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Abstract

Microresonators are fundamental building blocks of any photonic integrated circuit, as they

can be used as filters, modulators, sensors, and to enhance light emission. If these resonators

are suspended and are free to oscillate, we can exploit the interaction of the optical and

mechanical resonance. Demonstration of the fundamental interactions between the optical

and mechanical fields, as well as applications based on this physics, were already presented

for other material systems such as silicon, silicon oxide, or silicon nitride. Single crystal

diamond is a strong candidate to realise high quality resonators due to the excellent material

properties. The mechanical properties, such as stiffness, low intrinsic damping, and high

thermal conductivity, are critical for mechanical oscillators with high frequency and high

quality factor, which is strongly correlated to the noise of the oscillator. The wide transparency

range and the low absorption enable operation in a large wavelength range spanning from

near ultraviolet to far infrared. Diamond can host very bright emitters, based on defects of the

diamond lattice, which can be employed as single photon sources, quantum memories, or

very sensitive magnetic sensors. Chemical resistance to most acids or bases permit operations

in aggressive environments. For these reasons, single crystal diamond is an attractive platform

for integrated photonics and micro- or nanomechanics, and it should be possible to realize

low noise optomechanical resonators.

However, compared to more established material systems, microfabrication of single crystal

diamond is not easy. High quality single crystal diamond substrates are available, to date,

only as bulk plates, therefore it is important to develop fabrication strategies that isolate

optically and mechanically a thin diamond layer from the rest of the diamond substrate. Over

the last years, several approaches have been proposed and in this work two methods will be

employed: 3D milling using a focused ion beam to create micrometer sized disks supported by

a narrow pillar; and etching of the bulk diamond using a plasma which is selective to particular

crystal planes of the single crystal diamond. Using these processes, single crystal diamond

microresonators were realized, measuring optical quality factors of 5700 and 42000 at telecom

wavelengths, respectively, and of 3100 and 10500 at visible wavelengths, respectively.

Single crystal silicon is similar in many aspects to single crystal diamond, with the material

properties being slightly worse. However, silicon benefits from decades of knowledge de-

veloped for integrated electronic circuits and integrated silicon photonics circuits. Silicon

photonics is now extensively used in telecommunications to interface the optical links to
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Abstract

electronics. Commercial foundries started to offer silicon photonics services, either within the

CMOS fabrication or with dedicated processes. Micro Electro Mechanical Systems represent

a way to expand on the capability of photonic integrated circuits by providing low power

and/or reconfigurable components. In this context, optomechanical oscillators were realized

by postprocessing an IMEC iSiPP50G silicon photonics chip. Optical quality factors of 300000

were measured at telecom wavelengths. Mechanical oscillations are supported at 250 MHz,

with quality factors of 1800 measured at ambient conditions.
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Sommario

I microrisonatori sono componenti fondamentali dei circuiti fotonici integrati, date le possibili

applicazioni come filtri, modulatori, sensori, o per fotoamplificazione. Inoltre, se sospesi

e liberi di oscillare, è possiblie sfruttare l’interazione tra la risonanza ottica e l’oscillazione

meccanica. In bibliografia esistono dimostrazioni dell’interzione tra i campi elettromagnetici

e meccanici, e di applicazioni basate su tale effetti, basati su materiali come silicio, ossido di

silicio, o nitruro di silicio (e molti altri). Tra i diversi materiali in cui realizare questi compo-

nenti, il diamante monocristallino è senza dubbio un ottimo candidato, datene le proprietà

eccellenti. La rigidezza, la dissipazione intrinseca del cristallo e l’elevata conducibilità termica

sono importanti per oscillatori meccanici con frequenza e fattori di qualità elevati, i quali

sono fortemente correlati al rumore di fase dell’oscillatore. La finestra di trasparenza larga

e l’assorbimento ridotto permettono di operare con un intervallo di lunghezze d’onda che

va dall’ultravioletto prossimo all’infrarosso. Il reticolo del diamante può ospitare dei difetti

capaci di emettere radiazione molto luminosa. Tali difetti possono essere usati per l’emissione

di fotoni singoli, come memorie quantistiche o come ottimi sensori di campi magnetici. Infine,

l’inerzia chimica verso acidi e basi permette l’utilizzo in ambienti aggressivi. Per le proprietà

elencate, il diamante monocristallino è una piattaforma ideale per la fabricatione di circuiti

fotonici integrati e per la micro- e nanomeccanica; quindi dovrebbe essere possibile creare

risonatori optomeccanici con rumore ridotto.

Sfortunatamente, la fabbricazione di strutture microscopice in diamante monocristallino

non è semplice rispetto ad altri substrati più comuni. In particolare, substrati di qualità di

diamante monocristallino sono, al momento, disponibili solo sotto forma di placche bulk,

quindi è necessario sviluppare dei processi capaci di isolare otticamente e meccanicamente la

struttura sottile in diamante dal resto del substrato. Negli ultimi anni, diverse strategie sono

state proposte. Questo lavoro presenta due di queste strategie: "fresatura" tridimensionale

mediante fascio ionico focalizzato, capace di creare un disco di dimensioni micrometriche,

supportato da un pillastro; rimozione di parte del substrato usando un plasma selettivo

verso particolari piani cristallini del diamante. Con questi due processi, sono stati realizzati

microrisonatori capaci di supportare risonanze ottiche con fattori di qualità rispettivamente

di 5700 e 42000, misurati a lunghezze d’onda usate per telecomunicazioni, mentre a lungezze

d’onda vicine al rosso rispettivamente di 3100 e 10500.

Sotto diversi aspetti, il silicio monocristallino è simile al diamante monocristallino, avendo
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proprietà eccellenti seppur leggermente peggiori del diamante. D’altra parte, la fabbricazione

di circuiti integrati e circuiti fotonici integrati in silicio beneficia di decenni di conoscenza e tec-

nologie. In particolare, i circuiti fotonici in silicio sono attualmente utilizzati nell’ambito delle

telecomunicazioni per l’interfaccia tra le connessioni mediante fibre ottiche e l’elettronica.

Fabbriche specializzate in semiconduttori offrono processi per realizzazione di circuiti inte-

grati basate sulla fabbricazione di circuiti CMOS o specializzate per la fotonica. I componenti

Micro Electro Mechanical Systems offrono la possibilità di estendere le capacità dei circuiti

fotonici integrati grazie alla possibilità di realizare componenti a basso consumo energetico

e/o riconfigurabili. In questo contesto, sono stati realizzati risonatori optomeccanici partendo

da chip fabbricati con il processo iSiPP50G di IMEC. Sono stati misurati fattori di qualità ottici

fino a 300000 a lunghezze d’onda usate per telecomunicazioni, e oscillazioni meccaniche con

fattori di qualità di 1800 a 250 MHz in condizioni ambiente.
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1 Introduction and motivation

The work described in this thesis is focused on the fabrication and characterization of single

crystal diamond microresonators, more specifically Whispering Gallery Mode structures, i.

e. microdisks and microrings. Compared to other geometries, these structures have the

advantage to support optical resonances over the transparency window of the material and to

sustain high frequency, low dissipation mechanical modes. The fabrication procedure is also

simpler due to the simple geometry and small sensitivity to size variation.

Single crystal diamond is the choice of substrate for these devices. The intrinsic properties

of the material make it a great candidate for cavity optomechanics applications due to the

large transparency window, spanning from near-UV to far-IR, the wide bandgap and low

optical absorption, the ability to host optically active defects, as well as the high stiffness,

high thermal conductivity and low intrinsic mechanical damping. The mechanical qualities

highlight the potential application as a high frequency, low phase noise (opto)mechanical

oscillator, with potential application as a chip scale atomic clock optical frequency reference.

The possibility to create high optical quality factor cavity in single crystal diamond allow to

have a low threshold power optomechanical cavity, therefore the device offers a low power

consumption alternative to low(er) frequency crystalline RF oscillator, which rely on power

hungry frequency dividers to be locked to the atomic transitions of chip scales atomic clock.

Initially the geometry of the devices was designed, identifying the optimal and critical dimen-

sions of the microresonators. While the single crystal diamond properties are impressive for

a number of applications, the microfabrication technology and the substrate availability is

not as advanced as other substrates, like single crystal silicon. An important part of this work

has been developing a reliable fabrication strategy to allow the exploitation of the diamond

qualities. Finally, testing methodologies were developed to asses the quality of the fabricated

devices, and to offer insight into further improvement of the fabrication strategy or the design

of the microresonators.

Part of the work also followed microresonators in single crystal silicon. While there are al-

ready plenty of demonstrations of optomechanical resonators in this material, the structures

1



Chapter 1. Introduction and motivation

presented here are designed to be included in a commercial platform, as part of the Mems-

based zerO-power Reconfigurable PHotonic ICs project (https://h2020morphic.eu/). The

aim of the project is to create a general-use platform for programmable photonic integrated

circuits, harnessing MEMS to enable the reconfigurability of the circuits, similarly to what it

is done in electronics by a field-programmable gate array. An important focus of the project

is to integrate new MEMS devices into IMEC iSiPP50G silicon photonics platform. The op-

tomechanical resonators included in the platform are a small subset of the micromechanical

devices proposed.

The manuscript is articulated over seven chapters, other than this introduction.

Chapter 2 will give an overview of the field. A mathematical description of the physics ruling

an optomechanical oscillator will be given. The mathematical derivations are based on a

very comprehensive book reviewing the field [1], as well as many doctoral theses [2–9]. These

resources have been extremely helpful not only to understand the physics, but also to get

insights into fabrication and characterization.

In chapter 3 I will introduce diamond, its properties, highlighting the ones of importance for

the chosen application, and its growth. A review of diamond mechanical and optomechanical

oscillators demonstrations, the fabrication strategies employed and their application will

follow, comparing the results with what was achieved in other material platforms. Finally

some examples of suspended diamond optical cavities will be given.

Chapter 4 will present the design of the microresonators, and the results of the numerical

simulations. Then the characterization procedures will be described.

Chapter 5 and 6 present the fabrication and characterization results of the diamond microres-

onators. The fabrication of the diamond resonators followed two different approaches. In both

cases the structures were fabricated starting from CVD-grown SCD substrates, commercially

available from multiple suppliers, and both used selective etching to suspend the diamond

resonators in air to achieve optical confinement in the vertical axis and to sustain mechanical

oscillations. Chapter 5 is centered on the fabrication based on the Focused Ion Beam fabrica-

tion, while chapter 6 on the crystallographic etch. The fabrication was performed in the EPFL

Center of Micronanotechnology (CMi) and the EPFL IPhys III/V clean room.

Chapter 7 presents the characterization results of the silicon resonators implemented in the

MORPHIC platform.

In chapter 8 I will summarize the fabrication and characterization results from the previous

chapters, and compare them with the current state of the art.

Finally, chapter 9 is the conclusion, outlook, and potential improvements.

2
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2 Introduction to cavity optomechanics

The field of cavity optomechanics can be seen as the point of contact between high finesse

optical cavities and low damping microelectromechanical systems (MEMS). Progress in mi-

crofabrication paved the way to increasingly smaller and higher quality resonators, where

interesting interactions could be observed between the mechanical oscillator and the light con-

fined within the optical cavity mediated by the radiation pressure. Analysis of the interaction

between light and a macroscopic oscillators are reported as early as the 1970s [10–12].

The typical system used to describe an optomechanical resonator is a Fabry-Perot cavity with

one mirror free to oscillate. A simple description of what is happening inside the system is

the following: light from a monocromatic source (e. g. a laser) is coupled inside the optical

cavity because its length at rest is a multiple of the light wavelength; one of the mirror is

allowed to move, either excited by an external force (Brownian motion) or by the radiation

pressure of the light inside the cavity; the mechanical oscillation causes a change in the

length of the cavity, changing the allowed wavelength, thus preventing coupling from the

external light source. The resulting optical signal transmitted through the cavity carries the

information of this interaction under the guise of a modulation of the signal at the mechanical

oscillation frequency. When the optical power is small enough, and the effect of the radiation

pressure is negligible, the frequency spectrum of the optical signal can be used to measure

the Brownian motion of the oscillator. Gravitational wave detection is based on the same

principle: the change in the length of the very long optical cavities will modify the transmitted

optical signal, the "ruler" to measure the gravitational waves [13–15]. It is evident that any

noise on the position of the mirrors can be very detrimental on the detection of very weak

effects like gravitational waves. An important trend in the field of cavity optomechanics is

indeed the reduction of mechanical damping and the effect of the "thermal bath" that can

dominate over the observation of very small effects. When the power is high enough, the light

pressure interaction will start to dominate over the thermal component. Optical read-out

of the interaction is still possible, with the same high power signal or an additional lower

power "probe". The analysis of the optical signal thus becomes a very sensitive detection of

mechanical modification of the optical cavity.
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Chapter 2. Introduction to cavity optomechanics

Figure 2.1 – Model of an optomechanical resonator. The system can be defined by the quanti-
ties reported here: ωc optical cavity frequency, κ cavity loss rate, Le f f effective cavity length,
Ωmechanical oscillation frequency, Γmechanical damping, me f f effective mass of the me-
chanical oscillator.

The scheme of the model optomechanical cavity is shown in figure 2.1. Other than the model

Fabry-Perot cavity, optomechanical devices have several different shapes. Demonstrations

have been shown using suspended mirrors, micromirrors, trampoline resonators, and mem-

branes, in configurations similar to a Fabry-Perot Cavity [16–19]; suspended whispering gallery

mode resonators: microthoroids, microdisks, and microspheres [20–23]; suspended waveg-

uides [24, 25]; 1- and 2D photonic crystals [26–29] ; and nanorods and cold atoms in an optical

cavity [30, 31]. In this thesis, the structures that will be designed, fabricated and characterized

are suspended whispering gallery mode resonators. These structures allow to achieve high

oscillation frequencies and high optical quality factors with a relatively relaxed fabrication

requirements compared to other geometries.

2.1 Whispering Gallery Mode cavities

Optical cavities may have very different geometries, but they all follow some common physics.

Like all resonators, the allowed frequency supported by the cavity depends the effective

length, Le f f . In particular it should follow the famous equation λc = Le f f /m, where λc is the

cavity central frequency and m is an integer. For a Fabry-Perot cavity it is rather evident the

comparison with a guitar string. Looking at other cavity shapes it becomes more complex,

especially to identify the correct Le f f . Whispering Gallery Mode (WGM) cavities can be

described with the same model as first approximation, with Le f f = 2πre f f , where re f f is the

effective radius of the WGM cavity. While it is close to the actual cavity radius, re f f will depend

4



2.1. Whispering Gallery Mode cavities

Figure 2.2 – Scanning Electron Microscope image of a diamond microdisk cavity. The overlay
is the result from a finite element simulation showing the electric field norm of a cavity mode.
It is confined at the edge of the disk like the sound wave travelling in a whispering gallery.

on the mode shape. From this we can define the free spectral range (FSR), respectively in

wavelength space and angular frequency space, as

∆λF SR = λ2
0

2πre f f n
; (2.1)

∆ωF SR = c

re f f n
; (2.2)

with λ0 the vacuum wavelength and c the speed of light.

Another quantity that is often used to characterize an optical cavity is the quality factor Q. In

general, Q describes the energy stored in a system. In the case of the optical cavity, the most

common definition is

Qo = ω0

δω
≈ λ0

δλ
; (2.3)

where δω and δλ are the full width at half maximum of the optical resonance in frequency and

5



Chapter 2. Introduction to cavity optomechanics

wavelength space respectively. It is possible to define this quantity in terms of energy stored

and energy dissipated, but the "spectral" definition is arguably of more practical use. Since

many energy loss mechanism may contribute to the overall optical quality factor, it is possible

to separate these contribution as

Q−1
o =Q−1

o,r ad +Q−1
o,sc +Q−1

o,abs +Q−1
o,ex ; (2.4)

Q−1
o =Q−1

o,i +Q−1
o,ex ; (2.5)

κ= κi +κex . (2.6)

The first term, Qo,r ad , includes the contribution of radiative losses. For a WGM cavity, this is

caused by the curvature of the resonator, and thus it is often referred as bending losses. Qo,sc

takes into account the scattering at the air-cavity interface caused by the surface roughness. It

may also be caused by impurities and inclusions within the cavity, but often this is negligible,

especially for high quality single crystal materials. The scattering is strongly influenced by

the fabrication. Qo,abs is the losses due to absorption of the material. It may be induced by

intrinsic properties like the electronic band gap and by defect hosted within the material,

or by the surface state after fabrication. These terms are included in the "intrinsic" Q, since

they depend on the cavity itself. Finally, Qo,ex describes the losses induced by the coupling

mechanism, commonly a tapered fiber or a coplanar waveguide. It is referred as the "loaded"

Q. The equation can be also be expressed in terms of total cavity loss rate, κ, distinguishing

the intrinsic contribution, κi , and the external coupling contribution, κex .

The radiative component of Qo is set by the design and it is one of the parameter being

optimized. A way of estimating this is by integrating the energy lost at the boundary of the

air cladding surrounding the resonator. In a finite element methods or finite difference time

domain simulation, it is possible to use a scattering boundary condition or a perfectly matched

layer (PML) to absorb the radiative field. While more computationally intensive, the PML deals

better with reflection of the wave at the interface and it is generally preferable. It is composed

by an artificial material with high attenuation. When either of the boundary conditions is used

with an eigenfrequency solver, the results returned have an imaginary part representing the

energy absorbed by the PML or scattered by the scattering boundary condition.

After defining the FSR and the Q-factor, it is interesting to define the finesse, F. This quantity

correspond to the average number of round-trips of a phonon inside the cavity, thus giving

the optical power circulating inside the cavity for a given input power. It is defined as

F= ∆ωF SR

δω
= 2π

τ

τr t
, (2.7)

6



2.1. Whispering Gallery Mode cavities

with τ= κ−1 being the photon lifetime inside the cavity and τr t the round trip time. For a WGM

cavity, F=Q/m, with m the azimuthal mode number. F is an common metric to characterize

optical cavities, it gives an idea both on the linewidth and on the line spacing which can be

useful for spectrum analysis, where both resolution and spectral range is relevant. In this

thesis I will not use this quantity, since the operation of the optomechanical resonator is often

centered around a single optical resonance. F and Q are closely related, and I will prefer the

use of Q.

If the optical cavity contains an emitter, like a color center in the single crystal diamond matrix,

the emission rate of the emitter can be amplified by a factor known as the Purcell Factor [32]

FP = 3Q

4π2V

(
λ0

n

)3

, (2.8)

where V is the mode volume. Decreasing the mode volume is therefore desirable to enhance

the light-matter interaction. The mode volume can be defined as volume integral of the

electric field normalized over the maximum or average of the electric field.

Maxwell’s equations in a microdisk cavity

It is possible to describe further the optical cavity by developing master equations starting

from Maxwell’s equations. It is possible to derive a description of the optical modes in a WGM

cavity, specifically a microdisk, making few assumptions. For instance, the device should have

an azimuthal symmetry, so that the refractive index does not change in the φ and z cylindrical

directions. Secondly, the vertical confinement should restrict the propagation only in the

plane of the microdisk. The main solutions are TE-like, with the electric field parallel to the

disk plane, and TM-like modes, with the electric field normal to the disk plane. The solutions

are not precisely TE (transverse electric) and TM (transverse magnetic) because the electric

field component is not zero in theφ direction. However, for simplicity I will often refer to them

as TE and TM in this text. The electric field distribution inside the cavity is described by Bessel

functions of order m (Jm), while in the cladding outside the disk it is decaying exponentially

Ψ(ρ) =
Jm(k0ne f f ρ) ρ ≤ rd

Jm(k0ne f f r )e−α(ρ−r ) ρ > rd

. (2.9)

rd is the microdisk radius, k0 is the free space wavenumber, α = k0

√
n2

e f f −n2
cl ad is the

decay constant, which depend on the refractive index contrast. Given the strong vertical

confinement, the effective refractive index ne f f is used instead of the refractive index. ne f f

depends on the mode family (TE or TM) and on the radial order. For the first radial order,
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κi

κex

input output

cw

ccw

t0

κβ

κ

Figure 2.3 – Model of the coupling between the external waveguide and a microdisk cavity. κi

and κex are the intrinsic and coupling optical damping, t0 is the portion of the input signal not
coupling to the resonator, cw and ccw designate the clockwise and counterclockwise cavity
modes, coupled by κβ.

the ne f f can be approximated by using the value calculated in a dielectric slab with the same

thickness as the microdisk, which can be determined analytically. The full derivation of this

expression of the cavity modes in a microdisk can be found in the thesis of Matthew Borselli [3].

It is certainly easier to rely on numerical methods like finite element methods (FEM) or Finite

difference time domain methods (FDTD) to find the mode solutions inside the optical cavity.

However, full 3D FEM models require a lot of memory to compute. The formalism reported

previously allows to treat the problem in a 2-dimensional geometry. A 2D-axysimmetric

solution can be calculated for a certain range of azimuthal mode numbers, and the full

solution can be retrieved by multiplying the 2D field by e i mφ.

Even though the azimuthal symmetry of the refractive index is broken in the case of freestand-

ing microring cavities, due to the supporting spokes, the derivation is still valid provided that

the volume occupied by the mode is sufficiently far away from the supports. A comparison

between a 3D and a 2D FEM simulation of the problem will be given in section 4.1.

Given the cylindrical symmetry, degenerate solutions to the governing equation exists, propa-

gating azimuthally in opposite directions (Ψ(ρ)e i (±m)φ). For an ideal resonator, the two modes

have the same central frequency, however, the degeneracy is lost in real devices due to the

not perfect cylindrical symmetry caused by fabrication imperfection [33, 34]. This can be

observed in the transmission spectrum as a "doublet" at the cavity resonance, yielding two

dips at ω=ωc ±κβ/2, with κβ the separation between the two dips.

Coupling to an external waveguide

Coupling light in and out of the cavity is an important problem, and for WGM cavities it is also

rather difficult. Illuminating the cavity with a microscope objective (or other free space optics)

8
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tends to have quite low coupling efficiencies. The emission radiation of these cavities is mostly

in plane [35, 36], therefore directional phase-matching schemes are preferable, especially if

high coupling efficiency is desirable like in the case of optomechanical resonators. A rather

simple coupling scheme is to use waveguides evanescently coupled to the WGM cavity, directly

fabricated in the same layer of the device, with the ability to couple out of the substrate with

fiber arrays aligned to grating couplers. This coupling scheme is common on thin films devices

and it is used for our silicon on insulator (SOI) devices (chapter 7). The spacing between the

resonator and the waveguide can be controlled lithographically. In other material platforms,

it may not be feasible to fabricate waveguides and grating couplers, therefore an external

waveguide must be used, generally a tapered fiber is used. It is an optical fiber whose diameter

has been adiabatically reduced to expose part of the guided mode in the surrounding air,

allowing to achieve mode overlap with an optical structure placed in proximity. To achieve

single mode guidance and to expose the evanescent field the diameter has to be reduced till

the order of the wavelength, ∼1µm for telecom wavelengths. The system is very versatile and

it is routinely employed to couple light to different resonator geometries [20, 37–43],

Both the coplanar waveguide and the tapered fiber coupling follow the same principles.

Overlap of the electric fields on the resonance mode in the cavity and the guided mode in

the waveguide should exist and it is possible to calculate the coupling rate by computing the

overlap integral. In cylindrical coordinates, the modes of the cavity and of the waveguide are

respectivelyΨ(ρ)e i mφ andΨw g (ρ)e−iβw gρ sin(φ), whereΨw g (ρ) is the function describing the

fundamental mode of the waveguide in the transverse direction, and βw g is the propagation

constant of the waveguide. Maximum overlap of the radial components,Ψ(ρ) andΨw g (ρ),

would occur when the waveguide and the outer edge of the resonator coincide, which is clearly

not possible. However, if the quality factor of the resonance is high enough, it is sufficient

that the overlap exists between the evanescent fields of the two modes. Looking at the radial

components, maximum coupling will occur when m ' βw g rd . These therms describe the

phase of the mode, therefore this coupling is phase-matched.

Depending on the resonator waveguide separation, the coupling can be in three different

regimes: under-coupled, over-coupled, and critically-coupled. Considering the amplitude

of the mode inside the cavity in relationship with the intrinsic losses and the coupling with

the external waveguide, it is possible to express the transmitted power through a waveguide

coupled to the cavity as [2, 44]

t0 =
(

1−κ2
ex /κ2

i

1+κ2
ex /κ2

i

)2

. (2.10)

When κex < κi the transmission starts to decrease as the optical power start to circulate in the

cavity, and it correspond to the under-coupled regime as most of the power is transmitted

through the waveguide. At κex = κi , the power coupled from the waveguide completely
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balances the losses, and reached the critical coupling. In this position the maximum possible

power circulates in the cavity. At κex > κi , the output coupling dominates the cavity loss and

it corresponds to the over-coupled regime. In the transmission spectrum the transmission

increases and the quality factor of the resonance decreases. As the linewidth increases, it may

mask the doublet splitting when κ> κβ. In fact, the splitting is generally observed in the under-

coupled regime. The equation does not take into account polarization or phase-matching.

