro aBTophl [214] caenanu BEIBOJ, YTO KBaH-
TOBBIE pa3Mephbl caMM 10 ce0e He MPUBOAAT K MHOXKECTBEHHOW T'eHepa-
uu. J{ns GOTORNEKTPUYECKUX TMPUIIOKEHUM OMpenesstommmM (pakto-
POM SIBJISIETCSI HE MHOKECTBEHHAs! TE€HEpaIusi KaK TaKoBasi, MTOCKOJIbKY
SHEPrUs SKCUTOHOB PA3JIMYHA JIJIs HAHOKPUCTAIUIOB U 0OBEMHOTO MaTe-
puana, a ckopee 0oJiee aKTyaabHON BEIMUYMHON CIY>KUT SHEprodddex-
TUBHOCTh @D, ompeessieMasl Kak COOTHOIIIEHUE MEXTy OOIIEe HIKCUTOH-
HOM sHeprueu (4Uciio SKCUTOHOB Ha SHEPTETUUYECKYIO IIEb) U SHEPIH-
eil ¢potoHa hv. Ha puc. 58 npuBeieH noka3aTesibHbIl IpauK cpaBHEHUS
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napamMeTpoB 00beMHOro Mareprasia PbSe u KBaHTOBBIX TOYEK ISl COJI-
HEYHBIX 3JIEMEHTOB Ha (POHE COJIHEYHOrO criekrpa. [lpu sHeprum, pas-
HOU Eg, 3HEeprod(PPeKTUBHOCTh COCTABIISIET €IMHUILY, MOCKOJIbKY HET
DHEPrur, TEPAIOLICUCS 4Yepe3 TeHepauuto Temia. [lpu yBenudyeHun
3HEPruM (POTOHOB FHEPro3(PPEKTUBHOCTh YMEHBIIIAETCS, [IOKA HE HAUH-
HAeT MPOSBISITbCS MHOXECTBEHHAs! T€HEepalisi HOCUTENIEeH, TaK 4To (-
(EeKTUBHOCTh MCMOJIB30BAaHUS PHEPIMM CHOBA BO3pAcTaeT Mpu Oojee
BBICOKHMX AHeprusix. UHTepecHo, 4To 3HeprodpHeKTUBHOCTh MPU FHEP-
rusix GOTOHOB BbIlIe Eg ropa3fo OoJiblle B MAJbIX KBAHTOBBIX TOUKAX,
4eM B 00bEMHOM MaTepHalie.
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Puc.58. 3asucumocms s3nepeorgppexmuenocmu
no2noweHus: ceéema om dHepauu hoHoHo8 hv:
CRIIOWIHbLE TUHUU — MoOenuposanue 0 0bvemnozo PbSe (E, = 0,28 5B)

u 0115 keanmosvix mouex PbSe osyx pasmepos (Eq = 0,6 5B u 1,2 3B);
WmMpuxosvle JUHUU — pacdem npu OMCymcmeuy MHOMCECMBEHHOU 2eHepayul,
K020a 8030y#COeHHble HOCUMENU PeNlaKCUpyiom mobKo nymem usiyieHus )OHOHO8,
CNJIOWHbLE K8AOPAMbL: IKCNepUMEHMAaNbHble OaHHble 01 00vemHo2o PbSe;
cepas Kpusas coomsemcmeyem conaneurnomy cnekmpy ASTM G-173-3 [214]

BaxHO OTMETHTBH, YTO ITOCIICAHHME 3HAYUTEIIHLHBIE JOCTHIKCHHUS B
00J1aCTH KOJIJIOMJTHOTO CHHTE3a HAHOKPUCTAIIOB XaJbKOTCHUIOB CBHH-
1a (cM. riaBy 1) okazajid 3HaYUTENBHOE BIUSHUE Ha YCHEIIHYIO pa3pa-
OOTKY SKOHOMMYHBIX M BBICOKOA(P(HEKTUBHBIX COJHEUYHBIX AJIEMEHTOB
HOBOTO TOKojeHus [216]. IIpocTeie W Hame)HBIE CIOCOOBI (Ha30BOTO
CHUHTE3a MOHOJIUCIIEPCHBIX, TACCUBUPOBAHHBIX, HEArPETUPOBAHHBIX Ha-
HOKpHCTaII0OB PbX BBICOKOIO KauecTBa OTKPBUIM ABEPH ISl HECKOJIb-

KUX HOBBIX MEPCHEKTUBHBIX MOAXOA0B K MPOU3BOJCTBY (HOTOANEKTPU-
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YECKUX YCTpOUCTB. B pabdote [217] omrcaHo co3maHKne COTHEYHBIX dJie-
MEHTOB Ha ocHOBe PbS, koTopble moka3ann BhICOKYIO 3((EKTUBHOCTh
npeoOpa3oBaHus dHepruu 10 4% u KOIPGUIMCHTHl 3aMOJTHEHUS 10
60% mpu OCBEIIEHUU COJHEYHBIM CHEKTpoM B 1,5 armochepHbIX TOJI-
muHbI (AM1.5). ABTOpBI paccMOTpENv BIMSIHUE pa3Mepa HAaHOKPUCTa-
JIOB Ha (DYHKIIMOHWPOBAHKE U KJIFOUEBBIE MTapaMeTphl YCTpOHCTB. [1omy-
YEHHBIE PE3YJIbTAThI ITOKA3AIHA, YTO B CTPYKTYpax HE MPOUCXOIUT Orpa-
HUYCHUSI MPOCTPAHCTBEHHBIM 3apsiJioM M UX paboTa onpesersiercs 3a-
XBaTOM 3aps0B, 3aBUCUMBIM OT pa3Mepa HAHOKPUCTAILIOB.
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Puc. 59. a — cxema ¢hpomosnemenma c nepexooom ILllommxu
co coem Keanmoswvlx mouex PbS.

Ha scmaske npusedeno COM-uzobpasicenue cnos PbS; 6 — 30nnas ouacpamma,
nokasviearoujas uzeuo 3on na epanuye Al/PbS. Ilpu oceewenuu nocumenu
OMMANIKUBAIOMCS BCMPOCHHBIM IIeKMPULECKUM NoJieM 8 00eOHeHHOM clloe;

6 — 80IbM-AMNEPHbLE XAPAKMEPUCTIUKY NPU 0OLYYeHUU PAZTUYHBIMU UCTIOYHUKAMU C8emd,
2 — CneKmpbl K8AHMOBOU 3¢ hekmusHocmu 861x00a 071 YCMpPoucma
¢ keanmosvimu moukamu PbS ¢ paznuunvim sxcumonnvim nuxom [218]
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['pynmna Capmxenrta npencrasuia B padore [218] pe3yiabTaThl 1o
pa3paboOTKe COJIHEYHBIX 3JeMEeHTOB ¢ mepexojaoM llloTTku, chopmu-
POBAaHHBIM MEXIY CIO€M KBAaHTOBBIX TOUEK CyJb(uaa CBUHIIA p-TUTIA
u MetauioM. Cxema Takoro (porosnemMeHTa, mokaszaBuiero 3pQpexkTus-
HOCTh Ooniee 1% nns AM1.5, 30HHast nuarpaMma CTPYKTYpPBbI, BOJIbT-
aMIIEpPHBIE XAPAKTEPUCTUKH JUIsl PA3JIMYHBIX TUIOB OCBEUICHUS U
CHEKTPbI KBaHTOBOM 3((HEKTUBHOCTH BBIXOJa MPUBEJAEHBI Ha puc. 59.

C uenplo yaydilieHus NEpeHoca HOCUTEEH B HaHOKpHUCTaLIUye-
CKOM TUICHKE JJIMHHBIC JIUTAH/IbI 0J1€aTOB ObLTH 3aMEHEHbBI 3HAYUTEIILHO
0oJiee KOPOTKUMU JIMraHaaMu n-OytunamuHa (0,6 HM) B pacTBOpe IpH
COXpaHEHUHU KOJUIOMJHOW cTabuiibHOCTH HaHouactull PbS. B manHoMm
clly4ae YCTPOMCTBO TMoKa3ajo BenuuuHy 3¢ dexkruBHoctu 1,8% 1 koad-
dbunuent 3anonHeHus 44%, AjvMHaA TposieTa ANEKTPOHOB cocTaBmia 1
MKM, YTO YKa3bIBa€T Ha BBICOKOI((DEKTHBHYIO SKCTPAKLMIO U3 00€-
HEHHOU obOyactu. B omHO# M3 cnemyromux padbot aBTopsl [219] mpen-
CTaBWJIM MEPBbIN COJHEYHBIA (POTORIEMEHT HAa OCHOBE KBAHTOBBIX TO-
yek PbS, mpeBbicuBmMii Benmuuuny 3pdexruBHocTH 2% st AM1.S.
Taxxe oH sBISIICS TIepBBIM KosutonaubiM MK-potosnemenTom, 1eMOH-
CTPUPYIOIIUM CTAOMIBLHOCTh pa0OThI HA BO3/IYyX€E U MPHU COJHEYHOM OC-
BEILICHWU B TEUEHHUE JIECSITKOB YaCcOB 0€3 HEOOXOAMMOCTH WHKAICYJIS-
IUU. ABTOPBI OOBSICHUIU 3TO TEM, YTO KBAHTOBBIC TOYKH MaJOro
00JIBIIOTO pa3zMepa 00pa3yIOT MPUHIMIUAIBLHO Pa3IUYHbIE MPOTYKTHI
OKHUCJICHUS: CYJb(PUT CBUHIA M CyJIb(}aT CBHUHIIA COOTBETCTBEHHO.
CynbUT CBHHIIA HA TTOBEPXHOCTH MAJILIX KBAHTOBBIX TOUYEK MPUBOIUT
K HETIyOOKHUM 3JIEKTPOHHBIM JIOBYIIKAM, KOTOPBIE MO3BOJISIOT MOJY-
YaTh BBICOKUE XapaKTEPUCTUKU PAOOTHI yCTPOMCTBA, TOTJA KaK CyJb(a-
Thl Ha TIOBEPXHOCTH OOJIBIINX HAaHOKpUCTALIOB PbS orpanenHoi ¢op-
MbI (OOOTaIleHHBIE CEPOM U OBICTPO OKHUCIISIONINECS) MIPUBOASAT K TIIYy-
OOKMM JIOBYIIIKaM, PEKOMOWHAIIMU B CEPEJIMHE IIETU U MOCIEAYIOIMIEMY
PE3KOMY CHIDKEHUIO A((HEKTUBHOCTH pabOTHI.

ABTOpBI 0030pHOI padoThl [220] crenanu BbIBOJ, YTO KOJUIOUA-
HO-TIOJIUMEPHAasi (POTOBOJIbTAUKA SIBJISIETCA MEPCHEKTUBHOW 3KOHO-
MUYHOU TexHoiorueil. OHa yJOBIETBOPSAET OCHOBHBIM TPEOOBAHUSM
COBPEMEHHOM COJTHEYHOMN SHEPreTUKHU: (POPMUPOBAHUIO U3 PACTBOPOB;
dbopmupoBanuto npu temmneparype 200°C u HUXKE; CLIOCOOHOCTH I10-
[JIOIATh COJHEYHBIM CBET B [OJHOW BHIUMOW U OJMKHEN
NK-0065acTu; 3HAYUTEIBHOW CTENECHHU CIEKTPaIbHON «HACTPOMKU» 32
CYET KBAHTOBO-pa3MEpHBIX 3(PPEKTOB, UYTO MO3BOJISIET BOIIOTUTH B
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KU3Hb MOJXOJ] MPUMEHEHUSI TOJBKO OJIHOr0 MaTepuana npu Gpopmu-
POBAaHUHU CJIOEB C PA3JIMYHON MIMPUHON 3aIIPEILEHHOM 30HBI JJI1 MHO-
TOCJIOMHBIX COJHEYHBIX 3JIeMEHTOB. ABTOpbl [220] cymMMHpOBaIH
TaK)Ke OCHOBHBIE TpeOOBaHUA K MaTepuaniaMm, KOTOpble HEOOXOIUMBbI
JUISl TIPOJIBUKEHUST (DOTOANEKTPUUECKUX YCTPOMCTB Ha OCHOBE KBaH-
ToBbIX Touek PbX 3a mpenensr apdextuBnoctu 10% mist AM1.5: no-
BBIIIICHUE KAYECTBAa M KOHTPOJIb MOBEPXHOCTH KBAHTOBBIX TOUEK IS
YIIYUIICHUS 3JICKTPOHHOT'O TPAHCIIOPTa; MOJAEPHHU3AIIUS APXUTECKTYPHI
npuOOpOB; JajbHEHIee YIydIIeHHE CTaOWIBbHOCTH paboThl (PoTo-
AJIEKTPUYECKUX YCTPOMCTB.

B nocnennee Bpemsi Bce yallle MpeajiararoTcs HOBbIE MTOAXOIBI K
UCIIOJIb30BAaHUIO0 HU3KOPA3MEPHBIX XaJbKOT€HUOB CBUHIIA B YCTPOM-
CTBax COJIHEUHOW SHEPreTHUKH, OTIMYAIOLIUXCS OT BBIIICOMUCAHHBIX
TPAJUIIMOHHBIX cXeM ¢ mepexojaoMm Illortku. B padore [221] Obuin
IPOAHAIM3UPOBAHBI THOpUIHBIE CTPYKTYpbl a-Si/PbS. HoBusna 3a-
KJIFOYAETCSl B MCIOJIb30BAaHUN YHUKAIBHBIX CBOWCTB HAHOKPHUCTAJIIOB
XaJIbKOT€HUJOB CBUHIIA B TEXHOJOTHHM COJHEUHBIX 3JIEMEHTOB MPU UX
WHTETpalii B TPaJULIMOHHBIE KPEMHHUEBBIE ycTpolcTBa. B paccmoT-
PEHHBIX TUOPUIHBIX CTPYKTypax KOJUIOUIHBIE HAHOKPUCTAUIBI U
aMOp(HBIA KPEMHUH 3JEKTPOHHO CBSI3aHbI MEXKIY COOOU, U PEeXUM
ATOM CBSA3U MOKET ObITh HACTPOEH IyTEM HM3MEHEHUSI BhIPABHUBAHUS
YHEPTreTUUECKUX COCTOSIHUM KBAHTOBBIX TOYEK B OTHOILICHHUM K KpasiMm
30H KpeMHUs. B Takoil cucreme y3K030HHbIE HaHOKpUCTALIbl PbS u
KPEMHHI JaloT BKJIaA B POTOTOK, B pe3yJibTaTte 4ero porornexkTpuye-
CKHMI OTKJIMK MPOCTUPAETCS OT BUAUMOMU 70 ONMKHEH mH(ppakpacHOU
obnactu. ['mbpunnsie coHeunble Oatapen a-Si/PbS mokaszanu BHeI-
HIOI0O KBaHTOBYIO 3 dexktuBHOCTh ~7% misa UK snepruit u ~50% B
BUJIUMON 00J1acTH, 3(PPEKTUBHOCTH TPeOoOpa30BaHuUsl SHEPTUH JTIOCTH-
rana 0,9%. Takum oOpa3om, MOJIy4YEHHbIE PE3YyJIbTAThl I€MOHCTPUPY-
I0T MHTEPECHYI0 BO3MOXKHOCTh MPUMEHEHHUS THOPUIHBIX yCTPOUCTB
COJIHEYHOM SHEPreTUKH, KOTOPHIE COYETAIOT MPEUMYIIECTBA 3peyion
TE€XHOJIOTUM U3TOTOBJICHUS KPEMHUS C YHUKAJIbHBIMU 3JICKTPOHHBIMU
CBOMCTBaMH MOJYNPOBOJHUKOBBIX HaHOKpucTauioB PbX. B pabote
[222] ToHKME HaHOKpHUCTAJIMYecKue IeHKu PbSe ObUM MCHOB30-
BaHbl B Kau€CTBE OMNTHUYECKOTO MOTJIOMIAIOIIETO CJIOSI B COJHEYHBIX
doToaIeMeHTaX, (GOPMHUPYEMBIX METOJIOM XHMHUYECKOTO OCaXKICHUS
Ha CTEKJISHHBIX MOJMJIOXKKaX. YCTpoicTBa mokazaiu 3¢P(HEKTUBHOCTD
npeoOpazoBanus sHeprun 0,69% 1 comHedyHoro cera. B pabote
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[223] ObuIM wucCclenoBaHBI HAHOKOMITIO3UTHBIE (HDOTOAIEMEHTHI CO
CosIMU «30J1b-Telib» T10, ¢ BHEIPEHHBIMU HaHouacTullaMu PbS, ko-
TOpbIE MPOJIEMOHCTPUPOBATIU 3P(HEKTUBHOCTH MPEOOPA30BAHUS IHEP-
ruu Bbie 4% ¥ MUKOBYIO BHEIIHIOIO KBaHTOBYIO 3((dEeKTUBHOCTH 00-
nee 80% mia KBaHTOBBIX TOueK PbS ¢ mumpuHOil 3anpenieHHoN 30HbI
1,1 3B. B [224] nns mogoOubIX doTosnemenToB Ti0,/PbS ¢ adpdhdek-
TUBHOCTHIO 3% HabJtoAaIach 3HAUUTENIbHASL TEMIIEpaTypHasi 3aBUCH-
MOCTh (DYHKIIMOHAJIBHBIX XapaKTEPUCTHUK, OOYCIIOBJICHHAs CUJIbHBIM
YCUJIEHHEM MEPEHOCA HOCUTENEH MEKy KBAHTOBBIMU TOYKAMU CYJIb-
dbuma CBUHIIA NMPU MOHMKEHUU TeMIepaTypbl. ABTOPHI [225] mpessio-
KU KOHCTPYKIIUIO THOPHUIHOTO COJHEYHOro (HOTOIJIEMEHTa, CO-
CTOSIIETO M3 Me30mopucTtoro SnO, ¢ BHEAPEHHBIMUA HAHOYACTUIIAMU
PbS. [Ins Takux cTpyKTyp HaOmrofanach MMKoBasi KBAHTOBas Y dek-
TUBHOCTH BbIE 20% U 3P(PEKTUBHOCTh NMPEOOPA30BAHUS IHEPTUU
oonee 0,5% mpu OCBEIIEHUH UCKYCCTBEHHBIM COJIHEUHBIM CBETOM. [10
CPaBHEHUIO C COJIHEUHBIMU (POTORJIEMEHTAMH Ha OCHOBE ME30IOpH-
croro TiO,, CEeHCHOMJIM3MPOBAHHOTO TAaKMMHU >K€ HAHOYACTUIIAMU
PbS, ycrpoiicTBa Ha 6a3e SnO, reHepupoBaIy MIOTHOCTh (DOTOTOKA B
4 paza Boiie. B pabote [226] ObUIM HCCIEAOBAHBI MPUHIIUITHAIBHO
HOBBIC HAHOKOMITIO3UTBI, COCTOSIIIME M3 HAHOUTI Si C MOKPBITUEM
KBaHTOBbIMU Toukamu PbS. Habmronanock 3HaUMTEIbHOE YBEIUYCHUE
TOKa KOPOTKOT'O 3aMbIKaHUSI TI0 CPABHEHHIO C OOBEMHBIM KPEMHUEM U
BbIXOJa HocuTeseH 3apsiaa (3phexkTUBHOCTh peodopazoBaHus (POTOH-
skcutoH A0 700%), 4Tto Aenaer MoAOOHBIE YCTPONCTBA XOPOIIUM
OPUMEPOM HHTETpPAllUU C CYIIECTBYIOUIUMU KPEMHHEBBHIMU WHTE-
rpaibHbIMU cxemMamu. Hakxonen, aBropamu [227] Obula mpoBeleHa
OILICHKA NMPUMEHEHUI0 HaHOMPOBOJIOK PbX B kauecTBe (PyHKIIMOHATB-
HBIX CTPYKTYp (oTo31eMeHTOB. OJTHOMEPHBIE HAHOCTPYKTYPHI B 3TOU
CBSI3M OCOOCHHO HMHTEPECHBI TEM, YTO OHHU 00JIaJIat0T JJIMHHON OCBHIO
JUISl HOTJIONIEHUSI MAIA0IIET0 CBETa U BMECTE C TEM MallbIM paJvaib-
HBIM pa3MmepoMm sl coopa (oToreHepupyeMbIX HOCUTENICH. ABTOPHI
[227] Takxke NpeaioXuIId UCIIOJIb30BaATh UEPAPXUIYECKUE PA3BETBIICH-
HbIC HAHOHUTH, KOTOPHIE MOTYT OBITh erle Oojee 3HPEKTUBHBIMU TIO
CPaBHEHUIO C TPAJAUIIMOHHBIMU TUIAHAPHBIMU CTPYKTYpPaAMHU.

Takum 00pa3oMm, B MOCIETHUE TOJbI COTHEUHBIE (DOTOIIEMEHTHI
HOBOT'O TOKOJICHHS C KOJUIOMJIHBIMU KBAaHTOBBIMH TOYKAMH M HAHOHHU-
TSMU XaJIbKOT€HUJIOB CBUHIIA CTAJId MHOTOOOEIaIoIIel allbTepHATUBOMN
KpeMHUEBBIM (hoTo37IeMeHTaM. KoJutonHble KBAHTOBBIE TOYKHU SIBJISI-

117



IOTCSI TEXHOJIOTMYECKH MPUBJIEKATEILHBIMU B CBSI3H C MX IPOCTOTOM
MOJIYYEHUS] U1 HAHECCHHSI Ha TOJJIONKKH U3 PACTBOPOB. DTO JAET BO3-
MOKHOCTh MX HMHTETPAIlMd B COJHEYHbIE OaTapen pa3iNyHbIX KOHCT-
PYKIIMH, TAKUX KaK COJTHEYHBIE OTOANEMEHTHI ¢ nepexoom [loTTku, ¢
00€THEHHBIM TETEPOIEePEX0/IOM, C UYPE3BbIYATHO TOHKHUM IOTJIOIIA0-
MM CJIOEM, a Tak)Ke TMOPHUIHbIE OPraHO-HEOPTaHWYECKUE U CEHCHOU-
JIM3UPOBAHHBIE KBAHTOBBIMU TOUKAaMHU yCTpoucTBa [228, 229].

BTopbiM 0a30BbIM HalpaBJICHHUEM HCMOJIb30BAHUS HAHOCTPYK-
TYPUPOBAHHBIX XaJbKOTCHUJOB CBUHIIA ISl LIEJIEN aJbTEpPHATUBHOU
OSHEPreTUKU SIBIIAETCS WX HUCIIOJIB30BAaHUE MPU CO3JIAHUU TEPMOIJIEK-
TPUYECKUX YCTPOUCTB. TEpMOBIECKTPUUECKHE MaTECpUAIbI, KOTOPHIC
MOTYT T€HEPUPOBATh 3JIEKTPUUECTBO U3 TEIUJIA WUJIM MCHOJIb30BATHCS B
KA4eCTBE TBEPJOTENbHBIX [lenbThe-X0I0AMIBHUKOB, MOTYT ChITPaTh
BAXKHYIO POJIb B PELICHUM 3aJ]a4 MOUCKAa BO30OHOBIISIEMBIX WCTOYHH-
koB sHepruu [230, 231]. T0 BO MHOIOM 3aBHCHUT OT pa3pabOTKH Ma-
TEpUAJIOB C BBICOKON TepmodsiekTpruueckod 3ddekTuBHOCTHIO. CoO-
BPEMEHHBIE METOJbl CUHTE3a M XAPAKTCPUCTUKU HOBBIX HAHOCTPYK-
TYPUPOBAHHBIX MATEPHAJIOB, B TOM YHCII€ XaJIbKOI€HUJIOB CBUHIIA,
MOTYT MOCIYXWUTh UHCTPYMEHTOM Hadaja HOBOW 3Pbl KOMIUJIEKCHBIX
TEPMOIIEKTPUIECKUX MaTepuaioB. Termodusndeckrue cBOWCTBA HU3-
KOpa3MEpPHBIX MOJYyNPOBOIHUKOB PbX M OCHOBHBIE MOAXO/ABI K MOJTY-
YECHUI0 MAaTEPHUAIOB HA UX OCHOBE C BBICOKOW BEJIMYMHOU TEPMOIJICK-
Tpuueckoil 3¢pexTuBHOCTH ZT (TaKkWe KaK HAHOKOMIIO3UTHI, CBEpX-
PEIIETKH U Tp.) OBLIN MOAPOOHO OMKCAHBI B pazzene 2.5. YBenudueHue
ZT nnist HAHOCTPYKTYPUPOBAHHBIX MAaTEPUAJIOB, KaK MPaBUiIO, OCylIe-
CTBJISICTCSI ITyTEM CHIKEHHUS TEILUIONPOBOAHOCTH. BaxkHO eme pa3 ot-
METHUTbh, YTO OCHOBHBIM MATEPHUAIIOM TEPMOIIEKTPUUECKUX MTPUIIOKE-
HUAW TPAAUIIUOHHO CIY>KUT TEJUTYPHUJ CBHHIIA, HO K HACTOAIIEMY Bpe-
MEHH BbIPaOOTaH psiji MOAXOJ0B K MOJYYECHHUIO BHICOKUX BEIUYUH ZT
IUI. YCTPOMCTB HAa OCHOBE APYTMX HAHOCTPYKTYPUPOBAHHBIX IMOJY-
npoBogHukoB PbX: PbSe [232], PbSe-PbS [233], PbSeTe [234] u ap.
B kaudectBe oHOTO M3 caMbiX 3(PPEKTUBHBIX MOJXOJOB HA JAHHBIN
MOMEHT MOKHO BBIJICJIUTh MEPCIEKTUBHOCTh OJJTHOMEPHBIX HAHOHUTEN
CO CBEPXPEIICTKOM, PacueT 3JCKTPOHHOU CTPYKTYPhl U TE€PMOIJICK-
TPUYECKUX CBOMCTB KOTOPBIX ObLT MPOBE/IEH B padoTe [235] Ha ocHO-
Be noreHnuana Kponura-lIlennu n ypaBHeHnuin bonbumMana i o1HO-
MEPHOI'0 NEPEHOCA HOCUTENEH. DBIIO IMMOKa3aHO, YTO TEOPETUYECKHU
BelMuuMHa Z1 A1 HaHOHUTEH co cBepxpemietkamu PbSe/PbS u
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PbTe/PbSe moxert cocraButh 2,8-3,3. [IpumeHeHre HAHOCTPYKTYpPH-
POBAaHHBIX MaTEPHAJIOB IMO3BOJISIECT MCIOJb30BaTh TPATUIIMOHHYIO ap-
XUTEKTYPY TEPMOICKTPUUECKUX YCTPONCTB, UTO COXPAHSIET BO3ZMOXK-
HOCTh MX MHUHHUATIOpU3aLMM W MHTerpanuu. ba3zoBas ympoiieHHas
CXeMa TEPMOIJICKTpUUeCcKoro mpeodpazosarens [231] npencraBieHa
Ha puc. 60. YCTpOHUCTBO COCTOUT U3 TEPMOIIECKTPUUECKOTO AJIEMEHTA,
Pa3MENICHHOTO MEXAY MCTOYHUKOM TeIljla U CPeAou ¢ TeMIepaTypou
OKpy>karoliero Bozayxa (paauarop). Ilepegaya temia oT UCTOUHHMKA K
paauaTopy MPOUCXOAUT Yepe3 NBMKEHUE HOCUTENEeH 3apsaa Jubo ue-
pe3 pemietky (GpoHOHBI). TpaHCOPT HOCUTENECH MPUBOJIUT K TMOSBIIC-
HUIO Pa3HOCTH MOTEHITMAIOB — HAMPSDKEHHIO 3eeOeKa.

[IpuMepsl H3y4YeHUS] HAHO- M MOJUKPUCTALINYECKUX IJICHOK
TEJUTypUJa CBUHIIA JIJII UCIIOJIb30BaHUSI B MUHUATIOPHBIX TEPMOIJICK-
TPUYECKUX TEHEepaTopax Ha KPEMHHUEBBIX TMOJJIOKKAX IMPUBEIACHBI B
pabote [236].

Heat Source Heat absorbed

T+Al

11

Heat rejected

Current

Puc. 60. Cxema 6a306020 mepmosiekmpuueckozo ycmpoucmeda
07151 npeobpPAa306aHUsL MeNa 8 ANeKMpoIHepeUuio (a) u Haepesa/oxaaxcoenusi (0) [231]

2.11.2. [IpumeHeHue 8 ycmpoilicmeax
onmo- U HaH03/1eKMpPOHUKU

B HacTtosiiiee Bpemsi KpeMHHI ocTaeTcsi 6a30BbIM MaTepHaIOM
MUKPO3JIEKTPOHUKH, COXPaHssl CBOM MPEUMYIIIECTBA MIPHU MEPEX0/ie Ha
HOBBIC HAHOTEXHOJOTHUYECKHE pa3paboTKu. TeXHOJorus Cco3maaHus
KPEMHHEBBIX YHUIIOB OCTaeTCs OAHOM W3 Haubosiee A(PEKTUBHBIX C
MPOU3BOJICTBEHHOM U AKOHOMUYECKOM TOYEK 3PEHHUsI, YTO JIETAET €€

OCHOBOM NPAKTUYECKH A BCEX DJIEKTPOHHBIX YyCTPOMCTB. OIHAKO
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HEKOTOpPhIE CBOMCTBA Si1 (HENMPAMO30HHOCTh, HU3KUW HEJIMHEHHBIN KO-
3 PULMEHT OTpaKeHUsI, OTHOCUTEIHLHO Majas AUAJICKTpUUECcKasl Mmpo-
HUIIAEMOCTb) CEPhE3HO OTPAHUYMBAIOT €r0 MPUMEHEHHE B YCTPOUCT-
Bax ONTO- U HAHOZJIEKTPOHUKHU. B 3TOM cityyae HE0OXOUM MOUCK Ma-
TEepUaJioB, KOTOpble 3(P(DEKTUBHO MOTYT pemiaTh 3aJaudl CO3JdaHUs
npuOOPOB PaA3IUYHOTO HA3HAYEHUS HAa MHUKPO- U HAHOAJIEKTPOHHOM
ypoBHE. B kadecTBe MEPCHEKTUBHOrO HAIMPABJIEHUS CUUTACTCS MOA-
X0JI, PU KOTOPOM 3TH HOBBIE MaTepHayibl ObUIM Obl COBMECTHMBI C
KPEMHHEBOW TEXHOJIOTHUEMN.

XaJIbKOTEeHU 1Bl CBUHIIA TPaauIMOHHO [237, 238] sBisitoTcs Oa-
30BeIMU Matrepuasiamu i HNK-onrtosnexkrponuku. OnucaHue Io-
CJICIHMX THUIIOB ONTORJICKTPOHHBIX MPUOOPOB JIsI TEHEpALUH, PEru-
cTpanuu U mnpeoOpazoBanus u3nydeHus MK-nmmanaszoHa Ha ocHOBe
TOHKHUX TIJIEHOK U KBAHTOBBIX SIM COJIEW CBHHIIA MOKHO HAalWTHU B pado-
Tax [239-242 u np.]. PaccMOTpUM HOBBIE BO3MOKHOCTH, KOTOpPbIE Ja-
eT nepexoa PbX B HAHOCTPYKTYpPHUPOBAHHOE COCTOSIHUE.

14 - -
12 4

10 1

Luminescence Inlensity, a.u.
o

photoluminescence intensity, a.u.

-

R I . . . = T
100 1100 1200 1300 1400 1500 1600 900 1000 1100 1200 1300 1400 1500
WH'II'EIEI'Igth. nm wavelength, nm

Puc. 61. a — cnexmpuwl homonromunecyenyuu (Wmpuxoeas IuHus)

U 2NIEKMPOSIOMUHECYEHYUU (CRAOUIHAS KPUBASL) OISl HAHOKOMNO3UMA
Hanokpucmannos PbS 6 nonumepnoii mampuye; 6 — cnekmpul (homoaroMunecyeHyuu
00UHAKOBHIX MOHOOUCNEPCHBIX Hanokpucmainos PbS e pacmeope /[HK (a), b6enxe
osanvbOymun (b) u HaHoKpucmanio08 pasnuuHo2o pamepa 6 benkosou cpeoe (c) [47]

JI'oMMHECIICHTHBIE CBOMCTBA HAHOKOMIIO3UTHBIX MPUOOPHBIX
CTPYKTYp C KBaHTOBBIMH TOYKamMu PbS B BogHOM pacTBOpe M MPOBO-
JSIIEeM ToJuMepe ObUTH HcciieoBaHbl B padotre [47]. BoapT-ammep-
HbIC XapaKTEPUCTUKU DJICKTPOIIOMUHECIEHTHBIX YCTPOWMCTB OBLIN
CHUMMETPUYHBIMHU M JTUHEHHBIMU B COOTBETCTBUM C W3BECTHBIMU JIaH-
HBIMU JJII KOMIIO3UTOB «IOJMMEpP-HAHOKPUCTAIUIB». BHemHs s 3¢-

120



(eKTUBHOCTb (hOTOJIOMUHECIICHIIMU cocTaBmwia 5%. DJIEKTPOIIOMU-
HECIICHIIMSI HaOJoAaiach MpU IMojade HampsikeHus Boiie 4-5 B u
COMPOBOXKATach HEOOJBIIUM CIIBUTOM B KOPOTKOBOJHOBYIO 00JIACTh
u ymupenuem nuka. Ha puc. 61 npuBeneHsl crieKTpbl (OTO- U 3JIEK-
TPOJFOMUHECHIEHIIMNA JAHHBIX KOMIIO3UTHBIX CTPYKTYpP. ABTOpPHI [47]
CAeNaau BBIBOJ O MEPCHEKTUBHOCTH HMCIIOIb30BAaHUSI KBAHTOBBIX TO-
yexk PbS, ocHoBaHHON Ha cOYeTaHUM CTAOMIILHOM JIIOMHUHECIIEHIINN B
nranazoHe 1000-1400 BHM W TPOCTOro OJHOIIATOBOIO CHUHTE3A.
B cTpykTypax ¢ mOJIMMEPHOM MaTpULIEM KOPOTKHUE JIMTAHIBI IMO3BO-
10T 3¢PHEKTUBHO MEpeaaBaTh SHEPTUIO0 M3 JICKTPUUECKU HaKayu-
BaeMOI MaTpHIlbl B CBETOU3IYYAIOIINE KBAHTOBBIE TOYKU. JTHU MaTe-
pHUaJbl IPEACTABISAIOT HOBBIM MPOCTON W MacIITaOMPyeMbIH MOIX0] K
Pa3HOOOpPAa3HbIM MPHUIIOKEHUSIM B OMOJIOTMYECKOW MapKUPOBKE U BO
BCTPOCHHBIX ONTOBOJIOKOHHBIX JIMHUSX CBSI3U.

