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1. Un peu de traitement du signal pour le SPM
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Multifrequency & mutliple feedback loops in

SPM
D ., ,
LD AN N
i/,\./,

k, Q

Amplitude
feedback
(AGC)

Phase-locked
loop (PLL)

Actuator

excitation LIA with Bias
feedback
(KPFM)

dFts/dZ, I Mechanical modes

Electrostatic drive

AFM Controller with Z- df,

Most common AFM modes:

SUGINCEN  Feedback
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= Contact Modes (DC deflection)
= Tapping Modes (AC Modulation &

Amplitude demodulation)

= Non-Contact Modes (FM-AFM,

measure dissipation or drive and
conservative forces or freq shift)

Many variations:

= Electrostatic modes (EFM, KPFM,
SSRM, ...)

= Magnetic modes (MFM, MRFM)

= Resonance Contact modes (PFM,
DFRT, ...) for nanomechanics

= Spectroscopic modes (Force
volume)
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NC-AFM: Phase & Amplitude feedback loops
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HF2L1 — Multiple detection and excitation

| |
Detection I Drive : Measurements
: .
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From PD - I Mechanical Electrostatic: To SPM
Dual Input for : excitation  excitation 1 Controller
tandem or ! (fo.f1,...)  (AC+DC) :
lateral I I
deflection

Complete dynamic signal generations & detections
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Time and Frequency Domain Analysis

SELE]

All digital Digitized samples =~ Demodulated %
Solution | signal after down
A/D) conversion S
Oscilloscope Multiple Demods
Time domain Digitizer Numerical and havy
> Function Generator FleERIL)
t Software Trigger r§-|
Frequency
Frequency Raw FFT Analyzer Response Analyzer HELH!
domain S Frequency Tracking (FRA)
f Zoom FFT {&}
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LabOne example: Oscilloscope and Trigger
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= T ' : : I S O SO O A 3 Stop Single Recording
E F Scope Amplitude 3 _
z go3 Trigger
2 3
£ 3 Enable E
£ i ; ; i i 452 Signal Aux Output 1
S i e Y W, 403 >lgna et M
T 0.16987 ' i i E 3 Edge Rise [ Fal [
A 15 52ms 203 | Level (V) 50.000m
% Hysteresis (V)  50.000m
m 0 - - o=} Holdoff (s) 50.000m
3| Pretrigger (pts) 17920 4
3 3
s '
203
0 N b ik 3
: 403
E el i Lo 378V 603
40 : : e B p 37.8my - R R 3
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X 0.12 0.13 X 0.15 0.16 017 0.18 0.19 0.20 I
- Time (s)
,G') Lin Parlo
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0.0 0.1 02 03 0.4 05 06
T
Demodulator 1 R
6.74mV

ABT5mV

= 65kSa scope memory
(extendable to 20MSa)

= trigger on any internal or
external signal

phenomena ' 7 7 |
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Mapping applications: Multichannel SW trigger

Config > | Devi

ice x| Aux  x Lockm %

Save all 8 demodulators
at once

Add Row =

Signal Inputs Oscillators Demodulators Output Amplitudes Signal Outputs
= Reference Frequencies | Input Low-Pass Filters = v =
Input 1 100+ Mode  Frequency (Hz) Mode Osc HarmDemed Freq(Hz) Phase (deg) Signal Order TC L Sinc E; Amp 1 (Vpk) _Amp 2 (Vpk) , Output1
Range 1.0 50 1 1 ExiRef 19.99993223k @ 1 Demod v 1 v 1 19 99993223k 0.000 sign1 v & v 150.3u [§] = 1 1c0.0m[§] 100.0m ] on B ol
Scaling 1.0 viv 0o 2 Manual 334 87852083k 2Demod v 1v 2 39 99988445k o.000 ] sigm1 v & v 1s0.3u 5] 2 100.om[§] 100.om 8] Range 15V v
acB el 504 3 Manual  10.00000000M 3Demod v 1v 3  59.99979668k 0 signi v & v 150.3u 5] 3 100.om ] 100.om ] oOffset(v) 0.000
o= 4 Manual 10.00000000M 4 ExtRef v 1v 1 19.99993223K 0. Trigger1 v 4 v 4.660m O 4 100.0m ﬂ 100.0m E
Input 2 1004 5 Manual 10.00000000H 5Demod v 1w 4 7999972890k 0 signt v & v 150.3u [[§] 5 1c0.0m[E] 100.om 5] Output2
Range 300.0m 04 6 Manual 0.00000000 6Demod ¥ 1v 5 9999966113k o signi v & v 150.3u & - 6 100.om§] 100.0m[§] On B ol
Scaling 1.0 viv 0o 7 Manual 10.00000000M 7Demod v 1w & 119 99359335k o sign1 v & v 150.3u 5] 7 1c0.om[§] 100.0m §] Range 15V v
s0- .
ac ) 500 8 Manual 200500002k 8 Demod v 1w 7 139 99352558k -138.000 [B] Sigini v 6 v 150.3u 8 200.0m 100.0m Offset 0.000
E=:0 ol & < = B ofet HW trigger from
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T
18

