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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 biological imaging®. Its main feature is its large range,
allowing to observe small and large patterns in the same experiment.

3 The reality is indeed infinitely richer with crossed domains between those categories.
* Down to atomic resolution for the TEM.
5> Environmental SEM allows wet sample imaging.
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- Local probe (STM, AFM): Sharp tips provide the best resolution among all microscopies
with a 0.1 nm resolution [22], mainly limited by the tip’s apex size in first approach.
Imaging speed is slow but it can be applied to any material (only electrically conductive
ones for STM).

- Super-resolved optical (SNOM, STED): One can overcome the photon wavelength limit
by using more expensive and slower local probes, near-field techniques and/or
fluorescence. Scanning near-field optical microscope (SNOM®) and fluorescence
microscope STED thus reach a 20 nm resolution [23].

Specs 3 S e e ; Cost/
Type Lateral resolution Application field Imaging Rate Complexity
Optical Diffraction limit: .
ilEFosEapE 360 hiis Everything 1 ms/frame 5 k€
SEM FelSIng) s Except bio* 1 ms/frame 100 k€
0.4 nm
T Only conductingand
STM Tip-size limit: semi-conducting 10 s/frame 100 k€
0.1nm .
materials
Tip-size limit: .
AFM 0.1 nm Everything 10 s/frame 150 k€
SNOM Aperture size limit: Everything 100 ms/frame 150 k€

20 nm

Table 1: Specifications comparison among different microscopies. Every number in this table is more
of a magnitude order than a precise value. *Actually environmental SEM allows wet sample imaging.

A brief operating overview of each microscope in given in Figure 2.

6 As a sharp sensing tip is used, SNOM also belongs to the local probe category.
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Figure 2: Operating schemes of different microscopies. (a.) Optical microscope, (b.) Scanning Electron
Microscope (SEM), (c.) Scanning Tunneling Microscope (STM), (d.) Atomic Force Microscope (AFM) and
(e.) Scanning Near-field Optical Microscope (SNOM). (a.) Optical microscope: the light emitted by the
source is reflected by the sample. The lens modifies the path of the light so that a camera (PD) or a
viewer’s eye can see a magnified view of the sample. No scanner is needed to capture one image: it is
called a full-field technique. (b.) SEM: an electron gun shoots electrons at a surface. The sample either
scatters the incoming electrons or re-emit electrons that are then recorded by an electron detector.
Scanning coils then deviate the beam in order to map electrons scattered or re-emitted over the
sample. (c.) STM: when the conductive tip is brought close to the conductive sample, it closes the
electrical circuits. As a potential is applied between the two, a current appears as electronic clouds of
the atoms overlap in inset. Positioners then move in order to map current over the sample. (d.) AFM:
the sample exerts either attractive or repulsive force onto the tip, bending it. The laser reflected on
the tip is deflected according to the bending. The deflection sensitive photodiode (e.g. 4-quadrant PD)
records thus the force at this location. Positioners then move in order to map force over the sample.
(e.) SNOM: laser light is focused on a sample via a tiny hole (~20nm) at the end of a tip. The sample
modifies the light-field locally. Reflected light is then collected through the same aperture, is separated
from the source via a beam splitter (BS) and is collected by a photodiode. Positioners then move in
order to map optical reflection over the sample.

Among microscopies, AFM is versatile, has the best resolution with STM [24][25] but is far
slower than its full-field or electron counterparts, mainly because moving bulky mechanical
parts is slow. We will now see in details how this microscope works and where those
characteristics stem from.

[.2 Principle of the AFM

Before describing the different blocks composing the microscope, we glance at what feels the
probe: the interactions between the AFM probe’s tip and the surface.
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[.2.1 Interactions between a tip and a surface

1.2.1.1 Mechanical interaction from a static picture

The interactions between a tip and the surface can be of magnetic, electrostatic and
mechanical’ nature®. They become significant when the tip is brought in the 100 nm range
apart from the sample [26]. If the materials from both sides are at the same electrical
potential, not chemically reactive, not magnetic and considering a condensed matter tip and
surface in vacuum, the interaction can be broken down in 2 forces:

1. Long-range attractive Van der Waals (VdW): they arise from electrostatic interactions
between dipoles (atoms, polarized molecules) and polarization (electrostatic dipole
density). For an atom-atom interaction, those forces vary as z~° [27], z being the
distance between the dipoles.

2. Short-range repulsive atomic force, exchange interaction of electrons or Pauli
repulsion: for an atom-atom interaction, those forces approximately vary as z~12.

The widely used semi-empirical 6-12 Lennard-Jones energy potential (p.26 in [28] and
equation (1)) accounts for the two forces between two atoms.

U(z) = 4U, {(ZZ—O)12 - (ZZ—°)6} (1)

Where U, is the depth of the energy potential (i.e. maximum attraction energy) and z, is the
equilibrium distance in contact.

However, considering a usual AFM tip apex of 10 nm of curvature radius [29], tens or hundreds
of atoms participate in the contact interaction. One thus needs to consider integrated
interaction in a macroscopic picture as Hamaker did for a sphere-plane configuration [30].
Integrating VAW interaction leads to a 1/z? force profile (equation (2)), z being the distance
between the tip and the sample.

HRy;
FVdW/sphere—plane(Z) = - 6Zle (2)

Where H is the Hamaker constant in Joules (H is about 1 eV for solids [26]) and Ry, is the tip’s
curvature radius.

Alike the macroscopic treatment of VAW forces, short range interaction will scale as a lower
inverse power 1/z"<! depending on the contact geometry. Another similar potential used
for chemical interactions is the Morse potential [26][31].

Depending on the size-scale of the chosen contact picture, other phenomena come at play as
bulk elasticity of materials or adhesion/contact energy. Among contact mechanics models,

7 Mechanic here refers to Pauli electronic cloud repulsion.
8 We neglect gravity as the tip and surface are fixed.
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one can cite the Hertz [32], JKR [33], DMT [34] and Bradley [35] models, which main features
are represented in Figure 3. To know which model to use, the reader is referred to [36].

elastic

R

Hertz
(1881)

*Neglects surface
forces and adhesion
*Assumes a linearly

elastic sphere
indenting an elastic
surface

elastic, with
adhesion in
contact region

JKR
(1971)

*Neglects long-range
interactions outside
contact area
+Applicable to soft
samples with high
adhesion

vdW with
rigid spheres

Bradley
(1932)

+Considers two rigid

spheres interacting

via Lennard-Jones
6-12 potential

elastic, adhesive
and vdW

DMT
1978

*Elastic sphere against a rigid
plane surface
* Includes van der Waals forces
outside the contact region.
+Applicable to stiff samples with
low adhesion.

Figure 3: Scheme of different contact mechanics models. From the online course [37], itself from [38].

Applying those models, one can find the force profiles felt by the tip. A standard scheme of
the contact is presented in Figure 4a. It presents the different force profiles felt by the tip, for

increasing complexity models Figure 4b, c and d.
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Figure 4: (a.) Scheme of the contact with (b.), (c.) and (d.) different contact/force profile models with
increasing complexity. k represents a force gradient or stiffness. (b.) The simplest contact model
represents the contact by a spring of stiffness k.. (c.) Hertzian contact model represents the contact
by a stiffness that varies with the distance. (d.) Bradley contact model represents the contact between
two rigid materials interacting via the Lennard-Jones potential.

We will use the more precise Bradley model of contact. As it considers an attractive regime of
forces, it induces a dynamic effect: jump-to-contact.

1.2.1.2 Jump-to-contact phenomenon

The attractive interaction can cause the so-called “jump-to-contact” and “jump-off-contact”
dynamic phenomena (green arrows in Figure 5). Indeed, if a tip is slowly brought close to a
surface, due to attractive forces, there is a brutal increase of the force applied to tip and it
goes to the equilibrium position between attractive and repulsive forces, in the 4-7 A range
[39][40]. The brutal shift appears as the force gradient felt by the tip becomes greater than its
stiffness, resulting in a bending of the cantilever as it slips in the potential well. As a
consequence, for a high-stiffness kj; 4, cantilever, there is no jump-to-contact (Figure 5).
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Figure 5: Schemes of (a.) the force field profile and the detected force profile with (b.) a low stiffness
kiow and (c.) a high stiffness kp;qp stiffness cantilever. (a.) When the attractive force gradient is
stronger than the cantilever stiffness ki3 = k.qntitever (i-6. When Fig > Foontitever), the cantilever
bends down leading to the jump-to-contact phenomenon. Interestingly, one can note that here the
condition on k¢ depends on k.gntirever P€CauUse it is considered the lowest stiffness (over the sample
bending one for example). (b.) Constructed from [41]. The detected force profile differs from the force
field if the cantilever stiffness is too low. (b.) and (c.) The slope in the left-hand-side of trace is the
cantilever’s stiffness.

The non-jump condition writes itself kK qntitever > |dF:s/dz|. If the cantilever is vibrating with
an amplitude A4, one can rewrite the non-jump condition (p. 3 in [42], [43]):

kcantileverA > Fts (3)
Typical stiffness to prevent jump-to-contact is in the order of 1 kN.m™.

In practice, other effects of different nature, that were not considered here, appear and
modify the interaction. For example, environment effects come to play in the interaction.

1.2.1.3 Environment effects

In air, a water layer is often present at material surface. So when the tip approaches the
surface, a meniscus forms between the tip and the surface [44]. Thus a capillary force appears®
[45], adding to the attractive forces.

In most used AFM imaging modes, the tip is vibrating. It then experiences viscous damping in
air and to greater extent in liquid.

For a comprehensive report on forces and phenomena at play in AFM interaction, one can
read [26] and [46] for different models application. Now that interactions are clear, we will
see how one detects the tip movement in response to the interaction and which instruments
and what signal processing is used.

° Obvious but to have in mind: in water this meniscus effect disappears.
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|.2.2 Historical AFM operation

The first AFM idea, by Binnig et al. in 1986 [3], is described as a mix of the stylus profilometer
and the tunneling microscope: basically an improved detection profilometer allowing to
detect atomic forces. It consisted of a tunnel current detection (STM on top of cantilever) of
a golden foil cantilever with a diamond tip (Figure 6). The tunnel current is detected and
compared to a setpoint and the difference feeds the piezoelectric positioner of the sample. It
therefore keeps the force exerted on the cantilever constant. As the feedback loop is closed,
the sample is then scanned to give a force/topography image. In this initial publication, the
cantilever is not actuated (i.e. static mode), however oscillating operation (i.e. dynamic mode)
is described and as this mode is widely used nowadays, we will only consider the latter. Brief
comparison of the two modes is given in the beginning of next part. So, the cantilever is put
in vibration at its resonance frequency. This resonant detection allows a better sensitivity,
compromising on the bandwidth as detailed in next part.

Probe
(0) ]z Detection
SCANNERS,[ A G )
F| FEEDBACK 5 FEESDTB,\;‘CK el 1rem
AF M | 1
Actuation x
BLOCK (ALUMINUM) g z
——
(b) 25 um .1
A: AFM SAMPLE 25 mm
B: AFM DIAMOND TIP DIAMOND
C: STM TIP (Au) TIP
O: CANTILEVER, .8mm
STM SAMPLE
E: MODULATING PIEZO LEVER
F: VITON (Au-FOIL) RE

Figure 6: Scheme of the first AFM, from [3]. The essentials blocks of the instruments are highlighted in
color: (blue) probe, (red) detection, ( ) positioners, (green) actuation. The last essential block
considered is the feedback control, here included in the positioners and detection blocks.

From Figure 6, we can identify five essential blocks in the AFM apparatus:

- Probe

- Probe’s mechanical motion detection
- Signal processing and feedback control
- XYZ scanners

- Probe actuation
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1.2.2.1 Probe

The purpose of the probe is to transduce the interaction force between the tip and the sample
into a mechanical motion, the latter being easier to detect. The tip must be the sharpest
possible to have the best lateral force resolution. Its apex is generally considered as a half
sphere and characterized by its radius of curvature. Today, classical radius of curvature is
about 10 nm [29], yielding a nanometric resolution. Its mass, among other parameters, defines
its dynamical behavior. The lower the mass, the quicker the response to an applied force. The
latter is discussed in next part.

1.2.2.2 Mechanical motion detection

How can the mechanical motion of the tip be transduced to an electrical signal, in order for it
to be processed and recorded by a computer? The first chosen detection of the tip, STM seen
above in Figure 6, is a complex and inconvenient apparatus [47]. Rapidly, optical deflection
detection [48] was preferred for the sake of simplicity (Figure 7). It consists in shooting a laser
onto a reflective probe, the reflected laser’s angle carries the deflection, and thus force,
information. A 4-quadrant photodiode, that is angle-sensitive, then records the laser signal.
Today, most commercially available AFMs rely on this “optical lever” or optical beam
deflection (OBD) detection (as AFMs from Bruker, Asylum research or JPK). This OBD
technique reaches a typical limit of detection of about 10~** m/+/Hz. A fundamental limit of
detection (LOD) is thermomechanical noise: thermal bath excites mechanical motion of the
probe. This thermal limit is quantified in next part.

4-quadrant
photodiode

deflection
signal
Signal
recording
+ feedback
feedback ‘
. control l
Display X
> Piezo Z y
Sean Piezo XY
generator Xy

Figure 7: Scheme showing the typical operation of an AFM.

Other detection-actuation method/transductions are studied and used in research groups,
those methods are discussed in Sec. |.4.

.2.2.3 Scanners

To scan all the sample, SPMs use either sample or tip scanning, the latter having the advantage
of being independent of the sample’s size and mass but usually complicates the detection.
Usual scan pattern is the rectangular raster scan (Figure 8).
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Figure 8: Scan pattern scheme: raster scan.

e Scanners’ type

Typically, piezoelectric ceramic scanners, as Lead Zirconate Titanate (LZT'%), are mainly
used in AFM and more generally in SPM. This is because they routinely reach a below
angstrom precision, necessary to achieve atomic resolution. Indeed, in crystals, atoms are
separated from each other of a few angstroms (0.1 nm). Their main disadvantages are
creep, which is the displacement drift for a constant applied voltage, and hysteresis [49].
Teams also exceptionally use magnetic [50], and MEMS electrothermal scanners [51].

e Scanning speed/bandwidth

In the usual raster-scan pattern, we refer at Y direction as slow axis and the X as the fast
axis. In terms of bandwidth this means that, if the image has 100 lines, the speed of the X
scanner must be 100 times higher than the Y one. Equally, in feedback loop operation, if
each line has 100 measurement points, the feedback loop Z-positioner must have a 100
times higher speed than the Y one to accurately probe a surface’s topography. Varying at
each location point, the Z-positioner is thus fundamentally the limiting one in the image
acquisition. Therefore, its speed and the feedback loop speed must be the highest possible
to reach fast imaging in feedback operation.

1.2.2.4 Signal processing and feedback control
The probe signal acquired by the photodiode is compared to a set-point reference. The
difference is then fed in a proportional-integral Pl controller that commands an amplifier that

0°0r PZT in French.
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drives the piezo positioner (Figure 9). Those operations are done by either analog or digital
electronics, the latter being more versatile.

deflection 4-quadrant
signal photodiode

Computer

et Q)

. [ feedback
. error loop K

signal ‘

Scan
generator ; Xy

Figure 9: Scheme of the signal processing in the servo loop.

Feedback Bandwidth: The imaging speed of the instrument is limited by the feedback
bandwidth. Indeed, due to delays in the feedback loop, the feedback system has not an
instantaneous time response. Those delays can induce instabilities and oscillations that can
damage the tip and the sample. The feedback bandwidth is defined as the first resonance
reached by this system. The global feedback bandwidth is hence limited by each feedback loop
component’s bandwidth (i.e. delays). Feedback bandwidth limitation thus stem from piezo
controller delay, cantilever mechanical delay and/or from signal processing digital latency. It
is detailed in Sec. I.3.1.

In practice, when scanning, the operator raises both PI gains until resonance appears (sine
deflection signal) and reduces the gains just before the resonance point (p. 93 in [52] or
Ziegler-Nichols method [53]).

1.2.2.5 Tip actuation

As it is detailed in next section, AFM can be operated in different dynamic modes, where the
tip must be actuated. This actuation must have the highest bandwidth, stability and dynamic
range. This function is generally performed by a piezoelectric transducer on which the tip is
mounted. Other techniques are detailed in Sec. I.4.1. The tip vibration amplitude is typically
of a few nanometers. It has to be significantly higher than the limit of detection to obtain a
quality measurement. For a standard OBD limit of detection (LOD) of 10! m/\/E, with a
feedback bandwidth of 10 kHz and taking a 40 dB signal margin, the lower limit of tip vibration
amplitude is 100 pm.

[.2.3 Operating modes and controls
AFM tool can be used to perform imaging, e.g. topography of a sample but also to perform
force spectroscopy, e.g. extract the local force profile. Those two modes are described after a
static versus dynamic mode consideration.
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1.2.3.1 Static versus dynamic modes

Although the first AFM imaging modes used were static ones [3], dynamic modes (i.e. when
the tip oscillates) now prevail, referred as Dynamic Force Microscopy (DFM) in biological
studies. Indeed, in static mode, if the tip is scanned without oscillation, it exerts lateral forces
that can damage the sample or the tip. Furthermore, dynamic modes provide a more sensitive
force detection as if they detect force with an equivalent softer cantilever: kg, = Kerr/Qm't,
Q,, being the mechanical resonance quality factor. Actually, bandwidth is traded for force
sensitivity. Bandwidth goes up to f,, in static mode and up to f,,/Q,, in dynamic modes, i.e.
the response is integrated during the average resonance decay time Q,,,/ /.- In dynamic mode,
measuring signal at the cantilever’s frequency also implies less noise as, for low frequencies,
1/f noise dominates. For the next paragraphs, only dynamic modes are considered.

1.2.3.2 Force spectroscopy (or Z-spectroscopy)

The force profile normal to the sample surface is extracted in one point, moving the tip to the
sample. To acquire a force-distance curve, a force or distance set-point is given by the user.
The cantilever then approaches the surface until it reaches the set-point and then retracts
while deflection is recorded. This technique allows to obtain mechanical information from the
surface. In particular, it gives insights in biological studies on meniscus [45], molecular bonds
and cell’s mechanical properties [54].

1.2.3.3 Imaging-Scanning (dynamic)

AFM imaging modes can be separated in 2 overlapping categories. The first category is the
force regime of operation: repulsive, attractive or both. The second category is the type of
servo operation: AFM can detect amplitude (AM), phase (PM) and frequency (FM) signals to
control the tip-sample distance and thus obtain topography.

Modes depending on the force regime (Figure 10):

- Non-contact: the tip oscillates in the attractive regime. It is the least damaging imaging
mode but the least sensitive one. Compared to other modes, it needs a stiffer
cantilever to prevent jump-to-contact, i.e. to prevent the cantilever from slipping into
the potential well [46]. Cantilever stiffness necessary to prevent jump-to-contact is in
the 100 N/m range, depending on the tip size and material involved.

- Tapping: the tip oscillates in the attractive and repulsive regime. The tip intermittently
« taps » by feeling the repulsive forces. In this mode, tip can exert higher peak force
however on a briefer time. As it oscillates between the attractive and repulsive regime,
it reduces lateral forces appearing when the sample is scanned.

- Contact: the tip oscillates in the repulsive regime [55]. This mode is a priori the mode
in which the tip-sample interaction is the strongest. As the tip oscillates in the high
repulsive slope, in order not to damage the sample, the vibration amplitude needs to
be low (about a few angstroms maximum). It therefore is a more sensitive mode thanks
to the higher repulsive slope but also potentially more damaging to the sample.

" This is shown in Sec. 1.3.2.1. However to be truly valid, this reasoning considers k.rr = kstqric,
which is not the case.
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Figure 10 : Scheme of the different operating modes of AFM with regards with the sample's force
profile. Inset shows a simulated force profile from Bradley’s contact model (p. 18 in [46]).

In practice, the force regime is chosen by the AFM user, setting the vibration amplitude of the
probe and the force gradient set-point, within the limits of the probe itself. That being said, a
widely used mode is tapping, a sweet spot between sensitivity and sample damage. We will
now see what servo operation can be chosen to scan the sample.

Modes depending on the type of servo operation (Figure 11):

- AM (amplitude modulation), fixed actuation frequency mode: as the cantilever is
oscillating, its vibration amplitude is recorded, compared to a set-point and the
difference feeds the Z positioner. Typically, if the cantilever enters in a dissipative
contact, its vibration amplitude will diminish. The Z scanner will then retract and thus
augment tip-sample distance until the amplitude comes back to its initial value. In a
simple spring-viscous damping contact model, the amplitude is inversely proportional
to the viscous damping coefficient added on the cantilever.

- PM (phase modulation), fixed actuation frequency mode similar to AM: as the
cantilever is oscillating, its phase is recorded, compared to a set-point and the
difference feeds the Z positioner. Typically, if the cantilever enters in a repulsive
contact, its phase will go up. The Z scanner will then retract and thus augment tip-
sample distance until the phase comes back to its initial value. In a simple spring-
viscous damping contact model, the frequency shift is proportional to the force
gradient (or stiffness/spring) applied on the cantilever.

- FM (frequency modulation): to decouple the two components (force and damping) of
surface interaction, one can fix the resonance’s amplitude to a set-point with a
feedback loop. Then use the cantilever frequency shift (which, now that the amplitude
is set, reflects only the interaction force gradient) to feed the Z positioner. To know
the frequency shift of the cantilever and thus actuate the cantilever at its varying
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resonance frequency, a Phase-Locked-Loop (PLL) is generally used®?. Pl controller are
generally used to control the amplitude excitation and the Z positioner. In this last
scheme, there are thus three control loops: the detected amplitude controls the
excitation amplitude, the detected frequency controls the excitation frequency and
the frequency shift from the initial value controls the tip-sample distance.
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Figure 11: Schemes of AFM imaging modes: (a.) Constant force, (b.) AM-AFM, (c.) PM-AFM and (d.)
FM-AFM. D: deflection, ¢,,: vibration phase, 4,,: vibration amplitude, f,,,: vibration frequency, Ag,;:
amplitude setpoint, f.¢: frequency set-point, A,,.: cantilever drive amplitude and f,,.: cantilever
drive frequency.
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To summarize, FM-AFM is more complex to set up (3 control loops) but it provides an easier
reading of the interaction information with the surface by projecting the interaction force on
the conservative and dissipative forces (frequency shift/stiffness and drive signal/damping),
assuming the contact as a spring + dissipation system. PM and FM mode are more stable
modes because the loop is on the frequency, a typically less drifting value than amplitude.
Whereas in AM and PM, the limit is f,,, /@, in FM-AFM mode bandwidth can extend beyond
this limit, theoretically up to f,,, [56][57].

Bandwidth definitions: A global definition of the bandwidth is the inverse of the minimal time
the system will take to follow the command signal’s value. Its meaning however varies
depending on the system studied:

- For a quasi-static system: It represents the frequency span from 0 Hz in which the
displacement of the system follows the command applied with a constant multiplying
factor and a limited delay. In mechanical systems, it is limited by the first resonance
frequency of the system (Figure 12). At the resonance, the response is amplified so the

12 A PLL basically is a PID fed with phase and which controls a frequency.
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multiplying factor is not constant anymore, and after it, response is delayed. In
practice, if one tries to use the system faster than what it is supposed to, the system
will barely move or oscillate at a resonance frequency.
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Figure 12: Responses of 3 different system versus frequency. For the “b” system, bandwidth is 50 kHz.
For the “a” system bandwidth is 90 kHz and for the “c” system, 110 kHz. From [58].

- For aresonating system: When using a system at resonance, the bandwidth is defined
as the resonance frequency divided by the quality factor f,,,/Q,, or put in other words
as the width of the resonance peak in the frequency domain (Figure 13). It represents
the rate at which the system can change its output. Indeed, as the system resonates,
it takes a few oscillations for it to change its energy. Bandwidth in AC mode is thus the
minimal time the system will take to follow the command signal’s frequency.

4

Response

f Frequency
m

Figure 13: Response of a resonating system versus frequency, the resonance frequency being f;,,. The
bandwidth of the resonator is defined by the width of the resonance peak Af.

1.2.3.4 Other AFM configurations

In the past years, new feedback schemes/modes appeared. Among them one can note Multi-
frequency-AFM (MF-AFM)[59], in which information on higher resonance modes of the
cantilever are recorded or also the Lateral/Friction Force Microscope (LFM or FFM). The AFM
apparatus as it is also allows Atomic Force Acoustic Microscopy (AFAM) where another lock-
in amplifier puts the Z positioner in vibration or Scanning near-field ultrasound holography
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(SNFUH), (See p. 424 [5]). Another mode consisting in mapping force spectroscopy is known
as the “peak-force” mode [60].

|.3 Recent developments of the AFM instrument
Since its invention in 1986 and apart from the derived-techniques developments discussed
above, AFM developments can be broken down in 3 directions: speed since an image in AFM
takes a few minutes to take, resolution to achieve true atomic resolution in vacuum and other
environments and ease of use / cost cuts to allow routine experiments and widen its user
pool. In this part, the specific developments made on the positioners, signal processing and
tip will be broached, leaving actuation and detection to the next part.

1.3.1 Reaching higher speed/bandwidth
The idea is to chase each limiting block of the servo-loop chain to increase its bandwidth. In
standard AFM, speed-limiting blocks are positioners, signal processing and the cantilever
mechanical delay. This part is largely inspired from the global review [5].

1.3.1.1 Positioners

From the positioners’ point of view, what limits scanning speed are the whole (or parts of the)
structure’s lowest frequency mechanical resonances. In piezoelectric positioners, the main
solutions are to increase those mechanical frequencies to the maximum and then to damp
them. To increase mechanical frequency one can lower the size and increase the stiffness of
the positioners. Indeed, as size is reduced, mass also is and following the harmonic oscillator’s

1 .
resonance frequency formula f,,, = Z,/keff/meff, the resonance frequency is increased.

But decreasing the size leads to a positioning range decrease. In a reversed reasoning, f, is
almost determined by the required maximum displacement. To date, the highest bandwidth
Z-positioner reaches f,, = 150 kHz [58][61], i.e. BW = 150 kHz, thanks to a 3 x3 x3 mm3
piezoelectric ceramic stack. Those results are made possible by suppressing/damping lower
resonance frequencies of the positioner apparatus by design or signal processing pre-scanners
(i.e. feed-forward). Those techniques are discussed in the description of our homemade AFM
apparatusin Sec. IV.3 and IV.4.

1.3.1.2 Detection signal processing

In practice in dynamic AFM, amplitude, phase or frequency of the probe’s vibration, needed
for the feedback-loop control, are generally extracted with a Lock-In Amplifier (LIA)*3 in several
cycles. To date, the best commercial digital LIA can demodulate signals up to 600 MHz with a
5 MHz demodulation bandwidth [62] with a typical few microseconds latency. Alternative
synchronously triggered detections can give the same information in only one cycle, but come
with more noise [63].

1.3.1.3 Cantilever’s mechanical time response
As a resonator, the cantilever mechanical time response is not instantaneous. For example if
initially excited, its vibration amplitude will then decay with a time constant depending on its

13 A lock-in amplifier demodulates a signal of known frequency. It multiplies the signal with a
reference signal of the same frequency and then filters it with a low-pass filter, hence filtering out all
the frequencies different from the carrier.
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quality factor T = Q,,,/f;n. This time constant limits the cantilever’s bandwidth, used in AM or
PM mode, which is thus given by BW = f,,,/Q,,,. For example a f,,, = 100 kHz cantilever with
Q. = 100 has a bandwidth of BW = 1 kHz. There is thus a twofold path to improve its
bandwidth: raising its mechanical resonance frequency or lowering its quality factor.

- Raising the resonance frequency can be done by using a higher frequency mechanical
mode or by increasing stiffness and lowering mass. The latter is the route followed by
Ando’s team, who used small, lightweight and thus high frequency, 7 x2 x 0.1 um
cantilevers from Olympus!* with f;,,, = 1.5 MHz in air. Main limitation to size reduction
is the optical deflection detection. Indeed, when the size of the cantilever becomes
smaller than the laser spot, detection becomes less sensitive.

- To lower the quality factor, using cantilever in liquids contributed to attain higher
bandwidth thanks to viscous damping. For example a BL-AC10DS-A2 cantilever in
water with f,, = 400 kHz and Q,,, = 2 has a bandwidth BW = 200 kHz [64]. As for
size reduction, lowering the quality factor improves the bandwidth but implies less
sensitivity (equation (10)).

Note: To overcome the bandwidth limitation of one cantilever, more information can be
obtained in less time with parallel operation of a cantilever array. That is the idea followed in
[65] and more recently in [66]. In the latter, they demonstrate the parallel use of 14
cantilevers. This technique is suitable for large area studies as whole wafers. Here, the
improvement is not exactly on the AFM speed but rather on the information throughput.

Briefly put, to reach higher speed in dynamic AFM, one needs the highest bandwidth
positioners, signal processing and cantilever. State-of-the-art instruments reach an overall
100 kHz bandwidth (RIBM Ando-type and Cypher VRS AFMs), yielding an imaging speed of 1
to 10 frames per second.

[.3.2 Reaching higher resolution
Resolution can broke down in 3 types: absolute force resolution of the probe, the lateral (or
in-plane) spatial resolution, which is dependent on the tip’s size, and vertical (or out-of-
plane) spatial resolution, which is dependent on the imaging mode and specifically on the
mechanical vibration amplitude of the tip.

1.3.2.1 Force resolution

In this part, we first explicit the parameters of the AFM probe that define the AFM force
resolution and then quantify the detection noises. We will use the notion of Limit Of Detection
(LOD) to quantify the lowest detectable value of a given parameter. In the end, one wants the
LOD to be dictated by the parameter’s noise and not the detection noise given by the
instrument.

In static mode, the tip-sample interaction force detected by the cantilever is given by:

Fis = KstaticZ (4)

14 Olympus BL-AC10DS-A2 is a commercially available small cantilever.
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Introducing z;,4 as the displacement limit of detection (i.e. the smallest displacement
detectable), the force limit of detection Fj,, (i.e. the smallest force variation detectable) is
then straightforwardly given by:

Floq = kstaticzlod (5)
Thus its static stiffness must be the lowest to feel the lowest forces.

In dynamic mode, we consider z(t) = Acos(w,,t + @) with A the vibration amplitude and ¢
the phase shift between the driving signal and the detected motion signal of the probe. In
dynamic mode, instead of a force, a force gradient k; is detected. The interaction force is
then obtained using:

A
Frs = j keo(2) dz (6)
0

Assuming small amplitudes and thus a constant force gradient, one can re-write F; = Ak;s.

In dynamic operation of the AFM, this force gradient k;s is sensed by a shift Af of the
resonance frequency: ks = 2k.fr/fm X Af (from harmonic perturbation limited
development, assuming small frequency shifts, detailed in Sec. I.5). For a given frequency
detection limit f;,4 (i.e. the lowest frequency variation detectable), we can thus derive a force
gradient limit of detection ki 10a = 2Kerf/fin X fioa- Thus, to improve the AFM
performances, the probe’s effective stiffness k. must be the lowest and its frequency f,
must be the highest to feel the lowest force gradients. For a resonator, the resonance
frequency shift is usually obtained via its amplitude A or phase ¢ variations (Figure 14).
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Figure 14: Phase versus driving frequency of a resonator. The phase experiences a m-rotation
associated to the mechanical resonance.

As the frequency shift is extracted from the phase of the oscillator via the slope factor dp /df
and the slope factor being maximal at resonance f,,, (Figure 14), we can further write:

1

fioa = W‘plod (7)

arly,
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For a damped harmonic oscillator calculation, one can find the slope at the resonance:

o) _ 20 o
afl. = T

Injecting the two precedent equations in the force gradient one leads us to:

kis 10a = Piod
Qm

Im(z)
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Figure 15: Complex representation of the tip position zin blue, placing ourselves in the rotating picture
at f,,. In the small amplitude approximation, one can find that @;,q = A4;04/A. One can note that
Ajoa/A is the inverse of the Signal-to-Noise Ratio (SNR). The lowest LOD is logically reached for the
highest SNR.

Considering the signal as a complex vector as in Figure 15, one can re-write:

Kefr
kis 10a = —Qe AAlod (10)
m

To compare with the static case, one can finally write, integrating the force gradient on the
vibration amplitude Fj,q = A X k¢s 104:

k
Fioa = eIy Aloa (11)
Qm

Comparing equations (5) and (11), and considering that 4;,4 = Z;,q, dynamic mode emerges
as being a factor 1/Q,,, more precise that static mode®. Or similarly, in dynamic mode, one
can work with the same force limit of detection but with higher-stiffness AFM probe.

Note: Looking only at the quality factor, there is a fundamental incompatibility between

looking for better resolution Fj,q4 =er—fAlod and higher bandwidth BW = f,,,/Q. To

' Considering ks¢qric = kerr, which is not true. However considering the first resonance of a typical
cantilever, the Rayleigh approximation gives Ks;qsic = kegf- As a guideline, for higher order modes

keff > kstatic-
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diminish the force LOD, one wants to increase Q,, whereas to reach higher bandwidth one
wants to decrease it. To reach better performances in both, one wants to max out the ratio
fm/kegr: “The usefulness and limitation of small cantilevers having a large f,,, / ks in dynamic
AFM is described in Section 8.2” (p. 352 in [5]).

The z;,4 introduced is often limited either by spectral densities of detector noise Nz ,; or by
cantilever thermomechanical noise Nz;,.

- Detector noise: This noise depends on the detection scheme. For a standard optical
beam deflection scheme, the noise is: Nzg,, = 10 fm/+/Hz. For a 1 kHz BW, this gives
a Zger = 300 fm. From its invention, plethora of detecting transductions have been
tried out to overcome existing constraints and most recent AFM achievements were
obtained with non-cantilever probes. Other AFM probes structures and transducers
are detailed in Sec. 1.4.

- Thermomechanical noise: When working at room-temperature, the cantilever is
excited by a white noise force stemming from coupling to thermal bath. This gives rise
to a fundamental noise limiting the measure. From a damped harmonic oscillator
picture and equipartition theorem considerations (see Appendix D:), one can find:

(12)

Where Nz, is the noise of the thermally-excited motion amplitude of the cantilever
at resonance. kqsf, fn and Q,, are respectively the stiffness of the cantilever, its
resonance frequency and its associated quality factor. kgT is the thermal energy, kg
being Boltzmann’s constant and T the temperature. For a typical cantilever [29]:
kerr = 35N/m, f, = 190 kHz and assuming Q,, = 1000 inairatT = 293 K, we find
Nz, = 622 fm/+/Hz. One can see in equation (12) that a cantilever with a higher
resonance frequency and higher stiffness is less affected by thermal noise.

