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A few motivations

EX 1 : Imaging the operation of

CNT-FETs as charge sensors
[D. Brunel et al., ACS Nano 2010]

EX 2 : coupled CNTFETs and nanocrystals
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Back-gate voltage
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A few motivations

EX 3 : photovoltaic materials

PEDOT:PSS

P3HT:PCBM blend
molecular D/A junction
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EFM

Electrostatic Force Microscopy

KPFM

Kelvin Probe Force Microscopy

Compensation of electrostatic force (gradient)

Units : V

Measurement of electrostatic force gradient

Units : Hz or N/m

Charge detection ) Probing local surface potential

.
Institut d’Electronique, de Microélectronique et de Nanotechnologie
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Energy stored in a capacitor 72 C V?

Attractive force between capacitor plates

_ . 10C
& Fo=+-— V<0

—
<0

) ) |

2= +++\l,++++ 2T N l

o4 -—=----- T ol *r+++++ |
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Capacitor with 2 # plates

04 —= Z - = T 0- ++++j++ |
Dp g

Contact potential difference V.pp = 94=0p

le]

1 0C ,
FZ=+§E(VTVCPD) <O

V applied to plate A —» —
V applied to plate B —» +




FORCE ELECTROSATIQUE (CAPACITIVE) EN AFM

|
sonde -_ _-
AFM Eelec / - \ T VCPD
|+ + + + + +

Evide Evide Evide
I Déchantitlon 1 eVerp 1 Dechantition
Q)sonde --------------- Q)sonde Q)sonde PRt ————————
Eremi_t_______. J eVer Bremi_t oo Decnantitton EBremi b . 1] eVern
(Dsonde - Q'chantillon . .
Vepp = = Différence de potentiel de contact

el
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Charge {= capacitance}

Vepp = 0
Q=CV
Tip apex Cantilever
C
0-- % C1 = 47‘[80 R apex C2 ~ 80 SIever / VA lever
Y
Rapex=20nm SIever= 30“mx100“m
Z>>R ey Zover =10UM
[V=1V] Q1z209 Q2=104e




Electrostatic Force {= capacitance gradient}

Vepp = 0 Attractive force between capacitor plates

1 0C
F,=+-—V?<0

2 0z
Tip apex Cantilever
C!
J_F dC, /dz| = 4neg R? oodz?  1dC,IdZ| = £y Sever / 22 iover
7 R,pex=20nm Siever = 30uM*100um
z=100nm Ziover =10UM
[V=1V] F,=5pN F,= 100 pN




Force gradient detection

dF,
E, =F +(Z_ZO)6_
Zo VA 20
|_'_!
. oF
Frequency shift: aAf = _Jo9F
2k 0z 20

e Here: long-range forces [ambient air / UHV]

e Short-range electrostatic forces disregarded here




Force gradient {= capacitance 2"d derivative}

Vepp =0

aFZ 1 9%C
force gradient —= = =+ @
Tip apex Cantilever
1
O== % dZC,I/dZZz 87'[80 R?2 apex/23 d2C /dz? = 280 Slever | z3 lever
Z R,pex=20nm Siever = 30UM*100um
z=100nm Zover =15UM

| |
[V=1V] dF,/dz=104 N/m dF,/dz= 2.10-5 N/m

\ie mn dF,/dz (apex) exceeds dF./dz (cantilever)

Institut d’Electronique, de Microélectron ique et de Nanotechnolol gie
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MESURE DU GRADIENT DE FORCE ELECTROSTATIQUE ?

* Par le décalage de phase (mécanique):

Q dF, Q 9%C
& ——— - + 2
A= e 2k az2| VEVern)
z0 d %
* Par le décalage de fréquence: Ap _20Q
Af  fo
£, OF, £, 92C %
= ———= —— — +
A=k as 2k 9z%| (V' Vepp)

EFM = mesure du décalage de fréquence ou de phase

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 14



ACQUISITION EFM

AFM. Elecric Force Microscopy

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 15
I



ACQUISITION EFM

1¢" passage : topographie

Excitation mécanique a la
resonance du levier f,

( ® Charges -
o Nl e Tapping (Air) ou nc-AFM (Vide,
* - ° -~ ° UHV)

Excitation mécanique a la
resonance du levier f, + tension

- continue Vg

d~20 3 100 nm Signal EFM
e o % o Hauteur de lift (20 & 100 nm)

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 16




EN PRATIQUE

Lors du mode lift : excitation

Ap oudf mécanique a la résonance du levier
‘. fo + tension continue Vp
Détection synchrone ou ref Excitation
PLL mécanique
A

Modes : imagerie ou spectroscopie

photodiode Distance ou altitude constante ?

