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The Scale of Things - Nanometers and More
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Nanoscale electronics

Building blocks: atomic clusters, molecules & atoms




Scanning Probe Microscopy

STM

Copyright © NT-MDT, 2002 www.ntmdt.com

O tunneling current occurs at
very short distances when
the voltage is applied
between the probe and the
sample

Q provides atomic resolution
of surfaces & their electronic
structure

(‘,\J\:. @_\ Analogy of gramophone

dAFM

O oscillating probe contacting
(“touching”) the surface changing
oscillation frequency/amplitude

0 point to point differences in
oscillation frequency/amplitude
make an image contrast.
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Basic

AFM
A constant force
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Birth of STM

G. Binning et al, Phys. Rev. Lett. 49, 57-61 (1982)

Surface Studies by Scanning Tunneling Microscopy

G. Binning, H. Rohrer, Ch. Gerber, and E. Weibel
IBM Zuvrich Reseavch Labovratory, 8803 Riischlikon-ZH, Switzevland
(Received 30 April 1982)

Au(110) surface

Sememm—————

b

Nobel Prize for Physics 1986:
G. Binnig and H. Rohrer

7 X7 Reconstruction on Si(111) Resolved in Real Space
G. Binning et al, Phys. Rev. Lett. 50, 120-123 (1983)




Mechanism of STM: tunneling

exponential decay in the barrier
\/ 2me(¢—E)

¥(r) = P(0) exp(—kr) K="

probability to find e- behind the barrier

w(r) = [(r)]* = [¥(0)[* exp(—2xr)
current proportional to the probability

I~ Y [(0)2 exp(—2kr)

PDOS: P(z,w) = %ZEn ’wn(Z)P

the current depends exponentially on distance -> key for the atomic resolution

I =~ Vps(0, Er) exp(—2kd) =~ Vp4(0, Er) exp(—1.0251/¢d)




Atomic scale images

Au(110) surface Si(111)-(7x7) surface O/Ru(0001) & O/Pd(111)

[170)

C. Binning et al, Phys. Rev. Lett. 47, 57
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P.C. Snijder et al, Phys. Rev. B 72, 125343 (2005) F. Calleja et al, Phys. Rev. Lett. 92, 206101 (2004)

J.M. Blanco et al Phys. Rev. B 71, 113402 (2005)
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Elastic specfroscopy: PDOS

N.D. Lang Phys. Rev. B 34 5947 (1986
R.M. Feenstra et al Surf. Sci 181, 295 (1987)

* Current-imaging-tunneling spectroscopy (CE}I’S)
* lock-in techniques (constant height mode) v ~ ps(Ep +eV)

Tunneling
spectroscopy
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Imaging molecular orbitals

L. Gross et al, Science 325, 1110 (2009)
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Spin polarized STM

Spin resolution on atomic scale
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A. A. Khajetoorians et al, Science 332, 1062 (2011)




Atomic Manipulation
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Lateral Manipulation

L. Bartles et al, PRL 79, 697 (1997)

* pushing (1), pulling (2) & sliding (3)modes
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Vertical Manipulation

* induced by
— electric field

— inelastic tunneling processes
— mechanical contact

Site Specific Displacement of Si Adatoms on Si(111)-(7x7)

Single Atom Reversible Displacement

Reversible Displacement by Tunneling Electrons
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B.C. Stipe et al, Phys. Rev. Lett. 79, 4397 (1997).




Inelastic electron spectroscopy

Interaction between electron and vibration modes opens new transmission channels

Adiabatic
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Dissociation by inelastic current

B.C. Stipe et al Phys. Rev. Lett. 78, 4410 (1997).

Dissociation by Tunneling Electrons onolf SRS ;;/
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Chemistry by STM

Complex chemical (Ullman) reaction Hydrogenation of a Single Molecule
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S. W. Hla, et al. Phys.Rev.Lett 85, 2777 (2000)
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Molecular imaging/switching by
means of STM

imaging molecular states hydrogen switching by tunelling current
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P. Liljeroth et al, Science 317, 1203 (2007)
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DNA sequencing using current

The tunneling current senses different DNA base pairs when functionalized tip used
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S. Lindsay, et al. Recognition tunneling. Nanotechnology 21, 262001 (2010).
S.Huang, et al, Nature Nanotechnology 2010, 5, 868-873 (2010).



