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O Forces:
« VdW

* Chemical
* Magnetic

 Electrostatic

KPFM — Electrostatic force compensation — V,,.. = Models to quantitative estimates
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Outline

. INTRODUCTION
 Electrostatic forces & Contact Potential Difference (CPD)

lI.  PRINCIPLES OF KPFM
0 Fundamentals of KPFM
O KPFM operational mode: FM and AM mode

IIl. ELECTROSTATIC MODELS
O Single charge trapped within a capacitor
O Assemblies of charge on a bulk insulator

V. APPLICATIONS
O Metals including charged adsorbates
O Bulk insulators with and without charged adsorbates

V. HIGH-RESOLUTION KPFM
O Short-range electrostatic forces & concept of Local CPD (LCPD)
CONCLUSION
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|. Introduction
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Electrostatic forces: macroscopic concept

O Parallel-plate capacitor:

Electric
fleld E

A

RRRRERXE R R R RKEEKE
(YYYYYYYYYYYYYYY)

2

>
Plate separation z

d Capacitance C:

O Time dependance:

YOLTS
N l I

1 rising voltage
across C

falling voltage
acress C

LmZnp

N
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Vbias
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Electrostatic forces: macroscopic concept

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

Metallic electrode

Metallic sample

dC

I{':— I”;Tias_vz::n S
dc df(b fs)

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

O Electrostatic force acting on the plates of a charged parallel-plate capacitor:

| 1
rel 2
W = = QVbias = _Cfvl-Jias
2 2
owel 10C
Fl—y  Z—4+__""V2 7
T 0z 2§z Plas
(attractive! because the gradient of C is <0)
1 eger S
. al acr o~
Here: FT = —5 Z—vaiasz

J Electrostatic force acting on an electrode of any kind:

—————————————————————

ds,
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Surface dipole & 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

‘ng;/n_,. {Z]
vacuum
n.(z)

0 "z

b) E
mefal 1 vacuum
E ——
v &(z)-
0] A® Pin

B T
Ee

722777 p=By —Ep=A® -7
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Electrostatic forces and Contact Potential Difference (CPD)

sample
P

1%/ AD {I}sample — {I}tip
CPD — —
]

o (< 0, in the present case)
€
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Electrostatic forces and Contact Potential Difference (CPD)

.
..
..............................................................

sample
P

Tip Sample Tip Sample
[ | 5 ' [ | T
| o | |
z 0 Z z .||_l |I
Ic!c VbtaSZVCPD <D

Viias = Vepp — electrostatic force compensation

UNVERSITE. SUD

I‘mz Institut Matériaux Microélectronique Nanosciences de Provence p» s @ (Aix Marseille o
— i UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var . A — Hniversite



11

Electrostatic forces and Contact Potential Difference (CPD)

.
..
..............................................................

sample
P

sample
P

S Vbias>0 (& Vbias> IVCPD" arb‘)
owel 1 0C 10C
E] Fedan; 5 2"""“ = r r 2-‘*‘-
Ft.ip = + - Z — —|—5 =0 V=g = —I—a o (Vbias — LCPD) Z

LmZnp
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Electrostatic forces and Contact Potential Difference (CPD)

C)HTEIA 1 0C 1.0C ) N
tip — 5, = —|—§ 3 V27 = J—a 3, U/blas VCPD)QZ

e

0 The essence of KPFM is to detect electrostatic forces between tip and
surface and to compensate them by applying the proper dc bias on the
sample during scanning :

Ft]p =0« Vbias = VCPD

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...
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Electrostatic forces and Contact Potential Difference (CPD)

owel 10C 10C
B, = Z=+=—V?Z=+-—(Vbias — VcpD)’Z
tip = T 0z —|_2 0z == +2 dz (Vo CPD)"Z

O Electr. forces may either stem from charges or dipoles (ions, vacancies,
clusters, charge transfer within molecules...) at the tip-surface interface

CPD map
(KPFM image)

