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IIVIEHAPHBIE TOKJIAIbI

METOAbI HOJYYEHUSA OIITOSJEKTPOHHBIX HAHOCTPYKTYP
Jynun JI.C., Heoomapee C.H., [lawenxo A.C., JIynuna M.JI.

FOsxHb1i1 Hayunslil neHTp PAH, r. PoctoB-Ha-/lony, Poccus
E-mail: Lunin_LS@mail.ru

Hcnonp3oBaHne  KBaHTOBOpPa3MEpHbIX A((PEKTOB B ONTORIEKTPOHHBIX
ycTpolicTBaXx  yiayumaer ux — paboume  xapakrepuctuku  [1].  [lpuHumn
(GYHKIIMOHUPOBAHUSL  ONTORJIEKTPOHHBIX YCTPOMCTB Ha OCHOBE HAHOCTPYKTYP
3aKJIF0YAeTCsd B BO3MOXKHOCTH JIOKAJIU3allMM HOCUTENEH 3apsiia B OJHOM, IBYX WIIU
Tpex HampaBieHMsAX. OITOdJIEKTPOHHBIE  YCTPOMCTBA HA  HAHOCTPYKTypax
pa3zesIoTCs Ha J(Ba KJjlacca: T€HepaTopbl U IMPUEMHUKU HM3iaydeHusd. K BakHeUIMM
OITORIIEKTPOHHEIM MaTepHanaM OTHocsTcs HaxorerepoctpykTypsl SiGe n A"'BY. Ha
UX OCHOBE pEajM30BaHbl MHKEKIIMOHHBIE JIa3epbl HA KBAHTOBBIX SIMAaX U KBAHTOBBIX
TOUYKaX, KackaJHble Jazepbl AaibHero u cpenHero WK-nnamna3oHOB, cBEpXbsIpKUe
CBETOJMOABl HAa KBAaHTOBBIX TOYKAaX M KBaHTOBBIX smax, MK-doromerektopsl c
KBAaHTOBBIMU SIMAMU M TOYKaMH, a TaKXke (OTOIIEKTpUUYECKHE MpeoOpazoBaTesn ¢
KBaHTOBBIMU Toukamu (puc. 1).

OnTo37€KTpOHMKA OTJIMYAETCs OT BAaKyyMHOM M MOJIYNPOBOJHUKOBOM
AJIEKTPOHUKM HAJIMYUEM B IIE€NM CUTHaJIa ONTUYECKOTO 3B€HA WJIM ONTHUYECKON CBS3H.
JlocTOMHCTBA ONTO3JEKTPOHUKHU CBSI3aHBI, B NEPBYIO OYEPE]b, C MPEUMYIIECTBAMHU
ONTUYECKOM CBSA3U 10 CPABHEHUIO C JIEKTPUUECKOM, a TAKKE C TEMH BO3MOKHOCTSIMM,
KOTOPBIE OTKPBIBAIOTCS B PE3YyJbTAaTE HCIIONB30BAHUS PAa3HOOOPA3HBIX (PUINIECKUX
SBJICHUH, 00yCIIOBJIEHHBIX B3aUMOJICHCTBUEM CBETOBBIX IOJIEH C IeTepOCTPYKTypamu
U HAHOTeTepOCTPYKTypamH.  Bpicokas  yacTora  ONTHYECKUX  KoJieOaHUI
oOycnaBnuBaeT O0oJbIION 00BEeM mepenaBaeMo HHPOpPMAMU U OBICTPOJCHCTBHE.
CooTBeTcTBYyIOIIAs ONTHYECKOW YacTOTE Majasl JJMHA BOJIHBI OTKPBIBAET MYyTH JIs
MUKPOMHUHHUATIOPU3ALMN MIEPEAAIOIIMX U IPUEMHBIX YCTPONCTB ONTO3JIEKTPOHUKH, a
TakXke JUHUN cBsi3u. MHpopmanMoHHas €MKOCTh TAaKoro KaHajla BCIIEICTBUE €ro
0O0JIBILION IMPOKOIOJIOCHOCTH YPE3BbIYATHO BBICOKA.

Jis  moiaydyeHWsl  ONTOIEKTPOHHBIX — HAHOCTPYKTYp — pa3paboTaHbl U
UCTIONB3YIOTCA ~ MOJIEKYJISIPHO-IYYeBasl dSOUTAKCHs, Ta3oda3Has »dOHUTaKCHI U3
METAJUIOOPTaHUYECKUX COEAMHEHUMN, METOJIbl PACIIBUICHUS, KHUAKO(Da3Has AMUTAKCHUS.
Hacrosiiuii 1okna nocBAIEH KpaTKOMY aHAJIM3y COBPEMEHHBIX METOJIOB MOJIyUYEHUS
OINTORIEKTPOHHBIX HAHOCTPYKTYP.

Memoo monekynapuo-ayueeon Inumakcuu (MJID) mnpenHazHaueH s
BBIPALLMBAHUS MHUKPO- U HAHOCTPYKTYpP B CBEPXBBICOKOM BaKyyMe. OJTOT METOJ
OCHOBaH Ha IPOLECCE B3aUMOJCUCTBHUS HECKOJIBKHX MOJEKYJSIPHBIX ITy4KOB
pa3IMYHOTO  COCTaBa €  HarpeTOM  MOHOKPHUCTAJUIMYECKOW  IOUIOKKOM H
MOCJICAYIOIIEr0 BBIPALIMBAHUSA HAa HEW 3MHUTAKCHAIBHOIO cjod. CXeMa yCTaHOBKH
MOJIEKYJISIPHO-Ty4€BOM SIIUTAKCUU ITPUBEICHA HA PUCYHKE 2.
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I'enepaTopsl n3iy4yeHus IIpreMHUKH ONTHYECKOI0 M3JIyYeHUs
Ha OCHOBE€ HAHOTCTCPOCTPYKTYP Ha OCHOBC HAHOTCTCPOCTPYKTYP
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6) COM-u300paxenue HaHoretepocTpykTypsl InGaAs/InP, monyuennsix MJIO [2]
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B ycranoBkax MJID moryt Mcnoib30BaThCsl TPH COCIUHEHHBIE MEXTY COOOM
kaMmepsbl. Paboyas kamepa, B KOTOPOI OCYIIECTBIISIETCS POCT CTPYKTYPBI. 3arpy3ouHas
KaMmepa, BBIMIOJIHSIONIAS pOJb HUTI03a MEXIy pabouedt kamepod u aTtMocdepoil.
HccnenoBatenbckass kamepa ¢ mnpubopamu. B paboueit kamepe co3maercs
Ge3MacisHHBIA  CBepXBRICOKHIT BakyyM (<10 I7a). Jlas 5TOoro mcmome3yercs
TpEXCTyneH4yaras cucreMa oTkauku. DopBakyyMHBIN Hacoc MPOU3BOAUT HAYaJIbHOE
OTKaunMBaHUe Ta3a u3 yctaHoBkU (~0,5 Ila). AOGCOpOIIMOHHBIN HACOC HCIOJB3YET
MaTepUaJIbl C Pa3BUTON MOBEPXHOCTHIO (HAIIPUMED, MOPOLIOK LEOJIUTA), KOTOPbIE MTPU
CUJIBHOM OXJaXJEHUM >KMJIKAM a30TOM IOIJIOIIAIOT YacTh ra3a U3 YCTaHOBKH.
MaruauTtopa3psaHelii  Hacoc O0ECIeYMBAaeT CBEPXBBICOKMH BaKyyM 3a  CUET
pachlblJICHUS] TUTAaHA W OCAXKJCHUS THUTAHOBOM TUIEHKM Ha paboOuyuX y3J1ax Kamephbl.
[In€HKa «IpUKpBIBAET HAXOJALIMIICS B MMOpax NMOBEpXHOCTU ra3. B paboueit kamepe
OCyHIeCcTBIIeTCS (POPMUPOBAHHE HAHOCTPYKTYP, KOTOPOE MPOUCXOAMT B TMpoIlecce
YIPAaBISEMOIO0 MCHAPEHUs BEUIECTBA M3 OJHOTO WM HECKOJIBKHX HMCTOYHUKOB,
CO3JAOLINX MOJIEKYJIIPHBIE IIyYKH, B YCIOBHUSX CBEPXBBICOKOIO BaKyyMa. ATOMHBIE
VI MOJIEKYJISIPHBIE ITYYKH CO3JAI0TCSl B HUCIIAPUTEIBHBIX SYEMKaxX IPHU JOCTaTOYHO
BBICOKOH TeMIieparype W HaIpaBJSIOTCS K HArPETOH 0 HEOOXOAWMOW TeMIlepaTyphl
MOHOKPHUCTAJNIMYECKON MOoJuIokKe. McnaputenbHble sUEHKH MPeACTaBIsIOT co00i
apdy3nonnbie sueiiku KHynceHa, KOTOpbIE OCYIIECTBISIOT MEIJICHHOE HCTEUCHHE
UCHApsEMBbIX MOJEKYJN uepe3 Majoe oTrBepcTue. (OCHOBHBIM  JOCTOMHCTBOM
¢ dy3noHHBIX siueek KHyznceHa sBIsSETCS MOCTOSTHCTBO CKOPOCTH MCTEUEHHS U3 HEE
rmapa MCHapseMOro BEIIeCTBA BO BpeMsl Mpolecca HamnbUIeHUs. VHTEHCUBHOCTH
MOJIEKYJISIPHOTO ITy4YKa Y MOJUIOKKH MOXKET Pe3KO BO3pacTaTh MJM MajaTh Ojarogaps
MCIIOJIb30BAHMIO WMHJIMBUJYAJIbHBIX 3aCJIOHOK, IMOMEUIEHHBIX MEXIYy KaXKIOoW U3
UCHAPUTENbHBIX f4Y€eK U TMOMJIOKKOM, KOTOpble TMO3BOJIIIOT OY€Hb OBICTPO
NEPEKPHIBATH MYYKU. DTO JAET BO3MOKHOCTh U3MEHATh COCTaB MJIM TUI JETUPYIOLIEH
IIPUMECH Ha MEKaTOMHOM PACCTOSIHUU.

biaromapst cBEpXBBICOKOMY BaKyyMy MOJIEKYJIbI BEIIECTBA PACIIPOCTPAHSIOTCS,
MPaKTUYECKHU IO MPSMOM, HE UCIBITHIBASL COYJAPEHUS C YYKEPOJAHBIMU MOJIEKYJIaMHU.
C uenpl0  yMEHBUIEHMS  TEIUIOBOTO  B3aUMOJCHCTBUS W IPENOTBpAlllEHUs
B3aMMO3arps3HEHMsS] MCTOYHUKOB HCHAPUTENbHBIE SYEUKU pPa3fesaloT SKpaHaMmy,
OXJIAKJITAEMBIMU KUAKHUM a30TOM. B Kaxa0oil McCHapuTEIbHOW SYEHKE COAEPKUTCA
OJIMH U3 3JIEMEHTOB, BXOASIIUX B COCTAaB pacTyuiero cios. KonnyecTBo sueek 0ObIYHO
He npeBblliaeT 6-tu. TemnepaTypa KaxaoW UCHApPUTEIbHOW SSYEHKHU BbIOMpaeTcs Tak,
9TOOBI 00ECIEYNTh BBIXOJ M3 HEEe MOJEKYJSIPHOTO MydKa HU3KOH WHTEHCHBHOCTH.
PocT snuTtakcHalbHBIX CIIOEB IMPOUCXOAUT HA HATPETOW MOMJIOKKE IPU PEAKLIUH
MEXAY HECKOJBKUMHU MOJEKYJISAPHBIMU IIY4KaMU pPAa3JIMYHOM HHTEHCUBHOCTH U
coctaBa. [lepkaTenb NOMJNOXKKHA HCHOJIb3YETCS [JIs KpPEIUICHHUS MOMJIOKKH, €€
BpallleHUsi M HarpeBa. BcTpoeHHBIH B jep:kaTellb HarpeBaTellb 00ecredyrBacT
OpeBapUTeNIbHBI  MporpeB oOpas3la, a 3areM HOJIEPKUBAET MOCTOSHHYIO
TeMIeparypy noanoxku. [is ycrpaneHus: 3p(heKToB HEOTHOPOIHOCTU CTPYKTYpP H3-
32 HECMMMETPUYHOCTH MOJIEKYJSIPHBIX IIy4KOB JEpXKaTeId NOIJIOKEK JEIar0TCs
BpaLAOIINMUCS.

CKOpOCTbh OCaKICHHSI BEUIECTBA Ha MOJUIOKKY MO MOPSIKY BEIMYHHBI OOBIYHO
COCTaBIIIET OJMH MOHOATOMHBIN ciloil B cekyHay. [Ipu sTom obecrieunBaercs u JIETKO
BOCITPOM3BOJUTCS TPEIEIbHO BBICOKOE KAadeCTBO CJIIOEB C 3aJaHHBIM XMUMHUYECKHM
COCTaBOM U INPENEIbHO BBICOKOM CTEXMOMETPHEN, € MOHOATOMHO TIJIaJIKUMH
rereporpanuiamu. Hanuuue cBEpXBBICOKOrO BakyyMa B paboyell Kamepe UCKIIYaeT
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HEJOIYCTUMO BBICOKHI YPOBEHb 3arpsA3HEHUS MOJUIOKKU U PACTYILUX CIOEB, HU3KHE
TEeMIepaTypbl POCTa CHUXKAIOT aBToJierMpoBaHue U auddysuro B TBepaoi ase.
[TonyueHrne KaueCTBEHHBIX CTPYKTYP BO3MOYKHO IPHU MCIOJIb30BAHUH BBICOKOYMCTBIX
VUCTOYHUKOB HAIbUIAEMBIX KOMIIOHEHTOB W TIPU YCIOBUM TOYHOIO KOHTPOJIS
TEMIIEpaTyp MOAJIOKKHU U TEMIIEPATyphl HAarpeBa Kak10i U3 3P Py3MOHHBIX SUYEEK.

3arpy3ouHas ~KaMepa INpeJHa3HaueHa [ 3arpy3kd, BBIIPY3KM U
TPAHCIIOPTUPOBKH  ITOJIYIIPOBOJHUKOBBIX IOMJIOKEK B CBEPXBBICOKOBAKYYMHYIO
yCTaHOBKY. B Hell Tak ke mpou3BOAUTCS IEPBUYHOE 00e3rakuBaHue MoIoKeK. Yare
BCEr0 OHA COCTOMT M3 BAaKyyMHOM KaMepbl, BaKyyMHBIX HAacOCOB, JBYX
MaHUIYJISATOPOB C KacCeTaMu JJIs IIO/IJIOKEK, HaTeKaTelsl U JATYMKOB JaBJICHUS.

ITockonbky npouecc MJID npoucxoauT B CBEPXBBICOKOM BaKyyMe, €T0 MOXKHO
KOHTPOJIMPOBATh C MOMOUIBIO PA3JIMYHBIX JUArHOCTUYECKUX METO/OB, MOMECTUB B
YCTAaHOBKY COOTBETCTBYIOIIYIO ammaparypy. B dacTHocTH, Macc-CIIEKTpOMETp IS
aHalM3a KaK AaTOMHBIX, TaK M MOJEKYJISPHbIX MYYKOB U (POHOBOH aTMocdepsbl;
TU(PPaKTOMETp HAa OBICTPBIX 3JIEKTPOHAX; SIEKTPOHHBIM 0XKE-CIEKTPOMETP C IIEIBIO
KOHTPOJISI COCTaBa CJIOS, PE3KOCTH TpaHULl M B3aUMHOW AUPQPYy3uH; HOHHBIN
BAKYYMMETP, KOHTPOJIMPYIOLIMN HEWUTpaJbHbIE ATOMHBIC ITYYKH; KBaJPYIOJIbHBIN
MacC-aHaJIM3aTop Il KOHTPOJII MHTEHCHUBHOCTH ITYyYKOB M HOHHYIO IYIIKY IS
OUYMCTKH MOBEPXHOCTU MOUI0KKHU. B ycTaHoBKax MJID Takke umeercs BO3MOKHOCTh
UCCIIeZIOBaTh Ka4eCTBO HAHOCTPYKTYp M HMX cocTaB «in Situ» M Ha OCHOBaHHMHU
pE3yNbTaTOB  HCCJIENOBAaHUSA  IPOU3BOAUTH  KOPPEKTHUPOBKY  TEXHOJOTMYECKUX
napaMeTpoB npouecca. HecmMoTps Ha JOCTaTOYHO NPOCTYIO HUACHD, pPEaU3alius
texHonoruu MIJID TpeOyer pemieHuss MHOTMX TeXHUYecKuMx 3anad. K ux uymciy
OTHOCATCS: HEOOXOJUMOCTh TOJACPKUBATh CBEPXBBICOKMH BakyyM B paboueit
KaMmepe; YMCTOTa HCHapseMbIX MaTepuasoB JOKHA ObITh He Hike 99,999999 % , a
YEeM 4YMILE MaTepHUall, TEM OH JOPOKE; JUIsl OCYIIECTBIEHUS KOHTPOJIUPYEMOTO POCTa
HEOOXOMMO CJIOXHO€ TEXHOJOrM4ecKoe OO0OpYIOBaHHE M HCCIEN0BATEIbCKUE
npubopsl; s oOciayxuBaHUS — ycTaHOBKM MJID  Tpebyercs  crnenmambHO
HOJTrOTOBJICHHBIN MEPCOHAN; CTOUMOCTbh 000PY/A0BaHUs OYEHb BBICOKA.

Texnonorust MJID maer BO3MOXHOCTH (OPMHUPOBAaHWS ATOMAPHO-TIAAKUX
IPaHULl CJIOEB, MOJYYEHHUS] PE3KMX CKAYKOB KOHIIEHTpAllMd KOMIIOHEHTOB B CIIOSX;
CO3JaHMUSl CTPYKTYpP CO CIIOKHBIM paclpeielieHueM KOHIIEHTPAallud OCHOBHBIX H
IPUMECHBIX 3JIEMEHTOB, BbIpAIllMBaHUS KBAHTOBO-Pa3MEPHBIX CTPYKTyp. Hamnuume
CBEPXBBICOKOTO BakyymMa B pabodeil kamepe, MCKIIOYaeT HEJONYCTUMO BBICOKHIA
YPOBEHb 3arpsi3HEHUs MOJJIOKKH U PACTYIIUX CIOEB U MO3BOJAET KOHTPOIMPOBATH U
KOPPEKTHPOBaTh POCT HAHOCTPYKTYP HENOCPEICTBEHHO B Xole mpouecca. Huskue
TEeMIepaTypbl pOCTa, CHWXKAIOT aBTojerupoBanue u nuddysuio B TBepmoit ¢ase.
bnarogaps cBouM BO3MOKHOCTAM, MJID B HacTOALLEE BPEMsI UTPAET BAXKHYIO POJIb B
Pa3BUTHH HAHOTEXHOJIOTUH.

TI'azoghaznan Inumaxkcus uz memannoopzanuueckux coeounenuui (I'OD
MOC — 3T0 OpUEHTUPOBAHHOE BbIPAIIMBAHNE KPUCTAIIMYECKOM TJIEHKHU Ha MOJJIOKKE
U3 KOMIIOHEHT, JOCTaBJIIEMBIX K TMOMJIOKKE B BUIAE METAUIOOPTraHUYECKUX
coeMHEHUN B ra3oBoi ¢asze. Kpucramimzaius ra3oBoll CMECH OCYIIECTBISETCS Ha
HAarpeToil MojajokKe B crneuuanbHoM peaktope. OcobeHHocts merona '3 MOC
COCTOMT B TOM, YTO B PEAaKTOPE CO3LACTCS BBICOKOTEMIIEpATypHasl 30HA, B KOTOPYIO
IIOCTYIIAEeT ra3oBas CMECh, COZEpJKalllas pas3jaraeMoe coeauHeHune. B aToi 30He
IPOTEKAET pPEeaKLMs U IPOUCXOAUT BBIACICHUE U OCAKICHUE BEIIECTBA Ha MOJIOKKE,
a razoo0Opa3Hble MPOAYKThl pPEAKLIUU YHOCATCS MOTOKOM rasza-Hocurtens. [ns
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IIOJIyYEHUsI COCIUHEHUHN A"BY B xauectBe wucrounmka omementa |l TPYIIIBI
HCIOJIb3YIOT METAJNIOOpraHNYeCcKue coeJuHeHus (Hanpumep, Tpumetriaramumii (TMI)
s cuate3a GaAs m tpumetwimHmuid (TMU) mist InP wnm InGaP). B kauectse
HMCTOYHUKOB 3JIEMEHTOB V TPYMIBI CIyXaT ra3bl apcuH U (ocPuH. YHpoIlieHHas
cxema yctaHoBkH uist [' @D MOC npusenena Ha pucynke 3. Peaktop mpencrasiser
co0olf KBapLEBYI0 TOPH30HTAIBHO paclolokKeHHylo TpyOy. HarpeB mnommoxkwu,
pa3MeIIEHHON BHYTpPM peakTopa Ha rpaduTOBOM HAKJIOHHOM IIbEJecTalle,
OCYILIECTBIISIETCS. PE3UCTUBHBIM HarpeBareneMm. Ilpm Takom cmocobe Harpesa
CO3/IAI0TCSl U30TEPMHUYECKHUE YCIIOBUS JIJIsl HarpeBa ra30BOM CMECH B 30HE OCAXKICHUSI.
UroObl o0ecneunTs OJHOPOIHOCTH PACTYIIETO CIIOS MO BCEH IOBEPXHOCTH, B
MPOIECCe POCTa MOJI0KKA BPAIlaeTCs BOKPYT OCH, TIEPIEHAUKYIIPHON K HEH.

peakTop

= MOANOXKH =
==

et ===]
HarpeBaeMbIn AepxaTent

(CH,3):Ga  (CHs3)3Al  nerupyiowas
npumecs . ‘
FIG. 5: AFM image for sample 1 (deposition time of 90 s) showing

pinning effect. Image size is 2.5 x 2.5 ym?.