STM & Astronomy

PAHs and related species can be efficiently produced on the surface of SiC grains upon
high-temperature exposure to atomi

-~ s . '->\ S T h
5 3 T RO L R

: 'Si depletion, \\\ HydrogeMation,
>._ graphitization  G/SiC to G/H/SIC , desorption,

* in circumstellar environments, nucleation
SiC grains are covered by a e iy
graphene layer eogint
* H-etching under UHV conditions

disrupts graphene

P. Merino et al (submitted)



STM & Quantum phenomena

SPM is not only based on quantum phenomena but it also provides the direct
access to nanoscale where quantum phenomena emerge.

Quantum
Quantum corrals

M. FE Crommie et al Nature 363, 524 (1993).
H. C. Manoharan et al Nature 403, 512 (2000).
Ch. Moon et al Nature Physics 4, 454 - 458 (2008)
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1986: birth of AFM

VOLUME 56, NUMBER 9 PHYSICAL REVIEW LETTERS 3 MARCH 1986

Atomic Force Microscope
G. Binnig'*) and C. F. Quate'®’
Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305
and

Ch. Gerber'®

IBM San Jose Research Laboratory, San Jose, California 95193
(Received S December 1985)
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Main obstacles of dAFM

Experimenial paramerers

* jump-to-contact instabili

B N N P P .y = Thei spring| constani of the canfilever K

TABLE 1. Operatng parameters of vanous FM-AFM experiments: *, carly experiments wath nearly atomic resolution, experi-
) large b‘ ments with standard parameters (classic NC-AFM) on serconductors, metals, and insulators; %, small-amplitude expenments;

== nternal cantlever dampang caleulated from AR~ 2w E£/(Q. Whea  is not guoted in the ongmal publication, a Q value of
— attr

" )£ Af A T kA J 1 AR,
.| Year N'm  kHz Hz nm INym  aN  keV eV** Sample Ref.
¥ Iarge S|‘ 1994* 25 600 16 5.0 .26 308 18 006 KCI(0o1) Gaessabl and Trafas (1994)
1694% 25 600 32 33 029 825 0.1 0.4 Si(111) Giessibl (1994)
— weaqa - 170 1140 0 30 663 S 6l 14 Si(111) Giessibl (1995)
1595 43.0 2760 60 S0 756 1720 21§ 27 Si(111) Kitamura and Iwatsuks (1995)
Wea 1595 340 1510 6 200 391 680 42 S InP{110) Sugawara ef al. (1995)
1996 235 1530 70 190 288 447 27 33 Si(111) Liithi er al. (1996)
. 1596 330 2640 670 4.0 236 132 12 145 $1(001) Kitamura and Iwatsuks (199)
non-mol ... 100 2900 95 100 342 100 31 0.4 Si(111) Giithner (1996) )
BAE N 300 1680 80 130 219 3% 16 2 NaCl(Do1) Bammerhn er al. (1997) 1l G
— mor‘ pRL N 280 200 8 150 1579 420 20 25 1MoO,(110) Fukut er al. (1997) i
Wy 1.0 1720 10 16.0 4. 634 i3 4 Si(111) Sugawara e al. (1997) .
K 1699 350 1600 -63 88 -101 338 10 14 HOPG(0001) Allers ef al. (19%9a) — amp':t”de
o Xy exp{-cons g9 360 1600 -60S 127 181 457 18 23 InAs(110) Schwarz et al (1999) regulator
e 1696 360 1600 2 94 98 338 10 1.2 Xe(111) Allers er al. (19%9b) r
P PR 274 1823 1 114 22 312 11 R Ag(111) Munobe et al (199%) demo-
2000 28.6 155.7 3 5.0 4. 143 22 DS Si(111) Lantz et al (2000) tor
2000 300 1680 70 6.5 6.6 195 4.0 0.5 Cu(111) Loppacher et al (2000)
2001 30 75.0 56 76 469 22 S4.1 7 ALO(D001) Banth and Rewchhng (2001) Af
2002 240 1647 8 120 15 288 22 b KA Br, . Beanewitz, Pleiffer, er el (2002)
2002 46.0 2980 20 28 0.46 129 1.1 0.13 Si(111) Egucht and Hasegawa (2002) egulator
2000* 1800 16.86 160 0.8 387 1440 3.6 11 Si(111) Giessibl er @l (2000) rator
Jog 2001'" 1800 2053 85 025 4295 450 04 1 Si(111) Giessibl, Biclefeldy, er af. (2001) E
————