‘ d~20a100 nm

Scanner Z

%

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 17
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Charge in a capacitor

t /
y # V, effective surface potential

0F,  19%C , )

Capacitive force gradient o V2

Charge interaction Q < probe charge «Q.V
determination of the sign of the surface charge Q

Image charge effect o« Q*

How to discriminate these electrostatic contributions ?




Example 1 : Charge manipulation

inj

sio,1 11/Q) ]

Contact force : a few nN
Charge retention time : of few 10 min (dry N,)

AFM Image 2500 x 2500 nm?




Example 1 : Imaging charged nanocrystals

Injection @ -6V Injection @+6V
(~-150 e) (~ +150 e)
N
\ !nsxitu;:r;trec]mrpwe. de Microélectronique et de Nanotechnologie Appl. Phys. Lett., 78 5054 (2002)



Cantilever resonance frequency shift (Hz) Height (nm)

Example 1 : Probing a charge or a dipole ?

40 | @) f\
g b

L - tip-substrate capacitance
prop. to V2

A\
A\
: i A

-80

- nanoparticle capacitive effect

1007 prop. to V?

-120 } :
- charge perturbation

prop. to Q.V (+Q? contribution)

-140 |

0 200 400
Distance (nm)

\ !nsli|ulmonique, de Microélectronique et de Nanotechnologie 7: Melin Et al- Vi PRL 166101 (2004)

IMR CNRS 8520
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Example 1 : Probing a charge or a dipole ?

40 | @) f\
i b

V., =0V V., 0V

inj

+
Capacitive signal m 1 [polarization]
Charge effect m 1_ [surface dipole]

Cantilever resonance frequency shift (Hz) Height (nm)

0 200 400

Distance (nm)

iemn
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Example 1 : Spectroscopic analysis of charge signals

i
\ *+150e
E Vinj= +5V
Surface potential &+
l s
wv
: > |
g -20 uncharged
o
=
o
O Hz o
L.
-100 e
Vinj='5V
: v
Cantilever bias

N 4 0 44
lemn Cantilever bias (V)

Institut d’Electronique, de Microélectronique et de Nanotechnologie




Example 2 : Probing a charge or a dipole ?

AFM - topography EFM - before charging

multiwalled carbon nanotube MWCNT
(~20nm diameter)
on 200nm thick SiO,

7, () EFM - after charging
(52
5.
charge signal &3
@ 2
-
5
U
capacitive signal “’:;‘

05 10 15 20 25
distance [um]

2
iemn
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Example 2 : Probing a charge or a dipole ?

! )1 capacitive signal
After discharge

e (., tresidual oxide charge
OoX

[MWCNT with 18 nm diameter, V;,=-7V (3 min) detection Vggy=-3V]

\
emn

Institut d’Electronique, de Microélectronique et de Nanotechnologie
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Sensitivity

Optical beam deflection EFM
with soft cantilevers (k=3N/m;f,=60kHz)

in air in vacuum, 300K

limited by thermal noise

Fiin | ~10°N/m  [afew109Nim | _,  _ 4K.kgT.B
B=100Hz, Q=200 | B=50Hz, Q=20000 min nf,.A2.Q

A=25nm A=15nm

<z> 50-100nm 10-20nm

\ Institut d’Electronique, de Microélectronique et de Nanotechnologie [ F. G|e55|b| et al.’ Phys. ReV. B 2011 + references therein ]
T30 M el s O T b e A R R T R Sy o e R R R T S X




Sensitivity

Optical beam deflection EFM

with soft cantilevers (k=3N/m;f,=60kHz) Qplus, LER
in air in vacuum, 300K vacuum, 1-5 K
limited by thermal noise deflection noise, thermal noise, ...

F’in ~10-5 N/m a few 10 N/m
B=100Hz, Q=200 | B=50Hz, Q=20000

A=25nm A=15nm
<z> 50-100nm 10-20nm <1 nm
Long-range (LR) LR + SR Short-range (SR)

.
Institut d’Electronique, de Microélectronique et de Nanatechnologie
UMR CNRS 8520




Resolution : single charge detection in ambient air ?

Topography Charge image Dielectric image

CdSe nanocrystals

~5 nm I ’

@ . o ; e &
0 500 nm O 500 nv O 500 nm
Charge image Dielectric image

neutral .
1} 775.0 nm O 75.0 nm

N

iemn T. Krauss & L. Brus, PRL 83 4840 (1999)

Institut d’Electronique, de Microélectronique et de Nanotechnologie
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Time resolution

- In general, limited by the phase demodulation of the cantilever oscillation

- better resolution possible :
- fast frequency shift demodulation,
- oscillation transients (sub-us see D. Ginger et al. Nanoletters 2012)
- response under modulated illumination (see L. Borowik)

Quantitative charge measurements ?

- in general, semi-quantitative models only

- difficult due to the large variety of dielectric environments
- numerical simulations in most situations

- single charge events as calibration
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Principle ...