Pucynok 3. — I'azoda3Has SnUTaKCUsl U3 METAIOOPTaHHYECKUX COCIMHEHUN:
a) cxema mporecca, 6) ACM-u3o0paxkenne HaHoreTepocTpykTypbl GalnAsSh/GaSh
nonydeHHbIX ['@D MOC [3]

Cuctema Hamycka peareHTOB BKJIIOYaeT B ce0si OajuIOHBI C BOZOPOAOM,
apcuHoMm, ¢ochuHOM, TepMOCTaTUpyeMbie OapbaTepsl ¢ TPUMETUITAIIIUEM,
TPUMETHWIMHANEM, 010K U@ y3MOHHONH OYUCTKH BOAOPOJAA, CTaOMIM3aTOPHI
JABJIEHUS ra30B (PEyKTOPbI), PEryIATOPbl pacxojia Ta30B, a TaK¥Ke 3alOpHbIE KPaHbI
U KpaHbl TOHKOW PETyJMpPOBKM NOTOKA ra3oB. OCHOBHBIE JI€TAJIM CHUCTEMbI HAITyCKa
pEareHToB U3rOTOBJIEHBI U3 HEpXKaBerllen craiu. Mismenenue konuentparuu TMU u
TMI' B peaktope OCYHIECTBISECTCS IYTEM HU3MEHEHHs II0TOKAa BOAOPOAA Yepes
COOTBETCTBYIOIIMI OapOatep. [lapiuanbHoe naBiIeHUE 3ITHX COCIUHEHUN BHYTPH
OapOatepa onpeesieTcs TeMIepaTypoil TepMOCTaTUpOBaHus OapoaTepa.

Jlis  BakyyMUpOBaHHSI peakTopa mNpuMeHseTcs (opBakyyMHBIH Hacoc,
06eCIIeIMBAIONIAI OCTATOYHOE JABICHIE aTMOC(EPHBIX Ta30B mopsaKka 10 MM.pT.CT.
CkopocTts pocta mpu I'd3 MOC o6sruHO coctaBisier ~0,1 mkm/MuH. OObranass ['®D
MOC, B ortnuuuu ot MJID, HE MOXKET 00eCeYUTh PE3KUX TeTeporpaHuil. B 3Toi
cBs3u Obul paspaboran meron ['@D MOC ¢ NOHMXEHHBIM JaBIICHHEM Ta3a B
peakTope. PacruibiBanue mpoduiist JIerupoBaHUs Ha T€TePOrpaHuile OOBIYHO SBISETCS
pe3yabTaToM auddy3un IpUMecH B TBEpAOH (pase WM «aBTOJETUPOBAHUS», HO YaIlle
BCEro MPUYMHA COCTOUT B TOM, YTO JJIsl 3aMEHBI T'a30BOM CMECH B peakTope Tpedyercs
KOHeYHoe Bpems. CHIKEHHE JaBJ€HHUs Ta30BOM CMeCH MO03BOJsieT 3()PeKTuBHO
YIPABIATh KaK IPaJUEHTOM KOHLEHTPALMK IIPUMECEM, TaK U I'PaJUEHTOM U3MEHEHUS
XUMHUYECKOr0 COCTaBa OCHOBHBIX KOMIIOHEHTOB. PacruibiBaHue npoduisi U3MEHEHUs
cocTaBa MpU HU3KOM JIaBJICHUU B PEAKTOPE MOXKHO OTPAaHMYUTH JTUOO ITyTEM IOJHOM
OCTAHOBKH Ipoliecca pocTa Ha BPeMsl YCTAHOBJIEHHUSI MOTOKAa HOBOM ra3oBOW CMecH,
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HEOOXOIMMOM Ui BBIPAIIMBAHHS CIEAYIOIIETO CIOS, JUOO 3a CYET YBEIUYCHUS
CKOPOCTH MOTOKA, YTO MO3BOJISIET OBICTpPEE 3aMEHSITh T'a30BYI0 CMECh.

Hpyras ocobennocts Metoga I'@D MOC ¢ noHM>KEHHbIM JaBICHHUEM COCTOUT
B TOM, 4YTO IO CPaBHEHUIO C OOBIYHBIM BapHaHTOM TEXHOJOTHUHU TMPOIIECC
BBIPALMBAHUS BEJETCS MPU 3HAYUTENBHO OOJIBIIMX CKOPOCTAX Ta30BOr0 IMOTOKA.
VYBenuueHne CKOpPOCTH Ta3oBOro IMOTOKAa B MPUHLUIE MO3BOJISIET MOJydaTh Oojee
OJIHOPOAHBIE CJIOW, OJJHAKO IPHU STOM JIydllle TTOHU3UTh JAaBJICHHE B PEaKTOpe, YeM
IPOCTO YBEIMYMUBATH CKOPOCTh MOTOKA MpH atMochepHoM AaBieHuu. [leficTBuTenBRHO,
B MOCJIEJTHEM ClIyd4ae YBEJIMYEHHE IOTOKa MAacChl XOJOJIHOTO Ta3a IpuBesio Obl K
OXJIXK/ICHUIO TIOJUIOKKH, B TO BpeMsl Kak MPH MOHIKEHHOM [aBICHUU HMEETCS
BO3MOXXHOCTh YBEJIIMYUTH CKOPOCTh JBUXKEHHUS Ta3a, HE MEHsS MOTOKa €ro Macchl U
TEMIIEpaTypbl MOMAJIOKKHU. Bce 3T0 MPpUBOIUT K YAYUIIEHUIO OHOPOJHOCTH PaCTYILIUX
cnoeB. Texnonorust '@ MOC ¢ HU3KUM JaBJICHUEM ra3a B peakTope MepBOHAYAILHO
paspabarbiBanach IS BhIpammBaHus kpemHuss W GaAs. 3aTteM 3TOT METOI CTal
npuMeHAThcs Juis BeipamuBanus InP, AlGa; ,AsP, GalnAsP u ap. Ilpu stom
3HAUUTEIHLHO YMEHBIIAETCS BIMSHHUE AaBTOJETMPOBAHUS, TaK KakK TeMmIiepaTrypa
npouecca He npessimaet (500-800)°C B 3aBUCHMOCTH OT CHCTEMBI.

['®3 MOC ¢ nOHUXKEHHBIM JIaBJICHUEM B PEaKTOpeE, SIBJSSCH MO CPABHEHUIO C
MOJIEKYJISIpHO-Ty4eBoi  snurtakcuer  (MJID)  Oonee  mpocroii u  Oonee
NPOU3BOJUTENBHON, B TIOCIEAHEE BpeMs YCIENHO C Hel KoHkypupyer. O
BO3MOXKHOCTSIX TexHonoruu ['dD MOC ¢ MOHWKEHHBIM JIaBICHUEM B PEAKTOpPE B
U3TOTOBJICHUHU CIIOKHBIX TETEPOCTPYKTYp C PE3KUMH TeTEepOrpaHUIlaMU TOBOPST
Co3aHHble ATHM MeTogoM 1) rerepoctpykTypel GaAs/GaAlAs u moneBbie
TPAaH3UCTOPBI HAa WX OCHOBE C CEJIIGKTHBHBIM JIETHPOBAaHUEM U  BBICOKOUH
MOJIBU’KHOCTBIO 3JIEKTPOHOB B JBYMEPHOM 3JIEKTPOHHOM Ta3e, 2) HHXKEKIIMOHHBIE
nmazeppl Ha ocHoBe rerepocTpykryp GaAl/GaAlAs ¢ KBaHTOBBIMH sIMaMu;
3) MHXEKUIHUOHHBIE JIa3ephl, paboTarolue Ha JUIMHE BOJHBI 1,3 MKM C O4€Hb HU3KUM
oporoBbiM TokoM; 4) cTpyktypbl (Galn)As/INP ¢ HabopoM KBAaHTOBBIX M W JAp. DTH
pe3ynbTathl TOBOPAT O ToM, uTo MeTon I'd@D MOC ¢ MOHM)KEHHBIM JaBJICHHUEM B
peakrope Hapsay ¢ MeronomM MIJID  mo3Bossier mojydarh OYEHb  pE3KUeE
rereporniepexoapl. OHAKO CIIeyeT OTMETHTh, YTO B rerepocTpykrypax GaAs/GaAlAs
NOJIy4Y€HHas TMOABUKHOCTh HOCUTENIeH Oblla HU)KE, YeM B TaKUX XK€ CTPYKTypax,
BBIpaIlIEHHBIX MeTo oM MJID.

HocronnctBamu MOC I'dD sgBasitoTcss HEOOPATUMOCTh XUMUYECKUX PEAKIIHA,
JIEKALUX B €r0 OCHOBE, U OTCYTCTBUE B MapOra3oBOi CMECH XMMHUYECKU aKTHUBHBIX C
pacTyluIuM CJI0e€M KOMIIOHEHT. DTO MO3BOJISIET MPOBOJAUTH MPOLECC AMUTAKCUU MPHU
CPaBHUTEJILHO HU3KHUX TEMIIEpaTypax pocTa U OCYILECTBIATh NPEUU3UOHHYIO MOJauy
UCXOHBIX BEIIECTB, UTO MO3BOJSIET 0O0ECIEYUTh KOHTPOIUPYEMOE JIETHPOBAHUE CIOEB
U TOJy4eHHE CTPYKTYp B IIMPOKOM JIMANla30HE COCTAaBOB TBEPIBIX PACTBOPOB C
PE3KUMU KOHIICHTPAIMOHHBIMU MTEPEXOTAMH.

K nemoctatkam MOC-rupuiHOTO METOJAa MOYKHO OTHECTH BBICOKYIO
TOKCUYHOCTh HCIOJIb3yEMbIX MCXOJHBIX COCIMHEHUHU, B TIEPBYIO OYepeab apCHHA, a
TaK)Xe CJI0KHOCTh XMMHYECKHUX MPOIECCOB, MPUBOIAIINX K 00pa3oBaHuto ciosi GaAs,
YTO 3aTPyIHSET MOJCIUPOBAHHE YCIOBHA OOpa30BaHMs SMHUTAKCHAIBHBIX CIIOEB C
HY)KHbIMH cBoMcTBaMu. K HejmocTtaTkaMm TakyKe OTHOCHUTCS 3arpsi3HEHUE pacTyIIero
COSl  YIJIEpOJOM, HCTOYHHUKOM KOTOPOIO  SIBJISIOTCS — METa/NIOOPraHHYECKHe
coenvHeHUsa. TeM He MeHee, KaueCTBO MOJydyaeMbIX CIOEB CPaBHUMO C KayeCTBOM
CJIOEB, MIOJIy4aeMbIX [IPH UCIOJIb30BAHUU JPYTUX BUJOB POCTOBOM TEXHOJIOIUH.
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Maznemponnoe pacnboiienue OTHOCUTCS K METOZAM PACIBUICHUS MaTEPUAIIOB
MOHHOM OoMOapaupoBKO. OCHOBHBIMM 3JIEMEHTaMM SIBJISIOTCS IUIOCKMM KaTon,
W3TOTOBJIEHHBIN U3 HANIBUIAEMOr0 MaTepuaa, aHol, YCTaHABIMBAEMBIHN 10 IEPUMETPY
KaToJla, MarHUTHasi CUCTeMa, OOBIYHO HA OCHOBE MOCTOSHHBIX MarHUTOB, U CHUCTEMa
BOJOOXJIAKIeHHsI. CWIIOBBIE JINHUM MATHUTHOTO ITOJIS, 3aAMBIKAsCh MEXKy IOJIFOCAMU,
[IEPECEKAIOTC € JIMHUAMH DJIEKTpUYECKoro mnousisd. IIpuHuun AeMcTBUs yCTaHOBKH
OCHOBAH HAa TOPMOXXEHUH DIJIEKTPOHOB B CKPELICHHBIX JJIEKTPUYECKUX U MArHUTHBIX
noJisix. CxemMa MarHeTpOHHOM paclbUINTENbHONW CUCTEMBI IPUBEJEHA HA PUCYHKE 4.

MoK ki

2ue Ko Hil
C OTOMLI MHWBHN
O avomel Sprona

Pucynokx 4. — MarnerpoHHOe pacmbUieHHE: a) cxema mporiecca, 6) ACM-
n3obpaxenne KT INAs/GaAs nomyueHHBIX MarHETPOHHBIM pacibuIeHUEM [4]

N3BecTHO, 4TO Ha 3aps, ABMXKYIIMICS B 3JIEKTPOMATHUTHOM II0JIE, AEHCTBYET
cuna JlopeHua, HampaBiI€HHE KOTOPOM, IO NPABUIIY CIIOXKEHUS CHJI, 3aBUCUT OT
HanpaBJeHus ee cocTaBisomux. [Ipu 3tom, yacts cuibl Jlopenma, oOycinoBieHHas
NEHCTBUEM MAarHMTHOIO TIOJIsl, HE coBeplIaer paboThl, a JIMUIb HCKPUBISET
TPACKTOPUIO JBUKEHHUS YaCTULbl, 3aCTaBisisi €€ JBHUraTbCsi II0 OKPY)KHOCTU B

IIJIOCKOCTH, MEPIEHAUKYISAPHOU V uE. IIpn monmade IMOCTOSHHOIO HAIPSKEHUS
MEXAY MUIIEHBIO (OTPULIATENBHBIM MOTEHLIMAN) W aHOAOM  (ITOJIOXKUTEIbHBIM
NOTEHI[MaJl) BO3HMKAeT HEOJHOPOJHOE JJIEKTPUUECKOE TIOoJe U BO30YXKIaeTcs
THACOWUA pa3psa. Hanmuume 3aMKHYTOrO MAarHMTHOTO MO K PacHbUIIEMOM
IIOBEPXHOCTH MUIIEHU MO3BOJISIET JIOKAJIU30BaTh IJIa3My pa3psiaa HEIOCPEACTBEHHO Y
MUILIEHH. DJIEKTPOH HUPKYIUPYET B JIEKTPOMArHUTHOM JIOBYIIKE J10 TEX MOp, IIOKA HE
IPOM30MJIET HECKOIBKO MOHU3UPYIOIIMX CTOJIKHOBEHHUH C aToMaMu paboyero rasa, B
pe3yibpTare KOTOPBIX OH IOTEPSET IMOJIYYEHHYIO OT DJIEKTPUYECKOrO IOJI HYHEPIHUIO.
bonpiias 4acTe SHEPTUM IEKTPOHA, IIPEXKIE YEM OH NIONAAAECT HA AHOJ, UCIIOIb3YETCs
Ha MOHM3ALUI0 M BO30YXKAECHHE, YTO 3HAUUTENIHO YBEIWYUBAeT 3(()EKTUBHOCTD
Ipolecca MOHU3AIMU U MPUBOAUT K BO3PACTAHHUIO KOHILICHTPALMM IOJIOKUTEIBHBIX
MOHOB y IIOBEPXHOCTH MHUIIEHH. JTO, B CBOK OYEPEIb, NPUBOAUT K YBEINUYEHUIO
MHTEHCUBHOCTH MOHHOM OOMOapAMpOBKM MHILIEHU M 3HAYUTEIBHBIN pOCT CKOPOCTHU
OCaXIECHUS TOKPBITHSA. B MarHeTpoHHBIX YCTPOMCTBAX IIPU  OJHOBPEMEHHOM
JEUCTBUU JJIEKTPUYECKUX M MATHUTHBIX IOJIEH M3MEHSETCS TPACKTOPUS IBUKCHUS
AIIEKTPOHA. DJIEKTPOHBI, SMUTHPOBAHHBIE KAaTOJOM, U OOpPa3yIOUIHECS B pPE3ylIbTaTe
UOHU3ALUY, II0J JEUCTBUEM 3aMKHYTOI'O MArHUTHOIO MOJA  JIOKAJIU3YHOTCS
HENOCPEJCTBEHHO HaJl NOBEPXHOCTHIO pacibuiieMoro marepuana. OHM MONaaaroT B
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JOBYIIKY, OOpa3yemMyi0, C OJHOM CTOpOHBI, JCWCTBUEM MAarHUTHOTO IO,
3aCTaBJIAIONIETO JBUTAThCS DJIEKTPOHBI MO IUKJIOUJATBHOW TPACKTOPUM BOJIM3H
MOBEPXHOCTH, C JPYroil — OTTAJKMBAaHUEM HX DBJIEKTPUUECKHM IIOJIEM KaToja IO
HaNpaBJIeHUIO K aHony. [3-3a HEOAHOPOAHOCTH JAEUCTBUS DIIEKTPUUECKUX U
MarHATHBIX TOJICH B TMPUKATOTHOW 30HE MHTEHCHUBHOCTh HOHH3AIMH B Pa3IMIHBIX
y4yacTKax pas3inyHa. MakcumallbHOe 3HaueHue HaOirogaercss B o0jacTu, rie JMHUU
UHAYKIIMM ~ MAarHUTHOTO TOJSI  TMEpPHEHIUKYISAPHbI  BEKTOPY  HANpPSHKEHHOCTH
AEKTPUYECKOI0 NOJIsl, MUHUMAJIBHOE — I'JI€ UX HAIllpaBJICHUE COBIAJAET.

[ToBepXHOCTh MUILIEHH, PACTIONOXKEHHAS MEXKAY CHUCTEeMaMH BXOAa M BbIXOJIa
CWJIOBBIX JIMHUM MAarHUTHOTO TIOJNISi, MHTEHCHUBHO pACHBUIIETCS W HMEET BUJ
3aMKHYTOM JIOPOKKH, TEOMETpUsS KOTOpOW ompeneiseTcss (QopMoil MOIHOCOB
MarHuTHOM cucTembl. JIOkanu3anus mia3Mbl B IPUKATOIHOM MPOCTPAHCTBE MO3BOJISIET
MOJIYYUTh 3HAYUTEIHHO OOJBIIYIO IIOTHOCTh MOHHOTO TOKAa MPU MEHBIIUX pabodmx
NABJIEHUSX, M, COOTBETCTBEHHO, OOECIEYUTh BBICOKHE CKOPOCTH DPACHBLICHUS.
MarsneTpoHHbIE yCTPOHCTBA OTHOCSTCS K HHU3KOBOJBTHBIM CHCTEMaM HOHHOTO
pacnbuieHusi. HanpsbkeHue MCTOYHMKA MUTAHUSA MOCTOSHHOTO TOKA HE MPEBBINIACT
1000-1500 B. Ilpu mnojgaye OTpULATELHOIO TMOTEHIMANa Ha KaTol, MEXIy
ANIEKTPOaMU BO30YK/IaeTcs aHOMAbHBIN TICIOIINM pa3ps B cpene aprona. Hamuuue
MarHWTHOW JIOBYIIKM OOECTeurMBaeT MpH OJHUX M TEX K€ [aBICHHUIX ras3a
BO3HUKHOBEHHE pa3psaga Mpu Oojree HU3KUX HAMPSHKEHUSX [0 CPaBHEHUIO C
auonHbIMM cucteMamu. Hampspbkenne paspsipa cocraBisier 300-700 B. Marnerpon
MOXeT paboTaTh B IMANa3oHaX AaBjieHHs paGodero rasa or 107 go 1Ila u Bbie.
JlaBiieHue ra3a ¥ UHAYKIUS MAarHUTHOTO TIOJISI OKA3bIBAIOT 3HAUNTEIIBHBIC BIMSHUS HA
XapakTepucTuku paspsga. [loHwkeHue JnaBieHHs OOYCIIaBIMBAET MOBBILICHHUE
pabounx HaMpPsHKEHUH.

[IperMymiecTBaMu 3TOr0 METOJA SIBISIOTCS: BBICOKAs CKOPOCTh PACTIbUICHUS
npu HU3KHX pabounx HampspkeHusx (600-800 B) m mpu HEOONIBIIMX JTaBICHHUSIX
pabouero raza (5:10" -10 ITa), oTcyTcTBHE meperpeBa MOMIOKKH, Majias CTENCHb
3arpsi3HEHUs, BO3MOXKHOCTh TOJYYEHUSI MHUKPO- M HAaHOCTPYKTYp Ha OOJbIION
IUTOLIA/IA MTO/JIOKEK.