B paborte [210] ucciaegoBaiuch yCTpoMCTBa Ha OCHOBE HaHO-
KOMITO3UTOB KOJUIOMJHBIX HaHOKpHUCTaioB PbSe paznuunoro pazme-
pa u comnpsbkeHHbIX nonuMepoB RR-P3HT v MEH-PPV. YcrpoiicTtBa
JEMOHCTPUPOBAIN XOPOIIUE AUOAHBIE XAPAKTEPUCTUKH U HACTpau-
BaeMbIil (POTOOTKJIMK B 00JIACTH CIIEKTpa OT yJbTpadurojeTa 10 OTHO-
cutenbHO ganbHero MK g0 2 MxMm (0,6 5B), 4To sIBIsieTCS KelaTelb-
HBIM 33 CUET NOTEHUHAIbHBIX TPUMEHEHU MHOKECTBEHHOW IeHepa-
MU dKCUTOHOB. Ilpw mojaye oOpaTHOTO HAMPSHKEHUS YCTPOMCTBA
JEMOHCTPUPOBAIN XOPOIINH (HOTOAUOAHBIN OTKIMK B TOM € CIIEK-
TpaJIbHOM JIHANa30HE.

doroanoabl ¢ MHPPAKPACHON UYBCTBUTEIHLHOCTBIO, MOTYyYaeMbIe
B paMKax KOJJIOMJHOW TEXHOJOTHH, JIOJKHBI ObITh 3HAYUTEIBHBIM 1113~
rOM BIEpe]l K SKOHOMHUYECKU 3(PekTuBHON Buzyanuzanuu. Kommona-
HbIE€ KBAHTOBbIC TOYKU PbX SBISIOTCS OYEHBb yAOOHBIMH IOTJIOIIAO-
IMMU CTPYKTypamu i doTojieTekTupoBanus. st oOpaboTku mu30-
OpaxeHuit (HOTOIMOIBI JOHKHBI 00ECTIEUNBaTh HU3KOE SHEPromnoTpeo-
JICHUE U COBMECTHUMOCTh C aKTUBHOM MaTpuileii ooiieit cxembl. B pabo-
Te [243] aBTOpBI COOOIIWIIM 00 U3rOTOBJICHUU U MPUMEHEHUU THOPU/I-
HBIX (DOTOIMOMIOB, COJIEPIKAIIIMX KBAHTOBBIE TOUKU PbS B kauecTBe CEeH-
CUOMJIM3ATOPOB ISl OJIMDKHETO MH(paKpacHOro oOHapykeHus a0 1,8
MKM, MUHUMAJIbHBIM BPEMEHEM >KU3HU B OJIMH TOJl U BHEUIHEH KBAHTO-
Boil addexkTrBHOCTEIO 10 51%. CxemaTtnueckoe nzo0pakeHue (HoTo-
Iuoia TpUBEACHO Ha puc. 62,a, [TOM-u300paxeHuss KpoCC-CEKIUU
CTPYKTYpPbl U OTJEJbHBIX KBAHTOBBIX TOUEK CYyJib(PUaa CBUHIA MTOKa3a-
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HBI Ha puc. 62,6. VIcnonb3yst HHTETpaIyio MOay4aeMbIX U3 KOJIJIOUIHBIX
PacTBOPOB YCTPOMCTB Ha aKTUBHBIE MATPHUIILI HA OCHOBE aMOP(HOTO
KpEeMHHUS1, aBTOPhI [243] BIIepBbIC MTOKA3aIM ChEMKY C HCIIOIb30BaHUEM
MOI0OHBIX OPraHUYECKUX/HEOPTaHUYECKUX THOPUIHBIX (DOTOIAUOIOB B
ommxuent MK-o6mactu.

Quantum ddt L

Top electrode (Al
PbS-QD:P3HT:PCBM blend

Interlayer (PEDOT:PSS)
Bottom electrode

To ROIC

Puc. 62. a — Cxema UK-mennosusopa Ha ocHoge keanmogvix mouek PbS
Ha nooodicke a-Si, Ha 6cmMaske NPUBeOeHbl U300PANCEeHUsL 08YX AKMUBHBIX
anemenmos mampuysi ¢ uwiazom 154 mxm; 6 — IIOM-uzo0bpasicenus kKpocc-cekyuu
GHomoouooHol cmpyKkmypbsl U C105 KBAHMOBLIX MOoYeK 8 noaumepHou mampuye [243]

B pab6ote [244] ObuTH UCCIENOBaHbl YCTPOMCTBA HA OCHOBE KOJI-
JIOUJTHBIX KBAHTOBBIX TOUEK PbS paznuuHbIX pa3MepoB, MOTIOMIAIOIINX
B MK-mnanazone u pa3MelieHHbIX B Y3KHX KOJOHHAX HAHOIIOPHCTBIX
MeMOpaH OKCHIa aJTIOMHUHUA C acHeKTHbhIM cooTHomieHueM 300:1.
JlaHHBIE KOJIOHHBI ONPEEISUIM BEPTUKAIBHBIM MyTh HOCUTENIEH 3aps/a
gyepe3 MopUcTyro MeMOpaHy. bbll ucciie1oBaH AIeKTPUIECKUI TIEPEHOC
1 (POTOTOK JaHHBIX ycTpocTB. Habmomancs ¢GoTOTOK BILIOTH 0 JJIMH
BOJIH ~3 MKM M OY€Hb HU3KHE TEMHOBbIE TOKH. OCBEIIEHHUE CBETOM
MaJloi MOITHOCTH JIaBaJI0 YBEJIMUYEHUE TOKA 00Jiee ueM Ha MOPsI0K Be-
nuauHbl. [IpogeMOHCTpUPOBAHHBIA MOIX0/I K BHEAPEHHUIO KBAaHTOBBIX
TOYEK B MOPUCTHIE MEMOPAHBI JIJIs1 U3TOTOBJICHUS (POTOIPUEMHUKOB HE
OTPaHUYMBAETCS TIOPUCTHIM OKCHJIOM amoMuHusA. OH MOXKeT OBITh
pacnpocTpaHeH Ha JAPyTrHe HAaHOTOPUCThIE MEMOpaHbl, KOTOPBIE TAKKE
MOTYT ObITh THOKMMU WJIH JIAXKE DJIACTUYHBIMHU.

B paGote [245] Obumm mccliemoBaHbl KOMIIO3UTHBIC (POTOHHBIC
KPUCTAJLIBI, MOTYYCHHBIE MTYyTEM MPSMOT0 OCAKICHUS U POCTA TOHKUX
HAHOKPHUCTAJUTMYECKUX MIIEHOK PbS Ha cTeHKax mop MakpOmopuCTOro
kpemHus (puc. 63,a). Uamepenus NK-nponyckanusi mokaszanu cyiiie-
CTBEHHBI CABUT (DOTOHHBIX CTOMN-30H B JUIMHHOBOJIHOBYIO 00JIaCTh
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U1l HAaHOKOMIIO3UTHBIX CTPYKTYp IO CPAaBHEHHUIO C HCXOJIHBIMH
KpPEMHHUEBBIMU (POTOHHBIMU KpucTaiiamu. HoBble TuOpuanbie poro-
YCTPOUCTBA, MOJIydaeMbIe MyTeM 3arpy3Kd KBaHTOBBIX To4dek PbS B
yTJIEpOJIHbIE HAHOTPYOKH, ObUIM omucaHbl B padore [246]. COM-
n300pakeHUE MacCMBa HaAaHOTPYOOK MpHUBEIECHO Ha puc. 63,6, cxema
yCTpOiCTBa — Ha puc. 63,6. ABTOPbI HAOMIOAAIN JJIsI JAHHBIX CTPYK-
Typ MHOTONOJOCHBIM OTKIMK (POTOTOKA MPU KOMHATHOM TeMImepary-
pe. B nononuenne k UK-potootknuky npu 0,22 3B 3a cuer yraepon-
HBIX HAHOTPYOOK M K moJioce Ha 1,1 3B s kpeMHUs AOMOTHUTEIBHO
PETUCTPUPOBAINCH JBE TOJOCHI B cpeaHed u ommkHelr MK-obmactu
Ha 0,63 u 0,82 3B, 4TO COOTBETCTBYET MEPBOM U BTOPOU IKCUTOHHOU
30HaM KBaHTOBBIX Touek PbS. HaOmromaemoe KpacHoe cMeleHHe
JAHHBIX JIBYX TOJIOC NPHU OXJIAXKICHUU SIBIIAETCS XAPAKTEPHBIM IS
PbS u noarBepkaaeT ToO, UTO 3TU MOJOCHI (POTOOTKIMKA OTHOCATCS K
MOTJIONICHUIO B KBAHTOBBIX TOUKAaX CyJb(uaa CBUHIIA.

BonbmuHCTBO GOTOMPUEMHUKOB pabOTAIOT Kak (HOTOINOIBI MU
(GhOTONMPOBOAHUKU: (POTOAUOALI O0ECIECUUBAOT OBICTPHIA OTKIMK U
HU3KWA TEMHOBOMW TOK, B TO BpeMs Kak (JOTONMPOBOAHUKH MPEIOCTAB-
JSIFOT BCTPOEHHOE YCWJIEHWE, CBSI3aHHOE C HWCIOJBb30BAHUEM JOJITO-
KUBYIIINX CEHCUOWJIM3UPYIOMMUX IEHTpoB. KoHIlenus TpaH3UCTOpa
Ha (oromnoneBom sddexre (photoFET) mpennaraetT NpuBIIEKaTEIb-
HYI0O BO3MOYKHOCTh TOJIYYHUTh COIPOBOXK/IAOMIEECS MNOHUKEHHBIM
TEMHOBBIM TOKOM YCHJICHUE IO CPaBHEHHUIO C OOBEMHBIM MaTepua-
JIOM, 4TO JAOCTUTAaE€TCs, €CIY TOJIIMHA TOKOBOIO KaHalla HE 3aBUCHUT
OT TOJIIIMHBI MOIJIOMIAOIIETO CBET CJIOA. B OMHON M3 caMbIX HEJaB-
HUX padot rpynnsl CapaxenTta [247] ObUIM U3rOTOBJIEHBI U UCCIE0-
BaHbI IMOJIEBbIE TPAH3UCTOPHI, B KOTOPBIX MOTJIOMIAIOMINKN CBET (POTO-
3aTBOpP MOAYJIMPYET MOTOK TOKA BIOJbL KaHalla. B kadyecTBe ceHCUOU-
JU3HUPYIOLIETO MaTepuana ObUIM HKCIOJIB30BaHbl CYOMOHOCIIOWHBIE
MJICHKW KBAaHTOBBIX Touek PbS paznuyHbIX pazMepoB. DIEKTPOHOAK-
HENTOPHBIM KaHAJIOM CIIY>KWUJI OKCUJI IIMHKA, JISTUPOBAHHBIN aJIFOMHU-
HueM (AZ0). beo noka3zaHo, 4TO (DOTORIEKTPOHHBIN MEPEHOC J10C-
TUTAETCA YIS JIFOOOTO M3 Pa3MEpPOB MCIOIb3YEMbIX KBAHTOBBIX TOYEK
(COOTBETCTBYIOIIUX HIMPUHE 3anpeiieHHoi 30ub1 0T 730 HM g0 1475
HM). [IponemoHncTpupoBano, uto AZO MOXKET BHICTYIIATh B POJIUA TO-
XOJIAIIETO JUIsl KOJUIOMJHBIX HaHOKpHUCTaIOB PbS snexkrpona mpu
(GYHKIIMOHUPOBAHUHU B JIJIMHHOBOJIHOBOM oOyacTu (HauOosee »kema-
tenbHOo 1600 HM). Ha puc. 63,2 npuBeeHa cxeMa TPaH3UCTOPHOM

123



CTPYKTYPBbI, COCTOSIIIEN W3 CTEKISTHHOW TMOJJIONKKH, 30J0ThIX KOHTAaK-
TOB CTOK/MCTOK, IUICHKM OKCHJa IIMHKA TojuHou 50 HM u dhoToas-
COpOUpPYIOIIEro CJIOS KBAaHTOBBIX TOYEK Cyibduma cBuHIa. Ha
puc. 63,0 nmpuBeaeHo COM-u300pakeHUEe HECIJIONIHOW IJICHKU KOJI-
JOUAHBIX KBAHTOBBIX TOUEK, HAHECEHHBIX Ha cJiol AZ0 B KOHLIEHTpa-
muu 0,5 mr/mu. Takum obOpazom, B pabore [247] ¢ mpuMeHEHHEM
KBaHTOBBIX TOueK PbX Obul peannzoBan (poToTpaH3UCTOP, B KOTOPOM
MOTJIOLICHHUE CBETA U MEPEHOC (POTOHOCUTENEH TPOBOAUMOCTH pa3jie-
JIEHBI MEXJy OTAEIbHBIMU MaTEPUAIaMU.

CNT loaded
with PbS QD’s

(EAC)

PbS CQD
(@] [ X X )

2 ‘f Electron-Accepting Channel

Puc. 63. a — COM-uzobpasicenue kpocc-cekyuu Ko100Yya-nopvl omoHHO20
KPUCMANA HA OCHOB8E MAKPONOPUCIO20 KPEMHUS CO CI0eM HaHOKpUucmanog PbS
Ha cmenkax monwurou 60 um [245]; 6 — COM-uzobpasicenue maccusa yenepoonvix
HanompyboK ¢ KeaHmosvimu moukamu PbS na enympennux cmenxax,
macwmabuas memka coomgemcmayem 200 Hm; 6 — cxema gpomoycmpoticmea
¢ keanmogvimu mouxkamu PbS 6 yenepoonvix nanompyorax [246]; e — cxema
MPAH3UCMOPA HA NOAEBOM Pomod3pghexme ¢ CeHCUOUTUIUPYIOWUM CLOEM
keéanmoswix mouex PbS; 0 — COM-uzobpasicenue cnos PbS [247]

MHoronosjocHoe neTekThpoBaHue B OmkHeM u cpennem HK-
JIMATIa30HE BAXKHO I TUCTAHIMOHHOTO 30HAUPOBAHUS, MEIUIMHCKOU
BU3yaJIM3aliH, a TAKXKE Tra30BOr0 MOHUTOPUHTA aTMOC(hEphI, TOCKOJIBKY
MHOTME Ba)KHbIE XMMHMUYECKHE COCIMHEHUS UMEIOT PE30HAHCHI B 3TOM
CIIEKTPAIIBHOM OKHE. MIMEroIascs K HaCTOAIIEMY BPEMEHU TEXHOJIOTHSA
NK-neTexkTopoB, Kak MpaBujio, TPEOyeT OXJIAXKIACHUS U CJIOKHBIX MaTe-
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pUAJIOB U NPUOOPHBIX CTPYKTYp. B mocnennee Bpemsi M3y4yeHUIO KBaH-
TOBBIX TOUYEK YJEJsieTcsl OONbIIOe BHUMAaHHME Oiarojapsi MpocToTe U
BBICOKOM 3((EKTUBHOCTH UX CO3JaHUS B MOJIMMEPHBIX IJICHKAX U Oca-
KICHUS HA TOJUIOKKU Pa3IMYHOTO THIMA, KaK ObUIO MOKa3aHO Ha psJie
npumepoB Boilie. B padote [35] Obl1a paccMOTpeHa BajkHasi aJlbTepHa-
TUBHAs KOHCTPYKIMS (DOTOYCTPONCTBA C MOHOJIMCIIEPCHBIMU KBAHTO-
BbIMU TOukamu PbS B maTpuiiax CHIMKATHBIX CTEKOJ, CHHTE3WPOBAH-
HBIX U3 mpekypcopoB ZnS-PbO. IlepectpanBaemoe MK-cBeuenue ot
1100 mo 2200 HM OBUIO MOJYYEHO MyTEM KOHTPOJISI CTEKIO0Opa3HbBIX
MaTpHI] ¥ MapaMeTPOB CUHTE3A. BBUTO yCNENIHO TECTUPOBAHO ONTHYE-
CKO€ YCWJIEHUE JUIsl OKOH TeJleKOMMYHMKaumii 1,55 mxm u 1,33 Mkwm.
JlerupoBaHHbIE KBAHTOBBIMU TOUKaMu PbS cTeksia ¢ MHTEHCUBHBIM OTI-
TUYECKAM YCUJIIEHUEM MEPCIIEKTUBHBI JJI1 IIUPOKOIIOIOCHBIX BOJIOKOH-
HBIX YCWJINTEJIEH U TIEPECTPANBAEMBIX BOJIOKOHHBIX JIA3€POB.

Takum 00pa3oM, MOJYIMPOBOJHUKOBBIE KOJUIOUIHBIE HAHOKPH-
CTaJUIbl B HACTOSIIIEE BPEMSI YK€ aKTUBHO MCIOJIB3YIOTCA ISl TPUIIO-
KEHHI ONTO3JIEKTPOHUKHU. TeM HEe MEHee HEJOCTATOYHOE MOHUMAaHUE
0COOEHHOCTEN MepeHoca 3aps/ia B HAHOKPUCTAUIMUYECKUX COCTaBax, B
YaCTHOCTH CBA3b MEXIY AJIEKTPHUYECKOW MPOBOJAMMOCTBIO B TEMHOTE
U NP OCBEIIICHUU, 3aTPYAHSAET UX MPAKTUUECKOE MPUMEHEHHE. ABTO-
pbI [248] B 2011 r. 0qHOBpEMEHHO PACCMOTPENH BOIPOCH TEMHOBOTO
nepeHoca U GOTONMPOBOJUMOCTH B IJIEHKaX HaHOKpUCTAILIOB PbS my-
TE€M BKJIIOYEHUS HUX B ONTUYECKUU TMOJEBOW TPAH3UCTOP, B KOTOPOM
MPOBOJUMOCTh KaHAJIa KOHTPOJIMPYETCS] KaK HaNpsSHKEHUEM Ha 3aTBO-
pe, Tak U ero ocBemeHrueM. Cxema pabOThl JAHHOTO YCTPOMCTBA MPHU-
BeJicHa Ha puc. 64,a. KaHan TpaH3uCTOpa M3rOTOBJIEH M3 KOJUJIOUIHBIX
HaHOKpUCTaIOB PbS co cpeanum muamerpom 3,3 HM (puc. 64,0),
IIOJITCOTOBJICHHBIX 110 METOJIMKE XUHeC [52].

OcBenieHue MIEHOK HaHOKpUCTaLIoB PbS mpuBoauT k mosiBie-
HUIO (DOTOMHIYITUPOBAHHOTO TOKA MEXY MUCTOKOM UM CTOKOM, KOTO-
PBIil KOHTPOJUPYETCSI MHTEHCUBHOCTBIO CBETA M SHEPTUEH MaJaroInX
GhoToHOB (puc. 64,8), OMHOBPEMEHHO M3MEHSS HAIPSOKEHUS HA 3aTBO-
pe. Kornma nHanpsixeHne Ha 3aTBOpPE PaBHO HYJIIO, KaHAJ TPaH3UCTOPA
sBJsieTCs ciaadonpoBoAsiM. OJHAKO TOK CTOK-UCTOK OBICTPO pacTeT
IIpU OTPHUIIATEILHOM CMEIICHUHU HA 3aTBOPE, MPU KOTOPOM IMPOUCXO-
JUT WHXKEKIUS BIPOK B cliol HaHOCTpyKTyp PbS. [lpu HanpspkeHun
Ha 3aTBope —25 B TOK yBeJIMYMBAETCS HA TPHU MOPSJIKA BEIMYMHBI.
N3 BOJIBT-€MKOCTHBIX XapaKTEpUCTUK Ha 3aTtBope (puc. 64,2) ObLIO
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OIPEJIEJICHO, YTO OCBEUIEHUE MPHUBOJUT K YBEJIMYEHUIO KOHIEHTpA-
UMy HOocuTenel (IpIpoK) B kaHaie PbS u moBbimenuto porotoka mpu
HaIpPSHKEHUH TUIOCKUX 30H 3a cueT addekra poronpoBoaumoctu. Ta-
KUM 00pa3oM, yIpaBji€HHE MPOBOAUMOCTHbIO KaHalla B JIAHHOM YCT-
POICTBE OCYLIECTBIAETCS KaK MPUJIOKEHUEM YIPABISIONIETO HaIps-
KEHUS K 3aTBOpY (3a cueT moJieBoro 3(@dexra), Tak U OCBELIECHUEM
HNOBEPXHOCTH IUIEHKHM HAHOKPUCTAJUIOB Cylb(puaa CBUHLIA (32 CUET
(doTOoreHepany HEPaBHOBECHBIX HOCUTEIIECH 3apsia).

40—-60 nm"™

Absorbance (a.u.)

1.0 1.5 2.0 25 3.0 3.5 4.0

\ ' Photon energy (eV)

N
N

350

300} \

250

200+
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Q
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Capacitance (nF cm™2)

100

-30 -20 -10 O 10
Vy(V)

Puc. 64. a — cxema onmuueckozo noneeo2o mpansucmopa
Ha ocHoge HaHokpucmainos PbS; 6 — cnekmp noznowenus pacmeopa

Hanokpucmannog PbS, na ecmasxe npusedeno I19M-uzobpasicenue
UCXOOHbIX HAHOKPUCALIO8 8 pACMBOpe (MacumabHas MemKa

coomeemcmeyem 10 Hm); 8 — 801bM-aMNEPHbIE XAPAKMEPUCTIUKU

(MOK CIMOK-UCMOK OM HANPSJCEHUS HA 3aM8ope) 8 meMHome (4epHas Kpueas)
u npu oceewjeHulU ¢ 3Hepaueli pomonos 2,25 3B 6 3asucumocmu
OM UHMEHCUBHOCMU OC8eUeHUsl (6 OMH .e0.) 8 MPEeXMEPHbIX KOOPOUHAMAX,
2 — MeMHO8As 80IbM-eMKOCMHASL XapaKmepucmuka nieHKy HaHokpucmannog [248]
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BrllenpuBeieHHbIE PE3yJAbTAThl YKa3bIBAIOT, YTO JUIS IIEJIEH
UCIIOJIb30BAHUSI HAHOKpPUCTAIUIOB PbX B MNpUOOPHBIX CTPYKTypax
JAHHBIE HAHOYACTHIIHI JODKHBI OBITh KOHTPOJIHMPYEMO HAHECEHBI Ha
3aJlaHHbIC YYACTKU MOJIOKKH (HArpuMep, IJis CO3/IaHUsI MOHOCJTIOS B
oOJiacTu 3aTBOpa TpaH3ucTopa). OMHAKO KBAHTOBBIC TOYKH XaJbKOTE-
HUJIOB CBUHIIA, MOJYYEHHBIE METOJOM BBICOKOTEMIIEPATYPHOI'O CHH-
T€3a, UMEIOT JUAJIEKTPUUECKYI0 O0O0JIOUKY, TaKyl KaK OJICMHOBYIO
KHUCJIOTY, KOTOPYIO HEOOXOJIUMO PACTBOPSATH MJII 00ECIICUEHUS DJIeK-
TPUYECKOTO0 KOHTAKTa MEXIYy HAaHOKPUCTAIAaMU B ()yHKIIMOHAIbHBIX
cinosax. C Ipyroi CTOpOHbI, IJis MPUKPEIJICHUSI KBAHTOBBIX TOUYEK, Ha-
npuMep, k noioxkkaM ZnO u TiO, Hy>KHBI CIEIUATIBHBIE TPOMEXKY-
TOYHBIC MOJIEKYJISIPHBIE KOMIUIEKCH. [IpuHHMMas 3TO BO BHHMMaHUE,
NPEUMYIIECTBEHHBIM 11 MPSAMOTO Pa3MEICHUs] HAHOKPUCTAJIOB
PbX Ha pa3nuyHbIX MOJJI0OXKKAX SIBISAETCS METOJ IMOCIEI0BATEIbHBIX
afcopOIuMu 1 peakIuu HOHHOTO cJios. B pabote [249] ¢ ero momorpio
OBLI CO371aH CEHCHOWJIM3UPOBAHHBIM KBAaHTOBBIMU Toukamu PbS MK-
dboroaerekTop. PbS HaHOUACTUIIBI PA3IMYHOTO pa3Mepa OCAKIATUCH
B MaTpuity me3onopuctoro TiO, B pa3IuyHBIX IIUKJIAX, YTO MO3BOJIH-
JO ONpPEACNUTh YCIOBUS Il HAONIOJEHUS MAaKCUMAJIbHOW BHEIIHEH
kBaHTOBOU 3¢ PextuBHOCTH 9,3% Ha jyuHe BosHbl 1140 HM mipu 00-
paboTke curHajaoB yactoToi 10 1 kI

Enie ogHUM HOBBIM MOJXO0JI0OM K CO3AaHUIO (DOTOJIFOMUHECIICHT-
HBIX YCTPOWCTB SABJISICTCSI MPUMEHEHUE KBAHTOBBIX TOUEK XaJIbKOTCH-
JIOB CBHHIIA, BBIpAIlIMBAEMBIX Ha MOJI0KKax MeTogoM MJID [250]. B
OJIHOM W3 CBOMX MoclienHux paboT rpynmna Ilnpuarxonema [251]
Oonucalia CO3/IaHuEe CBETOAUOHBIX CTPYKTYp MeTtojgoM MJID ¢ akTuB-
HBIMU KBAaHTOBBIMM TOYKAMH TEJUTypUIa CBUHIIA, BHEIPCHHBIMU B
coOCTBeHHYI0 00Jyacth p-i-n-niepexona CdTe/CdZnTe Ha moamoxke
GaAs(100). [lmsa gaHHBIX YCTPOMCTB Ha OCHOBE SMNHUTAKCHAIbHBIX
KBaHTOBbIX Touek PbTe HabOmomanach 3JIEKTPOJIOMUHECIICHIUS B
cpenneit MK-o6mactu (2-3 MKM) IIpu KOMHATHOM TeMIeparype.

[TonoxxutenbHbIE CBOMCTBA HAHOPA3MEPHBIX XAJIbKOTC€HUIOB
CBUHIIA MPEIONPESTIIA aKTUBHOE MCTOIb30BaHHe MaTepuaioB PbX
B YCTPOMCTBAX HAHOAJIEKTPOHUKH. B pabote [252] Ob11 moapoOHO pac-
CMOTpPEH MEXAHU3M IEPEHOCa HOCUTENEH B TJIOTHOYIAKOBAHHBIX Mac-
CHBax KOJJIOMJHBIX HAHOKPUCTAJUIOB XaJIbKOTCHHJIOB CBHUHIIA B BHUJC
TOHKHX IIJICHOK. BbUIO yCTaHOBJIEHO, YTO MO MEPE YBEJIUUYEHUSI CBS3EH
MEXKy KPUCTAJUIUTAMHU CUCTEMA MEPEXOIUT U3 U3OISIUOHHOTO PEXU-
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Ma, YHOpaBIsEMOro KYJOHOBCKOM OJIOKaIOH, B IOJYNPOBOIHUKOBBIM
peXKUM, TJ€ JIOMUHHUPYIOIIMM MEXaHU3MOM TpPaHCIOpPTa SIBIISICTCS
NPBDKKOBAsl MTPOBOJUMOCTh. Y CTPOMCTBO, HCIOJB3YIOEe OCOOCHHO-
CTH OaJUTMCTHUYECKOIO MEPEHOCa B XaJIbKOTCHUAaX CBHHIIA, ObLIO pa3-
pabotano rpynmnoi [Inpunrxosnsia [253]. KBaHnTOBaHME MpOBOIUMO-
CTH U3MEPSUIOCH JJI1 CYOMHUKPOHHBIX ME3aCTPYKTYp, MOJYYEHHBIX Ha
OCHOBE KBaHTOBBIX sIM PbTe/Pbyg,EugosTe Tommmuoit 12, 25 u 50 HM.
OCHOBHBIM UTOTOM SIBUJIOCH IKCIIEPUMEHTAILHOE HAOIIOJICHUE MOUYTH
€AMHUYHON TMepelayd OJHOMEPHBIX KBAHTOBBIX MOJ, HECMOTpS Ha
3HAUUTEJILHOE KOJUYECTBO 3aPSKEHHBIX JNE(EKTOB B HEMOCPEICTBEH-
HOM OJIM30CTU OT TYHHEJIBHOTO MPOMEXKYTKa. TakoW pe3ysbTaT SBJIS-
eTCsl CJEACTBUEM Iapa’yieKTpuueckux cBouctB PbTe, a MMeHHO mo-
JABIICHUSI TAIBHOJICUCTBYIOIINX XBOCTOB KYJIOHOBCKMX MOTEHIIMAJIOB
n3-3a OOJIBIIIOW TUAJIEKTPUUECKOM MOCTOSTHHON MaTtepuaiia. Takoe jgoc-
TOMHCTBO Oa/UIMCTUYECKOTO TMEpeHoca JelaeT XalbKOTCHHIbI CBUHIIA
NEPCIEKTUBHBIMH JIJIS1 YCTPOUCTB HAHORJIEKTPOHUKH.

[Ipumenenne HaHoHuTerd PbX st co3pmaHusi TpaH3UCTOPHBIX
CTPYKTYp ObLIO paccMoTpeHO B padorte [254]. Hanonpososioku PbSe
muametrpoM 10 HM GopMUPOBANTUCH METOJIOM XMMHUYECKOTO CUHTE3a B
pacTBopax B 0e3BO3AymIHOW cpene. C MOMOIIBIO MPUIIOAKEHHOTO
AJEKTPUYECKOr0 TOJIsI MAaCCUBBI HAHOHUTEW pacrojiarajvuch Ha IMOJ-
JOKKE TaK, 4TOOBI CO3/1aTh MOJYNPOBOAHUKOBBIC KaHAJIbl MOJEBBIX
TpaH3uCTOPOB. CXxeMa TaKOro yCTpOWCTBA MPHUBEICHA HA puc. 65,a u
COM-m300pakenus — Ha puc. 65,6. OO0paboTka HaHOHUTEH Y D-
030HOM MPHUBOJMIA K UX JBIPOYHOMY JIETHPOBAHUIO B CUJTy YyBCTBH-
tenbHOCTU PbX Kk kucnopoay. KoHTponupyemoe OKUCII€HHE TT03BOJIS-
J0 MOJy4aTh YHUIIOISIPHBIE MOJIEBBIE TpaH3UCTOpbI p-tuna. llpu ce-
JEKTUBHOM BO3JICUCTBUM Ha OOJACTH HAHOMPOBOJIOK THAPA3UHOM,
OOBIYHO HCIOJB3YEMBIM ISl 3JIEKTPOHHOI'O JIETUPOBAHUS HAHOKPU-
CTaJJIOB, IPOUCXOAUIIO TEPEKIFOYEHUE U3 p- B N-TUIl NPOBOAUMOCTH
(puc. 65,6). Ilpumensst Moaudukauio MOBEPXHOCTU I p- U H-
JIETUPOBAaHHBIX HaHOMPOBOJIOK PbSe, aBTOphl [254] u3rotoBuinu mnep-
BbI€ MHBEPTOPHI HA OCHOBE HAHOCTPYKTYPUPOBAHHBIX XAJIBKOT'€HUIOB
CBMHIIA, UTO AEMOHCTPUPYET MEPCIEKTUBBI JAHHBIX HU3KOPA3MEPHBIX
MATEPUAIIOB ISl UHTETPAIBHBIX CXEM HAHOAJICKTPOHUKH.
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Puc. 65. a — cxema mpansucmopHotl cmpykmypsl Ha 0cHo8e HaHoHumeti PbSe;
6 — COM-uzobpadsicenue ycmpoucmea ¢ 6epxXHumM OJOKUPYIOWUM CL0eM OUOKCUOA
KpPeMHUSL, HA 8CMABKAX — U300padicetue ¢ OONbUUM YEeTudeHueM,

8 — 80JIbM-AMNEPHbBLE XAPAKMEPUCMUKU (MOK CIMOK-HANPAJCeHUe Ha 3ameope)
nocie usMeHeHus muna nposooumocmu Hanonumet (1),
obpabomxu euopazurnom (2), evinoca us eaxkyyma (3) [254]

2.11.3. l[IpumeHeHue 8 MeduyuHe U 6uo.102uu

B nocnennee BpeMsi KBAHTOBBIE TOYKH PA3JIMYHBIX MATEPHUATIOB
CTalu Bce Oojiee aKTUBHO NMPUMEHSTHCS B MEAUIIMHE U OHOJOTHH B
Ka4eCTBE JIFIOMUHECLIEHTHBIX YacCTHUI] Uil JIETEKTUPOBAHUA U MAPKHU-
poBKkH [255]. X mpenmMy1iecTBa sl JaHHBIX MPUIIOKEHUN BKIIFOYAIOT
BBICOKAM KBAHTOBBIM BBIXOJ, MOJICTPOUWKY IO CIEKTPY B BUIMMOM U
NK-nuanazone, Xxopouryro (poTrocTabuiIbHOCT, 0OJIBIIOE OTHOLLIEHUE
IJIOIIAAN MOBEPXHOCTH K 00BeMY M Maliblii pazmep. U3 coobpaxeHuit
MUHHUMH3AIUI TOKCUYHOCTU M TOBBIIIEHUS (POTOCTAOUIBHOCTU BaX-
HBIM TpeOyeMbIM CBOMCTBOM SIBJIIETCSI MHKAICYJISIIMS KBAHTOBBIX TO-
yek. [IpuMeHeHre BOJHBIX KOJUIOMAHBIX PAacTBOPOB ISl OHMOIOTHYe-
CKHX IIPUMEHEHUH in Vitro W in vivo TOBOJBHO IpobiieMaTuyHo [256],
HO JIMTaH/HbIC U TTOJIMMEPHBIE 000JIOUKH KBAHTOBBIX TOUEK SIBJISIOTCS
T0CTaTOYHO A(PEKTUBHBIMU. MBI YK€ ONMUCHIBAIU, YTO KOJIIOUIHBIC
METO/BI MO3BOJIAOT CHHTE3UPOBATH MOHOJIMCIIEPCHBIE HAHOKPUCTAJI-

JIbl XaJIBKOTCHUIOB CBUHIA B OPTaHUYCCKUX 000J10YKax pa3iIn4IHOTrO
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tuna. dotoguHamMuyecKas Tepanus C KHCHOJIb30BAaHUEM H3ITYUYEHUS,
T€HEPHUPOBAHHOTO HAHOYACTUIIAMU C TPUKPEIUICHHBIMU (DOTOCEHCH-
ounuzaTopamu [257], He TpeOyroiasi BHEIIHETO OCBEIICHUS sl 00-
pabOTKHU OMyXOJIeH, SBJISIETCS MHOTOOOEIIAIOIIUM HOBBIM TTOJAXOA0M K
JICYEHUIO PaKoBBIX 3a00seBaHui. KBanToBbie Toukn PbX MOXHO HcC-
M0JIb30BaTh TaKXKE€ B KAaYECTBE MApKEepOB MPOTEUHOB U OHOIOTHYE-
CKUX TKaHeH [258]. HaHOoKpHCTaIbl XaIbKOTE€HUI0B CBUHIIA UMEIOT B
TOM OTHOIICHUU MPEUMYILECTBA MO CPABHEHMIO C JPYTUMU Mate-
puanaMu, MNOCKOJbKY HMX JIFOMUHECUEHIIUS IMOMAaJaeT B ONTHYECKOE
OKHO OMOJIOTMYECKUX TKAaHEH, IJe MOIJIONEHUEe MHUHUMAIbHO. ITO
MO3BOJISIET, HAPUMED, MOTYy4aTh U300paKeHUE ONMyXOJed B riyOnHe
opraHoB u TkaHeu. KBantoBwie Toukn PbX Takke mepCreKTHBHBI IS
pa3paboTku ontuueckux ceHcopoB JIHK, koTtopeie urparoT Ba)KHYIO
pOJib B pa3pabOTKE aBTOMATU3UPOBAHHBIX METOJIOB SKCIIPECC-aHAIU3a
[258]. B pabote [259] ObuT mpenioxkeH MOAX0a K BO3MOXHOMY HC-
MOJIb30BAHUIO KBAaHTOBBIX TOYEK B BOJHBIX PACTBOPAX CO CHELHHAIb-
HBIM TOKpbITHEM 151 3TuX 1eneil. [loBepxHocTes HaHouactuil PbS u
PbSe nokpriBanack THOJIOM U 3aTeM KapOOKCUIBLHBIMU I'PYIIaMu, KO-
TOPBIE MO3BOJISIIIM MAapKUPOBATh OMPEAEIIEHHBIE TUIIBI KJIETOK. B Ka-
YecTBE IPOOHOro MpuMepa ObLla YCHENIHO IPOJAEMOHCTPHUpOBaHA
HK-dayopeciieHIinsl pakoBbIX KJIETOK TOJCTOM KHIIKH YEIOBEKa.
buomenunnackue 3amadud (QryopecueHIiu, 0COOEHHO B €CTECTBEH-
HBIX YCJIIOBHSX HEHMHBA3MBHOM BHM3yallM3aluu, TPeOYIOT TJIyOOKOTO
POHUKHOBEHUS CBETA BIiyOb M M3 TKaHU. [ TyOMHA MPOHUKHOBEHUS
CBETAa 3aBHUCUT OT CBOMCTB IOTJIOIICHHMS W paccesHus TKaHeW u ab-
copO1umu Bojibl. JIydillee NpOHUKHOBEHUSI JOCTUTAETCA 3a CUET CBETA C
ommkHel nHbpakpacHor mmrHOM BoJHBI 0T 700 10 1400 HM. YUuTHI-
Basi KOMMEPUYECKYIO0 JOCTYIMHOCTh BBICOKOKAYECTBEHHBIX KBAHTOBBIX
TOYEK XaJIbKOIN€HHUJIOB CBUHIIA B OPraHUYECKUX PACTBOPUTENISX, CY-
IIECTBYET 3HAUMUTENIbHAs MOTHBALMS K pa3pabOTKe yJ0OHOU mporlie-
ypbl J1 IEpEHOCa UX B BOJHBIE PACTBOPHI BMECTO IMOMBITOK UX CHH-
Te3a NpAMO B Boje. Takoil mporecc MOXKET ObITh MpolIe U ya0O0HEeE.
dnyopeciieHTHOE n300pakeHue (puc. 66) sICHO MOKa3bIBAET JIOKAJH-
30BaHHbIE BHYTpUKIIETOUHbIE oOsnactu ¢ UK-uznyuenuem [259]. Oto
NepBOE U300paKEHNE KJIETOK, MAPKUPOBAHHBIX KBAHTOBBIMU TOUKAMHU
PbX, monydenHoe Ha jiuHe BoJiHBI Bbilie 1000 HM. M300paxkeHue
MOKA3bIBAET, UYTO KBAHTOBBIC TOUKH B O0OJIOUYKE JUTaHJ THOJA MOTYT
HaKaIjIuBaThCs 0€3 arperaiuu B KJIETOYHON OMOJIOTUUECKOM Cpeie.
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Puc. 66. Brusicnenonvnoe Muxpockonuueckoe uzoopasjicenue (a)
KAemoK moJICIOU KUWKU Yell08eKd, HA KOMOPOM PUCKAMU OMMeYeHbl
Mecma J0Kanu3ayuu pakosvlx Kiemok 6 COOmeemcmeauu
¢ UK-ghnyopecyenmmuvim uzobpasicenuem na onune goanvl 1210 um (6) [259]

B pa6ote [260] 21eKTpOXUMHYECKHN MMMYHOAHAJIU3 HA OCHOBE
HaHouacTull PbS wucnonb3oBancs s IEeTEKTHpOBaHUA OMOMapkepa
OITyXOJIEW KapIMHO3MOpPUOHAIBLHOIO aHTUreHa. B pabore [261] Obun
peAJIOKEH HOBBIM OnocoBMmecTuMbiil rudbpuansii MK-dyopodop,
COCTOSIINM U3 KBAaHTOBBIX TOUYEK PbSe, WHKaNCyJIMpOBaHHBIX B TBEP-
oM xupHOM 3¢upe. B pabore [262] uccnenoBaiach BakHas 3aj1aya
0 W3YYEHHUIO MOBEPXHOCTU HAHOYACTHI], B YACTHOCTH €€ CTaOWJIb-
HOCTh B X0JI€ €CTECTBEHHBIX OMOJIOTUYECKUX PEAKITUH.

