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1. scanning tunneling
microscope

STM — radkovaci tunelovy mikroskop
(nebo taky rastrovaci tunelovy mikroskop...)

Nature 363, 524-527 (1993)



NC v roce 1986

Gerd Binnig a Heinrich Rohrer (IBM
Research Laboratory, Zurich, Svycarsko) -
Nobelova cena roku 1986 za navrh
rastrovaciho tunelového mikroskopu

spolecné s prof. Ernstem Ruskou (Fritz-
Haber-Institut der Max-Planck-Gesellschaft)
za zakladni praci v elektronové optice a za
navrh prvniho elektronového mikroskopu

Gerd Binnig

Heinrich Rohrer
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Radkovaci tunelovy mikroskop

- princip

*Doc. Peksa: “rejpani hrebikem do
kusu plechu”

*sonda - posledni atom ostrého
hrotu

*hrot tak blizko povrchu, ze tece
tunelovy proud - tunelovy efekt

*udrzeni konstantni vzdalenosti od
povrchu pomoci regulace
konstantniho tunelového proudu +
skenovani povrchu =

*vysledek: atomarni rozliseni v
realném prostoru

= STM (Scanning
Tunneling
Microscope)

hrot

elektronovy obal
drdha hrotu s
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povrchové atomy



Zasazeni do kontextu

* Chybegjici informace: lokalni

* Povrchové metody g At s L :
usporadani na atomarni Urovni

* Integralni metody jsou dlouho znamé
- Difrakce pomalych elektronu

(LEED) - inv. 1927, popularni od 1960 * Priklad: Si(111)7x7
* znama dlouho, mnozstvi

navrzenych a zavrzenych
modell na zakladé
spektroskopickych a
difrakénich metod

* po objevu STM a atomarné
-Auger electron spec,troscopy (AES) rozlig¢enych snimcich 7x7

- inv. 1920s, popularni od 1950s. model rychle dokonvergoval ke
spravné strukture

‘X-ray photoelectron spectroscopy
(XPS) - efekt znam dlouho, prvni
vysledky 1950s

e

G. Binnig et al., Phys. Rev. Lett. 50 (120) 1983



Scanning Tunneling

Microscope

© A. Edmunts & al., IGV KFA Julich,

(obrazky z SEM)

wolframovy drat, @ 0.25 mm

vrchol hrotu, r [J15 nm

rastrovany povrch



Scanning Tunneling vaniové fyzka  snergetcia
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Tunneling Current (pA)

Zavislost tunelového proudu na vzdalenosti elektrod
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Radkovaci tunelovy mikroskop
- realizace

1) (polo)vodivy vzorek

2) ostry hrot

3) jemny pohyb X,y,z - piezokeramika
4) zpétna vazba

piezoskener

Y zpétna
vazba
tunelovaci proud
< |
vzorek @

Napeétr =«
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Technika STM — mod konstantniho proudu

hrot
Z
Lummeting | Ridici systém udrzuje
konstantni tunelovy proud,

t.J. 1 vzdalenost hrotu od povrchu

vzorek
T N i
;s /4 /4 4 A . /4
Data /. Zaznamendva se Uroveil signalu
ZAN S - potiebneho pro ,,opravu® vysky

hrotu nad povrchem

LT

X \

data Ctena v diskrétnich
intervalech (pozicich)



Technika STM — mod konstantni vysSky

hrot

Vyska hrotu nad
x ‘povrchem je konstantni
Itunneiing
vzorek
Data A AN Data odpovidaji hodnoté
Liunneling tunelového proudu
X N\

Data jsou Ctena v diskrétnich
intervalech (pozicich) .

