Wiederholung Diffusion

o KT (Arrhenius)
- Random Walk / Lattice Gas / ‘on site’

» Fick’s laws

 Diffusion affected by cooperativity
» Atomistic Mechanisms

» Elektromigration / Stark Effect

Repetition PEEM / LEEM

* Magnetic domains

» Slow electrons (surface/interface sensitivity)

* PEEM with soft X-rays as source (XMCD image)
» Polarized X-ray source

* PEEM with slow electrons as source

* Research example nanocrystals

SWISS © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010
NANDeciENCE Nanolab, Uni Basel
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Repetition XAS, NEXAFS, XMCD

* Near Edge X-ray Absorption Fine Structure
. reflects density of unoccupied states
» Absorption processes and decay (soft X-rays)

« Sampling depths (total electron yield, secondary,
Auger, Fluorescence)

« Multiplet structure (chemical, electronic sensitivity)
e XMCD (sum rules)
 XMLD

» Magnetism (spin and orbital moment,
magnetocrystalline anisotropy)

H SWISS © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 W
NANOSCIENCE

INSTITUTE Nanolab, Uni Basel

Experimental Techniques
1) Direct observation:

- Field ion microscopy (FIM)
- “image-anneal-image” technique

- Limited to refractory or noble metal surfaces

Control voltages for phezotube

+ Scanning tunneling microscopy (STM)
-> “image-while-hot” technique

Tunneling Distance control
& curent amplifier  and scanning unit

Piazoslectric tube
with electrodes

- STM “movies” can be recorded

(at 0.01-1 frames per second)

5/6/2013



Experimental Techniques

= Scanning tunneling microscopy (STM) = “atom-tracking” technigue

- STM tip locked onto an adparticle by 2D lateral feedback
- Example: Si on Si{100) (Swartzentruber, PRL 1996)

-0 [+]

5
XiR)

- Electric fields from the STM tip influence surface diffusion!

Experimental Techniques

2) Profile evolution method:

« Smearing of a sharp initial concentration profile is monitored

- Initial profile deposited using a mask
-AES, SIMS, SEM or local worlk-function. ..
- D(®) can be evaluated

* Example: Dy on Mo(112) (Loburets et al., S5 1998)

o t=0 =
o t=800s § s Dy-Mo(112)
s t=4860s o :
% t=12600s o :
78
-

0.8

&)
06

04

Dy-Mo(112)
T=750 K &
5 b,
02 : 725K
o i cl2x2)
A P ol
Y G —
o0 > 04 06 08 y 06
) X 00 02 04 06
©

10 08 056 04 02 00 0
> X(rmm)
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Experimental Techniques
3) “Capillarity” techniques:

« A surface is perturbed from its lowest energy configuration...
... and allowed to relax via diffusion

» Relaxation rate = Coefficient of diffusion

« For a sinusoidal profile (Mullins, JAP 1999):

surface diffusion

A u

2 1 i
A1) = Aoexp{——w”"v (2_7:] r] 4

kT
= Lufx)

e A VAT,

v = surface tension; V = atomic volume; n, = surface density

H

Experimental Techniques

4) Island growth techniques:

« Number density of islands after submonolayer deposition js monitored
« Example: Fe on Fe{100) (Stroscio et al., PRL 1993)

@ W 121 e 13

X - - . deposition rate
SN S . 1/3
Temperature (C) N o [ J

101

hopping rate

1012

Iiland Density mm'z}

1o

1.5 2.0 2.5 3.0 3s
1000/ Temperature (K')
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Further Reading

« K. Qura et al., Surface Science, Springer 2003, chapter 13
* A.G. Naumovets & Yu.S. Vedula, Surf. Sci. Rep. 4 (1985) 365
* R. Gomer, Rep. Prog. Phys. 53 (1990) 917

» G.L. Kellogg, Surf. Sci. Rep. 21 (1994) 1

Surface Physics 2010

Growth of Thin Films

T

N
FaN

Lecturer: Dr. Enrico Gnecco

NCCR Nanoscale Science
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Growth Modes

(@
[ »=55a e asa

R0,
R0,

(b)
e —

-
DR,

(a) Layer-by-layer or Frank-van der Merve mode = 2D islands
(b} Island or Vollmer-Weber mode = 3D islands
(c) Layer plus island or Stranski-Krastanov mode = 2D layer + 3D islands

‘Physical’ Self Assembly of e.g. Nanowires

Equilibrium Growth m Nonequilibrium Growth

F. Himpsel, Th. Jung et al.
MRS Bulletin 24, 20--24 (1999).

ANNNO
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Growth Modes

- Surface tension@: work required to build a surface of unit area

(= force per unit length)

Ys =Vsp TYpCOSQ

- Island growth: >0 2> Ys <Ysr +Vr
- Layer-by-layer growth: ¢ =0 > Y5 2Yer +Yr

Growth Modes

- Exp: Monitor Auger signals from film and substrate while depositing...