B  memooe wuonno-nyueeoco pacnvlienus HAHOCTPYKTYPbl pa3IU4HbIX
MaTEpUaJIOB BBHIPALIMBAIOTCS Ha MOAJOKKE NPHU PACIbUICHUHM MaTepuana MUIICHU
Oy4KOM HOHOB MHEPTHBIX Tra3oB. JIJii coO31aHUS TaKUX TIOTOKOB YacTUL[ C
KOHTPOJIUPYEMOM dHEepruer pa3padoTaHbl CUCTEMbI HOHHBIX MYIIEK.

TexHONOTHSI MOHHO-IYU4E€BOTO PACTBUICHHS 3aKII0YaeTcss B OOMOapAMpOBKE
MUIIEHHU 33JJaHHOTO COCTaBa My4YKOM MOHOB C 3Heprueil g0 600 3B ¢ mocnenyronmm
OCAKJEHUEM pACIIBUIEHHOIO MaTepuaja Ha NOoMJNoXKKy. IIpu arom crexmomerpus
dbopMUpyEeMOro MOKPHITUS UACHTHYHA MULIICHU.

B OonblIMHCTBE Ciy4aeB HMOHHO-IY4Y€BOE pACHbUIEHUWE MPOBOAUTCS TMpU
sHepruu noHoB 100-1000 3B, uto obecneynBaeT noaep:kaHue HU3KOU TeMIepaTyphl
NOJIUIOKKH M OIPaHUYMBAET €€ paJuallMOHHOE MoBpexjaeHue. [Ipu sHeprum cpblie
1000 k3B 1OHBI NpPOHMKAIOT TaK INNIYOOKO, YTO JIMIIb HEOOJBIIOE KOJIWYECTBO
MOBEPXHOCTHBIX aTOMOB pacHbUIETCs, KOA(P(GUUUEHT paclblICHUS YMEHbIIAETCS.
Pacnpiienne, Takum 00pa3oM, SIBISIETCS MPOLIECCOM, B KOTOPOM YBEJIMYCHHE YHEPTUU
noHoB Hed(pdextuBHO. KoadduuueHT pacnblieHUs MaTepuala 3aBUCUT OT THIIA
OoMOapIMPYIOIIKUX €r0 HOHOB. ATOMHAsI Macca Ma/alolllero HOHa SBISETCS OAHUM U3
(GakTOpOB, OMpPENENAIOIIUX BEJIMYMHY HMIYJIbCa, KOTOpas MOXKET ObITh IeperaHa
aToOMaM MOAJIOKKHU. VIHepTHBIN ra3 apron HanOoJiee MIMPOKO UCIONb3YETCSI B HOHHO-
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JYy4eBOM  PACHbUICHUHW, IIOCKOJIBKY  OOECreYrMBaeT  BBICOKMN  KOI(DPHUITUEHT
pacmbUICHUs, JENIeB W JIETKO MocTyrneH. Kodh(uIueHT pachbuieHUs 3aBUCHT HE
TOJILKO OT MPHUPOABI OOMOApIUPYIOIIMX HWOHOB, HO W OT NPHUPOJBI MaTepuaia
MUIIEHH, TPUYEM OIpPEACSeTCs TMOJOXKEHUEM pacHbUIIEMOTrO dJJeMEHTa B
NEPUOTNIECKON CHCTEME M OOpaTHO MPOMOPIIMOHANEH TEIuIoTe cyonmumarnmn. Cxema
YCTaHOBKHU MOHHO-JIYY€BOT'O paclblICHUs TPUBEICHA Ha PUCYHKE 5.

—Substrate and film growth

Sputterﬁ r ] I_

Gas }

\\oofo

‘— Sputtering Target

a) 6)

Pucynok 5. — HonHo-myueBoe pacnbuleHHe: a) cxema mnpouecca MIIO,
0) ACM-u3o6paxenne KT INAs/GaAs nonydennsix metogom MJIO [5]

YcraHOBKa COAEPKUT MCTOYHMK HMOHOB HAa OCHOBE JIByXKAacKaJIHOTO
CaMOCTOSITEJIBHOTO ~ pa3psiia C  XOJOJHBIM  TOJBIM  KAaTOJIOM Ha  OCHOBE
CaMOCTOSITEILHOTO JIBYXKACKaJHOIO pa3psa HU3KOTO JABJICHUS JJIsl PaCHbLICHUS
MUIIEHEH U MOIUPUIIMPOBAHHBINA BapuaHT UCTOYHHMKA HOHOB KayhMaHa ¢ OTKPBITHIM
TOPLUOM [JIsl CO3JaHUsl ACCHUCTHPYIOIIEr0 IOTOKA HU3KO3HEPreTUYECKUX HOHOB.
HcTOUHMK WMOHOB CIYXXKHUT JUIsl PaclbUICHUS MYYKOM HOHOB aproHa MuineHd. llo
HalpaBJICHUIO TOTOKAa PACTHbUIAEMOr0 MaTepuaja YCTaHOBJICHBI  MOJIOKKH,
3aKpeIJICHHbIE Ha YeThIpeX MO3MIMAX Bpaiawmierocs aepxkarens. [lorok HOHOB
aprona co cpenneit sHepruii 80 3B u minotHocthio Toka 0,45 MA/CM® U3 MCTOYHHKA
MOHOB 2 CIY)XHT Il OYMCTKH M aKTHBAIMU TOBEPXHOCTU pabodeil MOIOKKU B
TeYeHue 2 MUHYT nepej, HaHeceHueM IuieHku. Mcrounnk nonoB Kaydmana Bo Bpems
HAaHECEHUsl IUIEHKH OTKIIIOYaeTcs, IoJada aproHa 4epe3 HEero Ipekpamaercsd, a
TEPMOKATOJ] HCTIOIb3YETCS /JIsi HarpeBa MOBEPXHOCTH paboueit TOIJIOKKH.

OCHOBHBIMH JJOCTOMHCTBaMU 3TOI'0 METO/A ABJISIIOTCSA: HU3Kasi c€0ECTOMMOCTb,
YHUBEPCAITLHOCTD, MO3BOJIAIONIAS, UCTIONB3Ysl OJHY YHU(PHUIIMPOBAHHYIO YCTAaHOBKY,
pachbpUIsATh METAJUIbl, AUDJICKTPUKH, MOJYIPOBOJAHUKH, CIUIABbl U COCIUHEHUS;
Ty4riasi 3a c4eT OoJbIeld KUHETHUECKONW YHEPTUU PACTIbIIICHHBIX aTOMOB U MOJICKYJ
[0 CpaBHEHUI0O C BaKyyMHBbIM OC@XJECHHUEM aAre3us IUICHOK K IOJJIOKKAM;
BO3MOXXHOCTh (DOPMHPOBAHUS PA3TUYHOIO COCTaBa IUICHOK (B TOM YHCIE TJICHOK
TAKOrO0 COCTaBa, KOTOPBIM HENb3s TMOJYyYUTh JAPYTMMH METOJaMH) BCIEACTBUE
PAaBHOMEPHOI'O yJajieHHUs aTOMOB M MOJIEKYJI C TMOBEPXHOCTH MHIICHH CIOKHOTO
XUMHUYECKOT0 COEAMHEHHS B MIPOIIECCE €r0 PACTIBUICHHS; XOPOIIasi KOHTPOJIUPYEMOCTh
U ympaBisgeMmMocTh mponecca. K HemocrtaTkam 3TOro MeToAa ClelyeT OTHECTH
MPHUCYTCTBUE B KaMEpe MOHOB PaCHBUISIONIEro Ta3a (00BIYHO aproHa), KOTOPhIE MOTYT
BHEJPATHCS B TMOJUIOKKY WM CTPYKTYpY, a TaKxke IMepeMelInBaTh MaTepHal
MO/JIOKKU U CTPYKTYPBL.
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Memoo cuokogpaznoit Inumaxkcuu nHPU  UMRYIALCHOM  OXJIAHCOCHUU
noonoxcku. B 3TOM MeTole BbIpalllUBaHUE HAHOTETEPOCTPYKTYP C KBAHTOBBIMU
TOYKaMH OCYUIECTBIISIETCS B MPOLIECCE KUIKO(]PA3HOM SMUTAKCUU TyTEM UMITYJIbCHOTO
OXJIOKJIEHUS U HarpeBaHUs MOAJOKKH (puc. 6). CyTh JaHHOTO METOAA COCTOUT B TOM,
YTO Ha THUIBHYIO TIOBEPXHOCTh TMOMJIOKKH, KOTOpass HAXOOUTCS JIMIEBOM
MOBEPXHOCThI0 B KOHTAKTE€ C HACBILIEHHBIM pPAacCTBOPOM-PACIUIABOM IpU JaHHOM
Temneparype 7, mOMelaeTcsl TeIIONOrI0oTUTENb, TEMIepaTypa KOTOporo 7, MeHbIle
TEMIIEpAaTypbl MOJJIOXKKM Ha BenuuuHy AT=7-7,. UYepe3 HekoTOpOoE BpeMms
T~ 107+10" cek, ompenensonee IHTEIBHOCTh UMITYIbCA OXIAXKIACHHS TTOITOKKH,
TEIUIONOrJIOTUTEh MPUHUMAET TEMIEPATYPY MOMJIOXKKH. 32 BpeMsl T Ha JIMLEBON
MOBEPXHOCTHU MOJIOKKH MPOUCXOINUT KpUCTaM3anus HaHocaos wii MaccuBa KT.

20 00000000000000

H, flow / Substrate Heat absorber
—  Furnace L_

1 - Ga +GaAs solution-melt
2 —In + InAs solution-melt

Solution-melts

a)

Pucynok 6. — JKuagkodazHas snHTakcus TNPH HMITYJIBCHOM OXJIQXKIEHUU
no/yIoKKU: a) cxema mnpormecca XDD, 0) CTM-uzobpaxenne KT InAs/GaAs
NOJIy4EHHBIX MeT0/10M JKD3D ¢ UMIYJIBCHBIM OXJIaXKACHUEM [6 ]

B cBs3u ¢ paznuuneM nocTosHHBIX pemeTok Marepuana KT u marepuana, Ha
MMOBEPXHOCTH KOTOpPOro HapammuBaroTcs waccuBbl KT, B HayanpHOM cCTaguu
dopmupyeTcs CIUIOUIHOM «CMauyuBaroLuil» ciaoi mo MexaHusmy CrpaHckoro-
KpacranoBa, ¢ poCcTOM TONIIMHBI KOTOPOTO B HEM BO3HUKAKOT NEPHOAUYECKH
MEXaHUYECKUE HalpshKeHHs. B mpomecce nanpbHEHIIEro pocTa  OCYILECTBIISAETCS
dbopmupoBanus KT B MecTax MUHUMABHBIX MEXaHUYECKUX HATIPSKEHUH.

JIBIKyIlEW  CHJIOM  Ipolecca  KPUCTAIM3ALUU  SIBISETCA  Pa3HOCTH
XMMHYECKUX MOTEHIMAJIOB aTOMOB KPHCTAJUIM3YEMOIO BEIECTBA B JKUAKOW (x4 ) H
TBeproil (us) ¢azax. Tak Kak MOCTOSHHAS PEHIETKH MaTepuana KBAaHTOBOW TOYKHU
CYLIECTBEHHO OTJIMYAETCS OT IOCTOSHHOM PEIIETKH MaTepuaya IOMJIOKKH, TO Ha
rereporpaHuiie ¢ MomIoKKodH mpu ¢opmupoBanuun KT BO3HHKAIOT CABUTOBBIC
MEXaHWYECKHE HalpsDKeHUs. OTH MEXaHWYECKHE HaIpsDKEHUs, MOTYT ObITh
BBIPAKEHBI Yepe3 ynpyryro sHepruto U(x), Npuxoisiiyrocs Ha OJUH aTOM KBaHTOBOM
touku. Ilpu U > Ay mponecc KpucTaM3aliil CMEHSETCSl Ha MPOLECC pacTBOPEHMUS,
TaK Kak Ayst CTAaHOBUTCS OTpULaTeNIbHOM BennuuHoi. PaBenctBo U = Ay omnpenensier
MAaKCUMAJIbHO JOITYCTUMBIE MEXaHUYECKUE HAIIPSKEHUS B KBAHTOBOM TOUKE.

B xome mpomecca pocta 3apoipllla KBAaHTOBOM TOYKH ITPOUCXOJUT
YBEJIMYCHUE MEXAHUYECKUX HanpsbkeHui B cioe marepuana KT, mpueraromero k
reTeporpaHuIle, 10 3HAYCHUH, COOTBETCTBYIOLIUMX TeTepocTpykType GaAs-InAs c
YOPYTMMH IOCTOSIHHBIMU KOHTaKTHPYIOIIMX MaTEpPHAJIOB Ha rerteporpanuue. Ms3-3a
TOoro, uyro HamnpsbkeHns B KT MMEOT rpaiMeHT, HalpaBlIEHHbIH O HOPMad K
IUIOCKOCTH NoA0KKH, y ocHoBaHusl KT mpu ust < 0 oOpa3yercss KpUBOJIMHEWHBII
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bpoHT TpaBieHust 60koBoi moBepxHOCTH KT, 4TO B CBOIO 0Uepe b M3MEHSET YCIOBUE
JIOKQJIbHOTO paBHOBecHs (a3 BOMU3M TE€TEPOrpaHUIlbl MO CPABHEHHUIO C IJIOCKUM
dbpoHTOM TpaBieHus. TakuM o00pa3oMm, €CiIM B Ha4yaJlbHOM CTaguu IIpolecca
dbopMUpOBaHUS MAaCCMBOB KBAHTOBBIX TOUYEK MPOUCXOIUT 0Opa30BaHUE MEXaHHUECKH
HaANPSHDKEHHOTO «CMAYyMBAIOILET0» CJI0s, TO MPU pelaKcaluyd UMIYJIbca OXJIaXICHUS
«cMauMBawIUi» cinod B mpoMmexyTtke Mexay KT uactuuHo pactBopsiercs.
[Tocnenyrolee «IopaniiBaHuE» 3apOJIbIIIa OCYIIECTBISAECTCA IyTEM €ro HOPMaJbHOTO
pocta B TEUYEHUE JUIMTEIBHOCTH MMIYJbCa OXJAXKIEHUS T. MHOIroOKpaTtHoe
nocJie/IoBaTeNIbHOE TOBTOpPEHUE cTaAuil BbIpamuBanus maccuBoB KT, 3aporieHHbIX
CHEHCepHBIMU CIIOSIMH PA3JIMYHOTO THUIA TMPOBOJUMOCTH, MO3BOJISIET CHOPMUPOBATH
MHOTOCJIONHYIO P-N HaHOTETEPOCTPYKTYPY C KBAaHTOBBIMH TOYKaMu. B kadecTBe
MaTpPUYHOIO MaTepHajia HCIOJIb3YIOTCS IIMPOKO30HHBIE mnoxynpoBogHuku 11-V
(GaAs, GaP), a nns momydeHHsT KBaHTOBBIX TOYEK - Y3KO30HHBIC IOTYIPOBOJTHUKH

(InAs u Ge).

Tabmuma 1 oTpakaeT OCHOBHBIE TPEUMYIIECTBA W HEJIOCTATKH METO/OB
MOJIyYEHUSI HAHOCTPYKTYP ISl ONITO3JIEKTPOHHBIX YCTPOUCTB.

Tabmumna 1
Ne
LI Meton IIpeumymecrBa HenocraTkn
[To3BoNsI€T BHIPAILIMBATH Bricokas cTouMoOCTh
HAaHOI€TEPOCTPYKTYPhI 000pyIOBaHUS M UCXOJTHBIX
MonekynsapHo- 3aJaHHOI'0 COCTaBa U MaTepHUayioB; Majiasi CKOPOCTh

JIy4dcBas SIIUTAKCHUSA

reoMeTprur ¢ MOHOATOMHO
TIaJIKMMH
TCTCPOrpaHuliaMu

pocTa; CJIIOKHOCTDb
MMoAACPIKAHUA BBICOKOI'O

BAKYyMa

l'azodaznas

Ilo3BomnsteT co3maBaTh

CI10HOE TEXHOJIOTHYECKOE
obopynoBanue. TpeOyeT
TOYHOTO 33JJaHUSI CKOPOCTH
ra3oBOro MOTOKa,

DTUTAKCHS U3 BBICOKOKa4EeCTBEHHBIC
CBEPXBBICOKOTO BaKyyMa,
2 | MeTaTOpraHuYeCcKuX OTITORJICKTPOHHBIE
- BBICOKAas TEMIIepaTypa
COCIMHEHUN npuOOpBI HA OCHOBE o
HAHOC - TIOJUTO’KKH; OOJIBIIION pacXoj
TPYKTYP pabouero rasa;
TOKCHYHBIC NCTOYHUKHU
MaTEepPHAJIOB
Bricokast ckopocTh
pacHblICHUS] IPU HU3KUX
pabounXx HANIPSIKEHUIX
(600-800 B) u pu
HEOOJBITUX JaBJICHUSIX HenocTtatodno BeICOKOE
pabouero rasa, Ka4yeCTBO MOTyJaeMbIX
3 Marnerporroe OTCYTCTBHUE TIEperpeBa HAHOCTPYKTYP C
pacrmbUIeHHe yr perb PYKTYD

MOJJIOKKH, MaJjiast
CTEIEeHb 3arpsi3HEHUS,
BO3MO>KHOCTb TTOTyYEHUS
MUKPO- U HAHOCTPYKTYP
Ha OOJIBIION IIOIIAIH
TTOJIVIOJKEK

MIPUCYTCTBUEM
paguaIioOHHbIX 1e(DEeKTOB.
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ITo cpaBHEHUIO C
JIPYTUMU METOJaMu
Py A Jlns nosmydenus
nMeeT 0oJiee MpoCcToe
HAHOCTPYKTYP BBICOKOT'O
HNouno-nmyueBoe arnmnaparypHoe
4 KayecTBa HEOOXOIMMO
OCaXKJICHUE odopmieHHE.
BOSMOKHOCTb TTOJIYHaTh HCIIOJIb30BAaTh BaKyyM He
menee 107 a.
KBaHTOBOpa3MEpHbIE
reTePOCTPYKTYPHI.
ITo cpaBHeHHIO C
KOHKYPHUPYIOITUM
METOZIOM Ta30(ha3Hoi
AMUTAKCUU MTPOCTOE
arnrmnapaTypHoe
Kunkodaznas patyp Heunsbexnoe npucyrctaue
oopmIieHHEe, OTCYTCTBUE
SMUTAKCUS TIPU KOMITOHEHTOB PacTBOPUTES
TOKCUYHBIX PEAareHTOB;
5 HUMITYJIbCHOM U MaTepuana
BBICOKas .
OXJIAKJCHUU KpucTaiuzaropa. bonbioi
MIPOU3BOIUTEIBHOCTD;
MOJIJIOKKH pacxoj MaTepuaJioB.
BO3MOHOCTh
pEryIMpoBaHus B
OIIpEEIICHHBIX IIpeeaax
CTEXUOMETPHUYECKUI
COCTaB

HpOBeI[eHHBIﬁ dHaJIN3 II0Ka3ajd, 4YTO MAJId IIOJYUYCHHUSA OIITOIJICKTPOHHBIX
HAaHOCTPYKTYP MOT'YT HCIIOJIb30BATHCSA MCTOIAbI MOJ'ICK}U'I?IpHO—JIY‘IGBOﬁ OIIUTAKCUH,
ra30(1)a3H0171 OIIUTAKCHUHU M3 MCTAJUIOPTaHNYCCKUX COCHHHCHHﬁ, MaraC€TpoHHOI'O
pacublICHUA, HOHHO-TYYCBOTO OCAKACHUA, )KI/II[KO(l)aSHOﬁ OIIUTAaKCHUH. PaCCMOTpeHBI
0C06CHHOCTI/I, INpECUMYyIICCTBA U HCAOCTATKH YKa3aHHBIX MCTOIOB.
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OPTOELECTRONIC NANOSTRUCTURES FABRICATION METHODS
Lunin L.S., Chebotarev S.N., Pashchenko A.S., Lunina M.L.

Southern Scientific Center of Russian Academy of Sciences, Rostov-on-Don, Russia
E-mail: Lunin_LS@mail.ru

The current optoelectronic nanostructures fabrication methods: molecular beam
epitaxy, metalorganic chemical vapour deposition, magnetron sputtering, ion beam
sputtering, liquid phase epitaxy are reviewed. Features, merits and demerits these
methods have been considered.

PABBUTHUE AHAJIMTUYECKHUX U TEXHOJTOI'HYECKHX
KOMIUIEKCOB JIsd AN3AUH-HEHTPOB MUKPO- U
HAHOD2JIEKTPOHUKH

bBuvixoe B.A.

Hayuno-npousBoacreennas rpynna npeanpustui «HT-MIAT»
OI'VIT «H1UU dusnueckux npodiem um. O.B. Jlykunay
E-mail: vbykov@ntmdt.ru

Haunnas c ypoBHs 130 HM, pa3BUTHE MHKPORJIEKTPOHUKUA MOTPeOOBaIO
CO3JaHMs KJIACTEPHBIX KOMIUIEKCOB U B HACTOSLIEE BPEMS MMEHHO TAKHE KOMILIEKCHI
MCIIOJIb3YIOTCS B CTAHJAPTHBIX TEXHOJOTMYECKUX JIMHUSIX.