Measuring surface potentials from forces

Lord Kelvin (1898)
Zisman (1932) : vibrating Kelvin probe (down to mm size)
Nonnenmacher (1991) : Kelvin probe force microscopy

different metals
e.g. (I)probe > ¢sample

probe | probe |

e Q)probe _ (Dsample

attractive force cancelled force T- Vbc= e]
\ J

v ++++ v

sample | M Vepp OU Vg

Work function
measurement

2
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Energy diagrams

Y 4
T

sample vacuum probe

»

 energy of electrons
Vacuum level -0

(I)sample d)probe

S

EF,probe




Energy diagrams

electrons
A
——
+“—>
sample vacuum probe
3 4+ energy of electrons
Vacuum level
d)probe
(I)sample
+ -
EF,s + - EF,probe
+ -
+

.




Energy diagrams

%
sample vacuum probe
s energy of electrons
Vacuum level -
<|)samp|e ‘I)probe
EF,s EF,probe

k! 1) robe — Q)Sam le
N iemn Voe == :

stitut d’Electronique, de Microélectronique et de Nanotechnologie e




A few remarks ...

e The sign of V. is user-dependent (V4. at the tip, or at the sample)

e V. at the tip (and V, at the surface)

‘electrostatics-friendly’ convention :
a positive charge or dipole (e.g. adsorbate) is ‘seen’ as a positive V




A few remarks ...

e The sign of V. is user-dependent (V4. at the tip, or at the sample)

e V. at the tip (and V, at the surface)

‘electrostatics-friendly’ convention :
a positive charge or dipole (e.g. adsorbate) is ‘seen’ as a positive V

»

. energy of electrons
Vacuum level

(I)sample (I)probe

3
-

.
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A few remarks ...

e The sign of V. is user-dependent (V4. at the tip, or at the sample)

e V. at the tip (and V, at the surface)

‘electrostatics-friendly’ convention :
a positive charge or dipole (e.g. adsorbate) is ‘seen’ as a positive V

»

. energy of electrons
Vacuum level

(I)sample (I)probe

EF,s EF,probe




A few remarks ...

e The sign of V. is user-dependent (V4. at the tip, or at the sample)

e V. at the tip (and V, at the surface)

‘electrostatics-friendly’ convention :
a positive charge or dipole (e.g. adsorbate) is ‘seen’ as a positive V
E#0

v

»

. energy of electrons
Vacuum level

(I)sample (I)probe

EF,s EF,probe

vositive charge/




A few remarks ...

e The sign of V. is user-dependent (V4. at the tip, or at the sample)

e V. at the tip (and V, at the surface)

‘electrostatics-friendly’ convention :
a positive charge or dipole (e.g. adsorbate) is ‘seen’ as a positive V

E=0
Vacuum level " \ v 4+ energy of electrons
4R
N
(I)sample
(I)probe
EF,s
Er

Institut d’Electronique, de Microélectronique et de Nanotechnologie
UMR CNRS

positive charge ,probe
\ ,\/
V>0




A few remarks ...

e The sign of V. is user-dependent (V. at the tip, or at the sample)

o V. at the tip (and V. at the surface)
‘electrostatics friendly’ convention
a positive charge or dipole (e.g. adsorbate) is ‘seen’ as a positive V

o V,. at the sample
‘work-function friendly’ convention :

a material with a larger work-function will be imaged as « more positive »
in KPFM images




A NEW METHOD OF MEASURING CONTACT
POTENTIAL DIFFERENCES IN METALS

By W. A, Zisman
[JurrERsoN PHYSICAL Lasokatory, Harvarp UNiveErsiTy, CaMpribpck, Mass,
Receiven Marc 3, 1932]
ABSTRACT

A new method is described for measuring the contact pofential differences between dis-
similar metals. Tt enables one to measure the pad. to 171000 volt in a few seconds of manipula-
tion. An apparatus is described for studying metal: in air and another is described for high

vacuim work.
1 g EAR T

=, ELECTEDME TER

= -+

A
a

T
N

EARTH

Kelvin method

Response of the electrometer deflection
as a function of V4, to find the zero force

.
Institut d’Electronique, de Microélectronique et de Nanotechnologie
UMR CNRS 8520

Zisman method
Rev. Sci. Instrum. 3, 367 (1932)

C =C,+ AC.sin ot

|

i(t)= AC.o.[ V4.-V].cos(omt)

|

to a loud speaker (!)
(o in the audio range) :
zero sound for V=V,
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KFM en modulation d’amplitude (AM-KFM)

V= VDC + Vac sin( Weiect) Force électrostatique
(3 composantes)

