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- A brief history of Scanning Probe Microscopy (SPM)
- Scanning Tunneling Microscopy (STM)

- Tunneling: overview of theories

- STM examples

- Atom manipulation by STM

- Scanning Tunneling Spectroscopy (STS)

- Atomic Force Microscopy (AFM)

- AFM examples

...other SPM techniques?
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Seeing atoms

ATOM
ATOMOG «atomos» -

“that cannot be divided”

is it possible to “SEE” atoms?

Today:

« direct space techniques: Transmission Electron Microscopy
(TEM), Scanning Probe Microscopies (STM, AFM)

* indirect techniques: e.g. XRD




A brief history of SPM

1951: FIELD ION MICROSCOPE (E. Muller), used to image the
arrangement of atoms at the surface of a sharp metal tip

1959: FEYNMAN'’S visonary talk “There’s plenty of room at the
bottom”

“We have friends in other fields---in biology, for instance. ...... They say "What
you should do in order for us to make more rapid progress is to make the
electron microscope 100 times better."

It is very easy to answer many of these fundamental biological questions; you
just look at the thing "

“‘But | am not afraid to consider the final question as to whether, ultimately---in
the great future---we can arrange the atoms the way we want; the very atoms,
all the way down! What would happen if we could arrange the atoms one by
one the way we want them ?”

R. Feynman, There’s plenty of room at the bottom, APS, December 1959




Tunneling through a controllable vacuum gap

G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel
TBM Zurich Research Laboratory, 8803 Ruschitkon-ZH, Switzerland

(Received 30 September 1981; accepted for publication 4 November 1981)

We report on the first successful tunneling experiment with an external | - - : g

adjustable vacuum gap. The observation of vacuum tunneling is estabin: [ "f ]D A‘\ 1o
dependence of the tunneling resistance on the width of the gap. The expe: ii- l I g
simultaneous investigation and treatment of the tunnel electrode surfac 0 L ¢ l\ﬁ 1[a]—
PACS numbers: 73.40.Gk I VR A
| b | i "-,,‘ 0T
“}E! \ k\ \'\ 1\1‘\\\
1981: first STM results in laboratory L \ e
0 r} H *.\I"'.. \ ! x"‘-.l
1982: measurement of tunneling —Rld \ 11‘\ \
u i Lq' |
current between a surface and a tip i L\ IW VN e
G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel , APL 140, % R \\ \
178 (1982) | LR
- Displacement ‘of W= Tiu_ ._[1Div . 13.]

FIG. 2. Tunnel resistance and current vs displacement of Pt plate for differ-
i [ T ent surface conditions as described in the text. The displacement origin is
R |I..!||. ] ﬂ- e :‘Lp {A é f "F} arbitrary for cach curve (except for curves B and C with the same origin.
! j ¥ The sweep rate was approximately 1| A/s. Work functions ¢ = 0.6 ¥ and
0.7 ¢V are derived from curves A, B, and C, respectively. The instability
which oceurred while scanning B and resulted in a jump from point Lo [1is
i i attributed to the release of thermal stress in the unit. After this, the tunnel
exponentlal dependence on d IStance unit remained stable within 0.2 A as shown by curve C. After repeated
cleaning and in slightly better vacuum, the steepness of curves D and E
resulted in ¢ = 3.2 eV,




Surface Studies by Scanning Tunneling Microscopy

. Binning, H, Rohrer, Ch, Gerber, and E. Weibel
IBM Zuvich Research Laboralory, 8803 Ruschlikon -ZH, Swilzevland
(Received 30 April 1982)

Surface microscopy using vacuum tunneling is demonstrated for the first time. Topo-
graphic pictures of surfaces on an afomic scale have been obtained. Examples of resolved
monoatomic steps and surface reconstructions are shown for (110) surfaces of CalrSn,
and Au.

PACS numbers: 68,20,+t, 73.40.Gk

1982: Invention of the scanning tunneling microscope at IBM

Zurich Laboratory
G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel, PRL 49, 57 (1982)

1986: Nobel prize to Binnig and Rohrer
see Nobel prize lecture G. Binnig, H. Rohrer, Rev. Mod. Phys. 59, 615 (1987)
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VoLume 50, NuMBER 2 PHYSICAL REVIEW LETTERS 10 JANUARY 1983

7 x 7 Reconstruction on Si(111) Resolved in Real Space

G. Binnig, H. Rohrer, Ch., Gerber, and E. Weibel
I8N Zuvich Reseaveh Labovafory, 8803 Rilschlibon -ZH, Swilzerlond
Hoeceived 17 November 1952)

The 7= 7T reconstruction on Si{111) was observed in real space by scanning tunneling
microscopy. The experiment strongly favors a modified adalom model with 12 adatoms
per unit cell and an inhomopgeneously relaxed underlying top laver.