2 N lus sl e \
\ layer by layer % layer plus island isthnd Sl
E SO | i F + i
g §
§
% s F
F

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

2 b Coverage ©, ML ©




Island Number Density

» Nucleation and growth on surfaces:

re-evaporation dire.ct
; b impingement
arrival critical ping
cluster,
size | adatom capture

l surface diffusion nucleation

Q OO 0D~ 000~ Q00000
Eags — Ean el =

- Diffusion coefficient: D= Lexp o
4, kT

- Residence time: T, =—exp —
v kT

» Critical island size@) minimal size when the addition of one atom makes the

island stable

Island Number Density

» Capture and decay processes — cluster size

G;j.4Dnj_yny a;Dn;ny
_f-'l /_‘\ j /‘_-\ ]"’1
W W Wl o
&n 8j+1Nj 41

171

» Rate equations:

adatom density SRR AT e T
gj@/' ‘Enl i {282”'2 i Z 5,n,— 20, D — ZG’D%].
ads = e stable clusters

deposition rate
Tj; =nc,_Dn_ —dn +3 n, —nc Dn
dn,

p =nG,Dn, —— stable clusters

5/6/2013



Island Number Density

» Numerical solution for@without re-evaporation (Amar, Family and Lam,
PRB 1994):

-2
10? gy

LRRLLL Ema L

10 1

IRl B UL

10

L I A

10® FETITT BTSN FUTTIT A AN T B AN TT] | BTSN RETT
10" 10° 10 10" 10°
]

» Four coverage regimes are found

Island Number Density

(1) Low-coverage nucleation regime: nn, >> n,
- In such case:
n, o< © n, o< ®’

When n, ~ n; 2 (2) Intermediate-coverage regime
- In such case:

nl o @ /3 n.‘_ o @]."3
When mean island separation ~ mean free path of adatoms
-(3) Aggregation regime (® ~ 0.1-0.4 ML)

When the island join together
—>(4) Coalescence and percolation regime

5/6/2013



Island Number Density

= Saturation density (Venables et al., 1984):

X binding energy
|
@ <] of critical cluster
ik, +1Z:.]
n, = .'101'[(@.:')[ﬂ ’ I cxp{ S
Volly (i+2)kgT N(O\,i)~0.1-1

+ Example: Cu on Ni(100) (Muller et al., PRB 1996)

Temperature, K e ey T .
400 2% 160 125 100 o
CuNi(100 e e 310°F S
10+ : ‘{‘ post-nucieation ] 10 ) ,.i-,u “}/""
s | P 1 § = T=215K »3-"/ )
< 109 A 10§ S 210 X=0324001 1 /
E E ¥ 5 & i=1 rd
3 4 : g I LT A 1=345K
o* ] ) - =
Pop 1@ ] 5 ,? X=0.5840.02
; i 110°LE" i=3
100 104 -Ff L : “‘l&'/ :
2 7 . T 10* ) 10° e

Deposition rate R, ML/s

Island Shape

- At low T (slow edge diffusion): ramified islands

« Diffusion-limited-aggregation (DLA) model (Witten & Sander, PRL 1981):

# Cemstants

- Adatoms stick at islands
- Fractal shape
- Branch thickness ~ 1 atom

- No influence of lattice geometry

* In real growth (STM experiments): - Fractal shape

- Branch thickness > 1 atom

- Influence of lattice geometry

5/6/2013
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Island Shape

* Example: Pt/Pt(111) (Hohage et al., PRL 1996)

- Branch thickness ~ 4 atoms

- Trigonal symmetry

- Higher coordination is preferred

Island Shape

« At higher T: compact islands
» Example: Pt/Pt(111) (Bott et al., PRL 1992)

300 K

« The equilibrium shape is hexagonal:

(deposition at 425 K + annealing at 700 K)