VCPD
Y

CPD,1
cross section

CPD,2 I
CPD,0
CPD,3

< <<|] <

Sample

- ¢ = » P ® . UNIVERSITE...SUD
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Electrostatic forces and Contact Potential Difference (CPD)

e

tip — o

dHTEIA

Z =

18C
o

-

-

vz

1 0C 2~

= *5 2 (Vbias — VcpD ) “Z

O Therefore, KPFM was thought as a mean to measure CPD* variations
between tip and surface:

113

=0 & Visias = Verp

O BUT this relies on two (major) assumptions:
 the force must depend quadratically on the effective applied bias V
« V (hence, Vpp) must not depend on z

*only if the tip is grounded and V is applied to the sample, V,,,s = -Vopp Otherwise

UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var
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Sign of the charge & dipole orientation”

VCPD
A

VCPD,1 — q1<0

1 - charge transfer towards the adsorbate
Verp.2 — from the sample
' v - interface dipole increase

sample: V qp,1

A - charge transfer towards the sample
VCPD,Z — from the adsorbate
- interface dipole decrease

VCPD,1 m— >0

case of tip grounded

O q > 0 (<0): negative (positive) shift of Vopp W.r.t. Vpp (o
Q T({) :negative (positive) shift of Vgpp W.r.t. Vepp o

‘consistent with most frequently reported results (see « References » section at the end of the slides)
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® VCPD, ref - 4-73 V
*  Vepp, p1= Vepp, ref ~103 mV — interf. dip. decreased — c.t. to the sample — layer gets + charged
Verp, p2 = Vepp, ret-94 MV — idem, but less than with P1

'P. Milde et al. Nanotechnology 19, 305501 (2008)
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Il. Principles of KPFM
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Concepts of non contact-AFM

-8
1x10 | repulsive |\chemical electrostatic
\(attractive)
---------- ) van der Waals
1
L i
A 0 - l e e e — — — — = = = — —
0 ) R (S
A
20} )
A | == -1x108 |- W
L 7
D Lousseles
z(t) L |
20108 |-
- = Electrostatic Force
Y ¥ ! . ——— Van der Waals
: "W = @ —ee- Chemical Bonding
\ 4 Surface ol | D = Total Force
v >
Displacement axq0 8 1 i 1 ;
f 0 5x10710 1x10°9 1.5x10°° 2x10°®
A Tip-surface separation (m)
A B
A A P
X F 0+
N 107
> £ ]
w0
>
Qo -304
o
>
g -40-
i
-504
-60+ T T T T T
0.4 0.5 0.6 0.7 0.8 0.9

Tip-surface separation (nm)

Fe 2m
ﬂf(zu] { 1nt> _ | J ‘ﬁﬂ[zu + AU — AG CDS(IL]] CGS(U]dU

fo  koAo 27mkoAo Jo

F.Giessibl, Phys Rev. B 56, 16010 (1997); Phys. Rev.B 61, 9968 (2000)
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Concepts of non contact-AFM

1 Constant Af:
« Topography
 Averaged |,

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

Dissipation

O Constant height:
« Af — interaction force
« Averaged |,
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Total interaction force be_’gwe’é'né t'h'é‘-cgntilever and the surface
(4D: X, Y, Z, Viiae)

Force (nN)

L R
2 0
<0
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CARNOT ix-Marseille PoLYTEGH :
E"Dﬁ? UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var | (\@.i—- universite il o o c.% 15ch



21

Fundamentals of KPFM (in connection with nc-AFM)

|deally, the only option to perform accurate and « intrumentation-free » forces & CPD
measurements is to do 4D force fields measurements:

but « ideal situations » don’t exist...
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Concepts of non contact-AFM

1 Constant Af:
« Topography
 Averaged |,

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

* modulated KPFM
component

Dissipation

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

mmmmmm

- Institut Matériaux Microélectronique Nanosciences de Provence pp»iiy AixMarseille , , " YWty
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Fundamentals of KPFM (in connection with nc-AFM)

