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HanomexHonoausi (nanotechnology)
COBOKYNMHOCTb MeTOAO0B U CPeancCTBs, 069CI19‘-IVIBaI-OI.I.|,VIX co3faHune
CTPYKTYP, COCTOALLUNX U3 OTAOEJIbHbIX aTOMOB, MOJIEKYJ1 U
MaKPOMOJIEKYNAPHbIX OFfIOKOB C TUNMUYHbLIMU pa3MmepamMmm oT
eaAnHny 4O COTeéH HaHOMEeTpPOB, a TaKXXe MaTepuanoB U
beHKLl,VIOHa.anbIX CUctem Ha "X oCHoBe.

¥\

lpuHyun “ceepxy-eHuU3” (top-down approach)
co3faHue CTPYKTYp Heobxoaumon KoHdurypauum m
pa3mepa nyTem n3buparenbHOro yaaneHmsa martepmwana,
3apaHee HAaHECEHHOro Ha NoANOXKY.
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lNMpuHyun “cHu3y-eeepx” (bottom-up approach)
npegnonaraet oopMmmpoBaHue TpedyeMbIX CTPYKTYP
nyTemMm CenneKTMBHOro ocaxaeHmd atoMmoB U MOJ1€eKyJl Ha
3aldHHbIX Y4HaCTKaX NOBEPXHOCTU NOAJTOXKMN.




2.1. TpaguUMOHHbIE MeTOoAbl OCaXAEeHUSA MNIeHOK

2.1.1. Xumn4yeckoe ocaxxgeHme martepuvarioB U3 rasosou casbl
(chemical vapor deposition)*

reactor

manifold  ——> substrates S

heated holder

bublers

(CHj3);Ga  (CHj)5Al dopant

650 °C
(CH,),Ga + AsH, — GaAs| + 3CH,

XHMHUYECKOe OCKAEHHE H3 Ira3oBoH pa3bl NPH NOHHIKEHHOM
AQaBACHHH
(low pressure chemical vapor deposition, LPCVD)
P=0,1-2,0Topp
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MOCVD machine

Q http://www.mtmi.vu.lt/pfk/funkc_dariniai/images/mocvd.gif
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Xnmmnyeckoe ocaxgeHme matepumanoB U3 razosou pasbl,
CTUMYINIMPOBaHHOe rasopaspsagHoun nmiasmoun
(plasma enhanced chemical vapor deposition, PECVD)

pabouuii ra3

MHEPTHbIAfa3 »» BY mommHocTh

HArpeBaCMbIN TOIJIOKKOICPYKATEb

g

OTKa4vKa
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OcaxaeHue aTOMapHbIX ClloeB
(atomic layer deposition, ALD)

Sequential process

@
@ ® ® Ao Introduction of A(g) onto the substrate surface

Chemisorption

\ 4
I . P
A(s) Formation of an A(s) monolayer surface Saturation
$ Purge
.
~ ot ~ ‘ Bl Introduction of B{(g) onto A(s) surface Chemisorption
I
\ 4
IV .
M B(s) Formation of B(s) monolayer surface Saturation
Purge

Surface controlled growth

T. Suntola, J. Antson, Method for producing compound thin films, U.S. Patent 4 058 430 (1977).
M. Ahonen, M. Pessa, T. Suntola, A study of ZnTe films grown on glass substrates using an atomic layer
/thl evaporation method, Thin Solid Films 65, 301-307 (1980).



OcaxaeHue aTOMapHbIX CrnoeB

UcxopgHble maTepuansi

- halides (a)

- alkoxides (b)

- B-diketonate complexes (c)
- organometallics (d) & (e)

- amido complexes (f)
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®opmuposaHue nneHku Al,O, ocaxxaeHnem aToMapHbIX CroeB

TUIPATUPOBAHUE UCKOTHOH
MOREPXITOCTH MOINOKKH

HOUJIKKA

:8i-0-H + AI(CH,), — :Si-O-AI(CH,), + CH,
nd" . Hon
— e O
°H \ L)