PACS numbers: 65.20,+1, 73.40.Gk

1983: first atomic resolution

image of Si(111)7x7 surface
G Binnig, H. Rohrer, Ch. Gerber, E. Weibel,
PRL 50, 120 (1983)

FAULTED UNFAULTED

7 } i i 1
FIG. 2. Top view of the relief shown in Fig. 1 (the FIG. 1. Relief of LW [rl]_ll&! te T unit cel |._‘1‘L, wWith
hill at the vight is not included) clearly exhibiting th . o L rare e . . e
sixfold rc ional symmetry of the maxima around t ning minima ‘lnd W Il" & Maxirma tr"!-{r-:h N I-“-L{E n at -g nr' [- .
rhombohedron corners. Brightness is a measure of - - pp—— : BB, H . " o . .
CENTER FA 'I‘ED | CENTER U A ED the altitude, but ls nol to scale. The crosses indica IiElH‘hI 5 are en ILI'I'{ E"d I:‘-"' J!EI iy Ehe hl“‘ at LI"E r“-'.h'- H Cows
[] I,. QE l I adatom positions of the modified adatom model (see E AX i x i " 15 4 T i i | .
Fig. 3 or “milk-stool” positions (Ref. 5). 1.0 L F\ tH ‘1| Iu .IL. 1 UL ld lll ’ ThB lzl l ] L.ll rection IK:II- ks
CORNER FAULTED CORNER UNFAULTED from right to left, along the long diagonal.




VOLUME 56, NUMBER 9 PHYSICAL REVIEW LETTERS 3 MARCH 1986

Atomic Force Microscope
G. Binnig'*' and C. F. Quarte'"’
Edward L. Ginzion Laboratory, Stanford University, Stanford, Californe 945035
and

Ch. Gerber'®’
TBM San Jose Research Laboratory, San Jose, California 93193
{Received 5 December 1985}

The scanning wnneling microscope 15 proposed as a method 10 measure forces
M. As one application for this conceptl, we introduce a new type of microscope <
gating surfaces of insulators on an atomic scale. The atomic force microscope is
the principles of the scanning tunneling microscope and the stylus profilometer.
probe that gtles not damage the surface. Our preliminar}' results i g@ir demonstrat
tion of 30 A and a vertical resolution less than 1 A

PACS numbers: 68 35 Gy

1986: Invention of Atomic Force

Microscopy AFM
G. Binnig, C.F. Quate, Ch. Gerber, PRL 56, 930 (1986)

] .

FIG. 4. The AFM traces for another area of the ceramic
Ceramic (non-conducting) surface sample. The curves grouped under A4 were recorded with
additional low-pass filtering. For this set the stabilizing
force, f, was reduced by thermal drifts as we moved from
the lowest 1o the highest traces of set 4. The force fy is near

. . . 10~* N for the highest curve. We note that the structure

2006: ~ 500 papers with STM in the title; vanishes on the traces when the sample-to-tip force is re-

~ 1000 papers Wlth AFM in the t|t|e duced below this level. The force f; was reset w a higher
value near 5% 107% N for the traces marked B,




What is Scanning Probe Microscopy (SPM) ?

A family of microscopy forms where a sharp probe is scanned
across a surface and some tip/sample interactions are monitored

Using the interaction as feedback signal > surface morphology
(or other properties, e.g. electronic) can be recovered

-Scanning Tunneling Microscopy (STM) (Binnig and Rohrer, 1982): tunneling
current through a vacuum gap between tip and surface

- Atomic Force Microscopy (AFM) (Binnig-Quate-Gerber, 1986): tip-surface
interaction forces

- Other SPM: SNOM (Scanning Near Field Optical Microscopy), MFM (Magnetic
Force Microscopy), etc.

—
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STM Scanning Tunneling Microscopy (@) NS
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Realization of Feynman’s dream?

STM can:

-“see” atoms
- measure surface electronic properties with atomic resolution
- manipulate atoms

» Conductive nanometric tip (W, Pt-Ir, ...) and surface

* Tunneling current (i.e. current through a vacuum gap) depends
exponentially on the tip-surface distance: 2kd
e

] tunnel

typical k = 10'°m-1 => a change in d of 1 A results in a change of the
current of a factor of about 10 !!

—> current can be used as feedback signal to keep a constant distance
from the surface
—> tip follows surface morphology




STM principle

* measurements in UHV (no
contaminations, sensitivity to

surface electronic properties) I tunneling |setp°int,v bias
+ -
piezoelectric
actuators
feedback
U system
Liunne e
sample d=1A=10"m
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Surface investigation with high resolution
- on flat, ordered surfaces: atomic resolution !