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

23

Bias voltage applied Noncontact-AEM:
between the tip and the o
surface : " Oscillation at f
V., =V, +V_sin2af._ 1) c + (Force — Af(z))
| ]

Attractive electrostatic force (tip):

L 190(2)
Fip = +3 s

[Iv:jc — Vepp + Vac Sill(zﬁfmodt)]z

M. Nonnenmacher et al., APL 58, 2921 (1991); J. Weaver et al. JVSTB 9, 1559 (1991)
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Fundamentals of KPFM (in connection with nc-AFM)

ac(=) 1 ... s Vo
‘ I Vi _\
P Q(Tdc Verp)™ + 4

Spectral components:

oC(z) .
di (_Vdc — Vepp ) Vi 5111(27‘—fm0dt)

aC(z) Va%
0z

cos(2 fmoat)

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

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

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

voltage which matches the CPD

Institut Matériaux Microélectronique Nanosciences de Provence P @
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Fundamentals of KPFM (in connection with nc-AFM)

Deflection power spectrum?, f_ =2 kHz

'- H

1) 1] o
/ |

500 mV
151 152 153 154 155
frequency [kHZz]

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

dB
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KPFM operational modes: FM- & AM-KPFM

Frequency modulation (FM-KPFM) : £, ~ 1 kHz
— f...q IS arbitrary but restricted to few kHz

26

med - f1 ~ 63f0

Amplitude modulation (AM-KPFM) : "

— f...qgmatches the first bending eigenmode of the

cantilever above the fundamental one
fo
v A
A

u-) VV
—
& f~Tmod o+ Tmo fiod
c
o
s
8 fO 2fmod f0+2fmod mod
- |
L

— eaf, frequency

~1 kHz

Institut Matériaux Microélectronique Nanosciences de Provence p»y v Aix-Marseille _ P
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Frequency-Modulation KPFM: concept

Electrostatic force —> shift of the resonance:
_ 1 |k—dF/oz 1 oF
1storder : fo=— — =fll———
‘ 27 m 2k oz

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

FM-KPFM is sensitive to the

electrostatic force gradient (?)

UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var [ ‘EEE-
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Frequency-Modulation KPFM: concept

Electrostatic force —> shift of the resonance:
I Jk—orlez ( 1aF)
0

2k oz

=

1st order : fé

*

AN

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

Af (Hz)

DC Bias voltage (V)
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Frequency-Modulation KPFM: concept

Af A

0 » time

VdC=VCPD
Af Vaci O

mod

——> Detecting & compensating Aﬁfod by setting
V4.=Vcpp continuously while scanning

29

LmZnp
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Frequency-modulation KPFM: experimental setup

I
o —be . Kelvin
: deflection | i | ppr | I ’ " LIA
detector 1 eigenm. I ref. X, Y. A o
| PLL Iy
; ; i S
g excitation I e
scheme I i
: i I P
§ I Kelvin
: e ( : > controller
s | ‘ | (CPD)
r\ actuator (& I
i / - E 1 I vfl!:: -V:;--’j
' ' I |

‘/r | ,{,\}/:J:_sin(.an,““.jt)
| L/
v I X ¥
Topo. Af Damping CPD X,
(topo. error signal) (CPD error signal)

Images / spectroscopic measurements
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Frequency-modulation KPFM: experimental setup

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

I 1 I I T | U
200

—
8 3

o

Frequency shift (Hz)

Kelvin Lockin R / X (mV)
3
o

n
o

— Kelvin controller input
_L 'l L J

-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.)
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Frequency-modulation KPFM: temporal considerations

: Q f0q 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

. |>§_., e BLL

2

A
L] l'l"l,, T = L = | - || = L] =
1234 146 148 150 152 154

frequency [kHz]

UNVERSITE. SUD
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Amplitude-Modulation KPFM: concept

33

F is now modulated at the frequency of the first bending eigenmode of the cantilever : f_ 4~ 6.3 f, ~ 1 MHz

Fundamental bending eigenmode

f, ~ 150 kHz
Ko ~ 30 N/m
QO ~ 30000 (AfHWHM= 25

Mechanical actuation electrostatic force (?)