OTnuunTenbHOM OCOOEHHOCThIO HaHoTexHoJormyeckux wmoayined HT-MJT
ABJIAETCA TO, YTO OHM INpPEJHA3HAYEHbl HE TOJBKO JUIA  HCCIEJOBaHUS
TEXHOJIOTUYECKUX TPOLIECCOB, HO U JUIsI CO3/aHUS HAHOTEXHOJOTMYECKHX
(yHKIMOHANBHBIX 3JeMeHTOB. B Xxome wux co3gaHus Obula perieHa 3aaada
IPELU3UOHHOTO PEenoO3ULMOHUPOBAHUS. Pazpabotansl CreLIMaJIbHbIE
JIBYXKOODPJIMHATHBIE CUCTEMBbI, OCHAIIIEHHBIE BHICOKOTOYHBIMU JaTYUKAMH JIMHEHHOTO
HEepEeMEIICHNUs, MTO3BOJISIONINE C TOYHOCTBIO JI0 HECKOJbKUX JECATKOB HAHOMETPOB
OBICTPO HAXOJUTh 3a/laHHBIN Y4AaCTOK MMOBEPXHOCTH IJIACTUHBI IIPU MepeHoce o0pasua
U3 OJIHOTO MoAyjds B Jpyroi. Kpome TOro, KOHCTpyKUMs JepKaTenisl MIACTUHBI U
NO3UIMOHEpPa 00ECIEUNBAIOT BO3MOKHOCTD PEMO3ULIMOHUPOBAHUS 00pa3lia HCXOAHO C
TOYHOCTBIO 2-3 MKM, 4TO CYIIECTBEHHO MEHbIIIE IJIOU[a1 CKAaHUPOBAHUS.

B 3aBHCHMMOCTH OT KOHKPETHOrO THIA M3JAEIHi, Ha pa3paboTKy KOTOPBIX
OpUEHTUPYETCS KOMILIEKC, TPeOOBaHMSI K TOYHOCTH peaJu3aldyd TE€X WIM HHBIX
AJIEMEHTOB, KBA3WUIUIAHAPHBIX HJIM TPEXMEPHBIX (DYHKIMOHAIBHBIX CTPYKTYp MOI'YT
COCTaBJIAATh OT JIECATKOB HAHOMETPOB JI0 J10JIE HAHOMETpA C aTOMApPHBIM JIUCKPETOM.
Monymu kommiekcoB HAHO®ADB 100 1 HAHO®AD 25 MoxHO pa3ienuTh Ha JBa
tuna. [lepBbiit T — MOAYIM (POPMUPOBAHUS MIICHOYHBIX CTPYKTYpP — HaIlbUICHHE,
MOJICKYJISIPHO-JIyueBasi SMUTAKCHs, Jla3epHas alisilus, XMMHYECKOE OCAKACHHUE W3
ra3oBoil (Qaspl, MOAYIb AaTOMHO-CJIOEBOIO OC@XKJIEHHUS, MOIYJIM IUIA3MEHHBIX
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TEXHOJIOTUH, XUMHYECKOH MOAU(PHUKANUK, — JUII KOTOPBIX MPEIH3UOHHOE
NO3UIIMOHUPOBAHME B IUIOCKOCTH HE TpedyeTcss M HeOoOXOAUM HHTEerpabHbIi
KOHTPOJIb TPOIECCOB M KOHTPOJIb KadecTBa IUICHOYHBIX CTPYKTYyp. Moaynu
«TPYNIOBBIX»  TEXHOJOTHH, W  MOAyIH, TpeOyrole B3aMMOCOBMEIIEHMUS,
o0ecreynBarolue BO3MOXKHOCTh OBICTPOrO PEMO3UIIMOHUPOBAHUS C BO3MOYKHOCTHIO
oOpamieHusi K TOMY WJIM HHOMY 3JIEMEHTY WM Y4YacTKy MOBEepXHOCTH. Moaymu
«JIOKAJIbHBIX)» TEXHOJOTMH — MOJYJU CKAaHMPYIOLIEH 30HA0BOM MHUKPOCKOIUHU U
AuTOrpaduu, SMEKTPOHHON MUKPOCKOIIMU | JIUTOTPAa(UH, MOAYIIN C UCTIOIb30BAHUEM
(OKYCUPOBAaHHBIX HOHHBIX IYYKOB, MOJYJIM JUIsI HU3MEpPEHUs] CBOWCTB W
XapaKTEpUCTUK JJIEMEHTOB, MOJAYJIM PEHTTEHOBCKOM MMKPOCKOIMH, MOAYIH
IPOEKIIMOHHOTO0 HHUIIMMPOBAHHOI'O POCTA U T.II.

B ocoOeHHOCTM HHTEpecHa MHOroJlydeBasi AJIEKTpOHHas JuTorpadus,
NO3BOJISIONIAsT peall30BaTh J0 S5 S3KCIO3ULMN B 4Yac Ha IUIACTUHAX JAMAMETPOM
300 MM, YTO mNpuAaeT KOMIUIEKCAM HOBOE KaudecTBO, IpeBpamias HX W3 YHUCTO
UCCJIEIOBATENIBCKUX B IPOMBILUICHHBIE.

TpancnopTHass cucTeMa KOMIUIEKCOB Oa3MpyeTcsi Ha IIECTUIO3MIIMOHHBIX
CBEPXBBICOKOBAKYYMHBIX PaJHAIBHBIX MOIYJISIX C BCTPOCHHBIMH MaHUIYJISATOpPaMH,
o0ecrneunBarolMMK 3aXBaT U IepeMeleHre oopasna u3 Moayis B Moaysib. B mogynu
BCTPOEHbl CHCTEMbl JJI1 BpalleHUs] M JIMHEHHOro MepeMelieHus 00pa3loB,
o0ecrnieunBarole TOYHOCTh PEMO3UIMOHUPOBAaHUs 00pa3lia, 3aKpEeIUIEHHOro Ha
CHELUAIN3UPOBAHHOM JIEp/KaTeie — HOCUTENIE ¢ TOYHOCThIO A0 10 MKM mpu BbIHOCE
1280 mm y HAHO®AB 100 u 780 mm y HAHO®ABD 25.

DEVELOPMENT OF ANALYTICAL AND TECHNOLOGICAL FACILITIES
FOR MIRCO- AND NANOELECTRONICS DESIGN-CENTERES

Victor Bykov

NT-MDT Co., e-mail: vbykov@ntmdt.ru

Over a number of years NT-MDT Co has developed the concept of creating the
multifunctional scientific-technological complex with the integration of the state-of-
the art scientific and technological equipment from the world-famous producers.

At the present time this concept is realized in NANOFAB modular platform.
NANOFAB is developed to assemble nanotechnology facilities with the cluster
arrangement of their modules.

The historical aspects of creating the cluster technological equipment in USSR
and Russia were considered in this article. Moreover, the advantages of cluster
configuration of technological modules over the linear scheme were analyzed and the
development prospects of experimental technological equipment for macro- and
nanosystems creating were specified.
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IOPEKTUBHOCTDb KOMIIVIEKCHOI'O ITOAXOJA K
METPOJIOT'MYECKOMY OBECIHHEYEHHUIO U OIIEHKE
COOTBETCTBUSI HAHOTEXHOJIOT U

Tonocnon C.B.

ObY «Poctosckuit LICM», PernonansHoe otaenenue LleHTpa METpOIOrH4ecKoro
o0ecrieueHus ¥ OLICHKH COOTBETCTBHSI HAHOTEXHOJIOT UM U IPOAYKIIMU HAHOMH/IYC TPUU
B IOxHOM 1 CeBepo-KaBka3ckoM (eaepanbHBIX OKpyrax

The report is devoted the analysis of problems of measurement assurance in
sphere of nanotechnologies, and also to search of possible ways of their decision.

W3mepeHus nexaT B OCHOBE JIt0OOOM JEATENbHOCTH M MX CIPaBENJIUBO
Ha3bIBAIOT TEXHUYECKUM 3peHHEM ueioBeka. COBpPEMEHHbBIE HAay4yHbIE JTOCTHKEHHUS
HEPa3pbIBHO CBSI3aHbI C MOSBJICHUEM BO3MOKHOCTH B IPOLIECCE MU3MEPEHHUM YBUJIETh
paHee HENOCTYIHOE B3Iy uccaenoparens. O CBA3M HaAyKH C METPOJIOTMEN MOXKHO
CYIUTH O KOJIMYECTBY HOOEIEBCKUX JIAypeaToB, MOJIYYUBIINX IPEMHUH 32 OTKPHITUS B
obOmactu wu3MepeHuil. B To ke Bpems, (QyHmaMeHTaNbHOM HAyKOH Jerno He
orpannuuBaerca. C KaXabIM JHEM B OOILECTBE PAcTET NOHUMAHHUE TOI'O, HACKOJBKO
WHHOBAaLlMOHHOE  PAa3BUTHE DJKOHOMHKH OOYCIOBJICHO YPOBHEM HMEIOIIMXCS
W3MEPUTENBHBIX BO3MOKHOCTEM.

C yMEHBIIEHHEM TEXHOJOTMYECKUX pPAa3MEpPOB OOBEKTOB IMpaKTUYeCcKas
3HAYUMOCTh BBICOKOTOYHBIX M3MEPEHUI MHOTOKPAaTHO Bo3pactaeT. OHU CTaHOBATCS
OCHOBOM /Il OLIGHKM COOTBETCTBUSI KayecTBa W OE30MACHOCTH MPOAYKLHUHU
HAHOTEXHOJIOTHUH, XapakTepu3anuu HAHOCTPYKTYp U HaHOMAaTEepUasoB,
MOJITBEPK/ICHUS TIOJYYEHHBIX 3a CUET UX MPUMEHEHUs HOBbIX cBOWCTB. [IpoBenenue
U3MEpPEHUI Ha HAaHOYPOBHE COOCTBEHHBIMU CHUJIAMH 3a4aCTYIO SIBJISIETCS HETTOCHIBLHOU
3ajayelt sl pa3BUBAIOIIMXCS MHHOBAIIMOHHBIX MPEeIIpUsITHA. DTOT mpolecc TpedyeT
3HAYUTETbHBIX MaTepUANbHBIX 3aTpaT Ha MpuoOpeTeHue o0OpyHOBaHUS U
obecrnieueHue HaJUIekKaIINX 1a00paTOPHBIX YCIIOBUH, COJZIepKaHUE
BBICOKOKBATM(UIIMPOBAHHBIX ~ CIICUAINCTOB, KOHTPOJh KadyecTBa HM3MEpPEHHI.
VYuuteiBass 3TO OOCTOSATENBCTBO, II€J1€CO00OpPa3HBIM IPEACTABISETCS MCII0JIb30BaTh
YHUKQJIbHBIA HM3MEPUTENIbHBIA IOTEHIMAJI, CKOHLIEHTPUPOBAHHBI B HAY4YHBIX
OpraHu3alusax, B YaCTHOCTM B LIEHTpaxX KOJUIEKTUBHOI'O IIOJIb30BAHMS M HAy4HO-
00pa30BaTeNbHbBIX LIEHTPAX, CO3JaHHBIX MPU FOCYAAPCTBEHHBIX YHUBEPCUTETAX.

K coxaneHuro, CyIECTBYIOUIME W3MEPUTENIBHBIE BO3MOXKHOCTU CErOAHS
pean3yroTcsl HEAOCTaTO4YHO 3(PPexkTuBHO. OAHON U3 INIaBHBIX NPUYUH OTCYTCTBHUS
YCTOMYMBOTO CIpOCa Ha METPOJIOTHYECKHUIA ayTCOPCUHT SBISIETCS NEUITUT JOBEPUS K
pe3yabTaTaM U3MEpPEHHUI CO CTOPOHBI MOTEHIMAIBHOIO 3aKa3zuuka. J[ias Toro, 4roobl
IPOMBIIIJIEHHOCTh CTaja 3aKa3blBaTh M OIUIAYMBATH YCIYTH IO HM3MEPEHUSIM U
UCHBITAaHUSM,  JIabopaTopusM  HEOOXOIMMO  CHayalda  HOATBEPAUTh  CBOKO
KOMIIETEHTHOCTh B 3TOM cdepe JaesTenbHOCTH. [lpensiTcTBUEM CIyXKUT psif
OpPraHU3allMOHHBIX W TEXHUYECKUX IPUYMH, OCHOBHOM H3 KOTOPBIX SIBIISIETCS
HECIOCOOHOCTh OOJBIIMHCTBA JIA0OpAaTOPUN TapaHTUPOBATH MPOCIEKUBAEMOCTb
pE3yJIbTaTOB CBOMX HM3MEPEHUN K HALMOHAIBHBIM M MEXAYHApOJHBIM STaJOHaM.
OOyCJIOBIEHO 3TO HEAOCTATOYHBIM METOJMYECKHUM OCHAIEHHUEM, OTCYTCTBUEM
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STAJIOHOB M COOTBETCTBYIOIIMX IOBEPOYHBIX CXEM, ATTECTOBAHHBIX CTAaHAAPTHBIX
0o0pa3loB U METOAMK H3MepeHui. PemieHue 3TuX mpoliemM cTajlo NMepBOOYEPETHOM
3agadeit nis LleHTpa MeTpoIornueckoro oOecredyeHuss W OIEHKU COOTBETCTBUS
HAHOTEXHOJIOTUH M NPOAYKIMH HAHOUHAYCTPHUH, PETHOHAIBHOE OTJEIEHHE KOTOPOro
¢yuknuonupyer Ha 6aze DOBY «PoctoBckuit ICM» ¢ 2009 roma. Baxuenmmm
pe3yapTaToOM MPOBEIACHHON pabOThl MOXHO CUMTATh CO3/aHME M AKKPEIUTALMIO
UCIBITATEIILHOTO IIEHTPa, OOBEIUHSIONIET0 U3MEPUTENbHbIE BO3MOXHOCTH YEThIpEX
rocyapcTBeHHbIX yHuUBepcuteToB lOra Poccum, B umcie kotopeix u CeBepo-
KaBka3ckuil rocynapCTBEHHBIN TeXHWYECKUW yHHBepcUTeT. KOMIETeHTHOCTb
JAHHOTO IIEHTpa NpPHU3HAHA Ha BBHICIIEM B CTPaHE YpPOBHE, B TOM 4YHUCIE IS
pOBeJIEHUs UCTIBITaHui B cucteMe «Hanoceptudukay.

[Tonyuenuto aTTecrara aKKpeIuTaluuu IpeIecTBOBAIA noJras
npeBapuTeNbHas paboTa MO peaju3aluu psaa KOMIUIEKCHBIX MepOonpusaTHil. OmbIT
MOKa3bIBa€T, YTO  HelenecooOpa3HO  paccMaTpuBaTh  PELIEHUWE  BOIPOCOB
METPOJIOrMYECKOTr0 o0ecrieueHnsi  Kak MIOCJIEIOBATENBbHOCTD OTIENbHBIX
CaMOCTOSITEIbHBIX PabOT, MOCKOJBKY BCE MEPONPUATHS TECHO B3aMMOCBS3aHBI U
o0yclioBIeHBI MEXIy coOoi. Tak, moBepka W KanmuOpoBKa Kak OCHOBHOH CIIOCOO
oOecrieyeHus:  MPOCIIECKUBAEMOCTH  U3MEPEHUM  HEBO3MOXHA B  OTCYTCTBHUE
COOTBETCTBYIOLIEH METOJMKH M 3TaJOHOB, B KaYECTBE KOTOPBIX BBICTYNAIOT MEPHI U
cTanaapTHeie o0pa3ibl. PazpaboTka craHgapTHBIX 00pa3iioB U TeCT-00BEKTOB B CBOIO
ouepenr HeoOXoauma ISl aTTECTallMd METOJAMK M3MEPEHHW W OLEHKH KadecTBa
U3MEpEeHU B J1abopaTOpHUSAX TIOCPEACTBOM MEXKIA00pATOPHBIX CPABHUTEIBHBIX
UCTIBITAaHUM.

CranmapTtHble 00pas3ipl, MEpPbl U TECT-OOBEKTHl BBICTYMAIOT Oa3HUCOM IS
oOecrieyeHus MPOCIeKUBAEMOCTH PE3YJIbTaTOB M3MEpPEHH Ha HaHOypoBHE. OOBIUHO
[ETNOoYKa Nepeadn eJMHNALBI PU3NIECKON BEIMYUHBI OT TOCYAaPCTBEHHOTO ATAJIOHA K
paboyemMy CpeACTBY HU3MEpPEHUN MHOrOCTyIleHYaTasi, 4yepe3 pabouyue HTallOHBl C
NOCTENICHHBIM CHIKEHHEM TOYHOCTH. Crienuduka M3MepeHud B HAHOTEXHOJIOTHSX
TaKOBa, YTO TOUHOCTh pabOUYUX CPEJCTB U3MEPEHUN MPUOINKACTCS K CYIIECTBYIOIIIM
STaJIOHaM, 4YTO TpeOyeT MaKCHUMAJbHOTO COKpAllleHHs] KOJIMYECTBA CTYNEHEW B
MOBEpOYHON cxeme. B To ke Bpems, ciauuuth pabouee CpeACTBO H3MEPECHHI
HEMOCPEJCTBEHHO C 3TaJOHOM B OOJIBIIMHCTBE CIIYy4aeB TEXHUYECKH HEBO3MOXKHO.
CrnencTBueM 3TOrO SIBJISETCS IOBBIIIEHHE NMPAKTUUECKOM 3HAYMMOCTH CTaHJAPTHBIX
o0pa3loB cocTaBa M CBOWCTB BEIECTB, MPEICTABISIOMIMX COOOW BBICOKOUMCTHII
oOpaser; ¢ HW3BECTHBHIM (ATTECTOBAHHBIM) 3HAYCHHEM COJCPKAHHS OMPEACTICHHOTO
XUMHUYECKOTr0  d3JieMeHTa  (BeulecTBa) WJIM  MapaMmeTpa, XapaKTepU3YIOIIero
orpeneneHHoe cBOMCTBO. CerogHs ocTpo omymaeTrcs AeUIUT pazHOOOpa3HBIX
CTaHJApPTHBIX 00pa3loB, OMU3KUX MO COCTaBYy K HCCIEAyeMOMYy OOBEKTY, T.€.
cnenuUUHBIX U1 KaXJ0H u3MepuTeNnbHOM 3anayu. OJHUM W3 NEepCHEeKTHBHBIX
HANPaBJICHUI ISl pa3pabOTKU CTaHAAPTHBIX OOPa3IOB M TECT-OOBEKTOB SIBISETCS
UCIOJIb30BAHME 3HAYEHHM (PU3NYECKUX KOHCTAHT, OIpPENEJICHHBIX C BBICOKOU
CTENEHBIO TOYHOCTH.

CucteMHbIN MOAXOJA B IJAHUPOBAHUU M MPOBEIECHHHM KOMIUIEKca paboT, a
TaKXe B3aUMOJCHCTBHE OOJBIIOr0 KOJMYECTBA YYACTHUKOB IO3BOJIIET JOOUTHCS
cuHepreTudeckoro 3¢ dexTa B 1eATeIbHOCTH 110 METPOJIOTUYECKOMY obecrnieueHuo. B
JOKJIaJeé Ha  KOHKPETHBIX MpUMEpaX  MPOUJUIIOCTPUpPOBaHA  BO3MOXKHOCTh
3HAYUTEIBHOIO MPUPOCTA PE3YJIBTATOB 3a CUET KOMIUIEKCHOTO IPOBEAEHUS THUIIOBBIX
MEPOIIPUATHH.
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NANO CARBON UNDER IN-SITU SYNTHESIS IN CARBON CONTAINING
MATERIALS

Na Yong Han

(Chosun Refractories Co., Ltd.)
260-2, Ho Dong Nam-Ku, Pohang City, Kyeong-Buk, South KOREA
E-mail: yongna@chosunref.co.kr

Introduction

As using the nano carbon material, we will expect excellent performance low
expansion, high strength, low elastic modulus, low carbon content. Dispersion of nano
carbon is a challenging task for their utilization in any application. For many industrial
applications a uniform and stable dispersion of particular matter plays an important
role. Currently two approaches are widely used in nano carbon dispersion, the
mechanical approaches and chemical approaches.

INTRODUCTION OF NANO CONVERGENCE PRACTICAL APPLICATION
CENTER (NCPAC)

Won Guen Lee'?, Myoung-Bok Lee?

'TPS Corporation, 193, Galsan dong, Dalseo gu, Daegu, 704-900, South Korea
E-mail: wglee@wafertech.co.kr
ZNCPAC, Daegu, South Korea

In this report, we have intended to cordially introduce Nano Convergence
Practical Application Center (NCPAC) in Daegu, South Korea to the foreign
participants which was set up for creating new business of nano convergence.
Considering the various industrial spectra of Daegu province such as green energy,
machine/car/IT parts, environmental and bio-medical small/medium-size enterprises,
central and local government recently decided to develop a nano-technolgy-based
convergence center to support the technical innovation of local economy. Further
details including the relation between the NCPAC and TPS Corp. will be presented in
this introduction to open a co-work chance with some decent foreign partners.