0.10 — === Demeodulator 2 Aux In 2
- -~ = = Demodulator 2 R Time (s|
E . = === Demecdulator 3 R
Device dev2D43 Session 0 h.set('trigger/clearhiktory’, 1.ceee000) CAL| REC| AU PLL T PD ] MoD | | B
One trigged scan line
. |-
L | Ll

X

(bwd trace)

(superposed fwd traces)

Hold Off Time (s) 2.000m
Hold Off Count 0
Delay (s) 10.000m
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starts 10ms after
initial shot
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2. Méthode ‘Dual Frequency Resonance Tracking’
(DFRT)
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Dual Frequency Resonance Tracking (DFRT)

.

w N

of 0 at resonance.

(A
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A;)

HF2LI

» MF/MOD/PID

AFM in DFRT
mode

(f

f2)

Bimodal excitation @ f +/-f, (just around the resonance)
Both sides of the resonance amplitude are measured simultaneously.
The difference of amplitude exhibits a linear dependance with a set-point

Frequency
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How it works in practice

HF2LI Lock-in Amplifier

In-plane
Pt —

[ J
m Out-of-plane > Demod 1 @ fc

Demod 2 @ f+f,,

PD

LD

Demod 3 @ f-f,,

Dither piezo

fc+/ 'fm

Contact resonance: f. i
electrical or mechanical & oscillators
excitation
AU:
PID ( oscf,) R3-R2

XY-piezo

Lock-in signals:

dfl, df2, R1, R2,
Phal, Pha2, Al,
A2, etc...
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FET(X+iY) (dBV)

AM Modulation: frequency domain

975 980 985 990 995 1000 1005 1010 1015 1020 1025
g i . . i
= | | | | | |
S S S I YUH6AdBY S R
A A Y2 23 dBY e e
; A=-7.0dBV : : : : :

-40

-60

-80

1 X2:1014.04kHz ..
1

-100

-120

140

985 930 995 1000 1005 1010 1015 1020

- = Frequency (kHz
B mE E = s 0

Amplitude Modulation can be with or without carrier suppression
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How It looks like

Contact Resonance PFM image of 100nm BFO layer, 2x2um scan size

Piezoresponse Amplitude Piezoresponse Phase

Image Courtesy of Igor Stolichtnovand Enrico
Colla, Ceramic Lab, EPF Lausanne, Switzerland
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3. Le KPFM a la mode de chez nous
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Kelvin Probe Microscopy: chose your mode

= Single-pass vs Mutli-pass
AM-KPFM vs FM-KPFM
= Tandem vs Direct Sideband

|
Cantilever deflection (f;reo, Frpme)
Cantilever exitation (f Fo e
o)  Gonerator 1
2

Laser & g
Detector

KPFM substrate bias (U, 4+U;:) s

SPM Controller

/ KPFM €
Ta po I:I.:Il.'ll n

Sample under test +—

¥YE control

Y7 Scanner

Piezo drivers
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Feedback on bias OFF
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3 B ©emodulator 1 FET(X+iY) [ :
B : , X2: 5278 Hz
E 16.4421 mV i : A=6974 Hz
F 0OHz g {
i : P1 :
i T PLL or Demod BW needs
L 0.437876 mV 0.43449 MV to be hlgh
B -300.072 Hz 300.072 Hz
E: i P2 P3 :
= v Y
3 16.9821 pV 15.5105 bV
-t -600.144 Hz 600.144 Hz
F Ll P
[ ; il
Lo | | 1l [t prd | Ul b y b bl bogen b e Lk gl 1 " . 1
L Y2:1.0000 v
i, A=0.0000fV L B DL e e L L G e A T S S R S R B e A L S S S LSS SR R
500 3000 2500 2000 1500 S z 1500 2000

