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“The principle of AFM is comparable to a blind person’s use of a stick to probe the
environment” [1]. In this thesis work, we try to improve the stick to a more sensitive & faster
optomechanical one.






Glossary

1PA: One-Photon Absorption.

2PA: Two-Photon Absorption.

AFAM: Atomic Force Acoustic Microscope.
AFM: Atomic Force Microscope.

AM (AM-AFM): Amplitude Modulation.
APC: Angled Physical Contact.

BOx: Buried Oxide.

BW: Bandwidth.

CCW: Counter Clock-Wise.

CMT: Coupled Mode Theory.

CNT: Carbon Nano-Tube.

CW: Clock-Wise.

DFM: Dynamic Force Microscope.

DMT: Dejarguin-Muller-Toporov.

DR: Dynamic Range.

DRIE: Deep Reactive lon Etching.

DUT: Device Under Test.

EBD: Electron Beam Deposition.

EDFA: Erbium Doped Fiber Amplifier.
EOM: Electro-Optical Modulator.

FCA: Free Carrier Absorption.

FEM : Finite Element Method.

FFM: Friction Force Microscope.

FIB: Focused lon Beam.

FM (FM-AFM): Frequency Modulation.
FSR: Free Spectral Range.

FWHM: Full Width at Half Maximum.
FWHm: Full Width at Half Minimum.
HOPG: Highly-Oriented Pyrolytic Graphite.
HSA: High-Speed Actuator.

JKR: Johnson-Kendall-Roberts.

LDV: Laser Doppler Vibrometer.

LER: Length Extensional Rod.

LFM: Lateral Force Microscope.

LIA: Lock-In Amplifier.

LNA: Low-Noise Amplifier.

LO: Local Oscillator.

LOD: Limit Of Detection.

LPF: Low-Pass Filter.

MEMS: Micro-Electro-Mechanical Systems.
MF-AFM: Multi-frequency AFM.

MFD: Mode Field Diameter.

MNOEMS: Micro-Nano-Opto-Electro-Mechanical Systems.
MOEMS: Micro-Opto-Electro-Mechanical Systems.
MST: Maxwell Stress Tensor.

NEP: Noise-Equivalent Power.



OBD: Optical Beam Deflection.

OM: Optomechanical.

PC: Polarization Controller.

PD: Photodiode.

PDH: Pound-Drever-Hall.

PID: Proportional Integral Derivative.

PLL: Phase-Locked Loop.

PM (PM-AFM): Phase Modulation.

RIN: Relative Intensity Noise.

SEM: Scanning Electron Microscope.

SNFUH: Scanning Near-Field Ultrasound Holography.
SNOM: Scanning Near-field Optical Microscope.
SNR: Signal-to-Noise Ratio.

SOI: Silicon On Insulator.

SPM: Scanning Force Microscope.

STED: STimulated Emission Depletion microsope.
STEM: Scanning Transmission Electron Microscope.
STM: Scanning Tunneling Micrscope.

TCF: Temperature Coefficient of Frequency.

TE: Transverse Electric.

TEM: Transmission Electron Microscope.

TIR: Total Internal Reflection.

TLS: Two-Level System.

TM: Transverse Magnetic.

UHV: Ultra-High Vacuum.

VdW: Van der Waals.

VSB: Variable Shape Beam.

WGM: Whispering Gallery Mode.

WGR: Whispering Gallery Resonator.
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Table of parameters

Name Symbol Unit Equation Typical value
Mechanics
1 |k
Mechanical resonance frequency fm Hz — |=er 130 x 10°
2T meff
Mechanical I
echanical resonance angular w0 rad.sl 2mf, 817 x 106
frequency
Static stiffness kstatic N.m 100
Effective (or dynamic) stiffness kers N.m?1 40 x 103
Effective mass Mesr kg 30 x 1071°
Mechanical quality factor Qm - fin/ A 103
Mechanical susceptibility x(w) m.N? cf. eq. (D-3)
hp X
Zero point fluctuation ZzpF m P X Jm 1.5 x 10715
k
eff
Probe tip displacement z m 1x 10712
Vibration amplitude A m 1x 10712
Spectral density of the Ak Tk
thermomechanical force exerted NF,, N.Hz /2 B Teff 1 1.38% 10715
on OM probe tip QmWm
Thermal bath-induced 12 _18
displacement noise Nz, | m.Hz Fen X x(@) | 712x 10
i 2
Phase slope at mechanical Po cad.Hzl Qm 2.4 % 10-5
resonance fm
Mechanical figure-of-merit of an 7 Hz m.N-L Afm3/2
m . . —
AFM probe /kaeff
Tip-sample interaction
Lennard-Jones 6-12 energy
J f. eq. (1
potential U(z) cf. eq. (1)
Energy depth of the Lennard-Jones
potential, i.e. maximum attraction Uy J
energy
Equilibrium distance between the 9
tip and the surface %o m 2x10
Force exerted by the sample on
the tip of an AFM probe Fes(2) N cf. eq. (66)
Force gradient felt by the an AFM
N.m?
probe tip when close to a sample s m 0Fts(2)/02
Viscous damping coefficient added .. kg.s™

