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Motivation

Metallic tip apex
(Radius ~ 5 nm)

Forces:

van der Waals
Chemical
Magnetostatic
Electrostatic

Electrostatic contribution potentially detrimental
for AFM resolution — compensation



AFM zoology

Conductive AFM
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Force
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Non-contact
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Magnetic Force
Microscopy
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AFM zoology

Tapping

—— Electric modes
- DynamiC modes e Kelvin Probe

Conductive AFM Force
Microscopy

Scanning
Multifrequency Capacitance
Microscopy

: Piezoresponse
Tunneling Force

AFM Microscopy

Force Scanning

o o
(Data cube) Microscopy

Photoconductive Non-contact
AFM

Magnetic Force
Contact mode Microscopy
Electric Force
Microscopy



AFM zoology

—— Electric modes

mode

I Dynamic mOdeS Conductive AFM Ke_l\l/iigrs?be
— Concepts icroscopy

Scanning
Capacitance

Multifrequency
Microscopy

: Piezoresponse
Tunneling Force
AFM Microscopy

Force Scanning
o re

(Data cube) Microscopy

Photoconductive Non-contact
AFM

Magnetic Force
Contact mode Microscopy

Electric Force
Microscopy



AFM zoology

— Electric modes
— Dynamic modes

—— Concepts

Conductive AFM

Multifrequency

Tunneling
AFM

Force
spectroscopy

(Data cube)

Photoconductive

Contact mode

Tapping
mode

Kelvin Probe
Force
Microscopy

Scanning
Capacitance
Microscopy

Piezoresponse
Force
Microscopy

Scanning
Spreading
Resistance
Microscopy

Non-contact
AFM

Magnetic Force
Microscopy

Heterodyne
AM-KPFM

Inter-

modulation

Pump-probe-

Dissipative-
KPFM

Electric Force
Microscopy




TINTIN

«LES FORCES
OBSCURES

i . fypriose,
radiesthesie, telépatiie,
fraterresives, superstitions,

Historia ;



The focus of that lecture...

— Electric modes

mode

Kelvin Probe

. Dynamic mOdeS Force —

Heterodyne

Microscopy

M7z,
el

—— Concepts

Force

Non-contact

AFM




Motivation

AFM

Electrostatic forces
detection

_ Electrostatic forces
Kelvin Probe Force compensation

Microscopy

(active V,,,, tuning)

models to quantitative
estimates (contact
potential, charges,
dipoles...)

surface potential
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Major references (see also last section...)

D B 0 O kS - Springer Series in Surface Sdences
.

Sascha Sadewasser
Thilo Glatzel Editors

Sascha Sadewasser
Thilo Glatzel Editors

Kelvin Probe Force
Microscopy

Kelvin Probe Force
Microscopy

From Single Charge Detection to Device
Characterization

Measuring and Compensating
Electrostatic Forces

@ Springer @ Springer

2011 2018

L Review article:

« “Kelvin probe force microscopy and its application”, W. Melitz et al., Surf.
Sci. Rep. 66 (2011)

L Webinars

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN © = hssociofion
Nanosciences de Provence HUPHER DE TOULON  Gemewn ~ w MBCARNOT
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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

v They may contain relevant information for you, though

v" They remain included in the flow of slides as they are thematically relevant

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = ?::S;;'?UCT);
Nanosciences de Provence universite DE TOULON  imssma 7 « 8l cirrNOT
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Outline

|.  INTRODUCTION to KPFM

Il. CONCEPTS & IMPLEMENTATIONS
lll. ELECTROSTATIC MODELS

IV. EXAMPLES OF APPLICATIONS
CONCLUSION

Some references...

Im n Institut Matériaux Microélectronique (A|x Marseille n UNIVERSITE ISEN o Pl
Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Outline

|.  INTRODUCTION to KPFM

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = .;\:lsSoTc;?UcT);
Nanosciences de Provence universite DE TOULON s '™ o MM CARNOT



l. Introduction to KPFM
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Electrostatic force: macroscopic concept

O Parallel-plate capacitor U Capacitance C(z) :
(metallic electrodes) :
€QERS
C(g) — Ofr — Q (Eq.1)
~ Vbias

Electric
field E

PEEELEP 09490440404

CITTTT T T
YYYYYYYYYYYYYYYYY

e ST
Plate separation z

\'

bias

O : s o - . . . m Associali
Im ng;;{% Institut Matériaux Microélectronique 0 (Alx.MarseH!e UNIVERSITE ISE.!:. o Wi

S

%

Nanosciences de Provence universite DE TOULON s w Ml crrRNOT
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Electrostatic force: macroscopic concept

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

V. Contact Electricity of Metals, By Lord KELVIK,
G.C.v.0,, D.C.L,, LL.D,, F.R.S.,, M.R.I.*

Cu disc
M v
§ L WITHOUT preface two 95 years’ old experiments of
Volta’s were, one of them shown, and the other
described. The apparatus used consists of: (a) a Volta- :
condenser of two varnished brass plates, of which the lowe Zn disc
late is insulated in connexion with the gold leaves of a gold-
eaf electroscope, and the upper plate is connected by a flexible
wire with the sole plate oQP the instrament ; (4) two circular
discs, one of copper and the other of zine, each polished and P —— - -
unvarnished. Fhold one in miv right hand by a varnished : dC
e

. . | F T !
glass stem attached to it, while on my left hand I hold the 'Idc — F (Vbias — Voffs): (Eq.2)

I
* Communicated by the Author, having been read at the meeting of | a -
the Royal Institution on May 21st,1897. ~  ~~-7-~-==-==============="+~

“Lord Kelvin, Phil. Mag. Series 5, 46(278), 82 (1898)

Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = ?:‘s;cl.?;?;
Nanosciences de Provence universite DE TOULON s « Ml CcARNOT
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Electrostatic force: relevance for AFM

O Parallel-plate, empty, capacitor (metallic tip, metallic sample with no inner
charges, or dipoles):

Electrostatic energy .

1
el = Q%m:

5 va2ias (Eq.3a)

Electric
field E

01l
Plate separation z

\'

bias

Im n Institut Matériaux Microélectronique (A|x Marseﬂle n UNIVERSITE ISEN o Wi
Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Electrostatic force: relevance for AFM

O Parallel-plate, empty, capacitor (metallic tip, metallic sample with no inner
charges, or dipoles):

Electrostatic energy .

1
el = Q%m—

5 CVbQias (Eq.3a)

Resulting electrostatic force

el .
Electric pel _ on - l@GV% .
field E tp 7 9. 9 ¢, blas
1 (oC
0} — | 2= v:2 7| Eq3v)
Plate separation z 2 |9z | ples® | T

« Attractive (at play in non-contact regime)
* Quadratic dependence on V..

\'

bias

Im n Institut Matériaux Microélectronique (A|x Marseille n UNIVERSITE ISEN o Pl
Nanosciences de Provence universite DE TOULON s « Ml cArRNOT
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Electrostatic force: relevance for AFM

O Parallel-plate, empty, capacitor (metallic tip, metallic sample with no inner
charges, or dipoles):

| |
I'el —
Here | Ftlp — 5 — Vbiasz ! (Eq-3c)
Lo e 2 __ SN I
e il =1,S=630nm2 z~1nm,V, =1V
Sample | «—— | Tip TR ' Vbias ~
Half-sphere R=10 nm
= Fe' ~-3nN

Electric
field E

01l
Plate separation z

Electrostatic forces are relevant for
AFM!

\'

bias

Im n Institut Matériaux Microélectronique 0 (Aix Marseille UNIVERSITE ISEN o » lf\:lsSoTc;?UcT);

Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Electrostatic force: relevance for AFM

Force (nN)

O Parallel-plate, empty, capacitor (metallic tip, metallic sample with no inner
charges, or dipoles):

A

e

e=1,S= 63TO nm?,z~1nm, V=1V

Half-sphere R=10 nm
= Fe' ~-3nN

Electrostatic forces are relevant for
AFM!

\ 4

-30

-1 0 1 2 3
Bias voltage (V)

B Association

INSTITUTS
u CARNOT
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Electrostatic force: relevance for AFM

O Electrostatic force acting on an electrode of any kind :

el
F1—}2

I m n Institut Matériaux Microélectronique (Aix Marseille
Nanosciences de Provence Eriversie

22

= —f og9dSoE1  (Eq:3d)
Sa

UNIVERSITE ISEN ©
DE TOULON AL ‘S:J[JEAU yne

B Association

INSTITUTS
u CARNOT
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Towards Contact Potential Difference : 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."

surface dipole (Smoluchowski effect*)

a) n{z)
f /

ni(z) ::-;;:'/n+ {z}
vacuum
metal | n(z)
0 Z
b) IE
metal l vacuum

F N
v <D(z)7/
¢ A (DJ ¢im
H

i%%%%%% po=Fy —FEFr=A0—71 (Eq.4)

* Physics of surfaces and interfaces,|H. Ibach, Springer 2006.