If the phase-matching or polarization are not optimized, the depth of the Lorentzian peak

associated with the optical resonance will decrease (i. e. less light will be coupled into the

cavity).

Another option that is used to couple to WGM cavities is the use of a prism. Phase matching is

ensured by changing the incidence angle of the laser [45]. However, it is generally easier to

align a tapered fiber compared to a prism, especially when the size of the devices approaches

the µm dimensions and multiple resonators are closely packed on the substrate.

2.2 Microdisks and microrings as mechanical oscillators

Suspended microdisks and microrings resonators naturally support mechanical oscillations.

Compared to cantilevers of similar size, microdisks and microrings are much stiffer, capable

of oscillating in the 100 MHz - 1 GHz range. Moreover, given the small size and mass, these

structures are sensitive to very weak forces. The mechanical modes are generally calculated

with finite element simulations, given the complexity of the geometry. A detailed description

will be given in section 4.2. However, some mode families are commonly found in these type

of structures. The most important is the radial breathing mode (RBM), where the structure

expands radially. It is evident the interest for optomechanics given that this type of oscillation

mode produces a large change of the optical cavity effective length.

We can define a mechanical quality factor as Qm =Ω/Γ, and as for the optical resonance, we

can differentiate several contribution to the overall quality factor

Q−1
m =Q−1

m,cl amp +Q−1
m,mat +Q−1

m,vi s +Q−1
m,T ED +Q−1

m,str ess +Q−1
m,sur f . (2.11)

Qm,cl amp describes the losses caused by the clamping to the substrate. In the case of a

microdisk, it can be expressed as [22]

Qm,cl amp =
(

csd

Emech

∫
Ap

∣∣∆z
(
ρ
)∣∣2 dAp

)−1

, (2.12)

where cs is the speed of sound in the material, d density, Emech is the total energy stored in
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2.2. Microdisks and microrings as mechanical oscillators

the mechanical oscillation, ∆z
(
ρ
)

is the vertical displacement amplitude, Ap is the area of

the clamping. Several ways to engineer the clamping losses exists. For instance a small sized

pedestal made with a more compliant material does reduce the damping [22, 46]. Commonly

an inverse dependance between the quality factor and the pedestal size is found. Alternatively,

it is possible to design a "phonon shield" that creates a bandgap at the desired oscillation

frequency. This technique is commonly employed in optomechanical crystals [26, 47], but it is

however possible to engineer the same behavior in the pedestal of a microdisk [48], although

with more fabrication challenges. Finally, it is possible to select the thickness and dimension

of the microdisk to obtain an oscillation node at the center where the pedestal is attached,

since the displacement amplitude at the pedestal strongly influences the mechanical quality

factor [22, 49]. Suspended microrings trade part of the stiffness compared to microdisk, but

gain the ability to engineer the support in the device layer, which is technologically easier

compared to pedestal engineering [22, 50]. This contribution is one of the dominating sources

of loss for high frequency devices, especially if the connection to the substrate is not optimized

[46]. Similar to the radiation losses of an optical cavity, the clamping losses can be estimated

by simulating the structure with a PML.

Qm,mat is the contribution of the intrinsic material damping. For crystalline materials like low

defect single crystal silicon or diamond, this contribution is generally negligible compared

to other loss mechanisms. Internal friction and two-level thermally activated tunneling are

included in this contribution, but they start to be relevant at low temperature [51].

Qm,vi s is the viscous damping and it is influenced by the interaction of the resonator with

the fluid surrounding it [52, 53]. The RBM is generally less sensitive compared to the flexural

modes due typical direction and the amplitude of the oscillations: the resonator will oscillates

mostly in plane, therefore not producing any squeeze film damping; when oscillating in a

Brownian regime, oscillation amplitudes are of the order of few pm. Nevertheless, it is of

course possible to perform experiments in vacuum and eliminate this damping mechanism.

Qm,T ED is the contribution due to thermoelastic damping. It is caused by heat flow withing the

resonator as it oscillates. Region under compression are warmed, and the opposite for tension,

causing a thermal gradient and a consequent energy loss [54–56]. The Zener expression of

TED is [54, 57]

Q−1
m,T ED = Eα2T

dCp

ωτZ

1+ (ωτZ )2 ; (2.13)

τZ ∝ 1

π2D th
; (2.14)

with E Young’s modulus of the material, α thermal expansion coefficient, Cp specific heat, τZ

the thermoelastic relaxation time, and D th the thermal diffusivity. The expression of τZ does

change depending on the shape of the resonator, and the multiplication factor is related to the
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thickness or the cross section. It is evident that a material with good thermal conduction, like

single crystal diamond, would make this contribution small.

Qm,str ess takes into account residual stress in the device layer. For microdisks and microrings,

this term is negligible due to the fact that the structure releases any internal stress after the

pedestal is formed. For other structures it is rather important and can be dominant over

other forms of losses. A famous example of the expoitation of interal stress to enhance the

mechanical quality is silicon nitride with residual tensile stress [18, 58]

Finally, Qm,sur f takes into account the surface effects. Surfaces may have a large number of

defects, and are sensitive to fabrication imperfections. The term starts to be relevant when the

surface to volume ratio increases [59].

The Qf -product

An important figure of merit of a mechanical oscillator is the product between the mechanical

quality factor and the oscillation frequency. It is directly related to the phase noise of an oscil-

lator, which is a metric commonly used to characterize RF oscillators [60]. The mechanical

quality factor can give an indication on the degree of decoupling from the thermal environ-

ment. The product of the quality factor and the mechanical frequency is a direct measure

of this effect. In particular, the condition necessary to neglect thermal decoherence over

one single mechanical period is Qm fm = kB T /~, where fm = 2πΩ; therefore to observe op-

tomechanical effects at room themperature, the lower limit of the product is Qm fm ' 6×1012

[61].

Effective mass and thermomechanical noise

An important quantity to define is the effective mass, me f f , of the mechanical oscillator, as it

allows to approximate a complex oscillator to a simpler harmonic oscillator. We can think of

the effective mass as the portion of the device that participates to the mechanical oscillation,

and can be calculated as the volume integral of the displacement field, u(x, y, z) normalized

to the maximum displacement and oscillator volume, V , multiplied by the real mass of the

oscillator, M , [62]

me f f =
M

V

Ñ ∣∣u(x, y, z)
∣∣

max
∣∣u(x, y, z)

∣∣ dx dy dz . (2.15)

Using the harmonic oscillator model, we can calculate the thermomechanical noise amplitude

as
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< x(ω) >=
√√√√ 4ΩkB T

Qmme f f

1(
Ω2 −ω2

)2 + (Ωω/Qm)2
; (2.16)

'
√

4kB TQm

Ω3me f f
, at ω=Ω; (2.17)

where kB is the Boltzmann constant, T the thermal bath temperature. Given the Brownian

nature of this oscillation, the undriven mechanical oscillator will have random amplitudes and

phase. In the frequency spectrum, the mechanical oscillations are identified by Lorentzians,

whose area is proportional to the temperature.

2.3 Optomechanical resonators

When the optical cavities and the mechanical oscillator are coupled, cavity photons can ex-

change momentum with the mechanical oscillator. Going back to the model optomechanical

system of figure 2.1, the momentum exchange gives rise to a change of the cavity lengths,

which in turn changes the cavity resonance frequency. The cavity frequency as function

of the moving mirror position can be written as ωc (x) ≈ +x ∂ωc
/
∂x + ... . The second term

of the expansion represents the frequency shift per displacement, and it is generally called

optomechanical coupling rate gom = ∂ωc
/
∂x =ωc /Le f f .

Following [61], the optomechanical sistem can be described with an Hamiltonian. It has three

terms. The first two describe the optical and mechanical mode of the system as harmonic

oscillators. It assumes that only one mechanical mode and only one optical mode contribute to

the interaction. The third term describes the interaction between the optical and mechanical

modes.

Ĥ = ~ωc â†â +~Ωb̂†b̂ +~g0â†â(b̂ + b̂†); (2.18)

where â† and â are the creation and annihilation operator of the cavity photons, b̂† and b̂ the

operators of the mechanical oscillation phonons, g0 is the vacuum optomechanical coupling

strength. g0 describes the interaction of a single photon and a single phonon, and it is related

to the optomechanical coupling rate as
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g0 = gom xZ PF ; (2.19)

xZ PF =
√

~
2me f f Ω

; (2.20)

with xZ PF the zero-point fluctuation amplitude of a harmonic mechanical oscillator.

The Hamiltonian described above assumes that the effect of the optomechanical interaction

is the shift of the cavity resonance with the mechanical oscillation. This system can be also

called "dispersive" optomechanics. On the other hand, the effect of the mechanical oscillation

can be also the change of κex , and it is referred as "dissipative" optomechanics.

Moving boundaries and photoelastic effect

In analogy to the Fabry-perot model, gom of a WGM resonator can be expressed as the ratio

between the central cavity frequency and the radius, gom 'ωc /r [63]. In general, gom can be

expressed as a sum of different contributions [64]. The first is analogous to the effect of the

moving mirror in the model system and it is called moving boundary contribution, gmb . This

term includes the effect of the physical change of the cavity length. It can be calculated as [65]

gmb =−ωc

2

Ï
Ab

(q ·n)
[
∆ε

∣∣e∥∣∣2 −∆(ε−1)|d⊥|2
]

dA ;

'−ωc

2

Ï
Aout

[
∆ε|ez |2 −∆(ε−1)

∣∣εeρ
∣∣2

]
dz dφ ;

(2.21)

where Ab is the resonator boundary, q is the normalized displacement field of the mechanical

mode, n is the boundary normal, ∆ε is the dielectric constant contrast between the resonator

and the surrounding medium, e∥ is the normalized electric field component parallel to the

boundary and d⊥ is the normalized electric displacement field component perpendicular

to the boundary. Considering the microdisks and microrings RBM, q ·n ' 1 at the outer

boundary, Aout , and q ·n ' 0 at the top and bottom boundary, therefore the moving boundary

contribution will be the strongest for the first order radial optical modes, and in particular

the TE1,m modes, since the electric field will be predominantly at the outer boundary of the

cavity. In the simplified equation, ez and eρ are the vertical and radial normalized electric

field components in cylindrical coordinates. If we rewrite the equation of the electric field in

cylindrical coordinates as ez (ρ,φ, z) = ez (ρ, z)e i mφ and eρ(ρ,φ, z) = eρ(ρ, z)e i mφ, the equation
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can be further simplified since
∫ 2π

0

∣∣e−i mφ
∣∣2

dφ= 2π:

gmb '−ωc

2

[
∆ε

∫
Lout

∣∣Ez (ρ, z)
∣∣2 dz −∆(ε−1)

∫
Lout

∣∣εEρ(ρ, z)
∣∣2 dz

ε
Î

sect i on

∣∣E(ρ, z)
∣∣2 dρdz

]
; (2.22)

with Lout representing the outer edge of the cavity vertical cross section. The contribution can

be estimated from the results of a 2D axysimmetric FEM simulation.

A second effect that may contribute to the change of the effective cavity length is the photoe-

lastic effect, when a strain field causes a change in the material refractive index [27].

gpe ' ωcε0n4

2

Ñ
V

{2ℜ(e∗x ey )p44Sx y

+|ex |2[p11Sxx +p12(Sy y )]

+ ∣∣ey
∣∣2[p11Sy y +p12(Sxx )]

+|ez |2[p12(Sxx +Sy y )]}dx dy dz ,

(2.23)

where S is the strain tensor, p is the photoelastic tensor [66]. For a general geometry, also the

strain z components (Szz ,Sxz ,Sy z ) should be taken into account, but for a RMB the strain in

these direction is mostly zero.

Amplification and Cooling of the mechanical motion

By driving the optical cavity with an external laser field, the mechanical motion can be con-

trolled [61]. The optical cavity field can be expressed as an average field, ā, and a fluctuating

field δâ. Depending on the pump laser detuning∆, the third term of the Hamiltonian becomes

Ĥi nt = ~g0ā
(
δâ†b̂† +δâb̂

)
, for ∆> 0; (2.24)

= ~g0ā
(
δâ†b̂ +δâb̂†

)
, for ∆< 0. (2.25)

Deriving the equations of motion from the Hamiltonian, it is possible to define a backaction

rate of the optomechanical system as [4]

Γopt = A−− A+ = g 2
0 ā2

(
κ

κ2/4+ (∆+Ω)2 − κ

κ2/4+ (∆−Ω)2

)
. (2.26)

The two terms of the equation describe the phonon annihilation, A−, and creation, A+, rates.
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The backaction rate can modify the mechanical damping, and we can define an effective

mechanical damping rate as Γe f f = Γ+Γopt . Depending on the sign of the detuning ∆, Γopt

can be negative or positive, effectively amplifying or damping the mechanical oscillation.

We can distinguish two different regimes by the ratio between the optical linewidth and the

mechanical oscillation frequency. In the unresolved sideband regime, κ>Ω, the maximum

and minimum of Γopt are approximately at ∆≈ κ/2, while in the sideband resolved regime,

κ < Ω, at ∆ ≈ Ω. With negative (blue) detuning, it is possible to reach a condition where

Γe f f = 0 if sufficient power is circulating in the cavity. The optomechanical system enters

a regime of regenerative self sustained oscillations, often referred as "phonon lasing" or

parametric amplification [67]. When the threshold power is reached, the Lorentzian peak

associated with the mechanical oscillation increases in amplitude dramatically, while its

linewidth decreases, approaching the optical cavity linewidth [21, 68, 69]. An alternative way

to express the regime is indicated by the optomechanical cooperativity, C , reaching unity

when the parametric amplification is reached,

C =C0ā2 = 4g0

κΓ
n̄cav = 1 (2.27)

where n̄cav = ā2 is the average number of photons in the cavity, and C0 is the single photon

cooperativity.

By detuning the laser in the other direction, Γopt is always positive. In this regime the opposite

effect occurs, as the backaction increase the damping of the system. In this regime optome-

chanical cooling of the oscillator can occur as the laser field will extract phonons from the

cavity [70, 71]. However, since the laser needs to be red detuned from the cavity, additional

experimental requirements should be considered. In fact, an optical cavity at sufficiently high

power experiences a shift ofωc as the pump frequency approaches the center of the resonance.

As more power circulates in the cavity, absorption induced heating changes the refractive

index of the material and a typical instability at the central frequency can be observed [72].

To counteract this effect, stabilization techniques can be used [73]. For our experiments

we are interested in the blue side of the optical resonance for the amplification, and active

stabilization of the cavity may not be required.

With the same optomechanical system more interaction types have been demonstrated,

including optomechanically induced transparency (OMIT)[73–75], optical wavelength con-

version [76], and squeezed light generation [77]. The requirements are more stringent, since

resolved sideband regime, κ¿Ω, and strong coupling regime, g > k, may be necessary.
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2.4 Applications

Due to the very small linewidth in the parametric amplification regime, optomechanical

cavities can be used as very sensitive detectors. Due to strong optical confinement, especially

in photonic crystal structures, detection of mechanical displacement is possible with high

sensitivity by analyzing the optical signal coming from the cavity. By amplifying the signal via

radiation pressure, the sensitivity of displacement measurements can be drastically reduced

to reach a noise equivalent to the standard quantum limit (SQL) and beyond [78, 79], below

the thermal noise level. High sensitivity and high bandwidth accelerometry was demonstrated

as well [80]. The high intrinsic mechanical quality factor achievable in these structures

paired to a small test mass ensures measurements bandwidth higher than commercial MEMS

accelerometers, with the added benefit of the ability to cool the thermal motion of the test

mass. The mechanical resonance frequency is very sensitive to small perturbations, and

optomechanical oscillators have been used to detect small masses, down to the sub-pg level

[81, 82]. Of course, if used in an unperturbed environment, optomechanical oscillators benefit

from the small oscillation linewidth if used as a frequency reference [21, 83, 84].

Other applications include on-chip optical processing exploiting OMIT and optomechanically

mediated wavelength conversion. A more complete description of applications of cavity

optomechanics can be found in the review by Michael Metcalfe [85].
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3 Diamond mechanical and optome-
chanical resonators

For nanomechanics and photonics applications, diamond is a strong material platform thanks

to its excellent properties. The large bandgap makes the material transparent in a wide range

of wavelength, from ultraviolet to far-infrared. Multiphoton absorption is also very low for

most of the transparency range. This large bandgap also allows to host a large number of

quantum emitters, the diamond color centers, which will be presented briefly in the next

paragraph. It is also a high (∼2.4) refractive index material, allowing to fabricate photonic

structures with very small mode volumes. Mechanically it is known to be very stiff and hard,

with Young’s and Hardness moduli one order of magnitude higher than silicon. It has also very

low intrinsic damping, and, together with the high thermal conductivity, it allowed to fabricate

high frequency, low dissipation mechanical oscillators, which examples will be presented

in section 3.2. The optical and mechanical qualities make diamond a particularly attractive

platform for optomechanics, where high cooperativity regimes can be reached. Other than

optomechanics and photonics, diamond is interesting also for micro-optical components

and non-linear optics. The formers benefit from the high refractive index and the large laser-

induced damage threshold, allowing to be used for lenses, grating and windows in high power

applications [86–92]. The latter from the large Raman shift and Raman gain, with a number of

demonstrations of diamond Raman lasers presented over the years [93–96]. Table 3.1 lists few

of these material parameters of single crystal diamond compared to nanocrystalline diamond

and single crystal silicon. While the grain boundaries of NCD degrade the quality of the single

crystal material, in many cases they are still better than single crystal silicon.

To fabricate high quality factor devices, high quality substrates are critical. One important

technological limitation is the availability of high quality substrates. In recent years, high

quality single crystal plates started to be commercially available, allowing researchers to focus

on the development of diamond devices. Two technologies are used to grow synthetic single

crystal diamond plates, High Pressure High Temperature (HPHT) [104] and Chemical Vapor

Deposition (CVD), in particular microwave plasma CVD [105]. While both technologies can

offer sufficiently pure substrates, CVD grown diamonds can be obtained with less defects,

and are generally preferred in photonics applications. CVD growth can produce different
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Parameter
Single Crystal

Diamond
Nanocrystalline

Diamond
Single Crystal

Silicon

Young’s Modulus (GPa) 1080 - 1155 [97] 500 - 1120 [98] 165 [99]

Hardness (GPa) 50 - 110 [97] 35 - 98 [98] 13 [100]

Density (kg/m3) 3520 [101] 3300 - 3510 [98] 2330 [101]

Thermal Conductivity
(Wm−1 K−1)

2200 [101] 12 - 1370 [98] 140 [101]

Thermal Expansion
Coefficient (K−1)

0.8 - 0.9×10−6

[97]
2.6×10−6 [102]

Sound Velocity (m/s)
18000 - 19000

[97]
15700 - 17980

[98]
8300 [101]

Raman Shift (cm−1) 1332 [97] 520 [103]

Bandgap (eV) 5.47 [101] 1.12 [101]

Transparency Range
(µm)

0.22 - 20 [101] 1.1 - 6.5 [101]

Refractive Index 2.4 [101] 3.5 [101]

Table 3.1 – Material Properties of single crystal diamond and nanocrystalline/ultrananocrys-
talline diamond compared to single crystal silicon. For each value the reference is reported in
the square parenthesis.

types of diamond substrates. Single crystal plates can be grown starting from a single crystal

diamond seed (usually an HPHT crystal, {100} orientation) [106–108]. This process is called

homoepitaxy. Commercially available CVD single crystal substrates are usually grown with

this technique. The CVD gem is then laser cut into smaller plates and polished. Given that the

starting seeds are generally small and the low growth speed in on the lateral directions, plates

larger than few mm are very expensive. Initial polishing is perfomed using a scaife-polishing

technique [109, 110]. This polishing however does not produce a surface suitable for integrated

photonics due to the presence of subsurface damage and pits and lines left in the surface

[111, 112]. Additional polishing, including non contact techniques, are required to prepare the

surface before photonic devices can be structured. Using the same deposition method on a

different substrate (heteroepitaxy) usually produces a polycrystalline film. Nevertheless, single
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crystal diamond can be grown heteroepitaxially on an iridium substrate, since the nucleation

density is high and the nuclei orientation has a narrower distribution. When a sufficiently

thick CVD layer is deposited, a large single crystal with low defect density can be achieved

[113]. However, depositing directly a thin single crystal layer over a low index or sacrificial

layer is not yet demonstrated, therefore a "single crystal diamond on insulator" wafer could be

fabricated using bonding techniques, as of the knowledge and technology available currently.

Poly and nanocristalline diamond can be a possible alternative to create large scale diamond

on insulator substrates, with the trade-off of lower material quality.

3.1 Color centers

Excellent books [114] and review articles[115] compiled a great overview of many defect

based sources in diamond and their applications, therefore a complete and detailed review

of diamond color centers goes beyond the scope of this review. However, a small description

of the structure and working principle of the main color centers will be beneficial, since

a mechanical stress field can substantially modify the emission characteristics and many

examples listed in the following diamond (opto)mechanics review aim to achieve coupling

between color centers and mechanical motion.

Reliable observation of color center luminescence occurs only in single crystal diamond

or nanodiamonds, while photoluminescence in poly an nanocrystalline films is strongly

influenced by the grain boundaries [116]. Thanks to the wide bandgap, diamond can host a

large number of optically active defects that can emit from ultraviolet to far infrared. These

defects are responsible for the coloration in natural diamond, and the one emitting in the

visible have been extensively studied over the years due to the most famous application of

diamond, jewelry. Moreover, since a lot of these defects, or color centers, are particularly bright

and can be observed isolated inside the diamond matrix, they are studied also as quantum

system [117]. Of particular interest is the application of color centers as single photon sources.

Two of the most commonly studied defects are the nitrogen vacancy and the silicon vacancy

centers. Figure 3.1 shows the lattice and the electronic structure of these defects. The NV

center is formed by a nitrogen in a lattice position and an adjacent carbon vacancy, and it

can exist in multiple states depending on the charge distribution. These defects are rather

common both in natural diamond and in synthetic diamond, and they can be included in

a controlled manner in the diamond with ion implantation. The negatively charged state

(NV-) is potentially the most interesting. It has a long electron-spin lifetime and it maintains

good properties at room temperature [119, 120], and it exhibits coherent optical effects [121,

122]. The center has triplet states in the ground (3A2) and the excited (3E) states, which can

be manipulated by magnetic or electric field or by a stress field [123]. This enables the NV- to

read single spins and it opens the way for new technologies in the field of nanomagnetometry,

neuroscience, biology, and sensing [124–128].

Other than electric or magnetic field manipulation, it has been shown that color centers can
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Figure 3.1 – Strucuture of two common diamond color center defects. a) Nitrogen vacancy
lattice structure. Carbon atoms are colored in dark grey, nitrogen atoms in yellow, and the
vacancy is represented by the cyan sphere. The electronic structure of the negatively charged
nitrogen vacancy (NV-) is shown in the box on the right. The solid red line indicates the
allowed optical transition, the dashed blue line the non-radiatiative transition, the solid green
the magnetic transition [115]. b) Silicon vacancy lattice structure. The silicon atom is colored
blue, and it occupies an interstitial site of the diamond lattice. The electronic structure of
the negatively charged silicon vacancy (SiV-) is shown in the box on the right. The red lines
indicates the allowed optical transition, the dashed blue line the non-radiatiative transition,
the solid green the magnetic transition. There are 4 optical transitions allowed, yielding a
typical quadruplet photoluminescence emission at 738 nm [118].

be coupled to a stress field, for example in a micro or nano-mechanical resonator. Similar

interactions between mechanical motion and a quantum system have been demonstrated

previously with quantum dots embedded in a mechanical oscillator. The strain induces a

shift of the electronic levels of the quantum system, and it is particularly interesting when

electronic states can be degenerate in certain conditions like spin states [129–131]. In the case

of the NV- center, a GHz stress wave can split the |+1〉 and |−1〉 spin states [132]. However

the stress coupling coefficient is found to be smaller compared to other coupling mechanism

like a magnetic field, therefore large stress is required. Embedding a single center inside the

mechanical oscillator enables operation within the sideband resolved regime [133], which

allows to observe effects like phonon cooling and lasing [134], similarly to what has been

demonstrated with optomechanical oscillators.

The exploitation of color centers has been a strong motivation to develop nanofabrication of

single crystal diamond. One of the main challenges is related to the collection of the emitted

photons. Given the high refractive index of diamond, most of the light emitted from the color

center is reflected at the interface. Substantial work was done to create solid immersion lenses

at the color center location [135–139] or create nanowires [140] to enhance the emission

outside the diamond and increase the collection efficiency. As for other quantum emitters,

color centers also benefit from the inclusion in an optical cavity, in order to have a Purcell

enhancement of the emission [141].