’\I VAC sin (welect) 1 0C Vi
Fo=35 [(VDC — Vepp)®+ AC

_i7
T Vbc E, weree =5, Ve = Verp)Vac
1 ocC
O Ferea = VR

AM-KFM == Annulation de la composante a w,;.. de la
force électrostatique

Vbe = Vepp

M. Nonnenmacher, Appl. Phys. Lett. 58(25) 1991, p. 2921 Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 44



KFM en modulation d’amplitude (AM-KFM)

V= VDC + Vac sin( Weiect) Force électrostatique
(3 composantes)

’\' VAC sin (welect) 1 9C 2 AC . . .
Fy = 33, l(VDC — Vepp)“+—==| + contributions force image

z

VD C

ac
By werec = 3, (Voe = Vepp)Vac + K(2) Q Vyc

Z,Zwelec - 4 aZ AC

7

AM-KFM == Annulation de la composante a w,;.. de la
force électrostatique

Voe = Vepp + Vo (2)

M. Nonnenmacher, Appl. Phys. Lett. 58(25) 1991, p. 2921 Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 45



A1l AM-KFM : MODES D’ACQUISITION

ceattech

Simple passage
Excitation mécanique a la
réesonance du levier (fieca = fo)
Tapping (Air)

ou
nc-AFM (Vide, UHV)

3+

Modulation électrique a la 1¢re
harmonique (fgec = f1 = 6,3 X fp)

Démodulation a f;;.. — amplitude

Double passage

1°r passage
Excitation mécanique a la
resonance du levier (fieca = fo)

Tapping (Air)
ou
nc-AFM (Vide, UHV)

2¢me passage : lift
Modulation électrique a la
réesonance du levier (fsec = fo)

Démodulation a f;;,. — amplitude
Hauteur de lift (20 a 100 nm)

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 46




Example of a single-pass (UHV) AM-KPFM mode

207 fo= 67.6kHz7'
—~ Q~35000| _
. £ 191 150 @
- first resonance f, € 4
§10 0 %
- mechanical excitation e 17 g9
z g
o
- hon-contact AFM 51 1750
Af = -5Hz oscillation amplitude 15 nm . 100
minimum tip-substrate distance ~5nm 67620 67630 67640 67650
Frequency (Hz)
4’5_ T T T T T T ] 200
1 v f,= 422kHz
e Q~ 6000 |,
. =35- ~ 11009
- second resonance f,~6.2xf, £.,] | e
% sV T 1 50 ()
. . . =) i ; °
- electrostatic excitation £ 251 lo 9
- KFM loop at f; 151 |
| 4-100
1,0 -
\ . 4-150
0,5 T T T T T T T
i e m n 421900 422000 422100 422200

Institut d’Electronique, de Microélectronique et de Nanotechnologie
UMR CNRS 8520
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AM-KFM : EN PRATIQUE

A|B > Détection
C|D

synchrone

@ Réf Woelec

|

ac
[Aweleca Fo,.. )= = (Vpc = Vepp) Vac
> Awelec

o S — :

Welec

Ag,,,.,. €N ajustant la valeur du Vp

Vbe = Vepp

Une boucle de contre-réaction (PID) annule la composante

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 48



AM-KPFM
Imaging ...

Doped nanocrystals inducing charge transfers to the substrate

20.3 nm [ To.20v
16.0 | 0.16
14.0 | 0.14
12.0 | 0.12

0.10
0.08
0.06
0.04
0.02
0.00

10.0
8.0
6.0
4.0
2.0
0.0

topo: Ap, =20 nm, Af=-5Hz;
1,7 um * 1,7 pm; 512 *512 pixels;
tip-sample distance of 4-6 nm

AM-KPFM : V,_ = 200 mV;
Vg =2V; 1=100 ps

2
lemn

Institut d’Electronique, de Microélectronique et de Nanotechnologie
UMR CNRS 8!




KFM en modulation de frequence (FM-KFM)

V= VDC + Vac sin( Weiect) Gradient de force électrostatique
(3 composantes)

5, DC CPD
a
—L— 0Fz o0%C
7 Vbe —a;lec == (Vboe = Vepp) Vac
aZ 4622 AC

FM-KFM== Annulation de la composante a w,;,. du
gradient de la force électrostatique

Vbe = Vepp

M. Nonnenmacher, Appl. Phys. Lett. 58(25) 1991, p. 2921 Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 50



KFM en modulation de fréquence (FM-KFM)

V= Vpc + Vac sin( Weiect) Gradient de force électrostatique
(3 composantes)

'\’ VAC sin (welect) JF.
1 0%c
azo = l(VDC — VCPD)Z —] + contributions force image
v
—L— 0Fz o0%C
7 Vbc a—;lec =37 (Voec = Vepp) Vac + K'(2) Q V¢
°
el e
0z 4622 AC

