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Motivation

Metallic tip apex
(Radius ~ 5 nm)

O Forces:

Vdw
Chemical
Magnetostatic
Electrostatic

Sample

KPFM — Electrostatic force compensation — V,,,. - Models to get quantitative
estimates (CPD, charges, dipoles...)
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Outline

I. INTRODUCTION
d Electrostatic forces & Contact Potential Difference (CPD)

[I.  PRINCIPLES OF KPFM
O Concepts
O FM-KPFM operational mode

[Il. ELECTROSTATIC MODELS
O Generic approach to Fe
O Examples of models

IV. EXAMPLES OF APPLICATIONS
O Long-range regime
O Short-range regime

CONCLUSION
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Before starting...

O There will be color...
v Slides marked with . are to be undertsood
v Slides marked with can conceptually be accepted and be understood later

v' Slides marked with . address more complex concepts. Use the related references to
get into them and take your time

d Slides including the symbol won't be addressed during that

lecture (section 1V)
v' They may contain relevant information for you, though

v" They remain included in the flow of slides as they are thematically relevant
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|. Introduction
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Electrostatic force: macroscopic concept

O Parallel-plate capacitor: O Capacitance C:
B €«
€EQEFD
S22 o= o ¢ (Eq.1)
D> Z Vi
—SO> 1a5
B €«
P €«
B €«
B S«
L e PE D>
. 2>
Electric &332
) B+ €«
field E -&2&>
B €«
e ST
Plate separation z
Vbias
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Electrostatic force: macroscopic concept

William Thomson (later Lord Kelvin of Largs):
1824 (Belfast, Ireland) - 1907 (Largs, UK)

Metallic electrode

Metallic sample

dC'

IC:—L?iaS_Li}S
d dt(b fs)

*Lord Kelvin, Phil. Mag. 46, 82 (1898)
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Electrostatic force: macroscopic concept

O Electrostatic force acting on the plates of a charged parallel-plate capacitor
(no inner charges or dipoles):

Electrostatic energy supplied to the capacitor:

Here: P&l — -2 T772

g=1,S=1um? z~2nm; Vo =0.1V=|F| ~10nN!

Electrostatic forces are conditionnally large!

1 1
wel — _§vaias — _Ech?iaS (Eq.2)
oWel 1{oC
Fel — 7 — ——|—1V2 7|(Eq.3
az Z 2 82 blaSZ ( q )
Attractive!

LmZnp
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Electrostatic force: macroscopic concept

O Electrostatic force acting on the plates of a charged parallel-plate capacitor
(no inner charges or dipoles):

Electrostatic energy supplied to the capacitor:
1 1
1 2
owel 110C ~
Fih = ———2= o v%asz (Eq.3)
Z Z
4 Fé¢ Attractive! ‘
Parabola-like
0 >Vias behavior
Bias-free short-range ~-10nN
components ~10 pN

\
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Electrostatic force: macroscopic concept

O Electrostatic force acting on the plates of a charged parallel-plate capacitor
(no inner charges or dipoles):

Electrostatic energy supplied to the capacitor:
1 1
wel — _§vaias — _Ech?iaS (Eq.2)
owel 110C ~
Fl— 2 - °2 3|(Eq3)
0z 210z

UNNERSITE. SUD

Institut Matériaux Microélectronique Nanosciences de Provence =i 0 Aix: - o
HP ix--Marseille o e y_ I
I_‘W.J-z-— "CARNO.l UntverSIté zﬂ;‘ﬁ-;s g Centrale Marseille f ?w%

UMRE CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var o 9 5l e



Work function in metals

K. Wandelt, Appl. Surf. Sci. 111, 1 (1997)

"The work function ¢ of an infinite homogeneous metal surface is defined

as the energy difference between... the Fermi level... and a final state... the
so called vacuum level."”

a) l rltz)/ surface dipole (Smoluchowski effect”)
N (2) . (2]
— | vacuum
mefal \Qm

o
N

b) I E
metal 1 vacuum

¢>(z)-/
o

im

Ey

0] A®

E:%////////}//////} p=Ey —Erp=A0 -7 (Eq.4)

" Physics of surfaces and interfacesiH. Ibach, Springer 2006.
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Electrostatic force and Contact Potential Difference (CPD)

Tip Sample Ti-p')'

e N
2 J-o 0 2 Je—»

1%/ Ad {I}sample — {I}tip
CPD — —
el

NB: here, Vgpp < 0 e

UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var « B ET et
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Electrostatic force and Contact Potential Difference (CPD)

..............................................................
o
K

U

Sampga_ _I

=Vepp <0

b\as

Viias = Vepp — electrostatic force compensation
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Electrostatic force and Contact Potential Difference (CPD)

Tip

S
z "H

Tip

< , | ?
z "H II
V

=Vepp <0 Vv

>0 (& V

owel 110C). .. 110C .
Ftlp — Z = __}%‘VQ — }@‘(Vblasz VCPD)QZ (Eq.6)

> IV, arb.)

bias bias bias

0z 2 9

1,11 SIE. SUD
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Electrostatic force and Contact Potential Difference (CPD)

oW 1P o o
Ftlp = az Z — %VQ = __‘q(vbl’ls VCPD) Z (Eq6)

Void capacitor (=inner charge free)

O KPFM = detecting tip-surface electrostatic forces and compensate them
with the proper dc bias on the sample while scanning* :

F

ip — =0< Iﬁjias — LTCPD (Eq.7)

O This is why KPFM may be used on any kind of surfaces: metals, semi-
conductors & insulators, despite with the former, the concept of CPD is
ambiguous...