Voo = 1V
V.. @ 300Hz
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Frequency (Hz)
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Feedback on bias ON
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T T T
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E Bl Demodulator 1 FET(X+iY)
B X2: 5278 Hz
! g b A=6974Hz
E 14.4813mV s
F 0OHz
[ | X1:-1696 Hz P1
| A\ 4
E
3 14,2931 pv 13.9534 pv 1
= -600.144 Hz 600.144 Hz : :
[ P2 . P3 i 6.27103 pV
" : : : 33712 Hz
33784 uV P4
431 55 Hz
iP5

500

Y2:1.0000fvV
;,,,,,n,A=040000fV 2 s crmeas SR scmie
-3000 -2500 -2000
VDC = chd
V,. @ 300Hz
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w component not affected by cpd (as expected)

1500

21000

s l:Sb(‘)“

.506....“ 10'O(I) Lt ‘iSlOE)”“J I2l0]0(‘) e ..55.00..., uéOxOO““l“éSO(L)““
Frequency (Hz)
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FM-KPFM: benefit of using many demodulators

MOD1 takes first 3 demod. X(2) & X(3) will

All 6 demodulated

be max with the right phaseshift signals on Input 1
< ziControl B s
Lock-in MF | Modulation \| PLL | PID1 | PID2 | PID3 | PID4 | Realtime Auxiliary /O | Save | Connectivity |
Signal Inputs Demodulators Filters Readout Signal Output Amplitudes Sig. Outputs
Input‘l'No preamp E Osc Frequency (Hz) Harm Phaseshift (deg) Input (dB/Oct) BW (Hz) Slnc Trigger (Sals) 0utput1 ) Oulputz(\f} Range (Vpk)
Scale|1.00 |V "Vm 1[+[77.2288759k [1 | +70.0000|¢ 1[v] Cont [v] 7.20k|[0.000 [ ]o.000 [ ]| 100m [+]
2[+] 1.00000000k |1 | +114.4629|¢ 1[+] ‘cont. [v] 7.20k 0.000 [ ] 0.000
Range (Vpk) 990m i | f . ] ' , | = =—| Add On
2[~| 1.00000000k |1  +114.0000|% 1[v] 48E| 1.10 [:] Cont. || 7.20k | 0.000 [ | 0.000
ac™ oin[_] so[_] | ‘ - | = LA
1[v| 77.2288759k/ 1 +0.0000 1 1[+] Cont [v| 7.20k |5.000m | | o0.000 [ |
Input2|No Preamp [] | 2[+] 1.00000000K 2 +0.0000 1 [+] Cont [v] 899 | 0.000 [ |s00.0m[ ] Range(Vpk)
Scalung+Un|ts[] 3[+] 2.00000000 \ 2/ | +0.0000 e 1[v] Cont. [+] 899 | 0.000 [ |2.000 [ |20 B
Range (Vpk) | 170m |[&] |[ T[] 77- 2288759K | SignalTn 1 (auto) [~] P Locked | BWNEP ] BZ.50m ] 2.000 [ || ada on
ac ™ oir[_] so[_]||2[=] 1- 00000000k internal 7] eo 0.000 1.000 1l A

Mechanical excitation on
Output 1 (PLLand AGC locked)

MOD2 can be used to
measure second harmonic
simultaneously (capacitive
gradient of the force)

;

Electrostatic excitation on
Output 2 AC+DC added
(demodulated in MOD1)
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FM-KPFM: example on Graphene flakes

Image of Graphene flakes on Cu (111) in FM-KPFM mode

(211405

EZ]141.0

EZ]141.5

EZ]142.0

E2]142.4

Topography (feedack on Z)
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E%]139.7 nm

0.0pm 0.1 0.2 0.3
| | |
0.0 06V

0.4

0.2

$2]0.0

$2]0.2

£810.4

CPD (feedack on bias voltage)

Image courtesy of Thilo Glatzel and Ernst Meyer, Universitat Basel, Switzerland
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Why phase adjustement is important for KPFM ?

