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Length scale Computer simulations 
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Nanoscale electronics�

…we need to see, recognize & assemble them�



Scanning Probe Microscopy�
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Analogy of gramophone�



Distance between tip and sample�
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~0.5 nm i.e. > 10-9 m � 88
48

 m
�

Ø 10 μm �
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Basic operation modes�
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constant current �

constant height �
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Birth of STM�
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Nobel Prize for Physics 1986: �
G. Binnig and H. Rohrer �

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

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

Au(110) surface�



Mechanism of STM: tunneling �
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eV �

Φ

EF�

current proportional to the probability �

exponential decay in the barrier �

probability to find e-  behind the barrier �

e�

PDOS: �



Atomic scale images�

15�

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

exp. & theory: Si(112)-(6x1)/Ga surface�



Elastic spectroscopy: PDOS�
•  Current-imaging-tunneling spectroscopy (CITS)�
•  lock-in techniques (constant height mode)�

16�

tunneling
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Imaging molecular orbitals �
L. Gross et al, Science 325, 1110 (2009)�



Spin polarized STM�

18	  

Realizing All-Spin–Based Logic Operations Atom by Atom�

A. A. Khajetoorians et al, Science 332, 1062 (2011)�

Spin resolution on atomic scale� Complex spin structures �



Atomic Manipulation �

•  lateral �

•  vertical�

•  induced by inelastic tunneling �

•  induced by electric field�

19�



Lateral Manipulation �
•  pushing (1), pulling (2) & sliding (3)modes�

20�

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



Vertical Manipulation �

21 �

•  induced by �
–  electric field�
–  inelastic tunneling processes�
–  mechanical contact �

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



Inelastic electron spectroscopy�

22�

I

V

G=
dI

/d
V�

dI
2 /

dV
2 � V

V

Reference	  missing!!!	  

Interaction between electron and vibration modes opens new transmission channels �



Dissociation by inelastic current �

23�

resonance state�
of absorbate�

Rd ~ IN �

diss. rate vs. current �



Chemistry by STM�

24�

Hydrogenation of a Single Molecule�Complex chemical (Ullman) reaction �



Molecular imaging/switching by 
means of STM�

25�

imaging molecular states� hydrogen switching by tunelling current �

P. Liljeroth et al, Science 317, 1203 (2007) �



DNA sequencing using current �

26	  

S. Lindsay,  et al. Recognition tunneling. Nanotechnology 21, 262001 (2010).�
S.Huang, et al, Nature Nanotechnology 2010, 5, 868–873 (2010).�

The tunneling current senses different DNA base pairs when functionalized tip used�



STM & Astronomy�

27�P. Merino et al (submitted)�

•  in circumstellar environments, 
SiC grains are covered by a 
graphene layer �
•  H-etching under UHV conditions �
disrupts graphene�

PAHs and related species can be efficiently produced on the surface of SiC grains upon 
high-temperature exposure to atomic hydrogen in the interstellar medium. �



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

M. F. 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) �

Quantum corrals� Quantum mirage�
Quantum �
superposition �
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AFM�

•  design & roadmap �

•  atomic scale images�

•  atomic manipulation �
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1986: birth of AFM�

32	  



AFM World�
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Main obstacles of dAFM�
•  jump-to-contact instability�

–  interplay between A, fo, Q, k; k×A ≥ max(-Fts)  �
•  large background long range forces �

–  attractive, do not contribute to the atomic resolution �
•  large signal to noise ratio �

–  weak forces (nN) more prone to experimental noise than for 
weak currents (nA)�

•  non-monotonic image signal�
–  more sophisticated loop control�

34�



dynamic Atomic Force Microscope�

•  atomic scale resolution in UHV �

35�
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dAFM: signal detection �

F. J. Giessibl Appl. Phys. Lett. 76, 1470 (2000) �



Fchem≡ wfs overlap �
c) chemical  forces�

37	  
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Origin of atomic contrast in AFM�



AFM Roadmap �

G. Binnig et al PRL 56, 930 (1986)�

G. Binnig et al PRL 49, 57 (1982)�

F.J. Giessibl Science 267, 68 (1995) �

T.R. Albrecht J.Appl. Phys. 69, 668 (1991) �
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Atomic resolution in FM-AFM:Si(111)-7x7�

faulted half      unfaulted 
half�

F.J. Giessibl, Science  267, 68 (1995)�
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AFM Roadmap �

G. Binnig et al PRL 56, 930 (1986)�

G. Binnig et al PRL 49, 57 (1982)�

F.J. Giessibl Science 267, 68 (1995) �

T.R. Albrecht J.Appl. Phys. 69, 668 (1991) �

40�
C. Loppacher et al,  ASS 140, 287 (1999).�

M.A. Lantz et al, Science 291, 2580 (2001)�

C. Barth et al, Nature 414, 54 (2001)�



Force Site Spectroscopy: experiment & theory�

M. Lantz  et  al, PRL 84, 2642 (2000) �

faulted half      unfaulted 
half�

M. Lantz  et  al, Science 291, 2580 (2001) �

Separation of VdW  and chemical interaction: 
substracting the corner hole contribution. � R. Pérez et al , PRL 78, 678 (1997) �

Tip-surface interactions �

41 �



AFM Roadmap �

G. Binnig et al PRL 56, 930 (1986)�

G. Binnig et al PRL 49, 57 (1982)�

F.J. Giessibl Science 267, 68 (1995) �

T.R. Albrecht J.Appl. Phys. 69, 668 (1991) �

42�
C. Loppacher et al,  ASS 140, 287 (1999).�

M.A. Lantz et al, Science 291, 2580 (2001)�

C. Barth et al, Nature 414, 54 (2001)�

N. Oyabu, et al,  PRL 90 (2003) 176102.�

Y. Sugimoto, et al, Nature materials 4 (2005) 156.�



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 �

43�



AFM�

•  design & roadmap �

•  atomic scale images�

•  atomic manipulation �

44�
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Imaging	  contrast	  at	  surfaces	  