*only if the tip is grounded and V is applied to the sample, V,,,s = -Vopp Otherwise
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Electrostatic force and Contact Potential Difference (CPD)

oW 1P o o
Ftlp = az Z — %VQ = __‘q(vbl’ls VCPD) Z (Eq6)

Void capacitor (=inner charge free)

d Therefore, KPFM was conceptually extended to a mean of measuring
samples’ CPD*:

F

ip — =0< Iﬁjias — LTCPD (Eq.7)

O BUT equations 6 & 7 are valid for a void capacitor, only:
Ftellp x V?
« V — V(X): no charges and/or dipole present inside the capacitor,

unless otherwise 'Ft‘ip = 0 = Vhias # Vepp)

*only if the tip is grounded and V is applied to the sample, V,,,s = -Vopp Otherwise
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Electrostatic force and Contact Potential Difference (CPD)

5= 3" = ~glg 7
Ftlp Oz — 29~ V — T a Vblas VCPD) Z

Void capacitor (=inner charge free)

(Eq.6)

O Charges or dipoles (ions, vacancies, clusters, charge transfer effects,
polarization effects...) systematically occur at the tip-surface interface: models

required to interpret F¢' and hence, the KPFM signal (« CPD »)

CPD map
(KPFM image)

0

Sample

chn
VCPD,‘I
cross section
chn,z J
VCPD,D !
chn,a

UNNERSITE. SUD

Institut Matériaux Microélectronique Nanosciences de Provence =i 0 Ai . o
np ix-Marseille o e B e
I_‘W.J-z-— "CARNO.l o UnNiversi te ﬁﬂ;‘ﬁ-;s g Centrale Marseille I 2@«%

UMRE CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var o 9 5l



Work function in metals

K. Wandelt, Appl. Surf. Sci. 111, 1 (1997)

"The work function ¢ of an infinite homogeneous metal surface is defined
as the energy difference between... the Fermi level... and a final state... the
so called vacuum level."”

a)

l rltzl/ surface dipole (Smoluchowski effect®)
L-n.iz) "...Real (metallic) surfaces are (a) of limited

size, (b) made up by discrete atoms, (c) mostly
include chemical and structural defects...
n.(z) Consequently @(z) ... vary parallel to the
surface. A few A away from the surface, the

b)

Ey

0 z energy difference ¢,.=AP(x,y,z)-1 acquires the
character of a local work function"
i E
metal 1 vacuum KPFM
®(z)-
. Local Contact Potential Difference (LCPD)
? A ¢J i = Short-Range Electrostatic forces

" Physics of sur

E:%//////{/I/un/{/f/a//ﬁ p=FEy —FEpr=A®—7

aces’an rfaceés)|H. Ibach, Springer 2006.
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®  Long: and shortrange slectrostatic orces in kP

e
FtotzFLR -:[FL1R+ F_')}/f[liw]

v
2 0z
Tip & cantilever

-9 —@

......

blas

Electrostatic potential ($/V)

FSy =08 Viias = VCPD‘

Sample holder
(counter-electrode)
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Long- and short-range electrostatic forces in KPFM

I I el vdW
Fii= F1Rr [FiR—I—F ]
l_'_l
1oC
r 1 _ 2y
2 0z Y7zt
Tip & cantilever 4
i~ O
_ﬁ |Ftlp — 0 — Vblas # VCPD:
Sample holder e
(counter-electrode)

Mesoscopic objects (whose size is comparable or larger than the tip)

MMMMMM
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Long- and short-range electrostatic forces in KPFM

—> —> —> —> —> —> .
Ftot:FLR‘|‘FSR—[FLlR‘|‘FdW]‘|‘[FSlR‘|—FdW] (Eq.8)

A

Tip & cantilever

_’.:‘:":‘; i %
£ v we . £
P09 000806
00000000
9000000086

Sample hold .Ftlp = 0= Vblas ?é VCPD:
ple holder
(counter-electrode) I
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O
Sign of the charge & dipole orientation (tip grounded)”

- charge transfer towards
—— the adsorbate from the sample

- interface dipole increase

- charge transfer towards
— the sample from the adsorbate

- interface dipole decrease

q,>0

case of tip grounded

Local Sign, CPD shift: « Local WF mterpretatlon »
quantity o | orientation - cho 0 D ample.0

Charge g < 0: decrease
- >0 > 0: increase
Dipole p T <0 < 0: decrease
l >0 > 0: increase

“consistent with most frequently reported results (see « References » section at the end of the slides)
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0 ZnPcClg on Ag(111):

* Vepp, p1= Vepp, ref -103 MV — negative shift — layer gets « + » charged — interf. dip. decreased
* Vepp, p2= Vepp, ret =94 MV — idem, but less than with P1

*P. Milde et al. Nanotechnology 19, 305501 (2008)
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I-mzhf? Institut Matériaux Microélectronique Nanosciences de Provence Pl 0 (Aixu'nN\lfaerrsseitlele pacyTEcH
- UMR CMRS 7334, Universités Aie-Marseille et Sud Toulon-Var ' ‘ fsn | s : !

L. Centrale Marseille s



Summary of that section...

O KPFM = compensation of the electrostatic force(s) that occur between the
tip and the surface forming a capacitor.
O For a « void capacitor », the electrostatic force writes:

owel 1‘8% 1‘8%
:E‘e.1 — — 7 = —— VZA = —— V)irtS — V 27
tp 0z 2 2102 2 az( bis CPD)"Z
a Therefore: FE; = 0 < Vhias = VeprD

O But this is an insufficient approach with real samples as charges and/or
dipoles are always present therein. Hence, the V.. and z dependence of
the total electrostatic force is to be quantified first to interpret the KPFM
signal, i.e. the « CPD »

O The sign of the CPD shift tells us about the sign of the charge and/or of the
surface dipole present on the surface

UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var Y fswe | e
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Il. Principles of KPFM
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O
Frequency shift in non contact-AFM

-8
bl | repulsive |'chemical electrostatic
|(attractive)
k van der Waals
1
i
0= L o IR ..
-1x108 |- ,’l
L 7’
’I
L J‘
z(t) iy
z,=D-A 2108 |
- . -~ = = Electrostatic Force
Y E B | 5 ——— Van der Waals
H I O - - - - - Chemical Bonding
\ 4 Surface B | D ~ Total Force
Displacement _3x1o-ﬂ"""""""'"""
f 0 5x1071° 1x107° 1.5%10° 2x10°?
A Tip-surface separation (m)
A .
A N A '_
i : 0+
N -107
|:> £ -20-
w
>
o -30+
)f g
g -404
L
-504
H » -60 T T T T T T
~ f 0.4 0.5 0.6 0.7 0.8 0.9
Tip-surface separation (nm)

Af Fe [
S”] l{cut;\ti " 2mkoAn J nt(Zu + Ao — Ag cos(u)) cos(u)du (Eq.9)

'F.Giessibl, Phys Rev. B 56, 16010 (1997); Phys. Rev.B 61, 9968 (2000)
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Non contact-AFM

O Constant Af:
« Topography
« Averaged |

Q Error signals:
« Af (—topography)
« Amplitude (—dissip.
* Phase

Dissipation

O Constant height:
« Af — interaction force
« Averaged |,
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— — [ —%]

%e
Fo=Fir+ Fsp =[ Fig + I?de]%-[Fis%- F&RY]
4D vectorial field: X, Y, Z, V.« B g

' Tip & cantilever ' 5.

o
4

Force (nN)

Sample holder
counter-electrode

Constant X &Y, here
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KPEM (in connection with nc-AFM)

The ideal way to get accurate forces & CPD measurements is to
perform 4D force fields measurements™:

Technically
demanding...