To summarize, for a typical AFM using a cantilever with a OBD detection, Nz, =
10 fm/vHz < Nz, = 622 fm /v Hz. Taking the limiting noise, here Nz, as 4;,4 in equation
(11), we obtain a force limit of detection F;,; = 22 fN/v/Hz, or similarly a force gradient limit

of detection taking a 100 nm vibration amplitude ks ;oq = %sz = 218 nN/mvHz.

1.3.2.2 Lateral spatial resolution
Lateral resolution is dependent on the tip’s geometry in first place, then on materials involved
and on the environment in which the experiment is conducted.

Tip geometry

Generally speaking, the tip must have a high aspect ratio and its apex must be the smallest to
reach the best lateral resolution. To this end, a MEMS cantilever is typically micro-fabricated
with a tip-end radius of about tens of nanometers. From now on, if one wants a sharper tip,
one can either etch the tip or attach/grow a sharper tip on the initial one. Among the
techniques used, one can cite Focused lon Beam (FIB) etching [67], plasma etching leading to
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an apex of a few nanometers radius of curvature (p. 353 in [5]), Electron-Beam Deposition
(EBD)[68] and attachment/growth of carbon nano-tubes (CNT) [69]. The latter is interesting in
the high aspect ratio of the provided tips, unlocking imaging of steep surfaces. But size'® is not
the only parameter and resolution also depends on the materials involved in the contact.

Tip and sample Materials

Chemical bonds can form between tip and sample, leading to adhesion. Inert tips are thus
preferred [22]. For example Howald et al. only managed to image Si surface by coating their
Si tip with Teflon [70]. In [24], Gross et al. functionalized their tip with different materials,
leading to different resolutions (Figure 16).
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Figure 16: AFM images of a pentacene molecule with four different tips modifications: (A) Ag tip, (B)
CO tip, (C) Cl tip and (D) pentacene tip. Best resolution was obtained with the most inert tip (CO). From
[24].

In practice, the resolution attained also depends on the environment and conditions in which
is conducted the experiment.

Environment

In Ultra-High Vacuum (UHV), atomic resolution is routinely achieved thanks to high Q,, and
high k probes in non-contact FM-AFM.

In_air, water on surfaces and thus presence of a meniscus (Figure 17) [44][71] limits the
resolution to the characteristic length of the meniscus.

18 |n practice, the lateral resolution changes while scanning as it highly depends on the foremost
atoms of the tips [22] and their configuration can change while scanning.
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Figure 17: SEM image of a water meniscus between a tungsten tip and a Pt/C coated mica sample.
From [71].

As the meniscus typically forms at a few angstréoms range, at every oscillation of the cantilever,
the meniscus will form and break, shadowing the force profile. This limitation can be avoided
using small-amplitude, within-meniscus oscillations of the probe (about 0.1 nm vibration
amplitude) (Figure 18).

Figure 18: Amplitude dependence in AFM images of a KBr surface in ambient conditions. Scale bar
3nm. Atomic resolution is reached for a probe amplitude of 75 pm. As the water orders in 250 pm
layers over the surface, authors reach atomic resolution thanks to in-layer oscillations. From [72], itself
from [73].

In liquids, atomic resolution is achievable on stiff surfaces [74], [75]. On soft ones (Young’s
modulus E < 100 MPa), the tip presence becomes invasive and buffers can be used to
decrease tip-sample interaction yielding submolecular resolution (about 60 nm) [76].

1.3.2.3 Vertical spatial resolution

To reach the best vertical resolution in dynamic mode, one needs a low amplitude vibration
to better select forces, as said by Gross in [24]: “For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of forces, where chemical interactions give
substantial contributions. In this force regime, it is desirable to work with a cantilever of high
stiffness with oscillation amplitudes on the order of 1 A, as pointed out by Giessibl”. But the
low amplitude vibration lowers the signal-to-noise ratio (SNR) and hence the contrast of the
image. There thus exists an optimal vibration amplitude depending on the decay-constant
length of the observed forces, in practice around 1 angstrom [43] (p. 125 in [77]).

Briefly put, to reach higher resolution in AFM one needs to have the thinnest inert tip,
operated at 100 pm amplitude with the lowest detection noise and thermomechanical noise.
Furthermore to reach higher resolution and higher bandwidth, one wants to maximize the
fm/kegys ratio of the AFM probe.
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|.3.3 Reaching easier and cheaper AFM
Most commercial AFMs as JPK, Bruker and Asylum research ones come with many software
automated features/modes. This makes instruments more user-friendly but is generally
accompanied with high costs, about 300 k€. On the other side of the price scale, single chip
AFM was demonstrated in 2011 [51], leading to few k€ commercial AFM now available. The
latter has integrated electro-thermal actuators so no need for piezoelectric positioners, it
however only functions in static mode. This last achievement was made possible by different
positioners and detecting transducers. Those different transducers are discussed in next part.

|.3.4 AFM probe performance figure of merit (bandwidth over force resolution)
To resume the last discussion in terms of probe only, if one is looking for better performances
in dynamic AFM, namely speed and force resolution, one needs a high bandwidth probe with
the thinnest inert tip operated at 100 pm and with the smallest possible force gradient
detection limit k. ;,4. We define a mechanical figure-of-merit as:

_ BW (13)
" kts_lod
Assuming z4,; is not limiting z;,4 but z4, is (2,04 = Z¢n), we can further write:
In_ BW _ fuf/Qm AR

QmA nfokeff

As temperature is not related to the probe, we re-write the mechanical figure-of-merit _#,
removing the constants:

fo
Jm = (15)
kaeff

Equation (15) provides a route towards high performance dynamic AFM, mainly through high
frequency probes (or low-mass!’ probes as fm2 = kegr/Mefy). This conclusion led AFMists to
develop new architecture of probes using vibration modes different from the cantilever’s
flexural mode (Figure 20). Those new architectures need new detection and actuation
schemes. A review of those is given in next part. Among them, this thesis work is focused on
a new optomechanical ring, high-frequency AFM probe, with high-bandwidth and ultra-
sensitive detection.

7 Here mass refers to the effective mass.
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|.4 State of the art AFM probes and their electro-mechanical transductions
The drive to higher frequency probe to reach higher bandwidth and resolution led people to
modify the initial AFM cantilever (800 um x 250 pum x 25 um [3] with tens of kHz resonance
frequencies), by using smaller cantilevers of 6 um for the smallest (Figure 20a).

L =800 pum L = 225 um L =7 pm
fim = 32 kHz fm = 190 kHz fm = 3.5 MHz

Figure 19: Images of three cantilevers. The left one is the initial AFM cantilever from the invention
paper [3]. The middle one is a standard cantilever [29]. The right one is a small and high-frequency
cantilever [78].

However, with such small dimensions, the optical beam deflection (OBD) detection method
becomes less sensitive. Indeed, the laser spot is then wider than the cantilever and not all the
beam is reflected. This limitation pushed new detection methods, using other integrated
transductions (piezoelectric, piezoresistive, capacitive, etc.). To benefit from those different
detections methods, new probes shapes with different resonance modes were developed

(Figure 20b).
~ + @

Clamped beam Needle Ring
(flexural) (extensional) (breathing)

Figure 20: Schemes of different vibration modes of AFM probes. In black are the anchoring points. The
tip movement is represented in red. Clamped beam is usually associated with low stiffness (roughly in
the 1 N/m range) whereas Needle and Ring shapes are associated with higher stiffness (roughly in the
100 kN/m range).

Those modifications were made possible by micro opto-electro-mechanical systems (MOEMS)
development, through integrated transductions. | will first list actuation and then detection
transductions among different shapes of MOEMS probes to compare their performances and
position our OM ring probe among them.

[.4.1 Actuation
In dynamic AFM, actuation is needed to excite the cantilever’s resonance. The ideal actuation
has the highest dynamic range (DR: from the smallest to the highest amplitude), the highest
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bandwidth, is the most stable, the easiest implemented, costless, easy of use and working in
every environment.

1.4.1.1 Piezoelectric actuation : far (initial AFM) to integrated

As in the initial AFM, cantilever mounted on a piezoelectric transducer provides an easily-
implemented actuation and is the most used to date (Figure 22f). It however is “leaky” as the
vibration propagates through the support and can perturb scanning or detection, exciting
spurious resonances [79]. MEMS provided probes in piezoelectric material, mainly quartz, the
probe thus being the transducer. This is the principle of the tuning fork “qPlus sensor” and the
extensional “needle sensor” (Figure 22a and b). They work with higher spring constants
(respectively in the kN/m and MN/m range [42]) and at smaller (sub-nanometric) amplitudes
than usual cantilevers (Figure 21), providing a better force selectivity [80].
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Figure 21: Parameter fields of cantilever spring constants k and oscillation amplitudes A for classic Si
cantilevers, qPlus sensors, and needle sensors. From [80].

1.4.1.2 Capacitive (or electrostatic) actuation

Using capacitive actuation provides an integrated transduction, allowing the use of different
mechanical resonators as rings with higher frequencies. Capacitive detection needs large and
close areas to gain actuation amplitude, without snapping, which represents a technological
challenge (Figure 22c). Amplitude reached in capacitively actuated rings is about tens of pm
[55], reaching nanometers in [81]. A detailed capacitive actuation explanation can be found in
Sec. 11.4.3.

1.4.1.3 Magnetic actuation

Using Lorentz force, teams where able to actuate a cantilever up to 900 nm [82] and
bandwidth attainable was proven to at least 100 kHz [83]. Drawback to this transduction is
the cantilever heating induced by the current, heating the cantilever of a few degrees. The
magnitude of the magnetic actuation is dependent on the volume of magnetic material on the
AFM probe. The magnitude would then diminish rapidly when using small probes to reach
high frequency vibrations. In addition, the magnetic field generated can modify the sample.

1.4.1.4 Electro-thermal, photo-thermal actuation
Electro-thermal (Joule heating) transduction through a thermal expansion mismatch can
provides hundreds of nanometers actuation amplitude [84][85] (Figure 22d). Photo-thermal
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actuation has been demonstrated, shooting a laser on a cantilever, the laser intensity being
modulated at the cantilever resonance frequency (as blueDrive technology developed by
Asylum Research). It displays up to 100 um actuation on gold-coated cantilevers [86], however
its efficiency decreases rapidly with frequency after 10 kHz. It was proven viable still at 10 MHz
in [79] with lower amplitudes in the 100 pm range. Both electro-thermal and photo-thermal
actuations are theoretically limited in bandwidth by heating conduction slow time constant.
Thermal diffusivity of silicon is 100 um? /ps and recent work proved electro-thermal actuation
effective up to a few MHz [85].

1.4.1.5 Optomechanical (OM) actuation in cavity

It consists in three phenomena: radiation pressure, electrostriction and photo-thermal forces.
Photo-thermal forces are already discussed in the precedent paragraph. Indeed, as the two
first effects are weak, they need an important optical power modulation to actuate a motion;
optical cavities allow to reach high powers, at the expense of bandwidth. OM actuation in
rings is detailed in Sec. I1.4.2 of this manuscript and demonstrates a 1 pm actuation amplitude,
up to 130 MHz (see Sec. 111.5.4). Its actuation bandwidth is then limited by the optical cavity
bandwidth, i.e. the rate at which optical power in cavity can vary. The bandwidth of optical
interferometers is given by the linewidth of the cavity, fora A = 1.55 um and Q,,; = 40 000

cavity, the detection bandwidth is BW = ¢ = 4GHz.
AXQopt

To resume, magnetic actuation is experimentally complex. Electro-thermal and photo-thermal
actuations decreases rapidly for high frequencies as thermal effect are slow, however they
still work up to a few MHz as those effect have important magnitudes. Piezoelectric actuation
needs stiff piezoelectric materials that lower the force sensitivity. Capacitive actuation needs
large and close areas that represent a technological fabrication challenge and lastly OM
actuation needs a high-quality cavity to enhance the low-magnitude transduction.
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Disk
resonator

Figure 22: Pictures and SEM images of AFM probes. (a.) 2 mm long piezoelectrical tuning fork [77], (b.)
2 mm long length extensional piezoelectrical resonator [80], (c.) 60 um-diameter capacitive ring [8],
(d.) Electrothermally driven, piezoresistively detected probe [85], (e.) 10 um diameter optomechanical
probe [14] and (f.) 7 um long cantilever piezoelectrically or photothermally driven and detected with
the OBD technique [5].

1.4.2 Detection
As for actuation, the ideal detection has the lowest LOD, highest dynamic range (DR: from the
lowest to the highest amplitude), the highest bandwidth, is the most stable, the easiest
implemented, costless, easy of use and working in every environment.

1.4.2.1 Optical laser deflection detection (or OBD, or optical lever)

The most used detection to date is Optical Beam Deflection (OBD). A laser reflects on the
cantilever and its deflection is recorded via a 4-quadrant photodiode (Figure 22f). This
technique is cheap and easily implemented. Due to diffraction (or Abbe, Rayleigh factor) limit,
the cantilever must be wider than 1 um. The initial detection montage theoretically reaches a

4 x 10~1* m/+/Hz LOD [48], and in practice reaches a 2 X 10~ m/+/Hz LOD (p. 391 in [5]).
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1.4.2.2 Piezoresistive detection

Piezoresistive detection has the same noise level as OBD [87] but provides an integrated
measure (Figure 22d). Piezoresistive transduction has showna 1 x 10712 m/\/m LOD in [84]
with a 1.4 x 1073 N/m spring constant and more recently 8 x 10~ m/+/Hz LOD [85].
Contrary to optical laser deflection, piezoresistive detection impose little constraints on the
cantilever shape and thus really flexible one can be used. The challenging part in piezoresistive
readout is the fabrication of shallow piezoresistors necessary to keep signal-to-noise
performance [87].

1.4.2.3 Capacitive detection

Early tries of capacitive read-out in 1992, featuring 1.5 um air gap, didn’t led to any image
[88]. Thanks to growing MEMS fabrication capability, authors demonstrated a 80 nm air gap
over a5 um x 23 pum surface, leadingtoa 5 x 1071 m/\/m LOD in [89]. Capacitive sensitivity
was later improved with a RF-interferometry scheme in [55], with a 45 nm air gap, leading to
a 1.5 x 107> m/~+/Hz LOD (Figure 22c).

1.4.2.4 Piezoelectric detection

Piezoelectric detection was used in needle (or Length Extensional Rod LER) and tuning fork
structures (Figure 22a and b). For a detailed comparison of their noises, see [80]. A
6.2 x 10714 m/\/m LOD was obtained from a tuning fork in [80]. It was demonstrated in the
imaging of soft things in agueous environment in [90].

1.4.2.5 Optical interferometry detection

Different interferometry configurations are used as detection. Using the cantilever as the
mirror of one arm of a Michelson interferometer [91] allows motion detection of the
cantilever. But people also used Fabry-Pérot interferometer with the cantilever as one mirror,
using a fiber optic, to assess its deflection, leading to a 5.5 x 10714 m/\/m LOD [92].
Integrated Fabry-Pérot interferometer was used in the form of a disk cavity in the vicinity of
the cantilever (Figure 22e). Motion detection is done through evanescent optical field
perturbation, leading to a 3 x 10™*> m/+/Hz LOD [14].

In this thesis work, an integrated interferometer in the form of a ring cavity, that acts as a
cantilever, is demonstrated. This technique reaches a 4.5 X 10~* m/+/Hz LOD. It is detailed
in Sec. Il. As for actuation, the bandwidth of optical interferometers is given by the linewidth
of the cavity, foraA = 1.55 pm and Q,,,; = 40 000 cavity, the detection bandwidth is BW =

< = 4GHz

AXQopt

In Doppler interferometry technique (or Laser Doppler vibrometry (LDV)), a laser is
modulated, then shot over the cantilever and then interferes with itself and then is
demodulated. It was proven effective until 10 MHz [79]. Compared to classical interferometry,
it has the advantage of being insensitive to low-frequency noise [91][93], and velocity
measurements are still possible on 100 nm reflective surfaces [94]. As the tip velocity
increases with the resonance frequency, the displacement sensitivity behaves has 1/f,,,

reaching 1 X 10715 m/+/Hz LOD in p. 352 of [77].
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The different detection performances are summarized in Table 2.

Optical beam Optical Capacitive
Transductions | deflection interferometry interfperometr Piezoresistive = Piezoelectrical
(OBD) (and Doppler) y
Limit of
detection ~14 -15 -15 ~14 ~14
(LOD) in 2x%x10 2x10 1x10 8 x 10 6 X 10
m/vHz

Table 2: Comparison of transduction's limit of detection in AFM probes. For comparison, our OM probe
LOD is 4.5 X 10~17 m/vHz (see Sec. I11.3).

As a note, systems using several parallel actuation/detection schemes were also developed as
Optical Beam Deflection (OBD) and Laser Doppler Vibrometry (LDV) [95].

Having in mind the conclusions of the last section I.3, we can map the performances of the
different types of AFM probes presented above (Figure 23).
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Figure 23: Graph of the performances of several state of the art AFM probes. Force gradient LOD is

calculated from kg o4, taking A;5q = [Adetz + Aep. SNR is calculated from SNR = 20 x log(A/

(NAlod X \/W)), A being the vibration amplitude and BW being the detection bandwidth. For this
calculation, a 100 pm vibration amplitude in air and a detection bandwidth of 10 kHz were considered.
The quality factors used for this comparison are taken in air. (a.) Small SU-8 cantilever [96], (b.) ultra-
small cantilever [78], (c.) Bruker A-probe [97], (d.) typical cantilever [29], (e.) ring probe [8], (f.) length
extensional resonator [80] and (g.) tuning fork [77].

On Figure 23, the (e.), (f.) and (g.) AFM probe appear not really competitive. This is because
their main advantage is in their low-amplitude of oscillations allowed by their high SNR,
leading to better spatially-resolved imaging. This last point highlights the advantage of our OM
probe: it has low-amplitude of oscillations, thanks to the highest SNR, without compromising
too much on the force sensitivity and with the highest bandwidth. Thus an optomechanical
AFM probe could provide a new operating window in investigating matter, namely high-
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frequency, high-bandwidth and small-amplitude operation thanks to its ultra-sensitive OM
detection. From a spectroscopic picture to a scanning one, this can unlock the visualization of
fast processes at the nanoscale. This thesis work is focused on the characterization and proof-
of-concept experiments of such a probe.

In this chapter, we introduced the AFM, its 5 essentials blocks (namely probe, probe’s
mechanical motion detection, signal processing and feedback control, XYZ scanners and probe
actuation) and its operation modes (namely contact, tapping, non-contact and AM, PM and
FM). We then depicted current AFM challenges: higher resolution and higher speed. We saw
that this challenges pushed high frequency probes to emerge and we finally compared
different probe architectures’ performances to position the new OM probe presented in this
manuscript. The next chapter is dedicated to our OM probe, from theory to design and
fabrication.
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Il. Optomechanical silicon micro-ring theory, design for AFM and

fabrication

This chapter, after a brief history of optomechanics, begins with an introduction on optical
guiding in silicon and on the effective index. Then, the constructive-interference condition is
written to present the silicon micro-ring cavity and the intrinsic optical losses of the cavity are
listed. The cavity is optically addressed with an evanescently-coupled waveguide, this coupling
dependencies are discussed. The expected behavior of the optical resonance, seen on the
device transmission, is described in the coupled mode theory formalism. After this optical
study, the mechanical resonances and mechanical design to form the AFM probe are
discussed. Then the coupling between optics and mechanics is detailed, as well as the
expected behavior of the OM probe when used in AFM. Finally, the fabrication of such a probe
is illustrated.

1.1 History of cavity optomechanics

The field of optomechanics is devoted to the study of reciprocal effects between optics and
mechanics. The most direct form of it being radiation pressure. In the 17t" century Johannes
Kepler, observing that comets’ tails were in the opposite direction of the sun, postulated that
sunlight was exerting pressure on it (Figure 24a). Maxwell mathematically deduced this effect
from electromagnetic equations in 1873. Another common optomechanical (OM) coupling is
through photo-thermal effect (absorption and thermal expansion), which is usually much
larger than radiation pressure. A famous historical misconception was Crookes’ radiometer (in
1873, Figure 24b). A light-mill supposed to be powered by radiation pressure but where
thermal effects were the true motor of the mill. First true light-mill demonstrations were given
in 1901 [98][99].

a Dust tail
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from the sun.The gas (ion) tail points
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L]
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Figure 24: (a.) Scheme of a comet orbiting around the sun [100]. The comet's tail is always in the
opposite direction of the sun. (b.) Crookes' radiometer picture [101]. The mill's wings have a reflective
face and an absorbing face. (c.) Gravitational wave detector VIRGO picture [102], the two arms are two
4 km Fabry-Pérot cavities.

The optical cavity interferometers then provided an enhanced displacement sensitivity as
Fabry-Pérot’s interferometer (1899). Braginsky began investigating microwave
optomechanics in cavities in the late 1960s. A recent achievement of optomechanical
principles is gravitational wave detection with a 4 km-long Fabry-Pérot-Michelson optical
interferometer [10] (Figure 24c). At small size scale, optomechanical effects were
demonstrated in micro-cantilever cavities [103] by Karrai in 2004, in micro-toroids [104] by
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Vahala in 2005 and expected in phoXonic!8 crystal cavities [105] in 2006 [106] (Figure 25). This
led to more research on, OM mode cooling of macroscopic objects [107][108][109][110] and
sensing [13] with OM devices. To get extended information on cavity optomechanics, the user
is referred to reviews [111][112]. Optically addressing those devices remains a non-trivial task.
However, thanks to the growing MNOEMS (Micro-Nano-Opto-Electro-Mechanical-Systems)
fabrication capability, they have been increasingly integrated on semiconductor technological
platforms, which can benefits to the sensing field.

Figure 25: SEM images of um-sized optomechanical cavities. (a) Micro-toroid featuring an optical mode
circulating in the tore, coupled with its motion from [113]. (b) PhoXonic crystal with co-localized optical
and mechanical modes in the red area; the blue area is a phononic shield [114].

In this thesis work, we use optomechanical micro-rings that has similarities with the micro-
toroid shown in Figure 25a. To use it as an AFM probe, it needs a tip for spatial resolution. A
tip is added to the design of such a micro-ring as in Figure 26.

18 phoXonic crystal refers to a patterned layer having coupled, engineered, photonic and phononic
behavior.
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Figure 26: (a) Colored SEM image of an OM AFM probe used in this thesis work. In plain red is the
waveguide optically coupled to the ring. The optical resonance mode of the OM ring is represented in
dotted red. Motion of the tip is highlighted by a dark blue double arrow. The motion modulates the
ring cavity length and is thus detected by a modulation of the transmitted optical power. (b) At scale
scheme of the cross-section of the OM probe. Pedestal height is 1 um and ring’s radius is 10 um?®.

Following this brief description of the origins of such OM sensors, the design of our OM AFM
probe is detailed in the next parts, from optical cavity considerations to mechanics and their
mutual coupling.

[I.2 Optical resonator
How optical electromagnetic waves are guided in the ring? We will introduce the optical
effective refractive index and guiding considerations®® to build the ring optical cavity. Next,
intrinsic optical cavity losses are detailed, defining the overall quality factor Q,,;. Then the
coupled mode theory is written, introducing the optical cavity coupling factor y, to the
neighboring waveguide.

[1.2.1 Straight waveguide: effective index

11.2.1.1 Geometrical approach

To understand how light can be guided, from the point of view of geometrical optics, let us
consider an optical fiber consisting of a material 1 core in a material 2 sleeve. Material 1
refractive index is higher than the one of material 2 (n; > n,). Considering light rays with
different incident angles (Figure 27), the condition for total internal reflection (TIR) is:

19 Contrary to what the OM probe’s shape might suggest, this thesis work was unfortunately not
funded by Mercedes-Benz.
20 The waveguide considerations presented in the following are largely inspired from [115] and [130].

49



cos (6.) = n,/n,. Therefore, the condition on n, for a ray with a given angle 6 to be guided
is:

n, < nycos (0) (16)

In other words, the lower the ratio n,/n,, the better guided optical modes will be (i.e. more
acceptable insertion angle).

n;

n;

Figure 27: Total internal reflection (TIR) scheme. 8, is the maximum angle for the ray to be totally
reflected and thus guided.

\'(\«‘\ '},0\“‘» n
e A / 2
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Figure 28: Geometrical optics scheme of an optical mode propagating in a slab waveguide. 4, is the
laser wavelength in vacuum. m is a positive integer representing the mode order, i.e. the electric field
amplitude profile in the waveguide. From this picture, we can understand that for a thinner waveguide,
the order m of the modes guided will decrease. However, this representation cannot fully account for
waveguides smaller than the wavelength, where the outer material refractive index n, will have an
impact as the mode is also guided is the outer part. From p. 22 in [115].

Now considering the propagation of the modes, as the optical wave is reflected, its path is
longer than the waveguide length: its overall propagation in the waveguide is slowed down.
An effective refractive index n.ss is thus defined to account for this retardation.
Consequently, this effective refractive index is lower than the material’s refractive index.
Looking at Figure 28, one can write that:

Nefr = NyC0S (0) (17)
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Combining equations (16) and (17), one can find a frame for any guided mode characterized
by its neff:

n, < Nefr <n (18)

If the waveguide is thin enough (approximately the wavelength), higher order modes are not
guided anymore (Figure 28) and only the fundamental is: single-mode waveguide. When
reducing the thickness again, effective wavelength A,¢r = A¢/n.rs continues to decrease. In
this case, the light wave will also expand in the outer medium (Figure 31). To account for and
assess this effect, one needs a more detailed electromagnetic description.

11.2.1.2 Electromagnetic approach

From a standard electromagnetic picture of propagation of a monochromatic light wave of
wavelength 4, in vacuum, in a slab of thickness h as in Figure 28 (detailed in Appendix B:),
using boundary conditions for a transverse electric (TE) mode, one can find that:

\/(nlz _neffz)(neff2 _nZZ) (19)
hk /n 2 —ng?) =
tan (Rko [y erf ko(ny? —ny?)

Where the wave numberis k, = 21 /A,.

Setting the light wavelength, and thus its wave vector k,, numerical calculations or drawings
can then provide approached values of the effective index with implicit equation (19). One
can find a discrete number of solutions, corresponding to fundamental and higher guided
modes.

If the slab is thin enough, only the fundamental mode is guided, it is then called a monomode
waveguide. The monomode condition on the height ", pnomode IN @ slab waveguide is
[116][117]:

Ao

hmonomode < T (20)
n®—n;

Considering a silicon waveguide (ng; = 3.47 [118]) surrounded by air (ng;,- = 1), we find
Rmonomode < 233 nm for a A, = 1.55 um light wave. For the rest of this thesis manuscript,
we will only consider monomode waveguides as we work with silicon rings of cross-section
0.5 um x 0.22 pm thick silicon layer?®.

But our structure is no slab, it is a ring, so we have to find the effective index for a strip
waveguide.

21 Actually the waveguide is monomode in the thickness direction but not strictly monomode in the
width direction (w = 500 nm > 233 nm). According to simulations and experimental results, a
“snake-like” bouncing mode appears (see Figure 60 in Sec. 111.2.2).
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11.2.1.3 Waveguide along z: Marcatili’'s method

For a strip, the electromagnetic field is confined in both x and y directions, there is no
analytical solution to the problem. To know the effective index, one can choose numerical
simulations or approximate analytical methods as the effective index method or Marcatili’s
method. We use the latter, introduced in 1969 [119], and later extended for high index
contrast materials in [120]. This method consists in a separation of variables x and y, i.e. to
consider 2 independent 1D slabs as in the paragraph before. So it neglects fields in the grey
corners as shown in Figure 29, assuming that fields are low there.

\
Z\Ly

Figure 29: Scheme of the rectangular waveguide and the zones used in Marcatili's method. It separates
the waveguide in five areas of distinct refractive index. Fields in grey areas are neglected.

nsg

In this case, since not all electromagnetic boundary conditions can be verified, one needs to
make several hypothesis on the fields. This is where the derived method we used diverged
from Marcatili’s original method. From an open-source MATLAB implementation of it [120],
we find the effective index for a 4, = 1.55 um light wave propagating in a rectangular
waveguide surrounded by air, with dimensions 0.5 um x 0.22 um, to be n,rr = 2.37 (Figure
30). For comparison bulk silicon’s refractive index is 3.47 at room temperature [118]. In other
words, in an intuitive fashion from the bouncing wave picture, when one confines the light
wave in the transverse direction in a smaller waveguide, its effective wavelength in the
propagation direction increases (effective wavelength A, = Ao /n.sr and phase velocity v =

¢/Nesr 8O UP).
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Figure 30: (a.) Plot of the effective refractive index versus the width of a 220 nm-thick SOl waveguide
via the Marcatili's method. Inset shows the waveguide architecture taken for this calculation, the
structure considered is a silicon waveguide (blue) lying on a silica substrate. Notably, if we take a 0.47
pm x 0.22 pm waveguide indicated by the red cross, the effective index is n,¢r = 2.33. The silica layer
was considered infinite in thickness to ease the calculation. The full stack features silicon under the 1
um silica layer which was neglected. (b.) Plot of the effective refractive index versus the wavelength in
a 220 nm-thick silicon waveguide of width 500 nm surrounded by air, via the Marcatili's method. Both
figures were done with help of the MATLAB code in [120].

On Figure 30, another dependency of the effective index is shown: the dependency on the
wavelength. Indeed, the intrinsic refractive index of silicon diminishes when the wavelength
increases. We will see in Figure 39 that this effect must be taken into account to predict the
wavelength of the optical cavity modes.

Due to the rectangular geometry, the light propagating in the waveguide has a fixed
polarization i.e. its electric and magnetic field remain aligned in one direction along the
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propagation. TE and TM modes are thus defined as transverse electric mode and transverse
magnetic mode. For example, Figure 31 shows the electric field map of a quasi-TE mode:
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Figure 31: (a) Analytical simulation of the each electromagnetic field component (in a.u.) ina 5 um x
0.22 um SOl waveguide represented by a plain black contour (b) Same scheme ina 0.47 um x 0.22 um
SOl waveguide. Both waveguides have the same stack structure as in Figure 30. Effective index in this
0.47 um x 0.22 um SOl waveguide is 2.3. This figure was done with help of the MATLAB code in [120].

One can observe that the E'y (and actually also Ez and Hx) component is negligible compared
to Ex as expected in a quasi-TE mode. One can observe in Figure 31b that the Ex component
of the optical mode in the 0.47 um wide guide is less confined than in the 5um width
waveguide in Figure 31a. Unlike metal waveguides, dielectric waveguides provide a loose
confinement of the field, this is actually what allows evanescent coupling to our device, as we
will see in next part 11.2.4.

Now that we introduced the effective refractive index and its dependencies, we will see what
happens when you loop a waveguide on itself to form a ring cavity.

[1.2.2 Curved waveguide: ring cavity

11.2.2.1 Geometrical approach

In terms of light guiding, a curved waveguide can be considered as a straight one (with the
same effective refractive index) if the effective wavelength is negligible over the radius of
curvature. The device we use has a radius of 10 um, to be compared with the effective
wavelength of the guided wave. As a reminder, in a 0.5 um x 0.22 um SOl waveguide, effective
refractive index is 2.37 giving us A, = 654 nm. We will hence consider that the Marcatili’s
method calculation of the effective index is still valid.
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Figure 32: Scheme of an optical ring cavity. For our structures, typically Ryy,; = 10 um and wyipg =
0.5 pm. What is not shown in this scheme is the case where the light bounces also on the inner limit
of the ring. The latter is shown in a simulation in Figure 60.

A waveguide looped on itself??2 forms a cavity. The condition for a harmonic wave to resonate
being that it constructively interferes with itself after one lap. This condition gives, for a ring
as in Figure 32:

mAy = 2nRng ¢ (Ag) (22)

2mRn, s being the optical path length. m being the azimuthal order of the mode?3. As most
of our structure are 0.5 um x 0.22 um ring section, leading to n.rr = 2.4 [120] for a quasi-TE
mode, with Ry, = 10 um (R = Rgyr — Wring/2) and with infra-red light 4o = 1.55 pm, we
find m = 95. Meaning that there are 2Zm = 190 field maxima all around the ring.

11.2.2.2 Electromagnetic approach

Performing a Finite Element Method (FEM) simulation, using Maxwell formulas and boundary
conditions, can be time consuming. To gain a significant amount of time, one can simplify the
3D ring problem to a 2D flat ring by taking an effective refractive index ngsf g1ap220nm for the
ring material. This new refractive index is the effective index of a silicon slab of thickness
220 nm sandwiched by two layers of air for a quasi-TE mode (electrical field mostly in the
plane of the ring). The result of such a simulation is given in Figure 33 for a 10 um-radius ring
of width w;.;,y = 0.5 pm.

22 A waveguide looped on itself is also called a “whispering gallery mode” waveguide similarly to
acoustic reflection along a concave surface. One can thus hear someone whisper more than 30-
meters apart as in the Saint-Paul cathedral in London. This has nothing to do with the two cups one
string apparatus.

2 1f we had considered wider rings, we would also have to take higher order radial guided modes
into account
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Figure 33: FEM (Finite Element Method) simulation of the electric field norm in a R = 10 um and
Wring = 0.5 um ring surrounded by air. The optical Whispering Gallery Mode (WGM) displayed is
TEm=99. This simulation is done with the Comsol software. Similar results can be found using the simple
online simulator “wgms” [121].

With the simulation, we find an m = 99, a result close to our precedent geometrical approach
givingm = 95.

[1.2.3 Intrinsic losses
If we imagine optical power circulating in the real ring-cavity made of silicon, it will experience
losses due to defects in silicon or non-perfection of the waveguide. We define a loss rate y;o¢
to quantify how much energy is lost over time and a loss coefficient a;,; to quantify how much
energy is lost over distance. We can thus write, assuming linear losses:

Egy(z,t) = Egy (0, t)e™%0t” and Egy(z,t) = Egy (2, 0)e Yeott (22)

Egy(z,t) being the electromagnetic energy circulating in the cavity (not to be mistaken with
the electromagnetic field).