by the surface
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Optics

Laser wavelength Maser m 1.55x107°
Optical resonance wavelength /;0 or m cf. eq. (18) 1.55 x 107°
cav
Optical resonance angular Weay OF | 4 1 2/ 1.2 % 1015
frequency Wy
Propagation constant 5 rad.m™ koness 9.7 x 10°
Wavenumber ky rad.m™ 21/ Ay 4.1 x 10°
Optical FWHm in angular Aw rad.sl AL/ 2y 24 % 10°
frequency
Optical FWHm in wavelength AL m 30 x 10712
Optical quality factor Qopt - Ao/AA 40 x 103
Optical contrast C - cf. eq. (H-15) 50 %
W
Optical extrinsic quality factor Q. - y_o 10°
e
Opt_lcal rate of the wave_gwde to v, rad.sl of. eq. (H-17) 12 % 10°
cavity evanescent coupling
W
Optical intrinsic quality factor Qint - S 10°
Yint
Optical loss rate of the cavity only Vint rad.s* cf. eq. (H-19) 1.2 x 10°
Optical linear loss coefficient a m ? 194
0
. . Lor -6
Optical cavity length L m 2R 5 f 147 x 10
cav
Optical index (material) n - 3.47
Effective optical index (waveguide) Nerr - 2.4
Free spectral range FSR m AOZ/ZneffL 8x107°
Angle 6 rad
Azimuthal order m - 100
Insertion Loss Loss - 8 dB
Transmission T (1) w cf. eq. (26) 200 x 107
Laser power Piaser W 10 x 1073
Optical Power injected in the P, W 1% 10-3
waveguide
Power drop on optical _
P 6
transmission spectrum drop w 100> 10
Optical field in the cavity a J2
i hoton t let
T|m_eforap oton to complete a T, . miy/c 500 x 10-15
lap in the cavity
Optical energy in the cavity Estored J cf. eq. (25)
Optical power in the cavity Pstored W Estorea/To 160 x 1073
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Optical figure-of-merit of an OM 7 JoemQoptC
AFM probe o Loss
Opto-mechanics
i - Y
Optomechanical frequency-pull Goen T 0 77 % 1018
factor Z7PF
korrA
Optomechanical actuation factor Joom N.W-1 P ke 8 x 10710
PstQm
; il

Normalized optomechanica 9 Hy 115 x 104
frequency-pull factor
Optomechanical figure-of-merit of
an OM AFM probe Som JmX Fopt
Dimensions

. . Wring -6
Cavity radius R m Royt > 9.75 x 10
External radius of a OM probe ring | R, m 10 x 107
Radius of a OM probe pedestal Ryea m 2.5x107°
Ring thickness h m 220 x 107°
Ring width Wring m 500 x 107°
Width of the waveguide close to 9
the ring Weaper m 500 x 10
Width of the spokes of the OM Wk m 100 x 102
probe

i i M prob
W{dth of the tip of the OM probe Wiy m 100 x 102
at its base
Coupling distance between the _
d 9

waveguide and the ring cavity gap m 15010
OM tip’s apex radius of curvature Riip m 50 x 107°
Roughness Orms m 107°
Surface of the electrostatic s m? hx 3% 10-5 7 % 10-12
electrodes
Constants
Temperature T K 293
Light celerity c m.s? 3.0 x 108
Hamaker constant H J 3.5x1071°
Planck constant hp Jst 6.63 x 10734
Boltzmann constant kg JK1 1.38 x 10723
Imaginary number iorj - ji=it=-1
Vacuum permittivity N F.m? 8.85 x 10712
Impedance T Q 50
Electron charge C 1.6 x 10719
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Miscellaneous

Working frequency, i.e. the

H x 10°
frequency of the LIA fuia ? 130 %10
Operating tension of the EOM Vasa \Y 1.5
Amplitude of the electrical signal _3
applied to the EOM Vou v 100> 10
Electrostatic force Folec N
Tension applied on capacitive v Y 100 x 10-3
electrodes
fCraep()qauc;':\C/\e/ modulation angular Oriog rad.sl 817 x 106
Power spectral density of electrical )
thermal noise Sthermar | W-HZ* -174 dBm
Amplifier gain G - 20dB
Photodiode responsivity Resp A.W1 1
Current I A
Allan deviation (operator) gy
Phase-shift 1) rad
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General introduction

