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Llernb Kypca

- O3HaKoOMrIeHUe ¢ akmyaribHbIMU 80ripocamu ¢hu3uKU
KOHOEeHCcUPOBaHbIX cped U MexXHU4YeCcKoU U3UKU;

- UCrionib308aHuUe Kpucmarsisnos, rnosiumMepos u
YropsiO0YEHHbIX MOHKUX IEHOK 8 COBPEMEHHOU MEXHUKE;
- MIPUHUUIbI MOJSIEKYIAPHOU camoopaaHu3auyuu u
MOJIEKYISAPHO20 KOHCMPYUpPOB8aHUSs;

- COBPEMEHHOE COCMOsIHUE U meHOeHUuU pa3eumus
HaHomMexHosioa2uu;

- OCHOBbI COBPEMEHHbIX MEMOO08 Uccrie008aHUs U
KOHMPOIIS1 HAaHOCMPYKMyp.



Pa3zsumue mexHorsroauu
roJ1yrMPO80OOHUKO8




The first transistor and IC

Transistor as invented by Bardeen and Integrated circuit of J. Kilby, 1958
Brattain at Bell labs, 1947

[lepeblie mpaH3ucmMopbl U UHMeeparbHble CXeMbl

hsl 2004 — Structure of imperfect materials — Device effects of defects Tstiransistor [%i'i?t:; 3



CospeMeHHbIU mpaH3ucmop

transistor, shown in profile (right), measures about two microns
across and has elements as small as 0.4 micron. Still other tran-
sistors in a newer generation of commercial chips incorporate
0.25-micron features.
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[n 1965 Gordon E. Moore postulated his law: The doubling
of transistors per circuit every couple of years.

Intel expects that it will continue at least through the end
of this decade.

hsl 2004 - Structure of imperfect materials — Device effects of defects



«[JopoxHasi kapmax Orisl [1os1yrpPo8OOHUKO8

International Technology Roadmap for Semiconductors®

2003* 2005* 2007* 2009* 2011*
First year of volume production 2001 2004 -2007- -2010- 2013 -2016-
Technology Generation 130 nm 90 nm 65 nm 45 nm 32 nm 23 nm
(Dense lines, printed in resist)
Isolated Lines (in resist) 90 nm 53 nm 35 nm 25 nm 18 nm 13 nm
[Physical gate, post-etch] [65 nm] [37 nm] [25 nm] [18 nm] [13 nm] [9 nm]
Chip Frequency 1.7GHz | 4.0GHz 6.8 GHz 12 GHz 19 GHz 29 GHz
Transistors per chip (HV) 100 M 190 M 390 M 780 M 1.5B 3.1B
(3 x for HP ; 5 x for ASICs)
DRAM Memory (bits) 510 M 11G 43G 8.6 G 34 G 69 G
Gate CD Control 5nm 3 nm 2nm 1.5 nm 1.1 nm 0.7 nm
(30, post-etch)
Field Size (mm x mm) 25 x 32 25 x 32 22 x 26 22 x 26 22 x 26 22 x 26
Chip Size (mm) 140 140 140 140 140 140
(2.2 x for HP ; to 4 x for ASIC)
Water Size (diameter) 300mm | 300mm | 300mm | 450mm | 450 mm | 450 mm

*Semiconductor Industry Association (SIA), December 2001.

*Possible 2-year cycle.
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(All bottles contains Nano particles of SeCd)




MbI, BO3MOXXHO HEe 3amMedasi 5moeo,
Haxoo0uMcs Ha paHHeu cmaouu
pesosiroyuu 8 Hayke. Cymb 8 mom, 4mo
ymeepxoeHue - ece cocmoum us3
amomos, meriepb cmaHo8umcs
ornepauyUuoHHbIM



Lugbpakyus peHmaeHo8CcKUX fyydeu
(3rieKmpoHo8, HEUMPOHOB8) Ha NnepuoouYecKUX
cmpykmypax

e 2dsing = n

e o o o o 3akoH Bynbgha-bpazaa



Lugpakyus no Jlays

‘Pulsed Laue diffraction pattern from the photo-active yellow protein. The diffrac-
was collected by averaging over 10 exposures, each of 100 ps duration. This image
about 3700 usable reflections from which the structure could be obtained. (Data
of Michael Wulff, European Radiation Facility, and Benjamin Perman, University of
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HaHomexHoro2us: npUHYUbl «CeepXy-8HU3» U «CHU3Y-88EpX»

3D npuHTEpP?

MonekynspHo
Jlydeeasi arlumakcusi

Camocbopka
(«nupamudku» co
ceoucmeamu
K8aHMmMOo8bIX MOYeEK)

[epemeuweHue
amomoe8 ¢ rNoMouw|bro
CTM



What is nanotechnology?

Nanotechnology involves the

manipulation of objects on the atomic

level. Products will be built with every ~ mm
atom in the right place, allowing

materials to be lighter, stronger, pm DR .6
smarter, cheaper, cleaner, and more |
precise. In order for this science to be
realized, positional control must be
achieved, and self-replication is
necessary to reduce costs.