B 3akmroueHre aBTOpBI KHUTH XOTENH OBl YKa3aTh Ha YJIAdHBIM
oOpa3ell UCIoap30BaHus KBaHTOBBIX Touek PbX B yueOHOM mpoiiecce
Ha npuMepe cnennpaktukyma [263]. [Ipenmaraemsie npenomaBaTesis-
mMu MI'Y um. M. B. JlIomoHOcOBa nabopaTopHbie padOThI TTO3BOJISIIOT
CTYJIEHTaM HE TOJIbKO OCBOUTH KJIACCUUYECKUE METOJbl CUHTE3a, 00pa-
OOTKM M HCCJIEIOBaHUSl BEIIECTB, HO W IMO3HAKOMUTHCS C HOBBIMU
NoAX0AaMH K TIOJYYEHHIO KOJIOMJHBIX HAHOCTPYKTYPHUPOBAHHBIX
XaJbKOT€HUI0B CBUHIIA.
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[J1aBa 3. JJIeKTpOXUMUYECKHe
U IJIa3MEeHHbIe MeTOAbl HAHOCTPYKTYPHUPOBAHUA
XaJIbKOT€eHU/0B CBUHIA

3.1. dopmupoeaHue HAHOCMPYKMYPUPOBAHHBIX
nopucmulix c/10€8 Xa/1bK02eHUd08 ceUHYa
MemodoM AHOOHOU 3/1eKMpoXuMu4ecKoll 06pa6omkKu

®opMUPOBAHUE MOPUCTHIX XAJTbKOT€HUIOB CBUHIA MTPECTABIIS-
€T BOXHYIO 3aJa4y JUIsl TEXHOJOTUH MOJTyIPOBOAHUKOBOTO MaTepra-
JIOBEJICHMSI, UTO CBSI3aHO C JABYMSI HOBBIMU MEPCIEKTUBHLIMU HaIpaB-
JICHUSIMU HUCIIOJb30BaHus MatepuasioB PbX. Bo-mepBrix, Teopernye-
CKH 000CHOBaHO [264], 4TO MpUMEHEHHUE MOPUCTHIX CpeJ AaeT IOJ0-
KUTEIbHBIN 3 (PEKT B TEPMOITIEKTPUUECKUX CUCTEMaX HOBOTO IMOKO-
neHus. Guznyeckass OCHOBA 3TOrO CBSI3aHA C BO3MOKHOCTHIO YMEHb-
meHus: kKodpduimenTa TermIonpoOBOHOCTH MaTepuana Mpu Mopooo-
pazoBaHuu. Bo-BTOpHIX, TIpU OOJIBIION BEIMYMHE MOPUCTOCTH P (OT-
HOIIIEHHE 00beMa Mop K olleMy 00beMy MaTepualia) U HAIMYUU pas-
BUTOW CHCTEMBI MEJIKMX IMOpP MOSBIISIETCS BO3MOXHOCTh CO3JaHUs aH-
caMOJieil CBsI3aHHBIX HaHOKpUCTAIOB PbX ¢ ompeneneHHbIMU Teo-
METPUUYECKUMU pazMepamu. Bappupysi BeIMUUHY TOPUCTOCTH, pa3Me-
PBI TOP ¥ HAHOKPUCTAJIIIOB, MOXKHO 3(PHEKTUBHO YHPABISATH IIUPUHOMN
3aIpeleHHon 30HbI, KO3Gh(@UIMEHTaMU MPEJTOMICHHUS U OTPaKEHUS,
AIEKTPUYECKUMU MTapaMeTPaMu B IIUPOKOM JUANA30HE 3HAUYCHHUI,

K HacrosieMy MOMEHTY MPEIJIOKEHO HECKOJbKO MOAXOJ0B K
CUHTE3Y IOPHUCTHIX XaJIbKOreHUAOB CBUHIA. [lepBbiii moaxom [264]
OCHOBaH Ha ropsiueM npeccoBanuu (923 K, 35 MlIla) cmecu menkux
kpuctaumuToB PbTe u KCl, mocie dyero npoBoautcs onepaius oopa-
OOTKHM MOJIy4EHHOTO KOMITO3UIIMOHHOIO Matepuania B Boje. B pesyiib-
TaTe PACTBOPECHUS XJIOPHUAA KalbIUs 00pa3yeTcsi CUCTEMA CBSI3aHHBIX
KPUCTAJJIOB TEJUTypHUAa CBHHIA ¢ HNOpUCTOCTBHIO 10 40%. Pa3zmepsl
kpuctauiuToB PbTe B 3TOM MeToA€ AJOCTATOYHO BEIUKHU M COCTABIIS-
10T 400-800 MxM. BTOpoil moaxoa CBsi3aH € MPOILIECCAMU CO3JaHUS
CKBO3HBIX IMOP B MPOIIECCE POCTa IJICHOK XaJIbKOT€HWJIOB CBHUHIA B
paMKax pa3fIMuHbIX METOJUK U B mpoiiecce 00pabOTKH HAHOKPUCTAJ-
0B PbX. B pabote [265] mporiecchl mopooOpa3oBaHus COMPOBOXKIA-
oM 3nekTpoxumuyeckuil cunre3 PbTe Ha 3o0morolt mommoxke. B
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cratbsix Capkapa [266] u Ky [267] nopucTtas HEperyJsapHas CeTb U3
HaHOKpHUCTAIII0B PbSe dhopMupoBasiach npu XuMHYECKOM OCAXICHUU
C JOMOJHUTENbHONU 00paboTkoit ieHok B KOH u npu ummnynbcHOM
COHORJIEKTPOXMMHYECKOM CHHTE3€ COOTBETCTBEHHO. MaptuH [268]
HaOJII0a1 HAJIMYKe TOp B TEJUIYPHUIE CBUHIA MOCIE MJIa3MEHHON 00-
PabOTKM HAHOKPUCTAILIOB, TTOJYYEHHBIX MPEIBAPUTEIIHHO U3 )KUIKOTO
pactBopa. B pabote [269] mopsl compoBoxkaanu mpoiecc GopMUpo-
Banus wmatepuana PbTe(B). Hemocrarkom Bcex pacCMOTPEHHBIX
MIPUEMOB SIBJISIETCS HEBO3MOXHOCTH YIIPABJICHUS BEIWYMHOW MOPHUC-
TOCTH B IIMPOKUX MPEAENaX, CI0KHOCTh KOHTPOJIUPYEMOW BapUallUH
MOJTy4aeMOl CTPYKTYpbl, OTCYTCTBUE MEXAaHU3MOB W3MEHEHUS MOP-
¢dosoruu nop u T. A. [lopooOGpazoBaHue B JaHHBIX METOAaX SBIAETCS,
CKOpee, TOOOYHBIM OTPUIATEIBHBIM SABJICHUEM, YEM Ha/ICKHBIM MHCT-
PYMEHTOM CO3JIaHUS YHOPSIIOUCHHON MOPUCTOM CTPYKTYPHI.
Haunbonee yHuBepCcaIbHBIM METOJIOM (DOPMHUPOBAHUS MOPUCTHIX
MaTepuajgoB B paMKax KOHUEMUUU «fop-downy ABISETCS aHOAHAs
AJIEKTpOXUMHYECKass 00paboTKa (aHOAHOE TpaBjieHue). [[aHHbIN moj-
XOJI 3aKJTII0YAETCsl B CO3IaHUU TOPUCTHIX OOBEKTOB, KOTJIa TIPH BBICO-
KOW MOPUCTOCTH Pa3MEPbl OCTABIIMUXCS IOCJIE BBITPABIMBAHUA JJic-
MEHTOB KPHUCTAJUIMYECKOM MAaTpUIlbl MOTYT OBITh YMEHBIIEHBI 0
IpeesioB KBAaHTOBO-pa3MepHbIX 3ddekToB. K nmpeumyiiectBaM gaH-
HOM METOJVKHU MOJYYECHHUS] HAHOCTPYKTYP CHEAYET OTHECTH IMPOCTOTY
U KOHTPOJUPYEMOCTh Mpoliecca, 3PPEKTUBHOCTh U SIKOHOMUYHOCTb.
Kak u3BECTHO, MEPBBIM MPEACTABUTEIEM IMOPUCTHIX MATEPHUANIOB, A
BMECTE C TEM M HOBBIM BHJIOM HAHOCTPYKTYPHUPOBAHHOTO MaTepHalia
SIBJIIETCS TTOPUCTHIN KpemHuit [270, 271], moiydaembiii ipu 00padboT-
K€ MOBEPXHOCTHU Si1 B AJIEKTPOJIUTUUECKUX BOJHBIX PACTBOpAxX IIABU-
koBoM kucinotel HF. Bapepupys mnapamerpsl 3J€KTPOXUMHUYECKOTO
TpPaBJEHUSA, BO3MOYKHO IIOJYyYEHHE IMOPUCTBIX CJIOEB TOJIIUHOM OT
CAUHUIL 10 COTEH MUKPOH C Pa3auyHON Mopdosioruei u pazMepamu
nop. C TOsBIEHHMEM BO3MOXHOCTH TpaHcPopmaluu (PU3HKO-
XUMHYECKUX U ONTHUYECKUX CBOMCTB MCXOJHOTO Marepuayia ¢ moMo-
[0 AaHOJIHOTO TPABJIEHUS BEChbMA WHTEPECHBIM U IMEPCHEKTUBHBIM
OKa3aJIOCh paclIMpeHre 00JacTh MPUMEHEHHUSI ATOTO crocoda Ha Apy-
rue QyHKIMOHAJbHbBIC MTOTYIPOBOJHUKOBBIE MaTEpUalibl, U3HAYAIBHO
oOJafaromue PsAaoM MPEUMYIIECTB OTHOCUTEIHLHO MOHOKPUCTAILIHU-
yeckoro Si. Ha ceronHsmHuil 1eHb CyECTBYET 3HAUUTEIIBHOE KOJIU-
4eCTBO palOT, MOCBAILIEHHOE MOJYYEHUIO U HMCCIIEIOBAHUIO CBOWCTB
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HE TOJBKO OJHOKOMIIOHEHTHBIX MOJYNPOBOAHUKOB (MOPUCTHIX Si U
Ge), o u coemuuennii A"'B" (Si,_,Ge,, SiC) [272, 273], A"BY
(GaAs, GaP) [274, 275] n np. Ha MOMeHT HanucaHus JaHHOW KHUTU B
auTepaType, MOCBSIIEHHOW mpolieccaM W MeXaHu3MaM MopooOpaso-
BAaHUS B MOJIYIIPOBOJHUKOBBIX MaTrepuajax, CylmeCTBYET TOJbKO OJHA
BHEIIIHSS paboTa rpymnmbl XoxjgoBa [276], B KOTOPOH OIMUCHIBAETCS
AHOIHAS DJIEKTPOXHMHUUecKas Moaudukamus Marepuanos A' B
PaccmarpuBasics Bompoc 00 M3MEHEHUH ONTHUYEeCKUX CBOWMCTB PbTe
MOCJIE OIEpali aHOIHOTO TPABJIEHUS, OCYILIECTBISIEMOrO Ha IJIaCTH-
Hax MoHokpuctayummueckoro PbTe(111). beuto oOGHapyxkeHo, 4TO B
CriekTpax oTpaxeHus B nainbHedl MK-o01actd m KOMOMHAIIMOHHOTO
paccesHHsl CBeTa B aHOJAMPOBAHHBIX 00pa3liax MPUCYTCTBOBAIM JO-
MOJIHUTEJIbHBIE MOJIbI KOJIeOaHUH, HE HAOMIOAaBIINECS B ONTHYECKUX
CIieKTpax ucxojgHoro ooremMHoro PbTe. Ha ocHOBaHMM TOTYy4YEHHBIX
pEe3yIbTAaTOB aBTOpaMM Oblla BBIABHHYTA THIOTE3a O (POPMUPOBAHUU
ciost mopuctoro PbTe. HecmoTps Ha mpuBiIeKaTeIbHOCTh BHIBOJIOB,
cAeNaHHbIX B pabote [276], BOompoChl MOJyYEHUS TOPUCTHIX XaJTbKO-
TEHUJIOB CBHUHIIA U MCCJIEAOBAHMS UX CBOMCTB JOJTOE€ BpEMSI OCTaBa-
JUCh OTKPBITBIMH. B SpociaBckoM rocy1apCTBEHHOM YHHBEPCUTETE
uMm. IL. I'. leMmruaoBa B TOCJIEIHUE TOABI IPOBOISITCS CUCTEMATUYE-
CKHE HCClieIoBaHUusI (POPMUPOBAHUS MMOPUCTON CTPYKTYPHI ITJICHOK U
HAHOIIOPUCTBIX MHOTOCJIOMHBIX CUCTEM XaJIbKOT€HUIOB CBUHIA MeE-
TOJAMH aHOJHOM DJIEKTPOXHMHYECKONM 00pabOTKH, HEKOTOpPhIE pe-
3yJIbTaThl KOTOPBIX OyyT ONMKUCAHBI B HAYAJIbHBIX pa3jienax riaBbl 3.

3.1.1. Memoduka npogedeHuss AHOOHOU
3/1eKMpoXuMu4ecKoll 06pa6omku ca0ee
Xa/1bK02€eHUAd08 C8UHYA HA KpeMHUeB8bIX N0A/10HCKaX

OTCcyTCTBHE KAYECTBEHHBIX IUIOCKONAPAIIEIbHBIX MOHOKpPH-
CTAUTMYECKUX TUJIACTUH XaJbKOTEHUIOB CBHMHIIA OOJIBIION IJIOIIA/IH,
HEOOXOUMBIX JJIsI KJIACCUUYECKUX Tpoleayp nopooodpazoBanus [270,
271], npenonpenenyio MOUCK APYrUX TEXHOJOTMYECKUX BapUAHTOB
MPOBEACHUS ONEPALMU AIEKTPOXUMHUYECKOTO TPABICHHUS H3y4aeMbIX
MarepuanoB. JlJIsi 3KCOEPUMEHTAIBHBIX HMCCICIOBAHUN HCMHOJIb30BA-
JIUCh SMUTAKCUAIBHBIE MOHOKPUCTAJUTMYECKUE TUIEHKH XAJIbKOT€HUIO0B
ceunna (PbTe, PbSe) Tommuuoi 1,5-5 MKM, BbIpallileHHbIE Ha TOA-
noxkax MoHokpuctamueckoro Si(111) ¢ Oydepubim cioem CaF,
TONIIMHOM 2 HM. [IpuMeHEHHE 3MUTaKCHAIBHBIX CUCTEM ITO3BOJISLIO
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MPOBOJUTH 00paOOTKY B 3JEKTPOXUMHUECKUX SUYEHKax ISl KpeMHUeE-
BBIX IJIACTHH, & TYHHEIBHO-TOHKUN CJI0# (hropuia Kanblus odecreyu-
BaJl HEOOXO0IMMOE TOKOTIPOXOKACHUE Yepe3 CI0OU TUIICKTPUKA.
[Tnenounsie ctpyktypbl PbX/CaF,/Si(111) BeIpamuBaiuce me-
togom MJID (X. Ior, ETH, Iiopux) [277-279]. KonTtpoab kpucrai-
JUYECKON CTPYKTYPBI AMUTAKCHAIBHBIX IJIEHOK MPOBOAWICSA B MpPO-
[[ECCe POCTa C MOMOIIBI0 METOAA OTpaXaTeJbHOW TudpaKuu 3JIeK-
TPOHOB BBICOKUX HHEpruil. JlJIsi OUYMCTKM KPEMHHUEBBIX MOJIOKEK
NPUMEHSJIACh CTaHJApPTHAs MpOLEaypa >KUIAKOCTHOIO XUMHUYECKOTO
tpaBnenus: Illupaku. Ilporniecc pocta mimeHok PbX ocymecTisics
npu temneparype nomioxkku 400—420°C u ckopoctu pocrta ~1
MKM/4ac. [ permeHuss mpoOaeMbl OOJIBIIIOTO paccoriacoBaHUs IO-
CTOSIHHBIX PEIIETOK XaJIbKOT€HUJOB CBUHIIA U KPEMHHUS TPUMEHSLICS
YCIIEITHO 3apEeKOMEHA0BABIINM ce0sl MOJIX0J MCIIOJIb30BaHus Oydep-
HbIXx cioeB CaF, [277]. Cnon ¢pTopmma Kaaplus TOJIMUHOW 2—4 HM
BBIpAlIMBAINCh TIpU Temneparype nominoxku 650°C u ckopoctu

0,1-0,2 A/c. CxemaTuuHblii BHUJ HCIOIb3YEMBIX 00pa3LOB
PbX/CaF,/Si(111) npencrasnen Ha puc. 67.

PbX

—_—

CaF:
B —
Si(119——»

¢

Puc. 67. Cxemamuunblii 810 UCXOOHBIX
INUMAKCUATbHBIX NAeHOUHbIX cmpykmyp PbX/CaFy/Si(111)

OCc00EHHOCTBIO UCIOIB3YEMbIX MIIEHOYHBIX CTPYKTYp PbX(111)
SIBJISLTIOCH TIPUCYTCTBUE B MX 00bEME MPOHU3BIBAIOIIMX JIUCIOKAIUH,
MOSIBJICHUE KOTOPBIX OOYCJIOBJIEHO PacCOIrIaCOBAaHUEM MOCTOSHHBIX
pPELIETKH MaTepHaJIOB IUICHOK U MOJJIOKKHU. [I10THOCTD nucioKaiuii B
SMUTAKCUAIBHBIX CJIOSIX OIPEAeNsuiach METOJaMU aHU30TPOITHOIO
XUMHYECKOTO TpPaBJICHHUS W W3 HW3MEPEHHI HU3KOTEMIIEPATypPHBIX
NOABUXKHOCTEH XoJJla U JJIA WCIOJb3YEeMbIX TOJIIUH IUICHOK, Kak
IIPABUJIO, JIEKAJIA B UHTEPBAJIC 1-10"-4-10° cm . Jpyrum Kiiro4eBbIM
CBOWCTBOM IUJIEHOK XJIbKOI€HUJIOB CBUHIIA HA KPEMHUU OPUEHTAIUU
(111) sBisIIOTCS TIepeceKarolecs: HaHOTeppachl BhICOTOM 1,5-3 HM
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CO CTYNEHAMHU B TPEX HAMPABICHUSAX C IUIOTHOCTHIO BBICTYMAIOIINX
yI7I0B TpeyronbHbIX HaHoTeppac (1-8)-10° cM °. Takast Mopdomorus
MOBEPXHOCTH COOTBETCTBYET M3BecTHOM Mojenu Llora [277]. O6pa3o-
BaHME Teppac Ha MOBEPXHOCTH OOYCJIOBJICHO MpOolieccamMu IIacThye-
CKOM peakcalud MeXaHWYeCKHUX HampsbkeHuil B ciosix PbX(111),
BBI3BAaHHBIX 3HAYUTEIbHBIM HecooTBeTcTBUEM (10 700%) TKIIP ma-
TEPUAJIOB IUJIEHKU W TMOJJI0KKH. Pemakcanus ocymecTBIseTCs MyTeM
CKOJIb)keHus auciokanuit B cucteme <011>{001}. [IpucyrcTBue npo-
HU3BIBAIOIIUX JIUCIOKAIMKA B TUIEHKE BBI3BAHO HECOOTBETCTBHEM IIO-
CTOSIHHBIX KPMCTaJJIMYecKOl pemreTku maTepuanos (5,43 A mna Si,
6,46 A nna PbTe, 6,12 A nns PbSe). JluciaoKkaiuy CKONB3AT BIOJb
miockocteit {100}, HaKIIOHEHHBIX Ha yroj 54,7° MO OTHOIICHHUIO K
noBepxHocTd (111) m mepecekaronux MOBEPXHOCTh BIOJb HAIpaBJie-
Huil <110>. B pe3ynbTare Ha MOBEPXHOCTH (POPMUPYIOTCS TPEYTOJib-
HBIE Teppachl, 0Opa30BaHHBIC MEPECCUCHUSIMU CTYTICHEW B HarpasJie-
Huu <110> [277].

Metoauka co3aHus JTOKAIbHBIX MTOPUCTHIX 00J1acTel XallbKore-
HUJIOB CBHHIIA HA KPEeMHHUEBBIX MoaI0kKax [280], pazpaboTranHas mpu
yuyactuu J. 0. byunna u E. A. borosiBnenckoit (1® ®TUAH), uc-
NOJIb3yeT (DTOPOIIACTOBYIO DJICKTPOJIUTUUYECKYIO STYEHKY BEPTUKAJIb-
Horo Ttuna (puc.68). lMcxoaHble TIIACTHHBI CO CTPYKTypaMu
PbTe/CaF,/Si(111) u PbSe/CaF,/Si(111) mpu nmomoiu ckpaitbupoa-
HUS pa3pe3aliiCh Ha 3JEMEHTHI MJIOMIAIbI0 A0 2%2 cM”. J1ist ouncTkn
OT TIOBEPXHOCTHBIX 3arpsA3HEHUN KA bl U3 00pa31l0B MPOMBIBAJICS B
M30MPOIHUIOBOM CIIUPTE B TEUEHUE | MUH U CYIIWJICS O] BEPTUKAIb-
HBIM JJAMHUHAPHBIM ITOTOKOM HEIMOCPEJCTBEHHO MEPE]] pa3MEIICHUEM B
suetike. [loaroToBieHHBIM 00pa3el] MOMEIIAICs Ha aTOMHUHUEBBIN
aHOA-TIO/IJIOKKOIEP)KATEh C OOECIIEUCHUEM IIJIOTHOTO OMHUYHOTIO
KOHTAaKTa C OOpaTHOW CTOPOHOW KPEMHHUEBOW MOJIOKKUA M 3aKpemn-
JSIICA C TIOMOIIBIO KOJIBIIEBBIX 3JIACTUYHBIX YIIOTHUTENIECH, KOTOPHIE
3aKpBIBAIM YaCcTh MOBEPXHOCTH M obecreunBaiu ee 3amuTy. [locne
3JIMBKU TPaBUTENSl K KJIEMMaM aHoOJa W IJIATUHOBOTO KaToja MOJ-
KIIIOYAJICd MCTOYHUK THUTaHUS. DJIEKTPOXMMHUYECKas aHOAHas oOpa-
00TKa MPOBOJWIIACH IIPU MpOTEeKaHUU Toka /). B pe3ynbraTe Ha KOH-
TaKTUPYIOIIEH C 3JIEKTPOJIUTOM MOBEPXHOCTU MiIeHOK PbX mpoucxo-
o (GopMHUpPOBAHUE JIOKATBHOW IBETHOM MOPHUCTOM oOjlacTu € 3a-
JTaHHOU TTonaaepto (puc. 69). LBet 3Tol 00aCTH U3MEHSJICA B 3aBU-
CHMOCTH OT YCJIOBUIM 00pabOTKH OT rotyOoro 0 4epHOro.

136



Puc. 68. [Ipunyunuanvhwlii 610 31eKMPOIUMUYECKOU AYEUKU 8EPMUKATILHO20 MUNA
0J151 NPOBeDeHUsL ONePayull J1eKMpPOXUMUYECKOU AHOOHOL 0OpabomKu
NJIeHOYHBIX Kpucmaniuveckux cmpykmyp PbX na kpemnuu:

1 — 6epxHaa yacms hmoponnacmosou 8aHHL € KOIbYEEbIM NAAMUHOBIM KAMOOOM,

2 — HUDICHASA YACMb BAHHBL C NIOCKUM MEMALIUYECKUM AHOOOM,

3 — Konvyo-yniomuumens, 4 — KpemHuesas noonodicka, 5 — oygepuwiii ciou Cak,,

6 — croui PbX, 7 — mooughuyuposannas (nopucmas) obracmeo, 8 — snekmponaum

Ilopucras o0JaacTn

PbX
=3

CaF:
Si(118—~>

Puc. 69. Cxemamuunwiii 6uo cmpyxmyp PbX/CaF,/Si(111) c noxanvhoiu
nopucmotl 06J1acmsio, NOJAYYEHHOU AHOOHOU INEKMPOXUMUUECKOU 00pabomKou

OCHOBHBIMM BapbUpPYEMbIMU NApaMETPaMU MPOIECCA AHOMAHOM
00pa0OTKH, TMO3BOJSIONIUMUA KOHTPOJIUPOBATH OCOOCHHOCTH IOJY-
JaeMBbIX TIOPUCTHIX 00JIACTEH, SIBJISIIUCH ITUTEILHOCTD IIpoliecca aHo-
TUPOBAHUS [,, U TFIOTHOCTh TOKA aHOAUPOBAHUS J,,, PACCUUTHIBaEMas
10 COOTHOIICHUIO

Jn =5 (14)

rae S, — miomaabp obpadareiBaeMoi moBepxHocTH. C ydeTom TOro,
YTO B UCHOJIB3YEMOW SUYEUKE AHOJHOMY BO3IEHUCTBHUIO TOJBEPracTCA
o0nacth B hopMme Kpyra guameTpom D, umeem
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4]

jan:nl)oz' (15)

KiroueBbIM acrekToM OCYIIECTBICHUS JIEKTPOXUMUUYECKOTO TpaBJe-
HUS SBIIETCS MOA00P cocTaBa TpaBUTENs. B kauecTBe pacTBOPOB IS
MPOBEJICHUS AJIEKTPOXUMHUUYECKOTO aHOJAHOTO TPAaBJICHUS TJICHOYHBIX
oopazioB PbX/CaF,/Si (111) Ha nepBom »Tare ObLIM BBIOpAHBI TPU
coctaBa: TpaButeiab Hoppa (Norr) [281, 282], moauduiupoBaHHbIC
tpaBurenu Hoppa (pazdasnennsie Bogoit 1 NH,OH) u tpaBuTens Ha
ocHoBe amMmuaka NHj u cynbdara nukenst NiSOy4. U3BecTHO, 4TO Tpa-
Butenb Hoppa mmpoko ucmonb3yercss s MOJMPOBKU TEJUTypHUAa
CBHHIIA TIPU BBICOKHX J/n (~200 MA/cm®). IIpoctoe morpyskeHne o6-
pa3noB Ha 10 MUH B TPaBUTEIU OMKUCAHHBIX COCTABOB HE MPUBOJIUIIO K
KaKUM-JTH0O0 U3MEHEHUSIM MOP(OJIOTHHN TOBEPXHOCTH TUIEHOK XaJIbKO-
TE€HUJIOB CBUHIIA. DTO CBUJETEIBCTBYET, YTO BCE OCOOCHHOCTH MOJIU-
¢dukamuu mwieHok PbX o0ycioBieHbl TPOX0XKACHUEM AJIEKTPOXUMHU-
yeckux peakiuid. [IpoBeneHne KOMIJIEKCa UCCIEIOBAHUN 110 ONITUMU-
3allU YCJIOBUHM DJIEKTPOXUMUUYECKON 00pa0OTKH IIJICHOK XaJbKOTCHU-
OB CBHIHIIA B Pa3IMYHBIX dJICKTPOJIMTAX Mokaszano [283], uro Hanbo-
nee 3(PEeKTUBHBIM ISl PEIICHUS 3aJauyd TOPOooOpa30BaHUS SBIISETCS
yucThld TpaButesb Hoppa, mns npuroroBienus 100 M koToporo
cmemmBarorcs 20 1 KOH nHa 45 M qucTWIITMPOBAHHOW BOJBI, 35 MIT
rimtepuna, 20 Mit ataHona. MoauduimpoBaHubie iekTpontsl Hop-
pa yCTyIawT YucToMY dJiekTposuty Hoppa mo cBoeit akTHBHOCTH, TO-
rja Kak 3JEKTPOJIUTHI HA OCHOBE HACHIIIEHHOIO BOJHOTO pacTBOpa
cylibdara HUKEISI 1 aMMHaKa CIIOCOOHBI TOJIBKO M3MEHSATH MOP(OII0-
THI0 TOHKOTO MPUITIOBEPXHOCTHOTO CJIO0S TUICHKHM XaJIbKOT'€HU1a CBUH-
na. [lostomy nmst hopMupoBaHUS MOPUCTHIX CIOEB XaJIbKOTCHHUIOB
CBUHIIA B JaJbHEHIIEM ObLI UCMOJIB30BaH KJIACCUUECKUN SJIEKTPOIUT
Hoppa 1pu BapuaLuH £, B HHTEpBaie 5—30 MHH 1 j,, = 1-10 MA/cM”.

3.1.2. Mopgho102usa nopucmoix nJaeHOK
U HAHONOPUCMbIX MHO20CA0UHbBIX cucmem PbX Ha kpemHuu

UccnenoBanus MOp(hOIOTUU HAHOCTPYKTYPUPOBAHHBIX XaJIBKO-
TEHUJO0B CBUHIA, ONHCAaHHBIE B TJIABE 3, NMPOBOJIWINCH METOJAMHU
COM Bricokoro paspeuienust Ha mukpockorie SUPRA 40 Carl Zeiss
npu coneiicteun B. B. Haymosa (IIKII «/[uarHoctrika Mukpo- u Ha-
HOCTpYKTYyp» Apl'Y-AD ®TUAH), MeTonaMu aTOMHO-CHJIOBON MHK-
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POCKONMUHU Ha CHEHUATU3UPOBAHHOM HCCIEAOBATEIBCKOM KOMILJIEKCE
NTEGRA Aura NT-MDT B noaykOHTaKTHOM pEXHME HAa BO3IyXE B
corpynaunuectBe ¢ M. H. I'epke, C. B. Kyrposckoii (Bal'V), a takxke
merogamu ACM B BbicOKOM Bakyyme Ha mnpubope Omicron UHV
AFM/STM B koonepanuu ¢ B. M. MopasuniiesiM, B. JI. JIeBUuHBIM
(D OTUAH).

B xone uccienoBaHuil yCTAaHOBJIEHO, UTO AHOJHAS JJIEKTPOXH-
Muueckasi 00padboTka B anekTposute Hoppa npuBoauT K ABYM mapai-
JENBHBIM MPOIECCaM: YMEHBIICHUIO TOMIIUHBI TieHku PbX Beienct-
BUE TIpoliecca NEKTPONOJIUPOBKU U K POPMHUPOBAHUIO MPUITOBEPXHO-
CTHBIX MTOPUCTHIX CJI0EB. BaXkKHO OTMETHUTH, UTO MapaMeTPphl MOPUCTON
CTPYKTYpPBI, BKJIIOUas W TOJIIUHY MOPUCTON 00JIaCTH, HAXOMASTCS B
CUJIbHOW 3aBUCHMOCTHM OT KOHIIEHTPALlMU HOCHUTENEHN 3apsa B UCXO/-
HOM TUIEHKE, BPEMEHM IMpoliecca, MIOTHOCTH TOKa aHOJAUPOBAHUS,
CTEINEeHU MOACBETKH U T. 1. [loaTOMy nasiee B KauyecTBE MpUMEPA MbI
IPOAHAJIM3UPYEM TOJIBKO HECKOJIBKO KOHKPETHBIX CUTYyallUi JJIs TIIe-
HOK TEJUTypHa U CEJIICHU]Ia CBUHIIA.