OCaAXKIACHUC ANMKOMUHHUA

OoCaXxXIJeHUE KHUC.I0pCaa,
CBA3A1IIONo ¢ aJllOMHIIHEM

cropMHUpOBaHHAS TIJICHKA
AlLO,
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OcaxaeHus aToMapHbIX CNnoes
OGopynoBaHue

1:‘) Benen ALD Process

Process features:

* Pressure 0.1-5 mbar
» Temperature 60-500°C
» Gas flow 0.3-1.0 SLM

|_— Reaction chamber

Substrate

Gas in Gas out
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2.1.2. MonekynsipHoO-riy4yeBas anuTakcus
(molecular beam epitaxy)*

molecular beam sources

electron
gun | RHEED
| screen
from :
sample preparation _
chamber to analysis
—_— —_—

substrate stage

UHV
pump
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Reflection High Energy Electron Diffraction

e (5 - 100 keV )
-

Phosphorescent
Screen

Sample

Low Energy Electron Diffraction

Grids

Mg (114}
Crystal

Electron Gun
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_ Phosphor Screen
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Molecular Beam Epitaxy Machine
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http:l/.specs.delproducts/MBE/MBE-systemmbe-system2.htm




Molecular Beam Epitaxy Machine

Oak Ridge National

.
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» www.ornl.govlsci/cmdl maianrograms/Ai_G/SME.htm




Molecular Beam Epitaxy Machine

Commercial Veeco® MBE
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2.2. MeToAbl, HCIIOABL3YIOUIHE CKAaHHPVIOIUIHE 30HAB]L

2.2.1. PuzHuecKHe OCHOBBD1

tunneling

ing

Cxanupyoilas TYHHeABHAass MHKPOCKOIIHA (scann

J

STM

scahning

\/2me(U -V)

2

~ exp(— 7 z
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OcTtpue BonbdppamoBoro soHaa
CKaHUpyroLwero TYHHefIbHOro MMKpockona
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Operation of Scanning Tunneling Microscope

constant height mode




STM of Si(111)-7Ix7 (15nm x 15nm)

http://lwww.specs.de/products/STM-150/STM-Aarhus.htm

ble at the step edge

isi

Three atomic layers are v
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ATOMHasA CHAOBAsA MHKPOCKOIIHSA
(atomic force microscopy)

AFM

Force
deflection sensor (F)

repulsive force

cantilever
contact

Tip-to-surface
distance

attractive force




ATOMHBIH CHAOBOH MHKPOCKOII
(atomic force microscope)

Split-diode
photo-

detector }
1

B aser path

detection systems

Electron tunneling Optical interferometry

|

STM Lever Lense
| xyz PZT ‘ |
tube scanner Laser beam deflection Capacitance method
PSD L L
[
Cantilever holder He-Ne-
: . Laser
Lt o
stage 3/
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Operation of Atomic Force Microscope




ATomMmHB1H cHaoBOH MuKpockon NTEGRA




Atomic Steps on Si(111) Imaged with Atomic Force Microscope
(intermittent contact mode)

www.mel.nist.gov/ div821/webdocs-13/step.htm
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Gerd Binnig (1947) and Heinrich Rohrer (1933)

IBM Zurich Research Laboratory
Riischlikon, Switzerland

The Nobel Prize in Physics, 1986

“for their design of the scanning tunneling microscope”

G. Binning, H. Rohrer, Scanning tunneling microscopy, Helv. Phys. Acta 55(6), 726-735 (1982);
G. Binning, C. Gerber, H. Rohrer, E. Weibel, Tunneling through controllable vacuum gap, Appl. Phys. Lett. 40(2), 178-180 (1982);
G. Binning, H. Rohrer, Ch. Gerber, E. Weibel, Surface studies by scanning tunneling microscopy, Phys. Rev. Lett. 49(1), 57-61 (1982).
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2.2.2. AToMHasa HH)KeHepH:a (atomic engineering)

lMapannenbHbie npoyecchbl

rnosiesasi oughgpy3us CKOJIb)XeHue
E(r)=0
A gadsorbed atom
. A AVAVA
= tip
c — T
v
S
o
p=u+oaE(r)
— '
Lateral position 1
U(r)=—p-E(r)——a(r)E(r)- E(r)