NVimaturization

103

nm 109




HeupouHrnnaHmeal

- buornozauyeckas
coeMecmumocms C
rnoorioXKKou U3
gepmuKarbHO
OpUEHMUPOBAHHbIX
HaHOBOJIOKOH

HelipoH Ha MOBEpXHOCTU M3 BEPTUKAILHO-OPHUEHTUPOBAHHBIX Ha-
HOBOJIOKOH (CNFs)

Ha nonyueHHy10 MOBEpXHOCTb C BOPCSIHOM CTPYKTYPOIA, OT/IEIBHbIE «BOP-
CUHKW» KOTOPOY SIBJSUTUCH YIJIEPOAHBIMUA HAHOBOJIOKHAMM, YUEHBIE ITOMEC-
TWIN KYJBTYpy 4YejoBeuyeckux HeripoHoB PC 12.

OTKpbITasi apXUTEKTypa MOBEPXHOCTA HaHOMAaTepHasia I03BOJISIET JOCTH-
raTb TOYHOTO KOHTAaKTa JUISl OTHACJbHO B3SITOM HEPBHOW KIJIETKH M OIIpeie-
JIEHHBIX BOJIOKOH. Boinee Toro, KyasTypa HEMpPOHOB, KOTOPYIO YYCHBIE B K-
CIIEPUMEHTE UCCIICAOBAIM Ha YIJIEPOAHOM <«BOPCE», CMOIIM C(hOPMHUPOBATH
HEMPOCETh, YTO TOBOPUT O XOPOILIel OMOJIOTUYECKOM COBMECTUMOCTH HOBO-
ro MaTepuasa.

Tak KaK KaxIblif KOHTAKT OTIEJIbHOTO BOJOKHA C HEMPOHOM JOCTATOYHO
MaJl, TO yYeHbIe HaJeI0TCs Pa3padoTaTh MYJIBTUIUIEKCHYIO CUCTEMY, KOTOpas
CMOXeT 0OMEHMBATHCS OOJIBIIMM YUCIOM AaHHBIX C KJIETKOM. [ToMrMo s11eK-
TPUYECKON CTUMYJISALIMNA OYIyIIU HEUPOUUIT CMOXET 3aIMChIBATh DJIEKTPH-
4eCKOe COCTOSTHUE HeWPOHA U BECTH 3alMCh JIEKTPOXMMUYECKOTO Mpolecca
obpa3oBaHUsSI HEUPOTPAHCMHUTTEPOB.



[lpeOcKa3aHUSs Richard Feynman (1918-1988)

‘But I am not afraid to consider the final
question as to whether, ultimately — in the great
future — we can arrange the atoms the way we
want; the very atoms, all the way down!” —
Feynman, 1959
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D.M. Eigler, E.K. Schweizer. Positioning single atoms with a scanning

tunneling microscope. Nature 344, 524-526 (1990).



Moving atoms one at a time....
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HaHomexHonozausi: cbopka Ha amoMHOM ypPOBHE



OCHoOBHbIE rNPpuUHUuUribl HAHOMexHosr1ioeuu

* [lpedenbHasa MUuHuUamropu3ayus,

* PacripederieHHasi cmpykmypa,

* [IpuHUUM NOCMPOEHUS cUCMEMBbI
«CHU3Y-88EPX»,

« CamoopeaHu3auyusi



[lpedernbHas MuHuUamropu3layus

!

[lnaHapHas rnonynpo8ooOHUKOBas!
mexHOoJs102us



[loyemy rnosnyrnpo8oOHUKU?

* [IpogoOHUKU: ~1 cBODOAHBLIN 3NEKTPOH Ha 1
aTtoMm; nroTHocTb 1022 /cm?®

 [TonynpoBoaHukn: ~1 cBODOAOHbLIN ANEKTPOH Ha
10°=10"Y atomoB:; nnoTtHocTb 10'%-10"° / cm®



Y10 BbIgENsET NONynpoBOAHMKIK B 0cODbIi Knacc Teepabix Ten,
OEMOHCTPUPY IOWNX MHOXKECTBO WHTEPECHBLIX (PU3NYECKNX SIBJIEHWIA,

HALLEA WX LUMPOKOE NPUMEHEHNE B COBPEMEHHOR 3NEKTPOHHOINA
TeXHUNKE !

@ HyYBCTBUTENBHOCTb K BHELUHUM BO3AENCTBUSAM: K OCBELLEHMIO,
K WHXXEKL U 3NEKTPOHOB W AbIPOK, K SNEKTPUHECKOMY W
MarHUTHOMY Mok, K aechopmalm 1 T.4

@ Bo3MOXXHOCTE n3MeHeHunii hru3nYecknx CBOMCTB B LUMPOKUX
npeaenax 3a cHeT NEermpoBaHnsS NpUMEeCAMMN.

@ TexHONOrm4HoOCTE , NO3BONAOWAA CO3AaBaTh HOBLIE
MaTepmnanel, 0bnapaowme none3HeiMmM ceoictTeammn. B Tom
4NCNe, BOSMOXKHOCTL CO3AaHUSA MAaTEPUANOB C NPUHLUMMAIBHO
HOBLIMWN (PM3NYECKUMIN CBOMCTBAMMN.




Electrical conductivity in a conductor, semiconductor, and insulator
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Electron energy
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(a) A photon with an energy greater than Eg can excite an electron from the VB to the
CB. (b) When a photon breaks a Si-Si bond, a free electron and a hole in the Si-Si bond 1s
created.