Vv praxi — zpétna vazba se potlaci pouze CasteCné — reaguje pouze na ,hrubsi”
zmeny, v proudovem obrazku vyniknou detaily




Porovnani z-oveho a proudoveho modu

MnSi na Si(7x7)



Princip STM - vliv elektronovych stavu
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STM zohlednuje lokdlni hustotu elektronovych stavu:
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Hrot sleduje plochu konstantni lokalni hustoty stavli pro energii odpovidajici
potencialu hrotu vii¢i Fermiho mezi vzorku. Zdanliva ,,vyska* atomu vidéna
hrotem zavisi na elektronicke konfiguraci atoml zkoumaného povrchu.

<« Proto se v obrazku monokrystalicke slitiny PtRh jevi Pt tmavsi.

» STS —Scanning Tunneling Spectroscopy



vliv elektronovych stavu — inverzni kontrast

: AR Si2 Si4

FIG. 1. STM images at the same area of clean Si(100) in (a) the
unoccupied and (b) the occupied states at 300 K. Scan area is 15
% 10 nm? for both images. For (a), ¥Viampte=1.4 ¥V, 1=0.13 nA and
for (b), Veampie=—1.9V, /=0.13 nA. A typical C defect is en-
closed by the circles. A zoomed-in C defect in the occupied state is
shown in the inset where two protruslons on two adjacent dimers
are clearlv seen and the other half of the dimers is depressed.

PRB 67 153307 (2003) PRB 77 113301 (2008)




tungsten tips used in experiments

200 nm

Figure 1: Images of tungsten tips taken few hours after etching. a) Large-scale SEM image, the wire diameter is 0.3 mm; b) SEM image
showing microcrystalline structure of the tip; ¢) and d) SEM and TEM images of tips with curvature radius less than 5 nm. Tungsten core
is covered by a thick oxide layer; e) STM image of Ag/Si(111)-(7x7) layer deposited when the tip was in tunneling contact with the surface.
The tip 'shadow’ is visible in the layer.



Priprava hrotu pro STM — leptani W hrotu v
roztoku NaOh
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Uprava hrotu v UHV
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Figure 5: Cleaning the tips by electron bombardment. Evolution of
autoemission threshold with increasing heating power. Dashed lines
are to guide the eye. Profiles of the tips after the treatment are

included (imaged by TEM).



200 um

Pt-Ir hrot po kolizi s povrchem vorku
KFPP, snimek ze SEM (J. Macl)



Realizace STM na KFPP
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Realizace STM na KFPP

pozition of
PZT tube rotding  thequartz badk
with STM tip  carrousdl monitor plae
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UHYV STM head ASCAN

Carrousel

the cell for cleaning
a tip by electron

bombardment

sample position
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Radkovaci tunelovéa spektroskopie

scanning tunneling spectroscopy -
STS



Radkovaci tunelova spektroskopie - princip
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Radkovaci tunelova spektroskopie - pfiklad

Spectroscopic imaging
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Phys. Rev. B 73, 161302(R) (2006)



STM — co Ize pozorovat - priklady



Co lze pozorovat...

.. atomarni strukturu
.. pohyb atomu po povrchu
.. reakce atomu

... rust objekttu s malou dimenzi (kvantové tecky,
draty a spol.)

.. fazové prechody

.. kvantove jevy



STM

Povrch Si (111)7x7

Phys. Rev. Lett.. 84 2642



Surface Si(100) 2x1

STM imaging
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a) empty state image
b) filled state image (defects of various types visible)



GaAs (100)

GaAs - polovodic¢ budoucnosti :)
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6,4 nm x 8,0 nm napéti na hrotu ~ 3V
- zobrazuje As atomy



Adsorpce kovli na Si povrSich
povrchova rekonstrukce - predloha pro riist nanostruktur
Si(111)-(7x7)

Si{111)-{7x7) DAS model (Takayanagi/Tong)

NATRAT plet

FiG. 30. DAS model of the Si(111)(7 x 7) surface. (z
decreasing heights are indicated by circles of decreasing sizes. (b) Side view. Large open and solid
circles indicate atoms on the (101) plane through the long diagonal across the corner holes.
Smaller open and solid circles are atoms on the next (101) plane. The unfaulted half of the unit cell
is on the right-hand side of the image. [After Takayanagi et al. (1985).]