- Lateral resolution ~1 A
if surface is rough: resolution limited
by tip curvature radius (~ nm)

Si(111)7x7 reconstructed surface

. Vertical resolution ~ 0.1 A

Tunnel Tip

[ tunnel

only the atom which is closest to the surface significantly
contributes to tunneling current - atomic resolution
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STM image acquisition

b+ &+ &+ + &+ + + »
I + # + + * # + + l
I % I
+ + +
DIREZIONE DI I — I LINEA DI
SCANSIONE I 4+ RITORNO
LENTA — “BACKWARD"
> I
|_‘l + —F + + # + 0—,4
ey LINEA DI
%i DDA ’_Z’_-EfANDATA
AN "FORWARD”
START —

PUNTI DI ACQUISIZIONE

< >
DIREZIONE DI SCANSIONE VELOCE

Usually:
bias: 0.1 V-few V
tunneling current: pA- nA
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Quantum theory of tunneling

Ux) |
Schrodinger equation for a 1D )
energetic barrier: 7 I I
: L. : U
if E < U, the barrier is classically ’
impenetrable
Hy(z) = Ev(x) ""“E]"" """"""""
0 | X
d*v(x)  2m P
Ezﬂf;lfz ) ! Iy Euv(r)=0 r< 0V >l
asi{r 2m o _ _
T + 7 (E—Th)w(x)=0 O0<x <l
V() = Aexplikor) + Bexp(—ihor)  x <0 V2mE
S L ‘ | con  kp =
i) = Cexplikor) T > h

[ 79
i) = aexplhr) + Jexp(—kr) O0<r=lcon k= \a‘f (ﬂ> (Lo = £).
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Density of probability current

. —ih dys,
transmitted /- =5 | Vs~
.. —ih| . dy
incident —— ‘
}mc 2”? {lyl C?TZ
Transmission T = Ji i
probability .
.]inc
Hp: exp(—2kl) << 1  wide and high barrier
I (—onty = LEWo = E) oy [ om
= — S CNpPl—2kl ] = = CXPL—2K c= =) (Us— E).
(k2 4+ k2) Us | V (ﬁ-ﬂ) fom b

Andrea Li Bassi, CERN 13/06/07

POLITECNICO DI MILANO
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Wavefunction in vacuum (i.e. inside the barrier)

if exp(—2kl) << 1 UR)

W (z)=y(--o) e¥

o 2m
k? =—(U,-E
7 (U-E )

- e-2kZ D E X

ly (2)| =|w (0)

when z = |

lw(z=d)| =|y(0)

7

e-2kd

exponential decay

2 _
Current carried by 1 electron from left to right: I ‘(,U(O)‘ e 2M
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Scanning Tunneling Microscope &
Electrode A Electrode B
distance /

\\

Ferni

Fermi

work function

equilibrium (/ = 0) tunneling current (/ # 0)

sample: positive bias

ZC N V=0
| U \
Efuimi U“I distance / E Ferni > Erem DI distance /

tip

sample
rectangular barrier trapezoidal barrier
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Summing tunneling current over all

sample states between 0 (E.,,,,;) and eV:
energy conservation
I(l) ~ Z/ W (0) % exp(=2kD)S(E — ED)o(E — BT — eVYdE.
sample local electron e B = () ;;rﬁ E_ b
density of states (LDOS) prir, £) )7 n)
tip electron density of states prir(E) = Z 0L — EEI, ’

|"1i.-
() 1/ pr(0, ENprrr( B — eV ) exp( =2k dE.
0

o
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Positive bias to the sample: electrons tunneling from tip to sample
-> probing of UNOCCUPIED sample electron states

e .
> B distance /

Il tip

F'l'i.-
(1) 1/ pr(0, Eprr( B — eV exp( =2k dE.
0
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Positive bias to the tip: electrons tunneling from sample to tip
-> probing of OCCUPIED sample electron states

tip: positive bias

~, .
> Epem ° distance /

I: sample

Ill: tip

-eV
I(l) ~ f o1 (0. B pr1r(E + V) exp(—2k1dE.
0




e.g. semiconductor sample

CB

B — — —

sample tip

Punta

Fertm

Andrea Li Bassi, CERN 13/06/07

B

sample

tip

POLITECNICO DI MILANO



Arbitrary barrier shape (e.g. trapezoidal):

WKB approximation for the
transmission coefficient
(like e.g. in alpha decay)

16 exp( —2+]
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4 U(x)
UﬂLEL‘C [——
a_ﬁ\\x
I o 111
i
=
0 1 X