FM-KFM== Annulation de la composante a w,;,. du
gradient de la la force électrostatique

Voe = Vepp + Vo (2)

M. Nonnenmacher, Appl. Phys. Lett. 58(25) 1991, p. 2921 Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 51



FM-KFM : MODE D’ACQUISITION

Simple passage

Excitation mécanique a la résonance du
levier (fmsca = fo)

Tapping (Air)
ou
nc-AFM (Vide, UHV)

3

Modulation électrique a basse fréquence

(félec << fO)

Démodulation a f;,;.. du signal de phase
meécanique (mode Tapping) ou du décalage de
fréequence (mode nc-AFM)

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 52




FM-KFM : EN MODE TAPPING (AIR)

/AR Détection ,
K Wmeca C y > synchrone < Rel Omeca

\

_ 0) oF aFelec
A(Pméca - ; P X Py

v

Détection
synchrone

prm—— |

A

Wmeca

wmeca

0F 0%C
l —
‘—a; “| === Vpc = Verp) Vac
°* Une boucle de contre-

réaction (PID) annule la J

aFwelec
composante —*= en 0Fy,,,. 0
: = Vpc =V,
ajustant la valeur du V. 0z be — TCRD

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 53




SI{B FM-KFM : EN MODE NC-AFM (UHV)

Al|B
& Omica /c; > PLL
2

. 1 OF aFeleC
Afméca - ﬁaz X 9z

Wmeca I

Détection
synchrone

O0F, 9%C
‘ =57 (Voc — Vepp) Vac

— Welec
{
oF,

0z
Welec

0z

A

wmeca

=0 Vboe = Verp

Action Nationale de Formation DFRT KFM | 7-8 Novembre 2017 | 54
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AM-KPFM versus FM-KPFM
Imaging ...

Doped nanocrystals inducing charge transfers to the substrate

[ 1 20.3nm T 0.40V
- | 0.35
16.0
_ | 0.30
| 14.0
| 12.0 | 0.25
10.0 0.20
8.0 0.15
6.0
0.10
4.0
2.0 0.05
0.0 0.00
10p0 : Ay, =20 mm, Af=-Ohz; AM-KPFM : V; = 200 mV; Vg, FM-KPFM : f,; ~ 50Hz; V,, = 200 mV
1,7 ym * 1,7 ym; 512 *512 pixels; =2V;1=100 pus
tip-sample distance of 4-6 nm
N

iemn
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AM-KPFM versus FM-KPFM

signal to noise  resolution
AM-KPFM + -

FM-KPFM _ + - less ac cross-talk

- no need for a 2" resonance

[ 1 20.3nm T 0.40V
- | 0.35
16.0
_ | 0.30
| 14.0
| 12.0 | 0.25
10.0 0.20
8.0 0.15
6.0
0.10
4.0
2.0 0.05
0.0 0.00
topo : Ayp = 20 nm, Af=-5Hz; AM-KPFM : V,. =200 mV; V4 FM-KPFM : f . ~ 50Hz; V. = 200 mV
1,7 ym * 1,7 ym; 512 *512 pixels; =2V;1=100 pus
tip-sample distance of 4-6 nm
N

iemn
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XM EN RESUME : AM vs FM KFM

Ceatech

Modulation d’amplitude (AM-KFM) Modulation de fréquence (FM-KFM)

FweZOQVDC:$VCPD :0<:>VDC:$VCPD

Simple passage Double passage

Configurations
AM-KFM

Topographie Tapping (air) ou non-contact (ultra-vide) : f,,.¢ca = fo

Modulation f1 =63 X fyou
électrique hors-résonance

foouf; = 6,3 X f,ou hors-
résonance

fi < fo
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Side-capacitance effects in AM- and FM-KPFM - 1/5

nstitut d’Electronique, de Microélectronique et de Nanotechnologie H. 0. JaCObS et al- JAP (1 998)

Nullification of the o force component (AM-KPFM)

ac, ac, dC;
9y Vpec = Vi)Vac + E(VDC — Vo)Vac + E(VDC = V3)Vue =0

o)

_ 0z

0Cy, L 0Cy,
Z
Vb =

it+5; 5

adc, dC, , 0Cs
0z T 0z T 0z

KPFM : averaging technique




Side-capacitance effects in AM- and FM-KPFM - 2/5

aC; aC;
AM-KPEM — Voc= ) =i /) =
generalization

92(; 92¢;
PMAPEM oo = ) 5/ 0.7

- intrinsic averaging effects in AM and FM modes

- dC,/dz less ‘peaked’ at the tip than d°C/dz? : less resolution in AM modes

d -
El FI;- |
EFM~FM-KPFM
E -

EFM o

c
z
>z AM-KPFM
N Before charge injection  After charge injection
llgmorl de Microélectronique et de Nanotechnologie D. Brunel et al. ACS Nano (2010) — ambient air imaging
B e L AT R A e N SR

