Xnmunuecknm dakynotet MY nmeHun M.B.JlTomoHoCOBa

HeobblKHOBEeHHbIe CBONCTBA OObIKHOBEHHbIX
NONNMEpPOB

bonbwakoBa AHacTtacuna BnagnmMmmposHa
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[ThaH nekuun

» HagMonekynapHasa CTpyKTypa noJimMepoB

» CTpyKkTypHas moaundukaLma noinmepos

HoBeie nosimmepHsie mMaTepuasibl 6€3 CUHTE3A U XUMNYECKUX
rnpespaLieHnn. Kak 370 BO3MOXHO?

» ObnacTn NnpuMeHeHns CTPYKTYpHOU MoandukaLlmm
NoaNMepoOB

» I3MeHeHMne CBOWCTB NMOJIMMEPHbIX MaTepnanoB

» MMKpockonua BbICOKOIro pa3spelueHusa Aaia nlyvyeHus
MOJIMMEPHBbIX MaTEPUNAJIOB
SBSETCA /11 ATOMHO—-CUI/TI0BON MUKPOCKOI MUKDPOCKOMOM?




HaaMonekynapHaa CTpykKkTtypa noJiuMeposB

&



d®a30B0Oe COCTOAHUE BelleCTBa

[TopA[,0K B3aMMHOIO PaCnoO/IOKeHNA MOJIeKY

» Kpuctannuyeckoe pa3oBoe COCTOAHME — HaNU4me
TpexXMepHOro AasbHero nopaaka pacnonoXXeHus
Mosiekyn (M1 aToMoB)

» AMopdHOoe ha30BOe COCTOAHUE — HaIMYme bnunxxHero
nopanKa pacnosioXeHNns aTOMOB WU MOJIEKY/
(KWOKOCTb, CTEKNA, ...)




B KAKOM COCTOAHUU BCTPeYyalTCA NoJnuMepbl?

ArperaTHble sKugkoe Teepgoe
COCTORHUA
@as3oBble AMOpHOEe KpucTaniu-
COCTORHMWA 4yeckoe
(4aCTHUYHO)
QU3nYecKkne BR3K0- BbICOKO- CTekno- -
COCTORHWA TEKyYyee | anacTuyHoe | obpasHoe




CTpykTypa aMopdHbIX NOAUMEPOB

/
Ctatuctunyeckuin knybok (al) (Moaens ®nopm)

I Cratuctuyeckuii knybok c 06nacTaMmn NOKasbHOMO
1 nopsaaka (a2)

:%% MeaHaposas moaens (61)
TSR ?/@fé'% MuuennspHas MOAeNb CO CNOXHbIMU CTPYKTYpamu (62)
% %ﬂ% 2 "MuuennapHas aomeHHas cTpykTtypa (63)

ni2d ) =

2 3auenneHue (3axnect) (81)
Knactep (B2)




CprKTypa KPUCTANTNYECKNX NOJIMMEPOB




N3MeHeHne HaaMONeKYNAPHON —

M=500 kDa Rgy~30nm

CTPYKTYpPbl NOIMMepa npu
Kpucrtaanusauumm u3 pacnsasa

[MonnsTnneH BbICOKOWU NAOTHOCTMW.
CTeneHb KpnUCTananyHoctm 75%
Pasmep namenn 15 HM, pacCTodHne Mexay namMensiMmn 5 HM.

A

—R- =

I.Lx15nm [, =5nm
X~ 0.75




CTpyKkTypHaa moaudukaumua noIMMepos

&



Kak BbirnapaT aedopMupoBaHHbIe NOINMEDDI

JdedopMmupoBaHme Ha Bo3ayxe

.«‘ p .
L B

HedopmnpoBaHme B XNOKON
cpepe
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MexaHn4yeckoe nopegeHue NMONTNMEPOB

HanpsaxeHune, Mlla
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nedopmauumna, %

100

<€

1979dD ULDOHIULNE DUHDIKU Lred A

*[lageHune HanpaxXeHuna npu
BbITAXKKH

*YMeHblleHne paboTbl no
CO3JaHUIO HOBOM
NOBEPXHOCTU
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KpensnHr noaMmepoB U NOPUCTOCTD

108
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MEXKPUCTAJUIUTHbLIN KPEU3UHT

L
Wil

\ .l{
L“N
. Ul

MOP®OJ1IOIA NMOP

—chunbpunnel c guameTpom okono 10 HM
—nopbl Mexay dnbpunnamu okoso 10 HM
—nopucTocTtb 50%

[MopnucTOCTb B MO/MMeEpe pa3BMBAETCA MO MexaHusMmy
MEXKPUCTAIINTHOrO KPEen3mHra 3a cyeT pa3fBuXKeHUA
namenen un gopmMmupoBaHma GuUbpPUINAPHO-NOPUCTON
CTPYKTYpbl B amopdHon dase

Mopucrocte

100

200 300

CTeneHbp BbITAMKMW

400

500
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Co3pnaHue HaHOKOMMO3UTa MO MeToAyY
Kpeu3nHra

JlobaBKW: KpacuTesnn, HaAaHOYaCTULLbl MeTAJI/10B,
4aCTULLbI KpeMHe3ema, NoJInMepsl U np.
N3MeHeHne PU3INKO-XUMnNYeCKknx CBOUCTB
BbICTPO N NPOCTO.