3.1.2.1. Ilopucrsie ciaou PbTe

PaccmoTpuM ocobeHHOCTH (hOPMUPOBAHUS TOPHUCTHIX CIOEB Ha
NpUMepe IUICHOK TEJUTypUJla CBUHIIA C HEBBICOKON KOHIICHTpalueu
nbipok npu 77 K (2-1017 CM_3), HAXOISAIIUXCS TP KOMHATHOM TEMIIE-
paTtype B 00JacTH CMEIIaHHOW MPOBOAMMOCTH W OOJamaronux 3¢-
(EKTUBHBIM 3JICKTPOHHBIM TUIIOM MpoBoAMMOCTU. Ha ncxoaHou mo-
BepXHOCTH TIeHOK PbTe TtommmHOM 2,3 MKM MPUCYTCTBOBaIU TH-
MUYHBIE JI SMUTAKCUAIBHBIX TUICHOK XaJbKOT€HUIOB CBHUHIA KPH-
ctaorpaduyeckoit opuentanuu (111) Ha KpeMHUEBBIX MOJIOKKAX
AMKH BBIXOJIa TpOHM3bIBaOIMX auciokauui. Ha puc. 70 npuBeneHo
ACM-u3o0paxenue noBepxHoctH mieHku PbTe B ucxognom cocros-
HUU C SIMKaMH BBIXOJIa AUCIOKaUi riayouHoi ~10 HM U ¢ TJIOTHO-
cteio  (6-7)-107 cm . Ilocme MpOBEICHMS AaHOMHOH 0OPaGOTKH
(Jan =24 MA/CMZ, tsn = 10-20 MuH) ToJIIMHA TEUTypUJa CBHUHIIA
yMeHbimiIack 10 500—1200 uM, a moBepXxHOCTH MIeHOK PbTe nmpuoo-
pena MoaupUIMPOBAHHYIO MOP(DOJIOTHIO, XapaKTePU3yIOUTYIOCs MPHU-
CYTCTBHEM HAHOJAOMEHOB C JarepaibHbIMU pazmepamu 40-300 HM u
MOBEPXHOCTHOI mIioTHOCTHIO ~1-10' eM * (prc. 71). Ha moBepxHoCTH
MPaKTUYECKU KaXJAOTo JOMEHa HAOIOMaMCh BBIXOJIbI HAKJIOHHBIX
nop (puc. 72).
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Puc. 70. ACM-monoepaghus munuuroeo yuacmra ucxooHol nosepxHocmu
anumakcuanvou nienku PbTe

Puc. 71. Tpexmeprnoe ACM-uzobpadicerue nogepxHocmu noOpucmozo cios
PbTe/CaFy/Si(111) (o, =2 MA/em’ ut,, = 10 MUH)
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Puc. 72. COM-u306pasicenue nosepxnocmu nopucmoeo ciosi PbTe/CaFy/Si(111)
011 pedcuma j,, = 4 MA/en?, t,, = 10 mun (@) Ujo, =4 MA/eM, t,, = 18 mun (6)

Puc. 73. COM-uzo6pasicenue Kpocc-cekyuu MHO2OCIOUHOU NOPUCOL CIMPYKMYPbl
¢ nopucmuim npunosepxnocmuwvim cioem PbTe/CaF,/Si(111) (pescum nonyuenus
Jan =4 MA/CM, ty = 10 mun), naxnon obpasya npu cvemie 70°
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Ha ckonax crpykrypel PbTe/CaF,/Si(111) nocne aHomHoro
TpaBJICHUS, BBITIOJIHEHHBIX 110 Hampasiienuto [110], Habmoganucey mu-
JVHIPUYECKUE TOPBI C TUAMETPOM 7/—26 HM, OPUEHTUPOBAHHBIE MOJ
yriioM ~35° k moBepxHOCTH (puc. 73). Pazmep mop mo3BoisieT HacH-
TUPUIIUPOBATH UX KAaK ME30IMOPhI MO0 MEXAYHApOIHOW Kiaccuduka-
mun [UPAC [270]. BaxxHoii 0COOCHHOCTBIO TOPUCTOU CTPYKTYPHI
SBUJIOCh pacIpocTpaHeHue Me30mop Ha riryouny 150-180 M, mpak-
TUYECKHU HE 3aBUCSAILYIO OT JUIUTEIbHOCTU 00pabOTKU B paMKax JlaH-
HBIX PEXUMOB. YMEHBIICHUE TOJIUIMHBI IJIEHKU J1al0 BO3MOXHOCTH
BbIPaOOTATh TEXHOJOTUUECKUE YCIOBUS, MO3BOJISIONINE (POPMHUPOBATH
NOJIHOCTBIO Me3omnopucTeie ciaou PbTe ¢ tommmuoit 200-250 umM Ha
kpemHuu (puc. 74) [284].

e

o

Puc. 74. COM-uzobpasicenue kpocc-cekyuu nopucmozco cios
MHO20C10iHOl cmpykmypol PhTe/PbSe/CaFy/Si(111) (ju = 4 MA/CM, tyy = 18 mun),
Hak1oH obpasya npu cvemxe 70°. Tonwuna PbSe 50 um. Temnas obnracme
8 HUJICHElU Yacmu CHUMKA — KDEMHUEBAsI NOOTIONCKA

Jlns aHanmy3a MPUYXH MOSIBICHHUS TTOPUCTONH MOP()OTIOTHH HEOO-
XOJMMO YYHUTBIBATh XapaKTEPHYIO OCOOCHHOCTh AIUTAKCHAIBHBIX
CJI0€B XaJibkoreHu10B cBUHIIA Ha Si(111), 3akitoyaroniyrocs B HAJIK-
YHUH MPOHU3BIBAIOIINX JACIOKAIUM C TNIOTHOCTHIO 1-110°-4-10 cM % n
TeppacupoBaHHOi Mopdonorun noBepxHoctu [280]. JlanHble Heon-
HOPOJIHOCTH CTPYKTYpbhl MOTYT BBI3bIBaTh IMporiecc (parMeHTalluu

OIIMUTAKCHAJIBHBIX IINICHOK HA4 HAHOJOMCHLI B IIPOLHECCCC AHOAHOI'O
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TpaBlieHUs. B TO e BpeMsl HE UCKIIFOYEHA U POJIb pEJlaKCallMU MeXa-
HUYECKUX HANPSOHKEHUN B IUIEHKE NPU aHOJHOM JJIEKTPOXMMHUYECKOU
oOpabotke. [IpoHu3biBarone IUCIOKAMK PACHPOCTPAHAIOTCS B
miaenke PbTe(111) mox yrimom 36° (yroa Mexay HampaBlICHUSMHU
[111] u [101]) [277], Onu3KuUM K YTy pacnpocTpaHeHUsl HalJroaae-
MBIX ME30II0P, OJTHAKO MPOBEACHHBIE OLIEHKU ITOKA3bIBAIOT, YTO MOPHI
UMEIOT IUIOTHOCTh HA HECKOJBKO MOPSAKOB BBIIIE, YEM JIHMCIOKALINH,
Y TIO3TOMY HE CBA3aHBI C MocieagHuMu. Kak nmpaBuiio, B MOJYIPOBOI-
HuKax opueHTauuu (111) mpeanodruTenbHOE pacpoOCTPaHEHUE TOP
COOTBETCTBYET OJHOMY M3 JIByX HaOOPOB IKBUBAJCHTHBIX HaIpaBJie-
Huil: <1 13> unm <100> [285]. B nepBoM ciydae yroma rnop Kk Hopmaiu
JIOJKEH COCTaBJIATh 29°, a BO BTOPOM — 35°, 4TO MO3BOJISIET CHIENATh
BBIBOJI 00 OMpEAEIISIIONIeH poJin KpUcTauiorpaduiIeckux HarpaBlie-

Huii <100> B mpouecce hopMupoBanus mezonop B ciosx PbTe Ha
Si(111).

3.1.2.2. Ilopuctsie ciou PbSe

IIporiecchl aHOAHOM 2JIEKTPOXUMHUUYECKOM 0O0pabOTKH IICHOK
PbSe comnpoBokaanuce 060ee BBICOKUMU CKOPOCTSIMU yIaJICHUSI TIPH-
MTOBEPXHOCTHOTO CJIOSI 10 CPABHEHUIO C TEJUTYPUJIOM CBHHIIA. JKCIIE-
PUMEHTAJIbHbIC M3MEPEHUS TOJIIHWH IMOKAa3aJlk, YTO YyJAJICHUE MaTe-
puyalna JUHEWHO 3aBUCUT OT IUIOTHOCTH TOKA aHOJUPOBAHUS U OT Bpe-
MeHH. JJIg mieHouHBIX 0OpasmoB PbSe mpu j,, = 2 MA/cM® ¥ 1, =
10 MmuH ynansercs cioi ToamuHon ~750 HM, a Jj1s1 00pa3loB C j,, =
4 MA/cM® U ty, = 10 MuH — TommHONH ~1500 HM. [TosydyeHHbie pe-
3yJbTaThl, BO-TIEPBBIX, HAXOISITCSA B COOTBETCTBUU C IAHHBIMHU PAOOTHI
[286], roe BHepBbI€ COOOMIANIOCH, YTO JIJI DJCKTPOIIOJUPOBKH Celle-
HUJIa CBMHIIA HEOOXOJMMBI 3HAYUTEILHO MEHBIINE TUIOTHOCTU TOKA,
yeM i Tesutypuaa. Bo-BTopsix, 11 PbSe B conepHuyecTBe mnporiec-
COB yJIaJICHUS CJIOSI M MOPO0Opa3oBaHus MpeoOIafarouM CTaAaHOBHUT-
Csl MEepBBIM (DAKTOP, YTO BHOCUT CBOM KOPPEKTHUBHI B OCOOCHHOCTH
dbopMUpOBaHUS MOPUCTOTO CJIOS.

Jns dbopMupoBanusa mopucthix cinoeB PbSe ucnonb3oBanuch
UCXOAHBIE TUICHOYHBIE SMUTAKCUATIBHBIE CTPYKTYPBI, HAXOMISIIUECS
IIpU KOMHATHOH TemIieparype B 00JIacTH CMEIIaHHOW MTPOBOJUMOCTH,
¢ MopdoJsiorueil IByX TUMOB. B mepBoM ciiydae MOBEPXHOCTh IJIEHOK
OblJJa pPOBHOW U HMeNa KJIACCHYECKUM TeppacUpOBaHHBIN BUJL.
Ha BcraBke Ha puc. 75 npuBeaeHo COM-u3zo0paxkeHue MoBepXHOCTH
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Takoi mieHo4yHou cTpykTypsl PbSe/CaF,/Si(111). Moaudukanus mno-
BEPXHOCTH ISl JaHHBIX 00pa3ioB PbSe mocne aHomHO# 35IEKTPOXHU-
MUYECKOW 00paboTKHU 3akitouanach B (YOPMUPOBAHUU MPUITOBEPXHO-
CTHOM HECIUIOLIHOM IUICHKH. Y CTAHOBJIEHO, YTO MOBEPXHOCTHBIA MO-
TGUIMPOBAHHBIN cjIoM uMeeT ToamuHy 10 90—100 HM, IpUTOM UYTO
HUKeIexKauil cioit PbSe ocraetcs HemoauduuupoBanHbiM. Tumnuy-
Hoe COM-u300pakeHre MOBEPXHOCTU IUIEHOK PbSe mokazano Ha
puc. 75. XOpolIo BUIHO, YTO MOBEPXHOCTHAS IUIEHKA MPEICTABISAET
coboil cucteMy CQOPMHUPOBAHHBIX B XOJAC DIICKTPOXUMUUYECKOTO
TpaBJIECHUS arjJoOMEpUPOBAHHBIX CerMeHTOB PbSe ¢ narepanbHbIMU
pazmepamu 80—400 aM. TosmmHa JaHHOM MJICHKM HNPAKTUYECKHA HE-
M3MEHHA M0 TUIONaau o0Opasiia, 4TO MOXKET ObITh OOBSICHEHO OJIHO-
POJHOCTBIO NEKTPOXUMHUYECKUX MTPOLIECCOB IO BCEH MOBEPXHOCTH.

Puc. 75. COM-uzobpasicenue nogepxnocmu snumaxcuaibHou nieHxku PbSe
) 2
nocie aHoOH020 mpasierust (jo, = 2 mA/ecm’, t,, = 10 mun). Ha 6cmaexe
8 MOM dice Macuimabde NOKA3aAHa UCXOOHAsL HAHOMEPPACUPOBAHHASL NOBEPXHOCHIb

BO3MOXHBIM TPaKkTUYECKUM MNPUMEHEHHEM JAHHOro 3(QeKrta
MOXET OBITh M3TOTOBJICHUE H30JIMPOBAaHHBIX OCTPOBKOB PbSe Hemo-
CPEACTBEHHO Ha MojjIokke Si. JlJis 3Toro HeoOXOauMO MPUMEHHTH
AHOJIHYI0 0OpabOTKY C BBICOKUMHU jo, U fyy, YTOOBI MOJHOCTBIO Y-
JUTh HIDKENeXauid HeMoaupuuupoBaHHbIi ciaoil PbSe mHorocnon-
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HOM CTPYKTYpPbI U OCTaBUTh HECIUIONIHYIO IJIEHKY HEMOCPEICTBEHHO
Ha KPEMHHUEBOM MOUIOKKE. ITOT MOAXO0H oKazaics 3P(HEKTUBHBIM, B
pe3yNbTaTe Yero CTajlo BO3MOKHBIM M3TOTOBJIEHUE MOJOOHBIX CTPYK-
Typ Uil UCXOJHBIX IJIEHOK C OTHOCUTEJIHHO HEOOJBIION IMEepBOHA-
JaJbHOM TOJIIMHOW (2 MKM) TpU JJIUTENIbHOM TpaBieHuu (1820
MuH). COM-u3o0paxeHrue MOBEPXHOCTH OCTPOBKOBOM TieHKH PbSe
Ha Si npuBeneHo Ha puc. 76,a, ACM-ngannsie — Ha puc. 76,6, 76,6.
MUKpPOCKONTMYECKHE HCCIAEAOBAHUA KPOCC-CEKIMI MO3BOJIMINA TOJ-
TBEPJIUTh, UTO B JAHHOM Clly4ae UMeEEeT MeCTO (hOpMHUPOBAHHUE arjo-
MEpPHUPOBAHHBIX OCTPOBKOB CEJICHHJA CBUHIA HEMOCPEIACTBEHHO HA
KPEMHUEBOU MOJIOKKE.

6 800

700 | I{ \ AA IJ-' \ 8

600 70 I \l /

500 60 |

N IR
o R

200

100 0 02 04 05 08 10 12 14 16
Hm

pm

Puc. 76. COM-uzobpasicenue kpocc-cekyuu (a) (Haxion npu cvemre 70°),
ACM-monoepaghus (6) u ACM-npogunoepamma (8) ocmposrogoti nienxu PbSe na Si
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Puc. 77. COM-u3o06pasicenue nosepxnocmu nienxku PbSe 6 ucxoonom cocmosnuu (a)
u nociie aHooHou oopabomku (6) (ju, = 4 MA/enm, 1, = 10 MUH)

Btopas rpynmna mieHouHbIX 00pa3noB PbSe o6nagana mpuHmu-
NUaJIbLHO APYyro Mopdosorueit HOBEpXHOCTH B UCXOJHOM COCTOSIHUH,
nokasaHHo# Ha puc. 77,a. [loBepxHocTh meHku PbSe sBusiercs pas-
BUTOM, YETKO PA3JICIICHHOW HAa TPAHYJbl MPAKTUYECKA OJIUHAKOBOU
TPEYroabHON (OPMBI, JaTepalibHbIe Pa3MEPbl KOTOPBIX HAXOMSTCS B
uarepBasie 100-300 M. I[IoBEepXHOCTH MOCIE AHOAHOTO TPABICHUS
NoKaszaHa Ha puc. 77,6 U XapaKTepu3yeTcs HAJIUYHUEM CJIOKHOTO IO-
PHUCTOTO CII0S1.
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Vo

Puc. 78. COM-uzobpadicenie nosepxnocmu uepapxuiecko2o nopucmozo cios PbSe
Gan = 8 MA/CM’, t4n = 10 Mun)

Kak BUIHO W3 TpeACTaBICHHBIX MHUKPOCKONMWYECKUX JAHHBIX,
JUISl TTIGHOK C TIEPBOHAYAJIBHOM TpaHyJIUpPOBaHHON MOpdoaoruei mo-
BEPXHOCTH HMMEET MECTO CYIIECTBEHHO HHas MOJIU(PUKAIMSA MPHUIIO-
BEPXHOCTHOIO ¢Jjios ToamuHon ~150-200 um [287]. ITopucras kapTu-
Ha MOXKET OBITh OMHMCaHA KaK Mepapxuyeckas MopucTas ceTh ¢ 0OJIb-
IUMH OTKPBITEIMU Makporniopamu (100-250 HM), Ha CTEHKaX KOTOPBIX
UMEETCS cUcTeMa MEHbIINUX Makponop (50—75 um) u me3zonop (15-20
HM) (puc. 78). C npyroii cTOpoHBI, Takas MOP(HOJOTUsSI MOXKET OBITh
npeAcTaBieHa Kak araomepaT PbSe kmacTepHBIX HAHOCTPYKTYp pas-
MepoM 30-50 HM, a Takke UX KPYIHBIX CKOIUIEHUH pazmepom 200—
350 HM, cBsi3aHHBIX MOCTUKaMu ToauHON 20—40 HM. [[onmoJHUTENb-
HBIC WCCIIEJIOBAaHUS METOAaMHU PEHTTeHOBCKON AU(PAKTOMETPUH BbI-
SBUJIM, YTO TIOCJIE€ aHOJIHOTO TpaBJieHUs JlaHHbIE ciou PbSe He moxka-
3bIBAIOT M3MEHEHMSI Kpuctaimorpadpuueckor opuentauuu (111) mo
CPaBHEHUIO C MCXOJHBIMU MOHOKPUCTAUIMYECKUMH IIJICHKAMU U HE
MPOSIBISIIOT KaKOW-IMOO AKCIEPUMEHTAIBLHO 3aMETHON amopdu3aiuu
WM NosiBiIeHus1 HOBbIX (pa3. Hambosiee BEpOATHOW MPUUMHON Takou
CJIOKHOM TTOPUCTON MOP(QOJIOTHH B TAHHOM CIIydae CIY>KUT HEOJIHO-
POJHOCTh BJIEKTPUUYECKOTO TOJIS MPU aHOJHOM 00pabOTKE IJICHOK C
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CHJIBHOPA3BUTHIM HCXOAHBIM MHUKpopenbedoM. B sTom ciyuae mpu
UCITOJIB3YEMBIX HHU3KHX IUIOTHOCTSAX TOKa IMOBEPXHOCTH MPEAIOYTH-
TEJIHLHO TPaBUTCS Ha Je(PEeKTax U HEOJHOPOIHOCTAX CTPYKTYPHI U Tpa-
HUIIBI 3JIEMEHTOB UCXOJHOTO peibeda CIyKaT MEeHTpaMU HyKJIealluu
op oOpa3yrolencss HAHOCUCTEMBI.

3.1.3. CmpyKkmypHble u (buzudeckue napamMempbwl
HAHOCMPYKMYypupo8AaHHbLIX NOPUCMBIX C/10€8
Xa/1bK02eHUAd08 ceUHYA

3.1.3.1. BetuurHAa MOPUCTOCTH U FreOMETPUYECKHE
napaMeTpsbl op

BaxnelmM napamMeTpoM MOPUCTBIX CUCTEM SIBISIETCS BEJIMUMHA
MOPUCTOCTU P, oripezenseMas Kak OTHOIIIEHUE OO0IIero oobema Iop K
NOJIHOMY 00beMy Marepuana. llepBocTeneHHON 3a7ayeil KoMIUieKca
UCCJICIOBAHNIM HAHOCTPYKTYPHUPOBAHHBIX TMOPUCTBIX CJIOEB XaJIbKOTE-
HUJIOB CBUHIIA SIBWJIOCh M3YUYCHHUE BIIMSHUS YCIOBUM aHOAUPOBAHMS Ha
BEJIMUMHY OPUCTOCTH IJIEHOK TEJUTYPHUA U CEJIEHUAA CBUHIIA, OIpeie-
JSIEMOM METOJIOM TIOJIHOTO BHEIIHETO OTPAKEHWS PEHTICHOBCKUX JIy-
yeil. JlaHHBIE SKCHOEPUMEHTHI TMPOBOAWINCH B COTPYAHUYECTBE C
A. 1L IlerpakoBeiM, C. B. [llunoBeiM (CeIkTI'Y). Ilockonabky Meron
UMEET MaJIo€ PaclpOCTPaHEHUE, OMHUIIIEM €TI0 MOIPOOHO.

PentreHoBckas pedaeKTOMETpUsl MNPEACTABISIET COO0M MeEToA
UCCIIC/IOBAHUSI TTPUIIOBEPXHOCTHBIX CJIOEB, OCHOBAHHBI Ha H3MeEpe-
HUU OTpa)kaTeJIbHON CIIOCOOHOCTH PEHTTEHOBCKOI'O M3JIyUYEHHS B YT-
J0BOM oOnactu mosiHOro BHemtHero oTpaxkeHus (IIBO). SBnenwue
[IBO peHTreHOBCKUX JIy4eld OCHOBAaHO HA TOM, YTO IPU OMPEIECIICH-
HBIX YCIIOBHSIX MoOkaszarenp npenomienus n<l. Ilokazarens npenom-
JI€HUSI HaXOAUTCS IO popmyJie

cos0,
n= =

=1-09,
cos0 (16)

riae 0y, O — yribl magaronero u NpeaoMIEHHOTO JTy4yeid COOTBETCTBEH-
HO, O — €IMHUYHBIN IEKPEMEHT mnokasateis npenomieHus. N3 ¢. (16)
CIIEIyeT, YTO B Mpejesiax HEKOTOPOro MHTEpBaja YIJIOB PEHTTEHOB-
CKHE JIy4d OyAyT OTpa)xaThCsA MO 3aKOHAM T'€OMETPUYECKON ONTHKH.
MakcuMalIbHBIN yToJ1 HAOIIOACHHS JAHHOTO SIBJICHUS ONPEIEIIeTCS C
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-6 o o
y4eTOM TOro, uto 0 = 10 °, a 6y — Masblil yroj, KOTOpPbIA HAXOIUTCS
U3 BBIPAKEHUS

2
8=1—cos60:2sin2(%0)z670. (17)

Takum 00pa3oM, MakCUMaJIbHBIM YroJl MaJeHus MEPBUYHOrO ITyUKa,
IIPY KOTOPOM ere Bo3MoxHO [1BO:

0, = 2+/5. (18)

DTOT yros Ha3blBaeTCs KPUTHYECKUM, 00O03HadaeTcs O, M CBsI3aH C

IJIOTHOCTRIO O0pasma p 4Yepe3 CIMHWUYHBIN JEeKPEMEHT ITOKa3aTells
MIPEJIOMJICHUS:

_e’N Zp\’
2ame® A

: (19)

T€ e — 3apsA] JIEKTPOHA, m — Macca JJIEKTPOHA, ¢ — CKOPOCTh CBETA,
A — JUTMHA BOJHBI U3Ny4YeHus, N — uncyio ABorajapo, Z — aTOMHBIN HO-
Mep, A — aTOMHBIN BEC.

Ha puc. 79 npexncraiieHa cxema UCIOIb3yEMOIO0 PEHTTEHOBCKO-
ro pediaekToMeTpa BbICOKOro paspeiieHus [288]. McTouHukoMm uzmy-
YeHUs CIYy>KWJa peHTreHoBckas Tpyoka bCB-27 ¢ MeaHbIM aHOIOM.
Usmepenns nposoauanck Ha usnydenun CuKa, (A = 1,54 A), Brige-
JsIeMOM U3 OOIIETO CIEKTpa TPYOKH NIEIEBBIM KPEMHUEBBIM MOHO-
XpPOMaTOPOM C TPEXKPATHBIM CUMMETPUYHBIM oTpaxkeHueM (111) u
BEPTUKAJIBHOW MENpI0 mupruHOW 0,1 MM, yCTaHOBIIEHHOM IOCIE MO-
HOXpomaTopa. M3 MoHOXpoMaTopa pEHTIEHOBCKOE U3Iy4eHUE Naaano
Ha oOpasell, HAaKJIOH KOTOPOr0 HAacTpauBajICs Tak, YTOObI HOpMaib K
MOBEPXHOCTH JIe’Kaja B IJIOCKOCTU PUCYHKA (B MPEAIOI0KEHUH, YTO
OTpPa)KarIlINe IUIOCKOCTH MOHOXPOMAaropa OpPUEHTUPOBAHbI MOJ00-
HbIM 00pa3om). Mznyyenue nocie pedieKTOMETPUUYECKOro OTpaxe-
HUA OT 00pa3ia PerucTpUpOBAIOCH JETEKTOPOM, B KAUECTBE KOTOPOTO
MCTIOJIb30BaJIC CHUHTUIIANMOHHBIA AetekTop bJIC-6. Ilepen nerek-
TOPOM YCTaHAaBIIMBAJacCh BEpPTUKaNbHasd Iienb mupuHon 0,1 mm. B

HYJIEBOM TOJIO)KEHUU HCCIEeAyeMblid 00paseln] Aenil NepBUYHBIN ITy-
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YOK IOMOJaM, YTO 00JIer4ajio TOUHOE ONpEEIeHUE Havyalla OTCYETA.
Ucnonb3oBasiach cxeMa ckaHupoBaHus 0-20 B 1IaroBoM pexuMe.
CkaHupoBaHHE MPOBOAWIOCH B YIJIOBOM MHTEpBAJIE TOBOPOTA 00pa3-
1a ot 0 7o 25 yra. mun ¢ marom 0,05 = 0,005 yrin. mun. [Tpubop, no-
Ka3aHHBIM Ha puc. 79, sBisieTca AByxoceBbIM. IlepBas ochk npenHa-
3Ha4YeHa JJI1 HACTPOMKM MOHOKPHCTAJUIMYECKOTO MOHOXpOMAaTopa, a
BTOpas — JIJIsl MOBOPOTa 00pa3lia B 3aJJaHHOM MHTEpBaJie yrioB 0.

Haxnon

" / D
VToJ1 oBO- \

poTa 0bpa3- / > S{T:ron HI0BO-

na ’,bOTa JETEK-
- TOpa

Puc. 79. Cxema pegrexmomempa 6vicoko2o paspeuterus:
R — penmeenosckas mpyoka, 1 — oepanuuusaowas nyyox web,
2 u 3 — sepmuxanvrule weau wiupunou 0,1 mm,
K — monoxpucmann Si ¢ wenesvim xananom, O — obpasey,
D — 0oemexmop, cmpenxoii nokazar xo0 penmeeHosckux nyyeti [288]

N3 npoBeAeHHBIX W3MEPEHUN MOIydYaluCh JTaHHBIC JJIS TTOCTPOCHHS
(GYyHKIIMOHAIBHOM 3aBUCUMOCTH KOA(PHUIIMEHTA OTpa)KEHUsI OT yrIJja
noBopoTa oopasna R = f(0), xapakrepusyroiieid [IBO B koHKpeTHOM
ciaydae. ['maBHOW NMPUYMHOMN, BBI3BIBAIONIEH U3MEHEHHE (POPMBI KpH-
BoM R=f(0), sBisieTCS MUKPOT€OMETPHUSI TTOBEPXHOCTU U HAIUYHE He-
OJIHOPOJIHOCTEH B MPUMOBEPXHOCTHOU 0OJsacTu oOpasna. OnbIT noka-
3BIBACT, UTO KAaY€CTBO IMOBEPXHOCTH IUICHOK, MOJYYECHHBIX METOJI0M
MOJICKYJISIPHO-Ty4Y€BOM AMUTAKCHH, MTO3BOJIIET MIPEHEOPEUb BIUSHUEM
MUKpopenbeda Mo CPaBHEHUIO C MOPUCTOCTHIO, MOSBISAIONICIHCS TTIPU
AIEKTPOXUMHUYIECKOM TPABJICHUHM TUICHOK. [losiBJIeHNE TTOp IPUBOAUT K
CHIPKEHUIO OTpa)kaTeJbHOM CHOCOOHOCTH TOBepxXHOCTH (R<1),
YMEHBIIICHUIO KPYTU3HBI OOJIBIICYTJIOBOM IpaHUIIbI, YBEIMUYCHHUIO €€
IPOTSHKEHHOCTH U CMEIeHuIo0 kKputraeckoro yria (0.) IIBO B cropo-
Hy Majibix yrioB. [lopel B MPUIIOBEPXHOCTHOW OOJACTH SIBISIOTCS
CylecTBEHHbIM (hakTopoM, ompeaenstomuM Gopmy kpusoit [IBO u
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BennuuHy 0. [Toatomy gopma kpuBoit R = f(0) u BenuuuHa O, sSBIIS-
I0TCSl OTIPE/ICICHHBIMU UCTOYHUKAMU MH(POpMAIU O TIOPUCTOCTH 00-
pasua.

JIist  KOHTpOJIA TMOPUCTOCTH OBUIM  BBIOpaHBI  CTPYKTYPHI

PbTe/CaF,/Si(111) u PbSe/CaF,/Si(111), pexxumbl 00pabOTKH KOTO-
PBIX IPUBEICHBI B Ta0I. 5.

Tabnuua 5

Benuuuna nopucmocmu cnoee PbX 6 3agucumocmu
OMm PeHCUMO8 AHOOHOIL IJIEKMPOXUMUYECKOU 00padomKu

No [Inenka Jans MA/CM’ fan, MMH HOP}I;I’C;()’CTL

1 PbTe 2 10 41

2 PbTe 2 20 52

3 PbTe 4 10 45

4 PbTe 4 18 68

5 PbSe 4 20 62

6 PbTe 6 10 >0

7 PbTe 8 10 10

Ha puc. 80 mpuBeaeHbl TUNMWYHBIE SKCIIEPUMEHTAJIbHBIE HHTE-
IpaJIbHbIC KPHUBBIC PEHTICHOBCKON peQICKTOMETPUU MJia 00paslia
PbTe/CaF,/Si(111) (na npumepe obpasiia 6 B Taba. 5) B UCXOJIHOM
COCTOSIHMHM M Tociie o0paboTku B anektposute Hoppa. YBenuuenue
MHTEHCUBHOCTH C YTJIOM MOBOPOTa oOpas3lia 00yCJIOBIEHO yBeluye-
HUEM 00JIACTH OCBEIICHUS PEHTICHOBCKUM ITyYKOM YaCcTH IMOBEPXHO-
cTu obOpasna. B 0061acTu KpUTUUECKOTO yTila MHTEHCUBHOCTH PE3KO
nagaer. Kputnueckuii yron 11BO, onpeneneHHb 0 yrioBoMy IO-
JIO’KEHHUIO TOYKH ¢ MHTEHCUBHOCTBIO PaBHOM MOJIOBUHE BBHICOTHI B 00-
nactu ymesbinenus [1BO, mis ucxomroro m obpadoTaHHOro obpas-
1IOB cOCTaBui O.,, = 21,26 u 0., = 14,98 yril. MUH COOTBETCTBEHHO.
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0,75

k=]
M
w

HOPMMWPOBAHHAA MHTEHCUBHOCTb (O‘I’HGCMTEHbeIE EAPIHMU,bI)
o
w

5 10 15 20 25

yron nosopota obpazua (yrn.mun)

Puc. 80. Tunuunvie unmeepanvHvie Kpusble peHmeeH08CKOl peiekmomempuul
obpazyos PbTe/CaFy/Si(111) oo (kpusas 1) u nocne (kpusas 2)
AHOOHO20 2NIEKMPOXUMULECKO20 MPAGIEHUS

[IpuBeneHHbIE KPUBBIE HOPMUPOBAHBI MYTEM MPUHATHS MaKCH-
MaJibHOW MHTeHCUBHOCTHU B obyactu [1BO 3a enunauity. Kputnueckuii
yToJl UCXOJTHOTO 00pa3iia HEMHOIO MEHbBIIIE BBIUUCIEHHOTO TEOPETH-
YECKHU 10 TOJIAPU3YEMOCTH IUICHKH O = |X0| 2 =21,83 yIJI. MHH.
DT0, OYEBUAHO, OOBSICHSIETCS HEPOBHOCTHIO MOBEPXHOCTH 00Opasla,
dbukcupyeMoir MetojiamMu Mukpockonuu (pasnen 3.1.2). 3HauuTelnb-
HOE YMEHbIIeHUE O, mociie aHOUPOBAHUS OOBSICHAECTCS YMEHBIIICHU-
€M PEHTI€HOBCKOMW IJIOTHOCTH B pe3yJibTare nospieHus nop. CreneHsb
MIOPUCTOCTH 0Opasia 6, olleHeHHas 1o Gopmyie

P=1- (eca /Ocna )27 (20)

coctaBuna 50%. IlorpemHocts mMeTona — 1%, riyOuHa TecTUpOBa-
Hus — 200 aM.

N3 npuBeneHHBIX B Ta0J. 5 JaHHBIX BHIHO, YTO BEIMYMHA IIO-
PHUCTOCTH XaJIBKOT€HHUIOB CBHHIIA MOYKET MEHSTHCS B ITUPOKOM JIHa-
nazoHe ot 10 10 68% B 3aBUCMMOCTH OT YCJIOBUH aHOJHOTO TpaBJie-
Hus. [Ipu 3TOM MakcHMallbHasi TOPHCTOCTh 00Pa3IoB COOTBETCTBYET
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OOJIBIIMM BpEeMEHaM aHOJIHOW 00paboTKu. s BpeMEeHH aHOIHOTO
ANEKTPOXUMHUYECKOTO TpaBjieHHUs B TeueHue 10 MuH BeIMYMHA MOPUC-
TOCTH TPOXOJUT MAKCUMyM MPU TJIOTHOCTH TOKAa aHOAMPOBAHUS 6
MA/cM’. JIOKaIbHBIC AHOAMPOBAHHBIC OOIACTH, MONYYCHHBIC MPH
MAKCHMAaJIBHBIX [UIOTHOCTSIX TOKa (8 MA/cM?), XapaKTEepU3yroTCA He-
BBICOKUMH TIOKa3aTEeJIsIMU MOPUCTOCTH. M3 cpaBHEHUsI BEJIMYUHBI T10-
pUcTOCTH 00pa3iioB 1—4 BUAHO, YTO yBEJIWYEHHE BpeMeHU 00pabOTKHU
MPUBOJIUT K BO3PACTAHUIO BEIUYMHBI TOPUCTOCTU. CTENEHb OPUCTO-
cTu PbSe 3aBUCUT OT TEXHOJOTHMUECKUX PEKUMOB MPUMEPHO TaK K€,
kak u g PbTe.

TakuMm o0pa3oM, pe3yJibTaThl CBUAETEIbCTBYIOT O BO3MOXKHOCTH
CO3/IaHUs BBICOKOMOPHUCTHIX MatepuanioB PbTe u PbSe c mopucro-
cThio 10 50-68% mnpu aHOgHOM TpamieHUH B 3nektponute Hoppa.
VYcraHoBeHa cuiibHAs 3aBUCUMOCTh BEIIMYMHBI MOPUCTOCTH ILJICHOK
XaJIbKOTEHUJOB CBHUHIA OT YCJIOBUM AHOJHOU JJIEKTPOXHUMHYECKOU
o0paboTku. OnTUMaIbHBIMU 11 GOPMUPOBAHUSI MAKCUMAJILHOM MO-
PUCTOCTH TPU TPOUYUX PABHBIX YCIOBHUAX CIIEIYyeT paccMaTpUBATh
PEXKUMBI, OTHOCSAIIIUECS K MaJIbIM TJIOTHOCTSM TOKa M OOJBIIUM Bpe-
MEHaM, TIOCKOJIbKY B 3THX CIIy4asX TOJIIIMHA YJAJIEHHOTO B XOJI€ aHO-
JTUPOBAHUS PUTIOBEPXHOCTHOTO CJIOS SIBISETCS MUHUMAILHOM.

JIst xapakTepu3aluu CTPYKTYPHBIX MapaMeTPOB MOPUCTHIX CIIO-
eB PbX u omnpeneneHuss reoMeTpUYECKUX pa3MeEpPOB Mop B 00bEeME Ha-
HOCTPYKTYPUPOBAHHBIX OO0JacTel ObUTM MPUMEHEHBI METOJbI TpPEeX-
KPUCTAJILHOW M JABYXKPHUCTAJIBHON PEHTIC€HOBCKOWU NUQPPAKTOMETPHH,
noApoOHO onucaHHbIe B padote [288]. [Tomyyaemast ipy 3TOM KpuBas
nudpaxuronHoro orpaxenus (KJIO) 3anuceiBaeTcst myremM moBOpoTa
oOpa3iia Ha yrojl o0 OT TOYHOTO0 OP3rTOBCKOTO MOJIOKEHHS. B ocHOBe
METOAA JISKHUT TO, YTO NUP(PY3HO pacCcesHHbIE BOJHBI KOHIICHTPHUPY-
I0TCS B Majiol YIrjoBOM 00jacTv BOJM3U HaIMpaBJICHUsS BHIXOAA JIH-
dbparupoBaHHOM BOJIHBI MO/ YIJIOM bparra, mojaokeHue ux MakCUMYy-
Ma 3aBHUCUT OT THUIAa ASHEKTOB, MX PACIOJIOKEHUS W psijaa JIPYTrux
daxropoB. [IpoBoas ckanupoBanue aupPy3Horo paccessHusi B oopar-
HOM MPOCTPAHCTBE BJOJIb OCEH ¢, U ¢,, MOKHO TOJy4aTh CCUCHUS
nuddy3Horo makcumyma. Ero mmpuHa omnpenensieT XapaKTepHbBIC
pasmepsl 1eEeKTOB, B JAHHOM ClIy4ae — BEJIMYMHBI ITPOEKIUN TTOp Ha
COOTBETCTBYIOIIUE OCH B MOPHUCTHIX MOJYIMPOBOJIHUKOBBIX KpHCTa-
muyeckux meHkax PbX. Ock g, 06paTHOro NMpoCTpaHCTBA HampasJe-
Ha BJI0JIb MIOBEPXHOCTHU 00pasiia, a och ¢, — BJI0OJIb HOPMAJIM K JJAHHOU
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MOBEPXHOCTU. B Touke MX mepeceueHHs HaXOJUTCS y3esl OoOpaTHOM
pemeTkn. PacmpeneneHne WHTEHCHMBHOCTH BOKpPYT y3ja oOpaTHOMU
penieTku mpeacTaBisieT cobor ¢pypbe-o0pas dakTopa GopMbI pacceu-
Baromiero oobekTa. B kunematnueckom mnpubamxenuu [288, 289] mo
muprHe IU@PQGYy3HOro MUKa MOXKHO OLUEHHUTHh pa3sMep Mop BIOJb IO-
BEPXHOCTH:

L, ~ \/2A0,sin0;, 21)

rae AO, — mmpuHa nud@dy3HOro nNuKa Ipu CKAaHUPOBAHUU BIIOJIb OCU
q.. CpenHuit pazmep nop mno riyouHe:

L. ~\/2A0.cos0g, (22)

rae AO, — mupuHa n1uddy3HOoro nuka Ha CEYEHUH BIOIb ¢,. [lomyuuB
3Ha4YeHus L, u L., MO)XHO YCTaHOBUTH (hOpPMY TIOP.