TR ,;: g i ' AR
5% : { R e S Ol
A YT ‘(;‘..‘\r‘ - L “f&",; Pr ol "Kﬁ Vi ’O‘vt L
S T N R




Side-capacitance effects in AM- and FM-KPFM - 3/5

c)

1'0'"'/1 """"" I isdedietieiadedodvlaley =it T

0,8 -

0,6 -

0.44A

no tip 400nm |

0,2 -

Normalized calculated V _potential

—— o f

0,0

0 500 1000 1500 2000 2500 3000

Charged area base diameter (nm)

Both FM- and AM- modes are sensitive to side-capacitance effects at small size

N
lIsleildrETec.llor;]e de Microélectronique et de Nanotechnologie Appl PhyS Lett 96 103119 (201 0)

T W A0 f-,,,.,, T EREET P ST
45 “‘ « “r‘%w’« S e DS e S
!5' e c‘{‘ R A AN SRR
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Side-capacitance effects in AM- and FM-KPFM - 4/5

sensitivity resolution
- less ac cross-talk
FM-KPFM - +

- no need for a 2" resonance

FM-KPFM
05
KCl ' Au
=
38
. 400
AM-KPFM : calculation B
S —— - ,‘..b. E
—a— FM E
—a— AM a
300 nm
e 405
KCl islands on Au 111 KPFM accross KCI island - 0 X = p.
(topo) boundaries X [
N
emn

Institut d’Electronique, de Microélectronique et de Nanotechnologie
UMR CNRS 8520

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




Side-capacitance effects in AM- and FM-KPFM - 5/5

0,84 :; :

g 1 g 0,04

< 0,6 - i 0,03

E I
0,4 3 ool o =

E rg ’ TIs||m:|1,lizn (:m) .
024 o KBrnSb(001), exp.

'£ ---u--- simulation

0 20 40 60 80 100 120 140
island size (nm)

KBr on InSb(001)
FIG. 1. (a) FM-KPFM topography and (b) ACPD images of
KBr islands grown on InSb(001) surface (fo=111, 1 kHz. Af FM-KPFM measurements
=-17 Hz). The white arrows indicate the KBr islands, which are
topographically not resolved from the substrate terrace.

convolution in FM mode for structures
" with smaller size than the tip apex

IInsti%i !ELTec.l]rorI\:]mxe. de Microélectronique et de Nanotechnologie F KrOK et al" PhyS ReV. B 77’ 235427 (2008)

UMR CNRS 8520
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KFM en boucle ouverte (OL-KFM) (:{P U sin (uct)
V= VDC + VAC Sin( (‘)elect) T e

Welec K Wo

Force électrostatique
Modulation d’Amplitude — AM-KFM sans boucle PID

ac
Foeree =5, Vne = Verp) Vac

F 4
- F_w = —V_(VDC Verp)
10C 5 20 AC
2Welec _ZE ac -
‘U/sz % VAC
VCPD — VDC _ 4
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A1 OL-KFM : MODES D’ACQUISITION

ceattech

Simple passage Double passage
Excitation mécanique a la 1er passage
réesonance du levier (fieca = fo) Excitation mécanique a la

résonance du levier (f6cq = fo)
Tapping (Air)
ou Tapping (Air)
nc-AFM (Vide, UHV) ou

nc-AFM (Vide, UHV)

2¢me nassage : lift

Modulation électrique fsor K finéca Modulation électrique fsor K finéca
Démodulation a f;.. eta 2 X fioc— Démodulation a f;.. et a 2 X fioc—
amplitudes correspondantes amplitudes

Hauteur de lift (20 a 100 nm)
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AM-KFM : EN PRATIQUE

ﬂ h Détection

\c|D/ > synchrone € ReT welec

| |

oc oC V2
A‘Uelec = Ga) a, (VCPD _ VDC)VAC AZ Welec — _GZw E%
> Aa)eleC ¢ ¢ ¢ i i
= Veon = Vi — Aw Vac >< il
- CPD DC A, 4 7

Calibration préalable de la valeur de K
Calcul a posteriori du Vpp
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CALIBRATION

Theory

ac
Ay GwE(VCPD —Vpc)Vac >0

Phase adjustement

X, =A,cos(p) =0

4
Vpec — V.
GrolVac (Voc = Verp)

Kgain

Y
Verp = Vpe — A_w

2w

Vac
X Kgain T

Y, = A,sin(p)