*scheme adapted from F.Mohn et al. Nature Nanotechnology 7(4), 227-231 (2012)
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Non contact-AFM

1 Constant Af:
» Topography
« Averaged |,

O Error signals:

Dissipation « Af (—topography)

« Amplitude
(—dissip.)
 Phase

KPFM componenit

O Constant height:
* Af — interaction force
« Averaged |,

UNNERSITE. SUD

Institut Matériaux Microélectronique Nanosciences de Provence =i 0 Aix: - o
HP ix--Marseille o e y_ I
I_‘W.J-z-— "CARNO.l o UntverSIté zﬂ;‘ﬁ-;s g Centrale Marseille f ?w%

UMRE CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var o 9 5l



KPFM (in connection with nc-AFM)

Idea’ : bias modulaton ——> discrimination of the electrostatic force
w.r.t. other interaction forces

Bias voltage applied Noncontact-AFM:
between the tip and the

: Oscillation at f;
surface : l___z_<; ]
V., =V, +V_sin2af._ 1) t+ (Force — Af(z))

Attractive electrostatic force (tip, void capacitor):

1 0C(z)
ip 2 0z

Fg Vae = Vapp + Vae Sin(27 fmoat)]® (Eq.10)

*M. Nonnenmacher et al., APL 58, 2921 (1991); J. Weaver et al. JVSTB 9, 1559 (1991)

2 Institut Matériaux Microélectronique Nanosciences de Provence i AIX Marseille o C"“% e
m _H,F [ universite =1/ 4

UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var Y fswe | —



% KPEM (in connection with nc-AFM)

- ocC 1, ) V2
Spectral components: &iz) 5 (Vac — Verp)” + 4 (Eq.11a)
ocC'
a(;) (Vae = Vepp ) Vae sin(27 fmoat) (Eq.11b)
) 72
@giz) Izc c0s(2 fmoat) (Eq.11c)

O These superimpose to the interaction force between the cantilever and the

surface

 Static deflection & induced vibrations of the cantilever at f,+f, 4 and f,+2f .,

O Detection and cancellation of the f, ,component by applying a proper dc

voltage which matches the CPD
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KPFM (in connection with nc-AFM)

Deflection power spectrum’, f 4= 2 kHz

1 |

x10

-j I
Y N

500 mV
151 152 153 154 155
frequency [kHZz]

*U.Zerweck et al., Phys. Rev. B 71, 125424 (2005)

dB
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FM- & AM-KPFM

Frequency modulation (FM-KPFM) : £, ~ 1 kHz

[ —

Amplitude modulation (AM-KPFM) : \

— f0qg Mmatches the first bending eigenmode of the D

cantilever above the fundamental one
fo
A v A
.|<2 V
& fo—Tmod ot Tmo Fmod
c
o
s
8 fo 2fmod f0+2fmod mod
- |
Ty
— &3 fo frequency
~1 kHz
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AM- vs. FM-KPFM

PHYSICAL REVIEW B 86, 075407 (2012)

Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
(Received 23 March 2012; revised manuscript received 21 June 2012; published 2 August 2012)

The distance dependence and atomic-scale contrast recently observed in nominal contact potential difference
(CPD) signals simultancously recorded by Kelvin probe force microscopy (KPFM) using noncontact atomic
force microscopy (NCAFM) on defect-free surfaces of insulating as well as semiconducting samples have
stimulated theoretical attempts to explain such effects. Especially in the case of insulators, it is not quite clear
how the applied bias voltage affects electrostatic forces acting on the atomic scale. We attack this problem in two
steps. First, the electrostatics of the macroscopic tip-cantilever-sample system is treated by a finite-difference
method on an adjustable nonuniform mesh. Then the resulting electric field under the tip apex is inserted
into a series of atomistic wavelet-based density functional theory (DFT) calculations. Results are shown for a
realistic neutral but reactive silicon nanoscale tip interacting with a NaCl{0{1} sample. Bias-dependent forces
and resulting atomic displacements are computed to within an unprecedented accuracy. Theoretical expressions
for amplitude modulation (AM) and frequency modulation (FM) KPEM signals and for the corresponding local
contact potential differences (LCPDY) are obtained by combining the macroscopic and atomistic contributions to
the electrostatic force component generated at the voltage modulation frequency, and evaluated for several tip
oscillation amplitudes A up to 10 nm. For A = 0.1 A, the computed LCPD contrast is proportional to the slope of
the atomistic force versus bias in the AM mode and to its derivative with respect to the tip-sample separation in the
FM mode. Being essentially constant over a few volts, this slope is the basic quantity that determines variations
of the atomic-scale LCPD contrast. Already above A = 1 A, the LCPD contrasts in both modes exhibit almost
the same spatial dependence as the slope. In the AM mode, this contrast is approximately proportional to A1/,
but remains much weaker than the contrast in the FM mode, which drops somewhat faster as 4 is increased.
These trends are a consequence of the macroscopic contributions to the KPFM signal, which are stronger in
the AM-mode and especially important if the sample is an insulator even at subnanometer separations where
atomic-scale contrast appears.
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O
Frequency-Modulation KPFM

Electrostatic force ——> shift of the resonance:

1st order : ﬂ):iw /k—;f/&z z‘fo(li%) (Eq.12)

Bias modulation (f,,,q) ——=> Electr. force modulation (f,.,q) ——=> Af modulation (f.,4)

« FM-KPFM is sensitive to the electrostatic force gradient... »
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O
Frequency-Modulation KPFM

Electrostatic force ——> shift of the resonance:

1st order : f! L [kZdFfoz fo(l _ Léf) (Eq.12)
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Bias modulation (f,,,q) ——=> Electr. force modulation (f,.,q) ——=> Af modulation (f.,4)

Af (Hz)

DC Bias voltage (V)
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O
Frequency-Modulation KPFM

Electrostatic force ——> shift of the resonance:

1st order : f! L [kZdFfoz fo(l _ Léf) (Eq.12)
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Bias modulation (f,,,q) ——=> Electr. force modulation (f,.,q) ——=> Af modulation (f.,4)
& Af(2f,,, =0
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O
Frequency-Modulation KPFM

