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Résumé

Ces travaux de these portent sur la conception, la fabrication et la car-
actérisation de résonateurs nano-optomécaniques sous forme de disques en
arséniure de Gallium (GaAs). Ces disques sont a la fois des résonateurs
mécaniques oscillant au GHz, et des résonateurs optiques a mode de ga-
lerie & haut facteur de qualité (> 10°). En confinant ’énergie mécanique et
optique sur un volume sub-um?, ils permettent d’atteindre un couplage op-
tomécanique extrémement large (go >1 MHz). Nous présentons les dévelop-
pements technologiques ayant permis l'intégration de ces résonateurs avec
des guides de couplage optique directement sur échantillon semi-conducteur,
tout en maintenant des performances a ’état de 'art. Nous discutons les
différents mécanismes de couplage optomécanique (pression de radiation,
photoélasticité) dans les disques GaAs, ainsi que les sources de dissipation
optique et mécanique dans ces résonateurs. Nous présentons également des
expériences d’optoméca-nique a l’air libre et en cryostat a basse température,
allant de la mesure du mouvement brownien et I'observation de rétroaction
dynamique, jusqu’a des premieres tentatives d’approche du régime quantique
du mouvement. Enfin, nous présentons un développement nano-optomécanique
complémentaire mené sur le matériau nitrure de silicium (SiN), aboutissant
a la fabrication de résonateurs a mode de galerie sur puce a haut facteur de
qualité. Apres I'étude des instabilités optiques et de la dynamique d’auto-
pulsation de ces résonateurs, nous présentons des premieres signatures de
couplage optomécanique dissipatif dans ces systemes.

Mots-clefs: Optomécanique, mode de galerie, résonateur optique, mode
de respiration, couplage evanescent, couplage critique, guide d’onde, op-
tique guidée, photonique intégrée, haut facteur de qualité, pression de ra-
diation, photoélasticité, GaAs, AlGaAs, SiN, nanofabrication, lithographie
électronique, cryogénie, pertes optiques, auto-oscillation.



Abstract

This thesis work focuses on the design, fabrication and measurement of Gal-
lium Arsenide (GaAs) nano-optomechanical disk resonators. These disks are
both GHz frequency mechanical resonators, and high Q (> 10°) optical whis-
pering gallery mode resonators. By confining optical and mechanical energy
on a sub-um?® volume, they enable extremely large optomechanical coupling
strengths (go >1 MHz). We present the technological developments which
enabled the integration of these resonators with optical coupling waveguides
directly on a semiconductor chip, while maintaining state of the art per-
formance. We discuss the different optomechanical coupling mechanisms
(radiation pressure, photoelasticity) in GaAs disks, as well as the sources of
optical and mechanical dissipation in these resonators. We present as well
optomechanical experiments in air and in a cryostat at low temperature,
which go from the measurement of Brownian motion and the observation
of dynamical back-action, to the first attempts to approach the quantum
regime of mechanical displacement. Finally, we present an additional nano-
optomechanical development carried out on the silicon nitride (SiN) platform,
which lead to the fabrication of high QQ on-chip whispering gallery mode res-
onators. After the study of the optical instability and self-pulsing dynamics
of these resonators, we present the first signatures of dissipative optomechan-
ical coupling in these systems.

Keywords: Optomechanics, whispering gallery modes, optical resonator,
radial breathing modes, evanescent coupling, critical coupling, waveguide,
integrated photonics, high Q, Gallium Arsenide, GaAs, AlGaAs, silicon ni-
tride, high stress, radiation pressure, photoelasticity, nanofabrication, e-
beam lithography, cryogenics, optical losses, self-pulsing.
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Introduction

Brief history

The field of optomechanics deals with the interaction between light and a me-
chanical degree of freedom. This interaction is mediated via various types of
forces, such as the radiation pressure force. Radiation pressure refers to the
pressure exerted on any surface exposed to electromagnetic radiation. As far
back as 1619, Kepler hypothesized that it was the pressure of light which was
responsible for bending comets’ tails away from the sun' [1] (see Figure 1, a).
Radiation pressure was then theoretically predicted by Maxwell in the late
19th century and later experimentally verified by Lebedew [4] and Nichols
and Hull [5] at the turn of the 20th century. In the 1960’s Braginski et al. [6]
noted that an “additional mechanical friction, ..., arises during mechanical
vibrations of a body absorbing or reflecting electromagnetic radiation”. An
equivalent effect also occurs in a cavity, termed dynamical back-action, and
can result in either adding or removing energy out of the mechanical mode,
depending on the experimental parameters. Historically, the influence of ra-
diation pressure has been much investigated in the context of gravitational
wave detectors (such as LIGO or VIRGO, see Fig. 1 b), whose ultimate sensi-
tivity is limited by quantum radiation pressure noise [7]. Further information
can be found in the following review articles: [8, 9, 10].

Present status of experimental optomechanics

The reason one braces oneself for strong gusts of wind, or before stepping
under a waterfall, but not before switching on the light, is because radiation
pressure is generally very weak?. As a consequence, in order to feel the effects

'Radiation pressure is indeed responsible, along with solar winds, for pushing comets’
tails (composed of dust particles and gas) away from the sun. The second mechanism,
solar wind, consists of a stream of charged particles emitted by the sun.

2The radiation pressure due to sunlight striking the earth’s surface is only ~ 4.5 uPa,
assuming total light absorption and 1.3 kW-m~2 irradiance.



Figure 1: Three large scale systems sensitive to radiation pressure. (a) Comet’s tail bend-
ing away from the sun. (b) VIRGO, a kilometer-sized Michelson interferometer located
in Italy [2]. (c¢) NASA’s NanoSail-D spacecraft (artist rendering) makes use of radiation
pressure, in this case for space travel. Even though the acceleration provided by the solar
radiation is feeble, it accrues over long periods of time, potentially allowing for fast and
fuel-free space travel [3].

of radiation pressure, systems must be either extremely sensitive, very light,
exposed to high light intensities, or a combination of the above. The past
few years have witnessed a surge of interest in the field optomechanics, ac-
companied by the development of a huge variety of devices aiming to exploit
optomechanical coupling. Figure 2 shows -a by no means comprehensive-
overview of some of these different optomechanical coupling schemes.

Presentation of our devices

Here we provide a very brief presentation of the system we choose to study
optomechanical effects: GaAs disk resonators [42, 43]. (See Figure 3 for a
schematic). The GaAs disks described in this work are both optical and
mechanical resonators. On the optical front, the optical energy is contained
in whispering gallery modes® located on the periphery of the disk. The disks
are very good optical resonators, and thus provide both large optical field
enhancement and high sensitivity. Furthermore, with their extremely small
size? and picogram mass, we see that GaAs disks meet all three of the previ-
ously mentioned criteria, and are therefore well suited to observe the effects
of radiation pressure.

In the context of a collaboration with Eva Weig’s team at the LMU in
Munich, we also studied silicon nitride nanobeam resonators positioned in the
evanescent field of a silicon nitride whispering gallery resonator (see section

3These are named in this fashion as the theoretical framework was initially developed
by Rayleigh to describe traveling acoustic waves in the whispering gallery of St Paul’s
Cathedral in London [44].

4They are typically smaller than a red blood cell.
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Figure 2: Non exhaustive overview of a few different optomechanical devices (arranged
in no particular order). (a) Silicon optomechanical nanobeam resonator, Caltech [11].
(b) Aluminum drum membrane in superconducting microwave circuit, Boulder [12]. (c)
Aluminum nitride mechanical resonator coupled to a superconducting Qubit, UCSB [13].
(d) Silica microtoroid resonator, EPFL, Caltech, U. of Queensland, ...[14, 15, 16]. (e)
Gold platted AFM cantilever, LMU Munich [17]. (f) Gram scale mirror, MIT [18]. (g)
Suspended micro-pillar resonator, LKB [19]. (h) GaAs or Silicon WGM microdisk res-
onator, MPQ Paris, Yale, Rochester [20, 21, 22, 23]. (i) Suspended membrane resonator,
Yale, Boulder, Copenhagen, ...[24, 25, 26]. (j) GaAs electromechanical resonator, NTT
[27, 28]. (k) Nanorod or carbon nanotube inside a fiber cavity, LMU [29, 30]. (1) Sus-
pended waveguide nanoresonator, Yale [31]. (m) Double disk resonator, Cornell [32]. (n)
Micro-mirror, U. of Vienna, LKB, LMU, ... [33, 34, 35]. (o) Silica microspheres, Caltech,
U. of Oregon, U. of Michigan [36, 37]. (p) Optomechanics with ultracold atoms, Berkeley,
Uni. Basel [38, 39]. (q) 2D photonic crystal defect cavity, NTT, EPFL, LPN [40, 41].



Figure 3: GaAs disk optomechanical resonator schematic. The GaAs disk (blue) is both an
optical resonator supporting WGMs (red) and a mechanical resonator sustaining a variety
of mechanical modes such as radial breathing modes of the entire disk (black arrows).
The disk is isolated from the sample substrate (not shown here) on an AlGaAs pedestal

(purple).

6.3).

The motivation of this thesis work was to develop a conceptual and ex-
perimental knowledge of the optical and mechanical properties of GaAs disk
resonators, and study their potential for optomechanics. An important as-
pect of the work consisted in developing on-chip GaAs optomechanical disk
resonators with integrated coupling waveguides. Such a chip can be used in
vaccum at cryogenic temperatures and is part of our goal of optomechanically
cooling a disk mechanical mode to the quantum ground state [13, 12, 11]. Be-
yond this aspect, these chips represent a multi-purpose platform with many
potential applications such as mass and force sensing or biosensing.

The disk resonators are fabricated from the III-V semiconductor GaAs.
While not as widely used as the n°1 semiconductor Silicon, GaAs is nonethe-
less a mature platform, with many uses ranging from high frequency electron-
ics to LEDs and photovoltaics. Among its advantages are a high refractive
index® which provides high optical confinement of the resonant optical modes
(see section 1.2), allowing in turn for strong optomechanical coupling (section
3.8). GaAs is furthermore almost perfectly lattice-matched to the lower re-
fractive index AlGaAs. This allows for the design of custom wafers with very
precise thicknesses by Molecular Beam Epitaxy (MBE) for optically guiding
structures. The MBE growth also provides a high purity crystal which is
required for good optical and mechanical properties. Moreover, and perhaps
most importantly, the GaAs/AlGaAs platform allows for the inclusion of
quantum dots [45, 46] or quantum wells in the disk resonator, as well as the
inclusion of electrically driven optically active elements directly on the chip.

During this thesis we benefited from the expertise of Pascale Senellart and
Aristide Lemaitre of the LPN on GaAs disks and GaAs/AlGaAs MBE.

5n> 3.37 in the near infrared.



Introduction

As for the material SiN, it is chosen for its exceptional mechanical proper-
ties® (see section 2.8), but is also a platform of unique potential for integrated
photonics and compatible with visible light applications.

Outline of the thesis

The first two chapters focus in turn on GaAs disk resonator’s optical and
mechanical properties. In chapter 1, the electromagnetic design of on-chip
optomechanical resonators is presented. This includes a description of the
optical coupling waveguide, of the disk’'s WGMs as well as of the coupled
mode theory describing the waveguide to disk evanescent coupling. Next, in
chapter 2, we provide an analytical description of both the out-of-plane and
in-plane mechanical modes of the GaAs disks, and give some estimation of
the magnitude of various mechanical loss sources. The mechanical proper-
ties of SIN beams under tensile stress are also briefly discussed. After this, in
chapter 3, both a classical and a quantum formulation of optomechanics are
presented. The magnitude of the different optical forces acting upon GaAs
optomechanical disk resonators is calculated. Chapter 4 goes into much de-
tail about the fabrication of on-chip GaAs and SiN nano-optomechanical
resonators. Integrated optics experiments are then presented in chapter 5.
A study of the origin of optical losses in GaAs disks and the observation and
analysis of optical instabilities and self-pulsing in SIN WGM resonators are
provided. Finally chapter 6 discusses our results on GaAs and SiN optome-
chanics.

6Under its high tensile stress form.






Chapter 1

Electromagnetic design of
on-chip optomechanical
resonators

In this chapter we discuss the design of an integrated on-chip nano-optomechanical
device from an electromagnetic point of view. First we analytically describe

the electromagnetic field inside the coupling waveguide and consider how the
various experimental requirements influence the design specifications. Sec-
ond we describe the electromagnetic field inside the WGM disk resonator.
Finally we give a detailed description of the coupling between waveguide and
disk resonator fields and offer ways to optimize it.

1.1 Waveguide design

1.1.1 Introduction

At the start of this doctoral work, the experimental technique used in our
team to couple light in and out of a GaAs disk resonator relied on the use
of pulled optical fiber tapers. (A tapered fiber is an optical fiber which has
been thinned down in a localized section to allow for evanescent coupling).
This very efficient technique has been used in a wide variety of experiments
ranging from optics [47] to optomechanics [48] and sensing [49].

We also wished to develop a device where both the optomechanical res-
onator and the coupling waveguide would be monolithically integrated on a
single chip of mm? dimensions. The use of an entirely on-chip sample facil-
itates among others operation in harsh environments (vacuum, cryogenics,
liquids ...) and opens the potential for a variety of developments such as

7



1.1 Waveguide design

o Taper profile
Fit

0 20
z (mm)

Figure 1.1: (a) Ceramic micro-oven used to heat the fiber up to its softening temperature.
(b) Obtained fiber taper profile, with exponential fit (red line).

coupled resonator arrays [50], integration with active sources on the III-V
platform, all integrated optomechanical sensing...

The optical fiber taper coupling scheme is very briefly described now
before discussing the integrated coupling scheme, so as to be able to better
highlight the similarities and differences between these two approaches. Both
approaches (fiber coupling and integrated waveguide) are complementary and
now used in parallel in the team.

Optical evanescent coupling via pulled fiber tapers

The fabrication procedes as follows [51]: a standard (SMF-28) optical fiber is
stripped of its protective coating and placed inside a ceramic electric micro-
heater (Fig. 1.1, a). The fiber is heated to its softening temperature while
being gradually pulled on both ends by precision translation stages. The
fiber’s diameter is thus reduced from ~130 pm to slightly under 1 pym over a
length of several mm, following an exponential profile (Fig. 1.1, b). Finally
the fiber can be looped to increase spatial selectivity [51] or kept straight
when coupling to disk resonators raised above the sample surface on mesa-
like structures (not shown here).

Coupling via a pulled fiber taper combines very high transmission powers
with the possibility to adjust the coupling strength in real time’ by varying
the gap distance between fiber and disk resonator with piezo stages. Some
drawbacks include a bulky setup, the fragility of the silica taper (whose
transmission degrades in presence water molecules in the air for example
[51]) and drifts in the coupling due to the taper’s mechanical fluctuations.

8
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Integrated coupling waveguide requirements

The fabrication of GaAs resonators with on-chip integrated waveguides should
fulfill a number of requirements; the electromagnetic design proceeded with
these in mind. They are listed below. Waveguides must:

e Have low optical transmission losses over their entire length.
e Provide efficient light in- and out- coupling.
e Offer broadband optical wavelength operation.

e Provide efficient and ‘tunable’ coupling between integrated waveguide
and disk resonator.

Furthermore:

e The presence of the waveguide should not degrade the disk resonator’s
optical properties. Indeed the goal is to keep the very high (~ 5 - 10°)
optical quality factors that have been achieved on free standing GaAs
disk resonators [20].

e The waveguide dimensions and fabrication process must be compati-
ble with the desired disk resonator properties as this is a monolithic
waveguide and disk design.

Designing on chip resonators with efficient waveguide to disk coupling re-
quires a description of the electromagnetic field in the coupling waveguide
(1), in the disk resonator (2) as well as an accurate estimate of the inter-
action between these two fields (3). These three points will be successively
addressed in the following. Optimized designs are proposed and the lim-
its of the coupled mode perturbation theory approach employed to describe
the coupling are underlined. For clarity, Fig. 1.2 shows an illustration and
schematic of a disk resonator next to its integrated coupling waveguide, along
with the coordinate system and terminology used in the following.

1.1.2 Description of the Field in the coupling waveg-
uide.

In this chapter, the electromagnetic field in the coupling waveguide is mostly

described using the Effective Index Method (EIM) [52]. The EIM begins with

the description of an electromagnetic wave propagating in a semi-infinite slab
of material (see Figure 1.3). The effective optical properties of the guided

9
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b)

Central
Straight part of the waveguide Tapering region tapered
part

S

Ly

Figure 1.2: (a) Side-view illustration of a coupling waveguide positioned next to a disk
resonator, along with the chosen coordinate system and the position of the distinct GaAs
and AlGaAs layers. (b) Top-view schematic showing the disk and coupling waveguide.
The straight portion of the waveguide of width W connects to the sample edge on one side
and to a tapering region of length L; on the other. This tapering region in turn connects
to a central tapered region of length 1. and reduced width w; in the vicinity of the disk
resonator. The inset shows a blow up of the coupling region, with the disk resonator of
radius r, positioned at a gap distance g from the taper of width w;. Light is coupled into
the waveguide by focusing a laser beam onto one extremity (In) and the outgoing light is
collected at the other end (Out).

10
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mode (e.g. its effective refractive index, see 1.1.2) induced by this one dimen-
sional confinement are calculated. This procedure is then performed a second
time, now using the previously obtained effective properties as the slab prop-
erties, so as to describe the two dimensional confinement by the waveguide
lateral boundaries. The EIM approach thus decouples the in plane- from
the out of plane confinement. Even though this approach is approximate it
nonetheless offers pertinent design strategies.

Light propagation in a slab waveguide

We follow a standard description that can be found in many textbooks, see
for example [53]. An electromagnetic wave propagating in a neutral medium
is solution to the following wave equation derived from Maxwells equations.

2
V2E (r,t) — uoeonQ(r)%E(r,t) =0 (1.1)

We suppose the wave has an angular frequency w. Therefore the electric field
E is given by:

E(r,t) =R [E(r)e™] (1.2)
Combining equations (1.1) and (1.2) leads to (1.3):

V2E(r) + E*n*(r)E(r) = 0 (1.3)

Here k is the norm of the wave vector k and is given by k=w/c , with w the
angular frequency and ¢ the speed of light in vacuum. Finally we consider
the case where the wave propagates along the z axis. The electric field E(r)
can thus be written E(x,y) e~ and equation (1.3) becomes:

2 2
(% + 08_y2) E(z,y) + (K*n*(r) — ) E(z,y) = 0 (1.4)
The guiding slab is infinite along the y axis. We therefore assume the electric
field does not vary along the y coordinate. In this case equation (1.4) takes
the form of Eq.(1.5) in the slab and Eq.(1.6) in the upper and lower cladding
layers:
0 2, 2 2
@E(:E)%—(k ni—B%)E(x) =0 for0 <x<h (1.5)

82

WE($) + (k*n3 — f?) E(x) =0 forx <0andx > h (1.6)
x

The guided modes in the slab waveguide correspond to the case kn, < f < kn;.

When S respects this condition the electric field E(x) is sinusoidal inside the

11
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Figure 1.3: Schematic description of an electro-magnetic wave guided by a slab waveguide.
The slab has an index of refraction n; and the upper and lower cladding layers have a
refractive index ny. The slab has a thickness h and is otherwise infinite along the y and
z axes. We therefore refer to the yz plane as the slab plane. The electromagnetic wave
propagates along the z direction.

slab and decays exponentially outside the slab. Note that this exponential
decay of the field outside the slab is not associated with any power loss.
In theory a guided mode in a slab waveguide can have the majority of its
energy outside the waveguide and yet have zero propagation losses. In prac-
tice though strongly deconfining the mode will tendencially make it more
sensitive to surface roughness and increase propagation losses.

In the following we consider two particular cases of the electric field po-
larization: The Transverse Electric (TE) polarization in which the electric
field is oriented in parallel to the slab plane and the Transverse Magnetic
(TM) polarization in which the magnetic field is oriented in parallel to the
slab plane. In this thesis we will only consider TE modes of the waveguide
(with the electric field parallel to y) which have lower optical transmission
losses. The effect of the vertical (x) confinement on these modes is calculated
with the TE formalism. On the contrary, when considering the lateral (y)
confinement of these modes the electric field is orthogonal to the boundary.
This lateral confinement is therefore treated with the TM formalism.

Transverse Electric (TE) waves

First we consider the in-plane polarization for the electric field (TE). The
electric field takes the form E(z,z) = R [E,(z)e'“'~#9)]. The fields E, and
B, are parallel to the slab plane and therefore continuous at the slab interfaces

in x=0 and x=h. Using V x E = —% we get:

Bu(z) = LB, ()
Z,Wa (1.7)
B.r) = -2 gy
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Therefore the continuity conditions for E, and B, imply the electric field and
its first derivative must be continuous at top and bottom interfaces (at x=h
and x=0). Since we are interested in guided modes we write the following
dependency for the electric field E,:

De #@=h) for x > h
E, (x) = { Bcos(ax)+ Csin(azx) for 0 <x <h (1.8)
Ae"® for x <0

Solving the continuity conditions at the interfaces and having Eq. (1.8)
verify Eqgs. (1.5) and (1.6) leads to a specific set of conditions that must be
respected by TE guided waves. These are summarized in (1.9).

2K
tan(ad) = 3
B2+ a? =ik’ (1.9)
32— a2 = n2k?
k=w/c

This set of conditions leads to discrete solutions for the propagation constant
f (and the associated parameters o and x which respectively determine the
oscillations of E, inside the slab and the exponential decay of E, outside the
slab). If the slab is sufficiently thin only one guided mode is supported (the
slab is called single-mode); thicker slabs support many modes. Even though
there is no analytical solution to the set of conditions (1.9), propagation
constants can be calculated to an arbitrary precision using a root finding
routine. In Figure 1.4 we show the fundamental guided mode and the first
higher order TE mode of a 320 nm thick GaAs slab waveguide, at a free-space
wavelength A=1.55 pym. In the following we will call the first higher order
mode an order 2 mode to be consistent with the WGM notations in which an
order 2 radial mode has two maxima of the squared electric field along the
radial direction. This is in contrast to what is oftentimes used in the optical
waveguide literature where the fundamental mode is numbered 0. Note that
the fraction of the electric field outside the waveguide is much higher in the
case of the order 2 mode than the fundamental mode. (Both modes are here
normalized so that [* E2dx =1).

Effective refractive index and mode confinement

Here we introduce the effective refractive index (neg) of the guided mode,
which is related to the phase velocity v, of the propagating wave and the
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Figure 1.4: Left: Square of the electric field for the fundamental TE guided mode of a 320
nm thick GaAs slab (bulk refractive index n=3.374 at A = 1.55 pum). The slab extends
from x=0 to x=320 nm (dashed red lines) and is surrounded on either side by air (n=1).
Right: first higher order TE guided mode of the same GaAs slab. The squared electric
field has two maxima along the x direction. For the fundamental mode § = 12.01 and
neg= 2.96 while for the order 2 mode 8 = 6.27 and neg=1.55.

speed of light in vacuum ¢ by the relation v, = ¢/neg. The effective refractive
index neg is related to 8 by Eq. 1.10.

A
Nefr :ﬁﬂ (110)

In Fig. 1.4 it is clear a large fraction of the order 2 guided mode’s energy is
no longer in the GaAs slab but in the surrounding air: this translates into the
order 2 mode’s neg being much smaller (closer to air’s refractive index) than
the neg of the fundamental mode, which is closer to the refractive index of
bulk GaAs. Changing the slab thickness will also modify the confinement of a
guided mode inside the slab and change this mode’s n.g. Figure 1.5 displays
a systematic calculation of the effective refractive index of the fundamental
TE guided mode as a function of the slab thickness as well as the fraction of
the total electromagnetic energy which is inside the slab. For very thin slabs
the energy is mostly outside the slab and neg is close to 1. For large slabs
nearly 100 % of the energy is in the GaAs and n.g is close to the index of
bulk GaAs (3.374 at A= 1.55 m). Here nes and the power fraction in the slab
are monotonous functions of the slab thickness h. However, if we now look at
the value of the electric field at the GaAs/Air interface (E,(0)=E,(h)) this
no longer holds true. Figure 1.6 plots the value of the electric field square
module E?(h) as a function of the slab thickness (we keep the normalization
= E?dx = 1). For thick slabs the electromagnetic (EM) energy is totally
confined inside the GaAs and does not ‘feel’ the interface (Figure 1.7 right
panel) . Likewise for very thin slabs : the electromagnetic energy is mostly in
the surrounding air and the field at the GaAs/Air interface is small (Figure
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Figure 1.5: Left, fraction of the total electromagnetic power confined inside the GaAs slab
for the fundamental TE guided mode at A=1.55 pm as a function of the slab thickness h.
Right, effective refractive index neg for the fundamental TE guided mode at A=1.55 pym
as a function of the slab thickness h.
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Figure 1.6: Electric field square module E?(h) of the fundamental mode at the GaAs/air
interface as a function of the slab thickness h. Field at the interface is maximal for h~100
nm.

1.7 left panel). On the contrary for thicknesses around 100 nm the value of
E? at the interface is strongly enhanced (Figure 1.7 center panel). If - as we
believe is the case in our disk resonators - most optical losses occur at the
interface ( by scattering due to surface roughness or absorption for example)
it is best to avoid strong fields at the interface and not make 100 nm thick
disk resonators. As we will see in the following, the parameter g plays an
important role in the coupling of the integrated waveguide to a disk resonator
(see section 1.3.1).

Transverse Magnetic (TM) waves

The influence of the the lateral (y axis) confinement on the guided electric
field E,(y) is then computed using the TM formalism described by Eq. 1.11,
in a similar fashion to the TE section 1.1.2. Figure 1.8 shows the lateral
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Figure 1.7: Plot of the transverse electric field squared (E;) for the fundamental guided
mode of a GaAs slab for three distinct slab thicknesses : from left to right h=25 nm,
h=100 nm and h=500 nm.
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Figure 1.8: Square of the electric field for the TM case with A=1.32 pm and width =
200 nm (left case) and 500 nm (right case). The position of the waveguide interface is
materialized by the dashed red line. The plot window extends 500 nm on either side of the
waveguide in both cases. Note how the field extends much more outside the waveguide in
the case of the 200 nm wide taper, facilitating evanescent coupling to the disk.

profile of the electric field in the tapered section of the coupling waveguide,
and the pronounced influence of the waveguide width on the field extension
outside the waveguide.

2612KOé
tan(ad) = m
B+ a® =n?k?
ﬂQ _al= n; L2 (1.11)

2
ni

€2 = | —
ng
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Figure 1.9: 3D Plot showing the TE fundamental guided mode’s profile in the 320 nm
thick and 200 nm wide suspended section of the coupling waveguide. This XY plane
cross-section was calculated using the effective index method with A=1.32 pm. The field
extends much further in the direction of the disk resonator (y direction) than towards the
substrate (x direction).

Waveguide mode profile

Finally the results of both vertical and lateral confinements described previ-
ously are combined to create the two dimensional cross section of the guided
wave shown in Figure 1.9. This description will be used to estimate the
coupling between the waveguide and the disk resonator in section 1.3. The
following three sections (1.1.3, 1.1.4 and 1.1.5) deal with aspects of the guide
that do not directly influence the coupling efficiency to the disk. Instead they
alm to increase the overall optical transmission levels of the on-chip device.
This is doubly important: first relatively large optical powers are required
in order to reach certain optomechanical regimes such as dynamical back-
action (see chapter 3). Second lost optical power can negatively impact the
resonator’s thermal environment in the case of cryogenic operation. With
the improvements described in these sections very high total transmission
efficiencies of ~30% can be reached. (This percentage is defined as the ratio
of power exiting the chip to power in the incident focused laser beam striking
the waveguide facet).

1.1.3 Choice of straight waveguide width W

The on-chip GaAs resonator samples are notably developed for easy opera-
tion in vacuum and cryogenic environments. In this case light is coupled into
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the integrated waveguides through cryostat windows using a long working
distance microscope objective (see section C.0.1). Such an objective typi-
cally produces a focused spot size of g= 2 to 3 yum. A 3 pum waveguide
width W (see Fig. 1.2) at the input/output facets was therefore initially
chosen so as to roughly match this spot size. However this choice introduces
large optical transmission losses which are not apparent in numerical simu-
lations. Indeed, since the lateral underetch dimension (along y) is fixed by
geometrical constraints coming from the disk diameter, a small width W of
the straight part of the waveguide will translate into a strong optical field at
the AlGaAs/air interface under the GaAs guiding layer (see arrows in Figure
1.10, a). This interface is quite rough due to the nature of the under-etching

b) °

[N

X (microns)
X (microns)

GaAs
substrate ‘1'

Y (microns) Y (microns)

Figure 1.10: XY cross-section of the optical energy distribution for the fundamental guided
mode of a 3 um wide (a) and 8 pym wide (b) waveguide, both with a 1 gm under-etch
of the AlGaAs sacrificial layer. The outline of the GaAs guiding layer, AlGaAs sacrificial
layer and GaAs substrate are indicated by the superimposed dashed black lines. These
simulations do not take roughness induced losses into account.

procedure (see fabrication chapter) and scatters the optical guided energy.
Systematic experimental measurement of transmission levels as a function of
waveguide width between 3 pym and 15 pm consistently show best transmis-
sion for waveguides 8 to 10 um wide. For these widths the optical field is
well shielded from the rough interface, as visible in Figure 1.10 b. This is
the optimal width we adopted. Such a width makes this straight waveguide
part TE multimode at our near infrared wavelengths - selection of the funda-
mental mode is obtained in experiments by central optical alignment of the
injection spot.

1.1.4 Tapering of the coupling waveguide

Whereas the coupling waveguide is ~8 pym wide in the input/output straight
sections (1.1.3), it is only ~200 nm wide in the disk vicinity to allow for
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Figure 1.11: Tapering of the coupling waveguide. (a) Schematic illustrating the local
tapering length scale z;. At point A the waveguide has a half width p and the tangents
to the tapering profile are represented by the dashed red lines. These lines meet at point
B and define z; as the length AB. The local tapering angle at point A is Q ~ p/z;. (b)
Calculated optimal adiabatic profile for a 320 nm thick GaAs waveguide with a wavelength
A used for the calculation of 1.3 um. The tapering takes ~60 pm.

evanescent coupling. The region over which the waveguide transitions be-
tween these two different widths is called the tapering region (see Fig. 1.2).
This transition should be as short as possible to maintain good mechanical
robustness while remaining gradual enough to introduce minimal optical loss
to the fundamental guided mode!.

The optimal tapering profile is calculated from the adiabaticity criterion
described by Love et al. [54] which minimizes the optical power coupling
from the fundamental mode to the second order guided mode. We verify
that these analytical results are in good agreement with Beam Propagation
Method (BPM) and Finite Difference Time Domain (FDTD) simulations.
According to [54], power loss from the fundamental mode to the second
order mode is minimized provided the local tapering length scale z (see
Figure 1.11 (a) and Eq. 1.12) is larger than the local coupling length (beat
length) between these two modes 2, (Eq. 1.13).

2~ p/Q (1.12)

2T
2= ——— 1.13
Qo> (118
(Here 3, and (3, are the propagation constants of the fundamental and second
order guided modes). Setting these two lengths z; and z;, equal provides the

adiabatic delineation criterion which indicates the maximum tapering angle

"'When the tapering is too abrupt energy is coupled from the fundamental guided mode
into higher order modes. These higher order modes are then filtered out by the taper if it
is monomode (see section 1.1.6) resulting in power loss. Even if the taper supports these
higher order modes, they are still undesirable as they do not couple ideally to the disk
resonator WGMs (see section 1.3).
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Figure 1.12: BPM comparison between the optical transmission of 3 different taper profiles:
(a) calculated ‘optimal’ adiabatic (b) linear and (c) exponential. In red is the waveguide
seen from the top, in blue the optical energy profile at different positions z along the guide.
In all three cases A=1.32 pum and the waveguide width is reduced from 8 pm to 200 nm
over a 60 pm tapering length. The power transmission is 96% for (a), 91% for (b) and
only 86.6% for the exponential profile (c). Evidence of coupling to the second order mode
is well visible in (b) and (c) at Z~40 um.

2 not to be exceeded at any point (Eq. 1.14).

0= P(ﬁl—@)

— (1.14)

From this criterion the optimal tapering profile is calculated in iterative fash-
ion. Starting from the initial waveguide half width p, the values of 5, and [,
are calculated and provide €2 through Eq. 1.14. This allows to know p at the
next point and so on until the complete profile has been obtained. Figure
1.11 (b) shows the calculated optimal tapering profile for a 8 pm wide GaAs
waveguide reduced to a width of 200 nm. This profile is different from the
typical exponential profile of pulled optical fiber tapers (see [47, 51] and Fig.
1.1 b) and presents a discontinuity in its first derivative at the end of the
tapering. BPM simulations confirm the superiority of this optimal adiabatic
profile over linear and exponential tapering profiles. The adiabatic profile
transmits more power and is best at maintaining the fundamental mode spa-
tial intensity distribution (see Figure 1.12). This approach also sheds light
on the somewhat ‘counter-intuitive’ observation that while a high refractive
index disk resonator can be ‘bent’ more (have a smaller radius of curvature)
than a low refractive index resonator before incurring large bending losses
(see section 1.2.1), a high refractive index waveguide must be ‘bent’ more
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gradually than a low refractive index guide if no coupling to higher order
modes (and transmission losses) are to occur. Indeed the spacing ;-2 be-
tween the fundamental and second order guided modes is smaller in the case
of a high refractive index guide, leading to a reduced tapering angle Q (Eq.
1.14).

As a side note: the optical fiber tapers discussed in section 1.1.1 provide
transmissions above 99% even with a ‘sub-optimal’ exponential tapering pro-
file. This does not matter in that case due to the extremely reduced tapering
angles involved (the fiber is tapered over tens of mm). Such extremely long
tapering lengths are not compatible with integrated samples for reasons of
device size, transmission losses and collapsing of the suspended portion (see
fabrication chapter).

1.1.5 Power loss at the suspended section - choice of
guiding layer thickness

In the vicinity of the disk resonator the tapered GaAs guiding layer is narrow
enough (~200 nm) for the AlGaAs sacrificial layer below it to be completely
under-etched in our standard fabrication, leaving the waveguide suspended.
At this point, the majority of the guided optical energy in the AlGaAs will
be lost. Indeed unlike for the horizontal tapering discussed previously (1.1.4)
the fabrication process precludes a vertical tapering of the guide. The aim
is therefore to confine most of the energy in the top GaAs guiding layer in
order to avoid these ‘vertical’ transition losses as the optical wave enters the
tapered region. Figure 1.13 shows an initial waveguide design (left) using a
200 nm thickness for the top guiding GaAs layer [20, 55, 21], as well as an
optimized design which offers far superior transmission (right). The chosen
320 nm thickness for the GaAs guiding layer constitutes a good compromise
between good optical transmission of the guide and optimized disk resonator
thickness. A failed approach we attempted to solve this ‘vertical’ power loss
problem at the suspended transition of the guide consisted in trying to ‘force’
the energy up into the GaAs guiding layer. This was done by working with a
narrower waveguide which was laterally almost completely underetched so as
to rest over its entire length upon a couple hundred nm wide AlGaAs ‘rail’,
effectively confining the energy in the GaAs by air cladding. This technique
failed for two reasons: first the optical energy was not well shielded from
the rough AlGaAs surface (as discussed in section 1.1.3). Second, - and
unsurprisingly in retrospect - waveguides supported over mm lengths on sub-
micron wide rails proved to be incredibly fragile.
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Figure 1.13: Comparison between the energy distribution (solid blue line) in the case of
a 200 nm thick GaAs layer upon an AlGaAs layer operating at A=1550 nm (left), and
a modified waveguide design with a 320 nm thick GaAs layer operating at A=1320 nm
(right). The position of the GaAs guiding layer is materialized by the dashed black lines
and each layer’s bulk refractive index by the horizontal purple lines. In the first case the
fraction of the energy in the GaAs guiding layer is only 21 % while in the second case it
is slightly above 77 %. Note also how the field extends further into the AlGaAs in the left
case. This gives rise to power loss into the substrate. (In both cases the top confinement
is provided by air).

1.1.6 Single mode behavior of the tapered waveguide

The wide portions of the coupling waveguide support many guided modes.
The tapered suspended section on the other hand can be either multimode or
single-mode depending on its width. The switch between these two regimes
occurs for a width w; given by Eq. 1.15 [53].

wy = A (1.15)

2 2
2 Neg — ncladding

(For a 320 nm thick GaAs guiding layer with n.=3.06 at A=1.32 pm cladded
by air w; ~225 nm). There is no need for the tapered waveguide to be single
mode to reach high coupling efficiencies to the disk[56]. However device
operation is more straightforward with a single mode taper. Indeed different
guided modes of the waveguide will be excited by the focused laser beam
depending on the sample’s tilt and positioning and these modes do not couple
identically to a given WGM. With a single mode taper all higher order modes
of the guide are filtered out. Therefore maximizing the output power from
the guide in an experiment automatically optimizes light injection into the
fundamental guided mode for which the coupling to the disk is optimized in
our design. On the contrary, with a multimode taper different powers can
be dropped in the resonator for identical output powers, depending on the
injection parameters. Furthermore, the use of a narrow single mode coupling
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Figure 1.14: Far field intensity profile of the light exiting the waveguide at the cleaved
output facet. Because of the elliptic guided mode shape visible in Fig. 1.10 b, the output
divergence is larger along the vertical (x) direction than the horizontal (y) direction. For
more see section C.0.1.

waveguide tends to bring about a lesser degradation the disk resonator’s
optical properties (see section 1.3.1).

1.1.7 Light injection and collection

We choose to inject light into the waveguide (and collect outgoing light) via
the waveguide’s cleaved input and output facets?. Such an approach has
two main advantages over using a grating coupler [57, 58] scheme: first this
allows for broadband operation, as the input laser wavelength can be tuned
over several hundred nanometers while maintaining good coupling efficiency.
(Grating couplers typically only provide efficient coupling over a wavelength
range of a few tens of nanometers). Second our choice allows in principle for
greater overall optical transmission efficiency. In our current design however,
light exiting the waveguide has a large divergence along the vertical (x) direc-
tion (see Fig. 1.14). This can be problematic when using the sample in the
cryostat, as discussed in section C.0.1. The output divergence can be reduced
by terminating the waveguide extremities with an inverse taper [59, 60, 61].
This would have the added advantage of removing the Fabry-Perot fringes of
the waveguide in the optical transmission spectra (see 5.2).

2See Fig. 1.2, or Fig. 4.22 for the Scanning Electron Microscope (SEM) picture of a
cleaved waveguide facet in a fabricated device.
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1.2 Description of the whispering gallery modes of the disk
resonator

1.2 Description of the whispering gallery modes
of the disk resonator

1.2.1 Whispering gallery mode properties
Classification

This section provides a very rapid overview of WGM properties and explains
the terminology used in the following sections. Much more detailed infor-
mation is available, among others, in the PhD theses [62] & [52], the review
articles [63] & [64] and appendix A.0.1.

Optical WGMs are resonant modes of circular shaped dielectric cavities
in which light is confined by total internal reflection at the curved outer
boundary. The confinement only gives rises to resonant modes provided
the confined electromagnetic wave closes upon itself in phase after a round
trip, allowing the intensity to build up due to constructive interference. This
resonance condition means the optical path length should be an integer times
the free space wavelength A (Eq. 1.16):

2T Neg T 2 M A (1.16)

Here n.g and 7 are respectively the disk’s effective refractive index (see 1.1.2)
and radius while the integer m is the WGM’s azimuthal number and appears
in the ¢™? dependency of the electric field. Solving Maxwell’s equations with
the resonators boundary conditions (see appendix A.0.1) can provide multiple
solutions with identical azimuthal number m. These different solutions are
labeled by the integer p which is the WGM’s radial number and corresponds
to the number of maxima in the electric field along the radial direction.
Figure 1.15 offers a clearer visual depiction of this classification. For a p=1
mode, the optical energy is localized close to the disk’s circular boundary,
such that the geometric optics picture of a photon bouncing at total internal
reflection angles becomes valid.

Quality factor and loss sources

Optical confinement inside WGM resonators is not perfect : the stored elec-
tromagnetic energy W is eventually dissipated (via various loss channels) at a
rate given by W (t) = Wye Mett. Here 404 corresponds to the effective decay
rate of the energy stored in the WGM and is equal to the sum of the decay
rates 7; through each individual loss channel. To each decay rate ~; can be
associated a related quality factor @; through Q); = wy/~v;, where wy is the
optical angular frequency of the considered WGM (Eq. 1.17). The Quality
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a) b)

Figure 1.15: Example of WGMs sustained by a dielectric disk illustrating the WGM
classification. (a) A WGM with m = 7 and p = 1. (b) WGM with m = 7 and p = 2.
The black line represents the disk boundary. (Plotted in (a) and (b) is the out of plane
magnetic field H,).

factor (Q) thus indicates the degree of temporal confinement of energy inside
the resonator.

Veot = Z%‘ = Z % (1.17)

We have identified five main loss mechanisms. First due to the disk’s
finite radius of curvature some amount of energy can always leak out of
the resonator. While these bending losses (or radiative losses - identified
by a rad subscript) constitute a fundamentally inescapable lower bound on
energy dissipation, they can be kept extremely low provided the resonator’s
dimensions and refractive index are large enough. For instance radiation
losses for A=600 nm light confined in a 50 pum radius water droplet only
limit the Q,qq to a gigantic 107 [63]. Even in our case with smaller @=2 pm
disks operating at a larger wavelength of 1.3 pym the bending loss Q.4 is still
> 107. This can be different in the case of higher order p WGMs, see section
1.2.1.

Second nanometer sized roughness on the disk sidewalls can scatter light
out of the WGM into radiative modes or different modes of the resonator.
Since this surface scattering (also called Rayleigh scattering -ss subscript)
depends on the amount of roughness on finished devices, particular care must
be taken to ensure as smooth as possible resonator sidewalls (see fabrication
chapter). Since 7, is proportional to the energy density at the surface and
hence ‘sensing’ the roughness, the smaller the disk the larger the effect will
be (see section 1.2.2).

Third the GaAs crystal forming the disk resonator has a non-zero density
of defects resulting in some optical bulk absorption (subscript bulk).

25



1.2 Description of the whispering gallery modes of the disk
resonator

Fourth surface absorption (subscript sa) can occur in the native oxide
at the interface between GaAs and air. The typically 2 nm native oxide
layer (see fabrication chapter) is known to posses mid-gap electronic states
which are responsible for optical absorption [65]. These losses will also be
proportionally more pronounced for small diameter disks that possess a larger
energy density at the surface (see section 1.2.2).

Finally fifth the presence of the coupling waveguide in the vicinity of the
disk results in external coupling losses (subscript ext), which are necessary
for efficient energy exchange between disk and waveguide. Thus one can
Write Yiot = Vrad + Vss + Vbulk + Vsa + Vext and the effective quality factor Qo
can be expressed as a function of all individual quality factors by Eq. 1.18.

1/Qtot = 1/Qrad + 1/@55 + 1/Qbu1k + 1/Qsa + 1/Qext (118>
~ -~ - N’
1/Qint 1/Qext

Here we distinguished the intrinsic quality factor )i,z which relates to the
physical properties of the resonator itself, from the extrinsic quality factor
(Qext Which describes the coupling of the resonator to its outside environment.
The quality factor measured through an optical experiment is therefore not
Qint but Qtor (also called Qoadea), as it includes the losses due to the coupling
probe. Optimal energy transfer from waveguide to resonator occurs when the
two quality factors Qey and Qi are identical (see section 1.3.1).

Finesse and field enhancement

The finesse F of a resonance is proportional to the average number of round
trips made by a photon confined in the resonator before exiting. In the case
of a WGM resonance, the finesse can be simply expressed as:

F=Q/m (1.19)

with m the WGM azimuthal number. The finesse is an important parameter
as it is linked to an enhancement in the power circulating in the resonator
Peire With respect to the power given to the resonator by the waveguide (or
dropped power, Pgsopped) by the relation:

Pcirc ]:
= (1.20)

Pdropped 2m

As indicated by Eq. 1.19, in the case of two WGM resonators of similar
Q but different radius, the smallest resonator will support modes of larger
finesse and therefore larger field enhancement. This enhancement can be
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quite substantial. For instance for a =2 um GaAs disk resonator supporting
a WGM with Q=10° and m=10, F is 10 000 and the circulating power
enhancement 1600. This means the circulating power in the disk is 16 mW for
dropped powers as low as 10uW and reaches 0.1 W for 62 W dropped power.
Large circulating powers are desirable for strong optomechanical actuation
(section 3.2) and non linear optics [66], but can also give rise to significant
Two Photon Absorption (TPA) (see section 5.3.2) and thermal effects. The
latter are especially pronounced with very narrow AlGaAs pedestals (see
chapters 2 and 4).

Higher order radial modes

A few words about WGMs with higher radial number p. For these modes
the ‘center of mass’ of the energy distribution is pushed towards the inside of
the disk (see Fig. 1.15, b) while the field intensity at the resonator boundary
at r = R becomes larger (not shown here). These two features generally
negatively impact the WGM’s Q. First since the field is pushed inside,
the effective bending radius becomes quite small and these modes can incur
large bending losses : for instance for a g=7um disk, Q,.q is typically below
10* for WGMs with p>5 around A = 1.5 um. Second since the field is
no longer confined to the disk’s periphery, it can sense the rough AlGaAs
pedestal below, bringing on substantial additional losses (as described in the
case of the waveguide in section 1.1.3). Finally the larger field at the interface
makes these modes generally more lossy due to heightened interaction with
the sidewall imperfections (as discussed in section 1.2.2). For all these reasons
we opt in our design to optimize coupling of the waveguide to the p=1 WGMs.