SO000 18 used as an esumate.

dAFM includes more complicated control unit than ST
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dynamic Atomic Force Microscope

dAFM measures the infzraction oetwezzn the fio and the sample by
means of tnhz dynamic oropzriizs of the cantilever carrying the tip

FM-AFM

® obtain molecular resolution images of
biological samples in ambient conditions.

R. Garcia and R. Perez Surf. Sci. Rep. 47, 197 (2002); F.J. Giessibl
35



dAFM: signal detection

Photo diode

Laser Photo diode Photo diode

\\ > (1)
Y

()

(1) W . . E X |
. o J. Giessibl Appl. Phys. Lett. 76, 1470 (2000)
100 '
@) of _ =0 \ ——quartz
z \ = = silicon
(4) (4) Y +
o222 | 2.1 \ | |Q oscillation source: quartz tuning fork
' \ from watches
100 e
#0290 w0 30 320 10 conductive tip: both current and
s frequency shift
Q movement of cantilever sensed by laser Q small amplitude 0.1-10A; sensible
beam deflection enough to detect the tunneling current
Q silicon-based tip: chemically active Q high spring constant; reduced
Q many variants for parameter (k,f, A etfc.) conhiguration space of parameters
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Forces in AFM

Total force is composed by severa and short-range components

2k deW 2 Fchem

Y
o

——Van der Waals
force

—o—Short-range
chemical force
— Total force

12 3 45 6 7 8 9
Tip-surface distance (A)

Force (nN)
L b L o

'sample

M, PDOS

Fermi

e B ~E in of atomic contrast in AFM

» V . Sa'mple Force Gradient

(3 ®~ T T ~7 e (@N) N/m)
S P  BTatn A i ae o.f"o i St SR St ) o 0% g" e Microscopic VAW —0.02 0.15
A o I W WIS N S Y G- N W Spherical (R = 40 A) VAW -0.50 2
I | Tip without DB —0.07 2

Tip with DB —0.39 10-12

Fehem = Short range chemical interaction: afiraciive (bonding) or rzpulsive (Pauli)
depending on the distance = Quanium Mzchanical calculation 37



G. Binnig et al PRL 49, 57 (1982) ) e e e
Conczor or FIV-AFM Introduczd |
I TR. Albrecht J.Appl. Phys. 69, 668 (1991)

1982 1986 1991 1995

Trivznrion of STV

PHYSICAL REVIEW LETTERS 3 MARCH 1986

Trvzrrion of AFEIV

A 4 . Lol LW &)

G. Binnig et al PRL 56, 930 Surface Studies by Scanning Tunneling Microscopy

G. Binning, H. Rohrer, Ch. Gerber, and E. Weibel
IBM Zuvich Research Laboratory, 8803 Riischlikon-ZH, Switzevland
Truz daformic rzsolur (Received 30 April 1982)
Si(L1L)-(747) IBM San . —=—2=
F.J. Giessibl Science 267, 68 (1995)

(a)

Com

STM SAMPLE
: LEVER
E: MODULATING PIEZO (Au-FOIL) l

F: VITON
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Height (A)

Atomic resolution in FM-AFM:Si(111)-7x7

FJ. Giessibl, Science 267, 68 (1995)

