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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:

= 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:

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

= Magnetic modes (MFM, MRFM)

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

= Spectroscopic modes (Force
volume)
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HF2L| — Multiple detection and excitation

| |
Detection I Drive : Measurements
: .
e 1 ° 3 )
] HF2 Series : : el
\ | iz Lo B (oo
Wi Sg al Ou (p ut 1 \@ % 1
- @ @ @ é @ @ l Zurich {
15 B Instruments
e I @ |
I |
| |
I \4 \4 I v
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

VAVAY.
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0.00 0.05 [].1[4 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 Display  Trigger
= 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
111 T T T T T T O O Y Y [ A B A A A A L 111 ] T Y I I | | I Y Y Y A | | N Y | T T T T T T O B B | Y Y | =
X 0.12 0.13 X 0.15 0.16 017 0.18 0.19 0.20 I
- Time (s)
,G') Lin Parlo
T T L I L T T L A L A A B S B T o B e T B A I B e LI
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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HF2L1 — Back panel and data synchronization

TTL High Active
DIO line trigger

Scan generator

(slow scan axis)

DIO pixel trigger

All reference inputs and scan engine synchronization
Save more SPM image than # of Aux Out available!
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HF2L1 — Back panel and data synchronization

Zurich Instruments AG
Made in Switzerland

PC

Digita Synchronization
7 (N
. e @

el el

11l

Demodulators

Reference Frequencies [ i Input Low-Pass Filters Data Transfer [-]

Mode Osc Harm Demed Freq(Hz) Phase (deg) Signal Order TC ,Sinc @&l En Rate (Sals) ,

1Demod ¥ 1v 1 995 63814003k D.CIDD Sigin1 v & v 3_3uuu E 1071k Triggerini v Rise v
2 ExtRef v 1 v 1 997 . 25824099k 0.000 ] Auxini v 4 w 12 450 O

Control  Settings | Grid | History | Math

Trigger Seftings

. . Trigger Sign&l Demod 1 Trig In 2
Software (SW) Trigger: data capture of FiogerType _

. H 1 Trigger Edge Positive v
all |nt.e_rnal signals upon any trigger e . -
conditions

Horizontal

Hold Off Time (g) 100.000m
Hold Off Count 0O

Z| Applications Delay (=) 0.000

www.zhinst.com Duration (s) 110.000m



Aux In (V)

Scan synchronlsatlon for mappmg applications

|||||\|||||||||\||||||||\\||||||||\\|||||||\\\|||||||\\\|||||
-300 -250 -200 -150 -100

T
= = AU Polar 1 |
— == Demodulator 1 Aux In 1 1

i i i | | L i i i
bl Demodulator 1 Aux In 2 H : : : H
i i i l X2:-10. 175 o8 i i

= === Demodulator 1 R

— === Demodulator 1 X L =L
= === PID 1 Shift
= === PID 2 Shift

X fast scan axis
— Aux In1

B Y slow scan axis
|_— AuxIn2

2.0
i i | i L | i i i
26 24 22 20 18 16 14 12 10 -8 £
Time (s)
I T N R R | T T T T T T T T T T T T T T O O O S T T T A R S S T SR B
300 250 -200 150 100 50 |
- - |
i, ............... D B e A i e
& = === Demodulator 1 Aux In 1

— === Demodulator 1 Aux In 2
= === Demodulator 1 R
— === Demodulator 1.