Config X Device X Aux X Lockin x DIO X

All

1

Signal Inputs Oscillators
11 [ 1
2 Input1 400 Mode  Freguency (Hz)
;| Range 300.0m g 12D 937.41002152k
Scaling 1.0 VIV °7 2Manual 19000000293
i AC n 500 - 3 Manual  150.10000000k
5 100~ 4 Manual  10.00000000M
6 Input2 100 5 Manual  10.00000000M
7 Range 10.0m 0= 6 Manual  10.00000000M
Scaling 1.0 viV %7 7Manual  10.00000000M
LN o 7Y O 1:';' 8 Manual  10.0000000OM
‘ Scope X Numeric X | Sweeper X PID x Plotter x MOD Xx

-0.6

04

Demodulators

Reference Frequencies Cleeas Input

Mode Osc HarmDemod Freq(Hz) Phase (deg) Signal
1 Mod vilv 1  937.40933982k 0.000 »<4 Sigin1
2 WMod vaav 1 937.59961713Kk 0.000 »<¢ Sigin1
3 Mod v 2v 1 937.21961713K 0.000 b<¢ Sigin1
4Demod v 1 v 1 937.40962606K 115.164 B Sigin 1
5Demod v 2v 3  570.00000879 0.000 Sigin 1
6Demod v 2v 1  190.00000293 0.000 X Sigin2
7Demod v 2 v 1 190.00000293 Sigin2
BDemod v 3v 1  150.10000000K B siginz2

-0.2

“« 4 4«

-

Low-Pass Filters Data
Order BW 3 d8,Sinc ] En R
sy i | B
av 1003 -
4 v 1003 .
s v 333F@ -
4 v 11 .14 o8 -
S v 100.1 ge§ -
3 v 1001 -
3 v 100.1 KeN -

Transfer
ate(SaIs)
3.433K -
1.717k -
858.3 -
1.717K -
1.717k -
1.717K -
1.717k -
6.866K -

Trigger [+]

Add Row X
Output Amplitudes Signal Outputs
= =, )
Amp 1(Vpk) ,Amp 2(Vpk) , Output1
1 o00o.on[fJ 1.000m O On | © [T O |
2 o0.000 8] 249.5u ® Range 15V v
3 0.000 249.50 @ Offset (V) 0.000
4 100.0n 8] 100.0m [§]
5 100.on 8] 100.0m 8] Output2
6 300.0m e} 100.0m 8§ On n 500
7 100.0n 8] 200.0m 8] Range 150mV v
8 100.0om] 1s0.0m 8] Ofiset(v) 0.000
Add Row %

08
< :
E & —
i ~~ &
= : -
2
£
<

-15

B I B3 &

.

B v2:31.52mv
Demodulator £ R A=3152mV

Demodulator 4 X

I T 1 U I I I Y 0 S W I 0 I I A |

{ MY i oy O A I £ O

L T I O I I B 0

T T N T 0 T N I I 1 T I I T A I 0 I Y T 0 N W T O I

 FYTTTYTTTITI T T T,

Control Settings History Math

History

B c0omv exc

| »

|
B 700mv exc i}
n 500mV exc .
Length 5 010 16:03:05.8803 M
100 009 16:02:45.9822 [ |®
008 16:02:11.0212 ™
007 15:20:05.7137 |
006 15:19:55.9512 )]
005 15:19:54.6361 1]
004 15:19:44.7425 B
J 003 15:19:35.2970 H
002 15:19:30.7527 B-
Reference
Save

File Name sweep-V

w
)
<
o



Combining DFRT & KPFM method ?

‘IIIIIIIIIlIlIIIIIIT1TIIIllllllllllllllllllllllIIIIlIIllIll]lflllllIl&)lllllllllIlllIlllIIIIIIIllIIlllIIlllIlllII|IlI|llllllll!llllllllllll:

-5000 -5000 -4000 -3000 -2000 -1000 1000 2000 3000 4000 5000 6000 }
| g : ! ' ! : : H ' ' '
, il Demodulator 1 FFT(X+iY)
X2 6199 Hz X1:7668Hz [
4 “H B=1387kHz 5 | | | z § | s | |

I Y2:1'0000N i { : { : ) { (! f H
IIIIIIli—l—-]IA:[)'O()OOfV xlllllillIIlllllilllllIIIIiIIIIIIIIIiIIIIIIIIII|IIII|IIiIIIIIIIIIiIIIIiIIIIiIIIIIIIIIiIIIII!IIIiIIIIIIIIIiIIII!III

-6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000 65000
Frequency (Hz)

Second eigenmmode for bias modulation with mechanical frequency tracking
1. Carrier is electrostatically driven
2. Sidebands are mechanical modulated
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AM-KPFM

DFRT-AM-KPFM

More KPFM imaging...