To further differentiate the different independent loss channels n, each is attributed its own
parameters y,, and a,,. We hence write:

Aot = Zn An and Yior = Zn Yn (23)

The losses of a cavity are often quantified with their optical quality factor Q. It allows us to
link the time and space pictures through their associated quality factor:

_B _»
== (24)

B = kongsr being the effective propagation constant in the ring azimuthal direction.
Three optical loss channels were identified from earlier studies ([122], p. 75 in [123]):

e Curvature (or radiative) losses a,.,4
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The wave circulating in the cavity has an evanescent tail outside of the cavity. So due
to the curvature, the cavity is radiating to the outside tangentially to the disk: the
resonance mode is leaky or radiative. Those losses are independent of the fabrication
process and inherent to the structure. The losses decay exponentially when increasing
ring radius R as seen in an approximate analytical formula (22) (from formula 2624 in
[124],[125]).

w

2 2 _1(a
a, By Waxe—sz(ax—ﬂtanh 1(7"))

(04 d:<1_ ) e
e 2Rout 2 (1+ 2ax),8x +ax

(25)

Where w is the width of the waveguide, [ is the propagation constant in the
corresponding straight waveguide of same section. 5, and a, are defined in equation
(B-5) in Appendix B:. For example, the TE mode m = 40 ofa R = 5 um radius GaAs
disk has an associated, radiation limited, quality factor Q,-q4 = 10° (p. 76 in [123]). For
our Ryyr = 10 um, wying = 500 nm, ng; = 3.47, ng =1, nepp = 2.4 and 4y =
1.55 pm, we find a,4q = 4.5 X 1077 m™%, limiting the intrinsic quality factor to

Znneff
Qrad - Xo%rad

loss sources in our structures of R,,;; = 10 pm.

= 2 X 1013. We will see that those losses are negligible over the next

e Absorption losses a@1p4, @2p4
According to silicon’s energy bandgap of 1.14 eV [126], it is transparent for A, =
1.09 um. As silicon wafers fabrication has a well-controlled procedure nowadays, the
initial silicon layer has very little defects as impurities of crystalline defects. While
linear photon absorption a;p,4 is almost negligible, absorption still occurs as non-linear
two photon absorption (2PA) a,p4, Which is proportional to the power circulating in
the ring, i.e. the number of photons [127]. In crystalline bulk silicon at 1, = 1.55 um,
we have a negligible a;p4 = 107® m™~1 [128]. As a,p, depends on laser power in the
cavity which itself depends on the optical quality factor, one can express the quality

n
factor limit from which 2PA will dominate25: Qo 2p4 = T /M For a typical
- AoB2pAPin

injected laser power of P;, = 1 mW, we find Q¢ 2p4 = 145000, i.e. a azpy =
33 m~L. This being said, another absorption seems to appear on the surfaces of the

24 The sign in the last exponential had to be changed in order to retrieve the publication’s results
[124].
2> From reference [198], we have the 2PA loss value for silicon of f,p4 = 0.8 cm/GW. For a 0.5 um x

0.22 um waveguide section with a Pg;req = 0.13 W power circulating power as in our structures, we

. 0.8x1072x0.13x107° -1 Lo
find apa = B2paPstorea/Wringh = S Ex10-5x022%10=¢ = 9.4 m™". But as the Pg;,req Calculation is

dependent on the optical quality factor of the cavity (see Appendix I:), we can further write the 2PA
Znneff _ Znneffwn-ngh _ Znneffwn-nghnm

quality factor: Q;p4 = . Hence, the 2PA will dominate when

Aoa2pa AoB2pAPstored AoB2paPinQtot
Q; = Q4p4, assuming critical coupling (i.e. Q2p4 = 2Q¢0t). Leading us to the Q¢ from which 2PA will

. NeffWringhm
dominate: Qupp opg = m |[—LLT1IT
- AoBz2paPin
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waveguide (for example in GaAs structures in [122] and p. 57 in [127]). Indeed, it
appears that electronic mid-gap states appear in between the valence and conduction
band of silicon. Thus photons can be, linearly or not, absorbed in those regions,
bolstering absorption coefficients in small dimensions waveguides. This seems to be
the predominant loss factor in GaAs disks (p. 68 in [127])%.

This absorption leads to heating of the device, also triggering thermal effects as the
thermo-optic shift that is discussed in Sec. 11.2.7, or photo-thermal forces.

e Scattering losses &g, gn, @geom
Any obstacle in the light’s path will scatter it: from large anchoring arms (about 100 nm
in our structures) to surface roughness (about 1 nm) and lattice defects. The last effect
is neglected owing to the high quality of silicon wafers.

- Roughness scattering
Due to fabrication considerations (see Sec. I1.6), the roughness 0,5 is higher for
etched walls on the sides of the ring than its top and bottom surfaces. The Payne-Lacey
model accounts for these losses, giving an upper limit (choosing the exponential
autocorrelation function in [129]):

2
Grmsz koﬁx (nlz - n22)

2ny 1 +%ax

arough =

O-rmsz k03(7’l12 - neffz)(nl2 - n22) (26)

2n1 1 +%k0,/neff2 —nzz

This gives for our w = wy;ng = 0.5 um, ny = 3.47, n; = 1, nerp = 2.4 and with a
roughness g,,s = 1 nm, for 8, and a,, defined in Appendix B: and fora 4, = 1.55 um

. . PR 2
light wave propagating: @yo,, < 207 m™%, limiting Qroy, 0 Qrougn = Theff _
AoQrough
2 2.4
— T — 47 000.
1.55x10~6x207

This model gives a coarse approximation due to the roughness and the roughness
correlation that are not exactly known. To seek a more detailed analysis, the reader is
referred to [122].

- Geometrical scattering
The large anchoring arms or geometrical obstacles contribution is noted e, For

our structures, experiments will show (see Sec. I11.2.2) that the main loss source is the
2MNefr 2TX2.4 _
AQgeom  1.55%106x80000

scattering due to anchoring arms with about @geom =

%6 Free carrier absorption is also named in absorption studies, it was not considered here as it is
considered negligible over 2PA.
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121 m™?! (for 100 nm-wide anchoring arms in a 500 nm-wide ring waveguide)?’. Two
ways of improvement were tested in this thesis: shrink the spokes width and widen
the width of the ring waveguide to have a "bouncing mode" that avoids spokes (to see
this last phenomena, the reader can refer to Figure 60).

Table 3 resumes the different loss channels’ magnitudes.

Radiation Absorption Scattering
Loss channel
Arad a1pa O2pA Arough Tgeom
Loss coefficient(m) | 4.5 x 10~/ 10~° 33 <207 121
Quality factor 2 x 105 10+ 1.45x 10° |>4.7x10* 8x10*

Table 3: Different loss channels and their associated loss coefficient and quality factor.

To resume, in our Wg,, = 100 nm and w;;,, = 500 nm ring, geometrical scattering by the

spokes is the dominant optical loss source. But 2PA has nearly the same magnitude order, as

well as roughness losses of which only the upper bound is known. The different loss sources
states

are pictured in Figure 34.
VB
@ d. : ‘

Figure 34: Scheme of the different loss sources in ring cavities. (a.) Absorption as an energy level
scheme from p. 56 in [127]. (b.) Scattering due to roughness. (c.) Scattering due to anchoring arms and
tip. (d.) Losses through coupling.

d.

Mid-gap

Another source of losses arises from the waveguide used to inject and collect light in and from
the optical cavity. It is quantized by the extrinsic quality factor Q,. This coupling is a loss from
the cavity point of view but useful to extract sensing signal. We will see in next paragraphs
how to balance this loss source in particular.

27 Dispersion effect is neglected considering our laser’s spectral width (FWHM = 400 kHz [200])
negligible over our cavities’ one (FWHM = 3.1 GHz).
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[1.2.4 Evanescent coupling
The most used technique?® to inject light into a Whispering Gallery Resonator (WGR) to date
is to put an optical waveguide (a fiber taper for example) in the vicinity of the cavity (Figure
34d). To couple effectively, one can consider 2 aspects of the coupling problem: phase-
matching and critical coupling.

Phase-matching: coupling is best when fields of the waveguide’s guided mode and the
cavity’s guided mode overlap. As the cavity is a curved waveguide, its coupling
wavelength is larger when coupling from further (Figure 35). As a consequence, with
fixed guide and ring thickness, Wigper < Wying is required to ensure that the effective

wavelength of the waveguide mode is slightly longer than that of the cavity. This
condition can be set by numerical simulations with Lumerical or COMSOL softwares.
Previous calculations for thicknesses of 220 nm and a 10 um ring radius, aiming at an
effective index agreement between the straight guide and the curved guide led to:
Wring = 500 nm and Wigper = 475 0m Of Wyjpg = 750 nm and Wigper = 620 nm.
From this picture, one understands that for a thinner waveguide (i.e. with larger
effective wavelength), the phase matching condition will impose the waveguide to be
further apart from the cavity.

Figure 35: Scheme of a ring cavity (black circle) and its associated waveguide on the right. The electric
optical field is represented in red and blue. When the wavelengths in the ring and in the waveguide
matches, the phase matching condition is fulfilled. From p. 35 in [130].

Critical coupling: the waveguide in the vicinity of the cavity acts as an injector and

collector of light, with the same coupling factor in first approximation. To inject and
collect more light, one wants to approach the guide of the cavity. But if the collection
is too effective, it will act as a too strong loss for the cavity and thus lower its sensing
performance. As discussed in more details in the next paragraphs, a sweet spot (i.e.
critical coupling) has to be found, namely when losses due to coupling (i.e. extrinsic
losses) match the losses of the cavity (i.e. intrinsic losses). From this picture, one
understands that for a high intrinsic quality factor cavity (i.e. with low losses), the
critical coupling condition will impose the waveguide to be further apart from the

28 Other techniques, albeit less effective, were demonstrated as free-space grating coupling [201].
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cavity. As the evanescent fields decay exponentially with the distance, the gap distance
between the optical cavity and the waveguide is a crucial parameter. In practice, the
critical coupling is therefore sensitive to fabrication variability and difficult to predict.

In addition to the phenomena discussed above, fabrication proximity effects hinder the optical
performances when the waveguide is too close of the cavity. Typically, this happens for gaps
lower than 150 nm in our structures (see Sec lll. 2)).

In practice for single laboratory device (here opposed to integrated sensor devices), this is
mainly done through placing a fiber or a fiber taper laterally or vertically with respect to the
cavity [131][132]. For a more integrated and stable operation (in a sensing aim), monolithic
SOl waveguide (or taper) are used to assess the WGR. We used the latter as this thesis work
aims at creating consumables OM-AFM tips. Experimentally, having a mobile fiber allows one
to adjust the coupling distance whereas for monolithic structures, many devices are needed
to find the optimally coupled one. The straight waveguide coupling to the ring cavity is one of
some evanescent coupling configurations. One can cite the pulley coupling [133][134], ring-
ring coupling [14], straight waveguide-straight cavity [115] as seen in Figure 36. They can
provide achromatic coupling or more selectivity.

a(t)

"Shl
Yint Alaser
"y
Ve
X

Sout

Figure 36: Schemes and pictures of different evanescent coupling configurations. From top left [14] to
right p. 110 in [115] then to bottom left and right [134].

[1.2.5 Optical inputs/outputs: coupled mode theory (CMT)

To account for evanescent coupling between a ring and a waveguide, we will place ourselves
in the time (here opposed to “space”) coupled mode theory, which provides insights on the
optical cavity, in an analytical and intuitive fashion. This framework was extended to quantum
behavior as the “input-output” formalism [135]. We introduce the cavity field amplitude a(t)
as |a(t)|? = Estoreq, the electromagnetic energy stored within the cavity mode. If we now
consider that we inject light in the waveguide it will couple to the cavity with a coefficient y,.
The situation is depicted in Figure 37.
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Figure 37: Scheme presenting elements of the input/output formalism (or coupled mode theory)
applied to micro-rings. ¥, is the coupling rate with respect to time and y;,; is the loss rate associated
to the ring only with respects to time. We define Yot = Yint + Ye-

From temporal input-output point of view, the cavity is losing energy through y;,; losses and
gaining energy with the light coupled in. One can thus write, in laser rotating picture?? (similar
to equation 4 in [112], equation 2.13 in [136], in [137], from equation 7.28 in [138]):

da Vtot .

E = - ( 2 )a + i(Weay — Wigser)a + [ VeSin (27)
Where wgser — Weqpy 1S the detuning of the injected laser in regard to the cavity’s optical
resonance, P;,, = |s;,|? is the input power injected in the waveguide3? and i is the imaginary

number.

11.2.5.1 Reflection/ Transmission versus wavelength: lorentzian optical mode
From the equation above, one can retrieve the energy stored and the transmission of the
cavity in steady state (da/dt = 0):

Ve Pin

Estored(wlaser) = |a(wlaser)|2 = Yeot 2 (28)
(TO) + (wlaser - wcav)z

Which is lorentzian-shaped. Where P, = |s;,|?. @igser — Weqy 1S the detuning between the
laser and the cavity angular frequency.

The transmission of the cavity is then3?, assuming s,,: = Sin — +/ Ve @:
, 2
Sout (% - %) + (wcav - wlaser)z
T(wigser) = = (29)
laser S Y, Yi 2
m (78 + %t) + (wcav - wlaser)z

29 Replacing a in the original paper by ae®asert,
30 For coherence with literature, the s;,, notation was chosen. We consider ya homogenous to \/ys;,.
31 The opposite of reflection in p. 204 in [138]
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Which looks like a lorentzian (Figure 38).

1
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Figure 38: Transmission of a waveguide coupled to a cavity as in Figure 37. For this graph we chose
Yint = Ye i-€. the critical coupling condition.

From equation (29), one can extract the two values T(w.4,) and the full width at half
minimum (FWHm) Aw (calculation in Appendix H:).

Ye = Vint\*
T(wcav) = (Ve+—ymt) (30)
e int
Aw =Ye + Vine (31)

But depending on laser wavelength, many resonance modes of the cavity with different
azimuthal numbers can be observed. A wide transmission spectrum is depicted in Figure 39.

g’o.e— i) (7 FSJ(( (7 (7 ( 1
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Wavelength (um)

Figure 39: Transmission spectrum of one R = 10 um ring cavity. Each lorentzian drop is an optical
resonance of the ring, characterized by its azimuthal number m written on each resonance. m goes
down with rising wavelengths (as less wavelengths can fit in the cavity). The free spectral range (FSR)
is defined in Appendix K:. Its value is about 9 nm for our 10 um radius ring cavities of cross-section
0.5 um x 0.22 pum.

In practice, optical modes width is characterized by their quality factor, the narrowest the

resonance, the higher the opticaI quality factor. The total (or loaded) quality factor is then
. 1 ;
defined as — = Yintte — + —. For comparison sake, optical cavities are often described
Qtot Wo th e
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. L A7
with their finesse F = —2 — %ot
FSR,  m

number of laps a photon completes in the cavity before being emitted, absorbed, scattered

= 2ntNbyaps. Where Nbyg,s is the statistically-relevant

or coupled out of the cavity Nb;,,s = ———, T, being the time for a photon to complete a
0

Ytot X T
lap.

11.2.5.2 Over/under-coupled wavequide

As we will see in Figure 49, to have the best optomechanical transduction3?, one seeks for the
highest transmission versus wavelength slope, that is to say highest contrast C (as defined in
Figure 40) and narrowest width (i.e. highest Q,,.). From equation (29), one can see that the
only parameters that govern the lorentzian shape are y;,: and y,. One can show that the
highest slope is obtained close to y;,; = Y. named critical coupling®3, or in words when the
losses in the ring equal the losses due to coupling. To better grasp this fact, the influence of
the ratio ¥, /Yint ON the transmission and the optical resonance is depicted in Figure 40.

1 _ : : : _ 10
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Figure 40: Numerical plots illustrating the under-coupled (light orange) and over-coupled (plain red)
regimes. The curves are calculated from equation (29). The WGM resonance has a lorentzian profile.
The ratio ¥, /Yint successively takes the value from 0.1 to 10. C is the contrast of the mode. From p. 48
in [139].

One can see that, indeed, the highest slopes are obtained around ¥t = Ve.

From a sensing point of view, one wants to reach the lowest, and equal, ¥+ and y, (or the
highest and equal Q;,,; and Q.). In practice, the fabrication process or design chosen define
the intrinsic losses y;,,; for a given cavity. The gap distance (i.e. the distance between the cavity
and the waveguide) is adjusted in order for the extrinsic losses y, to match the intrinsic one
Yine3*. Indeed, the coupling losses vary exponentially with gap distance d g, (see Sec. 111.2.1).
For example to attain critical coupling, a Q;;,; = 100 000 cavity needs a wider gap distance

32 n the bad-cavity regime relevant to this thesis (f;, < Y¢ot)-

3 Theoretically, the maximum Qopt X C is actually obtained for an under-coupled contrast of 89%,
that is to say with y;;,; lightly superior to y,.

34 As the gap distance is fixed at the design definition, many device are fabricated, with the same
design but different coupling gap distances. This allows one of the probe to be critically coupled.
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than a Q;,+ = 10000 one. Typical coupling gap distances in our experiments vary from
100 nm to 300 nm.

[1.2.6 CW and CCW degeneracy lifting: mode splitting
When characterizing optical cavities with about Q;,; > 10 000, cavity mode splitting appears,
where each optical mode appears split in a doublet (Figure 41).
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Figure 41: Transmission spectrum of a Q¢ > 10 000 OM cavity of this thesis. Two drops are visible
separated by a few tens of picometers in wavelength, far below the FSR (about 10 nm). Q; and Q- are
defined for each drop from their respective full width at half minimum AA (FWHm).

The clockwise (CW) and counter-clockwise (CCW) propagating modes are not always
degenerated. This degeneration lifting phenomenon is due to non-perfect-symmetry of the
two paths arising from the spokes and tip scattering features of the ring [140]. Back scattering
occurs from one mode to the other and some of the optical power is reflected back in the ring
(p. 167 in [123]). To account for those two modes, one can use an updated Coupled Mode
Theory (CMT), taking into account a coupling rate between the two modes CW and CCW
(Figure 42).
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Figure 42: Scheme of the CMT updated with mode splitting. An exchange quality factor Q,, is defined
between the two contra-propagating modes CW and CCW. Similar scheme can be found in [141] or
p. 168 in [123].

The behavior of this optical resonance doublet is detailed in Sec. I11.2.4.
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I1.2.7 Thermo-optic shift/optical bi-stability
When injecting strong optical power in the ring (P;, > 10 uW), the optical resonance in
experiments appears not lorentzian anymore but rather a saw-tooth shaped drop (Figure 43).
This is at least true if acquiring an optical spectrum with a slow scan of the laser wavelength.
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Figure 43: Transmission (in black) of an OM ring when probing laser is swept in increasing wavelength.
It displays a saw-tooth-shaped, thermo-optic distortion of the cavity. The implicit optical resonance
drop is represented in colors for increasing temperature. When the laser is swept over a WGM at high
power, the temperature increase in the disk gradually red-shifts the WGM resonance. As a
consequence the WGM produces a triangular profile in the transmission spectrum. From p. 35in [139].

As optical absorption occurs, when light is injected in the cavity its temperature rises. The
greater the power injected in the cavity, the greater the temperature increase. As the
refractive index n.sr rises with temperature, the effective length of the cavity L.q, =
2mRn. s also increases, increasing the resonance wavelength3® (Figure 44). This thermal
effect gives rise to an optical bi-stability, revealed when the laser wavelength is swept upward
or downward.
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Figure 44: Scheme of the phenomena at play in the ring when laser wavelength is increased. This
process applies when the laser is blue-detuned (A; 4501 < Acqp) and swept towards larger wavelengths.
E; is the optical energy stored in the cavity, T its temperature, ng; its refractive index and A, its
resonance wavelength. In the end, there is an overall increase of 1.4, because E; increases more than
it diminishes. If the laser is red-detuned and swept towards smaller wavelengths, the process becomes
unstable.

%This phenomenon could also be explained by thermal expansion or AC Kerr effect. However in
silicon, they are negligible over the thermo-optic effect. Numbers are given in Appendix I:.
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In practice, for a transduction application one wants to keep power injected low to avoid this
effect. However, a cavity showing this thermo-optic behavior can be used as an OM probe,
given that this effect is slow enough compared to the mechanical resonance or with a small
enough magnitude. A majority of the results shown in this manuscript come from OM probe
showing this thermo-optic behavior, as high laser power is needed for a better mechanical to
optical transduction (see Sec. 111.4.1).

Now that we know how to address an optical cavity and what optical behavior to expect from
such a ring cavity, we will study the mechanical aspects of the cavity before introducing the
OM coupling.

I1.3 Mechanical resonator
In this part, we study the mechanical aspect of the cavity and how to exploititin an AFM probe
framework. Indeed, the rings used in this thesis work are free to move. The dimensions of
each ring define the mechanical resonance frequencies of the structure.

[1.3.1 Mechanical modes, AFM considerations
Resonance modes of the ring structure can be sorted in flexural out-of-plane and in-plane
modes (Figure 45). The modes used in optomechanical sensors are the most coupled to optics,
i.e. the ones that have largest influence on cavity length (see Sec. 1.4.1 and the g, factor).
One can highlight the out-of-plane flexural and in-plane breathing modes.

2 MHz-Flexural . 3 MHz-Breathing

Figure 45: Numerical simulations of mechanical resonances of ring of diameter @ = 20 um, of cross-
section 0.5 um x 0.22 um and with 100 nm wide spokes and tip. One can define an azimuthal order
which is the number of nodes of the resonance, i.e. the points of the ring that does not move, in dark
blue. (a.) A flexural mode of azimuthal order 4. (b.) An in-plane mode of azimuthal order one.

Among in-plane mechanical modes, radial breathing modes with azimuthal order around 9
were chosen for their high frequency, over 100 MHz (Figure 46). As a reminder, we look for
high-frequency mode as they induce a larger bandwidth of the probe.
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Figure 46: Numerical FEM simulation of a 132 MHz breathing mechanical resonance of a @ = 20 pm
ring of cross-section 0.5 um x 0.22 um and with 100 nm-wide spokes and tip. This mode has great
impact on the cavity length (i.e. great g, _,, see Sec. Il.4.1). An azimuthal order can be defined for this
mode: m =9, i.e. there are 9 displacement maxima on the ring. This simulation is done with the
COMSOL software.

The AFM application sought for these structures imposes the presence of a tip, for spatial
resolution, onto the ring. Two dispositions arise instinctively in order to avoid steric
cumbersoming (Figure 47). For fabrication reasons the in-plane option was preferred, as it
allows etching the tip and the ring in a single step. Furthermore, they are the most coupled to

optics.
\ l

-

Out-of-plane In-plane

Figure 47: Scheme of two possible optomechanical AFM probe structures, using two different
mechanical modes.

[1.3.2 Position of the tip relative to the spokes
To be more force-resolved, it is necessary to reduce the effective stiffness k¢ of the probe
at the tip location. The tip must therefore be placed at the maximum displacement of the

68



mechanical mode being excited3®, which is actually the lowest stiffness point. A variety of
different design and their simulated stiffness is summarized in Table 4.

kstatic

(N/m)

g. 0 6 750 500 500 118.6 2700 18
@ 90 6 750 500 500 1141 5 32
@ 60 6 750 500 500 118.1 43 934
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Table 4 : OM probe designs and their associated simulated mechanical modes and stiffness. The shades
of blue indicate the 3 design families in terms of ring, spokes and tip width. The static stiffness kg;q¢ic
is the stiffness considered when then probe is deformed in the quasi-static assumption. The effective
stiffness k. is the stiffness considered at the associated resonance frequency f,.

From an optical perspective, the presence of the tip in front of a spoke lowers the Q,p;
because it hinders the "bouncing mode" (see Sec. 111.2.2). From a mechanical perspective, the
presence of the tip in front of a spoke increases the static stiffness®’. This increase is welcome

36 Assuming the tip addition has a negligible impact on the mechanical mode.

%7 The static is not to be confused with the effective stiffness at resonance k.. The static stiffness is the stiffness
of the probes considered when the interaction forces vary slower than the first resonance of the resonator, that
is to say in the quasi-static approximation.
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as it limits the jump-to-contact phenomenon. In general, all configurations are mechanically
acceptable with a k.¢r in the kN range, except for the design presented in the first line of
Table 4.

Note: One could ask why disks were not considered in this manuscript. Looking at the
mechanical figure-of-merit 7y given in Sec. 1.3.4, one can see that the effective stiffness k. ¢
must be kept low. Thus a ring shaped cavity with k.sf ~ 10 KN/m (Table 4), was preferred
over a full disk with ks = 260 KN/m (p. 110 in [127]).

[1.3.3 Damped harmonic oscillator mass-spring model, losses
To simplify the whole ring, we turn the 3D mechanical problem in a 1D one. The whole ring
can be considered as a lumped mass-spring model via reduction in one point3%. We conserve
the amplitude vibration at the reduction point and the total energy of the resonator. As the
mechanical interaction with a sample will occur at the apex of the tip, this point is chosen for
reduction (Figure 48).
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Figure 48: Scheme of the lumped model simplification of the OM probe. This lumped model allows us
to work with the effective mass m,rr and effective stiffness k. parameters.

Neglecting the tip movement orthogonal to its direction, its displacement parameter z is
therefore introduced. From a damped harmonic oscillator picture, only excited by
temperature, one can write:

. wm . 2 _
meff Z+—2Z+ WmZ| = Fth (32)
Qm
Where m, is the effective mass (dependant on the mode and the reduction point, @, is the

quality factor of the mechanical resonance, w,, is the resonance pulsation with w,, =
VKefr/Mesr and Fyy, is the thermomechanical (or Langevin) force.

The motion damping (inversely proportional to Q,,) can occur through different channels
(p. 52 in [142]):

38 This picture is valid, for a given mode, as long as the oscillator stays in linear regime, that is to say
that vibrational amplitude must be negligible in front of the characteristic length of the structure (for
a ring we take the spoke width 100 nm), so 10 nm amplitudes. The reduction point position changes
the value of k.
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- Medium: viscous (friction) and acoustic (acoustic wave emission) damping in air and
liquids.

- Anchoring: mechanical wave is emitted in the substrate (this issue was addressed with
a mechanical shield for example in [143]).

- Material: damping due to lattice defects.

- Thermo-elastic damping: contracting parts of the structure heat up while extending
one cool down, leading to thermal dissipation.

For our structures, experiments shows that medium damping is the main damping channel in
air, limiting the quality factor to Q,,, ® 1 000. Under vacuum anchoring damping takes over,
limiting the quality factor to Q,, = 10 000.

Il.4 Optomechanical coupling, equations, resonance
The optical and mechanical resonator, that the ring structure consists in, are coupled through
different phenomena. The optical power injected in the optical cavity has an actuating effect,
through optical forces F,,;, on the mechanical resonator. The mechanical resonator in turn
modifies the cavity length, which modifies the power injected in the cavity and the overall
transmission of the device (Figure 49). This coupling allows one to retrieve mechanical
information on the optical signal.

a. b.
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Figure 49: lllustration of the optical read-out of the mechanical motion. (a) Scheme of the OM probe
and its associated waveguide. When the ring expands in a breathing fashion (green arrow), its optical
resonance wavelength A4, grows and thus, for a fixed-wavelength 4,44, laser is used, its transmission
is impacted. Note: the gap distance between the ring and the waveguide can be considered fixed as
the ring expands (typical values are dg4;,, = 150 nm and a mechanical resonance amplitude of 10 pm).
(b) Optical transmission spectrum associated with the scheme on the left hand side. One can note that
better sensitivity (more transmission variation relative to motion) is achieved with a steeper optical
resonance flank. That is to say with a higher Q,, (i.e. less optical losses) and contrast (i.e. critical
coupling to waveguide). One can also note that better sensitivity is achieved if the detuning according
to mechanical motion (in green) is greater. That is to say higher gpy-

We define two coupling factor gy and go_u respectively the optical resonance frequency
shift of fy (fo = c/Ay) versus mechanical displacement z: go.y = 9fy/0z (also named
frequency-pull parameter in literature) and the force applied on the resonator versus the
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dPg;
displayed in Figure 50, let us discuss the latter.

optical power stored in the ring go_y = . They include several physical phenomena as

Optical
power in
cavity

9o-m
- Electrostriction
- Radiation pressure
- Photo-thermal forces

dom
- Geometrical effect
- Photoelastic effect

Mechanical
motion

Figure 50: Scheme of the OM coupling highlighting the different phenomena at play.

I1.4.1 Optical sensing of the mechanical motion gy
The optical cavity length change with mechanics go.m = 9fy/ 0z is done through two
phenomena®:

- Photo-elasticity go.y pe: as the ring gets wider, it is strained and its refractive index
dfy . On
on " 0z
- Geometrical boundaries displacement g,y geo: as the ring gets wider (radius

changes and thus its optical length too. gpy pe =

increase) its physical length increases and thus its optical length too (Figure 49).

JoM pe = %" X %. Considering a simple mechanical breathing mode with azimuthal
order 1 (Figure 49), it comes goy = —fo/R [144] as the optical resonance frequency

is inversely proportional to the radius (equation (21)). Since we use a more
complicated mechanical mode (Figure 46), this value, as the photo-elastic one, is
numerically calculated with the COMSOL software.

The geometrical contribution is dominant in silicon rings, when the radius is above a few
micrometers ([145] and p. 100 in [146]). The FEM calculated values we found for our
mechanical modes were in the order of gy = —10 GHz/nm.*®Itis dependent on the chosen
reduction point for the lumped model. To get rid of this dependency, the g, is introduced in
literature. It is the gop normalized by the zero-point fluctuation (i.e. the quantum motion)
of the chosen reduction point z;pf.

9o = YGo«m X ZzpF (33)

39 Their complete formulas can be found p. 58 in [146].
* goem = —101% Hz/m is in optical frequency per displacement. Differently put, the coupling
coefficient is worth gpp = 80 fm/pm in optical resonance wavelength per motion.
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Where z;pr is given by Zzpp = \/W' hp being the Planck constant. Which gives us
go = 15 kHz. As a note the gy unit chosen in this manuscript is in optical frequency in
Hertz per mechanical displacement in meters, contrary to the literature where the optical
angular frequency is preferred.

I1.4.2 Optical actuation of the mechanical motion go_um
As actuation can occur through different phenomena, we will differentiate the respective OM
coupling factors in the next paragraph.

The optical forces at play in the resonator are (p. 30 in [123]):

- Electrostriction go_,u s : stemming from material polarization, stress is applied to the
material due to the electric field of the light. It acts in a similar fashion to piezoelectric
effect but is proportional to the squared electric field (so proportional to the optical
power). Bandwidth of this effect is limited by the time for which the power in the cavity

can change QL for Qope = 50 000, this gives 4 GHz.

opt

- Radiation pressure gg_y ,,*!: the photons communicate their momentum to the
waveguide they circulate in. In a simple particle picture, one can imagine the photons
bouncing and hence pushing the outer wall of the ring. This force is also proportional
to the optical power. Bandwidth of this effect is the same as electrostriction.

- Photo-thermal go_, ,:: photon absorption leads to heating of the material and thus
thermal expansion. In a micrometer structure (L = 1 pm), thermalisation time 74, is
typically worth a hundred of nanoseconds. It can be roughly calculated using t;, =
L?/a with a thermal diffusivity of silicon of @ = 1 cm?/s [147]. It is to note that this
coupling, as it is dissipative, is only from optics to mechanics so for excitation purpose
and not sensing of the mechanical motion. Thermal expansion factor of silicon is
Ath exp = 2.5 X 107% K~ at room temperature [148]. For a 10 um-radius ring and a
temperature rise AT = 1 K, assuming a breathing mechanical motion, deformation of
the cavity is: Z = ¢y exp RAT = 25 pm in steady state. Its magnitude will decrease
with increasing frequency modulation past a few tens of MHz, corresponding to
thermalization time.

Which force is the dominant one? This question is not definitely answered yet. In similar
devices in GaAs, photo-thermal forces were shown to dominate [149]. From experimental
considerations that are not shown in this manuscript, | personally conclude that the thermal
expansion effect (i.e. photo-thermal forces) is not actuating the ring. This lets two contenders
for the optical actuation phenomenon: electrostriction and radiation pressure. Radiation
pressure nearly always has a similar to greater impact than electrostriction in silicon
waveguides, depending on its dimensions*?. In a 0.5 um x 0.22 um waveguide, neglecting
orientation changes, the two forces approximately have the same value at B, =
5 pN/um/mW, analytically computed in [150], on the vertical walls of the waveguide. We can

1 As this force is extracted from the Maxwell Stress Tensor (MST), we consider that the optical
gradient force is merged in this radiation pressure denomination.
2 Interestingly, both can cancel out in certain materials [150].
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write go_m rp = Brp X 27R. This gives for our 10 um radius cavity go_m p = 3.1 X 1077 N/
W. Typical power modulation in our rings is about AP;,,.q = 50 mW#3, leading to an overall
AFopt = AF,g = AFy = goom rp X APstoreq = 16 nN. For a typical ring of k. = 40 kN/m

(reduced value at the location of the tip) and Q,, = 1 000 in air, those forces give rise to a

Az = AF,, X Im = 400 pm resonance. Values given in this paragraph are rough magnitude

Keff
orders as they are based on analytical values.

To resume, radiation pressure and electrostriction may be the main optical actuation
phenomena at frequencies over than 100 MHz, and they are expected to induce resonance
amplitudes of about 400 pm. But another integrated actuation was designed to actuate the
mechanical motion: the capacitive one.

I.4.3 Capacitive/electrostatic actuation of the mechanical motion
Even if optical actuation should work, and it does a fortiori, a more classic and well known
actuation was planned as a back-up: capacitive, or electrostatic actuation. As it provides an
optically-independent excitation, it allows to suppress possible cross-talk between actuation
and detection. In our OM probe design, it is provided via large electrodes that circle the ring
(Figure 51).

" Waveguide —¢

Figure 51: Colored SEM image of an OM probe. In blue are highlighted the conductive electrodes from
which is applied the voltage V.

The force between two surfaces of area S separated by a gap d with a voltage difference V
can be written:

= ——=—V2 (34)

To drive the vibration, one can modulates the voltage. The squared voltage allows one to
actuate using a modulation at either f;,, or f,,/2. Indeed, taking V = Vp; + V4€0s (Wpmoat),
we have:

3 power circulating in our rings is about 0.13 W (see Appendix I:), with an input modulation of about
30 %.
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€S Vac?
Felec = _# VDCZ + 2VDCVAC Cos(wmodt) + AZC (1 + cos (Zwmodt)) (35)
2
The f,,,/2 modulation thus gives forces on the order of F ;.. = — %VATC, which gives

Foec = 1.4nN fora S = 7 X 10712 m? electrode surface withad = 1 pm gap and a V. =
10 V electric potential. This force giving rise to a resonance amplitude of the order of A =

Fooc X Im _ 35 pm*4,
kerr

Compared to optical actuation, it can easily be raised by decreasing the capacitive gap d and
amplifying the exciting signal. To raise optical actuation magnitude, one would need a higher
laser power or a higher Q,,,;. However it induces more losses as it triggers non-linear effects
(see 2PA).