Q I:'
Twip = (b nI:r = : ﬂ) X exp {—E‘/ﬂ \/E;rn.(lf[:f:] — Fdxr

ab b

eV
I(l) 1/ pr(0, EYTwippr( £ — eV )dE.
0

Andrea Li Bassi, CERN 13/06/07
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Transfer Hamilatonian Theory

Whole system seen as a “left” system (sample) + “right” system (tip)
+ perturbation related to the close proximity of the two

H Hgzt Hp | Hy

dre [T «— S , | r
I = / Z (Mapip|” [f(e —eV)— f()] pele — eV p)ps(e, v)de

h __
Y uw M

density of states
transfer matrix element

J.R. Oppenheimer, Phys. Rev. 31, 66 (1928) atom ionization under an external electric field
J. Bardeen, Phys. Rev. Lett. 6, 57 (1961)

J. Tersoff and D.R. Hamann, Phys. Rev. Lett. 50, 1998 (1983); J. Tersoff and D.R. Hamann,
Phys. Rev. B 31, 805 (1985)
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matrix element

h? o | N | | g
A [I/, W= a5 [3; v ( s )TIT I ( 't ) — Ut ( Tt )TE;{V ( It )]d 5
2m /o
h° . . e, 1,
Mo, = —— Ul (e — 1) — () — W) =—200 (ry — 1) | dS
ST 2?’”. S ) PN , {_)'n.t Y PN , R ; E_}”T ORI )

calculated on a separation surface between tip and sample

separation
surface, S.

TTTTATTTTTTT T




Tersoff-Hamann model

W,,, with spherical symmetry (s wave)
2 M, , can be explicitly evaluated

32”

I:ﬁ

Hp: zero (small) applied bias

TIP, d,2
: \ /

Chen showed that atomic N
resolution is due to d states

. ~ CeD
(e.g. W tips) O

C.J.Chen, Phys.Rev.Lett. 65, 448(1990)
SAMPLE | s

Andrea Li Bassi, CERN 13/06/07 -

Vol pl(—R, E; )Rk exp(2kRo)p.(—R. E)

e
i Ve POLITECNICO
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f S O,
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'E:f"{ en
R
K

i,
IR _‘if‘f

sample DOS at the
Fermi energy

/

.IOS(_R? Ef)"

TIP, s

DC%C

SAMPLE, d,
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Scanning Tunneling Microscope

UHV compatible STM (Omicron)

Tip/sample
stage

| __He-cooling . Y\‘Ei%”i‘ .

- \ L1}
: Bt
e

UHV chamber (no contaminations, atomic resolution!)
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STM imaging modes &

constant current (feedback ON)

constant height (feedback OFF — high speed)

| | | r = = 7 =

L_| L _ 1 L _1 Tunnel current ————
Tip image (measured current)
..... ’Futhnf o

‘ substrate ‘
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How can we control the stage/tip movement with
sub-nm resolution?

Piezoelectric actuators

e.g. barium titanate, lead zirconate titanate (PZT)

cubic, . | |
: depolarize during after
‘\\7; I aboveTC ferroelectric polarization  polarization
J P structure

e
o MR (R
. 8
tetragonal, s [N Il
below T, v -




Piezoelectric scanners

SPM scanners are made from a piezoelectric material that expands and
contracts proportionally to an applied voltage

oV R +V
— —

No applied voltage Contracted Extended

e in some versions, the piezo tube moves the sample relative to the
tip; in other models, the sample is stationary while the scanner

moves the tip Z-axis x-axis motion

B motion AX
—

_ i
u,




Typical STM tips

Pt-Ir (cut with scissors!) W: electrochemical etching

4 Applied voltage

TGold ring
NaOH
solution

SRR

or KOH solution




OH "~

o /N
i}

Andrea Li Bassi, CERN 13/06/07

W tips




Cr tip (KOH etching)

Mag= 2.00 KX zoum 8 mm EHT = 10.00 k¥
Date :4 Apr 2007 — Signal A = SE2 POLITECNICO DI MILANO

Mag= 100X WD= 8mm EHT = 10.00 kv
Date :4 Apr 2007 | | Signal A= SE2 POLITECNICO DI MILANO

B T B

Andrea Li Bassi, CERN 13/06/07 POLITECNICO DI MILANO



Cr tips (NaOH etching)

Mag= 150X 200[."11 WD= 10 mm El 0.00 kY —
Date :23 May 2007 ] Signal A = SE2 POLITECNICO DI MILANG

WD= 7mm LIEMAS

POLITECNICO DI MILANO

POLITECNICO DI MILANO

Andrea Li Bassi, CERN 13/06/07



STM EXAMPLES: Si(111)(7x7)