el PID 1 Shift

= === PID 2 Shift

Line scan
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13

Mapping applications: Multichannel SW trigger

Save all 8 demodulators

Config » | Device x |Aux x Lock in at Once Add Row
Signal Inputs Oscillators Demoadulators ‘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
AC n 500 ﬂ i+ 3 Manual 10.00000000M 3Demod v 1v 3 59.99979668K 0 Sigin1 v & v 150.3u H 3 100.0m ﬂ 100.0m E Offset (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 oy 5 Manual  10.00000000M 5Demod ¥ 1w 4 79.99972890k ] 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 0 sign1 v & v 150.3u 5] 7 1c0.om[§] 100.0m §] Range 15v v 4
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
Scope 3 | Numeric x |Plotter x |DIO 3 |SW Trig x Add Row
rrrrrrrrrrrrTrTrTrTT -I TTTTTTT -I LOL AL LN LS LLLL H  H I I .
| 005 0.10 0.15 020 025 0.30 035 0.40 045 050 055 0.60 0gs  Control | Settings | Histoly = Math
§ E Trigger Settings
= = Trigger T HW Trigger \ Force
: sﬂ X2 0.0000% igger Type g | Force |
= El A=0.0000s , i Trigger Demod 1 v
E i Trigger E Pasitive v
Line scan axis | | i : e
E H : : Trigger Input Trigger 2 v
H H ; Count 800 0%
ra Multlple phase Multiple Amplitude- -
1.2 Horizontal ~
Hold Off Time (s) 2.000m
‘0 Held Off Count 0
’ Delay (s) 10.000m
Diuration (s) 650 .000m

MJE}_YL 0.529 mV . : :

Y2:-0.219mV
A=0.748mV

~ === Demodulator 1 Aux In 1
Bl Demodulator 1 R
— === Demecdulator 1 Phase

0.15

X

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

(bwd trace)

(superposed fwd traces)

Data recording
starts 10ms after
initial shot

CF  owvl avo PL

s. |



Mapping applications: image reconstruction

Grid alignment:
1. DIO trigger for line (and pixel trigger)
2. Data alignment on a user-defined grid
3. Matrix data file saved with number of rows and columns

® 6 06 o ¢ o 9

e © © © o o @

—

)
o
()
®

® © © © o o @

o

e

Pretrigger |
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Trigger Duration

Data Set

Sample

N

Contral | Settings | Grid | History | Math

| Runisiop | Smgle

Grid Settings

Mode Mearest

Cperation Ayerage T
Columns 2000

Rows 5

Scan Direction Forward

Repetitions 1
AWG Control
|
e O o & o ¢ ¢
t o @ ® ®© © ® ©
® @ ® @ @ ‘@ @
E o @ ® ®© © ® ©
e o e & o o o
E o @ ® ®© © ® ©
o e e ® '@ O @ O
® o o ® e o 0 o Rows
Cols
Trigger
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Mapping applications: image reconstruction

Grid alignment:

1. DIO trigger for line (and pixel trigger)

2. Data alignment on a user-defined grid

3. Matrix data file saved with number of rows and columns

$
UL

Fundamental 234 harmonic 3 harmonic 4" harmonic 5% harmonic
Harmonic [2°1] [37,] [471] [5°,]
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Control | Settings | Grid | Histary | Math

| smgle
Grid Settings

Mode Mearest
Operation Average
Columns 2000
Rows 5

Scan Direction Forward
Repetitions 1
AWG Control O

L

6™ harmonic 7t harmonic

[6°f,] [7°1,]
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2. Méthode ‘Dual Frequency Resonance Tracking’
(DFRT)

A 45 45 45 ¥ 4¥ 4 4Y 4
I BN 45 45 24U 45 45 45 45 45 4 4
4

Y AP AP A 2 g 4 4 4 4 o
A P P P P P P P P

Z1 Applications Slide 15
www.zhinst.com Atelier DFRT, October 6th 2016



Dual Frequency Resonance Tracking (DFRT)

.

SRS

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

Slide 16
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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...

