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Leas dekmun:

MSy‘lHTb TIPHHIIMITBI CHHTE3a, CTPYKTYPBI H CBOWCTB PasIMYHbBIX KJIAaCCOB HAHOMATCPHAIOB — TMOJIMMEPHBIX, MOPHUCTHIX, YTIICPOJHBIX prﬁ‘laTle u Ononornueckux. [TokasaTh TEXHOJOTHYECKHE TMOAXOABI K HX TIONTYYCHHIO, 0COOEHHOCTH HaHOCTPYKTYPHPOBaHUSA H obnacti
TPUMEHEHHS B HAYKE, TEXHUKE U MEIULIUHE.

OcHOBHBIE BONPOCHI: . .

N Knaccnd)m(auml H 0C06€HHOCT" HAaHOMATEPHAJIOB OPraHM4Y€CKON H HEOPraHW4YE€CKOH NMPUPOBI.
MeTo1bl IOTyUEHHS X MOIM(MHKALMHA MONTHMEPHBIX HAHOMATEPHAIOB.
CHHTE3 U CTPYKTYpa HOPHCThIX HAHOMATEPHAJIOB (ME30- 1 MHKPOIOPHCTBIE CHCTEMBI).
TeXHONOTHA MOJTYYCHHs yriepoaHbIX HaHOTPYOoK (CNT) H HaHOTPYOUATHIX CTPYKTYP.
Buonoruyeckue HaHOMaTepl/lﬁth.l H 61’]0Ml/lMCTH'—lCC§l’lC CHUCTEMBbI. N
MeTo/1b1 ypaBICHHs Pa3sMepoM Mop, MOp(onorueil u GyHKIMOHATBHBIMU CBOHCTBAMH.
TIpuMeHeHNe HAHOMATEPHANIOB B MEIUIIHHE, KATAlIN3a, SHEPTeTHKE H OHOMHKEHEPUH.

A N



TexHOonorna NosiIMMepHbIX, MOPUCTbIX, TPYOYaATbLIX U
Ononornyecknx HaHomaTepuanos

CyuiecTByeT MHOXXECTBO BapnaHTOB CUHTE3a
HaHOMaTepuarioB  Tuna  MoJsiuMep-Heop2aHU4YeCKUx W
rnosiuMep-op2aHU4YeCKUX KOMMNO3WNTOB, HaHobuomame-
puasioe, Kamasiuzamopoe, CyripamMosieKysIsipHbIX, HaHOMO-
pucmbix N mpyb4ambix cmpykmyp.

PaccMoTpum KpaTKo HEKOTOPbIE CNOCOObI MX MONYy4YeHUs .
MMbpunaHble n cynpamorneKkynsipHble Mmatepumansil

be3ycnoBHbIN MHTEPEC NpeacTaBnAdT HAHOKOMMO3UTHI,
nonyyaemble Ha CcTagum  nonuMepusaumm, Korga B
NONUMEPUIYIOLLNXCA MaTpulax reHepupyrTca OO4HOBPEMEHHO
MEeTanIn4Yeckne Unm okcuaHble HaHo4dacTuubl, obpasytolmnecs
npu pPas3noXeHnu METanIoopraHNYeCcKUX  COeauHEHUH,
BBOAUMbIX B NONMMMEpPHbIE NPEKYPCOpPbI. 3



(Hanpl/lmep, HaHOKOMIO3NUTbl Ha OCHOBE METWIIMETaKpusiata W
METAJIJTNHECKNX HaHOL-IaCTl/ILI,).

MHOrocrnovHole nofnuMep-HeopraHM4eckmne HaHOKOM-
NO3UTbl WU3roTaBnMBalOT Ha OCHOBE TaK HasblBaeMbIX MJIEHOK
Jlenrmiopa—briogxetT. Ha puc. 8 nokasaHa cxema HacramBaHus
cnoesB nonumepa nonun (4-ctuponcynodoHara Hatpus) (MNCC) u
HaHoyactuy TiO, cpegHero pasmepa 4 HM, Monyvyaembix

rmoponu3om TeTpaxnopuaga TuTaHa. Yumcno Takmx ©Oucnoes,

onpedensawwmx  pasnuMyHble  ONTUYEecKMe,  npoBoasLime,
MarHUTHblE U OpYyrMe CBOWCTBA, MOXET COCTaBMATb HECKOJSbKO

AECATKOB.
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Puc. 8. Cxema nonydeHna MHorocnounHbix nneHok Ti0,/INCC