While microfabrication allowed to enhance the collection rate of photons from NV centers

and coupling to mechanical oscillators, it can induce modification of the fluorescence. For
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instance, the lifetime of NV- is dependent on the host material, displaying shorter lifetimes

in bulk single crystals compared to nanodiamond [120, 142, 143]. By bringing the center

close to the surface, spectral broadening start to be observed, indicating that the electronic

states are modified by the presence of surface impurities [144]. Sensitivity of the color center

to the magnetic environment can be enhanced when it is closer to the surface, and it can

enable truly nanoscale sensing due to the intrinsic size of the defect. Moreover, embedding

the color center within a nanoscale resonator may be required to access the GHz range

of mechanical oscillation to couple efficiently the strain to the spin states. Of course, the

modification of the center fluorescence has to be taken into account. It should be noted that

significant broadening is found for very shallow defects (<2 nm), and the surface stability of

NV in diamond is unmatched by other solid-state spin systems [144]. However, the charge

state of the NV center (NV0 or NV-) is influenced by the distance to the surface. Changing

the surface terminations may convert stable NV- to NV0 [145, 146]. This behavior may be a

limitation for applications where the fluorescence from the negatively charged state is desired.

A large part of the work on diamond color centers has been performed on NV defect, however,

the silicon vacancy defect also can emit single photons and it has a narrow ZPL with weak

phonon sidebands [147]. Moreover, the symmetry of the defect (see figure 3.1) makes it more

robust to the environment [148]. The emission at ∼ 740 nm could also be exploited for gas

sensing (in particular NO2 [149]). In the last years more attention has been given to this defect,

with encouraging reports of techniques to deterministically place the emitter inside an optical

cavity [150–153]. Strain tuning of this color center is possible as well. The diagram in figure

3.1(b) shows the electronic structure of a SiV- when no magnetic or strain field is applied.

The spin-orbit coupling separates the ground and upper states by several GHz, producing 4

allowed optical transition. When a magnetic field is applied, the degeneracy is further broken

and each level is separated in two different spin states. A strain field can significantly impact

the coherence and relaxation time of the spin states [154, 155].

3.2 Diamond (opto)mechanical oscillators

Initial studies using poly- and nano-crystalline diamond (PCD and NCD) film showed en-

couraging results with regards to the mechanical quality of diamond resonators. One of

the main motivations to move from polycrystalline silicon to polycrystalline diamond is the

higher Young’s modulus allowing for higher oscillation frequency RF oscillators, with the

aim to extend the operating range in the higher frequency bands [46, 156]. CVD deposited

polycrystalline diamond can be easily integrated on different substrates, and can be pro-

cessed in a CMOS compatible process. High Qf -products of the order of 1013 Hz, both in air

and in vacuum [46], were achieved. Further analysis of the loss mechanisms in poly- and

nano-crystalline diamond based devices showed a lower thermoelastic damping compared to

polysilicon. Analyzing the damping of NCD cantilevers, Hutchinson et al. [157], found the

thermoelastic damping contribution to Qm to be negligible. The behavior can be explained by

comparing the thermal constant of the cantilevers to the mechanical oscillation periods. The
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[162] [163]

[51] [164]

Figure 3.2 – Examples of mechanical oscillators in single crystal diamond. [162] Dome shaped
resonators fabricated with the "smart-cut" method. [51, 163] Cantilevers fabricated by bonding
and thinning a thich diamond plate. The absence of the amorphous carbon layer yields high
mechanical quality factors. [164] Cantilevers fabricated with the "angled etching" technique
starting from a bulk substrate. In subfigure (c) the typical triangular cross section is shown.

high thermal conductivity of the diamond contributed making the thermal constant much

shorter than the period. Other studies in the same direction [57, 158–160] confirmed the

behavior by breaking down the different contributions to the mechanical damping.

Temperature gradients in oscillators causing local volume changes are the root cause of the

thermoelastic damping. This contribution (Zener damping) is inversely proportional to the

specific heat and the thermal diffusivity of the material [54, 57]. Compared to polysilicon,

PCD and NCD have of course an advantage, however, the grain boundaries degrade the

heat transport properties, especially at high oscillation frequency (GHz) when the inter- and

intracrystalline damping starts to be dominating [161]. From this point of view, single crystal

diamond devices should have significantly lower thermoelastic damping at all frequencies.

Overall, SCD should be better suited to many applications in micro- and nano-mechanics

compared to PCD and NCD. As discussed previously, it is very challenging to grow single

crystals on a sacrificial substrates like for the poly- and nano-crystalline variant. Nevertheless,

several examples are available of mechanical oscillators in single crystal diamond. The main

fabrication challenge is the availability of high quality single crystal substrates only in bulk

form. To create suspended micro- and nanometer sized devices it is necessary to remove part
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of the diamond below the device. This is of course challenging because no strong chemical

selectivity can be exploited. One technique is to create a sacrificial layer by ion irradiation.

High energy (∼100 keV) light ions (He, C, ...) can selectively damage a layer below the diamond

surface, creating an amorphous layer that can then be selectively removed with plasma or

electrochemical etching [165–168]. With this technique, Zalalutdinov et al. [162] realized

70 nm thin dome resonators in SCD. A strong dependence of the mechanical quality factor

on the temperature and the oscillation frequency was found, suggesting that the technique

chosen for the etching of the sacrificial layer did not reliably remove the amorphous carbon.

In particular, the internal friction in the MHz frequency range and thermal dissipation of

amorphous carbon are the dominant source of losses in the fabricated structures. Indeed, Wu

et al. [169] demonstrate high mechanical quality factor (1000000 at ∼400 kHz) after thorough

etching of the amorphous carbon layer. Their etching step consisted of thermal annealing at

500 ◦C in air. The quality factor was measured after different time intervals, finally observing a

strong increase after 380 h.

To avoid amorphous carbon damping, and the potential ion-induced degradation of the

properties of the device layer, Ovartchaiyapong et al. used a diamond on insulator substrate to

fabricate single crystal cantilever resonators [163]. Thin (∼20µm) diamond plate were bonded

to a oxidized wafer with oxide-oxide bonding, and the diamond layer was then thinned down

to few micrometers with Ar/Cl2 based RIE/ICP. More conventional lithography and wet etching

were employed to pattern and release the diamond cantilevers. Mechanical quality factors of

338000 at room temperature were recorded for cantilevers oscillating at ∼1 MHz. Analysis of

the dissipation mechanisms shows quality factors limited by the clamping losses and surface

dissipation, as well as viscous damping at higher pressures. The authors report a minimum of

Qm at 50 K, potentially related to surface imperfection or internal friction peaks.

A similar method was employed by Tao et al. for the fabrication of single crystal cantilevers.

Here two approaches are proposed: HSQ bonding of the diamond plate to a silicon substrate

(similarly to the previous example), and embedding the diamond plate in a quartz "sandwich"

[170]. The diamond plate is then thinned down to ∼100 nm before patterning the cantilevers.

Compared to single crystal silicon and PCD control cantilevers, the SCD devices offer 1-2 order

of magnitude better Qm , measuring up to 1510000 at 3 K (∼400000 at room temperature) [51].

Material quality is as well important, since devices fabricated in electronic grade SCD show

Qm of 1 order of magnitude higher. The authors highlight the potential of SCD cantilevers

for applications in ultasensitive force measurements. Further developments [171] show force

noise level of 0.19 aN at 100 mK. Such high sensitivity was achieved thanks to the small

mechanical dissipation of the "nanoladder" cantilever design. The noise level is small enough

to enable the detection of the weak signals produced by single nuclear or electronic spins in

magnetic resonance force microscopy.

In both cases [163, 170], RIE/ICP based thinning produced non-uniform thickness of the

resulting diamond layer, evident by looking at the color gradient of the diamond film on the

microscope images. This non-uniformity can be caused both by the starting (non-uniform)
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plate thickness or by the plasma dynamics within the RIE/ICP chamber. For mechanical

oscillators the thickness variation may not be a problem, but of course it will broaden the

frequency spread of the devices. Moreover, most of the diamond substrate is etched during

fabrication, making this approach not entirely economically sound. It must be noted that,

depending on the fabrication process and the starting SCD plate, the cost of the diamond

material "lost" during thinning may not be a limiting factor.

Another fabrication strategy is based on the modification of the plasma direction to obtain an

"angled-etching", either with a Faraday cage [172, 173], or by tilting and rotating the sample

[174], to create freestanding structures in bulk substrates. SCD cantilever with quality factors

up to ∼94000 are achieved [164]. Burek et al. report compressive stress in clamped-clamped

cantilevers, which is surprising given that the structure are fabricated in a bulk substrate.

The authors presume that it originates from the mask during etching. For applications with

color centers, it is important to know precisely the strain environment since it will modify

the emission characteristics. Dynamical actuation of these diamond resonators is of course

possible by including some form of actuator. Following up on previous work, Sohn et al.

included dielectrophoretic actuation on the angled-cut SCD cantilever beams [175]. Metal

electrodes are deposited on the side of the cantilevers, and actuation occurs when a RF signal

sent trough the metal is resonant with the diamond structure. Compared to other forms of

actuation, like electrostatic or piezo-electric, this method does not require the deposition of

a thin film on the diamond resonator, therefore it does not modify the mechanical damping

characteristic of the device. The main trade-off of this actuation method is the very weak

resulting effect for the same actuation voltage compared to the other methods.

3.2.1 Diamond optomechanics

Given the broad transparency range, suspended optical cavities can be fabricated in diamond.

Several examples have been reported in literature using several fabrication techniques in-

cluding focused ion beam milling [176, 177], angled-etching [173], "quasi-isotropic" etching

[178–180], as well as more "traditional" techniques using NCD [181, 182]. Of course, the ability

to suspend optical cavities paves the way to diamond cavity optomechanics.

Including an appropriately designed "optomechanical crystal" in a angled-etched diamond

cantilever, Burek et al. [29] demonstrated phonon lasing and OMIT. The devices present high

optical quality factors Qo (1.7×105 and 2.7×105) and highΩ/2π (5.5 GHz and 9.5 GHz), mak-

ing the optomechanical cavity operate in the sideband resolved regime. Measured mechanical

quality factors (at room conditions) are of the order of ∼5000. Qm of diamond resonators tend

to increase at lower temperatures [51], and a following work [185] shows that it is the case for

these diamond optomechanical crystals, recoding an increase of 30× at 5 K, measuring Qm up

to 238000. Thanks also to the high oscillating frequency, the devices have Qf -products in the

order of 1015 Hz at 5 K (1013 Hz at 300 K; see figure 3.4 for a comparison).

Other demonstrations of optomechanical interaction in diamond structures were reported by

26



3.2. Diamond (opto)mechanical oscillators

[29]

[183] [25]

[184]

Figure 3.3 – Examples of optomechanical resonators in single crystal and polycrystal diamond.
[29] Photonic crystal beam fabricated with the "angled etching" technique. [183] Polycrys-
talline H shaped resonator. [25, 184] Single crystal nanobeam and single crystal microdisk
fabricated in a bulk substrate using a "quasi-isotropic" undercut.

the group of Wolfram H. P. Pernice using a polycrystalline diamond film. Although mechanical,

thermal and optical properties are inferior to SCD, PCD offers the great advantage of deposition

on different substrate and the ability to process it with more "conventional" fabrication

techniques, as previously mentioned. Raith et al. [186] reported optomechanical excitation

of PCD nanobeams. Suspended slot waveguides with gaps between 150 nm and 300 nm

are fabricated in the diamond film. Mechanically, the waveguide will act as two coupled

nanobeams, and the in plane expansion mode will modify the propagation of the optical

mode. In this configuration, a strong interaction between the mechanical mode and the

optical field is possible because most of the power propagating through a slot waveguide is

situated in between the two nanobeams, creating a strong field gradient. Propagation losses

are rather high, and they are dominated by scattering losses due to the rough surface of the

polycrystalline film (∼15 nm RMS). The authors state that losses can be improved using a

polishing step, but they are not critical in the current structures due to the short length of the

waveguides. To readout the modulation of the propagation due to the mechanical oscillation,

the slot waveguides are included in a Mach-Zehnder interferometer. Light is coupled in and

out of the chip via grating couplers. Qm of 11200 are measured at 3.8 MHz in vacuum. As

expected, the diamond film had residual internal stress depending on the growth condition.

At high pump modulation amplitudes, both sings of the Duffing nonlinearity are reported,

depending on the device location on the chip, indicating that the internal stress is not uniform.

By changing the design of the mechanical resonator, higher Qm of 28000 was achieved [183].

The slot waveguide was replaced by an "H" shaped mechanical resonator coupled to a bus
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waveguide. The center of the mechanical resonator was patterned with a photonic crystal

with a band gap at the operating wavelength (∼1550 nm) to confine the light next to the

waveguide and enhance the optomechanical interaction. The authors report a displacement

sensitivity of 14 fm/
p

Hz. A set of gold electrodes deposited on the H resonator arm opposite

to the bus waveguide can be used to drive the mechanical oscillation [187]. This allows the

optomechanical detection of higher order modes, up to 115 MHz. The electrodes operate

as an electrostatic actuators: a DC signal generates an attractive force that will increase the

separation between the H resonator and the bus waveguide, while a RF signal can be used

to excite the mechanical oscillation. Qm is reported to decrease with the increase of the

oscillation frequency, measuring ∼1300 at 115 MHz. Compared to previous work [183], the

mechanical dissipation increases due to the additional damping caused by the deposited gold

electrodes. As for the optomechanically driven oscillation, higher amplitude of the RF signal

highlights Duffing nonlinearity of the resonator.

Similarly to [183, 186], Khanaliloo et al. [25] demonstrated a single crystal diamond optome-

chanical system that allowed to excite the self-oscillation of diamond nanobeam waveguides.

The structures are etched in bulk CVD optical grade diamond exploiting the etch rate de-

pendence of diamond crystal planes to release rectangular beams. The technique will be

described in detail in section 6.1, since it is the same that will be used to create our micro-disk

and micro-rings. The system presented by Khanaliloo et al. is based on the modulation of the

optical supermode guided by a tapered waveguide positioned in proximity of the oscillating

diamond nanobeam. Stress-enhanced photothermal force and optomechanical coupling are

responsible for the self modulation. The high Qm of 7.2×105 measured at 5 K (∼1.5×105 in

high vacuum at room temperature), contributes to a low self-oscillation threshold of ∼100 nW.

Contrary to an optomechanical crystal or a wispering gallery mode resonator, the system

presented here is inherently broadband given the absence of an optical cavity. Moreover

the cantilever design allows for large self-oscillation amplitudes (>200 nm), although the low

oscillation frequency (∼1 MHz) put the system in the unresolved sideband regime. Nonlinear

mechanical behavior is highlighted by the large oscillation amplitudes. The authors show

that nonlinear dynamical softening is present and it can be tuned by the separation taper-

nanobeam, and it is influenced by internal stress of the diamond structure. The dynamical

oscillation of the device and the ability to tune the internal stress with optomechanical back-

action, make this structures an intresting system for optomechanical controls of spins, like

the nitrogen vacancy center. Further work [188], explored another way of inducing optome-

chanical back-action to the diamond nanobeam. The tapered fiber is used as a displacement

sensor by keeping the input fiber sufficiently low to prevent any modification of the nanobeam

motion. The tuning of the optomechanical back-action occurs by focusing a fixed wavelength

pump at different positions compared to the nanobeam via a microscope objective, somewhat

similar to optical tweezers. The sign of the back-action, i. e. amplification or cooling, depends

on the microscope focal spot position, in contrast to cavity optomechanics, where the sign

of the back-action does not depend on the pump coupling. When the focal spot is above the

nanobeam plane, the self-oscillation is amplified, and vice versa when the focal spot is below
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the nanobeam plane. Since the back-action is dominated by the photothermal effect, a thin

layer of titanium is used to enhance the effect. Self-oscillation amplitudes achieved in this

configuration are comparable to the one previously reported [25], confirming the potential

to drive spin transition in nitrogen vacancies using the microscope controlled photothermal

optomechanics.

The group of Paul E. Barclay at the University of Calgary demonstrated several optomechanical

effects not only with the nanobeam waveguides, but also using SCD microdisks for cavity op-

tomechanics experiments. The fabrication strategy used is based on the same quasi isotropic

etch [178], here yielding microdisks supported by an hourglass shaped pedestal with oc-

tagonal cross section. Self-oscillation amplification was demonstrated in SCD microdisks

with sufficiently thin pedestal diameters. Mechanical resonances corresponding to the fun-

damental radial breathing mode are reported with Ω/2π ∼2 GHz and Qm ∼ 9000 (at room

temperature and pressure), yielding an Qf -product of 1.9×1013 Hz. The pedestal geometry ap-

pears to be of particular importance for the RBM dissipation, and only the thinnest pedestals

(∼100 nm) present small mechanical dissipation, Γ, indicating that the RBM is limited by

clamping losses. The microdisks show high ambient condition optomechanical cooperativity

C = N g 2
0 /κΓ' 2.7. The measured self-oscillation amplitudes are of the order of ∼30 pm. Com-

pared to the nanobeams, the amplitude is significantly smaller, however, given the nature of

the oscillation mode, the induced internal stress is high enough to produce comparable cou-

pling between the mechanical field and the spin of a nitrogen vacancy center. The threshold

power of the self-oscillation is in the order of few mW, and it is related to the optical quality

factor of the cavity. Further work by the authors investigated fabrication strategy to improve

the sidewall surface roughness, improving the optical quality factor to ∼300000, as well a way

of reducing the mechanical dissipation by engineering the pedestal shape [189].

With the engineered pedestal, demonstration of optomechanical cooling and OMIT was

possible [192]. These effects are achievable by red detuning the laser pump compared to the

optical cavity, and it would not be possible when a thermo-optic instability occurs without

employing cavity stabilization techniques [184]. Given the small pedestal dimensions, the

thermal conductivity of diamond is reduced due to surface and size effects. By including

an additional step in the fabrication, the authors modified the pedestal shape to achieve

better thermal conductivity while maintaining the same mechanical dissipation. Compared

to previous work, this yielded a thermal time constant (τth) of one order of magnitude faster,

enabling access to the red side of the optical resonance. Excellent OMIT performance was

reported even with Qo ∼ 105. OMIT can be further exploited using a second control laser

signal to achieve all optical switching [193], optical control of pulse time storage storage[194],

and optomechanically mediated wavelength conversion [195, 196]. By introducing a second

control field, it is possible to transfer information between two optical modes coherently using

the optomechanical interaction. The authors propose these diamond microdisk as a platform

to convert red light emitted from diamond color centers to telecom wavelengths for long range

transmission.
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Figure 3.4 – Qf -product plot of the reported examples of diamond mechanical and op-
tomechanical resonators (blue) compared to other high Qf systems (red). The squares in-
dicate experimental values obtained at room temperature and pressure, the triangles in
vacuum at room temperature, and the circles in vacuum at cryogenic temperature. The ma-
genta dot-dash line shows the Qf -product required for room temperature optomechanics
Qm fm = kB T /~' 6×1012, and the gray dot-dot lines indicate constant Qf -product products
every order of magnitude.

Figure 3.4 shows the Qf -product of the examples of the diamond mechanical and optome-

chanical oscillators presented previously, compared to some high Qf demonstrations in other

material platform. Diamond resonators can offer high mechanical quality factors, well in the

>100000 range, and appropriate geometries that yield high oscillation frequencies allow for

high Qf above the 6×1012 Hz threshold for room temperature operation. The high Qf values

indicate that diamond mechanical and optomechanical resonators are a great platform to

realize an optomechanical frequency references. Among the different techniques presented

in this chapter, the "angled-etching" and the "quasi-isotropic undercut" are the fabrication

strategies that offer the highest Qf values and are better suited to realize a mechanical or

optomechanical resonator to date. Both have different strengths and drawbacks, however

the latter can be more flexible with regards to resonator geometries that can be realized. In

fact, other than the cantilever and microdisk presented previously, 1D [197] and 2D [180]

photonic crystal structures have been demonstrated. Although no optomechanical interaction

was reported, with appropriate cavity design it would be possible to excite the interaction.

Alternatively, the creation of a thin diamond layer with implantation is also a valid approach,

provided that the amorphous layer is appropriately removed to prevent mechanical losses.
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This can be achieved with extensive annealing, as mentioned previously, or by etching the

layer after bonding to a scaffold [198] or to a sacrificial layer.

Extensive work has been done to integrate color centers into mechanical and optomechanical

oscillators. Given the atomic nature of the color centers, they act as a localized sensors, there-

fore are well suited to investigate particular phenomena[199]. Ovartchaiyapong et al. [200],

for example, proposed to use NV centers to analyze clamping losses in mechanical resonators

to develop low dissipation designs. Color centers integrated in a mechanical resonators can

have similar interactions as the optical and mechanical field in an optomechanical resonator,

allowing for cooling and amplification of the mechanical motion [134]. As for the optome-

chanical system, a cooperativity and a coupling strength can be defined, which benefit from

low mechanical damping and small size [201]. High cooperativity spin-mechanical system

are a fundamental building block of quantum networks. The mechanical field can be used

both to manipulate [155, 202, 203] and to propagate the quantum information encoded in

the color center [154]. The benefit of using a mechanical oscillation compared to a magnetic

field is that the former can be easily confined and guided by realizing nanostructured devices.

Furthermore, optomechanical systems can be used to drive the mechanical oscillation at the

characteristic GHz frequencies, and can be more efficient than other actuation schemes.

To conclude, diamond is an attractive platform for multiple applications. Here I highlighted

the capacity of realizing low dissipation mechanical and optomechanical resonators, which

paves the way to applications demonstrated in other material system such as sensing, timing,

and accelerometry, and to others more inherent to diamond, thanks to the ability to host well

localized quantum systems, which makes the diamond platform a great candidate to realize

quantum communication and quantum processing.
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4 Simulations and methods

In this section I will describe how the simulations were performed, analyze the results, and

present the final designs that were implemented in micro-fabrication. Most of the simulations

were based on a finite element method (FEM) software, COMSOL Multiphysics. The method

works by dividing the geometry in elements and by solving the relevant partial differential

equations, expressed in the weak form, only at the nodes of the elements. The method is

very powerful because it allows to solve the problem for complex arbitrary geometries when

an analytic solution may not be available. In the previous chapter I gave some analytic

expression for the solutions of a WGM cavity (equation 2.9 in section 2.1), and in this chapter I

will compare it to the results of numerical simulations, analyzing the case where azimuthal

symmetry is broken. FEM simulations, moreover, allow to obtain an estimate of the radiative

losses of the optical modes. Similar analysis will be performed for the mechanical resonances.

In analogy to the optical simulations, it is possible to estimate some of the mechanical losses

contributions.

For each model, optimization of the element discretization (meshing) and of the boundary

condition will be performed. The results in numerical simulations is strongly influenced by

meshing and boundary conditions. However, ultimate precision is not required given the

uncertainty of the real geometric dimensions achievable with fabrication and the uncertainty

on the material properties used to define the material in the simulation. An error below 10%

should be a reasonable expectation.

To understand the effect of some fabrication steps, ion implantation in the single crystal

diamond substrate will be simulated. Stopping and Range of Ions in Matter is the software

package used for the Monte Carlo simulations [204]. Finally, the last section of this chapter

will describe the characterization setups.
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Figure 4.1 – a) Scheme of the geometry implemented in COMSOL to simulate the optical
resonances of a diamond micro-disk. The simulation uses a 2D axisymmetric geometry to
reduce the computation time. To at the edge of the air sphere a perfectly matched layer is used.
Similarly, a cylindrical PML is used to remove some numerical results that do not correspond
to real modes. b) Electric field norm plot of a TE mode (TE1,17) of a micro-disk with radius
2.5 µm, thickness 500 nm. c) Electric field norm plot of a TM mode (TM1,15) of the same
micro-disk. d) Q si m

o,r ad of first order radial TM and TE modes for different micro-disk diameters.
Only the resonances within the tuning range of the tunable laser (1460-1580 nm) are reported.
As expected, Q si m

o,r ad is decreasing with the disk radius. e) Dispersion of resonances in a disk
with radius 5µm, thickness 500 nm. The lines group the points with the same radial mode
number.

4.1 Optical simulations of Whispering Gallery Mode resonators

The initial simulation of the whispering gallery optical modes was done using a 2D axisym-

metric geometry, and a scheme of the simulation geometry is shown in figure 4.1.a. The

Electromagnetic Waves - Frequency Domain physics module was used to calculate the optical

eigenmodes of the WGM cavities. Compared to solid mechanics physics, optical simula-

tions generally require much higher computational resources, and since we can exploit the

azimuthal symmetry of such devices, the axial symmetry allows to greatly reduce the com-

puting requirements. This is mainly due to the small element required to resolve the optical

wavelength in the infrared (∼1µm).