Lo‘
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<) 0 2D b} 40 80
Distance (A)
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Height (A)
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@) 6 rest atoms
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Trvention or STV

AFM Roadmap
G. Binnig et al PRL 49, 57 (1982)

Conczor of FIM-AFM Introduczd |
I T.R. Albrecht J.Appl. Phys. 69, 668 (1991)

1982 1986 1991 1995 1999 2001

Arrormnic rzsolurior

\}
AT oF er,xl,xur (A1,04)

G. Binnig et al PRL 56, 930 (1986

Trvention or £

Truz aromic rzsolurior
SIQ)-(747)
F.J. Giessibl Science 267, 68 (1995)

+

Force [nN]

4 6 8 10

AS 140 287 (1999) Sample displacement [A]
M.A. Lantz et al, Science 291, 2580 (2001) 40

C. Loppacher ef al,




Force Site Spectroscopy: experiment & theory

M. Lantz et al, PRL 84, 2642 (2000)
M. Lantz et al, Science 291, 2580 (2001)

Distance

frequency shift [Hz]

529 2 5 68 7 8 93 10
[A]

data above corner hole
@ data above center adatom

| | | . . .
Separation of and inferaction: :l'lp surface inferactions
substracting the corner hole contribution. R Pérez et al, PRL 78, 678 (1997)
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Trvention or STV

AFM Roadmap
G. Binnig et al PRL 49, 57 (1982)

'_. Conczot of FIM-AFM infroduced | 2007 2008 2009

T.R. Albrecht J.Appl. Phys. 69, 668 (199 Sond structure
’ -

M

1982 1986 1991 1995 1999 2001 20C

Arormnic rzsolurior '.
of insulator (AL,08 B

L. Gross et al, Science 325, 1110 (2009).

B -

M. Ternes et al, Science 319, 1066

Trivzntion of AFIM
G. Binnig et al PRL 56, 930 (1986

Arornic rner)

(LT, 9i(111)

Truz aromic rzsolurion
Si(IL)-(747)
F.J. Giessibl Science 267, 68 (1995)

Frromic rezsoluriors or)
mztal surfacz Cu(lll) JE. Sadder ef al, PRL 98, 106101 (2007).
2 Singlz aforn chzmical
idenrinicarion

¢ Q

Force [nN]

-
_-‘Ex'i_ == ~;_;1 4 -- -‘
- bl Sample displacement [A] -
C. Loppacher et al, ASS 140, 287 (1999). -
M.A. Lantz et al, Science 291, 2°f — —
Y. Sugimoto et al, Nature , 446, 64 (2007).




Status of dAFM

true atomic resolution of arbitrary surface & in
liquids
3D measurements of atomic forces

force and energy dissipation control at atomic
scale

measurements of mechanical response
(tribology)

mechanical manipulation of individual atoms
mechanical assembly atom by atom
chemical & spin atomic scale resolution
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Imaging contrast at surfaces

lonic surface Semiconductor surface
KBr(001) Si(100)-2x1

Si(100)2x1 y Si(100)2x1  Si(100)2xL:H1
’ g -

g v* r g
-
a _ W@ Si tip
’ Si S
. p Lo
. ‘ 2 * :ni‘
J Side View i

> -

K"
v

Q tip dependent contrast frequently changed Q less tip dependent contrast

Q image contrast: long-range coulombic interaction QO image contrast: short range chemical interaction
between charged atoms & the chemical interaction between apex and surface atom

Q point charge approx. questionable: we need Q0 quantum mechanics has to be used to image
charge distribution from quantum mechanical modeling
treatment