JleacuposaHue rnonyrnpo8oOHUKOS8
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Arsenic doped Si crystal. The four valence electrons of As allow it to
bond just like Si but the fifth electron 1s left orbiting the As site. The
energy required to release to free fifth-electron into the CB is very
small.




[lpbumecHbIe COCMOSHUSA

* important defect in semiconductors (but also in metals, remember C in Fe)

* intentionally used as dopants for the generation of carriers in high-resistive material
(Si, GaAs)

* important acceptors: B in Si: Zn C in GaAs
* important donors: P and As in Si Te, Siin GaAs

w‘// 7 conduction band conduction band
e POOLS ASOM4S SHOPIS ' CXS, S8 i,
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s'018 [F
donor lavel
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w, |B10.045 _
R valence band N X effect of a donor dopant

dopant levels in Si
RKR 2001- Structure of imperfect solids - Point defects
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Ornmuyeckas riumoepaus

Exposure: Fighting diffraction

*Resist

“Exposure » Diffraction: deviation from the straight
“Development propagation of waves (Huygens
Silicon principle)

<Patterning

. — Mask

«—— Resist

Plane water waves
diffracted by passage
through double slit



LugbpakuuoHHbIU rpeoder

Screen

Resolution of imaging systems is limited by diffraction effects. As $ant$S,
get closer, eventually the Airy disks overlap so much that the resolution is lost

© 1999 S.0. Kasap@ptoelectronic{Prentice Hall)

I(u) ~J (u)/u ; u=(m/A)dsin
¢

sin ¢, =1.22 A/id



The Short Wavelength Region ,.
of the Electromagnetic Spectrum g \"7
Wavelength
1 um 100 nm 10 nm 1 nm 0.1 nm = 1A
' v T T L
l : : CuKy,
_ IR Vv : 280
uv: e Ultraviolet i Hard X-rays
i RGO, B o
1eV | 10 eV %00 eV 1 keVl 10 keV

Photon energy

e See smaller features
* Write smaller patterns
¢ Elemental and chemical sensitivity

hw - A =hc =1239.842eVnm | (1.1




ArieKmpoHHas riumozapagbusi

Electron vs Photons

 Photons used in UV-lithography: 150-250 gt
« X-ray: downto 1 nm

What is the (de Broglie) wavelength of an
electron accelerated to an energy of
25 keV ?




LucrniepcuoHHbIE COOMHOWEHUS 0115
yacmuy

@omoHbl:  E =hw = hv = hc/A; p =hk
w,A— E;p

Le bpournb (1925): p=nk,;, p=mv ; k=2 /A

E:p—w:k A=h/mv; w=Ein

OnekTpoHbl: E = E _=p®/2m = h*/2m_A *

A=1A, E= 100 ev



IreKkmpoHHas riumoapaghusi

Electron Beam Lithography: free standing structures

Nanostructured silicon for studying fundamental
aspects of nanomechanics - . .
p Nanometer-spaced electrodes with calibrated separation
Y. V. Kervennic,” H. S. J. Van der Zant, A. F. Morpurgo, L. Gurevich
R H Blick'. A Erbe. L Pescini. A Kraus. D V Scheible. F W Beil, and L. P. Kouwe:nt?o_\.'en ) i . s o
E Hoehberger. A Hoerner, ] Kirschbaum, H Lorenz and J P Kotthaus - PIfod Setemont o NS, DOWR-Ontvarsity. o, Bchmolony. Lormingeg 1, 028 & Dell,

a width o
carrier density ir



PeHmeeHo8cKas riumoapagus

Structures produced with X-ray litho.

X-ray Replication
X-ray Mask & Liftoff (Ti/Au)

Device patterns with feature sizes less than 40 nm achievec
by x-ray lithography and by liftoff.

More ? Check out Prof. H. 1. Smith, MIT




Polymer




Intel noka3ana nepebie 45-HM ripouyeccopbi
29.11.2006 12:58




Mooucbukayusi ceoucme rnosepxHocmu
10 MPUHUUNY «CHU3Y-88EPX»



CkaHupyroujue 30H008ble Memoob!



What is Scanning Tunneling Microscopy?

@ Allows for the imaging of the surfaces of metals and
semiconductors at the atomic level.

@ Developed by Gerd Binnig and Heinrich Rohrer at the IBM
Zurich Research Laboratory in 1982.

@ The two shared half of the 1986 Nobel Prize in physics for
developing STM.

@ STM has fathered a host of new atomic probe techniques: Atomic Force
Microscopy, Scanning Tunneling Spectroscopy, Magnetic Force

Microscopy, Scanning Acoustic Microscopy, etc.