Experimental Procedure

The three methods, 1ie., 1) AlLOztnano carbon composite,
2) Al,O3+Graphite+nano carbon composite, and 3) Liquefied nano carbon, are selected
to apply nano carbon materials. D

1) Al,Oz+tnano carbon composite: Al,O; and nano carbon composite are
produced, and the composite shown in Fig. 1 can be obtained by means of the
mechanical dispersion method.

2) Al,O3+Graphitetnano carbon composite: Al,Os+graphitetnano carbon
composite is produced and the composite shown in Fig.2

3) Liquefied nano carbon: Nano carbon materials are dispersed to a liquid phase
in order to maximize the dispersion effect. Functionalization is provided to the surface
of nano carbon materials. (Fig3.) ?
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Graphite

Fig. 1 Fig. 2 Fig. 3

Results and discussions

It is determined that nano carbon materials are applied to enhance the thermal
shock resistance of refractories, and their properties are effectively revealed due to the
optimized dispersion.

A method for dispersing nano carbon materials provides a nano carbon
composite by means of a mechanical dispersion and surface functionalization by
means of a chemical dispersion.

1) In the samples where Al,Ostgraphitetnano carbon composite and liquefied
nano carbon materials are applied, mechanical properties are improved due to the
effect of the enhanced coupling for matrix of nano carbon materials.

2) After the thermal shock resistance test, samples of Al,Os+graphite +nano
carbon composite and liquefied nano carbon materials are also reported to show the
highest thermal shock resistance, because the value of dynamic elasticity has a small
difference between the before and after induction furnace tests.

3) Nano carbon materials are applied in carbon containing refractories in order
to enhance the properties of carbon materials, and their effect depends upon the
development of optimized dispersion and effective addition methods.
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Annomayusn

Pa3paboTaHbl TEOPETUYECKHE M DKCIIEPUMEHTAIBHBIE OCHOBBI TEXHOJIOTUH
nonydenust non neiictBuem MK nHarpeBa manokommnosutoB Cu/C, Fe/C, Co/C, Ni/C,
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Ag/C, SizNg/C, BN/C, CdS/C, Al,Cs/C, AIN/C, FeNiz/C wu yriepogHoro
HAHOKPHCTAJUINIECKOTO marepuaa Ha OCHOBE HOJTMAKPUIOHUTPHIIA,
MOJIMBHHUIIOBOTO CIIMPTA, MOJMATHIIEHTEpe(dTaNaTa; UCCIeI0BaHbl HX (DU3NIECKHE U
XMMHAYECKUE  CBOMCTBA, MPENJIOKEHO IMPUMEHEHHE  HAHOMATEPHAIOB IS
W3TOTOBJIEHUST DJIEKTPOIOB pH-METPOB, CEHCOPOB, CBETOAMOIOB, KaTalW3aTOPOB,
SIIEKTPOMATHUTHBIX OKPAaHOB, MATEPUAJOB IS CIOUHTPOHUKM W COEIUHCHHMS
5IIEMEHTOB DJIEKTPOHHBIX YCTPOMCTB.

AKmyanbnocmb paseumusi HAHomamepuaioe

Crparerust pa3BuTusg Hayku M WHHOBaumil B Poccuiickoit ®enepanuu Ha
neprog g0 2015r. HampaBieHa HAa pa3BUTHE UCCIIECNOBAaHUH B  00JACTH
HAHOTEXHOJIOTUN ¥ HAHOMATEPUAJIOB M BHEJIPEHUE UX PE3yJIbTAaTOB B IIPOMBIIIJICHHOE
IIPOU3BOJICTBO.

CoBpeMeHHasi JJIEKTPOHUKA XapaKTEePU3YeTCs] OBICTPHIM TEXHOJIOTHMYECKUM
IpPOrpeccoM, KOTOpPbI MPUBOAMT K YMEHBIIEHHUIO pa3MEepoB OOBEKTOB 11O
AKCIIOHEHIIMAIIBHOMY 3aKOHY W Ppa3BUTHI0 HAHOTEXHOJOIMHM, HUMEIOLIEH Jelo ¢
00BbEKTaMH HAaHOMETPOBBIX pPa3MEpoB (MapameTp KOTOPBIX XOTs Obl B OJHOM
u3MepeHuu coctaisieT He 6onee 100 HM), 1 ciocobamu UxX moxydeHust. st pa3BuTus
AJIEKTPOHUKH Ha OCHOBE HAHOTEXHOJOTHMU HAXOIAT NMPUMEHEHHE HOBBIE MaTepHallbl,
IpeJICTaBISIOIE yIJIepO/IHbIE HAaHOKPHUCTAJUIMYECKHE MaTeprabl 71
METAJJIOYTJIEPOJIHbIE HAHOKOMIIO3UTBHI, KOTOpble B HaHOMaciiTabe SBISIFOTCS
JUCHIEPCUSIMU HEOPraHWYECKUX BEIIECTB (pa3Mep 4YacTull MpUOIU3UTENbHO OT 1 10
100 HM) B yryIiepoJHOM MaTpulle, PACKPBHIBAIOUIMMH IIMPOKUE BO3MOXKHOCTH IS
KOHTPOJIMPYEMOTO  IOJIYYEHHUS BBITOAHBIX (PU3UKO-XUMUYCCKUX CBOWCTB IS
pa3au4YHbIX IpuMeHeHu [1-3].

Bnusinue kBaHTOBO-pazMepHOro »s¢@dexra HAHOCTPYKTYpbl Ha CBOWCTBa
BEIIECTBA, PA3BUTHE OPTaHMYECKHUX TIOITYIPOBOJHUKOB M OTKPHITHE HOBBIX (HopM
yriaepoaa (QynnepeH, yriaepoaHble HAHOTPYOKH, yrjiepojaHas TmeHa, TpadeH)
CTUMYJUPOBAJIM HMHTEPEC K CHHTE3y HOBBIX YIJIEPOAHBIX HAHOKOMIIO3UTOB C
MOIU(DUIIMPOBAHHBIMH XMMUYECKUMU CBOMCTBAMU Ha OCHOBE IMOJIMMEPOB, KOTOPHIE
COJIep>KaT UCKPUBJICHHbBIE YIJIEPOAHbIE MIIOCKOCTH (cpepruyeckue, KoabLeno 00HbIe U
TyOyJeHono100HbIe 00pazoBanusi). Turbl TuOpuAN3aUu SP-, SP° U sp® xuMmaecKux
CBA3€d aTOMOB  yrjepoja W  MPUCYTCTBUE TE€TEPOATOMOB  IPEIIOJIaracT
BO3HUKHOBEHHE HOBBIX YIJIEPOJHBIX HAHOCTPYKTYP, KOTOPBIE U3MEHSIOT (PU3MUECKHE
U XUMHUYECKHE CBOMCTBAa (3JIEKTPUUYECKYID TPOBOJUMOCTh, OMNTOAJIEKTPOHHBIC
CBOWCTBA, IIOTHOCTb, aJICOPOIHIO, PabOTy BBIXOAA AJIEKTPOHOB, IEKTPOMATHUTHOE
MOTJIONIEHUE, KATAIUTUYECKUE U CEHCOPHbIE CBOICTBA), 4YTO OOECreYrBacT
BO3MOXXHOCTb ~ M3TOTOBJIEHHMSI ~ DJIEKTPOHHBIX  YCTPOMCTB,  CONPSKEHHBIX  C
OMOJIOTUYECKUMHU CYOCTaHITUAMH [4-6].

CuHTe3 (yHKIMOHAIBHBIX YIJIEPOIHBIX HAHOKPUCTAJUIMUYECKUX MAaTEepUaiOB U
METAJUTIOYTJIEPOJIHBIX HAHOKOMIIO3UTOB C TIOMOIIBIO TEPMOOOPaOOTKH SBISETCS
PKOHOMHYECKH H(P(EKTHBHBIM METOJIOM, TaK KaK OH OCHOBaH Ha MPUHITUIEC
CaMOOpPraHU3aIi, YTO IO3BOJSIET BBEICHHEM MAJIOr0 KOJUYECTBA HAHOUYACTHUI[ C
BBICOKOW yJIeIbHOW TMOBEPXHOCTHhIO 00ECTeYMBaTh MOIy4YeHHE TPeOyeMbIX CBOWCTB
marepuaios [7-10].

[Tonydyenue yriaepoaHblXx HaHomaTepuaioB ¢ mnomoulpio WK Harpesa
MOJIMMEPOB pEIIaeT BAXKHYIO SKOJIOTMYECKYIO MpOOJeMy HMX YTHIIM3AlMH, TaK Kak



33

HOJUMEpPBI 00JIaAal0T BBICOKOH CTOMKOCTBIO K BO3IEHCTBHIO OKPY)KAIOLIEH Cpelbl U
COXPaHSAIOTCS B €CTECTBEHHBIX YCIOBUAX B TEUCHHE JJIUTEIHHOTO BPEMEHHU.

[lenbto paboThl siBAsiETCS pa3pabOTKa TEOPETHUECKUX M IKCIEPUMEHTAIbHBIX
OCHOB TEeXHOJIOTMHU ToiyueHus noj aeiictBuem VK HarpeBa nanokommosutoB Cu/C,
Fe/C, Co/C, Ni/C, Ag/C, SisN,JC, BN/C, CdS/C, Al,Cs/C, AIN/C, FeNis/C n
yIJAEpOJHOTO  HaHOKpHUcTalmueckoro  Mmatepuana  (YHM)  Ha  ocHoBe
HOJMAKPUIIOHUTPUIIA, HOJTMBUHUIIOBOTO CTHpTa, nonu THICHTepedTanaTa,
UCCIIeZIOBaHNE MX (PU3NYECKHMX U XUMHYECKHX CBOWCTB M NMPHUMEHEHHE MaTepPHaJiOB
JUISL M3TOTOBJICHUS 3JIEKTPOJOB pH-METpOB, CEHCOPOB, CBETOAMO/IOB, KaTalM3aTOPOB,
MaTEepPHAJIOB JIJIsl CIUHTPOHUKU U COSAMHEHUS JIEMEHTOB 3JIEKTPOHHBIX YCTPOMCTB.

Cunme3s MemanionoauMepHbIX HAHOKOMNO3UNOG U Y2/1ePOOHO20
HAHOKpUCMAaniuuecko2o mamepuana noo oeiicmeuem UK nazpeea nonumepos u
ucciedosanue ux QuU3UYecKux u XumMuueckKux c6oicmae

Pa3pabGotanbl OCHOBBI TexHOJOTMM ModydeHuss ¢ nomoubto WK nHarpesa
YIIEPOAHOr0 HAHOKPUCTAJUIMYECKOIO0 MaTepuajga Ha OCHOBE IOJIMAKPUIOHUTpUIIA,
MOJIMBUHUIIOBOTO CIIMPTA U MOJIMATHIICHTepedTanaTa, MOJEIMPOBAHUIO OCOOCHHOCTEMN
CTPYKTYPHBIX IIpeBpalieHui nox aercrsueM MK narpesa B yriiepogHoM Matepuaie u
BIIMSIHUS CTPYKTYpPbl U XMMHUUYECKOTO COCTaBa YIJIEPOAHOIO Marepuajia Ha MEXaHU3M
npoToHHOM npoBoaumMoctH [11]. B pabote ucnonszoBanu noaunakpuinonutpui (ITAH),
MOJIYYEHHBIN o OKHCIIUTEIbHO-BOCCTAHOBUTEIHON METOMKE
(M=(100+150)-10 a.¢.); comommep axpmionutprna (C=93 mac.%), MeTHIAKpHIaTa
(C=5,7mac.%) u 2-akpunamun-2-metuinponancyibhonar Harpus (C=1,3 mac.%),
npousBeneHHblii OAO Tlomumep”, 1. HoBomomnk, Burtebckas o06:1., bemopyccus
(M=60+90)- 10’ a.e.; mommBuumnossiii crmpt (IIBC) (Alfa Aesar 41241), monydeHHbIi
y  ¢upmsr  Aldrich  (M=(8+10)-10° a.e.); mommstmientepedramar  (IIITD),
npomssenernblit OAO “Tlonuad”, r. Brarosemenck (M=(20+50)10° a.e.). Homumepst
NO3BOJIAIOT IOJIy4aTh IUIEHKH YIJIEPOJHOTO HAHOKPHUCTAJUIMYECKOIo Marepuania, s
nonydeHuss kotopeix I[IAH, TIBC, TIDT® pactBopsiin B aumetwidopmamuie
(AM®A), Bome, mumetmicynbdokcuae (IMCO), coorBerctBeHHO. C MOMOIIBIO
HEeHTpU(PYrupoBaHUs HAHOCWUJIM PACTBOP Ha MOMIOXKKY. Ilopolku mnoaumepoB
NOJyYalld W3 PacTBOPOB, NMPUTOTOBICHHBIX B (DappOpOBBIX HaIIKaxX IMPH yJaICHUU
pacTBOpPUTENS C MOMOIIBIO CYIIKH TJIEHOK B TepMoinkady. V3 mieHoK U MmopouikoB
NOJIMMEPOB TOJyYajdu YriepoAHbld HaHOKpuctamumueckuid marepuan (YHM) c
IIOMOILBI0 HarpeBa HekorepeHTHbIM MK um3iydeHueMm, KOTOpbIA NMPOBOAWICS IABYMS
cnocobamu. IlepBbiii crnoco6 Brmowaer WK HarpeB mnomuMepoB B BakyyMme
(P=10" mm.pr.cT). Bropoit cmoco6 MK HarpeBa COmepKHT ABE  CTAUH
(IIpeBapUTENbHYIO ¥ (DHHHIIHYIO), KOTOPBIE TIPOBOMMIN Ha Bo3ayxe mpu 200 °C B
teueHne 30 MUH U B BaKyyMme (P=10" MM.PT.CT) cOOTBeTcTBeHHO. [Ipu 3TOM
BapbUPOBAJACh MPOJIOJKUTENBHOCTh U Temneparypa MK narpesa.

XyUMHYECKHME U CTPYKTYpHbIE  MpEeBpallleHHss B  IOJUMEpax U
METaJUIONIONMMEPHBIX ~ HaHOKommo3uTax npu MK  HarpeBe B BakyyMme
(P=107 mm.pr.cT), Ha Bo3;myxe m B armochepe NH; wmccmemoBambl MeTomaMu
tepMmorpaBumerpuueckoro anammza (TT'A), muddepennumansHol CKaHHpYOMIEH
kasopumetpun (JICK), Macc-cieKTpoMeTpuH, CHEKTPOCKONMHH BHUANMOTO U YO
U3Jy49EeHHUsA, PpEHTTEHOBOCKOTO (hazoBoro anammsa (PDA), Pamanosckoit, UK-, Oxe- u
PEHTIEHOBCKOM  (POTORNEKTPOHHOM CIEKTpOocKomuu, ckaHupywomeid (COM) wu
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IPOCBEUYMBAIONIEH AJIEKTpOoHHOW Mukpockonuu (II9M) u aromHO-aOCOpOIIMOHHOMN
CHEKTPOCKOIIHH.

Yckopsrommit a3¢dext MUK Harpesa na npespaimienus: B [IAH no cpaBHeHuio ¢
KOHBEKTHBHBIM HArpeBOM CBSI3aH C YBEJIMYEHUEM PEAKIIMOHHON CIIOCOOHOCTU
K0s1e0aTeIbHO-BO30YKIEHHBIX MOJIEKYJT OJ1aroapsi YMEHbIIEHUIO SHEPTUH aKTUBAIIUU
peakuuu paspeiBa cBs3u C-H u mepeHoca mpoToHa k atomy N c oOpa3zoBaHueM
MexMOJNeKyIsipHOi cBsizu B IIAH npu moBbllIeHHH MCXOAHOTO YPOBHS MOJIEKYN Ha
BEJIMYMHY JHEPrUH KoJebaTenbHOro mnepexona. IToT 3(G(EeKT MO3BONISET MOBBICUTH
CKOPOCTh XUMHYECKUX TIPEBPAIICHUHN U COKPATUTh BpeMsi 00paboTku [12-17].

[TonmuBununoBeiii cnupt (IIBC) wuccnenoBan ¢ momompto Meroaa JCK, u
YCTaHOBJIIEHO, 4YTO KpucTaumueckas ¢aza B [IBC cocrtaBiasier okono 65 %.
Conepxxanne amopdHoi u kpuctaymueckoit pa3 B [IBC moarBepxkaeHO ¢ TOMOIIBIO
metonia POA, roraa kak [I19T® npencrasnsietr amopduyio dazy.

IIpu HK mwnarpese mnomumepoB nxo 200 °Cc NPOUCXONAT XUMHUYECKUE U
CTpYKTypHbIe nipeBpanieHus. [logsuxxnocts aroma H y tpetuynoro atoma C B [TAH
oOjeryaer xuMuueckue npeBpamieHus. [Ipu yBenMueHUU JIUTEIBHOCTU OOJIydeHHUS
npu 200 °C wncuesaror kpuctammmdeckas u amopdras dassl cTpykTypsl ITAH, n
OJTHOBPEMEHHO  Oo0pa3yeTrcss  yriepoAHbIH  HAHOKPUCTAJUIMYECKUH  MaTepuad,
conepkamuii amopdubie yriaepoanbie (as3wr (Tabimma 1): mpomexyrounas daza (I1);
rpaduTononobHas ¢gaza (I') ¢ MambiM pa3zmepom 001acTell KOTePEHTHOI'O PacCEesHUS
kpucraiumToB (L.); monmaadrenoBas ¢aza (H); ¢da3pl HEW3BECTHOrO CTPOCHHUSA
(Y, -d~6 A; Y, -d~8 A) (puc. 1) [17].

ITo mepe Toro, kak L. u crenenp rpadutuzaiuu (C,) rpadurononobHol da3sl B
YHM wu xomno3ute yBenmuuuBawotcs npu 600 °C, smauenue dop (Tabmuma 1)
ymenbiiaercsa. Opnako npu 700 oc C., L. ymeHbmaroTcsi, a MEXKIUIOCKOCTHOE
pacctosHue rpadurononodoHon ¢assl (doy,) yBenuuubaercs st YHM (tabnuna 1).

[To 1aHHBIM 3JIEMEHTHOI'O aHalIM3a COJEpXKaHHE a30Ta B TEPMOOOPAOOTaHHOM
ITAH pe3ko ymensmaercs ot 15 mo 7 mac.% npu yBenumdeHun temmepaTypbl MK
narpesa ot 600 1o 700 °C.

Tadomuna 1
Pentrenorpaduueckue xapakrepuctuku Y HM mpu 7>200 °C

da3oBbIii coctaB YHM,
Ne T, T, %

/ e
i ML e H| Y, | Y| do A | LA | C,

Xapakrtepuctuku [’

1 200 | 30 11 | 41 [ 41| 7 | - 3,71 21 0,58
2 200 | 100 | 14 | 42 | 35| 9 | - 3,71 22 0,60
3 600 | 1/60 | - | 63 |14 | 11 | 12| 3,43 27 3,38

4 700 | 1/60 | - | 66| 13 | 11 | 10| 3,45 25 2,63
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Pucynok 1. — Cxema ctpykTypHbix npespaiienuii B [IAH npu UK narpese

Pe3ynbTathl nccnenoBaHusd KHHETUKU U MEXaHU3Ma XUMUYECKUX IIPEBPALLCHUI
B MOJIMAKPUJIIOHUTPUIIE, TOJIMBUHUIIOBOM CIIUPTE U nojudTuieHTepedranare npu UK
HarpeBe IO3BOJIMIM OOOCHOBAaTh MEXaHU3M IIpolecca, A H3y4eHHs KOTOpOro
IIPOAHAIN3UPOBAHBl ~ KUHETUYECKHE  JAHHBIE  TEPMUYECKMX  MPEBPALLCHUM,
pacCYUTaHHBIE U3 3aBUCUMOCTH CTEIICHU MPEBPALLECHUS 0 TIOJIMMEPOB OT TEMIIEPATyphl

o Am
BbIICPKUBaHUs 00paslla, paccyuTaHHOM mO QopMmyne: a=———, A€ AM, U

max

Ammax — TCKYIICC 1 MAKCUMAJIbHOC 3HAUCHNA U3MCHCHUA MACChbl, COOTBETCTBCHHO.