Vbias .

AM-KPFM is sensitive to the

First bending eigenmode

\

f, =6.3f; ~ 1 MHz

Ky >> K,

Q, ~ 8000 (Afywum= 60 Hz)
Electrostatic actuation

—2YV

ac

c

I‘msz Institut Matériaux Microélectronique Nanosciences de Provence i @ (Ai,l("ME‘”‘SQi”e
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Amplitude-Modulation KPFM: concept

r——>— Detecting & compensating A, by setting
V4=Vepp continuously while scanning

UNVERSITE. SUD

Institut Matériaux Microélectronique Nanosciences de Provence i - - : =
TmZnp Yiom (@ (Wuitte R O R Ticy

UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var o (8 T -



Amplitude-modulation KPFM: experimental setup

35

HPE 2" eigenmode :
PP | | .
5 T
: flecti i ~ eigenm. e e
a detection {1 opr : T
E ; .' X Y A o
PLL : g
i excitation | 2
i scheme | 2
: I £Y ¥
| Kelvin Kelvi
5 S | @-» controller el
; | (CPD) PLL
: actuator | |
i ........ E I Vdc= _chd \ 4
; V., )= E I f"'\ ‘\-/acSin(zT[fmodt) KeIVin
i ) H L/
s = : =i
E— 5 v Y
Z-piezo | i| Topo. Af Damping CPD X
5 Block 1 = : (topo. error signal) (CPD error signal)

Images / spectroscopic measurements

LmZnp
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Amplitude-modulation KPFM: temporal considerations

Amplitude modulation (AM-KPFM) :
foog=T1 ~ 6.3,

— foqMatches the first bending eigenmode of the
cantilever above the fundamental one

f 0
A
A
v
g f
) mod
c
®)
s
Q 2fmod
o
T
L
) g frequency
~6.3f,
Institut Matériaux Microélectronique Nanosciences de Provence p» s (A- e =
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AM- vs. FM-KPFM

PHYSICAL REVIEW B 86, 075407 (2012)

Multiscale approach for simulations of Kelvin probe force microscopy with atomic resolution

Ali Sadeghi. Alexis Baratoff, S. Alireza Ghasemi. Stefan Goedecker. Thilo Glatzel. Shigeki Kawai. and Ernst Meyer

LmZnp

Institut Matériaux Microélectronique Nanosciences de Provence p» i o) (Aix Maissiils
UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var v (8 T —

Department of Physics, University of Basel, Klingelbergstrasse 82, CH-40536 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 simultaneously 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{(001) 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) KPFM signals and for the corresponding local
contact potential differences (LCPD) 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 = | 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 A—'/2,
but remains much weaker than the contrast in the FM mode, which drops somewhat faster as A 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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AM- vs. FM-KPFM
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PrOS » Ease of implementation
« CPD contrast larger than
AM- in the large
amplitude regime

 Low bandwidth, slow,
CO“S unless sidebands are
used (but LIA input to be
amplified)

Better S/N ratio than FM-
KPFM

More sensitive to
capacitive contributions
involved in high-resolution
CPD imaging

CPD atomic-scale
contrast reported

Implementation more
demanding (2" PLL)
Large detector bandwidth
required with usual
cantilevers (~1 MHz)
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lll. Electrostatic models
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1 - A charge trapped within the capacitor’

d Double capacitance model’:

Metallic tip

Vbias
Gap :: >

Charge C,
Insulating layer

Metallic sample

"Nanoelectronics 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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1 - A charge trapped within the capacitor’

O Superposition principle: i

000
®
@ — ®

= ]

b C:“- —

|
=
Z

I

(g —— -

Vv
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What about polarisability ?!?
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1 - A charge trapped within the capacitor’

—>
2 E 2%
» <=
D €«
P €«
D <«
B <«
D €«
P <€«
P <«
P <«
D+ <«
P €«
P <«
P €«
D€«
D <«
D <«
B < <€«

e ]
Plate separation z

polarizability

Vv

bias

v
O Dipole moment of each part of dielectric within the capacitance: f)} = CEE[}E
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2 - An assembly of charges trapped within the capacitor?