Electrostatic force ——> shift of the resonance:

1st order : f! L [k droz 0(1 ldF) (Eq.12)

Jo= 5 " =~ PV
2T m
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Bias modulation (f,,,q) ——=> Electr. force modulation (f,.,q) ——=> Af modulation (f.,4)

(U\) Af(f o) Z 0

Af (Hz)

DC Bias voltage (V)
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Frequency-Modulation KPFM

Af A

0 » time

VdC=VCPD
¢ V20

mod

——> Detecting & compensating Aﬁfod by setting
V4.=Vcpp continuously while scanning
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Frequency-Modulation KPFM: experimental setup

|
e l . Kelvin
deflection | | | I fhl: LIA
detector il 1 eigenm. I ref. X Y, A o
i PLL | z
: ' e s S
i = excitation I o
: scheme I 2
i | <
5 I Kelvin
L\ I @-» controller
| | (CPD)
’*\ actuator |
i (7 ! i L I Vd:: _Vcnr,'
i 8 | /L
E - E I \ij_}/a::SIn(znfn'u;Jt)
| Z-piezo | il Topo. Af Damping CPD X,
,_Biock1 _______ = ' (topo. error signal) (CPD error signal)

Images / spectroscopic measurements
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Frequency-Modulation KPFM: experimental setup

deflection
detector

—»{ BPF

| Z-piezo |

Block 1 =

|
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P
.
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Kelvin
@—» controller
(CPD)
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* V. sin(2xnf__t)
w.‘
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Topo. Af Damping CPD X,
(topo. error signal) (CPD error signal)

Images / spectroscopic measurements
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Frequency-Modulation KPFM: temporal considerations

v Q f.g has to be within the
demodulation bandwidth of the
PLL — compromise:
« extending the PLL
bandwidth — adds noise to
Af detection
« must remain large enough to
not influence the z regulation
(usually requires to slow
down the scans)
« order of magnitude: 1 kHz

demodulation bandwidth
(Af-based FM-KPFM)

amplitude
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2frnod
A,‘
1234 146 148 150 152 154

frequency [kHz]

UNNERSITE. SUD

2 - Institut Matériaux Microélectronique Nanosciences de Provence P @ Aix--Marseille o S C‘% e
Fr_ll'__ ‘ UniverSité S Centrale '-a eille C"‘?,(

UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var Y fswe | —



Frequency-Modulation KPFM: experimental setup

1
oo B . Kelvin
i . i —»-e | IN.
: deflection | I i LIA
: —» BPF I
: detector ref. X, Y, A o
i | s
i | :
e | :
i I g
i | <
§ | Kelvin
i I @-» controller
s | (CPD)
E I Vu.‘l:: -V:jri
| | Vs
; 162 15l3 1..‘!)4 I 1 _}/d:s'n(‘zntm':t)
: I L
; frequency [kHZ]
s ; L —
| z-piezo | i|  Topo. Af Damping CPD X,
; Block 1 —= : (topo. error signal) (CPD error signal)
Images / spectroscopic measurements
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Frequency-Modulation KPFM: temporal considerations

vy Q f,.q has to be within the
demodulation bandwidth of the
PLL — compromise:
» extending the PLL
bandwidth — adds noise to
Af detection
« must remain large enough to
not influence the z regulation
(usually requires to slow
» down the scans)
o E - order of magnitude: 1 kHz

D_hl

demodulation bandwidth
(Af-based FM-KPFM)

amplitude

. ga_h Pl
=-§’—‘2

!

4+ <7— F,-based FM-KPFM

*l
l

—h

.}

mod O To avoid this, the oscillating
component may be used (fy+f o)
as the Kelvin LIA input, but then

" R ———— ————— the signal is to be amplified
1234 146 148 152 154 significantly for a proper detection
frequency[kHz]
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Frequency-Modulation KPFM: experimental setup

O Data from Th. Glatzel (E.Meyer’s group, Basel) in [1]:

Sl SEESES preyee——
200

—
n
o

g

o

Frequency shift (Hz)

4 -80

Kelvin controller input signal
(algebric error signal )

-30 -20 -10 0 10 20 30
Bias (V)

'Kelvin Probe Force Microscopy, Measuring & Compensating Electrostatic forces, Springer Series in Surface Sciences (Th. Glatzel
& S. Sadewasser Ed.)

Kelvin Lockin R/ X (mV)
w
o

n
<)
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Frequency-Modulation KPFM: experimental setup

|
e l . Kelvin
deflection | | | I fhl: LIA
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Summary of that section...

Q Af vs V% curves give a dc potential value (maximum of the parabola) that
relates to the sample’s CPD, actually not only concealing the CPD of the bulk
material, but information about local charges, dipoles,..., as well

Q FM-KPFM is a method where Fe!, hence Af, is modulated by the electrostatic
force owing to the bias modulation (f,.4)

d The f, 4 spectral component of Af is detected as the X component of the LIA
(algebric signal required)

O The PI controller supplies the proper dc bias that cancels that component, that
is the « CPD »
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l1l. Electrostatic models
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Generic approach to Fe!

d Electrostatic energy of an ensemble of point charges inside a capacitor’:

g
z back "
1P
s L, contact
(D1
Picture adapted from [2]

L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000)
2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015)
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Generic approach to Fe!

d Electrostatic energy of an ensemble of point charges inside a capacitor’:

Z back :
e L, contact € e
P,
Picture adapted from [2]
1
Wel - — as + Z QZ¢(O) (rz) + 5 Z Qigbim(ri) + WCoulomb (Eq 13)
i i

L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000)
2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015)
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Generic approach to Fe!

d Electrostatic energy of an ensemble of point charges inside a capacitor’:

back
contact

tip

Picture adapted from [2]
] 1 1
W ! — _50(0) ngias =+ Z QZ¢(O) (rz) + 5 Z Qigbim(ri) + WCoulomb (Eq 13)

L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000)
2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015)
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Generic approach to Fe!

d Electrostatic energy of an ensemble of point charges inside a capacitor’:

Tz back

pammmmm ., conea P
(D1

Picture adapted from [2]

o 1 -
1174 I _56’(0) ngias + Z ngb(o)( z) - 5 Z Qi¢illl(ri) + WCoulomb (Eq13)

L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000)
2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015)
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Generic approach to Fe!

d Electrostatic energy of an ensemble of point charges inside a capacitor’:

Z back

e, conaot f

Picture adapted from [2]
Lo |
W = _50(0) ngias T Z QZ¢(O)( ’L) + 5 Z Qigbim(ri) + WCoulomb (Eq.13)

L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000)
2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015)
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Generic approach to Fe!

d Electrostatic energy of an ensemble of point charges inside a capacitor’:

Z back

el o P

Picture adapted from [2]

e 1 !
1174 I _50(0) ngias + Z ngb(o) (rz) 4 5 Z‘) + WCoulomb (Eq.13)

L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000)
2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015)

UNNERSITE. SUD

IWZHF Institut Matériaux Microélectronique Nanosciences de Provence Pl 0 (Ai)ﬁnl\"\lfaerrsseitle‘lre o pacyTEcH Cﬂ MR
— UMR CMRS 7334, Universités Aie-Marseille et Sud Toulon-Var ' ‘Eﬂ_ s : Y - Contrale Marseille i



Generic approach to Fe!

d Electrostatic energy of an ensemble of point charges inside a capacitor’:

% z back
e L, contaot € *
(D1
Picture adapted from [2]
1 1
el 0 2 0
W = _50( )Vbias + Z Qz¢( )(rz) + 5 Z Qigbim(ri) gmb (Eq.13)

L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000)
2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015)
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Generic approach to Fe!

I I iRl P TV iel P TV
Fo=Fir+ Fsp = [Firi+ FiR']+ [FS]R+ Fe']

aQ Wel requires to know the potential | WCharges and dipoles yield short-range
generated by the void capacitor upon | electrostatic forces: microscopic range (nm-
biasing: mesoscopic range (mm-nm) | pm)

v Usually: finite elements methods + Poisson v'Ab initio computational methods, or analytic
equation or Green’s formalism + boundary methods
conditions

PHYSICAL REVIEW B 86. 075407 (2012

Multiscale approach for simulations of Kelvin probe force microscopy with atomic resolution
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Insights into Kelvin probe force microscopy data of insulator-supported molecules
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Examples: 1- double capacitance model (mesoscopic model)

d A charge inside the capacitor:

(b) é

.....

J. Polesel et al., Nanotechnology 15, S24 (2004)
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Examples: 1- double capacitance model (mesoscopic model)

d A charge inside the capacitor:

J] o|
0.900 Metallic tip
C
Vbias o Vbias |
Gap >
(@) Charge C,
0000000000 :
M Insulating layer
o R e
'4'4'4'¢'¢.¢.¢. Metallic sample
....... J. Polesel I, N hnol 15, S24 (2004)
1 oCy (¢ 1 P
Fel + 505 Viias —iC2qVbias] (Eq.14)

T2 0- \ 2 2

1Nanoelectronics and Information Technology: Advanced Electronic Materials and Novel Devices, edited by R.
Waser (John Wiley & Sons, New York, 2003); R. Stomp et al., Pys. Rev. Lett. 94 , 056802 (2005);
J. Polesel et al., Nanotechnology 15, S24 (2004)
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Examples: 2- microscopic approach to Fe!: polarizability

L.Nony et al., Nanotechnology 20, 324, 1428 (2009)

264014 (2009)

__________________________________ .
1
1 ; 2 3
1
Tip apex Tip apex
c=0,1tC
o 2 & = met.allic
atomic asperity O tip
(metal) T T T TTT7T Y Y !
r R
Z, ] h, Thin dielectric
'oun:‘:.-?-t::::tro \ Counter-electrod
Y T Ve lIV.,
tallic sample hol = =
counter-electrode
1 B 1
i * Tip termination: metallic : * Tip termination: ionic cluster * Tip termination: single metallic atom
I atomic asperity E (Na*-terminated) » Sample: 2ML NaCl / Cu(111)
i * Sample: Bulk ionic crystal ' » Sample: Bulk ionic crystal * Fully analytical approach
i * Analytical & Experimental E * Fully numerical approach
! approach :
1 1
1 1
i F.Bocquet et al., Phys. Rev. B 78, | L.Nony et al., Phys. Rev. Lett. 103, F.Bocquet et al., Phys.Rev.B 83, 035411 (2011)
i 035410 (2008) H 036802 (2009) Based upon the work by L.Gross et al. Science
1
i |
L ;
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Examples: 2- microscopic approach to Fe!: polarizability

—>
- E &%
» <=
D+ €«
P €«
B €«
B €«
P €«
P €«
B €«
B €«
B €«
P €«
B €«
B €«
B €«
B €«
B €«
P €«

e ]
Plate separation z

polarizability

Vv

bias

2
Dipole moment of each part of dielectric within the capacitance: f)} = cve(}ﬁ
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Examples: 2- microscopic approach to Fel: polarizability

Interaction force : F'(z) = Fj,.(2) + Fes(2) + Fsr(2)  with  f— L A-i.dS
€5 ) 26 e
tip 0

Building the analytic approach to F,,:

O @ cation [V Crystal surface has a perfect fcc structure, carrying neither

.® local char i
. ge nor dipole
O ° anion

¥ The Madelung potential expands at the surface’, although

’ decaying exponentially fast
@O |a
%’

[100]

V1 Tip apex: microscopic structure (nano-asperity, area 1, radius
R.) + mesoscopic half-sphere (area 2, radius R): METALLIC
] Sample: topmost infinite layer of alternate point charges + bulk
treated as a continuous medium
V] Surface charge density that develops on the tip has 2 origins:
= capacitive contribution (mesoscopic): c,, connected
with V,
= Madelung surface potential-mediated contribution
(microsc.): o,
2 [v] Description of the ionic polarization of the sample , self-
consistency
V] Classical approach

Tip apex

'F. Bocquet et al., Phys. Rev. B 78, 035410 (2008); * R.Watson et al., Phys.
Rev. B 24, 1791 (1981)
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Examples: 2- microscopic approach to Fe!: polarizability

Superposition principle :

..