B o6mactu 140-340 °C xummaeckne npespamenus 8 [TAH, TIBC u IIT® npu
JUHEWHOM TIOJbEME TEMIIEpPATyphl OINUCHIBAIOTCS YpPaBHEHUEM PpEaKLUU IE€pPBOro

da k, E dT
~— |=In——-—, rne —=qg=const- ckopocTb Harpesa. U3
l-a dT g RT dt

yYpaBHEHUS peakliy MepBOro Mnopsiaka ornpeneneHsl 3HaueHuss Ey u Kk, (tabnuma 2). B

opsaKa ln[

mmanasore ot 200 10 300 °C mponcxoaut 06pazoBaHye MOMUCONPSKECHHOMN CHCTEMbI B
IOJIMMEPAX C OAHOBPEMEHHOM IEeCTpyKuHMed Makpomosekyn. COrjlacHO 3Ha4eHMSIM
TEMIIEpAaTyp M DHEPIUM AaKTUBALMU MPEBPALLCHUM TEPMOCTOMKOCTH IIOJMMEPOB
Bo3pactaetT B psangy [TAH-TIBC-IIDT®. M3 ananuza qaHHBIX TaOIUIBI 2 CAEAYyeT, YTO
IOpOLECChl MpEBpallleHU B MOJIMMEpPax JIMMUTHPYET KHUHETHUYecKas CTajaus
0o0pa30BaHusl MOJUCOIMPSIKEHHOW CHUCTEMBbI, KOTOpas XapaKTepU3yeTcsl BBICOKOM
MOIBUKHOCTBHIO CETMEHTOB MakpomoJiekyn [14].
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Tabmuma 2
Kunetnueckue mapameTpsl mporieccoB oopasoBanus Y HM
Ha ocHoBe ITAH, IIBC u II9T®

No TeMmepaTypa E,. 1
/11 Homamep npeBpamIZHlﬁj, °c Kz[m/imm, K o, MHH

1 [TAH 240 120,93 5,01-10"

2 [IBC 250 144.6 3,15-10"

3 [IDT® 270 200 7,02:10"

B pesynbrare u3ydeHUs 3aBHUCHUMOCTH YIEIBHOW 3JEKTPOIPOBOJHOCTH
YILIEPOAHOTO  HAHOKPUCTAUNIMYECKOTO  Marepuaiga  OT  TEeMIepaTypbl |
nponospkurenbHocT MK Harpesa ycranosneno, yto npu MK narpese B IIAH, I[IBC u
[I9T® npoucxonar XMMHUYECKHE M CTPYKTYpPHBIE MpPEBPALLEHUS, MPUBOIAIIME K
00pa30BaHUIO YIIIEPOIHOrO0 HAaHOKpUCTaIueckoro marepuana (YHM).

[Ipu 3TOoM moOMUMEpPHI HU3MEHSIOT YIEIBHYIO 3JIEKTPONPOBOJAHOCTH COrJIACHO
pany JUDJIEKTPUK-TIOTYITPOBOJHUK-TTOITyMETaILI. YpoBeHb yIEIbHOU
AJIEKTPOIIPOBOIHOCTH (G) OIpeaesseTcss 00pa3oBaHUEM U MPOTSKEHHOCTbIO CUCTEMBI
COMNPSIKEHHBIX T-CBA3EH C JIE€JOKAIN30BAHHBIMU 3JIEKTPOHAMH M BO3HMKHOBEHUEM
rpaguTonoo0Ho cTpykTypsl. C pocToM TemmepaTypsl M IpopospkuTensHoctu MK
Harpesa yjenbHas anekTponpoBoaHocth YHM Ha ocHoBe ITAH Bo3pacraer (puc. 2)
[12].

B wuHrepBane  temmeparyp — moayudenus — 600+1000 °C  ynenbHas
AJNIEKTPONPOBOAHOCTh  yBEJIMYMIIACH OT 2 107 mo 1,8-10° Cm/em (puc.2,a) B
pesyabTare  Impouecca  KapOOHM3alUMM,  pocTa  pa3MepoB  KPUCTAIMTOB
rpa¢uTononobHoi (a3sl U yMEHBIICHUS IHEPTeTUUYECKOro Oapbepa A mepexoja
AJIEKTPOHA MEXKIY AJIEKTPOIIPOBOAHBIMU OOJACTSIMH.

20004 2000 4 A 3

1000 + 1000 4

o, Cm/cm
o, Cm/icm

>

600 800 1000

6)

Pucynok 2. — 3aBucumoctu ¢ YHM: a) or temmeparypsl MOJy4E€HUS MPHU
NPOAOJKUTENHOCTH HarpeBa, MuH: 1-1; 2-2; 3-5; 0) ot nmpomomxutensHoctd UK
HATpeBa IpH pasHoii Temmepatype, 'C: 1-700; 2-800; 3-1000



37

HccnenoBaHueM  TeMIlepaTypHBIX  3aBUCUMOCTEH  3JIEKTPOIPOBOJHOCTH
oOpa3oB YHM, nonydeHHBIX IpU pa3aIudHbIX TeMIIepaTypax, yCTaHOBJICHA JIMHEWHAS
3aBUCUMOCTb 3JIeKTponpoBogHocTd YHM ot TtemmepaTypsl B JiorapupMuUyecKon
cucreMe KoopauHat (puc. 3), KoTopas MOATBEPKAAET AKTUBALMOHHBIA MEXaHU3M
3NEeKTponpoBOAHOCTH. lIpu yBenmnuenum temmeparypbl noinydenus YHM ot 650
(YHM 650) no 850°C (YHM 850) s3mauenne ouepruu axTuBamud (Eon)
yMmeHbInaerca (tabnuma 3) B pe3yibTaTe poOCTa KPUCTAUIUTOB TpaduUTONOI00HOM
¢a3bl, mOATBEPKAAS MOTYIIPOBOJHUKOBBINA XapakTep mpoBoaumoctu [17].

In 5,Cm/cm

2,5 3,0
1000/T, K™

Pucynok 3. — TemnepaTypHass 3aBUCUMOCTB YZAEJIbHOW 3JIEKTPOIPOBOJHOCTH
(o) YHM, nony4eHHBIX IPH pa3HbIX Temieparypax, *C: 1-650; 2-700; 3-800; 4-850

Tao0mua 3
Oueprust aktuBauuu (E,,,) 111 YHM, nonydeHHbIX IPH pa3HbIX TEMIEpaTypax

Ob6pa3zen YHM 650 YHM 700 YHM 800 YHM 850

Em, OB 1,67 1,07 0,66 0,54

HccenenoBany 3aBUCUMOCTh IPOTOHHOM IPOBOJAMMOCTH MOHOCJIOS YTJIEPOIHOTO
Marepuaia, IOJYYEHHOTO Ha OCHOBE IMOJMAKPWIOHUTPWIIA, OT CTPYKTYphl U
XUMUYECKOro cocTaBa. JlJi1 BBINOJHEHUS pPacyeTOB OCHOBHBIX 3JEKTPOHHO-
SHEPreTUYECKHUX XapaKTEPUCTUK MOHOCJIOS TEpPMOOOPaOOTAHHHOTO
nonuakpuionutpuia (ITAH), mnpomeccoB ero THApPOreHU3alUd U MPOTOHHOU
MPOBOAUMOCTH  MCIIOJB30BaHA  MOJEIb  HMOHHO-BCTPOEHHOI'O  KOBAJIEHTHO-
mukmnaeckoro  kmactepa  (MB-KIK) B pamkax ~ KBaHTOBO-XMMHYECKOM
MOJTYIMITUPUICCKON CXEMBl MOIU(DHUITMPOBAHHOTO TPEHEOPEIKECHUS JIBYXaTOMHBIM
nepekpbiBanneM (MNDO). Ananu3 BeTUYHHBI MOTEHIMAIBHBIX 0apbepoB, KOTOPHIE
HeoOXoauMo TpeojoneBath H' Npu JBMXEHHH BONH TOBEPXHOCTH, IIO3BONSET
ClenaTh CIEAYIOIIME BBIBOABL: IPOTOHHAS IPOBOAMMOCTH BO3MOXHA, TaK Kak
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BEJIMYMHBI OapbepoB Majbl M paBHbl npubmusutensHo 0,8 3B; yMmeHblieHue
conepxanue N MoxkeT OBBICUTH 3()()EKTUBHOCTH TPOTOHHOM IpoBoaAnMocTH [18].

[IpoBenenubliii B paboTe  TEpMOAMHAMMYECKHI  pacyeT  peakiuid
BoccranoBienust comeir Cu, Co, Ni, Fe, Ag B KOMIIO3UTE Ha OCHOBE
nosmakpwionutpuna ([IAH) u monuBunmmmBoro crnuprta (IIBC), ocHOBaHHBIM Ha
MUHUMM3AIUM 3Hepruun ['mO6ca peakiuil BOCCTAaHOBJIEHUS METAJUIOB C IOMOIIBIO
BOJIOPOZa,  BBIACJSAIONIErOCs Npu  KapOOHM3aMM  IOJIMMEPOB,  JOKa3bIBAET
BO3MOKHOCTh 00pa30BaHUsl METaIa B TEPMOOOPAaOOTAaHHBIX MOJMMEpPax B UHTEPBAJIC
150700 °C [19-22].

N3ydyeHa KMHETHKA TE€TEPOr€HHBIX XMMHYECKUX peakuuii nmoa aercrsuem UK
HarpeBa B HaHokommno3uTax Cu/C. KuHeTHueckue JaHHBIE PACCUUTHIBAINCH U3
3aBUCUMOCTH CTENIEHM TMpeBpalieHus a ot Temmnepatypsl MK HarpeBa nnsi cmecu
CuClI,/TTAH, nomyuennoii u3 pactBopa CuCl, u [TAH B HNO; (Cpnoz=30 mac.%).
Kunernueckue KpuBble TmepBoro nmnuka B obmactu Ttemmeparyp 330+550 K
ONKCHIBAIOTCS ypPaBHEHHWEM peaklMU IepBoro nopsaka. Ha ocHoBaHuM 3TOro
ypaBHeHus paccuurtanbsl Egz=40,04 x/[x/Monb u ko=5,27-10° mun™'. Jlnst kommosura

Cu/C npespamierust okoso 403 K csazansl ¢ aeruapararueir CuCl,-2H,0 [14].

VYcranosneno, uro npu MK HarpeBe mpoucxoaut oOpazoBaHUE YIIEpPOAHOTO
MaTepuaina ¢ rpauTonogo0HON CTPYKTYPOH M BOCCTAHOBJIIEHUE METaUIa C y4acTHEM
BOJIOpOJIa, BhIENstomerocs u3 nmosmMepa npu MK Harpese. B kommosurax Cu/C Ha
ocaoBe CuCl, wmu Cu(CH3COQO), u mnomumepa npu WK HarpeBe oOpa3syercs
yriaepoaHasi MaTpWila, a HWOHBI MeTajula BOCCTaHaBIMBAaWOTCS A0 aroma CU c
oOpa3oBanueM HaHouyacTul CU, MOATBEPKIeHHBIN MeTooM PDA (puc. 4) [20].

B pesynbrare UK narpeBa komno3utoB Ha ocHoBe IIAH u xmopunos Fe, Co,
Cu, Ni 00pa3yroTcss MeTaUIOYIJICPOIHBIC HAHOKOMITO3UTHI, B KOTOPHIX HAaHOYACTHIIBI
Fe,05 (5<d<25 um), Co (10<d<100 um), Cu (5<d<30 HM) OJHOPOAHO pacIpec/ICHbI
B CTPYKType yriiepoaHoi Matpuubl. VMcciempoBanusi ¢ momoiibio MeTonoB POA u
[1DM mokaszanu, 4TO B CTPyKType Kommo3uToB Ha ocHoBe COCly,:6H,O u ITAH,
FeCl3:6H,O u IIAH mocme MK mHarpeBa mpu 600 um 500 °C  COOTBETCTBEHHO
PETUCTPUPYIOTCS Tajo yriepoaHoit ¢asel u obpazyromue HaHodactuibl Co u Fe,0;
[23].

200]

I, oTH.exm.

cu(111)
100

Cu(200)

Pucynoxk 4. — Mukpodotorpadusi, mosydeHHas ¢ momoiipo metoga [19M (a) u
criektp P@A (6) HaHokommosuta Cu/C, monyaersoro mpu 200°C

Beenenne comu NiCl, B mnenku [TAH nmpHBOAWT K CHIDKCHHIO TEMIIEPATYPHI
(a3oBbIX mpeBpamienuii B moauMepe 10 140 °C, CBA3aHHOIO WM C KaTAIUTUYECKUM
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NEHUCTBUEM MeTaJlla, WM C BO3MOXHOCTHIO KOMIUIEKCOOOpA30BaHUS MeTalia C
HUTPWJIBHBIMH TPYIIaMH TOJIUMEpa, U OOPa30BaHUI0 aMOP(PHOrO YriepOAHOTO
marepuania [21].

600 4 Ni(111)

Ni(200)

r,(002)

T T T T T g
10 20 30 40 50 60

NONE

Pucynok 5. — Mukpodororpapuun COM (a) u [IDM (6) u cnektp PDA (B)
HaHokomnosuta Ni/C, monydennoro mipu 700 "C

IIpu 700 °C manouactuisl Ni cocOGCTBYIOT KaTAIHTHYIECKOH TpadyTH3AIMS
amopdnoro C. B pesynbrare obpasyercs rpapurononobnas ¢asa (I'y), comepxamas
rpauToBbIE HAHOBOJIOKHa W HaHOTPYOKH ¢ d=10+20 HM, MoaubuUIIUPOBaHHbBIE
nanovactuamu Ni (d=10<20 um) (puc. 5). UK HarpeB mojmmepa COIMpPOBOXKAAECTCS
BBIJICNIEHHEM ra3000pa3HbIxX yraeBomopoaoB CH,, CoH, 1 C3Hg m CO, obpasyromuxcst
npyu JeCTPYKIHMH ToluMepHbIX 1eneil [IAH, muponmu3 KOTOpHIX TPHBOIUT K
00pa3oBaHUIO YTIIEPOIHBIX HAHOTPYOOK M HAHOBOJIOKOH (pHC. 5).

Tabmuma 4
XUMHUYECKHI COCTAaB MOBEPXHOCTH HaHOKOoMMo3uTa Cu/C
XUMHUYECKHN COCTAB ITOBEPXHOCTH
No Cocrosinue
n/m MOBEPXHOCTH C, N, 0, Cu, |Cl,ar.
ar. % | ar.% | ar.% | ar. % % S N/C
| HoBepXHOCTE | g3yl sy | 9o | 21 | 05 | 026 | 007
HCXOJIHAs
IoCJjIe
2 TpaBJICHUSA 80,0 5,0 10,7 3,7 0,6 0,13 0,06
2 MUH
mocJje
3 TpaBJIEHUSA 82,7 42 7,8 4,6 0,7 0,09 0,05
5 muH

UK narpes g0 250 °C xommnosuta Cu/C, momyuensoro u3 pactBopa CuCl, u
ITAH B HNOj3; (C=30 mac.%), npuBOAUT K XUMHUYECKUM MpeBpaiieHus M (tadiauna 4) u
BO3HUKHOBCHHIO TEPMOIAMHAMHUYECKH BBITOJHOW MOJUCOMPSDKEHHOW  CHCTEMBI,
YCTAHOBJICHHYIO METOJIOM PEHTI'€HOBCKOM  (HOTORIEKTPOHHONW  CIEKTPOCKOIUU
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(P®OC). B xuMuyeckoM coCTaBe MOBEPXHOCTH HaHOokomiio3uta Cu/C mpeobnamarot
atoMbl C, KOTOpble 00pa3ytoT cTpykTypy amopduoro C. Yacts atomoB C obOpasyet
MOJIMAPOMATUYEKHE  XUMHUUYECKHUE CTPYKTYpPbl, HMEIOIINE MEHBIIYI JJIMHY
conpspkeHus. [To nanasiM POOC B koMII03UTE NPUCYTCTBYET 0JS1 ATOMOB YrJI€po/ia,
NpUHAISKAIMX HUTPWIbHOM rpynne -C=N, XapakTepHOW Ui HCXOJHOTO
komnosuta. MK-cnexktp moarsBepxaaeT HaJIWM4We HUTPUIBHOM TPYIHIIBI C IOJIOCOU
nornomenns v=2420 cv”'. Ha MOBEPXHOCTH 4YacTh ATOMOB yIJepoja CBS3aHA C
kuciopogoM. CoriacHO HEPTrUuM CBSI3M 3TOT MUK MOXHO OTHECTH K KapOOHUIIbHOM
rpymne —C=0, KOTOPYIO MOKHO OOHAPYKHTH 110 To10ce abcopoimu (v=1675 cm™) Ha
NK-cniektpe.

[Ipu xuMUYECKUX MPEBPAIICHUAX AaKTUBHO MPOUCXOJAT MPOLIECChl OKUCICHUS,
BBIP2)KEHHBIE B MPUCYTCTBUU TOBBIIIEHHOTO cojepkanus kuciopoaa (19,2 at.%) Ha
noBepxHocTu (Tabmuna 4). B cnexkrpe Ols Bbiaeneno tpu nuka: nuk 1 — 530,6 3B,
nuk 2 — 531,8 3B u nuk 3 — 533.,4 3B. U3 3HaueHuii sHEpruM CBA3U aToMa KUCJIOPO/a,
CBS3aHHOTO C VIJIEPOJAOM OJWHAPHOM U JBOMHOM CBSA3BIO, CIEAYET, 4TO MUK 2,
BEpOSTHO, 00ycioBieH cBs3bio C=0, a muk 3 — cBsa3pio C-0O [24].

B cnextpe N1s nHa moBepxHOCTH BbIAeneH nuk ¢ E.,=398,7 3B, koTopsiii
coorBercTBYeT N B mnoauHa@pTUpUAMHOBOM cTpykType. Kommo3utr copepkut
amuHorpynnel  (E,=399,2 5B), HamuuMe KOTOPHIX TOJATBEPKIECHO TOJOCaMU
abcopbumn (1020 cm™',  1412cem”, 1682 cm”, 3360 cm™) ma HK-crekrpe.
CocTaBisONIyl0 MOXHO OTHeCTH K atoMy N B HUTpPWIBHON Trpymme, KoTopas
obnapyxena Ha MK-cnektpe, kak onucano Beie. [luk ¢ £.,=400,2 3B oTHOCHTCS K
rpyne NO. Ha MK-crexktpe mHTeHcHBHas monoca (v=1386 cM') xapaktepHa s
dbyukiumonansHoit rpynnel  NO, KoTopas BXOAMT B COCTaB HEOPraHUYECKOTO
COEJIMHEHUS.

UK wmarpes cmeceii AICI/ITAH u HsBOyIIAH no 920 u 1000 °C,
COOTBETCTBEHHO, NMPUBOANUT K oOpazoBanuio HaHokommo3utoB Al,Cs/AIN/C u BN/C.
CTpyKTypHBIE TMpEBpAIlCHUS TMPOUCXOAAT H3-32 AKTHUBHOCTU (DYHKIIMOHAIHHOU
rpymisl -C=N, koTopast 00pa3yeT KOMILIEKCHYI0 XumMuueckyro ¢Bs3b ¢ AlCl; u H3BO;.
CrpykTypHupOBaHUE MOJMMEpPA B JUANA30HE TEMIIEpPaTyp 900+1000°C MPUBOJIUT K
obpazoBanuto HaHokoMIo3uToB Al,C3/AIN/C u BN/C [12].

AHanu3 OTHENbHBIX CTAIUN MEXaHH3Ma T€TePOre€HHBIX XUMHUYECKHUX pPEaKIIHii
nox nevicteueM MK narpeBa B HaHOKOMITO3uTax Cu/C BBISBUJ, YTO HA4YaJbHAS CTATUS
CBS3aHA C MOJBM)KHOCTBHIO BOJOPOJHOTO aTOMa Yy TPETUYHOrO YIjiepoja, KoTopas
o0yier4aer MUTpalMIO BOJAOpPOJA K HUTPWIBHOH Tpynme ¢ 0o0pa3oBaHUEM
METHWJICHUMHUHHON TPYIIIBI, 00pa3yroliei BOJIOPOAHYIO CBS3b C HUTPHIBHON T'PYIIION.
Bo3Hukaromass ~ BOJOpoJHAas ~ CBA3b  CIOCOOCTBYeT  00Opa3oBaHUIO  IUKJIA,
COIPOBOXKJAIOIIEMYCSl MUIpalliell aroMa BOAOPOAA BIOJb O0pa3yroUIecs CUCTEMBbI
conpsokerubx csaseii C=N. IIpu yBenuuennn mmurtensroctr o6mydenus mpu 200 °C
MPOUCXOAUT BbIACIeHUE H;) B pe3yibTaTe peakiiyu AeTUIPUPOBaHUsI OCHOBHOM LIETIH C
obOpa3zoBaHueM comnpsbKkeHHBIX cBsizert C=C. HabmromaroTcs 3HauYnTeIbHbIE U3MEHECHHS
B CTPYKTYpe TOJUMEpPA, YMEHBIIAIOTCA U HUCUE3A0T KPUCTAIUIMYEcKas U amopdHas
dazel ctpyktypsl [IAH, u omHOBpeMeHHO oOpaszyetrcss aMOpQHBINH yriepoIHbIN
matepuas (YM). Beenenne Cu(OOCCH3),H,O B ITAH npuBOIUT K CHHYKCHHUIO
Temreparypbl (a3oBBIX TMpeBpalleHUl B ToJuMEpe W 00pa3oBaHHE aMOPQHOTro
YIIEpPOJHOrO0 MaTepuana, KOTOpOE CBA3aHO Kak C KaTaJUTHYECKUM JeHCTBHEM
MeTajjia, Tak ¥ ¢ BO3MOXXHOCTBIO KOMILJIEKCOOOPAa30BaHUSI METaUIa C HUTPUILHBIMU
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rpynmaMyd TOJUMepa, TaKk Kak oOpa3oBaHHE KOMILJICKCA YMEHBIIACT W BHYTPH- H
MEKMOJICKYJISIPHBIC JUIOJIbHBIC B3aMMOJCHCTBHS HUTPWIBHBIX TPYII TOJMMEpa,
TaKUM 00pa3oM, oOecrieunBasi BO3PACTaHUE TOJABHIKHOCTH MaKpPOMOJICKYJI B TEUCHUE
WK narpeBa. [Ipu narpesannu CU(OH), pasnaraercs na CuO u H,O. B pesynbrare
peakuuu THIPOJIN3a u TEPMHUYECKON 00paboTku pacTBop
Cu(OOCCHj3),"H,O/TTAH/IM®A mpeBpaiiactcss B TI'eTEPOreHHYIO TBepAo(ha3HyIo
cucremy Cu(OOCCHy;),-H,O/CuO/YM. CornacHO TepMOJUHAMHUYECKUM pacuyeraM H
9KCIIEPUMEHTAIBHBIM JIAHHBIM PEHTIeHO(A30BOr0 aHAJIM3a, MACC-CIICKTPOMETPUH TIPH
TEPMHUYUCCKOM o0paboTke paccMaTpuBaeMoit reTepOreHHOM CHCTEMBbI
Cu(OOCCHj3),°H,0/CuO/YM mnpoucxoaut odpazoBanue Hanouactuiy Cu [16, 19, 26].