5



[TonnydeHa [OByMepHas pelleTka W3 KpecTtoobpasHbIX
MOMeKynApHbIX  CcTpyktyp [HOHK, coeOnHEeHHbIX «NUNKUMN»
KOMMIEMEHTAPHbIMM  KOoHUamu. Crieunannctel N0 FEeHHOW
NHXXEHEpUN pas3paboTann He TOSIbKO METOoAbl pacluensieHnst u
cwuBaHua Huten [OHK, HO ©n npuembl «noaBelUMBaAHUAY
HaHOMNPOBOJSIOYEK K «JUMKMUM KoHuam». CrnunaHue OHK, Taknm
obpa3oM, MOXET MPUBOAUTbL K COEAUHEHUID HAaHOMPOBOSOYEK
(puc. 9.). Yuactkm [OHK B Takmx cTpykTypax OObIMHO WMET
OnvHy 2 - 3 BUTKOB ABonHOM cnvpanu (npumepHo 7 - 10 HMm).
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Puc. 9. Cxema coegnHeHUss HaHOMPOBOSOK
c ncnonb3oBaHnem AHK




Takag anroputMmmuyeckass cbopka npeacTaBnsdeTcs
BECbMa MNEepCneKkTUBHbIM HanpaBfieHNEM B CO30aHUM HOBbIX
HaHoOMaTepuanoB, CTPYKTypa W CBOWCTBA KOTOPbIX MOryT
NporpaMMmnpoBaTbCA B OOHOM, ABYX UM TPEX U3MEPEHUSX.

3akoHomepHoctn  [IHK-HaHoTexHomormm  uccrnegyroTt
BECbMa NHTEHCUBHO, MOCKOJIbKY BblCOKas CTENEHb
«MEXMOJSIEKYNSPHOrO pacno3HaBaHUsI» MO3BOMSET HaOeAaATbCH
Ha co30aHue nymeM camMocbopku pa3HOOb6pa3HbIX
cmpykmyp, (pyHKUUOHasIbHbIe ceolcmea KOmopbIX Mo2ym
6bImb npedcKa3aHsbl.



CynpamorneKkynsapHbIU cuHmMe3 npearnosriaraetr cbopky
MOJIEKYMAPHbLIX  KOMMOHEHTOB, HanpasBfseMyld  MeXMorsie-
KYyNSAPHbIMU HEKOBANEHTHLIMU CUITaMM.

CynpamoreKkyrnsipHasi camocbopka rnpedcmasrisiem
CMMOHMaHHoOe CcoeOUHeHUe HEeCKOJIbKUX KOMIMOHEeHMmMOoas
(peuenTopoB M cybcTpaToB), B pesyrnbrarte Yero Ha OCHOBE Tak
Ha3bIBAEMOIO «MOJSIEKYNSAPHOrO pacrno3dHaBaHUSa» NPOUCXOAUT
CaMornpoun3BoSfibHOE 0DOpa3oBaHME HOBLIX CTPYKTYp (Hanpumep,
N30NUPOBAHHbLIX ONTIUFTOMEPHbLIX CBEPXMOSEKYN WUNU  KPYMNHbIX
NOSIMMEPHbIX arperaTtos).

Takve opraHMYeckne CcoeauHeHUs, Kak poTaKCaHbl, B
KOTOPbIX KOSibLieBas MOMeKyna Hageta Ha OCb C «3arfyLKkamMmm»
(pnc.10, a), U KaTeHaHbl, B KOTOPbLIX KOSbLEBbLIE MOJSIEKYSIbI
npogetbl ogHa B apyryto (puc.10, 6), Obinn nosnyyvyeHbl Ha
OCHOBE CMOHTAHHOrO0 HaHM3bIBAHNSA OOHOPHO-AKLIENTOPHbLIX
MapTHEPOB, a TaKXKe 3a CYET BcromMoratesisHoro obpasoBaHUs
BOAOPOOHbIX CBA3EMN. 8



Ha ocHOBe MeTannoopraHN4ecKknx CTPoOUTESNbHbIX Br1I0KOB
nytTeM  CcaMoCOOpKM  MOryT  ObiTb  TakXKe  MOJSIyYeHb!
pasHOOOpa3Hble HEOPraHM4eckne apxuMTeKTypbl (Hanpumep,
Lenn cypbMbl W Tenmnypa, pasfndyHble KapKacbl MeTansos,
cniaBoOB N COeAUHEHU N T.4.).