Simulating WGMs

In our group WGMs are simulated either with a homemade EIM approach
[52], or using a 2D axisymmetric Finite Element Method (FEM) commercial
approach (Comsol). The EIM technique gives satisfactory results for the
determination of resonance wavelengths, but offers a poor estimate of the
radiation loss Q,.q . The FEM approach on the other hand provides the
most accurate estimates of resonance wavelengths and Q,.4 but is also more
time consuming and less convenient to automatize. It combines a weak for-
mulation code [67] with Perfectly Matched Layer (PML) support (to mimic
an infinite space around the resonator) [68]. Much more detailed information
is available in (cite book chapter). An example of a WGM computed with
this method is given in Figure 1.16. The resonance frequencies and opti-
cal Qs obtained with this method are in good agreement with results from a
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Figure 1.16: 2D axi-symmetric FEM modeling of a GaAs disk resonator WGM. The three
figures show (a): the computational domain with the surrounding perfectly matched layers,
(b) : the meshing of the various regions and (c): the radial intensity profile of a solved
WGM (TE, p=3, m=33, Quaq ~ 2-107). (d) Estimating an upper and lower bound for
Qradq. Setting the outer boundary conditions (red arrow) to perfect electric wall allows
for calculating an lower bound for Q,,q, while setting the outer boundary conditions to
impedance matching provides an upper bound for Qu.q [67]. In all four cases only an
axi-symmetric cross section is shown. The full disk is obtained by revolving around the x
axis (red dashed line in (a)).

homemade FDFD code developed in the team by A. Andronico [52] and with

upper- and lower bound Q.4 estimates obtained by the method described in
[67] (see Fig. 1.16 d).

1.2.2 Specific challenges associated with the realiza-
tion of small diameter resonators

The very small 1pm radius disk resonators in this work have been fabricated
with two goals in mind: obtain high frequency mechanical resonances and
provide extremely large optomechanical coupling. Working with such small
radii is particularly challenging however, as this makes the WGMs dramat-
ically more sensitive to the disk boundary [69]. Figure 1.17 (a) shows how
the profile of a p=1 TE WGM is transformed as the disk radius is reduced
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Figure 1.17: Influence of the disk radius on the WGM energy distribution. a) FEM
computations showing the WGM field profile with respect to the disk outer boundary for
5 different disk radii. For easier comparison the disk outer boundary position is set to 0
in all cases. (b) WGM energy density at the disk boundary as a function of disk radius.
The red line serving as a guide to the eye is a fit of the form age ™" + bge™*0".

from 4 pm to 1 pm. The optical field’s ‘center of mass’ is pushed towards
the outer boundary and the value of the field at the vertical interface greatly
increases.

Figure 1.17 (b) provides a more quantitative illustration of the latter ef-
fect. Here the value of H2(r) (which is proportional to the energy density at
the disk’s outer boundary) is plotted versus the resonator’s radius r. Individ-
ual data points come from FEM simulations of individual p=1 WGMs with
resonant wavelength close to A=1.4 ym. The small jitter in the data points
comes from the fact that all WGMs don’t have exactly the same resonance
frequency. The energy at the interface gradually increases as the disk’s ra-
dius is reduced from 4 to 1.5 pm, then grows abruptly beyond that point as
the disk’s radius is further reduced from 1.5 to 0.9 pm.

Note how the energy density at the boundary is ~20 times larger for
r=1 pum than r=4 pum, which makes these devices that much more sensitive
to sidewall roughness coming from the fabrication (see fabrication chapter)
and to surface state absorption (see absorption section).

1.3 Waveguide to disk coupling

Now the guided modes of the waveguide and the disk are described, remains
the critical aspect of actually being able to efficiently couple optical energy
from one to another, without degrading the disk resonator’s properties. A
correct understanding of the coupling is crucial in the case of monolithic in-
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tegrated samples as, unlike with the fiber taper coupling scheme (]20, 55],
section 1.1.1) the coupling strength cannot be modified after fabrication sim-
ply by varying the fiber taper position.

1.3.1 Coupled mode theory
Principles

Coupled Mode Theory (CMT) is a formalism developed to describe the in-
teraction between the modes of one or many waveguiding structures. To
represent the field of a compound structure, the eigenmodes of each indi-
vidual waveguiding element are first calculated in isolation. The field of the
compound structure is then treated as a linear combination of these indi-
vidual eigenmodes, which are perturbed by the presence of the other modes.
This perturbation leads to coupling and power exchange between the guided
modes [70, 71]. CMT is for instance used in nonlinear optics to describe
energy transfer between different modes or different waveguides [72]. In the
case of a disk coupled to a waveguide this approach therefore relies upon the
assumption that the disk’s WGMSs are not too strongly modified by the pres-
ence of waveguide. We will see that CMT can provide valuable insight into
the coupling mechanism and best design parameters as long as the waveguide
dimensions are small enough compared to those of the disk.

To describe the coupling of the GaAs disk resonator to its coupling waveg-
uide we follow the approach proposed by Haus [73, 74]. Figure 1.18 illustrates
the relevant parameters used in the CMT description. s, and s_ are respec-
tively the amplitudes of the input and output waves in the coupling waveg-
uide, normalized so that their squared magnitudes are equal to the power in
the waveguide mode. a(t) is the cavity field amplitude, normalized so that
la(t)|? is the stored cavity energy.

Using energy conservation arguments the time dependent amplitudes of

the resonator mode a(t) and waveguide mode at output s_ can be expressed
as (Eq 1.21) [73]:

da(t) Vint | Vext
o = W a(t) + ( 5 T ) a(t) + ks, (1.21)
s_=sy — K a(t)

with x the coupling term between resonator and waveguide. If the input
source s, has a ¢! time dependence, then the steady state WGM and waveg-
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Figure 1.18: Schematic of a disk resonator and coupling waveguide showing the parameters
used for the coupled mode theory description.

uide output amplitudes are given by Eq. 1.22:

“Vint o ’7ext>

Iy ext __ZA“JF( 2 2

S S_ = S
. Yint Vext o . “Yint VYext +
1AW + 5 + 9 1AW + 5 + 5

a= (1.22)

with Aw the detuning from resonance equal to w (the input wave angular
frequency) minus the WGM resonance frequency wg. The intracavity stored
energy divided by the input power is given by:

|a|2 _ /Yext (1 23)
|5+ Aw? + (M—i- %Xt>2 .
2 2
and the normalized transmission reads:
2 “int Vext 2
P ey

Equation 1.24 provides two important characteristics of the WGM res-
onance, the on resonance (Aw = 0) transmission T;, as well as the reso-
nance Full Width at Half Maximum (FWHM) dw. These are written in
Eqgs. 1.25 and 1.26 and are simply expressed as a function of the parameter
K = Yext/7Vint Which represents the relative strength of the coupling losses to
the intrinsic losses of the WGM.

1— ex in ? 1-K ?
T = (—7 2h t) = (—) (1.25)
1 + ’Yext/’}/int 1 + K
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ow = Yint T Vext = %nt(l + K) (1-26)

This defines three distinct coupling regimes depending on the value taken by
the parameter K which are commented in the following.

Under-, over- and critically coupled regime

e K < 1: under-coupled regime. The coupling losses are smaller than the
intrinsic losses and power injection into the disk is sub-optimal. The
resonance transmission contrast (equal to 1-T,,) is less than 1, and the
measured Qoadea lies between Qi and Qe /2.

e Asthe coupling strength increases the critically coupled regime is reached
for K=1. At resonance power loss in the resonator equals the the waveg-
uide input power, hence the output power drops to zero. The measured
Qloaded 1s equal to 1/2 Q;p¢. Stored energy in the resonator is maximal
(Eq. 1.23).

e Further increasing the coupling (K > 1), the resonance enter the over-
coupled regime. The resonator does not dissipate the input power fast
enough and the on-resonance transmission increases anew. Due to the
increased coupling losses the resonance’s FWHM becomes very large.

Figure 1.19 plots the appearance of a WGM resonance in these three
regimes. For optomechanics working at or near the critical coupling point
is the best operating regime. Indeed the number of photons in the cavity
at resonance is thus maximized, enhancing optomechanical coupling. The
over-coupled regime is often not desirable on account of both low contrast
and low Qoageq and avoided. (Note this is not the case for ring resonator
add-drop filters, for which a large K is beneficial for low loss power switching

[74]).

The coupling term «

The expression of the coupling term  appearing in Eq. 1.21 was derived
based on heuristic arguments in [74] and obtained more rigorously in the
resonant approximation by Kamalakis et al. [75]. It is given in Eq. 1.27:
21 )
K= ingO dz ff dedy (n? —1)6% e} e " (1.27)

- [resonator]

Here €, (z,y, ) is the uncoupled resonator mode field normalized to unit en-
ergy (such that the electric field distribution in the resonator is a (t) €, (x,y, z))
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Figure 1.19: Numerical plots illustrating the under-coupled (left) and over-coupled (right)
regimes. The WGM resonance has a lorentzian profile with on resonance transmission T,
given by Eq. 1.25 and FWHM given by Eq. 1.26. The ratio vext/7int successively takes
the values 1/30 (blue), 1/10 (purple), 1/3 (yellow) and 1 (green) on the left and 1 (green),
2 (yellow), 3 (purple) and 10 (blue) on the right.

and €, (x,y) is the unperturbed waveguide mode profile normalized to unit
power (see Fig. 1.9). 3 is the unperturbed waveguide’s propagation constant
(see section 1.1.2) and the integration boundaries -z; and z; are defined in
Fig. 1.18. They are chosen to be sufficiently far apart to encompass the
entire disk resonator. x is commonly described as proportional to the over-
lap integral between the resonator WGM and waveguide mode fields. Note
however that the integral is only performed on the resonator volume. In-
deed, from a physical perspective the two fields only interact with each other
through their simultaneous excitation of the dipoles of a same portion of
matter. (The fields do not couple to each other in vacuum). The term k is
linked to the coupling quality factor Qe by [73]:

_ da®)]?

E = reelaP = e = WP =qee  (129)
Wo Wo

= 0 %o 1.29

Q t Yext ’5’2 ( )

Phase matching conditions

From Eq. 1.27 it appears that the value of x and hence the strength of the
waveguide to disk coupling is dependent upon the relative spatial dependen-
cies of both the WGM and waveguide mode. (The WGM has a ¢ phase
dependency contained in €,, while the guided waveguide mode has a e~*%*
spatial dependency.) For evanescent coupling to be efficient, the phase of
the waveguide field must match the phase of the resonator field so that the
induced fields in the disk coming from each portion of the waveguide add
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up constructively. When this condition is met both fields are said to be
phase matched. This is illustrated in Figures 1.21 (a) and (b), which respec-
tively depict the poor and proper phase matching cases. Phase matching can
simply be thought of in terms of a gear and chain analogy (see Fig. 1.20).
In order for efficient coupling to occur, the

number of teeth in the gear must match the

amount of links in the chain. In terms of > 0
coupling a WGM to a waveguide, there are e -—— -
two independent levers which can be ad-
justed in order to tune the phase match-
ing: the width of the waveguide and the

gap distance between disk and waveguide. | S T o «
This is illustrated in Fig. 1.21 (a) and (b). » : Aldiey :
Phase matching considerations provide some - H

-

insight into the optimal waveguide width for
evanescent coupling, but do not give quan-
titative information on the optimal gap dis-
tance for fabrication, and how that optimal Figure 1.20: Gear and chain phase
gap distance may vary with different WGMs matching analogy.

or with changes in quality factor of the disk

resonator. This is discussed in the following section. Note that the phase
matching conditions vary with the WGM radial order p (for a similar reso-
nance frequency A, a higher p WGM will have lower azimuthal number m)
so different modes couple with different efficiencies. Using a ‘pulley’ coupling
scheme [76] (where the coupling waveguide wraps around the disk resonator)
extends the interaction length between disk and waveguide in the integral of
Eq. 1.27, thereby increasing the penalty for poor phase matching and there-
fore allowing to precisely select the desired excited mode. Such a coupling
scheme seems however difficult to implement with a small 1 pgm radius disk,
due to the very important bending of the waveguide implied.

Tuning the guide to disk evanescent coupling

Figure 1.22 shows the systematic calculation of Q. via Eqgs. 1.27 and 1.29
over the entire waveguide parameter space, for the p=1, m=10, A\ ~1340
nm WGM of a g=2um disk, using the EIM. 900 discrete values of x are
calculated for 30 different values of taper width w; x 30 different values of gap
distance g. In the following a discrete combination of these two values will be
expressed as {wy, g}. In order to reach the important critical coupling regime
Qext should match the expected intrinsic quality factor Qs of the fabricated
disk. For typical small disks in our experiments Qs ~ 10°, hence the target
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Figure 1.21: Different representations of the phase matching phenomenon. (a) and (b):
Schematic illustration of poor/proper phase matching. In (a) a large GaAs waveguide
with high neg (= high ) is positioned close to a disk resonator with the m=8 WGM
shown. The electric field is plotted red for R(E)>0 and blue for R(E)<0, for both WGM
and waveguide. These regions do not match in case (a) (poor phase matching) leading to
a small overlap integral (Eq. 1.27). (b) A narrower waveguide (= low () is positioned
further from the disk. Here the spatial periodicity of WGM and waveguide E fields are
similar and add up constructively in Eq. 1.27. These figures illustrate the two available
levers to optimize phase-matching: taper width and gap distance between disk and taper.
(c) A surface plot showing the spatial dependency R(e'™® x e~"%) of the integrand in
Eq. 1.27, for a m=10 WGM and a 200 nm wide waveguide. (The color code is white for
1 and blue for -1). The outline of the disk and waveguide are superposed over the plot
for vizualisation purposes. From this it appears phase matching is satisfactory for gap
distances ranging from 0 to ~ 1 pm. More precise optimal gap distance estimates are
provided in section 1.3.1.
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Figure 1.22: Surface plot displaying the calculated coupling quality factor Qext as a func-
tion of the waveguide width w; and the disk to waveguide gap distance g. The space
between the two outer solid black lines marks the target design region for best coupling
to the =2 pum disk’s p=1 m=10 WGM (with estimated 5 - 10* < Qin; < 5-10°)

fabrication region (marked by the black lines in Figure 1.22) comprises the
region of the parameter space with 5 - 10* < Qe < 5-10°. This aims to
guarantee a WGM contrast of at least 1 — ((1 — 5)/(1 +5))* ~ 55% (see Eq.
1.25). Several observations can be made from this calculation. First there
exists an infinite combination of {wy, g} which produce the desired Qeys.
Even for a given gap distance two different waveguide widths can produce an
identical Qey. Extreme values of waveguide widths (below 100 nm and above
900 nm) make for very inefficient coupling (high Qex) due to poor phase
matching. For instance for widths < 50 nm efficient coupling is impossible
because the phase matching only occurs at very large gap distances for which
the evanescent field has decayed too much. Such a plot is easy to compute
(taking under one hour on a laptop computer) and provides an accurate
starting point for the optimizing procedure of gap distance and waveguide
width with real samples (see section 1.3.1). This method can further be
used to estimate the extent to which the coupling is modified by operation
in a liquid (see section 5.3.1), or how the optimal gap distance would be
modified by Qj,; altering surface treatments. It has been verified to provide
results accurate within ~150 nm for what concerns the optimal coupling gap
distance on a variety of resonators of different sizes, thickness and refractive
indices. The tendency is to somewhat overestimate the optimal coupling gap,
in all likelihood due to the limitations of the effective index method for small
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dimension waveguides and the fact that the coupling is assumed to be ideal
(lossless).

Limits of the perturbation theory and optimal coupling parameters

According to the results shown in Figure 1.22; all combinations of {wy, g}
along an iso-Qey; curve (such as one of the black lines) should produce the
same experimental results. In practice though this is not the case. We
find for instance that approaching a large 900 nm wide waveguide near the
disk resonator significantly degrades its measured (loaded) Q factor, even
in the absence of additional fabrication induced sidewall roughness. This
degradation goes far beyond what is predicted by the ideal coupled mode
theory detailed above, where the loaded Q at critical coupling is 1/2 Qi
(Eq. 1.26). Indeed in this situation the loaded Q near critical coupling is
one to two orders of magnitude lower than the intrinsic () measured at large
gap distances.

This non ideal behavior is due to the coupling no longer being lossless,
contrary to what is assumed in Eq. 1.28. When the coupling waveguide
is ‘approached’, the WGM couples to the waveguide’s fundamental mode
(which is the desired outcome), but the WGM can also couple to some de-
gree to the waveguide’s radiation modes and higher order guided modes (if
present). These additional loss channels -unlike the coupling to the funda-
mental mode- only serve to remove energy from the resonator, since incoming
energy only arrives through the waveguide in the fundamental mode. This
parasitic coupling therefore decreases the loaded QQ more than expected by
idealized CMT.

The ideality I of the coupling junction [77] is defined as the ratio of
power coupled into the fundamental mode to power coupled into all modes
(Eq. 1.30).

I= i (1.30)

RO+ D0 KE  Kra '

with 3,0 #7 and k7, respectively the coupling terms to the waveguide’s
higher order modes and radiation modes. For silica toroids coupled to pulled
silica fiber tapers values of I above 99.9% are reported, but these rapidly
decrease with increasing taper width [77]. Parasitic losses have also been
reported in the case of a GaAs disk resonator coupled to a silica fiber taper
[46]. This departure from ideality shouldn’t actually be too surprising when
one considers the relative scale of a g=2pum disk to a 900 nm wide waveguide
(see Figure 1.23), but should nevertheless not be neglected especially for small
disk resonators with high refractive index coupling waveguides for which this

becomes increasingly significant.
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Figure 1.23: (a) SEM top view image of a 1 ym radius GaAs disk resonator positioned next
to a 900 nm wide coupling waveguide at ~250 nm gap distance, illustrating a resonator
operating far from the weakly perturbed regime. (b) For scale comparison: artificially
colored SEM image of a 10 pum radius silicon nitride disk resonator positioned next to a
waveguide of identical width as the one in (a) [56].

From a purely pragmatic standpoint, one cannot do without a coupling
waveguide near the disk. The question then becomes “what combination
of {wy, g} provokes the least degradation in the WGM properties at critical
coupling ?”. We hypothesize this would occur with a single mode waveguide
(3 iz ki = 0) at the largest possible gap distance where the WGM is the

least perturbed by the coupling waveguide (i.e. where Hf[wavegui 4 E2 . dv

is minimal in order to minimize k2,;). Figure 1.22 shows this occurs for a

waveguide width of ~200 nm. This turns out to be the optimally phase
matched width for which coupling is strong even at large distances. Such an
operating point is also advantageous as it is located around an area where
0Qext /0wy ~ 0, making the coupling less sensitive to fabrication-dependent
width variations. Working with a larger resonator for which x2 , is smaller
in proportion to i, could naturally also help to mitigate these detrimental
effects (see Figure 1.23).

Experimental optimization

Once the general optimal position has been determined (see previous section
and position marked by an arrow in Figure 1.22), a fine tuning of the coupling
is performed in experimental samples. This optimization is done by varying
the gap distance for a fixed waveguide width in a series of waveguides and by
varying the taper width for a fixed gap distance in a different series. This pro-
cedure corresponds to traveling respectively along the vertical and horizontal
lines A and B shown in Figure 1.22 and allows to accurately determine the
best coupling parameters (see chapter 5). The initial estimate provided by
the numerical approach detailed in this chapter therefore narrows the search
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and allows to gain time in both fabrication and device characterization steps.

FDTD simulations

Two dimensional FDTD simulations of the waveguide/disk resonator sys-
tem confirm the Quagea degradation due to a 900 nm wide waveguide (not
shown here). FDTD simulations are a powerful tool to characterize WGM
resonances. However, in order to be accurate, the simulation time must be
of the order of the photon lifetime in the resonator (= )/wg) which is long
for high Q resonators. Calculation times typically take many hours, and the
computation of a complete map such as Figure 1.22 with FDTD tools, while
more accurate, would be prohibitively long with a standard computer, as of
2013.

1.4 Conclusions

In this chapter we discussed the electromagnetic design of on-chip GaAs
disk optomechanical resonators coupled to integrated coupling waveguides.
The techniques described here allow to fulfill all the desired requirements :
high optical power transmission with low optical losses, broadband opera-
tion, precise control and adjustment of the coupling strength between disk
and waveguide without degradation of the high optical Q of the GaAs disk
resonators, all the while using techniques compatible with the disk fabrica-
tion process®. Thanks to these developments optical transmission efficiencies
above 30 %, critical coupling and WGMs with optical Qs > 5-10° (the state
of the art for free standing GaAs disk resonators [46, 20]) were eventually
obtained in this PhD work with on-chip devices with monolithic integrated
coupling waveguides.

3The design framework detailed in this chapter is also used to fabricate critically cou-
pled on-chip high @ SiN WGM resonators, which are discussed in section 5.4. These
resonators are conceptually identical to the GaAs resonators presented here, the main
differences being their ten times larger size (=20 ym) and lower refractive index (n~2).
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Chapter 2

Mechanics of optomechanical
resonators

2.1 Introduction

The GaAs disks described in this thesis are both optical and mechanical
resonators. In the previous chapter we described the disks from an opti-
cal standpoint and discussed the characteristics of the sustained whispering
gallery modes. In this chapter we now look at the GaAs disk resonators from
a mechanical point of view and consider the variety of vibrational modes of
the disk itself.

We begin with a static analysis of the bending of the GaAs suspended
coupling waveguide introduced in the previous chapter. Then an analytical
description of the mechanical modes of the disk is given, treating successively
the case of out-of-plane and in-plane modes. Second numerical simulations of
the mechanics are detailed. Third the different loss mechanisms which limit
the mechanical quality factor are discussed and some orders of magnitude of
the mechanical deformations of the disk are given. Finally a description of
the mechanical behavior of a stressed silicon nitride beam is provided.

2.2 Bending of the suspended waveguide

We use the beginning of this chapter to make a brief aside and address the
static deformation of the tapered section of the integrated GaAs waveguide,
which is suspended over tens of microns in the vicinity of the disk resonator.
Here we discuss whether or not this leads to a significant amount of vertical
sag, which would modify the coupling discussed in the previous chapter. In
order to do so, the suspended waveguide is modeled as a doubly clamped
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2.2 Bending of the suspended waveguide

Figure 2.1: Schematic of a doubly clamped beam with distributed load, taken as a model
of the suspended GaAs waveguide. The beam’s sag is represented by ¢.

beam supporting a distributed load (see Figure 2.1). In the limit of small
deflections, the maximum sag 0., for such a beam is (see appendix B.1):

5 4k
384 B T

L and FE are respectively the beam’s length and the beam material’s Young’s
modulus. ¢ is the distributed load (in Newtons per meter) due to the beam’s
own weight equal to pgw;h, with w; and h respectively the tapered waveg-
uide’s width and thickness, p the material’s density and g = 9.8 m-s~2. [ is
the second moment of area of the beam’s cross section!. Thus for a beam of
rectangular cross section only subject to its own weight, the maximal sag is
given by Eq. 2.2:

(2.1)

5 _ 9Lt
T 32 B h?
The sag does not depend upon the beam width so the choice of tapered
waveguide width is of no consequence. Calculating Eq. 2.2 for a 320 nm thick
GaAs beam suspended over 50 pum yields d,,.¢ barely above 1 picometer?. The
sag of the suspended waveguide is only ~3 millionths of its thickness and can
therefore safely be neglected.

Interestingly the sag scales with (%)2 L?, so simply maintaining a con-
stant aspect ratio is not sufficient to keep the relative sag constant. As a
consequence, structures with an aspect ratio such as the one described in
this work are only feasible in the micro-scale. Indeed a hypothetical 50 m
long and 32 cm thick GaAs beam would have a sag 0. greater than 3 times
its thickness and collapse upon the substrate.

Finally even though we showed that the beam’s bending under its own
weight is negligible, the surface tension of liquids can nevertheless be strong
enough to stick the suspended waveguide onto the substrate (see fabrication
chapter).

(2.2)

IThe second moment of area with respect to the x axis (bending axis) is defined as

_ 2 _ h/2 o4 K3
- Ifcross—section rodz dy = wy f—h/Q zode = Wt 15

2With pgaas = 5317 kg'm ™2 and Egaas = 85.9 GPa

Iy
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Figure 2.2: Deformation amplitude W of a point of the disk of coordinates r and 6.

2.3 Analytical description of disk mechanical
modes

In this section we give an analytical description of the mechanical modes of
the disk resonator, successively treating the out of plane and in plane cases.
The analytical approach relies on certain simplifications such as idealized
boundary conditions at the junction between the disk (GaAs) and the sup-
porting pedestal (AlGaAs). As such, FEM simulations (such as described
in section 2.4) generally give more accurate results. Nevertheless analyti-
cal descriptions are quite reliable in most cases and provide a useful ‘feel’
for the role of each physical parameter. This knowledge is valuable when
designing a structure to meet specific mechanical properties. Throughout
this thesis we make the important simplification of treating GaAs as a ma-
terial with isotropic mechanical properties, which can therefore be described
only through its Young’s modulus £ and Poisson ratio o. While this is not
the case, we nevertheless find this approach provides results in very good
agreement with experimental measurements.

2.3.1 Out of plane modes of the disk

In order to describe the out of plane vibrations of our disk resonators we
use the work Vibration of Plates by Arthur W. Leissa [78], which provides
solutions to a wide variety of problems involving plate vibrations.

The general solution to the problem of the free out-of-plane (transverse)
vibrations of a plate is given by Eq.2.3. The deformation amplitude W as a
function of the polar coordinates r and 6 reads (see Fig. 2.2 and appendix
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B.2 for derivation):

NE

S
I

0
o)
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(M2 .
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=
I

' (2.3)

Here Jy; and Y, are respectively the Bessel functions of first and second
kind, while I; and K, are the modified Bessel functions of first and second
kind respectively. W(r, 0) is expressed as the sum of eigenmodes of order M,
W In the case of a plate with rotationally invariant boundary conditions,
the sin M6 terms can be discarded [78]. Furthermore if the plate does not
have a hole in the center (e.g. a simple circular plate) the coefficients By,
and Dy must be zero, as the terms Yy, (kr) and Ky (kr) diverge for r=0.
The deformation amplitude of the My, mode then takes the more familiar
form:

W (r,0) = [Apr Jas (kr) + Coy Ing (kr)] cos (M6) (2.4)

The number M is called the mechanical mode’s azimuthal number, and gives
the number of nodal diameters in the deformation profile. For instance for
M=1 all points situated on the line going through the points (r=1; § = 7/2)
and (r=1; § = —7/2) have zero displacement amplitude.

Modeling the disk as an annular plate

While equation 2.4 accurately describes the out of plane displacement of a
non-supported plate (i.e. a disk resonator with an infinitely narrow pedestal),
it fails to account for the effect of larger pedestals which significantly modify
the mode profile. This is the case for the 200 nm thick disks studied in
[20]. For disks with large pedestals best results are obtained when the disk
is modeled as an annular plate of outer radius a equal to the disk radius
R, and inner radius b equal to pedestal radius r, (see Figure 2.3). The
annular plate is considered fixed at the point of contact with the pedestal.
We find this hypothesis works well for the first modes of vibrations of the
disk. The function Wy, (r,0) which gives the displacement amplitude of the
Mth azimuthal mode in polar coordinates thus reads:

(2.5)
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Figure 2.3: Annular plate of internal radius b and outer radius a. The plate is clamped at
r =b and free at r = a.

There are three simple possible boundary conditions for each boundary of
the annular plate:

2 3
and moment

or? or3

e Free. At a free boundary the exerted force
Zero.

are

e Clamped. At a clamped boundary, the displacement W as well as the

slope —— are zero.

or

o Simply supported. At a simply supported boundary the plate displace-
PW
or3

ment W as well as the moment are zero.

We tested two different configurations: free at r=a and simply supported
at r=Db, or free at r=a and clamped at r=b. In the following we will detail the
latter configuration, which provided more accurate results when compared
to COMSOL 3D FEM modeling of the structure. Considering the beam as
clamped at r=b and free at r=a, thus yields a set of four equations that must
be verified by Wj,:

(W () =0

< (W:M ¢ 2.6
(Z) =0 20
(o), -0
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Figure 2.4: Dependency of the dimensionless frequency parameter )\%,7 M= k123, 2ra% with
the ratio b/a, for the mechanical modes (P=0, M=0), (P=0, M=1) and (P=1, M=0). The
curves for Agg and Ag; are almost superposed, as the frequencies of the (P=0, M=0) and
(P=0, M=1) modes are nearly identical (see Fig. 2.5).

In order for the set of equations (2.6) to give a non trivial solution for Wy,
the following (4x4) determinant must be zero:

G
(e ) (e L g e

a2JM kr 02Y (kr) 021y (kr) 02K y (kr) =0 (2.7)
or? or? or?

a a
83JM (kr) 33Y (kr) 931y (kr) O3 Ky (kr)
or3 a or3 o or3 a or3 a

For a given M, this fixes a condition on the parameter k£, which can no longer
take all possible values, but only successive discrete values of k;;. We call
the order of these successive solutions the radial number P, starting with 0
for the first order, hence the notation kp ;. The radial order P corresponds
to the number of times Wy, (r) cancels as r goes through the interval |b, al.
As such, P indicates the number of nodal circles in the deformation profile of
a vibrational mode. Tabulated solutions to Eq. 2.7 are provided in [78] for
certain values of the ratio b/a. Solutions can also be calculated numerically.
In Figure 2.4 we provide solutions to this equation under the form of the
dimensionless parameter A}, = k7, x a® for three out of plane modes. The
parameter Apjs only depends on the disk’s inner and outer radius through
their ratio b/a, so it can be used to describe the mechanical modes of disks
of any size. Once a solution to (2.7) is found, the coefficients Ay, By, Ciy
et Dy are obtained by solving for the boundary conditions (2.6). Thus
a mechanical mode’s profile is entirely determined by the knowledge of its
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azimuthal and radial numbers® M and P. Figure 2.5 illustrates the first nine
different deformation profiles of an annular plate, with P and M both taking
the values {0,1,2}.

Resonance frequency

The frequency fpas of the (P,M) mechanical mode is given by :

2.
\/ 27Ta2 \/ 12p (1—0?) (28)

where p is the disk’s density. Let us note that the quantity A%, (a — b)* /a2,
which only depends on the parameter b/a, varies little when b/a varies from
0 to 0.8 for the first flexural modes such as A\, A1,0, A0, 1 (not shown here).
This implies that at a first level of description, the dependence of fp s is well
captured by a simple dependence in 1/(a — b)?, reminiscent of the usual 1//?
dependence for the flexural motion of an elastic lever of length [ [79].

fru

3We use the capital letters M and P to distinguish the mechanical azimuthal and radial
numbers from the WGM azimuthal and radial numbers m and p.
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2.3 Analytical description of disk mechanical modes
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Figure 2.5: Deformation profiles for 9 out of plane modes of a 200 nm thick GaAs disk
resonator with outer radius a=3.5 pm and inner radius b=1 pm, arranged by azimuthal
and radial number M and P. The top left mode is a (P=0, M=0). From there going to the
next column increases the radial order P by one, while going to the next row increases M
by one. The deformation amplitude is strongly exaggerated for visibility. Note how the
displayed resonance frequencies increase much faster with rising P than rising M.
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Figure 2.6: The three different families of in-plane mechanical modes. (a) Radial breathing
modes. (b) Purely tangential modes. (c¢) Wineglass modes. The dashed lines represent
the extremal displacements, while the solid disk shows the resonator at rest.

2.3.2 In plane modes of the disk

We now look at in-plane modes of vibration of disk resonators. The in-plane
modes can be separated into three main categories [80], which are illustrated
in Figure 2.6. The first contains modes with purely radial displacement, often
called Radial Breathing Modes (RBMs) (Fig. 2.6, a). The second category
comprises modes with purely tangential motion as shown in Fig. 2.6 (b).
Finally the third category contains compound modes which are a combination
of radial and tangential motion. These modes have a cos(M6) with M # 0
dependency of the radial displacement along the angular coordinate 6. They
therefore exhibit nodal points with no displacement on the boundary (see
Fig 2.6, ¢). These are often referred to as wineglass modes [81]. Unlike radial
breathing modes, tangential and wineglass modes do not significantly change
the disk’s boundary length. As a consequence they do not couple much to
optical WGMs and are therefore of less interest for optomechanics. For this
reason we will only describe RBMs in the following.

Radial breathing modes

The RBM radial displacement amplitude U(r,#) for any point of a circular
plate of radius R with free boundary conditions is given by Eq. 2.9 [80,
82], assuming the radial displacement does not depend upon the vertical
coordinate:

U(r,0) =U(r) = AapJ; (apr) (2.9)

where r is the distance to the center of the disk, J, is the Bessel function
of the first kind of order n, A a normalization constant and ap a constant
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2.3 Analytical description of disk mechanical modes

Frequency parameter \p Effective mass ratio
At Ao A3 Meff1 / m meff2/ m meffS/ m
2.055 5.391 8.573 0.786 0.969 0.988

Table 2.1: First three values of the frequency parameter Ap and effective mass ratios for
GaAs disk RBMs.

defined as:

P

<1f0) +<1?002>

Here p, E, 0 and wy are respectively the density, Young’s modulus, Poisson
ratio and RBM resonance frequency. As is the case for out of plane modes,
there are different order RBMs. The successive resonance frequencies (labeled
by the integer P) are found by solving Eq. 2.11 for wy:

ap = Wy (210)

¢ HlC/e)
€ HC/E) o)
with ¢ = % and (=woR @

The solution to Eq. 2.11 can be put in the following more intuitive form,
which gives the resonance frequency wp of the Pth RBM:

Ap E
wp = —

R (2.12)

Here Ap is a parameter dependent only on the Poisson ratio of the disk
material and the RBM order. The first three values for GaAs are listed in

Table 2.1. Eq. 2.12 is reminiscent of the 7\/§ frequency dependency for the

longitudinal vibrations of a free beam of length [. Note how the frequency
1 1

varies as — in the case of RBMs, versus as — for out-of plane modes (see

section 2.3.1) . This translates into a reduced frequency penalty for large
disks in the case of RBMs. The displacement amplitude (Eq. 2.9) can also
simply be expressed as function of Ap:

UP(T‘) :Ap Jl(/\p }—%) (213)
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effective mass

The maximal stored kinetic energy in the disk resonator E, is given by [82]:

6=2m

1 r=R
E.= §ph / VE(r)rdrdd (2.14)
r=0

0=0

with Vf the velocity at any point on the disk. From this, the effective mass
Meg Of a point on the disk boundary? is expressed as:

Megt /Mass
7N\

omph [ g, <)\p£)2 dr - \
2B, _ " R :ﬂthQ(l_M>

~VE(R) Ji(Ap)? Ji(Ap)?

Mefr
mass
(2.15)
In the case of a GaAs disk’s first RBM, the ratio of effective mass to total
mass m equals 0.786. This value is also only dependent upon the Poisson
ratio (see Eq. 2.15). The values for the first three RBMs are listed in Table
2.1.

The above analytical formulas describe the behavior of completely free
circular plates, and therefore do not take into account the effect of the sup-
porting pedestal under the disk resonator. However for the large disk under-
cut ratios we now aim to fabricate the discrepancy is small. Reference [83]
provides an analytical description for the in-plane modes of annular plates,
which more accurately represent the RBMs of disk resonators with larger
pedestals.

2.4 Numerical modeling of mechanical modes

FEM simulations are a complementary way to gather information on GaAs
disks” mechanical properties. We perform these with the commercial FEM
modeling software COMSOL. This method has the advantage of allowing
for more complex boundary conditions and geometries. It can also provide
accurate estimates of power loss to the substrate (see section 2.5.2) and
measures of intrinsic damping mechanisms (section 2.5.4). The simulations
can be performed with a 2D axi-symmetric layout for mechanical modes
with rotational invariance (RBMs and M=0 out of plane modes) but must
be fully 3D to account for the other modes (See Figure 2.7). Going to full 3D

4The choice of the reduction point for the effective mass is somewhat arbitrary. Here
we choose for simplicity a point on the disk’s outer boundary. This is however not quite
the position of maximum radial displacement (see Fig. 3.15 for a RBM’s displacement
profile).
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2.4 Numerical modeling of mechanical modes

Numerical | Numerical
without with
pedestal pedestal
RBM resonance frequency | 1.38 GHz 1.376 GHz | 1.377 GHz
Effective mass ratio 0.79 0.88 0.83

Analytical
formula

Table 2.2: Comparison between the results of the analytical formulation of section 2.3.2
and 3D FEM numerical simulations, for the resonance frequency and the effective mass
ratio of a point on the disk’s boundary. Here we consider the fundamental RBM of a 320
nm thick, 1 gm radius GaAs disk resonator with either no AlGaAs pedestal or a 100 nm
radius pedestal (last column).

simulations one can also account for GaAs’ anisotropic mechanical properties,
however this goes beyond the scope of this thesis. Computations are quite
fast, generally taking under one minute.

We find very good agreement between the RBM resonance frequency
given by the analytical formula provided in section 2.3.2 and the frequency
found through 3D FEM simulations, with the error being under 1% (see
Table 2.2). Furthermore we verify the RBM resonance frequency is barely
affected by the presence of a small diameter AlGaAs pedestal supporting the
disk (see Table 2.2), as the RBM mechanical displacement is negligible near
the center of the disk. Similarly good agreement is found regarding the radial
deformation profile obtained through these two different methods (see Fig.
3.15). On the contrary the analytical approach tends to underestimate the
effective mass, as it does not take into account the out of plane movement
associated with the RBM.

For small disk resonators few mechanical modes are visible experimen-
tally and these are widely spaced (> hundreds of MHz). In the case of larger
disks with large pedestals, many mechanical modes can appear close together
on a mechanical spectrum. This makes exact identification more challenging.
One efficient way to do so is to look at the mechanical modes’ experimental
frequency dispersion with a parameter such as the disk size. This dispersion
curve can then be compared with a simulated dispersion curve in order to
resolve the uncertainty between different families of modes (see [20] and sec-
tion 6.2.1). Different mechanical modes also couple differently to the optical
field, which can help with their identification. This will be discussed in more
detail in section 3.8. All relevant physical parameters used in the simulations
are available in appendix D.
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Figure 2.7: FEM simulation of the mechanical modes of a GaAs disk resonator. (a)
Meshing of the computational domain. (b) Image of the simulated (P=2 M=1) out of
plane mechanical mode, with exaggerated boundary deformation. The color code is blue
for no displacement and red for maximum displacement amplitude.

2.5 Loss sources and QQ factor estimation

2.5.1 Mechanical quality factor

The mechanical quality factor Qu; can be defined similarly to the optical
quality factor, through equation 2.16:

Energy stored Wo
@ m Energy dissipated per cycle  dw (2.16)

with wg and dw respectively the mechanical resonance’s frequency and FWHM
of the associated lorentzian resonance. The mechanical quality factor is there-
fore a measure of the temporal confinement of the mechanical energy inside
the disk resonator. There are many reasons why it is interesting to make
Qs as high as possible. The mechanical Q is a measure of the degree to
which the resonator is isolated from its environment. Optomechanical cool-
ing and actuation rely on this isolation in order to create a gradient between
the amount of energy in the mechanical mode and in the environment. A
high Q is also useful for sensing applications. If the mechanical resonator is
subjected to a force gradient, the resonance frequency will be shifted by a
certain amount. The resolution for this detection is determined by the me-
chanical resonance linewidth. Finally with a high Q resonator the mechanical
energy will be concentrated over a smaller frequency bandwidth, facilitating
detection above experimental noise sources.

Loss sources

We identify four main loss sources that can potentially limit the mechanical
quality factor: clamping losses (or support losses), air damping, Thermoe-
lastic Damping (TED) and surface losses (see sections 2.5.3, 2.5.2, 2.5.4 and
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2.5 Loss sources and Q factor estimation

2.5.5). These dissipation mechanisms will be successively addressed and es-
timates of their magnitude for GaAs disk resonators will be provided.

2.5.2 Clamping losses

Clamping losses occur due to the structural connection between the mechan-
ical resonator and its supporting environment. In the case of GaAs disks, the
resonator is anchored to the environment (the sample chip) via its AlGaAs
pedestal. When the resonator oscillates, it produces acoustical waves® which
then radiate out of the resonator via the anchoring points, resulting in energy
loss. Clamping losses are essentially set by the structure’s physical design
and the material’s acoustic properties, and do not change much over the op-
erating parameters (temperature between 300 K and 4 K, pressure between
atmospheric pressure and 107¢ mbar) [84].

Estimating the clamping loss related quality factor Qclamping for a disk
resonator requires knowing the dissipated energy per mechanical oscillation.
Reference [85] proposes a method to do so, by calculating the coupling be-
tween the in-plane RBM and the out of plane acoustic radiation in the
pedestal via the disk’s Poisson ratio.

We choose to estimate the clamping losses via FEM numerical simula-
tions, which allow to simulate more complex pedestal geometries. With this
method the computational domain consists of the disk resonator and a small
chunk of the sample substrate, which is bounded by PMLs in order to em-
ulate a semi-infinite medium (see Figure 2.8, a). These PMLs introduce
loss in the simulation and are necessary to extract a quality factor. The
disk resonator is then subjected to a time dependent driving force, of the
form F(t)=Fy x cos(wt). The resonator’s amplitude response is then com-
puted, while sweeping the driving frequency w across the resonance band-
width. Qclamping is then simply obtained by $2 (Eq. 2.16). Due to the larger
computational area involved, these simulations take upwards of 10 minutes.
The clamping losses can be mitigated by reducing the dimensions of the an-
choring point, tethering the resonator to nodal points of displacement [81] or
engineering the anchoring structure to have a phononic bandgap around the
desired mechanical resonance frequency [86, 87]. In our case, we focused on
reducing the anchoring losses by reducing the pedestal’s lateral dimensions.

Figure 2.8 (b) plots Qclamping for the first RBM of a 320 nm thick, 1 ym
radius GaAs disk as a function of the AlGaAs pedestal radius r,, obtained
with FEM simulations, after systematic optimization of mesh, geometry and

>The acoustical wavelength is given by A = ¢/v with ¢ the speed of sound in the infinite
material and v the mechanical frequency. For GaAs , ¢~4700 m-s~! and A, ~ 3.4 um for
a 1.3 GHz mechanical mode.
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Figure 2.8: (a) View of the 2D axi-symmetric computational domain containing the disk
resonator (top left) the substrate (region 1) and the PMLs (2, 3, and 4). Acoustic waves
can be seen radiating out of the pedestal into the substrate and being absorbed by the
PMLs. The scale bar represents the log of the displacement amplitude, in arbitrary units.
(b) FEM simulated Qclamping @s a function of AlGaAs pedestal radius (black squares) and
experimentally measured values of Qu (red circles). The dashed navy lines serve as guides
to the eyes, distinguishing between two different damping mechanisms. Below a pedestal
radius of ~150 nm (corresponding to a 85 % undercut ratio), clamping losses cease to be
the dominant loss source in favor of air damping.

PML parameters. Qclamping depends strongly on r,, increasing by more than
two orders of magnitude as 7, is reduced from 500 nm to 100 nm. Red dots
show experimental values for Q) measured in air, which are in satisfactory
agreement with the FEM values for Qcamping for 7, > 150 nm. For r, below
~150 nm, the measured Q plateaus out around 1600, due to the contribution
of air damping, which we discuss in the following section.

2.5.3 Air damping

The GaAs disk resonator’s vibrations can also be damped by the interaction
with the surrounding fluid (air or liquid). While there is no exact formula
describing this damping, it can be satisfactorily estimated by adapting a
method used to describe the damping of oscillating cantilevers [88, 89]. The
method consists in covering the surface of the resonator with virtual Stokes
spheres and summing their damping contributions®. In our case, the spheres
have a displacement amplitude described by the analytical displacement pro-
files given in sections 2.3.1 and 2.3.2. We find that applying this method to
GaAs disk resonators [91] satisfactorily explains the damping of out of plane

6Stokes’ spheres and cylinders are two geometries for which the equation of motion of
linear oscillations in a viscous fluid can be analytically described [90].
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modes, for which Qy is typically limited in the hundreds by air damping [20].

We expect RBMs to display higher mechanical Q factors in air, due to the
reduced interaction surface with the fluid compared to out-of plane flexural
modes (2 Rh vs mR?). This is indeed the case: as the pedestal dimensions
and clamping losses are reduced, Qy saturates between 1500 and 1700 in
air (see Figure 2.8). These higher values underline the reduced contribution
of air damping for RBMs. These results are very similar to the reported
Q=1600 in air for the first RBM of high frequency silicon resonators [22]. We
are reasonably confident this upper bound comes from air damping. Indeed,
even for larger g= 10 pum disk resonators with > 95 % undercut ratios
and Qclamping ~ 10° measured by D. Parrain in the team the Q in air is
approximately 1550. This however warrants some further investigation as
a simple kinetic theory of gases model” which compares the work done by
the resonator against the surrounding gas during expansion and contraction
would lead us to expect lower air damping and associated mechanical Qs in
the 10* range. This discrepancy might be due to the neglected contribution
of kinetic energy dissipation under the form of acoustic wave radiation, which
can be important for high frequency nanoresonators [92].

Squeeze film damping

Squeeze film damping [93] is a special case of air damping, occurring when the
resonator vibrates in close proximity to a static surface. Air caught between
the resonator and the surface will either circulate in and out (viscous regime)
or be compressed as in a piston (elastic regime) between the two, depending
on the squeeze number o, 8. As a rule of thumb, squeeze film damping
becomes important when the ratio between film length and height is >3
(i.e. in our case when disk undercut/pedestal height >3) [94]. Indeed, we
find squeeze film damping to be significant for the (P=0 M=1) out-of-plane
mode of large GaAs disks (& > 10 pum) probed by a fiber interferometer [91].
For these resonators the disk undercut to pedestal height ratio was ~4.3. On
the other hand, squeeze film damping is typically not a problem for smaller
disk resonators (& < 5 um) for which the ratio is generally below 1 and for

"Whether the disk’s interaction with the surrounding gas should be treated according
to continuum mechanics or statistical mechanics is determined by the Knudsen number
K, = % Here A is the mean free path of the gas molecules (~ 70 nm in air at 300 K, 1
atm) and L the characteristic length of the problem (the 320 nm disk thickness). Since

K, ~ 0.2, a continuum mechanics description of the gas is appropriate.
8 _ 12pwl?
s = "P,n2
frequency, the resonator length, the atmospheric pressure and the distance between the
two surfaces. The damping is viscous for o, <~ 10 and elastic above [93].

with u, w, [, P, and hg respectively the air viscosity, the mechanical
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RBMs which have essentially pure in-plane motion.