Institut Matériaux Microélectronique @ (Aix Marseille UNIVERSITE ISEN o m Association

: ‘ i ALL IS DIGITAL! INSTITUTS
Nanosciences de Provence universite DE TOULON e « Mlc rnoT



Electrostatic force and Contact Potential Difference (CPD)

Tip Sample Tirbrl Sample
% , | & ,
z -IH 0 z -||—J
l,e (cf. EQ.2)
NB:
+ €=-161019C<0 Veon — AP Psample — Prip (Eq.5)
+ here, Vepp <0 PR e €]




Electrostatic force and Contact Potential Difference (CPD)

V,ias = Vepp — electrostatic force compensation



Electrostatic force and Contact Potential Difference (CPD)

Idc Vbias:VCPD<O Vbias>0 (& Vbias> I\/CPDlv arb)
owel 1|oC 1|oC
]. - D r r D
Ffip — O~ Z = _§ = Vez = _5 0~ (I/bias - 1‘-/C‘P'D) Z (Eq.6)




27
Electrostatic force and Contact Potential Difference (CPD)

Fel . —%*: -

owel 1 (oC ] .
tip 9. 9 ‘ U/blas 1"/CPD)QZ (Eq.6)

1 (aC
V2 = ——
2 ‘ 0z

(empty capacitor)

d KPFM = Detection of tip-surface electrostatic forces and
compensation with the proper dc bias on the sample* (while scanning) :

F&

ip — =0& Vbias — VCPD (Eq.7)

O Concept valid on any kind of surfaces (forces!) : metals, semi-
conductors & insulators, although with the latter, the concept of CPD is
ambiguous...

* only if the tip is grounded and V,,,. is applied to the sample, V,,.c = -Vcpp Otherwise

Im n Institut Matériaux Microélectronique (A|x Marseille n UNIVERSITE ISEN o Pl
Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Electrostatic force and Contact Potential Difference (CPD)

ocC'

O~ U/blas 1VCPD )22 (Eq.6)

(empty capacitor)

d Thus, the KPFM signal was interpreted as a measurement of metallic
samples’ CPD :

F& = 0< Viias = VepD (Eq.7)

ip

O BUT : Egs.6 & 7 are valid for an empty capacitor, only:
Ftellp x V?
« V — V(X): no charges and/or dipole inside the capacitor,

unless otherwise 'Ft‘ilp = 0 = Viias # chD-

Im n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE |SEN o P
Nanosciences de Provence universite DE TOULON issw ™ o MMCARNOT
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Electrostatic force and Contact Potential Difference (CPD)

awel 1 {oC
el -~
Fop=—22=73|5-

D~ ~~
Vz = —— ‘ (Vbias — Vopp )*Z (Eq.6)

(empty capacitor)

O Yet, charges or dipoles (defects, vacancies, hetero-adsorbates...)
systematically occur at the tip-surface interface: models required to interpret
Fel and hence, the KPFM signal (« CPD »)

CPD map
(KPFM image)

VCFD
A

cross section

AL T

CPD,0

<SSl S

CPD,3 S

Sample

Institut Matériaux Microélectronique (A|x Marsellle ﬂ UNIVERSITE ISEN o WS
Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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| ocal 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) n{z)
1=

n.(z)

metal

surface dipole (Smoluchowski effect*)

N, {2z} "...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

vacuum

surface. A few A away from the surface, the
energy difference ¢,.=A®(X,y,z)-u acquires the
character of a local work function”

N

b) IE
metal l vacuum KPFM

Ey

E,, : %Q)J

* Physics of sur

<D(z)7/
® Local Contact Potential Difference (LCPD)

= Long- & Short-Range Electrostatic forces

p=FEy —Ep=A0—7

H.

bach, Springer 2006.

I[ﬁﬁ] n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE |SEN o W e
| U Nanosciences de Provence universite DE TOULON  amsem « Ml CARNOT



Non bias-dependant forces at play for AFM

O Sphere-plane geometry (vdW) + Morse or LJ contribution?:

31

1x10°8

-1x1078

Force /N

-2x10°8

repulsive

-

1
1
™
1
-
!
1
S |
i
1
!

-3x10°8
0

'chemical
|(attractive)

! van der Waals

electrostatic

Surface

Electrostatic Force
- = == \/an der Waals

Chemical Bonding
Total Force

5x10710

1PhD thesis S.Burke, Mac Gill Univ., 2008

imen

Institut Matériaux Microelectronique
Nanosciences de Frovence

1x107®
z/m

@ (

Aix:-Marseille

universite

1.5x10°
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Total force field

Foi= Fir+ ?SR=[?i1R+ﬁdw]+[?el +I?>de]

(Eq.8)

4D vectorial field: X, Y, Z, Vs

' Tip & cantilever '

Force (nN)

. Sample holder
(counter-electrode)

I m n gﬁg Institut Matériaux Microélectronique (Aix*MarseiI_Ie UNIVERSITE ISEN o . ?,Z?f"?:,'?g
E” Nanosciences de Provence universite DE TOULON « Ml cArRNOT
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Long- and short-range electrostatic forces in KPFM

= = —*
Fii= F1Rr _[FilR+?VdW]
\_'_I
19C .
r W T
Tip & cantilever

—9 —0
0.8 g
0.6 g
_._Vbias - .é __._Vbias :: CO
‘ ’,0.2 §
1,
ﬁ F& =0 Vs = Vo
Sample holder tip bias CPD
(counter-electrode)

I m n %, Institut Matériaux Microélectronique (Alx*Marsenle UNIVERSITE |SEN o . f,ffsoﬁ'?:,'?;
gﬁ’ Nanosciences de Provence universite DE TOULON i « Ml cArRNOT
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Long- and short-range electrostatic forces in KPFM

I I el VAW
Fii= F1Rr [FiR-I—F ]
\_'_I
19C
4 A vz
2 0z Yoz +.
Tip & cantilever 1

ﬁ 'Ftlp — O i Vblas # VCPDE
. Sample holder Y |
(counter-electrode)

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

n % Institut Matériaux Microélectronique (A|x Marseille n UNIVERSITE ISEN o WS
Nanosciences de Provence universite DE TOULON s w Ml crrRNOT




35
Long- and short-range electrostatic forces in KPFM

— — — —% —> —% s
Fo=Fir+ Fse =[Fir+ FIR' ]+ [ Fe + FR'] o

A

Tip & cantilever

=F 4 _ 4 -0 -’;
S090000000
V00000000
9290000008

I e

Sample holder
(counter-electrode)

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE |SEN o Wi
Nanosciences de Provence universite DE TOULON s « Ml cArRNOT
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Sign of the charge & dipole orientation (tip grounded)*

VCPD
A
/ I.
VCPD,1 q1<0
- charge transfer towards
V.. VCPD 2 — the adsorbate from the sample
bias ' - interface dlpole increase

sample: V.,

- charge transfer towards
VCPD 2 E— the sample from the adsorbate

- interface dipole decrease

VCPD,1 q1>0

case of tip grounded

Local Sign, CPD shift: « Local WF mterpretatlon »
guantity o orientation

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

‘consistent with most frequently reported results (see « References » section)

Im n ~ < Institut Matériaux Microélectronique (Alx Marseille UNIVERSITE |SEN o | 4 'TQSSC’TCI'?UET’;
" Nanosciences de Provence universite DE TOULON s w MECARNOT
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Experimental illustration

O ZnPcClg on Ag(111)™

Vepp, o= 4.73V
* Vepp, p1= Vepp, ref -103 mV — negative shift — layer gets « + » charged — interf. dip. decreased

*P. Milde et al. Nanotechnology 19, 305501 (2008)

Im n 3 Institut Matériaux Microelectronique (Aix Marseille UNIVERSITE ISEN 9,,, lf\:lsSoTc;?UcT);
< Nanosciences de Provence universite DE TOULON &= ~  w MM CARNOT



Summary...

g

a

a

KPFM = compensation of attractive electrostatic forces occuring between the tip
and the surface forming a capacitor by tuning V.