B pabotax [284, 288] npuBeieHO ONMCaHKE SKCIIEPUMEHTAIbHBIX
TaHHbBIX U1 eHoK PbTe, mopdomorus mop KOTOphIX MOAPOOHO Mpo-
aHanu3upoBaHa B pazaene 3.1.2.1. Pe3ynbTaThl peHTT€HOBCKUX UCCIIE-
JIOBAHUM C XOPOUIEH TOYHOCTHIO COBIAJAIOT C JAHHBIMU AJIEKTPOHHOU
MUKpPOCKONIUU. B 000MX ciayuasx HaOJIOAAaeTCsl OJWHAKOBAs KapTHHA
pacIpoCTpaHEHUsI HAKJIOHHBIX Me3omop Ha Tiyouny 140—180 awm.

3.1.3.2. Moauduxamusi 3J1IeMEHTHOI0 COCTABA,
IEKTPUYECKUX M ONITHYECKHUX XaPAKTEPUCTHUK
npu (popMUPOBAHMH HAHOMOPHUCTHIX XaJIbKOT€HUI0B
CBMHIIA C HUI3KOPA3MEPHBLIMH CTPYKTYpPaMu

JIist mpoBeieHUsT 3JIEMEHTHOTO aHayin3a MOPHUCTHIX cloeB PbX
ObLT TPUMEHEH METOJ, BTOPUYHOM HOHHOM MacC-CIEKTPOMETPUU
(BUMC). HccnenoBanusi nmpoBOJWINCH ¢ momoibio npudopa CA-
MECA IMS-4f B corpyauudecte ¢ C. I'. Cumakunbim (LIKIT «Jluar-
HOCTHUKA MUKpPO- U HaHOCTPyKTyp» SApl'Y-AD ®TUAH). B ocHoBe
Metoga BUMC nexut jgokaiabHas O0MOapAupOBKa MOBEPXHOCTH 00-
paslia TMEpBUYHBIM MYYKOM HOHOB C TMOCIEIYIOIIEd Macc-
CIIEKTPOMETPUEN UCITyCKAEMBIX BTOPUYHBIX YACTHIL.

Pesynbratei BUMC-ncciieioBanuil 3JIEMEHTHOTO COCTaBa IuIe-
HOUYHBIX 00pa3iioB PbX/CaF,/Si(111) B UCXOHOM COCTOSIHUM W TIOCTIE
npolecca EKTPOXUMUYECKON 00pabOTKY MPOAHATTU3UPYEM HA TIPUME-
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pe PbTe ¢ ucxomanoit Tommunaon mwieHku 4,5 MKkM. OCOOCHHOCTBIO JIaH-
HBIX 00pa3IIOB SIBJISIIACH BHICOKAsI KOHIICHTPAIIUS SJICKTPOHOB 71 = 8-10"
CM °. AHOZIHOE TPABIICHHE TIPOBOIIIIOCH TIPH /o = 7,5 MA/cM” B TeueHHe
10 mun. Tommuua mienku PbTe nmocne aHogHOM 00pabOTKH paBHsLIACh
2,8 MmkM. ['myOnHa uccienoBaHHbIX obsiacted cocrapisia 1,2-1,5 Mkwm.
Ocoboe BHUMaHWE YACISUIOCh aHAIM3Y XUMHUYECKUX 3J1eMeHToB Pb, Te,
H, C u K, mpucyTcTByrOmmx B COCTaBe IUIEHKU U TpaBuTens. Mccneno-
BAHUA MOKAa3aJd, YTO HA MOBEPXHOCTM MUMEET MECTO CJIOM TOJIIIMHOU
150-200 HM, XapaKTEepU3YIOMMUCS MOBBIIIEHHBIM COJICPXKAHUEM YTJIE-
pona [290], uTo CcBsI3aHO C 3arpsI3HEHUEM TTOBEPXHOCTH OOPA3IOB IPHU
WX XpaHEHUH Ha BO3yXe. ITa 00JacTh BO BHUMAHKE HE TPUHUMAIACh U
B JIAJIHEHIIIEM HE aHAJIM3UPOBAIACH.

[Ipodunb pacnpeneneHus: 3IEMEHTOB MO TUIyOMHE MCXOIHOU Te-
TeposnuTakcuanbHor cucrembl PbTe/CaF,/Si(111) npuBenen Ha
puc. 81,a. B o0beMe TIeHKH JETEKTUPOBAIUCH OCHOBHBIE KOMITOHEH-
Thl OMHAPHOTO COEIMHEHUS (CBUHEN, TEJUIyp) U TEXHOJOTHUYECKHE
npuMecH (BOJIOpoI, Kalluid, yriaepon). Pacnipenenenue 3Tux npumecei
M0 TOJIIIMHE IJIEHKU SIBIISIOCh PaBHOMEpPHBIM. Pacrnipenenenue xumu-
YEeCKUX 3JIEMEHTOB B ciioe PbTe mociie 31eKTpoXuMHU4ecKoro TpasJe-
HUSI TPOJIEMOHCTPUPOBAHO Ha puc. §1,0. Bce yka3aHHbIe paHee XUMHU-
YECKHE DJIEMEHTBhl OOHApY>KUBAIOTCSI WU B O0OBEME aHOIUPOBAHHOU
wieHku. Ux pacrnpeneneHue no riiyOuHe sIBIsSETCS OAHOPOAHBIM, HO
3HAYEHUS UHTEHCHUBHOCTU 3JIEMEHTOB M3MEHUJIUCH MO CPABHEHUIO C
UCXOAHBIM COCTOSHMEM. [[ns1 BuU3yalM3alvu pe3yJbTaToB, MOJTYYEH-
HeIX B xoie BUMC-uccienoBanuii, npeacrabieHbl rpaduku, orpa-
JKarolue npoduian uHTeHCUBHOCTEHN 11711 noHOB Pb u Te (puc. 82), no
U TIOCJIE OMNEpalMy aHOJHOIO 3JEKTPOXUMHUYECKOro TpaBiieHus. U3
puc. 82 BUJIHO, YTO B pe3ybTaTE DJICKTPOXUMUUYECKON 00pabOTKU UH-
TEHCHUBHOCTH I HOHOB Pb yBenuuuBaeTcs B cpeiHeM B 3 pasa, a Jjis
noHOB Te yMmenbmiaercs B 6 pa3. B pe3ynprate MOKHO TOBOPUTH O
JIOBOJIBHO CYIIECTBEHHOM HApylIEHUWU cTexuomeTpuu ruieHku PbTe.
[locne aHOAHOTrO TpaBieHUS OWHAPHOE COCIMHEHUE OKa3bIBACTCS
oOoraiieHHbIM CBUHIIOM MO OTHOIIEHHUIO K XanbkoreHny. CiaeacTtBuem
ATOTO SABJISICTCS COXPAHCHUE n-TUIA MPOBOJUMOCTH JJIsI TOPUCTHIX
CJIO€B, YTO MOATBEPKIACTCS SIKCIEPUMEHTAIBHO. AHAIN3 JJAHHBIX TSI
nonoB H, C u K moxkazay, 4To mpu aHOJHOU AIEKTPOXUMHIECKOU 00-
pabOTKEe MPOUCXOJUT YBEIUYECHUE BEJIUUYMHBI WUHTEHCUBHOCTU JIJIS
noHoB H (mpumepno B 2 paza) u C (B 9 pa3) U 3HaUUTEILHOE YMEHb-
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ImeHre MHTeHCUBHOCTH sl noHoB K (B 100 pa3). ITo cBUAETENbCT-
BYET O TOM, 4YTO JOTIOJHUTEIbHBIC BOJOPO/ U YIJIEPO BXOJAT B 00b-
€M MaTepualia, a Kajauid IMOKHJAET €ro MpH aHOAHOM TPABJICHHUMU B
anektposure Hoppa.
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Puc. 81. 3asucumocmo unmencusnocmeti oemexmuposarus oaa Pb, Te, H, C u K
om 8pemMeHU PAcnblieHUs. (NPONOPYUOHATbHOU 21yOUHe C105) 0I5l UCXOOHOU (@)
u obpabomannoii (6) nienox PbTe

[IpuBenennbie Ha puc. 81 u 82 pe3ynbTaTbl NOATBEPKAAIOT
IPOXOKACHUE MPOIECCOB MOPOOOPA30OBaHUS MPU JAHHBIX YCIOBUSX
Ha Oousbiue rIyOuHsbl (MO KpaiiHeu mepe, A0 1,5 Mkm). B Tex pexu-
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Max, TJie MOpooOpa3oBaHKME PACHPOCTPAHSIIOCh Ha TOHKHUE MPHUIIO-
BEpXHOCTHBIC 0bOsiacTu (paszaen 3.1.2.1.), onucaHHble U3MEHEHUS XU-
MHYECKOTO COCTaBa XapaKTEePHbI TOJNBKO il Tiyoun 170-250 um. B
HUKeJexKallell 00J1acTh TJICHKU AJIEMEHTHBIN COCTaB UACHTUYEH CO-
CTaBy HE0OOpaOOTaHHOM IJIEHKH XaJbKOTE€HH]1a CBUHIIA.
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Puc. 82. Cpasnumenvuwiii ananuz unmencuenocmeti 0nsi uonos Pb (a) u Te (6)
6 niernxe PbTe 0o u nocne anoonoz2o mpaenenus

DOopMHUPOBAHKUE MOPUCTON CTPYKTYPHI MOJYIIPOBOJHUKOB HEH3-
OCKHO TMPUBOJUT K M3MEHEHHUIO DJJICKTPUYECKUX M ONTUYECKHUX

CBOMCTB mMarcepuajia, 4ro 00BSICHSIETCS HCJIbIM KOMIUICKCOM IIPUYHH —
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OT MOSIBJICHUS BO3AYIIHBIX (MJIM 3aMOJHEHHBIX) MTyCTOT JO MPOIIECCOB
o0eHEHUsI HOCUTENICH 3apsijia Impu mopooOpazoBaHuu. Tak, Hampwu-
Mep, I TOPUCTOTO KPEMHUS YJIEIbHOE COMPOTUBIICHUE 1O CpaBHE-
HUIO C UCXOJIHBIM COCTOSIHUEM YyBEIW4YuBaercs ot 1,2 1o 10 pas, 4To
POaHAIU3UPOBAHO JIJI PA3IUYHON MOP(OJIOTUU TOp U ISl pa3jind-
HBIX CUTYyalluil U3MEHEHUSI KOHIIEHTpAIlMi HOCUTENIeH B padote [291].
[ToaToMy 3ajmaya wHccieOBaHMUS BO3MOXKHBIX BapHalldil IMOBEICHUS
YACTBHOTO CONPOTUBIICHUS HAHOCTPYKTYPUPOBAHHBIX MOPUCTHIX
MJICHOK XaJIbKOT€HHUJIOB CBUHIIA MPEJCTABIAET OCOOBIN MHTEPEC KaK C
TOYEK 3pEeHUsS (PU3NYECKUX MPOLIECCOB B JIAHHBIX Marepuaiax U UX
MPAKTUYECKOTO UCIOIb30BAHMUS.

O06o0011as pe3yabTaThl U3YYEHUSI BEIUYMHBI 3JICKTPOIPOBOIHO-
CTH B MOPHUCTBHIX MaTepuaigax TEUTypuJa CBHUHIIA, OTMETHUM, UYTO HET
€IMHOM YHUBEpPCAIbHOM TEHJCHLIMUA W3MEHEHUs YJIEIIBbHOIO COIIPO-
tuBiienust PbTe npu mopooGpazoBanuu. B pabore [280] moka3zaHo,
4TO [T Ciydasi oOpa3oBaHus mop B mieHkax PbTe(Bi) ¢ n = 2:10"
CM ° IpH MOPHCTOCTH, ONPEACICHHO PEHITCHOBCKMM METOLOM, B
50% nmMeeT MecTO yBEIWUYEHHE yaeIbHOTO conpotusieHus npu 300 K
B 2,4-2,5 pa3. Takoe u3MeHEHHE COOTBETCTBYET Teopuu 3(PpheKTHB-
HOU Ccpelibl B IPEANOJIOKEHUU OTCYTCTBUSI MPOIECCOB O0ETHEHUST HO-
curenen 3apsaa. B paMkax Takoro moaxoja BEJIWYHMHA MTOPUCTOCTU P
CBSI3aHA C BEJIMYMHON YJIETBHOTO CONPOTHUBJICHUS B MCXOJHOM CO-
CTOSIHUH p U TOCJIe TOPooOpa3oBaHusl p * COOTHOIIEHUEM

_ pF*-p
P_,O*-I-O,S,O' (23)

Benmnuuna mnopuctoct, omnpeneneHHas u3z ¢. (23), cocraBiser
(49£1)%, 4TO MOJTHOCTBHIO COOTBETCTBYET 3HAUEHUSIM P, paccuuTaH-
HbIM 110 MeToy [1BO.

B pabote [292] npu u3ydeHUHU SJEKTPOMPOBOJTHOCTH TOHKHUX
nopucThix cioeB PbTe, onucanawix B pazaene 3.1.2.1, 6pu1 00HAPY-
KeH A(DPEeKT aHOMATBLHOrO HM3MEHEHHUS YJEIbHOTO COMPOTHUBIICHUS
npy MOpooOpa3oBaHUU. Y IETbHOE CONMPOTUBICHUE UCXOJHBIX MOHO-
KPUCTANIMYECKUX TUIEHOK Teutypuaa cBuHia npu 300 K cocrasisiio
(9,640,5)-10 > Om-cm. TTOpHCTBIH IPUIIOBEPXHOCTHBIA HAHOCTPYKTY-
PHUPOBAaHHBIN CIIOM UMEI TONIMUHY 10 200 HM, BETMYMHA OPUCTOCTH,
omnpezeeHHasi METOJIaMi PEHTTCHOBCKOU pedIeKTOMETPUU, HAXOIH-
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nack B uHTepBaiie 41-68%. Pe3ynbraTel u3MEpEHUs! BEIMYKUH yAEb-
HOT'O COINPOTHUBIICHUS U KOd(dduiMeHTa Xoiuia Mocie 3MEKTPOXUMHU-
YECKOro TpaBJeHUs ObUIM MPOAHAIM3UPOBAHBI B paMKax JBYXCIIOMN-
Hoit monenu Iletpuna [293]. DdbdexkTuBHBIN TUIT TPOBOAUMOCTH ILJIe-
HOK TEJUTypHUJa CBUHIIA HE M3MEHWICS U TOcje 00pabOTKU OCTasCs
ANEKTPOHHBbIM. HeEoXuAaHHBIM SBUJIOCH YMEHBIICHUE BEIIMYHHBI
YACIBHOTO CONPOTUBJICHHUS TOPUCTOTO CJIos a0 3HadeHud (1,2—
2,4)102 Om-cM. YMeHbILICHNHE YAEIBHOTO COMPOTHUBJIEHUS MPU MOPO-
00pa3oBaHUU B HECKOJBKO pa3 SIBISAECTCS aHOMAJIbHBIM U HETUITUYHBIM
a3 PeKkTOM IS TOPUCTHIX MOTYIPOBOIHUKOB [270, 291].

JIst OOBACHEHUS! TIOJIYYEHHBIX PE3YyJbTaTOB MOXET OBITh Mpe/I-
JI0’K€Ha MOJIEJb, COTJIACHO KOTOPOH HE0OXOAUMO MPUHUMATH BO BHHU-
MaHUE Kak MOSBJICHUE MOP (TEHIEHIUS YBETUYCHUS yIeIBbHOTO COMpO-
TUBJICHUS), TAK U U3MEHEHUE CTEXHMOMETPUH OWHAPHOIO COEIUHEHUS
npu  Tpoleccax MopooOpa3oBaHus (TCHACHIMS YBEIUYCHHUS WU
yMEHBIIEHUS ylieabHoro conportusienus). Jlanasie BUMC, kak Obuio
OMMCAHO BbIIIE, TOKA3BIBAIOT, YTO MIPHU MPOBEJICHUHN aHOJIHOTO TpaBJie-
HUS SMUTAKCHAIBHBIX IUICHOK TEJUTypUIa CBHHIA B TpaButTeiae Hoppa
MPOUCXOJUT H3MEHEHHE COOTHOILICHHUS XUMHWYECKHX DSJIEMEHTOB B
IJICHKE B MOJIb3Yy CBUHIIA. M3BecTHO [1], 4TO yBEennueHue coaepkaHus
CBUHIIA IO OTHOUIEHUIO K TEJUTYpy MPUBOAUT K YBEJIUYECHHUIO KOHIICH-
Tpauyy HOCUTEJIEH B MATEPHUAJIC 1-TUIA U K YMEHBIIIEHUIO B MaTEpUaJIe
PbTe p-tuma. Mcxonst u3 3TOro MOHSATHO, YTO B IJICHKAX TEJLTypHJIa
CBHHIIA C TIPEACIIBHO OOJIBIION KOHIICHTpAIIUEH dJIEKTPOHOB (1 = 2- 10"
CM °) U3MCHEHHEM MOCIeAHell IpH aHOIHON 06paGOTKE MOXKHO Ipe-
HEOpeYb U y/IeJIbHOE COMTPOTUBJICHUE MOBBIIIACTCS B OCHOBHOM 3a CUET
MOSIBJICHUST HEMPOBOAIIMX IMyCTOT. B ciyuae, korma oOpasibl Haxo-
IATCS B 00JIaCTU CMEIIAHHOW MPOBOAUMOCTH, OHM MPUOOPETAIOT BBbI-
COKYIO UYBCTBUTEIHLHOCTh K BO3MOKHOMY M3MEHEHUIO KOHIIEHTpaIUU
HocuTene. Tak, B mOC/IeTHEM OMMCHIBAEMOM 3KCIIEPUMEHTE PA3HOCTh
MEXIy KOHIIEHTPAIMSIMH 3JICKTPOHOB U JBIPOK B MPOIECCE AJIEKTPO-
XUMHYECKOM 00paboTku Bo3pactaeT B 50—140 pa3. 3a cyer 3Toro siB-
JeHUSI U OOBSICHSACTCA aHOMAJIbHOE YBETUYCHHE MPOBOJMMOCTH B TIO-
pUCTON CTpyKType. BakHO OTMETHUTh, YTO B MOPHUCTHIX CIOSIX TEIUTY-
pUJia CBUHIIA HE HAOJIO/AETCS T€X CUJIBHBIX MPOIECCOB OOCIHEHUS
HOCUTEISIMU 3apsA/ia, KOTOPbIE OTMEYAIOTCS, HalpUMEpP, B MOPUCTOM
kpemuuu [291]. KoMIuiekc NOay4eHHBIX PE3yIbTaTOB O MPOBOJAUMOCTH
nopuctoro PbTe moaTBepkaaeT NepCneKTUBHOCTh PACCMATPHUBAEMBIX
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MOJIXOJIOB K IIEJIECOO0pa3HOCTU MPUMEHEHHUS MOPUCTOrO TEILTypu/a
CBUHIIA TIPU Pa3pabOTKE TEPMOIICKTPUUECKUX YCTPOUCTB HOBOIO TIO-
KOJICHUS C BBICOKUM 3HA4YCHUEM ZT.

Onrrdeckue CBOMCTBA MOPUCTOrO TEJUTYPHUIA CBUHIA ONUCAHBI
B pabote [280] mist caydasi TOJICTHIX MOPUCTHIX CJIOEB HA OCHOBE HC-
xonHbix 1ieHok PbTe(Bi). Jlna m3mepenuit ucnosnb3oBaics Dypbe-
cnektpoMetrp Perkin Elmer 16PC. AHanu3 cHeKTpoB MNpOIyCKaHUS
JUISl UICXOJHBIX M MPOIICANINX ONEPAIUIO JIEKTPOXUMHUYECKOTO TPaB-
JeHus dnuTakcuanbHbIX cucteM PbTe/CaF,/Si(111) npoBoauics B 00-
JacTH JIIMH BOJIH 2,2-16,7 MxMm. Ha puc. 83 nipeacraBieHbl TUTUYHBIC
CIIEKTPhl TPOMYCKAaHUsSI JJIsI UCXOAHOW U oOpaboTaHHOU (j,, = 4
MA/eM, fp, = 10 MHH) IUICHOK Teulypuaa cBUHIA. CHEKTpbl UMENH
KJIaCCUYECKUN HMHTEP(PEPEeHIIMOHHBIN BHUJ, CBSI3aHHBIA C SIBICHUEM
uHTepPepeHIny B TUICHOUYHOU cucteme. OnpeiesneHue MUPUHBI 3a-
NPENIEHHOW 30HBI TEJUTYpHUJla CBHUHIA O W MOCJE aHOJHOrO TpaBJie-
HUsA npuBeno K BenuuuHaMm £, = 0,31+0,01 3B u E, = 0,34+0,01 5B
COOTBETCTBEHHO.
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Puc. 83. Tunuunvie cnekmpuol nponycxkarus nienournoco oopaszya PbTe/CalF,/Si(111)
¢ nopucmocmoto 50%, nonyuenusie 0o (1) u nocne (2) npoyecca
AHOOHO20 2NEKMPOXUMUYECKO20 MPAGIeHUs

Oddekr ysennuenus £, eCTECTBEHHO CBA3aTh C Pa3MEPHBIM KBaH-
TOBAaHUEM IIPU NEPEXOJE K YACTHULAM HAHOMETPOBBIX pa3MeposB. L
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OILICHKHU pa3MepoB HaHodacTull PbTe Obuta cnonp30BaHa rumepoosnye-
CKasg Mojzenb [23], KoTopasi B OCJIEAHEE BpEMs IIMUPOKO IMTPUMEHSETCS
s Hanouactuly PbTe chepuueckoit popmel. Tounas popma Hanoua-
CTHII B HallleM CJIy4yae HEM3BECTHA, OJIHAKO HAJMYMUE Pa3BUTON CETH Iie-
PEIUIETEHHBIX MOpP YacTO COMPOBOKIACTCS (POPMHUPOBAHUEM OOBEKTOB,
PUOIMIKAIOIIUXCS 10 TeOMETpUUecKor gopme K 1iapy. Pacuersr Obutn
puBeJeHB Ha oCHOBaHUM (. (5), addhekTruBHAsS Macca IKCUTOHA OIpe-
JIesach B paMKax U30TPOITHOM Mozies pacdeTos [ 158]:

1 I 2 1

b

m 3 m, m,,
112 1 (24)
m; 3 m, m, ’

IJI€ My ¥ M, — NONIEPEYHBIE U M1, U My, — TIPONOIBbHEIE d(O(PEKTUBHBIC
MaccChl JIEKTPOHOB U AbIPOK st PbTe. Ucnonb3ys nanubie [158], s
pacueroB npu 300 K npruMeHeHsI clieyIole COOTHOWIECHUS: My/m,, =
11,6, mo/my,, = 10, my/m,; = 1,2 1 my/my; = 0,7, e my — Macca MoKos
AJIEKTpOHA. Pe3ynbrarsl pacdyeToB IMOKa3aad, YTO IpHU E = 0,34 5B
painyC HAHOYACTHUI, UMECIOIIUX MPEAITOI0KUTEIBHO C(bequGCKy}o
dbopmy, coctaiser 13 uMm. CrnegoBaresnbHO, B HAHOCTPYKTYPHUPOBAH-
HBIX MOPHUCTHIX IIeHKaX PbTe ¢ 00mbIoil MOPUCTOCTHIO peanu3yeTcs
YCJIOBUE CHUJIBHBIX KBaHTOBO-pa3sMepHbIX 3(PeKToB, Korga pasmep
YaCTHUI[ CTAHOBUTCS MEHbIIIE OOPOBCKOTO paauyca dkcuToHa (50 HM
s PbTe).

[TonBoast UTOTH, MOXKHO CKa3aTh, YTO aBTOpPaM YAAJIOCh MPEI-
JIO’KUTh HOBBIM MOJAX01 K (OPMUPOBAHUIO HAHOCTPYKTYPUPOBAHHBIX
MOPUCTBIX CIOEB XAJIbKOT€HHUIOB CBUHIIA HA KPEMHHUEBBIX MOJIOKKAX
C HCHOJIBb30BAHUEM AaHOJHOTO JJECKTPOXMMHYECKOTO TPABICHUSA B
anekTposute Hoppa. Mopdosnorudeckue napameTpsl, JIEKTPUIECKHUE,
ONTUYECKUE U JIPYyTHE CBOMCTBA MOPUCTHIX CTPYKTYyp PbX MHOr0006-
pa3Hbl, I1EJICHANPABICHHO YIPABISIOTCS YCIOBUSIMU MPOBEICHUS
EKTPOXUMHUYECKON OOpaOOTKHM M HMMEIOT TMEPCIEeKTUBBI MpaKTHye-
CKOT'O HCTIOJIb30BaHMUS.
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3.2. dopmupoeaHue
HAHOCMPYKMypUupO8AaHHbLIX XA/1bK02eHUJ08 CBUHYA
Memodamu nia3MeHHOU 06pa6omkKu

O6paboTka B 1J1a3Me SABJISIETCS HAMOOJIee MePCIEKTUBHBIM «fOp-
down» wmeToaoM (QopMupoBaHHS HAHOOOBEKTOB HA IOBEPXHOCTH.
K Hayany paOoThl HaJ JAaHHOW KHUTOW WCCIIEIOBAHUS IO CO3JIaHUIO
HAHOCTPYKTYPUPOBAHHBIX TMOJYNPOBOAHUKOB PbX mnpu momormum
MJIa3MEHHBIX MPOLIECCOB B JUTEPATYpPE MPAKTUUECKU OTCYTCTBOBAJIM.
MoxHO yKaszaThb JHIb Ha padoTy [294], rae AeMOHCTpHpOBaiach
BO3MOKHOCTh CEJICKTUBHOTO IUIa3MOXUMHYECKOTO TPABJICHUS Xallb-
KOTM€HHUJIOB CBUHIIA JJIsI (OpMUPOBAHUS HaHOpEIbe(a MOBEPXHOCTH B
BHUJIC KaHaBOK ¢ pazMmepamu ~400 Hm. Hmke OyayT omucaHbl MOTy-
YEHHbIE TBOPUYECKUM KOJUIEKTUBOM Apl'Y-AD OTUAH pesynbraTs
M0 M3YUYEHHIO OCOOCHHOCTEW pacHbUICHUS XaJbKOT€HHUIOB CBHUHIIA B
MJ1a3M€ BRICOKOYACTOTHOT'O MHIYKIIMOHHOTO pa3psijia HU3KOTO JlaBJie-
HUS, 110 GOPMHUPOBAHUIO HYJIBMEPHBIX HAHOCTPYKTYp PbX mpu obpa-
ootke PbX/CaF,/Si(111) B mna3Me, 1o HMCCICAOBAHUIO BIIMSHHS Ba-
pUalMi PEXKMMOB U BHEIIHUX BO3JCHCTBUU Ha MapaMeTpbl HAHOCT-
pykTyp. B 3akmounTenbHOM pasjenie OyneT mpeicTaBieHa HOBas Me-
ToAuKa (POpMUPOBAHUSI MAaCCHBOB HAHOHUTEW XaJIbKOTCHUIOB CBUHIIA
10J] MAaCKOM TpaBJIEHHS B XOJ€ TJIa3MEHHOW 0OpabOTKU MO MEXaHU3-
MY «Iap — )KUAKOCTh — KPUCTAILID».

3.2.1. Memoduka ni1a3MeHHOU 06pa6omkKu nJaeHO4YHbIX
CMpPYKmMyp co CA051MU XA/1bK02eHUd08 C8UHYA

JIJig 9KCIEpUMEHTAJIBHBIX HMCCIEAOBAHUNA HCIIOJIb30BAJIUCH AIH-
TaKCUAJIbHbIE MOHOKPUCTAJUIMYECKUE TUICHKH XaJbKOT€HUIOB CBHHIIA
(PbTe, PbSe, PbS) tommmuoi 1,5-5 MKM, BeIpallieHHbIC Ha TOJIJI0KKaAX
MoHokpucTtaiuaeckoro Si(111) merogom MJID (X. Lor, ETH, Ilio-
pux) [277-279]. Bee cinou umenu opuenrtanuio [111] Bmonb ocu pocta u
XapaKTEPU30BAIUCh MOHOKPHUCTAUINYECKOW CTPYKTYPOW, TMOJTBEP-
XKIaeMOM pEeHTreHOorpauuYecKuMH uccienoBaHusIMu. CxemaTHuecKoe
M300pKEHHE SMUTAKCUAIBHBIX 00Pa31i0B IPUBEACHO Ha puc. 67.

DOKCIEPUMEHTHl TI0 TUTA3MEHHOM 00pabOTKe SMUTaKCHABHBIX
ctpyktyp PbX Bemonusumics W. 1. Amuposeim (IO ®TUAH) B pe-
aKTOpe MUIOTHOM TIa3Mbl BHICOKOYACTOTHOTO MHAYKIIMOHHOTO pa3psi-
na Hu3koro pasieHus (BUU-miasmer) [295, 296]. KoncTpykuus peak-
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TOpa npejacTarieHa Ha puc. 84. [lna3sMeHHBIN pa3psil 3aKUTAICS MPU
nogaye BU-momuoctu 800 BT ¢ unaykropa (wacrora 13,56 MI'n).
[Tnasma nuddys3Ho pacnpocTpaHsiack U3 pa3psaHON B PEaKIIMOHHYIO
kamepy. OTKayka KaMmepbl OCYIIECTBISIACH PU MOMOIIU TypOoMoJie-
KYJISIPHOTO HAacoca, MPENENbHbIA OCTAaTOYHBIM BaKyyM COCTaBIISLI
2:10°° Topp. Hcnonb3oBamach XWMUYECKA WHEPTHAsA aproHOBAs
maa3sMa; pacxoJ Ar B OCHOBHBIX AKCIEpUMEHTax cocTaBist S5—10
HCM3/MI/IH, pabouee nasnenue — 0,07 I1a.

X
X

X
00000
00000

Puc. 84. Cxema peakmopa BUU-nnrazmui: 1 — BY-eenepamop, 2 — unoykmop,
3 — 6110k nodauu 2azo8, 4 — coneHouovl, 5 — ANOMUHUEBBIU NOOTOHCKOOEPHCAmeb,
6 — BU-cenepamop cmewenus, 7 — BUHU-nnazma, 8§ — obpasey

Ha anmoMuHUEBBIA 3IEKTPOI-TIOJIOKKOAEPKATED 1101aBAJIACH
He3aBucumas BU-momHocte 0400 Bt ot oraensHoro BU-renepa-
topa (13,56 MI'm). DHeprusi 0oMOapAUPYIOMIMX HMOHOB yBEIUYMBA-
Jack ¢ Bo3pactanueM BYU-MOIMHOCTH HaA MOJIOKKOAEpKATEIIE B COOT-
BETCTBUU C POCTOM OTPHUIATEIBHOTO IOTCHIHAIA CAMOCMEIICHUS.
[Ipu orcyrctBum BU-cMenmeHusa Ha MOJJIOKKE CPEAHSS DHEPTUS HO-
HOB Ar Oblla paBHA TOTEHIMANY CaMOCMEIIEHHs IIa3Mbl. Mcroms-
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30BaHHUE aprOHOBOM MHAYKIIMOHHOM IUIa3Mbl TO3BOJISIIO TPAKTUYECKU
MOJTHOCTHIO MCKJIFOUUTH MPOIECChl XMMUUYECKOTI0 TpaBJIeHUsI U obec-
NeYuTh (PU3MUECKOE PACHbUICHHE MPUMOBEPXHOCTHOW O0O0JacTH Iijie-
HOK. [IpocTas xvumusa aproHoBoOM mia3mel (ra3 3JIEKTPOHOB, aTOMbI Ar
1 GoMOapIMpYIOIIHe IOII0KKY HMOHBI Ar ) M XUMHYECKas HHEpT-
HOCTh JIETIAl0T aproH HamboJiee MOIXOMSIINM Ta30M JJIs UCCIe0Ba-
HUS MPOLIECCOB IUIA3MEHHOTO pPacClbUICHHUS TBEpPIbIX Tela. OCHOBY
MJIa3MEHHOM OOpa0OTKM B JTAaHHOM CITy4ae COCTaBISICT BO3JICUCTBHUE
Ha TOJJIOKKY SHEPreTHUEeCKUX MOHOB Ar', TIPHBOJSIIEE K PACHbLIe-
HUto0 marepuaina. [IpenmymecrBamu ncnonbdyemorn BUU-nna3mer sB-
JSIIOTCS HU3KOE pabodee AaBJICHHE, BBICOKAsl MIIOTHOCTh MOTOKA HO-
HOB, HE3aBHCUMOE KOHTPOJHUPOBAHUE DHEPIMU MOHOB 3a CUET H3MeE-
HEHHsI MOIIHOCTH BUY-cMmelienusi, HalpaBI€HHOCTh ABUKEHUS U MO-
HOPHEPreTUYHOCTH HOHOB [297, 298].

B kadecTBe HakiIagHOM MAacKH B IPOLECCAX PACHBUICHUS HC-
TIOJIb30BAJICS MOHOKPUCTAJUIMYECKUI KPEMHHUN. BbICOTa CTYNEHH /p5cn
Ha T'paHUIIC PACHBUICHHON W HEpacHbUICHHOW 00JjlacTeil u3mepsiiach
npu nomoIu npoduiaomerpa Talystep ¢ BepTUKaIBHBIM pa3perieHu-
eM 1 HM u mukpounteppepomerpa MUN-4. CkopocTh pacublUICHUS
marepuana Ve, ONpeNenanach KaKk OTHOLICHHUE TOJIIMHBI PACIIbLICH-
HOTO CJIOS K JUIMTEILHOCTA 00pabOTKH ¢

Vpacn:hpacn/ L. (25 )

3.2.2. CKopocmu pacnslieHus Xa/1bKo02eHuUdoe8 ceauHya
8 ap20H080l nia3me

[IpuMeHeHHEe MIa3MEHHBIX ITPOLIECCOB TPABJICHHUS, B OTJINYUE OT
OOBIYHO HMCHOJIb3YEMBIX KUJKOCTHBIX MPOLIECCOB, MO3BOMISET (HOPMHU-
pOBaTh AHU3OTPOIHBIE MHUKPOCTPYKTYPBI C HU3KON AE(EKTHOCTBIO.
DTO0 0COOEHHO Ba)KHO MPU M3TOTOBIECHUU WH(PpaKpacHBIX H3JIydaTe-
neit 1 pOTONPHEMHBIX YCTPOHCTB Ha OcHOBe MaTepuanoB A''B'', 06-
JaJarolUX HU3KUM I[OPOrOM paJvalMOHHBIX MoBpexaeHui. Cpeau
Pa3IUYHBIX ONTHYECKUX MATEPHUATIOB UH(PPAKPACHON ONTOIEKTPOHU-
K1 HanboJiee u3yueHbl mpoiiecchl TpaBiieHus: marepuanos Hg,_ Cd, Te
[299]. UccnenoBanme nokasajo [300], uro B mrazme CH4/H, BhICcOKO-
YaCTOTHOT'O €MKOCTHOT'O pa3psiia CKOPOCTb UX TPaBJICHUs ObLa BBI-
COKOH M jocturana 6,7 HM/c. BbICOKHE CKOPOCTH TpaBJIEHUSI OKa3a-
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JIUCh XapaKTEPHBIMH HE TOJBKO IMPH IIa3MOXUMHYECKOU 00paboTKe,
HO Y MPU PACIBUICHUU 3TUX MaTEepUaliOB B aproHoBoi rmiazme. Cko-
pocts TpaBnerus Hg,_,Cd, Te nmpu sueprun nonos 300 3B gocturana
16,7 um/c [300]. B manHOM pazjaene mpeAcTaBUM Pe3yJbTaThl MO OI-
peaeeHUI0 CKOpOCTEed U KOA(D(PHUIIMEHTOB PacCIbUICHUS XaJbKOTCHU-
noB cBuHIla B BUM-mnasme B 3aBUCUMOCTH OT SHEpPruu OomOap -
PYIOIIMX HOHOB, paCCMOTPUM (U3UUYECKHE MOACIH JJIs1 KO PHUIIreH-
TOB paclbUICHUs OMHApHBIX coeanHeHui PbX.