15



UTO XXe Takoe «Kpeu3nHr»

C Hay4YHOM TOYKM 3peHuns...

Kpen3unHr - 31o ocobbln BUA, NNacTU4eCKOU
nedopMaLMn NOAUMEPOB NMPOUCXOAALLEN NPU
PACTAKEHUUN B NMPUCYTCTBUU (PU3NYECKU aKTUBHbDIX
XNAKUX cpea.

B npouecce kKpen3mHra nponcxoaunT
camMoopraHmun3aumna noammepa n GopmMnupoBaHue B
HEM Me30MNOPUCTON CTPYKTYPHI.
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YTo Takoe «KpenusnHr»

C NPAKTNYECKOUN TOUYKN 3pEeHUS

KpensnHr MoXXHO paccMaTpuBaTb, KakK
Crnocob co3aaHua HOBbIX
NOIMMEPHbIX HAHOKOMMO3UHTbIX
MaTepuanoB C 3a4aHHbIMU
Nosie3HbIMW CBOUCTBAMM.
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TexHonornyeckoe pelieHne Ha Npou3BoOACTBE

NcxopHbin nonmmep
(nheHka naun
BOJIOKHO)

!

OTHOCUTE/IbHO BbICOKUE
CKOPOCTU PACTAKEHUA
(~400 mM/MUH).

PacTarusarwoume un HAaMnpapadawwWwne Bajiku

% |

HaHonopucTbin
NOIMMEPHbIN
MaTepuan

BaHHaA C XXNOKOW
cpenou
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Obnactn NpUMeHeHusa CTPYKTYPHOU
MoAaunduKkalLum noanmepos

&
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Co3aaHne NOIMMEPHbIX MeMOpPAHHbLIX MaTepPUasioB

NonunponuneHoas MmembpaHa CelGard
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Bo/1OKHa

LepcCTb
OBLLbI

S Loy

z

PRIEINNEN

LepcTb

Kawemup

ACHeHKa LLlepCTb

dJiblaKa

Llenk

Xnonok [MIT®
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BONMOKHA XXUBOTHOIO
NPOUCXOoXAeHUs

» LLlepcTb oBeL,

» LLlepCTb aHFOPCKOWU KO3bl
(Moxep)

» [lyX aHFOpPCKOro KpoJsimka
(aHropa)

llepcTb Bepbntoaa

llepCcTb 1aMbl U anbnaka
llepcTb AKa

llepCTb KalleMUpOBOUN KO3bl

vV Vv VvV Vv

(Kawemunp)
» LLlepCTb BUKYHbU

BoslOKHaA pacTUTeNnbHOro
NPOUCXOXAeHUS

» XJIOMNOK

» J]
» [

y T

éH
eHbkKa
NCTbA arasbl (CU3asib)

» Knutanckas kpanuea (pammn)
» bambyk

» JInctba 6baHaHa (abaka)

> ...
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YHUKaNnbHble CBOUCTBA HATYDaJ/IbHbIX BOJIOKOH

JNAaCTUYHOCTb BOJIOKHA

Jbiwaumnm matepuan

Yelwynkn Ha NOBepXHOCTMU:
bonbwag yoenbHas noBepXHOCTb
[Mrpockonnyeckne CBOUCTBA




Kak co3paTb penbed Ha CUHTeTUYECKOM
BONIOKHe?

C nomMoWw,bio WTAMMNOB/MaCOK
C noMol,bio 06paboTKN HU3KOTEMMEPATYPHOU NNA3MOWU
C NOMOLWbIO KpensunHra
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Kak BapbUpoOBaTb CBOUCTBA CUHTETUYECKOrO
BOJIOKHA?

» XMMpnyeckaa Mmoandukauma — Hago AenaTtb Ha CTagaunn CMHTe3a
NCXOOHOIro noanmMepa.

» dn3nyeckans moanduKaLna - oOpneHTaLLMOHHAA BbITAXKA BOJIOKHA
NPUCYTCTBYET B TEXHO/IOMMYECKOM MpoL.ecce Npon3BOACTBA
BOJIOKOH, NpodnAnpoBaHmne BOJIOKOH, TepMoobpaboTka.