2.5.4 Thermo-elastic damping

Thermoelastic damping occurs any time a material is subjected to cyclic
stress. During deformation, regions of the material under compressive stress
heat up, while regions under tensile stress cool. Heat flow occurs between
these hot and cool regions, raising the systems total entropy. This irreversible
heat transfer converts mechanical energy into thermal energy, resulting in
mechanical dissipation. This dissipation depends on the material’s thermal
conductivity & , heat capacity ¢, and thermal expansion coefficient ay,, as
well as on the resonator’s geometry and resonance frequency.

Approached analytical expressions for the thermoelastic damping quality
factor Qiq are available for certain systems, such as the flexural modes of
cantilevers [95] or the in-plane modes of beams [96] and thin circular plate
resonators [97]. However, we choose to estimate Qg using a 2D axisym-
metric multi-physics FEM simulation as this allows us to take into account
the influence of the supporting pedestal. This numerical approach contains
two separate steps. In a first simulation the mechanical mode’s deformation
profile and associated thermal stress profile are calculated. These results are
then imported into a second thermal conduction simulation which calculates
the heat transfer between the hot and cool areas. This then allows to obtain
the Qtd~

The results of these FEM simulations for GaAs disk resonators with no
pedestal are presented in Figure 2.9. Figure 2.9(a) plots Qg at room tem-
perature for the fundamental (P=0) RBM of a GaAs disk as a function of
the disk radius R. There is a relatively large variability for Qiq depending on
the GaAs physical parameters used for the simulation (blue and red squares).
However Qqq is typically close to or above 10°. The presence of the pedestal
under the disk facilitates the irreversible heat flow to and from the cooler and
hotter regions under mechanical stress by adding a supplementary tempera-
ture conduction channel (see inset of Fig. 2.9, b). As a consequence adding
a 150 nm radius cylindrical AlGaAs pedestal somewhat degrades Qq as ex-
pected (circles vs squares). The Q factor decrease is most pronounced for
small disks, for which the pedestal is proportionally larger, and is virtually
non existent for R>3 um (see Figure 2.9, a). Further increasing the pedestal
radius can significantly degrade Qiq. For instance for a 1 pym radius disk, a
500 nm radius pedestal degrades Quq more than five fold to the 10* range
compared to the no pedestal case. However the clamping losses (section
2.5.2) increase much faster with r, effectively experimentally overshadowing
the contribution of the thermoelastic damping.
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2.5 Loss sources and Q factor estimation
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Figure 2.9: Thermoelastic damping. (a) FEM simulated values of Qg for a 320 nm
thick GaAs disk resonator with no AlGaAs pedestal (squares) and with a 150 nm radius
pedestal (circles) as a function of the disk radius R, at room temperature. The red
points are obtained using for GaAs the values k = 33 W/(m-K), ¢, = 550 J/(kg-K)
from [98]. The blue points use £ = 55 W/(m-K), ¢, = 327 J/(kg'K) from [84]. In
both cases ay;,=5.7-10"K~!. (b) Dependence of Qiq with temperature (T) using the
temperature dependent values k(T), ¢,(T) and ay,(T) from [84], illustrating the rise in
Qia at low temperature. The vertical dashed lines indicate the temperatures for which
oy (T') changes sign: 56 K and 12 K [84]. The blue curve serves as a guide to the eye. The
inset serves to illustrate the strain temperature (a.u.) during contraction of the breathing
mode, red=hotter, blue=cooler.

Figure 2.9 (b) investigates the dependency of Qq with temperature, for
the fundamental RBM of a 1 ym radius disk with a 150 nm radius pedestal.
Indeed the parameters (1), ¢,(T") and au,(T") are strongly temperature de-
pendent. Their values are taken from [84], corresponding to the worst case
scenario (blue curves) of Fig. 2.9 (a). The simulations show Q4 strongly in-
creases at low temperature (remaining above 108 for T< 60 K), and diverges
at two values of T for which ay, is zero : 12 K and 56 K. Thus by operating
at cryogenic temperatures the thermoelastic damping can be kept extremely
low. Indeed, reference [99] reports a marked increase in the mechanical Q
of GaAs cantilevers around 50 K. Finally we verified the FEM simulations
provide similar results to the analytical estimates discussed above.

2.5.5 Influence of the surface state

Small thickness resonators oftentimes operate in a regime where the total
losses cannot be explained by the summed contributions of clamping losses,
air damping and TED alone [100]. Additional loss mechanisms could be
surface and/or bulk related. Work by Rugar et al. on silicon nitride and
silicon cantilevers show a strong dependence of the mechanical quality factor
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with resonator thickness, with the thinnest resonators typically having the
worst Q [95]. Such a dependence is indicative of surface loss mechanisms.

Various surface and bulk treatments have been shown to increase mechan-
ical quality factors, such as high temperature annealing of the resonators
under ultra-high vacuum conditions [101] or in nitrogen atmosphere [95].
Silicon resonators with hydrogen- and methyl- terminated surfaces have also
been shown to exhibit enhanced mechanical properties versus non-treated
resonators with native oxide [102, 103].

Surface related mechanical dissipation is the least well known loss mech-
anism for our system. However we can expect this mechanism to be likely
non-negligible for our very small GaAs disk resonators, which have a large
surface to volume ratio and optical dissipation dominated by surface proper-
ties (see section 5.3). As such, surface dissipation and the influence of surface
treatments will need to be investigated in future work.

2.6 Orders of magnitude

Using the formulas provided in section 2.3.2 , one can estimate some orders
of magnitude of the mechanical displacement of small GaAs disk resonators
(see Table 2.3). One micrometer radius disks have a picogram motional mass
for their RBM at GHz frequency. It is interesting to see that the mechanical
Brownian motion, which is readily measurable via optical means, is well below
1 picometer at 300 K. The Brownian motion amplitude of the disk boundary
for the order P=2 (resp. P=3) RBM at 3.63 GHz (resp. 5.77 GHz) is ~3
(resp. 4.7) times smaller than that of the first order RBM. Finally the disk’s
boundary can be considered almost static with respect to the surrounding
gas molecules at room temperature. Indeed the disk boundary’s root mean
square (RMS) speed is more than five orders of magnitude lower than that
of the molecules?. The Reynolds number of the problem is very low!? and
the air flow around the resonator can safely be considered laminar.

3kET

9The RMS speed of gas molecules is given by vrys= 2=, with k and m respectively

the Boltzmann constant and mass of one molecule. vrms =~ 500 m-s~! for 0, and Ny at
300 K.

10The Reynolds number Re is defined as Re = % with v, L and v respectively the
disk’s velocity with respect to the fluid, L the disk’s thickness and v ~ 1.6 - 107° m?s~!
air’s kinematic viscosity. Here Re = 2-107°.
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2.7 Conclusion

Parameter Unit  Value
Mechanical frequency GHz ~1.38
Disk mass pPg 5.3
Meg /M - 0.786
Brownian motion amplitude - 300 K m 1.6-10713
RMS boundary speed - 300 K m-s~!  0.99-1073
Brownian motion amplitude - 5 K m 211074

Table 2.3: Some approximate values of the mechanical properties of the fundamental RBM
of a 320 nm thick =2 ym GaAs disk resonator.

2.7 Conclusion

In this chapter we discussed an analytical description of both the out-of-plane
and in-plane mechanical modes of GaAs disk resonators. This description
was found to be in good agreement with the results of FEM simulations.
Finally we investigated the main loss mechanisms potentially limiting the
mechanical Q of the disk resonators. This understanding will be useful in
further developments aiming to boost the mechanical properties.

2.8 Mechanics of a stressed SiN beam

Here we briefly describe the mechanical behavior of our SiN on-chip optome-
chanical WGM resonators. These devices are conceptually identical to the
GaAs devices introduced in Fig. 1.2. However in this case the mechanical
element we are interested in is no longer the disk resonator itself but the
suspended SiN coupling waveguide which acts as a beam nanomechanical
resonator (see Fig. 2.10). The disk and resonator are fabricated from Low
Pressure Chemical Vapor Deposition (LPCVD) SiN, which exhibits high ten-
sile stress (like a drum membrane) in the GPa range (see chapter 4.1). Its is
this tensile stress that is responsible for SiN’s interesting mechanical proper-
ties. The resonance frequency f; of the ith mechanical mode of a mechanical
beam resonator with simply supported extremities!! is given by : [104, 105]

zthw ocgAL?
;= 2.1
fi o212 \/ \/ zthE 2 EIn? (2.17)

' There is no analytical solution to describe the doubly clamped extremities case, which
is closer to what we have in fabricated devices.
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Figure 2.10: In plane movement (red arrows) of a suspended SiN beam of length L, and
cross section w; X h. The color code represents the displacement amplitude with blue for
zero and red for max.

Here L, A and I are respectively the beam’s length, cross-section area (=hx
w;) and the second moment of area of the beam cross section (see section
2.2). These are shown in Fig. 2.10. Additionally E, p and o are respectively
the beam material’s Young’s modulus, density and tensile stress. iy, is the
integer mode index (=1 for the fundamental mode, ...). In the case of large
tensile stress o, the following holds true:

o AL?
_— 1 2.18
ifhEIWQ > ( )

In this high stress limit, Eq. 2.17 takes the simple form:

ith o
fi= ﬁ\f; (2.19)

Here we see the mechanical behavior is entirely determined by the elongation
energy of the beam which is proportional to o; the contribution of the beam
bending energy which is proportional to the terms E and I no longer appears
in Eq. 2.19. Furthermore the resonance frequency f; no longer scales with
1/L? as in a relaxed beam, but with 1/L (like a guitar string). This explains
the commonly used terminology of SiN string resonators for these suspended
beam structures [105] under tensile stress.

61



2.8 Mechanics of a stressed SiN beam

Mechanism behind the high mechanical Q

High tensile stress LPCVD SiN is a material which has garnered a lot of
interest for its ability to provide very high mechanical Qs. An explanation
for this property is discussed in detail in [106]. Very simply put, the high
tensile stress in the material substantially increases the stored energy inside
the mechanical nanoresonator, while adding only a minor contribution to
the mechanical energy dissipated per oscillation. From Eq. 2.16, we see this
results in a mechanical Q) boost.

More information on these SiN nanoresonators, including FEM simula-
tions and experimental results, is available in section 6.3.
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Chapter 3

Optomechanics

3.1 Introduction

In the last two chapters we discussed respectively the optical WGMs and
the mechanical modes of GaAs disks. This chapter introduces optomechan-
ical models describing how an optical and mechanical mode can couple to
each other and exchange energy. We then investigate the various physical
mechanisms through which light circulating inside a GaAs disk resonator and
mechanical displacement can mutually influence each other and provide some
estimates of the magnitude of these coupling mechanisms.

An illustration of the archetypal optomechanical setup is shown in Figure
3.1. It consists in a Fabry-Perot cavity with one fixed and one free end-
mirror. Under laser illumination the confined optical field exerts a force
on the mechanical boundary through radiation pressure (see section 3.5)
and - in the case of a disk resonator - electrostriction and photothermal
effects (see sections 3.6 and 3.7). In return, deformation of the mechanical
boundary modifies the intracavity circulating power via a shift in the cavity
resonance frequency wgy. The change in wy can be due to a change in the
cavity dimensions (see section 3.8.1) and - in the case of a disk resonator
- changes in the cavity’s refractive index induced by the displacement (see
3.8.2).

Because of this coupling, when the drive laser is tuned to the flank of
an optical resonance, a small mechanical displacement dx of the mirror is
translated into a change in the transmitted optical intensity I (see Figure
3.2). The magnitude of this shift is given by Eq. 3.1:
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3.2 Classical formulation of optomechanics

Figure 3.1: Archetypal illustration of an optomechanical resonator consisting of a laser-
driven Fabry-Perot cavity with a fixed mirror (left) and a spring-mounted movable end
mirror (right).

o<Qopt
dl dl d
Wo
= 3.1
dz dwy dx (3.1)
~—
=dom

Here we identify the optomechanical coupling term g,,, times the slope of the
optical resonance at the operating point. In systems with high g,,, and optical
Qopt such as GaAs disks very small displacements can be resolved, such as
the Brownian motion of a 1.4 GHz RBM with RMS amplitude below 10714
m. The optical field however not only measures the mechanical resonator
but can also modify its properties. This is discussed in the following section.

3.2 Classical formulation of optomechanics

We wish to describe the ways in which the mechanical oscillator is modified
by the presence of the optical field. To this end we will successively look at
the results provided by two classical models. The first looks at the changes in
properties of a mechanical oscillator subject to a time-delayed optical force
(subsection 3.2.1). It is valid for different kinds of delayed optical forces,
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Figure 3.2: Reading out the mechanical Brownian motion of a GaAs disk resonator. (a)
Lorentzian transmission profile of a disk’s WGM (solid blue curve). Due to the disk’s
mechanical fluctuations which change the cavity length, the optical resonance frequency
continuously fluctuates around its equilibrium position at wy (dashed black lines). As a
consequence, even with fixed a laser frequency wy the optical transmission varies as a
function of time (dashed red lines). (b) Optical transmission as a function of time, with
the laser positioned on the WGM resonance flank. Looking at the power spectral density
of this signal reveals the presence of a mechanical mode at frequency Qs (c).

including photothermal or optoelectronic forces. The second model is based
upon coupled mode analysis. It is restricted to radiation pressure effects
but is able to correctly describe what happens in the special case when the
mechanical frequency exceeds the optical linewidth (subsection 3.2.2).

3.2.1 Time-delayed optical force model

Optical forces do not respond instantly to a mechanical displacement dx
of the resonator. This can be because of the finite lifetime of the photons
in the cavity in the case of radiation pressure or electrostrictive forces, or
because of an intrinsic thermal response time in the case of photothermal
forces (see sections 3.5 to 3.7 for more details). Work done by Metzger et
al. [107] shows how a mechanical oscillator subject to a time delayed optical
force F can be described by an effective harmonic oscillator, with a modified
effective damping rate I'.gy and effective resonance frequency €.g. In order
to describe the time delayed response of the optical force F at time t to a
sudden mechanical displacement x(t’) at time t’, we write:

bodF (z(V
F(z(t)) = F(xo) +/ dt’% h(t —t) (3.2)
0
where h is the delay function of the force F. We consider an exponential
type delay function h(t) = 1 — exp (—t/7), where 7 is the time it takes F to
reach equilibrium after a sudden displacement. This type of delay function
is a reasonable assumption, as it both adequately represents the delay in
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Figure 3.3: Work produced by a time delayed optical force. (a) The pump laser is tuned
to the blue side of a WGM resonance. During a mechanical oscillation the optical trans-
mission varies between a maximum at point A and a minimum at B. (b) & (¢): Plot of the
mechanical resonator velocity v (blue) and the optical force F (red) during a mechanical
oscillation (of period T) from A to B and back to A. (b) The optical force is propor-
tional to the intracavity energy, with no time delay. No work W is done by F during an
oscillation, as W = fOTdet = 0. (c¢) The optical force responds to changes in cavity
length with a exponential time delay (see Eq. 3.2). Due to the time delay F’s temporal
variations are smoother and F’s amplitude changes are reduced. F ’lags’ behind v, so that
W = fOT Fodt > 0 (heating). If the time delay is too large, F becomes almost flat and

fOTdet — 0. The work W is maximal for Q7 = 1 (see Eq. 3.3). Similarly cooling
happens on the other flank of the WGM resonance.

the radiation pressure and electrostriction due to the finite lifetime of the
confined photons in the cavity, and the thermal response time of the resonator
after photon absorption. With this kind of delay function, the new effective
damping rate of the resonator I'eg can be written as a function of the original
damping rate I' as [107]:

(3.3)

reﬂzr<1+QM Qw7 VF)

1+ Q%/[TQ?

where Qpr, Qum, Iyr=0/Qn and K are respectively the unperturbed me-
chanical mode frequency, quality factor, damping and stiffness, while VF =
OF/Ox represents the steady-state change in optical force for a small dis-
placement dz of the mechanical resonator. Likewise, the modified resonance
frequency Qg is given by Eq. 3.4, [107].

1 VF) (3.4

V=03 (1 - ————
off M ( 1+ 02,72 K
The VF term in Eq. 3.4 can be seen as the contribution of an additional

restoring force with positive or negative stiffness, modifying the resonance
frequency €2,,. This is called the optical spring effect. The modified mechan-
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ical resonator still follows the equipartition theorem!, however it behaves as
if it were no longer at the bath temperature T" but at a modified effective
temperature Teg defined by Eq. 3.5, [107]:

Tg T
T T

(3.5)

Figure 3.3 illustrates how the time-delayed optical force adds or removes
vibrational energy from the mechanical mode, modifying its effective tem-
perature. Using the results of this first model, we can calculate the necessary
power threshold for the onset of self-oscillation (or self-sustained oscillations).
Self sustained oscillations occur when the effective damping rate I'eg (Eq. 3.3)
reaches zero. At this stage the movement is strongly amplified and reaches a
maximal amplitude for which the energy fed into the resonator by the optical
field per mechanical oscillation is equal to the dissipated mechanical energy
during this same cycle. In order to compute this threshold in experimental
terms, VF needs to be expressed a function of the pump laser power Pr. In
the case of pure radiation pressure coupling and taking the approximation
Jom=—wo/R with R the disk radius, we have:

stored energy

~— 1 P LQO t
F= Nphwy —=—""N\ (wp (x 3.6
T e L) (3.
where N, is the number of intracavity photons of frequency w. The deriva-
tion of the first equality of Eq. 3.6 is done in section 3.5. Here we write the
stored energy in the resonator as P, times the cavity storage time Qopt/wo
times a lorentzian function A (wg (x)) describing the WGM resonance. The

force gradient is then:

O(Qopt
=
PLQopt PLQopt oA aWO PLQ?)pt
F=- A = .
v woR? (o (z)) + woR  Owy Ox R2wq (37)

Gom

The first term in Eq.3.7 represents the change in radiation pressure with
cavity radius at constant photon number and can safely be neglected as it is
negligible compared to the second term proportional to g,,, times the slope
of the lorentzian curve. Therefore setting Eq. 3.3 equal to zero and writing
K=m,z2%,, we get the self-oscillation threshold optical power Pipresn:

Mer R2 wg Q M
Qm Qgpt

"'Which states %K <a?>= %k:BT, with kg Boltzmann’s constant.

(1+ Q3,77 (3.8)

Pthresh =
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From Eq. 3.8, we can see that in the case of €2);7 smaller than 1, Piyresn
exhibits a 1/Q, and 1/ Qgpt dependency. The case {2y;7 < 1 is called the
bad cavity or unresolved sideband limit (see Figure 3.5). This inverse cube
dependency on optical quality factor can be traced back to its three distinct
origins. Indeed the threshold power Piyesn is inversely dependent upon the
force’s time delay (o< Qopt), upon the intracavity circulating power (o< Qopt)
and upon the slope of the optical resonance (x Qopi). As a side note, in
the case of the RBMs of a disk resonator, Q2 scales with ~1/R, while mg
scales with R?. Therefore Piesn Scales with R? in the unresolved sideband
regime, underscoring the merit of miniaturizing resonator dimensions (if the
self-oscillation regime is desired).

According to this model, for Q3,7 > 1, the power threshold keeps de-
creasing with increasing Qop¢ but at a slower rate (o< 1/Qqpt), illustrating
how a too large time delay for the optical force is less effective at producing
work. However this model does not take into account the effect of detuning
on the optical cavity dynamics which is important if focusing on radiation
pressure effects. When 2,7 becomes larger than 1 (good cavity or resolved
sideband limit) the discrepancy becomes significant and this model is no
longer accurate, as shown in the following section.

3.2.2 Coupled mode analysis model

This model developed in the team of Kerry Vahala [48, 108] is based upon
coupled-mode theory (see Chapter 1). The model aims to describe the op-
tomechanical dynamics of a silica WGM toroid coupled to a fiber taper, hence
it includes the coupling effects associated with the waveguide resonator junc-
tion. The model describes the mechanical oscillator interacting with the light
field as a set of linked differential equation describing the time evolution of
the pump, stokes, antistokes and mechanical mode amplitudes (see Fig. 3.5).
Solving these equations in the steady state gives the following threshold for
the onset of self-oscillation, using the notation of [23]:

Megwo Lol ar
Qng Pt A

Pihresh = [(A = Qu)* + (T4/2)°] [(A +Qur)* + (Te/2)°] (3.9)

Where I'y and I'; are respectively the photon decay rates for the unloaded and
loaded optical cavity (see chapter 1 for details), while I'y; and A = wy, —wy are
respectively the mechanical energy decay rate and the laser-cavity detuning.
Note that in the bad cavity limit and for g,, = —wo/R, Eq. 3.9 reduces to:

Meft RQ(,U(Q)QM

QmQopt
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Figure 3.4: Self oscillation threshold power Pip.esn as a function of laser-cavity detuning
A, for different intrinsic cavity quality factors Qju. Curves 1 through 7 correspond to
Qine taking the values 5-10% through 1.1-10° by 10* increments. The vertical red line
corresponds to a cavity detuning A = €,,. As Qi increases and the system nears the
resolved sideband regime, the optimal detuning tends to A = Q.

which is identical to the result from the time-delayed model (Eq. 3.8) with
the same 1/Q,, x 1/Q3,; dependency. In the good cavity limit (7 >1),
two competing effects occur. The heating efficiency in terms of circulating
power is maximal when the stokes sideband is resonant with the optical
cavity. However in the good cavity limit this only occurs with the pump laser
laser lying outside the WGM resonance and therefore unable to adequately
buildup circulating power. This imposes an asymptotic minimal threshold
power, which can be shown to occur in the overcoupled regime (I'; > 2T')
where the €2,,7 <1 condition is again met.

Figure 3.4 plots an estimate of Pesn as a function of the laser-cavity
detuning A, for different values of the optical quality factor for a GaAs
disk. This calculation is done for the first RBM of a g= 2 um disk with a
mechanical quality factor of 1500 in air and the WGM at critical coupling
(T'y = 2I'y). Because of the 1/Q3; dependency, small gains in Qup lead to
dramatic decreases in Py esh-

3.3 Quantum formulation of optomechanics

Optomechanical Hamiltonian

Equation 3.11 shows the optomechanical Hamiltonian describing an optical
field coupled to a mechanical resonator [109]:

H = hw(#)ata + mQabTh + ... (3.11)

a' (b') and a (b) are respectively the photon (phonon) creation and annihila-
tion operators. Left out are terms relating to the pump laser and coupling to
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the environment. The photon frequency is dependent upon the mechanical
displacement = = xzpp (l; 1+ b)), xzpr corresponds to the amplitude of the

mechanical zero point fluctuations? and is given by:

h
=/ — 3.12
rzvr V 2mes Qs ( )

writing w(Z) as wy — gom & in the linear approximation with wy the resonance
frequency at zero displacement makes a -F'z term appear in Eq. 3.11. F is
the radiation pressure force:

F = —hgma'a (3.13)
The standard optomechanical Hamiltonian is therefore:
H = il + BB — hgoata (B +) + .. (3.14)

where g is the optomechanical single photon coupling strength. It represents
the frequency shift due to a displacement equal to xzpr with g9 = gomTzpr-
For a strong laser drive, a can be written a = (o + da) exp(—iwot) with
a = /N, the average optical field amplitude and da the field fluctuations.
Then:

a'a = o® + a (04" + 6a) + da'da (3.15)

Neglecting the first term responsible for a static force and the last which is
smaller than the other two provides the Hamiltonian of linearized optome-
chanics:

g
1~ 1w (0" + 6a) (b1 + ) +hQ B0 — hAGal6a + .. (3.16)

S

VvV
linearized optomechanical interaction

This introduces the optomechanical coupling strength g which scales with
\/Npr,. While the optical and mechanical frequencies are vastly different, in
this picture we see the mechanical mode effectively couples to fluctuations in
the optical field which are of comparable frequency.

Quantum limit of optomechanical cooling

According to the classical models presented in section 3.2, the optical damp-
ing can in theory be increased to arbitrarily high values simply by increasing

’In the case of the first RBM of a 320 nm thick and = 2 pum GaAs disk,
rzpp=1.2-10"15 m.
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the laser power. The minimal effective temperature attainable for the me-
chanical vibration mode would thus tend to zero (via Eq. 3.5). In a quantum
picture this does not happen as increasing the laser power increases the shot
noise fluctuations of the photon field in the resonator, resulting in increased
fluctuations of the optical force 0 F. This added noise prevents the mechani-
cal mode temperature from becoming arbitrarily small with increasing laser
power.

Quantum theory of cavity-assisted cooling of a mechanical resonator de-
veloped by Marquardt et al. [110] shows that it is the asymmetry between
the stokes and antistokes noises (that leads to cooling or heating) which is
ultimately responsible for the minimal attainable temperature/phonon oc-
cupancy®. The model assumes a high mechanical quality factor (Qpr > 1)
and an optically induced damping rate I',py and mechanical damping rate
I'yy much weaker than the cavity’s intrinsic decay rate k (Iopt+I'm < k),
both of which are verified in our devices. The mean steady-state number n$,
of resonator phonons in the absence of mechanical damping (oscillator only
coupled to the light field and no thermal environment) is determined by the
ratio between the strength of the antistokes (cooling) and stokes (heating)
mechanisms and given by Eq. 3.17 [110].

o _ _(Q+2) 4 (5/2)°

In the case of a detuning A=—Q,, (optimal for Qy; > &), n§; becomes: [110]

70, = (4SM>2 (3.18)

This number is only well below unity in the resolved sideband regime (2, >
k). For the same A=—Q), detuning, the optical damping is worth: [110]

(3.19)

prF)Qw(Q)Nph 1
L K e )2
L+ (i)

With L the cavity length (R for a disk) and Ny}, the mean photon number
in the resonator. Adding the contribution of the mechanical damping I'y;
yields the mean steady state phonon number 7y,: [110]

I‘opt =4 (

Copt 15 + Ty 0,
Fopt + FM

Ny = (3.20)

3The mechanical mode’s effective temperature Teg is linked to the mode’s mean phonon
number fips through AQu (fiar + 1/2)=kpTes.
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Figure 3.5: Bad cavity (a) versus good cavity (b) limits. The schematics show the optical
resonance, of linewidth x, plotted in the frequency domain. The interaction between the
optical field oscillating at the laser frequency wy and the mechanical oscillator at 2,
results in two sidebands, called the stokes (S) and antistokes (AS) sidebands at wy, + Q.
In the bad cavity limit, Q,; is smaller than the cavity linewidth k, so both sidebands can
simultaneously lie within the cavity resonance. This is no longer the case in the good
cavity limit where Qp; > k. In both (a) and (b) the antistokes sideband is resonant
with the optical cavity, favoring the process of pump photons leaving the resonator at
higher frequencies (higher energy), resulting in net cooling of the mechanical mode. In (b)
however the asymmetry between the two sidebands is larger, leading to a smaller minimum
phonon occupation (see section 3.3).

Here 7!, is the mean mechanical mode phonon occupation at equilibrium
with the bath at T. Equation 3.20 represents the competition between me-
chanical energy removal from the resonator by the optical field and replen-
ishment by the surrounding thermal bath. It emphasizes the benefits of high
mechanical quality factors and low bath temperatures (cryogenics) to reach
the quantum regime.

For a GaAs resonator oscillating at 1.4 GHz, the optical Q needs to be
above 1.6 - 10° to be in the good cavity limit and be able to approach the
quantum ground state.

3.4 Optomechanical forces in GaAs disks

In the following three sections we will investigate the three main optical forces
through which the confined light field can act upon the GaAs disk resonator.
These are the radiation pressure force (section 3.5), the electrostrictive force
(section 3.6) and the photothermal or bolometric force (3.7). The magnitude
and pertinence of each of these forces for optomechanical experiments will
be examined.

72



Optomechanics

3.5 Radiation pressure in a disk resonator

In this section we describe the particular case of radiation pressure exerted by
photons confined by total internal reflection inside a circular disk resonator.
The radiation pressure will be calculated both through simple analytical
energy and momentum conservation arguments (see section 3.5.1) and by 3D
FEM computations of the Maxwell Stress Tensor (MST) (see section 3.5.2).
While both approaches fittingly yield consistent results, each provides specific
insights into the radiation pressure mechanism.

3.5.1 Analytical estimation
Energy conservation arguments

In this section, we will consider that the cavity resonance frequency is only
dependent on the geometrical dimensions of the resonator and that the disk’s
refractive index is not modified by the mechanical displacement. The influ-
ence of the mechanical displacement on the local refractive index is inves-
tigated separately in sections 3.6 and 3.8.2. In the general case, the stored
electromagnetic energy in the resonator is given by Eq. 3.21:

E = Nyliw (3.21)

with N,;, the number of stored photons in the resonator, w the photon’s
frequency and h Planck’s constant. A small mechanical displacement of the
disk dz leads to a change in the photon frequency Aw and stored energy AF
such that AE = Np,hAw. Therefore the force associated to this work can
be written as Eq. 3.22:

AFE Aw

F=-""c N,hi=" =
Az PR AL

—Npnhigom (3.22)

Momentum conservation arguments

Let us consider the radiation pressure exerted on the outer boundary of a disk
resonator by a confined photon, through momentum conservation arguments.
In free space, the momentum associated with a photon of wavelength g is
hkgy, with A = Planck’s constant and kg = 27/, the free space wavenumber.
When this photon impinges on a mirror with orthogonal incidence, and is
perfectly reflected, conservation of momentum dictates that the mirror re-
ceives 2hky momentum (see Fig. 3.6 , a). We now wish to describe how
much momentum is transferred to a circular resonator by a photon confined
by total internal reflection, as this photon performs a round-trip. Using ray
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a) b) c) d)
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Figure 3.6: (a) Momentum transfer as a photon strikes a reflective surface. (b), (c) and (d)
: schematic view of an optical cavity composed of n=2; 4 or 6 mirrors and the associated
grazing angles.

optics considerations, a photon confined inside a regular cavity with n side-
walls will strike the sidewalls n times per round-trip at an angle of 7/n, each
time transferring a momentum 2hk sin (7/n) (see Fig. 3.6 b, ¢, d). The
momentum transfer as one photon completes one round trip inside a circular
disk resonator can be therefore seen as the limit :

2hk lim n sin(w/n) = 2whk (3.23)

n—00

Note how we now use k instead of ky for the wavenumber of the photon, as we
now consider the case of a photon confined inside a dielectric medium. The
value of k in the dielectric will be defined as a function of £ in the following.
The associated force per photon is therefore the momentum transfer per
round-trip (Eq. 3.23) divided by the round-trip time 7,, and can be written
for a disk of radius R and thickness h:

dP  2mhk Dke
dt — 2TRneg/c  negR
—_——

Trt

F=mxa=

(3.24)

Here ¢ is the speed of light in vacuum, and n.g is the effective index of
refraction ‘felt’ by the photon. Provided we write the photon momentum hk
in a material of refractive index n.g as hk = kg neg * and use the geometrical
approximation g,, = —wpy/R, for a purely radial displacement of the disk,
we can write the radial force F;, exerted by a number N, photons confined
in a disk resonator under the simple form:

hkoC
R

Here we see the expression of the radiation pressure force obtained through
momentum conservation (Eq. 3.25) is consistent with that obtained through

F.p, = Npp,

~ _Nph hgom (325)

4This is the Minkowski formulation for the momentum of a photon in a dielectric [111].
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Radiation pressure in GaAs disks

Parameter Name Unit System 1 System 2
Disk radius R pam 1 3.5
Disk weight P aisk N 5.2.107 4-10713
Resonance wavelength Ao pm 1.32 1.55
Intrinsic optical Q Qint - 10° 10°
Finesse F - 5-10° 1560
Round trip time Ty S 6.4-10~1 1.9.-10713
Dropped power P, W 200 10°
Circulating power P mW 159 249
Stored photons Ny, - ~ 68 000  ~ 372 000
Photon energy hwop: Epp J 1.5-107  1.28-1071

Radiation pressure force F,,/N,, N 1.5-10713 3.6-10~ 1
per photon

Radiation pressure force F., N ~1-107% 1.36-1078
Radiation pressure per P,,/N,, Pa 7.5-1072 8.3-1073
photon

Radiation pressure P, Pa 5100 3100

Table 3.1: Optical parameters and related radiation pressure orders of magnitude for two
typical GaAs disk resonator systems. System I corresponds to a typical on chip g= 2 ym
and 320 nm thick GaAs disk resonator with integrated coupling waveguide, while system
2 is a typical freestanding 200 nm thick = 7 um GaAs disk resonator coupled to via a
pulled silica fiber (as the ones in [20]). (The two different coupling schemes explain the
distinct typical dropped powers).

energy conservation (Eq. 3.22). As a result of Eq. 3.25, the radiation
pressure P, exerted by NV,, photons on the disk resonator’s vertical outer
boundary of surface S = 27 R h is given by Eq.3.26:

hkoc he

Prp: rp/S:Nph* )\Oth

From Eqs. 3.25 and 3.26 we can see that the exerted force and pressure
depend on the number of stored photons inside the cavity. This underlines
the importance of working with a resonator of high optical quality factor
Qopt, as the number of stored photons for a fixed pumping optical power
scales with Qgpt. Furthermore, the % pressure dependency illustrates the
benefit of using small diameter disk resonators. Finally we can see both
force and pressure exerted by the stored photons are independent of the re-
fractive index of the resonator material. The benefit of using high refractive
index materials appears only indirectly, through the reduced disk radii fea-
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3.5 Radiation pressure in a disk resonator

sible before incurring significant radiation losses. Equations 3.25 and 3.26
are expressed in terms of the stored cavity photon number N, which is pro-
portional to the stored energy. This energy can be expressed in terms of the
more experimentally accessible parameter Py,op, which is the dropped power
in the disk resonator :

Pdro
P
E = Npphw = Pejye Try

R (3.27)

Equation 3.27 shows the number of photons in the resonator NV, is propor-
tional to the dropped power Fy,.,. As a consequence, the same }l{ dependency
for the force and % dependency for radiation pressure hold when expressing
these as a function of the dropped power, in the limit where the optical Q
does not depend on the disk radius.

A numerical estimate of Eq. 3.26 for a single photon of wavelength
Ao=1.32 pm confined inside a disk resonator of radius 1 pum and thickness
320 nm yields a relatively high P,,=0.075 Pa. Table 3.1 provides detailed
estimates of the radiation pressure magnitude for two typical GaAs disk res-
onator systems.

Due to the strong optical confinement and optical quality factor they
provide, GaAs disk resonators are subject to significant levels of radiation
pressure in realistic experimental conditions. Indeed, notice the high value
of the radiation pressure P, - in the several 10° Pascal range - exerted
on the outer vertical boundary of the small resonators of System 1. For
comparison, the atmospheric pressure at sea level is roughly 10° Pa, while
the radiation pressure due to sunlight striking the earth’s surface, assuming
perfect reflection is only ~ 9-107% Pa (considering a 1.3 kW /m? irradiance).
Furthermore, the very large magnitude of the radiation force F}, exerted on
these small resonators relative to their size is also highlighted by the fact
that F,, can be more than a hundred thousand times larger than the disk’s
own weight (see Table 3.1).

3.5.2 Numerical simulation: Maxwell stress tensor

In this section we estimate the magnitude of the radial radiation pressure
per confined photon by computing the spatially dependent Maxwell stress
tensor (MST) in a GaAs disk resonator. The MST formalism stems from
momentum conservation arguments applied to the charges in the material
and the confined electromagnetic field [112]. It can be used to describe the
optically induced stress distribution inside a dielectric medium [113].

In a dielectric medium of relative permittivity e, (z,y) and permeability
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Figure 3.7: Illustration of the radiation pressure due to confined electromagnetic energy
inside a GaAs WGM resonator. The schematic shows the coordinate system, along with
the zy cross-section over which the stress distribution is computed (see Fig. 3.8). The
radiation pressure due to confined photons is directed outwards (black arrows).

-, the 17 components of the MST are given by Eq. 3.28:
1 9 1 )
Tij = eoer(,y) | By — 5 05 |EI| + po pir | HiHly — 5 635 | H| (3.28)

Here g = 8.85- 10712 F-m~! and o = 47 - 1077 H-m~! are respectively the
vacuum permittivity and permeability, d,; is Kronecker’s delta and E; (H;)
is the ith electric (magnetic) field component. In the following we will take
& (z,y) = n* € R and u,=1 inside the GaAs, and ¢,=u,=1 in the sur-
rounding air. With the choice of notations of Eq. 3.28 (same as [113]), the
radiation pressure induced stress o;; (applied on the face normal to the i di-
rection along the j direction) is expressed as a function of the MST element
Tij as 0;; = —T;;. This approach not only allows for computing the normal
stresses in the structure (for which the stress is normal to the applied face,
i.e. o), but also the shear stresses (0;;,7 # j) due to the presence of the
photon. In the following however, we will only focus on the normal radial
stress, as it is the main stress that actually produces work when coupled to
the radial displacement of a mechanical RBM. Since the disk material can-
not respond to rapidly varying forces at optical frequencies (10'* Hz range),
we will compute the time averaged value of the radial stress over an optical
cycle.

Figure 3.7 provides an illustration of the confined electric field inside
a GaAs disk resonator, along with the choice of coordinate system. For
consistency we employ the same z,v, z coordinate system as in Chapter 1.
The electromagnetic distribution and stress distribution are computed and
plotted in the illustrated xy cross-section starting at the center of the disk.
Due to the problem’s rotational invariance around the x axis, the x, y and
z components of the electromagnetic and stress distributions can be thought
of as respectively the radial, azimuthal and axial components.

In order to calculate the radial radiation pressure due to a photon con-
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3.5 Radiation pressure in a disk resonator

fined in the resonator in a specific WGM, we first perform a FEM simulation
of the desired WGM (in this case a p=1, m=10 at A\p ~ 1320 nm). This sim-
ulation provides all the main electric and magnetic field components needed
to compute Eq. 3.28. These main field components are plotted in Figure 3.8
a, b, ¢, d, and e. With the knowledge of these, the value of the time-averaged
normal radial stress o,/ = —T,, is calculated at every point in space along
the xy cross-section (see Fig. 3.8, f). From this we can see that the normal
radial stress is largest near the outer edge of the disk, where the light is
confined. To a local stress can be associated a local volume force (force per
unit volume) F, by the relation:

FP =—0,0F = 0,Ty (3.29)

The spatial distribution of the radiation volume force F;? is maximal right
at the discontinuous dielectric interface (at y=1 pm), lending some degree of
support to the previously used image of the photon as a particle exerting a
force as it bounces off the resonator sidewalls (not shown here).

In order to compare the results of the MST method to the previous mo-
mentum conservation method (section 3.5.1), we define a volume averaged
normal radial stress o;? in Eq. 3.30:

oy MWopav 0

T TR2h

Here the integration in the numerator carries over the volume of the GaAs
disk resonator, and r refers to the radial coordinate. In the case of a single
confined photon of wavelength A ~ 1.3 pum, we find 7,2=0.084 Pa. This
value is quite close to the 0.075 Pa found using the analytical formalism.
The small (~10%) difference between the two disappears when one uses an
effective radius of ~ 0.85 um in Eq 3.26, which represents the center of mass
of the electromagnetic energy distribution in the example considered here.

Radiation pressure also exerts an outward pressure oriented along the x
axis upon the horizontal disk boundaries (see vertical arrows in Fig. 3.7).
The magnitude of this axial pressure is comparable to the radial pressure.

Steady state boundary displacement and resonance wavelength shift

In sections 3.5.1 and 3.5.2 we showed that under realistic experimental con-
ditions, the steady-state radiation pressure applied on the disk’s periphery
could be quite large. Here we wish to rapidly discuss whether or not this
pressure leads to a significant boundary displacement dr and associated res-
onance wavelength shift d\. In the case of System 1, the ~5-10% Pa pressure
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Figure 3.8: 2D axi-symmetric FEM modeling of the normal radial ‘radiation pressure’
stress 0,7 in a 320 nm thick and 1 pm radius GaAs WGM disk resonator. The considered
WGM is a (p=1, m=10) at A ~ 1.3um. The black lines show the boundary of the
two computational domains: the GaAs disk and the surrounding air. 2D axi-symmetric
cross sections are shown here, the whole disk is obtained by revolving around the z axial
symmetry axis (dashed red line). The AlGaAs pedestal, being sufficiently remote from
the optical field, is therefore not included in the simulation. Images (a) through (e) show
the computed time and space averaged electrical and magnetic field RMS amplitude cross-
sections, normalized such that the total electromagnetic energy in the resonator is equal
to the energy of one photon. (a) Radial electric field E,. (b) Azimuthal electric field E,.
(c) Axial electric field E,. (d) Axial magnetic field H,. (e) Radial magnetic field H,,.
Since the simulated WGM is TE, the in plane electric field and out of plane magnetic field
components E,, E, and H, are dominant. (f) Normal radial stress exerted by a confined
photon o;8. The optically induced stress is largest near the outer boundary of the disk
resonator, where most of the electromagnetic energy is located.
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3.6 Electrostriction

leads to a steady state radial displacement ér ~ 6 - 10~!* m and associated
OA ~ 0.08 pm wavelength shift. Thus these steady state shifts are extremely
small, particularly when compared to the important thermo-optic shift at
these circulating powers (see section 5.3).

3.6 Electrostriction

After discussing radiation pressure, we now shift our focus to electrostric-
tion. Electrostriction is a mechanism whereby electric fields can induce strain
within a material. Electrostriction is different than piezoelectricity in that
the induced strain is proportional to the square of the electric field, and not
simply the electric field as for piezoelectricity. As such, reversal of the elec-
tric field’s sign reverses the piezoelectric strain but leaves the electrostrictive
strain unperturbed. Since the electric fields we consider are rapidly oscil-
lating at optical frequencies, we can expect the time averaged piezoelectric
strain to be zero, while the time averaged electrostrictive strain contribution
should remain.

Electrostrictive stresses scale quadratically with the electromagnetic field,
and scale with the fourth power of the dielectric refractive index, making
them of significant importance for high refractive index materials such as
silicon and gallium arsenide (for which n > 3.3 at telecom wavelengths).
Recently Rakich et al. showed that for certain geometries of straight silicon
photonic waveguides the electrostrictive stress could be commensurate or
even slightly larger than the more commonly studied radiation pressure stress
(113, 114] .

In the following, we adapt their method to the specific case of light con-
fined in a WGM of a GaAs disk resonator. As in the previous section, we
start with a FEM simulation of the desired optical WGM, which provides the
complete electromagnetic field distribution (see Fig. 3.8 a through e). Using
these results we subsequently compute the electrostrictive stress distribution
inside the disk resonator.

The electrostrictively induced stress can be expressed in terms of the
material photoelastic tensor p;;x [115, 113]. Photoelasticity links a material
strain S;; to a change in the material’s dielectric tensor €;;. The material
strain is defined as a function of the material displacement v; along the ith
coordinate by Eq. 3.31:

1
Sij = 5 ((%Ui + @-vj) (331)

The change in the inverse dielectric tensor associated to this strain is
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expressed in terms of the photoelastic tensor® in Eq. 3.32:

e (Sw) =i + A(e;') = ;' + pignSu (3.32)

The photoelastic tensor in principle has 3* = 81 different elements. How-
ever, these reduce to only 3 independent coefficients in the case of amorphous
materials and cubic crystals such as GaAs and silicon [118]. These three pa-
rameters are piy, pio and pgs, written here in contracted notation, where
11— 1; 22 — 2; 33 — 3; 23, 32 — 4; 31, 13 — 5; 12, 21 — 6. Using this
definition, Eq. 3.33 links the electrostrictively induced stresses to the electric
field components in the following way:

O pin piz2 prz2 0 0 0 E?

Tyy piz2 pu p2 0 0 0 E?

o Ly P2 p2opn 0 0 0 E?
o= [ T2 0 0 0 pw 0 o || E | B
O, =02, 0 0 0 0 pgu O E, B,
Ooy = 04 0O 0 0 0 0 pu E.E,

~
photoelastic tensor

The value of the three photoelastic coefficients for silicon and GaAs are
provided in Table 3.2. These three parameters entirely describe the ma-
terial’s properties, and are independent of the considered crystallographic
axes. The link between electrostriction and photoelasticity may not be im-
mediately intuitive. One simplified way of seeing it is considering a disk
resonator suddenly subject to strain. This strain leads to a change in the
materials permittivity Ae, via the photoelastic properties. Provided some
electric energy was stored in the disk at the time, this stored energy (pro-
portional to ¢ E?) to is going to change due to the change in permittivity
Ae. This change in energy AFE can be seen as the work of the electrostrictive
force during the displacement® (see Figure 3.9).

Since mechanical systems do no respond fast enough to forces at optical
frequencies (~ 2- 10 Hz in our case), we will again only be considering the
time averaged stresses in response to time averaged electric fields (without
using the bracket notation (o;;)). Looking at Eq. 3.33 and the values of
the photoelastic coefficients in Table 3.2, it appears in our case that the
electrostrictively induced normal stresses are much larger than the shear

5One should take care as the photo-elastic (or elastooptic) coefficients are defined in
many different manners in the literature, for instance as the strain induced change in
the inverse dielectric tensor (as is the case here), or as the stress induced change in the
dielectric tensor [116] or strain induced change in the dielectric tensor [117].

6A more rigorous version of this argument is developed in [115].
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3.6 Electrostriction

Material Wavelength (um)  pi3 P12 psus  Reference
GaAs 1.15 0.165 -0.140 -0.072  [L19]
Si 3.39 -0.09 +40.017 -0.051 [120]

Table 3.2: Photo-elastic material parameters for GaAs and silicon (Si).
Strain > Ag > AE

Figure 3.9: Ilustration of the link between photoelasticity and electrostriction. A strain
leads to change in refractive index (photoelasticity) which itself leads to a change in the
stored electric energy. Electrostriction is the converse mechanism (red arrows), whereby
electric fields (stored energy) induce strain in the material.

stresses. We will focus here just on the radial oy; and axial o7 normal stress
components:

1
Oy = —5%0 n* [p11|Ey’2 + P12 (|Ex|2 + ]Ez|2)}

2 (3.34)
O = —5%0 nt [pul Bl + p12 (|1 By)* + | E.|?)]