Current (nA)

Jian-Long Li et al., PRL 88 (2002),66101



Povrchoveé procesy

Basic processes atsurface during film grow th

A, A’- depozice
B - desorpce

C — pfipojeni ke
schodu

D - difuse

D’- difuse podél
schodu

E — pfipojeni k
ostrivku

F — vznik nového
zarodku

G —rozpad
nestabilniho
zarodku

H — odpojeni
atomu od
ostruvku

I — pteskok
atomu ze
schodu dolu

J — skok
atomu nahoru
na schod



...atomarni difuse

Atomy a pary atomd Cu Atomy Ag na Si(111)
na Ag(111), T=16 K T =40 °C

Phys. Rev. Lett.. 93 (2004) 056102



Pt atomy na Pt(110)




Rust objektu s malou dimenzi
— rust krystalu

rast Si(100) krystalu

vyparovadlo

svazek atomu X

snimana
plocha m1 fadkovani
vzorku :

*
o..
-------------------

Bert Voigtlander, Julich



Rust objektu s malou dimenzi
— rust krystalu

rlst Ge vrstvy na

vyparovadlo

svazek atomi
snimana & '
plocha [
vzorku

* %
] H
-IIIIIIII.IIIIIIII.

University of Rome



Rust objektu s malou dimenzi
— rust krystalu

rist Ag kvantovych tecek na
Si(111) - vznik umeélého 2D krystal

vyparovadlo

svazek atomud ;)

T EEEELL

plocha J{FEES "gi‘r’édkovém’
vzorku :
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Rust objektu s malou dimenzi
— rust kvantovych dratu

rast In kvantovych dratd na Si(10(

vyparovadlo

svazek atomu X

snimana
plocha mi fadkovani
vzorku :

*
...
------------------




Jsme omezeni

STM omezeneé ,vidi“ i pod povrch
pfiklad: Mn dopanty v GaAs

001] “"os5 00 05 1.0 1.5
- Sample Voltage (V)

FIG. 1 (color online). (a) Mosaic of three overlapping topo-
graphical images measured at 7 =77 K, on a (110) surface,
with sample-to-tip voltage V,, = + 1.7 V, current /, = 100 pA.
The Be-doped and Mn-doped GaAs layers are clearly identified.
The triangular-shaped and butterflylike images correspond to Be
and Mn dopan[s, respectively. (b) Atomic-resolution image
(V,, =1V, [,=100 pA) showing a few impurity states.
(c) Typical 1,(V,,) and dI,/dV, curves measured at fixed height
in the center of a Mn impurity image.

na povrch’?

FIG. 4 (color online). Bulk impurity cross section (BICS)
(left), simulated STM images (SSTM) (center), and experimental
STM images (right) of a Mn neutral acceptor located n mono-
layers (n = 3 to 5) below the (110) surface. BICS is calculated in
a (110) plane, n atomic planes away from the impurity, and
SSTM 2 A above the surface. SSTM LDOS is multiplied by 10*
with respect to BICS. As (white) and Ga (black) positions on the
surface are indicated.

PRL 101, 196801 (2008)



Manipulace s atomy



Manipulace s atomy




Povrch Cu(111)

Stojaté viny ve dvourozmérneém (2D)
,,elektronovém plynu*

A=1.5 nm (=10 atoms),
amplituda na hran¢ schodu =0.004 nm
T=4K

© M.F. Crommie, C.P. Lutz, D.M. Eigler,
Nature 363, 524-527 (1993)




kvantova ohradka

Vytvoreno atom

po atomu

IBM



Manipulace s atomy

*hrot se priblizi k atomu tak

© & blizko, aby doslo k interakci
*hrot tahne atom za sebou
rsssasas (,,pull mode”) nebo tlaci
@ i pred sebou (,,push mode*)
*obvykle - nizké teploty (L
O] Pulling atom H e)
mmp with tip
@