Slide 17
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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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Speed versus Resolution

Scanning Demodulation + Filtering Scan CTRL

L R

_____

S |
L] " L] .-l

A/D D/A A/D

= Pixel Dwell Time: the less time per pixel, the faster the image

= Modulation always introduce some ‘blurring’ effect: challenge is to make
it (and detect it) as small as possible with appropriate filter settings

= The higher the drive modulation, the more ‘disturbing’ side effect it
produces
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3. Suivie de résonance de contacta 1 ou 2 PLL

A 45 45 45 ¥ 4¥ 4 4Y 4
I BN 45 45 24U 45 45 45 45 45 4 4
4

Y AP AP A 2 g 4 4 4 4 o
A P P P P P P P P
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NC-AFM: Phase & Amplitude feedback loops

Signal
Input

Amplitude Response, hm

Demodulator:
Phase

1.0
0.8
0.6
0.4
0.2

0.0

382 384
Frequency, kHz

Phase setpoint

PID feedback on
the phase

150

100

(4]
o
Baq ‘eseud

Reference

Oscillator (NCO)

Freq. shift df

Signal
Output
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Dissipation

Frequency, kHz

Demodulator: PID feedback on Drive Output
Amplitude the amplitude Amplitude
Amplitude setpoint
g =
qma' 150
= o
g 3
@ 100 &
4 E |
g 50 &
E— 1 1 1 -0
< 378 380 382 384

Phase sensitive: the higher the Q,
the better

Quantitative : separation between
conservative and dissipative

interaction Slide 24
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Phase-Locked Loops

= DFRT doesn’t provide info on Q
factor (dissipation)

= Single PLL does not perform well
with low Q

= Dual PLL operation for
quantitative feedback even with
low Q

Z| Applications
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o
S—

Amplitude / pVgus

T Phase angle / deg

Phase angle / deg

(

2]
S~—

Phase angle / deg

120 —
80 —

40

150
100

Amplitude

50 —

-50 -

150 -
100 —

150
100 —

| [ | | |

160 170 180 190 200 210 220

Frequency / kHz



Dual Phase-Locked Loop

Dual phase-locked loop Fluid cell + cantilever

Osc 1 Osc 2 (+)
Photothermal
excitation laser
PLL 1 PLL 2

PID controllers

PID2 PID1

Objective

Dichroic
beamsplitter

Photodetector
é Quarter-wave
retarder
A+B

Polarizing
beamsplitter

> Mirror

— Optical beam
deflection laser

R fPLLl tan( S:)PLLl - SDPLLZ)

-I:R ] fPLLl -|2- fPLL2 QD
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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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FM-KPFM: why using direct sideband detection ?

1. Faster bias modulation possible (independent of PLL BW)

2. Optimization of PLL settings for better resolution (narrow band) regardless
of AC modulation

3. Potential increase of SNR for the Kelvin feedback since both sidebands
are measured and added

Numerical ] Spectroscope l Sweeper | Z0omFFT | QOscilloscope | Status

Signal Input FFT Advisor
Demodulator |4 j 1. Increase Sample Rate

-10-

-20-
Center freq (Hz) | 281.97469k

-30-
o 407 FFT Samples (#) 4096 B3 Averaging RMS [~]
£ 50- Span (H2)| 1439k |[A] Weighting| Exponenti [
é -60- Resolution (Hz) | 3.514 Number of avgs | 5
% -70- Window Hann [+
§ % Update mode | Continuou L] [E
é 90- Display ‘ 7
< Result mapping |dB W Filter ccmpensatlon[j

-100- Result unit| Vrms/rtHz L‘ Ansolutefreq{ ]

-110-] Cursors

Frequency (Hz) Amplitude (dBVrms/rtHz)

-120- cursor 1| 0. 000000 664.103n
-130- (] o. : [ Center |

1 ] 1 1 1 1 Ll 1 1
-8.000000k -6.000000k -4.000000k -2.000000k 0.000000 2.000000k 4.000000k 6.000000k 8.000000k
Frequency (Hz)

Noise Power Analysis

Scaling X Automatic [»| ¥ Automatic [» Value X =
Pause X Mean (Vrms) | 297.07m SNR|729.77
| Save.. | X Noise (Vrms)| 407.08u | X Noise (VrmsirtHz) | 6. 4366u
Z| Applications Slide 28
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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)

Z| Applications
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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
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Combining DFRT & KPFM method ?
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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)
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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

= 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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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 [...]
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