PoxxaeHne ckaHupyroLLero
TYHHEIBHOIro MUKpOCKonNa

FeHpux Popep Mepa BUHHKUT
1982

Patent for Scanning Tunneling Microscope was issued Aug. 10, 1982 (Prionity Sept. 20, 1979)



The Nobel Prize in Physics 1986

il "for their design of

fundamental

work in electron the Scanning

optics, and for .
the design ofthe - tUNNElING

first electron

microscope" miCTOSCQp'e"

Ernst Ruska Gerd Binnig Heinrich
Rohrer

@ 1/2 of the GD 1/4 of the O 1/4 of the

prize prize prize

Federal Republic  Federal Republic  Switzerland
of Germany of Germany



CkaHupyrowu myHersribHbIU MUKPOCKOIT

STM

i

Konrposiep

LR

TIporpammuoe | |

ofecneuenue

3D nee3ockaHep

JlaTunk
MOJIOKECHUS
30HAa

30HI

Oobpazenx

3-X KOOpJAWHATHBIHI
~ MOTOPHU30BaHHBIN
CTOJIVK




[lpuHYUN MyHHerIbHO20 MUKPOCKorna

Oxide Junction
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Tunnel Tip

FIG. 2. The principle. The tunneling transmittivity decreases
exponentially with the tunneling distance, in vacuum abont a
factor of 10 for every A. In an oxide tunnel junction, most of
the current flows through narrow channels of small electrode
separation. With one electrode shaped into a tip, the current
flows practically only from the front atoms of the tip, in the
best case from a specific orbital of the apex atom. This gives a
tunnel current filament width and thus a lateral resolution of
atomic dimensions. The second tip shown is recessed by about
two atoms and carries about a million times less current.




[ Sample

ARt R

BeposmHocmb myHHesnupogaHuUs 3/1eKmMpoHa -
KO3gbgbuyueHmM rpoxoxXx0eHUs:

l‘_?‘

A7, Tunneling current W = ‘At

4

e Ay — aMIUIUTY/1a BOJTHOBOM QYHKIIAN DJICKTPOHA, ABUXYILIETOCS K Oa-
Peepy; A, — aMIUIMTya BOJHOBOW (DyHKLIMU 3JIEKTPOHA, [IPOILLIEIIIETO
CKBO3b 0apbep; k — KOHCTaHTa 3aTyXaHUs BOJHOBOM (byHKUMY B 00J1aCTH,
COOTBETCTBYIOILEH MOTEHLMANILHOMY Oapbepy; AZ — 1upuHa Oapbepa.
1Sl TYHHEIBHOTO KOHTAaKTA IBYX METAJIOB KOHCTAHTY 3aTyXaHUS MOXHO
[IPENCTABUTH B BUIE

= 4JZ\/ 2m<p*
h bl

A€ m — Macca 5JIEKTPOHa, ¢™* — CpeaHss paboTa BEIXOAA IEKTPOHA, /i —
nocrosinHas Ilnanka. Ipy mpunoXeHU K TYHHETLHOMY KOHTAKTY pas-

HOCTU MOTEHIIMAIOB V' MEeXIy 30HI0M U 00pa3IoM TTOSBISIETCS TYHHEJIb-
HBIN TOK.

S—

k




[TocKOJIBKY OKCITOHEHIIMAIbHASI 3aBUCUMOCTh OYE€Hb CUJIbHAs, TO U1
OLIEHOK M KAUYeCTBEHHBIX PACCYXIEHMI YacTO TMOJAb3YIOTCS YIIPOLIEHHOU
dbopmyion

. = 2my” A2 (1)
ji=iWe *

B KOTOPOI BeIMUMHA jy( V) cunTaercsa He 3aBUCSIIEeH OT UBMEHEHNUS PacCTO-
SHUS 30HI-00pazell. [ TUIIMYHBIX 3HAYeHWH paboThl Bbixoaa (¢ ~ 4 3B)
3HAYEHUE KOHCTAHThI 3aTyXaHus k = 2 A~'. Tak yTO NpU U3MEHEHUU
AZ Ha ~ 1 A BenruuymHa TOKa MEHSIETCS Ha TOPsI0K. PeaibHbIN TyHHEIb-
Hbiit KoHTakKT B CTM He gBisieTCS OTHOMEPHBIM U UMEET 00JIEe CII0XKHYIO
reOMETPUIO, OJJHAKO OCHOBHBIE YEePThl TYHHEIMPOBAHMS, & UMEHHO 3KC-
[MOHEHIIMAIbHAs 3aBUCUMOCTb TOKa OT PacCTOSIHUS 30H1-00paselr, coxpa-
HSIIOTCSI TAKKE Y B 00J1€€ CIIOXKHBIX MOIC/ISIX, YTO MOATBEPXKIAACTCS IKCIIC-
PUMEHTAaJbHO.



Examples of STM images...

« Pt (100) with
vacancies

o Si(1M1) 7x7
reconstruction

 Annealed
decanethiol
film on
Au(111)

. Si (111) with ok o
terraces and " 5
vaccancies g A




AMOMHO-cus/io8asd MUKPOCKOMUS

DoTomnmon Jazep

AFM 2] ocl|

Puc. 65. YipoleHHasl CXeMa OpraHu3aluy 0OpaTHO! CBSA3M B aTOMHO-CHJIO-
BOM MUKPOCKOIIE.



AtomMHO-cunoBoit Mukpockorn (ACM) 6bu1 u306peTéH B 1986 romy Iep-
noM bunnurom, Ksnsunom Kysiitom u Kpucrobepom Iepoepom [31].
B ocHoBe pa6oTel ACM N1eXUT CUIIOBOE B3aMMOIEHCTBIE MEXIY 30HI0M
1 TIOBEPXHOCTBIO, ISl PETUCTPALIMM KOTOPOTO MCIIOIb3YIOTCS CIIeLAaIb-
HbIE 30HIOBBIC JAaTYMKHU, TPEACTABISIONINE COOOUM YIIPYIyI0 KOHCOJIb
C OCTPBIM 30HAOM Ha KoHI1e (puc. 60). Cwia, neicTByOIIas Ha 30H CO
CTOPOHBI TTOBEPXHOCTU, NIPUBOAUT K M3TUOy KOHCOIU. Peructpupys Be-
JUYMHY M3ruba, MOXHO KOHTPOJMPOBATH CUJIY B3aMMOMEHMCTBUSI 30H/Ia
C IOBEPXHOCTBIO.