-11 -06

Spectium > | Sweeper x PID x Plotter x Scope x Add Row
T T B T U e o L G T i e = T S ‘ s s e
= E ' Run/st
T A E=EEEEs
£ E BN Demod 1 Sample X 2w Horizontal
£ 35E....\, = === Demod 1 Sample ¥ ) . Af‘/& Start (V) -800.00000000M
£ E 7 = w= Demod 2 Sample R ik et i Tl Ve Stop (V) 1420000000
20F Length (pts) 200 4 |100%
E L‘M / Sweep Param  Aux Out 1 Offset B
15 LAV SweepMode  Sequental v Logfg]
“‘\,\\ X2 0239V A Remaining (s) 0
10F w -l a=91.708Y Ay Dual Plot 5]
\'\A—\A Vertical Axis Groups
05E .‘v\’ Al Signal Type  Channel
E A, A
e A=A Rl b v = Amplitude (V)
= E o emod 1 Sample
Fr=r E M Demeod 1 Sample R
ot 05 v ] | Demod 1 Sample X
E X w Demod 1 Sample Y
10F Demod 2 Sample R
£ = Phase (deg)
E -1l Demod 1 Sample Phase
15 Y [Drop signal here for new group]
E| X1 -91.469V w \ [Drop signal/group here to remove]
'© 20 \,\\’\
B -

L 05 0.0
EE HE B
Yo

AZw

0.80

Y=AX+B
y =-0.8543x + 0.1421

4 X Vpe

Vac

1.20

Offset (V)

Jain = —0.8543

4X gain VCPD

= 0.1421
VAC

Mesure sur une couche d’Au
V=3V
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0B  ExAMPLE

ceattech

Demod1Y : 230.0 mv

| |
0.0 1: Height Sensor 12.0 pm 0.0 4: Input1 0 pm 0.0

Calculated Vpp (With Nanoscope Analysis) 8 Calculated Vepp
V, =3V
VaclDemod1lY X .. =-0.854
Verp = |- gain .

4K|Demod2R

0,878

VCPD =0.13V
0.0
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OL-KFM en modulation de fréquence ?

Gradient de force électrostatique
FM-KFM sans boucle PID

0Fz 0*C
azelec =37 (Voc — Verp) Vac F,a)
— F,. = Vac
_ W
Or20ei0c _ _19°C ;2 Vepp = Vpe — n
0z T 49272 AC

\ )
|

EFM modulé (ac-EFM)

Imagerie de charges et de prop. diélectriques
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DUAL FREQUENCY RESONANT TRACKING (DFRT)

* Meéthode de suivi de fréquence

A
° Principe

A * Excitation bimodal autour de la
ALA, fréquence de résonance (fy * finod)

A, * Mesure simultanée des amplitudes

correspondantes — variation
R monotone de la difference (AA)
* Une boucle de contre-réaction

n annule AA en ajustant la fréquence

de resonance f,

Amplitude

» ° Applications

hooh * Piezo Force Microscopy (PFM)
* Contact resonance (CR-AFM)
* Kelvin force microscopy (KFM)
° EFM...

Frequency
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KFM en mode DFRT

@ Vac sin {etect) * Acquisition en mode AM-KFM — suivi
de la fréquence de résonance en
mode DFRT

V= VDC — VCPD + VAC sin t)

Force électrostatique * Annulation de la composante a w,;,,
de la force électrostatique

ac
Fooree = 5, Vpe = Verp) Vac

Vbe = Vepp
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Simple passage

Excitation mécanique a la
resonance du levier (fieca = fo) +
Excitation bimodal a f;.c + finoe =

fl ifm

Tapping (Air)
ou
nc-AFM (Vide, UHV)

3+

Modulation électrique f.. = f1

Démodulation a fz;.. — amplitude

OL-KFM : MODES D’ACQUISITION

Double passage

1°r passage
Excitation mécanique a la
resonance du levier (fieca = fo) +
Excitation bimodal a f;;.c * finoad =

fl ifm

Tapping (Air)
ou
nc-AFM (Vide, UHV)

2¢me nassage : lift
Modulation électrique f3.. = f1

Démodulation a fz;.. — amplitude
Hauteur de lift (20 a 100 nm)
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XMW EXEMPLE

ceattech

DFRT KFM : V,.=500 mV, sideband: 9 mV, 1.5 KHz

50.0 nm 1.4V

[ . 1 T ]
00 1:Height Sensor  15.0um 00 Surface potential ~ 15.0um Frequency

-50.0 nm 0.0

1.1V
489.0 kHz

AM-KFM
V, =500 mV,
488.6 KHz
[ 1 I 1
a0 Surface potential 1°04m 0.0 Frequency 15.0pm
0.0 438.9 kHz
« EFM »-DFRT
Vdc=0V

sideband: 9 mV, 1.5 KHz
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Practical operation principle

1o cantilever oscillation amplitude
[ proportional to V.-V, ]

-120 ¢

Phase ¢, (degrees)

Oscillation amplitude (a.u.)