KBr(001)	   Si(100)-‐2x1	  

R. Bechstein et al Nanotechnology 20, 505703 (2009). 
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Force site spectroscopy Sn/Si(111) � DFT calculations on Si adatom �
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Calculations: Sn/Si 
relative interaction 
ratio: 78% (exp. 77%)	



Molecular identification �

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

Organic structure determination using atomic-resolution scanning probe microscopy. �
L. Gross, et al , Science 325, 1110-1114 (2009).�

High resolution images of molecules by means of nc-AFM�

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



Tracking chemical reactions�

D.G. de Oteyza et al, Science 340, 1434-1437 (2013). �

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



Beyond standard imaging: 3D maps�

B.J. Albers et al, Nat. Nanotech. 4, 307 (2009)� M. Ternes et al, Science 319, 1066 (2008)�

NiO(100)�

H. Hölscher et al,  Appl. Phys. Lett. 81, 4428 (2002)�

Grid of 119 × 256 force curves = 30464 force curves, �
 T = 6 K acquisition time 40 hours�

graphite�

A. Schirmeisen et al, Phys. Rev. Lett. 97, 136101 (2006)�

NaCl(100)�

Cu(111)�



Sensing lateral forces�

52	  

Lateral force with atomic resolution measured on semiconductor surface�

A. J. Weymouth et al, Phys. Rev. Lett. (2013)�

Understanding fundamental processes of friction on atomic scale�



AFM�

•  design & roadmap �

•  atomic scale images�

•  atomic manipulation �

53�



Atom manipulation using force�

Standard lateral manipulation �

Standard vertical manipulation �

Interchange lateral manipulation �

Interchange vertical manipulation �

D.M. Eigler and E.K. Schweizer Nature 344, 524 
(1990)�

Y. Sugimoto, et al, Nature materials 4 156 (2005).�

N. Oyabu, et al,  PRL 90 176102 (2003).�

Y. Sugimoto, et al, PRL 98 106104 (2007).�

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



Si →Sn �

Sn→Si�

Si→Sn �

Sn→Si�

Atomic pencil: ‘Si’ @ RT by Si atoms�

55�
Y. Sugimoto et al   Science 332, 413 (2008)�



  Insight from theory�

56�
Y. Sugimoto et al Science 332, 413 (2008)�
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Mica in liquids� SAM on Au surface�

T. Fukuma et al Appl. Phys. Lett. 86, 034103 (2005); �

H. Yamada group, Kyoto University, Japan �
T. Fukuma group, Kanazw University, Japan�



U. Dürig, J. K. Gimzewski, and D. W. Pohl, Phys. Rev. Lett. 57, 2403 (1986).�

U. Dürig et al Phys. Rev. Lett. 65, 349 (1990).�



Experimental setup @ FZU �
•  Modified Omicron VT UHV AFM/STM[1] �
•  Simultaneous AFM/STM @ RT without cross-talk[1] �

•  Home built qPlus sensor [2] with improved performance[3] �

•  Specs UHV LT-AFM/STM (August 2013)�

Simultaneous acquisition of Δf, I, ΔE as function of z distance @ RT�

VT AFM/STM (1000-40K)	   LT AFM/STM  (4K)	  



UBIAS	  =	  0.4	  V,	  f0	  =	  71096	  Hz,	  	  	  	  	  	  	  	  	  	  	  	  	  	  
k	  =	  4354	  N/m,	  aosc	  =	  0.13	  nm	  	  
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Force/current spectroscopy�Δf-V (Kelvin probe) spectroscopy�

Novel way to merge STM & nc-AFM into one instrument �



STM	   AFM	  



The relation driven by quantum degeneracy by frontiers orbitals �
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EFermi�

EFermi�

VCPD �

Working scheme�

VCPD �
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Vs�

Bias vs. frequency shift �

e- �

Work function difference�
M. Nonnenmacher et al, APL 58, 2921  (1991).�

L. Gross et al, Science, 324, 1428 (2009).�
Charge states at atomic scale�

True atomic resolution �
S. Sadewasser et al, PRL 113, 266103  (2009). �

F. Mohn et al, Nature Nano. 7, 227 (2012).�
Charge distribution in molecules�



Motivation �

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

STM�

MCBJ �

AFM�

Lift-up a molecule �
in UHV with AFM/STM�

nc-AFM/STM (qPlus)�



2D mapping in V,z space�
Δf, I & Ediss (z;V) spectroscopy off/on molecule� ON �

z(V1), z(V2),.. �
OFF�

z(V1), z(V2),.. �

•  constant height STM @ high bias Vo to resolve molecules�
•  approx 40 Δf-z curves @ different biases Vi (ΔV=0.1 eV)�
•  acquisition loop: �

•  Δf-z curve @ given bias Vi�
•  constant height scan @ Vo �
•  x,y set point adjustment tracking molecule �

•  total time > 2 hours�
•  no tip changes during acquisition �



Different interaction regimes�

B. Charge regime�

 HOMO depopulated at 
elevated bias�

A. Classical regime�

No difference between 
molecule and surface �

C. Phantom regime�

R ~ 1-10 GΩ depending on bias�

Band diagram�

A �B �C�



Thank you for your attention �
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