R. Bechstein et al Nanotechnology 20, 505703 (2009).
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Who is there?




F-z spectroscopy: the chemical force

Force site spectroscopy Sn/Si(111) DFT calculations on Si adatom
21 Si a) 3 —e—Tip dimer
— —8Sn 2 \ Tip C-1: Sn in outermost position
2 { ——Tip C-2: Snin 2nd dimer atom ]
A 1r b Tip C-3: Sn inside the 2nd layer
8 - 1 r ——Tip C-4: Sn in 2nd dimer atom and
§ ok % [ Sn inside the 2nd layer
& 2ITITIAWIITS - Of ]
g %‘:\3&? S
& I }N\\\‘*::'\\. .o o -1F ~ b
s '-1“5-1\'! ‘_“1-“-1' !‘ m L
5 Y
2+ ST er ; ]
G of
-3 s T2 3 4 5 6

I 1 L ' A 1 1 1 | 1
0 2 4 6 8 10 12 14 16 18 20 22 24 .

Vertical Displacement (A)

Estimated tip-surface distance [A]

Y. Sugimoto et al Phys. Rev. B 73 205329 (2006) P. Pou et al Nanotechnology 20 264015 (2009)

tip-sample interaction mainly determined by apex and surface atoms
isovalent impurities do not affect the mechanical response of AFM probe



Force and the chemical identification

a c
0
e Z
£
@
L -2
(=}
w
0 -3

—Short-range
chemical force
—Total force

2+

12 3 456 7 8 9
Tip-surface distance (A)

F [nN]

Calculations: Sn/Si B

relative interaction

Distance |é| Distance [A]

Surface atom

Surface atom

TipB S1 Sn Pb TipA Si Sn Pb
Si 100% 82% 67% St 100% 78% 62%
Sn  100% 84% 68% Sn  100% 79% 59%
Pb  100% 82% 64% Pb  100% 71% 54%

| the chemical sensitivity via the short-range force

Y. Sugimoto et al, Nature 446, 64 (2007)
M. Setvin et al ACS Nano 6, 6969 (2012)
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Molecular identification

High resolution images of molecules by means of nc-AFM

i
\/'\«!\/I\/I\/I\.«'
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°

L RIPN
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L. Gross, et al , Science 325, 1110-1114 (20

Organic structure deftermination using lon scanning probe microscopy.

A
8 ] & ’i - VS 4 o
B S T.t Re=g
6 \ f & 2P € N J.r"
. f‘ - r .':l“:: 7o' H

N &)

a

+2 Hz

—7 Hz

NMR and mass spectrometry do not succeed in the unambiguous determination
of the chemical structure of unknown compounds.

L. Gross, et al , Nature chemistry 2 (10), 821-5 (2010).



Tracking chemical reactions

Direct Imaging of Covalent Bond Structure in Single-Molecule Chemical Reactions

L

STM

E] L

[ :III_ZI

0A 1.54A

Reactant 1

D.G. de Oteyza et al, Science 340, 1434-1437 (2013).
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Beyond standard imaging: 3D maps

NiO(100)
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Sensing lateral forces

Lateral force with atomic resolution measured on semiconductor surface
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Understanding fundamental processes of friction on atomic scale
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Atom manipulation using force

D.M. Eigler and E.K. Schweizer Nature 344, 524

(1990)
Standard lateral manipulation Interchange lateral manipulation
o et o e
el
T R
e o -
. T ) oS e
Y. Sugimoto, et al, PRL 98 106104 (2007). Y. Sugimoto, et al, Nature materials 4 156 (2005).
Standard vertical manipulation Intferchange vertical manipulation
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Insight from theory

JVertical manipulation

as combination of

ical and

mechan

(V)]
(Vp)
Q
Q u
S ©
a c
—
g5
« £
2 5
< w0
0

characteristic dimer

cture along

2 3 4 5 6 7 8 9 10

—~
9
e
=5
S v
Q- >
c =
le)
2 O
5 |
Q¢
£ o
55 |
{(
r.& m - <
9 TR
O — el A6iduz ' S S S g <<
ha E [A8] ABiaua uoisues |

Reaction coordinate

1

Si deposition

Tip-sample distance [A]

Sn deposition

Y. Sugimoto et al Science 332, 413 (2008)



57



Atomic resolution in liquids by
means of nc-AFM

Mica in liquids SAM on Au surface
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. . T. Fukuma group, Kanazw University, Japan
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Feeling force and current together