Nano-world, atom-sized-world, was given 40 years ago a new class of tools to interact with:
local probe microscopes also known as scanning probe microscopes (SPM). They consist in
micrometer-sized sharp tips put in close vicinity of the surface to analyze. The tip is locally
probing the surface through electronic, mechanical or even optical near-field interaction and
scanners then move it over the surface in a raster fashion. They also allowed atoms
manipulation®. The first of these tools was the Scanning Tunneling Microscope (STM) invented
in 1982 by Binnig et al. [2], recording the electrical current flowing between a sharp tip and
the surface to analyze. This microscope was followed 4 years later by the Atomic Force
Microscope (AFM)[3], recording the force exerted by the surface on the sharp tip. But those
local probe microscopies have one inherent drawback: slowness. Indeed, to obtain a full image
of a surface, the sharp tip needs to be displaced over every pixel. In today commercially
available AFMs, it takes in the order of one minute to acquire a full image. Scientific
community had to wait another 24 years to reach video-rate AFM [4], unlocking information
on rapid biological phenomena. This achievement was reached thanks to impressive technical
improvements of each building block of the instrument architecture. It however faces
fundamental limits on acquisition speed as the sensing sharp tip bandwidth is governed by its
resonance frequency. To reach higher frequencies (i.e. higher acquisition speed), AFM probe
dimensions were shrunk until two locks were met: fabrication capability and detection
sensitivity thus calling for new probe architecture and new detection schemes (p. 422 in [5]).
Parallel to that development, teams tried to find integrated and sensitive measurements of
the sharp tip motion, to name a few: piezoelectrical [6], piezoresistive [7], capacitive [8] and
optomechanical [9]. This thesis work is focused on the latter.

Through optomechanical coupling, optical resonators provide an ultra precise, quantum
limited displacement sensor?, whose most recent achievement is the detection of
gravitational waves [10] with a 4-km cavity. On the other side of the size-scale, beneficiating
the growing silicon photonics capability, optical micro-resonators pushed frontiers in
nonlinear optics [11], quantum optics [12] and sensing [13]. This micro-cavity optomecanichal
detection was applied to local probe microscopy in 2017 with promising results [14][15] but
lacking actuation to achieve dynamic AFM operation. The new AFM probe presented in this
thesis work is an optical micro-cavity acting as the sensing sharp tip, providing integrated ultra-
sensitive and high bandwidth actuation and detection. This thesis work is included in the
Olympia ANR project and is part of a four labs and one start-up collaborative work: MPQ, LAAS,
IEMN, LETI and Vmicro.

1 See the “A Boy And His Atom” movie made out of atoms by IBM in 2013, url:
https://youtu.be/oSCX78-8-q0.
2 Down to 10™%m/v/Hz [199].
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Outline

The first chapter of this manuscript introduces the AFM instrument and its operation, with a
focus on recent developments and in particular its probes. The second chapter is dedicated to
the new optomechanical (OM) probe developed, from theory to design and fabrication. The
third chapter presents experimental instrumentation and optical as well as mechanical
characterization of those probes. The fourth chapter is dedicated to the fast-AFM instrument
built to host the OM probe. The fifth and last chapter presents our results: feedback control
and AFM imaging. My thesis work was mainly characterization and experiments with the OM
probe.
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|. State of the art of AFM technology

In this chapter, the Atomic Force Microscope (AFM) is first placed among its optical and
electron counterparts. We then introduce force interaction framework at the nanoscale. We
identify the AFM five building blocks and detail its operating regimes. Then its recent
developments, mainly towards higher speed and higher resolution, are presented. Finally an
overview of the AFM probes is given to position our new OM probe concept among them.

|.1 Position of AFM among microscopy methods - History
History of microscopies can roughly break down in four parts: optical, electron, local probe
and super-resolved optical. Main invention dates are displayed on Figure 1. AFM comes nearly
last, in the local probe category.

Optical Electron Local probe
SNOM
* * *SEM * ,
1t optical  |EM 1942 ¢y Lk STED
microscope STEM 1982 AFM * 1994
17" century 937 1986
1600 1932 1982 1986

Figure 1: Timeline of major advances in microscopy. Invention references in chronological order: 1°
optical microscope [16], Transmission Electron Microscope (TEM) [17], Scanning Transmission Electron
Microscope (STEM) [18], Scanning Electron Microscope (SEM) [19], Scanning Tunneling Microscope
(STM) [2], Scanning Near-field Optical Microscope (SNOM) [20], AFM [3], STimulated Emission
Depletion (STED) [21].

Interests and drawbacks of each type is briefly presented:

- Optical (classical to super-resolved): light sources and glass lenses magnification are
light-speed, simple and inexpensive. The optical microscope has a resolution
fundamental limit determined by photon wavelength (A,,,pe =400 nm) which
practically limits lateral resolution to 200 nm.

- Electron (Transmission electron microscope TEM, Scanning electron microscope SEM):
Electron gun, electrostatic and magnetic lenses provide a fast scanning. The electron
microscope resolution is limited by the electron/ion spot size, practically limiting
lateral resolution to a routinely few nanometers*. It must be used in vacuum, almost
completely excluding living biolog