Figure 3.11 (a) and (b) show the value of oy, and og; due to a single Ao =~
1.3 pm photon confined inside a 1 gm radius GaAs disk resonator. Figure 3.11
(c) and (d) represent the associated volume force for both these stresses where
Fy® = —0yop, and F;* = —0,05;. The black arrows show the net direction
these forces are pointing in. We can see here the electrostrictive force pushes
outwards in both the radial and axial directions, adding constructively to the
radiation pressure force discussed in the previous section (3.5.2).

The fact that electrostriction and radiation pressure add up constructively
as they do here is not automatically guaranteed. As we can see from Eq.
3.34, the main difference between oy and oy is that in o7 the electric
field component E, is multiplied by pi2 instead of py; (£, is nearly 0 since
we consider a TE WGM). Since these two parameters are of same sign and

Figure 3.10: Schematic illustrating the overall direction of electrostrictive forces acting on
a GaAs disk resonator due to photons confined in a WGM (black arrows), and representing
the cross section over which the stress and volume force are plotted in Fig. 3.11.
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Figure 3.11: 2D axi-symmetric FEM modeling of the electrostrictive stress and volume
force in a 320 nm thick and 1 pum radius GaAs WGM disk resonator. The considered
WGM is a (p=1 m=10) at A ~ 1.3um. The black lines show the boundary of the two
computational domains: the GaAs disk and the surrounding air. Only half of the disk is
represented in these cross sections, the whole disk is obtained by revolving around the z
axial symmetry axis (as in Fig. 3.8). (a) and (b) show respectively the zy cross-section
of the radial oy3 and axial g electrostrictive stress distributions. (c) and (d) plot the
associated radial and axial volume force distribution. The black arrows indicate the overall
direction these forces point in.
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3.7 Photothermal forces

magnitude for GaAs, there is no big difference between the radial and axial
stress, as evidenced in Figure 3.11. However this would not be the case for
silicon disk resonators or waveguides, as the coefficients p;; and pyo are of
different sign and significantly different magnitude [113]. In order to compare
the magnitude of the electrostriction acting upon the disk to the previously
estimated radiation pressure, we again consider a volume averaged normal
radial stress (Eq. 3.35):

—es odV
7 = f{{ 5 (3.35)

Here, under the same single photon conditions, we find the volume av-
eraged electrostrictive normal radial stress &g, to be 0.529 Pa. This value
is roughly 6 times larger than the 0.084 Pa found for &;?. The high value
of the electrostrictive force in GaAs resonators should not be too surprising,
considering electrostriction and radiation pressure are already of comparable
magnitude in the case of silicon waveguides, and the photoelastic coefficients
for GaAs are several times larger than those of silicon (Table 3.2).

These calculations of the MST and electrostrictive forces were also verified
using the effective index method discussed in Chapter 1, which produced
similar results (not shown here).

We will see in the following sections 3.8.1 and 3.8.2 that while the elec-
trostrictive stress may be significantly larger than the radiation pressure
stress, they both couple differently to the strain resulting from the mechan-
ical motion of a RBM, so that the work produced by both forces during a
radial displacement is in fact similar.

3.7 Photothermal forces

Light can also interact with a mechanical system through photothermal (also
called bolometric) forces. When light is absorbed in the material, it creates
heat. This heat creation then leads to a time delayed displacement via the
material’s thermal expansion coefficient. This displacement can be used to
drive a mechanical mode. The difference in thermal expansion coefficients
between two materials in a bi-material device can also be exploited to obtain
efficient deflection of a mechanical system. Using this property, photothermal
forces have been used to efficiently cool or excite the motion of gold plated
silicon cantilevers [17, 121, 107]. Furthermore, recent work has demonstrated
the possibility of using photothermal forces to reach the quantum ground
state [122].
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Figure 3.12: Thermal frequency 1/7 (red) versus first mechanical RBM frequency 2/ (27)
(blue), as a function of GaAs disk radius. The mechanical mode frequency is calculated
from the analytical expression given in chapter 2. The thermal frequency is calculated from
the GaAs disk and AlGaAs pedestal geometries and thermal characteristics (conductivity,
specific heat, etc) for a fixed pedestal radius. This calculation is detailed in the following
chapter.

However, we do not believe photothermal forces can be usefully leveraged
to amplify or damp the mechanical motion of RBMs in GaAs disk resonators.
Indeed, in order to be able to do so efficiently the optical force F must respond
to a change in the mechanical displacement x with a delay matching the me-
chanical frequency (see section 3.2.1 and Fig. 3.3). The effective damping
due to the time-delayed optical force F is given by Eq. 3.3 [107]. As we
saw in section 3.2.1 the ability of F to dynamically back-act on the motion
appears under the form of the dimensionless parameter 2,,7, which is a ratio
between the mechanical frequency and the thermal force’s frequency 1/7. In
the silicon levers of [17], the value of Q7 is roughly 27 x 4, indicating the
resonator can oscillate ~4 times before F reaches equilibrium after a sudden
change”. In the case of GaAs disk resonators, Figure 3.12 plots the mechani-
cal frequency €2,,/(27) of the first RBM, versus the thermal force’s frequency
1/7, as a function of disk radius. We calculate 7 as the time necessary for
the GaAs disk to thermalize after a sudden temperature change®. The figure
shows a difference of two to three orders of magnitude between mechanical
and thermal frequencies depending on the disk radius. As a consequence a

"1=0,56 ms; Qy;=2m7x 7.3 kHz.

8The cavity response time Teav=Qopt /Wopt ™~ 10719 s is instantaneous compared to
the disk’s thermal response time 745, so the response time 7 of the thermal force F to a
displacement is entirely dominated by 7.
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photothermal force F would only react to a mechanical displacement after
the system has had time to perform 100 to 1000 oscillations. The time delay
is so large that F’s contribution is essentially averaged out (this translates
into a large penalty term in Eq. 3.3, with Qy7 > 600). Corroborating
this conclusion, first experimental measurements of optomechanical dynam-
ical back-action can be well explained explained through the contribution of
radiation pressure and electrostriction alone. Furthermore, at cryogenic tem-
peratures the thermal expansion coefficient of GaAs is significantly reduced
[84], thereby strongly weakening the contribution of photothermal forces to
the optomechanical coupling.

3.8 Estimating the optomechanical coupling

In this section we wish to discuss the optomechanical coupling between the
light field in the disk’s optical WGM and a given mechanical mode of the
disk resonator. The optomechanical coupling term g,,, quantifies how much
the WGM resonance frequency wy is shifted for a given mechanical displace-
ment dr and represents the ability to efficiently transfer optical energy into
mechanical energy and vice-versa. We will discuss two mechanisms contribut-
ing to optomechanical coupling in GaAs disk resonators, and offer numerical
ways to compute their magnitude.

In Chapter 1, we saw a confined optical wave is only resonant provided
it closes upon itself in phase after a round-trip, respecting the condition:
2mneg R >~ mA. From this it appears that the resonance wavelength is modi-
fied by a small mechanical displacement dx which changes the cavity radius
R. But this small displacement, by modifying the whole crystal lattice, also
changes the refractive index (photoelasticity) and through this the resonance
wavelength of the WGM. In terms of g,,, this means the total g,, can be
split into two independent contributions depending on each of these two
mechanisms:

. dwo (R, 8) o 8&)0 OR 8w0 Oe
9o =gy = PRox T 0 0x (3:36)
N—— S——

geometric givy photoelastic gby,
Here € is the material’s permittivity, which is no longer necessarily isotropic
nor equal everywhere inside the disk under stress. The photoelastic contribu-
tion to the g, g&, is obviously unique to resonators where light is confined
inside matter, like a disk, toroid or photonic crystal, and would not appear in
an empty Fabry-Perot optomechanical cavity. For this reason, it has mostly
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been disregarded in the optomechanics community. The geometric and pho-
toelastic contributions to the g,, will be successively addressed in sections
3.8.1 and 3.8.2.

3.8.1 Geometric contribution g7

Determining analytically how much a WGM resonance wavelength is modi-
fied by a certain mechanical displacement is challenging. Under the assump-
tion that the in-plane and out-of-plane components of the electric field can be
treated separately (effective index method) and considering a purely radial
mechanical displacement the geometric optomechanical coupling in a disk
resonator of radius R takes the simple form ¢95° = —wy/R [20]. However a
more accurate estimation method is needed, which could also be applied to
all mechanical displacements, not just purely radial. Reference [123] provides
a perturbation theory for Maxwell’s equations in the case of shifting material
boundaries. This theory can be applied to determine the frequency shift of
an optical WGM to an arbitrary mechanical deformation of the confining
dielectric disk. Following this method, the term ¢ can be calculated as a
surface integral of the unperturbed optical fields over the perturbed dielectric
interface, see Eq. 3.37:

g = j I [A512|e”| A (=) |d1ﬂ dA (3.37)

dlSk

Here ¢ and 7 are respectively the normalized mechanical displacement
vector and surface normal vector. €j (resp. d}) is the parallel (orthogonal)
component to the surface of the electric field (electric displacement field). ¢
and € are normalized such that max|q|=1 and } [ele[*dV = 1. Aejs =1 —&9
is the difference in permittivity between the materials on either side of the
boundary and A (81’21):51’1 — &5 ". In this calculation we are only interested
in the geometric contribution to the g,,, so €1 is simply n? over the entire
disk, while e,=1. From Eq. 3.37, ¢7°¢ is calculated in the following fashion.
First the desired mechanical eigenmode is calculated using a FEM simulation
software (Comsol Multiphysics), see Fig. 3.13, (a) to (d). The deformation
profile of the mechanical mode is imported into a FEM simulation of the
desired unperturbed WGM (Fig. 3.13, e). The optomechanical coupling g9
is then calculated by computing the surface integral of Eq. 3.37 over the
disk’s three different boundaries (Fig. 3.13, f). The results for the four
mechanical modes shown in Fig. 3.13 are summarized in Table 3.3.

For a given mechanical mode, the displacement of every point of the disk
is not uniform, (e.g. the extremities move more than the center in the case
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Figure 3.13: Calculating the optomechanical coupling term ¢9¢°. (a) through (d): Axi-
symmetric cross section of the displacement profile for the four mechanical eigenmodes
listed in Table 3.3. The black rectangle represents the outline of the non deformed disk’s
geometrical boundaries. The eigenmodes’ deformation amplitude has been voluntarily
exaggerated. The surface color code illustrates the total displacement, with red as maxi-
mum and blue as minimum. Full profile is obtained by revolving around the vertical axis
(dashed black line). (a) P=0, M=0 out of plane mechanical mode (‘bowl’ mode). (b)
First RBM. (c) ‘Compressive’ mode. (d) Extremity ‘pinching’ mode. (e) In-plane electric
field for (p=1 m=10) WGM used in the calculation, A ~ 1.3 pm. (f) Schematic of the
integration surfaces.

Mechanical mode  ‘bowl’ 1 RBM  ‘compression’ ‘pinching’
Frequency 494 MHz 1.375 GHz 3.5 GHz 5.72 GHz
9¢0 (GHz/nm) 0.11 1080 412 82

Table 3.3: Optomechanical coupling term ¢9°” for some mechanical modes of a 320 nm
thick = 2 pum GaAs disk, with a p=1 m=10, A ~ 1.3 pum WGM. The ‘bowl’ mode refers
to the (M=0, P=0) out of plane mode. Deformation profiles for these mechanical modes
are available in Fig 3.13. The optomechanical coupling is particularly large for the first
RBM, reaching the THz/nm range.

of a RBM). As a result the value of ¢%¢° is dependent on the somewhat

arbitrary choice of the reduction point which experiences the displacement
dz - just as in the calculation of an effective mass. We choose in all cases the
point of maximal displacement as reduction point. As evidenced in Table
3.3, different mechanical modes have vastly different values of gJ:?. Note for
instance how the ¢7°¢ value for the RBM is roughly 10 000 times larger than
for the out of plane ‘bowl’ mode. This difference illustrates how efficiently
each mechanical mode modulates the total cavity length (the OR/0z term
in Eq. 3.36). Figure 3.14 clarifies this point. Incidentally this demonstrates
that the first RBM is necessarily the mechanical mode with the highest g7,

and explains why it is by far dominant in experimental mechanical spectra.
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Due to their extremely miniaturized dimensions, g=2 um GaAs disks
exhibit remarkably large optomechanical coupling, reaching over 1 THz/nm
in the case of the first RBM. (Here we see that the ~1.1 THz/nm numerically
computed value is roughly 20% below the value provided by the simplified
expression g, = —wo/R ~ 1.4 THz/nm). The zero point fluctuations xzpp
are found by normalizing the potential deformation energy in the mechanical
resonator to iy /2, yielding xzpr=1.2-10"'° m for the first RBM. The single
photon optomechanical coupling strength go for this mechanical mode is thus
Jo=YgomTzpr =~ 1.3 MHz. Note however that unlike g¢,,,, go is independent
of the chosen reduction point® and is therefore a somewhat more reliable
measure of optomechanical coupling.

These calculations are done without any AlGaAs pedestal and therefore
only valid for small pedestal radii (> 90 % undercut). For larger radii the
stated mechanical frequencies and g9 may differ significantly. While disk
resonators support a wide variety of in- and out of plane modes, we have
shown here just a few. Indeed many modes can be immediately ruled out
through symmetry arguments. This is detailed the selection rules subsection.

Selection rules for optomechanical coupling

The integrand in Eq. 3.37 contains a cos (M) term describing the azimuthal
dependency of the mechanical mode. This implies only modes with perfect
rotational symmetry (i.e. M=0) should have significant coupling to optical
WGMs!Y. (see Figure 3.14 for an example).

In our early works on GaAs disk resonators [20] this selection rule was not
perfectly verified, as evidenced by the variety of mechanical modes with M0
visible in experimental spectra. We hypothesized this was due to rotational
symmetry breaking caused by the presence of a rather large non circular
pedestal. Indeed in more recent work involving smaller pedestals these M0
mechanical modes are no longer visible, confirming the previous hypothesis
and the pertinence of the selection rule.

Comparison with different optomechanical systems

GaAs disks confine both mechanical and optical energy on a very small
~ A\ interaction volume and thus provide very high optomechanical cou-
pling, which compares favorably to other optomechanical systems. For ex-
ample a -far from comprehensive- list of optomechanical resonators such as

990 is solely dependent upon the mechanical deformation profile.
10Since the optical field is rotating inside the disk, the cos? (m# + ¢) azimuthal depen-
dency of the WGM can be neglected.
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3.8 Estimating the optomechanical coupling

Figure 3.14: Schematic comparison between two mechanical modes with good (a) and poor
(b) optomechanical coupling g95°. Mechanical modes are: (a) the fundamental RBM and
(b) a (M=2) wineglass mode (see chapter 2 for more details). The solid blue disk shows
the outline of the disk resonator at rest, while the green and red dashed lines represent
the extremal displacements of the mechanical mode. (a) In the case of the RBM all radial
displacements add up constructively ( + signs), effectively efficiently modulating the total
cavity length. This is not the case for the wineglass mode for which the cavity length
remains essentially unchanged.

silica microtoroids [124], micro-mirrors [34, 125], a carbon nanotube [30] or
a membrane inside an optical cavity [24] and a SiN string in the near field
of a toroid resonator [126] provide an optomechanical coupling term gy well
below the MHz range. The high g,,, and gg provided by GaAs disks is com-
parable to the high values reached in optomechanical crystals [11]. Of course
the gom and g terms are not the only relevant parameters: the optical and
mechanical quality factors are also of great importance.

3.8.2 Photoelastic g&f

Initially we had only considered the influence of the geometrical boundary
displacement on the resonance frequency shift: ¢9¢¢. Taking only this mecha-
nism into account typically provides reasonable agreement with experimental
data but discrepancies of up to factor ~2 sometimes remain between the ex-
perimentally measured g,,, and the simulated g9<° [20].

Can this discrepancy can be explained by the photoelastic contribution
to the optomechanical coupling ¢?¢ 7 Here we compute this contribution
in the case of the first mechanical RBM. First the unperturbed resonance
frequency of the desired WGM is found through a FEM simulation (with
uniform and isotropic €). Second the desired mechanical eigenmode is solved
for in another FEM simulation. The maximum displacement dx is normalized
to be commensurate to the Brownian motion amplitude. The simulation
provides the complete deformation profile and strain distributions inside the

resonator. Figure 3.15 (a) and (b) display the radial displacement and normal
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Figure 3.15: Displacement and strain for the first RBM of a 320 nm thick g=2 pym GaAs
disk resonator, at ~ 1.38 GHz. (a) and (b) show a 3D cross-section of the COMSOL FEM
modeling of the mechanical mode with deformed boundary. The approximation of an
isotropic Young’s modulus for GaAs was used. (a) Magnitude of the radial displacement
vy (b) Magnitude of the radial normal strain S;=S,,= 9v,/0r. (c) and (d): value of
the radial displacement (resp. radial strain) as a function of the radial coordinate, taken
from COMSOL simulation (dashed red line) and analytical formula of Chapter 2 (solid
blue line). The orange highlighted zone between r=0.6 ym and r=1pum marks the region
of maximal electromagnetic energy density for a p=1 WGM.

radial strain S,,. (=S; in contracted notationn) distributions. While the
radial displacement is zero at the center and maximum near the periphery,
the behavior for the normal radial strain is reversed. S; is maximal at the
center of the disk and changes sign right by the edge of the disk!? (see Fig.
3.15, ¢ and d). The behavior is similar for the normal azimuthal and axial
strains S, and S3, which are of similar magnitude and largest near the center
of the disk. The S; and Sg strain components are zero over the whole disk,
while the Sy strain component is roughly three orders of magnitude smaller
than S;23. We now use Eq. 3.38 to see how the stress distribution inside

U115 1; 22 — 2; 33 — 3; 23, 32 — 4; 31, 13 — 5; 12, 21 — 6. The 1st, 2nd and
3rd coordinate directions refer respectively to the radial, azimuthal and axial directions in
cylindrical coordinates.

12This is a normal consequence of the circular geometry.
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the disk due to the RBM displacement modifies the dielectric tensor:
e (Sw) =¢ei' +A(e;') = &5 + PijuSi (3.38)

(Here piji is the photoelastic tensor detailed in Eq. 3.33). Since S4, Ss
and Sg are negligible, the off-diagonal terms in the dielectric tensor can be
neglected. The dielectric tensor modified by the RBM displacement therefore
takes the form shown in Eq. 3.39:

(1/712 +p1151 + p1252 +p1253)_1

&1 &1 =
E9 with g9 = (1/712 —|—p1251 —|—p1152 +p1253)_1 (339)
€3 e3 = (1/n® + p12S1 + p12Sa + ]91153)_1

Note that the dielectric tensor is now both anisotropic and dependent upon
the position inside the disk resonator. The difficult problem of finding the
new WGM resonance frequency under these conditions can fortunately be
solved through another FEM simulation (with unperturbed geometric bound-
aries). This provides the photoelastic frequency shift due to the known me-
chanical displacement dx. The photoelastic optomechanical coupling strength

Pe is 0.98 THz/nm for the first RBM and p=1 WGM at 1.3 pm, which is

just slightly less than the g9%°=~1.1 THz/nm. This value is remarkably high
especially considering just how sub-optimal the refractive index modulation
is through a RBM. Indeed in order to maximize the photoelastic frequency
shift the optical mode should be localized in the region of highest strain.
In the case of the RBM the strain is not only weak but also changes sign
right around the area of highest optical energy density (see the highlighted
area of Fig. 3.15). Recent work investigating the optomechanical coupling
in distributed Bragg reflector GaAs/AlAs vertical cavities [127] shows these
geometries are much better suited to take advantage of the photoelastic cou-
pling mechanism. Indeed in those structures the strain and optical field
maxima overlap more effectively, and thanks to this the photoelastic contri-
bution to the g,,, is roughly 20 times larger than the geometric displacement
contribution, reaching several THz/nm.

Finally these considerations also shed light on two seemingly contradic-
tory observations. On one hand the photoelastic coupling ¢?¢ is slightly
smaller than the geometric coupling ¢g9¢°. On the other hand the radial stress
per photon is much larger for electrostriction than radiation pressure. This
can be understood by looking at the actual work produced by the optical
forces during a radial displacement. The stored mechanical energy density
is proportional to the product of stress times the strain. For a small RBM
displacement dx producing a strain 0.9, the work 0U done by the optical force
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WG | DISK

ES

Figure 3.16: Schematic illustration of the horizontal radiation pressure (RP) and elec-
trostrictive (ES) forces (blue arrows) exerted by the light confined in a waveguide (WGQG)
or a disk resonator (DISK), the outline of which is represented by the solid blue boundary.
As previously discussed radiation pressure is essentially exerted at the discontinuous di-
electric boundary, while electrostrictive forces originate inside the material in the regions
of highest electromagnetic energy density (red). From this schematic it is readily apparent
in the case of the waveguide that both radiation pressure and electrostrictive forces simi-
larly assist purely lateral expansion (dashed blue outline). On the contrary in the case of
a lateral expansion of the disk resonator both regions of inward pointing electrostrictive
volume force will oppose the movement and produce negative work. The total work done
by the electrostrictive force during a lateral expansion of the disk is nonetheless still pos-
itive as the region with outward pointing force has a larger volume than the region with
inward pointing force, because of the circular geometry.

is given by Eq. 3.40:
oU = /055 av (3.40)

Because of the non uniform strain distribution resulting from the RBM (see
Fig. 3.15), both optical forces (radiation pressure and electrostriction) pro-
duce comparable work during a RBM compression or extension. An easy
way of visualizing this is shown in Fig. 3.16.

3.9 Conclusion

We have seen how the properties of a mechanical resonator can be controlled
through the optomechanical coupling with the optical field. Models for this
coupling were presented and the quantum limit of optomechanical cooling
was discussed. The various mechanisms responsible for the optomechanical
interaction were presented and their relative magnitude calculated. This
analysis underscored the strength of GaAs disk resonators for optomechanical
applications, while pointing towards ways through which the coupling could
be further enhanced.
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Chapter 4

Fabrication of integrated
nano-optomechanical
resonators

4.1 GaAs Nano-fabrication

This chapter deals with the various steps and tools needed to fabricate ‘on-
chip” GaAs disk resonators coupled to monolithically integrated coupling
waveguides, as well as simple free standing GaAs disk resonators [20, 21, 55].
Since the seemingly most mundane details, such as the way the sample is
agitated in the etchant solution, can have drastic effects on the outcome of
the fabrication process and the performance of the devices (see 4.1.10), this
chapter will go into very minute details of the fabrication process. Therefore
we will start with a simple overview of the main fabrication steps for the
reader who does not wish to delve too deeply into the fabrication aspects.
Many aspects of the fabrication were determined by trial and error; brief
accounts of failed approaches will also be provided, so that they need not be
reproduced. Since we did not have time to explore all the possible fabrication
parameters, we will underline the areas where we believe there is still most
room for improvement.

The GaAs nanofabrication developments discussed in the following started
at the Laboratoire de Photonique et Nanostructures (LPN) in Marcoussis, in
collaboration with Pascale Senellart. Later on, after the opening of the clean-
room at the Université Paris Diderot, we moved the fabrication of samples
there, while the e-beam lithography was performed in the ENS cleanroom.
Around the same time, we switched from a chemical wet etch- to a dry-
etch technique which provides better fabrication control (see section 4.1.9).
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I would like to thank here Pascale Senellart of the LPN who taught me the
cleanroom fabrication techniques and performed the lithography at the be-
ginning of my thesis and Michael Rosticher of the ENS for later teaching me
how to perform e-beam lithography.

4.1.1 Main fabrication steps

This section provides a simple overview of the main fabrication steps. These
steps are summarized in Figure 4.1. We employ a semi-insulating GaAs
substrate, on which we grow epitaxially a 500 nm GaAs buffer layer, a 1.8
pm Aly sGag 2 As sacrificial layer, and finally a 320 nm GaAs top layer (Figure
4.1 (a)). The growth by MBE of our wafers is carried out by Aristide Lemaitre
and Elizabeth Galopin at the LPN laboratory in Marcoussis. Negative ebeam
resist (Ma-N 2401 from Microresist Technology) is then spun on the wafer
and exposed using a Raith e-Line ebeam lithography system (see Figure
4.1 (b) and section 4.1.2 for more details). After exposure the sample is
developed in a chemical solution (AZ 726 MIF from MicroChemicals). Only
the exposed resist remains after development (Figure 4.1 (c) and section
4.1.6). This resist pattern then serves as an etch mask for an Inductively
Coupled Plasma Reactive-Ion Etching (ICP-RIE) etch step (or non-selective
wet etch) which removes the top GaAs layer and AlGaAs sacrificial layer
everywhere but under the features protected by the resist. This defines what
will ultimately be the GaAs disk resonator positioned in the vicinity of an
integrated coupling waveguide (Figure 4.1 (d) and sections 4.1.8 and 4.1.9).
The sample is then dipped in a refrigerated dilute Hydrofluoric Acid (HF)
solution. This solution only etches the AlysGagoAs sacrificial layer while
leaving the GaAs intact. This results in isolating the GaAs disk resonator
on an AlGaAs pedestal, as well as locally suspending the narrowest part of
the tapered coupling waveguide (Figure 4.1 (e) and section 4.1.10). At the
end of the procedure the remaining resist is removed either with acetone and
isopropanol (IPA) or with an Oy plasma cleaning procedure (Figure 4.1 (f)
and section 4.1.11).

4.1.2 Ebeam lithography

Ebeam resist choice

Ma-N 2400 series resist is chosen for fabrication. Depending on the desired
thickness Ma-N 2403 or Ma-N 2401 is selected. This resist presents two
main advantages. First of all it is a high-resolution resist which offers good
resistance to acidic wet etches and HF as well as good dry-etch selectivity

96



Fabrication of integrated nano-optomechanical resonators

e) f)

Figure 4.1: Main nano-fabrication steps. (a) The sample is composed from top to
bottom of a 320 nm thick GaAs layer (blue) and a 1.8 um thick AlysGag 2As sacrificial
layer (beige) both epitaxially grown on a GaAs substrate. (b) Negative ebeam resit is
spun on the sample and exposed using a focused electron beam (top right). (c) After the
development step only the exposed resist remains on the sample. (d) The resist serves
as an etch mask, protecting the disk and waveguide features during a non selective etch
step through the top GaAs layer. (e) A dilute HF solution selectively under-etches the
sacrificial Alg sGag.2As layer. (f) The negative ebeam resist is removed yielding a finished
device.
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with GaAs/AlGaAs. Second the use of a dry-etch resistant negative tone
resist removes the need for a pattern transfer from a positive resist to a hard
etch mask. Removing this step simplifies the process and does away with
an extra possible source of sidewall roughness. Ma-N 2400 series consists of
two components: a phenolic resin (novolac) and a photo-active compound
for cross-linking [128]. Cross-linking (hardening) of the resist occurs in the
areas exposed to electron or UV exposure.

Substrate preparation

Starting from the epitaxially grown wafer small sample chips (roughly lecm
by lem) are cleaved using a diamond pen. The samples are then thoroughly
cleaned and prepared for the ebeam lithography step using the following
procedure:

e The sample is first sonicated for 10 minutes in an acetone ultrasound
bath followed by another 10 minutes in an isopropanol (IPA) ultra-
sound bath in order to remove grease and dust contaminants. After
taking the sample out the IPA it is blow-dried with an Ny gun. The
sample is inspected under the optical microscope to ensure a perfectly
clean surface as any debris remaining on the sample surface can lead
to broken waveguides in the subsequent fabrication steps.

o After the cleaning procedure and before spin coating the resist, the
sample is dehydrated on a hotplate at 160 °C for 10 min to promote
better resist adhesion (see following section).

Carbon tipped tweezers are used to manipulate the chip as metal tweezers
can break off tiny bits of GaAs that dirty the sample surface.

4.1.3 Spin coating
Adhesion promotion

The very thin layer of negative e-beam resist we use is especially prone to
delamination during the development step - in particular the small features
such as the 1 pm radius disks or the 200 nm wide tapered part of the waveg-
uide. Delamination is characterized by having the exposed patterns in the
resist lose adherence and lift off in the developer, floating away and sometimes
redepositing elsewhere on the sample. A dramatic example of this is shown
in Figure 4.2. In some cases the delamination can be more subtle and simply
result in a slight bend in the tapered region of the waveguide which skews
the nominal gap distance between waveguide and disk. This phenomenon is
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Figure 4.2: Optical microscope image showing the effect of resist delaminating during the
development procedure. (For scale the displayed region is ~1.5 mmx0.5 mm).
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Figure 4.3: Reaction between the hydrophilic native surface oxide and HMDS leading to a
hydrophobic surface with better adherence with the resist. Figure reproduced from [129].

due to poor adherence between the GaAs and the resist caused by a small
layer of moisture remaining between the two. While this problem originates
during the spin-coating step, it only becomes evident after the time consum-
ing e-beam exposure step. Fortunately this problem can be solved by the
use of an adhesion promoting layer to increase the adhesion of the ebeam
resist to the GaAs substrate. First a thin layer of the adhesion promoter
HexaMethylDiSilazane (HMDS) is coated on the surface (a procedure called
priming). The HMDS reacts with the GaAs native oxide releasing ammonia
and leaves a TMS (TriMethylSylil [-Si(CHj)s] ) terminated surface which is
hydrophobic and offers superior adherence for the resist, see Figure 4.3. This
HMDS priming procedure is quite standard for silicon process flows and is
generally conducted in the vapor phase at ~150°C. Few papers in the lit-
erature mention its applicability for II1I-V semiconductors. Reference [129]
however shows HMDS reacts with GaAs native oxide even at room tem-
perature and can be used to pattern organic structures onto GaAs. We find
HMDS priming to greatly enhance resist adhesion to both GaAs and AlGaAs
surfaces. Removal of the GaAs native oxide using an NH,OH rinse has also
been reported to improve adhesion [130].

The sample is taken off the hotplate (dehydration step) and put onto the
spin coater chuck, a coat of HMDS is then rapidly applied before moisture
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has time to settle on the sample surface. The parameters are:

Speed 6000 rpm
Acceleration 4000 rpm/s
Time 30 s

The sample is then coated with Ma-N 2401 negative ebeam resist with the
following parameters to produce a 100 nm thick layer:

Speed 3000 rpm
Acceleration 3000 rpm/s
Time 30 s

Finally the sample is prebaked for 65 s at 95°C on a hotplate. Longer pre-
bake times lead to longer development times after exposure. This can allow
for more precise control of development for critically small structures. The
development times given later are for 1 min 5 sec prebake times. Baking the
sample for 1 minute at 100 °C between the HMDS coating and Ma-N 2401
coating steps or simply proceeding as described without bake were found to
give similar results.

A small scratch is then made with the tweezers on the resist at the edge
of the sample to provide a reference for the focusing of the electron beam in
the following lithography step. Since the Ma-N 2401 resist is also sensitive to
UV exposure the sample must not be exposed to direct light from the time
is has been coated to the time it has been completely developed.

4.1.4 Mask design, alignment and exposure
Mask design

The mask for GaAs disk resonators coupled to integrated coupling waveg-
uides contains two ‘conflicting’ design elements. On the one hand the central
part of the chip contains micrometer sized disks and sub-micrometer wide
tapered waveguides which must be exposed with extreme precision and there-
fore small beam currents. On the other hand the non-tapered parts of the
coupling waveguides which connect the tapered region of the waveguide near
the disk to the sample facets are several micrometers wide and several mil-
limeters long. Such large areas would be prohibitively long to expose with
a small electron beam current. Therefore the mask is exposed using two
different beam currents and two different exposure techniques.

The small central part containing the tapering region and the disk (shown
in red in Figure 4.4) is exposed with a small step size (= high resolution)
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Figure 4.4: Screenshot of a mask file showing the two different exposure regions, exposed
with small electron beam aperture (red) and large aperture (blue). The grey dashed lines
delineate 100 pym x 100 pm squares which mark the boundaries of individual write-fields.

and small microscope aperture (= low beam current). It is exposed in Write
Field (WF) mode, in which the electron beam is deflected in order to expose
regions 100 pm x 100 gm. In order to expose adjoining 100 ym by 100 pym
regions (called write fields) the sample is moved by the translation stage.
The stitching between two write fields (shown as grey dashed lines in Figure
4.4) is not perfect and can lead to small misalignments or gaps (not shown
here). Therefore it is imperative not to have the disk resonator lying on the
boundary between two different write fields.

The straight segments of the coupling waveguide (in blue in Figure 4.4)
are exposed with a large microscope aperture (= high beam current), lower
resolution and a different exposure mode called Fixed Beam Moving Stage
(FBMS). In FBMS mode, the electron beam stays ‘fixed’ (it has a small
circular motion) while the sample is continuously translated underneath using
a precision piezo translation stage [131]. This mode allows for rapid and
stitching error-free exposure of long straight waveguides.

Column Alignment

The scratch in the resist made in step 4.1.3 serves as a first reference for
rough focusing. The fine alignment of the ebeam column parameters (focus,
stigmatism, ...) is done by visualizing the appearance of contamination dots
(or burn dots) burned in the resist. These are produced by parking the
beam for a few seconds on a single spot of resist. The appearance of these
dots thus directly provides information on the focused beam shape. After
proper column alignment these dots should be perfectly circular (indicative of
good stigmatism) and have a diameter <25 nm (indicative of good focusing).
These dots also serve as reference points for a write field alignment procedure
in which the stitching between two adjacent write fields is optimized (as
the tapered section of the waveguide can extend over two or more write
fields). The column settings for both exposure modes must be optimized
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independently. This optimization should be done near the region where the
lithography is going to be performed on the sample. Indeed the sample never
lies perfectly flat and the beam can therefore be slightly out of focus several
mm away from the optimization point.

Finally when changing from the small (10 pm) to the large (60 pum)
aperture column settings the beam does not stay perfectly in place. The
beam position experiences a shift of a few microns and this shift, if not taken
into account and corrected, leads to a misalignment between the exposures
at different apertures (see Figure 4.5).

Exposure parameters

Exposure is done with the ‘circular exposure mode’ activated. Using this
mode disks are exposed with the electron beam tracing concentric circles
and therefore have very smooth sidewalls. This is important as in the default
setting the disk is fractured into polygons which are consecutively exposed
in raster mode. This leads to staircasing effects which are detrimental to the
optical Q factor of the finished device.

e The tapered region and disk resonator (red region in Figure 4.4) are
exposed with the following parameters: a 10 pm aperture (producing
a current of roughly 25 pA), a 10 nm step size and 120 pA-s-cm~2 dose
resulting in a beam speed of ~2.5 mm/s

e The straight coupling waveguides (blue in Figure 4.4) are exposed
with a 60 pm aperture (current ~1.3 nA), a 150 nm step size, a 120
pA-s-em=? dose in FBMS mode with a FBMS stage speed of ~0.09

mm/s.

The correct aperture size is chosen to give a beam speed between 1 and
5 mm/s in combination with the desired step size. Slower beam speeds
just make the exposure unnecessarily slow while faster beam speeds lead to
exposure problems (uneven doses, jagged edges ...). With these parameters
the exposure time for a series of 20 disks + coupling waveguides is roughly
25 minutes.

The 120 pA-s-cm~2 dose is chosen as a compromise between smoothness
and proximity effects: using a lower dose results in added resist sidewall
roughness after development as the resist is not sufficiently exposed. On the
other hand while a slightly over-exposed dose (> 150 uA-s-cm™?) leads to even
smoother sidewalls, it also generates increased proximity effects between disk
and taper (see following section).
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Figure 4.5: SEM micrograph displaying poor alignment between the tapered region of
the waveguide (top) exposed in write-field mode with a 10 ym column aperture and the
straight segment of the coupling waveguide written in FBMS mode with a 60 gm column
aperture. Only half of the waveguides and no disks were exposed for this testing procedure.
For scale each waveguide is ~10 micrometers in width.

4.1.5 Proximity effect

The focused electron beam has a finite spot size. Once the electrons enter
the resist, they can experience small angle scattering events through inter-
actions with the resist electrons. This phenomenon leads to a widening of
the electron beam as it goes through the resist and is called forward scat-
tering. Electrons having gone through the resist can also be scattered back
upwards (large angle scattering) through collisions with atom nuclei in the
wafer and expose the resist on their second passage. This phenomenon is
called backward scattering and also leads to an effective widening of the
electron beam spot. Using a thinner layer of resist reduces the influence
of forward scattering. Working with higher electron energies (obtained by
increasing the acceleration voltage) also decreases forward scattering, but in-
creases the width of backward scattering (see Figure 4.6). Both forward and
backward scattering lead to proximity effects: the exposed resist pattern is
greater than the scanned pattern. This means resist outside the scanned pat-
tern also receives non-zero dose. When the design file only includes isolated
disks, proximity effect is not much of an issue: the disks in the developed
resist will just be slightly larger than the disks in the design file. However
when the design file includes a coupling waveguide in close proximity to the
disk the proximity effect becomes problematic. In this case the narrow re-
gion between the disk and the coupling waveguide can receive a sufficiently
large dose to cross-link and remain partially in place after development. The
result depends on the magnitude of the proximity effects. In the worse case
the disk and waveguide can become fused together in the developed resist
(not shown here). In a slightly less extreme albeit still problematic case, the
disk and coupling waveguide sidewalls near the coupling region may exhibit
larger surface roughness (see Figure 4.7), which is deleterious to the finished
disk resonator’s optical Q. The larger the disk and coupling waveguide and
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Figure 4.6: Monte Carlo simulation of electron scattering in resist on a silicon substrate
at a) 10 kV and b) 20 kV. From [132].

the smaller the gap, the more problematic this proximity effect becomes. In
practice, using 100 nm thick Ma-N 2401 and a 20 kV acceleration voltage,
we find the smallest gap distance we can obtain -without adding significant
sidewall roughness- between a 1 to 3.5 pm radius disk and a 200 nm to 700
nm wide coupling waveguide is slightly below 100 nm. Longer development
times and strong agitation in the developer reduce the impact of proximity
effects, but also start to reduce the size of the exposed patterns and increase
the risk of delamination. The broadening of the electron beam spot’s effective
diameter due to forward scattering is given by the empirical formula [133]:

dy = 0.9(R;/Vy)'? (4.1)

where d; and R; are respectively the effective e-beam spot diameter and the
resist thickness, both in nanometers and V} is the electron beam accelera-
tion voltage in kilo volts. With our experimental parameters (R,= 100 nm
and V, = 20 kV) this formula gives dy = 10 nm. This value is close to the
smallest burn dot diameters we can obtain which measure roughly 20 nm.
This formula also explains the significantly more detrimental proximity ef-
fects we observed when using 300 nm thick resist (ma-N 2403). In this case
the beam broadening due to forward scattering alone is above 50 nm which
makes ~100 nm sized gaps in the resist impossible to obtain.

4.1.6 Development

Once the sample has been exposed in the ebeam writer, the resist must be
developed. Crosslinking occurred in the resist where it was exposed to the
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Figure 4.7: SEM micrograph of developed resist showing how non-optimal exposure pa-
rameters lead to proximity effects between disk and taper. The disk is 2.5 pm in radius,
the waveguide is ~900 nm wide at its thinnest and the gap between the two is roughly
100 nm. Remaining resist residue is visible between the disk and the waveguide lending
a grayish color to the area. Notice also the increased sidewall roughness in the portion of
the disk resonator closest to the waveguide.

electrons, elsewhere the resist remains in its initial state. The cross-linked re-
sist dissolves significantly slower in the developer solvent than the unexposed
resist, therefore only the exposed regions remain as a mask on the sample
after development. The sample is developed in AZ 726 MIF. AZ 726 MIF is
a metal ion free TMAH (tetra methyl ammonium hydroxide) based alkali de-
veloper with added surfactants which help with homogeneous resist removal.
The development time is between 15 and 25 seconds, 20 seconds generally
gives good results. To prevent the resist from delaminating it is better to do
develop the resist in small steps (e.g. 3 x 8 s instead of 24 s at once). The
sample should be slowly agitated in the developer solution. A bit of agitation
helps to remove the remaining resist from the narrow region between disk
and taper, but too strong agitation can lead to delamination. After each step
in the developer the sample is rinsed for 1 min in deionized (DI) water and
thoroughly dried with a Ny gun to get rid of all remaining moisture. The
development progress can be monitored with an optical microscope - making
sure a UV filter is inserted, otherwise visualizing the resist will also expose
it, rendering further development impossible. After a few seconds (~5 s)
most of the unexposed resist on the sample is already removed. However the
partially exposed resist between disk and coupling waveguide takes longer to
remove, this is why the development time is longer than 5 s. It is not possible
to resolve gaps on the order of a few hundred nanometers under the optical
microscope. However when the development time is too short, and there is
still some remaining resist between disk and tapered waveguide, the color in
that region will be an intermediate between the resist color (dark blue) and
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Figure 4.8: Left: SEM micrograph top view of a @= 7 pum disk patterned in Ma-N 2401
resist after development. Right: SEM micrograph top view displaying a close-up of the
resist sidewall (image rotated 90 °counterclockwise). The dashed red line serves as a guide
to the eye, defining what a perfectly smooth boundary would be. While the left image
looks perfectly smooth, the zoomed view reveals non-periodic roughness with a ~5 to 10
nm maximal amplitude.

the substrate color (beige under the microscope). After development the size
of the features (disks, waveguides) in the resist are measured to be within
1% of their nominal size in the mask file.

4.1.7 Resist reflow

To achieve the highest possible optical Q factors the GaAs disk resonators
sidewalls must be as smooth as possible. Since any roughness present in the
resist mask will likely be transferred onto the finished device sidewalls during
the ICP-RIE etch, it is crucial to start with a smooth resist mask. After the
development step the resist smoothness is inspected under the SEM. Results
are shown in Figure 4.8. The overall shape of the disk is perfectly round and
shows no staircasing effects. Indeed the disk is exposed with the electron
beam describing concentric circles instead of the ‘common’ method of polygon
fracturing. A small level of seemingly randomly distributed roughness is
however present over the whole boundary (Figure 4.8, right). To reduce this
roughness we employ the resist reflow technique. After development the
resist is briefly heated up to its softening temperature. At this temperature
under the influence of surface tension the sidewalls reform and roughness
is greatly reduced. Resist reflow has been successfully employed with ZEP
resist to fabricate high optical Q silicon WGM disk resonators [134] and with
Ma-N 2403 for silicon nitride resonators [135]. This approach of softening
a material to reduce surface imperfections is also commonly used for the
fabrication of silica microsphere [136] and toroid [15] WGM resonators.
After a successful reflow step the resist sidewalls become slopped : the
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Figure 4.9: SEM micrographs of the 200 nm wide GaAs tapered section of the coupling
waveguide taken at the end of the fabrication process. In the top case the fabrication
process did not include resist reflow, while the bottom case included a resist reflow step.

top of the resist shrinks (~5 to 10 %) while the bottom keeps the same
dimensions. For Ma-N 2403 heating the resist for 5 minutes at 145 °C gives
good results, while for the thinner Ma-N 2401 1.5 minutes at 145 °C is
sufficient. The effect of reflowing the 2401 resist on a finished device is
shown in Figure 4.9.

4.1.8 ICP dry etching
Principle

The 320 nm thick upper GaAs layer that will define the disk and the waveg-
uide is etched with a dry Reactive Ion Etching (RIE) step. In a conventional
Parallel Plate Reactive Ion Etching (PP-RIE) system a radio frequency (gen-
erally 13.56 MHz) alternating electric signal is applied between two metal
plates. The oscillating electric field ionizes the gas molecules creating a
plasma. In an transient initial stage the heavy ions are less displaced by the
field than the lighter electrons. Electrons striking the upper plate or chamber
sidewalls are led to the ground (see Figure 4.10, left). On the other hand
electrons striking the DC-isolated lower plate give it a negative DC bias.
This negative bias in turn accelerates the positive ions toward the bottom
plate where they collide with the wafer. An equilibrium is rapidly reached
between the number of electrons and ions striking the bottom plate for a
given bottom plate bias called self-bias. This self-bias is an important pa-
rameter as it determines the kinetic energy of the ions striking the surface
(high energy collisions tend to damage the sample). In the case of an Induc-
tively Coupled Plasma RIE (ICP-RIE) two independent RF sources are used
(see Figure 4.10, right). The top source (generally called ICP power) is in-
ductively coupled to the gas via a coil, producing a high density plasma. The
second source (called RF power) is contacted to the sample chuck in order
to produce a bias to extract and accelerate the reactive species towards the
sample (as in a PP-RIE). The separation of these two RF sources in ICP-
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Figure 4.10: Schematic comparison between a conventional parallel plate reactive ionic
etcher (PP-RIE) (left) and an ICP-RIE (right). The ICP-RIE design generally allows for
smoother etch profiles.

RIE systems allows for low-bias operation which generally produce smoother
etches.

Procedure and optimization

Before dry etching, the sample is hard-baked for 10 minutes at 100°C on
a hot plate in order to increase the etch resistance of the resist. ICP-RIE
etches are very sensitive to the chemical state of the reaction chamber side-
walls. Therefore before each etch a SFg-Os cleaning procedure followed by
a conditioning run with the desired etch recipe but without the sample are
performed to ensure reproducible chamber operation conditions.

The samples are then etched in the ICP-RIE system (Sentech SI500) with
a SiCly-Argon gas mixture, using a Si wafer as a sample tray [137]. Even once
the etch gases are selected the parameter space for optimization is still very
large : gas flows for each gas, ICP Power, RF power, sample temperature
and chamber pressure. In consequence we did not have time to study the
influence of each separately. Below are some rudimentary observations from
our various recipe trials. Very generally speaking the ICP power controls
the density of the plasma; the RF power controls the directionality of the
etching process. At high ICP power to RF power ratio the etching is rather
isotropic (as evidenced by under-etching beneath the resist mask), whereas
the opposite configuration (lower ICP to RF power ratio) leads to a more
directional etching. Argon (Ar) is an inert gas, and Ar ions will therefore
contribute to physical etching of the sample through high-energy collisions
with the surface atoms (sputtering). SiCly once ionized produces Cl- ions
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Figure 4.11: a,b and c: influence of the ICP to RF power ratio. a) Ratio = 2, some localized
sidewall erosion is visible (red arrows). b) Ratio = 3. c¢) Ratio = 25, an octagonal shape
is visible due to preferential etching along crystallographic axes. d) Slightly caved in disk
resonator sidewalls with a Ar to SiCly ratio of 1.