(“D bulk

ionic z, i
R Mesoscopic

(=) problem (c,)

Tip apex

B
+

mesoscopic apex
(sphere, radius R)

Microscopic
problem (c)
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Examples: 2- microscopic approach to Fe!: polarizability

Madelung surface potential'

Madelung surface potential: onKBr @z,=4A

q F_ 9w %
V..,-(x,y,zﬁ) =- : cosh @@ (J—(zmu Jz) o o
h ’ ‘

Polarization, i.e. Bias dependence

Lateral periodicity (in plane) B ‘ a
‘0 ve. o 0 g0
_ WP T St & v
X(.X' 4 }') COQ[ (.)L XU)] +(.,U‘3[_ (\' — "U)] (mV) cross section (nm)
100
"...when considering an infinite planar slab of point charges, the >0
Madelung surface potential reaches its asymptotic value in a very ¢
short distance normalto the slab. Consequently, the ions within the -50
crystal at a distance only one lattice constant from the surface || -0
have Madelung potentials, which are indistinguishable from those cross section (nm)
Offhe bUJ" ‘rr -06 -04 -02 0 02 04 086
(mV)
250
200
150
100
50
op,
-60 -~
-100 i
-160
R.Watson et al., Phys. Rev. B 24, 1791 (1981) v / s}

0.3 0.4 0.5 0.6 0.7 0.8
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Examples: 2- microscopic approach to Fe!: polarizability

260

E = R.10.dS = Fy, H Fpy HH F
tip

<= F,, : negligible (counter-eletrode too far)
+F,.“ : capacitive coupling on the mesoscopic part of the tip
decays fast; negligible compared to F,,"; tip enhancement effect

= F " : negligible compared to F * (not obvious, geometry
dependent)

— 1 2
E=|F{) I+ |F®

Tip apex

Madelung
Surface
Potential

* Proportional to Vb

* short-range \

- Lateral periodicity of the MSP

* short-range
* V2 dependence (required!!!) induced by the polarization
 No lateral periodicity

. : T 3 i 47
flakld)=\8 % Vo {_?z#}x [cos(#0) + cos(go) HH(AVy’ + C) x exp {_?Zp. short-range
electrostatic
with V= Vi + Viesin(27 fit) force
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Examples: 2- microscopic approach to Fe!: polarizability

tip

= F,, : negligible (counter-eletrode too far)

= F,.? : capacitive coupling on the mesoscopic part of the tip
decays fast; negligible compared to F,,'"; tip enhancement effect

= F " : negligible compared to F,” (not obvious, geometry

F.onKBr @z,=4A

2
(J'm, . G'#) -

4.dS = Fy, + Fny + F,
260

oo
0’0‘
AT

dependent)
(1) (2) e Pt 0 0.
— 1 2 cross section (nm)
= \ 7~ cation
o - / anion
g, o
B
5
|E -3 l 1
[z (m)
40.::/ 04 05 06 07 08
' . 2 ~ ~ 2 y 47
Fos(Vs) = B x Vyexp ——2n X [('(JH(J?U) + (‘.()E-i(',.‘,-'u}]-l-(:n'b + C) x exp ——Zu (| short-range
“ “ electrostatic (£Q.15)
with Vi = Ve + Ve sin(27 f ) force
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Summary of the section...

O The quantitative interpretation of the KPFM signal requires sophisticated
multiscale approaches: mesoscopic range (CPD), microscopic range
(charges, dipoles, polarization effects...)

O Due to charges, dipoles, polarization effects,..., the electrostatic force is a
function of the bias with the form:

F' = AVZ  + BVhjas + C

d Hence, the f,,,-modulated component has the form:

FeliJmod — IB 4+ 2A(Vy. — Vepp)] Vae sin(27 fmoat)

B
O Therefore: Viec = Vepp — —

2A

v' The measured « CPD » conceals the physics of the interface (parameters
A & B): charges, dipoles, polarization effects...

v' B and A are tip geometry- and distance-dependent...

v Extracting quantitative parameters (number of charges...) requires the void
capacitor to be perfectly caracterized
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Summary of the section...

O The quantitative interpretation of the KPFM signal requires sophisticated
multiscale approaches: mesoscopic range (CPD), microscopic range
(charges, dipoles, polarization effects...)

O Due to charges, dipoles, polarization effects,..., the electrostatic force is a
function of the bias with the form:

F' = AVZ  + BVhjas + C

4 Hence, the f,,,-modulated component has the form:

FeliJmod — IB 4+ 2A(Vy. — Vepp)] Vae sin(27 fmoat)

O Therefore: Vie = Vepp — ﬂ
A VEm—kprm
Cia,e™%%min Ao 30 (F) r
Voo = Vepa — 20 JZ4, 50 sy e AT
DC cpd Y A 0 +Ap—T AZ—12
2C2ble 20((-111111 _|_ 47TC£AO/Z§/I — ¢ + 0 T
e Ao 9Cc® T dt
—Ap 9d ld+Ap—1 Aé—r:
L.Nony et al., Nanotechnology 20, 264014 (2009) J.Neff et al., PRB 91, 085434 (2015)
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Summary of the section...

Fel

VCPD Vdc::VCPD'B/ 2A

=
I bias

~ C-B?%/4A ~ ¢?, image charge effects

~ B, linear term ~ g

~ AV, 2, capacitive &
polarization effects

LImZnp
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IV. Examples of applications
- Long-range regime

LmZnp
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Huge amount of published results about KPFM...

« B.D. Terris et al., Phys. Rev. Lett. 63, 2669 (1989)

+ H. Jacobs et al. J. Appl. Phys. 84, 1168 (1998)

* J. Colchero et al. Phys. Rev. B 64, 245403 (2001)

* A Gil et al. Nanotechnology 14, 332 (2003)

* Y.Azuma et al., Phys. Rev. Lett. 96, 016108 (2006)

+ K. Sajewicz et al. Jap. J. Appl. Phys. 49, 025201 (2010).

* IBM Zurich lab.: L. Gross et al. Science 324 :1428—-1431 (2009); F. Mohn et al. Nature Nanotechnology 7(4),
227-231 (2012); B. Schuler et al. Nano Letters 14, 3342-3346 (2014); F. Albrecht et al. Phys. Rev. B 92,
235443 (2015) ...

+ C. Barth: C. Barth et al., New J. Phys. 12, 093024 (2010); B. Hoff et al., J. Phys. Chem. C 118, 14569 (2014);
E. Palacios-Lidon et al., ACS Catalysis 4, 1838 (2014); B. Hoff et al. Nanoscale 8, 411-419 (2016)...

« E. Meyer group, Uni. Basel, Switzerland: T. Glatzel et al., Appl. Surf. Sci. 210, 84 (2003); S. Kawai et al.
Nanotechnology 21, 245704 (2010); R. Pawlak et al.Nano Lett. 13, 5803-5807 (2013); A. Henning et al.,
Beilstein Journal of Nanotechnology, 4, 418-428 (2013); B. Eren et al., Appl. Phys. Lett, 108, 041602 (2016)...