Interaction force : F'(z) = Fj.(2) + Fes(2) + Fsr(2)  with E= L n-u.dS

lip 2¢

Building the analytic approach to F,:
=
.@ O @ cation [V Crystal surface has a perfect fcc structure, carrying neither

. local charge nor dipole
e‘m” ] The Madelung potential expands at the surface’, although

decaying exponentially fast

] 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
A with V,
= Madelung surface potential-mediated contribution
(microsc.): o,
Z» V] Description of the ionic polarization of the sample , self-
consistency
] Classical approach

'F. Bocquet et al., Phys. Rev. B 78, 035410 (2008); * R.Watson et al., Phys.
Rev. B 24, 1791 (1981)
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2 - An assembly of charges trapped within the capacitor

Superposition principle :

..

(“D bulk

ionic z, i
i Mesoscopic

(2) problem (c,)

Tip apex

BT
+

mesoscopic apex
(sphere, radius R]

Microscopic
problem (c,)
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2 - An assembly of charges trapped within the capacitor

Madelung surface potential'

Madelung surface potential': on KBr @ z, = 4

A
y F_w _ %
4 i = .
V\'(-ra _‘}'13‘3,“' = - r COSh @@ (" (-#J'r{f :'-nu' o o
7760(? ' ‘ ‘

i i N i

‘Qf\‘?&qé (‘?70 Qi G_“__'G_fe ('?-7

(mV) cross section (nm)
100
50
0
-50
-100
cross section (nm)
-06-04-02 0 02 04 06

(mv)
250
200
150
100

a0

-0 /,,-‘
-100 -

-150 /

1 -200 /

R.Watson et al., Phys. Rev. B 24, 1791 (1981) 25| i)

0.3 04 0.5 0.6 0.7 0.8
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E= (Om +04)° 7.1.dS = B H Fonp H Fo
tip 260

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

» short-range \

» Lateral periodicity of the MSP * short-range
* Proportional to Vb * V2 dependence (re«
« No lateral periodicity [

AN

UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var s
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2 - An assembly of charges trapped within the capacitor

[

260

=, : 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)

F=FQ +F®

F:/ (UTH+J#) ﬁazdS:Fm_i_Fm#_l_F#
tip

F.onKBr @z,=4A

‘07 Od’aé’ 07 8 07 0\:’01.? 07’
ﬂ \

cross section (nm)

Total force (pN)
R e

(&

27

Wlth L-‘i = ln‘r y = ‘.‘ur Hi“{zﬂ-.fﬁ”

. . ) i 4
F.s(Vy) = B x Vyexp {—?z,,} [cos(zg) + cos(yo)] +( -H,, +C) % szp{ p z,,} short-range

electrostatic
force
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Summary

In general, the electrostatic has the form:

Fe = AV2  + BVig., + C

bias

Hence, the f_4,-modulated component has the form:

Febfmot — B+ 2A(Vac — Vopp)] Vac Sin(27 fmoat)

Therefore: B

Vac = Vi — —
d CPD — 5

« The measured « CPD » conceals the physics of the interface
(parameters A & B): capacitance, charges, dipoles...
« B and A may be tip geometry and distance dependent...
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Summary

Fel

VCPD

V, =V, -B/2A

I ~ C-B2/4A ~ ? bias

~ B, linear term ~ g

~ AV 2, capacitive &
polarization effects
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IV. Applications
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KPFM on metallic surfaces including adsorbates:

O Thin insulating films :