» Moandunkaums KOMNO3NTHBIMKU MeToA4aMu - aobaBneHume
NPUCaaoK K OCHOBHOMY BOJIOKHOODOpa3yL,emMy noanMepy ons
NpuaaHnsa HOBbIX CBOUCTB

» InekTpodunyeckas moaundukaumna - obnyyeHmne Yo,
paaunaunoHHoe obnyyeHun, Y3 obpaboTka, nnazmoobpaboTka u
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Kak
BOJI

» B
K
.
K

YCTOMYUBO OKPACUTb CUHTETUYECKOE
OKHO?

NPOMbILLUIEHHOCTU NCNONb3YIOTCA ANCNEPCUOHHDbIE
pacuTenn c Tepmodunkcaumnen. lNpm 3Tom okpalimBaeTcs
OUMOBEPXHOCTHbIN CNOU nonumepa. cnonblyemsblie
DaCUTENN HEPACTBOPUMbI B BOAE, MO3TOMY TKaHb

yCTOVIqMBa K MHOIMOYNC/ZIEHHBIM CTUPKAM.

» MoXHO npoue n sxdpdpeKkTnBHee!
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CTpyKTypa Kpen3oBaHHOIo BOJIOKHA

HarnpaseJieHUe
BbITAXKHW

KpaCUTeNb

Kpensbl
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CTpyKTypa
NONN3PUPHOro
BOJIOKHA C
BbICOKOW
NJIOTHOCTbLIO
Kpen3os

18 rm

=1
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BonokHo N2T® c BBeAeHHbIMU KpacuUTenamMmu
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OJIOKHa Na
cepebpa

Fractional content

0,30 |
0,25
0,20
0,15
0,10

0,05

0,00
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3MeHeHne CBOUCTB NOBEPXHOCTU
NONIMMEPHBIX MaTepuanos

&
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JdddeKT noTtoca

3 deKT KpanHe HU3KON CMAYNBAEMOCTU MOBEPXHOCTU, KOTOPbIK MOXHO
HabNnAaTh HA TNCTbAX U IenecTKax pacTteHun popa Jlotoc

JdbdekT notoca bbin

OTKPbIT HEMELLKUM BOTAaHUKOM Bunbrenbmom
baptnoTtTtom B 1990-X rogax.

OAHO M3 NPAKTUYECKNX HaNPaB/IeHNN U3YyYeHUa 3TOro
dppekTa — co3paHue Tak

Ha3blBaeMbIX CynepruapodobHbIX MaTepmnanos.
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JdddeKT noToca caMooYULLLeHne NOBePXHOCTH




JddbdeKkT noToca

Kanng Boabl HA nenecTke
J1IOTOCA. Yros cMayunBaHuA
oKkoJsio 147
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Kak nameputb ruapoobHOCTb NOBEPXHOCTU

Kanns Xuakoctn Ha rnapodobHoN

MOBEPXHOCTU, CTArMBAETCA 3a CYeT
= MOBEPXHOCTHOIO HATAXeHUsA K hopme

= G y: ' B lwapa v npu gaxe HebonbWoOM yrne

)](H}IKOCT]) HaknoHa cBOBOAHO CKaTblBaeTCA.

PocT rugpocgobHocTH

| >

Kpaeeol yeon cmavuganus
»

O ° 90 ° HecmMavueaHue 1 80 °

cMayusaHue
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JdddeKT noTtoca

6 um

2 um
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epXHOCTb I0TOCA
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»
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JddhdeKT po30BbIX N1enecTKoB
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CnocobHOCTb 1enecTKOB pO3bl YAEPXMNBATb
BOAY

2L

3uL

doTorpacdun kanenb pasHoro obvema (ot 1 g0 10 Mkn)
cAaenaHbl Ha NOBEPXHOCTW NnenecTka pPo3bl,
PACNOJIOXKEHHOr0 BEPTUKANbHO (CNeBa) NN «BBEPX
Horamu» (cnpaga).

4 uL

S5uL

6 uL

7 uL

8 uL

9 uL

(o - M- - R-N-N-K-
gooigdaadoaqo

10 uL



PeKOHCTPYKLUA penbeda «pO30BbIX NeNeCTKOB»
Ha CUHTEeTUYECKUX noaumepax

a, b - NOAMBMHMNOBLIN CANPT,
NCMOJIb3YEMbIN B KAYE€CTBE «MaCKWN»

C MOBEPXHOCTU PO30BbIX
NenecTKoB.

c, d - noAncTnpon - NONHOCTLIO
MNOBTOPAET CTPYKTYPY U CBOUCTBA
PO30BbIX J1€MEeCTKOB.
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A3MeHeHue CBOUCTB NOBEPXHOCTU
NOJIMMEPHOWN MNJIeHKWU