2



lMapannenbHbie npoyecchbl

CKOJIb)>XeHue
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lNeprieHOuUKynsipHbIE npouyecchl

KOHMaKmMHbIU nepeHoc

rnoJsieeoe ucrnapeHue

aslekmpomuzpauyusi
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artificial circular corral
constructed of 48 Fe atoms on Cu(111)

http://www.almaden.ibm.com/vis/stm/qgallery.html




2.2.3. IlokanbHOe OKUcneHue NosfynpoBOAHUKOB U MeTasnnoB
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scanning

7/
oA

+

scanning

tip DC
W bias

SiO2 lines on Si

-4.00

4.00

nm Section Analysis

k/\r\(\/\/\'

AvAwAT g,




2.2.4. JlokanbHOe XMMMNYyeCcKkoe ocaxxgeHue matepumanos
13 rasoBou pasbl

scanning

gas
injector

DC
bias
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2.3. Hanoaurorpadusa

2.3.1. OneKTpOoHHO-AYUEeBasa AHTOrpacdHusa
(electron-beam lithography)*

PMMA scanning
. electron exposed resist removed . . .
resist beam during development broad beam evaporation material left after lift-off

!

Texas Materials Institute

- IR

» www.cnm.uta.ed u/ E-Beam_L.htm http://www.ee.ncu.edu.tw/~yjchan/image/Rimg0001.jpg




2.3.2. IIpocbunupoBaHHE PE3HCTOB CKAHHPYVIOIUIHMH
30 H*

JKCIIOHUpoeaHue
HU3KO3Hepecemu4YeCKUMU 3J1IeKmpOHaMu

MexaHu4Yyeckoe eo3delicmeue

nepbegasi HaHoriumozpaagusi
(dip-pen nanolithography)

AFM Tip

Solid Substrate
Surface Science (DPN)

» http://www.aohan.com/020407gif/dpnmovie2.gif




2.3.3. Hamoneuarp*

/\

YepHUJsibHasi ne4amb MucHeHue
(inking) (embossing)

master (stamp)

master (stamp)

[ m
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MmucHeHue
(embossing)

master (mold)

master (mold)

etching
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2.3.4. CpaBHeHHe HaHOAHTOrpadHUYECKHX METOAOB *

1:1 projection
102 | o -

optical stepper

2 -ray stepper
100 _practical rai:exypp R
electron beam

L (cell projection)

" i N
10 " F IERGURpnting electron beam

(single beam)

Exposure rate (cmzls)

1()'4 =scanning probe
(single tip)

1 0-6 1 1 1
1 10 100 1000 10000

Resolution (hnm)
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2.4. Camoperynupyrowmecs npouecchbl

/\

caM0c60pKa caMoopraHn3auuvs
MOJIeKYy daTOMOB

2.4.1. Camocbopka (self-assembling) monekyn

Camocbopka (camoynopsagovyeHue) MOoneKyn — rnpouecc
agcopbummn n crneundnyeckoro pacnonoXXeHUa MOMNeKys Ha
TBEpAOU NOBEPXHOCTH.

[BmxyLlaa cuna — xemocopouumsi, Kotopasi B 0COBEHHOCTH
NPOABNAETCS B BbICOKOAHEPreTUYECKNX Peakunax Mmexay
agcopbaHToM 1 agcopdbupytolen NOBEPXHOCTbLIO.
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MonekynsipHble O110KM Aris caMmocoopKu

noBepPXHOCTHaA
(byH KUMOHAlIbHaA rpynna

npoMeXyTo4yHasi rpynna

npuUKpennaLwan rpynna

aMmuHoBble rpynnbi (NH,)
ranoreHbl (CL, I, ...)
ankunbHsble rpynnsi (CH,, C H,

..)