KauyectBeHHO paboty ACM MOXHO MOSICHUTh Ha NpuMmepe cui Ban-
nep-Baanbca [32]. Haubosee yacTo 3HEpruo BaH-Iep-BaalbCcOBa B3au-
MOJIEVCTBUS IByX aTOMOB, HAXOISIIIMXCS Ha PACCTOSIHUY # IPYT OT ApyTa,
alIpoOKCUMUPYIOT CTENeHHOU (yHKuMelr — moteHumaioM JleHHapaa-

JI>xoHca:
U,(r)= U, -2(r—°) + (r—)
A3 r

OcHoBaHMe

KoHconb

30H]

Puc. 60. CxemaTuueckoe n300paxeHue 30H1080ro gatunka ACM.



(6)

Puc. 64. CooTBeTCTBUE MEXIY TUTIOM M3TrMOHBIX JehOopMaLiMii KOHCOJIM 30H-
JIOBOT'0 JJaTYMKa Y M3MEHEHMEM ITOJIOXKEHMUS MISITHA 3aCBETKU Ha (o-
TOIVOIE.



OcHO8HbIE NMPpUHUUrbl HAHOMEXHOo102uuU

 [lpedenbHas MUuHUamropu3ayus,

» PacrnipedernieHHas cmpykmypa,

* [IpuHyUN NocMpoeHuUs cucmemsl
«CHU3Y-88€ePX»,

) ° CAMOOpP2aHU3aYUS



GOLD-COATED SILICON WAFER is often used in studying self-assembled monolayers. In
this experiment the left half was covered with a monolayer having a hvdrophobic surface,
the right half with one presenting a hydrophilic surface. Drops of water flattened on the hy-
drophilic side but formed round beads that minimized contact with the surface on the hy-
drophobic side. The behavior shows that the outermost part of the self-assembled mono-
layer controls the wettability of the surface. The same strategy can be used to control ad-
hesion, friction and corrosion.



Lucnneu - HeombeMriemMas 4acmab
cospeMeHHoOU UHGbopMalUUOHHOU
3pbI



KamooOHbie mpybku rnoseunuck boree
100 nem Ha3ao0. Ecmb nu
arlbmepHamuea 3momy OpesHeMYy
u3obpemeHuro?

bonbwol obbem
Bbicokuu saKkyym
Hanps»xeHus rnopsioka 0ecsimkoe Kusoeosibm



U meresusuoHHoOU

Meuma o rnocko

rnaHersriu




Meuyma o nanmorne

2. Notebook(10-15")




[ubkue ducnineu - arnekmpoHHas bymaza

Table 2 TFT-LCDs on plastic substrates

Company Display specification TFT
Sharp® 4" reflective color TFT-LCD a-Si
(2002) 85 ppi, 240 x RGB x 240 pixels

Apartura ratio 92%

Pl substrate
Samsung Electronics® | 5" transmissive color TFT-LCD a-Si
(2005) 100 ppi, 400 x RGB x 300 pixels

PES substrate

Thickness 1.2 mm, weight 22 g
Seiko-Epson’d 07" QVGA poly-Si
{2001) 428 x 328 pixels

SUFTLA procass
Somy ! 3.8" reflactive color LCD poly-Si
(2003) 320 x RCB X 240 pixels

PET substrate
Toshiba 2 8.4" SVGA color TFT-LCD LTPS
(2002) Thickness 0.4 mm, weight 20 g

Table 3 Flexible AM-OLEDs

Company Display specification
Pioneer’3 3" color OLED Passive
Fig. 2EPD fabricated by Plastic Logic. (2003) 160 X RGB X 120 pixels matrix

256 orav scale (R hitl



JKUOKoKpucmarnudyeckue oucrisieu

[lna3meHHbIe oucrinieu
(annekmpornoMuHUcUeHmMHsble oucrineu)

Field - emission display



AHU30MPOriHbIE XXUOKOCMU

Crystal Nematic LC Isot'_"r*gbilé



Hane1 G ) )—CN IsA

20A

o: 1.0220 g/cm?, T=24.0 °C
An:  +0.1565, T=30.2 °C
As:  +11.76, T=30.2 °C

e Uniaxial; Simple alignment; Good gray scale;
Low voltage; Millisecond response time
* Mainstream liquid crystal display material



Display Applications

1. Handheld(0.5-4”) 2. Notebook(10-15”) 3. Desktop(15-21")

Palm VIl

4. 20-40” LCD-TV 5. 60” HDTV




90° Twisted-Nematic Cell

LC Configuration Electro-Optic Effect

POLARIZER 100 |

TRANSMITTANCE (%)
& & 8

[
o
T

0 1 2 3 g 8
VOLTAGE (Vrms)