The simulation geometry is composed of different domains, representing the microdisk/mi-

croring and the air cladding. The cladding is necessary because part of the mode is guided
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4.1. Optical simulations of Whispering Gallery Mode resonators

outside the cavity. The dimensions of this cladding is important since it needs to be sufficiently

large to include the evanescent tail of the optical mode. Figure 4.1(a) shows the 2D axisym-

metric simulation geometry. The air cladding is modelled as a semicircle (corresponding to

a sphere due to the symmetry used) around the resonator. At the air sphere boundaries a

perfectly matched layer is used to asses the radiative losses. A PML is an artificial material that

does not reflect any incoming radiation and it attenuates the propagation within the material.

A scattering boundary condition can be used instead of the PML. While it is less computation-

ally intensive since it is modelled as a boundary and not a 3D domain, it reflects part of the

radiation that is not normal to the surface. A first order scattering boundary condition is can

be expressed as n ·∇E⊥+ i k0E⊥ = 0, where E⊥ is the electric field normal to the propagation

direction. It is evident that efficient scattering (E⊥ = 0) only occurs for normal incidence. It

is possible to use higher orders of the scattering boundary conditions to extend the range of

incidence angles, however it still performs worse than a PML. In any case, it is appropriate to

design the cladding so that the radiation is mostly normal to the boundary as reflections occur

even for the PML at grazing incidence angles. Spheres or cylinders are the most appropriate

shapes for microdisks and microrings. Using the scattering boundary conditions yields a dif-

ference of < 5% compared to the results with PML. For the 2D simulation we can afford to use a

PML and keep the simulation size under control, while the scattering boundary condition will

be used for the 3D simulations. The optical modes are the calculated using an Eigenfrequency

study step. The solutions are restricted to the range of the tunable laser that will be used for the

characterization (1460-1580 nm) and only the solutions with radiation limited quality factor,

Q si m
o,r ad , above 1000 are accepted. The solver can return a number of numerical solutions that

are guided in the air cladding that clearly do not represents real modes. These solutions have a

large imaginary part (low Q si m
o,r ad ), and it is easy to filter them out. Including a cylindrical PML

around the symmetry axis of the model help removing a large number of numerical solutions

corresponding to non real modes. These solutions have electric field concentrated around the

axis and may have Q si m
o,r ad above the selected1000 lower limit. The geometry shown in figure

4.1(a) includes this PML as well.

Figure 4.1(b) and (c) shows the mode profile of the fundamental TE and TM cavity modes. The

cavity modes are identified as TE or TM and three indices corresponding to the radial, vertical,

and azimuthal mode numbers (r , z, and m). For a thickness of ∼ 500 nm only one vertical

mode is supported (z = 1), therefore often only the two remaining indices are used to classify

the optical mode. At around 700 nm multiple vertical modes are supported. Looking at the

electric field norm, the TE1,m is guided mostly at the outer surface of the microdisk/microring.

It will be very sensitive to sidewall roughness, which is created by the lithography and vertical

etch steps in the fabrication. TM1,m is guided at the top and bottom surfaces, therefore it

will be sensitive to imperfections caused by the surface polishing and the release step. The

simulations do no take into account the scattering caused by roughness and imperfections

on the cavity surface. Figure 4.1(d) shows the Q si m
o,r ad dependence on the cavity radius. larger

cavities confine better the optical mode, indicated by the exponential increase of the quality

factor. For a thickness of 500 nm, radii bigger than 2.5µm yield Q si m
o,r ad > 106.
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Figure 4.2 – Meshing using λn/2 (a) and λn/15 (b). c) Variation of the simulated central
frequency and optical quality factor of the TE1,17 mode of a micro-disk (2.5µm radius, 500 nm
thickness). When the mesh elements are smaller than λn/5, the change of the simulated value
becomes negligible, approaching a mesh convergence regime.

Figure 4.1(e) shows the mode dispersion. As described in section 2.1, good mode matching

occurs when m 'βw g rd . For the diamond cavities, the external waveguide is a tapered fiber.

The propagation of the fiber βw g can be estimated with a 2D Mode Analysis simulation of

the fiber cross section, since β f = 2πne f f , f /λ0. Using the refractive index of a SMF-28e tele-

com fiber, the effective index of the guided fundamental mode in the tapered fiber is around

1.2 when the diameter is below 1µm, corresponding to β f ' 4.8µm−1 at λ0 =1550 nm, and

mopt ' 24. Optimal phase matching occurs for microdisks with rd '3.5µm and thd '500 nm.

Smaller disks will be better matched to thinner fibers (as ne f f , f will approach 1 when the di-

ameter decreases) while bigger disks require thicker fibers (however the tapered fiber becomes

multimode at ∼1.2µm diameter).

Meshing and boundary conditions can have a large influence on the accuracy of the results.

The simulation results presented above are calculated with the optimized mesh and boundary

condition. A mesh convergence study was performed: the (maximum) element dimension

was swept from λn/2 to λn/15, where λn is the wavelength in the material, and the change

in central wavelength, λc , and Q si m
o,r ad were monitored. Since we are interested in optical

resonances at ∼1550 nm, the latter will be used as the reference vacuum wavelength. In figure

4.2(c) the mesh convergence results are shown. After reaching an element dimension of λn/5,

the simulation starts to enter a mesh convergence regime, meaning that the variation of

the results starts to be small enough (<1%) that the error caused by the mesh is negligible

compared to errors coming from other sources, such as discrepancy between the simulated

geometry and the actual fabricated devices, and the material model used for the simulation.

For the final simulation, λn/5 was used.

Similarly, the dimension of the air sphere and of the PML was also swept. Ideally, the bound-

aries of the simulation volume should be sufficiently far from the optical resonance to avoid

reflections and other numerical artifacts. Of course, the size should still be kept as small as

possible to keep the simulation time and size under control. The radius of the air sphere was

swept from rd+ 5µm to rd+ 15µm, where rd is the disk radius. The PML thickness was swept
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Figure 4.3 – 3D COMSOL eigenmode simulation of a diamond micro-disk (radius 2.5µm,
thickness 500 nm ) showing the TE1,17 mode (a), and of a micro-ring (radius 5.25µm, thickness
500 nm , ring width 25µm) showing the TE1,39 mode. c) 2D axisymmetric simulation of a
micro-ring, with the same dimensions of (b), showing the same TE1,39 mode. The 3D solution
was extracted by multiplying the 2D results by e−i mφ. The insets show the mode cross section
for the respective simulations. For all images, color gradient represents the electric field norm.
Change of λ0 and Q si m

o,r ad for a disk with different square section pillar width (d) and for a ring
with different ring width (e).

from 0.5µm to 5µm. The results show that there is little variation (<5% for Q-factor, <1% for

central wavelength) with regards to the air sphere radius within the range chosen. A similar

behavior is found for the PML thickness sweep, where the variation is negligible (<1% for the

Q-factor, <0.1% for the central wavelength) for layer thickness bigger than 0.8µm, i. e. when

it becomes of the same order of the optical wavelength. For the optimized geometry, an air

sphere of radius rd+10µm with a 1.5µm PML was used.

For microdisks and microrings oscillating in the RBM, gmb depends only on the optical field

(equation 2.22). Typical values are estimated in the range of 10 to 100 GHz/nm, which are

comparable to what is reported in literature.

In comparison, a 3D optical eigenfrequency simulation is much more computationally in-

tensive. For comparable simulation volumes and meshing, the required memory is well

beyond 100 GB for a 3D simulation, compared to the ∼2 GB required by the axisymmetric

model. However, a fully 3D simulation is required when the azimuthal symmetry is broken.

In fact, both fabrication method described in chapters 5 and 6 would yield non cylindrical

support pillars that may reduce Q si m
o,r ad . Therefore it is useful to put effort (and patience) into
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simulating a realistic geometry, including the fabrication constraints, to better understand

the source of losses. For the 3D simulations, similar geometry was used: the air cladding is

a cylinder with radius rd+5µm and thickness thd+5µm, where thd is the device thickness.

A scattering boundary condition is used at the air cylinder boundaries instead of a PML to

reduce the memory requirement. To fit the simulation within the available memory, the

maximum element size was set at λn/3.5. In figure 4.3 the results of the 3D simulation are

reported. For micro-disks, the results seem to be in good agreement between the 3D and the

2D axisymmetric models, with both λc and Q si m
o,r ad within 1% of difference.

When a square section support pillar is included in the simulation, Q si m
o,r ad starts to degrade

(figure 4.3(d)). Breaking the cylindrical symmetry has a significant influence on the simula-

tion results when the pillar starts to be big compared to the disk radius. To ensure that no

degradation occurs, the difference between the disk radius and half the pillar section diagonal

should be bigger than ∼1.25µm, assuming a disk thickness of 500 nm (for thinner disks, the

requirement should increase since the optical mode would be more elongated along the

radial direction). For thin support pillars, the simulated values approach the results of the 2D

axysimmetric simulation. Same requirement on the pillar diagonal apply for other polygonal

sections, such as octagonal sections that may be the result of a crystallographic etch (section

6.1). Similarly for micro-rings, quality factors are significantly different beween the 2D and 3D

models due to the inclusion of the supports in the 3D models. In figure 4.3(e), Q si m
o,r ad is plotted

versus the ring width, wr . When the latter increases, the quality factor approaches the results

of the 2D ring model. The doublet splitting is visible in the 3D simulations of the microrings

(and the microdisk with large square pillar) due to the breaking of the azimuthal symmetry.

Silicon resonators

The silicon resonators in the MORPHIC platform behave similarly to the diamond cavities.

Since the external coupling waveguide is fabricated in the silicon layer, phase matching and

coupling in general is easier. The gap between the resonator and the waveguide is defined by

the lithography, therefore several iterations with increasing separations from 130 nm to 300 nm

are included in the mask. Given the thickness of the silicon layer (214 nm) and the geometry

of the grating couplers used to couple light in and out of the silicon chip, the microresonators

support only TE modes.

4.2 Mechanical simulations

Mechanical simulations follow a similar structure. It is possible to use a 2D axisymmetric

geometry, however, it is not necessary because it is possible to easily fit a full 3D simulations

within the memory of a modern personal computer. Moreover, since one of the main purpose

of these simulations is to minimize the clamping losses, it is important to model accurately

the resonator support, which will not have cylindrical symmetry with the fabrication methods

chosen. The Solid Mechanics physics module with the Eigenfrequency study step were used.
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4.2. Mechanical simulations

A perfectly matched layer is included at the boundary of the substrate to estimate the clamping

losses. As for the optical simulations, the thickness of the PML and the portion of substrate

including in the simulations influence the accuracy of the results. Ideally, the substrate and

the PML should be at least of the same dimension of the acoustic wavelength, which can

be estimated from the acoustic velocity and the resonance frequency of the structure. If we

assume that the oscillation propagates into the substrate from a single point corresponding to

the support pillar, the substrate and the PML should have spherical symmetry to optimize the

accuracy of the boundary condition with regards to unwanted reflections. Given the typical

resonance frequencies of µm-sized microdisks and microrings and the high acoustic velocity

in diamond, typical acoustic wavelenghts are of the order of few tens of µm. Looking at the

acoustic velocity, vs , in table 3.1, we can estimate the acoustic wavelength to be λmech =
2πvs/Ω' 20µm in single crystal diamond and λmech ' 10µm in single crystal silicon, for a

resonance frequency of 1 GHz. The optimization procedure of substrate and PML size, and

mesh size is the same as the optical simulations case. The solution converge to the same

value when the substrate size and PML approaches the size of λmech . In the final simulations,

the size was chosen accordingly to the resonance of interest, achieving good accuracy and

avoiding excessive memory use. On the other hand, the approximation of λ/5 used for the

mesh size in the optical simulations is not applicable here due to the large acoustic wavelength.

Instead, the mesh was defined in a way to have at least two elements in the narrow sections of

the geometry. Refining the mesh further did not produce significant error reduction.

The material model used does influence greatly the results. It is important to assign the

correct stiffness matrix and use an anisotropic model both for single crystal diamond [97] and

single crystal silicon [99]. Using an isotropic model can induce substantial error in the central

frequency, since it would overestimate the overall stiffness of the structure, as the stiffness in

the 〈100〉 directions can be significantly smaller than the one in the other directions. Finally, it

is necessary to decide whether or not to include geometric nonlinearities in the calculations.

When large deformation occurs, the small strain approximation used in the finite element

solver is not accurate anymore. Including nonlinear response does increase the accuracy of

the simulation, but it increases the computation time as well.

Diamond microdisk oscillators

Microdisks with radii of few µm are capable of supporting radial breathing mode (RBM)

oscillations at GHz frequencies [48, 50, 184, 191]. Figure 4.4(c) shows the dependency of the

RBM frequency versus the radius of a diamond microdisk. When the radius is smaller than

∼ 5µm the structure oscillates in the GHz regime. Given the exponential dependency,Ω/2π

increases rapidly for smaller disks. A lower limit is however imposed by the optical radiative

losses, since the simulated quality factor starts dropping below 1×106 for radii smaller than

2µm. This gives a limit on the maximum frequency exploitable in single crystal diamond

microdisks. For some applications [83], it may be necessary to operate at higher frequency; in

that case, the higher orders oscillation modes (or another geometries like a photonic crystal
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Figure 4.4 – a) Mechanical oscillation modes of a diamond microdisk. The modes are arranged
left to right following the mechanical oscillation frequency. Different shapes of pedestal
may modify the order. The mode with the highest optomechanical interaction is the radial
breathing mode (RBM); its shape for non cylindrical support pillar is shown in sub-figure (b).
c) Change of the RBM frequency versus the microdisk radius (with cylindrical pillar of radius
250 nm). The black squares represent the results taken from a COMSOL simulation, while
the red curve is a decaying exponential fit. d) Q si m

m,cl amp versus pedestal size both for a square
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Figure 4.5 – Change of the simulated clamping loss limited quality factor of a 10µm silicon
disk with the radius of the support.

beam [29]) can be used. The thickness does not influence much the oscillation frequency of

the RBM (∼ 1% from 100 nm to 500 nm).

Changing the pedestal size does influence the oscillation frequency. A structure with a bigger

pedestal will be stiffer than a structure with a smaller pedestal. However, it is better to control

the oscillation frequency with the radius of the disk, since the pedestal should be as small

as possible to minimize the clamping losses (equation 2.12). Using the fabrication method

described in chapters 5 and 6 may yield a pedestal with different shapes (figure 4.4(b))1. A

square section pillar does not change substantially the mechanical modes shape or central

frequency compared to a cylindrical pillar of comparable size. It does however influence

the splitting of some modes due to the anisotropy both in the material model and on the

structure: the splitting is measurable in the out of plane contour modes also in structures with

cylindrical pillar, and the relative frequency difference can be influenced by the orientation of

the square pillar. The RBM is not split by anisotropy unless the square pillar is particularly big.

The hourglass pillar shape does modify the mechanical spectrum, pushing the out of plane

contour modes at higher frequency. RBM is still supported, but tends to be at higher frequency

compared to the cylindrical and square pillar. Including a PML to calculate the the clamping

losses, shows that the size of the pedestal is critical (figure 4.4(d)). The clamping losses of the

hourglass design appear to increase substantially more than the square pillar design when

the pillar becomes wider. In the graph, there is a local Qm maximum at around 550 nm. The

position of this maximum depends on the microdisk dimensions. Similar simulation results

can be found in literature [205], and are consistent with the prediction of equation 2.12.
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a) b) c)

Figure 4.6 – a) Lithography mask design of a microring with concentric support. b) RBM
shape extracted from COMSOL relative to the 400 MHz design. c) RBM shape extracted from
COMSOL relative to the 1 GHz design.

Silicon oscillators

The silicon oscillators included in the first fabrication run were two microdisks with radius

10µm and 20µm and two microrings with the same external radius. Due to the undercut

process and the geometry of the rings central support, only the 10µm disks were supported

with a sufficiently small pillar (see chapter 7). The modes shape is similar to the diamond

disks shown in figure 4.4(a), with the first order RMB oscillating at 254 MHz. The pillar shape

that can be achieved with the fabrication process has cylindrical symmetry, thus the clamping

losses behave similarly to the diamond disks with square section support pillar, with the losses

rapidly increasing with the support pillar dimension and a local maximum for supports with

radius of ∼1.35µm. Figure 4.5 shows the change in simulated quality factor relative to the

clamping losses with the pillar size.

4.2.1 Concentric microring design

The advantage of a microring desing is to engineer the clamping to the substrate in the same

lithography layer, instead or relying on a precisely timed release or more complex pedestal

engineering [48] to minimize the clamping losses. The tradeoff is that the structure is overall

more compliant, therefore the first order RBM will be at lower frequency.

The microrings were integrated in the lithography mask for the crystallographic undercut

process (chapter 6). The process places some restriction on the parameter space available.

In particular, the central support needs to be much wider than the ring width to have a sus-

pended structure with a smooth bottom surface. For the particular case of the crystallographic

undercut producing the hourglass shaped pillar, the central support diameter needs to be

around 7µm to suspend correctly a 1.5µm wide ring. Therefore the common design of the

ring supported by linear tethers would need to be particularly large, yielding a low frequency

1A precise description of the shape of the support pillar can be found in the respective chapters, where the
fabrication process will be described.
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4.3. Monte Carlo simulations of ion implantations and damage

RBM, or would require long etching times if paired with a second lithographically defined

protection layer [22]. The first order RBM frequency depends inversely with the external

radius of the microring. To keep the frequency in close to the GHz regime, a microring design

with concentric supports was developed (figure 4.6(a)). The design allows to compact the

radial dimension of the support tethers and to have a large central support, while maintaining

the RMB frequency high. Several designs were implemented in the single crystal diamond

microfabrication, with expected RMB frequency ranging from 400 MHz to 1 GHz. In figure

4.6(b-c) the mode shape for the two extreme design is shown.

The design is very robust with regards to fabrication imperfections. Oscillation frequency

and clamping losses are not influenced by the width of the tethers, length of the undercut,

or uneven undercut of the tethers. The width of the ring was chosen to be 1.5µm to avoid

scattering of the optical mode due to the tethers attachment, following the optical simulations.

The width of the tethers was set at 250 nm to have a comfortable lithography requirements, but

variation of several hundreds of nm do not affect the mechanical mode. The gap between the

concentric tethers, the support, and the ring was changed to select the target RBM frequency.

For the smallest design (higher frequency), the gap was designed at 150 nm in order to get

filled completely during the sidewall protection step (see section 6.1.4) in order to have a

smaller central support, and to enforce the undercut from the outer edge of the microring.

The designs implemented show simulated Qm,cl amp above 107 reliably, even with tethers

with uneven thickness and for a any width of the central support pillar. A similar design was

included in the next fabrication run of the MORPHIC platform, with a target frequency of

250 MHz.

4.3 Monte Carlo simulations of ion implantations and damage

The fabrication described in the next chapters use accelerated ions in some of the fabrication

steps. In particular, the focused ion beam undercut uses 30 kV Ga+ ions to mill the diamond

(chapter 5 and the polishing step is performed with low acceleration (<1 kV) Ar ions (chapter 6).

To assess the implantation of these ions in the diamond lattice we used Stopping and Range of

Ions in Matter (SRIM) [204], a free software package designed to calculate the statistics of ion

implantation in solids. To obtain a reliable simulation results, the diamond is defined with

three parameter indicating the lattice displacement energy, the lattice binding energy, and the

surfave binding energy. We defined the first two energy as 52 eV and 6 eV respectively [167],

the latter was left at the default 7.41 eV.

Figure 4.7(a) shows the implantation and damage of 30 kV Ga+ ions in a single crystal diamond

substrate. Gallium is a common ion source used in focused ion beam. The simulations

estimate the depth of the damage layer caused by the ion beam. In the figure, two configuration

are shown: normal and grazing incidence. From the depth profile, we can expect the damage

to extend up to 25 nm when the ion beam is normal to the top surface (e. g. at the bottom of a

FIB milled trench) and up to 10 nm when the ion beam is grazing the diamond surface (e. g. on
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Figure 4.7 – SRIM simulations of ion implantation. The top 2 graphs (a, b) are related to the
fabrication method based on focused ion beam milling described in chapter 5. a) Implantation
of 30 kV Ga+ ions in single crystal diamond at normal incidence (0 °) and grazing incidence
(89.9 °), and density of lattice vacancies created by the two configurations. b) Implantation
of 30 kV Ga+ ions in a single crystal diamond substrate protected by different 50 nm thick
masking metal layers. c) Implantation and density of vacancies in single crystal diamond for
Ar+ ions at different acceleration voltages and 50 ° incidence. This graph is relevant for the ion
beam etching based surface polishing described in section 6.1.1, where low acceleration Ar+

ions are used to remove the polishing defects of the as-received single crystal diamond plates.
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the sidewalls of a FIB milled trench). To prevent excessive damage to the substrate, a masking

layer can be used during FIB milling. Commonly, FIB tools are equipped for in situ deposition

of platinum. Alternatively, metal layers can be deposited with sputtering or evaporation before

milling. Figure 4.7(b) shows the implantation profile of 30 kV Ga+ ions at normal incidence in

a diamond substrate protected by 50 nm thick masking metal layers. Heavier elements, such

as platinum and chromium, perform better than lighter ones at stopping the incoming ions,

requiring only ∼30 nm to stop the implantation successfully. Finally, a fabrication technique

that will be employed for smoothing the diamond surface is ion beam etching (IBE). Figure

4.7(c) reports the implantation and damage of the low acceleration Ar ions. The profile reveals

that only the top 2 nm of the single crystal diamond substrate is affected by the ion damage.

4.4 Characterization methods

In this section the characterization methods will be described. The fabricated structures were

tested to observe the optical and mechanical behavior of the optomechanical cavity, as well as

the photoluminescence from color centers in the diamond structures.

4.4.1 Optical transmission spectra

The first measurement that was performed was the characterization of the optical cavity.

Figure 4.8 shows a scheme of the setup. For the diamond resonators, no waveguide was

integrated on the chip, therefore an extenal waveguide was aligned to the proximity of the

device. A tunable laser (Agilent 81682A) is coupled to a single mode optical fiber (SMF28).

The light polarization is controlled by a fiber polarization controller. The FPC (Thorlabs

FPC562) is composed by three plates containing coiled optical fibers and it utilizes stress-

induced birifrangence to change the polarization in of the guided optical mode. The signal is

coupled to a tapered fiber which is evanescently coupled to the optical cavity. A 6-axis stage

(Thorlabs MAX603D/M) is used to control the separation and the orientation of the tapered

fiber compared to the device. The alignment is monitored with a microscope equipped with

a 20× long working distance objective. The transmitted signal is collected by a power meter

(Agilent 81536A).

The tapered fibers were fabricated with the setup of the Laboratory of Photonics and Quantum

Measurements, EPFL. Their setup uses two step motors to tension the optical fiber and a

hydrogen flame to heat to the glass temperature. The plastic buffer surrounding the fiber is

removed to reveal the glass cladding. The flame position and the draw speed of the motors

are adjusted to obtain a smooth and slow variation of the fiber diameter, until the central

part is about 1µm wide. During the pulling, the transmission through the fiber is monitored.

The starting fiber is single mode at telecom wavelengths (1550 nm), and it transitions first to

multimode and then again to single mode as the diameter decreases. In the transmission spec-

trum, the guiding conditions are represented by the presesnce of oscillation of the transmitted

power vs time (or draw length). When the oscillations stop, the fiber reached again single
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Figure 4.8 – a) Optical transmission measurement setup. A tunable laser (Agilent 81682A) is
coupled to an optical fiber. A fiber polarization controller (FPC, Thorlabs FPC562) is used to
set the polarization of the laser signal. The transmission from the device under test (DUT, *) is
collected by a photodetector (PD, Agilent 81536A power meter). The DUT is either a diamond
or a silicon resonator. For the former (b), a tapered fiber is used to couple the laser signal to the
resonator. A 6-axis (Thorlabs Nanomax MAX603D/M) is used to position the fiber within few
micrometers from the device. For the silicon resonators (c), a fiber array is aligned to grating
couplers. The signal is guided to the silicon resonator via a suspended silicon waveguide. c)
Scheme of the fiber tapering setup. Two stepper motors pull the fiber apart while a hydrogen
flame heats it. The process is monitored by a microscope and by measuring the transmission
through the fiber.

mode guiding condition and the desired diameter. The process yields a smooth variation of

the fiber diameter, which allow for high transmissions through the fiber (> 90%). The tapering

setup scheme is shown in figure 4.8(d). Once the fiber is tapered, it is secured to an aluminum

holder using UV glue in order to be mounted to the 6-axis stage. A red laser is used during the

alignment procedure to easily detect when the fiber is touching the substrate or the resonator.