Ar SiCly  RF Power ICP Power Temperature Pressure
(sccm)  (scem) (W) (W) (°C) (Pa)
9 3 17 25 10 0.1

Table 4.1: Optimized ICP etch parameters used for the fabrication of the disk resonator
shown in Figure 4.12.

that also chemically react with the GaAs. Therefore the ratio of Ar to SiCly
can control whether the etch is more physical or chemical in nature. Using a
chamber pressure of 0.1 Pa gave smoother results than a pressure of 0.2 Pa,
all further trials were carried out with 0.1 Pa pressure. Increasing the RF
power increases the self-bias as opposed to increasing the ICP power which
reduces self bias. We aimed to keep the self-bias absolute value below 100 V,
as higher values tend to produce plasma damage and rough sidewalls. One
way of keeping a low self-bias is with a high ICP power to RF power ratio.
This approach however gave poor results with marked sidewall erosion (see
Figure 4.11 a,b and c). Best results were obtained with a reduced (~1.5)
ICP power to RF power ratio combined with low RF power to keep the self-
bias low. Increasing the proportion of Ar to SiCly (ratio=3) also produces
more vertical sidewalls which otherwise tend to cave in (Figure 4.11 d). The
influence of sample temperature was not investigated, although it has been
reported to influence both smoothness and etch anisotropy [137]. (A sample
temperature of 10 °Cwas kept throughout all this work).

Results and ICP etch parameters
The optimized recipe described in Table 4.1 produces very smooth vertical

sidewalls (see Figure 4.12). The etch speed (measured in-situ with laser
interferometry) is rather slow at ~25 nm/min.
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Figure 4.12: SEM micrograph displaying a very smooth sidewall on a 320 nm thick and
&= 2 pum disk resonator obtained the from the optimized ICP etch recipe of Table 4.1. The
pedestal has a large diameter because of a short HF under-etch. Small amounts of resist
residue are still visible on the top surface as the cleaning step has not been completed.
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Etch selectivity

The selectivity of the resist (defined by the ratio between the etch speed
of GaAs/AlGaAs and the etch speed of the resist) depends on the nature
of the etching recipe. For the optimized recipe described in Table 4.1 the
selectivity is quite good at ~35 meaning it is possible to etch 3.5 microns
into the GaAs/AlGaAs before the resist is completely gone (with 100 nm
thick resist). In practice, it is better not to etch too much of the resist away,
as this can lead to extra roughness.

4.1.9 Non selective wet etching

The ICP-RIE dry etch step discussed in 4.1.8 can be replaced by a non-
selective wet etching step of GaAs and AlGaAs which plays exactly the same
role. This is the approach we initially employed. In this section we will dis-
cuss this non-selective wet etch which we used to form free-standing (i.e. with
no coupling waveguide) GaAs optomechanical disk resonators with extremely
smooth sidewalls [20, 55]. This wet etch step can even be used to form disk
resonators with integrated coupling waveguides [21]. However for integrated
structures we now favor using an ICP-RIE dry etch over a non-selective wet
etch for reasons we will discuss in the following.

We use a solution consisting of equal parts of Hydrobromic acid (HBr),
acetic acid (CH3COOH) and a saturated solution of potassium dichromate
(K2Cry07) in DI water (14.7 g K5CraO7 @ 100 mL DI). This etchant was first
described by Adachi [138] in 1982 and dubbed BCK after its three main
components HBr, CH3COOH and K,Cry07. This etchant was also used
in subsequent works on GaAs disk resonators [45]. In [138] the fraction of
potassium dichromate m was varied with regard to the two other components
i.e. (1:1:m). Low KyCryO7 fractions (m <0.1) led to pitted surfaces, whereas
values of m >0.2 gave smooth pit-free results. In our work, we always kept the
fractions equal at (1:1:1). Best and most reproducible results are obtained
when the solution is kept at 4 °C in a thermostated bath.

The etch speed for this etchant is strongly dependent on agitation (e.g.
agitating only in one direction during the etch produces oval shaped disks).
Furthermore this etchant gives smooth rounded surfaces without any prefer-
ence for crystallographic axes. These two properties are strongly indicative
of the diffusion controlled etch regime (also called diffusion-limited) [139].
The diffusion controlled regime is very desirable to produce smooth disk res-
onator sidewalls - however this only works well when a stable etch regime
is reached. This is the case for the fabrication of free-standing GaAs disk
resonators where the sample is kept immobile for a time > 75 s in the 4°C
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Figure 4.13: Schematic illustration of the smoothing mechanism of a diffusion limited
etchant. a) More reactants (symbolized by the blue sector) are available to react with point
A than point B. b) Very simple toy model showing the gradual smoothing of an interface.
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BCK etchant solution. This time is long enough to etch through the top
GaAs layer as well as the sacrificial AlggGagoAs layer (see Figure 4.15 for
etch speeds). During this time a stable diffusion-limited etch regime is estab-
lished and any irregularity on the disk boundary (coming for instance from
the resist etch mask) will be gradually smoothed out as more reactants are
available around sharp protruding features than recessed ones (see Figure
4.13). This mechanism leads to the remarkably smooth etch profiles shown
in Figure 4.14 a.

For the fabrication of disk resonators with integrated coupling waveguides
however the use of this wet etch presents 3 major drawbacks.

e Not all gap distances between disk and waveguide are accessible. Since
the etchant is essentially isotropic and must etch through the top GaAs
guiding layer of typically 200-300 nm thickness. Gap distances smaller
than this thickness are inaccessible.

e For the short etch times used for this application (typically < 12 s)
a stable etch regime is never reached. Turbulence in the etchant flow
around the resist during the dipping in & taking out phases of the
etch and irregular diffusion of etchants around the disk due to the
broken symmetry caused by the presence of the waveguide produce
irregularities in the fabricated devices which are not present in the
mask. (See Figure 4.14 b).

e Because of the short etch depth both the disk resonator and waveguide
sidewalls are quite slopped (see Figure 4.14 b). This makes the accurate
determination of the optimal gap distance through numerical modeling
significantly more difficult.
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Figure 4.14: (a) SEM micrograph side view showing very smooth sidewalls on a finished
200 nm thick disk after a non-selective BCK wet etch followed by a selective HF under-
etch. (b) SEM micrograph of a 1 um radius GaAs disk resonator positioned next to its
suspended coupling waveguide. The first non selective etch step was performed with a 12
s dip in the BCK wet etchant described in 4.1.9, at 4 °C. The sloped disk and waveguide
sidewalls are typical of an isotropic etch. The coupling waveguide has a trapezoidal cross-
section with the top being ~ 100 nm wide and the bottom 400 nm. Notice the irregularities
in waveguide width and in the overall circular shape of the disk. These are not due to
defects in the resist mask but to variations in the etchant flow around the resist.

The fact that short etch times are strongly dominated by transient etch
dynamics also explains why attempts to smooth disks post-fabrication by a
short dip (1 to 2 s) in the BCK etchant did not succeed. On the contrary,
such a ‘flash wet etch’ produces greatly increased roughness (not shown here).

4.1.10 Selective wet under-etching

Hydrofluoric acid (HF) is known to etch Al,Ga;_,As with an extremely high
selectivity over GaAs. When the aluminum fraction z is greater than 0.5, HF
etches Al,Ga;_,As over 10° times faster than GaAs [141]. Because of this HF
is commonly used to remove sacrificial layers of AlGaAs. After the sample has
been etched in the ICP or BCK, the AlysGagoAs layer is selectively under-
etched using HF. Concentrated HF (40 to 50%) reacts quite ‘violently’ with
AlGaAs at room temperature. The reaction is very fast and releases large
amounts of Hy bubbles [142]. In our experience samples etched in such a
fashion were almost entirely destroyed. The suspended waveguides were all
broken, and most disks had fallen off their pedestal. In order to gain a slower
and more reproducible underetching procedure, we work with very dilute HF
(1.25 HF: 100 Hy0) at 4°C. In these conditions we find that the dilute HF
etches with a slight preference for certain crystallographic axes, with a speed
that does not depend on agitation and with a rate which strongly depends on
temperature and etchant concentration. All these properties are indicative
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Figure 4.15: Determination the etch speed of the BCK etchant at 4 °C with no stirring.
The etch depth h (see inset figure) is plotted as a function of time. We experimentally
verify that the ratio of etch depth h to lateral undercut u is ~1.3, in excellent agreement
with the quantitative model of an ideal diffusion controlled etch profile [140].

of a reaction-rate limited chemical reaction [65].

Influence of agitation

While the AlGaAs under-etch reaction occurs in the reaction-rate limited
regime in which sensitivity to agitation is normally reduced, the final pedestal
geometry is nevertheless found to be strongly dependent on agitation. In-
deed, the reaction between HF and AlysGagoAs seems to preferentially favor
certain crystallographic axes. Moreover the reaction is both exothermic and
strongly temperature dependent (higher temperatures lead to higher etch
speeds). These last two characteristics constitute the basis of a positive feed-
back loop on the etch process, and lead to the irregular and jagged features in
the pedestal of the disk shown in Figure 4.16 (a). Here the underetching was
performed in (2 HF: 100 Hy0) at 4°C while maintaining the sample perfectly
immobile. These rough and irreproducible pedestal geometries are undesir-
able. Furthermore the overall cone shape of the pedestal is detrimental to
the mechanical quality factor of the disk resonator, as it provides a good
conduit for mechanical energy to dissipate into the substrate. Fortunately,
the pedestal geometries can be made smoother and more cylindrical by ag-
itating the sample in the HF solution during the under-etch. Best results
are obtained when the agitation is done rapidly and successively in different
directions (e.g. left-right, top-bottom, forward-backward), see Figure 4.16
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Figure 4.16: Two SEM images illustrating the effect of sample agitation during the HF
under-etch step. a) Holding the sample immobile during the under-etch step leads to jagged
and irregular pedestal geometries. b) Rather smooth and cylindrical AlGaAs pedestal
obtained by agitation of the sample in the 4°C dilute HF solution. The pedestal has a
diameter of approximately 200 nm at the junction with the GaAs disk. One can still
recognize multiple distinct facets at the base of the pedestal, which are characteristic of a
reaction-rate limited etch regime.

(b). Once the sample has been under-etched both suspended waveguides
and disk resonators become slightly more fragile. Care should be taken not
to blow too hard on the sample with the Ny gun during the drying step to
avoid damaging the free standing structures.

Potassium hydroxide cleaning

Trying to etch away large amounts of AlGaAs with HF, for instance when
the ICP etch step does not reach the GaAs substrate, can be problematic.
The reaction products of AlGaAs with HF are poorly soluble in the dilute
HF solution. Indeed oxide removal is less efficient at higher pH [65] and some
reaction products can redeposit on the sample, blocking further etching. In
less extreme cases, flakes coming from -we presume- the HF under-etching
can redeposit everywhere on the sample surface and on the disk resonators
(see Figure 4.17 a). In [143] the authors used a pipette to create a HF flow to
remove these debris. However, in [144] and [145] the authors speculate that
these debris are hydroxides of aluminum coming from the HF wet etching
of AlGaAs and show that they can be removed by a dip in a Potassium
Hydroxide (KOH) solution. Indeed, in our experiments these debris can be
removed by taking the sample out the HF', rinsing it thoroughly in DI water
then dipping it in a KOH solution (e.g. 10 g KOH in 100 mL DI water) for
120 s. The sample is then rinsed anew in DI water and the HF etching can
be resumed if necessary. Such a procedure leads to the clean looking results
shown in Figure 4.16 (b) for instance.
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Figure 4.17: Examples of problematic HF under-etching. a) SEM image of etch debris
redepositing on the surface. b) SEM micrograph and c¢) optical microscope top-view of
oxide films occurring in samples where the AlGaAs was exposed to air. (HF and BOE
give similar results).

AlGaAs oxidation

If the sample is exposed to air between the ICP etch (or the non-selective
wet etch) and the HF under-etch for any length of time, a thin oxide layer
will start to form on the exposed AlGaAs surface. This oxide ‘sheet’ will
crack and be set free during the HF under-etch step and can then redeposit
on the sample (see Figure 4.17 b). When this happens it cannot be removed
neither by a concentrated KOH dip, nor by an IPA/acetone rinse, nor by
an Os plasma cleaning procedure. Effects of air exposure start to manifest
after only ~1 minute and are particularly dramatic for samples exposed to
air for weeks (Figure 4.17 ¢). To avoid this, samples are immediately put in
isopropanol or acetone (not water) as soon as they are taken out of the ICP
load-lock. This way of preventing oxidation gives good results and allows for
a precise control of pedestal dimensions (see Figure 4.18 and next section).

Etch speed and pedestal dimension control

Fabrication of disks with high undercut ratio and small pedestal radius (~100
nm) requires very precise control of the under-etch speed. Initially in our pro-
cess the HF under-etch speed was not reproducible as samples were exposed
to air for varying durations between ICP and HF etching. The etch dynamics
of the AlGaAs oxide layer being different from that of the bulk AlGaAs, iden-
tical etch times produced different sized pedestals. Preventing oxidation as
described in section 4.1.10 allows for <50 nm precision in fabricated pedestal
diameters (see Figure 4.19).
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Figure 4.18: SEM micrographs showing the effect of oxidation of the AlGaAs layer on two
different samples. Both samples were identically processed to the exception that sample
1 (a and c¢) was kept for 3 hours in water between the ICP etch and the HF undercut,
while sample 2 (b and d) was kept in isopropanol for 3 hours. Notice the cracked oxide
films on the sample kept in water (a and c¢) marked by the red arrows. Another important
difference is the HF undercut speed which is significantly larger for sample 2. (Keeping
the sample in water or air gives similar results). Interestingly the pedestal radius in the
smaller disks of (d) is below 30 nm.
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Figure 4.19: Derivation of the HF underetch speed at 4 °C. The solution consists of 2.5
mL of 50% concentration HF diluted in 100 mL DI water (= 1.22 % HF in volume).
The left axis represents the one-sided underetch depth d (see inset figure). The right axis
gives the corresponding AlGaAs pedestal radius r, for a 1 um radius disk. 70+3 s etch
times reliably produce disk resonators with a pedestal radius of ~100 nm (blue target
region) such as the one shown in Fig. 4.23. These etch speeds were measured for AlGaAs
unexposed to air. Data acquired in the team by Dac Trung Nguyen.
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4.1 GaAs Nano-fabrication

Figure 4.20: SEM micrograph showing a collapsed suspended waveguide after the HF
under-etch step. The waveguide collapsed due to surface tension acting between it and
the substrate.

Collapsing of the under-etched waveguide

While the bending of the suspended portion of the coupling waveguide under
its own weight is negligible (as discussed in section 2.2), the very strong effects
of surface tension at micrometer scales can cause the suspended portion of
the beam to collapse. An example of this is given in Figure 4.20. This
should be avoided as once the beam has collapsed stiction keeps it stuck
to the substrate : it does not spontaneously ‘pop back into position’ after
drying. The two main causes of collapsed beams are:

e Too strong agitation in the HF, KOH or DI water.

e Spending too much time in the DI water rinse. Indeed as the sample
leaves the KOH it is highly hydrophobic (as evidenced by the high
contact angle of water droplets on the sample). The longer the sample is
kept in the DI the more hydrophilic it becomes, increasing the likelihood
of the beam collapsing during drying. Keeping the time spent in the
DI rinse under a minute prevents this problem. The sample can also
be dipped in acetone or isopropanol (both of which offer lower surface
tension) before the final drying step.

Provided the above recommendations are met virtually no beams collapse
during the fabrication process without need for the use of a critical point
drying system.

Under-etching with Hydrochloric acid (HC1)

HCI is also known to successfully selectively etch AlGaAs over GaAs [146,
147]. This approach was tried for the fabrication of GaAs disk resonators.
However, while refrigerated (4°C) 36% (w/w) HCI offers well controlled etch
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Figure 4.21: Optical microscope image of a g= 6 pum stand-alone GaAs disk resonator
fabricated using a non-selective BCK wet etch followed by a selective HCI under-etch step
of the AlGaAs sacrificial layer at 4 °C. The AlGaAs pedestal (deep blue) is visible by
transparency through the purple GaAs disk resonator. Notice the diamond shape of the
pedestal due to the strongly anisotropic under-etch.

speeds and very clean etches devoid of the problems reported in sections
4.1.10 and 4.1.10, it is also strongly anisotropic, producing diamond shaped
AlGaAs pedestals which are problematic for the disk resonator’s mechanical
properties (see Figure 4.21). For this reason this etch method was not selected
for fabrication.

4.1.11 Cleaving & cleaning
Cleaving

At the end of fabrication the sample is cleaved at both ends to produce the
waveguide input/output facets. A example is shown in Figure 4.22. A small
indent is made with a diamond onto the sample top surface at the desired
cleave location. The sample is then turned upside down in a round bottomed
wafer carrier box (so that the sample top surface does not come in contact
with anything) and pressure is applied right above the indent position. This
procedure is straightforward and very reproducible with no breakage.

Cleaning

At the end of fabrication samples are cleaned to remove any remaining resist
residues (KOH is a strong base and already removes most of the resist in
step 4.1.10). The long resist hard-baking and plasma etch tend to increase
resist adhesion to the GaAs. Efficient removal can be done with an hour long
bath in warm acetone or a short O, plasma treatment. Pictures of finished
devices are shown in Figure 4.23.
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4.1 GaAs Nano-fabrication

Figure 4.22: Cleaving procedure. a) SEM micrograph sideview of the edge of an array of
waveguides at the end of fabrication. The dashed red line indicates the rough position of
the ulterior crystalline cleave. b) SEM micrograph of a waveguide input/output facet after
the cleave. From top to bottom : the 8 um wide and 320 nm thick GaAs guiding layer,
the 1.8 pm thick AlGaAs sacrificial layer and the GaAs substrate. For better contrast
both GaAs layers are colored in red.

Figure 4.23: Left:SEM micrograph side-view of = 2 um GaAs disk resonator positioned
in front of its suspended coupling waveguide. The AlGaAs pedestal diameter is slightly
above 200 nm at the junction with the GaAs disk. For better visibility the GaAs guiding
layer is colored red and the AlGaAs remains gray. Here - as in Figure 4.22 - the HF
under-etch did not reach the GaAs substrate leaving it invisible. Right: Close-up on a
different disk resonator with slightly smaller 80 nm radius pedestal.
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4.2 Silicon Nitride Nano-Fabrication

This section describes the different steps necessary for the fabrication of high
optical Q SiN disk resonators with integrated suspended coupling waveguides
[56]. This section is shorter than the previous one on GaAs disk resonators as
many of the techniques involved have already been described. The fabrication
is also slightly less challenging overall. Indeed the silicon nitride WGM disk
resonators described here are 10 times larger than the g=2 pym GaAs disks -
making them less sensitive to fabrication imperfections - and do not require
a precise control of pedestal geometries. Finally the Silicon nitride/Silicon
dioxide/Silicon platform has the advantage of being less prone to problematic
oxidations than GaAs/AlGaAs (4.1.10) and therefore more straightforwardly
offers clean fabrication results. Figure 4.24 summarizes the main fabrication
steps. Special care was taken throughout to minimize disk resonator sidewall
roughness at every step. These samples were fabricated in the cleanroom
of the nanophysics group at the LMU in Munich with Sebastian Stapfner
of Eva Weig’s team. This team developed an important know-how in the
fabrication of SiN nanomechanical beam resonators which we adapted here
to the fabrication of integrated optical resonators. Over the course of four
successive week-long stays at the LMU we acquired a better understanding of
silicon nitride’s optical properties and the fabrication requirements for high
Q optical resonators. Here we present only the optimized fabrication steps for
the on-chip WGM resonators; some additional details on our early study of
optical losses in SiN with straight waveguides fabricated by photolithography
and e-beam lithography can be found in section 5.4.

4.2.1 Sample preparation

The fabrication starts from a commercial (HSG-IMIT) wafer composed from
top to bottom of a 300 nm thick layer of high tensile stress Low Pressure
Chemical Vapor Deposition (LPCVD) SiN, a 3 pm thick SiO2 sacrificial layer
and a Si substrate. Small (roughly 1 cm x 1 cm) wafer pieces are cleaved and
then cleaned in successive acetone and isopropanol ultrasound baths. The
sample chips are then coated with two different layers of PMMA resist. These
two layers differ by their molecular weight (MW) which is indicative of the
average length of the polymer chains. The bottom layer has shorter chains
(MW = 150k) than the top layer (MW=500k) and will therefore dissolve
faster in the developer than the top layer (see section 4.2.2). This leads to a
undercut profile in the resist pattern (see Figure 4.24, b) which is desirable
for the lift off step (see section 4.2.3). Each layer of PMMA resist is spun
first 3 s at 800 rotations per minute (rpm) then 30 s at 5000 rpm followed
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e) )

Figure 4.24: Main nano-fabrication steps. (a) The sample is composed from top to
bottom of a 300 nm thick LPCVD silicon nitride layer (purple) over a 3 pum thick SiO,
sacrificial layer (light blue) on top of a silicon substrate (deep blue). Two coats of PMMA
(white) are spun and baked on the sample (see section 4.1.3). (b) The resist is exposed in
the ebeam lithography system and developed : only the unexposed resist remains on the
sample (see section 4.2.2). (c¢) A 40 nm thick cobalt layer is evaporated upon the entire
sample. (d) A lift-off in warm acetone dissolves the PMMA and only leaves the cobalt
etch mask in place (see 4.2.3). (e) The cobalt etch mask protects the disk and waveguide
patterns during an ICP-RIE dry etch through the top SiN layer (see 4.2.4). (f) The cobalt
is removed in Piranha etchant and the sacrificial SiO5 layer is selectively under-etched
using Buffered Oxide Etchant (BOE), isolating the SiN disk resonator on a SiOy pedestal
and locally freeing the coupling waveguide (see 4.2.5).
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by a 2 minute bake at 170 °C. Finally a scratch is added on the side of the
sample with a diamond pen for ulterior focusing of the electron beam (see
next section).

4.2.2 Ebeam exposure and development

The samples are exposed in a Raith eline ebeam lithography system® using
two different column apertures and exposure modes: Write Field (WF) mode
and FBMS mode (see section 4.1.4). The 3 pm thick SiO, layer beneath
the SiN is a bad charge conductor : initially the double layer PMMA was
covered with a 2 nm thick chrome layer in order to minimize charge buildup
in the sample. However the removal after ebeam exposure of this 2 nm layer
with a chrome etch solution is a significant source of added roughness in the
patterned resist, as measured under the SEM (not shown here). For that
reason the use of a chrome layer was removed from the process. Working
without a chrome layer prevents the burning of contamination dots in the
resist (see section 4.1.4) : the scratch in the sample done in step 4.2.1 serves as
a reference for column settings optimization instead. The central part of the
mask file containing the tapered waveguide and the disk resonator (see Figure
4.4) is exposed in write field mode with a 30 pum aperture, 20 kV acceleration
voltage and a 150 uC-cm~2 dose. The straight portions of the waveguides are
exposed in FBMS mode with 120 um aperture, 20 kV acceleration voltage
and a 150 uC-cm™2 dose. Disks are exposed with the electron beam tracing
successively larger concentric circles in order to produce smooth boundaries
(see section 4.1.4). Exposure dose was optimized to allow small gap distances
between disk and waveguide with little added surface roughness. We find
PMMA resist to be less prone to problematic proximity effects than Ma-N
2400 series resist (see section 4.1.5).

After exposure, the resist is developed for 50 s in a solution of 3:1 Iso-
propanol/Methyl IsoButyl Ketone (MIBK). The use of double layer PMMA
produces an undercut in the resist profile observable under the optical micro-
scope. The resit is inspected under the SEM and shows no signs of roughness
>10 nanometers?.

!The straight SiN waveguides discussed in section 5.4 were fabricated by photolithogra-
phy with AZ-5214 image reversal resist, or with the e-beam lithography protocol described
here.

2Roughness amplitude is defined here as the deviation from an ideal circular boundary.
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Ar SF¢  ICP Power RF Power Temperature Pressure
(scem)  (scem) (W) (W) (°C) (Pa)
4 2 70 35 12 0.24

Table 4.2: ICP etch parameters used for the fabrication of the disk resonators shown in
Figure 4.25.

4.2.3 Metal evaporation and lift-off

After development the pattern in the positive resist is transferred to a hard
metal etch mask. Cobalt is chosen as a mask material for its small grain size
leading to reduced sidewall roughness. (Initial trials with aluminum masks
gave poorer results because of larger grain size). A 40 nm layer of cobalt
is evaporated over the whole sample (Figure 4.24, c¢). The sample is then
dipped in a solution of warm acetone (40 °C) which dissolves the remaining
PMMA and removes the cobalt layer deposited over it (lift-off). The cobalt
evaporated onto the SiN remains firmly in place. The use of a resist with
an undercut is crucial in this step as otherwise parts of the cobalt mask
in contact with both the SiN and the PMMA can tear off, giving rise to
greatly increased sidewall roughness. 100°C DMSO (dimethylsulfoxide) can
also help remove remnants of stuck PMMA. After lift-off surface roughness
in the cobalt mask is controlled under the SEM to be <10 nm.

4.2.4 1ICP etch

The cobalt etch mask protects the disk and waveguide during a ~400 nm
deep ICP etch (through the SiN layer and ~100 nm into the SiOy) with
a SFg-Ar gas mixture (see 4.1.8 for more details). The process parameters
are given in Table 4.2. This recipe produces smooth and vertical SiN side-
walls with maximal roughness amplitude still <10 nm, with an etch speed
of ~20 nm/min. Initial trials with a standard Parallel Plate Reactive-Ion
Etching (PP-RIE) (see Figure 4.10) lead to significant sidewall roughness in
the finished devices and reduced optical Q (not shown here).

4.2.5 Selective under-etch

Before the under-etch the sample is coated in thick photoresist and cleaved
(see 4.1.11). The cleaving must be done at this stage while the sample is
still robust (not yet under-etched). Indeed cleaving SiOy and SiN which are
not crystalline requires the application of a good amount of force which could
damage the more fragile under-etched disks and suspended waveguides. A ~1
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Figure 4.25: SEM micrograph side view showing three @=20um silicon nitride disk res-
onators positioned in front of their integrated coupling waveguide. The SiN layer has been
colored purple while the SiO2 remains gray. Typical tapered waveguide widths and disk
to waveguide gap distances are 500 to 900 nm and 0.2 to 1 pm respectively.

min dip in Piranha solution (3:1 H2SO4/H>05) removes both the photoresist
and the remaining cobalt mask. Complete removal of the cobalt is important,
as it seems metal residue serves as a kind of catalyst for the attack of SiN by
BOE in the following under-etch step, resulting in added surface roughness.
Piranha solution is also believed to reduce the amount of surface optical
absorption, see discussions in [56, 148]. Finally the SiOq layer is selectively
under-etched in a pure BOE solution at room temperature for 15 minutes.
This isolates the SiN disk resonator on a SiOy pedestal and locally frees the
coupling waveguide (see Figure 4.25). The under-etch has a very reproducible
speed of 110+3 nm/min and does not add any extra roughness to the SiN
layer. A picture of a finished device is shown in Figure 4.25.

4.3 Conclusion

In this chapter we discussed in detail the fabrication of integrated GaAs and
SiN nano-optomechanical resonators. The GaAs disk resonators presented
here are miniaturized to the utmost so as to exhibit sub-A* optical mode
volumes. Because of these small dimensions, this made for a quite challeng-
ing fabrication and required time consuming developments. Great care was
taken on both GaAs and SiN samples to keep deleterious fabrication induced
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Figure 4.26: SEM micrograph top view showing one g=20um silicon nitride disk resonator
positioned right of its integrated coupling waveguide. The outline of the resonator’s SiO9
pedestal is visible by transparency as a bright white circle underneath the SiN disk.

sidewall roughness to a minimum. In the coming chapter we talk about these
integrated samples’ optical performance.
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Chapter 5

Integrated optics experiments

5.1 Introduction

At the onset of this doctoral work, there was little experience in the team
regarding the design and fabrication of on-chip optomechanical resonators
with integrated coupling waveguides. We therefore went through several evo-
lutions in the chip design which allowed for significant boosts to both optical
quality factor and device optical transmission, while providing better control
of evanescent coupling. The main changes leading to these improvements will
be briefly summarized in section 5.2. Then an analysis of the various loss
mechanisms which limit the optical Q in GaAs disks is presented (section
5.3). Preliminary results obtained while operating the integrated devices in
a liquid environment will also be presented in section 5.3.1.

Next, results of work performed on high Q) silicon nitride WGM disk res-
onators are detailed in section 5.4. The successive steps in the device devel-
opment are presented. Finally optical instabilities and self-pulsing observed
on these devices is reported.

5.2 Progress in on-chip GaAs resonators

Progress in GaAs optomechanical devices occurred on three main fronts,
optical quality factor, optical transmission levels and evanescent coupling.
During this optimization phase, samples were rapidly characterized using
the setup shown in Figure 5.1.

The optical Q was mostly enhanced by two changes. The first consisted
in reducing the lithographic proximity effects (see section 4.1.5) which were
responsible for extra sidewall roughness and broke the disk circularity. After
a first generation of devices realized by pure chemical etching, we switched to
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Figure 5.1: Device characterization setup. (a) Light from a fine external cavity diode laser
is injected in the chip by a micro-lensed optical fiber (left), and collected with a large
numerical aperture microscope objective (right). Both are positioned on XYZ translation
stages. Alignment is performed under an illuminated binocular magnifier. (b) Zoom
displaying the stripped extremity of the micro-lensed fiber (left), a GaAs chip (center)
and the microscope objective (right). One of our GaAs chips is typically 6 mm long by 1
to 2 mm wide and contains on the order of 60 coupling waveguides/disk resonators.

an ICP-RIE approach which enabled us to better control the evanescent cou-
pling and to selectively couple to p=1 WGMs which have higher radiative Q.
These two improvements, along with an optimized ICP-RIE dry-etch recipe
allowed to boost the measured optical Qs in integrated devices roughly a hun-
dredfold from the 10% to the 10° range and to reproducibly reach a situation
of critical coupling even on miniature disks of radius 1 yum. On 1 pym radius
disks, loaded optical Qs slightly above 10° are measured, comparable to the
highest reported Qs for disk resonators of these dimensions [149]. On g= 7
pm disks, optical quality factors up to 700 000 are measured, equivalent to
the highest optical Q ever reported in a GaAs optical resonator [150].
Optical transmission levels' were initially very poor for suspended waveg-
uides, well below 1% of incident power. A large discrepancy existed between
this poor transmission, and the better transmission of straight waveguides
(with no tapering and suspended section) fabricated alongside, suggesting
most of the losses occurred in the tapered region of the waveguide. This
was confirmed by looking at the upwards scattered light intensity with an
infrared camera [151], which was indeed maximal in that area. These losses
were reduced by enhancing the taper’s adiabadicity (see section 1.1.4) and
better confining the optical field inside the guiding top GaAs layer (see sec-
tion 1.1.5). Finally working with wider waveguides to shield the optical field
from the rough waveguide sidewalls diminished distributed losses (see section
1.1.3). These combined improvements allowed to boost optical transmission

'Defined as the ratio between power exiting the chip and power in the incident laser
beam focused on the waveguide input facet
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typically a hundredfold as well up to ~30%.

Article

The following article shows some our early devices featuring a GaAs disk res-
onator coupled to an integrated suspended waveguide. For the first time in
such a system critical coupling was demonstrated. These resonators were fab-
ricated using purely wet chemical etching steps (see section 4.1.9). Continued
developments described above have since then allowed for further progression
in transmission levels and optical Q.

Further progress

What needs to be done for progression beyond the current levels 7 Opti-
cal transmission could still be marginally improved by further increasing the
GaAs guiding layer thickness beyond 320 nm. Furthermore the ~30% reflec-
tivity occurring at the input/output facets due to effective index mismatch
(~3.3 in the guide versus 1 in air)? could be reduced by adopting an inverted
taper design [59, 61]. As far as further improvements in the optical Q go, it is
necessary to understand which loss mechanisms are currently responsible for
limiting the Q and see whether they can be reduced. This will be discussed
in the following section (5.3).

9 9 2
2Reflectivity~ ( % )
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We report on an integrated GaAs disk/waveguide system. A millimeter-long waveguide is
suspended and tapered on the chip over a length of 25 um to evanescently couple to high Q optical
whispering gallery modes of a GaAs disk. The critical coupling regime is obtained both by varying
the disk/guide gap distance and the width of the suspended nanoscale taper. Experimental results
are in good agreement with predictions from coupled mode theory. © 2011 American Institute of

Physics. [doi:10.1063/1.3651493]

Whispering gallery mode (WGM) gallium arsenide
(GaAs) optical cavities combine the optical properties of
GaAs with small mode volumes and high quality factors Q,
enabling a boost of light-matter interaction in different con-
texts: in quantum electrodynamics experiments,'™ for the
realization of lasers,4 in non-linear optics,5 and now in opto-
mechanics experiments.”® The best Q factors on GaAs
WGM cavities are of a few 10°, measured by evanescent
coupling to an optical fiber taper.>®® However, fiber tapers
suffer from a poor mechanical stability and are affected by a
rapid degradation in standard humidity."® An integrated
optics approach, with direct access to the cavity by an
on-chip bus waveguide, can increase the range of operation
of GaAs WGM cavities.!' For example, a GaAs waveguide/
disk structure was developed'? and optically probed through
a narrow-band grating coupler, allowing observing evanes-
cent coupling in the under-coupled regime. However, for
many applications, obtaining the critical coupling is cru-
cial.'® This applies in optomechanics'*'® where maximal
number of photons in the cavity is for example needed to
reach optomechanical self-oscillation.'”~"

Here, we investigate a GaAs waveguide/disk integrated
structure but adopt direct injection at the cleaved facet of the
guide, with a two-fold advantage: first, simple optics is used
for waveguide coupling; second, the coupling is wavelength
independent, allowing broadband (100nm) spectroscopy of
the system. We observe evanescent coupling and by varying
the disk/guide gap distance or the guide taper width, the over-
lap between the disk and guide optical modes is adjusted and
the important critical coupling regime is reached in a con-
trolled manner. Our experimental results are in good agree-
ment with coupled mode theory (CMT) expectations.”®*!

We employ a semi-insulating GaAs substrate, on which
we grow epitaxially a GaAs 500 nm buffer layer, a 1.8 um
Aly gGag,As sacrificial layer, and finally a 200 nm GaAs top
layer. The guides and disks are defined by e-beam lithogra-
phy with a negative resist. We draw straight optical wave-
guides 5um wide and 2mm long, extending up to the
sample facets (Fig. 1(a)). The central region of each guide is

DElectronic mail: ivan.favero@univ-paris-diderot.fr.

0003-6951/2011/99(15)/151117/3/$30.00

99, 151117-1

tapered in the vicinity of the target disk, to allow evanescent
coupling (Inset of Fig. 1(a)). The nominal disk diameter is
7.4 um. In a first non-selective wet-etch, we separate the
guide from the disk and define the boundaries of the guiding
structures, etching away the 200nm of GaAs. In a second
etch step, we use hydrofluoric acid to under-etch the AlGaAs
layer. First, this results in locally suspending both the disk
and the waveguide (see Fig. 1(b)) with a sub-micron gap
between the two (see Fig. 1(c)). Second, the lateral edges of
the 5-um wide waveguide are under-etched on their whole
length, resulting in a rail-like guiding structure (Fig. 1(d)). In
this structure the transverse electric (TE), in-plane polarized,
fundamental mode is confined in the 200 nm GaAs layer by
semiconductor/air interfaces, with a small residual leaking
into the substrate, which reduces the guide transmission
when increasing the wavelength. Conversely, beam propaga-
tion method (BPM) simulations predict that the out-of-plane
polarized (TM) fundamental mode leaks importantly into the
substrate, leading to important optical losses of the rail-
guide, which are confirmed experimentally. As a result, our
waveguides efficiently select TE polarization. For the taper
profile, we have chosen a 3-part linear profile, with lengths
of 10, 5, and 10 um. The width of the central taper part is
chosen to generally ensure a single TE guided mode. For
these profiles, BPM calculations predict a transmission of
the TE fundamental mode through the taper over 90%.
Optical spectroscopy of the disk/waveguide is performed
in the 1300-1400 nm band using a CW external cavity diode
laser, whose beam is focused onto the guide input facet using
a micro-lensed fiber. The TE polarization is selected. Output
light is collected by a microscope objective and sent on a p-i-
n-photodetector. Fig. 2 shows the normalized transmission of
a guide evanescently coupled to a disk as a function of the
laser wavelength. Several resonances appear in this spec-
trum: they correspond to WGMs of the disk, whose loaded Q
factors can reach 55 000, as shown in the inset of Fig. 2. This
corresponds to intrinsic optical Q in the high 10* range. We
note pronounced Fano profiles involving broad and fine opti-
cal resonances. Similar profiles, observed on Silica WGM
toroid cavities coupled to a fiber taper, were attributed to in-
terference between different modes of the cavity.””

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) Optical top view of the complete sample, contain-
ing 16 guide/disk lines. Inset: tapered part of the guide in the disk vicinity.
The two other disks are fabrication witnesses. (b) SEM side-view of 3 disk/
waveguide systems. (c) SEM top view of the central part of the tapered wave-
guide next to a disk. (d) SEM side view of the cleaved facet of the rail-guide.

Here, we focus on the fine control of the disk/waveguide
evanescent coupling, in order to reach critical coupling
where intrinsic and coupling losses of the cavity are equal.
Our first strategy is to vary the gap distance g between disk
and guide.>'** Fig. 3(a) shows transmission spectra
obtained by varying g, keeping a constant taper width of
320 nm. From spectra 1-8, g is reduced in 25 nm steps from
350 to 190 nm. The gap distances are measured in a scanning
electron microscope (SEM) with an uncertainty of =7 nm
and agree within 5% with nominal values. In spectra 5-8
most notably, several resonances approach zero transmis-
sion, reflecting critical coupling.
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FIG. 2. Transmission spectrum of a suspended tapered waveguide coupled
to a 7.4pum diameter GaAs disk. Inset: a fine optical resonance at
A=1355nm, measured on another disk. The small amplitude oscillations in
the base transmission correspond to Fabry-Perot fringes of the waveguide
and are not noisy in nature.
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FIG. 3. (Color online) (a) Transmission spectra of suspended waveguides
coupled to GaAs disks. From spectrum 1-8, g diminishes from 350 to
190nm in steps of 25nm. (b) T,, as a function of g, for the resonance
marked with a star in (a). The open symbol size represents experimental
uncertainties in g and Ty, (¢c) Width of the same resonance as a function of g.

Let us follow in detail the resonance marked with a star
in Fig. 3(a). Figs. 3(b) and 3(c) show its on-resonance nor-
malized transmission T, and its linewidth 4 as a function
of g. As g decreases, the overlap between the WGM and the
guide mode increases, increasing evanescent coupling. In
Fig. 3(b), T,, decreases when g decreases, before reaching
zero at critical coupling for g=250nm. Smaller g-values
make the system enter the over-coupled regime, where cou-
pling losses overcome intrinsic losses. In Fig. 3(c), 4 is
enlarged as g decreases, reflecting again losses of the WGM
due to its coupling to the guide.

CMT can describe the disk/guide evanescent coupling
and its transition from the under to over-coupled regime. A
heuristic CMT (Ref. 20) approach leads to simple expres-
sions Ton = [(1 = 7e/70/(1 + 7e/7)]” and 62 = (Zo/Qin)(1 + 72/
1), where 7y, is the extrinsic WGM-to-guide coupling rate,
1= (21¢/Ap)/Qine 1s the intrinsic WGM loss rate, Ay the
WGM resonance wavelength, and Q;,, the related intrinsic
Q. These expressions were used to describe fiber taper evan-
escent coupling experiments with y. taken as a parameter
varying exponentially with the gap distance g:5?*%
7e(g) = 7.(0) exp(—ng), with 5 the inverse of the evanescent
coupling decay length. In Fig. 3(b), the solid line is a fit
using this exponential approximation and the above formula
for T,,, taking y.(0)/y; and 5 as adjustable parameters. The
best agreement is obtained for y.(0)/y;=12.6 and n=1/
97nm . In Fig. 3(c), the solid line corresponds to the above
formula for 64, for the same fit parameters as above and
where we use Q;,; =8100. However, nanofabrication toler-
ances result in slightly different disk and waveguide for each
targeted gap distance. Amongst others, Q;, cannot be con-
sidered as a constant when we vary g. In Fig. 3(c), we cap-
ture this variability by bounding the results with two dashed
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curves, obtained with the same value of y.(0)/y; and two
bounding values of Q;,;=7040 and 10280. These bounding
values are injected back in the formula for T,,, with the
same value of 7 and with y.(0) extracted from 7.(0)/y; = 12.6
and from the average Q;, of 8100. This leads to the two
dashed curves of Fig. 3(b), which correctly bound the experi-
mental results. To summarize, our experimental data are
explained by a variability of =20% of Q;,,. We note however
that a full parameter-free modeling would necessitate to
abandon the exponential approximation for y. and consider
the exact evolution of y.(g) for each disk-waveguide couple.

Finally, in our disk/guide device, we can modify the
evanescent tail of the waveguide mode by changing the
width of the central taper, circumventing the difficulty of
bringing the disk and guide arbitrarily close to one another.
We used this approach by varying the taper width in steps of
20nm, from 380 to 280nm, for constant g=220nm, and
could also obtain under-coupling, critical coupling, and
over-coupling regimes.

In summary, we developed an integrated GaAs disk/
waveguide system, where the nanoscale tapered part of the
guide couples critically to WGMs. Our system offers inte-
grated optical access to on-chip GaAs cavities of sub-micron
mode volume and high Q. Perspectives include integrated
quantum optomechanics experiments,?®° benefiting from
the strong optomechanical coupling of GaAs disk resona-
tors.>” The GaAs platform would additionally allow for cou-
pling active optical elements, possibly electrically pumped,
to optomechanical functionalities.

This work was supported by C-Nano Ile de France and
the French ANR.
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5.3 The origin of optical losses in GaAs disk
resonators

As discussed in Chapter 1, we have identified five main sources of optical loss

in GaAs WGM disk resonators:
1. Rayleigh scattering through surface roughness
2. Bending losses (radiative losses)
3. Coupling losses to the waveguide
4. Absorption through deep defects in the GaAs crystal lattice

5. Absorption through surface states in the oxide at the interface between

GaAs and air

Bending losses can be accurately determined through FEM simulations and
are quite small provided the disk is large enough®. Coupling losses to the
waveguide are perfectly known by optical spectroscopy measurement of a
WGM’s resonance wavelength, contrast, FWHM and under- or overcoupled
nature. However the contribution of loss mechanisms 1, 4 and 5 is much more
difficult to estimate. Indeed the exact nature of the GaAs surface oxide and
amount of deep defects in the crystal lattice are not well known, while the
calculation of losses through surface roughness requires very high resolution
images of the disk sidewalls over the whole boundary [134]. Nevertheless
it can be noted that the first three loss mechanisms function by coupling
light from the whispering gallery mode into different optical modes (inside
or outside the resonator) and produce no light absorption hence no heat in
the resonator. On the other hand loss mechanisms 4 and 5 involve heat
generation through optical absorption.

Thus measuring the power dissipated as heat in the resonator provides
an indication as to the dominating loss mechanisms. This can be done by
measuring the magnitude of the thermo-optic shift of WGM resonances at
high laser power.

Thermo-optic shift

As the refractive index of bulk GaAs is dependent on temperature, the ef-
fective index n.g of a WGM also displays a temperature dependence, of the

3A (p=1, m=10) WGM of a R=1um, 320 nm thick GaAs disk resonator at Ao = 1338
nm has a bending loss limited Q of 50 million.
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Normalized Transmission

Wavelength | [nm]

Figure 5.2: Optical resonance at low laser power (P=1.75 uW, black curve) and higher
laser power (P=11.2 yW, red curve). Both curves have been normalized to display an
off-resonance transmission of 1. The optical resonance position has been shifted by an
amount A\, for an amount of dissipated optical power AP.

type:
dneg  Meg dn

dT ~ n dT

(5.1)

Here n is the refractive index of bulk GaAs and g—;ﬂ the related thermo-optic
coefficient, worth 2.3-107* K~! at room temperature. The term neg/n < 1
accounts for the fact that only a certain fraction of the WGM’s energy is
inside the disk and therefore sensitive to changes in its index of refraction.
Because of this temperature dependence, when slowly scanning over a WGM
resonance at high laser power with the laser wavelength coming from the blue
detuned side, the resonance wavelength is gradually red shifted as the power
buildup leads to rising temperatures in the disk. This thermo-optic shift
causes optical bistability [152], evidenced by the triangular optical resonance
profile seen in Fig. 5.2, instead of the traditional lorentzian resonance profile
seen at low laser power. The shift in resonance wavelength A\ can be related
to a shift in effective refractive index* An.g through Eq. 5.2.

AN = @Aneg (52)
m

4The increase in radius with increasing temperature can safely be neglected, as the
thermal expansion contribution is ~ 20 times smaller than the thermo-optic contribution
in GaAs.
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Figure 5.3: Thermal power flow (red arrows) out of the GaAs disk resonator of radius R,
through the Aly gGag.oAs pedestal of radius r and height hp and into the GaAs substrate.

with m the azimuthal number of the WGM. The shift in refractive index can
in turn be related to a temperature increase AT by Eq. 5.1:

AT =

R A N Y 3
neg \ 'dT) 2rR — X" dT (5:3)

n (1 dn) mAN N dn
Once the temperature increase has been determined by measuring A\, we
can calculate the amount of thermal power generated in the disk necessary to
maintain this steady state temperature increase AT. In the steady state, the
thermal power generated in the disk through absorption is identical to the
thermal power flow out of the disk. This flow occurs essentially through the
disk and pedestal into the substrate, see Fig. 5.3. Indeed power loss through
radiation and convection with the surrounding air is significantly smaller
and can be safely neglected. We then compare the thermal power generated
at resonance to the total dissipated (dropped) power at resonance AP, see
Fig. 5.2. In this way one can estimate the fraction of dissipated optical
energy that is lost as heat, and the fraction that is lost by surface roughness
induced scattering to external radiation losses, or by bending losses. The
thermal power flow P, out of the disk and into the substrate is given by:

Py, =GAT (5.4)

Here G is the thermal conductance® of the disk with its pedestal. Its calcu-
lation is performed as follows by separately treating the disk and pedestal.