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

&  Topograph ‘ Kelvin-histogram UPS measurement
I e L W
1.0 —— Au(111) substrate  {0.10
» ~1 ML KCI coverage
€ e00f £
g 8
!
g E 5 Jo.0s
2 200} g
2
ol medl R T e | 4
-04 02 00 02 04 06 08 10 75 10 5 “0 R
U M binding energy

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

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

» result confirmed in the literature (see “References” section)

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

O Thin insulating films :

lonic thin films on Au(111)' (FM-KPFM): E4A  KBrthinfilmon metals E
vac
[eV]
080 OO - _f
0.75 [ Linear Fit of Datal_Kelin 1 1 510 meV. 1044 meV

4 A
- 600 meV
] -5,3=/—m

] Au(111) Cu(111) Ag(111)

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

0.50 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1
80 90 100 110 120 130 140 150 160 170

Porphyrin / Al,O / NiAl (110)

cationic radius [pm] 2
A L
© 9

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

'Ch. Loppacher et al., Nanotechnology 15, S9 (2004)
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KPFM on metallic surfaces including adsorbates:

O Molecular films :

CuPc on AU('|1'|)1 (FM-KPFM):
(b) SR lvin ’ -' / A
' | W M=Cu, Co
374 N\ \ S
a 8 ( g % )

—— ——— -

(d)

- O Molecular resolution in KPFM

2 a /\/\/\/\/\rs O +30mV positive shift, increase of

D e e the interface dipole, c.t. to the layer
O Results interpreted in terms of

© _ Surface Potensial electrostatic MS interaction

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

O Molecular 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)

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

O Behavior which depends on the nature of the metal

O Results compliant with macroscopic KPM

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

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

& Topography

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

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

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

F ]

Origin of these charges?

'C. Barth et al., Nanotechnology 17, S155 (2006)
UNIVERSITE...SUD
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KPFEM on bulk insulators

a KCI(001)': (FM-KPFM)
| (b) B

“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)
O Net negative charge nearby (below) step edges and kink

Af @ constant height sites

Strong electrostatic Surface
interaction
} Bulk
[
’a
&
Y
‘.‘ 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

d CvanoPorphvrm on KBr(OO1) +Au': (AM-KPFM)

10 nm

S

-0.5 VI 0.2V

=

Onm 20nm  -300 mvemms 100 mV
'T. Glatzel et al., Nanotechnology 17, S155 (2006)
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KPFM on bulk insulators including molecular films

HINI

a Trlphenvlene derlvatlve on KBr(OO1)1 (FM-KPFM)

O~~~
N“:\\/\/O O
Z "0 O.O

o Sy

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

_ m L Both domains exhibit lower CPDs

! than KBr: surface dipole increase
\1 O h-domains consist of molecules

; interacting electrostatically with the
substrate via polar CN groups

[O10]

I_, [100]

'A. Hinaut et al., J. Beilstein Nanotech. 3, 221 (2012)
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V. High-resolution KPFM
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Surface dipole & 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)

| rltzl/ surface dipole

LN, (2] "..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)-
AD > Local Contact Potential Difference (LCPD)
? m = Short-Range Electrostatic forces

¥

777 77 [F=Fv —Fr =597
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High-resolution KPFM: semiconductor surfaces

(a) Topography

"The potential difference of atomic
structures...does not seem to reflect the

fia work function as we initially expected. It
2 & is therefore considered that the atomic

potential difference reflects the local
i electron density on the surface.”

~-@.16 v

-@8.18 ¥

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.”