The concept stands on any kind of sample (metal, insulator, semi-conductor)
For an « empty capacitor », the electrostatic force is written:
owel 1 |oC aC'
| — 2/“- - D~
Fflp - O~ z = 91 0- Viz=—3 I~ (Vbias — I/CPD) Z
Therefore: Ft]p = 0 < Vhias = VeprDp

This is an over-interpretation with real samples since charges and/or dipoles are
always present at the surface. Hence, the V,,. and z-dependence of the
electrostatic force is to be quantified to interpret what the KPFM signal, i.e. the
local « CPD », actually conceals — « surface potential » is more appropriate

The sign of the « CPD » shift w.r.t. the mean « CPD » gives the sign of the charge
and/or of the surface dipole present on the surface

Electrostatic forces are superimposed to other, non-bias dependant forces (vdW,
Morse...), to form an (x,y,z,V,;,s) force landscape influencing the tip of the AFM
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Outline

Il. CONCEPTS & IMPLEMENTATIONS

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = .;\:lsSoTc;?UcT);
Nanosciences de Provence universite DE TOULON s '™ o MM CARNOT



Il. Concepts & implementations



Motivation

IN=Y Attr. forces — dynamic AFM

._ « Tapping (atm. pressure)
/ * Non-contact AFM (UHV)

Electrostatic forces
detection

_ Electrostatic forces
Kelvin Probe Force compensation

Microsco i [
Py (active Vs tuning)

models to quantitative
estimates (contact
potential, charges,
dipoles...)

surface potential
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‘Dynamic AFM (1): Tapping mode

-8
X .
1x10 'chemical electrostatic
I(attractive)
van der Waals

| repulsive

o -1x108 |-
(&)

v

1
1
z,=D-A 2x108 = 4 ;
SR I Electrostatic Force
Y P ——— Van der Waals
B (V7 - I < . — - — - — Chemical Bonding
 / Surface N D & Total Force :
R L] i) '
Displacement gxo® I SR RS R, | \
0 : 5x10710 1x10° 1.5x10 : 2x107°

Tip-surface separation (m)

n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE |ISEN © - :I’«:‘sSoTcII?UcT»;
Nanosciences de Provence universite DE TOULON &= ~  w M CARNOT




‘Dynamic AFM (1): Tapping mode

43

-8
Ly | repulsive |!chemical electrostatic
I(attractive)
van der Waals
or Sopmn P =
z |
o -1x108 |-
O L
o >
LL
2x108 | :
e 1 D == == \E/Iectéosts&ic !|=orc'e
o . : : ——— Van der Waals .
+  Constant excitation amplitude i : D N - -- - - Chermical Bonding
o | | & otal Force
° Constant excitation frequency - I ™ : v : :
3x10° L i L 1 A A '\
0 5x10°10 1x10°° 1.5x10°° ' 2x10°
Tip-surface separation (m)
() A, f
© H
= :
= H
E .
(V] :
£ 2 .
< & —9
o
S
<
O
(72]
e
o 0 : ; >
T|p-surface separatlon
< B Association
UNIVERSITE ISEN ' © pssociarion
[ rer e L CARNOT

Nanosciences de

rovence

Institut Matériaux Microelectronique

@ (Aix Marseille
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Dynamic AFM (1): Tapping mode

Adhesion
« Dissipation
* Deformation
Young’'s mod.

[ Constant AA:
« Topography
« Phase

Tapping

O Peak force (data cube)

Im n Institut Matériaux Microélectronique (A|x Marsellle ﬂ UNIVERSITE |ISEN o WS
=77 Nanosciences de Provence Gniversite DE TOULON e « Ml cirnoOT
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Dynamic AFM (1): Tapping mode

Adhesion
» Dissipation
* Deformation
Young’'s mod.

O Constant AA:
« Topography
« Phase

Tapping
+ KPFM

d Peak force (data cube) Q Lift mode, double pass’

« CPD »

Im nj‘,f.;,.::; Institut Matériaux Microélectronique (A|x Marseille ﬂ UNIVERSITE ISEN o Wi
-7 Nanosciences de Provence Aversite DE TOULON s « M8 CARNOT



46

o |
Dynamic AFM (2): non contact-AFM

-8
X .
Lyl | repulsive |!chemical electrostatic
I(attractive)
! van der Waals

0 - .—--‘-------"'*":::::_;:;_‘_—':—;:—':—_':—'.%‘f;;.'_—'-‘—:‘-J_:-‘

-

o -1x108 -/
< o
2 : 2
!
1
I
+ Constant phase (resonance f) -2x10‘8_' ! : o Ford
«  Constant amplitude (A,) i II == Vander Wasls T
* Phase locked loop (PLL) g D . e ggngFcc?rcheondmg';
-3x10‘8“"":'l""'i""I :
0 : 5x10°10 1x10°9 1.5x10° : 2x10°9
Tip-surface separation (m) :
s " |
S 0 Tip-surface separation :
= N : “"
g = -
< E
=
n
>
o :
c :
o :
o LA [rossmanns |:> Z-regulation
S o
o I
Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o -?::Ssorcu'?ﬂ?;
Nanosciences de Provence universite DE TOULON e « M8 cirRNOT



Dynamic AFM (2): non contact-AFM

[ Constant Af:
« Topography
¢ <|>

Conservative force
Dissipative forces

Constant height (low temp.):
« Af — force
¢ <>

Force/l, spectroscopy
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Dynamic AFM (2): non contact-AFM

48

1
""""""""""""""""""""" E |
deflection I
—» BPF [———
detector : Fund. eigenm. I
e [
E excitation I
Q scheme I
r\ actuator 1 ‘ ‘ I
| ~—
‘/7 |
|
|
Lo
Topo. Af Damping
(topo. error signal)
Images / spectroscopic measurements
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o |
Dynamic AFM (2): non contact-AFM

] Constant Af:
« Topography
* <>

* Conservative force
Dissipative forces

Constant height (low temp.):
« Af — force
¢ <>

Force/l, spectrocopy

O No lift, simple pass:
 «CPD »
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Dynamic AFM (2): non contact-AFM

[

T ———— l { Kelvin
deflection | | I n. LIA
detector _'+ BPF Fund. eigenm. | ref. X, Y. A, o
PLL | ]
i H s . o
g excitation | o
scheme | g
[ Y
5 I Kelvin
: e, ( : > controller
i | ‘ ' (CPD)
r\ actuator | I
: : E [ V= l
« ’ i |
I i\ 2-Efrlnl )
| D
v —
Topo. Af Damping CPD X,
(topo. error signal) (CPD error signal)

Images / spectroscopic measurements
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KPFM : concepts

ldea” : bias modulation — discriminating F¢!

Bias voltage applied Non contact-AFM:
between the tip and the Oscillation at f
surface (tip grounded) : . I 0

(Force(z) — Af(2))
Vbias — Vdc +Vac Sln(272‘=I:rnodt)

Vbias

B Association
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KPFM : concepts

O Attractive electrostatic force (empty capacitor) :

10C(z2)
Fe] _ 27\
+2 0z

tip Vae — Vepd + Vae sin(27 fmoat)]”  €a9)

z(t) I
z,=D-A

\ 4 Surface

A 4

Displacement
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KPFM : concepts

O Attractive electrostatic force (empty capacitor) : capacitance gradient contribution

1 dC(z)
Ftlp 2 T (Eq.9)
Parallel-plate capacitor approx. :
0. aWC(=z) o ( K\ K
dz 0z \z(t))  =z(t)?
D il K
z = — Eq.10
IZED-A [D — flg Siﬂ(zﬁfg?f)]g a0
\ 4 - Surface

Displacement

imen
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o
KPFM : concepts

O Attractive electrostatic force (empty capacitor) : capacitance gradient contribution

Fe]:_l_

1 0C(z)

(Eq.9)

Frequency domain

o 10 HarmJnics (n x fy)
:()7 A
09§ Static

0 1000 2000 3000 4000 5000
frequency (Hz)

tip 2 Oz
Time domain
0 T I 1 T
K=1Fnm
D=4nm
005 | Ap)=2 nm
fo =1 kHz
N
01}
g;
N -0.15 H
ke,
g
0.2
025t —>
T, = 1/f,
0.2 0.202 0.204 0.206 0.208

Time (s)

Fourier transform (mag.)

18

900 950 1000 1050 1100
frequency (Hz)




o
KPFM : concepts

O Attractive electrostatic force (empty capacitor) : bias contribution

b r F * 2
Ft1p — [Vdc — VCPD -+ Vac bll](gﬂfmgdt)] (Eq.9)
Frequency domain
1000
8:02
S 0 Ve =01V
. _ E10% V4 =0.0V
Bias modulation-induced spectral components: E 10 v o 0.5V
‘D 8:10 ac
'Fe‘ o= 20O Ly yppy? 4 Yae]s e fmoq = 10 HZ
Eq.11la = ‘de — ks
(Eq.11a) | £'g;p 9. | \Vde CPD il :
__________________________ Lo
aC (z) :
e]._,fmod o . fr Irr L — - 1 1 L 1
(Eq.11b) Ftip T (Vaec — Vepp ) Vae sin(27 fmoat) 0 1000 2000 3000 4000 5000
~ frequency (Hz)
, _______________________
2 1
el,2 finoa C)C(z) Ifa,c . 1 00
a7 = 7 cos2moat) T |
> 100, ‘Static ]
S |
£ 107 3
S 10 ]
2 107 ]
@ 10 1
=10 1
£ 107 1
ug_ 18‘15 ] i
1%13 E' \L_/‘J.\Lﬂr/\.m,«/\n N\/\;
0 N 20 40 60 80 100
fmod 2fmod frequency (Hz)




o
KPFM : concepts

O Attractive electrostatic force (empty capacitor) : complete expression

10C(z)