« S. Gauthier, CEMES, France: A. Hinaut et al., Beilstein journal of Nanotechnology 3, 221-229 (2012)...

« B. Grévin, CEA France: Y. Luo et al. Adv. Mater. 19, 2267-2273 (2007); E. Spadafora et al., Nano Lett. 10,
3337 (2010); E. Spadafora et al. Appl. Phys. Lett. 99, 233102 (2011); F. Fuchs et al., Phys.Rev.B 88, 205423
(2013); F. Fuchs et al. ACS Nano 10, 739-746 (2016)...

* T. Mélin, IEMN, France: T. Mélin et al., Phys. Rev. Lett. 92, 166101 (2004); S. Barbet et al., J. Appl. Phys. 115,
144313 (2014); H. Diesinger et al., Beilstein Journal of Nanotechnology 5, 1-18 (2014); E. Palleau et al.,
Nanotechnology 21, 225706 (2010); H. Diesinger et al., Ultramicroscopy 110, 162-169 (2010)...

+ S. Sadewasser, INL Portugal: S. Sadewasser et al., Phys. Rev. Lett. 103, 266103 (2009); R. Baier et al.,
Phys. Rev. B 85, 165436 (2012); F. Mesa, et al. J. Nanotechnol. 3, 277-284 (2012)...

 P. Gritter, Mc Gill, Canada: R. Stomp et al., Phys. Rev. Lett. 94, 056802 (2005); S.A. Burke et al.,
Nanotechnology 20, 264012 (2009); Y. Miyahara et al. Phys. Rev. Appl. 4, 054011 (2015)...

* P. Jelineck group, Praha, Czech Rep.: F. Albrecht et al. Phys. Rev. Lett. 115, 076101 (2015); M. Ondracek et
al. Nanotechnology 27, 274005 (2016); P. Hapala et al., Nat. Commun. 7, 11560 (2016)...

*  Sorry for the others...
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KPFM on metallic surfaces including adsorbates:

L Thin insulating inorganic films :

KCI on Au(111)! (FM-KPFM):

&  Topograph Kelvin-histogram UPS measurement
B I e »
1.0 —— Au(111) substrate  {0.10
" ~1 ML KCI coverage
€ e} ‘g
8 8
E 40} '§
o) & 05 10.05
E
2 20 g
=, it k 8
o] 2= it O | A 0.00
-D4 -02 00 02 04 08 08 10 15 ] __.io 5 “0 ’
U,V binding energy

O KCl islands decrease the CPD: interface dipole decreased (c.t. to the sample)

O Quantitative measurement of the CPD in the LR regime when the
adsorbates are larger than the tip radius

'U. Zerweck et al., Phys. Rev. B 71, 125424 (2005);
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. KPFM on metallic surfaces including adsorbates:

L Thin insulating inorganic films :

lonic thin films on Au(111)' (FM-KPFM):

0.80

O UCF,D values

Linear Fit of Datal_Kelvin

RbCIL

0.50 1 1 1 1 1 1 1 1 1

80 90 100 110 120 130 140 150 160 170
cationic radius [pm]

'Ch. Loppacher et al., Nanotechnology 15, S9 (2004)

_____Kerthinfilmon metals

1044 meV

[ 510 meV

-4,9 4,7

A

600 meV

-5,3
Au(111) Cu(111) Ag(111)

* Interface dipole varies with the nature of the metal
« Adsorption properties must change

Qiu et al., Science 299, 542 (2003)

Porphyrin / Al,O5 / NiAl (110)

ol
) [
© ~

UMRE CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var
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‘ KPFM on metallic surfaces including adsorbates:

1 Molecular organic films :

CuPc on Au(111)! (FM-KPFM): N
J N/ \ N
: ' | . N4 M N M=CU, Co
. = N
4 \

(d)
O Molecular resolution in KPFM
oA /\/V\/\/\ra O +30mV positive shift, increase of
R e the interface dipole, c.t. to the layer
O Results interpreted in terms of
© Surface Potential electrostatic MS interaction

1T. Ichii et al., JAP 107 024315 (2010);
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. KPFM on metallic surfaces including adsorbates:

1 Molecular organic films :

C¢, on Ag(111)! (FM-KPFM):

600

4IJIJ-
200 agi111)
oF

-200 |

solm  KPFM 1ML C,>
tore KPM Hayashi et al.
B e a8 50 52 54

metal workfunction ¢_ (eV)

A¢ (MV)

O Cq, layers increase the CPD: interface dipole increase, c.t. to the
molecules

O Behavior depends on the nature of the metal

O Results are compliant with macroscopic KPM

'U. Zerweck et al., Nanotechnology 18 084006 (07); Hayashi et al., JAP 92, 3784 (02)
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KPFM on bulk insulators

O Mixed ionic crystals’: NaCI(OO1)+1% KCI (FM KPFM)

& Topography

Q Significant positive CPD shift at the step
edges (+300 mV)

Q Local (-) charges are heterogeneously
trapped along the step edges : not intrinsic

: e . QO Similar behavior on other alkali halides
(c) Topography (KCl)

F ]

Origin of these charges?

'C. Barth et al., Nanotechnology 17, S155 (2006)

UNNERSITE. SUD

I.‘mz Institut Matériaux Microélectronique Nanosciences de Provence P A|x ‘Marseille o e I;;}".
i UMRE CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var o 9 5l — universite B c trale Marseille m#



KPFEM on bulk insulators

“Double layer surface” effect?
Q lonic crystals are extrinsic : Ca2* impurities
nearby steps below the surface
U Global charge of the crystal is neutral — V- centers
(cationic vacancies)

(c) 3 < QO Net negative charge nearby (below) step edges and kink
] Af @ constant height sites

Strong electrostatic Surface
interaction
‘_'. Bulk
(9
"
oy
{—
2nm

'C. Barth et al., Phys. Rev. Lett. 98, 136804 (2007); 2J. Frenkel, Kinetic Theory of Liquids, (Clarendon Press,Oxford, 1946).
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. KPFM on bulk insulators including molecular films

a Triphenylene derivative on KBr(001)': (FM-KPFM) JJNI

W 7 o

NC“\/\/O O OMN
"0 O‘O
0 Sy

O Two kinds of adsorptlon flat (h) and
vertical (v)

O Both domains exhibit lower CPDs
than KBr: surface dipole increase

O h-domains consist of molecules
interacting electrostatically with the
substrate via polar CN groups

[010]

T_, [100]

'A. Hinaut et al., J. Beilstein Nanotech. 3, 221 (2012)
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IV. Examples of applications

- Short-range regime

LmZnp
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(a) Topography

0.29+0.17 A

- =9.84 v

- -@.18 v

- -8.12 v

- -@.14 v

~-@.16 v

-@8.18 ¥

High-resolution KPFM: semiconductor surfaces

"The potential difference of atomic
structures...does not seem to reflect the
work function as we initially expected. It
is therefore considered that the atomic
potential difference reflects the local
electron density on the surface."”