0.29+0.17 A
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High-resolution KPFM: bulk insulators

O KBr(001)!: T.Glatzel (Basel, AM-KPFM)

LCPD - - % s 6_85"a=gvm\)

LCPD (V)
&
=

height (pm)
(TR e
oo

0.0 15 3.0 45 6.0

distance (nm)
'F.Bocquet et al., Phys. Rev. B 78, 035410 (2008);
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High-resolution KPFM: charge state of individual atoms

Measuring the Charge State
of an Adatom with Noncontact Topographic sensitivity to the charge state on the atomic scale
Atomic Force Microscopy '

Leo Gross,** Fabian Mohn,* Peter Liljeroth, 2 Jascha Repp,* Franz ]. Giessibl,® Gerhard Meyer*

12 JUNE 2009 VOL 324 SCIENCE
3 ?'_'m

0 10 20 30 40 50 0 10 20 30 40 50
Lateral position (A) Lateral position (A)

Height (A)

N
o
T

Spectroscopic sensitivity to the charge state on the atomic scale

s
o
T

2.4

Current (pA)

o

-2.6}F

=
0.0} L -28}
__-05 ~
N -3.0}
< 1.0}
<
1.5} 3.2
ook 200 0 200 400
0 10 20 30 40 50

Lateral Distance (A) Sample Bias (mV)
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High-resolution KPFM: intramolecular resolution

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

LETTERS

Imaging the charge distribution within a
single molecule

Fabian Mohn*, Leo Gross, Nikolaj Moll and Gerhard Meyer
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High-resolution KPFM: modelling

Tip apex

Tip apex

' metallic cantilever

metallic
tip

tip Q

P et o
~ i i, LU
% z 10

1 v 1 @adatom
1 by Thin dielectric

metallic
zounter-electrode

* Tip termination: metallic
atomic asperity (Na*-terminated)

» Sample: Bulk ionic crystal » Sample: Bulk ionic crystal
« Analytical & Experimental

* Fully numerical approach

approach

F.Bocquet et al., Phys. Rev. B 78, L.Nony et al., Phys. Rev. Lett. 103,
035410 (2008) 036802 (2009)

L.Nony et al., Nanotechnology 20,

264014 (2009)

* Tip termination: ionic cluster

* Tip termination: single metallic atom
» Sample: 2ML NaCl / Cu(111)
* Fully analytical approach

F.Bocquet et al., Phys.Rev.B 83, 035411 (2011)
Based upon the work by L.Gross et al. Science
324, 1428 (2009)
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SRE forces: influence of the polarization

O Atomistic force field including bias dependence (A. Foster):

Tip apex
(radius R)

Sample holder
>ounter-electrods
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SRE forces: influence of the polarization
Ii 4'%

O Forcevs.V,,,  atz=4.5 A: Volumetric force [nN] Force [nN] =

0.1

Bias voltage (tip) [V]

I‘mz Institut Matériaux Microélectronique Nanosciences de Provence pp=uiiv o) (Aix Marseille S o e X
— i UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var . A — Hniversite e

AR Centrale Marsellle C*“‘.‘(



Tip apex

SRE forces: influence of the polarization | =2 ;
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SRE forces: influence of the polarization

lonic cores displacements
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v" Bias modulation — both electronic & ionic polarization (ionic displacements)
v Self-consistent coupling between SRE & chemical forces
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LCPD atomic-scale contrast

Q nc-AFM/KPFM simulator:
v' Cantilever: A, =8 nm p-p ; f, = 150 kHz ; k. =30N/m ; Q = 30000
v FM-KPFM: V, = 0.5V; f__ =1 kHz
v" Scan speed : 1.5 s/line

Constant Af = - 47.22 Hz (z,,, ~ 0.45 nm)

0 38 pm -2.24V -1.69V
Topography CPD

v Simultaneous atomic scale contrast in topography & CPD
v Contrast magnitude compliant with experimental data (30pm, 0.1V)
v" Cross talk between topography & CPD when performing experiments at constant Af
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Charge state of a single atom
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Charge state of a single atom Vv
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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
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Charge state of a single atom
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Conclusion
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Take home message

Context: KPFM & nc-AFM in UHV, distance to the surface ~ < 1 nm, large
amplitudes, metallic samples covered with a thin dielectric or bulk insulators

0 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 There is no obvious reason for choosing FM- rather than AM-KPFM mode so
far...

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

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

O SRE forces yield a spatially-consistent map of the local CPD, buit...
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