T
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Univ. of California



Manipulace s jednotlivymi atomy a molekulami

Realizace 12x17 nm

Input X Input ¥ Input Z

L 4

Diky slabé odpudivé interakci mezi molekulami CO na
povrchu Cu(111) Ize tfi molekuly uspofadat do metastabilni
konfigurace. Tato nestabilita uméle vyvolana na konci
molekularni kaskady se muze Sifit na ,velké“ vzdalenosti.




Odbocka — Mooreuv zakon

Mooreuv zakon (1965!) - ,sloZitost souCastek roste s Casem
exponencielné pfi zachovani stejné ceny.”
(Gordon Moore — spoluzakladatel firmy Intel)

Moore’s Law

The Fifth Paradigm Logarithmic Plot

Jak dlouho bude
Mooreuv zakon platit?
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Vyznam dopantu

3D simulace FETu (field effect
transistor) 30x30nm s
nahodné rozmisténymi
dopanty, barva odpovida
elstat. potenciall (Cervena 1
V, modra 0 V). Fluktuace
vlivem dopantu ovliviuji
funkci FETu

se zmensovanim

polovodicovych
soucastek zacCina byt
kazdy jednotlivy dopant
dulezity!

Roy:Where Do the Dopants Go?, Science 309, 388 (2005)



Single atom transistor

Incorporation

| Il
. Si

PH, H

RT 7=350°C

M. Fuechsle et al., Nature Nanotechnology 2012, DOI: 10.1038/NNANO.2012.21



Mikroskopie atomarnich sil

atomic force microscopy - AFM



Mikroskopie atomarnich sil

= AFM (Atomic
Force Microscope)

http://www.nanocraft.de

*princip podobny jako u
STM

*misto tunelového
proudu se vyuziva
atomarnich sil

*napr. pomoci
laserového paprsku se
meri naklon raménka s

hrotem




Photodiode

Piezo
actuator

Princip AFM



> Atomic force microscopy (AFM)

Physical principles:
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Fig. 68. SEM images of AFM tips on rectangular cantilevers [54]
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Fig. 72. AFM image acquisition at constant force
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Fig. 73. AFM image acquisition at constant average distance (constant height)



AFM v dynamickém modu

a Cc i

Schematic illustration of AFM operation 0t

in dynamic mode (a), and of the

onset of the chemical bonding =1

between the outermost tip atom =

and a surface atom (highlighted 9

by the green stick) that gives rise 5 -2t force

to the atomic contrast14, 15 (b). i w'-*—sr':m‘t.-"a??e

However, the tip experiences not 3t ?ro‘:;"fz?c;'ce

only the short-range force PR S & A i

associated with this chemical 1 2 3 45 6 7 8 9

interaction, but also long-range Tip-surface distance (A)

force contributions that arise from
van der Waals and electrostatic
interactions between tip and
surface (though the effect of the
latter is usually minimized through
appropriate choice of the
experimental set-up). ¢, Curves
obtained with analytical
expressions for the van der Waals
force, the short-range chemical
interaction force, and the total
force to illustrate their
dependence on the absolute tip—
surface distance. d—e, Dynamic
force microscopy topographic
images of a single-atomic layer of
Sn (d) and Pb (e) grown,
respectively, over a Si(111)
substrate. At these surfaces, a
small concentration of
substitutional Si defects,
characterized by a diminished
topographic contrast20, is usually
found.