OKCMEPUMEHTBI MO OMPEIEIECHUI0 CKOPOCTH PACIBUICHUS ILIe-
HOK XQJIbKOT€HUJOB CBUHIIA MPOBOIWINCH B peakTope BUM-tu1azmel ¢
MPUMEHEHUEM TUIa3Mbl MHEPTHBIX Ta30B aproHa M KpunTtoHa. Mori-
HocTtb BU-cmemenns W, 3amaBanack B mHTepBasie 0-400 Bt (f =
13,56 MI'm). U3BectHO, uTO B peakTtope BUM-mma3zmbel MOKHO HE3a-
BUCHMO YNPABJIATh SHEPTUEHW U TUIOTHOCThEO MOHHOTrO mortoka [301,
302, 303]. IlmoTHOCT, MOHHOTO TOTOKa omnpenaensercs BU moniHo-
cTeio (W), mogaBaeMo Ha MHAYKTOP, a SHEPrus UOHOB 3amaetcs BY
MOITHOCThIO, nojaBaeMori Ha BY snektpon (W.,). Ilpu nmomaue BY
HaIpsHKEHUS HA AJIEKTPOJI HA HEM BO3HUKAET OTPUIATEIbHBIA MMOTEH-
1yan camocmerienust U,,, KOTOPBIM OmpeeseT SHepruo ooMoapau-
pyromux HOHOB. DYHKIUS pacnpeAcsieHUus NaJarolinX Ha AJIEKTPOJ]
noHOB 110 3HeprusiM (OPUD), B oTiamuume ot ciayvasi HOAa4M MOCTOSH-
HOTO OTPHUIATEIBHOTO MOTEHIMANIAa Ha JJIEKTPOM, SBISETCS IBYTOp-
001, a HE MOHOAPHEpreTUUecKkoi. B 00111em citydae ee BHUJ 3aBUCUT OT
MacChl HOHOB M 4acTOThI NpukiaasiBaemMoro BY mons [304]. Dkcre-
pumenTanbhble n3Mepenuss ®PUD B peakrope BUM-nna3mel nokasa-
JIY, 4TO MOTEHIMAJl CAMOCMEIIECHUS PACIIONIOKEH CUMMETPUYHO MEXK-
ny neymsa makcumymamu OPUD [305, 306]. Cpennsisi sHeprusi 60M-
OapIMpyIOLIMX MOHOB E; pu 3TOM onpenensercs Boipaxkenuem [303]:

Ei= e(Unn _UCM)9 (26)

rA€ e — 3apsij MNEKTpoHa, U, — HOTEHIHAI IUIa3MBbl, COCTABJISIONINN B
VCTIOJIb3YEMOM SKCIIEPUMEHTAJIbHON YCTaHOBKE 25 B.

JIpyrast OCHOBHAsI XapaKTEPUCTUKA TUIA3MEHHOIO PACTIBUICHUS —
IJIOTHOCTh MOHHOTO TOKa J — ompenesuiachk U3 3aBUCHUMOCTH IOTEH-
nuaia camocMemieHuss or mnoxaaemon BY momuoctu. B cimyuae
IUIOTHOW IUIa3MBbl, KOTIa BCS BKJIaJblBaeMmas B paspsal MouHocts BY
CMEILCHUS 3aTPAayMBAECTCAd HAa YCKOPEHHME MOHOB B IPHUAIEKTPOIHOM
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cioe, MokHO 3amnucate W, = I-U,, [304], rne /— WOHHBIA TOK Ha
3NeKTpoa. JIMHEWHBIA XapaKTep 3aBUCUMOCTH IOTEHIMAIA cCaMOCMe-
nieHust ot nojgaBaemorr BU momHoctu B mnasme Ar u Kr (puc. 85)
MOATBEPKIAET 3TO NosioxkeHue. OTcroaa

J=AWeod A|Uu S, 27)

rae S — miomaas sektpoaa (201 CMz). Heo0xomuMo OTMETHUTH, YTO
Ha YCKOPEHHE HMOHOB 3aTpauyMBaETCs, KOHEYHO, HE BCA II0JlaBaecmMas
BY momnocTh cMmenieHud. Hacte BU MOIMIHOCTH MOXKET TEPATHCS B
corjlacyronieM ycTpoictBe. Cuutaercs, 4To B CiIydae MOJIHOTO COTJia-
COBaHMS B IJIa3My MOXKET mepenaBaTbest 10 95% mnonaBaemon BY
MortHoctH [307].
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Puc. 85. 3asucumocms ompuyamenvbHo2o nomeHyuaia camocmeujeHus
Ha 371eKMpo0e-nooaoAicKodepicamene Om npuiorHceHHol mownocmu BY cmewenus
6 peakmope BYHU-nnazmol 01151 apeonosoti (O) u Kpunmoroeot (M) niasmol.
W =800 Bm, Q. x, = 10 new’/mun, P = 0,08 ITa,
JAr") = 7,3 mA/eni’, JKr') = 7,5 mA/ew’

B »skcnepuMmenTtax oOpasibl pa3Melainch Ha aTIOMHHHCBOM
MOTOKKOACP)KaTe e U MIEPEHOCIIINCH B PEaKIIMOHHYI0 KaMepy Ha BU
AIEKTPOJ Yepe3 IUTF030BOE YCTPOUCTBO. CKOPOCTh pacHbLICHUS OIl-
penensinach o ¢. (25). BenuunHa CTyleHbKH TpaBJICHUS JIMHEHHO 3a-
BUCeNIa OT BpeMeHu 00padoTku B uHTepBajie 30—120 c. Dto cBuue-
TEJILCTBOBAJIO O TOM, YTO CKOPOCTh TpaBieHus mieHok PbSe, PbTe,
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PbS 6bu1a nocrosinHa Bo BpeMeHu. HepaBHOMEPHOCTh CKOPOCTH pac-
NBUICHUS MaTepuana o0pasloB MO paauycy Jepxarelsis oO0pas3lioB HE
npeBbimana 5%, 4To TOBOPUT O PaBHOMEPHOCTH MOTOKA MOHOB, Ta-
JAIOIIEro Ha 3eKTpoAd. M3BecTHO, 4TO mpu 00paboTKe CBOOOHOIIE-
KaIUX Ha JeprKaTesie MOJI0NKKN 00pa3loB B MIa3Me MPOUCXOIUT UX
HarpeB [308]. M3mepenuss TtemmepaTypbl IUIACTUH Si Ja3epHO-
uHTEep(HEepOMETPUIYECKUM CIIOCOOOM TMOKa3alaH, 4TO B IJIa3MEe OHa Ha-
rpeBasiack 10 500 K 3a 30 ¢ mpu momuHoctn BY cMmenienus, paBHOM
200 Br. [TosTomy Obliia mpoBeeHa MpOBEpPKa BIUSHUS TeMIIEpaTypbl
oOpasila Ha CKOpPOCTh TpaBiieHUs IUIeHOK. OHU MOKa3aja, 4To CTy-
MIEHbKU TPABJIEHUSI TEPMOCTATUPYEMOTo 00pasiia, JIeKaIlero Ha Mac-
CHUBHOM JIeprKaTesie Ha BaKyyMHOM cMa3ke, U 00pasia 6e3 cMa3ku Obl-
JU OJAMHAKOBBIMH, UYTO CBUAECTEIHCTBOBAIO O HE3aBUCUMOCTU CKOPO-
CTH paclbUICHUS OT TEMIIEpaTyphl oOpasia.

Pe3ynbTaThl AKCHEPUMEHTAIBLHOTO OMPEACIICHUS CKOPOCTEH
PACHBIICHUS Viypen IS XaIBKOTCHUOB CBUHIIA IIPU PACHBIICHUU HO-
Hamu aproHa c sHeprueit £; =200 3B (0 =10 HCM3/MI/IH, P =0,08I1a,
J=15,5MA/cM®) IpUBECHHI B Ta0II. 6.

Tabnuua 6

Ckopocmu pacnwiienus u KoIgppuyuenmol pacnovlienusn ona PbX
6 ap2oH080il naazme

Y) Ecy6na

Marepunain | Vpsen, BM/C | Prg, r/em® | M, r/monb MOJICKY- | KKaJI/MOJIb
J1a/MOH [309]
PbTe 10,4+0,3 8,2 334,79 0,45+0,02 53,5
PbSe 8,9+0,3 8,1 286,15 0,44+0,02 54,0
PbS 8,8+0,3 7,6 239,26 0,49+0,02 56,7

W3 mpuBeIEHHBIX TaHHBIX CIEAYET, YTO CKOPOCTH PACHbUICHUS U3yda-
E€MBbIX MaTepuajgoB cocTaBisitoT §8,8—10,4 HM/C U 3aMETHO MPEBOCXO-
JAT CKOPOCTU PACIIBbIJICHUS] U3BECTHBIX OMHAPHBIX MOJTYIPOBOJIHUKOB.

Tak, BemmumHa ckopocTu pacmeuieHuss s PbTe, PbSe, PbS,
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NPUBEICHHAS K ILIOTHOCTH MOHHOTO TOKa | MA/cM’, HAXOIUTCS B UH-
tepBane 1,6—1,9 um/c. [lpuBeaeHHbIE CKOPOCTU paclbUIeHUS s Si
[310], InN [311], GaN [312], InSb [313] u GaAs [314] npu pacriblie-
HAM MOHAMH aproHa B aHAJOTMYHBIX yCIoBUsAX cocTaBisitoT 0,02, 0,2,
0,4, 0,6 1 0,7 HM/C COOTBETCTBEHHO.

OCHOBHBIM TapaMeTPOM, OMHUCHIBAIOIIUM 3(PGHEKTUBHOCTD MPO-
1ecca B3auMOICUCTBUS MOHA C TBEPJBIM TEJIOM, sIBisieTca Korhduiu-
CHT paclblIeHus Y, MOKa3bIBAIOIINUM, CKOJIBKO aTOMOB MOKUAAIOT MO-
BEPXHOCTb MPU BO3JACHCTBUU OJHOTO HOHA. JJIsl SKCIEPUMEHTAIBHOTO
onpeaeneHus kodduienTa pacubUieHUs Y MaTepuaia, COCTOSIIETO
U3 OJIHOTO COpTa aTOMOB, UCTIOJIb3yeTCcs Gopmyiia [315]:

VpeN 4

Y(atrom/moH) =
JM

(28)

r7e p — IJIOTHOCTh UCCIIeAyeMOl MullieHu, N, — unciio ABorajzipo, M —
MOJIEKYJIIpHas Macca Marepuaia. M3BecTHO, 4TO MpU MPUMEHEHUU
MOJIMATOMHBIX MUIIEHEW 0o0mmi ko3 PuuUeHT pacnbuieHus ¥ B 00-
meM ciiydae OyJeT ompenensThess KodhduimeHTaMmyu paciblUICHUS U
KOHIICHTpALUsIMUA aTOMOB Kaxk10ro copra. CyIiecTByeT MHOTO MOJie-
Jaer mig ompeaeneHus Ko3(p@UIMEeHTa paclbUIeHUs JBYX M 0Ooliee
KOMIIOHEHTHBIX coeauHeHui [315-319]. BaxxHo oTmMeTuTh, 4TO s
M3Yy4yaeMbIX MaTepHaIOB UMEET MECTO 0co0asi CUTyalus, 3aMETHO YII-
polaroiias npuMeHsemMble Pu3ndeckue Mojienu. B otinune oT npy-
FUX MHOTOKOMIIOHEHTHBIX TOJYIMPOBOJHUKOB JUISl XaJIbKOT€HHJIOB
CBUHIIA BEJIMYMHBI SHEPTUM JUCCOIMALIMM MOJIEKYJI B KPUCTAJUIM-
YECKOM U Ta3000pa3HOM COCTOSIHUU MPEBOCXOJST BEIUYUHBI SHEPTUU
cyomumanuu Eys, mpu 298 K [309]. D10 npuBOIUT K TOMY, 4TO IIPH
paclblJICHUH XaJbKOTEHHWIOB CBHUHIIA IMOBEPXHOCTh MOKHAAIOT HE
OTJEJIBHBIC ATOMBI, a IEJbIE MOJEKYJIbl M HUX KoMIuieKChl [320].
Kpome Toro, xopolo M3BECTHO, 4TO ucrapenue PbX mpoucxomut B
OCHOBHOM B BHJI¢ OMHApHBIX MOJIEKYJ M CTENEHb JIUCCOILHAIIUU
COCTAaBJISIET BCETO HECKOJIBKO MPOILIEHTOB [242].

B ciydae pacnbuieHHs HETbIX MOJICKYJT JJIsSl ONpeiesieHus] Kod (-
(¢uLHeHTa pacnbUICHHs Y MOXHO BOCIOJIb30BAaThCS BhIpaxeHueM (28)
JUISL OJTHODJIEMEHTHOW MHIIEHU, MOACTABUB 3HAYEHUS IUIOTHOCTH H
MoJeKyJispHOM wmaccel i1 PbX. PasMepHocTh ompepensieMoi
BEJIMYUHBI B JAHHBIX YCJIOBUSAX OyAET MOJIEKYJIa/UOH.
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VpppxeN 4

Y (Monekymna/voH) =
IMppx (29)

BennuuHbl TUIOTHOCTH, MOJIEKYJISIPHOM Macchl U KO3 (UIIMEHTA paCIibl-
JICHUS TP SHEPTUM nepBUYHBIX MOHOB 200 3B 151 BccnenyeMbIX Xaib-
KOT'€HHUJIOB CBUHIIA NIPUBEACHBI B Ta0. 6. B kimaccuyeckoit mocieaoBa-
tenbHOCTH PbTe-PbSe-PbS no Mepe ymeHbllieHUs] pa3MepOB U MacChl
MOJIEKYJIbI HE HAOJIIOIAaeTCsl 3aMETHBIX OTJIMUUMA B KO3 (UIIMEHTE pac-
MIBUICHUSI, KOTOPBINA JIJIs1 BCEX TPEX COCTABOB HAXOJUTCS B Y3KOM HMHTEp-
Bajie 0,46 + 0,05 monekyna/moH. DTa BEIMUYMHA 3HAYUTEIHLHO MEHBIIE
ko3¢ dunmenToB pacnbuieHus Pb, Te, Se nonamu aprona, KOTopbie pu
sHeprun 200 3B paBusitoTcs npubnausurensHo 1,4, 2,2, 2,8 cOOTBETCT-
BeHHO [321]. bonee Hu3kas BenuunHa KOIPUIMEHTA PaCHbLICHUS
XaJIbKOTE€HUIOB CBUHIIA OOBSICHSIETCS BIUSHUEM SHEPIUU CBSI3U B MOJIE-
KyJe Ha ux ko3¢ duimeHT pacnsiieHus [242]. Kpome Toro, Tak kak Ko-
3¢ UIIMEHTHI PACIIbUICHUS BEIIECTB, BXOIAIIMX B COCIMHEHUE, BHIIIIE,
yeM KOd(PPHUIIMEHT paclbUICHUs] COCAMHEHHS, TO HE JOJDKHO HaOJIO-
JAThCSl CeTperalvy U HAKOTUICHHSI MeTaJlJla UJTM XaJIbKOT€HA Ha TIOBEpPX-
HOCTH HCCJIEAYEMBIX IJIEHOK B IMPOIECCE HUX PACIBUICHHS. JTO MOJI-
TBEPKAACTCS pe3yibTaTaMu NpoBeAeHHbIX J/IPA-n3mepenuii, korga
KOJIMYECTBO CBHUHIIA U XaJIbKOT€HAa HAa MOBEPXHOCTH UCXOAHOMU IJIEHKU U
00paboTaHHOH B ITa3ME OCTABAIMCH MOCTOSHHBIMHU.

[TonydeHHble pe3ynbTaThl OJMM3KHX 3HAYECHUM KOI(PDUITMESHTOB
pacnbUICHUs ISl OMHAPHBIX COEJUHEHUN XaJlbKOT€HUJI0B CBHHIA Ka-
YECTBEHHO MOTYT OBITh OOBSICHEHBI B paMKaxX MOJEIu 3UTMyHJa s
pacrbUIeHUs! MOHOAQTOMHOM MUIIEHHW B PEKUME JIMHEHMHOrOo Kackaja
CTOJIKHOBEHUI Ha OCHOBE Teopuu mnepeHoca. [IpumMeHuMocTh 3TOM
MOJEIM B Cilydae OMHApPHBIX COCIMHEHUN XalbKOT€HHJIOB CBHHIIA
00yCJI0BJIEHa BO3MOKHOCTBIO ITPOCTOM 3aMEHBI PACIIBUISIEMBIX aTOMOB
OJIHOTO cOopTa Ha MoJiekyybl. Jljisi ko3 duimenta pacnublICHUsS s
sHepruit HoHOB ~1 k3B 3urmynaomM noiaydena obmias popmyna [322]:

,_ 0.04205, (E))
Uy (30)

rae o — akTop, 3aBUCSIIHMI OT COOTHOIIEHUS MacC aToMa MUIIEHU U
nepBUYHOrO HoHa, S,(E;) — cedyeHue sAepHOro TopMoxeHus, Uy —
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SHEPrusi MOBEPXHOCTHOM CBSI3H, B KAYECTBE KOTOPOU YACTO UCIOJb3Y-
€TCS PHEPTUS CyOIUMAITUN WK YHEPTHUSl KOT€3UH. 3aMeHa XaJIbKOreHa
B XaJIbKOT'€HUJIaX CBHUHIA (B CHJIy MaJlOd MaccChl MO OTHOIICHUIO K
CBHHILY) HE U3MEHSET CYIIECTBEHHO BEJIMYMHY MPOU3BEICHUS OS,, a
BeJIUUUHbl U, AJisi OMHApPHBIX COEJWHEHUN XaJbKOTCHHUIOB CBHUHIIA
SBJISIIOTCS OJM3KUMH, OTIMYAIOIIUMUCS HE Oojiee yeMm Ha 6% (3Hade-
HUA Eqy6, Ipu 298 K npuBeieHsl B Ta011. 6).

[Ipu yBeNMYEHUU PHEPTUM MOHOB aproHa B MHTEPBAJIC dHEPTUl
200—400 »B 3aBucumocts Y = f(E;) uMena 3aBUCUMOCTh, OJM3KYIO K
JIMHEWHOM, UYTO XapPAKTEPHO IS JHUAIa30HA MajblX SHEPIUW MEPBUY-
HbIX MOHOB B Teopuu 3urmyHna [322]. IIpu 3nauenusax £; = 400 3B
KOd(pUIMEHTHl pachbUICHUS JJIS XajdbKoreHuJ0B cBuHIIA PbTe,
PbSe, PbS no-npexneMy ObutM OJM3KU Jpyr K JIPYyTy, HaXOISCh B
nuana3one 0,91+0,10.

Taxum oOpa3om, Majble OTJIWYMS BEJIUYUH Y 71 M3ydaeMbIX CO-
CAMHEHUIN OOBSICHSIOTCS ONMM30CThIO (M3UKO-XHUMHUUYECKUX U TEPMOIU-
HAMUYECKUX CBOWCTB XaJbKOT€HUJOB CBMHIIA U MaJlbiM OTHOIIICHUEM
MacChl MIEPBUYHOIO MOHA MO OTHOILIEHUIO K MAcCe€ BBUICTAIOIICH MOJie-
KyJbl. UMeHHO mosToMy ckopocTH pacnbiieHus: PbTe B mmasme Ar u Kr
OJIMHAKOBHI (pHC. 86), XOTS Macchl HOHOB Kr' 1 Ar' OT/IHYaroTCs HOYTH
B J1Ba pa3a. B (30) mapameTp o npu 3aMeHe aproHa Ha KPUITOH MPAKTH-
YeCKU He M3MEHMTCS [322], MOCKOJIbKY OTHOIIEHHE MAaCChl JIETAIIETO
HMoHa K Macce MoJiekyJsibl PbX ocraercs MHOro menslie eauuuibl. [la-
pametp S,(E;) B paMKax pa3HbIX NPUBOAUMBIX Mojenel [322] Takke He
JOJDKEH CYIIECTBEHHO HM3MEHHUTHCA. B pe3ylibrare 3TOro BO3MOXHBIE
U3MEHEHUSI CKOPOCTU PACIBUICHUS HE MPEBBIMIAIOT 3KCIIEPUMEHTAb-
HYIO TTOTPEIIHOCTh. DaKThl HEU3MEHHOCTH KO PUITMEHTa pacTbUICHUS
JUTSI MEIU OT COCTaBa MHEPTHOTO T'a3a B 00JIACTH MaJIbIX SHEPIUil (MEHEE
1 k3B) ananmuzupytrorcs y 3urmynaa B [322].

3aBUCHMOCTH CKOPOCTHU pactibuieHrs oT BY MoIHOCTH cMeneHust
JUIsl OMHAPHBIX COCIMHEHUN XaJbKOTEHUIOB CBUHIIA B KPUMNITOHOM Ijia3-
M€ MMEJM JIMHEHHBIA XapakTep, 4TO Ha MpUMEpE TEIUTypuja CBUHIA U
CEJICHWIA CBHMHIIA MOKA3aHO Ha pUC. 87. YMEHBIIEHUE CKOPOCTH PACIIbI-
nenus g PbSe nipu O0bIIMX SHEPTUSX MOHOB Ar’ HaGIIOIAI0Ch U B
mwiazMe Ar (cMm. Tabi. 6). 1o 0OBICHICTCS ONM3KUMHU SHEPIUSIMHU CYO-
JIUMaluy ¥ KO3PQPUIIMEHTaMU PaclbUICHUS MaTepPUAJIOB U HEOOJIBIIIUMU
oTIu4UsIMU B Mppx. CliesryeT oTMeTUTh, uyTo 0e3 mojauun MoriHoctu BY
CMEIIEHHUsT MpU dHeprur MoHOB MeHble 20 3B pacnbuieHuss PbTe He
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nporcxoauT. Haobopor, Habmomaercss a¢gdekT B3AyTUs MaTepuaga Ha
60 uM 3a 120 ¢ 00paboTku. M3 3TUX TaHHBIX MOXKHO 3aKIHOYUTh, YTO TO-
POT pacbUICHUS XaJIIbKOT€HHIOB CBUHIIA cocTaBisieT 2530 3B.

25
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Puc. 86. 3asucumocmo ckopocmu pacnvinenus ons nienku PbTe 6 BUU-nnazme
Ar (0) u Kr (m) om mownocmu BY cmewenus.
W =800 Bm, Q4.x = 20 nem’mun, P = 0,15 ITa

NHTEpECHO CPaBHUTH MOJYYECHHBIE CKOPOCTH PACIBUICHUS B ap-
roHoBoit BUM-nna3zme co ckopocTsiMu (GU3NYECKOTO0 HOHHOTO PACHbI-
neHuss no naaHHbIM [323, 324]. Ecim 3KCTpanonupoBaTh JTaHHBIC
puc. 87 miis TenIypuaa CBUHIIA B aprOHOBOM I1a3Me 10 3HaueHul U,
= 475 B, 10 3TO OyJeT COOTBETCTBOBATh dHEPruv MOHOB aproHa 500
5B. Ilpu npuOau3uTenbHO OJMHAKOBOM sHepruu MoHOB (500 3B) u
OJIMHAKOBO} ILUIOTHOCTH HOHHOTO TOKA, PaBHOH 1 MA/cM’, CKOPOCTB
pacnbiieHust PbTe(111) B miasme, cocraBisis 5,4 HM/C, monajaet B
MHTEpBAJ JAHHBIX JUIA PACTbLICHHS HOHHBIM myukoM Ar [323-325].
CpaBHeHue mnpuBeAeHHON ckopocTu pacnbuieHuss PbTe B BUU-
1a3Me Npu cpenHer 3Heprud MoHoB 200 3B ¥ MIOTHOCTH MOHHOTO
ToKa 1 MA/cM” ¢ pe3yabTaTtaMd HOHHOTO TpasieHus [324] moka3biBa-
€T, 4YTO CKOPOCTH PACHBUIEHUS B IUIa3ME M ITyYKOM MOHOB MpPaKTHYE-
CKH OJMHAKOBEI, COCTaBiIsdA 2,7—2,8 HM/C.

171



20

15
L2
=
z 10
AKZI-‘
5
O bl T T T T
0 50 100 1350 200 250 300

W... Bt

Puc. 87. 3aeucumocmo ckopocmu pacnvinenus nienok PbTe (0) u PbSe (m)
6 BUU-nnazme Kr om mownocmu BY cmewenus.
W = 800 Bm, Ok, = 10 new®/mun, P = 0,08 Ia, J(Kr') = 7,5 mA/em’

Heo6Xxo1uMoO OTMETUTh, YTO B YCJIOBHSX IUIA3MEHHOIO PacIibl-
JICHUS MPU HEJIOCTATOYHO BBICOKOM BaKyyMe M HEM30€XHOH JiecopO-
MY aJICOPOMPOBAHHON HA CTEHKAX peakTopa MOJIEKYJ BOIbI U KUCIIO-
pola uX BIUSHHE HA XapaKTep pACHbUICHUS MOXET OBbITh BEChbMa
cunbHbIM [318]. Beiuenpusenennoe cpaBHenne ckopoctu BY pacribl-
nenuss PbTe B mnasme ¢ ganHpiMH [324] O CKOPOCTH €ro0 MOHHOTO
pacnblICHHUs TIPU TJIOTHOCTA MOHHOTO TOKa 1 MA/cM” H SHEPrUU UO-
HOB 200 3B cBUIEeTENBCTBYET, YTO MPUCYTCTBUE B IJIa3ME€ MHUKPOIIPH-
MECHU KHUCIIOPOJIa, MOJIEKYJI BOJBI, I€COPOUPYIOIINXCS CO CTEHOK pe-
aKToOpa, HE BIMSAJIO Ha pacnbuieHHe Martepuaia. Kpome toro, onnHa-
KOBBIE CKOPOCTH pacIbuicHHs PbTe mox MOHHBIM ITydkoM Ar H B
IJIOTHOM T1a3Me Ar Mpu OJMHAKOBOW TUIOTHOCTHM MOHHOTO IOTOKA,
onpenensaemMoit o @. (27), cBUAETEILCTBOBAIM O MPABOMEPHOCTU UC-
nosib3oBaHus ¢. (26) u (27) nis OLIEeHKW apaMeTpPOB HOHHOTO TTOTOKA
B ru1oTHOM 11azme BUU paspsina.

Ha puc. 88 npuBeneHbl SKCIIEpUMEHTaIbHbIE 3aBUCUMOCTH CKOPO-
cty pacnbuieHus: PbTe u oTpuniateabHOro moTeHIMagza caMOCMEIICHUS
oT nasyeHus aprona. C ysenmdyenueM aasiieHus raza ot 0,07 mo 1,03 Ila
IIPU MOCTOSIHHOM TUIOTHOCTHM MOIHOCTHM MOHHOTO MOTOKa, paBHOU 0,5
Br/em® (W, = 100 Br), ckopocts pacmbiienns mwieHkn PbTe ocraercs
MIPAKTUYECKU TOCTOAHHOM. [Ipyr 3TOM OTpUIIATENBHBIM MNOTEHUIHAI Ca-

MOCMEIIEHUS YBeIMuuics 06osee yeM B S pa3 (¢ 60 no 320 B), a miot-
172



HOCTh MOHHOTO TOKa ymaina B 5,3 pa3za. {151 0ObsICHEHUST TaKOW 3aBUCH-
MOCTH HAJI0 JOMYCTUTh, YTO KO3 UIMEHT BbixoAa moJiekya PbTe ot
SHEPTUU MOHOB U3MEHSETCS JIMHEWHO. DTO MOATBEPKIACTCA JIMHEUHOU
3aBHCHUMOCTBIO CKOPOCTH TPABJIECHUS MAaTEpPHUAJIOB OT 3HEPIMH MOHOB,
KOTOPYIO MOKHO MOJYYUTh M3 JAHHBIX, MPEJICTABICHHBIX Ha pHC. 85,
87. OIHAKO TAKOE OJWHAKOBOE YBEIIMYCHHE SHEPIMU MOHOB U YMEHb-
[ICHHE TUIOTHOCTU MOHHOTO TOTOKAa HE COBCEM MOHATHO, TaK Kak MpHU
3HAUEHHUAX DPHEPIrUU MOHOB BOJIM3U MOPOTOBOM SHEPIHM PaCIHbUICHUS
ko3¢ dunmeHTsl pacnbuieHus Pb, Te yBennuuBarotTcs 6osee yeM B 10 ¢
YBEJIMUYEHUEM SHEPIMM HWOHOB B JIAaHHOM JAuanazoHe sHepruil [321].
MOXHO MpeAnonoXKuTb, YTO HEU3MEHHOCTh CKOPOCTH paCHbUICHUS
ieHku PbX 00bsacHAETCS CHHEPreTUYECKUM d(PPEKTOM BIUSHUS SHEP-
MU U TJIOTHOCTH MOHHOTO MOTOKA, T. €. TPABJICHUE IJICHKU OMPEEIis-
€TCsl ITIOTHOCTHIO MOIIIHOCTH HOHHOTO MTOTOKA.
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Puc. 88. 3asucumocmov ckopocmu pacnvinenus nienku PbTe (0)
U ompuyamenbHo20 NOMeHYuala camocmewerus (m) 6 apeonosoi BYU-nnazme
om 0asieHus @ peakmope npu yCio8uu NOCMOAHHOU NIOMHOCIU MOWHOCTNU
uoHHo2o nomokxa 0,5 Bm/em’

B xadyecTBe NpoMEXYTOUHBIX UTOTOB OTMETHM, YTO OCOOCHHOCTHIO
WOHHOTO TPABJICHUSI B aprOHOBOM IUIa3ME XaJIbKOT€HUIOB CBHUHIIA SIBIISI-
€TCSl PaCHbUICHUE LEJIBIX MOJIEKYJI [326], 4TO MO3BOJISET CBECTH K MUHU-
MyMY CErpEralMOHHBIEC MPOLIECCHI B MIPUMIOBEPXHOCTHOM CJIO€ U MpUME-
HSITh JJI1 KAUECTBEHHOTO aHAJIN3a MTPOLIECCOB PACIIBUICHHUS KIIACCUYECKHUE
Mozenu u GopMyIbl Il OJHORIEMEHTHBIX MullieHer. KoadduimeHTs
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pachblIicHUs OMHAPHBIX COCIWHEHUN XaJdbKOTeHUJOB cBUHIIA PbTe,
PbSe, PbS mpakTudecku OJMHAKOBBI M HE M3MEHSIIOTCS MPU Bapualluu
I1a3M000pa3yIomIero ra3a. BrIcokass CKOpOCTh IIA3MEHHOTO pacIiblie-
Hust PbX fenaer mepcrneKTUBHBIM MPUMEHEHUE 3TOro MeTonaa st ¢op-
MHUPOBAHUS ME3ACTPYKTYP B TEXHOJIOTHM CO3/IaHUS TEPMOIJICKTPHUUECKUX
1 OITORJIEKTPOHHBIX MPHUOOPOB. IIpenioskeHHbIE BBIIIE MOJCTH B Jallb-
HEHIIeM MOJYYUIN CBOE MOATBEPKIACHHUE MPU M3YYCHHH OCOOCHHOCTEH
IUIA3MEHHOTO PAaCHbUICHUS TPOMHBIX TBEPABIX PACTBOPOB HA OCHOBE
xanmpkoreauaoB ceunma (Pb,_Sn,Te, Pb,_[Eu,Se u ap.). Otu cBencHus
yuTaTe b HaeT B padote [327].

3.2.3. Iphekm mukpomackuposaHus
npu nJ1a3MeHHOol 06pa6omke 3NUMaKkcua/abHsIX nJeHok PbX

Kak nmokazano B pazzene 3.1.1, 0cOOEHHOCTBIO UCCIIETyEMbIX SITUTAKCH-
anbHbIX CTpyKTyp PbX/CaF,/Si(111) sBasiercss mpucyTcTBHE Ha TIO-
BEPXHOCTH TPEYTOJIbHBIX HAHOTEPPAC U BBIXOJOB MPOHU3BIBAOIINX
aUciiokanuid. MoKHO ObLIO TPEINONI0KUTh, YTO HATMYME TaKUX o0ac-
Tel MPUBEJET K CHEU(UUECKUM SIBJICHUSAM NPU TUIa3MEHHOM pacibLie-
HUU, YTO TOJIYYHJIO CBOE SKCIIEPUMEHTAIILHOE MOATBEPKIeHHE. B Xo7€e
MIa3MEHHOM 00paboTKHM B «0a30BOM» pexuMe IMpu MorrHocTH BU-
cmemienus 400 5B u npogomkuTensHocTH 30 € TIpU ONPEACIEHHBIX YC-
JIOBUSIX MPOUCXOAWIIO CEJIEKTUBHOE PACIIBUICHUE MOBEPXHOCTH IJIEHOK,
OPUBOJAIIEE K 3HAYUTENIbHONM Moaudukauuu penbeda. TunuyHoe
TpexmepHoe ACM-u3zo0paxenue nosepxunoctu PbTe Ha Si(111) mocne
m1a3MeHHoM 00paboTKu mpuBeaeHO Ha puc. 89. Ha moBepxnoctu dop-
MUPYIOTCS KpPYITHBIE BBICTYTIBI CYOMUKpPOHHBIX Pa3MEPOB (MHUKPOBBI-
ctynbl) BeicoTor 350450 um, nomymmpunoit 600—-800 HM, ¢ TUIOTHO-
ctbio ~10° cm °. Beicota MUKPOBBICTYIIOB COOTBETCTBOBAJIA TOJILLIMHE
pacnbuieHHoro ciiost (350450 um). [l psina CTpyKTyp B BEpXHEH yac-
TH BCEX MUKPOBBICTYIIOB MPUCYTCTBOBAIU SIMKHU TPEYTOJIbHON (DOPMBI C
natepanbHbiMu pazmepamu 250-300 uM (puc. 90), 4TO COOTBETCTBYET
pa3sMepam SIMOK BBbIXOJIa AUCIOKAIMKA HA UCXOIHOWU NTOBEPXHOCTU. MUK-
POBBICTYTIBI OBLIM PACIOJIOKEHBI Ha (POHE OJTHOPOJIHOIO HaHOpelbeda,
NoKa3aHHOro Ha puc. 90. Beicota HAHOCTPYKTYp cocrasisia 15-55 Hw,
MOJTYIIMPHHA BBICTYNIOB HaxoJWjach B uHTepBasiec 40—85 HM, UX ILIOT-

HOCTB paBHsuIach (2—3)-10° cm .
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Puc. 89. Tpexmeprnoe ACM-u300padsicenue munuiuno2o cOCMosHUsL NOBEPXHOCIU
PbX/CaF,/Si(111) nocne nniasmennoti 0opabomxu
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Puc. 90. Tpexmepnoe ACM-uzobpasicenue mopghonocuu nogepxHocmu nieHKu
PbTe/CaF'y/Si(111) nocne niazmennot oopabomku
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Tabmnura 7

Hapamempovt mopgponozuu naenoxk PbX nocne niazmennoi oopabomku

Matenma Tonmunaa II;moTHOCTH II;moTHOCTH II;moTHOCTH

No 1e II; - IUICHKH, JTUCITOKAIUH, MHUKPOBBICTY- HAHOBBICTY-
MKM oM 2 TIOB, CM ° TIOB, CM °

1 PbTe 5,0 2:107 2:107 2:10°
2 PbTe 4,5 4-10’ 4-107 3-10°
3 PbTe 43 7-10’ 7-10’ 3-10°
4 PbTe(Bi) 32 1-10% 1-10% 2:10°
5 PbSe 1,9 2:10’ 2:107 1-10°

CpaBHeHUE BEJIMYMH IUIOTHOCTEH MHUKPO- W HAHOBBICTYIIOB C
napaMeTpamMu CTPYKTYpHBIX 0coOeHHOCTeN TieHOK PbX mpuBeneHo B
Tabn 7. CTporoe COOTBETCTBUE IIJIOTHOCTH JWCIIOKALMN B MCXOJHOM
IJICHKE U MHUKPOBBICTYIIOB IOCJE TPaBJIEHHUSA, & TAKXKE MPUCYTCTBUE
Ha BEpPIIMHAX BBICTYNOB SIMOK BBIXOJIa JMCIIOKALMMN TMO3BOJISIOT YT-
BEpXKIaTh, YTO KPYITHBIE BBHICTYIBI JIOKAJIU3YIOTCA Ha MECTaX BBIXOJa
MPOHU3BIBAIONINX JIUCIOKAIMNA SMUTAKCHAIBHOTO ciios [328]. [Tpuuu-
Ha ATOTO SIBJICHUS 3aKJIFOYAETCsl B MPOsIBICHUM 3P deKTa MUKpOMaC-
KUpoBaHMs. BaxHO 3aMeTUTh, YTO IUIOTHOCTH HAHOBBICTYIIOB
(Tabus. 7) UMeeT NI pa3HbIX 00Pa3loB OJIM3KHUE 3HAYEHHUS, COOTBETCT-
BYIOIIME TJIOTHOCTH BBICTYIAIONIMX BEPIIUH TPEYTOJIbHBIX Teppac Ha
UCXOJIHOM MOBEpXHOCTHU. CBSI3b HAHOBLICTYTIOB U BEPIINH HAaHOTEppac
JOTIOJIHUTENILHO TOATBEPXKIAETCS IKCIIEPUMEHTAMH MO PACHbUICHUIO
mieHok PbX Ha nmoanoxkax BaF,(111), paccmorpenubimu B [328].