. FAULTED UNFAULTED
Top view "

REST ATOMS

W 1 /
=y i— — —a—, i
e ___'_ £y L/ % # N\ % N\ 3 N o
™ C —— e - R — = b kY
\ ¥, # '\.__ i - / \ S ¥y y [
o AN i - el , BT\
..- -.-:. £ \ .‘_;' _' % &' 3 ___I'.
, i\ f \ J
9 { i ." .h o
_—rn /
¥
Side view ‘l‘ i ‘T
_»C.‘_LJ..-...,__]. g '—--"-b““ﬁ_""&f S M ]
| E T E ESl T

| | |
e L, N o, TR . r o Y N
1 ¥ b & . R -.""'- \'n " k"1 H'ulf_- N 'rr'f Y B T Li

FAULTED UNFAULTED

CENTER FAULTED ' CENTER UNFAULED
CORNER FAULTED CORNER UNFAULTED
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STM atomic resolution

30x30nm?2

Si(111)7x7
10x10nm?2

POLITECNICO DI MILANO

Andrea Li Bassi, CERN 13/06/07
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STM atomic resolution %ﬁ?%

30x30nm?2

POLITECNICO DI MILANO

Andrea Li Bassi, CERN 13/06/07



STM atomic resolution

300x300nm?2

Au(111)

POLITECNICO DI MILANO

Andrea Li Bassi, CERN 13/06/07



STM and electronic properties

Does STM really measure surface topography?
Si(111)7x7 constant current images at different bias

Aad i

- -~ » -
e o
Moh\ Pt \ﬂn...u.v_\“..r \Nuvw...nh /'
S H\.F...,\\\._(.r”\ 1 ﬁ\r‘.\\wi
LR i N IR
ol m

}\\’.."‘AC..‘!‘“‘A “\. 1\ -

POLITECNICO DI MILANO

Andrea Li Bassi, CERN 13/06/07
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Scanning Tunneling Spectroscopy (STS) EP
B
! \\
- Punta
\E EFEﬂ“—i Campione
Camplons ET\'FI EFemﬁ T v
Efprg ———— = I = Punta
/. ) EFem.i
/ V8
VB
sample tip sample tip

tunneling current is related to sample and tip density of states,
and to tip-sample bias




Scanning Tunneling Spectroscopy (STS)

Ep4el’

(V) = / o(E — ¢V)T(E, V. 1)p.(E)dE,

Ey

T [
T(E,U(z),1) ~ exp (2‘*’;3 / J{:(m)E{fr) WKB
: i

rectangular barrier approximation: i,
. - 2m (- eV 2 ¢ b =
F(E V) ==expq =2l |— [0+ - —(F— E, ) ¢ +1/2eV
— *F > cV
considering only states with k,= 0: fj‘ -
2 -V
T(E,V,l) =~ e}:l:m{—ﬁf - (Q < E)] }
1 2
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STS: interpretation in terms of sample LDOS &

S

aw)y o v p,(B)d(p,(E eV T BV, 1)
d(eV) pf(OT(eV’V’mja der’) w

LDOS at energy eV

~
(o}

current derivative: 2 terms, the first is related to the sample LDOS at eV,
weighted by the transmission factor, the second has a smaller weight....

current derivative

difdv (nAN)
LDOS (umta arb.)

e -l'ﬁTé;ﬁighEe a%plﬁcgt 1[\-"]'15 = -3 -4 -3 -2 -1/0 1 Z B (EW

peak in the dl/dV curve at V +— 7 -en“ergy level at eV in the LDOS
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dl/dV needs normalization to extract LDOS
(i.e. to eliminate exponential behavior of T)

Two proposed methods (neglecting the 2nd term):

dr (V)

Normalize by T d(el) ‘0
(calculated, e.g. WKB) TV, V. 1) ~ P,

dl (V)
Normalize by I/V diel”) p.(p (eV T (eV, V, 1)
(experimental curve) 107) ~ 1 cor —

- Sl T@EDp(E- e, (E)dE
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dl/dV measurement

1) Measure I(V), then differentiate

2) Lock-in amplifier

v, () =V + AV sin(ar)
1, () =1 +AI sin(ax +¢)

small AC bias (e.g. 100 mV)
superimposed to DC bias

di(V)| AL
dv |, AV

1) fix setpointland V (i.e. determine tip-sample distance)
2) swith feedback off (open loop) - fix distance