 Broadband /2 plate
POLARIZER * High contrast ratio

* Low operation voltage
V=0 V~5Vrms o Response: ~30 ms
 Narrow view angle

0 Schadt & Helfrich, APL 18, 127 (1971)




TFT -
thin film
transistor

KombuHnauyus
KK u
akmuesHou
Mampuubl

Addition

Primary Colors

Transmissive TFT-LCD

Corunon electrads

Color filter y="_ .
e
N
—TFT substrate
7T Polarizer
":?-;f_‘#:\
830 pm —
+_ Backlight
Y
oo uEN :
] Diffuser
| Data or column
k| je = BlaGirodes
Pl S
|évr Gale or row electrodes
LC

Commen sabstrate

Polarizer

Each pixel is independently driven by a TFT

Red (R) Green (G) Blue (B)

All together: WHITE

KK ducnined, ucrions3yrowul meaucm-agpekm 8 Hemamukax



AKmueHas Mmampuua

Column Driver

Liquid Crystal

Each pixel is independently addressed




YenepoOHble HaHompybku
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2= Bonds in atoms and molecules

* lonic bonds Coloumb interaction between oppositely
charged ions
NaCl
« Covalent bonds Shared valence electrons
H-C=C-H (strength depends on distance)
H H
* Metallic Bonds Delocalised electrons spreading over the

entire crystal
See HB notes

 Van der Waals bond Dipole-dipole attraction
(fluctuating dipoles,

N,—-N, 1/1000 strength of covalent bonds)
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Bond length 1.4 nm
Stacking distance 3.4 nm

DIAMOND
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== Multiwalled nanotubes
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2= Methods for fabrication of nanotubes

- Arc discharge “

— Carbon is evaporated by a plasma of Helium . This is ignited by a high
current passing through a graphite anode and cathode

 Laser evaporation C 0 _

— Direct laser vaporization of transitional metal (e.g. Co-Ni,1%) graphite
composite electrode targets is done in helium atmosphere at high
temperatures (1200°C).

 Chemical vapor deposition w

— Organic gas is decomposed (e.g. Methane) in an oven containing
catalyst particles, at 600-800C. The diameter and type of catalyst
particles determine the nanotube diameter and properties.

Introduction to carbon nanotube growth
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Geometric structure (STM)
and electronic density of
states (STS)

P. Kim et al.,
Phys. Rev, Lett,
82, 1225 (1999)

Cutting lines
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3aBUCUMOCTD LLIMPUHBI 3aMPEIICH-
HOM 30HBI IOJIYIIPOBOJSILEH XUPAJIbHOU Ha-
HOTPYOKM OT 0OpaTHOro auamerpa Tpyoxu (10

A =1 um).



B MeTajuIM4eckoOM COCTOSIHUM IIPO-
BOJAMMOCTh HAHOTPYOOK OYE€Hb BBICOKA.
O1LEeHOYHO OHU MOTYT MpPOIMycKaTb MWUI-
JMap]l aMIiep Ha KBaJIpaTHBIA CAHTUMETP.
MenHBbIi MPOBOJ BBIXOAUT U3 CTPOS IPHU
MUJUTMOHE aMIIep Ha KBaJpaTHbBIA CAHTU -
METp K3-3a TOrO, YTO JIXKOYJIEB Harpes
IIPUBOIUT K IIaBJIeHUIO poBoa. OHOM
U3 IIPUYMH BBICOKOU MPOBOAUMOCTHU yI-
JIEPOJHBIX TPYOOK SIBJISIETCSI OYEHb MaJIOe
KOJIMYECTBO Ie(hEKTOB, BBI3BIBAIOIIMX PaCCEsIHUE BJIEKTPOHOB, a CJIEA0BATEIBHO
1 OYeHb HU3KOE compoTuBieHKe. [10aTOMy OOIBIION TOK HE HarpeBacT TPYOKY Takx,
KaK OH pa3orpeBaeT MeIHBIM MPOBOA. DTOMY TaKXe CIIOCOOCTBYET BBICOKAs TEILIONPO-
BOJHOCTh HAHOTPYOOK. OHa IOYTH BABOE MPEBBILIAET TEIUIONIPOBOAHOCTD ajiMa3a, YTo
03HAYaeT — TPYOKMU SBJISIOTCS OYeHb XOPOLIMMU IIPOBOAHUKAMU TEIUIA.



#2= Mechanical properties

Material Youngs modulus (Gpa) Tensile Strength (Gpa) Density (g/cm3)
Silicon 47 1 (brittle!) 2.3

Steel 208 0.4 (ductile) 7.8

Carbon 1000 (MWNT), 30-60* 1.3

Nanotubes 1300 (SWNT) Theory: 150-200

* (brittle at low temp, ductile at high, depend on chirality)

fSWNT
05 ‘Nanotubes 100 times

S J stronger than steel and

<
=
|

. 6 times lighter

High-Strength Steel ‘Nanotubes can sustain

a large tensile strain:
*5% (SWNT)

o o *10% (MWNT)

| 1
0 01 02 03 04 05 06 Brittle and ductile behavior of
Elongation (%) nanotubes (Nardelli, PRL, 1998)
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 Nanotubes can be deform
plastically - reversibly
— Do not break by bending

— Deform with little fracturing: stress
Is compensated by rearrangement
of carbon atoms

— Full recovery upon release
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i
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By the way: what happens to the electrical transport???