Fg =+ Vae — Vepp + Vae SIN(27 fmoat)]” €19

tip o
2 0z
VWiV WY WY WY WY VYWY VYWY 100
TYEINE Y IVEIYEIVEIYTIYEIYE) e _1
5 10°% ]
-0.02 8) 10-05
E 107
e 10-07
—~-0.04 E 4p08
3 L 10%
T‘,@’ — % 18-11 ]
L. -0.06 <— ESqon ]
2100 :
] 3107 ]
0.08 LE 1018
10717
1018
-01 . L 1 - 10—19 1 1 1 !
0 0.2 04 0.6 0.8 1 0 1000 2000 3000 4000 5000
Time (s) frequency (Hz)
Frequency mixing: side-bands
0 1000
-01
Sl 2f 00 [ +2f 1
002} > ]8.04 ] ““lmod [T > mod ;
< 18:8‘5* [ f > +Hf ]
r - 1
004t g 1007 mad mod ]
3 B 10| ]
3 @ 1070 1
ul:L -0.06 g 10'11 r 1
[ -12
o 107 | 1
= 100° ¥ 1
5 jn-14
-0.08 [e] 10_15 r 4 1
To & 1/, o4 NS 2. i
107 B 0 W
L ! ! 1 10_15 ! 1 L
0.2 0.202 0.204 0.206 0.208 900 950 1000 1050 1100
Time (s) frequency (Hz)
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KPFM : concepts

O Static deflection & modulation at (f,+ f.,4) and (f, + 2f_,4) of the
cantilever (convolution with the cantilever transfer function however): side
bands

d Thef, 4 & (fo = f,,q) force components are proportional to (V4. - Vepp): the
KPFM aims at detecting and nullifying these by providing the proper dc
voltage that matches the “CPD”

d Felis superimposed to the non bias-dependant interaction forces (additive
process, no further mixing) that are f,-modulated (cantilever motion)

Im n Institut Matériaux Microélectronique (A|x Marsellle n UNIVERSITE ISEN o | Pl
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KPFM : concepts
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O lllustration : No CPD compensation

-01
0 ]8% - - -
=100
D 107
—~ £ :{8:08
5 -0.04 O 100
@© |72} -10
:’ c 10_11
& -0.06 £ 1%
5 10
0.08 3 1078
o i 10778
1037
10°
-0.1 10_19 " " M M
0 1000 2000 3000 4000 5000
Time (s) frequency (Hz)
00 00
10 ol
2 10 glont 2f . | | +or
g1on giox] mod [T +2hmee
£ 1000 £ 1009 £ | el &
£ 109 £ 109 fnas [€>] Himod
<= 10 + 10
2 10 2 109
& 10710 w S 10901
T 105 ] T 1050
Q@ 10.13 Q0 10.13
5 :}8-14 5 18-14 J
o 15 O -15 |k
B :1]8-16 ] L, :}8-16 [
107F f 1 10 f
10-18 mod M M M 10-18 M 0
0 20 40 60 80 100 900 950 1000 1050 1100
frequency (Hz) frequency (Hz)
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KPFM : concepts

Q llustration : CPD compensation

[ oty e e e e e 10! T T T
AMNMAMMAMN \ 19
-0.01 o 100
2 10
(o) 10-05
-0.02 £ 10%
107
_ g 10-08
=3 -0.03 L 1009
S — @ 40710
— -11
g, -0.04 < £ 1812
-0.05 2 10
> -15
° 10_16
-0.06 Ik .y
10:12
_0.07 i L I i 10_19 i i i i
0 0.2 0.4 0.6 0.8 1 0 1000 2000 3000 4000 5000
Time (s) frequency (Hz)
00 00
109 | 10
= 10-03 [ g :}8-03 [
D 10° T
© 04 o] -04 £ - < > +2f
ot 2ot 2 mod mod
10-06 L 10—06
E 1097 € 1097
O 4408 O 41108
“g; 18-09 "g 18-09 A
g 1079 w S 1071}
£ 0% : ooy |
;0 ]8-13 2 118'13 [
= 10-14 =] 10-14 k
O 44-15 O 41415
w 107 ! w102 F
1013 10716 K
1077 fog 1 10717 fy
10-18 o M M M M 10-18 M
0 20 40 60 80 100 900 950 1000 1050 1100
frequency (Hz) frequency (Hz)
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KPFM : concepts
Q Experimental illustration™ (f, = 150.9 kHz, f_ 4= 2 kHz) :
)
I
— x10
a 1
W
o Vac
c
Q /L 5mV
)
S -
o= 50 mV
8 '/fo mod
- I\AAJ"‘-/'J A_ 500 mV
151 152 153 155
frequency [kHz]
*U.Zerweck et al., Phys. Rev. B 71, 125424 (2005)
MNP s @ (uu gt 500 e Pz



KPFM: implementations

61

A
Cantilever deflection spectrum upon V,,,, modulation...
(f, harmonics not shown)
- fundamental
S bendi d
% =G NS e/ first
R %//’/9 bending mode
“g —
s -2fmod +2,fmod -2fmod : +2fmod
: - ' : =
1 _fmod +fmod —fmod : +fmodé
‘ 1 ):( /S( | ‘ : >
0 fra’ 10kHz ~ 100kHz T 1MHz fi~6.3f
frequency
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la- Frequency Modulation-KPFM (nc-AFM)

A
=
O
5
[S
©
-]
E AF(F__,)?
1 X l i >
0 fee ' 10 kHz 100 kHz 1 MHz fi~6.3f,

21 frequency
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la- Frequency Modulation-KPFM (nc-AFM)

« Forces (incl. F¢') — shift of the resonance :

1 k=oF/oz ( 1aF)
0

1st order : 1 (Eq.12)

~
—_~

2k oz

*

27V m

« Bias modulation (f,4) — F® modulation (f,q) — Af modulation ()

v Af=1(V,?)
v' FM-KPFM is sensitive to the electrostatic force gradient

v As for Fél(froq), Af(froq) = 0 @s soon as Ve = Vg,

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o p" ?::S;;'?UCT);
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la- Frequency Modulation-KPFM (nc-AFM)

« Forces (incl. F¢') — shift of the resonance :

1st order : fi= L k— 8{/&2 ~ fo(l _ LE) (EQ.12)
' 2T m ‘ 2k 0z

« Bias modulation (f,4) — F® modulation (f,q) — Af modulation ()

/\f\/ Af(f,.q) Z0

Af (Hz)

DC Bias voltage (V)
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la- Frequency Modulation-KPFM (nc-AFM)

« Forces (incl. F¢') — shift of the resonance :

1st order : f’ 1

" g

k— oF/oz

*

m

(Eq.12)

« Bias modulation (f,4) — F® modulation (f,q) — Af modulation ()

Af (Hz)

-50% V

‘ac

10 00 10

DC Bias \éoltage (V)

Nanosciences de Provence

Institut Matériaux Microelectronique

Aix--Marseille

+ Af(2f )20
A.I:(fmod )= 0
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la- Frequency Modulation-KPFM (nc-AFM)

« Forces (incl. F¢') — shift of the resonance :
1 k= dF/oz ( 1 aF)
0

1st order : fo (Eq.12)

~
—_~

2k oz

*

27V m

« Bias modulation (f,4) — F® modulation (f,q) — Af modulation ()

€3

(U\) Af(f...q) Z O

Af (Hz)
)
(@]

DC Bias voltage (V)
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la- Frequency Modulation-KPFM (nc-AFM)

« Schematically :

Af A

0 » time

VdC=VCPD
A Va? 0

ac

mod
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la- Frequency Modulation-KPFM: experimental setup
|
T mm—— E —, { Kelvin
I deflection BPF I n. LIA
detector _'+ Fund. eigenm. | ref. X, Y. A, o
PLL | Tt g l
excitation | e |
scheme I g
[ I J
I Kelvin
_________________ ( : > controller
| ‘ | (cPD)
r\ actuator |«
- = | Vs l
T |
‘/’7 | i\ n(2nf_.t)
| D
| —
Topo. Af Damping CPD X,
(topo. error signal) (CPD error signal)

Images / spectroscopic measurements
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deflection :
detector BPF

| Z-piezo ,

69
la- Frequency Modulation-KPFM: experimental setup
| ,
I —::“"*0— in. KE::H
Fund. eigenm. I ref. Xe Y A o
(5T ]
| s
|
[ I J
I Kelvin
( : > controller
I (CPD)
I V-j:: _V:n:,'l
I ,{\V sin(2nf__.t)
nf
| —
Topo. Af Damping CPD X,
(topo. error signal) (CPD error signal)

Images / spectroscopic measurements
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la- Frequency Modulation-KPFM: experimental setup

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

S 41 -20

X =
~ 100 1-40 £
c 7))
Y >
g W 1-60 2
1 (D)
c =
= 0 3
T 4-80 T
% : . .