VOLUME 57, NUMBER 19 PHYSICAL REVIEW LETTERS 10 NOVEMBER 1986

Experimental Observation of Forces Acting during Scanning Tunneling Microscopy

U. Durig, J. K. Gimzewski. and D. W_ Pohl

{BM Zurichk Research Labsratory, 8303 Ruschiikon Switzerland
{Recewed 15 May 19861

U. Durig, J. K. Gimzewski, and D. W. Pohl, Phys. Rev. Lett. 57, 2403 (1986).
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U. Durig et al Phys. Rev. Lett. 65, 349 (1990).




Experimental setup @ FZU

Simultaneous acquisition of Af, I, AE as function of z distance @ RT
Modified Omicron VT UHV AFM/STMI!
Simultaneous AFM/STM @ RT without cross-talk!!
Home built gPlus sensor 2 with improved performance!®!
Specs UHV LT-AFM/STM (Augusf 2013)
VT AFM/STM (1000-40K)

Tuning fork

LT AFM/STM  (4K)

W tip

Gold wire

[1] Z. Majzik et al, Beilstein J. Of Nanotech. 3, 249 (2012).
[2] FJ. Giessibl , App. Phys. Lett. 70, 2529 (1997).
[3] 3. Berger et al, Beilstein J. Of Nanotech. 4, 1 (2013).



Different channels

Novel way to merge STM & nc-AFM m’ro one instrument

Available techniques:

* tuning fork sensor

* length extension resonators

STM & nc-AFM

* coated Si-cantilevers

Ugps = 0.4V, f,= 71096 Hz,
k =4354 N/m, a .= 0.13 nm

A f-V (Kelvin probe) spectroscopy Force/current spectroscopy
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Prospective applications

Probing nanostructures by Force and Current
Ultimate atomic resolution in SPM

A’romlc contrast: graphene Molecular recognition on semiconductor surfaces

‘1“”' c B

. i
S. Hembacher et al PNAS 100, 12539 (2003) 2 Mﬂl!"* '* al ACS Nano 7, 2686 (2013)

Do STM and AFM provide a similar atomic contrast ?
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M. Frei et al NanolLett. 11, 1518 (2011). G. Rubio-Bollinger et al PRL. 87, 026101 (2001). J. Hone et al Science 325, 1084 (2009)



Fundamental relation between
force and current at atomic scale

)\G ~ TL)\F/iG N ngemf ==

4’»

Kg ~ 2K —> G~ F*

‘KF -> G~F

distance
t<A 4 t>>A

B .
g B R

M. Ternes et al Phys. Rev. Lett. 106, 176101 (2011).
P. Jelinek et al, TPCM 24, 084001 (2012).
Y. Sugimoto et al Phys. Rev. Lett 111, 106803 (2013).
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Basic principles of KPFM

Working scheme Bias vs. frequency shift
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Charge states at atomic scale

L. Gross et al, Science, 324, 1428 (2009).
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Motivation
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Lift-up a molecule
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Y. S. Park et al, JACS 129, 15768 (2007).
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M.L. Perin et al, Nature Nano 8, 282 (2013).

T
20

N. Fournier et al Phys. Rev. B84, 035435 (2011).

Force or current
Force <1</ current

S.Y. Quek et al, Nature Nano 4, 230 (2009).

Understanding of forces acting during formation of molecular junction on semiconductor surface



2D mapping in V,z space

Af, 1 & Ey (z;V) spectroscopy off/on molecule

150 |

Vias [V] Viias [V]

constant height STM @ high bias V, to resolve molecules
approx 40 Af-z curves @ different biases V,(AV=0.1 eV)
acquisition loop:

* Af-z curve @ given bias V,

* constant height scan @ V,

* X,y set point adjustment ftracking molecule
total time > 2 hours
no tip changes during acquisition

ON OFF
z(V,), z(V,),.. z(V)), z(V,),..
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Different interaction regimes

Band diagram
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