OB6bLEKTbI CynpaMOSiEKYNIAPHON WHXEHEPUN CTaHOBATCS
BCe Oonee pasHOOOpasHbIMM.
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Puc. 10.YcnoBHoe nsobpaxeHne potakcaHoB (a)
N KaTeHaHoB (0) 9



HaHonopuctblie matepunanbl (MoneKynspHbie cUTa)

OTO LEONUTHbIeE W  LEonUTONodobOHbIE, a Takke
yrnepoaHble " NONMUMEPHbIE  HAHOCTPYKTYPbI C
NPOCTPAHCTBEHHO-PErYNSAPHON CUCTEMOWM KaHanoB U MONOCTEWN,
KOTOpble NpedHa3HavYeHbl kak Ang AMddy3MoHHOro pasgeneHus
rasoBblX CMECEW, Tak WU Ans pasMeleHns u crabunmsaumm
HaHoYacTUL, (PYHKLUMOHANbHOIO Has3HayeHusa (NoanoXKM Ans
KaTtanusa, SMUTTEePbI, AaTYUKN 1 Ap.).

TexHosl02UYeckKue npuemsi nosiy4eHusi
HaHornopucmbiX Mamepuasioe eecbMa pa3Hoob6pa3HbI:

" 2udpomepmalsibHbIl CUHME3,

" 30J1b-2€eJ1b-NPOoUEeCcChI,

" 3/71IeKmpoxumMu4ecKkue Mmemoosi,

" obpabomka xsiopom KapbuUOdHbLIX Mamepuasios u op.

PasnuyHble COTOBbIE CTPYKTYpbI cosgaroTcs
KoMbWHaumen npuemMoB  cmaHoapmHou  Jiumozpaguu
(HaHeceHMe puUCyHKa  Oyayuwlen  peLleTkn),  LWEeno4YyHoro
TpaBneHus, aHOOHOro PaCTBOPEHMS, OKUCIIEHNSA —
BOCCTaHOBMEHUS U T.A.
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[lpn obpaboTke nonNMMepPoB, AUINMEKTPUKOB U MNOSyNpOBOA-
HMKOB BbICOKO3HEPreTU4eckKMMn unoHamm obpasyTcs Tak
Ha3blBAEMbIE UOHHbLIE MPEKU HaHOMempoeo20 pa3mepa,
KoTOopble MOryT 6bITb  MCNONbL30OBaHbI AN CO34aHuUS
HaHOMUNbLTPOB, HAHOLLABNOHOB K T.A.

PaspaboTtaHHbin B CLUA HaHonopucTbin maTtepuarn
MCM-41 ¢ kaHanamu pa3mepom om 2 0o 10 HM nony4vaeTcs
N3 pacTtBopa, CoAepKallero CUnmMKaTbl HaTpPUA U artoOMUHUSA C
NOBEPXHOCTHO-aKTUBHbIMKM  gobaBkamn, obpaboTaHHOro B
aBToknase (npu Ttemnepartype 150 °C B TeyeHume 48 4) cC
nocriegyroLwen npomMbIBKOWM, CyLIKOM U obpaboTkonm npu
Temnepatype 540 °C B a30THOM M BO3OYLUHOW aTmocdepe.
OTa TexXHONornsa BKMNOYAET TakKe Cco3gaHune KUOKOKPUC-
Tannmyeckoro Temnnarta, OPMUPYIOLWEro rekcaroHanbHO
pPacrnonioXeHHble KaHanbl, BHYTPW KOTOPbIX HaxoaAaATcs
MULLENSTbI (TeTpa-anknnamMmmoHUEBbLIE coegnHeHns),
yoansemble Npu HarpeBe; a CUnmMKaT 3anosTHAET NMPOCTPaHCTBO
BOKpYr KaHanos (puc. 11). 11



[IPUMEHNTENBHO K HAHOKOMMO3UTHLIM MOJIEKYNAPHbBIM
cuTaM LEeOoSIMTHOro Tuna pasfnuyatoT, No KpauHen mepe, ABa
MeToada nonyyeHuns TaKnx MaTPUYHbIX CTPYKTYp:
Kpucmannu3ayusi rnopucmo2o0 mamepuasia u3 2ess, rge
NPUCYTCTBYIOT HaHo4YacCcTuubl Oyayllero Komnosuta, U cuHmes

HaHo4Yacmuy in Situ u3 npekypcopoe, rnpedesapumesibHO
e88e0eHHbIX 8 Ueosiumeml.