5The thermal conductance G determining the heat flow through an element of surface

S, thickness [ and conductivity k is G = fi%
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Calculating G

The thermal conductance of the AlGaAs pedestal G p is defined as the prod-
uct of the thermal conductivity of AlGaAs kajgaas times the ratio between
the pedestal’s cross section and height hp:

2

Gp = KAlGaAs T (5.5)
P

The thermal conductance Gp of the GaAs annulus linking the disk periphery
(where the WGM is located) to the edge of the pedestal is found by summing
the thermal resistances of concentric rings with radius r to R:

R 1
Rp=G7' = / e _ In <§> (5.6)

KGaAs 2Thp T Kgaas 2Thp r

Here kgaas and hp are respectively the thermal conductivity of GaAs and the
disk height. Finally the combined conductance of the disk with its pedestal
G is obtained by Eq. 5.7:

G= (G + G (5.7)

In practice the thermal conductance of the pedestal is generally much smaller
than that of the disk, so that G ~ Gp.® These expressions are in very good
agreement with the results of thermal FEM simulations (not shown here).

Conclusion

The results of this analysis at two different dropped laser powers are sum-
marized in Table 5.1, for the disk displaying the thermo-optic shift shown
in Fig. 5.2. At both incident laser powers, the power loss through optical
absorption Py, is almost equal to the total power loss AP. The uncertain-
ties in the numerical parameters make it difficult to put a precise value on
the non-absorptive losses. Nevertheless it is safe to say that the dominant
source of optical loss involves absorption either in the surface oxide or in
deep defects in the bulk. Such a situation has already been demonstrated in
high Q silicon WGM resonators, shown to be no longer limited by Rayleigh
scattering [134]. Additional observations point towards the fact that this
optical absorption occurs mainly in the surface oxide and not in the GaAs

6The disk’s thermal response time 7, discussed in Chapter 3 is defined as Teh=(mp -
¢p)/G, with mp and cp respectively the disk’s mass and specific heat.
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Pedestal radius r 460 nm
Pedestal height hp 1.8 pm
Thermal conductivity of AlIGaAs k4, sGag 2As 14 W/(m-K)
Thermal conductance G 5.17-107° W/K
Incident laser power 4.7 pW 112 pW
Resonance wavelength shift A\ 31.2 pm 123 pm
Temperature increase AT 024 K 095K
Thermal power flow Py, 1.47uW 4.9 uW
Total dissipated power at resonance AP 1.5 uW 5 uW

Table 5.1: Physical parameters & results summary.

bulk. Indeed Eq. 5.8 relates the optical Q) to the linear loss coefficient «, the
free-space wavelength \g and the effective index of the WGM ng:

Q=27 (5.8)

A dominant bulk absorption would result in an effective linear loss coefficient
ay, for which we would not expect a dependency of the optical Q with the
disk radius. This is not what is observed, with the maximum measured
optical Q increasing with increasing disk radius” and closely matching the
electromagnetic energy density at the disk interface shown in Fig. 1.17.
Surface absorption dominated losses would furthermore explain why higher
order p>1 WGMSs - which have higher field at the interface - generally have
lower optical Qs. This conclusion seems to be corroborated by preliminary
results obtained while operating the resonators in liquids, detailed in the
following section.

5.3.1 Experiments in liquids
Protocol

With the integrated GaAs chip positioned in the setup of Fig. 5.1, a micro-
liter droplet of liquid (~1 mm?) is deposited on the sample surface with
a micro-pipette. This droplet covers several adjacent disk resonators and
waveguides, see Fig. 5.5. The overall optical transmission is relatively un-
changed. The disk WGM resonances are shifted roughly 10-15 nm towards
higher wavelengths, due to the higher refractive index of the liquid (n~1.33)
compared to air. The observed shift is in good agreement with FEM sim-
ulations. The optimal evanescent coupling conditions are shifted (~ 100

"Typically Q~ 10° at R=1 ym and Q> 5-10° for R>3 um.
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Conduction band

Midgap states

Photon
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Figure 5.4: Optical absorption by the mid-gap states in the GaAs native surface oxide
results in heat generation.

nm) towards greater gap distances between waveguide and disk. Indeed, the
evanescent field extends further out of the disk and waveguide due to the de-
creased refractive index mismatch between GaAs and liquid. Measurements
can be carried out for 5 to 10 minutes before the liquid droplet dries.

Results

Figure 5.6 shows the same WGM resonance of a GaAs disk measured at in-
creasing laser powers with the disk in air (a), immersed in deionized (DI)
water (b), or in a solution of ammonia (NH4,OH) (¢). Ammonia is chosen
because dilute acids or bases (such as dilute ammonia and hydrochloric acid)
remove GaAs’ native surface oxide [65]. Provided no oxidizer is present in
the solution minimal etching occurs once the oxide is removed®. With the
disk measured in air (a), we recognize the typical WGM distortion due GaAs’
positive thermo-optic coefficient. When the measurement is done in water
(b), one can identify two trends. The positive thermo-optic distortion of
the resonance is still present, albeit a bit less pronounced. Additionally, the
overall position of the resonance is blue shifted with increasing laser power.
This phenomenon is caused by gradual heating over time of the water droplet
combined with water’s (and most liquids’) negative thermo-optic coefficient
[153]. Both positive and negative thermo-optic shifts are apparent because
the laser sweep speed is slow compared to the disk’s thermal response time,

8Etching solutions - such as the BCK described in Chapter 4.1 - function by combining
an oxidizer with an acid or base. The oxidizer continually produces fresh oxide for the
acid or base to dissolve.
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Figure 5.5: Measuring the disk’s optical properties while immersed in a droplet of DI
water, or ammonia (NH4,OH) in order to remove the surface oxide. (The droplet displayed
is smaller than in reality for better visibility).

Thermal conductivity of water at 293 K 0.6 W/(m-K)
Thermal conductivity of saturated ammonia at 293 K 0.5 W/(m-K)
Water specific heat (at 293 K - 1 atm) 4.18 kJ/(kg-K)
Saturated ammonia specific heat (at 293 K - 1 atm) 4.7 kJ/(kg-K)
Thermo-optic coefficient for water (300 K - A=1550 nm) -8-107°

Table 5.2: Physical parameters for water and ammonia, see ref [154].

but fast compared to that of the droplet?. After drying of the droplet, the
behavior reversibly returns to the case (a). The lower positive thermo-optic
distortion in water can be ascribed to the added thermal conductance of the
surrounding water, which reduces temperature rise in the disk. Finally the
same WGM is measured in NH,OH (c). The WGM resonance is irreversibly
blue shifted by a few nanometers, consistent with the removal of 1-3 nanome-
ters of native oxide over the entire disk. The overall blue shift due to heating
of the droplet is still present. However, the positive thermo-optic distortion
is no longer present, even though the injected laser power is comparable to
the measurement in DI water. This is not due to different thermal properties
of dilute NH,OH, as these are similar to those of water, see Table 5.2. This
experiment seems to indicate no more heating occurs inside the GaAs disk
when the oxide layer is removed. Since we could not find the precise negative

9With our laser sweep speed of 100 nm/s, the laser wavelength is only tuned to the
WGM resonance on the order of 10~ to 103 seconds, which is slow compared to the disk’s
few microseconds thermal response time 7y, but fast compared to that of the droplet.
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Figure 5.6: Optical transmission spectra measured at increasing laser powers, for a same
WGM resonance of a GaAs disk in air (a), in DI water (b) and in ammonia (¢). Op-
tical power circulating in the waveguide is proportional to the photodetector bias. (d)
Water optical absorption coefficient as a function of wavelength. The red dot marks the
absorption ~1330 m~! at 1530 nm. Data from [155].

thermo-optic coefficient for ammonia solutions it is still not possible to rule
out how this could counterbalance the positive thermo-optic shift of GaAs.
Nevertheless we wish to stress that while these results are not yet completely
conclusive, combined with the previous observations they strongly hint to-
wards the role played by the interface in such miniature resonators. This is
consistent with in depth analysis of sidewall roughness performed by means of
high resolution Transmission Electron Microscope (TEM) imagery by David
Parrain in the team which indicate that surface roughness is not responsible
for clamping the optical Q below 106.

Quality factor in liquid

If surface absorption is removed by an acid or a base, shouldn’t the optical
quality factor be significantly increased 7 In fact water has a large absorption
coefficient in the near infrared (see Fig. 5.6, d) around 13.3 cm™! at the
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wavelength A = 1530 nm used in the measurement. FEM simulations show
15.2% of the electromagnetic energy of the WGM is located in the liquid.
Water absorption is therefore responsible for an effective loss of the WGM of
0.152 x 13.3 ~ 2 em~!. Using Eq. 5.8, we find the maximal optical quality
factor attainable in these conditions is Quax = 6 - 10%, which is precisely
equal to the measured value. Following these observations, major gains in
optical Q will require focused efforts on minimizing the surface absorption,
for example through passivation (see section 5.3.3).

5.3.2 Two photon absorption

TPA describes the nonlinear process in which the simultaneous absorption
of two photons excites an electron from the valence to the conduction band.
The TPA cross-section (3 is defined as follows:

- % =al + pI* (5.9)
Where I is the light intensity, « the linear absorption coefficient and dz the
length of the optical path. /5 in GaAs is rather large, with 8 ~ 20—30 cm/GW
at A = 1.3 um and 5 ~ 10 — 15 em/GW at A = 1.5 pm. [156, 157, 158]
Because of the high finesse of GaAs resonators and resulting large circulat-
ing intensities, TPA losses become comparable to linear losses in g= 2 um,
Q=10° resonators for a dropped power as low as 50 yW. This is indeed exper-
imentally verified by measuring how an undercoupled WGM'’s on resonance
transmission 75, becomes higher at large dropped powers (see section 6.2.7),
revealing increased intrinsic losses!?. With Q=10°, the contribution would be
noticeable below 1 W, limiting the range of attainable circulating powers.
The carriers generated by TPA can in turn absorb photons (free carrier ab-
sorption) and change the refractive index of the material (free carrier disper-
sion). These non-linear phenomena can give rise to complex time-dependent
dynamics. For instance optical instabilities and self-sustained oscillations re-
sulting from the interplay between thermal and free carrier dynamics have

2
10 1=Yext/Yine
on 1 +Yext /'Yint :
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been reported silicon microdisk resonators [159]. More recently GHz self-
oscillations resulting from the interaction between free-carrier dispersion and
TPA have been reported in silicon disk resonators [160] and photonic crystal
cavities [161]. We have however not yet seen such instabilities and self-pulsing
behavior in GaAs disk resonators.

5.3.3 Surface passivation

Unlike silicon, which has a native oxide (SiO2) with a low density of inter-
face states, GaAs suffers from a rather poor native oxide with a high density
of interface states (10" cm™?) located within the bandgap [65]. These in-
terface states are responsible for degrading the optical properties of GaAs
resonators. Passivation aims to change the chemical properties of the surface
in order to enhance the optical properties. (Simply removing the native oxide
with a chemical treatment is not enough, since a new layer of oxide forms
again within moments upon renewed exposure to oxygen). Photolumines-
cence experiments'! are often used to monitor changes in surface state densi-
ties associated with passivation. Since mid-gap states increase non-radiative
decay, increased photoluminescence intensity is associated with a more ideal
surface. For GaAs, treatments with sulfur containing compounds such as
sodium sulfide (NayS) or ammonium sulfide ((NHy)2S) [162, 163, 164, 165]
and photochemistry between GaAs and water [166] have been reported to
significantly improve photoluminescence. Hydrogen is also known to be able
to diffuse inside the material and passivate defects in the bulk. Even if many
such treatments are reported to be temporary, lasting only hours or days and
precluding their use in commercial applications, they could provide a boost
for academic experiments which can be performed in vacuum for instance.

Attempted trials to boost the optical Q

We attempted a few experiments to boost the optical Q of GaAs disk res-
onators. These included sputtering the surface with an argon gun, repeatedly
dipping the sample in acid and exposing it to air [167] and various oxygen
plasma cleaning procedures. Since these treatments only address surface
roughness and surface contamination, they provided little to no optical im-
provement. Furthermore thermal annealing of the disks for 15 min at 575°C
under nitrogen atmosphere completely destroys the optical properties, as
sublimation of arsenic from the GaAs crystal starts occurring at these tem-

1L A laser is employed to generate carriers in the material and the intensity and/or wave-
length of the light produced when these carriers radiatively recombine is then measured.
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peratures. The influence of surface passivation on GaAs disk resonators’
optical properties will need to be investigated in depth in future work.
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5.4 High Q Silicon Nitride WGM resonators

5.4.1 Development

Here we briefly summarize the work done on silicon nitride devices dur-
ing this thesis in collaboration with Eva Weig’s team at the LMU in Mu-
nich. Although our collaborators had extensive knowledge on SiN mechani-
cal nanoresonators [126, 168], they had no experience in its use as an optical
material. We therefore started this collaborative work by fabricating simple
short waveguides to learn about the optical properties of SiN and its optical
losses at various wavelengths. (Losses are measured through raw transmission
levels, the top-view scattering method [151] and the Fabry-Perot interference
technique [169]). After this, several centimeter long straight waveguides such
as shown in Fig. 5.7 were made in order to more accurately measure optical
losses. The influence on surface and bulk losses of the different chemistries
used during the fabrication as well as post-fabrication treatments such as
thermal annealing were investigated, for 6 different wavelengths ranging from
green to 1.6 um. The results of this investigation are recapitulated in the
appendix of the article reproduced in the following.

This preliminary work served as the basis for the fabrication of high Q
SiN WGM resonators with integrated coupling waveguides (see Fig. 5.8).
These devices enable the optomechanical detection of the Brownian motion
of the suspended waveguide. This will be detailed in the following chapter.

5.4.2 Optical instabilities

The high @ SiN resonators described in this work exhibit interesting optical
instabilities and self-pulsing optical output under continuous laser excita-
tion. This is explained by a novel coupling between the fast thermo-optic
nonlinearity in the disk and a much slower thermo-mechanic nonlinearity of
the structure. The self-pulsing regime has a periodicity spanning several or-
ders of magnitude and ranging up to unprecedentedly long periods of above
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Integrated optics experiments

Figure 5.7: SiN sample with 3 cm long straight waveguides of various widths to accurately
determine optical losses through the top-view scattering method [151] and the Fabry-Perot
interference technique [169]. Here 633 nm light from a HeNe laser is injected in a guide
with a microscope objective (left).

Figure 5.8: Array of 20 um diameter SiN disk resonator with their integrated suspended
coupling waveguide.
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a minute. The following reproduced article details these results. Recently
similar behavior has been reported in PMMA-coated silica toroids and the
use of such an oscillator for sensing applications was demonstrated [170].
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Abstract: We report time domain observations of optical instability in high
Q silicon nitride whispering gallery disk resonators. At low laser power the
transmitted optical power through the disk looks chaotic. At higher power,
the optical output settles into a stable self-pulsing regime with periodicity
ranging from hundreds of milliseconds to hundreds of seconds. This
phenomenon is explained by the interplay between a fast thermo-optic
nonlinearity within the disk and a slow thermo-mechanic nonlinearity of the
structure. A model for this interplay is developed which provides good
agreement with experimental data and points out routes to control this
instability.
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1. Introduction

Whispering gallery mode (WGM) based optical resonators have many applications ranging
from add-drop filters [1,2], biomolecule sensing [3,4], frequency comb generation [5], cavity
QED [6,7] to optomechanics [8-11]. In all these applications, a high optical quality factor (Q)
and a small mode volume are desirable for better performance and integration, as well as
enhanced light-matter interaction. These characteristics result in high power densities that
may lead to a variety of nonlinear effects. While some of these effects have practical
applications in nonlinear optics [12,13], others can lead to deleterious device instabilities. An
optical instability of thermal origin was reported in suspended silicon dioxide (SiO,)
microspheres [14, 15], leading to a pseudo oscillatory optical output with typical timescale in
the millisecond range. In integrated photonics, silicon (Si) microdisk [16] and microring
structures have been shown to exhibit a much faster and more regular oscillatory behavior



[17,18] that was assigned to an interplay between thermal and free carrier dynamics. Another
platform of unique potential for integrated photonics is silicon nitride (SiN), whose good
optical properties allow to obtain extremely high Q optical resonators [19,20]. The material’s
potential extends to nanomechanics, where its high tensile stress form provides unique
mechanical Q factors [21, 22]. Moreover, SiN has a broader transparency region than silicon
and benefits from the absence of two photon absorption (TPA) at telecom wavelengths [23].
In consequence, SiN optical resonators are often believed to be immune against instabilities
disrupting their silicon counterparts.

Here we report on an optical instability in high-Q SiN WGM resonators. Under
continuous-wave pumping, the resonators transit between chaotic-like and self-pulsing
regimes for the optical output. A rich variety of timescales and amplitudes are observed
depending on operating conditions. In the self-pulsing regime, unprecedentedly long periods
of oscillation up to a minute are measured. The phenomenon is explained by an interaction
between a fast thermo-optic and slow thermo-mechanic nonlinearity. A model is developed
which reproduces experimental data and gives routes to control these instabilities.

2. Silicon nitride optical resonators
Fabrication

The fabrication starts from a commercial (HSG-IMIT) wafer composed from top to bottom of
a 300 nm thick layer of high tensile stress Low Pressure Chemical Vapor Deposition
(LPCVD) SiN, a 3 um thick SiO, sacrificial layer and a Si substrate. The waveguides and
disks are defined by e-beam lithography using a double layer PMMA positive resist. We draw
straight optical waveguides 8 um wide and 3 mm long, extending up to the sample facets (Fig.
1(a)). The central part of the waveguide is symmetrically narrowed down to a width of 900
nm using two 60 um long linear tapering profiles (inset of Fig. 1(a)). To tune the evanescent
coupling to the disk resonator, the gap distance between disk and waveguide is varied around
an average value of 400nm. The 900 nm wide straight segment of the taper is 20 pum long. All
disks on the sample have a nominal diameter of 20um. A cobalt etch mask is used to protect
the structure during an ICP-RIE dry etch (SFg and Ar chemistry) through the SiN layer. The
sample facets are then cleaved. Removal of the cobalt etch mask is done in a piranha solution
(3 HyS0,:1 H,0,). Finally the sample is dipped for 15 minutes in buffered oxide etchant (7
NH,4F:1 HF) which selectively etches ~1.5um of SiO,, freeing the tapered part of the
waveguide and isolating the disk resonator on a SiO, pedestal (Fig. 1(b)). The disks’ sidewall
roughness is hardly visible in a Scanning Electron Microscope (SEM) image (Fig. 1(c)), the
biggest features measuring below 10 nm (not shown here).



Fig. 1. (a) Optical microscope top view of a sample containing 10 waveguide/disk resonator
sets. Inset: tapered part of the waveguide in the disk vicinity. (b) SEM micrograph side view of
3 SiN disk resonators and coupling waveguides. (c) SEM top view of the evanescent coupling
region between tapered waveguide and disk. (d) SEM side view of the cleaved waveguide
input facet. In (b), (c) and (d) SiN is colored in purple, SiO- in gray and Si in blue.

Optical characterization

Optical spectroscopy of each disk couple to its waveguide is performed in the 1500-1600 nm
band using a tunable continuous wave external cavity diode laser. The cleaved facets of the
waveguide (Fig. 1(d)) serve as optical input/output ports where laser light is injected and
collected. The in-plane polarization is selected. Output light is collected by a microscope
objective and sent onto a p-i-n photodetector. Figure 2(a) shows the normalized transmission
of a guide evanescently coupled to a disk as a function of the laser wavelength. The
normalization maintains average unity transmission over the whole wavelength range but
keeps fine spectral features. Several resonances appear in this spectrum with a contrast close
to unity. They correspond to WGMs with an intrinsic Q factor between 10° and 2-10°. Finer
resonances are also present, such as the one shown in Fig. 2(b) which possesses a Q-factor of
4.10°. In our sample, these resonances tend to have a lower contrast and exhibit doublet
splitting due to a symmetry breaking [24]. Because of the positive thermo-optic coefficient
(on/oT) of SiN [25, 26], all optical resonances present a typical bi-stable behavior [27] at high
power, which translates into a triangular resonance profile Fig. 2(c) when laser-scanning the
resonance.
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Fig. 2. (a) Optical transmission spectrum of a SiN disk resonator. (b) A fine optical resonance
measured in a weakly coupled configuration far from critical coupling, showing an optical Q of
400 000, typical of the highest optical Qs in this device. (c) A broader optical resonance,
measured at low power (solid black line) and high power (red dash-dot line).

3. Optical instability
Experimental observation

When the laser wavelength is tuned to the blue detuned flank of a WGM resonance, the
positive thermo-optic coefficient of SiN generally provides a negative feedback on the
fluctuations in the optical power circulating inside the resonator. Indeed, an increase in the
circulating power leads to more heating, which leads to a red-shift of the optical resonance.
For a fixed laser wavelength this produces an increased detuning which in turn leads to
decreased circulating power. A drop in the optical power is compensated in similar fashion. In
this situation the blue detuned flank of a WGM resonance exhibits a thermal self-stability,
which is observed routinely on SiO, [28] or Gallium Arsenide resonators [10].

The behavior of the present device is in strong contrast with this common case. When the
laser wavelength is set slightly blue-detuned to a WGM resonance (red arrow in the inset of
Fig. 3(a)), the optical transmission spontaneously settles into a slow periodic oscillatory
regime (Fig. 3(a)). The resonator’s output alternates between an ‘on state’ with near unity
transmission and the laser out of the WGM resonance, and an ‘off state’ with near zero
transmission and the laser at resonance. While the optical transmission evolves slowly during
the on and off states, the switching between the two is extremely sudden (Fig. 3(b)). At high
power, the oscillatory behavior maintains a high level of regularity over hundreds of
oscillations. The period of the oscillation is found to have an exponential dependence with the
optical power circulating in the waveguide, reaching up to nearly 2 minutes for the highest
power used in our experiments. The circulating power at the disk level is estimated by taking
into account the linear losses in the waveguide from disk to sample facet (see appendix), the
reflectivity of the guided mode at the sample facet and the losses in the collection microscope
objective. At lower laser power the oscillations in the transmission are still present, however



no longer periodic but resemble a chaotic behavior, with oscillations present at multiple
timescales. Characteristic times can be defined for each timescale by an average over a large
number of these oscillations. Figure 3(c) shows the transition between the chaotic-like and
periodic regimes as the optical power is increased, with measured characteristic times
spanning over six orders of magnitude.

These experimental results indicate a complex dynamical behavior, which can be partially
uncovered by laser scanning the optical resonances at high power and at different speeds. The
red triangular spectrum shown in Fig. 2(c) is acquired with the laser wavelength being swept
with a speed of 100 nm/s. Under these conditions and for a WGM resonance width in the 10-
100 pm range, the laser wavelength is tuned to the WGM resonance only on the order of 10~%-
10~%s. In contrast much slower sweep speeds of the order of 0.01 nm/s, where the resonance is
hit during typically one second, result in shifting the resonance center position towards
smaller wavelengths (not shown). These distinct behaviors call for the existence of different
dynamical phenomena in the system.
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Fig. 3. (a) Normalized optical power measured as a function of time at the output of a
waveguide coupled to a SiN disk resonator. The employed WGM resonance at A = 1539.31 nm
has an on-resonance normalized transmission of 7% and a FWHM of 46 pm. It is identified as
ap=1 m=57 WGM (radial and azimuthal orders). Inset: initial position of laser wavelength
A (red arrow) with respect to the WGM resonance in the transmission T spectrum. (b)
Oscillatory behavior shown with greater detail. The inset pictures are single frames from an
infrared camera video of the output waveguide transmission taken during measurement (See
Media 1). (c) Characteristic time of the oscillatory transmission as a function of the optical
power dissipated by the disk. The line through the high power data points is an exponential fit.

Model

Based on the above experimental observation, we develop a model where the fast red-shifting
thermo-optic effect competes with a blue shifting effect on a much slower time scale which
will be discussed in following. Indeed the thermo-optic effect is associated with the material



temperature within the disk resonator. Given the disk’s radius, the thermal conductivity of
SiN and the conditions of thermal anchoring to the substrate, the disk’s thermal response time
is of the order of 7 ps. The much slower phenomenon associated to typical timescales
approaching one second remains to be identified. A thermal response time of the substrate
may be consistent with such a timescale. In order to test this hypothesis, we develop a simple
model. In this model we consider two thermally coupled elements: the disk resonator and a
given volume of substrate, both with a uniform temperature field. The disk’s temperature T,
influences the optical resonance position through the thermo-optic effect. In our model we
consider that the substrate’s temperature T, also changes the resonance position, but with an
opposite sign effect. Equation (1) expresses the WGM’s resonance wavelength A.s as a
function of these two parameters in the linear regime:
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where T, is the ambient laboratory temperature. The effect on the resonance wavelength of
the disk’s thermal expansion is an order of magnitude smaller than the thermo-optic
contribution. In this limit (OAs /0T1) = (ON/0T1)- Aes /n is a function of the thermo-optic
coefficient (on/0T) and the refractive index n. In our study (OA.s /0T>) is a parameter that can
be inferred experimentally or computed numerically (see next section). To relate Eq. (1) to an
optically measured quantity, we express in Eq. (2) the normalized optical transmission of the
resonator A as a function of the laser wavelength A and of temperatures T, and T,. C is the
contrast of the WGM resonance (C = 1 for critical coupling and <1 otherwise) and 6A its full
width at half maximum.
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This equation relates the resonator’s optical transmission to the temperature evolutions.
Conversely, the temperature evolutions are governed by the amount of absorbed optical power
within the disk, by the thermal contact between the disk and substrate, and by the thermal
coupling of the substrate to its environment. We have checked that the thermal coupling of the
disk to the surrounding air can be safely neglected. These aspects are cast into the two
coupled differential equations Eq. (3) and Eq. (4). Equation (3) gives the rate of change in the
disk temperature:

ﬂ_p l_A(ﬂ"Tlsz)_ G,
de o m, ¢, m, ¢,

(Tl _Tz ) (3)

where Py is the optical power in the waveguide at the disk level and A is the fraction of the
laser power dissipated by the resonator which is absorbed and turned into heat within the disk.
The evaluation of this fraction will be discussed below. m; is the mass of the SiN disk, c; the
SiN heat capacity at constant pressure in J K™ kg™ and G, , the thermal conductance between
the disk and substrate in W K. G;, is calculated analytically by summing the thermal
resistance between the pedestal and the disk’s periphery where light is absorbed with the
resistance of the SiO, pedestal. In our resonator’s geometry we obtain Gy, = 2.86-10° W K,
in good agreement with Finite Elements Method (FEM) simulations. Equation (3) contains
two terms: the first term is proportional to the optical power lost into the disk and describes
the heat inflow, while the second term describes the heat outflow into the substrate.
In a similar manner, the temperature evolution of the substrate volume is written as:
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where ¢, is the Si heat capacity at constant pressure, m, the mass of the considered volume of
substrate and G, its thermal conductance to the environment at To. The first term of the
equation describes the heat inflow from the disk into the substrate, and the second term the
heat outflow into the environment. Although the power flow out of the disk G;,(T;-T,) and
incoming power flow into the substrate G, »(T1-T,) are equal, the dynamical effect on disk and
bulk temperature is divided by the mass times the heat capacity of the considered element.
Therefore the temperature oscillations in the bulk are significantly smaller than those of the
disk.

Comparison between model and experiments

One important ingredient for the above model to explain our experimental results is the
correct evaluation of the absorbed optical power Pguide.A (1-A). The fraction of laser power
absorbed and lost as heat within the disk resonator is calculated by fitting the magnitude of
the thermo-optic shift (Fig. 2(c)) on a known resonance, for a typical value of the thermo-
optic coefficient (6n/0T) taken from the literature (see table). We find that fraction to be 80 +
5%. Although this value is high, it is in line with optical losses measured in similarly
processed straight SiN waveguides (see appendix). Surface scattering has a minor
contribution to total optical losses thanks to the minimal surface roughness obtained with our
fabrication process.

Other parameters entering the model are the contrast C and the resonance width 6A, which
are directly measured at low optical power on the WGM resonance under consideration, and
are independent on the temperature. The value of (O\.s /0T;) is known from the refractive
index and thermo-optic coefficient of SiN. A value of (OA./0T,) is extracted by comparing
the WGM optical shift measured at fast and slow laser-scan speeds. For the slow scan-speed,
the optical resonance is blue-shifted with respect to the fast scan-speed case. The absorbed
optical power is evaluated at low scan-speed and associated to a temperature increase of the
substrate by means of FEM thermal simulations. This temperature rise is related to the
measured blue-shift, leading to a rough estimate of (SAes/0T,) = ~0.27 nm K. This estimate
serves as starting value for the fitting procedure where (OA.s/0T,) is then taken as an
adjustable parameter. A second fit parameter is the considered volume of Si substrate. We
consider a Si cylinder of equal height and radius h, positioned directly under the pedestal. The
cylinder’s thermal conductance G, is calculated as a function of h using referenced Si thermal
conductivities. A summary of physical parameters employed in the model is given in Table 1.

The evolution of the optical transmission coupled dynamically to temperatures T, and T,
through Egs. (1)—(4) is obtained numerically over 10 million 1ps time steps, yielding results
such as the ones shown in Fig. 4. In this figure, we compare the obtained theoretical results to
experimental data. In order to recover the richness of the observed oscillatory behavior, we
have selected three distinct experimental configurations, with different laser detuning and
laser power. In our fitting procedure, the parameters (Ok.s/0T,) and h are varied until we can
fit all three sets of measurements with our model using a single set of parameters. The best fit,
shown in Fig. 4, is obtained for (\es/dT,) = 0.227 nm K and h = 500 um, a height which
turns out to match the Si substrate thickness. With these parameters, the disk’s thermal
response time 13 = (My:C;)/Gy, is 7.15 us and the substrate volume’s thermal time 1, =
(m,-c,)/G, is 0.58 s. These parameters allow obtaining a very satisfactory agreement between
our experimental data and the model, with oscillatory periodic times that span from 0.4 s to
1.4 s in Fig. 4. We also checked that the correct dynamics is reproduced by the model for
periodic times going from the millisecond to a few seconds. Figure 5 (a) sketches how the
simple model used here reproduces the oscillatory behavior of the optical output.
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Fig. 4. Experimental (left) and model (right) results for the normalized optical transmission of
a WGM resonator for three distinct pump laser configurations. (a) Experiments and (b) model
for an initial blue detuned pump configuration with A = 1539.35 nm and A-Pgige = 77 PW. (C)
Experiments and (d) model for the same optical power but with initial laser blue detuning 2 pm
greater. (e) Experiments and (f) model for a lower power (A-Pgice = 65 W) and for a detuning
similar to (a) and (b). In (b), (d) and (f) the temperature oscillations are on the order of a few
Kelvin for T; and a few tens of mK for T».

Table 1. Physical parameters used in the models

Parameter Name Unit Value Source
SiN refractive index n - 2 [29]
SiN thermo-optic coefficient (onlaT) K 2.44.10°° [25,26]
SiO, & Si thermal expansion coefficient pumm™*K? 05&26 [30]
SiN & Si heat capacity 1 &, JKkgt 700 & 700 [30]
SiN, SiO; & Si thermal conductivity W m?K™? 20,1.4&130 [30]
SiN & Si density kgm 3100 & 2329  [30]
Slow blue-shift coefficient (Phes/0T2)  NM K™ 0.227




4. Origin of the slow thermal nonlinearity

SiO, and Si have different thermal expansion coefficients (see Table 1). When these materials
are heated by the absorbed laser power within the resonator, this difference leads to stress and
structural deformation. Figure 5 (b) shows a simplified 2D axi-symmetric FEM simulation of
a SiN disk resonator atop a SiO, pedestal on a slab of Si substrate. A uniform increase of the
temperature of the Si substrate results in an upward buckling of the whole structure. While the
Si substrate expands outward, the SiN disk is bent upwards and slightly inwards, resulting in a
reduction in the effective optical WGM cavity radius. This reduction translates into a blue-
shift of the WGM resonance, in agreement with the experimental observations at slow time
scale. In order to quantify this effect, we use a FEM simulation of the structure including a
large-scale substrate slab and accounting for the stress in the SiN layer. For two distinct but
close Si substrate temperatures (1K apart), we obtain the disk deformation profile and export
it into to a weak-form FEM simulation of the WGM employed in the experiments [31]. This
allows for calculating the WGM resonance wavelength shift associated to this differential
temperature change and gives a value of (Oh.s/0T>) that agrees within a factor 5 with the value
extracted from the model fit. Although these results are in the right order of magnitude, we
ascribe the discrepancy to several approximations: first the exact pedestal geometry plays an
important role but is not perfectly known, second the temperature profiles of the different
elements were taken as uniform, when temperature gradients should influence the exact strain
in the real structure. Despite these approximations, our simulations clearly point towards this
thermo-mechanic deformation of the structure as being the source of the slow blue-shifting
optical nonlinearity.
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Fig. 5. (a) Schematic description of the regime of self-pulsating optical transmission. In step 1
the laser line starts on the blue-detuned flank of the WGM thermo-optically distorted
resonance. The sample substrate slowly heats up, gradually blue-shifting the resonance. Once
the resonance wavelength moves past the fixed laser wavelength, the laser line reaches the
unstable flank of the thermo-optically distorted resonance: at this stage the WGM snaps out of
laser resonance and the transmission jumps back to unity (step 2). The WGM is out of
resonance with the laser and the substrate slowly cools down, gradually red-shifting the optical
resonance (step 3). Finally when the red-shift is sufficient, the WGM snaps back into
resonance with the laser in the thermo-optically distorted regime (step 4). In the self-pulsating
regime, the output optical power cycles through the hysteresis curve. (b) 2D axi-symmetric
FEM simulation of the thermal strain in a SiN disk resonator structure. The surface color code
shows the magnitude of the radial displacement. The deformed shape displays strongly
exaggerated displacement amplitude.

Complementary simulations allow verifying that the magnitude of the blue optical shift is
independent of residual stress in SiO, and SiN layers. Thus the type of instability reported in
this article shouldn’t be limited to the high-tensile stress SiN employed for our resonators.
This is checked experimentally by observing similar instabilities after releasing the stress in a
larger fraction of the SiN disks by deeper under-etching. Note that the magnitude of the
thermal stress-induced radial displacement of the disks is very small. In the data of Fig. 4, the
maximum value of the stress-induced blue shift is 14 pm. In order to account for this shift, the
disk’s radial displacement needs only be ~14, i.e. roughly the diameter of a silicon atom.



For the sake of completeness, the effect of other mechanisms influencing the dynamical
behavior of the disk resonators on a slow timescale is discussed in the following. First, a
possible influence of the suspended SiN coupling waveguides is ruled out by observing
optical instabilities on identically processed standalone SiN disks coupled to a tapered silica
fiber [32]. Second, a slow thermal expansion of the sample substrate leading to an optical
misalignment at the waveguide injection facet can also safely be ignored: a 1 Kelvin
temperature rise produces a displacement of the order of 1 nm.

5. Conclusion

We present chaotic and self-pulsating optical instabilities observed in SiN disk resonators.
Their characteristic time spans six orders of magnitude, from hundreds of microseconds to
hundreds of seconds. This phenomenon is explained by the interplay between a fast thermo-
optic nonlinearity and a much slower thermo-mechanic nonlinearity. A model showing good
agreement with experimental data is presented which allows proposing and supporting a
credible explanation for the origin of the slow thermal nonlinearity. In this work we show that
SiN resonators, despite the absence of two photon absorption, can nonetheless exhibit optical
instabilities on a much longer timescale than reported in other systems. We point towards
volume optical losses to be responsible for the resonator’s thermal instabilities. If a reduction
of optical absorption - through better control of the material and surface passivation — is an
evident option to control the reported optical instabilities, a proper engineering of the
resonator structures can also serve the same goal [33,34]. In our present case, modified
designs for the pedestals may lead to reduced instabilities. These aspects become critical for
miniature resonators operating at high optical powers.

6. Appendix: optical loss measurements in straight SiN waveguides

In this appendix, we study optical losses in SiN structures in order to support elements of the
above analysis and to envision future generation of improved resonators. To this end, we
fabricate several versions of straight SiN waveguides using the starting wafers described in
section 2. Both fabrication and post-fabrication protocols are varied to study their impact on
optical losses. An example of a straight SiN waveguide is shown in Fig. 6(a). Optical loss
measurements are performed using a top-view scattering technique [35], where the light
intensity scattered by the waveguide is imaged on a CCD camera positioned directly above
the guide (Fig. 6(b)). This intensity image is analyzed as an exponential decay of the optical
intensity along the guide propagation axis (Fig. 6(c)), and related to a linear loss coefficient a.
This technique allows very straightforward monitoring of significant loss levels change, like
obtained upon sample annealing (Fig. 6(d)). The top-view scattering technique can be
complemented by the Fabry-Pérot interference method [36], when the upwards scattered
intensity becomes too weak for a CCD measurement (Fig. 7).
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Fig. 6. (a) False color SEM micrograph of a straight SiN waveguide. (b) CCD image top view
of an entire SiN waveguide fabricated using protocol 1, with 633 nm wavelength laser light
injected at the left sample facet (bright spot at center left) and travelling along the waveguide
(bright horizontal line with decaying intensity). (c) Corresponding upwards scattered light
intensity as a function of the position along the waveguide, with an exponential decay fit (solid
red line). The insets show SEM pictures featuring typical waveguide defects leading to locally
increased scattering. The left inset shows an inhomogeneous waveguide width resulting from
lithography errors. The right inset shows a crack in the SiN resulting from the high tensile
stress. This waveguide was processed using protocol 1. (d) Same waveguide measured after 4h
of annealing at 1050°C under N, atmosphere. The scattering is essentially caused by isolated
defects like the ones shown in the inset of (c), but the output power is now higher than in (b).

Protocol 1

Samples are prepared using standard photolithography and AZ 5214E image-reversal photo
resist to define an aluminum metal etch mask. The sample is then etched in a standard PP-RIE
machine using CF4 chemistry. The metal etch mask is removed using a hot (80°C) potassium
hydroxide (KOH) solution. Waveguides are 3.5 mm long and 2 to 10 um wide. Waveguides 2
to 5 um wide are consistently showing higher optical losses, which we interpret as a higher
sensitivity to the residual sidewall roughness produced by the photolithography. Waveguides
that are 6 to 10 um wide all exhibit comparable loss levels, showing that sidewall roughness
losses are no longer the dominant loss mechanism. For these latter guides, material and top
surface losses should now be dominant. We therefore expect the measured linear losses to
provide a lower bound for losses in WGM resonators fabricated in a similar fashion. The
average loss level measured on 10 such wide waveguides is measured by the scattering
method at wavelengths comprised between 543 and 1350 nm. The results are displayed in
Table 2. Due to the relatively short length of the guides and the large amount of scattering at
the injection and collection end facets, the error bar on these measurements is of the order of
+10%. The measured linear loss coefficients are quite high. The losses measured at 1350 nm
would for instance correspond to optical Qs below 2-10* on a 10 pm radius SiN disk
resonator, where we use the following equation to relate the optical Q and with the loss
coefficient a, the free-space wavelength Ay and the effective index of the WGM ngg;.

1
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Protocol 2

The second protocol is identical to the first, except the aluminum etch mask is removed using
a piranha solution (3 H,SO,:1 H,0,) instead of KOH. Waveguides are 8 um wide and 2.5 cm
long. Using the top-view scattering method, losses at a wavelength of 633 nm are measured
with an average value of 0.2 cm™ and the smallest observed values at 0.05 + 0.01 cm™. In the
infrared, average losses were measured by the Fabry-Pérot interference method and range
from 0.15 cm™ at 1490 nm to 0.6 cm™* at 1530 nm. In the 1490 to 1610 nm spectral window,
the measured loss level as a function of wavelength shows a maximum at 1530 nm. This is in
agreement with [37] which describes a similar feature as absorption induced by Si-H bonds
within the material. Our measured loss values translate into optical Qs of 4-10° and 1.10°
respectively, which are in good agreement with the optical Qs of disk resonators presented in
this work. The use of the piranha etchant instead of KOH solution to remove the metal mask
seems to consistently produce lower optical loss levels. The piranha probably improves the
final surface state of the sample.
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Fig. 7. Transmission spectrum of a 8 um wide and 2.5 cm long straight waveguide fabricated
using protocol 2. Due to the reflectivity of the sample facets, the transmission shows Fabry-
Perot interference fringes with 26.6 pm periodicity. Linear losses can be extracted knowing the
contrast of the fringes, the facet reflectivity and the sample length. The precision of this
method is set by the accuracy in the evaluation of the facet reflectivity and sample length. If
the waveguide is multimode, some beating in the fringes’ amplitude leads to an overestimation
of losses [38].

Effect of post-fabrication annealing

High temperature annealing has been shown to significantly reduce optical loss in SiN
waveguides in the near infra-red [37]. Here we anneal the samples fabricated using protocol 1
for 4 hours at 1050°C under a nitrogen atmosphere. This leads to an increase of transmission
levels by about an order of magnitude at a wavelength of 633 nm. After this procedure, loss
measurements by the top-view scattering technique are no longer possible, as the dominant
sources of upwards scattering are now localized scattering defects along the waveguide which
are outshining the exponential decay (Fig. 6(d)). However, these defects do not determine
optical losses in the waveguide, which remain dominated by distributed loss sources. The
Fabry-Perot interference technique leads to estimated losses now below 0.3 cm™ at 1550 nm.
For this estimation, the reflectivity of the fundamental guided mode at the cleaved sample
facet was computed using FDTD simulations, leading an intensity reflectivity of 5.9%. These
losses would correspond to a SiN disk resonator optical Q above 2-10°. We further found that
annealing high tensile stress LPCVD SiN at 1050°C for 1h30 reduces the built in tensile
stress. This might or might not be desirable depending on the application. On the waveguides
fabricated using protocol 2, an annealing of one hour at 800°C did not produce any
measurable change in the linear losses.



Conclusion

Table 2 summarizes the loss measurements carried-out on straight SiN waveguides. Loss
levels measured on the waveguides of protocol 1 after annealing are comparable to those
measured on the waveguides of protocol 2 before annealing. However, the former show a
reduced amount of upwards-scattered light compared to the latter (not shown here). This
points towards the interpretation that piranha impacts mostly the surface state of the
waveguides, while the 1050°C annealing process would impact volume and/or surface losses.

Table 2. Optical losses measured on straight SiN waveguides at different wavelengths

Wavelength (nm) 543 633 1000 1350 1490 1530 1550
Protocol 1 loss o (cm™) 134 7.8 2.6 35 - >7 3

Protocol 1 after 1050 °C annealing - ~0.15 - - <03 <03 <03
Protocol 2 loss o (cm™) - 0.2 - - 015 06 0.3
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Integrated optics experiments

5.5 Conclusion

In this chapter we first detailed the progress done during this doctoral work in
the area of integrated GaAs disk resonators. Several evolutions were imple-
mented in the design and fabrication techniques. These allowed for significant
increases in the optical transmission levels as well as achieving state of the
art optical quality factors and reproducible critical coupling. The origin of
optical losses in current devices was investigated, and the current limitation
to the optical quality factor was identified. This analysis points towards the
action required for further optical improvements.

Second we described the work performed on the SiN platform. Through
two generations of straight waveguides and a fine-tuning of the fabrication
procedure were were able to significantly reduce optical loss levels. These
developments resulted in the fabrication of on-chip integrated high Q SiN
WGM resonators. The optical instabilities and self-pulsing observed in these
devices was described and a model explaining this behavior was provided.

In the next chapter we move on to the optomechanical behavior of these
devices.
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Chapter 6

Optomechanics experiments

6.1 Introduction

In this chapter we first report chronologically our results on GaAs optome-
chanics, starting with earlier experiments on stand alone GaAs disk res-
onators probed by the fiber taper technique (sections 6.2.1 and 6.2.2). We
then specifically detail the operation of the on-chip GaAs resonators in the
cryostat and discuss our first results on their optomechanical behavior at
low temperature (section 6.2.4). Finally we discuss the optomechanics of the
silicon nitride disk+beam system and show how the two different coupling
mechanisms (dispersive and reactive) occurring in these devices can interplay
(see section 6.3).

6.2 GaAs disk optomechanics

6.2.1 Stand-alone GaAs disk resonators at room tem-
perature

In this section we report experimental results on stand alone GaAs disk
resonators with a disk thickness of 200 nm and disk radius varying between
3 and 6 um. These resonators, which exhibit high optical quality factors
in the 10° range and mechanical frequencies ranging between 300 and 900
MHz are probed with the pulled fiber taper technique described in section
1.1.1. They are fabricated using the wet etch recipe provided in section
4.1.9. The high motional sensitivity of 2- 10717 m/ vHz afforded by the large
optomechanical coupling in these devices (~ 100 GHz/nm) allows for the
detection of the Brownian motion of many of the disk’s mechanical modes
at room temperature. The analysis of the following results draws heavily
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6.2 GaAs disk optomechanics

upon the theoretical framework detailed in chapters 1 through 3. Indeed
as discussed in section 3.8.1, because of the rather large and non circular
AlGaAs pedestals in these first devices, a wide variety of mechanical modes
are visible close together in the experimental noise spectra. This underlines
the need for an accurate mechanical description of both in-plane and out of
plane mechanical modes (as provided in sections 2.3.2 and 2.3.1) in order for
precise identification. Furthermore, a precise identification and description
of the different WGMs in the optical transmission spectra is also required
for the theoretical calculation of the g,,, done in this work (see section 1.2).
We see a certain discrepancy exists here between the simulated g,,, and the
experimentally measured g¢,,,. This discrepancy can likely be explained by
the non-circularity of the disk’s pedestals and by the neglected of photoelastic
contribution gP¢ discussed in section 3.8.2. The following article titled ‘High
Frequency GaAs Nano-Optomechanical Disk Resonator’ reports these first
experimental results.
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Optomechanical coupling between a mechanical oscillator and light trapped in a cavity increases when
the coupling takes place in a reduced volume. Here we demonstrate a GaAs semiconductor optomechan-
ical disk system where both optical and mechanical energy can be confined in a subwavelength scale
interaction volume. We observe a giant optomechanical coupling rate up to 100 GHz/nm involving
picogram mass mechanical modes with a frequency between 100 MHz and 1 GHz. The mechanical modes
are singled-out measuring their dispersion as a function of disk geometry. Their Brownian motion is
optically resolved with a sensitivity of 10717 m/+/Hz at room temperature and pressure, approaching the

quantum limit imprecision.