50 | Kelvin controller input signal
L1 (algebric error signal )

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

IKelvin Probe Force Microscopy, Measuring & Compensating Electrostatic forces, Springer Series in Surface Sciences (Th. Glatzel
& S. Sadewasser Ed.)
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la- Frequency Modulation-KPFM: temporal considerations

A
Q f,.q has to sit in the demodulation bandwidth of the
PLL [0..5 kHz] - compromise :
« Large enough: not to influence the z regulation
pr (usually requires to slow down the scans)
% « Small enough: extending the PLL bandwidth
% adds noise to Af detection
% -
~ /
(el
E AF(f oq)? a technique that is
= less and less used
( 0 To overcome this, the (fy+f,,q4) coOmponent may be
' T used as the Kelvin LIA input, but then the signal is to
B be amplified for a proper detection...
L] it
— j/( | Dy T >
0 fra’ 10kHz ~ 100kHz T 1MHz fi~6.3f
21 frequency
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1b- Side-bands FM-KPFM

A
— fundamental
C 2
_% bending mode et
o e | bending mode
© —_
Q, _—
= —
L
f0+fmod
I I SN (e ‘ ~ >
0 fee ! 10 kHz 100 kHz T 1 MHz f~6.31

frequency
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1b- Side-bands FM-KPFM: experimental setup

e

73

|
""""""""""""""""""""" _| 5, { Kelvin
] i I — oo in. LIA
deflection :
—» BPF | f
detector Fund. eigenm. =, Xe Y A o
| =
| : l
| s |
|
[ I J
| Kelvin
I @—» controller
| (CPD)
I V-:I:: _V:n::l
| LV
152 153 154 | 1 M(*? 7ol oal)
W,
frequency [kHZz] |
v I —
| Z-piezo | Topo. Af Damping CPD X
Block 1 —= (topo. error signal) (CPD error signal)
Images / 5pe¢tr05c0p|c measurements
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1b- Side-bands FM-KPFM

A
— fundamental
Is bending mode
IS, —
= ¥ -
9 /
n Widely used
= KPFM technique
1:O-l-fmod
I I 155 S -
0 fs: 10kHz ~ 100 kHz T 1MHz f,~6.3f,
i - frequency
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2- Amplitude-Modulation KPFM:

A
— fundamental
o ;
_% bending mode it
kS, bending mode
e g
F-" —
LL
0 10kHz ~ 100 kHz T 1MHz T =T
frequency
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2- Amplitude-Modulation KPFM: experimental setup

76

1* eigenm. I
HPF i
......................................... | ,
: | , Kelvin
g : fund. eigenm. »| in.
deflection []: ] gpp [ LIA
detector | I ref. X Y Ac o
PLL | 5
E - . I Q
; excitation | 2
1 n
m i scheme I £ l
| Kelvin
S | @-» controller
' (CPD)
actuator 4 l
E I \/dc: _V(‘,pd
V‘ < E I \%;/mtSin(znfmodt)
: =
: \4
Z-piezo | i| Topo. Af Damping CPD X
Block 1 == : (topo. error signal) (CPD error signal)

Images / spectroscopic measurements
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2- Amplitude-Modulation KPFM:

4 0 Detection on a cantilever’'s eigenmode : S/N ratio
improved compared to side-bands FM-KPFM &
allows to lower V,. that steers the static cantilever
deflection (cf. Eq.11a) — topographic artefacts
par oy
_5 Q Detection bandwidth in the MHz range demanding... first
O .
= 0 Because the deflection of the eigenmode bending mode
O intrinsically originates from F¢, AM-KPFM is P"“n
Q,_. sensitive to F¢, not to dF®/dz, which makes it g
E less spatially-resolved than FM-KPFM. ¢
1
/
)\ . _ —
a technique that is
less and less used : l :
) | ) >
0 10kHz ~ 100 kHz T 1MHz T =T

frequency

Im n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN @ [P J2Asccicoion
Nanosciences de Provence UGEN DE TOULON G ~ w MM CARNOT



78

FM- vs. AM-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
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 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 = 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 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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3- Heterodyne AM-KPFM?*:

A
— fundamental
c .
% bending modeﬂ/ et
D ¥ bending mode
o e
) _ggg—
o —
L f;g
P 11 P
0 10 kHz 100 kHz T fooa 1 MHz fi~6.31

frequency
*Y.Sugarawa et al., Appl. Phys. Lett. 100, 223104 (2012)
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3- Heterodyne AM-KPFM?*:

A
Rejection of the (f, + f,,4) Side-band on the first bending mode of the cantilever
— fundamental
S bending mode
1% N9 — first
2 —— bending mode
|_
1 f1'fo f0+fmod
: >
3¢ (e >
0 10kHz 100 kHz T fros 1 MHz fi~6.31,

frequency
*Y.Sugarawa et al., Appl. Phys. Lett. 100, 223104 (2012)
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3- Heterodyne AM-KPFM?*:

81

A
— fundamental
- 5
% bending modej st
@ —— bending mode
o —
= -
£ f1 _fmod f1 _fO f0+fmod
é : >
> :
5 L -
0 10kHz 100 kHz T fra 1MHz fi~6.31
frequency

*Y.Sugarawa et al., Appl. Phys. Lett. 100, 223104 (2012)
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3- Heterodyne AM-KPFM?*:

A
0 Combines the advantages of FM- & AM-KPFM:
« Detection on a cantilever’s eigenmode : S/N ratio
improved & lower V,,
e « The deflection of the eigenmode stems from a
S frequeny mixing effect, dF¢'/dz-sensitive: high )
= spatial resolution first
D _ LS _ bending mode
D O Detection bandwidth in the MHz range demanding... —
0 .
s 1/ —_p
& f0+fmod
an increasingly used technique, in o
particular in KPFM pump-probe (time- :
i resolved CPD measurements) *
I =2 | et D) >
0 10 kHz 100 kHz f fros 1 MHz f,~6.31
frequency

*Y.Sugarawa et al., Appl. Phys. Lett. 100, 223104 (2012)

Im n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN @ [P J2Asccicoion
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4- Spectroscopic KPFM modes

O No further bias modulation
(no frequency mixing, easier...)

O Bias spectroscopic curves on
a predefined grid

4 3D (x,y,V,) spectroscopy... Y\
Vbias

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

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = ms;cl.?l;?;
Nanosciences de Provence universite DE TOULON s '™ o MM CARNOT
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4- Spectroscopic KPFM modes

O No further bias modulation
(no frequency mixing, easier...)

O Bias spectroscopic curves on
a predefined grid

4 3D (x,y,V,) spectroscopy...
and 4D (x,y,z,V,)
spectroscopy*

O Requirements:
* Low temp. (weak drift & atom
tracking procedure)
* Accurate tip control (CO-
functionnalization)
« Time!!! (several days over.@

grid)

*L. Nony et al., unpublished

I m n Institut Matériaux Microelectronique
Nanosciences de Provence

< o

>

Af*(z,)

®
AY
\

A
| z (m)
) e e ) 0 T sy i i _» -
S— ‘—‘
N -
atom tracking 5 /
reference site Y }
< /
- - 7
_:“/v\/b
\g
X =z = —
p - >
/I, ,II
e
) . £ B Associati
Aix-Marseille UNIVERSITE ISEN © INSTITUTS
piVeroite DE TOULON  tomemm o CARNOT




Summary...

4 In KPFM, the bias voltage is f,,-modulated

A The frequency components of the modulated F¢' stem from bias- and
capacitance-gradient (f,-modulated) components that are mixed together and
yield static, f .4, fo £ froq:--- deflections of the cantilever

0 The magnitude of the f, 4 & (fo * f,0q) cOMponents is proportional to (Vy.-V )
(empty capacitor approx.)

0 The KPFM technique detects the magnitude of the desired modulated
component by means of a LIA that subsequently nullifies it with a Pl regulator
providing Vg, = Vg

O FM-KPFM is sensitive to the electrostatic force gradient dFe¢(z)/dz, hence to
d?C(z)/dz?, which gives the technic an important spatial resolution

4 In sideband-FM-KPFM, the modulated component is (f, + f.4)

4 In heterodyne AM-KPFM, f, .4 = f;-fo, which rejects the sideband on the first
bending mode of the cantilever and makes the technic sensitive to dFe!(z)/dz
too, along with an advantageous S/N ratio.
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Outline

lll. ELECTROSTATIC MODELS

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = .;\:lsSoTc;?UcT);
Nanosciences de Provence universite DE TOULON s '™ o MM CARNOT



lll. Electrostatic models



Motivation

AFM

Electrostatic forces
detection

_ Electrostatic forces
Kelvin Probe Force compensation

Microscopy

(active V,,,, tuning)

models to quantitative
estimates (contact
potential, charges,
dipoles...)

surface potential
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Generic approach to F¢