5/6/2013
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Island Shape

= 2D Wulff theorem: In a 2D crystal at equilibrium, the distances of the borders
from the crystal center are proportional to their free energy per unit length

A

’ B
Irel _ s _
| = 75 = 087£0.02

= For Pt(111);: B/A~ 0.87

Island Size Distribution

« Island size distribution depends on:
- Critical island size
- Coverage
- Substrate structure

- “Coarsening” (at high ®)

= From scaling theory (Amar et al., PRB 1994):

f

Nis, 6) (128

= Comparing with experimental results

- critical island size

5/6/2013
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Island Size Distribution

« Example: Fe on Fe(100) (Stroscio et al., PRL1993, Amar et al., PRB 1994)

4100 [T T T T B0 T T T T

] %m0 Folfa(i0) . 629K W
310 3 ] 2 A\ 4
= J\ll 293 K /N
Hant [ | andl / % |
ral T ["Bl { 1
Id ¥ N
I 0re 405 K | %
nu‘L i c\a. ABDK 1 v’ ; 5 1
a‘g"i’ o fea o},/ \\
0 _'_'_&Uﬂ AL LS I 0l o
S0 50 100 150 200 250 [ 500 1000 1500 2000
a Island size 5, sloms b Island size &, atoms
141 ’ | ! 141 : : )
i 293 K el °|.6\° 629 K
: . 405 K = ! HER
: " 480 K I.-' 5,
508 o £ = 08 ¢ | .
q | k
o4l g.é L sl ¥ \
o f of b \
SR % vl of X 1
e AT I ke Schb (\LQLI_IA_.._
0 0S5 T T 00w A 15 2 25
c 8/{g) d s/{g}

Coarsening Phenomena

O0-CO

- At 0.1 ML coverage: dynamic coalescence (Smoluchowski ripening)

1) Coalescence:

- At 0.4-0.5 ML. statlic coalescence

- Higher coverages - percolation growth (- change of physical properties!)

5/6/2013
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Coarsening Phenomena

2) (Ostwald) Ripening:

0.. g
[y

- Chemical potential of a circular island:

n(ryoc L
.

Reducing free energy = net flow from smaller to larger islands!

Magic Islands
« Ga on Si(111)V¥3xv3 (Lai & Wang, PRL 1998):

Ga/ Si(111)V3xV3

RTII1

10
Istand size, atoms

Isdand sue, HUC

Formation of a new row - high energy cost!

5/6/2013
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Vacancy Islands

= lon bombardment > formation of vacancy islands

+ Analogies with adatom islands

t=0s t=20s

A0 nm

Vacancy Islands

+» Electron bombardment on insulating surfaces (Bennewitz et al., SS 2001):

KBr(100)

- Irradiation with 1 keV electrons at 130 2C

- Rectangular pits with area of 1x1 nm? up to 30x30 nm?

-1 ML deep (0.33 nm)

5/6/2013
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Vacancy Islands

« Vacancy islands can be used as molecular traps (Nony et al., NL 2004)

Kinetic Effects in Homoepitaxy

» Thermodynamics = Layer-by-layer growth but...

= Kinetic processes = Other growth modes are possible!

Layer-by-layer growth Muttlayer arowth

B =0M

@=05M

B =10ML

L @=15m

» Interlayer mass transport:

AEgsT 7
Ehrlich-Schwébel barrier

5/6/2013
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Kinetic Effects in Homoepitaxy

» Deposition rate and Temperature are important!

« Growth mode diagram {Bosenteld et al., 1997):

Layer-by-layer

Multilayer A giewn

30 growth

Step-flow
growth

Temperature

Strain Effects in Heteroepitaxy

+ Heteroepitaxy growth modes:

Lattice-matched Pseudomorphic Dislocated

« Lattice misfit = elastic strain and dislocations

+ Pseudomorphic growth below critical misfit and film thickness

5/6/2013
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Strain Effects in Heteroepitaxy

* Heteropitaxy on insulating surfaces (Maier et al., PRB 2007):

| 6 KBr | 3.95nm I

KBr W

NaCl cp-o-m-o-o-dro-o-o-o—n-qr

]
7 NaCl

* A “Moiré pattern” appears (also in the substrate?)