The laser used is rather broad and multimode, therefore it is easy to see when the fiber is

in coupling range as the resonator "lights up" and it is easily visible under the microscope.

The fiber is connected to the telecom tunable laser and the final alignment is performed by

controlling the fiber position by the closed loop piezoelectric (1 nm theoretical resolution)

drives integrated into the 6-axis stage and by monitoring the transmission spectrum to achieve

critical coupling.

The silicon resonators are fabricated in a platform that allows single mode waveguides in
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Figure 4.9 – Optomechanical characterization setup. The light from a tunable laser (Agilent
81682A) is coupled to an optical fiber, and the polarization is controlled with a fiber polariza-
tion controller (FPC). A 90 : 10 fiber coupler is used to divide the signal in two paths: the upper
path will be collected in one detector of the balanced amplified photodetector (Thorlabs
PDB480C-AC) after being attenuated accordingly with a variable optical attenuator (VOA);
the lower path will go through the device and will get split again with a 50 : 50 fiber coupler.
Part of the signal will be collected by a photodetector (left PD, Agilent 81536A power meter)
to analyze the DC part of the transmission spectrum and complete the laser feedback loop.
The other portion of the signal will be collected by the second port of the amplified balanced
photodetector to complete the homodyne detection scheme. The signal from the balanced
detector is analyzed by an electronic spectrum analyzer (ESA, Agilent N9320A).

the device layer. Grating couplers designed to operate in the C-band are patterned in the

silicon device layer with a precise spacing, in order to be coupled to an array of polarization

maintaining single mode fibers. Given the design of the grating, only one polarization (TE)

is transmitted. The gap between the waveguide and the silicon cavity is defined by the

lithography. Multiple variation of the gap are included on the chip (ranging from 150 nm to

280 nm). Since only one polarization is transmitted, only the TE-like modes will be measured

in the transmission spectrum. The coupling between the fiber array and the gratings is

controlled by a 6-axis stage. The angular alignment is particularly critical, since it will influence

the transmission window of the couplers. In both cases the measurements are performed at

ambient temperature and pressure. A Matlab script controls the laser wavelength and power

and it extracts the data from the power meter. The stored transmission spectrum is then fitted

by a Lorentzian (or multiple Lorentzian when doublet splitting is visible) to extract the quality

factor and the central wavelength of the resonance.

4.4.2 Optical transmission in the frequency domain

The mechanical oscillation of a microresonator can be observed in the noise spectrum of

the optical transmission. Since the structures analyzed here have multiple oscillation modes

at distinct (high) frequencies, it is easier to visualize the transmission modulation in the

frequency spectrum using a fast photodetector and an electronic spectrum analyzer. The

mechanical resonance will appear as Lorentzian peaks in the ESA [61]. However, given the
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typical oscillation amplitudes and the corresponding modulation depth, amplification in the

optical or electrical domain is often required. To summarize, to characterize the mechanical

oscillation a tunable laser is coupled to the DUT, and the transmitted signal is collected

by a high speed photodetector and analyzed by an ESA. The frequency and power of the

tunable laser is controlled to achieve optimal detuning and to reach the threshold power,

according to equation 2.26 and ??. The measurement setup can be further optimized by using

a separate detector to monitor the DC component of the optical transmission, enabling a form

of feedback loop to detune the laser frequency by the optimal amount from the central cavity

frequency. Cavity stabilization techiques can be also included in the measurement setup to

deal with thermooptics shifts of the cavity resonance. In our case, no stabilization technique

was employed as it is not necessary to observe parametric amplification. The scheme of the

setup used is shown in figure 4.9.

To filter out other noise sources, an homodyne detection scheme can be used. The transmis-

sion spectrum is collected at one port of a balanced photodetector, while part of the laser

signal, unmodified by the DUT, is collected at the other port. The output signal is a difference

between the two and any noise not originated by the DUT is removed from the frequency

spectrum. For good balancing it is important that the two signals have the same power level

and delay. To set the power, variable optical attenuators are used before the balanced pho-

todetector. To control the delay, in our setup we used fibers with the same length in both arms

of the detection schemes. The solution is not optimal but allowed for sufficient extinction

of the noise. Future refinement of the setup should include other ways to control the delay,

i. e. including a fiber stretcher in one arm [206], or splitting the signal after the DUT with a

polarization beam splitter and setting the polarization before the DUT so that only part of the

signal is coupled to the resonator [4]. Of these two techniques, the first is more suitable since

it works even when only one polarization can be transmitted through the DUT, like for the

case of the silicon devices.

4.4.3 Laser Doppler Vibrometry

Another way of measuring the mechanical oscillation of a microresonator is to analyze the

frequency shift induced on a reflected laser field by the Doppler effect. The technique is

commonly used in the analysis of MEMS behavior and reliability, and it can also be used to

detect the Brownian motion of mechanical resonator. The main challenge of the latter is the

sensitivity of the instrument required to detect the very small displacement amplitudes of

Brownian oscillations, commonly in the picometer range [207]. The devices were analyzed

with a Polytech UHF-120 laser Doppler vibrometer, using an 100× Mitutoyo long working

distance objective to achieve good spacial resolution and a small laser spot size. Measurements

were performed both in air and in vacuum. Due to the orientation of the setup, only the out of

plane modes can be measured. The scheme of the measurement system is shown in figure

4.10.
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Figure 4.10 – Scheme of a laser Doppler vibrometer (LDV). A green laser is focused on the DUT
and scanned across the surface thanks to a 2D stage. The mechanical oscillation of the DUT
induces a Doppler shift in the laser field. The frequency shift is detected from the interferance
of the signal reflected by the DUT with a reference arm. The frequency of the reference arm
is swept by a Bragg cell across the bandwidth of the measurement. The signal collected by
the photodetector is post-processed to obtain a frequency spectrum of the velocity or of the
displacement of the DUT.

4.4.4 Confocal Raman spectroscopy and photoluminescence

A µ-photoluminescence (µPL) measurement was used to characterize the emission from

the diamond resonators. While we did not purposely implant defects or used substrates

grown specifically for the scope, nitrogen vacancy centers are very common on CVD optical

grade substrates. Moreover, other it can be used to detect the formation of defect from the

microfabrication. Since the luminescence emission will be enhanced by the optical cavity, it

can be a way to extract the optical quality factor at visible (red) wavelength. Using a tapered

fiber start to be challenging at shorter wavelengths due to the smaller extension of the modes

outside the waveguide and due to the requirement of a smaller waveguide cross section.

Raman spectroscopy on the other hand, can give an indication of the quality of the crystal,

since single crystal diamond has a very sharp and bright Raman peak. Any sp2 carbon will

produce a rather noticeable broad peak in the spectrum.
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Figure 4.11 – µPL measurement scheme. A green laser (405 nm or 488 nm) is focused on the
microresonator with a 100× high NA objective. The luminescence signal is collected with the
same objective and it is directed towards the spectrometer with a beam splitter (BS). The fourth
arm coming out of the BS is directed towards a beam block. A wavelength filter attenuates
the green laser from the beam directed to the spectrometer, leaving the red luminescence
unaltered. Inside the spectrometer, a diffraction grating disperse the luminescence signal on
the CCD detector. Different gratings can be used to achieve different wavelength resolution
and bandwidth.

For the measurement, a confocal Ramanscope (Renishaw inVia), from the EPFL IPHYS Material

Characterization Platform, as well as a custom built setup, at the EPFL Advanced Semiconduc-

tors for Photonics and Electronics laboratory, were used. Both equipment can be schematized

in figure 4.11. A green laser (405 or 488 nm) was used to excite the luminescence. The laser

light is coupled to a high magnification long working distance microscope objective. The

objective is aligned at different points on the resonator surface and focused at different planes

to better optimize the collection from the optical mode radiation. The collected light is filtered

to reduce the reflected laser component and analyzed by a spectrometer. By chosing the

appropriate dispersion grating and angle, we can set the resolution and wavelength range,

respectively, of the CCD. While the Ramanscope offers an integrated solution with multiple

grating and laser to choose from, and it can detect near-IR signal, the custom photolumines-

cence setup offered more flexibility to mount the sample and a better wavelength resolution,

but its spectrometer was optimized to detect UV-blue light rather than red-IR. The radiation

pattern of microdisk is oriented mostly in the plane of the disk, therefore the signal to noise

ratio will be small, and a high NA objective is required to detect the resonance signal.
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5 Single crystal diamond microdisk res-
onators by multi-directonal Focused
Ion Beam Milling

The results reported in this chapter are based on the workreported in: Graziosi, T., Mi, S., Kiss,

M. & Quack, N. "Single crystal diamond micro-disk resonators by focused ion beam milling".

APL Photonics 3, 126101 (2018) [208]. The fabrication method exploits the freedom offered by

a Focused Ion Beam to create 3D structures. The FIB is a versatile tool capable of mask-less

localized etching of any sample. Traditionally is used for metrology and the preparation of

transmission electron microscope lamellas [209, 210], but it can be employed to create 3D

structures [211] thanks to the ability to rotate the sample with respect to the ion beam. While

it is a very versatile technique, it cannot be scaled easily as other methods. However, this may

not be a limitation in a research settings, where the process is not standardized and can result

in low yields. On the contrary, it can be used to locally correct mistakes coming from other

sources, like a previous lithography step.

Given that SCD has a high chemical resistance, FIB pattering has been a viable fabrication

approach. Photonic crystal structures fabricated with FIB milling have been demonstrated

[177, 212, 213], starting from thinned diamond slabs or heteroepitaxial membranes. Full

3D patterning with FIB was as well reported, but low quality factor optical resonances or no

optical resonance were detected [176, 214]. Two main issues are associated with FIB milling

of diamond: the first is the roughening and the rounding of the features, the second is the

implantation of the focused ions (generally gallium) in the diamond matrix.

In this chapter I will describe the process in detail, including the proposed solutions to

the before-mentioned problems. Then I will report the characterization results, as well as

identifying potential future improvements.
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Figure 5.1 – Scheme of a dualbeam SEM/FIB. Electron and ion columns are installed at a
precise angle (52°) to allow for sample imaging and milling. A Gas Insertion System (GIS) is
installed in the FEI Nova 600 used, enabling selective etching and localized deposition. The
sample is mounted on a 5-axis stage, and for the resonator fabrication we used a 45° sample
holder. The inset shows a scheme of the patterning system. The pattern is automatically
divided in pixels and the ion (or electron) beam is scanned following the desired overlap and
dwell time parameters. The focused ion beam has a Gaussian profile, therefore there will be
residual irradiation outside of the pattern area.

5.1 Focused Ion Beam milling

The fabrication strategy employed was based on Focused Ion Beam (FIB) milling to sculpt the

resonator shape. A scheme of the tool is in figure 5.1. Liquid gallium is a common ion source,

and the one installed in the FEI Nova 600 Nanolab at CMi. Other sources, such as oxygen,

helium, or xenon [215–217] can be used , yielding less ion damage of the sample or adding a

chemical component to the etching (compared to the physical sputtering caused by the Ga+).

Additionally, a FIB can be equipped with a gas injection system (GIS). The FEI Nova 600 has

four GIS modules installed, capable of inserting different gasses in the chamber to assist with

the etching (H2O, selective carbon mill, and XeF2, insulator selective) or to deposit (TEOS and

Pt). In this configuration, the Ga+ ions are responsible of activating the precursor molecules in

gas phase.

Initially, we tested the etch characteristics of the Ga+ ions, with and without chemical assis-

tance (with H2O and XeF2). No substantial difference in diamond etch rate was found. The

Ga+ only etching produced a noticeable redeposited layer adjacent to the milling pattern area.

The same happened with the chemically assisted etching, but less redeposition was detected

for similar etched volume, which can be explained by the increased chemical component in
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5.1. Focused Ion Beam milling

Figure 5.2 – SEM recording of a microdisk after FIB milling. Rounding induced by the Gaussian
profile is evident in the top edge and steps and ripples caused by ion irratiation at shallow inci-
dence are visible on the sidewalls. The sample was processed without depositing a protective
metal layer starting from a diamond pillar etched with oxygen plasma DRIE.

the milling. However, the use of the GIS slowed down the milling time severely since it was

necessary to retract and redeploy the GIS needle for every stage movement. Moreover, with

the sample mounted on a 45° holder and with the ion beam aligned to the sample top surface,

the needle could impact the holder or the diamond chip. For this two reasons I decided to

not use any GIS assisted etching. In all configurations, the Gaussian profile of the ion beam

caused a visible rounding of the features top edges [214], as shown in Figure 5.2. Depositing an

additional layer is an efficient solution to achieve sharper features: in TEM lamellas prepara-

tion is recommended to deposit Pt, generally using GIS, before starting milling. The additional

layer is also used to prevent excessive Ga+ implantation. The metal layers (Pt, Al, and Cr) are

effective in stopping the implantation, and the use of any of them would prevent FIB-induced

damage in the structure volume that does not need to be exposed to the ion beam. While

Pt can be deposited directly in-situ via GIS, it is difficult to remove after the fabrication. Cr

and Al are both easily stripped with acids (Cr7 Chromium Etch and ANP Aluminum Etch) and

are preferable over Pt. Cr shows better selectivity towards the Ga+ ions, making it a better

mask, but it has poor adhesion to diamond when sputtered, therefore a Cr mask layer with a

Al adhesion layer will be used during FIB milling.

The ion beam can be programmed with different scanning routines, dwell times and pixel

overlaps. To achieve a smooth sidewall surface, using a "progressive line scan" routine is

preferable to the raster scan, in combination to the protective metal layers. The line scan
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works by scanning the beam in a line until the desired etch depth is reached for that line and

then moving to the next. In the FIB software it is possible to define a the desired milling as time

or target depth, which is calibrated for different materials. When choosing the desired program

and inputting the etch depth, the software sets time, dwell time and overlap appropriately. I

routinely used the silicon program which yields ∼ 70% of the defined target depth when used

with a diamond substrate. The raster scan instead does a single pass on one line, according

to the dwell time and overlap settings, before moving to the next; it repeats the pattern until

the target etch depth is reached. Dwell time and pixel overlap do not appear to influence the

sidewall quality, only the milling rate. When the diamond is not protected by the metal layer

or a raster scan is used, steps and ripples can be formed on the sidewall. This phenomena is

well documented in literature [218–220], and can be observe not only with FIB milling but

also during ion beam etching at high incidence angles. The theory behind ion sputtering is

complex and not completely understood [221], however some techniques are routinely used

and produce reliable surface qualities. The fabrication scheme employed here resembles

the TEM lamella fabrications, where line scan is used during the final thinning to produce a

smooth surface. In our case we found that using a masking material, low ion current and a

progressive line scan pattern (instead of a standard raster scan) prevented the formation of

roughness on the milled volume sidewalls.

5.2 Microfabrication

An overview of the fabrication is shown in figure 5.3. The micro-disks were fabricated starting

from a CVD single crystal plate (3 mm × 3 mm × 0.15 mm, LakeDiamond), with the surface

polished down to a roughness of ∼1 nm RMS. We decided to etch pillars in the diamond

substrate, which will be FIB milled to create the micro-disks, to reduce FIB milling time and to

isolate the structures from the surrounding enough to confine the optical mode and to leave

space for the tapered fiber alignment. Several masking materials were tested to be used as

hard mask. We obtained good results with sputtered SiO2, sputtered Al, and sputtered Si when

tested against a high power high bias oxygen plasma. The material with the highest selectivity

was Al2O3 deposited with Atomic Layer Deposition (ALD). Alumina however is difficult to

pattern and required a thicker photoresist layer to transfer the pattern with ICP-RIE, therefore

the next best material was used. We deposited a 500 nm layer of sputtered SiO2 (Pfeiffer

SPIDER 600). The substrate was positioned inside a recess of a silicon carrier wafer, to have the

SiO2 top surface aligned to the silicon wafer. We coated the sample with AZ ECI 3007 positive

photoresist using a ACS200 Gen3 automatic coater/developer spinning at 5800 rpm with

100 ◦C soft bake for 90 s. The recess in the silicon wafer yielded a uniform and thin (∼0.6µm)

with minimal edge beads. The photoresit was exposed using mask photolithography. Given

the small dimensions of the diamond chip, the resist layer resulting from spin coating is

generally non uniform , and thicker compared to spinning on a wafer or bigger die with the

same settings. Edge beads are an increase in the PR thickness due to the presence of an

edge. Automatic coaters like the one we used can remove easily the edge beads on a wafer by
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4) DRIE diamond
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Figure 5.3 – Final process flow for the multi-directional milling approach. The diamond die is
attached to a carrier wafer for processing in the CMI tools. 1) sputtering of a SiO2 hard mask
(500 nm). 2-3) photolitography and DRIE etching of the hard mask. 4) DRIE etching of the
diamond with a vertical recipe (SPTS 1, see table 5.1) to transfer the design. The sample is then
prepared for FIB processing, by stripping the hard mask (5) and by sputtering aluminum and
chromium (6). The inset shows the milling procedure (7) in details. 8) Finally, the sample is
cleaned with wet enchants and oxygen plasma to remove the metal layers and the redeposited
Ga/C layer and annealed to etch the FIB-induced damage layer (8). The inset shows the details
of the FIB undercut protocol.

dissolving the PR at the edges with solvent, but this is more difficult to do with a small chip.

Edge beads can reduce drastically the yield and the resolution of the photolithography step

when using a standard chromium mask: the layer is thicker at the edges and gets gradually

thinner in the center, resulting in a non-uniform illumination dose required to correctly expose

the whole chip; additionally, the thicker edges prevent the mask to be in contact with the

center of the chip, decreasing the resolution. Spray coating can be an alternative approach,

but we found that the resulting layer was too thick, reducing the lithography resolution as

well. Spinning the AZ ECI 3007 at high speed with the diamond chip in the silicon pocket

produced the best results with acceptable loss of yield and resolution due to the smaller edge

beads. Unfortunately, gluing the diamond chip inside the silicon pocket is not the ultimate

solution to the problem. Detaching the chip at the end of the processing is not always easy

and of course it requires more fabrication steps, which include lithography and etching of the

silicon wafer with precise control of the etch depth to match the diamond chip. One technique

developed by the group involves two lithography exposures and two developments: first, the

outer edge of the chip is exposed with higher than required exposure dose and developed to

remove the edge beads; the PR film left has good uniformity and the second exposure and
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Recipe ICP Bias O2 flow Pressure Etch rate

SPTS 1 2000 W 200 W 100 sccm 15 mTorr 500 nm/min

Table 5.1 – Diamond vertical etch recipe

Figure 5.4 – SEM of a diamond pillar after 15 minutes of etching (SPTS 1). Two areas of the
sidewalls are identifiable: a top smooth part and a bottom part. The effect is caused by the
hard mask receding during etching.

development yield exceptional resolution [222].

The design was transferred into the hard mask and the diamond using DRIE (SPTS APS

Dielectric etcher). For the diamond etch, a highly anisotropic and dense oxygen plasma was

used (see table 5.1). We etched the diamond to form ∼12µm tall pillars. For long etches, the

hard mask starts to recede and the sidewall is not vertical, but positively angled with two

different slopes (figure 5.4). While the upper portion of the sidewall is smooth, the sidewall

profile may not be desirable. For this fabrication flow the angle is not important, and it may be

even beneficial due to the smoothing that occurs in the top part, however in other application

it may be a potential failure point. Optimization of the vertical etch recipe for single crystal

diamond will be discussed in the next chaper, in section 6.1.3. The used recipe (labeled SPTS 1

in the table) is better suited for etching a large volume of diamond quickly [222].

The chip is detached from the silicon carrier. We strip the SiO2 mask in a bath of BHF. To

prepare the sample for FIB milling, we sputter a 50 nm Al adhesion layer and a 75 nm Cr

layer with an Alliance-Concept DP 650. We structure the pillar by milling from two directions
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Figure 5.5 – SEM recordings at different stages of the FIB undercut process. Starting from
an Al and Cr covered diamond pillar (a), the structure is etched from two (quasi)orthogonal
directions (b-c). The disk is gradually thinned until the desired thickness alternating the two
directions and gradually reducing the ion current (d-e). Finally the sidewall are smoothed by
aligning the ion beam to the top surface and removing the outer part of the disk. The final
smoothing is required to remove the rounding and roughening produced in the previous step.
A layer of redeposited carbon and gallium is visible around the pillar and in the last image.
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parallel to the top surface, in order to create a square section pillar. The milling procedure

resembles a TEM lamella fabrication: the pillar is milled alternating the two directions, and

the ion current is gradually reduced from 1 nA/cm2 to 100 nA/cm2, using an extraction voltage

of 30 kV. The Gaussian profile of the ion beam generates a rounding of the micro-disk sidewall,

especially visible when milling a large diameter disk due to the longer milling required. Since

the etch rate of diamond is very slow, a very thick masking material would be required to have

a sharp edge when milling horizontally. After creating the pillar, the sample is oriented so

that the ion bean is normal to the top disk surface, and the outer edge of the disk is milled to

improve the smoothness and to achieve a sharp sidewall. Here a thin ring pattern, scanning

inwards, with small ion current is used. In this case, the thin metal layers are sufficient to resist

the milling time required to etch less than 1µm (the disk target thickness), and it is therefore

possible to obtain a micro-disk with sharp and symmetrical sidewalls. The procedure allows to

mill most of the material rapidly with high current, and allows to obtain a smooth and precise

bottom disk surface.

5.2.1 Cleaning and annealing

Following the FIB milling, cleaning the sample is necessary. Part of the material is redeposited

in proximity of the milled area. We expect that this layer is composed of carbon, gallium,

aluminum and chromium. Moreover, part of the metal mask remains on the top surface of the

micro-disk. The masking metals are easily stripped using wet etchants. Gallium and amor-

phous carbon are more resistant to oxidizer solutions, such as piranha (H2SO4 96%, H2O2 30%,

3:1) or aquaregia (HCl 37%, HNO3 70%, H2O, 3:1:2). One option [223] is to use percloric acid,

HClO4, mixtures, since it has been reported to etch amorphous carbon. However, working with

HClO4 mixtures, e. g. the "tri-acid etch" is particularly complex, more than piranha, aquaregia,

or hydrofluoric acid, due to the risk of explosion if the fumes are not collected adequately.

We found that hydrofluoric acid followed by microwave O2 plasma (Tepla GiGaBatch barrel

plasma stripper, 200 W, 200 sccm O2, 0.5 mbar) was efficient in etching the redeposited layer.

The removal of the Ga+ implatation was investigated. Other works proposed to anneal the

diamond at high temperature to remove the FIB-induced damage layer [177, 224], and it is

generally accepted as an effective method to remove this layer. Different annealing procedures

were tested, and the results were assessed by measuring the optical quality factors (see section

5.3) and by Energy Dispersive X-Ray spectroscopy (EDX). We anneal the sample at 500 ◦C in air

for several hour, and we clean the sample in HF after each annealing step. After 4 hours, no Ga+

signal is detected with EDX. Optical characterization showed an improvement of the quality

factor of 5 times (figure 5.9). Further annealing with the same conditions did not improve the

optical quality factor. Similarly, annealing in vacuum (6×10−6 mbar) at 1200 ◦C for 4 hours

did not produce any change of the optical quality.
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a) b)

c) d)

1µm 1 µm

1 µm 1 µm

Figure 5.6 – Microdisks after annealing and cleaning. a-b) Tilted SEM recordings of a microdisk
with diameter 10.5µm and thickness 300 nm. In (b) the square section pillar is visible. A
"strawberry" shaped gallium agglomeration is shown at the base of the pillar. During annealing,
the implanted gallium diffuses at the edge of the structures and agglomerates into spherical
shapes. When the agglomeration is particularly large, it does not etch completely in the HF
bath. Tilted SEM recordings of microdisks with diameter 5.9µm and thickness 800 nm (c), and
with diameter 7.3µm, thickness 350 nm (d).
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Figure 5.7 – a) Q si m
o,r ad for different step height. The results are from a 3D COMSOL simulation.

The blue star is the measured quality factor. b) SEM of the microdisk sidewall showing the
step, the smoothness of the sidewalls achieved with FIB milling, and the roughness of the top
surface. In the inset there is a 3D model rendering to visualize the step.

59



Chapter 5. Single crystal diamond microdisk resonators by multi-directonal Focused Ion
Beam Milling

QO = 5130

*

1535 1540 1545 1550 1555 1560 1565 1570
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
N

or
m

al
iz

ed
 tr

an
sm

is
si

on

Wavelength (nm)

-0.5 0.0 0.5

Detuning (nm)

*

Figure 5.8 – Transmission spectrum of a tapered aligned to a diamond microdisk (diameter
10.5µm, thickness 300 nm, figure 5.6(a)). Two mode families are identifiable, TM1,m and TE1,m.
The TE resonance identified with * measures a quality factor of 5130.