I1.4.4 Optomechanical coupling model
To better grasp how mechanical and optical resonators are interconnected, we inject the
optomechanical coefficients gp.p in the optical resonator equation and the mechanical
spring-mass model. Injecting the go. ) factor as a frequency shift in optical cavity and the
Jo-m factor as a force in the mechanical resonator, we find the coupled optical and
mechanical equations®:

. Ytot .
a=-— ( 20 )a + l(wlaser — Weqy t+ ZﬂgoeMZ)a + \ Ve P (36)
m Z'+w—mz'+wzz = lal?/T, 37
eff Qm m Yo-m 0 ( )

Where g is in Hz/m and assuming g,y is the sum of go_y rp and go_y es i N/W. Ty is
the time for a photon to complete a lap in the cavity in seconds, giving us Pgpreq = |a|?/T,.
In equation (37), thermomechanical forces were neglected for clarity. One can note that
higher order effects are neglected. To account more precisely for thermal effects, a third
coupled thermal equation was used in the literature (p. 18 in [127]), we chose to account for
thermal effects only in the g,_,), coefficient.

Note: Even in the framework of a ring coupled to a straight waveguide, many set-up
configurations allow exciting/retrieving mechanical motion via the optical signal. We used
optical power modulation upstream of the ring to excite its movement and electrical
demodulation downstream. Phase modulation can also be used for the read-out [151][152] in
a Pound-Drever-Hall (PDH) fashion, a priori improving the optical read-out bandwidth?.

The top part of the equation means that the cavity’s optical resonance wavelength varies with
the cavity motion as pictured in Figure 49.

4 Here, we assumed the Az X keff product is constant over the interaction surface.

4 \We consider the coupling factor fixed and in particular not dependent on the motion as the motion
up to 10 pm observed in our device is negligible over the coupling gap (distance between cavity and
waveguide) of more than 100 nm.

*® Considering the optical read-out bandwidth: fo,¢/Qope = ¢/A0Qopt-

75



11.4.4.1 Optical dynamical effects and feedback

As excitation and sensing are done through the same optomechanical transduction as shown
in Figure 50, the system can be considered a feedback system. Effects named optical
dynamical back-action [103][108], optical spring [153][154], side-band cooling [103][113] or
self-oscillation ([103] and p. 20 in [127]) may thus rise. These feedback effects significantly
appear when optical forces are large enough and delayed enough to be out of phase from the

. Jopt fopt

motion. In other words when f,,, =

or even gets superior f,,, > and when optical

opt opt
power in cavity is high enough*’. A simple explanation of the rise of these effects is given in
Figure 52 but they can also be explained in the frequency domain [155].
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Figure 52: Scheme explaining exciting and damping effects of optical back-action for blue and red
detuning using the swing picture. In the red-detuned regime, a cavity length increase induces a higher
power circulating in the cavity, z and F,,,; are thus in phase.

fopt

When Q,p; is so large that < fm, the optical forces accumulate a phase shift and their

opt
amplitude is lowered. Thus, their work change from “no effect” to “damping” in red-detuned
configuration or “exciting” in blue-detuned configuration. A quantitative calculation of the
retardation and amplitude are given for GaAs structures p. 46 in [123].

Quickly put, when the laser injected in the cavity is blue-detuned (i.e. 4;45er < Acqw), the OM
feedback effect increases the mechanical frequency (added optical spring) and amplifies the
motion. When the laser injected in the cavity is red-detuned (i.e. A 5er > Acqw), it decreases
the mechanical frequency (negative optical spring) and damps the motion (Figure 53).

7 In this case we consider that the delay (between optical forces and motion) is induced by the
optical quality factor of the cavity. This effect would also rise for an actuation delay for example
taking thermal expansion excitation with a time constant comparable to 1/f;,.
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Figure 53: Mechanical noise spectra varying the laser detuning to the optical cavity. (a) When the laser
is red-detuned*, i.e. when Ajgger > Acqu, the motion is damped and frequency is lowered, from the
black curve, detuning is increased. (b) When the laser is blue-detuned, i.e. when 4,450 < Acqp, the
motion is excited and frequency increases. Black curves have the same amplitude in both graphs. *blue
and red detuning refers to the visible light spectrum. From p. 201 in [110].

From an AFM, mechanical oscillator perspective, this phenomenon allows one to tune the Q,,
, and with a much lower amplitude the k¢, of an OM AFM probe.

This optomechanical effect, changing the mechanical frequency, is to be distinguished from
the temperature coefficient of frequency (TCF) effect. When laser light is injected and
absorbed in the ring, the ring heats up. This heating changes the materials’ Young modulus,
which changes the resonator’s overall k. s and induces a mechanical frequency shift. In silicon
resonators, this TCF is about: -30 ppm/K [156]. This negative value means that the frequency
will diminish with increasing temperature (induced by increasing laser power injected) and
acts thus opposite to the optical back-action effect seen above, as we work only in blue
detuning (see Sec. 11.4.4.1). From experimental characterization, we will observe that this last
effect is dominant over optical spring (see Figure 69 in Sec. 111.4.1).

1.5 Force sensing/Contact operation model and considerations
Now that the OM probe behavior is clear, how will it mechanically react when brought to
contact with a surface? Figure 54 displays what is expected from an OM probe. The
considerations presented in this part can be applied to any AFM probe.
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Figure 54: (a) Scheme of contact sensing by an OM probe. (b) Mechanical motion spectrum with no
interaction (dashed) and when interacting with the surface (plain). This figure represents a purely
elastic interaction, in reality, the resonance is damped and the peak appears flatter. The mechanical
frequency shift carries the information on the force gradient felt.

To predict its behavior, applying the simplest contact model of the ones introduced in Sec.
1.2.1, i.e. the spring plus viscous damping model (see Figure 120), to the damped harmonic
oscillator formula, we find:

Wy, 2 gO—)Mlalz .

— 7+ whz| =————— — ksZ — CrsZ (38)
Qm TO

Where k; is the tip-sample added spring with regards to the probe and c; is the viscous
damping coefficient associated with the contact. It can be re-written:

m[2+

. Wm  Cts) . kes
mz+(—+—)z+<w2 +—>Z]= ulal?/T 39
[ 0. m m T Jo-mlal®/Ty (39)
We understand that in contact, the mechanical resonance will appear as damped and with a
frequency shift: frequency increase for a repulsive force gradient and decrease for an
attractive force gradient. The frequency shift can be re-written, via a limited development
assuming ks < Kepp -

k k wmk
Awy = Why — Wy = Wy |1+ —2 —wmzwm<1+ ts)—wm= IS (40)
mw2,

Knowing the frequency shift, one can thus retrieve the force gradient added to contact:

2k 2k
ks = ﬂAwm = 22 Afm (41)

wm m

In a similar fashion, one can retrieve the viscous damping associated with contact reading the
new quality factor Q,,:

!

Qm Um m  Qm
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Note: To avoid near-field optical perturbations of the cavity when a sample is approached, the
tip needs to be longer than 3 characteristic decay lengths of the electrical field outside the
ring. Numerical simulations on Comsol software showed that for a tip longer than 3 um, the
losses induced by the tip presence do not depend anymore on its length, Q,,; being limited
by the width of it in a scattering manner.

Now that we understand by which mechanisms the optical signal actuates and senses the
mechanical motion and its perturbation by a sample, we will now see in the next section how
such a probe can be fabricated.

I1.6 Fabrication
The OM probes used in this thesis work were fabricated from SOI (silicon on insulator) wafers
at CEA-LETI and IEMN, | did not took part in the batch fabrication steps listed in this section
but rather in single device steps in Sec. IV.6.1. Two types of device were used:

- IEMN probes that were fabricated to obtain rapid preliminary results and verify the
chosen designs.

- CEA-LETI probes were fabricated on a longer timescale (about 1 year) but with fewer
uncertainties on the fabrication process, more OM probe designs and more integration
capability.

In the next paragraph, the CEA-LETI fabrication process is presented. As the fabrication
process is quite long with many steps, only the main steps are presented in the following.

- Step 0: SOl wafer

The process starts with a Silicon On Insulator (SOI) wafer of diameter 200 mm. The SOl is
a stack that consists of a crystalline silicon top layer (SiTop) of thickness 220 nm*® and of
orientation (100). This SiTop rests on a 1 um-thick silica layer: the Buried Oxide layer (BOx).
The BOx itself rests on the Bulk silicon substrate of thickness 700 um.

- Step 1: Grating couplers etching

First, a deep-UV photolithography forms the grating couplers. The grating couplers are
what allows one to inject and collect light in and from the wafer with optical fibers, this is
detailed in Sec. IV.6.2.

- Step 2: OM probe etching

Then, a variable shape beam (VSB) electronic lithography forms the rings and the spokes.
For the etching of the silicon rings, it is necessary that the roughness of the etched wall
remains low, in order to attain high optical quality factors (under a few nanometers to
reach Q,,; over 100 000).

- Step 3: Individual chips etching

The wafer is then covered with a SiO; encapsulation layer to protect the silicon structures.
It is cut to smaller wafers with a diameter of 3 inches for fabrication compatibility. Smaller

8 Actually, some wafer had a 400 nm top silicon layer.
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wafers are then etched using a Deep Reactive lon Etching (DRIE) Bosch process, allowing
a vertical cut, to form the AFM probe chip. This step is done at the IEMN, it is detailed in
Sec. IV.6.1).

- Step 4: OM probe liberation

Then the BOx is etched so that the OM probe is able to move. The BOx etching is actually
timed so that it frees the rings but spares the thinner pedestal allowing the ring to stand
on the substrate (Figure 55). Etching of SiO; is performed by vapor HF (wet HF can also be
used, as it is faster, but then a critical point drying is needed to prevent the rings sticking
to the substrate).

- Step 5: Optical fibers gluing

Last, to optically address the OM probe, optical fibers are glued on top of the chip. This is
detailed in Sec. IV.6.2.
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Figure 55: (a.) Scheme of the simplified fabrication process of an OM probe in a profile view. The
fabrication steps are highlighted in green. (b.) Pictures of a wafer after step 4. The wafer has a diameter
of 3” (or 7.62 cm). From top to bottom, the next picture features 3 OM probe chips. They still need to
be detached from the “lace” wafer. The next two pictures are zoomed on the end of a chip in order to
see the OM probe. The bottom picture is actually a photomontage as obtaining a protruding tip is still
under developments (see Sec. IV.6.1). From top to bottom, the scale bars are respectively 1.6 mm,
130 um and 20 um long.
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II.7 Optomechanical figure-of-merit: towards the ideal OM probe

As in Sec. I.3.4, where a mechanical figure of merit was introduced (as a reminder it was
BW/k¢s 10q4), we define this time an optical and an OM figure-of-merit. As the motion is
detected by the mechanically moving flank of the optical resonance, we want the more optical
resonance displacement for a given displacement. That is to say the highest gy . To have
the highest transmission change, one needs the highest optical resonance slope. That is to say
the highest quality cavity Q,,; and the highest coupling contrast C (see Appendix H:). Lastly,
we want the highest signal to be detected by the photodiode so the lowest injection loss*
L,ss in the OM device. This gives us the optical figure-of-merit:

gO@MQoptC

LOSS

ﬁpt = (43)

Multiplying this last optical figure-of-merit with the mechanical one in Sec. 1.3.4, we find a
figure-of-merit for dynamic AFM application of OM probes _7owm:

GomQoptC % Afn31/2

LOSS 1/ kaeff

Som = (44)

In this chapter we defined the theoretical frame of the OM coupling. We introduced important
parameters as the effective index n,rr, the optomechanical detection factor g, p, the probe
optical quality factor Q,,,, its contrast C and finally the frequency shift when in contact Af;,.
We seek to maximize the last four parameters to obtain the best OM probe performances. In
the next chapter, and before AFM application, different designs of OM probes and set-ups are
characterized to find optimal ones that maximize those parameters.

9 Injection loss is the overall loss of optical power in the device. It includes coupling losses to the
silicon chip and waveguide losses within it.
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lll. Characterization of the optomechanical probe: set-up and

performances

The expected behavior of optomechanical (OM) probes, from optics to mechanics, their
coupling and lastly to contact sensing was described in the last chapter. In this one, we verify
the expected behavior, comparing experimental characterizations to theoretical expectations.
The OM probe optical and mechanical performances dependency on design and set-up is
discussed according to characterization results.

Optical characterizations:

- The Coupled Mode Theory (CMT) is verified and its limits are discussed;

- The optical losses of the OM probe are quantified according to its design and the
limiting loss mechanism is identified;

- Studying in details the doublet mode (CW and CCW), a new phenomenon is described:
the super-mode.

Mechanical characterizations:

- Calibration of the motion is discussed and verified;

- Noise sources are investigated;

- 5driving and sensing techniques are studied to get rid of background signal;
- Mechanical bandwidth of the probe is experimentally verified.

This chapter starts with the description of the set-up used for the characterization and then
presents the characterization results obtained on different OM probes.

I1l.1 Optical characterization set-up
To assess optical performance of an OM probe, one needs a laser to inject light in the cavity
and a photodiode to detect light exiting, carrying the mechanical information. A scheme of
the typical set-up is shown in Figure 56. A polarization controller is present upstream of the
probe to ensure the injected light has the polarization needed to be coupled in the ring. As
the probe is on a silicon chip, light is injected from the laser via fibers either from the edge of
the chip or the top. The end-user device have glued fibers on the top of the chip (device
fabricated by the CEA-LETI) but for earlier device with cleaved facets, edge injection was used
as no grating coupler was present (device fabricated by the IEMN) as can be seen in Figure 56.
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Figure 56: Simple experimental set-up to assess an optomechanical (OM) probe's optical
performances. In red is the optical signal. PC: Polarization Controller, PD: Photodiode.

Protocol: First, one aligns the fibers in front of the waveguides®® (edge injection) or grating
coupler (top injection) in order to maximize the optical transmission. Then the polarization is
varied to match the one of the waveguide, thus maximizing transmission. Looking at the
transmission spectrum (Figure 57), one then chooses the best optical mode, that is to say the
one with the highest slope (highest contrast times highest Q,,.) and the highest transmitted
power. To assess the mechanical behavior of the resonator, one then needs to place the laser
close to the optical cavity resonance (in terms of wavelength), preferably in the blue-detuned
regime if thermo-optic shift is present>'.
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Figure 57: Optical transmission spectrum of an OM probe. (Left) The dashed red line is a Gaussian fit
of the transmission, this Gaussian shape is characteristic of grating couplers. The optical resonances
are marked with red arrows. (Right) Close-up of one optical resonance. One can extract the full width
at half minimum (FWHm) AA = 22 pm and the contrast C = 42 %.

In Figure 57, the transmission appears noisy but when zooming one can observe oscillations.
Those are due to the coupling to the optical fiber: a cavity appears between the fiber and chip
causing this Fabry-Pérot effect (see Appendix G:). Comparing the optical resonance of this OM
probe, namely its contrast C = 42 % and width AA = 22 pm, with other device having
different waveguide-ring distance, we conclude that this OM probe was evanescently under-

%0 As a note, the first alighment can be rather long but as a result, it is rewarding.
51 n this thesis work, the laser was always blue-detuned as thermo-optic effect was always there for
mW laser powers.

84



coupled (see Figure 40). This transmission spectrum also verifies our assumption that the
cavity is monomode as only azimuthal orders modes are seen (modes are evenly spaced). As
a note, OM probe designs with a high enough optical quality factor unlike the one
characterized here, the two degenerated CW and CCW modes can be resolved.

I11.2 Optical performances study
A systematic study of hundreds of OM device was performed>? [157], enabling us to quantify
the coupled-mode theory (CMT) and to evaluate the main optical loss source according to
design dimensions.

[11.2.1 Gap length influence on coupling
First we compared same-design device with varying gap distance d ), (Figure 58a). From the
transmission spectra, intrinsic and extrinsic quality factors (stemming from the FWHm A4 and
the contrast C, see Appendix H:) were extracted from each mode by fitting the transmission
equation (29). Each optical mode dependency over gap distance was then analyzed separately
by categorizing them by azimuthal order, i.e. wavelength.
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Figure 58: (a) Scheme of an OM probe highlighting important design dimensions. (b) Plot of the intrinsic
Q;nt and extrinsic Q, quality factors for 2 different OM probes sets (green and pink) with varying gap
distance d g, (defined in (a)). As expected, the extrinsic quality factors decreases with decreasing gap
distance, as the ring is more coupled to the waveguide. Where the line cross (Q, = Q;n;) is the critical
coupling, for our structure about 140 nm. One can observe that the extrinsic quality factor varies
exponentially with gap distance. Actually, an incertitude on whetheritis Q, or Q;,; remains, depending
on the coupling regime chosen (see Appendix H:).

52 The optical caracterisations presented in this part are extracted from experiments conducted in
CEA-LETI under automatic prober by Olivier Lemmonier and Philippe Grosse, then treated by
Alexandre Fafin and Pierre Allain. It is important to note that these OM probes still have their Buried
Oxide (BOx) layer, therefore changing the coupling and optical propagation in comparison with OM
probes released in air.
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We find an exponential dependency of the extrinsic quality factor over the gap distance
(Figure 58b), understood as the evanescent optical field outside the waveguide and the cavity.
The critical coupling Q. = Qi is reached for dgq, = 140 nm. As a reminder, the critical
coupling allows one to obtain the highest slope and thus the best optomechanical
transduction.

However, in a more precise discussion on the limits of our CMT, our picture of a constant
intrinsic quality factor cannot fully account for experiments. Indeed for small gaps (under 150
nm), we experimentally observed that some expected over-coupled modes displayed a full
contrast, and thus were in the critical coupling regime. This behavior can be explained by a
lowering of the intrinsic quality factors when the optical cavity is brought too close of the
waveguide. We attribute this intrinsic quality factor decrease to two effects:

- Etch proximity effects: when small designs, in the 100 nm range, are patterned in the
silicon layer via VSB lithography, distortions can appear in the geometries.

- Coupling proximity effects: the proximity of the waveguide disturbs (losses/coupling
to other modes) optical cavity modes.

To overcome those proximity effects, one can decrease the waveguide and/or ring width to
allow further coupling gap distances. Indeed, as seen in Figure 31 in Sec. 11.2.1.3, the
evanescent field extends further away when the width decreases. The former waveguide
reduction might be more appropriate as decreasing the ring width tends to decrease the
intrinsic quality factor which induces closer coupling distances.

As a consequence the effective highest slope, i.e. the maximum Q,,,; X C, is obtained in under-
coupled regime. Experimentally, the maximum Q,,; X C is approximately reached for a
contrast of about 50 % (and not 89 % as predicted by CMT). For typical designs used in this
thesis work (Wy.j,g = 500 NM, Wgpores = 100 nm, wy;, = 100 nm displaying Qi = 80 000) we
obtained maximum Q,,; X C products for gaps between 100 nm and 200 nm but for contrasts
about 50 % (see Appendix A:).

[11.2.2 Spokes and tip width scattering effect
To quantify the scattering losses according to the width of the spokes, intrinsic and extrinsic
quality factors of optical modes of OM probes with different spokes widths were compared.
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Figure 59: Optical intrinsic and extrinsic quality factors of different designs OM probes as a function of
the gap distance. Each square represents an OM probe. The thinner the spokes, the higher the intrinsic
quality factors.

The larger the tip and spokes, the more disruptive they are to the whispering gallery mode
(WGM) through scattering losses. For wy.;,, = 500 nm, the spokes width limit the Q;,; from
50 nm onwards (Figure 59). But the scattering losses also depend on another design
parameter: the ring width. For another dataset not shown here with w;;,, = 750 nm, the
spokes limit the Q;;,; for widths of 100 nm and above. For a given spoke width, the spokes
induce less losses for wide rings than for thinner rings. This discrepancy highlights the
bouncing mode behavior (Figure 60).
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1552 nm
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0

Figure 60: Optical simulation of a 10 um-radius OM probe. The cross-section of the waveguide is
0.22 um x 0.75 pm and the spokes width is 500 nm. As the waveguide width is far over the single-mode
width (233 nm), it displays a snake-like bouncing behavior, which allows the optical mode to avoid the
spokes perturbation. Scale bar: 2 um.
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Indeed, as Wypg = 750 nm is far superior to the monomode condition (hpmonomode =
233 nm), the mode can distort in a bouncing fashion. It thus avoids the spokes, leading to less
scattering and higher Q;;,;. Actually the monomode condition hy,pnomode = 233 nm applies
to a slab. For a 220 nm thick waveguide, the monomode condition on the width is about
Wring = 400 nm.

[11.2.3 Losses beyond scattering, roughness or absorption?

From Figure 59, one can also extract the geometric scattering losses due to the spokes

_ 2Mess
ageom -

Ao Qint For ws,, = 100 nm, the intrinsic quality factor is Q;,; = 15 000, leading to

Ageom = 629 m~1. For Wspr = 50 nm, the intrinsic quality factor is Q;,,; = 85 000, leading to
Ageom = 111 m~1. This last value is similar to the upper bound of roughness losses value
Arougn < 207 m~1, for a roughness g,,,s = 1 nm (see Sec. 11.2.3). This last comparison
indicates that for small enough spokes, we could reach the roughness limitation. As a note,
the 2PA limit is worth a,p4 = 33 m™1 for 1 mW injected powers (see Sec. I1.2.3), still negligible
over scattering.

For a micro-disk cavity fabricated by the same laboratory (CEA-LETI), the intrinsic quality factor
goes up to Q;,; = 10° [158]. This limitation was attributed to the roughness of the flanks.
Hypothetically, for a ring without spokes, we thus expect a roughness limit Q;,; = 500 000
(doubling of the rough surface with the inner face, assuming roughness limitation). This gives
a loss constant @,y gn = 19 m™1. The losses observed experimentally on our silicon rings do

-1

not go below 111 m™", a value that we thus still attribute to geometrical scattering occurring

at anchoring spokes.

[11.2.4 Study of doublet mode quality factor discrepancy due to symmetry
When Q;,,; is high enough (in the order of 10* for our structures), one can discriminate the
co-existing clockwise (CW) and counter-clockwise (CCW) modes [159] in the structure (Figure
61). Those two propagating modes constructively interfere with themselves into 2 stationary
modes. They are characterized by their own intrinsic Q-factor Q;; and Q;, and form a doublet
in the transmission spectrum.

cw(t) ‘ "

%

Yint1

-

Scattering
point

accw (t) ‘ Syt

Figure 61: Scheme of the evanescent coupling of an OM probe when back scattering is taken into
account, inducing a counter clockwise (CCW) mode to appear. This is the same scheme as in Figure 42.
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We found that each 3 optical modes, one mode of the doublet as a higher quality factor than
the other (Figure 62a).

a.

Optical transmission (a.u.)

1550 1560 1570 1580 1590 1600 1610
Wavelength (nm)

Figure 62 : (a) Optical spectrum of 2 different probes with 100 nm (top) and 200 nm (bottom) wide
spokes. One can observe the doublet for each optical resonance and a discrepancy each 3 resonance.
Those discrepancies are attributed to optical modes with azimuthal order multiples of 3. As can be
seen on scheme (b), when the azimuthal order is a multiple of 3, one mode can exist with fields maxima
out of the scattering regions. (c) FEM optical simulation of an OM probe featuring an optical mode of
azimuthal order m = 93. For a zoom on the doublet, one can reach Figure 41 in page 61.

We actually reach a discrepancy as high as 2.3 between the two Q;; and Q;, (Figure 63a). We
attribute this phenomenon to the configuration of the 3 anchoring spokes: an unbalance
appears for the two modes of the doublet, assuming their mode profile is not the same.
Indeed, when the azimuthal order m is a multiple of 3, for one mode of the doublet, the optical
energy density is minimal at the intersection of the spoke and the ring. It thus is less scattered
by the spokes (Figure 62b). For the other mode of the doublet, assuming a quarter-wavelength
shifted mode profile, the energy density is maximal at the spokes inducing ample scattering.
Those “super-modes” with m multiple of 3 are preferred to operate the mechanical
resonators since their Q;,+ are the highest in this study (more than twice the average value)
and thus offer a better transduction.

As a note, this phenomenon is only observable for spokes thin enough, under half of the

. A
effective wavelength wyp, < —"— = 323 nm.
Zneff

This super-mode allows one to know each optical mode’s azimuthal order (Figure 63).
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Figure 63: (a) Intrinsic quality factors discrepancy for 9 OM probes. On each probe, 6 optical modes
are monitored. (b) Wavelength of optical modes given their azimuthal order and using equation (21).
Each point is an optical mode. The effective index is varied, grey points are calculated with n,¢r =
2.34, orange ones with n.sr = 2.33, and blue ones with n.sr = 2.32, those values being evaluated
for a wavelength of 1.6 um. One can retrieve the azimuthal order of those modes with their
wavelength as they are multiples of 3. The radius could also be varied to match the wavelength.
However, it is well known with a 10 nm precision, insufficient to fit the modes. The effective index was
thus varied to find the exact index of the OM probes. We find a 2.34 experimental effective index.

Thus one can estimate the exact value of the experimental effective index, here evaluated at
Nerr(1.6 um) = 2.34. This value is similar to the one calculated in Figure 30b:
neff(1.6 um) = 2.33, verifying the effective index estimation via Marcatili’s method.

Now that optical characterization have been thoroughly discussed, the mechanical
characterization is discussed.

I11.3 Mechanical motion calibration with Brownian motion
To quantify the amplitude of the mechanical motion of the OM probe, we relied on two
techniques: calibration using the acquisition chain gains and calibration with the Brownian (or
thermomechanical) motion. The former is detailed in Appendix E:. The latter is discussed here.

Even when no coherent drive is applied to the probe, it experiences thermal bath excitation
or Langevin forces. The induced thermomechanical motion is amplified by the mechanical
resonance.

On the one hand, as this phenomenon is non-coherent, it is a noise and limits the lowest
motion detectable at room temperature. On the other hand, it provides a handy method to
calibrate the motion detection. The equipartition theorem (equation 2 in p. 64 in [160])
applied to the potential energy of a mass-spring system gives us:

1 1
Ek<zth2) = EkBT (45)

Where k is the spring’s stiffness, z;, the thermally-excited motion of the mass, ( ) the
temporal average, kg Boltzmann’s constant and T the temperature.

One can therefore find the root mean square amplitude A;;, of thermomechanical motion

(Ath = (Zth2>)1
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Ath = (46)

This is the broadband value of the motion in meters, one can show (details in Appendix D:)
that the motion’s resonance spectrum looks like (neglecting other resonances):

4kBT(Um
NAy(w) = PR (47)
MefrQm |(WEH — w?)? + (wﬁ) ]
NA,(w) being in m/vVHz.
Evaluated at the mechanical resonance w,,, we have:

This last formula is used to fit the mechanical noise signal, adding a noise floor to account for
the most important flat noise source (either photodiode, laser, shot noise, see in next part).

As a note, this calibration method uses the FEM calculated stiffness of the probe k. ¢ ¢, inducing
uncertainty. This is unusual in AFM as sensitivity is often estimated first and then stiffness is
estimated from thermal noise. Our method is closer to another AFM calibration where the
stiffness is first estimated from the Sader method [161] and then the sensitivity is estimated
from thermal noise.

Figure 64 presents a typical thermomechanical noise measurement set-up and its associated
data in Figure 65.

Transmission

Al:mer
DC o
3
Tunable 000 . D= Bias) AC_ |2 ‘A
laser PC /| \ % Tee ! §
ALaser ‘/_.A&\\ ) PD fi >
N4 m

Spectrum analyser

Silicon chip

Figure 64: Experimental set-up to assess the thermomechanical motion of an OM probe. The green
arrow represents the small thermally excited motion of the probe.
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Figure 65: Thermomechanical motion of an OM probe in air. The value of the maximum is calibrated
at 8 x 10716 m/\/m given by equation (48), using a k.rr = 40 kN/m given by FEM simulation. In
dashed black is the fitted equation (47) with a noise floor of 4.5 X 10~'"m/+/Hz and a Q,,, = 1330.
More than that, the transmission signal, when transducted back to meters through the acquisition
chain is in agreement with the theory via a 1.7 multiplication factor (see details in Appendix E:). This
last agreement verifies the FEM g, calculation. The OM probe used for this measure is a SO9B OM
probe with a 10 um radius, a 0.5 um x 0.22 um cross-section, 100 nm wide spokes and tip and a 2.5
pum pedestal diameter.

The thermomechanical motion is detected with a noise floor of 4.5 x 10~'”m/+/Hz. This value
is comparative to state of the art GaAs disk [162], 2 orders of magnitude better than silicon
disk in [163] and 3 orders of magnitude better than silicon disk in p. 126 in [164]°3. It is limited
by electrical thermal noise but highly dependent on the chosen laser power as detailed in next
part.

All the graphs of this manuscript, in meter amplitude, are calibrated with this method.

1.4 Noise/Stability
In this part we characterize the stability and noise of the instruments and of the OM probe
itself, ignoring contact stability considerations (tip to surface) that we let for later. Having the
OM-AFM goal in mind, the best force sensitivity and stability are required to image without
damaging the sample and without distortions. We will identify the limiting device of our
detection chain in noise operation and driven operation and the best operation point in laser
power.

[11.4.1 Detection noise
We compare how each instrument (Figure 66) contributes to the overall noise (shot noise,
thermal noise, relative intensity noise, etc.) and compare it to experimental detection noise

53 |f the experimental detection noise is below the detected noise (which therefore is the
thermomechanical noise), this value is highly dependent on the effective stiffness and thus the
lumped model point. It is thus also highly dependent on the mechanical mode chosen.
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values. A calculated graph then resumes each noise contribution. The experimental set-up is
presented in Figure 66.

P=2mwW P =170 yW

3
S
Tunable ‘ (a5, ] ‘ LNA Amp. =]
laser 23.5dB 20.8dB kS
‘ fm
Spectrum analyser
RIN = 145 dB/Hz NEP =4.5x10"W/VHz  NFy, = 2,98 dB

Figure 66: Scheme of the experimental set-up used for noise verifications. The variable attenuator is
set to match the transmission of an OM probe, that is -11 dB (-4 dB per grating coupler plus the
injection in the optical mode -3dB). LNA: Low noise amplifier.

In a similar fashion to what is described p. 94 in [164], each instrument is put ON from the last
one to the first one (Figure 66). Figure 67 presents the last step of this procedure.
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Figure 67: Power spectrum analysis of the detection chain. When the laser is ON, the initial noise floor
(in blue) goes up (in orange). The dashed line is placed at 130 MHz, there the laser noise is 2 dB over
the post-photodiode amplifier’s noise. The laser is thus not the main noise source but 1 dB under the
noise coming from the amplifiers. This data was acquired with a 10 kHz bandwidth, point-averaged 16
times and was smoothed for better readability with a 5 points moving average. The experimental value
at 130 MHz (around the mechanical frequency) are —125.2 without and —123 dBm/Hz with the laser
ON.

The first noise to surpass the spectrum analyzer’s one is the amplified electrical thermal noise
(blue curve in Figure 67). Then the photodiode adds no noise. Finally, we observe that the
detected noise when laser is ON is higher of 2.2 dB (orange curve in Figure 67) over the
amplified electrical thermal noise. From now we quantify each noise source. In this section
and only in this section, we will consider the transmitted laser power P e
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We studied 5 noise sources>*:

- Electrical thermal noise before the LNA (Johnson)
- Laser relative intensity noise (RIN)

- Laser shot noise

- PD noise-equivalent power (NEP)

- PD current shot noise (Schottky)

11.4.1.1 Thermal noise (Johnson)

When the laser is OFF, the detection noise at 130 MHz is limited by the thermal noise of the
PD current in our setup. The thermal agitation of the electrons provides a noise floor that is
amplified by the LNA. Its value is given by S;jermar = kgT- For a 20°C temperature, it yields
Stnerm = 4.0 X 10721 W/Hz (or -174 dBm integrated on a 1 Hz BW). Here we talk of
electrical Watts.

The power spectrum read by the spectrum analyzer Siperm  amp takes the amplification into
account:

Sthermal_amp = SLNAout_dB + Gamp. = Sthermat + Gina + NFyya + Gamp. (49)

Where S;n4 oyt is the output of the LNA, Siperm  isin dB, Giyg and Gy, respectively are
the LNA and the second amplifier gains in decibels and NF is the noise factor of the LNA. Here
the noise factor of the 2" amplifier is not considered as the amplified noise of the first is well
above the thermal noise at the 2" amplifier input. Using values of Figure 66, it comes
Stherm _amp = —126.7 dBm/Hz.

111.4.1.2 Laser relative intensity noise (RIN)
The Laser power-spectral-density noise S;,c., [W?/Hz], here talking of optical watts, is given
by the RIN:

—RIN
Slaser(Plaser) = Plaser2 X 10 10 (50)

From our laser (see C.1.1 in Appendix C:), the RIN at 100 MHz is 145 dB/Hz.

The laser power spectral density of the laser is transduced to electrical power spectral density
Siaser pp [W/Hz] by the PD through its responsivity R,g, [A/W]:

Slaser_PD (Plaser) = Slaser(Plaser) X Resp2 Xr (51)
With r = 50 Q being the photodiode output impedance.

The power readout by the spectrum analyzer S;yser after pp_amp [dBmM/Hz] is amplified by an
exact 44.3 dB amplification (see Figure 66), giving at last:

Slaser_PD_amp (Plaser) = 1010g (Slaser_PD (Plaser)) + 30 + GLNA + Gamp. (52)

5 And neglected laser wavelength fluctuations, light polarization fluctuations and EOM fluctuations.
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111.4.1.3 Laser shot noise
The laser optical shot noise S, [W?/Hz], due to particle behavior of light, is given by:

ZhPCPl
Sshot(Plaser) = 2hPflaserPlaser =—=2 (53)

Alaser

Where hp is the Planck constant and A4, the laser wavelength.

The amplified noise on the spectrum analyzer is similarly in [dBm/Hz]:

Sshot_PD_amp (Plaser) = 1010g(55hot(Plaser)Respzr) + 30 + GLNA + Gamp. (54)

I11.4.1.4 PD NEP noise

The noise equivalent power our PD, given by the manufactureris NEP = 4.5 x 10~1> W/v/Hz
in optical Watts, this gives a flat output noise Spp ygp Of, in W/Hz:

Snep = NEP? X Roep® X1 (55)

The calculated value Sygp = 1.0 X 10727 W/Hz (or -193 dBm integrated on a 1 Hz BW) is
negligible over the other contributions and in particular over Johnson noise at -174 dBm.