MukpomackupoBaHHE 3aKII0YaeTCS B TOM, YTO CaMO(POPMUPYIO-
masicsi Macka CyOMHKPOHHBIX pa3MepoB, 0Opa3oBaHHas CJIaboOpacIibl-
JSIEMBIMU XUMHUYECKUMU COEAMHEHUSIMH, JIOKAJIU3YETCSI Ha OIpeIeIicH-
HBIX y4YacTKaxX IMOBEPXHOCTH OOpa3lia U MPEMHsITCTBYET PacHbLICHUIO
HIDKENexale obnactu Marepuana. B pesymnbrare mMoryt ¢gpopMupo-
BaThCS MUKPOCTPYKTYPBI THIIA BBICTYIIOB, UIJI, KOHYCOB. B muTepartype
JIOCTaTOYHO TMOAPOOHO omucaHbl dPPexTsl (HopMUPOBAHUS MUKPO-
CTPYKTYp B Xoje miaazMeHHoro tpasienus Si [329], SiC [330] u apyrux
marepuanoB [331, 332]. K HacTosimieMy MOMEHTY yCTaHOBJIEHO, YTO OC-
HOBHBIM HCTOYHUKOM MAaTepHala MHUKpPOMAacok B peakropax BYMU-
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IUTa3Mbl CIIYKUT ATIOMUHUM, PacHbUISIOUIMICS C TOBEPXHOCTH 3JIEK-
TPOJA-TOAJIOKKOIEpKATENS WM CTEHOK peakTopa coctaBa Al,O; u ne-
PEOCaXKIAIOIINIICS Ha MOBEPXHOCTh 0Opasna. [IpuunHOi BO3HHKHOBE-
HUSI HA TTIOBEPXHOCTH KOHUYECKUX 00pa30BaHUN MOKET ObITh MPUCYTCT-
BUE MPUMECH C KOADPUIIMEHTOM paclbLICHUsS MEHBIINM, YeM y MaTe-
puana. Konndeckass gopma npuoOpeTaercs BCIAEACTBUE TOTO, YTO KO-
b PUIMEHT paclbUICHHI 3aBUCUT OT yIJia TajeHust HoHOB [318].

AHaJM3 SKCIEPUMEHTAIIBHBIX JIAaHHBIX MOKa3aj, YTO 3aMEeHa aJlto-
MUHHUEBOTO TOJIJIOKKOCPKATEIS Ha KPEMHUEBBIN MTPUBOJIUT K PE3KOMY
nojasneHuto s dexkra 00pazoBaHrs MUKpPOBBICTYNOB. C LIETBIO OMpe-
JEJNICHUS] XUMUUECKOW MPUPOJIbI TOCTOPOHHUX 3JIEMEHTOB MHUKPOMACOK
U WX HCTOYHMKA OBUIO TMpOBeACHO cpaBHHUTETbHOe BUMC-
uccienoBanue MmieHoK PbX, 00padoTaHHBIX HA AIFOMUHHUEBOM U KPEM-
HUEBOM TOJIJIOKKOAECPKATENSIX. DJIEMEHTHBIN COCTaB MPUIIOBEPXHOCT-
HOM 00JIACTH IJICHOK B O0OUX CIIydasX COACpKajl allOMUHHM U (TOP.
OOHapy’KeHO, YTO B CIy4yae IIIEHOK, 0OOpa0OTaHHBIX HAa aTIOMHUHUEBOM
ANEKTPoJie, KOHIeHTpaimu Al u F B mpUNOBEpXHOCTHOW 00JacTh B
CpeIHEM BBIIIIE COOTBETCTBEHHO Ha 1 M 2 mopsaka, yeM s TUICHOK,
00paboTaHHBIX HA KpeMHUEBOM TojioxkKoAepxkaTese. BUMC-cnekTpbl
1151 TieHoK PbSe npenicraBinens! Ha puc. 91.

100000 ¢
E —o—F (Si nogncskofepwaTtens)  ---4-- Al (S noanowkonepsaTens)

1 —s—F (Al nognowkofeparens)  ---&-- Al (Al noanGHKodepHaTeNk)
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Puc. 91. BUMC-npoghunu ona nnenox PbSe nocne nnasmenrnoti oopabomu

177



AJFOMAHUI MOXET MPUCYTCTBOBATHh HA IMOBEPXHOCTH IUIEHOK 3a CUET
pacnbiieHus: 3JiekTpoAa. OTHOCUTENBHO HEOKUJIAHHBIM CTal (akT
HAKOIUICHUS 3HAYUTEIbHBIX KOHIICHTpAIM (TOpa Ha MUKPOCTPYKTY-
PUPOBAHHOW ITOBEPXHOCTHU. [IpHUCYTCTBHE CIIEHOBBIX KOHIUECHTPALUN
dbTopa MOXET ObITh 00YCJIOBJICHO PACTIBIICHUEM MOJUMEPHBIX COC/IH-
HEHUN CO CTEHOK peakTopa WM OTKPBITBHIX Y4acTKOB (hTOpCOIEpiKa-
mux noanioxek. OqnoBpeMennoe npucyrcereue F u Al moxeTt npuso-
JUTh K CUJILHOMY MHKPOMACKUPOBAHUIO, MIOCKOIBKY COeIUHEHUs Al-
F crabunsabl 1 ciabopacnbsuisieMsl [329].

[To Bcer BUAMMOCTH, HYKJI€AMsI MUKPOMACOK B CJIy4yae paclibl-
JICHUSI aJIIOMMHUEBOTO AJIEKTPOJia CBsi3aHA C JIOKAJIM3alMEld MOHU30-
BaHHBIX Al-cofepkammx 4acTHI[ B MECTaX BBIXOJa IUCIOKAIMM 3a
CUYET BCTPOEHHOIO 3aps/ia AUCIOKAIMOHHBIX JUHUN. 3auKCUpOBaH-
HOE BBICOKOE cojiepkaHue F u Al Ha nmoBepxHOCTH MOAUDUIIMPOBAH-
HBIX IJICHOK JTa€T OCHOBAHMS MOJIAraTh, YTO MUKPOMACKAMU CIIy>KaT
HeseTyuyre (PTopuabl aIOMUHUS WM CBUHIA. MexaHusM (QpopMupo-
BaHUSI MUKPOMACOK HEIMOCPEJCTBEHHO B 00JaCTH BBIXOJOB MPOHU3BI-
BAIOIIMX JUCIIOKAIIMNA 3aKJII0YaeTCsl B peakiuu (propa co CBUHIIOM,
cerperanusi KOToporo npoucxoaut B armocdepax Korrpena gucnoka-
it [333, 334]. He uckmodeH u 3pGeKT HaKOTUICHUS PACbUICHHBIX C

ATFIOMUHHEBOTO DJIEKTPOA-TI0IJI0KKOACPKATEIS 3apsHXKEHHBIX HAHO-
gactull Al B oGnactu aucnokaruii. duzndeckas MoAeIb MUKpOMac-
KUPOBAHUS TUCIIOKAIIUA B XOJ€ MIa3MeHHOM 00paboTku mieHok PbX
IpeJIcTaBlIeHa Ha puc. 92.

0

JIUCIIOKALTUS

MHUKpOMaCKa

Al

Puc. 92. Mooenv muxpomackuposanus Ouciokayuii npu niazmeHHou oopabomxe
nienok PbX: a — ucxoouas nienka, 6 — nieHka nocje nia3meHHo20 pacnvlieHus

178



st ompeneneHust ANIEKTPUUECKUX MapaMeTpoB (a3bl, MaroIiei
BKJIaJl B 00pa30BaHUE MUKPOMACOK, MeTogaMu KOHTakTHOM ACM c uc-
MOJIb30BaHHUEM KaHTHJIEBEPOB C MPOBOAIIMM MOKPHITHEM OBLIH TIPOBE-
JICHBI U3MEPEHUS KapThl TOKA IO MMOBEPXHOCTH 00paOOTAaHHBIX B IJIa3Me
mwieHok PbX/CaF,/Si(111). IlapamiensHo ¢ ucciaeaoBaHueM pelbeda
MOBEPXHOCTU MPOBOAWIACH PETUCTPALds TOKA, MPOTEKAIOIIErO B CHUC-
TEME 30H[I-TIOBEPXHOCTh, KOTOPBIM, MPU YCIOBUHU IOCTOSTHHOTO KOH-
TAKTHOT'O COIMPOTHUBJICHUS, MTPOMOPIIMOHAIICH YIEIBbHOW MPOBOJIUMOCTH
UCCIIeTyeMOr TOYKU. bbulo 0OHapyKeHO, 4TO B 00JIACTH BEPILIMH MHUK-
POBBICTYTOB, COOTBETCTBYIOIIMX OOJACTSIM BBIXOJa JTUCIIOKALMNA HA UC-
XOJTHOM MOBEPXHOCTH, IPUCYTCTBYIOT YYACTKU C BBICOKOW MIPOBOJIUMO-
cTbi0. ACM-u300pakeHre y4acTKa TIEHKH ¢ MUKPOBBICTYIIOM M COOT-
BETCTBYIOIIIAsl KapTa TOKA IIPUBEICHBI HA puC. 93.

B pamkax wuccrmemyeMoi CUCTEMbl BBICOKONMPOBOJAIICH (a3e
MOKET COOTBETCTBOBATH JTUOO aTIOMUHUIN, BHECECHHBIM B IAaHHYIO 00-
JacTh B MPOIECCEe MIa3MEHHOW 00pabOTKHU 32 CUET PACIBUICHUS 3JIEK-
TpoJa, JTU00 CBHHEI, aKKyMYJHPOBaHHBIM B 00JIACTH JIUCJIOKAIIMN B
atmocdepax Kotrpena. B nuteparype orcyrcTByeTr mHbopMmanus 00
NEKTPUUYECKUX CBOMCTBaX TOHKHUX IIeHOK Al F,, momydaemsix mpu
pacnbUICHUH allFOMUHUS BO (DTOpCOAEp K alel mia3mMe. ITO OCIOXKHSI-
€TCSl TeM, YTO IJIEHKH MOTYT OBITh HEOJHOPOJHBIMU IO COCTaBYy H
TOJIIIUHE, COACPKATh OOJBIIOE YUCIO ACPEKTOB U MPUMECHBIX aTO-
MOB. OaHako u3BecTHO [335, 336], yTO Takue CIIOM HE SIBISIOTCS -
EKTPUUCCKUMHU U HE 00JIaIal0T BBHICOKUM YJIEIbHBIM CONPOTHUBIIE-
HueMm. Ha ocHoBaHum naHHBIX PadoThl [335] MOXKHO OILIEHUTH, YTO
yAenabHOe conpoTuBieHue mieHok Al F, B HampaBieHuun pocra Ha-
XOJIUTCS HA YPOBHE 10~ Om-cem. Eciu YUYECTh, YTO YACIBHOE COMPO-
TUBJICHUE TEJUTypHUa WU CEJICHUIa CBUHIIA MTPEBBIIIAET 3TO 3HAUYCHUE
Ha HECKOJIbKO MOPSJKOB, TO CTAHOBUTCA OOBSICHUMBIM IMOSBJICHUE
BBICOKOIIPOBOIAIICH (ha3bl Ha MOBEPXHOCTH MUKPOBBICTYIIOB.

Takum 00pazom, MpUUMHON (POPMUPOBAHKS MUKPOMACOK B 00-
JACTU JTUCIIOKAIUA MOXET CIIY>KUTh MPUCYTCTBUE BCTPOCHHOTO 3apsi-
713, JTOKATM3YIONIET0 HOHN30BaHHbIE YacTHIBl Al', M N36BITOYHOTO
Pb, BcTynatomiero B peakiuio co ¢propoM. B mepBoMm ciaydae MUKpO-
MAaCKHUPOBAHUE MOXKET OCYIIECTBIATHCS CIA00pACTbUISIEMBIMU COEIH-
Heausimu AlF,, Bo BTopom — PbF,.
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Puc. 93. Tpexmepnoe ACM-uzobpasicenue (a) nnenku PbSe
nocie niasmeHHou 0opabomxu u coomeemcmayowas kapma moxka (0)

C npakTHU4eCcKOW TOYKHU 3PEHU, MOSBJICHUE MUKPOBBICTYIIOB SIB-

JSI€TCA HEXKEJIATENbHBIM SIBJICHHEM, MOCKOJIBKY OHU MOTYT IOBPEXK-
JaTh BBIIIEJIEXKAIINE CJIOU (METaUIM3allUI0) U MEIIaTh PU CO3JIaHUU
Me3a- U HaHOCTPYKTYp. C 1enbto ycrpaneHus 3¢ pexra MUKpOMacKu-
POBaHUS MOYXKHO IPEIJIOKUTh HECKOJBKO MPUEMOB. Bo-niepBbIX, clie-
IyeT MONBITAThCS YBEJIWYUTH SHEPTUI0 MOHOB. lIpu moctmxenun no-
HaMH OIpPEJICICHHON MOPOroBON IHEPIMU BO3MOXKHO JIOOUTHCS TIO-
BpeXACHUS 00JacTe MacKu M CHIKEHHS TJIOTHOCTH MHUKPOBBICTY-
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noB. DPPEeKTUBHOCTh TAKOTO MOJIX0/1a Moka3zaHa B padore [337]. Bo-
BTOPBIX, HCOOXOMMO HCKITFOUUTh PACTIBIJICHUE ATFOMUHUS (3aKpHITHE
CTOJINKA KPEMHHEBOM IIJIACTHHOWN) W MPOBECTU OUYUCTKY CTEHOK IIJIa3-
MEHHOI'O0 peakTopa B KUCIOPOJHOM IIa3Me OT MPOJYKTOB 3arps3He-
HUS, HAKOTUICHHBIX B XOJI€ MPEABIIYIINX ITUKIOB 00paboTku. B aTnx
YCJIOBUSIX MUKPOBBICTYIIBI HE opmupyrotes [295, 338]. bonee Toro,
B XOJI¢ MJIa3MEHHON 00pabOTKM MCXOJHBIC TPEYTOIbHBIE SIMKH BBIXO-
Jla TIPOHU3BIBAIOIINX JUCIOKAIIMNA MPUOOPETAIOT OKPYTIyI0 (popmy 3a
CYET U30TPOITHOIO JIATEPAIIBLHOTO pacnbuieHus [338].

B 3aBepuienue npuBegeM e€ie OAUH SKCIIEPUMEHT, CBUJIECTEIb-
CTBYIOIIIUN O BaXXHOW pOJM cOoequHEHUHN (TOpa B MpOlECCe MUKPO-
MacKUpoOBaHUs auciaokanuii ieHok PbX. Jist aToi nenu Obuta mpo-
BeJleHa 1a3MeHHast oopadbotka PbSe/CaF,/Si(111) Bo dropconepxa-
nieit masme Ar/SFg. JIns yMEeHbIIEHUS] CKOPOCTH PACTIBUICHUSI U YCH-
nenus 3¢PexToB xumuyeckoro TpapiieHus BYU-cMmelmienne Ha 3iek-
TPOJI-TIOIOKKOIepkKATENb HE MojaBaiock. OOpaboTKa MpoBOAUIACK
npy pa3MelleHny o0pa3lioB Ha KpEeMHUEBOH miactuHe. B pesynbrare
HaOII0amach KJacCM4ecKas KapTuHa (OpMHUpOBaHMS ABYX TpyMIl
BBICTYIIOB Ha TOBEPXHOCTHU (puc. 94).

100 nm
20 nm
E0 nm

1500 nm 1500 nm

1000 nm

Onm Onm

Puc. 94. Xapakxmeproe mpexmeprnoe ACM-uzobpasicenue nogepxnocmu nienku PbSe
Ha noonodicke CaFy/Si(111) nocrne obpabomku o pmopcooepxcaweti niazme Ar/SFs
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Hano monararh, 4TO B JaHHOM CJIy4ae MUKPOMACKHUPYIOUIUM ci1abo-
pacnblIIeMbIM MaTepuaioM MOXeT ObITh PbF,. Ilockonbky ucmob-
3yeMbl€ B JTAHHBIX DKCIIEPUMEHTaX TJICHKU ObUIM 1-THUIA MPOBOIUMO-
CTH, XaJIbKOT€HHJIbl CBHHIA oOJaganu u3nuiHuM Pb, HakamiuBaro-
muMcsi B atMocepax KoTTpena, OKpyKaromux JIMHUHA JTHCIOKAIUU.
Takum 00pa3om, MPAKTHUECKOE MOTYUYCHHE MACCUBOB HAHOCTPYKTYP
XaJIbKOTEHUJIOB CBUHIIA B aproHoBor BUM-mnasme mOJKHO mPOBO-
JTUTHCS TIPYU UCKIIOYEHUU COJIEpKaHusl PTOPUCTHIX coeauHenuil. I1o-
JyYEHHbIE PE3yJNbTaThl IO HCCIEIOBAHUIO TOAaBICHUS 3(P(HEKTOB
MUKPOMACKHUPOBaHUS ObUIA MCIOJIB30BaHbI JIJI1 (POPMUPOBAHUS Mac-
CHBOB HAaHOCTPYKTYp, UTO OYJIET ONMKUCAHO B CIEIYIOIIEM pa3Jielie.

3.2.4. Mopgpoaozuueckue ceolicmea HaHocmpykmyp PbX,
dopmupyembubix npu 06pabomke 8 ap20HOB0lI nia3me

BaxHoil mnpakTUdecKou 3anaueit sBisercs (GOpMHUpPOBaHHE Ha
MMOBEPXHOCTHU IUIOTHOTO MAacCHMBA HAHOBBICTYIIOB, T'€OMETPUYECKHUE
pa3Mepbl KOTOPBIX COOTBETCTBOBAIM OBl YCIOBUSIM Pa3MEPHOTO KBaH-
ToBaHUs. JJis penieHrus HeoOX0AUMO MOJAaBUTh BOSHUKHOBEHHE MUK-
POBBICTYTIOB, JIJII YEro HY>XHO HCKIIIOUHUTH MOsiBIEeHUE d(PexTa MUK-
POMACKHPOBAHUS, U 3HAYUTEIBHO YMEHBIIUTh CKOPOCTh PACIbLICHUS
JUIS CTAOMJIM3alMKU MPOUCXOIMX TporeccoB. Cpean pa3inuyHbIX
NPUEMOB HauOOJIee BBITOJHBIM TEXHOJIOTHYECKUM TOJIXOJI0M SIBIISET-
Csl IPOBEJCHUE TUIA3MEHHOW 0OpaOOTKH MPU OTCYTCTBUU CMEICHUS
Ha BJICKTPOE-TOIIOKKOAEpkKaTene. B 3ToM ciiydae HE TPOUCXOIUT
pacrbUICHUST aJTIOMUHUEBOIO 3JIEKTPOJa U 00pa30BaHUsI MUKPOMACKHU
Ha MECTax BbIXOJa MPOHU3BIBAIOIIMX AHcioKkannii. He MeHee BaxHO,
YTO MPU 3TOM CBOJSITCA K MUHUMYMY PaJUallMOHHBIE MOBPEKICHUS
MaTtepuaia u OyJeT yaaleH MUHUMaIbHbBIN TPUIOBEPXHOCTHBIN CIIOM.

Jlnst popmupoBanus MaccuBos HaHocTpyktyp A'VBY' B namHoit
paboTte nmpuMeHeHa o0paboTka B aproHoBoil BUM-mia3me npu oTcyT-
cTBuM BU-cMeleHus Ha SIEKTpOJE, MPU STOM JHEPIHsl HOHOB Ar
Obu1a MUHUMabHA U cocTtaBisia 10-25 3B. Pacxong Ar cocraBisia
100 mem® /mMuH, pabodee naBieHue — 1,2 Ila, 1auTenbHOCTh 00pabOT-
K4 — 2 MUH. B TakoM pexxuMe myTeM OJHOIIArOBOr0 MpOoLecca Iias-
MEHHOW 00pabOTKM Ha MOBEPXHOCTHU AMUTAKCUAIBHBIX TUICHOK Xallb-
KOT€HUJIOB CBHUHIIA HA KPEMHUHU IMOJYYCHBI MACCUBBI HAHOCTPYKTYP C
napamMeTpamMu, OJM3KUMHU K TMpeniesiaM KBAaHTOBO-pa3MEpHBIX 3 dhek-
TOB [147]. IlonydyeHHblE NaHHBIE CPABHHUMBI C IMapaMeTpaMU CTPYK-
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Typ, GOpMUPYEMBIX 00Jie€ JOPOTOCTOAIIUMU U CIIOAKHBIMU SMUTAKCU-
aJbHBIMHU MeTOoHaMHu [86].

Tunmaasie ACM-n300pakeHrss MaccuBa HaHOCTPYKTyp PbX
(na nmpumepe PbSe) npuseaensl Ha puc. 95, 96. [noTHOCTH pacmolio-
YKEHUS HAHOBBICTYNOB COCTaBJIsiJIa OT 1-10° 110 8-10° cM ? B 3aBuCH-
MOCTH OT oOpabarbiBaeMOil CTpYKTypbl. CpeaHsis BbICOTa HAHOBBI-
ctynoB Obwia 10-25 HM, cpenHHMil JaTepalibHBIN pa3Mep y OCHOBa-
Hus — 100 aM. CpegHee KBaIpaTUYHOE OTKIIOHEHUE CTPYKTYP MO BBI-
cote coctaBisuio 45-50%. 3aMeTHOU CTyNEeHU TpaBJCHHS B JAaHHOM
cllyyae He HaOJI0/1aioch, IOCKOJBKY MPOUCXOJWIIO PaCHbUICHUE
TOJIBKO MPUMOBEPXHOCTHOMN (~25-30 HM) obOnactu mieHok. OOHapy-
KEHO, UYTO YBEJIMYCHHUE MPOJOJDKUTEIBHOCTU 00paboTku BhImie 120 ¢
OPUBOAWIO K YBEIWYEHHUIO TOJIIMHBI PACHbUICHHOTO CJOsI, TOsBIE-
HUIO CTYIICHU TPABJICHUSA U OMNPEJCICHHOMY YBEJIWYECHUIO BHICOT Ha-
HOCTPYKTYp Hapsily ¢ BOSHUKHOBEHUEM 3aMETHOI'O HEXKEIATEIbHOIO
paz0poca ux reoMeTpUYECKUX MapaMeTpPOB.

—hat BT
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SoO4SS003
3332333

1500.00 nm 1500.00 nm

1000.00 nm 1000.00 nm

S00.00 nm 500.00 nm

0.00 nm 0.00 nm

Puc. 95. Tpexmeproe ACM-uz0bpasicenue maccusa HAHOBbICMYNOG
XanbK02eHUO08 C8UHYA, CHOPMUPOBAHHO20 HA NOBEPXHOCMU
anumaxcuaivHou nienoynou cmpykmypol PbSe/CakF»/Si(111)
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BaxXHbIM 11aromMm SBWJIOCH MCCIECIOBAHUE MapaMETPOB HAHOCT-
pyktyp PbX mnpu Bapuanuu IIUTEILHOCTH OOpabOTKHM B CTOPOHY
ymenbliienus (60 ¢). B pe3ynbTaTe ObUTH MOTYyYeHBI MACCUBBI HAHOCT-
PYKTYP CO CIEIYIOIUMHU MOP(OIOTHUECKUMHU MTapaMeTpamMu: CpeaHen
BBICOTOM HAHOBBICTYNOB — 5—10 HM, CpeaHHM JaTepajbHBIM pa3Me-
poM y ocHoBaHus — 100—200 um. Kak BUIHO W3 NPUBEICHHBIX 3HAUYE-
HUW, 3a CYET YMEHBIICHUS JIMTEIbHOCTH OO0pabOTKH YIalo0Ch
YMEHBIIIUTh BBICOTHl HAHOCTPYKTYp M BEJIWYMHY HX pa3Opoca, 4To
CBSI3aHO C YMEHBIIIEHUEM TOJIIHMHBI PACIBUIEHHOIO B XOJ€E IJIa3MEH-
HOM 00pabOTKH MPUITOBEPXHOCTHOTO CJI0s TJIeHOK PbX.
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Puc. 96. ACM-uzobpasicenue maccusa Hanosvicmynos PbX (a)
u npouniocpamma MunUYHbIX HAHOBLICMYNO8 (0), NOJIYYEeHHbIX
npu obpabomre nosepxnocmu nienox PbSe/CakF,/Si(111) 6 apeonosoti BYU-nnaszme

Crnenyromie pemaemMon 3ajadeil SIBUJIOCh HCCIEIOBAHUE BO3-
MOYKHOCTH MPUMEHEHUS pa3pabO0TaHHON METOJMKH IOIy4YEHUs] HaHO-
ctpykTyp PbX mpu Gonpmiux BenmumunHax BU-cMemieHus, SBIsSIOMINX-
cs1 0oJiee BOCITPOM3BOAUMBIMU U CTAOMIIBHBIMU. DKCIIEPUMEHTHI OBLIH
npoBeneHsl 11 MomHocT BU-cmemmenust 200 BT, pacxon aprona co-
crasisin 10 HeM® /MuH, naBieHue aproHa pasHsuiochk 0,08 Ila, pim-
TEJIbHOCTH — 45 C.

HccnenoBanus Moay4eHHBIX B TaHHOM PEKUME MAaCCUBOB HaHO-
ctpyktyp PbX (PbSe) meromamu COM BbICOKOTO pa3penieHus no3Bo-
JUIU BBISIBUTH J€TallbHbIE OCOOCHHOCTH MOP(OJIOTHU TOTydaeMbIX
HAaHOOOBEKTOB.
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Puc. 97. COM-uz0bpasicenus maccugos HaHOCMPYKmMyp, cqhopmMuposaHubix
Ha nogepxuocmu nieuku PbSe ¢ BUU-nnazme ¢ mownocmoro BU-cmewenus
200 Bm npu pazmewenuu obpazya na Al (a) u Si (6) noonosrckooepocamene

Ha puc. 97 nokazanbl 3TM MacCUBBI MPU pa3MEIICHUN 00padaThI-
BaeMbIx CTpykTyp PbX/CaF,/Si(111) Ha amomunueBoMm (puc. 97,a) u
KpeMHueBoM (puc. 97,6) anexTpoaax-nopioxkoaepxkaresx. Cpeanuit
JaTepabHBIN pa3Mep HAHOBBICTYIIOB y OCHOBaHHUs coctaBui 100-250
HM 1 50-150 HM coOTBETCTBEHHO. BbICOTa HAHOCTPYKTYp paBHsIACh
150-175 am mrs Al mommosxxkoaepxkatens u ~100 aM 11 S1 101J10K-
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kozaepkarens. [loBepXHOCTHAS TIIOTHOCThH PACIIONIOXKEHUST HAHOBBICTY-
OB MPAKTUYECKU HE 3aBHCEJIAa OT TUIIA MJIa3MEHHOM 00pabOTKHU U CO-
cramuia 4-10° e . BaxebiM pe3yabTaTOM SIBJISETCA MOKa3aHHas
BO3MOYHOCTh CHIDKEHHS pa3MEPOB HAHOCTPYKTYP MPAKTUUYECKU BJIBOE,
710 TIPEJIETIOB KBAaHTOBO-Pa3MepPHBIX 3(PPEKTOB, 3a CUET UCIOJIb30BAHUS
ANeKTpoAa W3 KpemHudA. [IpuumHOl BIMSIHUSA MaTepuana 3JIEKTpoja-
MOJJIOKKOIepKaTeiss Ha MOP(OJIOTHI0 HAHOCTPYKTYP Ha MTOBEPXHOCTHU
ABJISIETCS, 110 BCEW BUAMMOCTH, OTBOJI TEILIa MOJJIOKKOIEpKAaTeJIeM U
MOTJIONIEHUE UM PAJIUKAJIOB IUIa3Mbl, YTO BIIMASIET HA MOBEPXHOCTHBIC
MPOLIECCHI MJIA3MEHHOTO TPABJICHHUS IIJICHOK.

N3 COM-u300paxkeHuit Ha puc. 97 XOpouo BUAHO, YTO MOJY-
YaeMbl€ HAHOCTPYKTYPhI XalIbKOT€HUIOB CBUHIIA UMEIOT OKPYTIIYIO U
Pa3BeTBIICHHYIO (B psjie cllydaeB OIU3KYIO0 K «Tprub00o0OpazHoi») dhop-
My. Takas Mmopdosiorusi TOBEpXHOCTHBIX 00pa30BaHU MO3BOJISET TO-
BOPUTh O 3HAYUTEIBHOW POJM IPOLECCOB MEPEOCAKICHUS B XOHE
MJIa3MEHHOTO0 PACMbUICHUS WIM MEPEeKpUCTAUIM3AlMA B XOJE IIa3-
MEHHO-CTUMYJIMPOBAHHOTO ucnapeHus Marepuana. CoriiacHo coBpe-
MEHHBIM KOHIIEMIHSIM IJIa3MOCTUMYJUPOBAHHOTO HAHOCTPYKTYPHUPO-
BaHus [339, 340], mexanu3mbl (OPMUPOBAHUS HAHOCTPYKTYpP Mpea-
CTaBJISIFOT COOOM HE YMCTOE PacHbUICHUE MaTepHalia, a B OOJIBIIMHCT-
B€ Clly4aeB KOMOMHAIUIO «fop-dowmn» TPOLECCOB, TAKUX Kak ILJIa3-
MEHHOE CEJIEKTUBHOE pacCHbUICHUE, U «bottom-upy» camoopraHu3aIuu
MyTEM MOBEPXHOCTHON AUDPy3Un U IEPEOCaAXKICHHUS MaTepraa.

3.2.5. HccaedoeaHue eAUsIHUA 6HEWHUX 803delicmaull
Ha napamempbsl HAHOCMPYKMYyp Xa.16K02eHUA08 CBUHYA,
noJ/iyyaemMsiX MemodoM Naa3MeHHOU 06pa6omKu

JIaHHBIN pa3fesn MOCBAIIEH SKCIEPUMEHTATBHBIM HCCIIEI0BAHM-
AM 0 MOJU(PUKAIMU TapaMETPOB TMOJTYyYaEMbIX HAHOBBICTYTIOB, H3-
MEHEHHIO UX PAa3MEPOB U CTEIEHU OJHOPOIHOCTH IIPU HCIIOIB30Ba-
HUAW JIOTIOJIHUTEIIBHBIX TEXHOJOTMYECKUX MPOLEAYp, TAKUX KAK TEp-
MUYECKUI OTKUT U AJIEKTPOHHOE 00JydeHHUE, BIUAIONIUX HA CTPYKTY-
Py ¥ DJIEMEHTHBI COCTaB MPHUIIOBEPXHOCTHBIX OOJACTEl IICHOK
XaJbKOT€HHUI0B CBUHIIA.
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3.2.5.1. BiusiHue TEPMUYECKOT0 OTKUTa
Ha MOpdoJIornYecKrue NapaMmeTpbl HAHOCTPYKTYP
XaJIbKOTe€HU/I0B CBUHIA

JIns onpenesieHusl BIUSIHHUS OTXKATa Ha mapameTpbl HAHOCTPYK-
Typ ucnoab3oBaiuch mwieHku PbX (PbSe) co chopmupoBaHHbIMU Ha-
HOCTPYKTYpPaMHM C IIOBEPXHOCTHOM TUIOTHOCTBIO 4-10° cM * m CpeaHUM
JaTepaabHbIM pazMepoM y ocHoBaHusA 100-200 aMm (puc. 98).

0

Puc. 98. Tpexmeprnoe ACM-u30bpasicenue Hanocmpykmyp
Ha nogepxHocmu niaenxku PbSe, nonyuennvix 6 pexcume niazmeHHoU 00pabomku
be3 BU-cmewenus onumenvnocmoio 1 mun

Orxur nposoagwics npu temmeparype 400°C B Bakyyme
(~1:10"> Topp) B Teuenue | waca. TemmepaTypa Ipoecca MPUMEPHO
COOTBETCTBOBAJIA TEMIIEPATYPE TMOJJIIOKKH SIUTAKCHU TJICHKU CElie-
Huja ceuHiia. ACM-u3zo0paxkeHue HaHOCTPYKTyp PbX Ha moBepxHo-
CTH TUICHKM IIOCJIE TPOBEJCHUSA OTKWra NPHUBEICHO Ha puc. 99.a.
[I0THOCTh HAHOBBICTYIIOB HE M3MEHIJIACH M cocTaBmia 4-10° cM .
Takke MOCTOSIHHBIMU OCTaJIUCh U JIATEpAIbHBIE pa3Mepbl CTPYKTYP
(100200 uM). BricoTa HAHOCTPYKTYpP B XOJ€ OT>KUTa YBEIUUYMIACH B
CpedHeM B JiBa pa3a M coctaBuia 15-25 um (puc. 99,6). Ilo Bcelt Bu-
JTUMOCTH, SIBJIEHUE YBEIIMYECHUSI BHICOT HAHOCTPYKTYP XaJIbKOTCHHJIOB
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CBUHIIA MPU TEPMHUUECKOM BO3JCUCTBUU OOYCIOBJIEHO MPOLECCAMU
NOBEPXHOCTHOW Ju(d@Py3un W BBIHOCOM MaTepuajia Ha BEPUIUHBI
uMerImxcsi ocooeHHocTe HaHopenbeda. [lomydeHHBIM pe3ynbTaT
IPUMEYATENEH TEM, YTO JOCTATOYHO BBICOKOTEMIIEpATypHAas TEPMO-
00paboTKa He pa3pylIaeT CO3JaHHBIA aHCaMOJib HAaHOCTPYKTYp, UYTO
CBUJIETENBCTBYET O COBMECTUMOCTH IPEIJIOKEHHON METOAUKHU (Hop-
MHPOBaHUS MacCMBOB HaHOCTPYKTyp PbX ¢ Tepmuueckumu mporiec-
CcaMu MOJIYITPOBOJHUKOBOM UHTETPAIIBHOU TEXHOJIOTHUH.