5.3 Optical transmission characterization

The microdisk are characterize by measuring the transmission of a tapered fiber as described

in section 4.4.1. Figure 5.8 show the transmission spectrum of a a diamond microdisk (di-

ameter 10.5µm, thickness 300 nm). Optical quality factors are measured of the order of 5000.

In the spectrum the FSR is visible and measures 25 nm. Two mode families are recorded,

TM1,m and TE1,m, as they appear in the spectrum with different polarizations (controlled by a

polarization controller). The narrower resonances are assigned to the TE polarizations, since

this polarization is less sensitive to the top and bottom surface roughness. The high resolution

scan is measured at the critical coupling with optimized laser polarization. Critical coupling is

reached when the maximum of the laser power is coupled to the microresonator (section 2.1),

and it depends on the fiber-resonator separation. To find the correct gap, the fiber position

is tuned while observing the transmission spectrum. The correct position is found when the

extintion is maximized.

In figure 5.9 the effect of the annealing is shown. The red spectrum corresponds to the trans-

mission spectrum of a diamond microdisk (diameter 5.9µm, thickness 800 nm) before the

post release treatments and the blue to the transmission spectrum of the same microdisk

after the annealing for 4 hours at 500 ◦C in air. We can notice a blue-shift of ∼7 nm and a

narrowing of the linewidth of 5×. The corresponding resonances before and after the anneal-
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Figure 5.9 – Transmission spectrum before and after the annealing step at 500 ◦C. Both a blue-
shift of approximately 7 nm and an increase of the optical quality factor of 5× are recorded.
The measurement is relative to a thicker microdisk (diameter 5.9µm, thickness 800 nm, figure
5.6(c)) therefore an extra mode family is present in the spectrum, corresponding to the TE1,2,m.

ing were identified by analyzing the transmission at different polarization. If we consider

the simulations of the ion implantation described in section 4.3, the gallium implantation

extends for approximately 10 nm from the surface, and we can expect the damage to the

crystalline material to extend further in the material of a similar length. If we consider the

resonance condition in a WGM cavity as 2πre f f = mλc /ne f f , etching of the microdisk during

the annealing would produce a change of the radius corresponding to

∆re f f ≈
m∆λ0

2πne f f
; (5.1)

if we assume that ne f f does not change substantially during the annealing. For the 7 nm shift

recorded in the transmission spectrum, the corresponding radius change is ∆re f f ≈ 15 nm,

which is of the same order of the simulated damage layer depth. This result is consistent with

the results reported by Kawasegi et al. [224], since the irradiated area is selectively etched after

thermal annealing. On the other hand, if we assume a change of ne f f , the blue-shift can be

explained if the annealing converts the phase of the material from a high refractive index layer
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to a diamond layer. We can express the effective index change as

∆ne f f ≈ 2πλ0
re f f

m
, (5.2)

which yields∆ne f f ≈ 0.002. While it may appear negligible, COMSOL simulations can produce

similar blue shift (∆λsi m
0 ≈ 6 nm) if we include a 20 nm layer at the outer edge of the microdisk

with n = 3. Amorphous carbon, graphite, and diamond-like carbon have higer refractive

index than diamond [224], therefore phase conversion is also a possibility. It is reasonable to

assume that a combination of etching and of phase change occurs during the annealing. Direct

measurement of the size change would be rather challenging due to the relative difference

and the complex geometry.

5.4 Photoluminescence

A photoluminescence spectrum was acquired to assess the crystal quality of the resonator

and to identify stimulated emission from eventual color centers. While this characterization

does not give information on the quality of the device as an optomechanical cavity, we can

obtain valuable information on the quality of the fabrication and its applicability to enhance

the emission of photons from the crystal defects, useful to create a diamond based (single)

photon source. The first order and second order Raman peaks of single crystal diamond are

present in the spectrum and we do not report any broadening or additional peaks that might

suggest the presence of non-diamond phase in the sample. No luminescence from NV or SiV

centers is recorded. The starting substrate had no luminescence relative to these color centers

and it is unlikely that any nitrogen or silicon impurities could be included in the diamond

resonator during fabrication.

We observe luminescence around 740 nm (figure 5.10. This luminescence is associated with

the GR1 emission [225], indicating that the damage to the crystal structure is not completely

recovered. The luminescence could also be associated with a chromium-related color center

[115], but limitations in the grating and laser wavelength combinations do not allow to observe

the eventual chromium-related peak, that has a strong luminescence peak at 750 nm. The

presence of chromium would not be surprising since it is one of the metal deposited as a

protective layer and could be implanted by the ion beam during FIB milling. Regardless of the

origin of this luminescence, we can observe enhancement of the emission due to the optical

cavity. In the PL spectra, the cavity effect appears as narrow peaks over the luminescence,

visible in figure 5.10 in the blue and red lines, which correspond to the spectrum acquired

at the disk center and the disk edge. The wavelength resolution (∼0.1 nm) of the prevent

precise assessment of the optical quality factor of the resonances, placing an upper limit to the

measurable Qo to 7400. However, when a fit of the background luminescence is removed from

the raw data, cavity resonances are recognisable with a FSR of ∼ 10 nm (equation 2.1), which
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Figure 5.10 – a) Photoluminescence spectrum of the GR1 center with the laser pump spot
focused at different points on the diamond microdisk. The dotted gray lines indicate reso-
nances that are visible at the same wavelength when the laser is focused at different positions.
The spectrum relative to the substrate was acquired close to the microdisk and it is above the
noise floor. The spectrum was acquired with the Ramanscope using a 405 nm laser pump. b)
Signal acquired with the laser focused on the disk center. The background GR1 luminescence
was removed by subtracting a fit from the raw data, revealing the cavity resonances. We can
identify a FSR of ∼ 10 nm, consistent with the radius of the measured microdisk (3.7µm, figure
5.6(d)). Fitting (red curve) of the resonances reveals Qo ∼ 3100.

matches with the expected value of a microdisk with a radius of 3.7µm. Lorentzian fitting of

the peaks reveals Qo of the order of ∼ 1000, with a maximum of 3100 measured at ∼ 730 nm.

5.5 Discussion

Suspended single crystal diamond microdisk resonators were fabricated with an optical quality

factor of 5720 at 1492 nm. A combination of DRIE and FIB milling were employed for the

fabrication. While FIB milling is versatile for the structuring of 3D devices, it included few
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problems that required post release treatments. Thermal annealing was efficient in removing

(most of) the FIB-induced damage, providing an increase of the optical quality factor of

5×. However, the achieved optical quality prevents the use of the suspended microdisk as a

optomechanical resonator. The required laser pump power would exceed the output power

that is realistically achievable with laboratory equipment.

Qo is strongly limited by the scattering. 3D COMSOL simulations show that bottom surface

discontinuities quickly degrade the quality factor. Achieving better focus and using a smaller

ion current can help reducing the "step" height down to the ∼10 nm range, where the expected

quality factor should increase of one order of magnitude. Reducing the top surface roughness

should also help in this sense. Scattering limited Qo is inversely proportional to the surface

roughness. An alternative approach to reduce the roughness induced by the thermal annealing

is is to perform a first higher temperature annealing in vacuum (>1000 ◦C) [177] to diffuse

the gallium at the surface, followed by HF cleaning, and a final annealing in air at lower

temperatures to remove the non-diamond carbon phase. Considering equation 2.4, improving

the scattering limited Qo can give a substantial improvement to the overall Qo since the other

sources of optical losses are relatively small.

Exploring other resonator geometries can be a viable route to achieve high Qo using this

fabrication method. The main limitation is represented by the alignment during FIB milling. A

photonic crystal beam or membrane should not require alignment and can be good candidate.

However, similar fabrication methods for this type of resonators were already discussed in

literature, where limited Qo are reported [176, 226]
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6 Crystallographically etched diamond
microresonators

This chapter will describe the diamond microresonators fabricated with a "quasi-isotropic"

undercut or crystallographic etch. The fabrication process is based on the the process used by

the group of Paul E. Barclay to create suspended diamond beams [25] and microdisk resonators

[178, 184, 192]. The process has been employed by other groups to create suspended diamond

cavities [180, 197].

The method allows to create suspended structures starting from a bulk substrate. It consists of

an initial anisotropic vertical etch to transfer a mask pattern, followed by a quasi-isotropic etch

to undercut the structure. The fabrication resembles the SCREAM process [227] for suspended

silicon structures. In that case, the second etch step is an isotropic SF6 etch, while for single

crystal diamond it is an oxygen plasma with zero bias. The nature of the etch is not isotropic

per se, since it has different selectivity towards the crystal planes, but it is possible to achieve

a result similar to an isotropic etch by choosing the appropriate orientation of the starting

crystalline substrate. The {110} plane family is etched preferentially, therefore starting from a

{100} or {111} oriented substrate it is possible to fabricate a suspended slab with parallel to

and bottom surface.

Compared to the FIB undercut, this method has the advantage of parallel processing of

multiple resonators on a chip and it prevents the formation of the FIB-induced damage.

However, it requires several processing steps that may have a small processing windows

and it restricts the achievable resonator shapes. In particular, when creating more complex

structures, like microdisks and microrings, the process may require several iterations to

characterize properly the relative etch rates during the undercut, and the resonators must be

(re)designed according to these etch rates.

6.1 Microfabrication

The detailed process flow is shown in figure 6.1. For this fabrication flow we decided to move

to electron beam lithography to include other resonator structures that were designed after the
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Diamond Silicon HSQ Alumina

1) Si hard mask
 sputtering

2) E-beam 
lithography

3) DRIE hard mask
etching

4) DRIE diamond
etching

5) Al2O3 ALD 6) DRIE Al2O3
etching

7) "Quasi-isotropic"
etching

8) Mask stripping

Figure 6.1 – Fabrication process using a "quasi-isotropic" etching. 1) Sputtering of a 300 nm
Si layer to be used as a hard mask and grounding layer. 2) E-beam lithography using an
HSQ resist. Transfer of the patterns into the Si mask (3) and diamond (4) using a vertical
recipe (table 6.1). 5) Atomic Layer Deposition (ALD) of 75 nm of alumina. ALD is a conformal
deposition with excellent coverage of the sidewalls. 6) Etching of the alumina layer to expose
the top and bottom surface of the structures while keep the protection on the sidewalls. 7)
"Quasi-isotropic" etching of the diamond structures. 8) Cleaning with HF and HNA.

initial experiments with the FIB-milled microdisk resonators. In particular microrings will be

included. Given that critical dimensions of these structures are in the range of few hundreds of

nanometer, e-beam is the only viable option. Moreover, following the work reported in [228],

a surface preparation step was included at the beginning of the process.

6.1.1 Polishing and surface preparation

The starting substrates were single crystal diamond plates with {100} orientation from different

suppliers (element6, LakeDiamond) with different surface polishing qualities. Scratches like

the one shown in figure 6.2 are commonly found on commercial substrates. The density is

rather high, substantially decreasing the potential fabrication yield. Therefore additional

polishing, known as soft-scaife polishing, is required to obtain a smooth surface, with sub-nm

RMS, without scratches. This technique is rather time consuming and expensive. In our group,

we investigated an alternative approach to remove surface defects using ion beam etching

(IBE), and we routinely use it before our diamond processing. Ion beam smoothing was already

demonstrated [219], but the proposed strategy is to use low incidence angles to increase

smoothness and prevent the formation of additional roughness. Such strategies, however,

are not suitable to remove the deep scratches from polishing. By increasing the incidence

angle, up to ∼60°, these pits can be removed thanks to the angular etch rate dependence: the

top flat surface receives ions at the most efficient angle, while the sidewall of the scratches

at a lower angle, resulting in a slower etch. The technique is fast (∼20 minutes) and it allows
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Figure 6.2 – a) Typical surface of as received single crystal diamond plate. Polishing scratches
are clearly visible and very dense. b) Surface after 30 min of 700 eV Ar+ ion milling at 60 °
incidence. c) AFM scan of a 1µm × 1µm area of the diamond surface after the full polishing
procedure described in section 6.1.1 (courtesy of Sichen Mi). The IBE polishing produces a
smooth surface (390 pm RMS), without the mechanical polishing defects.

processing of multiple diamond substrates at the same time. While the high incidence angle

does increase the roughness of the top surface by developing a self-organized nanoscal pattern

[229], a sub-nm surface roughness can be easily recovered by additional ion irradiation at

incidence angles closer to the normal (∼10°). The ion irradiation is very gentle and produces

very little lattice damage due to the low acceleration voltage 4.7(c). The penetration depth is

very confined and the thin damage layer can be easily removed by high temperature annealing

in air. We reported a detailed analysis of the polishing technique in [228].

Moreover, given the low etch rate of diamond by the Ar ion beam, IBE can be used as a surface

cleaning step to remove particles leftover from the mechanical polishing. We generally clean

the diamond plates in HF and Piranha when we receive them, however not always foreign

particles, especially the one trapped in the surface scratches, are removed. Therefore a low ion

energy (300 eV) is used to remove the particles. At this acceleration voltage, the diamond etch

rate is negligible. To summarize, the suface preparation and polishing used was perfomed in a

Veeco Nexus IBE350, starting with a 10 minutes step at 10° and 300 eV, then 40 minutes at 60°

and 700 eV, finally 10 minutes at 10° and 700 eV.
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6.1.2 Electron Beam lithography

We employed electron beam lithography to pattern the diamond. In contrast to photolithog-

raphy, either the substrate or the hard mask must be conductive to avoid charging effects

due to the electrons used to expose the resist. Although the diamond substrates used are not

electronic grade, the conductivity is still very low. Similarly, the silicon oxide used in the other

process will not be able to ground the sample during the exposure. Metal, or conductive, layers

are generally included in the layer stack for e-beam lithography. HSQ was chosen as e-beam

resist because of the high resolution, negative polarity, and the resistance in dry etching. In

particular, the negative polarity is highly beneficial for the type of structures we intend to

fabricate. Only the area of the resonator needs to be exposed, saving e-beam time and allowing

to have large openings to align the tapered fiber.

The choice of resist, restricted the use of some materials for the hard mask. Silicon oxide and

nitride can’t be used because of the insufficient selectivity of HSQ in the dry etch processes

used. Sputtered silicon and alumina can be better suited. For the latter, an additional metal

layer must be included to ground the surface. Given that HSQ is developed with TMAH based

chemicals, only few metals can be used if deposited below the HSQ. It is possible to deposit a

thin metal layer above the resist, however they cannot be sputtered to prevent exposure of the

resist since UV radiation is emitted by the plasma during sputtering. Evaporation is an option,

but it is rather time consuming compared to sputtering. Initial tests were performed with a

stack of atomic layer deposited alumina and a thin layer of sputtered chromium. The stack

performed well for the electron beam exposure, but the transfer of the pattern to the alumina

layer was not possible due to the bad selectivity of HSQ in the Cl/BCl3/Ar plasma used to etch

alumina.

Sputtered silicon demonstrated to be the best material thanks to the good selectivity compared

to HSQ and diamond respectively. 300 nm of silicon were sputtered with an Alliance Concept

DP650. Before coating, the samples were treated with low power oxygen plasma in a Tepla

barrel stripper, and glued with Quickstick135 to larger silicon chips to facilitate the handling.

FOX16, and HSQ dilution, was spun at 6000 rpm achieving a ∼600 nm layer. Edge beads were

present, but extended only ∼100µm, and they are not as relevant in e-beam lithography since

the required dose does not change substantially with the thickness for FOX16. The patterns

were exposed with a dose of ∼2500µC/cm2, depending on the pattern, and a current of 1 nA,

yielding a spot size of ∼5 nm, over a 2 nm grid, using a Raith EBPG5000+. The resist was

developed in 25% TMAH for 90 s. The pattern was transferred in the silicon layer using a Cl

plasma (800 W ICP, 110 W bias, 50 sccm Cl2, 5 mTorr) in a STS Multiplex ICP.

6.1.3 Vertical etch optimization

For this fabrication strategy, it is important to achieve vertical sidewalls during the first dia-

mond etch step. Using the recipe V1 (table 6.1) sloped sidewalls due to mask erosion were

produced, as described in the previous chapter. When the layer covering the sidewall is etched
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Figure 6.3 – a-b) SEM recording after e-beam lithography and silicon hard mask etching. c-d)
SEM recording after diamond etching with recipe V2.

Recipe Etcher ICP Bias O2 flow Ar flow Cl flow Pressure Etch rate

V1 SPTS 2 kW 200 W 100 sccm - - 15 mTorr 500 nm/min
V2 STS 400 W 200 W 30 sccm - - 10 mTorr 110 nm/min
V3 STS 400 W 200 W 30 sccm 6 sccm - 10 mTorr 150 nm/min
V4 STS 400 W 200 W 30 sccm 10 sccm - 10 mTorr 160 nm/min
V5 STS 800 W 100 W - - 50 sccm 5 mTorr 65 nm/min

Table 6.1 – Diamond vertical etch DRIE recipes

in step 6 (figure 6.1), the top part of the layer can be too thin or etched completely with a sloped

sidewall. Using silicon instead of silicon oxide as hard mask does not change the sidewall

angle. The high power can be the main culprit, but mask erosion could also be caused by

chamber contamination, since the etcher is used primarily in our clean room for oxide and

nitride etching with fluorine chemistry. Moving to a different etcher (STS Multiplex ICP) and

reducing the ICP immediately improved the verticality of the etch. Starting from the V2 recipe,

different Ar flows were tested, as well as a Cl based etch (same as the hard mask etch).

While the Cl based etch recipe (V5) produced a smooth sidewall, the chemistry is the same

used for the silicon hard mask etch recipe, therefore not suitable for long etches. V2, V3, and V4

have very vertical sidewalls and good selectivity towards the hard mask, however the sidewall

roughness is worse than both the V5 recipe and the original V1. Similar results happen when

keeping the HSQ layer and stripping it before the etching. Increasing the argon flow does
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Recipe Etcher ICP Bias O2 flow Temperature Pressure

UC1 SPTS 2000 W 0 W 100 sccm 10 ◦C 15 mTorr
UC2 Sentech 1000 W 0 W 10 sccm 200 ◦C 12 mTorr
UC3 Sentech 1000 W 0 W 10 sccm 100 ◦C 12 mTorr
UC4 Sentech 1000 W 0 W 10 sccm 200 ◦C 15 mTorr
UC5 Sentech 1000 W 0 W 10 sccm 200 ◦C 30 mTorr
UC6 Sentech 1000 W 0 W 10 sccm 100 ◦C 50 mTorr
UC7 Sentech 1000 W 0 W 10 sccm 200 ◦C 50 mTorr

Table 6.2 – Crystallographic etch recipes

not show improvement of the sidewall smoothness. We decided to use the V2 recipe and

investigate methods to improve the sidewall quality after the undercut (section 6.1.5).

6.1.4 Crystallographic etch

After the vertical etch step, the sidewall needs to be covered. An alumina layer is deposited

with Atomic Layer Deposition (ALD) to ensure good conformal coverage of the sidewalls.

Alumina was chosen for the great resistance to the oxygen plasma used in the crystallographic

etch and for the ability to be easily stripped in HF after the release. 75 nm were deposited,

corresponding to 675 ALD cycles, using a BENEQ TFS200. To keep the alumina layer only

on the sidewalls, a blank etch in a Cl/BCl3/Ar directional plasma (800 W ICP, 150 W bias,

7 sccm Cl2, 7 sccm BCl3, 6 sccm Ar, 2 mTorr, STS Multiplex ICP) was performed until the floor

was completely removed (about 90 s, 10 s after the endpoint was detected with the builtin

interferometer). These steps correspond to 5 and 6 in figure 6.1.

Like anisotropic etching of silicon [230], the zero bias oxygen plasma etches the different

crystal planes at different rates, in particular η{110} À η{100} > η{111}, where η indicates the etch

rate. Starting from a cylindrical pillar fabricated in a {100} oriented sample, we should expect

the base to become hourglass shaped with an octagonal cross section, then evolving into an

hourglass with square cross section as the etch continues. In practice is easier to measure

the etch rates base on the relative direction, up, down, lat, and lat*, as indicated in figure

6.4(a). For a pure crystallographic etch, we should expect that the pedestal is symmetric with

respect to the plane of the diamond floor after the vertical etching step, i. e. that ηdown = ηup ,

therefore narrowest point of the pedestal is aligned with the bottom of the alumina sidewall

mask. However, given that commercial etchers have residual bias even when the RF source is

turned off, the narrowest point should shift down.

Initially, the crystallographic etch was done using the recipe UC1 indicated in table 6.3, using

the same parameters as reported in [231] for the fabrication of crystallographically etched

gratings in single crystal diamond. While the nature of the etch is predominantly crystallo-

graphic, the undercut did not follow the desired profile. The vertical etch rate, ηup , was too
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Figure 6.4 – a) Relative etch rate directions used to describe the etch profile of the crystallo-
graphic etch step. b) Illustration indicating the effect of process pressure for the undercut step.
Higher pressure results in a better alignment of the etch profile to the diamond crystal planes.
The value of the angle indicated in the illustration (54.7 °) corresponds to the angle between
the {100} and {111} crystal planes.

small to obtain a smooth {100} surface on the bottom of the devices. As analyzed in [231], we

explain this behavior with residual plasma bias that causes a not negligible directional etching

component. Similarly to the vertical etch (V1 recipe), the hard mask is attacked during the

etch and it can fail. Again, as for the vertical etch case, this could be due to contamination of

the chamber or by the high ICP power used. Using a different etcher solved the problem, and

allowed to increase the temperature of the process up to 200 ◦C, while trading the high plasma

ICP power. We developed the etch recipe using a Sentech ICP-RIE SI 500 etcher. Table 6.3

reports the etch recipes tested during optimization. The ICP power was set to the maximum

that the tool could withstand for a prolonged period (1000 W), while changing pressure and

temperature.

Temperature appears to influence the etch speed, while maintaing the relative ratio between

the directional etch rates, ηup , ηdown , ηl at , and η∗l at . Etching at 100 ◦C was ∼ 2.5 times slower

than at 200 ◦C. A good thermal contact is important for a repeatable etch. Contrary to all other

processing steps, it is not possible to use Quickstick during the etch step at high temperature,

since the process temperature can be above the flowing point of the wax. Moreover, when

the wax is heated too quickly the diamond chip is "launched" off in the chamber. Therefore

Fomblin oil was used to attach the chip to the carrier wafer. The downside is a worse thermal

contact compared to Quickstick. Insufficient amount of oil may cause the diamond chip to

overheat, accelerating substantially the etch speed and making the process unreliable. Pres-

sure has a strong influence on the directional etch rates ratio. Increasing the pressure makes

the process more anisotropic, with the etch walls better aligned to the crystal orientation.

Low pressure makes the etch profile asymmetric in the vertical direction, decreasing ηup

and η∗l at ,top relative to the etch rates in the other directions. Figure 6.4(b), shows how the

profile changes with the change in pressure. We observe a variation of the final thickness

of the structures depending on the lateral dimensions and the distance from other nearby

structures. Narrower structures are thinner compared to larger ones and small gaps slow down

the etch. In fact, 1D photonic crystal beams may be completely etched if the process is timed
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a) b)

c) d)
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Figure 6.5 – SEM recordings of the crystallographic etch step. Structures after 2 h (a) and 5 h
(b) with recipe UC6. This recipe produces the smoothest etch walls but it is particularly slow
(ηdown ≈ 200 nm/h). c-d) Structures after 3 h of etching with recipe UC7. The SEM recording
was acquired using a high (5 kV) acceleration voltage and it is possible to measure the upwards
etch by imaging through the thin alumina layer.

to achieve microdisks and microrings of the desired thickness. We observed the influence

of the gap in multiple structures with different magnitudes. On the lithography mask we

included WGM resonators coupled to suspended waveguides with narrow gap, the microrings

with concentric supports described in section 4.2.1, and microdisks surrounded by a guard

ring. Typical gaps in these structures go from 150 nm in the waveguide coupled resonators and

the microrings, to several µm for the microdisks surrounded by the guard ring. The effect is

particularly evident in the waveguide coupled resonators, where the resonator thickness is not

symmetric, increasing substantially on the side of the waveguide. The microdisks surrounded

by a guard are up to 2 times thicker than isolated microdisks with same diameter. In the case of

the concentric microrings, the undercut proceeds mostly from the outside, eventually allowing

to design smaller central supports (and thus smaller rings). The influence of the gap changes

depending on the process pressure, and the effect is reduced at higher pressures.