O Electrostatic energy of an ensemble of point charges inside a capacitor?:

z back

€ tip
s L., contect

Picture adapted from [2]

| 1 1 |
i Wel — —50(0) Vbias —|— Z q%gb(o) (I'Z) —|— 5 Z q@gblm(r%) _|_ Wcoulomb : (Eq.13)

1L. 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)

I m n Institut Matériaux Microélectronique @ (Aix Marseille UNIVERSITE ISEN o = ms;cl.?lﬁ;

Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Generic approach to F¢

O Electrostatic energy of an ensemble of point charges inside a capacitor?:

z
back .

e L., contact © P
CD1

Picture adapted from [2]

1
| 2 0
W =— hias + Z ngb( )(rz) + 5 Z Qigbim(ri) + WCoulomb (Eq.13)
1 7

1L. 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)

I m n Institut Matériaux Microélectronique 0 (Aix Marseille UNIVERSITE ISEN o = ms;cl.?l;?;

Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Generic approach to F¢

O Electrostatic energy of an ensemble of point charges inside a capacitor?:

back
contact

tip

Picture adapted from [2]
1 1
Wel — —50(0) Vbias —+ Z qigb(o) (I‘Z) + 5 Z q@-gbim(ri) + WCoulomb (Eq.13)

1L. 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)

I m n Institut Matériaux Microélectronique 0 (Aix Marseille UNIVERSITE ISEN o = ms;cl.?l;?;

Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Generic approach to F¢

O Electrostatic energy of an ensemble of point charges inside a capacitor?:

back

S L. contact © P

Picture adapted from [2]
1
el — ——C’(O) V%as -+ Z Qigb(o)( Z) + 5 Z q@-gbim(ri) + Weoulomb  (Eq.13)

1L. 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)

I m n Institut Matériaux Microélectronique 0 (Alx Marseille UNIVERSITE |SEN o = ms;cl.?l;?;

Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Generic approach to F¢

O Electrostatic energy of an ensemble of point charges inside a capacitor?:

z back

€ tip
e L, contect

Picture adapted from [2]
1 1
Wel — —50(0) Vbias + Z Qigb(o)( Z) + 5 Z q@-gbim(ri) + Weoulomb  (Eq.13)

1L. 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)

I m n Institut Matériaux Microélectronique 0 (Aix Marseille UNIVERSITE ISEN o = ms;cl.?l;?;

Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Generic approach to F¢

O Electrostatic energy of an ensemble of point charges inside a capacitor?:

z back

et conaot P

Picture adapted from [2]

1 1
Wel — —50(0) Vbias + Z qigb(o) (I'z) + 5 Z‘) + Weoulomb  (Eq.13)

1L. 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)

I m n Institut Matériaux Microélectronique 0 (Aix Marseille UNIVERSITE ISEN o = ms;cl.?l;?;

Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Generic approach to F¢

O Electrostatic energy of an ensemble of point charges inside a capacitor?:

% z back
e L, contact e
CD1
Picture adapted from [2]
1 1
wel = —50(0) Viias T Z ¢ (r;) + 5 Z i Pim (17 b (Ea.13)

1L. 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)

I m n Institut Matériaux Microélectronique 0 (Aix Marseille UNIVERSITE ISEN o = ms;cl.?l;?;

Nanosciences de Provence universite DE TOULON s « 8l cirrNOT



Generic approach to F¢

96

Fiwi= Fir+ Fsr =

Q Wel requires to know the potential
generated by the void capacitor upon
biasing: mesoscopic range (mm-nm)

v'Usually: finite elements methods + Poisson
equation or Green’s formalism + boundary

PR+ [P

Charges and dipoles vyield short-range
electrostatic forces: microscopic range (nm-
pm)
v'Ab initio computational methods, or analytic
methods

conditions

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
Department of Physics, University of Basel, Klingelberastrasse 82, CH-4056 Basel, Switzerland

PHYSICAL REVIEW B 91, 085424 (2015)

Insights into Kelvin probe force microscopy data of insulator-supported molecules

Julia L. Neff
Institut fiir Physikalische Chemie, Johannes Gutenberg Universitit Mainz, Duesbergweg 10-14, 55099 Mainz, Germany

Philipp Rahe”
Department of Physics and Astronomy, The University of Utah, 115 South 1400 East, Salt Lake City, Utah 84112-0830, USA
(Received 1 September 2014; revised manuscript received 28 January 2015; published 24 February 2015)

I[ﬁﬁ] n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE |SEN o el
| U Nanosciences de Provence universite DE TOULON  amsem « Ml CARNOT
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Examples: 1- double capacitance model (mesoscopic model)

O A charge inside the capacitor?:

(a) (b)
: Cﬂ\ O — Rn\ =
Q .......... i
D+z(t)
S —
+Qs
4
J. Polesel et al., Nanotechnology 15, S24 (2004)
Institut Matériaux Microélectronique (Aix Marseille n UNIVERSITE |SEN o [ 4 -ms;clw?ui?g
Nanosciences de Provence Ahversite DE TOULON G « M8 cARNOT

imen
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Examples: 1- double capacitance model (mesoscopic model)

O A charge inside the capacitor®:

%.60 Metallic tip
C
Vbias o Vbias |
Gap >
Charge C,
D00000000C ;
A aaaiaiasas Insulating layer
LA e
’4‘4‘¢'¢'¢'¢.¢. Metallic sample
OO0 o - o
1 0Cy [ q° 1 ) P
FEI T _|_ _022{/132;[&5 _ECQQI/-IZ)]_&S (Eq.14)

T CZ - \2 2

INanoelectronics 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)

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = ms;cl.?lﬁ;
Nanosciences de Provence universite DE TOULON s '™ o MM CARNOT



Examples: 2- microscopic approach to F¢': polarizability

99

Tip apex

GG*\,

atomic aspenty O
(metal) AT

Tip apex

allic sample hold
ounter-electrode

“metallic cantilever

metallic
tip
1
1
1
i /S | 40 oo e
/A R K L |
= i - K
1 4
R [ () agatom
| h, Thin dielectric
metallic 3
unter-electrode

o 2A

[ e e e e e —————————

* Tip termination: metallic
atomic asperity

* Sample: Bulk ionic crystal
* Analytical & Experimental
approach

 Tip termination: ionic cluster
(Na*-terminated)

» Sample: Bulk ionic crystal

* Fully numerical approach

F.Bocquet et al., Phys. Rev. B 78,
035410 (2008)
L.Nony et al., Nanotechnology 20,
264014 (2009)

Im n »  Institut Matériaux Microélectronique (Alx Marseille
< Nanosciences de Provence universite

L.Nony et al., Phys. Rev. Lett. 103,
036802 (2009)

 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)

UNlVERSlTE |SEN ) B Association

neréa INSTITUTS

DE TOULON  amsem « Ml cArRNOT
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Examples: 2- microscopic approach to F¢': polarizability

—>
Chargef=¢ E 83
» <«
P * <€«
L €DE D>
P *+ <€«
P <+ <€«
B» <+ <€«
» *+ <€«
B <+ <€«
P <+ <€«
B» *+ <€«
P * <€«
» * <€«
B <+ <€«
B <+ <€«
B» <+ <€«
P *+ <€«
B» * <€«

e Set]
Plate separation z

polarizability

\'

bias

v
Dipole moment of each part of dielectric within the capacitance: f)} = aeoﬁ

Im n %, Institut Matériaux Microélectronique (A|x Marseille n UNIVERSITE ISEN o WS
%ﬁb Nanosciences de Provence universite DE TOULON s w Ml crrRNOT
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Examples: 2- microscopic approach to F¢': polarizability

S

Interaction force : F'(2) = Fi,(2) + Fes(2) + For(2)  with F= -z n-i.dS

(&)
tip 26()

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

. local charge nor dipole
Q anon 7 The Madelung potential expands at the surface’, although

decaying exponentially fast

[100]

VI 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
........................... o withV,
= Madelung surface potential-mediated contribution
(microsc.): o,
Z. [V1 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)

Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE |ISEN © - ?:JSSOTC;?SCT);
Nanosciences de Provence universite DE TOULON s ™ u MM CARNOT
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Examples: 2- microscopic approach to F¢': polarizability

Superposition principle :

Tip apex

Institut Matériaux Microelectronique
Nanosciences de Provence

()

~
~

bulk
ionic z,
crystal

(&)

| e
+

mesoscopic apex
(sphere, radius R)
M, (2

0.0

asperity
(radius R,)

Aix--Marseille
universite

UNIVERSITE ISEN ©
DE TOULON i

Mesoscopic
problem (c,)

Microscopic
problem (c)

B Association

INSTITUTS
| CARNOT
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Examples: 2- microscopic approach to F¢': polarizability

Madelung surface potentlal'

Madelung surface potential': on KBr @z =
q

ey’ 0 o
Polarization, i.e. Bias dependence e o

Lateral periodicity (in plane)

Vi(x,y,2,) =—

0 0§0e070 070‘_.,0‘? 07

( X \') CO@[ (A 'XO)] +(,Ob[ " S \'O)] (mV) cross section (nm)
Distance dependence 0
"...when considering an infinite planar slab of point charges, the %
Madelung surface potential reaches its asymptotic value in a very ¢
short distance normal to the slab. Consequently, the ions within the -50
crystal at a distance only one lattice constant from the surface || -100
have Madelung potentials, which are indistinguishable from those cross section (nm)

-06-04-02 0 02 04 06

ofthe bulk.”