DOI: 10.1103/PhysRevLett.105.263903

Optomechanical systems generally consist of a meso-
scopic mechanical oscillator interacting with light trapped
in a cavity. These systems have attracted a growing interest
since the first experimental evidence that cavity light can
be used to optically self-cool the oscillator towards its
quantum regime. They are now studied in an increasing
number of geometries and compositions, with the common
purpose of coupling photons and phonons in a controlled
way [1-3]. High-frequency nanomechanical oscillators are
usually welcome in optomechanics applications, to ease
the access to the quantum regime or to develop high-speed
sensing systems [4]. But because the typically subwave-
length size of these oscillators often implies a weak inter-
action with light, they need to be inserted in the core of a
cavity mode to enhance the optical-mechanical interaction
[5]. The typical optomechanical coupling obtained using
this approach is of 50 MHz/nm for visible photons [6,7] or
50 kHz/nm in the microwave range [8]. A coupling en-
hancement can be obtained by further confining mechani-
cal and optical modes in a small interaction volume, as
recently achieved in nanopatterned photonic crystals [9].
However, these structures are complex to design and fab-
ricate, and being based on silicon technology, they do not
allow the insertion of an optically active medium. This
precludes exploring novel situations where a (quantum)
mechanical oscillator would be coupled to a (quantum)
photon emitter embedded in the host material [10]. In this
Letter we present a gallium arsenide (GaAs) nano-
optomechanical disk resonator, a system at the crossroads
with III-V semiconductor nanophotonics. This resonator
combines the assets of both nanoscale mechanical systems
[high frequency and low mass in the picogram (pg) range]
and semiconductor optical microcavities, with optical
quality factor above 10°. The high refractive index of
GaAs enables storing light in a submicron mode-volume
whispering gallery mode (WGM) of the disk, where it
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couples to high frequency (up to the GHz) vibrational
modes of the structure. Thanks to the miniature optical-
mechanical interaction volume, the coupling reaches
100 GHz/nm, providing nearly quantum-limited optical
detection of vibrations. Besides offering high-frequency
mechanical oscillators with an ultrasensitive optical read-
out, GaAs nano-optomechanical resonators are naturally
suited for integration in geometry of arrays on a chip and
for interfacing with single emitters in form of InGaAs
quantum dots [11].

A whispering gallery disk structure is both an optical
cavity and a mechanical oscillator. The radial breathing of
the structure couples naturally to photons stored in the
gallery mode, by modulating the effective optical length
of the cavity. The related optomechanical coupling factor
gom = (dw/da) accounts for the differential dependence
of the cavity angular eigenfrequency @ on the mechanical
displacement «, and enters the quantum description of
the system coupled through radiation pressure H. =
hgom(@*d)a, where a(at) is the optical annihilation (cre-
ation) operator and « the mechanical degree of freedom.
A large value of g, is required for efficiently turning
mechanical information into optical information and vice
versa, and is hence beneficial to most applications in
optomechanics. As we will see below, a miniature disk
can sustain a very large value of g,,.

The WGM problem can be treated solving the
Helmholtz equation in a cylinder of height & and radius
R [12]. Provided that A is sufficiently larger than A/n (thick
disk limit) the effective index method can be employed to
separate vertical (along cylinder axis) and horizontal de-
pendence of the electromagnetic field F (F = E or H).
Using the rotational invariance, F is decomposed F =
W(p)O(0)G(z) with O(#) = ¢™?. E.g., for the TM modes
of azimuthal number m, the dispersion relation imposed by
continuity of tangential E£ and H at the disk interface reads

© 2010 The American Physical Society
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n e[ (knR)/J,,(kn,R)] — HYY (kngR)/HS (kn R) = 0,
where n ¢ is the effective index of the slab of thickness 4,
J,, is the first-kind Bessel function of order m, H? , is the
second-kind Hankel function of order m, and k = 27/ A.
For a given #h, this dispersion relation only depends on kR:
if ky is a solution to this equation for a radius R, the
solution k for radius R is given by k = kyRy/R. Thus in
the limit of a thick disk, dw/dR = —w/R is the exact
optomechanical coupling factor g, for a pure radial dis-
placement dR. Thanks to a large refractive index, GaAs
disks with radius as small as 1 wm can sustain high quality
factor (Q) optical WGMs in the near infrared [13-15].
According to the formula g, = —®/R, g, values are
expected to rise up to the THz/nm range on such disks.

Our GaAs disks are fabricated from an epitaxial wafer
using e-beam lithography and wet etching [14]. The typical
disk size is 5 um in diameter and 200 nm in thickness, as
seen in Fig. 1(a). Near-field experiments on a single disk
are performed employing a microlooped optical fiber taper
evanescent coupling technique at a wavelength of 1.55 um
[16,17], and using a balanced photodetector to remove the
contribution of laser excess noise in the measurement
[Fig. 1(b)]. When tuning the laser wavelength to a flank
of the disk optical resonance [inset of Fig. 2(a)], the disk
vibration modulates the optical transmission 7" of the fiber
and the setup performs optical vibrational spectroscopy of
the disk. At the inflection point of the flank and for a small
displacement Aa, we have T(Aa) — T(0) = (dT/dw)
(do/da)Aa = [(3+/3)/4]AT(Q/w)gemAa [18], where
AT =1—T,, is the contrast of the optical WGM reso-
nance, T,, the on-resonance transmission, and Q the
loaded optical quality factor, which is typically 10° in
our experiments. AT and Q being measured quantities,
the calibration of a vibrational measurement directly gives
the optomechanical coupling factor g.,,.

Figure 2 shows vibrational optical noise spectra obtained
on selected disks at room temperature and pressure. Several
mechanical resonances are observed with amplitude up
to 20 dB over the noise floor. A striking feature is the
high frequency of these resonances, from 100 MHz to

Balanced
Photodetector-

- Spectrum
Delay Line | Analyzer

FIG. 1 (color online). Optomechanical study of a GaAs disk.
(a) Scanning electron microscope (SEM) view of a GaAs disk
(4.5 pm diameter and 200 nm thickness) suspended on an
AlGaAs pedestal. (b) Schematics of the near-field optomechan-
ical spectroscopy experiment. FPC stands for fiber polarization
control, PBS for polarization beam splitter.

1 GHz [19]. This results from the small size of the disks,
which also induces small motional masses (see also
Table I). The mechanical Q factors span from a few tens
to a few 103. Figure 2(d) shows a mechanical resonance
at 8589 MHz with Q = 862. This corresponds to a
frequency-Q product of 0.7 X 10'2, approaching best re-
ported values in the 10'® range [20] and obtained here in
ambient conditions. Note that high purity crystalline GaAs
mechanical oscillators should be free of mechanical losses
affecting amorphous glasses at low temperature [21]. A
GaAs micromechanical oscillator with Q factor above 10°
has already been reported at low temperature [22].

Figure 2(b) displays a measurement of the disk
Brownian motion at 300 K, showing a sensitivity of
2 X 1077 m/+/Hz. The calibration is obtained here using
equipartition of energy for the Brownian motion amplitude
[18] but it can also be obtained from an independent
estimation of g, as detailed below.

The formula g,,, = —w/R is expected to be no longer
valid if the mechanical mode has a nonradial component
(out-of-plane motion) or in case the effective index ap-
proach does not hold anymore. The latter occurs if the disk
is too thin (< A/n) or if it is not a perfect cylinder. With
a 200 nm thickness, we expect our GaAs disk resonators
to deviate from g,, = —w/R. The general problem of
how an optical resonator eigenfrequency w depends on
the deformation « of the resonator can be solved by a
perturbative treatment of Maxwell’s equations [23]. A
convenient approach is to represent the resonator deforma-
tion by the displacement a of a chosen point of the
resonator having maximum displacement amplitude. If
the normalized displacement profile is known, a suffices
to represent the complete resonator deformation field.
With this approach g, is expressed as the integral of
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FIG. 2 (color online). Selected vibrational spectra of GaAs
nano-optomechanical disks. (a) Optically measured motional
noise spectrum of a disk of radius 5.6 um and thickness
200 nm. (b) Calibrated displacement noise resonance of a disk
of radius 4.5 wm, showing a sensitivity of 2 X 1077 m/+/Hz.
(c),(d) High-frequency mechanical resonances of a disk of radius
3.6 um in the 500 MHz—-1 GHz band.
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an optomechanical function over the rigid resonator
boundaries:

Som =5 f(q-n)[AsleM2 —AleTHld, PlaA. (D)

In this expression  is the rigid resonator eigenfrequency,
q is the normalized displacement profile vector such that
max|q(r)| = 1, n the normal unit vector on the boundary,
Ae = ¢ — 1 with ¢ the dielectric constant of the resonator
material, A(e™!) = 7! — 1, e is the electric complex field
vector normalized such that% [elel’dV =1,and d = ee
[9]. Importantly Eq. (1) shows that g, depends both on the
electromagnetic and mechanical mode under considera-
tion, which in a GaAs disk are identified as explained now.

The WGM identification is carried out performing
broadband optical spectroscopy of the disk to reveal a
sequence of WGM resonances of varying linewidth and
wavelength spacing. This sequence is compared to that
obtained from numerical simulations [24], with a generally
excellent overlap that imposes a unique radial-azimuthal
label (p, m) to each optical resonance [17].

The identification of mechanical modes appearing in the
measurement is more involved. Indeed, their frequencies
depend on the exact geometry and composition of the disk
and AlGaAs pedestal, and on the possible presence of
residual stress in the material after etching. Here we iden-
tify each mechanical mode by studying its dispersion line
as a function of the disk size, using for that purpose disks of
different size but on the same sample, hence made out of
the same material and resulting from the same fabrication
process. Typically, for a disk of diameter 4.5 um, the
pedestal large and small diameters are 1 and 0.6 um
[Fig. 1(a)]. The disk thickness and pedestal height are
controlled during epitaxial growth. The other geometrical
parameters are measured with a precision of =50 nm in a
SEM and serve as input for numerical simulations, where
we treat the material as isotropic and use elastic parameters
at 300 K for GaAs (Young’s modulus E = 85.9 GPa,
Poisson ratio o = 0.31, and density 5.316 g.cm™3) and
for Aly3Gay,As (E = 83.86 GPa, o = 0.39, and density
4.072 g.cm3). These simulations provide us for each disk
with a series of mechanical modes that can be named using
radial and azimuthal numbers P and M. The displacement
profile of a given mode can be factorized in the form

TABLE 1.

q(p, 0,z) = cos(M6) X fp(p, z) as a result of the rota-
tional symmetry of the disk.

Figure 3 shows measurements performed on disks of
radius varying between 3 and 6 um. The shadowed guides
to the eyes are obtained from simulations and displayed
with a thickness of =30 MHz corresponding to the uncer-
tainty concerning the disk geometry. Figure 3 allows iden-
tifying the prominent mechanical resonances in the
spectrum as having M = 0 and M = | azimuthal numbers
(modes A, C and D of Fig. 3 correspond to M = 0 and mode
B to M = 1). This identification is further confirmed by
looking at the related optomechanical coupling. As a con-
sequence of the disk rotational symmetry, the integral of
Eq. (1) contains an azimuthal prefactor of the form

270 c08(MB)cos* (m0)dO =180+ 5[ Spr+amo T Syr—2m o)
where m (M) is the azimuthal number of the optical
(mechanical) mode under consideration. This prefactor
shows that the largest optomechanical coupling g, is ob-
tained for the mechanical azimuthal number M = 0. This is
confirmed by our measurement where dominating reso-
nances in the spectra always correspond to M = 0 modes.

In case of interest m > 1 and 8445, 0 = 0. Apart from
M = 0, the only case of nonzero optomechanical coupling
is thus expected for M = 2m. In WGMs investigated here, m
goes from 30 to 50. Mechanical modes with M =2m are
hence of very high order and practically not visible in the
spectra with the current sensitivity. In contrast, we observe
mechanical modes with small azimuthal numbers (M =
1,2...). Even though their weight in the spectrum remains
small, their presence shows that the rotational symmetry of
the disk and the above selection rules are only approximate.

Once both optical and mechanical modes are singled out
in the measurement, the optomechanical coupling g, is
computed for each optical-mechanical combination using
Eq. (1). The mechanical resonance shown in Fig. 2(b)
corresponds, for example, to the M = 0 mode labeled A
in Fig. 3. The optical resonance used in Fig. 2(b) has been
identified to be the WGM (p = 3, m = 33). A numerically
“simulated” value g,,° of the coupling between these two
modes is computed to be g,,* = 61 GHz/nm. But the
effective mass of the mechanical mode also leads the
Brownian motion amplitude by the equipartition theorem
megrw*({Aa?) = kgT. Our measurements are performed at
300 K and the magnitude of the thermo-optic shift of
the WGM resonance [25] indicates that heating induces

Optical-mechanical resonances of 3 GaAs disks, experimental (superscript e) and simulated (superscript s).

Ry (um) Ao (am) (p,m) Optical 0 f,* MHz) fy,° (MHz) my (pg) gom® (GHz/nm) g,,'(GHz/nm) Mechanical Q

4.5 *0.1 1551.7 1.0 X 10° 343 339
(3,33) 397 380
4.6 £0.1 1535.2 9.5 X 10* 336 337
(3,34) 395 380
5.6 £0.1 1513.9 5.9 X 10* 308 326
(3.45) 383.5 373

21.2 71 61 66
21.2 65 76 38
22.1 95 65 120
20.9 60 72 66
36 132 78 73
22.4 41 35 114
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FIG. 3 (color online). Dispersion lines of GaAs disk mechani-
cal modes measured vs disk radius. Thickness is 200 nm. Data
points were acquired on different disks of the same sample.
Transparent ““guide to the eyes” bands correspond to numerical
simulations with an error bar represented by their thickness.

negligible modification of the thermal motion amplitude.
The Brownian motion can then also be used to calibrate the
measurement and extract in a second independent manner
an “‘experimental” value g,,,¢ of the optomechanical cou-
pling. g,¢ and g,,,* values are in reasonable agreement.
Table I contains the parameters relating to optical-
mechanical resonances observed on 3 distinct disks.
The effective masses are typically around 10 pg, with
optomechanical coupling spanning from 30 to
150 GHz/nm. Combined with an optical Q factor in the
10° range, this leads to a typical displacement sensitivity
of 1077 m//Hz. This is only a factor 100 above the
standard quantum limit imprecision and is obtained here
at room temperature and ambient pressure. This sensitivity
compares favorably with other systems considering the
nanoscale dimensions of the GaAs mechanical system
under consideration and the high mechanical frequencies
at play. Previous displacement sensitivities on MHz nano-
mechanical oscillators are of 10~'® m/+/Hz obtained with
a single electron transistor at mK temperature [26],
10~'% m/+/Hz using a rf stripline cavity at mK temperature
[8] and 10~'5 m/~/Hz reachable using a high finesse fiber-
cavity or a silica toroid as a mechanical-optical
transducer [6,7]. A sensitivity in the 10™'7 m/+/Hz range
was recently reported in optomechanical crystals [9].
This sensitivity makes semiconductor disk resonators
promising candidates to study quantum limits in optome-
chanics. For example, a GHz mechanical mode of a GaAs
disk would have a mean thermal occupation number of
only 35 at 1 K. Cavity self-cooling of such disk oscillator
by a factor as low as 35 would allow it to enter the quantum
regime, with the peculiar advantage that it would be
available on a integrable optical platform. Besides the
envisioned cavity-mediated coupling [27] of this quantum

mechanical oscillator to an artificial atom (InAs quantum
dot) for coherent control experiments, the GaAs-based
optomechanical system presented here lends itself to the
engineering of its optical and piezoelectrical properties
through doping and the design of an embedded active
medium. These original features should allow exploring
novel architectures, at the frontier of III-V nanophotonics
and optomechanics in the quantum regime.
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*ivan.favero @univ-paris-diderot.fr

[1] I. Favero and K. Karrai, Nat. Photon. 3, 201 (2009).

[2] F. Marquardt and S. Girvin, Physics 2, 40 (2009).

[3] M. Aspelmeyer, S. Groblacher, K. Hammerer, and N.
Kiesel, J. Opt. Soc. Am. B 27, A189 (2010).

[4] M. Li, W.H.P. Pernice, and H. X. Tang, Nature Nanotech.
4, 377 (2009).

[5] I Favero and K. Karrai, New J. Phys. 10, 095006 (2008).

[6] I. Favero et al., Opt. Express 17, 12813 (2009).

[7] G. Anetsberger et al., Nature Phys. 5, 909 (2009).

[8] J.D. Teufel et al., Nature Nanotech. 4, 820 (2009).

[9] M. Eichenfield, J. Chan, R. M. Camacho, K. J. Vahala, and
O. Painter, Nature (London) 462, 78 (2009).

[10] I. Wilson-Rae, P. Zoller, and A. Imamoglu, Phys. Rev.
Lett. 92, 075507 (2004).

[11] E. Peter et al., Phys. Rev. Lett. 95, 067401 (2005).

[12] A. Andronico et al., J. Eur. Opt. Soc. Rapid Publ. 3, 08030
(2008).

[13] B. Gayral et al., Appl. Phys. Lett. 75, 1908 (1999).

[14] E. Peter et al., Appl. Phys. Lett. 91, 151103 (2007).

[15] C.P. Michael et al., Appl. Phys. Lett. 90, 051108 (2007).

[16] L. Ding, C. Belacel, S. Ducci, G. Leo, and I. Favero, Appl.
Opt. 49, 2441 (2010).

[17] L. Ding et al., Proc. SPIE Int. Soc. Opt. Eng. 7712, 771211
(2010).

[18] See supplementary material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.105.263903 for details
regarding the optomechanical measurement.

[19] T. Carmon and K.J. Vahala, Phys. Rev. Lett. 98, 123901
(2007).

[20] J. Wang, J. E. Butler, T. Feygelson, and C. T. C. Nguyen, in
Proceedings of the IEEE Conference on Micro Electro
Mechanical Systems (IEEE, New York, 2004), p. 641.

[21] R.O. Pohl, X. Liu, and E. Thompson, Rev. Mod. Phys. 74,
991 (2002).

[22] 1. Mahboob and H. Yamaguchi, Nature Nanotech. 3, 275
(2008).

[23] S.G. Johnson et al., Phys. Rev. E 65, 066611 (2002).

[24] M. Oxborrow, IEEE Trans. Microwave Theory Tech. 55,
1209 (2007).

[25] T.Carmon, L. Yang, and K. Vahala, Opt. Express 12, 4742
(2004).

[26] A. Naik et al., Nature (London) 443, 193 (2006).

[27] K. Hammerer et al., Phys. Rev. Lett. 103, 063005 (2009).

263903-4



Optomechanics experiments

6.2.2 Gigahertz GaAs disk resonators at room temper-
ature

Next we wished to further reduce disk dimensions beyond what was shown
in the previous article in order to boost both the optomechanical coupling
terms’ and the mechanical frequencies. (High mechanical frequencies are
desirable to enter the good cavity limit required to reach the quantum regime
(see section 3.3) as well as for high speed sensing applications). In order to
achieve GHz mechanical frequencies for the first RBM the dimensions of the
GaAs disk resonators must be reduced to the extreme with a disk radius
of ~1 pm, below the free space wavelength of the employed light (A ~ 1.5
pm). The size requirements are roughly twice as stringent as for silicon? [22].
Because of this requirement, the 1 ym radius disks shown in this work only
exhibit intrinsic optical quality factors of ~ 1 x 10%, limited by radiation
losses at A >~ 1.5 pm. (Newer designs discussed in the previous chapters use
thicker 320 nm disks (giving higher n.s) at a lower wavelength of A ~ 1.3
pm, which is why they are no longer radiation limited). Extremely small
WGM disk resonators come with additional specific challenges. For instance
because of the poor thermal anchoring provided by their small pedestal and
the residual optical absorption (see section 5.3) these resonators are very
sensitive to thermal effects. At high laser powers it is actually possible to
irreversibly damage the disk by heating it up to temperatures above 700
K. Furthermore these reduced sized disks only support the p=1 family of
WGMs (the higher orders are suppressed by the presence of the pedestal
and bending losses) with a Free Spectral Range (FSR) of approximately 140
nm. The resonators therefore need to be fabricated to precise dimensions in
order for the unique WGM resonance to fall within the ~100 nm range of
our tunable laser.

The miniaturization of the GaAs disk resonators boosted the g, to
around 500 GHz/nm and the g to near 1 MHz. These results are summarized
in the following article named ‘Wavelength-sized GaAs optomechanical res-
onators with gigahertz frequency’, which underscores the potential of GaAs
disks as a platform to study optomechanics. (Note that since this earlier
work, a better control of the pedestal geometries (see section 4.1.10) has al-
lowed for boosting the mechanical quality factor Q,; close to tenfold in air,
and even beyond that in vacuum and low temperature, reaching Q xf ~ 10'3).

1Since both g,.m and xzpr are increased with reduced disk dimensions, this results in
an increased go=gom Tzpr. (See chapter 3).

2Indeed the frequency of the first RBM scales with , /% (see section 2.3.2) and GaAs
has roughly half the Young’s modulus but twice the density of silicon (see appendix D).
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We report on wavelength-sized GaAs optomechanical disk resonators showing ultrastrong
optomechanical interaction. We observe optical transduction of a disk mechanical breathing mode
with 1.4 GHz frequency and effective mass of ~2 pg. The measured vacuum optomechanical
coupling rate reaches g,=0.8 MHz, with a related differential optomechanical coupling factor
gom=485 GHz/nm. The disk Brownian motion is optically resolved with a sensitivity of
10-'7 m/ JHz at room temperature and pressure. © 2011 American Institute of Physics.

[doi:10.1063/1.3563711]

Optomechanical systemsl*3 combining a mechanical os-
cillator and an optical cavity find applications in very differ-
ent fields of physics, from mesoscopic quantum physics to
cold atoms™* and mechanical sensing.6 Gigahertz (GHz) me-
chanical oscillators can help accessing the quantum regime
of optomechanics, can allow developing ultrafast sensing
systems, or can match hyperfine transitions of (artificial) at-
oms interfaced with the mechanical system. The difficulty
lies generally in coupling such GHz oscillators to photons
efficiently, in order to offer optical control over the oscillator
motion, together with fine optical read-out sensitivity.7 A use-
ful way to quantify the optomechanical coupling is to use the
differential “frequency pull” parameter g, defined as g,
=dw,/da expressing how the deformation of the optical
resonator a modifies its optical resonance eigenfrequency
w,. In a quantum description of the optomechanical interac-
tion at the single photon level, another relevant parameter is
the vacuum OEtomechanical coupling g, given by g,.Xzpp
where xypp=VA/2mgw,, is the zero-point motion of the me-
chanical oscillator, m. its effective motional mass and w,,
its resonance angular frequency. Large optomechanical cou-
pling, approaching g,,,=w,/\ with N the wavelength of pho-
tons, Was recently obtained in photonic-crystal based
structures.” In this work, we scale the size of GaAs opto-
mechanical disk resonators'® down to N\ and show that we
can this way naturally couple an (over) GHz mechanical os-
cillator to an optical cavity of high quality factor Q and
subwavelength mode volume. Thanks to the strong confine-
ment of the optical and mechanical modes in a nanoscale
disk, we approach g,,=w,/\ and obtain a vacuum coupling
rate go=0.8 MHz.

Our wavelength-sized GaAs disks stand on Christmas
treelike AlygGag,As pedestals and are fabricated from an
epitaxial wafer using e-beam lithography and two-steps wet
etching.12 The typical disk has a radius R=1 wum and a
thickness of 200 nm, as seen in Fig. 1(a). For such a disk,
two-dimensional axis symmetry  finite-element-method
(FEM) simulations'? predict in the 1500-1600 nm range one
unique optical whispering gallery mode (WGM) resonance at

“Electronic mail: lu.ding @univ-paris-diderot.fr.
P Electronic mail: ivan.favero@univ-paris-diderot.fr.

0003-6951/2011/98(11)/113108/3/$30.00
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a wavelength of Ay= 1550 nm. The corresponding WGM is
a TE (p=1, m=7) mode, where p and m are radial and
azimuthal numbers, respectively.14 The electric field intensity
is localized at the periphery of the disk [Fig. 1(b)]. The free
spectral range between two consecutive m numbers of this
WGM is \,*/(2mmR)=~140 nm, taking R=1 um and
n.g=2.6 for the effective index of the 200 nm GaAs slab TE
mode. The mechanical mode of the disk is simulated by
three-dimensional (3D) FEM simulation. Based on our pre-
vious work,'® we know that axis- symmetry breathing modes
with azimuthal number M=0 couple maximally to WGMs
photons. For the present disk, a breathing mode with M=0 is
expected at a frequency around 1.5 GHz. Its 3D deformation
profile is shown in Fig. 1(c).

Figure 1(d) is a schematics of near-field optomechanical
experiments on a single disk,"” where light from a mode-
hope free tunable external-cavity diode laser (A

(a) (c)

e
Mechanical
Mode (M=0)

FPC M2

Fiber Taper PD1

P A
Tunable

Laser I E ’>—
—

T Disk

RF Fiber
Signal Amplifier

FIG. 1. (Color online) (a) SEM view of a GaAs disk (I wm diameter and
200 nm thickness) suspended on an AlGaAs pedestal. (b) Electric field in-
tensity |E(r)|? of the optical mode (p=1, m=7). (c) Deformation profile of
the M=0 mechanical breathing mode. (d) Schematics of the near-field op-
tomechanical spectroscopy experiment. The linear polarization is selected
by a fiber polarization controller (FPC) and a half-wave plate. PD stands for
photodetector.

© 2011 American Institute of Physics
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FIG. 2. (Color online) [(a)—(c)] Normalized optical transmission spectrum
of optical resonance (p=1, m=7) measured at low and high optical power
in three disks. (d) The WGM wavelength as a function of the disk radius. (e)
Relative optical resonance shift AN as a function of the total transmitted
optical power. (f) The temperature change as a function of normalized reso-
nance shift AN/\, due to thermal-optic effect.

=1500-1600 nm, linewidth ~150 KHz) is evanescently
coupled into the disk using a looped fiber-taper method.'>'®
All experiments and simulations are carried out at a room
temperature and pressure.

The optical spectra of three GaAs disks are shown in
Figs. 2(a)-2(c), at low and high optical power. They are re-
corded from a weak dc component of the fiber output. At low
power, the symmetric optical resonance indicates linear be-
havior of the disk optical mode. The intrinsic optical Q
reaches 1 X 10*, mainly limited at this wavelength by radia-
tion losses. In our experiments, we measure the optical reso-
nance wavelength with an error inferior to 50 pm. Figure
2(d) shows the WGM measured wavelength A\, as a function
of the disk radius, the latter being measured in a scanning
electron microscope (SEM) with an accuracy of *50 nm.
Relying on an epitaxially controlled thickness of 200 nm, the
measured wavelength relates through numerical simulations
to a given disk radius (solid squares), which agrees well with
the measured radius (circles with error bar). In our study, the
WGM has weaker dependence on the pedestal geometry.

At high optical power, we observe an important thermo-
optic distortion of the optical resonance.'>!"'® The strong
confinement of optical energy in the disk combines with re-
sidual absorption and a poor thermal anchoring to produce
significant heating. Figure 2(e) shows the relative optical
resonance shift A\ as a function of the power transmitted by
the fiber. Red, green, and blue circles represent disk 1, 2, and
3, respectively. Considering a linear thermo-optic effect
n(T)=n(300 K)+(dn/dT) X AT and the approximate rela-
tion 27Rn.=mA\, the temperature increase corresponding
to a shift of the resonance wavelength AN [Fig. 2(f)] is AT

Appl. Phys. Lett. 98, 113108 (2011)
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FIG. 3. (Color online) [(a)-(c)] The rf-spectrum of the M=0 breathing
mechanical mode from each disk taken in ambient conditions. (d) A cali-
brated Brownian motion spectrum of disk 1.

=ng/ (dn/dT) X (AN/\,), where dn/dT=2.35X10"* K~! in
GaAs at room temperature. ~ In extreme cases, the resonance
shift reaches 100 nm corresponding to a temperature increase
AT>700 K at which the disk is irreversibly damaged after
desorption of As atoms from the GaAs surface.”’ Note that
heating can also induce optical resonance shift by means of
direct thermal expansion of the disk gallery, in proportion of
a; =6.05X107% K~!, the room temperature thermal expan-
sion coefficient.>' The associated shift, AN=Ngoq AT, is how-
ever two orders of magnitude smaller than the thermo-optical
contribution. It is hence negligible and the optical resonance
shift observed in our experiments is safely attributed to
thermo-optical effects. In Fig. 2(e), the approximate linear
scaling of the temperature increase with optical power is
consistent with the fact that the three measured disks have
similar geometry. However the exact optical absorption and
thermal dissipation mechanisms remain to be investigated
and possibly optimized in future experiments.

When the laser wavelength is tuned to a flank of the
WGM resonance, the disk mechanical motion modulates the
transmitted optical power, whose rf noise spectrum becomes
a vibrational spectrum of the disk. Because the disk me-
chanical mode of interest resonates over 1 GHz, we use a
high-speed PIN photodetector with 2 GHz bandwidth. We
replace electronic amplification of the detector, which would
limit its bandwidth, by optical amplification of the signal at
the fiber output, using an erbium-doped fiber amplifier [see
Fig. 1(d)]. The output of the photodetector is then analyzed
by a spectrum analyzer. Figures 3(a)-3(c) show the obtained
rf-spectrum of each disk. The mechanical frequency of the
breathing mode is found at 1.4 GHz. Using the disk radius
inferred from the optical resonance and pedestal geometry
observed in the SEM, we simulate numerically the mechani-
cal mode for each disk and obtain a correct agreement with

TABLE 1. Experimental (superscript e) and simulated (superscript s) mechanical and optomechanical param-

eters of three miniature GaAs disks.

Raisk iy fy’ m,g" Zom™ Zom’ g’ g’

(pm) (GHz) (GHz) (pg) (GHz/nm) (GHz/nm) (MHz) (MHz)
0.98 =0.05 1.39 1.39+0.05 2.2 485 693 0.8 1.14
1.04 +£0.05 1.36 1.37%£0.05 1.4 277 396 0.58 0.84
1.03%+0.05 1.34 1.34%£0.05 2.4 429 613 0.7 1.0
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experimental frequencies. We estimate that the irregular
shape of the pedestal leads to an error of =50 MHz in the
simulated value. At high optical power, the optically induced
heating barely modifies the material’s elasticity so that the
associated mechanical frequency shift, about 1%, is negli-
gible.

The optomechanical coupling between the identified op-
tical and mechanical modes is computed numerically using a
perturbative treatment of Maxwell’s equations,m’22 yielding a
simulated optomechanical coupling of g =690 GHz/nm
for disk 1, with a related vacuum coupling of g,
=1.1 MHz (see Table I for values on the three disks). Note
that the deformation/« is parameterized here by choosing a
point of maximal displacement at the periphery of the disk.
The optomechanical coupling can also be measured indepen-
dently by calibrating the optical measurement knowing that
the Brownian motion of the disk is transduced optically in
proportion of gom.7’]0 For disk 1, this second method yields
an experimental optomechanical coupling of g,°=0.8 MHz
(gom =485 GHz/nm), a factor 1.4 times smaller than the
simulated value. Similar discrepancies were observed in pho-
tonic crystals structures’ ° and probably stem from an imper-
fect control in the geometry of the nanofabricated resonator.
The associated irregularity is difficult to capture in numerical
simulations. Table I lists mechanical and optomechanical pa-
rameters of the three studied disks. The calibrated Brownian
motion of disk 1 is plotted in Fig. 3(d), showing a sensitivity
of a few 1077 m/ JHz, which is only a factor 100 above the
Standard Quantum Limit imprecision.”® The second disk in
the table possesses a larger pedestal than the disk seen in Fig.
1(a). This results in a slightly less confined optical WGM and
a reduced effective motional mass. The optomechanical cou-
pling is consequently reduced with respect to the two other
disks.

In summary, wavelength-sized GaAs optomechanical
disk resonators with mechanical frequency over the GHz
are observed. The vacuum optomechanical coupling g, is
measured to rise up to the MHz with associated g,,, of 500
GHz/nm. This strong optomechanical interaction makes
GaAs disks an interesting platform to study quantum-
optomechanics phenomena at the single photon level, espe-
cially since solid state single photons emitters in form of
InAs quantum dots> are already being inserted in such disks
in quantum electrodynamics experiments.26’27
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6.2.3 Dynamical back-action in GHz GaAs disks in
air at room temperature

As known in optomechanics, the optical field confined in the disk resonator
can modify a mechanical mode’s effective loss rate (see section 3.2.1). Figure
6.1 (a) illustrates this phenomenon on the first RBM of an on-chip =2 pum
disk, with the laser tuned to the blue flank of a p=1 m=10 WGM. Increas-
ing the power dropped in the resonator noticeably reduces the mechanical
mode’s FWHM. Meanwhile the mechanical mode’s resonance frequency de-
creases by just a few MHz, mainly due to laser heating and GaAs’ lower
Young’s modulus at higher temperature [171, 172]. A mechanical mode’s
intrinsic quality factor (unperturbed by the probing optical field) is inferred
by taking the mode’s FWHM in the limit of zero optical power (i.e. the y
intercept of the red linear fit in Fig. 6.1 (a)). Figure 6.1 (b) shows the small-
est mechanical linewidth attainable on the same small GaAs disk resonator.
Further increasing the dropped power simply shifts the mechanical resonance
towards lower frequencies because of increased heating, but does not further
diminish the linewidth (the behavior is comparable at cryogenic tempera-
tures). The ultimate limit to the mechanical linewidth needs to be further
investigated. Indeed on larger (@ ~ 10 pum) disks the ultimate linewidth in
the self-oscillation regime is significantly smaller, with effective Qs close to
one million. This difference is perhaps due to the larger contribution of TPA
in small resonators, as TPA limits the optical Q at high power. Furthermore
the free carriers generated by this TPA process may also be responsible for
increased mechanical dissipation [11]. In summary we indeed observe dy-
namical back-action amplification on GHz GaAs disks, but the behavior is
non standard in optomechanics with an apparent saturation.

6.2.4  On-chip GaAs disk optomechanics in vacuum
and low temperature

Measuring samples in the cryostat (see Fig. 6.2) is significantly less conve-
nient than using the simple characterization bench setup shown of Fig. 5.1.
As we will see in the following, cryostat operation comes with a number of
specific challenges which could only be partially resolved during this thesis
work. However these difficulties should all be remedied in the future thanks
to a new cryostat design discussed in section 6.2.8.
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Figure 6.1: (a) Mechanical RBM FWHM as a function of dropped optical power. Red line
is a linear fit through the data points. The y intercept is approximately 870 kHz, yielding
an intrinsic Qs in air of ~1580. (b) At large laser powers tuning the laser to the blue
side of a WGM resonance diminishes the effective mechanical damping, here boosting the
mechanical Q close to 25 times to an effective Q,, of ~36000.

6.2.5 Experimental setup

The experimental setup used to measure on-chip samples in the cryostat is
represented in Fig. 6.3. Laser light is generated by a tunable external-cavity
diode laser source (Yenista Tunics, symbol TL). The correct polarization to
couple to TE WGMs is chosen with a fiber polarization controller (symbol
FPC). A large beam fiber collimator (C1) then produces a large g~7 mm
free space beam designed to use the full numerical aperture (NA) of our near-
infrared long working distance microscope objective (Nachet NIR 20X 0.35
NA, Symbol 0O). Beam Alignment is obtained through mirrors (M) and 3
axis positioning stages (XYZ). Light is coupled into a waveguide by focusing
the laser light through the first cryostat window and onto the waveguide’s
cleaved input facet. The sample chip is fastened vertically on the cryostat’s
cold finger (see Fig. C.4 for more details). Switching from one waveguide to
another is done by moving the entire cryostat vertically using the translation
stages on the cryostat support structure (not represented here). Light exit-
ing the GaAs chip is collected by an aspheric lens (AL) and focused upon an
adjustable focus aspheric lens (C2). This lens injects the light into a single
mode fiber. Next the collected light is amplified with an optical amplifier
(OA), which depending on the laser wavelength is either an erbium doped
fiber amplifier (for a wavelength A around 1.55 pm) or a solid state booster
optical amplifier (Thorlabs BOA 1132s) (for A around 1.3 pgm). The amplified
optical signal is then sent on a 5 GHz bandwidth InGaAs biased photodetec-
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Figure 6.2: Illustration of the cryostat used in this work (Janis ST-300), with its support
structure. The rough position of the optical axis is represented by the dashed red line.
Letters A and B are discussed in section C.0.2.

XYz XYZ

Figure 6.3: In cryostat experimental setup
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tor (SIR 5 Thorlabs). The photo-current’s power spectral density® is finally
observed on a spectrum analyzer (Rhode & Schwartz FSP).

The specifics of the laser light in- and out-coupling with the chip in the
cryostat, as well discussions pertaining to the thermal and mechanical stabil-
ity of this coupling are presented in appendix C.0.1 and C.0.2 respectively.

6.2.6 Measurements in vacuum in the cryostat

A vacuum system composed of a scroll pump and turbo pump can pump
the cryostat down to a vacuum of ~10~% mbar. Moreover, once the cryostat
is cooled with liquid helium, the low temperatures cause gas molecules to
condense on the cooled elements (cryopumping). Through this mechanism
the pressure drops to ~10~7 mbar without further need for the pumping
system which can be switched off.

The contribution of air damping on the mechanical motion (see section
2.5.3) is removed at low pressures. Mechanical quality factors for the first
RBM of g= 2um GaAs resonators with a pedestal radius of 85 £10 nm
(>90% undercut ratio) which were limited to approximately 1600 in air there-
fore rise in vacuum. However the mechanical (Q boost is smaller than expected
at room temperature, with mechanical Qs comprised between 2000 and 3000.
Only at cryogenic temperatures does the Q) rise to values ranging from 5000
to 7000, in excellent agreement with the FEM simulations of clamping losses
discussed in section 2.5.2. In the best case, these values correspond to a quite
high frequency times quality factor product Qu xf = 1-10'® Hz. This tem-
perature dependence of Qs seems to point towards the role of surface losses
(see section 2.5.5), which are frozen out at low temperature?. In the future
the fabrication of slightly larger test disk resonators with extremely large un-
dercut ratios should allow to precisely determine the relative contributions
of clamping losses, surface and/or bulk dissipation and thermoelastic damp-
ing to the total dissipation, thus providing a complete picture of mechanical
dissipation in GaAs disks.

3The power spectral density S,,(w) of a time dependent signal x(t) is defined as the
limit as the integration time T tends to infinity of the expected value E of the square
modulus of the signal’s Fourier transform, i.e.
2]

1 /°° it
—_— z (t) e *'dt
‘\/To )

4The temperature dependent thermo-elastic damping (see section 2.5.4) should have a
trivial contribution to the total Qs at the current levels of quality factor.

176



Optomechanics experiments

3.0x10°" T T T T T T T
- 1336

®  dn/dT GaAs

25x10" - O WGM resonance frequency q 1334

- 1332
4

2.0x10" n - 1330

o - 1328

1.5x10" n 1326

dn/dT(K"-1)
[]
1

, - - 1324
1.0x10” | o
- 1322

WGM resonance frequency

s o - 1320
5.0x10"

o - 1318

0.0 1 1

I 1 1 L 1 1316
0 50 100 150 200 250 300

Temperature (K)

Figure 6.4: Thermo-optic coefficient (dn/dT) of GaAs as a function of temperature (red
squares), obtained by following a WGM’s resonance wavelength shift as a function of
temperature (blue circles).

6.2.7 First measurements at cryogenic temperatures

We initially had some difficulties thermalizing our sample chip at tempera-
tures below 20 Kelvin. After some work on the cryostat and the fabrication of
a homemade radiation shield, the sample temperature can be brought down
to roughly 8 K. These developments are discussed in detail in appendix C.0.3.
Photographs of our current cryostat setup are provided in Fig. C.4 in the
appendix. The employed laser powers produce a negligible effect on the sam-
ple’s bath temperature. Indeed we experimentally verify that a 10 mW beam
focused on- and absorbed by our gold sample holder only raises its tempera-
ture by only 0.02 K. Residual absorption in the disk resonator causes larger
temperature increases. These are estimated by fitting changes in the me-
chanical mode’s resonance frequency with a temperature dependent Young’s
modulus model [171, 172]. This method provides more accurate results than
using the thermo-optic shift, which is significantly smaller at cryogenic tem-
peratures as shown in Fig. 6.4.

In Figure 6.5, we investigate the influence of the laser power coupled in
the waveguide on the GaAs disk’s mechanical and optical properties and
identify some interesting effects. The sample’s environment is kept at 8 K
throughout all these measurements. Fig. 6.5 (a) illustrates how the RBM
resonance frequency decreases with increasing optical power. This frequency
shift is well explained by the previously mentioned temperature dependent
Young’s modulus model and serves to accurately estimate the mechanical
resonator’s actual temperature.

Fig. 6.5 (b) shows the dependence of the GaAs disk RBM effective me-
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Figure 6.5: This figure shows the dependency of the RBM mechanical resonance fre-
quency (a), the effective mechanical quality factor (b) and the WGM resonance contrast
and derived normalized loss rate (c¢) with the optical power in the coupling waveguide.
Measurements are done on a 1 um radius GaAs disk at 8 K.

178



Optomechanics experiments

chanical quality factor with the optical power. At low laser power the me-
chanical Q is close to 6000. With increasing laser power the disk heats up
due to optical absorption and the effective mechanical ) initially decreases,
reflecting the mechanical Q’s temperature dependence previously discussed
in section 6.2.6. Then with further laser power increase (here above 70 uW
coupled in the waveguide) the effective mechanical Q) starts rising, due to the
effect of dynamical back-action (the laser is tuned to the blue flank of the
WGM in these measurements).

Fig. 6.5 (c) plots the contrast® of the under-coupled p=1 m=10 WGM as
a function of optical power in the waveguide (red squares). We can see the
WGM contrast noticeably decreases with increasing laser power, from 0.85
to just above 0.55. We explain these changes with Eq. 1.25 from chapter 1,
which relates the WGM contrast to both the intrinsic and extrinsic loss rates
Yint and Yex. Since these measurements are all taken on a same disk and the
coupling conditions to the waveguide do not change, ey can be considered
essentially unchanged. This means the intrinsic loss rate 7, increases with
rising laser power, rendering the WGM more and more under-coupled. Using
Eq. 1.25 we plot the normalized intrinsic loss rate, normalized such that it
equals 1 at low laser power (blue circles). The loss rate is multiplied by a fac-
tor of ~2.2 at the highest optical power. This is in good agreement with the
estimated effect of TPA, discussed in section 5.3.2. This phenomenon is also
seen to a lesser extent on large stand-alone GaAs disks probed by pulled fiber
taper. Furthermore we observe how the rising intrinsic loss rate decreases
the contrast of under-coupled WGMs, while simultaneously increasing the
contrast of over-coupled WGMs of the same disk, in agreement with coupled
mode theory.

Figure 6.6 investigates the dependency of the same three mechanical and
optical parameters, this time with the cryostat temperature. (All measure-
ments are performed in a vacuum < 107% mbar). Fig. 6.6 (a) illustrates the
temperature dependency of the GaAs disk RBM resonance frequency. Fig.
6.6 (b) shows how the RBM mechanical quality factor is roughly three times
higher at 8 K than at room temperature. Next, Fig. 6.6 (c) investigates how
the WGM contrast and loss rate are modified by the sample temperature.
While the effect is not as strong as in Fig. 6.5 (c¢), there nonetheless appears
to be a noticeable (~60%) gain in optical Q when going from 40 K to 8 K.

Finally in Fig. 6.7 we show a low power measurement of the Brownian
motion of the RBM of a GaAs disk resonator at 8 K. At the level of optical
power employed, the heating of the disk due to residual optical absorption is

5A contrast of 0 means there is no optical transmission dip at resonance, while a contrast
of 1 corresponds to critical coupling, (see section 1.3.1).
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Figure 6.6: This figure shows the dependency of the RBM mechanical resonance frequency
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derived normalized loss rate (c) with the cryostat temperature. Measurements are done
on the same 1 pm radius GaAs disk as in Fig. 6.5.
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Figure 6.7: Calibrated noise spectrum

of the order of 5 K. This therefore corresponds to the detection of the Brown-
ian motion of a mechanical mode cryogenically cooled down to roughly 13 K
with a phonon occupancy on the order of 200. The calibrated displacement
noise reveals a displacement sensitivity of the order of 1076 m/+/Hz. This
value is less good than what we observed on our previous experiments in air
at room temperature (see sections 6.2.1 and 6.2.2) and is roughly a factor 50
above the standard quantum limit imprecision. We ascribe the lower sensi-
tivity of these first measurements in the cryostat to the ~10 dB noise figure
of our solid state optical booster®, combined with the notable optical losses
in our current setup (see section C.0.1).