35

30

0 50 100 150 200 250 300 350 400
nm

Puc. 99. Tpexmeprnoe ACM-uzobpasicenue (a) u ACM-npoghunoepamma (6)
HaHoCmMpyKkmyp Ha nosepxnocmu niesku PbSe, nonyuennvix 6 pescume
niasmenHou oopabomku 6e3 BY-cmewenus onumensnocmoio 1 mun
U noogepeHymwix axyymtomy omacuzy npu 400°C
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3.2.5.2. Bausinue 3J1eKTPOHHOI0 00JIydeHUsI
HA MPoLecChl HAHOCTPYKTYPUPOBAaHMS
MOBEPXHOCTH MOJUKPHUCTAIUIHYECKHUX MJICHOK
XaJIbKOT€HU/I0B CBMHIIA B IJIa3Me

B HacTosimiee BpeMsi HOBbIM aKTyaJlbHbIM HaIlpaBJICHUEM TEXHO-
JIOTUA CTAHOBUTCSI TIPUMEHEHHE DJIECKTPOHHOTO OOJYyYECHHS JJISi MO-
mudukanut MOpQOJIOTMUYECKUX U CTPYKTYPHBIX CBOMCTB MOJYIPO-
BOJHUKOBBIX HAaHOCTPYKTYp [341]. OOnydeHue 3aeKTpOHAMH Tpau-
IMOHHO MCIIOJB3YETCS JJIsI YIPABICHUS KOHLIEHTpAalMel HOCUTENIEH
3apsiia B XaJIbKOT€HHJAX CBUHIA, MO3BOJIAS IMOJy4aTh MOJHOCTHIO
KOMITEHCUpOBaHHOE cocTosgHue [342]. Huke Mbl onuiieM pe3ysibTaThl
pabotsl [343], B KOTOpOW MPUBEICHBI PE3YJIbTAThl SKCIIEPUMEHTAIb-
HBIX HCCIIEIOBAHUM BIMSHUSA OOJIy4YEHUS BBICOKOIHEPIETUUYHBIMU
AJIEKTpOHAMH Ha MOP(DOJIOTHIO MOBEPXHOCTH IIeHOK PbX m ee mo-
CICAYIONTY0 MOAU(UKAIINIO B X0 TIJIa3MEHHOM 00pabOTKH.

HccenenoBanus BBIOMHSIMCH HA MOJMUKPUCTALNTMYECKUAX TIEHKAX
PbS, xoTopsie BeipamuBanuchk Ha noanoxkax BaF,(111) merogom MJID
npu temreparype nomioxkku 100°C. O6iydyeHne CTpYKTyp MpOBOIU-
JIOCh TIYYKOM JJIEKTPOHOB ¢ 3Heprueii 2 MaB u dumoercom @ = 1-10"
CM ° IIpH KOMHATHOH TeMIlepaType Ha BO3AyXe Ha ycTaHoBKe DJIY-4.
MoiHocts BU-cMmernienus npu miasMeHHon o0padoTke coctapisiia 200
BT, pacxox aprona— 10 HCM’/MUH, [JaBICHHE B KaMepe IUIA3MEHHOTO
peaktopa — 0,08 Ila, maureapbHOCT, 00paboTKu — 60 c. IloBepXHOCTH
UCXOAHBIX TOJUKpUCTAITMUeckuX 1mieHok PbS/BaF,(111) xapakrtepu-
30Bajach HaJM4MeM HaHopenbeda, CBSI3aHHOTO C 3€pHAMH TOJHMKpPH-
ctajumueckoro marepuana (puc. 100). CpenHsisi MJIOTHOCTh 3€PEH CO-
craBmuia 1-10° cM °. BbIcOTa CIPYKTYp HA IMOBEPXHOCTH ObLma 35-40
HM, JIaT€pabHbINA pa3Mep y ocHoBaHuA — 0,6—1,5 Mkm.

ITocne mpoBeneHMs IIa3MEHHON 0O0paOOTKM HMCXOJHBIX HEOOTy-
YeHHBIX TUICHOK PbS mMena mecto Moaudukaims NoOBEpXHOCTH, Xapak-
TEPU3YIOIIAsACS HE3HAYMTEIIbHBIM YBEIMYCHUEM BBICOT 3€pEH Ha IIO-
BepxHOCTU J0 45-55 HM. BaxHoil 0COOEHHOCTHIO TIa3MEHHOM 00Opa-
OOTKU B JAHHOM CJIy4ae sIBUJIOCH TO, YTO TPHU MJIa3MEHHOM PaCIbUICHUU
NOJIMKpUCTALINYECKUX TieHOK PbS/BaF,(111) orcyrcrBoBaiin s dek-
Thl MUKPOMACKUPOBaHUSI U (DOPMUPOBAHUSI PA3BUTOTO MHUKpopenbeda.
DTO CBA3aHO C OTCYTCTBHEM B 0o0OBeMe 3epeH PbS mpoHu3bIBarommx
JUCIIOKAITNH, KOTOPBIE MOTYT CIIYKUTh IIEHTPaMH HYKJI€allii MUKpOMa-

COK I MOHOKPHUCTAJINIMYCCKUX IIVICHOK XaJIbKOTCHU/I0OB CBUHIIA.
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Puc. 100. Dnexkmponno-muxpockonuueckoe uzoopasicerue nogepxHocmu
noauxkpucmannudeckou nienku PbS/BaFy(111)

JIns aHanmuM3a MPOLECCOB PACHbUICHUS MNOJUKPUCTALIAYECKUX
mieHoK PbX HE0O0X0IMMO YUYWUTHIBATH BO3PACTAIONIYIO POJb MOBEPX-
HOCTU Mek3epeHHBIX rpanui] [344, 345]. B BUM-mazmMe noHsl 60M-
OapaIMPYyIOT MOBEPXHOCTh MO CpeaHUM yIiioM 0° OTHOCHUTENTBHO HOP-
Manu. [Ipyn mageHnu MOHOB MO HOPMAaJiu K MOBEPXHOCTH 3€pHA Tpa-
BSITCSI MEJIJIEHHEE, YeM 00JIaCTH MEXK]ly HUMU, U B JIOTIOJIHEHUE K ITO-
MY 3a CUeT pacCesHUs MOHOB OT OOKOBBIX IpaHel 3epeH UMEET MECTO
JOKaJbHOE YBEJIMYEHUE CKOPOCTH PACHBUICHHS B O0JIACTIX MEXIY
HuMH. [loaTOMY B X0J1€ TIJIa3MEHHOW 00PaOOTKU MOKET UMETh MECTO
YBEJIIMUECHUE BBICOT 3€PEH OTHOCUTEIIBHO CPEIHEr0 YPOBHS MOBEPXHO-
ctu. opmMupoBaHre TAaKOTO PoJia pelibeda KAYECTBEHHO MOXKET OBITh
OTHMCAHO C MCIOJb30BAHUEM TECOPUM IPO3UM TIEPBOTO MOPsJIKa, pa3pa-
oorannori Kaprtepom [346]. BMecTe ¢ TeM MOBEPXHOCTH MOJHKPH-
CTaJUIMYECKOr0 MaTepraia MOXKET yBEINYUBATh CBOIO IEPOXOBATOCTh
B MPOILIECCE PACIbUICHUS 3a CUET Pa3IUYHON KpHCTaLiorpauyeckoi
OpHUEHTALIMM MHOECTBA OTJICJIbHBIX KPUCTAJUIMTOB, MOCKOJBKY KO-
3G PUIMEHTHl pacTbUICHUS KPUCTAIIUTOB, HUMEIOMINX PA3IUYHYIO
OPHMEHTALIMIO 1O OTHOIICHUIO K MOTOKY HOHOB, OOMOApIUPYIOIINX
MOBEPXHOCTh, paziuuHbl [347]. Takum oOpa3oM, YBEIUYEHUE BBICOT
3epEeH Ha MOBEPXHOCTU MOJUKPUCTALIMYECKUX TUieHOK PbS B Xxome
ma3MeHHo 00paboTku ot 40 10 55 HM BBI3BaHO OCOOCHHOCTSIMU
paclbUICHHUS] OTACIBHBIX 3€PEH M MPEUMYILECTBEHHOTO PAaCIbLICHUS
obJacTeil MEX1y HUMHU.
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[Inenku cynbpuaa cBUHIA, MOJBEPIHYTHIE SJIEKTPOHHOMY 00JTY-
YeHHUIO, 00JIafjalii Takou ke Mopdosoruel MOBEPXHOCTH, YTO U HC-
XOJIHbIE TUICHKU. BBIJIO yCTAaHOBJIEHO, YTO MCXOAHAS TOJIIMHA U MOP-
¢doJiorus MOBEPXHOCTU IUICHOK MOCIE MPOBEACHUS 3JIEKTPOHHOIO 00-
Jy4YeHUs HE MpeTreprena KaKou-Tu00 SKCIepUMEHTATbHO OOHApYIKH-
BaeMor Mmoaudukanuu. PacnbuieHus marepuana Mpu JIEKTPOHHOM
o0yueHur He mpoucxoauio. OaHaKo Mmociie NpoBeeHUs TIa3MEHHOM
00pabOTKH OOIYUYEHHBIX CTPYKTYP UMEJIO0 MECTO 3HAYUTEIHHOE H3ME-
HEHHUE cocTosiHMS noBepxHocTU. Ha puc. 101 mpencraBnensr Tpexmep-
Hoe ACM-uzo0paxenue U mnpoduiorpaMmMa XapakTepHOTO y4acTKa
TIOBEPXHOCTH IJICHKU CYJIb(UIa CBUHIIA MTOCIIC O0IYUYEHHUS U TUTa3MeH-
HOM 00paboTku. Ha moBepxHocTH 1uieHOK PbS, moaBeprHyThIX ABYX-
CTaguiiHON 00paboTKe, MPOUCXOAUIO0 (POPMHUPOBAHHE OTACIHHBIX
KPYIHBIX MHUKPOBBICTYIOB. [IJTOTHOCTH HaHHBIX MHUKPOCTPYKTYpP CO-
craBmsuia (2-3)-107 em 2, matepanbHbie pasmepst — 1,4-2,0 mxm. Cpen-
HSSl BBICOTAa MHKPOBBICTYIOB cocTaBisiia 580—700 HM, 3HAYUTEIBHO
MIPEBBIIIAs pa3Max pesibeda 1 UCXOTHON MOBEPXHOCTH.

M3BecTHO, 4TO B XO0A€¢ OOpaOOTKM TOHKHMX IJICHOK CyJbduma
CBUHI[A C DHEPTUEU DBJICKTPOHOB MOPsAAKA €auHul] M3B 1 BBICOKMM
dmoercom 1-10"7 cM > MMeeT MECTO YBETHUCHHE KOHICHTPALIH KH-
clopojia B MpUIoBepxHOCTHOM cjioe [348]. Jlanublii 3¢ ekt cBsi3aH ¢
paaualiMOHHO-CTUMYJIMPOBAHHOM ajncoporme u auddysuei, umy-
IMX 10 BaKaHCMOHHOMY MeXaHu3My. PaHee Obl1o mokazaHo [349],
YTO Ha MOBEPXHOCTH IUICHOK PbS mocme oOmydenus dhopmupyercs
Habop okcuaHbIX ¢da3 ceunma Pb,O,. [Ipu noze 1-10"7 em TOJIIIINHA
MOAUGUIIMPOBAHHOTO OKCHIOCOJIEPIKAIIETO CIIOS MOXET JOCTUTaTh
200 M. IIpu 3TOM pacupeneneHue mo TOJIMUHE MTPUTIOBEPXHOCTHOTO
ciost okcugHou ¢aswl Pb, O, MoxkeT ObITh JOCTATOYHO HEOIHOPOJ-
HBIM. B xoie pacnbuieHHss TOBEPXHOCTH OOJYYCHHBIX IIJICHOK B
mia3Me JokajabHbIe KinacTepsl Pb,, O, uMeroT 3HaunTensHo 0osee HU3-
KYI0 CKOPOCTh PaCHBUICHHS, YeM CHJIBHOPACHBUISIEMBIN CYyJIbhUT
cBUHIIA. B pe3ynbrare miasMeHHoil 00pabOTKU Takue 00JacTu urpa-
I0T POJIb COOCTBEHHBIX MHKPOMAacCOK MaTepHuaia, MPUBOJAIINX K JIO-
KaJIbHOMY YMEHBIIICHUIO CKOPOCTH TPaBJICHUS U (POPMHUPOBAHHUIO CHUC-
TE€MBbl MUKPOBBICTYIIOB Ha MIOBEPXHOCTH.
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Puc. 101. Buo nogepxuocmu naenxu PbS/BaF(111) nocne o8yxcmaoutinoz2o
npoyecca 31eKmpoHH020 00IyYeHUs U NAA3MEHHOU 00pabomKu.
a — mpexmeproe ACM-uzobpadicenue,
6 — ACM-npoghunocpamma Mukpogeicmynos Ha no8epxXHoCmu

3.2.6. dopmuposaHue maccueoe HaHOHUMeluU
Xa/1bK02eHUAd08 C8UHYA N00 MACKOIl mpas./ieHus
MemoadoM njaa3MeHHOol 06pa6omku

Kak 0b110 moKa3aHo B rjiaBe |, HAHOHUTU XaJILKOTE€HUI0B CBUH-
1a, KaK MpaBWIO, MOJYYarT «botfom-up» METOAaMU OCAXKIACHUS H
AMUTAKCUAIIBHOTO POCTa, MPU ITOM OJIHUM M3 PACIPOCTPAHEHHBIX
CIIOCOOOB BBIPAIIMBAHUS OJHOMEPHBIX HAHOCTPYKTYp CIIY>KUT Karta-
JUTHYECKUNA POCT IO MEXAHU3MY «IIAp — KUJAKOCTh — KPHUCTAIID)
[120-122, 125-127]. B HacTos11€e€ BpeMsi BOCTPEOOBAaHHBIM OCTAETCS
SKOHOMUYHBIN U yHUBEpPCAIbHBIA METOJl (POPMUPOBAHUSI HAHOHUTEU

Ha 3aJlaHHBIX Y4aCTKax IIOBEPXHOCTHU B PaMKax TPAAULUOHHBIX «fop-
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downy olepaluii, 4To SIBJISETCA BaXHBIM JJIsl UHTETpallid HaHOMPO-
BOJIOK PbX B ycTpoiicTBa 31E€KTPOHUKU HA KPEMHHUEBBIX MOJJIOXKKAX.
B 3akimounTeNbHOM pasjiesie KHUTH OyJeT OMUCAHO MOJIyYEHUE OJTHO-
MEPHBIX HAHOCTPYKTYP XaJIbKOI€HUJOB CBUHIIA HA IMOBEPXHOCTH ILIE-
HOK PbX moja HakjaJHOW MacKoil TpaBJICHUS MPU HMCIOJIb30BAaHUU
Omnepalnuy IUIA3MEHHOTO PACHBUIEHHS TMOBEPXHOCTH, YTO SIBJSETCS
MPUHIMITIMATIBHO HOBBIM noaxoaoMm [350].

B kadecTBe MCXOAHBIX 00pa3IOB BhICTYyNaIU IJIEHKU PbSe, ko-
Topble oOpabaTeiBauch B aproHoBodt BUM-muasme npu BY-
moraHoctu cMmemeHuss 200-400 Bt. OcoOeHHOCTRIO JTaHHBIX JKCIIE-
PUMEHTOB SIBUJIOCH OCYILECTBIICHUE MPOLIECCa ¢ UCTIOJIL30BAHUEM Ha-
KJIaJTHOM MaCKH, IIPEJCTABIISAIONICH cOO0M MIaCTUHY MOHOKPHCTAJIIH-
YECKOro KpeMHHusl ToJUHOKW 380 MKM CO CKBO3HBIMHM MEPHUOIAYE-
CKUMU KPYTJIBIMH OTBEPCTUSIMU AuaMeTpoM 75 MkM (puc. 102), korna
MEXIY MaCKOM M IUIEHKOM CEJICHUAA CBHHIIA CO3ABaJICd MUKPO3a30p
BEJIMYMHOW B HECKOJIBKO JECATKOB MHUKPOMETPOB. IIOCKOJIBKY CKO-
pPOCThb pacibUICHUs] KpeEMHUs B aproHosoil BUM-na3zme s ucrosib-
3yEMbIX PEKMMOB 3HAUUTEIHHO HUXKE CKOPOCTH pacCIbUICHUS OMHap-
HBIX coenuHeHui PbX, To OTKpbIBaeMble YUaCTKHU MOJIOKKH Si MpaK-
THUYECKHU HE PACTPABIMBAIIKCE.

TILTILR
AAAEAAAN

| )
S
=
NB

Puc. 102. COM-u30bpasicenue HakiaoHoU KpeMHUEBOU MACKU
C cucmemoti Ko1ooyes
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HoBbiM 3¢ dexTom, MMEIOMM MECTO MPU CO3/IaHUUA CKBO3HBIX
MHUKPOOTBEPCTUM B IIJICHKAX CEJICHHWJA CBUHIIA B JAHHBIX YCIIOBHUSX,
ctasio (OpMHUPOBAHKE OJTHOMEPHBIX HAHOCTPYKTYp Ha ydacTKax IJICH-
k1 PbSe, Haxopsmumxca B mpoluecce miasMeHHOM 00paboTKK moJ 3a-
KPBITBIMA MacCKOW 00JacTsIMU B HETIOCPEICTBEHHOM OJIM30CTH OT pac-
NBUIAEMBIX YYaCTKOB. THUMUYHBIC M300pKEHUSI TaKUX HAHOCTPYKTYP
JUTSl TUIGHKHU CEJI€HUAa CBUHIA C UCXOJHOM TONIIMHOMN 1,7 MKM mipen-
cTaByicHbI Ha puc. 103.

Puc. 103. COM-u306pasxicenus: a — Kpas MuKpoomeepcmusi 8 nieHKe
PbSe/CaF,/Si(111), cdhopmuposanrnoco memooom niazmeHHoUu oopabomxu,
6 — nanonposoaox (PbSe) na 3axpvimom mackoti yuacmke naeHKU 601U3U Kpas.
Haxnon obpasya npu cvemxe 70°

BricoTa HaHOIPOBOJIOK IMJIMHAPUYECKON (QOpMBI JTOCTHTaja
1000—1200 uMm npu tonmmeae 75—-125 uM. Ha BepmmHax HaHOMPOBOJIOK
NPUCYTCTBOBAJIM  KBa3UC(EpUUECKUE OTpaHEHHbIE HAHOCTPYKTYPbI
muameTpoM 85—180 HM. [10BEpXHOCTHAS TIIOTHOCTH HAHOMPOBOJIOK CO-
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crapmuia (1-2)-10° cM °. Ha yuacTkax moBepxHOCTH IUIeHOK PbSe, Ha-
XOJIAIIMXCS MO/ HAKJIaJHOW MAacKOW M yJaJIeHHBIX OT OOJacTH Iula3-
MEHHOM 00paboTku Ha paccrosinue 6oiee 20-30 MM, BMecTO (HOpMHU-
POBaHMsI HAHOMPOBOJIOK MPOUCXOAUIIO oOpa3zoBaHue cHepuvecKuX Ha-
HOCTPYKTYp AuaMeTpoM 38—78 HM C YMEHBIIAIOIICUCS M0 MEpPE YBEIH-
YCHMST PACCTOSIHUS OT PAacCIbUIIEMOil OOIACTH IIOTHOCTEIO: 2107 oM °
st paccrostamst 750 MM 1 4-10° em > s 1500 MM (prc. 104).

Puc. 104. COM-u3o06pasicenus cghepuueckux nanocmpyxkmyp (Pb)
Ha nogepxrocmu nienku PbSe nocne niasmennoti o6pabomru Ha paccmosnuu
750 mxm (a) u 1500 mxm (6) om Kpas pacnvlisiemou obracmu.
Haxnon obpasya npu cvemxe — 70°

195



CpaBaenne OJIPA-crniekTpoB [ HCXOJHBIX YYacTKOB ILIE-
HOUYHBIX cTpYKTYyp PbSe/CaF,/Si(111) u obnacreit PbSe ¢ nanomnpo-
BOJIOKaMH Moka3ano 3(PphexkT HeOOIbIITOr0 N3MEHEHNSI COOTHOIIICHUS
METaJI-XaJbKOT€H B CTOPOHY YBEIIMYEHHS COACPIKAHUA CBHUHIA HA
4-5 atomHbIX % B paMkax riayOuHbl aHanu3a (~1 MkM) nig obusac-
T€W CEJICHWJa CBUHIIA MOJ Mackou. IIpu 3TOM mo 1wiomanm y4act-
KOB MOJ MacKoM pacrpeaeaeHnue 3JIEMEHTOB ObIJI0 OJTHOPpOAHBIM. Ha
OCHOBAaHHMHU 3THUX JAHHBIX MOXXHO MPEJIINOJIOXKUTh, YTO GhopMuUpye-
MbI€ OJTHOMEPHBIE HAHOOOBEKTHI SBIISIOTCS KPUCTAUIMYECKUMHU
CTPYKTYpaMu CeJE€HHAa CBUHIIA, a U30BITOUYHBIA CBUHEI] COCPEAOTO-
YeH B c(pepruyecKux oOpa3oBaHUSX.

[Iporiecchl pacnbuieHUS OTKPBITBHIX 00JacTell MIICHOK COIMPOBO-
AKIAIOTCSI PACIIPOCTPAHEHUEM PACTIBUISIEMBIX aTOMOB 101 MacKy B 00-
JaCTU MUKPO3a30pa, OCAXKICHUEM UX HA MTOBEPXHOCTH IIJICHKU M Mac-
k. JlaHHbIA 3PGEeKT MOXKET UMETh MECTO NPH YCIOBUHM BBICOKOM
MJIOTHOCTH TIEPECHIIIEHHOTO Tapa, 4To HaOmomaetcs B BUM-ma3zme
3a CUET BBICOKUX KO3(P(PUIMEHTOB pacHbUICHUSI OMHAPHBIX COEIUHE-
HUW XanbkoreHu10B cBuHa. COM u DJIPA-uccienoBanus BHyTpPEH-
HEM CTOPOHBI HAKIIAJHOW KPEMHHUEBOW MACKH IIOCJIE MPOBEIACHUSA
MJIa3MEHHOW 00pa0OTKM MoKa3zaiu B 00jactu paanycoMm a0 120 Mxm
BOKPYT KOJIOJIIEB TPaBJIEHUS HAJIMYUE CJI0sI HAHOCTPYKTYp PbSe pas-
Mepamu 100—-150 M. It 3TOro cCiaosi OTMEYEHO COXPAHEHUE COOT-
HOIIIEHUSI aTOMOB METaJUI-XaJbKOT€H [0 CPAaBHEHUIO C MCXOJHOU
TJICHKOM. JTO MoaTBepKaaeT 3P(HEKT CHIILHOTO MEePEOCaKISHUS pac-
NBUISIEMOTO MaTepuajia B BHUJI€ OTICIBHBIX MOJIEKYJ, YTO 00CYK[a-
JOCh B pazjene 3.2.2.

Komriekc mosy4eHHbIX 3KCIEPUMEHTAIBHBIX JAHHBIX YKa3bIBa-
€T Ha TO, 4TO (POPMUPOBAHUE HAHOTIPOBOJIOK B MPOIECCE TIIa3MEHHON
00pabOTKU MPOUCXOJUT B PE3yIbTATE KATATUTUYECKOTO POCTA IO Me-
XaHU3MY «Iap — KUJIKOCTbh — KPUCTAIUD». JIaHHBIA MPOLECC COCTOUT B
TOM, YTO KaIlJIM MeTajlla-KaTaJn3atopa Ha MOBEPXHOCTH, HAXOISCh B
KOHTAKT€ C MEPECHIIIEHHBIM MapoOM OCaXIAEMOro MOJYyIPOBOIHUKO-
BOr0 Marepuania, CIyKaT 3aTpaBKaMH JjIsi aHU30TPOITHOIO POCTa Ha-
HOIpOBOJIOK [351]. B paccMarpuBaeMoM citydae MepechICHHBIN map
XaJIbKOT€HUJOB CBHUHIIA CO3/Ia€TCSI B MHUKPO3a30p€ MOJ HAaKIJIAJHOU
MAacKOM 3a CYET BBICOKOHM CKOPOCTH pAaCHbUICHUS XaJIbKOI'€HHU]IOB
ceuHia B BUM-nnasme u cuiibHBIX 3G (PEKTOB nMepeHoca pacibUIeHHO-
ro Marepuajia B 00JaCTb MHKpO3a3opa (OIEHKH ITOKa3bIBAIOT, YTO
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00beM HAHOIPOBOJIOK cocTaBisieT A0 12% oT o0111ero pacnbUIEHHOTO
Marepuasia mieHku). [Ipu 3ToM pachblIeHUE CeJIeHUIa CBUHIA IPO-
XOJIUT TIPEUMYIIIECTBEHHO B BUJIe MOJIeKy1 PbSe u nx xomriekcos, a
JI0JIsI aTOMapHOTO CBHHIIA B PACHBUICHHOM MaTepHuaje HEBEJIUKa U CO-
CTaBJISIET HECKOJBbKO aTOMHBIX % [352]. [TockonbKy cBHHEIl 00JiaaeT
HU3KON TeMmmepaTypoi IUIaBieHus, To, TUPPYyHIUPYs MO HaArpeToin
MOBEPXHOCTH MOJ] MAaCKOM, OH KOAJIECUUPYET B KAIlJIM HAHOMETPOBBIX
pa3sMepoB, YTO HAOIIOAAIOCH JJISI AMUTAKCUAIBHBIX METOAUK (PopMu-
poBaHus HaHO- U MUKpocTpyKTyp PbX B [120, 353]. Janee npu nepe-
OCaXACHUU MOJeKysl PbX M3 mepechlleHHOro mapa MPOUCXOIUT
KJIACCUYECKUN CUHTE3 M0 MEXaHU3MY «Iap — KUJKOCTb — KPUCTAJLI»
OJIHOMEpHBIX HaHOCTPYKTYp PbSe mon 3atpaBkamu Pb, octaronumucs
Ha ux BepmmHax (puc. 105). He wuckmrouaercs BiusiHHE (aKTOpa
CUJILHOTO 3JIEKTPOMArHUTHOIO TOJISl HA POCT HaHOMPOBOJIOK. KocBen-
HO 3TO MOJTBEPKAACTCA TEM, YTO CKOPOCTh POCTa UCCIETYEMbIX Ha-
HOCTPYKTYp Ha MOPSIIOK MPEBBIIIAET BEJIMUUHBI JIJIs1 MU TAKCUAIbHBIX
MeToauk [125]. CBuHeEl B JaHHOM SKCIIEPUMEHTE MCIIOJHSIET POJb,
aHAJIOTUYHYI0 CHEUATbHO HAHOCMMBIM Ha MOBEPXHOCTh METAJIaM-
KaTaJlu3aTopaM C HU3KOM TemiiepaTypoi miuasienus (Au, In, Ga, Bi) B
AMUTAKCUAIBHBIX METOJMKaX (HOpMHUpOBaHUS HAHOMPOBOJOK PbX mo
MEXaHU3MY «Iap-KUJIKOCTb-KpucTamum [119, 125].

Puc. 105. Cxemamuueckoe uzobpasicenue npoyecca pacnvlieHus
6 naasme nienku PbSe, conpoeoorcoarowezocsa ¢hopmuposanuem maccusa
O0OHOMEPHBIX HAHOCMPYKMYP HA 3AKPbIMOU YACU NIeHKU
60u3u kpas mpaeienus no mexanuzmy I1DKK:
1 — nomox uonog Ar", 2 — noonooicxa Si, 3 — nnenxa PbSe, 4 — naxnaonas macka Si,
5 — muxpo3saszop, 6 — Hanonposonoxu PbSe, 7 — kamanuzamop Pb
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SIBneHue caMOOpraHu3allid Karejab CBHUHIIA WJIM OJioBa pac-
CMaTPUBAJIOCh ISl AIUTAKCHAJIBLHOTO POCTa HAHOMPOBONOK PbX m
Sn,_Pb,S B [120, 121]. B Hamem cirydae OTCyTCTBHE KaKHX-THOO ITO-
CTOPOHHUX METAJUIOB-KaTAJIM3aTOPOB B CYIIECTBEHHOW KOHIEHTpa-
nuu noareepxkacHo merogom JJIPA. Crneunduueckum 3¢ dexTom
SBUJIOCH 00pa30BaHUE MACCUBOB CPEPUUECKUX CTPYKTYP KaTaauzaTo-
pa (CBHHIIQ) C YMEHBIIAIOWICHCS N0 MEpe yAAJIICHHUs] OT 30HbI PACIbI-
JICHUS TUIOTHOCTBIO. ITO 0OBICHSAETCS OTCYTCTBHEM JOCTATOUYHOM ISt
pOCTa HUTEW KOHIICHTPAIIMH MEPECHIIIIEHHOTO Mapa CeJeHu1a CBUHIIA,
YTO HE XapaKTEPHO I SMUTAKCUATBHBIX METOJIOB, KOrAa MIOTHOCTh
napa JJOCTaTOYHO BEJIMKA U OJHOPOHA IO MOJIJIOKKE.

[IpoBeneHHbIE HCCIIEIOBAHUS TTO3BOJISIOT CAENATh BBIBOJ O TOM,
YTO JIOKaJbHOE (hOPMUPOBAHHE HAHOIPOBOJIOK CEJICHHWIA CBUHIIA Ha
noBepxHoctu IieHOK PbSe/CaF,/Si(111) mox HakimaagHOW Mackoi
TpaBjeHusa pu 00padotke B BUN-mnasme npoucxoaur 3a cyeT nepe-
OCaXJICHUSI aKTUBHO paCMbUIIEMOr0 MaTepuaiga U pocTa CTPYKTYp
PbSe B cOOTBETCTBUHU ¢ MEXaHU3MOM «Iap — KUIKOCTh — KPUCTAILD)
Ha camodopmupyromuxcs 3arpaBkax Pb. OcobeHHOCTH JaHHOTO Mpo-
ecca CBsi3aHbl ¢ OOpa3oBaHMEM KaTalu3aTropa HEMOCPEICTBEHHO
aTOMaMH pPaclbUIIeMOro Marepuaia (CBUHIA), OOECHEYEeHHUEM JIO-
KaJIbHOW BBICOKOW TIUIOTHOCTH TEPECHIIEHHOIO Tapa B CHJIy aHo-
MaJIbHO BBICOKHX CKOpOCTed pacmbiieHus PbX, mocTtpoeHueMm HaHO-
IPOBOJIOK TPEUMYIIECTBEHHO paclbUIieMbIMU MoJiekyliamu PbX c
COXpaHEHHEM CTEXHOMETPUUYECKOTO COCTaBa 00padaThIBAEMOM TIJICH-
k. OOHapyKeHHOE siBIcHHEe (POPMUPOBAHMS HAHOCTPYKTYP MOXKET
OBITH MOJIOKEHO B OCHOBY METOJIMKH IIEJICHANIPaBIECHHOTO JIOKAJIBHO-
ro BbIpAIllUBaHUSI HAHOHUTEH XaJIbKOTE€HUJOB CBUHIIA HA MOJIOXKKAX
Si ¢ 3aaHHO# TOMOJOTHEN B COOTBETCTBUU C IMapaMeTpaMy HaKJIaJl-
HOM MacKu M MHKpO3a30pa. BakHelyto 3a1ady npecTaBisieT qajib-
HeHIee UCCae0BaHue CBOMCTB CO3/JaBa€MbIX HAHOCHUCTEM, MEPCIICK-
THUBHBIX JIJIS1 ONITOJICKTPOHHBIX U TEPMOIJIEKTPUUECKUX YCTPOUCTB Ha
OCHOBE HAHOCTPYKTYPHUPOBAHHBIX XaJIbKOTCHUIOB CBHHIIA, UHTETPH-
POBAHHBIX HA KPEMHUEBBIC YHIIHI.
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3aK/JII0UeHue

IIpuBeieHHBI B KHUIE KPAaTKUWW aHaU3 METOAOB IIOJyYECHUS
HaHOCTPYKTYPHUPOBAHHBIX MaTepuaioB PbX u uXx CBONCTB IMOKa3bIBa-
€T nepcrneKTUBHOCTh hopmupoBanus 0D, 1D u 2D 00bekToB Ha OCHO-
B€ XaJIbKOT'E€HUJIOB CBUHIIA ISl CO3/IaHUSI MPUOOPHBIX YCTPOMCTB HO-
Boro nokosieHus. Iluonepckue padotsl Kunomutel, I'anonosa, Ilap-
ThHa, Kprueubayma u apyrux B Hadase 80-x rr. XX BeKa M0 CO3AaHHUI0
KBAaHTOBO-Pa3MEPHBIX CUCTEM C TPUMEHECHUEM COJIEH CBUHIIA SIBUJIUCH
3¢ (PEKTUBHBIM TPAMIUIMHOM JJI PA3BUTHSA TEXHOJIOTUYECKUX U (Pu-
3MYE€CKUX OCHOB HOBOM 00JIaCTH 3HAHWM MO W3YyYEHHUIO U BHEJIPEHUIO
HAaHOPa3MEPHBIX CUCTEM Ha OCHOBE XaJIbKOT€HUJO0B CBUHIA. PazButne
HOBBIX TEXHOJIOTHYECKUX METOJIOB 3a mocieanue 30 JeT MpUBEIO K
MHOI000pa3uio MOJXO0JI0B CO3/]aHHSI KBAHTOBBIX TOYEK, HAHOHUTEH,
YABTPATOHKUX W HAHOCTPYKTYPUPOBAHHBIX IUIEHOK, CTPYKTYpPHO-
CJIOKHBIX HAHOOOBEKOB XaJIbKOT€HHUJIOB CBUHIIA C YHUKAJIBHBIMHU (PU-
3UYECKUMU U XUMHUYECKUMHU cBoMcTBaMU. HoBbIE BO3MOXKHOCTH Ha-
HOpPAa3MEpPHBIX CUCTEM Ha ocHOBe PbX mo3Bosuiau peann3oBathb 3(¢-
(dbeKkTUBHBIE Ja3epHble cucTeMbl cpeanero MK-nuamnasona asis ra3oBoit
CEHCOPHKH, paboTarolye BbIlIE KOMHATHBIX TeMmieparyp. Hanoct-
PYKTYPUPOBAHHBIE XaJIbKOTCHH/IbI CBUHIIA TOKa3ajdu BBICOKHE pado-
YME€ XapAKTEPUCTUKHU MPHU UX UCIIOJIb30BAHUU B TEPMOIJICKTPUUECKUX
YCTPOMCTBaX HOBOTO IMOKOJICHHS, B TIPHOOpaxX albTEPHATUBHOMN dHEP-
reTukd. HaHOKOMITO3UTHBIE CTEKJIIHHBIE CUCTEMBI C HAHOYACTUIIAMH
PbX obGecrneuniu 60Jiee BHICOKYIO TITyOMHY MOJIYJISIIMN HACBIIIAEMbBIX
MOTEPH B JA3EPHON TEXHUKE JIJII TEHEPALMHU HUMITYJIbCOB CBEPXKOPOT-
KOU JUIMTENBbHOCTHU. [lepeyeHp sipkux mpuUMEpPOB MCMOJIb30BAHUS Ha-
HOCTPYKTYPUPOBAHHBIX XaJIbKOT€HUIOB CBUHIIA MOKHO MPOJOJIKUTB.
ABTOPBI BBIPAXKAKOT HAJICK]TY, YTO IJIABHBIE OTKPBITHS YAUBUTEIbHBIX
NpUMEHEHU HaHOpa3MepHBIX MaTepuanoB PbX emie Bnepenu.

OT3BIBBI O KHUT€, 3aMEYaHUs MO €€ COAEPKAHUIO MPOCUM Ha-
NpaBJATh MO ajpecy zimin(@uniyar.ac.ru. M3gaHue oOCyIIECTBICHO
npu (GUHAHCOBOM MOJAEPKKE AHATUTUYECKOM BEJOMCTBEHHOM IIeye-
BOM MporpamMmbl «Pa3BUTHE HAyYHOTO NMOTEHIMANIA BBICIICH IIKOJIbI
Ha 2009-2011 roast (mpoekthl 2.1.1/466 u 2.1.1/13083)».
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