Molecular Beam Epitaxy

LHY Substrate heater

RHEED Substrate R
qun || screen
Shutters \Q %
= —
Liquid N,
—
Effusion cells

Cryopanel

» Used both in research and in semiconductor device fabrications

5/6/2013
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Molecular Beam Epitaxy

« The growth process can be monitored by RHEED:

Ga shutler open

f

Ga shutter closed

{

Intensity, a.u

0 5 10 15 20 25
Time, s

Solid Phase Epitaxy

« Amorphous film deposited at low T and then crystallized upon heating at high T
* Lower crystallinity than MBE

« Used in semiconductor industry

Chemical Beam Epitaxy

+ Growth by surface chemical reactions
* High temperature required

« High grow rate and cristallinity

5/6/2013
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Surfactant-Mediated Growth

= Impurity (surfactant) - different growth mode!

= Surfactant can be either segregated or trapped

= Example: Ge on Si{111) (Zahl et al., APA 1999)
- Bare surface - Stranski-Krastanov mode

- With surfactant (Sb) - Layer-by-layer mode

Ge/Si(111)  Sb surfactant

GefSi(111)  no surfactant

Further Reading

« K. Qura et al., Surface Science, Springer 2003, chapter 14
« J.A. Venables et al., Rep. Prog. Phys. 47 (1984) 399

+ H. Brune, Surf. Sci. Rep. 31 (1998) 121

20
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Local Probes and Experiments I:

Scanning Tunneling Microscopy (STM)
Inelastic Tunneling and
Scanning Tunneling Spectroscopy (STS)

Prof. Dr. Silvia Schintke & Prof. Dr. Thomas A. Jung
he|g_vd PAUL SCHERRER INSTITUT

Haute Ecole d'Ingénierie et de Gestion

du Canton de Vaud Ny |
E; -
N

SN
H © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 W
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surface analysis @ nanoscale
- scanning probe methods (STM/AFM)
- working principle of STM
- tunnel current
- examples and image interpretation
- scanning tunneling spectroscopy (STS)
- local electronic structure

STM image: self-assembled
molecular layer
Nanolab, Uni Basel

surface modifications @ nanoscale
- manipulation of atoms or adsorbates
- nanoindentation

SN
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Motivation
* Miniaturization / Technology
» Study of material properties at small dimensions
=> research on ultrathin insulator layers & organic molecules
(building blocks for devices)

» applications
— OLED displays (Organic Light Emitting Diode)
— future molecular electronics
— catalysts

e fundamental interest
— electronic structure
— molecular interactions
— chemical reactivities

& SWISS © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 N)
NANOSCIENCE
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. Al
Microscopes 2003
For the visualisation of millimeter to nanometer structures . S
Light Microscope Electron Microscope Scanning Probe Microscope
(SEM) (SPM)
since about 1750 since about 1955 since about 1981
— &
Ordinateur

~1nm = 1mm/1000000

. . - = Local probe piezo-scan
geometric optics e beam raster-scan p p

! resolution 5 nm resolution 0.1 nm
resolution about 500 nm secondary electron countin 3D map of surface
Light-Intensity contrast Y 9

projection image

& SWISS © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 N)
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xyz-Piczo-Scanner

T

Hochspannungs-
Versttirker

(high voltage
amplificr)

Spitee
(probing tip) Regler

(leed-back)

Probe (sample)

Ein Regler hiilt den Tunnelstrom (=pA-nA) awischen Spitze und Probe konstant. Es werden Kontouren
konstanten Tunnclstroms abgerastent,

w‘ N I
Swiss © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M
NANOSCIENCE
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Scanning Tunneling Microscopy lﬁu;;..,\
Computer
& control
electronic

~1 mm ~0.1 nm = 1mm/10 000 000

E M‘P

CuOEP on Cu(111) (averaged image)
3.0nm x 3.0nm, U=-0.55V, | =24 pA
L.Ramoino, S.Schintke et al., to be published

SWIsS © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M
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Atomic Force Microscope (AFM)

Laser

Cantilever

1 micrometer

&S N | 50 micrometer
%ﬁﬁf*ff © Prof. Dr. S. Schintke, HE,\IIE;‘\(/?IIZ;& B;c:fBESrJA Jung, PSI, 27/04/2010 N)
X
Image acqwsmon (Constant current Images) .