111.4.1.5 PD shot noise (Schottky)
The electrical shot noise Sscpottiy [W/Hz], due to electrons, is given by:

Sschottky(I) =17 X2 X e X1 (56)

Where r is the PD output impedance r = 50 (, e is the electron charge and I is the PD output
current, proportional to laser power I = R, Pigser-

The amplified noise on the spectrum analyzer is similarly in [dBm/Hz]:

SSchottky_amp (Plaser ) = 10108(2reRespPlaser) + 30 + GLNA + Gamp. (57)

If we plot all those noises versus laser power coming onto the photodiode we find:
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Figure 68: Graph of the calculated noise sources of the detection set-up according to laser transmitted
power (power read on the photodiode, not the injected laser power). The noise is calculated at the
spectrum analyzer input. For low laser powers, thermal noise after the photodiode is the limiting noise.
However for higher laser powers (>150 uW), the relative intensity noise of the laser takes over. For the
Brownian signal calculation, a ks = 40 kN/m probe was chosen with f,,, = 130 MHz, Q,,, = 1000,
Joem = 7.7 GHz/nm, Appy = 1.55 um, € = 50 %, @, = 38750. Its formula can be found in equation
(59).

From Figure 68, we find that the electrical thermal noise (blue curve) dominates for low laser
power and then the RIN (purple curve) takes over around 225 pW. Assuming the device’s
transmissionis —11 dB and the injected laser power 2 mW, typical values used in experiments,
our operating point is 170 uW where thermal noise dominates. At 150 uW (the value chosen
in Figure 67), the total laser OFF and total laser ON signals are worth respectively -125.4 dBm
and -123 dBm, in agreement with the experiment at —125.2 dBm and —123 dBm. The small
discrepancy (0.2 dB) can be caused by temperature rise, higher amplifier gains, a LNA higher
noise factor and spectrum analyzer noise around -145 dBm.

This detection noise is to be compared with what we want to detect: motion of the probe
limited by its thermomechanical noise (green curve in Figure 68).

The motion of the probe is given by transducing the thermomechanical motion noise
maximum NA;,(wy), given by equation (48), using the go.y [Hz/m] and the optical
resonance slope [W/Hz]:

AZPEW (58)
C

Where S;,_p, isinW/VHz, goy = 7.7 GHz/nm, A4, = 1.55 um, C = 50 % and 44 = 40 pm
i.e. Qopt = 38750.

Sth—m(Plaser) = NAth(wm) X Ggoem X

Taking the photodiode and amplifiers in account, we have on the spectrum analyzer, in dBm:
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1 1
Sth—m_amp (Plaser ) = 2010g <Sth—m(Plaser) X X ) +30 + GLNA + Gamp. (59)
Resp vr

To verify this last formula, giving the thermomechanical motion maximum, we plot the
spectrum of the thermomechanical noise for increasing laser powers P, (Figure 69a).
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Figure 69: (a) Thermomechanical motion of the OM probe with different transmitted laser power. (b)
Scheme of optical transmission for high laser power in blue and low laser power in yellow. For low
laser powers, electrical thermal noise limits the observation of the Brownian motion. For higher laser
powers (=85 uW), looking at the noise floor, the laser noise becomes predominant over the electrical
thermal one. For higher laser powers, the Brownian motion is also better transduced as the optical
slope is steeper (scheme b). For the detailed explanation and transduction formula, see Appendix E:.
However, one can observe that this better transduction is not exactly following the Brownian tendency
as in Figure 68. This can be explained by not the same detuning for each curve, as detuning was not
carefully checked in this experiment. Another observation can be made out of this curve: the
mechanical resonance frequency is slightly lowered as more power is injected in the ring. This indicates
that the TCF has greater impact on frequency than optical back-action (that only has a frequency
increase effect when blue-detuned). From the frequency shift, we estimate the temperature increase
at 10 K for the 255 pW transmitted laser power.

We verify that the more laser power is injected in the device, the more transduced is the
mechanical motion, as is intuitively deduced from Figure 69b.

To conclude this part, the highest laser power is preferred to surpass the electrical thermal
noise and to improve optomechanical transduction. Our detection noise is limited by either
the thermal noise or the laser relative intensity noise depending on the laser power. Typically,
our detection noise Nz, is more than 20 dB under the thermomechanical noise Nz;;,. Typical
values are Nz;;, = 7 X 107 m/v/Hz and Nz,,, = 4.5 x 10"t m/~+/Hz. This detection noise
is two decades under any AFM probe detection noise (see Table 2).

To perform dynamic AFM, one needs to operate in the driven regime of the mechanical
resonator so to actuate it. In the next part we study its drifts while actuated.
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[11.4.2 Stability and drifts

As a force-gradient sensor in dynamic AFM, the OM probe recorded output is its frequency,
as shown in Sec. II.5. Its frequency stability thus determines the force-gradient resolution of
the OM probe. This resolution, associated with the frequency stability, can be assessed for
different integration times depending on measurement speed requirements. To assess the
OM probe’s frequency stability, we used the Allan deviation. Noting y = Af/f the normalized
relative frequency shift and N = T/t the number of sub-groups (green squares in Figure 70)
with T the time trace duration, the Allan deviation can be written [165]:

N-1
1
a,(0) = mZ(yiﬂ — 52 (60)

It briefly consists in a squared relative deviation of a size-changed (according to 7) moving
average without overlapping (Figure 70).
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Figure 70: Scheme of the Allan deviation operation. Each blue square represents a sample of Af /f,,,.

Put differently, the Allan deviation gives the deviation of the signal as if it was seen through a
LPF of frequency 1/2t. It allows one to consider deviation for different integration times.

We performed it on the OM-probe mechanical phase LIA-readout time trace, retrieving the
normalized frequency shifts given the phase slope. To operate the OM probe as in dynamic
modes of AFM, it is driven at a fixed frequency f;;4. To drive it, we used an Electro-Optical
Modulator (EOM) to modulate the input laser. We then recorded the OM probe phase in
opened loop configuration, i.e. at a fixed excitation frequency f;;4 close to f,,, (Figure 71).
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Figure 71: Scheme of the Allan variance set-up. The LIA exciting frequency is fixed. The phase difference
A¢ between the readout signal and the excitation one is given by the LIA. The frequency shift Af =
fm — fLia is then retrieved knowing the phase slope py: Af = A¢/pg. The amplitude of the exciting
signal coming to the EOM is noted Vyy,
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Figure 72: Graph of Allan deviations of a Vmicro ring probe (green) and two OM probes (blue and red)
normalized frequency shifts for different drives, respectively V and Von. The Vmicro ring probe is a
capacitive AFM probe with high-resolution, it was tested with the detection circuit described in [55].
The top two curves are taken with the same apparatus in air, unlike the red traces that are acquired in
a different set-up under vacuum. In dashed are the DR formula traces (see equation (61)). For the
Vmicro DR curves, DR curves could not be traced as the thermomechanical noise was not measured
and thus did not provide a calibration for the vibration amplitude. The vibration amplitudes
corresponding to the different drives are (blue trace) V3 = 100 mV: A = 400 fm, (red trace) Vo =
100 mV: A = 100 fm>®. For the Vmicro probe, one can only estimate the vibration from similar device
at tens to hundreds of picometers [55]. All these curves are taken with a LIA LPF at 100 kHz. Probes
parameters: OM red (under vacuum) f,,, = 117 MHz, Q,,, = 10500; OM blue (in air) f;;, = 130 MHz,
Q. = 1000; Vmicro (in air) f,, = 13 MHz, Q,,, = 100.

%5 Those values are dependent on the chosen lumped model, here on the tip’s apex yielding for two
different OM probes: ks = 2.6 MN/m for the probe used in vacuum and ks = 40 kN/m for the
one used in air.
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For a resonator, the Allan deviation displays a down slope for low retardation, which means
that with increasing integration time, the frequency can be averaged to a single value.
However a limit appears in the integration time where it will no more decrease noise and
possibly increase it: the flat or up tendency on the right hand side (Figure 72).

Left-hand side: The left hand side slope position is defined by the resonator’s quality factor
and the signal to noise ratio by the Robin’s formula (or DR formula) considering an additive
white phase noise (here the thermomechanical noise) [164][166][167]:

D (Af)_ 1 1 1 Nz |1 (61)
Allan\ "¢ ) = 20, SNR ~ 20,, A 27

Where SNR is the amplitude signal to noise ratio and Nz, is the thermomechanical noise in
m/vHz. Under the square root on the right hand side of the equation is the bandwidth over
which the noise is integrated. This equation is valid as long as we consider high Q,, > 1 [168].
In a log-log graph of the Allan deviation, this formula gives a slope of -1/2.

The DR dashed curves are about a factor 10 under the real curves (Figure 72), indicating that
another additive white noise than thermomechanical one was limiting the SNR>®. This noise
was not present during thermomechanical measurement, we therefore attribute this
discrepancy to the background noise. Indeed, when the EOM modulates the optical signal to
excite the OM probe, not all the modulated signal is coupled in the OM probe and depending
on the contrast of the optical mode, part of the modulated signal goes directly to the PD. This
signal can potentially carry more noise than the thermomechanical one. This through signal is
detailed in next part III.5.

This Allan deviation analysis was also performed on commercial AFM probes: capacitive
Vmicro ring probes (see Sec. 1.4). Roughly similar values to OM probes ones are reached by
the Vmicro probes as they display a better SNR, being more actuated, but with a higher
detection noise (see Table 2) and a lower quality factor Q,,.

Right-hand side: To explain the up tendency in the Allan deviation, one can advance thermal
drift of the mechanical resonance. Experimentally, the mechanical frequency was observed to
move slightly to the higher frequency in vacuum. This phenomenon was observed just after
the laser was injected in the ring with a high initial rate, decreasing with time with a time
constant of about 10 minutes, stabilizing after 30 minutes. We attribute it to the
thermalization of the whole sample even if it has an opposite effect as the TCF.

One can observe that the frequency is more stable in vacuum (red traces) downto 1.5 x 1077
demonstrating that our setup can detect down to 20 Hz frequency shifts with 30 s integration
times. As expected in a less controlled environment, the drifts (the up tendency on the right
of the curves) are almost 3 decades stronger in air. One can observe that the OM probe is

%6 Other work have shown that this discrepancy between the DR formula and the experiment might
be of another unknown nature, due to frequency fluctuations [166]. This is not the limiting effect in
this experiment as it is primarily white noise.
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more prone to drifts than the capacitive Vmicro probe. Having the OM-AFM application in
mind with a 10 fr/s, the drifts that appears after 1 s can be digitally compensated.

The absolute lowest force gradient detectable with such an OM probe can be extracted from
the Allan deviation of the frequency fluctuations and then using equation (41). The lowest
normalized frequency shift detectable is attained for a 0.05 Hz bandwidth under vacuum and
isworth Af /f = 1.5 X 1077, giving us a ks 1op = 1.2 X 1072 N/m (using equation (41)). For
comparison, for a 100 kHz bandwidth, this value is worth k.5 ;op = 8 N/m. In air this value is
worth, for a 100 kHz bandwidth, k¢ ;op = 80 N/m.

As a more general note on experimental stability considerations, let us discuss the stability of
the optical resonance. When coupling light to the sample with micro-positioned micro-lensed
fibers, the laser would often decouple from the cavity as someone closes a door, as the
mechanical vibrations propagated to the coupling fibers. With glued fibers on the chip, this
phenomenon completely disappeared. This decoupling is only present when the OM device
exhibits thermo-optic behavior.

Now that the detection limits in terms of signal are clear, we test the actuation of the OM
probe.

I11.5 Actuation and background
To excite its mechanical motion, two transductions were chosen in this project. One can either
use optical or electrostatic (i.e. capacitive) actuation, we will present the former and end with
the latter.

In optical actuation, power is modulated by the EOM upstream of the probe so that the power
injected in the cavity is also modulated. The optical radiation pressure and electrostriction
forces then push the flanks of the ring and excite its resonance. When the sensor is oscillating,
a lock-in amplifier (LIA) is used to retrieve the amplitude and phase of the motion (optically
read-out) signal, at the same frequency than the excitation. To modulate the optical power
upstream of the probe we used an Electro-Optical Modulator (EOM).

Laser wavelength sweet spot assuming a given laser power: For detection purposes, the laser
is placed (in wavelength) on the flank of the optical resonance, at the maximal slope. However
for actuation purposes, one wants to inject the maximal power in cavity to apply greater
forces, i.e. to put the laser exactly at the optical resonance. Taking into account the
background (discussed in next paragraph), the best spot was close to the optical resonance,
in the low part of the optical mode.

To test optical actuation we used the set-up presented in Figure 73. In order to test the
actuation linearity, this was done for different amplitudes of modulation of the EOM.
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Figure 73: Scheme of the experimental set-up used to optically actuate and detect the mechanical
motion of the OM probe. Polarization controllers before the device and the EOM, as well as RF
amplifiers have been removed for clarity. One can note that the inset out of LIA looks like an inversed
resonance. This is because the motion-modulated signal of light is superimposed to the actuation-
modulated signal.

/ Phase ‘Amplit
Transmission

10'10 T T T T T T T T T

-

o
ox
N

Displacement (m)
3
S

Brownian - . SRS
-16 = 7| | 1 I} 1 1 1 1 1
128.25 128.3 128.35 128.4 128.45 128.5 128.55 128.6 128.65 128.7 128.75

Frequency (MHz)

200 T T T T T T T

100
\ u

Jl‘r'“"‘ ’l MI M‘ ‘” ’ ‘ ’ Hl “
\/ ’ ‘W ”\ ' i ,‘ I
00 ||| H\"‘ \
‘\ wN‘ ‘ ’ ‘
-2(1)28_25 128.3 128.35 125.4 128I.45 122;.5 128I_55 125.6 128;.65 12;3_7 128.75

Frequency (MHz)

Phase (°)
o

Figure 74: Plot of the amplitude and phase of the mechanical motion, using experimental set-up
described in Figure 73. One can observe the random phase associated with the non-coherent thermal
bath-excited Brownian motion. Vj,, is the electrical amplitude of the excitation signal applied to the
EOM. One can further observe that the traces does not look like an typical resonance. This is because
the motion-modulated signal is superimposed on the actuation-modulated signal.

The Brownian motion is traced in green. One can see that modulated curves are over it but do
not display the classical shape of a resonator: lorentzian peak and a 180° degrees rotation.
Instead, the phase rotation is about 10 degrees and the peak has a small Fano-like shape
(Figure 74). This means that there is a background signal, at the actuation frequency, that
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superimposes on the useful mechanical motion signal. This background is proportional to V.
More problematic, it prevents thermomechanical calibration.

Now that we modulate the laser upstream of the probe (Figure 75), in transmission will appear
two signals at the same frequency (driven frequency):

- background signal, carrying the actuation modulation
- motional signal, carrying the motion modulation:

Bg

1/f
P, 1/S1ia

I Von Background t

out +

Motion

Figure 75: Scheme of the different signals considering evanescent coupling. The input laser is
modulated so that when injected in the OM probe, it actuates the mechanical motion. The part of this
modulation which is not injected goes directly to the output: this is the background signal. The
motional signal that couples back to the waveguide is phase shifted and adds up to the background
signal in output.

We can differentiate them by sweeping the modulation frequency with the lock-in amplifier:
the actuation-modulated signal will have a constant amplitude and phase, i.e. flat response®’,
and the motion-modulated signal will feature the mechanical resonance in amplitude and the
m-rotation of the phase. They are however added (in the complex domain) in the transmission
signal, leading to a distorted resonance in a Fano fashion (Figure 74). It is important to note at
this point that the higher the contrast of the optical mode and the more the laser wavelength
is close to that optical resonance, the less actuation-modulated background signal will be
transmitted®®.

We presented the optical background as a through optical signal, it however could be a
thermo-optic effect happening in the ring. Using experimental considerations on this

7 Provided that the LIA can compensate for the delay acquired in the actuation-acquisition loop, see
details in Appendix F:.

8 Assuming that the background signal does not come from the OM ring probe. Which is the case for
our structures.

103



background, we will show in the next paragraph that this effect can be neglected. Neglecting
it further gives us information on the optical phenomena at play in the actuation of the probe.

111.5.1.1 Thermo-optic effect could imply a fake motion signal

The thermo-optic effect (i.e. refractive index change with temperature, see Sec. 11.2.7) is
shortcutting the mechanical motion excitation. Indeed, when optical power in the cavity is
modulated, its temperature is also via absorption. When heating the optical cavity, its
refractive index changes, changing in turn the transmission of the probe. Hence, the sensing
signal might be associated with the refractive index’s oscillations and not the real mechanical
motion. This could explain the actuation-modulated background signal. However, the
background signal diminishes when laser is put closer (in wavelength) to the optical
resonance, so when injecting more light in the ring. It is thus not associated with thermo-optic
effect but rather a “through” signal. Indeed, if it was associated with thermo-optic effect, the
background would increase. To resume, thermo-optic effect is unseen at the actuation
frequency (over 100 MHz). Stays the question why we can see the thermo-optic shift when
optically sweeping but not when looking at the mechanical motion at over than 100 MHz
frequencies. We attribute this to the cut-off of thermal effects over a few MHz (because of
heating time constant of about hundreds of nanoseconds).

From AFM use considerations and more precisely phase locked loop (PLL), this background
can be ignored if it is stable. Its only problem is the saturated transmitted signal, where the
motion signal can only constitute a small fraction in the total signal. Put differently, the LIA
input has a resolution that depends on the signal amplitude, i.e. a fixed dynamic range. If the
input signal is made of a background signal higher than the motional one, one needs a higher
maximal input and thus a lower resolution than what needed for the motional signal only.
However, the initial assumption that it is stable is not true, EOM fluctuations and thus the
amplitude of both background and motional signal vary.

Another phenomenon that can be problematic for PLL operation is the delay line effect, the
slope appearing on the phase when sweeping. At high frequencies (over 100 MHz), the
propagation delay in the cables and device is not negligible and induces a variable phase shift
with frequency (for a detailed explanation, see Appendix F:). This artificial phase-shift must be
lower than the motional one or compensated.

To retrieve the pure motional signal and get rid of the actuation-modulated background, we
tested 5 options:

- Digital data post-processing

- Saving reference traces and subtraction (with the instruments)
- RFinterferometry in the electrical domain

- Using 2 lasers: for actuation and detection

- Using a non-optical actuation transduction (capacitive)

[11.5.2 Data post processing
As the motion-modulated signal is added to the actuation-modulated one in the complex
domain, one can fit the distorted signal at resonance with a model to then extract the motion-
modulated signal. One can argue that it could be implemented for live operation but the fitting
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delay induced would be detrimental to the BW for fast-AFM operation. The first model of the
transmitted signal we used to fit the data is as follows, placing ourselves in the LIA modulation
w4 rotating picture:

i 1

+ Rb eiwbg
) g (62)
Mess [w,zn —w?+jw ﬁ]

The fitted amplitude being |Xfit(w)| and phase being arg (Xfit(w)). Where R,,e'%m is the

optical actuation forces exciting the mechanical resonator and Rbgei‘z)bg is the optical
actuated-modulation background signal. In details, R,,, represents the force amplitude of the
optical forces and @,,,, which could be noted as @, + A@. A@ represents the phase-difference
due to the delay of optical forces actuation (for example thermalization time for photo-
thermal forces) and the delay due to the optical cavity®?. Fitting those parameters, we can
then subtract the background from the measured signal and retrieve a typical resonance form.

Xtreated(w) = RLIAeiQ)uA - Rbgemb‘g (63)

The treated data is shown in Figure 76.

59 |n this model, the thermomechanical force is not taken into account. It could be adding a R,,e ?th
actuation force with random phase @;,.
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Figure 76: Pre- and post-processed data in polar (a) and Bode frames (b) and (c). Lock-in signal raw (b)
and post treatment (c). (b) The raw signal in blue is fitted with the dashed black model of equation
(62), then the fitted background is subtracted (in the complex domain) to retrieve the motional signal
(c) that can then be calibrated with Brownian motion. For this fit, parameters were: R, = 0.81 mV,
Om = 1.777 rad, Rpg = 4.965 mV, @,, = 3.0431 rad and Q,,, = 9900.

One can observe that this treatment effectively allows the recovering of a lorentzian-shaped
resonance and a 180° phase rotation as expected from a resonator.

With the fitting parameters, one can estimate the optical force delay T with t = A¢/w,,. With

the fitted phase-shifts in Figure 76, we find T = Obg~0m _ 1.7 ns. This value is to compare with

Wm
the cavity’s optical delay, i.e. the time a photon takes to get coupled out of the cavity. It is

. 440 000 . .
given by®° Le _ 220099 _ 53 ns, with the same magnitude order.
fopt ~ 193x1012

% The Q, chosen here is extrapolated from the contrast C = 20 % and FWHm AA = 35 pm (so
Qtor = 44 000) of the optical mode (see Appendix A:). As the coupling gap is 300 nm for this OM
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[11.5.3 Saving reference traces and subtraction
One can record a LIA sweep when the laser is out of an optical resonance. Thus the actuation-
modulated background is saved as a reference signal for the further measurements. When the
laser is injected in the optical cavity, the measurement will only display the motion-modulated
signal as the background is subtracted. The instruments that we used for the sweep (Network
Analyzer or lock-in amplifier, see Appendix C: for instrument details) had this feature
integrated. The result is the same as in the post-processing one.

[11.5.4 RF Interferometry in the electrical domain

One can separate the actuation signal to subtract it to the signal exiting the PD. For this
technique to function, the added modulation amplitude must match that of the exiting signal
and its phase must match the one of the exiting signal (+m for a perfect destructive
interference). In addition its propagation delay must be the same as the signal passing through
the OM probe to avoid phase shifting effect when sweeping. From an electrical
implementation of this technique as shown in Figure 77, we conclude that it is not stable
enough to be performed in an experiment.

Phase Amplitude

Transmission

Figure 77: Scheme of the experimental set-up allowing one to get rid of the actuation background. The
"amp." and "ph. s." blocks are respectively a variable amplifier and a variable phase shifter to obtain a
destructive interference; they were integrated in our LIA instrument. The coil represents a long cable
acting as a delay line, whose purpose is to balance the electrical length of the two arms of the electrical
interferometer. It is necessary to get rid of a phase slope when sweeping frequency around the f,,, one
(This is only necessary as our probe has a high frequency f;,,, see Appendix F:).

The result, not shown here, is the same as in the post-processing one.

[11.5.5 Using 2 lasers for actuation and detection
This technique offers an expensive alternative due to the cost of a 2" tunable laser to get rid
of the actuation background, it is however effective. The idea is to inject one laser dedicated
to detection (i.e. probe laser) and anther one at a different wavelength dedicated to actuation
(i.e. pump laser) and then to filter out the actuation laser to retrieve only the detection signal.
The set-up is presented in Figure 78, and the associated results in Figure 79.

probe, we consider the optical cavity to be under-coupled, thus assuming Q;;,; = Q0. Using Figure
40, we find the ratio between Q, and Q;;,; to be about 10.
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Figure 78: Scheme of the experimental set-up to optically actuate and detect the OM probe motion
with 2 lasers.
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Figure 79: Graphs of the two-lasers set-up results. The modulation amplitude on the EOM V,,, was
gradually increased from 0 V to 8 V. One can observe a 2 phase rotation instead of a r, we have no
explanantion of this effect.

So that one can filter out the actuation laser, the two lasers must be injected in two different
optical modes of the cavity, at two different wavelengths. Usually, the actuation laser is
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chosen more powerful than the detection one in order to actuate more the cavity.
Additionally, for experimental ease, one might prefer to have only one laser powerful enough
to induce thermo-optic shift®'. The amplitude reached with this two-laser actuation is
comparable to the one-laser one, about 1 pm. This value is two-orders of magnitude lower
than expectations from analytical computations giving amplitudes of 400 pm (see Sec. 11.4.2).
Indeed, to obtain the 400 pm value, we made the brutal assumption that the radiation
pressure force, pushing out the walls of the cavity, could directly be applied to the lumped
spring-mass model of the OM probe. This discrepancy could then be explained by considering
the real mechanical mode profile. This was not investigated.

[11.5.6 Using an alternative actuation (capacitive):
Using another transduction than the optical one for actuation allows to get rid of the optical
modulation background. As explained earlier (see Sec. 11.4.3), we realized electrostatic
actuation with large electrodes close to the OM probe (Figure 80).
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Figure 80: Scheme of the experimental set-up used to capacitively actuate and optically detect the OM
probe motion. Not shown in the scheme is that the two capacitive blue electrodes are electrically
connected.

As shown previously in equation (35) (noted here (64)), to excite the mechanical resonance at
frequency f,,, one can use either an electrical modulation at f,,04 = fin O finod = fm/?2.

2
VAC

2

&S
Foloe = —# Vpc? + 2VpVac cos(2mtfimpqt) + (1 + cos (2n2fmodt)) (64)

The electrical actuation force at f,,,q = fin Will be proportional to the product V- X V4. and
the one at f,,,0q4 = fn/2 to VACZ. However comparing equation (64) and Figure 80, one can
see that we assumed the ring was electrically conducting and grounded which is not true. The
ring is in silicon and at a floating potential so that the V. applied on the electric pad is not
exactly the real Vp( in equation (64). The f,,/2 modulation with a V,.* amplitude is thus
preferred because it is more stable and has a higher DR as can be seen in Figure 81.

61 As a note, the experimental procedure is not straightforward.
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Figure 81: Comparison of capacitive actuation at f;,, (a) and f,,,/2 (b). (a) Vp is varied from -10 to 8 V.
(b) V4c is varied from 0 to 10 V. The two experiments are carried out in a secondary-vacuum chamber.
One can note that the maximal resonance amplitude is about 10 pm for V. = 10V, limited by the
instruments used. The 10 pm amplitude reached in f,,, /2 actuation is of the same order of magnitude
of the calculated value of 35 pm (see Sec. 11.4.3).

In comparison with the 2-laser set-up, it is simpler and reaches higher actuation amplitudes.
For two 14.4 pm x 0.22 um actuation electrodes so that S =7 X 1072 m?, atad = 1 um
distance from the ring and with a 24 dBm excitation, we were able to actuate a 10 pm
displacement in vacuum, close to the predicted magnitude order of 35 pm (see Sec. 11.4.3).
The only drawback to this technique is the addition of an electrical connection.

The 10 pm capacitive actuation is to compare with the 2 pm optical actuation with a 10 mW
pump laser command and a 30 % modulation. To improve optical actuation, one improves the
laser power circulating in the ring. But the optical cavity is close to non-linear effects that arise
with over 10 W circulating in the cavity (p. 130 in [146]). With capacitive actuation, one can a
priori improve the RF power applied to the actuation electrodes without non-linear effect.

The limiting effects encountered for a higher actuation would then be of mechanical nature:
Duffing non-linear behavior or sticking. The former (Duffing) is expected for vibration
amplitude in the order of the smallest characteristic length of a structure: 100 nm wide
spokes. The latter (sticking) is expected for oscillations in the order of the gap between
actuation electrodes and the ring, which is 1 um for our designs.

Set-ups overview:

One has to keep in mind that this background problem appears when the contrast of the
optical mode is not 100 % (i.e. the optical mode transmission does not reach zero). With
perfectly coupled OM probes, this background nearly vanishes (not completely as the laser
would be just before the optical resonance (in wavelength)). That being said, to fabricate an
ideally (i.e. critically) coupled OM probe is not trivial and we have seen that the actual best
optical slope is reached for contrasts of 50 % (see Sec. IIl.2.1). Background removing
techniques are thus still of interest. They are only effective if the background is suppressed by
the set-up (2 lasers or capacitive), for the best use of the dynamical inputs of instruments. The
digital background subtraction is only interesting to calibrate signal with Brownian motion.

In the AFM perspective, one can note that maximum vibration amplitudes reached with
optical actuation are in the 1 pm order in air, more than two decades lower than the atomic
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lattice constant about a few angstroms. This 1 pm actuation was obtained with maximal
optical modulation and to increase further vibration amplitudes, one would need higher laser
power, that would a priori trigger non-linear effects. To reach higher vibration amplitudes,
one can potentially reach it with capacitive actuation with an amplified driving modulation.

In this part, we quantified the actuation amplitudes and methods to retrieve it. Next, we
present an experiment to verify the theoretical mechanical bandwidth of the probe.

I1l.6 Determination of the OM probe’s mechanical bandwidth

The mechanical bandwidth of the resonator is defined as BW = f,,,/Q.,. To verify the high
mechanical bandwidth of our probe, we added an electrostatic modulation close to the OM
probe’s apex in an atomic force acoustic microscopy-like set-up. To simulate a mechanical
perturbation by a surface, an electrostatic force was applied on the apex of the OM probe. To
this end, a conductive tip was approached of the apex of the OM probe. Its electrical potential
Veiec Was modulated at f,;... To retrieve this force modulation effect on the motion of the
probe, a second LIA was used (Figure 82).
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Figure 82: Scheme of the experimental set-up used to add electrostatic force modulation. f;, is about
130 MHz and f,;,. is varied up to 1 MHz. In yellow is a conductive gold-sputtered tip. It is placed at
about 10 nm from the apex of the OM probe. Contrary to previous experiments, this one is done in
reflection of the laser by the device and a circulator. The reflection configuration was only possible
because we used cleaved facet side injection (see Appendix I:). For this measure the f,,, LIA LPF had a
frequency of 500 kHz and the f,;.. LIA LPF had a frequency of 0.5 Hz.

As expected, when sweeping the electrostatic modulation frequency, the amplitude of motion
detected with the OM probe decays according to its mechanical bandwidth (Figure 83).
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Figure 83: Normalized amplitude (in blue) versus electrostatic modulation frequency. It is fitted with a
low-pass filter of cut-off frequency 26 kHz. The narrow peak around 20 kHz is attributed to the
mechanical resonance of the golden tip used to poke the OM probe. Indeed, we used an AFM
cantilever of frequency 15 kHz with a 7 kHz to 25 kHz fork [169]. This trace was extracted from the raw
data by subtracting non-mechanical modulations and then by de-embedding instruments cut-off
responses. The cable bandwidth (the one connecting the golden probe to LIA) and the LIA LPF (at 500
kHz), both had their spectral response recorded beforehand and were de-embedded from the raw
data. The raw data was subtracted another trace taken out of mechanical resonance (with a 3 MHz
shift on the frequency of the first LIA) to filter out any modulation which would not be mechanical®?.

This OM probe had a mechanical quality factor in vacuum of f,, = 2813 and a frequency of
fm = 118 MHz. The experimental cut-off at 26 kHz is in agreement with the theoretical
mechanical bandwidth of the probe: BW = f,,,/0Q,,, = 42 kHz.

62 To have further information on this experiment, those results were published in [202].

112



In this chapter, we thoroughly characterized the OM probe, from optical performances
according to dimensions, to detection noise and stability. We identified the main optical loss
source as the geometrical scattering occurring at the spokes anchoring. For our structures, the
spokes thus need to be thinner than 100 nm. We also quantified the optimal gap distance,
between 100 nm and 200 nm. Mechanically, the limit of detection of our OM probe was
identified at 4.5 x 10"7m/v/Hz, two decades lower than any AFM probe. Among the
different set-ups compared to remove the background and actuate the probe, the capacitive
actuation is the more promising. Indeed, it can a priori be amplified arbitrarily. The probe’s
mechanical bandwidth was experimentally verified. But before testing the OM probe in AFM
operation, one needs to integrate the OM probe in a positioning system as well as a feedback
loop to control the probe-sample distance. Achieving high speed with such an instrument
needs developments as is detailed in next part.
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IV. A fast AFM environment to operate the optomechanical sensor

To exploit the performances of the high frequency OM probe, a fast AFM instrument was
developed®® from scratch. As demonstrated in the last chapter, the OM probe has a
mechanical bandwidth in air of f,,/Q,, = 100 kHz. This means that it can acquire the
mechanical information of the surface in 10 ps. Taking a 100 px x 100 px AFM image and a
10 ps time per pixel, we could obtain a frame rate of 10 fr/s. We thus aim for an AFM
instrument able to position a sample, acquire data, process data and give a positioning
feedback in about 10 ps or less. For example, the feedback loop’s function is to prevent the
tip from crashing onto/damaging the sample. For this function to be effective, the whole
feedback loop that links the probe’s signal to the Z-actuator must be fast enough. The limit
being the acquisition speed of the probe which is 10 ps. This positioning, data acquisition and
feedback speed is state of the art as it is reached by only two fast AFM instruments, using
ultrashort cantilevers with mechanical frequencies in the few MHz range: RIBM Ando-type
and Cypher VRS AFMs. Each block’s bandwidth can be lightly improved by mechanical design
and/or signal processing. This part resumes the choices made to reach this 10 ps (i.e. 100 kHz
BW) feedback loop goal along with OM probe experimental integration. An outline of this part
is presented in Figure 84.
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Figure 84: Scheme of an OM AFM featuring main instruments. This chapter outline is highlighted by
green marks. (1) Computer interface. (2) High-BW feedback control. (3) High-BW Z-actuator. (4) High-
speed scanning. (5) Transposition circuit, whose only purpose is to match the frequency of a certain
LIA (<50 MHz) with the mechanical one (130 MHz). (6) OM probe integration. Af = f,, — fset-

IV.1 Computer interface
How the probe signals are acquired, generated and displayed on the user interface? This work
was directed by B. Legrand and realized by N. Mauran with custom electronics by D. Lagrange.
It is presented as a simplified scheme in Appendix J:.

8 This chapter mainly consists in developments, made by Laurent Mazenq, Nicolas Mauran, Denis
Lagrange and Bernard Legrand, in which | took part occasionally.
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IV.2 High-BW feedback control
The speed limiting aspect of the servo loop is the overall delay between signal detection and
new position command emitting. Indeed, if the phase shift of the loop is 7, with a feedback
magnitude without amplification, the system is unstable. To better grasp why, some control
theory is presented for a simple system (Figure 85).

Af, pert

Afset @ Afout

Figure 85: Scheme of a simple feedback system. H,;, stands for the transfer function of the open loop.
Applied to our system in a FM-AFM configuration, Af,,,; would be the OM mechanical frequency shift.
As a reminder it is proportional to the force gradient felt by the tip. Afse; Wwould be its desired value to
keep a constant force gradient. Finally, Af,¢,s would be the frequency shifts associated with the force
profile of the sample, changing while scanning the surface.