First attempt to identify species of individual
atoms by KPFM

Potential of adatoms (surface potential) : Vg~ Vg,-0.2V
: "This value disagrees with the theoretical work
functions of Si and Sb in bulk state...Our result
indicates that KPFM on atomic scale does not
measure the energy of the HOMO level.”
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. High-resolution KPFM: intramolecular resolution

LETTERS

nature
naIIOteChnOl()gy PUBLISHED ONLINE: 26 FEBRUARY 2012 | DOI: 10.1038/NNANO.2012.20

Imaging the charge distribution within a
single molecule

Fabian Mohn*, Leo Gross, Nikolaj Moll and Gerhard Meyer
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High-resolution KPFM: charge state of individual atoms

Measuring the Charge State
of an Adatom w|th Noncontact Topographic sensitivity to the charge state on the atomic scale
Atomic Force Microscopy sz-85h,

Leo Gross,** Fabian Mohn,* Peter Liljeroth, 2 Jascha Repp,* Franz ]. Giessibl,® Gerhard Meyer*
12 JUNE 2009 VOL 324 SCIENCE

ol 2 1.8A —
% E 4 Au-
Au™ = 10 20 30 40 50
--------- = A 2A | T 0 Lateral position (A) Lateral position (A)
AZ
-1
< 201
= Spectroscopic sensitivity to the charge state on the atomic scale
S 10t
3 2.4 =

o

2.6}

-2.8}

Af (Hz)

-3.0}

-3.2

-2b0 0 200 4(:)0
Sample Bias (mV)

0 10 20 30 40 50
Lateral Distance (A)
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High-resolution KPFM: modelling

Tip apex

Tip apex

“metallic cantilever

metallic
- tip
- 1
1
1
1
i
§ : z | e
R| 4 @adatom
- 1 h, Thin dielectric
: oun:‘:.-?-t::::tro | | ! I Counter-electro_
TV

tallic sample hole
counter-electrode

1
* Tip termination: metallic * Tip termination: ionic cluster * Tip termination: single metallic atom E
atomic asperity (Na*-terminated) » Sample: 2ML NaCl / Cu(111) ]
» Sample: Bulk ionic crystal » Sample: Bulk ionic crystal * Fully analytical approach i
 Analytical & Experimental * Fully numerical approach !
approach E

1
F.Bocquet et al., Phys. Rev. B 78, L.Nony et al., Phys. Rev. Lett. 103, F.Bocquet et al., Phys.Rev.B 83, 035411 (2011) i
035410 (2008) 036802 (2009) Based upon the work by L.Gross et al. Science I
L.Nony et al., Nanotechnology 20, 324, 1428 (2009) :
264014 (2009) :
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Charge state of a single atom

UMRE CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var

2')
e e _2?';&_6-%_ ___________________
i
- i
i
= 2(z+h,, !
| 1l
5 i
-5 B e __I .............. % .....
h, Tip apex :
1 |
z : |
j !
R —
R ; v v H !
= | m L\
SN ! =
4 L 0 adatom =3
z N K l pad 8 D
y x/ / g 2 o §
/h/é“ Dielfectric // =
) :
a 1 gl Counter ; electrocle Q
el — T oo PR At
Fsn="g; g P FyA
\ J z+h, »
. Y _ _ 5 b,m) i
Electrostatic energy of polarization- T t"’_.g_ ___________________
induced dipoles
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Charge state of a single atom

Polarizability for Gold: 0=6.78A3

z=cst. , e a\J

- o= . T T T e T T -
L sE N ;
—~ i [G=0, Av’|=—=>SR-vdW |
%_ _10 -_ z=4.8 A on'y _-

ot

o [
e -15F .
20F ]
_25;| M R B R TR BT B R SR I |
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

6 (rad)
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Charge state of a single atom

Polarizability for Gold: 0=6.78A3

I Ll
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Charge state of a single atom

Force — Af — _EG_F

2k Oz
Af derived from the total force (LR+SR components, z=5.1 A, R = 50 A)

Cross section derived from the model

0 10 20 30 40 50

-0,2 1

-0,7 1

-1,2 |

Au0

-1,7 1

'20 ! ] 1 1 1 AU-
0O 10 20 30 40 50 2,2 : °

Lateral Distance (A) Lateral Distance (A)
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Charge state of a single atom

+
|
¥ ! Af derived from the total force (LR+SR components, z = 5.8 A, R = 50 A)
=cst. =
"Z CS A q
: : Frrrrrrrrryrrrri |..-........| ..... I 'l_'R' |
W | : - -2.5 CLR¥SR,#SRE .o T o -
—p .-' .'o..
Z"LVDC ;104 )

’IRF : . Z

o sl GTO0 eI T ]

q . I .* i . e, J
I |

-4.0F i ]

| | :

L. " y

-0.4 -0.2 0.0 0.2 0.4
DC bias (V)
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Conclusion
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Take home message

O Compensating electrostatic forces is required for high-resolution nc-AFM
imaging — necessity for using KPFM >

O Technic adds further complexity to the experimental setup but...

O The sign of the charges or the dipole orientation of the species trapped within
the capacitance which shift the CPD w.r.t. CPD, (background) is easy to
determine

d In the long-range regime and with surface adsorbates whose size is larger
than the tip apex, KPFM vyields a consistent CPD map of the sample
(consistent with UPS measurements)

O BUT getting quantitative numbers out of the experimental data is difficult
(requires models) as the CPD is tip and distance dependent

O KPFM in the short-range regime is sensitive to short-range electrostatic
forces which can qualitatively be understood from electronic & ionic
polarizability
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Additionlal key references used for this talk

Kelvin Probe Force Microscopy, Measuring & Compensating Electrostatic
forces, Springer Series in Surface Sciences (Th. Glatzel & S. Sadewasser
Ed.)

W. Melitz et al., Kelvin Probe Force Microscopy and its application, Surf. Sci.
Rep. 66, 1-27 (2011).
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