= = control voltages for piezotube

o W

a9

=29

- Q

© s

T3

-

ik KY
] _f_ tunneling

; ] current distance control
a

amplifier and scanning unit

data processing
‘\‘ and display
N
tunneling
voltage

® Michael Schmid
How an STM works ... Insttot 1. Algerneioe Phask

TU Wien 1997-2002
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Piezo unit and tip displacement

a) macroscopic scale; b) atomic scale:
z =

tunneling < _
voltage scanning tip atoms
direction
®
tungsten tip currentd |

sample atoms @

SN
“ © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 N)
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sl
History of Scanning Tunneling Microscopy o,
e 1979-1981 Development at IBM Zirich

G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel,

Appl. Phys. Lett 40 (1982), Phys. Rev. Lett. 49, 57 (1982)
» 1986 Nobel prize of Physics for Gerd Binnig and Heinrich Rohrer

The soccer ball team of the IBM research lab; 15 October 1986
C. Julian Chen: Introduction to Scanning Tunneling Microscopy;

S N I Original photo: Blick
Swss © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M\()
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x|/

The first Scanning Tunneling Microscope .

1981 development at
IBM Rischlikon, Switzerland

/,,__\j\\\

G. Binnig and H. Rohrer
Nobelprize for physics 1986

w‘ N I
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The « Nanolab » at the University of Basel S,

space for
the sample

w‘ N I
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. . [] A
Les composants principaux d'un STM i,
Ordinateur
~1 mm ~ 0.1 nm = 1mm/10 000 000
Composants principaux:
Main: sonde locale => pointe métallique, fine
Bras: balayage => actuateur piézoelectrique
Cerveau: régulation & enrégistrement => électronique de régulation & ordinateur
w %ﬁ?ﬂli\“ © Prof. Dr. S. Schintke, HE;L?;.Y,ES Bl;‘c:fsi)sre;l'A Jung, PSI, 27/04/2010 m
|/
Quantum Mechanic Tunneling 0,

Potentialwall
a——y /U
Klassisches
Modell E
‘ r(j
Potentialwall
Quanten- /U
mechanisches
Modell E
; -

pEN

SWiss © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 W
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Tunneleffekt .. iy

Schon zu Beginn der Quantenmechanik wurde der Tunneleffekt vorausgesagt. Der Uberlapp
der Wellenfunktionen fuhrt zu einer Transmission von Elektronen durch ein klassisch
verbotenenes Gebiet, Zwischen zwei Metallen, die durch Vakuum oder ein Oxid getrennt
sind, fliesst ein Tunnelstrom.

[

w‘ N I
Swiss © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M
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Tunneleffekt >

= f(U)exp(— Ao S) Metall 1

1. Frenkel, Phys. Rev. B 36, 1604 (1930)
Isolator
I: Tunnelstrom SO Vs
U Extern angelegte Spannung
s: Distanz zwischen Probe und Spitze
¢ BarrierenhOhe

. . Metall 2
0=01% @ . ¢, Austrittsarbeiten von Metall 1 und Metall 2
2
Pm
2m
A=2 15T =105 AtV
0

f (U): Funktion der elektronischen Struktur von Probe und Spitze
Fiir freie Elektronen f(U)~ U

Der Tunnelstrom hiingt exponentiell vom Abstand s ab. Fiir typische Austrittsarbeiten von
¢=4.5eV iindert sich der Strom etwa um eine Grossenordung, wenn die Distanz um 1A verindert wird.
Historisch wurde zuerst das Oxidtunneln realisiert. Erst mit dem STM konnte Vakuumtunneln beobachtet
werden.
>N |
w Swss © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M\()
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Tunnelstrom <

n 2

; ;i
Displacement of W- Tip [ioiv = 14]

Exponentieller Abfall des Tunnelstromes mit dem Abstand
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Nanosurf AG, Liestal
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- 3 3 3 L mm
Tunnel Current - simple approximation o
Tip
Sample Sample
Tunnel
Current

Energy STM - Nanolab Uni Basel

Er

p Sample p Tip

T u \J [

~ —eoV/Dd
]t = C - Ubias e space for
the sample

SWiss © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M
AR ENCE Nanolab, Uni Basel

»c T
ez

Measurement modes: constant current vs constant height a

at each position (x,y)
record signal:

tip displacement in
z direction

A

at each position (x,y)
record signal:
tunnel current |,

w‘ N I
SWIsS © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M
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...................................................................... e
tip
7] “One atom
o |
surface wins

Animations: H. Hidber, University of Basel

SN
H S © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 W
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s
La « main » et le « bras » N
...................................................................... .o“‘“
pointe
7] “Un atome
surface gagne !”