CH,-rpynnsi
theHunbHbIe rpynnbi (C.H,)

CUNaHbI RSiX3
(R= CH3, CZHS, ey X = CHZO, Cl)
Tuon (RSH)



PopMHPOBAHHE HAHOPA3IMEPHOI'O PHCYHKA C HCIOAB30BaHHEM
CcaMOC60pPKH MOHOMOAEKYAAPHOH NACHKH

biased tip
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CamoopraHunsauums (self-organization) atomoB —
onpeneneHHoe pacronoXeHne
B3aMMOOENCTBYIOLLIMX aTOMOB B TBEPAOM Terne.
[1BKyLlaa cuna — MMHMMU3auna noTeHunanbHOU
9HEpPrMm CUCTEMbl B3aMMOAEUCTBYHOLLIMX aTOMOB.
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2.4.2. CamoopraHu3auma aToMmoB B OO0 bLEeMHbIX MaTepuanax

—_—

Ag=g,,- 8.,

4G A

surface

contribution

dnr’c* AG = 4nr’c* — 43nr'Ag

AG

cr

>
r

bulk
contribution
4/3mr A g

r.=2c%Ag

{ v ~exp(-AG_/k,T)exp(-E /k,T)
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3onb-renb TexHonorus (sol-gel technology)

30b — PacTBOP KONMNMOUAHbIX enb — ceTb XeCTKO CBA3aHHbIX
YyacTuu B XNOKOCTU NONMMMEPHbIX LlenoYekK
Si(OR),, R=CH,,CH,,C,H,, ...
a2udposus
OR OH

| |
RO —Si—OR + 4 H,0 — HO —Si—OH + 4 ROH

OR OH
noJsluKoOHOeHcauus
OH OH OH OH

| | | |
HO —Si—OH + HO —Si—OH — HO —Si—O —Si—OH + H,0

| | | |
OH OH OH OH
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Xerogel film

Dense film
Heat [ ! 1]
L ]
Xerogel Dense
ceramics
Evaporation Heat
e b -
Hydrolysis
Polymerization
Aerogel

00
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OO0 000N
0.0

9.0.0

")//
-

Furnace

Sol-Gel Technologies Ceramic fibers

and
Their Products

—_— e

http://www.chemat.com/assets/images/Flowchat72.jpg




2.4.3. CamoopraHusauums (self-organization) atomoB
Npu 3aNUTaKkcumn

Pe>xuMsl pocTa TOHKHX

1mem’a‘eposited material

Ay
L e

VLT TR
SR duinis

l] ) ov ex

mode mode mode




Co3saHHe KBAHTOBBIX HIIHYPOB
CaMOOpPraHH3alHeH Ha BHITHHANBHBIX IOBEPXHOCTAX KPHCTAAKOB

BHIIHHaAbHAsI IOBEPXHOCTH
KpHCTaAAa

(001)

BuunHanbHasn NMOBEepPXHOCTb - NTOBEPXHOCTb, KOTOpPasA He ABJATCA paBHOBeCHOIZ AnA AgaHHOro Kpucrtanna

PDPOpMHPOBAHHE KBAHTOBbBIX IIIHYPOB

Te S e

.
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POpMHPOBAHHE KBAHTOBBIX TOYEK
SMHTaAKCHEH B pe)xume Crpanckoro-Kpacranosa

EA

Istable
2D

Strain energy

>

before
island
formation

after
island

formation

»)




CamMoopranusanusa KBaHTOBb1X ToueK H3 InAs Ha GaAs

STM Ga As In As
tip |

/

S. Kohmoto, H. Nakamura, T. Ishikawa, K. Asakawa, Self-controlled
self-organization of individual InAs dots by scanning tunneling
probe-assisted nanolithography, Appl. Phys. Lett. 75(22), 3488-3490
(1999).
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2.5. POpMHpPOBaAHHE HAHOCTPYKTYPHPOBAHHEBILX

MaTepHanoB

2.5.1. IlopucThl KpeMmHuHH (porous silicon)*

(First described in: A. Ulhir, Jr., Electrolytic shaping of germanium and silicon, Bell Syst. Tech. J. 35(2),
333-347 (1956) and D. R. Turner, Electropolishing silicon in hydrofluoric acid solutions J. Electrochem.