3) perform dl/dV lock-in measurement

4) proper normalization to be compared with LDOS




Si(111)(7x7): LDOS spectroscopy

=
: 5
B £
s 2
g 5
i o
L 5]
= o
S B 7
¥ o
A o )
STS =R . )
-5 -4 -3 -2 -1VB 0 CB 1 1 2 3
ENERGY (eV relative to Eg)
_ //\fJ RA _ T. Fauster, J. Vac. Sci. technol. A1, 2
= A\ 3 CoAdl) .
= o numerical simulations
=~ _,...m\L 4: CeA(F) . :
2| A Seaw | T e Comer
. 0y = . P'J'II ! )
I W ] E -.-'*""',.M.\_J"k;\'r": I"-.":_ ------- .'-_;'.- ‘ i __,'n'-i _J.'Ilr.,“r--f._*“'_;\lﬂ_ A Urlfﬂl]ltEd
M: CeA(U} | ® : I :
A C @ | ! |
‘/\BA/ .ALV g I |!|, E ! i 1 RESt
i I I‘ T | = i ! ' Unfaulted
R S E— A 0.0 == LT | P S TR,
-2 -1 0 1 2 -2 -1 0 1 2

H'rl Il []1[" .II:I]F].H- I-"'.-‘;
R. Negishi, Surf. Sc. 507, 582 (2002)

E(eV)

Andrea Li Bassi, CERN 13/06/07

M. Hupalo, Phys. Rev. B 67, 115333 (2003)

POLITECNICO DI MILANO



= —2V.
POLITECNICO DI MILANO

fo-d Vi sample

di/dV maps

= —-15V.

Figura 2.11: Confronto fra mappe di topografin STM e di conduttivita STS

20r20nm, I=1.13nA. (a-b)Vip_sompte

Ir'e-_f)li .;-&p—smi’?pn'e = 2517,

constant | maps

20nmx20nm

ty maps

ivi

ing and imaging of

di/dV at fixed V
(imaging of surfaces of
constant DOS at the
energy eV)

Conduct

Scann

Andrea Li Bassi, CERN 13/06/07




SP-STM: Spin Polarized STM

Use of ferromagnetic or antiferromagnetic tips (Fe, Cr, ...): tunneling
current depends on relative spin orientation

Cr terraces

B3
“[AB:137£003A tip SRy
{B-A: 1.51£0.03 A :

[arb. units] currugation [A]

oo oo

B O 0o MM N B o
T 1 =T —T—T—T—"T

dl/dU- signal

(c) 0 100 200 300 400 500
lateral displacement [nm]

T TR T e
w=123+10 nm |

dlVdU- signal [nAV]

| terrace type A \ =
| | = terrace type B -

05 0.0 0.5
sample bias [V]

=
o

0 100 200 300 400 500
(d} lateral displacement [nm]
) Large s_cale constant-current STM in_m_gr_e (1 pm > 1 pm) of ﬂle Cr _(001_) s_ll;'face showing many terraces M. Klelber et al' PRL 85’ 4606 (2000)
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STM and clusters

D. Cattaneo et al. Surf. Sci 2007

40x40 nm?

0 2 4 6 8 10 1 11 0 2 4 6 8 10 12 14 16
[ [nd

W cluster deposition, diffusion and aggregation
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STM and molecules: C;, fullerenes on Au(111) @) 30

|

30x30 ‘nm2 30x30 nm?

Andrea Li Bassi, CERN 13/06/07
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Van der Waals or

chemical forces
adsorbate between tip and

adsorhate
1 _

constant current or constant height modes
Taken by F. Moresco tutorial “STM-based
atom/molecule manipulation and dl/dV
spectroscopy”

Manipulation by SPM \up/ \tf/ i)
AN

) Kl

hexa-tert-butylnexaphenyphenyl

Figure 2 Trapping, moving and releasing adatoms. A series of pseudo-three-dimensional Images of a single HB-HPB molecule. By manipulating the moleculs to the
adsorption positions of the adatoms, In a—e, four single Cu atoms are absorbed by the molecule, one at a time. All Images are recorded with identical bias, U=0.1V, but
with different currents: a and d-g, with a current of /= 0.1 nA, whereas the tunnelling current had to be reduced to /=5 pAin b and ¢, owing to the low diffusion barrier of
the malecule with one or two absorbed atoms. 1, An HB-HPB molecule with five Cu atoms. After picking up the molecule with the tip, a Cus cluster Is left on the surface (g).
The =5 cluster Is identifled by comparison with clusters directly assembled by atom-hy-atom STM manipulation {ses Supplementary Information).

L. Gross et al., Nature Mater. 4, 892 (2005)




Atomic manipulation
positioning single atoms with STM

Smallest Writing. This famous set of images, now
years old, helped prove to the warld that pecpls 1 can move
atoms. The sernes shows how 35 atoms were moved to form a

famous lago.