' R.Watson et al., Phys. Rev. B 24, 1791 (1981)

z, (nm)
0.3 0.4 0.5 0.6

Im n Institut Matériaux Microélectronique (Alx Marseille UNIVERSITE |SEN o P " ssocionion
Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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Examples: 2- microscopic approach to F¢': polarizability
2
Om + 0O Gy 1
F:/ (om +9u)" 5 5 as = By, | Frn W7,
tip 260
Tip apex
<+ 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) )
- Madelung
. 1 2 Surf
ES_FT(n)_I_F() urface
H H Potential
N 6PePeCe®
* short-range ==
« Lateral periodicity of the MSP * short-range
* Proportional to Vb * V2 dependence (required!!') induced by the polarization
* No lateral periodicity I
i 7S ~ ~ A /'2 47
B X "b exp r X [COS(I()) + COS(yo)] ( ‘b % C) X exp ——'Zl,, short.range
¢ & electrostatic
with V= Vie + Vae sin(27 ft) b
Im Institut Matériaux Microelectronique (Aix: Marseille UNIVERSITE ISEN @, ' -mssoTcl.?:J.cT);
Nanosciences de Provence universite DE TOULON e ~  w MECARNOT
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Examples: 2- microscopic approach to F¢': polarizability

F.onKBr @z,=4A

e 260

= F,, : negligible (counter-eletrode too far)
= F,? : capacitive coupling on the mesoscopic part of the tip

E = 7.1.dS = Fyy + Fpy + F),
tip

decays fast; negligible compared to F,,“; tip enhancement effect
= F " : negligible compared to F * (not obvious, geometry
dependent)

00050 0. 0. 0_ 0
0.70-00.‘30.,0 -7 -v) .u') -4

Es =F. T(nl & + F ‘(LZ) cross sec'tion (nm)

0 —
"~ cation
=1 A/— anion

Total force (pN)
r

40.7 04 05 06 07 08

" . 2 N - P ) 4
Fes(‘ h) = Bx.V, exp {—u—’:,,} X [(-()S(.ro) +- (-()S(!/U)] +(.—Hx‘b2 =+ () X exp {——,Z,,} short-range (Eq.15)
‘ electrostatic

with Vi = Vi + Vaesin(2m fxt) force

Im n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN @ [P J2Asccicoion
Nanosciences de Provence universite DE TOULON issw ™ o MMCARNOT




Summary...

O The gquantitative interpretation of the KPFM signal requires sophisticated
multiscale approaches: mesoscopic range (CPD), microscopic range
(charges, dipoles, polarization effects...) > LR- & SR-electrostatic forces

O Fel is then a function of the bias with the form :

Fel = AV  + BVpjas + O

d The f_,,-modulated component now has the form :

Felifmod — B 4+ 2A(Vi. — Vepp)] Vae sin(27 fmoat)

B
QO Therefore: Viec = Vepp — —

2A

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

v (A& B) —> (A(2) & B(2)): tip geometry- and distance-dependent

v' Extracting quantitative parameters (number of charges...) requires the
empty capacitor to be perfectly caracterized



Summary...

O The gquantitative interpretation of the KPFM signal requires sophisticated
multiscale approaches: mesoscopic range (CPD), microscopic range
(charges, dipoles, polarization effects...) > LR- & SR electrostatic forces

O Fel is then a function of the bias with the form:

Fel = AV  + BVpjas + O

d The f_,,-modulated component now has the form:

Felifmod — B 4+ 2A(Vi. — Vepp)] Vae sin(27 fmoat)

U Therefore:

Vac = Vepp — —

— U Zmin
V(C) . V Cla]e
DC — Yepd T

2C,b e 24mi —|—47TC/A0/ZM

L.Nony et al., Nanotechnology 20, 264014 (2009)

B
24
A VEM_KPFM
Ag Btll*‘]'l'r} T
qu) Zf ’f Ay |d+A0 r JAI- dt
e Ao aCo dr

—Ag ad |d—|—Au rv/r

J.Neff et al., PRB 91, 085434 (2015)



Summary...

\g/dczvchiB/ZA ’ Vbias

~ C-B?%/4A ~ g2, image charge effects

~ B, lim€ar term ~ g

~ AV, 2, capacitive &
polarization effects
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Outline

IV. EXAMPLES OF APPLICATIONS

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = .;\:lsSoTc;?UcT);
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IV. Examples of applications
- Long-range regime



111
KPFM on metallic surfaces including adsorbates:

O Thin insulating inorganic films :

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

Kelvin-histogram UPS measurement
50 1 1.0 —Au(111)substra'l'e {0.10
p ~1 ML KCl coverage
€ e} £
3 :
k]
_g 400 E 051 {005
2 200} E
2
I i i o (- 4
04 -02 00 02 04 06 08 10 e 15 10 5 “0 el
U M binding energy

U KCl islands decrease the CPD: interface dipole decreased

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

1U. Zerweck et al., Phys. Rev. B 71, 125424 (2005);

I m n Institut Matériaux Microélectronique (Aix Marseille UNIVERSITE ISEN o = ?I\SISSOTCII?UCT);
Nanosciences de Provence universite DE TOULON  imssma 7 « 8l cirrNOT
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KPFM on metallic surfaces including adsorbates:

O Thin insulating inorganic films :

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

RbcCIO

o U__ values

CPD

Linear Fit of Datal_Kelvin

0.55

050 1 1 1 1 1 1 1 1

80 90 100 110 120 130 140 150 160 170

cationic radius [pm]

1Ch. Loppacher et al., Nanotechnology 15, S9 (2004)

Nanosciences de Provence

Institut Matériaux Microelectronique

KBr thin film on metals E

1044 meV

R
510 meV
-49 =—m— -47

A

600 meV

-5.3

Au(11l)  Cu(11l)  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)

%
Og &
© >~

@ (Aix Marseille

B Association

INSTITUTS
u CARNOT

UNIVERSITE ISEN @

universite DE TOULON &
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J(PFI\/I on metallic surfaces including adsorbates:

J Molecular organic films :

CuPc on Au(111)* (FM-KPFM) Qﬁ @
. . s
.

N M=Cu, Co

gaess

O Molecular resolution in KPFM

O +30mV positive shift, increase of
the interface dipole, c.t. to the layer

U Results interpreted in terms of
electrostatic MS interaction

Institut Matériaux Microelectronique 0 (Alx Marseille UNIVERSITE |SEN o m Association

. > INSTITUTS
Nanosciences de Provence universite DE TOULON s « 8l cirrNOT
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KPFM on metallic surfaces including adsorbates:

J Molecular organic films :

Cgo ON Ag(111)! (FM-KPFM):

G600

400

2000 aq0111)
u-

-200 |

A (mV)

400 | m

KPFM 1ML C__
tre KPM Hayashi et al.

-800 L L
1.6 1.8 5.0 5.2 5.4

metal workfunction ¢_ (eV)

4 Cq, layers increase the LCPD: interface dipole increase, c.t. to the
molecules

U Behavior depends on the nature of the metal

U Results are compliant with macroscopic KPM

1U. Zerweck et al., Nanotechnology 18 084006 (07); Hayashi et al., JAP 92, 3784 (02)

Im n Institut Matériaux Microélectronique @ (Aix Marseille UNIVERSITE ISEN © lf:s;c;?:—;c;;
universite oAy |

Nanosciences de FProvence DE TOULON oo " CARNOT
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J(PFI\/I on bulk insulators
O Mixed ionic crystals!: NaCl(001)+1% KCI (FM-KPFMm)

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

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

O Similar behavior on other alkali halides
(KCI)

3
Origin of these charges?

50nm
1c et al., Nanotechnology 17, S155 (2006)
Im n “%  Institut Matériaux Microélectronique Aix+Marseille UNIVERSITE |ISEN o R o
=77 Nanosciences de Provence LR ETL DE TOULON  Gemewn ~ w MBCARNOT




KPFM on bulk insulators

116

O KCI(001)!: (FM-KPFM)
| (b) S

.....

g Af @ constant height

“Double layer surface* effect?
O lonic crystals are extrinsic : Ca2* impurities
nearby steps below the surface
U Global charge of the crystal is neutral - V- centers
(cationic vacancies)
U Net negative charge nearby (below) step edges and kink
sites

Strong electrostatic Surface
interaction
‘l. Bulk
L
"
o
2nm _
I1C. et al., Phys. Rev. Lett. 98, 136804 (2007); 2J. Frenkel, Kinetic Theory of Liquids, (Clarendon Press,Oxford, 1946).