Animations: H. Hidber, Université de Bdle

SN
H © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 W
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The Piezo Scanner

i
ccccc

E-field modifies
X-tal structure
and elongation

w sles 22 O to +£2:Q Mﬂke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M
m\sr:_%cTIENEE Nanolab, Uni Basel

The Piezo Scanner

i
ccccc

contracted !

. E slwlsls 22 O to +£‘2Q M‘l(ke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M
erENCE Nanolab, Uni Basel
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The Piezo Scanner

Piezo-Cristal

extended !

|
||
DC voltage
&S -N':?:;ZO to +2 20 VO It IG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010

wanolab, Uni Basel

NNNO

XYZ — scan unit

© Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010
Nanolab, Uni Basel

&S NI Precision: 1 pm

NNNO
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SWIsS
NANOSCIENCE

Piezo scan unit

INSTITUTE

Z Positioner
Y scanner
X
X scanner +X
& ¥ =
) z-motion
tripod scanner tube scanner
TR beetle type STM
Sample

© Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010
Nanolab, Uni Basel

x,y -motion

NNNO

PN

SWIsS
NANOSCIENCE
INSTITUTE

Animation: IBM

© Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010
Nanolab, Uni Basel

NNNO
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Advantages of UHV and low temperature VI

unbbge

Reinheit der Probenoberflachen
Praparation der Kristalloberflache und Messung
im Ultrahochvakuum (UHV) (p<10"* mbar)

Schwingungsdéampfung

- STM auf pneumatisch gelagertem massiven Rahmen

- STM Mess-Station mit Faltenbalg schwingungsisoliert

- Schallschutzkammer um Gesamtanlage wahrend der Messungen

Stabilitat atomarer Strukturen

Messung bei Tieftemperatur

=> reduzierte Beweglichkeit von Atomen und Molekilen auf der Oberflache
T=50K (fester Stickstoff)

T=5K (flissiges Helium)
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Tunnel Current

Tip

Sample Sample
Tunnel
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urren STM - Nanolab Uni Basel
Energy
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Tunnel Current in STM o
tip sample
O

Evac <
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Tunneling current: 0o~ U Py Pgixy) €19 (Tersoff and Hamann)
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=> sensitivity to local electronic structure of the sample

Scanning Tunneling Current

E\-’ac
b, Evac
EF ' el ‘bﬁ
Er
-—
P d
; tip — —*n

sample

Bardeen approximation PRL 6, 57 (1961)
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STM Application

for

Surface Analysis

and

Surface Material Science & Engineering
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Atomic resolution
Metals

steps of monatomic height atomic resolution
(raw data on Ag(111))
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Foutput: 0.1 2nm

a
N I 1.421A
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Atomic Resolution Images on HOPG i,

STM image raw data of HOPG
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scan size: 4 nm

From the lattice model of graphite one

can see that there are two different
positions of the carbon atoms in the
graphite crystal lattice (see e.g. R.C. Tatar)
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Semiconductors: Silicon R
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Ultrathin insulators
MgO/Ag(001): Insulator at the limit

STS 1 MLMgO/Ag(001)

010
0101 < 100)

—
20 nm E
Scan Profile — s
A -é-5-4-3-210123
[\ [021nm
[ae ) 1 A
Jand ~ [ \ [
1t layer MgO L )
A 3
[0.21nm A s
3rd <
L [ 2w
L L - | 1st layer MgO
0 50 100 150 200

lateral tip displacement (nm)

S. Schintke et al., Insulator at the ultrathin limit: MgO on Ag(001), Phys. Rev. Lett. 87, 276801 (2001)
S. Schintke and W.-D. Schneider, Insulators at the Ultrathin Limit: Electronic Structure studied by Scanning
Tunneling Microscopy and Scanning Tunneling Spectroscopy, J. Phys.: Condens. Matter 16, R49-R81 (2004)
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NaCl on Ag(111) i NaCl on Ag(111) 200 nm x 200 nm

1.25 um x 1.25 um U=4.0V,1=15pA

atomic resolution: one

type of the ions is imaged

NaCl on Cu(111) (100]
5nm x 5nm .
SN U=-15V,50 pA r a,=5.65A
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NaCl/metal Atomic Resolution