Xe on Ni(100) Fe on Cu(111)
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Quantum corral

- - - MF Cr DM Eigler, ET.
+ DM Eigler, EE. Schweizer. Positioning single - MF Cmfmme C.P.Lutz, D.M. Eigler, EJ
atoms with a scanming tunneling micrascope. Nature Heller. ?'_’ aves on a 1?‘1{‘“‘1 surface ﬂm}) :?111:!111211_1'1 a
344 524-526 (1990). Ecé;}a]s_ Surface Review and Letters 2 (1), 127-137
(L9085,

. Xenon on Nickel (110)
*  Tron on Copper (111)
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Manipulation by SPM &)

0.3 Volt Pulse

010203040 3060
Time (ms)

L
T V<W

tunneling electrons

single-molecule dissociation
with tunneling electrons

FIG. 2. (a) STM 1image of two adjacent pear shaped O,
molecules on foe sites. (b)) Current during a 0.3 V pulse over
the molecule on the right showing the moment of dissociation
(step at 1 ~ 30 ms). (c) After pulse umage with a grid fif to the
platinum lattice showing one oxygen atom on an fce and one on
an hep site along with the unpemlrbed neighboring molecule on
an fee site. (d) STM umage taken after a second pulse with the
tip centered over the molecule showing two additional oxygen
atoms on hep sites. Raw data images scanned at 25 mV sample
bias and 3 nA funneling current.

B.C. Stipe, M.A. Rezaei, W. Ho, S. Gao, M. Persson, B.l. Lundqvist, Phys. Rev. Lett. 78, 4410 (1997)
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Manipulation by SPM &)

Field induced desorption of NO from
Si(111)7x7

R
TV
E ~107 V/cm

high electric field

local desorption observed by scanning at 1.5V

M.A. Rezaei, B.C. Stipe, W. Ho, J. Chem. Phys. 110, 4891 (1999)
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Atomic Force Microscopy &

 tip mounted on a cantilever

 feedback signal is the cantilever deflection, related to tip-surface
atomic distance

-> imaging of the surface topography

Contact mode

Intermittent contact

— -
U(r)
.‘ ' intermittent
1 contact . )
| :_‘—) repulsive force
L T-;(:()1‘[121(:[
r

!

attractive force

non-contact

Mon-contact mode




Probe material: Si, SiC, diamond, even C nanotubes!

tip mounted on a cantilever

_ % vista laterale

__"_'_'"'?-*-——;_:::-_7__:___"_""""--—--1 i
e
j ___--———--"""’___éi;;;ltilever punta

A A

AFM can achieve a resolution of
10 pm, and unlike electron
microscopes, can image samples
in air and under liquids

Andrea Li Bassi, CERN 13/06/07
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AFM beam deflection detection

LASER

Mirror Diode

B

Split (2segment)
photo diode

Cantilever

FPiezoelectric Sample
Scanner

Fig. 1. Basic AFM concept.

* laser light from a solid state diode is reflected off the back of the
cantilever and collected by a position sensitive detector (PSD, 2 closely
spaced photodiodes)

- angular displacement of the cantilever results in one photodiode
collecting more light than the other = the resulting output signal is
proportional to the deflection of the cantilever

« detects cantilever deflection <1 A




DI MILANO

AFM imaging modes:
Contact Mode

» tip is scanned across the sample while a feedback loop
maintains a constant cantilever deflection (i.e. force)

« the tip contacts the surface through the adsorbed fluid layer

» forces range from nano to micro N in ambient conditions and
even lower (0.1 nN or less) in liquids

repulsion due to wavefunction overlapping

uE) /

intermittent
contact

Contact mode

repulsive force

1

| contact

v

!

attractive force

/ non-contact
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AFM imaging modes: Non-Contact Mode

- cantilever is oscillated slightly above its resonant frequency (oscillations < 10
nm)

* tip does not touch the sample, instead, it oscillates above the adsorbed fluid
layer

 the resonant frequency of the cantilever is decreased by the van der Waals
forces which extend from 1-10 nm above the adsorbed fluid layer, this in turn
changes the amplitude of oscillation

« a constant oscillation amplitude is maintained (feedback signal) - constant
tip-surface distance (sometimes, constant frequency is the feedback signal, e.qg.