I m n Institut Matériaux Microélectronique
Nanosciences de Provence

. . - B Association
@ (Pix; Marsile UNIVERSITE ISEN o 2%

universite DE TOULON oo « M c rnoOT
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KPFM on bulk insulators including molecular films

EI Trlphenvlene derlvatlve on KBr(OOl)1 (FM-KPEM)

N“‘?\/\./O O O\/\///N
Z "0 g‘g
o Sy

O Two kinds of adsorption: flat (h) and

7 J Both domains exhibit lower CPDs

& \ than KBr: surface dipole increase
E \ L h-domains consist of molecules

interacting electrostatically with the
substrate via polar CN groups

[010]

t_, [100]

inaut et al., J. Beilstein Nanotech. 3, 221 (2012)
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KPFM on Transition Metal Dichalcogenides

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); B. Grevin et al., Beilstein J. Nanotechnol 7, 799
(2016); P.A. Fernandez Garrillo et al., Beilstein J. Nanotechnol. 9, 1834—
1843 (2018); B. Grevin et al., Beilstein J. Nanotechnol. 11, 323-337 (2020);
V. Aubriet et al., Nanotechnology 33, 225401 (2022); A. Arrighi et al.,
Nanotechnology 34, 215705 (2023)

» > - .

= v o , 4 >)
Experimental Original approaches : Applied physics Quantitative
developments « SPV measurements (conductive polymers,  measurements
« time-resolved CPD/SPV heterojunctions for (artefacts-free)
(pump probe) photovoltaics,
« Data cube perovskites, TMD)
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KPFM on Transition Metal Dichalcogenides

0 MeS,/SiO,/Sit: (Heterodyne AM-KPFM)

— fundamental
5 bending mode .
'% "9 . first
kS, bending mode
E « Always present, whateve o i
. /> the KPFM mode used!

« Prop. to V,.2 & dC(z)/dz (¢f.

'y Eg.11a) e
» Topography artefacts ]
& | s .
N 10kHz 100 kHz T 1MHz foe=H
frequency

A. Arrighi et al., Nanotechnology 34, 215705 (2023)

Im n Institut Matériaux Microélectronique (A|x Marseille n UNIVERSITE ISEN o Pl
Nanosciences de Provence universite DE TOULON s « 8l cirrNOT



120
KPFM on Transition Metal Dichalcogenides

0 MeS,/SiO,/Sit: (Heterodyne AM-KPFM)

fuiuindamental
Whatever the detection scheme, the existence of a static

electrostatic force component (equation 2a) remains an issue. bt
It 1s still with us, even when the tip dc bias matches finally the [ mode
surface potential. This 1s a fundamental limitation of bias- —
modulated KPFM: to probe the surface potential one has no P—
. | choice but to generate an additional ‘extrinsic’ electrostatic
/-) force. This situation 1is illustrated in figure 1(c). In other

words, it 1s ultimately incorrect to claim that one nullifies the
tip-sample electrostatic interaction by using an active
KPFM loop.

10 kHz 100 kHz 1MHz faa=T

frequency
A. Arrighi et al., Nanotechnology 34, 215705 (2023)

|FT{Deflection}|

Imm n Institut Matériaux Microélectronique @ (Aix Marseille UNIVERSITE |SEN o -?QSSOTC:?UCT);

Nanosciences de Provence universite DE TOULON s « Ml cArRNOT



121
KPFM on Transition Metal Dichalcogenides

O MOSg/SiOz/Sili (Heterodyne AM-KPFM)

1 pixel
A
4 \
\ hold A
dc W\ lnen N )
scan z-spectro At At At AL, At
Vdc*Vmod ¢ 1 “2 < 3 > 5' "5

only V
dc ff
= i -
w |
time

scan spectro scan

VdctVmod

—

MoS2 SOOI

SiO2

Si+
-, -

CER 100 0 sesomy nel ;mu

A. Arrighi et al., Nanotechnology 34, 215705 (2023)
0
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IV. Examples of applications

- Short-range regime
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J—Iigh-resolution KPFM: semiconductor surfaces

(a) Topography

"The potential difference of atomic
structures...does not seem to reflect the
flikars work function as we initially expected. It
is therefore considered that the atomic
potential difference reflects the local
a2 electron density on the surface.”

- -@.e8 v
--8.12 v

~@.16 v

~@8.18 v

:'Lopggr AN ’ - e = First attempt to identify species of individual
7%l *\D i f@@® | 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."

(b) L 4 = =

0.29-:0.17;+_i O J ;/ :\.
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High-resolution KPFM: intramolecular resolution

nature
naﬂOteChﬂ()l()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

>  « b-c »

DFT-
>calculated

electric
field

F.Mohn et al. Nature Nanotechnology 7(4), 227-231 (2012)
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High-resolution KPFM: charge state of individual atoms

Measuring the Charge State
of an Adatom with Noncontact
Atomic Force Microscopy

Leo Gross,™* Fabian Mohn,* Peter Liljeroth,™? Jascha Repp,“? Franz ). Giessibl,® Gerhard Meyer

12 JUNE 2009 VOL 324 SCIENCE
Srv—m
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High-resolution KPFM: modelling
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............................................ -
1
1 2 3 !
1
1
Tip apex Tip apex
R R
6=0,1t0,
. 2 » metallic
atomic asperity Q _______ o tip
(metal) A |
1
:
R
z, i
metallic 3
unter-electrode
- - \4
allic sample hol
ounter-electrode

* Tip termination: metallic
atomic asperity

* Sample: Bulk ionic crystal
* Analytical & Experimental
approach

F.Bocquet et al., Phys. Rev. B 78,

 Tip termination: ionic cluster
(Na*-terminated)

» Sample: Bulk ionic crystal

* Fully numerical approach

L.Nony et al., Phys. Rev. Lett. 103,

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

F.Bocquet et al., Phys.Rev.B 83, 035411 (2011)

035410 (2008) 036802 (2009) Based upon the work by L.Gross et al. Science
L.Nony et al., Nanotechnology 20, 324, 1428 (2009)
264014 (2009)
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Charge state of a single atom
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1

_\5 P tip

ea:t

tip

E

. | L
Electrostatic energy of polarization-

induced dipoles
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Charge state of a single atom

K{: , Polarizability for Gold: a=6.78A3

. >
o 0@

e @ 7 "
V..=0
LR 5F ]
% 10k z=48 A only h

5’ L

o [
e -15F -
_20:. ]
_25;| M B BRI BRI BT R R R R |;
-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

w Polarizability for Gold: a=6.78A3
i 5
—a 1]
U > —>
s ALY
v 9@

Force (pN)

0.0
6 (rad)

_25;|....|....

-1.5 -1.0 -0.5
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Charge state of a single atom

Q Force » Af = —202—
M oree f 2k 0z
= _ >

£ ! 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

= 0.7 |

< 4,2

y— ]

< Au’

1,7
-2.0 S PR o I AU
0O 10 20 30 40 50 2,2 ) o
Lateral Distance (A) Lateral Distance (A)
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Charge state of a single atom

—e - f() 8F

) F - Af= —+"——

—_——\'\J o / 2k Oz
1

: ot PR L R
:1 -2.5 _-LR+SRvdW+SRE .......................... LR—-

-3.0F

-----

-----

..........
e,

Af (Hz)
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4D KPFM spectroscopy

LT-SPM Infinity (£ Surf.Science/Scienta

k// Omicron, Dec.2019):
+ 8.7 K (cryo-free closed cycle, pulse tube cooler)
« STM/ nc-AFM:

atom tracking
reference site
.

o= = Quartz tuning fork, gPlus™
iy N " AO,min ~50 pm
At L\/' * Mean Z (topo.) noise ~ 1 pm
z| /z =  SPECS MIMEA control unit
x/miii‘}’m:




4D KPFM spectroscopy
a- OOOQ c-

000 Af Af*
OO Q z (pm) (total force) (no electrostat. force)
f'\() A
(\“/0\;
120
""""""""" Afgre = Af - Af*
Z ~ EEE (short-range electrostat. force)

QQQQ’”)
00000

________________

atom tracking
reference site
L

0 M -26Hz 0 o -206 Hz -0.1 Tsm -0.5 Hz
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Outline

CONCLUSION
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Conclusion



Take home message

d Compensation of F¢ is required for AFM imaging in general and high-
resolution nc-AFM imaging specifically — need for KPFM

O Technic is implemented according to several setups that add further
complexity to the experimental setup, but...

O The sign of the charges / dipole orientation of the species trapped within the
capacitance that shift the CPD w.rt. CPD,; (background) is easy to
determine

4 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)

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

0 KPFM in the short-range regime is sensitive to short-range electrostatic
forces, whose effects can qualitatively be understood as electronic & ionic
polarizability-induced
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Outline

Some references...
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