Kamist Bogel (4 MKJT) Ha MOBEPXHOCTHU UCXOAHOM TJICHKU TMOJUMPOINUICHA (CIeBa)
U IJICHKHU mojumnporrieHa ¢ cogepxkanueM 40 Bec.% 1191400 (cripaBa).
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MeToAabl uccnenoBaHUA CTPYKTYPb
NOJIMMEPHbIX MaTepnanos

&
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MeToAbl U3yYeHUA CTPYKTYPbl MOJIMMEPOB

MeToAbl OCHOBAHHbIE Ha U3MEHEHUN DPU3NKO-XUMUYECKUX CBONCTB
NOJIMMEPOB B Pa3/INYHbIX COCTOAHUAX (AmMnaTomMeTpus,
AnddepeHunanbHas CKaHUPYOLLAA KANOPUMETPUSA, TepMOaHaNn3 u

np.)
PeHTreHOCTPYKTYPHbIN aHaNn3
[MpssMble MUKPOCKOMMNYECKMNEe: aTOMHO-CUJTOBAs MUKPOCKOMNUS

(ckaHupyloWw,as 30H40BasA), CKAHMPYIOLLAA 3/1eKTPOHHas
MUKPOCKOMNUSA, MPpOCBeYMBaoL,as 3N1eKTPOHHAA MUKPOCKOMMSA
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[TepBbIN 3T€KTPOHHbIN MUKPOCKO

1931 bepnuH
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CpaBHuUTeNbHaa cxema paboTsl NMOM, COSM 1 onTnyeckoro

MUKpOCKOMma T woa —
‘ o\- o'f""‘;
| ) Lo "Qa;\
NIVIH3bI aHop,
AVH3b
obpaseu, - AT CKaHup  |l=—
oBaHue B

o06bekTMB |im

[ PR

AEeTEeKTOop

S
:*-"! e . Lo 3/1eKTPOHOB
- 5: JINH3BL ] ,‘.

~ - obpasey,

obpasel,

OnNTUYeCKMU MMUKPOCKON MNoMm CoM
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ATOMHO-CU/10BAaA MUKPOCKOMNUA
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CkaHupyloLLas 30HA,0Bass MUKPOCKOMMA — 3TO CEMENCTBO METO/L0B UCC/IeA,0BaHMS
NMOBEPXHOCTU, OCHOBAHHbIX HAa B3aUMOLENCTBUN MUKPO30OHAA C MOBEPXHOCTbIO 0bpasL,a.

1986 - Hobenesckas npemusa no dusmke 3a n3obpeteHne CKAHUPYOLWErO TYHHEeNbHOMO MUKPOCKONA
(coBMecTHO ¢ IpHcToM Pycka (Ernst Ruska) nonyuymBliero npeMmuto 3a nzobpeteHmne npocBeYnBaoOLLENO
31IeKTPOHHOI0 MMUKPOCKONaA)

f e e IV

FeHpux Popep (Heinrich Rohrer) lepa buHHur (Gerd Binnig)
LWeenuapusa, 1933-2013 r. FepmaHuna, 1947 r.

doTorpacdumn c canta Hobenesckoro kommteTa

[ToMoLLb B TeXHNYECKOM BoNoWweHNn: Kpuctod
[epbep (Christoph Gerber) u 3amyHa, Banbens
(Edmund Weibel)
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ATOMHO-CUTOBON MUKPOCKON
CKaHUPYIOLWNA CUTOBOU MUKPOCKOT

| nasep

3epkarno
KaHTUneBep

%, B Aepxatene

A

cuctema
obpaTHOM
CBSA3M

' !
K KOMNblOTEPY

Nbe30CKaHep

(Christoph Gerber)

1986, lepg buruur (Gerd Binnig), Kesnssun Kyaut (Calvin F. Quate), Kpucrog lepbep
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MOXHO 1IN aTOMHO-CU/TIOBON MUKPOCKON
Ha3BaTb MUKPOCKOMOM?
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ATOMHO-CUNOBa# MUKPOCKONMNA

M

20

0 10 20 30 40
um




ACM unzobpaxeHuns pedbopMuUpoOBaHHbIX

NoJIMMepoB

nm

800

400

[M9T® BONTOKHO.
100% BbITAXKA B
refntaHe
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ACM wn3obpaxeHuna aebopMuUpoBaHHbIX
NOJIMMEpPOB

50% 150% 350%
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MCXOHbIA

PocT ruapocdobHoCTN U cBOBOAHON MOBEPXHOCTU MO MEPE YBEIMYEHUSA CTEMEHWN BbITAXKU U
dbopMupoBaHunsa bonee pa3BUTON MNOBEPXHOCTU
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[MpakTuyeckoe npumeHeHue. CenekTuBHas copbuma Macna,
Nony4YyeHHbIMU Me30MNopPUCTbIMU NNeHKamu M3BI1




Kpucrannusauuma nonmmepa, Ha6mop,a,eMa;|
meTogom ACM s
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