Obriacmu ripumMeHeHUs



Carbon Nano-tubes are extremely thin (their diameter is about
10,000 times smaller than a human hair), hollow cylinders made
of carbon atoms

Nano-tubes, depending on their structure, can be metals or
semiconductors. They are also extremely strong materials and
have good thermal conductivity. The above

have generated strong interest in their possible use in nano-
electronic and nano-mechanical devices. For example, they
can be used as




TpaH3ucmop Ha base yariepoOHouU HaHompybKu

Nonotube

Source (Au) . | ._ Drin {Aul




Camble nocrieoHuUe 0ocmuXxeHus



HaHomaTepuan rpacdeH — MJieHKa TOJILLUHON
B aTomM'

[Tpodeccop Duapro ['eitm m ero Kojieru us Yuusepcutera Manuecrepa
(CIIIA) coBmecTHO ¢ KoMaHzoit nokTopa K. HoBocenosa 13 YepHOrosI0BKH
(Poccust) BIiepBbIe B MUPE CYMEJIU NOJYYUTh TKaHb TOJILLMHOM B OJIMH aTOM.
HoBblii HAHOMATEPHA MPEICTABISIET COOOM «Pa3BEePHYTYIO» HaHOTPYOKY. DTO
[JIEHKa M3 aTOMOB YIJIepoJjia, COCTaBJIsiiolas co00i OJIHY MOJIEKYIY. Kyp-
HaJIMCTBl OKPECTUJIM HOBBI HAaHOMATEpUA «IBYMEPHbIM», TaK Kak OH TOJI-
LIMHOW B OAMH aTOM yrjiepoza.

Hosbiit Matepuan Haszsamu rpadeHoM (graphene). [lpodeccopy ['eiimy
BIIEPBBIE YAAJIOCh OTAEINUTH aTOMapHbIN CJIOH OT KpuCTalIa rpacura. [lpu
5TOM OTIEIEHHBIE ATOMBI COXPAHMIIM CBS3b JPYT C JPYroM, 00pasoBaB «3arl-
JIaTKy» M3 TKaHW TOJIIMHON B OIMH aToM. MccienoBaresi Ha3BaIu HOBBIN
Matepuas AByMepHbIM (ysuiepeHoM. I'paden crabuneH, oueHb rudoK, Mpo-
4eH ¥ TIPOBOAMT 3JieKTpudecTBo (puc. 1.1).

Puc. 1.1. I'pacderoBasi 1jieHKa — CUMYJISILUA U Mukpodororpadus

[Ipu Takoil TOJILIMHE MMOMEPEUHMK KYCOUKa «TKaHM» B IECATH MUKPOH
BBITJISIAT OFPOMHBIM, HO YYEHbBIC TOBOPAT, YTO HET HUKAKMX MPUHIIAIIN-
AJILHBIX OTPAHMYEHMIA JUIsS CO3/laHUA TaKUX TKaHEeil pasMepoM B CaHTH-
METPBI.

WccieioBaTeii COCPEJOTOUMITUCh HA MCCIEMOBAHUN DJICKTPUICCKUX
cBoifcTB HOBoro Matepuaiua. C nomoluibio rpadeHa yueHble CO3J1anu IoJje-
BOW TPAH3UCTOP, KOTOPBIA paboTa Np¥ KOMHATHOW TeMIepaType B 00BIY-



Puc. 1.2. I'padheHOBBINA TPAH3UCTOP

HBIX yeaoBusix (puc. 1.2). Bbulo Takxe yCTaHOBJIEHO, YTO 3JIEKTPOHbI B TPaH-
3UCTOPE MOTYT IepeMelaThesl Ha CYOMUKPOHHBIE AUCTaHLIMM Oe3 paccenBa-
HUSI, YTO OUEHb BAXHO Ul NMPUMEHEHUs1 rpadeHa B MUKPOSJICKTPOHHBIX
YCTPOUCTBAX.

ABTOpBI paboTHI Tpoyat rpadeHy Oonblioe Oyaylliee B HOBBIX Marepua-
Jax, a TakkKe — CyINepKOMIIbloTepax OyAyllero, riae pasMepbl JIOTUUECKUX
cxeM OyIyT YMEHbILEeHbl B MUJUIMOHBI pas.

OIHAKO HA CEroJHSIIHUIA JAeHb YIEHBIE MOTYT MPOU3BOANUTD IpadeH Ky-
coukamu pasmepamu 10x10 mxm. Kak ckaszan I'eitM, «korja Mbl HayYMMCs
CUHTE3UpoBaTh rpaeHOBYIO TUICHKY pasmepamu B 10x10 110iMOB, TO TOJIb-
KO TOTJIa MOXHO OY/IET TOBOPUTH O TOM, YTO HOBbIM Martepuas OyaeT ycreni-
HO NPUMEHEH B MUKPOIJICKTPOHUKE».

Jloxktop HoBoCeioB 100aBWUJI, YTO «CErOAHSA MHOI'ME MCCICA0BATEIN MPO-
M3BOMSIT HAHOTPYOKM BCe GONBIIEH [UIMHBI, TOITOMY U TeXHOJIOTUH 1O NPO-
U3BOJCTBY IrpadeHa TOXEe OyayT pa3sBUBATHCS».