The total closed loop transfer function H;, of such a feedback system (Figure 85) is given by:

Hy(jw)
Heo(jw) = ——————— 65
a(je) 1+ Hp,(w) (©3)
One can straightforwardly derive that the system is unstable for Hy;, = —1, i.e. when its

magnitude is 1 and its phase —m. This case is often not perfectly matched and one can hence
define gain and phase margins: respectively the gain of the transfer function whenithasa —n
phase and its phase above —m when it has a 1 magnitude, defining how close the system is of
this unstable point.

One could write this open loop transfer function in the case of the AFM set-up we developed
(Figure 86):

HOL (]w) = HPIDHDACHampHpiezoHsamplerrobeHLIAHADC (66)

Hpac and Hyp are just phase delays e/¢. Hyjez0 is experimentally known (Figure 92), as Hp,p,.
Hpp is known as set by the user. Stays Hsgmpie X Hprobe+11a Which gives a mechanical-
resonance-frequency shift output for a Z-piezo motion input. Hggpmpie is a transduction gain,
from piezo motion to force gradient modulation. Hp,ope4114’S OUtput is a frequency shift, for

a force gradient input. Its magnitude is Af = Zkf—mkts (see equation (41)) with k; the force
eff

gradient and a phase shift up to the mechanical resonance frequency [56].

This overall function’s magnitude is not fixed as the Hggmp1e depends on the imaged sample.
To decrease the instability likelihood and aim for the fastest feedback, the phase shifts (i.e.
delays) must then be reduced so that the —m condition is only met for higher frequencies (it
will unfortunately always be met at some point).
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Feedback loop delays and latency
The delays or latencies were experimentally measured for each instrument of the feedback
loop to pinpoint the limiting one (Figure 86).

6 ps <100 ns
m < [ Transposition | <
> | Circuit J fm
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Afset /;,Q\,\)/J : PD
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regulator command
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Figure 86: Scheme of the feedback loop. Delay of each instrument is highlighted in orange.

The main delays in our feedback loop are the probe’s mechanical response, the Z-piezo
response and the LIA detection of the amplitude and phase. We study first the two last.

IV.2.1 High-BW detection
The LIA 6 ps latency depends on the chosen LPF which was limited to 100 kHz for our LIA. To
have a faster detection one can use a faster LIA or another detection scheme as synchronous
triggered phase detection, which is theoretically faster but comes with more noise [170]. It
was tested in our apparatus, displaying a few hundreds of nanoseconds of delay: way faster
than the previous LIA. Those results are under publication [171].

IV.2.2 Better surface tracking: dynamic PID

When improving the scanning speed of the tip over the sample, at a brutal downhill, the
parachute effect can appear. There is thus temporary saturation of the deflection signal.
Whereas at a brutal uphill the error signal can increase a lot, at a downhill, the tip can detach
(i.e. lose the tip-sample interaction force) from the sample and feel nothing for the time
needed by the PID to move the sample close to the tip again (Figure 87). This phenomenon
lowers the information close to abrupt motifs and decreases the imaging speed necessary to
feel/image those cliffs.
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Figure 87: (a) 185 nm x 70 nm forward and backward AFM images of a HOPG sample taken with a
Vmicro probe. In the bottom image, the tip is going downhill (orange trace), detaching from the
surface: the parachute effect. (b) Scheme of the parachute effect.
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To overcome this limitation, the classical PID can be changed into a dynamical one [172], the
idea being that the gains become stronger with increasing error. In particular, its gains are
stronger when the error signal saturates. Thus the tip recovers faster the set-point it was
before falling off the cliff. This dynamic PID was implemented in our AFM instrument as a
second faster PID taking the control when error is too large.

The most limiting component in the feedback loop is the Z-piezo, its developments are
discussed in next part.

IV.3 High-bandwidth Z piezo actuator
So that the tip does not crash onto/damage the sample, the Z-piezo response must be fast
enough when its Z.ommana is Updated. Put differently, its bandwidth must be high enough,
our goal being 100 kHz. To reach this bandwidth, an actuator can be improved by two ways:
mechanical design and signal processing pre-positioner. For now only mechanical design was
implemented in our instrument, but we also present signal processing improvements thought
for our apparatus.

IV.3.1.1 Experimental set-up: frequency response characterization

To test the different Z-module designs, the protocol is to excite the piezoelectric component
with a sweeping frequency and to record the overall block vibration amplitude. Ideally, the
frequency response is flat from 0 Hz to 100 kHz, our bandwidth aim. Different vibration
amplitude measuring methods were tried:

- STM: an STM probe is put on top of the block and records its motion;

- XY Scanner Z-sensor: a capacitive sensor tracks the Z movement of the XY scanner;

- Self mixing laser diode: a laser is shot at the surface of the block and the reflected laser
mixes back with the laser diode, modulating its current consumption;

- Optical profilometer: a laser is shot at the surface of the block and the reflected laser
mixes back with the initial laser;

- Impedance measurement: current flowing through the piezoelectric component is
measured when excitation frequency is swept;

- Doppler Laser vibrometer: a laser is modulated and shot at the surface of the block
and the reflected laser mixes back with the initial laser.
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Only XY Scanner Z-sensor and laser vibrometer measurements are presented in this
manuscript as there were the most reliable ones.

IV.3.2 Mechanical design

As a general rule, the maximal displacement intended roughly sets the maximal bandwidth of
the piezoelectrical actuator (see Sec. 1.2.2). For our intended 2 um displacement,
piezoelectrical actuators have an approximate 500 kHz bandwidth (or first resonance) (we
used PICMA actuators [173]). But if used as it is (Figure 88a), the actuator can display lateral
bending or break. To prevent this component from being damaged and to guide it, flexures
are widely used in different configurations (Figure 88b) [174]. They offer better positioning at
the cost of a reduced bandwidth due to added moving parts with lower resonance
frequencies. When using flexures, the bandwidth can be lightly improved (under the
piezoelectrical component itself limit) by mechanical design.
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Figure 88: Mounting configurations for a high-speed piezoelectric stack actuator (HSA) with sample
mass m: (a) fixed-free configuration, (b) fixed-free with flexure guidance, and (c) inertial cancellation
with a dummy mass m’. The actuation direction is denoted by z. From [61]. In the first mounting (a),
two problems can arise: bending of the structure if the height is bigger than the width of the HSA, and
detachment when inertial forces cause the bonding/gluing to break. To prevent both phenomena, one
can mechanically block the HSA with a pre-loading (chosen stronger than inertial forces can get) (b).
The pre-loading also increases the stiffness in the Z-axis, raising the resonance frequency of the first
resonating mode. In the third mounting scheme (c), inertial forces in actuation are compensated by
design. In this configuration, the HSA is chosen 2 times higher in order to provide the same maximal
displacement than previous designs. (d) Our actual mounting, in black is a rigid host body, it is detailed
in next paragraph.

Mechanical design improvement can be provided by inertia balance (Figure 88c) with a
dummy mass [175][61], providing a 2 times improvement factor on the positioner bandwidth
[58]. To damp remaining vibrations, a filling polymer with a high loss factor can be used [175].
We followed those two ideas with our Z-positioner while characterizing results recording the
resonance frequency response.

IV.3.2.1 Inertia-balance
It consists in 2 piezoelectric actuators, each mounted in front of the other so that the inertial
forces applied by the first piezoelectric actuator are compensated, and thus not exciting other
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mechanical parts. We used a rigid body host to implement inertia-balance (Figure 89),
following work in [61].

Il Piezoelectricactioner )
Sample of

I Flexure
Aluminium body

I Flange

@ Glue

Figure 89: (a) Scheme of a vertical cut of the high speed Z-scanner structure. The OM probe is
represented as a reference. The piezoelectric component (red) is a cylinder with a total diameter of
5 mm and a height of 3.5 mm, PICMA multilayer piezoelectric actuator from Physik Instrumente (PI)
with insulating endcaps and with a resonance frequency of 500 kHz (ref: PD050.3x). A flexure (dark
blue) preloads the piezoelectric component to gain in stiffness and thus in mechanical bandwidth as
f = /Kkers/Mess. This is an inertia balance scheme, with a “dummy” piezoelectric component to
compensate for inertial forces applied by the first one when in operation. The glue between the flexure
and the piezo and the body is necessary to prevent spurious resonances of the flexure itself. The height
difference between the top of the aluminum body and the top of the piezoelectric component is
20 um. This value is critical as it changes the pre-load applied to the piezoelectric component. The pre-
load value advised by the constructor is 15 MPa. As a guideline, to prevent blocking, it has to be lower
than half of the maximal load that the piezoelectric component can develop. For a better-controlled
height difference, the glue bonding of the flexure was done under pressure. The screw in the bottom
are here to allow screwing to the XY scanner. The overall block dimensions are 2cm x 2 cm x 1 cm. (b)
FEM simulation with the Comsol software of such a structure, showing the flexure deformation. As a
note, the final design used was a square one and not cylindrical as shown in this simulation.

The mounting and assembly of such a structure was conducted by L. Mazenq and S. Charlot
and is depicted in Figure 90.
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Figure 90: 3D models of the different steps of the assembly of the high bandwidth Z-actuator. 1) Glue
is deposited on the cylindrical piezoelectric piece (left) and at the bottom of the aluminum body (right).
2) Both are assembled. 3) Glue is deposited on top of the piezoelectric actuator, poles are screwed on
the side for future flexure guidance. 4) Flexure is assembled. 5) Flange is assembled. 6) Flange is
screwed. 7) Glue reticulation is done with an applied pressure. 8) Final Z-actuator. 9) Real Z-actuator
with the electrical connections to piezoelectric piece. The final block dimensions are 2 cm x 2 cm x
1cm.

In practice, for our structure, the inertia-balance mounting scheme cancels one resonance out
as expected, but leaves all the higher frequency ones (Figure 91).
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Figure 91: (a) Laser vibrometer measures of the frequency response of the XYZ scanner when fast piezo
was excited. (b) Scheme of the different excitation configurations used for the graph. The red arrow
represents the laser position, where the amplitude measurement is made with the laser vibrometer.

Looking at the first resonance at 10 kHz, that we attribute to a Z-resonance of the whole
module, when both actuator are excited it damps the resonance effectively (yellow trace).
However, for peaks of higher frequency, this is not the case. It follows approximately the
absolute difference of the 2 curves indicating that the phase-shift between the two is
negligible. But one can observe that initially both actuators individually do not have the same
impact on the XYZ scanner and their difference is not constant over the full frequency
spectrum. This is why the compensation is not fully effective and we attribute this discrepancy
to slight mechanical displacement between the two actuators, breaking the symmetry of the
structure. The slope on the left hand side is attributed to better transmission of the low
frequencies from the Z-actuator module to the XY scanner.

To reach perfect compensation is non-trivial. Indeed, the two actuators do not have the same
impact on motion, due to non-perfectly similar actuators, slight displacement between the
two piezoelectric actuators or different glue repartition. For this reason, another technique
was tested to get rid of the resonances.

IV.3.2.2 Damping polymer

Instead of compensating the inertial forces, one can damp them using a high loss material to
cover moving parts. We tested the frequency response of this Z-actuator with and without a
filling polymer with a high loss factor (Polyisobutylene). The damping provided a doubled
bandwidth, from 32 kHz to 70 kHz (Figure 92), smoothing resonances out.
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Figure 92: (a) Graph of the normalized amplitude of the Z-actuator versus its excitation frequency. One
can observe that the polymer absorbs the first resonance energy, thus increasing the bandwidth from
32 kHz to 70 kHz. (b) Schemes of the different configurations used for the graph, the red arrow
represents the laser position of the amplitude measurement with the laser viorometer. The polymer
used was mainly Polyisobutylene (patafix).

This damping was possible only because the 32 kHz resonance peak was associated with a
resonance of the whole body of the Z-actuator (in light grey). It is important to note that those
measures were conducted outside of the whole AFM instrument to be able to use the
vibrometer. The Z-actuator module was screwed to a 67 g support. In the AFM instrument,
the module is screwed to a XY piezo-controlled platform, the response of the whole should
thus be slightly different. Compared to Figure 91, one can observe that there is considerably
less resonances visible. This is because on this high-BW Z-module, the flexure was glued to the
piezo component and the module’s body, thus suppressing moving parts resonances.

To date, our Z-module, reaching BW = 70 kHz nearly rivals the highest bandwidth Z-
actuators in the literature, that reach BW = 100 kHz [58][61] thanks to a 3 x3 x3 mm?3
piezoelectric ceramic stack of initial bandwidth 420 kHz%. The following results of this
manuscript were obtained with this second damping technique configuration.

Apart from mechanical design, signal processing upstream of the actuator can provide a higher
bandwidth.

IV.3.3 Signal processing
In signal processing upstream of the actuator, one can distinguish 2 techniques. The first is
signal processing according to scanner, i.e. filtering out of the input signal the frequencies that
excite the actuator resonances. The second is signal processing according to sample, i.e.
adjusting the command with what the sample is expected to be, the expectation being built
from earlier AFM images of the same sample.

6 The overall system has an open-loop bandwidth of 150 kHz, using piezo components having up to
420 kHz bandwidth.
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IV.3.3.1 Signal processing pre-scanners, according to scanners

For a given actuator with its resonances, one can modify the command signals upstream to
damp or avoid them, thus improving their maximal operation frequency. To avoid those
harmonics, one can filter them out of the command. Filtering the command can be done with
a low-pass filter or a notch filter, or more specifically using an inverse function to compensate
for the positioner’s resonances [58]. The latter is presented in Figure 93.
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Figure 93: "Open loop transfer functions of the Z-scanner. (a) Without active damping and with counter
balancing, (b) without active damping and counter balancing, and (c) with active damping and counter
balancing." from [58]. Red lines were added to better read the BW of the different configurations.

It allows one to gain a few tens of kHz on the actuator BW.

1V.3.3.2 Signal processing pre-scanners, according to sample

As the tip goes raster scanning the surface, it does not know where it is going and whether
the obstacles will need some large tip-surface distance adjustments or not. Another way of
speeding the scanning is to adjust the positioner’s controls according to previous lines. It can
take the form of dynamic scanning speed [176]. Another example is a feed-forward technique
implemented by Ando’s team (p. 379 in [5]) which idea is to feed the Z-positioner with the
PIDed error and to add the error from the last line. The result is a compensation for feedback
delay.

IV.4 High-speed scanning

Scanning operation is not in the feedback loop. It however can distort the image if used to fast
and thus adds more performance constraints on the feedback loop. Indeed, as the high-BW Z-
actuator seen above, the XY scanner also has resonances. For high-speed XY-axis scanning, a
commercial E-363 PicoCube scanner was used with a +£2.5 pum XYZ travel range with XY
resonance frequencies of 3 kHz (or 1.5 kHz when loaded with 20 g) and a Z resonance
frequency of 10 kHz. Its upper stage was replaced by our custom High-BW Z-actuator (Figure
94).
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Figure 94: Picture of our scanning apparatus. One can recognize the high-BW Z-actuator block at the
top with its electrical connections. On the bottom is the commercial scanner E-363 PicoCube.

A limiting scanning effect for our structure was the scanner’s X resonance, inducing a ringing
distortion of the AFM image (Figure 95).
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Figure 95: 185 nm x 185 nm forward and backward AFM images of an HOPG sample, taken with a
Vmicro probe in our apparatus in 16 s. One can observe fringes respectively on the left and right-hand
side of the images, highlighted by blue traces over the images.

This wave pattern in Figure 95 is perfectly synchronized with the raster scan, it therefore is
associated to the ringing of the XYZ scanner in the X direction, either an X-axis resonance or a
Z-axis one by cross-talk. Indeed, when the scanner of the fast axis reaches the border of the
image, it brutally stops and goes back in the other direction. This brutal inertial energy change
of the moved part (sample + Z-module) is important at the border and some of it excites
resonances of the structure. Here, either a Z-resonance is excited and creates this pattern or
an X-resonance is excited and appears on the Z measure because of the slope of the sample.
This image was taken with an earlier High-BW Z-actuator design, the ringing associated is
estimated at 250 Hz.
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This image was taken with an earlier High-BW Z-actuator design. For newer, polymer-damped,
design this ringing was not observable on AFM images. We however characterized the
different resonances of it to know their relative magnitudes (Figure 96).
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Figure 96: (a) Frequency responses of the XYZ scanner (PicoCube) loaded with the screwed high-BW Z-
actuator. (b) Scheme of the set-up associated with the measures. The arrows represent the LIA inputs
and outputs. The integrated capacitive sensor used for those measures has a bandwidth of a few kHz,
its response was substracted from those curves as a fitted 2™ order LPF of frequency 4 kHz. The high-
BW Z-positioner was excited with a 400 nm peak-to-peak amplitude, the X and Y channel were excited
with a 60 nm amplitude.

One can observe the X and Y resonances of the XYZ scanner (orange and yellow curves) around
1.5 kHz, as expected from the datasheet, highlighting the cross-talk between X, Y and Z axis.
The XYZ scanner Z-resonance is at 6.5 kHz (blue curve), as expected from the datasheet.
Looking at the amplitude of the curves, this explains the nature of the ringing effect when
raster scanning: the harmonics of the scanning signal, fed to the fast scanning-axis signal,
cross-talkingly excite the Z-motion of the high-BW Z-actuator and thus of the sample. The main
resonances remain the X and Y-axis resonances of the XYZ scanner.

To prevent this ringing phenomenon and damp those resonances, one can use the same signal
processing according to the actuator, shown in the previous part on the High-BW Z-actuator.
For a typical raster scan, the X and Y positioners’ signals are triangles. Considering a
100 x 100 pixels raster scan with a 100 kHz Z-bandwidth, the triangle signals frequencies are
1 kHz for the X-positioner and 10 Hz for the Y-positioner. But in the frequency domain, those
triangles carry higher harmonics that can excite mechanical resonances higher than the kHz.
To avoid those harmonics, one can filter them out of the command (Figure 97a) or change the
scan pattern. Spiral scanning pattern (Figure 97b) provides a 4 times improvement factor on
the scanning speed [177] compared to raster scan. This last two techniques are on-going
developments on our apparatus, using a digital implementation of the scanning map.
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Figure 97: (a) Temporal traces of raster scan positioner command before (up) and after low-pass
filtering (down). (b) Spiral scan pattern scheme

Note: One could also use piezoelectric positioners working at resonance to scan the sample,
however speed would not be controllable.

IV.5 Transposition
As we use a 50 MHz-limited LIA to demodulate the 130 MHz mechanical resonance signal, we
need a frequency transposition to be able to excite and detect mechanical motion (a higher
bandwidth LIA is also a simpler option but a more expensive one, around 20 k€ more
expensive®?). A simplified transposition circuit is presented in Figure 98.
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Figure 98: Scheme of the transposition circuit used in the case of the OM probe. It consists in a local
oscillator (LO) modulating the excitation signal and demodulating the output signal with frequency
mixers.

To choose the components of the transposition circuit, the constraints are given by the initial
instruments (Local Oscillator LO, LIA, EOM, OM probe and PD) in/output powers and
frequencies. We followed the advice given in the Minicircuits website [178]. Frequency mixers
are designed for certain LO power. The output of a mixer is in general 7 dB lower than its input
and the LO power should in general be 10 dB greater than the input power. Our LO can only
deliver a maximum of 6 dBm, our LIA a maximum 14 dBm and to operate in linear regime the

8520 k€ is approximately worth 6 months of a Ph.D. student. Given the good Ph.D. student can do the
transposition circuit in much less time, transposition is a good deal.
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EOM input needs to be lower than 10 dBm. Every component of the transposition circuit is
detailed in Appendix C:.

This montage unavoidably adds noise to the signals. To quantify it, the transposition circuit
was compared to a higher frequency LIA (Figure 99).
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Figure 99: Amplitude and phase of a mechanical resonance at 263.65 MHz with and without
transposition, all other things being equal. The local oscillator was at a 220 MHz frequency and the
sweep was around 43 MHz. The orange amplitude trace was multiplied by a factor 3.27 and the orange
phase trace was added a 314.5° offset so that both curves can be compared more easily. The
transposition thus lowers the SNR from a 3.27 factor.

The transposition montage lowers the signal by about 10 dB, as expected from the mixers, but
does not seem to add any noise to our experiment.

IV.6 Integration of the probe into the AFM
From silicon wafer to an usable AFM probe, one needs to etch a chip with the OM probe’s tip
protruding in order to image samples (Step 3 in Sec. I1.6). This fabrication step follows the OM
probe silicon etching at CEA-LETI. It was initially planned with a back-side deep reactive ion
etching (DRIE) by IEMN/Vmicro as they already performed similar etching on larger scale
device [89]. On the one hand, this back-side etch defines the overall “boat” shape (Figure 100,
left-hand side) of each individual chip, with a back-side DRIE going all the way to the front
side®®. On the other hand, it makes the tip protrude over the substrate, with a back side DRIE
stopping on the buried oxide (BOx) layer (Figure 100, right-hand side). This back-side DRIE is a
state-of-the-art fabrication step and is still under developments. We discuss why in the next
part and alternatives are discussed in the following.

% To define chips (i.e. dicing), other techniques exist as cleaving with KOH V-grooves [14] or laser
cleaving.
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Figure 100: Pictures of an OM probe on its chip. On the left hand side image one can see 3 chips, still
attached to the wafer. On the middle and right hand side images one can see the end of the “boat”, to
etch before using the OM probe. The right hand side is an ideal case photomontage highlighting the
protruding tip of the OM probe, one can imagine a surface coming from the bottom of the image. Scale
bars from left to right respectively are: 1.6 mm, 130 um and 20 um.

IV.6.1 Protruding tip: getting rid of the substrate under the tip
We will first describe why the initial back-side DRIE was not successful. Then we discuss
investigated and future alternatives, namely front side DRIE, Focused lon Beam (FIB) etching,
isotropic plasma etching and anisotropic wet etching.

IV.6.1.1 Initial back-side Deep Reactive lon Etching (DRIE)

To make the tip protrude out of the chip, a DRIE back-side etch was planned. As it features a
selective chemical etching, it etches the silica buried oxide layer at a rate negligible over the
silicon etching.

a. OM ring Pedestal Tip b.

Figure 101: (a.) Cross-section scheme and (b.) picture of an OM probe silicon chip which has been
etched with back side DRIE. (a.) One can observe the SOI stack of the wafer with its BOx layer in light
grey and the future pedestal in grey. The back-side DRIE (blue stripes) is realized before the releasing,
so that it stops on the buried oxide layer in light grey. The back-side DRIE is represented in blue stripes.
(b.) One can see that the substrate (the blurred light-grey background) is over-etched, as its edge is
not between the pedestal and the end of the tip. Scale bar: 20 um.

400 pm

Looking at Figure 101a, if the back-side etch arrives before the end of the tip, the OM probe
cannot image anything as its tip does not protrude, and if the etch arrives after the pedestal,
the OM probe will fall after oxide etching. One thus understands that the back-side etch has
to arrive in a +7 um window on the front side, between the end of the tip and the pedestal.
This means that the etch edge on the back must be localized in a +3.5 um window and the
DRIE must be vertical with an angle precision of +0.5° (arctan(3.5/400) = 0.5°). On the right
hand side, the picture displays an already etched device that is still standing on the BOx layer.
Indeed the silica BOx layer is transparent to observable light. One can see that the substrate
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below has been etched but after the pedestal. Therefore, the etching alignment constraint is
lower than the fabrication process precision.

To relax the technological manufacturing alignment constraint, one could imagine reducing
the thickness of the substrate, lengthening the tip or using larger radii OM probes.

- In practice, the initial 750 um-thick SOl wafer was already mechanically thinned down
to 400 um. Reducing the thickness past this 400 um limit weakens the whole wafer,
and 400 um-thick ones are already easily breakable (the ones we used often broke).

- Asthe tip is thin to limit optical scattering, lengthening the tip quickly exacerbates the
mechanical movements of it as shown from mechanical simulation, to the point where
it has the same resonance amplitude in the Z-axis (normal to sample) and X or Y axis
(in the sample plane). It maximum length was hence fixed to 5 um as a trade-off.

- Larger radii OM probes could be used. However as a guide-line, the optomechanical
factor go.m = —fo/R is inversely proportional to the radius R (see Sec. 11.4.1).
Therefore, increasing the radius decreases the detection transduction factor.

Adding to this back-side DRIE complexity, its prerequisite mechanical thinning process
disabled a lot of our devices by creating cracks in the top silicon layer (Figure 102a), in practice
totally suppressing the optical transmission if the waveguides were damaged.

Figure 102: Picture of an OM probe chip still attached to its wafer. In red are circled cracks on the
chip. Scale bar: 700 um.

To form new probes with new designs (e.g. with larger radii), one needs to start over the whole
fabrication process which is long and demands adjustments. To replace this DRIE back-side
etch, one can think of using a back-side anisotropic wet etch.

IV.6.1.2 Back-side anisotropic wet etching

Alike the initial back-side DRIE, one can use a backside anisotropic wet etching using TMAH or
KOH as in [179]%”. Anisotropic wet etching of silicon usually leaves the {111} planes visible. For
our boat-shaped silicon chip with the long length in the [110] direction on a (100) wafer®, the
etching walls are represented in Figure 103b. As a note, to protect the sensitive parts an

7 To have precise details on and parameters of fabrication processes of similar device, the reader is
referred to reference [179].

8 As a reminder, [100] is a direction, <100> is a family of direction, (100) is a plane and {100} is a
plane family.
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anisotropic wet etch needs a top oxide resistant enough to withstand TMAH etching and
protect the optomechanical structures, i.e. without voids, like thermal oxide. The deposited
covering oxide we used had voids, creating fabrication difficulties in practice.

a. 1 bo
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Figure 103: Schemes and picture of an optomechanical (OM) probe boat-shaped silicon chip. (a.) One
can observe the SOI stack of the wafer with its BOx layer in light grey and the future pedestal in grey.
The back-side anisotropic etch (blue stripes) is realized before the releasing, so that it stops on the
buried oxide layer in light grey. The back-side anisotropic etch with TMAH is represented in blue
stripes. The planes left by the wet anisotropic etch of silicon are the {111} planes. (b.) One can observe
an anisotropic etch from the top as an example, on an OM probe chip.

But this back-side anisotropic wet etch would be hours long and it has the same alignment
constraint than the DRIE back-side etch.

To bypass this back-side etch step and work with already fabricated device, a DRIE was
performed on the front side of the wafer to form the “boat”-shaped chips (Figure 104).

Figure 104: Picture of an OM probe. On this chip, a front side DRIE was performed, defining the boat-
shape of the chip but not making the tip protrude. Scale bar: 20 um.

From now on, we present investigated techniques and future techniques that can be used to
obtain the protruding tip from a front DRIE defined chip. We list:

- Micro-milling and Focused lon Beam (FIB) etching
- Local, side anisotropic wet etching

- Side anisotropic wet etching

- Side isotropic plasma etching

- Modified DRIE: front side isotropic plasma etching
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IV.6.1.3 Micro-milling + Focused lon-beam Etching (FIB) etching

Similar device were realized with micro-milling machine at a 45° angle and Focused lon Beam
(FIB) etching [9][14]. The micro-milling gets rid of most of the substrate in a coarse etch. Then
FIB allows fine etching of the substrate in the tip area. We tried those techniques in our lab.

Micro-milling: Back-side micro-milling was tested to get rid of most of the substrate and allow
cleave. Using equipment in our LAAS laboratory, it is coarse with a 50 um thick circular saw,
the depth is only controlled in a 10 um margin, significantly more than the oxide thickness of
1 um and only vertical milling was available. Most of the substrate could be removed using
this technique but not to close from the tip.

FIB: To locally etch the substrate under the tip, Focused lon Beam (FIB) etching was tested
before and after releasing the buried oxide layer (BOx). When etching before, the device was
still covered with a thick protective oxide (or back-end oxide). This oxide prevents the
observation of the OM probes and thus precise positioning of the etching. When etching after,
the sputtered particles deposited on the tip, bonding it to the non-etched part (Figure 105).

HY wr | magE@| WD | det | HRW | W | cur | mag BB | W det 5 pm
1.00kV | 86 pA | 3500 | 4.6 mm | TLD | 59.2 ym 1.00 kv | 86 pA | 12000 | 4.1 11D | 17.3 pm CNRS-LAAS

Figure 105: Scanning Electron Microscope (SEM) image of a FIB-etched window under the tip of an
optomechanical probe. On the left-hand side, one can observe a slight tilt of the whole OM probe
because its tip is sticking to the substrate. The zoomed image is taken from the other side; one can
observe that the tip is thicker at the end, due to etched particles deposition when etching. The tip,
which was hanging beforehand, could also have experienced a sticking force due to electrical charges
created when etching with the FIB. This etch was done in a few hours.

Therefore, for this FIB etching technique to be effective, it must be realized before releasing
the BOx to prevent particle re-deposition. The main drawbacks of this FIB etching are its slow
etching rate and its non-negligible drifts for such dimensions. Consequently, a new DRIE cut
of the boat-shaped chip was proposed, letting less substrate to be etched by FIB (yellow line
in Figure 106).

132



Figure 106: Drawing of the new front-side DRIE etch mask. It removes more substrate at the edge of
the chip.

To date, no chip was fabricated with this new DRIE mask.

IV.6.1.4 Local front-side anisotropic wet etching (TMAH)

To use a front-side wet etch, one can use a modified boat-shape of the chip. The modification
being a triangle shape in front of the ring to be etched by TMAH (Figure 107). This allows
anisotropic etch from the side.
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Figure 107: Schemes of an OM silicon chip. In green arrows is represented anisotropic etch. Its
etching speed is ten times quicker on angled planes.

As the precedent technique, to date, no chip was fabricated with this new DRIE mask.

As a note, one could also consider a front-side anisotropic wet etching if the chips were
fabricated with a new mask rotated with a 45° angle (Figure 108). This front side anisotropic
etching would need the overall boat-shape to be defined beforehand. But this would imply to
start over the whole fabrication process which is long and demands adjustments.
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Figure 108: Schemes of (a.) the initial OM chip and (b.) the new OM chip with a fabrication mask
rotated of 45°. Green arrows indicate the planes etched by anisotropic wet etching. (b.) This rotation
allows the substrate under the tip to be etched by anisotropic wet etching.

IV.6.1.5 Anisotropic wet etching

TMAH does actually etch the {111} planes, however at a really slow pace. TMAH has an
anisotropic selectivity <111>/<100> of 1/10, so that it can etch the substrate under the tip
albeit ten times slower than the <100> etching (Figure 109). This etch would require an even
better or thicker oxide as it is slower and thus more likely to etch the top silicon layer.

Anisotropic etch {111} plane

Figure 109: Scheme of the end of an OM chip. In green arrows is represented anisotropic etch.

IV.6.1.6 Side isotropic plasma etching (SFe).

As the front-side DRIE leaves about only 10 um of substrate in front of the tip (Figure 104),
isotropic plasma etching could be used to etch the remaining micrometers from the side of
the chip (Figure 110). Isotropic plasma etching has a Si/SiO2 chemical selectivity of 40/1 [180].
Therefore, a 250 nm SiO; protective layer is needed on the front side in order to etch the
10 um substrate. As a reminder, this step could be performed only after a front-side DRIE etch

of the chips

OM ring Pedestal Tip

Waveguide 4&’
&

Figure 110: Scheme an isotropic plasma etch of the OM silicon chip. In blue is the etched chip and in
striped blue the initial chip. The thickness of the chip is magnitude orders over the few micrometers

to etch from the side of the chip.

400 um
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IV.6.1.7 Modified DRIE: front side isotropic plasma etching (SFe).

The DRIE consists in a Bosch process alternation between isotropic etch and wall passivation,
resulting in overall vertical etching walls. By slightly increasing the isotropic etching time of
the first step, one could etch the substrate under the tip (Figure 111).

OM ring Pedestal Tip
Waveguide <14_um>
& J——J

400 pm

Figure 111: Scheme of the first step of a front-side DRIE. In blue is the etched chip and in striped blue
the initial chip.

This last technique was tested in the IEMN laboratory by Marc Faucher with promising results,
but is still under developments.

To resume, we presented on-going fabrication developments and future techniques to make
the tip protrudes but no functioning OM probe was fabricated with those techniques. This
prevented our fabricated OM probe to approach any surface. We will see that to bypass this
substrate problem and perform mechanical perturbation experiments, another AFM tip was
used, as described in Sec. V.

IV.6.2 Sensor integration: optical and electrical interconnects
As the OM probe presented needs a tunable laser and a photodiode to transduce the optical
signal to an easier processed electrical signal, it needs integrated optical interconnects to the
aforementioned laser and photodiode. Optical fibers are generally used to convey the optical
signals but how are they coupled to the OM probe silicon chip and more precisely the
waveguides? Two techniques are actually available:

- V-grooves (edge coupling): substrate in front the waveguide is etched in a V-shape,
allowing one to place a fiber end in the slot and precisely align the fiber core with the
chip waveguide (Figure 112a). To have optimal coupling, the silicon waveguide can
feature an inverted taper and a lensed fiber can be used to focus laser light yielding
typical losses below 1 dB [181].

- Gratings + Ferule (top coupling): a periodical pattern is etched in the silicon waveguide,
it deviates the light with an angle out of the chip by diffraction. Light is then collected
by a fiber on the top on the chip (Figure 112b). To ensure mechanical stability, the top
fiber is usually maintained by a ferule glued on the chip (Figure 113). As it is a
diffraction phenomenon, different wavelengths are diffracted at different angles and
a stable fiber only provides a typical 50 nm bandwidth [182]. Typical losses are below
3dB[182].
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Figure 112: Schemes of (a) a V-groove coupled fiber (from p. 108 in [183]) and (b) a grating coupled
fiber to a SOI (silicon on insulator) chip [182].

Figure 113: Picture of fibers grating coupled to photonic chips. (a) Straight ferule featuring 5 fibers
connected to an OM probe. (b) Quasi-planar ferule featuring 12 fibers [184].

The device presented in this manuscript were grating coupled with a glued straight ferule
(Figure 113a), displaying an overall transmission (or injection) loss of 7 dB, that is to say 3.5
dB per grating coupler®. We will now briefly describe the theory behind a grating coupler.

IV.6.2.1 Grating coupler focus: patterns and dimensions

The angle of the light path out of the chip depends on the pattern used and their dimensions
(etch depth, pattern length a as shown in Figure 114b and filling factor). We used curved
grooves which dimensions are displayed in Figure 114a°.

8 This value is the packaged one, where the optical fiber is glued on the chip. It is state of the art.
70 Sub-wavelength gratings can also diffract light [182].
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Figure 114: (a.) Top-view scheme at scale of the grating coupler used in the device tested in this
manuscript. A typical fiber mode field diameter (MFD) is drawn over the grating; its value is taken from
[185]. In dark grey is the 220 nm thick silicon layer and in light grey is the SiO,. The curved grooves
have an etch depth of about 100 nm. (b.) Profile-view scheme of the grating coupler.