Soc. 105(7), 402-408 (1958)).

mixer cathode
HF teflon
solution Pt cell

Si+ 2HF + [n" — SiF, + 2H" + (2 - ))e”
SiF, + 2HF — SiF, + H,1




4

H daHOAHBb1H OKCHA aAIOMHHHA

A4

2.5.2. IIopucThl

)*

(porous anodic alumina

Al

2Al + 3H,0 — ALO, + 3H

Pore

http://electrochem.cwru.edu/ed/encycl/fig/a02/a02-f04b.jpg

»)



2.5.3. YraepoAHble HAHOCTPYKTYPEl

< /

dynrnepen rpacden YyraiepoAHble

R. Buckminster Fuller,
American architect designed a dome having
the form of a football for 1967 Montreal
World Exhibition.

H. W. Kroto, R. F. Curl, R. E. Smalley, ]J. R. Heath, K
» C-60 buckminsterfullerene, Nature 318, 162-163 (1985)) -
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Robert F. Curl Jx Harold W. Kroto Richard E.

(1933) (1939) Smalley
Rice University University of (1943-2005)
Houston, TX, USA Sussex Rice University,

The Nobel Prize in Chemistry, 1996

“for their discovery of
fullerenes”
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2.5.3. YraepoaHble HQHOCTPYKTYPEL

rpaden

(graphene)
s P

. o XF o

z .
y .
O-CBAI3b -CBA3b

v
&

»)



Jieyowiie

(@\|

=

=

S T
) wa
4 S
||

-~

a Q)

2.5.3. YraepoaHble HAHOCTPYKTYPEl

rpaden
(graphene)




Konstantin

The Nobel Prize in Physics, 2010

“for groundbreaking experiments regarding the two-dimensional
material graphene”
K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
I. V.Grigorieva, A. A. Firsov, Electric field effect in atomically thin carbon films, Science 306,
666-669 (2004).
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2.5.3. YraeposHble HAHOCTPYKTYPEl

yraepoasHble HAaHOTPYO6KH (carbon

_nanOtuheS) graphen — carbon
zig-zag
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RN 0800
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S 6.0 6.
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> 4

d=1.2—-1.4 nm

S. Iijima, Heleical microtubules of graphitic
» carbon, Nature 354, 56-58 (1991))




OaHOCTEeHHBble YI'AepPOAHBlE HAHOTPYOKH
(single wall carbon nanotubes
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armchair
n=m - metal

Zig-zag
norm=0
n-m=3/ - metal
n-m+3i - semiconductor

chiral
n-m=3j - metal
n-m=+=3i - semiconductor




MMultiWall Carbon Nanotubes
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B L~

Institute of Physics, University of Basel

pages.unibas.ch/phys-meso/ Pictures/pictures.html
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H H
SN
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group O~
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cytosine
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I H;
phosphate 0\ O H C\ - \N/H
group o S0 H ’ thymine
\ ot
deoxynbose C u H
i \l l/ \H
H

_ A-T and G-C sequence — the Chargaff’s rule

www.psc.edu/ ~deerfiel/NIH/B-DNA.gif



DNA History

W. T. Astbury, F. O. Bell, Some recent developments in the x-ray study of proteins and related structures, Cold Spring
Harbor Symp. Quant. Biol. 6, 109-121 (1938) — DNA composition.

J. D. Watson, F. H. C. Crick, Molecular structure of nucleic acids, Nature 171, 737-738 (1953) — DNA double helix
structure.

Francis Harry Compton Crick James DeweyWatson Maurice Hugh Frederick Wilkins

(1916-2004) (1928) (1916-2004)
MRC Laboratory of Molecular Biology Harvard University London University
Cambridge, United Kingdom Cambridge, MA, USA London, United Kingdom

The Nobel Prize in Physiology or Medicine, 1962

“for their discoveries concerning the molecular structure of nucleic
acids and its significance for information transfer in living material”

ﬂ »)



The end
of Part 11