Puc. 11. Cxema nony4yeHuss HAHONOPUCTOro MaTepuana
MCM-41:

a - NoBepxHOoCTHo-akTMBHaa muuenna (C H,. .,);N;

6 - MMLUEenNAPHbLIN CTEPXKEHD; 8 - reKcaroHanbHasa cbopka;

2 - rekcaroHarnbHas cunmkaTHas cbopka;

0 - MCM-41 nocne obxwura. i



Tpyb4yaTtble maTepuansi

[1pn n3yyeHUn ocaakoB, 0Opa3yLLKMXCS NPU UCrapeHun
rpaputa B yCnoBusIX OyroBoro paspsiga, Obino obHapyXeHo,
YTO [MOSIOCbl aTOMHbLIX CETOK rpadputa (rpaeHoB) MoOryT
cBepTbiBaTbCA B 6OecCLIOBHbIE TPyOku. BHYTpeHHUU amameTp
TpyboK Konebnercsas OT Oonem HaHOMEeTpa A0 HECKOMNbKUX
HAaHOMETPOB, a UX AnnHa - B uHTepBarne 5 — 50 MKmM.

Ha puc. 12 nokasaHa cxema nabopaTtopHOU YCTaHOBKMW
ONa  nonydeHus  yrnepodHbiX  HaHOTpyOok. [padputoBbIN
anektpoa 1 pacnbingetcd B renueBon nnasme AOyroBoro
paspsiga; NpoAyKThbl pacnbiNeHna B Buae Tpyook, dynnepeHos,
KOMOTWU M T. M. OCaXOaktTCA Ha NOBEPXHOCTU KaTtoda 2, a Takke
Ha OBOKOBbIX CTEHKaX OXJlaX4aeMoro peakropa.
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Puc. 12. Cxema yCTaHOBKM
Onga nonydeHus dqoynnepeHos
N yrnepoaHbIX HAHOTPYODOK:

1 - rpacUTOBLIN aHOL,;
2 - rpadomTOBbLIN KaTOA;
3 - TOKOBBOAbI;

4 - n3ondaTop;

S - oepxartenu,

6 - oxnaxxgaembl peakTop;
/ - MEOHbIN XryT,;

8 - aneKkTpoaBuraTternsb;
9 - BakyyMMeTp;

10 - pUnbTp;

11—13 - BaKyyMHbIE U
rasoBble NogBoabl
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Hanbonbwmnn BbIxog Tpybok HabnwogaeTcs  npwu
naeneHun renua okono 500 - 600 klla; nmapameTpbl OyroBoro
pexmnma, reomeTpmyeckmue pasmepbl aNeKTpoaoB, ANMUTENBLHOCTb
npouecca, pas3Mepbl pPeakuMoOHHOIro MPOCTPaHCTBA TaKXe
OKasblBalOT 3HA4YUTENLHOE BNUAHUE.

[locne cuHTE3a KOHUbI TPYOOK OOLIYHO 3aKPbIThbI
CBOEOOpasHbIMK  «LIanovykamm»  (nonychepnuyeckumm  unu
KOHUYECKNMW).

Ba)XHbIM 35IEMEHTOM TEXHOMOrMM HaAHOTPYOOK ABNAETCS
MX O4YUCTKA W pacKpbITUE KOHLOB, YTO BbIMOSIHSETCSH
pasnMyHbiMM MeTodamMu (OoKucneHue, obpaboTka Kucrnotamu,
obpaboTka ynbTpasBykoM U T.4.).

Ona nony4yeHnss HaHOTPYOOK WCMOMNb3YHT Takke
nasepHoe pacnbinieHne rpacdouta U NUpPonmn3 yrneBoaopoaoB C
y4yacTMeM KaTanum3aTtopoB (MeTannbl rpynnbl xenesa u ap.).
[NlocneaHun MeTod cYMTaeTCcs OOHUM N3 CaMbIX NEPCNEKTUBHbIX
B MNflaHe MOBbIWEHNA MPOU3BOAUTENBHOCTU W pacLUMPEHUS

CTPYKTYPHOro pasHoobpasuga Tpyook.
15



3anoriHeHMe  BHYTPEHHMX  MNONOCTEN  HAHOTPYOOK
pasfiMyHbIMM  MeTariaMmM WU COeOUHEHUAMU  MOXET
OCYLLEeCTBNATLCA OO B npouecce cuHTe3a, nmMbo nocne
ouncTkn. B nepBom cny4yae pnobaBku MOrytT BBOOAUTLCS B
rpadonToBbLIN JNEKTPOA; BTOPOU MeTod Ooree yHMBepcaneH u
MOXET peann3oBbIBaTbCH MHOrMMU npnemamm
(«HanpaBneHHoe» 3arofIHeHMEe U3 pacrnnaBoB, PacTBOPOB, U3
razoBou pasbl 1 Op.).