AFM in vacuum) UG
r

mtermittent

1
i contact

Mon-contact mode

repulsive force

1

!

attractive jorce

» non-contact
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Tip shape effects &

Lateral resolution is limited by tip radius of
curvature (usually some nm or tens nm)

tip -

image

surface

Artifacts can be introduced by the tip shape

tip
surface image

Andrea Li Bassi, CERN 13/06/07




AFM EXAMPLES

cluster-assembled carbon films

e non-contact AFM

TiO, thin films

POLITECNICO DI MILANO

Andrea Li Bassi, CERN 13/06/07



polystyrene self-assembled nanoparticles

3 micron

5 micron

e contact AFM
ultrashort laser pulses on glass

Andrea Li Bassi, CERN 13/06/07 . POLITECNICO DI MILANO
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SWNT bundles

0 1.00 pmv O 1.00 pm

Data type Height Data tupe Deflection
Z range 300.0 nmM Z range 1.000 nm
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AFM of biomolecules (e.g. proteins, DNA)

aggregation of Ataxin-3 (responsible for
neurodegenerative disease SCA-3)

observation on mica (inert, flat substrate)

400rm

unpublished material
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DNA chains

J. Moukhtar et al. PRL 98, 178101 (2007)

Alessandrini A., Meas. Scie. Technol. 2005

2nm | am 0 nm

Andrea Li Bassi, CERN 13/06/07 - I
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DPN, Dip Pen Nanolitography

AFM tip functionalized with
organic molecules (“ink”) to

“write” on a surface (usually gold)

Lateral Force )

Topo raphy .

E?ﬂ‘ | 10.0 nm
im- g =
% 5!- 5.0 nm
e . S
iy = ,--e""».‘r:—":'
5"{_;;?;3aﬁ§_ & oonm
- & & . = E— d
b S A
- - s s o
i e S
P v w > »
1] m ——— T

mercaptan

K.B. Lee et al.,
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AFM Tip
D ge ant
e

Molecula ransport | L‘\

7 Winong drestion

| —

www.chem.nwu.edu/~mkngrp/

Dip-pen lithography

P

Science 295, 1702

(2002), proteins

Andrea Li Bassi, CERN 13/06/07
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Other SPM modes

Lateral Force
Microscopy

While topographic imaging uses the up-and-down deflection of the
cantilever, friction imaging uses torsional deflection

N\

Atomic force microscopy Frictional force microscopy

Twvo segment
photodetectar Four segment
photodetector
1)

L]

Y &
Cantlever ™1 s

. Laser beam

- the degree of torsion of the cantilever is used as a relative measure of
surface friction caused by the lateral force exerted on the probe.

+ e.g. identify transitions between different components in a polymer
blend, in composites or other mixtures
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Other SPM modes %J

Phase Imaging

Oscillate the cantilever at its resonant frequency. The amplitude is used
as a feedback signal. The phase lag is dependent on several things,
including composition, adhesion, friction and viscoelastic properties

H———am plitucle

Extencker
Electronics | phase

phase
]

e Identify two-phase structure of polymer blends
o Identify surface contaminants that are not seen in height images
e Less damaging to soft samples than lateral force microscopy




Other SPM modes

MFM: Magnetic Force Microscopy

Overwritten tracks on a textured hard disk, 25 micron scan

* MFM tips are coated with a ferromagnetic material.

* The cantilever is oscillated, gradients in the magnetic forces on the tip
shift the resonant frequency of the cantilever >magnetic force image




Other SPM modes

Soft sample

Force Modulation Imaging Modulation
amplitude

« Oscillate the cantilever vertically at a rate that i
significantly faster than the scan rate

 The amplitude of the oscillations changes in Hard sample

response to the sample stiffness Maodulation
amplituce

topography force modulation
’ r i - i g, | N - &

polymer

POLITECNICO DI MILANO
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Mechanical properties: nanoindenting
and scratching

-
o

I”
L

o

)
/

= a diamond tip is mounted on a
metal cantilever and scanned

= indenting mode presses the tip
Into the Sample Figure 1. Typical indentation cantilever with dimensions.

= scratch mode drags the tip
across the sample at a specific
rate and with a specified force

102-305 microns
wide

) %ﬁ,w)w g5 U)
“ﬁh\ﬂ ?"\-1‘\“
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Some articles and books:

* G. Binnig, H. Rohrer, Rev. Mod. Phys. 59, 615 (1987) Nobel Prize lecture

* R. Wiesendanger, Scanning Probe Microscopy and Spectroscopy —
Methods and Applications, Cambridge University Press 1994

» Scanning Tunneling Microscopy, Edited by J.A. Stroscio and W.J. Kaiser,
Academic Press 1993

» Scanning Probe Microscopy and Spectroscopy — Theory, Techniques
and Applications, Edited by D. Bonnel, Wiley 2001

 C. Bai, Scanning Tunneling Microscopy and Its Applications, Springer
2000

» C.B. Duke, Tunneling in solids, Academic Press 1969

“Tunneling is an art, not a science”.

G.Binnig. Nobel prize lecture, November 1986