FeNi (111)

: FeNi (200) )
FeNi, (220)

(a) (0)
Pucyrnok 6. — Hamoxommosur FeNiy/C, cuutesmposanneii mpu 500 °C ¢
nomouisio MK-nHarpesa: a) pororpadpus COM; 6) cnektp POA

Pazpaboran crmoco® moxydeHus KOMIIO3uTa Ha ocHOBe HaHouacTuil FeNi; B
yraepoanom Mmatepuane u3 cuctembl FeClz-6H,O/NiCl,-6H,O/monrakpunoHuTput
(ITAH) npu UK-narpese. C moMoIIpi0 TEPMOANHAMUYECKOTO pacyeTa MOATBEPKICHA
BO3MOXKHOCTh BoccTaHOBiieHHss Fe u Ni w3 ux XJIopuaoB ¢ Tmomolpio Ho,
BBIJICJISIIONIETOCST W3 moiuMepa, mpu Temmeparype Bboime 300 °C. Meromamu
pentrenogaszoporo anHammza (PDA) u dotorpadumii ckaHUpyromel >IEKTPOHHOMN
mukpockoruu (COM) ycraHoBieHo oOpa3oBanue Hanodactull FeNiz; ¢ pasmepom
npubnu3utensHo oT 10 1o 60 M (puc. 6) [26, 27].

Du3uko-xumuuecKkue ceoiicmea MemaJlJIOyZJlepOOHblx HAHOKOMRO3umoe u
yznepodnozo HAHOKpucmauiu4ecKo2co mamepuaila Ha ocHoee

ROIUAKPUTIOHUMPUIA, ROTUGUHUIO08020 CRUPIMA
u coeounenuii Fe, Co, Cu, Ni, Ag, Cd, Si, B, Al

HccnenoBaHbl ANEKTpOoPU3NIECKHE CBOMCTBA YIIAEPOIHOTO
HaHOKpucTaunueckoro marepuana (YHM) na ocnoBe nonuaxkpuinonutpuia (ITAH).
IIpn nossimenun temneparypsl WK Harpesa or 600 go 1000 °C  ynenbHas
ANEKTPONPOBOAHOCTh yriepoaHoro YHM nHa ocHoBe IIAH Bo3pactaer ot 107 no
2-10° Cm/cM.  Yekopsioommit spdexr MK-usnydenns wa npespaumtenns B ITAH 1o
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CPaBHEHMIO C KOHBEKTMBHBIM HarpeBOM, CBA3aHHBIN ¢ Bo3acucTBueM MK-uznydenus
Ha KoJjeOaTeNbHYI0 OJHEPruI0 CBS3€M MaKpOMOJIEKYJbl IOJUMEpa, I03BOJIAET
MOBBICUTh CKOPOCTh XMMHUYECKHUX IPEBPALLIEHUN U COKpaTUTh BpeMs obpabortku. C
yBEJIMUEHUEM INpoaospkuTenbHocTi MK HarpeBa mpoOMCXOAUT yBEJIMYEHUE YIEIbHOU
anekTporpoBogHoctu Y HM [28].

60

@

0 -

404 4

o, Cm/cm

p, OMm.cm

T T T
650 700 750 800 850 900

T.°Cc T.%
a) 0)
Pucynok 7. — 3aBUCHMOCTb  YACIBHBIX CONPOTUBICHUS (a) W

srieKTporpoBoaHocTH HaHokommo3utoB Ag/C (1), Cu/C (2), Co/C (3), Fe/C (4), Ni/C
(5) u YHM (6) ot Temnepatypsl noaydeHust mpu Cy,.=10 mac.%

HccnenoBanue sieKTpodHu3HUeckux CBOMCTB Hanokommo3utoB Cu/C, Fe/C,
Co/C, Ni/C, Ag/C moka3zano, uyro BBemenue Ag, Cu, Co, Ni, Fe B yriepoaHbIii
MaTepuall YMEHBIIAET yJIeJIbHOE COMPOTHUBIIEHHE HAHOKOMIIO3UTa (pHC. 7), TaK Kak
HAHOYACTHUIIBI METallIa, PACIONIarasich MEXAY JJICKTPONPOBOISIIMMH OOIACTSIMH
TOJIMCOTIPSKEHHBIX CUCTEM YTIEPOTHOTO MaTepuana, coJlep KaruMu
JICIOKAIN30BaHHBIC  T-DJICKTPOHBI, TOHWKAIOT JHEPreTHYECKUue Oapbhephl  UIs
nepenayu  AIeKTPOHOB. Bo3pacTanue 3IIEKTPOIMPOBOTHOCTH METALIOYTIIEPOIHBIX
HAHOKOMITO3HTOB B psiny Fe/C—Co/C—>Cu/C—Ag/C mpu 650 °C obbscHseTcs Tem,
YTO HAHOYACTHUI[BI META/UIOB BOCCTAaHABJIMBAIOTCS MPOIYKTAMH  JIECTPYKIIMH
MOJIMMEPOB COTJIACHO MX 3HAYECHMSIM XUMHUYECKOTO CPOJICTBA K AJIEKTPOHY (puc. 7).
CyliecTBeHHBIH  BKJIAJ] B DJEKTPOIPOBOJHOCTh  HAHOKOMITO3UTAa  BHOCHT
OPOBOAMMOCTh  YIJEPOJHOW  MaTpHIlbl, KOTOpasi  TOJBEpPraercs  aKTHUBHOM
KatanuTuiyeckoi rpadurusanuu B npucyrctBuu HaHodactuilr Ni, Co u Fe (puc. 7)
[29].

VYaenpHas  AJIEKTPONPOBOJHOCTh  METAUIOYTJICPOJAHBIX ~ HAHOKOMIIO3MTOB
yYBEJIMUUBAETCS C pocToM Temmepatypbl MK HarpeBa, KoTopast CBsi3aHa ¢ MpoIieccaMu
KapOOHHU3AIMH, CHOCOOCTBYIOIIMMHU COBEPIICHCTBOBAHUIO CTPYKTYPBI YTIIEPOIHOM
MaTpHIbl U POCTY KPUCTAIUIUTOB IpaduTONno100HOM (ha3sbl.

Takum o0Opa3zom, codyeTaHMEeM pa3HbIX MapaMeTpoB Mpolecca (Temieparypa,
POJOJDKUTENILHOCTh  MpoIiecca, Ta3oBas armocdepa B peakTope W HCXOJHAS
KOHIIEHTPAIUSI METaUla) MOKHO CO3JaBaTh METAILIOYTJIEPOTHBIE HAHOKOMITO3UTHI C
HEOOXOIUMBIMH AJIEKTPOPH3NIECKIMH CBOMCTBAMH.
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Pucynok 8. — 3aBUCHMOCTH YAEIBbHONM HaMarHM4EHHOCTHM HAHOKOMIIO3UTOB

Ni (20 mac.%)/C (1), (3); Co(20 mac.%)/C (2) or TemmepaTypbl MOJY4CHUS IPH
pa3Hoil BpeMEHU BbIJIEPKKHU Npu KoHeuHo Temneparype UK narpesa, Mun: 1 u 2 — 1;
3 — 60 (a); 3aBucumocth pasmepa HaHodacTtuil (d) Ni u CO B HaHOKOMITO3UTax
Ni(20 mac.%)/C (1), (3); Co(20 mac.%)/C (2) ot TemnepaTypbl MOJTYICHUS IPH Pa3HOU
BPEMEHHU BBIJAEPKKH Tpu KoHeyHoM Temmnepatype MK warpeBa, mun: 1 u 2 — 1;
3-60 (6)

Maruutasle cBoiictBa HaHokommosutoB Fe/C, Co/C, Ni/C wusmepsiu B
MarHMTHOM TIOJIe¢ HAMpPsKEHHOCTBIO 5,6 KD ¢ HCIOJIb30BAHHUEM MHUKpPOBEOEpMETpa
@®-191. YcraHoBIIeHO, YTO y/ae/lbHas HAMarHMYEHHOCTh HaHokommo3utoB Fe/C, Co/C,
Ni/C Bo3pacTaeT ¢ pOCTOM TEMIIEPATypbl IOJYYCHHs, YIJIMHEHUEM BPEMCHH
BBIJICP)KKM IIpM KOHe4yHOW Temmeparype MK HarpeBa M poCTOM KOHLEHTpALUU
Metasa (puc. 8, a) [30].

HccnenoBansl ONTUYECKHUE CBOMCTBA ILUIEHOK HAHOKOMIIO3UTa
CdS/monuakpiJOHUTPUII HAa KBapIEBBIX IUIACTHHAX B KA4YeCTBE  IOMJIOXKEK.
YcraHoBjIeHO, 4TO CriekTp B Y® u Buaumoii obmactsx HaHokommosuta CAS/TIAH
UMEeT MaKCHUMallbHOe Tmoriomenue mpu A=391,85 HM, KoTOpoe 0O0YCIOBIIEHO
SIIEKTPOHHO-ABIPOYHON pekoMOuHanmeir B CdS. B crektpe (oTOMOMUHECHCHINH
Komro3uTa ¢ HaHoyactuiiamMu CdS u mopomrka CdS (d=100 MkM) ripu Bo30yKIaroIiem
U3ITy4eHUU ¢ A=382 HM MPUCYTCTBYIOT MOJOCHI BTOPUYHOTO U3IYYEHUS C A, pABHBIMU
568,34 u 575,77 um.

Jlyis onieHKH OMOJIOTMYECKOW COBMECTUMOCTU YTIIEPOIHBIX HAHOMATEPUAIIOB C
KJIETKAaMU MJICKOTUTAIOMIUX OBbLIN B3STHl (PUOPOOIACTHl KUTAHCKOTO XOMSIYKA JIUHUU
V- 79, mpenocraBnenusix JIPb OUSAU r. [lybHa. B pesynbrare mpoBeaeHHBIX
HKCIIEPUMEHTOB HE ObLJIO OOHApPYXKEHO BBIPAXKEHHOI'O TOKCHMYECKOTO BO3/IEHCTBUS
YHM na ¢pubpobraacTsl KUTACKOTO XOMSYKa [22].

Hpumeueuue HO6bIX MemaJlJlOyZ./'lepO@Hblx HAHOKOMRnoO3umoe uyzﬂepoduoeo
HAHOKpucmaiiudecKkoco namepuaia

Jis W3TOTOBJICHUS 3JIEKTPOJOB Ha OCHOBE YIIEPOIHOTO
HaHOKPUCTAJUIMYECKOIO0 MaTepuanga ais HU3MepeHHus pH pacTBopa B KayecTBe
UCXOoNHOro monumepa Obul  BeIOpan mnomuakpwionutpun (ITAH). Bnepsbie
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oOHapyXeHa 3aBUCUMOCThH 3JIEKTpoxuMuueckoro norenuuana YHM ot pH cpensl.
TaHreHc yria HakJIOHa 3aBUCUMOCTH 3JIEKTPOXMMHUYECKOIO MOTeHIMana oT pH B
KHUCJION U mIeNI0ouHoN o0nacTsax coctasisieT 58 u 20 mB/pH, coorBercTBeHHO. CrienyeT
OTMETUTh, YTO AaNIPOKCHMALIMOHHBIE IpPSAMBIE  3aBUCUMOCTH  3JIEKTPOAHOIO
noreHunana YHM ot pH nepecekaroTcst IpuOIU3UTENBHO NIpU pH 7, U 3JIEKTPOAHBIN
NOTEHIIMAJl HE U3MEHSETCS B TEUEHHUE BPEMEHHM BBIACPKKH JIEKTPOJA B DJIEKTPOJIUTE.
Jlna rpadura M CTEKJIOyriepoia 3aBUCUMOCTb OT pH He Habmogaercs H3-3a HX
uHAU(DPEPEHTHBIX CBOMCTB K AIEKTPOIUTY [28].

[TpumeHeH HaHOKOMMO3UT AQ/MOIMAKPUIOHUTPUI Ui HU3KOTEMIIEpaTypHOTO
COEJIMHEHUS JMOJTHBIX, TPUOAHBIX CTPYKTYp C MOJIUOIEHOBBIMU
TEPMOKOMIIEHCATOPAMHU MTPU U3TOTOBJICHUH CUIJIOBBIX MOJTYIPOBOJIHUKOBBIX MPUOOPOB.
Jns maiiku OOBIYHO HMCIOJIB3YIOT CepeOpo, KOTOPOE HE OKHCISETCS, CYIIECTBEHHO
JIENIECBJIC 30JI0Ta WIM NAJIaJAWs U MUMEET JIYUIIYI TeIJIo- M AJIEKTPONPOBOIHOCTb.
CroiikocTh cepebpa K TEPMOLMKIMPOBAHUIO HAMHOIO BBIIIE, YEM Yy CTaHAApTHBIX
npurnoeB. OCHOBHBIM MPEMATCTBUEM JJsl IIHPOKOTO MNPHUMEHEHHUS CepeOpsSHBIX
MIPUTIOEB SBJISICTCS BBICOKAsl TeMIIepaTypa IMepexojia B Xuakoe coctosaue (>600 OC),
HE TO3BOJIAIONIAs HCIOJB30BaTh OOBIYHBIE TEXHOJIOTUU coequHeHus. [lomyden
koMmro3uT nonuakpuionutpuna (IIAH) ¢ nanouactuunamu AgQ JUIsl OCYIIECTBICHUS
npouecca HU3KOTEMIIEPAaTYpHOI'O COEAWMHEHHUS MpPU HW3TOTOBJIEHUM SJIEKTPOHHBIX
YCTPOWUCTB.

Coemuaenne mpomsBommiock mpu 100°C mox maBimenmem 1 kr/mm®, u GbUIH
noay4deHsl CTpykTypsl Mo-(Ag/Tloaumep)-Mo, Si-(Ag/Tlomumep)-Mo. J1ns cpaBHEHHS
msrotoBiensl npu 500°C crpyktypsr Mo-(Ag-¢omsra)-Mo, Si-(Ag-domera)-Mo ¢
ucnoib3oBanueM (oneru Ag Ttommmuoil 50 mxm. IlomydenHble o0pasubl ObuIH
HCCJIE/IOBaHbl C MOMOIIIbI0 PEHTI€HOBCKOro Mukporomorpada BT-50. YcraHosieHo,
yro meHka AQ/ITAH npuBoAMT K MOJTy4eHUIO CIUIOMIHON OAHOpOoAHOM miieHku Ag. Bo
BcepoccuiickoM 37€KTPOTEXHUYECKOM HHCTUTYTE IJIeHKH HaHokommno3uTa AQ/TIAH
ObUIM MCHOJIb30BaHbl B MHOTOYMCIIEHHBIX 3KCHEPUMEHTaX IO COEAMHEHUIO YHWIIOB
JTUOJIHBIX, TPUOJIHBIX CTPYKTYp C MOJUOJCHOBBIMH TEPMOKOMIIEHCATOPaMHU.
Pe3ynpTaThl ~ MOKa3aJid  MEPCHEKTUBHOCTh  IMPOMBIIUIEHHOTO  IPUMEHEHUS
pa3paboTaHHOIO0 HAHOKOMIIO3UTA JUI M3TOTOBJICEHUS CHJIOBBIX IMOJYIPOBOJIHUKOBBIX
npuOOpoB 1 Moysel Ha ux ocHose [31].

[Tpu narpeBannu HaHokommosuta CU/C c¢ pazmepom HaHouacTul CU OKOJIO
30 HM B Macc-CIIEKTPE €ro JIETy4UX MPOJYKTOB OOHAPYKEHBI MMKA HOHOB ¢ M/Z 91 n
93, KOTOpBIE COOTBETCTBYIOT nMuKaM MousekyisipHoro nona CuCO. CuHTe3upoBaHbIN
JeTy4uil KapOOHWMI MeOd MOXKHO HCIONb30BaTh Uil HU3KOTEMIIEPaTypHOIO
MOJTYYEHUS YUCTOU MEJIH.

N3roToBneHsl CEHCOpPhl HA OCHOBE YIJIEPOJHOTO HAHOKPHUCTAJUTMUECKOIrO
Marepuaia (YHM). beuin npoBeneHsl UCClieIOBaHUS Ta304yBCTBUTEIILHOCTH TUICHKH
YHM na npucyrctBue CO, B ra3oBoii atmocdepe, Ucnoib3ys d3GPexT AomupoBaHus
IIOJIAIMEPOB  C  IOJYIIPOBOJHMKOBBIMH  CcBoMcTBamMM. B mpucyrctBun  CO;
conporusiienre Y HM yBennuuBaercs.

AKTyalbHOW TIpoOJEMOM B HACTOfAIIEe BpeMs SBIAETCS pa3padoTka
Hanokommo3uta FeNis/C, cBolicTBa KOTOpPOro MOTYT BapbUPOBATbCS B IIMPOKUX
npenenax, npeacTaBisiomero 3(EeKTUBHYIO TE€TePOTreHHYIO PaJIdONOrIOIAOIIYIO
cpelly, NEpCIEeKTUBHYIO B pE3yJbTaTe MOCTOSIHHOIO YBEJIWYEHUS HHTEHCHUBHOCTHU
TEXHOTEHHBIX JJICKTPOMAarHUTHBIX M3JIyd4E€HUH. OTH U3Iy4eHHUS MPUBOIAT K
MOBBILIEHUIO TPEOOBAHUI IKOJIOTMYECKOH 3allUThl YeJIOBEKa U MH(POPMALIUH, a TAKKe
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3JIEKTPOMArHUTHOM COBMECTUMOCTU PAJUOIIEKTPOHHBIX CPEJACTB B  IIUPOKOM
nuana3zoHe yactoT. s co3panusi 3(EKTUBHBIX 3JEKTPOMarHUTHBIX (OM) skpaHOB
(@pdexTuBHOCTL 3KpaHupoBaHusi Oonee 20 n1b) paspaboTaHbl MaTepuaibl HOBOTO
NOKOJEHHs Ha  ocHoBe  HaHokommosuta  FeNis/C, kortopeie  00jamaroT
BBICOKO?(D(PEKTUBHBIM 3KPAaHUPOBAHUEM JJIEKTPOMArHuTHbIX (OM) wuznydeHuil B
IIMPOKOM JUala30HEe YacTOT, MaJIbIM YIEIbHBIM BECOM, BBICOKUMHU IPOYHOCTHIO,
TEPMOCTOMKOCTBIO M  YCTOMYMBOCTBIO K KIMMATUYECKUM BO3JCUCTBUSIM H
arpeccuBHbIM cpenam [27].