[pachbeH obriadaem yHUKarbHbIMU ¢bu3u4eCcKUMU ceolicmeamu. M3-3a
moao, Ymo epagheH ripedcmaaerissem cobol 08yMePHYO CMpPYyKmMypy,
371EKMPOHbI 8 HEM 8edym cebs KaK perniamueucmcKue Yacmuubl ¢
Hyriegou maccou rnoKosi u 0suxxymcsi co ckopocmeto 106 m/c.
Hecmompsi Ha mo, ymo amo 3Ha4dyeHue 8 300 pa3 MeHbule ckopocmu
ceema 8 8aKyyme, OHO 3Ha4YUumesibHO rpesbiliaem CKOpoCmb
3/1EKMPOHO8 8 0OBLIYHOM POBOOHUKE.



KeaHmoshkie aMbl, rpo80osI0KU U MOYKU
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3D 2D 1D 0D
(bulk) (Quantum Well) (Quantum Wire) (Quantum Dot)

4

1. Ponb nosepxHoctn: E_ .~ R?: E .~ R3: E_./E .~ 1R

2. KBaHToBble adpdekThl (electrons confinement)

[lpumepsbi:

YenepoOHble HaHOMpPYybKuU -K8aHMo8ble HUMu
[NlapamazHUmMHbIe npumecu (UeHmMpbl OKpackKu) -
- KBAHMOBbLIE MOYKU



KeaHmoeblie Humu

One-Dimensional Nanostructures - Nanowires

Quantum confinement effects (Nanolaser):

UV laser output

Excitation

- il
/

d =15-75nm

Advanced Particle Process Technology




KeaHmoesnklie ambi (1)

KBaHTOBbLIE SIMbl — MUHUATIOPHbLIE YCTPOUCTBA, KOTOPbIE
cofepXxaT HEMHOIo cBOOOAHbIX 3NIEKTPOHOB

TunnyHblie pasmepbl Nexart B 0bnacty OT HAHOMETPOB
10 HECKONbKNX MUKPOMETPOB

B kBaHTOBOW AMe MOryT ObITb OT O4HOrO 40 HECKOMbKNX
TbICSIY 311EKTPOHOB

Pa3smepbl 1 popma sMbl U YACNO INTEKTPOHOB MOXHO
TOYHO KOHTPOSIMPOBATb



KeaHmoesnklie ambi (2)

Tak e, Kak 1 B aToMe, JHepreTn4eckme ypoBsHU B
KBAHTOBbIX AMaX OUCKPETHbI

CTpyKTypa ypoBHEN cxogHa ¢ ypoBHAMKU 3D
NnoTeHUMarnbHOU gAMbl

B KkKBaHTOBOW AMe CBOWUCTBA MOrYT CyLLECTBEHHO
N3MEHUTbLCS eCcnun yaanuTb gaxe OAuH 3N1IeKTPOH

B oTnnymne ot atToMOB KBAaHTOBbIE SMbI JTIETKO
NPUCoOeaNHATL K 3fieKTpogam 1 cosgaBaTb Ha UX OCHOBE
pasnunyHblie yCTpoucTBa



The Energy Levels of Quantum Dots

* The Quantum Dot band gap is smaller than the surrounding

material, so electrons will tend to “fall” into the dot to reach a
lower-energy configuration

« Because the Quantum Dots are so small (20-30 nm), quantum
mechanics govern how an electron will behave in the dot

tE  electro—-_,
E N 4
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Definition:

A photonic crystals is a periodic arrangement
of a dielectric material
that exhibits strong interaction with light




Examples:

AccV Spot Magn Det WD Exp 1 2um
20.0kV 3.0 15000x TLD 49 1

1D: Bragg Reflector 2D: Si pillar crystal 3D: colloidal crystal



Morpho butterfly
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Dispersion relation

n, : high index material
n,: low index material

standing wave in n,

\ nl n2 n n

// bandgap

frequency o

w

m/a >

wave vector k



High Reflectivity, Thermally and Environmentally Robust
Multilayers Coatings for High Throughput EUV Lithography

0.8
l,SV.l :%)Bnc 0.7 i Mo/B4C/Si
Si [ 70%at 135 nm f‘%é
Si 06 F FWHM =0.55nm
WIE i 50 bilayers
4 £ 05 X
,E -
o g 04
_ 4 c 03k
e 3 i
0.2F
e ———— —| "
Substrate b
0.0 1 | | | | 1
2 HS T Au (1.70 nm) 120 125 13.0 13.5 140 145
' S (4.1 4nm) Wavelength (nm)
B4C (0.25nm) | d=6.88 nm
Mo (2.09nm) | I'=0.34
B4C (0.40 nm)



oy Optical fiber:
-y long distance communication
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CuHmemu4yeckoe 80J/10KHO

HaWJIOH - 6



CuHmemu4eckue Kay4dyku

CH,;=C~CH=CH,
CH,
N30MpeH

CH,=CH-CH=CH,

bytagueH

T CH,— CH=CH~- CH, }



Keearnap

Hydrogen Bonded Sheet




Police wear hulletproof vests made of
Kevlar.




Keenap

Under water, Kevlar is 20 times stronger
than steel.

These Kevlar cables are supporting a sonar
facility that the U.S. Navy uses to find out how

much noise submatines make.




O0exx0a Or1s XXU3HU

Escaping
Irati
Er St Gore-Tex

membrane
Shell fabric
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