= 7

NaCl on Ag(001) Average

14.5x14.5nm 3.4 x34nm ® ®

U=1.24V, 40 pA 1

P L L (10] L ]
surface periodicity | corresponding 3D lattice | relaxation ®
constant [0‘ 0]
Cu(111) 3.88 A 5.49 A —3% 4 (170
Ag(111) 301 A 5.53 A —9Y%
Ag(001) 3.76 A 532 A —6% >
(100]
a,=5.65 A
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CuOEP Self-Assembly on Salt 7k

B Epitaxy Matrix

model experiment

V) 14.6 A 143+ 03A
v | 135A | 135+03A -
0 68.2° 69.0 = 1° 15x15nm, U=-0.25V, 1 =81 pA
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Towards Molecular Electronics -

Molecules

Insulator

Metal
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Oxygen on Ag(001):

molecular superstructures; far- ranged dissociation

o

Atoms:

S. Schintke, S. Messerli et al., J. Chem. Phys. 114, 4206 (2001)
Molecules:

S. Messerli, S. Schintke et al., Chem. Phys. Lett. 328, 330 (2000).
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Oxygen/Ag(001)

nearest
neighbars.

2 4 6 8 10 12
interatomic distance (nm)

0 2 4 6 8 10 12
interatomic distance (nm)
Fig. 3.1 Left: Pairing of oxygen atoms on Ag(001) at different

coverages observed in STM images (50 K).

N

WSS
NANOSCIENCE

Nanolab, Uni Basel

Right: Distribution of interatomic distances analysed from STM data.

S. Schintke, S. Messerli, K. Morgenstern, J. Nieminen, and W.-D. Schneider, Journal of Chemical
Physics 114, 4206-4209 (2001)

© Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010
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Fig. 3.2: Binding sites of oxygen atoms.
Top: experimental STM data (50 K). Bottom:
Calculated STM images a) hollow site, b)
on-top site, c) bridge site.
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Self-intermixed monolayer

Scan range 4.3nm x 3.2nm. V,;,;=1.3V, I,=20pA. Scan range 17nm x 25nm. V,;,;=1.3V, [;=20pA.

M. de Wild et al., ChemPhysChem 10, 181 (2002)
M. de Wild et al., Chimia 10, 56 (2002)
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Further STM images from research

www.nccr-nano.ch (Uni Basel)
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¥:Z Artefact: Double Tip Effect

~ 49Bnm

©2006 Nanosurf AG Nanosurf AG - Smart Instruments for Nanoscience & Nanotechnology
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2. STM beyond imaging

- STM a tool for nanofabrication:
Adsorbate manipulation

- STM a local spectroscopy tool:
Scanning Tunneling Spectroscopy (STS)
Inelastic Tunneling Spectroscopy (IETS)
Local Photonemission spectroscopy

. E SWN.SS I © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 M
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« Nanotool »: STM-Tip

Materials: Tungsten (W), Iridium (Ir), Platinum-Iridium (Pt-Ir), Gold (Au),...
e.g. cut or electrochemically etched

Pt-Ir-tip

Matterhorn (“tip”) Pingpong-ball (“atom”)

tip
n “One atom wins !”
lasaasasssasnsasaaaasaa’a'al
surface

W-ti
Scanning electron micrographe of an STM tip
(Hamann, Hietschold, Rastertunnelmikroskopie)
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Tip-sample interaction

E)PU” —a— b}PUSh —y—
— — —

o & g

Low-temperature manipulation of Ag atoms and clusters on a Ag(110) surface,
J.T. Li, W.-D.Schneider, and R. Berndt, Appl. Phys. A, 66, 575 (1998).
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e
Tip-sample interaction 5

Diagonal Ag adatom motion along
[1-11] direction (atom exchange)

{110 )Face centered cubsc (fec)

Low-temperature manipulation of Ag atoms and clusters on a Ag(110) surface,
J.T. Li, W.-D.Schneider, and R. Berndt, Appl. Phys. A, 66, 575 (1998).
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Adsorbate manipulation by STM

Bewegen eines Atoms

A
i > -
/ﬁ\\ hf\\
\n,_,/f \_Jf/l
Aufnehmen des Atoms Absetzen des Atoms
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Animation: H.Hidber

Animations: H. Hidber, Université de Bdle
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Reversible 2D Phase Transition controlled by the STM tip

sublimation
(negative sample
bias U=-1.2V)

nucleation

o
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/ 1=10pA, U=1.2V

Controlled phase transition 2D fluid <=> 2D solid
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