The formula giving the diffraction angle is the constructive interference condition, looking at
Figure 114b, the phase of two diffracted rays are in phase if ¢, = ¢, + m2m:

kgrating@ = Kairb + m2m (67)
Nefr@ = Ngirb + mA  with b =asinf (68)

Where m is the diffraction order and the effective index in the grating area n,rr depends on
the etching depth d,; and the filling factor f”*. a, b and 6 are defined in Figure 114b.

Our grating etching depth is dg.-q; = 70 nm for 220 nm silicon thickness (and dg,q; = 200 nm
for 400 nm silicon thickness) and the grating period is a = 590 nm with f = 1/2. It induces
an approximate n.sr = 2.7 leading to a fiber angle for the first order diffraction (m = 1,
actually no other mode is supported) 8 = 5° (nearly normal to the chip as seen in Figure 113a).
As a note, the coupling angle is highly dependent on the etch depth, a 10 nm over-etch can
for example lead to a 2° mismatch.

Now that we saw how the OM probe is optically connected to the instrument by fibers, we
will see how it is mechanically mounted in it.

IV.6.3 Mounting
A few mounting tips prevent the OM probe chip to accidentally touch the sample. The edges
of the boat-shaped chip can touch the sample if the chip is not mounted perfectly vertical.
With a theoretical protruding tip length of L, otruaing = 7 #m and a half boat width of

Lprotrudin
Wpoat =250 um (Figure 115a), the operating window angle is 2a = 2 X atan (#‘ig) =

3.2°. To prevent any misalignment, the aluminum piece on which the silicon chip is glued has
an etched guide for the chip to be along to (Figure 115b). The mounting piece is also angled
so that the back-side of the chip does not touch the sample (Figure 115c).

" The effective index of the grating is given by nerr = fnn, ercn + (1 = f)Netcn- Mo etcn and Negen
being respectively the effective index of a slab of thickness h and (h — dg;q¢). The intermediate
Npo_etch aNd Neeep €an be handily found via the online calculator of n,¢¢ for a slab in [192].
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Figure 115: (a.) Scheme of the OM probe at the end of its silicon chip. (b.) Aluminum piece with a half
OM “boat” chip mounted on. A hole is etched in the back of the piece to allow backside visualization.
(c.) Cross-sectional scheme of the (b.) mounting. The piece is angled so that only the tip, and not the
blue substrate under it, touches the sample’s surface.

With an optically connected and mounted OM probe in the AFM instrument, we were able to
perform mechanical contact experiments.

In this chapter, we presented developments on the fast AFM instrument components: LIA,
feedback control and in the fast Z-actuator that demonstrated a bandwidth of 70 kHz. We also
presented the integration of the high-frequency OM probe in this instrument, from
transposition RF circuit to optical interconnects with gratings and to fabrication steps leading
to the protruding tip. The latter are still under developments and we consequently had to find
an alternative solution to test the mechanical behavior of the OM probe.
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V. Towards OM AFM

As the substrate under the probe was not successfully etched up to the writing of this
manuscript, no image of a sample surface was yet acquired with our AFM. However, we were
able to work around it and study the mechanical behavior of the OM probe by using a classical
AFM cantilever (Figure 116). It allowed to poke the OM probe without the need for it to
protrude. In this part, contact detection is demonstrated through approach-retract curves and
quantified to drive physical insights on the contact behavior in vacuum and in air (water
meniscus, regime of forces, etc.). Then feedback operation is demonstrated in air to find the
maximal feedback loop bandwidth in practice. Finally, to prove that our instrument can
already provide images, a pseudo OM-AFM image of the classical cantilever tip is
demonstrated.

Waveguide OM probe

S EEE————

Substrate

Figure 116: Scheme of the AFM cantilever poke experiments configuration, in a profile view. As the
substrate under the OM probe was not etched, a gold-coated AFM cantilever was used to mechanically
interact with it.

V.1 Mechanical interaction detection in point mode

To prove that this OM probe can detect a mechanical interaction, we poked it with another
AFM cantilever tip and monitored its mechanical resonance. First, we present the
experimental set-up and the results obtained as approach-retract curves, where the
mechanical resonance frequency of the OM probe is monitored while the cantilever tip is
brought in and out of contact (Figure 117). This experiment was done twice, the first time
manually in vacuum with the cantilever tip perpendicular to the OM tip and the second time
in the AFM instrument in air with the cantilever tip facing the OM tip. In the second part, the
frequency shift associated with contact is fed back to the Z-actuator to control the tip-sample
distance, stable feedback is demonstrated.

V.1.1 Approach-retract curves

V.1.1.1 In vacuum
To better grasp what is the expected behavior of the mechanical resonance in contact, the
reader is referred to Sec. II.5.
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Figure 117: (a) Experimental set-up to assess mechanical interaction detection with an OM probe. The
XYZ blocks represent piezoelectric stacks, allowing to place the fibers in front of the silicon chip. When
in contact, the mechanical resonance frequency is expected to go up. (b) Picture of the inside of the
vacuum chamber. One can see the black microscope objective at the bottom and just over the fibers
injecting and collecting laser light. Actually for this experiment, one of the fiber was replaced by the
AFM cantilever seen in (c). Both of the fibers are mounted on XYZ piezo stacks (right and left hand sides
of the picture). The sample is positioned in between the fibers with a holding piece mounted on the
golden pimple at the top of the picture. Scale bar: 2 cm. (c) Cantilever tip mounted on the fiber holder,
with an electrical connection. Scale bar: 5 mm.

As a note, for this experiment, cleaved facets OM chips were used (see Appendix G: for more
details). One can think that this experiment was only possible in reflection because of the
reflection of cleaved facet. Nevertheless, it could potentially have been made in reflection
with a fibered chip through grating couplers, with less reflection. Indeed, thanks to the CCW
optical mode some optical power is reflected back to the injection fiber. The result associated
with this experiment is displayed in Figure 118.

140



OM—

probe
—tip < <

Contact No Contact

Motion Amplitude

1

U L
"*-‘4.'“* 172 117.3
"W f, (MHz)

m
\ f=117.238 MHz
Q = 8050 .

Af/f (ppm)
= = N
o wm o
. T ¥

50+ Contact approach MN\ .
o_- No Contact M&w
-30 20 Y ' 0

Relative cantilever-probe distance (nm)

Figure 118: (a) Picture and schemes of the mechanical configuration. Scale bar 20 um. (b) Normalized
mechanical frequency shit according to the tip-OM probe distance.”?

The golden tip is first approached (in black) until the contact, indicated by abrupt frequency
shit. It is then retracted (in orange) until contact is broken and the frequency shift goes back
to its rest value. Inset shows the mechanical resonance behavior in (blue) and out (red) of
contact. The red curve is frequency shifted to the right, as expected for a repulsive force
gradient, and is damped as expected from contact. This experiment was performed under
secondary vacuum with a LIA LPF bandwidth of 100 kHz.

The first value hit by the frequency shift in contact (150 ppm) gives insight on the tip sample
interaction. Following equation (41), the corresponding force gradient, or stiffness, is k;s =
ke . . N

Zf—ffAfm = 810 N/m. The k¢ stiffness of this probe was simulated to be 2 700 kN/m and

its one kgqtic = 18 N/m. In the next paragraphs, we first find which structure is bending in
contact and when the jump-to-contact condition is met by static consideration. Then, we

72 To evaluate measurements coherence, one can observe that the deviation of the normalized
frequency shift is about 10> out of the resonance, lower than the expected value 10~* extracted
from the Allan deviation in Figure 72 in Sec. I11.4.2, for T = 1075 s associated to the LPF bandwidth of
100 kHz. This little discrepancy is partly explained by the higher driving modulation used in this
contact experiment (750 mV applied on the EOM and 200 mV in the Allan variance). We also
attribute this difference to a higher laser power used in this experiment, yielding a better SNR.
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compare the recorded force gradient to the expected one extracted from the force profile in
a dynamic consideration.

e Static considerations: static stiffness (ktq¢ic), attractive force and jump-to-contact

The jump-to-contact (i.e. when both surfaces slip into contact due to attractive forces) appears
when the attractive force gradient is stronger than the lowest static stiffness involved. We will
first find the lowest static stiffness and then evaluate attractive forces to find when this jump
happens.

When the probe is brought to contact, the lowest static stiffness of the structure will bend, it
can either be the pedestal, the spokes and ring or the sample (Figure 119). Those bendings
limit the maximal force applied to the probe.

a b NNNN
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o kS&R
k¢
Pedestal Spokes & Ring Cantilever
bending bending bending ———

Figure 119: (a) Schemes of the possible bendings of the OM probe structure when brought in contact.
In practice, one is negligible over the others and this lowest stiffness is the one in motion. Typical
deformations amplitude is a few nanometers or less. (b) Equivalent scheme of the static contact
represented by the black cross, each stiffness is associated with the schemes in (a).
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Following the notation of Figure 119, we define the overall contact static stiffness as . =

contact
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For complex structures, FEM simulations are preferred to find the stiffness. However for
simple ones, analytical formula can be used. We used the formula of the stiffness of a simply-
clamped beam of rectangular section, at the free end, perpendicular to the beam in the
thickness plane [186]:

Exwxt3

Kbeam = ——rr— (1 =v?) (69)

E being the Young modulus of the material, w, t and L respectively being the width, thickness
and length of the beam. The Poisson coefficient v can be neglected in first approximation.

The stiffness of the cantilever given by equation (69) is Kgo14en_tip = 123 N/m (Figure 119a).
The pedestal bending is similarly calculated: kpyeqestqi = 700 KN/m. For the spokes and ring
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bending, we find a simulated kggr = 18 N/m. Therefore, it is most likely the spokes and ring
that bend when the golden tip is put closer’?. From now on, we will consider the total static
stiffness of the contact to be k ontqct = 18 N/m.

Attractive force

The jump-to-contact is most likely caused by attractive Van der Waals forces in vacuum. One
can approximate them with equation (2): Fyqw /sphere-piane (2) = — %. Here, we make the
assumption that the OM probe tip is a sphere and the cantilever tip a plane as the first radius
of curvature is about 50 nm and the second is 200 nm, thus slightly over-estimating the
attractive force. This leads to a force gradient profile:

d HRy,

EFVdW/sphere—plane(Z) = 3,3 (70)

The contact forms when the attractive force gradient is stronger than the lower static stiffness
involved, in that case the one of the probe kg 4tic = 18 N/m. For a 50 nm tip radius and for

H = 3.5 x 107t 74, this gives a tipping distance of 0.7 nm’>.

To further validate this statement, we will follow the same reasoning but for the effective
stiffness. That is, find a model which gives a stiffness profile that match the experiment and
thus extract the equilibrium distance.

e Dynamic considerations: effective stiffness k., repulsive force and equilibrium

From Figure 118, we obtain the value of the equilibrium repulsive force gradient: 810 N/m.
That is to say the force gradient felt by the tip when in contact, it is repulsive as the frequency
shift is positive (see Sec. II.5). This value is the force gradient felt by the OM tip at its resonance
frequency at 117 MHz, it thus cannot compare to the static stiffness of the different
component at play, too massy to follow the oscillation at this frequency. It rather compares
with the local material stiffness, able to follow. To evaluate added stiffness to the tip, we use
a Hertzian model as in Figure 120b, considering a sphere-plane interaction between a silica
OM tip and a golden plane.

73 This conclusion is highly dependent on the mechanical design of the device. Here we took a
Wring =750 nm and Wgpokesgtip =500 nm design with a pedestal diameter of 2.5 um. For others
designs explored, Kpoxes varied in a 1 to 1000 N/m range (see Sec. 11.3.2).

74 We chose a Hamaker constant in between Hyoq = 4.5 X 107'° Jand Hgjjjcon = 2.5 X 1071 ]
[203], as shown by calculations over two different material interacting [204].

7> For comparison, the lattice constant of gold is 0.4 nm and the one of silicon is 0.5 nm.
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Figure 120: (a) Scheme of the general contact model. The OM probe is considered a spring-mass
damped system and the surface a spring (k;s) - damping (c;s) system as defined in Sec. II.5. Contact is
represented by a black cross. The z’ position is the difference between the surface spring previous free
position and its position in contact. (b) Scheme of the Hertzian contact featuring the OM tip in blue
and the golden tip in yellow. The VdW force acts as a local attractive force, indenting the OM tip in the
golden one. The k,r variation with indentation is neglected. This scheme of contact is highly
hypothetical, contact could also happen locally on a surface defect on the outermost part of the OM

tip.

From the Hertzian contact one can find the expected force profile and stiffness when indenting
[32]:

AE*\R*z'3/?
FHeTtZ(Z,) = T (71)
d
EFHWZ(Z') = 2E*VR*z' (72)

With R and z the sphere radius and the indentation depth as defined in Figure 120 and with
E™ the effective Young modulus (neglecting Poisson coefficient): 1/E* = 1/E; + 1/E,, with
E; and E, the Young moduli of both materials at play. Similarly, R* is the effective tip radius
when considering to spheres interacting: 1/R* = 1/R;, + 1/Rsampie-

One can observe that the Hertzian model gives the repulsive force for the indentation depth
z' and the VdW model gives the attractive force for the distance between the two surfaces z.
To match both, we consider that the VdW forces are fixed in contact (Figure 121), with a force
dictated by the maximum lattice constant of both surfaces’ materials’®. Thus getting rid of the
VdW divergence in contact. Choosing a minimal distance of 0.5 nm, we find with equation (2)
the VdW sticking force in contact to be 11 nN.

76 One could also choose the roughness.
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Figure 121: (a) Scheme of the force profile model, figuring Hertz force, Van der Waals (VdW) force and
the experimental values expected. In green are represented the jump-to-contact and jump-out-of-
contact phenomena (b) Same scheme but with the total force.

Fixing the VdW force in contact means that only the Hertzian stiffness is taken into account.
Hence using Hertzian formulas (52) and (53) to retrieve the 810 N/m value of the k., one finds
a z' = 0.35 nm indentation depth. For this indentation, the repulsive force exerted by the
surface to the tip is 190 nN. This value is one order of magnitude above the VdW force found
for a 0.5 nm distance: 11 nN, pointing out the model choice might be mistaken.

To resume, with the Hertz model we find an indentation depth below the lattice constants of
material involved. This means that the materials can be considered rigid and interacting
through a force potential without deformation, as in the Bradley model (Figure 122). This last
model has a one degree freedom to fit our data: zy, which represents the equilibrium
separation of the two surface.

The Bradley model writes for a sphere-sphere interaction:

Faraatey (1) = 0 E 2 - (ZZ—O)Z] 73)
%FBradley(Z) = 323},/Z)R* [(zz_())_g a <ZZ_0>_3l 74

Where R" is the effective radius as defined by 1/R* = 1/R; + 1/R,, R, and R, being the radii
of the spheres involved. y is the work of adhesion or total surface energy per unit area defined
byy = y1 + VY2 — Y12, Y1, V2 and Y4, being the surface energy of the first material, the second
one and of their interface. Lastly, z, is the position at which the force is minimal and where
the sphere separates when pulling off.

Trying to fit the experimental values with the Bradley model varying z,, we find matching
orders of magnitude (Figure 122) for an equilibrium position of z; = 2 nm.
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Figure 122: (a) Scheme of the force felt by the tip with experimental values from Figure 118. In green
is represented the jump-to-contact. (b) Plot of the force profile given by the Bradley model, with
modeled values. This model uses equation (73) with parameters y = 0.75]/m? (with Ygola =

1.5]/m?, ¥siticq = 83 mJ/m?and Vgo1a/sitica = 0.75]/m?), R = 40 nm (withR; = 50 nmand R, =
200 nm) and z; = 2 nm. Compared to VdW calculations, this model implies higher attractive forces.

From this model we also understand why the attractive regime is not showing in the approach-
retract curve: the jump into contact happens for k;s > kgiqric = 18 N/m, and the detection
noise of the probe is higher (10 ppm which corresponds to 54 N/m).

As a note, one can observe that the attractive force of the chosen Bradley model has the same
distance dependency than the VdW Hamaker formula (2) but has a magnitude approximately
100 times higher.

V.1.1.2 In air
The same experiment was conducted in the AFM instrument in air, with the cantilever tip

facing the OM tip (Figure 123).

a.
200 T T (aT) T Lbl T T
AT ]
O AL T
. | \“‘ ?," | I b L Wu |
£ 100 i ’W“ ‘ -
%50? —__(SL__ - — i .
: D iy |
0r ‘ l\ | hiL J ‘| I H il ! “"1 ‘j | = i~ - - Eﬁ‘
50 F i
-150 -100 -50 0 50 100 150 200 250

Probe-surface distance (nm)

Figure 123: (a) Normalized mechanical frequency shit according to the tip-OM probe distance, this time
in air. The golden tip is first approached (in blue) until the contact, indicated by abrupt frequency shit.
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Itis then retracted (in orange) until contact is broken and the frequency shift goes back to its rest value.
Inset shows our assumption of the contact physical interaction: a water meniscus forms binding the
golden tip (yellow) and the OM probe (blue). This experiment was performed with a LIA LPF bandwidth
of 300 Hz. (b) Picture of the experiment, one can identify the fibers connectors coming from the left-
hand side, onto the OM silicon chip. Underneath is the classical AFM cantilever, mounted on our High-
BW Z-actuator. Scale bar: 5 mm. (c) Colored microscope picture of the OM probe and the classical
cantilever. Scale bar: 20 um.”’

The first value hit by the frequency shift in contact is 100 ppm. Following equation (41), the
ke
corresponding force gradient, or stiffness, is k;s = zf—ffAfm = 8 N/m, a much softer contact

than in vacuum (810 N/m). The k. stiffness of this probe was simulated to be 40 kN/m and
its ksgr = 270 N/m (kggp is the static stiffness of the probe, as defined in Figure 119). As a
reminder, simulated kggr can be found in Table 4 at page 65.

Compared to the previous experiment performed under vacuum, it shows a larger hysteresis
between jump-to and jump-off contact: 100 nm in air and 15 nm in vacuum. We attribute this
difference to a softer static stiffness of contact (Kcontact air < Kcontact vac) and to water
meniscus formation. Indeed, the former induces a smaller jump-to-contact slope; when
retracting the golden tip, it will bend more, widening the hysteresis (Figure 122b). Another
difference indicating the softer static contact is the slope in contact, which looks more like a
plateau in this second experiment. We attribute the lower k oy tqct qir to different position of
the golden tip relative to the OM probe: as it is facing it, its k. is closer to the one given by the
datasheet k; = 0.2 N/m. The overall stiffness of the contact k.ontac qir should thus be
governed by the cantilever.

We also attribute the higher hysteresis to the water meniscus formation. Indeed, there is less
humidity in vacuum inducing smaller attractive force, as will be discussed in the next
paragraph.

Additional attractive force: water meniscus

As shown beforehand, an hysteretic effect (Figure 118) appears when attractive forces are at
play, if their gradient are greater than the lowest stiffness involved in contact. To explain
hysteresis over a 100 nm amplitude as experiment in air shows in Figure 123, 80 nm greater
than under vacuum, one can also invoke water meniscus formation at the contact [45]. As
pictured in Figure 124, the meniscus displays an attractive behavior. This meniscus effect is
highly related to hydrophilicity of materials at play: silicon is hydrophobic, however the native
oxide layer on it makes it hydrophilic. This meniscus effect is also highly related to humidity:
another experimental fact indicating the meniscus presence is that when the experiment was
first performed under vacuum, it was less stable than when performed with a preliminary
nitrogen pumping in the vacuum chamber (removing the humidity of air). As a note, the size

7 To evaluate measurements coherence, one can observe that the deviation of the normalized
frequency shift values 4 X 107>, lower than the expected value 2 X 10~* extracted from the Allan
deviation in Sec. I11.3, for t = 107> s associated to the LPF bandwidth of 300 Hz. This little
discrepancy is partly explained by the higher driving modulation used in this contact experiment (750
mV applied on the EOM and 100 mV in the Allan variance).
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of the meniscus is limited by the dimension of the smallest tip involved, a larger meniscus will
form for a larger tip and induce a more pronounced hysteretic effect.

Water %0 i .
Y R -

Tip F meniscus—tip

Figure 124: Schemes showing meniscus formation when the tip is brought to contact (1 and 2) and
then retracted (3 and 4). Red line is present as a guide for distances appreciation. A similar JKR-
simulated animation can be found in [187].

From a rough surface tension calculation, one can evaluate the added attractive force of the
meniscus, integrating the surface tension on the immersion line of the OM tip:

Fmeniscus—>tip = Vwater/airzn'a (75)

Where Yyater/air = 7-2 X 1072 N/m (p. 506 in [188]) is the surface tension of water/air
interface and a is the radius of the cross-section of the OM tip immerged in the meniscus.
From geometrical considerations, we can bound a: a < R, with R = 50 nm. For a = 50 nm,
we find an added Fpeniscus—tip = 22.6 nN. This value is small compared to the maximal
attractive force given by the Bradley model (hundreds of nN), it however has an effect over a
longer distance.

Now that we know the OM probe can detect a mechanical force with an associated frequency
shift, we can test the feedback of the AFM instrument. In the next part, the frequency shift is
fed back to the Z-actuator to control the tip-sample distance, stable feedback is demonstrated.

V.1.2 Feedback control operation
The first step toward AFM imaging is to close the feedback loop (Figure 125). That is, to control
sample height with the mechanical frequency shift of the OM probe.
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control . '

Figure 125: Scheme of the experimental set-up used for the feedback control demonstration.

The latter experiment was conducted on a single point in air. It was realized in a PM-AFM
configuration. A typical behavior when closing the loop is shown in Figure 126.
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Figure 126: Dynamic behavior of feedback control of the probe to surface distance when closing the
loop. (Top) Plot in the frequency shift — distance space. (Bottom) Time variation of probe-to-surface
distance and frequency shift. Blue region corresponds to the probe approaching the surface before
any interaction. In (a), interaction occurs with water meniscus formation. In orange region, feedback
control adjusts the probe-to-surface distance in order to reach the frequency shift set-point value
represented by dashed line (s). Stable close-loop operation is reached in green region. The +57 ppm
set-point value corresponds a repulsive force gradient of 4 N.m™ between the probe-apex and surface.
This trace was performed with a LIA LPF bandwidth of 300 Hz and controller gains: P = 4,1 = 4 and
D = 0. The data traced here has a 3 points moving average smoothing for a better readability.

This last result gives us information on the jump-to-contact and feedback loop dynamics.
Looking at the Af /f temporal trace in Figure 126, the jump-to-contact (orange rise in the grey
zone) happens in less than 10 ps. Looking at the orange trace, the feedback loop locks this
perturbation back to the set-point in 35 s, giving us a time constant of about 10 ps. This
means an overall feedback-loop bandwidth of 100 kHz, reaching our 100 kHz goal. This results
place our AFM instrument neck and neck with the two top-instruments in the field (RIBM
Ando-type and Cypher VRS). Looking at the Af /f temporal trace in green, one can also verify
that our instrument stability is lower than the probe resolution as the noise is at similar levels
as when not in contact (blue trace).

As a note, knowing the order-1-LPF of the LIA is at 300 Hz means that the operation regime is
in the damping queue of the filter but still effective. It also means that relative frequency shifts
are far more important than what is detected by the LIA.
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Now that the OM probe is locked to the surface by feedback control, we can put the XY
scanner to use and scan the sample, here the cantilever tip.

V.2 Pseudo OM AFM image
Using the XY scanner present in the AFM instrument, we were able to perform an image of
the cantilever tip with the feedback loop closed (Figure 127), validating the whole instrument
and in particular the computer’s user interface. However due to an amplifier failure on one
scanning axis we were only able to trace a 1 um x 0.15 um image.

500 nm

0Onm

500 nm

0Onm

Figure 127: 1 pum x 0.15 pum (a) forward (left to right) and (b) backward (right to left) images’® of the
golden tip in terms of slow axis scanning direction. The fast axis is vertical in this image. In white is
when the OM probe does not detect any mechanical stress, the fast piezo actuator is then fully
extended to reach contact.

One can observe the quasi-perfect similarity of the two images, indicating that the pattern is
not due to the scanning but rather geometries at play as is explained in the next scheme.
Extracting a line profile of the precedent image, one can find the golden tip dimensions (Figure
128).

8 Forward and backward traces are usually separated in AFM as they are often misaligned due to
piezo hysteresis and difficult to read if parachute effect appears.
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Figure 128: X-axis profile of the OM tip recorded in closed loop (PM-AFM) configuration. From the
datasheet, the golden tip radius of curvature is 10 nm [169], the OM tip width at its base is 100 nm.
But the part of the golden tip in contact is not the apex of it but just over it, not more than 1 um above.
We attribute the plateau in 3 to an asperity on the outermost part of the cantilever tip, as it is present
on both the forward and backward trace.

We find a cantilever radius of curvature of 200 nm, above the datasheet 50 nm, indicating that
we imaged it slightly above its apex.

In this chapter, the OM probe was put in mechanical contact of another tip. It demonstrated
its ability to detect mechanical force gradient down to 3 N/m in air. The behavior of the OM
probe was investigated and fitted the Bradley model under vacuum. Using feedback control
to lock the OM tip to a cantilever tip, the AFM instrument feedback loop bandwidth was
estimated at 100 kHz, competing with the two top-instruments in the field (RIBM Ando-type
and Cypher VRS). Finally, topography of a cantilever tip is investigated, with a 10 nm
resolution.
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Conclusion

This thesis work towards an integrated optomechanical AFM proves the concept of the very
high frequency optomechanical probe for dynamic AFM applications. Thanks to the combined
work of the CEA-LETI, IEMN, Vmicro, MPQ and LAAS, we obtained the first AFM images taken
with an integrated, optomechanically actuated and detected, force sensor. The over than
100 MHz vibrating OM probes demonstrated a motion limit of detection of 4.5 x 1071"m/
VHz at room temperature, two-decades lower than any other AFM probe detection, at a
frequency two-decades above the fastest cantilever. Characterization of numerous OM
probes with different designs helped to find optimal designs, that is a 100 nm to 200 nm gap
and spokes width below 100 nm. It also helped find subtle phenomenon as the super-mode.
Among optical and capacitive actuation that were compared, the latter is the more promising.
Indeed, it gets rid of the background and can a priori be amplified arbitrarily. Stability and
noise study of the probe helped identify an additional noise source in actuation. The OM probe
demonstrated its ability to detect mechanical force gradient down to 3 N/m in air. In closed
loop operation, the custom AFM instrument developed to host the OM probe displayed a
100 kHz feedback-loop bandwidth, competing with the two top-instruments in the field (RIBM
Ando-type and Cypher VRS). Finally, a first pseudo-image was achieved with those new OM
probes, demonstrating the functioning of the whole system and validating the OM probe
concept for AFM.

A general asset of the OM probe is its design versatility; its stiffnesses K44 and k¢ can be
engineered to match a specific constraint. Tested ranges were 5 KN/m < k.sr < 3 MN/m
and 1 N/m < kgqric < 1 kN/m. Moreover, from experimental observations, the structure
was rather resistant to shocks and bending constraints. | personally think that such a probe
has a complex fabrication process but that its ultimate performances are worth the burden,
allowing to test matter behavior at unprecedented frequencies. Indeed, the high-speed force
spectroscopy field, for example, pushes for faster probes to explore new dynamic regimes in
biomolecules [189] and experimentally confront Molecular Dynamics (MD) simulations [190].

Main locks to overcome to truly operate an OM AFM are (Figure 129):

1. Mechanical jamming as the substrate under the tip still prevents sample scanning
(Figure 129 1);

2. Optical fabrication integrity as many device were cracked and had weak optical
transmission (Figure 129 2);

3. Background noise due to optical feed-through, that lowers SNR of about 20 dB and
which prevents the full potential of such a probe to be reached (Figure 129 3).
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Figure 129: (1.) Close-up picture of an OM probe. (2.) Picture of an OM chip, cracks can be seen,
stemming from corners. (3.) Polar plot of the optical signal of an OM probe. Scale bars from left to
right respectively: 20 um and 700 pum.

Solutions, to test, are:

1. To etch the substrate under the tip, developments must be made on the fabrication
process. Techniques available are isotropic plasma etching, anisotropic wet etching,
deep reactive ion etching (DRIE) as discussed in Sec. IV.6.1. Focused lon Beam (FIB)
etching is also an option but the former solutions are preferred as they can be applied
to whole wafers.

2. The cracks were associated with the wafer thinning process, allowing DRIE chip-cutting

(or dicing) and backside anisotropic etch. The thinning could be bypassed using a saw
or a laser dicing technique to define the chip. It is of utmost importance as each device
with cracks on its waveguide displayed no transmission and thus is unusable.
Furthermore, the cracks disabled more than half of the fabricated probes.
The weak transmission needs to be investigated to find their cause. It may be caused
by cracks not seen on optical microscope. As it was observed only on device with a
silicon top-layer of thickness 400 nm and not on 220 nm ones, another explanation is
that the designs of the grating couplers/waveguides are not compatible with a 400 nm
thickness. Lastly, this could have been caused by the DRIE process as this weak
transmission was only observed on chips with the boat-shape.

3. Tested experimental schemes to suppress background noise are the use of 2 lasers or
capacitive actuation (see Sec. I1l.5). The preference goes to the latter as | think it will
show less non-linearity for over-than-10 pm actuation amplitudes. Another technique
to get rid of the background, not tested, is the use of the device in reflection (opposed
to transmission) with an optical circulator’®, to benefit from the CCW mode.

79 Reflection configuration was tested but with cleaved facet chips and side-injection. The reflection
was thus mostly occurring on the cleaved facet of the chip. Here the idea is to use reflection inside
the cavity with back-scattering (see Sec. 11.2.2).
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Perspectives

As summarized in the conclusion, the optomechanical probe concept for AFM was proven.
Nevertheless, to routinely image a surface, there is still developments to be made. In these
paragraphs we suggest some interesting leads.

To be able to probe matter in a less invasive way in the non-contact (i.e. attractive) regime of
AFM, the OM probe needs to have a higher static stiffness. Using the VdW formula (2), for tip
with a 50 nm radius, a maximal attractive gradient of 130 N/m is felt at 0.4 nm. Designing a
thinner tip or a probe with kgt = 1 kN/m should definitively prevent jump-to-contact.

Next step is also liquid operation demonstration as many application sought for a high-
bandwidth atomic force microscopy and spectroscopy are in biology. Optomechanical
detection has already been demonstrated for disk (p. 149 in [142]), but not actuation. In liquid,
the mechanical quality factor is expected to decrease 100-fold. This induces a similar decrease
on the SNR and a higher actuation should then be needed to circumvent it. Optical actuation
should still work but the higher power, needed to actuate more and retrieve the initial SNR,
might trigger non-linear effects. As discussed above capacitive actuation seems a better choice
(in solution 3.), to be tested in liquid.

Following the mechanical figure-of-merit in Sec. 1.3.4, one would seek even higher frequencies
to reach a new AFM probe performance window. A higher frequency can be obtained with a
smaller ring radius or a higher azimuthal mode order. | would recommend the latter because
a smaller silicon ring tends to have larger non-linear optical behavior (Ps; o< 1/R), in particular
larger 2PA (as seen on R = 5 pum silicon rings p. 130 in [146]). This last issue can also be
worked around using other materials with less absorption and smaller non-linear coefficients
as SiN. This higher frequency improvement must be done with a strong actuation, as the
capacitive one, to observe atoms (able to actuate to the angstrom) but could also allow
probing lower force fields with resolving under the angstrom.

For the telecommunications field will push for integration of optical circuits, the rise of
integrated OM sensor will ease experiments, allowing its democratization. This means on-chip
EOM, laser and PD. For example, on-chip tunable lasers with matching powers and linewidth
already exist, albeit not for commercial use [191]. As fabrication reproducibility will increase,
this will allow less-tunable lasers to be compatible with OM sensor, with a tunability in the
5 nm range.
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Appendix A: Results table
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Table A-1: Performances of OM probes according to their dimensions. Probes with optical modes are

highlighted in yellow. Of these are highlighted in green those whose mechanical mode could be
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Appendix B: Electromagnetic wave propagating in a slab
From a standard electromagnetic point of view, let us consider a propagating light wave of

electric field vector E(r, t) and magnetic field vector §(r, t). From Maxwell’s equations, one
can show, in a d’Alembertian fashion, that a propagating wave in a material of refractive index
n obeys:

(B-1)

. n2(#) 92E(# t)
AE(T, t) — > atz = 0

If we look at a monochromatic propagating wave in the z-direction with the real (without
attenuation nor gain) propagation constant = kgn.sr (which could be noted f,), and
writing its angular frequency w,, we can write the general harmonic solution as:

E(# t) = Re{E(x, y)e!(@ot=£2)} (B-2)

Injecting equation (B-2) in equation (B-1), one can find the Helmoltz equation:

02 0%\ o ) R
202 2 —
<ﬁ + a_yz> E(x,y) + (ko’n?(#) — B2)E(x,y) =0 (B-3)
Where kg = wq/c, k is the wave vector in vacuum and c light celerity.

Let us now apply those equations in a slab waveguide structure (Figure ).

B.1 Slab

X

3

n

ny

ny

Figure B-1: Scheme of a slab waveguide, the waveguide in the Y-axis is considered infinite and the
propagation is considered in the Z-direction.

A dielectric slab as in Figure B-1 is invariant by y-axis, therefore it imposes the invariance on
the light wave: dE (x, y)/dy = 0. Injecting this condition in equation (B-3), one can write:

92E (x)

522 (ko’n?(#) — B2)E(x) = 0 (B-4)
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The up and down boundaries impose that z-guided light has a favored electrical field
component (i.e. fixed polarization), either in the y-direction, transverse electric mode (TE) or
in the x-direction, transverse magnetic mode (TM). For the TE case, we have:

0%E
ajclz(x) n ]/ZEy(x) =0 (B-5)

Where y2 = (ko°n?(#) — f2), we write in materials 1 and 2 respectively y2 = §,* =

(ko’ny? — B2) and y2 = a’ = (B2 — ko’ny?%), assuming that the refractive index in both
material is invariant.

The form of the solutions to equation (B-5) depends on the part of the slab. Since we consider
that we inject light in the core only, we choose:

Ae~%x(x—h) for x=h
E,(x) = { Bcos(Byx) + Csin(Byx) for 0 <x<h (B-6)
De%x* for x<0

As B2 = ko’nesf? and the guiding condition n, < n.rs < ny, one can see that f, is real and
a, is imaginary. So equation (B-6) says that the electric field profile has an oscillating pattern
within the waveguide and is exponentially decaying out of it in the X direction.