-180

75
Electrostatic excitation frequency (kHz)

projection angle necessary for the KFM feedback loop
KFM "equation" : dC/dz. (V4.-V,).V,.. cos(d,-0) =0

A
lemn

Institut d’Electronique, de Microélectronique et de Nanotechnologie
UMR CNRS 8520




Practical operation principle ... with ac cross-talks

KFM "equation”

ac cross-talk

(e.g. photodiode) dC/dz. (V4-Vs).- Ve COS(91,-¢)
+ Act 'VaC' COS((I)Ct-(I)) =0

V=Vt A . cOs(¢y-9) / dC/dz cos(¢q,-0)
|\

J

Y

This term depends ® ® ®

- on ¢ ("drive phase")
- on ¢4, (excitation frequency)
- on z (via dC/dz)

In practice (Bruker) : photodiode + mechanical ac-cross-talks




Measured surface potential V__(V)

Cross-talk suppression/compensation

1 0 | | | ! | ! 1 0 ! | ! | ! | ! | ! |
>
g after suppression/compensation
> -
05L fexc=76'8 kHz (a“> = 05} of ac cross-talks )
‘*ml""k"a -g
I My o [ & -
e R T S e et
0.0 - | | - 8 00F f,=75.0kHz f .=76.8 kHz T
. 5 —_—
H' -g fexc /
-0.5 . g -0.5 .
f.,.=75.0 kHz \‘ @
Q) B
< (d)
- 0 ) ] ) ] v ] ) ] ) ] ) _1 0 ) ] ) ] ) ] ) ] ) ] )
-180 120 -60 'e"cOﬂ 60 120 180 180  -120 -60 0 60 120 180
KFM loop projection angle ¢ (°) KFM loop projection angle ¢ (°)
adder

amplifier phase shifter

b (b) (c)

.
]l
lemn .
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Cross-talk suppression/compensation

() —_
(&) o
T

Measured surface potential V__(V)
o
o
T

l

N
‘ll‘ I .

\
\ !

f .=76.8 kHz

AL b ‘1‘\ i
f = | ':W’h | ’ ﬁ‘

-0,5+ ex .
75.0 kHz
—
fexc / \
-1 10 A ] A ] ] A ]
-180 -120 -60 0 60 120

N\

.
nsti
UMR CNRS 8520
35 YL STERPTFITTTERG
A - T v} & s \,

S

t

KFM loop projection angle ¢ (°)

mn

\'/

5

tut d’Electronique, de Microélectronique et de Nanotechnologie

180

Measured surface potential V__(V)

—_

after suppression/compensation
of ac cross-talks

o
T
1

f,.=75.0 kHz f., .=76.8 kHz|
 ————_
1 | | f?XC / | |
180 -120  -60 0 60 120 180
KFM projection angle ¢ (°)

adder

amplifier phase shifter

Rev. Sci. Inst. 2010




Questions ?
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I3l MICROSCOPIE EFM/KFM : CONFIGURATIONS SIMPLE PASS

ceattech

Modulation de

Modulation d’Amplitude

fréquence
KFM DFRT OL-KFM KFM OL-KFM
Topographie en mode Tapping (air) ou en mode non-contact (ultra-vide)
Simple Passage v v
Excitation mécanique fo
X
fméca fO fl + fmod fO fO fO
Modulation électrique x fl, ou hors fi Basse fréquence <« f,
fetect résonance
Phase @ f,
Amplitudes Phasii%@ fo puis
Démodulation x Amplitude @ fopees @ fopocs €t by Amplitudes
Amplitude .
2felect ) @ fetect et @
@ felect Zf'
élect

fo fréquence fondamentale du levier / f; 1°* harmonique du levier / f,,,4 fréquence de modulation < 2 kHz
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WALl MICROSCOPIE EFM/KFM : CONFIGURATIONS DOUBLE PASS

ceattech

Modulation de
fréquence

KFM DFRT OL-KFM KFM OL-KFM

Modulation d’Amplitude

Topographie en mode Tapping (air) ou en mode non-contact (ultra-vide)

Double Passage v
Excitation mécanique
fméca (1er passage) fO fO fO fO fO fO
Excitation mécanique f fo ioﬁm"d f f
.cq (28 passage 0 B B 0 0
fmeéca (2°™ passage) fit Foog
L . foou fi ou
M?dUI(azt!;? elaescst:qel;e - hors foou f; Basse fréquence K f
fetect P 9 résonance
Phase @ f,
Amplitudes Phasii(s@ fo puis
Démodulation Phase @ f, Amplitude @ fopecs @ foect €t 2 pul Amplitudes
Amplitude .
2félect @ félect eta
@ félect Zf'
elect

fo fréquence fondamentale du levier / f; 1°* harmonique du levier / f,,,4 fréquence de modulation < 2 kHz
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