Topo

Cu(111) on KBr - 300mV V,, @ second eigenmode (f2)

50 nm

3.73 nm
3.50

3.00

250

2,00

1.50

1.00

0.50

0.00

3.12nm

2,50

2.00

1.50

1.00

a.50

Q.08

CPD

Lock-In X

oge2Vv

0.218

0.364 V

0.300

0.250

0.200

0.150

0.100

0.050

0.000

-0.050
-0.100

347 pV

300

200

=319

a9 pv

aoo

200

100

~100

-200

-300

=395



AFM & laser case 1: static illumination

D ., ,
LD ANNA
i/,\./.

k, Q

Chopper whesl Actuator

Amplitude
feedback
(AGC)

Phase-locked
loop (PLL)

Mechanical modes f1

dFts/ dz! I excitation
e

Z-piezo

e.g. Nano IR, Photo-illuminations,
TERS, ...

Can be additionally modulated
with mechanical chopper to

. JIE AFM Controller with Z- df;
increase SNR XY-piezo NN Feedback
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AFM & laser case 2 modulated laser beam

/
~ Amplitude
Phase-locked
. feedback
\/ (AGC) loop (PLL)

Actuator

Modulated Laser beam (Frequency d4F./d Mechanlcal modes fi
Domain analysis) ts Z excitation

Accousto-Optic Modulator (AOM or m
EOM) —

e.g. FDTR (Thermal Reflectance) Z-piezo

T AFM Controller with Z- df,
XY-piezo I Feedback
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AFM & laser case 3: pulsed illumination

LD s ANNAN Ry, ¢
/AVAVRVAY
Amplitude

feedback
(AGC)

Phase-locked

loop (PLL)

Mechanical modes f1

d Fts/ dZ, I excitation ¢

Pump probe with femto-sec lasers
Boxcar averager (TD analysis)
Averaged value from lock-in output Z-piezo

as function of delays (FD analysis) U AFM Controller with Z- df,

XY-piezo SUCHCEN - Feedback
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Time-resolved SPM : laser pump-probe with BOX
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Time resolved SPM without lasers: electrical
pump&probe

= AWG: Arbitrary Waveform

Generator
= Down to 1ns rise time :
. Amplitude Phase-locked
= Transfer function measurements feedback
AGC loop (PLL)
= Pulse shaping after iFFT ( )
Actuator
Mechanical modes f1
dFts/ dz! I exclitation

AWG: Bias
pulse via RF * ’

cabling

SO AFM Controller with Z- df,

XY-piezo SUCHCEN - Feedback
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Time-resolved SPM : electrical pump-probe with AWG
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Concrete example:
time-domain modulated frequency shift for KPFM

PHYSICAL REVIEW APPLIED 5, 044018 (2016)

Z| Applications
www.zhinst.com

Measurement of Surface Photovoltage by Atomic Force Microscopy
under Pulsed Illumination
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Config =

Wave (V)

From AWG to Boxcar
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Conclusion: The Benefit of Digital

= Zurich Instruments integrates in one box
» Lock-in (6/8 demodulators)
« Dual signal generator

Oscilloscope / Digitizer

FFT / Spectrum Analyzer

Boxcar Integrator

Frequency Sweeper

PLL / PID Controller

nn
(HAN)

Numeric

= Most SPM modes available with Basic HF2LI Lock-in
configuration and upgradable later with options (PLL, PID,
MQOD,...).

= Increase Demodulation Speed and reduce pixel dwell

time
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Maost Recent < Older

Synchronisation of HFZLI/UHFLI with External Scan
Engines for Image Acquistion
on 10.09.2014 at 23:50 by Romain Stomp on Blog of Romain Stomp

Since a lock-in amplifier is most of all used for synchronous measurements, it comes at no surprise
that many HF2 or UHF users want to synchronize saved demodulated sample with their scan
generator either for mapping, scanning or imaging in [..]

Loading data saved from the LabOne Ul in Python
on 05.08.2014 at 17:07 by Daniel on Elog of Daniel Wright

) : ) The LabCne User Interface can continuously save instrument data
1 | |5 e such as demodulator samples to hard disk as binary data in MAT
feemme=ree (Matlab®) files or as plain text in CSV (comma separated value) files.
Using MAT files, demodulator data can be recorded at full [...]

T et

Basic vector network analyzer (VNA) measurements using
the UHFLI

on 03.07.2014 at 15:43 by dragan on Blog of Dragan Lesic

Introduction This article descripes how to measure reflection and fransmission coefficients using a
Zurich Instruments UHFLI Lock-in Amplifier and a directional coupler. Metwork analysis is a
commaonly performed in RF measurement. A network analyzer is an instrument that measures the
network [...]

Processing Data in Different Applications with LabOne Net
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