Nature 446, 64-67 (2007)



Our design: The STM / AFM
. W P
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e qPlus sensor

# Piezo sensing of the
cantilever motion

# UHV operation and
sample preparation

# 6 K operation temperature

» cooled preamp

cantilever

tip

scanner

K=

i cantilever

physical model

free oscillation

oscillation in a force gradient: Af'= f/2k, = &,

Simultaneous G(z) and Af(z) measurement
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 CoonPt(111); V=1mV

tiny oscillation Amplitude of 0.25 A
allows combined AFM/STM measurements

v

© IBM

Force images and atomic resolution:

example: Cu,M surface

current image
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Priklad MEFM (magnetic exchange force microscopy)

Figure 1. (a) Atomic force microscopy topography image of about
1.3 atomic layers of Fe deposited on W(001). (b) Line section
showing substrate steps and areas covered by one and two atomic
layers of Fe. (c) Atomic resolution on the Fe monolayer displaying
the p (1 x 1) structural and chemical surface unit cell (Af = =—28.5
Hz). Protrusions represent the positions of Fe atoms. The corruga-
tion amplitude is about 10 pm; cf. line section. (d) Magnetic
exchange force microscopy image of the ¢ (2 x 2) antiferromagnetic
surface unit cell on the Fe ML (Af= —14.8 Hz). Only every second
Fe atom appears as a protrusion. The magnetic corrugation
amplitude is about 10 pm; cf. line section. Parameters for (c) and
(d): ¢ = 32.5 N/m, Ag = 5 nm, f = 156 kHz, Q@ = 24410.



kombinace STM s jinymi technikami
* STM + ab initio vypocty

c(4x2)
Schematicky horni pohled

F—o @
O @@ O
® oo O

Bocni pohled

© Ondrej KrejCi

STM mapy rekonstrukce c(4x2) —
porovnani s experimentem

Experiment, K. Hata et al., 80 K, metoda konstantniho proudu,

SRR SEEGHEEG oo 7
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vysky 5A: ) o
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[6] K. Hata et al., Phys. Rev. B. 64 (2001) 235310.; [7] K. Hata et al., Phys. Rev. B. 60 (1999) 8164.



kombinace STM s jinymi technikami

* STM + LEED (low energy electron diffraction)

preparation + LEED STM

chamber . ghamber

Silsample
- or, crystal

thickness :

' B monitor .

| '] 1

L | 1

| 1

|

'\\ 1

N L | 1

\\ i 1

R 1

i T g
-------

Si sample
heating



Structural changes observed by LEED

LEED - 70 eV
(5%5) — 60 eV
thallium Clean silicon surface
T[' C] 300 350 400 450 500 550 600 650
(Ix1)-T1 | | |
Desorption F - &
o O o S (1,0) . o
0,0, 0,0, i g '
2x1 with faint V3% 3 with 5x5 DAS
.\/3)(\/3 v fa|nt 2x1 pattern

2x1 fading,
V3xV3

becoming
brighter

7x7 DAS
pattern




Structural changes observed by STM

15nm 600°C 25nm 650°C 10 nm

2x1 2x1 coexisting  Mostly v3xv3 Mostly 2x1 5x5 with
reconstruction  with V3xv3 and with some 2x1  stripes missing
with bright 1x1 islands stripes adatoms
shapeless

clusters



TN G'L

RUAR

1N G

kombinace STM s jinymi technikami

* STM + KMC (kinetic Monte Carlo)
(periment

X [nm]
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» Comparison with other methods
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Lattice parameters, long range arrangement of atoms:
STM, AFM cannot be comparable with diffraction methods !

Scanning

Profilometers

Optical Methods

Probe Microscopy —_—"
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STM, AFM
* real space imaging
* local, atomic resolution
* local spectroscopy
STM: tunneling electrons — LDOS, CITS;
AFM: force — chemical information
* Non destructive methods
* Manipulation with surface atoms (STM,
AFM)
and simultaneous surface imaging
* exclusively surface sensitive
* experimentally difficult
* HRTEM - atomic resolution in phase space

* LEEM - atomic step resolution
* FIM — atomic resolution, sample in a shape of a tip
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