[lo noBogy MexaHuM3Ma o00Opas3oBaHUA OOHO- U
MHOIOCITOMHbIX HAHOTPYOOK, a TakkKe NYKOBUYHbIX CTPYKTYpP
NoKa HET eOMHOro MHeHUd; npeanararoTcs pasnnyHble Mogenu
N BbICKa3blBaAlOTCA pasfinyHble COoobpaXxeHusa (Hanuyve B
peakLuMOHHOW 30HEe «OCEeW CUMMETPUU», POSib 3apodbillewn,
NO4SIOXKEK U KaTanu3aTtopoBs; cnuparbHbii POCT U Ap.).
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Bckope nocre OTKpbITUSA  YrnepoaHbIX HaHOTPYOOK Obino
OoOHapy)XeHo, 4YTO CBOWUCTBOM CBOpayMBaHUA o0bOnagaeTr He TOorbKo
rpadpuT, HO N MHOrMe Apyrne COeaVHEHUA — HUTPUAObl U Kapbuabl
bopa, xanbKoreHugbl, OKCuAabl, ranoreHnabl U pasfnnyHble TPOMHbIE
COENHEHUS.

B nocrnegHee Bpemsa Obiny NoslyvyeHbl U MeTarnnyeckue
Tpybkn (Au) TeopetTnyecknm rnpeackasbliBaeTcsl  BO3MOXHOCTb
nonyyeHusa HaHotpybok Ha ocHoBe C.N,, TiB,, MgB,, P, Si, Ge u

nonynposogHuKoB Tuna A,B..

CamodhopmupyolLIMecs TpexMepHble HaHOCTPYKTYpbl Tuna
HaHOTPYOOK Ha OCHOBE MOSTYyNPOBOAHUKOB U OPYrnX BELLECTB MOryT
ObITb MoOfnydYeHbl B pe3yrbraTe caMoCBOpavnMBaHUS TOHKUX CIIOEB B
TpyOKkn-cButkn. B gaHHOM criydyae wucnornb3yeTcs pasnuune B
OCTaTOYHbIX HaMpPsXeHUAX, BO3HUKAKLWMX B dNUTaKCcuasribHOM crioe
(pacTdarnBarolime HanpsbkeHus) W B NOASNIOXKE (CKMmarolwme
HaMpsXXeHns), 4YTO OJKCNepUMMeHTanbHO MNOKa3aHoO Ha npumepe
InGaAs/GaAs, SiGe/Siu gp.
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[lpuBegeHHaa Ha puc.12 ycTaHOBKA WMEET MNpous-
BOOUTENBHOCTL HECKOJILKO 2paMMoe HaHompy6ok 3a 1 u.
OpaHako 3TO HanpaBrieHUE pa3BUBaAETCHA BECbMa CTPEMUTENBHO U
oXugaetca paspaboTtka bonee NpPou3BOAUTESbHLIX YCTAaHOBOK,
Kak 9TO UMEET MECTO B cny4ae (pynnepeHos.

MmeloTcs coolLleHmns, 4To danoHckass doupma «Frontier
Carbon Corporation» B 2003 . ocBouna npoun3BOLACTBO
dynnepeHoB C,,, C,, u nx cmecen npumepHo 40 T B rog (B 2005

. nnaHuposanocb BbiNnyctTUTb 300 1, a B 2007 r. - 1500 1) C
MCNOJb30BaHMEM HENPEPLIBHOIO NMpoLecca B peakTopax ropeHus
yrneBogopoadHbIX CMeCceun.
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Bonpocs! 1Jisi KOHTPOJIA U3Y4AEMOIr0 MaTepuaja:

1.Kak knaccuuupyroTcss HaHOMaTepuaabl MO cocTaBy M CTpykrype? 2. Kakue
METO/Ibl IPUMEHSIOTCS I TOJTYYEHHS IMOJIMMEPHBIX HAHOMATEPHUaJIOB?

3.B uéM 0COOEHHOCTH CMHTE3a ME€30- U MUKPOIIOPUCTBIX CTPYKTYP?

4. Kakue CymeCTBYIOT METOJbI TOJYUYeHUs YTIIIepOJHBIX HAaHOTPYOOk? 5.UT0 Takoe
OMOMHUMETHYECKHE HAHOMATEPUAJIBI U KaK OHU CO31At0TCs1?

6.Kak MO>XHO yIpaBiIsiTh HOPUCTOCTHIO U MOP(OI0oTHell HaHOMAaTepraaoB?
7.Haz0BuTE OCHOBHBIEC 00J1aCTH MPUMEHEHHS TPYOUAThIX U MOPUCTHIX HAHOCTPYKTYP.
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