The optimized process is indicated with UC7 in table 6.3. Starting from a 2µm tall structures,

approximately 7 h are required to obtain an undercut of ∼ 1.5µm at the bottom surface of

the resonator, of ∼ 3µm at the narrowest point of the pedestal, and a resonator thickness of

< 500 nm. To increase control in the final part of the undercut, we can reduce the temperature

in the final hour using the recipe UC6 in table 6.3, preventing overetch and collapse of the

narrowest structures. The resonator thickness can be monitored easily by imaging with an
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1 µm

a) b)

c) d)

1 µm

10 µm

1 µm

Figure 6.6 – a) SEM recording after 6 h of etching with recipe UC5. Depending on the lateral
dimension of the lithography pattern, some structures collapse due to excessive undercut. b)
Same sample after hard mask stripping. The image shows the side of a microring. Photonic
crystal beam (c) and microdisk (d) fabricated using the UC4 process. The lower pressure
makes the etch floor and the pedestal wall rougher than the higher pressure processes.

SEM at high voltage (>5 kV), thanks to the low thickness of the alumina layer covering the

sidewalls. After the sufficient etch time, the hard mask is stripped with HF and HNA. Figure

6.5 shows the results of the crystallographic release after the hard mask etch. Compared to

other implementation[178, 180, 197] of this crystallographic etch step to suspend single crystal

diamond structures, we can achieve very similar results, however the walls can be rougher,

especially the non {111} faces. Increasing the ICP power can improve the smoothness of the

undercut walls, as we can obtain using the UC1 recipe (which uses 2000 W ICP power) and as

reported by [178] (3000 W ICP power).

Table 6.3 indicates the etch rates measured for the recipes UC4-7. UC1, UC2 and UC3 are

not included as they results on a pedestal of the wrong shape. Khanaliloo et al. reported a

t i me2 dependency for the etch depth [178], however for our etch recipes we have an error of

∼ 20 nm after 5 h (for the etches at 200 ◦C) if we consider the etch rate constant. We measure

the etch depth by SEM imaging, and the precision can be of the order of 10 nm. A more precise

measurement method should be employed for a precise characterization of the etch rate, but

for our application, the error magnitude is acceptable.
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Chapter 6. Crystallographically etched diamond microresonators

Recipe ηdown ηl at ηdown/ηl at ηup ηdown/ηup

UC4 1175 nm/h 375 nm/h 3.1 250 nm/h 4.7
UC5 770 nm/h 530 nm/h 1.45 275 nm/h 2.8
UC6 235 nm/h 130 nm/h 1.8 - -
UC7 720 nm/h 520 nm/h 1.38 300 nm/h 2.4

Table 6.3 – Etch rates calculated for the recipes UC4-7.

200 nm

2 µm

2 µm

1 µm

a) b)

c) d)

Figure 6.7 – Etching of diamond at 750 ◦C at ambient pressure. a-b) Etching after 30 min. The
etching is proceeding in the 〈110〉 directions leaving smooth {100} planes. c-d) Etching after
8 h. The pillar was completely undercut, exposing {111} faces.

High temperature annealing

The crystallographic etch step is very similar to "burning" the diamond. At high tempera-

ture (>600 ◦C) in an oxygen environment, the diamond can be etched. The process can be

anisotropic, and the selectivity of the {100} and {111} faces can be influenced by the environ-

ment [232, 233]. We explored oxidative etching of diamond in an oven at ambient pressure,

annealing the diamond at 750 ◦C for up to 8 h. The sample was prepared following the same

process flow (figure 6.1), with the step 7 ("quasi-isotropic" etching) performed in the oven.

The images in figure 6.7 show the sample after different annealing times. The condition used

appear to etch the {110} planes preferentially, leaving a smooth {100} floor. 8 h of etching

caused the complete etching of the support pillars and of the resonators, leaving some rough-

ness in the place of the supports, with faces that appears to be of the {111} family. From the

images after 30 min, the etching proceeds along the 〈110〉 directions, therefore this technique
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6.1. Microfabrication

can be optimized to fabricate freestanding structures in single crystal diamond. However, the

drawbacks compared to the plasma etching are significative. For instance, the process cannot

be precisely timed, since the oven has a certain thermal inertia, while a plasma can be precisely

ignited and turned off. Temperature fluctuations in the oven can drastically change the selec-

tivity of the etching. Finally, the alumina mask used for the sidewall protection is deformed in

at high temperature. The process, however, could be employed as an additional smoothing

step of the bottom surface of the microresonators after the plasma based crystallographic etch

in case a smooth surface cannot be achieved.

6.1.5 Sidewall polishing

To achieve high Qo , the smoothness of the resonator surface is important to minimize scat-

tering. Sidewalls are often responsible of most of the losses due to the roughness induced by

the vertical etch step [189]. We can identify two main causes of sidewall roughening during

etching: the first one is the erosion of the hard mask, and the second can be attributed to the

interaction of the plasma with the material to be etched. The optimization of the vertical etch

described previously was aimed at addressing the latter. However, no substantial improvement

were found on the sidewall smoothness, and we can assume that the main source of roughness

is the hard mask erosion. For this reason, a post processing smoothing step was investigated.

The procedure is based on the IBE polishing employed to prepare the diamond surface before

microfabrication. Given the different incidence of the Ar+ ions of the top surfaces and of the

sidewalls, the angle must be chosen appropriately to avoid creating additional roughness.

At 45 ° of incidence the ions tunnel through the diamond lattice, decreasing drastically the

sputtering yield. However, the angle should be close to this value to avoid the roughening that

occurs at high angles. Figure 6.8 shows the effect of low acceleration ion milling on the top

surface and the sidewalls of freestanding diamond structures. The best results were achieved

using 500 eV Ar+ ions at 50 ° of incidence respect to the top surface normal, while rotating the

substrate holder at 10 rpm. In this configuration, the top surface is milled by the ion beam

at ∼ 50 °, while the sidewalls at ∼ 40 °. After 14 min of milling, the roughness is drastically

reduced (figure 6.8(c)). Deviating more from this incidence induces the formation of "steps"

on the top surface or on the sidewalls (figure 6.8(d)). Of course this method will reduce the

thickness and the lateral dimensions of the structures. At 50 ° incidence, the 500 eV Ar+ beam

will etch single crystal diamond with a speed of ∼ 4 nm/min both the the vertical and in the

lateral directions. It is critical to do thorough cleaning of the sample before the treatment, as

particles eventually present on the structures can result in the formation of protuberances

(figure 6.8(c)), that can’t be removed with another IBE polishing step without roughening the

sidewalls. As for the surface polishing, this sidewall polishing technique can be applied to

other materials, both amorphous and crystalline. For the latter it can be particularly attractive,

as can emulate the reflow processes that can be performed in SiO2. The effectiveness of the

treatment will be discussed in section 6.2.
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a) b)

c) d)

e) f)

200 nm

200 nm 200 nm

200 nm200 nm

1 µm

50 °

40 °

50 °

40 °

10 °

80 °

Figure 6.8 – Sidewall polishing with IBE. a) SEM recording of the sidewall of a freestanding
diamond structure after crystallographic etch and hard mask stripping. b) Sidewall after 4 min
of ion milling at 50 ° incidence from the top surface normal using 500 eV Ar+ ions. c) Sidewall
after 14 min of milling with the previous settings. d) Sidewall after 10 min of ion milling at 10 °
incidence from the top surface normal. Due to the high incidence angle with the sidewalls,
"steps" are formed. e) Sidewall of a microdisk before IBE treatment. f) Microdisk after 15 min
milling at 50 ° and 500 eV. A clean surface before the milling is critical to prevent masking and
the formation of protuberances as it is noticeable in figure (c).
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Figure 6.9 – a) Single crystal diamond microring fabricated with recipe UC7. b) Transmission
measurement showing optical resonances. The fiber is positioned at the critical coupling
for the mode at 1538 nm, and we can measure a quality factor of 1400. The spectrum was
obtained by subtracting the fiber transmission (fiber far from resonator) from the raw data
(fiber at the critical coupling position).

6.2 Optical transmission characterization

Optical transmission measurement of a diamond microring are shown in figure 6.9. Fitting

of the peaks reveals optical quality factors of approximately 14000. According to optical

simulations (figure 4.3), the width of the ring needs to be at least 1.5µm to avoid scattering from

the support tethers. For ring width of less than1.75µm typical quality factors are measured

in the order of 1000, while rings width of 2µm can sustain higher Q resonances. If the ring

is wider, the undercut may be insufficient, yielding non uniform thickness and thus lower

quality factor. The geometry shown in figure 6.9(a) appears to be the sweet spot with the

current fabrication strategy. In this case, the quality factor is limited by fabrication defects

visible in the top surface and by the smoothness of the bottom surface. We can expect that

further optimization of the undercut recipe can improve the bottom surface quality of the

wider microrings, ultimately yielding higher optical Q.

Figure 6.10 shows the effect of the sidewall polishing procedure presented in section 6.1.5.

The resonances are shifted by several nm, consistent with the reduction of the resonator

diameter. According to equation 5.1, the resonance shift is induced by a radius change of about

65 nm. The sidewall polishing step was 15 min long, therefore we can estimate an etch rate of

approximately 4.3 nm/min, consistent with the dimensions variation estimated from the SEM

images. The optical quality factor improved of more than two times, indicating a reduction

of the sidewall scattering, as expected from the SEM recording of figure 6.8. No frequency

modulation was measured from the high Q microdisks. The pedestal lateral dimension
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Figure 6.10 – Transmission measurements of 3µm radius microdisks before (a) and after
(b) the sidewall polishing step. The values reported for the quality factors are calculated
from a Lorentzian fitting of the resonances. The spectrum was obtained by subtracting the
fiber transmission (fiber far from resonator) from the raw data (fiber at the critical coupling
position).

at the narrowest point is ∼ 1.2µm. According to COMSOL simulation, the clamping loss

limited quality factor should drop below 104 when the pedestal approaches these dimensions.

However, as reported by Mitchell et al. [184], the pedestal should be particularly narrow (

∼ 100 nm) to observe the mechanical oscillations.

It should be noted that the before and after spectra were acquired from two different mi-

crodisks on the same chip. The two microdisks were patterned starting from the same design

using the same exposure dose and current during e-beam lithography, and were patterned

50µm apart, therefore we can expect them to have very similar optical resonances before the

sidewall polishing, both central wavelength and quality factor. We were unable to characterize

the same device before and after the polishing because the microdisk of the spectrum in

figure 6.10(a) was ruined during the polishing step. As mentioned previously, it is critical

to have a clean sample before performing the IBE polishing step to avoid the formation of

protuberances during milling. In this case the microdisk was roughened because of dirt on

the sidewall, likely deposited by the fiber during the first measurement, and by the presence

of particles on the top surface, result of insufficient mask etching or of the exposure to the

environment outside the clean room. Dirt and particles mask the diamond surface during

milling, resulting in roughness.
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Figure 6.11 – Photoluminescence signal from a 3µm radius microdisk. The emission from the
NV centers in the diamond lattice is enhanced by the optical cavity, revealing optical quality
factors of 104, obtained by fitting a Lorentzian to the peaks. The emission wavelength of the
NV center is at the end of the detection range of the spectrometer which is optimized for
UV-blue detection. The longer red signal causes some interference on the detector, observable
in the spectrum as oscillations function of the wavelength.

6.3 Photoluminescence

As reported for the FIB milled resonators, photoluminescence spectroscopy was performed.

The substrates used in this fabrication method contained some nitrogen defects, therefore

photoluminescence could be observed corresponding to the NV defects emission. Using the

Ramanscope we could observe the characteristic shape of the NV emission, however given

the limited wavelength resolution of the integrated spectroscope, no cavity enhancement of

the photoluminescence was observed. Using a custom µ-PL setup with a higher resolution

spectroscope revealed optical resonances on top of the NV emission. Figure 6.11 shows the

collected spectrum when the pump laser is focused on a 3µm radius disk. The free spectral

range according to equation 2.1 should be 10.5 nm. While we can identify two resonances

spaced approximately by this range in the spectrum, the spectrum is not as dense as the

one relative to the FIB milled microdisk (figure 5.10). We attribute this to the low detection

efficiency of the spectrometer for the red light, as the integrated CCD detector is optimized for

UV-blue light. Oscillations are visible in the spectrum at the NV luminescence wavelengths,

since the red light interferes in the thinner CCD detector. The collected signal decreases

rapidly after 650 nm as the wavelength becomes too long for the detector. Nevertheless, some

resonances are visible, and we can measure optical quality factors of 104 at 640 nm. The

quality factor is calculated from fitting the spectrum peak with a Lorentzian. The spectrum
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Chapter 6. Crystallographically etched diamond microresonators

was acquired with the spectrometer slits not optimized, therefore the real value can be better

than the one reported. However, reducing the slit size to increase the wavelength resolution

decreased the signal, making the resonance detection more difficult.

6.4 Discussion

This fabrication method demonstrated to be capable of producing resonators with higher

optical quality factors compared to the FIB method. The bottom surface is smoother due to the

absence of the step, however the undercut recipe can be further optimized to further decrease

surface scattering. The optical characterization results are relative to devices fabricated in

general grade single crystal plates. Moving to an electronic grade can decrease the optical

losses induced by absorption, however, most the impurities present in the general grade

substrates (typically nitrogen) absorb predominantly red light, and are transparent to infrared.

Scattering from the sidewalls can be reduced with the sidewall polishing step. Focused Ion

Beam milling could be used to remove the outer perimeter of the structures, as we were doing

for the FIB structured microresonators. IBE at an appropriate angle however is better suited

because it requires less steps (no metal deposition), it can smooth multiple structures in

parallel, and it creates negligible lattice damage compared to the high energy gallium beam.

As discussed, however, the technique requires to start from a clean sample, as particles and

residues can mask the diamond during ion beam milling, increasing the roughness of the

structure.

Limited Qo , of the order of 104 and below, were measured for the microrings. As mentioned

previously, the etch proceeds primarily from the outer circumference of the microdisk, there-

fore a long time is required to etch sufficiently the pillar, resulting in insufficient undercut

or very thin devices which will be more sensitive to surface scattering. A new design of the

resonator geometry is required to take into account the fabrication characteristics. Photonic

crystal beams were included in the mask as proof of concept, and the lithography design must

be adapted to take into account the size variation induced by the transfer of the pattern into

the hard mask and the diamond after the first vertical etch step.
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7 Silicon microresonators in the
MORPHIC platform

Silicon photonics has become very mature and as a platform it is now routinely used in

telecomunications to interface optical links to electronics, thanks to the ability to perform

few specific operations very efficiently. While some other material platforms, like lithium

niobate or silicon nitride, may be more performant, silicon photonics can benefit from the

huge develoment in the material science and processing of CMOS, so that silicon photonics

could be fabricated in a CMOS fab [234]. Moreover, foundries started to offer dedicated

silicon photonics platforms to serve the growing market. At the current state, however, some

important components of a photonic circuit use power consuming designs based on thermo-

optic effect or free carrier dispersion [235, 236]. Integrating movable structures can be a viable

route to develop power efficient silicon photonics components. One example is the phase

shifter: established designs occupy large area and require high power compared to a waveguide

movable by electrostatic actuation [237]. Silicon photonic MEMS enable the fabrication of

large scale, compact, and efficient switch matrix [238]. The MORPHIC project aim to enhance

the functionality of established silicon photonics platform by including MEMS components.

In particular, MEMS can be exploited to create reconfigurable photonic integrated circuits,

thanks to the development of non-volatile components. The components designed during

the project are planned to be included as standard parts of a PDK and as components of a

programmable integrated circuit.

Freestanding WGM resonators were included among the test structures of the first fabrication

run. Four design variations were implemented: two microrings and two microdisks with

different radii. Figure 7.1 shows the mask layout. As previously mentioned in sections 4.1 and

4.2, the smaller resonators have been designed with a radius of 10µm, and the largest with

a radius of 20µm. The resonators are designed in proximity of a suspended wavegude with

different separations, and light is coupled in and out of the sample via grating couplers.
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Chapter 7. Silicon microresonators in the MORPHIC platform

Figure 7.1 – Lithography mask of the WGM resonators.

7.1 MORPHIC MEMS release

Figure 7.2 shows the fabrication process of the silicon microresonators. The mask layout is sent

to IMEC for fabrication in the iSiPP50G platform. The resonators are designed in proximity of

a waveguide with different gaps ranging form 130 nm to 300 nm. The wafers are received from

IMEC and the post-processing is done at CMI. The wafer is separated into coupons. 50 nm of

alumina is deposited with atomic layer deposition to achieve good conformal coverage of the

entire coupon. It is important to cover also the backside to protect the stress compensation

layers from the HF vapor release step. After photolithography, the alumina layer is etched

with a Cl/BCl3/Ar based plasma. The photoresist layer is stripped and the sample is etched

in a SPTS uEtch HF vapor etcher to achieve isotropic etching of the buried SiO2 layer of the

SOI coupon. The HF vapor etching ensures that the structures do not collapse since the

etching happens entirely in vapor phase, without water condensation beneath the suspended

structures. A silicon guard is included in the mask around the structures to prevent excessive

etching around the release window.

Due to the different lengths of undercut required to obtain the optimal pillar size in the differ-

ent resonators, only one resonator geometry can be successfully released for each fabricated

chip. From this point of view, microrings are better suited since it is possible to design the

central support disk appropriately in order to have the correct support pillar for different exter-

nal radii. Initial optical characterization showed that the optical resonances with the highest

quality factors were supported by the microdisk with radius 10µm, therefore the undercut

process was optimized for the release of these geometry. As a consequence, the undercut was

insufficient for the larger microdisks and too long for the microrings. The finalized process

achieved a total lateral undercut of ∼9µm. The minimum feature size for the fabrication

platform used is 150 nm. When the gap between the waveguide and the resonator is smaller

than this value fabrication residues may be present in the gap. Optical quality factor does

not appear to be affected by the residue, however it happens when the gap is very narrow,

coresponding to a highly overcoupled regime. Critical coupling occurs at around 180 nm

separation, when the gap is clear of any residue.
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Si handle layer Si device layer  Silicon Oxide Alumina

1) Coupon Dicing 2) Al2O3 ALD 3) Photolithography

4) DRIE Al2O3
etching

5) HFV release

PR

Figure 7.2 – Scheme of the fabrication process to release the silicon photonic MEMS in the
MORPHIC platform. 1) Coupons are diced from the wafers received from IMEC. 2) Atomic
layer deposition of alumina to protect the backside and the BEOL stack. 3-4) Photolitography
and etching of the alumina layer. 5) HF vapor release.

10 µm

Figure 7.3 – False color SEM recording of a microdisk with radius 10µm after the HFV release
step. The pillar diameter is easily measured by increasing the SEM voltage or by imaging
with an optical microscope due to the low thickness of the silicon layer. Courtesy of Yuji
Takabayashi.
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Figure 7.4 – Transmission spectra of a 10µm radius microdisk at different waveguide gaps.
Critical coupling occurs at a separation within the 160 nm to 180 nm. Given the discrete gaps
defined by lithogrphy, we cannot probe the resonators in a critical coupling condition. To
increase clarity, the the blue spectrum (180 nm gap) is displaced vertically. The right blue
vertical axis gives the scale for this spectrum.

7.2 Characterization

The optical characterization is performed by aligning a fiber array to the outer grating couplers

(figure 7.1). To know the laser power in the waveguide adjacent to the resonator, it is useful to

characterize the losses of the measurement system (figure 4.8). To couple the light in and out

of the chip, a fiber array is aligned to an array of grating couplers. The other components used

in the optical transmission setup do not contribute substantially to the optical losses, therefore

the attenuation of the signal between the laser and the photodetector are attributed to the two

grating couplers. Typical losses recorded between the laser and the photodetector are of the

order of 14 dB. A lengthy and rigorous alignment can push the losses down to approximately

10 dB. Therefore we can expect the laser signal to be attenuated by 5 to 7 dB before reaching

the resonators. The bandwidth of the grating couplers has a maximum at around 1540 nm, and

can shift by several nm depending on the thickness of the alumina protection layer used in the

postprocessing at CMI and on the angle of the fiber array with the chip surface normal. The

bandwidth, however, is large enough to support several FSR even for the smaller resonators

(∼11 nm). Given the design of the grating coupler, only TE polarization is transmitted to the

resonator.

Figure 7.4 shows the transmission spectrum of two 10µm radius microdisks with different

resonator-waveguide gaps, 160 nm and 180 nm. For a gap equal or smaller than 160 nm the

resonator is overcoupled. Many resonances are visible in the transmission spectra, corre-
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Figure 7.5 – High resolution scan of the optical resonance at 1538.6 nm at approximately 20µW
(black) and 200µW (red) of laser power in the waveguide (before the resonator). The thermo-
optic shift is noticeable when increasing the power, and even at the lowest case the resonance
is not symmetric. The measurement shown is for the resonator with 180 nm separation from
the waveguide.

sponding to multiple radial orders. For gaps equal to and larger than 180 nm the resonator is

undercoupled, and the extinction ratio of the resonances becomes quickly smaller. Critical

coupling should occur between 160 nm and 180 nm, but the condition is not accessible due

to the discrete gaps defined lithographically. Figure 7.5 shows a high resolution scan of the

1538.6 nm resonance for a resonator with 180 nm separation from the waveguide. The doublet

splitting is clearly visible. Fitting a double Lorentzian, we can estimate the optical quality

factor of around 300000 for both the doublets. The measurement is performed by attenuating

the laser down to ∼20µW1 to avoid thermo-optic shift of the resonance. Nevertheless, the

resonance is slightly asymmetric even at this very low input power. Gradually increasing the

laser power will red-shift the cavity resonance, which can be expressed as [7]

ω(δT ) =ωLT

[
1−

(
αL + 1

ne f f

dn

dT

)
δT

]
. (7.1)

Following the derivation in [184], and using the appropriate linear expansion parameters,

αL , and refractive index dependence, dn /dT , [239, 240], we can estimate the effective laser

detuning from the central cavity frequency (wavelength). The relationship between the

temperature change, δT , and the input power, Pi n , was estimated by measuring the resonance

1estimated power in the waveguide after the input grating coupler.
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Figure 7.6 – Mechanical spectrum of a 10µm radius disk with a 1.1µm radius pillar, corre-
sponding to the RBM. The data reported here was acquired at different optical powers in the
waveguide, ∼125µW and ∼2.76 mW. By fitting a Lorentzian, the quality factor is estimated to
be ∼ 1800 and ∼ 3600 respectively in air at room temperature. Both measurements are done
below the required threshold power. The higher noise floor of the high power measurement is
attributed to the EDFA used to amplify the laser signal.

shift at different Pi n .

7.2.1 Frequency spectrum

To observe the mechanical modulation, the transmitted optical signal was collected with a

high speed photodetector and analyzed with an electronic spectrum analyzer (figure 4.9).

Given the expected2 RBM resonance frequency of about 250 MHz, and the measured (loaded)

Qo of about 3×105, the optomechanical system operates in the unresolved sideband regime

(Ω/κ≈ 0.4), therefore we should expect the optimal detuning to be ∆≈ κ/2. When the laser

wavelength is scanned on the blue side of the resonance, a peak in the frequency spectrum

appears at the expected frequency. The peak amplitude increases as the laser wavelength

approaches the central cavity resonance, reaching a the maximum when the transmission

(DC component) is at half of the dip, corresponding to the optimal detuning. Figure 7.6 shows

the RBM modulation measured by the electronic spectrum analyzer for several microdisk with

different pillar radii. When the pillar radius is larger than 2µm, no mechanical modulation is

detected by the spectrum analyzer. Finite element simulations predict that the clamping loss

limited quality factor drops below 103 (figure 4.5). Smaller radii start to support mechanical

oscillations that can be detected above the noise floor of our instruments. At 1.7µm, the

2From FEM simulations
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rp ω/2π Qo Ω/2π Qm me f f gom

1.7µm 194.8 THz 80000 255.5 MHz 500 27 fg 19.5 GHz/nm
1.1µm 194.8 THz 300000 251.8 MHz 1800 27 fg 19.5 GHz/nm

Table 7.1 – Characterization of 10µm radius microdisks with different undercut length. The
effective mass was calculated from COMSOL simulations using equation 2.15, and we assumed
gom =ω/rd .

mechanical modulation relative to the RBM supports mechanical quality factors of 500. Re-

ducing the radius further (down to 1.1µm) allows to support higher Q, measuring ∼ 1800 with

Pi n = 125µW. The mechanical oscillation measured with low Pi n should be predominantly of

Brownian nature, as the backaction effect are negligible. Increasing Pi n results in a clear in-

crease of the mechanical peak amplitude and a reduction of the linewidth, when the laser has

the optimal detuning∆≈ κ/2. At Pi n = 2.76 mW, the measured amplitude increases of 4 orders

of magnitude, while the quality factor increases to ∼ 3600. The narrowing of the resonance

indicates that the optomechanical backaction effect starts to increase and it counteracts the

intrinsic damping at the selected detuning. As Pi n increases, the central mechanical frequency

shifts towards lower frequencies, caused by the heating and the expansion of the resonator.