Now one can use the boundary conditions in x = 0 and x = h: tangential electric field and its
derivative are continuous at boundaries, in particular E,, and aEy(x)/ax are. From equation
(B-6), one can find:

D=B (B-7)

axD = By C (B-8)

A = Bcos(fh) + Csin(B,h) (B-9)
—axA = —BBysin(Bxh) + CBxcos(Bxh) (B-10)

Mixing equations (B-7) to (B-10), one can find:
Z:Bxax

tan (B h) = 57— qz

(B-11)

This equation can be re-written:

\/(nlz — Nepr?) (Meps? — na?) (B-12)
tan (hko, Jn® = neps®) = =5 o
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Fixing the light wave frequency, and thus its wave vector kj, numerical calculations or
drawings can then provide approached values of the effective index with equation (B-12). One
can find a discrete number of solutions, corresponding to fundamental and higher modes

guided. A handy online calculator can be found in [192].
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Appendix C: Instruments
In this part we present the instruments used in this manuscript (Figure C-1).

Figure C-1: Pictures of (a.) the AFM set-up at LAAS and (b.) the optical characterization set-up at MPQ.

C.1. Optics

C.1.1. Laser
EXFO T100S-HP (ex Yenista Tunics, ex Photonetics) (Figure )

T100S-HP

Figure C-2: Picture of an external cavity tunable laser. This particular laser is tunable between 1.5 and
1.63 um, has a spectral linewidth of 400 kHz (i.e. 3 fm in wavelength) and a maximal output of
20 mW.

The laser needs to be tunable at least in the FSR of the cavity so that it can inject in an optical
mode. For a @=20 um silicon cavity of Nesr=2.4 and for a 1o = 1.55 pm light wave, we have
FSR = AOZ/ZneffL = (1.55%x107%)2/2 x 2.4 X 3.14 X 20 X 107® = 8 nm. It needs to be
spectrally thin enough to neglect dispersion. It has to be powerful enough to be above the
photodiode noise after transmission. It has to be stable enough in wavelength and power to
not add noise nor drift on the mechanical motion detection. The slow power drifts can be
overcome by an EOM feedback loop, the wavelength drifts can be overcome by a PDH
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technique. Its wavelength resolution needs to be under the cavity spectral width (FWHmM=25
pm). It a priori needs a mode-hop free sweep, provided that injected power leads to thermo-
optic shifting of the optical resonance.

C.1.2. EOM
Thorlabs LN81S-FC (Figure C-3)

iXblue MXAN-LN-10

Figure C-3: Picture of an EOM. One can observe its input and output optical fibers on the left and right
hand side of the picture. RF port, DC bias and photodiode pins can be seen on its edge. As a note, its
integrated photodiode was sensitive to polarization so we did not use it to monitor power output.

The Electro-Optical Modulator (EOM) transmission versus applied voltage is presented in
Figure C-4, to introduce its operating point.

Setpoint

|

Transmission (
N

-4 -2 0 2 4
EOM tension (V)

Figure C-4: Transmission (proportional to optical power) of the EOM according to the DC-voltage
applied to it. The black line is a sinusoidal fit. The red dot is the DC set-point of the EOM generally just
before Vy;/,, V; being the voltage at which output is totally suppressed. It is chosen in the linear part
to limit harmonics generation when modulating.

We characterized its frequency response, exciting it at a sweeping frequency on the RF-port
and detecting optical modulation amplitude at the same frequency (Figure C-5).
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Figure C-5: (a.) Full-scale frequency response when the OM device is put in the chain. Mechanical
modaulation is traced in orange around 117 MHz, with a more resolved trace. On the whole spectrum,
we observe a beating with a 2.3 MHz period and bigger frequency features. Those are attributed to
the EOM response. (b.) Frequency response of only the EOM directly to the photodiode.

The condition on this frequency response being that it must be flat in the OM probe’s
mechanical resonance frequency region.

As it depends on temperature-sensitive Lithium-Niobate Pockels cells, the EOM we used has
drifts with temperature. Thus a stabilizing feedback-loop was often used, taking the EOM
output power in input and the set-point voltage of the EOM in output, as shown in Figure C-
6. For experiments shorter than half an hour, this can be neglected.
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Figure C-6: Scheme of the operating set-up featuring the feedback-loop control of the EOM output.
The Pl block is a proportional-integral controller. Its bandwidth was usually set around 1 kHz but could
have been lower.

This EOM component can a priori be replaced using the high frequency modulation input port
integrated in our EXFO T100S-HP tunable laser (up to 200 MHz), this was not tested.

C.1.3. Optical amplifier
EDFA: KEOPSYS CEFA-C-HG (Figure C-7)
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Figure C-7: Picture of the fiber amplifier used.

To circumvent low-transmission or/and put the optical transmitted signal over the
photodiode’s noise floor, it can be amplified post-device by a doped-fiber amplifier.

When we sporadically used it, it displayed a 200 amplification factor for a 70 mA current
supply. This optical amplifier was usually used under its normal specifications (40 dB
amplification) to prevent photodiode saturation. The noise of such an amplifier comes from
spontaneous emission. It thus decreases when increasing the input power: if more signal
photons are amplified through stimulated emission, less excited electrons are available to
amplify the spontaneous photons.

C.1.4. Optical tunable filter
Nano-Giga: WLTF band-pass filters (Figure C-8).

_

<

T

-

Figure C-8: 3D scheme of the manual tunable filter we used in the 2-laser configuration. Input and
output fibers can be seen on the left-hand side and the tunable screw on the right hand side.

In the 2-lasers actuation/sensing technique, the pump (i.e. actuation) laser is filtered out with
this band-pass filter of a few nanometers FWHm. A notch filter could also have been used to
ease experiments. Indeed, with such a manual band-pass filter, the filter’s wavelength must
be changed each time the sensing laser is.

With such a filter, another noise source was brought to light: light at a different wavelength.
The mechanical spectrum of an OM probe was recorded (in the 1-laser set-up) with and
without the optical filter. When the optical filter is on, noise is slightly decreased (Figure C-9).
This result was not carefully investigated and could be an experimental error, it however
points out that a spectral investigation of the laser should be carried out to verify the laser
behavior.
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Figure C-9: Mechanical spectrum of an OM probe using the 1 laser set-up without optical filter (top)
and with an optical filter (bottom).

C.1.5. Photodiode (PD)
Thorlabs DETO1CFC: high-bandwidth PD to acquire the mechanical modulation (Figure C-10a).

Newport NewFocus 1611FC-AC: alternative high bandwidth PD but with higher NEP.

Thorlabs PDA10CS-EC: Extra photodiode to verify transmission (Figure C-10b).

Figure C-10: Pictures of the fast (a.) and slow (b.) photodiodes used in this thesis work. The
bandwidth of the left-hand side photodiode is 1.2 GHz.

The first photodiode must have a noise floor lower than the mechanical Brownian motion and
a bandwidth superior to the mechanical motion frequency (around 130 MHz for our device).

C.1.6. Fibers, optical connectors
Couplers: Thorlabs TW1550R1A1

micro-lensed fibers: OZoptics (Figure C-11)
Circulator: Thorlabs 6015-3-APC

To connect instruments standard patchcords, APC connectorized SMF-28 fibers, are used (for
C-band/telecom wavelength at 1.55 um). Fiber couplers are used to probe the optical signal
locally and fibered circulators are used when working in reflection. To inject light in the chip,
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one can access the chip by the edge or the top. On the edge, we used tapered/micro-lensed
fibers from OZoptics. On the top we used standard fibers arranged in a multi-fiber ferule.

Figure C-11: Picture of a tapered fiber from OZ optics. It allows to couple light in a waveguide by the
side of the silicon chip. From [193]. The end’s radius of curvature is about a few micrometers.

C.1.7. Polarization Controllers
Thorlabs FPC562

C.2. RF Electronics

C.2.1. Lock-in Amplifier
Zurich Instruments HF2LI (50 MHz-limited) and UHFLI (600 MHz-limited).

C.2.2. Amplifier
LNA: Minicircuits ZFL1000LN+ (noise factor NF = 3 dB) or FEMTO HSA-X

C.2.3. Bias tee
Minicircuits ZFBT-4R2GW+

C.2.4. Transposition circuit
The global transposition circuit is presented in Figure C-12.
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Figure C-12: Scheme of the transposition circuit used. The Minicircuits RF component are: Splitter
799SC-62-S+, Amplifier 20dB: ZFL-1000+, Ampli. : ZFL-500HLN+, LNA: ZFL-1000LN+, High-Pass filter 1:
SHP-100+, High-Pass filter 2: SHP-100A+, Band-pass filter SIF-40+.

C.2.5. Local oscillator (LO)
Analog Device: AD9912

The local oscillator output was characterized (Figure C-13), in particular its output power to
match the mixer’s needs.
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Figure C-13: (a) Spectrum of the AD9912 local oscillator. Inset shows a zoom on the peak with centered
frequency at 124 MHz. (b) Peak amplitude versus supply power. For our set-up, the set point was
usually chosen at 14 mA, delivering a -3 dBm LO power.
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C.3. Positioners
Fiber positioning: Positioning of fibers to couple from laser light through the edge of the
silicon chip was done within an Attocube systems vacuum chamber with piezo-positioners
controllers ACC50, ANC300 and ANC350. Positioning for experiments in air were mostly done
through stages with micrometer precise screws. Characterization of many device was also
performed at LETI laboratory, with an automatic prober.

Sample positioning in AFM: A PicoCube controller from Pl was used to position the OM tip
with respect to the sample.

C.4. Miscellaneous
Visualization (back/front) was done with a NAVITAR tube and a supplementary x20
microscope objective to be able to see the OM probe and position the classical AFM cantilever.
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Appendix D: Thermomechanical noise spectrum

In this appendix, we look for the theoretical thermomechanical noise spectrum of a resonator.
This is used to fit our experimental data. The outline of the calculation presented in this
appendix is as follows: Fourier transform (damped harmonic oscillator) + Equipartition
theorem = Thermomechanical motion spectrum [194].

Newton’s 2" law applied to a damped harmonic oscillator yields, when thermally excited:
. wm . 2 _
Merr [Z(8) + 5= 2(1) + wmz(t) | = fen(t) (D-1)
m

Which gives, applying the Fourier transform:

Moss [—wz + jmg—: + wg] () = Fop (@) (D-2)

The complex susceptibility is then defined as (m/N):

() (w) 1
X\W) = = 7 D-3
Fth(w) meff I:w%l _0)2 +]wﬁ:| ( )
Let us consider a broadband amplitude spectral density of thermic force (white noise):
Fip(w) = Fpy (D-4)

Equipartition theorem: «At thermal equilibrium, each liberty degree of a system contributes
%kBT to the total energy». Considering the potential energy of a spring-mass system we have
(equation 2 in p. 64 in [160]):

1 1
(Epot (1)) = Ekeff( 2(t) = EkBT (D-5)
So (% (1)) = IkCBT (D-6)
eff

1 17
P(0) =5 [ 1V@FPdo =2 [ Lx@Faltdo
0 0

Yet +oo (D-7)
TG
=L [ x@ide
0
+00 +oo
[ xra ! I ! a
And X(w w = > > aw (D-8)
0 Meff 0 (wrzn—wz)2+(0)w_m)
O
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We consider a mechanical resonance of Q,, >> 1/4, so (as in appendix of [195], missing a
“divided by 2”):

+00
1 1 0Q,m
2dw = m D-9
[ rtan = oS (0-9)
0
Fop(0)|? 1 1 T |Fp(w)|?
Be ( 2(t)>:| thz( )l " . . Qm :| th( 2' 3Q (D-lO)
s Mefr® 2 X Wh Wo AMerr®wm
So IFth(w)Isz — kBT (D-ll)
4‘meff2(l)r3;1 keff
4kBTmeff2(l)r3;1 4kBTmeff0)m 4kBTkeff
Be |Fop(w)]? = = = N2 /Hz (D-12)
th( ) kaeff Qm Qmwm [ / ]
4kBTmeffa)m
Hence Fip(w) Q (D-13)
(w) = 5 S . Ol X S . On
meff[wm—w +]wm] meff[wm—w +]wm]
Fp(w) isin N/VHz.
4kgTw
ang (@)1 = (@) Fen(@)|? = 7 [m*/Hz] g,
MesrQm [(wrzn - w?)? + (wﬁ) ]
Evaluation at resonance:
4kgT 4kgT 2kgT
7 (2 = 2 2Tl _ 25 0m (2 (0-15)

7neffwm3 keffwm nkefffm
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Appendix E: Calibration via acquisition chain
The experimental set-up used to acquire the thermomechanical motion is depicted in Figure
E-1.
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Figure E-1: Scheme of the experimental set-up used to assess the thermomechanical motion of the
OM probe.

The amplitude of motion Az of the cavity leads to an optical resonance pulsation shift:

Az = 1 A0 (E-1)
Joem 2T

Vs c
2
Aav

With Awegy = 2 Mgy

The gom coupling factor can be decomposed in the g, and the zero point fluctuation motion
ZzPF *
Yo

doem = — E-2
o =7 - (E-2)

The g, coupling factor is FEM calculated with the COMSOL software to be g, =
1.15 x 10* Hz. The zero-point (quantum) fluctuation motion is given by:

hP xfm

(E-3)
Kefr

Zzpr =

hp being the Planck constant.

Assuming the optical drop as aninversed triangle, the optical power transmission shift induced
by the cavity’s wavelength shifting is:

_ FWHM/2

A cav —

AP (E-4)
Pdrop opt

Where FWHM and Py, are defined in Figure E-1.

This optical power shift is transduced to a current shift Al by the photodiode responsivity R,:

Al
APOpt = E (E'S)
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For we use a DETO1CFC Thorlabs photodiode, the responsivity at 1.55 um is Res, = 1 A/W.

For a 130 MHz signal guided in ar = 50 Q BNC cable, the power spectral density at 130 MHz
of a sinusoidal signal of current amplitude Al is P,;,. = rAI? W/Hz.
The 2 RF amplifiers have a total gain G = 44.3 dB (Figure E-1), thus:

(Pmax_G)_30

Perec = 10 (E-6)

Where P, is the power spectral density at resonance, measured after amplification and in
dBm, as defined in Figure E-1. As a note, in this calculation, each parameter is in noise but
their initial symbol is kept by abuse.

Hence we have:

1 hp X c FWHM/2 1 1 (Pmax—G)—30
_ L e X X /2 X —410 10 (E-7)

B Yo keff Agav Pdrop Resp \/F

1 6.63X10~3 x1.3x108 3x108 26x1071 /2 1 1 (£97-44.3)-30
So: Az = X X X=X -—=4/10 10 =
1.15%x10% 4x10% (1.55%x1076)2 75%10~6 1 +/50

1.2 x 10715 m/vHz.

The theoretical value given by the equipartition theorem is:

NAp(wm) = (E-8)

2%1.38x10723x293x1000
3.14x40000%1.3x108

=7 x 1071 m/VHz.

So: NA (wy) = \/

The two values Az and NA;,(w,,) are in agreement via a 1.7 multiplication factor. Every
numerical value in the Az calculation is from experimental observation except k.rs and g,
that are estimated by FEM simulations. It thus provides us a verification for those FEM-
calculated values.
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Appendix F: Delay line phase slope effect

When sweeping the excitation frequency around f,,, with the LIA, a phase slope appears due
to the delay difference accumulated in both arms of the LIA: the higher the frequency and the
path difference, the higher the slope (Figure F-1).
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Figure F-1: (a) Scheme of the OM probe operating set-up up where the OM probe is replaced by a
through line. The two paths the RF signal travels through are highlighted in purple (1) and (2). (b)
Scheme of the RF signals at the LIA frequency for two different frequencies f; and f,. For the signal of
frequency f;, the phase-shift between the 2 pathsis ¢, = 0. For the chosen signal of frequency f, the
phase-shift between the 2 paths is ¢, = /2. Thus for a LIA swept frequency from f; to f5, the phase
slope will be ¢, — 1 = /2.

a

Y, =m/2

The phase delay ¢,, accumulated by a signal passing in a path of length L depends on the
signal’s frequency f,:

2nf, L
O, = v” (F-1)
Where v is the propagation velocity.
A slope then appears on the LIA phase when sweeping the measurement frequency:
A - 2rL
B0 P2~ P1 (F-2)

Af B f2—h S
Assuming a resonator with f,,, = 130 MHz and Q,,, = 1000, the mechanical phase-shift is
180° and the frequency range over which this rotation appears is Af = f,,,/Q» = 130 kHz.
Over this frequency range and a 10 m path difference, the phase slope effect discussed takes
a value of:

2mX10
3x108

x 130 x 103 x 222 — 1.6°
2T

Application: Ap =

This value is 1% of the total phase rotation, negligible. However, for a higher frequency probe
with a lower mechanical quality factor and a lower measured phase rotation (because of
background for example), this value can surpass the measured phase rotation and prevent the
phase-locked loop to be locked on the mechanical resonance.

Experimentally, this effect can be avoided with a delay line, a numerical delay compensation
or a calibration with early traces. In this manuscript, we used the three depending on the
availability of the numerical compensation in the LIA used.
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Appendix G: Cleaved facet side-injection and Fabry-Pérot effect

Some of the earlier devices we were able to assess optically were not made with grating
couplers. To couple laser in and out the silicon chip, they were cleaved, letting the possibility
to approach a micro-lensed fiber to the side and couple light in the waveguide. However as
they are cleaved, the waveguide facets are reflective and induce Fabry-Pérot effect oscillations
in the transmitted/reflected optical signal (Figure G-1).
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Figure G-1: (a) Scheme of the device and fibers and picture of the coupling micro-lensed fiber close to
the cleaved waveguide. For scale, the waveguide highlighted in red is 5 um wide. (b) Optical
transmission spectrum of the device. One can observe the oscillation due to the reflectivity of the
device’s cleaved facets. One can also observe the optical resonance of the ring resonator (red arrow)
with the abrupt end of the thermo-optic shift. The FSR corresponds to the device size L = 5 mm giving
an expected FSR = A%/2ngsrL = (1541 x 107°)?/2x 2.8 X 2x 1073 = 212 pm in agreement
with the experimental value of 200 pm, knowing that the silicon chip length L was roughly evaluated
with a ruler. The brutal uphill slope of the transmission is associated with the end of the thermo-optic
shift of the optical resonance of the OM probe.

This reflectivity allows one to operate the OM probe with only one fiber. This Fabry-Pérot
effect also induces a modulation on the mechanical motion transduction (Figure G-2).
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Figure G-2: Fabry-Pérot effect on the thermomechanical noise transduction. The wavelengths are
relative to 1539 nm and the thermomechanical motion is taken at 117.14 MHz, relative to the noise
floor of -98.5 dBm. In plain blue is traced the reflection of the optical signal. In plain orange is traced
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the thermomechanical (TM) noise maximum in dB, relative to the noise floor. The crosses are data
extracted from the driven operation of the OM probe. The blue crosses are the background level and
the orange crosses are the driven amplitude of the OM probe motion.

As described in Figure G-2, the plain blue trace displays a modulation corresponding to the
chip cavity. One can also observe the quasi-vertical downhill at 810 pm associated with the
optical resonance. Actually the laser enters the optical resonance around 520 pm and the
thermo-optic effect shifts it until 810 pm. One can observe that the blue crosses fit perfectly
the plain blue trace. This means that the background level is proportional to the reflection of
the device as expected from the “through signal”.

The envelope of the orange curve finds its explanation in the growing slope of the optical
lorentzian: as the wavelength of the laser approaches the one of the optical cavity, the
thermomechanical motion is better transduced. But exceptionally, it displays a modulation. It
appears that each extremum of the reflection spectrum is linked to a maximum of the
thermomechanical noise transduction, indicating that power injected at those wavelength is
higher inducing a better transduction. However the peaks does not match properly, in
particular the first one. This could be explained by the Lorentzian shape of the optical mode,
where transduction is better in the middle of the slope. This could also be explained by the
fact that the reflection spectrum was taken using the continuous sweep tool of the laser. This
distorts the spectrum compared to a step by step sweep (done for the thermomechanical
noise maximum) where the wavelength is verified at each step. Another information on this
bumpy thermomechanical noise maximum is that when the OM resonator is driven, the
mechanical resonance peak reverses at each bump. It means that the phase-shift between the
background and the mechanical signal changes of T between every bump.

The driven amplitude is higher than what the thermomechanical noise. This highlights the
driving of the mechanical resonator: when more optical signal is injected, it is more actuated
(the orange curve and markers fit well when the driven amplitude is divided by a linearly
growing factor with respect to wavelength.
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Appendix H: Contrast and FWHmM definition

From the transmission function, one can extract the contrast and the Full Width at Half
Minimum (FWHm). The optical transmission T (w;4ser) is given by:

) 2
(% _ %) + (Weay — Wigser)?

T(wigser) = (H-1)

i 2
(% + %) + (wcav - wlaser)z

Where w,,,, is the optical resonance angular frequency of the cavity and w; e, is the angular
frequency of the laser. y;,: is the rate of the intrinsic optical losses of the cavity and y, of the
extrinsic ones (i.e. coupling ones).

The transmission on resonance is straightforwardly evaluated:

Yint — Ve 2
o) = (L222) e
cav Ve + Yint
As the transmission is normalized, the contrast is then:
T, —T(w
C — max ( cav) — 1 _ T(wcav) (H-3)

Tm ax

To better picture the values we are talking about, they are presented in Figure H-1.

T
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Figure H-1: Optical transmission T of an OM probe featuring its optical resonance w.q,. The contrast
is actually normalized by the maximal transmission, which is taken equal to 1 in this graph.

To find the FWHmM Aw, one can write the condition:

Aw T(w +1
T (a)cav + _) — l (H—4)
2 2
Where the right side can be written:
T(wcav) +1 _ Yez + yint2 (H-5)

2 B (Ve + Yint)z
We have then:
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(Vint B Ve)z + Aw? _ Vez + yintz

= (H-6)
(Ve + )/int)z + Aw? (Ve + Vint)z

So

[(Vine = Ve)? + Aw?] (Ve + Vine)* = (e® + Vi ) Ve + Vine)* + Aw?] (H-7)

Factorizing:

Aw?* X 2¥eVint) = We + Yine)* X (2¥eVint) (H-8)

Thus:

Aw =Y + Vint (H-9)

Speaking in terms of quality factor, using Q,,: = % and Q, = %, we find:
X

! = ! + ! (H-10)
Qopt Qe Qint
Approximating the optical resonance to a triangle, one finds its slope S:
S = Tnax — T(wcav) (H-11)
Aw
Rewriting this equation, we find:
CXxT, X
S = max Qopt (H-12)

wcav

To maximize the OM transduction, one has to maximize the optical resonance slope given by
maximizing T4, and (neglecting constant terms):

w,
QoptC = Tmax % (1 - T(wcav)) (H-13)
w
Giving at last:
C= 4
Qope = 1, 1y (H-14)
QeQint (Q_ + 0; )
e int

One thus seeks the lowest y, and ¥, to maximize transduction. This equation also means
that for a given Q;y,¢, the maximum Q,,,:C is obtained for Q, = 2Q;n;, i.€. Vint = 2Ve.

From the contrast and the FWHm, one can extract the Q, and Q-

(H-15)

Yint — )/e)z _ 4YeYint _ 4(Aw — Ve)ye
Ye + Vint (Ye + yint)z (Aw)?

Thus the y, can be found with a 2"¢ order formula from the contrast and FWHm:

€ =1=T(wea) =1~
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4y,% — 4Awy, + Aw?C = 0 (H-16)

With the positive discriminant A= (4Aw)?(1 — C). The two solutions are given by:

Aw
Ye =7(1J_rx/1—c) (H-17)
Which gives a more handy:
ACQU
= H-18
e 200(1 +V1-) (H-18)
With A1/ Acgp = Aw /W, qy-
Similarly, one can find:
/1(,'(117
int = H-19
Cume 20A(1 £V1=0C) (H-19)

The coupling regime fixes the sign of the solution. For critical coupling Q, = Q;,,;- However for
under-coupled and over-coupled regimes, the signs in the denominator are opposite, with a
change in between regimes.
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Appendix |: Thermo-optical saw-tooth shift

For high powers, when the laser injected in an optical cavity is swept in the cavity towards
larger wavelengths, the optical resonance appears distorted in a saw-tooth fashion (Figure I-
1). The width of the tooth is proportional to injected laser power.
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Figure I-1: Transmission (in black) of an OM ring when probing laser is swept in increasing wavelength.
It displays a saw-tooth-shaped, thermo-optic distortion of the cavity. The implicit optical resonance
drop is represented in colors for increasing temperature. When the laser is swept over a WGM at high
power, the temperature increase in the disk gradually red-shifts the WGM resonance. As a
consequence the WGM appears as a triangular profile. From p. 35 in [139].

For our 0.22 um x 0.5 um ring cross section featuring a A, = 1.55 pm resonance, we observed
a Ad.4, = 100 pm resonance wavelength shift. This shift could be explained by three
phenomena:

. . aL .
- thermal expansion: the cavity heats up and thus deforms a; ¢xp = %5, L being the

length of the cavity;

- thermo-optic effect: the cavity heats up and thus its effective index grows a;p opr =
on
or '’
- ACKerr effect: effective index increase with power in cavity An = n,I = %,I being
ring
the optical intensity in the cavity and w,.;,4 X h being the cross-section surface of the

cavity’s waveguide.

Let us first compare the first two options. Assuming thermal expansion, the A1.,, = 100 pm
resonance wavelength shift would correspond to a temperature increase of, using the
resonance equation mAy = 2mRNzf:

A

P EE— -1
/10 ath_exp ( )

ATthermal_expansion =

For AA=100pm, Ap=155pum and Qi exp = 2.5X% 107 [196], we find

ATthermal_expansion = 25K

Or assuming thermo-optic effect, it would correspond to a temperature increase of:
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‘I’leffAA

ATthermo_optic - (|—2)

A'Oath_opt
For Nesr = 2.4, A1 =100 pm, Ay = 1.55 pm and a opr = 1.8 X 107* K™* [197], we find
ATthernw_o;r)l.‘ic =09K.

The thermo-optic effect needs a 28 times lower temperature to create the same shift of
wavelength. The thermal expansion effect is thus negligible over the thermo-optic one.

For the AC Kerr effect to induce such a resonance wavelength shift A4, the power circulating
in the cavity must be:

Neff X AL X A X Wring
Agny

PKerr - “'3)

For AA =100 pm, h = 220 nm, Wy, = 500 nm, 4y = 1.55 pm, n.sr = 2.4 and the AC-Kerr
coefficient n, = 4.5 nm?. W~ [198], we find Pg,,, = 3.8 W.

The optical energy stored in the cavity Eg;oreq is given by:
Yepin

2
(%) + (wlaser - wcav)z

Estorea(Wiaser) = (1-4)

To find the circulating power, one has to divide it by T, the time for a photon to complete a

. . ma
lap in the cavity T, = TO’ at resonance:

E P 2 %n
d ¢ Vel Q. m
Pcirc = soore = X = . (I'S)
T mA 2 2 2
0 0 (_Ytzm) + (Wigser — a)cav)z (—ZQl ) + (ﬂ. Ao - 1)
tot laser

At resonance ;450 = Ao and assuming a critical coupling Q, = Qn¢ SO Qtor = Q/2, one thus
finds:

_ Pithot
Pcirc - m

Form = 100, P;,, = 1 mW and Q;,; = 40 000, we find P, = 0.13 W.

(I-6)

The power needed to induce the shift is more than one order of magnitude higher than the
real power, AC Kerr effect is thus negligible over thermo-optic effect. Therefore, the thermo-
optic shift is a handy method to probe the temperature of the ring. For our thermo-optic shift
were no wider than 1 nm, the temperature elevation due to laser in our rings was lower than
10 K.
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Appendix J: Acquisition and generation digital interface
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Figure J-1: Scheme of the detailed digital interface. The user interface is computed in LabVIEW. AO
stands for analog output and Al stands for analog input. RTIO stands for Real-Time-Input-Output, this
block consists of a National instruments Compact RIO controller with 4 modules: NI19215 (4 inputs
sampling 100 kHz), N19229 (4 inputs sampling 1 MHz), N19253 (8 inputs sampling 50 kHz), NI9401 (4
inputs and 4 output).
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Appendix K: Effective index correction on the free spectral range
The optical resonance condition of a ring cavity of radius R writes itself:

MmAy = 2mRNgfr(A) (K-1)

Using the resonance condition (K-1), one can estimate the Free Spectral Range (FSR) of the
ring cavity given by FSR) = A;,41 — A;,,. Considering a constant effective index n.f; and
assuming m > 1, one finds:

2
FSR, = —— (K-2)
m

The m > 1 assumption is valid for our 10 um radius rings with azimuthal orders m about 100.
With 1,,, = 1.55 um and m = 100, one thus finds FSR; = —15.5 nm.

This theoretical value is however about twice the experimental one, of about -9 nm. This is
because one cannot neglect the variation of the effective index over the wavelength. Let us
find the new free spectral range:

_ 21R | Negy (Am+1)

FSRA = Am+1 - /1m - neff(/lm) (K-3)

m 1
1+ m
Assuming that m > 1, one can write:
21R 1
FSRy = = (g ) X (1= =) = oy () (K-4)

one
Using a first order limited development 1o ¢ r (A1) = Nepr (A1) + FSRy X %:

21R aneff 1

One can re-write:

2R on 1 n A
FSRy = —( FSR; x —ZL x (1 - —) _ Tess(m) (K-6)
m oA m m

Re-writing the pre-factor using equation (K-1) and assuming again that m > 1, one can write:

aTleff _ neff(/lm)
oA m

m

Nefr (Am)

FSR, = <FSR;1 X (K-7)

One can thus finally write the corrected FSR:

A Am aneff>‘1
FSRy = ——(1- X (K-8)
AT m < Nerr(Am) ~ 02
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This corrected FSR estimation gives, using 1, = 1.55 ym, m = 100, neff(lm) = 2.4 and

Zelf = ~1.176 um™", FSR; = —8.8 nm.
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Résumé

Dans le domaine de la microscopie, le microscope a force atomique (AFM), inventé en 1986,
est aujourd’hui toujours basé sur le méme concept de sonde de force: le levier. Les
performances de I’AFM, et en particulier sa vitesse d'imagerie, sont principalement limitées
par ce levier, dont la fréquence de résonance plafonne a quelques MHz. Ce travail de these
présente un nouveau concept de sonde AFM, une sonde optomécanique (OM), ainsi que les
développements sur I'instrument pour exploiter ses performances. En effet, des sondes OM
vibrant a plus de 100 MHz sont développées et exploitées dans ce manuscrit. Elles démontrent
une limite de détection thermomécanique remarquable de 10_17m/\/m a température
ambiante, inférieure a celle de toute autre sonde AFM, permettant un fonctionnement avec
une amplitude de vibration de 10 pm. Cette sonde OM est constituée d'un anneau de silicium
suspendu d'un diametre de 20 um, agissant a la fois comme un résonateur mécanique et un
résonateur optique a mode de galerie. Les deux sont intimement couplés par la forme de
I'anneau : lorsque I'anneau vibre dans un mode de respiration, la longueur de la cavité optique
varie et sa longueur d'onde de résonance varie autour de la longueur d’onde centrale de
1,55 um. De nombreuses variantes de sondes OM sont caractérisées pour trouver la
conception optimale, conduisant a un gap de couplage évanescent de 100 nm a 200 nm et une
largeur de rayons de suspension inférieure a 100 nm. Grace a une caractérisation approfondie,
un phénomeéne singulier est également mis en évidence : le super-mode. Deux alternatives
pour mettre la sonde en vibration sont comparées : I'actionnement capacitif et optique.
L'étude de la stabilité et du bruit de la sonde permet d'identifier une source de bruit
supplémentaire en actionnement optique. Ensuite, les sondes OM sont intégrées dans un
instrument AFM dont chaque composant est spécialement développé, du scanner
piézoélectrique a l'acquisition et au traitement des données. A cause d’un verrou
technologique de fabrication, la pointe de la sonde OM n’a pas pu étre approchée d’une
surface : elle ne dépasse pas du substrat sur lequel la sonde est fabriquée. Un levier AFM
classique est donc utilisé pour interagir mécaniquement avec la sonde AFM. La bande
passante de l'instrument est alors caractérisée en fonctionnement, démontrant une bande
passante de boucle de rétroaction de 100 kHz, a I'état de I'art. Enfin, une premiére pseudo-
image est réalisée avec ces sondes, démontrant le fonctionnement complet de I'instrument.

Mots-clefs : Microscope a force atomique (AFM), optomécanique, résonateur, cavité.
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Abstract

In the field of microscopy, the atomic force microscope (AFM) invented in 1986 was brought
little, but nonetheless impressive, incremental developments since then. This instrument’s
performances, and in particular imaging speed, are mainly limited by its cantilever-type force
probe whose resonance frequency peaks at a few MHz. This thesis work presents a new
concept of AFM probe, an optomechanical (OM) one, and custom instrument’s components
to exploit its performances. Indeed, the 100+ MHz vibrating OM probes tested in this
manuscript demonstrate an exquisite thermomechanical limit of detection of 10_17m/\/m
at room temperature, lower than any other AFM probe detection, and an instrument-limited
10 pm vibration amplitude. This OM probe consists of a suspended silicon ring with a 10 um
radius, acting as a mechanical resonator and a whispering-gallery-mode optical resonator. The
two are intimately coupled by the ring shape: when the ring vibrates in a breathing mode, the
optical cavity length varies and so does its resonance wavelength around its central value
1.55 pum. Characterization of numerous OM probes with different designs are investigated to
find optimal designs, that is a 100 nm to 200 nm evanescent-coupling-gap and spokes width
below 100 nm. Through deep characterization, subtle phenomenon is also highlighted as the
super-mode. Two alternatives to put the probe in vibration are compared: capacitive and
optical. Stability and noise study of the probe help identify an additional noise source in optical
actuation, that seem to be related to the optical background signal. Each developed
component of the AFM instrument is detailed from piezoelectric scanner to data acquisition
and processing. Because of a fabrication technological lock, the tip of the OM probe could not
approach any surface as it did not protrude from the substrate on which the probe is made. A
conventional AFM lever is therefore used to interact mechanically with the AFM probe. The
instrument’s bandwidth is then characterized in operation, demonstrating a state-of-the-art
100 kHz feedback-loop bandwidth. Finally, a first pseudo-image is achieved with such probes,
demonstrating the whole instrument operation.

Key-words: Atomic Force Microscope (AFM), optomechanics, resonator, cavity.
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