Buvieoowt

Ha ocHOBe MareMaTW4ecKkoro MOJICIUPOBAHUS KHHETHKH TE€TePOTE€HHBIX
peakumMii M aHajgM3a OKCIEPUMEHTAIBHBIX  JIAHHBIX  pa3paboTaHbl HAaY4YHO
000CHOBaHHBIE OCHOBBI TEXHOJIOTUH TOTYICHHUS YTICPOTHOTO HAHOKPUCTAITMIECKOTO
Mareprasa U METauIO- U IOJIyIIPOBOJIHUKOBOYIIIEPOAHBIX HaHOKOMIO3uTOB CU/C,
Fe/C, Co/C, Ni/C, Ag/C, SizN4/C, BN/C, CdS/C, Al,C5/C, AIN/C, FeNis/C na ocHoBe
MOJIMAKPUIIOHUTPHIIA,  TIOJUBUHUJIOBOTO  CIUPTA, MOJMATWICHTepedTanara u
coequnennii Fe, Co, Cu, Ag, Si, Ni, Cd, B, Al

AHanu3  WCCIEOBAHHBIX  3aBUCUMOCTEH  DIEKTPO(U3MYECKUX  CBOMCTB
YIJIEPOJHOTO0 HAaHOKPHUCTAJIMYECKOro Marepuasia W HanokommoszutoB Cu/C, Fe/C,
Co/C, Ni/C, Ag/C ot ycnosuii UK HarpeBa mo3BoJiiI yCTaHOBUTb, YTO C MOBBIIIICHUEM
temneparypsl MK  wmarpeBa or 600 g0 900 °C yBenuuuBaercs yielbHas
AJIEKTPOIIPOBOHOCTH YTIEPOMHOTO HaHOKpHCTAIMYeckoro marepuana ot 0,1 1o
100 Cm/cm wu3-3a yBenuueHusi cojaepxkaHusi rpadurononobHoit dasel. Brenenue
HAaHOYACTUI[ METaVIOB B  VIJICPOJHBIA  MaTepual  yMEHBIIAeT  yIEeNbHOE
COTIPOTHBIICHUE HAHOKOMIIO3UTA 1o CPaBHEHUIO C YIIIEPOTHBIM
HAaHOKPUCTAJUIMYECKUM MAaTepUaIOM, TaK KaK HAHOYACTHI(BI METala TMOHMKAIOT
Oapbepbl Ui TEpeAaud AJIEKTPOHOB MEXKIY JJICKTPOIPOBOISIIMMHI  O0IaCTIMH
YIIEpOAHOro MaTepuaa. BolsBlieHHbIE 3aKOHOMEPHOCTH MO3BOJISIFOT KOHTPOJIUPOBATh
YIETBHYIO 3JIEKTPONPOBOTHOCTD YIIIEPOJHOTO HAHOKPHCTAJUIMYECKOTO MaTepHhaa,
MPOSIBIISIIONINE CEHCOpPHBIE CBOMCTBA Ha npucyrcTBue CO;, a TakKe ONTUMHU3HPOBATH
TEXHOJIOTUYECKHE  TapaMeTphl  Mpolecca  IMONYYeHHS  MEeTaILIOYTIePOIHBIX
HAHOKOMIIO3UTOB U YIJIEPOJAHOT0 HAHOKPUCTAITMYECKOTO MaTepHaia.
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PERSPECTIVE METAL-CARBON NANOCOMPOSITES AND CARBON
NANOCRYSTALLINE MATERIAL OBTAINED UNDER THE IR-HEATING
OF POLYMERS

Kozhitov L.V.}, Kostikova A.V.%, Kozlov V.V.2

'National University of Science and Technology "MISIS"
4, Leninskii pr., Moscow, 117936, Russia, e-mail: kozitov@misis.ru
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29, Leninskii pr., Moscow, 119912, Russia

The theoretical and experimental basis of technology for obtaining
nanocomposites Cu/C, Fe/C, Co/C, Ni/C, Ag/C, SizN4/C, BN/C, CdS/C, Al,Cs/C,
AIN/C, and FeNis/C and carbon nanocrystalline material based on polyacrylonitrile,
polyvinyl alcohol, and polyethylene terephthalate are developed; their physical and
chemical properties are studied; nanomaterial applications for pH electrodes, sensors,
light diodes, catalysts, absorbing screens, spintronics materials and for connecting
electronic device elements are suggested.

NOVEL SCINTILLATOR DEVELOPMENT; SOLID STATE CHEMISTRY,
OPTICAL PROPERTY, RADIATION RESPONSE AND PRACTICAL
APPLICATION

Yoshikawa A." *, Yanagida T.°, Yokota Y.}, Kurosawa S.!, Kamada K 2,
Kawaguchi N.*, Fukuda K.* * and Nikl M.*
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Single crystal scintillator materials are widely used for detection of high-energy
photons and particles. There is continuous demand for new scintillator materials with
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higher performance because of increasing number of medical, industrial, security and
other applications.

In the case of modern scintillators for gamma-ray or X-ray, the high light
output, good energy resolution, high effective atomic number, fast scintillation
response, chemical stability and capability of bulk crystal growth are very important
parameters. Up to now, Nal, Csl, BisGe;Op, (BGO), Ce:Lu,SiOs (Ce:LSO),
Ce:Gd,SiOs (Ce:GSO) are widely used. Recently, Ce** is recognized as most
promising emission center for scintillator, as it gives intense emission and fast decay
time. Ce:LaBrj; is proposed and interested in its high light yield, fast response and high
energy resolution. Scintillator development for gamma-ray or X-ray, even though it
contains Lu (high Zeff), LuzAlsO;, (LUAG) is not used as host lattice. The Ce-doped
LuzAls01, (LUAG:Ce) single crystal is the high density analogue of the well known
YAG:Ce scintillator. However, LUAG:Ce was evaluated as a non-prospective
scintillation material in the comparison with the high density aluminum perovskite
(LUAP:Ce) in 1995 and has not been further studied in the 90’s of last century. This
situation is pity from our point of view. Therefore, we have carried out systematical
study of LUAG host as scintillator for gamma-ray or X-ray. Recently, we got
interesting result on this study.

Neutron detection is an essential aspect of interdiction of radiological threats for
national security purposes, since plutonium, a material used for nuclear weapons, is a
significant source of fission neutrons. The current demand for *He in commonly
deployed neutron detectors and other systems has created an imminent shortage of *He
due to its limited natural resources. Therefore, an alternative technological solution for
neutron detection is required in the very near future [6]. Neutron detector is used not
only for security purposes but also in scientific research, e.g. neutron diffraction to
investigate the positioning of light elements in the crystal structure. This is also
nowadays topic, as the Li based fuel cell becomes highly important. So far, five
technologies; boron trifluoride (BF3) filled proportional detectors, boron-lined
proportional detectors, scintillating glass fiber detectors, scintillator coated wave-
length-shifting fiber detectors; and °Li based or '’B based bulk neutron scintillators,
are proposed as the alternative candidates. In order to realize the simple system for
neutron detection, BF; and bulk neutron scintillators are the most promising
candidates. Taking into the toxicity of BF; gas, highly efficient neutron scintillators as
well as the bulk crystal growth technologies have to be developed.

Based on the above mentioned background and our recent results, I will review
three topics: (i) Pr**: LusAlsOr, (LUAG) for gamma-ray scintillator and Positron
Emission Mammography system, 2) R
which employ Pr:LUAG, (ii) Ce**: . _
Gdg(AI,Ga)5012 (GAGG) for gamma- y o
ray scintillator and survey meter,
which employ Ce:GAGG, (iii) Ce**:
°LiCaAlFs (Ce: °LiCAF) and Eu**: b)
®LiCaAlFg (Eu: °LICAF) for neutron
scintillator.

Pr*:LUAG is interested as
Pr** 5d-4f transition gives faster '
decay time than that of Ce®* 5d-4f Fig.1 (a) 2inch and (b) 4inch Pr: LUAG.sin-
transition. Among several candidate gle crystal (¢c) PEM system using Pr:LUAG
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hosts, Pr: LUAG is found to be the best performance (Fig.1). Bulk crystal growth, basic
scintillation properties, 2 dimensional gamma-ray imaging and Positron Emission
Mammography (PEM) will be demonstrated.

Ce:GAGG is originally studied as transparent ceramics form. Many attempts
have been done to grow single crystal from the melt. However, no one succeeded
before we have tried with solid state chemistry point of view. When we see the
pseudo-binary phase diagram between Gd,O3 and Al,Os, perovskite phase is initial
phase. Therefore, without enough
amount of Ga in the host lattice, garnet
phase can not be grown from the melt.
After the solid state chemistry
consideration, Ce:GAGG single crystal
is grown from the melt. This is newly
proposed scintillator, which has light
yield of 50,000 ph/MeV. This value is
twice higher than that of Pr:LUAG and
much higher than that of Ce:LYSO
(35,000 MeV) or Ce:LaBr3

(40,000 MeV). 2inch bulk crystal P kG

. : Fig.2 (a) 2inch Ce: GAGG.single crystal
growth technology is now established (b) Pulse height spectra of BGO, LYSO and

and survey meter us.ing Ce:GAGG s GAGG (c) Survey meter using GAGG.
now on the market (Fig.2).

Due to the international situation, homeland security, such as illicit traffic of
explosives, drugs, nuclear materials,
etc., becomes one of the important
R&D topics. Therefore, Ce and Eu
doped LIiCAF are interested (Fig.3).
Especially, when substitution of *He
1s seriously considered,
discrimination ability of gamma-ray
from alpha-ray is important. Bulk
crystal growth, basic scintillation
properties and 2  dimensional Fig.3 (a) Ce:LiCAF 4inch. (b) Neutron image.
neutron imaging will be demonstrated.

INTRODUCTION OF OXIDE’S CRYSTAL BUSINESS FOR VARITY OF
OPTICAL APPLICATIONS

Yasunori Furukawa

OXIDE Corporation, 1747-1 Mukawa, Hokuto, Yamanashi, Japan
Tel: +81-551-26-0022, Fax: +81-551-26-0033, e-mail: furukawa@opt-oxide.com

Oxide Corporation was established in 2000 as the first spinoff venture company
from National Institute for Material Science to introduce stoichiometric
LiNbO3/LiTaO; crystals and Double Crucible Czochralski (DCCZ) technology to the
industrial market. Oxide has succeeded to commercialize stoichiometric
LiNbO3/LiTaO3 crystals as the substrate for QPM nonlinear devices which enable
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high power infrared lasers, green lasers, and UV lasers. Those are used for laser
sensing, display, material processing and biomedical applications. Oxide developed
DCCZ technology as a unique commercial growth method which enable precise
control of composition of non-congruent materials, and applied this technology for
Nd:YVO,, Nd:YAG, and Ce:LSO crystals. In the past ten years after establishment,
Oxide introduced crystal growth technology FZ, Vertical BZ, CZ, EFG, TSSG, KY as
well as DCCZ, and grew more than 10 different types of oxide single crystals such as
LN, LT, YVO,, TiO,, LBO, YAG, LGT, STO, LSO, LYSO, BGO, BSO, KT, KTN, CLBO,
BBO, Sapphire, etc.

In this report, we will discuss Oxide growth activity and business of oxide
single crystals.

COLD FUSION CONTINUES
Tsyganov E.N.%, Dabagov S.B.%, Bavizhev M.D.’

1Universi‘[y of Texas Southwestern Medical Center at Dallas, Texas, USA
X *Lebedev Physical Institute, Russia
North—Caucasus State Technical University, Russia

Abstract

Accelerator experiments on fusion show a significant increase in the probability
of interaction when target nuclei are imbedded in a conducting crystal. These
experiments open a good perspective on the problem of so-called cold DD nuclear
fusion. Here this approach is applied to another fusion processes, and some possible
drawbacks are discussed.

1. Introduction

Experiments of M. Fleischmann and S. Pons [1], performed more than 20 years
ago and initially claimed by the authors as discovery of a “cold nuclear fusion”
process, opened quite an era of follow-on studies. Most of the immediate followers
were not able to confirm the results of [1], and the scientific community quickly came
to the conclusion that these results were erroneous. However, several groups continued
their research in this direction, gradually improving their experimental technique and
measurement precision. The most impressive results described for DD fusion were in
[2] and [3]. Despite definite progress in these experiments, due to the absence of a
clear theoretical explanation of the phenomenon and its obvious contradiction with
standard nuclear physics, the common opinion in the physics community that these
results were erroneous did not change.

The situation has changed now that an understanding has developed that the
curious behavior of fusion processes which take place if the target nucleus is imbedded
in a conducting crystal [4, 5] is able to explain almost everything in cold fusion
physics. This was shown in papers [6, 7]. The only hypothesis remaining in these
explanations is that the decay time of an excited compound nucleus is dependent upon
the energy of the excitation, which does not contradict any fundamental principles. In
fact, this hypothesis could be considered to be proven by the experimental evidence
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that nuclear products are essential absence in cold DD fusion, with the exception of
stable “He nuclei.

We claim that the nuclear physics of very low energy nuclear excitation has
certain peculiarities and must be treated with special precaution. The dependence of
the decay time of a compound nucleus on the energy of the excitation should definitely
be taken into account. But this may not be the only peculiarity of very low energy
excitation processes. In this connection it is important to consider the situation with the
so-called Andrea Rossi E-cat set-up.

2. Andrea Rossi power plant demonstrations

Over the past several months, there has been an active discussion in the media
and on the Internet about the so-called cold fusion plant of Italian engineer Andrea
Rossi [8]. Some parameters of the installation, or the equivalent parameters, are
available on the DEFKALION website [9].

Andrea Rossi and his colleague Sergio Focardi demonstrated at the University
of Bologna (Italy) on October 28, 2011 the capability of the power plant to
continuously produce heat for about 5 hours. Fig. 1 is a graph of water temperature
measured at the inlet and outlet of the installation at this demonstration. Based on this
graph and the water flow rate the estimated thermal power of the plant was found to be
about 0.5 MW.
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Fig. 1. Temperature chart of the Rossi set-up test in October 2011 [8]

After the demonstration of October 2011, this plant was sold to an unidentified
customer, presumably a representative of the U.S. Department of Defense. The plant
was assembled from 50 separate modules, each of which can be used in stand-alone
mode. At present, Rossi has concentrated his work in the United States, where he owns
the Leonardo Corporation.

Andrea Rossi secured a patent for his installation in Italy, although it is not very
clear what legally indicates the presence of such a patent. Rossi has not been
successful yet in securing a pan-European patent or a U.S. patent for his invention,
because he refuses to disclose some of the technical details of his installation. This is
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particularly true for the description of the so-called catalyst which is used in the
reactor chamber.

Rossi’s plant is a significantly modified set-up of the Bologna University and
the University of Siena installation. Results of studies conducted with that installation
were published in 1998 in Il Nuovo Cimento [10]. The authors of that article believed
that hydrogen gas interacted with a nickel rod resulting in the release of heat in excess
of what could be explained by chemical reactions in the setting. This work was largely
ignored by the scientific community because of the rather small amount of heat
produced.

Andrea Rossi improved the installation of Bologna and Siena universities, by
replacing the nickel rod with microcrystalline nickel powder and by mixing the
powder with an unnamed catalyst. In our opinion, this catalyst could be platinum
micro-crystals [6, 7]. Rossi has done a great job of optimizing the methods for
implantation of nickel atoms in the micro crystals of the catalyst using high-
temperature diffusion and microwave radiation.

Theoretically, it is very difficult to quantify the heat release in the Rossi
“reactor”, as many parameters of the process remains unknown. In the framework of
the cold fusion process described in [6, 7], we believe that the Rossi’s work is of great
interest and deserves close attention. We are quite convinced that the results of heat
release measurements are correct, though, some additional problems of this very low
energy nuclear physics, probably, need to be resolved.

From the representation in Fig. 2, you can get an idea of processes similar to
those which are at work in the Rossi installation. We see a sharp increase in the
probability of H+'Li fusion in the case when 'Li is implanted in a palladium crystal.
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Fig. 2. The dependence of the astrophysical factor for H+'Li fusion reaction
for different placement of the target — insulator, lithium metal, and lithium embedded
in a crystal of palladium. The data are taken from [11]
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We believe that the same effect is at work in Rossi’s case, where he has
implanted nickel and hydrogen atoms in the crystalline cell of his catalyst. Hydrogen
diffuses into the crystalline cell of the catalyst under a pressure of about 20 to 40 bars.

Fig. 3 shows schematically the possible cold fusion processes for the cases of
D+D (a), H+Li (b), H+Ni (c) when fusion partners meet in the same cell of the host
crystal. It is seen that the basic processes of penetration through the Coulomb barrier
and the formation of the compound nucleus in all these cases are identical. Process (a)
was carried out in experiments by McKubre et al. [2] and Arata et al. [3], and process
(c) was carried out in the installation of Rossi [8]. The physical nature of the increase
in cross-section of the elements’ fusion in the case when this process occurs in the
crystal lattice of a conductor has not yet been elucidated fully. This phenomenon is
caused by the anisotropy of the electric fields in the crystal lattice and by the excess of
free conduction electrons. Under these circumstances, the process of excitation and
deformation of the electron shells of the impurity atoms becomes possible, resulting in
the convergence of these atoms at a distance considerably smaller than the free atom
sizes. This process is chemical in nature (catalytic) with little expenditure of energy.
When two nuclei of deuterium (or other contamination nuclei) occupy the same
crystalline cell, the thickness of the Coulomb barrier between them decreases, and the
probability of penetration through the barrier rises dramatically.

Fig. 3. Schemes of the cold fusion process for the cases of D+D (a), H+Li (b)
and H+Ni (c). The shaded region is a zone of free conduction electrons

3. Nuclear physics in a compound nucleus at low excitation energy

Considering the experiments (or rather practice) of Rossi, it should be noted
that in the explanation of the results there is (possibly) some additional conflict with
the traditional nuclear physics.

The following are the processes that would have to happen in the case of natural
1sotopic composition of nickel.

68.27% PN+ H—Cu* - Nitp +y+v, 1.3 min
26.10% N+ H—' Cu* - 'Ni+p +y+v, 3.3 min
1.13% *INi+'H—-%Cu* —Ni+p +y+v, 9.7 min
3.59% “Ni+H-%Cu* > Cuty 53Cu stable

0.91% “Ni+'H—-*Cu*—*Cuty %Cu stable
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Given the natural isotopic composition of nickel, approximately 95 % of the
fusion reactions in Rossi’s case would have to be accompanied by the emission of
¢ — ¢~ annihilation gamma rays with energies of 511 keV. According to participants in
the repeated demonstrations of the installation, this gamma radiation does not take
place.

It was shown in [6, 7] that the absence of nuclear decay channels in the cold DD
fusion can be explained by the decreased nuclear decay rate of compound nucleus
when the compound nucleus has very low excitation energy, thereby not contradicting
of any fundamental laws. The isotopes of nickel, ®*Ni and **Ni do not give products
with positron decay, and we can assume that in this case the de-excitation of excess
energy could also occur through the mechanism of virtual photons.

According to participants in the demonstration, the shielding of the reactor flask
was equivalent to about 3 mm of lead, which is clearly not enough to absorb
annihilation gamma rays. There could be some explanation of why positrons are
absent in all these reactions.

As was mentioned in [6, 7], the deformation of the electron orbits of
contaminants in conductive crystalline cells and the very orderly positioning of these
atoms in the cells provide a reasonably high probability of a fusion process resulting in
the formation of a compound nucleus. The very low excitation energy of this
intermediate compound nucleus assures a low probability of the immediate nuclear
“jump” of one component of the compound nucleus toward the other component
through the residual Coulomb barrier, and the process continues with release of the
energy through the virtual photons. Fig. 4. illustrates the process.

E

)

R

Fig. 4. This frame depicts an intermediate state of the compound nucleus (say,
'H+®Ni) in the potential well in the middle of the transition period. We believe this could
stimulate (agitate) the o—decay of the **Ni cluster merging with 'H. Here E denotes potential,
R —distance, on an arbitrary scale.

We believe, as presented in Fig. 4, pushing **Ni cluster to the boundary of
strong interaction well could stimulate (agitate) the a—decay of **Ni. With this kind of
process the fusion energy will be released by low energy electrons and low energy
a—decay.

The situation is in some sense similar to the experiments of McKubre et al [2],
who did not observe any appreciable yield of neutrons or other nuclear products for
cold fusion of two deuterium nuclei into “He. In the end, this problem in experiments
with cold DD fusion becomes somewhat irrelevant, because the neutrons and other
nuclear problems are simply absent, and the increase of the screening potential in
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conductive crystals simply corresponds to the detected cold fusion rate in these
experiments. In the case of the of H+Ni fusion, as in Rossi’s case, it may be that the
physics of the decay of the softly excited compound nuclei *Cu*, *'Cu* and **Cu*
could be additionally modified with a preferred a—decay channel, or in some another
way. The problem remains to be clarified experimentally.

In any case, using separated nickel ®’Ni and *'Ni isotopes could solve the
problem.

4. Conclusion

In our opinion, Andrea Rossi’s experiences deserve urgent attention of the
professional physics community. It seems to us that Rossi’s method is far from
optimal, although it looks relatively cheap.

In connection to our approach to physics of cold fusion processes [6, 7], many
other pairs of fusing nuclei could be considered as possible promising candidates. For
example, the advantage of the very efficient fusion reaction H+Li (using separated
isotope of "Li) over the reaction with nickel is that lithium could be used in a liquid
form which would allow it to penetrate better into the micro-crystals of platinum or
other catalyst. *Be* is the intermediate compound nucleus of this reaction and will not
produce any harmful decay radiation except two low energy a—particles, which is easy
to deal with. Cold fusion process H+''B > '>C with 15 MeV energy release also looks
very promising. Depleted ''B is readily available and used in semiconductor industry.
Chemical aspects of these processes have to be taken into careful consideration.
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