6.2.8 Future developments

Even though it has already allowed us to learn a lot, the current cryostat
setup is not perfectly optimized yet for the extremely stringent experimental
requirements needed to detect mechanical occupancies at the level of a single
phonon. While this first cryostat already allows important advances in the
low temperature optomechanics, the team will soon acquire a new cryostat,
designed from the start with thermal and mechanical stability in mind. It will
provide access for high efficiency light in- and out coupling with micro-lensed
fibers and will reach lower temperatures close to 4 K with dry cryogenics.
Since both the GaAs chip and the coupling fibers will be mounted together

6This means the noise floor is 10 dB higher than with an ideal amplifier.
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inside a single enclosure it will be dramatically less sensitive to mechanical
vibrations and thermal drift. Furthermore the combination of reduced op-
tical losses in the entire optical chain, the replacement of the noisy optical
booster with an ultra-low noise narrow bandwidth electrical amplifier cen-
tered around the mechanical frequency and boosted RBM mechanical quality
factors through pedestal engineering” should provide substantial gains in de-
tection sensitivity.

"The team is currently developing a design in which a phonon shield incorporated in
the disk’s pedestal considerably raises the RBM’s mechanical quality factor.
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Figure 6.8: Oscillations in the suspended SiN coupling waveguide, responsible for both
reactive and dispersive optomechanical coupling.

6.3 SiN optomechanics on the chip

Here we report some results on optomechanical coupling in integrated SiN
resonators. Less time was available to pursue this subject as the thesis
mainly focused on GaAs disk resonators. The studied system consists of
a nanomechanical SiN beam resonator -which also serves as an optical cou-
pling waveguide- placed in the evanescent field of an adjacent WGM resonator
(see Fig. 6.8). This type of system has been studied in [31] which reported
the observation of reactive® force on a silicon waveguide similar to what is
shown here. Reference [31] however did not look at the resonator’s Brownian
motion or show any dynamical back-action due to the coupling.

6.3.1 Detection of the Brownian motion of the SiN
beam

The first step was to see whether we could detect the Brownian motion of the
beam in such a device, by monitoring the noise of the optical transmission.
Using the same setup as shown in Fig. 6.3, we identify one mechanical mode
clearly above the others in the mechanical spectrum, located between 10
and 14 MHz depending on the waveguide geometry and the SiOs under-etch
depth?, see Fig. 6.9. As expected it is the fundamental in-plane bending
mode of the suspended waveguide which couples best to the WGM optical
resonator, as it is the mechanical mode which best modulates the gap distance

8These different coupling mechanisms are defined in the following section 6.3.2.
9The RBM of the disk itself is visible as well, but of poor Qs as the disk is only
underetched on ~15 % of its radius.
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Figure 6.9: Fundamental in-plane bending mechanical mode of a suspended SiN waveguide
at 13.6 MHz. The FEM obtained resonance frequency is in relatively good agreement with
the value obtained through the analytical formula of Eq. 2.19.

between disk and waveguide. An illustration of this mode’s profile is shown
in Fig. 6.10.

Mechanical quality factor

High tensile stress LPCVD SiN is a material which has garnered a lot of
interest for its ability to provide very high mechanical Qs. The Qp;x f
product in SiN nanobeams reaches around 10'2 in the good cases, with typical
values of Qps of one million at 1 MHz or 100 000 at 10 MHz [168, 105].
Here we measure a mechanical Q of ~20 in air and ~1.3-10* in vacuum at
room temperature, which corresponds to a Qu;x f product only in the low
10, We ascribe this lower value to the tapering profile of the waveguide,
which is necessary to adiabatically guide the photons from the large portion
of the waveguide to the suspended section (see Fig. 6.10). This tapering
unfortunately also works as a funnel which adiabatically guides phonons in
and out of the resonator and contributes to a lower overall mechanical Q. On
the contrary, in the previous references the SiN beams make a right angle with
the support structure at the anchoring points, providing a better impedance
mismatch!®.

Detection sensitivity

In the low optical power limit, we notice that the detection sensitivity de-
pends in some cases on which flank of the WGM the laser is tuned to. This is

10Recently the energy flow occurring at the anchoring points of suspended SiN string
resonators has been investigated using a spatially resolved AFM probe technique. This
approach is detailed in J. Rieger’s thesis [173].
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Figure 6.10: FEM simulation of the fundamental in-plane bending mode of a suspended
SiN beam under tensile stress. The color code represents the total displacement amplitude.
The inset shows a blow-up of the 20 pum long central portion of the guide. Agreement
between FEM simulated and experimentally measured frequencies is very good. The
0sin=830 MPa tensile stress in the silicon nitride layer is responsible for roughly doubling
the resonance frequency from 6.9 MHz in the stress-free case to 13.6 MHz here. The SiN
material parameters used for the simulation are listed in appendix D.

unlike what is observed in the usual dispersive optomechanical coupling case.
This behavior can be explained by the contribution of two distinct types of
optomechanical coupling, which we will detail in the following section.

6.3.2 Dispersive and reactive coupling in SiN optome-
chanical resonators

When the SiN waveguide oscillates in the vicinity of the disk resonator, two
types of coupling occur:

e As the beam moves towards and away from the disk, the evanescent
field of the disk’s WGM senses a changing environment, which leads to
a shift in the WGM’s effective index and resonance wavelength. This
is the typical dispersive coupling of optomechanics, encountered for
instance in a Fabry-Perot cavity with free end mirrors.

e In the particular case considered here, the beam/waveguide also plays
the role of an input-output bus for the energy to and from the disk res-
onator. Therefore as the beam moves towards and away from the disk,
the coupling strength between the WGM and the optical mode in the
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Figure 6.11: Optical resonance with beam at equilibrium (solid blue line) and with beam
displaced towards and away from disk (dashed black lines) in the case of pure dispersive
coupling (left) and pure reactive coupling (right). In the pure dispersive case the resonance
wavelength shifts while maintaining constant contrast. In the case of pure reactive coupling
the resonance contrast is modified at constant resonance wavelength.

waveguide is modulated. This coupling which modifies the cavities” ex-
trinsic loss rate eyt is named the reactive or dissipative optomechanical
coupling!t.

For clarity Fig. 6.11 visually sums up the effect of pure dispersive versus
pure reactive coupling on the lorentzian profile of a WGM resonance.

The detection sensitivity to the mechanical motion of the beam depends
on how strongly the transmitted optical power T' through the waveguide is
modified by an elementary displacement of the beam’s position dx , i.e. %.
(See figure 6.12). Both dispersive and reactive coupling will modify the opti-
cal transmission. In the following subsections, we will treat the dispersive and
reactive coupling independently before summing their contributions. (This
treatment is mathematically accurate, see C.0.6). We will see that both con-
tributions may add up either constructively or destructively, depending on

the experimental parameters.

6.3.3 Dispersive optomechanical coupling

When a small dielectric element is introduced inside a resonant cavity (or
inside its evanescent field), the resonance frequency is changed by a small

1Note that whether the approached beam couples light into the cavity (as in our case
and in [31]), or is simply a passive beam approached in the resonator’s near field (as in
[126]) is relevant. In terms of the coupled-mode formalism discussed in chapter 1, the first
case amounts to increasing 7vext While the second amounts to increasing the intrinsic loss
rate Yint. While the effect on the cavity linewidth is identical, only eyt serves as a source

term to drive the cavity (|ff\2 = %Xﬁ).
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Figure 6.12: SiN coupling waveguide’s fundamental in plane bending mode, in the vicinity
of the disk resonator. 'x’ is defined as the distance between disk and waveguide.

amount. Perturbation theory analysis [174] provides the shift in resonance
frequency Awy:

Awy 1, E0) = DIEEPIP0)
w2 [ ) BRI

(6.1)

Here Vieam is the volume of the perturbative element (the waveguide),
Vap and wy denote respectively the volume and resonance frequency of the
unperturbed optical mode (i.e. in the absence of the waveguide). E(F)
is the electric field of the WGM and £(r) is the relative permittivity. The
dispersive shift % depends on the x coordinate. Indeed, as the WGM optical
field decays exponentially outside the disk, a same beam displacement dx will
induce a greater optical frequency shift close to the disk than further away.
The dispersive shift dd% is also going to depend on the considered whispering
gallery optical mode. Since different radial order p modes extend for varying
distances outside the disk resonator, they will experience varying frequency
shifts due to the movement of the beam.

Each WGM in the optical spectrum can be precisely identified by its radial
order p and its azimuthal order m. Once identified, a WGM’s field inside the
disk (Bessel function) and outside (Hankel function) is analytically known
and Eq. 6.1 can be calculated for a given gap distance x. The function
Aw—ﬁo = f(z) is then reconstructed by varying the distance z between the
waveguide and the disk resonator. For a given WGM and waveguide geometry
(length, width and thickness) such a function is plotted in Fig. 6.13. We can

now estimate the wavelength and position dependent variation in the output
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Figure 6.13: Relative frequency shift as a function of gap distance x between disk and
waveguide. Beam dimensions are 20 um length x 900 nm width x 300 nm thickness; the
WGM is a (p=1 m=57). The frequency shift depends on the WGM but is independent of
the WGM’s optical Q. Black dots correspond to discrete calculations of Eq. 6.1 while the
blue line is a fit of the form —ae™?2.

power for a small beam displacement dx due to the dispersive coupling:

(), 00 () (%) 62

The first term on the right hand of Eq. 6.2, (jTTO) is proportional to the slope

of the WGM at the operating laser wavelength \. It is calculated using Eq.
6.3 which gives the optical transmission of a WGM resonance as a function
of A:

(6.3)

Ton is the normalized transmission at resonance (which is equal to 1 minus
the WGM contrast), Ay the resonance wavelength and A the WGM FWHM.

The second term (%ﬂ) is simply equal to wy times the slope of the function

plotted in Fig. 6.13. Figure 6.14 plots (i—g)disp as a function of the laser

wavelength for a small displacement dx around a beam equilibrium position'?
of =400 nm, for an over-coupled p=1 WGM resonance with loaded optical
Q of 1.2-10%.

12The position x=400 nm is the gap distance between disk and waveguide measured
under the SEM for the experimental data shown in section 6.3.5 .
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Figure 6.14: Purely dispersive transmission change for an elementary displacement dz
around a gap distance x = 400 nm, as a function of A (solid blue line). The WGM reso-
nance is added for reference (dashed purple line). The dispersive sensitivity to mechanical

displacement | (%) disp | is maximum along the flanks of the optical resonance, and zero at

resonance. As the beam moves away from the disk (positive dx), the WGM effective index
decreases and )\ is blue shifted. Therefore for a blue detuned probe laser the transmission
dips ((%)disp < 0)). In the case of dispersive coupling, the sign of the transmission change
depends on which flank of the WGM resonance the laser sits on.

6.3.4 Reactive coupling

In the case of reactive coupling, the optical cavity extrinsic loss rate Yext
is modulated by the position of the moving coupling waveguide. As a con-
sequence, the contrast of the optical resonance is modulated, through the
relationship shown in Eq. 6.4:

L — Yoxt/Yint |~
T, = (&) (6.4)
1 + ’Yext/'yint

Therefore, the optical transmission modulation through purely reactive cou-
pling can be expressed as Eq. 6.5):

(2—2) N <dC;7T> <d§x) (6.5)

The first term on the right hand side of Eq. 6.5 is calculated using Eq. 6.3:

( dT ) _ 1
dTs, 14 (}A/A20>2

In order to know the value of the second term (%), one must reconstruct

the function T, = f(z) in the vicinity of the operating gap distance z.
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Figure 6.15: T,, as a function of gap distance = between disk and waveguide for a (p=1
m=>57) WGM with intrinsic optical Q ~ 4 - 10%. Black dots correspond to individual
calculations of T, by the overlap integral method described in chapter 1. The blue line
is a fit using Eq. 6.4. Remarkably both are in very good agreement, even though they are
derived by entirely different methods. For this WGM the critical coupling regime occurs
around x=600 nm.

Using the method described in section 1.3.1, we calculate the overlap integral
between the considered WGM and the optical mode in the waveguide for
discrete values of x. This provides the coupling strength x between disk
and waveguide and the extrinsic loss rate vex. The intrinsic loss rate iy is
obtained through experimental spectroscopy of the disk’'s WGM. Plotted in
Fig. 6.15 is the function 75, = f(z) thus obtained for the same p=1 WGM
as previously. Finally Fig.6.16 plots (%)reac as a function of wavelength
for this WGM. Note that the from Eq. 6.5 it appears that in order for the
reactive coupling to be maximal the laser should be at resonance with the
WGM. However the critical coupling regime should be avoided as at this
point (‘ﬂ%) ~ 0 (see Fig. 6.15); the WGM should be either under- or over-

d
coupled.

6.3.5 Experimental results

The total sensitivity due to the dispersive and reactive contributions is given

by Eq. 6.6:
dT _|(ary o (T
dx total B dx disp dx reac
Thus when (ﬂ

I ) disp and (Z_Z;)reac are of identical sign, both contributions
will add constructively to provide enhanced measurement sensitivity; when
they are of opposite sign, their contributions will add destructively resulting
in diminished sensitivity. This modeling satisfactorily explains the different

(6.6)
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Figure 6.16: Purely reactive transmission change for an elementary displacement dz
around =400 nm, as a function of A (solid blue line). The WGM position is added
for reference (dashed purple line). The reactive sensitivity to mechanical displacement
|(40) cac| is maximum at resonance. In the case of reactive coupling, the sign of the
transmission change is independent of which flank of the resonance the laser sits on. How-

ever, the sign depends on whether the optical mode is over-coupled ((‘(% < 0), or

under-coupled ((4L > 0).

)reac

) reac

behavior observed between an over-coupled p=1 and an undercoupled p=3
WGM. This can be seen in Fig. 6.17, which plots the mechanical signal
amplitude obtained at various points along the WGM resonance.

After this study of the displacement sensitivity variations due to contribu-
tions of both dispersive and reactive coupling mechanisms, we see the physics
of this interaction is well understood. The next step will be to investigate
reactive dynamical back-action.

6.4 Conclusion

In this chapter we discussed our first optomechanical measurements on stan-
dalone GaAs disk resonators. The detection of mechanical modes of WGM
disk resonators above the GHz was reported for the first time. Next we
showed the first measurements of the integrated disk resonators under vac-
uum and at low temperature. Regarding the SiN resonators we showed some
results of Brownian motion detection as well as a model and some first re-
sults on the dispersive and reactive optomechanical coupling at play in these
resonators.
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Figure 6.17: (a) Signal to noise ratio (dB) for the mechanical resonance (blue line theoret-
ical fit, black dots experimental points), as a function of laser position along the optical
resonance (p=1 WGM. at constant laser power . The optical resonance position has been
plotted (purple line) for reference. The optical resonance being over-coupled, the reactive
and dispersive contributions are constructive on the blue detuned flank and destructive on
the red detuned flank of the optical resonance. Indeed the mechanical Brownian motion
signal is 14 dB stronger on the blue flank, when it should be identical were the coupling
purely dispersive. Note that the poor agreement wavelength-wise between experimental
and theoretical points is due to the thermo-mechanical shifting of the WGM resonance
wavelength during the measurement discussed in section 5.4.2. (b) In the case of an under-
coupled, bending loss limited (Q;n=5000) p=3, m=47 WGM the coupling is essentially
reactive in nature: there is no dispersive coupling related sensitivity dip at resonance.
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Conclusion and perspectives

During this thesis, we were able to design and fabricate on-chip GaAs disk
optomechanical resonators with monolithic integrated coupling waveguides
boasting state of the art optical quality factors, and achieve precise control
over the evanescent coupling conditions. We presented an analytical descrip-
tion of both the out-of-plane and in-plane mechanical modes of GaAs disk
resonators and investigated the main loss mechanisms limiting the mechan-
ical Q of the disk resonators. Next, the various mechanisms responsible for
the optomechanical interaction were presented and their relative magnitude
calculated, underscoring the strength of GaAs disk resonators for optome-
chanical applications. After providing an account of the nanofabrication of
these samples, the origin of optical losses in current devices was identified.
Finally, we discussed our initial optomechanical measurements on standalone
GaAs disk resonators and showed the first measurements of the integrated
samples under vacuum and at low temperature.

Our work on the SiN platform resulted in the fabrication of on-chip in-
tegrated high @ SIN WGM resonators, which displayed optical instabilities
and self-pulsing. We also presented some results of Brownian motion detec-
tion, as well as a model and some first results on the dispersive and reactive
optomechanical coupling at play in these resonators.

In the relatively near future, the improvements provided by the new
cryostat setup and the developments outlined in section 6.2.8 should allow
William Hease, the new PhD candidate, to bring the mechanical mode of a
GaAs disk resonator into the quantum ground state and accurately measure
its occupancy.

In the field of optomechanics, progress is often limited not for want of
ideas or theoretical framework, but by simple limitations in device perfor-
mance. In this spirit two new members of the team, Biswarup Guha and
Dac-Trung NGuyen, are seeking to boost the optical and mechanical prop-
erties of the GaAs resonators through better understanding and control of
the surface chemistries, as well as through the development of novel fabrica-
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Figure 6.1: This novel disk resonator design, with an acoustic shield integrated in the
pedestal, dramatically reduces mechanical dissipation. From DT NGuyen et al. “Ultrahigh
Q frequency product for optomechanical disk resonators with a mechanical shield”, in
preparation.

tion designs such as shown in Figure 6.1. The on-chip resonators developed
during this thesis also function as a multipurpose tool with applications in
force sensing and optomechanical experiments in liquids, which Eduardo Gil-
Santos is currently investigating. We can also envision novel designs better
suited to take advantage of the photoelastic optomechanical coupling dis-
cussed in section 3.8.2.

Finally the GaAs/AlGaAs platform lends itself to the inclusion of quan-
tum dots or quantum wells [45], opening the perspective of hybrid cavity
QED-optomechanics setups [175]. The team has started to explore these
concepts theoretically in collaboration with the theory group of MPQ and
experimentally in collaboration with the LPN.

Since the beginning of this work, the field of optomechanics has experi-
enced explosive growth and is now being researched by several dozen teams
worldwide. During this time, the important milestone of measuring a macro-
scopic mechanical resonator in its quantum ground state has been achieved by
three groups [13, 12, 11]. The field is however still quite young and bustling
with activity, and a lot of exciting physics lies ahead.
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Appendix A

Optics

A.0.1 Whispering gallery modes

The description of the eigenmodes of an optical disk resonator starts with
Maxwell’s equations in the absence of free charges and currents in the mate-
rial (Eq. A.1):

B
V-D=0 VXE:_E ' D:€OETE

ob with 3 7 (A.1)
ﬁgzo 6)([?:5 — Holtr

This leads to the following eigenvalue equation for the field ﬁ, which repre-
sents either the electric or magnetic field:

2
V2E 42 F=o A2
2
C

Here c¢=1/,/g¢ jio and n=1/,/g, i, are respectively the speed of light and
the disk material’s bulk refractive index. (We limit our discussion to dielec-
tric materials that have isotropic and homogeneous ¢, and p,, with little
dispersion in the frequency range of interest'). The solution to Equation
A2 in spherical coordinates (r, ¢, x) can be computed analytically under two
specific assumptions. First we assume that there are two sets of uncoupled
optical modes with orthogonal polarizations, labeled TM and TE modes. For
a TM mode, the electric field is polarized perpendicularly to the disk plane
and the magnetic field lies in the plane of the cavity (H", H?, E*)#£0, whereas
for a TE mode, the non-vanishing mode components are (E" E® H*). This

IThe case of an inhomogeneous and anisotropic relative permitivity ¢, caused by strain
in the disk is solved numerically in section 3.8.2.
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assumption is reminiscent of the usual effective index approach for treat-
ing optical slab waveguides (see section 1.1.2): it holds reasonably well as
long as the disk thickness h is greater than the wavelength in the dielec-
tric (h > A/n). For thinner disks, TE and TM modes start to hybridize
and the distinction between TE and TM no longer holds. Second we as-
sume that we can separate the variables in the field’s spatial dependence, i.e.
F*(r,¢,x) = VU (r)®(¢) X (x). These assumptions lead to a set of three equa-
tions, describing the axial, azimuthal and radial properties of the WGM. The
axial characteristics are defined by the axial number [, which describes the
number of maxima in the electric field along the x direction (we always have
[ = 1 throughout this thesis), while the azimuthal properties are defined by
the azimuthal number m, which defines the WGM’s ¢ spatial dependency.
Below we focus on the radial profile ¥ (r) of the WGM, given by Eq. A.3:

NJn (l;:ngr) r<R

V() ={ NJ, (l?:nfR> (A.3)

}j’r(nl)—(];;]{)HT(r}) (l%r) r>R

Here N is a normalization constant, k& the WGM wavenumber and R the
disk radius. The resonance eigenfrequencies can be found by enforcing the
continuity of the field’s tangential components E* and H? (E® and H®) for
TM (TE) mode at the dielectric/air boundary (r = R):

=0 TM modes

(A4)

By solving these equations for the wave vector k, we obtain the complex
WGM eigenfrequency @ = ck. Note that the imaginary part of the resonance
frequency stems from the curved geometry of the disk and causes the WGM
to have a finite radiative quality factor Q..q. Also notice that, if m is fixed,
multiple solutions of Eq. A.4 exist. These solutions can be labeled with
the radial number p (p = 1, 2,...). Once F* is known, the other mode
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Optics

Figure A.1: Schematic illustrating the parameters used for the WGM doublet splitting
description, where rough resonator sidewalls scatter energy between clockwise and coun-
terclockwise propagating modes.

components can be obtained by using Eq. A.1:

H=-"_p° =" _po
QW
Ho SE" (TM modes) and Foer T OH® (TE modes)
H® — v B¢ — —t
fow Or goEpw OT

(A.5)

Doublet splitting

For each chosen radial and azimuthal numbers (p,m), a perfectly symmetric
rotationally invariant disk supports two frequency degenerate (p,m) WGMs:
the clockwise (cw) and counterclockwise (ccw) propagating modes. In real-
ity, small fabrication imperfections, or even the non-isotropic nature of the
underlying crystal lattice, can break the symmetry and lift this degeneracy,
resulting in a splitting of the WGM resonance into a doublet [176], as visible
in section 5.4.2. In the case where the optical input power is injected in the
cw mode (see Figure A.1), the coupling between the two modes leads to:

d ccw . in ex .
(ihf = —WWolcew — (72t + 72'5) Qeew + 2%acw
d cw . in ex . .
Zt = —WWolew — <P)/2t + ’}/2 t) Qew + Z%accw + Z\/ Yext S+ (A6)

S =84+ i\/ VextGew

Here 73 is the energy exchange rate due to photons scattering between the
cw and ccw modes and wy the WGM resonance frequency. We introduce the
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Figure A.2: Normalized optical transmission in the critical coupling coupling regime (with
Vint = Yext = 0.1), and g worth respectively 0, 2 and 5 times iy, (blue, red and yellow
curves).

standing wave basis:

1 1
ay = —= (accw + a'cw) 7 Qecw = —= (al + a2)
V2
1
V2

= (accw - acw) 7 Qe = E (al - a2)

(A7)

9

a9 —

The steady-state solution for the standing wave mode amplitudes is given by

Eq. A.8:
Ly et /2 (A.8)

T F(Aw— (o))

a12

The optical transmission is then given by:

|s_|” ’

: =‘1+z‘ Yext (ﬂ_@)
54| 2 \s+ sy
Two transmission minima occur at w = wy + y5/2. In the measurement,
the backscattering effect can hence be quantified by the spectral distance v
between the two minima, and translated into the quantity Qs = wo/vs. If
Qp > Qint, the degeneracy of the ccw and cw WGMs still holds (meaning
that the coupling between the cw and ccw modes is weaker than the coupling
of each of them to its environment). When Qs < Qint, the converse situation
occurs: the cw-ccw degeneracy is lifted and a doublet is resolved in the
measured transmission spectrum. The two standing-wave modes are well
resolved spectrally. Figure A.2 plots the doublet resonance spectrum in case
of Yint = VYext = 0.1 and g worth 0, 0.2 and 0.5. Note that the magnitude of
the doublet splitting of a WGM resonance can provide an estimation of the
disk resonator’s surface roughness [134].

(A.9)
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Appendix B

Mechanics

B.1 bending of the suspended waveguide

The Euler-Bernoulli equation gives the relation ship between the beam de-
flection 6(z) and the load ¢:
d*s
El— = — B.1
T q (B.1)
Integrating Eq. B.1 four times gives the deflection as function of the position
along the beam:

2
02)=——=—=—+c1—+c—+cz+cy (B.2)

The beam is clamped at both ends in z=0 and z=L. These boundary con-
ditions imply §(0) = ¢’(0) = 0 and §(L) = ¢'(L) = 0. Solving for these
boundary conditions provides ¢z = ¢4 = 0 ; ¢; = 2 and ¢y = —4L”  Thys

2EI 2ET "
d(z) equals:

4 3 2.2 2
gz qLz qL=z* qz 9
00 =~oupr T 12BT ~2aBr - 2aEr© Y (B-3)
The sag is maximal at the middle of the b 5 16(L/2)| al’
€ Sag 1S maximal a e 1mi e 0 € beam, SO Omax = =
& ’ 384F1

B.2 Out of plane modes

Equation B.4 provides the equation of motion for the transverse displacement
w of a plate :
0*w

DV* —
w+p o8

=0 (B.4)
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B.2 Out of plane modes

where D is the flexural rigidity defined as:

EhR?

D= ey (B.5)

Here E, h, o, and p, are respectively the plate’s Young’s modulus, thick-
ness, Poisson ratio and mass per unit surface. For free plate vibrations, the
displacement as a function of time ¢ reads:

w = Wecoswt (B.6)

with w the angular frequency and W a function of the coordinates r and 6
which represents the deformation amplitude. By inserting Eq.B.6 in Eq.B.4,
we get:

(V= kHW =0 (B.7)
with: )
k= 'Osg’ (B.8)

Equation B.7 can be factored as:
(V2+K?) (V2=K*) W =0 (B.9)

A solution to the differential equation (B.7) can therefore be expressed as a
linear combination of the solutions W; and W5 to equations (B.10):

VW, +k*W;= 0

V2W2—k2W2: 0
Assuming W is continuous and periodic in 6, it is expressed as its Fourier
series:

(B.10)

W(r,0) = Z Wy (r) cos M6 + Z Wy, (r) sin M6 (B.11)
M=0 M=1

Subsituting (B.11) into (B.10) provides the set of equations (B.12) for Wy,
as well as identical set of equations for Wy, :

d2W dW 2
P +% T Af? —k*) Wi =0
(B.12)
d>Wiro 1dWho _ (M2 _ 1.2 W — .
dr? + rdr r2 k M2 — 0

Equations (B.12) are forms of Bessel’s equations, whose solutions are [177]:
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Mechanics

Here Jy; and Y, are respectively the Bessel functions of first and second
kind, while I; and K,; are the modified Bessel functions of first and second
kind respectively. Therefore the general solution to Equation B.7 giving the
deformation amplitude due to the free transverse oscillations of a plate reads:

WE

Il
=)

n

+ ) [ Aty Jus (k) + By Yag (kr) + Cip Ing (kr) + Dy Koy (kr)Jsin M6
n=1

(B.14)

In the case of a plate with rotationally invariant boundary conditions,

the sin M0 terms can be discarded. Furthermore if the plate does not have

a hole in the center (e.g. a simple circular plate) the coefficients By, and

Dy must be zero, as the terms Yy (kr) and Ky (kr) diverge for r=0. The
deformation amplitude of the M,, mode then reads:
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Appendix C

Cryostat operation

C.0.1 In-out coupling

The coupling of light in- and out of a waveguide is the main weakness of the
current setup, both in terms of efficiency and stability (see section C.0.2).

Injection

Light injection efficiency is strongly dependent on the focused laser spot size
produced by the long working distance microscope objective. (Small spots
yield better coupling - this is confirmed through BPM simulations not shown
here). Equation C.1 relates a Gaussian beam’s waist radius to its angular
divergence 6 (see Fig. C.1, a). According to this approximate formula, the
smallest waist diameter attainable at A ~ 1.3 pm with a 0.35 NA objective
s 2.3 pm.

h= " (C.1)

Using the knife edge method we experimentally measure our focused spot
diameter to be 2.9£0.1 um, without the cryostat window!. The spot size is
very sensitive to any error in beam tilt, centering or collimation. While the
obtained spot size is relatively small, it is still ~50 % larger than what can be
achieved with a micro-lensed fiber, resulting in a less efficient coupling. On a
practical note, since the chip cannot be seen inside the cryostat, a waveguide
is identified by counting the number of waveguides between it and the sample
edge.

'We verify with ray tracing software that the thin cryostat windows do not negatively
impact the spot size, provided they are orthogonal to the optical axis.
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Figure C.1: (a) Illustration of a gaussian beam’s waist radius wo and divergence angle ¢
which are linked through Eq. C.1. The blue lines outline the position at which the field
intensity drops to 1/e? ~ 0.14 of the axial value. The numerical aperture is defined as
sin (0) in air. (b) Inefficient light collection with the aspheric lens because of the large
optical divergence along the x direction. The dashed black line marks the outer edges of
the aspheric lens.
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Collection - Fiber coupling

Light exiting the GaAs chip is collected with a 0.54 NA aspheric lens posi-
tioned behind the second cryostat window. This collection is non-optimal due
to the strong divergence of the output beam along the chip growth direction
x (see Figure C.1, b). Indeed as the elliptic guided mode in the waveguide is
strongly (resp. weakly) confined in the x (y) direction, the output beam has
a large (small) divergence along the x (y) direction, as expected through Eq.
C.1. Far field simulations of the guided mode reveal the divergence § along
x is close to 70 degrees (see Fig. 1.14), meaning only about half the optical
power is actually collected by the aspheric lens. (A 0.5 NA lens only accepts
rays with an angular divergence below 30 degrees).

The collected light is then sent upon a fiber collimator (C2) to be coupled
into a single mode fiber. Because of the beam’s anisotropic divergence and
aberrations brought on by the aspheric lens? this coupling is also only about
40 % efficient, close to the value predicted by ray tracing software. Because
of these combined inefficiencies over three quarters of the power leaving the
waveguide is lost before reaching the optical amplifier. This shortcoming
could be solved by employing an inverted taper design at the output facet to
reduce angular divergence, or better yet by collecting light directly inside the
cryostat, as detailed in section 6.2.8. Furthermore both input and output are
extremely sensitive to mechanical and thermal fluctuations which negatively
affect the coupling stability. These are discussed in the following section.

2 Aspheric lenses are designed to be diffraction limited for a specific wavelength. Their
performance rapidly degrades when the operation wavelength is removed from the design
wavelength. We could not find large NA aspheres designed for A=1300 nm.
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Cryostat operation

C.0.2 Coupling stability

Coupling light into a sub-micrometer thick waveguide from a one centime-
ter distance with a microscope objective requires the same level of angular
precision as aiming at a one meter target from 10 km. (The precision re-
quirements are similar for the collected light which must be focused inside
the ~10 pm core of a single mode fiber). Because of this any fluctuations in
the position of the chip with respect to the optical axis severely compromise
the coupling efficiency.

Mechanical stability

Great care is taken to minimize all mechanical vibrations: the setup is
mounted on an optical table with air damping, vibrations from the pumping
system are damped using a concrete block and the pumps are switched off
a low temperature, the liquid helium bottle is positioned on inflated tires to
shield it from the building’s vibrations and the helium transfer rod is fixed
upon the ceiling with an elastic cord and mechanically supported by the
optical table, so that it does not weigh upon the cryostat and transfer its
vibrations to it. With these measures and in the absence of cryogenic cool-
ing the average optical transmission measured after C2 is very stable over
the course of several hours. Nevertheless transmission fluctuations of 4+ 10
to 15 % of total amplitude at frequencies of 10-100 Hz is still present. This
is likely due to vibrations in the overhanging cryostat support structure and
the setup’s non ideal location on the 6th floor of the building.

Thermal stability thermal drift

The light input coupling into the chip is also extremely sensitive to thermal
drift when the cryostat is cooled down. The drift is due to fast (timescale
of minutes) temperature fluctuations due to variations in the helium flow
affecting the top of the cryostat where the cold inner tube is anchored to the
outer vacuum shroud (see Fig. 6.2, letter A). An additional long term drift
is due to gradual cooling of the cryostat support structure over the course
of several hours (Fig. 6.2, letter B). Indeed the ~ 22 -107% K~! thermal
expansion coefficient of duralumin (material the support structure is made
of) means a 1°C change in a 10 cm long element is enough to displace the
chip sample by 2 microns and disalign the input light coupling. We measured
that exposure to the cold helium fumes cooled element B by over 10°C over
the course of several hours. (On the contrary the temperature measured at
the level of the sample chip varies by less than 0.02 K throughout the whole
experiment). Because of these two sources of drift the optimal light input
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Figure C.2: This diagram illustrates the un-optimized setup’s coupling stability measured
over the course of a three and a half hour period, underscoring the problem of thermal
drift. The average time the setup stays coupled is under two and a half minutes. The green
bar (which takes the value + 1) indicates the drift direction and illustrates the seemingly
random nature of the process.

coupling could not be maintained for more than a few minutes (see Fig. C.2).
[solating the support structure with foam, releasing the cold helium exhaust
further from the cryostat and adding at temperature feedback controller with
heating coils to maintain a constant temperature at the top of the cryostat
(point A) is sufficient to remove most but not all of the thermal drift. These
efforts have enabled us to obtain a decent stability of the light input coupling
at low temperature during 15-30 minutes.

C.0.3 Cryogenic operation

Cryogenic operation comes with two requirements. The first is to cryogeni-
cally reach the lowest possible chip temperature before relying on optome-
chanical cooling in order to facilitate access to the quantum regime (see Eq.
3.20). The second is the need to very accurately measure the temperature
close to the chip in order to make sure the sample appropriately thermalizes.
(These temperature measurements will serve to calibrate mechanical spec-
tra). To this end we added a second temperature sensor (Si diode) on the
cold finger holding the chip in addition to the first sensor already present on
the sample mount (see Fig. C.3, a and Fig. C.4, a). While the temperature
of the first sensor went down to 4.3 K as expected, the temperature at the
level of the second sensor could initially not be brought below 20 K. This is
in part due to the problematic contribution of black body radiation emitted
by the surrounding cryostat walls and glass windows, which is discussed in
the following.
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Cryostat operation

Material Emissivity ¢
Glass 0.92-0.94
Copper (heavily oxidized) 0.78
Copper (polished) 0.02-0.05
Aluminum (polished) 0.03

Table C.1: Emissivity of various materials used in the cryostat setup. Data taken from
[178].

Influence of black body radiation

All bodies at non-zero temperature emit electromagnetic radiation which is
peaked around a wavelength corresponding to the body’s outer temperature?.
A black body is an idealized physical body that absorbs all incoming electro-
magnetic radiation. The power per unit surface j radiated by a black body
is given by Stefan-Boltzmann’s law (Eq. C.2):

j=oT* (C.2)

Here 0 = 5.67-1078 W-m~2.K~* is the Stephan-Boltzmann constant and T is
the temperature of the black body. Real materials (also called grey bodies)
emit only a fraction of the energy of a black body at the same temperature.
This fraction is called the emissivity e, with 0 < ¢ < 1. The emissivity of
various materials used in our cryostat setup are listed in Table C.1. The
power P emitted by a grey body of surface A is therefore given by

P=c¢AoT* (C.3)

In our setup the GaAs sample with the disk resonators is fixed with silver
lacquer on a gold sample holder, itself fixed with silver lacquer on a 100 mm
long x 5 mm wide x 7 mm thick copper cold finger (see Fig C.3). Two large
Zg= 2.5 cm glass windows are positioned on either side of the cold finger at
the sample level to allow for optical in- and out-coupling (see Fig. 6.2). The
windows and cryostat walls are ~ 3 mm away from the cold finger without any
kind of radiation shielding. As shown in Table C.1, glass behaves almost like
a black body : a glass surface emits a large ~ 420 W/m™2 at 300 K. In order
to get an idea of the influence of thermal radiation on the lowest attainable
operating temperature we performed a simple thermal FEM simulation with
these three assumptions:

e All outer surfaces of the sample, sample holder and cold finger receive
420 W m~—2 of radiation.

3e.g. the sun’s emission is centered around 500 nm, and that of humans around 10 pm.
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Figure C.3: (a) Copper cold finger with gold sample mount and GaAs sample. All elements
are exposed to uniform radiation of intensity 420 W/m?2. The circular extremity kept in
contact with the cryostat sample mount is kept at a constant 4.3 K in the simulation. The
surface color represents the equilibrium temperature. (b) Copper cold finger surrounded
by the radiation shield. Note how the radiation shield undergoes significant heating but
the cold finger and sample remain cold. Simply having a shield temperature 10 times
lower than the cryostat walls and windows divides the emitted power ~10 000 times to
less than 0.04 W/m? (see Eq. C.2). Poor shield design which does not bypass the cold
finger shown in inset.

e Thermal contact between all elements is ideal.

e The top of the cold finger is maintained at a constant 4.3 K.

Results of this simulation are shown in Fig. C.3 (a). This shows blackbody
radiation can indeed increase the lowest achievable temperature by close to
6 K under the previous assumptions.

C.0.4 Radiation shield design

Here we describe some changes made to the setup in light of the previous
observations. The cold finger is surrounded over its whole length by a 0.3
mm thick homemade radiation shield, in which two small windows are cut
out in order to maintain optical access (see Fig. C.3, b and Fig. C.4, b). The
shield is polished to minimize thermal absorption (see Table C.1) and does
not touch the cold finger on any side. Care is also taken to minimize the
low-temperature thermal boundary resistances of the mechanical contacts
between the different elements [179]. For instance the cold finger is dipped
in acid and polished to remove its surface oxide and a sheet of indium foil is
added between it and the sample mount (see Fig. C.4, a). The silicon diode
temperature sensor is mechanically clamped into contact with the sample
holder and high thermal conductivity Apiezon N cryogenic vacuum grease
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Cryostat operation

a)
2nd Sj diode
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Figure C.4: (a) Top view of the cold finger connected to the cryostat. (b) Same cold finger
now protected by the fabricated radiation shield. The dashed circle represents the position
of the extremity of the cryostat’s default aluminum radiation shield which is removed in
these pictures. (c) Side-view of the opened cryostat. 1) Access for liquid helium transfer
rod. 2) Helium exhaust vent. 3) Vent connecting the vacuum shroud to the exterior
pumping system. The valve can be closed to operate under static vacuum.
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is added between these two elements. Finally the electrical leads to the Si
sensor are tightly wound around the cryostat tubing with teflon tape in order
to minimize thermal contamination of the measurement from the outside.
Figure C.3 (b) shows the beneficial influence of the radiation shield on the
sample temperature. Note that it is not sufficient to simply shield the GaAs
sample alone from thermal radiation: the shield design in the inset of Fig.
C.3 (b) just increases the amount of absorbed radiation and raises the sample
temperature by 2 K.

C.0.5 Sample temperature - first measurements

With these improvements the sample holder temperature is divided by more
than a factor two to just below 8 K. This is slightly above the ~6 K pre-
dicted by the FEM simulation. This discrepancy could be due to both the
neglected thermal resistances between the different elements and residual
thermal contamination from the diode leads (we used small diameter cop-
per wiring instead of the optimal low thermal conductivity phosphor bronze
wiring).
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C.0.6 Mathematical accuracy of separating the treat-
ment of reactive and dispersive coupling

Aw? + (g — %)

Aw? + (% + %)

T(Wigser T) (C4)

with Aw = wigser — we(x). Here wigser s fixed in the experiment. The terms
we(x) and 7., () depend on x. Let us call f and g the functions corresponding
respectively to the numerator and the denominator of Eq. C.4, so that
f(z) = Aw? + (%2 — M)Q and g(z) = Aw? + (%2 + M)Q. Therefore :

2 2 2
d d (Vin  Yer?
, - YA 2 o (ﬂ . em)
ftotal<x> dm( W )+ dr 2 2 (C5>
= f(llisp + flfeac
and
d d (Yin = Vex?
’ - YA 2 . (ﬂ ea:)
Grotar (T) dm( W)+ dr \ 2 + 2 (C.6)
- g(,iisp + gllreac
We thus have:
(i>, — Jiotar 9 = f Giota — (féiSp + fleac) 9 — f(gélisp *+ Jreac)
g g g°
! _ /. / _ /
_ fdlSpg Qfgdlsp + freacg 2fgreac (C7)
g g

X0
9 disp 9 reac

Where each term is derived only with respect to the dispersive or reactive
component.
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Appendix D

Material properties

Parameter Name Unit Value Source

Mechanical parameters

Young’s modulus [100] axis E GPa 85.9 98]
Density p kg-m™3 5317 (98]
Poisson ratio o - 0.31 (98]
Thermal parameters
Specific heat at 300 K c JK kg™t 327 [84]
Thermal conductivity K W-K~t.m™! 55 [84]
Linear thermal expansion oy, K™! 5.7-107° [84]
coefficient at 300K
Optical parameters
Refractive index at A = n - 3.374 [180]
1550 nm and room temper-
ature
Refractive index at A = n - 3.40 [180]
1330 nm and room temper-
ature
Thermo-optic coefficient at o K™! 2.34-1071 [181]
298 K
and A=1.5um ~2.3-107*  our work

Table D.1: Gallium Arsenide parameters
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Parameter Name Unit Value Source
Mechanical parameters

Young’s modulus [100] axis E GPa 83.86 [182]
Density at 300 K (for- P) kg-m~3 4072 [182]
mula for Al,Ga,_,As: 5320-
1560x)
Poisson ratio at 300 K o - ~0.32 [183]
(111)  plane  (formula:
0.3140.01x)

Thermal parameters
Specific heat at 300 K c JK kg™t 426 [183]
Thermal conductivity —at K W-K~t.m™! 14 [183]
300 K
Linear thermal expansion — ay, 1075K~? ~ 4.6  [183]
coefficient at 300 K (for-
mula: oy, = 5.97 — 1.762)

Optical parameters
Refractive index at 1550 nm n - 2.977 [184]
and T=298 K
Refractive index at 1330 nm n - 2.99 [184]
and T=298 K

Table D.2: Aluminum Gallium Arsenide (Alg sGag oAs) parameters
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Material properties

Parameter Name Unit Value Source

Mechanical parameters

Young’s modulus E GPa 250 (98]
270 our fit
Density p kg-m™? 3100 [98]
Poisson’s ratio o - 0.23 [98]
Tensile Stress (measured on  og;N MPa 830 [106]

100 nm thick SiN)

Thermal parameters

Specific heat at 300 K c JKtkg™! 700 98]
Thermal conductivity at K W-K~tm™! 20 (98]
300 K

Linear thermal expansion 107K 2.3 [98]

coefficient at 300 K

Optical parameters

Refractive index at 1550 nm n - ~ 2 [185]
and 300 K

Thermo-optic coefficient at 22 K1 4-107° 32]
room

temperature 1.9-107° [186]

2.44-107°5  our fit

Table D.3: LPCVD Silicon Nitride parameters
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Parameter Name Unit Value Source

Mechanical parameters

Young’s modulus E GPa 70 98]
Density p kg-m™? 2200 98]
Poisson’s ratio o - 0.17 98]

Thermal parameters
Specific heat at 300 K c JK ket 730 98]
Thermal conductivity —at K W-Ktm™t 14 98]
300 K
Linear thermal expansion  ay, 1075K—1 0.5 98]
coefficient at 300 K

Optical parameters
Refractive index at 1550 nm n - 1.44 [180]
and room temperature
Refractive index at 1330 nm n - 1.44 [180]
and room temperature

Table D.4: Silicon Dioxide (SiO3) parameters
Parameter Name Unit Value Source
Mechanical parameters

Young’s modulus E GPa 170 (98]
Density P) kg-m~—? 2329 98]
Poisson’s ratio o - 0.28 98]

Thermal parameters
Specific heat at 300 K c JK kg™t 700 98]
Thermal conductivity —at K W-Ktm™ 130 98]
300 K
Linear thermal expansion oy, 107°K~! 2.6 98]
coefficient at 300 K

Optical parameters
Refractive index at 1550 nm n - 3.48 [180]
and 300 K
Refractive index at 1330 nm n - 3.5 [180]
and 300 K

Table D.5: Silicon parameters
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Appendix E

ICP recipes

Ar SiCly; ICP Power RF Power Temperature Pressure
(sccm)  (scem) (W) (W) (°C) (Pa)
3 3 20 10 10 0.1

Table E.1: Recipe 1. Self Bias = -60 V. Very slow etch 4 nm/min.

Ar SiCly; ICP Power RF Power Temperature Pressure
(sccm)  (scem) (W) (W) (°C) (Pa)
6 6 40 20 10 0.2

Table E.2: Recipe 2. Self Bias = -107 V. Etch speed 55 nm/min. Some roughness.

Ar SiCly  ICP Power RF Power Temperature Pressure
(sccm)  (scem) (W) (W) (°C) (Pa)
3 3 40 20 10 0.1

Table E.3: Recipe 3. Self Bias = -118 V. Etch speed ~50 nm/min. Smoother sidewalls
than with recipe 2.

H, SiCly ICP Power RF Power Temperature Pressure
(sccm)  (scem) (W) (W) (°C) (Pa)
5 15 400 15 90 0.14

Table E.4: Recipe 4. Self Bias = -30 V. Etch speed ~650 to 800 nm/min. Very poor
results with significant sidewall erosion (see results in Fig. 4.11, ¢).
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Ar SiCly;  ICP Power RF Power Temperature Pressure
(sccm)  (scem) (W) (W) (°C) (Pa)
3 3 45 15 10 0.1

Table E.5: Recipe 5. Self Bias = -84 V. Etch speed ~55 nm/min. Somewhat rough with
sidewall erosion and mask undercut (see results in Fig. 4.11, b).

Ar SiCly;  ICP Power RF Power Temperature Pressure
(scem)  (scem) (W) (W) (°C) (Pa)
3 3 25 17 10 0.1

Table E.6: Recipe 6. Quite good results, somewhat inferior to recipe 7 (less vertical
sidewalls).

Ar SiCly  ICP Power RF Power Temperature Pressure
(scem)  (scem) (W) (W) (°C) (Pa)
9 3 25 17 10 0.1

Table E.7: Recipe 7. Self Bias under 100 V. Etch speed < 40 nm/min. This recipe
provided the best results obtained during the course of this work. Further improvements
are nevertheless likely achievable, for instance maintaining the same level of smoothness
while increasing the etch speed. (See results in Fig. 4.12).
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