Since the resonator is in the unresolved sideband regime, the estimated threshold power

required to excite the regenerative oscillations can be expressed as [7]

Pth ≈ 53

27

Ω

Qm

me f f ω
4

g 2
omQ3

o
. (7.2)

Using the values reported in table 7.1, we can estimate the power required to excite the

regenerative oscillations to be Pth ≈ 5.1 mW for the best results (rp = 1.1µm). We did not

detect parametric oscillation because of the high power required, which exceeds the maximum

output of our tunable laser and requires an EDFA. While power levels of the the order of the

expected threshold power could be reached in our system with the help of the fiber amplifier,

no parametric oscillation was detected, likely because of an under or overestimations of one

of the parameters of table 7.1.

7.2.2 Laser Doppler Vibrometry

Using a laser Doppler vibrometer, we can characterize the out of plane mechanical oscillations

of the microresonator. These resonances may not be visible in the frequency spectrum of the

transmission signal because of the low optomechanical coupling strength. In fact, given that

the moving boundary contribution is negligible for these out of plane oscillations, because the

physical cavity length is not affected, and only the photoelastic contribution may have some
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Figure 7.7 – Optical microscope images of a silicon microdisk overlayed with the displacement
profile measured by the LDV. The labels (a-f) identify the corresponding peaks in the average
displacement spectrum plotted in the graph above. The color scale is normalized to the
maximum displacement amplitude (max amplitude = red) of the selected frequency band.
g-l) COMSOL eigenfrequency solutions corresponding to the measured resonances (a-f)
respectively. The sharp peaks indicated with * do not correspond to any real oscillation modes.
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effect.

The LDV used for the caracterization (section 4.4.3) is equipped with a 2D stage and a high

magnification objective therefore we can scan the laser spot at different points of the resonator

and identify the oscillation modes. Figure 7.7 shows displacement profile measured by the

LDV for several modes of a 10µm radius microdisk. The displacement value for each point

of the plot is obtained by selecting the frequency band for each resonance detected in the

frequency spectrum. For the plot, the band included the range above the half maximum of the

peak to avoid including nearby resonances in the displacement profile plot. However, due to

material anisotropy or asymmetry of the structure (e. g. a non centered or elongated support

pillar) degenerate resonances may split. In figure 7.7, the splitting is evident for the peaks

labelled with (a) and (b), which we can assign to the first order out of plane oscillation (figure

7.7(g-h)). In this case, it is caused by the material anisotropy of single crystal silicon, since the

splitting is already predicted by the COMSOL model, which is designed with a well centered

circular cross section pillar but using an anisotropic material model for the silicon disk. The

mode central frequency is ∼ 20% lower than the numerical solution calculated in COMSOL3.

The quality factor obtained from fitting the peak in the frequency spectrum is ∼ 50 both for (a)

and (b). Spacial accuracy of the 2D stage and the dimension of the laser spot contribute as well

to the reduction of the signal-to-noise ratio of the measurement. For these reasons the other

displacement profiles are harder to identify, especially higher order modes whose vertical

displacement profile varies quickly, requiring a dense scan. However, the corresponding

central frequency is consistently ∼ 20% lower than the COMSOL solutions (figure 7.7(i-l)). 20%

is a rather high error to attribute only to numerical errors of the simulations. It is possible that

the silicon device layer is thinner than expected, as silicon can be etched during the alumina

etch step, or due to the device layer variations of different starting substrates, or due to a

planarization step used during the fabrication in the foundry. COMSOL simulations with

lower thickness (200 nm) show a moderate reduction of the oscillation frequency, converging

towards the measured value. Furthermore, as reported in section 4.2, the pillar dimension

does influence the oscillation frequency, and the discrepancy between the measurement

and the simulations can be due to an error on the pillar size which is measured with an

optical microscope. In this case, since a larger pillar will stiffen the structure, we may have

overestimated the pillar radius from the microscope images.

No additional resonances that may be attributed to fabrication asymmetries are visible in the

spectrum, indicating that the HF vapor undercut process is not influenced by the presence of

the suspended waveguide on one side of the resonator and that it can produce a defect free

support pillar. One of the strengths of this characterization step is to detect small fabrication

defects that may be invisible to other verification steps [207]. The amplitude of the peaks are

of the same order of magnitude of the values that can be estimated with equation 2.16 using

the values obtained by a COMSOL eigenfrequency simulation, including a penalty factor to

3The FEM model used takes into account clamping losses only. No viscous damping or squeeze film damping is
included in the simulation.
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the clamping losses limited quality factor4. Higher order modes become increasingly difficult

to measure with this technique, since the amplitude is proportional to
p
Ω−3, therefore we

should expect the resonance peaks to fall below the noise floor.

These measurements were performed at ambient pressure, therefore we can expect the damp-

ing Γ to be dominated by viscous damping and squeeze film damping. The measured quality

factors were 1 order of magnitude smaller the simulated, clamping loss limited, values for the

resonances (a-c) and 3 orders of magnitude smaller for the resonances (d-f). The measure-

ment setup is equipped with a small vacuum chamber with a window to perform vibrational

measurement in vacuum. Unfortunately, the reduction of the reflected signal coming from

the resonator induced by the chamber window reduced the signal below the noise floor.

7.3 Discussion

We demonstrated freestanding high optical quality factor resonators by post-processing

foundry chips. This approach is versatile and allows to include freestanding components, other

than the freestanding WGM resonators, in a foundry process, while maintaining compatibility

with the other processing steps.

We can observe mechanical oscillations with relatively high mechanical quality factors of

∼ 103. Given the ratio between the optical loss rate and the mechanical oscillation frequency,

the device operates in an unresolved sideband regime. In this regime, the optomechanical

antidamping is dominated by the optical cavity and the required threshold power to excite

the self-oscillations is proportional to κ3. The high optical quality factors of ∼ 105 help reduce

the required power to the mW range. The main limitation of the setup is represented by

the coupling scheme: typical losses that we can achieve while aligning the fiber array to the

grating couplers array are of the order of 6 dB, meaning that the required pump laser power

should be ∼ 4× the estimated threshold power. For the devices characterized in section 7.2.1

the required laser power is more than 20 mW (or 50 mW for more common coupling losses

achieved during alignment). While this is not an excessive level, it requires the use of an EDFA,

which introduces excessive noise in the system.

Since the characterization is performed at ambient pressure, the mechanical damping is

strongly limited by viscous damping. While the RBM is much less sensitive to viscous damping

compared to other out of plane modes, performing the characterization in vacuum can

improve the mechanical quality factor, by 1 order of magnitude typically [7], and reduce

proportionally the required threshold power.

4The penality factor used was a = 0.01
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8 Analysis of fabrication and results

In this thesis I presented single crystal diamond microresonators fabricated with two different

methods, and single crystal silicon microresonators obtained by post-processing foundry

chips. The effort was aimed at creating high Qf -product optomechanical resonators, and here

I will highlight the advantages and drawbacks of the devices reported in the previous three

chapter.

The Focused Ion Beam based method is very versatile and allows for a good control of the

shape of the pillar. The introduction of the metal protection layers and of the post-release

annealing and cleaning solved three principal problems related to FIB milling: the feature

rounding induced by the Gaussian profile of the ion beam; the roughening of sidewall induced

by irradiation from a grazing ion beam; and the damage layer induced by high energy Ga+

ions. The procedure resulted in sharp and smooth sidewalls, with no gallium contamination

and no amorphous phase in the diamond lattice. Only photoluminescence from a GR1 defect

indicated damage to the diamond lattice. This allowed to measure optical resonances in the

infrared with quality factor of up to 5700 at 1492 nm and in the visible with quality factor of

up to 3100 at 730 nm. The main limitation to the optical quality factor originates from the

alignment of multiple FIB fields that creates a step on the bottom surface, as described in

details in section 5.5. To excite the optomechanical self-oscillation, the measured optical

quality factors would require several W of optical power dropped in the cavity, which is

outside of the capability of the instrumentation of our laboratory (and probably most other

laboratories). It should be possible to increase the optical quality factor by improving the

fabrication (by reducing the step height to the resolution limit of the instrument) or by using a

different resonator geometry (by avoiding aligning multiple FIB fields).

The second process used exploited the etch rate difference of the diamond crystal planes

when exposed to an oxygen plasma with zero bias. In contrast with the previous fabrication

method, no alignment of multiple patterns is necessary, however it is important to tune the

etch recipe to have smooth {100} surfaces and a small pedestal. Most of the effort was aimed

at developing this recipe, since every etcher is different and processes presented in literature

should be adapted at the equipment available. Initial results showed optical resonances with
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Ref. Substrate Resonator Fabrication λc (nm) Qo

5.3
Bulk CVD

SCD
microdisk RIE, FIB 1492 5700

6.2
Bulk CVD

SCD
microdisk

"quasi-isotropic"
undercut

1489 42000

6.2
Bulk CVD

SCD
microring

"quasi-isotropic"
undercut

1538 14000

[176]
Bulk single

crystal
microdisk FIB 627 221

[241] PCD thin film microdisk
RIE, FIB sidewall

smoothing
∼ 1550 ∼ 100

[186] PCD thin film microring RIE ∼ 1550 ∼ 8500

[177]
H-CVD SCD
membrane

1 & 2D photonic
crystals

FIB 625 700

[226] Bulk SCD
1D photonic

crystal
RIE, FIB ... ...

[226]
SCD

membrane
1D photonic

crystal
RIE 567 1700

[242]
SCD

membrane
1D photonic

crystal
RIE ∼ 660 24000

[173]
Bulk CVD

single crystal
racetrack "angled" RIE 1648 151000

[173]
Bulk CVD

single crystal
1D photonic

crystal
"angled" RIE 1609 183000

[189]
Bulk CVD

single crystal
microdisk

"quasi-isotropic"
undercut

1540 335000

Table 8.1 – Comparison of the characterization results of Qo for the FIB milled microdisk
(sec. 5.3), the crystallographically etched microdisk (sec. 6.2), with other results reported in
literature. H-CVD, heteroepitaxial CVD thin film.
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Figure 8.1 – Qf -product plot of the reported examples of diamond mechanical and optome-
chanical resonators (blue) compared to other high Qf systems (red), updated with the silicon
resonators results (magenta square).

quality factor moderately better than the FIB-milled microdisks. Given that the optical quality

factor is strongly influenced by the sidewall roughness, we investigated a method to polish

the sidewall. It is based on ion beam milling, as described in section 6.1.5. The process was

successful in reducing the roughness created during the vertical etch step. We measured

optical quality factors of 42000 at 1489 nm. A comparison of the optical characterization

results achieved in the diamond resonators is reported in table 8.1. Some examples from

literature are listed as well. The second method is capable of achieving much higher quality

factors, with examples going up to 335000 reported in literature. In our case the optimization

of the crystallographic etch is the limiting factor, but we can expect to achieve high Q within

few additional optimization cycles.

As expected, optical resonances measured in the silicon microresonators have much higher

quality factors, being fabricated with an established foundry process at IMEC. After the post-

processing steps done at the EPFL clean room, we can reliably measure optical quality factors

better than 100000 at ∼1550 nm, with some resonances measuring up to ∼300000. Mechan-

ical oscillations from the radial breathing modes are measured with a central frequency of

252 MHz and a quality factor of 1800, for the Brownian regime, yielding a Qf -product of

4.5×1011. In figure 8.1 the Qf -product plot, previously reported in figure 3.4, has been up-

dated indicating the results of chapter 7. No mechanical oscillation has been measured for the

crystallographically etched microresonators, however as discussed in section 6.4, the improve-
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ments to include in the process are clear and can be easily integrated in future fabrication

runs.
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9 Conclusions and outlook

In this manuscript I presented the fabrication and characterization of freestanding single

crystal microresonators. The work was focused mostly on single crystal diamond microres-

onators, but also single crystal silicon structures were investigated. The primary focus was

the realization of optomechanical resonators, to be used, as a target application, as low phase

noise frequency reference. The practical work involved establishing fabrication processes

within the group to structure single crystal diamond, as well as the design of characterization

setups.

The chapters 5, 6, and 7 presenting the results are listed in a chronological order. The first

fabrication strategy I worked on is the 3D milled microresonators. When I started at the end of

2015, there was no demonstration of cavity optomechanics in structured fabricated in bulk

single crystal diamond. The 3D FIB fabrication was aimed at developing microdisks resonators

with sufficiently high optical quality factors to excite the self-oscillation at low threshold power,

and, most importantly, to have good control on the pedestal shape to minimize the mechanical

dissipation induced by the clamping losses. Several extra fabrication steps were included

to deal with the typical problems associated with FIB milling. These steps were successful

in eliminating feature rounding, caused by the Gaussian profile of the ion beam, sidewall

roughening, caused by ion irradiation at grazing angles, and the FIB-induced damage, caused

by the implantation and the recoil of the ions in the diamond lattice. This contributed in

demonstrating optical cavities with the highest optical quality factor among the single crystal

diamond cavities which fabrication involved some form of FIB milling. Further improvements

of the fabrication could improve the optical quality factors beyond the measured 5700 at

telecom wavelengths, however we would need to put a lot of effort to achieve alignments

down to the resolution limit of the machine. Changing the resonator geometry can prevent the

need for alignment, for example by designing a photonic crystal beam. This design however

is particularly sensitive to fabrication imperfections and a similar fabrication strategy was

reported in literature before with limited optical quality.

The crystallographically etched microresonators have, arguably, the best potential to be used

successfully as low phase noise optomechanical oscillators. The technique has already a
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number of demonstration in literature, and it allows to create many resonators in parallel,

and it can work for different geometries. The fabrication procedure is based on using a zero

bias oxygen plasma to attack the different crystal planes of the diamond lattice at different

speed. The resulting structures will be suspended on a hourglass pillar, with octagonal or

square cross section. Given the shape of the pillar, it is important that the lateral undercut is

long enough to avoid the perturbation of the optical mode due to the not azimuthal symmetry

of the pillar, and to avoid excessive clamping losses of the mechanical oscillation. This step

is critical and it would benefit greatly from a plasma etcher specifically designed for the

task. Most commercial etchers are not designed to operate in these conditions (high ICP

power and zero bias), therefore it is very challenging to obtain a purely crystallographic

etch. The concentric, low dissipation microring design was developed with the aim to relax

the geometrical requirements of the support pedestal. For the microdisks, in fact, it is very

important to minimize the lateral dimension of the pillar to prevent excessive clamping losses.

The microrings should be very insensitive to the dimensions of the pillar and the thickness of

the supports, provided that the undercut is sufficient to not disrupt the optical mode. Further

optimization of the undercut recipe is required, as the measured optical quality factors are

limited to 14000 at telecom wavelengths in the microrings we fabricated. Microdisks showed

an increase of the optical quality factor up to 42000 at telecom wavelengths compared to the

FIB milled microresonators. The high optical quality factor was achieved thanks to a sidewall

polishing step that is based on low energy ion beam milling. The technique is promising to be

used to polish the sidewalls of other microstructures in other materials. Is is better suited to

hard and brittle materials like single crystal diamond because of the slow etch rate allowing

finer control of the procedure and to limit the geometry variation from the original design.

Unsurprisingly, the best optical results were achieved in the single crystal silicon microres-

onators, since the devices were fabricated starting from foundry chips. Optical quality factors

of up to 300000 were measured at telecom wavelengths. Mechanical modulation of the opti-

cal signal was measured, revealing radial breathing modes with mechanical quality factors

of 1800 at 250 MHz. The required threshold power was higher that what we could supply,

therefore no self oscillation was observed. The main limiting factor was the coupling losses

of the grating couplers, attenuating substantially the laser power. To reduce the threshold

power, different things can be improved in further iterations. Since the device operates in

the unresolved sideband regime, improving the optical quality factor will have the largest

impact on the threshold power. Since most of the fabrication is performed in a foundry, we

have control only on the undercut steps. The quality of the surface can be improved, yielding

higher Qo , by different wet etching treatments. Since there are other suspended structures on

the chip however, the risk of stiction is high making this route not ideal. Alternatively we could

include smaller structures in the mask design to access the resolved sideband regime, in which

the threshold power will be smaller than the unresolved sideband regime for comparable

optical quality factors. Finally, we could perform the measurements in vacuum, as it should

improve the mechanical quality factor of at least one order of magnitude by decreasing the

the viscous damping. However, if the device will be used as a sensor or frequency reference in

96



an integrated photonic circuit, vacuum operation may not be a viable option, therefore the

only possible options to reduce the required threshold power is to increase the optical quality

factor or to use a smaller disk to operate in a resolved sideband regime.

While the diamond fabrication method based on the crystallographic etch allows some form

of parallelism by processing multiple resonators on a chip and eventually multiple chips

in parallel, potential applications will be limited to the laboratory due to the need to align

external tapered fibers to interface the resonator. While grating couplers are less efficient

than a tapered fiber, the packaging of the device is significantly easier. To move further,

development of substrates will be necessary, eventually to match what is currently available

on silicon by creating a diamond on insulator platform. This would allow the use of the

fabrication routines developed over the years for silicon devices and the inclusion of networks

of waveguides which can interface with external source/detectors with arrays of (grating)

couplers.
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234. Stojanović, V. et al. “Monolithic Silicon-Photonic Platforms in State-of-the-Art CMOS SOI Processes”.

Optics Express 26, 13106–13121 (May 14, 2018).

235. Thomson, D. J. et al. “50-Gb/s Silicon Optical Modulator”. IEEE Photonics Technology Letters 24, 234–236

(Feb. 2012).

236. Harris, N. C. et al. “Efficient, Compact and Low Loss Thermo-Optic Phase Shifter in Silicon”. Optics Express

22, 10487–10493 (May 5, 2014).

237. Sattari, H. et al. “Silicon Photonic MEMS Phase-Shifter”. Optics Express 27, 18959–18969 (June 24, 2019).

238. Seok, T. J., Quack, N., Han, S., Muller, R. S., Wu, M. C. “Large-Scale Broadband Digital Silicon Photonic

Switches with Vertical Adiabatic Couplers”. Optica 3, 64–70 (Jan. 20, 2016).

109

http://dx.doi.org/10.1088/0957-4484/24/39/395301
http://dx.doi.org/10.1088/0957-4484/24/39/395301
http://dx.doi.org/10.1364/OE.26.013647
http://dx.doi.org/10.1364/OE.26.013647
http://dx.doi.org/10.1088/0960-1317/18/7/075017
http://dx.doi.org/10.1088/0960-1317/18/7/075017
http://dx.doi.org/10.1088/0960-1317/18/7/075017
http://dx.doi.org/10.1116/1.3298885
http://dx.doi.org/10.1116/1.3298885
http://dx.doi.org/10.1116/1.3298885
http://dx.doi.org/10.1063/1.4902818
http://dx.doi.org/10.1063/1.4902818
http://dx.doi.org/10.1063/1.4902818
http://dx.doi.org/10.1063/1.5043438
http://dx.doi.org/10.1063/1.5043438
http://dx.doi.org/10.1063/1.5043438
http://dx.doi.org/10.1038/s41378-018-0014-5
http://dx.doi.org/10.1038/s41378-018-0014-5
http://dx.doi.org/10.1038/s41378-018-0014-5
http://dx.doi.org/10.1063/1.3658631
http://dx.doi.org/10.1063/1.3658631
http://dx.doi.org/10.1063/1.3658631
http://dx.doi.org/10.1016/j.diamond.2016.10.018
http://dx.doi.org/10.1016/j.diamond.2016.10.018
http://dx.doi.org/10.1016/j.diamond.2016.10.018
http://dx.doi.org/10.1016/j.diamond.2016.10.018
http://dx.doi.org/10.1088/0034-4885/42/10/001
http://dx.doi.org/10.1088/0034-4885/42/10/001
http://dx.doi.org/10.1016/j.photonics.2015.03.002
http://dx.doi.org/10.1016/j.photonics.2015.03.002
http://dx.doi.org/10.1016/j.photonics.2015.03.002
http://dx.doi.org/https://doi.org/10.1016/0924-4247(94)85031-3
http://dx.doi.org/https://doi.org/10.1016/0924-4247(94)85031-3
http://dx.doi.org/https://doi.org/10.1016/0924-4247(94)85031-3
http://dx.doi.org/10.1016/j.diamond.2019.01.007
http://dx.doi.org/10.1016/j.diamond.2019.01.007
http://dx.doi.org/10.1016/j.diamond.2019.01.007
http://dx.doi.org/10.1109/OMN.2018.8454531
http://dx.doi.org/10.1109/OMN.2018.8454531
http://dx.doi.org/10.1063/1.1657233
http://dx.doi.org/10.1063/1.1657233
http://www.sciencedirect.com/science/article/pii/S0925963599002393
http://www.sciencedirect.com/science/article/pii/S0925963599002393
http://dx.doi.org/10.1021/jp201563m
http://dx.doi.org/10.1021/jp201563m
http://dx.doi.org/10.1021/jp201563m
http://dx.doi.org/10.1364/OE.26.013106
http://dx.doi.org/10.1364/OE.26.013106
http://dx.doi.org/10.1109/LPT.2011.2177081
http://dx.doi.org/10.1109/LPT.2011.2177081
http://dx.doi.org/10.1364/OE.22.010487
http://dx.doi.org/10.1364/OE.22.010487
http://dx.doi.org/10.1364/OE.27.018959
http://dx.doi.org/10.1364/OE.27.018959
http://dx.doi.org/10.1364/OPTICA.3.000064
http://dx.doi.org/10.1364/OPTICA.3.000064
http://dx.doi.org/10.1364/OPTICA.3.000064


Bibliography

239. Cocorullo, G., Rendina, I. “Thermo-Optical Modulation at 1.5 Mu m in Silicon Etalon”. Electronics Letters

28, 83–85 (Jan. 1992).

240. Johnson, T. J., Borselli, M., Painter, O. “Self-Induced Optical Modulation of the Transmission through a

High-Q Silicon Microdisk Resonator”. Optics Express 14, 817 (2006).

241. Wang, C. F. et al. “Observation of Whispering Gallery Modes in Nanocrystalline Diamond Microdisks”.

Applied Physics Letters 90, 081110 (Feb. 19, 2007).

242. Lee, J. C. et al. “Deterministic Coupling of Delta-Doped Nitrogen Vacancy Centers to a Nanobeam Photonic

Crystal Cavity”. Applied Physics Letters 105, 261101 (Dec. 29, 2014).

110

http://dx.doi.org/10.1049/el:19920051
http://dx.doi.org/10.1049/el:19920051
http://dx.doi.org/10.1364/OPEX.14.000817
http://dx.doi.org/10.1364/OPEX.14.000817
http://dx.doi.org/10.1364/OPEX.14.000817
http://dx.doi.org/10.1063/1.2709626
http://dx.doi.org/10.1063/1.2709626
http://dx.doi.org/10.1063/1.4904909
http://dx.doi.org/10.1063/1.4904909
http://dx.doi.org/10.1063/1.4904909


List of common abbreviations

ALD Atomic Layer Deposition

CVD Chemical Vapor Deposition

DRIE Deep Reactive Ion Etching

EDX Energy Dispersive X-Ray spectroscopy

FIB Focused Ion Bean

FPC Fiber Polarization Controller

FSR Free Spectral Range

GIS Gas Injection System

ICP Inductively Coupled Plasma

MEMS MicroElectroMechanical Systems

µPL Micro Photoluminescence

NCD Nano-Crystalline Diamond

PCD Poly-Crystalline Diamond

PML Perfectly Matched Layer

RBM Radial Breathing Mode

RF Radio Frequency

RMS Root Mean Square

SCD Single Crystalline Diamond

SRIM Stopping and Range of Ions in Matter [204]

TE Transverse Electric

TEM Transmission Electron Microscope

TM Transverse Magnetic

WGM Whispering Gallery Mode

111





Images credits

• Figure 3.2[162] Reprinted with permission from Zalalutdinov, M. K., Ray, M. P., Photiadis,

D. M., Robinson, J. T., Baldwin, J. W., Butler, J. E., Feygelson, T. I., Pate, B. B., Houston,

B. H. “Ultrathin Single Crystal Diamond Nanomechanical Dome Resonators”. Nano

Letters 11, 4304–4308 (Oct. 12, 2011). Copyright (2011) American Chemical Society.

• Figure 3.2[163] Reprinted from Ovartchaiyapong, P., Pascal, L. M. A., Myers, B. A., Lauria,

P., Bleszynski Jayich, A. C. “High Quality Factor Single-Crystal Diamond Mechanical

Resonators”. Applied Physics Letters 101, 163505 (Oct. 15, 2012), with the permission

from AIP Publishing.

• Figure 3.2[51] Reprinted by permission from Springer Nature: Tao, Y., Boss, J. M., Moores,

B. A., Degen, C. L. “Single-Crystal Diamond Nanomechanical Resonators with Quality

Factors Exceeding One Million”. Nature Communications 5 (Apr. 8, 2014), Copyright ©

2014, Springer Nature

• Figure 3.2[164] Reprinted from Burek, M. J., Ramos, D., Patel, P., Frank, I. W., Lončar, M.
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